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states of matter
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plasma

emerge from gases by further supply of energy

charge-carrying ions and electrons become separated

electrons move freely

99% of the visible matter is in a plasma state!
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phase transitions

conversion of phases through pressure and temperature
in ’phase transitions’ the material properties change drastically
phases are displayed ’phase diagrams’
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water (H2O)

12 crystalline (ice) und 3 amorphous (glas) phases known

phase diagram determined by chemical forces

→ electromagnetic interaction
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what happens ultimately to matter under heating
and compression?

early universe
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what happens ultimately to matter under heating
and compression?

neutron stars
(R. Tolman, R. Oppenheimer, G. Volkoff (1939))

inner structure
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what happens ultimately to matter under heating
and compression?

neutron star mergers
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what happens ultimately to matter under heating
and compression?

neutron star mergers

mean interparticle spacing
∼ femtometers (10−15m) instead of nanometers (10−9m)

temperatures: 109 K - 1012 K

strong interaction!
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matter under extreme conditions

T (K)
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initial speculations

E. Fermi: Notes on Thermodynamics and Statistics (1953)

courtesy: G. Baym
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for the thermodynamics (partition function) the excitation
spectrum is needed

L. Boltzmann (1871)

E = mc2 (Einstein (1905)

~ (Planck ...(1900)

Particle Data Group 2014
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for the thermodynamics (partition function) the excitation
spectrum is needed

L. Boltzmann (1871)

E = mc2 (Einstein (1905)

~ (Planck ...(1900)

Particle Data Group 2014

hadron-resonance gas
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for the thermodynamics (partition function) the excitation spectrum is
needed

exponential increase!

T.D. Cohen et al. JPG 39, 2012

ρ(m) ∼ m−aem/TH ; a ∼ 5/2

→ lnZ(T ) =
∫
dm ρ(m)m3/2e−m/T

diverges at TH!
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for the thermodynamics (partition function) the excitation spectrum is
needed

exponential increase!

T.D. Cohen et al. JPG 39, 2012

Hagedorn-temperature!
TH ∼ 160 MeV ∼ 1.2× 1012K

R. Hagedorn (1965)
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how can that be?

limiting temperature!
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how can that be?

Grenztemperatur!
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in the 1960’s it became clear that hadons have substructure

hadrons consist of quarks and gluons

Quantumchromodynamics (H. Fritzsch et al. 1973)

→ Standard Model of particle physics
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QCD similar to Quantumelectrodynamics

but gluons are selfinteracting!

asymptotic freedom at short
distances

D. Gross & F. Wilczek, D. Politzer 1973

color confinement at large
distances

quark-hadron transition

vacuum perfect paramagnet
µc
0 =∞; εc0 = 0

→ MIT bag model
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Chiral symmetry of the strong interaction

for vanishing quark masses QCD has an extra chiral symmetry

left- and right-handed quarks do not interact!

→ parity doublets in the hadron spectrum

but

chiral symmetry is sponateously broken by the
Nambu-Goldstone mechanism

the symmetry of the theory is not the symmetry of the
ground state!

in QCD quarks condense 〈q̄q〉 6= 0
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spontaneously broken chiral symmetry

Goldstone mode
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quark-mass generation

u, d quarks acquire most of their mass from χSB!
’constituent mass’

NJL model : Mq = mq − 2G 〈q̄q〉
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’early’ phase diagram
N. Cabibo & G. Parisi, J.C. Collins & M.J. Perry 1975

’quark-gluon plasma’
E. Shuryak 1975
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’modern’ QCD phase diagram
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another representation
The phase diagram of dense QCD 5

Figure 1. Conjectured QCD phase diagram with boundaries that define various
states of QCD matter based on SχB patterns.

The chiral transition is a notion independent of the deconfinement transition. In
section 3.2 we classify the chiral transition according to the SχB pattern.

2.2. Conjectured QCD phase diagram

Figure 1 summarizes our state-of-the-art understanding on the phase structure of QCD
matter including conjectures which are not fully established. At present, relatively firm
statements can be made only in limited cases – phase structure at finite T with small
baryon density (µB � T ) and that at asymptotically high density (µB � ΛQCD).
Below we will take a closer look at figure 1 from a smaller to larger value of µB in
order.

Hadron-quark phase transition at µB = 0: The QCD phase transition at finite
temperature with zero chemical potential has been studied extensively in the numerical
simulation on the lattice. Results depend on the number of colours and flavours as
expected from the analysis of effective theories on the basis of the renormalization
group together with the universality [35, 36]. A first-order deconfinement transition
for Nc = 3 and Nf = 0 has been established from the finite size scaling analysis
on the lattice [37], and the critical temperature is found to be Tc � 270 MeV. For
Nf > 0 light flavours it is appropriate to address more on the chiral phase transition.
Recent analyses on the basis of the staggered fermion and Wilson fermion indicate a
crossover from the hadronic phase to the quark-gluon plasma for realistic u, d and s
quark masses [38, 39]. The pseudo-critical temperature Tpc, which characterizes the
crossover location, is likely to be within the range 150MeV− 200 MeV as summarized
in section 4.2.

Even for the temperature above Tpc the system may be strongly correlated and
show non-perturbative phenomena such as the existence of hadronic modes or pre-
formed hadrons in the quark-gluon plasma at µB = 0 [28, 40] as well as at µB �= 0
[41, 42, 43]. Similar phenomena can be seen in other strong coupling systems such as

T (K)
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exact computation of thermodynamic
quantities

at finite temperature and vanishing density
with ’Monte-Carlo Methods’

’Lattice QCD’

5 Pflops
(5× 1015 operations/s)
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lattice QCD results

H.T. Ding 2013
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lattice QCD results

H.T. Ding 2013
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lattice QCD results

chiral condensate

S. Borsanyi et al. 2011
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’dropping masses’

as the chiral condensate diminishes with increasing temperature and
density quarks loose their ’constitutent’ mass’

if the hadron mass is directly related to the quark mass
hadrons should become lighter as well

m∗
h ∝ m0

h (〈q̄q〉)α
G. E. Brown and M. Rho 1991

this can be tested with photons!
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Heavy-ion collisions and photons

as compared to the size of the fireball photons have a long
mean free path

→ leave the interaction zone undisturbed
E. Feinberg 1976, E. Shuryak 1978

Jochen Wambach Quark-Gluon Matter



e+e−- annihilation in the vacuum

invariant mass (GeV /c2)

quarks : Rq = Nc

∑

i

e2i = 3

(
4

9
+

1

9
+

1

9

)
= 2
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Dropping mass of the ρ-meson

m∗
ρ = m0

ρ [1− 0.15ρB/ρ0]
[
1− (T/Tc)2

]α

H. van Hees and R. Rapp 2006

S. Damjanovic et al. 2006
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broadening of the ρ-meson

H. van Hees and R. Rapp 2006

S. Damjanovic et al. 2006
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broadening of the ρ-meson

works also in other collision systems

 

Dielectron Production in Au+Au-
Collisions at √sNN = 39 & 62.4 GeV

Patrick Huck for the STAR Collaboration
Central China Normal University and Lawrence Berkeley National Laboratory

Summary & Conclusions
• Dielectron invariant mass spectra from Au+Au collisions measured in STAR 

at √sNN = 19.6, 39, 62.4 & 200 GeV and compared to cocktail calculations.
• No significant energy dependence observed for LMR enhancement factor.
• LMR excess yield can be described by in-medium modifications to the ! 

spectral function across a wide range of energies.

Outlook: Charm continuum contribution and its possible in-medium modifica-
tion need better understanding in Au+Au " STAR HFT & MTD upgrades. 

Abstract:
Due to their negligible strong interaction with the dense medium created at RHIC, leptons can escape the interaction region undistorted and thus, carry direct information about the space-time evolution of the 
fireball created in relativistic heavy-ion collisions. In the special case of dileptons, their invariant mass (Mee) serves as an additional observable: For the RHIC BES energies, later dielectron creation times are 
accessible in the Low-Mass-Region (LMR, Mee < 1.1 GeV/c2) where the in-medium vector meson properties and possibly its connection to chiral symmetry restauration can be measured. Earlier creation 
times, on the other hand, can be studied in the Intermediate-Mass-Region (IMR, 1.1 < Mee < 3 GeV/c2) in which the continuum yield is expected to serve as a direct measure of the effective QGP temperature. 
In this regard, the dependence of these observables on the collision energy is of special interest. These aspects, in particular, make dielectrons favorable as a clean penetration probe for the bulk.

STAR Detector & Datasets
Excellent electron identification 
feasible in STAR with large ac-
ceptance via

• Time-Of-Flight Detector
• Time Projection Chamber

High-Statistics Runs of 2010:

energy analyzed MB events
39 GeV 99.4 M

62.4 GeV 54.6 M

nσel ∝ ln
�
dE/dx|meas

�
dE/dx|electron

�
Electron Identification

Background Subtraction
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1) Like-Sign Same Event Method
All like-sign pairs of one event are combined 
and the two charge combinations averaged. 
This method reproduces the background from 
all correlated sources. The acceptance differ-
ence of like-sign to unlike-sign pairs is corrected 
using the Mixed Event Technique.

2) Unlike-Sign Mixed Event Method
All charges from two different events within the 
same event class (event vertex, reference mul-
tiplicity & event plane) are combined. This 
method describes the background caused by 
the combination of uncorrelated pairs.

The STAR Collaboration: 
http://drupal.star.bnl.gov/STAR/presentations

Cocktail Simulation
‣ Unknown pT distributions are taken from AMPT model calcula-

tions. The according dN/dy is extrapolated from measurements 
at 200 GeV based on the energy dependence given by AMPT.

‣ Contributions due to correlated pairs from semi-leptonic decays 
of charmed mesons are simulated using PYTHIA and scaled to 
Au+Au by the number of binary collisions.

‣ Corresponding charm cross sections are not measured at 
these energies. FONLL predictions are used as lower and !2 
fits to the IMR data as upper limits of the charm continuum con-
tributions, respectively.

√sNN 
(GeV)

Vector Meson Yields Vector Meson Yields Vector Meson Yields Vector Meson Yields (30% uncertainty assigned)(30% uncertainty assigned) σcc̄
pp (mb)

Ncoll√sNN 
(GeV) !0 ! " ! # $ J/%

σpp (mb)

± sys. Ncoll
bin

39 57 9.37 4.42 1.39 4.8 × 10-4 0.19 ± 0.11 243

62.4 72.9 11.4 5.38 1.79 1.2 × 10-3 0.40 ± 0.25 253
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others are fits of Levy/Tsallis functions to STAR data.
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Single track efficiencies are calculated from Embedding and 
propagated to pair efficiencies via a MC !!e+e- simulation.
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RESULTS: Energy-Dependent Measurements of Dielectron Production
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200 GeV " 200
62 GeV " 20
39 GeV " 1
19.6 GeV " 0.05

Dielectron production for invariant masses Mee < 3.5 GeV/c2 has 
systematically been measured in STAR from !sNN = 19.6 GeV up to 
top RHIC energy. A visible excess over a cocktail of hadronic 
sources (excl. "#e+e-) is observed in the LMR for all energies.
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200 GeVIn-medium !
Systematic comparisons of 
LMR dielectron production to 
in-medium " calculations for 
three different energies. The 
additional yield caused by in-
medium radiation is added on 
top of the yield from hadronic 
sources. Within systematic 
uncertaint ies, in-medium 
modifications to the " spectral 
function are able to describe 
the LMR excess yield over a 
wide energy range.

Rapp & Wambach, Adv. Nucl.Phys. 25, 1 (2000) Phys. Rept. 363, 85 (2002)! ! displayed energies through priv. comm.

Systematic measurement of the LMR enhance-
ment factor and comparison to published data.
• Magnitude of the enhancement in agreement 

with the CERES result within uncertainties.

F. Geurts et al. 2013

→ hadronic mass generation more complicated!
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thank you for your attention!
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