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History of the Universe

»—10-15m

»

Low-mass
Nuclei
109K, 3 min

Big Bang

Heavy
Elements
>109y

Star
Formation
109y

Neutral
Atoms
4000K, 105y

How to create extreme condition similar to early universe ?
What is the relevant degree of freedom and dominated interactions ?
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FE xS 1%5%?@1’“ M= ﬁﬂfi?%%?ﬂi (QGP)
® E «ug’]qzﬁ‘g 7% 31

mﬁﬁiﬁ¥ﬂﬁmmmm

Relativistic Heavy Ion Colllder (RHIC)

ABLEF SHEHL (LHC)

T.D. Lee and G. C. Wick, Phys. Rev. D 9, 2291 (1974).
Vacuum stability and vacuum excitation in a spin-0 field theory.

> SRR TEETFHMR:
sOGP: BIBSTRIBRGE NEEENEERE: ~2A1LE

YEX=m/=

SIE\%EJA{EE?I'E,T-E \ ~ =x
epuidnle KFAFUNEE 20007?&2
5 L 417 RHIC White Paper :nucl-ex/0501009

Hot QCD White Paper: 2303.17254
ALICE: 2211.04384 (review
> BEEERYREEN review)
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o
utron stars
0 Net Baryon Density
Smooth Crossover at yg=0. Y. Aoki, et al. Nature 443, 675 (2006).

QCDTransition Temperature : T, ~ 156 MeV ~ A. Bazavov, H.-T. Ding et al.(HotQCD),
B. Phys. Lett. B 795, 15 (2019)

KEMFER: SETEEXREE—RIEEAR ORI & S D
SRR FE XiE, ETHAFERKNQCDARLHMT, FERZFWIRE HE RXF,2020,50(11):124 =
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/.~~~ _-Modelsoverlap &~ ®  DSE/Lattice [Fischer etal., 2014] ]
I o/ .~
1 latti 195%, ® FRG [Fuetal,2019]
0 crossover lattice 100 !\,.// Robust results! 5ol DSE/FRG [Gao, Pawlowski, 2020] = DA
0 200 400 600 375 400 425 450 475  5.00 o D atie e 1| | DA Clirke.etl
K Bc (MGV) vV SNN(NBC) (GeV) Lattice [Borsanyi et a,l.,12020J’ o LATTICE2023 (2024). te8y
+ i . H i . L [ L [ L [ I [ L | L | L | L
Holography+ Bayesian : Hippert et al., arXiv : 2309.00579 00 100 200 300 200 300 600700
CPOD2024 Hy [MeV]
Method pe (MeV) T. (MeV)
Holography + Bayesian 560 - 625 101 - 108
FRG/DSE 495 - 654 108 - 119
Lee-Yang edge singularities 500 - 600 100 - 105
g edg g
Lattice QCD pe/Te > 3 -
Summary 495 - 654 100 - 119

£

SRR

(Mo, Te) = (495 - 654, 100 - 119) MeV mmmmd) 3.5 < /Syy < 4.9 GeV
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STARIRER
TAR DETECTOR SYSTEM
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- Large acceptance
" - Excellent PID & uniform
efficiency
| - Modest rates
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Temperature

RHIC Beam Energy Scan (BES) Program (2010-2021)

STAR Fixed Target Mode

1 04 & @W?Z,“%‘b‘o«ﬁ‘g RGN ¥ AT ¥ ¥ W2 R Pl o VS_NN
—T T T T T T T T T T T 3
= ié\m AusAu [l BES-I [|BES-I & FxT
n=-2.0 ~ 3
BBC C |
East [0 |
> 2 |
@ 10°)
5 i
< i
1% Order Phase Transition 2 10 i
I
Rest Mass of Nucleon Ug East I B 2 32 1
BTOF 01 02 03 04 05 06 0.7

kg (GeV)
» x10-20 more statistics in BES-Il compared to BES-I at collider energies

» BES-II: Collider energies (7.7 — 27 GeV), FXT energies (3.0 - 13.7 GeV)

STAR, arXiv:1007.2613

> Mg coverage : 25 < MB < 750 MeV https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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Phys. Rev. Lett. 102, 032301 (2009)
Phys. Rev. Lett. 107, 052301 (2011)
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Hg (MeV)
10°FAU+AU200 GeVe  + (59 R " A%'c':' - A
- | - o4 u+AU Lollisions
2408 o 0.4<p <0.8 (GeV/c) d":! " 30-40% - O} ANET
C - ly|<0.5 .*** N E - 0.4<pT<0.8 (GeVlc)
g 4l ‘e * u's ®70-80% g 2 [~ A AMPT(SM) ly|<0.5 &
i 10°¢ . 8 7 | Hiing |
"5 103 __ **' . i a * _f Nb | O Therminator {p
5l - « | ouaw b b
.Q 102 - *m L4 * o4 E#k (:)
- .. . . 1Y YSHEITO . (] | BI— —
Z 10} ! R ~ i
,T' . ¢ * T L Future Critical Point Search
i ¥ . “ b
1;]..."IT..|..l....l...T.TI.E el _ . . _— . - .
-20 AP0 0 10 20 3456 10 20 30 100 200
Net Proton (AN,) \/syy (GeV)

STAR, Phys. Rev. Lett. 105, 022302 (2010)

First measurement
Verified the feasibility of the high moments observable in heavy-ion experiment.
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Bigs: RRAE

IAREE R
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L Central Au + Au Collisions
3 IV STAR
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TO -
Y 5o O proton
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O"' Te : Projected BES-II
B Stat. uncertainty N
o b Jdyr i
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o i STAR FXT 7
Oy T Uramp T 7
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I |

M.A. Stephanov,
Phys. Rev. Lett. 102, 032301 (2009)
Phys. Rev. Lett. 107, 052301 (2011)

1) B R TFHAUKM KR (ko) BWIERBEEKRE, SEIEHSIEARES—H

2)3 GeVABEFHEEALHES,

7.7-200 GeV: STAR, Phys. Rev. Lett. 126, 092301 (2021) ;
3 GeV: STAR, Phys. Rev. Lett. 128, 202303 (2022) ;

H/HFRACDIEF HIREE TR

Phys. Rev. C 104, 024902 (2021)
Phys. Rev. C 107, 024908 (2023)
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STAR Major Precision Measurement on BES-I|
Ugrads f ES_ T T T T T T T 1T I T T T T T LI I T
A% - STAR BES P.r o.gram: | Au+Au Collisions at RHIC Centrality: Refmult3

Au+Au collisions Net-proton, lyl < 0.5 O BES-I- 0-5%
Improves dEk ON 3r 04<p, <20GeVlc ¢ BES-I: 70-80% ]
= i @ BES-II: 0-5%
O STAR ¢ BES-II: 70-80%
je) ot _
T
m - -
S | . 9.2 - 78 = - N
dri |d|tyc E 1 - W@ %) §> 8 §
PID ,73" %e‘@fw 115 7 110 3 ¢ s |
Mov1ded§lR CBM %
o — 14.6 20 178 0—'$ """""""""""" =
( ‘ ‘ 17_3 - 116 -I 1 1 1 1 111 | 1 1 1 1 1 111 I 7]
3 10 30 100
D fele N Collision Energy |sy (GeV)
Improves trigger * QLI S
Better centralit: &Eent Ianes,. . .
AN g S0 ] el BES-Il and BES-I results are consistent !

measurements
Ready in 2018

BES-II :

Full EPD has been installed

Better statistical precision
Better control on systematics !

STAR : CPOD2024, SQM2024
ERBRFEERFETHIIS
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Net-proton C,

Proton «,

Energy Dependence and Model Comparison

® Data (0-5%) Au+Au Collisions at RHIC 15F STAR 71 1) UrQMD: hadronic transport and the
L opmeooen | IRt R I b results are analyzed in the same way as
N %00000.% g I ogwg.@; ___% 1 data. S. Bass et al., Prog. Part.
o oy w] | st 1 ol %ﬁ% Nucl. Phys., 41, 255 (1998);
= 05F C. -
'Jﬂﬁ @ <pc+%> ] (b)—f T (C)% | 2) HRG CE: P.B. Munzinger et al.
o8t b s . Nucl. Phys. A1008, 122141(2021);
- - Hydro EV (d)% 1 o005} \%@ (e)% 1 %7 (f)% |
oaf rihe oF ! %\ ' " | 3) Hydro: HRG CE + EV, V. Vovchenko et
i UrQMD (0-5%) %Mow@o? é%: L al., Phys. Rev. C105, 014904 (2022).
Of---=--==--=-------------+ Of---=---------1-- "":@“ of-- -@- Q0= — ==~
Y 00% —-@ % %Y —%
PSR o | 4) LQCD: done for net-baryon
. ?@jﬁﬂ | ook seen e ] A. Bazavov et al., Phys. Rev. D101,
S S i @ i m T w o mo. 074502 (2020). arXiv : 2407.09335

hwnN -~

10 20 50

il .
100 200

Collision Energy ys,, (GeV)

Baryon conservation in all model calculations
All proton factorial cumulant ratios show clear non-monotonic dependence

Lattice QCD describe the data up to 27 GeV.
Precise dynamical modelling is needed to fully understand the data.

£
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QCD critical point: recent developments

Mikhail Stephanov->*

1Department of Physics, University of Illinois, Chicago, Illinois 60607, USA
ZKadanoff Center for Theoretical Physics, University of Chicago, Chicago, Illinois 60637, USA

“The release of the BES-II data by STAR represents a major
step towards uncovering the structure of the QCD phase
diagram. It is remarkable that the non-monotonic features of
the data are in qualitative agreement with the expectations
from equilibrium thermodynamics near the QCD critical point,
if one assumes such a point is located at uB = 420 MeV.
Such a location of the critical point would be consistent with
recent estimates from various theoretical approaches..... ”

arXiv : 2410.02861

£
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Continue the Critical Point Search

FRGL-I-%’ ﬁ{%z'&, et al., arXiv : 2308.15508

' L e B T ! L B A A ! L L R A

fRG (CE), freezeout: Andronic et al.

7
ON 5k fRG (CE), freezeout: STAR Fit | i N 10
\q- fRG (CE), freezeout: STAR Fit Il T 6l 2
O 4l #  STAR BES- (0-5%) | — 107
5 ®  STAR BES-Il (0-5%) g sl
= #  STAR fixed-target (0-5%) = 100
m .
o . 10*
e c I
- 7] _8 103
E 3
> N
= E— - o 10°}
3 e
O 1 = 10}
i A R S ; A ;
! 2 5 10 20 50 100 200
S . .
¥ Collision Energy \s,, (GeV)

Future High Baryon Density Experiment :

> 4-4.
> Experimental Results between 3 — 4.5 GeV (STAR FXT) > E’?‘Aiﬁggg ((zzﬁ_j,_% ((;;Z\\//))

» Precise dynamical modeling and non-CP baselines > NICA/MPD (4 - 11 GeV)

THREIE FNLBEFEBRIALHITS, MR, Oct. 18-22, 2024 15
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STAR, CPOD2024, SQM2024
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Summary and Outlook

BS correlations Yield Ratio of Light Nuclei

Intermittency

T T —TT
Au+Au, Central Collisions (0-5%) [ Au + Au Collisions (a) 0%-10% > T N
2 @ p.K, A [ uramp, p,K*, A, £° — 0.6 - @ STAR 06k E-B?\;/AU"'AU, h ]
I~ —-ldeal QGP -HthCD Preliminary : I c i . o o
N/\O : DFRG,W. Fuetal.,in prepa:a(ioE i L ommon syst. err. ] 10_40 AJ
g o = | 0.5 UL NI ’
& f X 04l U SV .
£ 20 S P 1z %% 0450 % S ﬁ ®
o < e @ B [ 0.4 - t ; ; !
— 8 i 4+ -~ 2 8 ]
C i 03r ) -
osf- . e L — 710 20 30 50 100 200
r ol L L L1111
E—— T 5 10 2030 50 100 200 (50 (GeV)

Collision Energy sy, (GeV)
STAR: PRL130, 202301 (2023)

Collision Energy sy, (GeV)
STAR, CPOD2024

STAR, PLB 845, 138165 (2023)

BES-II : high statistics, better acceptance and systematics
1. Understand the reason lead to the peaks or dips around 20 GeV

2. Continue to search for QCD critical point between 3 — 20 GeV

3. Need reliable dynamical modeling and non-CP baselines

______________________________________________________________________________________________________________________________________________________|
T RRIE
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Summary and Outlook

Rich physics at high baryon density : QCD phase structure, EoS etc.

Relativistic Heavy-Ion Collisions

}

'nt“ﬁ k‘”‘
S aIN
)

t~0fm/c T ~1fm/c t ~ 10 fm/c

Future High Baryon Density
Experiment :

» FAIR/CBM (2.4 - 4.9 GeV)
» HIAF/CEE (2.1-4.5 GeV)
» NICA/MPD (4 - 11 GeV)

equilibrium : . |
ynamics viscous hydrodynamics

e o) free streaming
collision evclution

t ~ 1013 fm/c

1) IRSERFFETFHERIEASH
2) ¥ T4J3E : Baryon-Baryon Interactions -> Understand YN, YY
interaction and EoS at high baryon Density

THREIE FNLBEFEBRIALHITS, MR, Oct. 18-22, 2024
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International Workshop on Physics at High Baryon Density (PHD2024)

https://indico.ihep.ac.cn/event/22462/ Nov. 1-4, 2024@CCNU

International Workshop on Physics at High Baryon Density (PHD2024, 55

—Be BT BEMEEFTR)

Nov 1 -4, 2024

Asia/Shanghal timezone

Overview
Registration
Confirmed Speaker

Local Organizing
Committee

RE, DT

B4 yuangiang@mail.ccnu.e-

2 maya@mail.ccnu.edu.cn

- EEEFTEYVERRIS

EHERZRIENTENSETFEENRESEEENME, WIRKEEEERESH.
FHARBEEFRCUAREERERG TRYRERAEEERX. ERRENIE
BFARYRE (EFAIR/CBM, HEHIAF/CEE, #BHINICA/MPD) HIHELEER,
BETEENENEERNEFERRNGRSE. EX—88T, RASHNIE
EAMRERAMYRREREE, ERNMEEETEEMERTNATINMG, £RE
ROHTIRRERNERESAAVENSE., AL, RINAERE SETFEEMEHT
KRRV HRISFEEH—R, MTREEERENNEEETIERTR), BER
ERMIAAREEERKTHERZRTR, {XERIBEFEERYBIIHETN
B, ARENESEAMANEECHLEERE, HRDBESETEEWIERXH
RERERRAAIT FIRTERM,

F-BEETFEEMEMTRT2024E11 81 B-4REERIFEAEEF, 15KE, 2-
4SRRI, RWFKEERE, SWRENBIERS.

The high baryon density matter produced in high-energy nuclear-nuclear collisions harbors rich
physics, which is of great importance for exploring the phase structure of strong interactions, the

of the uni and stars, and the properties of nuclear matter under
extreme iti With the up i ion of major heavy-ion facilities around the world
(FAIR/CBM in Germany, HIAF/CEE in China, NICA/MPD in Russia), the field of high baryon density
physics is becoming a frontier hotspot in international physics research. Against this background, it is
particularly necessary and important to systematically analyze and summarize existing research
prog| , plan future paths, and reserve talent teams for high baryon density
physics research, and gather the wisdom of top scientists. Therefore, we have decided to launch a
series of "Workshop on Physics at High Baryon Density" (planned to be held annually, in the form of
seminars combined with more focused small-scale topical discussions), aiming to build a high-level

i for worldwide to jointly explore the challenges and

opportunities of high baryon density physics. At the same time, we will work closely with domestic and
international nuclear physics theory centers to lay a solid foundation for high baryon density physics
research.

The first workshop on physics at high baryon density will be held at Central China Normal University
from Nov. 1 to 4, 2024, with registration on the Nov. 1st and the meeting time from the Nov. 2nd to the
4th. No registration fee will be charged. The talks are by invitation only.

BENEFEAIZLM TR, #REK

Physics Topics :

1) QCD Phase Structure at High Baryon Density

2) Nuclear Matter at High Density and Equation of State
3) Dynamical Evolution of Heavy-ion Collisions

4) Nuclear Matter Under Extreme External Fields

5) Hadron Properties in Nuclear Medium

6) Nuclear Physics in Compact Stars

Hengtong Ding (Central China Normal University)

Weijie Fu (Dalian University of Technology)

Sophia Han (T.D. Lee Institute, Shanghai Jiao Tong University)
Xiaofeng Luo (Central China Normal University, co-Chair)
Guoliang Ma (Fudan University)

Zebo Tang (University of Science and Technology of China)
Chi Yang (Shandong University)

Pengfei Zhuang (Tsinghua University, co-Chair)

Yapeng Zhang (Institute of Modern Physics, CAS)
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