University of Chinese Academy of Sciences

SR FFEFIARP R FIER
N — == )]

e

AN A A . N r_ e

(13 A
aldadt

‘“WimFBETEH: NSR-KRFEARLE " TiNE, EEXE, Li§, 202568H12-13



BEZREN—RXAR

BRIHE A TEEE,
FHENEZEG: #EE, KR, 2EMH=EF (2016=F)



X EBEFXIENLAEIVGEIE

EF&a15QCD

LN N
LR X"
uarks

*®
Mesons
Baryons

e Strong —

Gluons (8) m

Nuclei

E’J

Y FAEXT AR B

) RIRAEY)

[Re5%, XL YR

[EE99%3EE

FaafEE{ER

& A TR o

(QCD)

=[O EHYE AR 5] -

N Eﬁ_lﬁ
FHEREFEL,

q



I E}

&

5
2

Radius of the Visible Universe Early Universe

Quark-Gluon Plasma

B ® .
Critical Point
-_._____. y Neutron Star Merger

g ! | HEERA
¥ Hadrons WF . v %B‘Eﬁ%}ﬁ

S

Q
—
>
o
()
()
Q.
5
=

€
uonnpp ‘Buniyspai

ujw

Net-Baryon Density

>
@
o
]
2
&
3
(1]
c
=]
<
o
-
"]
o

«
®
=2
o
=]
=3
<
=
r}
N
e
°
=
H
=]
<
=1
@

EEEFRMRERSRHIIANBIIEFRH MK
S Il 5 SREE A R20024E 4R 5 R T BT 40 LA
Esseanl 7IF R EZ 1 NRIFE[EE L —: “Ouarks

- win e COSMOS

sak uoig gL

What are the new state of matter at exceedingly
high density and temperature?

How were the elements from iron to uranium
made?




QCD: entanglement of quarks and gluons

Chiral phase transition:

quark-antiquark condensate ( for m=0) f ‘A
Chiral symmetry breaking: (1;11) 7& () s S—
Chiral symmetry restoration: <L_*L'> — 0 - S
Deconfinement phase transition: . i

referring to the “permanent confinement”

Polyakov loop ( for m= infinity)
1

L(F) = ~tr P(Z) with P(Z) = Pe* J5’ dt Ao(t.Z)
(L(&)) ~ exp(—FFy)
Confinement: center symmetric (L) — () Fq — OO

Deconfinement: center symmetry breaking {L} 7& 0 Fq < 0O
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K. Fukushima and T. Hatsuda, Rept. Prog. Phys. 74, 014001(2011);
arXiv: 1005.4814
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Explored QCD phase diagram by theorists 6



Equilibrium state

potential barrier is needed
for 15t-order phase transition

mu_B plays the role of
repulsive vector interaction,
potential barrier develops
when mu_B increases,
indicating a 15t-order phase
transition.

A

Consider a graph of Potential Energy which adds

the strong nuclear and electromagnetic forces.

> Positive indicates repulsion

3 Negative indicates attraction
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Itis a function of the center-to-center

distance between two identical atoms.
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STAR results on CEP,
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Equilibrium state

Latest lattice constraints on CEP

LHC SPS AGS SIS CSR
| . | . | - I ‘ I
' RHIC " "RHICFXT ' "HIAF
...... ik o
FAIR T I e N
—— WB Transition line [2002.02821] metums
NICA QU&I’k-Gh.IOﬂ P|aSl'na 1 1 WB finite volume transition line [2410.06216] mmmn
70 B Freezeout Andronic et al [1710.09425] — ]

Freezeout estimate Lysenko et al [2408.06473] s——

STAR freezeout [1701.07065] —m—

DSE-crossover [2106.08356] = = =

Baryonic Chemical Potential ug (MeV) up [MeV]

Lattice QCD constraints on the critical point,
Szabolcs Bors“anyi,1 Zolt’an Fodor, et.al., ---arXiv: 2502.10267
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* The AdS/CFT duality spans all physics arXivs (LectNotes Phys. 503 (2015) pp.1-294) g ‘ife m Xﬁ Stro n g Q C D : fro m U V to I R

.@
UV: symmetries
Lagrangian of Quarks &
-ﬂ -ﬂ Gluons at UV SUNy)L x SU(Nf)r
SU(Nc=3)

QM, NJL, LSM,
HLS, CHPT,

LQCD,
DSE+fRG

Gauge/gravity duality

what
gly coupled you want
to compute

color flux tube

I Holographic QCD I

Dual
superconductor ..

J
«17NA.

mergent world:

what
you know
to compute

IR: chiral symmetry

Oberservables (IR breaking & confinement

1908.02667v2 [hep-th]
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Effective Field Theory joseph poichinski, TASI lecture 1992, hep-th/9210046

A characteristic energy scale ® = ¢u+ oL
Choose a cutoff A at or slightly below FEj og: w>A o w < A.
High frequency low frequency

low energy or Wilsonian effective action:

Sy = /de Zgz-Oi.

only a finite number of relevant and marginal terms : :
’ S S(ér,
relevant or marginal operators can be regarded as / e’ A(9L) = [ D¢H e’ (ér,¢n) /

effective DOF at E

/DCbL Doy S (bL.dm) /DCbL eiSA(ﬁbL)j

e.g., Cooper pairing for SC (BCS),

pion for low-energy effective QCD theory (xPT),
Chiral condensate for ciral symmetry
breaking(NJL), .......

11



From UV to IR: Holographic Duality & RG flow

5D field theory

or bulk field theory
ity

RG scale -> an extra spatial dimension

Coupling constant -> dynamical filed

FIG. 1. AdS5/CFT as an RG flow. The left panel repre-
sents an RG fixed point, so that the entire geometry is
scale-invariant (empty AdS). The middle panel shows a
thermal state, where the IR geometry is instead a black
hole with horizon at r5. The third panel represents an
RG flow where the UV fixed point flows to gapped theory
in the IR, ending smoothly at a minimum radius r;,.
Only the first geometry is fully scale invariant.

Hong Liu, Julian Sonner, 1810.02367,
Rept.Prog.Phys. 83 (2019) 1, 016001

Allan Adams, Lincoln D. Carr, Thomas Schafer,
Peter Steinberg,John E. Thomas,arXiv:1205.5180
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The extra dimension plays the role of energy scale in QFT, with motion

along the extra dimension representing a change of scale, or
renormalization group (RG) flow.

12



Bulk field theory or

Principle of holographic Duality 5 field theory
Boundary QFT Bulk Gravity
A(d—A) = m?L?
Local operator Oi(iﬂ) Bulk field P:(z,7)

@ Operator/Field correspondence:

4D boundary operator O(x) ~— 5D bulk field

local, gauge invariant, scaling dim. A oz, z = 0) = 244

do(x) + 22 < O(z) >
<€ifd4:c¢g(fc)(’)($)> _ ,iSsp[d(x

I M) 4(2.250) > do ()

‘ ZQFT[JQ] — ZQG[(I)[JQH‘ ZQFT[J] ~ E_IGR[@[J]]

I A
N (Sjl (le) Ce (SJR(JJR)

Correlators:

(O1(21) ... Op(,))

J;=0

Using bulk field to calculate observables: two-point correlation gives mass spectra,
three-point correlation gives form factor, and so on. 13



Dynamical Holographic QCD model (DhQCD)

Danning Li, M.H., JHEP2013, arXiv:1303.6929

Ny
J\.q —_— i.q n _i.q 5.
G N KKSS

: - . D, e : :
Uv Jiloy - ilo BX Gluonic background + matter field

(Confinement & chiral symmetry breaking)

A\ B / B /gie 2 (R + 10,00 & — Vi (@),

! ¥ D = IR : 1 T 1.
I'R g r SKKSSZ—fd":I:e B( }\/EITODXF*‘VX“XL‘D)JFFU*EJFI‘E )
Tr(G*).(qq) N ’

) ) ) Andreas Karch, Emanuel Katz, Dam T. Son, and Mikhail A. Stephanov, Phys. Rev. D, 74:015005, 2006.
QCD IR dynamics determines the metric

|

]
\
1

-

DhQCD offers a systematic framework to describe the emergent real world from QCD theory,
including linear confinement and chiral symmetry breaking, hadron spectra (glueball spectra, light-
flavor and heavy flavor spectra) and form factors, QCD phase transitions, thermodynamical and
transport propertities, and nonequilibrium evolution, , turbulance...

inhomogeneous system, Hadron structure (PDF), rotation and magnetic field, IMC, spin alignment...
Many thanks to my collaborators: Danning Li, Yidian Chen, Xun Chen, Hiwa Amhed, Akira Watanabe ....

Other groups hQCD: Elias Kiritsis and collaborators, S. Gubser and followers, Kapusta, I. Zahed, S. Brodsky, Yueliang Wu,
Ronggen Cai, Defu Hou, Shu Lin, Song He, Yang Li, Tianbo Liu, ....



cquilibrium 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.

Xz
241 flavor(y=0)

15 B ﬂ_ﬁnt

A ST
- 0.25F

i | Wl

10 0.20F

elT
015

S o E—BPJ"T“ 0. 10 B = tavor lamice
oost A Tt Ravor e
] 3 » 5 3 3 T
0.15 0.20 025 0.30 0.35 0.40

a L I L a L 5 T
014 0316 018 020 02 024 026 028

Determine Tc at mu=0 Determine mu dependent Tc

ML+hQCD:Xun Chen (/%/7) , MH, Phys.Rev.D 109 (2024) 5, L051902, e-Print:2401.06417
15



Equilibrium state
Locations of CEP from rPNJL model, holographic QCD models, DSE-fRG,fRG CONVEIge at around
(Tc~90MeV, mu_BAc~700 MeV)

—~ 06—
=

Prior (b) - — ——

0.20 —— — B _
| @® Posterior 95% CL _
frennay,, @ Ourmode 1 g Posterior 68% CL
] = < EMD, Bayes MAP ]
"**.' B HachTene.o ] = 014~ CP excluded A EMD, Machine Learning—|
*s @ HOCD, Grefa, ol al. ¥ HQCD, Zhao, et al
[===eaul. _.‘95 ":‘ 1 B HQCD, Grefa, etal N
0_15 L -..___‘- 'y . HOCD, Hippert, e2, al - . HQCD, Hippert, et al —
. el 2 flavor A DSE-FRG, Gap. at. al ‘: Esg'ﬁefj"’ sal
proenay,, ’ 012+ I PNJL LI etal —
’ "r,“' "!L FRG, Fu.et. ol n [ Szabolcs , et al _
L h;."" | ¢ PHUL L, ot al. T
~ 0.10} i, - - i
L "“I - - - mellinawﬁ 4 I~ V. . n
0.10— —
i * A ]
0.05} i (9 i
' 0.08— _
2+1 flavor i |
L [ 1 : 1 L I 1 ]
N . 0.0 0.2 0.4 0.6 0.8
' 8.{] 0.5 1.0 1.5

-p (GeV)

u

ML+hQCD:Xun Chen (/%) , MH, Phys.Rev.D 109 (2024) 5, L051902, e-Print:2401.06417 [hep-ph];e-Print: 2405.06179 [hep-ph]

J. Grefa, J. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, and R. Rougemont, Phys. Rev. D 104, 034002 (2021), arXiv:2102.12042 [nucl-
th]; M. Hippert, J. Grefa, T. A. Manning, J. Noronha, J. Noronha-Hostler, I. Portillo Vazquez, C. Ratti, R. Rougemont, and M. Trujillo (2023)
arXiv:2309.00579 [nucl-th], Y.-Q. Zhao, S. He, D. Hou (Z7Z%) , L. Li, and Z. Li, JHEP 04, 115 (2023), arXiv:2212.14662 [hep-ph]
rPNIL:Zhibin Li (ZEZEEE) ,Kun Xu (FFHH) |, Xinyang Wang (EHF#7) and MH, arXiv:1801.09215
DSE-fRG: F. Gao (/5 &) and J. M. Pawlowski, Phys. Rev. D 102, 034027 (2020), arXiv:2002.07500 [hep-ph].
fRG:W.-j. Fu ({F1E7K) , 1. M. Pawlowski, and F. Rennecke, Phys. Rev. D 101, 054032 (2020), arXiv:1909.02991 [hep-ph].

Bayesian+hQCD: Ligiang Zhu, Xun Chen, Kai Zhou, Hanzhong Zhang (5&;XH) , M.H., e-Print: 2501.17763 K775



Net proton number fluctuations near critical point

C,=(N)=M

Cy = ((AN)?) = o?

Cs = ((AN)?) = So*

Cy = ((AN)*) — 3C2 = ko

ag . 02 . 03 2 C4

Moo T T
g 1

liquid

%so 890 900 910 920 930
1 (MeV)
M.A.Stephanov,PRL107,052301(2011)
VV, Anchishkin, Gorenstein, Poberezhnyuk, PRC 92, 054901 (2015) 17



Evolution system

Relativistic Heavy-lon Collisions

Relativistic heavy-ion collisions hot QCD matter and its phase transition

v o final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen Einetic e

freeze-out

3 ; ;
. ‘ N Hadronization
Initial energy

‘ "4 Hadron |
WP ¥ as

)

collision
overlap zone

pre-
equilibrium , _
namics viscous hydrodynamics

free streaming

—

T

collision evolution
t~0fm/c t~1fm/c t ~ 10 fm/c T ~ 101 fm/c




Evolution system

Hybrid Model

hadronic phase

QGP and and freeze-out
initial state hydrodynamic expansion
r:p’l' |‘I‘:¢!
5 s
pre-equilibrium hadronization
0.1fm/c 1fm/Evolution systeYpfm/c t
\ ) \ J \ )
| | |
. i I +
Initial Conditions Hydro Fist Sampler
SMASH CLVisc hadron cascade

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

Collaborators: Yifan Shen (GZ—/1) , Wei Chen (% E7) , Kun Xu (7F4) | Xiangyu Wu  (Z#H1F)
19



Evolution system

Hydrodynamics (CLVisc)

Conservation laws of energy-monmentum and net baryon current:

V,LLT'LW =0 with " =eUMU” — PAWY + 7H”
Input:
V., Jr =0 with JH = nUF + VH 1. Initial conditions
H Evolution system 2. EoS from rPNJIL 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 3
AW DV, = — — (V“ kg UH “—B) S P S VT
TV T 10

L.Pang (FEAMI) 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)

20



Evolution system

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

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

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

gSZUf—%Dauadas—l—S (Zaf +39220'f—62/
;

o0 3 Ef—pf E—,u
QTZ/ 7y { 1 +30e Tt 4 30e 2t 4 o3 ]+

A d3

_ Eftuy Eptpg Eftug
1n1+3¢>6_ 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

21



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

22



Evolution system

dN/(2nprdprdY)

dN/(2niprdprdY)

k+_19.6GeV
—— 0-5¥10°(0.0)
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—— 10-20%10"(-2.0)
109 1 A
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PT
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Identified particle spectra

lines from simulation, points from STAR data,
aanJL in agreement with experimental datas
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PT
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109 4
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Bad news: Above 7.7 GeV, no peak structure and EOS independent

' ' ' |
\ Equilibrium state == =me fi
-

\ 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 syktem

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 L L M | | | 1 L 1 T |
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]

V. Vovchenko, V. Koch, and C. Shen, Phys.
Rev.C 105, 014904 (2022)

24



Evolution system . _
Good news: Above 7.7 GeV, in agreement with latest Exp. results!

I I I I T 11 | I I I I T 1T | I
3F Au+Au Collisions
. Au+Au Collisions at RHIC Centrality: Refmuit3 | - ly|<0 ;l 0 : <pr<2.0 GeV/c
Net-proton, lyl < 0.5 O BES-I" 0-5% [ B )
04<p_<2.0GeVic
~ 3 T - O BES-I: 70-80% —
O .
~ i STAR @ BES-I: 0-5% ] .
g ¢ BES-II: 70-80% 2
= 2 -1 &
© 0 2
s i 1 B
= e
S I | g
= 1 é} T s [ MUSIC, Vovchenko, et. al.
= % 0% @ @ 0 ?LC‘ ' — = CLVisc+NEOS-BQS
- L E E O _ i —— CLVisc+rPN]JL
@ § -1F == SMASH proton -0.5<y<0
% 1 ® BES-I net-proton
0 (X5 e ] 1 & BES-II net-proton
i I proton -0.5<y<0
_ . . L | l | M R |
| | 11 1 1 | | | | | I | | | | 22 5 10 20 30 40 60 100
CPOD2024 '1 0 30 '1 00 Vsnun [GeV]

Berkeley, CA

May 20 - 24, 2024 Collision Energy |s,,, (GeV)

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

Ashish Pandav for STAB Collaboration arXiv:e-Print; 2404.02397 [hep-ph]
Lawrence Berkeley National Laboratory 25

May 21, 2024



Waiting for results around 5GeV (NICA,FAIR,HIAF) !

7@ 0
AN 4
B » - | 30 | ! L L | | I' It I' et | Eﬁﬁ-
7\ C T IR s fRG (CE, Set |)
4 I -~ ——— 25 L :“1 == fRG (CE, Set |I) -
f‘«f \ i --i-- fRG (CE, Set I}
I i s N JL i ‘. STAR collider (0-5%]
3[- ¥ “ 'l 20 - I #  STAR fixed-target (0-5%) | |
1 \ i1
VTN 15 F i -
LE I a3 .
§ ! 1‘1 LY 10 | H 1 freezeout: Andronic et al. -
I i ]
1k ‘ \ \ ""-l-u_.L::== 4 - 1
\ -
L N N - ——
U 11-.....--"" #I
5 10 50 100
Vs(Gev)

rPNJL: ZhibinLi (Z=E4$8) , Kun Xu (iF3) , Xinyang
Wang and MH, arXiv:1801.09215, EPJC 2019

fRG: Weijie Fu ({74575) , Luo, Pawlowski, Rennecke, Yin,
arXiv: 2308.15508
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Chiral Magnetic Effect reveals the topology of gauge fields in heavy-ion collisions

Kharzeev,Liao, 2021, Nature Rev.Phys. 3 (2021) 1, 55-63

Fukushima,Kharzeev,Warringa 2008 CME ﬁ Charge Separation
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Searching for imprints of QCD epoch in the early universe

Our universe is composed of 5% visible matter, 99% mass of visible matter is obtained
from chiral symmetry breaking of QCD.
At around 10~>s, the early universe experiences QCD phase transition.
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Eleven Science Questions for the New Century
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15t order PT (FOPT) in QCD epoch:
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chiral phase transition
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Z.C.Chen et al. 2312.01824v2
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Huge - in 18%-order QCD Phase transitions?

QCD 6 vacuum structure
From Kharzeev' PPT
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Can QCD phase transitions generate NanoGWs?

ChizalREi AL Hemboldt et al Phys Rev. D.100(5):055025,2019

1. Shao and M. Huang, Phys.Rev. D 107 043011 (2023)
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Dynamical 15%-order phase transition: false vacuum decay rate

Jingdong Shao, Hong Mao, MH,
acor ' arXiv: 2410.06780, 2410.00874
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Probing false vacuum decay on a cold-atom gauge-theory quantum simulator

Zi-Hang Zhu, Ying Liu, Gianluca Lagnese, Federica Maria Surace, Wei-Yong Zhang, Ming-Gen He, Jad C. Halimeh, Marcello Dalmonte, Siddhardh C. Morampudi,
Frank Wilczek, Zhen-Sheng Yuan, Jian-Wei Pan
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