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QCD and (“accidental”) symmetries

Theory for strong interactions: QCD

LQCD = −1
4
Fµνa F aµν + ψ̄(i /D − M̂)ψ

Particle content:

ψ: Quarks, including flavor- and color degrees of freedom,
M̂ = diag(mu,md,ms, . . .) = current quark masses
Aaµ: gluons, gauge bosons of SU(3)color

Symmetries

fundamental building block: local SU(3)color symmetry
in light-quark sector: approximate chiral symmetry
chiral symmetry most important connection between QCD and
effective hadronic models
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Phenomenology and Chiral symmetry

In vacuum: Spontaneous breaking of chiral symmetry

⇒ mass splitting of chiral partners

qq-excitations of the QCD vacuum
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The QCD-phase diagram

at high temperature/density: restoration of chiral symmetry
Lattice QCD: Tχc ' T deconf
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Dropping Masses?

Mechanism of chiral restoration?
Two main theoretical ideas

“dropping masses”: mhad ∝
〈
ψ̄ψ
〉

“melting resonances”: broadening of spectra through medium effects
More theoretical question: Realization of chiral symmetry in nature?
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Finite Temperature/Density: Idealized theory picture

partition sum: Z(V, T, µq,Φ) = Tr{exp[−(H[Φ]− µqN)/T ]}
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Why Electromagnetic Probes?

γ, `±: no strong interactions

reflect whole “history” of
collision

chance to see chiral symm.
rest. directly?
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Vector Mesons and electromagnetic Probes

photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (Jµ =

∑
f Qf ψ̄fγµψf )

Π<
µν(q) =

∫
d4x exp(iq · x) 〈Jµ(0)Jν(x)〉T = −2fB(q0) Im Π(ret)

µν (q)

q0
dNγ

d4xd3~q
=
αem

2π2
gµν Im Π(ret)

µν (q)
∣∣∣
q0=|~q|

fB(q0)

dNe+e−

d4xd4q
= −gµν α2

3q2π3
Im Π(ret)

µν (q)
∣∣∣
q2=M2

e+e−
fB(q0)

to lowest order in α: e2Πµν ' Σ(γ)
µν

derivable from partition sum Z(V, T, µ,Φ)!

Hendrik van Hees (Texas A&M University) EM Spectra at SPS and QCD phase diagram June 19, 2007 8 / 34



Vector Mesons and chiral symmetry

vector and axial-vector mesons ↔ correlators of the respective
currents

Πµν
V /A(q) :=

∫
d4x exp(iqx)

〈
JνV /A(0)JµV /A(x)

〉
ret

Ward-Takahashi Identities from chiral symmetry ⇒ Weinberg-sum
rules

f2
π = −

∫ ∞
0

dq2
0

πq2
0

[Im ΠV (q0, 0)− Im ΠA(q0, 0)]

−π
2
αs〈OχSB〉 = −

∫ ∞
0

dq2
0

π
[Im ΠV (q0, 0)− Im ΠA(q0, 0)]

spectral functions of vector (e.g. ρ) and axial vector (e.g. a1) directly
related to order parameters of chiral symmetry!
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Model dependence

different models with chiral symmetry: equivalent only on shell
(“low-energy theorems”)

model-independent conclusions only in low-temperature/density limit
(chiral perturbation theory) or from lattice-QCD calculations

Hidden-Local Symmetry model: dropping masses (Mρ,Ma1 → 0 for
T → Tc) [Harada, Sasaki 06]
Massive Yang Mills model: Mρ ↑, Ma1 ↓ + broadening
[Song 93]

use hadronic many-body theory (HMBT) to assess medium
modifications of vector mesons
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Hadronic many-body theory

HMBT [Ko et al, Chanfray et al, Herrmann et al, Rapp et al, . . .] for
vector mesons

ππ interactions and baryonic excitations

ρ ρ

π

π B , a , K ,...*
1 1

π,...N, K,

ρ ρ

Baryon (resonances) important, even at RHIC with low net baryon
density nB−nB̄
reason: nB+nB̄ relevant (CP inv. of strong interactions)
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Constraints on spectral functions

vacuum: em. pion-form factor, decay widths

cold nuclear matter: Photo-absorption on nucleons and nuclei
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Properties of spectral functions: QCD sum rules

ρ-spectral function at finite nB

consistent with QCD-sum rules
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Properties of spectral functions: Moments

χρ =
∫ ∞

0

ds
π
s−1Aρ(s, ~q = 0)

(m∗∗ρ )2 =
∫ ∞

0

ds
π
sAρ(s, ~q = 0)
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m∗∗ρ ∼ const ⇒ no significant mass shifts!
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In-medium spectral functions and baryon effects
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baryon effects important ↔ NB + NB̄ relevant (not NB −NB̄)

some more broadening of the peak
responsible for most of the strength at small M
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Dilepton rates: Hadron gas ↔ QGP

in-medium hadron gas matches
with QGP

similar results also for γ rates

“quark-hadron duality”!?

indirect evidence for
chiral-symmetry restoration
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Fireball dynamics and hadro-chemistry

homogeneous thermal fireball model

VFB = π(z0 + vzt)
(a⊥

2
t2 + r0

)2

thermodynamics: isentropic expansion
hadro-chemistry: hadron ratios fixed for T < Tch ⇒ µN , µπ, µK , . . .
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Hendrik van Hees (Texas A&M University) EM Spectra at SPS and QCD phase diagram June 19, 2007 17 / 34



Sources of dilepton emission in heavy-ion collisions

1 initial hard processes: Drell Yan
2 “core” ⇔ emission from thermal source [McLerran, Toimela 1985]

1
qT

dN (thermal)

dMdqT
=
∫

d4x

∫
dy
∫
Mdϕ

dN (thermal)

d4xd4q
Acc(M, qT , y)

3 “corona” ⇔ emission from “primordial” mesons (jet-quenching)
4 after thermal freeze-out ⇔ emission from “freeze-out” mesons

[Cooper, Frye 1975]

dN (fo) =
∫

d3q

q0
qµdσµfB(uµqµ/T )

Γmeson→`+`−

Γmeson
Acc

additional factor γ = q0/M compared to thermal emission
physical reason

thermal source rate ∝ τmed
Γmeson→`+`−

γ

decay of mesons after fo: rate ∝ Γmeson→`+`−
Γmeson
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Intermediate masses: hadronic “4π contributions”

e.m. current-current correlator ⇔ τ → 2nπ

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2

-I
m

 Π
V

,A
/(

π 
M

2 )

M2 [GeV2]

data: ALEPH

V [τ→ 2n π ντ]
V [τ→ 2 π ντ]

ρ + cont.
2π (ρ)

4π (fit)

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2

-I
m

 Π
V

,A
/(

π 
M

2 )
M2 [GeV2]

data: ALEPH

A [τ→ (2n+1) π ντ]
A [τ→ 3 π ντ]

a1 + cont.
3π (a1)
5π (fit)

leading-order virial expansion for “four-pion piece”

additional strength through “chiral mixing”
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NA60 excess spectra: all pT

isentropic expansion: QGP (Ti ' 197 MeV) via mixed phase
(Tc = 175 MeV) to thermal freeze-out (T ' 120 MeV)
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NA60 excess spectra: IMR
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NA60 excess spectra: pT < 0.5 GeV, pT > 1.0 GeV
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Importance of Baryon effects
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NA45 dielectron spectra

electrons ⇒ low-mass region

probes baryon effects!
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Chiral reduction formalism (virial expansion)
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underestimates medium effects on the ρ
(due to low-density approximation no broadening!)

results with fireball parametrization very similar to hydro!
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NA60 excess spectra (semicentral)
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NA60 pT spectra
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NA60 pT spectra (central) Fireball 2
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New contribution: t-channel meson exchange

motivation: pT spectra too soft compared to NA60 data

thermal contributions not included in models so far

ω
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ρ
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π

π

also for a1
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New contribution: t-channel meson exchange

motivation: pT spectra too soft compared to NA60 data

thermal contributions not included in models so far

also for a1

for thermal photons

0 0.5 1 1.5 2 2.5 3
q0 [GeV]

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

q 0 
dR

γ/d
3 q 

 [f
m

−
4  G

eV
−

2 ]

in−med HG [RW99]
πρa1

ω t−channel
K,K* induced

T=200MeV

Hendrik van Hees (Texas A&M University) EM Spectra at SPS and QCD phase diagram June 19, 2007 29 / 34



NA60-pT spectra (semicentral)
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Issues for detailed description of pT spectra

hadro chemistry

sensitive to chemical freeze-out parameters ↔
“Hagedorn resonance-gas limit”
latent heat: duration of QGP and mixed phase

(hydro) dynamics

velocity profile v⊥ ∝ r⊥ vs. r
1/2
⊥ , . . . ⇒ detailed hydro study

longitudinal expansion: boost invariant vs. accelerated expansion
viscosity effects (see QM 2006 Talk by Teaney)

complete set of sources

thermal (McLerran-Toimela) vs. decay after freeze-out (Cooper-Frye)
hard production: Drell-Yan
non-thermalized “primordial ρ’s”

jet-quenching model (σpre-had = 0.4 mb; after τform: σhad = 5 mb)
qT . 1 GeV: Npart scaling; qT & 3 GeV: Ncoll scaling
“switched” linearly between scaling scenarios
∼ compatible with WA98 pion data
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Conclusions and Outlook

Dilepton spectra ⇔ em. current correlator ⇔ QCD-phase diagram

directly related to chiral symmetry (vector and axial-vector currents)

hadronic many-body theory

low-mass region: light vector mesons
intermediate-mass region: four-pion continuum, QGP

medium effects

baryons essential for in-medium properties of vector mesons
“4π” contributions (π + ω, a1 → `+ + `−)

fireball/freeze-out dynamics ⇔ pT spectra

complete set of sources
need detailed hydro study
precise hadro-chemical freeze-out description (latent heat!)
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Dileptons from a thermal source

all calculations done in (local) heat-bath frame

Dileptons from a thermal source (ρ channel)

McLerran-Toimela formula + vector-meson dominance:

dN therm
`+`−

d4xd4q
= − α2m4

ρ

π3g2
ρππ

fB(q0)
M2

ImD(ret)
ρ (q0, ~q)

d4q = MdMd2qtdy

dN therm
`+`−

dMd2qtdy
=
∫ tfo

0
dt VFB(t)

α2m4
ρ

π3g2
ρππ

fB(q0)
M

ImD(ret)
ρ (q0, ~q)
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Dileptons from ρ decays after freeze-out

all calculations done in (local) heat-bath frame
distribution of ρ mesons at freeze-out
Cooper-Frye formula

dNρ

d3~xd4q
=
fB(q0)
(2π)3

2q0δ
(+)(q2 −M2)

for broad resonance

dNρ

d3xd4q
= −fB(q0)

(2π)3

2q0

π
ImDρ

dilepton rate from decay of freeze-out (γ(~q) = q0/M)

dN fo
`+`−

d4xd4q
= −fB(q0)

(2π)3

2q0

π
ImDρ

Γρ→`+`−
γ(~q)

exp
(
−Γtot(t− tfo)

γ(~q)

)
integration over space-time

dN fo
`+`−

dMd2qtdy
= − Vfo

(2π)3
fB(q0)

2
π

ImDρ
Γρ→`+`−

Γtot
q0M
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