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Quantum ChromoDynamics

quarks

Running coupling

July 2009

s a Deep Inelastic Scattering
oe ¢'e Annihilation
0® Heavy Quarkonia

gluons

0.2

0.1}
=QCD 0s(M2)=0.1184 +0.0007
1 10 100
Q [GeV]
Confinement Asymptotical free
non-perturbative perturbative
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Symmetries of QCD in the vacuum
- 1 Y

L= —ZF“”FW + 0y (i[iw“(% —igAy) — mq] q

\_ q:u,d,s,c,b,t Y,
- N

Classical QCD symmetry (mq=0)
| SU(Nf)L X SU(Nf)R X U(l)v X U(l)A

¥ ’
s N
Quantum QCD vacuum (mg=0)
Chiral condensate: Axial anomaly:
spontaneous mass generation guantum violation of U(1)a

o -~ 2N -
;\ (qrqr) # 0 9,5t = ‘(iG—Wgtr(FWFW) i

\ 4

SU(Np)y x U(1)y
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Symmetry restoration in extreme conditions?

“The whole is more than sum of its parts.”

Aristotle, Metaphysica 10f-1045a
ue>Aacp or T>Aacp Py

Ordinary
nuclear

Quarks & Gluons get liberated from nucleons

From hadronic phase to
A new state of matter: Quark Gluon Plasma (QGP)
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QCD phase transitions

T
O o ®
O
Quark Gluon Plasma

.......... o e
~a CEP O

0
Ordinary | o)
nuclear

matter

O Hadron Gas @
® o

Nuclei
HTD, F. Karsch, S. Mukherjee, UB
arXiv:1504.0527

What are the orders of QCD phase transitions?

What are the T¢, critical temperatures of these transitions?

What will be the observable phenomena
associated with the transitions?
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Ginzburg-Landau-Wilson approach

Partition function:

7 - /[da] exp ( /dxceff (0(x): K))

Same symmetry with

Landau tunction: Leps = 9 (Vo)™ + Za”(K)U the underlying theory

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

2nd order phase transitim

Z(2) Ising model, Nf=2 QCD
1 1
,Ceff = 5&0'2 —+ ZbOA

Leff N IoTe T=To T<Te

- "

1st order phase transition
/(3) Potts model, Nf=3 QCD

1 1 1
Leff — 5@0'2 — §CO'3 —+ Zb(f4
Lerrt IoTe T=Te T<Te

>
o

NS &
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Ginzburg-Landau-Wilson approach

Partition function:

Z:/[da]exp(—/dxﬁeff (J(X);K))

Same symmetry with

Landau function: Lesy = 2 (Vo)™ + }_an(K)o™ tne underlying theory

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

2nd order phase transiticm

order parameter M:
continuous In T

fluctuations of M:
X(T) = T((M?) — (M)?)

e

/

ﬁst order phase transiticm

M:
discontinuous In T

fluctuations of M:

X(Tc) ~V

NS &
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| andau functional of QCD

Pisarski & Wilczek (84)
Symmetry:  SU(Ny¢)p X SUNs)r xU(1)y xU(1)a
1 . . .
Chiral field: D~ 559(1 —5)q¢" = GRqT
Chiral transformation: & — e %**4 V/; @ V}‘;

1 .
ﬁeff = 5’61“8(1) 0D + gtl‘q)Tq)

by S ¥ SUN)XSUNYaxU(1)s
oy (r@T@)” 4+ For (910)"_}

_ g (det(I) 4 det(I)Jf)

d
- 5trh(<1>+<1ﬁ).

SU(Nf)LXSU(Ni)r

Quark mass term

Results on phase transitions should be eventually
checked by Lattice QCD

7 /42



| attice QCD

QCD Lagrangian

1
L=->F"F, iliv (0, —igA,) —mg)|lg . . . .
i +q=u§c.b,,q[’ (5% = f94,) )]q.,.-.-:_—.-:_-:,-::;:-:-:.f.-._. e Discretization in

& Euclidean space
A Yy
I SR &

® quark A gluon

W ASSY quarks: lattice sites
R gluons: lattice links

Supercomputing the QCD matter:

structural equivalence
between
statistical mechanics
& QFT on the lattice

Nc@N@Nsin@Ng@Ng@NS = | 06
8 ln Z T f

chiral condensate: (qq) = —L(TtM 1)
amq 4 8 /42
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1£ 34
NuclearScience —+ \u” /Ej_:?r-
Computing CenteratCCNU ;l:z%gl_u—;‘u_ﬂ-%_ ’L\)

First installation (2017):
Peak performance 1 PFlops/s, 400 TB storage

I\\\lEEE;|IEi

¢ Lattice QCD
¢ Heavy lon Experiment
¢ Phenomenological calculations

Nvidia
P100

~1/2 REE TR ITTEF O@015IEICIE(E: 2.3 PFlops/s(ibiEzs: JRIE)
~ 1/10 ltalian Cineca Supercomputer MARCONI'@2016
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QCD Phase Diagram

‘Early Universe The Phases of QCD
LHC Experiments

1 RHIC Experiments

¢ The QCD phase structure is
under extensively investigation by
Heavy lon Collision (HIC)

Qo

-~

=

©

.~

Q

Q
®
—

Experiment
CrcotPomt ) g & Hadronic fluctuations and
* Color
Hadron Gas Sapseofiiics abundance are measured at
ke / freezeout

/ Vacuum Matter Neutron Stars
0 MeVo4—— . o
‘T ‘U““bl s

Baryon Chemical Potential
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62.4
39
27
19.6
14.5
1.5
7.7

Hydrodynamics & Thermodynamics in

05 pB/T <3

67
39
70
36
20
12
4

Beam Energy Scan at RHIC

2010
2010
2010
2011
2011
2014
2010
2010

73

112
156
206
264
316
422

200 350

166
165
164
162
160
156
152
140

T, (MeV)

200 62.439 27 19.6 11.5 7.7 GeV
1 80 N L) L) L} L) ' L} L) L} L] l L) L) L) L) l L) L) L} L} I L L} o
. ~ Au+Au Collisions ;
1704, ' : 5
160 :_.. o T AN SN --._._. ....................................................
150
. ' .
140~ STAR Prellmmary """"" rom—
130 C go 05°j° Cleymans et al ;=
: A 60- 80° Andromc et al -

120

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

i | I 2 I I 2 3

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

100

560560400
u, (MeV)

(Ten,uB ): J. Cleymans et al.,

PRC 73 (2006)034906
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Beam Energy Scan at RHIC

Ratio of the 4th to 2nd order proton number tluctuations

L ‘I L] T 11 T ‘l T
2] STAR
o oy ;I:Z;Z;E;S;E': —ZE::Z;Z:Z:Z;::I-Z-:'Z- ------------
© 08}
% & p+p data
0.6 - O Au+Au 70%-80%
. Au+Au 0%-5%
04l # Au+Au 0%-5% (UrQMD)|
' 1 ® Ind. Prod. (0-5%)

5678 10 20 30 40 100 200
Colliding Energy |s,, (GeV)

Can this non-monotonic behavior be understood in terms of
the QCD thermodynamics in equilibrium?

What is the relation of this intriguing phenomenon to

the critical behavior of QCD phase transition?
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QCD phase diagram

T — 2nd order, O(4)
" 2nd order, Z(2)

1st order

crossover

.......................................................................
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QCD transition with m_ =140 MeV at pg=0

d|sconnected Chll’a| susceptlblllty

40 :
4b >< 12 IIISQ m[ — U U)ms, My = 1()1\1(\ —
MS 16° x 8, m, = 200MeV
' X1,disc 24.5 X 8, my; = 200MeV
| 32° x 8, m,; = 200MeV +—%—
301 323 x 8, m; = 140MeV —6—

“cross over”
type of transition
20

Tpc =1 55(1 )(8) MeV |

) Domain Wall (chiral) fermions -

64° x 8,

m, = 140MeV

colored points:

1() B Y7, . .“:; -
,* B
T[MeV] v
() N 1 N | N | " 1 N | 4 | 1 M | N r
120 130 140 150 160 170 180 190 200 210 220

1. Bhattacharya,..

T=E,.

.et al.[HotQCD collaboration],

230

Phys. Rev. Lett., 113(2014)082001 (Zm3B# %= [#1%Editor’s suggestion)

16/42



QCD Thermodynamics at pg=0

non-int. limit

i
P e
|
= /
//

12 .

. HRG -

8 3p/T* ]

e/T4 B

4 3s/4T3 s
T [MeV]

OIIIIIIIIIIIIIIIIIIIIIIIIII
130 170 210 250 290 330 370

ﬁ%

0.30
0.25

0.20

NG

0.15

o non-int. limit

- € [GeV/fim3] T

! N R L 11 L1
0.1 0.2 0.5 1 2 5 10 40

HotQCD: PRD 90(2014)094503

¢ pressure, energy and entropy densities rise rapidly in the cross over
temperature region approaching to the non-interaction limit

¢ In the critical T region, €c €(180,500)MeV/fm3, note that enuciear =150

MeV/fm3 and €proton =450 MeV/fm3
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QCD phase structure in the quark mass plane

o N=2 PURE

e RG @arguments:

2 orcer 2 order
@ @ mq=0 or e with Nt=3: a first order phase
phySngI it Nf=3 trans'tlon Pisarski & Wilczek, PRD29 (1984) 338
N=1 @ Critical lines of second order transition
Ni=2: O(4) universality class
Ni=3: Z(2) universality class
K. Rajagopal & F. Wilczek, NPB 399 (1993) 395
Myg F. Wilczek, Int. J. Mod. Phys. A 7(1992) 3911,6951
HTD, F. Karsch, S. Mukherjee, arXiv:1504.0527 Gavin, Gocksch & Pisarski, PRD 49 (1994) 3079

| attice QCD calculations:

tri

¢ The value of tri-critical point (ms ) ?
¢ The location of 2" order Z(2) lines ?

¢ The influence of criticalities to the physical point ? 840



QCD transitions at the physical point

+ N;=2 PURE
m .“IGAUGE
* | one 2" order 18t -
o 2(2) \-order
O4)
R 2
physical point L
/ N:=3
. y
msrl Nf=1
2" 5rder
Z(2)
= 00
mu,d
A
1)
5
Q
X
S
&~
A
m —
= | N3 ~
../ | phys. line ///,,,/f -
| .»7/ " _CROSSOVER -
’//’,I—— ”’N/;:fﬁ S
) 0
0 1’nu,d oY)

Karsch et al,,’03, X.-Y.Jin et al.,“|5

_—

m=mP"

quark matter

crO\SS\o¥e r

de Forcrand & Philipsen,’07 19/42

Real world ———



chiral phase transition in Nf=3 QCD at pys=0

oo N=2 quark condensate

45 — 1 r r r
m - |GAUGE - 3 — "
S 2" order 2" order . a0 | YV My=0.0075 +—%— |
0(4) Z(2) my=0.00375 ~—v—
35 m,=0.0025
h "I . 30 [ m4=0.001875 =
physical point ..“""Nf=3 o5 | ¥ - mq=0.00125 —A—
: o - -
mgu N,=1 00 | A v‘\ . . m,=0.0009375
, - v .
15 | A;‘ : .\ ‘\Z Iy b
L A_‘ .\ v o
10 B A .\~\_ 4 )K n
‘ _ v XK
A S v
5 — v
O 1 1 1 1 3 1 g
m - ® 5.8 5.85 5.9 5.95 6 6.05 6.1
u,d B

mass region: 200MeV < m, < 80MeV

No evidence of a first order phase transition
HTD, lattice 2015, Bielefeld-BNL-CCNU, to appear soon
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Chiral phase transition in Nf=3 QCD at pg=0

disconnected chiral susceptibility

o Nf=2 T T T T T T T
4 , N P ]
Ms ond order " |GAUGE 700 Xq,disc/T ; m, =230 MeV —x—
2nd order Z(2 600 N é m =1 60 MeV Y
o o m_=130 MeV
X 3 500 r Z m_=110 MeV —m— |
. JT
physical point “N.=3 i
| e 400 G 4 m =90 MeV —a— |
®m. N;=1 4 o m, =80 MeV —e—
300 0
o " 2
200 | ® "
v vy "N - v
100 —% « O & ¥y >K_
= 00 v
my 4 0

5.8 5.85 5.9 5.95 6 6.05 6.1
p
HTD, Lattice 2015, Bielefeld-BNL-CCNU, to appear soon

physical point:
(ml, ms):(0.00375,0.10125)

Close to Z(2) phase max 1/6—1
o~ (m—m
transition line: Xq,disc ( c)

critical quark mass mg ~ 0.0004 = m; < 50MeV
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Chiral phase transition in Nf=3 QCD at pg=0

- N=2 PURE
m
° ond o rder 2" order 15t .-

o 4;’ © Z(2) \order
physical point '_.«"Nf=3
tri :
®m
mu,d

physical point:
(ml, ms):(0.00375,0.10125)

|GAUGE

Nf=1

Close to Z(2) phase
transition line:

0.012
0.01
0.008
0.006 r
0.004 -
0.002 r

o L

inverse peak height of
disconnected chiral susceptibility

2 i
T /Xa,disc A

) 2 ” 2 b(mq_mg)1'1/6 b(mq)1'1/6_
m,=0.0075
mM,=0.00375
mqs0.0025

0O 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

My

HTD, Lattice 2015, Bielefeld-BNL-CCNU, to appear soon

Xg,dise ~ (1T = c)

1/5—1

critical quark mass mg ~ 0.0004 = m; < 50MeV

21/42



Chira

® Nf=2

PURE

d
2"% order
oNd order

O(4)

physicgl point

Z2) N\

m

(0]

phase transition region
in Nf=3 QCD at pg=0

Nf=2

PURE

2" order
O(4)

physicgl point

2" order

Z2) N\

\

Whether the 1st order chiral phase transition is
relevant for the physical point at all”
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Universal be

IN Nf=

navior of ¢ch

2+1 QC

iral phase transition

D at UB:O

Behavior of the free energy close to critical lines
f(m, T)=h1+1/0 f5(z) + freg(m,T), —t/h1/83

n: external field, t: reduced temperature, [3,6: universal critical exponents

M

2.2
2

1.8
1.6 |
1.4 |
1.2 |
1 L
0.8 |
0.6 |
0.4 |
0.2 t

0

= -9f(t,h)/dh =h1/ fg(z) + freq (t,)

h~m;t~TTc
fa(z): (O(2))scaling functions

(M-t

reg

VT

T
m,_=

TE=
m, =
My
My

160M€V hAE;ﬂ

140MeV —o—
110MeV —a— i

=90MeV —o—

=80MeV —— T

Good evidence of
O(N) scaling for chiral
phase transition

Sheng-Tai Li, Lattice 2016,
Bielefeld-BNL-CCNU, in preparation
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role of Ux(1) symmetry in Nf=2 QCD

Ua(1) symmetry on the lattice:

e always broken in the Wilson/ Staggered
discretization scheme

Ua(1) symmetry:
o restored, 1st or 2nd order (U(2)L®U(2)r/U(2)v)
e broken, 2nd order (O(4)) phase transition

Pisarski and Wilczek, PRD 29(1984)338
Butti, Pelissetto and Vicar, JHEP 08 (2003)029
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Fate of chiral symmetries at T=/=0: Nf=2+1 QCD

250 r
200 r
150 r
100

50 r

0

Domain Wall fermions, 323x8, Ls=24,16

SU(2)  x SU(2) .

Me=140 MeV  (ix - %o )Mo —8— | _
Ty 94°
( |T\E/|s_ Xg/ls) o - A
| u@),
'_
o 1 6:a;9 -
® D
. @
....................... 1 m[ﬂlmlgl@_

160 170 180 190 200
T [MeV]

remains broken up to
195 MeV - 1 1 6TXSB

HotQCD, PRL 113 (2014) 082001, PRD 89 (2014) 054514

SU(2) 1 x SU(2) r

~o0:dqq

A

uQ),

\/

: 970

At the physical point, U(1)a does not restore at Tysg~170 MeV,
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Baryon number fluctuations according to
3-d O(4) universality class

1 | 1 ! |

1 ' l ' l 1 l

0.6 0.8 1 1.2

T/T
pc
n —Qa—n n/2
XB N —(2k4) /2|t|2 /in/ )
T R () e

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

2 T v T ' I

, for p,/T =0, and n even
, for p,/T >0,

B. Friman et al., Eur.Phys.J. C71 (2011) 1694
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Lattice QCD simulation at pg =/=0

fermion sign problem
QCD:

Z =Tr [e_(H_“N)/T} = /[dA] det[D + my + ipyg] e oY

Toy mOdel " Yagi, Hatsuda & Miake, “Quark-Gluon Plasma — From Big Bang to Little Bang”

Z= > signig)e 9. Zy= Y 59
{¢(x)=%1} {¢(z)=%1}

(0) = DI in(g)yy = 2 = e U IVIT <1

<Sign(gb)>0 | 20 |
f(fo): free energy density

corresponding to Z(Zo)

Asign(¢) \/<Sign2>o — (sign)g  eU—fo)V/T o
<Slgn(§b)>0 B \/N<31gn>0 o \/N <1 N > € (f fO) /

27142



EoS at nonzero pg from LQCD

Allton et al., Phys.Rev. D66 (2002) 074507

Taylor expan8|on Of the QCD pressure Gavai & Gupta et al., Phys.Rev. D68 (2003) 034506

p _ 1 =Xk (BBY (HQ\ (ks \ K
7 =y T Vo oo = 32 S () (F) (7))
7’7..77:

¢ Taylor expansion coefficients at u=0 are computable in LQCD

fluctuations of @S =\ BOS () _ 1 OP(T, ﬂ)/T4|
conserved charges: ek 1k VT® apsopl,dk =0

¢ Other quantities can be obtained using relations, e.qg.

- Bl T/ \T

T4 oT ik T) \T

1,J,k=0
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Truncation effects of pressure in HRG

Pressure of hadron resonance gas (HRG)

P(T,ug) = Pu(T) + Ps(T, i)
= Py (T) + Pp(T,0) + Pp(T,0)(cosh(iip) — 1)

-k
o

0.5
Truncate the Taylor o | (4P)/Po(T0) oa | 1P/ (AP
expansion at (2n)-th order:  °] 03 |
7=/ o2}
(AP), = (Ps(T.up) ~ P5(T.0))  6f €~ o1l
noog | 4 — 0
n B HRG
Z Xok (T) . ok 4T
(2k)! Hi 3|
1 21
= Po(T0)Y LR
1=1 O 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Radius of convergence from HRG is infinity

29/42



Pressure of QCD at pg =/=0

T4 2n,)! T
Ha=Hs=0: g
— 2
12 x5 (T) 360 x5 (T')
LO expansion coefficient NLO expansion coefficient
variance of net-baryon number distri. Kurtosis * variance

0.35 | w w w w w w ] 12—y

- B free quark gas | , X4 /X2 A
0.3 [ X2 — HRG contr. est.

I : 1 NT=6 - |
0.25 | ' * 8 W |

: PDG-HRG — 0.8 | Al -
0.2 | cont. extrap. Il » mg/m;=20 (open) |

, N =6 +&- 06 | f 27 (filled) |

| 12:®1 041 2 :
0.1} 16 % - » y

m¢/m;=20 (open) i ]
0.05 ¢ ’ 27 (filled) - 0.2 =S A @free quark gas |

O Tvey) I e
140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280
T [MeV]

Bielefeld-BNL-CCNU, to appear soon
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Pressure of QCD at pg =/=0

A(p/7t = P@ops) ~ PT,0) _ i Xzn(T) (NB)Q”

UQ:US:O: 1
2

NNLO expansion coefficient

3 cont. est. ]
i N=6 & |
[T 8 i
2 F mg/m=20 (open)
f . 27 (filled)
me . | | W] | HRG f
=17 __
2 |18 3
0 Farl— A—ﬁ—@@—% IR =N
- 1
AA #. ﬂ]

1 T
i T
_2 L4 ‘ !

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

pc

Bielefeld-BNL-CCNU, to appear soon B. Friman et al.,EPJC71 (2011) 1694
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Cumulants of net proton number fluctuations

— T - — T T
Lef STAR
T s | N T -
. . — _Z-;::Z;Z;Z;Z-Z'I-:-Z- ----------- ? "
© 08
%4 & p+p data
0.6 | L Au+Au 70%-80%
' . Au+Au 0%-5%
0.4 F Au+Au 0%-5% (UrQMD) i
- 1 ® Ind. Prod. (0-5%)

5678 10 20 30 40 100 200
larger ys Colliding Energy |'s,,, (GeV) smaller ps

o Xdp ﬁ _ X6  Xi U: % _
(KJO’ )B— B — B 1+ B 5 + ...
Xo,  Xo L X2 X3 T

INHRG:  x& /x4 = x4 /x5 =1
In the O(4) universality class and from LQCD data
Xe <0, T'~1,
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conserved charge fluctuations & freeze-out

STAR data from X.F. Luo, 1503102558

XB
11 Spop Spop = %
STAR prel.: 0.4<p<2.0 £ XQ,M
0.8 HRG —
06 + o (] [% % XEM
OB Xa
| Mp/(xg
0.8 1
FB sy _ Mg x3 +oke
T (7% XZB T
X5
slope is smaller than 1 as N <1
2

1 1 XB LB \2
B = A6 5 -
up X2 LT xg ~ T v
T 5 1X5 (BBY\2 4 ..
X2 1+ 3 X2B( )%+
1 X4 (1B \2
1 | 1 A4 ..
wB ~ 6 XQB( )"+
T 1 4 1 Xf HB \2 +
) XQB( T )
1.2 F77 ‘ ‘

’ HRG contr. est.

, o m |
mNOIS * m¢/m=20 (o_pen)
Log | s 27 (filled) |

= 3
04 I.‘@5
, -
0.2 7 @ Eep free quark gasi
o - . . . -
3 [ Cont’.\l:i’; N 1
8
2 mg/m;=20 (open) -
27 (filled)
oo . || ]| HRG
55 1.
= T [: 4 -
g
a4l i

140 160 180 200 220 240 260 280

T [MeV] 33/42



[P(T,up)-P(T,0)T*

Pressure and baryon number density py=p,=0

Pressure difference Baryon number density

LT - | IuB/'II'=2.I5 | 0.8 Mq=Hs=0 MB/T=2.5
0.7 | "
0.8 u —
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Bielefeld-BNL-CCNU, to appear soon
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Conditions meet in heavy ion collisions

e /Zero net strangeness ns=0, and na/ne=r=0.4 as in PbPb collision
systems

nx o 8P/T4
5 = Ohx X=B,Q,5 |
1 3
1
np = ”gl)ﬂ +n( )MB T = (; —2)ng
. . o, 8 Hs QRS HQ
E.g. 1st order coefficientinns:  ng’ = x5 — + X719 + X1
IB 1B

Us, Uq and ps are correlated
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Conditions meet in heavy ion collisions

Taylor expansion of the QCD pressure:
00 BQS

p 1 A Xijk pB\t (@ \? [1s\*
L a3 S () (1) (%)
71 = yrs M2V fh fras fis) j;_o i \7 )\t ) \T
B 2n
p L X2n (MB
Ha=Hs=0: ﬁ_zo(zn)!(T>
| p Xon,SN [ 1B\ 2"
rangness neutr JR S8 (22
strangness neutral case: ; Bt \ 7
 Expand pgandpsinterms of us
rQ _ . 1B PBY® . Hs _ _ HB PBY L
T—Q1T+CI3(T)+ , T—81T+33(T)+

e With constrains from isospin symmetry etc., one can derive g and s
order by order and then the pressure etc.

A. Bazavov, HTD et al., Phys. Rev. Lett. 109 (2012)192302
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[P(T,up)-P(T,0))/T*

Pressure and baryon number density
INn the strangeness neutral case
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Bielefeld-BNL-CCNU, to appear soon

The EoS is well under control at ug/T=2 or v/snn =12 GeV
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Line of constant physics and freeze-out
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Parameterization T(ugr) = T(0)(1 — kofin + O(ip))

curvature at constant pressure:  0.0064 < k3 < 0.0101
curvature at constant enerqgy:. 0.0087 < k5 < 0.012

curvature of the crossover line:  0.0074 < x5 < 0.011 38/42



Estimates of the radius of convergence

®.@,

. P 1 4 p\ "
Taylor expansion of the pressure: 1= EO: — Xn (T)(7)
radius of convergence = lim 7X* = lim X",
nN— 00 n— 0O
wa _ |2n(2n — 1)xg, |1/ b | @)X /2
"an = o T2 =

B B
X2n—|—2 X2n

The Radius of Convergence corresponds to a critical point
only if all xn >0 for all n>no

his forces P/T4 and x,ﬁiu grows monotonically with pg/
(ko?)p = Xfu/xiu > 1

Otherwise: 1) the ROC does not determine a critical point
2) Taylor expansion is not applicable near the critical point
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Estimates of the radius of convergence
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Conclusions

M The 2nd O(4) chiral phase transition seems more relevant to the
thermodynamics at the physical point at vanishing baryon density

M EoS from Taylor expansions of QCD partition functions are now
reliable in the region po/Ts 2 or /s, 212 GeV

M Properties of cumulants measured in BES-I for /s, 220 GeV clearly

differs from HRG thermodynamics but are consistent to QCD
thermodynamics close to the transition region

™M A QCD critical point is strongly disfavored at pg/T= 2
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Thanks for your attention!



