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PHASEDIAGRAM: FREEZEOUT IN HEAVY-ION COLLISIONS
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PHASEDIAGRAM: FREEZEOUT IN HEAVY-ION COLLISIONS
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Statistical model describes composition of hadron yields in
Heavy-lon Collisions with few freeze-out parameters.

mZ[T,V,{y}] = £V Z 257’; /0 ) dp p* In[1 £ \; exp(—Pe;i(p))]

Ni(T{p}) = exp[B(upBi+ psSi + Qi)

Braun-Munzinger, Redlich, Stachel, in QGP 11l (2003)




PHASEDIAGRAM: FREEZE-OUT IN HEAVY-1ON CoOLLISIONS (1)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (I11)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (I11)

Quark-Gluon Plasma

= SHiy Upiverse The Phases of QCD =
= E Future LHC Ex riments e Ee —
;EL ‘ - e 0.15 [—
= = =
) o T =

0.05 |—

I'IIIIIIII|IIII|IIII

_“_
e

e
=

" Future FAIR Experiments

. =
Critical Foint b e——— _— ® o]
B4
Hadron Gas Color ® o =
Superconductor ®
Nuclear
Matter _ Neutron Stars__ ® .
» ] i 1 il g qaql [l L1
200 MeV ) 1 T 100
Baryon Chemical Potential i @ USHN (GeWV)
B O o | L e B L B L
- - — ol— —
e 160 o | -1
. ©.25 [ T E 8
| 1ao [ ]
— - | Total _
| 120 7
.15 o
Sis thermal model oo 6 |— —
m STAR o PHEMNIX = " .
- rNAAS T NSt = “E .
o.05 | - ESo=.ESS6 i > o Mesons —
B -~ Esss.Es895 —| so P e e R
M o | =+t — -+ + + 2800 — °. -
= o.= I = = 4 - /” ]
= " l#l a Esaos 2w 2 ESos e | ‘L ]
e - MNAGAS = 7|
= = e = = 3+ —
1 [ 1 MNAST. NAGD -| BOO V2N I Baryons
.15 | =1 R L I T T T T T 7
= A sSTAR i /2 [
o.125 | - I thermal model 2+ —]
" - oo
o.1 | = = -
ok | =eo 1 = —
c.os | | =o0 B ]
- O.......I....I....I....I....I....I....I....I....
0.025 | fLizisy 10 20 30 40 50 60 70 80 90 100
o o Vs (GeV)

s (GeW)

Baryon — Meson Dominance




PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (1V)
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PHASEDIAGRAM: FREEZE-OUT IN HEAVY-ION COLLISIONS (V)
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QUARKYONIC PHASE = CHIRAL SYMMETRY + CONFINEMENT




WHAT HAPPENS ON“HAPPY ISLAND"?

Andronic et al., arxiv:0911.4806
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“beach”: hadron resonances — QGP
“cliff” :
¢ (unmodified) vacuum bound state energies

e fast chemical equilibration

Explanation:

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

Reason:

e lowering of thresholds

e increase of hadron size (Pauli principle)
— geometrical overlap (percolation)




IDEA: FREEZE-OUT BY HADRON LOCALIZATION
(INVERSE MOTT-ANDERSON MECHANISM)

Kinetic freeze-out: 7o, (T, 1) = Teon(T', 1)

Reactive collisions: 7,(T, i) = >,  04jn;

Povh-Hiifner law: o;; = A(r?)(r?) , A ~ 1 GeV/fm =5 fm ™

Also for quark-exchange in hadron-hadron scatt. [Martins et al., PRC 51, 2723 (1995)]
Pion swelling at \SR: r2(T, ) = 2/, *(T, 1) , [Hippe & Klevansky, PRC 52, 2173 (1995)]

Use GMOR relation f(T, u) = —mg{qq)r,,/M? to connect hadron radii and chiral restoration!

3M2
4m2m,

r2(T, p) = @), A (Tyop) =15 +r2(T,pu) ;. 7 =0.59 fm, ry = 0.74 fm, ry = 0.45 fm

Expansion time scale: 7., (T, 1) = a s~ 3(T, ) ,

follows from S = s(T', 1) V (Texp) = const and 7o (T, 1) = a s~ /3(T, p).
D.B., J. Berdermann, J. Cleymans, K. Redlich, arxiv:1102.2908 (2011)



GENERALIZED BETH-UHLENBECK EOS: NJL MODEL RESULTS
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GEN. BETH-UHLENBECK EOS: NONLOCAL PNJLRESULTS

Nonlocal PNJL model beyond meanfield:

2.5
Blaschke et al., Yad. Fiz. 71 (2008) 20 |
Radzhabov et al., PRD 83 (2011) 116004
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PNJLBEYOND MF: PION (¢G) AND NUCLEON (qqq) MEDIUM

Idea: melting (gq) — swelling hadrons — flavor kinetics = quark percolation — freeze-out

0
<q_CI> (Ta /'L) a—ﬂl()Q(T /'L) Q(Ta :u) — QPNJL,MF (Ta ,LL) + Qmeson(fra ,u) + Qbaryon(tz—va ,LL)

3
Qeson (T pt) = Z dM/dw/ i w+T1n[1—e ]}AM(w,/{),

dw d3k: w
Qbaryon(T', 1) = — Z dB/ / gt [1+€ e ”B)} + (up _MB)}AB(Wak)a
B=N,..

Ay(w, k) = mo(w — EM ))+cont1nuum , Ap(w, k)...analoguous

Remove vacuum terms; neglect continuum (for the freeze-out);
use GMOR: M? f2 = —my(gq) and oy = mg(dmy/Omg) = 45 MeV,
Enforce M, (T, u) = const by setting f2(T', ) = —mo(qq) (T, 1) /M?, (“BRST”, arxiv:1005.4610)
M2T2 ON
T T - s,N (1
—(qa)(T, ) = —{a@)pNounr (T, 1) + S + mon N(T, )
with the scalar nucleon density n, v (T, 1) = 5 [, dpp? 2ty WUN (T p) + (T, =)}

D.B., J. Berdermann, J. Cleymans, K. Redlich, arX|v.1102.2908 (2011)




PNJL MODEL BEYOND MF - RESULTS
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PNJL MODEL BEYOND MF - RESULTS

—(qq) = —{qq)pNoLNF —(q9) = —(qg)pNiLMF
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PNJL MODEL BEYOND MF vS. PHENOMENOLOGICAL FIT
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PNJL MODEL BEYOND MF CONDENSATE VS FREEZEOUT COND.
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LATTICE QCD EOS AND MOTT-HAGEDORN GAS
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T

Hagedorn mass spectrum: p(m)

Spectral function for heavy resonances:

oy _ ml'(T)
Als,m; T) = NS(S —m?)2 +m2(T)

Ansatz with Mott effectat T’ = Ty = 192 MeV:

[(T) = BO(T — Ty) (;;)25 (%)6@@ (ZI)

No width below T : Hagedorn resonance gas
Apparent phase transition at 7. ~ 160 MeV

Blaschke & Bugaev, Fizika B13, 491 (2004)
Prog. Part. Nucl. Phys. 53, 197 (2004)
Blaschke & Yudichev (2006)



HYBRID APPOACH: PNJL & MOTT-HAGEDORN RESONANCE GAS

enbria (1, {117}) = e (T {mi}) + ) gr/ds A<S,mr;T>/ o VP ts
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Spectral function for heavy resonances:

ml'(T)

A T = N,
(s:m; T) (s —m?)> +m?*(T)

Ansatz with Mott effectat 7' = Ty = 198 MeV:

n=mor-m (5 (5;) o0 3)

Apparent phase transition at 7. ~ 165 MeV

Blaschke & Bugaeyv, Fizika B13, 491 (2004)
Prog. Part. Nucl. Phys. 53, 197 (2004)

Zlool éool |400' 560' 600 Blaschke, Prorok & Turko, in preparation



HYBRID APPOACH: PNJL & MOTT-HAGEDORN RESONANCE GAS
a3 2
enybria (T, {p;}) = epnan(T, {m}) + > gr/dSA (s, )/( b VP S

21 )3 AT
r=M,B ) exp (w>+5r
T | T | T T T T
Lattice data: Borsanyi et al. N y i
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ROADMAP FOR PHASE DIAGRAM AND EOS RESEARCH

Hadronic matter

Quark—gluon matter

[Lattice QCD @ T, muj

Linear sigma—-model
Nuclear sigma—omega model % ~&— PNJL model (nonlocal)
Hadron resonance gas model /

QCD Phase Diagram

Quark—Hadron EoS WF renormalization

A
calibrate nonlocality and
mu-dependence of the

Dynamical quark Polyakov-loop potential
mass function and v

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

(QCD - DSE model @ T, mu |
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| HIC applications |

|

Astro applications

|

Particle ratios  (freeze—out parameters)  Hydro evolution of HIC

Particle spectra (P_T,y) RHIC HBT puzzle
Heavy quarkonia suppression Fluctuation measures

Compact star structure
Mergers with compact stars
Supernova collapse




