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QCD thermodynamics 1n effective models

Models based on same symmetries as QCD :
SU(N,), xSU(N,), chiral with < gq > order parameter
Z(N,) center with < [ > order parameter
due to universality one expects similar critical
properties

Approach based on the Schwinger-Dyson Equation to study
critical structure of QCD

Use AdsCFT/QCD correspondence to gain information on
QCD medium properties?



Effective QCD-like models
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Generic Phase diagram from effective chiral Lagrangians
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The existence and
position of CP and
transition is model and
parameter dependent !!

Introducing di-quarks
and their interactions
with quark condensate
results in CSC phase
and dependently on the
strength of interactions
to new




Probing CP with charge fluctuations

Net quark-number A 4,isovector £

and electric charge A¢
2 2
fluctuations X4 =<4A">—<4d>
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A non-monotonic behaviour of charge
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e heavy-ion collisions: deviation from equilibrium

— nature of first order phase transitions: spinodal instabilities
— enhancement of baryon and strangeness fluctuations
[Heiselberg et al. (88), Bower, Gavin (01), Chomaz et al. (04), V. Koch et al. (05)]

—model-indep. signature of Ist-order tr. \ 4 — 00 Sasaki, Friman et al. 07
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2 divergent branches approaching toward a CP
— |arge baryon number fluctuations in a wider range of phase diagram



Experimental Evidence for 15t order transition

Specific heat for constant pressure: Low energy nuclear collisions
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negative heat capacity : anomalously large fluctuations
= an evidence of the 1st order liquid-gas phase transition



LGT EOS at finite T and vanishing baryon density

A. Bazavov et al. hotQCD Coll. 09
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Abrupt but smooth change of energy
density indicates crossover transition :
Results still not free from finite size effects!
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Atlow T LGT essentially below the
hadron resonance gas results 8
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Highly Improved Staggered Quarks (HISQ)

Thermodynamics in LGT with

A Bazavovl &P Petreczky, HotQCD Coll. 0945
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Finite baryon density LGT in 2+1 f and CEP

tM
Z(u, ) = [ DU exp(=S,(B,U))det M (11 =0,U) x det M (1,U)
det M (u=0,U)
Fodor & Katz 04: multi-parameter rew1ghtmﬂg? F. Karqch at al. 07
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Use the Lee-Yung theorem to identify CP Study radius of convergence and fluctuations
See also: S. Ejir1 08 to 1dentify CP; No strong evidence of CP till now



Novel Phase of QCD in the limit N, — o0
“ Quarkyonic Phase “ L. McLerran & R. Pisarski 07

~N, (M /T
N — < NB > e Ma=ty) Quarks O(V,) Gluons O¢V)

T <®>£(0 deconfined O(N,) < NB >+ ()

confined <®>=0  guarkyonic
<P>=0 [|<Ns>x0 O(N )
<N, >=0 mesons mesons

mesons baryons baryons ~~
pert. quarks

M 4 ~~ Nocep >> AQ(-D Ly

— 3 distinct phases in large N.: deconf. ((P) = 1. (Np) #0),
mesonic ((®) = 0,(Np) = 0 ) quarkyonic ({P) = 0, (Np) # 0)

— “quark-yonic” : elementary fermionic excitations at very large /¢ (quarks)
and at moderate j1 (baryons)

L. McLerran, C. Sasaki and K.R. 09

_ kyonic ph ists forV, =3
Quarkyonic phase can persists for/V, {M Harada, C. Sasaki, S. Takemoto 09




Quarkionic Phase (QP) in models with NV, =3

Polyakov Loop extended NJL model (PNJL) A SU (\ij ¥ SU (\ ij — SU (\ f)V X (Z\, )

L. McLerran, C. Sasaki & K.R. 09
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The Quarkionic Phase can persists for = F =a<o>+b<o’ > +.
N, =3, thus could be also there in QCD? Order parameter of chiral

symmetry restoration



Matching Gluon Potential with SM (K. Fukushima)

Exotic scenario may be disfavored...?
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i Fukushima to appear soon
April 6 2010 at DM2010 PP




Probing the QCD Phase Boundary in HIC

Andronic,Braun-Munzinger,Blaschke,Cleymans,McLerran,Oeschler,Pisarski,Sasaki,Satz,Stachel &K.R.
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A. Andronic, P. Braun-Munzinger, J. Stachel 09 ) . .
« [y Particle ratios in HIC from
: SIS to RHIC

thermal model
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Including quantum fluctuations: FRG approach

I'l¢] ' |@] Sel k-dependent
R k=0 * UV bk — A full propagator
large Iangﬂ'u scales amall length scales

start at classical action and include
quantum fluctuations successively by loweringk  k9.I';. 0] = %

FRG flow equation (C. Wetterich 93)

1 6tR,I;-
EOLD, = 0, = It
27 T'(® + Ry |
2 Regulator function suppresses
(2 _ 0T« . o
[, = 523 particle propagation with O: Ry,
PoP momentum Lower than k R;

O(T,V) =lim(Q, = (T /V)T,)




FRG for quark-meson model

*[LO derivative expansion (J. Berges, D. Jungnicket, C. Wetterich) (N small)

*Optimized regulators (D. Litim, J.P. Blaizot et al., B. Stokic, V. Skokov et al.)
*Thermodynamic potential: B.J. Schaefer, J. Wambach, B. Friman et al.

1+2n  1+42n l-n —n__
0.Q, (T ZE 9 _4N N I
( ll'lpk) [ Eﬂ_ EG f C Eq ]

Non-linearity through self-consistent determination of disp. rel.

E, = \/k2+M2 with M2=Qi M>=Qu+2p,, Q. M2=2g%p,,
and Qk—an/a,O| with Qk—Q +h\2p

P=P0 .k
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Thermodynamics of PQM model in the presence
of mesonic fluctuations within FRG approach
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FRG at work -0O(4) scaling

Near 1. critical properties obtained from the
singular part of the free energy density _r
F_I'-1,

F.(t,h)=b""F(b"1,b"" h) !

h: extcemal field

Phase transition encoded in the “equation of state”

oF <o>=h""F(z), z=th™""”
S: ' ) 5
o <o >=t) F/(h1[7)

Resulting in the well known scaling behavior of <o >

<O >=-—

{ B(-t)",h=0, t <0 coexistence line
<O >=
Bh'"’ | t=0, h>0 pseudo-critical point



FRG-Scaling of an order parameter in QM model
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The order parameter shows scaling. From the one slope one gets

[ )
MF 0.5 3
FRG  0.401(1)  4.818(29)
LGT 0.3836(46) 4.851(22)

However we have neglected field-dependent

wave function renormal. Consequently 77 =0
and 0 =5 . The 3% difference can be

attributed to truncation of the Taylor expansion
at 3th order when solving FRG flow equation:

see D. Litim analysis for O(4) field Lagrangian




Fluctuations & susceptibilities

[ T neoao, = Two type of susceptibility
20 " h=12x10° 4 related with order parameter

h=1.5x10

| 1. longitudinal
X, =X, =00/0h

1 2. transverse

X, =x.=0/h

Scaling properties
att=0and 27—0

Za[gzzﬂ :B h1/5—1
¢ ~ hl/(7/+§)

max

Z(T (tmax) ~ tmax_7

1/ (y+B)~0.49




Focusing of Isentrops and their signature

Asakawa, Bass, Miiller, Nonaka

Idea: p/ p ratio sensitive to g
large ¢, baryons emitted early, small g, later

Isentropic trajectories dependent on EoS
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FRG at work —global observables

Lines of constant s/n

FRG - E. Nakano et al.
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Kurtosis as excellent probe of deconfinement

Kurtosis

F. Karsch, Ch. Schmidt et al., S. Ejir1 et al.

R B = 10_4
4,2
9c,
2 . .
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! rf
05
=
T LI 2 -—.—E.—.—SB
0 : ' - : : : : ¥
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Observed quark mass dependence
of kurtosis, remnant of chiral O(4)

dynamics?

HRG factorization of pressure:

P°(T,p,)=F(T)cosh(3u, /T)

consequently: ¢, /¢, =9 in HRG
Kurtosis=Ratio of cumulants

<(ON )" >
cl/cl = (ON,)

= —3< (6N ) >
’ <(6N,)’ > (ON,)

excellent probe of deconfinement




Kurtosis of net quark number density in PQM model
V. Skokov, B. Friman &K.R.

MF results FRG results

100 150 200_ 250 300 350 400

T (MeV)
Strong dependence on Smooth change with a
pion mass, remnant of rather weak dependen-

O(4) dynamics ce on the pion mass




Summary

Effective chiral models provide a powerful tool to study the
critical consequences of the chiral symmetry restoration and
deconfinement in QCD, however

® To quantify the QCD phase diagram and thermodynamics
require the first principle LGT calculations

Systematic studies of heavy ion collisions in

broad range of collision energies

SIS FAIR SPS LHC with possibly small energy steps
are essential to quantify the QCD phase structure and
medium prcierties

27
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