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Abstract
In this review we give an overview about dileptons as probes for the properties of
the strongly interacting hot and dense matter created in heavy-ion collisions at
various beam energies. As penetrating probes they leave the fireball unaffected
from final-state interactions and thus provide a space-time-evolution weighted
average of the in-medium properties of hot and dense QCD matter.

1 Introduction

One of the prime motivations for heavy-ion-collision experiments at a broad range
of collision energies is to gain insight into the properties of the hot and dense medium
consisting of strongly interacting particles. At the highest beam energies, as investi-
gated at the Large Hadron Collider (CERN) and the Relativistic Heavy Ion Collider
(RHIC) a state of this matter can be investigated, which is close to the situation in the
very early universe (a few microseconds after the big bang), consisting of a strongly
coupled plasma of quarks and gluons (QGP) at vanishing net-baryon density (ug = 0),
which rapidly expands and cools undergoing a transition from partonic to hadronic
“relevant degrees of freedom”. In contradistinction to the hadronic observables, which
reflect the properties of the medium at chemical freezeout, where the inelastic collision
processes become ineffective, (via the particle abundancies, which are well described
by the statistical hadronization model) and at thermal freezeout, from when on the
hadrons stream freely to the detectors, for electromagnetic probes, i.e., photons and
dileptons (eTe™ or pTu~ pairs), the QCD medium is transparent, and they are thus
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Fig. 1 Schematic QCD phase diagram with possible phase boundaries based on chiral symmetry.
Figure taken from [1].

nearly unaffected by final-state interactions during the entire dynamical evolution of
the hot and dense fireball. They are thus unique probes for the in-medium properties
of quarks, gluons, and the hot and dense hadron-resonance gas. At lower beam ener-
gies, as investigated in the beam-energy scan (BES) program at RHIC and at GST and
in the future at FAIR, the fireball reaches lower temperatures and high net-baryon
densities (finite pp), and with the BES one can hope to find clear indications for
the onset of the formation of a QGP and the different phase transitions of the QCD
medium expected from various theoretical models.

The phases of strongly interacting matter are thereby characterized by the approx-
imate chiral symmetry of QCD in the light-quark sector with the quark condensate
(@q) # 0 as an order parameter, while the confinement-deconfinement transition, where
the effective degrees of freedom change between “hadronic” and “partonic” degrees of
freedom. For this transition one uses Polyakov loops as indicators for the transition,
although they are order parameters in the strict sense only in “quenched QCD”, i.e.,
when dynamical quarks are neglected.

Theoretically the properties of the QCD medium at thermal equilibrium can be
addressed from first principles by lattice-QCD (1QCD) calculations, which however is
only applicable at ug = 0 or at low up, due to the notorious “sign problem” at finite
ug. In the region of the phase diagram close to the temperature axis IQCD shows that
the confinement-deconfinement as well as the chiral transition are a crossover, both
occuring at a temperature of about 155 MeV [2—4].

Although considerable progress has been made to overcome the problem to evaluate
the QCD Equation of State (EoS) at up # 0 with 1QCD 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 7' = 0 is a first-order transition,
i.e., in the T-up plane 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 2°¢ order. On the other hand some 1QCD calculations
indicate that such a critical point also might not exist [3].

Recently, many effective theories, based on the approximate chiral symmetry of
QCD in the light-quark sector have been investigated at finite temperature and bary-
ochemical potential. For a realistic description of the EoS also the gluonic degrees
of freedom have to be considered to account for the confinement properties of QCD.
For this purpose effective chiral models like the Nambu-Jona-Lasionio model [5-12]
or quark-meson models (i.e., a linear o model with quarks and mesons as elementary
degrees of freedom) [13-18] have been generalized by the inclusion of Polyakov-loop
degrees of freedom (so-called Polyakov-loop extended Nambu-Jona-Lasinio (PNJL)
or quark-meson (PQM) models, respectively). These models can well reproduce the
findings in IQCD calculations at vanishing or small baryochemical potential, and thus
one may hope that they may also be successfully extrapolated to higher net-baryon
densities. Here one needs the dependence of the deconfinement-transition tempera-
ture 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 [19] such techniques lead to the location of the critical point
at a quite large baryochemical potential, up cit ~ 300 MeV, and low temperature,
Terit =~ 20 MeV. At the same time the region, where chiral symmetry is restored
but matter is still (effectively) confined (“quarkyonic state” predicted based on the
large-N. limit of QCD [20, 21]) becomes quite small.

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 [22-31].

The rest of this review is organized as follows: in Sect. 2 the general interpreta-
tion of dilepton-production data in heavy-ion collisions as a probe for the in-medium
properties of the electromagnetic (e.m.) curren-current-correlation function is given
and its relation with the (approximate) chiral symmetry of the light-quark sector of
QCD is given.

In Sect. 3 we review models to describe the in-medium properties of quarks, gluons,
and hadrons, the dynamical evolution of this medium as created in heavy-ion collisions.

In Sect. 4 we confront the before described models for in-medium dilepton pro-
duction with data from heavy-ion collision experiments at a broad range of avialable
beam energies.

2 General properties of dilepton emission from a

QCD medium

For a realistic modelling of (thermal) dilepton production in heavy-ion collisions
one needs both a model for the in-medium properties of strongly interacting con-
stituents of the strongly interacting medium and a realistic model for the dynamical
evolution of the rapidly expanding “fireballs” of this medium created in the collisions.



2.1 In-medium dilepton production rates

Following [32] and [33], we briefly discuss general ideas on the radiation of dilep-
tons (eTe™ and pt W~ pairs) from a thermal source of strongly interacting particles. As
indicated by the hadronic observables of heavy-ion collisions at higher beam energies,
particularly pr-spectra and anisotropic flow vs, the hot and dense fireballs created in
heavy-ion collisions behave 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 electromagnetic and
weak interactions. This implies that the radiation of electromagnetic probes can be
expressed in terms of the equilibrium electromagnetic current-current correla-
tion 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(aen) for photons and O(a2,) for dileptons [34-36].

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,

dRgp+o-  dNptp- (1)
dik dizdik’
i.e., the number of £T¢~-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 interactions of quarks and gluons or hadrons and the “interaction
Hamiltonian” given by the electromagnetic interaction

Hi=e / A3z JE (t,T)A,(t, T). 2)
R3

On the fundamental level the electromagnetic current J£ is given in terms of the
charged leptons (charge —1) and the quarks by
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Working in leading order of the electromagnetic interaction, a schematic Feynman
diagram for the transition-matrix element for the production of one £*£~ pair |i) —
I = |f,¢7¢~(k)), where i and f are arbitrary partonic or hadronic initial and final



states, is given by

partons/hadrons out
Sy = k

partons/hadrons in
= e< ’/d4xJ“ >Dij”(x7x’)w(x)%vg(x').

Here uy and v, are the usual free Dirac spinors for the lepton and the antilepton in
the final state, and D/ is the photon propagator in an arbitrary gauge, e.g., in the
Feynman gauge, where it reads in momentum representation

Ui
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In the momentum representation the matrix element reads
Spii = iTpi(20) 20D (P + k — P) (6)

and the dilepton-production rate according to “Fermi’s trick” [37]

dR

S = @) (0 (Pr + k= P)[Tpf?) (7)
with the expectation value taken over all partonic/hadronic initial states with the
(grand-canonical) equilibrium statistical operator, written in the local rest frame of
the fluid cell,

L1 1, - A 1 - A

p=—exp _f(HQCD - NBQB):| , Z="Trexp |:_T(HQCD - NBQB)] - (8)
Here T is the fluid cell’s temperature and pp the baryochemical potential to take
into account the conservation of the net-baryon number under the strong and electro-
magnetic interactions. In (8) one also sums over all possible partonic/hadronic final
states and the spin-degrees of freedom of the lepton and antilepton. Making use of the

analytic properties of the retarded em. current-current-correlation function, the final



result reads [36]

dRg+ - _ O%m k% + 2m% 1_ 4m%
3k 6r° (k)2 k2

nuupggl(k)nB(ko)v (9)

where the spectral function of the correlation function is given in terms of the
electromagnetic spectral function

pgrlrll(k) =—2Im ngl;l,rcst(k) (10)
with the retarded em. current-current correlation function (i.e., the in-medium photon

polarization tensor), evaluated in the grand-canonical equilibrium state (8) and to any
order concerning the strong interaction,

M2t ald) = [ dzexplib-o) ([Ja@). 22 O)]), 06 (1)

T,pp

and
1

0

(k) = kT — 1
denotes the Bose-Einstein distribution function. Thus, (9) implies that the measure-
ment of the dilepton-production rate in heavy-ion collisions provides information about
the em. current-current correlation function of strongly interacting matter in thermal
equilibrium (10). According to the above derivation of (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 under-
standing of the relevant microscopic processes for dilepton production in the medium
as well as a detailed description of the fireball evolution.

More recently also more differential aspects of the dilepton-production spectra have
become of interest and in reach of experimental observation in terms of the polarization
of thermal dileptons from heavy-ion collisions.

Angular dependencies in the dilepton production rate can be unravelled by resolv-
ing the angle, ; = (¢,0;), of a single lepton relative to the virtual photon’s
momentum in the latter’s rest frame [38-40]. It can be shown [41] that, in the local
restframe of the fluid cell,

dRerg— 042 ZJLTTL2 v
ko oAV g Pem L (ko: 7). (13)

with the lepton tensor

(12)

L =2(¢*g"™ — ¢'q” + AI*ALY) | (14)



where AI# = [t# — [=# and [* are the lepton four-momenta. More explicitly, the
angular distribution takes the form

dNy 9
m X (1 + )\9 [€0)] 0[ (15)
+ Ap sin” 0; cos 2¢; + Ao sin 20; cos ¢

+ )\j; sin? 0; sin 2¢; + )\j‘¢ sin 26, sin (bl) ,

where the \’s are the anisotropy coefficients.

Even in an isotropic thermal medium, nontrivial anisotropies in the angular distri-
bution of the produced leptons occur, e.g., for basic hadronic and partonic sources (7
vs. qq annihilation, respectively) at a few percent level [40]. In addition, the anisotropy
of lepton pairs in the M = 1-1.5 GeV region might be able to distinguish whether
the so-called “chiral mixing” between p and a; channels via wa; annihilation or gq
annihilation is the dominant source.

One should note that various “frames of reference” of the anisotropy coefficients
are used in high-energy particle physics [42].

For theoretical investigations for the case of a static thermal medium the natural
reference frame is the (local) rest frame of the fluid cell, defined by its four-velocity,
u = 'y(l,ﬁ) = (1,0,0,0). In this frame the rotational symmetry concerning the
dilepton-emission rate is only broken by the virtual photon’s momentum direction.
Taking the polarization axis as the z’-axis in this frame of reference, defining the
helicity frame HX’, the only non-vanishing anisotropy is given by

A () = 22 16
X (01, qp) = 2 (16)

where the photon-polarization tensor is given by the spatially transverse and longitu-
dinal components,

P = prOT + prOF” (17)
with the decomposition of the four-transverse tensor wrt. the four-momentum dilepton
(virtual photons) of invariant mass M,

17

v » q"'q
O () =" — 5

!
O (q) = " (q) — BF". (20)

(18)

For measurements in heavy-ion experiments, of course one must define a polarization
observable with respect to an experimentally well-defined reference frame.

To define the socalled helicity frame (HX), we start from the virtual photon with
four-momentum k* = (ko, 0,0, k) in the center-momentum system (CMS) of the colli-
sion, defining the z-axis along its three-momentum, k. In the helicity frame (HX) this



defines the polarization axis while the pertinent y-axis is defined by the normal vector
in the plane spanned by the beam momenta, and thus defines the (zyz) system. On
the other hand, the 2’ axis is defined in the thermal rest frame, which is moving with
the medium’s flow velocity u* in the CMS.

The photon four-momentum in this system, ¢*, is obtained from the Lorentz boost
of k* using u*, and determines the only non-vanishing coefficient in this system, )\gxl.
With the above definitions, one can then transform the angular distribution into the
HX system by a succession of three Euler rotations:

(i) around the z’-axis by an angle ¢ to bring the y-axis perpendicular to the z-axis;
(ii) around the thus obtained y” axis by an angle ¢ to align the z’-axis with the z-axis;
and
(iii) around the z-axis by an angle w to align the z’- and y’-axes along the a- and y-
axes, respectively. In this way, all five coefficients in Eq. (15) can be determined
from )\gx’ and the three rotation angles described above.

In a similar way also the description of the measurements in the Collins-Soper (CS)
frame of reference have to be descriped. In the CS frame the quantization axis is
defined as the bisector between the projectile and target momentum in the restframe
of the dilepton (virtual photon) [42].
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Fig. 2 The definition of the various reference frames for defining polarization observables. The
choice of the spin-quantization axis €, is defines the various frames. Helicity frame (HX): vece is
the direction of the virtual-photon (v*) momentum in the lab frame, Collins-Soper frame (CS): €; is
in the direction of the bisector of angle between the direction of one beam and the opposite of the
direction of the other, as measured in the v* rest frame , and Gottfried-Jackson frame (GJ): €. is in
the direction of one of the beams in the v* fest frame (for details, see [42]). Figure taken from [43].

2.2 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)1, x SU(2)g x
U(1)y symmetry of QCD.



On the fundamental level of the Standard Model the key is the decomposition of
the light (u- and d-) quarks’ electromagnetic current

2 1—
Jem,ud = gi/hﬂﬂi/}u - gwdfy#'(/)dv (21)

cf. (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

T = Taat™ g = 5 (Bt = B a). (22)

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

3R = 0y Pu + 1", (23)
which carries the quantum numbers of the w(770) meson. Now, as is immediately clear
from (21-23) the electromagnetic current (21) can be written as

1.
J:m,ud = ']\3/# + EJ{L/ (24)

To extend this pattern to also include the strange quark! we only have to add Jhns =

—1/3thsy"1bs to (21). Then we can write the electromagnetic current of the three light
quarks in the form

(V" u — Ygy™1ba)

S

1
Jemuszi
AV IV

p (29
b ot B+ Bia) = S0,

It is suggestive to associate the three terms in the bracket with the corresponding
light vector mesons p, w, and ¢. 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 I' e+ /Ty ete- = 10.5 and T'y_ete- /Tosete-
1.9 [44], which is not too far from the naive parton argument based on (25).

In hadronic models the assumption that the hadronic electromagnetic current is
proportional to the neutral vector-meson fields, the so-called vector-meson dom-
inance model (VMD) [45-47] leads to a quite successful description of hadronic
electromagnetic transition form factors, particularly the electromagnetic form factor
of the pion.

1Since also the strange-quark mass is small compared to the typical hadronic scale of 1 GeVone can
extend the approximate chiral SU(2);, x SU(2)gr x U(1)y symmetry of the ud-quark sector of QCD to the
uds-quark sector with the symmetry group SU(3)L x SU(3)r x U(1)v. The symmetry is spontaneously
broken to SU(3)yv X U(1)y 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 170.
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et +e— —hadrons

Very accurate measurements of the hadronic em. current-current-correlation func-
tion are provided by the inclusive hadron production in the reaction et + e~ —
hadrons, which is usually depicted in terms of the ratio

Oet+4e~—had
R= et +e a rons7 (26)
Ue++e*—>,u++p*

as shown in Fig. 3 as a function of the invariant mass of the electron-positron pair
M = \/s. The low-mass region 2m, < M < mg is dominated by the three light vector
mesons, p, w, and ¢, followed in the intermediate-mass region my < M S M/, by
a broader vector-meson resonance p’ and a continuum that is well-described in the
naive parton model, where the ratio is given by

4 1
Rparton model =— Nc E qfc =3 (9 +2- 9) = 2. (27)
fe{ud,s}

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., [49]).
Taking into account parity conservation of the strong interaction it is clear that the
semileptonic decay 7 — v, +pions of 7-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 |V,,4| allows for an accurate quantitative separation
of the current-correlation functions into the isovector- and axial-vector channel by
exclusive measurements of the partial 7-lepton decay widths into an even or odd
number of pions respectively. As shown in Fig. 4 these data can be interpreted 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

10
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Fig. 4 Left panel: The isovector-vector and -axial-vector current correlation functions as a function
of the total center-momentum energy of the pions (s = E2)) as extracted from 7-lepton decay to an
even and odd number of pions [50] together with model fits with vacuum p- and a;-meson spectral
functions and a perturbative continuum [51]. 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 [33].

masses by the strong interaction comes about, at least for the p meson, which domi-
nates 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 of the light vector bosons can be realized in (at least) two possible ways.
E.g. in terms of “hidden-local-symmetry models”, which describe the massive vector
(p) and in its generalized version also the axial-vector (a;) meson with a “Higgsed”
additional local chiral gauge symmetry (usually realized in a non-linear way) [52-54].
It can be realized either by introducing only the p-meson as a gauge field, correspond-
ing to the unbroken part SU(2)y of the SU(2)r, x SU(2)r or both a p and an a; meson.
In this kind of models chiral symmetry can be realized in the so-called vector manifes-
tation, where in the model introducing only the p-meson the longitudinal component
of the p 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 realization of chiral symmetry is possible, where the chiral partners
are p and a1, and the mass spectra of these two mesons become degenerate by a large
broadening of their spectral functions in the medium [55, 56].

3 Models for electromagnetic probes in heavy-ion
collisions

To address the production of dileptons in heavy-ion collisions, the medium modifi-
cation of the em. current-current correlator entering the production rate as discussed
in Sect. 2.1, cf. (9) has to be evaluated. At higher collision energies the produced mat-
ter becomes hot and dense enough to enter the deconfined phase of a quark-gluon

11
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culation (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 [57].

plasma and then evolves as an expanding and cooling fireball undergoing the transi-
tion 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 simulations shows, that 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 (9)
to describe the dilepton-production rate in heavy-ion collisions. Since the electromag-
netic 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.

3.1 Electromagnetic radiation from the QGP

At leading order (LO) in qem, the basic process for dilepton production in the
partonic phase is ¢-g annihilation, ¢+¢ — £~ +£7. In terms of the current-current cor-
relation function, which in quantum-field theoretical view is just given by the photon
polarization function, this refers to the one-loop diagram,

12



Its evaluation leads to the dilepton production rate from the QGP at temperature
T and quark-chemical potential p1q = pg/3 [58].

m I1QGP) (& o Ne Tk® {z— + exp[—(k° + ) /T|}a + exp(—p/T)]
I ™0 = = 2 di g T <{x+<+expkik°+wn/71Hw—-+expc—u/Tﬂ)
_ Cif;N M2 fo(ko, k; T)
(28)
with 5 .
T4 = exp (—;), Eizi(k‘oi‘g‘). (29)

However, at lower invariant dilepton masses the rate is tremendously enhanced by
taking into account the leading-order oy corrections employing the hard-thermal-loop
(HTL) resummation techniques to dress the quark propagators [59]: Although both,
quarks and gluons, acquire a thermal mass ~ ¢g7" bremsstrahlung contributions within
the HTL resummation leads to an enhancement of the dilepton-production rates down
to the two-lepton threshold (cf. Fig. 5).

The dilepton-production rates have also been calculated in thermal lattice QCD
[60-62]. Here the Euclidean-time vector-current correlation function,

cosh[go(T — 1/2T)]
sinh(qo/2T)

IbﬁﬂﬂWZAMdm%m,T) (30)

2

is evaluated in quenched QCD for T' = 1.45T. at ¢ = 0. The spectral function is
obtained from these numerical results by fitting the parameters I' and x in the ansatz

QOF/2 CemNc
+12/4 o

pv(qo) = SBw z (1+ K)qg tanh(qo/27) (31)

for the spectral function to the numerical results for (30).

To use the corresponding dilepton rates in calculations to describe heavy-ion
collisions an extrapolation to finite three-momentum is needed. In [57] such an extrapo-
lation is provided by using the transverse part of the electromagnetic spectral function
from the leading-order pQCD photon rate for the three-momentum dependence of
the spectral function (31), replacing the Breit-Wigner piece. This finally leads to the
parameterization

= Soro[l ) o 2225)]
:C127]rV MQ[f2<k°’ ‘ )+Q1 (ko’ D]

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

13



function. To accommodate the behavior at higher energies, an additional form factor
F(M?) = A?/(A*+M?) with A = 2T has been used. In Fig. 5 the upper (lower) dashed
line corresponds 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 p-baryon
interactions, 11, = (M?/¢3)Ilr [63].

3.2 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, p, w, and ¢ 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 [64-68] as summarized in [69]. 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 p meson. Microscopically the corresponding in-medium contributions consist (i)
the modification of the pion loop in the pmm loop and (ii) via direct couplings of
the p 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 (ug ~ 0), the total baryon density ng + ng
is high, and thus leads to significant modifications of the p-meson spectral function,
contributing particularly in the low-mass tail of the dilepton invariant-mass spectrum.

The prm interaction is based on the interaction Lagrangian [64, 65]

gpﬂ'ﬂ" = ngr‘n'(ﬁ: X 3#77:) : ﬁu (33)

with 7 and pj, the isovector pion and isovector p-meson fields, respectively. To account
for medium modifications of the pion, the pion self-energy 3. is evaluated employ-
ing particle-hole excitations [70, 71], where the pions interact with nucleons and A
resonances through particle-hole excitations of the type NN—!, AN~! NA~! and
AA~! In order to guarantee the transversality of the p self-energy the corresponding
vertex corrections to restore the pertinent Ward-Takahashi identities have to be taken
into account [66]. The needed pN and pmN couplings are obtained from the pionic
Lagrangian by minimal coupling to the 7N couplings,

Lon = =S pra,

N5 " (34)
gpr = lgmwa PTT/J : T37Tv
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and the mA couplings,

P gi v
Loa = g, pTs> P gt — 30u (" Pyt Yop) TS Dy

9 3/2 v
+ gwﬂ“ﬂé 27, (35)
)

ZLonNa = —igm*A@Tqu” - T3¢ + h.c.

One way to fix the various parameters in the model is to aim at a description of data
on photon absorption on nucleons and nuclei. For that purpose the direct coupling of
the p meson to various baryon resonances has to be addressed [67]. The corresponding
interaction Lagrangians are given by p-wave couplings of positive parity states and
s-wave couplings of negative-parity states to the pIN system, which read in the here
employed non-relativistic limit

g;g}‘savc) — fglﬂqjg(gx Q) - Pata¥y + hoc.,
' (36)

e — JoBN P2 (q0F - o — o5+ Dta¥ +hic.
P

Here, § denote spin (transition) operators for J = 1/2 and J = 3/2 and ¢ the isospin
(transition) operators for I = 1/2 and I = 3/2, depending on the quantum numbers of
the baryons, B = N(939), A(1232), N(1720) (positive parity) as well as B = N(1520),
A(1620), A(1700) (negative parity). For the spin-5/2 A(1905) a tensor coupling of the
type (Ri;jqipjaTa) is employed.

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

foaFpala)

Z(O)vT — —
pa (QOa q) m,

> SI(pQ)Q2¢pa(QO7 q)7 (37)

where Q% = ¢2,¢3 for p- and s-wave couplings, respectively. Also a monopole form
factor F,o(q) = A%/(A2+¢?) has been introduced, and SI(pa) denotes the spin-isospin
factor; ¢,a(go,q) is the Lindhard function corresponding to the one-loop self-energy
diagram. The photoabsorption cross section within the strict vector-meson dominance
model reads

Uabf 4T e (m(o))4 1

i e P T =

- — - I D 5 .

A o 2 pn mb, (q0, @5 PN) (38)

On the other hand it is known that this strict realization of the vector-meson domi-
nance ansatz tends to overestimate the B — N~ branching fractions with the hadronic
couplings determined from the corresponding B — pN decay widths. This can, how-
ever, be corrected by using the extended realization of VMD in [47], which allows to
adjust the BN+ coupling at the photon point independently [75]. As shown in Fig. 6,
making use of this freedom a satisfactory fit to the data on photoabsorption on pro-
tons as well as nuclei can be achieved, resulting in the values of the various coupling
constants given in Table 1.
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™ T

2 2
B Iy SI(pBN~!) T9y (MeV) (Zﬂ) (Zﬁ) rmed [MeV]
est fit

N(39)  p 1 - 1.68 5.8 0
A(1232) p 16/9 - 18.72 23.2 15
N(1520) s 8/3 24 6.95 5.5 250
A(1620) s 8/3 225 1.01 0.7 50
A(1700) s 16/9 45 1.2 1.2 50
N(1720) p 8/3 105 8.99 9.2 50
A(1905) p 4/5 210 17.6 185 50

Table 1 Properties of the pBN vertices as derived from the interaction Lagrangians (36);
columns from left to right: baryon resonance, relative angular momentum in the pN decay,
spin-isospin factor, partial decay width into pN as extracted from [72, 73], coupling
constant as estimated from FgN (for N(939) and A(1232) we have indicated the values from
the BONN potential [74] 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. 6).
Table taken from [67].
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e inclusive yp ¢ Pb (Frascati)
= Pb (Saclay)

a U (averaged)
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Fig. 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 w7 non-resonant background and the three
dominant pN resonances A(1232), N(1520), and N(1720). The data are from [76]. 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 the 77 background, both calculated at a nuclear
density o = 0.800. The long-dashed line corresponds to a linear-density approximation, reflecting
the line shape of the left figure. The data are taken from [77-82]. The figures are taken from [67].

Finally the in-medium modifications of the p meson due to direct interactions with
various mesons has to be taken into account [68]. At temperatures relevant for the
hadron-gas phase of the medium created in heavy-ion collisions the most abundant
hadrons are the pseudoscalar pseudo-Goldstone mesons P = m, K. So the heavier
mesons can be treated as “pP states”, i.e., vector (V) and axial-vector mesons (A).
The corresponding interaction Lagrangians, obeying chiral symmetry and (via the
VMD conjecture) electromagnetic gauge invariance read

gpPA = GPPAAM(U#VQQPQ - qmupu)pVP7

39
gpPV = GpPVe,qucrkMVqupapa ( )
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R ‘ IGJP  Tyior (MeV)  ph Decay th (MeV) th (MeV)

w(782) 01 8.43 o ~5 0.72
h1(1170) 0-17t ~ 360 p seen ?
a1(1260) 1-1+ ~ 400 pT dominant 0.64
K1 (1270) 1 ~ 90 oK ~ 60 ?
f1(1285) o1t 25 op <8 1.65
7’ (1300) 170~ ~ 400 pT seen ?

Table 2 Mesonic Resonances R with masses mpr < 1300 MeV and substantial
branching ratios into final states involving direct p’s (hadronic) or p-like photons
(radiative). Table taken from [68].

with the four-momenta p*, ¢*, and k* of the pseudoscalar, p, and vector or axial-
vector meson, respectively. The pP scattering through a vector-meson resonance is
due to the Wess-Zumino anomaly.

Further the pP scattering can also be mediated by a pseudoscalar resonance, pr —
7'(1300) with the interaction Lagrangian

D‘ZpPP' = G(pPP’ID/(]C 4Py — P qku)pﬂp' (40)

Finally, there are pV A vertices related to anomaly terms,
A
ngA = GpVAep,vpapMVVppakaAa - §(kﬁAﬁ)27 (41>

with the field-strength tensor p., = ¢.p, — qvpu. 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 A = 1.

The considered vector and axial-vector mesons as well as the heavy pseudoscalar
7' (1300) with their corresponding decay properties to ph and yh partial decay widths
are summarized in Table 2. These widths are calculated with the above defined inter-
action vertices, taking into account the finite width of the p meson. Additionally
hadronic dipole-form factors,

202, + m? ’
Fopr(gem) = ( . pP R 2) 7 (42)
2ApP + [Wp(QCm) + CUP(QCm)]

are introduced.

The medium modifications of the p-meson self-energy and the corresponding spec-
tral function is then evaluated with these model parameters. As is nicely demonstrated
in Fig. 7, any process adds to the imaginary part of the self-energy, i.e., the p-meson
width, while the contribution to the real part around the vacuum mass can be pos-
itive 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 p-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 p-meson self-energy into account, i.e., the modification of the pion cloud in the
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R | IF(phR)  Gongr (GeV™Y)  Aypr (MeV)  T9, (MeV) T9, (MeV)

w(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
£1(1285) 1 35.7 800 3 1.67
7 (1300) 2 9.67 1000 300 0

Table 3 Results of the fit to the decay properties of p-h induced mesonic resonances R with
masses mp < 1300 MeV (the f1(1285) and 7/(1300) coupling constants are in units of GeV ~2).
IF(phR) denotes the isospin factor in the decay-matrix element. Table taken from [68].
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-30 . .

Fig. 7 The polarization-averaged in-medium p-meson self-energy (left) and spectral function (right).
Figures taken from [68].

prm loop as well as the just discussed direct interactions of the p with mesonic and
baryonic resonances, one finds a tremendous broadening of the spectral function with
only small mass shifts [69]. 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 enhancement of the dilepton-production rate down to the £7¢~ thresh-
old. As already shown in Fig. 5 the full in-medium dilepton-production rates close to
the pseudo-critical temperature for the chiral phase transition, obtained by extrapo-
lating the pertinent partonic rates down and the hadronic rates up to temperatures
around T, ~ 160 MeV become very similar, hinting at a restoration of chiral sym-
metry through “melting of the vector-meson resonances” merging smoothly into the
corresponding QCD continuum.

In the intermediate-mass region, mg < My+,- S m )y, medium modifications can
be addressed approximately using a low-temperature/density expansion, leading to a
mixing of the vector and axial-vector current-correlation functions via the presence of
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Fig. 8 Feynman diagram describing the annihilation of a p meson, pr — m¢* £~ via the t-channel
exchange of an w meson. Figure taken from [85].

thermal pions [83],
Iy (q) = (1 = OIF(q) + €ll3*(q), (43)
Ma(q) = elli**(q) + (1 — )IT(q)-

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

2 3k N
=5 [ G T, (44)

R @n)iep

where wfl = \/m2 + k? is the on-shell energy of the pion and f. = 93 MeV the pion-
decay constant. For € — 1/2 this leads to a full restoration of chiral symmetry around
T =T, ~ 160 MeV, i.e., degeneracy in the vector and axial-vector correlation function.
In the intermediate mass region this leads to a smooth distribution resembling the
QCD continuum.

In [84, 85] 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 (43) with a
mixing parameter € = 2e(T, pr)/e(Te,0) and with a fugacity factor zr = exp(u./T) in
(44). Here it is important to avoid double counting with the above described in-medium
evaluations of the p self-energy due to interactions with vector and axial-vector mesons,
i.e., the two-pion piece and the part corresponding to the a; — pm decay have to be
omitted. A detailed analysis, based on the chiral-reduction formalism [86, 87], finally
leads to R R

My = (1 - =4I, + S 23I055, + (=4 + 2D, (45)
As a further source of dileptons from a hot and dense hadronic medium, relevant at
higher three-momenta, in [85] also contributions from the annihilation of a p meson
through w-meson t-channel exchange has been taken into account (cf. Fig. 8). The p-v
mixing vertex has been implemented by the Lagrangian .Z,, = —C’miAHp“7 using the
strict VMD value C' = e/g,r» = 0.052 [68]. For the intermediate p-meson line in Fig.
8 the full in-medium propagator of the p meson has been used, and for the incoming
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p-meson line a weight (—2m,/7)Im D,(m,). The coupling g,.,. = 25.8 GeV ™! is
fixed in [68] by a simultaneous fit to the hadronic and radiative w decays, taking into
account a hadronic dipole-form factor,

F(t) = (2/32[\215)2 (46)

with A = 1 GeV. To ensure gauge invariance, the form factor is taken out of the
integral, introducing an average momentum transfer ¢ via [88]

Fi@ 1 i)
(m2 — 17 2/_1(1 [m2 — t(@) (47)

t(x) = M? +m2 —2(M?* + ¢* — 2p - qx).

Finally, to avoid double counting with the s-channel w-exchange contribution, which
is already included in the evaluation of the in-medium p 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 [85]).

For a realistic description of the dilepton production in heavy-ion collisions one
has to take into account also non-thermal sources: p decay after thermal freeze-out as
well as decay of high-momentum p mesons and Drell-Yan pairs produced in primordial
hard collisions.

For the decay of p mesons after thermal freezeout the usual Cooper-Frye description
[85],

d3q quut
N = g,do* " 4
d QMdU (271_)3(]0 fB < T ) 9 ( 8)

is used, where g, is the four-momentum of the particle, do# a freezeout-surface ele-
ment, and u* the local four-velocity of the fluid cell under consideration. To take into
account the finite width of the p meson one uses the substitution

A 2

d3q
q% = 0'q20(¢")5(guq" — m?) = d*¢=L, A, = ~ZTm(D,)}. (49)

Within the VMD model the corresponding dilepton rate is given by the matrix element
for the process p — v* — 70—,

dNN agmmé Ap q-u qO
e 2o L(M) fy <7) S 50
d3zdtq  g2M? 273 (M) T Mpgo) (50)

where

L(M):<1+2Mm§)\/1—‘;’§ (51)

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

v =q"/M = /@ + M?/M.
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To estimate the contribution to the dilepton rate from p mesons produced in hard
initial collisions, which do not fully equilibrated with the bulk medium, one starts
from a phenomenological gt spectrum in pp collisions,

iderim o A
gr dgr  (1+ Bgq)®

(52)

with B = 0.525 GeV 2 and a = 5.5 from fitting pp-scattering data [89] (for 400 GeV
pp collisions). The total number of primordial p mesons in AA collisions is estimated
from the empirical freeze-out systematics of light-hadron production [85]. To take cold-
nuclear matter effects into account the Cronin effect is implemented by a “Gaussian
smearing” of the spectrum (52),

ANER [ d%gr g ey
p :/ qr p ex |:_(qT T) :|, (53)

d2qT WA]C% d2 kT Ak‘?r

with Ak2 = 0.2 GeV? based on direct-photon spectra in pA collisions [88]. Finally the
absorption of primordial p mesons through traversing the medium (“jet quenching”)
is evaluated by estimating the escape probability

P =exp [ / dta;bS(t)g(t)] : (54)

where
abs _ ) Oph =0.4mb for t<qo/m,m, (55)
Ohad =D mb  for ¢ > qo/mpr,

with the p-meson formation time 7+ = 1 fm; opn and onaq are the absorption cross
sections for pre-hadrons and hadrons, respectively, and o(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

dNBE | 3 s dofy
dMdy|,_, 4rR2~  dMdy

(56)

for central AA collisions with the root-mean squared radius Ry ~ 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(ala?) by

dog\](\' 8T
dMdy 9sM

ex lq(z1)q(w2) + qz1)q(22)] . (57)

q=u,d,s

where ¢(z12) and G(z1,2) denote the GRV94LO parton-distribution functions for
quarks and antiquarks [90]. The K factor takes into account higher-order corrections in
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as with K ~ 1.5 as inferred from data on DY production in pA collisions [91]. Higher-
order effects also lead to a non-zero dilepton-gr, which is adopted from the procedure
by the NA50 Collaboration [92, 93], according to which in both pA and AA collisions
the gp dependence of the DY dileptons can be described by a Gaussian distribution,

dNpy  dNpy exp(—43/207,)
dMdyd¢? — dMdy 202

(58)

with o4, >~ 0.8-1 GeV.

The DY contribution in the region of low invariant mass and momentum, M, q <
1.5 GeV is problematic. In AA collisions it is small compared to the emission from
thermal sources, but becomes significant at higher g 2 1 GeV. There the additional
constraint by the photon point M — 0 allows an extrapolation of the DY spectrum
to lower mass [85]: Comparing the emission rate for dileptons from a thermal source
(9) with that of photons we see that for ¢ > M

dNyy dN, 2aem
— . 59
Oz~ T BG 30 M (59)

Thus we evaluate the DY-qp spectrum at a mass M., = 0.8-1 GeV and extrapolate
it down in mass by My /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 (7, K, p, K*, and a1) in a meson gas become relevant at photon momenta g 2,
1 GeV [88]. Here a massive-Yang-Mills model based on a nonlinear U, (3) x Ug(3)-c
model has been employed:

1 1
& :gFﬁTrDHUD“UT + gFT?TrM(U + Ut —2)
— 3T (FL I 4 FRFRY) 4 m2Te (ALAEY + ARARY) 4 4 Ty FE UFRUT
—i¢ Tt (D, UD, U F'* + D, U'D,UF"™) .

(60)
Here
B 21 oiNi |\ 21
U =exp (FwZZ: ﬂ) eXp<F7r¢> )
A =5(Vu+ A
Afl=1(V, - A,), (61)

PR =0,ALR — 0, AL —igy [ALF ALF]
DU = 9,U —igoALU +igoUA]T
1 2

2 2
M=7Z|m% + = - —
3{mK+2mﬂ} 73

(mi( - mgr))‘S
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with F; = 135 MeV and the Gell-Mann matrices X\;; ¢, V,, and A, are the
pseudoscalar, vector and axial-vector meson matrices, respectively.

In the non-strange sector, including pions, p, and a; mesons, in [94] two parameter
sets for the four free parameters have been fitted to the masses and widths of the p
and a; mesons,

I: 0.3063, ~ = 0.3405, & = 0.4473, mo = 0.6253GeV,

. (62)
II: g =6.4483, ~v = —0.2913, £ = 0.0585, my = 0.875GeV.
In [95] the D- and S-wave content in the a; — pm 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,
142 —=3+7,

dR 435, 435 437
: / - = B 2m) 6™ (py + 2 — s+ q)

©°335 = | 2027)3E, 2(27)3 s 2(27)3 B
2 f(E1)f(Ea)[l £ f(E3)]
2(2m)3 '

(63)
x M

For the matrix elements, Born graphs in all possible s-, ¢-, and u-channels for reactions
of the type X +Y - Z+~, p—=>Y +Z+~, and K* - Y + Z + ~, where for X,
Y, and Z all combinations of p, m, K, and K* mesons allowed by the conservation
of charge, isospin, strangeness, and G parity have been considered. In addition also
the same model for w-t-channel exchange has been used for photons as for dileptons
(analogous to Fig. 8 with a real photon instead of a dilepton, £7¢~ in the final state).
At all vertices hadronic dipole form factors (46) have been employed, ensuring gauge
invariance by the averaging procedure defined in (47).

One should note that the here described phenomenological model, which cocen-
trates on the vector-isovector channel (light vector mesons) to describe dilepton
production in heavy-ion collisions, is compatible with chiral symmetry as is demon-
strated in [96] by constructing the axial-vector channel via QCD and chiral (Weinberg)
sum rules. This study clearly demonstrates that the “broadening-resonance sce-
nario” following from the phenomenological model is compatible with chiral-symmetry
restoration, i.e., the mass spectra of the vector and axial-vector curren-current cor-
relation function become degenerate at a temperature of about 170 MeV (cf. Fig. 9).

3.3 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.
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Fig. 9 The contruction of the axial-vector spectral function from the vector channel provided by
the model for the in-medium spectral function of the p meson, demonstrating the compatibility of
the resulting “broadening-mass scenario” for chiral-symmetry interpretaion. Figure taken from [96].

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 [69]

2
VFB(t) =T (TJ_70 + ;aj_t2> <Zo + v,0t + ;azt2> . (64)
The initial transverse radius r o is determined by the centrality of the collision. The
initial longitudinal size zy reflects the formation time 79 = 1 fm/c of the thermal
medium, which translates into zg ~ T9Ay = 1.8 fm, where Ay = 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 ry,
rL

r1o+ aLt2/2
With given expansion parameters, the fireball life-time is determined by the condi-
tion for thermal freeze-out which can also be determined from measurements of the
hadronic spectra (see, e.g., for SPS energies [97-101]). The time evolution of the tem-
perature 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 > T, an ideal partonic EoS and a hadron-resonance-gas (HRG) EoS for T' < T, has
been used. In [84, 85] a first-order transition has been assumed, connecting the QGP

vy (t,ry) = ayt. (65)
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and HRG phases with a mixed phase at T' = T, = const with the hadron-gas fraction,

s — s(t)

= Lo
sQ¢ — sHG

fuc(t) (66)

Of course, also other EoS with a cross-over transition, which is more adequate at higher
beam energies, like latPHG [102] can be easily implemented. After chemical freeze-
out the system falls off chemical equilibrium, and besides the usual baryochemical
potential, up, chemical potentials like p, and uk 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 A resonance, decaying mostly into
TN, pta = uB + pr or for the p meson p, = 2/, etc.

To also take into account the elliptic flow of hadrons in order to address the result-
ing elliptic flow of photons, in [103, 104] an elliptic blast-wave description has been
developed. Also the parameterization of the radial flow of the fireball boundary in
(64) 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

(1) =~ (1) = ——t
v =— )= —7—,
V@ T T (wl)? (67)
V14 (agt)? -1 14 (apt)?2—1
a(t):ao—k#, b(t):bo—k#.
Qg ap
To define the flow field, confocal elliptic coordinates,
Z) = ro(sinh u cos v, cosh usin v) (68)

are introduced to parameterize the ellipse at each time, ¢, and the radial-flow velocity
field is parameterized as
. T

v = (vp cOs v, v, SIN V). (69)
rmaX

The accelerations a, and a; 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-py range) are well described. It is assumed that multi-strange hadrons
(like, e.g., the ¢ meson) freeze out kinetically already at the phase transition, while
the light hadrons freeze out at the nominal kinetic freezeout (see Fig. 10).

For smaller beam energies the description of the bulk evolution of the medium cre-
ated 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 necessary for a successful descrip-
tion of dilepton and photon production in heavy-ion collisions, is very challenging.
In [109-112] a coarse-grained transport approach has been developed. Here, the
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Fig. 10 Fits to the spectra and elliptic flow of light hadrons (T}, ~ 110 MeV, upper two panels)
and ¢ mesons (T, = 160 MeV, lower two panels) in Au-Au(y/s = 200 AGeV) collisions, using EoS
latPHG [102] within either the fireball (dashed lines) or ideal hydrodynamic model (solid lines). The
data are taken from Refs. [105-108]. Figure taken from [104].

bulk evolution is simulated using the established transport simulation Ultrarelativis-
tic Quantum Molecular Dynamics (UrQMD) [113-115]. Averaging over several runs,
the phase-space distribution 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.

The grid of space-time cells is defined by Az = Ay = Az = 0.7-0.8 fm and
At = 0.2-0.6 fm/c, and the energy-momentum tensor 7}, and net-baryon four-flow
jE in each cell are evaluated via

pp” ACSE T
1 — [ @I @) = 5y LI
o IR0 =1y ; Py
" 1 NB/EGAV M (70)
o 3, P = oo b
JB = d pifB xvpat — A/ =5 )
B / RN ; py

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
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Fig. 11 Left panel: Time evolution of the baryon density pp (short dashed) and energy density ¢
(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 €g and pg. Right panel: Time evolution of the temperature
T (red dash-dotted), baryon chemical potential up (green short dashed) and the pion chemical poten-
tial pr (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 [109].

flow of the net-baryon number,

Jt
VJB ' JB
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 [116-118],

—

= (7,77) (71)

ut =

T = (e + Pp)ut'u” — PL """ — (PL — Pj)viv”, (72)
where ¢ is the energy density, P, and P the pressures perpendicular and parallel to
the beam direction; u* is the four-velocity of the fluid cell, and v* the four-vector of
the beam direction. Then an effective energy density is obtained by the generalized
EoS of a Boltzmann-like system via

€
off = —— 73
Eeff r(zx) (73)
with the relaxation function
1_21/3 1+ acart\a/nlhix/l—m) for x < 1 ]DH 3/4
= - == . 74)
T(iL’) z~1/3 x arctan \/x—1 ’ x (P > (
5 1+ VoI ) forx>1 1

It turns out that e.g¢ deviates from the nominal energy density,

g = UH’U,VTHV, (75)
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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 temper-
ature and baryochemical potential 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 [102] with a hadron-resonance-gas EoS including the hadronic
degrees of freedom implemented in UrQMD [119, 120] based on a hadronic chiral model
[121, 122]. As an example Fig. 11 shows the time evolution of the net-baryon density,
temperature, up, and p, for the central cell of the medium created in 158 AGeV In-In
collisions at the CERN SPS, as investigated in the NA60 experiment.

Another transport model used to describe dilepton production in heavy-ion colli-
sions is Parton-Hadron-String Dynamics (PHSD) [123-125]. In the partonic phase it
uses the dynamical quasiparticle model (DQPM) [126] to describe the transport of
broad and massive quarks and gluons in the medium. Dilepton production is imple-
mented using the processes ¢g — * (quark annihilation) g+g — ¢+~*, ¢+g — g+~*
(gluo-Compton scattering), and gg — v* + ¢ (gluon bremsstrahlung). In the hadronic
phase the (off-shell) transport model is identical with the hadron-string-dynamics
model (HSD) [127-130]. The dilepton sources include n-, n-, ', w, A, aj-Dalitz as
well as p,w, ¢ — eTe™ decays.

4 Dilepton production at various beam energies

In this Section the results of simulations for heavy-ion collisions at various beam
energies is summarized. All calculations are based on the microscopic models for dilep-
ton production described in Sects. 3.1 and 3.2 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. 3.3.

4.1 Dielectron production at GSI-SIS energies

In [111] 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. 3.3. An ensemble of 1000 UrQMD events has
been used to obtain sufficient statistics, particularly for the contributions from non-
thermal p and w mesons. The impact-parameter distribution has been adapted to the
HADES trigger conditions for Ar+KCl reactions at a beam energy of 1.76 AGeV [132]
and Au+Au collisions at 1.23 AGeV [133, 134], 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+KCI case, the number of neutral pions per event, used for the
normalization of the spectra N;iom ~ 3.9 agrees well with the experimental finding,
NP ~ 3.5. For the Au+Au collisions the simulation predicts N;™ =~ 8.0. In the
simulation the overall normalization of the dilepton yield uses the simulated 7 yields.
To compare the simulated spectra with the experimental result the HADES acceptance
filter [135] as well as the appropriate momentum cuts have been employed. To also
confront 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) [136] is used as
well as an RMS smearing of 10% to account for the detector resolution. In this case
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Fig. 12 Upper panels: Comparison of invariant mass spectra with the full spectral function and for
the case of no baryonic effects (i.e., for peg = 0). The dielectron yields for Ar+KCI collisions at Ej,1, =
1.76 AGeV (a) and for Au+Au at Ej,, = 1.23 AGeV (b) are shown within HADES acceptance and
normalized to the average number of produced 0. 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 Ej,p, = 1.04 AGeV within
the experimental acceptance. The result is compared to the data from the DLS Collaboration [131].
Figures taken from [111].

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. 12 the results for dielectron production in Ar+KCI 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 p and w
meson. To underline the importance of the baryonic medium the calculation has also
been performed neglecting p- and w-baryon interactions. In addition also contributions
from the decays of p- and w-mesons in “non-thermal cells” (i.e., for cells of the space-
time grid, for which a temperature 7' < 50 MeV results from the coarse-graining
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procedure) are included. Here the microscopic transport-theoretical cross sections as
implemented in UrQMD are used (for details, see [111]).
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Fig. 13 Upper two rows: Dimuon angular distribution in the Colins-Soper frame calculated employ-
ing a coarse-graining approach using UrQMD simulations of the fireball evolution for implementing
the in-medium thermal dilepton rates as described in [41] in comparison to NA60 data in 158 A GeV
In+In collisions [137]. The blue lines represent fits by NA60 with extracted anisotropy parameters
of Ag=-0.10 £ 0.24 (upper left) and -0.13 4+ 0.12 (upper right), compared to the calculated values of
-0.04 and 0.01, respectively, and likewise A,=0.05 & 0.09 (lower left) and 0.00 & 0.06 (lower right),
compared to 0.04 and -0.01 from the calculation [41]. Last row: Comparison of calculated angular
distributions (red lines) as defined in the helicity frame, integrated over two dielectron mass bins [41],
to HADES data in Ar(1.76 GeV)+KCI collisions [138]. Fits by the HADES collaboration (blue lines
with bands) yield anisotropy parameters of Ag=0.51 £ 0.17 (left panel) and 0.01 £ 0.1 (right panel)
for the lower and higher mass window, respectively, compared to 0.34 and 0.01 from the calcuations.
To illustrate effects of a finite HADES acceptance, theoretical results with a cut on transverse pair
momentum in the lab of pr>0.25 GeV are also shown (dashed red line).
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More recently in addition also first assessments of the polarization of the dilepton
pairs in both experiment [137, 139] and theory [41] has been achieved (cf. the last
line of Fig. 13). This probes the difference between the transverse and longitudinal
components of the in-medium current-correlation function, which has some sensitivity
to the underlying in-medium scattering processes.

In [140] the elliptic flow, vy of di-electrons at HADES energies is investigated with
the hadronic transport model SMASH [141]. First measurements of the HADES col-

laboration show v26+e )~ 0 (except in the very low-mass region, where the dileptons
dominately origin from pion-Dalitz decays and thus follow the negative v, of the pions,
which is due to “squeeze-out”) [142, 143]. In [140] it is shown that the “null result” of
the HADES experiment is due to the cancellation of the vy of dileptons from differ-
ent, competing hadronic sources, and this can be empirically validated by using the
“tagging method” to determine the dilepton-elliptic flow, using the cross correlation
of the event-flow vector of a specific particle species X,

™ X .
X(q) = Jod© f02 qu(‘jlg—dd) exp(ing)

n 2m b'e ) (76)
Jo a2 fy" Ao
and the corresponding quantity for the dileptons,
ete™ ete™
vl ¢ H{EP[R}(Q) = Covlg;, © (Q), a4 (2)/ah(Q)]]; (77)

the socalled scalar-product flow. Using different hadron species, h, for “tagging” it
might be possible to distinguish the varying v,, of dileptons depending on their origin
from different hadronic sources (see Fig. 14).
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Fig. 14 Scalar product flow of dielectrons radiated by (upper) A baryons (upper panel) and vector
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lines show the full time integrated contribution of the source. The reference plane is constructed with

(left) protons or (right) pions. Figure taken from [140].

4.2 Dimuon production at top CERN-SPS energy

In [84, 85] and [109] the dimuon production in 158 AGeV In-In collisions as mea-
sured by the NAGO collaboration [144-146, 148-150] at the CERN SPS have been
calculated. To describe the medium evolution both blast-wave parameterizations and
the coarse-grained transport approach have been applied.

As shown in Fig. 15 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 NAG60 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 M wtp— > 1.2 GeV, Drell-Yan processes is
subtracted. In the low-mass region 2m,, < M,,+,- < 1 GeV the dominant contribution
to the excess yield is from the decay of the tremendously broadened p 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
the p-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 p meson with baryons (and anti-baryons), i.e., due to Dalitz decays of baryon
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Fig. 15 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 contributions of the in-medium p emission (blue short dashed), the contribution from the Quark-
Gluon Plasma, i.e., gg-annihilation, according to lattice rates [57, 60] (green dashed) and the emission
from multi-pion reactions (orange dash-dotted). Additionally a non-thermal transport contribution
for the p is included in the yield (dark blue dash-dotted). Only left plot: For comparison the thermal p
without any baryonic effects, i.e. for peg = 0, is shown (violet dash-double-dotted) together with the
yield from pure perturbative gg-annihilation rates (green dotted). The results are compared to the
experimental data from the NA60 Collaboration [144-146]. Figures taken from [109]. Lower panel:
The same model for the dimuon-production rates, using the blast-wave-fireball parameterization for
the medium evolution. Figures taken from [147]).

resonances, which are included in the thermal quantum-field theoretical evaluation of
the in-medium p-self-energy. As shown in [109] the model also successfully describes
the ¢; dependence as well as the mass spectra in various g bins. It should also be noted
that in the invariant-mass region mgy < M,+,~ S M/, 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 (" < M,+,-) 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
[145], in accordance with the model.

33



—=10%g =107
% Au+Au (0-10% central) E, =2 AGeV (a) I % 8 AGeV (b) 3
% = Sum (1 =0) CG of UrQMD UrQMD 5 % E E
..... " — —Thermal p (u_=0) wwwT, 3 E 3
e Sum (4.0 . — Thermal o (4'=0) -1 3 e LN =
= Multi-pion (u =0) ==, ] = F 3
= 22X 0 e QGP (Lattice)  ===p 3 = £ E
5 A 3 E
F10 = 02 =
3 Ev 3
- A §
10 - 104 ~
A
10 LA AL A 10°, |
0.8 1 1.2 0 1 1.2

M, [GeV/c?] M, [GeV/c?]
102 102 3
15 AGeV (c) 35 AGeV E

UL

.
.
«

.

dN/dM [1/(GeV/c?)]

dN/dM [1/(GeV/c?)]
T
2

-
(=]
o
f
o

TS

o

=T
.

ey, Yeas,

R PRSI tE e

I

A0l ol ol o

104 s 104 N eI
E N F / R
L WA YT L ! -
E A E
E VL Mg F !
- =\J -
106?‘ ‘\-_._.\ AL ‘KE 106? L .:. P R S SRR B
0 1 1.2 0 0.2 0.4 0.6 0.8 1 1.
M, [GeV/c?] M, [GeV/c?]

Fig. 16 Dilepton invariant mass spectra for Au+Au reactions at different energies Ej,p, = 2-35 AGeV
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, pr = 0 and pr # 0. Figure taken from [110]

4.3 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 Ton Research (FAIR). In
[110] we have thus evaluated the invariant-mass spectra for the four beam energies,
Erp =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 boundaries with the following arguments: The lower bound
is simply given by assuming p, = 0. For the upper bound it should be noted that p is
an effective description for the off-chemical equilibrium nature of the medium, and thus
in the here used Boltzmann approximation, its influence on the dilepton-production
rate is given by a fugacity factor

Zl = exp (ngﬂ) , (78)
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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 p meson, particularly
dilepton production in the here employed VMD model, not only two-pion production
mm — p is relevant but, particularly at lower beam energies, baryonic channels like
7N — N*/A — p 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. 16, at all beam energies in the very-low-mass region, Mo+,- <
0.15 GeV, the dilepton yield is dominated by the Dalitz decays of neutral pions,
79 — yete~, while beyond that region up to the vacuum-pole mass of the p meson
of 770 MeV the main contribution is radiation from thermal sources with medium-
modified p- and w-meson spectral functions. Although the absolute yield of the thermal
component increases with Ei,p, its relative weight compared to the non-thermal 7-
Dalitz component and thus the enhancement above the hadronic cocktail contribution
decreases.

Concerning the onset of deconfinement the calculations show that temperatures
T ~ 170 GeV are reached in the region of Ej,;, = 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 indicate a possible change in the nature of the
confinement-deconfinement and/or chiral phase transition.

Recently a comprehensive analysis of dielectron measurements by the STAR collab-
oration within the beam-energy-scan program (BES II) at RHIC has become available
[151]. The measured acceptance corrected access yield are well compatible with models
of the type described above. This is illustrated in Fig. 17.
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——— TAMU Model: In-med. p + QGP
-~ PHSD Model: In-med. p + QGP
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Fig. 17 Low mass excess dielectron invariant mass spectrum for Au+Au collisions at /syy =
27 GeV (left) and 54.4 GeV (right), normalized by d Ny /dy, compared to the theoretical calculations
from the TAMU [84, 147, 152] and PHSD [129, 153] models. Vertical bars and boxes around data
points represent the statistical and systematic uncertainties, respectively. Figure taken from [151].
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4.4 Dileptons at RHIC and LHC energies

In [112] we have employed the coarse-grained transport approach to the evalua-
tion of dilepton spectra at RHIC and LHC energies. In Fig. 18 the result is shown
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Fig. 18 Upper panel: Dielectron invariant-mass spectra for minimum bias (i.e., 0-80% most central)
Au+Au collisions at \/syy = 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 7-, n- and
¢-decay contributions from UrQMD as well as the “freeze-out” contributions (from cold cells) of
the p and w mesons. The model results are compared to experimental data obtained by the STAR
Collaboration [154]. Lower panel: Dielectron invariant-mass spectra for 0-10% most central Pb+Pb
collisions at /syn = 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 hadronic 7, n, and ¢
decay contributions from UrQMD as well as the “freeze-out” contributions (from cold cells) of the p
and w mesons. Figures taken from [112]

in comparison to experimental data on Au-Au collisions at the two beam energies
VSN~ =19.6 GeV and 200 GeV [154]. The calculation takes into account the single-
electron rapidity, the dielectron pseudorapidity, and transverse-momentum electron
cuts (e < 1, yo < 1, p§ > 0.2 GeV) to account for the STAR acceptance. For the
low-mass region, M+.- < 1 GeV the data are well described within the model. In
the region 0.3 GeV < Mg+~ < 0.7 GeV an access above the hadronic cocktail has
been observed, and within our model at the lower beam energy this region is domi-
nated by thermal contributions from medium-modified p mesons, while at top RHIC
energy the emission from the QGP prevails. In both cases the spectral function of the
in-medium p 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 up 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 p meson, as already emphasized before.
At intermediate masses My+.— > 1 GeV our calculation underestimates the measured
yield, which can be explained by the fact that here the contributions from Drell-Yan
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processes as well as decays of correlated DD mesons have been neglected. For further
details on the comparison of the model on the data, see [112].

Also in Fig. 18 we present our predictions for Pb-Pb collisions at center-mass
energies, available at the LHC, /syny = 2.76 TeV and 5.5 TeV. As to be expected
also here the thermal p 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.

More recently a detailed study based on calculations of the dilepton production in
the pre-equilibrium stage of the fireball evolution as well as thermal partonic dilepton
rates at next-to-leading (NLO) perturbative-QCD order in «g [155, 156] including
dilepton spectra, anisotropic flow coefficients, and polarization observables at LHC
energies has been achieved in [43, 157, 158]. Here the fireball evolution has been
described in a multi-stage model: the initial state is described, using the IP-Glasma
[159, 160] and KOMP@ST [161, 162] models as described in [163]. The corresponding
dilepton rate is estimated by determining a quasi-hydrodynamic description in terms
of a local temperature and fluid velocity of the off-equilibrium medium by Landau
matching with the HotQCD Equation of State. Since the IP-Glasma and KOMP@®ST
assume a purely gluonic initial states and the dileptons can only occur from the charged
quarks, which build up in processes like gg — e*e™ during the pre-equilibrium fireball
evolution, an effective suppression factor is implemented. After a fixed formation time
Téhydro) = 0.8fm/c is decribed by the IBE-MUSIC hydrodynamic simulation [164—166]
with the same thermal dilepton rates as used for the pre-equilibrium stage.

The hydrodynamic evolution ends by freezing out if a fluid cell’s energy den-
sity drops below €., = 0.18 GeV/ fm? using the Cooper-Frye description taking into
account viscous effects [167-169] followed by a hadronic UrQMD afterburner [170].

As illustrative examples for the results of this comprehensive model we depict in
Fig. 19 the invariant mass spectrum (left), which sholws the sensitivity of the dilepton
yield to off-equilibrium (“non-thermel”) contributions, and the polarization coefficient
Mg in the HX frame, underlining the sensititivity of the polarization observables to
NLO pQCD contributions.

37



T T T 3 T T T T T T T T T
+ DYTurbo 3 1.0 — ——
107" —$— Thermal — L C _] 58 T;tal . |
Pre-eq, SF(T,1)" 3 t ermal )
T 102 =} Pre-eq, SF(T,7)' 0.8~ - LO “pre-eq. _
% —}- Pre-eq, SF(T, )2 o I —e— NLO total |
9} E NLO thermal
= 1073 0.6 o i
S | > 0 1 2 3 —— NLO “pre-eq.
> 3 =2
s - 0.4 _
o 3 | Pb+Pb@5.02 A TeV |
Zg 10°° ] centrality: 0-20%
0.2 —
o
o[ PbePbat5.02 ATey L
10 Centrality 0-5%
(K1) e S a——
10 R T T
0 1 2 3 4 5 0 1 2 3 4 5
M [GeV] M [GeV]

Fig. 19 Left panel: The thermal dilepton-invariant mass spectrum in comparison to the off-
equilibrium distribution including the effective suppression factor (0: none, 1: linear, 2: squared) as
well as the contribution from the Drell-Yan processes employing the DYTURBO package [171]. Figure
taken from [157]. Right panel: The polarization coefficient Ay in the HX frame. Figure taken from
[158].

Recently the ALICE collaboration has measured dielectrons at the LHC in Pb-
Pb collisions at syn = 5.02TeV [172]. As illustrated in Fig. 20 the excess yield is in
accordance with the Rapp-Wambach as well as with the PHSD models. It is notable
that for the first time the “distances of closest approach” method has been employed

to subtract possible (thermal) contributions of dileptons from correlated DD decays
in the IMR (1.2GeV < Mq+.- < 2.6 GeV).
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Fig. 20 Excess yield of dielectrons in the 10% most central Pb-Pb collisions at /syn = 5.02 TeV
with respect to the expected ete™ contributions from known hadronic sources, including (Cocktail2)
or not including (Cocktaill) medium effects for the heavy-flavor contributions, and compared with
predictions from the model of Rapp [57] (left) and from the PHSD transport approach [173] (right).
Figure taken from [172].
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4.5 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 has been the motivation for a concise “beam-energy scan” at RHIC and
in the future at FAIR.
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Fig. 21 Left panel: Excitation function of the inverse-slope parameter, Ts, from intermediate-mass
dilepton spectra (M = 1.5-2.5 GeV, diamonds connected with a dashed line) and initial temperature
T; (triangles connected with a solid line) in central heavy-ion collisions (A ~ 200). The error bars on
Ts and T} correspond to a variation in the initial longitudinal fireball size, zg, by #30% around the
central values. The hatched area schematically indicates the pseudo-critical temperature regime at
vanishing (and small) baryochemical potential as extracted from various quantities computed in 1QCD
[174]. 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 [147]

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 em. 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 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 my < Mg+~ < my,y 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 ¢ spectra, cf. the discussion in
[85]), provided the hadronic cocktail, the contribution from decays of correlated D-D
(at higher beam energies also B-B) decay, and Drell-Yan pairs can be subtracted from
the experimental data with sufficient precision.
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Fig. 22 Upper panels: (a) Ratio of the thermal four-volume Vj 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/c? to the mass number A of the colliding nuclei, and the number of 7° (green triangles).
The results are normalized to the ratio obtained with 12C 4 12C collisions. (b) Ratio of the thermal
dilepton yield in the invariant mass range from 0.2 to 0.4 GeV/c? scaled by various quantities. All
four plots show the results for central collisions and a collision energy FEi,;, = 1.76 AGeV. Figures
taken from [111]

In [147] we have explored the possibilities for such studies within the above
discussed theoretical model for dilepton production using the thermal-fireball parame-
terization of the medium, assuming the cross-over EoS (combining a hadron-resonance
gas with a IQCD EoS as discussed in Sect. 3.3) for beam energies corresponding to
center-mass energies in the range /syy = 6.3 GeV-200 GeV. We have determined
the average temperature from the slopes of the invariant-mass spectrum of dileptons
by fitting the dilepton spectrum in the range My+,- = 1.5-2.5 GeV to

dRy+p- 3/2 M+ -
Ayey x (MT)>* exp T . (79)

Since in this mass range My+,- < 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. 21 the
resulting “slope temperatures” are smoothly increasing with beam energy and ranging
from Ty ~ 160 MeV at \/syn = 6 GeV to 260 MeV at /syny = 200 GeV. The values
at the higher beam energies are clearly above the pseudo-critical temperature of T, ~
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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. 3.3)
the total yield of dileptons is a quite precise measure for the fireball lifetime. This is
shown in Fig. 21: The yield is determined by integrating the invariant-mass spectra
over the range My+,- = 0.3-0.7 GeV, which is just below the p- and w-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 7, 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., py > 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 [111] we have made similar studies concerning the system-size dependence of
the bulk-medium dynamics at GSI-SIS energy, Ej,, = 1.76 AGeV, within the coarse-
grained transport approach (cf. Sect. 4.1). 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
coarse-grained transport approach. In the upper panels of Fig. 22 the “thermal four-
volume” is plotted, i.e., the sum of all spacetime cells AV At for which the temperature,
obtained from the coarse-graining procedure (as described in Sect. 3.3), is above var-
ious given values as indicated in plot (a). Since the total volume of each of the nuclei
is Vauel ¢ 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 At o rNyuel o A/ 3,
and this is indeed confirmed in plot (b) by the fact that At/A'/3 ~ const.

Also in Fig. 3.3 the system-size dependence of the ete™ yields (in the mass window
Me+e- = 0.2 GeV-0.4 GeV) for emission from the medium (“thermal dileptons”)
and from p 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 A%/3, A.¢thermal j/thermal

or N;‘Fé % leads to a roughly flat system-size dependence.

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
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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 to Equations of State with
different phase-transition properties may be reached.

Recently the STAR collaboration has extracted the space-time averaged temper-
atures from the measured acceptance corrected dielectron excess spectra within the
beam-energy-scan program (BES II) [151]. Interestingly they fitted to both, low-mass
(LMR) and intermediate-mass (IMR) regions. This is achieved by fitting the ete™-
invariant-mass spectra in the regions 0.4 GeV < Mgt~ < 1.2 GeV for the LMR and
1.0 GeV < Mgto- < 2.9 GeV for the IMR. In the LMR the fit is to an ansatz function
of the shape

dNg+e-
de;; & Tt o frw(M)M?/? exp(—M/T) (80)
with the relativistic Breit-Wigner distribution,
MM, My [ M2 —4m2\*?
M) = rM)=T¢— | ———7F% 81
fw (M) (M2 — M2)2 + M2T2(M)’ (M) =To77 (Mg—4m$r (81)
and the dilepton phase-space factor,
2m?2 4m2
Perem o (1455 )\ 1= 55 (82)

For the IMR the spectral function is assumed to be flat, i.e., fitting the excess yiels
to a function o< M3/2exp(—M/T). In the IMR both the correlated-DD — decay and
the Drell”’=Yan background are subtracted using corresponding pp cross sections
(“hadronic cocktail”). The temperature fits as well as the extracted temperatures in
both mass regions are shown in Fig. 23. The results are in accordance with the expec-
tation that the space-time weighted average is biased towards lower temperatures and
larger fireball volumes in the LMR vs. higher temperatures and lower fireball volumes
in the IMR.

From the theoretical side, e.g., the exploitation of functional-renormalization-group
methods that allow a consistent description of both the EoS and the in-medium spec-
tral functions of the light vector mesons, can be a promising way for such further
studies [180, 181].

5 Conclusions and Outlook

As has been summarized in this review the dilepton production in heavy-ion
collisions is theoretically quite well understood in terms of models using hard-thermal-
loop or input from lattice-QCD calculations of ¢g annihilation in the partonic and
effective hadronic models in the hadronic stages of the fireball evolution to describe
the in-medium electromagnetic current-current-correlation function and the (thermal)
dilepton-production rates from the strongly interacting medium created in heavy-
ion collisions over all beam-energy ranges. There are strong indications that chiral
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Fig. 23 Left: Thermal dielectron mass spectra from /syn = 54.4GeV (red squares) and 27 GeV
(black dots) compared to the NA60 thermal dimuon data (magenta inverted triangles). Il denotes the
dielectron or dimuon pairs. Dashed lines show the fitting curves for the corresponding temperature
extractions. Dot-dashed lines display the expected vacuum-p spectra based on the p+p [89] and
ete™ [175] collision data. Vertical bars and boxes around data points represent the statistical and
systematic uncertainties, respectively. Downward arrows indicate statistical uncertainties exceeding
100%. Right: Temperatures vs. baryon chemical potential. Temperatures extracted from in-medium
p° ; the region of the later QGP stage (blue stars), and the region of the earlier QGP stage (red stars)
from STAR data are compared to the temperatures extracted from NA60 data [144] (diamonds) and
HADES data [176] (inverted triangle). Chemical freeze-out temperatures extracted from the statistical
thermal models (SH, GCE, SCE) [177, 178] are shown as open and filled circles. The QCD critical
temperature T at finite up predicted by LQCD calculations [179] is shown as a yellow band. All
temperatures are plotted at the up determined at chemical freeze-out. Vertical bars and boxes around
the data points represent the statistical and systematic uncertainties, respectively. Figure taken from
[151].

symmetry is realized via the mirror-assignment/chiral doubler representation in the
hadronic models, where the spontaneous breaking of chiral symmetry due to the for-
mation of a quark condensate (Gg) # 0 at lower temperatures is responsible only for
the non-degeneracy of the mass spectra of chiral partners. It has also been demon-
strated that accurate measurements of the invariant-mass spectrum of dileptons in the
intermediate-mass region can be used to determine a space-time-evolution weighted
average of the fireball temperature, provided non-thermal contributions like the dilep-
tons from hard Drell-Yan processes and the decay of correlated open-heavy flavor (D
and B) mesons can be reliably subtracted. The models also describe first measurements
of polarization observables, and with realistic bulk-evolution models of the fireball it
is possible to extract the life time of the strongly interacting medium [147].

This makes the electromagnetic probes a promising tool for constraining the rich
phase diagram of strongly interacting (QCD) matter via high-precision measurements
of the excitation function of dilepton emission: e.g., a first-order chiral phase transition
should manifest itself in a plateau of the fireball temperatures (“latent heat”) and if
the “thermal trajectory” of the fireball comes close to a critical point this might be
reflected in a prolonged fireball lifetime, indicating “critical slowing-down”.
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