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Outline: QCD phase structure

& QCD transition in external magnetic field

HTD, S.-T. Li, A. Tomiya, X.-D. Wang & Y. Zhang,
arXiv:2008.00493 & work in progress

& Chiral crossover and chiral phase transition T

HTD, P. Hegde, O. Kaczmarek et al.,[HotQCD], PRL 123 (2019) 062002
A. Bazavov, HTD, P. Hegde et al.,[HotQCD], PLB795 (2019) 15

e us € LQCD meet experiments—Fluctuations of
conserved charges
A. Bazavov, D. Bollweg, HTD et al., [HotQCD],
PRD101 (2020) 074502, PRD96 (2017) 074510
Mg, €8
HTD, F. Karsch, S. Mukherjee, arXiv: 1504.05274 D /45
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Magnetic fields created in HIC
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Charge Susceptibility

Magnetic fields created in HIC
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(Inverse) magnetic catalyses v.s. reduction of Tpc
N a background magnetic field
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Chiral condensate always increases as eB at T<<Tpc

lts connection to the reduction of Tyc IS highly non-trivial
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Gell-Mann-Oakes-Renner relation

M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175, 2195 (1968), J. Gasser and H. Leutwyler, Nucl. Phys. B 250, 465 (1985)

(mu +ma) ((Y¥)u + (WPh)q) = 2f2 M2

o At T=0, in the weak magnetic field the 2-flavor GMOR relation holds true for chiral
(& point-like) pions from LO ChPT

Shushpanov and Smilga, PLB402(1997)351

o At eB=/=0, additional pion decay constants appear due to a nonzero pion-to-
vacuum transition via the vector electroweak current rayazbaknsh & sadooghi, PRD 88(2013)06500

Bali etal.,, PRD121(2018)072001

Coppola et al., PRD.99 (2019)0540312
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Explicit chiral
symmetry breaking

— (my + maq) ((P)u + (P)a) = 2f2M7 (1 — 6r)

f At physical
Spontaneous chiral symmetry breaking plg:Nrg;SS

o At T=0, in the weak magnetic field the 2-flavor GMOR relation holds true for chiral
(& point-like) pions from LO ChPT

Shushpanov and Smilga, PLB402(1997)351

o At eB=/=0, additional pion decay constants appear due to a nonzero pion-to-
vacuum transition via the vector electroweak current rayazbaknsh & sadooghi, PRD 88(2013)06500

Bali etal.,, PRD121(2018)072001

Coppola et al., PRD.99 (2019)0540312
6 /45



Lattice setup

¢ Symanzik-improved gauge action with HISQ fermions

¢ 323x96 lattices, with a=0.117 fm (a''=0.17 GeV), m/ms =1/10 (M =220 MeV)

¢ In our setup fr= 96.93(2) MeV, fk=112.50(2) MeV, fx/fr=1.1606(3)

FLAG 2019: At physical mass point fr= 92.1(6) MeV, tk=110.1(5) MeV, fk/ftr=1.1917(37)

N, N ‘

+ Magnetic flux: Npb=0,1,2,3,4,6,8,10,12,16,20,24,32,48 & 64

+ Magnetic field is quantized as eb =

+ 0<eB<335GeV2(~70 M)

+ Fixed scale approach to nonzero T
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Magnetic catalysis at 1=0
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gB scaling of light quark chiral condensate at T=0

(}u==EbK3EB,(1d==-1/ﬁ3EB

1.04 r
2 (layBul)/Zg(lagBgl) - . .
1.03 [“ull%Pu i )\gu\g . different estimates of UV
1.02 ¢ R divergence in the chiral
1.01 | = — condensate are removed
1 [ om e e
EB{ =
0.99 | Sx . O - { |
- x % & ° Ao, =0  —>— | Chiral condensate at T=0&B=0 is subtracted
098 | "~ N C A, =0.12 —6—
0.97 | Acy=0.36 —=
Aopp=00 ’ No subtraction
0-96 | | | | |
0 0.2 0.4 0.6 0.8 1 1.2

9B [GeV?]

9 /45



Masses of neutral and charged pseudo scalar mesons
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Masses of neutral and charged pseudo scalar mesons
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Gell-Mann-Oakes-Renner relation

50 60 eB/M?

dm, <";¢>u — 2f7%2M722 (1 — 5%2)
dmg (Y)a = 2f7%3M7%3 (1 —0x0).
? . (M +ma) (G)u + (G)a) = 2f2M2 (1 65)
________________________ T
Aovo=0.12 AD' =0.36 _ . .
e neutral pion remains as a Goldstone
DERDE boson with eB up to ~3.5 GeV?2
25 3 35

12/45



Gell-Mann-Oakes-Renner relation
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Fluctuations of conserved charges

T > 8 Taylor expansion of the QCD pressure:
j O Allton et al., Phys.Rev. D66 (2002) 074507
‘ TN ® Gavai & Gupta et al., Phys.Rev. D68 (2003) 034506
156 O Quark Gluon Plasma —
Mev HQGD. _ _ O @ p 1 A A AN - Xijk (HB\" (HQ\’ [1s\F

o o L0 i = v ATV i) = 3 S (7) () (7)

O &% g -
0~ @ . -
® ° ¢ Taylor expansion coefficients at u=0 are
Hadron Gas @ e computable in LQCD

® o

fluctuations of conserved charges:

UB \B@S =\ Baspy _ 1 O™ TEP(T, p) /T
tyk Lk Vs aﬂ%ﬁﬂéaﬂg iB,Q,s=0

HTD, F. Karsch, S. Mukherjee,
arXiv:1504.05274
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Quark number susceptibilities in nonzero magnetic field
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e Up and down quark sus. are degenerate at eB=0 and start to deviate at
eB=/=0

e Ratio for down to strange quark sus. Is independent on eB at high T, while

decreases at two low temperatures
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Fluctuations of conserved charges
Quantities that probes Xg/xg at high T at eB=/=0
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Ginzburg-Landau-Wilson approach

Partition function:

Landau function: L.,y = % (Vo) + Zan(K)J”

ﬂ\d order phase transiticm

/Z(2) Ising model, Nf=2 QCD

1 1
ﬁeff — 5&0'2 -+ ZbOA

Lerf b 15T T=Te T<Te

\ "

7 - /[da] exp ( /dxzeff ((x): K))

o(x): order parameter field;
K={m,u}: external parameters

ﬁst order phase transitim

/(3) Potts model, Nf=3 QCD

1 1 1
Eeff — 5&0'2 — §CO'3 -+ Zb0-4
Lerr A ToTe T=Te T<Te

>
O

N /

Same symmetry with the underlying theory
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Ginzburg-Landau-Wilson approach

Partition function:

Landau function: L.,y = % (Vo) + Zan(K)J”

ﬁ\d order phase transitim

order parameter M:
continuous In |

fluctuations of M:
T

X(T) = ((M?) = (M)?)

e

/

7 - /[da] exp ( /dxﬁeff ((x): K))

o(x): order parameter field;
K={m,u}: external parameters

ﬁst order phase transiticm

N

M:
discontinuous in T

fluctuations of M:

X(Tc) ~ V

/

Same symmetry with the underlying theory
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Landau functi()nal ()f QCD Pisarski & Wilczek, PRD 84

Symmetry: SU(Ny¢)p X SUNf)rxU(1)y xU(1)4
1

Chiral field: &;; ~ §Cij(1 —75)d" = @rgz,  Chiral transformation: & — =24 v, ¢ V|
1 ; a ;
by by SU(NR)LXSU(Nf)RXU(1)A

2 b 2 ”
| T (tr CIDTCID) | 42! tr (CIDTCID)

C
(det® + detCI)‘L) e SU(Nf)LXSU(Nf)R

S\

trh (®+ 7).

5 Quark mass term

Results on phase transitions should be eventually

checked by Lattice QCD
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QCD criticality relevant to the real world

Columbia plot:
QCD phase diagram in quark mass plane
o N=2 PURE
m . -"|IGAUGE - . . ey
d R 2 dorzd(ezr) e @ At physical point: crossover type transition
_-order
O(4) [HotQCD] PRL,113(2014)082001, PRD 85(2012)054503
[Wuppertal-Budapest], JHEP 1009 (2010) 073
P i
physical poin N3
tri : _ agn . ag s
mg' 7 N=t @ Critical lines of second order transition
/ Ni=2: 0(4) universality class  Pisarski & Wilczek PRD '84,Kogut & Sinclair, PRD 06 ...
mcr? Nf=3: |Sing universality class Karsch, Laermann, Schmidt PLB '04,...
“\ 2" order
Z(2)
mu,d -7

¢ Ni=2+1 QCD: fate of axial U(1) symmetry ? O(4) or 1st order ?
¢ Criticalities that are relevant to QCD thermodynamics at the physical point 7

¢ Fundamental scale of QCD: chiral T ? 21/45



Fate of axial U(1) symmetry at T=/=0
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Bazavov et al [HotQCD], PRD 19", 1908.09552 HTD, S.-T. Li, A. Tomiya, S. Mukherjee, X.-D. Wang, Y. Zhang,

WOrk in progress

X7t — X§ — 0 * —ffective restoration of Ua(1) symmetry

¢ Axial U(1) symmetry remains broken at T)(SB see more in H. Fukaya EPJ Web Conf. 175 (2018) 01012,

¢ In the chiral limit of Nf=2 QCD the transition is most likely 2nd order belonging

to O(4) universality class 20/45


http://arxiv.org/abs/arXiv:1908.09552
http://arxiv.org/abs/arXiv:1908.09552

Critical behavior in QCD

¢ Close to the critical window QCD transition is governed by the universal singular behavior

singular regular
p 1 N 1 (2—a)/B5 1/8o 7]
71 = s W2V, T i) = =h fs(t/WMP) = £,(V, T, )
“Magnetic coupling”: h ~ m, “Thermal coupling”: t ~ T;TC 12 (A%B)Q
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Critical behavior in QCD

¢ Close to the critical window QCD transition is governed by the universal singular behavior

GAUGE

singular regular
p L 7 -« Z
L M Z(V, T, i) = —h@ B (1/hM B — £V, T )
1 Vi
“Magnetic coupling”: h ~ m, “Thermal coupling”: t ~ T;TC 12 (A%B)Q
critical lines:
~ h=0,t=0

2" order
O(4)
physicgl point

mtrl

Z(2)

.
’
.
.
.
B
.
’
. —]
.
. f—
B
.
’

Nf=1

mu,d
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Critical behavior in QCD

¢ Close to the critical window QCD transition is governed by the universal singular behavior

singular regular
P S mZ(V.T, i) = —hC8  (1/hP) — (V. i)
T4 VTS , , S T , ,
N : N 3 N 1 —1T. 2
Magnetic coupling”: h ~ mg “Thermal coupling”: ¢ ~ T - Ko (%)
ritical lines:
f 2nd order susceptibilities \ - ;Sg B Oe >
Magnetic Mixed Thermal =0,1=
0°1n Z 0%1n Z 0°1n Z Divergences
Oh* Ohot ot Magnetic sus.: strong
~ pt/o—1 ~ hB—1)/Bo ~ /B Mixed sus.: mild
orders for O(4)

/(2) -0.792 -0.43 -0.07
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Crossover transition temperature Tpc in the real world

& Crossover nature of the transition

pC-
inflection point

(Wih)

u,d,s

u,d,s

Tpc:
peak location

¢ Chiral phase transition: most likely 2nd order, 3d O(4) Fiiri et al., PRD 80(2009)094505,

HTD et al. [HotQCD], arXiv:1903.04801...

¢ A well-defined chiral crossover transition temperature:
based on scaling properties of QCD

HotQCD, Phys. Lett. B795 (2019) 15
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Scaling behavior of chiral observables

chiral condensate: chiral susceptibility: Taylor expansions:
1/6 5 1/6—1 — O5,(T) (px\2n

¢

[% 0f, 0z :f’ml/%} 2~ (T = T2)/T + K (up/T)?) /mFs [a aQJ

OT 0z 0T ~— "X oT ~ 0u3
> 0.4
Irx(T) 0.35 |
orCy(T)  ~ m!'/°PITHEf (2) 0.3 |
Cy (T) 0.25 |
0.2 |
0.15 |
RCYT) P -
- [0=1/B0d g1 0.1 | / B
orCx(T) ~ fa(2) oo | fo(2)
<




Well-defined notation of chiral crossover transition T

¢ 5 conditions to extract Tc: maxima of f, and f'g

Orx=(T) =0 OrCX{T)=0 CXT)=0 92C>(T)=0 0rC3(T) =0

€

M=0: all these susceptibilities diverge at a unique T

¢ m=/=0: non-unique temperatures, crossover 2 o (T = TOV/TO + K () T)?) Jms

. 0.4
aTX (T) 035 |
orCy(T) ~ ml/(s_l_l/ﬁ(sf)’((Z) 0.3 |
CX(T) 0.25 |
0.2 |
0.15 |

BCUT) he) -

~ [O=1/B0 ¢!/ 0.1 | Do

ooy ~ " el o5 | fo




170

165 |
160 -
155 |

150 .

QCD chiral crossover transition temperature with my; =140 MeV

T,(0) [MeV. .
AN
% Cy .
. Cy =
. . C3
2 - ' Cy =
i ; i (156.5 & 1.5) MeV
- | 1/N? |
L LT e e
\\OO \\\/@\\\/g \\d3 \\6‘

A. Bazavov, HTD, P. Hegde et al. [HotQCD], Phys. Lett. B795 (2019) 15

Chiral crossover temperature
INn the continuum limit:

Tpc =1 565(1 5)MeV

Consistent results from Wuppertal-Budapest
arXiv:2002.02821
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QCD phase diagram in 3D: quark mass, us, T

Mr—0, O(4)
Chiral phase transition T at ug=0

ars

and M=140 MeV
T,. = 156.5 £ 1.5 MeV

Chiral crossover j
transition T at us=0

tri-critical point

Y

2nd order.
1st order

crossover

2nd order, O(4)

wdEs )
/ |f VA

— «1;,‘ f=

- tri CEP
Ladz;
0 A R HB
phys
u,d
My .d

¢ T. (1) decreases as s up
to NLO from LQCD

P. Hegde & HTD, PoS LATTICE2015 (2016) 141
O. Kaczmarek et al., PRD83 (2011) 014504

¢ Random Matrix Model & NJL

. M. A. Halasz et al, PRD 58 (1998) 096007
SuggeStS - M. Buballa, S. Carignano, PLB791(2019)361

Y. Hatta & T. Ikeda, PRD67 (2003) 014028

tre CEP 2/5
5[2 '__jr; (77lq) CX:Tn’q

Indications:
h 0 tri CEP
r.,”>T., >T.," >T,

28/45



160
155 |
150 |
145 |
140 |

135 |

130

125

HTD, P. Hegde, O. Kaczmarek et al.[HotQCD], PRL 123 (2019) 062002
HTD, arXiv:2002.11957

80 110

140 m_ [MeV]

T[MeV] <4——=  (Chiral crossover transition temperature
‘ ‘ TP = 156.5(1.5)MeV
Ts, N.=6,8,12 —x— mm -
Ty, N.=8,12 —— E >
TpC,N_6812=u=- ‘; T,.(H) =T, (1 | pH%)
Too N.=8,12 —A— mmm ~0
:[ _ n mgn
_ Chiral phase transition T
~ Hemymg TY = 13272 MeV
0 0.01 002 003 004 005 0.06

See also in QCD-inspired model calculations:
e.g. J. Berges, D. U. Jungnickel and C. Wetterich, Phys. Rev.D59, 034010 (1999)

J. Braun, B. Klein, H.-J. Pirner and A. H. Rezaeian,Phys. Rev. D73, 074010 (2006)

Indication of Tcep = 132 MeV
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0.12
0.1
0.08
0.06
0.04 |
0.02 |

-0.02
-0.04

Critical behavior and higher order cumulants

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

B0 Too |
n2 o4 w7
X53 A
Ne=8 BQ |
Xa2 'O
 HotQCD W
» preliminary T [MeV]
130 140 150 160 170 180 190

_ 9HIRP(T, ) /T

BQS
Xiin (T') = —
O Ofig, Ok

ik
c , ..B0 UB 2
70 % (T>

In the scaling regime:

Irregular sign change seen at T>Tpc In x5

Irregular sign change expected at Iz 135

MeV In
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Critical behavior and higher order cumulants

0.1 | An2 B4  Xin /2 an ;
! BQ _
| Xa2 '© | 0.005 | -l @ E Yo 32 O
0.06 - - -_ -] ¥ - _
| 4 ol - X17 /128
0.04 | :
0.02 | 1 -0.005 | I
01 ] -0.01 |
002 | HotQQD _ |
- preliminary T [MeV] { -0.015 | T [MeV] |
o004 - s
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

Many 8th order fluctuations turn to be negative at T = 135-140 MeV
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Critical behavior and higher order cumulants

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

uuuuuuuuuuuuuuuuuuuuuuuuuuuu
||||||

- Xn2 B4 |  Xin /2 v XI131Q N
0171 Pea . | 001} X13/8 4
| - BQ
0.08 |+ N.=8 xf%%) ‘ N 13 /8 A
| X2 ' | 0005 L AL A Ko /32 O
0.06 | B =l B 50
. 0| i = P - 7 Db | X17 /128
0.04 | T G na
s : \ \_/
0.02 -0.005 I 1
0 ] -0.01 | N
0,02 | HorQCo ;
- preliminary T [MeV] -0.015 | T [MeV]
004 - s e
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

Many 8th order fluctuations turn to be negative at T = 135-140 MeV

Suggests singularity in the complex plane at T>135-140 MeV

More support for Tcep < T
30/45



QCD phase diagram in 3D: quark mass, us, T

Mr—0, O(4)
Chiral phase transition T at ug=0

/ tri-critical point

A

Tr 2nd order, O(4)

X Tcep< 10~132 MeV

2nd order, Z(2)
Chiral crossover j
transition T at pus=0

1st order

Ttm

""" crossover

How about the strength of
transition along the
crossover transition line?

and M]‘[=14O |V|eV : . :
Tpe = 1565+ 1.5 MeV | e cEp
g 1B || |#B
' | ns
hys
Mayd
M. d
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Chiral crossover line: Tp.(up) = Tpe(0) { 1 — Ko (%)2 — K4 (M_>4

L'75
170
165
160
155
150
145
140
135

Consistent results on the chiral crossover line from Wuppertal-Budapest, arXiv:2002.02821

[

| ! | ' | ! I ' | ' |

Tpe [(MeV] crossover line: O(ug) =
T constant: e
B s B

freeze-out: STAR ‘e
- L 4 ALICE = -
i n |
n5=0,£20.4 . —@—
pp [MeV)
50 100 150 200 250 300 350 400

Bazavov, HTD, P. Hegde et al. [HotQCD], Phys. Lett. B795 (2019) 15

ALICE data point:
Te¢=156.5(1.5) MeV

Andronic et al, Nature 561 (7723) (2018) 321

STAR data points:

Adamczyk et al., Phys. Rev. C 96 (4) (2017) 044904
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100

80 |

60 |

40 |

20 |

Strength of QCD transition at ug = 300 MeV

disconnected susceptibility

Along the crossover transition line

0.6 -
4 Xdiscl Te(Ug)s1B) Agisc(To,0) - 1
xdisc/fk
ug= 0.0 MeV - 04 |
125.0 MeV - |
200.0 MeV
0.2 |
_// - -
/ d
021 O(up ng=0, ng/ng=0.4
ng=0, no/ng=0.4 T N=8,0(1) 04 Ol =
MeV
Tyt 0.6 g (MeV]
135 145 155 165 175 185 195 0 50 100 150 200 250
o
Lattice data suggests

TP <135 — 140MeV, p$EF > 300MeV
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Baryon number fluctuations according to

0.021 3-d O(4) universality class
m o0 B. Friman et al., Eur.Phys.J. C71 (2011) 1694
o=

-0.02F

-0.04[

B _(znq)n/Z‘t‘Z—a—n/Qf:(:n/?) , for /Lq/T — 0’ and 7 even
—(2ky)™ (52)" ¢|2-en ™ for pe/T >0,

3-d O(4) : a=-0.21,

The exponent of t: 2 —a —n/2

becomes negative only with n>=4
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0.2 —m—m—0m™m—
5 A
| X2 ‘

0.15 |
041 |
' T,=156.5(1.5) MeV |
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0.05 1 QM-HRG — -
' N,=6 A -
| =N
_ T [MeV] 12 & |
0 ........................
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] T..=156.5(1.5) MeV
020 | xg " Spline :N_= 8 m
& QM-HRG —
PDG-HRG —
010 B NT=8 =
12 &
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-0.10
'0.20 B T [MeV] |
130 140 150 160 170

12 —— ——
L4 T,c=156.5(1.5) MeV
XB cont. est. =
0.1 ¢ QM-HRG —
PDG-HRG —
N, =8 5
0.08 - 20 -
0.06
0.04
0.02 i
T [MeV]
0 ........................
130 140 150 160 170
2 T T T T
- .8 T .=156.5(1.5) MeV
- XB " Spline :N, =8 m=
1r PDG-HRG —

QM-HRG —
N, =8 &

T [MeV]

140 150 160 170

HotQCD, 2001.08530

180

Taylor expansion
coethcients at pg=0
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Fluctuations of baryon numbers at pg=/=0

L Xg (Ta H’B)
XTB;L (T7 ,u*B)

1.2

0.8

0.6

0.4

0.2

maa:

Xn T“’B

§:~Bk

B
an T

RY,(Tke) = X1(T, 1)/ x2(T, i)

N=12 (transparent)

0.8

8 (solid) 0.6
T=157 MeV |
LO: [1,0;
NLO: [3,2 0.4
NNLO: [5,4 ]
NSLO: [7,6]
_ 0.2
| | | | | | l“lB/T |
0.2 0.4 0.6 0.8 1 1.2 1.4 0

HotQCD, 2001.08530

kai’w 555 k(T)NB

max ~Bl
Zl 1 Xm

(T )MB

RYo(T.Hg)

in strangeness neutral case

Contindum estimate

ug/T

0

0.2

0.4

0.6

1

1.2

R..(us/T) is almost independent on T and will be used to convert up to vsnn
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Continuum estimates for skewness and kurtosis ratios in NNLO

Skewness ratio Kurtosis ratio
1 | | | | 1 | | |
RB. (T, RB,. (T,

0.9 - 31( H) _ 0.9 L 2o(T,UB)
0.8 | - 0.8 |
0.7 b - 0.7
0.6 \ 0.6 |
0.5 | 0.5
04 - cont. estimate, T=155 MeV ) 04 L cont. estimate, T=155 MeV

. 158 MeV ' 158 MeV
0.3 | - 0.3 |

up/T ug/T
0.2 | | | | 0.2 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Both ratios decrease with pg/T and becomes larger at smaller T

HotQCD, 2001.08530
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hyper-skewness and hyper-kurtosis ratios

' l l ' l l l 1 | | | | | | |
B
RE;(T.up) 05 Rez(THs) .
- N=8: T=(155-158) MeV - Nt=8: T=(155-158) MeV
0k ]
05 1 .05
1
=l -1.5
LO: [1,1] LO: [0,0]
_ NLO: [3,3] 2+ NLO: [2,2]
25| i
| | | | | | uB/T | 3 | | | | | | “B/T |
“0 01 02 03 04 05 06 07 08 o 01 02 03 04 05 06 07 08

Both C5/C1 & C6/Cz2 are negative in NLO!

HotQCD, 2001.08530 38/45



Explore the QCD phase diagram through
fluctuations of conserved charges x=B,Q,S

My(v/s)  (Ng) )
23 (BN x5(Topg) 2N

S
ay
N
=
&
S

HIC
mean: M S.(Vs)od(vs)  ((6N2)°)  X5(T,pB) .
. J— p— :R T’
variance: O% M, (1/35) (N, (T, 1ig) 51T, 1B) LQCD

generalized susceptibilities

)

)
(5Nx)4 s (L T x 1 O"InZ(T, i
< ) > __ X4( /LB) :R42(T7 I[LB) Xo (T, up) = o a(ux/(T):)

skewness: S«

kurtosis: kx ,{m(\/g) gi(\/g) —

h
hyper-skewness: Sx

WPEITOIES  Sh(y)o2VE) _ {0Na)) _ xE@om) _ e
. M, (/5) (No)  xi(Tous) 71
proton, charge particles, <( SN )6> T
kaons h 4 L XL L X6 (T7 /’LB) I Y
liac(\/g) O-x(\/g)_ <(5Nx)2> o X%(Ta /LB) _R62(T7 :uB)
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Many caveats

Non-equilibrium eftects

S. Mukherjee, R. Venugopalan, Yi Yin PRL(2016). ...

Proton v.s. Baryon

M. Kitazawa and M. Asakawa, PRC(z012)...

Detector effects: cuts in acceptance & kinematics...

V. Koch, S. Jeon, PRL (2000)
A.Bzdak,V.Koch, PRC (2012)
V. Skokov et al., PRC (z013)...

Final-state interactions in the hadronic phase .
J.Steinheimer et al., PRL (2013)...
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Non-equilibrium eftects

S. Mukherjee, R. Venugopalan, Yi Yin PRL(2016). ...

Proton v.s. Baryon

M. Kitazawa and M. Asakawa, PRC(z012)...

Detector effects: cuts in acceptance & kinematics...

V. Koch, S. Jeon, PRL (2000)
A.Bzdak,V.Koch, PRC (2012)
V. Skokov et al., PRC (z013)...

Final-state interactions in the hadronic phase .
J.Steinheimer et al., PRL (2013)...

Baseline from thermal equilibrated QCD
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LQCD meet experiment

LQCD data are obtained at Tpc(up) in NNLO

12 [GeV]: 200 62.4 54.4 39 27
- RB (T dashed lines: -
m pC) joint fit to
STAR data for
i R51, Rio i
_- . | .
B -
NNLO, R% (Thc)
- R42(Tpc) ~
STAR 2020: R% e
- Ry "l -
STAR preliminary: open symbols R?z(TpC)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8

General trend of kurtosis &
.~ skewness ratios are consistent

o High statistics data at 54.4 GeV
s are in good agreement

oXC 62.4 GeV kurtosis data

D

IS off the trend
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LQCD meet experiment

LQCD data are obtained at Tpc(up) in NNLO

12 [GeV]: 200 62.4 54.4 39 27
RB (T dashed lines:
i ml pc) joint fit to |

STAR data for
LO, T=150 MeV RE, Ri

; I~ o - _
NNLO, R54(Tpc) S .

i R72(Tpc) i
STAR 2020: Rg1 D

i R I i
STAR preliminary: open symbols R|132(Tpc)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8

General trend of kurtosis &

. skewness ratios are consistent

O High statistics data at 54.4 GeV
are in good agreement
&  62.4 GeV kurtosis data are now

" consistent with updated STAR data
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g,L/NZ [GeV]: 200 624544 39 27

NLO, R51 / Qualitatively diftferent sign!!!
Re2(T

! [ STAR preliminary: R oK 1st, 2nd, 3rd & 4th order
: LO, T=150 MeV ® cumulant (ratios) at 54.4 GeV are

E— consistent while C6/C2 is not
1t - Statistics?

NNLO contributions in LQCD
2 r ) computations? Continuum
RB _M./2 extrapolation?

-3 | | | | | L Oft equilibrium eftects?

0 01 02 03 04 05 06 07 0.8 -

A large higher order (10th) Taylor expansmn coefficient iIs needed to
turn Ce/C2 positive, however, such a large coefficient is not expected since 54.4
GeV is not expected be close or in the critical region
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1/2 :
Sw [GeV]: 200

62.4 54.4

NLO, Rg1 (Tpc)

i REZ(Tpc)
STAR preliminary: RE, £

LO, T=150 MeV

I

i

LQCD and STAR data: @@5

- same sign

The LQCD results at 200 GeV is
more reliable than that at 54.4 GeV,
as the contribution from the higher

expansion coefficients is more under
control in the former case

Due to the agreement in C3/C1 &
C4/C2 at 54.4 GeV, more statistics
seems to be needed at 200 GeV to

reconcile the conflict

STAR: Cs/Cx ?
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