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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS
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QGP Signal: Anomalous J/ψ suppression
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lnZ[T, V, {µ}] = ±V
∑

i

gi
2π2

∫ ∞

0

dp p2 ln[1± λi exp(−βεi(p))]

λi(T, {µ}) = exp[β(µBBi + µSSi + µQQi)]

Braun-Munzinger, Redlich, Stachel, in QGP III (2003)



PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (II)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (III)

Strange MatterHorn (Pisarski)



PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (III)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (IV)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (V)
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Andronic et al., arxiv:0911.4806; NPA (2010)



QUARKYONIC PHASE = CHIRAL SYMMETRY + CONFINEMENT



WHAT HAPPENS ON“H APPY ISLAND”?

"Happy Island"

quarkyonic
"beach"

"cliff"

“beach” : hadron resonances −→ QGP

“cliff” :

• (unmodified) vacuum bound state energies

• fast chemical equilibration

Explanation:

Strong medium dependence of rates
for flavor (quark) exchange processes

Reason:

• lowering of thresholds

• increase of hadron size (Pauli principle)
→ geometrical overlap (percolation)



IDEA: FREEZE-OUT BY HADRON LOCALIZATION

(INVERSE MOTT-ANDERSON MECHANISM)

Kinetic freeze-out: τexp(T, µ) = τcoll(T, µ)

Reactive collisions: τ−1
coll(T, µ) =

∑

i,j σijnj

Povh-Hüfner law: σij = λ〈r2i 〉〈r2j〉 , λ ∼ 1 GeV/fm = 5 fm−2

Also for quark-exchange in hadron-hadron scatt. [Martins et al., PRC 51, 2723 (1995)]

Pion swelling at χSR: r2π(T, µ) =
3

4π2
f−2
π (T, µ) , [Hippe & Klevansky, PRC 52, 2173 (1995)]

Use GMOR relation f 2
π(T, µ) = −m0〈q̄q〉T,µ/M 2

π to connect hadron radii and chiral restoration!

r2π(T, µ) =
3M 2

π

4π2mq
|〈q̄q〉T,µ|−1 , r2N(T, µ) = r20 + r2π(T, µ) ; rπ = 0.59 fm, rN = 0.74 fm, r0 = 0.45 fm

Expansion time scale: τexp(T, µ) = a s−1/3(T, µ) ,

follows from S = s(T, µ) V (τexp) = const and τexp(T, µ) = a s−1/3(T, µ).

D.B., J. Berdermann, J. Cleymans, K. Redlich, arxiv:1102.2908 (2011)



GENERALIZED BETH-UHLENBECK EOS: NJL MODEL RESULTS

Generalized Beth-Uhlenbeck approach:

Schmidt, Röpke, Schulz, Ann. Phys. 202
(1990) 57
Hüfner, Klevansky et al., Ann. Phys. 234
(1994) 225



GEN. BETH-UHLENBECK EOS: NONLOCAL PNJL RESULTS

Nonlocal PNJL model beyond meanfield:

Blaschke et al., Yad. Fiz. 71 (2008)
Radzhabov et al., PRD 83 (2011) 116004
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PNJL BEYOND MF: PION (qq̄) AND NUCLEON (qqq) MEDIUM

Idea: melting 〈q̄q〉 → swelling hadrons → flavor kinetics = quark percolation → freeze-out

〈q̄q〉(T, µ) = ∂

∂m0
Ω(T, µ) , Ω(T, µ) = ΩPNJL,MF(T, µ) + Ωmeson(T, µ) + Ωbaryon(T, µ)

Ωmeson(T, µ) =
∑

M=π,...

dM

∫

dω

π

∫

d3k

(2π)3

{ω

2
+ T ln

[

1− e−βω
]

}

AM (ω, k) ,

Ωbaryon(T, µ) = −
∑

B=N,...

dB

∫

dω

π

∫

d3k

(2π)3

{ω

2
+ T ln

[

1 + e−β(ω−µB)
]

+ (µB ↔ −µB)
}

AB(ω, k) ,

AM(ω, k) = πδ(ω − EM(k)) + continuum , AB(ω, k) . . . analoguous

Remove vacuum terms; neglect continuum (for the freeze-out);
use GMOR: M 2

π f 2
π = −m0〈q̄q〉 and σN = m0(∂mN/∂m0) = 45 MeV,

Enforce Mπ(T, µ) = const by setting f 2
π(T , µ) = −m0〈q̄q〉(T , µ)/M 2

π , (“BRST”, arxiv:1005.4610)

−〈q̄q〉(T , µ) = −〈q̄q〉PNJL,MF(T , µ) +
M 2

πT
2

8m0
+

σN
m0

ns,N(T , µ)

with the scalar nucleon density ns,N(T, µ) =
2
π2

∫∞
0 dp p2 mN

EN (p) {fN(T, µ) + fN(T,−µ)}
D.B., J. Berdermann, J. Cleymans, K. Redlich, arxiv:1102.2908 (2011)



PNJL MODEL BEYOND MF - RESULTS

−〈q̄q〉 = −〈q̄q〉PNJL,MF −〈q̄q〉 = −〈q̄q〉PNJL,MF+
M 2

πT
2

8m0
+
σN
m0

ns,N(T, µ)+. . .

D.B., J. Berdermann, J. Cleymans, K. Redlich, arxiv:1102.2908 (2011)



PNJL MODEL BEYOND MF - RESULTS

−〈q̄q〉 = −〈q̄q〉PNJL,MF

+κM
M 2

πT
2

8m0
+ κB

σN
m0

ns,N(T, µ)

−〈q̄q〉 = −〈q̄q〉PNJL,MF

+
M 2

πT
2

8m0
+

σN
m0

ns,N(T, µ) + . . .

D.B., J. Berdermann, J. Cleymans, K. Redlich, arxiv:1102.2908 (2011)



PNJL MODEL BEYOND MF VS. PHENOMENOLOGICAL FIT

nb = n(T, µ) + n̄(T, µ) =
∑

i=N,∆,xB

di

∫

dp p2

2π2

[

1

exp(β[Ei(p)− µ]) + 1
+ (µ ↔ −µ)

]
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PNJL MODEL BEYOND MF CONDENSATE VS. FREEZE-OUT COND.

〈q̄q〉 = 〈q̄q〉MF

[

1− T 2

8f 2
π(T, µ)

− σNns,N(T, µ)

M 2
πf

2
π(T, µ)

]

, ns,π = dπMπT
2/12
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LATTICE QCD EOS AND MOTT-HAGEDORN GAS

εR(T, {µj}) =
∑

i=π,K,...

εi(T, {µi})+
∑

r=M,B

gr

∫

mr

dm

∫

ds ρ(m)A(s,m;T )

∫

d3p

(2π)3

√

p2 + s

exp

(√
p2+s−µr

T

)

+ δr
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Spectral function for heavy resonances:

A(s,m;T ) = Ns
mΓ(T )

(s−m2)2 +m2Γ2(T )

Ansatz with Mott effect at T = TH = 192 MeV:

Γ(T ) = BΘ(T − TH)

(

m

TH

)2.5(
T

TH

)6

exp

(

m

TH

)

No width below TH : Hagedorn resonance gas
Apparent phase transition at Tc ∼ 160 MeV

Blaschke & Bugaev, Fizika B13, 491 (2004)

Prog. Part. Nucl. Phys. 53, 197 (2004)

Blaschke & Yudichev (2006)



HYBRID APPOACH: PNJL & MOTT-HAGEDORN RESONANCEGAS

εhybrid(T, {µj}) = εPNJL(T, {µi}) +
∑

r=M,B

gr

∫

ds A(s,mr;T )

∫

d3p

(2π)3

√

p2 + s

exp

(√
p2+s−µr

T

)

+ δr
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Hadron resonance gas
with broadened resonances
(Blaschke, Prorok, Turko)

Spectral function for heavy resonances:

A(s,m;T ) = Ns
mΓ(T )

(s−m2)2 +m2Γ2(T )

Ansatz with Mott effect at T = TH = 198 MeV:

Γ(T ) = BΘ(T − TH)

(

m

TH

)2.5(
T

TH

)6

exp

(

m

TH

)

Apparent phase transition at Tc ∼ 165 MeV

Blaschke & Bugaev, Fizika B13, 491 (2004)

Prog. Part. Nucl. Phys. 53, 197 (2004)

Blaschke, Prorok & Turko, in preparation



HYBRID APPOACH: PNJL & MOTT-HAGEDORN RESONANCEGAS

εhybrid(T, {µj}) = εPNJL(T, {µi}) +
∑

r=M,B

gr

∫

ds Ar(s,mr;T )

∫

d3p

(2π)3

√

p2 + s

exp

(√
p2+s−µr

T

)

+ δr
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Lattice data: Borsanyi et al. 
Spectral function for heavy resonances:

Ar(s,m;T ) = Ns
mΓr(T )

(s−m2)2 +m2Γ2
r(T )

Ansatz motivated by chemical freeze-out model:

Γr(T ) = τ−1
r (T ) =

∑

h

λ < r2r >T< r2h >T nh(T )

Apparent phase transition at Tc ∼ 165 MeV

Blaschke & Bugaev, Fizika B13, 491 (2004)

Prog. Part. Nucl. Phys. 53, 197 (2004)

Blaschke, Prorok & Turko, in preparation



ROADMAP FOR PHASE DIAGRAM AND EOS RESEARCH

Hadronic matter Quark−gluon matter

Particle ratios (freeze−out parameters)

Mott−Hagedorn Resonance Gas
(T,mu−dependent resonance width)

Nuclear sigma−omega model

Linear sigma−model

Hadron resonance gas model

PNJL model (nonlocal)

Astro applicationsHIC applications

Lattice QCD @ T, mu

QCD − DSE model @ T, mu

QCD Phase Diagram

Quark−Hadron EoS

Moments of lnZ
(susceptibilities,
kurtosis, ...)

Dynamical quark
mass function and
WF renormalization

calibrate nonlocality and

mu−dependence of the 

Polyakov−loop potential

Hydro evolution of HIC
Particle spectra (P_T,y)

Heavy quarkonia suppression Fluctuation measures
RHIC HBT puzzle

Supernova collapse

Compact star structure
Mergers with compact stars

FRG
?


