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Phases of strong-interaction matter

thermodynamics of quarks and gluons:
high-T — QCD perturbation theory

Tpe = 154(9)MeV

Quark-Gluon Plasma Where is the

—— up ~ 2T. critical point?
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Exploring the QCD phase diagram

L More moderate questions:
(a) net-p x*c”
4 pr Range (GeVic) | @ Can we understand the systematics
Bk A 04<p<08 1 seen in cumulants of charge fluctuations
o 3P QO Yd<hrela 7 in terms of QCD thermodynamics ?
. a 0 0d<p <16 4 » How far do we get with low order
‘e ® 04<p;<20 . . . .
21 0 Taylor expansions of QCD in explaining
: the obvious deviations from HRG model
1 S / behavior ?
A
1]
oC N
5 10 20
s For /s > 19.6 GeV :
32 1.2 0.7 —
Structure of net-proton cumulants
can be understood in terms of
> Xi QCD thermodynamics in a
KRXxO0x = X next-to-leading order Taylor expansion
2

A. Bazavov et al. (HotQCD), arXiv:1708.04897
to appear in Phys. Rev. D
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Probing the properties of matter through the analysis
of conserved charge fluctuations

P
Taylor expansion of the QCD pressure: Ta = 1o, 1S)
/ oo ™
Z BQS( ) /’I’Q I’l’S
v]vkv Xijk T T
\_ 1,7,k=0 )

cumulants of net-charge fluctuations and correlations:

XBQS 8z'-|—j+kP/T4
k _ ~ ~ 1] ~
“ Op; 0 Ok

»B,Q,s=0

the pressure in hadron resonance gas (HRG) models:

[%= S mzhTmvie+ Y anL(T,V,u)J

meEmeson meEbaryon

~ e~ MH/T(Bup+Spus+Quq)/T
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Equation of state of (2+1)-flavor QCD: up/T > 0

S Bos py (HB)' (Ha)’ (Hs)
il 'k'x"’ﬂ”“ ) \1) \T

1,7,k=0

the simplest case: us = pug = 0

P(T,pp) _ P(T,0)  xZ(T) (ps\®  xZ(T) (ps\* 6
Dha) _ POO) X (T) y 2l (T) + O((up/T)°)

10

cosh(x)-1 ——

An O((np/T)*) expansion is Cr2nd 2720
exact in a QGP up to O(g?) X/2+x /22/421 —
2o ——

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

O = N W & 0 O N 00 ©




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

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 = pso = pus,o(1B)

(Ta HB )
T4

= Py(T) + P»(T) (“%)2 + Py (T) (“?3)4 + O((uB/T)°)
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Taylor expansion coefficients
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Taylor expansion coefficients
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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

(10-50)% contribution to total
energy density at pup /T = 2

T T T T T T T T T T T T T T T T T T T T T T T 71 14 I I I I I I I
non-int. limit | 19 __
_,..—ll""'-"'- 0 |-
] s L
3p/T* 6 HISQ, real ug
gt B 4 i /T up/T= 2.0 M __
3s/4T3 - 0 i
| o 3P/ ug/T= 20 mm |
T [MeV] 0
oL T Y T 0 | | | | L
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—=> The EoS is well controlled for pp/T < 2
or equivalently /snn = 12 GeV
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Taylor expansion coefficients at up = 0
- ohservables at the LHC ? -
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Taylor expansion coefficients at up = 0
- ohservables at the LHC ? -
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Taylor expansion coefficients at up = 0
- ohservables at the LHC ? -

..................................

mgy/m=27 (filled)]

..................................

Qs o e XE/X1Q1S A 20 (open)]
0.2 | X11 g A S " 4
o | 1.2 | = ; !E| -
"2 | SA
01> 'y _ 11 )
Ams/m|=27, N=6 & | 11 " Cominu;nl:;gﬁ;% -
0.1 1 2 QM-HRG —
. 12 @ | 09 | A - Ni=6 &+ ]
16 v | : based on ALICE data: 8 il |
PDGHRG - AexS=1.15(12) 12 @ |
0.05 ¢ QM-HRG — - 0.8 [ | P. Braun-Munzinger et al, 16 rw ]
L arXiv:1602.05811 ]
| \ i ; T [MGIV] o 7 I I ] I TI [MeV]
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200
0.35 —— :
continuum extrap. ]
0.3 PDG-HRG — ]
M-HRG — |
at ALICE freeze-out temperature o @ Ne=6 A ]
Tro = 156(3)MeV ' A 8 M |
0.2 | B A 2
QS ! A 16 v ]
B _ [=] ]
X2 /X711 = 1.10(8) 0.15 | O __
BQ, QS _ 01 | R
X11 /x11 = 0.225(15) |
0.05 | m¢/m=20 (open)
a QCD bound on ratios of charge correlations: 27 (filled) T [MeV]
e
B 0 ' ' ' '
XHQ/X%S < 0.24 130 140 150 160 170 180 190 200

F. Karsch, EMMI workshop, Wuhan 2017 12




04 | !
m¢/m=20 (open) ‘@
27 (filled)
0.2 =4
T [MeV
. [MeV].

1.2

0.8

0.6

0.2

BS, BS
X31 /%11
; HRG
E T =154(9) MeV
N’C=6 [
[c. e
12 @
]
| m.,/m=20 (open)

0.4 1 757157 illed) i
HotQCD =4
preliminary

T [MeV]

0

0.8 | ‘F
0.6 | id

Ratios of 4" and 2" order cumulants

B, B
Xa/Xo

L)

HRG

L

cont. estimate
NT=6 -
8 Hil-
12 @

130 140 150 160 170 180 190 200

130 140 150 160 170 180 190 200

27 (filled
0.2 | HotQCD LN
preliminary '[I]b
0 _
T [MeV e
_0-2 [ L e ]

1.2 . .
BQ, BQ
1 % X31 /%A1
? ki HRG
0.8 | Y T =154(9) MeV
= Ne=6 A
0.6 | 8

) 12 @

Q

0.4 | mgy/m=20 (o en;

130 140 150 160 170 180 190 200

— ratios of 4™ and 2" order cumulants differ
from non-inter. HRG for T>145 MeV

— they change by ~40% in the crossover
region

sensitive probes for freeze-out

at ALICE freeze-out temperature
Tro = 156(3)MeV

O sT1ARat200GeV: Tfo = 165(3)MeV
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Ratios of 4" and 2" order cumulants

1.2
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Taylor expansion of the pressure and critical point

4 N
estimator for the radius of convergence:

_ pB "
ﬁ Z _X" (?)
J A\

for simplicity : g = ps = 0 (.UB)X _ ox_ n(n — 1)x5
crit,n " \

T : XE-|-2
\_ J
— radius of convergence corresponds

to a critical point only, iff

Xn > 0 for all n > ng

If not:_ forces P/T4 and XTEE (T, pB)

— radius of convergence _ _ |
| T
does not determine to be monotonically growing with s/

the critical point I
B(T
— Taylor expansion can not be at Top : KBO% = X‘;( » HB) > 1
iti | X2 (T, pB)
used close to the critical point 2
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Taylor expansion of the pressure and critical point

4 n\
. UB
ﬁ Z D (7 | .
estimator for the radius of convergence:
f li 0 ( A
or simplicity : — — X — B
plicity : @ — Hs (uB) _x n(n — 1)xE
— =7 B
T crit,n \ Xn—|—2
. J
Y B
e ”;2 needs to grow like n?> in order to obtain
1 Xalto HRG Xn a finite radius of convergence
s HQ = ps =0
F cont. estimate
0.8 1 ‘ NT=6 e 1 F ng=0, ng/ng=0.4 HRG — -
s - cont. est.
0.6 | & 12 @ N=8 &
= x
04 m¢/m=20 (((:ﬁeg; |
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m¢/m =20 (open) ! ‘
27 (filled)
0.2 r =4
0 . . . . T. [MeV] . free quark gas
130 140 150 160 170 180 190 200 0L ' S ' ' i
140 160 180 200 220 240 260 280
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estimates/constraints on critical point location

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

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_.‘zﬂ{}d- ®
[ Datta et al., 2016 &
5¢ D'Elia et al., 2016, r§ v
5 [ this work: lower bound for % 1l A
Sm | estimator r§
=4
s |
S
53|
E
82}
xe |
1T disfavored region for the
[ location of a critical point
ﬂ [ . . 1 . " . . 1 . . . : . . . 1 A
135 140 145 150 155
T [MeV]

strongly disfavored

as
based on ongoing calculations of 6™ order Taylor expansion

oy ) . XB <0
coefficients performed by the Bielefeld-BNL-CCNU collaboration 6
A. Bazavov et al., arXiv:1701.04325
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estimates/constraints on critical point location

not accessible
in BES@RHIC 6 .
collider mode i Fodor, Katz, 2004 @
i Datta et al., 2016 ©
5t D'Elia et al., 2016, r¥ &
l: [ this work: lower bound for rﬁ* N F 3
Gm | estimator rk
= 4
s |
S
53|
E
82}
xe |
1T distavored region for the
location of a critical point
ﬂ [ 1 . . 1 . " . . 1 . . . : A . . 1 A
135 140 145 150 155
T [MeV]

strongly disfavored

as
based on ongoing calculations of 6™ order Taylor expansion

oy ) . XB <0
coefficients performed by the Bielefeld-BNL-CCNU collaboration 6
A. Bazavov et al., arXiv:1701.04325
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Lines of constant physics
in the QCD phase diagram

— freeze-out (hadronization) expected to happen at "approximately"” identical
physical conditions, i.e. constant energy density or entropy density....

— consider lines of constant observable "' : f(T, ug) = Z For(T) (s /T)?*

k=0
2 4
1B f ([ KB
==  Te(pup)=To 1 —k} (—) — K} (—)
To To
azf(T’P"B)
f To 205 [(10,0)
"{;2 -
2 9f(T.uB)
OT  |(Tv,0)
12 8*F(T,uB) f\2 1 3 8 8°Ff(T,us) f | 14 8*f(T,uB)
,<,-,f B 2T() oT?2 (To,0) (Rz) 2 To orT op% (To,0) Ko + 4!T0 oy (To,0)
4 o TO 8f(TaNB)
T |(To,0)
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Crossover transition parameters

PDG: Particle Data Group hadron spectrum

1

¢ [GeV/im?] PDE.RG
0.8
pe/T =0
0.6 | T,
oal | Te = (154 £ 9) MeV
€. = (0.34 + 0.16)GeV /fm®

0.2

. | | | T [MeV]

130 140 150 160 170 180

compare with:

ehucl- mat. ~ 150 1\/IeV/fm3

A. Bazavov et al. (hotQCD) , ghucleon  4=0 NMeV fm3
Phys. Rev. D90 (2014) 094503 o /
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Lines of constant physics

— freeze-out (hadronization) expected to happen at "approximately" identical
physical conditions, |.e constant energy density or entropy density....

— consider lines of constant observable "f*: f(T, ug) = Z Far(T) (5 /T)?*

k=0
= m = (1 () (7))

0.0002

0.0001

0.004 ©
0.002 | 0.0000
B Tt (Lp=0) [MeV
0.000" ! . | . wf(“EF ).[ e‘] o o TMey]
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

contributes less than 10% for puB/T < 2
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Lines of constant physics

— freeze-out (hadronization) expected to happen at "approximately"” identical
physical conditions, i.e. constant energy density or entropy density....

— consider lines of constant observable "f*: f(T, ug) = Z Far(T) (5 /T)?*
k=0

= mom=m(i- () - (3))

In the crossover region
T, = (154 £+ 9) MeV
all curvature coefficients are of
similar magnitude
0.0064 < xf < 0.0101
0.0087 < k§ < 0.012
0.0074 < k5 < 0.011

0.014F ! //

0.012

0.010

0.008

0.006 |-

0.004

0.002

T (1g=0) [MeV]

0.000 ' : ‘ ' ‘ .. .
130 140 150 160 170 180 190 200 and are similar to recent estimates for the

curvature of the pseudo-critical line
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—_L

cniral trans

h\
‘-

on, hadronization and freeze-out

pp = 0 : - pseudo-critical temperature T, = 154(9)MeV
— hadronization temperatures Ty, = 164(3) MeV
— freeze-out temperatures: Ty, = 156(3) MeV
Tro = [164(5) — 168(4)] MeV
| HOWEVER
7 physics is quite different
@ at lower and upper end

of the current error bar
) on Tc

probed with net-charge
correlations&fluctuations

170

165

160

155
W STAR

130 iy ALICE .
i Becattini et al.
I~
lines of constant physics from a
140 F i .
ines of mm 6" order Taylor expansion of the

Ti (Hp) [MeV]

135 | 5 i QCD equation of state
crossover lines — Lg [MeV] A. Bazavov et al. (Bielefeld-BNL-CCNU)
130 . . L L 1 ' ' L arXiv:1701.04325

0 50 100 150 200 250 300 350 400 450

crossover transition lines:
G. Endrodi et al., arXiv:1102.1356, O. Kaczmarek et al., arXiv:1011.31.30
C. Bonati et al., arXiv:1507.03571, P. Cea et al., arXiv:1403.0821

24
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Exploring the QCD phase diagram

] More moderate questions:

(a) net-p x*c”
4r py Range (GeVic) | @ Can we understand the systematics
B A 04<p<08 1 seen in cumulants of charge fluctuations
o 3 O giiiﬂli}ii . in terms of QCD thermodynamics ?
"‘E a . gjg;g I » How far do we get with low order
21~ 4 ‘ Taylor expansions of QCD in explaining
: the obvious deviations from HRG model
] LI N W 4 behavior ?
?
o N
5 10 20
s For /s > 19.6 GeV :
3212 07 =
Structure of net-proton cumulants
can be understood in terms of
. Xz QCD thermodynamics in a
KRXxO0x = g next-to-leading order Taylor expansion

A. Bazavov et al. (HotQCD), arXiv:1708.04897
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Vs [GeV]: 200 62.4 39 27 19.6

STAR data and corresponding Taylor

11 rE,=Spop 1 expansions of cumulant ratios evaluated
HRG — o in lattice QCD
0.8 STAR prel.: 0.4<p;<2.0 & . B o
STAR: 0.4 0.8 1 X4 IB
06 | _ A ° [# MB UB 1 —|— E@ (?) (*)
fits forvs > 19.6 GeV — B >
N 0% T 1 4 1Xa (M_B)
0.4 | 2xZ \ T
B
I 1 1X pB 2
0.2 B 1Xe (KB
P > Sro —HJBX41+6XE(T)
r{o=Mp/c BYUB —
0 - ' ' e T XzBl—|—1£(“—B)2
0 0.2 0.4 0.6 0.8 1 2xB \'T
B
1/2 : 1X 2
1sNN[GeV].200‘ 62.f1 N - 19.6 1‘1.5 7 , Xf 1+ Eé (“TB)
6 f g .
; KBO L =
> kpol -m STAR:0.4 GeV<ﬁ>.t<.2.0 Gev| L _ BY B XB 14 1x8 (M_B 2
! Spcg/ Mp w0 preliminary 2 > XgB T
12 HRG -
1 I~ :t I. 2l
ez 1 SRy =0 BLg 1 i _ .
== =g - j B d>‘a> use () toeliminate pug/T
0.6 | e —
o e | — evaluate on lines of constant energy density
0.2 | i ?: T T 1
o PP MP/G%
0 0.2 0.4 0.6 0.8 1
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Conserved charge fluctuations and freeze-out
mean, variance, skewness and kurtosis

in a NLO Taylor expansion r5, = Spos/Mp
are closely related

B _ 2
T — krO
42 BYB F. Karsch et al.,
0B 2 arXiv:1512.06987,
rB — B0 4 B2 <_> s = pg = 0: arXiv:1708.04897
31 31 31
T 2
5 B2 _ g B2_ 1 [ x5 X2
"B Tpo = 9T31 =< | 5|8
? 2\ X3 X2

0.14 -
C B0, B,0
0.12 145 /731 ?ﬂéﬁpz{s

0.1

0.08 C $ %
0.06 C
0.04 C 4 A
0.02 - B

0 JI | | |T [MeVI] ]

) .
~Q\
o6 130150 170190210230250270 | 02 @ ﬂ 2.6 150 160 170 1801
0 a F—E—8—
04 Bo . 02 | & = -
rgs : continuum est. Il . & m./m=20 (open)
'fit to prel. STAR data 04 | §/Mi==7 (OPeN) |
0.2 : 27 (filled)
1 1 1 L L L -0-6
130 140 150 160 170 180 190 =200 | ., b TiMeVl
T[MeV] 130 140 150 160 170 180 190 200
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1/2 .
Vs, [GeV]: 200 62.4 39 27 19.6 Sy [GeV]: 200 624 3IB 71 184
e ] 1T RB=Sgo
11 r3=Spop %5808 QCD mm
HRG — ® HRG —
- | 0.8 F : i
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P 2
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0 0.2 0.4 0.6 0.8 1
sh2[GeV]: 200 62.4 39 27 196 11577 .
16 | ' ' | ' T
kpoo = STAR: 0.4 GeV<p<2.0 GeV
14 & Spo%/Mp 0= preliminary 0 .
1.2 HRG — 1

: .
0.8—-i==_;:_j ®

0.6 | T
~
04 ~ &
Spop fit = — |
02| o " . 0.2 - To<149 MeV mm  fit to STAR data 1
. | e . J Mp/cp 151 MeV<T<159 MeV Bl 0.4 GeV<p<0.8 GeV
0 0.2 04 0.6 o 1 - 161 I\:‘IeV<'II'0<16? Me\{ | | 0.4 IGeV<|:|>t<2.OIGeV ‘- =

F. Karsch et al., 0.0 02 04 06 0.8 0.0 0.2 04 0.6 0.8
arXiv:1708.04897 Mg/Of Mg/Of
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Cumulant ratios of net-strangeness number fluctuations
at non-zero baryon number density
A high impact project on Cori-ll

9000 KNL nodes for two full days
in September 2017 ,  X3(T,uB)

SR R KsOg =
° x5(T, 1B)

. Xf s,2 ( UB 2
“\xg) T 7T
X2 Jpp—

X
—) X—‘; slightly rises with g for T' < 155 MeV

2
S,2
42
O3 | DESIG UGB 2 momeR0Nef
02| ms/m|=27, N"C=6 7 SN
8 W
12 &
o % PDG-HRG — |
. QM-HRG —
N
xS
HotQCD ?¢ L}
-0.2 | preliminary % .
= . ] ‘ . __ TIMeV]

130 140 150 160 170 180 190 200
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Explore the structure of matter close to the QCD transition
temperature using fluctuations of conserved charges

[ baryon number, strangeness, electric charge ]

High T: ideal gas l Low T: HRG l

ideal quark (fermi) gas, m=0 hadron resonance gas

o ® Q_'
» Ar

e s
in r char

baryon number. B= +/- 1/3 baryon number: B= +/-1

electric charge: Q= +/- 1/3, +/- 2/3 electric charge: Q=0=+/-1, +/- 2

strangeness: S=0,+/-1 strangeness: S=0,+/-1,+/-2,+/-3
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baryon number - electric charge correlations

2" and 4™ order cumulants
s _ OPP/T*
mBa% = xf/xf <1 X11 = dipdjio = (B Q) — (B)(Q)
/ 0.035 165 T [MeV]

e S e
1 1 o003}
| 1 * T? ( cont. estimate | 0025 08 ﬁ.A +l

0.8 |

N=6 A
8 0.02 |
0.6 + 12 & - 0015 [ continuum extrap. ]
' HRG models Il
0.4 | ’ . 0.01 | Ne=6 A
| m /m;=20 (open) ‘% é 8 i |
27 (filled) 0.005 | A 12 @
02 | Dz da 16w ]
L 0 I 1
S TMeVI— b ] TMev], = A
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200
free quark gas 1/2 1 1
freequarkgas: = (= — - — = =
3 3 3

— change in composition of the thermal medium
Is detected through conserved charge correlations
=> this gets reflected in cumulant ratios of, e.g.
net-baryon number fluctuations => no longer Skellam for T'>,150MeV
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Net baryon-number fluctuations

ratio of 4™ and 2™ order cumulants:

_ B|B|||||
1 AXalt2 HRG ]iappearallwc(re1 of .
W F W / ractional c arges 7"
B . ? cont. estimate
0.8 r *4 é VAW-HRG - -
\\ NT=6 o -
0.6 | ' A 8 M -
\\ ‘
0.4 ' s -
m¢/m=20 (open) \ ‘@
27 (filled) '
\ [=]4N]
' T [MeV] { free quark gas
validity range 0 —~——
130 140 150 160 170 180 190 200

of HRG model
(somewhat) extended
In excluded volume
models

V. Vovchenko et al.,
arXiv:1707.09215

BNL-Bielefeld-CCNU:
Phys. Rev. Lett. 111, 082301 (2013)
Phys. Lett. B737, 210 (2014)
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Net quark-number fluctuations
C.R.Allton et al, PRD71,054508 (2005)

Xt (T, p) _ *Q(T, p) Xrke(Ty 1) _ *Q(T, p)

perturbation theory: T2 = /T2 T2 — A(pyp/T)O () T)

%(T, p) = QON(T, p) + ¢* Q3(T, p) + ¢g° QON(T, p) + O(g*)

PSB 82 T2 1 (uf)z 1 <Hf)4
=5 _ ) - RS T St R et
T4 (Tow) =5+ ; [60+2 ) T a2\ T

3/2
1 S | 1 2
9(3)(T, pn) = — <@> = |1+ ny + (ﬂ)
6w \ gT 6w 6 272 fud.... T

2

Xrr(Typ) 3 [y 2 f fideal 2

2 = 1+t 7] t0) Xz —xi T~ O(g%)

) —1/2

xfe(Top)  g° I 3 ot} Ky Pk X3z ~ O(g%)

T2 275 6 272 T T T

f=u.d,...
k

X105 ey, xis ~ O(g®lng)

T2 14476
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Ratio of baryon number — strangeness correlation and
net strangeness fluctuations
2" & 4™ order cumulants

rapid approach to
free quark gas limit

0.35 s s "non-inter. quark gas Y S
i ) : J i free quark gas _
@@E{Dé@ -0 034 gﬁ%m quark g2
03 r _' 0.32 A ]
[ mS/mlzzo’ NT=1§ g 03 _ ms/m|:20, NT:6 A
| 6 l—é—i i 8 E-'
0.25 | my/m=27, N.=12 @+ 0.28 ¢ My/M=27, N=6 -
8 i 0.26 | 8
[ 6 4] . 12 @
0.2 1 16 v - 0.24 | PDG-HRG —
' PDG-HRG — | i QM-HRG —
[ QM-HRG — | 0.22 |
0.15 i . 02 |
T IMeV 0.18
01 1 1 1 1 L [ e ]| 016 » | 1 L T[Mlev]
140 160 180 200 220 240 140 160 180 200 220 240

conserved charge (=) quark number fluctuations:

BS __ 1 1.d 1 BS __ 1 1._d 1
X117, = —3X11 — 3X11 — 3X2 X13 = —3X13 — 3X13 — 3X1
Cxn 12Xy xis 12X
X3 3 3x3 xi 3 3xj
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Net quark-number fluctuations

strongly interacting

QGP
A
r \
0-16 II T T T T T T
E QM-HRG —
0.14 ', é PDG-HRG —
R %P  PDGHRG, Kiys, Ne=12 - -
0.12 | = 8 - -
g ms/m|=20, N’C=6 AT
01 | =E 8 = |
EDED mS/m|:27, N’C=6 [ - ]
8 ‘i
0.08 12 @ |
0.06 HotQCD b
(, preliminary A
R e E%
000 L | | T [MeV]
140 160 180 200 220 240
3
O(g”)

(Debye mass)

0.01 |

-0.01
-0.02
-0.03 |

-0.04 L

rapid approach to
free quark gas limit

/i r o % 1 )
1 T '—1—' % 1
PDG-HRG

QM-HRG
ms/m|=20, N’C=6
8

ms/m|=27, N’C=6
8

HotQCD 12
preliminary

emirdi| |

T [MeV]

180 200

O(g°®Ing)

160 220 240

F. Karsch, EMMI workshop, Wuhan 2017 35



Correlation of net-baryon number with net strangeness
and net charm
4™ order cumulants

0.34

| » e g g g free quark gai
0.32 | - o By
|
0.3 ! strange:N;=6 & <+ evidence for experimentally
0.28 8 il - not yet observed strange
0.96 | C 12 @ ] and charmed baryons?
. _ 4 charm: N,=6 A BS .
0.24 | 8 = - _Xazt _ 12X
- x:i 3 3x3
0.22 ’ black: PDG-HRG - BC e e
oo | pink: QM-HRG | Xigm _ 1, 2xas , X
X4 3 3xa 3xi

0.18
0.16

e . T [MeV]
140 160 180 200 220 240

PDG-HRG: uses experimentally known hadron spectrum listed by the Particle Data Group
QM-HRG: uses additional hadrons predicted to exist in Quark Model calculations
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HRG vs. QCD
baryon number vs strangeness fluctuations

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

1 7] 2
() =3 + 38 (B2) + 0ub)

1 pe\?
E@onm) = x5+ (B2) + 0

0.9 -
XE(“’B)T)/XS(“B’T) continuum extrap.

' N, 8
12 @

16 v
ug/T>0: N7=8, O(u?)

- agreement between HRG and QCD
starts to deteriorate for T>150 MeV,
and even earlier for p.z /7T > 0

HRG: X% = X5
BS S
X2z << Xz
— increase of B-fluctuation with baryon
chemical potential smaller in QCD than HRG

lines: HRG, O(?)

—> deviations from HRG become larger
with increasing baryon chemical potential
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Conclusions

— 6™ order Taylor expansions allow to control basic bulk thermodynamic
observables in (2+1)-flavor QCD with physical quark mass up to

pe/T ~ 2 | which covers beam energies in heavy ion collisions
down to vSnN =~ 12 GeV

— in this range of net baryon number densities, 0 < np < 0.06/fm?
no evidence for "critical fluctuations", i.e. the presence of a critical
point have been observed

— conserved charge fluctuations are quite well described by (non-interacting)
HRG model calculations below T' ~ 145 MeV, if supplemented by additional
strange degrees of freedom

—for T' > 160 MeV net quark number correlations (in different flavor channels)
provide evidence for "liberated" quark degrees of freedom
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Probing the properties of matter through the analysis
of conserved charge fluctuations

Taylor expansion of the QCD pressure: 1= Qs S)
- Oo p o
__ Z 1 BQS( T) rQ Ks
AR T TR T T
\_ t,J,k=0 )
generalized susceptibilities: XB = O p/T" fAx = Px
: ik T a~i a~d o~ 9 e
i T opgonhopk| T
o"P/T*
conserved charge fluctuations: X, (T, 1By ---) = Y X=B,Q,S
Hx
cumulant ratios:
(. X X X .
MX _ X1 (Ta N) SXO'X L X3 (Ta N) K,Xo'z L X1 (Ta [J)
% X (T x5 (Typ) T x3(Top)

p= (BB, LQ, US)
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STAR data on cumulant ratios of net-proton number

fluctuations
: ﬁN [GeV]: 200 62.4 39 27 19.6
p/Op ® Vs = r32=Spop %
& -
0.8 r 7.7GeV] 08 | HRG
E : STAR prel.: 0.4<p;<2.0 8 1]
STAR: 0.4<p;<0.8 ©
0.6 | I 06 _ I
STAR: 0.4<p,<2.0 : fits for \/§NN >19.6 GeV
04 t 0.4<p;<0.8 —F— - 04 |
0.2 r \/_ —_— - 02 L
-1
: 2OOGeV - 1Ns [GeVT] . | | | Fra=Mp/c?
0 0.02 004 0.06 008 01 012 014 0.16 0 0.2 0.4 0.6 0.8 1
M P _ P
p __ Mp . . Tae = Spop < 7
ria = —5— is monotonic functions of v/Snw 82 = “PTEP ™ T12
o
P

m===> and hence also of B
(this is not trivial;
It will not hold close to a critical point !)

m==> replace pg /T infavor of r5, | e.g.

m 1
[?B = mfrﬁ + mf (r12) + O <("°12) ) ] €.9. mf — Bl
12
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Conserved charge fluctuations and freeze-out
mean and variance

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

1xs (pB)2 1 X8 (B2
MB_ILBl'l'ﬁX;}B(z?) SBGB_MBXfl'l_EX%(z?)
2 B 2 = B B 2
75 T 1433 (F) P+ ()
rB _ B B B (,.B\3
- =myTn +my (1)
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Conserved charge fluctuations and freeze-out
mean and variance

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

Spop =

ps = pg =0

X
mmmm)p SpOp = T32 = X4 'rf; + O(("Hz) )

2
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Conserved charge fluctuations and freeze-out
mean and variance

freeze-out line

Ty(nB) = Ty, (1 — K} <“?B)2>

for simplicity: s = pg = 0

ratio of cumulants on "a line" in the
(T, np) plane (NLO Taylor expansion)

all Xn = Xn(T)
eventually need to

be expanded in T

ps = pg =0

X
mmmm)p SpOp = T32 = X4 'rf; + O(("Hz) )

2
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LGT attempts to find the critical point

:I | IR | L | [ I I L | I:
0.003 - ~
m{}.ﬂﬂg —HHHHHH}H E QCD critical point DISAPPEAR
= 0.001 | 3 —
E - . T
¥ ] crossover
~0.001 |- 1 0 S
:I | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 11 I 1 : -q_hh-;-__h-“"—-,_q_
0.1 0.12 0.14 0.16 0.18 O0OY Mud h“"“w/
b
Z. Fodor, S. Katz. 2001, 2004 P. deForcrand, O. Philipsen, 2002
these calculations were possible
because N _
() the lattices were coarse, critical point or breakdown of the
(I1) the discretization schemes reweighting approach (loosing the overlap) ?

were crude (standars staggered) S. Ejiri, PRD69, 094506 (2004)

since 15 years no progress along this line
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Complex Langevin vs. Reweighting
- the silent death of the Fodor/Katz critical point ? -

tempc;ral pladuettes CLE —x%—

0.575 ' temp. plag. reweighting - =
spatial plaquettes CLE -+

0.57 r spatial plaqg. reweighting o T

0.565 r

T
P EE R EEEAITCET s |
S EFREFEFERCEFPREFERSFEES S

=T
ST
\\\\\\

0.56 r

0555 |

0.55 | 83+4 lattice
B=5.4
0.545 | mass=0.05 4 +
0.54 reweighted from p=0 - +

0.535

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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