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Exploring the phase diagram of strong-interaction matter
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e
— pseudo-critical temperature T, = 154(9)MeV

— hadronization temperatures T, = 164(2) MeV
— freeze-out temperatures: Ty, = 156(3) MeV
T¢o = [164(5) — 168(4)] MeV
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160} s .

+ physics is quite different
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crossover transition lines: A. Bazavov et al.
0. Kaczmarek et al., arXiv:1011.3130, C. Bonati et al., arXiv:1507.03571 (BI-BNL-CCNU...),
R. Bellwied et al., arXiv:1507.07510 , P. Cea et al., arXiv:1508.07599 arXiv:1701.04325
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Exploring the QCD phase diagram
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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 > 19.6 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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Cumulant ratios of conserved net-charge fluctuations
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Cumulant ratios of conserved net-charge fluctuations
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Cumulant ratios of conserved net-charge fluctuations
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skewness*variance'/?: R,

X
R42

= (ko?)x =

X
A4
X
2
X
X
= (So)x = 2%
2

(a) net-p K'c?

>

0.4<p, <08

(STAR: PAL112)
04<p.<12
04<p,<14
04<p;<16

04<p;<20

Ly ]
|
)

T
@ <0

NI

py Range (GeVic) ]

— Y

| S

at up =0
1 (ko?)p

T SPO'ISD/MP

slope of
(ko?)p

Y

10 20
3 2 1.2 0.7

100 200
B

X. Luo (STAR Collaboration),
PoS CPOD2014 (2014) 019

/T

?)SPO'ISJ/MP

1/2

16
1.4 1
1.2 1

1

08 r
06
04 r
0.2 r

0

syNGeV]: 200 62.4 39 27 19 6 11 3 7 i
KPGP - STAR: 0.4 GeV<pt<0 8 GeV
SPGg/ MP o PRL 112 (2014) 032302
HRG —
oL i
Kpop fit = = 2
. ‘ ‘ Mp/op
0 0.2 0.4 0.6 0.8 1
1/2
snNGeVI: 200 62.4 39

16 F
14
1.2 +

1
0.8

06
04 |
0.2

0

27 19.614.511.57.7

KPGP s

3
Spod/ Mp +0s

HRG —

STAR: 0.4 GeV<p;<2.0 GeVI

* preliminary

E |
Spop fit = =
2 , 4
Kpop fit = = 2
. | Mp/op
0 0.2 04 0.6 0.8 1
* not shown

F. Karsch, BEST meeting 2017 7



Conserved charge fluctuations and freeze-out
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Conserved charge fluctuations and freeze-out
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Conserved charge fluctuations and freeze-out

mean, variance, skewness and kurtosis
I

in a NLO Taylor expansion RS, = Spo3,/Mp

} are closely related
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Conserved charge fluctuations and freeze-out

mean, variance, skewness and kurtosis
I
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Skewness and kurtosis on a "line of constant physics"

— Temperature on the "freeze-out" line changes with increasing ©p
— consider cumulant ratios on lines T (up) = Ty(0)(1 — k4 (s /TF(0))?) + O(ud)
— Taylor expansionin T and g
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Conserved charge fluctuations and freeze-out

meanI va\riamceI skewness and kurtosis
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Equation of state of (2+1)-flavor QCD: up/T > 0

. . )
P - 1 BQS pe\ (pQ)\’ (s ¥
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the simplest case: us = ug =0

+ T 24 T
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

P - 1 BQS UB ’ HQ ! ns :
i = 2 e Xias (D) (?) (? T

,J,k=0

the simplest case: us = ug =0

P(T,pp) _ P(T,0)  x3(T) (u3>2 N x2(T) (HB
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-
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cosh(x)-1 ——
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An O((np/T)*) expansion is
exact in a QGP up to O(g?)

HRG vs. QCD:
O((np/T)*) :difference is less
than 3% at up /T = 2

O((nr/T)%) :difference is less —
than 2% at up /T = 3 0 0.5 1 15 2 2.5 3
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

P - 1 BQS 1B ’ HQ 7 s ¥
7i = 2 e Xk (D (?) (?) (?)

,J,k=0

the simplest case: us = ug =0

P(T,up) _ P(T,0)  x5(T) (u3>2 L XE@) E

+ T 24 T

o et ) +Oun/T))

strangeness neutral: ng =0, ng/np = 0.4

(Ta HB )
T4

= Py(T) + P»(T) (“%)2 + Py (T) (%)4 + O((uB/T)°)
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Taylor expansion coefficients

T T T T T T T 00025 T T T T T T T
01 | ng=0, Ng/ng=0.4 free quark gas_| ng=0, Ng/ng=0.4 HRG —
A ¥ A 0.002 cont. est.
0.08 | | aaan N=12 ‘@ |
: HRG — 8 &
cont. extrap. 0.0015 | 6 A
o 0.06 Ne=16 ok ] N m¢/m=20 (open)
12 & 0.001 27 (filled)
0.04 8 W ' ]
6 rh free quark gas
- 0.0005 A
0.02 m¢/m=20 (open)
27 (filled)
o | | 1 1 1 | | o | | | 1 1 1 |
140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280
. . . . . T[MeV]
0.0001 Ng=0, Ng/ng=0.4 HRG — |
5 cont. est.
5x10° Ni=8 & fits from: A. Bazavov et al.,
A 6 A Phys. Rev. D 95 (2017) 054504
N &
-5x10°° ] data are updated: hotQCD 2017
27 (filled)
-0.00015 : : '

140 160 180 200 220 240 260 280

T[MeV]

F. Karsch, BEST meeting 2017 18



Taylor expansion coefficients

cont. extrap.
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data are updated: hotQCD 2017

Ps < 0 for T, 150 MeV

consistent with results obtained from
analytic continuation:
J. Gunther et al., EPJ Web Conf. 137 (2017) 07008
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Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,us) _ P(T,us) - P(T,0) _ x¥ (u3)2+ X7 (uB)4+ X5 (%)Z
T T4 2 \ T 24 \ T 720 \ T

(10-30)% contribution to total
pressure at pup/T = 2
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p— ]
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—=> The EoS is well controlled for pp/T < 2
or equivalently /sy~ = 19.6 GeV
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Equation of state of (2+1)-flavor QCD: pup/T > 0
I

net baryon-number density:

B 3 B 5
np "B X HtB X HB
T3 =X2p + g ( ) 12 ( ) i

dip in x¢g (T), Ps(T)

calls for inclusion of
higher order corrections
and/or better statistics!!

Oy M
O(ug) ]
ng=0, ng/ng=0.4 O(ug) ™ |

140 160 180 200 220 240 260 280
T [MeV]

—=> The EoS is well controlled for pp/T < 2
or equivalently /sy~ = 19.6 GeV
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HRG vs. QCD

het barxon-number fluctuations

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

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? ‘I'ins ? +O(NB)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
- net baryon-number fluctuations in QCD always smaller than in HRG for

T>150 MeV
40 I I I I I I 40 I I I I I I
35  XBTuE(T0) T=140 MeV 15  XBTusET0) T=150 MeV
301 3.0
i HRG = i HRG ==
T=140 MeV, O(ug) T=150 MeV, O(pg) N
2.5 _ o 2.5 _ o
2.0 | 20
15 15
Ma/T Hg/T
10 ] ] ] | 10 ] ] ] I
0.0 0.5 1.0 15 20 00 0.5 1.0 15 2.0
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HRG vs. QCD

het barxon-number fluctuations

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

B B, 1 p(HB ’ 1 p(uB : 6
Xz(Ta.UB):X2 +§X4 ? ‘I'ins ? +O(NB)

- agreement between HRG and QCD will start to deteriorate for T>150 MeV
- net baryon-number fluctuations in QCD always smaller than in HRG for

T>150 MeV
40 ! | ! | ! !
no evidence for enhanced 35| YE(THa)XA(T0) T=150 MeV
net baryon-number fluctuations -
for 30
i HRG ==
T > 135MeV , pup < 2T o5l TISOMeOLH W
' O(ug)
2.0+
no evidence for getting closer
to a "critical region" 157
I Mp/T
10 | | | I
0.0 0.5 1.0 15 2.0
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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

|

2

K,BO'B:

X2 (T, pB)

xz (T, 1uB)
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estimates/constraints on critical point location

6 F Fodor, Katz, 2004 @ ' '
[ Datta et al., 2016 &
5¢ D'Elia et al., 2016, r§ v .
5 [ this work: lower bound for % 1l A
o | estimator r§
= 4
S |
S
!
E |
82|
S
1T disfavored region for the
| location of a critical point
ﬂ [ 1 . . . . 1 . . . . 1 . . . . 1 . . . . 1 .
135 140 145 150 155
T [MeV]

01/01/17:

based on ongoing calculations of 6™ order Taylor expansion

coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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estimates/constraints on critical point location

6 i . Fodor, .Hatz_.ED{M ®
[ Datta et al., 2016 &
5t D'Elia et al., 2016, r¥ &
5 [ this work: lower bound for rf W A
Gm | estimator rk
=4
S |
S
A
E |
82
S
1T disfavored region for the
| location of a critical point
ﬂ [ 1 . . . . 1 . . . . 1 . . . . . . . 1 .
135 140 145 150 155
T [MeV]
strongly disfavored
01/01/17: as
based on ongoing calculations of 6™ order Taylor expansion X? <0

coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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estimates/constraints on critical point location

not accessible
in BES@RHIC 8 .
collider mode ; Fodor, Katz, 2004 @
i Datta et al., 2016 ©
5t D'Elia et al., 2016, r¥ &
|

[ this work: lower bound for rﬁ: F 3
: estimator r§

.

P

rh - Estima:fr for p&tT

1L disfavored region for the
| location of a critical point
ﬂ [ 1 . . 1 . . . . 1 . . . . . . . 1 .
135 140 145 150 155
T [MeV]
strongly disfavored
01/01/17:

as
based on ongoing calculations of 6™ order Taylor expansion

Xe <0
coefficients performed by the Bielefeld-BNL-CCNU collaboration
A. Bazavov et al., arXiv:1701.04325
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To do list
1

What is needed to understand equilibrium properties of conserved
charge fluctuations on the freeze-out line?

— improve lattice QCD results on 6™ (and 8™ ) order cumulants of
conserved charge fluctuations

— self-consistent determination of freeze-out parameters based
on equilibrium QCD calc.: Ty (1), B, [Hs(eB), ro(ps)]
What can be done about "locating the critical point"?

—use 6" (and 8™) order cumulants to put bounds on its location

— keep working on new simulation techniques

By-product: EOS in the entire parameter range accessible to
the RHIC BES-II
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Chiral critical point and QCD critical endpoint

2nd order, O(4)
2nd order, Z(2)

LHC: may
establish contact
with the QCD
chiral PHASE ¢ |gs
transiton W.2F

1st order

crossover

RHIC: may establish
evidence for the

— QCD critical end point

tri CEP
.I IJIB >
' /| 1B
phys
m
u,d
........................................................................ /
i Is physics in the freeze-out
u,d region sensitive to critical
behavior?
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Chiral model and negative ",/ /".:
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Some 4™ and 6™ order cumulants
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Some 4™ and 6™ order cumulants
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Conserved charge fluctuations and freeze-out

meami variance and skewness

NLO Taylor expansion
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Conserved charge fluctuations and freeze-out
mean, variance and skewness

NLO Taylor expansion
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