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Phase diagram for us > 0, mgq > 0
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¥ physics on crossover line controlled
by universal scaling relations ?
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Critical behavior in hot and dense matter

QCD phase diagram & chiral limit
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Phase diagram for up = 0
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O(N) scaling and chiral transition

+ thermodynamics in the vicinity of a critical point:

p

i =y WZ(WV,T) = RO f (t/hP0) + f.(V, T)

#+ critical behavior controlled by two relevant fields: t , h

@ all couplings that do not explicitly break chiral symmetry
contribute in leading order only to 't’

1 T 2 2
M (__1 g (e, (He) g, Hakte
tO Tc T T T2

ho mg

3 unigue scales at vanishing chemical potential

3 additional, uniqgue scales at non- vanishing
chemical potential: curvature of the critical surface
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O(N) scaling and the chiral transition

< In the vicinity of (t,h)=(0,0) the chiral order parameter
and Iits susceptibility are given in terms of scaling functions

M =h"fc(z) , xm=0M/Oh=h"""1f (2)
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Scaling analysis In (2+1)-flavor QCD

RBC-Bielefeld-GSI arXiv:0909.5122; hotQCD in preparation

QCD with 2 light and a “physical” strange quark mass:

@ improved staggered fermions; most detailed: p4-action
extended to asqtad and hisq

# calculations have been performed on Ng X IN, lattices
Ny =32, 48, N, =4, 6, 8

# calculations with p4-action cover a wide quark mass range:
N:=4: 1/80< my/ms; < 2/5
= 75 MeV < m, < 320 MeV

== cVidence for O(N) scaling

expect O(2) rather than O(4) scaling with staggered

fermions at non-zero lattice spacing



Goldstone modes at finite T

scaling laws at work

+ In the symmetry broken phase Goldstone modes give the
dominant contribution to the scaling functions and lead to
a divergent susceptibility in the chiral limit

T < T, & z2<0 :

(Py) ~ fa(z) : f&(2) = (—2)°(1+ &p(—2)"7/)
= M ~ (—t)P + &,8|t|PO—3/Dp1/2
Xm ~ fx(2) :+ (—2)P1=9/2)

1_ _ _
= XM~ 5c2[a|t|ﬁ<1 8/2)p—1/2
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Chiral condensate

(2+1)-flavor QCD

+ Goldstone modes dominate quark mass dependence of
the chiral order parameter for T'< T

+ analog of chiral logs at T=0
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Disconnected chiral susceptibility

(2+1)-flavor QCD

@ chiral susceptibility: — O

m,l — Xl,disc + 2Xl,con

om,
2 30 2 12 N
100y dis/ - Xigisc/ T~ (My/my) Ng, mymg
o5 | 12,0.05 — »
80 | 8,0.05 —v—
20 | ‘
60 |
15 |
40 |
10 |
20 |
T[M ST ,
O 1 1 | 1 1
150 160 170 180 190 200 210 220 0 ... 1[MeV] |

140 150 160 170 180 190 200 210 220

asqtad-action: 48° x 8 hotQCD preliminary

F. Karsch, EMMI workshop GSI, 2010




Magnetic Equation of State

(2+1)-flavor QCD

chiral order parameter: O(2) vs. O(4)
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Magnetic Equation of State

(2+1)-flavor QCD

scaling violations:
m
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Scaling analysis In (2+1)-flavor QCD

0(2) vs O(4) fits
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Scaling analysis In (2+1)-flavor QCD

0(2) vs O(4) fits
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The curvature of the critical line

BNL-Bielefeld-GSI, arXiv:1011.3130

+ QCD, chiral limit (u,d quarks only)
Pou = pd >0, pg = ps =0
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The curvature of the critical line

BNL-Bielefeld-GSI, arXiv:1011.3130

+ "thermal" fluctuations of the order parameter
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The curvature of the critical line

BNL-Bielefeld-GSI, arXiv:1011.3130

+ "thermal” fluctuations of the order parameter
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Chiral Transition and Freeze-out

s m-cc 1 chiral phase transition curve:
0.8 | HRG e m=0 2
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T, T T
d
MB(\/ SNN) — J. Cleymans et al.,
1+ ey/sNN Phys.Rev. C73, 034905 (2006)
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Chiral Transition and Freeze-out

sketch of a phase diagram

chiral phase transition curve at
non-zero strangeness chem. pot.
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Charge fluctuations at

RHIC and LHC

freeze-out line and Moments of charge fluctuations

chiral phase transition 10.0
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@ freeze-out occurs well in hadronic phase

@ charge fluctuations at freeze-out agree with HRG model predictions
@ Taylor expansions should converge well on freeze-out curve
@ charge fluctuations at LHC may be sensitive to universal scaling laws
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Charge fluctuations at
RHIC and LHC

5 .
X4/x2 —

T/T, |
O 1 1 1 1 1 1 1 1
10 100 0.8 0.85 0.9 095 1 1.05 1.1 1.15
C.Schmidt, arXiv:1007.5164 C.Schmidt,, Jap.-Dt workshop, Mishima, Nov. 2010

_ _ LHC can probe fluctuations at ug ~ 0
higher order Taylor expansion P H

needed to control fluctuations large deviations from HRG result
at v/s<20 GeV should show up in 6™ order cumulants
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Conclusions

@ QCD with physical quark masses Is sensitive to universal
scaling properties in the chiral limit

@ the curvature of the chiral phase transition line can be
determined from O(N) scaling functions;

current results suggest that the curvature of the chiral
transition line is smaller than that of the freeze-out curve

@ the freeze-out curve will be even further away from the crossover
In QCD with physical quark masses

an estimate:
l«"q/T =1: Teross — Tfreeze ~ 0.151,
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