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The Phases of QCD

Temperature

Quark-Gluon Plasma

NICA - MPD (collider)

%}Fumm FAIR Experiments

Critical Point ?

e
LELREES va}'::'t? Supercunducwr

Superno
v Nuciear
- Vacuum Matter _ Neutron Slars
Pl = »

Baryon Chemical Potential

Beam energy scan (BES) programs
in the

QCD phase diagram

QCD Phase Diagram & Heavy-lon Collisions

Hadronic Freeze-Out

&
=3
=3

— 8=0 & Q/B=04

553

(=3

=3
T

|l J. Randrup & J. Cleymans
[Phys. Rev. C74 (2006) 047901]

Excitation Energy Density ¢ (MeV/fm3)
= 3
=3 =3
1

4

L 1 | |
0 0.025 005  0.075 0.1 0.125
Net Baryon Density (fmr3)

Energy density vs. baryon density at
freeze-out for different /sy (GeV)

Highest baryon densities at freeze-out shall be reached for
V/SNN ~ 8 GeV — QGP phase transition ?

David Blaschke Chiral Condensate and Chemical Freezeout



Chemical Freeze-out in the QCD Phase Diagram
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Chemical freeze-out condition
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Hadronic radii and chiral condensate
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Chiral Condensate in a Hadron Resonance Gas
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Chemical Freeze-out and Chiral Condensate
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300,

Teou [fV/C]

250,

0300400 600 800 1000 1200 1400
1, [MeV]
Chemical freeze-out vs. Condensate Chemical freeze-out from kinetic

condition, schematic model

D.B., J. Berdermann, J. Cleymans, K. Redlich, Few Body Systems (2011)

David Blaschke Chiral Condensate and Chemical Freezeout



Chemical Freeze-out and Chiral Condensate

e Quarks (PNJL, T =187 MeV) Schemalic model (d_=8,d,=20)
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Strong T-Dependence of (inelastic) Collision Time
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Conclusions

o The model works super!

o Improvements are plenty:

e Hadron mass formulae from holografic QCD
e Spectral functions - generalized Beth-Uhlenbeck
e Thermodynamics ... hydrodynamics .

o Thanks for your attention
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Theoretical laboratory of QCD
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The energy density normalized b
T4 = v Yy The pressure normalized by 7%

as a function of the temperature
on N; =6,8 and 10 lattices.

as a function of the temperature
on Ny =6,8 and 10 lattices.

S. Borsanyi et al. “The QCD equation of state with dynamical quarks,”
JHEP 1011, 077 (2010)
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Hagedorn resonance gas: hadrons with finite widths

The energy density per degree of freedom with the mass M
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Hagedorn resonance gas: hadrons with finite widths
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resonance gas

State-dependent hadron resonance width
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D. B. Blaschke, J. Berdermann, J. Cleymans, K. Redlich:
[arXiv:1102.2908]
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For nucleons (baryons)
(T, 1) = 72 + r2(T, p); ro = 0.45fm pion cloud.
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Mott-Hagedorn resonance gas

— , Mott-Hagedorn resonance
gas: Pressure and energy density
for three values of the mass
threshold
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Quarks and gluons are missing!
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Quarks and gluons in the PNJL model

Systematic expansion of the pressure as the thermodynamical
potential in the grand canonical ensemble for a chiral quark model
of the PNJL type beyond its mean field description Ppnjr, mr(T)
by including perturbative corrections

P(T) = Pagpg(T) + PenoLvr(T) + P2(T)

* B Pura(T)
Pira(T) = 14 (PHRZR(T)/(GT4))Q ’

with ¢ = 2.7 and o = 1.8.

Quark and gluon contributions

Po(T) = P{™™™(T) + P§"(T)
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Quark and gluon contributions

Total perturbative QCD

correction
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Quarks, gluons and hadron resonances
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Quarks, gluons and hadron resonances ||

@ Contribution restricted to
T T
— Latice data: Borsanyietal. | the region around the
fit formula for P/T*=Y(T)

e . chiral/deconfinement
transition 170-250 MeV

o Fit formula for the pressure
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Conclusions

@ An effective model description of QCD thermodynamics at
finite temperatures which properly accounts for the fact that
in the QCD transition region it is dominated by a tower of
hadronic resonances.

@ A generalization of the Hagedorn resonance gas
thermodynamics which includes the finite lifetime of hadronic
resonances in a hot and dense medium

To do
@ Join hadron resonance gas with quark-gluon model.
@ Calculate kurtosis and compare with lattice QCD.

@ Spectral function for low-lying hadrons from microphysics
(PNJL model ...).
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