
Quark-Gluon Plasma



QCD Matter at high T and p
 
What happens to quark-gluon matter at high 
temperature and/or pressure? 
 
High T implies large  
average momenta, thus  
small QCD coupling.  
 

32 9. Quantum Chromodynamics

9.4.4 Hadronic final states of e+e≠ annihilations:
Re-analyses of jets and event shapes in e+e≠ annihilation (j&s), measured around the Z peak
and at LEP2 center-of-mass energies up to 209 GeV, using NNLO predictions matched to NLL
resummation and Monte Carlo models to correct for hadronization e�ects, resulted in –s(M2

Z
) =

0.1224 ± 0.0039 (ALEPH) [571], and in –s(M2
Z

) = 0.1189 ± 0.0043 (OPAL) [572]. Similarly, an
analysis of JADE data [573] at center-of-mass energies between 14 and 46 GeV gives –s(M2

Z
) =

0.1172 ± 0.0051, with contributions from the hadronization model and from perturbative QCD
uncertainties of 0.0035 and 0.0030, respectively. Precise determinations of –s from 3-jet produc-
tion alone (3j), at NNLO, resulted in –s(M2

Z
) = 0.1175 ± 0.0025 [574] from ALEPH data and in

–s(M2
Z

) = 0.1199 ± 0.0059 [575] from JADE. A recent determination is based on an NNLO+NNLL
accurate calculation that allows to fit the region of lower 3-jet rate (2j) using data collected at LEP
and PETRA at di�erent energies. This fit gives –s(M2

Z
) = 0.1188 ± 0.0013 [576], where the domi-

nant uncertainty is the hadronization uncertainty, which is estimated from Monte Carlo simulations.
A fit of energy-energy-correlation (EEC) also based on an NNLO+NNLL calculation together with

αs(MZ2) = 0.1179 ± 0.0009
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

1st December, 2021



QCD Matter at high T and p
 
At high enough T quarks and gluons are no longer 
confined.  
 
Static potential is  
Debye-screened.  
 
 
 
 
 
Thus expect at high T a gas of weakly interacting(?) 
quarks and gluons: quark-gluon plasma (QGP)
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QCD Thermodynamics
 
Hadrons, as well as quarks and gluons can be 
treated in relativistic thermodynamics as Fermi / 
Bose gas. Key quantities are: 
 

- energy density 
 

- pressure 
 

- entropy density 
 

All of them are proportional to the number of 
degrees of freedom (for non-interacting gas).  
 
Usually all temperatures measured in MeV. (kB=1) 
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QCD Thermodynamics
 
These quantities can be calculated in lattice QCD. 
 
 
 
 
 
 
 
 
Strong rise at ~155 MeV indicates transition from 
hadrons to quarks and gluons as d.o.f.  

26 H.-T. Ding, F. Karsch and S. Mukherjee

3p/T4

ε/T4

3s/4T3

 0

 4

 8

12

16

130 170 210 250 290 330 370

T [MeV]

HRG

non-int. limit

Tc

Fig. 10. (Left) Comparison of the trace anomaly (✏ � 3P )/T
4, pressure and entropy density

calculated with the HISQ (colored)114 and stout (grey)113 discretization schemes for staggered
fermions. (Right) Continuum extrapolated results for pressure, energy density and entropy den-
sity obtained with the HISQ action.114 Solid lines on the low temperature side correspond to
results obtained from hadron resonance gas (HRG) model calculations. The dashed line at high
temperatures shows the result for a non-interacting quark-gluon gas.

This allows to reconstruct the energy density as well as the entropy density s/T
3 =

(✏ + P )/T
4.

The determination of thermodynamic quantities in QCD is a parameter free
calculation. All input parameters needed in the calculation, e.g. the quark masses
(mu = md, ms) and the relation between the lattice cut-o↵, a, and the bare gauge
coupling, � = 6/g

2, are determined through calculations at zero temperature. Like-
wise, there is only a single independent thermodynamic observable that is calculated
in a lattice QCD calculation, for instance the trace anomaly, ⇥µµ(T ). All other bulk
thermodynamic observables are obtained from ⇥µµ(T ) through standard thermo-
dynamic relations. In Fig. 10 (left) we show recent results for the trace anomaly
of (2+1)-flavor QCD113,114 obtained with two di↵erent discretization schemes by
two di↵erent groups. The results are extrapolated to the continuum limit and are
obtained with a strange quark mass tuned to its physical value and light quark
masses that di↵er slightly (ms/ml = 27113 and 20114). The right hand panel in this
figure shows results for the pressure, energy density and entropy density obtained
from the trace anomaly by using Eqs. 39 and 40.

Also shown in Fig. 10 are results obtained from a hadron resonance gas (HRG)
model calculation of bulk thermodynamics. As can be seen this describes the QCD
equation of state quite well also in the transition region, although it may be noted
that the HRG calculations yield results for all observables that are at the lower error
band of the current QCD results. It has been speculated that this may indicate
contributions from additional, experimentally not yet observed resonances which
could contribute to the thermodynamics.115 Indeed evidence for the contribution
of a large number of strange baryons has recently been found in lattice QCD calcu-
lations of conserved charge fluctuations116 (see also the discussion in Section 5 and
7).



QGP in History of the Universe
 
QGP should have existed until a few 
microseconds after the big bang. 
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QGP in Heavy-Ion Collisions
 
QGP can be created in heavy-ion collisions (HIC), 
typically of Au or Pb nuclei, for about 10-22 sec. 

12.12.2011
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QGP in Heavy-Ion Collisions
 
Such collisions create several thousands of 
particles (hadrons). 



Space-time Picture of HIC
 
 
 
 
 
 
 
 
 
 
 
Theoretical description of fireball evolution 
requires models / simulations. 



QCD Phase Transition Temperature
 
Phase transition temperature is found to be  
 
Tc = 156.5 MeV



QGP is Perfect Liquid
 
The QGP created in heavy-ion collisions is 
actually not a gas but a liquid - even a perfect 
liquid. 
 
It has the lowest specific viscosity of all known 
substances (with one exception), ~ 0.2.  
 
N.B.: viscosity of QGP is larger than that of stone, 
but also number of d.o.f. is huge. 



Specific Viscosity
 
shear viscosity: 
 
 
 
 
 
specific viscosity: 
divide by entropy density (~ number of d.o.f.) 
 

F = �A
dv

dy
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longest-running experiment
in physics (1927 - )

9 drops so far

U Queensland

Large Viscosity: Pitch
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quark-gluon plasma cold quantum gas

Specific Viscosity and Expansion
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Phase Diagram of QCD
 
Expected and partly confirmed phase diagram:

corresp. to net baryon density



Phase Diagram of QCD
 
Expected and partly confirmed phase diagram:

corresp. to net baryon density



Theoretical Difficulty of Finite Density
 
Finite chemical potential is not accessible for 
lattice QCD calculations due to sign problem: 
fermion determinant becomes complex, thus 
action is strongly oscillating and cannot be 
calculated by Monte Carlo methods. 


