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1, Status of CEP from theory;
2, QCD phase transitions under rotation



Equilibrium state

potential barrier is needed
for 1st-order phase transition

mu_B plays the role of
repulsive vector interaction,
potential barrier develops
when mu_B increases,
indicating a 1st-order phase
transition.

Consider a graph of Potential Energy which adds
the strong nuclear and electromagnetic forces.
> Positive indicates repulsion
§ Negative indicates attraction
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Existence of CEP at high baryon chemical potential
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STAR results on CEP,
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Equilibrium state

Latest lattice constraints on CEP
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Lattice QCD constraints on the critical point,
Szabolcs Bors” anyi,1 Zolt”an Fodor, et.al., ...arXiv: 2502.10267
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Equiibrium state Theoretical predictions for the location of CEP
Nonperturbative theoretical calculations (rPNJL model, DSE-fRG,fRG,holographic QCD):

Strategy of model calculations:

1, Fit model paraters with Lattice QCD EOS and baryon number susceptibility at zero chemical potential,
2,Predictions at finite baryon number chemical potential.
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Equilibrium state

Locations of CEP from rPNJL model, holographic QCD models, DSE-fRG,fRG CONVEIrge at
around (Tc~90MeV, mu_B”c~700 MeV)
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Net proton number fluctuations near critical point

Ci=(N)=M

Cz = ((AN)?) = ¢*

C5 = ((AN)?) =850°

Cy = ((AN)*) — 3C2 = ko*
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M.A.Stephanov,PRL107,052301(2011)
VV, Anchishkin, Gorenstein, Poberezhnyuk, PRC 92, 054901 (2015) 7



Evolution system

Relativistic Heavy-lon Collisions

Relativistic heavy-ion collisions

Relativistic Heavy-Ion Collisions

made by Chun Shen
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collision evolution
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hot QCD matter and its phase transition
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Evolution system

Hybrid Model

hadronic phase

QGP and and freeze-out

initial state hydrodynamic expansion

(i

g o hadration
0-3tmy/x 1fm/Evolution syst&pim/c t
\ ) | )\ |
| Y Y
Initial Conditions Hydro E'SJ Sampler ;
SMASH CLVisc adron cascade

arXiv:e-Print: 2404.02397 [hep-ph]

Collaborators: Yifan Shen (#—/L) , Wei Chen (BE7) , Kun Xu (iF#) | Xiangyu Wu  (Z#5F)



Evolution system

Hydrodynamics (CLVisc)

Conservation laws of energy-monmentum and net baryon current:

vV, T" =0 with — TH = eUrU" — PAM™ + 7
Input:
VHJM — 0 with JH = npUH + VH 1. Initial conditions
Evolution system 2. EoS from rPNJL model
(carry CEP information )
1 4 5 9 4
pv af & v vy __ T_pvpng S oa<p v> Y <P v>a
AL DT = - (" — n,ot”) 37r“ 6 . Hob” + 706+p7ra‘“7r
1 UB 3
AW DV, = —— wo_ pEZ) YR — VoM
Vo=-— (V A ) Vi — V0

L.Pang (FEZMI) etal, Phys.Rev. C86 (2012) 024911
L.Pang et al, Phys. Rev. C 97, 064918 (2018)
X.Wu et al, Phys. Rev. C 105, 034909 (2022)

10



Evolution system

1, EoS with CEP: Polyakov-loop-Nambu-Jona-Lasinio(PNJL) Model

Thermal Potential of PNJL Model: Zhibin Li, Kun Xu, Xinyang Wang, Mei Huang.
Eur.Phys.J.C 79 (2019) 3, 245

) (Hg. = 720MeV, T.= 93MeV)
Qpng, = U (2, 9.7 +

gs Y 0F — 7D0-u0-do's +3% (Z 07)% + 392 Zaf —62/
f

o0 3 Ef—py
QTZ/ b { 1 +30e Tt 4 30e 2t 4 o3 ]+

A d3

_ Eftuy Eftug Eftug
lnl—|-3¢>e_ T 4+ 3Pe 27T 43T ]}

2, EOS without CEP: numerical equation of state (NEOS) with multiple charges:
net baryon (B), strangeness (S) and electric charge (Q)(NEOS-BQS) based on
the lattice QCD EoS from the HotQCD collaboration
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Evolution system

Parameters Table

JSnn [GeV] 7o [fm/c] R, [fm] R, [fm] C,
7.7 3.2 1.4 0.5 0.2
14.5 1.68 1.4 0.5 0.2
19.6 1.22 1.4 0.5 0.15
27 1.0 1.2 0.5 0.12
39 0.9 1.0 0.7 0.08

62.4 0.7 1.0 0.7 0.08
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Evolution system

dN/(2nprdprdY)

dN/(2nprdprdY)

k+_19.6GeV
—— 0-5*¥10"(0.0)
—— 5-10¥107(-1.0)
—— 10-20*%107(-2.0)
100 4 -
20-30%10"(-3.0)
—— 30-40%107(-4.0)
10—2.
10—4_
10—6_
0.0 0.5 1.0 1.5 2.0 2.5 3.0
pr
k+_27GeV
—— 0-5¥107(0.0)
—— 5-10%10°(-1.0)
—— 10-20%10°(-2.0)
10° —— 20-30%10°(-3.0)
—— 30-40%10"(-4.0)
10—2_
104
10—6_
0.0 05 1.0 15 2.0 25 3.0 35

pT

dN/(2nprdprdY)

ldentified particle spectra

lines from simulation, points from STAR data,
and i agreement with experimental datas

102_

100 -

dN/(2nprdprdY)

1074 4

107 -

0-5*¥107(0.0)
5-10*107(-1.0)
10-20*107(-2.0)
20-30*107(-3.0)
30-40*107(-4.0)

pi+_27GeV

2.5 3.0

102

100 |

10721

it

10-6 |

0-5*107(0.0)
5-10*107(-1.0)
10-20*107(-2.0)
20-30*107(-3.0)
30-40*107(-4.0)

pPT

2.0

2.5 3.0 3.5

proton_19.6GeV

100 4

10—2-

1074

dN/(2indedY)

1076

0-5*107(0.0)
5-10¥107(-1.0)
10-20*107(-2.0)
20-30*107(-3.0)
30-40*10"(-4.0)

0.0

1f5 2.'0
proton_27GeV

0.5 1.0

2.5 3.0 3.5

100 |

dN/(ZI'[pTd pTdY)

10—6-

0-5*¥107(0.0)
5-10*107(-1.0)
10-20*107(-2.0)
20-30*107(-3.0)
30-40*10"(-4.0)

0.0

0.5 1.0 1.5 2.0

pPT

2.5 3.0 35




Bad news: Above 7.7 GeV, no peak structure and EOS independent

' ' ' |
\ Equilibrium state == === fi
—_——— 2

\ A mp——1

5 10 50 100
Vs(Gev)

Zhibin Li, Kun Xu, Xinyang Wang and Mei Huang,
arXiv:1801.09215, EPJC 2019

MUSIC.: different hydrodynamics model

- Evolution system

net-proton kg2

: ==+ MUSIC, Vovchenko, et. al.
== CLVisc+NEOS-BQS
-1} = (CLVisc+rPN]JL
| £ SMASH proton -0.5<y<0
‘ # STAR net-proton |y|<0.5
7 STAR proton -0.5<y<0

L n n M | | | [l L | — |
2 5 10 20 30 40 60 100

vSnn[GeV]

Yifan Shen, Wei Chen, Xiangyu Wu, Kun Xu, MH,

arXiv:.e-Print: 2404.02397 [hep-ph]
yX— L poster
V. Vovchenko, V. Koch, and C. Shen, Phys.
Rev.C 105, 014904 (2022)
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Evolution system _ _
Good news: Above 7.7 GeV, in agreement with latest Exp. results!

3r Au+Au Collisions
. Au+Au Collisions at RHIC Centrality: Refmult3 | - ly|<0 ;1 0 ‘;l<pT<2 0 GeV/c
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May 21, 2024
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Signature washed out
by hadronization?
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Waiting for results around 5GeV (NICA,FAIR,HIAF) !

Ko

; 1 [ B § ﬂ

5 10 a0

rPNJL: Zhibin Li (Z=F4%) , Kun Xu GFH) |, Xinyang
Wang and MH, arXiv:1801.09215, EPJC 2019
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fRG: Weijie Fu (ffA%) , Luo, Pawlowski, Rennecke, Yin,

arXiv: 2308.15508
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CEP is there, we might need to find other signals free of hadronization, e.g., jet quenching?
Dilepton, photon production?
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Is there any signals from jet quenching at 5 GeV ?

Zhibin Li, Danning Li, M.H., e-Print: 2504.04147 [hep-ph]

FHE 7S .


https://arxiv.org/abs/2504.04147

Dynamical 15-order phase transition: false vacuum decay rate

Jingdong Shao (AR5 , Hong Mao (E) |, MH,
arXiv: 2410.06780, 2410.00874
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~ Angular momentum
%§?/ g

o
O
K " o
s (€D]
y /5
R 4 TN
—)
(D]
E 0.5+
@
E 0.4
Q s
5 03+ |
S
g' 0.2+
Beam direction = |

Pb-Pb, VS, = 2.76 TeV
@ K'°, 10-50% centrality
22 K2, 20-40% centrality

- Poo=1/3

pp, Vs = 13 TeV
OK?

Py (GeV/c)

Physical Review Letters (2020).
DOI: 10.1103/PhysRevLett.125.012301
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Nature 548 (2017) 62-65

Theoretical side:

RIEZE, THE, IH,

=By, &%, W%, EMT,

ZEE, #FMFR, K=, BFHEE,
®, E=E, B, BREsE,

VR, EREALE, PNE, FRTRA,
BR5 -
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Chial dynamics under rotation from NJL model
L = PliA* (O +Tp) = mly + Gs[() + ($insTy)’] = Gy [(P78)” + (@ru759)°).

F = = X [}/ 4 ]Fabﬂ Laby = Nac (6 G,u,ueb ey 0 6,,)

£ =0l -Mw oty - S

0087 | Angular velocity is similar to the chemical
potential, critical temperature decreases

0.10

0.06

g Cossover ™ . h | | .
S o with angular velocity.
> ffpd*\ Consistent with many other effective model
000l —ro—r results, many references should be here.
0.50 0.55 0.60 0.65
o (GeV)

Yin Jiang (Z) , Jinfeng Liao, PRL2016
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Holographic results: critical temperature decreases with angular velocity

Kerr-AdS black holes

T, GeV
0.20
015
— bh=0
0.10 — b—o4
— bh=02
0.05 — b=023
— b=025
a
0.05 010 015 020 025 0.30 0.35

A

l.Y. Aref'eva, et al., e-Print: 2004.12984, JHEP (2021),

Confirmed by many results in this framework

local Lorentz boost

1 1
t = —————(t 1°0), —(f t).
Pure gluon system - m( +wl0),¢ — m( + wt)
2 o | H(z)d?? 2 & 2
T ds* = —N(z)dt® + o) + R(2)(d0 + P(z)dt) +H(z);daci,
0.25}
_ H(2)G(2)(1 — w?1?)
0.20} NG =G
H(z B LQere(z)
0.15} z
R(z) = H(2)7*12 — H(2)G(2)y*w?1,
| _ w—G(2)w
010 PG = =g

1

1— w22

"}/:

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, MH, arXiv: 2010.14478, JHEP (2021)
Confirmed by many results in this framework
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Influence of relativistic rotation on the confinement/deconfinement transition in

V.V. Braguta,»?3:* A.Yu. Kotov, T D.D. Kuznedelev,®:* and A. A. Roenko!: ¥

1-720% Qy —Qx 0

_ Qy -1 0 0
e = _Qz 0 -1 0
0 0 0o -1
imaginary angular velocity Q7 = —if)
T (QI) 2 TC(Q) 2
¢ =1—CyQ = 14 G2
T.(0) 2 T.(0) :

Critical temperature of

deconfinement phase

transition increases with
rotation in lattice! Confirmed
by other lattice studies!

gluodynamics

Phys.Rev.D 103 (2021) 9, 094515,
e-Print: 2102.05084
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Ji-Chong Yang,Xu-Guang Huang e-Print: 2307.05755 [hep-lat]
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FIG. 4. The Polyakov loop and chiral condensate as functions of €27.
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Opposite results on the effect of
rotation on the critical
temperature of deconfinement
phase transition in hQCD and
lattice has attracted much

attention ! What’s missing?

XXXII International (online) Workshop on High Energy
Physics “Hot problems of Strong Interactions”, Nov.9-13, 2020

Victor Ambrus, Phys.Lett.B 855 (2024), e-Print: 2502.09738,...
Maxim Chernodub, Phys.Rev.D 103 (2021), Phys.Rev.D 110 (2024),...
Kenji Fukushima, Phys.Lett.B 859 (2024),...

Matthias Kaminski Phys.Rev.D 108 (2023), ...

Gaoging Cao (E&iE) , e-Print: 2310.03310,... 26
Yin Jiang (£ ) , Phys.Lett.B 862 (2025),...



Vector meson masses as functions of angular velocity

H“V’a’b(q) = —i/d4fTT5fc[i'y“’r“S(0;T)z'y ’TbS (7; 0)]6(1""

D (q%) = Di(¢*) P + Da(q*) Ps” + D3(¢*) L + Da(q?)utu”

P = —€l'€], (S, = —1 for p meson
P = —ebel, (S, = +1 for p meson
LM = —=b"b”, (S, = 0 for p meson )

M I(aV1

1+2GyA? =0 05
A% = —(II1; — Il;2), (S = —1 for p mes 0'00.0 0.2 0.4 0.6 0.8
A3 = —II;; — ill}o, (S, = +1 for p meson ) @ [GeV]

A% = Il33, (S, = 0 for p meson )

Minghua Wei (ZRBB4E) | Ying Jiang, MH, 2011.10987

Zeeman splitting effect for
different spin component!
Mass of spin component +1
vector meson decreases with
rotation. Rotation is charge
blind, rho meson can be
regarded as a gluon.

For massless gluon, will
have BEC. (corresponding to
Nielson-Olesson instability by
Kenji?

Gluons are spin-1 particles, should be more sensitive to rotation than that of quarks!
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Add gluodynamics under rotation in PNJL
Fei Sun (fh%) , Kun Xu, MH, e-Print: 2307.14402, PRD2023

£PNJL —_— ,CNJL + [l_/j/'uA#llf _Z/{((I), (i), T)., | p=0 GeV -

0.25

Splitting of chiral and deconfinement phase
transitions induced by rotation!

0.15} ‘— Quark

— Polyakov loop

0 . 1 0 ||||||||||||||||||||||||||||||||||||
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Polarized-Polyakov-loop Nambu—Jona-Lasinio model under rotation

0.14}F . w, ;=0 _ 2
B w. Q=10MeV Z/{ (q:), (I),T,W) T 1
[ w, Q=15MeV 1 — _Cf (T} UJ) _ dPp — —
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S 1.00 MR
0.7 0.8 0.9 1.0 1.1 < 1.0001
TITy % ]
z 0sooof e T
2 < 0.5} =0 GeV
T 0.9998
(I) (T7 CJJ) — f (T7 OU) 0.9997F Chiral, PNJL
TO 0.9996F vt Deconfinment, PNJL
0.90}
0.9995 . . .
. I 0w, 15 20
0 5 10 15 20
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Fit Lattice data V. V. Braguta PRD2021

Both chiral and deconfinement PTs critical temperatures increase with rotation!
Lesson: Polarized gluons should be taken into account under rotation!

Fei Sun (fIhX) , Jingdong Shao, Rui Wen, Kun Xu, and MH,

e-Print: 2402.16595, PRD 2024
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Holographic QCD Model Nf=2

s . s 8
tot — SG—I_SM:

s 1 5 5. —2P s M s h’((I)) %
S = ToTen /d r/—gse [R + 400 PO ® — V7 (D) 1 ¢ Fr
S5, = — [ dzy/=g5e P Tr [V XTVMX + Vx (|X|, FunFMN)] |

Anisotropic background under rotation,
cylindrical coordinate

LZEZAL,{E) d =2
ds? = (—f(2)dt? + —— + PP ar? 4+ r2eBEdp? 4 e28(2) 2],
22 f(2) |
AP»’I - (Ata[}} Ua"ﬁlﬂ'a[})} AH‘ :QTE} Aﬂ' NQT2+}{]H(T1 Z).

Polarized gluodynamics represented by a rotation-dependent dilation field

O = (uG + pa?)?2? tanh(ug 2%/ (uc + pa$?)?).
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Yidian Chen, X. Chen, D. Li and MH, arXiv:2405.06386, Phys.Rev.D 111 (2025)
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(b) real rotation

T.(Q)/T.(0) = 1 — Co

The only parameter uq to be determined in the
DHQCD model is based on the relationship
between the phase transition temperature T, (£};)
and the imaginary angular velocity predicted by
lattice QCD. 3

Yidian Chen, X. Chen, D. Li and MH, arXiv:2405.06386, Phys.Rev.D 111 (2025)



Yidian Chen, X. Chen, D. Li and MH, arXiv:2405.06386, Phys.Rev.D 111 (2025)

R esu ‘tS I 4=}

T.(GeV)

Critical temperature of deconfinement phase transition
increases with rotation inagreement with lattice results!

FIG. 7. The T — Q2 and T — u phase diagrams of chiral phase transition for 2-flavor system.
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Spin alignment in Holographic QCD Model Nf=2+1+1
Hiwa A. Ahmed, Yidian Chen, and MH, arXiv:2501.13401, PRD2025

Q“V(CC,p) _ Z U'UJ()\,p)’U*V ()\I’p) O (LL', p)7 Hiwa A. Ahmed, Poster
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For the ¢ meson, the averaged p00 over the full range of azimuthal angle
shows weak temperature dependence at low transverse momentum (pT),

but significant suppression at high pT, aligning with experimental 33
observations
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The J/W meson, however, displays insensitivity to temperature
and rotation up to pT =5 GeV 34




Summary

1. From theory side, non-perturbative methods, including DSE, fRG, holographic
QCD methods have made much progress in understanding QCD phase structure and
QCD matter, hQCD with the help of machine learning steps into quantitative era.

2. Theoretical calculations from different methods give a convergent location of
CEP on (T,mu_B) phase diagram. Considering hydro evolution of the realistic HIC
collisions, no explicit signature of CEP is found above 7.7 GeV. Need to find other
signals of CEP free of hadronization, e.qg., jet quenching, photon/dilepton emission?
3.The puzzle on critical temperature of QCD PTs under rotation is understood

by considering polarized gluon DOF! Spin alignment taking into account of gluon
polarization under rotation is needed.
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