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— the QCD phase diagram
— EoS at non-zero baryon chemical potential
— cumulant ratios of conserved charge fluctuations

— the QCD critical point
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Chiral critical point and QCD critical endpoint
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Exploring the QCD phase diagram
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LGT attempts to find the critical point
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(I) the lattices were coarse,
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were crude
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P. deForcrand, O. Philipsen, 2002
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since 10 years no progress along this line
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Exploring the QCD phase diagram
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Exploring the QCD phase diagram
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Exploring the QCD phase diagram
I
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Taylor expansion of the pressure
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Strong interaction matter in the crossover region (close to the freeze-out line) is
not a Hadron Resonance Gas - although HRG sometimes is a good approximation
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Equation of state of (2+1)-flavor QCD: up/T > 0
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Equation of state of (2+1)-flavor QCD

pressure, entropy & energy density
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A. Bazavov et al. (hotQCD) , — improves over earlier hotQCD calculations:
Phys. Rev. D90 (2014) 094503 A. Bazavov et al., Phys. Rev. D80, 014504 (2009)

— consistent with results from Budapest-Wuppertal
(stout): S. Borsanyi et al., PL B730, 99 (2014)

— up to the crossover region the QCD EoS agrees quite well with hadron resonance gas
(HRG) model calculations; However, QCD results are systematically above HRG
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Equation of state of (2+1)-flavor QCD: pup/T > 0
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Equation of state of (2+1)-flavor QCD: up/T > 0
I
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Conserved charge fluctuations and freeze-out
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Taylor coefficients control also leading terms
In several ratios of conserved charge fluctuations
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Conserved charge fluctuations and freeze-out
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Conserved charge fluctuations and freeze-out
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QCD vs. HRG and simple scaling arguments

a simple question: How do cumulant ratios change when we increase the baryon
chemical potential, in particular

M M
—ZB > Spop or —2B < Spop ?
OB OB
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QCD vs. HRG and simple scaling arguments
I

a simple question: How do cumulant ratios change when we increase the baryon
chemical potential, in particular
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QCD

. ... Mp
a simple QCD prediction: —~ > Sgop forsmall us/T
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QCD
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Skewness in Next-to-Leading Order
I

NLO Taylor expansion
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Consequences for the kurtosis on the freeze-out line
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Consequences for the kurtosis on the freeze-out line
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Consequences for the kurtosis on the freeze-out line
I
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Generic structure of 6" order cumulants
e,

6-th order net "up-ness" fluctuations — unlike baryon number fluctuations
statistically under control;
— qualitatively similar

6l o Tofor N6 &

4 e A NT=8 & m i
6" order cumulants 2| }# | —
change rapidly in the © e
crossover region 2y #

nl BNL-Bielefeld

6 - preliminary

8 | ]

T [MeV]

-10

120 140 160 180 200 220 240

6™ order fluctuations change sign in the transition region at g = 0
— it is conceivable that they stay small on the freeze-out line
at small values of the chemical potential
— they are expected to be large and positive close to the critical point
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Consequences for the kurtosis on the freeze-out line
I

intercept at M /0% = 0 determines freeze-out temperature
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Cumulant ratios of conserved net-charge fluctuations
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Freeze-out parameter from conserved charge fluctuations
T

cumulant ratios of electric charge fluctuations
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S. Mukherjee, M. Wagner, PoS CPOD2013 (2013) 039
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Mean net-charge over variance ratios
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*NLO_ LQCD correction assumes net-proton fluctuations as a proxy for net-baryon
negligible contribution from fluctuations:
curvature of the freeze-out line systematic effects in some observables;

may shift freeze-out temperature ~5 MeV
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Taylor expansion of the pressure and critical point

-

ﬁ =y e (f2)

~

estimator for the radius of convergence:

J

for simplicity : g = ps = 0

If not:

— radius of convergence
does not determine
the critical point

— Taylor expansion can not be
used close to the critical point

-

1B

<_

T

) X
crit,n

=T

X
n

n(n — 1)x5

B
X'n,—|—2

)\

~

J

— radius of convergence corresponds

to a critical point only, iff

Xn > 0 for all n > ng

at Tcp :

forces P/T* and X, (T, uB)
to be monotonically growing with g /T

|

B
K,BO'% _ X4 (T7 IJJB)

xz (T, 1uB)
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Estimates of the radius of convergence
I

a challenging prediction from 7, .\ X n(n — 1)xB

susceptibility series for T =rX = =

standard staggered fermions: crit,n \ Xn+2

suggests large deviations from

HRG in the hadronic phase HRG — X&/xZ =1

3.0 . *
Te /Tc=0.94+0|01
huge deviations HRG —— ne/Te=1.68+.05
from HRG in 2.5¢

6™ order cumulants!
S. Datta et al., 20L _
PoS Lattice2013 (2014) 202 = }

r e
- &
suggests a critical 15|
point for pe/T < 2 / B /B =l4.5
B, B Xe /Xq = 4
10l  Xg/Xz =4

at present, we

cannot rule it out! :

BNL-Bielefeld-CCNU C. 214 2/6 2/8 46 4/8  6/8

Methods
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Kurtosis*variance on the freeze-out line

2 2
2 _Xa o TP \T) xi 1 ((xi) _Xs | (KB
KBOp = B le 512 2B 2 B XZB T

Xe changes sign in

4 | 1god STAR: 0.4<p<2.0 = f | X5 Crossover region,
A can get large at lower T
LGT: O(up), xg=0 M |
O(u2)(fit &) — (Iarger [13z; /T)

21 sketch consistent treatment requires
1 A knowledge of T-dependence
W 1 Of
0r l B B
. . . . Rl % : X—% on the freeze-out line
0 0.5 1 1.5 2 2.5 3 X2 X2
B 2 and control over NNLO correction
ansatz: X—% — ag + bg ('LL—B)
X T
4
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Conclusions
I

2 in the range 20GeV < /s < 200GeV

the pattern seen in the beam energy dependence of

up to 4™ order cumulants of electric charge and proton (baryon)
number fluctuations can be understood in terms of

QCD equilibrium thermodynamics

» experimental data at /s = 11.5GeV may still be consistent
with this pattern

* QCD equilibrium thermodynamics sets a baseline for the
discussion of systematic effects which, of course, need to be
taken into account for a more quantitative comparison

— In particular when one wants to understand the
systematic difference between STAR and PHENIX data
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preliminary PHENIX results
N

08 T T T T T 08 T T T T T

0.7 |+ SQGQ linear fit a 0.7 + SQGQ .

0.6 | HRG: T=155(5) MeV I - 0.6 f HRG:T=155(5) MeV Il -
LGT: T=155(5) MeV LGT: T=163(3) MeV

0.5 STAR: PRL 113 (2014) 092301 +m ¥ 0.5 r PHENIX

STAR net-Q -

04 04

0.3 0.3

02 r 02 r

01 r 01 |

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
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STAR net-proton data (preliminary)
e

0-5% Au+Au Central Collisions at RHIC

" p Range(GeVic) T |  RapidityRange ]
41 A0.4<pT<0.8 T A |y|<0.1 -
[ (STAR: PRL112) 1 & |y|<0.2 :
3F 0 0.4<p <1.2 + * |y|<0.3 .
N [ [0.4<p_<1.4 I ® |y|<0.5 !
© 0 0.4<p_<1.6 1 E
v 2F ® 0.4<p <2 T :
Pilgget it et
OF $ y|<0.5 + ¢ 0.4<p. <2(GeVic)
1 I S L S —
E | 4 A * Pas and %g,
C_U * A A T
g o] Tt
v | ]
|
0.6 $ T . 7
_ Net-proton | STAR Preliminary |
6 10 2030 100 200 6 10 2030 100 200
X. Luo (STAR Collaboration, Colliding Energy \s,, (GeV)

PoS CPOD2014 (2014) 019,
arXiv:1503.02558
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Chiral model and negative ",/ /".:

&
=
=

1.0
0.9
0.8
0.7
0.6
-5
0.4
0.3

MODEL!!!

284/ Ba~1
K',Ba'zB >0

2 .
K'JBO-B INncreases —
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