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Taylor expansion of the equation of state

characterization of bulk thermodynamics and
fluctuations of conserved charges in the
crossover region: QCD versus HRG

‘»

constraining the location of the critical point

.»

skewness and kurtosis from QCD and BES&RHIC
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Lattice results on the QCD critical point

» Where is the critical point?

INT, Seattle 2008, F Karsch — p.2/35



Generic expansion coefficients
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QCD phase diagram and the beam energy scan (BES) at RHIC
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Probing the properties of matter through the analysis

of conserved charge fluctuations
I

P
Taylor expansion of the QCD pressure: Ta = 1o, 1S)
~ — o
Z BQS( ) l’l’Q I’l’S
v]vkv Xijk T T
\ 1,3,k=0 )

cumulants of net-charge fluctuations and correlations:
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k — A9 A ) A
“ NG TN
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the pressure in hadron resonance gas (HRG) models:
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Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp)  P(T,pp) — P(T,0) X7 <u3>2 1ot Xy (uB>2
T4 T4 2 \ T 12x8 \ T

1 xf pe\°
imating the O T)°) correction: ~
estimating the O((np/T)") correctio 720 x B ( T )

5 N %5/%5 continuum est. 8 0.7 | BNL Bielefeld-CCNU
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P. Hegde (Bielefeld-BNL-CCNU), —> The Eo0S is well controlled for ps/T < 2
arxiVv:1412.6727; or equivalently vsnn = 20 GeV

Bielefeld-BNL-CCNU in preparation talk by Sayantan Sharma
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Equation of State and BES Il in 2019/20

— aim at statistically significant predictions 250 8
In the entire parameter range covered
by BES II:

— need to improve 6™ order correction
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Probing the properties of matter through the analysis
of conserved charge fluctuations

K GeY

24 Mf::’ ey % Quark-Gluon Plasma
73 MeV
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Where is the
critical point?
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|) need to understand the thermodynamics
In the crossover region
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RHIC Beam Energy Scan- |1 (2010-2014)

Vs,w Events Year *u, *Tew 200 62.439 27 19.6 115 7.7 GeV
R B | L ST AurAuColiisions ]
200 350 2010 25 166 170f "
62.4 67 2010 73 165 .
160
39 39 2010 112 164 %“‘
27 70 2011 156 162 = 130
19.6 36 2011 206 160 — 140
145 20 2014 264 156 1300 -30-40 Tmfzdyrrgrigseftﬁll_ _____ é
11.5 12 2010 316 152 A 60-8( T ]
120 Grand Cangn i ‘nsemble (Yield Fit) =
77 4 2010 422 140 \ b
" | u_ (MeV)
Ue, Tey) - J. Cleymans et al.,, PRC73, 034905 (2006) ,UJB/T ~ 9 B

1)Access broad region of the QCD phase diagram.
2)STAR: Large and homogeneous acceptance, excellent PID capabilities.

STAR is a unique detector with huge discovery potential in exploring
the QCD phase structure at high baryon density.

Xiaofeng Luo INT Workshop 16-3, Seattle, Sept. 19 -Oct. 14, 2016 /31



Particle yields, hadron resonance gas and freeze-out conditions

the pressure in hadron resonance gas (HRG) models:

p
= 2

In Z7, (T, V, ) +
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M. Floris, NP A931, 103 (2014), arXiv:1408.6403
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Crossover transition parameters
I

PDG: Particle Data Group hadron spectrum dense packing of spheres (DPS)

DPS — 0.74€nucleon

~ 0.33 GeV /fm®
(R, ~ 0.8fm)

1 €

e[GeVAMY  PDGHAG

0.8

0.6 | T

T. = (154 &+ 9) MeV

04 r .
€. = (0.34 + 0.16)GeV /fm®
0.2
) , | | T [MeV]
130 140 150 160 170 180

A. Bazavov et al. (hotQCD) ,
Phys. Rev. D90 (2014) 094503
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Crossover transition parameters

PDG: Particle Data Group hadron spectrum dense packing of spheres (DPS)

DPS __ nucleon
; = 0.74e€

. N \
e [GeV/im?] PDG-EI%(EE) . ~ 0.33 GeV /fm
0.8 1 (R, ~ 0.8fm)
06 | overlapping hadrons = QGP ??
T. = (154 £ 9) MeV
0.4 t :
€. = (0.34 + 0.16)GeV /fm®
0
| . T [MeV]
| 150 160 170 180 compare with:
dilute hadron gas = QGP ?? ehucl- mat- ~ 150 MeV /fm®
A. Bazavov et al. (hotQCD) , enucleom ~ 450 MeV / fm3

Phys. Rev. D90 (2014) 094503
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Lines of constant physics and freeze-out

Ts(pup) = T5(0) (1 — ky2fiy — Kfafiy)

1 | . 170 Frr T T T T T T T T T T T T T T
QCD grey band: 10% variation of p, € or s
e [GeV/im®] PDG-HRG —— 165 . |
08 B ] 160 _
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a 155 -
06 1 Te | 2, MSTAR -
= 10yaLce ’
04 | | :i 145 @Becattini et al. i
© 140} M |
0.2 | E(UB) L
135} S(Ug) Wmm -
Andronic et al. at T j —— Ug [MeV]
0 IT[MGV] T L N O VA
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g = ps =0: 200 GeV SNN 7.7 GeV
constant pressure: K2,p =~ 0.007 — 0.009 (ﬁeeze-out at T=165 MeV is quite R

constant energy density: k2. ~ 0.009 — 0.011 | different from freeze-out at T-155 MeV.

constant entropy density: k2,s =~ 0.008 — 0.010 What happens to ordinary hadrons
(as used in HRG models)

crossover line: kg, ~ 0.006 — 0.015 \Jn the transition region? )
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HRG vs. QCD

barxon number - electric charge correlations

OP/T Bg O*P/T*
:_(‘91 T X11 :aA e = (B - Q) — (B)(Q)
/ (MBalLQaNS):O I'IIB I’LQ
¢ [GeV/im?) e f— 0.035 | X HRG models I
0.8 | | E mg/M=20, N=6 +Aq
0.03 | A 8 = -
5 a % Mg/mM=27, N;=6 r&
06 | T, | 0025} B 8 i
0.02 | = e
: free
[=]
04 | 1 0015 | \ A quark
0.2 0.01 T.=(154 +/-9) MeV 1 (2 1 1)gis
0.005 3\8 3 3
) | | | T [MeV] ol TMeV],
130 140 150 160 170 180 140 160 180 200 220 240
— nothing dramatic happens when — change in composition of the
passing through the "transition" thermal medium is detected through
region ? conserved charge correlations
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HRG vs. QCD

electric charge-barxon number correlations

[ MB/T >0 ] for simplicity: ng = s =0

1 e’
B B B
X11Q(Ta 1) = X11Q + §X31Q <—> + O(”LJL;

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
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HRG vs. QCD

strangeness-barxon number correlations

0.35

free quark gas|

- BS, S
- X171 /X2 AQD B O
0.3 [ T.=(154 +/-9) MeV, @ @ - i BS 82P/T4
3 éﬁqﬁ ] xBS=_—""'"—=(B-8)— (B)(S)
' cont. est. : Opnp0lfis
i mg/m=20, N.=12 &> ]
0.25 | s 4 , .
I 6 A
,_ mg/mi=27, N.=12 @ xS = O"P/T = (8%) — (S)?
6 ik Hs
i PDG-HRG — |
0.15 | QM-HRG — 1 S. Borsanyi et al., JHEP 1201 (2012) 138
| A. Bazavov et al.,
o T[MeV]  § PRL 113 (2014) 072001, arXiv:1404.6511

140 160 180 200 220 240

: A . .
continuum extrapolated results on in the crossover region
strangeness-baryon correlations (and above):

do NOT agree with a conventional

hadron resonance gas, based on ’ PDG-HRG ;é QCD
experimentally known resonances QM-HRG does better
listed in the particle data tables )
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Analyzing strangeness carrier with higher order cumulants

non-interacting

350

1 |_.BQs, BQS
“ X211 X421 .
0.8 | m ‘ "
-
N=6 -a
0.6 | q# 5w
.
HRG
0.2
. T [MeV]
150 200 250 300
0-35 S, S free quark gas
B >
X11/%2 QEAD B O
03t TC=(154 +/-9) Mew@
cont. est.
i mg/m=20, N =12 +&+
0.25 =
6 A
mg/m=27, N =12 @
0.2 | 5
6 A
PDG-HRG —
0.15 | QM-HRG —
T [MeV]

0.1

140 160
A. Bazavov et al.,

1T < 1T,

180

200

T > T, : Is strangeness carried by
guasi-particles with quantum
numbers of quarks ?

BQS

X213 _{ 1, T -
BQS

X2 HRG , T < T.

|

ratio of properly weighted
charged, strange baryons

Who carries strangeness in the HRG?

1< significant deviations from a HRG based on

known resonances (PDG-HRG)

Enhanced strange baryon fluctuations:
indications for more strange hadron resonances
as predicted in quark model calculations
(QM-HRG)

Phys. Rev. Lett. 113, 072001 (2014), arXiv:1404.6511
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HRG vs. QCD

strangeness-barxon number correlations

0.35 — ————
XI131S/X§ free quallrgqag)-
i AQD g
0.3 [ T.=(154 +/-9) MeV, @ @ ED ] BS 62P/T4
9 [ éﬁ@ ] X11 — — — :(BS>—<B><S>
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i mg/m=20, N.=12 &> ]
0.25 | s 4 , .
[ 6 o P/T
my/m=27, N.=12 ‘@ XS — 9 / — <Sz> . <S>2
6 ik s
: PDG-HRG — |
0.15 QM-HRG — 7 S. Borsanyi et al., JHEP 1201 (2012) 138
| A. Bazavov et al.,
T[MeV]  § PRL 113 (2014) 072001, arXiv:1404.6511

0.1

140 160 180 200 220 240

: : : P. Braun-Munzinger et al.,
using ALICE data on particle yields, Phys. Lett. B747, 292 (2015)

combined with HRG assumptions: X11 /Xz 20. 19(2) arXiv:1412.8614

Gedankenexperiment: ALICE measures X1, /X5 = 0.21

comparing the measurement with HRG gives: Ty = 160 MeV

freeze-out param.
from QCD

F. Karsch, INT workshop 2016 18

comparing the measurement with QCD gives: Ty = 150 MeV



Strangeness vs. baryon chemical potential
- the influence of additional strange hadrons -

I I I I I I I I I I I enhanced

- BS, 8 § |
.30 |- 411722 g 15 strangeness-baryon correlation
= over strangeness fluctuations
0.25 7 :
PB%I_IHE% L strangeness neutrality
0.20 OM-HRG — - enforces relation between chemical

N,=6: open symbols | potentials

N=8:filled symbols | (ng) = O

= x5 0% + xPnsps + O(u?)

-

| | | | | | | | |

| |

00 | Hstelo - .‘.'\

5 cont. est. - LS XlBls )
0.25 | PDG-HRG = — = ——5 +O0")

- QM-HRG — HB X2
0.20 | QM-HRG: 13, At = = -

i N.=6: open symbols | HRG provides good guidance for thermal
015 ¥* N.=8: filed symbols _| conditions at freeze-out. However,

- T MeV] | HRG is not QCD

]

| ] ] | | ] | | |

140 150 160 170 180 190 we need a self-consistent determination

A. Bazavov et al., PRL 113, 072001 (2014),  of freeze-out parameters based on QCD
arXiv:1404.6511
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Strange hadron yields in HIC

Impact on determination of freeze-out parameter
—

Tf HB

— —|S]
STAR preliminary: ps/pup = 0.241(19)

S
>
S
[
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’ ’ = exp
no

= exp

S
>
S
[

Ty Ty

A/A E/E Q/Q

0.0 .
_| | | | | | | | | 1 .I__
030 |HsMalio ¥ e 5T
B cont.est. 0 A
0.2k PDG-HRG == -
QM- HHG _—

QM HHG x\H."er |
N_=6: open symbols _
N,=8: filled symbols _

0.20

39 GeV (STAR prlim) & ]

2.0 17.3 GeV (NA57) @ - 0.15 2~
|S|_ [ | | | [[MEF] | I I 1 L
2.5 ' ' '
0 ; 5 3 140 150 160 170 180 190
no significant dependence on vV SNN :I‘I)R'g.))arilt::gsd:t:n‘:gtlg 3?;523:3’ than
X. Zhuo (STAR), CPOD 2014 y

temperature for strange hadrons



Constraining the location of the critical point
e

200 GeY

kurtosis*variance: x e e % Quark-Gluon Plasma
X ) 73Mev € o
(FGO'Z)X _ 4 300 L wey & Tpe =154(9)MeV
Xg( 112 MeV \
27 GeV
LI I| I I I LI I | I I ; ‘ 162 Mev %
L 149,56 GeV
(a) net-p k'c? e | * 206mev
ar pr Range (GeVic) | E 20 e o0
S A 04<p <08 - =
(STAR. PAL112) i
ol 3+ C 04<p,<12 — £
D A 04<pr<1d ﬁ
x - ] 0 04<p ;<16 .
o ® 04<p;<20 10
2 o
o LI U . %} T Hadronic Gas
) 0
ol Vs | 0 1000
L] AT - Baryon Chemical Potential ug (MeV)
10 20 100 200 -
3 2 1.2 0.7 pg/T

X. Luo (STAR Collaboration),
PoS CPOD2014 (2014) 019
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Finite-size scaling and cumulants of

conserved charge fluctuations
T

free energy density: f(T, ug, L) = fs(t,h,L) + f.(T,pu5, L) , V = L3

reduced temperature and external field variables: (¢, h)

£ = ti (T = T) + A — 20)]

h— hio (T = To) + B(p — o]

singular part of the free energy, RG arguments:  fs = b~ ° f(b¥tt, b¥h, bL™ 1)
b=L = f,=L"3f(LYt,LY"h,1)

ye=1/v , ynh =PB0/v
Yn > Yt

o . g_ d"fs 0" fs
finite size scaling of cumulants X, — ~

dug Oh™

~ L73FmOB/v p(m) ([
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Finite-size scaling and cumulants of
conserved charge fluctuations

B
finite size scaling of ratios of cumulants: —Z ~ L('"’_m)ﬁ‘s/"fS (2¢s 2Ry 1)
P Xm
X . . L
So = —?1’3 does NOT rise with volume (!!) — should rise like LP%/Y = [2-48
X2
B + v 00-05% .
n 44 0510% 4
15 Au+Au@RHIC A 0510% 115
|1 & 20-30%
(e  30-40%
o 40-50%
10 : :__* 50-60% : 10
Tl ? 1 12 ¢ I
& _H 2 3 %§§§§§i i L 11 &
05| 1 f 105
I & | " |
oob—rrt o v v e T
0.4 0.2 0.0 0 5 10
L1/VtT (fm1/V) I—1/Vtu (fm1/V)

R. Lacey et al., arXiv: 1606.08071
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Finite-size scaling and cumulants of
conserved charge fluctuations

B
finite size scaling of ratios of cumulants: —Z ~ L('"’_m)ﬁ‘s/"fS (2¢s 2Ry 1)
Xm
XP
So = 23 does NOT rise with volume (1) — should rise like LP%/V — [,2-48
P
X2
16FSpop  s"Gev]=7.7 e - x 82:?83? ]
. 11.5 v T . 115
al e o 10-20% ]
4 Nl Te 20-30%
12| 39 | & 30-40%
T 62.4 e o 40-50%
1 . 20% ?- 1T * 50-60% | 10
| o é T 11
waa®a? I 3¢ ]
0.8 1 1 06 ¢ ﬁg @ §E ] &
06 I ,5- | 1 1
04T 4 ' + 405
02 | ] T 1
F N L1/Vt T % N
0 1 1 1 1 1 1 1
4 2 0 2 4 6 8 10 12 e 1
| | | OO

L1/V tMB (fm1/V)
R. Lacey et al., arXiv: 1606.08071
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LGT attempts to find the critical point

I|III|III|III|III|II
-

0.003 F

0.002 ?EHHIIIIHHH

0.001 F

Im Bg

-0.001 F

-
| I I I I
| 11 1 L1 1 L1 | 11 1| L1

i

IJIIIIIIIIIIIIIIIIIIIII

0.1 0.12 0.14 0.16 0.18
I

Z. Fodor, S. Katz. 2001, 2004

these calculations were possible

because

(I) the lattices were coarse,

(1) the discretization schemes
were crude

QCD critical point DISAFFEAR

crossover

P. deForcrand, O. Philipsen, 2002

critical point or breakdown of the
reweighting approach (loosing the overlap) ?

S. Ejiri, PRD69, 094506 (2004)

since 10 years no progress along this line
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Complex Langevin vs. Reweighting

- the silent death of the Fodor/Katz critical point ? -
T

temporal plaquettes CLE ——<—
0.575 r temp. plag. reweighting =
spatial plaquettes CLE -+
0.57 1 spatial plag. reweighting o 17

0.565 F e
0.56 | |

0555 F
0.55 |
0.545 |

0.54 r
0.535 r

wT

Z. Fodor, S. Katz. D Sexty, C. Torok,
Phys. Rev. D 92 (2015) 094516

from Conclusion:

...reweighting from zero pt breaks down
because of the overlap and sign problems
around

ﬁ=1—1.5
T

le. “_B:3_4.5
T

this should be compared to the

first Fodor/Katz critical point estimate

on lattices with comparable parameters:
crit

BB _ 4.5(3)

Z. Fodor, S. Katz. JHEP 0203 (2002) 014

(calculations with physical quark masses
eventually lead to a twice smaller estimate
for the critical chemical potential)
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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

. . B, B _
HRG in the hadronic phase ARG Xe /Xs =1
3.0 f huge deviations
from HRG in
6" order cumulants!
291 S. Datta et al.,
PoS Lattice2013 (2014) 202
2.0} y
A suggests a critical
T point for up/T < 2
=
15}
X2 /xB =1 Xe /Xy = 4.5 at present, we
1.01 ) . cannot rule it out!
however we strongly
0.5 . . . . . . disfavor it
' 2/ 206  2/8 46 4/8  6/8
Methods Bielefeld-BNL-CCNU
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estimates/constraints on critical point location
T

170 — _
165 Fodor,Katz Hilk
[ Datta,Gavai,Gupta @ 1
160
% 155 -
= :
145 favored region for the
: location of a critical point
140
et s '

200 300 400 500 600 700
estimator for ug: r, T [MeV]

05/30/16:

based on ongoing calculations of 6™ order Taylor expansion
coefficients performed by the Bielefeld-BNL-CCNU collaboration
FK, CPOD 2016
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estimates/constraints on critical point location
T

170 —
165 [
160

155 |

Fodor,Katz
Datta,Gavai,Gupta @

T [MeV]

145 |

140 |

150 |

135 Gl

05/30/16:

favored region for the
location of a critical point

200

300 400 500
estimator for ug: r, T [MeV]

based on ongoing calculations of 6™ order Taylor expansion
coefficients performed by the Bielefeld-BNL-CCNU collaboration

FK, CPOD 2016

ruled out from QCD
thermodynamics at

pg =0
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Exploring the QCD phase diagram

py Range (GeV/c)

® A 04<p,<08

(STAR: PAL112)
04<p;,<12
04<p,<14
04<p,<1.6

04<p;<20

® <0

(a) net-p x'¢® |

32 1.2 0.7

2 _ Xf(ﬂ’BaT)
XzB(/J’BvT)

More moderate questions:

@ Can we understand the systematics
seen in cumulants of charge fluctuations
In terms of QCD thermodynamics ?

@ How far do we get with low order
Taylor expansions of QCD in explaining
the obvious deviations from HRG model
behavior ?

°sFor /s > 20 GeV :
Structure of (net-electric charge and)

net-proton cumulants is inconsistent

with HRG thermodynamics, but can
eventually be understood in terms of
QCD thermodynamics in a
next-to-leading order Taylor expansion
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Mean baryon number over variance of baryon number fluctuation

Mp  x7(T,pB) B,

Ry,(T, uB) = = =112 B+ O(up)
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0.85 QM-:\_:R:% : i o B
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0.75 + %E' 16 v - M
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0.65 1 20 (open) free quark gas_
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Spody xZ(T,puB)
RE (T, up) = B -3 =7y +ratn + .. eliminate 4B

T
= T3y + 2 (R?2)2
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Conserved charge fluctuations and freeze-out

me::mi variance and skewness

NLO Taylor expansion ,
B B B 3
X4 MB 1 X6 X4 (MB>
Spop = == + - | = - | &5 + ... = =0
PP TXE g T 6 <x§ ) | \og e = Hs
Spo? Mg\?
B _ B __ _B,0 B,2 B
&= R3 = M. 8l + T31 5
B O-B
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'f?io lTC’0=154(9)MeV 1.2 e rvanananananane I
e.g., ug 7 s # 0: 1 I 1 [ i
BO _ J %T 0.8 “m 1
B 2 BS HrQ i i
Bo Xa T upX31 T L Xz gl 0.6 | e — 9 |
31 = g is . BS o BQ 0.4 | STAR prel.: 04<p<2.0 & .
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T3y — e« E
0.4 | 2 BI-BNL-CCNU
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0.2 T o i
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X A B ]
0 . 1 L 1 L ] L 1 L 1 L 1 L ] L
F. Karsch et al., 120 140 160 180 200 220 240 260 280
arXiv:1512.06987 T[MeV]
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Conserved charge fluctuations and freeze-out

meani variamcei skewness and kurtosis

in a NLO Taylor expansion Ry, = Sgpoy /Mg
are closely related

Rf2 - "330'123 F. Karsch et al.,
2 arXiv:1512.06987
B _ B, B,2 ( B — —0:
Ry, =13y + 73 (?) Hs = HQ
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Tt (W) [MeV]

R:?l (T, puB) =

lines of constant physics
I

- xZ(TypB)
XlB (Ta FLB)

SBO'%
Mp

. one more complication in the comparison between QCD and data

BO B22

+ r3 g + ...

&> freeze-out temperature T varies as (L gincreases

— Taylor expansion in T¢(us) — T¢(us = 0)
— parametrization of Ty (ug) = Tf(us = 0)(1 — ,./,-,gfﬂB)
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165

T T T 1 T T T T
grey band 10% variation of p, EOrs

160

T

155

—

150

145

P(ug)
€(Mg)
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Andronlc etal. at Ty

140 -

135

- —
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130
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150 200 250 300

&> Ti(uB) — Te(up = 0) = —k} i

yields additional contribution to O(ﬂzB)
expansion coefficient

13 o0
B,2

B,2
T37

dT Ty (0)
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lines of constant physics
I

. one more complication in the comparison between QCD and data

Spoy x5 (T,pB) pB:0
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&> freeze-out temperature T varies as (L gincreases
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Conserved charge fluctuations and freeze-out

meani variamcei skewness and kurtosis

in a NLO Taylor expansion Ry, = Sgpoy /Mg
- , are closely related
Ry, = Kkpojp F. Karsch et al.,
[ p: arXiv:1512.06987
QCD thermodynamics gives: 1) yp — 0 = ko2 ~ M—B
B
IT) up >0 = slope of &30123 is (3-4) times smaller
and negative

fit to (prelim) STAR data:

B B B B
rBf jpBf — 39421 M T BB — 40421
16 4 31 42 31
' kpo2 0 STAR: 0.4 GeV<p<0.8 GeV 1.6 1 kpod @  STAR:0.4 GeV<p<2.0 GeV| [
1.4 SPGE/MP © PRL 112 (2014) 032302 1 14 L SPGISD/MP - preliminary [
1.2 HRG — § 1ol HRG —
1
1 1
0.8 r 0.8 X _
0.6 0.6 - 1 ]
04 - 04 | i
Spop fit — Spop fit —
0.2 T Kpoo fit — ° 021 KI:GFz;ﬁt —_ 2 |
0 1 1 1 1 MR/GP 0 1 1 1 1 MF’l/GP
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Conserved charge fluctuations and freeze-out

meani variamcei skewness and kurtosis

in a NLO Taylor expansion Ry, = Sgpoy /Mg
- , are closely related
Ry, = Kkpojp F. Karsch et al.,
arXiv:1512.06987

3
QCD thermodynamics gives: I) ug — 0 = RBO.% ~ SBO'B
Mp
beyond equilibrium IT) up >0 = slope of K,BGJZB is (3-4) times smaller
thermodynamics: and negative
B,f ;..B,f _
— non-equilibrium effects a2 /f:n = 4.0 :|2 2.1 |
(S. Mukherjee et al., arXiv:1506.00645) .= STAR: 0.4 GeV<p;<2.0 GeV[ 1
preliminary |

(M. Kitazawa et al, arXiv:1205.3292, arXiv:1303.3338) | —
— acceptance and pt-cuts, volume fluctuations....

(P. Garg et al, arXiv:1304.7133, -

FK, K. Morita, K. Redlich, arXiv:1508.02614

A. Bzdak and V. Koch, arXiv:12064286)

+ many more

— proton vs. baryon number distributions - +

o
Spop fit — l Spop fit —
0.2 T Kpoo fit — l ° 0.2 KI:GFz;ﬁt —_ 2 |
0 1 I I I MR/GP 0 1 I I I MF’l/GP
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Conclusions
1

— results on bulk thermodynamics coming from Taylor expansion of the
QCD partition function are already now reliable in the range 0 < pup/T < 2

bulk QCD thermodynamics in the entire parameter range accessible to
BES | and Il may soon be accessible also through Taylor expansions

— attempts to understand freeze-out/hadronization in terms of HRG model based
calculations at temperatures T > 160 MeV are difficult to conciliate with QCD;

QCD thermodynamics is quite different from HRG thermodynamics at T > 160 MeV

— properties of cumulants measured in BES-I for vsnn < 20 GeV clearly differ
from HRG thermodynamics but are consistent with QCD thermodynamics close to
the crossover transition temperature

2
Spop < Mg/o}, , kpoy — Spo ~ (Mg/o})

— with increasing statistical accuracy current LGT calculations seem to favor
estimates for the location of the critical point (if it exists) at values of up/T > 2
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