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Chapter 1

Introduction

The following thesis summarizes papers related to my work on electromagnetic (em.) probes in heavy-
ion collisions [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13].
The main motivation to investigate the production of lepton-antilepton (e−e+ and µ−µ+) pairs (dilep-
tons) and photons (electromagnetic probes) in heavy-ion collisions is that for these probes the created
hot and dense medium, consisting of partonic and hadronic matter, is transparent, i.e., their mean free
path is much larger than the extension of this fireball. Thus the measured spectra of dileptons and
photons provide a space-time weighted average over the entire evolution of the medium with negligible
distortions of the signal by final-state interactions.
The measured production spectra are thus directly related to the electromagnetic current-correlation
function of the strongly interacting particles, and the precise measurement of the invariant-mass spec-
trum of dileptons provide insight into the in-medium spectral properties of partons and hadrons. This
is particularly interesting, because in the low-mass region (Mℓ+ℓ− ≲ 1 GeV) the electromagnetic cur-
rent is dominated by the vector-isovector part with quantum numbers of the ρ meson and thus to the
spontaneously broken approximate chiral symmetry of QCD in the light-quark sector.
In the vacuum and at low temperatures and densities the chiral symmetry is spontaneously broken
due to the formation of a quark condensate, 〈qq〉 ̸= 0, while at high temperatures and/or net-baryon
densities one expects the chiral symmetry to be restored through the melting of the quark condensate.
This implies that the hadronic mass spectrum becomes degenerate between the hadron multiplets form-
ing chiral partners. In the sector of the vector mesons, particularly the isovector-vector ρ(770) meson
should become degenerate with its chiral partner, the isovector-axial-vector a1(1260).
Within the so-called vector-meson dominance (VMD) model, which assumes that the hadronic elec-
tromagnetic current is proportional to the neutral vector-meson fields, the measurement of dilepton-
invariant-mass spectra in the medium thus sheds light on the microscopic mechanism behind the ex-
pected substantial changes of the vector-meson mass spectrum. Indeed, using effective hadronic mod-
els based on (extended) VMD, together with detailed simulations of the bulk-medium evolution can
describe satisfactorily all known data about the production of dileptons and photons in heavy-ion col-
lisions ranging from the lowest to the highest beam energies available at SIS 18 (GSI), the SPS (CERN),
RHIC (BNL), and the LHC (CERN). The conclusion from these studies is that the masses of the light
vector mesons, ρ, ω, and φ do not considerably change in the hot and dense medium while their
spectral shape broadens tremendously, leading to a significant enhancement of the dilepton yield in
the invariant-mass range below the ρ/ω peak. According to the hadronic models this broadening of
the vector meson’s spectral shape is mostly driven by interactions with baryon (and anti-baryon) reso-
nances, particularly the low-mass tail down to the dilepton threshold.
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1. Introduction

Although a direct measurement of the corresponding axial-vector chiral partner channels is not fea-
sible, through the successful theoretical description of the dilepton data from partonic and hadronic
sources, one can conclude indirectly that the restoration of chiral symmetry is driven by the melt-
ing of the resonance structure of hadrons towards a continuum. Particularly the dilepton and photon
production rates extrapolated from the low-temperature/density region via hadronic and down from
the high-temperature/density region from hard-thermal-loop improved QCD (or from first determi-
nations of the electromagnetic-current correlation function from lattice-QCD (lQCD) calculations)
merge smoothly into each other at temperatures close to the pseudo-critical phase-transition tempera-
ture for deconfinement and chiral-symmetry restoration, Tc ≃ 155-160 MeV as evaluated with lQCD.
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Chapter 2

QCD matter and electromagnetic probes

The Standard Model of elementary particles describes the known matter to an astonishing accuracy.
According to this quantum-field theoretical model all visible matter consists of quarks and leptons,
spin-1/2 Dirac fermions which interact via the strong, weak and electromagnetic interactions, which
are described within the paradigm of local gauge symmetry, i.e., via their interaction with gauge bosons
introduced to extend global symmetries of field multiplets admitting a global semisimple compact Lie-
symmetry group to the corresponding local symmetry. In this chapter we briefly summarize the Stan-
dard Model as far as it is needed to relate the observables concerning electromagnetic probes in heavy-
ion collisions to its fundamental and “accidental” symmetries. Concerning the various sign conventions
we follow [DGH92].

2.1 QCD and its local gauge symmetry

Quantum Chromodynamics describes the interactions of quarks, the fundamental building blocks of
hadrons, based on a local SU(3) gauge symmetry. Each of the quarks transforms according to the fun-
damental representation of SU(3), i.e., they form triplets under the symmetry transformation. The
corresponding charge-like quantum numbers are referred to as color. Further, there exist six quark fla-
vors, up, down, strange, charm, bottom (or beauty) and top (or truth). In the following we collectively
write q for the quark fields,

q = (u, d , s , c , b , t ), (2.1.1)

where each of the Dirac spinors u, d , s , c , b , and t builds a color triplet.
The generators of the color-symmetry transformations are given in terms of the Gell-Mann matrices
as

τa =
1
2
λa , a ∈ {1, . . . , 8} (2.1.2)

and build a basis of the Lie algebra su(3). The τa are chosen such that

Tr(τaτb ) =
1
2
δab , (2.1.3)

and the commutator relations
�

τa ,τb
�

= i f ab cτc (2.1.4)

define the totally antisymmetric real structure constants f ab c .

9



2. QCD matter and electromagnetic probes

The Lagrangian for the free quarks,
L = q(i /∂ − m̂q )q , (2.1.5)

where the diagonal real mass matrix m̂q = diag(mu , md , ms , mc , mb , mt ) acts in flavor space, is invariant
under global unitary transformations in color space,

q→ q ′ = exp(−igχ aτa)q =U (χ )q (2.1.6)

with the real coupling constant g . To extend this global symmetry to a local gauge symmetry one
introduces the gauge-boson (gluon) fields Aµ = τ

aAa
µ and the gauge-covariant derivative

Dµ = ∂µ+ igAµ = ∂µ+ igτaAa
µ. (2.1.7)

Then, writing in (2.1.5) a covariant instead of a partial derivative,

Lquarks = q(i /D− m̂q )q , (2.1.8)

the Lagrangian becomes invariant under local gauge transformations, i.e., making χ a = χ a(x) space-
time dependent, when the gauge fields are defined to transform as

A′µ =U (χ )AµU †(χ )− i
g

U (χ )∂µU †(χ ). (2.1.9)

Indeed, the second term is again an su(3) matrix (i.e., a hermitean and traceless C3×3 matrix).
To construct a kinetic term for the gluon fields, we define the field-strength tensor

Fµν =
1
ig

�

Dµ, Dν

�

= ∂µAν − ∂νAµ+ ig
�

Aµ,Aν
�

, (2.1.10)

which transforms under the local gauge transformations (2.1.6) with the adjoint representation of the
color SU(3),

F ′µν =U FµνU
†. (2.1.11)

Thus we can define the kinetic term of the gluon fields as

Lgluons =−
1
2

Tr(FµνF
µν ) =−1

4
F a
µνF

aµν , (2.1.12)

which is not only a bilinear form of the derivatives of the gauge fields but also contains three-gluon
and four-gluon interactions, as becomes clear when we write (2.1.10) in terms of the field components,
using (2.1.4),

F a
µν = ∂µAa

ν − ∂νAa
µ− g f ab c Ab

µAc
ν . (2.1.13)

We do not give the details about how to quantize the now complete QCD Lagrangian (see, e.g., [BL86,
Wei96, Sch14])

LQCD =−
1
4

F a
µνF

aµν + q(i /D− m̂q )q . (2.1.14)

We only mention that the perturbative renormalization-group analysis of QCD revealed that the run-
ning coupling constant decreases with increasing renormalization scales (asymptotic freedom), i.e.,
the strong interaction becomes perturbative only in the limit of large energy-momentum transfers in
scattering processes [GW73, Pol73] (cf. Fig. 2.1).
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2.2. Approximate chiral symmetry and hadron phenomenology

QCD αs(Mz) = 0.1181 ± 0.0011
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Figure 2.1: Left panel: The running coupling αs as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of αs is indicated in brackets (NLO: next-
to-leading order; NNLO: next-to-next-to leading order; res. NNLO: NNLO matched with resummed
next-to-leading logs; N 3LO: next-to-NNLO). Figure taken from [P+16]. Right panel: Continuum-
extrapolated results from a lattice calculation [BFH+14] of the QCD EoS at µB = 0 in comparison to
a hadron-resonance gas calculation at low temperatures (dashed black line) and NNLO hard-thermal
loop pQCD results with three different renormalization scales µ=πT , 2πT , 4πT [ALSS11]. Figure
taken from [BFH+14].

A non-perturbative consequence of QCD is confinement, i.e., the empirical fact that all color charges
are confined in color-less bound states. Phenomenologically these are the known hadrons, i.e., baryons
consisting of three (constituent) quarks and mesons consisting of an anti-quark and a quark.
Asymptotic freedom implies that matter of strongly interacting particles should undergo a phase transi-
tion, where hadrons are the relevant effective degrees of freedom in the vacuum and at low temperatures
and densities to a state, where quarks and gluons (or quark-gluon like quasiparticles) become the rele-
vant degrees of freedom. Lattice-QCD calculations at finite temperature and µB = 0 indeed show that
the thermodynamic potentials (like energy density and pressure) show a strong raise at temperatures
around Tc ≃ 150-160 MeV [Kar02, LP03, Phi13]. The corresponding equations of state are well re-
produced at low temperature T ≲ Tc by a hadron-resonance gas thermal model [KRT03a, KRT03b,
ABMSW12, BFH+14] and for T ≳ 2-3Tc with hard-thermal-loop resummed pQCD [BIR01, BIR99],
i.e., quasi-free quarks and gluons in the medium, which indeed indicates the change of effective degrees
of freedom from hadrons at low and quarks and gluons at high temperatures (cf. Fig. 2.1).

2.2 Approximate chiral symmetry and hadron phenomenology

In the previous Section we have discussed the local color-gauge symmetry as the fundamental symmetry
underlying the construction of the interactions between quarks and gluons as the fundamental build-
ing blocks of the hadrons (i.e., mesons and baryons). At low energies, however, phenomenologically
only the color-neutral hadrons occur as effective degrees of freedom, and only these are observable as
asymptotic free states in the usual sense of relativistic quantum field theory. The only known way to
evaluate the properties of hadrons in “ab-initio QCD calculations” is lQCD, but this is restricted to
low net-baryon densities (or small baryochemical potentials,µB) and is evaluated in Euclidean quantum
field theory. Usually it is difficult to analytically continue to Minkowski space, which is particularly
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2. QCD matter and electromagnetic probes

interesting for quantities like the em. current correlation function, which is important for a theoretical
understanding of em. probes in heavy-ion collisions.
Thus in the low-energy region, effective models for hadrons are needed for a comprehensive analysis of
em. probes. The most important guideline for building such effective models is the approximate chiral
symmetry of the strong interactions, which has already been known before the discovery of QCD
[NJL61a, NJL61b, DGH92, Koc97].
Since quarks are not observable as free particles, the determination of their masses relies on lQCD cal-
culations of the hadron-mass spectrum, varying the corresponding bare quark masses, combined with
perturbative methods to relate the bare quark masses determined from the lattice calculation to the
renormalized masses, usually using the MS-renormalization scheme based on dimensional regulariza-
tion (for a review, see the section on quark masses in [P+16]). It turns out that the light-quark masses (at
a renormalization scale µ= 2 GeV) are mu = 2.3+0.7

−0.5 MeV, md = 4.8+0.5
−0.3 MeV, and ms = (95±5)MeV.

These masses are small compared to typical hadronic scales of about 1 GeV. Thus one can consider the
limit m̂q → 0.

For simplicity we only take into account the u and d quarks which form the isospin doubletψ= (u, d ).
For these two quarks the QCD Lagrangian in the chiral limit (i.e., setting m̂ud = 0) reads

Lχ =−
1
4

F a
µνF

aµν +ψi /Dψ. (2.2.1)

Now we can decompose the Dirac spinors in their chirality eigenstates,

ψL = PLψ, ψR= PR, (2.2.2)

using the projection operators

PL =
1
2
(1− γ 5), PR=

1
2
(1+ γ 5), (2.2.3)

with γ 5 = iγ 0γ 1γ 2γ 3, obeying

P 2
L = PL, P 2

R= PR, PLPR= PRPL = 0. (2.2.4)

Since
�

γ 5,γµ
	

= 0 and γ 5† = γ 5 we have

ψL =ψ
†
Lγ

0 =ψPR, ψR=ψ
†
Rγ

0 =ψPL. (2.2.5)

Thus we find after some simple algebra

ψγµψ=ψLγ
µψL+ψRγ

µψR, (2.2.6)

ψψ=ψLψR+ψRψL. (2.2.7)

This implies that the Lagrangian in the chiral limit is invariant under a global symmetry group SU(2)L×
SU(2)R×U(1)V×U(1)A, because we can apply separate isospin rotations to the left- and right-handed
parts of the quark doublet,

ψL→ gLψL = exp(−iα⃗L · t⃗ )ψL, ψL→ gRψR= exp(−iα⃗R · t⃗ )ψR, (2.2.8)

where t⃗ = σ⃗/2 are the usual su(2) matrices, defined to act in flavor space, i.e., mixing u and d in the
flavor doublet (u, d ). Further, of course, also the multiplication of the left- and right-handed parts with
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2.2. Approximate chiral symmetry and hadron phenomenology

different phase factors does not change the Lagrangian (2.2.1). However, for the following it is more
convenient to write this independent U(1) symmetries as the vector- and axial-isoscalar transformations

ψ→ exp(−iαV)ψ, ψ→ exp(−iαVγ
5)ψ. (2.2.9)

On the classical level the corresponding Noether currents

j aµ
L,R=ψL,Rt aγµψL,R, jµV =ψγ

µψ, jµA =ψγ
µγ 5ψ (2.2.10)

are conserved due to this chiral symmetry. For reasons, becoming clear in a moment, it is more com-
mon to consider the vector- and axial-isovector currents

j aµ
V = jµR + jµL =ψt aγµψ, j aµ

A = jµR − jµL =ψt aγµγ 5ψ, (2.2.11)

which are, of course, also conserved.
One should, however note that for QCD the U(1)A symmetry is broken in the quantized theory by an
anomaly [Adl69, BJ69, PS95, Wei96, Sch14], as reveals the perturbative evaluation of triangle diagrams
involving, e.g., two vector-isoscalar and an axial-isoscalar current1. The reason is that there exists no
regularization scheme that keeps both the U(1)V and U(1)A symmetries. Thus one can choose, which
of the corresponding two currents (or any linear combination of them) (2.2.9) survives the quantization
of the model choosing corresponding renormalization conditions. However since the vector-isoscalar
current is proportional to the electromagnetic current of the quarks, we must keep the U(1)V sym-
metry intact, i.e., we have to renormalize the triangle diagram such that the vector-isoscalar current
Ward-Takahashi identities hold in the usual form, because otherwise one would break the local gauge
invariance of the electromagnetic interaction explicitly by the anomaly and invalidate QED for the
quarks. One should note that there is no anomaly in the vector-isovector and axialvector-isovector
symmetry, because the critical triangle diagram is∝Tr t a Trτbτc = 0 (with the flavor su(2) and color
su(3) matrices t a and τb ).
Further we note that the anomalous breaking of the U(1)A symmetry due to the electromagnetic in-
teraction2 is welcome, because in context with the electromagnetic interaction of pions it makes the
observed decay rates of the electromagnetic decay of the neutral pion π0 → γγ or the related Dalitz
decay π0 → γe+e− consistent with the now to be discussed PCAC (partial conservation of the axial
(isovector) current) hypothesis (see, e.g., [DGH92, Wei96, Sch14]).

1In the path-integral formalism the anomalous breaking is due to the non-invariance of the fermionic path-integral mea-
sure, and the form of the anomalous symmetry breaking holds at any order of perturbation theory [Fuj79, Fuj80]. In either
way, the relevant trace from the triangle diagram of the involved color matrices is Trτaτb =Nflavorδ

ab/2, where we have taken
into account also the trace over the number of flavors, which gives simply the factor Nflavor. The anomaly can be summarized
in the formula

∂µ jµA =−
g 2Nflavor

32π2
εµνρσF a

µνF
a
ρσ .

2In the triangle diagram with one axial-isovector and two electromagnetic vector currents, contrary to the case of QCD
we the relevant trace of the flavor-degrees of freedom is Tr t a q̂2, where q̂ is the charge matrix of the quarks also acting in
flavor space. For our two-flavor case we have q̂ = diag{2/3,−1/3} and thus one finds Tr t a q̂2 = Ncolorδ

a3/6. Since t 3 refers
to the neutral pion, one has the anomaly

∂µ j aµ
A =−

Ncolore
2δa3

3 · 32π2
εµνρσFµνFρσ ,

where Fµν is the electromagnetic field-strength tensor. The axial isovector current for a = 3 is associated with the neutral
pion, and the evaluation of the anomaly results in an excellent agreement between the measured decay rate for π0→ γγ for
Ncolor = 3, which was one of the first “measurements” of the number of colors.
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2. QCD matter and electromagnetic probes

The mass term

LχB =−ψm̂udψ=−ψLm̂udψR−ψRm̂udψL, m̂ud = diag(mu, md) (2.2.12)

breaks the chiral symmetry explicitly. If the light-quark masses were equal, the Lagrangian would still
be symmetric under the vector-isovector transformations with gL = gR, i.e., there would still be the
isospin symmetry left unbroken, i.e.,

ψ→ gVψ, gV = exp(−iα⃗V · t⃗ ) (2.2.13)

would still be a symmetry transformation, while the axial-vector-isovector transformations

ψ→ gAψ, gA = exp(−iα⃗A · t⃗γ 5) (2.2.14)

were no symmetry transformations anymore. Of course, the vector-isoscalar symmetry

ψ→ exp(−iαV)ψ (2.2.15)

is also left unbroken by the mass term.
Now, despite the fact that mu ̸= md in the hadronic world isospin symmetry is only slightly broken.
This is due to the fact that a large part of the mass of hadrons like the nucleons is dynamically generated
by the strong interaction, and thus the observed isospin-symmetry breaking can be considered as a small
perturbation which is due to the difference in the bare up- and down-quark masses (which, however, are
small compared to the typical hadron-mass scale of around 1 GeV) and the electromagnetic interaction.
Thus in the hadronic world the isospin symmetry is valid to a much higher accuracy than suggested by
the large difference of the small up- and down-quark masses in the QCD Lagrangian.
Since the interaction part of QCD is chirally symmetric one would expect that the dynamically gen-
erated hadron masses should show a symmetry according to the full chiral symmetry group. In other
words, with the full SU(2)L×SU(2)R symmetry, the hadron-mass spectrum should be degenerate, i.e.,
there should be hadrons with equal mass and opposite parity. E.g., in the meson sector the lowest lying
scalar and pseudoscalar mesons are the pseudoscalar pions mπ ≃ 140 MeV and the scalar f0(500) or
σ(500) meson with a mass of around 400-550 MeV; for the vector mesons we have the ρ(770) with a
mass of 775 MeVand the a1(1260)with a mass of 1230 MeV. In the baryonic sector we find the nucleons
with a mass of about 938 MeVand their chiral partner the N(1535) with a mass of 1525-1545 MeV(all
mass values are quoted from [O+14]).
This suggests that even in the chiral limit of vanishing quark masses the chiral symmetry is sponta-
neously broken, i.e., since the (approximate) isospin symmetry is observed in nature, this indicates
that in the QCD ground state a non-vanishing quark condensate,

¬

Ω
�

�

�ψψ
�

�

�Ω
¶

̸= 0, (2.2.16)

forms due to the strong attractive interactions in the quark-antiquark channel. This implies that the
ground state in the chiral limit is symmetric under the vector-isovector rotations gV but not under the
axialvector-isovector rotations gA. According to the Noether theorem the generators of these symme-
tries are the corresponding charges of the Noether currents (2.2.11)

Qa
V =
∫

R3
d3 x⃗ j a0

V , Qa
A =
∫

R3
d3 x⃗ j a0

A . (2.2.17)
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2.2. Approximate chiral symmetry and hadron phenomenology

Thus while Qa
V |Ω〉= 0

Qa
A |Ω〉 ̸= 0. (2.2.18)

On the other hand due to the symmetry
�

Qa
A, H
�

= 0, (2.2.19)

which implies that the QCD vacuum state is degenerate. Now we can define energy-momentum eigen-
states

�

�πa( p⃗)
�

=− 2i
fπ

∫

R3
d3 x⃗ exp(i p⃗ · x⃗) j a0

A (x) |Ω〉 . (2.2.20)

Since for p⃗ = 0, according to (2.2.17) the integral in this equation is just the Noether-charge operator
Qa

A, the energy for p⃗ = 0 must be E p⃗=0 = 0, because Qa
A|Ω〉 has the same energy as the ground state.

This implies that the state (2.2.20) describes a meson-like excitation with mπ = 0. This is the famous
Goldstone theorem: If a continuous symmetry is spontaneously broken to a smaller subgroup (in our
case SU(2)L × SU(2)R → SU(2)V) there must be as many massless scalar or pseudoscalar bosons in
the particle spectrum of the model as independent broken symmetries, the Nambu-Goldstone bosons.
Here, these are the dimSU(2)L×SU(2)R−dimSU(2)V = 3 pions. Normalizing the momentum eigen-
states as usual by the convention

¬

πb (q⃗)
�

�

�πa( p⃗)
¶

= 2E p⃗ (2π)
3δabδ (3)( p⃗ − q⃗), (2.2.21)

it follows that
¬

πb (q⃗)
�

�

� J a0
A (x)Ω
¶

= iEq⃗ fπδ
ab exp(iq⃗ · x⃗) (2.2.22)

or, in manifestly covariant form,
¬

πb (q⃗)
�

�

� J aµ
A (x)Ω
¶

= i fπqµδab exp(iq⃗ · x⃗). (2.2.23)

Since (in the chiral limit) the axial current is conserved this again implies qµqµ = 0, i.e., the masslessness
of the particle described by the momentum eigenstates |πa(q⃗)〉. The constant fπ ≃ 92 MeV is deter-
mined from the semileptonic decay of the charged pions like π−→µνµ and thus called the pion-decay
constant3.
Taking into account the explicit breaking of chiral symmetry by the quark-mass terms (and neglecting
the anomalous breaking of the axial isovector symmetry by the electromagnetic interaction) one finds

∂µJ aµ
A = iψ{m̂ud, t a}ψ. (2.2.24)

Due to this explicit breaking of the chiral symmetry the pions acquire a small mass mπ ≃ 139 MeV.
Using (2.2.24) together with (2.2.23), now using qµqµ = m2

π leads to the Gell-Mann-Oakes-Renner
(GMOR) relation

m2
π f 2
π =V 3(mu +md ), V 3 = | 〈Ω |u u|Ω〉 |= |

¬

Ω
�

�

�d d
�

�

�Ω
¶

|. (2.2.25)

Plugging in the above given values for the various quantities, we find V ≃ 285 MeV.

3Note that the value differs in the literature by factors
p

2 or 2 due to different definitions of the factors in (2.2.20) from
the here chosen convention, which is taken from [PS95, Koc97, Sch14].
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Figure 2.2: Schematic QCD phase diagram with possible phase boundaries based on chiral symmetry.
Figure taken from [FH11].

2.3 The QCD phase diagram

Asymptotic freedom of QCD suggests that hadronic matter at high temperatures and densities un-
dergoes a transition to a state, where quarks and gluons become the relevant microscopic degrees of
freedom. Under such extreme conditions one also expects that the qq condensate melts and the above
discussed (approximate) chiral symmetry is restored [FHK+11].
On a fundamental level this can only be investigated with lattice-QCD simulations at finite temper-
ature and vanishing baryochemical potential µB = 0. For physical masses of the light u-, d-, and s-
quarks lQCD calculations show that the transition from a hot and dense hadronic medium to a par-
tonic quark-gluon plasma (deconfinement-confinement transition) and the chiral transition are both of
cross-over type and occur around the same (pseudo-)critical temperature Tc ≃ 150-160 MeV [Kar02,
Phi13, BEF+11]. Here the chiral phase transition is characterized by the quark condensate as an order
parameter. For the deconfinement-confinement transition one uses Polyakov loops as indicators for the
transition, although they are order parameters only in “quenched QCD”, i.e., when dynamical quarks
are neglected.
Although considerable progress has been made to overcome the problem to evaluate the QCD Equation
of State (EoS) at µB ̸= 0 with lQCD methods, here effective hadronic or quark-meson models based
on chiral symmetry have to be used to explore possible scenarios for phase transitions from hadronic
to partonic matter. Many of these models indicate that the phase transition at T = 0 is a first-order
transition, i.e., in the T -µB one expects that at lower temperatures and large net-baryon densities a
first-order transition line should occur, which ends at a critical point, where the transition becomes of
2nd order. On the other hand some lQCD calculations indicate that such a critical point also might not
exist [Phi13].
Recently, many effective theories, based on the approximate chiral symmetry of QCD in the light-
quark sector have been investigated at finite temperature and baryochemical potential. For a realistic
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2.4. Electromagnetic radiation from a transparent thermal source

description of the EoS also the gluonic degrees of freedom have to considered to account for the con-
finement properties of QCD. For this purpose effective chiral models like the Nambu-Jona-Lasionio
model [MO96, Pis00, Fuk04, MRS06, RTW06, GMMR06, SFR07, KKMY08] or quark-meson mod-
els (i.e., a linear σ model with quarks and mesons as elementary degrees of freedom) [KS07, SPW07,
MJH10, GT10, HPS11, MS10] have been generalized by the inclusion of Polyakov-loop degrees of free-
dom (so-called Polyakov-loop extended Nambu-Jona-Lasinio (PNJL) or quark-meson (PQM) models,
respectively). These models can well reproduce the findings in lQCD calculations at vanishing or small
baryochemical potential, and thus one may hope that they may also be successfully extrapolated to
higher net-baryon densities.
For a realistic description of the QCD-phase diagram, calculations going beyond a pure mean-field
model (Ginzburg-Landau approximation) are necessary, as the functional renormalization group
[JW96, SP99, Tet03, SW05, SW07, SW08, SFN+10, NSS+10, SSFR10, SFR11]. Here one needs the
dependence of the deconfinement-transition temperature on quark-flavor number and density in the
Polyakov-Loop potential, which are estimated with perturbative hard/dense-thermal-loop
(HTL/DTL) techniques. E.g., within a PQM model [Sch12] such techniques lead to the location of
the critical point at a quite large baryochemical potential, µB,crit ≃ 300 MeV, and low temperature,
Tcrit ≃ 20 MeV. At the same time the region, where chiral symmetry is restored but matter is still (ef-
fectively) confined (“quarkyonic state” predicted based on the large-Nc limit of QCD [MP07, HMP08])
becomes quite small.

2.4 Electromagnetic radiation from a transparent thermal source

Starting from this Section, following [RW00a] and [4], we briefly discuss general ideas on the radiation
of both dileptons (e+e− and µ+µ− pairs) and photons from a thermal source of strongly interacting
particles. As discussed in Chapter 3, the hot and dense fireballs created in heavy-ion collisions be-
have with good accuracy like a collectively expanding fluid close to local thermal equilibrium, i.e., as a
strongly coupled many-body system as far as the strong interaction is concerned. On the other hand
the medium is transparent for leptons and photons that interact with the medium only via the elec-
tromagnetic and weak interactions. As we shall derive in a moment, this implies that the radiation of
electromagnetic probes can be expressed in terms of the equilibrium electromagnetic current-current
correlation function, with the average taken in the fully interacting quantum field theory as far as the
strong interaction is concerned and in leading order of the electromagnetic interaction, O (αem) for
photons and O (α2

em) for dileptons [Fei76, MT85, GK91].
We derive the corresponding McLerran-Toimela formula for dileptons, assuming a (locally) equilibrated
medium with a fluid cell at rest. The aim is to calculate the dilepton-production rate,

dRℓ+ℓ−
d4k

=
dNℓ+ℓ−

d4xd4k
, (2.4.1)

i.e., the number of ℓ+ℓ−-pairs per time and volume and pair energy and momentum. To that end we
work in an interaction picture with the “undisturbed Hamiltonian” fully including the strong interac-
tions of quarks and gluons or hadrons and the “interaction Hamiltonian” given by the electromagnetic
interaction

HI = e
∫

R3
d3 x⃗ Jµem(t , x⃗)Aµ(t , x⃗). (2.4.2)
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2. QCD matter and electromagnetic probes

On the fundamental level the electromagnetic current Jµem is given by

Jµem =−(ψe,ψµ,ψτ)γ
µ





ψe
ψµ
ψτ



+
2
3
(ψu ,ψc ,ψt )γ

µ





ψu
ψc
ψt



− 1
3
(ψd ,ψs ,ψb )γ

µ





ψd
ψs
ψb



 . (2.4.3)

Working in leading order of the electromagnetic interaction a schematic Feynman diagram for the
transition-matrix element for the production of one ℓ+ℓ− pair |i〉→ �� f ′�= | f ,ℓ+ℓ−(k)〉, where i and
f are arbitrary hadronic initial and final states, is given by

S f ′i =

ℓ−

ℓ+

hadrons in

hadrons out

k

= e


f
�

�

�

�

∫

d4xJµem(x)
�

�

�

�

i
·

Dµν
γ (x, x ′)uℓ(x)γνvℓ(x

′).

(2.4.4)

Here uℓ and vℓ are the usual free Dirac spinors for the lepton and the antilepton in the final state,
and Dµν

γ is the photon propagator in an arbitrary gauge, e.g., in the Feynman gauge, where it reads in
momentum representation

Dµν
γ (k) =− ηµν

k2+ i0+
. (2.4.5)

In the momentum representation the matrix element reads

S f ′i = iT f ′i (2π)
4δ (4)(P f + k − Pi ) (2.4.6)

and the dilepton-production rate according to “Fermi’s trick” [PS95]

dR
d4k
= (2π)4
¬

δ (4)(P f + k − Pi )|T f ′i |2
¶

(2.4.7)

with the expectation value taken over all hadronic initial states with the (grand-canonical) equilibrium
statistical operator, written in the local rest frame of the fluid cell,

ρ=
1
Z

exp
�

− 1
T
(HQCD−µBQB)

�

, Z =Trexp
�

− 1
T
(HQCD−µBQB)

�

. (2.4.8)

Here T is the fluid cell’s temperature and µB the baryochemical potential to take into account the
conservation of the net-baryon number under the strong and electromagnetic interactions (i.e., the
Noether charge of the U(1)V symmetry (2.2.15)). In (2.4.8) one also sums over all possible final hadronic
states and the spin-degrees of freedom of the lepton and antilepton. Making use of the analytic proper-
ties of the retarded current-correlation function, the final result reads [GK91]

dRℓ+ℓ−
d4k

=−α
2
em

3π3

k2+ 2m2
ℓ

(k2)2

√

√

√

1− 4m2
ℓ

k2
ηµν ImΠµνem,ret(k)nB(k

0). (2.4.9)
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Here
nB(k

0) =
1

exp(k0/T )− 1
(2.4.10)

denotes the Bose-Einstein distribution function, and

iΠµνem,ret =
∫

R4
d4x exp(ik · x)
�Jµem(x), Jνem(0)

��

T ,µB
Θ(x0) (2.4.11)

is the retarded electromagnetic current-current-correlation function evaluated in the grand-canonical
equilibrium state (2.4.8) and to any order concerning the strong interaction. Thus, (2.4.9) implies that
the measurement of the dilepton spectral function in heavy-ion collisions provides information about
the em. current-current correlation function of strongly interacting matter in thermal equilibrium. Ac-
cording to the above derivation of (2.4.9) of course the measured dilepton spectra are only accessible as a
space-time weighted average over the entire fireball evolution. This implies that modeling the dilepton
production in heavy-ion collisions to interpret the corresponding data must include a comprehensive
understanding of the relevant microscopic processes for dilepton production in the medium as well as
a detailed description of the fireball evolution. This will be discussed in the next Chapter.
We note that a completely analogous analysis as for the dilepton rate above leads to the expression for
the Lorentz-invariant photon rate,

q0
dRγ
d3q⃗
=−ηµν ImΠµνem,ret(q)nB(q

0), q0 = |q⃗ |, (2.4.12)

i.e., photons probe the same em. current-current-correlation function at the photon point.

2.5 Dileptons and chiral symmetry

In this Section we discuss the relation of the electromagnetic current-correlation function in a strongly
interacting medium to the approximate chiral SU(2)L×SU(2)R×U(1)V symmetry of QCD, as discussed
in Sect. 2.2.
On the fundamental level of the Standard Model the key is the decomposition of the light (u- and d-)
quarks’ electromagnetic current

Jem,ud =
2
3
ψuγ

µψu−
1
3
ψdγ

µψd, (2.5.1)

cf. (2.4.3), in an isovector and an isoscalar component. To that end we just have to remember that the
electrically neutral component of the isovector current is given by

J 3µ
V =ψud t 3γµψud =

1
2

�

ψuγ
µψu−ψdγ

µψd

�

, (2.5.2)

which carries the quantum numbers of the neutral ρ(770)meson. The isoscalar current reads

jµV =ψuγ
µψu+ψdγ

µψd, (2.5.3)

which carries the quantum numbers of the ω(770) meson. Now, as is immediately clear from (2.5.1-
2.5.3) the electromagnetic current (2.5.1) can be written as

Jµ
em,ud

= J 3µ
V +

1
6

jµV . (2.5.4)
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Figure 2.3: The ratio σe++e−→hadrons/σe++e−→µ++µ− in the low- and intermediate-mass region.
Figure taken from [Y+06].

To extend this pattern to also include the strange quark4 we only have to add Jµem,s = −1/3ψsγ
µψs to

(2.5.1). Then we can write the electromagnetic current of the three light quarks in the form

Jem,uds =
1p
2

�

1p
2

�

ψuγ
µψu−ψdγ

µψd

�

+
1

3
p

2

�

ψuγ
µψu+ψdγ

µψd

�

−
p

2
3
ψsγ

µψs

�

. (2.5.5)

It is suggestive to associate the three terms in the bracket with the corresponding light vector mesons
ρ, ω, and φ. The relative weights in the electromagnetic current correlation function is thus 9:1:2.
Empirically the partial decay widths of the light vector mesons to dielectrons are Γρ→e+e−/Γω→e+e− ≃
10.5 and Γφ→e+e−/Γω→e+e− ≃ 1.9 [O+14], which is not too far from the naive parton argument based
on (2.5.5).
In hadronic models the assumption that the hadronic electromagnetic current is proportional to the
neutral vector-meson fields, the so-called vector-meson dominance model (VMD)
[Sak60, GS68, KLZ67] leads to a quite successful description of hadronic electromagnetic transition
form factors, particularly the electromagnetic form factor of the pion, as will be discussed in the Chpt. 3.
Very accurate measurements of the hadronic em. current-current-correlation function are provided by
the inclusive hadron production in the reaction e++ e−→ hadrons, which is usually depicted in terms
of the ratio

R=
σe++e−→hadrons

σe++e−→µ++µ−
, (2.5.6)

as shown in Fig. 2.3 as a function of the invariant mass of the electron-positron pair M =
p

s . The low-
mass region 2me ≤M ≲ mφ is dominated by the three light vector mesons, ρ,ω, andφ, followed in the
intermediate-mass region mφ ≲ M ≲ MJ/ψ by a broader vector-meson resonance ρ′ and a continuum
that is well-described in the naive parton model, where the ratio is given by

Rparton model =Nc

∑

f ∈{u,d,s}
q2

f = 3
�

4
9
+ 2 · 1

9

�

= 2. (2.5.7)

4Since also the strange-quark mass is small compared to the typical hadronic scale of 1 GeVone can extend the approximate
chiral SU(2)L×SU(2)R×U(1)V symmetry of the ud-quark sector of QCD to the uds-quark sector with the symmetry group
SU(3)L×SU(3)R×U(1)V. The symmetry is spontaneously broken to SU(3)V×U(1)V and of course also explicitly broken by
the quark masses and the electroweak interactions. The pseudo-Goldstone bosons are grouped into the pseudoscalar SU(3)
octet, consisting of the 3 pions, 4 kaons, and one η0.
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Figure 2.4: Left panel: The isovector-vector and -axial-vector current correlation functions as a function
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even and odd number of pions [B+98] together with model fits with vacuum ρ- and a1-meson spectral
functions and a perturbative continuum [Rap03]. Right panel: Possible scenarios for the effect of
chiral-symmetry restoration to the vector-axial-vector spectral functions in the hot and dense medium.
Figure taken from [4].

From the electroweak sector of the Standard Model it is known that the vector and axial-vector strong-
isovector current-correlation functions are directly related to the charged electroweak current, which
is of the clean “V −A structure” (see, e.g., [Nac90]). Taking into account parity conservation of the
strong interaction it is clear that the semileptonic decay τ → ντ + pions of τ-leptons together with
the known weak coupling constant (or equivalently the Fermi constant in the effective four-fermion
model) and the relevant CKM-matrix element |Vud | allows for an accurate quantitative separation of the
current-correlation functions into the isovector- and axial-vector channel by exclusive measurements of
the partial τ-lepton decay widths into an even or odd number of pions respectively. As shown in Fig. 2.4
these data can be seen as an accurate demonstration of the spontaneous breaking of the (approximate)
chiral symmetry of QCD in the light-quark sector.
One of the fundamental questions addressed with the accurate measurement of dileptons in heavy-ion
collisions is to learn about how this chiral symmetry of QCD is realized at low energies, i.e., in which
way the dynamical generation of hadron masses by the strong interaction comes about, at least for
the ρ meson, which dominates the electromagnetic current-current correlation function in the low-
mass region as explained above. As the detailed analysis of effective hadronic models shows, chiral
symmetry can be realized in (at least) two possible ways. E.g. in terms of “hidden-local-symmetry
models”, which describe the massive vector (ρ) and in its generalized version also the axial-vector (a1)
meson with a “Higgsed” additional local chiral gauge symmetry (usually realized in a non-linear way)
[BKU+85, BKY88, HY03]. It can be realized either by introducing only the ρ-meson as a gauge field,
corresponding to the unbroken part SU(2)V of the SU(2)L× SU(2)R or both a ρ and an a1 meson. In
this kind of models chiral symmetry can be realized in the so-called vector manifestation, where the
longitudinal part of the ρ meson becomes the chiral partner of the pions, which leads to a dropping
mass towards the chiral phase transition. On the other hand, even in the same class of models, also the
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2. QCD matter and electromagnetic probes

usual realization of chiral symmetry is possible, where the chiral partners are ρ and a1, and the mass
spectra of these two mesons become degenerate by a large broadening of their spectral functions in the
medium [HS06, HSW08].

2.6 Abelian vector-meson-dominance model

As a simple but successful example for an effective theory to describe the electrodynamics of hadrons we
briefly discuss the original vector-meson dominance (VMD) model by [Sak60, GS68, KLZ67], where
it is assumed that the electromagnetic current of hadrons is proportional to the fields describing the
light vector mesons ρ, ω, and φ [Sak60, GS68, KLZ67]. In the strict version of this model an elec-
tromagnetic transition of hadrons is always mediated through the formation of a light vector meson.
Here, we shall summarize the model in the most basic form for the description of the electrodynam-
ics of the charged pions and ρ mesons. One uses the Stueckelberg formalism to formulate an Abelian
gauge symmetry with a massive gauge field. Contrary to the non-Abelian case this leads to a consistent
renormalizable gauge theory without employing the Higgs mechanism [Col86].
To make the local gauge symmetry explicit, one introduces in addition a neutral scalar field θ, the
“Stueckelberg ghost”

Lρ =−
1
4

VµνV
µν +

M 2

2
VµV µ+

1
2
(∂µθ)(∂

µθ)+Mθ∂µV µ (2.6.1)

with Vµν = ∂µVν−∂νVµ. As is easily shown, the model is invariant under the infinitesimal local gauge
transformation

δVµ = ∂µδχ , δθ=Mδχ , (2.6.2)

where δχ = δχ (x) is an arbitrary infinitesimal scalar field. By direct calculation, one verifies that
under this transformation the Lagrangian changes only by a complete four-divergence,

δLρ = ∂µ(M 2V µδχ +Mθ∂ µδχ ), (2.6.3)

which means that indeed the action functional is gauge invariant.
The quantization is straight forward with the path-integral method à la Faddeev and Popov, using an
Rξ like ’t Hooft gauge-fixing condition,

∂µV µ+mξ θ= 0, (2.6.4)

which leads to the effective gauge-fixed Lagrangian

Lgf,ρ =−
1
4

VµνV
µν +

M 2

2
VµV µ− 1

2ξ
(∂µV µ)2

+
1
2
(∂µθ)(∂

µθ)− ξM 2

2
θ2+(∂µη

∗)(∂ µη)− ξM 2η∗η.

(2.6.5)

Here, ξ is an arbitrary real parameter and η and η∗ Grassmann-valued Faddeev-Popov-ghost fields.
Characteristically for an Abelian gauge model the Stueckelberg and Faddeev-Popov ghosts are non-
interacting and thus can be neglected later on in loop calculations5.

5They are important, e.g., to obtain the correct partition sum for an ideal gas of massive vector bosons: The Lagrangian
(2.6.5) has three vector-field components of mass M and one of mass

p

ξM , one Stueckelberg-ghost-field component of mass
p

ξM and two Faddeev-Popov-ghost components of mass
p

ξM . The unphysical time-like component of the gauge field
is thus compensated by “adding” another unphysical Stueckelberg-ghost field, both of which are “subtracted” by the also
unphysical Faddeev-Popov ghost field, leading to three physical degrees of freedom with mass M as it should be for a massive
vector boson.
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2.6. Abelian vector-meson-dominance model

The derivation of the free time-ordered vector-meson propagator in momentum space is now based on
the Lagrangian (2.6.5), leading to

∆µνV (p) =−
ηµν

p2−M 2+ i0+
+

(1− ξ )pµ pν

(p2−M 2+ i0+)(p2− ξM 2+ i0+)
. (2.6.6)

Here (ηµν ) = diag(1,−1,−1,−1) is the usual Minkowski metric. For any finite positive ξ this propa-
gator indeed has the appropriate power-counting features for a meson propagator in a renormalizable
model with only massive degrees of freedom. In the limit ξ → 0 one obtains the “Landau gauge” with
an explicitly transversal vector-meson propagator, and in the limit ξ →∞ one obtains the “unitary
gauge”, leading to the Proca description of the vector meson, resulting however in a not manifestly
renormalizable theory6. In the following we shall use the “Feynman gauge” with ξ = 1, which is most
convenient for practical calculations.
The introduction of the pions is now straight forward. Defining the covariant derivative of the complex
pion field φ by

Dµφ= (∂µ+ igVµ)φ, (2.6.7)

the hadronic Lagrangian of our simple model for pions and ρmesons reads

Lhad =Lgf,ρ+(Dµφ)
∗(Dµφ)−mπφ

∗φ− λ
8
(φ∗φ)2. (2.6.8)

The gauge transformation for the pion field is given by

φ→ exp(−igδχ )φ≃ (1− igδχ )φ. (2.6.9)

Finally we also need to couple the hadrons to the photon field since we like to find a model for the
electromagnetic form factor of the pion. The gauge-fixed photon-field Lagrangian reads

Lgf,γ =−
1
4

FµνF
µν − 1

2ξ ′
(∂µAµ)2+(∂µη̃

∗)(∂ µη̃), Fµν = ∂µAν − ∂νAµ. (2.6.10)

The coupling of the pions to the photon field is achieved by substituting the covariant derivative in the
hadronic Lagrangian (2.6.8) by

Dµ→ D̃µ = Dµ+ ieAµ. (2.6.11)

The ρ meson couples to the photon also via the gauge-invariant ργ -mixing term (Kroll-Lee-Zumino
coupling)

Lργ =−
e

2g ′
VµνF

µν (2.6.12)

Finally we add the electrons that couple directly only to the photons in the usual way of spinor QED,

Lel =ψ(i /∂ −me+ e /A)ψ. (2.6.13)

Phenomenologically the ρmeson is not a stable particle but a broad resonance with a peak mass around
770 MeV and a width of around 150 MeV in the isovector-vector channel of elastic pion scattering.
Thus, when evaluating the one-loop self-energy, we must give renormalization conditions based on
physical, i.e., observable quantities. The most simple quantity is the electromagnetic form factor of

6Of course, the gauge-invariant S-matrix elements are renormalizable but not the off-shell proper vertex functions.
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2. QCD matter and electromagnetic probes

pions that can be defined by the pion-annihilation process π+ +π− → e+ + e− (or equivalently the
inverse process e++ e−→π++π−).
To find the appropriate renormalization conditions we thus start with the evaluation of the photon-
polarization tensor. The photon’s mass is protected to stay zero by the appropriate Ward-Takahashi
identity and thus the photon-polarization tensor is transverse and only needs wave-function renormal-
izations.
Thus we have

Πµνγ (k) = sΠγ (s)Θ
µν (k), s = k2 (2.6.14)

with the projection operator

Θµν (k) = ηµν − kµkν

k2
. (2.6.15)

The scalar quantity Πγ is (at most) logarithmically divergent and is renormalized by a photon-wave-
function renormalization counter term.
In the following we calculate the photon polarization to order αem = e2/(4π) but with the completely
resummed one-loop correction for the ρ-meson propagator.
At tree level the renormalized photon polarization becomes

Πγ ,0(s) =
e2

g ′2
s

s −M 2
, (2.6.16)

where the renormalization constant is determined by the fact that the photon propagator must have a
pole at s = k2 = 0 with residuum 1, leading to the renormalization condition

Πγ (s = 0) = 0. (2.6.17)

Now we dress the ρ-meson propagator with the complete ππ- and e+e−-one-loop corrections to its
self-energy. Similarly to the photon the Abelian local gauge invariance of the original Lagrangian en-
sures that the ρ-meson self-energy is transverse either and thus that again there is only a wave-function
renormalization. This means we have

iΠµνρππ(p) =

p

µ νl

l + p = isΠρππ(s)Θ
µν (p), s = p2. (2.6.18)

Since in physical quantities the (dressed) ρ-meson propagator appears usually in connection with pho-
ton mixing, a convenient renormalization condition is

Πρ(s = 0) = 0, (2.6.19)

which determines the wave-function counterterm and ensures that the photon propagator is correctly
normalized at the photon point when dressed via the γρ-mixing vertex.
The main contribution comes from the pion loops. Using dimensional regularization, it is easy to
show that the regularized ρ-meson self-energy at the one-loop level,

Πµνρππ(p) =−ig 2µ2ε
∫

d2ω l
(2π)2ω

�

(2l + p)µ(2l + p)ν

(l 2−m2
π+ i0+)[(l + p)2−m2

π+ i0+]
− 2ηµν

l 2−m2
π+ i0+

�

, (2.6.20)
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is indeed transverse and that the renormalized self-energy is determined by

Πρππ,ren(s) =
g 2

288π2 s2

¨

16s(3m2
π− s)+ 3(4m2

π− s)
Æ

s(s − 4m2
π)

×
�

ln

�

2m2
π− s +
p

s(s − 4m2
π)

m2
π

�

− ln

�

2m2
π− s −ps(s − 4m2

π)
m2
π

��«

.

(2.6.21)

For numerical evaluations, one has to set s → s + i0+ to obtain the correct branch of the square-root
and logarithm function for real s .
The dressed ρ-propagator reads

Gµν
ρ (p) =− Θµν (p)

p2−M 2− p2Πρππ(p2)
− Λµν (p)

p2−M 2+ i0+
, (2.6.22)

where we have defined the longitudinal projector as Λµν (p) = pµ pν/p2. This explicitly shows that the
unphysical longitudinal part of the ρ propagator is as for the free propagator, i.e., the longitudinal part
of the vector field is non-interacting as it should be.
Now we can calculate the pion electromagnetic form factor to leading order in e but to arbitrary order
in g by using the dressed ρ propagator and the one-loop correction to the ργ mixing,

iΓµγππ =
µq

r

r − q

++
µq

r

r − q

µq

r

r − q

. (2.6.23)

In the last diagram the pion loop has to renormalized with the same condition as the corresponding
ρ-polarization contribution, because the electromagnetic form factor of the pion, defined by

iΓµγππ =−ieF [(r − q)2](qµ+ rµ) (2.6.24)

must fulfill the condition
F (0) = 1, (2.6.25)

because by convention the electromagnetic coupling e (αem = e2/(4π) ≃ 1/137) is determined at zero
momentum transfer. After some algebra the properly renormalized form factor turns out to be

Fππ(s) =
s(1− g/g ′)−M 2

s −M 2− sΠρππ(s)
. (2.6.26)

Here, we have assumed the external pion legs to be on-shell, and thus only the transverse part of the
ρ-meson propagator enters here as it should be for physical processes. The external photon line is taken
off-shell.
For the special choice g ′ = g the form factor becomes a pureρ-meson pole, which means that in leading
order in the electromagnetic coupling the hadronic electromagnetic current is strictly proportional to
the ρ-meson field. This parameter choice thus realizes the so-called strict vector-meson dominance
(VMD) model. For an arbitrary ρ-γ coupling g ′ we call it the extended VMD model.
A physical process to test the model in the time-like region against observables is the annihilation
process π++π−→ e++ e−. We are interested in the polarization averaged matrix element

dR
d4k
=

�

�

�

�

�

�

∑

i

∑

f

|M f i |2
�

�

�

�

�

�

p+q=k

. (2.6.27)
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The matrix element is given by the diagram

iM f i =

q

p

k = p + q

q ′

p ′

(2.6.28)

The averaging over the initial and the summation over the final state can be done with help of the
optical theorem. E.g., the summation over the electron states is equivalent to the evaluation of the
one-loop photon-polarization diagram for the Schwinger-Keldysh real-time polarization sΠ21

γ ee (s) (s =
(p + q)2 = k2), where the indices 1 and 2 refer to the time-ordered and anti-time-ordered branch of
the contour [Hee00]. In the here considered vacuum case the relation to the time-ordered polarization
function is very simple,

iΠ21
γ ee (s) =− ImΠ11

γ ee (s) =− ImΠγ ee (s). (2.6.29)

The same holds for the summation over the pion-initial state. Here we need

iΠ12
ρππ(s) =− ImΠ11

ρππ(s). (2.6.30)

Finally we obtain
dR
d4k
= e2|Fππ(s)|2 ImΠγ ee (s) ImΠρππ(s). (2.6.31)

The photon-polarization from the ρ loop is given by

Πµνγ ee (k) = sΠγ ee (k
2)Θµν (k), Πγ ee (0) = 1 (2.6.32)

and can be evaluated with the standard formulae of dimensional regularization [Ram89]. The renor-
malized result is

Πγ ee (s) =−
e2

72π2 s2

¨

2s(12m2
e + 5s)+ 3
Æ

s(s − 4m2
e )

×
�

ln

�

2m2
e − s +
p

s(s − 4m2
e )

m2
e

�

− ln

�

2m2
e − s −ps(s − 4m2

e )
m2

e

��«

.

(2.6.33)

For completeness in the following we also include the order e4 contribution to the ρ-polarization func-
tion defined by

iΠµνρee (p) =

µ νl

l + p

p

= isΠρee (s)Θ
µν (p), s = p2 (2.6.34)

leading to

Πρee (s) =
e2

g ′2
Πγ ee (s). (2.6.35)

Of course, this contribution at order O (α2
em) = O (e4) to the ρ-polarization tensor is only significant

below the two-pion threshold, where it provides the only spectral strength of the ρmeson.
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Figure 2.5: Fit of the model to data on the pion electromagnetic form factor in both the spacelike
[A+86] and timelike [BCE+85] region (left). Note that the form factor is plotted on a logarithmic
scale as a function of s . The right panel shows the time-like part on a linear scale as a function of
invariant mass M =

p
s [Hee99].

Including this correction, the ρ propagator reads

Gµν
ρ (p) =− Θµν (p)

p2−M 2− p2Πρππ(p2)− p2Πρee (p2)
− Λµν (p)

p2−M 2+ i0+
. (2.6.36)

The electromagnetic pion form factor has been measured in both the timelike [BCE+85] as well as the
spacelike [A+86] region and can be used to fit our model parameters. The former is assessed by the
electron-positron annihilation process e++e−→π++π− discussed above and the latter by the elastic
scattering of pions on electrons:

iM f i =

p p ′

q q ′

k = p − p ′ = q − q ′

(2.6.37)

As can be seen from Fig. 2.5 the model allows an excellent fit for both the extended and the strict
vector-meson dominance model. The resulting best-fit parameters are

generalized vector-meson dominance: M = 763.1 MeV, g = 5.461, g ′ = 5.233,

strict vector-meson dominance: M = 763.1 MeV, g != g ′ = 5.328.
(2.6.38)

The slight deviations of the model from the data around the peak region is due to the contribution of
the isoscalar channel (ω meson) which is not considered here.
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Chapter 3

Electromagnetic probes in NN and AA collisions

In this Chapter, some of my works on electromagnetic probes in heavy-ion collisions [1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11, 12, 13] are summarized. For completeness also some details on the hadronic effective
model for the in-medium spectral functions of the vector mesons used in these works is reviewed.
The summary is organized as follows: First I briefly review various effective hadronic models to de-
scribe the dilepton and photon production in heavy-ion collisions at lower beam energies and in the
hadronic phase of the fireball evolution of the strongly interacting matter created at higher beam ener-
gies. The models have to be defined in the vacuum first (Sect. 3.1). Then, in Sect. 3.2 the evaluation
of the models for dilepton and photon production from a medium in thermal equilibrium is discussed.
This includes both the radiation from a partonic (QGP) (Sect. 3.2.1) and from a hot and/or dense
hadron-resonance gas (Sect. 3.2.2).
In the following I describe the modeling of the bulk-medium evolution in heavy-ion collisions, which
reach from simple blast-wave parameterizations over hydrodynamical calculations to the coarse-grai-
ning approach to make microscopic transport simulations applicable to dilepton and photon produc-
tion utilizing the rates obtained from the thermal quantum-field theoretical calculations of the corre-
sponding production rates (Sect. 3.2.3).
Finally, the models are applied and compared to data on dileptons (Sect. 3.3) and photons (Sect. 3.4) in
heavy-ion collision experiments ranging from the lowest beam energies at the GSI SIS18 to the highest
beam energies obtained at the CERN LHC heavy-ion experiments as well as predictions for future
experiments at the future FAIR and NICA facilities. Finally first investigations on the QCD phase
diagram in terms of a comprehensive analysis of electromagnetic probes at different beam energies (as
is, e.g., addressed in the RHIC “beam-energy scan”) are summarized in Sect. 3.5.

3.1 Dilepton production in pp- and np-collisions at GSI-SIS energies

Before addressing the emission of dileptons and photons from a nearly equilibrated expanding fireball of
strongly interacting matter it is important to first describe the electrodynamics of hadrons in effective
hadronic models since an ab-initio treatment on the level of quarks and gluons is not feasible. In this
section we thus briefly discuss the pertinent models used in the further description of electromagnetic
probes in heavy-ion collisions.
In [6] we used the Gießen Boltzmann-Uehling-Uhlenbeck transport model (GiBUU) [BGG+12] to
describe the dilepton production in nucleus-nucleus collisions at energies provided by the heavy-ion
synchrotron (SIS) at the Gesellschaft für Schwerionenforschung (GSI) and measured by the HADES
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3. Electromagnetic probes in NN and AA collisions

collaboration. It is incorporating a hadron-resonance model [TCE+97] using resonance parameters
and branching ratios from the partial-wave analysis of Manley [MS92] with one important modifica-
tion: Manley introduces the ρ∆ decay channels only to account for missing inelasticities which are
not contained in the one- and two-pion final states. This implies that the Manley analysis is not really
sensitive to the true strength of the ρ∆ final state. We thus replace the ρ∆ by σ∆ decays in order to
avoid overestimating ρ production in accordance with the data. The partial widths of the resonances
are parameterized according to

Γ (m) = Γ0
m0

m

�

q
q0

�3 q2
0 +Λ

2

q2+Λ2
, (3.1.1)

where m0 is the decaying resonance’s pole mass, m the off-shell mass, Γ0 the on-shell decay width, and
q0 and q are the final-state center-mass momenta for the masses m0 and m, respectively; Λ is a cutoff
parameter in the sense of a hadronic form factor. The Teis model [TCE+97] has been extended to cover
the entire beam-energy range of the HADES experiment (up to Ekin = 3.5 GeV), taking into account
the following nucleon-nucleon scattering channels:

1. NN →NN

2. NN →N∆,

3. NN →NN ∗, N∆∗,

4. NN →∆∆,

5. NN →∆N ∗, ∆∆∗,

6. NN →NNπ (non-res. BG)

7. NN →NNω, NNπω, NNφ (non-res.),

8. NN → BY K (with B =N ,∆; Y =Λ,Σ).

The elastic cross sections, item 1, are parameterized according to Cugnon et al. [CVL96] (for beam
momenta below plab ≈ 2.776 GeV) and the PDG [M+94] (above); see also [BGG+12] for details. The
single-resonance excitation channels (items 2 and 3) are taken from the Teis analysis. The N∆ channel
employs the one-boson-exchange model by Dmitriev et al. [DSG86], and the higher resonances are
produced in a pure phase-space approach with constant matrix elements,

σNN→N R =
CI

pi s
|MN R|2

16π

∫

dµAR(µ)pF (µ), (3.1.2)

where pi and pF are the center-mass momenta in the initial and final state, and the matrix elements have
been fitted previously by Teis to exclusive meson production (π, 2π, η, and ρ). The spectral functions
of the various resonances are parameterized as

AR(µ) =
1
π

µΓR(µ)
(µ2−M 2

R)
2+µ2Γ 2

R(µ)
. (3.1.3)

All production channels are treated isospin-symmetric with the corresponding Clebsch-Gordan co-
efficients, CI . The only exception concerns the S11(1535) resonance, which is assumed to be the only
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3.1. Dilepton production in pp- and np-collisions at GSI-SIS energies

channel for exclusive η production, which is known to be significantly larger in pn than in pp collisions
[C+98], leading to

|Mpn→NN ∗(1535)|2 = 6.5 · |Mpp→NN ∗(1535)|2. (3.1.4)

Another isospin asymmetry is introduced for the P11(1440) state,

|Mpn→NN ∗(1440)|2 = 2 · |Mpp→NN ∗(1440)|2. (3.1.5)

New compared to the original Teis analysis is also the consideration of double-resonance production in
order to extend the validity of the model to cover the beam-energy range up to the highest SIS energy
(
p

s ≃ 3.2 GeV). Also these are treated in a phase-space approach assuming constant scattering-matrix
elements,

σNN→∆R =
CI

pi s
|M∆R|2

16π

∫

dµ1dµ2A∆(µ1)AR(µ2)pF (µ1,µ2). (3.1.6)

Also three new production channels have been added:

1. NN →∆S11(1535) (→NNπη),

2. NN →∆N ∗ (→NNπρ), N ∗ =D13(1520), S11(1650), F15(1680), P13(1720),

3. NN →∆∆∗ (→NNπρ),∆∗ = S31(1620), D33(1700), F35(1905).

For lack of experimental data the pertinent matrix elements,M1 = 60 mb GeV2,M2 = 12 mb GeV2

andM3 = 21 mb GeV2, are fixed by fitting the corresponding PYTHIA cross sections for πη and πρ
production. As can be seen in Fig. 3.1 this description leads to a successful description of the total
inelastic pp and np cross section.
The production ofω and φmesons are parameterized via [Sib96]

σ(pp→ ppV , ppπV ) = a(1− x)b x c , with x = s0/s , (3.1.7)

where s0 = (2mN +mV )
2 is the threshold energy, and the parameters are given in Table 3.1 Finally, for

ps0 [GeV] a [mb] b c Ref.
ω 2.658 5.3 2.3 2.4 [AB+07]
πω 2.796 1.0 1.5 1.1 -
φ 2.895 0.01 1.26 1.66 [Par09]

Table 3.1: Parameters for vector-meson production. Table taken from [6]

dilepton production, in GiBUU a strict vector-meson dominance framework is implemented,

ΓV→e+e−(µ) =CV
m4

V

µ3
, (3.1.8)

where µ is the off-shell mass of the vector meson and mV is its pole mass. The constants CV (for
V → e+e−) are adjusted to Cρ = 9.078 · 10−6, Cω = 7.666 · 10−7, and Cφ = 1.246 · 10−6 to fit the partial
decay widths [N+10].
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Figure 3.1: Inelastic pp and pn cross sections in the resonance model. The data points shown here have
been obtained by subtracting the parameterized elastic cross section from the total cross section data
[N+10]. Figure taken from [6].

For the Dalitz decays of the pseudo-scalar mesons the parameterization [Lan85],

dΓP→γe+e−

dµ
=

4αem

3π

ΓP→γγ
µ

�

1− µ
2

m2
P

�3

|FP (µ)|2, (3.1.9)

is used, with Γπ0→γγ = 7.8 · 10−6 MeV, Γη→γγ = 4.6 · 10−4 MeV and the form factors,

Fπ0(µ) = 1+ bπ0µ2, bπ0 = 5.5 GeV−2, (3.1.10)

Fη(µ) =
�

1− µ
2

Λ2
η

�−1

, Λη = 0.676 GeV. (3.1.11)

These decays show an anisotropic angular distribution, according to

dΓP→γ e+e−

dcosθ
∝ 1+ cos2(θ), (3.1.12)

where θ is the angle of the electron with respect to the momentum of the dilepton. All other decays
are treated isotropically.
Theω-Dalitz decay is parameterized as in [BC97, Eff99],

dΓω→π0e+e−

dµ
=

2αem

3π

Γω→π0γ

µ
×
�

�

1+
µ2

µ2
ω −m2

π

�2

− 4µ2
ωµ

2

(µ2
ω −m2

π)2

�3/2

× |Fω(µ)|2,

|Fω(µ)|2 =
Λ4
ω

(Λ2
ω −µ2)2+Λ2

ωΓ 2
ω

(3.1.13)
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lisions (pp → e+e−X ) at three different beam energies, with and without a ∆ → γ ∗N form factor,
compared to experimental data measured with the HADES detector [A+10b, A+12c, A+12b]. Figure
taken from [11].

with Γω→π0γ = 0.703MeV, Λω = 0.65GeV and Γω = 75MeV. For the∆-Dalitz decay the parameteriza-
tion

dΓ∆→Ne+e−

dµ
=

2αem

3πµ
Γ∆→Nγ ∗ ,

Γ∆→Nγ ∗ =
αem

16
(m∆+mN )

2

m3
∆m2

N

�

(m∆+mN )
2−µ2�1/2 �(m∆−mN )

2−µ2�3/2 |F∆(µ)|2
(3.1.14)

from [KF02] is used. Theoretical models for the N-∆ transition form factor usually assume one or
more VMD-inspired peaks in the time-like region [KMFF02, CPTW04, WI05]. However, the data in
the space-like region does not provide sufficient constraints to fix the behavior in the time-like region.
In order to demonstrate the uncertainty connected to this form factor, we will in the following use as an
example the model of [WI05]. More recently we have also shown that the electromagnetic transition
form factor of the∆ can be successfully described with the VMD approach [11].
In this way also all other Dalitz decays of baryon resonances are treated in the spirit of the VMD ansatz
by employing the step-wise process R→ Nρ→ Ne+e− within the transport simulation. Thereby it
is important to implement the small width of the ρ meson below the two-pion threshold due to the
dilepton decay. However, one should note that the smallness of the ρ-decay width in this low-mass
region is compensated by the propagator of the virtual photon in Sect. 3.1.8.
In pn scattering also the pertinent bremsstrahlung contribution is considered in phase-space corrected
soft-photon approximation [GK89, WBC+90],

dσpn→pne+e−

dM dEdΩ
=
α2

em

6π3

q
M E2

σ(s)
R2(s2)
R2(s)

, (3.1.15)

σ(s) =
s − (m1+m2)

2

2m2
1

σpn
el
(s) , (3.1.16)

R2(s) =
Æ

1− (m1+m2)2/s , (3.1.17)

s2 = s +M 2− 2E
p

s , (3.1.18)
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Figure 3.3: Left panel: Resonance contributions to the ρ channel in the dilepton mass spectrum. Right
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mass of the ρ meson. For comparison we also show the ρ meson contribution from earlier Pythia
simulations [WGM11]. Figure taken from [6].

where M is the mass of the dilepton pair, q , E and Ω are its momentum, energy and solid angle in the
pn center-of-mass frame and s is the Mandelstam’s variable. Further, m1 is the mass of the proton, m2
is the mass of the neutron, and σpn

el
is the elastic pn cross section.

To demonstrate the excellent agreement of this framework with the corresponding data on dilepton
production in pp and dp collisions from the HADES collaboration in Fig. 3.2 we show the e+e−-
invariant-mass spectra at the three available beam energies. We close this summary of the GiBUU model
to describe dilepton production in pp and pn collisions by noting that the ρ-spectral function appears
to be already modified compared to the shape expected from the “definition” of the corresponding
resonance in the review of particle physics [O+14]. As described in Sect. 2.6, there it is defined as the
resonance of the process e++e−→π++π− in the isovector-vector channel. In our model, however the
ρ meson is also produced via baryon-resonance Dalitz decays, which leads to a small downward mass
shift of the corresponding resonance peak (which moves to about M ≃ 730 MeV and the development
of a shoulder around M ≃ 500 MeV, mainly due to the low-mass resonances like the D13(1520) (see
Fig. 3.3). For the dileptons these Dalitz-decay contributions lead to a significant contribution in the
low-mass region, particularly below the two-pion threshold and a rather smooth shape of the dilepton-
invariant-mass spectrum without a pronounced “ρ peak”, which is due to the 1/m3 factor in the VMD
description (3.1.8).

3.2 Models for electromagnetic probes in heavy-ion collisions

To address the production of dileptons and photons in heavy-ion collisions, the medium modifications
of the electromagnetic current-current correlator entering the production rate as discussed in Sect. 2.4,
cf. Eqs. (2.4.9) and (2.4.12) for dileptons and photons, respectively, have to be evaluated. At higher
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Figure 3.4: Dilepton-emission rate as a function of invariant mass at T = 170 MeV from qq → ℓ+ℓ−
annihilation in leading order perturbation theory (blue line), a leading-order hard-thermal loop calcula-
tion (violet line), and a lattice-QCD (red line) in comparison to the calculation from hadronic effective
theory with and without medium effects. Fig. taken from [Rap13b].

collision energies the produced matter becomes hot and dense enough to enter the deconfined phase of
a quark-gluon plasma and then evolves as an expanding and cooling fireball undergoing the transition
to a hot and dense hadron-resonance gas that finally decouples to freely streaming hadrons observed in
the detectors.
As a comparison of the found particle abundances and spectra with relativistic hydrodynamic sim-
ulations shows, the hot and dense fireball in this evolution is well described by a medium close to
local thermal equilibrium. This allows the use of the equilibrium in-medium electromagnetic current-
current correlation function in (2.4.9) and (2.4.12) to describe the dilepton and photon production in
heavy-ion collisions. Since the electromagnetic probes are emitted during the entire evolution of the
medium, both a detailed description of this collective dynamics of the medium as well as the production
rates are necessary over a wide range of temperatures and baryochemical potentials. In the following
we first briefly describe the quantum-field theoretical models for the in-medium production rates and
then the bulk-evolution models used in this work.

3.2.1 Electromagnetic radiation from the QGP

At leading order (LO) in αem, the basic process for dilepton production in the partonic phase is q -q
annihilation, q+q→ ℓ−+ℓ+. In terms of the current-current correlation function, which in quantum-
field theoretical view is just given by the photon polarization function (or photon self-energy), this
refers to the one-loop diagram,
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.

Its evaluation leads to the dilepton production rate from the QGP at temperature T and quark-chemical
potential µq =µB/3 [CFR87].

ImΠ(QGP)
em (k) =−∑
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q2
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Nc

12π
T k2
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However, at lower invariant dilepton masses the rate is tremendously enhanced by taking into account
the leading-order αs corrections employing the hard-thermal-loop (HTL) resummation techniques to
dress the quark propagators [BPY90]: Although both quarks and gluons acquire a thermal mass∼ gT
bremsstrahlung contributions within the HTL resummation leads to an enhancement of the dilepton-
production rates down to the two-lepton threshold (cf. Fig. 3.4).
More recently the dilepton-production rates have also been calculated in thermal lattice QCD
[DFK+11, BFMW13, KLM+12]. Here the Euclidean-time vector-current correlation function,

ΠB (τ, q ;T ) =
∫ ∞

0

dq0

2π
ρV (q0, q ,T )

cosh[q0(τ− 1/2T )]
sinh(q0/2T )

, (3.2.3)

is evaluated in quenched QCD for T = 1.45Tc at q = 0. The spectral function is obtained from these
numerical results by fitting the parameters Γ and κ in the ansatz

ρV (q0) = SBW
q0Γ/2

q2
0 + Γ 2/4

+
CemNc

2π
(1+κ)q2

0 tanh(q0/2T ) (3.2.4)

for the spectral function to the numerical results for (3.2.3).
To use the corresponding dilepton rates in calculations to describe heavy-ion collisions an extrapolation
to finite three-momentum is needed. In [Rap13b] such an extrapolation is provided by using the trans-
verse part of the electromagnetic spectral function from the leading-order pQCD photon rate for the
three-momentum dependence of the spectral function (3.2.4), replacing the Breit-Wigner piece. This
finally leads to the parameterization
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(3.2.5)

Here K = 2 is introduced to account for the enhancement of the photon rate over the LO rate and
to better reproduce the low-energy limit of the lattice-QCD spectral function. To accommodate the
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Figure 3.5: Left panel: Typical ladder diagram for the leading-order contribution to the electromagnetic
current-correlation function in a QGP. Resummed have to be ladders with arbitrary numbers of rungs.
Right panel: Total energy distribution of photons. Figures taken from [AMY01].

behavior at higher energies an additional form factor F (M 2) =Λ2/(Λ2+M 2)withΛ= 2T has been used.
In Fig. 3.4 the upper (lower) dashed line correspond to this parameterization with (without) this form
factor. Finally one has to also reconstruct the longitudinal part of the current-correlation function.
This is achieved by using the standard construction of gauge-invariant s-wave ρ-baryon interactions,
ΠL = (M

2/q2
0 )ΠT [RW00b].

To evaluate the em. current-correlation function for photons, due to infrared and collinear divergences
of bremsstrahlung processes a resummation process [AMY01] for ladder diagrams of the type shown in
Fig. 3.5 is necessary in addition to the naive leading αs-order quasi-elastic gluo-Compton and q + q→
γ+ g -annihilation processes. Cutting ladder diagrams with N rungs shows that this resummation adds
coherently all processes for which the photon is emitted before and after N quark-antiquark collisions,
which implies the proper implementation of the Landau-Pomeranchuk-Migdal effect [KV96].

3.2.2 Electromagnetic radiation from a hot/dense hadron gas

At lower temperatures and densities the low-mass dilepton spectrum is governed by the in-medium
spectral functions of the light vector mesons, ρ,ω, and φ in the sense of the vector-meson dominance
model. For the description of this contribution to the dilepton rate in heavy-ion collisions we use the
“Rapp-Wambach Model” based on [RCW96, RCW97, UBRW98, RUBW98, RG99] as summarized in
[RW99]. The evaluation of the spectral properties of the vector mesons in a dense and hot hadronic
medium consists in the determination of their self-energies in thermal and chemical equilibrium. Here
we concentrate on the ρ meson. Microscopically the corresponding in-medium contributions consist
of (i) modification of the pion loop in the ρππ loop as in (2.6.18) and (ii) direct couplings of the ρ
meson to both mesons and baryons. As will become clear, particularly the baryon contributions play
a crucial role in describing the dilepton spectra in heavy-ion collisions at all energies. Although at the
highest available collision energies at RHIC and LHC the net-baryon density is low (µB ≃ 0), the total
baryon density nB + nB is high, and thus leads to significant modifications of the ρ-meson spectral
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function, contributing particularly in the low-mass tail of the dilepton invariant-mass spectrum.
The ρππ interaction is based on the interaction Lagrangian [RCW96, RCW97]

Lρππ = gρππ(π⃗× ∂ µπ⃗) · ρ⃗µ (3.2.6)

with π⃗ and ρ⃗µ the isovector pion and isovector ρ-meson fields, respectively. To account for medium
modifications of the pion, the pion self-energy Σπ is evaluated employing particle-hole excitations
[EW88, RW94], where the pions interact with nucleons and ∆ resonances through excitations of the
type NN−1,∆N−1, N∆−1, and∆∆−1. In order to guarantee the transversality of the ρ self-energy the
corresponding vertex corrections to restore the pertinent Ward-Takahashi identities have to be taken
into account [UBRW98]. The needed ρN and ρπN couplings are obtained from the pionic Lagrangian
by minimal coupling to the πN couplings,

LρN =−
g
2
ψ/ρτ3ψ,

LρπN = ig
fN

mπ

ψγ 5
/ρτ⃗ψ ·T3π⃗,

(3.2.7)

and the π∆ couplings,

Lρ∆ = gψµ/ρT (3/2)3 ψµ− g
3
ψµ(γ

µρν + γνρ
µ)T (3/2)3 ψν +

g
3
ψµγ

µ
/ρT (3/2)3 γνψ

ν ,

LρπN∆ =−ig
f∆

mπ

ψT †ψµρ
µ ·T3φ⃗+h.c.

(3.2.8)

One way to fix the various parameters in the model is to aim at a description of data on photon absorp-
tion on nucleons and nuclei. For that purpose the direct coupling of the ρ meson to various baryon
resonances has to be addressed [RUBW98]. The corresponding interaction Lagrangians are given by p-
wave couplings of positive parity states and s-wave couplings of negative-parity states to the ρN system,
which read in the here employed non-relativistic limit

L (p-wave)
ρBN =

fρBN

mρ

Ψ†
B ( s⃗ × q⃗) · ρ⃗a taΨN +h.c.,

L (s-wave)
ρBN =

fρBN

mρ

Ψ†
B (q0 s⃗ · ρ⃗a −ρ0

a s⃗ · q⃗)taΨN +h.c.

(3.2.9)

Here, s⃗ denote spin (transition) operators for J = 1/2 and J = 3/2 and t the isospin (transition) opera-
tors for I = 1/2 and I = 3/2, depending on the quantum numbers of the baryon B =N(939),∆(1232),
N(1720) (positive parity) as well as B =N(1520),∆(1620),∆(1700) (negative parity). For the spin-5/2
∆(1905) a tensor coupling of the type (Ri j qiρ j ,aTa) is employed.

The in-medium self-energies from the resulting baryon nucleon-hole loop diagrams are of the form

Σ(0),Tρα (q0, q) =−
�

fραFρα(q)

mρ

�

SI (ρα)Q2φρα(q0, q), (3.2.10)

where Q2 = q2, q2
0 for p- and s-wave couplings. Also a monopole form factor Fρα(q) = Λ

2
ρ/(Λ

2
ρ+ q2)

has been introduced, and SI (ρα) denotes the spin-isospin factor; φρα(q0, q) is the Lindhard function
corresponding to the one-loop self-energy diagram. The photoabsorption cross section within the strict

38



3.2. Models for electromagnetic probes in heavy-ion collisions

B lρN SI (ρBN−1) Γ 0
ρN (MeV)
�

f 2
ρBN
4π

�

est

�

f 2
ρBN
4π

�

fit
Γmed [MeV]

N(939) p 4 – 4.68 5.8 0
∆(1232) p 16/9 – 18.72 23.2 15
N (1520) s 8/3 24 6.95 5.5 250
∆(1620) s 8/3 22.5 1.01 0.7 50
∆(1700) s 16/9 45 1.2 1.2 50
N (1720) p 8/3 105 8.99 9.2 50
∆(1905) p 4/5 210 17.6 18.5 50

Table 3.2: Properties of the ρBN vertices as derived from the interaction Lagrangians (3.2.9); columns
from left to right: baryon resonance, relative angular momentum in the ρN decay, spin-isospin factor,
partial decay width into ρN as extracted from [EHTM97, PPL+98], coupling constant as estimated
from Γ 0

ρN (for N(939) and ∆(1232) we have indicated the values from the BONN potential [MHE87]
which uses somewhat harder form factors), coupling constant as in the fit to photoabsorption data,
in-medium correction to the total decay width (cf. Fig. 3.6). Table taken from [RUBW98].

vector-meson dominance model reads

σabs
γA

A
=−4παem

q0

(m(0)ρ )4

g 2

1
ρN

Im DT
ρ (q0, q⃗ ;ρN ). (3.2.11)

On the other hand it is known that this strict realization of the vector-meson dominance ansatz tends
to overestimate the B → Nγ branching fractions with the hadronic couplings determined from the
corresponding B → ρN decay widths. This can, however, be corrected by using the extended realiza-
tion of VMD in [KLZ67], which allows to adjust the BNγ coupling at the photon point independently
[FP97]. As shown in Fig. 3.6, making use of this freedom a satisfactory fit of the data on photoab-
sorption on protons as well as nuclei can be achieved, resulting in the values of the various coupling
constants given in Table 3.2. We note that this model leads to very similar in-medium modifications of
the ρ-meson spectral function as the model discussed in Sect. 3.1 (cf. [4]).
Finally the in-medium modifications of the ρmeson due to direct interactions with various mesons has
to be taken into account [RG99]. At temperatures relevant for the hadron-gas phase of the medium cre-
ated in heavy-ion collisions the most abundant hadrons are the pseudoscalar pseudo-Goldstone mesons
P =π, K. So the heavier mesons can be treated as “ρP states”, i.e., vector (V ) and axial-vector mesons
(A). The corresponding interaction Lagrangians, obeying chiral symmetry and (via the VMD conjec-
ture) electromagnetic gauge invariance read

LρPA=GρPAAµ(η
µνqα pα− q mu pν )ρνP,

LρPV =GρPV εµνρσkµV νqρρσP,
(3.2.12)

with the four-momenta pµ, qµ, and kµ of the pseudoscalar, ρ, and vector or axial-vector meson, re-
spectively. The ρP scattering through a vector-meson resonance is due to the Wess-Zumino anomaly.

Further the ρP scattering can also be mediated by a pseudoscalar resonance, ρπ→ π′(1300) with the
interaction Lagrangian

LρP P ′ =GρP P ′P
′(k · q pµ− p · qkµ)ρ

µP. (3.2.13)
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Figure 3.6: Left panel: Total photoabsorption cross section on the proton. The solid line represents the
full result of the fit of the model; the dashed lines show the ππ non-resonant background and the three
dominant ρN resonances ∆(1232), N(1520), and N(1720). The data are from [A+72]. Right panel:
Total photoabsorption cross section on various nuclei. The solid line represents the full result of the
in-medium model calculation and the short-dashed line theππ background, both calculated at a nuclear
densityϱN = 0.8ϱ0. The long-dashed line corresponds to a linear-density approximation, reflecting the
line shape of the left figure. The data are taken from [LBB+78, A+84, Ahr85, FSH+92, B+93, B+96].
The figures are taken from [RUBW98].

R I GJ P Γtot (MeV) ρh Decay Γ 0
ρh (MeV) Γ 0

γ h (MeV)

ω(782) 0−1− 8.43 ρπ ∼ 5 0.72
h1(1170) 0−1+ ∼ 360 ρπ seen ?
a1(1260) 1−1+ ∼ 400 ρπ dominant 0.64
K1(1270) 1

21+ ∼ 90 ρK ∼ 60 ?
f1(1285) 0+1+ 25 ρρ ≤8 1.65
π′(1300) 1−0− ∼ 400 ρπ seen ?

Table 3.3: Mesonic Resonances R with masses mR ≤ 1300 MeV and substantial branching ratios into
final states involving direct ρ’s (hadronic) or ρ-like photons (radiative). Table taken from [RG99].

Finally, there are ρVA vertices related to anomaly terms,

LρVA=GρVAεµνρσ pµV νρραkαAσ − λ
2
(kβAβ)2, (3.2.14)

with the field-strength tensor ρµν = qµρν − qνρµ. The second term on the right-hand side is a gauge-
fixing term for the axial-vector field, and the Feynman gauge is chosen by setting λ= 1.
The considered vector and axial-vector mesons as well as the heavy pseudoscalar π′(1300) with their
corresponding decay properties to ρh and γ h partial decay widths are summarized in Table 3.3. These
widths are calculated with the above defined interaction vertices, taking into account the finite width
of the ρmeson. Additionally hadronic dipole-form factors,

FρP R(qcm) =





2Λ2
ρP +m2

R

2Λ2
ρP +
�

ωρ(qcm)+ωP (qcm)
�2





2

, (3.2.15)
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R I F (ρhR) GρhR (GeV−1) ΛρhR (MeV) Γ 0
ρh (MeV) Γ 0

γ h (MeV)

ω(782) 1 25.8 1000 3.5 0.72
h1(1170) 1 11.37 1000 300 0.60
a1(1260) 2 13.27 1000 400 0.66
K1(1270) 2 9.42 1000 60 0.32
f1(1285) 1 35.7 800 3 1.67
π′(1300) 2 9.67 1000 300 0

Table 3.4: Results of the fit to the decay properties of ρ-h induced mesonic resonances R with masses
mR ≤ 1300 MeV (the f1(1285) and π′(1300) coupling constants are in units of GeV−2). I F (ρhR) de-
notes the isospin factor in the decay-matrix element. Table taken from [RG99].

are introduced.
The medium modifications of the ρ-meson self-energy and the corresponding spectral function is then
evaluated with these model parameters. As is nicely demonstrated in Fig. 3.7, any process adds to
the imaginary part of the self-energy, i.e., the ρ-meson width, while the contribution to the real part
around the vacuum mass can be positive or negative, depending on whether the effective interaction
due to the involved meson resonances is repulsive or attractive, respectively. The net result is a consid-
erable broadening of the ρ-meson’s spectral shape with only moderate mass shifts. The same qualitative
feature is also seen when taking all the in-medium effects on the ρ-meson self-energy into account, i.e.,
the modification of the pion cloud in the ρππ loop as well as the just discussed direct interactions
of the ρ with mesonic and baryonic resonances, one finds a tremendous broadening of the spectral
function with only small mass shifts [RW99]. It is important to note that the baryons provide a lot of
spectral strength in the low-mass tail, which within the VMD model leads to a considerable enhance-
ment of the dilepton-production rate down to the ℓ+ℓ− threshold. As already shown in Fig. 3.4 the
full in-medium dilepton-production rates close to the pseudo-critical temperature for the chiral phase
transition, obtained by extrapolating the pertinent partonic rates down and the hadronic rates up to
temperatures around Tc ≃ 160 MeV become very similar, hinting at a restoration of chiral symmetry
through “melting of the vector-meson resonances” merging smoothly into the corresponding QCD
continuum.
In the intermediate-mass region, mφ ≲Mℓ+ℓ− ≲ mJ/ψ, medium modifications can be addressed approx-
imately using a low-temperature/density expansion, leading to a mixing of the vector and axial-vector
current-correlation functions via the presence of thermal pions [DEI90],

ΠV (q) = (1− ε)Πvac
V (q)+ εΠ

vac
A (q),

ΠA(q) = εΠ
vac
V (q)+ (1− ε)Πvac

A (q).
(3.2.16)

The mixing coefficient ε is given by pion tadpole diagrams via a thermal loop integral,

ε=
2
f 2
π

∫

d3k⃗
(2π)3ωπ

k

fπ(ω
π
k ;T ), (3.2.17)

where ωπ
k =
p

m2
π+ k2 is the on-shell energy of the pion and fπ = 93 MeV the pion-decay constant.

For ε→ 1/2 this leads to a full restoration of chiral symmetry around T = Tc ≃ 160 MeV, i.e., degen-
eracy in the vector and axial-vector correlation function. In the intermediate mass region this leads to
a smooth distribution resembling the QCD continuum.
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Figure 3.7: The polarization-averaged in-medium ρ-meson self-energy (left) and spectral function
(right). Figures taken from [RG99].

In [2, 3] this chiral-mixing effect is implemented taking into account the presence of an effective pion
chemical potential, which ensures the conservation of the pion number after chemical freezeout (in
Boltzmann approximation), using (3.2.16) with a mixing parameter ε̂ = 1

2ε(T ,µπ)/ε(Tc, 0) and with
a fugacity factor zπ = exp(µπ/T ) in (3.2.17). Here it is important to avoid double counting with the
above described in-medium evaluations of the ρ self-energy due to interactions with vector and axial-
vector mesons, i.e., the two-pion piece and the part corresponding to the a1 → ρπ decay have to be
omitted. A detailed analysis, based on the chiral-reduction formalism [SYZ96, SYZ97], finally leads to

ΠV = (1− ε̂)z4
πΠ

vac
V ,4π+

ε̂

2
z3
πΠ

vac
A,3π+

ε̂

2
(z4
π+ z5

π)Π
vac
A,5π. (3.2.18)

As a further source of dileptons from a hot and dense hadronic medium, relevant at higher three-
momenta, in [3] also contributions from the annihilation of a ρ meson through ω-meson t -channel
exchange has been taken into account (cf. Fig. 3.8). The ρ-γ mixing vertex has been implemented by
the Lagrangian Lργ = −C m2

ρAµρ
µ, using the strict VMD value C = e/gρππ = 0.052 [RG99]. For

the intermediate ρ-meson line in Fig. 3.8 the full in-medium propagator of the ρmeson has been used,
and for the incoming ρ-meson line a weight (−2mρ/π) Im Dρ(mρ). The coupling gρωπ = 25.8 GeV−1

is fixed in [RG99] by a simultaneous fit to the hadronic and radiative ω decays, taking into account a
hadronic dipole-form factor,

F (t ) =
�

2Λ2

2Λ2− t

�2

(3.2.19)

with Λ = 1 GeV. To ensure gauge invariance, the form factor is taken out of the integral, introducing
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Figure 3.8: Feynman diagram describing the annihilation of a ρmeson, ρπ→πℓ+ℓ− via the t -channel
exchange of anω meson. Figure taken from [3].

an average momentum transfer t via [TRG04]

F 4(t )
(m2

ω − t )2
=

1
2

∫ 1

−1
dx

F 4[t (x)]
[m2

ω − t (x)]2
,

t (x) =M 2+m2
π− 2(M 2+ q2− 2 p · q x).

(3.2.20)

Finally, to avoid double counting with the s -channel ω-exchange contribution, which is already in-
cluded in the evaluation of the in-medium ρ self-energy, in evaluating the corresponding dilepton-
emission rate from standard kinetic theory the integral has been restricted to the kinematic region
t < 0 (for details, see [3]).
For a realistic description of the dilepton production in heavy-ion collisions one has to take into ac-
count also non-thermal sources: ρ decay after thermal freeze-out as well as decay of high-momentum
ρmesons and Drell-Yan pairs produced in primordial hard collisions.
For the decay of ρmesons after thermal freezeout the usual Cooper-Frye description [3],

dN = qµdσµ
d3q⃗
(2π)3q0

fB

�qµuµ

T

�

, (3.2.21)

is used, where qµ is the four-momentum of the particle, dσµ a freezeout-surface element, and uµ the
local four-velocity of the fluid cell under consideration. To take into account the finite width of the ρ
meson one uses the substitution

d3q⃗
q0
= d4q2Θ(q0)δ(qµqµ−m2)→ d4q

Aρ
π

, Aρ =−
2
3

Im(Dρ)
µ
µ. (3.2.22)

Within the VMD model the corresponding dilepton rate is given by the matrix element for the process
ρ→ γ ∗→ ℓ+ℓ−,

dNℓℓ

d3 x⃗d4q
=
α2

emm4
ρ

g 2
ρM 2

Aρ
2π3

L(M ) fB
�q · u

T

� q0

M Γ (fo)ρ

, (3.2.23)

where

L(M ) =
�

1+
2m2

ℓ

M 2

�

√

√

√

1− 4m2
ℓ

M 2
(3.2.24)
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3. Electromagnetic probes in NN and AA collisions

is the dilepton phase-space factor. One should note that compared to the emission from a thermal
source the spectral shape is modified by the life-time dilation factor γ = q0/M =

p

q⃗2+M 2/M .
To estimate the contribution to the dilepton rate from ρ mesons produced in hard initial collisions,
which do not fully equilibrate with the bulk medium, one starts from a phenomenological qT spectrum
in pp collisions,

1
qT

dNprim

dqT
=

A
(1+Bq2

T)
a

(3.2.25)

with B = 0.525 GeV−2 and a = 5.5 from fitting pp-scattering data [AB+91] (for 400 GeV pp collisions).
The total number of primordial ρ mesons in AA collisions is estimated from the empirical freeze-out
systematics of light-hadron production [3]. To take cold-nuclear matter effects into account the Cronin
effect is implemented by a “Gaussian smearing” of the spectrum (3.2.25),

dN cron
prim

d2qT
=
∫

d2qT

π∆k2
T

dNprim

d2kT
exp

�

− (qT− kT)
2

∆k2
T

�

, (3.2.26)

with∆k2
T = 0.2 GeV2 based on direct-photon spectra in pA collisions [TRG04]. Finally the absorption

of primordial ρmesons through traversing the medium (“jet quenching”) is evaluated by estimating the
escape probability

P = exp
�

−
∫

dtσabs
ρ (t )ϱ(t )
�

, (3.2.27)

where

σabs
ρ =
¨

σph = 0.4 mb for t < q0/mρτf,
σhad = 5 mb for t > q0/mρτf,

(3.2.28)

with the ρ-meson formation time τf = 1 fm; σph and σhad are the absorption cross sections for pre-
hadrons and hadrons, respectively, and ϱ(t ) denotes the partonic or hadronic particle density of the
medium.
Finally, the contribution to the dilepton yield from the Drell-Yan (DY) process, i.e., the quark-antiquark
annihilation in hard initial collisions, is estimated using

dN AA
DY

dM dy

�

�

�

�

�

b=0

=
3

4πR2
0

A4/3 dσNN
DY

dM dy
(3.2.29)

for central AA collisions with the root-mean squared radius R0 ≃ 1.05 fm originating from folding over
a Gaussian thickness function. The DY cross section in nucleon-nucleon collisions is given in leading
order O (α0

sα
2
em) by

dσNN
DY

dM dy
=K

8παem

9s M

∑

q=u,d ,s

e2
q [q(x1)q(x2)+ q(x1)q(x2)] . (3.2.30)

where q(x1,2) and q(x1,2) denote the GRV94LO parton-distribution functions for quarks and anti-
quarks [GRV95]. The K factor takes into account higher-order corrections in αs with K ≃ 1.5 as
inferred from data on DY production in pA collisions [SGH+98]. Higher-order effects also lead to a
non-zero dilepton-qT, which is adopted from the procedure by the NA50 Collaboration [A+99, A+00],
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3.2. Models for electromagnetic probes in heavy-ion collisions

according to which in both pA and AA collisions the qT dependence of the DY dileptons can be de-
scribed by a Gaussian distribution,

dNDY

dM dydq2
T

=
dNDY

dM dy

exp(−q2
T/2σ

2
qT
)

2σ2
qT

(3.2.31)

with σqT
≃ 0.8-1 GeV.

The DY contribution in the region of low invariant mass and momentum, M , q ≲ 1.5 GeV is problem-
atic. In AA collisions it is small compared to the emission from thermal sources, but becomes significant
at higher qT ≳ 1 GeV. There the additional constraint by the photon point M → 0 allows an extrapola-
tion of the DY spectrum to lower mass [3]: Comparing the emission rate for dileptons from a thermal
source (2.4.9) with that of photons (2.4.12) we see that for q≫M

q0
dNℓℓ

dM d3q⃗
= q0

dNγ

d3q⃗
2αem

3πM
. (3.2.32)

Thus we evaluate the DY-qT spectrum at a mass Mcut = 0.8-1 GeV and extrapolate it down in mass by
Mcut/M .
Finally, for photon production in addition to the already discussed hadronic model for the in-medium
electromagnetic current correlator, some additional meson-exchange reactions (π, K , ρ, K∗, and a1)
in a meson gas become relevant at photon momenta q ≳ 1 GeV [TRG04]. Here a massive-Yang-Mills
model based on a nonlinear UL(3)×UR(3)-σ model has been employed:

L =1
8

F 2
πTrDµU DµU †+

1
8

F 2
πTrM (U +U †− 2)

− 1
2Tr
�

F L
µνF

Lµν + F R
µνF

Rµν
�

+m2
0Tr
�

AL
µALµν +AR

µARµ
�

+ γ Tr F L
µνU F RµνU †

− iξ Tr
�

DµU DνU
†F Lµν +DµU †DνU F Rµν

�

.

(3.2.33)

Here

U = exp

�

2i
Fπ

∑

i

φiλip
2

�

= exp
�

2i
Fπ
φ

�

,

AL
µ =

1
2 (Vµ+Aµ) ,

AR
µ =

1
2 (Vµ−Aµ) ,

F L,R
µν = ∂µAL,R

ν − ∂νAL,R
µ − i g0

�

AL,R
µ ,AL,R

ν

�

,

DµU = ∂µU − i g0AL
µU + i g0UAR

µ ,

M =
2
3

�

m2
K +

1
2

m2
π

�

− 2p
3
(m2

K −m2
π)λ8

(3.2.34)

with Fπ = 135 MeV and the Gell-Mann matrices λi ; φ, Vµ, and Aµ are the pseudoscalar, vector and
axial-vector meson matrices, respectively.
In the non-strange sector, including pions, ρ, and a1 mesons, in [Son93] two parameter sets for the four
free parameters have been fitted to the masses and widths of the ρ and a1 mesons,

I : g̃ = 10.3063, γ = 0.3405, ξ = 0.4473, m0 = 0.6253GeV,
I I : g̃ = 6.4483, γ =−0.2913, ξ = 0.0585, m0 = 0.875GeV.

(3.2.35)
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In [GG98] the D- and S-wave content in the a1 → ρπ decay has been found to be D/S = 0.36 and
D/S = −0.099 for parameter sets I and II, respectively. Given the experimental finding of D/S =
−0.107±0.016, in the following parameter set II has been used, employing the kinetic-theory expression
for a photon-production process, 1+ 2→ 3+ γ ,

q0

dRγ
d3q⃗
=
∫

d3 p⃗1

2(2π)3E1

d3 p⃗2

2(2π)3E2

d3 p⃗3

2(2π)3E3
(2π)4δ (4)(p1+ p2→ p3+ q)

×|M|2 f (E1) f (E2)[1± f (E3)]
2(2π)3

.

(3.2.36)

For the matrix elements, Born graphs in all possible s -, t -, and u-channels for reactions of the type
X +Y → Z + γ , ρ→ Y +Z + γ , and K∗ → Y +Z + γ , where for X , Y , and Z all combinations of
ρ, π, K, and K∗ mesons allowed by the conservation of charge, isospin, strangeness, and G parity have
been considered. In addition also the same model forω-t -channel exchange has been used for photons
as for dileptons (analogous to Fig. 3.8 with a real photon instead of a dilepton, ℓ+ℓ− in the final state).
At all vertices hadronic dipole form factors (3.2.19) have been employed, ensuring gauge invariance by
the averaging procedure defined in (3.2.20).

3.2.3 Bulk-evolution models

To evaluate the dilepton spectra in relativistic heavy-ion collisions in addition to the above discussed
models for the various dilepton sources a reliable description of the evolution of the hot and dense
medium created in such collisions is necessary. In the here discussed work simple thermal-fireball
parameterizations (“blast-wave” models) as well as coarse-grained transport simulations have been
employed.
The thermal-fireball parameterizations are motivated by the observation that at the higher collision
energies the bulk evolution of the medium is well-described by hydrodynamical expansion of a hot
medium. In its simplest form the fireball volume is taken as an expanding cylinder with volume [RW99]

VFB(t ) =π
�

r⊥,0+
1
2

a⊥ t 2
�2�

z0+ vz,0 t +
1
2

az t 2
�

. (3.2.37)

The initial transverse radius r⊥,0 is determined by the centrality of the collision. The initial longitudinal
size z0 reflects the formation time τ0 = 1 fm/c of the thermal medium, which translates into z0 ≃
τ0∆y = 1.8 fm, where∆y = 1.8 is the rapidity width of a thermal fireball. The values for the transverse
acceleration are determined together with the fireball lifetime by the transverse-momentum spectra of
hadrons, which are affected by the “Doppler blueshift” due to the radial flow. In accordance with
hydrodynamical calculations the radial flow-velocity is assumed to grow linearly with r⊥,

v⊥(t , r⊥) =
r⊥

r⊥,0+ a⊥ t 2/2
a⊥ t . (3.2.38)

With given expansion parameters, the fireball life-time is determined by the condition for thermal
freeze-out which can also be determined from measurements of the hadronic spectra (see, e.g., for SPS
energies [B+97, A+98, A+01, A+07b, A+03a]). The time evolution of the temperature is determined by
the simplifying assumption that the temperature is constant throughout the fireball volume (i.e., taken
as an average temperature) and that the expansion is isentropic in accordance with ideal hydrodynamics,
using an EoS. For T > Tc an ideal partonic EoS and a hadron-resonance-gas (HRG) EoS for T < Tc has
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3.2. Models for electromagnetic probes in heavy-ion collisions

been used. In [2, 3] a first-order transition has been assumed, connecting the QGP and HRG phases
with a mixed phase at T = Tc = const with the hadron-gas fraction,

fHG(t ) =
sQGP
c − s(t )

sQGP
c − sHG

c

. (3.2.39)

Of course, also other EoS with a cross-over transition, which is more adequate at higher beam energies,
like latPHG [HFR12] can be easily implemented. After chemical freeze-out the system falls off chem-
ical equilibrium, and besides the usual baryochemical potential, µB, chemical potentials like µπ and
µK are introduced to keep the particle abundances fixed. The chemical potential of resonances is then
determined through their (finally stable) decay products; e.g., for the ∆ resonance, decaying mostly
into πN , µ∆ =µB+µπ or for the ρmeson µρ = 2µπ, etc.

To also take into account the elliptic flow of hadrons in order to address the resulting elliptic flow of
photons, in [5, 7] an elliptic blast-wave description has been developed. Also the parameterization of
the radial flow of the fireball boundary in (3.2.37) has been substituted by the corresponding relativistic
motion of constant proper acceleration, i.e., the velocities and lengths of the major axes of the ellipse
follow the time evolution

va(t ) =
aa t
p

1+(aa t )2
, vb (t ) =

ab t
p

1+(ab t )2
,

a(t ) = a0+

p

1+(aa t )2− 1

aa
, b (t ) = b0+

p

1+(ab t )2− 1

ab
.

(3.2.40)

To define the flow field, confocal elliptic coordinates,

x⃗⊥ = r0(sinh u cos v, cosh u sin v) (3.2.41)

are introduced to parameterize the ellipse at each time, t , and the radial-flow velocity field is parame-
terized as

v⃗⊥ =
r

rmax
(vb cos v, va sin v). (3.2.42)

The accelerations aa and ab are chosen differently in the QGP and hadronic phases and determined
such that the transverse-momentum spectra and elliptic flow of hadrons (in the low- pT range) are well
described. It is assumed that multi-strange hadrons (like, e.g., the φ meson) freeze out kinetically al-
ready at the phase transition, while the light hadrons freeze out at the nominal kinetic freezeout (see
Fig. 3.9).
For smaller beam energies the description of the bulk evolution of the medium created in heavy-ion
collisions becomes questionable, and transport simulations become more reliable. On the other hand,
a fully self-consistent off-equilibrium treatment of the in-medium properties of hadrons, which is nec-
essary for a successful description of dilepton and photon production in heavy-ion collisions, is very
challenging. In [9, 12, 10, 13] a coarse-grained transport approach has been developed. Here, the bulk
evolution is simulated using the established transport simulation Ultrarelativistic Quantum Molecular
Dynamics (UrQMD) [BBB+98, BZS+99, PBBS08]. Averaging over several runs, the phase-space dis-
tribution is mapped to a local equilibrium description within a space-time grid, using an appropriate
EoS. In this way the thermal quantum-field theoretical results for the in-medium dilepton and photon
production rates described above become applicable.
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Figure 3.9: Fits to the spectra and elliptic flow of light hadrons (Tfo ≃ 110 MeV, upper two panels) and
φmesons (Tfo = 160 MeV, lower two panels) in Au-Au(

p
s = 200 AGeV) collisions, using EoS latPHG

[HFR12] within either the fireball (dashed lines) or ideal hydrodynamic model (solid lines). The data
are taken from Refs. [A+07a, A+03b, A+04b, A+04a]. Figure taken from [7].

The grid of space-time cells is defined by ∆x =∆y =∆z = 0.7-0.8 fm and ∆t = 0.2-0.6 fm/c , and the
energy-momentum tensor Tµν and net-baryon four-flow j B

µ in each cell are evaluated via

T µν =
∫

d3 p
pµ pν

p0
f (x⃗, p⃗, t ) =

1
∆V

*

Nh∈∆V
∑

i=1

pµi · pνi
p0

i

+

,

jµB =
∫

d3 p
pµ

p0
fB(x⃗, p⃗, t ) =

1
∆V

*NB/B∈∆V
∑

i=1

± pµi
p0

i

+

,

(3.2.43)

where the averaging is understood as averaging over several UrQMD events. The four-velocity of the
fluid cell is defined using the Eckart definition, i.e., according to the flow of the net-baryon number,

uµ =
jµB
p

jB · jB
= (γ ,γ v⃗). (3.2.44)

The transport simulations show that the assumption of isotropic thermal equilibrium in the fluid cells
is not justified in the early stages of the collision. This kinetic off-equilibrium situation leads to the
ansatz for the energy-momentum stress tensor within the anisotropic hydrodynamics approach [FR11,
FMRS13, MNR16],

T µν = (ϵ+ P⊥) u
µuν − P⊥ η

µν − (P⊥− P∥)v
µvν , (3.2.45)
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Figure 3.10: Left panel: Time evolution of the baryon density ρB (short dashed) and energy density ϵ
(long dashed) for the cell at the center of the coarse-graining grid (x = y = z = 0). The results are given
in units of the ground-state densities ϵ0 and ρ0. Right panel: Time evolution of the temperature T (red
dash-dotted), baryon chemical potential µB (green short dashed) and the pion chemical potential µπ
(blue dotted) in the central cell. The thin grey line indicates the transition from the Lattice EoS to the
Hadron Gas EoS at the transition temperature of T = 170 MeV. Figure taken from [9].

where ϵ is the energy density, P⊥ and P∥ the pressures perpendicular and parallel to the beam direction;
uµ is the four-velocity of the fluid cell, and vµ the four-vector of the beam direction. Then an effective
energy density is obtained by the generalized EoS of a Boltzmann-like system via

ϵeff =
ϵ

r (x)
(3.2.46)

with the relaxation function

r (x) =







x−1/3

2

�

1+ x artanh
p

1−xp
1−x

�

for x ≤ 1
x−1/3

2

�

1+ x arctan
p

x−1p
x−1

�

for x ≥ 1
, x =
� P∥

P⊥

�3/4

. (3.2.47)

It turns out that ϵeff deviates from the nominal energy density,

ϵ= uµuνT
µν , (3.2.48)

only in the first 1-2 fm/c of the time evolution, where the pressure anisotropy is large. The effective
energy density and net-baryon density are used to determine the temperature and baryochemical po-
tential as well as the pion and kaon chemical potentials to take into account chemical off-equilibrium,
matching the EoS in the QGP phase based on lattice calculations [HFR12]with a hadron-resonance-gas
EoS including the hadronic degrees of freedom implemented in UrQMD [ZSSB+02, PSB+08] based on
a hadronic chiral model [PZS+99, ZZS07]. As an example Fig. 3.10 shows the time evolution of the
net-baryon density, temperature, µB, and µπ for the central cell of the medium created in 158 AGeV
In-In collisions at the CERN SPS, as investigated in the NA60 experiment.

3.3 Dilepton production in heavy-ion collisions

In this Section the results of simulations for heavy-ion collisions at various beam energies is summa-
rized. All calculations are based on the microscopic models for dilepton production described in Sects.
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Figure 3.11: Upper panels: Comparison of invariant mass spectra with the full spectral function and
for the case of no baryonic effects (i.e., for ρeff = 0). The dielectron yields for Ar+KCl collisions at
Elab = 1.76 AGeV (a) and for Au+Au at Elab = 1.23 AGeV (b) are shown within HADES acceptance and
normalized to the average number of produced π0. Note that the UrQMD contributions are included
in the sum, but the different single yields are not shown explicitly for reasons of lucidity. Lower panel:
Invariant-mass spectrum of the dielectron yield for Ca+Ca collisions at Elab = 1.04 AGeV within the
experimental acceptance. The result is compared to the data from the DLS Collaboration [P+97].
Figures taken from [10].

3.2.1 and 3.2.2 for the emission from a QGP and a hot and dense hadron gas in the deconfined and
confined phases of the evolution of the medium using the models discussed in Sect. 3.2.3.

3.3.1 Dielectron production at GSI-SIS energies

In [10] the production of dielectrons in heavy-ion collisions at GSI-SIS energies as measured by the
HADES collaboration has been simulated using the coarse-grained transport approach as described in
Sect. 3.2.3. An ensemble of 1000 UrQMD events has been used to obtain sufficient statistics, par-
ticularly for the contributions from non-thermal ρ and ω mesons. The impact-parameter distribu-
tion has been adapted to the HADES trigger conditions for Ar+KCl reactions at a beam energy of
1.76 AGeV [A+11] and Au+Au collisions at 1.23 AGeV [Gal14a, Gal14b], using a Woods-Saxon-type
fit, which in both cases approximately corresponds to a selection of the 0-40% most central collisions.
For the Ar+KCl case, the number of neutral pions per event, used for the normalization of the spec-
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tra N sim
π0 ≃ 3.9 agrees well with the experimental finding, N exp

π0
≃ 3.5. For the Au+Au collisions the

simulation predicts N sim
π0
≃ 8.0. In the simulation the overall normalization of the dilepton yield uses

the simulated π0 yields. To compare the simulated spectra with the experimental result the HADES
acceptance filter [HAD] as well as the appropriate momentum cuts have been employed. To also con-
front the model with the data from the DLS collaboration on Ca+Ca collisions at a beam energy of
1.04 AGeV the DLS acceptance filter (version 4.1) [DLS] is used as well as an RMS smearing of 10% to
account for the detector resolution. In this case a minimum-bias simulation has been employed since for
DLS no impact-parameter distributions are available. The final invariant-mass spectrum is normalized
to the total cross section of a Ca+Ca reaction.
In Fig. 3.11 the results for dielectron production in Ar+KCl collisions are compared to the data from
the HADES collaboration and predictions for Au+Au collisions within the HADES acceptance are
made. The observed enhancement of dileptons over the “hadronic cocktail” is well explained by the
medium modifications of the ρ and ω meson. To underline the importance of the baryonic medium
the calculation has also been performed neglecting ρ- and ω-baryon interactions. In addition also
contributions from the decays ofρ- andω-mesons in “non-thermal cells” (i.e., for cells of the space-time
grid, for which a temperature T < 50 MeV results from the coarse-graining procedure) are included.
Here the microscopic transport-theoretical cross sections as implemented in UrQMD are used (for
details, see [10]).

3.3.2 Dimuon production at top CERN-SPS energy

In [2, 3] and [9] the dimuon production in 158 AGeV In-In collisions as measured by the NA60 col-
laboration [A+06, A+08, D+07, A+09a, A+09b, Spe10] at the CERN SPS have been calculated. To
describe the medium evolution both blast-wave parameterizations and the coarse-grained transport ap-
proach have been applied.
As shown in Fig. 3.12 both descriptions of the fireball evolution lead to an excellent description of the
data. It is important to note that here the hadronic cocktail has been subtracted from the data by the
NA60 collaboration, i.e., a fully acceptance corrected excess spectrum is shown. Also the contribution
from decays of correlated D and D mesons and, for invariant masses Mµ+µ− > 1.2 GeV, Drell-Yan
processes is subtracted. In the low-mass region 2mµ < Mµ+µ− ≲ 1 GeV the dominant contribution
to the excess yield is from the decay of the tremendously broadened ρ mesons from the “thermal”
medium, while at higher masses the contribution from the QGP is the leading contribution. Again
the importance of the medium modifications becomes evident by comparing the full result to the case,
where the baryon contributions to theρ-meson self-energy are neglected. Particularly the enhancement
in the very-low-mass region towards the two-muon threshold is mostly due to the interactions of the
ρ meson with baryons (and anti-baryons), i.e., due to Dalitz decays of baryon resonances, which are
included in the thermal quantum-field theoretical evaluation of the in-medium ρ-self-energy. As shown
in [9] the model also successfully describes the qt dependence as well as the mass spectra in various qt
bins. It should also be noted that in the invariant-mass region mφ ≲ Mµ+µ− ≲ MJ/ψ after the above

mentioned subtraction of contributions from decays of correlated D-D pairs and the Drell-Yan process,
a basically purely thermal contribution from the resonance-free region of the dilepton emission allows a
direct determination of the space-time weighted average of the temperature. In this intermediate-mass
region (T ≪ Mµ+µ− ) the emission from the earlier hot stages of the fireball evolution dominates, as
is also reflected in the model calculation which identifies the thermal emission from the QGP as the
main source. Indeed, a fit of the experimental data leads to a temperature T = 205± 12 MeV [Spe10],
in accordance with the model.
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Figure 3.12: Upper panels: Invariant mass spectra of the dimuon excess yield in In+In collisions at a
beam energy of 158 AGeV, for the low-mass region up 1.5 GeV (a) and the intermediate-mass regime up
to 2.8 GeV (b) using the coarse-grained transport description of the medium. We show the contribu-
tions of the in-mediumρ emission (blue short dashed), the contribution from the Quark-Gluon Plasma,
i.e., qq -annihilation, according to lattice rates [DFK+11, Rap13b] (green dashed) and the emission from
multi-pion reactions (orange dash-dotted). Additionally a non-thermal transport contribution for theρ
is included in the yield (dark blue dash-dotted). Only left plot: For comparison the thermal ρwithout
any baryonic effects, i.e. for ρeff = 0, is shown (violet dash-double-dotted) together with the yield from
pure perturbative qq -annihilation rates (green dotted). The results are compared to the experimental
data from the NA60 Collaboration [A+09a, Spe10, A+09b]. Figures taken from [9]. Lower panel:
The same model for the dimuon-production rates, using the blast-wave-fireball parameterization for
the medium evolution. Figures taken from [8]).

3.3.3 Dileptons at FAIR and RHIC-BES energies

With the motivation to find possible signatures of the various phase transitions in the phase diagram of
strongly interacting matter a beam-energy scan (BES) program is ongoing at RHIC and is also planned
by the Compressed Baryonic Matter (CBM) experiment at the upcoming Facility for Antiproton and
Ion Research (FAIR). In [12] we have thus evaluated the invariant-mass spectra for the four beam ener-
gies, Elab = 2, 8, 15 and 35 AGeV within the coarse-grained transport approach.
Since particularly at the lower beam energies the pion-chemical potential becomes quite large in the
coarse-graining approach, we study its influence on the dilepton yield by using lower and upper bound-
aries with the following arguments: The lower bound is simply given by assuming µπ = 0. For the
upper bound it should be noted that µπ is an effective description for the off-chemical equilibrium na-
ture of the medium, and thus in the here used Boltzmann approximation, its influence on the dilepton-

52



3.3. Dilepton production in heavy-ion collisions

]2 [GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2

)]
2

d
N

/d
M

 [
1

/(
G

e
V

/c

-610

-410

-210

1

210

UrQMD

0
π

η

fo
ω

fo
ρ

φ

CG of UrQMD=0)
π

µSum (

 0)≠
π

µSum (
=0)

π
µ (ρThermal 

=0)
π

µ (ωThermal 

=0)
π

µMulti-pion (

QGP (Lattice)

Au+Au (0-10% central) =2 AGeVlabE (a)

]2 [GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2

)]
2

d
N

/d
M

 [
1

/(
G

e
V

/c

-610

-410

-210

1

210
8 AGeV (b)

]2 [GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2

)]
2

d
N

/d
M

 [
1

/(
G

e
V

/c

-610

-410

-210

1

210
15 AGeV (c)

]2 [GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2

)]
2

d
N

/d
M

 [
1

/(
G

e
V

/c

-610

-410

-210

1

210
35 AGeV (d)

Figure 3.13: Dilepton invariant mass spectra for Au+Au reactions at different energies Elab = 2-
35 AGeV within the centrality class of 0-10% most central collisions. The resulting spectra include ther-
mal contributions from the coarse-graining of the microscopic simulations (CG of UrQMD) and the
non-thermal contributions directly extracted from the transport calculations (UrQMD). The hadronic
thermal contributions are only shown for vanishing pion chemical potential, while the total yield is
plotted for both cases, µπ = 0 and µπ ̸= 0. Figure taken from [12]

production rate is given by a fugacity factor

zn
π = exp
�nµπ

T

�

, (3.3.1)

where n is the difference in the number of pions in the initial and final state of the corresponding
reaction process. For processes involving the ρ meson, particularly dilepton production in the here
employed VMD model, not only two-pion production ππ→ ρ is relevant but, particularly at lower
beam energies, baryonic channels like πN → N ∗/∆→ ρ become important, for which n < 2. Thus,
to estimate an upper limit of the influence of the pion chemical potential on the dilepton yield, we use
n = 2 in our calculations.
As can be seen in Fig. 3.13, at all beam energies in the very-low-mass region, Me+e− < 0.15 GeV, the
dilepton yield is dominated by the Dalitz decays of neutral pions, π0 → γe+e−, while beyond that
region up to the vacuum-pole mass of the ρmeson of 770 MeV the main contribution is radiation from
thermal sources with medium-modified ρ- and ω-meson spectral functions. Although the absolute
yield of the thermal component increases with Elab, its relative weight compared to the non-thermal
η-Dalitz component and thus the enhancement above the hadronic cocktail contribution decreases.
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Figure 3.14: Upper panel: Dielectron invariant-mass spectra for minimum bias (i.e., 0-80% most cen-
tral) Au+Au collisions at psNN = 19.6 GeV (a) and 200 GeV (b). The sum includes the thermal
hadronic and partonic emission obtained with the coarse-graining procedure, and also the hadronic
π-, η- and φ-decay contributions from UrQMD as well as the “freeze-out” contributions (from cold
cells) of the ρ and ω mesons. The model results are compared to experimental data obtained by the
STAR Collaboration [A+15]. Lower panel: Dielectron invariant-mass spectra for 0-10% most central
Pb+Pb collisions atpsNN = 2.76 TeV (a) and 5.5 TeV (b). The sum includes the thermal hadronic and
partonic emission obtained with the coarse-graining approach, and also the hadronicπ, η, andφ decay
contributions from UrQMD as well as the “freeze-out” contributions (from cold cells) of the ρ andω
mesons. Figures taken from [13]

.

Concerning the onset of deconfinement the calculations show that temperatures T ≃ 170 GeV are
reached in the region of Elab = 6-8 AGeV.
Note that here we use the same cross-over-transition EoS for the coarse-graining procedure as for the
higher beam energies. A possible deviation of the dilepton spectra from these predictions might thus in-
dicate a possible change in the nature of the confinement-deconfinement and/or chiral phase transition
(see also Sect. 3.5).

3.3.4 Dileptons at RHIC and LHC energies

In [13]we have employed the coarse-grained transport approach to the evaluation of dilepton spectra at
RHIC and LHC energies. In Fig. 3.14 the result is shown in comparison to experimental data on Au-Au
collisions at the two beam energiespsNN = 19.6 GeV and 200 GeV [A+15]. The calculation takes into
account the single-electron rapidity, the dielectron pseudorapidity, and transverse-momentum electron
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3.4. Photon production in heavy-ion collisions

cuts (ηe < 1, ye < 1, pe
t > 0.2 GeV) to account for the STAR acceptance. For the low-mass region,

Me+e− < 1 GeV the data are well described within the model. In the region 0.3 GeV<Me+e− < 0.7 GeV
an access above the hadronic cocktail has been observed, and within our model at the lower beam en-
ergy this region is dominated by thermal contributions from medium-modified ρmesons, while at top
RHIC energy the emission from the QGP prevails. In both cases the spectral function of the in-medium
ρ meson shows more similarities with its vacuum shape than at the lower beam energies discussed in
the previous sections. This is understandable by the fact that here the baryon-chemical potential µB is
smaller than at lower beam energies, and a great part of the broadening in the peak region as well as the
low-mass tail is mainly due to the baryon interactions of the ρ meson, as already emphasized before.
At intermediate masses Me+e− > 1 GeV our calculation underestimates the measured yield, which can
be explained by the fact that here the contributions from Drell-Yan processes as well as decays of cor-
related DD mesons have been neglected. For further details on the comparison of the model on the
data, see [13].
Also in Fig. 3.14 we present our predictions for Pb-Pb collisions at center-mass energies, available at
the LHC, psNN = 2.76 TeV and 5.5 TeV. As to be expected also here the thermal ρ contribution in
the low-mass region shows the vacuum-like peak structure as already seen at the lower RHIC energies;
again this is due to the even smaller baryochemical potential at the higher beam energies. Compared
to RHIC energies the fireball at LHC energies starts with considerable higher temperatures, leading to
larger lifetimes for both the partonic and hadronic phase of the fireball evolution, resulting in larger
contributions from both the QGP and the thermal vector mesons in the low-mass region.

3.4 Photon production in heavy-ion collisions

In [5, 7] the photon rates as described in Sect. 3.2 have been used with the elliptic thermal-fireball
parametrization of the bulk evolution (Sect. 3.2.3) to evaluate the transverse-momentum spectra and
elliptic flow, v2, of direct photons as measured at RHIC and LHC. In [5] first we have shown that the
measured photon-qt spectra favor a pretty large radial flow (Fig. 3.15).
To address the elliptic flow measured by the PHENIX collaboration in psNN = 200 GeV Au-Au col-
lisions at RHIC [A+12a], the full elliptic fireball model (cf. Sect. 3.2.3) has been applied. Given the
expectation that the photon emission is dominated by the early hot stages of the fireball evolution the
surprisingly large elliptic flow of the direct photons indicate an early buildup of the elliptic flow of the
bulk medium, which is compatible with the assumption that multi-strange hadrons freeze out around
the deconfinement-confinement transition of the fireball. As can be seen in Fig. 3.15, however, the yield
is dominated by emission from hadronic sources, as compared to radiation from the QGP phase of the
fireball evolution. Nevertheless the model cannot fully account for the observed large elliptic flow,
reaching just the lower end of the experimental error band (dominated by systematic uncertainties).
We also evaluated the effective-slope parameter, Teff, of the calculated photon spectra to compare to the
measured value of Teff = 221± 19stat± 19syst MeV. While the temperature of the fireball only reaches
values of that order, the effective slope of the photons is affected by the Doppler blueshift due to the
radial flow of the emitting source, which can be estimated by the usual Doppler-shift formula for a
massless particle,

Teff ≃ T

√

√

√
1+ 〈β〉
1−〈β〉 . (3.4.1)

This shifts the overlap of the slope parameters as extracted from the calculation and the range indicated
by experiment into the region of radiation from hadronic sources with fireball temperatures around
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Figure 3.15: Comparison of our calculated direct-photon spectra (left panels) and their elliptic-flow co-
efficient (right panels) from an elliptically expanding fireball model with QGP and hadronic radiation,
supplemented with primordial emission, to PHENIX data [A+10a, A+12a] in 0-20% (upper panels)
and 20-40% (lower panels) central Au-Au(

p
s = 200 AGeV) collisions. The error bars indicate the sta-

tistical and the gray band the systematical errors. Models (a) and (b) in the right panels refer to the use
of the pQCD parameterization and the PHENIX fit for primordial production, respectively (in the
left panels, only model (a) is displayed). Figure taken from [5].

T ≃ 100-150 MeV.
While in [5] a 1st-order EoS has been used, it has been updated to a cross-over transition in [7] as
described in Sect. 3.2.3. Since in the present model the partonic and hadronic emission rates for tem-
peratures around Tc ≃ 160 MeV are very similar (as also found for the dilepton-production rates, cf.
Fig. 3.4), the photon spectra and v2 do not change significantly. In addition to the comparison with
the RHIC data the model has also been confronted with measurements by the ALICE collaboration
on Pb-Pb collisions at psNN = 2.76 TeV at the LHC [Wil13, Loh13]. Also in this case the model un-
derestimates both the yield and the v2 of direct photons, as compared to the measurements (Fig. 3.16).

We also have compared the thermal-fireball model for the bulk evolution with a full ideal-hydrodyna-
mics simulation with initial conditions tuned such as to lead to a similar early buildup of flow as the
fireball model (particularly by assuming initial flow), which turn out to be quite consistent (see Fig.
3.17).
We have also discussed possible explanations for mechanisms that may lead to a better description of

56



3.5. Outlook: dileptons and the QCD phase diagram

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

 0  1  2  3  4  5

0-40% Pb-Pb, |y|<0.75

q
0
 d

N
/d

3
q

 [
G

eV
-2

]

qT [GeV]

hadron gas
QGP

primordial
total

ALICE prelim.

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

 0  1  2  3  4  5

v
2

qT [GeV]

ALICE prelim.
total

thermal γ

Figure 3.16: Direct photon spectra (left panel) and elliptic flow (right panel) from the expanding fireball
in 0-40% Pb+Pb(

p
s = 2.76 ATeV) collisions using latPHG EoS, compared to preliminary ALICE

data [Wil13, Loh13]. In the left panel, red, blue, green and purple lines represent QGP, hadronic and
primordial contributions, as well as the total, respectively. In the right panel we show the combined
thermal v2 (red dashed line) and the total v2 (purple solid line). Figure taken from [7].

the measured direct-photon data. To increase the yield from thermal radiation, one could use lower
QGP-formation times, τ0, i.e., start with the thermal evolution earlier. However, although this of
course leads to an increase in the photon yield above qt > 1 GeV with a harder slope, the elliptic flow
decreases, which is not favored by the data. In [SHPG14, Rap13a] it has been conjectured that in
the pseudo-critical region of the fireball the photon rates may be enhanced over the here used AMY
rates, which are based on pQCD parton-scattering rates, which tend to underestimate the interaction
strength from the point of view of phenomenology as well as evaluations of η/s in lattice QCD, or
the heavy-quark diffusion coefficient [ST09, RH09]. Around hadronization one expects confinement
to play an important role, as, e.g., seen in lQCD calculations of the heavy-quark free energy [KZ05].
A stronger coupling in partonic scattering should also lead to a larger photon-emission rate [GSZ13].
Finally, also on the hadronic side, important mechanisms might be missing from the present model.
In [7] we have shown that by enhancing the so far used model rates by a factor of 2 and then further
amplified up to a factor of 3 at Tc = 170 MeV, linearly ramped up and down between temperatures
T = 140 MeV and 200 MeV, one can indeed come closer to the experimental data.

3.5 Outlook: dileptons and the QCD phase diagram

One of the most challenging aims of contemporary heavy-ion-collision research is the identification
of observables indicating changes in the nature of the confinement-deconfinement or the chiral phase
transitions, e.g., the cross-over transition at low baryochemical potential to a first-order transition at
higher net-baryon densities with a critical point at the end of the corresponding phase-transition line
in the QCD phase diagram. This is the motivation for a concise “beam-energy scan”, already ongoing
and RHIC and in the future at FAIR and NICA.
Since electromagnetic probes are emitted during all stages of the fireball evolution, leaving the hot and
dense medium nearly unaffected by final-state interactions, they provide information not only about
the in-medium properties of the electromagnetic current-current correlation function but also about
the space-time evolution of the medium. Together with future high-precision measurements of dilepton
production in heavy-ion collisions at various beam energies and for different system sizes, theoretical
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Figure 3.17: Upper panel: Temperature evolution of the differential emission four-volume. Lower
panel: double-differential photon emission rate (QGP for T > Tpc and hadronic for T < Tpc) for two
transverse momenta (qT = 0.5 GeV and qT = 2 GeV), in the expanding fireball (dashed lines) and
hydrodynamic evolution (solid lines). Figure taken from [7].

studies may also shed light on the phase structure of strongly interacting matter. E.g., the slope of the
invariant-mass spectrum in the mass region mφ <Mℓ+ℓ− < mJ/ψ leads to a space-time weighted average
of the invariant temperature of the medium (i.e., without blue shifts from radial flow as for slopes of
qt spectra, cf. the discussion in [3]), provided the hadronic cocktail, the contribution from decays of
correlated D-D decay, and Drell-Yan pairs can be subtracted from the experimental data with sufficient
precision.
In [8] we have explored the possibilities for such studies within the above discussed theoretical model
for dilepton production using the thermal-fireball parameterization of the medium, assuming the cross-
over EoS (combining a hadron-resonance gas with a lQCD EoS as discussed in Sect. 3.2.3) for beam
energies corresponding to center-mass energies in the rangepsNN = 6.3 GeV-200 GeV. We have deter-
mined the average temperature from the slopes of the invariant-mass spectrum of dileptons by fitting
the dilepton spectrum in the range Mℓ+ℓ− = 1.5-2.5 GeV to

dRℓ+ℓ−
dMℓ+ℓ−

∝ (M T )3/2 exp
�

−Mℓ+ℓ−

T

�

. (3.5.1)

Since in this mass range Mℓ+ℓ− ≪ T the average is weighted towards the hot and early phases of the
fireball evolution. As can be seen in the left panel of Fig. 3.18 the resulting “slope temperatures” are
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Figure 3.18: Left panel: Excitation function of the inverse-slope parameter, Ts, from intermediate-mass
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[BFH+10]. Right panel: Excitation function of low-mass thermal dilepton radiation (“excess spectra”)
in 0-10% central AA collisions (A ≃ 200), integrated over the mass range M = 0.3 GeV-0.7 GeV, for
QGP (dashed line) and in-medium hadronic (short-dashed line) emission and their sum (solid line). The
underlying fireball lifetime (dot-dashed line) is given by the right vertical scale. Figures taken from [8]

smoothly increasing with beam energy and ranging from Ts ≃ 160 MeV atpsNN = 6 GeV to 260 MeV
at psNN = 200 GeV. The values at the higher beam energies are clearly above the pseudo-critical tem-
perature of Tc ≃ 160 MeV but considerably lower than the initial fireball temperatures. This difference
becomes smaller at the lower beam energies which is due to the (pseudo-)latent heat in the transition.
This indicates that the beam-energy range around 10 GeV is promising to map out the phase-transition
region, maybe indicating the onset of a first-order transition by developing a plateau of the slope curve,
resembling a “caloric curve”.
Further, for a given model for the dilepton-production rates, together with the determination of the
fireball parameters from the hadronic observables (cf. Sect. 3.2.3) the total yield of dileptons is a quite
precise measure for the fireball lifetime. This is shown in Fig. 3.18: The yield is determined by inte-
grating the invariant-mass spectra over the range Mℓ+ℓ− = 0.3-0.7 GeV, which is just below the ρ- and
ω vacuum mass, so that it consists of contributions from both partonic and hadronic sources and is
quite representative for the dilepton enhancement due to medium effects, dominated by interactions
of the vector mesons with baryons. As can be seen, the yield follows closely the proper lifetime τfb of
the fireball. It is important to note that this correlation is disturbed by either changing the invariant-
mass range or by using yields within the typical single-electron cuts describing the detector acceptance
(e.g., pt > 0.2 GeV, y < 0.9 for the STAR detector). Thus for such studies the availability of fully
acceptance-corrected dilepton excess spectra is mandatory.
In [10] we have made similar studies concerning the system-size dependence of the bulk-medium dy-
namics at GSI-SIS energy, Elab = 1.76 AGeV, within the coarse-grained transport approach (cf. Sect.
3.3.1). At these low energies one expects that the lifetime of the medium is defined by the time the
colliding nuclei overlap, forming a highly excited hadronic medium dominated by baryons. This can
be confirmed by investigating the bulk properties and associated with dilepton observables within the
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Figure 3.19: Upper panels: (a) Ratio of the thermal four-volume V4 for different temperatures to the
mass number A of the colliding nuclei. (b) Time duration over which the central cell of the coarse-
graining grid (for x = y = z = 0) emits thermal dileptons. Lower panels: (a) Ratio of the thermal
(red squares) and non-thermal dilepton yield (blue triangles) in the invariant-mass range from 0.2 to
0.4 GeV/c2 to the mass number A of the colliding nuclei, and the number of π0 (green triangles). The
results are normalized to the ratio obtained with C12 + C12 collisions. (b) Ratio of the thermal dilepton
yield in the invariant mass range from 0.2 to 0.4 GeV/c2 scaled by various quantities. All four plots
show the results for central collisions and a collision energy Elab = 1.76 AGeV. Figures taken from [10]

coarse-grained transport approach. In the upper panels of Fig. 3.19 the “thermal four-volume” is plot-
ted, i.e., the sum of all spacetime cells ∆V∆t for which the temperature, obtained from the coarse-
graining procedure (as described in Sect. 3.2.3), is above various given values as indicated in plot (a).
Since the total volume of each of the nuclei is Vnucl ∝ A and the lifetime of the thermal medium
is expected to be determined by the time the nuclei overlap during the collision one concludes that
∆t ∝ rNucl∝A1/3, and this is indeed confirmed in plot (b) by the fact that∆t/A1/3 ≃ const.
Also in Fig. 3.2.3 the system-size dependence of the e+e− yields (in the mass window Me+e− = 0.2 GeV-
0.4 GeV) for emission from the medium (“thermal dileptons”) and from ρ decays after thermal freeze-
out (“non-thermal dileptons”) as well as of neutral pions is shown. Since the “thermal dileptons” are
emitted during the entire fireball evolution, one expects a scaling with the four-volume. On the other
hand, the “non-thermal dilepton” as well as the pion yield is determined by the situation at thermal
freezeout and thus scales with the three-volume of the corresponding cells (“freeze-out hypersurface”)
with coarse-graining temperatures below 50 MeV. This is approximately confirmed by plot (b): Scaling
the yield with A4/3, A · t thermal, V thermal

4 , or N 4/3
π0

leads to a roughly flat system-size dependence.

60



3.5. Outlook: dileptons and the QCD phase diagram

As we have demonstrated in all these studies, dilepton and photon production in heavy-ion collisions
can be well described with partonic and effective hadronic models for the in-medium em. current-
current correlation function. Thus, together with adequate descriptions of the bulk-medium evolution,
these techniques provide a promising tool to understand probable signals of the details of the QCD
phase diagram as soon as high-precision data on dileptons and photons in heavy-ion collisions at various
beam energies become available in the future. Particularly, when deviations from the here provided
results are observed, sensitivity for Equations of State with different phase-transition properties may
be reached.
From the theoretical side, e.g., the exploitation of functional-renormalization-group methods that al-
low a consistent description of both the EoS and the in-medium spectral functions of the light vector
mesons, can be a promising way for such further studies [TSW17, JRT+17].
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Finite pion width effects on the rho–meson
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Abstract

We study the influence of the finite damping width of pions on the in–medium
properties of the ρ–meson in an interacting meson gas model at finite temperature.
Using vector dominance also implications on the resulting dilepton spectra from
the decay of the ρ–meson are presented. A set of coupled Dyson equations with
self–energies up to the sunset diagram level is solved self consistently. Following
a Φ–derivable scheme the self–energies are dynamically determined by the self–
consistent propagators. Some problems concerning the self–consistent treatment of
vector or gauge bosons on the propagator level, in particular, if coupled to currents
arising from particles with a sizable damping width, are discussed.

Key words:
Rho–meson, Medium modifications, Dilepton production, Self–consistent
approximation schemes.
PACS: 14.40.-n

1 Introduction and summary

The question how a dense hadronic medium changes the properties of vector
mesons compared to their free space characteristics has attracted much atten-
tion in recent times. Experimentally this question is studied in measurements
of the dilepton production rates in heavy ion collisions. Recent experiments
by the CERES and DLS collaborations [1–3] show that the low lepton pair
mass spectrum is significantly enhanced in the range between 300MeV and
600MeV compared to the yield that one expects from the corresponding rates
in pp–collisions.

1 e-mail:h.vanhees@gsi.de
2 e-mail:j.knoll@gsi.de
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¿From the theoretical side various mechanisms are proposed to explain these
influences of a hadronic matter surrounding on the spectral properties of vec-
tor mesons[4–11]. With the upgrade of CERES and the new dilepton project
HADES at GSI a more precise view on the spectral information of vector
mesons is expected. Still in most of theoretical investigations the damping
width gained by stable particles due to collisions in dense matter is either
ignored or treated within an extended perturbation theory picture[12]. In this
contribution we study the in–medium properties of the ρ–meson due to the
damping width of pions in a dense meson gas within a self–consistent scheme.

The field theoretical model, which is inspired from vector meson dominance
theories[13], is discussed in section 2. Thereby the finite pion width is modelled
with a four–pion self–interaction in order to keep the investigation as simple
as possible. The coupling strength is adjusted as to produce a pion damping–
width of reasonable strength, such as to simulate the width a pion would obtain
in a baryon rich environment due to the strong coupling to baryonic resonance
channels, like the ∆–resonance. The self–consistent equations of motion are
derived from Baym’s Φ–functional[14–16] and the problem of renormalisation
is left aside by taking into account only the imaginary parts of the self–energies
but keeping the normalisation of the spectral function fixed.

This self–consistent treatment described in section 3 respects the conserva-
tion laws for the expectation values of conserved currents and at the same
time ensures the dynamical as well as the thermodynamical consistency of the
scheme. Especially the effects of bremsstrahlung and annihilation processes
are taken into account consistently.

Finally in section 4 we discuss the principal problems with the treatment of
vector mesons in such a scheme which are mainly due to the fact that within
the Φ–functional formalism the vertex corrections necessary to ensure the
Ward–Takahashi identities for the propagator are ignored. In our model cal-
culations we work around this problem by projecting onto the transverse part
of the propagators such that the errors of this shortcoming can be expected
to be small. In the appendix we elaborate on some details of this projection
method.

2 The model

In order to isolate the pion width effects we consider a purely mesonic model
system consisting of charged pions, neutral ρ–mesons, and also the chiral part-

2
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ner of the ρ–, the a1–meson, with the interaction Lagrangian

L int = gρππρµπ
∗↔∂µπ + gπρa1πρµa

µ
1 +

gπ4
8
(π∗π)2 + cc. (1)

We do not explicitely write down the free Lagrangian, but we like to men-
tion that we consider the ρ-meson as a gauge particle. The first two coupling
constants are adjusted to provide the corresponding vacuum widths of the ρ–
and a1–meson at the nominal masses of 770MeV and 1200MeV and widths
of Γρ = 150MeV and Γa1 = 400MeV, respectively. The four–π interaction is
used as a tool to furnish additional collisions among the pions. The idea of
this term is to provide pion damping widths of about 50MeV or more as they
would occur due to the strong coupling to the NN−1 and ∆N−1 channels in
an environment at finite baryon density.

The Φ–functional method originally invented by Baym[15] provides a self–
consistent scheme applicable even in the case of broad resonances. It is based
on a resummation for the partition sum [14,16]. Its two particle irreducible part
Φ{G} generates the irreducible self–energy Σ(x, y) via a functional variation
with respect to the propagator G(y, x), i.e.

−iΣ(x, y) =
δiΦ

δiG(y, x)
. (2)

Thereby Φ, constructed from two-particle irreducible closed diagrams of the
Lagrangian (1) solely depends on fully resummed, i.e. self–consistently gener-
ated propagators G(x, y). In graphical terms, the variation (2) with respect to
G is realized by opening a propagator line in all diagrams of Φ. Further details
and the extension to include classical fields or condensates into the scheme are
given in ref. [17].

Truncating Φ to a limited subset of diagrams, while preserving the variational
relation (2) between Φ(appr.) and Σ(appr.)(x, y) defines an approximation with
built–in consistency. Baym[15] showed that such a Dyson resummation scheme
is conserving at the expectation value level of conserved currents related to
global symmetries, realised as a linear representation of the corresponding
group, of the original theory, that its physical processes fulfil detailed bal-
ance and unitarity and that at the same time the scheme is thermodynami-
cally consistent. However symmetries and conservation laws may no longer be
maintained on the correlator level, a draw–back that will lead to problems for
the self–consistent treatment of vector and gauge particles on the propagator
level, as discussed in sect. 3.

Interested in the effects arising from the damping width of the particles we
discard all changes in the real part of the self energies, keeping however the
sum–rule of the spectral functions normalised. In this way we avoid renormali-
sation problems which require a temperature independent subtraction scheme.

3
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Fig. 1. Spectral function (left) and decay width (right) of the pion as a function of
the pion energy at a pion momentum of 150 MeV/c in the vacuum and for two
self–consistent cases discussed in the text.

The latter will be discussed in detail in a forthcoming paper [18]. Neglecting
changes in real parts of the self–energies also entitles to drop tadpole contri-
butions. The treatment of the tensor structure of the ρ– and a1–polarisation
tensors is discussed in sect. 3. Here we first discuss the results of the self–
consistent calculations.

For our model Lagrangian (1) and neglecting tadpole contributions one ob-
tains the following diagrams for Φ at the two–point level which generate the
subsequently given three self energies Πρ, Πa1 and Σπ

Φ =
1

2

π
ρ

π
+

1

2

π
ρ

a1
+

1

2

π
π

π
π

Πρ =
π
π + π

a1

Πa1 = ρ
π

Σπ = ρ
π

+
a1
ρ +

π

π
π

(3)

They are the driving terms for the corresponding three Dyson equations,
which form a coupled scheme which has to be solved self–consistently. The
Φ–derivable scheme pictorially illustrates the concept of Newton’s principle
of actio = reactio and detailed balance. If the self–energy of one particle is
modified due to the coupling to other species, these other species also obtain
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a corresponding term in their self–energy. In the vacuum the ρ– and a1–meson
self–energies have the standard thresholds at

√
s = 2mπ and at 3mπ respec-

tively. For the pion as the only stable particle in the vacuum with a pole at
mπ the threshold opens at

√
s = 3mπ due to the first and last diagram of

Σπ. Correspondingly the vacuum spectral function of the pion shows already
spectral strength for

√
s > 3mπ, c.f. fig. 1 (left).

Self–consistent equilibrium calculations are performed keeping the full depen-
dence of all two–point functions on three momentum ~p and energy p0, and
treating all propagators with their dynamically determined self–energies.

The examples shown refer to a temperature of T = 110MeV appropriate
for the CERES data. We discuss three different settings. First the ρ–meson
polarisation tensor is calculated simply by the perturbative pion loop, i.e.
with vacuum pion propagators and thermal Bose–Einstein weights (no self–
consistent treatment). The two other cases refer to self–consistent solutions of
the coupled Dyson scheme, where the four–π interaction is tuned such that the
sun–set diagram provides a moderate pion damping width of about 50MeV
and a strong one of 125MeV around the peak of the pion spectral function,
c.f. fig. 1. Since in the thermal case any excitation energy is available, though
with corresponding thermal weights, all thresholds disappear and the spectral
functions show strength at all energies 3 ! The pion functions shown in Fig. 1 at
a fixed momentum of 150MeV are plotted against energy in order to illustrate
that there is significant strength also in the space–like region (below the light
cone at 150MeV) resulting from π–π scattering processes.

As an illustration we display a 3–d plot of the ρ–meson spectral function as a
function of p0 and |~p | in Fig. 2, top left. The right part shows the transverse
spectral function as a function of invariant mass at fixed three–momentum of
150MeV/c in vacuum and for the two self–consistent cases. The minor changes
at the low mass side of the ρ-meson spectral function become significant in the
dilepton yields given in the left bottom panel. The reason lies in the statistical
weights together with additional kinematical factors∝ m−3 from the dilepton–
decay mechanism described by the vector meson dominance principle[13]. For
the moderate damping case (Γπ = 50MeV) we have decomposed the dilepton
rate into partial contributions associated with π–π bremsstrahlung, π–π an-
nihilation and the contribution from the a1–meson, which can be interpreted
as the a1 Dalitz decay.

The low mass part is completely dominated by pion bremsstrahlung contribu-
tions (like–charge states in the pion loop). This contribution, which vanishes

3 In mathematical terms: all branch–cuts in the complex energy plane reach from
−∞ to +∞, and the physical sheets of the retarded functions are completely sep-
arated from the physical sheets of the corresponding advanced functions by these
cuts.
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Fig. 2. top: ρ–meson spectral function, bottom: thermal dilepton rate.

in lowest order perturbation theory, is finite for pions with finite width. It has
to be interpreted as bremsstrahlung, since the finite width results from colli-
sions with other particles present in the heat bath. Compared to the standard
treatment, where the bremsstrahlung is calculated independently of the π–π
annihilation process, this self–consistent treatment has a few advantages. The
bremsstrahlung contribution is calculated consistently with the annihilation
process, it appropriately accounts for the Landau–Pomeranchuk suppression
at low invariant masses [19] and at the same time includes the in–medium
pion electromagnetic form–factor for the bremsstrahlung part. As a result the
finite pion width adds significant strength to the mass region below 500MeV
compared to the trivial treatment with the vacuum spectral function. There-
fore the resulting dilepton spectrum essentially shows no drop any more in
this low mass region already for a moderate pion width of 50MeV. The a1
Dalitz decay contribution can be read off from the partial ρ–meson width due
to the π–a1 loop in Πρ. This component is seen to be unimportant at all en-
ergies in the present calculations where medium modifications of the masses
of the mesons are discarded. The latter can be included through renormalised
dispersion relations within such a consistent scheme.
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3 Longitudinal and transverse components

While scalar particles and couplings can be treated self–consistently with no
principle problems at any truncation level, considerable difficulties and unde-
sired features arise in the case of vector particles. The origin lies in the fact
that, though in Φ–derivable Dyson resummations symmetries and conserva-
tion laws are fulfilled at the expectation value level, they are generally no
longer guaranteed at the correlator level. Considering the ρ-meson as a gauge
particle one has to care about local gauge symmetries, where the situation is
even worse, because the symmetry of the quantised theory is not the origi-
nal one but the non–linear BRST symmetry [20,21]. Contrary to perturbation
theory, where the loop expansion corresponds to a strict power expansion in
~ and symmetries are maintained order by order, partial resummations mix
different orders and thus are violating the corresponding symmetries. It is ob-
vious that the scheme discussed above indeed violates the Ward identities on
the correlator level and thus the vector–meson polarisation tensor is no longer
4–dimensionally transverse. This means that unphysical states are propagated
within the internal lines of the Φ–derivable approximation scheme which leads
to a number of conceptual difficulties and to explicit difficulties in the numeri-
cal treatment of the problem. In the above calculations we have worked around
this problem in the following way.

For the exact polarisation tensor we know that for ~p = 0 the temporal com-
ponents exactly vanish Π00(q) = Π0i(q) = Πi0(q) = 0 for q0 6= 0, while this
is not the case for the self–consistently constructed tensor [19]. Indeed these
components are tied to the conservation of charge and therefore involve a re-
laxation time for a conserved quantity which is of course infinite while the
self–consistent result always reflects the damping time of the propagators in
the loop. This behaviour is studied in detail in ref. [19], both on the classical
and quantum many body Green’s function level within the real time formal-
ism. There it has been shown that current conservation can only be restored
through a resummation of all the scattering processes in a transport picture
which amounts to a Bethe–Salpeter ladder resummation in the corresponding
quantum field theory description. This will be discussed to some extent in sect.
4. At this level it is important to realise that the spatial components generally
suffer less corrections from this resummation in case that the relaxation time
for the transverse current–current correlator is comparable to the damping
time of the propagators in the loop. The time components, however, suffer
significant corrections. Thus our strategy for the self–consistent loop calcula-
tion is the following: from the loop calculation of the polarisation tensors Π
(of the ρ–meson) we evaluate only the information obtained for the spatial
components Πik. Taking the following two spatial traces (details are given in
the appendix A)
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Fig. 3. Left: Imaginary part of the Longitudinal (L) and transverse (T) ρ–meson
polarisation tensor at T = 110MeV. case (a): finite temperature on-shell–loop cal-
culation; case (b): self–consistent calculation for the case where Γπ = 125MeV.
Right: the same for the corresponding widths Γρ = −ImΠρ/p

0.

3Π3 = −gikΠ
ik = 2ΠT + (q0)2

q2
ΠL

Π1 =
pipk
~q2

Πik =
(q0)2

q2
ΠL





⇐ ∂µΠ
µν = 0 (4)

permits to deduce the 3–dim. longitudinal and transverse tensor components
ΠL and ΠT under the condition that the polarisation tensor is exactly 4–
dim. transversal. This construction thus fulfils current conservation on the
correlator level.

The result of this procedure is shown in fig. 3 for the components of the ρ–
meson polarisation tensor for a finite spatial momentum of ~p = 150MeV. The
plots show ImΠL and ImΠT first for the on–shell loop result, i.e. with vacuum
pion spectral functions and thermal occupations. For this on–shell loop case
to very good approximation one finds ΠL = ΠT for time like momenta, while
as expected they deviate in sign for space–like momenta. The longitudinal
component exactly vanishes on the light cone and changes sign there. Thus
the tensor is entirely transverse on the light cone as it should! Switching to the
self–consistent results the threshold gap between

√
s ∈ [0, 2mπ] is completely

filled. At non–zero momenta ~p the longitudinal and tranverse component devi-
ate from one another towards low invariant masses, i.e.

√
s < 400MeV in this

case, while they are identical for large
√
s as they should. As both components

ΠL and ΠT are constructed from different moments of the numerically given
Πik, the agreement of the two components at large

√
s shows the numerical

precision of the employed loop integration method. The resulting behaviour
is further clarified in the right part of fig. 3, which shows the resulting damp-
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ing width of the ρ–meson Γρ(p) = −ImΠρ(p)/p
0. One sees that the typical

threshold behaviour of the on–shell loop is completely changed in the self–
consistent result. The transverse width is with ΓT ≈ 150MeV almost constant
over the displayed invariant mass range! For the longitudinal component one
has to consider the kinematical factor entering in specific tensor components,
e.g. Π00 = ΠL ~q2/q2, such that also Γ00 is about constant.

While current conservation has been restored on the correlator level by the pro-
cedure above, the Ward–Takahashi identities are certainly not fulfilled. Thus
the whole procedure will not be gauge covariant. Still from the experience dis-
cussed in ref. [19] we expect that this method provides a good approximation
to the in–medium polarisation tensor at finite temperature. In particular for
the light pions which at T = 150MeV have already quite relativistic energies
we expect that the mutual scattering leads to fairly isotropic distributions
after each scattering such that the memory on some initial fluctuation of the
pion current is already lost after the first collision, c.f. the discussions in ref.
[19] and in the next section.

4 Symmetries and gauge invariance

In view of the difficulties to provide a gauge–invariant scheme one may raise
the question: is there a self–consistent truncation scheme beyond the mean
field level for the gauge fields, which preserves gauge invariance? In particular
we are interested that the internal dynamics, i.e. the dynamical quantities like
classical fields and propagators which enter the self–consistent set of equations
remain gauge covariant.

At the mean field level the gauge fields couple to the expectation values of the
vector currents and gauge covariance is fully maintained. This level is explored
in all hard thermal loop (HTL) approaches [22–25]. For the π–ρ–meson system
the mean field approximation is given by the following Φ–derivable scheme
(again omitting the tadpole term for the pion self–energy)

Φ{Gπ, ρ}=
ρ

π

+
π
π

π
π (5)

Σπ =
ρ

+

π

π
π

(6)

(
∂ν∂ν −m2

)
ρµ= jµ =

ρ
π

(7)
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Here full lines represent the self–consistent pion propagators and curly lines
with a cross represent the classical ρ–meson field, governed by the classical
field equations of motion (7). Since Φ is invariant with respect to gauge trans-
formations of the classical vector field ρµ, the resulting equations of motion
are gauge covariant.

The step to construct symmetry preserving correlation functions is provided
by considering the linear response of the system on fluctuations in the back-
ground field [26,15], see also [27] in the context of gauge and Goldstone bosons.
Thereby gauge covariance also holds for fluctuations ρµ + δρµ around mean
field solution of (6 - 7). Thus, one can then define a gauge covariant external
polarisation tensor via variations with respect to the background field δρµ

Πext
µν (x1, x2) =

δ

δρµ(x2)

δΦ[Gπ, ρ]

δρν(x1)

∣∣∣∣∣
Gπ[ρ]

=
ρ ρ

(8)

as a linear response to fluctuations around the mean field. This tensor can be
accessed through a corresponding three–point–vertex equation

δGπ

δρµ
=

ρ
=

ρ
+

ρ
(9)

In order to maintain all symmetries and invariances, the four-point Bethe–
Salpeter Kernel in this equation has to be chosen consistently with the Φ–
functional (5) [15,26], i.e. as a second functional variation of Φ with respect
to the propagators

K1234 =
δ2Φ

δG12δG34
. = (10)

Thereby the pion propagator entering the ladder resummation (9) is deter-
mined by the self–consistent solution of Eq. (6) at vanishing classical ρ-field.
In particular this ladder resummation accounts for real physical scattering pro-
cesses, a phenomenon already discussed in [19] for the description of Brems-
strahlung within a classical transport scheme (Landau–Pomeranchuk–Migdal
effect). From this point of view one clearly sees that the pure Φ–functional for-
malism without the vertex corrections (9) just describes the “decay of states”
due to collision broadening. Thus in the Φ–Dyson scheme (3) all components
of the internal ρ–meson polarisation tensor have a time–decaying behaviour
with a decay constant given by the pion damping rate Γπ. However, the ex-
act tensor has at least two decay times, one for the transverse components
and a second one which involves the conserved charge and which naturally is
infinite. The Dyson resummation fails to cope with this, since there also the
00–component approximately behaves like

Π00
ρ (τ, ~p = 0) ∝ e−Γπτ (11)
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in a mixed time–momentum representation. This clearly violates charge con-
servation, since ∂0Π

00
ρ (τ, ~p)|~p=0 does not vanish! Yet, accounting coherently for

the multiple scattering of the particles through the vertex resummation (9)
keeps track of the “charge flow” into other states and thus restores charge con-
servation. Within classical considerations the ladder resummation (9) indeed
yields

Π00
ρ (τ, ~p = 0) ∝

∑

n

(Γτ)n

n!
e−Γτ = 1 (12)

confirming charge conservation. For further details c.f. ref. [19]. From the
physics discussions above it is clear that these conclusions hold also for con-
stant self–energies with a constant imaginary part. This is opposed to the
vacuum case where a constant self–energy would not require any vertex cor-
rection! The formal origin of this difference lies in the fact that in the real
time formulation of the field theory all relations become matrix relations from
the contour time ordering. In particular the three point functions then have
three independent retarded components 4 (c.f. [28,29]) and the correspond-
ing Ward-Takahashi identities involve both retarded and advanced self energy
terms which differ in the sign of their imaginary parts. Thus even for constant
self–energies the terms related to the width do no longer cancel out in these
identities in the true real time case at finite T .

5 Comments and prospects

We presented self–consistent calculations of the vector meson production in a
pion gas environment, where the width of the pion was generated by a pion
four-vertex interaction. The novel part is that through the damping width
standard thresholds known from vacuum calculations disappear and that con-
tributions arising from pion bremsstrahlung and from π–π–annihilation are
treated within the same scheme, and are therefore consistent with one an-
other. With reasonable damping width for the pions the calculations show
significant contributions to the dilepton spectrum in the mass range below
400MeV. In the second part we discussed the particular features related to
the self–consistent treatment of vector or gauge bosons.

Vertex corrections of various types were already considered in the literature
in the context of the ρ–meson. They dealt with the case, where the pion cou-
ples to the nuclear sector, and vertex corrections related to the p–wave cou-
pling of the π-N -∆–vertex where included on phenomenological grounds using

4 In the Matsubara formalism this corresponds to the fact that the different energy
arguments of three point functions can be placed on different half planes.
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Landau–Migdal parameterisations for the ∆-N interaction [30,31]. There the
employed quasi-particle loops are straightforward and the “bubble” resum-
mation (algebraic) also. More involved vertex corrections were considered in
refs. [6] and by many others later, e.g. [12]. However in none of those papers
the vertex corrections were done self–consistently, nor were they proven to
restore gauge invariance, nor has there the question been addressed which
vertex corrections are required, once the propagators in the self–energy loop
of the gauge particles have a significant damping width. The latter question
was addressed in ref. [19] in the context of photon production and put on for-
mal grounds here. Using the background field scheme we explained above the
steps to come to a consistent vertex equation (9-10). It is neither some ver-
tex equation nor the exact vertex equation: it is precisely the vertex equation
which pertains to the self–consistent pion self–energy given by (6) at vanish-
ing background field. The consistency comes about by the fact that both, the
pion self energy (6) and the Bethe–Salpeter kernel (10), are generated from
the same Φ-functional (5). The method is general and applies to any kind of
Φ-functional supplemented by terms coupling to background gauge fields.

Two problems are to be mentioned in this context, a practical and a principle
one. The practical problem concerns the fact that there is no feasible algorithm
to calculate the external polarisation tensor (8). Already for our most simple
example one has to solve the ladder re–summation in the Bethe–Salpeter equa-
tion with full off–shell momentum dependence for the three–point vertex given
by (9). Even if one restricts oneself to the simplifying case of vanishing ρ–meson
three–momentum for this vertex the numerical effort increases by about two
orders of magnitude (for the full momentum dependence a factor 105) com-
pared to the presented numerical solution of self–consistent self–energies and
is thus out of reach in practice.

However there is yet a principle problem. What one constructs by the vertex
equation is the external polarisation tensor of the vector meson. It has all
desired features. However, the corresponding vector–meson propagator does
not take part in the self–consistent scheme. This so constructed external prop-
agator is fine in all cases, where the vector meson couples perturbatively to
a source, e.g. like the photon to the electromagnetic current of a source sys-
tem. For the case of the ρ–meson recoupling effects may already be of some
importance, and for sure for gluons in an interacting quark-gluon plasma such
recoupling effects are important, and the vector meson is a sensible compo-
nent in the self–consistent scheme. In such cases, however, one sees that in
self–consistent truncation schemes there is generally a difference between the
self–consistent internal propagator and the external propagator constructed
from the Bethe–Salpeter ladder resummation. While the first violates Ward–
Takahashi identities, the latter fulfils them.

Therefore presently we see no obvious self–consistent scheme where vector
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particles are treated dynamically beyond mean field, i.e. with dynamical prop-
agators, and which at the same time complies with gauge invariance also for
the internal propagation, unless one solves the exact theory. The work around
presented in sect. 3 at least guarantees that the polarisation tensor remains
four–dimensional transverse and thus no unphysical modes are appearing in
the scheme. The problem of renormalisation omitted here is investigated sep-
arately using subtracted dispersion relations [18]. Thus for vector particles a
fully self–consistent scheme with all the features of the Φ–functional, espe-
cially to ensure the consistency of dynamical and thermodynamical properties
of the calculated propagators together with the conservation laws on both the
expectation value and the correlator level remains an open problem.

The self–consistent equilibrium calculations presented here also serve the goal
to gain experience about particles with broad damping width aiming towards
a transport scheme for particles beyond the quasi–particle limit [32], see also
[33–35].
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A Decomposition of the polarisation tensor

In spherically symmetric systems the polarisation tensor Π can be decomposed
into three components (4–longitudinal (l) and the two 4-transverse compo-
nents, the longitudinal (L) and transverse (T) one)

Πµν =Πµν
l +Πµν

L +Πµν
T (A.1)

Πµν
l =−qµqν

q2
Πl (A.2)

Πµν
L =

(
−gµν − δµν +

qµqν

q2
+

~qµ~qν

~q2

)
ΠL (A.3)

Πµν
T =

(
δµν − ~qµ~qν

~q2

)
ΠT . (A.4)
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Here δµν and ~qµ are defined such that the time–components vanish. The spatial
part and the 00–component become

Πik =

(
δik − ~qi~qk

~q2

)
ΠT +

(q0)2

q2
qiqk

~q2
ΠL − qiqk

q2
Πl (A.5)

Π00 =

(
−g00 +

(q0)2

q2

)
ΠL − (q0)2

q2
Πl. (A.6)

In terms of the 4– and 3–traces we define

4Π4= −Tr4{Πµν}= −gµνΠ
µν = −Π00 + Tr3{Πik}

= Πl +ΠL + 2ΠT (A.7)

3Π3 = Tr3{Πik} = −gikΠ
ik = 2ΠT +

(q0)2

q2
ΠL − ~q2

q2
Πl. (A.8)

One further can use

Π1 =
pipk
~q2

Πik =
(q0)2

q2
ΠL − ~q2

q2
Πl. (A.9)

Taking into account the information contained in the two traces Π1 and Π3,
and the condition for 4–dim. transversality, Πl = 0, a conserved polarisation
tensor can be constructed.
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Comprehensive Interpretation of Thermal Dileptons at the SPS
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Employing thermal dilepton rates based on medium-modified electromagnetic correlation func-
tions we show that recent dimuon spectra of the NA60 collaboration in central In-In collisions at
the CERN-SPS can be understood in terms of radiation from a hot and dense hadronic medium.
Earlier calculated ρ-meson spectral functions, as following from hadronic many-body theory, provide
an accurate description of the data up to dimuon invariant masses of about M≃0.9 GeV, with good
sensitivity to details of the predicted ρ-meson line shape. This, in particular, identifies baryon-
induced effects as the prevalent ones. We show that a reliable description of the ρ contribution
opens the possibility to study further medium effects: at higher masses (M≃0.9-1.5 GeV) 4-pion
type annihilation is required to account for the experimentally observed excess (possibly augmented
by effects of “chiral mixing”), while predictions for thermal emission from modified ω and φ line
shapes may be tested in the future.

PACS numbers:

Introduction. Electromagnetic probes occupy a spe-
cial role in the study of strongly interacting matter pro-
duced in energetic collisions of heavy nuclei: once pro-
duced, photons and dileptons leave the reaction zone es-
sentially undistorted, carrying direct information from
the hot and dense medium to the detectors. While the
ultimate goal in analyzing pertinent experiments is to in-
fer signatures of QCD phase transitions (chiral symmetry
restoration and/or deconfinement), the more imminent
(and relatively easier) objective is to extract medium
modifications of the electromagnetic (e.m.) spectral func-
tion [1, 2]. Recent data from the NA60 collaboration [3]
on dimuon invariant-mass spectra in In-In collisions at
the CERN Super-Proton-Synchrotron (SPS) have raised
the experimental precision to an unprecedented level,
posing serious challenges to theoretical models. After
subtraction of late hadronic decay sources (“cocktail”),
the excess dimuon radiation exhibits features of a (broad-
ened) peak around the free ρ-mass (mρ≃0.77 GeV) with
a substantial enhancement at both lower and higher in-
variant masses. Theoretical predictions [4, 5] based on
an expanding fireball have confirmed that a broadened
ρ-meson, as following from hadronic many-body theory,
is in line with the NA60 dimouns, while a dropping ρ-
mass [6, 7], characterized by a spectrum centered around
a mass of 0.4-0.5 GeV, is inconsistent with the data1.
Both scenarios were consistent with earlier dilepton data
by the CERES collaboration [9].

The objective of the present letter is twofold: First,
we improve on earlier (shape-based) comparisons of our

1 A reinterpretation of the dropping-mass scenario [2] within a
Hidden Local Symmetry approach for vector mesons [8] has not
been confronted with dilepton data yet. However, any dropping-
mass scenario will face the challenge of accounting for the large
portion of strength seen in the NA60 data around the free ρ-mass.

predictions to data based on in-medium ρ spectral func-
tions. With a slight modification of the expanding fire-
ball model, we quantitatively reproduce (shape and ab-
solute magnitude of) the low-mass NA60 data in cen-
tral In-In collisions. The spectral shape turns out to
be sensitive to properties of the ρ in some detail. Sec-
ond, having determined in this way the contributions
of the 2-π piece to the in-medium e.m. correlator, we
investigate remaining enhancements in the µ+µ− spec-
trum. Above Mµµ≃0.9 GeV, using empirical fits to the
isovector-vector (V ) and -axialvector (A) spectra in vac-
uum, a calculation with the free emission rate underes-
timates the data. When including medium effects due
to chiral V -A mixing [10], with an assumed critical tem-
perature of Tc=175 MeV (consistent with the fireball),
the description improves. While more precise conclusions
have to await more accurate data and calculations, our
estimates indicate that dilepton radiation from heavy-
ion collisions at the SPS emanates from matter close to
the expected QCD phase boundary. Finally, we address
medium effects on the narrow vector mesons ω and φ.

Thermal Dileptons and Medium Effects. The differen-
tial rate for thermal lepton-pair production per unit 4-
volume and 4-momentum can be expressed as [11, 12, 13]

dNll

d4xd4q
= − α2

3π3

L(M2)

M2
ImΠµ

em,µ(M, q) fB(q0;T ) (1)

in terms of the retarded e.m. current-current correlator

Πµν
em(q) = i

∫
d4xeiq·xΘ(x0) 〈[Jµ

em(x),J
ν
em(0)]〉 , (2)

a final-state lepton phase-space factor, L(M), and the
thermal Bose function, fB(q0;T ). α=e2/(4π)=1/137 de-
notes the fine structure constant and M2=q20−q2 the
dilepton invariant mass with energy q0 and 3-momentum
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q. The central objective in the following is the evaluation
of medium modifications of the e.m. spectral function.

In the low-mass region (LMR, M≤1 GeV), the free
e.m. correlator is saturated by the light vector mesons
ρ, ω and φ. Our main focus is on the ρ-meson (which
dominates the dilepton yield in the LMR), but we also
investigate radiation from (and medium effects on) the ω
and φ. Although their contribution is suppressed relative
to the ρ, it is an inevitable consequence of our assumption
of the formation of a thermalized medium.

Medium modifications of the ρ-meson are implemented
using hadronic many-body theory [4], accounting for in-
teractions in hot hadronic matter via (i) a dressing of
its pion cloud with baryon-hole excitations and ther-
mal Bose factors, (ii) direct resonances on surrounding
mesons (π, K, ρ) and baryons (nucleons, ∆’s, hyperons,
etc.). The effective interaction vertices (coupling con-
stants and form factors) have been carefully constrained
by a combination of hadronic and radiative decay branch-
ings, by photoabsorption on nucleons and nuclei, and
by πN→ρN scattering. The resulting ρ spectral func-
tions in cold nuclear matter comply with constraints from
QCD sum rules [14]; they have successfully been em-
ployed to dilepton spectra at full SPS energy [9], and
to predict an even larger enhancement at lower SPS en-
ergies [15, 16]. When averaged over a typical space-time
evolution, the in-medium ρ width at SPS amounts to
Γmed
ρ ≃350 MeV, almost 3 times the vacuum value. Close

to the expected QCD phase the ρ-resonance has melted,
Γρ(Tc)≃mρ. “Rhosobar” excitations (ρ→BN−1) lead to
low-mass strength in the ρ spectral function that cannot
be represented in Breit-Wigner form.

Medium effects on the ω and φ have thus far received
less attention, especially in the context of ultrarelativis-
tic heavy-ion collisions (URHICs). For the ω we will
employ the same approach as for the ρ [17]. The pre-
dicted average ω width in the hadronic phase of URHICs
is Γmed

ω ≃100 MeV [16]. For the φ, collision rates in
a meson gas amount to a broadening by ∼20 MeV at
T=150 MeV [18]. The dressing of the kaon cloud is pre-
sumably the main effect for φ modifications in nuclear
matter, increasing its width by ∼25 MeV at saturation
density ̺0=0.16 fm−3 [19]. Recent data on φ absorp-
tion in nuclear photoproduction suggest even larger val-
ues [20]. Since a comprehensive treatment of the φ in
hot and dense matter is not available at present, we will
consider the φ width as a parameter.

Another important ingredient in our analysis are dilep-
ton production channels beyond the ρ, ω and φ. For the
free emission rate these can be inferred from the inverse
process of e+e− annihilation, or hadronic τ decays as
measured in Z0 decays [21], enabling a decomposition
of the (isovector part of) e.m. spectral function into 2-
and 4-pion pieces. While the former are saturated by
the ρ-meson, we fit the latter by an appropriate (onset
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FIG. 1: Free isovector-vector and -axialvector spectral func-
tions as measured in hadronic τ -decays [21], compared to fits
to 3- and 4-π contributions (the 2-π piece follows from the ρ).

of a) continuum [22], cf. Fig. 1. Rather than evaluating
medium effects in the intermediate-mass region (IMR;
1 GeV≤M≤3 GeV) in a phenomenological approach [23],
we here employ model-independent predictions based on
chiral symmetry. To leading order in temperature one
finds a mixing of the free V and A correlators [10],

ΠV,A(q) = (1− ε) Πvac
V,A(q) + ε Πvac

A,V (q) , (3)

where ε=2I(T )/f2
π (fπ=93 MeV: pion decay constant)

is determined by the pion tadpole diagram with a loop
integral I(T )=

∫
(d3k/(2π)3) fπ(ωk;T )/ωk (ωk: pion en-

ergy). For ε=1/2 (at Tmix
c ≃160 MeV) V and A corre-

lators degenerate signaling chiral symmetry restoration.
Eq. (3) holds in the soft pion limit, i.e., when neglecting
the pion 4-momentum in ΠV,A. A more elaborate treat-
ment [24, 25] will broaden and reduce the enhancement
around M≃1.1 GeV. To estimate the mixing effect on
the 4-π contribution to dilepton emission, we evaluate
the vector correlator, Eq. (3), with a mixing parame-
ter ε = I(T, µπ)/2I(Tc, 0), where critical temperature,
Tc=175 MeV, and pion chemical potentials (µπ>0) are
in accord with the thermal fireball evolution discussed
below (mπ=139.6 MeV). The 2-pion piece has been re-
moved as it is included via the ρ.
Finally, we account for emission from the QGP, even

though its contribution at SPS energies is small. We em-
ploy the hard-thermal-loop improved emission rate for qq̄
annihilation [26], which has the conceptually attractive
feature that it closely coincides with the rate in hadronic
matter when both are extrapolated to the expected phase
transition region. This is suggestive for a kind of quark-
hadron duality [4] and has the additional benefit that
the emission from the expanding fireball becomes rather
insensitive to details of how the phase transition is imple-
mented (such as critical temperature or “latent heat”).
Thermal Fireball Model. To calculate dilepton spectra
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we need to specify a space-time evolution of A-A col-
lisions. Based on evidence from hadronic spectra and
abundances that the produced medium at SPS ener-
gies reaches equilibrium [27], we adopt a thermal fireball
model focusing on central In-In with collective expansion
and hadrochemistry as estimated from data in heavier
systems. We use a cylindrical volume expansion [4],

VFB(t) = (z0 + vzt) π (r⊥ + 0.5a⊥t
2)2 , (4)

with transverse acceleration a⊥=0.08c2/fm, longitudinal
velocity vz=c, formation time τ0=1fm/c and initial trans-
verse radius r⊥=5.15fm. With hadrochemical freeze-
out at (µchem

N , T chem)=(232,175) MeV and a total fire-
ball entropy of S=2630 (using a hadron-resonance gas
equation of state), we have dNch/dy≃195≃Npart. Isen-
tropic expansion allows to convert the entropy density,
s(t)=S/V (t), into temperature and baryon density. The
evolution starts in the QGP (T (τ0)=197 MeV), passes
through a mixed phase at T chem=Tc and terminates at
thermal freezeout (Tfo≃120 MeV). In the hadronic phase,
meson chemical potentials (µπ,K,η) are introduced to pre-
serve the observed hadron ratios [4]. When applied to
dilepton production, the largest uncertainty resides in
the fireball lifetime (being proportional to the dilepton
yields), controlled by a⊥ and Tfo, which can be better
constrained once hadronic data for In-In are available.
We emphasize, however, that all contributions to the
dilepton spectrum (QGP, ρ, ω, φ and 4-π) are tied to
the same evolution thus fixing their relative weights.
Systematic Comparison to NA60 Data. Thermal µ+µ−

spectra for central In-In are computed by convoluting the
emission rate, Eq. (1), over the fireball evolution,

dNll

dM
=

tfo∫

0

dt VFB(t)

∫
d3q

q0

dNll

d4xd4q
znπ

M

∆y
A(M, qt, y),

(5)
where A denotes the detector acceptance which has been
carefully tuned to NA60 simulations [28]. The fugacity
factor, znπ=enµπ/T , accounts for chemical off-equilibrium
in the hadronic phase with n=2,3,4 for the ρ, ω and 4-π
contributions, respectively (for the mixing term in Eq. (3)
we adopt ε Πvac

A ∝ z4π [25]).
Earlier comparisons [3] of NA60 data to theoretical

predictions [5] have focused on the contribution from the
ρ-meson which dominates in the LMR. While the shape
of the in-medium ρ spectral function describes the ex-
perimental spectra well, the absolute yields were over-
estimated by ∼20%. This discrepancy can be resolved
by an increase of the transverse fireball expansion (a⊥)
which, on the one hand, reduces the fireball lifetime by
30% (from 10 to 7 fm/c) and, on the other hand, gener-
ates harder transverse-momentum (qt) spectra, which is
also welcome by preliminary data [3]. Consequently, the
ρ contribution is reduced, and once QGP emission and
correlated charm-decays (D, D̄ → µ+, µ−X) are added,

the spectra in the LMR are very well described, cf. Fig. 2.
Despite the strong ρ broadening, the ρ+QGP+charm
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FIG. 2: NA60 excess dimuons [3] in central In-In collisions at
SPS compared to thermal dimuon radiation using in-medium
e.m. rates. The individual contributions arise from in-medium
ρ-mesons [4] (dash-dotted red line), 4-π annihilation with chi-
ral V -A mixing (dashed blue line), QGP (dotted orange line)
and correlated open charm (dash-dotted green line); the up-
per dashed line is the sum of the above, while the solid purple
line additionally includes in-medium ω and φ decays [17].

sources are insufficient to account for the enhancement
at M≥0.9 GeV. This is not surprising, as 4-π contribu-
tions are expected to take over (augmented by a pion
fugacity factor, e4µπ/T ). Adding the 4-π piece with chi-
ral mixing, Eq. (3), nicely accounts for the missing yield
in the IMR, leading to a satisfactory overall description
(upper dashed line in Fig. 2). Going one step further
still, we argue that in-medium decays of the narrow vec-
tor mesons, ω and φ, should be included. Whereas their
decays after freezeout are subtracted as part of the “cock-
tail” assuming a vacuum line shape, contributions whose
width goes beyond the experimental mass resolution will
survive in the excess spectrum. With the predicted in-
medium ω spectral function [17] the agreement between
theory and data for M=0.7-0.8 GeV seems to improve.
The φ contribution is implemented with a two-kaon fu-
gacity, e2µK/T , and a strangeness suppression factor γ2

s

(γs≃0.75 at SPS [29]). The φ yield following from the
fireball model is not incompatible with data, but conclu-
sions on the spectral shape cannot be drawn at present.
To better appreciate the relevance of the in-medium

effects, Fig. 3 shows two scenarios where (i) baryon-
induced interactions are neglected, and (ii) the vacuum
e.m. rate is employed. The latter is ruled out; the meson-
gas scenario, which differs from the full result in Fig. 2
by factors of 1.5-2 in the LMR, is not favored by ex-
periment either. Definite conclusions on the in-medium
ρ, especially on the baryon-driven enhancement close to
the dimuon threshold, require a reduction in systematic
uncertainty, indicated by the open and filled data points.
Finally, Fig. 4 illustrates the signature of chiral V -Amix-
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ing in the IMR, where the full result of Fig. 2 is compared
to a calculation with the 4-π piece in the e.m. rate re-
placed by its vacuum form (Eq. (3) with ε=0). While
the latter is not incompatible with the data, an identi-
fication of medium effects requires better precision than
currently available (both from theory and experiment).

Conclusion. We have conducted a quantitative in-
vestigation of the dimuon excess measured by NA60 in
In(158AGeV)-In. Focusing on central collisions, where
the notion of thermal radiation is most adequate, we have
shown that a medium modified e.m. spectral function
properly accounts for absolute yields and spectral shape
of the data. While the overall normalization of the spec-
trum is subject to uncertainties in the underlying fireball
model (especially its lifetime), the relative strength of the
different components in the spectrum (ρ, ω and φ decays,

4-π type annihilation) is fixed. Our results confirm the
prevalent role of a strongly broadened ρ-meson in the
LMR, but also suggest substantial medium effects on the
line shapes of ω and φ. In addition, the IMR might bear
footprints of chiral V -A mixing, which would support the
notion that the matter produced in A-A collisions at the
SPS is close to chiral restoration. A more quantitative
connection to chiral order parameters, e.g., by evaluating
in-medium chiral sum rules [22], should be pursued with
high priority.
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A quantitative evaluation of dilepton sources in heavy-ion reactions is performed taking into
account both thermal and non-thermal production mechanisms. The hadronic thermal emission
rate is based on an electromagnetic current-correlation function with a low-mass region (LMR,
M . 1 GeV) dominated by vector mesons (ρ, ω, φ) and an intermediate-mass region (IMR, 1 GeV ≤
M ≤ 3 GeV) characterized by (the onset of) a multi-meson continuum. A convolution of the emission
rates over a thermal fireball expansion results in good agreement with experiment in the low-mass
spectra, confirming the predicted broadening of the ρ meson in hadronic matter in connection with
the prevalence of baryon-induced medium effects. The absolute magnitude of the LMR excess is
mostly controlled by the fireball lifetime, which in turn leads to a consistent explanation of the
dilepton excess in the IMR in terms of thermal radiation. The analysis of experimental transverse-
momentum (qT ) spectra reveals discrepancies with thermal emission for qT & 1 GeV in noncentral
In-In collisions, which we address by extending our calculations by: (i) a refined treatment of ρ
decays at thermal freezeout, (ii) primordially produced ρ’s subject to energy-loss, (iii) Drell-Yan
annihilation, and (iv) thermal radiation from t-channel meson exchange processes. We investigate
the sensitivity of dilepton spectra to the critical temperature and hadro-chemical freezeout of the
fireball. The ρ broadening in the LMR turns out to be robust, while in the IMR Quark-Gluon
Plasma radiation is moderate unless the critical temperature is rather low.

PACS numbers:

I. INTRODUCTION

Dilepton invariant-mass spectra provide the unique op-
portunity to directly probe the electromagnetic (e.m.)
spectral function of the hot and dense medium created
in energetic collisions of heavy nuclei [1, 2, 3]. In the
low-mass region (LMR, M ≤ 1 GeV), this enables the
study of modifications of the light vector mesons (V=ρ,
ω, φ) caused by their interactions with the surround-
ing matter particles and/or changes in the underlying
condensate structure. In the intermediate-mass region
(IMR, 1 GeV ≤ M ≤ 3 GeV), electromagnetic emission
is expected to become continuum-like with rather well-
defined strength rendering it a suitable tool to infer tem-
peratures of the excited system (well) before interactions
cease (“thermal freezeout”).
Dilepton measurements in heavy-ion collisions at the

CERN-SPS (at center-of-mass energies of
√
s=17.3 and

8.8 AGeV) have proven the presence of substantial ex-
cess radiation beyond e.m. final-state decays of produced
hadrons in both the LMR [4, 5] and IMR [6, 7, 8]. This,
in particular, corroborated the presence of interacting
matter over a duration of ∼10-15 fm/c in central Pb-
Au collisions. Moreover, the spectral shape of the ex-
cess in the LMR could only be accounted for if major
medium modifications of the vacuum ρ-meson line shape
were incorporated [1, 2, 3]. Both the implementation of a
dropping mass or a strong broadening of its width as fol-
lowing from hadronic many-body approaches, were com-
patible with the large enhancement observed at masses
below the free ρ mass. In addition, with the same un-
derlying fireball model (lifetime and temperature evolu-
tion), reasonable agreement with the enhancement mea-

sured in the IMR [7, 8] has been established [9] (as well
as with direct photon spectra [10, 11]). The excess for
M ≥ 1.5 GeV was largely attributed to four-pion type
annihilations in the hadronic phase, with a strength de-
termined by the vacuum e.m. spectral function, while the
calculated Quark-Gluon Plasma (QGP) contribution to
the thermal yield amounted to ∼30% (∼10-20% in the
LMR [12]).

A recent, substantial, improvement in statistics and
mass resolution in low-mass dimuon spectra in In-In col-
lisions [13] shows good agreement with predictions for
thermal radiation with in-medium ρ-meson broadening as
following from hadronic many-body calculations [12, 14].
The shape of the excess radiation is well described from
threshold (M = 2mµ) to M ≃ 0.9 GeV, while the abso-
lute yield is overpredicted by about 30%. The latter can
be accommodated by a minor adjustment in the thermal
fireball evolution (amounting to a 30% lower fireball life-
time), and after inclusion of in-medium ω and φ decays
(whose contribution is mostly localized around their free
mass), as well as four-pion type annihilation (which sets
in at masses M & 0.9 GeV), a quantitative description
of the NA60 invariant-mass spectra from threshold to
∼1.4 GeV in central In-In collisions emerges [15] (see also
Refs. [16, 17]). While the inclusive mass spectra are well
described, the comparison of the calculations with newly
released transverse pair-momentum (qT ) spectra [18] re-
veals some discrepancies at qT > 1 GeV in semicentral
In-In.

In the present article we reiterate the main points of
our previous study of dilepton invariant-mass spectra at
the SPS, and extend the analysis to qT spectra. In par-
ticular, we conduct a detailed analysis of sources at high
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qT , in terms of (i) an improved treatment of ρ decays
at thermal freezeout (which are subject to maximal blue
shift due to transverse flow), (ii) a component of pri-
mordial (hard-produced) ρ mesons subject to energy loss
when traversing the medium (using high-pT pion spec-
tra as a guideline), (iii) Drell-Yan (DY) annihilation in
primordial N -N collisions which we extrapolate to small
mass by imposing constraints from real photon produc-
tion, and (iv) meson t-channel exchange contributions
to the thermal production rate which are not included
in the many-body vector-meson spectral functions (but
which have been found to be a significant source at high
qT in real photon production [11])1. Another interest-
ing issue which has received little attention thus far is
how uncertainties in the critical temperature and hadro-
chemical evolution of the fireball affect dilepton spectra.
For hadro-chemical freezeout we investigate the sensitiv-
ity to temperatures in the range Tch ≃ 160-175MeV, rep-
resentative for top SPS energy according to recent ther-
mal model analyses [21, 22]. In connection with updates
of lattice-QCD results indicating a critical temperature
up to Tc ≃ 190-200 MeV [23], this, in particular, opens
the possibility of a chemically equilibrated hot and dense
hadronic phase for, say, T = 160-190 MeV, which we
also consider. We furthermore conduct a quantitative
study of effective slope parameters of the NA60 qT spec-
tra, where the investigations of the fireball chemistry are
supplemented with variations of the transverse flow ve-
locity. Finally, we revisit the consequences of our fireball
refinements on our previous evaluations [24] of dielec-
tron spectra as measured by CERES/NA45 in semicen-
tral Pb-Au collisions [4], as well as recent data in central
Pb-Au [25].

Our article is organized as follows: in Sec. II we recall
the main ingredients of our approach to calculate thermal
emission rates, based on the e.m. spectral function in the
vacuum (Sec. II A), followed by discussing medium effects
on hadronic emission at low mass (due to in-medium ρ,
ω and φ spectral functions; Sec. II B) and at intermedi-
ate mass (due to finite-T chiral mixing; Sec. II C); a new
element not included in previous spectral-function cal-
culations are t-channel meson-exchange reactions which
therefore are elaborated in more detail in Sec. IID, while
we will be brief on partonic emission from a Quark-Gluon
Plasma (Sec. II E). In Sec. III we evaluate nonthermal
dilepton sources: ρ-meson decays at thermal freezeout
(whose decay kinematics differ from thermal radiation;
Sec. III A), an estimate of primordial ρ’s at large qT
(which do not thermalize; Sec. III B), and Drell-Yan an-

1 Note that contributions (ii)-(iv) have little bearing on the inclu-
sive invariant-mass spectra which are predominantly populated
by low-momentum sources with qT . 1 GeV. Therefore, the in-
clusion of these contributions does not upset our earlier descrip-
tion of inclusive M spectra in terms of thermal radiation and
freezeout ρ’s. Initial results of these studies have been reported
in Refs. [19, 20].

nihilation (with an extrapolation to low mass; Sec. III C).
In Sec. IV we recollect the ingredients to our thermal fire-
ball model for the space-time evolution of the medium in
heavy-ion collisions, including variations in hadrochem-
ical freezeout and critical temperature. In Sec. V we
implement all dilepton sources into the fireball to com-
pute dimuon invariant-mass (Sec. VA) and transverse-
momentum spectra (Sec. VB) in comparison to NA60
data; the effect of hadrochemistry and Tc on NA60 spec-
tra is worked out in Sec. VC, followed by a slope analysis
of qT spectra (Sec. VD) in the context of which we also
investigate different radial flow scenarios; the improve-
ments in the fireball and dilepton source description as
deduced from the NA60 data are confronted with previ-
ous and new CERES/NA45 data in Sec. VE. Sec. VI
contains a summary and conclusions.

II. THERMAL DILEPTON RADIATION

A. Emission Rate and Electromagnetic Spectral
Function

In thermal equilibrium the rate of dilepton emission
per four-volume and four-momentum can be related to
the hadronic e.m. spectral function as [26]

dNll

d4xd4q
=− α2

3π3

L(M2)

M2
ImΠµ

em,µ(M, q;µB, T )

× fB(q0;T ) ,

(1)

which in this article we will refer to as thermal dilep-
tons (or thermal radiation). The retarded e.m. current-
current correlator is given by

Πµν
em(q) = i

∫
d4xeiqσx

σ

Θ(x0) 〈[Jµ
em(x),J

ν
em(0)]〉 , (2)

where α=e2/(4π)=1/137 denotes the fine structure con-
stant, M2 = q20 − q2 the dilepton invariant mass squared
with energy q0 and three-momentum q, and fB(q0;T )
the thermal Bose distribution function (T : temperature,
µB: baryon chemical potential). The final-state lepton
phase space factor,

L(M) =

(
1 +

2m2
l

M2

)√
1− 4m2

l

M2
, (3)

depends on the lepton mass, ml=0.511(105.6) MeV for
electrons (muons; l = e, µ), but quickly approaches one
above threshold,M = 2ml (e.g., L(M = 0.3 GeV) = 0.89
for dimuons).
In the vacuum, the e.m. spectral function, ImΠem(M),

is well known from e+e− annihilation into hadrons. It
is characterized by the light vector resonances ρ(770),
ω(782) and φ(1020) at low mass (vector dominance model
(VDM)) and a perturbative quark-antiquark continuum
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at higher mass,

ImΠem =





∑
V=ρ,ω,φ

(
m2

V

gV

)2
ImDV , M . Mdual

−NcM
2

12π (1 + αs

π + . . . )
∑
i

(ei)
2, M & Mdual

(4)
(Nc = 3: number of colors, αs: strong coupling con-
stant, ei: the electric quark charge in units of the elec-
tron charge, and i is running over up, down and strange
quark flavors for M < 3 GeV). Mdual ≃ 1.5 GeV signifies
a “duality” scale above which the total cross section for
e+e− → hadrons (and thus the strength of ImΠem) es-
sentially behaves perturbatively with little impact from
subsequent hadronization. Since the hadronic final state
in e+e− annihilation approximately resembles a thermal
medium (except for strangeness), time-reversal invari-
ance of strong and electromagnetic interactions implies
that, to leading order in temperature, the equilibrium
dilepton emission rate of hadronic matter is determined
by the free e.m. correlator, Πvac

em , cf. also Refs. [9, 27].
In the hadronic basis, the e.m. spectral function is

dominated by the isovector (ρ) channel while the isoscalar
channels are suppressed. The SU(3)-flavor quark model,
e.g., predicts a weighting of 9:1:2 for the e.m. cou-
plings of ρ, ω and φ, respectively. These values are
roughly in line with the electromagnetic decay widths

ΓV→ee = 4πα2

3 mV /g
2
V = 7.0, 0.60 and 1.27 keV for

ρ, ω and φ, respectively (the empirical values of the φ
width should be corrected for phase space by the ratio
mω/mφ=0.77).
The vector-isovector channel furthermore provides the

most direct link to chiral symmetry: under chiral ro-
tations, the ρ channel transforms into the axialvector-
isovector (a1) one. Thus, the a1 is commonly identified
as the chiral partner of the ρ.2 The pertinent spectral
functions in free space have been accurately measured
in hadronic τ decays [29, 30], cf. Fig. 1, and evaluated
in terms of chiral order parameters (fπ, four-quark con-
densates) using Weinberg sum rules [31, 32]. To leading
order in temperature (i.e., for a hot pion gas), the mu-
tual in-medium modifications of vector and axialvector
channels can be inferred from chiral symmetry alone, as
will be discussed in Sec. II C below.
The main objective for the remainder of this Section

is a realistic evaluation of the in-medium e.m. spectral
function. In the LMR, we assume that vector domi-
nance remains valid in the medium. Our calculations
of the V -meson spectral functions, AV = −2 ImDV ,
utilize effective hadronic Lagrangians, where the inter-
action vertices and coupling constants are constrained

2 An alternative has recently been suggested in Ref. [28] in terms
of the “Vector Manifestation” (VM) of chiral symmetry, where
the chiral partner of the (longitudinal) ρ is identified with the
pion.
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FIG. 1: (Color online) Free isovector-vector (upper panel)
and -axialvector (lower panel) spectral functions as measured
in hadronic τ -decays [29], compared to fits with three- and
four-pion contributions (the two-pion piece follows from the
previously calculated ρ propagator [33]).

by gauge and chiral symmetry, as well as empirical de-
cay and scattering data. Medium effects are calculated
within hadronic many-body theory without introducing
explicit medium dependencies of the bare parameters in
the Lagrangian (which require information beyond the
effective hadronic theory). A careful comparison of our
predictions for dilepton spectra in heavy-ion collisions
with experiment can then serve as a basis for identifying
medium effects that go beyond the hadronic many-body
framework.

B. Hadronic Emission at Low Mass: In-Medium
Vector Mesons

Since the prevalent role in the LMR of the e.m. cor-
relator is played by the ρ meson, the latter has been
the main focus for studying in-medium effects in thermal
dilepton production. However, with the current precision
of the NA60 dilepton data on the 10-20% level, thermal
emission from ω and φ decays becomes relevant. Their
contributions are an inevitable consequence of the forma-
tion of a thermal medium, and we therefore incorporate
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them along with pertinent medium modifications.
Within the VDM the in-medium e.m. correlator in the

LMR remains directly proportional to the vector-meson
spectral functions as in Eq. (4). The key objective is
then to calculate the vector-meson selfenergies at finite
temperature and baryon density (̺B), ΣV , figuring into
the propagator as

DV =
1

M2 − (m
(0)
V )2 − ΣV P − ΣVM − ΣV B

. (5)

Here, m
(0)
V denotes the bare mass, and the selfenergy

contributions are classified into three types: (i) medium
modifications of the pseudoscalar meson cloud, ΣV P

(P = ππ, 3π or KK̄ for V = ρ, ω or φ, respectively),
and direct interactions of V with (ii) mesons and (iii)
baryons from the surrounding heat bath, ΣVM and ΣV B.
One should also note that without the implementation of
a phase transition into a realistic hadronic model (which
has not been achieved thus far), many-body calculations
are to be considered as an extrapolation beyond a cer-
tain temperature and/or density. We estimate that, un-
der SPS conditions, our approach should be reliable up
to temperatures of about T ≃ 150 MeV, where the to-
tal hadron density amounts to about ̺h ≃ 2̺0 (with
a net-baryon density of about 0.7̺0), while it has in-
creased to about 5̺0 at the expected phase boundary at
Tc ≃ 175 MeV. In the following we briefly recall the con-
struction of, and constraints on, the underlying effective
Lagrangians.

1. ρ Meson

The first step in the calculation of a realistic ρ propa-
gator is a proper description of its coupling to the pion
cloud in vacuum (giving rise to its two-pion decay width,
Γρππ(mρ) ≃ 150 MeV). A suitable chiral effective La-
grangian can be obtained by, e.g., introducing the vec-
tor fields as local gauge fields into the chiral pion La-
grangians and implementing the photon field via vector
dominance [34, 35],

Lπργ =gρ~ρµ · (~π × ∂µ~π)

− 1

2
g2ρ
[
~ρµ · ~ρµ~π2 − ~ρµ · ~π~ρµ · ~π

]

+
em2

ρ

gρ
Aµρ

µ
3 .

(6)

The pertinent two-pion and one-pion-tadpole diagrams
specify the ρ’s pion cloud in the vacuum with a transverse
selfenergy (using a proper regularization procedure). The
coupling constant, gρ, a cutoff parameter, Λρ (to ren-

der the pion loops finite), and the bare ρ-mass, m
(0)
ρ ,

can be readily adjusted to reproduce P -wave π-π scat-
tering phase shifts and the pion e.m. formfactor in free

space [33]. This model also predicts the two-pion part of
the τ -decay data well, cf. Fig. 1.

Based on the above model in the vacuum, we adopt
the in-medium ρ propagator from the hadronic many-
body approach developed in Refs. [24, 33, 36], to which
we refer the reader for more details. Modifications of
the pion cloud are induced by an in-medium π propa-
gator which is dressed with standard NN−1 and ∆N−1

excitations in nuclear matter, supplemented with appro-
priate vertex corrections to maintain a conserved vec-
tor current. While the calculations of nuclear pion-cloud
modifications are often restricted to the case of vanishing
ρ three-momentum (“back-to-back” kinematics), we here
employ the extension to finite three-momentum worked
out in Ref. [33]. This is particularly important in that it
enables (i) to constrain the corresponding medium effects
by nuclear photo-absorption data [37] and πN → ρN
scattering, and (ii) a meaningful application to dilepton
transverse momentum spectra. At finite temperature,
where a (large) fraction of nucleons is thermally excited
into baryons, only the nucleon density should be em-
ployed. To account for (i) πBN−1 excitations into higher
resonances and (ii) πB2B

−1
1 excitations (B1 6= N), an

“effective” nucleon density ̺effN ≡ ̺N + 0.5̺B (B 6= N)
has been used in the pion propagators [24] (we estimate
the uncertainty implied by this prescription to be about
±10%). In addition, effects of antibaryons are added by
multiplying ̺effN with a factor (1 + p̄/p) where p̄/p de-
notes the measured antiproton-to-proton ratio (this is a
small correction at SPS energies but becomes essential at
RHIC [38]). The modifications of the pion cloud induced
by a pion gas have been found to be rather small in vari-
ous analyses [39, 40, 41, 42, 43]. A large part of the pion-
gas effect is already provided by the Bose enhancement
factor, [1 + fπ(ω1) + fπ(ω2)] [41], while low-energy π-π
interactions are suppressed by chiral symmetry. The for-
mer is included in the present calculations, but the latter
are neglected (being much weaker than baryon-induced
effects).

Direct interactions of the (bare) ρ with baryons and
mesons have been approximated by resonance interac-
tions (pion-exchange interactions, including spacelike pi-
ons, are implicit in the nuclear modifications of the pion-
cloud part). For ρ + N → B (i.e., ρBN−1 excita-
tions), this includes both S-wave scattering into negative-
parity baryons and P -wave scattering into positive-
parity baryons, with B = N(1520), ∆(1620), ∆(1700)
and N, ∆(1232), N(1440), N(1720), ∆(1905), N(2000),
respectively. An estimate of the involved couplings and
cutoff parameters can be obtained by reproducing the
empirical B → ρN, γN decay widths, but more reliable
constraints follow from comprehensive scattering data.
For the present model, in addition to hadronic decay
branchings, cold nuclear matter effects induced in both
the pion cloud and via resonant ρ-N interactions have
been checked against total photoabsorption cross sections
on the nucleon and nuclei [37], as well as πN → ρN
scattering data [1, 44]. Whereas γN and ρN scattering
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relates to the low-density limit of the ρ-spectral func-
tion, γA data constrain ImDρ(M → 0, q) close to nu-
clear saturation density, ̺0 = 0.16 fm−3. For the finite-
temperature case, excitations on hyperons of the type
ρY2Y

−1
1 are incorporated for Y1 = Λ(1115), Σ(1192) and

Y2 resonances with quantum numbers equivalent to the
nonstrange sector and appreciable empirical decay widths
into ρ’s and/or photons. ρB2B

−1
1 excitations on ther-

mally excited nonstrange baryons (e.g., ∆(1930)∆−1) are
included but turned out to be small.

In the meson gas, direct ρ-M interactions on ther-
mal mesons (M = π, K, ρ) have been scrutinized in
Ref. [45], again based on s-channel resonance dominance,
ρM → R, and with pertinent Lagrangians satisfying ba-
sic requirements of vector-current conservation and chiral
symmetry. As in the case of excited baryons, the cou-
plings and cutoffs have been estimated from combined
hadronic and radiative decay widths. The most impor-
tant contributions to the ρ propagator arise from axi-
alvector mesons, R = a1(1260) (chiral partner of the ρ),
h1(1170) and K1(1270), as well as the ω(782).

Another valuable consistency check for the in-medium
properties of hadrons are QCD sum rules. The latter
relate a dispersion integral over a spectral function to
an operator product expansion (OPE) for the correla-
tion function at spacelike four-momenta, qµq

µ < 0. The
nonperturbative coefficients of the OPE involve quark
and gluon condensates whose in-medium modifications
reflect upon (an energy integral over) the spectral func-
tion. Generically, a reduction of the condensates leads
to a softening of the spectral function, i.e., a shift of
strength to lower mass. However, as has been elaborated
in Ref. [46] for the case of cold nuclear matter, the ad-
ditional low-mass strength in the in-medium ρ spectral
function can be due to both a reduced mass or a broaden-
ing of the width, or a combination thereof. The pertinent
“allowed band” for width and mass values at normal nu-
clear matter density has been quantified in Ref. [46]. For
the ρ spectral function employed here [24], one finds a
mass and width of (mρ,Γρ)|̺0 ≃ (820, 450) MeV at nu-
clear saturation density and vanishing three-momentum.
These values turn out to be consistent with the band de-
rived in Ref. [46] (cf. middle panel of Fig. 2 in there),
but more extensive (i.e., different densities and temper-
atures) and quantitative comparisons are certainly desir-
able (e.g., the low-mass strength (shoulder) in the ρ spec-
tral function which is induced by “Pisobar” (π∆N−1)
and “Rhosobar” (ρBN−1) excitations, cannot be rep-
resented in Breit-Wigner form as underlying Ref. [46]).
However, at this point, there is no indication for changes
in the bare parameters in the Lagrangian, i.e., at nuclear
saturation density hadronic many-body effects saturate
the reduction of quark and gluon condensates as required
by QCD sum rules.

The ρ-spectral functions under fireball conditions rep-
resenting the evolution of the hadronic phase at full SPS
energy (

√
s = 17.3 AGeV) are displayed in the upper

panel of Fig. 2. The resonance strongly broadens with lit-
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FIG. 2: (Color online) In-medium spectral functions of ρ
(upper panel), ω (middle panel) and φ (lower panel) under
conditions representative for the time evolution of heavy-
ion collisions at full SPS energy: (µN , µπ , µK , T ) [MeV] =
(232, 0, 0, 175), (331, 39, 62, 150), (449, 79, 136, 120) and vac-
uum for the dotted, short-dashed, long-dashed and solid lines,
respectively.

tle, if any, mass shift, essentially leading to its “melting”
close to the expected phase boundary. These features are
a rather generic consequence of a multilevel excitation
spectrum in which real parts occur with altering signs
while imaginary parts are negative definite and strictly
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add up. Also note the development of a pronounced low-
energy strength around M = 0.4 GeV which leads to a
very large enhancement over the vacuum spectral func-
tion (and will be augmented by thermal Bose factors in
the dilepton rate). At lower temperatures, the presence
of meson-chemical potentials (for π, K, η) implies higher
meson and baryon densities than in chemical equilibrium
at a given temperature, entailing stronger medium ef-
fects. The build-up of the chemical potentials (necessary
to preserve the experimentally observed hadron ratios
throughout the hadronic cooling) therefore facilitates the
observation of in-medium effects in the dilepton spectra.
A strong broadening of the ρ in hot and dense matter
has also been reported in other calculations at finite T
and ̺B [47, 48].
The in-medium ρ-spectral function has been rather ex-

tensively employed to calculate dilepton spectra in heavy-
ion collisions. At full SPS energy it has been imple-
mented into fireball models [24, 36], transport simula-
tions [49] and hydrodynamic evolutions [50], with fair
success (and consistency) in describing CERES/NA45
data in central and semicentral Pb-Au collisions [4].
When averaged over a typical space-time evolution, the
in-medium ρ width at SPS amounts to Γmed

ρ ≃ 350-
400 MeV, almost three times its vacuum value, implying
Γρ(Tc) ≃ mρ when extrapolated to the expected QCD-
phase boundary. Despite an experimental pion-to-baryon
ratio of ∼ 5 : 1, medium effects induced by baryons have
been identified as essential at SPS energies early on [36].
This has led to the prediction of an even larger excess
at lower beam energies, which was tentatively confirmed
in a 40 AGeV Pb+Au run of CERES/NA45 [5] (albeit
with rather large errors). The lightlike limit of the ρ-
spectral function has been applied to calculate thermal
photon spectra [11], supplemented with meson-exchange
reactions which are not included in ImDρ (these become
significant at momenta above 1 GeV and will be discussed
in Sec. IID below). After convolution over the same fire-
ball model as used for dileptons, the direct-photon excess
observed byWA98 in central Pb-Pb reactions at SPS [10],
as well as by PHENIX in central Au-Au collisions at
RHIC [51], can be reasonably well accounted for (with ad-
ditional primordial and QGP photon sources, the latter
being subdominant at SPS). The in-medium ρ-spectral
function following from hadronic many-body theory [24]
has thus passed a rather wide range of both theoretical
and phenomenological tests, in both cold nuclear as well
as hot hadronic matter.

2. ω Meson

Medium effects on the ω have received less attention so
far, especially in the context of ultrarelativistic heavy-ion
collisions (URHICs) where its dilepton decays are domi-
nated by free decays after thermal freezeout (commonly
referred to as a “cocktail” contribution). We here adopt
the same approach as for the ρ, following Ref. [38]. In

the vacuum, the hadronic ω width, Γω→3π, is composed
to approximately equal parts of a direct ω → 3π and a
ω → ρπ coupling, represented by anomalous terms in the
interaction Lagrangian,

Lωρπ = Gωρπ ǫµνστ ω
µ ∂ν~ρσ · ∂τ~π , (7)

Lω3π = Gω3π ǫµνστ ω
µ (∂ν~π × ∂σ~π) · ∂τ~π . (8)

With a hadronic formfactor cutoff-parameter, Λωρπ =
1 GeV, and using the VDM [45], one finds for the ra-
diative decay width Γω→πγ = 0.72 MeV which approx-
imately agrees with the updated experimental value of
0.76± 0.03 MeV [52].
In cold nuclear matter, the renormalization of the π-ρ

cloud has been found to be rather sensitive to the medium
effects on the ρ [38, 48, 53, 54], which is due to the
fact that the ω → πρ(→ πππ) decay proceeds via the
low-mass tail of the ρ-spectral function below its nomi-
nal mass of 770 MeV. In Ref. [53] 80% of the estimated
in-medium broadening at nuclear saturation density is
attributed to the in-medium ρ spectral function (taken
from Ref. [33]), resulting in ΓωP (̺0) ≃ 60 MeV. Like-
wise, a large contribution to second order in the nuclear
density, O(̺2N ), to ΓωP (̺N ) arises due to the simultane-
ous dressing of both π and ρ [54]. Following Ref. [38], we
restrict ourselves to the impact of the in-medium ρ by
folding the phase space in the ω → πρ-decay width over
the spectral function evaluated in the previous section,

Γω→ρπ(s) =
2G2

ωρπ

8π

Mmax∫

0

MdM

π
Aρ(M) 2q3cm

× [1 + fπ(ωπ) + fρ(Eρ)]Fωρπ(qcm)
2 ,

(9)

where Mmax=
√
s−mπ, ω

2
π = m2

π + q2cm, E
2
ρ = M2+ q2cm,

and qcm is the three-momentum of π and ρ in the rest
frame of the ω. In addition we account for cold-nuclear
matter effects due to the two most important direct ω-N
excitations, ωN(1520)N−1 and ωN(1650)N−1, as iden-
tified in Ref. [55] in a coupled-channel analysis of empir-
ical vector-meson nucleon scattering amplitudes. Recent
measurements of π0γ-invariant mass spectra in photon-
induced production off hydrogen and Nb targets have
revealed a low-mass shoulder [56] that has been inter-
preted as reduced ω mass in nuclear matter. However,
this interpretation is not free of controversy and may also
be explained by a large increase of the ω width to about
90 MeV [57]. The latter is compatible with the ω prop-
agator employed in the present paper.
Finite-temperature effects on the ω propagator in-

clude Bose-enhancement factors in the π-ρ cloud, the in-
medium ρ propagator in Eq. (9), a schematic estimate of
the inelastic πω → ππ width based on Ref. [58], and a
full calculation of the thermal ω+π → b1(1235) loop [38].
The predicted average ω width in the hadronic phase of

URHICs is Γmed
ω ≃100MeV [12], cf. middle panel of Fig. 2,

quite consistent with the results of Ref. [59]. This has
the interesting consequence [38] that if dilepton spectra
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in HICs show a structure of ∼100 MeV width in the ρ-/ω
mass region, it would be an unambiguous signature of the
in-medium ω spectral function since it is narrower than
the lower limit given by a free ρ contribution, Γmed

ω <
Γvac
ρ ≃ 150 MeV.

3. φ Meson

For the φ, collision rates in a meson gas have been
estimated to amount to a broadening by ∼ 20 MeV at
T = 150 MeV [60]. The dressing of the kaon cloud is pre-
sumably the main effect for φ modifications in nuclear
matter, increasing its width by ∼ 25 MeV at satura-
tion density [61]. Recent data on φ absorption in nuclear
photoproduction suggest substantially larger values [62].
Since a quantitative, empirically constrained treatment
of the φ in hot and dense matter is not available at
present, we will consider the φ width as a parameter. Fol-
lowing Ref. [15] we augment the microscopic calculations
of Ref. [38] by a factor of 4 to roughly agree with the
phenomenological values extracted from nuclear photo-
production [62]. The corresponding φ spectral functions
under SPS conditions are displayed in the lower panel
of Fig. 2. The average width over the fireball evolution
amounts to Γmed

φ ≃ 80 MeV.

C. Hadronic Emission at Intermediate Mass:
Multi-Pion Annihilation

Above the φ mass, the hadronic structure of the (vac-
uum) e.m. correlator becomes more involved being char-
acterized by overlapping broad resonances which com-
bine into continuum-like multi-meson states (most no-
tably isovector four-pion states), recall Fig. 1. To es-
timate medium effects in this regime, we take recourse
to model-independent predictions following from a low-
temperature expansion evaluated using chiral-reduction
techniques for the corresponding matrix elements involv-
ing thermal pions. This method has been first worked
out in Ref. [63] in the chiral limit (mπ = 0) and leads to
the chiral mixing formula for the isovector part of vector
and axialvector correlators,

ΠV (q) = (1− ε) Πvac
V (q) + ε Πvac

A (q) ,

ΠA(q) = ε Πvac
V (q) + (1− ε) Πvac

A (q) .
(10)

The mixing coefficient ε is determined by pion tadpole
diagrams via a loop integral

ε =
2

f2
π

∫
d3k

(2π)3ωπ
k

fπ(ωπ
k ;T ) (11)

(ωπ
k : on-shell pion energy, fπ = 93 MeV: pion decay con-

stant). For ε → 1/2, V and A correlators degenerate sig-
naling chiral-symmetry restoration (at Tmix

c ≃160 MeV).
Note that the admixture of the axialvector part in the

M = 1-1.5 GeV region (which corresponds to the a1 res-
onance) fills in the “dip” structure of the vector corre-
lator (recall Fig. 1); for ε → 1/2 both spectral func-
tions merge into the perturbative-QCD continuum for
M ≥ 1 GeV which has been interpreted [1] as a lower-
ing of the quark-hadron duality scale, Mdual, cf. Eq. (4).
The simple form of Eq. (10) only holds in the soft-pion
limit, i.e., when neglecting the pion four-momenta in
ΠV,A. More elaborate treatments [64, 65] will broaden
and somewhat reduce the enhancement in the M ≃ 1-
1.5 GeV region [66]. We here implement the mixing ef-
fect on the (isovector) four-pion part utilizing Eq. (10)
with a mixing parameter ε̂ = 1

2ε(T, µπ)/ε(Tc, 0) with fi-
nite pion mass (mπ = 139.6 MeV), critical temperature,
Tc, and pion chemical potentials (µπ > 0) implemented
as an overall fugacity factor, zπ = eµπ/T , in Boltzmann
approximation (µπ varies according to the thermal fire-
ball evolution discussed in Sec. IV below). The two-pion
piece, as well as the three-pion piece corresponding to
a1 decay, a1 → π + ρ, have been removed as they are
included via the ρ-spectral function as discussed above.
A detailed analysis of the derivation of Eq. (10) in the
presence of a finite pion-chemical potential leads to the
following expression for the mixing effect on the vector-
isovector current correlation function:

ΠV (q) =(1− ε̂)z4πΠ
vac
V,4π +

ε̂

2
z3πΠ

vac
A,3π +

ε̂

2
(z4π + z5π)Π

vac
A,5π .

(12)

D. Hadronic Emission at High Momentum: Meson
t-Channel Exchange

As discussed in the Introduction, a current discrepancy
in the theoretical description of the NA60 data concerns
the dilepton yield at high transverse pair-momentum,
qT > 1 GeV, for masses M ≤ 1 GeV. It is therefore
important to scrutinize the vector-meson spectral func-
tion calculations for high momentum sources. The latter
are typically associated with t-channel meson exchanges,
rather than s-channel resonances whose decay products
are suppressed at momenta far off the resonance. In the
spectral-function approach, t-channel exchange processes
are encoded in medium modifications of the pseudoscalar
meson cloud. As elaborated in Sec. II B 1, the pion-cloud
modifications of the ρ explicitly include interactions with
baryons, but not with thermal mesons. Consequently,
t-channel meson exchanges are present for ρB interac-
tions, but not for ρπ. E.g., the experimental πN → ρN
cross section is properly reproduced at large

√
s where t-

channel π exchange dominates. Indeed, it has been found
in Ref. [11] in the context of thermal photon production
that t-channel exchanges in ρ+ π → π + γ outshine the
contributions from the ρ-spectral function at momenta
above ∼1 GeV for T = 200 MeV (at smaller tempera-
tures the importance of t-channel exchanges is reduced).
Most notably, ω exchange emerged as the single most
important hadronic high-qT thermal photon source.
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FIG. 3: The Feynman diagram corresponding to the annihi-
lation of a ρ meson via ω-meson exchange in the t channel.

To estimate the relevance of t-channel exchanges in πρ
scattering for thermal dileptons, we adopt the same sim-

plified treatment as in Ref. [11], properly extended to a
finite invariant mass of the virtual photon (lepton pair):
rather than implementing the pertinent diagram into the
ρ selfenergy, we employ the standard kinetic theory ex-
pression for the thermal production rate

dN
(t-ch)
πρ→πll

d4xd4q
=

∫
d3p1

2ωρ
p1(2π)

3

∫
d3p2

2ωπ
p2
(2π)3

∫
d3p3

2ωπ
p3
(2π)3

× (2π)4δ(4)(p1 + p2 − p3 − q)
∑

|Mπρ→πll|2

× [1 + zπf
B(ωπ

p3
;T )]

z3πf
B(ωρ

p1
;T )fB(ωπ

p2
;T )

4(2π)6
,

(13)

which allows to calculate the contribution for π + ρ →
π+ l++ l− in terms of the corresponding matrix element,
Mπρ→πll, in Born approximation. The latter substan-
tially facilitates the task of maintaining gauge invariance.
For the ρωπ vertex, the anomalous-coupling Lagrangian,
Eq. (7), is used to calculate the matrix element,

∑
|Mωt|2 =

4π2αg4ρωπC
2

M2
(m(0)

ρ )4|Dρ(M)|2 1

|t−m2
ω|2

L(M)Θ(M − 2ml)

× {(M2 −m2
π)

2(m2
π −m2

ρ)
2 − 2t[m2

π(M
2 −m2

ρ)
2 + (M2 −m2

π)(m
2
ρ −m2

π)s]

+ t2[(M2 + 2m2
π +m2

ρ)
2 − 2(M2 + 2m2

π +m2
ρ)s+ 2s2]− 2t3(M2 + 2m2

π +m2
ρ − s) + t4} ,

(14)

corresponding to the Feynman diagram depicted in
Fig. 3; M denotes the invariant mass of the lepton pair;
s = (p1+p2)

µ(p1+p2)µ and t = kµkµ are the usual Man-
delstam variables with kµ = (p3 − p1)

µ the exchanged
four-momentum. The ρ-γ vertex has been written in the
form [45]

Lργ = −Cm2
ρAµρ

µ (15)

where C = e/gρ = 0.052. Medium effects on the ρ meson
are implemented by using the full in-medium propagator,
Dρ(M), for the intermediate ρ meson which couples to
the photon (upper ρ line in Fig. 3, with M2 = q2) and by
folding Eq. (14) over the in-medium spectral function for
the incoming ρ (lower ρ line in Fig. 3, with m2

ρ = p21 and
a weight −2mρ/π ImDρ(mρ)). To avoid double counting
with the ω s-channel graph already included in the in-
medium ρ-selfenergy, the integral in Eq. (13) is restricted
to spacelike ω-exchange momenta, i.e., t < 0. The cou-
pling constant, gρωπ = 25.8 GeV−1, has been fixed in [45]
by a simultaneous fit to the hadronic and radiative ω de-
cays including a hadronic dipole-form factor,

F (t) =

(
2Λ2

2Λ2 − t

)2

, (16)

with Λ = 1 GeV. To maintain gauge invariance in a sim-

plified way as in Ref. [11], we pull the formfactor outside
the integral and introduce an average momentum trans-
fer, t̄ (adapted to the finite mass of the virtual photon),
according to

F 4(t̄)

(m2
ω − t̄)2

=
1

2

1∫

−1

dx
F 4[t(x)]

[m2
ω − t(x)]2

, (17)

t(x) = M2 +m2
π − 2(M2 + q2 − qpx) . (18)

The amplitude, Eq. (14), is then multiplied by F 4(t̄).
Eq. (13) furthermore accounts for pion fugacity factors,
zπ due to finite pion chemical potentials, implemented in
Boltzmann approximation (e.g., for the incoming π and ρ
this amounts to a total fugacity of z3π). In Fig. 4 we sum-
marize our results for the ω t-channel emission rate, in-
tegrated over three-momentum, for conditions along our
default trajectory for In(158 AGeV)+In collisions at SPS
(including finite µπ). The upper panel illustrates that the
implementation of the in-medium ρ propagator (which
was not done in Ref. [11]) leads to a notable reduction
in the emission rate, which is mostly due to the reduc-
tion in the intermediate ρ propagator, |Dρ(M)|2. We
have verified that medium effects on the ω propagator are
negligible (in the spacelike regime finite-width effects are
insignificant as long as Γω ≪ mω). In the middle panel,
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FIG. 4: Three-momentum integrated thermal emission rates
from ω t-channel exchange in the πρ → πe+e− reaction. Up-
per panel: comparison of the rates when using either the free
or the in-medium ρ propagators in both the matrix element
and the incoming ρ-mass distribution. Middle panel: compar-
ison of the in-medium ω t-channel rates with thermal rates
from the full in-medium ρ spectral function. Lower panel:
same as middle panel, but restricting the momentum integra-
tion to q > 1 GeV. All curves for T=150 MeV and 120 MeV
include pertinent pion fugacities at µπ = 39 MeV and 79 MeV,
respectively.

the comparison of the in-medium ω t-channel rates to
the ones from the full in-medium ρ spectral function [24],
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FIG. 5: Mass-integrated dilepton rates as a function of three-
momentum for ω t-channel exchange in πρ → πe+e− (com-
puted with in-medium ρ propagators) and the leading con-
tribution from the full in-medium-ρ spectral function. As in
Fig. 4, the results for T=150 MeV include pion fugacity fac-
tors.

based on Eq. (1), confirms that the former contribution
is indeed small in magnitude. However, if one applies a
three-momentum cut of q > 1 GeV (lower panel), the rel-
ative magnitude of the t-channel contribution increases,
as anticipated at the beginning of this section. But even
in this case the relative strength of the ω t-channel ex-
change is rather moderate. The increasing contribution
at higher momentum can be more directly seen when in-
tegrating the rate, Eq. (13), over invariant mass bins and
plotting it versus q, cf. Fig. 5.

As indicated above, in our calculations of dilepton
spectra in Sec. V, we will implement the ω t-channel emis-
sion rate, Eq. (13), by an incoherent addition to the main
contribution, Eq. (1). This neglects interference terms in
the pertinent selfenergy contribution in the (denomina-
tor of the) ρ spectral function, which is justified due to
the relative smallness of the ω t-channel part. To simu-
late the presence of other t-channel processes (e.g., π and
a1 exchange), guided by the photon rate calculations of
Ref. [11], we will multiply the ω t-channel contribution
by a factor of 2 in our calculation of dilepton spectra
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below.

E. Partonic Emission: Quark-Antiquark
Annihilation

Emission from the QGP is calculated using the hard-
thermal-loop improved rate for qq̄ annihilation [67], in-
cluding an extrapolation to finite three-momentum. It
turns out [68] that this rate has the conceptually at-
tractive feature that it closely coincides with the rate in
hadronic matter when both are extrapolated to the ex-
pected phase-transition region. This is suggestive for a
kind of quark-hadron duality [24] and has the additional
benefit that the emission from the expanding fireball can
be anticipated to become rather insensitive to details of
how the phase transition is implemented (e.g., to the val-
ues for the critical temperature or “latent heat”). This
point will be studied explicitly in Sec. VC below.
Recent (experimental and theoretical) developments

suggest that the QGP features significant nonperturba-
tive effects for temperatures up to ∼1.5-2Tc, e.g., the sur-
vival of (hadronic) resonances and/or bound states, even
in the light-quark sector. Possible consequences for the
dilepton emission rate have been estimated in Ref. [69].
Depending on the width of these states, a maximal en-
hancement of up to a factor of ∼ 2 over the perturbative
QGP emission rate at intermediate masses (i.e., in the
mass range of 1.5-2 GeV) is conceivable. We will not
further pursue this possibility in the present paper.

III. DILEPTON SOURCES OTHER THAN
THERMAL RADIATION

In this section we address dilepton sources other than
radiation from a thermal source as given by Eq. (1), i.e.,
ρ decays after thermal freezeout, decays of primordially
produced ρ mesons which escape the fireball, and pri-
mordial Drell-Yan annihilation. For simplicity, we generi-
cally refer to these sources as “non-thermal”, even though
the freezeout decays, e.g., are represented by thermal
“blast-wave” spectra commonly used to characterize light
hadron spectra in heavy-ion collisions.

A. ρ Mesons at Thermal Freezeout

Dilepton decays of long-lived hadrons (most notably
Dalitz decays of η and ω, as well as exclusive l+l− de-
cays of ω and φ) can be rather well separated from the
freezeout of the interacting fireball in heavy-ion collisions,
which has given rise to the notion of the “hadronic decay
cocktail” contribution to dilepton spectra, computed us-
ing the free spectral shape of the decaying mesons. For
the ρ meson, due to its short lifetime, such a separation
is not well defined. Therefore, when adding thermal ra-
diation to the cocktail, the ρ is commonly removed from

the latter and implemented into the thermal yield. In
previous works [15, 24, 36] this was done by running the
fireball an extra ∼1 fm/c using the in-medium ρ spec-
tral function. It turns out [19, 20], however, that this
description of ρ decays at thermal freezeout carries an
extra factor of 1/γ relative to a standard blast-wave spec-
trum of hadrons at thermal freezeout, where γ = q0/M
is the usual Lorentz factor. Roughly speaking, the in-
medium radiation given by Eq. (1) is proportional to the
electromagnetic decay width times the fireball lifetime,
(Γll/γ)τFB, while decays after freezeout are proportional
to the branching ratio of electromagnetic to total life-
time, Γll/Γ

fo
ρ , where the γ factor cancels (as usual, we

define ΓX as the partial decay width in the rest system
of the particle). The remainder of this section will give
a more detailed discussion of this.
To account for the correct time dilation effects in the

calculation of dilepton decays of ρ-mesons after ther-
mal freezeout, we use the standard Cooper-Frye descrip-
tion [70],

dN = qµdσ
µ d3q

(2π)3q0
fB

(
qνu

ν

T

)
, (19)

for the phase-space distribution of an on-shell particle
(qµq

µ=m2) at thermal freezeout; T and uν = γ(1, β⊥)
denote the local temperature and four velocity (flow) of
the fluid cells of the medium, and dσµ is the hypersur-
face normal vector defined by an appropriate freezeout
condition. In accordance with the homogeneous fireball
model described in Sec. IV, thermal freezeout at a con-
stant time t = x0 in the laboratory frame is assumed, i.e.,
(dσµ) ≡ (d3x, 0, 0, 0). The in-medium ρ spectral function
at freezeout is introduced via the substitution

d3q

q0
→ d4q 2δ+(qµq

µ −m2) → d4q
Aρ

π
, (20)

where Aρ = −2/3 Im(Dρ)
µ
µ (as before) includes the av-

erage over the three polarizations via the Lorentz trace
which runs over the physical (i.e., four-momentum trans-
verse) components of the propagator. To properly treat
the low-mass tails of the spectral function, one would
have to resolve the individual resonance decays figuring
into the ρ selfenergy. To simplify our task, we circum-
vent this problem by employing the vacuum form of the
ρ selfenergy augmented with a width corresponding to
the full-width-half-maximum of the in-medium spectral
function at thermal freezeout (Γfo

ρ ≃ 260 MeV). The dis-
tribution of ρ mesons at thermal freezeout then reads

dN fo
ρ

d3xd4p
= p0

3Aρ

8π4
fB

(
pνu

ν

T

)
. (21)

In accordance with the averaging procedure over the
freezeout duration, we evaluate the transverse four-
velocity for the freezeout ρ at a time ∆τ foρ /2 ≃ 0.5 fm/c
after the thermal emission, Eq.(1), has shut off. The
dilepton rate follows by folding with the appropriate par-
tial decay width. Within our vector-meson dominance
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model this is given by the matrix element for the process
ρ → γ∗ → l++ l−, and after integration over t ∈ (tfo,∞)
this results in

dN
(fo)
ll

d3xd4q
=

q0

M

α2m4
ρ

g2ρM
2

Aρ

2π3
L(M)fB

(
pνu

ν

T

)
1

Γfo
ρ

=
q0
M

1

Γfo
ρ

(
dNll

d4xd4q

)

t=tfo

,

(22)

where L is the dilepton-phase space factor (3). The
second line of Eq. (22) shows that the momentum de-
pendence of the dilepton distribution from ρ decays af-
ter thermal freeze-out deviates from the rate from a
thermal source (1) by a Lorentz factor γ ≡ q0/M =√
M2 + q2/M . The physical origin of this difference is

the time dilation of the total lifetime of a freeze-out ρ
meson with three-momentum q which is absent in the
formula for radiation from a thermal source, because its
ρ-meson abundance at each instant of time is fixed by the
temperature and pion-chemical potential of the medium
(as required by detailed balance of ρ formation and de-
cay), and thus the total number of thermal dileptons is
determined by the lifetime of the fireball. Note, however,
that the thermal rate is proportional to Γll with an asso-
ciated time dilation factor 1/γ. The freezeout-ρ dilepton
spectra are thus equivalent to standard blast-wave de-
scriptions of stable hadrons [85].
Our default assumption for the radial profile of the flow

field is a linear dependence on the radius according to

β⊥(r, t) = βs
⊥

r

R(t)
, (23)

where R(t) = r0+a⊥t2/2 is the radius of the fire-cylinder,
βs
⊥ = a⊥t its surface speed, and r ≤ R(t) the radial

coordinate of the fluid cell related to the volume ele-
ment d3x = 2πrdrdz (since we neither address azimuthal
asymmetries nor peripheral collisions in this work, we ap-
proximate the cross sectional area of the fire cylinder as
a circle).

B. Primordial ρ Mesons

Another source of non-thermal dileptons is the de-
cay of ρ mesons which originate from primordial hard-
scattering processes and traverse the interaction zone
without equilibrating. We evaluate this contribution
within a schematic jet-quenching model [20], as follows.
First, we construct the qT spectrum of primordial ρ

mesons assuming a power law,

1

qT

dNprim

dqT
=

A

(1 +Bq2T )
a , (24)

with parameters estimated from p-p scattering data [71],
B = 0.525GeV−2 and a = 5.5. The total number of pri-
mordial ρ’s in A-A collision is determined based on the

empirical freezeout systematics of light hadron produc-
tion, i.e., we calculate the expected total number of ρ
mesons in In-In at Tc = 175 MeV and match the norm
of the primordial spectrum, Eq. (24), to it. At the same
time, we have to take care of the correct scaling proper-
ties of the spectrum at high momentum: while the (total)
yield at low qT is proportional to the number of partic-
ipant nucleons, the high-qT yield should scale with the
number of primordialN -N collisions. We implement this
transition by a continuous linear switching between the
two regimes over the range 1 GeV < qT < 3 GeV.
Second, we implement a Cronin effect for A-A collisions

by a “Gaussian smearing” of Eq. (24),

dN cron
prim

d2qT
=

∫
d2kT
π∆k2T

dNprim

d2kT
exp

[
− (qT − kT )

2

∆k2T

]
, (25)

with a conservative estimate of ∆k2T = 0.2 GeV2 as ex-
tracted in Ref. [11] based on direct photon spectra in p-A
reactions.
Third, we calculate a suppression factor representing

the probability for primordial ρ mesons to escape the
medium without rescattering, using Monte Carlo tech-
niques. In line with our fireball model, we start from
a spatially homogeneous distribution in the transverse
plane at the QGP formation time. The escape probabil-
ity for a ρ with momentum q is then calculated as

P = exp

(
−
∫

dt σabs
ρ (t) ̺(t)

)
, (26)

where the absorption cross section

σabs
ρ (t) =

{
σph = 0.4 mb for t < q0/mρ τf
σhad = 5 mb for t > q0/mρ τf

(27)

depends on the ρ-meson formation time in its rest frame,
which is assumed to be τf=1 fm, augmented by Lorentz
time dilation in the fireball frame; σph and σhad denote
the pre-hadronic and hadronic absorption cross sections
of the ρ, respectively, and ̺(t) the corresponding particle
density of the fireball medium (partonic or hadronic; if
the ρ meson has not formed by the time the system has
hadronized, we use constituent quark scaling to infer the
partonic density as ̺p = 3̺had, and vice versa).
A rough check of our construction may be obtained by

comparing the ρ spectra to measured pion spectra in A-A
collisions at the SPS. Since pion spectra contain both a
hard (primordial) and a soft (thermal + flow) component,
a comparison with our ρ spectra should contain both the
primordial part constructed in this section and the ther-
mal freezeout contribution described in the previous sec-
tion, III A. We do this comparison in terms of the nuclear
modification factor, RAA, defined as the ratio of the spec-
trum in A-A collisions over the collision-number scaled
spectrum in p-p. The upper panel of Fig. 6 shows that the
jet-quenching + freezeout-ρ model results in fair agree-
ment with a recent compilation of RAA for pions in S-Au
and Pb-Pb systems from various experiments at full SPS
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FIG. 6: (Color online) Nuclear modification factor for trans-
verse momentum spectra of ρ (upper panel) and π mesons
(lower panel) from primordial (hard) production plus ther-
mal freezeout, compared to a compilation of data for RAA of
pions at full SPS energy [72] for central collisions with the
standard equation of state (EoS-A, full line) and an EoS with
Tch = 160 MeV (EoS-B+C as discussed in Sec. IV, dashed
line). The primordial ρ spectra include effects of initial Cronin
smearing and jet-quenching in the expanding fireball, while
the thermal freezeout ρ’s are taken from Sec. III A (same for
the pions, but without finite-width effects).

energy [72]. As a check of this procedure, as well as of
the fireball model, we plot in the lower panel of Fig. 6 the
calculated pion RAA for central In-In at SPS (as a sum of
the jet-quenching plus thermal-freezeout components) for
central In-In at SPS; the agreement with data is reason-
able (note that resonance decays are not included, which
are mostly concentrated at low qT ).

C. Drell-Yan Annihilation and Correlated Charm
Decays

In the high-mass region (HMR, M > 3 GeV), dilep-
ton spectra in nuclear collisions are expected to be dom-
inated by the Drell-Yan (DY) process, i.e., primordial
annihilation of quarks and antiquarks within the incom-
ing nucleons. To leading order, this process does not

depend on the strong coupling constant (it is purely elec-
tromagnetic, O(α0

sα
2
em)) and can therefore be rather re-

liably evaluated, provided one has a good knowledge of
the parton-distribution functions (PDFs) within the nu-
cleon. In a central collision (b = 0) of two equal nu-
clei with mass number A, the invariant-mass spectrum
of Drell-Yan pairs per unit rapidity is given by

dNAA
DY

dMdy

∣∣∣∣
b=0

=
3

4πR2
0

A4/3 dσNN
DY

dMdy
(28)

in terms of the standard DY cross section in an elemen-
tary nucleon-nucleon (N -N) collision,

dσNN
DY

dMdy
= K

8πα

9sM

∑

q=u,d,s

e2q [q(x1)q̄(x2) + q̄(x1)q(x2)] .

(29)
Here, q(x1,2) and q̄(x1,2) denote the (collinear) quark
and anti-quark distribution functions, respectively (ne-
glecting nuclear effects). Their arguments are related to
the center-of-mass (cms) rapidity, y, and the invariant
mass of the lepton pair as x1,2 = xe±y with x = M/

√
s,

where
√
s is the cms energy of the N -N collision. The

root-mean-squared radius parameter in Eq. (28), R0 ≃
1.05 fm, arises from a folding over a Gaussian thickness
function; for simplicity, we will adopt Eq. (28) also for
non-central collisions with an accordingly reduced num-
ber of participants, A. For the parton distribution func-
tions we employ the leading-order parameterization from
Ref. [73] (GRV94LO), which incorporate isospin asym-
metries in the sea-quark distributions which significantly
reduce the need for additional isospin corrections for nu-
clei with N 6= Z (e.g., less than 5% for Pb-Pb collisions),
which will be neglected here [74]. In Eq. (29) higher-
order corrections in αs are encoded in an empirical K
factor, which turns out to be K ≃ 1.5 to reproduce DY
production in p-A collisions [74].
In addition to generating a K factor, higher-order ef-

fects manifest themselves in a nonzero pair-qT of the DY
dileptons. To obtain a realistic qT spectrum, we follow
the procedure adopted by the NA50 collaboration [7, 8]:
based on a comprehensive analysis of p-A and A-A col-
lisions at the SPS it has been found that the IMR and
HMR dilepton spectra can be fairly well described by
assuming a Gaussian shape for the DY spectrum,

dNDY

dMdydq2T
=

dNDY

dMdy

exp(−q2T /2σ
2
qT )

2σ2
qT

(30)

with σqT ≃ 0.8 − 1 GeV. In Ref. [9], a value of σqT ≃
0.8 GeV has resulted in reasonable agreement with the
NA50 qT spectra for IMR dimuons in central Pb-Pb; for
σqT ≃ 0.9 GeV, which increases the spectrum at qT =
2 GeV by 50%, the agreement with NA50 would still be
acceptable. Here, we adopt σqT ≃ 0.8 GeV providing a
conservative estimate of the DY contribution.
The extrapolation of the DY spectrum to the regions

where both mass and momentum are small (say, below
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M, qT ≃ 1.5 GeV) is problematic, but fortunately its
contribution in this regime is small compared to, e.g.,
thermal emission in A-A collisions. There is, however,
an additional constraint provided by the photon point
(M → 0) which allows to extrapolate the DY spec-
tra to low mass, at least for reasonably large momenta,
qT > 1 GeV (which is the regime were the DY yield is no-
ticeable). Formally, the photon-production rate follows
from the dilepton one by taking the limit M → 0. More
specifically, this is encoded in the relation

q0
dRγ

d3q
= − α

2π2
ImΠµ

em,µ(M = 0, q)fB(q0;T ) (31)

with the same e.m. current-current correlation function,
Πµν

em of Eq. (2), as in the dilepton rate, Eq. (1). For
q ≫ M , the M -dependence of Πem is weak, and the dif-

ference between q0
dNll

dMd3q and q0
dRγ

d3q
amounts to a factor

of 2α
3πM . Thus we can evaluate the DY qT spectrum at a

massMcut and extrapolate it down in mass to the photon
point using the factor Mcut/M . For Mcut=0.8-1 GeV, in
connection with σqT ≃ 0.8 GeV, reasonable agreement
with the primordial photon spectrum of Ref. [11] is found.
In addition, there could be “pre-equilibrium” contri-

butions from secondary Drell-Yan processes [74] (e.g.,
πN → µµX involving primordially produced pions),
which turn out to be rather sensitive to the pion for-
mation time. E.g., for τπform = 1 fm/c, the enhance-
ment over primordial Drell-Yan annihilation in central
S-U was found to be ∼10% at M = 2 GeV. In a ther-
mal emission description, which we employ here after a
rather early thermalization time of τ0 = 1 fm/c, it is dif-
ficult to separate pre-equilibrium radiation from thermal
emission (e.g., secondary Drell-Yan in π-N interactions
might overlap with thermal q-q̄ annihilation). A rough
estimate of pre-equilibrium effects may be obtained by
varying the thermalization time; decreasing, e.g., τ0 to
0.8 fm/c (which is close to the overlap time of the 2 col-
liding nuclei at SPS energies) increases the QGP contri-
bution at qT = 2 GeV by ∼50%, which is less than 10%
of the Drell-Yan contibution at all masses considered.
For the dilepton contribution from correlated decays

of D and D̄ mesons we use the experimental result
from p-p collisions extrapolated to In-In, as provided
by the NA60 collaboration [13]. As a note of caution,
we remark that recent measurements at the Relativistic
Heavy-Ion Collider (RHIC) report substantial modifica-
tions of heavy-quark spectra in Au-Au collisions, rela-
tive to p-p (as inferred from a suppression and elliptic
flow of “non-photonic” single-electron spectra associated
with semileptonic decays of open-charm (and -bottom)
hadrons) [75, 76]. Such (possibly nonperturbative [77])
medium modifications of the charm momentum spectra
presumably translate into a softening of the invariant-
mass spectra of l+l− pairs as well. At the SPS, the
shorter QGP lifetime is likely to lead to smaller effects,
but an explicit measurement of the (delayed) charm de-
cays has been presented recently [78].

IV. THERMAL FIREBALL EVOLUTION

Our description of the space-time evolution of central
and semicentral A-A collisions is approximated by an ex-
panding thermal fireball characterized by a time depen-
dent cylindrical volume as [24],

VFB(t) = π

(
r⊥,0 +

1

2
a⊥t

2

)2 (
z0 + vz,0t+

1

2
azt

2

)
,

(32)
where we neglect effects due to a finite ellipticity. The
initial transverse radius r⊥,0 is determined by the central-
ity of the collision (e.g., r⊥,0 = 5.15(4.6) fm for central
(semicentral) In-In collisions). The initial longitudinal
size, z0, is equivalent to the formation time, τ0, of the
thermal medium, which we fix at the standard value of
τ0 = 1 fm/c (translating into z0 ≃ τ0∆y = 1.8 fm, where
∆y = 1.8 represents the rapidity width of a thermal fire-
ball). For the longitudinal expansion we employ a mod-
erate acceleration, az = 0.045c2/fm, together with an
initial velocity of vz,0 = 0.6c (reminiscent to Ref. [24]),
but the dilepton invariant-mass spectra are essentially
unaffected if we use (vz,0, az) = (c, 0) as in Ref. [15]. The
most important parameter is the transverse acceleration.
More recent applications of the fireball model, both in the
dilepton [15] and charm diffusion [77] context, have used
larger values than in previous work [24, 38], in the range
a⊥ = 0.08−0.1c2/fm. Here, we employ a⊥ = 0.085c2/fm
as in Ref. [20].
The time evolution of the temperature is determined

assuming entropy conservation. At a given collision en-
ergy, the hadro-chemistry of the fireball is characterized
by thermal-model fits to the observed hadron ratios. In
our default scenario we assume the chemical freezeout
temperature to coincide with the critical temperature for
QGP formation, at Tch = Tc = 175 MeV. For central
and semicentral In(158A GeV)+In collisions we fix the
entropy per (net) baryon at s/̺netB = 27, which, using
a hadronic resonance gas (HG) equation of state (EoS),
translates into an associated baryon chemical potential
of µch

B = 232 MeV, well within the uncertainties of re-
cent thermal model fits at SPS [21, 22] (all other chem-
ical potentials being zero). The subsequent hadronic
trajectory in the phase diagram is then constructed at
fixed s/̺netB = 27 (isentropic expansion) with the addi-
tional constraints of pion, kaon, η and antibaryon num-
ber conservation, requiring the build-up of corresponding
chemical potentials. For a given number of nucleon par-
ticipants (i.e., collision centrality), the fireball entropy
amounts to S = 2630(1890) for central (semicentral) In-
In collisions, translating into a charged particle multi-
plicity of dNch/dy ≃ 195(140) ≃ Npart (for a chemical
freezeout temperature of Tch = 160 MeV, as considered
below, the multiplicities increase by less than 5%). Us-
ing the relation between the total entropy and volume,
S = s(t) · V (t), the entropy density, s(t), can be used to
determine the time evolution of temperature and baryon
density (along the hadronic trajectory) using the HG
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EoS, and similarly for the QGP phase using a quasipar-
ticle EoS. The volume partition in the HG-QGP mixed
phase is calculated from the standard mixed-phase con-
struction, where the fraction of matter in the hadronic
phase is given by

fHG(t) =
sQGP
c − s(t)

sQGP
c − sHG

c

, (33)

where sHG,QGP
c denote the critical entropy densities at

Tc. With a formation time of τ0 = 1 fm/c, the evolution
for central (semicentral) In-In starts in the QGP at T0 =
197(190) MeV, passes through a mixed phase at T ch =
Tc = 175 MeV, and terminates at thermal freezeout at
around Tfo ≃ 120-135 MeV.
The main uncertainties associated with the fireball evo-

lution are the transverse acceleration as well as the overall
lifetime (which is somewhat correlated to the longitudinal
expansion). It turns out that the latter is rather sensi-
tive to the absolute magnitude of the experimentally ob-
served dilepton excess radiation, resulting in τfo ≃ 6 fm/c
for central In-In collisions. The remaining uncertainty
consists of the interplay between longitudinal and trans-
verse expansion. As mentioned above, the variations
considered in our previous works [15, 20], a⊥ = 0.08-
0.085 c2/fm and (v0z , az) = (c, 0)-(0.6c, 0.045 c2/fm), have
negligible impact on the invariant mass spectra, while
the longitudinal-acceleration scenario, which we will fo-
cus on here, allows for a slightly larger transverse ex-
pansion which appears to be favored by the rather hard
qT spectra. In principle, more accurate information on
the final state of the expansion can be obtained once
hadronic spectra for In-In are available (our pion spec-
tra are actually in reasonable agreement with S-Au data,
recall lower panel of Fig. 6). For central Pb-Pb colli-
sions at SPS energies, the typical results for transverse
surface velocity and thermal freezeout temperature are
(βs

⊥/c, Tfo[MeV]) = (0.65± 0.1, 120± 10) [79, 80, 81, 82],
which is quite comparable to the values used here for In-
In. We emphasize that all contributions to the dilepton
spectrum (QGP, ρ, ω, φ, and four-pion) are tied to the
same evolution, thus fixing their relative weights.
Finally, to illustrate the uncertainties associated with

the underlying equation of state we will investigate three
combinations of critical and chemical freezeout tempera-
tures roughly covering the current theoretical and exper-
imental ranges:

(A) Our default scenario, employed in most of our cal-
culations thus far, consisting of identical Tc and
Tch at an “intermediate” value of 175 MeV; ther-
mal freezeout is fixed at (µfo

π , Tfo) = (79, 120) MeV
(semicentral In-In).

(B) A scenario with a relatively small and identi-
cal critical and chemical freezeout temperature at
(µch

B , Tch) = (240, 160) MeV, compatible with re-
cent thermal model fits in Refs. [21, 22]. For
dilepton spectra the most important consequences

of this scenario are a significantly extended QGP
phase which will increase its thermal emission con-
tribution and reduce the hadronic one, in partic-
ular at intermediate masses. In addition, due to
smaller pion chemical potentials in the subsequent
hadronic phase, the freezeout temperature (at fixed
fireball lifetime) will be larger than with EoS-A, at
(µfo

π , Tfo) = (37, 136) MeV.

(C) A scenario with a large critical temperature Tc =
190 MeV (as suggested by recent lattice QCD
computations [23], which maximizes (minimizes)
the space-time volume occupied by the hadronic
(QGP) phase. Since chemical freezeout at such a
temperature is questionable, we allow for a chem-
ically equilibrated hadronic phase until chemical-
freeze out sets in under the same conditions as in
EOS-B, at (µch

B , Tch) = (240, 160) MeV.

V. COMPARISON TO DILEPTON SPECTRA
AT SPS

We now turn to a systematic analysis of experimental
dilepton spectra as measured at the SPS by the NA60
and CERES/NA45 collaborations in In-In and Pb-Au
collisions, respectively. Based on the various ingredients
developed in the previous sections, we first address the
NA60 invariant-mass and transverse-momentum spectra,
followed by a consistency check with earlier and updated
CERES data.

A. Invariant Mass Spectra

Thermal µ+µ− invariant-mass spectra for A-A col-
lisions are computed by integrating the emission rate,
Eq. (1), over the fireball evolution (as well as three-
momentum),

dNll

dM
=

M

∆y

tfo∫

0

dt VFB(t)

∫
d3q

q0

dNll

d4xd4q
znPAcc(M, qT , y) ,

(34)
where Acc denotes the detector acceptance which has
been carefully tuned to NA60 simulations [83]. The
fugacity factor, znP=enµP /T , arises due to chemical off-
equilibrium in the hadronic phase for T < Tch; it de-
pends on the thermal emission source under considera-
tion, cf. Eq. (4): for the ρ, ω and four-pion contribu-
tions one has znπ with n = 2, 3, 4, respectively, while
for the φ one has z2K · γ2

s , where γs ≃ 0.75 accounts for
strangeness undersaturation for medium-size nuclear col-
lision systems at the SPS [84]. In addition, appropriate
fugacities figure into the various in-medium selfenergy
contributions.
Initial comparisons [13] of NA60 data to theoretical

predictions [14] have focused on the contribution from
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FIG. 7: (Color online) NA60 excess dimuon spectra [13] in
semicentral (upper panel) and central (lower panel) In-In col-
lisions at SPS compared to theoretical calculations using an
in-medium e.m. spectral function. The individual contribu-
tions arise from in-medium ρ-mesons [24] (dash-dotted red
line), 4π annihilation with chiral V -A mixing (dashed blue
line), QGP plus correlated open charm decays (dotted orange
line) and Drell-Yan annihilation (solid turquoise line); the up-
per dashed brown line is the sum of the above, while the solid
purple line additionally includes in-medium ω and φ decays as
well as freezeout plus primordial ρs (solid black line). In the
semi-central data, the uncertainty due to the η cocktail sub-
traction is indicated by the open and filled data points (the
former are based on an estimated η yield at high qT while the
latter represent an upper limit on the η by subtracting the
dimuon spectrum to zero at threshold).

the ρ meson which dominates in the LMR. The shape of
the in-medium ρ-spectral function describes the experi-
mental spectra well, but the absolute yields have been
overestimated by ∼ 30%. This discrepancy has been re-
solved [15] by increasing the transverse fireball expansion
(a⊥), reducing the fireball lifetime to about 6-7 fm/c,
cf. Sec. IV above. In addition, the larger transverse ex-
pansion leads to harder emission spectra in qT , which will
be helpful in understanding the qT spectra, as discussed
in the following sections.
Fig. 7 summarizes our results for the mass spectra in

semicentral and central In(158 AGeV)-In collisions, com-
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FIG. 8: (Color online) Upper panel: NA60 data [13] com-
pared to thermal dimuon spectra using (i) in-medium ρ-,
ω- and φ-mesons without baryon effects (+QGP+charm+in-
medium four-pion; solid purple line), and (ii) free ρ
(+QGP+charm+free four-pion; dashed green line). Lower
panel: NA60 data [13] in the IMR compared to thermal
dimuon spectra with different implementations of the four-
pion contribution, using either its vacuum form (lower dashed
line) or including chiral mixing (upper dashed line), and cor-
responding total spectra (lower and upper solid line, respec-
tively).

puted for the EoS-A scenario (Tc = Tch = 175 MeV). The
modifications relative to our previous work [15] are: (i)
the freezeout ρ has been separated from the in-medium ρ
contribution, (ii) primordial ρ and (iii) Drell-Yan contri-
butions have been added. As a result of the separation
(i), the thermal emission lifetime is now slightly smaller,
6.5(6.2) fm/c for central (semicentral) collisions. The in-
clusive mass spectra (and pertinent conclusions) are es-
sentially identical to those in Ref. [15], i.e., the predicted
in-medium effects on ρ spectral function lead to good
agreement with the data in the LMR, while the same
fireball evolution also reproduces the observed excess in
the IMR well. The largest source here is four-pion anni-
hilation, together with smaller contributions from open-
charm decays and QGP emission. In-medium φ decays
are noticeable but not very significant relative to the un-

116



16

 0

 200

 400

 600

 800

 1000

 0.2  0.4  0.6  0.8  1  1.2  1.4

dN
µµ

/d
M

 (
co

un
ts

)

M (GeV)

semicentral In-In
qT<0.5 GeV
Tc=Tch=175 MeV

sum
DY

4π mix
FO + prim ρ

QGP+DD
in-med ρ

NA60

 0

 200

 400

 600

 800

 1000

 0.2  0.4  0.6  0.8  1  1.2  1.4

dN
µµ

/d
M

 (
co

un
ts

)

M (GeV)

semicentral In-In
qT>1.0 GeV
Tc=Tch=175 MeV

sum
DY

4π mix
FO + prim ρ

prim ρ
QGP+DD
in-med ρ

NA60

FIG. 9: (Color online) Dimuon invariant mass spectra in two
different bins of transverse pair momentum, qT [13]. Upper
panel: qT ≤ 0.5 GeV; lower panel: qT ≥ 1.0 GeV.

certainty in the data.

The sensitivity to the medium effects in the e.m. cor-
relator is further illustrated in Fig. 8. The upper panel
demonstrates that a free ρ spectral function is ruled out,
but also one which only includes modifications due to
a meson gas clearly does not reproduce the data, due
to both a too narrow peak and a lack of enhancement
below the free ρ mass, especially when approaching the
dimuon threshold. In the lower panel one sees that the
effect of chiral mixing on the 4π contribution amounts
to up to a factor of ∼2 enhancement in the a1 resonance
region, but the effect on the total is rather moderate.
Thus, no strong case on the chiral mixing can be made
at present. The prevalence of the four-pion contribution
in the IMR is reminiscent to the hydrodynamic calcu-
lations in Ref. [16] where hadronic rates calculated in
the chiral reduction formalism have been employed. On
the contrary, in the fireball calculations of Ref. [17] QGP
emission dominates in the IMR. We elucidate on this dis-
crepancy in Sec. VC below.

In Figs. 9 and 10 we compare our theoretical calcu-
lations to NA60 M -spectra binned into regions of low
(qT < 0.5 GeV) and high (qT > 1.0 GeV) transverse pair
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FIG. 10: (Color online) The same as Fig. 9 but for central
collisions.

momentum, for both semicentral and central collisions.
Also in this representation the agreement is fair. There
is possibly an indication of a slight over- (under-) esti-
mate in the high-qT bin for (semi-) central collisions. To
further scrutinize this issue we now turn to qT spectra,
binned in invariant mass.

B. Transverse Momentum Spectra

In analogy to Eq. (34) for M spectra, qT spectra are
computed by integrating the dilepton rate, Eq. (1), over
the space-time evolution of the fireball and a suitable in-
terval in invariant mass, [Mmin,Mmax]. However, since
the available experimental spectra have been corrected
for the detector acceptance, the Monte-Carlo simula-
tion of the acceptance function (with radial and angular
dependencies due to directed (radial flow) and random
(thermal) motion of the virtual photon) is now replaced
by explicit integrations over the radial coordinate, r, of
the fireball, the azimuthal angle, φq, of the virtual photon
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momentum and its rapidity, y,

dNll

qTdqT
=

tfo∫

0

dt

R(t)∫

0

dr

Mmax∫

Mmin

dM

2π∫

0

dφq

y>∫

y<

dy 2πr z(t)

×M znP
dNll

d4xd4q
.

(35)

As before, R(t) denotes the radius of the expanding
fire-cylinder (corresponding to the first parenthesis in
Eq. (32)), z(t) its longitudinal length (second parenthe-
sis in Eq. (32)). Note that the rate, Eq. (1), is calcu-
lated in the thermal rest frame while the integrations in
Eq. (35) are in the laboratory frame. The relation be-
tween the four-momentum, qµ, in the laboratory frame
and the one in the local rest frame of the fluid cells, q̄µ,
is determined by a boost with the radial flow velocity,
Eq. (23). Due to rotational invariance the thermal rate,
Eq. (1), depends only on the magnitude of the three-
momentum in the thermal rest frame and therefore one
of the integrations over the spatial and momentum az-
imuthal angles in Eq. (35) becomes trivial yielding a fac-
tor of 2π. To gain qualitative insights into the behavior of
dilepton qT spectra from thermal sources, let us assume
that the three-momentum dependence of the hadronic
e.m. current correlator is weak (it would be absent in
the absence of medium effects), so that for not too large
invariant-mass intervals, the integrand in Eq. (35) can
be considered constant except for the Bose distribution.
For M ≫ T , it is possible to approximate the qualitative
behavior of the qT spectra in analytic form [85, 86]. For
a linear flow profile, Eq. (23), and in Boltzmann approx-
imation one has

dNll

qTdqTdMdt
=C

∫ R(t)

0

dr

∫ 2π

0

dφ

∫ ∞

−∞
dy

× r exp

(
−q0 − |β⊥|qT cosφ

T
√
1− β2

⊥

)
,

(36)

with C weakly qT dependent. Substituting q0 =
m⊥ cosh y (mT =

√
M2 + q2T ) the integrals over y and φ

are given by modified Bessel functions. For the y-integral
we can use their asymptotic form for mT /T ≥ M/T ≫ 1:

dNll

qTdqTdMdt
=C

∫ R(t)

0

dr r

√
2πT

√
1− β2

⊥
mT

× exp

(
− mT

T
√
1− β2

⊥

)
I0

(
|qT ||β⊥|

T
√
1− β2

⊥

)
.

(37)

In the non-relativistic limit, qT ≪ M , we use the asymp-
totic form I0(x)∼=x→0 1 + x2/4 ≃ exp(x2/4) to obtain

dNll

qTdqTdMdt
∼=

qT≪M
C

∫ R(t)

0

dr r

√
2πT

√
1− β2

⊥
mT

× exp

(
− mT

T
√
1− β2

⊥
+

q2Tβ
2
⊥

4T 2(1 − β2
⊥)

)
.

(38)

We have numerically verified that this expression can
be further simplified by the following approximate treat-
ment of the r integral: In the pre-factor of the exponen-
tial substitute β⊥ by its average over r,

〈β⊥〉 =
2

R2

∫ R

0

drrβs
⊥
r

R
=

2

3
βs
⊥ ; (39)

use the r average of the argument in the exponential,
which, together with the non-relativistic approximation
qT ∼=qT≪M =

√
2M(mT −M), results in

dNll

qTdqTdMdt
∼=

qT ≪M
C

√
2πT

√
1− 〈β⊥〉2r

× exp

(
−M2(βs

⊥)
2T 2

)

×
√

1

mT
exp

(
−mT

Teff

)
(40)

where

Teff =
T

1− (M − T )(βs
⊥)

2/(4T )

∼=
βs
⊥→0

T +
M

2

〈
β2
⊥
〉
r
,

(41)

and
〈
β2
⊥
〉
r
= (βs

⊥)
2/2. The form for βs

⊥ ≪ 1 is the
known “pocket formula” for the parametric dependence
of the effective slopes of hadronic qT spectra on the fire-
ball temperature, the particle mass and the surface-flow
velocity [86]. We recall that in the ultrarelativistic limit,
qT ≫ M , the dependence of the effective temperature
on the radial velocity is given by the Doppler blue-shift
expression for a thermalized gas of massless particles,

Teff(β⊥) = T

√
1 + β⊥
1− β⊥

, (42)

which follows from the large-qT limit of I0 in Eq. (37) [86]
which also provides an additional factor 1/

√
qT . For our

r-dependent flow profile the effective temperature is given
by the blue-shift value for an average value 〈β⊥〉r = ξβs

⊥
where ξ ∈ (0, 1) is not easily determined by simple ap-
proximations of the radial integral. Numerical stud-
ies show that in the case of a linear radial-flow profile,
Eq. (23), and typical parameters in the region of the ρ
peak (M = 0.75 GeV, βs

⊥ ≃ 0.5), ξ ≃ 0.8-0.85 leads to a
good estimate for Teff at high qT .
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It is important to note that for vector-meson decays
after thermal freezeout, cf. Sec. III A), the qT spectra
are harder by an additional factor mT /M , i.e., applying
the same approximations to Eq. (22) as used to derive
Eq. (40), one obtains

dN
(fo)
ll

qTdqTdM
∼=

qT≪M
C

√
2πT

√
1− 〈β⊥〉2r

× exp

(
−M2(βs

⊥)
2

2T 2

)

×
√
mT

M
exp

(
−mT

Teff

)
1

Γ
(fo)
ρ

(43)

with Teff again given by Eq. (41).
The additional factor mT /M in (43) compared to (40)

originates from the additional factor q0/M in the Cooper-
Frye (CF) formula (22) compared to the McLerran-
Toimela (MT) emission formula (1), as discussed in detail
in Sec. III A.
The above discussion of effective slopes in thermal

emission spectra obviously does not apply to non-thermal
dilepton sources, i.e., decays of “primordial ρ mesons”
(Sec. III B) and Drell-Yan annihilation (Sec III C). Both
are characterized by a power-law behavior at high qT ,
where their contribution becomes potentially important.
Toward lower qT , the primordial ρ contribution is much
suppressed due to ρ absorption (“jet quenching”), while
the Drell-Yan process is no longer well-defined. How-
ever, the Drell-Yan dileptons carry the hardest slope of
all sources considered, which renders even a naive ex-
trapolation of their spectra to low qT very small (no more
than a few percent for qT ≤ 1 GeV in all mass bins below
M = 1.4 GeV). At qT ≃ 2 GeV, in turn, the Drell-Yan
contribution is quite appreciable.
Figs. 11 and 12 summarize our calculations for semi-

central and central In-In collisions, respectively, in three
different mass bins in comparison to the NA60 data [18].
Open-charm decays have been removed from the exper-
imental spectra and are consequently not included in
the theory curves either. The parameters of our fire-
ball evolution are as described in Sec. IV within our
default EoS-A scenario (Tc = Tch = 175 MeV). Since
the overall normalization of the experimental spectra is
not known at present, we have fixed it in each mass
bin using the invariant mass spectra in the low-qT bin
(0 ≤ qT ≤ 0.5 GeV). This easily translates into a 10-
20% uncertainty in the absolute normalization. For the
central collisions the agreement between theory and data
is quite satisfactory in all mass bins. In the high-mass bin
1 GeV≤M≤1.4 GeV, lower panel in Fig. 12), this pro-
cedure appears to overestimate somewhat the qT spectra
at qT ≥ 1 GeV, which, however, seems not to be reflected
in the corresponding qT bin in the mass spectra (lower
panel in Fig. 10). This could very well be due to the
uncertainty in the underlying normalization procedure.
Note again that the compared to Ref. [15] additionally
implemented hard components (primordial ρ’s and Drell-
Yan) are insignificant at qT ≤ 1 GeV, i.e., for the total
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FIG. 11: (Color online) Dimuon transverse pair-momentum
spectra in semicentral In(158 AGeV)-In collisions for three
bins of invariant mass [18]. Upper panel: 0.4 GeV ≤ M ≤
0.6 GeV; middle panel: 0.6 GeV ≤ M ≤ 0.9 GeV; lower panel:
1.0 GeV ≤ M ≤ 1.4 GeV.

yield and the understanding of the spectral shape of the
inclusive M -spectra. On the other hand, at higher qT ,
these contributions are essential (even dominant) for a
proper description of the spectra. In fact, in semicentral
collisions, the experimental transverse momentum spec-
tra in the two mass bins below (0.4 GeV≤ qT ≤ 0.6 GeV)
and around (0.6 GeV≤ qT ≤ 0.9 GeV) the free ρ-meson
mass turn out to be underestimated (and too soft) for
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FIG. 12: (Color online) Same as Fig. 11, but for central
In(158 AGeV)-In.

qT & 1 GeV. Especially in the low-mass bin, the discrep-
ancy again appears to be larger than one could anticipate
from the mass spectrum in the 0.4-0.6 GeV regime in the
qT ≥ 1 GeV bin (lower panel in Fig. 9). The fact re-
mains, however, that the theoretical qT spectra in the
low and intermediate mass bin are somewhat too soft.
Even though the final transverse flow velocity of the fire-
ball model is about 7% smaller for semicentral relative to
central In-In collisions, this difference would not be able
to account for the discrepancy (it amounts to a change
in slope by about 10 MeV for the freeze-out ρ, and even
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FIG. 13: (Color online) Same as Fig. 11, but additionally
including (factor 2 augmented) contributions from ω t-channel
exchange in πρ → πµµ.

less for thermal radiation). The nuclear suppression fac-
tor, RAA(qT ), in Fig. 6 (solid line) suggests that there
might be room for a 30% increase of the primordial plus
freezeout ρ contribution (possibly more if one could com-
pare to the RAA of ρ mesons; due to their larger mass a
more pronounced flow effect could enhance their RAA).
Whether this would suffice in the low-mass bin, is ques-
tionable.

Another possibility consists of meson t-channel ex-
change in elastic scattering of ρ mesons off pions in
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the heat bath (with subsequent conversion into a lep-
ton pair). These processes have been calculated previ-
ously for real photon production [11] (which are given
by the same diagrams except that the final-state pho-
ton is on-shell), where ω exchange has been found to be
the most important process at high qT ; however, con-
tributions from other exchange processes (e.g., π and
a1 exchange in πρ → πγ, or reactions involving strange
mesons [11]) are also appreciable. To roughly account for
the latter, we augment the rates computed in Sec. IID
by a factor of two (in addition, we recall that πρ initial
states in the hadronic fireball emission carry a pion fu-
gacity factor to the third power, z3π). The convolution
of these rates over the fireball evolution leads to a con-
tribution to dilepton-qT spectra as shown by the lower
dash-dotted line in each of the panels in Fig. 13; it in-
deed provides the hardest spectrum among all thermal
sources (QGP, in-medium vector mesons and four-pion
annihilation), in line with the rates displayed in Fig. 5.
Consequently, the relative importance of the t-channel
processes grows with qT but remains rather moderate
even at qT ≃ 2 GeV, up to 15% and 5% of the total the-
oretical yield in the M = 0.4-0.6 GeV and 0.6-0.9 GeV
mass bins, respectively (negligible for M > 1 GeV). Note
that the slopes of the t-channel emission spectra resem-
ble the data quite well, but our present estimate of their
strength is insufficient to resolve the discrepancies at high
qT . However, their impact on the slope of the total spec-
tra is not insignificant, as we will see in Sec. VD below.

C. Hadro-Chemical Freezeout and Critical
Temperature

In all our calculations of thermal dilepton spectra thus
far, the medium evolution was based on the notion that
the critical (Tc) and chemical freezeout (Tch) tempera-
ture coincide, at Tc = Tch = 175 MeV. More recent the-
oretical (lattice QCD) and phenomenological (thermal
model fits to hadron ratios) studies, however, allow for
the possibilities that Tc could be significantly larger (190-
200 MeV) and Tch significantly smaller (150-160 MeV).
While a smaller Tc ≃ 160 MeV is still viable, a larger Tch

appears unlikely since in a high-density hadronic phase
number-changing reactions affecting the chemistry are
to be expected (in addition, thermal model fits start
to become unstable at temperatures above ∼180 MeV
due to uncertainties in the high-lying, high degeneracy
hadron resonance spectrum). Therefore, in this sec-
tion we study the sensitivity of the invariant-mass and
qT spectra to the hadro-chemistry of the fireball, keep-
ing its geometry and flow parameterization as well as
the total lifetime the same as before (including all nor-
malizations, where applicable). As quoted in Sec IV,
in addition to our standard equation of state (EoS-A:
Tc = Tch = 175 MeV), we investigate two alternative
scenarios: EoS-B with Tc = Tch = 160 MeV and EoS-C
with Tc = 190 MeV, Tch = 160 MeV. In general, a lower

chemical freezeout temperature (where all meson chemi-
cal potentials are by definition zero) entails a larger vol-
ume at chemical freezeout, and thus also smaller baryon
chemical potentials (i.e., smaller baryon densities), as
well as smaller meson chemical potentials in the subse-
quent evolution. This furthermore implies that, to obtain
roughly the same overall dilepton yield, thermal freeze-
out occurs at a larger temperature (and smaller µπ,K),
which, in principle, leads to (somewhat) harder qT spec-
tra, both at thermal freezeout and for thermal emission
throughout the hadronic evolution. In the remainder of
this Section, we focus on semicentral collisions.

We start our investigation within the “EoS-B” sce-
nario, i.e., Tc = Tch = 160 MeV. The resulting M - and
qT -spectra are compiled in Figs. 14 and 15, respectively.
The smaller Tc implies a longer duration of both the QGP
and mixed phase (the latent heat for EoS-B is larger than
for EoS-A since entropy density for the QGP EoS drops
slower with T than for the HG EoS), while the duration
of the hadronic phase is accordingly reduced. As noted
above, the thermal-freezeout temperature has increased
to Tfo = 136 MeV (compared to Tfo = 120 MeV for EoS-
A). As an immediate consequence, QGP radiation is sig-
nificantly enhanced, while the hadronic yield is slightly
reduced (both for in-medium ρ in the LMR and four-pion
in the IMR). The overall quality in the description of the
invariant-mass spectra is quite comparable to the EoS-A
scenario. The somewhat harder spectra implied by the
larger hadronic temperatures for EoS-B (most notably for
the freezeout ρ) lead to a slight increase of the dilepton
yield in the ρ mass region in the qT ≥ 1 GeV momentum
bin (compare lower panels in Figs. 9 and 14). However,
in the low- (0.4 GeV≤ M ≤ 0.6 GeV) and intermediate-
mass (0.6 GeV≤ M ≤ 0.9 GeV) bins of the qT spectra,
the improvement at high qT is rather marginal, while in
the higher mass (1.0 GeV≤ M ≤ 1.4 GeV) there is es-
sentially no change compared to the EoS-A calculation
(recall Fig. 11), despite the fact that the QGP contribu-
tion is now larger than the four-pion one.

Turning to the EoS-C scenario (summarized in Figs. 16
and 17), the large value of Tc = 190 MeV leads to a QGP
and mixed phase which is shorter than for EoS-A, but
there is now a “high-density” (chemically equilibrated)
hadronic phase down to Tch = 160 MeV, followed by
a subsequent chemical off-equilibrium evolution which is
identical to EoS-B. Obviously, the QGP emission yield
is the smallest of all three scenarios, while the hadronic
yield (both in-medium ρ’s and four-pion annihilation) is
the largest, possibly implying a slight overestimate in the
ρ-mass region of the inclusive mass spectra (13% larger
than for EoS-A, which could be readjusted by a slightly
reduced lifetime). The high-density hadronic phase helps
in the qT spectra in the low- and intermediate-mass bin,
for which, at high qT , the discrepancy is the smallest
for the three scenarios. In the highest mass bin, even
the rather large ratio of four-pion annihilation over QGP
emission does not upset the agreement with the qT spec-
tra, indicating that a large part of the four-pion emission
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FIG. 14: (Color online) The same as Fig. 9, but for a fireball
with a critical temperature Tc = 160 MeV and a chemical-
freezeout temperature Tch = 160 MeV (EoS-B).

emanates from the high-density hadronic phase.

Since the question of four-pion vs. QGP emission in
the IMR has drawn considerable attention in the recent
literature [87], we take a closer look at their interplay
in our three scenarios in Fig. 18. The plot illustrates
again that with EoS-B (Tc = Tch = 160 MeV) the QGP
contribution exceeds the in-medium four-pion annihila-
tion over the entire IMR considered (note that the tails
of the ρ spectral function are not included). The op-
posite trend applies to our default EoS-A scenario, and
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FIG. 15: (Color online) The same as Fig. 11, but for a fireball
with a critical temperature Tc = 160 MeV and a chemical-
freezeout temperature Tch = 160 MeV (EoS-B).

even more so for EoS-C. Especially the large difference
between EoS-B and EoS-C clearly demonstrates that the
major portion of the four-pion emission emanates from
the high-density hadronic phase (EoS-B and EoS-C have
an identical hadronic evolution below Tch = 160 MeV); a
similar argument applies to EoS-A, i.e., four-pion emis-
sion does not primarily arise in the late stages (with large
flow) despite an enhancement through large pion-fugacity
factors. The basic reason for this can be understood
by inspecting the temperature-mass differential emission
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FIG. 16: (Color online) The same as Fig. 9, but for a fireball
with a critical temperature Tc = 190 MeV and a chemical-
freezeout temperature Tch = 160 MeV (EoS-C).

yield which is roughly given by [14]

dNll

dMdT
∝ ImΠem(M,T ) e−M/T T−5.5 , (44)

characterized by the standard thermal exponential fac-
tor and a power in temperature resulting from the three-
momentum integral over the Boltzmann factor and, most
importantly, the volume expansion. Assuming a weak
temperature dependence of the e.m. spectral function
(medium effects bias the emission toward higher T ), a
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FIG. 17: (Color online) The same as Fig. 11, but for a fireball
with a critical temperature Tc = 190 MeV and a chemical-
freezeout temperature Tch = 160 MeV (EoS-C).

differentiation over T identifies the temperature of max-
imum emission as Tmax ≃ M/5.5. In the IMR of interest
here, this means a Tmax right around Tc (note that, at
Tc, the hadronic phase has an extra “advantage” of a
roughly twice larger volume compared to the QGP due
to the latent heat), consistent with our fireball emission
pattern.

We conclude this section by noting that “reasonable”
variations in hadro-chemical freezeout and critical tem-
perature have a very moderate impact on the invariant-

123



23

 0

 50

 100

 150

 200

 0.9  1  1.1  1.2  1.3  1.4

dN
µµ

/d
M

 (
co

un
ts

)

M (GeV)

semicentral In-In
all pT

QGP (EoS-A)
QGP (EoS-B)
QGP (EoS-C)

4π (EoS-A)
4π (EoS-B)
4π (EoS-C)

FIG. 18: (Color online) Comparison of the QGP and four-pion
contributions to the dilepton yield in the intermediate mass
region for the three equations of state, as discussed in the text.
The 2-pion part, which is significant up to M ≃ 1.1 GeV, is
not shown.

mass spectra as seen by NA60. On the one hand, this
implies little sensitivity to the concrete values of Tc and
Tch. On the other hand, it means that our results are very
robust with respect to uncertainties in these quantities.
The main reason for this robustness is the “quark-hadron
duality” of the underlying (medium-modified) emission
rates from the hadronic and QGP phase in the relevant
temperature regime, T = 160-190 MeV, in both LMR (ρ
melting) and IMR (including chiral mixing). As such, it
provides additional support to the medium modifications
in the employed rates. In the IMR, this “duality” does
not allow for a (maybe even academic) distinction be-
tween a high-density hadronic or partonic source. Parti-
tions with either component dominant are viable in both
mass and transverse momentum spectra. Concerning the
high-qT region of the lower two mass bins, our calcula-
tions indicate a slight preference for EOS-B and EOS-C,
due to their smaller Tch, implying larger temperatures in
the hadronic evolution.

D. Slope analysis

To complete our analysis of the qT spectra we perform
in this section a quantitative analysis of effective slope
parameters following the procedure adopted by the NA60
collaboration for the experimental data [18, 87, 88]. The
qT spectra have been divided into several invariant-mass
bins, in each of which the data have been fitted to the
function

1

qT

dN

dqT
=

1

mT

dN

dmT
= C exp

(
−mT

Teff

)
, (45)

where the fit range is typically taken as 0.4 GeV < qT <
1.8 GeV, but the extracted slopes are rather insensitive
to variations as long as the lower limit is above 0.4 GeV.
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FIG. 19: (Color online) Dependence of the effective-slope fits,
Eq. (45), to our theoretical qT spectra without the Drell-Yan
contribution (dots) on the fit range in qT (as indicated in the
legends) for the mass bin 0.3 GeV ≤ M ≤ 0.4 GeV.

In addition, the experimental qT spectra exhibit little de-
pendence on centrality (except for peripheral collisions),
and therefore the slope analysis has been performed for
inclusive qT spectra with dNch/dy > 30. In our theoret-
ical analyses we focus on semicentral collisions.
We have tried to follow the same procedure (see also

Ref. [89], but as illustrated by the dash-dotted line in
Fig. 19, a fit to our theoretical spectra (represented by
the dots) in the above range (0.4 GeV < qT < 1.8 GeV)
slightly underestimates the effective slopes toward higher
qT , especially in the lower mass bins. Part of the prob-
lem is the bias of the fit toward low qT where the yield
is the largest and thus dominates the total χ2. To better
reproduce the theoretical spectral shape with the above
function we have therefore chosen to (i) restrict the fit
range to 1 GeV < qT < 1.8 GeV, and (ii) minimize the
χ2 for the logarithm of the spectra. The resulting fit
(solid line in Fig. 19) indeed agrees better with the the-
oretical spectra. This effect becomes more pronounced
when the Drell-Yan component is included (which, in
fact, might indicate that our extrapolation overestimates
the DY yield at low mass).
Based on the slightly revised procedure, our slope anal-

ysis is carried out for the total sum of all calculated qT
spectra components in twelve ∆M = 0.1 GeV mass bins
in the range 0.2 GeV < M < 1.4 GeV (corresponding to
the experimental ones) for semicentral In-In; by default,
the Drell-Yan and meson t-channel contributions are not
included, but studied in separate fits by adding them to
the totals. As in the experimental analysis, correlated
open-charm decays are removed altogether. Our system-
atic study addresses variations in the EoS as well as the
possibility of another ∼15% increase in the transverse ac-
celeration of the fireball expansion, i.e., a⊥ = 0.1c2/fm
(which is, in fact, the value we have used in our cal-
culations for heavy-flavor observables at RHIC [77], as
extracted from the hydrodynamic model of Ref. [95]).
Specifically, we evaluate the following scenarios, as sum-
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marized in the six panels of Fig. 20:

(a) the default fireball expansion with EoS-A (Tc =
Tch = 175 MeV), characterized by a thermal freeze-
out with temperature and radial flow surface veloc-
ity of (Tfo, β

s
⊥,fo) = (120 MeV, 0.57c);

(b) the default fireball expansion with EoS-B
(Tc = Tch = 160 MeV) and (Tfo, β

s
⊥,fo) =

(136 MeV, 0.57c);

(c) the default fireball expansion with EoS-C (Tc =
190 MeV, Tch = 160 MeV) and (Tfo, β

s
⊥,fo) =

(136 MeV, 0.57c);

(b+) the same as in (b), but with a transverse fireball
acceleration a⊥ = 0.1 c2/fm yielding (Tfo, β

s
⊥,fo) =

(135 MeV, 0.65c);

(c+) the same as in (c), but with a transverse fireball
acceleration a⊥ = 0.1 c2/fm yielding (Tfo, β

s
⊥,fo) =

(135 MeV, 0.65c);

(c++
1 ) the same as in (c+), but additionally including the

contribution from meson-t-channel exchange with
in-medium ρ propagator (cf. Sec. II D);

(c++
2 ) the same as in (c++

1 ), but using the vacuum ρ prop-
agator in the meson-t-channel exchange contribu-
tion.

The upper two panels of Fig. 20 compare the impact
of the three different EoS using our baseline acceleration
of a⊥ = 0.085c2/fm. The default scenario EoS-A (a) falls
short of the empirical slopes by a significant margin of up
to 50-60 MeV in the LMR, while reaching the lower end of
the data in the IMR. The higher hadronic temperatures
of scenarios EoS-B (b) and EoS-C (c) improve the situ-
ation by about 15-20 MeV in the LMR, approximately
reflecting the increase in the hadronic fireball tempera-
tures (e.g., Tfo = 136 MeV compared to Tfo = 120 MeV
at thermal freezeout). Scenario EoS-B (b) additionally
improves around the ρ peak due to a larger weight of the
relatively hard components from decays of freezeout and
primordial ρ, since the overall thermal hadronic emission
is smaller than for EoS-A and EoS-C (compare Fig. 15 to
Figs. 7 and 16). However, for both EoS-B and EoS-C the
slopes in the LMR are still below the data, even though
the shape is not too bad.
In an attempt to improve on the slopes, we investi-

gate a further increase of the transverse acceleration to
values representative for RHIC energies [77, 95], from
0.085 c2/fm to 0.1 c2/fm for EoS-B and EoS-C (scenarios
(b+) and (c+), shown in the middle panels of Fig. 20).
While this increases the effective slopes at all emission
stages, it is more efficient for the later hadronic sources
(in accordance with the blue-shift pocket formulae given
in Sec. VB). Consequently, the LMR exhibits further
improvement, and, importantly, the consistency with the
data in the IMR is not spoiled due to the fact that the

main contributions there arise from earlier stages with
higher temperatures and less flow (dominated either by
the contributions from the QGP phase for EoS-B or four-
pion annihilation in the high-density hadronic phase for
EoS-C, cf. Fig. 18). At this point, EoS-B provides some-
what better agreement and one might be tempted to
take this as evidence for a prevalently partonic emission
source, as suggested in Refs. [87, 88]. However, remaining
uncertainties preclude an unambiguous interpretation, as
we will now show.

In the two bottom panels of Fig. 20 we focus on the
EoS-C scenario with a⊥ = 0.1c2/fm. The left panel illus-
trates the sensitivity of the slopes to the additional inclu-
sion of t-channel meson exchange processes. As discussed
in the previous section, their spectra alone carry a slope
very similar to the data; not surprisingly, their inclusion
increases the slopes in the LMR with no impact on the
IMR slopes. When implementing the t-channel meson
exchanges with the vacuum ρ propagator, the effect on
the slopes is somewhat larger compared to using the in-
medium Dρ, especially in the free ρ mass region. A sin-
gle πρ scattering with unmodified ρ mesons would most
closely represent interactions of ρ mesons in a kinetic
regime (rescattering without thermalization), and thus
provide a missing link between the two extremes of ther-
mal radiation and primordial ρ’s surviving jet quenching
(no reinteraction) in our baseline calculations (note that
there is no contribution from “quenched” ρ’s). The over-
all level of agreement with the data is now very similar
to EoS-B. Also recall that Tc = 190 MeV maximizes the
ratio of hadronic to QGP emission; for Tc = 175 MeV
four-pion emission still outshines the QGP in the IMR,
while the slope parameters are closer to the EoS-B sce-
nario. The effect of the Drell-Yan contribution on the
slopes is shown in the bottom-right panel of Fig. 20. In
the IMR the change in slope is consistent with the experi-
mental results (full vs. open squares), while in the lowest
mass bins the uncertainties in the extrapolation of the
DY are large. We emphasize again that more stringent
constraints can be enforced once an accurate knowledge
of the absolute normalization in the experimental mass
and momentum spectra becomes available.

There are uncertainties in the experimental extraction
of the slope parameters beyond the statistical error bars
shown in the figures. In Ref. [88] a systematic error of
∼7 MeV is estimated due to the subtraction of back-
ground and decay (cocktail) sources. For the LMR, it
has been estimated that the subtraction of a potential
Drell-Yan contribution could lower the effective slopes
by 5-10 MeV. One should also be aware of that the ap-
plicability of hydrodynamic (or thermal fireball) descrip-
tions is limited in transverse momentum, typically to
pT ≤ 2 GeV for pion spectra at the SPS (consistent with
where the spectra reach the collision-scaling regime in
Fig. 6), and to significantly smaller pT for elliptic flow.
Fireball models might compensate for this to some ex-
tent by implementing a larger acceleration, which may
be (part of) the reason that the dilepton slopes prefer
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FIG. 20: (Color online) Effective slope parameters fitted to the theoretical qT spectra using Eq. (45) for the following scenarios
(by default, DY and t-channel meson exchange reactions are not included): top left: EoS-A (dashed line) vs. EoS-B (dash-dotted
line), both with a⊥ = 0.085c2/fm; top right: EoS-A (dashed line) vs. EoS-C (dash-dotted line), both with a⊥ = 0.085c2/fm;
middle left: EoS-B with either a⊥ = 0.085c2/fm (dash-dotted line) or a⊥ = 0.1c2/fm (dashed line); middle right: EoS-C with
either a⊥ = 0.085c2/fm (dash-dotted line) or a⊥ = 0.1c2/fm (dashed line); bottom left: EOS-C with a⊥ = 0.1c2/fm (lower
dashed line), additionally including meson t-channel contributions with free (dash-dotted line) or in-medium (middle dashed
line) ρ propagator; bottom right: EOS-C with a⊥ = 0.1c2/fm (dashed line), additionally including Drell-Yan annihilation
(dash-dotted line).

a⊥ = 0.1c2/fm. To further scrutinize the qT spectra,
it would be very illuminating to reiterate earlier imple-
mentations of the dilepton rates from hadronic many-
body theory into hydrodynamic [50] (with a more real-
istic hadro-chemsitry) or transport [49] simulations. In

this context, a measurement of dilepton elliptic flow could
provide further insights in the detailed emission history
of the medium at SPS energies [90].
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E. Update of Comparison to CERES/NA45 Data

After the refinements in our theoretical approach for
SPS dilepton spectra in the context of the NA60 data,
we revisit in this section the consequences for the com-
parison with CERES/NA45 in semicentral and central
Pb-Au collisions, which showed good agreement in our
earlier works [24, 36, 68]. In the following, we con-
strain ourselves to the above default scenario for the fire-
ball evolution with a transverse acceleration of a⊥ =
0.085 c2/fm. As in the In-In case, the increased ex-
pansion rate entails shorter fireball lifetimes; we choose
the latter as to obtain the same thermal freezeout tem-
perature for central (Tfo ≃ 106 MeV) and semicentral
(Tfo ≃ 112 MeV) Pb-Au collisions as in our previous
work [9, 24], implying a reduction by 2 fm/c for both
centralities (13.5 → 11.5 fm/c and 12 → 10 fm/c, re-
spectively). Also, since for the larger system sizes (i.e.,
lifetimes) the freezeout- and cocktail-ρ contributions [4]
are significantly suppressed relative to thermal radiation,
and since we are not interested in (high-) qt spectra here,
we adopt the (old) simplified treatment for the freeze-
out ρ by running the fireball an additional duration of
1 fm/c [24]. The larger lifetimes relative to In-In colli-
sions furthermore imply that the nonrelativistic formula
for the surface expansion velocity, vs⊥ = a⊥t, approaches
values uncomfortably close to c in the late stages of the
collision. To implement a relativistically covariant accel-
eration in a simple way, we model the acceleration of the
fireball in analogy to the relativistic motion for a charged
particle in a homogeneous electric field. The radial sur-
face velocity and fireball radius then take the form

βs
⊥ =

a⊥t/c√
1 + a2⊥t

2/c2
,

r = r0 +
c2

a⊥

(√
1 + a2⊥t

2/c2 − 1

)
,

(46)

which tames the acceleration at late times and matches
the non-relativistic case for early times.
In the upper panel of Fig. 21 the updated calculations

for dielectron spectra in semicentral Pb-Au collisions are
compared to our previous results (using the same hadro-
chemistry and ρ spectral function), including experimen-
tal acceptance cuts as defined by CERES/NA45. For
masses M & 0.6 GeV, the ρ spectral function yield is re-
duced by 15-20%, directly reflecting the reduction in the
lifetime of the hadronic phase in the fireball. At lower
masses, however, the difference is smaller and eventually
disappears for M . 0.35 GeV. The reason for this is the
interplay of the single-electron cuts and the increase in
transverse flow, where the latter gives larger momentum
to both electrons which in turn have a larger probability
to make it into the acceptance. For the QGP contribu-
tion, the difference is smaller (less than 10%) and weakly
dependent on mass, since the increased transverse flow
plays little role in the early phases (we recall that, for
the canonical choice of the formation time, τ0 = 1 fm/c,
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FIG. 21: (Color online) Upper panel: comparison of ther-
mal dilepton spectra in semicentral Pb-Au collisions (includ-
ing experimental acceptance) for ρ (short-dashed lines) and
QGP emission (dash-dotted lines) using our previous (labeled
“old”) and updated fireball evolution. The solid line is the
sum of in-medium ρ, ω and φ contributions, while the long-
dashed line results from four-pion annihilation including chi-
ral mixing as described in Sec. IIC. The Drell-Yan contri-
bution is below the displayed range; correlated charm decays
are neglected. Lower panel: The solid line is the total in-
medium thermal emission + hadronic cocktail (dash-dotted
line, adopted from the experimental evaluation [4]), compared
to combined 1995/1996 CERES/NA45 data [4]. The short-
dashed line is the sum of thermal emission with a vacuum ρ
spectral function and the cocktail.

the initial temperature for 30% central Pb-Au amounts
to T0 = 203 MeV, and 210 MeV for 7% central). The
addition of in-medium ω and φ decays affects the to-
tal yield mostly around the respective free masses, more
significantly in the φ region. The in-medium four-pion
contribution becomes relevant for masses M & 1 GeV,
with a relative strength compared to the other sources
that closely resembles the In-In case. The Drell-Yan con-
tribution does not show up on the scale of Fig. 21 (and
has been restricted to masses above ∼1 GeV). Correlated
charm decays are not accounted for. The lower panel of
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compared to CERES/NA45 data [25]; for the line labeled “to-
tal (no bar ρ)” the full in-medium ρ spectral function has been
replaced by the one which only includes medium effects in a
meson gas.

Fig. 21 summarizes the comparison of the theoretical cal-
culations with the combined 1996/1996 CERES/NA45
data [4], including the hadron decay cocktail. The level
of agreement is very similar to the one with our earlier
results [24, 68].
Finally, we turn to the most recent CERES data

for central Pb(158 AGeV)-Au collisions [25], which are
shown in Fig. 22 in a form similar to the NA60 data in
the previous sections, i.e., on a linear scale and with the
cocktail subtracted. Again, our calculations employing
the updated fireball describe these data fairly well. Vari-
ations of ±20% in the fireball lifetime (affecting the total
dilepton yields at the same level with little change in the
spectral shape), would still lead to reasonable agreement.
The importance of baryon-induced medium modifications
at SPS energies is reiterated by the dash-double-dotted
curve where only meson-gas effects are included in the
ρ spectral function; this scenario does not properly re-
produce the experimental spectra. When comparing to
the NA60 dimuon mass spectra, the four-pion and QGP
contributions in the IMR appear smaller relative to the
signal in the mass region below the free ρ mass. This is
essentially due to the experimental acceptance, which for
CERES/NA45 is significantly larger in the low-mass re-
gion than for NA60, especially for low-momentum lepton
pairs.
A particularly striking feature of the theoretical predic-

tions is the large enhancement below the two-pion thresh-
old, which is closely connected with the approach to (and
constraints from) the photon point. The very-low-mass
excess is rather sensitive to the baryon-induced medium
effects as well, as illustrated by the curve where the lat-
ter are switched off. Experimentally, this regime is only
accessible with dielectrons (and after subtraction of the

π0 Dalitz decay), and the first hint from data is consis-
tent with the theoretical yield. Clearly, it would be very
worthwhile to further explore this region.

VI. SUMMARY AND CONCLUSIONS

In the present paper, we have conducted a quantitative
study of dilepton spectra in semi-/central heavy-ion colli-
sions at full SPS energy (

√
s = 17.3 GeV). We have sup-

plemented our earlier calculations of thermal radiation
(which reproduce available mass spectra) with sources
of non-thermal origin (expected to become relevant at
high transverse momentum and for small systems), and
we have scrutinized the results with respect to hadro-
chemical and flow properties of the underlying thermal
fireball expansion.
The key quantity to describe thermal dilepton rates

is the (imaginary part of the) electromagnetic current
correlator. In hadronic matter, we have evaluated its
medium modifications in terms of many-body spectral
functions for the light vector mesons at low mass, and chi-
ral vector-axialvector mixing for the continuum part at
intermediate mass. Partonic emission above Tc has been
approximated by perturbative quark-antiquark annihila-
tion. An appealing feature of this description is a smooth
merging of the hadronic rates with the partonic ones
at temperatures around the expected phase transition,
Tc = 160-190 MeV. As a new ingredient we have com-
puted thermal dilepton rates induced by t-channel meson
exchange in πρ → πl+l− reactions, which we found to
become relevant at momenta above ∼1.5 GeV. We have
augmented our approach by non-thermal sources, i.e.,
Drell-Yan annihilation, as well as decays of ρ mesons
from primordial production (subject to jet quenching)
and from decoupling at thermal freezeout. We have em-
phasized that these ρ decays carry an extra kinematic
Lorentz-γ factor relative to thermal radiation, resulting
in harder dilepton-qT spectra.
All sources have been implemented into a space-time

evolution for A-A collisions at SPS, for which we em-
ployed an isentropic fireball model with QGP, mixed and
hadron-gas phases and updated expansion parameters to
better match the absolute dilepton yields measured by
NA60. Hadrochemical freezeout and subsequent evolu-
tion are constructed in line with measured hadron multi-
plicities. The calculated dimuon invariant-mass spectra
agree well with NA60 data in central and semicentral In-
In collisions, including qT bins below 0.5 GeV and above
1.0 GeV, thus confirming our earlier results for thermal
emission and validating the predicted in-medium vector
spectral functions (dominated, but not exhausted, by the
ρ). When comparing to qT spectra, the new sources
contribute to provide good agreement for central colli-
sions, while discrepancies persist with semicentral data at
qT > 1 GeV for masses around and below the free ρ mass.
In particular, effective slope parameters for qT ≥ 1 GeV
amount to Teff ≃ 160-210 MeV, ∼25% short of the em-
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pirically extracted values in the LMR.
We have investigated the sensitivity of our results to

variations in the critical and chemical-freezeout temper-
ature of the fireball. The spectral shape of the invariant-
mass spectra turned out to be insensitive for the range
Tc = 160 − 190 MeV. The reason is the “duality” of
the thermal emission rates around Tc, rendering the
“melting” of the ρ meson a robust signal. A low value
of Tc = 160 MeV entails that QGP radiation domi-
nates over hadronic emission in the IMR. A low value of
Tch = 160 MeV implies smaller pion chemical potentials
(and thus higher temperatures) in the hadronic evolu-
tion, increasing the effective slope parameters by about
15-20 MeV, still ∼30 MeV short of the data in the LMR.
In an attempt to resolve this discrepancy, we have

implemented a ∼15% increase in the transverse fireball
acceleration as previously employed for central Au-Au
collisions at RHIC energy. This elevates the slope to
∼250 MeV around the free ρ mass (and properly re-
produces the increase below), while still being consistent
with the (upper) experimental value of 205± 20 MeV in
the IMR where the blue shift effect is less pronounced due
to the prevalently early emission. In particular, we have
demonstrated that, within the current theoretical and
experimental uncertainties, both scenarios for a predom-
inant emission source in the IMR – hadronic (four-pion)
or partonic – are viable. In either case, the radiation
mostly emanates from matter at temperatures around
Tc ≃ 160 − 190 MeV. An unambiguous distinction be-
tween a partonic and hadronic source in the IMR there-
fore appears difficult at SPS energies. The larger trans-
verse flow developed in the partonic stage at RHIC en-
ergies could facilitate this task [91], although additional
complications arise due to the much larger open-charm
contribution and its in-medium modifications.
Finally we have checked that our refined assessment of

dilepton sources, together with the improvements in the
fireball expansion, preserves our previously found agree-
ment with the CERES/NA45 dielectron spectra in Pb-Au
collisions. The larger system size leads to an apprecia-
ble increase in thermal radiation, thus reducing the un-

certainties associated with the modeling of the break-up
stage. In addition, dielectrons allow access to the mass
region below the two-pion threshold, where the medium
effects on the ρ-spectral function, augmented by the ther-
mal Bose factor (and photon propagator), predict a large
thermal dilepton signal. First data in this region support
this signal, and further corroborate the importance of
baryonic interactions for the in-medium ρ spectral func-
tion.

Future efforts should be pursued along several direc-
tions: first and foremost, the theoretically calculated
vector spectral functions must be extended to their chi-
ral partners (most notably the axialvector (a1) channel
as the partner of the ρ), to establish direct connections
to chiral symmetry restoration. The evaluation of in-
medium Weinberg sum rules [92], in connection with con-
straints from lattice QCD, will play an important role in
this enterprise [93, 94]. Second, from the phenomenolog-
ical side, the implementation of emission rates into both
hydrodynamic and transport simulations should be re-
iterated, to compute qT spectra and check whether the
rather large acceleration of the fireball model can be justi-
fied for the In-In system at SPS. The study of dilepton el-
liptic flow [90] could shed further light on the time profile
of the radiation. At RHIC energies, partonic collectivity
increases significantly; an unexpectedly large dilepton ex-
cess in the LMR recently observed by PHENIX needs to
be understood [96]. Work in several of these directions is
in progress.
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Abstract

Recent developments in the evaluation of vector-meson spectral functions in hot
and dense matter are discussed with emphasis on connections to the chiral phase tran-
sition in QCD. Model independent approaches including chiral low-density expansions,
lattice QCD, chiral and QCD sum rules are put into context with model predictions for
in-medium vector-spectral function utilizing effective Lagrangians. Hadronic many-
body calculations predict a strong broadening (and little mass shift) of the ρ spectral
function which rapidly increases close to the expected phase boundary of hadronic
and quark-gluon matter. Pertinent dilepton rates appear to degenerate with pertur-
bative quark-antiquark annihilation in the Quark-Gluon Plasma, suggestive for chiral
symmetry restoration. Applications to low-mass dilepton spectra in heavy-ion colli-
sions result in quantitative agreement with recent high-quality data at the CERN-SPS.
Thermal radiation from temperatures around Tc consistently reproduces the experi-
mental dilepton excess observed at masses above 1 GeV as well. The interpretation
of dilepton sources at high transverse momentum appears to be more involved.
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1 Introduction

The quest for the elementary entities of matter has always been a central objective in
physics. Of no less interest is the emergence of the structure (or phases) of matter built
from its basic constituents and their interactions. The exploration of matter governed
by the strong force is at the forefront of contemporary research in nuclear physics. The
most common form of strongly interacting matter in the present-day universe is contained
in atomic nuclei, which are bound states of nucleons, i.e., protons and neutrons. Nuclear
matter as found in the center of heavy nuclei is characterized by a nucleon (energy) density
of about %0 = 0.16 fm−3 (ε0 = 0.15 GeV/fm3), rendering one table spoon of this material
a mass of about one million kilotons (1012 kg). The binding of nucleons is strong enough
to cause a reduction of nuclear masses by about 1% compared to the sum of the rest mass
of the individual nucleons, mN ' 940 MeV/c2. But how does the mass of a nucleon arise?
In the late 1960’s it was discovered that the nucleon itself is a composite object, built of
three “valence” quarks of up (u) and down (d) “flavor”. The bare masses of u and d quarks
are only about 5-10 MeV/c2, and believed to be generated by a condensate of (yet to be
discovered) Higgs bosons in the electroweak (EW) sector of the Standard Model of Ele-
mentary Particles. That is, about 98% of the nucleon’s mass is generated dynamically by
the strong interaction. Moreover, no individual quarks have been observed in nature thus
far: they are “confined” into hadrons, either baryons or mesons (conglomerates of three
valence quarks or of a quark and antiquark, respectively). In the 1970’s, the quantum
field theory underlying the strong force has been developed, Quantum Chromodynamics
(QCD), based on quarks and gluons as fundamental degrees of freedom. This theory has
been quantitatively confirmed in high-energy scattering experiments, where the strong
coupling constant, αs ' 0.1, is relatively small and perturbation theory can be reliably
utilized to obtain quantitative results for observables. However, at low momentum trans-
fers, αs becomes large, perturbation theory ceases to be applicable and nonperturbative
mechanisms take over. It is in this regime where quark confinement and mass generation
occur, posing formidable challenges for their theoretical understanding [1].

1.1 QCD Vacuum and Chiral Restoration

It turns out that confinement and mass generation are intimately connected with the phase
structure of strongly interacting matter (see, e.g., Ref. [2]). In fact, even the structure of
the QCD vacuum is far from trivial: similar to the EW sector, it is believed to be filled
with condensates, which are closely related to the origin of hadronic masses. There are,
however, important differences: the QCD condensates are made of (scalar) composites of
quarks and gluons (rather than elementary fields like the Higgs boson), and they do not
induce a breaking of the gauge symmetry. In what follows, the so-called “chiral” quark-
antiquark condensate, 〈0|q̄q|0〉 ' (−250 MeV)3, will be of particular importance. It breaks
the (approximate) chiral symmetry of QCD, which corresponds to the conservation of left
and right “handedness” of massless quarks (applicable for the light u and d quarks, whose
masses are parametrically small, mu,d � |〈0|q̄q|0〉|1/3). While the quark condensate cannot
be directly observed, its consequences are apparent in the excitations of the condensed
ground state, i.e., in the hadron spectrum. Since chiral symmetry is a global symmetry
(rather than a local one depending on space-time position), its spontaneous breaking must
be accompanied by (almost) massless Goldstone bosons. For two quark flavors the latter
are identified with the three charge states of the pion, whose mass, mπ ' 140 MeV, is
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“abnormally” small compared to that of all the other hadrons (e.g., mN ' 940 MeV).
The observed hadron spectrum encodes further evidences for the spontaneous breaking
of chiral symmetry (SBχS): chiral multiplets (e.g., ρ(770)-a1(1260) or N(940)-N∗(1535)),
which would be degenerate if the ground state were chirally symmetric, exhibit a large
mass splitting of typically ∆M ' 500 MeV. The effects of SBχS seem to (gradually) cease
as one goes up in mass in the hadronic spectrum [3]. This is one of the indications that
SBχS is a low-energy, strong-coupling phenomenon which is no longer operative at high
momentum transfers where perturbation theory becomes applicable.

When heating the QCD vacuum its condensate structure is expected to change. Loosely
speaking, thermally excited hadrons “evaporate” condensed q̄q pairs which eventually
leads to the restoration of the spontaneously broken chiral symmetry. Numerical compu-
tations of the lattice-discretized path integral for QCD at finite temperature predict chiral
symmetry restoration (χSR) to occur at a (pseudo-) critical temperature of Tc ' 160-
190 MeV [4, 5], corresponding to an energy density of about εc ' 1 GeV/fm3. The chiral
transition is characterized by a rapid decrease of the q̄q condensate, which, in fact, serves
as an order parameter of strongly interacting matter. In the limit of vanishing light quark
masses and for three quark flavors, this transition is of first order, while for realistic quark
masses as realized in nature (two light quarks u and d and a more heavy strange quark,
ms ' 120 MeV), it is more likely a rapid cross-over. Key manifestations of chiral symme-
try restoration are its (observable) consequences for the hadron spectrum. Chiral partners
must degenerate implying massive medium modifications of hadronic spectral functions
as the transition is approached. This notion is a quite general concept found, e.g., in
solid state physics where phase transitions are routinely diagnosed utilizing “soft-mode
spectroscopy”. This applies in particular to a second order phase transition where the
mode associated with an order parameter becomes massless (soft). But even for bulk
matter properties, rapid changes in the thermodynamic state variables are directly related
to changes in the relevant degrees of freedom at the typical thermal scale (temperature or
Fermi momentum). Interestingly, the chiral transition is accompanied by the dissolution
of hadrons into quarks, i.e., the deconfinement transition, at the same temperature (at
least for vanishing net baryon density). The reason for the apparent coincidence of the two
transitions is not understood. The deconfined and chirally restored strongly interacting
matter is commonly referred to as the Quark-Gluon Plasma (QGP). The experimental ver-
ification and theoretical understanding of the mechanisms leading to the QGP are central
objectives in modern nuclear research.

1.2 Ultrarelativistic Heavy-Ion Collisions

The only way to produce and study hot and dense strongly interacting matter in the
laboratory is by colliding atomic nuclei at high energies. Several large-scale experiments
at ultrarelativistic bombarding energies, Elab � mN , have been conducted over the past
∼20 years, most recently at the SPS at CERN (at center-of-mass energies up to

√
s =

17.3 AGeV) and at the Relativistic Heavy-Ion Collider (RHIC) at Brookhaven (up to√
s = 200 AGeV) [6, 7] with the heaviest available nuclei at A'200 (Pb and Au).

The first question that needs to be answered is whether these reactions produce equili-
brated matter, i.e., do the produced particles undergo sufficient rescattering to justify the
notion of an interacting medium characterized by bulk thermodynamic variables? Exten-
sive and systematic measurements of hadronic observables have lead to a positive answer.
This is extremely exciting as it puts within grasp the possibility to recreate, at least for a
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short moment, the matter which the early universe was made of just a few microseconds
after the Big Bang! While hadronic measurements are discussed and interpreted in depth
in other contributions of this volume, let us sketch some of their main features: transverse-
momentum (pT ) spectra of different hadron species (pions, kaons, protons, etc.), which
characterize the hadronic fireball just before break-up at its “thermal freeze-out”, exhibit
a collective explosion reaching an average speed of about half the speed of light at a final
temperature of T th

fo ' 100 MeV. The ratios of the observed hadron species point at a sig-
nificantly higher temperature of T ch

fo ' 160 MeV [8, 9], i.e., the chemistry of the fireball
(driven by inelastic scattering processes) appears to freeze out significantly earlier than
kinetic equilibrium (maintained by elastic interactions). This is consistent with the large
difference of empirical elastic (e.g., ππ → ρ→ ππ or πN → ∆→ πN) and inelastic (e.g.,
ππ → KK̄) hadronic cross sections, with typical values of ∼100 mb vs. ∼1 mb, respec-
tively. Since the cross sections determine the relaxation times according to τ ' (%hσvrel)

−1

(%h: hadron density, vrel: relative velocity of the colliding hadrons), one obtains a clear
hierarchy in the underlying relaxation times, τth � τch. The interacting hadronic phase
between chemical and thermal freeze-out will play an important role in the remainder of
this article. More differential analyses of the flow patterns of the measured hadrons allow
to trace back the matter properties to earlier times in the evolution of the fireball. In par-
ticular, the magnitude of the “elliptic flow” measured at RHIC indicates that the medium
thermalizes on a rather short time scale, τ ≤ 1-2 fm/c after initial impact, translating into
(energy-) densities of a factor 10 or more above the critical one1. A thermal (hydrody-
namic) description [10, 11, 12, 13] of the fireball in semi-/central collisions of heavy nuclei
at RHIC appears to be valid for hadrons up to momenta of pT ' 2-3 GeV, comprising
approximately 95% of all produced particles. At high transverse momenta, pT > 5 GeV,
hadron production is dominated by hard scattering, i.e., a primordial parton-parton colli-
sion at high momentum transfer within the incoming nucleons, followed by fragmentation
into (a spray of) hadrons (jets). In central Au-Au collisions at RHIC, a factor of ∼5
suppression of high-pT hadron production has been observed (“jet quenching”)2. While
these hadrons (or their parent quarks) do not thermalize, their suppression indicates a sub-
stantial coupling to the created medium, associated with an energy loss of a fast parton
propagating through the fireball. The (energy-) density of the medium required to ac-
count for this effect is roughly consistent with the estimate inferred from a hydrodynamic
description of the elliptic flow of low-pT hadrons.

A second level of questions concerns the relevant degrees of freedom of the produced
matter, i.e., whether there is explicit evidence that individual partons leave a distinctive
footprint in observables. It turns out that the elliptic flow is again revealing interesting
features in this context: it has been found [14, 15] that the elliptic-flow coefficient, vh2 (KT ),
of all measured hadrons, h=π, K, p, Λ, Σ, φ, ..., exhibits a remarkable universality as a
function of transverse kinetic energy, KT=mT −mh (mT=(p2

T+m2
h)1/2): when scaled with

1Elliptic flow characterizes the azimuthal asymmetry in the pT -spectra of particles (in the plane trans-
verse to the beam axis). In a non-central heavy-ion collision, the initial nuclear overlap (interaction) zone
is “almond-shaped”. If the system thermalizes before this spatial anisotropy is smeared out (e.g., due to
free streaming), a larger pressure gradient builds up along the “short’” compared to the “long” axis of
the initial almond. This thermal pressure drives a collective expansion of the “almond” which is stronger
along the short axis and thus results in particle momenta with a preference to be aligned with this axis.
The magnitude of the elliptic flow is thus sensitive to how fast thermalization is established.

2Jet quenching is probably also present at the SPS but it is quantitatively smaller than at RHIC (about
a factor of 2 suppression) and masked by a large initial pT broadening in the interpenetrating nuclei prior
to the hard scattering, known as “Cronin effect”.
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the constituent-quark number content, nq, of hadron h, all measured hadron-v2 data ap-
pear to collapse on a single curve, vq2(Kt≡KT /nq)=v

h
2 (KT )/nq. This has been interpreted

as evidence for a collectively expanding partonic source hadronizing via quark coalescence.
A fully consistent theoretical description of this phenomenon has not been achieved yet.

A third level of investigations has to address signals of the deconfinement and/or
chiral restoration transitions. In a rigorous sense, this requires the assessment of order
parameters associated with these transitions. However, changes in order parameters are
not always easily observable. This is particularly true in the present context and we are
led back to the idea of “mode spectroscopy”, to be conducted in the environment of a
short-lived, rapidly expanding fireball of a heavy-ion collision. Individual (stable) hadrons
emanating from the collision zone have all long recovered their free (vacuum) masses by
the time they are measured in the detectors. A better observable are invariant-mass
spectra of short-lived resonance decays, h → h1h2, with a lifetime, τh, comparable to, or
smaller than, the lifetime of the interacting fireball, τFB ' 10 fm/c. Such a resonance (e.g.,
∆→ πN or ρ→ ππ) has a large probability to decay inside the medium so that its decay
products can carry the information on its invariant-mass, m2

h = (p1 + p2)2, at the point
of decay to the detector. In principle, this would allow to determine the invariant-mass
distribution (or spectral function) of the resonance h in the medium. The problem is that
the decays products, h1 and h2, are likely to undergo further rescattering in the fireball
which destroys the desired invariant-mass information. The latter will thus be largely
restricted to the dilute (break-up) stages of the medium in a heavy-ion collision.

1.3 Dilepton Spectroscopy

The decisive step to obtain access to hadronic spectral functions in the hot and dense
regions of the medium is provided by electromagnetic (EM) probes, i.e., photons (γ) and
dileptons (arising from virtual (timelike) photons, γ∗ → l+l− with l=e or µ) [16, 17, 18].
These are not subject to the strong force and thus suffer negligible final-state interac-
tions, with a mean free path which is much larger than the typical size of the fireball,
RFB ' 10 fm. The natural candidates for in-medium spectroscopy are the vector mesons
(V ), which carry the quantum numbers of the photon (spin-parity JP=1−) and thus
directly couple to exclusive dilepton final states, V → l+l−. In the low-mass region
(M≤1 GeV), which is the region of interest to study chiral restoration, the prominent vec-
tor mesons are ρ(770), ω(782) and φ(1020). In fact, the famous vector dominance model
(VDM) [19] asserts that the coupling of a (real or virtual) photon to any EM hadronic
current exclusively proceeds via an intermediate vector meson (which is excellently sat-
isfied in the mesonic sector but subject to corrections in the baryonic sector). Thus,
if VDM holds in hadronic matter, dilepton emission is indeed equivalent to in-medium
vector-meson spectroscopy. In thermal equilibrium, the contribution from the (isovector)
ρ meson dominates over the ω by a factor of ∼10 (factor ∼5 over the φ, which, however, is
thermally suppressed due to its larger mass). Furthermore, it can be shown [20] that, in
the context of a heavy-ion collision, low-mass dilepton radiation from the hadronic phase
dominates over the emission from a putative QGP phase, even at collider energies (RHIC
and LHC)3. The excitement (and theoretical activity) in the field was further spurred by
the suggestion of Brown and Rho [21] that the ρ-meson mass should drop to (almost) zero

3This is due to the much larger three-volume in the hadronic phase; at larger dilepton masses, M>1 GeV,
the thermal Boltzmann factor, e−q0/T , augments the sensitivity to higher temperatures which increases
the QGP contribution relative to the hadronic one in the inclusive dilepton spectrum.
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Figure 1: Left panel: ratio of cross sections, R = σee→hadrons/σee→µµ, for electron-positron
annihilation into hadrons relative to muon-antimuons, as a function of center-of-mass
energy,

√
s. The experimental data exhibit a nonperturbative resonance regime up to√

s' 1.1 GeV, exhausted by the light vector mesons ρ, ω and φ, followed by a transition to
an almost structureless perturbative regime at

√
s&1.5 GeV. The latter is well described by

perturbative QCD (pQCD), especially for
√
s≥2 GeV, where residual “oscillations” (due

to excited vector resonances) have essentially ceased. The naive quark-model prediction
(leading-order pQCD, O(α0

s)) is given by RQM=Nc
∑

q=u,d,s e
2
q=2. Right panel: strong

coupling constant as a function of momentum transfer [33]; note the increase of αs toward
small Q suggestive for the emergence of nonperturbative phenomena.

as a consequence of χSR. Early dilepton measurements in S(200 AGeV)-Au collisions at the
CERN-SPS by the CERES collaboration [22] found a large enhancement of the spectrum
at invariant masses below the nominal ρ mass, i.e., for M'0.2-0.7 GeV. These data could
be well described by a dropping-mass scenario implemented into relativistic transport mod-
els within a mean-field description [23, 24]. Subsequently, more “conventional” medium
modifications of the ρ meson were investigated based on its rescattering on constituents
of a hadronic medium, see, e.g., Refs. [25, 26, 27, 28] for reviews. The generic finding of
these hadronic many-body calculations was a strong broadening of the ρ spectral function,
which, when extrapolated to the putative phase transition temperature, Tc ' 175 MeV,
leads to a complete “melting” of the resonance structure [29]. The broadening effect could
account for a large part of the low-mass dilepton excess observed in S-Au collisions. The
agreement was even better [30] with improved CERES/NA45 measurements carried out
in the heavier Pb(158 AGeV)-Au system [31, 32]. The connection of the ρ melting to χSR
appeared to be less direct than in dropping-mass scenarios. However, in Refs. [34, 30]
it was found that the hadronic dilepton rates following from the “melted” ρ close to Tc
rather closely resemble the rates computed in a partonic description, i.e., perturbative
quark-antiquark annihilation. In the vacuum, such a phenomenon is well known from the
e+e− annihilation into hadrons: for M≥1.5 GeV the total cross section is well described
within perturbative QCD using quark-antiquark final states, known as “parton-hadron
duality”, cf. Fig. 1. It was therefore suggested that the conceptual implication of the ρ
melting is a reduction of the “duality threshold” [34, 30], from Mdual=1.5 GeV in the vac-
uum to essentially zero around Tc. Note that a “perturbative” dilepton rate automatically
implies chiral restoration (i.e., degeneracy of vector and axialvector channels).

The accuracy in the 1995/1996 CERES/NA45 dielectron data [31, 32] did not allow
for a decisive experimental discrimination of the dropping-mass and melting-resonance
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scenarios. An important step forward was realized with the NA60 dimuon spectra [35] in
In(158 AGeV)-In collisions at the SPS. Excellent mass resolution and superior statistics
enabled, for the first time, an isolation of the “excess radiation” (by subtraction of final-
state hadron decays). The shape of the excess spectrum clearly favors a broadened ρ
spectral function over scenarios involving dropping masses. The original predictions of
hadronic many-body theory [30, 20] are, in fact, in quantitative agreement [36] with the
inclusive mass spectra in semi-/central In-In collisions. In the last round of CERES/NA45
data [37] excess spectra have also been extracted in Pb-Au collisions (by subtraction of
final-state hadron decays using a statistical model [8]). While the overall data quality
does not reach the level of NA60, the larger collision system and the access to very small
dilepton masses in the dielectron channel (dimuons have a threshold of 2mµ=210 MeV)
can provide additional insights.

The dilepton program at the CERN-SPS has thus far reached the highest level of
maturity in the heavy-ion context. It also included a CERES/NA45 measurement in
a low-energy Pb(40 AGeV)-Au run [38], which produced tantalizing hints for an even
larger excess than at 158 AGeV, but was unfortunately hampered by low statistics. At
much lower, relativistic bombarding energies (1-2 AGeV), the DLS collaboration at the
BEVALAC reported a very large dilepton excess [39], which has recently been confirmed by
the HADES collaboration at SIS [40, 41]. On the other hand, the dilepton measurements
at RHIC are still in their infancy (first data indicate substantial excess radiation [42]),
but it will become a central component in future runs [43]. Very interesting results are
also emerging from vector-meson spectroscopy in cold nuclei using elementary projectiles,
i.e., photons [44, 45] or protons [46]. It turns out that all of these observables are closely
related, and their broad understanding is essential for the determination of the in-medium
vector-meson spectral functions. Of particular importance is the consistency of theoretical
descriptions beyond phenomenological applications and the interrelations between different
approaches (including effective hadronic and quark models, lattice QCD and constraints
from sum rules), which will ultimately reveal the mechanisms of chiral restoration. In this
article, we give an up-to-date account of these efforts with special emphasis on a broader
picture in the context of χSR.

1.4 Outline

Our article is organized as follows. In Sec. 2, we start by recollecting basic features of
spontaneous chiral symmetry breaking in the QCD vacuum with emphasis on condensate
structures and consequences for the hadronic excitation spectrum (sub-Sec. 2.1), followed
by a discussion of in-medium condensates within the landscape of the QCD phase dia-
gram (sub-Sec. 2.2). In Sec. 3, we scrutinize the links of the chain with which one hopes
to connect thermal dilepton rates and (partial) χSR. We first introduce the EM correlation
function which is the basic quantity figuring into the thermal dilepton rate (sub-Sec. 3.1).
Model-independent evaluations of medium effects can be obtained in the low-density limit
from current algebra, in the high-temperature limit from perturbative QCD and, for van-
ishing baryon-chemical potential from lattice QCD (sub-Sec. 3.2). A valuable source of
model-independent constraints is provided by chiral and QCD sum rules (sub-Sec. 3.3)
which are energy moments of spectral functions that directly relate to order parameters of
QCD and are generally not restricted in temperature and density. For practical applica-
tions, effective hadronic models are an indispensable tool (sub-Sec. 3.4); their reliability,
based on the choice of interaction vertices and associated parameters, crucially hinges
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on a thorough procedure of theoretical and phenomenological constraints; an important
question will also be the fate of the vector dominance model in the medium. In Sec. 4 the
theoretical developments are tested in recent dilepton production experiments, starting
with elementary reactions off nuclei representative for medium effects in cold nuclear mat-
ter (sub-Sec. 4.1). The main part of Sec. 4 is devoted to an analysis of dilepton spectra
in ultrarelativistic heavy-ion reactions (sub-Sec. 4.2), focusing on recent results obtained
at the CERN-SPS by the NA60 and CERES/NA45 collaborations. The spectral analysis
is completed by a critical assessment of the combined theoretical and experimental status
to date (sub-Sec. 4.3). We finish with concluding remarks in Sec. 5.

2 Chiral Symmetry, Condensates and Chiral Restoration

It is generally accepted that strong interactions are described by Quantum Chromody-
namics (QCD), introduced in 1973 [47, 48, 49], with a Lagrangian density given by

LQCD = q̄(iγµDµ −Mq)q −
1

4
GaµνG

µν
a , Dµ = ∂µ + igs

λa
2
Aaµ , (1)

formulated in terms of elementary quark (q) and gluon (Aaµ) fields (γµ and λa: Dirac and
Gell-Mann matrices, respectively,Mq=diag(mu,md, . . . ): current-quark mass matrix). In
addition to the local SU(3) color gauge symmetry, LQCD possesses several global symme-
tries. The most relevant one in the present context is Chiral Symmetry, which can be ex-
hibited by rewriting LQCD in terms of left- and right-handed quark fields, qL,R=1

2(1∓γ5)q:

LQCD = q̄Liγ
µDµqL + q̄Riγ

µDµqR − (q̄LMqqR + q̄RMqqL)− 1

4
GaµνG

µν
a . (2)

For small quark masses, i.e., u and d quarks, LQCD is approximately invariant under
rotations qL,R → e−i~αL,R·~τ/2qL,R, where ~αR,L are 3 real angles and τ operates in (u-d)
isospin space. Chiral invariance of the QCD Lagrangian thus refers to the conservation
of quark handed-ness and isospin. Alternatively, one can rewrite the chiral rotations
as q → e−i~αV ·~τ/2q and q → e−iγ5~αA·~τ/2q, giving rise to conserved isovector-vector and
-axialvector currents,

~jµV = q̄γµ
~τ

2
q , ~jµA = q̄γµγ5

~τ

2
q . (3)

2.1 Condensates and Hadron Spectrum in Vacuum

As emphasized in the Introduction, the nonperturbative structure of the QCD vacuum
is characterized by its condensates. A special role is played by the quark-antiquark (qq̄)
and gluon (G2) condensates. Apart from being the condensates involving the minimal
number of quark- and gluon-fields, the former is a main order parameter of SBχS while
the latter dominantly figures into the energy-momentum tensor of the theory. The vacuum
expectation value of the latter’s trace is given by

〈Tµµ 〉 = ε− 3P = −〈G2〉+mq〈q̄q〉 (4)

whereG2 = −(β(gs)/2gs)G
µν
a Gaµν involves the gluon-field strength tensor and the renorma-

lization-group beta function, β(gs). The latter appears because the nonvanishing vacuum
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Figure 2: Experimental data [50] of the isovector-vector (IJP=11−, left panel) and
isovector-axialvector (IJP=11+, right panel) spectral functions from hadronic decays of
τ leptons (produced in

√
s=91 GeV e+e− annihilation at LEP) into even and odd numbers

of pions/kaons, respectively. The lines indicate theoretical calculations using pQCD.

value of Tµµ breaks the scale invariance of the classical QCD Lagrangian, induced by quan-
tum loop corrections. The small current light-quark masses, mq'5 MeV, render the con-
tribution of the quark condensate to Tµµ small. The absolute value of the gluon condensate
is not precisely known, but presumably rather large, around 1.5 GeV/fm3'(330 MeV)4.
In fact, the magnitude of the quark condensate is not small either, 〈q̄q〉'(-250 MeV)3

per light-quark flavor, and about 50% of that for strange quarks. This implies that the
vacuum is filled with ∼5 quark-antiquark pairs per fm3! Also note that the quark con-
densate maximally violates chiral symmetry by mixing right- and left-handed quarks,
〈q̄q〉=〈q̄LqR + q̄RqL〉, implying that a quark propagating through the vacuum can flip its
chirality by coupling to the condensate. The intimate relation between chiral symmetry
breaking and the associated Goldstone-boson nature of the pion is highlighted by the
Gell-Mann-Oakes Renner (GOR) relation,

m2
πf

2
π = −2mq〈q̄q〉 , (5)

which combines the effects of explicit chiral symmetry breaking, m2
π∝mq, and SBχS with

the pion decay constant as order parameter.
One of the best direct empirical evidences for the spontaneous breaking of chiral

symmetry is found in the vector channel, more specifically the isovector-vector channel
(IJP=11+) and its chiral partner, the isovector-axialvector one (IJP=11−), precisely the
Noether currents in Eqs. (3). The pertinent spectral functions have been measured with
excellent precision (and a detailed decomposition of the hadronic final states) at the Large
Electron-Positron collider (LEP) in hadronic τ decays by the ALEPH [50] and OPAL [51]
collaborations, cf. Fig. 2. In the low-mass region, the strength of each of the two spectral
functions is largely concentrated in a prominent resonance, i.e., the ρ(770) and a1(1260).
This very fact indicates that the low-mass regime is dominated by nonperturbative ef-
fects, while the (large) difference in mass and width of these resonances signals chiral
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Figure 3: Schematic QCD phase diagram including empirical extractions of (µB, T )-values
from observed hadron production ratios in heavy-ion experiments at different beam ener-
gies [8]; the bands indicate lattice-QCD and model estimates of the transition regions be-
tween HM, QGP and CSC; with the HM-QGP transition (along the finite T , µB=0 axis)
presumably a cross-over, and the HM-CSC one (along the finite µB, T=0 axis) possibly first
order, there is presumably a second order endpoint, e.g., around (µB, T )≈(400,160) MeV.

symmetry breaking. This connection can be quantified by chiral sum rules developed by
Weinberg [52] and others [53] in the late 1960’s based on current algebra of chiral sym-
metry. These sum rules relate moments of the difference between vector and axialvector
spectral functions to chiral order parameters. In the chiral limit (mπ=0) one has

fn = −
∞∫

0

ds

π
sn [Im ΠV (s)− Im ΠA(s)] , (6)

f−2 = f2
π

〈r2
π〉
3
− FA , f−1 = f2

π , f0 = 0 , f1 = −2παs〈O〉 (7)

(rπ: pion charge radius, FA: coupling constant for the radiative pion decay, π± → µ±νµγ,
〈O4〉: four-quark condensate).

2.2 Phase Diagram and Chiral Restoration

A schematic view of the QCD phase diagram is displayed in Fig. 3. It is roughly character-
ized by three major regimes (all of which most likely exhibit rich substructures): hadronic
matter (HM) at small and moderate temperature (T ) and baryon chemical potential (µB),
Quark-Gluon Plasma (QGP) at high T and Color Super-Conductors (CSCs) at high µB
but low T . The latter may occur in the core of neutron stars, but are unlikely to be
produced in heavy-ion collisions and will not be further discussed here.

A key issue toward understanding the phase structure of QCD matter is the tem-
perature and density dependence of its condensates. Various condensates serve as order
parameters of broken symmetries and govern the (hadronic) excitation spectrum. The lat-
ter provides the connections to observables. A first estimate of the medium modifications
of the condensates can be obtained in the low-density limit [55, 56], by approximating the
thermal medium by non-interacting light hadrons, i.e., pions at finite T an nucleons at
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finite %N . For the quark condensate, this leads to a linear density expansion of the type

〈〈q̄q〉〉(T, µB)

〈q̄q〉 = 1−
∑

h

%shΣh

m2
πf

2
π

' 1− T 2

8f2
π

− 1

3

%N
%0
− · · · , (8)

where ρsh denotes the scalar density of hadron h, and Σh denotes its “σ”-term (Σh/mq may
be interpreted as the number of q̄q pairs inside hadron h which diminish the (negative)
q̄q density of the condensate). In obtaining Eq. (8), the GOR relation (5) has been used.
Alternatively, one can directly use the definition of the quark condensate in terms of the
quark-mass derivative of the thermodynamic potential,

〈〈q̄q〉〉 =
∂Ω

∂mq
, (9)

and evaluate the temperature and density-dependent part, Ω̄(µB, T ) ≡ Ω(µB, T )−Ωvac, in
the free gas approximation. A similar strategy can be adopted for the gluon condensate,
by utilizing its relation, Eq. (4), to the trace anomaly,

〈〈G2〉〉 = −(ε− 3P ) +mq〈〈q̄q〉〉 , (10)

and estimating the %B- and T -dependent parts of pressure and energy density in suitable
expansions. At finite temperature, for a massless pion gas, one has ε=3P and thus no
correction to order T 4 (the system is scale invariant). It turns out that the lowest-order
interaction contribution from (soft) ππ scattering does not contribute either so that the
leading temperature dependence of the gluon condensate arises at order T 8 [54]. With the
leading nuclear-density dependence as worked out in Refs. [55, 56], one has

〈〈G2〉〉 = −〈G2〉 − (mN − ΣN )%N −
π2

270

T 8

f4
π

(
ln

Λp
T
− 1

4

)
(11)

(Λp'275 MeV is a renormalization scale). The above relations allow for some interesting
insights. As already noted in Ref. [56], the linear-density expansions suggest that the gluon
condensate is much less affected then the quark condensate, cf. also the upper panels in
Fig. 4. It is not obvious whether recent finite-T lattice computations in QCD with 2+1
flavors support this picture (see the lower panels of Fig. 4), especially when approaching
the critical temperature: both 〈〈q̄q〉〉 and 〈〈G2〉〉 drop significantly around Tc and reach
approximately zero at roughly 1.5Tc (the perturbative interaction contribution to ε− 3P
renders the gluon condensate negative at high T ). The low-density expansion of the quark
condensate seems to suggest that temperature effects are weaker than density effects (upper
left panel in Fig. 4). This is, in fact, not the case: as a function of (pion-) density, the
leading reduction of 〈〈q̄q〉〉 in a heat bath is quite comparable to cold nuclear matter, as
determined by the coefficient in Eq. (8) which is in essence given by the respective σ terms,
Σπ'70 MeV compared to ΣN=45±15 MeV.

Another interesting observation can be made when taking the expectation value of the
trace of the energy momentum tensor over a single nucleon state,

〈N |Tµµ |N〉 = −mN = 〈N |G2|N〉+mq 〈N |q̄q|N〉 . (12)

Since the second term (related to the σ term) is small (or zero in the chiral limit), this
relation seems to suggest that the major part of the nucleon mass is generated by the
gluon condensate. This is to be contrasted with effective quark models (e.g., Nambu
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Figure 4: Upper panels: density and temperature dependence of the chiral (left) and the
gluon condensate (right), normalized to their vacuum values [57], obtained in a low-T and -
%N expansions. Lower panels: T dependence at µq=0 of the (subtracted and renormalized)
chiral condensate (left) [58] and of the gluon condensate (right) [59] as obtained from
Nf=2+1 lattice QCD computations.

Jona-Lasinio) which, in mean field approximation, attribute the constituent quark mass
entirely to the quark condensate, m∗q=Geff〈q̄q〉. One should also note that, at least in
the QGP phase, the vanishing of the quark or gluon condensate does not necessarily
imply quark “masses” to vanish. E.g., in perturbative QCD, partons in the QGP acquire
a thermal mass mth

q,g∼gT . This mass term does not break chiral symmetry (its Dirac
structure includes a γ0 matrix) and presumably persists until close to Tc, thus supplanting
the constituent quark mass, m∗q , well before the latter vanishes. This has, of course,
important consequences for the masses of hadronic states in the vicinity of Tc. In addition,
large binding-energy effects can be present, e.g., for the pion: if the chiral transition is
continuous, the pion’s Goldstone-boson nature could very well imply that it survives as a
bound state at temperatures above Tc [60, 61, 62].

As emphasized above, the only known direct way to extract observable consequences
of changes in the QCD condensate structure is to probe medium modifications in its
excitation spectrum. This applies in particular for the quark condensate which has a
rather small impact on the bulk properties of QCD matter being suppressed by mq (the
relation of the gluon condensate to the equation of state could, in principle, be tested via
hydrodynamic or transport properties, but this turned out to be difficult in the context
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of heavy-ion collisions [10]). The generic model-independent consequence of χSR for the
in-medium hadronic spectrum is the degeneracy of the spectral functions within chiral
multiplets (i.e., for chiral partners) , e.g., π-“σ”, N -N∗(1535) and ρ(770)-a1(1260). In the
“σ” channel (which asymptotically corresponds to a scalar-isoscalar pion pair), interesting
medium effects have been observed in pion- and photon-induced production of S-wave pion
pairs off nuclei [63, 64, 65]. An accumulation of strength close to the two-pion threshold
(which is not observed in the isotensor π-π channel) has been associated with an in-
medium reduction of the “σ”-meson mass as a precursor effect of χSR [66] (note that the
leading-density approximation, Eq. (8), predicts a reduction of the quark condensate by
∼30% already at normal nuclear matter density). However, nuclear many-body effects [67,
68], in particular the renormalization of the pion propagator in the nuclear medium, can
essentially explain the experimental findings4. This raises an important question: to what
extent do “conventional” in-medium effects encode mechanisms of χSR? From the point of
view of the “σ” spectral function alone, it is not possible to distinguish whether a softening
is caused by many-body effects or genuine mass changes figuring via medium modifications
of the mass parameter in the underlying effective Lagrangian. Thus, a distinction of
medium effects into “conventional” ones and those associated with an apparent “direct”
connection to χSR is meaningless. Rather, a careful and exhaustive treatment of hadronic
many-body effects is an inevitable ingredient for evaluating mechanisms of χSR. As already
alluded to in the Introduction, a practical problem of using the ππ decay channel for
studying medium effects are the strong final-state interactions of the individual pions when
exiting the nuclear medium [69]. The same applies to the heavy-ion collision environment,
implying that the ππ channel can only probe the dilute stages of the produced medium.
This problem is overcome by dilepton final states, on which we will focus in the following.

3 Vector Mesons in Medium

3.1 Dileptons and Electromagnetic Correlation Function

For a strongly interacting medium in thermal equilibrium the production rate of dileptons
can be cast into the form [16, 18],

dNll

d4xd4q
= − α2

em

π3M2
fB(q0;T )

1

3
gµν Im Πµν

em(M, q;µB, T ) . (13)

This expression is to leading order in the electromagnetic (EM) coupling constant, αem,
but exact in the strong interaction. The latter is encoded in the EM spectral function,
defined via the retarded correlator of the hadronic EM current, jµem(x),

Πµν
em(q0, q)) = −i

∫
d4x eiq·x Θ(x0) 〈〈[jµem(x), jνem(0)]〉〉 . (14)

In the vacuum, the spectral strength is directly accessible via the total cross section for
e+e− annihilation,

σ(e+e− → hadrons) =
4πα2

em

s

(−12π)

s
Im Πvac

em (s) , (15)

recall Fig. 1 (the first factor is simply σ(e+e−→µ+µ−)=4πα2
em/s). As a function of invari-

ant dilepton mass, M2=q2
0 − ~q2, the spectrum basically decomposes into two regimes. In

4Similar results are obtained from a transport treatment of pion reinteractions in the medium [69].
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the low-mass region (LMR, M≤1 GeV), the strength is absorbed in the three vector mesons
ρ(770), ω(782) and φ(1020) representing the lowest resonances in the two-pion, three-pion
and kaon-antikaon channels, respectively. Thus, the EM current is well described within
the vector dominance model (VDM) [19] as given by the field current identity,

jµem(M ≤ 1 GeV) =
m2
ρ

gρ
ρµ +

m2
ω

gω
ωµ +

m2
φ

gφ
φµ . (16)

In the intermediate mass region (IMR, 1 GeV<M≤3 GeV), the strength is reasonably well
accounted for by a partonic description,

jµem(M > 1.5 GeV) =
∑

q=u,d,s

eq q̄γ
µq , (17)

where eq denotes the electric quark charge in units of the electron charge, e. The connection
between the two representations can be exhibited by rearranging the charge-flavor content
of the quark basis into hadronic isospin quantum numbers,

jµem =
1√
2

[
ūγµu− d̄γµd√

2
+

1

3

ūγµu+ d̄γµd√
2

−
√

2

3
s̄γµs

]
, (18)

reflecting the quark content of the (normalized) ρ (isospin I=1), ω (I=0) and φ (I=0)
wave functions, respectively. Converting the isospin coefficients into numerical weights in
the EM spectral function, one obtains

Im Πem ∼
[
ImDρ +

1

9
ImDω +

2

9
ImDφ

]
, (19)

which identifies the isovector (ρ) channel as the dominant source (experimentally it is
even larger as given by the electromagnetic decay widths, Γρ→ee/Γω→ee' 11). Explicitly
evaluating the EM correlators using the currents (16) and (17) yields

Im Πvac
em (M) =





∑
V=ρ,ω,φ

(
m2

V
gV

)2
ImDvac

V (M) , M < Mvac
dual,

−M2

12π (1 + αs(M)
π + . . . ) Nc

∑
q=u,d,s

(eq)
2 , M > Mvac

dual

(20)

(Mvac
dual' 1.5 GeV, Nc=3: number of quark colors, DV = 1/[M2−m2

V −ΣV ]: vector-meson
propagators). The associated processes in the thermal dilepton production rates are, of
course, the inverse of e+e− annihilation, i.e., two-pion, three-pion and KK̄ annihilation
(channeled through the ρ, ω and φ) in a hadronic phase5 and qq̄ annihilation in a QGP.
But what about hadronic emission in the IMR and QGP emission in the LMR? The
former follows from time-reversal invariance of strong interactions: to the extent that the
hadronic final state in e+e− annihilation can be represented by a statistical (thermal)
distribution (which is empirically approximately satisfied), hadron-gas emission in the
IMR corresponds to multi-hadron annihilation (4π, 6π → e+e−, etc., which may be built
from 2ρ, πa1, πω, etc.), with a total strength given by the partonic continuum. QGP
emission in the LMR is, of course, closely related to a central question of this review: How

5Note that the dominance of the isovector channel is naturally associated with the annihilation of the
two lightest constituents in a hadronic medium.
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Figure 5: Left panel: vector and axialvector spectral functions as measured in hadronic
τ decays [50] with model fits using vacuum ρ and a1 strength functions supplemented
by perturbative continua [70]; right panel: scenarios for the effects of chiral symmetry
restoration on the in-medium vector- and axial-vector spectral functions.

does the dilute hadronic resonance gas rate evolve into the chirally restored, deconfined
QGP rate? At sufficiently low temperatures and/or baryon densities virial expansions in
a hadronic basis can provide initial insights. With increasing T and %B resummations
become necessary for which many-body approaches are a suitable tool. It is currently
an open question how far up in %B and T these calculations are reliable. Selfconsistent
schemes are, in principle, capable of describing phase-transition dynamics, which, ideally,
could be constrained by unquenched lattice-QCD calculations of the dilepton rate below
Tc (energy sum rules turn out to be particularly useful to connect spectral functions to
order parameters). Eventually, in the high-temperature limit, the LMR rate should recover
perturbative qq̄ annihilation, where a systematic evaluation of corrections becomes feasible
again. The remainder of this section is devoted to a discussion of these approaches. With
hindsight to Sec. 4, we will focus on models for which quantitative applications to dilepton
observables have been made, with the isovector (ρ) channel playing the leading role. In the
following, for brevity, we refer to the IJP=11± chiral partner channels as vector (V ) and
axialvector (A) ones. In the vacuum, both can be well represented by a low-lying resonance
pole (ρ and a1) and a continuum above, see left panel of Fig. 5. Two schematic scenarios
for the degeneration of vector and axialvector channels at chiral restoration (“dropping
mass” and “resonance melting”) are sketched in the right panel of Fig. 5.

3.2 Medium Effects I: Model Independent

In principle, model-independent assessments of medium effects do not involve free param-
eters. These can be realized by virial expansion schemes based on experimental input for
vacuum spectral functions (valid for dilute hadronic matter), perturbative QCD calcula-
tions (valid in the high-T limit) or first-principle lattice QCD computations.
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3.2.1 Chiral Reduction and Mixing

The leading temperature dependence of vector and axialvector correlators, Πµν
V,A, i.e., their

modification in a dilute pion gas, can be inferred from chiral reduction and current algebra.
They allow to simplify 1-pion matrix elements of any operator according to

〈0|O|πa〉 = − i

fπ
〈0|[QaA,O]|0〉 , [QaA, j

µ,b
V,A] = iεabcjµ,cA,V , (21)

where {a, b, c} are isospin indices. Evaluating the Fourier transforms of the thermal expec-
tation values in the chiral and soft pion limit (i.e., mπ=0 and neglecting any momentum
transfer k from thermal pions in the heat bath), one obtains the “mixing” theorem [71]

ΠV,A(q) = (1− ε) Π0
V,A(q) + ε Π0

A,V (q) (22)

with the mixing parameter ε=T 2/6f2
π (the Lorentz structure remains as in the vacuum).

The leading-T effect on the V and A correlators is a mere admixture of the chiral partner
with a corresponding reduction of its original strength, via processes of the type π+V ↔ A
and π + A ↔ V ; width and mass of the vacuum correlators are unaffected. For dilepton
production, this implies a reduced ρ pole strength as well as an enhancement of the “dip”
region, M'1-1.5 GeV, where the a1 resonance provides a “maximal feeding”.

When naively extrapolating the mixing expression, Eq. (22), to chiral restoration
(ε=1/2), one finds Tc=

√
3fπ=160 MeV. This is, however, misleading for several reasons.

First, this estimate does not coincide with a similar extrapolation for the vanishing of the
chiral condensate, cf. Eq. (8). Second, even a moderate amendment in terms of a finite
pion mass in the scalar density shifts the estimate to Tc'225 MeV. Both facts underline the
inadequacy of the extrapolation of a lowest-order result. Third, the chiral and soft-pion
limits are kinematically not a good approximation (e.g., at T=150 MeV, thermal pions
typically bring in an energy of ∼300-400 MeV). In cold nuclear matter, a similar mixing
is operative via the coupling of the pion cloud of ρ and a1 to the nuclear medium [72, 73].

A much more elaborate treatment of the chiral reduction formalism has been conducted
in Refs. [74, 75, 76]. These calculations are based on realistic fits to vacuum correlators,
do not invoke kinematic approximations (chiral or soft-pion limits) and include both pion
and nucleon ensembles. The leading-density part has been subjected to constraints from
nuclear photo-absorption including the first and second resonance region via ∆(1232) and
N(1520) excitations. This allows for meaningful applications to dilepton spectra which
have been carried out and will be discussed in Sec. 4. Note that these calculations do
not explicitly invoke the notion of VDM, but the fact that the vacuum correlators are
constructed with ρ and a1 pole dominance, which is not upset in the linear density scheme,
implies that VDM is still present upon inclusion of medium effects.

3.2.2 Lattice QCD and Susceptibilities

First-principle computations of light-hadron correlation functions in medium are based
on a lattice discretized form of the finite-T QCD partition function. Besides a finite lat-
tice spacing, additional approximations currently involve the restriction to finite volumes
as well as the use of unphysically large up- and down-quark masses in the simulations.
Furthermore, the implementation of chiral symmetry is not trivial in the lattice formula-
tion. The numerical evaluation of the QCD path integral, is facilitated by transforming
the action to imaginary (Euclidean) time, which converts the oscillatory behavior of the
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Figure 6: Left panel: vector correlation function as a function of Euclidean time as eval-
uated in quenched lattice QCD for a gluon plasma at temperatures above Tc [77]. The
in-medium correlators are normalized to the free one using the integration Kernel at the
same temperature (the so-called “reconstructed” correlator). Right panel: thermal dilepton
rates, dN/(d4qd4x), in quenched lattice QCD as extracted from the correlation functions
shown in the left panel using the maximum entropy method. The lattice results are com-
pared to calculations in perturbation theory, either to leading order (O(α0

s)) qq̄ annihilation
(solid line) or within the hard-thermal-loop (HTL) framework [78] (dashed line). All rates
are calculated at a total pair 3-momentum of q=0, i.e., the dilepton energy, ω=q0, equals
its invariant mass, M .

integrand in the partition function into an exponential damping. The pertinent Euclidean
correlation function, Π(τ), is related to the physical spectral function, ρ = −2 Im Π, via

Π(τ, q;T ) =

∞∫

0

dq0

2π
ρ(q0, q;T )

cosh[(q0(τ − 1/2T )]

sinh[q0/2T ]
. (23)

The resulting Euclidean vector correlators in “quenched” QCD6 above Tc shows a moderate
enhancement over the free correlator, cf. left panel of Fig. 6 [77]. The extraction of
the spectral function requires an inverse integral transform over a finite number of τ
points7 which can only be achieved with a probabilistic treatment based on the “Maximum
Entropy Method” [79]. The resulting strength function has been inserted into the dilepton
rate and is compared to perturbative QCD (pQCD) rates in the right panel of Fig. 6. The
leading-order pQCD corresponds to the qq̄ strength distribution in Eq. (20), lower line,
while the hard-thermal-loop (HTL) improved rate is from Ref. [78]. The latter shows the
expected divergence for M → 0 which is caused by the Bose factor and photon propagator
which overcome the ρ ∝ q0 dependence of a retarded correlation function (cf. also Ref. [80]).
This feature is not shared by the lattice result which might be an artifact of, e.g., the finite-
volume restriction (it would also suggest a small or even vanishing photon production
rate). On the other hand, the enhancement in the Euclidean correlator translates into an
enhanced dilepton rate at energies of a few times the temperature. Whether this reflects
a broad resonance structure is not clear at present.

6In the ”quenched” approximation the fermionic part of the QCD action is neglected in the evaluation
of the Euclidean path integral. This amounts to neglecting fermion loops.

7The (anti-) periodicity of the boson (fermion) fields at finite T restricts the Euclidean time direction
to the interval [0, β] where β = 1/T .
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Figure 7: Isoscalar (left) and isovector (right) quark-number susceptibility for various
quark chemical potentials, µq = µB/3, as computed in unquenched lattice QCD [81].

Additional constraints from lattice QCD are provided by susceptibilities which are
defined as second-order derivatives of the thermodynamic potential. In our context, the
quark-number susceptibilities are of special interest,

χα ∼
∂2Ω

∂µ2
α

∼ Πα(q0 = 0, q → 0) , (24)

which can be decomposed in isoscalar (µq = (µu + µd)/2) and isovector (µI = (µu −
µd)/2) channels carrying the quantum numbers of the ω and ρ, respectively. The spacelike
limits of the correlators basically represent the screening masses in the respective channels.
Lattice QCD computations of the quark-number susceptibilities indicate that both ρ and
ω channels behave smoothly with temperature for small chemical potentials, see Fig. 7.
However, as µq increases, χq develops a peak whereas χI remains smooth. The former
indicates an increase in the (local) baryon-number fluctuations and may be a precursor of
the baryon-number discontinuity between hadronic and QGP phase as one is approaching
a first-order line. Remarkably, this is not seen for the isospin fluctuations.

3.3 Sum Rules and Order Parameters

Sum rules are currently the most promising tool to connect the nonperturbative physics
encoded in spectral functions to the condensate structure of the QCD vacuum. In partic-
ular, the Weinberg sum rules directly relate order parameters of χSR to the axial-/vector
spectral functions, which, in the medium, have not been exploited much to date.

3.3.1 Chiral Sum Rules

The Weinberg and DMO sum rules [52, 53], Eqs. (6), directly relate moments of the
“vector minus axialvector” spectral functions to chiral order parameters. This is a rather
fortunate situation in view of the dominant role that the isovector-vector (ρ) channel plays
in dilepton production, recall Eq. (19). For Nf=2, the ω is a chiral singlet, while in the
strangeness sector (φ), i.e., for Nf=3, chiral symmetry becomes much less accurate (e.g.,
〈〈s̄s〉〉 persists much farther into the QGP).
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As has been shown in Ref. [82], the Weinberg sum rules remain valid at finite tem-
perature, albeit with two important modifications induced by the breaking of Lorentz
invariance caused by the heat bath which defines a preferred rest frame: (i) each energy
sum rule applies for a fixed three-momentum, and (ii) at finite three-momentum, the
vector and axialvector spectral functions split into longitudinal and transverse modes,

Πµν
V = ΠT

V,AP
µν
T + ΠL

V,AP
µν
L , (25)

with individual sum rules for each of them. The explicit form is as follows:

−
∞∫

0

dq2
0

π(q2
0 − q2)

[
Im ΠL

V (q0, q)− Im ΠL
A(q0, q)

]
= 0, (26)

−
∞∫

0

dq2
0

π

[
Im ΠL,T

V (q0, q)− Im ΠL,T
A (q0, q)

]
= 0, (27)

−
∞∫

0

q2
0

dq2
0

π

[
Im ΠL,T

V (q0, q)− Im ΠL,T
A (q0, q)

]
= −2παs〈〈O4〉〉 . (28)

In writing Eqs. (26)-(28) the pionic piece of the (longitudinal) axialvector correlator has
been absorbed into the definition of the in-medium spectral function, Im ΠL

A(q0, q); in the
vacuum and in the chiral limit it is represented by a sharp state, Im Πµν

π =f2
πM

2δ(M2)PµνL .
In this form it only contributes to the first sum rule, Eq. (26). However, in matter (and
for mπ>0) this is no longer true since the pion is expected to undergo substantial medium
effects.

The in-medium chiral sum rules constitute a rich source of constraints on both energy
and three-momentum dependence of in-medium spectral functions. The energy moments
demonstrate that chiral restoration requires degeneracy of the entire spectral functions.
Combining lQCD computations of order parameters with effective model calculations thus
provides a promising synergy for deducing chiral restoration from experiment [43].

3.3.2 QCD Sum Rules

QCD sum rules are based on a (subtracted) dispersion relation for a correlation function
in a given hadronic channel α, formulated for spacelike momenta q2=−Q2<0 [83],

Πα(Q2) = Πα(0) + Π′α(0) Q2 +Q4

∫
ds

πs2

Im Πα(s)

s+Q2
. (29)

The right-hand-side (rhs) contains the spectral function which is usually related to ob-
servables or evaluated in model calculations. On the left-hand-side (lhs), the correlation
function is expanded into a power series of 1/Q2 (operator-product expansion = OPE)
where the (Wilson) coefficients contain perturbative contributions as well as vacuum-
expectation values of quark and gluon operators (the nonperturbative condensates; for
practical purposes the convergence of the OPE is improved by means of a so-called Borel
transformation which we do not discuss here). The explicit form of the OPE for vector
and axialvector correlators reads (truncating higher order terms in mq, αs, etc.)

Πvac
V

Q2
= −1 + αs

π

8π2
ln
Q2

µ2
+
mq〈q̄q〉
Q4

+
1

24Q4
〈αs
π
Gaµν

2〉 − 112παs
81Q6

κ 〈q̄q〉2 + · · · (30)

Πvac
A

Q2
= −1 + αs

π

8π2
ln
Q2

µ2
− mq〈q̄q〉

Q4
+

1

24Q4
〈αs
π
Gaµν

2〉+
176παs
81Q6

κ̃ 〈q̄q〉2 + · · · (31)
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Figure 8: QCD sum rule constraints on ρ meson mass and width as inferred from Breit-
Wigner parameterizations of its spectral function [87] (left panel: vacuum, right panel: cold
nuclear matter at saturation density). “Allowed” regions of mass and width are indicated
by the bands between solid and dashed curves, corresponding to maximal deviations between
the l.h.s and r.h.s. of the SR of 0.2% and 1%, respectively. The diamond depicts the
corresponding vacuum parameters.

where the four-quark condensates have been approximated by factorizing them into the
squared two-quark condensate with parameters κ, κ̃ which simulate intermediate states
other than the ground state (the scale µ is typically chosen around 1 GeV). Note that SBχS
is nicely reflected by the opposite signs of the quark-condensate terms in ΠV and ΠA, while
the “flavor-blind” gluon condensate enters with the same sign. Qualitatively, the (positive)
gluon condensate actually induces a softening of the spectral function (i.e., a larger weight
at small s in the dispersion integral) [84]. On the other hand, for the vector channel, the
negative contributions from the quark condensates on the lhs of the sum rule push spectral-
function strength to larger s, relative to the axialvector channel (this may seem surprising
in view of the masses of the pertinent resonances, mρ=0.77 GeV vs. ma1=1.23 GeV; recall,
however, that the (longitudinal) axialvector channel contains a contribution from the
axialvector current of the pion). Inserting numerical values, αs=0.35, mq=0.005 GeV,
〈q̄q〉=(-0.25 GeV)3 and 〈αs

π G
a
µν

2〉=0.012 GeV4, leads to

Πvac
V

Q2
=

1

8π2

(
−1.11 ln

Q2

µ2
− 0.0062 GeV4

Q4
+

0.039 GeV4

Q4
− 0.029 GeV6 κ

Q6

)
, (32)

illustrating that the leading contributions arise from the gluon and four-quark condensates
(especially for typical values of κ'2.5), while the impact of the quark condensate is rather
moderate. For the vector channel, and in vacuum, there is a large cancellation between
the gluon and 4-quark condensate terms. However, in the medium this is presumably
lifted, especially at low T and ρB where quark and gluon condensates change rather
differently. The stronger reduction of the “repulsive” 4-quark condensate relative to the
“attractive” gluon condensate induces a softening of the spectral function in the dispersion
integral. The softening can be satisfied by both broadening and/or a downward mass
shift [85, 86, 87, 88, 89]. Quantitative studies (which also include effects of non-scalar
condensates induced by hadron structure of the heat-bath particles) based on Breit-Wigner
model spectral functions are displayed in Fig. 8. For the axialvector channel, the reduction
in both condensates suggests a substantial loss of soft-mode strength which points at the
dissolution of the pion mode (whose polestrength is given by fπ) as a consequence of (the
approach toward) χSR.
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Finally, it is instructive to compare ω and ρ mesons: while their OPE side is rather
similar (governed by 4-quark condensates), the subtraction constant, ΠV (0) = %N/4MN

to leading order in %N , makes a difference. It is given by the Thompson limit of the V N
scattering amplitude and turns out to be identical in the ρ and ω sum rule. However,
since Im Πρ is larger than Im Πω by an isospin factor of (gω/gρ)

2'9 (recall Eq. (19)), the
finite-%N subtraction actually stabilizes the ω sum rule, implying stronger medium effects
(softening) on the ρ than on the ω (it amounts to a “repulsive” contribution on the OPE
side counterbalancing the reduction in the 4-quark condensate).

3.4 Medium Effects II: Chiral Effective Models

Model-independent and/or low-density approaches as discussed above provide valuable
constraints on the vector and axialvector correlators and their connections to QCD vac-
uum structure. However, quantitative calculations suitable for comparison with experi-
ment require the construction of effective models. As indicated in the Introduction, in
the low-mass region most of the thermal dilepton yield in heavy-ion collisions is expected
to emanate from the hot/dense hadronic phase (even at collider energies), especially from
the ρ channel. Hadronic chiral Lagrangians are therefore a suitable starting point, ex-
tended by the implementation of the low-lying vector mesons. This is usually done by a
local gauging procedure of the chiral pion Lagrangian, thus realizing the gauge principle
at the composite (hadronic) level. The most common approaches are based on non-linear
realizations of chiral symmetry (i.e., without explicit σ meson) within the Hidden Local
Symmetry (HLS) [90] or Massive Yang Mills (MYM) [91] schemes. Rather than review-
ing these in a comprehensive form, we here focus on recent developments with relevance
for dilepton production, i.e., the “vector manifestation” (VM) scenario of SBχS within
HLS [92] (Sec. 3.4.1), as well as hadronic many-body theory within MYM (Sec. 3.4.2).

3.4.1 Hidden Local Symmetry and Vector Manifestation

Within the HLS framework, an alternative realization of chiral symmetry in the meson
spectrum has been suggested in Ref. [92], by identifying the chiral partner of the pion
with the (longitudinal) ρ (rather than with the σ). This “vector manifestation” of chiral
symmetry has been shown to give a satisfactory phenomenology of hadronic and EM decay
branchings in the vacuum. When applied within a finite-T loop expansion, the ρ-meson
mass was found to be affected at order T 4 (consistent with chiral symmetry), showing a
slightly repulsive shift. However, when matching the hadronic axial-/vector correlators to
pQCD in the spacelike regime (using an OPE), a reduction of the bare ρ mass has been
inferred, consistent with “Brown-Rho” scaling [21]. In addition, vector dominance was
found to be violated in the medium, leading to a gradual decoupling of the ρ from the
EM current toward the critical temperature. However, the finite-T EM formfactor, which
determines the dilepton production rate, clearly shows the downward moving ρ peak [93],
see Fig. 9. An interesting question is how these features develop in the presence of finite
baryon density.
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Figure 9: Pion EM formfactor at finite temperature in the HLS vector manifestation
framework [93]; left panel: with finite-T loop effects; right panel: additionally including a
T -dependence of the bare ρ mass above T=0.7Tc.

3.4.2 Massive Yang-Mills and Hadronic Many-Body Theory

As in HLS, the basic building block of the MYM Lagrangian is the chiral pion Lagrangian
based on the unitary pion field,

U = exp(i
√

2φ/fπ) , φ ≡ φa
τa√

2
. (33)

Hadronic gauge fields, AµL,R are introduced via the covariant derivative,

DµU = ∂µ − ig(AµLU − UA
µ
R) (34)

and supplemented with kinetic and mass terms (with bare mass m0). One has

Lmym =
1

4
f2
π tr

[
DµUD

µU †
]
− 1

2
tr
[
(FµνL )2 + (FµνR )2

]
+m2

0 tr
[
(AµL)2 + (AµR)2

]

−iξ tr
[
DµUD

µU †FµνL +DµUD
µU †FµνR

]
+ σ tr

[
FµνL UFRµνU

†
]
, (35)

where the last two (non-minimal) terms are necessary to achieve a satisfactory phe-
nomenology in the vacuum. After the identifications ρµ ≡ V µ=AµR + AµL, Aµ=AµR − A

µ
L

(and a field redefinition of the axialvector field to remove a ∂µ~πAµ term), the leading
terms of the MYM Lagrangian take the form

Lmym =
1

2
m2
ρ~ρ

2
µ +

1

2

[
m2
ρ + g2f2

π

]
~a1

2
µ + g2fπ~π × ~ρµ · ~a1µ +

g2
ρππ

[
~ρ2
µ~π

2 − ~ρµ · ~π ~ρµ · ~π
]

+ gρππ~ρµ · (~π × ∂µ~π) + . . . (36)

(g2
ρππ=1

2g
2). Note that the Higgs mechanism induces the splitting of ρ and a1 masses,

m2
a1 = m2

ρ + g2f2
π , m2

ρ = m2
0 , (37)

which is entirely due to SBχS (via fπ). The bare ρ mass itself is an external parameter,
which is different from the HLS scheme discussed in the previous section. Electromag-
netism is readily included into the MYM Lagrangian by adding the vector dominance
coupling [91]

Lργ =
em2

ρ

gρππ
Bµ ρ

µ
3 , (38)
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Figure 10: Graphical representation of self-energy diagrams characterizing the interactions
of the ρ meson in hot and dense hadronic matter: (a) renormalization of its pion cloud due
to modified pion propagators, and direct interactions of the ρ meson with (b) baryons and
(c) mesons, typically approximated by baryon- and meson-resonance excitations [94, 30].

where Bµ denotes the photon field. In this scheme, VDM remains valid in the medium,
and the task of computing the low-mass isovector axial/-vector correlators amounts to
assessing the medium modifications of ρ and a1 mesons.

The ρ-meson propagator in hot and dense hadronic matter can be written as

DL,T
ρ (q0, q;µB, T ) =

1

M2 −m2
V − ΣL,T

ρππ − ΣL,T
ρM − ΣL,T

ρB

, (39)

with transverse and longitudinal modes as defined in Eq. (25). The key quantities are
the in-medium selfenergies, ΣL,T

ρ , which may be classified as follows (cf. Fig. 10): Σρππ

accounts for the pion cloud of the ρ, which in the vacuum gives rise to its finite width
via ρ → ππ. Direct interactions of the ρ with mesons (M=π, K, ρ, . . . ) and baryons
(B=N , Λ, ∆, . . . ) from the heat bath are represented by ΣρM and ΣρB, respectively; they
vanish in the vacuum. In terms of underlying scattering processes, the latter are typically
resonance excitations (e.g., ρπ → a1 or ρN → N(1520)) while medium modifications
of pions (e.g., πN → ∆) in Σρππ correspond to, e.g., t-channel π exchange processes
(ρN → π∆). When evaluating interactions which are not directly constrained by chiral
(or gauge) symmetry (especially those involving higher resonances), phenomenological
information is essential for a reliable determination of the coupling constants (and cutoff
parameters in the hadronic formfactors to account for the finite size of the hadrons). The
simplest form of such constraints are hadronic decay widths of resonances (e.g., a1 → ρπ),
supplemented by radiative decays (e.g., a1 → γπ). However, especially for “subthreshold”
states (e.g., ω → ρπ or N(1520)→ ρN), where the coupling is realized via the low-energy
(ππ decay) tail of the ρ spectral function, empirical information can be rather uncertain.
In this case, comprehensive constraints inferred from scattering data become invaluable.
Unfortunately, in practice this is only possible for ρN interactions (e.g., via πN → ρN or
γN scattering), but, as it turns out, the modifications of the ρ due to interactions with
nucleons are generally stronger than with pions. In addition, by using nuclear targets, one
has the possibility to constrain (or test) the modifications in nuclear matter, rather than
on a single nucleon (which corresponds to the leading-order density effect).

Let us start by discussing finite-T effects. Calculations of the ρ propagator in a
hot pion gas based on the MYM scheme [95] have shown small medium effects. An
extended analysis [96] of the ρ in hot meson matter, including resonance excitations
(ρπ → a1, ω, h1, π

′, a2(1320), ρK → K∗,K1, ρρ → f1(1285)) and pion Bose enhance-
ment in Σρππ, leads to total broadening of ∼80 MeV at T=150 MeV (corresponding to a
pion density %π=0.12 fm−3'0.75 %0), with little mass shift. Approximately ∼20 MeV of
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Figure 11: Comparison of ρ-meson spectral functions in cold nuclear matter within the
hadronic many-body approaches of Refs. [100] (left panels, based on two different phase
shift analysis of πN scattering [101, 102]) and [94, 30] (right panel).

the broadening is due to the ππ Bose factor (cf. also Ref. [97]) and ∼50-60 MeV due to
meson resonances. The latter is comparable to Refs. [98, 99] which are directly based on
ρπ and ρK scattering amplitudes.

Next, we turn to modifications in cold nuclear matter. Fig. 11 shows two calcula-
tions in which the underlying ρ self-energies have been rather thoroughly constrained.
In Ref. [100] (left panels), a ρN resonance model (corresponding to ΣρN ) has been con-
structed utilizing a detailed analysis of empirical πN → ρN phase shifts and inelastici-
ties [101, 102]. The resulting ρ spectral functions are displayed at normal nuclear density
(taken as %N=0.15 fm−3) for various three-momenta and two distinct data sets for con-
straints. A substantial broadening of close to ∼200 MeV is found, with a slight upward
peak shift of a few tens of MeV; the three-momentum dependence is relatively weak. In
Refs. [94, 30], ΣρN and an in-medium pion cloud, Σρππ (incorporating P -wave “pisobar”
nucleon- and ∆-hole excitations and associated vertex corrections), have been calculated
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matter based on the hadronic many-body approach of Refs. [103, 30, 105]; upper panel:
under conditions resembling heavy-ion collisions at SPS (i.e., along an isentropic tra-
jectory in the phase diagram which preserves the measured hadron ratios determined at
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B , Tchem) ' (230, 175) MeV) [106]; lower panels: at (µB, T ) ' (25, 180) MeV (re-

sembling chemical freeze-out at RHIC) with (short-dashed lines) and without (long-dashed
lines) medium effects induced by anti-/baryons [20].

and constrained by total photoabsorption data on the nucleon and nuclei [103], as well as
total πN → ρN cross sections. The resulting spectral functions are quite similar to the
ones of Ref. [100], with a somewhat stronger broadening of ∼300 MeV at %N=0.16 fm−3

and a comparable mass shift of ∼40 MeV. It is quite remarkable that the predicted in-
medium mass and width of ∼(810,450) MeV are in good agreement with the QCD sum
rule constraints derived in Ref. [87], cf. right panel in Fig. 8. Both broadening and mass
shift decrease at higher three-momentum, e.g., (∆mρ,∆Γρ)'(30,150) MeV at q=1 GeV.
Both calculations [100, 94] include a rather strong coupling to ρN(1520)N−1 excitations
(appearing as a low-mass peak or shoulder in the ρ spectral function). This has been ques-
tioned in Ref. [104] based on a coupled channel analysis of S-wave ρN and ωN scattering,
where all nucleon resonances but the ∆(1232) are generated dynamically via four-point
interactions. The (generated) N(1520) is deduced to primarily couple to ωN rather than
ρN , entailing an in-medium ρ with significantly less broadening.

Finally, we turn to a hot and dense hadronic medium as expected to be formed in high-
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energy heavy-ion collisions. In Fig. 12 the ρ spectral functions of the hadronic many-body
calculations [94, 30] are compared to those obtained in the scattering-amplitude approach
of Ref. [99]. The latter exhibit less broadening and a small (if any) downward mass shift of
the ρ peak, compared to the upward shift in the many-body approach (mostly induced by
baryonic effects). Consequently, in terms of spectral strength, the discrepancies between
the two calculations are largest for masses around M'0.7 GeV, as well as for very low
mass, M≤0.4 GeV, by up to a factor of ∼2. This mass region is much magnified in thermal
dilepton production rates due to the Boltzmann factor and a photon propagator ∝ 1/M2.
However, the amplitude approach only accounts for interactions with pions and nucleons,
while the many-body calculations include estimates of ρ interactions with strange baryons
and resonances [30]. This difference may account for some of the discrepancy.

In preparation for applications to dilepton spectra in URHICs, we summarize in Fig. 13
in-medium V -meson spectral functions in the many-body approach under conditions rel-
evant for SPS (upper panels) [30, 106] and RHIC (lower panels) [105]. The ρ meson (left
panels) “melts” when extrapolated to temperatures close to the expected phase boundary.
Baryons play an essential role in the melting, even at RHIC (where the net baryon density
is small), since the relevant quantity is the sum of baryon and antibaryon densities. The
effects due to baryons and antibaryons are most prominent as an enhancement in the mass
region below M'0.5 GeV. The ω and especially φ spectral functions (right panels) appear
to be more robust. One should also point out that at T=120,150 MeV in the upper panels
appreciable pion and kaon chemical potentials are present which sustain larger hadron
densities and thus support stronger medium effects than in chemical equilibrium.

3.5 Thermal Dilepton and Photon Rates

The in-medium vector-meson propagators discussed in the preceding section are converted
to thermal dilepton rates via Eqs. (20) (upper line) and (13). This is based on the as-
sumption that VDM for the EM correlator remains valid in the medium8. The resulting
three-momentum integrated thermal dilepton rates are summarized in Fig. 14. The left
panel, which displays the isovector channel, reiterates that the ρ resonance signal dis-
appears from the mass spectrum as one approaches the putative phase boundary. The
hadronic rates also include an estimate of the leading-T chiral mixing effect, Eq. (22), in
the mass region M=1-1.5 GeV. The comparison to perturbative qq̄ annihilation reveals
that the the top-down extrapolated QGP rate closely coincide with the bottom-up ex-
trapolated in-medium hadronic one, especially in case of the HTL-improved qq̄ rate. This
feature suggests that the hadronic rate has indeed approached χSR (since the QGP rates
are chirally symmetric at any finite order in perturbation theory) [34, 30]. The “matching”
of QGP and hadronic rates occurs directly in the timelike regime without the need for
in-medium changes of the bare parameters in the effective Lagrangian. Medium effects due
to baryons play an important role in this mechanism; the situation is similar for small µB
and close to Tc where the sum of baryon and antibaryon densities is appreciable, see right
panel of Fig. 14. ω and especially φ mesons appear to be more robust, possibly surviving
above Tc. The dilepton rates in the vector manifestation of HLS [93] look rather different;
based on the pertinent pion EM formfactor, Fig. 9, a distinct ρ peak survives in the rate
up to temperatures of at least T=0.85Tc'155 MeV (assuming Tc'180 MeV).

8Strictly speaking, the EM correlator of Refs. [94, 30] includes corrections to VDM in the baryon sector
as determined via photoabsorption spectra on the nucleon and nuclei [103]; the assumption is that this
modified version of VDM is not affected at higher densities and at finite temperature.
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Figure 14: Three-momentum integrated thermal dilepton rates at fixed tempera-
ture [70, 107] for the vacuum ρ (dotted lines), the hadronic many-body approach of
Refs. [103, 30] (solid lines) and for the QGP using either free qq̄ annihilation (dashed
line) or hard-thermal loop improved rates [78] (dash-dotted line). The left panel refers
to the isovector (ρ) channel, under conditions resembling heavy-ion collisions at the SPS
(fixed µB=270 MeV). The right panel additionally includes isoscalar (ω and φ) channels
and corresponds to small µB'25 MeV appropriate for the conditions at collider energies.

Emission rates of dileptons are closely related to those of real photons which are de-
termined by the lightlike limit (q0 =| ~q |) of the EM spectral function,

q0
dNγ

d4xd3q
= −αem

π2
fB(q0;T ) Im Πem(M = 0, q;µB, T ) . (40)

In Ref. [108] the in-medium ρ of Refs. [103, 30] has been found to constitute the dominant
hadronic source of thermal photons for momenta up to q'1 GeV; above, t-channel meson
exchange reactions not included in the spectral function (most notably π and ω exchange in
πρ→ πγ) take over, cf. left panel of Fig. 15. Similar to the dilepton case, at temperatures
of 150-200 MeV, the strength of the combined thermal rate for hadronic photon production
turns out be very comparable to perturbative QGP emission, especially for the complete
leading-order result [110].

4 Interpretation of Dilepton Spectra

In this section we will scrutinize experimental results for dilepton spectra in light of the
theoretical developments elaborated above. A brief discussion of production experiments
off nuclei, representing cold nuclear matter up to saturation density, will be followed by
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Figure 16: Invariant-mass spectra of e+e− in proton- (left) [46] and photon-induced
(right) [45] reactions off nuclear targets.

a more extensive study of invariant-mass and momentum spectra in heavy-ion reactions
involving hot and dense matter possibly probing the transition regime to the QGP.

4.1 Medium Effects in Nuclei

Dilepton production experiments off nuclei have the advantage over heavy-ion collisions
that the medium is well-defined. Medium- to heavy ground-state nuclei resemble in their
interior infinitely extended nuclear matter at vanishing temperature. Therefore the exper-
iments probe to a large extent the properties of “cold nuclear matter”. However, a good
knowledge of the production process is required, and medium effects are typically rather
moderate, further reduced by surface effects and decays outside the nucleus especially at
large three-momenta (which, in turn, are needed in the production process).

The E325 experiment at KEK [46] used 12 GeV proton projectiles and found significant
differences in the spectra between C and Cu targets, see left panel of Fig. 16. After
subtraction of combinatorial background as well as η and ω Dalitz decays, the best fit
to the excess spectra using ω and ρ Breit-Wigner distributions was obtained with a mass
shift of ca. 9% at nuclear matter density, and a ρ/ω ratio of about ∼0.45.

The CLAS experiment [45] used a photon beam at Jefferson Lab with incident en-
ergies Eγ=0.6-3.8 GeV, directed on various nuclear targets. After subtraction of the
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combinatorial background, determined with absolute normalization, the invariant-mass
spectra are best reproduced with a ρ spectral distribution with a mass and width of
(mρ,Γρ)=(775±5,220±15) MeV, cf. right panel of Fig. 16. These values are well repro-
duced by Boltzmann transport calculations [111], and are consistent with the predictions of
Refs. [94, 30] at %N=0.5 %0 and q=1 GeV, where (∆mρ,∆Γρ)'(15,75) MeV, see Ref. [112]
for a recent calculation. An apparent difference between the E325 and CLAS spectra is
that the background subtraction in the former removes any excess for M'0.85-1 GeV; this
suppresses (and possibly shifts down) the ρ contribution in the E325 fit.

Photoproduction experiments (Eγ=0.8-1.12 GeV) of P -wave π+π− pairs off 2H, 3He
and 12C were conducted by the TAGX collaboration [113]. The spectra for the 12C target
support medium effects in line with hadronic many-body ρ spectral functions [94, 30].

4.2 Heavy-Ion Collisions

In contrast to production experiments off nuclei, the (energy-) density of the medium
created in heavy-ion collisions undergoes a rapid evolution after initial nuclear impact
until break-up. Even under the simplifying assumption of local thermal equilibrium, a
good knowledge of the temperature and baryon-density evolution is necessary to convert
the dilepton rates discussed above into a space-time integrated spectrum In addition,
sources other than thermal radiation have to be considered, especially toward higher mass
or qt where the assumption of equilibrium becomes increasingly questionable. These issues
are addressed in Sec. 4.2.1. Phenomenological analyses of dilepton spectra focus on recent
SPS data from NA60 and CERES/NA45 in Secs. 4.2.2 and 4.2.3, respectively, with a short
digression to direct photons (W98) and a brief outlook to future experiments in Sec. 4.2.4.

4.2.1 Thermal Evolution and Dilepton Sources

As discussed in Sec. 1.2, hadronic observables in URHICs point at a reasonable degree
of thermalization of the bulk medium produced in these reactions. Therefore, we here
focus on hydrodynamic and expanding fireball approaches utilizing the assumption of
local thermal equilibrium.9

Thermal emission spectra follow from the convolution of the production rate, Eq. (13),
over the space-time evolution of the medium,

dNll

dMdy
=

M

∆y

τfo∫

0

dτ

∫

VFB

d3x

∫
d3q

q0

dNll

d4x d4q
(M, q;T, µN , µs, µi) Acc(M, qt, y), (41)

where Acc(M, qt, y) accounts for the detector acceptance and ∆y denotes the correspond-
ing rapidity interval. The temperature and chemical potentials in general depend on
space-time, (τ ,~x). Note that while µN and µs correspond to exact conservation of baryon
number and strangeness, effective chemical potentials µi = µπ,K,η,... are needed to preserve
the experimentally observed hadron ratios in the evolution of the hadronic phase between
chemical (Tch=155-175 MeV) and kinetic freezeout (Tfo=100-140 MeV).

An overview of several key input parameters of three thermal approaches [36, 106,
117, 118, 119, 120], which have been used to compute dimuon spectra in comparison

9Comparisons of dilepton spectra computed in hydrodynamic/fireball and transport calculations (based
on similar in-medium spectral functions) have shown rather good agreement, see e.g. Refs. [114, 30],
Ref. [115], or Refs. [106, 116].
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DZ RR HR

T0 220 MeV (peak) 250 MeV (peak) 190 MeV (average)

Tc 170 MeV 170 MeV 175(160/190) MeV

Tfo 130 MeV 130 MeV 120(135) MeV

spatial Glauber (initial) Woods-Saxon isotropic

vs
fo ∼0.5-0.55 0.57 0.53

v(r) approx. linear ρt ∝
√
r vt ∝ r

τFB ∼ 8-9 fm/c ∼ 7.5 fm/c ∼ 6.5 fm/c

QGP-EoS massless (Nf=3) quasi-particle model massless (Nf=2.3)

HG-EoS lowest SU(3) multipl. mB,M ≤ 2, 1.5 GeV mB,M ≤ 2, 1.7 GeV

s/%B 42 26(?) 27

µfo
π 0 ? ( 6= 0) 80(35) MeV

EM rates chiral virial empirical scatt. ampl. hadronic many-body

Table 1: Fireball parameters employed in the calculations of dilepton spectra in
In(158 AGeV)-In collisions in Refs. [117, 118] (DZ), [119, 120] (RR) and [36, 106] (HR).

to NA60 data, is compiled in Tab. 1 (see also Ref. [125]). The overall range of the
underlying parameters and assumptions is rather similar. This is not a coincidence but a
consequence of constraints from measured hadron spectra at SPS energies [121, 122, 123,
124] which all of the three models have been subjected to. There are, however, noticeable
differences. E.g., all approaches operate with a for SPS energies “canonical” formation
time of τ0=1 fm/c, but the initial peak temperature in Ref. [120] is about 15% larger than
in Ref. [117] (e.g., due to differences in the underlying QGP EoS). Averaging over the initial
spatial density profile typically leads to a 15% smaller average temperature [126]; thus,
T̄0'190 MeV in Ref. [36] is quite consistent with Tmax

0 '220 MeV in Ref. [117]. The slightly
larger expansion velocity in Ref. [120] (surface velocity vs

fo=0.57 at thermal freezeout),
together with its square-root radial profile, imply larger boost factors in the qt spectra
which becomes significant at high momenta. In this approach preliminary NA60 pion
spectra in semicentral In-In are saturated by thermal emission over the entire measured
range up to pT'3 GeV. Alternatively, in Ref. [106], based on an analysis of pion spectra in
Pb-Au and S-Au collisions at SPS, the thermal component was found to account for the
pion yields only up to pT'1 GeV, requiring the introduction of a “primordial” component
associated with initial hard scattering of the incoming nucleons. This interpretation is
supported by the observation that the pion spectra for pT≥2 GeV essentially scale with
the number of binaryN -N collisions (Ncoll), indicating that the hard component dominates
the spectra at these momenta. The preliminary NA60 pion spectra are also well predicted
in this approach, with a crossing of thermal and hard components at pT'1.2 GeV. As
discussed in Sec. 1.2, a valuable indicator of the degree of thermalization is the elliptic flow,
v2(pT ). At SPS energies, ideal hydrodynamics overpredicts this quantity even at low pT by
about 30-50% (possibly due to neglecting effects of finite viscosity, in connection with initial
temperatures in the vicinity of Tc where the EoS is presumably rather soft). Moreover, the
experimental v2(pT ) in semicentral Pb-Au levels off at pT=1.5-2 GeV [127, 128], indicative
for a transition to a kinetic regime, while hydrodynamic results keep rising, overpredicting
v2(pT=2 GeV) by about a factor of ∼2.

Concerning effective chemical potentials for pions (and other stable particles) between
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chemical and thermal freezeout, their main effect is a faster cooling in the evolution of
T (τ) (the equation of state, P (ε), is largely unaffected) [129, 130]. E.g., for µπ=80 MeV
at T=120 MeV [36], the pion density, %π(T, µπ), is enhanced by a factor of ∼e80/120∼2
relative to µπ=0, and as large as %π(T=150 MeV,0). Therefore, thermal freezeout at
(Tfo,µfo

π )=(130,0) MeV [117] corresponds to a smaller pion density (and thus larger volume)
than at (Tfo,µfo

π )=(120,80) MeV [36], consistent with the longer lifetime in Ref. [117].
Implications of varying critical and chemical-freezeout temperatures for dilepton spec-

tra have been studied in Ref. [106]. The value of Tc affects the relative partition of QGP and
hadronic emission, especially at masses M≥1 GeV where the Boltzmann factor augments
the sensitivity to earlier phases and the hadronic rates are not enhanced by resonances.
However, if hadronic and QGP rates are “dual” around Tc, this distinction is largely aca-
demic. Smaller Tch’s lead to smaller µi’s in the subsequent hadronic evolution, and thus
higher kinetic freezeout temperatures, e.g., (Tfo,µfo

π )=(135,35) MeV for Tch=160 MeV.
Experimentally measured dilepton spectra contain sources other than thermal radia-

tion represented by Eq. (41). A systematic evaluation of these sources has recently been
conducted in Ref. [106], in terms of (i) final-state decays and (ii) primordial sources.

Dilepton decays of long-lived hadrons (mostly η, η′, ω and φ mesons) after thermal
freezeout, commonly referred to as “hadron decay cocktail”, are usually based on chemical
freezeout for their abundance and thermal freezeout for their pT spectra. The situation is
more involved for the ρ-meson, since its continuous regeneration implies relative chemical
equilibrium with pions until thermal freezeout (to a certain extent this may also apply to
ω and φ) . In addition, its short lifetime is not well separated from the typical duration of
the freezeout process. In Ref. [30], the final generation of ρ decays has been approximated
by an extra 1 fm/c of fireball lifetime. However, as has been clarified in Refs. [131, 106],
when treating the final generation of ρ’s as a cocktail decay, the time dilation of the moving
ρ’s generates a hardening of its qt spectrum by a factor γt=Mt/M (M2

t =M2+q2
t ). The

resulting spectrum recovers the standard Cooper-Frye [132] description for freezeout at a
fixed time in the laboratory frame (cf. also Refs. [133, 134]). This, in turn, implies that the
apparent temperature of the radiation formula (41) is smaller than the actual temperature
figuring into the Boltzmann factor (independent of flow effects) by about ∼10%.10

In analogy to the pion-pT spectra discussed above, the ρ spectra are expected to have
a primordial component (emanating from hard N -N collisions) which does not equilibrate
with the medium. Such a component has been introduced in Refs. [131, 106] including a
schematic treatment for Cronin effect and jet-quenching as inferred from pion spectra in
S-Au and Pb-Au collisions at SPS [135] (also note that, at high qt, this component scales
with Ncoll, rather than Npart as for the (low-pT ) cocktail).

Another primordial dilepton source is the well-known Drell-Yan (DY) process, i.e.,
quark-antiquark annihilation in binary N -N collisions. To leading order qq̄ → e+e− is
O(α0

sα
2) and can be reliably calculated in perturbation theory at sufficiently large masses,

M&2 GeV, utilizing parton distribution functions as input [136]. A finite pair momentum,
qt>0, can be generated by intrinsic parton kt and at next-to-leading order (NLO) (the
latter is the dominant effect). The extrapolation of DY to small masses is problematic,
but at a scale of qt'2 GeV its contribution to dilepton spectra at SPS is potentially sizable.
In Ref. [106] it has been suggested to estimate the spectrum of slightly virtual DY pairs,
i.e., for M2 � q2

t , by an extrapolation of a finite-qt DY expression to zero mass and
constrain the resulting photon spectrum by measured photon spectra in p-A collisions.

10The time dilation factor for ρ decays in the thermal radiation formula is compensated by the same
time dilation in ρ formation, as a consequence of detailed balance.
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Semileptonic final-state decays of correlated of D and D̄ mesons (i.e., corresponding to
an associately produced cc̄ pair) lead to an irreducible dilepton signal. The pertinent mass
spectrum is, in fact, sensitive to reinteractions of the charm quarks and/or hadrons in the
medium. At SPS energies, the relevance of this effect for correlated DD̄ decays is currently
an open question [137]. Theoretical calculations discussed in the following are employing
Ncoll-extrapolated spectra from p-p collisions (based on PYTHIA [139] simulations) as
provided by the NA60 collaboration [35].

4.2.2 CERN-SPS I: NA60

In section we discuss several calculations of µ+µ− spectra in semicentral In(158 AGeV)-
In collisions as measured by NA60. The excellent mass resolution and statistics of the
data allowed for a subtraction of the hadronic cocktail (excluding ρ and DD̄ decays),
resulting in the so-called “excess spectra” (in more recent, acceptance-corrected, NA60
spectra [138] correlated DD̄ decays are also subtracted, with some caveat as to their
medium modifications, as mentioned above).

Theoretical predictions [20] of the low-mass excess spectra utilizing the in-medium ρ
spectral function of Ref. [30] (cf. Sec. 3.4.2) showed good agreement with the first data
of NA60 [35]. More complete calculations including QGP radiation (as in Ref. [140] but
with hard-thermal loop resummed rates [78]), in-medium ω and φ decays [105], 4π-like
annihilation (relevant at intermediate mass) [36], as well as primordial ρ and Drell-Yan
(DY) contributions (relevant at high qt), are summarized in Fig. 17. In connection with a
slight update of the fireball model (larger acceleration implying smaller lifetime), the re-
sulting description of the NA60 invariant-mass spectra is quite satisfactory over the entire
range, including projections onto low (qt<0.5 GeV) and high (qt>1.0 GeV). In-medium ω
and φ contributions are rather localized in mass, while QGP and DY radiation are at
the 10-15% level at masses below 1 GeV. The in-medium plus freezeout (FO) ρ contri-
butions [20] remain the dominant source confirming the notion that the NA60 low-mass
data probe the in-medium ρ spectral function. This is also borne out of the acceptance-
corrected qt-spectra where, for M<1 GeV the ρ contribution prevails up to momenta of
qt' 1 GeV.11 At qt>1 GeV DY and primordial ρ-mesons become an increasingly important
source, but the data for M=0.4-0.6 GeV and 0.6-0.9 GeV cannot be fully accounted for.
These discrepancies are less pronounced for central In-In collisions, and may possibly be
resolved by a stronger transverse expansion within the constraints of the hadronic spectra
(we return to this question below). At masses M=1-1.4 GeV, the most significant sources
are hadronic emission from multi-pion states (e.g., π-a1, ρ-ρ or π-ω annihilation), QGP
and DD̄ decays. The hadronic contribution is significantly enhanced (by maximally a
factor of ∼2 around M'1 GeV) due to the effects of chiral mixing [36] (recall Sec. 3.2.1),
which currently cannot be discriminated by the data. The qt spectra for M=1-1.4 GeV
are well described over the entire momentum range.

Fig. 18 summarizes the results of hydrodynamic calculations [117, 118] based on
hadronic emission rates within the chiral-reduction approach [74, 75, 76] (cf. Sec. 3.2.1),
freezeout ρ mesons (including the proper γ factor relative to thermal radiation) and per-
turbative qq̄ annihilation in the QGP (pQGP). The overall structure of the NA60 mass
spectrum is roughly reproduced (cf. upper left panel of Fig. 18), but the ρ resonance figur-

11The experimental qt-spectra in Figs. 17, 18, 19 are not absolutely normalized; the theoretical qt-spectra
in Fig. 17 are normalized using the M -spectra at low qt; however, whereas the experimental M -spectra for
qt>1 GeV are reasonably reproduced, the qt-spectra for M=0.4-0.6 GeV are underestimated for qt>1 GeV.
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Figure 17: Dimuon invariant-mass (left panels) and acceptance-corrected transverse-
momentum (right panels) spectra in semi-central In(158 AGeV)-In collisions. Calcula-
tions [106] for thermal emission utilizing in-medium ρ, ω and φ spectral functions based
on hadronic-many body theory [30, 105], 4π annihilation including chiral mixing [36] and
QGP emission, supplemented by non-thermal sources (Drell-Yan annihilation, primordial
and freeze-out ρ-meson, open-charm decays), are compared to NA60 data [35, 141, 142].

ing into the EM correlator lacks significant in-medium broadening, despite the reduction
in peak strength due to the mixing effect (the agreement improves for semiperipheral and
peripheral collisions [117]). The freezeout-ρ contribution compares quite well with the one
in the upper left panel of Fig. 17 which includes a broadening but also occurs at higher
pion density (recall the discussion in Sec. 4.2.1). The level of the pQGP contribution is
very similar to the fireball model of Refs. [36, 106] in Fig. 17. As in Refs. [36, 106] the
hadronic contribution at M>1 GeV is based on a fit to the EM correlator in vacuum,
but the mixing effect is less pronounced in the virial scheme, leading to a slightly smaller
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Figure 18: NA60 dimuon spectra [35, 141, 142] compared to calculations [117, 118] employ-
ing thermal rates from the chiral reduction approach [75] and perturbative qq̄ annihilation,
folded over a hydrodynamic expansion for semicentral In(158 AGeV)-In collisions, sup-
plemented with free ρ-meson decays after thermal freezeout. Upper left: M -spectra; other
panels: qt spectra in three mass bins.

contribution in the dilepton spectrum (possibly also due to the absence of pion chemical
potentials). The shapes of the qt spectra (local slopes) of all 3 contributions displayed in
Fig. 18 (in-medium hadronic, freezeout ρ and QGP) agree well with the fireball calcula-
tions of Refs. [36, 106] as demonstrated in a direct comparison in Ref. [141]. This suggests
good consistency of the fireball and hydrodynamic evolution.

In Ref. [120] a thermal fireball expansion (cf. Tab. 1, middle column) has been applied
to compute dimuon spectra utilizing in-medium ρ and ω spectral functions (based on
empirical scattering amplitudes on pions and nucleons, recall solid lines in Fig. 12) [99],
vacuum 4π annihilation (with both charged [144] and neutral pions), as well as QGP rates
based on the quasiparticle model of Ref. [143], cf. Fig. 19. The overall shape and magnitude
of the mass spectra is rather well reproduced, except close to the dimuon threshold where
the importance of baryon effects is apparently underestimated (the underlying ρ spectral
function at T=150 MeV shows little variation between baryon densities of %B=0.5 %0 and
%0 [120]). The qt spectra can be reasonably well described without contributions from
DY or primordial ρ’s, which differs from the hydrodynamic (DZ) [117, 118] and HR-
fireball [36, 106] results, cf. Ref. [141] (recall that the RR fireball model describes NA60
pion spectra over the entire pT range by thermal emission); part of this discrepancy is due
to the slightly larger expansion velocity and the square-root radial profile of the transverse
rapidity, cf. Tab. 1. Another significant difference concerns the magnitude of the QGP
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contribution, which is by a factor of ≥2 larger in Ref. [120] than in Refs. [36, 117]. Part
of this discrepancy is due to the quasiparticle QGP EoS employed in Ref. [120], which
entails larger temperatures (including T0) at given fireball volume. It is also related to the
prevailing role of QGP radiation for M≥1 GeV.

The sensitivity of the NA60 data to the critical and chemical freezeout temperatures
has been elaborated in Ref. [106], by varying Tc from 160-190 MeV and Tch from 160-
175 MeV (keeping the fireball expansion parameters fixed), representing current uncer-
tainties in lattice QCD [4, 5] and thermal model fits [8, 9]. With “quark-hadron” duality
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Figure 21: Comparison of acceptance-corrected excess dimuon mass spectra (for
0.2<qt/GeV<0.4 (left), qt>0.2 GeV (middle) and 1.8<qt/GeV<2.0 (right)) in minimum-
bias In(158 AGeV)-In collisions [145, 137, 138] to model predictions for semicentral In-In
of RH (EoS-A) [106], RR [120] and ZD [118], normalized to the average Nch of the data.

in the thermal dilepton rates [30] in this temperature regime (at all masses, cf. Fig. 14),
the invariant-mass spectra turn out to be remarkably insensitive to these variations [106]
(duality of the QGP and hadronic emission for M . 1.5 GeV close to Tc is not realized in
the rates underlying the calculations of Refs. [117, 120]). However, the partition of QGP
and hadronic (4π) emission at intermediate masses changes appreciably from hadron-gas
dominated spectra for Tc≥175 MeV to QGP dominated ones for Tc=160 MeV, cf. left panel
of Fig. 20. In the latter case, the smaller value for Tch=160 MeV implies smaller chemical
potentials in the hadronic phase. This is part of the reason for the reduction in hadronic
emission, but also leads to a larger freezeout temperature by about 15 MeV (recall the
discussion in Sec. 4.2.1 and right column in Tab. 1). This, in turn, helps in the descrip-
tion of the transverse-momentum spectra at qt>1 GeV. However, an additional increase
in the transverse fireball acceleration by 15% seems to be required to achieve quantitative
agreement with the effective slope parameters as displayed in the right panel of Fig. 20. It
remains to be checked whether this can be consistent with a more complete set of hadronic
spectra in In(158 AGeV)-In collisions.

A comparison the three model calculations discussed above to acceptance-corrected
mass spectra in minimum-bias In(158 AGeV)-In [145] in Fig. 21 reiterates the importance
of baryon-driven medium effects [106] at low M and low qt, as well as the lack of high-qt
yield in the ρ-mass region and below for Refs. [118] and [106] with EoS-A. The latter
improves when increasing the fireball expansion as in the right panel of Fig. 20. Also note
that comparing minimum-bias data to calculations at an average Nch underestimates the
theoretical contributions which scale with Ncoll (DY and primordial ρ’s).

4.2.3 CERN-SPS II: CERES/NA45 and WA98

The refinements in the analysis of the NA60 dimuon spectra (fireball evolution and addi-
tional sources) have been rechecked against existing and updated EM data at the SPS.

The updated calculations of Ref. [106] agree well with the combined ’95/’96 CERES
dielectron data (left panel of Fig. 22). For the 2000 data (right panel of Fig. 22), the
cocktail-subtracted excess spectra in central Pb-Au corroborate the main findings of the
NA60 data, i.e., a quantitative agreement with the in-medium ρ of Ref. [30] and the
predominance of baryon effects. The longer lifetime of the fireball in central Pb-Au (factor
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Figure 22: CERES/NA45 data for e+e− invariant-mass spectra in Pb(158 AGeV)-Au
collisions at the SPS [32, 37]. The left panel corresponds to semicentral collisions including
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line), while the right panel shows “excess” spectra for central collisions. The theoretical
predictions are based on in-medium ρ spectral functions [30] supplemented by ω and φ
decays, as well as Drell-Yan and 4π annihilation [106] (as for the NA60 data, see Fig. 17).

∼2 relative to In-In) reduces the uncertainties due to ρ-meson cocktail contributions. In
addition, dielectrons enable access to very low masses, where the ’00 CERES data may
bear a first hint of a large enhancement as predicted by hadronic many-body theory.

As emphasized in Sec. 3.5, (very) low-mass dilepton rates are intimately related to
thermal photon spectra. In Ref. [108] the in-medium ρ spectral function of Ref. [30]
has been carried to the photon point and convoluted over the same fireball expansion
as before; when supplemented with t-channel exchange reactions, QGP emission and pri-
mordial (hard) photons constrained by p-A data, the resulting qt spectra are consistent
with WA98 photon spectra, see lower right panel of Fig. 23; the updated fireball evolution
barely affects the total spectra. The contributions from the lightlike ρ are prevalent up
to qt'1 GeV (cf. Fig. 15), after which t-channel processes takes over. Primordial pho-
tons outshine the combined thermal yield (hadronic+QGP) for qt&2 GeV. This is nicely
consistent with the calculations of Ref. [149], see lower left panel in Fig. 23. In earlier
calculations of Refs. [148, 126] the thermal yield is significantly larger, due to an increased
QGP contribution caused by a short formation time of τ0=0.2-0.33 fm/c with associated
peak temperatures of up to T0=335 MeV (for τ0=1 fm/c [108, 149] average initial temper-
atures are slightly above T̄0=200 MeV). Even for this upper estimate of QGP emission12,
the latter is smaller than the hadronic one for momenta qt≤1.5-2 GeV, and the pQCD
photons are at the ∼40% level of the combined thermal contribution at qt'2 GeV.

Similar conclusions arise from theoretical analyses [140, 150, 151] of intermediate-
mass dimuon spectra (1.5≥Mµµ/GeV<3) in Pb-Pb collisions at SPS [152]: unless the
initial temperature significantly exceeds T0=250 MeV, the thermal contribution falls below
primoridial sources (DY) at masses and transverse momenta beyond M, qt'1.5-2 GeV.
This is fully confirmed by the recent NA60 intermediate-mass dilepton spectra [137].

12At SPS energy, with a Lorentz contraction of γ'9 for the incoming nuclei, the time for full nuclear
overlap is ca. 0.8 fm/c.
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Figure 23: Direct photon spectra in central Pb(158 AGeV)-Pb collisions at the SPS as
measured by the WA98 collaboration [146, 147]. The upper panels contain theoretical
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state (τ0=0.2-0.33 fm/c; in the upper left panel the lower curves are without primordial
emission), while the calculations in the lower panels [149, 108] contain primordial emission
with Cronin effect and a larger thermalization time (τ0'1 fm/c).

4.2.4 Future Dilepton Measurements

Dilepton programs will be pursued with high priority over a wide range of collision energies.
The large enhancement observed in a low-energy (40 AGeV) run at SPS [38] is in line with
the prediction of hadronic-many body theory that medium effects caused by baryons play
a leading role [70]. This trend continues down to much lower bombarding energies of 1-
2 AGeV. However, at these energies recent transport calculations suggest that the low-mass
enhancement, which could not be explained by hadronic in-medium effects [27], is related
to primordial N -N Bremsstrahlung [153], as well as ∆→ Ne+e− and η Dalitz decays [154,
155]. A better sensitivity to medium effects appears to be in the ρ-ω mass region, where
the (lack of) yield indicates a strong broadening of the vector resonances [156, 154, 157].

At the high-energy frontier, first RHIC data [42] find a large e+e− signal especially in
the mass region around M'0.3 GeV. The excess is concentrated at low qt and in central
collisions, and cannot be explained by current in-medium spectral functions. It is tempting
to speculate that the excess is caused by the formation of a disoriented chiral condensate
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(DCC), as pion-DCC annihilation shares the above features [158]. However, the magnitude
of this dilepton source cannot easily compete with hadronic medium effects, unless the
DCC domains are rather large and abundant. In this case, footprints of the DCC should
be visible in other observables (e.g., π0 and pT fluctuations). Precision measurements
within the RHIC-II program will be of crucial importance here [43].

Finally, dilepton data will play a critical role in the CBM experiment at the future
GSI facility (FAIR). In the planned energy regime, Elab=10-40 AGeV, one envisages the
largest nuclear compression and thus maximal baryon density, ideally suited to scrutinize
the current understanding of medium effects. An extra benefit could be the occurence of
a critical point or a true mixed phase at a first-order transition, with extended fireball
lifetimes further enhancing the dilepton signal.

4.3 Critical Appraisal

In this section we evaluate the current status of determining the in-medium vector spectral
functions (focusing on the ρ meson) and the implications for chiral restoration.

Calculations of ρ-meson spectral functions based on effective chiral Lagrangians cou-
pled with many-body techniques agree on a strong broadening with small (positive) mass
shifts. At normal nuclear matter density, one finds an increase in width of ∆Γρ'250 MeV
with an estimated error of ∼30%, i.e., the vacuum width almost triples. The question
whether the parameters in the effective Lagrangian are subject to in-medium changes
requires further input. In the vector-manifestation scenario, reduced bare masses and
coupling constants are inferred from a matching of the correlators to an operator prod-
uct expansion (OPE) at spacelike momenta governed by the in-medium reduction of the
condensates. However, it turns out that, within current uncertainties, the softening of the
ρ spectral function as imposed by the OPE at nuclear matter density is fully accounted
for by the broadening due to hadronic many-body effects. More accurate tests of this
assertion, especially at higher densities/temperatures, will require a more precise determi-
nation of the in-medium condensates on the OPE side of the QCD sum rule. The predicted
broadening is supported by several recent experiments where dilepton spectra have been
measured with impressive precision: at JLAB, photoproduction data off mid-size nuclei
find a ρ broadening of ∆ΓNUC

ρ '70-100 MeV without significant mass shift, consistent with
many-body effects at about half nuclear density and 3-momenta of ∼1-2 GeV. The NA60
dilepton spectra in central In-In collisions exhibit an average ρ width of Γ̄HIC

ρ '400 MeV

i.e., an additional broadening of ∆Γ̄HIC
ρ '250 MeV. Typical kinetic freeze-out conditions

at SPS energies are (ρfo
B , Tfo)'(0.3ρ0,120MeV). With initial temperatures of T0'200 MeV

(as suggested by “effective” slope parameters in the qT spectra for M>1 GeV, as well as
direct photon spectra in Pb-Pb), the average ρ width thus reflects the medium at an aver-
age temperature of T̄'150 MeV (the growing fireball 3-volume “biases” low-mass dilepton
radiation to more dilute stages). This implies that the ρ width approaches its mass when
the system moves toward the (pseudo) critical temperature, Γρ(T→Tc)→ mρ, i.e., the
resonance “melts” (see also Ref. [159]). Inspection of the theoretical predictions for the
width of the ρ as extracted from the vector spectral function corroborates this conclusion,
cf. Fig. 24. The circumstantial “duality” of hadronic and partonic EM emission rates
close to Tc lends robustness to the pertinent predictions for dilepton spectra in heavy-ion
collisions as they become independent on details of the evolution model, in particular of
the treatment of the phase transition region. The excess radiation at intermediate mass,
with its rather soft emission characteristics in qt, as well as direct photon spectra, further
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consolidate the origin of thermal radiation from around Tc.
A no less challenging task is to connect the above findings to the chiral transition. It has

recently been argued that the statistical operator consisting of a (free) hadron resonance
gas (HRG) is capable of reproducing several features of lattice QCD computations of the
equation of state (EoS) until rather close to the (pseudo-) critical temperature [160, 161].
Beyond Tc the lattice EoS levels off, reflecting quark-gluon degrees of freedom, while the
HRG EoS diverges (Hagedorn catastrophe). The ρ melting offers a microscopic explana-
tion for this transition: under moderate conditions, the interacting HRG physics drives
the ρ broadening to an extent which justifies the use of well-defined quasi-particle states
in the statistical operator. With further increasing temperature and density, resonance
overlap in the ρ spectral function drives it to a continuum shape with a strength resem-
bling a weakly interacting qq̄ pair, i.e., the resonance strength in the statistical operator
converts into partonic strength. The phenomenon of overlapping resonances merging into
a perturbative qq̄ continuum is, of course, well known from the e+e− annihilation cross
section into hadrons above M'1.5 GeV. It is suggestive that the thermal medium provides
the necessary phase space for low-mass resonances which, via their mutual “mixing” in
different hadronic correlators, “restore” quark-hadron duality down to M→0, implying
chiral restoration. To quantify this picture the evaluation of chiral order parameters is
mandatory. It is tempting to speculate that the rather sharp increase of the ρ width
close to the expected critical temperature (especially in chemical equilibrium as realized
in lattice QCD, represented by the solid line in Fig. 24) is signaling the chiral transition.
QCD sum rules remain a valuable tool if the T (and µB) dependence of the quark and
gluon condensates can be made more precise. Ideally, the latter are determined from first-
principle lattice QCD calculations. Possibly the most promising approach, which has been
little exploited thus far, are chiral (or Weinberg) sum rules. Their use hinges on the in-
medium axialvector spectral function. The latter is much more difficult to constrain due to
a principal lack of experimental information, encoded in either 3-pion or π-γ final states.
This stipulates the importance of calculating the axialvector correlator in chiral models.
In connection with a realistic vector correlator and lattice-QCD input on the in-medium
condensates, the explicit realization of chiral restoration can be investigated. First efforts
in this direction have been undertaken [162, 163, 164, 165], but a full treatment including
quantitative V and A spectral functions, even in the vacuum, is currently lacking.
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5 Conclusions

Medium modifications of hadronic spectral functions play a key role in the diagnosis of
hot/dense strongly interacting matter and its condensate structure. Experimentally, the
most promising approach is dilepton spectroscopy which directly probes the vector spectral
function of the hadronic medium. For the ρ-meson, which dominates the low-mass vector
channel, effective hadronic theories largely agree on a strong broadening of the resonance,
with little mass shift. Baryon effects prevail over those induced by mesons, and the
predicted modifications in cold nuclear matter are compatible with QCD sum rules at
finite density. Intense experimental efforts over the last ∼15 years have culminated to
a new level of precision which broadly confirms the theoretical expectations: production
experiments off ground-state nuclei find an increase of the ρ width by ∼80 MeV, while the
effect in heavy-ion collisions at the SPS is by a factor of ∼3 larger. Part of this difference
is due to the access to the low-momentum regime in the heavy-ion measurements. It
is therefore highly desirable to push the sensitivity of the nuclear experiments to low 3-
momenta where significantly larger medium effects are predicted. The average ρ width
extracted in heavy-ion collisions suggests that the ρ resonance “melts” close to the expected
phase boundary, in agreement with extrapolations of hadronic models. This is a first
explicit evidence that melting resonances are involved in the transition from hadronic to
quark degrees of freedom. Modern quark-model calculations could provide complementary
insights when approaching Tc from above. Unquenched lattice QCD computations of the
vector correlator would undoubtedly set valuable benchmarks and possibly shed light
on the conjecture that the width is connected to order parameters of chiral symmetry
restoration. In addition, information on quark condensates and pion decay constant(s)
below Tc can be connected to hadronic vector and axialvector spectral functions utilizing
Weinberg sum rules. The synergy of hadronic and quark models with first-principle lattice
QCD computations, augmented by quantitative applications to experiment at current and
future facilities, opens exciting perspectives to improve our knowledge about the chiral
transition in hot/dense QCD matter and the generation of luminous mass in the Universe.
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We update our calculations of thermal-photon production in nuclear collisions at the Relativis-
tic Heavy-Ion Collider (RHIC). Specifically, we address the recent experimental observation of an
elliptic flow of direct photons comparable in magnitude to that of pions, which is at variance with
expectations based on quark-gluon plasma (QGP) dominated photon radiation. Our thermal emis-
sion rate is based on previous work, i.e., resummed leading-order QGP emission and in-medium
hadronic rates in the confined phase. These rates are nearly degenerate at temperatures close to the
expected QCD-phase change. The rates are convoluted over an improved elliptic-fireball expansion
with transverse- and elliptic-flow fields quantitatively constrained by empirical light- and strange-
hadron spectra. The resulting direct-photon spectra in central Au-Au collisions are characterized by
hadron-dominated emission up to transverse momenta of ∼ 2-3 GeV. The associated large elliptic
flow in the hadronic phase mitigates the discrepancy with the measured photon-v2 compared to
scenarios with QGP-dominated emission.

I. INTRODUCTION

Dileptons and photons are the only particles which es-
cape the interior of the fireball created in ultrarelativistic
heavy-ion collisions (URHICs) unaffected. Their produc-
tion, on the other hand, is rooted in the strongly inter-
acting medium and thus illuminates the latter’s prop-
erties, see Refs. [1–3] for reviews. Recent highlights of
electromagnetic observables in URHICs include “mea-
surements” of the in-medium vector-spectral function via
dilepton invariant -mass spectra at the SPS [4–6] and of
the medium temperature via direct photons at RHIC [7].

It is well known that the thermal component in the ob-
served electromagnetic spectra results from a convolution
of the temperature- and density-dependent emission rate
over the entire space-time history of the expanding fire-
ball in URHICs. From the interplay of decreasing tem-
perature and increasing three-volume in the course of the
fireball expansion, it can be fairly well established that
photon and dilepton emission in the low-energy regime,
q0 . 1 GeV1, are dominated by the hadronic phase. At
energies beyond ∼ 1 GeV, the situation is less clear,
since the competition between hadronic and QGP sources
will be sensitive to additional ingredients [10], e.g., the
relative strength of hadronic and QGP emission rates,

1 The energy variable, q0, encompasses both mass (M) and
transverse-momentum (qt) dependencies, e.g., q0 = (M2+q2t )

1/2

for qz = 0.

the phase-transition temperature (which formally demar-
cates the space-time dependence of the two sources) and
the transverse flow (inducing a blue shift to higher qt
which is more pronounced in the later hadronic phase)2.

In this context, recent measurements of the elliptic flow
of direct photons (i.e., after the subtraction of long-lived
hadron decays, mostly π0, η → γγ) in semicentral Au-Au
collisions [11] have revealed remarkable results. It has
been found that the pertinent flow coefficient, vγ2 (qt),
is as large as that of charged pions up to momenta of
qt ≃ 3 GeV (albeit the photon data carry somewhat
larger error bars). This result is difficult to reconcile with
a dominant QGP emission source. Primordial photons
from binary N -N collisions, whose emission is expected
to be isotropic, will further reduce the total direct-photon
v2. Current model calculations [12–14] using a hydrody-
namically expanding medium with QGP and hadronic
radiation, as well as primordial photons, underpredict
the experimentally measured v2 by a factor of ∼ 5 (∼ 3
when accounting for the maximal systematic error in the
measurement). The question thus arises what could be
missing in these calculations.

In the present paper we re-examine several aspects
related to thermal photon emission from the hadronic
medium. Since the v2 in the hadronic phase of URHICs
is large, an augmented hadronic component is a natural

2 Note that the blue-shift distortion does not apply to dilepton
invariant-mass spectra if a finite detector acceptance can be fully
corrected for.
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candidate to improve the description of thermal-photon
emission at RHIC and thus reduce the discrepancy with
the v2 data. First, we note that typical hydrodynamical
evolutions with first-order phase transitions tend to un-
derestimate the radial (and possibly elliptic) flow built
up in the fireball at the end of the QGP phase. This was
borne out of a recent phenomenological analysis of light-
and strange-hadron spectra using blast-wave parameteri-
zations of the respective sources at thermal and chemical
and freezeout (with Tch ≃ 100 MeV and Tfo ≃ 180 MeV,
respectively) [15]. In particular, the observed universal-
ity in kinetic-energy scaling of the v2 of light and strange
hadrons, together with an earlier decoupling of multi-
strange hadrons (as inferred from their pt spectra), sug-
gests that most of the hadronic v2 is indeed of partonic
origin [16]. Second, for the thermal emission rates from
hadronic matter we use our previous results of Ref. [9],
which, in particular, include contributions from baryons
which are known to be important from dilepton calcu-
lations [10], even at RHIC [17]. Finally, we take into
account chemical off-equilibrium effects in the hadronic
phase, i.e., effective chemical potentials for pions, kaons,
etc., which can further augment the hadronic compo-
nent in thermal-photon spectra (e.g., typical processes
like πρ → πγ are enhanced by a pion fugacity to the
third power).

Our paper is organized as follows. In Sec. II we briefly
recall our input for the thermal-photon rates as taken
from Ref. [9], as well as for the primordial contribution,
which we check against pp data. In Sec. III we update our
description of the thermal fireball evolution by construct-
ing (a time evolution of) flow fields which is consistent
with the empirical extraction at chemical and thermal
freezeout. In Sec. IV we evolve the rates over the fire-
ball evolution and discuss the resulting photon-qt spec-
tra, in particular the composition of the thermal yields.
In Sec. V we present our results for the direct-photon
v2 in comparison to the recent PHENIX data [11] and in
light of other model results. Finally, Sec. VI contains our
conclusions.

II. PHOTON SOURCES

The photon spectrum resulting from a heavy-ion (or
pp) reaction is usually referred to as inclusive photons.
The subtraction of long-lived final-state decays leads to
the notion of direct photons, which are the ones of inter-
est in the present context. For direct photons, we further
distinguish the radiation of thermal photons (Sec. II A),
characterized by an equilibrium-emission rate to be inte-
grated over the space-time evolution of the medium, and
a non-thermal component emanating from primordial in-
teractions prior to thermalization (Sec. II B).

A. Thermal Emission

In the present work we adopt the thermal emission
rates of photons as developed and compiled in Ref. [9].

For QGP radiation we use the numerical parameteri-
zation of the complete leading-order in αs rate as given
in Ref. [18]. The main input for the QGP rate is the
strong coupling “constant” for which we take an expres-
sion with temperature-dependent one-loop running at the
scale ∼ 2πT , αs(T ) = 6π/27 ln(T [GeV]/0.022). This
amounts to values of around 0.3 in the relevant tempera-
ture regime, T = 1-2Tc, which turns out to be consistent
with recent estimates from the (perturbative) Coulomb
term in in-medium heavy-quark free energies [22].

The basis of the thermal emission rate in hadronic mat-
ter forms the electromagnetic correlation function com-
puted in Refs. [9, 23] using hadronic many-body the-
ory with effective Lagrangians. It has been successfully
used [1] in the interpretation of dilepton data at the
SPS [4, 5] and has been carried to the photon point
in Ref. [9]. It includes a rather extensive set of meson
and baryon resonances in the interaction of the isovec-
tor current with a thermal heat bath of hadrons. It
has been augmented by additional meson-exchange re-
actions in a meson gas which become important at pho-
ton momenta q & 1 GeV, e.g., π, ω, and a1 exchange in
π + ρ → π + γ as well as strangeness-bearing reactions
(e.g., π + K∗ → K + γ) [9]. An important element in
constraining the hadronic vertices to empirical informa-
tion, such as hadronic and radiative decay branchings,
is the (gauge-invariant) introduction of vertex form fac-
tors. The latter lead to a substantial reduction of the
hadronic emission rate with increasing photon momen-
tum, which is essential for quantitative descriptions of
hadronic emission rates at the momenta of experimental
interest (qt . 3.5 GeV for thermal radiation). Without
vertex form factors, hadronic photon rates should not be
considered reliable for momenta q ≥ 1 GeV. We do not
include here additional ππ Bremsstrahlung contributions
(ππ → ππγ) as evaluated in Refs. [24, 25]. This source is
important at low momenta, qt . 0.5 GeV, put plays no
role in the region of interest of the present investigation
(qt ≥ 1 GeV).

The resulting total hadronic and QGP emission rates
were found to be remarkably close to each other for tem-
peratures around the putative transition temperature,
Tc ≃ 180 MeV. This is appealing from a conceptual
point of view in terms of a possibly continuous matching
of the bottom-up and top-down extrapolated hadronic
and QGP rates, respectively. It is also welcome from a
practical point of view, since it much reduces the uncer-
tainties associated with identifying the medium in the
fireball as hadronic or partonic, which, in the case of a
cross-over, may not even be well defined. If QGP and
hadronic rates are significantly different across Tc, ap-
preciable uncertainties in the calculated photon spectra
have been found as a result of this ambiguity [14].
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FIG. 1: (Color online) Empirical fits to the direct-photon
spectrum measured by PHENIX [28] in p-p collisions at√
s = 200 GeV; dash-dotted line: power-law fit [28], solid

and dashed line: xt-scaling ansatz [29] with and without K
factor, respectively.

B. Non-Thermal Sources

After subtraction of final-state decays, the main source
other than “thermal” radiation from the interacting
medium is associated with “primordial” photons pro-
duced upon first impact of the nuclei via binary NN col-
lisions. Primordial photon spectra are usually estimated
from the direct contribution in pp collisions, where no
significant reinteractions are expected. This is supported
by the generally good agreement of the measured photon
spectra with next-to-leading order (NLO) perturbative
QCD (pQCD) calculations [26] for primordial produc-
tion. In the following we will adopt a simple power-law
fit performed by the PHENIX collaboration [7, 27] to
their pp data [7, 28], cf. Fig. 1. Figure 4 in Ref. [7] re-
veals that the NLO pQCD calculations are slightly below
the PHENIX parameterization in the relevant qt range of
∼ 1-7 GeV. Therefore, we will alternatively estimate the
primordial contribution via a xt-scaling motivated pa-
rameterization [29], upscaled by a K-factor of 2.5 to best
match the PHENIX pp data for qt = 5-8 GeV. This
fit produces a slightly smaller yield of photons with mo-
menta qt = 1-5 GeV compared to the PHENIX fit and is
thus very similar to the NLO pQCD calculations.

In principle, photons can also be radiated off fast-
moving partons (jets) interacting with the medium. The
combined elliptic flow of this source is expected to be
close to zero [19]. We therefore subsume this source in
our primordial contribution (whose fragmentation part,
e.g., is expected to be reduced in the medium), which
is a posteriori justified by an adequate description of the
spectral yields in Au-Au collisions once thermal radiation
is implemented.

III. FIREBALL AND TRANSVERSE-FLOW
FIELD

The continuous emission of photons throughout the
evolution of a heavy-ion reaction causes their elliptic-flow
signal to be more sensitive to its time evolution than that
of hadronic final states. Therefore, a calculation of the
photon-v2 requires special care in constructing a realistic
time evolution of both radial and elliptic flow (the for-
mer affects the spectral weight of photon emission at a
given time snapshot). In principle, hydrodynamic models
are believed to be able to accomplish such a task; how-
ever, current uncertainties including initial conditions
(e.g., fluctuations and initial flow fields), viscosity correc-
tions and the coupling to hadronic cascades in the dilute
stages render this a challenging task, which has not been
completed (yet). In the present paper we take a more
pragmatic (and simple) approach which nevertheless ac-
curately captures two experimentally established snap-
shots of the fireball evolution, namely the flow fields at
chemical freezeout at Tch ≃ 170 MeV and kinetic freeze-
out at Tfo ≃ 100 MeV. The latter is well determined
by the transverse-momentum (pt) spectra and elliptic
flow of light hadrons (π, K, p) [30–32], while the former
can be extracted from spectra and flow of multi-strange
hadrons[16, 31, 33]. A detailed fit of these snapshots us-
ing an elliptic blast-wave source has been performed in
Ref. [15], which was also shown to be compatible with
the empirical constituent-quark number and transverse
kinetic-energy (KET ) scaling of the elliptic flow of light
and strange hadrons. We use these results to improve
a previously constructed expanding elliptic fireball [34]
so that its evolution passes through these benchmarks
at the end of the mixed phase and at thermal freezeout.
Representative examples of the resulting multi-strange (φ
mesons) and light-hadron (π, p) spectra and v2 at chemi-
cal and thermal freezeout, respectively, are illustrated in
Fig. 2.

Concerning initial conditions, we assume an initial lon-
gitudinal fireball size of z0 = 0.6 fm corresponding to
cτ0 ≃ z0/∆y ≃ 0.33 fm (∆y ≃ 1.8) as our default value
for both 0-20% and 20-40% centrality classes. With to-
tal entropies of S = 7900 and 3600 (assumed to be
conserved), this translates into (average) initial tempe-
ratures of T0 ≃ 355 MeV and 325 MeV, and charged-
hadron multiplicities of dNch/dy ≃ 610 and 280, respec-
tively, adjusted to recent STAR data [32].

The time evolution of the inclusive elliptic flow is
shown in Fig. 3. The observed KET scaling of light and
multi-strange hadrons is the main constraint which re-
quires a rather rapid increase of the bulk v2, and a sub-
sequent leveling off shortly after chemical freezeout. The
final values of ∼2.5% and ∼5% for the pion-v2 are ad-
justed to experimental data [31].

Another important aspect in our medium evolution is
the implementation of chemical freezeout, i.e., the use of
effective meson (and baryon) chemical potentials to pre-
serve the observed hadron ratios in the fireball expan-
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within our fireball model, evaluated with either constituent-
quark or pion content of the medium.

sion at temperatures between Tch and Tfo. We do this as
described in Ref. [35], which was adopted in our previ-
ous work [9]. Most of the hydrodynamic evolutions used
for photon calculations at RHIC to date assume chem-
ical equilibrium throughout the hadronic phase. This
assumption likely leads to an appreciable underestimate
of the thermal hadronic component in the observed pho-
ton spectra, and thus of its contribution to the direct-
photon elliptic flow. For example, typical meson anni-
hilation processes such as π + ρ → π + γ (proceeding
through t- and s-channel π, ω and a1 exchanges), are
augmented by an initial pion fugacity, z3π = exp(3µπ/T )
(in Boltzmann approximation), where µπ ≃ 100 MeV in
the vicinity of thermal freezeout, Tfo ≃ 100 MeV. This
implies a significantly larger enhancement in photon pro-
duction in the later hadronic stages relative to the con-
servation of the hadron ratios for which the chemical po-
tentials are introduced. In other words, the faster cool-
ing of the fireball in chemical off-equilibrium relative to
the equilibrium evolution is overcompensated in the lead-
ing photon-production channels due to a “high” power of
pion densities.
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IV. DIRECT-PHOTON SPECTRA

We start the comparison of our theoretical calculations
of direct photons to data at RHIC with the absolute
yields in the transverse-momentum (qt spectra). Let us
first illustrate the quantitative effect of updating the ra-
dial expansion starting from our original predictions in
Ref. [9].3 In the latter, a transverse acceleration of the
fireball surface of aT = 0.053c2/fm had been assumed,
which, together with a fireball lifetime of 15 fm/c, leads
to a surface velocity of βs ≃ 0.62 and a freezeout tem-
perature of Tfo = 108 MeV for Au-Au collisions in the
0-20% centrality bin (Npart = 280 and Ncoll = 765). The
pertinent photon spectra, displayed in the upper panel of
Fig. 4, closely resemble the results of Fig. 12 in Ref. [9].4

A window of QGP-radiation dominance is present for
qt ≃ 1.5-3 GeV.

The situation changes somewhat with an update per-
formed in 2007 triggered by the analysis of NA60 dilep-
tons at the SPS, specifically in the context of their qt-
spectra. The fireball acceleration was increased to aT =
0.08-0.1c2/fm to better reproduce hadron spectra, which
also allowed for a significantly improved description of
the slope parameters in the dilepton qt spectra [10]. It
was also checked that the agreement with the WA98
direct-photon spectra at SPS [36], as found in Ref. [9],
was not distorted (see, e.g., Fig. 23 in Ref. [1]). At RHIC,
the pertinent fireball of lifetime τ ≃ 15 fm/c results in
a freezeout temperature of Tfo = 98 MeV with a surface
transverse flow of βs = 0.77. The consequences for the
direct-photon spectra, using the same thermal emission
rates and fireball chemistry as before, are illustrated in
the middle panel of Fig. 4: while the spectral distribution
of the QGP radiation is barely affected, the hadronic ra-
diation spectrum becomes noticeably harder, thus shift-
ing the crossing with the QGP part up to qt ≃ 1.8 GeV.
In combination with an improved estimate of the pri-
mordial emission, adjusted to then available PHENIX pp
data, the QGP window shrinks appreciably, with a max-
imum fraction of ca. 42% of the total at qt ≃ 2.1 GeV.

Finally, recent systematic analyses of light-hadron

3 For simplicity we will use for this purpose a cylindrically sym-
metric fireball (no v2) and apply an average boost of 70% of
the fireball surface flow to the photon spectra in the rest frame,
〈β〉 = 0.7βs.

4 We note that in Figs. 12 and 13 of Ref. [9] the contribution
labeled “Hadron Gas” only includes the in-medium ρ spectral
function part, not the meson-gas contributions also calculated
in there. Unfortunately, we recently realized that the spectral
function part in the photon spectra at RHIC and LHC (Figs. 12
and 13 in Ref. [9]) was computed with the spin-averaged ρ prop-
agator, Dρ = (2DT

ρ +DL
ρ )/3, which, at the photon point (where

the transverse part, DT
ρ , should be used), is by a factor of 2/3

too small. It was done correctly in the rate plots and for the SPS
calculations shown in Ref. [9]. In the present work we refer to
the “Hadron Gas” emission as the sum of spectral-function and
meson-gas contributions.
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FIG. 4: (Color online) The impact of an increasingly strong
radial flow in an expanding fireball model on direct-photon
spectra in 0-20% central Au-Au collisions at RHIC. The
transverse fireball acceleration increases from 0.053/fm (up-
per panel, corresponding to Ref. [9]) via 0.08 (middle panel;
see Refs. [1, 10]) to 0.12/fm (lower panel). The same QGP
and hadronic emission rates have been used in all cases, while
the primordial contribution has been upscaled in the middle
and lower panel. As a benchmark, we also show the pertinent
PHENIX data [7].

spectra by the STAR collaboration [32] requires an even
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FIG. 5: (Color online) Comparison of our calculated direct-photon spectra (left panels) and their elliptic-flow coefficient (right
panels) from an elliptically expanding fireball model with QGP and hadronic radiation, supplemented with primordial emission,
to PHENIX data [7, 11] in 0-20% (upper panels) and 20-40% (lower panels) central Au-Au(

√
s = 200 AGeV) collisions. Models

(a) and (b) in the right panels refer to the use of the pQCD parameterization and the PHENIX fit for primordial production,
respectively (in the left panels, only model (a) is displayed).

harder expansion, to reach a thermal freezeout configu-
ration at Tfo ≃ 90-95 MeV and 〈β〉 ≃ 0.59 for central
Au-Au collisions. This can be achieved in the fireball
model by a further increase of the acceleration to aT =
0.12 c2/fm at a slightly reduced lifetime of τ ≃ 14 fm/c.
As expected, for the direct-photon spectra this implies
a further hardening of the hadronic emission and thus
an additional squeezing of the QGP window to a small
region around qt ≃ 2.4 GeV, cf. lower panel of Fig. 4.
The increasing transverse flow of the three fireballs also
seems to improve the description of the PHENIX direct-
photon spectra, although that was not the objective of
this exercise.

The final (third) fireball setup has been refined by im-
plementing realistic ellipticities and an explicit linearly
increasing flow profile in the transverse boost of the pho-
ton emission rate. The corresponding comparisons to
hadronic data have been discussed in the previous sec-
tion. The resulting direct-photon qt spectra from thermal

QGP and hadronic sources, supplemented with an Ncoll-
scaled primordial contribution, are compared to PHENIX
data in the 0-20% and 20-40% centrality classes of Au-
Au(

√
s = 200AGeV) in the two left panels of Fig. 5.

The more central data set is fairly well reproduced, even
though there appears to be a slight underestimation of
the datum at the lowest qt ≃ 1.2 GeV. The inclusion
of the full transverse-flow profile leads to a further hard-
ening of the hadronic component relative to the lower
panel in Fig. 4, while the QGP component is essentially
unaffected, even at the highest qt (continuing the con-
stant trend of the three panels in Fig. 4). This means
that the high-qt QGP radiation is entirely determined by
the earliest radiation, where no flow has built up yet; the
subsequent QGP flow cannot overcome the softening due
to the decreasing temperature. This further implies a
significant dependence of the high-qt QGP yield on the
thermalization time (a quantitative example will be dis-
cussed at the end of Sec. V). On the other hand, hadronic
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FIG. 6: (Color online) Same as Fig. 5 for 0-20% Au-Au collisions, but with a QGP contribution evaluated for a reduced
thermalization time of τ0 ≃ 0.17 fm/c translating into an average initial temperature of T0 ≃ 445 MeV.

emission only sets in at Tc when there is already substan-
tial flow in the system, and thus even at high momenta
the hadronic spectra are sensitive to the fireball flow field.

In the 20-40% centrality bin, the discrepancy between
the theoretical yields and the data becomes somewhat
more severe, hinting at a missing relatively soft source
(and therefore suggestive for the later hadronic phase).
One speculation at this point could be related to ω → π0γ
decays. These have been subtracted by the PHENIX col-
laboration employing mt scaling of the ω spectra with
π0’s [27], assuming ω/π0 = 1, as found in pp mea-
surements [37], as well as in 0-92% Au-Au collisions for
pt > 4 GeV. If, however, ω mesons at lower pt become
part of the chemically equilibrated medium in heavy-ion
collisions, one expects their multiplicity at given mt to
be up to 3 times larger, due their spin degeneracy. In
this case there might be a direct-photon component in
the Au-Au data at low qt ≤ 2 GeV due to some frac-
tion of final-state ω → π0γ decays which have not been
subtracted (and which would carry large v2). This possi-
bility may be worth further experimental and theoretical
study.

It is quite remarkable that the hadronic yield domi-
nates over the QGP one over the entire plotted range.
This will have obvious ramifications for the v2 of the
direct photons, which is larger in the hadronic phase.
The sub-leading role of the (early) QGP component fur-
ther implies that the effects of initial-state fluctuations
on thermal-photon production [20, 21] are diminished.

To examine the dependence of the QGP yield on the
thermalization time, we have conducted calculations with
a factor-2 reduced initial longitudinal size, z0 = 0.3 fm,
corresponding to τ0 ≃ 0.17 fm/c as used, e.g., in Ref. [14],
cf. Fig. 6. The QGP spectra in 0-20% Au-Au collisions
increase over the z0 = 0.6 fm calculation by a factor of
1.6, 2.7 and 4.8 at qt = 2, 3 and 4 GeV, respectively, and
turn out to be in fair agreement (within ca. 30%) with
the hydrodynamic calculations reported in Ref. [14] (us-

ing smooth initial conditions). The significance of this
increase mostly pertains to momenta, qt > 2 GeV, where
a small “QGP window” reopens, but it does not signifi-
cantly affect the description of the experimental yields.
To further characterize the nature of the direct-photon

excess (i.e., beyond the pp-scaled primoridial emission),
we evaluate the effective slope parameters, Teff , of our
thermal spectra. We recall that PHENIX extracted the
effective slope of the excess radiation in their data as
Teff = 221±19stat±19syst MeV [7]. In Fig. 7 we compare
this range with the temperature evolution, T (τ), of our
fireball; they only overlap inside the QGP phase. How-
ever, when accounting for the flow-induced blue shift, as
estimated by the schematic expression for a massless par-
ticle,

Teff ≃ T

√
1 + 〈β〉
1− 〈β〉 , (1)

the overlap with the experimental window is shifted to
significantly later in the evolution, mostly for a flow-
ing hadronic source with a restframe temperature of
T ≃ 100-150 MeV. This suggests a reinterpretation
of the experimental slope as mainly hadronic in origin,
which, as we will see in Sec. V below, is further sup-
ported by the v2 data. An explicit fit of the slope to our
total thermal spectrum from the elliptic fireball (with
T0 = 355 MeV) in the range qt ≃ 1 − 3 GeV yields
Teff ≃ 240-250 MeV, which is at the upper end of the data
(consistent with the slight underestimate of the lowest-qt
datum; also note that the use of the average, 〈β〉 = 0.7βs

in Eq. (1), tends to underestimate the actual slopes, es-
pecially at high qt and βs; we noted that already when
going from the spectra in the lower panel of Fig. 4 to
the full results in the upper left panel of Fig. 5). Higher
initial temperatures are less favorable, since they result
in a further increase of the slope, e.g., by 10-15 MeV for
T0 = 445 MeV.
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FIG. 7: (Color online) Time dependence of the effective slope
parameter of thermal-photon radiation emitted from our fire-
ball for 0-20% Au-Au collisions (solid (blue) line, given by
QGP and hadronic sources for τ − τ0 . 3 fm/c and & 6fm/c,
respectively), using Eq. (1) with 〈β〉 = 0.7βs. For comparison,
we plot the effective slope extracted by PHENIX from their
data (horizontal line with dashed lines indicating the experi-
mental error) [7], and the “true” temperature in the thermal
restframe (long-dashed line). Also shown is the surface flow
velocity of the fireball (dash-dotted line).

V. DIRECT-PHOTON ELLIPTIC FLOW

With a fair description of the photon qt spectra at
hand, we proceed to the calculation of the direct-photon
elliptic flow as a function of transverse momentum,
v2(qt). The results for the 0-20% and 20-40% centrality
classes of Au-Au collisions at RHIC are again compared
to PHENIX data, see upper- and lower-right panel of
Fig. 5, respectively. The shape of our calculated v2(qt)
matches the measurements rather well, but our maxi-
mum value of ca. 7.5% (12%) is below the central values
of the 0-20% (20-40%) data. Our results are a factor of
3-4 larger than existing calculations using hydrodynamic
expansions, and reach into the lower end of the (mostly
systematic) experimental uncertainties. The main differ-
ences compared to the hydro calculations are the follow-
ing: our equilibrium hadronic rates [9] are significantly
larger than in previous studies, our hadronic phase in-
cludes meson-chemical potentials and lasts longer (both
due to a smaller Tfo as dictated by data and a slightly
larger Tch as used in our previous calculations [9, 17, 35]),
and our bulk elliptic flow is built up faster than in
standard (ideal) hydro calculations (recall that only a
small increase of the v2 during the hadronic phase fa-
cilitates its KET -scaling properties of multi-strange and
light hadrons [15]; also note that a more rapid expansion
in the QGP and transition region has been identified as
an important ingredient to solve the “HBT puzzle”[39]).
The combined effect of these four points is a thermal
source which is dominated by hadronic emission carrying
most of the finally observed elliptic flow from its begin-
ning on, i.e., for T ≤ Tc. For the reduced thermalization

time of τ0 = 0.17 fm/c the maximal v2 drops by ca. 15%
to vmax

2 ≃ 6.3%, cf. right panel in Fig. 6.
In the present work, we have assumed a critical temper-

ature of Tc ≃ 180 MeV, which is in line with Nf = 2+ 1
flavor lattice calculations reported, e.g., in Ref. [40].
However, very recent lattice data [41] (as well as ear-
lier ones [42]) indicate that Tc could be as low as 155-
160 MeV and therefore one should ask what impact this
could have on our results. A pertinent study has been
done in the context of dilepton production at SPS en-
ergies [10]. When varying the critical temperature by
±15 MeV around the default value of Tc = 175 MeV, the
QGP emission spectra in the intermediate-mass region
(M & 1 GeV) vary by up to ±50% (less at higher masses
where the contribution from earlier phases increases). At
the same time, the hadronic emission part varies by ap-
proximately the same amount in the opposite direction,
so that the total yield roughly stays the same while the
relative QGP and hadronic partition varies appreciably.
We expect similar effects for the photon qt spectra. If one
still requires the multi-strange hadron spectra to freeze
out at Tc, we expect that the v2 in the hadronic phase
does not significantly change with Tc. However, since for
smaller Tc the hadronic contribution to the direct pho-
ton yields is reduced, so should be the total (weighted)
v2. For example, if for the 0-20% centrality class the
QGP−hadronic partition of 1/3−2/3 at qt ≃ 2 GeV
changes to 1/2−1/2, we estimate that v2(qt) is lowered
from 7% to 6%.

VI. CONCLUSIONS

We have updated and extended our calculations of
thermal-photon spectra at RHIC by constructing an im-
proved elliptic fireball expansion which is quantitatively
constrained by bulk-hadron data. In particular, we have
implemented the notion of sequential freezeout by repro-
ducing an empirical extraction of radial and elliptic flow
frommulti-strange and light-hadron data at chemical and
kinetic decoupling, respectively. The fireball evolution
has been combined with existing photon emission rates in
the hadronic and QGP phases to obtain thermal-photon
spectra in Au-Au collisions at RHIC. Supplemented with
a primordial component estimated from pp collisions, we
have compared our calculations to spectra and v2 of di-
rect photons as recently measured by the PHENIX col-
laboration. Due to a large medium flow (as required
by hadron data), relatively large hadronic photon rates
(approximately degenerate with QGP rates around Tc),
and effective chemical potentials to conserve the observed
hadron ratios, we have found that the hadronic medium
outshines the QGP for most of the momenta where ther-
mal radiation is relevant. This, in turn, leads to a ma-
ximal elliptic flow coefficient of v2 ≃ 10% in semicentral
Au-Au, which is a factor of ∼ 3 increased over previ-
ous estimates based on QGP-dominated emission. Con-
sequently, the discrepancy with the PHENIX v2 data is
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reduced appreciably. Our results are corroborated by
evaluating the effective slope parameters of the radiation
from the thermal source, which have the largest overlap
with the experimental value of Teff ≃ 220 MeV in the
(flowing) hadronic phase. Initial QGP temperatures of
above T0 ≃ 400 MeV are increasingly disfavored by both
the slope and v2 data. Further scrutiny is needed whether
these results can be confirmed in dynamical space-time
models, i.e., in hydrodynamical and transport simula-
tions, and what the quantitative impact of the transition
temperature is (using, e.g., the (3+1)D viscous hydro-
dynamics of Ref. [45]). The prevalence of the hadronic
emission in our calculations reiterates the necessity of
a good understanding of the strongly coupled hadronic
phase in heavy-ion collisions. With these considerations,
a satisfactory explanation of the (surprisingly?) strong
direct-photon v2 signal at RHIC might be possible. The

extension of the v2 studies to virtual photons (aka dilep-
tons) would also be illuminating. First phenomenological
studies of this observable have been initiated [46, 47] and
are also planned within our framework.
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Abstract. We present dilepton spectra from p+p, d+p and p+Nb reactions at SIS energies, which were
simulated with the GiBUU transport model in a resonance model approach. These spectra are compared to
the data published by the HADES and DLS collaborations. It is shown that the ρ spectral function includes
non-trivial effects already in elementary reactions, due to production via baryon resonances, which can
yield large contributions to the dilepton spectrum. Dilepton spectra from nuclear reactions in the energy
range of the HADES experiment are thus found to be sensitive also to properties of nucleon resonances in
the nuclear medium.
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1 Introduction

While the vacuum properties of most hadrons are known
to reasonable accuracy nowadays, it is a heavily debated
question how these properties change inside nuclear mat-
ter. In particular, various theoretical predictions regarding
the in-medium properties of the light vector mesons have
been suggested. For recent reviews on in-medium effects,
see [1,2,3].
Among these expected in-medium effects, a so-called “col-
lisional broadening” of the meson spectral function, due to
collisions with the hadronic medium, is expected. A second
class of predictions claims that the vector-meson masses
are shifted in the medium due to the partial restoration of
chiral symmetry [4]. QCD sum rules can constrain these
effects, but do not provide definitive predictions [5].
The more prominent hadronic decay modes of the vector
mesons are unfavorable for studying in-medium effects,
since they are affected by strong final-state interactions
with the hadronic medium – in contrast to the rare dilep-
ton decay modes. As the leptons only interact electromag-
netically, they are ideally suited to carry the in-medium
information outside to the detector, nearly undisturbed
by the hadronic medium.
Dilepton spectra from nuclear reactions with elementary
projectiles have been studied for example with the CLAS
detector at JLAB, where photons with energies of a few
GeV interact with nuclei [6], or by the E325 experiment
at KEK, where 12 GeV protons were used as projectiles
[7]. On the side of the hadronic decays, most notably ω →

a Email: janus.weil@theo.physik.uni-giessen.de

π0γ is being investigated by the CBELSA/TAPS group in
photon-induced reactions [8,9].

Early measurements of dilepton spectra from heavy-ion
collisions in the low-energy regime were conducted by the
DLS collaboration [10], showing an excess over the ex-
pected yield. A similar excess was also observed in ex-
periments at higher energies [11,12], where it could be
attributed to an in-medium broadening of spectral func-
tions [13,14,15]. For the DLS data such in-medium effects
never provided a convincing explanation - a problem that
was soon known as the “DLS puzzle” [16,17,18,19].

More recently, the HADES collaboration at GSI has set
up an ambitious program for measuring dilepton spectra
from p+p, p+A and A+A reactions [20,21,22,23,24,25],
in order to systematically check the old DLS data with
improved statistics and to finally resolve the DLS puzzle.
Up to now this endeavor has fully confirmed the validity of
the DLS data and shifted the puzzle into the theory sector.
It is clear that a detailed understanding of the elementary
reactions is the most important prerequisite for explaining
the heavy-ion data.

In this paper, we apply the Gießen Boltzmann-Uehling-
Uhlenbeck transport model (GiBUU) [26] to the elemen-
tary reactions (nucleon-nucleon and proton-nucleus) stud-
ied by the HADES collaboration. We use GiBUU to gen-
erate dilepton events and pass them through the HADES
acceptance filter, in order to compare our calculations di-
rectly to the experimental data measured by HADES.
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2 The GiBUU transport model

Our tool for the numerical simulation of dilepton spectra
is the GiBUU hadronic transport model, which provides
a unified framework for various types of elementary re-
actions on nuclei as well as heavy-ion collisions [26,27].
This model takes care of the correct transport-theoretical
description of the hadronic degrees of freedom in nuclear
reactions, including the propagation, elastic and inelastic
collisions and decays of particles.
In GiBUU the spectral one-particle phase-space distribu-
tions, F (x, p), of all particles are obtained by solving the
coupled Kadanoff-Baym equations [28] for each particle
species in their gradient-expanded form [29]

DF (x, p)− tr
{
ΓfReSret(x, p)

}
pb

= C(x, p) , (1)

with

DF = {p0 −H,F}pb . (2)

Here {. . .}pb denotes a Poisson bracket. In the so-called
backflow term (second term on the left-hand side in (1)),
that is essential for off-shell transport, f(x, p) is the phase-
space density related to F by

F (x, p) = 2πgf(x, p)A(x, p) , (3)

where A(x, p) is the spectral function of the particle1 and
g is the spin-degeneracy factor. The quantity Γ in the
backflow term is the width of the spectral function, and
Sret(x, p) denotes the retarded Green’s function. Off-shell
transport is thus included and leads to the correct asymp-
totic spectral functions of particles when they leave the
nucleus. The expression C(x, p) on the right-hand side
of (1) denotes the collision term that couples all parti-
cle species; it contains both a gain and a loss term. For
a short derivation of this transport equation and further
details we refer the reader to [26]. In order to solve the
BUU equation numerically, we rely on the test-particle
ansatz. Here the phase-space densities are approximated
by a large number of test particles, each represented by a
δ-distribution in coordinate and momentum space.
The collision term contains all sorts of scattering and de-
cay processes: elastic and inelastic two-body collisions, de-
cays of unstable resonances and even three-body collisions.
The two-body part of the collision term is separated into
two different regimes in terms of the available energy,

√
s :

a resonance model description at low energies and the Py-
thia string model at high energies.
For baryon-baryon collisions, the transition between the
two is usually performed at

√
s = 2.6 GeV. There is a

small window around this border (±0.2 GeV), where both
models are merged linearly into each other in order to
ensure a smooth transition. For meson-baryon collisions,
the transition region lies at

√
s = 2.2± 0.2 GeV.

Unfortunately, the transition region in this default GiBUU
prescription lies right inside the range of energies used for

1 A is normalized as
∫∞
0
A(x, p)dp0 = 1.

the HADES experiment. However, we think that it is im-
portant to describe all HADES spectra with one consistent
model. In this paper we therefore explore the possibility
of pushing the transition region up to higher energies and
using an extended resonance model for all reactions mea-
sured by HADES.
In the high-energy regime the GiBUU collision term relies
on the Monte Carlo event generator Pythia (v6.4) [30,
31], which is based on the Lund string model. Although
Pythia clearly has its strengths at higher energies (tens
to hundreds of GeV), it is used in GiBUU down to ener-
gies of a few GeV. This works surprisingly well, as has
recently been demonstrated for example by GiBUU’s suc-
cessful description of pion data measured by the HARP
collaboration [32].
Despite this good description of pion observables in the
few-GeV energy regime, it turned out that the HADES
dilepton data for p+p collisions at 3.5 GeV pose a some-
what greater challenge for Pythia [33]. Most prominently,
the vector-meson production is strongly overestimated by
the default Pythia parameters, and also the intrinsic pT
distribution needs to be adjusted slightly to reproduce the
HADES pT spectra.
Since a resonance description should in principle be appli-
cable in the energy regime probed by the HADES exper-
iment (

√
s < 3.5 GeV), we try in the following to set up

such a description as an alternative to the string model
approach.

3 The resonance-model approach

The low-energy part of the nucleon-nucleon collision term
is given by a resonance model based on the Teis analy-
sis [34], in which all collision cross sections are assumed
to be dominated by the excitation of baryon resonances.
The GiBUU model currently contains around 30 nucleon
resonances, for a complete list see [26]. However, only the
subset used in the Teis analysis is actually being popu-
lated in NN collisions, see table 1. The properties (masses,
widths and branching ratios) of all the resonances are
taken from the partial-wave analysis of Manley [35]. All of
these states, except for the P33(1600), are not only found
in the Manley analysis, but have been confirmed, e.g., by
the more recent analysis of Arndt et al. [36] and received
a four-star rating from the PDG [37]. We note already
here that some of the branching ratios which are impor-
tant for the present study, in particular those for decay
into ρN and ωN are not very well known and still under
experimental investigation [38,39].
We use all the resonance parameters and branching ratios
exactly as given by Manley, with one exception: The ρ∆
decay channels are introduced by Manley only in order to
account for missing inelasticities, which are not covered
by one- and two-pion final states. In that sense, Manley
has no real evidence for the ρ∆ final state in particular,
but just uses this decay channel to account for the left-
over strength. Therefore we take the freedom to replace
the ρ∆ decays by σ∆, in order to avoid an overestimation
of the ρ-meson production. The influence of Manley’s ρ∆
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M0 Γ0 |M2|/16π [ mb GeV2] branching ratio in %
rating [MeV] [MeV] NR ∆R πN ηN π∆ ρN σN πN∗(1440) σ∆

P11(1440) **** 1462 391 70 — 69 — 22P — 9 — —
S11(1535) *** 1534 151 8 60 51 43 — 2S + 1D 1 2 —
S11(1650) **** 1659 173 4 12 89 3 2D 3D 2 1 —
D13(1520) **** 1524 124 4 12 59 — 5S + 15D 21S — — —
D15(1675) **** 1676 159 17 — 47 — 53D — — — —
P13(1720) * 1717 383 4 12 13 — — 87P — — —
F15(1680) **** 1684 139 4 12 70 — 10P + 1F 5P + 2F 12 — —
P33(1232) **** 1232 118 OBE 210 100 — — — — — —
S31(1620) ** 1672 154 7 21 9 — 62D 25S + 4D — — —
D33(1700) * 1762 599 7 21 14 — 74S + 4D 8S — — —
P31(1910) **** 1882 239 14 — 23 — — — — 67 10P

P33(1600) *** 1706 430 14 — 12 — 68P — — 20 —
F35(1905) *** 1881 327 7 21 12 — 1P 87P — — —
F37(1950) **** 1945 300 14 — 38 — 18F — — — 44F

Table 1. Resonance parameters according to Manley [35] (columns 2-4), together with matrix elements for production in pp
collisions (columns 5 and 6) and branching ratios of the resonance decay modes (columns 7-13). Subscripts indicate the relative
angular momentum of the outgoing particles in the respective decay channel.

decay channels on dilepton spectra was already discussed
in [40] for the case of pion-induced reactions. The dilepton
spectra actually give a hint that the needed 3π inelasticity
might not be in the ρ∆, but instead in some other channel,
as e.g. σ∆.
Also the width parametrizations are taken from the Man-
ley analysis, where the partial widths for, e.g., ∆ → πN
and ρ→ ππ are parametrized according to

Γ (m) = Γ0
m0

m

(
q

q0

)3
q20 + Λ2

q2 + Λ2
. (4)

Here m0 is the mother particle’s pole mass, m is its off-
shell mass, Γ0 is the on-shell width (at m = m0); q de-
notes the final-state center-of-mass momentum for mass
m, while q0 is the same quantitiy for mass m0, and Λ =
1/R = 1 fm−1 can be viewed as a cutoff-parameter. It has
been shown in [41], that eq. (4) gives a good description
of the experimental phase shifts in ππ and πN scattering.
For the detailed treatment of the other decay channels, we
refer to chapter 3.3.1 of [26].
The resonance model used in this work is based on the Teis
model, but modifies and extends it in several aspects. We
take into account the following nucleon-nucleon scattering
channels:

1. NN → NN
2. NN → N∆,
3. NN → NN∗, N∆∗,
4. NN → ∆∆,
5. NN → ∆N∗, ∆∆∗,
6. NN → NNπ (non-res. BG)
7. NN → NNω, NNπω, NNφ (non-res.),
8. NN → BYK (with B = N,∆; Y = Λ,Σ).

For the elastic cross sections (first item), we rely on the
parametrizations by Cugnon et al. [42] (for beam momenta
below plab ≈ 2.776 GeV) and the PDG [43] (above). For
details see also [26].

The single-resonance excitation channels (items 2 and 3)
were already included in the Teis analysis. While the N∆
channel is treated by an OBE model according to Dmitriev
et al. [44], the higher resonances are produced in a pure
phase-space approach with constant matrix elements,

σNN→NR =
CI
pis

|MNR|2
16π

∫
dµAR(µ)pF (µ). (5)

Here, pi and pF denote the center-of-mass momenta in the
initial and final state, respectively. The matrix elements,
MNR, have previously been fitted by Teis to exclusive
meson production (π, 2π, η and ρ). Our values are listed
in tab. 1. AR denotes the resonance spectral function,

AR(µ) =
2

π

µ2ΓR(µ)

(µ2 −M2
R)2 + µ2Γ 2

R(µ)
. (6)

In principle all production channels are assumed to be
isospin-symmetric, with the Clebsch-Gordan factors, CI ,
resulting from this symmetry. The only exception from
this isospin symmetry is the S11(1535) resonance: The ex-
clusive η production, which is assumed to proceed exclu-
sively via this resonance, is known to be significantly larger
for pn than for pp [45], therefore we use

|Mpn→NN∗(1535)|2 = 6.5 · |Mpp→NN∗(1535)|2. (7)

Note that while the S11(1535) is known to dominate the η
production in pp at low energies, there may of course be
other contributions [46].
The single-pion production cross section can not be de-
scribed satisfactorily by resonance contributions alone, and
one has to add a non-resonant background term [26,34]
(slightly refitted here), whose largest contributions appear
on the left-hand shoulder of the N∆ peak.
Most of the resonance-production matrix elements are ad-
opted from Teis. However, me make a few modifications. In
particular we reduce the contributions of the D15(1675),
P31(1910) and P33(1600), which were extremely large in
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Fig. 1. (Color online) Inelastic pp and pn cross sections in the resonance model. The data points shown here have been obtained
by subtracting the parametrized elastic cross section from the total cross section data [37].

the Teis analysis, in favor of the P11(1440) and double-∆
contributions. This gives an improved threshold behavior
of the 2π production channels (in line with the analysis
of Cao et al. [47]), as well as a better agreement with the
inelastic nucleon-nucleon cross sections, cf. fig. 1.
Furthermore, we add another isospin-asymmetry factor for
the P11(1440) state:

|Mpn→NN∗(1440)|2 = 2 · |Mpp→NN∗(1440)|2. (8)

This is done in order to improve the agreement with the
np inelastic cross section data, which would otherwise be
underestimated significantly.
Also the double-resonance production (items 4 and 5),
which in the Teis model was limited to∆∆, is performed in
a phase-space approach, analogous to the single-resonance
excitation:

σNN→∆R =
CI
pis

|M∆R|2
16π

×
∫

dµ1dµ2A∆(µ1)AR(µ2)pF (µ1, µ2). (9)

Here one integrates over the spectral functions of both
resonances (µ1,2 being their masses).
In the Teis analysis, the production mechanisms were re-
stricted to NN → NR and NN → ∆∆, so the obvious
extension candidate would be general double-resonance
excitation channels (NN → R1R2). The channels taken

into account by Teis were fitted to single- and double-
pion production data. Therefore his model is only guar-
anteed to work in the low-energy region. At higher en-
ergies, the model starts to fail, since the more inclusive
multi-meson final states are not included. If we want to
describe NN collisions in the HADES energy regime of√
s ≈ 2.4 − 3.2 GeV with a resonance model, we clearly

need to extend the Teis approach. We do this by restrict-
ing ourselves to the same set of resonances (cf. tab. 1),
but extending the production mechanisms.

Since Teis already describes the exclusive π, 2π, ρ and η
production, what is missing are channels like e.g. πη, πρ,
3π, 2η, 2ρ, etc. Unfortunately there are almost no expe-
rimental data available for these channels. We thus have
to rely on the cross sections obtained from Pythia as an
estimate to fix these channels. According to Pythia, the
inclusive ρ and η production is in fact dominated by the
channels πρ and πη, respectively, at the highest HADES
energy of

√
s ≈ 3.2 GeV. Therefore we concentrate on

these two for now, and neglect all others. Our strategy to
satisfy these channels relies on double-resonance excita-
tion, NN → ∆R, where the ∆ decays into πN , while the
other resonance R will be one with an ηN or ρN decay
channel, so that we end up with a πη or πρ final state
(note that we do not include cascade decays of single res-
onances into πηN , as treated for example in [48], since
our model misses the corresponding decays modes, such
as η∆). We add three new classes of production channels:

i) NN → ∆S11(1535) (→ NNπη),
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ii) NN → ∆N∗ (→ NNπρ),
N∗ = D13(1520), S11(1650), F15(1680), P13(1720),

iii) NN → ∆∆∗ (→ NNπρ),
∆∗ = S31(1620), D33(1700), F35(1905).

For each of these we need one new parameter, namely the
matrix elements, |M1|2/16π = 60 mb GeV2, |M2|2/16π =
12 mb GeV2 and |M3|2/16π = 21 mb GeV2, as listed in
tab. 1. As noted before, we fix the matrix elements to
roughly fit the Pythia cross sections for πη and πρ pro-
duction (with further constraints from the total pp cross
section as well as the HADES dilepton data). As for the
exclusive production, we assume that the η meson is pro-
duced exclusively via the S11(1535), while the ρ produc-
tion proceeds via a number of N∗ and ∆∗ resonances.
It should be noted that the new channels will not affect
the exclusive meson production fitted by Teis, except for
the 2π channel, which gets minor contributions from these
channels.
The production of ω and φ mesons is not carried out via
baryonic resonances in our model (although a coupling of
the ω to nucleon resonances has been reported for example
in [49,50,51,38]). Instead, their production cross sections
are parametrized in a phenomenological manner [52]:

σ(pp→ ppV ) = a(1− x)bxc, with x = s0/s. (10)

Here s0 = (2mN +mV )2 is the threshold energy, and the
parameters a, b and c are listed in table 2. We use this
parametrization not only for exclusive ω and φ produc-
tion, but also for NN → NNπω. Since there are no data
available for this channel, we fitted its parameters to the
Pythia results.

√
s0 [GeV] a [mb] b c Ref.

ω 2.658 5.3 2.3 2.4 [53]
πω 2.796 1.0 1.5 1.1 -
φ 2.895 0.01 1.26 1.66 [54]

Table 2. Parameters for vector-meson production.

As seen in fig. 1, we achieve a good agreement with data
for the inelastic pp cross section up to about

√
s = 3.5 GeV.

At higher energies 3π and 4π production becomes impor-
tant, which is underestimated by our model (and other
channels which we miss completely). In the np cross sec-
tion there are minor deviations, and unfortunately also
the quality of the data is not quite as good as for pp.

4 Dilepton decays and form factors

In the GiBUU model the following dilepton decay modes
are taken into account:

• direct decays, as V → e+e−,
with V = ρ0, ω, φ or η → e+e− ,

• Dalitz decays, as P → e+e−γ with P = π0, η
or ω → π0e+e− or ∆→ Ne+e− .

Most of them are treated similarly as in [41]. The leptonic
decay widths of the vector mesons are taken under the
assumption of strict vector-meson dominance (VMD),

ΓV→e+e−(µ) = CV
m4
V

µ3
, (11)

where µ is the meson’s off-shell mass, mV is the pole mass,
and the constants CV are listed in table 3 (taken from
[37]). Although the physical threshold of the dileptonic
decay channels of course lies at 2me, contributions of ρ
mesons below m = 2mπ are frequently neglected in trans-
port simulations. The reason for this artificial threshold is
purely numerical: The ρ spectral function has a sharp drop
at the 2π threshold, and it is numerically very difficult to
populate the spectral function below this threshold, where
it is almost vanishing. Here we make additional numerical
efforts to include the contribution of ρ mesons below the
2π threshold, since it can give significant contributions to
the total dilepton spectrum for certain reactions.

V mV ( MeV) Γee( keV) CV = Γee/mV

ρ 775.49 7.04 9.078 · 10−6

ω 782.65 0.60 7.666 · 10−7

φ 1019.455 1.27 1.246 · 10−6

Table 3. Dilepton-decay constants for V → e+e−.

While the direct decay of the η meson into a µ+µ− pair
has been observed, for the corresponding e+e− decay only
an upper limit of BR(η → e+e−) < 2.7·10−5 is known [55].
In fact this limit has been pushed down to 4.9 ·10−6 lately
using HADES dilepton data [24]. However, the theoretical
expectation from helicity suppression is still four orders
of magnitude lower [56]. The absence of any η peak in
the measured spectra allows us to conclude that the true
branching ratio must be significantly lower than the upper
limit just mentioned [57]. Therefore we do not include the
η → e+e− decay in our analysis.
The Dalitz decays of the pseudoscalar mesons, P = π0, η,
are treated via the parametrization [58],

dΓP→γe+e−

dµ
=

4α

3π

ΓP→γγ
µ

(
1− µ2

m2
P

)3

|FP (µ)|2, (12)

with Γπ0→γγ = 7.8 · 10−6 MeV, Γη→γγ = 4.6 · 10−4 MeV
and the form factors,

Fπ0(µ) = 1 + bπ0µ2, bπ0 = 5.5 GeV−2 , (13)

Fη(µ) =

(
1− µ2

Λ2
η

)−1
, Λη = 0.676 GeV . (14)

The above value of Λη has been recently determined from
the HADES data at 2.2 GeV beam energy [59] and agrees
reasonably well with the values found by NA60 [60] and
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CB/TAPS [61]. As shown in [62], the dilepton decays of
the pseudoscalar mesons is expected to follow an anisotropic
angular distribution,

dΓP→γe+e−

d cos θ
∝ 1 + cos2(θ), (15)

where θ is the angle of the electron momentum with re-
spect to the dilepton momentum. This has been confirmed
recently by HADES data [63]. All other decays are treated
isotropically in our model.
The parametrization of the ω Dalitz decay,

dΓω→π0e+e−

dµ
=

2α

3π

Γω→π0γ

µ

×
[(

1 +
µ2

µ2
ω −m2

π

)2

− 4µ2
ωµ

2

(µ2
ω −m2

π)2

]3/2

× |Fω(µ)|2, (16)

|Fω(µ)|2 =
Λ4
ω

(Λ2
ω − µ2)2 + Λ2

ωΓ
2
ω

, (17)

is adopted from [64,41] with Γω→π0γ = 0.703 MeV, Λω =
0.65 GeV and Γω = 75 MeV. Here we note that the form
factor of the ω Dalitz decay is also well-constrained by
data [60].
For the ∆-Dalitz decay, we use the parametrization from
[65],

dΓ∆→Ne+e−

dµ
=

2α

3πµ
Γ∆→Nγ∗ , (18)

Γ∆→Nγ∗ =
α

16

(m∆ +mN )2

m3
∆m

2
N

[
(m∆ +mN )2 − µ2

]1/2

×
[
(m∆ −mN )2 − µ2

]3/2 |F∆(µ)|2, (19)

where we neglect the electron mass. The electromagnetic
N-∆ transition form factor F∆(µ) is an issue of ongoing
debate. Unlike the other semileptonic Dalitz decays, it is
poorly constrained by data. At least at the real-photon
point (µ = 0) it is fixed by the decay width Γ∆→Nγ ≈
0.66 MeV [37] to |F∆(0)| = 3.03, and also in the space-
like region this form factor is well-constrained by electron-
scattering data on the nucleon. However, it is basically
unknown in the time-like regime, which is being probed
by the ∆ Dalitz decay.
Theoretical models for the N-∆ transition form factor usu-
ally assume one or more VMD-inspired peaks in the time-
like region [66,67,68,69]. However, the data in the space-
like region does not provide sufficient constraints to fix the
behavior in the time-like region.
Moreover, a VMD-like ∆ form factor would imply a cou-
pling of the ∆ to the ρ meson, which has never been ob-
served directly and could only play a role far off the ∆
pole, where its strength is completely unknown [70].
In order to demonstrate the uncertainty connected to this
form factor, we will in the following use as an example the

model of [68]. However, we note that recently a new form-
factor calculation has appeared [69], whose results differ
significantly from the ones given in [68].

For the other baryonic resonances we don’t explicitly in-
clude a Dalitz decay, but evaluate their contributions to
the dilepton spectrum through the two-step process R→
Nρ → Ne+e−. In the transport-typical manner we cut
the corresponding diagrams, separating the production
and decay vertices of the resonance and neglecting any
phases and interferences. Below the 2π threshold, the ρ
meson width becomes very small because here only the
electromagnetic decay width is active. This smallness of
the width, however, is counteracted to some degree by
the propagator of the virtual photon that enhances small
dilepton masses, see eq. (11). In an alternative treatment,
in which the N∗ resonances undergo direct Dalitz de-
cay, an electromagnetic form factor at the NN∗γ∗ ver-
tex would mimick the ρ propagator. These two methods
are fully equivalent if the phase relations between the de-
caying resonance and the dileptons can be neglected and
a corresponding form factor is used (our model relies on
the assumption of strict VMD). Any interaction of the
ρ meson between its production and decay, leading to a
broadening of the ρ spectral function, could be absorbed
into a medium dependence of the form factor.

Further we include pn-Bremsstrahlung in phase-space cor-
rected soft-photon approximation [71,72], which can be
written as

dσpn→pne+e−

dMdEdΩ
=

α2

6π3

q

ME2
σ̄(s)

R2(s2)

R2(s)
, (20)

σ̄(s) =
s− (m1 +m2)2

2m2
1

σpnel (s) , (21)

R2(s) =
√

1− (m1 +m2)2/s , (22)

s2 = s+M2 − 2E
√
s , (23)

where M is the mass of the dilepton pair, q, E and Ω are
its momentum, energy and solid angle in the pn center-of-
mass frame and s is the Mandelstam’s variable. Further,
m1 is the mass of the charged particle (proton), m2 is
the mass of the neutral particle (neutron) and σpnel is the
elastic pn cross section.

pp-Bremsstrahlung can not be treated in this simple ap-
proximation, since it involves a destructive interference
between the graphs involved. Due to this interference it is
much smaller than the pn-Bremsstrahlung and therefore
is being neglected here.

Further we note that also the Bremsstrahlung contribu-
tion involves a form factor, i.e. the time-like nucleon form
factor. Just as the ∆ transition form factor, it is not
well-constrained in the time-like region and is usually ne-
glected, also in recent OBE models [73,74,75].
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5 Dilepton spectra from elementary N+N
collisions

After describing the basic ingredients of the model, we will
now present simulated dilepton spectra for various elemen-
tary reactions (p+p and d+p). The HADES collaboration
has performed measurements of dilepton spectra from ele-
mentary p+p reactions at the beam energies listed in table
4.

Ekin

√
s plab pmin

lep pmax
lep

1.25 2.42 1.98 0.05 1.8
2.20 2.76 2.99 0.10 2.0
3.50 3.17 4.34 0.08 2.0

Table 4. Kinematic conditions of the elementary collisions
measured by HADES and corresponding cuts on the single
lepton momenta (all numbers in GeV).

For the beam energy of 1.25 AGeV, also dp collisions have
been measured. All simulated spectra have been filtered
with the HADES acceptance filter (HAFT, version 2.0)
[76,77], in order to take care of the geometrical accep-
tance and resolution of the detector. In addition, a dilep-
ton opening angle cut of θee > 9◦ is applied in all cases,
as well as the single-lepton momentum cuts listed in table
4, matching the experimental analysis procedure.

5.1 p + p at 1.25 GeV

The lowest HADES energy, Ekin = 1.25 GeV, correspond-
ing to

√
s ≈ 2.4 GeV, is just below the η production

threshold, and also for ρ mesons there is only a small
sub-threshold contribution from the low-mass tail of the
ρ spectral function.
This means that the dilepton spectrum is dominated by
the π0 and ∆ Dalitz decays. One should note that at this
energy, almost all pions are produced via excitation and
decay of the ∆ resonance.
Both of these Dalitz decays involve a transition form fac-
tor. But while the form factor of the π0 Dalitz channel has
been determined experimentally to a reasonable precision
[58], the electromagnetic transition form factor of the ∆
Dalitz decay is basically unknown in the time-like region
(cf. previous sect.).
However, the dilepton spectrum at Ekin = 1.25 GeV is
only mildly sensitive to this form factor, since the energy
is not large enough to reach the VM pole-mass region. As
fig. 2 shows, the simulation profits from including a form
factor (shaded band) which exhibits a moderate rise in
the time-like region of small q2, but it is not sensitive to
the actual VMD peak of such a form factor. Here we have
used the form factor from [68], but we have also verified
that using a standard VMD form factor yields virtually
the same results for this energy.
It is interesting to note that other calculations achieve a
good agreement with the HADES data for pp collisions
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Fig. 2. (Color online) Dilepton mass spectrum for pp at
1.25 GeV, in comparison to the data from [22]. The different
contributions are indicated in the figure. The hatched area in-
dicates the effect of the ∆ form factor.

at 1.25 GeV without including any form factor for the ∆
Dalitz channel [75] (which might be partly due to the dif-
ferent width parametrization used).
Furthermore we note that the slight overshooting in the
pion channel is apparently due to the higher resonances,
which are produced only in phase-space approximation.
The missing treatment of proper angular momentum dis-
tributions seems to interfere with the HADES acceptance
here, however it does not seem to be a problem at higher
energies. We have verified that the discrepancy disappears
if all pions are produced exclusively via ∆ excitation, ne-
glecting contributions from higher resonances.

5.2 d + p at 1.25 GeV

In addition to the proton beam, also a deuteron beam with
a kinetic energy of 1.25 AGeV has been used by HADES.
Here, a trigger on forward-going protons has been set up
in order to select the (quasi-free) np collisions, which are
only accessible in this way.
Due to the motion of the bound nucleons in the deuteron,
the energy of the NN collisions is smeared out here, com-
pared to the proton-beam case, with a tail reaching above
the η-production threshold. The momentum distribution
of the nucleons is determined by the deuteron potential,
which in our simulations is given by the Argonne V18 po-
tential [78].
Fig. 3 shows the dilepton invariant mass spectrum for this
reaction. While the π0-Dalitz channel in the low-mass re-
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Fig. 3. (Color online) Dilepton mass spectrum for d+p at
1.25 GeV, in comparison to the data from [22].

gion shows a similarly good agreement as in the pp case,
the data points at larger invariant masses are underesti-
mated by a factor of two or more.
A stronger∆ channel can apparently not explain the shoul-
der in the data around 500 MeV, since it falls off too
steeply, even when including a form factor. In addition
to the enhanced η production in np → npη, as described
earlier, we have included a np→ dη channel, which dom-
inates the η production from np at threshold [45].
Unfortunately, the strong pn → pnρ0 channel is experi-
mentally not so well known. In our model, the ρ0 produc-
tion in d+p at 1.25 GeV is dominated by the D13(1520)
and S11(1535) resonances. The latter is enhanced in np
(because of its dominant role in η production). The for-
mer is assumed to be isospin-symmetric, which may not
be the case.
In an OBE-model study [75] it has been found that the
radiation from internal pion lines (with the appropriate
VMD form factor) gives a sizable contribution at large
invariant masses. Such a diagram implicitly contains a ρ0

propagator (through the form factor), and gives additional
ρ-like contributions on top of the resonance contributions
included in our model.
Moreover, we might underestimate the ‘pure’ Bremsstrah-
lung contributions, which do not involve resonance excita-
tions, due to the soft-photon approximation. However, it
is not expected that these terms would yield any dominant
contributions [79,80,75].
As recently argued in [81], the inclusion of a “radiative
capture” channel np → de+e−, fixed via deuteron photo-
disintegration, might give further contributions in the high-
mass region.

According to our analysis, the most probable candidate
to fill the missing yield are indeed ρ-like contributions.
The radiation from internal pion lines is one such graph
which we miss; this channel mainly contributes at large
masses [75]. Furthermore, the subthreshold ρ production
via resonances could be underestimated on the neutron by
our model. Analogous to the η case, it might be enhanced
over pp → ρ0X. And finally, channels like np → dρ0 (re-
lated to the radiative capture) could contribute, which are
completely unknown.
The discrepancy of data and theory for the d+p reac-
tion is specific for this reaction at this particular energy;
the results for nuclear collisions to be discussed later do
not show such a disagreement. We note that the observed
cross section represents only about 15 - 20% of the actual
cross section; the rest is being cut away by the acceptance
filter. Thus, any deficiencies, for example, in the angular
distribution of our dileptons could show up in rather large
errors of the spectra after the acceptance cuts have been
performed.

5.3 p + p at 3.5 GeV

Fig. 4 shows a comparison plot of a GiBUU simulation to
HADES data [24] for a proton beam of 3.5 GeV kinetic
energy impinging on a fixed proton target. This is the
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Fig. 4. (Color online) Dilepton mass spectrum for pp colli-
sions at 3.5 GeV. Data from [24]. The hatched areas indicate
the effects of the ∆ form factor [68] and baryon-resonance con-
tributions to the ρ production, respectively. The total is shown
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ρ channel in the dilepton mass spectrum. Bottom: Resonance
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dicates the vacuum pole mass of the ρ meson. For comparison
we also show the ρ meson contribution from our earlier Pythia
simulations [33].

highest beam energy (per nucleon) used by the HADES
experiment and corresponds to a center-of-mass energy of√
s = 3.18 GeV.

At this energy, the η, ω and ρ production channels are fully
open, and even the φ production becomes energetically
possible. The data only show a hint of a φ peak with very

poor statistics, but it seems to be slightly underestimated
by our simulation.

The η and ρ production is dominated by the channels
NN → NNπη and NN → NNπρ, respectively. In our
model these are saturated by double-resonance excitation,
cf. sec. 3. The ω meson is presently produced in a non-
resonant phase-space prescription through the exclusive
and the πω channel.

Under these assumptions, we get a very good agreement
with the data over the whole mass range, as shown in
fig. 4.

It is interesting to note that the shape of the ρ channel
shown here differs significantly from the one obtained in
our previous string-model investigations via Pythia [33],
which has been adopted for the PLUTO simulations in
[24]. The latter is given by the lower dashed (green) line in
Fig. 4, whereas the new resonance-model based treatment
yields the upper dashed line. The ρ-shape effect is due to
the production of ρ mesons via nucleon resonances, i.e.
NN → NR → NNρ and NN → ∆R → NNπρ, where
the lighter resonances like e.g. D13(1520) will preferen-
tially contribute to the low-mass part of the ρ spectral
function. Together with the 1/m3 factor of the dilepton
decay width, this results in a very flat distribution, which
lacks a clear peak at the nominal mass, and dominates the
dilepton spectrum in the intermediate mass region around
500 - 700 MeV.

The ρ spectral function is thus ‘modified’ already in the
vacuum, simply due to the production mechanism via nu-
cleon resonances. As seen in fig. 5, the ρ mass distribution
in pp at 3.5 GeV peaks around 730 MeV, with an addi-
tional shoulder around 500 MeV (due to low-mass reso-
nances, mainly the D13(1520)). This spectral shape is due
to phase-space limitations and special resonance proper-
ties. It differs significantly from the mass distribution re-
sulting from a Pythia simulation [33], which lacks any
resonance contributions. Similar effects were already ob-
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Fig. 6. (Color online) Inclusive and exclusive ∆+ production
cross sections in different models (Fritiof 7.02, Pythia 6.4
and the GiBUU resonance model), compared to data from [82].
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served, e.g., in C+C reactions [83]. We stress here that this
is not an ‘in-medium’ effect at all: It is solely caused by
the production mechanism and occurs already in elemen-
tary p+p collisions in the vacuum. This effect is crucial for
understanding the intermediate mass region of the dilep-
ton spectrum in pp collisions at 3.5 GeV (as seen in fig. 4)
and might also play an important role at 2.2 GeV (see next
section).
The particular influence of the N∗(1520) resonance on
dilepton spectra from NN collisions have already been in-
vestigated in [84], where it was concluded that theN∗(1520)
can indeed give sizable contributions to the DLS and HA-
DES spectra, but is subject to moderate uncertainties.
It should be noted that the exact composition of the res-
onance contributions to the ρ channel, and therefore also
its exact shape, are not fixed by data so far, but rather
represent an ‘educated guess’. The resonance composition
can be checked via πN invariant mass spectra.
Moreover, possible ρ∆ decay modes of certain resonances
could give further contributions to the dilepton cocktail,
as mentioned earlier.
Comparing our cocktail to other transport models like
HSD [85] or UrQMD [86], one of the most significant dis-
crepancies shows up in the size of the ∆ channel. While
in our model the ∆ does not give any significant con-
tribution to the total dilepton yield at Ekin = 3.5 GeV
(without a form factor), this is not so for the two other
models. Both of them have a much stronger ∆ channel,
which even dominates the dilepton spectrum in the inter-
mediate mass region around 600 MeV. We stress here that

there are several factors of uncertainty in the ∆ channel,
for example the inclusive production cross section, but
also the parametrization of the ∆ decay width (hadronic
as well as leptonic) and the completely unsettled question
of the electromagnetic N-∆ transition form factor.
Although the inclusive ∆ production cross section is not
that well known at Ekin = 3.5 GeV, one can get con-
straints from the exclusive cross section, cf. fig. 6, as well
as the inclusive one at lower energies (where it is fixed
via pion production). Both constraints are respected in
our resonance model, while e.g. the Fritiof model clearly
overestimates the exclusive ∆+ production, and in partic-
ular does not seem to respect the correct isospin relations.
On the question of the electromagnetic N-∆ transition
form factor, it should be noted that in our simulations
the Iachello model [68] agrees reasonably well with the
data (depending on the contributions of other baryonic
resonances), while a naive VMD form factor, as used e.g. in
[87], would clearly overshoot the data.
In order to understand the underlying processes, it is not
sufficient to consider only the mass spectrum. Other ob-
servables can give further insight into the reaction dy-
namics and can serve as a cross check for the validation of
theoretical models. In order to compare to the data from
[24], we examine the transverse momentum and rapidity
distributions in four different mass bins (see fig. 7):

• m < 150 MeV, dominated by the π0 Dalitz channel,
• 150 MeV < m < 470 MeV, dominated by the η Dalitz

decay,
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p + p at 2.2 GeV

10
-3

10
-2

10
-1

10
0

10
1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

d
σ

/d
p

T

m = 0 - 150 MeV

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

transverse momentum pT [GeV]

m = 150 - 450 MeV

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

10
-3

10
-2

10
-1

10
0

10
1

d
σ

/d
p

T

m > 450 MeV

data
GiBUU total

ρ → e
+
e

-

ω → e
+
e

-

ω → π
0
e

+
e

-

π
0
 → e

+
e

-
γ

η → e
+
e

-
γ

∆ → Ne
+
e

-

Fig. 9. (Color online) Transverse momentum spectra of dilepton pairs from pp at 2.2 GeV in three mass bins. The hatched
area indicates the effect of the ∆ form factor. Data from [25].

• 470 MeV < m < 700 MeV, dominated by the direct ρ
decay (possibly with contributions from the ∆ Dalitz),

• 700 MeV < m, dominated by the ω and ρ.

Distinguishing several mass bins is useful in order to sep-
arate the contributions of different channels. In all four
mass bins, we achieve an excellent agreement with the
HADES data [24]. In particular it should be noted that
a stronger ∆ channel would apparently destroy the very
good agreement in the pT spectra, since it would yield
too large high-pT contributions in the two mass bins of
150-470 and 470-700 MeV.
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Fig. 8. (Color online) Dilepton mass spectrum for pp at
2.2 GeV. The hatched area indicates the effect of the ∆ form
factor. Data from [25].

5.4 p + p at 2.2 GeV

A third, intermediate, beam energy of 2.2 GeV has been
used for the HADES experiment. This energy is well above
the η production threshold and is just high enough to
reach the pole mass of the light vector mesons, ρ and ω,
which dominate the high-mass part of the dilepton spec-
trum (as seen in fig. 8). The ∆ channel plays a less im-
portant role here, since it is buried underneath the strong
η and ρ channels. The ω only gives a small contribution,
since the energy is only just at the threshold of ω produc-
tion.
The ρ channel exhibits slightly more structure here than at
3.5 GeV, showing a moderate step around 550 MeV. This
step marks the border between a low-mass part, which is
dominated by the D13(1520) resonance, and a high-mass
part dominated by the P13(1720). In fig. 8 we show the
contributions of these two resonances to the ρ channel, but
omit the subdominant contributions of other resonances
(for the sake of readability). The resonance contributions
indeed improve the agreement with the data, compared
to the PLUTO cocktail, which only includes phase-space
population of the ρ [25]. However, there are still minor
deviations, which seem to suggest an underestimation of
the D13(1520) and an overestimation of the P13(1720) in
our resonance cocktail at this energy.
In fig. 9 we show the pT spectra for three different mass
bins in comparison to the data from [25]. Our simulations
give a better agreement with the data than the PLUTO
cocktail shown in [25] in all three mass bins. Most notably,
we get an improvement from the larger ρ contribution in
the highest mass bin.

5.5 Comparison to elementary DLS data

In addition to the recently measured HADES data, also
the elementary data measured previously by the DLS col-
laboration are available for comparison with our model
[88]. Unfortunately they are of inferior quality in terms
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Fig. 10. (Color online) Dilepton mass spectra in comparison to DLS data [88]. Top: p+p, bottom: p+d.
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of statistics and acceptance. However, more beam ener-
gies have been measured than in the case of HADES, so
that they can still provide additional contraints, which are
useful for understanding the elementary cocktail.
In order to compare to the DLS data, the GiBUU dilepton
events have been filtered throug the DLS acceptance fil-
ter, version 4.1, as available from [89]. In addition to the
acceptance filtering, the events have been smeared with
a Gaussian of width σ = 0.1mee, in order to account for
the mass resolution of the detector. No further cuts have
been applied. The kinematics of the reactions measured
by DLS are summarized in table 5. At each of the given
energies, a p+p and p+d reaction was measured.

Ekin

√
s plab

1.04 2.34 1.74
1.27 2.43 2.00
1.61 2.56 2.37
1.85 2.64 2.63
2.09 2.73 2.88
4.88 3.56 5.74

Table 5. Kinematic conditions of the elementary collisions
measured by DLS (in GeV).

The comparison of the GiBUU model results to the DLS
data is shown in Fig. 10. As before, we show the effect of
the ∆ transition form factor as a hatched band and note
that it slightly improves the agreement with the data in
almost all cases.
Is is apparent that at the medium beam energies there
is a reasonable agreement, both in p+p and p+d. The
largest deviations are visible at the highest beam energy
of 4.88 GeV, which is already at the border of validity of
our resonance model. Apparently the inclusive production
of ρ and ω mesons is underestimated there.
The underestimation at the lowest energy of 1.04 GeV is
similar to that seen in the HADES experiment at a com-
parable energy (see Fig. 3). Since at this somewhat lower
energy the η production plays no role, the discrepancy
seems to indicate a problem with the ∆ or Bremsstrah-
lung contributions. However, we note again that the popu-
lation of the ∆ resonance is constrained rather well by the
pion and total cross sections, which we describe rather
well (see Fig. 1). On the other hand, the decay of the
resonance is fixed by the electromagnetic coupling at the
photon point, so that there is no ambiguity there. Further,
form factors have only little influence at such low eneries.
We thus have to conclude that we have no explanation for
the discrepancy yet and note that related, earlier calcula-
tions similarly underestimated the DLS dilepton yield at
this lowest energy [19].

6 Dilepton spectra from p+Nb collisions

Fig. 11 shows simulated dilepton spectra for p+Nb colli-
sions at 3.5 GeV using vacuum spectral functions, com-
pared to preliminary data from [90]. As for p+p at 3.5
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Fig. 11. (Color online) Dilepton mass spectrum for p+Nb at
3.5 GeV, showing all contributing channels with vacuum spec-
tral functions. The hatched area indicates the effect of the ∆
form factor. Preliminary data taken from [90], scaled to fit the
π0 and η yield.

GeV, we filter our dilepton events through the HADES
acceptance filter and cut on 0.08 GeV < plep < 2.0 GeV
and θee > 9◦. The level of agreement is similar to the p+p
reaction at the same energy. Note, however, that the data
are not absolutely normalized in terms of a cross section
yet. Therefore we have scaled the data points to match the
simulation in the low-mass region, which is dominated by
the π0 and η Dalitz channels. Moreover, the data have not
been fully corrected for all detector effects yet, which is
the reason for a slight shift of the mass scale (on the order
of 1%), which is visible at the ω peak [91]. It is evident
that the data can be quite well described if the electro-
magnetic ∆ decay width does not contain the form factor
of ref. [68] which would create a hump in the spectrum
around 0.6 GeV.
In contrast to the NN collisions in the preceding chapter,
here we neglect the ρ-meson contributions below the 2π
threshold (due to numerical reasons). As seen in fig. 11,
they do not contribute significantly to the total dilepton
yield.

6.1 In-medium effects

In p+Nb reactions there are additional effects, compared
to the elementary p+p reactions. First of all, the primary
p+N collisions will be nearly identical, apart from bin-
ding effects and some Fermi smearing and Pauli blocking,
but besides p+p also p+n collisions play a role. Further-
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p + Nb at 3.5 GeV
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Fig. 12. (Color online) Dilepton mass spectra for p+Nb at 3.5 GeV. Comparison of different in-medium scenarios (vacuum
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Total spectrum, center: ρ contribution, right: ω contribution. Preliminary data taken from [90], scaled to fit the π0 and η yield.

more, the produced particles undergo final-state interac-
tions within the Nb nucleus, and processes like meson ab-
sorption and regeneration may become important. The
secondary collisions will on average have lower energies
than the primary N+N collisions. Finally also the vector-
meson spectral functions may be modified in the nuclear
medium.
The propagation of particles with density-dependent spec-
tral functions (usually referred to as “off-shell propaga-
tion”) poses a particular challenge. Our approach to this
problem is based on the off-shell equations of motion of
test particles, as given in [92] and [93]. Such an off-shell
treatment is necessary for including in-medium modifica-
tions of the spectral functions (e.g. collisional broadening
of the vector mesons). The collisional width inside a nu-
clear medium of density, ρ, can be related to the collision
cross section, σNX , in low-density approximation as

Γcoll = ρ 〈vrelσNX〉 , (24)

where vrel is the relative velocity and the brackets indi-
cate an integration over the Fermi momentum of the nu-
cleons. This collisional width will in general depend on the
momentum of the involved particle, X. In order to avoid
numerical difficulties connected with the appearance of
superluminous test particles, we neglect the momentum
dependence and use the simplified form,

Γcoll = Γ0
ρ

ρ0
, (25)

where ρ0 = 0.168 fm−3 is the normal nuclear matter den-
sity. The value of Γ0 should on average match the momen-
tum-dependent width as obtained from the collision term.
We typically use Γ0 = 150 MeV for the ρ and Γ0 = 80 MeV
for the ω meson. More details on off-shell propagation in
the GiBUU model in general can be found in [26].
The mass spectrum above 500 MeV can receive modi-
fications from the inclusion of in-medium effects in the
vector-meson spectral functions. Fig. 12 shows the typical

in-medium scenarios: The first one includes a collision-
ally broadened in-medium width, while the second one
assumes a pole-mass shift according to

m∗(ρ) = m0

(
1− α ρ

ρ0

)
, (26)

with a scaling parameter, α = 16%. The third scenario
combines both of these effects. The modifications intro-
duced by these scenarios are roughly on the same order of
magnitude as the systematic errors of the data, and so far
there is no clear evidence for medium modifications of the
vector-meson properties in cold nuclear matter from the
HADES data. However, it looks as if a mass shift tends to
deteriorate the agreement with the data.
Regarding the ω absorption, it should be noted that the
GiBUU implementation yields an average collisional width
of roughly Γ0 = 80 MeV. This appeared too low to explain
the transparency-ratio measurement of [94], which seemed
to demand values of 130 to 150 MeV. For the HADES
dilepton data, such a discrepancy currently does not seem
to exist.
However, one should keep in mind that a statement about
ω absorption depends on a number of prerequisites. For
example, one needs to have the ρ contribution well under
control, since it represents a large background under the ω
peak. Given the discussion about resonance contributions
to the elementary ρ production, this is already not a trivial
task, even more complicated by possible in-medium mod-
ifications of the ρ meson. Furthermore, the size of the ω
peak in pNb crucially depends not only on the production
cross section in pp collisions (which is well determined via
the elementary pp data at 3.5 GeV), but also in pn, which
is unknown. We assume ω production cross sections which
are isospin-independent, i.e. equal in pp and pn.
In addition to the in-medium modifications of the vec-
tor mesons, also the baryonic resonances can receive sim-
ilar modifications in the medium. Since the production
via baryon resonances is particularly important for the ρ
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Fig. 13. (Color online) pT and rapidity spectra of dileptons from p+Nb reactions in four mass bins.
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meson, in-medium modifications of these resonances can
lead to further modifications of the ρ contribution to the
dilepton spectrum, which should be considered in future
investigations.
The pT and rapidity spectra for p+Nb are depicted in
fig. 13 with the same mass binning as in the p+p case.
The shown pT and rapidity spectra do not include any
in-medium effects for the vector mesons and are not sig-
nificantly sensitive to such modifications.
For a further discussion of the nuclear effects, it is useful
to consider the quantity

RpNb =
σpNb→e+e−X

σpp→e+e−X
· σpp→X

σpNb→X
, (27)

i.e., the ratio of dilepton yields in pNb vs. pp, normalized
to the total cross section for these reactions (whose ratio
is roughly σpNb→X/σpp→X ≈ 25.0 in our simulations). If
medium effects are negligible, this quantity will be unity.
Therefore, any deviation from unity indicates medium ef-
fects such as, e.g., absorption (R < 1) or secondary pro-
duction (R > 1). Fig. 14 shows RpNb as a function of the
dilepton momentum in four different invariant-mass bins,
with the contributions from the different source channels.
While RpNb is relatively flat in the π0 region, the higher
mass bins show a strong enhancement at low momenta,
which can be understood as secondary particle production
and/or elastic rescattering. The high momentum region in
all mass bins tends to show a slight depletion, connected
to absorption.
The observable RpNb could also help to pin down the rel-
ative contribution of the ∆ Dalitz channel to the dilepton
spectrum. As can be seen in Fig. 14, the ∆’s ratio is rather
large, due to the enhanced production of the ∆+,0 charge
states in pn collisions, relative to pp. The isospin factors
for NN → N∆+,0 are a factor of two larger in pn than in
pp.
This isospin dependence could provide additional constraints
for distinguishing the ρ and ∆ contributions in the inter-
mediate mass range of 470 - 700 MeV. Since the ρ channel
dominates our simulated cocktail in this mass range (with-
out a ∆ form factor), the total value of RpNb roughly fol-
lows the R-value of the ρ channel. If the spectrum would
be dominated by the ∆ Dalitz channel in this mass range,
then the total value of RpNb would be more similar to the
∆’s R-value.

7 Conclusions

We have shown that the HADES data from elementary
N+N collisions can be described consistently by an ex-
tended resonance model over the whole range of beam en-
ergies. We have set up such a model based on the earlier
resonance model approach by Teis et al.
For describing the dilepton mass spectrum at the high-
est beam energy of 3.5 GeV, an essential ingredient is a ρ
spectral function, which is modified through the produc-
tion via nucleon resonances, with an enhanced low-mass
contribution from low-lying resonances like the D13(1520).

After fixing the model with the constraints given by the
elementary N+N collisions, the p+Nb reaction at 3.5 GeV
is reasonably well described by the GiBUU transport model,
using the same input and without requring any in-medium
mass shifts. According to our model, the p+Nb data show
only a limited sensitivity to collisional broadening of the
ρ meson.
These results also provide the basis for a further investi-
gation of the heavy-ion collisions at SIS energies measured
by the HADES collaboration [20,21,23].
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Abstract

We compute the spectra and elliptic flow of thermal photons emitted in ultrarelativis-
tic heavy-ion collisions (URHICs) at RHIC and LHC. The thermal emission rates are
taken from complete leading-order rates for the QGP and hadronic many-body calcula-
tions including baryons and antibaryons, as well as meson-exchange reactions (including
Bremsstrahlung). We first update previous thermal fireball calculations by implementing
a lattice-QCD based equation of state and extend them to compare to recent LHC data.
We then scrutinize the space-time evolution of Au-Au collisions at RHIC by employing
an ideal hydrodynamic model constrained by bulk- and multistrange-hadron spectra and
elliptic flow, including a non-vanishing initial flow. We systematically compare the evo-
lutions of temperature, radial flow, azimuthal anisotropy and four-volume, and exhibit
the temperature profile of thermal photon radiation. Based on these insights, we put
forward a scenario with a “pseudo-critical enhancement” of thermal emission rates, and
investigate its impact on RHIC and LHC direct photon data.

Keywords: heavy-ion collisions, QCD phase diagram, direct photons
PACS: 25.75.-q, 25.75.Dw, 25.75.Nq

1. Introduction

The thermal emission rate of photons from strongly interacting matter encodes several
interesting properties of the radiating medium (see, e.g., Refs. [1, 2, 3, 4, 5] for reviews).
Its spectral slope reflects the temperature of the system while its magnitude is related
to the interaction strength of the charge carriers. In ultrarelativistic heavy-ion collisions
(URHICs), the size of the interacting fireball is much smaller than the mean-free path of
photons. Thus, the latter can probe the hot and dense interior of the medium. However,
the observed photon spectra receive contributions from all reaction stages, i.e., primor-
dial NN collisions, pre-equilibrium, quark-gluon plasma (QGP) and hadronic phases,
plus final-state decays of short-lived resonances (these so-called “direct” photons exclude
decays of long-lived hadrons, e.g., π and η). Calculations of direct-photon spectra require
good control over both the microscopic emission rates and the space-time evolution of
the medium. The latter not only determines the local emission temperature, but also
Preprint submitted to Elsevier September 12, 2014

ar
X

iv
:1

40
4.

28
46

v2
  [

nu
cl

-t
h]

  1
1 

Se
p 

20
14

208



the collective-flow field which generally imparts a net blue-shift on the radiated photons.
In addition, the azimuthal asymmetry of the thermal photon spectra, vγ2 , is of inter-
est [6, 7, 8, 9, 10, 11, 12, 13]: since the bulk v2 requires several fm/c to build up, the
observed value for photons helps to further constrain their emission history.

Direct-photon spectra in URHICs have been extracted in Pb-Pb(
√
s = 0.017ATeV)

collisions at the Super Proton Synchrotron (SPS) [14], in Au-Au(
√
s = 0.2ATeV) at

the Relativistic Heavy-Ion Collider (RHIC) [15], and in Pb-Pb(
√
s = 2.76ATeV) at the

Large Hadron Collider (LHC) [16]. At SPS, various theoretical models could approxi-
mately reproduce the measured spectra by adding thermal radiation from an equilibrated
expanding fireball to a primordial component estimated from pp data [17, 18, 19, 20, 21].
The thermal yield prevailed over the primordial one up to transverse momenta of qT ≈ 2-
4 GeV. However, a decomposition into contributions from QGP and hadronic radiation,
which would allow for a better characterization of the origin of the signal, remains am-
biguous. By subtracting the primordial component from their data, the PHENIX col-
laboration extracted the “excess radiation” and determined its inverse-slope parameter
(“effective temperature”) in Au-Au collisions at RHIC as Teff = 221±19stat±19syst MeV.
Accounting for the aforementioned blue-shift effect, this result indicates that most of the
radiation emanates from matter temperatures T < 200 MeV, challenging the notion of
early QGP radiation [9]. A subsequent first measurement of the direct-photon v2 sup-
ports this finding [22]: in the regime where thermal radiation is expected to be large,
qT . 3 GeV, vγ2 (qT ) turns out to be comparable to that of pions, which are only emitted
at the end of the fireball evolution, i.e., at thermal freezeout, Tfo ' 100 MeV. The large
vγ2 , also found at LHC [23], thus puts rather stringent constraints on the origin of the
excess photons.

In previous work [9] we have calculated thermal photon spectra at RHIC, differ-
ing from existing calculations in mainly two aspects. First, a more extensive set of
hadronic thermal photon rates has been employed [19], which, in particular, includes
the contributions from baryons and antibaryons (known to be important in the dilepton
context [24, 25]). These rates approximately match complete leading-order (LO) QGP
rates around the pseudo-critical temperature, Tpc ' 170 MeV [26], thus rendering a near
continuous emissivity across the transition region. Second, a schematic medium evolu-
tion was constructed utilizing a blast-wave type elliptic-fireball model, quantitatively fit
to spectra and v2 of bulk hadrons (π, K, p) at Tfo ' 100 MeV and multistrange hadrons
(e.g., φ and Ω−) at Tch = 170 MeV. The implementation of this “sequential freezeout”
is phenomenologically motivated [27], and, in particular, leads to a saturation of the
bulk-medium v2 close to the transition regime, after about 4-6 fm/c for central and semi-
central Au-Au collisions at RHIC. As a result, the direct-photon v2 increased by a factor
of ∼ 3 over existing calculations, reaching into the error bars of the PHENIX data.

In the present paper we expand on and scrutinize these findings by extending the
calculations to LHC energy and then employing a previously constructed ideal hydrody-
namic bulk-evolution [28] to conduct a detailed comparison to the emission characteristics
of the fireball. Much like the latter, this hydro evolution has been quantitatively con-
strained by bulk-hadron spectra and v2, utilizing the concept of sequential freezeout.
Both evolutions will be based on a lattice-QCD equation of state (EoS) for the QGP,
matched to a hadron resonance gas (HRG) with chemical freezeout. The comparisons will
encompass the time evolution of radial and elliptic flow, temperature, four volume and
photon emission profile. Motivated by these comparisons, which identify the transition
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region as a key contributor to thermal photon spectra, we conjecture an enhancement
of the currently available photon emission rates around Tpc and explore in how far this
could help to resolve the discrepancies with the data.

Our article is organized as follows. In Sec. 2 we recall basic ingredients and features
of the fireball (Sec. 2.1) and hydrodynamic (Sec. 2.2) bulk evolutions, including analyses
of their time and temperature profiles of collective flow and four volume (Sec. 2.3). In
Sec. 3 we investigate the spectra and elliptic flow of thermal photons emitted from the
fireball (Sec. 3.1) and hydro (Sec. 3.2), and (after adding primordial production) compare
to recent RHIC and LHC data. In Sec. 4 we analyze the differences in the fireball and
hydro photon results in view of the insights from Sec. 2 and discuss possible origins of
current discrepancies with data. We conclude and outline future investigations in Sec. 5.

2. Bulk Evolution Models

The calculation of thermal-photon spectra in URHICs is based on the differential
emission rate per unit phase space from a strongly interacting medium of temperature
T and baryon-chemical potential µB ,

q0
dNγ
d4xd3q

=− αEM

π2
fB(q0;T )

× Im ΠT
EM(q0 = q;µB , T ) .

(1)

Here, the rate is written in terms of the 3-D transverse part of the electromagnetic
current correlator, ΠT

EM, and the thermal Bose distribution function, fB, where q0 = q
denote the energy and three-momentum of the photon in the local rest frame of the
medium. This expression is leading order in the electromagnetic (EM) coupling αEM,
required to produce the photon without further EM interaction when traversing the
fireball. Alternatively, one may express the rate in terms of photon-production scattering
matrix elements, appropriately convoluted over the thermal distribution functions of the
incoming particles. This approach is usually more convenient when evaluating tree-level
diagrams (e.g., t-channel meson exchanges) which are expected to prevail at high photon
energies [19].

The calculation of a thermal photon spectrum in URHICs requires to integrate the
above rate over the entire four-volume of the reaction, V4 =

∫
d4x, accounting for the local

temperature and collective expansion velocity of the emission point. In the following,
we will briefly recall how this four-volume integration is done in two different models,
i.e., a schematic blast-wave type fireball (Sec. 2.1) and ideal hydrodynamics (Sec. 2.2);
both are based on the same equation of state and fits to the same set of bulk-hadron
observables. This will be followed by a detailed comparison of the flow, temperature and
four-volume profiles (Sec. 2.3).

2.1. Thermal Fireball

The thermal fireball model is based on an isotropically expanding cylinder with vol-
ume

VFB(t) = πa(t)b(t)(z0 + ct), (2)

where the elliptic transverse area is characterized by semi-major and -minor axes, a(t)
and b(t), respectively. Their initial values are estimated from the nuclear overlap at
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Figure 1: (Color online) Fits to the spectra and elliptic flow of light hadrons (Tfo ' 110 MeV, upper two
panels) and φ mesons (Tfo = 160 MeV, lower two panels) in Au-Au(

√
s = 200AGeV) collisions, using

EoS latPHG within either the fireball (dashed lines) or ideal hydrodynamic model (solid lines). The
data are taken from Refs. [33, 34, 35, 36].

given impact parameter, while the initial longitudinal size, z0, controls the formation
time of the thermal medium. Assuming a constant total entropy, Stot, of the fireball at
given collision centrality (fixed by the observed number of charged particles), the time
evolution of the entropy density follows as s(t) = Stot/VFB(t). Once the EoS is specified,
i.e., the temperature dependence of s, one can convert s(t) into T (t). In our previous
calculations of thermal-photon spectra [9] we used a quasi-particle QGP EoS with a
first-order transition into a HRG and chemical freezeout at Tc = Tch = 180 MeV [24].
Here, we update the EoS with a fit to lattice-QCD data for the QGP part [28], smoothly
matched to a HRG at Tpc = 170 MeV and chemical freezeout at Tch = 160 MeV, at
both RHIC and LHC energies [29, 30]. For T < Tch, effective chemical potentials for
pions, kaons, antibaryons etc., are introduced [31] to preserve the finally observed hadron
ratios extracted from the chemical-freezeout fits, while strong processes (e.g., ππ ↔ ρ)
are assumed to maintain chemical equilibrium (so-called partial chemical equilibrium).
Following Ref. [28] we refer to this EoS as “latPHG”.

With this set-up, the time dependence of the elliptic radii, a(t) and b(t), can be con-
structed with guidance from hydrodynamic models [32] to approximately reproduce their
time evolution of the radial and elliptic flow, as well as momentum-space anisotropy [9].
In addition, the idea of sequential freeze-out has been implemented, i.e., a kinetic de-
coupling of multistrange hadrons (e.g., φ and Ω−) at chemical freezeout. This requires
a somewhat faster transverse expansion than in the original hydro models [32], but is
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consistent with the observed phenomenon of constituent-quark number scaling of elliptic
flow. Importantly, it implies that the bulk-v2 essentially saturates close to Tc ' Tch.
With a suitable choice in initial conditions this can be recovered in hydrodynamic sim-
ulations [28], as we will see below. For a more accurate reproduction of the final-state
hadron multiplicities compared to our previous work [9] (accounting for the modified EoS,
feeddown and a narrowing of the fireball rapidity distributions due to the large transverse
flow), we have reduced the total entropy in our fireball by ca. 20%. With a freeze-out
temperature of Tfo ' 100(160) MeV, the measured pT spectra and elliptic flow of light
(multistrange) hadrons can be reasonably well described, cf. dashed lines in Fig. 11. One
might be concerned that the calculated v2(pT ) for thermal pions and protons exceeds the
data toward higher pT , in a regime which is still relevant for thermal photon production.
However, the thermal pT spectra start to underpredict the experimental yields data in
this regime. For example, for pions with pT ' 3 GeV, the thermal spectrum accounts
for ca. 65% of the experimental yield; weighting the thermal pion-v2 of ∼ 22% with this
fraction gives ∼ 14%, which is not far from the data, v2(pT = 3GeV) ' 11%. While
these estimates pertain to kinetic freezeout, the calculations for the φ meson represent a
snapshot at Tch = 160 MeV; they approximately follow the measured spectra and v2 out
to higher pT .

2.2. Ideal Hydrodynamics

The hydrodynamic model used in the present study has been described in detail in
Ref. [28]. It is based on the 2+1-dimensional ideal hydro code of Ref. [32] (AZHYDRO),
augmented with the updated EoS described above (latPHG) and initial conditions tuned
to reproduce bulk and multistrange hadron yields, spectra and v2 in central and semicen-
tral Au-Au collisions at full RHIC energy. Specifically, a rather compact initial-entropy
density profile was adopted, proportional to the binary-collision density in the optical
Glauber model (this is not unlike what has been obtained in gluon saturation models);
with a thermalization time of τ0 = 0.6 fm/c, the central initial temperature amounts to
T0 = 398 MeV in 0-20% Au-Au(

√
sNN = 200 GeV). Furthermore, a sizable initial radial

flow with a surface value of around 0.13c has been introduced (and a very small positive
v2 to optimize the hadron fits). All of these features (lattice EoS, compact initial profile
and initial radial flow) lead to a more violent radial expansion, which enables an improved
description of the bulk-hadron v2 at kinetic freezeout even within ideal hydrodynamics.
At the same time, it generates an earlier saturation of the bulk-medium v2, which, in
particular, requires multistrange hadrons to freeze out at the chemical freezeout temper-
ature Tch to reproduce their pT spectra and v2 (this is not unwelcome as their hadronic
cross sections might be too small to maintain kinetic equilibrium at lower temperatures).
A more violent expansion has also been identified as a key to the solution of the “HBT
puzzle” [37]. As emphasized in Ref. [28], the ideal-hydro tunes are not meant to sup-
plant principally more realistic viscous evolutions, but rather to explore limitations and
flexibilities in the (ideal-) hydro description, within “reasonable” variations of the input.
In Fig. 1, the solid lines show some of the hydro results for bulk spectra and elliptic flow
in comparison to RHIC data, which turn out to be very similar to the schematic fireball.

1We have not removed the entropy lost to multistrange hadrons (which amounts to ∼2%) from the
fireball; we neglect this correction in both fireball and hydro evolution.
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Figure 2: (Color online) Time evolution of average temperature (upper left panel), average transverse
flow velocity (upper right panel) and elliptic flow (lower panel, using a particle mass of m = 300 MeV)
in the expanding fireball (dashed lines) and hydrodynamic evolution (solid lines). In addition, the upper
left panel contains the temperature evolution of the central hydro cell (short-dashed line).

2.3. Comparison of Space-Time Properties

We are now in position to systematically compare the space-time evolutions of the
schematic fireball and the ideal hydro solution. We focus on 0-20% central Au-Au colli-
sions at RHIC energy (

√
s = 200AGeV), where both models describe the bulk spectra

and v2 fairly well, based on the same EoS (latPHG). Since the isotropic nature of the fire-
ball is rather schematic compared to the more elaborate profiles in the hydro evolution,
we investigate in this Section how this difference manifests itself in suitably averaged
bulk quantities, which are expected to play an important role in the photon emission
observables discussed in the next Section.

Let us first investigate the time evolution of (average) temperature, radial and elliptic
flow, see Fig. 2. The temperature of the fireball is generally rather close to the average one
from the hydro model, but exhibits systematically slightly higher values in the late states
of the evolution (see upper left panel). This goes along with a 10-15% longer lifetime
of the fireball evolution, indicating a somewhat slower cooling in the later stages. The
radial flow (upper right panel of Fig. 2) starts out higher in the hydro (due to finite initial
flow), but then levels off more quickly than in the fireball, eventually dropping below the
latter’s. For the elliptic flow comparison, we evaluate the v2 coefficient of the momentum
spectra of particles with an average mass of 300 MeV at fixed proper time (lower panel
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Figure 3: (Color online) Temperature evolution of the differential emission four-volume (upper left panel)
and the double-differential photon emission rate (QGP for T > Tpc and hadronic for T < Tpc) for two
transverse momenta (qT = 0.5 GeV and qT = 2 GeV in the upper right and lower panel, respectively),
in the expanding fireball (dashed lines) and hydrodynamic evolution (solid lines).

of Fig. 2). For the hydrodynamic evolution this involves a varying temperature while the
fireball is spatially homogeneous at each time.

To properly interpret the observed photon spectra it is important to understand
how the different emission stages contribute to the total. From the rate expression,
Eq. (1), one sees that the weighting is governed by three ingredients: the (differential)
four-volume, the thermal weight (Bose factor) and the EM spectral function (at the
photon point). The former two are governed by the bulk-medium evolution. To make a
closer connection to the underlying matter properties, we now plot pertinent quantities
as a function of temperature, rather than time. The upper left panel in Fig. 3 shows
the T dependence of the differential four-volume, ∆V4/∆T , over temperature intervals
of ∆T = 10 MeV (and per unit rapidity). For both fireball and hydro evolution this
quantity shows a distinct maximum structure around the pseudocritical temperature of
Tpc ' 170 MeV, as a consequence of the rapid change in the entropy density in the EoS
(a remnant of the latent heat). One also finds a pronounced increase in the differential
four-volume in the late(r) hadronic stages of the collision (stipulating the importance of
a realistic hadronic photon emission rate). Again we find that the ideal hydro evolution
seems to cool somewhat faster than the fireball (this might slightly change in a viscous
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Figure 4: (Color online) Time evolution of the entropy fraction (relative to the total) which is in fluid
cells at temperatures above the kinetic freezeout temperature in the hydrodynamic model.

evolution where some of the expansion work is dissipated into heat). Whereas hadron
emission at kinetic freezeout in the hydro evolution is a continuous process, the fireball
freezeout of the entire three-volume occurs at the end of the evolution. This difference is
illustrated in Fig. 4, where we plot the time dependence of the fraction of the total entropy
that is above the kinetic-freezeout temperature in the hydro evolution. This fraction
shows a marked departure from one at times already well before the total lifetime; in
contrast, this fraction is equal to one throughout the fireball evolution. Recall, however,
that the three-volume at small temperatures must be very similar in both evolutions, since
the total three-volume at freeze-out figures into the calculation of hadron multiplicities
(and spectra), which agree rather well. Our hydro evolution, on the other hand, does
not allow for the possibility that the freeze-out front “re-swallows” previously frozen-
out matter cells. This effect has been studied, e.g., in Ref. [38], where it was found
to be significant even in the context of hadron observables. It would be interesting to
investigate its impact on thermal-photon spectra.

The increase in emission four-volume is counteracted by the drop in temperature,
suppressing the thermal distribution function in the rate. This renders the energy argu-
ment in the Bose function as an important scale. As is well known (see, e.g., Ref. [39]
for an analogous study in the dilepton context), larger energies increase the sensitivity of
the exponential to temperature variations and thus will lead to a stronger weighting of
earlier phases. To exhibit this interplay in a more realistic way, we include the weights
from the QGP and hadronic spectral functions, Im ΠEM, in plotting the temperature-
differential photon spectra for two representative transverse energies (see upper right
and lower panel of Fig. 3); in other words, we use the full rate expression - the same
for both evolution models - figuring in our comparisons to data in the following sections
(recall that the AMY QGP rates (full LO result) [26] and the TRG hadronic rates [19]
are nearly degenerate around Tpc, thus avoiding a “bias” for either phase). For low
photon momenta (energies), qT = 0.5 GeV, the “phase transition” peak observed in the
four-volume is remarkably enhanced, but also the high-temperature part now exhibits
significant emission strength. As expected, the high-temperature component increases
further at larger momentum (qT = 2 GeV), albeit not dramatically. A pronounced peak
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around Tpc persists also for these kinematics.
This analysis clearly identifies the importance of the “pseudo-critical” regime, around

Tpc, for thermal photon radiation, as found in Ref. [9]. The macrophysics encoded in the
underlying EoS plays an important role through a rapid change in entropy density over
a rather small temperature window, possibly augmented by a reduction in the velocity
of sound, c2s , figuring into the hydro evolution (a pertinent slowing down has not been
implemented into the fireball evolution). An equally important role is plaid by the
microphysics, i.e., relatively large hadronic emission rates, comparable to the QGP ones,
in the transition region. Together with substantial flow-induced blue shifts, this led to
generating a sizable photon v2 in our previous fireball calculations [9]. These features can
be recovered within hydrodynamic evolutions, if the collective flow is built up sufficiently
fast, which can be realized via a modest initial radial-flow field and a compact initial-
density profile. However, quantitative differences remain, which we further analyze in
the following two sections by comparing the photon spectra from both approaches with
each other and to direct photon data at RHIC and LHC.

3. Direct Photon Spectra at RHIC and LHC

All thermal photon spectra presented in this Section are based on the same emission
rates, from a complete LO calculation in a perturbative QGP [26] and hadronic many-
body calculations supplemented with t-channel meson exchange reactions [19] as well as
ππ and πK Bremsstrahlung [40]. We also note that short-lived (strong) resonance decays
are usually not subtracted from the experimental spectra. To account for these “strong
feeddown” photons (e.g., ∆→ Nγ, etc.), we follow Refs. [41, 9] by running our evolution
for an extra 1 fm/c after kinetic freezeout. Strictly speaking, as elaborated in Ref. [42],
these final-state decays would have to be calculated with slightly modified kinematics
compared to thermal processes (with an extra Lorentz-γ factor), but we neglect this
difference in the present study. Ultimately, their contribution to the total direct-γ v2

turns out to be rather modest (e.g., increasing it by typically 5-10% around qT = 2 GeV),
and even less for the spectra.

3.1. Thermal Fireball

We start by updating the fireball calculations at RHIC, which in Ref. [9] where
conducted with a first-order EoS (and a by now outdated chemical-freezeout temperature
of Tch = 180 MeV), by implementing the latPHG EoS of Ref. [28] with chemical freezeout
at Tch = 160 MeV. The resulting thermal spectra are compared to the results of Ref. [9]
in Fig. 5 using the same total entropy. Since the partitioning of hadronic and QGP
emission in the mixed phase of the first-order transition is now entirely assigned to the
nonperturbative QGP phase, and due to a lower critical temperature in the latPHG, the
QGP contribution significantly increases while the hadronic part decreases compared to
the first-order scenario. This “reshuffling” by itself corroborates that the major portion
of the thermal emission originates from around the phase transition region, independent
of the details of the EoS. While the total (integrated) photon yield is not changed much
(analogous to what has been found for low-mass dileptons [25]), the high-qT part of the
spectrum benefits from the increased temperature in the QGP close to Tpc and from the
later chemical freezeout in the hadronic phase, which slows down the drop in temperature
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Figure 6: (Color online) Direct photon spectra (left panel) and elliptic flow (right panel) from the
expanding fireball in 0-20% Au+Au(

√
s = 0.2ATeV) collisions with updated total entropy using the

latPHG EoS, compared to PHENIX data [15, 22]. In the left panel, blue dashed, red dashed-dotted,
green short-dashed-dotted and purple solid lines correspond to hadronic, QGP and primordial contri-
butions, and their sum (“total”), respectively. The primordial conribution is based on the PHENIX pp
parameterization. In the right panel, the red short-dashed line is the combined thermal v2; the purple
solid and long-dashed lines are the total direct-photon v2 using two different primordial contributions,
either the PHENIX pp parameterization (as in the left panel) or an xt-scaling ansatz (labeled “total-2”).
Both primoridial contributions are assumed to carry vanishing v2.

that arises in the presence of pion (and other effective) chemical potentials (for the
inclusive yields, and at low qT , the faster temperature drop is (over-) compensated by
the fugacity factors).

As mentioned above, we have further updated our fireball calculations by a careful
readjustment of the entropy when using latPHG, leading to a 20% decrease compared to
Ref. [9]. With our nonlinear dependence of thermal photon production on the charged-
particle multiplicity, ∝ Nx

ch with x ' 1.5 [19, 25] (larger at higher qT ), the thermal yields
are somewhat reduced compared to our earlier results. The comparison to the PHENIX
data for direct photons in Fig. 6 shows discrepancies at low qT for both spectral yields and
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Figure 7: (Color online) Direct photon spectra (left panel) and elliptic flow (right panel) from the expand-
ing fireball in 0-40% Pb+Pb(

√
s = 2.76ATeV) collisions using latPHG EoS, compared to preliminary

ALICE data [16, 23]. In the left panel, red, blue, green and purple lines represent QGP, hadronic and
primordial contributions, as well as the total, respectively. In the right panel we show the combined
thermal v2 (red dashed line) and the total v2 (purple solid line).

v2, while for qT ≥ 2 GeV the calculations are within the experimental errors. We illustrate
uncertainties in the determination of the primordial photon component due to initial
hard NN scatterings: on the one hand, we used a phenomenological parameterization
by the PHENIX collaboration of their pp data [15]; on the other hand, we used the
xt-scaling ansatz of Ref. [43], fitted to the high-qT part of the PHENIX pp data with a
K-factor of 2.5. The latter spectrum turns out to be somewhat smaller than the PHENIX
parameterization at small qT . This has rather little impact on the total qT spectrum,
but it affects the v2 more significantly, inducing an increase of the total direct-photon v2

of up to ∼ 25% around qT ' 2.5 GeV. Further theoretical studies of the hard component
are needed to better quantify this effect, e.g., via a suppression of fragmentation photons
or nuclear effects on the initial parton distribution functions.

Finally, we turn to LHC energies, where preliminary direct-photon data are available
from ALICE for 0-40% central Pb+Pb(

√
s = 2.76ATeV) collisions [16, 23]. We model

these reactions with an average charged-particle multiplicity of dNch/dy = 1040 over
a rapidity interval of |y| < 0.75. For primordial photon production from binary NN
collisions, we employ the xt-scaling ansatz [43], fitted to the high-qT ALICE photon
spectra with a K-factor of 2. The description of the spectra and v2 is at a comparable
level as at RHIC, with indications for an underestimate in both observables in the regime
where thermal radiation is most significant, cf. Fig. 7.

3.2. Ideal Hydrodynamics

The direct-photon results from the ideal-hydro tune with latPHG EoS and default
emission rates at RHIC are displayed in Fig. 8. The QGP contribution to the qT spectra
agrees within ca. 30% with the fireball results, but the hadronic portion falls short by a
larger margin, especially toward higher qT . This is not unexpected as the lifetime of the
hydro evolution in the hadronic phase is noticeably smaller, due to a faster cooling in the
local rest frame of the ideal hydro cells (leading to smaller four-volumes, recall Fig. 3).
In addition, the average temperature in the late stages is smaller in hydrodynamics
than in the fireball (cf. upper left panel of Fig. 2), which leads to a reduction especially
in the high-qT region of the hadronic emission. Consequently, the hydro spectra and
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Figure 8: (Color online) Direct photon spectra (left panel) and v2 (right panel) in Au+Au(
√
s =

0.2ATeV) using ideal hydrodynamics, compared to PHENIX data [15, 22]; line identifications as Fig. 6.

v2 come out lower than for the fireball evolution; this increases the discrepancy with
the PHENIX data for both observables, although not by much. Both evolution models
result in an underestimate of the first two data points of the PHENIX spectra, and
barely reach into the lower portions of the error bars of the v2 data: the maximal v2

reaches ∼ 4.4% for the hydrodynamic evolution, compared to ∼ 5.7% for the fireball,
both when using the PHENIX pp baseline spectra (larger for the xt scaling ansatz).
However, our hydro results are well above other hydrodynamic calculations reported
in the literature [8, 10, 44]. One difference lies in a faster build-up of the v2, which
essentially saturates when the system reaches the pseudo-critical region in the cooling
process, for both fireball and hydro (cf. lower panel of Fig. 2). As mentioned above,
this feature is essential in describing the spectra and v2 of multistrange hadrons with an
early kinetic freezeout close to the chemical freezeout temperature, and thus rather well
motivated by hadron phenomenology (including the constituent-quark number scaling of
v2). In the hydrodynamic modeling this can be realized by initial conditions including a
finite transverse flow at thermalization, together with a compact energy-density profile.
Both features increase the transverse flow early on, which ultimately leads to an earlier
saturation of v2 (since the initial spatial anisotropy is converted faster into momentum
space); it also increases the blue shift of the photons emitted from around Tpc, which helps
to build up the photon yield with large v2 in the qT = 2-3 GeV region. Another difference
to existing hydro calculations is the larger rate in the hadronic phase, in particular the
contributions associated with the photon point of the in-medium ρ spectral function,
which includes sources from interactions involving baryons and antibaryons [41] and
higher excited meson resonances [45].

Next, we turn to our hydro results at LHC, adopting a similar ansatz for the initial
conditions as at RHIC, i.e., with a finite transverse flow and compact entropy density
profile. A factor of ∼ 2 underestimate of the preliminary photon spectra measured by
ALICE in 0-40% Pb-Pb(

√
s = 2.76ATeV) is found for momenta below qT ' 2 GeV,

see left panel of Fig. 9. The calculated v2 is not inconsistent with these data within the
current experimental uncertainties, see right panel of Fig. 9. Although the hadronic com-
ponent in the thermal spectra is again considerably smaller than in the fireball spectra,
the relatively stronger QGP component in both calculations compared to RHIC renders
the overall impact of the hadronic emission less relevant. The QGP component from the
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Figure 9: (Color online) Direct photon spectra (left panel) and v2 (right panel) in 0-40% Pb+Pb(
√
s =

2.76ATeV) using ideal hydrodynamics, compared to preliminary ALICE data [16, 23]; line identifications
as in Fig. 8.

hydro is now somewhat stronger than from the fireball (especially at high qT ), leading
to closer agreement in the total photon spectra and v2, and also with the data. Note
that the v2 of the thermal component at qT & 3 GeV is significantly larger for the fireball
than for the hydro (cf. dashed lines in the right panels of Figs. 7 and 9, respectively),
due to the larger hadronic component in the former.

4. Discussion

The general trend of our results reported above for both fireball and hydrodynamic
evolutions is an underestimate of both spectra and v2 for both PHENIX and preliminary
ALICE data for photon momenta qT ≤ 3 GeV, which is the region where the thermal
radiation is expected to be most relevant. In the following, we will investigate possibilities
how these deficits may be overcome. For simplicity, we concentrate on the hydrodynamic
space-time evolution for these studies.

One option to increase thermal radiation in URHICs is a decrease of the thermaliza-
tion time, τ0, of the medium, as investigated, e.g., in Refs. [46, 9, 47]. While the total
yield generally increases above qT > 1 GeV, its slope becomes harder and the total v2

becomes smaller, both not favored by the data. This reiterates the need for a softer
radiation source with larger v2. In the following, we will stick to our default value of
τ0 = 0.6 fm/c.

In Refs. [9, 48, 44] an enhancement of the photon emission rates in the pseudo-
critical region, beyond the default rates used above, has been conjectured. This may not
be unexpected, from a theoretical point of view. On the QGP side, the AMY rates are
based on perturbative parton rescattering, which in other contexts tends to fall short
in producing sufficient interaction strength, e.g., in both phenomenology and lattice
calculations of η/s or the heavy-quark diffusion coefficient [49, 50]. Especially close to
the hadronization transition, confining interactions are expected to play an important
role (as, e.g., borne out of lattice calculations for the heavy-quark free energies [51]).
An increase in partonic scattering rates is a natural mechanism to also increase photon
radiation (see, e.g., Ref. [52]), which is quite different from a perturbative scenario with
weakly interacting quasi-particles. On the hadronic side, an enhancement of the current
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Figure 10: (Color online) Direct photon spectra (left panel) and v2 (right panel) from hydrodynamics
at RHIC when introducing a “pseudo-critical” enhancement of QGP and hadronic rates around Tpc,
compared to PHENIX data [15, 22]; line identifications as Fig. 6.
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Figure 11: (Color online) Direct photon spectra (left panel) and v2 (right panel) at LHC with enhanced
photon rates around Tpc, compared to preliminary ALICE data [16, 23].

rates is conceivable as well, since the TRG rates (includiung contributions from the in-
medium ρ spectral function) may not exhaust all relevant reaction channels in hadronic
resonance matter; investigations to identify and calculate possibly important channels not
considered thus far are in progress [53] (we note in passing that hadronic Bremsstrahlung
is an unlikely candidate since its spectrum tends to be too soft [40]). To mimic a “pseudo-
critical” enhancement of our default rates, we increase the latter by a baseline factor of
2, further amplified up to a maximum factor of 3 at Tpc = 170 MeV, linearly ramped
up from T = 140 MeV and down until T = 200 MeV again. The results are encouraging
(cf. Figs. 10 and 11): the description of both PHENIX and preliminary ALICE spectra
and v2 improves significantly. The calculated v2 at RHIC still tends to only reach into the
lower portions of the experimental errors, but we recall that larger hadronic contributions,
as suggested by the fireball calculations, would help to increase it further.

Let us briefly expand on a speculation raised in Ref. [9], that there might be an
hitherto undetermined uncertainty in the subtraction of the radiative ω → π0γ decays,
since the latter have not been explicitly measured in the low-qT region in the Au-Au
environment. For this purpose, and to obtain an absolute upper estimate, we simply add
to our thermal spectra (calculated with the amplified rates) the photon contribution from
final-state ω decays based on our hydro ω spectra at thermal freezeout (as a three-pion
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as well as the PHENIX data [15, 22]; all calculations use the PHENIX pp baseline for the primordial
component.

or ρπ resonance, the ω receives a pion fugacity factor to the third power). The result of
this exercise is shown in Fig. 12, illustrating an appreciable effect on both spectra and
v2 which would still be significant if reduced by a factor of 2.

Finally, we conduct a schematic study of the effect of quark undersaturation in the
early (Q)GP phases, as expected from gluon saturation models [54]. Similar to earlier
calculations for thermal EM emission [55, 56, 24], we find the gluon Compton process,
gq → qγ, to still contribute appreciably (and with a harder slope than in a chemically
equilibrated QGP at the same total entropy), unless the qq̄ undersaturation is strong
enough to largely suppress the early thermal yield altogether. This suppression would
have to be made up by an even larger enhancement in the later phases compared to what
we assumed above.

5. Summary and Conclusions

In this paper we have studied the properties of thermal photon radiation at collider
energies, in an attempt to better understand recent measurements of direct photon spec-
tra and their elliptic flow. Using QGP and hadronic thermal emission rates as available
from the literature, we first focused on a detailed comparison of the space-time evolution
as given by a blast-wave type fireball and ideal hydrodynamics. Both were based on
the same equation of state and fits to the same set of hadron data using the concept of
sequential freeze-out for multistrange and light hadrons. The relevance of this concept
for photon radiation lies in a rather early saturation of v2 and larger blue shifts by the
time the expanding system reaches the phase transition region (in the hydro model, this
can be realized by compact initial conditions with non-zero radial flow). We have found
that the emission characteristics of the QGP part agree rather well between hydro and
fireball, while the latter leads to significantly larger photon radiation in the hadronic
phase, especially toward higher qT . We traced this back to a slower cooling with larger
average temperatures and radial flow in the fireball, which, at least in part, is due to a

15

222



continuous freezeout in hydrodynamics leading to an appreciable reduction of the “ac-
tive” matter cells in the later stages of the evolution. Both evolution models clearly
identify the transition region around Tpc ' 170 MeV as a key source of thermal pho-
ton emission. After the addition of primordial photons extrapolated from pp collisions,
both hydro and fireball results tend to be somewhat (although not dramatically) below
the measured spectra and v2 in Au-Au and Pb-Pb collisions at RHIC and LHC, with a
preference for the fireball due to its larger hadronic contribution. We then shifted our
focus to the microscopic emission rates. We argued that an enhancement of the currently
employed emission rates is plausible, especially in the pseudo-critical region where the
medium is expected to be most strongly coupled. Upon amplifying our default rates
by a baseline factor of 2, reaching up to 3 around Tpc ± 30 MeV, we found that the
photon results from the hydro model come rather close to the experimental spectra and
v2 within current uncertainties. The additional hadronic contributions suggested by the
fireball model would further improve the situation. Microscopic calculations of photon
rates to search for additional sources not considered thus far are underway.
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Thermal dilepton radiation from the hot fireballs created in high-energy heavy-ion collisions pro-
vides unique insights into the properties of the produced medium. We first show how the predictions
of hadronic many-body theory for a melting ρ meson, coupled with QGP emission utilizing a modern
lattice-QCD based equation of state, yield a quantitative description of dilepton spectra in heavy-ion
collisions at the SPS and the RHIC beam energy scan program. We utilize these results to system-
atically extract the excess yields and their invariant-mass spectral slopes to predict the excitation
function of fireball lifetimes and (early) temperatures, respectively. We thereby demonstrate that
future measurements of these quantities can yield unprecedented information on basic fireball prop-
erties. Specifically, our predictions quantify the relation between the measured and maximal fireball
temperatures, and the proportionality of excess yields and total lifetime. This information can serve
as a “caloric” curve to search for a first-order QCD phase transition, and to detect non-monotonous
lifetime variations possibly related to critical phenomena.

PACS numbers:

Collisions of heavy nuclei at high energies enable the
creation of hot and dense strongly interacting matter, not
unlike the one that filled the Universe during its first few
microseconds. While the primordial medium was char-
acterized by a nearly vanishing net baryon density (at
baryon chemical potential µB'0), heavy-ion collisions
can effectively vary the chemical potential by changing
the beam energies, thus facilitating systematic investiga-
tions of large parts of the phase diagram of Quantum
Chromodynamics (QCD). The yields and transverse-
momentum (pT ) spectra of produced hadrons have been
widely used to determine the conditions of the fireball
at chemical and kinetic freezeout, to infer its properties
when the hadrons decouple. Electromagnetic radiation
(photons and dileptons), on the other hand, is emit-
ted throughout the evolution of the expanding fireball
with negligible final-state interactions and thus, in prin-
ciple, probes the earlier hotter phases of the medium [1].
In particular, dilepton invariant-mass spectra have long
been recognized as the only observable which gives di-
rect access to an in-medium spectral function of the QCD
medium, most notably of the ρ meson [2–5]. They also
allow for a temperature measurement which is neither
distorted by blue-shift effects due to collective expansion
(as is the case for pT spectra of hadrons and photons),
nor limited by the hadron formation temperature [6].

Significant excess radiation of dileptons in ultrarela-
tivistic heavy-ion collisions (URHICs), beyond final-state
hadron decays, was established at the CERN-SPS pro-
gram, at collision energies of

√
sNN ' 20 GeV [7, 8]. The

excess was found to be consistent with thermal radiation
from a locally equilibrated fireball [9, 10], with the low-
mass spectra requiring substantial medium effects on the
ρ line shape. The SPS dilepton program culminated in
the high-precision NA60 data, which quantitatively con-

firmed the melting of the ρ resonance and realized the
long-sought thermometer at masses M > 1 GeV, with
T=205±12 MeV, exceeding the pseudo-critical tempera-
ture computed in thermal lattice-QCD (lQCD), Tpc=150-
170 MeV [11]. With the spectral shape under control, the
magnitude of low-mass excess enabled an unprecedented
extraction of the fireball lifetime, τFB=7±1 fm/c.

In the present letter, based on a good description of
existing dilepton data from CERES, NA60 and STAR,
we show that temperature and lifetime measurements
through intermediate- and low-mass dileptons are a
quantitative tool to characterize the fireballs formed
in heavy-ion collisions. We predict pertinent excita-
tion functions over a large range in center-of-mass en-
ergy,

√
sNN'6-200 GeV. The motivation for this study is

strengthened by several recent developments. First, we
show that the implementation of a modern lQCD equa-
tion of state (EoS) into the fireball evolution of In-In colli-
sions at SPS recovers an accurate description of the NA60
excess data over the entire mass range, thus superseding
earlier results with a first-order transition [12]. Second,
the predictions of this framework turn out to agree well
with the low-mass dilepton data from the STAR beam-
energy scan-I (BES-I) campaign [13, 14], in Au-Au col-
lisions from SPS to top RHIC energies,

√
sNN = 19.6,

27, 39, 62.4 and 200 GeV [15]. Third, a very recent im-
plementation of the in-medium ρ spectral function into
coarse-grained UrQMD transport calculations yields ex-
cellent agreement with both NA60 and HADES data in
Ar-KCl(

√
sNN = 2.6 GeV) reactions [16]; and fourth,

several future experiments (CBM, NA60+, NICA, STAR
BES-II) plan precision measurements of dilepton spectra
in the energy regime of

√
sNN ' 5-20 GeV [17], where

the fireball medium is expected to reach maximal baryon
density and possibly come close to a critical point in the
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2

QCD phase diagram [18]. Our predictions thus provide
a baseline for fundamental, but hitherto undetermined
properties of the fireball, allowing for accurate tests of
our understanding of these. In turn, marked deviations
of upcoming data from the theoretical predictions will
help discover new phenomena that induce unexpected
structures in the lifetime and/or temperature excitation
functions.

Let us recall the basic elements figuring into our calcu-
lation of dilepton excess spectra in URHICs. We assume
local thermal equilibrium of the fluid elements in an ex-
panding fireball, after a (short) initial equilibration pe-
riod. The thermal radiation of dileptons is obtained from
the differential production rate per unit four-volume and
four-momentum [19–21],

dNll
d4xd4q

= − α2

3π3

L(M)

M2
Im Πµ

EM,µ(M, q) fB(q0;T ), (1)

with fB(q0;T ): thermal Bose function, α= e2

4π' 1
137 : elec-

tromagnetic (EM) coupling constant, L(M): final-state

lepton phase space factor, and M=
√
q20 − q2: dilepton

invariant mass (q0: energy, q: three-momentum in the lo-
cal rest frame of the medium). The EM spectral function,
Im ΠEM, is well known in the vacuum, being proportional
to the cross section for e+e− → hadrons. In the low-
mass region (LMR), M ≤ 1 GeV, it is saturated by the
light vector mesons ρ, ω and φ, while the intermediate-
mass region (IMR), M ≥ 1.5 GeV, is characterized by a
continuum of multi-meson states.

Medium effects on the EM spectral function are cal-
culated as follows. In hadronic matter the vector-meson
propagators are computed using many-body theory based
on effective Lagrangians with parameters constrained by
vacuum scattering and resonance decay data [9, 22, 23].
The resulting ρ spectral function strongly broadens and
melts in the phase transition region (similar for the
ω, which, however, contributes less than 10%; the φ
is assumed to decouple near Tpc and does not pro-
duce thermal hadronic emission). For masses M ≥
1 GeV, we include emission due to multi-pion annihi-
lation using a continuum extracted from vacuum τ -
decay data, augmented with medium effects due to chi-
ral mixing [24, 25] in the LMR-IMR transition region
(1 GeV ≤ M ≤ 1.5 GeV) [12]. For QGP emission, we
employ an lQCD-motivated emission rate [15] fitted to
M -dependent spectral functions above Tpc [26, 27] and
supplemented by a finite-q dependence taken from per-
turbative photon rates [28]. The resulting QGP rates
are quite similar to the hard-thermal-loop results [29],
but with improved low-mass behavior and nontrivial
three-momentum dependence. The QGP and in-medium
hadronic rates are nearly degenerate at temperatures
around ∼170 MeV.

To obtain dilepton spectra in URHICs, the rates are
integrated over the space-time evolution of the colli-
sion. As in our previous work [12, 15, 30, 31], we em-
ploy a simplified model in terms of an isentropically

√
s (GeV) 6.3 8.8 19.6 62.4 200

z0 (fm/c) 2.1 1.87 1.41 0.94 0.63

Tpc (MeV) 161 163 170 170 170

Tch (MeV) 134 148 160 160 160

µch
B (MeV) 460 390 197 62 22

Tkin (MeV) 113 113 111 108 104

TABLE I: Excitation function of fireball parameters for the
equation of state (Tpc), initial (z0) and chemical/kinetic
freezeout (Tch, µch

B , Tkin) conditions.
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FIG. 1: (Color online) Excess dimuon invariant-mass spectra
in In-In(

√
sNN = 17.3 GeV) collisions at the SPS. Theoreti-

cal calculations (solid line), composed of hadronic radiation
(using in-medium ρ and ω spectral functions and multi-pion
annihilation with chiral mixing, dashed line) and QGP ra-
diation (using a lattice-QCD inspired rate, dotted line) are
compared to NA60 data [8, 41].

expanding thermal fireball. Its radial and elliptic flow
are parameterized akin to hydrodynamic models and fit-
ted to observed bulk-particle spectra and elliptic flow
(π, K, p) at kinetic freezeout, Tkin'100-120 MeV, and
to multistrange hadron observables (e.g., φ) at chemi-
cal freezeout, Tch'160 MeV. The kinetic freezeout tem-
peratures and radial flow velocities are in accordance
with systematic blast-wave analyses of bulk-hadron spec-
tra from SPS, RHIC and LHC [32]. The key link of
the fireball expansion to dilepton emission is the un-
derlying EoS, which converts the time-dependent en-
tropy density, s(τ) = S/VFB(τ) ≡ s(T (τ), µB(τ)) (VFB:
fireball volume), into temperature and chemical poten-
tial. We employ the EoS constructed in Ref. [33], where
a parameterization of the µB=0 lQCD results for the
QGP [34, 35] has been matched to a hadron resonance
gas (HRG) at Tpc=170 MeV, with subsequent hadro-
chemical freezeout at Tch=160 MeV. We here extend
this construction to finite µB=3µq with guidance from
lQCD: The pseudo-critical temperature is reduced as
Tpc(µq)=Tpc[1 − 0.08(µq/Tpc)

2] [36, 37], and the QGP
EoS is modified as s(µq, T ) = s(T )[1 + c(µq/πT )2] with
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FIG. 2: (Color online) Excitation function of the inverse-
slope parameter, Ts, from intermediate-mass dilepton spec-
tra (M=1.5-2.5 GeV, diamonds connected with dashed line)
and initial temperature (triangles connected with solid line)
in central heavy-ion collisions (A' 200). The hatched
area schematically indicates the pseudo-critical temperature
regime at vanishing (and small) chemical potential as ex-
tracted from various quantities computed in lattice QCD [11].

c'3 [38, 39]. For the HRG, we adopt the chemical freeze-
out parameters of Ref. [40], cf. Tab. I.

We first test our updated approach with the most
precise dilepton data available, the acceptance-corrected
NA60 excess dimuons in In-In(

√
sNN=17.3 GeV) [8, 41],

cf. Fig. 1. Good agreement with the invariant-mass spec-
trum is found, which also holds for the qt dependence, as
well as for CERES data [42] (not shown). This confirms
our earlier conclusions that the ρ-meson melts around
Tpc [12], while the IMR is dominated by radiation from
above Tpc [43–46], mostly as a consequence of a non-
perturbative EoS [47]. Furthermore, our predictions for
low-mass and qt spectra of the RHIC BES-I program [15]
agree well with STAR dielectron data [13, 14]. Given
this robust framework for thermal dilepton radiation in
URHICs, we extract in the following the excitation func-
tion of two key fireball properties, namely its total life-
time and an average temperature, directly from dilepton
observables.

For the temperature determination we utilize the
IMR, where medium effects on the EM spectral func-
tion are parametrically small, of order T 2/M2, provid-
ing a stable thermometer: With Im ΠEM ∝ M2, and in
nonrelativistic approximation, one obtains dRll/dM ∝
(MT )3/2 exp(−M/T ), which is independent of the
medium’s collective flow, i.e., there are no blue-shift ef-
fects. The observed spectra necessarily involve an aver-
age over the fireball evolution, but the choice of mass win-
dow, 1.5 GeV ≤M ≤ 2.5 GeV, implies T �M and thus
enhances the sensitivity to the early high-T phases of the
evolution. Since primordial (and pre-equilibrium) contri-
butions are not expected to be of exponential shape (e.g.,
power law for Drell-Yan), their “contamination” may be
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FIG. 3: (Color online) Excitation function of low-mass ther-
mal radiation (“excess spectra”) integrated over the mass
range M=0.3-0.7 GeV, as given by QGP (orange line) and
in-medium hadronic (red line) contributions and their sum
(purple line). The underlying fireball lifetime (dot-dashed
line) is given by the right vertical scale.

judged by the fit quality of the exponential ansatz. The
inverse slopes, Ts, extracted from the thermal radiation
as computed above are displayed in Fig. 2 for collision
energies of

√
sNN=6-200 GeV. We find a smooth depen-

dence ranging from T'160 MeV to 260 MeV. The latter
unambiguously demonstrates that a thermalized QGP
with temperatures well above the pseudo-critical one has
been produced. Our results furthermore quantify that
the “measured” average temperature is about 30% below
the corresponding initial one (Ti). This gap significantly
decreases when lowering the collision energy, to less than
15% at

√
sNN=6 GeV. This is in large part a consequence

of the (pseudo-) latent heat in the transition which needs
to be burned off in the expansion/cooling. The collision
energy range below

√
sNN=10 GeV thus appears to be

well suited to map out this transition regime and possi-
bly discover a plateau in the IMR dilepton slopes akin to
a “caloric curve”. Another benefit at these energies is the
smallness of the open-charm contribution (not included
here), so that its subtraction does not create a large sys-
tematic error in the thermal-slope measurement. The
main theoretical uncertainty in our calculations is asso-
ciated with the assumed initial longitudinal fireball size,
z0 (which is proportional to the thermalization time):
varying the default values quoted in Table I by ±30%
induces a ∼5-7% change in the extracted slopes, and a
somewhat larger change for the initial temperatures. At
given

√
s, the ratio Ts/Ti is stable within less than 10%.

We finally investigate the relation between the fireball
lifetime and the thermal dilepton yields, integrated over
a suitable mass window. In Fig. 3 we display the results
for a window below the free ρ/ω mass, which is often
used to characterize the low-mass excess radiation. It
turns out that the integrated thermal excess radiation
tracks the total fireball lifetime remarkably well, within
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less than 10%. An important reason for this is that,
despite the dominantly hadronic contribution, the QGP
one is still significant. The latter would be relatively
more suppressed when including the ρ/ω peak region.
Likewise, the hadronic medium effects are essential to
provide sufficient yield in the low-mass region. We have
explicitely checked that when hadronic medium effects
are neglected, or when the mass window is extended, the
proportionality of the excess yield to the lifetime is com-
promised. With such an accuracy, low-mass dileptons are
an excellent tool to detect any “anomalous” variations in
the fireball lifetime. A good control over the in-medium
spectral shape is essential here, at the level established
in the comparison to the NA60 data in Fig. 1.

In summary, we have computed thermal dilepton spec-
tra in heavy-ion collisions over a wide range of collision
energies, utilizing in-medium QGP and hadronic emis-
sion rates in connection with a lattice-QCD equation
of state extrapolated to finite chemical potential. Our
description satisfies the benchmark of the high-precision
NA60 data at the SPS and is compatible with the recent

results from the RHIC beam-energy scan. Within this
framework, we have extracted the excitation function of
the low-mass excess radiation and the Lorentz-invariant
slope of intermediate-mass spectra. The former turns out
to accurately reflect the average fireball lifetime. The lat-
ter signals QGP radiation well above the critical one at
top RHIC energy, but closely probes the transition re-
gion for center-of-mass energies below 10 GeV. Dilepton
radiation is thus well suited to provide direct informa-
tion on the QCD phase boundary in a region where a
critical point and an onset of a first-order transition are
conjectured.
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Coarse-grained output from transport calculations is used to determine thermal dilepton emis-
sion rates by applying medium-modified spectral functions from thermal quantum field theoretical
models. By averaging over an ensemble of events generated with the UrQMD transport model, we
extract the local thermodynamic properties at each time step of the calculation. With an equation
of state the temperature T and chemical potential µB can be determined. The approach goes beyond
simplified fireball models of the bulk-medium evolution by treating the full (3+1)-dimensional ex-
pansion of the system with realistic time and density profiles. For the calculation of thermal dilepton
rates we use the in-medium spectral function of the ρ meson developed by Rapp and Wambach and
consider thermal QGP and multi-pion contributions as well. The approach is applied to the evalu-
ation of dimuon production in In+In collisions at top SPS energy. Comparison to the experimental
results of the NA60 experiment shows good agreement of this ansatz. We find that the experimen-
tally observed low-mass dilepton excess in the mass region from 0.2 to 0.6 GeV can be explained
by a broadening of the ρ spectral function with a small mass shift. In contrast, the intermediate
mass region (M > 1.5 GeV) is dominated by a contribution from the quark-gluon plasma. These
findings agree with previous calculations with fireball parametrizations. This agreement in spite
of differences in the reaction dynamics between both approaches indicates that the time-integrated
dilepton spectra are not very sensitive to details of the space-time evolution of the collision.

PACS numbers: 24.10.Lx, 25.75.-q, 25.75.Dw, 25.75.Cj
Keywords: Monte Carlo simulations, Relativistic heavy-ion collisions, Particle and resonance production,
Dilepton production

I. INTRODUCTION

The in-medium properties of hadrons have been a field
of intense studies in theory and experiment over the last
years [1–6]. One aims to learn more about the phase di-
agram of QCD and especially to find hints for a possible
restoration of chiral symmetry. For such studies of hot
and dense nuclear matter, dileptons are a unique tool. As
they do not interact strongly, they suffer only negligible
final-state interactions with the medium and thus provide
insight into the spectral properties of their source, i.e.,
dileptons provide a direct view on the in-medium elec-
tromagnetic current-current correlation function of QCD
matter during the entire history of the collision, from
first nucleon-nucleon reactions to final freeze-out [2, 7, 8].
However, this advantage also comes with a drawback.
As we only get time-integrated spectra over the whole
space-time evolution of a nuclear reaction, it is difficult
to disentangle the various contributing processes which
requires a realistic description of all collision stages.

Considering the different experimental efforts to in-
vestigate dilepton production in heavy-ion collisions, the
NA60 experiment plays a prominent role. It measured
dimuons in heavy-ion collisions at top SPS energies with
an unprecedented precision. The high accuracy of the
measurement enabled the subtraction of the background
contributions (long-lived mesons as η, η′, ω, φ) from the

∗ endres@th.physik.uni-frankfurt.de

dilepton spectra. Consequently, the NA60 results deliver
direct insight into the in-medium effects on the ρ spectral
function in the low-mass region up to 1 GeV [9–11] and
the thermal dimuon emission in the intermediate mass
region [12]. A main finding was a large excess of lepton
pairs in the mass region 0.2-0.4 GeV, which confirmed
the previous results by CERES [13]. Theoretical stud-
ies showed that this excess can be explained by a strong
broadening of the ρ spectral function with small mass
shifts [14–17].

In general there exist two different types of approaches
to describe heavy-ion collisions, microscopic and macro-
scopic ones. The microscopic models, e.g., transport
models as UrQMD [18, 19], HSD [20] or GiBUU [21],
focus on the description of all the subsequent hadron-
hadron collisions (respectively interactions of partons),
according to the Boltzmann equation. The difficulty
here is to implement in-medium effects in such a mi-
croscopic non-equilibrium approach which is highly non-
trivial, but nevertheless some investigations on that is-
sue have been conducted successfully [22–31]. On the
other hand, in macroscopic models such as thermal fire-
ball models [32] or hydrodynamics [16, 33–37], the ap-
plication of in-medium hadronic spectral functions from
thermal quantum-field theory is straightforward. How-
ever, due to their plainness the fireball parametrizations
might oversimplify the real dynamics of a nuclear reac-
tion, and hydrodynamical simulations may not be ap-
plicable to the less hot and dense medium created at
lower collision energies. Furthermore, the creation of
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an equilibrium state of hot and dense matter after quite
short formation times is usually assumed in these models
whereas the results from microscopic investigations indi-
cate the importance of non-equilibrium effects during the
evolution of a heavy-ion collision [38].

Combining a realistic (3+1)-dimensional expansion of
the system with full in-medium spectral functions for the
thermal emission of dileptons is yet an important chal-
lenge for theory. One approach that has proven suc-
cessful in explaining the NA60 results is the investiga-
tion of dilepton production with a hybrid model [39]. It
combines a cascade calculation of the reaction dynam-
ics with thermal emission from an intermediate hydrody-
namic stage. However, as all hydro-approaches it is only
working properly for sufficiently large collision energies.
Furthermore, the hybrid-approach falls into three differ-
ent stages, a pre-hydro phase, the hydrodynamic stage
and the transport phase after particlization. An applica-
tion of in-medium spectral functions hereby only applies
for the rather short hydro stage.

For the study presented in this paper we follow an
approach which uses a microscopic description for the
whole evolution of the collision and enables the use of in-
medium spectral functions from thermal quantum-field
theoretical models at all stages. Taking a large num-
ber of events generated with the Ultra-relativistic Quan-
tum Molecular Dynamics (UrQMD) model, we place the
output on a space-time grid and extract the local tem-
perature and baryon chemical potential by averaging en-
ergy and baryon density over the events (i.e., we “coarse-
grain” the microscopic results) which allows for the cal-
culation of local thermal dilepton emission. This ansatz
was previously proposed and used to calculate hadron,
dilepton and photon spectra [40]. For the present work
we modify the approach to include also the very initial
stage of the reaction (which was separately treated in the
cited work) and account for non-equilibrium effects with
respect to the pion dynamics. Additionally we include
non-thermal contributions to really cover the whole evo-
lution of the nucleus-nucleus reaction.

This paper is structured as follows. In Section II the
coarse-graining approach is described in detail and the
different contributions to the dilepton emission included
in the model are introduced. Subsequently we present
the results for the space-time evolution of the nuclear re-
action in Section III A followed by the dilepton invariant-
mass and transverse-momentum spectra, which we com-
pare to the experimental results in III B. Finally, in Sec-
tion IV a summary and an outlook on further studies is
given.

II. THE MODEL

A. The coarse-graining approach

The underlying input for our calculations stems from
the Ultra-relativistic Quantum Molecular Dynamics Ap-

proach (UrQMD) [18, 19, 41, 42]. It is a non-equilibrium
transport approach that includes all hadronic resonance
states up to a mass of 2.2 GeV and constitutes an effec-
tive solution of the relativistic Boltzmann equation. A
heavy-ion collision is simulated such that all hadrons are
propagated on classical trajectories in combination with
elastic and inelastic binary scatterings and resonance de-
cays. At higher energies, string excitation is possible as
well. The model has been checked to describe hadronic
observables up to RHIC energies with good accuracy [41].
For the further investigations we use the UrQMD output
in time steps. This provides positions, momenta, and en-
ergies of all particles and resonances at that specific mo-
ment in time. The size of each time step for the present
calculations is chosen as ∆t = 0.2 fm/c.

In the UrQMD model, the particle distribution func-
tion of all hadrons is given by an ensemble of point parti-
cles, which at time t are defined by their positions ~xh and
momenta ~ph. Each particle’s contribution to the phase-
space density is then defined as

δ(3)(~x− ~xh(t))δ(3)(~p− ~ph(t)). (1)

With a sufficiently large number of events the distribu-
tion function f(~x, ~p, t) takes a smooth form

f(~x, ~p, t) =

〈∑

h

δ(3)(~x− ~xh(t))δ(3)(~p− ~ph(t))

〉
. (2)

Hereby, the ensemble average 〈·〉 is taken over simu-
lated events. As the UrQMD model constitutes a non-
equilibrium approach, the equilibrium quantities have to
be extracted locally at each space-time point. In conse-
quence we set up a grid of small space-time cells with a
spatial extension ∆x of 0.8 fm and average the UrQMD
output for each cell on that grid. One can then deter-
mine the energy-momentum tensor Tµν and the baryon
four-flow according to the following expressions:

Tµν =

∫
d3p

pµpν
p0

f(~x, ~p, t)

=
1

∆V

〈
Nh∈∆V∑

i=1

piµ · piν
pi0

〉
, (3)

jB
µ =

∫
d3p

pµ
p0
fB(~x, ~p, t)

=
1

∆V

〈NB/B̄∈∆V∑

i=1

±p
i
µ

pi0

〉
.

(4)

For the net-baryon flow in (4) only the distribution func-
tion of baryons and anti-baryons fB(~x, ~p, t) is considered,
excluding all mesons. Each anti-baryon hereby gives a
negative contribution to jB

µ . On the contrary, the distri-
bution function for all hadrons in the cell enters in Tµν .

According to Eckart’s definition [43] the local rest-
frame (LRF) is tied to conserved charges, in our case the
net-baryon number. Consequently one has to perform a
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Lorentz transformation into the frame, where ~jB = 0.
The unit vector in direction of the baryon flow takes the
form

uµ =
jµ

(jνjν)1/2
= (γ, γ~v), (5)

where uµu
µ = 1. With this, the rest-frame values for the

baryon and energy density are obtained by

ρB = jµu
µ = j0

LRF, (6)

ε = uµT
µνuν = T 00

LRF. (7)

B. Equilibration and thermal properties of the cells

For the case of a fully equilibrated ideal fluid the
energy-momentum tensor would be completely diagonal
in the local rest-frame. An important question is to which
extent equilibrium is obtained in the present approach
and how one can deal with deviations from it.

In macroscopic descriptions of nuclear reaction dynam-
ics local equilibrium is usually introduced as an ad-hoc
assumption. (In fireball models, one even assumes a glob-
ally equilibrated system). The equilibration of the sys-
tem is generally assumed to be very fast (on the scale of
1-2 fm/c), after an initial phase. In contrast, no such hy-
pothesis is made within transport approaches, where only
the microscopic interactions between the constituent par-
ticles of the medium are described. Furthermore, these
approaches implicitly include effects as e.g. viscosities or
heat conduction and do not fully account for detailed bal-
ance. Consequently, non-equilibrium is the normal case
at any stage of the collision. On the other hand, to calcu-
late thermal emission rates for dileptons from many-body
quantum-field theoretical models, it is necessary know
the temperature and baryochemical potential which are
by definition equilibrium properties. But when extract-
ing thermodynamic properties from a transport model
one has to deal with the problem that many cells are not
found in equilibrium. As the coarse-graining approach
aims to treat the entire space-time evolution of the colli-
sion, this case has to be handled with special care.

Ideally, if complete local equilibrium is achieved, then
in each cell the momentum spectrum and the particle
abundances should follow a Maxwell-Jüttner-distribution

feq(p,mi) = exp

(
−
√
p2 +m2

i − µ
T

)
, (8)

with µ being the chemical potentials for the conserved
quantities and T being the temperature. Unfortunately,
most of the time this ideal case is not realized during the
evolution in the present classical transport simulation.
For the present investigation however, the following cri-
teria are more relevant, because they allow to include the
deviations from equilibrium.

Using the momentum-space anisotropy to character-
ize the local kinetic equilibrium, one observes from Fig.

2 that kinetic equilibrium may only be reached after 10
fm/c (see also section III A). The question arises, whether
the larger anisotropies of the momentum distribution be-
fore 10 fm/c affect the extracted energy densities that are
of relevance for our studies. We overcome this problem
by employing an anisotropic energy-momentum tensor
for the extraction of the energy density, as detailed be-
low. The approach to local chemical equilibrium is more
difficult to quantify. Approximate chemical equilibrium
may also only be reached towards the end of the reac-
tion. Here we take the chemical off-equilibrium situation
into account by extracting a pion chemical potential and
employing corresponding fugacity factors.

The findings of the present work are in line with pre-
vious detailed studies comparing the particle yields and
spectra of the UrQMD transport approach at different
times with those of the statistical model [44–46] which
showed that it takes roughly 10 fm/c until local kinetic
and chemical equilibrium is approximately reached for
nucleus-nucleus collisions at SPS energies [38, 47, 48].

In summary, to account for the non-equilibrium ef-
fects in the present study, which obviously dominate
large parts of the evolution, we will use the following
scheme: One (i) considers the pressure (respectively mo-
mentum) anisotropies in each cell and applies an ap-
proach developed for anisotropic hydrodynamics to ex-
tract the effective energy density which is used for all fur-
ther considerations, (ii) introduces an EoS assuming ther-
mal and chemical equilibrium and (iii) finally extracts a
pion chemical potential µπ which is the non-equilibrium
effect with the largest impact on the thermal dilepton
rates. These aspects will be considered in detail in the
following. However, note that step (i) only accounts for
deviations from the purely kinetic condition of isotropic
momentum distributions and (iii) accounts for the chem-
ical off-equilibrium of the pions only. Besides, when ap-
plying the EoS, kinetic and chemical equilibrium in the
end remain an assumption here as in any macroscopic
approach.

1. Kinetic anisotropies

When considering the kinetic properties of the sys-
tem, one finds that the underlying transport approach
in parts depicts large deviations from pressure isotropy.
This is especially important for the early stages of the
reaction due to the large initial longitudinal momenta
carried by the nucleons of the two nuclei traversing each
other. In consequence, the longitudinal pressure is much
higher than the transverse pressure. To handle this ki-
netic off-equilibrium situation, a description developed
for anisotropic hydrodynamics is employed [49] which al-
lows for differing longitudinal and transverse pressures.
In this case the energy-momentum tensor takes the form

Tµν = (ε+ P⊥)uµuν − P⊥ gµν − (P⊥ − P‖)vµvν . (9)
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Here ε is the energy density, P⊥ and P‖ are the pressures
perpendicular and in direction of the beam, respectively;
uµ is the fluid four-velocity and vµ the four-vector of
the beam direction. To define realistic values for energy
density ε and pressure P in the energy-momentum tensor
we introduce an anisotropy parameter

x = (P‖/P⊥)3/4 (10)

and apply a generalized equation of state [50] according
to the following relations

εreal = ε/r(x), (11)

Preal = P⊥/[r(x) + 3xr′(x)], (12)

Preal = P‖/[r(x)− 6xr′(x)]. (13)

The relaxation function r(x), with its derivative r′(x),
characterizes the properties of a system which exhibits a
Boltzmann-like pressure anisotropy. It is given by

r(x) =





x−1/3

2

(
1 + x artanh

√
1−x√

1−x

)
for x ≤ 1

x−1/3

2

(
1 + x arctan

√
x−1√

x−1

)
for x ≥ 1

. (14)

With this procedure one can translate the anisotropic
momentum distribution into a local-equilibrium descrip-
tion that gives a realistic value of ε for our further calcula-
tions. This effective model to account for the anisotropic
pressure of the cell properties allows to treat the early
stage of the reaction in the same way as at later times,
when a local kinetic equilibration of the system has set
in. However, large differences between the “regular” en-
ergy density ε = T 00 and the effective density εreal only
show up for the first few fm/c of the evolution of the nu-
clear reaction. After that time we find the longitudinal
and perpendicular pressures being of at least the same
order of magnitude and εreal ≈ ε, i.e., no significant de-
viations from the assumption of isotropic momentum dis-
tributions (for details see Section III A and [38]). For all
further studies we assume that εreal represents the energy
density of the cell.

2. Equation of state

Having determined the rest-frame energy and baryon
density, an equation of state (EoS) is needed as addi-
tional input to calculate the temperature T and baryo-
chemical potential µB for each cell. As the actual EoS
for QCD matter is still not completely determined, this
is an uncertainty within the calculation. For the present
study we use a hadron-gas EoS with vacuum masses and
without mean-field potentials (HG-EoS) [51, 52] follow-
ing from hadronic chiral model calculations [53, 54]. The
included hadrons agree with the degrees of freedom in
UrQMD. However, this approach does not account for
a phase transition to a deconfined phase as it is neither
implemented in UrQMD nor in the hadron gas EoS. For
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FIG. 1. (Color online) Comparison of the two equations
of state used in our model, the hadron gas EoS [51] with
UrQMD-like degrees of freedom (black line) and the Lattice
EoS [55] to model the deconfined phase (blue line). We show
the temperature dependence on the energy density (in units
of normal nuclear-matter density, ε0). While for the Lattice
EoS µB = 0 intrinsically, we set the chemical potential to zero
as well for the hadron gas EoS for reasons of comparison.

heavy-ion collisions at SPS energies, where we find ini-
tial temperatures significantly above the expected criti-
cal temperature Tc, it will be also important to consider
dilepton emission from cells with such high temperatures
during the evolution of the medium. Therefore, we sup-
plement the hadron-gas EoS with a partonic equation of
state [55] which is obtained from a fit to lattice-QCD
data of the form

ε/T 4 =
c · (1 + e−a/b)

1 + e(Tc/T−a)/b
· eλTc/T , (15)

with fit parameters a = 0.9979, b = 0.1163, c = 16.04157
and λ = 0.1773 and critical temperature Tc = 170 MeV.
To ensure a smooth transition between the two EoS with-
out any jumps in temperature (i.e., to avoid discontinu-
ities in the evolution), the values of T from the lattice
EoS are matched with the HG-EoS in the temperature
range from 150-170 MeV and exclusively used above Tc.

In Figure 1 a comparison of the relation between tem-
perature and energy density is shown for the two equa-
tions of state used in the model. The hadron-gas EoS
is represented by the black line and the lattice EoS by
the blue dashed line. While for the lattice EoS µB = 0 is
valid intrinsically, the baryon density and in consequence
the chemical potential are set to zero in this plot for the
hadron gas EoS for reasons of comparison. However, the
rather moderate baryon chemical potential found at top
SPS energy does not have a large impact on the rela-
tion between energy density and temperature and gives
rise to a deviation from the curve for ρB = µB = 0 of
at maximum a few MeV. As observed from Fig. 1, both
equations of state agree very well up to an energy density
of roughly 15ε0, which corresponds to a temperature of
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200 MeV. This implies that both EoS are dual in the re-
gion around the phase transition, guaranteeing a smooth
cross-over transition when changing from the QGP EoS
to the hadron-gas EoS across the phase transition.

The parametrization of the Rapp-Wambach spectral
function [56], which will be used in this study for con-
venient and reliable application, is constructed such that
the presence of baryonic matter enters via a dependence
on an effective baryon density

ρeff = ρN + ρN̄ + 0.5 (ρB∗ + ρB̄∗) . (16)

It includes nucleons and excited baryons as well as their
anti-particles. The reason not to take µB is that the
interaction between the ρ and a baryon is the same as
with an anti-baryon, i.e., it is not the net-baryon number
that affects the electromagnetic current-current correla-
tion function but the sum of baryons and anti-baryons.
In our approach, we calculate the value of ρeff not via the
EoS but directly from the cell’s rest-frame.

3. Pion chemical potential

In full chemical equilibrium all meson chemical poten-
tials are zero since the meson number is not a conserved
quantity. When applying the EoS as described above, the
explicit assumption is that in each cell we find a ther-
mally and chemically equilibrated system. However, it
has been shown that in transport models during the ini-
tial non-equilibrium stage – which is dominated by high
energy densities – an over-dense pionic system is created
and remains for significant time-scales due to the long re-
laxation time of pions [57, 58]. This is mainly caused by
initial string fragmentation and resonances decaying into
more than two final particles (e.g. ω → 3π) for which the
back-reaction channel is not implemented. Also macro-
scopic approaches find non-zero µπ after the number of
pions is fixed at the chemical freeze-out but the system
further cools down and expands [59]. The appearance of
a finite µπ has a large effect on the creation of ρ mesons
and therefore on the thermal dilepton emission (see sec-
tion II C). Therefore, though in general assuming chemi-
cal equilibrium, we exclude the pions from this assump-
tion and extract a pion chemical potential in each cell via
a Boltzmann approximation. The according relation for
a relativistic gas is given by [60]

µπ = T · ln
(

2π2nπ

gπTm2K2

(
m
T

)
)
, (17)

with the pion density nπ in the cell, the pion degeneracy
gπ = 3, and the Bessel function of the second kind, K2.
Other meson chemical potentials as, e.g., a kaon chemical
potential are not considered in the present study, as the
dependence of the ρ spectral function with regard to µK
is negligible.

C. Dilepton emission rates

By assuming that the cells in our (3+1)-dimensional
space-time grid are in local equilibrium (except for the
finite µπ) we can calculate the thermal emission from
these cells. The dilepton emission is related to the imag-
inary part of the electromagnetic current-current corre-

lation function [61, 62], Im Π
(ret)
em . The full expression

for the dilepton emission rate per four-volume and four-
momentum from a heat bath at temperature T and chem-
ical potential µB takes the form [32]

dNll
d4xd4q

=− α2
emL(M)

π3M2
fB(q · U ;T )

× Im Π(ret)
em (M,~q;µB , T ),

(18)

where fB denotes the Bose-distribution function and L
the lepton phase-space factor,

L(M) =

√
1− 4m2

µ

M2

(
1 +

2m2
µ

M2

)
, (19)

which reaches 1 rapidly above the threshold, given by
twice the lepton mass.

To calculate invariant-mass spectra from equation (18)
we integrate over four-volume and three-momentum

dNll
dM

=

∫
d4x

Md3~p

p0

dNll
d4xd4p

(20)

In our case the integration over the four-volume simply
reduces to a multiplication of the cell’s four-volume.

1. Thermal ρ emission

There exist several approaches to calculate the in-
medium spectral functions, e.g., by using empirical scat-
tering amplitudes [63]. Here the ρ spectral function from
hadronic many-body calculations by Rapp and Wambach
[64] is used, which has proven a good agreement with
experimental results at CERN-SPS and RHIC energies
in previous studies [14, 15, 32]. In this approach, the
hadronic part of the electromagnetic current-current cor-
relator is saturated by light vector mesons according to
the Vector Dominance Model (VDM). The correlator is
hereby related to the ρ spectral function, respectively the
propagator, as

Im Π(ret)
em =

(m
(0)
ρ )4

g2
ρ

ImD(ret)
ρ . (21)

To determine the propagator, several contributions to the
self-energy have to be considered, i.e., in this case the
meson gas (ΣρM ) and nuclear matter effects (ΣρB) as
well as the in-medium ρππ width (Σρππ). This results in

Dρ =
1

M2 − (m
(0)
ρ )2 − Σρππ − ΣρM − ΣρB

. (22)
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For the present study we use a parametrization of the
Rapp-Wambach spectral function [56] that has been
checked against the full spectral function and proven to
agree well, with a maximal deviation of up to 15% in the
mass region around 0.4 GeV.

To arrive at the final yield Nρ→ll we have to generalize
(18) for a chemical off-equilibrium state with finite pion
chemical potential. It is necessary to include an addi-
tional (squared) fugacity factor, which is in Boltzmann
approximation

z2
π = exp

(
2µπ
T

)
. (23)

The reason for this is that the above expression for the
dilepton emission rate (18) is independent of the hadronic
initial and final states as only chemical potentials of con-
served charges are considered (for which Qi = Qf ). How-
ever, since the pion number Nπ is not a conserved quan-
tity this assumption is no longer correct for µπ 6= 0 which
means that generally Nπ,i −Nπ,f 6= 0.

2. Multi pion emission

While the ρ meson is expected to dominate the dilep-
ton emission in the low invariant mass range up to
M = 1 GeV, a continuum starts to develop above, and
multi-pion interactions will contribute at higher masses.

As detailed in [65], the vector correlator at finite tem-
perature takes the form

ΠV
µν(p, T ) = (1− ε)ΠV

µν(p, 0) + εΠA
µν(p, 0) (24)

with the mixing parameter ε = T 2/(6F 2
π ) (Fπ: pion-

decay constant). In this paper, we follow the same ap-
proach as presented in [14, 15], using

ΠV (p) =(1− ε)z4
πΠvac

V,4π +
ε

2
z3
πΠvac

A,3π

+
ε

2
(z4
π + z5

π)Πvac
A,5π

(25)

according to vector/axial-vector correlators from tau-
decay data provided by ALEPH [66]. The pion chem-
ical potentials are implemented via the fugacity factor
zπ. The two-pion piece, as well as the three-pion piece
corresponding to the a1 decay, a1 → π + ρ, have been
excluded as they are already included via the ρ spectral
function.

3. Quark-gluon plasma emission

The dilepton emission from the quark-gluon plasma
has been considered to be one of the most promising
probes for the formation of a deconfined phase. In such
a QGP phase, a quark can annihilate with an anti-quark
into a dilepton pair (via a virtual photon).
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Anisotropy parameter x
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FIG. 2. (Color online) Longitudinal and transverse pres-
sure for the central cell, as well as the anisotropy parameter
x = (P‖/P⊥)3/4 and the relaxation function r(x) as defined
in equation (14).

Here we use a corresponding spectral function extrap-
olated from lattice QCD correlators for three-momentum
~q = 0 [67] and with a light-like limit, consistent with the
leading order αs photon production rate [32]. The emis-
sion rate per four-volume and four-momentum takes the
form

dNll
d4xd4p

=
α2

em

6π3

∑

q

e2
q

ρV(p0, ~p, T )

(p2
0 − ~p2)(ep0/T − 1)

, (26)

where ρV denotes the vector spectral function. The cur-
rent calculation assumes that the chemical potential is
zero in the deconfined phase, i.e., that the quark and
anti-quark distributions are equal.

For comparison also the pure perturbative quark-gluon
plasma contribution is calculated. The rate has been
evaluated for lowest order qq̄ annihilation [68] as

dNll
d4xd4p

=
α2
em

4π4

T

p
fB(p0;T )

∑

q

e2
q

× ln
(x− + y) (x+ + exp[−µq/T ])

(x+ + y) (x− + exp[−µq/T ])

(27)

with the expressions x± = exp[−(p0 ± p)/2T ] and y =
exp[−(p0 + µq)/T ]. Again, the quark chemical potential
µq is zero for our considerations.

4. Non-thermal ρ emission

In addition to the thermal contribution, we also have
to handle those cells where (i) the temperature is lower
than 50 MeV (late stage), i.e., where it is not reasonable
to assume a thermal emission and (ii) with no baryon
but only meson content (in these cells the density is usu-
ally also quite low) which inhibits a determination of a
local rest frame according to the Eckart description and
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FIG. 3. (Color online) Transverse (a) and longitudinal (b) profiles of the energy density ε and the baryon density ρB. The
left plot shows the dependence of ε and ρB on the position along the x-axis, with y and z coordinates fixed to 0. The right
plot shows the dependence along the z-axis (i.e., along the beam axis) with x = y = 0. The results are presented in units of
the normal nuclear-matter densities, ε0 and ρ0.

in consequence one can not determine T and µB in this
way. In these cases we directly take the ρ0 mesons from
the UrQMD calculations. Within the transport approach
they are mainly produced either via decay of heavy res-
onances (e.g. N∗1520 → ρN) or the reaction ππ → ρ.
Production via strings is possible as well. For these ρ0

mesons we apply a shining procedure that is convention-
ally used to calculate dilepton emission from a transport
approach [69].

The mass-dependent width for the direct decay of a ρ0

meson to a dilepton pair is expressed according to [70]

ΓV→ll(M) =
ΓV→ll(mρ)

mρ

m4
ρ

M3
· L(M), (28)

with the partial decay width at the ρ-pole mass
Γρ→ll(mρ); L(M) denotes the lepton phase-space factor
(19).

The according dilepton yield is then obtained by sum-
ming over all ρ0 mesons from the low temperature cells,

dNll
dM

=
∆Nll
∆M

=

N∆M∑

i=1

Nρ∑

j=1

∆t

γρ

Γρ→ll(M)

∆M
. (29)

Here Γρ→ll(M) is the electromagnetic decay width of the
considered resonance defined in (28) and ∆t is the length
of a time step within our calculation. The factor γ−1

ρ

is introduced to account for the fact that the ρ meson
lives longer in the center of mass system of the UrQMD
calculation than in its rest frame in which the shining is
applied (relativistic time dilation).

Note that we use the shining procedure only for cells
for which we do not calculate the thermal emission, in
consequence we avoid any form of double-counting.

III. RESULTS

The following calculations were performed with the
coarse-graining approach as described above. To com-
pare our results with the data recorded by the NA60
Collaboration, an input of 1000 UrQMD events with
a random impact-parameter distribution restricted to
b < 8.5 fm has been used, which corresponds to a value
of 〈dNch/dη〉 ≈ 119 in one unit of rapidity around mid-
rapidity in the center-of-mass frame. This is very close to
the value of 〈dNch/dη〉exp = 120 which NA60 measured
within their acceptance.

Note that several coarse-graining runs with different
UrQMD events as input had to be performed to obtain
enough statistics, especially for the non-thermal ρ con-
tribution.

A. Space-time evolution

As dileptons are radiated over the whole space-time
evolution of the nuclear reaction, it is important to model
the dynamics as realistically as possible. When study-
ing the electromagnetic radiation from the hot and dense
phase of heavy-ion collisions, the thermodynamic proper-
ties of the fireball are the main input for the calculations.

We first investigate the anisotropic situation at the be-
ginning of the collision. Figure 2 shows – for the cen-
tral cell at the origin of our grid – the time evolution
of the longitudinal and transverse pressure, P‖ and P⊥,
together with the anisotropy parameter, x, and the re-
laxation function, r(x), as defined in Eqs. (10) and (14).
As one expects, the first time steps are characterized by
high values of P‖ while P⊥ is rather negligible first but in-
creases significantly later. Both quantities initially differ
by three orders of magnitude. In the course of the evolu-
tion the values are approaching each other and become
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FIG. 4. (Color online) Left panel (a): Time evolution of the baryon density ρB (short dashed) and energy density ε (long
dashed) for the cell at the center of the coarse-graining grid (x = y = z = 0). The results are given in units of the ground-state
densities ε0 and ρ0. Right panel (b): Time evolution of the temperature T (red dash-dotted), baryon chemical potential µB

(green short dashed) and the pion chemical potential µπ (blue dotted) in the central cell. The thin grey line indicates the
transition from the Lattice EoS to the Hadron Gas EoS at the transition temperature of T = 170 MeV.

equal around t = 2 fm/c. But they do not remain equal at
later times but the perpendicular pressure then exceeds
the longitudinal one by a factor 3-5 in the further devel-
opment until they finally equalize around t = 10 fm/c.
This finding agrees with previous studies of the kinetic
equilibration within the UrQMD model [38]. When con-
sidering the influence of the pressure anisotropy on the
local thermodynamic properties one has to bear in mind
that according to (11) the realistic energy density in the
cell is determined by the relaxation function r(x). Its
value drops rapidly from an initial value of 10 (i.e. the
realistic isotropized energy density is here only 10% of
the actual energy density in the cell) to 1 at t = 2 fm/c
and remains on that level. In consequence, the anisotropy
does not significantly influence the thermodynamic prop-
erties in the cell after 2 fm/c.

The transverse and the longitudinal profiles of the en-
ergy density ε and the baryon density ρB are presented
in Figure 3. The left plot (a) shows the distribution of
ρ and ε in dependence on the position along the x-axis
whereas y = z = 0 and the right plot (b) shows the de-
pendence on the z-position (i.e. along the beam axis)
with x = y = 0. The results are plotted for three dif-
ferent time steps, at 1, 3 and 5 fm/c after the beginning
of the collision. (Note that the results for t = 3 fm/c
and 5 fm/c are scaled up for better comparability.) The
shape of the transverse profile looks almost identical at
all times with a clear peak at x = 0, which is falling
off smoothly on both sides at the more peripheral and
less dense regions where consequently also less energy is
deposited. However, both energy and baryon density de-
crease clearly in the course of time due to the expansion
of the system. This expansion can directly be seen in the
longitudinal profile on the right side. On the one hand,
we see one clear peak structure at t = 1 fm/c when the
two nuclei still mostly overlap. However, at t = 3 fm/c

and 5 fm/c we observe a double-peak structure with max-
ima that sheer off from each other. A region of high ε
and ρB is created in between when the two nuclei have
traversed each other. Stopping effects have produced this
hot and dense zone, whereas some remnants of the nu-
clei still fly apart with high velocity. As we can see
from these profiles, the highest initial baryon and energy
densities should be expected at the origin of our grid in
the center of the collision. Indeed the time evolution of
ε and ρ in Figure 4 (a) shows a rapid rise up to baryon
and energy densities of 20 times respectively 100 times
the ground state densities. The maxima are reached at
a time of about 1.2 fm/c after the beginning of the col-
lision and in the following the densities decrease again
– first rapidly, then slower again. After application of
the equation of state we observe a similar behavior for
the time dependence of the temperature, with values of
up to 300 MeV. It is important to bear in mind that we
apply two different EoS here, a lattice EoS for temper-
atures above 170 MeV to mimic a Quark-Gluon-Plasma
phase and a Hadron-Gas EoS for lower temperatures. As
we see, a smooth transition in temperature between the
two EoS is obtained around t = 5 fm/c, which one would
have already expected from the fact that the EoS agree
quite well for T < 200 MeV. The baryo-chemical poten-
tial from the hadron gas EoS slowly rises from a value
of 200 MeV at the transition time up to a maximum of
400 MeV in the course of the evolution. This increase is
similar to the findings of [40] and caused by the stronger
relative decline of the energy density compared to the
baryon density. A different behavior can be observed for
the pion chemical potential µπ, which is around 100 MeV
first and then drops to values around 0. This is unlike
the findings of fireball approaches, where particle num-
bers are fixed at a freeze-out and the subsequent cooling
of the system leads to a build-up of a finite pion chemical
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FIG. 5. (Color online) Invariant mass spectra of the dimuon excess yield in In+In collisions at a beam energy of 158AGeV,
for the low-mass region up 1.5 GeV (a) and the intermediate-mass regime up to 2.8 GeV (b). We show the contributions of
the in-medium ρ emission according to the Rapp-Wambach spectral function [56] (blue short dashed), the contribution from
the Quark-Gluon Plasma, i.e., qq̄-annihilation, according to lattice rates [32, 67] (green dashed) and the emission from multi-
pion reactions, taking vector-axial-vector mixing into account [15] (orange dash-dotted). Additionally a non-thermal transport
contribution for the ρ is included in the yield (dark blue dash-dotted). Only left plot: For comparison the thermal ρ without
any baryonic effects, i.e. for ρeff = 0, is shown (violet dash-double-dotted) together with the yield from pure perturbative qq̄-
annihilation rates (green dotted). The results are compared to the experimental data from the NA60 Collaboration [11, 12, 71]

potential. The picture in our transport approach is com-
pletely different, as pions can be produced and absorbed
over the whole evolution in the system.

As we see from the time evolution of the central cell,
the temperature reaches values of 100 MeV even after a
time of 15 fm/c. However, this is a special case and for
most cells the temperature has already dropped beyond
significance before. But in contrast to many approaches
with a fixed lifetime of the fireball, here an underlying
microscopic transport description is applied which takes
into account that some singular cells still reach quite
high temperatures and densities even after the usually
assumed fireball lifetimes. The contribution to the dilep-
ton yield from these few cells is, however, quite negligible.

B. Dilepton spectra

The next step is to investigate how the space-time evo-
lution obtained by coarse-graining the transport simula-
tions is reflected within the resulting dilepton spectra.
It is hereby of particular interest whether and how the
differences in the reaction dynamics as compared to the
fireball parametrizations will be reflected in the µ+µ−-
distributions as measurable in experiment (and whether
one by this can discriminate between different scenarios
of the fireball evolution).

In Figure 5 the resulting dimuon invariant-mass spec-
tra from the coarse-graining calculations are compared
to data from the NA60 Collaboration. There the dimuon
excess yield in In+In collisions at a beam energy of
Elab = 158AGeV with 〈dNch/dη〉 = 120 is shown, for
the low-mass region up to M = 1.5 GeV (a) and the

intermediate-mass regime up to 2.8 GeV (b). We show
the contributions of the in-medium ρ emission, from the
quark-gluon plasma, i.e., qq̄-annihilation, and the emis-
sion from multi-pion reactions, taking vector-axial-vector
mixing into account. The dilepton emission due to de-
cays of ρ mesons from the low-temperature cells is in-
cluded as well, but in the full pt-integrated spectrum it
is rather negligible compared to the other contributions.
Comparison with the experimental data from the NA60
Collaboration [11, 71] shows a very good agreement of
our theoretical result with their measurement. Only a
slight tendency to underestimate the data in the invari-
ant mass region from 0.2 to 0.4 GeV and a minor excess
above the data in the pole region is observed. As the
low-mass enhancement and the melting of the peak at
the pole mass are mainly caused by the baryonic effects
on the ρ meson spectral function and very sensitive to
the presence of baryons and anti-baryons, this might be
due to the fact that the baryon densities (respectively
the baryon chemical potential) are still slightly too low
in our approach. An additional modification of the spec-
tral shape not considered here may also be caused by the
ω-t-channel exchange. It has been found, however, to
give only a small contribution to the total yield and is
significant only for high transverse momenta [15]. Fur-
thermore, one has to bear in mind as well that there is an
uncertainty of up to 15% around M ≈ 0.4 GeV between
the parametrized spectral function and its full evaluation
from thermal field theory which has been found in a full
comparison between both approaches [56], as mentioned
above. Taking this and the systematic uncertainties of
the experimental data and of the model calculations into
account, we conclude that the approach is fully able to
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FIG. 6. (Color online) Transverse-mass (mt −M) spectra in four different mass bins of the dimuon-excess yield in In+In
collisions at a beam energy of 158AGeV. We have the mass ranges 0.2 GeV < M < 0.4 GeV (a), 0.4 GeV < M < 0.6 GeV (b),
0.6 GeV < M < 0.9 GeV (c) and the highest mass bin with 1.0 GeV < M < 1.4 GeV (d). The different contributions are the
same as in Figure 5. The results are compared to the experimental data from the NA60 Collaboration [72].

describe the total NA60 invariant mass spectrum with
excellent accuracy.

To get an impression of the dominant role of baryon-
induced medium modifications, the thermal ρ contribu-
tion assuming the absence of all baryons and anti-baryons
(i.e., for ρeff = 0) is also shown in Figure 5. In this
case only meson-gas effects have an influence on the
spectral function. Compared to the full in-medium ρ,
it exhibits slightly more strength at the ρ meson’s pole
mass but is significantly below the experimental yield for
M < 0.6 GeV by a factor of 2-5. Clearly, only the inclu-
sion of interactions with baryonic matter can explain the
low-mass dilepton excess, as has been noticed in previous
studies [15].

Comparing the dilepton emission rates obtained from
the lattice and from perturbative qq̄-annihilation, both
rates are identical for masses larger than 0.8 MeV, while
the non-perturbative effects included in the lattice calcu-
lations give rise to a strong increase (up to a factor 3) of
the yield at lower invariant masses. It is notable that the
shape of the slope in the region M > 1.5 GeV is described
with very good accuracy. This is important, as the

hadronic contribution which dominates at lower masses
becomes negligible here, and the yield is dominated by
emission from the QGP phase. The intermediate-mass
region is therefore a good benchmark for a correct de-
scription of the qq̄ emission and allows for a reliable
determination of the space-time averaged temperature
without distortion from blue-shift effects due to flow (as
is the case for effective slopes of pt spectra) [73]. Note,
however, that in contrast to the results from a fireball ap-
proach we here get a slightly larger contribution from the
hadronic domain (ρ and multi-π), whereas in the fireball
approach a more dominant QGP contribution is found,
especially at low masses [15, 73]. This finding strength-
ens the hypothesis of duality between the hadronic and
partonic dilepton emission in the transition temperature
region between both phases [2].

In Figure 6 we present the transverse-mass (mt −M)
spectra in four different mass bins of the dimuon-excess
yield in In+In collisions. The results are shown for
mass bins of 0.2 GeV < M < 0.4 GeV (a), 0.4 GeV <
M < 0.6 GeV (b), 0.6 GeV < M < 0.9 GeV (c), and
1.0 GeV < M < 1.4 GeV (d). The different contributions
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FIG. 7. The invariant mass spectra of the dimuon excess yield in In+In collisions at a beam energy of 158AGeV, for the low-
mass region as in the left plot of Figure 5, but for 6 different pt-bins ranging from pt = 0 to 1.2 GeV. The different contributions
are the same as in Figures 5 and 6. The results are compared to the experimental data from the NA60 Collaboration [11].

are the same as in Figure 5. Comparison to the NA60
results [72] shows again a very good agreement. The cal-
culations are in almost all cases within the error bars of
the experimental data. Interesting is the dominance of
the different contributions in certain transverse-mass re-
spectively -momentum ranges. While the in-medium ρ
dominates the spectra at low mt for all but the highest
mass bin, the QGP and the non-thermal ρ do not signif-
icantly contribute at low mt but their relative strength

increases when going to higher transverse mass.

Besides the invariant-mass and the transverse-mass
spectra, we also studied the former as resolved in dif-
ferent pt-slices. This analysis is of special interest as the-
oretical studies show that the medium modifications of
the ρ spectral function depend strongly on the momen-
tum. While a significant change of the spectral shape
is predicted based on constraints from vacuum scatter-
ing and decay data at low momenta, this effect should
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FIG. 8. Same as in Figure 7, but for higher pt-bins ranging from pt = 1.2 to 2.4 GeV. The different contributions are the
same as in Figures 5 and 6. The results are compared to the experimental data from the NA60 Collaboration [11].

become less and less significant for higher momenta [6].
The resulting invariant mass spectra are shown in Figures
7 and 8, with 12 different plots representing the different
pt-bins with a width of ∆pt = 200 MeV, ranging from
the lowest values 0.0 ≤ pt ≤ 0.2 GeV up to the highest
transverse momentum bin with 2.2 GeV ≤ pt ≤ 2.4 GeV.
Our calculations once again agree with the data and es-
pecially show the clear momentum dependence of the ρ
contribution in the region below the meson’s pole mass.
While for the lowest pt-bin the yield in the mass range

from 0.2 GeV to 0.4 GeV exceeds even the yield at the
pole mass, this excess becomes increasingly smaller when
we go to higher transverse momenta. For the highest pt-
bin the shape of the ρ in the invariant mass spectrum
looks almost as in the vacuum. Besides, the relative con-
tribution from the non-thermal transport ρ is increasing
when going to higher transverse momentum. It is in ad-
dition noteworthy that also the non-thermal ρ, for which
no explicit in-medium modifications are implemented in
UrQMD, shows dynamically some pt-dependence of the
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spectral shape. However, this is not surprising since the
transport model includes effects like resonance excitation,
rescattering or reabsorption that can cause such a mo-
mentum dependent mass distribution, i.e., the spectral
properties of the transport ρ include some medium ef-
fects and thus differ from those in the vacuum. The very
same microscopic mechanisms, of course, also cause the
medium modifications of the spectral functions within
the thermal quantum-field theoretical models.

Yet, for pt greater than 1.2 GeV the yield in the pole
mass region of the ρ meson, i.e. at M ≈ 770 MeV, is
still not described fully. The experimental data show a
more prominent and sharper peak structure than we find
within our approach. Some of the ”freeze-out” respec-
tively ”vacuum” ρ contribution might be missing in spite
of including the non-thermal transport ρ.

In general it is interesting to see how the correct de-
scription of all the three different thermal contributions
is necessary to achieve agreement with the data over the
whole transverse momentum range. For example, at the
lowest masses (below 0.4 GeV) the broadened ρ delivers
the significant contribution for low pt, while at higher
pt the emission from the deconfined phase dominates
at these masses. This is another good benchmark that
shows that we obviously describe the thermal emission
quite realistically. Nevertheless, one also has to stress
that the results for the total dilepton spectra obtained in
the present study agree with the studies performed with
fireball parametrizations, though the space-time evolu-
tion shows significant differences between the two models.
This indicates that the time-integral nature of dilepton
spectra to a large extent disguises the details of the re-
action dynamics by averaging over volume and lifetime.

IV. CONCLUSIONS & OUTLOOK

In this paper we have presented a coarse-graining ap-
proach to the calculation of dilepton production in heavy-
ion collisions. Using an ensemble of several events from
transport calculations with the UrQMD model, we put
the output on a space-time grid of small cells. By av-
eraging the particle distribution in each cell over a large
number of events and going into the local rest frame we
can calculate the energy and baryon density and con-
sequently temperature and chemical potential by intro-
ducing an equation of state. When the thermodynamic
properties of the cell are known the corresponding ther-
mal dilepton emission rates can be determined. With
this procedure it is aimed to achieve a more realistic de-
scription of dilepton production in heavy-ion collisions.
Since a complete non-equilibrium treatment of medium
modifications is an extremely difficult task, the coarse-
graining approach is intended as a compromise to apply
in-medium spectral functions in combination with a mi-
croscopic description of the bulk evolution of a heavy-ion
collision.

The agreement between our results for thermal dilep-

ton invariant- and transverse-mass spectra and the exper-
imental findings of the NA60 collaboration is very good.
The coarse-graining study also confirms previous calcu-
lations with the same spectral function within a fireball
approach [14, 15, 73]. However, it is remarkable that in
spite of differences in the dynamics of the reaction, the
final results are so similar in both approaches. The main
distinctions are, in summary:

(i) The rise of large chemical potentials in the earlier
stages of the reaction within the coarse-graining ap-
proach, while in the fireball model a finite µπ shows
up after the freeze-out.

(ii) A larger fraction of QGP dilepton contribution is
found in the fireball model while we get less QGP
and more hadronic emission when coarse-graining
the microscopic dynamics.

(iii) The lifetime of the hot and dense system is about
7 fm/c in the fireball parametrization while we still
find thermal emission even after much longer time
of 15 fm/c in the present study. Note hereby that
for the latter case T , µB (respectively ρeff) and µπ
are determined locally whereas the fireball model
assumes global thermal equilibrium.

The obvious explanation for the agreement is that the
dilepton spectra are only time-integrated results and
therefore less significant with regard to the very details
of the reaction evolution but rather the global scale of
the dynamics, i.e., one is mainly sensitive to the average
thermal properties of the system. The high-mass tail of
the invariant mass spectrum, which is clearly dominated
by the QGP emission (i.e. for M > 1.5 GeV) is a good
example for this. It reflects the true average temperature
of the source (without blue shifts as in the photon case)
and was found to be roughly 205 MeV in fireball mod-
els. Looking at the details, one finds however that the
QGP yield for very high masses over 2.5 MeV is larger
in the coarse-graining, but the overall slope of the par-
tonic emission is flatter so that the differences between
the two approaches show up especially at lower masses.
This can be explained by the fact that we have some
very hot cells with temperatures above 300 MeV pop-
ulating the yield at very high masses, while the initial
temperature in the fireball is only 245 MeV. In contrast,
the overall QGP emitting volume is larger in the fireball
model due to the assumption of global equilibrium, while
only a limited number of cells reaches above Tc in the
coarse-graining approach. For lower masses, less QGP
yield is counter-balanced by a larger hadronic contribu-
tion. This is not surprising, because the lower number of
high-temperature cells corresponds to a larger fraction of
low-temperature emission. A more detailed comparison
beyond this will be addressed in a future work. However,
it becomes already clear that there are several aspects
which only show up in their combined effect in the dilep-
ton spectra, so e.g. a smaller volume can be compensated
by a longer lifetime of the fireball.
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Nevertheless, in spite of the insensitivity with regard
to the detailed reaction dynamics, we can also draw some
conclusions by the agreement of the results from the fire-
ball and coarse-graining model:

1. The large influence of baryons on the spectral shape
of the ρ which is clearly responsible for the en-
hancement of the dilepton yield in the mass range
0.2 GeV < Mµµ < 0.6 GeV. The most significant
modifications of the spectral function of the ρ are
found at low momenta, in line with previous exper-
imental and theoretical investigations.

2. Thermal emission from the QGP, at least in parts
for temperatures significantly above the critical
temperature Tc. Without this both models fail to
fully explain the invariant mass spectrum at higher
invariant masses.

3. Especially for the mass region above the ρ me-
son, i.e, for 1 GeV< Mµµ < 2 GeV the results also
strengthen the hypothesis of quark-hadron duality,
i.e., that the thermal emission rates are dual in the
temperature range around the transition temper-
ture between the partonic and the hadronic phase.

For the future the latter two points deserve further in-
vestigation, especially with regard to the transition from
the hadronic to the partonic phase. The present results
show that it will be hard to definitely determine details of
the evolution of the reaction by means of dilepton spec-
tra. But the question whether electromagnetic probes
can give hints for the creation of a QGP phase or whether

duality prohibits to discriminate between hadronic and
partonic emission in the transition region might be clar-
ified in theoretical studies at lower collision energies as,
e.g., covered by the Beam-Energy Scan program at the
Relativistic Heavy Ion Collider (RHIC) and the future
FAIR facility (with Elab = 8− 35 AGeV). But also a full
understanding of the medium modifications of hadron
properties and the possible restoration of chiral symme-
try has not yet been obtained and further theoretical and
experimental studies are desirable, especially exploring
the high-µB region of the QCD phase diagram.

Considering the aspects mentioned above, the fun-
damental applicability of the coarse-graining approach
for all kinds of collision energies opens the possibility
for a broad variety of future investigations. For low-
energy heavy-ion collisions as investigated at the GSI SIS
(HADES) it offers a unique option, since an application
of conventional hydrodynamic or fireball models seems
not reasonable here and microscopic transport models
failed to give an unambiguous explanation of the ob-
served dilepton spectra at low bombarding energies. The
expected high baryon densities in these cases make a de-
tailed study of the thermodynamic properties interesting.
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Dilepton invariant-mass spectra for heavy-ion collisions at SIS 18 and BEVALAC energies are
calculated using a coarse-grained time evolution from the Ultra-relativistic Quantum Molecular Dy-
namics (UrQMD) model. The coarse-graining of the microscopic simulations enables to calculate
thermal dilepton emission rates by application of in-medium spectral functions from equilibrium
quantum-field theoretical calculations. The results show that extremely high baryon chemical po-
tentials dominate the evolution of the created hot and dense fireball. Consequently, a significant
modification of the ρ spectral shape becomes visible in the dilepton invariant-mass spectrum, re-
sulting in an enhancement in the low-mass region Mee = 200 to 600 MeV/c2. This enhancement,
mainly caused by baryonic effects on the ρ spectral shape, can fully describe the experimentally ob-
served excess above the hadronic cocktail contributions in Ar+KCl (Elab = 1.76AGeV) reactions as
measured by the HADES collaboration and also gives a good explanation of the older DLS Ca+Ca
(Elab = 1.04AGeV) data. For the larger Au+Au (Elab = 1.23AGeV) system, we predict an even
stronger excess from our calculations. A systematic comparison of the results for different system
sizes from C+C to Au+Au shows that the thermal dilepton yield increases stronger (∝ A4/3) than
the hadronic background contributions, which scale with A, due to its sensitivity on the time evolu-
tion of the reaction. We stress that the findings of the present work are consistent with our previous
coarse-graining results for the NA60 measurements at top SPS energy. We argue that it is possible
to describe the dilepton results from SIS 18 up to SPS energies by considering the modifications of
the ρ spectral function inside a hot and dense medium within the same model.

PACS numbers: 24.10.Lx, 25.75.Cj
Keywords: Monte Carlo simulations, Dilepton production

I. INTRODUCTION

The study of dilepton production has for long been pro-
posed as a good method to probe the change of hadronic
properties in the hot and dense matter created in heavy-
ion collisions and also as a possible observable for the
creation of a deconfined phase at sufficiently high colli-
sion energies [1–4]. In contrast to the vacuum situation,
a hadron can not only decay in a hot and dense medium
but also interact with the constituents of the medium in
scattering processes and resonance excitation. Many the-
oretical efforts have been undertaken over the last years
to gain a better understanding of the in-medium proper-
ties of vector mesons [5–8]. The behavior of hadrons is of
immanent interest for a full understanding of the phase
structure given by Quantum Chromodynamics (QCD).
One much-discussed aspect here is the change of the sym-
metries of QCD which is expected when going from the
vacuum to finite temperature and finite baryochemical
potential, especially the predicted restoration of chiral
symmetry [9, 10]. Unlike all hadronic observables, which
only provide information on the final freeze-out stage of
the system, dileptons are not subject to strong inter-
actions and consequently escape the fireball unscathed.

∗ endres@th.physik.uni-frankfurt.de

However, this also means that lepton pairs from all stages
of the reaction will reach the detector. Especially for a
theoretical description this is a big challenge, as it de-
mands a realistic description of the whole space-time evo-
lution of the heavy-ion reaction and taking the various
dilepton sources into account.

On the experimental side several groups have under-
taken the challenging task to measure dilepton spectra in
heavy-ion collisions and thereby constrain the theoreti-
cal predictions. At SPS energies the NA60 Collaboration
was able to measure the ρ in-medium spectral function
for the first time, thanks to the high precision of the
measurement [11]. The results were in line with previous
CERES results [12] and found an excess in the invariant
mass range from 0.2 to 0.6 GeV/c2. This excess can be
explained by a broadening of the ρ meson inside the hot
and dense medium with small mass shifts [13–16]. At
RHIC, these investigations were extended to even higher
collision energies with basically the same results except
for less dominant baryonic effects and a larger fraction of
dileptons stemming from the QGP [17, 18].

Still more challenging is the interpretation of the dilep-
ton measurements, which were performed in the low-
energy regime at SIS 18 and BEVALAC. For collision
energies around Elab ≈ 1 − 2AGeV, which will be in
the focus of the present study, the DLS Collaboration
measured a large excess beyond the results of theoreti-
cal microscopic calculations several years ago [19]. This
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disagreement between experiment and theory was called
the “DLS puzzle”. In consequence, it triggered further
experimental and theoretical investigations. Recently,
the HADES experiment confirmed the former DLS re-
sults with a higher precision [20–23]. Although the the-
oretical microscopic models have been largely improved
and extended since this time [24–29], a full and unam-
biguous description of the data has not yet been found.
A satisfying answer is complicated by the fact that at
such low energies a large number of processes contributes
to the dilepton production, for which many parameters
(like cross-sections, branching ratios, etc.) are not well-
known. In addition interference effects are posing serious
problems for transport Monte-Carlo simulations based
on the evolution of phase-space densities. Here future
measurements, for example in pion induced reactions as
conducted by HADES, could give better constraints for
the various parameters and reduce the uncertainty of the
different contributions [30]. In any case, a full descrip-
tion of in-medium effects via off-shell dynamics or multi-
particle interactions at high densities remains a difficult
task, although some investigations on these issues have
been conducted successfully [25, 31–37].

Besides the microscopic transport models, there ex-
ist also macroscopic approaches describing the evolution
of the heavy-ion collision in terms of its thermodynamic
properties. At high collision energies, i.e. at SPS or
RHIC, a thermal calculation of dilepton emission is often
applied, where a fireball expansion or a hydrodynamic
calculation is used to model the bulk evolution of the
system, while the dilepton emission is calculated using
spectral functions at a given T and µB [13, 15, 38–40].
But this approach works only if the collision energy is
high enough. The application at Elab ≈ 1-2AGeV is
hardly reliable.

However, there are no reasons why a macroscopic de-
scription of the reaction dynamics should not be possible
at SIS 18 and BEVALAC energies, provided one can ex-
tract realistic values of energy and baryon density and, in
consequence, temperature and baryochemical potential.
On the contrary, due the the expected high values of the
baryon chemical potential, a study of the thermal proper-
ties of the system and the influence on the spectral shape
of vector mesons might be very instructive. In the present
work we argue that it is possible to obtain realistic values
of T and µB from microscopic calculations, provided one
uses a large ensemble of events and averages over them
(i.e. one ”coarse-grains” the results) to obtain a locally
smooth phase-space distribution. This ansatz, which was
first presented and applied for the calculation of dilep-
ton and photon spectra in [41], constitutes a compromise
between (non-equilibrium) microscopic transport simula-
tions and the calculation of dilepton emission with (equi-
librium) spectral functions.

The same model was described in detail in [16] and
already successfully applied to investigate dilepton pro-
duction at SPS energies [42, 43]. The ansatz is used ba-
sically unchanged for the present low-energy study. The

only important extension is the implementation of the
in-medium spectral function for the ω meson. While for
the NA60 results the cocktail contribution of the ω was
already subtracted from the thermal dilepton spectra, for
comparing our calculations to the experimental HADES
and DLS results a full description of the ω contribution
is required. Furthermore, the high baryon densities and
slow evolution of the system increase the significance of
its medium modifications at the energies considered here.

Note that we focus the present investigation on the
larger systems Ar+KCl and Au+Au, where local ther-
malization can be assumed due to the size of the hot
and dense fireball. For the smaller C+C system, which
was also studied by HADES and DLS (in nearly mini-
mum bias reactions), one finds that the average number
of NN-collisions is so small that the assumption of a local
thermalization is questionable. Furthermore, the exper-
imental results indicate that the C+C dilepton spectra
can be interpreted as the superposition of the underly-
ing p+p and p+n collisions without any significant in-
medium effects [22]. (However, when studying the effect
of the system size on the dilepton production we will
also consider central C+C collisions later on for com-
pleteness.)

This paper is organized as follows. Section II gives an
introduction to the model and an overview of the different
contributions considered for the calculation. Section III
then presents the results for the thermodynamic evolu-
tion of the reaction (Sec. III A) and the resulting dilepton
spectra (Sec. III B), furthermore the effect of the system
size and fireball lifetime on the thermal dilepton yield is
studied (Sec. III C). Finally, conclusions are drawn and
an outlook to future studies is given in section IV.

II. THE MODEL

The full theoretical description of the dilepton spec-
tra requires to consider a large number of different pro-
duction processes. At SIS energies, all dileptons stem
from hadronic sources, in contrast to the situation at
SPS, RHIC or LHC energies, where a significant contri-
bution is assumed to come from qq̄-annihilation in the
quark-gluon plasma [44]. In general one can distinguish
between two different hadronic contributions, such from
long-lived particles (especially π and η mesons) and those
from the short-lived light vector mesons (mainly ρ, but
also ω and φ). The former have a life time which is sig-
nificantly larger than the duration of the hot and dense
stage in a heavy-ion collision. Consequently, almost all
of the decays of the long-lived mesons into lepton pairs
will happen in the vacuum, i.e., no modification of the
spectral shape is expected for those contributions. In
contrast the latter mesons have a short life time and will
therefore decay to a significant amount inside the fireball
and their spectral properties are altered by the medium.

These differences are also significant for our approach.
For the π and η meson contribution it is neither nec-
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essary nor adequate to calculate thermal dilepton emis-
sion. The yields of these hadrons are determined directly
from calculations with the UrQMD transport approach.
For the ρ and the ω, however, we calculate the ther-
mal emission from coarse-grained transport simulations
by application of in-medium spectral functions. Here the
influence of the space-time evolution of the fireball is im-
manent, as the spectral shape will largely depend on the
values of temperature T and baryon chemical potential
µB. Although for the φ some medium-modifications of
the spectral shape are predicted as well, we here skip
a full thermal calculation for the present investigation.
On the one hand, φ production is strongly suppressed
at the low energies considered here and will therefore
hardly give any significant contribution to the invariant
mass spectrum, on the other hand the predicted medium
effects are rather small. Consequently, the φ contribu-
tion is directly extracted from the UrQMD calculations,
as applied for the π and η. At higher invariant dilep-
ton masses, i.e. mainly above 1 GeV/c2, also multi-pion
states in form of broad resonances influence the dilep-
ton production. This contribution is also calculated as
thermal emission.

The underlying model for all our considerations is
the Ultra-relativistic Quantum Molecular Dynamics ap-
proach (UrQMD), which is a non-equilibrium cascade
model [45–48]. It includes all relevant hadronic reso-
nances up to a mass of 2.2 GeV/c2. The model gives
an effective solution to the Boltzmann equation. The
hadrons are propagated on classical trajectories and can
interact in form of elastic and inelastic scatterings. Pro-
duction of new particles via resonance formation (e.g.,
π + π → ρ) or the decay of resonances in form of
∆ → N + π. String excitation is possible for hadron-
hadron collisions with

√
s > 3 GeV but is negligible in

the SIS energy regime considered here.

A. Coarse-Grained Contributions

For the calculation of thermal emission rates by apply-
ing in-medium spectral functions, one needs to extract
the local thermodynamic properties from the UrQMD
simulations. To obtain a phase-space distribution that is
sufficiently smooth in a small volume ∆V around each
point in space-time, we simulate a large ensemble of
events. A grid of space-time cells with ∆x = ∆y = ∆z =
0.7− 0.8 fm and ∆t = 0.6 fm/c is set up and the energy-
momentum tensor Tµν as well as the net-baryon four-flow
jB
µ are determined in each of these cells as

Tµν =

∫
d3p

pµpν

p0
f(~x, ~p, t) =

1

∆V

〈
Nh∈∆V∑

i=1

pµi · pνi
p0
i

〉
,

jµB =

∫
d3p

pµ

p0
fB(~x, ~p, t) =

1

∆V

〈NB/B̄∈∆V∑

i=1

±p
µ
i

p0
i

〉
.

(1)

The rest frame according to Eckart [49] can be found by
performing a Lorentz boost such that the baryon flow
vanishes in the cell, i.e. ~jB = 0. In the Eckart frame we
extract the energy density ε and baryon density ρB as
an input to obtain the temperature T and baryon chem-
ical potential µB by applying an equation of state. At
SIS energies it is sufficient to use a hadron-resonance gas
(HG-EoS) [50]. This HG-EoS includes the same degrees
of freedom as the UrQMD model.

It is important to bear in mind that the procedure as
described above assumes local (isotropic) equilibrium in
the cell. In macroscopic descriptions of heavy-ion col-
lisions kinetic and chemical equilibrium is usually in-
troduced as an ad-hoc assumption. However, we ex-
tract the thermal properties from a transport (i.e. non-
equilibrium) approach which has effects as viscosity and
heat conduction. Although the creation of an approxi-
mately equilibrated stage is usually considered to hap-
pen on extremely short time scales after the beginning
of the collision, it is difficult to prove the creation of
thermal and chemical equilibrium explicitly. Previous
studies comparing UrQMD calculations with the results
from the statistical thermal model showed that it might
take up to 8-10 fm/c before one can assume the sys-
tem to be in approximate kinetic and chemical equilib-
rium on a global scale [51, 52]. For practical reasons we
use the momentum-space anisotropy to characterize to
which degree the local kinetic equilibrium is constituted
in the present study. Here, the coarse-grained micro-
scopic transport calculations show a significant deviation
from equilibrium in form of large pressure differences be-
tween the longitudinal and transverse components of the
energy momentum tensor at the beginning of the reac-
tion: During the first few fm/c the longitudinal pressure
is significantly larger than the transverse pressures, which
is mainly due to the deposition of high longitudinal mo-
menta from the colliding nuclei. It has been suggested
that in this case one can determine realistic values for the
energy density by using a generalized equation of state
[53, 54] where

εreal =
ε

r(x)
. (2)

For a system with Boltzmann-type pressure anisotropies
the relaxation function r(x) takes the form

r(x) =





x−1/3

2

(
1 + x artanh

√
1−x√

1−x

)
for x ≤ 1

x−1/3

2

(
1 + x arctan

√
x−1√

x−1

)
for x ≥ 1

, (3)

where x = (P‖/P⊥)3/4 denotes the pressure anisotropy.
With this result we can extract meaningful energy densi-
ties from the coarse-grained distributions also in the very
early stage of the reaction, as has already been shown in
[16].

With the values of T and µB known for all cells, the
calculation of the thermal dilepton emission is straight-
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forward [7, 55] and takes the form

dNll
d4xd4q

= −α
2
emL(M)

π3M2
fB(q · U ;T )

× Im Π(ret)
em (M,~q;µB , T )

(4)

with the Bose distribution function fB and the lepton
phase-space L(M), while M and q denote the invariant
mass and the momentum of the lepton pair, respectively,
and αem is the electromagnetic coupling constant. The
relevant physical quantity is the retarded electromagnetic

current-current correlator Π
(ret)
em which contains all the in-

formation on the medium effects of the spectral function.
Note that equation (4) is derived for the case of full

chemical equilibrium, which requires all chemical poten-
tials of non-conserved charges to be zero. Similar to the
kinetic anisotropies at the beginning of the reaction, also
deviations from the chemical equilibrium composition of
the system appear at the early stages of transport simu-
lations. Especially an overpopulation of pions is observed
here, which dominates the evolution for a significant pe-
riod of time [56]. The appearance of a finite pion chemical
potential µπ was explained by the large initial production
of pions and their long relaxation time [57, 58]. This is of
particular importance for the present study since a finite
chemical potential µπ was considered to have a significant
influence on the thermal dilepton emission rates by its in-
fluence on the π-ρ interactions [59, 60]. For the present
calculations, we extract the pion chemical potential in
Boltzmann approximation for each cell and consider its
effect on the thermal dilepton emission (i) in form of its
direct influence on the spectral functions and (ii) as ad-
ditional fugacity factor, which will show up in equation
(4) for the chemical non-equilibrium case.

In the following the different thermal contributions
which are considered for the present study are discussed.

1. Thermal ρ and ω Emission

Several approaches for the description of in-medium
effects on vector mesons exist. However, a full description
of the different effects that influence the spectral shape
in a hot and dense medium are highly non-trivial, and
there are only a few calculations that include both the
effects of finite temperature and density. E.g. in Ref. [61]
the in-medium spectral functions were determined using
empirical scattering amplitudes. However, this spectral
function is calculated in low-density approximation for a
weakly interacting pion-nucleon gas and tested only up
to densities of 2ρ0. The application of this approach is
therefore questionable for the situation at SIS energies
where very high net baryon densities are reached.

In the present work a calculation from hadronic many-
body theory [62–65] is applied, which has proven to suc-
cessfully describe the dilepton spectra at SPS and RHIC
energies [14, 66]. In the medium, three different contri-

butions to the self-energy of the ρ are taken into account
here. These are

(a) the modification of the pion cloud of the ρ meson by
particle-hole and ∆-hole excitations in the medium,

(b) scattering with mesons (M = π,K, K̄, ρ) and

(c) scattering with the most abundant baryon resonances
(B = N,∆1232, N

∗
1440, . . . ).

The in-medium propagator consequently takes the form

Dρ =
1

M2 −m2
ρ − Σρππ − ΣρM − ΣρB

. (5)

The ω spectral function [66] is similarly constructed.
However, here the situation is more complicated as the
ω is basically a three-pion state, and the vacuum self en-
ergy is given by decays into ρπ or 3π. The full in-medium
propagator reads

Dω =[M2 −m2
ω + imω (Γ3π + Γρπ + Γωπ→ππ)

− Σωπb1 − ΣωB ]−1.
(6)

It includes the following contributions:

(a) ω → ρπ decays including the corrections from the
medium-modified ρ spectral function,

(b) the direct ω → 3π decays,

(c) ωπ → ππ inelastic scattering,

(d) ωπ → b1 resonance scattering and

(e) ωN → N(1520), N(1650) resonance scattering at an ef-
fective nucleon density ρeff .

To take into account the off-equilibrium of the pions an
additional fugacity factor is introduced in equation (4), as
already explained above. In one-loop approximation, for
the thermal ρ and ω emission one obtains an additional
overall fugacity factor [7]

znπ = enµπ/T . (7)

The exponent n hereby takes the value 2 in case of the
ρ emission and 3 for the ω contribution [13]. The final
yield is then calculated according to

dNe+e−

dM
= ∆x4

∫
d3p

p0

dNe+e−

d4xd4p
znπ . (8)

Note that the four-volume ∆x4 = ∆t∆V of the cell is an
invariant quantity and therefore the same in all reference
frames.

As it is not reasonable or possible to calculate thermal
dilepton emission for all cells (e.g., due to low tempera-
ture) we also include a non-thermal (“freeze-out”) con-
tribution for the ρ and ω meson. Those dileptons are
directly extracted from the UrQMD calculations (for de-
tails see section II B 3).
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2. Multi-π Contribution

Although it is known from previous theoretical in-
vestigations at higher collision energies that the multi-
pion contribution plays a significant role only for masses
greater than 1 GeV/c2, which is mostly beyond the kine-
matic limit of dilepton production at SIS energies, we in-
clude this contribution for completeness. Here the same
description as developed in [13, 14] is applied which uses
chiral reduction techniques for the case of the chiral limit
[67]. This leads to a chiral mixing of the isovector part
of the vector and axial-vector correlators. The isovector-
vector current correlation function takes the form

ΠV (p) =(1− ε)z4
πΠvac

V,4π +
ε

2
z3
πΠvac

A,3π

+
ε

2
(z4
π + z5

π)Πvac
A,5π,

(9)

where ε̂ denotes the mixing parameter which depends on
temperature, critical temperature and the pion chemical
potential. The result is an admixture of three-pion and
five-pion axial-vector pieces on the vector four-pion part.
Once again, as in case of the ρ and ω spectral functions,
the effect of a finite pion chemical potential also enters
in form of a fugacity factor znπ with n = 3, 4, 5 denoting
the pion multiplicity of the corresponding state. Note
that the two-pion and the three-pion piece corresponding
to the decay a1 → ρ + π are already included in the ρ
spectral function and are therefore not considered for the
multi-pion contribution.

B. Transport Contributions

1. π and η Dalitz Decay

The π0 and the η pseudo-scalar mesons can both decay
into a lepton pair via the Dalitz decays

π0 → γ l+l−, η → γ l+l−. (10)

Following the scheme presented in [27], we treat this de-
cay as a two-step process: First the decay of the pseudo-
scalar meson into a photon γ and a virtual photon γ∗

and the following electromagnetic conversion of the γ∗

into a lepton pair [68]. The width of the meson decaying
into a photon and a virtual photon can be related to the
radiative decay width. The full expression then takes the
form

dΓM→γl+l−

dM2
=2ΓM→2γ

(
1− M2

m2
M

)3

× |FMγγ∗(M2)|2 αem
3πM2

L(M).

(11)

With the lepton phase space L(M) and the form factor
FPγγ∗(M2). Here we use the form factors as obtained
from fits to experimental data, which are in very good

agreement with the values as predicted by the Vector
Dominance Model [68]:

Fπ0γγ∗(M2) = 1 + bπ0M2,

Fηγγ∗(M2) =

(
1− M2

Λ2
η

)−2

,
(12)

with bπ0 = 5.5 GeV−2 and Λη = 0.72 GeV. Note that for
this contribution, we only consider those particles from
the final freeze-out of the calculation, neglecting all π
and η which are reabsorbed during the evolution of the
collision.

2. φ Direct Decay

The width for the direct decays of the vector mesons
can be determined via [69]

ΓV→ll(M) =
ΓV→ll(mV )

mV

m4
V

M3
L(M). (13)

For the branching ratio at the meson pole mass
mV we use the value from the particle data group,
Γφ→ee(mV )/Γtot = 2.95 · 10−4 [70].

An important difference compared to the procedure
for the long-lived pseudo-scalar mesons is the assump-
tion that the φ mesons continuously emit dileptons over
their lifetime [71]. That means, we track the time of
production and the decay (or absorption) of the φ and
integrate over the corresponding lifetime in the particle’s
rest frame.

dNll
dM

=
∆Nll
∆M

=

N∆M∑

i=1

Nρ∑

j=1

∫ tf

ti

dt

γV

ΓV→ll(M)

∆M
. (14)

The factor γV is here introduced to account for the rel-
ativistic time dilation in the computational frame com-
pared to the vector mesons rest frame.

This “shining approach” is identical with the assump-
tion of simply having one additional dilepton from each
φ (weighted with the according branching ratio) if there
is no absorption. But inside a dense medium, there is
a significant chance that the particle will not decay but
suffer an inelastic collision. Therefore the probability for
the decay into a dilepton is reduced, and the shining as
described above accounts for this effect [72].

3. Non-thermal ρ and ω

There are two situations, where a thermal calculation
of the dilepton emission from spectral functions becomes
difficult or even unreasonable. Firstly, for cells with no
baryon content, where the Eckart definition of the rest-
frame does not apply (those cells are found in the late
stage of the reaction in very peripheral cells) and sec-
ondly for cells where the temperature is found to be be-
low 50 MeV. In the latter case, when going to such usually
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Figure 1. (Color online) Time evolution of the energy and baryon densities ε and ρ in units of the according ground-state
densities (a) and for temperature T as well as the baryon and pion chemical potential, µB respectively µπ (b) for the central
cell (i.e., at x = y = z = 0). The results as obtained via coarse-graining of microscopic transport calculations are shown for
Ar+KCl collisions at Elab = 1.76AGeV and for Au+Au reactions at 1.23AGeV.

low-density cells, the determination of T and µB becomes
less accurate and one will necessarily come to the point
where the assumption of a thermalized system in the cell
becomes unreliable. Consequently, we do not assume any
thermal dilepton emission here. This procedure is in line
with the findings of thermal-model studies [73], where it
was shown that the freeze-out temperature in heavy-ion
collisions at Elab = 1 − 2AGeV is around 50 MeV. This
also indicates that it is neither necessary nor suggestive
to assume thermalization of the system at lower temper-
atures.

However, one has to consider that dilepton emission
from ρ and ω mesons is of course also possible in the
cells for which one of the conditions mentioned above per-
tains. As the macroscopic picture is questionable here,
we apply a similar procedure as for the φ (described in
section II B 2) to extract the dilepton emission from the
microscopic simulation. The width for the direct decays
of the vector mesons can likewise be determined via equa-
tion (13). For the branching ratio at the meson-pole
mass we use the values from the particle data group, i.e.
Γρ→ee/Γtot = 4.72 · 10−5 and Γω→ee/Γtot = 7.28 · 10−5

[70]. However, the ω can not only decay into a lepton
pair directly, but also via Dalitz conversion into a pseudo-
scalar meson and a dilepton. As in the case of the π and
the η equation (11) applies here. Only the form factor is
different and takes the form

|Fω(M2)|2 =
Λ2
ω

(
Λ2
ω + γ2

ω

)

(Λ2
ω −M2) + Λ2

ωγ
2
ω

(15)

with the parameters Λω = 0.65 GeV and γω = 0.04 GeV
[27, 74].

Similarly to the procedure for the φ meson, a continu-
ous emission of dileptons from the ρ and ω is assumed in
these special cases. However, as we consider space-time

Time t [fm]
0 5 10 15 20 25 30

]3
t 

[f
m

∆/ 4
V∆

 =
 

C
.M

.
3

V∆

-110

1
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210

310

410 T > 50 MeV

T > 60 MeV

T > 70 MeV

T > 80 MeV

T > 90 MeVAr+KCl
(1.76 AGeV)

Au+Au
(1.23 AGeV)

Figure 2. (Color online) Time evolution of the thermal vol-
ume V C.M.

3 as seen from the center-of-momentum frame of
the collision. This is equal to the thermal four-voulume
V4 for each timestep divided by the length of ∆t, which is
0.6 fm/c here. The results are shown for Ar+KCl collisions
at Elab = 1.76AGeV and for Au+Au reactions at 1.23AGeV
as obtained via coarse-graining of microscopic transport cal-
culations. The results are plotted for different temperatures.

cells with a definite length of the time-steps ∆t, the dilep-
ton rate is multiplied with this time instead of the actual
particle’s lifetime within the cascade simulation. This
is done to guarantee consistency, avoid double counting
and strictly distinguish between cells with thermal and
non-thermal emission. Consequently, here equation (14)

249



7

]2M  [GeV/c
0 0.2 0.4 0.6 0.8 1

-1
] 2

 d
N

/d
M

  [
G

eV
/c

×
) 0 π

1/
N

(

-910

-810

-710

-610

-510

-410

-310

-210
UrQMD

π
η

foωfo
ρ
φρMedium 

ωMedium 
πMulti 

Coarse-Graining

 < 1.1 GeV/c
e

HADES acceptance, 0.1 < p
Ar + KCl @ 1.76 AGeV

(a)

]2M  [GeV/c
0 0.2 0.4 0.6 0.8 1

-1
] 2

 d
N

/d
M

  [
G

eV
/c

×
))

 
0 π

(1
/N

(

-910

-810

-710

-610

-510

-410

-310

-210

 < 1.1 GeV/c
e

HADES acceptance, 0.1 < p
Au + Au @ 1.23 AGeV (b)

Figure 3. (Color online) Invariant mass spectra of the dielectron yield for Ar+KCl collisions at Elab = 1.76AGeV (a) and for
Au+Au at Elab = 1.23AGeV (b). The results are normalized to the average total number of π0 per event and shown within
the HADES acceptance. The results for Ar+KCl are compared to the experimental data from the HADES Collaboration [23].

takes the form

dNll
dM

=
∆Nll
∆M

=

N∆M∑

i=1

NV∑

j=1

∆t

γV

ΓV→ll(M)

∆M
, (16)

and is applied for each time step ∆t.

III. RESULTS

For the results presented here we used calculations
with an ensemble of 1000 UrQMD events. However, sev-
eral runs using different UrQMD events as input had to
be performed to obtain enough statistics especially for
the non-thermal ρ and ω contributions. Note that in
case of the experimental Ar+KCl reaction we simulated
the collision of two calcium ions instead, as this makes
the calculation easier for symmetry reasons. Effectively
it is the same as the Ar+K or Ar+Cl reactions that were
measured in the experiment and the size of the system
remains identical. To simulate the correct impact pa-
rameter distribution, we made a Woods-Saxon type fit
to the HADES trigger conditions for Ar+KCl [75] and
Au+Au [76]. In both cases this approximately corre-
sponds to a selection of the 0-40% most central colli-
sions. The number of π0 per event, which will be impor-
tant for the normalization of the dilepton spectra, are
found to agree well with the HADES measurement for
Ar+KCl reactions. Here the HADES collaboration mea-
sured N exp

π0 = 3.5 where we find N sim
π0 ≈ 3.9, i.e. the

deviation is only 12%. For the larger Au+Au system
a number N sim

π0 ≈ 8.0 results from the events generated
with the UrQMD model. Note that for reasons of self-
consistency we normalize the dilepton spectra with the
UrQMD π0 yield, not the experimental one.

The final dilepton results were filtered with the
HADES acceptance filter [77], and momentum cuts were
applied to compare the simulations with the experimen-
tal results. As only very preliminary results and no filters
are available for the Au+Au reactions at 1.23AGeV, we
used the same filter as for p+p and p+n reactions at
1.25AGeV which should be quite close to the final ac-
ceptance [76].

In case of the DLS Ca+Ca spectrum, version 4.1 of the
DLS acceptance filter [78] is used. Furthermore, an RMS
smearing of 10% is applied to account for the detector
resolution. For this reaction we used a minimum-bias
simulation of Ca+Ca events, because impact-parameter
distributions are not available for DLS. Here the final
invariant-mass spectrum is normalized to the total cross-
section of a Ca+Ca reaction.

A. Reaction Dynamics

The main difference between the two heavy-ion reac-
tions considered here (as measured by the HADES Col-
laboration) is the size of the colliding nuclei. Therefore,
it is interesting to first have a look at the evolution of
the reaction for both systems. In Fig. 1 the evolution of
the baryon and energy density (a) as well as the evolu-
tion of temperature and the chemical potentials (b) are
shown. The maximum density values in the central cell
of the grid, i.e., in the center of the collision, reach sim-
ilar values up to roughly 3-6 times ground-state baryon
density ρ0 and energy density ε0 for both reactions. In
case of the larger system (Au+Au) a plateau develops for
a duration of more than 10 fm/c, while for Ar+KCl (re-
spectively Ca+Ca in our simulations) the densities drop
off rather quickly after reaching the maximum. Note that
the values for the energy density ε shown in Fig. 1 (a) are
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Figure 4. (Color online) Comparison of invariant mass spectra with the full spectral function and for the case of no baryonic
effects (i.e. for ρeff = 0). As in Fig. 3, the dielectron yields for Ar+KCl collisions at Elab = 1.76AGeV (a) and for Au+Au
at Elab = 1.23AGeV (b) are shown within HADES acceptance and normalized to the average number of produced π0. Note
that the UrQMD contributions are included in the sum, but the different single yields are not shown explicitly for reasons of
lucidity.

corrected for the pressure anisotropy at the beginning of
the collision.

With regard to the evolution of temperature and bary-
ochemical potential in Fig. 1 (b), we find that again sim-
ilar top values are obtained. In both reactions, Ar+KCl
and Au+Au, we get peak values of T ≈ 100 MeV and
µB ≈ 900 MeV. (Note that the quark chemical potential
µq = 1

3µB is shown instead of the baryon chemical po-
tential.) Especially for the Au+Au reaction the baryon
chemical potential shows a more prominent plateau than
the baryon density. However, note that T and µB depend
on ε and ρB non-linearly via the EoS. For the collisions
at SIS energies studied here, µB rapidly rises to values
very close to the nucleon mass - but once it reaches such
a high level it exhibits a much less significant rise in spite
of a further increase of ρB. This is a consequence of the
Fermi statistics which takes effect in this case. Further-
more, it is clear that the values of µB are much higher
here and show a different evolution than in our recent
study for top SPS energy [16]. In case of Au+Au col-
lisions the central cell stays for approximately 20 fm/c
in a stage with extremely high baryochemical potential,
so that any baryon-driven effect on the dilepton spectra
should be clearly visible for this system. Similar findings
are also true for Ar+KCl reactions, but with significantly
shorter lifetime. The maximum temperature is approxi-
mately 10 MeV higher in the latter reaction due to the
slightly higher collision energy.

The pion chemical potential rises up to values of
around 100 MeV and then equally quickly drops to val-
ues around 20-50 MeV for the rest of the reaction. The
peak at the beginning can be explained with the non-
equilibrium nature of the cascade, where a large number
of pions is produced rapidly at the very beginning before

the system has time to equilibrate.
The corresponding evolution of the thermal four-

volume at each time step, divided by its duration ∆t,
as obtained for both systems from the coarse-grained mi-
croscopic transport calculations is shown in Fig. 2. This
quantity is the spatial volume for the different tempera-
ture ranges as seen from the center-of-momentum frame
of the collision. One observes that the hotter cells cre-
ated during the evolution of the system (for tempera-
tures above 80 respectively 90 MeV) are present only for
comparatively short time spans, and their number is sig-
nificantly smaller than the volume of cells with lower
temperatures. While we only show the evolution of the
first 30 fm/c in Fig. 2 for the sake of clarity, we men-
tion that even at the end of the simulation after 70 fm/c
one still finds a few cells at temperatures above 50 MeV.
Note, however, that the dilepton emission from these late
stage cells is marginal and insignificant with respect to
the overall time-integrated dilepton spectra.

B. Dilepton Spectra

1. HADES Results

The resulting dielectron invariant-mass spectra for the
two heavy-ion reactions measured by the HADES Col-
laboration are presented in Fig. 3. The left figure (a)
shows the Ar+KCl results at 1.76AGeV compared to
the experimental data and the right figure (b) shows our
prediction for the larger Au+Au system at 1.23AGeV
(no dilepton data are published for the Au+Au measure-
ment yet). The coarse-graining results for the Ar+KCl
case show good agreement with the experimental data,
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Figure 5. (Color online) Transverse-mass spectra of the dielectron yield in different mass bins (a)-(e) and the dielectron rapidity
spectrum of pairs with invariant mass Mee < 0.13 GeV/c2 (f) for Ar+KCl collisions at Elab = 1.76AGeV. The results are
compared to the experimental data from the HADES Collaboration [23]. In contrast to Figures 3 and 4 the theoretical results
here are not shown within the HADES acceptance, as these data are already fully corrected for acceptance and efficiency.

especially the mass range between 0.2 and 0.6 GeV/c2

can be well described within this approach. This is dif-
ferent from previous simulations which have indicated an
excess of the experimental outcome above the cocktail
respectively the transport calculations [23, 79, 80]. The
dominant contribution stems from a broadened ρ. It is
further noteworthy that also the ω shows a non-negligible
broadening in our model results. A slight overestimation
of the experimental dilepton yield shows up for the low-

mass region (below 150 MeV/c2) which is dominated by π
Dalitz decays, an effect that also has been found in other
transport calculations [79]. However, it remains unclear
where this pion excess stems from. As the dielectron yield
is normalized to the total π0 number, theory and exper-
iment should agree in the pion-dominated mass-region.
Therefore the deviation may be due to a phase-space ef-
fect, connected to the geometrical detector acceptance.
Another slight excess of the model results is manifest
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around the pole mass of the ρ. A significant part of the
dileptons here stems from non-thermal ρ mesons, which
directly come from the UrQMD calculations using the
shining method. As for UrQMD the ρ-production cross
sections in the threshold region are known to be slightly
too large [80], this overestimation is probably due to the
non-thermal contribution.

The medium effects become even stronger in the larger
Au+Au system, as can be seen in the right part (b) of
Fig. 3. The yield from the thermal ρ is higher at low
masses compared to the Ar+KCl reaction and also the
thermal ω is slightly stronger here. This is in line with
the findings of the previous section III A, where it was
pointed out that the hot and dense stage lives substan-
cially longer in the Au+Au reaction. Consequently, the ρ
contribution is larger for the Au+Au system as compared
to the Ar+KCl reaction, especially at the low masses
where the in-medium broadening comes into account.

The dramatic effect of the presence of baryonic matter
on the dilepton spectra can be seen in Fig. 4. Here the
thermal contributions to the e+e− invariant mass spec-
trum of the ρ and the ω for the case that no baryons and
anti-baryons are present (i.e. the effective baryon den-
sity ρeff is put to zero) are compared to the results with
the full medium effects. The baryon-driven effects are
significant, with the broadening around the pole masses
of the ρ and ω meson and the strong increase in the low-
mass dilepton yield, which is again more distinct for the
larger Au+Au system as compared to Ar+KCl. Addi-
tionally the total sum for the two cases with and without
baryonic effects is shown, including also all the UrQMD
contributions (details are omitted for clarity). Here we
find stronger differences between Ar+KCl and Au+Au,
mainly due to the relatively smaller contribution from
the η for Au+Au reactions, compared to the stronger
broadening of the ρ.

Looking not only at the invariant-mass spectra but also
at the transverse-mass distributions in different mass bins
in Fig. 5 (a)-(e), one finds again a good agreement of our
model calculations with the HADES data for Ar+KCl.
While for the lowest mass bin (Mee < 0.13 GeV/c2) the
pion contribution dominates, the thermal ρ is the most
significant contribution to the dileptons in all other bins.
For the highest mass bin (Mee > 0.65 GeV/c2), which
includes the pole mass region of the ρ, one can observe a
slight overestimation of the total yield, similar to the one
observed in the invariant mass spectrum in this mass re-
gion (see Fig. 3 (a)). Once again, we argue that this is due
to the high ρ-production cross section in the threshold re-
gion and therefore stems from the non-thermal transport
ρ. As one can see, the thermal ρ alone would describe
the data very well.

Note that in some kinematic regions statistical fluc-
tuations are seen in the transverse mass spectra. How-
ever, naturally this mainly affects subleading contribu-
tions and the very high transverse masses. As the pro-
duction of certain particles is highly suppressed at SIS
energies (e.g., in case of the φ meson) it would need ex-
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Figure 6. (Color online) Invariant-mass spectrum of the di-
electron yield for Ca+Ca collisions at Elab = 1.04AGeV
within the experimental acceptance. The result is compared
to the data from the DLS Collaboration [19].

cessive computing resources to remove these statistical
fluctuations completely. Nevertheless, the effect on the
total yield is usually rather small - especially compared
to the uncertainty of the experimental measurement. In
general, an estimate of the global (statistical and system-
atic) error of our dilepton calculations is extremely diffi-
cult due to the many different parameters (cross-sections,
branching ratios, spectral functions, etc.) which enter the
calculation and because for other sources (e.g., the filter-
ing) the error can hardly be quantified. At least for the
long-lived contributions (mainly π and η) a comparison
between different transport models indicates that their
contribution to the dilepton spectra is quite well deter-
mined and does not differ much between the models [26–
29]. For the thermal contributions (ρ and ω) the two
main error sources are the uncertainties of the spectral
function and of the description of the reaction dynam-
ics, i.e., the time-evolution of temperature and chemical
potential.

For the lowest mass bin, the HADES collaboration has
also measured the rapidity distribution of dielectrons.
The results from the coarse-grained simulations as well as
the data points are shown in Fig. 5 (f). The shape of the
spectrum is reproduced well, but with some 20% excess
above the data points which was already visible in the
invariant mass spectrum. Note that the rapidity values
are for the laboratory frame, i.e. for Elab = 1.76AGeV
mid-rapidity corresponds to a value of y0 = 0.86.

2. DLS Results

Although the DLS measurement was done with a
smaller acceptance and lower resolution than in the more
recent analyses by the HADES Collaboration, it is nev-
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ertheless interesting to compare our results also with
these heavy-ion data. The system Ca+Ca which was
measured by DLS is comparable to the Ar+KCl re-
action, as mentioned above. However, the DLS Col-
laboration performed the measurement at a lower en-
ergy of Elab = 1.04AGeV. In Fig. 6 the coarse-grained
UrQMD results for the according invariant-mass spec-
trum is shown within the DLS acceptance, together with
the experimental data points [19]. In general the spec-
trum does not differ strongly from the simulations for
HADES, but the peaks – especially in case of the ω –
are more smeared out here, which is due to the low mass
resolution of only σM/M = 10% of the detector, and
the acceptance at low masses is suppressed compared to
the HADES measurements. (For comparison, the mass
resolution of the HADES experiment is roughly 2% in
the region of the ρ and ω pole masses [30].) While the
overall description of the experimental spectrum with the
present model is relatively good, a slight excess of the
data above our model curve is present in the mass range
from 0.2 up to 0.6 GeV/c2. This is in contrast to the
findings for the HADES case, where we could describe
this mass region quite accurately.

What might be the reasons for this deviation? It is
possible that at this very low energy other processes
presently not considered in our model might become
more dominant here, e.g., an explicit bremsstrahlung
contribution (note, however, that some bremsstrahlung
effects are already considered within the in-medium spec-
tral functions). As it has been shown that the importance
of bremsstrahlung contributions increases with decreas-
ing collision energy, these effects might be more signif-
icant than in Ar+KCl reactions at the slightly higher
energies used for the HADES experiment. Nevertheless,
there are still uncertainties within the different model

calculations for the bremsstrahlung contribution, differ-
ing by a factor 2–4 [81, 82]. A main problem here is
the correct determination of the overall effect of the dif-
ferent interfering processes, which is highly non-trivial.
Another issue is that the lower collision energy also re-
sults in slightly lower temperatures peaking around 80
MeV, which is indicating less thermalization of the col-
liding system. Besides, one has to take into account that
the DLS experiment with its two-arm set-up had a more
limited acceptance as compared to the HADES detector.
This makes it difficult to draw clear quantitative conclu-
sions from the comparison to the data. Additionally, the
lack of a measured impact-parameter distribution ham-
pers precise calculations within the coarse-graining ap-
proach, as the medium effects can be quite sensitive to
the centrality of the collision.

However, it was shown (at least for C+C reactions)
that the HADES results agree very well with those mea-
sured by the DLS collaboration if the HADES data are fil-
tered with the DLS acceptance [21]. So these data should
provide a good additional check for theoretical models in
spite of their lower accuracy. Overall, the agreement of
our results with the data is quite good, especially consid-
ering that previous pure transport calculations with the
UrQMD model (without bremsstrahlung) clearly under-
estimated the Ca+Ca data from DLS by a factor of 5-10
in the mass range from 0.2 to 0.6 GeV/c2 [72].

C. System size and lifetime effects on thermal
dilepton emission

The results of the previous section indicate that the
size of the colliding nuclei (and in consequence also the
size and duration of the hot and dense fireball created
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thereby) largely influence the thermal dilepton yield.
This encourages a systematic study of the system size de-
pendence for thermal and non-thermal contributions and
also raises the question, up to which point the assumption
of a thermalized system seems reasonable. For this pur-
pose we compare different systems from C+C to Au+Au
in central collisions at an energy of Elab = 1.76AGeV.

Fig. 7 (a) shows the ratio of the thermal four-volume V4

for different temperatures to the mass number A of the
colliding nuclei. The results are normalized to the ratio
obtained with 12C +12 C collisions. It is noteworthy here
that the four-volume of the hottest cells (T > 90 MeV)
shows a much stronger increase than the overall thermal
volume (i.e., for T > 50 MeV). However, only the rela-
tive increase is shown in this plot. In direct comparison
the number of cells with highest temperatures is very
small compared to the total volume (approximately 1/30
for C+C). It is furthermore striking that the increase of
the thermal four-volume is not proportional to A, but it
shows a stronger increase for larger systems. This is not
surprising, as A is only a measure for the volume of the
colliding nuclei. In studies with the statistical model it
was shown that at SIS energies the thermal freeze-out
volume is closely related to the initial overlap volume of
the system created in A−A collisions [73, 83]. However,
the thermal four-volume is also determined by the life-
time of the fireball. As it is difficult to determine some
kind of an average lifetime within the coarse-graining ap-
proach, we concentrate on the central cell of the grid and
assume that the time for which it remains at an tempera-
ture greater than 50 MeV should be to first order a good
approximation of the overall thermal lifetime. Fig. 7 (b)
shows the mentioned time duration over which the cen-
tral cell emits thermal dileptons in dependence on A.
Note that this duration approximately scales with A1/3,
i.e. with the diameter of the nuclei. Obviously the main
influence on the lifetime at those low energies seems to
be the time the two nuclei need to traverse each other.

The question now is which influence the evolution of
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the four-volume has on the production of lepton pairs.
In Fig. 8 (a) the ratio of thermal and non-thermal dilep-
ton yield as well as the total π0 yield in the invariant
mass range from 0.2 to 0.4 GeV/c2 in relation to the mass
number A of the colliding nuclei is shown. The results
are – again – normalized to the ratio obtained with C+C
collisions. While the ratio of the π0 number as well as
the non-thermal dileptons to the mass number remains
roughly 1 for all system sizes (i.e. the non-thermal dilep-
ton and π0 yield increases linearly with A), the thermal
yield shows a significantly stronger rise. This finding is
in line with the larger thermal excess found in our calcu-
lations in Au+Au compared to Ar+KCl reactions.

If one now compares the thermal yield with the cor-
responding total thermal four-volume (which is all cells
with T > 50 MeV), as shown in Fig. 8 (b), the finding
indicates that the ratio between both shows only a very
slight increase and remains almost constant, independent
of the system size. The same is found if one calculates
the relation between the thermal yield and the product
of A with the thermal lifetime of the central cell (com-
pare Fig. 7 (b)) or directly looks at the ratio between
the thermal dilepton yield and mass number A respec-
tively the number of produced neutral pions Nπ0 scaled
by an exponent α = 4/3. All those quantities give an
approximate measure of the thermal four-volume at the
low energies considered here. At higher collision ener-
gies as, e.g., obtained at the CERN SPS or at RHIC
(where the whole fireball is more pion-dominated rather
than baryon-dominated) one would still expect an in-
crease with Nα

π0 , but not any longer with Aα. However,
note that in these cases the nuclei will traverse each other
much faster and one will also find a significant transverse
expansion of the fireball, so that the diameter of the nu-
clei can no longer be considered as a rough measure of the
lifetime; consequently the parameter α might be different
here. Nevertheless, in a different model calculation [44] it
was found that the thermal dilepton yield at top RHIC
energy scales with the number of charged particles as
Nα

ch, where α is found to take a value of approximately
1.45. This result is not so far from the value obtained
within our simple picture – at a completely different en-
ergy regime.

In consequence, we learn from these results that the
non-thermal dilepton contributions (from long-lived me-
sons as the π0 and the η, respectively from the freeze-out
ρ and ω) increase with A and therefore directly with the
volume of the colliding system. This is due to the fact
that these contributions reflect the final hadronic com-
position, after the whole reaction dynamics has ended.
Therefore the time-evolution of the system is irrelevant
here. In contrast, the thermal dilepton emission does not
only increase with the volume, but also with the time in
which the colliding system remains in a hot and dense
stage. This is obvious, as the thermally emitted dilep-
tons will escape the fireball unscathed, while all hadronic
particles undergo processes as rescattering and reabsorp-
tion. In consequence, the thermal yield increases roughly

proportional to V · ∆t ∼ A · A1/3 = A4/3. Exactly due
to the different mechanisms contributing to thermal and
non-thermal dilepton yields, one observes a significant
increase of their ratio when going to larger system sizes.
This ratio is shown (for the invariant mass range form
0.2 to 0.4 GeV/c2) in Fig. 9 with is value increasing from
slightly over two for C+C up to 14 for Au+Au.

The present results qualitatively agree with a recent
study on the same issue performed within different mi-
croscopic transport models, where the total dilepton yield
was found not to scale with A or the number of neutral
pions, but showing a stronger increase due to the com-
plicated dynamics of the reaction [26]. There, from a
microscopic point of view, it was also argued that the
time evolution of the reaction is the main reason for
the increasing dilepton yield in larger systems. If the
dense phase with many binary scatterings lasts longer,
according to this picture, a larger bremsstrahlung contri-
bution (which is proportional to the number of collisions)
and the repeated regeneration of ∆ resonances raises the
dilepton yield. However, the contribution of other bary-
onic resonances was not explicitly considered there.

IV. CONCLUSIONS & OUTLOOK

We have presented results on dilepton production in
Ar+KCl and Au+Au collisions at GSI SIS 18 and in
Ca+Ca collisions at BEVALAC energies. The results
are obtained using a coarse-grained microscopic trans-
port approach and employing state-of-the-art spectral
functions. With this approach the experimental dilepton
spectra in heavy-ion collisions at Elab = 1-2AGeV can
be successfully described. The model represents a third
way to explore the dynamics of heavy-ion reactions. In
contrast to hydrodynamic/thermal fireball calculations
or microscopic transport simulations it allows for a con-
sistent treatment of both, high-energy and low-energy
collisions.

Our results show that the dominant in-medium effect,
which is also visible in the dilepton spectra, stems from
a strong broadening of the spectral shape of the ρ me-
son due to the high baryon density in the fireball. This
causes a melting of the ρ peak and results in an enormous
increase of the dilepton production below the pole mass.
The reason for this is mainly the interaction with the
baryonic resonances, especially the ∆ and N∗1520, which
are included in the spectral function and give significant
additional strength to the ρ contribution at these low
masses. The effect is much stronger at SIS energies than
for RHIC or SPS. Here, the baryon-chemical potential
remains very high for a significant time. This is visible
in the dilepton spectra which always represent a four-
volume integral over the whole space-time evolution. In
the present study we also find a significant broadening of
the ω meson at SIS energies.

Furthermore, the influence of the size of the colliding
system on the thermal dilepton yield was studied. While
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we find the non-thermal contribution in the mass range
from 0.2 to 0.4 GeV/c2 (which stems mainly from the
long-lived η-meson but also from the “freeze-out” ρ and
ω) to scale linearly with the mass number A, a stronger
increase of the thermal ρ and ω yield is observed. Their
contribution to the dilepton yield scales with Atthermal,
i.e., the system’s volume multiplied with the lifetime of
the thermal stage. Since tthermal increases with the di-
ameter of the nuclei which is proportional to A1/3, we ar-
gue that the thermal dilepton emission should scale with
A4/3. As the number of neutral pions directly scales with
A, we find the thermal dilepton yield also increasing with

N
4/3
π0 . For future studies it might be quite instructive to

check whether this proportionality still holds for higher
collision energies.

It is interesting to compare our findings with the results
of pure transport calculations. There, in recent calcu-
lations the dilepton excess in the invariant-mass spectra
above the cocktail were mainly explained by two different
effects: (i) Bremsstrahlung contributions and (ii) Dalitz
decays of baryonic resonances [26, 29]. It is important
to understand that both effects are also included in the
spectral functions applied here. These processes, as im-
plemented in the transport models, correspond to cuts of
the in-medium self-energy diagrams of the ρ meson. For
example, a contribution to the self-energy from a ∆-hole
excitation would be represented in the transport model
by the process ∆ → ρN → γ∗N , assuming strict vector
meson dominance. However, due to the completely differ-
ent character of the approaches it is difficult to compare
the single contributions quantitatively. Also note that
the self-energies in hadronic many-body quantum-field
theory approach correspond to a coherent superposition
of the various scattering processes, while in transport ap-
proaches naturally the various processes are summed in-
coherently. A future detailed analysis of the self-energy
contributions and their relative strengths might be fruit-
ful to better understand how far the both approaches,
i.e., the transport (kinetic) and the equilibrium thermal

quantum-field theory description of the dilepton-emission
rates at such low energies agree. One should keep in mind
that the same microscopic scattering and decay processes
are underlying both approaches.

Apart from this, the main outcome of the present in-
vestigation is the possibility of a consistent description
of dilepton production from SPS down to SIS energies
within the same model. In both energy regimes the spec-
tra can be described reasonably well by the assumption
of medium modifications of the vector mesons’ spectral
properties, whereby the ρ plays the most significant role.

In the future, the CBM experiment at FAIR will
offer the possibility to study medium effects in a
collision-energy range, where this kind of study has not
been carried out yet. With high (net-)baryon densities
but also temperatures reaching up to or above the
critical temperature Tc, this will be a further test for
the spectral functions and theoretical models. Besides,
the high luminosities expected at FAIR might enable
to perform more detailed and systematic studies, as,
e.g., the effect of various different system sizes on the
dilepton yield or a study for different centralities, to
obtain more information on the evolution of the reaction
dynamics.
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[81] L. Kaptari and B. Kämpfer, Nucl. Phys. A 764, 338

(2006).
[82] R. Shyam and U. Mosel, Phys. Rev. C 82, 062201 (2010).
[83] P. Braun-Munzinger, K. Redlich, and J. Stachel, in

R. C. Hwa and X.-N. Wang (eds.), Quark-Gluon Plasma
3 (World Scientific, Singapore, 2004), arXiv: nucl-
th/0304013.

258



ar
X

iv
:1

51
2.

03
76

4v
1 

 [
he

p-
ph

] 
 1

1 
D

ec
 2

01
5

Rôle of the pion electromagnetic form factor in the ∆(1232) → γ∗N
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The ∆(1232) → γ∗N magnetic dipole form factor (G∗
M ) is described here within a new covariant

model that combines the valence quark core together with the pion cloud contributions. The pion
cloud term is parameterized by two terms: one connected to the pion electromagnetic form factor,
the other to the photon interaction with intermediate baryon states. The model can be used in
studies of pp and heavy ion collisions. In the timelike region this new model improves the results
obtained with a constant form factor model fixed at its value at zero momentum transfer. At the
same time, and in contrast to the Iachello model, this new model predicts a peak for the transition
form factor at the expected position, i.e. at the ρ mass pole. We calculate the decay of the ∆ → γN
transition, the Dalitz decay (∆ → e+e−N), and the ∆ mass distribution function. The impact of
the model on dilepton spectra in pp collisions is also discussed.

I. INTRODUCTION

To understand the structure of hadrons, baryons in
particular, in terms of quarks and gluons at low energies,
is theoretically challenging due to the intricate combi-
nation of confinement and spontaneous chiral symmetry
breaking, and the non-perturbative character of QCD in
that energy regime. Fortunately, experimentally electro-
magnetic and hadron beams in accelerator facilities are
decisive tools to reveal that structure, and seem to in-
dicate a picture where effective degrees of freedom as
baryon quark cores dressed by clouds of mesons play an
important role. For a review on these issues see [1]. Al-
though different, experiments with electromagnetic and
strong probes complement each other. In electron scat-
tering, virtual photons disclose the region of momentum
transfer q2 < 0, and spacelike form factors are obtained
[1–3]. Scattering experiments of pions or nucleons with
nucleon targets involving Dalitz decays of baryon reso-
nances [2–5] provide information on timelike form factors,
defined in the q2 > 0 region where the meson spectrum
arises. The results of all these different measurements
have to match at the photon point (q2 = 0).

Among the several baryon resonances the ∆ excita-
tion and decays have a special role and are not yet fully
understood. The electromagnetic transition between the
nucleon and the ∆(1232), and in particular its dominant
magnetic dipole form factor G∗

M (q2), as function of q2, is
a prime example that discloses the complexity of the elec-

tromagnetic structure of the excited states of the nucleon
and illustrates the limitations of taking into account only
valence quark degrees of freedom for the description of
the transition.
In the region of small momentum transfer G∗

M (q2) is
usually underestimated by valence quark contributions
alone. Several models have been proposed in order to
interpret this finding. Most of them are based on the in-
terplay between valence quark degrees of freedom and the
so-called meson cloud effects, in particular, the dominant
pion cloud contribution [1, 6–11]. Other recent works on
the ∆ → γ∗N transition can be found in Refs. [12–15].
In this work we propose a hybrid model which com-

bines the valence quark component, determined by a con-
stituent quark model, constrained by lattice QCD and
indirectly by experimental data, with a pion cloud com-
ponent. The pion cloud component is written in terms of
the pion electromagnetic form factor and therefore con-
strained by data.
The ∆ → γ∗N transition in the timelike region was

studied using vector meson dominance (VMD) mod-
els [16–19], the constant form factor model [5, 20], a two
component model (model with valence quark and me-
son cloud decomposition), hereafter called the Iachello
model [5, 21, 22], and the covariant spectator quark
model [4] (which incidentally also assumes VMD for the
quark electromagnetic current).
The Iachello model pioneered the timelike region stud-

ies of the ∆ → γ∗N transition. The model was suc-
cessful in the description of the nucleon form factors [21]
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FIG. 1: Pion cloud contributions for the ∆ → γ∗N electro-
magnetic transition form factors. Between the initial and fi-
nal state there are several possible intermediate octet baryon
and/or decuplet baryon states: B1 in diagram (a); B2 and B3

in diagram (b).

but has been criticized for generating the pole associ-
ated with the ρ-meson pole near q2 ≃ 0.3 GeV2, below
q2 = m2

ρ ≃ 0.6 GeV2 [5] as it should. The constant form

factor model is a good starting point very close to q2 = 0
but, on the other hand, does not satisfactorily take into
account the finite size of the baryons and their structure
of non-pointlike particles.

In the covariant spectator quark model the contribu-
tions for the transition form factors can be separated
into valence quark and meson cloud effects (dominated
by the pion). The valence quark component is directly
constrained by lattice QCD data, and has been seen to
coincide with the valence quark core contributions ob-
tained from an extensive data analysis of pion photo-
production [8, 23, 24]. Its comparison to experimental
data enables the extraction of information on the com-
plementary meson cloud component in the spacelike re-
gion [4, 6]. However the extension to the timelike re-
gion of the meson cloud is problematic given the diffi-
culty of a calculation that comprises also in a consistent
way the whole meson spectrum. In Ref. [4] the meson
cloud was parameterized by a function Fρ, taken from
the Iachello model where it describes the dressing of the
ρ-propagator by intermediate ππ states. As noted be-
fore, unfortunately, the function Fρ has a peak that is
displaced relatively to the ρ-meson pole mass. Here, by
directly using the pion form factor data we corrected for
this deficiency.

Moreover, in previous works [4, 6–9] we have assumed
that the pion cloud contributions for the magnetic dipole
form factor could be represented by a simple parame-
terization of one term only. But in the present work
we introduce an alternative parameterization of the pion
cloud which contains two terms. These two leading order
contributions for the pion cloud correspond to the two di-
agrams of Fig. 1. We use then a parameterization of the
pion cloud contributions for G∗

M where diagram (a) is
related to the pion electromagnetic form factor Fπ(q

2),
and is separated from diagram (b). Diagram (a), where
the photon couples directly to the pion, is dominant ac-
cording to chiral perturbation theory, which is valid in

the limit of massless and structureless quarks. But the
other contribution, from diagram (b), where the photon
couples to intermediate (octet or decuplet) baryon states
while the pion is exchanged between those states, be-
comes relevant in models with constituent quarks with
dressed masses and non-zero anomalous magnetic mo-
ments. This was shown in Ref. [10] on the study of the
meson cloud contributions to the magnetic dipole mo-
ments of the octet to decuplet transitions. The results
obtained for the ∆ → γ∗N transition in particular, sug-
gests that both diagrams contribute with almost an equal
weight.

II. IACHELLO MODEL

In the Iachello model the dominant contribution to the
∆ → γ∗N magnetic dipole form factor is the meson cloud
component (99.7%) [5]. The meson cloud contributions
is estimated by VMD in terms of a function Fρ from
the dressed ρ propagator, which in the limit q2 ≫ 4m2

π,
reads [4]

Fρ(q
2) =

m2
ρ

m2
ρ − q2 − 1

π

Γ0
ρ

mπ
q2 log q2

m2
π
+ i

Γ0
ρ

mπ
q2
,

=
m2

ρ

m2
ρ +Q2 + 1

π

Γ0
ρ

mπ
Q2 log Q2

m2
π

.

(2.1)

In the previous equation Q2 = −q2, mπ is the pion mass,
and Γ0

ρ is a parameter that can be fixed by the experimen-

tal ρ decay width into 2π, Γ0
ρ = 0.149 GeV or Γ0

ρ = 0.112
GeV depending on the specific model [4, 22].

III. COVARIANT SPECTATOR QUARK
MODEL

Within the covariant spectator quark model framework
the nucleon and the ∆ are dominated by the S-wave com-
ponents of the quark-diquark configuration [6, 25, 26].
In this case the only non-vanishing form factor of the
∆ → γ∗N transition is the magnetic dipole form factor,
which anyway dominates in all circumstances.
One can then write [6–8]

G∗
M (q2,W ) = GB

M (q2,W ) +Gπ
M (q2), (3.1)

where GB
M is the contribution from the bare core and Gπ

M
the contribution of the pion cloud. Here W generalizes
the ∆ mass M∆ to an arbitrary invariant mass W in the
intermediate states [4]. We omitted the argument W on
Gπ

M since we take that function to be independent of W .
Following Refs. [4, 6–8] we can write

GB
M (q2,W ) =

8

3
√
3

M

M +W
fv(q

2)I(q2,W ), (3.2)
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where

I(q2,W ) =

∫

k

ψ∆(P+, k)ψN (P−, k), (3.3)

is the overlap integral of the nucleon and the ∆ radial
wave functions which depend on the nucleon (P−), the
Delta (P+) and the intermediate diquark (k) momenta.
The integration symbol indicates the covariant integra-
tion over the diquark on-shell momentum. For details see
Refs. [4, 6].
As for fv(q

2) it is given by

fv(q
2) = f1−(q

2) +
W +M

2M
f2−(q

2) (3.4)

where fi− (i = 1, 2) are the quark isovector form factors
that parameterize the electromagnetic photon-quark cou-
pling. The form of this parameterization assumes VMD
mechanism [6, 25, 27]. See details in Appendix A.
In this work we write the pion cloud contribution as

Gπ
M (q2) = 3

λπ
2

[
Fπ(q

2)

(
Λ2
π

Λ2
π − q2

)2

+ G̃2
D(q2)

]
, (3.5)

where λπ is a parameter that define the strength of the
pion cloud contributions, Fπ(q

2) is a parameterization
of the pion electromagnetic form factor and Λπ is the
cutoff of the pion cloud component from diagram (a).

The function G̃2
D on Eq. (3.5) simulates the contribu-

tions from the diagram (b), and therefore includes the
contributions from several intermediate electromagnetic
transitions between octet and/or decuplet baryon states.
From perturbative QCD arguments it is expected that

the latter effects fall off with 1/Q8 [28]. At high Q2

a baryon-meson system can be interpreted as a system
with N = 5 constituents, which produces transition
form factors dominated by the contributions of the order
1/(Q2)(N−1) = 1/Q8. This falloff power law motivates

our choice for the form of G̃2
D: the timelike generaliza-

tion of a dipole form factor GD =
(

Λ2
D

Λ2
D−q2

)2

, where ΛD

is a cutoff parameter defining the mass scale of the inter-
mediate baryons.
The equal relative weight of the two terms of Eq. (3.5),

given by the factor 1
2λπ , was motivated by the results

from Ref. [10], where it was shown that the contribution
from each diagram (a) and (b) for the total pion cloud
in the ∆ → γ∗N transition is about 50%. The overall
factor 3 was included for convenience, such that in the
limit q2 = 0 one has Gπ

M (0) = 3λπ. Since G
∗
M (0) ≃ 3, λπ

represents the fraction of the pion cloud contribution to
G∗

M (0).
In the spacelike regime, in order to describe the va-

lence quark behavior (1/Q4) of the form factors associ-
ated with the nucleon and ∆ baryons, the dipole form
factor GD with a cutoff squared value Λ2

D = 0.71GeV2

had been used in previous works [6, 25]. As we will show,
a model with Λ2

D = 0.71GeV2 provides a very good de-
scription of the ∆ → γ∗N form factor data in the region

−2GeV2 < q2 < 0. However, since in the present work
we are focused on the timelike region, we investigate the
possibility of using a larger value for Λ2

D, such that the

effects of heavier resonances (Λ2
D ≈ 1GeV2) can also be

taken into account.
To generalize GD to the timelike region we define

G̃D(q2)

G̃D(q2) =
Λ4
D

(Λ2
D − q2)2 + Λ2

DΓ2
D

, (3.6)

where ΓD(q2) is an effective width discussed in Ap-
pendix B, introduced to avoid the pole q2 = Λ2

D. Since
ΓD(0) = 0, in the limit q2 = 0, we recover the spacelike

limit G̃D(0) = GD(0) = 1. We note that differently from

the previous work [4] G̃D is the absolute value of GD,
and not its real and imaginary parts together.
To summarize this Section: Eq. (3.5) modifies the ex-

pression of the pion cloud contribution from our previous
works, by including an explicit term for diagram (b) of
Fig. 1. Diagram (a) is calculated from the pion form fac-
tor experimental data. Diagram (b) concerns less known
phenomenological input. The q2 dependence of that com-
ponent is modeled by a dipole function squared. Since
λπ was fixed already by the low q2 data, in the spacelike
region, the pion cloud contribution is defined only by the
two cutoff parameters Λπ and ΛD.
Next we discuss the parameterization of the pion elec-

tromagnetic form factor Fπ(q
2), which fixes the term for

diagram (a) and is known experimentally.

IV. PARAMETERIZATION OF Fπ(q
2)

The data associated with the pion electromagnetic
form factor Fπ(q

2) is taken from the e+e− → π+π− cross-
section (the sign of Fπ(q

2) is not determined).
The function Fπ(q

2) is well described by a simple
monopole form as Fπ(q

2) = α
α−q2−iβ , where α is a cut-

off squared and β is proportional to a constant width.
An alternative expression for Fπ(q

2), that replaces the
Iachello form Fρ is,

Fπ(q
2) =

α

α− q2 − 1
πβq

2 log q2

m2
π
+ iβq2

. (4.1)

Eq. (4.1) simulates the effect of the ρ pole with an effec-
tive width regulated by the parameter β. Note that also
Eq. (4.1) has a form similar to the function Fρ of the
Iachello model given by Eq. (2.1). In particular, when

α → m2
ρ and β → Γ0

ρ

mπ
, we recover Eq. (2.1). The advan-

tage of Eq. (4.1) over Eq. (2.1) is that α and β can be
adjusted independently to the |Fπ|2 data. The result for
those parameters from the fit in both time- and spacelike
regions gives

α = 0.696 GeV2, β = 0.178. (4.2)
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FIG. 2: Fit to |Fπ(q2)|2 data using Eq. (4.1). The data are from
Refs. [29, 30].

In the Iachello model (2.1) one has β ≃ 1.1, a very differ-
ent value. The fit is illustrated in Fig 2. The best fit se-
lects α ≃ 0.7GeV2, which is larger than m2

ρ ≃ 0.6GeV2.
However, in the best fit to the data, the value of α is
corrected by the logarithmic counterterm in the denomi-
nator of Eq. (4.1), that pushes the maximum of |Fπ(q

2)|2
to the correct position, q2 ≃ 0.6 GeV2. In the Iachello
model, since β ≃ 1.1, the correction is too strong, and the
maximum moves to q2 ≃ 0.3 GeV2, differing significantly
from the |Fπ(q

2)|2 data.
To describe the physics associated with the ρ-meson,

we restricted the fit to q2 < 0.6GeV2, which causes a
less perfect description of Fπ at the right side of the
peak. However increasing q2 beyond that point slightly
worsens the fit. This probably indicates that although
the ω width is small, there may be some interference
from the ω mass pole, and that the parameters α and
β account for these interference effects. Although the
spacelike data was also included in the fit, the final re-
sult is insensitive to the spacelike constraints. We obtain
also a good description of the spacelike region (exam-
ine the region q2 < 0 GeV2 in Fig 2). The full exten-
sion of the region where a good description is achieved is
−1GeV2 < q2 < 1GeV2.
A similar quality of the fit is obtained with both a con-

stant width or a q2-dependent ρ-width. However a better
fit can be obtained with a more complex q2-dependence,
which accounts better for the ω-meson pole effect, as
shown in previous works [32, 33]. Since this work is meant
to probe the quality of the results that one can obtain
for the transitions form factors, the simple analytic form
of Eq. (4.1) suffices for Fπ(q

2).
In addition, the covariant spectator quark model built

from this function describes well the ∆ → γ∗N form fac-
tor in the spacelike region as shown in Fig. 3. Using
the best fit of Fπ given by the parameters (4.2) we can
calculate the pion cloud contribution Gπ

M (q2) through
Eq. (3.5), and consequently the result for G∗

M (q2,M∆).
For the parameters λπ and Λ2

π we use the results of
the previous works λπ = 0.441 and Λ2

π = 1.53GeV2,
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FIG. 3: Results for |G∗
M (q2)| for the covariant spectator

quark model combined with the pion cloud contribution from
Eq. (3.5). The data are from Refs. [31]. The dashed-dotted-
line is the contribution from the core [4].

obtained from the comparison of the constituent quark
model to the lattice QCD data and experimental data [4,
7, 8].
In Fig. 3 we present the result of our model for

|G∗
M (q2,W )| for the case W = M∆. In that case the

imaginary contribution (when q2 > 0) is very small and
the results can be compared with the spacelike data
(q2 < 0). In the figure the dashed-dotted-line indicate the
result for GB

M (q2,M∆) discussed in a previous work [4].
In the same figure we show the sensitivity to the cutoff

ΛD of the pion cloud model, by taking the cases Λ2
D =

0.71GeV2 and Λ2
D = 0.90GeV2. They are are consistent

with the data, although the model with Λ2
D = 0.71GeV2

gives a slightly better description of the data. The two
models are also numerically very similar to the results of
Ref. [4] for W =M∆. For higher values of W the results
of the present model and the ones from Ref. [4] will differ.
Although the model with Λ2

D = 0.71GeV2 gives a
(slightly) better description of the spacelike data, for the
generalization to the timelike region it is better to have
a model with large effective cutoffs when compared with
the scale of the ρ meson pole (the ρ mass mρ). This is
important to separate the effects of the physical scales
from the effective scales (adjusted cutoffs).

V. RESULTS

The results for |G∗
M (q2)| from the covariant spectator

quark model for the casesW = 1.232GeV,W = 1.6GeV,
W = 1.8GeV, and W = 2.2GeV are presented in Fig. 4.
The thin lines represent the contribution from the bare
quark core component of the model, and the thick line
the sum of bare quark and pion cloud contributions.
In the figure the results for each valueW are restricted

by the timelike kinematics through the condition q2 ≤
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FIG. 4: Results for |G∗
M (Q2)| for W = 1.232GeV, W =

1.6GeV, W = 1.8GeV and W = 2.2GeV. The thick lines in-
dicate the final result. The thin lines indicate the contribution
of the core.

(W − M)2, since the nucleon and the resonance (with
mass W ) are treated both as being on their mass shells.
Therefore the form factor covers an increasingly larger
region on the q2 axis, as W increases. See Ref. [4] for a
complete discussion.

The figure illustrates well the interplay between the
pion cloud and the bare quark core components. The
pion cloud component is dominating in the region near
the ρ peak. Away from that peak it is the bare quark
contribution that dominates. The flatness of the W =
2.2GeV curve for q2 > 1GeV2 is the net result of the
falloff of the pion cloud and the rise of the quark core
terms. In addition, the figure shows that dependence on
W yields different magnitudes at the peak, and we recall
that this dependence originates from the bare quark core
contribution alone. This bare quark core contribution is
mainly the consequence of the VMD parameterization of
the quark current where there is an interplay between the
effect of the ρ pole and a term that behaves as a constant
for intermediate values of q2 (see Appendix A).

We will discuss now the results for the widths
Γγ∗N (q,W ) of the ∆ Dalitz decay, and for the ∆ mass
distribution g∆(W ).

A. ∆ Dalitz decay

The width associated with the ∆ decay into γ∗N can
be determined from the ∆ → γ∗N form factors for the
∆ mass W . Assuming the dominance of the magnetic
dipole form factors over the other two transition form
factors, we can write [4, 5, 38]

Γγ∗N (q,W ) =
α

16

(W +M)2

M2W 3

×√
y+y−y−|G∗

M (q2,W )|,
(5.1)
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FIG. 5: Results for
dΓ

e+e−N
dq

(q,W ) for three different values
of energies W . The solid line is the result of our model. The
dotted line is the result of the constant form factor model.

where q =
√
q2, α ≃ 1/137 is the fine-structure constant

and y± = (W ±M)2 − q2.
At the photon point (q2 = 0), in particular, we obtain

the ΓγN in the limit q2 = 0 from Eq. (5.1) [5, 18, 37]

ΓγN(W ) = Γγ∗N (0,W ). (5.2)

We can also calculate the derivative of the Dalitz decay
width Γe+e−N (q,W ) from the function Γγ∗N (q,W ) using
the relation [5, 18, 37, 38]

Γ′
e+e−N (q,W ) ≡ dΓe+e−N

dq
(q,W )

=
2α

3πq
Γγ∗N (q,W ).

(5.3)

The Dalitz decay width Γe+e−N (q,W ) is given by

Γe+e−N (W ) =

∫ W−M

2me

Γ′
e+e−N (q,W ) dq, (5.4)

where me is the electron mass. Note that the integration
holds for the interval 4m2

e ≤ q2 ≤ (W −M)2, where the
lower limit is the minimum value necessary to produce an
e+e− pair, and (W−M)2 is the maximum value available
in the ∆ → γ∗N decay for a given W value.

The results for
dΓe+e−N

dq (q,W ) for several mass values

W (1.232, 1.6 and 2.2 GeV) are presented in Fig. 5. These
results are also compared to the calculation given by the
constant form factor model, from which they deviate con-
siderably.
Also, the ∆ decay width can be decomposed at tree

level into three independent channels

Γtot(W ) = ΓπN(W ) + ΓγN (W ) + Γe+e−N (W ), (5.5)

given by the decays ∆ → πN , ∆ → γN and ∆ →
e+e−N . The two last terms are described respectively
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FIG. 6: Results for the partial widths as function of W . At left: partial widths (solid line) for ∆ → γN and ∆ → e+e−N , compared
with the constant form factor model (dotted line). At right: the partial widths are compared with the ∆ → πN width (dotted line) and
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FIG. 7: Results for g∆(W ) and the partial contributions g∆→πN(W ), g∆→γN (W ) and g∆→e+e−N (W ). At left: g∆→γN (W )
and g∆→e+e−N (W ) in comparison with constant form factor model (dotted line). At right: all contributions compared with
the total g∆(W ) (thin solid line).

by Eqs. (5.2) and (5.4). The ΓπN term can be parame-
terized as in [36, 39]

ΓπN(W ) =
M∆

W

(
qπ(W )

qπ(M∆)

)3
κ2 + q2π(M∆)

κ2 + q2π(W )
Γ0
πN , (5.6)

where Γ0
πN is the ∆ → πN partial width for the physical

∆, qπ(W ) is the pion momentum for a ∆ decay with mass
W , and κ a cutoff parameter. Following Refs. [34, 35]
we took κ = 0.197 GeV. The present parameterization
differs from other forms used in the literature [5, 37] and
from our previous work [4].

The results for the partial widths as functions of the
mass W are presented in Fig. 6. On the left panel we
compare ΓγN and Γe+e−N with the result of the con-
stant form factor model. On the right panel we present
the total width Γtot(W ) as the sum of the three partial
widths.

B. ∆ mass distribution

To study the impact of the ∆ resonance propagation
in nuclear reactions like the NN reaction, it is necessary
to know the ∆ mass distribution function g∆(W ). As
discussed before, W is an arbitrary resonance mass that
may differ from the resonance pole mass (M∆). The usual
ansatz for g∆ is the relativistic Breit-Wigner distribution-
[4, 5]

g∆(W ) = A
W 2Γtot(W )

(W 2 −M2
∆)

2 +W 2 [Γtot(W )]
2 , (5.7)

where A is a normalization constant determined by∫
g∆(W )dW = 1 and the total width Γtot(W ) (5.6).

The results for g∆(W ) and the partial contributions
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FIG. 8: Transport-model calculations of dilepton mass spectra dσ/dmee from proton-proton collisions (pp → e+e−X) at three
different beam energies, with and without a ∆ → γ∗N form factor, compared to experimental data measured with the HADES
detector [40–42].

g∆→γN(W ) =
ΓγN(W )

Γtot(W )
g∆(W ), (5.8)

g∆→e+e−N (W ) =
Γe+e−N (W )

Γtot(W )
g∆(W ), (5.9)

g∆→πN(W ) =
ΓπN (W )

Γtot(W )
g∆(W ), (5.10)

are presented in Fig. 7. The results are also compared
with the constant form factor model.

C. Dilepton production from NN collisions

The ∆ → γ∗N magnetic dipole form factor in the
timelike region is known to have a significant influence
on dilepton spectra. Therefore we show in Fig. 8 a
transport-model calculation of the inclusive dielectron
production cross section dσ/dmee for proton-proton col-
lisions (pp → e+e−X), where mee = q. These results
have been obtained with the GiBUU model [34, 39] for
three different proton beam energies and are compared
to experimental data measured with the HADES detec-
tor [40–42]. Except for the contribution of the ∆ Dalitz
decay, the calculations are identical to those presented in
an earlier publication [35]. The ∆ Dalitz decay is shown
in two variants, once with a constant form factor fixed at
the photon point (i.e., in ’QED’ approximation) and once
using the form-factor model described in the preceding
sections.
At the lowest beam energy of 1.25 GeV, the produced

∆ baryons are close to the pole mass and therefore the
results with and without the form factor are very sim-
ilar. At higher beam energies, however, the model for
the ∆ → γ∗N form factor has a much larger impact, be-
cause higher values of W are reached, where the form
factor deviates strongly from the photon point value.
In Fig. 9 we illustrate the influence of W by showing

the W distribution of produced ∆+,0 baryons in the
GiBUU simulations. We note that several different pro-
cesses contribute to the inclusive ∆+,0 production, such
as NN → N∆, ∆∆, ∆N∗ etc., each of which will pro-
duce a different W distribution due to different kinemat-
ics and phase space. Furthermore it should be remarked
that the tails of this distribution, just as the ∆ spectral
function in Eq. (5.7), depend significantly on the specific
parameterization of the hadronic width for ∆ → πN .
However, for electromagnetic observables as shown in
Fig. 8, the dependence on the hadronic width is very
weak, since in Eq. (5.9) the total width cancels out in
the numerator and only stays in the denominator.
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FIG. 9: Mass distribution of produced ∆+,0 baryons in
GiBUU simulations, for pp collisions at three different beam
energies.
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FIG. 10: Modified calculations of dilepton mass spectra dσ/dmee from proton-proton collisions (pp → e+e−X), using reduced
R → ρN branching ratios for two resonances (see text).

Coming back to Fig. 8, it should be noted that the
choice of the form factor has little influence on the overall
agreement of the total dilepton spectrum with the experi-
mental data at the two lowest beam energies, because the
influence of the form factor is weak or the ∆ contribution
is small compared to other channels. At the highest beam
energy of 3.5 GeV, however, the choice of the form factor
does have an impact on the total spectrum for masses
above 600 MeV. While the constant-form-factor result
combined with the other channels from GiBUU shows a
good agreement with the data, using the q2 dependent
form factor results in a slight overestimation of the data,
which is most severe for masses of around 700 MeV. How-
ever, we note that the ∆ contribution by itself does not
overshoot the data. Only in combination with the other
channels (in particular the heavier baryons, such as N∗

and ∆∗) the overestimation is seen.

There could be various reasons for this enhancement
over the data, but we want to mention here only the two
most likely ones. One could lie in the form factor itself,
more precisely in the omission of an W dependence of
the overall weight λπ for the pion cloud. This parameter
for the weight of the pion cloud should probably depend
on W . If the two diagrams (a) and (b) of the pion cloud
contribution would decrease simultaneously with W , as
we can expect from the drop of the mπ/W ratio, this
could potentially cure the observed overestimation.

On the other hand, the reason for the disagreement
could also be found in the other channels that are part of
the transport calculation. In particular the contributions
of the higher baryonic resonances (N∗ and ∆∗) are sub-
ject to some uncertainties. These resonance contributions
were recently investigated via exclusive pion production
at 3.5 GeV with the HADES detector [43], which showed
that the GiBUU model does a rather good job in de-
scribing the resonance cocktail for the exclusive channels
(with some minor deviations). However, there are also
significant non-exclusive channels for pion and dilepton

production at this energy. Moreover, the form factors of
the higher resonances are a matter of debate (they are
treated in a strict-VMD assumption in the calculation).

It was remarked in [43] that some of the branching
ratios for R → ρN , which directly influence the dilep-
ton yield via the VMD assumption, might be overesti-
mated in GiBUU, in particular for the N∗(1720) and the
∆∗(1905). Both have a very large ρN branching ratio of
87% in GiBUU [34] (as adopted from [36]) and also in the
current PDG database these branching ratios are listed
with rather large values [44], which are essentially com-
patible with the GiBUU values. However, some recent
partial-wave analyses [45, 46] claim much smaller values
for these branching ratios, showing some tension with
the PDG and GiBUU values. We show in Fig. 10 the ef-
fect of using smaller values for these branching ratios on
the dilepton spectra, adopting the upper limits from the
Bonn-Gatchina analysis [45] (as given in [43]), namely
10% for N∗(1720) → ρN and 42% for ∆∗(1905) → ρN .
We note that the values in [46] are even smaller. As seen
in Fig. 10, this change indeed reduces the contributions
from the N∗ and ∆∗ resonances by a fair amount, in par-
ticular in the high-mass region (mee > 600 MeV). This
improves the agreement with the highest data points at
2.2 GeV, and it also mitigates the overshooting over the
data at 3.5 GeV when the ∆ → γ∗N form factor is used,
but it does not fully cure it.

Thus it is quite likely that the remaining excess is
caused by the negligence of theW dependence in the pion
cloud contribution of the form factor. A more detailed
investigation of the W dependence of the pion cloud is
planned in a further study that will analyze all these as-
pects.
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VI. SUMMARY AND CONCLUSIONS

In this work we present a new covariant model for the
∆ → γ∗N transition in the timelike region. The model
is based on the combination of valence quark and meson
cloud degrees of freedom. The bare quark contribution
was calibrated previously to lattice QCD data. One of
the pion cloud components is fitted to the pion electro-
magnetic form factor Fπ (with the fit being almost in-
sensitive to the spacelike data and strongly dependent
on the timelike data) and the other, associated with in-
termediate octet/decuplet baryon states, parameterized
by an effective cutoff ΛD.

Our model induces a strong effect on the ∆ → γ∗N
magnetic dipole form factor in the region around the
ρ−meson pole (where the magnitude is about four times
larger than at q2 = 0). This effect was missing in the
frequently used Iachello model. The pion cloud effects
dominate in the region q2 ≤ 1.5GeV2. For larger q2

the effects of the valence quark became dominant, and
the q2-dependence is smoother. At low energies, the new
form factor has little influence on the overall agreement
of the total dilepton spectrum in NN collisions with the
experimental data, and no large difference between our
new model and the VMD model is seen. However at the
highest beam energy of 3.5 GeV, the choice of the form
factor does affect the total spectrum for masses above
600 MeV.

Measurements of independent channels, for instance
exclusive pion induced ∆ production data, can help to
better constrain the pion cloud contribution. The meth-
ods presented in this work can in principle be extended
to higher mass resonances as N∗(1440), N∗(1520),
N∗(1535), N∗(1710) and ∆∗(1600), for which there are
already predictions of the covariant spectator quark
model [47, 48] in the spacelike region. The calculation
of the N∗(1520) form factors in the timelike region [49],
extending the results from Ref. [47] is already under way.
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Appendix A: Quark form factors

We use a parameterization of the quark isovector form
factors motivated by VMD [8, 23, 25]

f1−(q
2) = λq + (1− λq)

m2
ρ

m2
ρ − q2

− c−
M2

hq
2

(M2
h − q2)2

f2−(q
2) = κ−

{
d−

m2
ρ

m2
ρ − q2

+ (1− d−)
M2

h

M2
h − q2

}
,

(A1)

where mρ = 775 MeV is the ρ-meson mass, Mh is the
mass of an effective heavy vector meson, κ− is the quark
isovector anomalous magnetic moment, c−, d− are mix-
ture coefficients, and λq is a parameter related with the
quark density number in the deep inelastic limit [25]. The
term inMh, whereMh = 2M , simulates the effects of the
heavier mesons (short range physics) [25], and behaves as
a constant for values of q2 much smaller than 4M2. The
width associated with the pole q2 = M2

h is discussed in
the Appendix B.
The ρ pole appears when one assumes a stable ρ with

zero decay width Γρ = 0. For the extension of the quark
form factors to the timelike regime we consider therefore
the replacement

m2
ρ

m2
ρ − q2

→ m2
ρ

m2
ρ − q2 − imρΓρ(q2)

. (A2)

On the r.h.s. we introduce Γρ the ρ decay width as a
function of q2.
The function Γρ(q

2) represents the ρ→ 2π decay width
for a virtual ρ with momentum q2 [32, 50]

Γρ(q
2) = Γ0

ρ

m2
ρ

q2

(
q2 − 4m2

π

m2
ρ − 4m2

π

) 3
2

θ(q2 − 4m2
π), (A3)

where Γ0
ρ = 0.149 GeV.

Appendix B: Regularization of high momentum
poles

For a givenW the squared momentum q2 is limited by
the kinematic condition q2 ≤ (W−M)2. Then, if one has
a singularity at q2 = Λ2, that singularity will appear for
values of W such that Λ2 ≤ (W −M)2, or W ≥M + Λ.
To avoid a singularity at q2 = Λ2, where Λ2 is any

of the cutoffs introduced in our pion cloud parameteri-
zations, and quark current (pole Mh) we implemented a
simple procedure. We start with

Λ2

Λ2 − q2
→ Λ2

Λ2 − q2 − iΛΓX(q2)
, (B1)

where

ΓX(q2) = 4Γ0
X

(
q2

q2 + Λ2

)2

θ(q2), (B2)
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In the last equation Γ0
X is a constant given by Γ0

X =
4Γ0

ρ ≃ 0.6 GeV.

In Eq. (B2) the function ΓX(q2) is defined such that
ΓX(q2) = 0 when q2 < 0. Therefore the results in the
spacelike region are kept unchanged. For q2 = Λ2 we
obtain ΓX = Γ0

X , and for very large q2 it follows ΓX ≃
4Γ0

X . Finally the value of Γ0
X was chosen to avoid very

narrow peaks around Λ2.
While the width Γρ(q

2) associated with the ρ-meson
pole in the quark current is nonzero only when q2 > 4m2

π,
one has for ΓX(q2) nonzero values also in the interval
4m2

π > q2 > 0. However, the function ΓX(q2) changes

smoothly in that interval and its values are negligible.

This procedure was used in Ref. [4, 34] for the cal-
culation of the ∆ → γ∗N form factors in the timelike
regime. In the present case the emerging singularities
for W > M + ΛD ≃ 1.84GeV are avoided, and for
W < 1.84GeV, the results are almost identical to the
ones without regularization. The suggested procedure
avoids the singularities at high momentum and at the
same time preserves the results for low momentum. In
the cases considered the high q2 contributions are sup-
pressed and the details of regularization procedure are
not important.
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Photon and dilepton production at the Facility for Antiproton and Ion Research and
the beam energy scan program at the Relativistic Heavy-Ion Collider using

coarse-grained microscopic transport simulations
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We present calculations of dilepton and photon spectra for the energy range Elab = 2− 35AGeV
which will be available for the Compressed Baryonic Matter (CBM) experiment at the future Facil-
ity for Anti-Proton and Ion Research (FAIR). The same energy regime will also be covered by phase
II of the Beam Energy Scan at the Relativistic Heavy-Ion Collider (RHIC-BES). Coarse-grained
dynamics from microscopic transport calculations of the Ultra-relativistic Quantum Molecular Dy-
namics (UrQMD) model is used to determine temperature and chemical potentials, which allows for
the use of dilepton and photon-emission rates from equilibrium quantum-field theory calculations.
The results indicate that non-equilibrium effects, the presence of baryonic matter and the creation
of a deconfined phase might show up in specific manners in the measurable dilepton invariant mass
spectra and in the photon transverse momentum spectra. However, as the many influences are diffi-
cult to disentangle, we argue that the challenge for future measurements of electromagnetic probes
will be to provide a high precision with uncertainties much lower than in previous experiments. Fur-
thermore, a systematic study of the whole energy range covered by CBM at FAIR and RHIC-BES
is necessary to discriminate between different effects, which influence the spectra, and to identify
possible signatures of a phase transition.

PACS numbers: 25.75.Cj, 24.10.Lx
Keywords: Dilepton & photon production, Monte Carlo simulations

I. INTRODUCTION

A major goal of the study of heavy-ion collisions at
relativistic and ultra-relativistic collision energies is to
explore the properties of strongly interacting matter at
finite temperatures and densities [1, 2]. When two col-
liding nuclei hit each other, the nuclear matter is com-
pressed, and a large amount of energy is deposited in a
small spatial volume. This results in the creation of a
fireball of hot and dense matter [3, 4]. The fireball lives
for a time span of the order of several fm/c until the col-
lective expansion of the matter has driven the strongly
interacting system to a final state of freely streaming par-
ticles.

Today, almost the entire phase diagram governed by
Quantum Chromodynamics (QCD) is accessible for ex-
perimental exploration at various accelerator facilities.
The temperature T and baryochemical potential µB in-
side the fireball are mainly determined by the energy
which is deposited in the nuclear collision; more precisely,
the collision energy determines the trajectory of the sys-
tem in the T − µB plane of the QCD phase diagram.
At the highest currently available energies at RHIC and
LHC the reaction is dominated by high temperatures,
significantly above the critical temperature Tc, for which
the creation of a deconfined state of quarks and gluons
is assumed. At the same time the baryochemical po-

∗ endres@th.physik.uni-frankfurt.de

tential is low or close to zero for the largest part of the
fireball evolution. This situation is similar to the condi-
tions which prevailed in the universe a short time after
the big bang. On the other side, one finds a comple-
mentary situation if considering heavy-ion collisions at
laboratory frame energies of the order of 1 AGeV. Here
only moderate temperatures are obtained, insufficient to
create a Quark-Gluon Plasma. However, the very high
net baryon densities or baryochemical potentials reached
in this case might provide valuable information about
those effects which are not mainly driven by tempera-
ture but by the presence of compressed baryonic matter.
This situation resembles the environments in (super)nova
explosions and neutron stars.

To learn about the different regions of the phase di-
agram one needs observables which do not only reflect
the diluted final state after the freeze-out of the system
but rather convey information about the entire fireball
evolution. For this purpose electromagnetic probes, i.e.,
photons and dileptons have been for long suggested as
ideal probes [5, 6]: Once produced, photons and dilep-
tons only participate in electromagnetic and weak inter-
actions for which the mean free paths are much longer
than the size and the lifetime of the fireball. Conse-
quently, they can leave the zone of hot and dense matter
undisturbed. Since electromagnetic probes are emitted in
a large variety of processes over the whole lifetime of the
fireball, the measured spectra reflect the time-integrated
evolution of the thermodynamic properties of the system.
While this allows to obtain convoluted information about
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the properties of matter it also poses a serious challenge
for the theoretical description. On the one hand, one
needs to identify the relevant microscopic processes that
contribute to dilepton and photon emission and to deter-
mine the corresponding production rates. On the other
hand it is important to give a realistic description of the
complete reaction dynamics.

The intense experimental study of photon and dilep-
ton production in the high-energy regime (at SPS [7–
9], RHIC [10–13], and LHC [14] energies), but also for
very low collision energies as measured at SIS 18 and
BEVALAC [15–18] in comparison to theoretical model
calculations has significantly enhanced our knowledge of
the reaction dynamics and the properties of matter in the
hot and dense medium created in a heavy-ion reaction.
The importance of partonic emission for the correct the-
oretical description of the high-mass region of dilepton
invariant mass spectra and the high-pt photon spectra
has been pointed out [19–21] and the various different
hadronic contributions (especially for the photon pro-
duction channels) could be identified [22–24]. Neverthe-
less, the most important finding was the large influence
of the baryonic matter on the vector mesons’ spectral
shape. Especially in the case of the ρ meson this causes
a strong broadening of the spectral function with small
mass shifts [25–28]. This effect has been observed as an
enhancement in the low-mass region of the dilepton in-
variant mass spectra and also shows up as a stronger
low-momentum thermal photon yield. Note that the ρ
broadening is most dominant at low collision energies,
where one obtains the largest baryochemical potentials,
but even at RHIC energies baryonic effects are by far not
negligible.

However, there still remains an up to now unexplored
energy window between the Elab = 1− 2AGeV dilepton
measurements by the DLS and HADES Collaborations
and the CERES results for Elab = 40AGeV. The future
Compressed Baryonic Matter (CBM) experiment at the
Facility for Anti-Proton and Ion Research (FAIR) with
the SIS 100/300 accelerator provides the unique possi-
bility to study heavy-ion collisions with beam energies
from 2 up to 35AGeV and will therefore enable us to get
an insight into exactly that regime of the phase diagram
of highest baryon densities where no dilepton or photon
measurements have been performed till now [29, 30]. In
addition, also phase II of the Beam Energy Scan (BES)
program at RHIC will allow to perform measurements in
fixed-target mode at lab-frame energies of 7.7, 9.1, 11.5,
14.5 and 19.6AGeV, i.e., in the same collision energy
range as FAIR [31]. Further complementary investiga-
tions are also planned for the NICA in Dubna [32].

From a theoretical point of view, the handling of this
energy range is quite challenging, as the transition from
a purely hadronic fireball at low collision energies to the
creation of a partonic phase is expected here. Further-
more, at the high baryochemical potentials which still
dominate the fireball at these energies, a first order phase
transition from a hadron gas to the QGP is assumed, in

contrast to the situation at RHIC or the LHC where a
cross-over is predicted by Lattice QCD calculations [33].

Although transport models were applied successfully
to describe electromagnetic observables in heavy-ion col-
lisions [34–36], they generally have some shortcomings
when describing very hot and dense systems. In detail,
problems include the following aspects: Firstly, while the
Boltzmann approach works quite well for quasi-particles
of infinite lifetime, for broad resonances as the ρ me-
son a correct description is challenging. Furthermore,
in dense matter the intervals between scatterings be-
come extremely short and will consequently modify the
spectral characteristics of the single particles (collisional
broadening). To describe the off-shell dynamics correctly
a transport description with dynamical spectral functions
following the description of Kadanoff and Baym [37] is
required. However, a practical implementation of this is
currently not possible. Secondly, in a dense medium not
only binary scatterings will occur but also multi-particle
interactions play a role, which is beyond the capabilities
of the common transport models. And finally, the micro-
scopic models usually concentrate on either the transport
of hadrons or partons. However, modelling a transition
from an initially up-heating hadron gas to a deconfined
phase and the later particlization when the system cools
down is extremely difficult to realize within a transport
approach.

There have been several investigations over the last
years on these aspects (see, e.g., Refs. [38–44]), but a full
treatment of all these issues is still beyond the scope of
present investigations.

On the other side, the short mean free paths of par-
ticles in a medium might suggest to treat the reactions
from a macroscopic point-of-view. However, approaches
as simple fireball expansion models [45] or hydrodynam-
ics [46], which have been successfully applied for SPS,
RHIC and LHC energies, also have their shortcomings in
the FAIR energy regime for three main reasons: Firstly,
the separation of the fireball expansion from dynamics
of the initial projectile-target dynamics is not applica-
ble; secondly, the often applied simplification to assume
a 2+1-dimensional boost invariant geometry is not pos-
sible; and finally, the time scale necessary for an approx-
imate thermal equilibration of the fireball will be longer
due to the slower overall evolution of the reaction and
the lower temperatures reached.

To avoid the disadvantages of both pictures the coarse-
graining method has been developed, based on previ-
ous studies [47], and was successfully applied to de-
scribe dilepton production at SPS and SIS 18 energies
[27, 28, 48]. The approach represents a combination of
the microscopic picture from the underlying transport
simulations with the resulting description of the dynam-
ics in terms of the macroscopic quantities temperature
and chemical potential. By averaging over many events
one can extract the local energy and baryon densities at
each space-time point from the transport simulations and
use an equation of state to determine the corresponding
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temperature and baryochemical potential. With this the
calculation method of thermal dilepton and photon emis-
sion by application of full in-medium spectral functions is
straightforward, employing the rates available from equi-
librium quantum field theory.

In the present work the coarse-graining approach is
used to calculate photon and dilepton spectra with focus
the FAIR energy regime, but naturally the results also
serve as a theoretical prediction for the fixed-target mea-
surements of the RHIC-BES since the prospected col-
lision energies of both experimental programs overlap.
Although the details of the future experimental set-ups
are not yet determined, the results shall provide a general
baseline calculation for the interpretation of the measure-
ments to be conducted. Furthermore, it shall be investi-
gated if and how one can obtain valuable information on
the properties of matter from the measured spectra and
discriminate between several effects that might influence
the dilepton and photon results. In detail, we will concen-
trate on the following three aspects: The modification of
the thermal emission pattern by high baryochemical po-
tentials, signals for a phase transition or the creation of
a deconfined phase and possible non-equilibrium effects
on the thermal rates.

This paper is structured as follows. In Section II the
coarse-graining approach will be presented. Thereafter,
in Section III we will introduce the various microscopic
sources for thermal emission of photons and dileptons and
in short discuss the non-thermal cocktail contributions.
In Section IV the results for the fireball evolution and
the photon and dilepton spectra at FAIR energies are
shown. The results are used to systematically analyse in
which way it might be possible to discriminate between
different scenarios for the fireball evolution in Section V.
We conclude the present work with a summary and an
outlook to subsequent investigations.

II. THE MODEL

While microscopic transport models describe the reac-
tion dynamics of a heavy-ion collision in terms of many
different degrees of freedom, the general idea of the
coarse-graining approach is that in principle only a very
reduced amount of the provided information is necessary
to account for the thermal production of electromagnetic
probes. The microscopic information about all individ-
ual particles and their specific properties – such as mass,
charge and momentum – are ignored and the whole dy-
namics is reduced to macroscopic quantities which are as-
sumed to fully determine the local thermodynamic prop-
erties: The energy and particle densities.

The coarse-graining method combines two advantages:
On the one hand the collision dynamics is still based on
the microscopic transport evolution and thereby gives a
very nuanced picture of the entire collision evolution, on
the other hand the reduction to macroscopic state vari-
ables enables an easy application of in-medium spectral

functions from equilibrium quantum field theory calcula-
tions.

In the following the ingredients of the approach are
presented in detail.

A. Ultrarelativistic Quantum Molecular Dynamics

The underlying microscopic input for the present
calculations stems from the Ultra-relativistic Quantum
Molecular Dynamics (UrQMD) approach [49–51]. It is
a non-equilibrium microscopic transport model based on
the principles of molecular dynamics [52, 53]. It consti-
tutes an effective Monte Carlo solution to the relativis-
tic Boltzmann equation and connects the propagation of
hadrons on covariant trajectories with a probabilistic de-
scription of the hadron-hadron scattering processes. To
account for the quantum nature of the particles, each
hadron is represented by a Gaussian density distribution,
and quantum statistical effects such as Pauli blocking are
considered [54].

The model includes all relevant mesonic and bary-
onic resonances up to a mass of 2.2 GeV/c2. Produc-
tion of particles occurs via resonant scattering of par-
ticles (e.g., NN → N∆ or ππ → ρ) or the decay of
higher resonances, e.g., the process ∆ → πN . The in-
dividual interaction and decay processes are described
in terms of measured and extrapolated hadronic cross-
sections and branching ratios. For collision energies
above

√
sNN = 3 GeV also the excitation of strings is

possible.

B. Coarse-graining of microscopic dynamics

Within the UrQMD model the particle distribution
function f(~x, ~p, t) is determined by the space and mo-
mentum coordinates of all the different particles in the
system at a certain time. However, due to the finite
number h of hadronic particles involved and produced in
a heavy-ion collision, one needs to take the average over a
large ensemble of events to obtain a smooth phase-space
distribution of the form

f(~x, ~p, t) =

〈∑

h

δ(3)(~x− ~xh(t))δ(3)(~p− ~ph(t))

〉
. (1)

Note that this distribution is Lorentz invariant if all par-
ticles are on the mass-shell, as provided in our case. Due
to the non-equilibrium nature of the model, one will of
course have to extract the particle distribution function
locally. In the present approach, this is done by the use
of a grid of small space-time cells where for each of these
cells we determine the (net-)baryon four-flow and the
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energy-momentum tensor according to the relations

jµB =

∫
d3p

pµ

p0
fB(~x, ~p, t), (2)

Tµν =

∫
d3p

pµpν

p0
f(~x, ~p, t). (3)

In practice, the integration is done by summing over the
δ functions. As we use cells of finite size, we have

δ(3)(~x− ~xh(t)) =

{
1

∆V if ~xh(t) ∈ ∆V,

0 otherwise
(4)

and in the limit for small volumes the density of some
observable Ô then becomes

∫
d3p Ô(~x, ~p, t)f(~x, ~p, t) =

1

∆V

〈
~xh∈∆V∑

h

Ô(~x, ~p, t)

〉
.

(5)
Consequently, Eqns. (2) and (3) take the form

Tµν =
1

∆V

〈
Nh∈∆V∑

i=1

pµi · pνi
p0
i

〉
,

jµB =
1

∆V

〈NB/B̄∈∆V∑

i=1

±p
µ
i

p0
i

〉
.

(6)

Having obtained the baryon flow, we can boost each cell
into the rest frame as defined by Eckart [55], where jB

µ

is (ρB,~0). The according transformation of the energy-
momentum tensor provides the rest frame energy density.

C. Non-equilibrium dynamics

While macroscopic models usually introduce thermal
and chemical equilibrium as an ad-hoc assumption, mi-
croscopic simulations – in the present case the UrQMD
simulations – are based on the description of single
particle-particle interactions and non-equilibrium will be
the normal case. Consequently, we have to account for
these deviations from equilibrium in such a manner that
we can reliably apply equilibrium spectral functions to
calculate the emission of photons and dileptons.

In general it is difficult to really determine to which
degree a system has reached equilibrium. Basically there
are two dominant effects, which may serve as indicators
for thermal and chemical equilibration: The momentum-
space anisotropies and the appearance of meson-chemical
potentials.

1. Thermal non-equilibrium

Regarding thermal equilibration, it was found in micro-
scopic simulations that independent of the collision en-
ergy the system needs a time of roughly 10 fm/c after the

beginning of the heavy-ion collision until the transverse
and longitudinal pressures are approximately equal [56].
The pressure anisotropy stems from the initial strong
compression along the beam axis when the two nuclei
first hit and traverse each other. As thermal equilibrium
requires isotropy, one will obtain too high values for the
energy density in highly anisotropic cells. To obtain ef-
fective quantities that account for the thermal proper-
ties in the system we apply a description that explicitly
includes the momentum-space anisotropies and in which
the energy momentum-tensor is assumed to take the form
[57, 58]

Tµν = (ε+ P⊥)uµuν − P⊥ gµν − (P⊥ − P‖)vµvν . (7)

where P⊥ and P‖ denote transverse or parallel pressure
components, respectively; uµ and vµ are the cell’s four-
velocity and the four-vector of the beam direction. The
effective energy density εeff is obtained via the general-
ized equation of state for a Boltzmann-like system of the
form

εeff =
ε

r(x)
, (8)

where the relaxation function r(x) and its derivative r′(x)
are defined by

r(x) =





x−1/3

2

(
1 + x artanh

√
1−x√

1−x

)
for x ≤ 1

x−1/3

2

(
1 + x arctan

√
x−1√

x−1

)
for x ≥ 1

, (9)

and x = (P‖/P⊥)3/4 denotes the pressure anisotropy.
As we have shown in our previous investigation at SPS

energies [27], with this description the effective energy
density deviates from the nominal one only for the very
initial stage of the reaction, where the pressure compo-
nents differ by orders of magnitude. Nevertheless, the ef-
fective energy density εeff allows to calculate meaningful
T and µB values for these cells. After the very initial col-
lision phase the differences still exist, but have hardly any
influence on the energy density, so that we can assume
that these cells are in approximate local equilibrium.

2. Chemical non-equilibrium

Chemical equilibration is a more difficult problem, but
one obvious deviation in microscopic models is the ap-
pearance of meson chemical potentials, especially for the
case of pions as these are the most abundantly produced
particles. As the meson number is not a conserved quan-
tity in strong interactions (in contrast to, e.g., the baryon
number) meson chemical potentials can only show up if
the system is out of chemical equilibrium. While pion
chemical potentials are introduced in fireball models for
the stage after the chemical freeze-out to obtain the cor-
rect final pion yields, in non-equilibrium transport mod-
els they intrinsically appear in the early stages of the
reaction when a large number of pions is produced in
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many initial scattering processes [59]. At higher collision
energies this mainly happens via string excitation. The
pion (and kaon) chemical potentials have a large influ-
ence on the photon and dilepton production rates as an
overpopulation of pions increases the reactions in many
important channels, for example ππ → ρ→ γ/γ∗ [60].

To implement the non-equilibrium effects in the calcu-
lations, we extract the pion and kaon chemical potentials
in Boltzmann approximation as [61]

µπ/K = T ln

(
2π2n

gTm2K2

(
m
T

)
)
, (10)

where n denotes the cell’s pion or kaon density and K2 the
Bessel function of the second kind. The degeneracy factor
g is 3 in the case of pions and 2 for kaons. Note that the
Boltzmann approximation is in order here, as the mesons
in the transport model also account for Boltzmann statis-
tics and no Bose effects are implemented. However, while
for a Bose gas the chemical potential is limited to the me-
son’s mass, in principle one can get higher values for µπ
or µK here in rare cases. As such values are non-physical,
we assume that the maximum values to be reached are
140 MeV for µπ and 450 MeV for µK.

D. Equation of state

Once the rest-frame properties of each cell are deter-
mined, an equation of state (EoS) is necessary to describe
the thermodynamic system of the hot and dense matter
in the cell under the given set of state variables, i.e., the
(effective) local energy density and the local net densities
of conserved charges (for the strong interactions consid-
ered here the baryon number is the relevant quantity).
For the present calculations we apply a hadron gas equa-
tion of state (HG-EoS) that includes the same hadronic
degrees of freedom as the underlying transport model
[62]. The EoS allows us to extract the temperature and
baryochemical potential for an equilibrated hadron gas
at a given energy and baryon density. It is similar to
the result obtained for UrQMD calculations in a box in
the infinite time limit, when the system has settled to an
equilibrated state.

However, in the FAIR energy regime a purely hadronic
description of the evolving hot and dense fireball will not
be sufficient. As the temperatures will exceed the crit-
ical temperature Tc, a transition from hadronic to par-
tonic matter has to be implemented, and the dynamic
evolution of the created Quark-Gluon Plasma has to be
considered. On the other hand, it is necessary to keep
the EoS consistent with the underlying dynamics which
is purely hadronic. In our previous study at SPS energies
[27], we supplemented the HG-EoS with a Lattice equa-
tion of state [63] for temperatures above Tc ≈ 170 MeV,
in line with the lattice results. In the range around the
critical temperature the results of the HG-EoS and the
Lattice EoS match very well for µB ≈ 0, while signifi-

cantly higher temperatures are obtained with the latter
if one reaches temperatures significantly above Tc.

However, this procedure is problematic for the present
study, as the transition from a hadronic to a partonic
phase and back is assumed to take place at finite val-
ues of µB at FAIR energies, whereas the Lattice EoS is
restricted to vanishing chemical potential. To avoid dis-
continuities in the evolution, we confine ourselves to the
application of the HG-EoS, but with the assumption that
the thermal emission from cells with a temperature above
170 MeV stems from the QGP (i.e., we employ partonic
emission rates). This should be in order, as the tempera-
tures will not lie too much above the critical temperature
at the energies considered in the present work, where the
deviations from a full QCD-EoS explicitly including a
phase transition are expected to be rather moderate.

Nevertheless, we once again remind the reader that
the underlying microscopic description is purely hadronic
and it remains to be studied which consequences a phase
transition has at the microscopic level of the reaction
dynamics.

III. PHOTON & DILEPTON RATES

The mechanisms which contribute to the thermal emis-
sion of photons and dileptons are the same. Any process
that can produce a real photon γ can also produce a vir-
tual (massive) photon γ∗, decaying into a lepton pair.
However, due to the different kinematic regimes probed
by photons and dileptons, the importance of the single
processes varies. In the following the various sources of
thermal radiation considered in this work are presented.

Determining quantity for the thermal emission of real
photons as well as virtual photos (i.e., dileptons) is the
imaginary part of the retarded electromagnetic current-

current correlation function Π
(ret)
em , to which the rates

are directly proportional. It represents a coherent sum-
mation of the cuts of those Feynman diagrams which are
describing the different processes contributing to thermal
γ and γ∗ emission, and therefore accounts for the photon
or dilepton self-energy. In the rest frame, the thermal
emission can be calculated according to [25]

dNll
d4xd4q

=− α2
emL(M)

π3M2
fB(q;T )

× Im Π(ret)
em (M,~q;µB , T ),

(11)

q0
dNγ

d4xd3q
=− αem

π2
fB(q;T )

× Im ΠT,(ret)
em (q0 = |~q|;µB , T ).

(12)

Here L(M2) is the lepton phase-space factor (which plays
a significant role only for masses close to the threshold
2ml and is approximately one otherwise), fB the Bose
distribution function, and M the invariant mass of a lep-
ton pair. Note that only the transverse polarization of the
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current-current correlator enters for the photon rate, as
the longitudinal projection vanishes at the photon point,
i.e., for M = 0.

A. Thermal rates from hadronic matter

1. Vector meson spectral functions

In hadronic matter, all the spectral information of a
hadron with certain quantum numbers is specified in

Im Π
(ret)
em [64]. Assuming that Vector Meson Dominance

(VMD) [65] is valid, the correlator can be directly related
to the spectral functions of vector mesons. The impor-
tant challenge for theoretical models is to consider the
modifications of the particle’s self-energy inside a hot and
dense medium. Different calculations of in-medium spec-
tral functions exist [66–70], however not many of them
fully consider the effects of temperature and finite chem-
ical potential. We here apply a hadronic many-body cal-
culation from thermal field theory for the spectral func-
tions of the ρ and ω mesons [71–73], which has proven to
successfully describe photon and dilepton spectra from
SIS 18 to LHC energies [20, 22, 27, 28, 45, 74, 75]. The
calculation of the different contributions to the ρ spectral
function takes three different effects into account: The
modification due to the pion cloud, the direct scattering
of the ρ with baryons (nucleons as well as excited N∗ and
∆∗ resonances) and with mesons (π,K, ρ, . . . )[76]. While
the pion cloud effects also contribute in the vacuum, the
scattering processes only show up in the medium. For
the ω, the situation is slightly more complex since this
meson basically constitutes a three-pion state. The vac-
uum self-energy is represented by a combination of the
decays into ρ + π or three pions, respectively. Further
the inelastic absorption ωπ → ππ and the scattering pro-
cesses with baryons as well as the pion (i.e. ωπ → b1)
are implemented [77]. In the same manner as in our pre-
vious dilepton study at SIS 18 energy [28], we relinquish
a treatment of thermal emission from the φ vector me-
son here, for reason of the minor in-medium broadening
effects observed for this hadron and its still low multi-
plicities at least for lower FAIR energies. In the case of
vanishing invariant mass, i.e., for real photons, only the
ρ vector meson will give a significant contribution. For
the present calculation, we used the parametrization of
the photon rates from the ρ as given in Eqs. (2)-(7) in
Ref. [78], while a more advanced parametrization is nec-
essary for the dilepton rates from the ρ and ω, due to
their dependence on invariant mass and momenta [79].

Note that presently the photon parametrization of the
ρ contribution is limited to baryon chemical potentials
lower than 400 MeV and momenta larger than 0.2 GeV/c.
While we can easily neglect the lowest momentum re-
gion in the present study, the restriction to low µB is a
problem for the lowest collision energies considered here,
where one expects values of µB which significantly exceed
this range. The difference will be dominant at lower mo-

menta, where the influence of baryonic effects is known
to be largest, while the effect of a finite chemical poten-
tial is rather small at higher momenta [78]. However, for
the present work we can assume the photon contribution
from the ρ meson as a lower limit with regard to the
baryonic effects.

2. Meson gas contributions

The contribution from vector mesons is not the only
hadronic source of thermal emission. The mass region
above the φ meson, i.e., for M > 1 GeV/c2, is no longer
dominated by well defined particles, but here one finds a
large number of overlapping broad resonances constitut-
ing multi-meson (mainly four-pion) states, which have a
significant impact on the dilepton yield. We here apply a
description relying on model-independent predictions us-
ing a low-temperature expansion in the chiral-reduction
approach [74].

While the multi-meson effects only show up for high
invariant masses, i.e., in the time-like kinematic re-
gion probed by dileptons, when going to real photons
with M → 0 several scattering and bremsstrahlung pro-
cesses become important, which can be mostly neglected
at finite M . While baryonic bremsstrahlung processes
such as NN → NNγ and πN → πNγ are included
in the vector meson spectral functions, meson-meson
bremsstrahlung has to be added in the case of photon
emission. The most dominant part will here come from
the meson-meson scatterings ππ → ππγ and πK → πKγ,
for which we use the rates calculated within an effec-
tive hadronic model [23] in form of the parametrization
given by Eqs. (8) and (9) in Ref. [78]. Note that these
bremsstrahlung processes are mainly contributing at low
momenta, whereas they are rather subleading for photons
of higher energy.

Besides the ππ bremsstrahlung, also other mesonic
reactions contribute to the thermal photon produc-
tion, such as strangeness bearing reactions and meson-
exchange processes. In detail, these are πρ → πγ,
πK∗ → Kγ, πK → K∗γ, ρK → Kγ and K∗K → πγ.
The corresponding thermal rates were calculated for a
hot meson gas in Ref. [22], which are applied here to-
gether with the respective form factors.

Since the ω-t-channel exchange was found to give a
significant contribution to thermal photon spectra via
the πρ → πγ process, it has been recently argued that
also other processes including a πρω vertex should be
be considered in the calculations, namely the πρ → γω,
πω → γρ and ρω → γπ reactions for which the rates (in-
cluding the form factors) are parametrized in Appendix
B of Ref. [24]. Consequently, we also add these processes
when calculating thermal photon spectra.
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3. Influence of meson chemical potentials

As was already mentioned, we do not restrict our-
selves to the consideration of emission from thermally
and chemically equilibrated matter, but also include non-
equilibrium effects in form of finite pion and kaon chem-
ical potentials µπ and µK. It has been shown that the
influence of a non-equilibrium distribution of the respec-
tive mesons can be accounted for by introducing an ad-
ditional fugacity factor

znM=π,K = exp
(nµM

T

)
(13)

in the thermal dilepton and photon rates in Eqs. (11) and
(12). The exponent n depends on the difference in pion
or kaon number Nπ/K between initial and final state of

the process, i.e. n = N i
π/K −N

f
π/K . Note that while the

pion fugacity enters in most processes, the effects of a
finite kaon chemical potential only play a role for the πK
bremsstrahlung and π+K∗ → π+γ, π+K → K∗+γ and
K∗ + K → π + γ photon production channels. For the
dilepton channels considered here, µK can be neglected.

While for the single mesonic channels the initial and
final state are always well defined, several different types
of processes are included in the ρ and ω spectral func-
tions, especially processes with baryons. For the ρ not
only processes with an initial two-pion state of the type
ππ → ρ → γ/γ∗ are accounted for, but also reactions
including only one or no pion as ingoing particle (e.g.,
πN → ∆ → γN or NN → γNN). However, as the
correct fugacity depends on the initial pion number, one
would obtain different enhancements for each channel.
But as the different processes interfere with each other it
is difficult to determine the exact strength of each channel
and consequently one might hardly be able to account for
some average enhancement factor. Instead we here ap-
ply a fugacity factor z2

π which would be correct for pure
ππ annihilation processes. This can be interpreted as an
upper estimate of the influence which the meson chemi-
cal potential might have on the thermal ρ emission rates.
The same procedure is applied for the ω meson, where
we assume a fugacity of z3

π. Note that while the multi-
pion contribution also accounts for different initial states,
they are each treated separately so that one can apply
the correct fugacity factors here.

A full list of all hadronic contributions considered for
the present calculation of thermal dilepton and photon
emission, including the corresponding fugacity factors
which account for the enhancement of the specific channel
due to the meson chemical potentials, is given in Table
I.

B. Quark-Gluon Plasma

For the thermal emission of electromagnetic probes
from the Quark-Gluon Plasma one is again confronted

Type Rates Fugacity Ref.

Dilepton

ρ (incl. baryon effects)

ω (incl. baryon effects)

Multi-Pion

z2π

z3π

z3π / z4π / z5π

[73, 79]

[73, 79]

[45]

Photon

ρ (incl. baryon effects)

ππ and πK Bremsstr.

πρ→ γπ

πK∗ → Kγ

πK → K∗γ

ρK → Kγ

K∗K → πγ

πω → γρ

ρω → γπ

πρ→ γω

z2π

z2π + 0.2zπzK

z3π

zπzK

z2πzK

zπ

zK

z4π

z5π

—

[73, 78]

[22, 78]

[22]

[22]

[22]

[22]

[22]

[24]

[24]

[24]

TABLE I. Summary of the different dilepton contributions
considered in the present calculations.

with the problem that different processes govern the
dilepton production on the one side and photon emission
on the other. Consequently, one has to apply two differ-
ent descriptions for thermal rates, which are presented in
the following.

In case of photon emission from a partonic phase of
quarks and gluons the two main contributions stem from
quark-antiquark annihilation (qq̄ → gγ) and Compton
scattering processes (qg → qγ or q̄g → q̄γ) [80]. However,
it was shown that these processes are not sufficient to de-
scribe the production mechanism correctly and that it is
necessary to (a) include Feynman diagrams accounting
for bremsstrahlung and inelastic annihilation processes
which are enhanced due to near-collinear singularities
and (b) to implement the Landau-Pomeranchuk-Migdal
effect [81, 82]. The results of a full calculation of the pho-
ton emission, to leading order in αem and the QCD cou-
pling g (T ), was evaluated by Arnold, Moore and Yaffe
and takes the following form [83]:

q0
dRγ
d3q

=− αemαs

π2
T 2

(
5

9

)
fB (q;T )

×
[
ln

(√
3

4παs

)
+

1

2
ln

(
2q

T

)
+ Ctot

] (14)

with

Ctot = C2↔2

( q
T

)
+ Cannih

( q
T

)
+ Cbrems

( q
T

)
, (15)

αs ≈
6π

27 ln(T/0.022)
. (16)

The functions C2↔2, Cannih and Cbrems are approxi-
mated by the phenomenological fits given in Eqs. (1.9)
and (1.10) in Ref. [83]. Note that this calculation as-
sumes the chemical potential to be vanishing. However,
the overall effect of finite values of a quark chemical po-
tential (i.e., non-equal numbers of quarks and anti-quarks
in the QGP phase) is known to be rather small.
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In case of the thermal dilepton emission from the QGP,
the leading order contribution is the electromagnetic an-
nihilation of a quark and an anti-quark into a virtual
photon, qq̄ → γ∗. This process is irrelevant in the light-
cone limit for M → 0, as the annihilation of two massive
quarks into a massless photon is kinematically forbidden.
The pure perturbative quark-gluon plasma rate was cal-
culated for the mentioned leading order process [84] as

dRll
d4p

=
α2
em

4π4

T

p
fB(p0;T )

∑

q

e2
q

× ln
(x− + y) (x+ + exp[−µq/T ])

(x+ + y) (x− + exp[−µq/T ])

(17)

with x± = exp[−(p0±p)/2T ] and y = exp[−(p0 +µq)/T ].
The quark chemical potential µq which shows up here is
equal to µB/3. This calculation approximates the full
QCD results quite well at high energies, but for soft
processes of the order gs(T ), i.e., for dileptons with low
masses and momenta, the one-loop calculation is not suf-
ficient and hard-thermal-loop (HTL) corrections to the
result as given in Eq.(17) have to be considered [85]. It
was found that the rate for soft dileptons is then by or-
ders of magnitude larger than the simple leading order
calculation [26].

Recent calculations from thermal lattice-QCD suggest
an even stronger enhancement of the rates for low-mass
dileptons [86]. These results, which are applied in the
present work, have been extrapolated to finite three-
momenta by a fit to the leading-order pQCD rates such
that the correlation function takes the form [26]

− Im ΠEM =
CEM

4π
M2

(
f̂2 (q0, q;T ) +QtotLAT (M, q)

)
,

(18)
where

Qtot
LAT (M, q) =

2παs

3

T 2

M2

(
2 +

M2

q2
0

)

×KF
(
M2
)

ln

[
1 +

2.912

4παs

q0

T

] (19)

with a form factor F
(
M2
)

= 4T 2/
(
4T 2 +M2

)
and a

factor K = 2 to better fit the full lQCD rates. Note
that in contrast to the pQCD result the rate in Eqs. (18)
and (19) is calculated for µq = 0 only, as a calculation
for finite chemical potential is still beyond the current
lattice calculations.

C. Hadronic decay contributons

While we restrict the calculation of photon yields to the
thermal contribution, since all decay photons from long-
lived hadronic resonances are usually subtracted from the
experimental results, a full description of the dilepton
spectra requires to take also the non-thermal contribu-
tions from the decay of pseudo-scalar and vector mesons

into account. We here follow the same procedures as in
our previous work for SIS 18 energies. In detail, we deter-
mine the following non-thermal dilepton contributions:

1. The Dalitz decays of the pseudo-scalar π0 and η
mesons. To determine their contribution, we as-
sume that each final state particle contributes with
a weight of ΓM→e+e−/Γtot.

2. The direct decay of the φ meson into a lepton pair.
As the lifetime of the φ is relatively short, we ap-
ply a shining procedure which takes absorption and
re-scattering processes inside the medium into ac-
count.

3. Finally, we restricted the calculation of thermal
dileptons to those cells where the temperature is
larger than 50 MeV, as otherwise a thermal de-
scription becomes questionable. However, in prin-
ciple one will of course also find ρ and ω mesons
at lower temperatures. To account for this, in the
mentioned cases we calculate a “freeze-out” contri-
bution from the ρ and ω decays using the UrQMD
results for these mesons.

For a more detailed description of the non-thermal
hadronic contributions the reader is referred to Ref. [28].
We refrain from an extensive reproduction of the proce-
dure here, as the cocktail contributions will not play a
significant role in the present investigations.

IV. RESULTS

In the following we present the results of calculations
with the coarse-graining approach for Au+Au collisions
in the energy range of Elab = 2 − 35AGeV. We re-
strict the analysis to the 10% most central reactions,
as the medium effects will be largest here. In terms
of the microscopic UrQMD results, this roughly corre-
sponds to an impact parameter range of b = 0 − 4.5 fm.
For the coarse-graining we use ensembles of 1000 micro-
scopic events each. The length of the time-steps is cho-
sen as ∆t = 0.6 fm/c, and the size of the spatial grid
is ∆x = ∆y = ∆z = 0.8 fm. These grid parameters are
similar to the ones used for the previous studies at SIS 18
and SPS energies and constitute a good compromise be-
tween resolution and a sufficiently large hadron number
per cell. To obtain enough statistics, especially for the
non-thermal contributions, several runs with different en-
sembles are necessary.

A. Reaction dynamics

As the dilepton and photon production is directly re-
lated to the space-time evolution of the thermodynamic
properties of the system, it seems natural to start with a
study of the reaction dynamics obtained with the coarse-
graining of UrQMD input.
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FIG. 1. (Color online) Time evolution of (a) temperature T and (b) baryochemical potential µB for the central cell of the
coarse-graining grid for different beam energies Elab = 2 − 35AGeV. The results are obtained for the 0-10% most central
collisions in Au+Au reactions.

In Fig. 1 the time evolution of temperature and bary-
ochemical potential in the central cell of the grid is
depicted for different beam energies. The evolution
shows a significant increase of the temperature maxima
from slightly above 100 MeV for 2AGeV up to roughly
225 MeV for top SIS 300 energy. While the temperature
is clearly below the critical temperature of 170 MeV for
the lower energies, the highest energies covered by FAIR
can probe also this deconfinement region of the phase di-
agram. The thermal lifetime of the central cell, i.e., the
time for which it rests at temperatures above 50 MeV,
increases slightly with increasing collision energy. This is
mainly due to an earlier onset of thermalization after the
first hadron-hadron collisions, which define the origin of
the time axis. However, it is interesting that in the later
phase of the collision the temperature curves for all en-
ergies show the same monotonous decrease and even lie
on top of each other. A somewhat different behavior is
observed for the evolution of the baryochemical potential
µB. For all energies it shows a clear peak with values be-
tween 700 and 900 MeV at the beginning of the collision,
which is due to the high baryon densities reached in the
central cell when the two nuclei first come into contact.
Afterwards µB decreases and then remains on a plateau
level for a significant fraction of the reaction time for the
lower energies, while one observes a slight increase for
the higher beam energies towards later times. If we ne-
glect the peak in the early reaction stage, the chemical
potential shows a clear decrease with increasing collision
energy. While for 2AGeV the baryochemical potential
remains around 900 MeV for the whole thermal lifetime,
µB is only 350 MeV at t = 5 fm for 35AGeV and slowly
increases up to 600 MeV after t = 20 fm.

Note that the results shown in Fig. 1 are only for one
single cell at the center of the collision. The evolution in
other cells of the grid may differ largely in dependence
on their location (e.g., one finds in general lower temper-

ature and chemical potential in more dilute peripheral
cells). But yet it clearly depicts the influence of colli-
sion energy on T and µB. One finds two effects when
going from the lowest to the highest FAIR energies: An
increasing temperature combined with a decreasing bary-
ochemical potential. This behavior is not specific for the
central cell but reflected by the whole space-time evo-
lution, as can be seen from Fig. 2. The two plots show
the thermal four-volume in dependence of temperature T
(X-axis) and baryochemical potential µB (Y-axis). Re-
sults are shown for Elab = 4AGeV (a) and 35AGeV
(b). We see that for the lower energy the largest part
of the four volume is concentrated at values of the bary-
ochemical potential between 500 and 800 MeV, while the
temperature remains below 160 MeV for all cells. In con-
trast, for Elab = 35AGeV the four-volume distribution
extends to higher temperatures up to T = 240 MeV while
at the same time the distribution is shifted to lower bary-
ochemical potentials especially for higher temperatures
while the lower-temperature cells are mainly dominated
by high values of µB. Interestingly, especially for the
higher collision energy of 35 AGeV one finds some cells
in a separate region with moderate to high temperature
and very low baryochemical potential µB ≈ 0. These cells
are mainly found in the more peripheral regions of the
collision, where the baryon density (and particle density
in general) is rather low and where nevertheless in some
cases hadrons with large momenta are found, resulting in
high energy density for these cells. However, compared
to the large overall total thermal volume the relevance of
these low-µB cells is negligible.

It is important to bear in mind that the dilepton and
photon spectra will directly reflect the four-volume evo-
lution in the T−µB plane, as presented here. The results
show that at FAIR energies the region of the QCD phase
diagram with temperatures above the critical tempera-
ture and large µB can be probed, in contrast to the situa-
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FIG. 2. (Color online) Thermal four-volume in units of fm4 from the coarse-grained transport calculations in dependence of
temperature T and baryochemical potential µB. Results are shown for Elab = 4AGeV (a) and 35AGeV (b) in central Au+Au
collisions.

tion at LHC or RHIC, where the transition from hadronic
matter to a deconfined phase is assumed to happen at
µB ≈ 0. However, note that the results presented here are
obtained with a purely hadronic equation of state which
does not include any effects of the phase transition itself.
For an improvement the description one might need to
implement the transition properly, to account, e.g., for
the latent heat which would cause the cells to remain for
a longer time at temperatures around Tc. Nevertheless
the present results can serve as a lower limit baseline cal-
culation, assuming that we have a smooth crossing from
hadronic to QGP emission. Significant deviations from
this assumption might then show up in the photon and
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FIG. 3. (Color online) Average values of the pion chemical
potential µπ (blue lines) and the kaon chemical potential µK

(green lines) in dependence on the cell temperature. Results
are shown for central Au+Au collisions at three different col-
lision energies, Elab = 4, 15 and 35AGeV.

dilepton spectra. We will discuss this later.

As was pointed out before, the effects of chemical non-
equilibrium show up in the form of finite meson chemical
potentials for the π and K; and µπ and µK can have a
significant effect on the population of several photon and
dilepton production channels. The mean values of the
pion chemical potential µπ and the kaon chemical poten-
tial µK in dependence on the cell’s temperature for dif-
ferent collision energies are shown in Figure 3. Note that
the results for the chemical potentials here are obtained
by averaging the values of µπ and µK over all space-time
cells with a specific temperature. The study indeed in-
dicates that regarding the pion density the system will
be clearly out of equilibrium during the collision evolu-
tion. The value of µπ increases with temperature, which
is not surprising since a large part of the pion produc-
tion in the microscopic simulation takes place in initial
scatterings and via string formation at the beginning of
the reaction, when the system still heats up. At all tem-
peratures one finds that the µπ decreases with increasing
collision energy, which may indicate a faster and stronger
equilibration of the system if more energy is deposited
in the system. In addition, for top SIS 300 energies the
initial emission is dominated by QGP radiation at tem-
peratures above Tc and consequently a larger fraction of
cells with T < 170 MeV is found later in the course of
the fireball evolution, when the system is in a more equi-
librated condition compared to the very beginning of the
collision. For the higher collision energies we get average
values up to µπ = 100−120 MeV around the critical tem-
perature of 170 MeV. Note that for Elab = 4AGeV the
maximum temperature found in the evolution is around
155 MeV, which explains the drop in the corresponding
curve around this temperature.

In contrast to the large pion chemical potential, no
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FIG. 4. (Color online) Dilepton invariant mass spectra for Au+Au reactions at different energies Elab = 2−35AGeV within the
centrality class of 0-10% most central collisions. The resulting spectra include thermal contributions from the coarse-graining
of the microscopic simulations (CG of UrQMD) and the non-thermal contributions directly extracted from the transport
calculations (UrQMD). The hadronic thermal contributions are only shown for vanishing pion chemical potential, while the
total yield is plotted for both cases, µπ = 0 and µπ 6= 0.

such dominant off-equilibrium effect is observed for the
kaons, where µK ≈ 0 at all energies and temperatures.
This is not surprising, as in the underlying microscopic
simulations any inelastic reaction results in the creation
of a π whereas the cross-section for kaon production
is rather low in the cases considered here (and espe-
cially for the lower FAIR energies). Consequently, the
kaon production is a slow process which seems to hap-
pen synchronously with the equilibration of the system
while a large amount of pions is produced in the initial
hard nucleon-nucleon scatterings before any equilibration
could take place.

The present results for the pion chemical potential are
quite different from other model descriptions. For exam-
ple, in fireball parametrizations the particle numbers are
fixed at the chemical freeze-out of the system and con-
sequently meson chemical potentials develop when the
system cools down. However, in the fireball model this is
just an ad-hoc assumption, as such macroscopic models

are based on a presumed equilibrium within the system.
In contrast, the overpopulation of pions is an intrinsic
result stemming from the microscopic simulation in the
case of the coarse-graining approach. Nevertheless, the
very high pion chemical potentials in the temperature
region close to the phase transition might be question-
able, as one would assume that the transition from the
Quark-Gluon Plasma to a hadronic phase should produce
a system where the mesons are in an equilibrium state. A
fully satisfying description of the chemical off-equilibrium
evolution is not feasible within the present approach and
would require a microscopic and dynamical description
of the phase transition and its underlying dynamics.

B. Dilepton spectra

The dilepton invariant mass spectra in the low-mass
range up to Me+e− = 1.2 GeV/c2 for four different beam
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energies (Elab = 2, 8, 15 and 35AGeV) are presented in
Fig. 4. The comparison shows some interesting simi-
larities and differences: While the very low masses up
0.15 GeV/c2 are generally dominated by the Dalitz de-
cays of neutral pions, the region beyond the Dalitz peak
up to the pole masses of the ρ and ω mesons (i.e.,
≈ 770 MeV/c2) is dominated by a strong thermal ρ con-
tribution. The thermal yield shows an absolute increase
with Elab, but its importance decreases relative to the
non-thermal η yield. This means that the thermal low-
mass enhancement of the dilepton yield above a hadronic
vacuum cocktail decreases with increasing collision en-
ergy. This observation is explained by the decrease of the
baryon chemical potential at higher collision energies, as
has been mentioned in the previous section. In contrast,
the increasing temperature leads to a significantly flat-
ter shape of especially the ρ distribution in the invariant
mass spectrum. While for low energies the thermal yield
decreases strongly when going to higher invariant masses,
at the top FAIR energies this effect is less prominent and
the population of high masses is enhanced. This is can be
clearly seen by the fact that the multi-pion yield shows
a strong rise.

While at the lowest of the four energies the whole sys-
tem is well below the critical temperature Tc, we know
from the temperature evolution in Fig. 1 (a) that the
region around T ≈ 170 MeV from is reached Elab =
6 − 8AGeV on. Consequently, in the dilepton invari-
ant mass spectra of Fig. 4 the resulting QGP contribu-
tion is very small at 8AGeV, but even at 35AGeV the
partonic yield is suppressed by roughly an order of mag-
nitude compared to the leading contributions in the mass
range up to 1 GeV/c2.

The hadronic thermal yields in Fig. 4 are shown for the
case of vanishing pion chemical potential. However, we

also compare the result for µπ = 0 with the total yield
assuming finite values of µπ. One can see that chemical
non-equilibrium can increase the overall dilepton yield
in the low-mass range up to a factor of two. For the
region above 1 GeV/c2 the effect can be even larger as
the fugacity factor enters the thermal rate with a power
of four for the multi-pion contribution. It is important to
bear in mind that this result should rather be seen as an
upper estimate, as the approximation µρ = 2µπ is only
correct for the rate ππ → ρ, which represents only one of
the many processes included in the ρ spectral function.
Furthermore, as UrQMD has no intrinsic description of
the phase transition, the pion chemical potential might
be overestimated in vicinity of the critical temperature.
Nevertheless, the results show that a deviation from pion
equilibrium has a huge impact on the thermal dilepton
rates.

Considering possible signatures for a phase transition
and the creation of a deconfined phase, the low-mass
region is rather unsuited due to the dominance of the
hadronic cocktail contributions and hadronic thermal
emission from the vector mesons. Consequently, it might
be more instructive to explore the mass range above the
pole mass of the φ, where one has a continuum dominated
by thermal radiation. In this region the hadronic cocktail
contributions can be neglected and thermal sources will
dominate the spectrum. In previous works [27, 45] it has
been shown for SPS energies that the dilepton invariant
mass spectrum at very high masses Ml+l− > 1.5 GeV/c2

could only be explained by including thermal radiation
from the Quark-Gluon Plasma. In Fig. 5 the higher in-
variant mass region for Me+e− > 1.1 GeV/c2 is shown for
the two collision energies Elab = 8 and 35AGeV. Here
we compare four different scenarios to study whether the
high-mass invariant mass spectrum might help to iden-

281



13

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

]2
 [

1/
(G

eV
/c

)
t

) 
d

N
/d

p
t

pπ
(1

/2

-610

-510

-410

-310

-210

-110
1

10

210

310

410

510

610 Au+Au (0-10% centr.)2 < 0.2 GeV/cee M
4 AGeV 35 AGeV

(x1000)
Non-thermalSum
Hadron Gas
QGP

(a)

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

]2
 [

1/
(G

eV
/c

)
t

) 
d

N
/d

p
t

pπ
(1

/2

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

10

210

310

410 2 < 0.6 GeV/cee0.2 < M

(b)

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

]2
 [

1/
(G

eV
/c

)
t

) 
d

N
/d

p
t

pπ
(1

/2

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

10

210

310

410 2 < 0.9 GeV/cee0.6 < M

(c)

 [GeV/c]
t

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

]2
 [

1/
(G

eV
/c

)
t

) 
d

N
/d

p
t

pπ
(1

/2

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

10 2 > 1.1 GeV/cee M

(d)

FIG. 6. (Color online) Transverse-momentum spectra of the dilepton yield in central Au+Au reactions Elab = 4AGeV (red)
and 35AGeV (blue). The results are shown for four different invariant mass bins: Me+e− < 0.2GeV/c2 (a), 0.2 < Me+e− <
0.6 GeV/c2 (b), 0.6 < Me+e− < 0.9 GeV/c2 (c) and Me+e− > 1.1 GeV/c2 (d).

tify the creation of a Quark-Gluon Plasma. Besides the
two standard scenarios (hadron gas + partonic emission
above Tc = 170 MeV) for (i) finite and (ii) vanishing µπ,
we include a scenario with (iii) a 5-times enhanced emis-
sion from the partonic phase around the transition tem-
perature to simulate the effect of a critical slowdown of
the system due to a first order phase transition and, fi-
nally, (iv) a pure hadron gas scenario, where we assume
all thermal radiation (also for T > 170 MeV) to stem
from hadronic sources. For (iii) and (iv) µπ = 0 is as-
sumed, too. The comparison shows that the spectral
shape of the total yield is very similar for all scenarios,
at both energies considered here. While the results for
a purely hadronic scenario and including QGP emission
from temperatures above Tc give quite the same results
within 10% deviation, also the artificially enhanced QGP
emission does not significantly increase the overall yield.
In contrast, one observes a very strong enhancement due
to a finite pion chemical potential, which shows up in
our calculation by an overall increase by a factor of 5 at
8AGeV and still a factor of 2 at 35AGeV. The results
indicate that it will be difficult to draw unambiguous con-
clusions from single measurements of the higher mass re-

gion at a specific energy, as according to our calculations
a stronger QGP yield and less hadronic contribution can
finally result in the same overall dilepton spectrum. Fur-
thermore, the non-equilibrium effects may lead to much
larger modifications of the spectrum than caused by the
dynamics of the phase transition.

The transverse-momentum spectra, plotted for two dif-
ferent energies in different invariant mass bins in Fig. 6
underline the previous finding. Again the slopes of the
curves for hadronic and partonic emission are very similar
for high masses, especially for Me+e− > 1.1 GeV they are
virtually identical. On the contrary we find the partonic
contribution to be harder (i.e., having a stronger relative
yield at high transverse momenta) than the hadronic con-
tribution at lower masses. Together with the very similar
invariant-mass spectra at high masses obtained with and
without a partonic phase in the reaction evolution, the
result confirms previous studies which showed a duality of
emission rates in the transition-temperature region [26].
However, note that this is no longer true if one goes to a
temperature regime significantly above Tc. For this case
clear differences between the hadronic and the partonic
emission are observed. Unfortunately, even at the top
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FIG. 7. (Color online) (a) Temperature dependence of dilepton emission dN/dT from thermal sources for central Au+Au
at Elab = 35 AGeV, i.e., the lepton pairs directly extracted from the hadronic cocktail as calculated with UrQMD are not
included. The results are shown for four different invariant mass bins: Me+e− < 0.2 GeV/c2, 0.2 < Me+e− < 0.6 GeV/c2,
0.6 < Me+e− < 0.9 GeV/c2 and Me+e− > 1.1 GeV/c2; (b) Time evolution dN/dt of thermal dilepton emission for 2 (green)
and 35 AGeV (blue). The dashed line shows the emission from the QGP for the top FAIR energy.

SIS 300 energy only few cells reach temperature maxima
above 200 MeV and one will not see clear differences be-
tween the partonic and hadronic emission patterns even
at high pt and high Me+e− .

The reason for the duality showing up only at high in-
variant masses (and momenta, respectively) is twofold:
On the one hand, the low mass region is governed by
the vector mesons with their specific spectral shapes
and the baryonic effects on them. This effect has been
called the “duality mismatch” [25] since the hadronic
rates show an increase for finite baryochemical poten-
tials, while the partonic emission rates are quite insen-
sitive with regard to µq. On the other hand, while the
spectra at low masses and momenta are populated by
thermal emission at all temperatures, the production of
dileptons for masses above 1 GeV/c2 and for higher val-
ues of pt is strongly suppressed at low temperatures. This
is visible from Fig. 7 (a), where the temperature depen-
dent dilepton yield from thermal sources for Au+Au at
Elab = 35AGeV is shown for different invariant-mass
bins. (Note that the non-thermal lepton pairs directly
extracted from the hadronic cocktail as calculated with
UrQMD are not included here). The yields shown in
this plot represent the sum of the contributions from
all cells at a certain temperature. While for the lowest
mass bin Me+e− < 0.2 GeV/c2 the total thermal dilep-
ton yield is built up by roughly equal fractions stemming
from the whole temperature range, with slight suppres-
sion of emission from temperatures above Tc, one can
see that the mass region above Me+e− = 1.1 GeV/c2 is
dominated by emission from temperatures between 140
to 220 MeV, which is exactly the assumed transition re-
gion between hadronic and partonic emission. Dilepton
emission at lower temperatures is strongly suppressed in
this mass range. Furthermore, one finds a smooth be-
havior of the thermal emission in the highest mass bin,

but at lower masses one observes a slight kink in the
rates at Tc = 170 MeV. The finding indicates that for
lower masses the partonic and hadronic rates do not per-
fectly match, as was discussed above. Another observa-
tion is the dominance of emission from the temperature
range T = 100 − 140 MeV for the mass region from 0.6
to 0.9 GeV/c2. This result is in contrast to the general
trend of a shift of the emission to higher temperatures
when going to higher masses. However, the very mass
region covers the pole masses of the ρ and ω meson. As
the peak structures show a melting especially for finite
baryon densities, one will get the largest yields in this
mass range from cells for which µB ≈ 0. A comparison
with the T -µB distribution of the cells at this energy in
Fig. 2 (b) shows that the largest fraction of cells for which
the baryochemical potential is below 200 MeV lies exactly
in the temperature range from 100 to 140 MeV.

Finally, it is instructing not only to look at the temper-
ature but also at the time dependence of thermal dilepton
emission as presented in Figure 7 (b). The total dilep-
ton emission per timestep dN/dt as sum from all cells
is shown for Elab = 2 and 35 AGeV. In principle, the
results reflect the findings from Fig. 1 and are similar
to the temperature evolution depicted there. The sys-
tem shows a faster heating for the top SIS 300 energy
with higher temperatures, resulting in a larger number
of emitted dileptons; partonic emission from cells with
T > Tc is found for the first 5 − 10 fm/c and only very
sporadically thereafter. At lower energies the evolution is
retarded and T remains below the critical temperature.
However, in contrast to the slow heating of the system
(which is simply due to the fact that the nuclei are mov-
ing slower) the thermal emission drops much earlier for
2 AGeV (compared to 35 AGeV) and only few cells with
thermal emission are found for t > 30 fm/c. The higher
energy deposited in the system with increasing Elab ob-
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FIG. 8. (Color online) Thermal photon yield at mid-rapidity in dependence on (a) temperature, dNγ/dT , and (b) baryochemical
potential, dNγ/dµB, for central Au+Au collisions at different beam energies Elab = 2 − 35AGeV. The results are shown for
the case of vanishing µπ and µK.

viously results not only in higher initial temperatures,
but also in an enhanced emission at later stages, as it
takes the system longer to cool down. Interestingly, for
both energies one finds some sparse cells with thermal
emission even after 60-70 fm/c; however, their contribu-
tion to the overall result is suppressed by 3-4 orders of
magnitude compared to the early reaction stages.

C. Photon spectra

While we have two kinematic variables (momentum
and invariant mass) which can be probed for virtual pho-
tons, real (i.e., massless) photons only carry a specific
energy. In this sense, dileptons are the more versatile
probes of the hot and dense medium and carry additional
information, especially regarding the spectral modifica-
tions of the vector mesons. Nevertheless, the correct de-
scription of the experimental photon spectra has been
a major challenge for theory at SPS and RHIC ener-
gies. In the kinematic limit M → 0 several processes
become dominant which are negligible in the time-like
region probed by dileptons, as was discussed in Sec. III.
Consequently, the study of photon production can pro-
vide complementary information for the theoretical de-
scription of thermal emission rates and the reaction dy-
namics.

As the parametrized photon emission rates have some
restrictions with regard to the µB range of their applica-
bility, it will be instructive to find out at the beginning
under which thermodynamic conditions the photons are
emitted at FAIR. Fig. 8 shows the dependence of thermal
photon emission (at mid-rapidity) on temperature in the
left plot (a) and on baryochemical potential in the right
plot (b). As in Fig. 7, the yields are the sum of the ther-
mal contributions from all cells with a certain tempera-
ture or baryochemical potential, respectively. For both
results we consider the case of vanishing meson chem-

ical potentials. Note that for the temperature depen-
dence we consider only the thermal emission at higher
transverse momentum values pt > 1 GeV/c, as here the
duality between hadronic and partonic rates should be
approximately fulfilled, which is indeed visible from the
continuous trend of the thermal photon emission around
Tc. One can see that especially for lower collision ener-
gies the thermal emission is dominated by the cells which
reach the maximum temperature, whereas the curves be-
come flatter at higher energies. Even at the top energy
of 35AGeV with maximum temperatures above 220 MeV
still a significant amount of emission also stems from the
cells with temperatures around 100 MeV.

Regarding the photon emission related to baryochemi-
cal potential as presented in Fig. 8 (b), a clear energy de-
pendent trend is visible: While at low energies the largest
fraction of emission stems from cells with very high val-
ues of µB around 900 MeV, the emission weighted average
chemical potential drops continuously to 300–400 MeV at
35AGeV. However, the emission from cells with higher
values of the baryochemical potential is by far not negli-
gible. In consequence, the findings once again underline
that the strongest baryonic modifications of the spectral
functions will be present at low energies. The results also
show that to fully account for the baryonic effects on the
photon emission the spectral functions should be able to
reliably cover the whole µB region from 0 to the nucleon
mass (i.e. ≈ 900 MeV). The presently used parametriza-
tion will provide only a lower limit for the photon yield,
especially for the lower collision energies.

In Fig. 9(a)-(d) the transverse momentum spectra of
thermal photons for four different collision energies are
presented. As for the dilepton invariant mass spectra, we
show the results with (full black line) and without me-
son chemical potentials (dashed black); once again the
two calculations provide a lower and upper boundary for
the off-equilibrium influence on the thermal yields, re-
spectively. Two observations can be made when com-
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FIG. 9. (Color online) Transverse-momentum spectra at mid-rapidity (|yγ | < 0.5) of the thermal photon yield for central
Au+Au reactions at Elab = 2AGeV (a), 8AGeV (b), 15AGeV (c) and 35AGeV (d). The total yields are plotted for both
cases µπ = 0 (full black line) and µπ 6= 0 (dashed line). The single hadronic contributions from the ρ spectral function (red,
long dashed), the meson gas (green, dashed-double-dotted) and the π − ρ− ω complex (beige, dashed-dotted) are only shown
for vanishing pion chemical potential. The partonic contribution from the QGP is plotted as orange short-dashed line.

paring the results for the different energies: An overall
increase of the photon pt-yield with increasing energy
and, secondly, a simultaneous hardening of the spectra,
i.e., one gets a stronger relative contribution for higher
momenta. This is similar to the dilepton invariant-mass
spectra, where the yield in the higher mass region is sup-
pressed for lower collision energies due to the lower over-
all temperatures in the fireball. (A more explicit com-
parison of the energy dependence of the results will be
undertaken in Sec. IV D). Furthermore, one can see that
at all energies the contribution from the ρ meson dom-
inates above the other hadronic contributions especially
for low pt, while the relative dominance of the ρ decreases
for higher momenta. The contribution from the Quark-
Gluon Plasma is visible for Elab = 8AGeV and higher
energies, giving an increasing fraction of the overall yield.
Note the similarity between the low-mass dilepton and
photon pt spectra for 35AGeV: In both cases the slope
of the (virtual or real) photons emitted from the QGP

stage is significantly harder than the contribution from
hadronic sources. Furthermore, looking only at the ρ
and the partonic contribution, one finds that the first
is stronger for pt < 1 GeV/c, and the latter dominates
for higher momenta - for both dileptons and photons.
This behavior is expected as the real photon represents
just the Me+e− → 0 limit of virtual photon production.
This is another requirement of consistency for the ther-
mal rates.

Although finite values of µπ and µK have an even more
pronounced effect on the photon rates than on the dilep-
ton rates, as several processes to be considered are very
sensitive to an overpopulation of pions, it is remarkable
that the overall effect leaves the shape of the photon pt

spectra mostly unchanged: The yields are enhanced by
the same factor at all transverse momenta. This is inter-
esting as the effect of µπ/K 6= 0 on the different contribu-
tions is varying in strength. For example, the yield from
the π−ρ−ω system shows a much stronger enhancement
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FIG. 10. (Color online) Comparison of the transverse-momentum spectra at mid-rapidity (|yγ | < 0.5) of the thermal photon
yield for central Au+Au reactions resulting from different emission scenarios. In (a) the effect of a finite baryon chemical
potential µB on the transverse momentum spectrum for the ρ contribution and the total yield is shown for 2AGeV (lower
results) and 35AGeV (upper results), comparing the standard scenario with µB 6= 0 (full lines) with the results for µB = 0
(dashed lines). Plot (b) shows the results for a purely hadronic scenario, i.e., for emission from the hadron gas also for
T > 170 MeV and no partonic contribution. The single contributions are plotted as in Fig. 9; for comparison the total yield for
the standard result including hadronic + partonic emission is shown (black dashed).

than the ρ contribution (compare Table I).

But not only meson chemical potentials influence the
photon spectra, similar to the case of dileptons one ex-
pects also an enhancement of the ρ contribution in the
presence of baryonic matter. In Fig. 10 (a) the effect of
a finite baryon chemical potential µB on the transverse
momentum spectrum for the ρ contribution and the to-
tal yield is shown for 2AGeV and 35AGeV, comparing
the standard scenario with µB 6= 0 (full lines) with the
results for µB = 0 (dashed lines). The comparison shows
that especially at lower momenta the ρ contribution is
significantly increased for finite baryochemical potential,
while this effect is less dominant at larger pt. Further-
more the effect is stronger for lower collision energies,
where one obtains larger average values of µB. However,
one should bear in mind that the parametrization for
the photon emission rates is limited to chemical poten-
tials below 400 MeV, so that one can not fully account
for the very large chemical potentials in this case. In
consequence, one can expect an even larger enhancement
in the experimental measurements than in the present
calculation.

To conclude the study of the different influences on the
photon spectra, we also consider whether the possible cre-
ation of a deconfined phase has any effect on the thermal
emission pattern. Plot (b) of Fig. 10 shows the results
for a purely hadronic scenario, i.e., for emission from the
hadron gas also for T > 170 MeV and no partonic contri-
bution. For comparison also the total yield for the stan-
dard scenario including hadronic + partonic emission is
shown. (For both cases the meson chemical potentials

are assumed to be zero.) Again, as for the high-mass
dileptons (compare Fig. 5), the differences between the
two scenarios are negligible, especially compared to the
effect of the meson and baryochemical potentials. Only
a very slight enhancement of the yield at low momenta
is obtained for the pure hadron gas scenario, reflecting
the different sensitivity of partonic and hadronic rates to
finite µB.

D. Excitation function of photon and dilepton
yields

In the previous sections several differences and similar-
ities between dilepton and photon spectra have already
been discussed. However, it is instructing to do this in
more detail and to compare the energy dependence of the
emission patterns for photons and dileptons. Consider-
ing experimental measurements, an advantage of study-
ing the excitation function of thermal yields might be
that the trends and results obtained hereby at different
energies are more robust and less sensitive to errors of
measurement. It reflects the results of several different
measurements in contrast to single spectra at a specific
energy. For reason of comparison and because the bary-
onic effects are strongest in this case, all results in the
following will be considered for mid-rapidity |y| < 0.5.

In Fig. 11 the total thermal photon pt and dilepton
Me+e− spectra for eight different collision energies in the
range Elab = 2−35AGeV are shown. It was already men-
tioned that—besides the hadronic structures due to the
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FIG. 11. (Color online) Comparison of the overall photon transverse momentum spectra (a) and the thermal dilepton invariant
mass spectra (b) at mid-rapidity |y| < 0.5 for different energies in the range Elab = 2 − 35AGeV. The results are shown for
vanishing meson chemical potentials µπ = µK = 0.

direct connection of the dilepton spectrum with the spec-
tral function of the light vector mesons—the two spec-
tra are strikingly similar. And also the change of the
spectra with increasing collision energy is alike. At high
masses/momenta the yield shows a stronger increase with
Elab than in the low-mass/ -momentum region. More
quantitatively, this can be seen in Fig. 12 (a), where the
relative increase of the thermal photon and dilepton yield
for different transverse momentum or invariant mass re-
gions, respectively, is shown. The results are normalized
to 1 for Elab = 2AGeV. One observes that the relative
increase is stronger for high momenta and masses than
for the lower pt or Me+e− bins. For example, the to-
tal dilepton yield for masses below 300 MeV/c2 increases
only by a factor of 2 from Elab = 2 to 8AGeV and re-
mains nearly constant thereafter, whereas in the high
mass region above 1 GeV/c2 the yield increases by a fac-
tor 300 when going to the top SIS 300 energy of 35AGeV.
A similar behavior is found for the photons, where the
yield shows a more pronounced rise at high momenta. As
was pointed out already before, one reason for this is the
fact that much energy is needed to produce a dilepton
at high masses or a photon with high momentum. Their
production is strongly suppressed at the rather moderate
temperatures obtained at lower collision energies. Note
that in general the overall increase in the photon spectra
is slightly stronger than for the dilepton production. This
might be due to the limitation of the photon parametriza-
tion to temperatures above 100 MeV and baryochemical
potentials below 400 MeV, which might somewhat un-
derestimate the photon yield at the lowest collision en-
ergies. Besides, one should keep in mind that in detail
the processes contributing to the thermal emission rates
for dileptons and photons differ, which may also explain
some differences between the results.

In contrast, we find that the fraction of the QGP
yield compared to the total thermal emission is larger for
the high-Me+e− dileptons compared to the high-pt pho-

tons. The first significant QGP contribution is found for
Elab = 8AGeV, and the fraction continuously increases
up to roughly 70% at 35AGeV for dilepton masses above
1 GeV/c2 and 50% for photon momenta over 1 GeV/c. At
lower masses or momenta, respectively, the hadronic con-
tribution becomes more dominant. This is not surprising,
as one could already conclude that we probe lower tem-
peratures at lower masses and momenta (compare Fig. 7).
Furthermore the baryonic influence increases here. In the
dilepton spectra the direct connection to the vector me-
son spectral functions makes a comparison between the
photon and dilepton results for low momenta and masses
difficult.

Finally, we consider also the thermal photon yield in
relation to the number of (neutral) pions which are pro-
duced in the heavy-ion collision, as presented in Fig. 13.
This ratio is of theoretical and experimental interest: For
the experimental study of photons, decays of neutral pi-
ons are the major background in the analysis. On the
theoretical side, the number of pions gives an estimate
of the freeze-out volume and is not sensitive to the de-
tails of the reaction evolution. While the electromagnetic
emission takes place over the whole lifetime of the fireball
and therefore reflects the evolution of the system in the
phase diagram, the pion yield allows to scale cut trivial
dependences. Previously, the thermal dilepton yield was

found to scale with N
4/3
π if one compares different sys-

tem sizes at SIS 18 energies [28]. However, the situation
is more complex here as we consider a large range of ener-
gies, which will be covered by FAIR. Several effects play
a role, e.g., the lifetime of the fireball, the temperatures
and baryochemical potentials which are reached and the
different processes which contribute at different temper-
atures. While in our study at SIS 18 energies only the
system size was modified (and all the other parameters
could be assumed to remain quite constant, as one single
energy was considered), in the present study only the size
of the colliding nuclei is constant.
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The investigation of the Nγ/Nπ0 ratio is here combined
with a comparison of the different scenarios for the condi-
tions of thermal emission, which were already studied in
case of the photon and dilepton spectra (see Figs. 5 and
9). Varying Elab (and, in consequence, T and µB) might
result in distinct excitation functions of the ratio Nγ/Nπ0

for the various scenarios, in contrast to the spectra for one
specific energy where no unambiguous distinction was
possible. In Fig. 13, one can see a strong increase of the
photon to pion ratio for the lowest energies for both the
lower pt range from 0.5 to 1 GeV/c and the high trans-
verse momentum region above 1 GeV/c in case of the
baseline scenario with QGP emission for T > 170 MeV
and µπ = 0. However, for higher collision energies above
10AGeV we still observe a further increasing ratio for the
higher momentum range, whereas at low pt the ratio re-
mains relatively constant and even decreases for the high-
est collision energy. One can understand the decreasing
ratio for lower pt reviewing again the energy dependence
of T and µB as shown in Fig. 1. The rise of temperature
becomes less intensive for higher collision energies, while
the baryochemical potential decreases for higher collision
energies, causing a less pronounced increase of the ther-
mal yield (compare also Fig. 12). Besides, the effects due
to finite µB are more pronounced at low momenta, ex-
plaining the different trends for the two pt regions. In-
cluding the finite meson chemical potentials, we observe
a strong increase of the ratio by factors 2-5 at all collision
energies. The strongest effect in the present calculation
is seen around 8AGeV, so that a slight peak structure
builds up. However, as mentioned already several times,
this scenario can only be seen as an upper limit for the
non-equilibrium effects, most probably the increase will
be smaller.

When comparing the two scenarios including enhanced
QGP emission around Tc on the one side and a pure

hadronic scenario on the other side it is interesting that
both cases lead to a similar result, namely an increase of
the Nγ/Nπ0 ratio at higher collision energies. The effects
show up more dominantly at high momenta, as this re-
gion is more sensitive with regard to emission from high
temperatures. Note, however, that there are also signif-
icant differences between the two cases. The scenario
with enhanced QGP emission around Tc shows the most
prominent increase at Elab = 8 − 10AGeV whereas this
enhancement becomes smaller again for higher energies.
This can be explained by the fact that the relative frac-
tion of emission from temperatures around 170-175 MeV
is largest at those collision energies where the transition
to a partonic phase is just reached. At higher Elab the
corresponding higher temperatures may outshine any ef-
fects from the transition region. On the contrary, the
enhancement over the baseline scenario increases with
energy for the case of a pure hadron gas. However, for
highest collision energies the difference seems to remain
stable or even to drop again.

We remind again that for the experimental measure-
ment the ratio of thermal photons from Fig. 13 is of im-
portance, as almost all of the π0 mesons decay into a pho-
ton. Therefore the vast majority will be decay photons,
not stemming from direct (thermal or prompt) emission
processes. Their spectra have to be subtracted in experi-
ment to draw conclusions about the direct photons from
thermal sources. This might be relatively difficult for
the lowest energies available at FAIR, as here the ratio is
suppressed by up to an order of magnitude compared to
the higher collision energies.
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V. DISCRIMINATING DIFFERENT
SCENARIOS

It has so far become clear that one can extract only
limited information regarding the properties of the hot
and dense fireball from single photon and dilepton spec-
tra, as there are usually several different effects that
might interfere and finally lead to the same invariant-
mass or transverse-momentum yields. However, the pic-
ture might be quite different if—in addition—the results
in distinct mass or momentum regions, respectively, are
systematically compared for several collision energies. In
this case one might be able to discriminate the hadronic
and partonic effects from each other. The FAIR energy
regime will be ideally suited for such a study, as the
transition from pure hadronic fireballs to the creation
of a deconfined phase will take place somewhere around
Elab = 6 − 8AGeV, as our results suggest. Neverthe-
less, there is no single observable that seems to allow
for unambiguous conclusions on the details of the reac-
tion evolution. On the contrary, it will still be necessary
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FIG. 13. (Color online) Energy dependence for the ratio of
thermal photon yield N thermal

γ at mid-rapidity (|y| < 0.5) to
the overall number of neutral pions Nπ0 . The results are
shown for two different regions of the photon transverse mo-
menta, 0.5 < pt < 1.0 GeV/c (green) and pt > 1.0 GeV/c
(red). The baseline calculation assumes hadronic emission up
to 170 MeV with vanishing µπ/K and partonic emission for
higher temperatures (full line). In addition, the results with
a five times enhanced emission around the critical tempera-
ture (dashed-dotted line), for a pure hadron gas scenario with
emission at all temperatures from hadronic sources (short
dashed line) and including meson chemical potentials (dashed
line) are shown.

to carefully compare theoretical calculations and experi-
mental results.

Based on the findings of the present work, one may
consider the following scheme which might help to deter-
mine the strength of the different effects on the thermal
rates and discriminate between the contributions:

1. The influence of baryonic matter leads to an en-
hancement which is most dominant for low trans-
verse momenta and low masses. In general, it steep-
ens the pt slope of the overall yield. A large advan-
tage is that today the spectral function of the ρ me-
son is quite well known from previous experimen-
tal and theoretical studies. Detailed and precise
photon (dilepton) measurements for low momenta
(low masses) in the FAIR and RHIC-BES energy
regime might give further constraints for the spec-
tral function in the region of extremely high baryon
densities and can, vice versa, help to see whether
the models correctly describe the fireball evolution
in terms of µB.

2. In contrast to the baryonic effects on the emission
rates, non-equilibrium effects caused by finite pion
(and kaon) chemical potentials will show up as en-
hancement in the dilepton and photon spectra at all
masses and momenta, and will be visible at all col-
lision energies. The effect should be slightly more
dominant in the high invariant mass or high pt re-
gion, as here the multi-meson contributions become
more pronounced. Ideally, one can discriminate be-
tween the µB- and µπ-driven effects by comparing
the modification of the slope and the overall en-
hancement in relation to baseline calculations.

3. If the baryon and non-equilibrium effects are under
control, one might be able to find signals from the
partonic phase in the dilepton and photon spectra
for high pt and Me+e− . In general, the dilepton and
photon rates do not differ much from each other
around Tc, but effects such as a critical slowdown
of the evolution might lead to an increased yield
from the Quark-Gluon Plasma. On the other hand
the “duality mismatch” might lead to a relative
decrease of the yield, as hadronic rates are sensi-
tive to finite baryon and meson chemical potentials
while the QGP rates show hardly any modification.
However, any effects connected to a phase transi-
tion can only show up if the obtained temperatures
are large enough. Consequently, we would observe
subsequent modifications of the spectra only for en-
ergies larger than Elab = 6 − 8AGeV, in contrast
to non-equilibrium and baryonic effects which also
appear at lower temperatures. Significant differ-
ences from calculations which only show up for the
higher energies might then indicate the creation of
a deconfined phase.

4. Furthermore, these effects should be dominant in
the regions which are most sensitive to QGP forma-
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tion: The region for Me+e− > 1 GeV in the dilepton
spectra, and for high-pt in the photon respectively
low-mass dilepton spectra (provided, it is possible
to get control over the hadronic decay background).
Another advantage in these regions is that they are
relatively insensitive to the finite baryon chemical
potential.

The different issues are not easy to disentangle and sev-
eral interdependencies exist. Another aspect, which is
not explicitly considered in our work but might further
complicate the situation, is the influence of different EoS
on the thermal yields. In the present work we use a
Hadron-Gas EoS to provide consistency with the underly-
ing microscopic model. However, previous investigations
in a transport + hydrodynamics hybrid model showed
that an MIT Bag Model EoS or a chiral EoS lead to dif-
ferent evolutions in the hydrodynamic phase compared
to the HG-EoS, resulting in higher temperatures and,
consequently, an increase of the emission rates.

VI. CONCLUSIONS & OUTLOOK

We have presented photon and dilepton spectra for the
collision energy range Elab = 2 − 35AGeV, which will
be covered by the future FAIR facility (and, in parts, by
phase II of the BES at RHIC). The calculations were per-
formed using a coarse-graining approach with transport
simulations from the UrQMD model as input. In this ap-
proach local particle and energy densities are extracted
from an ensemble average of the microscopic transport
calculations, and an equation of state is used to calculate
the corresponding values for temperature and chemical
potential. The local thermodynamic properties are then
used to determine the thermal emission rates.

The resulting spectra show a strong influence of fi-
nite baryochemical potentials and an enhancement due
to non-equilibrium effects caused by finite meson chem-

ical potentials. Regarding the search for signals of the
deconfinement phase transition, there is no clear signal
from which the creation of a partonic phase can be unam-
biguously inferred. Similarly, the results suggest that it is
also hard to identify the type of the transition, whether it
is a cross-over or a first-order phase transition, as effects
due to a critical slowing down might be small compared
to other influences on the spectra. The main difficulty
is the dual connection between hadronic and partonic
emission rates in the transition region around the criti-
cal temperature Tc, resulting in very similar slopes in the
invariant-mass and transverse-momentum spectra.

For a clarification of the open issues, experimental
input is needed. Our results suggest that one needs very
precise and detailed measurements, as different evolution
scenarios for the nuclear collisions are modifying the
dilepton and photon spectra in a quite subtle manner.
Systematic studies of several collision energies in the
future FAIR energy range from Elab = 2AGeV to
35AGeV are required to get more insights into the
structure of the phase diagram of QCD matter and
especially to find clues for the creation of a deconfined
phase. Besides the experimental efforts, it will be
similarly important to intensify the theoretical studies.
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[1] H. Stöcker and W. Greiner, Phys. Rept. 137, 277 (1986).
[2] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298,

1592 (2002).
[3] J. D. Bjorken, Phys. Rev. D 27, 140 (1983).
[4] R. Stock, in H. Schopper (ed.), Physics and Meth-

ods - Theory and Experiments, vol. 21A of Landolt-
Börnstein - Group I Elementary Particles, Nuclei and
Atoms (Springer, Berlin, 2010).

[5] E. L. Feinberg, Nuovo Cim. A 34, 391 (1976).
[6] E. V. Shuryak, Phys. Lett. B 78, 150 (1978).
[7] D. Adamova et al. (CERES/NA45), Phys. Rev. Lett. 91,

042301 (2003).
[8] M. M. Aggarwal et al. (WA98 Collaboration), Phys. Rev.

Lett. 85, 3595 (2000).
[9] R. Arnaldi et al. (NA60 Collaboration), Phys. Rev. Lett.

96, 162302 (2006).
[10] L. Adamczyk et al. (STAR Collaboration), Phys. Rev.

Lett. 113, 022301 (2014), [Addendum: Phys. Rev. Lett.
113, 049903 (2014)].

[11] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev.
Lett. 94, 232301 (2005).

[12] A. Adare et al. (PHENIX Collaboration), Phys. Rev.
Lett. 104, 132301 (2010).

[13] A. Adare et al. (PHENIX), Phys. Rev. C 93, 014904
(2016).

[14] M. K. Koehler (ALICE), Nucl. Phys. A 931, 665 (2014).
[15] R. Porter et al. (DLS Collaboration), Phys. Rev. Lett.

79, 1229 (1997).
[16] G. Agakichiev et al. (HADES Collaboration), Phys. Rev.

Lett. 98, 052302 (2007).
[17] G. Agakishiev et al. (HADES Collaboration), Phys. Lett.

B 663, 43 (2008).
[18] G. Agakishiev et al. (HADES Collaboration), Phys. Rev.

C 84, 014902 (2011).

290



22
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Dilepton production in heavy-ion collisions at collider energies—i.e., for the Relativistic Heavy-Ion
Collider (RHIC) and the Large Hadron Collider (LHC)—is studied within an approach that uses
coarse-grained transport simulations to calculate thermal dilepton emission applying in-medium
spectral functions from hadronic many-body theory and partonic production rates based on lat-
tice calculations. The microscopic output from the Ultra-relativistic Quantum Molecular Dynam-
ics (UrQMD) model is hereby put on a grid of space-time cells which allows to extract the local
temperature and chemical potential in each cell via an equation of state. The resulting dilep-
ton spectra are in good agreement with the experimental results for the range of RHIC energies,√
sNN = 19.6− 200 GeV. The comparison of data and model outcome shows that the newest mea-

surements by the PHENIX and STAR Collaborations are consistent and that the low-mass spectra
can be described by a cocktail of hadronic decay contributions together with thermal emission from
broadened vector-meson spectral functions and from the Quark-Gluon Plasma phase. Predictions
for dilepton results at LHC energies show no significant change of the spectra as compared to
RHIC, but a higher fraction of thermal contribution and harder slopes of the transverse momentum
distributions due to the higher temperatures and flow obtained.

PACS numbers: 25.75.Cj, 24.10.Lx
Keywords: Dilepton production, Monte Carlo simulations

I. INTRODUCTION

A better understanding of the phase structure of
strongly interacting matter given by the fundamental
theory of Quantum Chromodynamics (QCD) is one of the
main goals of heavy-ion experiments at ultra-relativistic
energies [1–5]. The collision of two nuclei produces a fire-
ball of hot and dense matter, which typically lives for a
time span of several fm/c until the system has cooled,
due to collective expansion, to a point where the single
particles do not further interact (freeze-out) [6]. The tra-
jectory of the system within the QCD phase diagram is
determined by the collision energy: While for lab-frame
energies of few GeV one obtains rather low temperatures
but finds high values of baryochemical potential, the sit-
uation becomes different when going to much higher col-
lision energies; here the temperature increases while the
baryochemical potential decreases.

As hadronic observables usually only reflect the prop-
erties of the system at the moment of freeze-out, electro-
magnetic probes are the appropriate tool to obtain infor-
mation from the earlier stages of the reaction, when the
system is at high temperatures and/or net-baryon den-
sities [7, 8]. Since photons and dileptons do not interact
strongly, they leave the fireball undisturbed once they are
produced. However, in consequence the measurement of
electromagnetic probes only gives a time integral over
the various stages and sources during the evolution of

∗ endres@th.physik.uni-frankfurt.de

the reaction. From the theoretical viewpoint the under-
standing of the production of electromagnetic probes in
a heavy-ion collision is complicated by the fact that the
evolving fireball of hot and dense matter is not a static
but a highly dynamical non-equilibrium system. How-
ever, no fully self-consistent approach to describe the in-
medium dilepton production for the out-of-equilibrium
case is available today. Consequently one has to apply
model descriptions, which always means a reduction of
the complexity of the problem to a level where it can be
solved.

While hydrodynamic [9, 10] and fireball models [11, 12]
are in general successful in describing the measured dilep-
ton spectra by the STAR [13–15] and PHENIX [16] col-
laborations at RHIC, these models completely rely on
a macroscopic description of the fireball. The applica-
tion of thermal emission rates is usually straightforward
in these models, but they require external assumptions
such as an initial state and an additional description for
the final-state interactions. Besides, their application at
lower temperatures and densities is questionable. On the
other hand, a full microscopic description of the electro-
magnetic emission—as it is realized in transport models
[17–21] based on kinetic theory—is theoretically challeng-
ing, especially at very high collision energies. On the one
hand, a fully coherent implementation of the different in-
terfering processes and a correct off-shell treatment of the
particles has not yet been obtained; on the other hand, it
is also still unknown how the microscopic transition from
the hadronic to the partonic phase (and vice versa) is ac-
tually realized in QCD. Nevertheless there exist several
approaches which aim for such an advanced microscopic
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description including off-shell and medium effects [22–
28].

The coarse-graining approach, which is used in the
present work for the theoretical calculation of dilepton
production, is based on the concepts presented in Ref.
[29] and has been successfully applied to describe spec-
tra of electromagnetic probes at SIS 18, FAIR and SPS
energies [30–33]. It offers a compromise between the
microscopic and macroscopic description of the collision
evolution. On the one hand the dynamics is here based
on a purely microscopic description from the Ultrarela-
tivistic Quantum Molecular dynamics (UrQMD) model
[34, 35], on the other hand the “coarse-graining” (i.e,
the reduction of the large amount of information regard-
ing the phase-space coordinates of the single hadrons)—
performed by averaging over a large ensemble events
and extracting the local thermodynamic properties of
the system—allows to describe the reaction dynamics in
macroscopic terms of temperature and chemical poten-
tial. However, it has the advantage that it is in principle
applicable to all phases of a heavy-ion collision and also
works for lower collision energies where the use of other
macroscopic models is questionable.

For the present paper previous studies are extended to
energies available at the Relativistic Heavy-Ion Collider
(RHIC) and the Large Hadron Collider (LHC), which
covers the range of center-of-momentum energies from√
sNN = 19.6 GeV up to 5500 GeV. In this energy regime

the net-baryon density is assumed to be close to zero for
the greatest part of the fireball evolution, and a signif-
icant amount of the electromagnetic emission will stem
from the Quark-Gluon Plasma (QGP). The specific con-
ditions found at these collision energies offer the possi-
bility to study—among others—the following issues:

• The experimental dilepton measurements will show
whether the hadronic spectral functions, which
have proven to successfully describe the low-mass
dilepton excess, are also consistent with the condi-
tions found in heavy-ion collisions at collider ener-
gies, where the baryochemical potential is signifi-
cantly lower than the temperature for the greatest
part of the reaction evolution. Previous work has
shown that the in-medium effects on the spectral
properties of baryon resonances should still play
an important role since the modification of vector
mesons is governed by the sum of the baryon and
anti-baryon densities, not the net density [11].

• At higher invariant masses (Me+e− > 1 GeV/c2)
correlated open-charm decays give a significant
contribution to the measured dilepton yield for
RHIC and LHC energies [36]. Similar to the light
vector mesons, whose spectral shape is modified in
the medium, the charm contribution is known to be
affected by the presence of a hot and dense medium
[37–39]. However, it is unclear how strong these ef-
fects are. A direct measurement is difficult, as one
also finds a strong thermal contribution from the

QGP in that mass region. It is therefore an im-
portant theoretical task to disentangle the differ-
ent contributions and to provide a comprehensive
description of the measured dilepton spectra. Al-
though we do not consider charm contributions in
the present study, the thermal results for the QGP
contribution may serve as a baseline and help to
limit the possible medium modifications for D and
D̄ mesons.

• Due to the very high temperatures reached at the
collider energies considered here, the partonic con-
tribution to the overall dilepton yield will be much
more dominant than at lower energies. This might
facilitate to study the properties of the Quark-
Gluon Plasma, e.g., its temperature [11, 40].

• Further, it will be interesting whether the reac-
tion dynamics of the colliding system shows devi-
ations as compared to the situation at lower ener-
gies. Large parts of the evolution are dominated
by the Quark-Gluon Plasma, in contrast to the sit-
uation at SPS or even SIS 18 and FAIR. Experi-
mental results for RHIC exhibited an unexpected
large flow for direct photons, which is not fully ex-
plained by theory up to now [41, 42]. With regard
to the coarse-graining approach it will be especially
interesting to see in how far the underlying micro-
scopic dynamics, which is completely hadronic, can
account for the correct expansion of the system and
the time-evolution of temperature and chemical po-
tential.

The last aspect also points out a caveat. Whereas the
creation of a deconfined phase with free quarks and glu-
ons is assumed to take place in the early stages of heavy-
ion collisions at RHIC and LHC energies, the microscopic
dynamics from UrQMD does not include a description of
this partonic phase. Nevertheless, we will argue that it
is possible to extract a reasonable and realistic picture of
the fireball evolution and thermal electromagnetic emis-
sion also at RHIC and LHC energies, including a descrip-
tion of emission from a QGP phase. While a lattice EoS
and partonic rates can be applied to approximate the
thermodynamic properties and emission patterns inside
a partonic phase, it is on the other hand clear that the
fireball evolution itself from the coarse-grained dynam-
ics can not reflect any effects due to the creation of a
Quark-Gluon Plasma on the microscopic level. Although
it is assumed that the influences of a phase-transition
or crossover on the gross microscopic evolution are not
very significant, this is of course a limiting factor of the
present model. Nevertheless, the results might help to
understand if and how the phase structure of QCD is re-
flected in the microscopic dynamics, if the comparison of
the model outcome to experimental data shows signifi-
cant deviations.

This paper is structured as follows. In Sec. II the
coarse-graining approach is introduced, and the various
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dilepton-production mechanisms, which enter the calcu-
lations, are outlined. This is followed by a presentation
of the results for the space-time evolution of the reaction
(Sec. III A) and dilepton spectra for RHIC and LHC en-
ergies (in III B and III C). A comparison of the results
for RHIC and LHC is given in Sec. III D. Finally, we con-
clude with a summary and an outlook to further studies
in Sec. IV.

II. THE COARSE-GRAINING APPROACH

In the following, the basic features of the coarse-
graining approach are outlined. This description is kept
concise here, as the same model was in detail presented
previously; for details we refer the reader to references
[30, 31].

A. Microscopic simulations

As a first step, simulations for the different colli-
sion energies are conducted with the present version
3.4 of the Ultra-relativistic Quantum Molecular Dynam-
ics (UrQMD) approach [34, 35, 43, 44], a semi-classical
hadronic transport model based on the principles of ki-
netic theory, in which the evolution of a heavy-ion colli-
sion is described by the propagation of on-shell particles
on classical trajectories in combination with a probabilis-
tic treatment of the individual hadron-hadron scatter-
ings. It constitutes an effective solution of the Boltz-
mann equation, where the collision term includes elastic
and inelastic scatterings as well as resonance decays. To
account for quantum effects, the particles are represented
by Gaussian wave packets and effects such as Pauli block-
ing are included. For hadron-hadron collisions with en-
ergies above

√
s = 3 GeV the excitation of strings is pos-

sible. The model includes all relevant meson and baryon
resonances up to a mass of 2.2 GeV/c2. Resonance pa-
rameters and cross-sections are adapted and extrapolated
to the values collected by the Particle Data Group [45].

For being able to deduce a realistic fireball evolution
in terms of T and µB and—in consequence—meaningful
dilepton spectra from the UrQMD simulation, one first
has to check whether the model can describe the bulk
results measured in experiment. In general, the UrQMD
model has proven to describe the hadronic observables
from heavy-ion reactions very well in a wide range of col-
lision energies. Also up to RHIC and LHC energies the
hadron production and the resulting yields, ratios, ra-
pidity and transverse-momentum spectra are quite well
described in the approach; for details we refer the reader
to references [43, 46, 47]. However, looking at specific
observables one also finds deviations of the model re-
sults from the experimental data. This is especially the
case for the elliptic flow, v2: Whereas the elliptic flow
is described quite well up to SPS energies, for higher
collision energies the average elliptic flow 〈v2〉 under-

estimates the experimental results. At top RHIC en-
ergy of

√
sNN = 200 GeV the transport model reaches

only roughly 60% of the measured value [48]. Regarding
the transverse-momentum dependence of v2, the under-
prediction is most prominent for high pt [49–51]. Never-
theless, the model reproduces the centrality dependence
and the gross features of the v2 particle-type dependence,
such the mass-ordering for low pt and the number-of-
constituent-quark scaling for higher transverse momenta
[52]. Since the build-up of v2 in the model correlates to
the rescattering rate, the low values of this observable in
UrQMD can be interpreted as a hint that a strongly in-
teracting phase of partons is created in the early reaction
evolution [53–55] (see also Sec. II C).

However, the anisotropic flow effects are very small
(at the order of few percent) and have only very little
influence on the dilepton invariant-mass and transverse-
momentum spectra. In consequence, the deviations from
the experimental measurements will not play a significant
role for our present study. This is of course different for
studies of the anisotopic flow of electromagnetic probes,
where the deviations from the measured bulk v2 will be
apparent. To reproduce these measurements, one will
probably need an advanced description which includes
the effects of the partonic phase on the fireball evolution.

B. Extracting thermodynamic properties

Note that within the UrQMD model one has a well
determined phase-space distribution function f(~x, ~p, t),
as the location and momenta of all particles are known.
However, since the full microscopic treatment of the
medium effects is quite complicated, the present ap-
proach aims to reduce (i.e., to coarse-grain) the amount
of information given by f(~x, ~p, t), such that one can
switch from a microscopic to a macroscopic description
of the collision. Instead of the individual particle coordi-
nates, the system is then defined by its thermodynamic
properties. To do so, it is first necessary to obtain a
smooth distribution function, which is realized by aver-
aging over a large number of events:

f(~x, ~p, t) =

〈∑

h

δ(3)(~x− ~xh(t))δ(3)(~p− ~ph(t))

〉
. (1)

Here the angle brackets 〈·〉 denote the ensemble aver-
age. It is important to bear in mind that the UrQMD
model constitutes a non-equilibrium approach, whereas
the thermodynamic properties are well defined only for
equilibrated matter. Consequently, the approximate ex-
traction of equilibrium quantities is consistent only lo-
cally. Thus a grid of small space-time cells is set-
up where—following Eq. 1—for each of these cells the
energy-momentum tensor and the baryon current are ex-
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tracted as

Tµν =
1

∆V

〈Nh∈∆pνi∑

i=1

p0
i

〉
,

jµB =
1

∆V

〈NB/B̄∈∆V∑

i=1

±p
µ
i

p0
i

〉
.

(2)

Here ∆V is the volume of the cell, and the sum is taken
over all (anti-)baryons or hadrons in the cell, respectively.
If one knows jµB and Tµν , the local rest frame (LRF) can
be determined by applying the definition of Eckart [56],

which requires a vanishing baryon flow, ~jB = 0. The
energy and net-baryon density of the cell are then defined
as ε = T 00

LRF and the baryon density is ρB = j0
B,LRF.

To obtain temperature and baryochemical potential it
is necessary to apply an equation of state (EoS) which
translates the local energy and baryon densities into T
and µB. For consistency with the underlying transport
model, we apply a hadron gas EoS [57] for the lower tem-
perature range up to T = 170 MeV. It includes the same
hadronic degrees of freedom as the UrQMD approach.
For higher temperatures a pure hadronic description is
insufficient, as the phase transition to a Quark-Gluon
Plasma also changes the degrees of freedom and conse-
quently the equation of state. We therefore use an EoS
from lattice calculations [58] (with a critical temperature
Tc = 170 MeV) for cells with higher energy densities.
While both EoS match in the temperature region from
150-170 MeV, the lattice EoS gives significantly higher
temperatures for very hot cells. A comparison between
both equations of state is given in Ref. [30].

It is important to bear in mind that the application
of the lattice EoS for higher energy densities or tem-
peratures, respectively, does not provide full consistency
with the underlying hadronic dynamics in the trans-
port model; in UrQMD only hadronic degrees of free-
dom are implemented, and no phase transition to a par-
tonic phase is included. On the other hand, the very
details of the microscopic dynamics are anyway “washed
out” in the coarse-graining procedure by the reduction
of the multitude of information and the averaging over
the events. Since we only use the local energy density
distribution from the microscopic simulations to calcu-
late a temperature via the lattice EoS (µB = µπ = 0
is always assumed for T > 170 MeV), a severe problem
should only arise if the gross evolution of the density dis-
tribution would largely depend on the specific equation
of state. This would imply differences in the measur-
able particle spectra. However, previous studies with a
UrQMD+hydrodynamics hybrid model [59] have shown
that the bulk evolution of the fireball is not significantly
altered when using an EoS including a phase transition
instead of a pure hadron gas EoS [60]. Taking this into
account, the procedure as applied in the present approach
seems justifiable. (The effect of the choice of EoS on the
dilepton spectra is also studied in Sec. III B.)

C. Non-equilibrium effects

The approach as outlined above assumes a locally equi-
librated system in each cell. However, it is clear that
within a transport approach this condition is not always
fulfilled in a satisfying manner. In contrast, due to the
non-equilibrium nature of the model one finds significant
deviations from kinetic and/or chemical equilibrium. For
a correct description of the fireball evolution the conse-
quences of these deviations need to be considered. Ba-
sically one finds two dominant effects which affect the
thermodynamic properties and, consequently, the dilep-
ton emission:

1. Pressure isotropy is necessary for a system to be in
kinetic equilibrium. However, it is well known from
previous studies [61, 62] that the initial stages of
a heavy-ion collision are dominated by large differ-
ences between the longitudinal and transverse pres-
sures. This is a consequence of the strong longitudi-
nal compression of the nuclei at the beginning of the
collision. In this case, the energy density is overes-
timated in the cell, as a large fraction of the energy
is of no relevance with regard to the thermal prop-
erties of the system. To apply the coarse-graining
approach also for the first few fm/c of the collision,
it is therefore necessary to extract a realistic energy
density εeff taking the limited degree of thermaliza-
tion into account. This is achieved by the use of a
generalized equation of state for a Boltzmann-like
system [63, 64], that gives εeff in dependence on the
“bare” energy density in the cell and the pressure
anisotropy. The results for SPS energies showed
that significant deviations of εeff are only found for
the first 1-2 fm/c of the collision [30].

2. Chemical non-equilibrium shows up in the form of
finite meson chemical potentials (in full equilib-
rium, all meson chemical potentials vanish as the
meson number is not a conserved quantity, in con-
trast to, e.g., the net-baryon number) and most
dominantly in form of a pion chemical potential
µπ, since the π mesons are the most abundantly
produced particles. A finite µπ is the consequence
of an overpopulation of pion states. In a transport
model, such an over-dense pion system is especially
found at the very beginning of the reaction, when
the fireball is still far from kinetic equilibrium and
the first inelastic collisions produce a large number
of pions [65]. The pion chemical potential is impor-
tant for the population of ρ and ω vector mesons, as
a high density of pions increases the probability for
the production of these particles (besides, µπ has
also some moderate effects on the spectral shape)
[66, 67]. To account for these effects we extract the
pion chemical potential in each cell in Boltzmann
approximation.

When the local energy and particle densities change
in the course of the fireball evolution, the phase-space
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distribution function, f(~x, ~p, t), is adjusted to the corre-
sponding values of temperature and chemical potentials.
If this adjustment is slower than the change of T and µ,
one will find deviations from the local equilibrium distri-
bution of the form [68]

f(~x, ~p, t) = feq(~x, ~p, t) + δf(~x, ~p, t). (3)

One consequence of this deviation from the equilibrium
state is the appearance of finite transport coefficients,
such as viscous stresses, heat flow, and diffusion [69].
Note that in the underlying transport dynamics used
for the coarse-graining these effects are implicitly imple-
mented due to the non-zero mean free path of the inter-
acting hadrons. The resulting transport coefficients (e.g.,
viscosity and heat conductivity) from UrQMD have been
in detail studied for the infinite-matter case in box cal-
culations [70–73]. The results showed that for the shear
viscosity to entropy ratio one obtains rather high val-
ues η/s > 0.6 within the model. This is in contrast to
ideal hydrodynamic calculations which have been quite
successful in describing the observables from heavy-ion
collisions by neglecting the effect of those transport coef-
ficients. The large elliptic flow measured in non-central
heavy-ion reactions at RHIC energies suggests a very low
value of the shear viscosity to entropy ratio η/s in the
created hot and dense fireball. This was interpreted as
a direct hint for the creation of a Quark-Gluon Plasma
phase early during the fireball evolution [74, 75]. The
high values of η/s from UrQMD can, in consequence, ex-
plain the underestimation of the resulting elliptic flow v2

at RHIC in the model, as discussed in Sec. II A.
However, recently the role and importance of viscosity

has come into theoretical focus and was studied inten-
sively in hydrodynamical approaches [76–81], as it was
found that pure ideal hydrodynamic calculations result
in an overestimate of the elliptic flow for high transverse
momenta and/or wrong slopes for the hadron-pt spectra
[68]. With regard to the dilepton emission, the appear-
ance of a shear viscosity might show an effect in two ways:
Firstly, by its influence on the bulk evolution—especially
an increase of the directed flow and a reduction of the
anisotropies—, and secondly by the direct modification
of the emission rates due to modifications of the distri-
bution functions [82].

Whereas the coarse-grained dynamics of the fireball
naturally reflects the viscosities in the underlying micro-
scopic simulations, as mentioned above, we do not con-
sider the effects of the viscous corrections on the electro-
magnetic emission rates for two reasons: On the one hand
it was shown that the influence of finite viscosity on the
resulting invariant mass or transverse momentum spectra
of dileptons and photons is rather small, especially for the
low-mass region up to 2 GeV/c2 [9, 10, 83]. (The case is
somewhat different for the elliptic flow, where the modifi-
cation of the emission rates might be more pronounced.)
On the other hand there are presently no calculations
available for the hadronic and partonic rates which are
applied in our approach. The viscous correction for emis-

sion from the Quark-Gluon Plasma has so far only been
calculated for the perturbative Born rate, i.e., for leading
order qq̄ annihilation [84]. However, this rate is known
to significantly underestimate the thermal yield for lower
masses, compared to more advanced hard-thermal loop
or lattice rates [85, 86]. The situation is similar for the
hadronic rates, where the effect of viscosity has been con-
sidered only for a low-density calculation [87] which can-
not account for the full in-medium modfications of the
vector mesons’ spectral shape.

We will discuss the emission rates applied in the
present approach in detail in the following section II D.

D. Thermal dilepton rates

The thermal emission of dileptons from an equili-
brated system of hot and dense matter is determined
by the imaginary part of the (retarded) electromagnetic

current-current correlation function, Im Π
(ret)
em , which is

connected to the electromagnetic current jµ [88]. The
dilepton yield per four-volume and four-momentum can
then be calculated according to the relation [67, 89]

dNll
d4xd4q

= −α
2
emL(M)

π3M2
fB(q;T ) Im Π(ret)

em (M,~q;µB , T ),

(4)
where fB is the Bose distribution function and L(M) the
lepton phase space.

In the hadronic low-mass regime (i.e., for Me+e− <
1 GeV/c2) the electromagnetic current directly couples
to the vector mesons and—assuming vector meson domi-
nance (VMD)—Πem is proportional to the vector-meson
propagator

DV =
1

q2 −m2
V − ΣV (q2)

(5)

where mV is the bare mass of the meson and ΣV the
corresponding self-energy of the particle, related to its
decay width. Whereas the self-energy in the vacuum can
be deduced from experimental measurements of inelastic
electron-positron scattering (e+e− → hadrons), the situ-
ation for finite T and µB is more complicated and requires
detailed model calculations. For the present work we ap-
ply the results from equilibrium quantum-field theory cal-
culations with a hadronic many-body approach [90, 91].
They account for the interactions of the ρ and ω mesons
with hadrons in a heat bath. For the ρ the pion cloud
(Σρππ) as well as the direct contributions from ρ-hadron
scatterings with baryons (ΣρB) and mesons (ΣρM ) are
included in the calculation of the in-medium self-energy.
In this case Eq. 5 becomes

Dρ =
1

M2 −m2
ρ − Σρππ − ΣρB − ΣρM

. (6)

The situation for the ω meson is more complex, as it
constitutes a three-pion resonance. Here the self energy
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includes ω → πρ and ω → 3π decays as well as the
inelastic ωπ → ππ, ωπ → b1 and ωN → N∗ scatterings.
The resulting propagator reads

Dω =[M2 −m2
ω + imω (Γ3π + Γρπ + Γωπ→ππ)

− Σωπb1 − ΣωB ]−1.
(7)

To account for the symmetry of the interactions of ρ and
ω mesons with baryons and anti-baryons, the spectral
functions do not depend on the baryochemical potential
µB but on an effective baryon density ρeff

B = ρN + ρN̄ +
0.5(ρB∗ + ρB̄∗) [92]. Here ρN/N̄ denotes the nucleon /
anti-nucleon density and ρB∗/B̄∗ is the density of excited

baryon/anti-baryon resonances.
Note that in the case of a finite pion chemical potential

an additional fugacity factor

znπ = exp
(nµπ
T

)
(8)

enters in Eq. 4. The exponent n depends on the differ-
ence between initial and final pion number for the rele-
vant channel [67, 93, 94]. For dilepton production from
ρ mesons one has n = 2 whereas for the ω it is n = 3.

At the higher masses above 1 GeV/c2 one no longer
finds distinct resonances in the hadronic domain of the
vector channel but a broad continuum of multi-pion
states which couple to the electromagnetic current. In
principle, also here the dilepton emission is related to the
vector spectral function. However, the presence of pions
at finite T causes a chiral mixing of the isovector part
of the vector and axial-vector correlators [95]. The cor-
responding isovector-vector current correlation function
takes the form [96]

ΠV (p) =(1− ε)z4
πΠvac

V,4π +
ε

2
z3
πΠvac

A,3π

+
ε

2
(z4
π + z5

π)Πvac
A,5π,

(9)

where the mixing coefficient ε is given by the thermal
pion loop, and zπ again denotes the pion fugacity.

For temperatures above the critical temperature Tc the
relevant degrees of freedom are no longer hadrons (vec-
tor mesons) but quarks and gluons. In this situation the
strength of the electromagnetic current is accounted for
by a partonic description and the thermal dilepton pro-
duction occurs—to leading order—via the electromag-
netic annihilation of quark-antiquark pairs, qq̄ → γ∗.
However, it has been shown that the pure pQCD result
[84] underestimates the actual dilepton emission in the
low energy regime (i.e., at low masses). Nonperturbative
results indicate a strong enhancement due to αs correc-
tions and bremsstrahlung effects [85]. In the present work
we apply a spectral function from lattice QCD calcula-
tions [86] which has been extrapolated for finite three-
momenta by a fit to the according photon rate [11]. Note
that these lattice rates are available only for vanishing
quark chemical potential µq = 0. However, the effects
of a finite µq are quite small with regard to the dilepton
emission rates and can be neglected here.

E. Non-thermal hadronic decay contributions

In addition to the thermal dilepton emission from the
hot and dense fireball, there are also contributions from
more long-lived mesons which mostly decay into lepton
pairs after the freeze-out of the system, mainly the pseu-
doscalar π0 and η mesons. Their Dalitz decays into a real
and a virtual photon (which subsequently transforms in
a lepton pair) dominate the very low invariant masses.
The corresponding decay width is related to the proba-
bility for the decay into two photons and given by the
Kroll-Wada formula [97]

dΓP→γe+e−

dM
=

2α

3πM
L(M) 2ΓP→γγ

×
(

1− M2

M2
ρ

)
|FPγγ∗(M2)|,

(10)

where the form factors FPγγ∗ are fitted to experimental
data [98], consistent with the theoretical results assuming
VMD.

Note that only the final state π and η mesons are con-
sidered for the procedure. Those mesons which are pro-
duced and absorbed again during the collision have a
negligible probability for a dilepton decay due to their
small decay width. The situation is somewhat different
for the φ meson. In spite of the shorter lifetime we do
not treat it as a thermal contribution (since the expected
medium-effects are so small that they can be neglected)
but consider the microscopic decays here as for the pseu-
doscalar mesons. However, in this case one assumes that
the φ has an equal probability for the decay into a lep-
ton pair at any time and therefore can continuously emit
dileptons [99]. The total yield is then obtained as a time
integral over the lifetime as

dNll
dM

=
∆Nll
∆M

=

N∆M∑

i=1

Nφ∑

j=1

∫ tf

ti

dt

γ

Γφ→ll(M)

∆M
, (11)

where the γ factor accounts for the relativistic time dila-
tion in the computational frame compared to the mesons
rest frame. This procedure explicitly takes absorption
processes for the φ into account.

Besides, two more non-thermal contributions arise due
to the fact that not for all cells it is possible to properly
calculate the thermal contribution. This is mainly the
case for the later stages of the reaction, for cells with (i)
no baryon content, so that the LRF is not well-defined,
or (ii) where the temperature is below 50 MeV, in which
case the EoS and the emission rates no longer give reli-
able results. In these cases a “freeze-out” contribution
for the ρ and ω meson is determined directly from the
microscopic UrQMD results for those specific cells. The
procedure is the same as for the φ given by Eq. 11, but the
time-integration is performed only for the corresponding
time-step size.
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FIG. 1. (Color online) Thermal four-volume V4 in dependence on temperature (a) and baryochemical potential (b) for Au+Au
and Pb+Pb reactions at different collision energies.

III. RESULTS

For the present study the coarse-graining of the
UrQMD transport output was performed with ensembles
of 1000 UrQMD events for Au+Au collisions at RHIC
and 500 events for Pb+Pb reactions at LHC energies.
The time-step size was chosen as ∆t = 0.4 − 0.6 fm/c,
and the spatial dimensions of the cell are defined as
∆x = ∆y = ∆z = 0.8 − 0.9 fm, depending on the col-
lision energy. The impact parameter distributions corre-
sponding to different centrality classes were chosen using
Glauber-Model fits to experimental data [14, 16]. Note
that the minimum bias definitions slightly differ between
the STAR and PHENIX collaborations; the former uses

Time t [fm/c]
0 5 10 15 20 25 30 35 40 45 50

N
/d

yd
t 

[1
/(

fm
/c

)]
2 d

-410

-310

-210 Total
T > 250 MeV

Au+Au / Pb+Pb
0-10% central
|y| < 1

 = 200 GeVNNs
 = 2.76 TeVNNs

FIG. 2. (Color online) Time evolution of the thermal dilepton
emission dNe+e−/dt for central Au+Au collisions at

√
sNN =

200 GeV (green) and Pb+Pb collisions at
√
sNN = 2.76 TeV

(blue). The total emission (long dashed) is shown as well as
the resulting yield only from cells with a temperature above
250 MeV (dashed double-dotted).

0-80% most central collisions whereas the PHENIX trig-
ger takes 0-92% central collisions into account.

A. Fireball evolution

The thermal dilepton emission from a hot and dense
fireball created in a heavy-ion collision is determined by
the trajectory of the system within the QCD phase di-
agram. More precisely, since for each space-time cell
different values of temperature and baryochemical po-
tential are obtained within the coarse-graining approach,
the overall yield is directly related to the distribution of
the thermal four-volume V4 inside the fireball with re-
gard to T and µB. Figure 1 (a) shows the total thermal
four-volume summed over all cells in dependence on the
respective temperature for Au+Au and Pb+Pb reactions
at four different collision energies, from the lowest RHIC
to top LHC energies. While for the low temperature
range around 100 MeV the differences between the ener-
gies are not larger than one order of magnitude, the rela-
tive increase of the number of higher temperature cells is
much stronger. For

√
sNN = 19.6 GeV one hardly finds

cells with temperature above 300 MeV, while at LHC en-
ergies there are some cells with up to 800 MeV (few rare
cells even reach still higher temperatures up to 1000 MeV,
which is not shown here).

When considering the µB dependence of the four-
volume for the temperature range from 120 to 170 MeV
in Figure 1 (b), one also finds that the average baryon
chemical potential is decreasing when going to higher
collision energies (note again, as outlined in Sec. II B, the
lattice EoS for T > 170 MeV in general assumes vanish-
ing baryochemical potential). At

√
sNN = 19.6 GeV the

most abundant µB-range lies between 200 and 300 MeV,
whereas at LHC µB is close to zero for the overwhelming
part of the thermal four-volume. Interesting is the fact
that one gets a slightly stronger contribution from higher
chemical potential when going from 2.76 to 5.5 GeV.
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FIG. 3. (Color online) Dielectron invariant-mass spectra for minimum bias (i.e., 0-80% most central) Au+Au collisions at√
sNN = 19.6 GeV (a) and 200 GeV (b). The sum includes the thermal hadronic and partonic emission obtained with the

coarse-graining, and also the hadronic π, η and φ decay contributions from UrQMD as well as the “freeze-out” contributions
(from cold cells) of the ρ and ω mesons. The model results are compared to the experimental data obtained by the STAR
Collaboration [14].

However, this might be an effect due to the limited tem-
perature window considered here.

The resulting time evolution of the thermal dilepton
emission dN/dt from all cells (and from those with tem-
perature above 250 MeV only) is shown in Figure 2. The
results for central (0-10%) Au+Au reactions at 200 GeV
and Pb+Pb collisions at 2.76 TeV exemplarily expose the
similarities and differences in the fireball dynamics for
RHIC and LHC. In general, one observes that the evolu-
tion of the fireball for both energies is very similar, apart
from the larger overall emission at 2.76 TeV compared
to the 200 GeV case. This is a consequence of the larger
thermal four-volume for all temperature regions, compare
Fig. 1 (a). However, at the LHC the cooling of the sys-
tem is slower, especially the emission from the very hot
cells with T > 250 MeV shows a less significant drop than
for the RHIC energy. In any case, the thermal emission
from the later stages of the reaction—even 40-50 fm/c
after the first initial nucleon-nucleon interactions—is re-
markably large, although the influence on the total yield
is very small, as dN/dt is suppressed by 1-2 orders of
magnitude compared to the early maxima.

B. Relativistic Heavy-Ion Collider (RHIC)

The dilepton invariant-mass spectra for minimum bias
Au+Au reactions at the two RHIC energies

√
sNN =

19.6 and 200 GeV are presented in Figure 3. The results
as obtained with the coarse-graining approach are com-
pared to the experimental data from the STAR Collab-
oration [14]. The spectra are shown within the STAR
acceptance, which means rapidity and pseudorapidity
cuts (|ηe| < 1, |yee| < 1) were applied for single elec-
trons and dileptons, respectively, together with an addi-
tional transverse momentum cut for electrons (i.e., here

pet > 0.2 GeV). The comparison shows that in both cases
the invariant-mass spectra for low masses below 1 GeV/c2

are very well described within the model. While in com-
parison to pure hadronic decay cocktails an excess of
the experimentally measured spectra was observed for
the mass region 0.3 < Mee < 0.7 GeV/c2, our approach
shows that this region is dominated by thermal emission
from the ρ meson and from partonic emission. But there
are also important differences visible when comparing the
outcome for both energies: Due to the larger tempera-
tures obtained for Au+Au reactions at 200 GeV, the low
mass region is here dominated by QGP emission, only
around the ρ pole mass the hadronic emission is dom-
inant. In contrast, the thermal ρ contribution clearly
outshines the partonic yield for the greatest part of the
low mass region up to 1 GeV/c2 at the lower collision
energy of 19.6 GeV.

It is interesting that the spectral shape of the thermal
ρ resembles its vacuum shape in both cases, compared to
the very strong broadening and low-mass enhancement
which is observed for SIS 18 and FAIR energies [31, 32].
However, this is not surprising since in the previous sec-
tion it has already become clear that the baryochemical
potential is rather low in most of the cells. And even if
one considers that the baryonic modifications of the spec-
tral shape for the ρ are governed by the effective baryon
and anti-baryon density, the effects seem relatively small.
One reason for this is that the initial heating is faster and
stronger at RHIC energies and the early phase of the re-
action is mostly dominated by partonic emission (which
is quite insensitive with regard to finite quark chemical
potential µq = 1/3µB), whereas the hadronic contribu-
tions are predominantly radiated at later stages when the
baryon densities are lower. Consequently, the baryon-
induced medium effects—which are the main cause of
the ρ low-mass enhancement—are only very moderate
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are compared to the experimental data obtained by the STAR
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FIG. 5. (Color online) Dielectron excess spectrum for mini-
mum bias (0-80% most central) Au+Au collision at

√
sNN =

19.6 and 200 GeV as obtained with the coarse-graining of
UrQMD simulations (CG UrQMD). The results include the
thermal contributions from the ρ, multi-pion interactions and
the QGP. Additionally the UrQMD freeze-out ρ is included
for this calculation. The model results are compared to the
results of experimental measurements by the STAR Collabo-
ration [15].

here. Note that there is also a significant non-thermal ρ
contribution from low-temperature and late-stage cells,
which is more dominant for 200 GeV. This might be due
to the longer lifetime of the system, with a significant
number of those mesons in peripheral cells and late in
the evolution. In contrast to the thermal ρ, the thermal
ω contribution is rather negligible compared to the re-
spective freeze-out contribution. This is mainly due to

the long lifetime of the ω, which is typically so long that
this resonance mostly decays outside the hot and dense
region.

In contrast to the low-mass region, for Me+e− >
1 GeV/c2 the overall dilepton yield is no longer domi-
nated by the peaks from various hadronic decays but one
experimentally finds a structureless continuum. In our
model the thermal emission from multi-pion interactions
and from the partonic phase shine in this part of the
spectrum. Note however that—as mentioned before—
the present calculation does not include the Drell-Yan
and, more important, the open-charm contributions to
the spectrum. Nevertheless, as the strength of possible
medium modification for D or D̄ mesons is yet unclear,
our calculation can serve as a thermal baseline.

For
√
sNN = 19.6 GeV the QGP emission is the domi-

nant contribution in the mass region from 1 to 2.8 GeV/c2

with a significant contribution from the multi-pion part
which is strongest around Me+e− = 1.1 GeVc2. Here 20-
30% of the thermal contribution are from the hadronic
source, while for higher masses the multi-pion yield be-
comes rather insignificant. The comparison with experi-
mental data allows no clear conclusions at this energy due
to the limited statistics and rather large errors. The yield
from the coarse-graining model is within the statistical
error of the data but rather at the lower boundary. The
situation is somewhat different for Au+Au collisions at
200 GeV. At this higher energy the QGP emission is now
the dominant thermal contribution, whereas the hadronic
contribution is suppressed by at least a factor of 10. Due
to the significantly better statistics, one can observe that
the model does not fully describe the STAR data, but
the dilepton emission obtained within the model makes
up for only roughly 50% of the measured yield in the re-
gion from 1 to 2 GeV/c2. Interestingly, for even higher
masses the agreement between model an data becomes
better, the slope of the thermal emission seems to be
slightly harder than the measured one. These results
agree with previous studies indicating that the relative
suppression of the charm contribution due to medium
effects is more pronounced at higher masses, leaving it
the dominant contribution only for lower masses around
1 GeV/c2 [39].

While by default we use a combination of a hadron
gas and a lattice EoS (HG+Lat-EoS) for all calculations
presented in this work, it was discussed in Sec. II B that
this is not fully consistent with the underlying purely
hadronic microscopic dynamics. In consequence, it is
instructive to compare this standard scenario with the
more consistent case where only the hadron gas equa-
tion of state (HG-EoS) is used for all temperature ranges
to extract T and µB. Note that in both cases we use
the hadronic rates up to T = 170 MeV and the partonic
emission rates for higher temperatures for being able to
directly compare the effect of the different EoS. The total
invariant-mass spectra obtained with both EoS are put
on top of each other for minimum bias Au+Au collisions
at 200 GeV in Fig. 4. The results indicate that the dif-
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FIG. 6. (Color online) Dielectron invariant-mass spectra for Au+Au collisions at
√
sNN = 200 GeV for different centralities

(a) and transverse-momentum bins (b). Besides the total yields (full lines) we also show the thermal contribution separately
(dashed lines). The results in (a) are shown for central (0-10%), semi-central (10-40%), peripheral (40-80%), and minimum
bias (i.e., 0-80%) events. In (b) the spectra are shown for minimum bias collisions in four transverse-momentum bins covering
the range from pt = 0 to 2.0 GeV/c. The spectra are shown within the STAR acceptance and compared to the experimental
data [14]. In addition, they are scaled for better comparability.

ferences with regard to the overall yield in the low mass
region are rather small and result in no significant de-
viations in the thermal emission pattern for masses up
to Me+e− = 1 GeV/c2. The slightly reduced QGP yield
in this region due to the lower temperatures from the
HG-EoS is mostly compensated by a larger hadronic con-
tribution, especially around the ρ pole mass. However,
the picture is quite different for masses above 1 GeV/c2,
dominated by the QGP emission: Here the use of the
HG-EoS results in a significantly lower thermal yield and
a softer slope. The yield is suppressed by almost an
order of magnitude at Me+e− = 2.5 GeV/c2 compared
to the HG+Lat-EoS scenario. This is not surprising, as
these higher masses are dominated by emission from the
very early hot stage of the fireball where the highest en-
ergy densities are reached. Here the differences between
the two EoS are most dominant and the lattice equa-
tion of state results in significantly higher temperatures.
On the one hand, this result indicates that the low-mass
dilepton spectra are quite insensitive with regard to the
EoS; on the other hand, it shows again that direct in-
formation regarding the phase structure of QCD might
be deduced from the spectra at higher invariant masses,
1 GeV/c2 . Me+e− . 2.5 GeV/c2. However, the ex-
perimental extraction of the thermal yield is difficult in
this region as also a strong contribution from correlated
charm decays is found here, see discussion above.

In addition to the full invariant-mass distributions,
the STAR Collaboration also published dilepton excess
spectra for minimum bias Au+Au collisions at 19.6 and
200 GeV [15]. Here the cocktail contributions (hadronic

decays, Drell-Yan and open charm) are subtracted such
that the resulting spectra respresent only the thermal
dilepton emission. Furthermore the data are corrected
for the experimental acceptance. In Figure 5 these re-
sults are compared to the thermal contribution from our
model, including the non-thermal UrQMD “freeze-out”
ρ and excluding the thermal ω contribution. (The ω
is usually treated as part of the cocktail and was sub-
tracted from the experimental spectrum.) We see that
for the mass region Me+e− > 1 GeV/c2 in Au+Au col-
lisions at

√
sNN = 200 GeV the thermal result agrees

very well with the data, indicating that the thermal part
of this mass region seems to be accurately described
with the coarse-graining approach. However, note that
the subtracted cocktail contribution does not account
for medium modifications of the charm contribution, so
that the meaning of the high-mass excess spectrum is
rather limited. At 19.6 GeV the thermal spectrum from
the model seems to be slightly below the data for higher
masses, but still within the large statistical and system-
atic errors. In the low-mass region the agreement be-
tween model and data is better for 19.6 GeV than for
200 GeV, but in both cases the experimental thermal ex-
cess seems to be slightly underestimated by the model.
Nevertheless, considering the uncertainty of the data and
the subtraction procedure the agreement is quite satisfac-
tory.

So far we have considered dilepton spectra for min-
imum bias reactions and the full transverse-momentum
range, but the thermal dilepton yield also largely depends
on the centrality of the reaction and on the transverse-
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momentum window in which the results are measured.
Both dependencies were investigated by the STAR Col-
laboration for Au+Au collisions at 200 GeV [14], and
the experimental data are presented together with the
model results in Figure 6. The left plot (a) shows the
invariant-mass spectra for central (0-10%), semi-central
(10-40%) and peripheral (40-80%) collisions, together
with the minimum bias result from Fig. 3 (b) for com-
parison. In all four centrality classes one observes quite
a good description of the low invariant-mass data by the
coarse-graining results. For higher masses larger than
1 GeV/c2 the underestimation of the dilepton yield ob-
served for minimum bias reactions is also found for other
centrality classes. However, for the most central reac-
tions the description seems to be slightly better. In this
case the thermal emission alone can almost fully describe
the dilepton data for higher masses. This would be in ac-
cordance with the assumption that the medium effects on
the open charm production are most dominant for cen-
tral collisions, leading to a suppression of the open-charm
contribution to the dilepton spectra.

For the pt dependence of e+e− production, the com-
parison between theory and data gives a more nuanced
picture, as presented in Figure 6 (b). Here the scaled
results for minimum bias Au+Au collisions in four dif-
ferent transverse momentum bins are shown. In the
low invariant-mass region one finds a good description
of the data for the lower transverse momentum bins up
to 1 GeV/c, while especially for pt > 1.5 GeV/c the mea-
sured results are underestimated by up to a factor 2.
Interestingly, this does not only affect the thermal yield,
but also the pure hadronic cocktail contributions, as can
be seen from the underestimate for the π-dominated very
low masses and the ω and φ peaks. The reason for this
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FIG. 7. (Color online) Comparison of the dielectron invariant-
mass spectra for central (magenta) and minimum bias (green)
Au+Au collisions at

√
sNN = 200 GeV with the STAR and

PHENIX data [14, 16] in the corresponding acceptances. The
total sum of the model results for PHENIX is given by the
long dashed lines, and for STAR by the short dashed lines.

might be the expansion dynamics from the underlying
transport model, which is known to somewhat underes-
timate the collective flow of the fireball [48], resulting
in too soft pt spectra for the produced particles. How-
ever, the general trend when going from the low to the
high transverse momentum region is the increasing im-
portance of the thermal emission in the low-mass region
and a flattening of the shape of the spectrum. This is
due to two effects: On the one hand, the pe

t cut for
single electrons leads to a suppression of low masses
(M < 0.4 GeV/c2) when the transverse momentum of
the pair is close to zero. On the other hand, the emis-
sion of high-pt dileptons occurs mostly at the higher tem-
peratures which can be found in the early Quark-Gluon
Plasma phase, whereas the hadronic emission is usually
found to be softer.

Regarding the higher invariant-mass region for M >
1 GeV/c2, an underestimation of the thermal yield is vis-
ible, reaching from a factor 2 for low pt up to a factor
of 10 for the higher transverse momenta. This under-
prediction is not surprising, as it was already visible in
the full pt-integrated invariant-mass spectrum. As men-
tioned above, this is clearly due to the absence of the
charm and Drell-Yan contributions in our calculation.

Although we have up to this point focused on the
measurements by the STAR Collaboration, it is natural
to compare the model results obtained from the coarse-
graining approach also with the results of the PHENIX
Collaboration. This is of importance, as the first results
from PHENIX showed a strong enhancement of the dilep-
ton invariant-mass spectrum for 0.3 < Mee < 0.7 GeV/c2

in central collisions, which was not compatible with the
results from the STAR Collaboration [100]. In conse-
quence, there has been much discussion about the differ-
ent detector properties and corresponding acceptances,
which made a direct comparison of the two results dif-
ficult. Also theoretical models failed to reproduce the
PHENIX results [27, 101]. Recently, the PHENIX Col-
laboration published new results measured with an up-
dated experimental set-up, including a hadron-blind de-
tector (HBD) which could significantly improve the elec-
tron identification and the signal sensitivity [16]. In Fig-
ure 7 we show the model results for both central and
minimum bias Au+Au collisions at

√
sNN = 200 GeV

within the PHENIX and STAR acceptances, together
with the corresponding experimental data. The com-
parison clearly shows that the model not only describes
the STAR data, but also the new PHENIX results for
central as well as minimum bias collisions. However,
note that the statistics obtained by PHENIX is signifi-
cantly lower, leading to larger errors of the measurement.
The main explanation for this is the two-arm set-up of
the PHENIX detector so that many of produced elec-
trons and positrons do not reach the detector; if only
one particle of a pair reaches the detector, this further
increases the background of the measurement. Neverthe-
less, within the errors of the measurement one can state
that the PHENIX and STAR dilepton measurements now
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fully agree with each other and that the low-mass excess
above the hadronic cocktail can be explained by thermal
hadronic and partonic emission from medium-modified
spectral functions.

To conclude the study for RHIC energies, the model
results are finally compared to the transverse momentum
spectra from the PHENIX measurement in Figure 8. The
(scaled) data and model results within experimental ac-
ceptance are presented for three different invariant-mass
bins. The thermal contribution and the hadronic decay
cocktail from UrQMD are shown separately, as well as
the total yield. At very low masses (M < 0.1 GeV/c2)
the hadronic cocktail contribution dominates the dilep-
ton emission, mainly stemming from π0 decays. Only
for high pt larger than 1.5 GeV/c the thermal emission
becomes significant. However, such high momenta are
largely suppressed by a factor of 100 in that mass region.
The model results agree quite well with the experimental
measurements, only for lower pt a slight overestimation
of the yield is obtained. (Note that dilepton pairs with
pee
t < 0.4 GeV/c are out of the PHENIX acceptance in

this mass bin, as the single electron transverse momen-
tum is required to be larger than 0.2 GeV/c.) In the mass
region from 0.3 to 0.76 GeV/c2 the thermal and nonther-
mal emission almost equally contribute for low pt with
a slight dominance of the hadronic cocktail for trans-
verse momenta from 0.5 to 1.0 GeV/c. In contrast, the
thermal dilepton emission clearly outshines the hadronic
decays for higher pt values above 1.5 GeV/c. Note
that the present findings from the coarse-graining ap-
proach for this mass region roughly agree with the results
from a fireball parametrization (using the same spec-
tral functions as in our model) where the non-thermal
emission dominates for lower momenta and the thermal
contribution—mainly from the ρ—for higher momenta
[16]. For the mass region Me+e− > 1.2 GeV/c2 the
thermal emission (i.e, here almost exclusively the par-
tonic contribution from the QGP) is clearly the domi-
nant source in the present calculations. However, the
yield obtained with the coarse-graining approach is be-
low the data about a factor 2-3 for low pt and up to
10 for higher momenta, once again indicating the miss-
ing contributions from open-charm mesons. In spite of
the significantly differing acceptances of the STAR and
PHENIX experiments, the present results are consistent
with the findings from the comparison of model results
and data for the invariant-mass spectra in various pt-bins
(see Fig. 6 (b)).

C. Large Hadron Collider (LHC)

As became clear from the study of the reaction dynam-
ics in Sec. III A, the fireball of hot and dense matter cre-
ated in a heavy-ion collision reaches higher temperatures
and cools down more slowly at the Large Hadron Collider
in comparison to the reaction evolution for RHIC ener-
gies. However, there is no significant change with regard
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FIG. 8. (Color online) Dielectron transverse-momentum spec-
tra for three mass bins (red: M = 0 − 0.1 GeV/c2, blue:
M = 0.3− 0.76 GeV/c2, blue: M = 1.2− 2.8 GeV/c2) within
the PHENIX acceptance. The results here are for minimum
bias Au+Au collisions at

√
sNN = 200 GeV. Besides the total

yields from the model calculations (full lines) also the thermal
(long dashed) and non-thermal hadronic decay contributions
(short dashed) are presented. For comparison the experimen-
tal data from the PHENIX Collaboration [16] are shown as
well.

to the baryon densities, the baryochemical potential was
already close to zero for most cells at

√
sNN = 200 GeV.

Consequently, the resulting invariant-mass spectra for
central (0-10%) Pb+Pb collisions at center-of-mass en-
ergies of 2.76 and 5.5 TeV as shown in Figure 9 ex-
hibit the same mostly vacuum-like spectral shape of the
ρ meson contribution, together with an increased yield
stemming from the Quark-Gluon Plasma. The partonic
contribution is dominating the spectra for masses above
0.1 GeV/c2, except for the pole-mass peaks of the three
vector mesons ρ, ω and φ. However, the ρ contribu-
tion still plays a significant role as well, and its relative
strength is not much smaller than at the top RHIC en-
ergy. In general, the increasing number of hot cells with
temperature above Tc goes along with a longer lifetime of
the fireball and a larger overall thermal four-volume also
for temperatures below the critical temperature, which
equally leads to a rise of the hadronic emission. In the
same manner as there is no strong change of the spec-
tra from RHIC to LHC, the situation does hardly change
when going from 2.76 TeV to the maximum LHC energy
of 5.5 TeV, except for an higher overall yield. We will
study this energy dependence in more detail in Sec. III D.

The transverse momentum spectra for 2.76 TeV in Fig-
ure 10 are shown in two different mass bins, for the low-
mass region (0.2 < Mee < 0.9 GeV/c2) and for the in-
termediate masses above the φ pole mass (1.05 < Mee <
2.5 GeV/c2). For the lower masses the finding is simi-
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of the ρ and ω mesons.

lar to those for Au+Au collisions at 200 GeV (compare
Fig. 8): The hadronic sources are more dominant at low
pt, while the thermal emission is the major contribution
for high momenta. In general the slope of the ther-
mal emission is harder (i.e., flatter) than that of the
hadronic decays. For the intermediate mass region above
1 GeV/c2, the only dominant contribution stems from the
Quark-Gluon Plasma, whereas the hadronic decays be-

 [GeV/c]
t
eep

0 0.5 1 1.5 2 2.5

)]
2

) 
[1

/(
G

eV
/c

t
N

/d
yd

p
2

)(
d

t
(1

/p

-410

-310

-210

-110

1

10

210

310
 = 2.76 AGeV (0-10% centr.)NNsPb+Pb @ 

| < 0.85
ee

|y

2 < 0.9 GeV/cee0.2 < M
(x 50)

2 < 2.5 GeV/cee1.05 < M

Total
Thermal
UrQMD
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√
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The results are shown for the low-mass (0.2 < Me+e− <
0.9 GeV/c2; green) and intermediate mass region (1.05 <
Me+e− < 2.5 GeV/c2; red). Besides the total yields from the
model calculations (full lines) also the thermal (long dashed)
and non-thermal UrQMD hadronic decay contributions (short
dashed) are presented.

come negligible. The overall slope of the higher masses is
also harder, indicating emission from hotter cells on the
one hand, but also the stronger flow which is proportional
to the mass of the particles. As before one should, how-
ever, bear in mind that a full study for the high masses
would need to include the missing charm and Drell-Yan
contributions.

D. Comparison of RHIC and LHC results

The previous results have already shown that the tem-
perature and lifetime of the fireball increase when going
from RHIC to LHC energies, which is connected with
a larger yield from thermal dilepton production. In the
following, these very qualitative findings shall be investi-
gated in more detail.

In Figure 11 (a) the relative ratio of the thermal dilep-
ton yield at mid-rapidity (|yee| < 1) for different mass
regions is shown in relation to the yield which is obtained
for Au+Au collisions at

√
sNN = 200 GeV. In addition,

the increase of the π0 yield is shown, as comparison of
the thermal results with the production of hadrons or
dileptons from hadronic decays, respectively. The re-
sults depict that in general the thermal contributions
exhibit a stronger increase than the π0 yield. For the
lower masses—0.05 to 0.3 and 0.3 to 0.6 GeV/c2—the
thermal yield scales with the number of neutral pions as
Nα
π0 , with α found to be approximately 1.9 here. For

the mass region above the φ pole mass, where purely the
QGP contributes to the thermal emission, the relative
increase is even stronger with α ≈ 2.4. Note that the ex-
ponent α for the mass region where the excess above the
cocktail is found (i.e., 0.3-0.6 GeV/c2) is similar and only
slightly larger compared to the one obtained using a fire-
ball parametrization [11]; there the scaling with the total
number of charged hadronic particles is found to be Nα

ch
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FIG. 11. (Color online) (a) Thermal dilepton yield for three different mass regions and the π0 yield for central Au+Au/Pb+Pb
collisions, normalized to the result for

√
sNN = 200 GeV. (b) Mass dependent slope parameter Teff for the thermal (full lines)

and non-thermal (dashed lines) dilepton yields in minimum bias Au+Au collisions at 19.6 GeV (blue) and 200 GeV as well as
for central Pb+Pb at 2.76 TeV (green). The error bands indicate the systematic error of the fit. All results are for mid-rapidity,
i.e., for |yee| < 1.

and α = 1.8. The somewhat stronger enhancement of
the high-mass yield at LHC energies is explained by the
fact that the number of QGP-emitting hot cells exhibits
a larger increase than the lower temperature four-volume
(compare Figs. 1 and 2).

Whereas the thermal yields alone allow for only rather
qualitative conclusions regarding the underlying reac-
tion dynamics, another observable that helps to deter-
mine the temperature and expansion dynamics of the
created fireball is the slope of the transverse-mass spec-

tra (mt =
√
M2

ee + p2
t ). The effective slope parameter

Teff can be extracted using the fit function [102]

dN

mt dmt
= C · exp

(
− mt

Teff

)
. (12)

Note that Teff must not be confounded with the tem-
perature of the medium, as the transverse momentum
distribution from a thermal source is not only deter-
mined by the temperature: The radial flow of the sys-
tem leads to a significant blue-shift of the mt spectra as
well [11]. The effective slope parameter for the thermal
and hadronic cocktail (UrQMD) contributions at mid-
rapidity for Au+Au and Pb+Pb collisions at three dif-
ferent energies (

√
sNN = 19.6, 200 and 2760 GeV) is

shown in Figure 11 (b). The results are presented for
different mass bins ranging from 0.2 to 2.5 GeV/c2. To
obtain Teff the spectra were fitted in mass-dependent
mt-ranges corresponding to 0.5 < pt < 1.8 GeV/c. In-
terestingly, the results exhibit completely different mass-
dependencies for thermal and non-thermal contributions.
Teff of the non-thermal decay contributions reaches a
maximum around the ρ and ω pole masses (for RHIC

energies) or around 1-1.5 GeV/c2 (at LHC) and falls off
when going to lower or higher energies. Conversely, the
slope parameter of the thermal contributions drops with
increasing mass or remains at the same level up to ap-
proximately 1 GeV/c2 and then it shows a strong rise for
higher masses.

The different mass-dependency of Teff for the thermal
and non-thermal decay contributions can be explained
by the different conditions of emission: Where the ther-
mal source is mainly of hadronic nature, i.e., especially
around the ρ and ω pole masses, one finds a lower aver-
age emission temperature, compared to the mass ranges
dominated by the partonic contribution. This effect is
reflected in the thermal mt-slopes. The increase of Teff

for masses above 1 GeV/c2 is due to the fact that the
thermal high mass emission is suppressed at lower tem-
peratures. In contrast, the non-thermal hadronic decays
mostly occur at a late stage of the fireball evolution, out-
side the hot and dense region. This leads to in general
lower slope parameters obtained for the non-thermal con-
tributions compared to the thermal ones. However, note
that there is a difference between the contributions from
the long-lived low-mass π0 and η mesons, for which one
finds the lowest Teff , and especially the very short-lived
freeze-out ρ contribution. In spite of the fact that here
the ρ stems only from cells where no thermal emission is
assumed, in its pole mass region one finds a harder slope
than at the π0 and η dominated low-masses. A reason
might also be that these ρ mesons carry additional mo-
mentum due to their rather late and peripheral origin,
compared to the other mesons. The decrease for higher
masses above 1 GeV/c2—which are dominated by the φ
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and still some ρ—might be explained by the kinematics
of the microscopic decay processes, where high momenta
are naturally suppressed if a particle with higher mass is
produced, and the longer lifetime of the φ compared to
the ρ meson.

The slope parameters for the thermal emission from
the coarse-graining approach are similar to those from a
fireball parametrization [11] for RHIC energies, but for
the LHC they seem to be somewhat smaller. However,
as already mentioned, it is known that the flow effects
are underestimated within the UrQMD model at high
collision energies [48], so that these differences should be
mainly due to a less distinct expansion of the system and
not due to differences in the average temperature. The
same conclusion is suggested by the comparison of dilep-
ton spectra with experimental data, where we saw an un-
derestimation of the yield for high-pt (see, e.g., Fig. 6 (b)).

IV. CONCLUSIONS & OUTLOOK

In this paper we have presented dilepton spectra for
energies available at collider energies, obtained with an
approach using coarse-grained UrQMD transport simu-
lations to calculate the thermal dilepton emission. The
results for RHIC energies are compared with the exper-
imental data from the STAR and PHENIX Collabora-
tions and show good agreement. Furthermore, we could
depict that the newest PHENIX results collected with
the HBD upgrade of the detector are now fully con-
sistent with the STAR measurements and can both be
reproduced within the coarse-graining approach. The
excess above the hadronic cocktail in the region for
0.3 < Me+e− < 0.7 GeV/c2 is hereby explained by ther-
mal emission from a broadened ρ and the Quark-Gluon
Plasma.

For higher masses above the φ peak our results lie by
tendency somewhat below the experimental data. This
can be mainly ascribed to the missing implementation of
the charm emission, which will be the dominant source
for these high masses. However, our results show that
also the partonic emission gives a significant contribution
to the overall yield in this mass region. Furthermore, a
comparison of different EoS indicates that the thermal
dilepton spectrum for Me+e− > 1 GeV/c2 might enable
one to draw conclusions with regard to the QCD phase
structure and the equation of state if the charm contribu-
tion can be reliably subtracted. The present results are
consistent with the open-charm dilepton spectra obtained
using a Langevin approach to simulate the in-medium ef-
fects on the invariant-mass spectra in a transport+hydro
hybrid model. These simulations indicate a strong sup-
pression of the open charm contribution in hot and dense
matter compared to the vacuum case, making up only
roughly 50% of the total high-mass yield [39]. In conse-

quence, a study of dilepton emission including the charm
contribution in the coarse-graining approach would be
very instructive for the full understanding of dilepton
emission patterns for higher masses and is planned for
future investigations.

While the energy and centrality dependence of the
dilepton production are well reproduced within the
model, the transverse-momentum dependence shows
some deviations from the measurement for higher pt,
whereas the (dominant) low-momentum production is
quite well described. This effect is probably connected
to an underestimation of the collective flow in the un-
derlying transport model. One should bear in mind that
the model is purely hadronic and that it might there-
fore not be able to describe some dynamical effects ad-
equately, which are due to the emergence of a partonic
phase. However, considering the hadronic nature of the
model, the agreement with experimental data as well as
the spectra from fireball parametrizations is surprisingly
good. In consequence, this substantiates the basic idea of
the coarse-graining approach, namely that the only nec-
essary information regarding the fireball evolution is the
distribution of energy and particle densities (or T and
µ, respectively), if one wants to determine the dilepton
emission.

Together with the previous results for SIS 18, FAIR
and CERN-SPS energies, the coarse-graining approach
has proven a successful tool for the theoretical descrip-
tion of dilepton production in heavy-ion collisions over
the whole domain of presently available energies, corre-
sponding to a range of

√
sNN which spans over three or-

ders of magnitude. It is, nevertheless, also apparent that
the coarse-graining approach in its present form can not
fully substitute a study of the QCD phase structure based
on a microscopic picture of the fireball evolution includ-
ing the effects from the creation of a deconfined phase of
quasifree quarks and gluons. This will be important, e.g.,
for the study of the anisotropic flow of electromagnetic
probes.
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