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Matters and Phase Transition in Extreme Condition

A Water Phase Diagram E. Fermi: “Notes on Thermodynamics and Statistics ” (1953)
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QED/QCD Thermodynamics : More is Different

QED QCD

A Water Phase Diagram QCD Phase Diagram
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Fundamental DoF: Water molecules Fundamental DoF: quarks and gluons
Dominant interaction: electromagnetic Dominant interaction: strong interaction
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QCD Phase Diagram

Emergent Properties of Strong Interactions, rich structure at high baryon density
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Quark-Gluon Plasma

Hadron Gas Gas-Liquid

Baryonic Chemical Potential ug (MeV)

Key Physics : QCD phase structure and EoS of QCD matter at high baryon density.

(critical point and 15t order phase boundaries)

Lattice QCD : at yu5 = 0, smooth crossover. e~ 156 MeV
Large B : 1%torder phase transition and QCD critical point ?

Y. Aoki et al., Nature 443, 675 (2006) ;

A. Bazavov et al (HotQCD), PRD 85, 054503 (2012).
K. Fukushima and C. Sasaki, PPNP, 72, 99 (2013).
A. Bzdak et al., Phys. Rep. 853, 1 (2020).
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“Multi-messenger”

Heavy-ion Experiment A Astronomical Observations
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Dense Nuclear Matter

Baryon densities in central Au+Au collisions

Agniezsk Sorensen, et al., arXiv : 2301.13253
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Heavy-ion collisions provide a unique and controlled experimental way
to study the properties of nuclear matter at high baryon density.

5 A GeV Au + Au (b=0): p(0,0,0,t)
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et 11100

Elsapsed time t (fn:/%)
I. C. Arsene et al., Phys. Rev. C 75, 034902 (2007)
FAIR SIS100 energies :
Temperature (T < 120 MeV)

Density (p <~ 8 py)
Reaction time : ~ 102 s
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Dense Nuclear Matter

Agniezsk Sorensen, et al., arXiv : 2301.13253 ‘ e
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Heavy-ion collisions provide a unique and controlled experimental way plp,
to study the properties of nuclear matter at high baryon density. B.A. Li, LW. Chen, C.M. Ko

Phys. Rep. 464, 113(2008)
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Search for the QCD Critical Point
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Location of CEP : Theoretical Predictions/Estimations (2004-2025)
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“Focusing Region” : pg¢t”: ~ 550 — 700 MeV, TCEP: ~90 — 118 MeV

FRG and DSE methods : (T°EP, ug®E?) = (107, 635), (109, 610) MeV.
Wei-jie Fu, J. M. Pawlowski, and F. Rennecke, Phys. Rev. D 101, 054032 (2020)
Fei Gao, J. M. Pawlowski, Phys. Lett. B 820, 136584 (2021)

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025



Relativistic “Minds”

Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Workshop...

March 9-10, 2006 at Brookhaven National Laboratory

Organizers: T. Ludlam, H. Ritter, G. Stephans, M. Gazdzicki, B. Friman, F. Videbaek, T. Satogata, K. Rajagopal,

L. McLerran

Thursday, March 9

March, 2006@BNL

Friday, March 10

8:30 —9:00 Registration Chair: F. Videback
Chair: T. LudlaTng_ 8:30-9:30 Low energy operation of RHIC:
900 9:10" Welcoms T Ludiam (10) AGS low energy extraction performance N. Tsoupas_(15+5)
Bl - Luminosit itoring issues A.Drees (15+5)
9:10—9:50 Introduction and overview K. Rajagopal (35+5) Low energy electron cooling A. Fedotov_(15+5)
9:50 — 10:25 Lattice results on the QCD critical point F.Karsch (30+5)
10-25 Break (15) 9:30—10:00 | Energy dependence of temperature and K. Redlich (25+5)
10:40 — 11:05_| Fluctuations at the critical point M. Stept 20+5 baryoshemical potential — -
11:05 = 11:40 Experimental overview & gros octs for RHIC G Rolarl nd_(30 +§) ) 10:00 — 10:25 | Observable power laws at the QCD critical point | N. Antoniou (20+5)
: : 2 ew & prospeets for 2 :2. reak (15)
11:40—12:15 | RHIC machine considerations T. Satogata (30+5) :40-11:10 | The CBM experiment at FAIR P.Senger _(25+5)
12:15 Lunch 10— 11:35 itation function — experimental perspective  Xu (20+5))
:35-12:00 | Experience with CERES H. Appelshauser (20+5)
Chair— Georee Sienh :00 — 12:25 | Critical point at SPS energy? R. Stock (20+5)
1:30—2:00 | Excitation function — NA 49 results P. Seyboth (25+5) 122 Lunch
2:00-2:30 Excitation functi .'_ofdec.onﬁnemem E. ShL.l}'_yak (25+5) Chair: L McLerran
2:30-2:50 Soft mode of the QCD critical point H. Fujii (15+5) 2:00—2:3 Lattice calculations at finite baryon potential Z.Fodor_(25+5)
2:50—3:10 Baryon number fluctuation near the critical point | Y. Hatta (15+5) 2:30 - 3:0 ions and i V. Koch (25+5)
310 Break (15) 3:00-3:2 Hadron production and phasc changes J. Rafelski_(20+5)
3:25-3:55 Hydro evolution near the QCD critical point C. Nonaka (15+5) S23=a L;g,f discover the first-order phase transition at | J. Randrup (15+5)
3:55-4:25 Future prosp for the CERN SPS M. Gazdzicki (25+5) 345 ,mk'(”)
4:25 - 5:00 Experiments with PHENIX near the critical point | P. Steinberg (25+10) 4:00 — 4:20 ignals of the first order phase transition. H. Stoccker (15+5)
5:00—5:35 Experiments with STAR near the critical point T. Nayak (25+10) 4:20-5:30 ummary/di ion — prospects for i Discussion Leaders :
at RHIC H.-G. Ritter & T. Roser
6:15 Reception and dinner 3:30 Adjourn

Collisions

Strategic workshop on the RHIC-STAR experiment: In
2005, RHIC released a white paper declaring the
discovery of the sQGP, continuing RHIC operations
required an urgent clarification of its next physics goals.
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Relativistic “Minds” Collisions

Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Workshop...

March 9-10, 2006 at Brookhaven National Laboratory

Organizers: T. Ludlam, H. Ritter, G. Stephans, M. Gazdzicki, B. Friman, F. Videbaek, T. Satogata, K. Rajagopal,
L. McLerran

Thursday, March 9

Friday, March 10

March, 2006@BNL

8:3 0 Registratic Chair: F. Videbaek
~cgntranion 8:30-9:30 Low energy operation of RHIC:
Chair: T. Ludlam

AGS low onergy extraction performance N. Tsoupas_(15+5)
9:00-9:10 Welcome T. Ludlam _ (10) I e — ‘A Droes_(15+5)
9:10—9:50 Introduction and overview K. Rajagopal (35+5) Low energy electron cooling A. Fedotov_(15+5)
9:50 — 10:25 Lattice results on the QCD critical point F.Karsch (30+5)
10-25 Break (15) 9:30—10:00 | Energy dependence of temperature and K. Redlich (25+5)
10:40— 11:05_| FlI ions at the critical point M. Steph (20+5) : ___bar ical potential S .
11:05—11:40 | Experimental overview & prospects for RHIC G.Roland (30+5) 10..‘(;0 —10:25 O:’:;"?}’;j power laws at the QCD critical point | N. Antoniou (20+5)
11:40 — 12:15 | RHIC machine considerations T. Satogata (30+5) 40— 11:10 The CBM cxperiment at FAIR P.Senger (25+5)
12:15 Lunch 10-11:35 ion function — experimental perspective . Xu (20+5))

35—12:00 | Experience with CERES H. Appelshauser (20+5)
Chair— Georee Sienh :00 — 12:25 | Critical point at SPS energy? R. Stock (20+5)

1:30 — 2:00 Excitation function — NA 49 results P. Seyboth (25+5) 12:23 Lunch
2:00 —2:30 Excitation functi .'_ofdec.onfmemem E. ShL.l}'_yak (25+5) Chair: L McLerran
2:30 - 2:50 Soft mode of the QCD eritical point H. Fujii (15+5) 2:00-2:3 Lattice calculanons at finite baryon potential Z.Fodor_(25+5)
2:50-3:10 Baryon number fluctuation near the critical point | Y. Hatta (15+5) :0 V.Koch (25+5)
3:10 Break (15) 2 Hadron deuctmn and phase changes J. Rafelski_(20+5)
3:25-3:55 Hydro evolution near the QCD critical point C. Nonaka (15+5) i L;g,f discover the first-order phase transition at | J. Randrup (15+5)
3:55-4:25 Future prosp for the CERN SPS M. Gazdzicki (25+5) ,mk'(”)
4:25 - 5:00 Experiments with PHENIX near the critical point | P. Steinberg (25+10) 200 — 4:20 ignals of the first order phase transition H. Stoccker (15+5)
5:00—5:35 Experiments with STAR near the critical point T. Nayak (25+10) 4:20-5:30 ummar — prospects for i cussion Leaders :

at RHIC H.-G. Ritter & T. Roser
6:15 Reception and dinner 3:30 Adjourn

Following this meeting, the proposal to conduct a
beam energy scan was formally submitted to the RHIC
Program Advisory Committee (PAC).

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025
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Relativistic “Minds”

Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Wor

op...

March 9-10, 2006 at Brookhaven National Laboratory

Organizers: T. Ludlam, H. Ritter, G. Stephans, M. Gazdzicki, B. Friman, F. Videbaek, T. Satogata, K. Rajagopal,

L. McLerran

Thursday, March 9

8:30

Friday, March 10

March, 2006@BNL

Collisions

INT Workshop 2008-2b : The QCD Critical Point
Organizers: Volker Koch, Gunther Roland, Mikhail Stephanov

Registration

Chair: F. Vide

baek

Chair: T. Ludlam

8:30-9:30

Low energy operation of RHIC:

AGS low cnergy cxtraction performance

N. Tsoupas _(15+5)

9:00—9:10 Welcome T. Ludlam _ (10) I e —— ‘A Drees (15+5)
9:10-9:50 Introduction and overview K. Rajagopal (35+5) Low energy electron cooling A. Fedotoy_(15+5)
9:50 — 10:25 Lattice results on the QCD critical point F.Karsch (30+5)
10:25 Break (15) 9:30—10:00 | Energy dependence of temperature and K. Redlich (25+5)
10:40— 11:05 | Fluctuations at the critical point M. Stept 20+5 baryochemical potential — :
11:05 = 11:40 Experimental overview & gros octs for RHIC G Rolarl nd_(30 +§) ) 10:00 — 10:25 | Observable power laws at the QCD critical point | N. Antoniou (20+5)
B 2 ¢ | P d ):2. reak (15)
11:40-12:15 RHIC machine considerations T. Satogata (30+5) 40— 11:10 The CBM experiment at FAIR P. Senger (25+5)
12:15 Lunch 10— 11:35 itation function — experimental perspective  Xu (20+5))
35—12:00 | Experience with CERES H. Appelshauser (20+5)
Chair: George Steph :00 —12:25 | Critical point at SPS energy? R. Stock (20+5)
1:30-2:00 | Excitation function — NA 49 results P. Seyboth (25+5) 122 Louuch
2:00—2:30 Excitation functi ' of degonfmemem E. Sh\.{r_yak (25+5) Chair: L McLerran
2:30 - 2:50 Soft mode of the QCD eritical point H. Fujii (15+5) 2:00-2:3 Lattice calculations at finite baryon potential Z.Fodor_(25+5)
2:50—3:10 Baryon number fluctuation near the critical point | Y. Hatta (15+5) 2:30 - 3:0 ions and i V. Koch (25+5)
310 Break (15) 3:00— 3:2: Hadron production and phase changes 1. Rafelski (20+5)
3:25-3:55 Hydro evolution near the QCD critical point C. Nonaka (15+5) S23=a C;I“Ig.f discover the first-order phase transition at | J. Randrup (15+5)
3:55-4:25 Future prospects for the CERN SPS M. Gazdzicki (25+5) 345 ,mk'(”)
4:25 - 5:00 Experiments with PHENIX near the critical point | P. Steinberg (25+10) 4:00 — 4:20 ignals of the first order phase transition. H. Stoccker (15+5)
5:00—5:35 Experiments with STAR near the critical point T. Nayak (25+10) 4:20-5:30 i ion — prospects for i i ion Leaders :
at RHIC H.-G. Ritter & T. Roser
6:15 Reception and dinner 3:30 Adjourn

Following this meeting, the proposal to conduct a
beam energy scan was formally submitted to the RHIC
Program Advisory Committee (PAC).

July 28,2008 |S. Gupta “New results in QCD at finite 1"
July 29,2008 | M.P. Lombardo | "The QCD critical point at imaginary mu”
July 29,2008 |S. Ejiri "Numerical study,of the critical point in lattice QCD at high temperature and density"
July 30,2008 |K. Fukushima | "What can we learn from model studies on the chiral critical end-point?"
July 30,2008 |B. Klein "Scaling and Finite-Size Scaling Analysis of Critical Behavior in Lattice QCD"
July 31,2008 |J. Braun "Chiral Phase Boundary from Quark-Gluon Dynamics"
July 31,2008 | C. Ratti A model for QCD. g
August 4,2008 |J. Verbaarschot |"Phase of the Fermion Determinant and the Phase Diagram of QCD"
August 5,2008 [R. Lacey "The Role of Energy Scans at RHIC"
August 5,2008 | L. Ferroni “Space and Phase Space saturation: a simple Bag-Model-inspired picture for a smooth transition to QGP"
August 6,2008 |M. Asakawa | "QCD Critical Point and its Effect on Physical Observables”
August 6,2008 |T. Hell "Thermodynamics of a Nonlocal PNJL Model for Two and Three Flavors"
August 7,2008 |C. Miao "QCD Equation of State and Fluctuations on the Lattice"
August 11,2008 | K. Rajagopal WWNMWEW&M ations-Part ["
August 11,2008 |F. Karsch "Lattice results on the QCD critical point”
August 11,2008 |J. Randrup | "Spinodal decomposition: A tool for sceing the phase transition?”
August 11,2008 |H. Caines "STAR and the RHIC Energy Scan”
August 11,2008 |K. Homma “Fluctuations and Search for the QCD Critical Point"
August 12,2008 |G. Stephans | "Experimental Exploration of the QCD Phase Diagram"
‘August 12,2008 | KF. Liu "Finite Densify Phase Transition with Canonical Ensemble Approach”
August 12,2008 |C. Nonaka | "Hydrodynamic Expansion with the QCD Critical Point in Heavy Ton Collisions"
August 12,2008 | M. Mitrovski | "Energy and System Size Dependence of Hadron Production from NA49"
August 12,2008 |T. Schuster | "Energy and System Size Dependence of Fluctuations: NA49 results and NAG1 plans”
"K/pi Fluctuations and the Balance Function-Part 1"
August 12,2008 |G. Westfall | Part 2
Part 3
August 13,2008 |K. Redlich | "Charge Fluctuations and transport coefficients near CEP"
August 13,2008 |H. Fujii "Spectral functions near the QCD critical point in chiral models"
August 13,2008 | R. Karabowicz | “The CBM Experiment
August 13,2008 |P. Stankus "Critical Point Scans at RHIC Full Energy"
August 14,2008 | L. McLerran | "The QCD Phase Diagram: The Large N Limit"
August 14,2008 | P. de Forcrand | "Towards a controlled lattice study of the QD chiral critical point”
August 14,2008 | S. Roessner | "The interplay of flavour- and Polyakov-loop- degrees of freedom -—- A PNJL model analysis”
August 14,2008 |J. Liao "Magnetic Component of Strongly Coupled Quark Gluon Plasma & QCD Phase Diagram from E-M Duality Perspective”
August 14,2008 |H. Stoecker | "Cosmic matter in the Lab: FAIR=The International Facility for Antiproton and lon Research"
August 15,2008 |R. Scharenberg | "STAR's measurement of long-Range forward backward multiplicity correlations in Heavy lon central Au-Au collisions at vs=200 GeV"
August 15,2008 | D. Blaschke | "Nonlocal Chiral Quark Models & Critical (End-)Point"
August 18,2008 | C. Greiner Fast chemical equilibration of hadrons-the importance of multiparticle collisions in heavy jon reactions”
August 19,2008 | K. Mitsutani | "The possible quasi-particle picture of the quark near Te and its effect on the dilepton production rate”
August 20,2008 |J-W. Chen "Phase Transitions and the perfectess of Fluids"
August 21,2008 | M. Tachibana | "Spectral Continuity of Hadrons in Dense QCD"
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RHIC Ramping into the Era of Beam Energy Scan (2008-2010)

Search for the “QCD critical Eoin/t/’f in_Iqspire/s
ttps://inspirehep.net

Date of paper 3032 papers

1978 ////’ 2025

Find a sudden jump at 2008 !

The “QCD critical point” related study jump
into a highly productive level at 2008 !
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RHIC Ramping into the Era of Beam Energy Scan (2008-2010)

Search for the “QCD critical Eoint” in Inspires In 2009, RHIC successfully conducted test
ttps://inspirehep.net/ runs of Au+Au collisions at 9.2 and 19.6 GeV.

Date of paper 3032 papers

1978 ////’ 2025

Find a sudden jump at 2008 !

Charged particle tracks from 9.2 GeV central collisions

STAR, Phys. Rev. C 81, 024911 (2010)
The "QCD critical pOInt related StUdy jump “RHIC White Paper for BES: STAR, arXiv:1007.2613"

into a highly productive level at 2008 ! It sounded the clarion call for RHIC to explore the QCD
phase diagram and search for the QCD critical point, marking

the beginning of the Beam Energy Scan era at RHIC.

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025 14



INT Workshop 2025-3a : The QCD Critical Point: Are We There Yet?

ORGANIZERS

Helen Caines
Yale University
helen.caines@yale.edu

Viadimir Skokov
North Carolina State University
vskokov@ncsu.edu

Agnieszka Sorensen
Michigan State University
agnieszka.sorensen@gmail.com

PROGRAM COORDINATOR

Megan Baunsgard
Institute for Nuclear Theory
mjb47@uw.edu

The QCD Critical Point: Are We There Yet?

October 27, 2025 - November 7, 2025

INT-25-3a
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VIEW SCHEDULE

PARTICIPANT LIST

The priority application deadline for this
program has passed

>+3@I=:I

LQCD [Borsanyi et al., 2010.13705]

FRG [Fu et al., 1909.02991]

self-consistent fRG-DSE [Gao, Pawlowski 2010.13705]
truncated DSE [Gunkel, Fischer 2106.08356]

LYE Padetconformal [Basar 2312.06952]

LYE Pade [Clarke ct al., 2401.08820]

AdS/CFT [Hippert et al., 2309.00579]

s=const contours [Shah et al., 2410.16206)

C, finite-size scaling [Sorensen&Sorensen, 2405.10278]

o100 o o freeze-outs: RHIC, SPS, AGS, SIS, HADES

https://www.int.washington.edu/programs-and-workshops/25-3a
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Relativistic Heavy-lon
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RHIC White Paper :nucl-ex/0501009
Hot QCD White Paper: 2303.17254
ALICE: 2211.04384 (review)
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X B 1 XL (RHIC)

Relativistic Heavy lon Collider (RHIC)

JORIE TR HAL(LHC)

Xiaofeng Luo
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STAR Experiment : leed-Target Mode

eTOF (2019+)

4

s e
-3 -2 10 1 2 3 4 5 6

s 1

S o09:
2os

g

07

= 0.6
05
04
03

02F
0.1

swy = 7.7 GeVj

—

¢

| ood matching eff. :

e | | e |
P05 1 15 2 25 3 35

pr (GeVic)

10% of the CBM TOF modules installed at STAR endcap

P

=

Au Target ]

~——————
ELECTRON
BEAM

HCAL
g WITH HYDRAULICS
TO MOVE EACH
HALF NORTH &
SOUTH

TRAEKING EN
SYSTEM \\

eTOF from CBM are installed at STAR endcap in RHIC BES-II
» Fixed-target Au+Au collisions : \/syy =3 -7.7 GeV (750 2 ug 2 420 MeV)
» Study the properties of QCD matter at high baryon density region

Xiaofeng L

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

O X100 A0 O A2 HN, B
4D FPR PRI oF MY ¥ GV W@ o 020t o
== : : : :

10

' I ! I ' I I

Spe Aurau [lBES- [BES-1 EFXT

XA
L LLLLLL
»
z
2

S
-
o

w

|

No. of Events (M)
o

|

01 02 03 04 05 06 0.7
n, (GeV)

» BES-1 (2010 — 2014): 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 GeV.

> BES-Il (2018-2021): Collider mode (7.7, 9.2, 1.5, 14.6, 17.3, 19.6, 27 GeV),
FXT mode: (3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2,...,13.7 GeV)

Review Article : Properties of the QCD matter: review of selected results

> IJ'B cove rage . 25 < p'B < 750 Mev from the relativistic heavy ion collider beam energy scan (RHIC BES) program
Jinhui Chen, et al., Nucl. Sci. Tech. 35, 214 (2024)

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025 19



Observables: Cumulants of Conserved Quantities

» At critical point with an infinite system w1 _d"(p/T"4)
. . lq - 3 ch,q - n ’q - B’Q’S
- correlation length should diverge vr au,)
B SUSCGpthI“tIeS should dlverge Conserved Charges q : Net Baryon Number (B), Net Charge (Q), Net Strangeness (S)
> Experimental Observables: Cumulants of Conserved Quantities Notation: - Bumulans: - G
actorial Cumulants: K12, ...
1) Sensitive to correlation length (&) . \ k1 = Cy = (N),
2) Directly related to the susceptibility ratios <(5N) > =&, <(5N) > =& k= —C1+ O,
R3 = 201 - 302 + 03,
Measured multiplicity N,  (6N) = N —(N) k4 = —6C) + 11C, — 6C3 + Cy,
mean: M =(N) = % |
variance: o2 = ((6N)?) = C, 5 CP Signature
3/2 § .
skewness: S = ((8N)3)/ o3 = C3/C2/ % | baseline

kurtosis: k = ((6N)*)/ o* —3 =C,/C3 /s
S

M. A. Stephanov, PRL 102 (2009) 032301

Moments, cumulants and susceptibilities:
20d order: 62/M = C,/Cy = Xo/X1

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

3“1 order: So = C3/ Cz = X3 /XZ Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009). Cheng et al, PRD (2009)
th . 2 _ _ 074505. F. Karsch and K. Redlich , PLB 695, 136 (2011). B. Friman et al., EPJC 71 (2011)
4t order: ko = C4/ Cz = Xa / X2 1694. S. Gupta, et al., Science, 332, 1525(2012). A. Bazavov et al., PRL109, 192302(12) //

S. Borsanyi et al., PRL111, 062005(13)

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025 20



Critical Contributions to Fourth-order Fluctuations (xo?)

PQM V. Skokov, aM2012 3D Ising Mapping
______ ; D. Mroczek et al, PRC 103, 034901 (2021) ﬁﬁf\'\\% PRD 104 (2021) 9, 094047,
| 160, pympen : - \
i S 155 Iy ] 200 | Ti.z' B
= 150} el &
-/ MODEL!!! | = 1
.ol 1 145¢ OpB
| 2% /21 140k i
135} -
130t ] o 4
250 300 350 400 450 Rl : : -
0 100 200 300 400 500
. HslMeV] iz [MeV]
Symmetry and Universality PNJL
van der Waals (VDW)
20.00
10.00
1y 4.00
g 2.00
';' 1.50
s 125
® 0.00
g -0.50
E -1.00
2 -2.00
-3.00
-4.00
-5.00
j 100 200 300 400
0 00 200 300 300 880 890 900 910 920 930 Quark chemical potential [MeV]
. Hy (e 1 (MeV) AR 3245, EPJC 78, 138 (2018)
X3EE4%, PRDI3, 034037 (2016) Vovchenko et al., PRC92, 054901 (2015) Zeve. YpHh. THTH. M, EPIC 79, 245 (2019).
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Recall : Net-Proton Fluctuation in BES-Il (7.7-27 GeV)

v 7 3 mew T F T T e e ' Comparing to non-CP baselines
ol Au+Au Collisions at RHIC @ BES-II: 0-5% | o . e ‘ e .
Net-proton, lyl < 0.5 -I: 0-5% o
Ot <D, <20 GeVe 5 Egz_:|_°7§_; ” S 051 Au+Au Collisions at RHIC —
o i % ; i Q2 0-5%, |y| < 0.5, 0.4 < p_< 2.0 GeV/c
Q ﬁ 0 BES-l:70-80% K T
< STAR bars L ]
O @)
: T e o |
© o 20 - i RS 0
T s % %c = o]ttt — yn_ I
E | ve ' « | &
& ¢e £ s % % +
o (m] - _
£ i e e KA RO S — " . + Reference:
= Q o UrQMD (0-5%)
') - Hydro < + @« HRGCE
r 5~ -~ HRG CE a O, 05 s Hydro EV
§.X . UrQMD: 0-5% y | | |©| Dat? (70-80%)
L TN e et s 105 ordgor aon 2 5 10 20 50 100 200
3 10 30 100 Collision Energy |'s,, (GeV)
Collision Energy |sy, (GeV)
TAR: Phys. Rev. Lett. 135, 142301 (202 N )
> ys. Rev. Lett. 135, 142301 (2025) » 2-5¢ deviations to non-CP baselines at 19.6 GeV

[Editor Suggestion]
STAR: PRL126, 92301(2021); PRC104, 024902 (2021) 3 Data from low energies are needed to establish

PRL128, 202303(2022); PRC107, 024908 (2023) I :
HADES: PRC102, 024914(2020) the oscillation pattern of CP signal.
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Recall : Net-Proton Fluctuation in BES-Il (7.7-27 GeV)

T T T T T LI I T T T T T 17T | T
N Au+Au Collisions at RHIC @ BES-II: 0-5% |
2 Net-proton, lyl < 0.5 O BES-I: 0-5%
N 0.4 <p7_ <2.0 GeV/ie O BES-II: 70-80%
Q i ¢ BES-I: 70-80% ]
I+ N STAR
@)
R Y. — %
A Y . ..
5 %% ¢ oqo.-iQ--% g :
L - & —
= @r ? i
3 6o
=
e OF---g-m e -
3 A Hydro
L eV ---HRG CE :
g7 UrQMD: 0-5%
§ o 2 HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
_1 — ~ Hyd(o: V. Vouchenko et al, PRC 105, 01 4?04 (2022) —
3 30 100
Sy (GeV)

STAR: Phys. Rev. Lett. 135, 142301 (20

[Editor Suggestion]

STAR: PRL126, 92301(2021); PRC104, 024902 (2021)

PRL128, 202303(2022); PRC107, 024908 (2023)

HADES: PRC102, 024914(2020)

4

[C4 /CZ]Data _ [C /CZ]Reference

Experimental results between 3 and 7.7 GeV :

Comparing to non-CP baselines

0.5

!f\llll

— Au+Au Collisions at RHIC —
0-5%, ly| < 0.5, 0.4 <p_<2.0 GeV/c
| t“T_$________
i % % + Reference: |
f o UrQMD (0-5%)
¢ HRG CE
— 2 Hydro EV
| e Data (70-80%)
| 1 I I | 1 | | [ |
2 5 10 20 50 100 200

Collision Energy s, (GeV)

are crucial for the Critical Point search !

Xiaofeng Luo
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Energy Dependence of (factorial) Cumulant Ratios

[ Data (0-5%) 1 - Au+AuCollisionsatRHIC | 15[ STAR 1 1) UrQMD: hadronic transport and the
ST IR S s B 1__0_"_1' Spp<20CGeVlobI<0s o ] results are analyzed in the same
= i % 1 n ‘% o % way as data. S. Bass et al., Prog.
° 1 Qo D i Oz IIEE == 7T Part. Nucl. Phys., 41, 255 (1998);
5 e o RS it ] B RO 3 | Yy
z ] ’ c Ol sk c. I c | 2 HRGCE:P.B. Munzinger et al.

g (a)< 2_) I (b) =2 or (c) =% ]| Nucl. Phys. A1008, 122141(2021);

p+p L 1 " 2 7
0.8 ! 1 N 1 1 1 1
T T T osE T 1 ] 3)Hydro: HRG CE + EV, V. Vovchenko
- - Hydro EV d %z 1 oost TH o) Xs | ¥ f) Ka et al., Phys. Rev. C105, 014904 (2022).
(d) (e) (f)
----- HRG CE Ky @ﬁ Ky K1
Laco 00 OR 4) LQCD: done for net-baryon

074502 (2020). arXiv : 2407.09335

Proton «,
o
o -
T T
1
1
X
1
I C
)
-
O
;2
9
3
1
1
1
1
1
1
1
1
1
1
1 1
o
T
1
! g
1
1
1
o
:-/I
-~ HEH
'/
1
v
vl
[N |
1
1
o
T
1
1
El

_@_%, i %__ A. Bazavov et al., Phys. Rev. D101,

—0.1F - | |
o gy =
L 1-0.05 BES-I BES-| ]

1 -0.5F -

L L MR | L L1 L MR R E | L L L Lol L

5 10 20 50 100 200 5 10 20 50 100 200 5 10 20 50 100 200
Collision Energy sy, (GeV)

1) All cumulant ratios deviate below Poisson baseline (unity). C,/C, shows deviation at ~ 20
GeV w.r.t non-CP references (models and peripheral data) 2 — 5¢.
2) Negative k, positive k3; k4/k, consistent with Poisson baseline at zero within uncertainties
3) Lattice QCD (net-baryon) describe the data up to 27 GeV. STAR: Phys. Rev. Lett. 135, 142301 (2025)
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Proton Number Fluctuations from STAR Fixed-Target Program

Data Set Details

Nominal /syn Precision /sy n Beam Energy # Good CoM Chemical Pot.
3 2 3 5 3 9 GeV . (GeV) (GeV) (GeV) Events Rapidity up (MeV)
R ) 3.2 3.208 4.593 201M 1.139 697
3.5 3.531 5.761 116 M 1.254 666
3.9 3.918 7.309 117M 1.375 632

Particle Identification

Target@z=2m
ETOF particle ID

250 um gold foil

Energy-loss particle ID .
= . % ?) L
% VSyy = 39 GeV 105§ g E
: . g 3 .
= 10° = deuterons
° D] -
= 10° E f
S
10? r
10 :
g ! % 1 2 3 o 5
GeV/
PARSES) plq (GeV/c)

ETOF provided by CBM-FAIR, crucial for PID at BES-II, especially for the FXT program
Good detector performance (timing resolution, matching efficiency, stability)

>
>

Z. Sweger, Yongcong Xu, Xin Zhang @ QM25
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Proton Acceptance and Identification

0 50

p_ (GeVrc)

18

m =32 GeV fitrange =[20,200]

x2/ndt =5.50
|

Vs=3.2 GeV

P by L L Laaa | e

00T —~55 50
FXTMult3

m =3.5 GeV fitrange =[23,200]

x2Indf = 4.20

150

VS_NN =3.9 GeV fitrange =[27,200]

x2/ndf = 3.60

p/a (GeV/c)

SJUNod

FXTMult3: all h- and, h+ excluding protons/d/t..

within STAR detector to avoid auto-correlations.

Ch i b s beaa biaa 1o B

- 921 “o0s-o0.

4-02 0 02042 -1 -08-08 04 02 0

VYo

02 0412

-1 -0.8 -0.6 -04 -0.2

Conventional PID method for Proton :

TPC PID at low p

TPC+TOF at high p

-> Acceptance gap.

0 02 04
Vo

Y. Zhang, Y. Huang, T. Nonaka, X. Luo, NIMA 1026(2022)166246
STAR, Phys. Rev. C 107, 024908 (2023)
Z. Sweger, C. Daniel and X. Dong, PRC 111 (2025) 034902

| VS = 3.2 GeV VS = 3.5 GeV. =39GeV 108
® Q
g o
o.'_1.5-.§ v % .

£ gg TPC+

% ; v TOF 102

T2V o
Be v
LA 10
0.5
1 1 | | | 1 1
05 Iz 05 0 05 0
oM YYom YYoum

Slow TPC/Fast TOF PID + Pile-up = Fast/Slow miss match ->
Will distort cumulant measurement

Experimental methods to reduce those effects :
1) Pile-up rejection + dynamic dE/dx selection to maximize
TPC PID and ensure >90% purity. -> (3.5 and 3.9 GeV)

2) 3.2 GeV:only TPC PID, Pile-up correction is applied.

Xiaofeng Luo
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Energy Dependence of (Net-)Proton C,/C, from BES-II

0-5% Au+Au Collisions at RHIC

. , . o Vsw 200 196 7.7 4.5 3.0 GeV
B .. ] I | —— Hydro EV
CJc, STAR STARPreliminary | & 05 ~< o Hhe ot
1 [ ISR S A S S S S S SRS SIS S S S S S =IEEEEEES E’ / N — UrQMD (0-5%)
_ ______--Q"_ C\)N S
@ % %—— :-‘-§ = @ o Oq- I \.\\5
ol- S+ Ty o
; - - - Hydro EV o
i (] [ Collider -0.5<y<0.5 Yo _ % \f\\lwll % g
,"’/ @BESIH T HRG CE D.—- \ °
1 [] F;;fj:i’;’s'cfo | UrOMD -0.5<y<0.5 _ (\{r ’.N | cow .
m 3 GeV UrQMD -0.5<y-y _ <0 O -0.5[ BES-Il COL - BES-Il FXT N
(PRL 126, 092301) c™M —
s M ¢ A : : ~T_—— ™ T
3 4 56780910 20 30 0 200 400 600 800
Collision Energy Ysyy (GeV) Baryon Chemical Potential w_(MeV)
ElEfEEeE D 3.0, 3.2, 3.5, 3.9 GeVH]E£ 4L Z. Sweger, Yongcong Xu, Xin Zhang @ QM25

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025 27



Search for the QCD Critical Point : To be Continued...

0- 5% Au+Au CoII|S|ons at RHIC

|
I STAR Preliminar
| C/C.  STAR y |
: s =
% L L § e QD
ol @
m A - = = Hydro EV
L [ Collider -0.5<y<0.5
| @BESLH HRG CE
R | FXT -0.5<y-y,, <0
_1 N s;J [m] This analysis l:' UrQMD _0'5<y<0'5 —]
3 Gev
/// = (PH?. 126, 092301) UrQMD -0.5<y-y , <0

3 4 5 6 7 8910 20

Collision Energy Ys,, (GeV)

30

Fabian @ QM2025, plenary
Wel-jle Fu@ QPT2025 plenary

L T T LU B B
s fRG-LEFT (CE) freezeout: Andronic et aI

fRG-LEFT (CE), freezeout: STAR Fit |

fRG-LEFT (CE), freezeout: STAR Fit Il
-------- DSE-QCD (GCE), freezeout: Andronic et al.
%  STAR BES-I (0-5%) i
[} STAR BES-II (0-5%)
%  STAR fixed-target (0-5%)

DSE: [Lu, Gao, Liu, Pawlowski, 2504.05099]'
FRG: [Fu, Luo, Pawlowski, FR,Yin, 2308.15508]
[STAR, 2504.0081 7}

¢
® ...
m

» Experimental results between 4 — 8 GeV are crucial.
» Analysis of 4.5 GeV and Run21 high statistics 3 GeV (2 billion events) are ongoing.
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Search for the QCD Critical Point : To be Continued...

0- 5% Au+Au CoII|S|ons at RHIC

|
C4/02 STAR STAR Prellmlnary
| om0 b il
: P il
% pyoer. 2T
ol _
@ === Hydro EV
B / Collider —-0.5<y<0.5 ]
//// @BESII T HRG CE
. | FXT -0.5<y-
. L] . Tmfj;yys?s'cfo " |uramp -05<y<05 _|
/;/ ?P%GLV1 25 092001) UrQMD -0.5<y-y,, <0
3 4 5 6 7 8 91 0 20 30

Collision Energy Ys,, (GeV)

> Experimental results between 4 — 8 GeV are crucial.
> Analysis of 4.5 GeV and 2 billion events from Run21 3 GeV are ongoing.
In STAR, we are also pushing for taking more data of 4.2 and 4.5 GeV.

Fabian @ QM2025, plenary

Wel-jle Fu @ QPT2025 pIenary

T T T T
Y fRG LEFT (CE) freezeout Andronic et aI

- fRG-LEFT (CE), freezeout: STAR Fit |
fRG-LEFT (CE), freezeout: STAR Fit Il
DSE-QCD (GCE), freezeout: Andronic et al.
STAR BES-I (0-5%) m
@® STAR BES-II (0-5%)

STAR fixed-target (0-5%)

DSE: [Lu, Gao, Liu, Pawlowski, 2504.05099]'
FRG: [Fu, Luo, Pawlowski, FR,Yin, 2308.15508]
[STAR, 2504.0081 7}

¢
®x ...
m
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AESEERAIAYESNm?  Baryon vs. Proton ?
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Energy Dependence of (Factorial) Cumulant Ratios

=
O T T [
c C, Collider -0.5<y<0.5 1.5~  0-5% Au+Au Collisions at RHIC STAR
o 12} o : -
= (p+D) © BES-LI 0.4<p _<20GeVic N g Oy _
s P*P? "exT 05<y-y <0 i i g, - - -
- [ This analysis - ] g B
5 "= W 3GeV Lo . j"vr . I §§,§ 03
Z | T, | IR, {PARL 126, 092301) | e 0 ﬂ
........ E 3 =y | c
- 7 o0 @ .-000 -9 4
000~ @ ¥ - (c) =2
STAR e B sl i - A
08k . = / i = / =
— - ——— - ; ————r = ;
I i 7 ryves ‘
-l (d) Ko = = Hydro EV i Of=====0r =~ RCECEr Q=@ o5} | g
S<: “1l TP HRG CE ) X {i
B 5 4 -02f / Kz o |y - ==
S o1 Hy [: UrQMD -0.5<y<0.5 @) = 0 : ;}’ : §-§§ o
IS || UrQMD -0.5<y-y_, <0 T W : v :
[, g e 1 -ost % M=t -
4 | N | J 1
o oo/’c”: | . & .
0 © <00 | 061 FixdoTarger BES-I . T
o o MSesn . i 5 S L i & 2l 5 : PRI R | P 5]
3: 4 5516 10 20 30 3 4 56 10 20 30 3 4 56 10 20 30

Collision Energy ys,, (GeV)

At 3.0 — 3.9 GeV central collisions (0-5%, -0.5<y<0):
1) UrQMD describe the trends of the data
2) Proton (factorial) cumulants at 2" and 31 order deviates from UrQMD

3) Proton C,/C,, k,/k, consistent with UrQMD 2. Sweger, Yongoong Xu, Xin Zhang @ QM25
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Proton Factorial Cumulants : STAR vs. HADES

K2/K1 K3/ K1 K4/ K1
0.4 i — Ay ' T T T T — 6 B AL L A
r ¥ -5%) b 3 R i [ ]
i pomemes | o v x] | I — ,
M STARFXT (0-5%) r X AN . R i Q@ od |
r : ®  HADES (Ag+Ag preliminary) (0-10%) | : * : © ‘ 4
0.2_ ¥ — r ; 4 4— 0.2 | ]
L . _0'5? 800 t r 0 L T[ = + *- + B
| AY} o %o.osf ¥ ewocsion 1 n B —0.2F T 7
@ : oo_o:a 1“*; | : B 10 12)2* h
. _17 vl Jﬂ‘ . B 2_ Us...,\IGeVI B
- N - i , — ] L |
0 | i :
e B R i - 1
§ X¥x ¥W I -1 5? (5 [GEV] 7 o o B
02* o o . i C ] O ]HA!I ! H**ﬂ‘v‘* X
1 10 10 0 S Y R R CxY
ISun [GeV] 1 10 107 1 10 10°
(S [GEV] [Sw [GEV]

STAR . HADES, Quark Matter 25

STAR FXT: Au-Au, (Nyy) =~ 320: HADES: Ag-Ag, (Ny) ~ 170
-05<y<0 -04<y<04
0.4 < p,<2GeV/c 0.4 < p, < 1.6 GeV/c
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Proton Factorial Cumulants : STAR vs. HADES

Ko/K1 Ks/ K4 Kyl K4
04 T T T T T T [ T T T T ' T T ] 6 T T T T T
F RS -5%, R = g § " )
7 ‘ X Sameesi0s | o N e x| | g oo \ ,
¥ STARFXT (0-5%) B X s 2-particle repulsive ] L 204 |
L %* ®  HADES ({\g+Ag preliminary) (0-10%) | L ‘:‘ i a- © o ’ 4 |
02 / TEmer s+ 1 .
B * - -3 - CElocal, attractive, p=0.8 : a \%" : r 02 Tyt B
L [ i | N So05- B . .
3 }Lw\“f: i \ i 1 n ] r 10 wf"s...‘lGeV] b
o- Q-pomé\e attra o i ";“”“ 9 e + ] i - i
L o _.l—“"' ¥ B B - | ] [ 3p \\: b
’,»’._ _}-% _ __ 10 . __ - attractive I," L ‘\ B
I g*ﬂii“;\;(epu\swe : 1'5: 1 0 ¥ N .4 ¥ -
_02 I Lol pr Ll L i ‘ ‘ ] I 1 “AY:\HHJ L | | ]
1 10 10? -2 N 107 1 10 102
Vv
IS [GeV] (S [GeV] VS [GeV]
STAR . HADES, Quark Matter 25 Changing from repulsive to attractive force between
protons at different energies : Sign of phase transition ?
STAR FXT: Au-Au, (Ny) ~ 320: HADES: Ag-Ag, (Ny) ~ 170
-05<y<0 -04<y<04 P. Braun-Munzinger, B. Friman, K. Redlich, A. Rustamov, J. Stachel, NPA 1008 (2021) 122141
0.4 < p, < 2 GeV/c 0.4 < p, < 1.6 GeV/c P. Braun-Munzinger, K. Redlich, A. Rustamov, J. Stachel, JHEP 08 (2024) 113

B. Friman, A. Rustamov, K. Redlich (in preparation)
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UrQMD Simulations : Effects of Volume Fluctuations and BNC

1.1 UrQMD Au+Au - Sk Central Au + Au Coliisions 3 3> Baryon number conservation (BNC)
r ] g (0%-5%) 1 .
: : and Volume Fluctuations (VF) are
Q ] included in UrQMD simulations
ﬁ e - dhap E
w e ¥ S Lok : .
8 oo BN G/ T ozt ¥J/%14 » The simulation shows that
£ 1o————————- & s - . E the effects of volume fluctuations
e 1 E ] are strong at low energies, which
— [ o 4 O -0.51 - ; i
E Oiof 0.4<p_(GeVic) <2.0 - g ] can cause rapidly increase or
3 | 1 510 = decrease of K2/K1 and K3/K1.
c 0.0 C/Cd B - Ka/Ky 3
S = u‘? - ' Xin Zhang, Yu Zhang, XFL, Nu Xu,
2 0 Y — = . 1 5 ost ] Chin. Phys. C 50,011003 (2026)
e s pssim [ Do | B g 1 » New Methods are developed to
: e Ty [ 4 1 eliminate VF at low energies.
4T ] '0'5;“ <}~ E A Centrality-independent Framework:
_ C,C, ] _ K,/Kq ] Zhaohui W d XEL
3 4 5 7 10 3 4 5 7 10 aonui Yang and Art,

Collision Energy m (GeV) Physics Letters B 871, 139984 (2025)
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Challenges for fluctuation analysis in FXT energies:
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Initial Volume Fluctuations

Number of Participating Nucleons Npan Reference Multiplicity Nch

Initial volume fluctuations are well known and largest
background for cumulant analysis, especially for low energies.

STAR, Phys. Rev. C 107, 024908 (2023)

P. Braun-Munzinger , A. Rustamov, J. Stachel, Nucl. Phys. A 960,114 (2017)
Arghya Chatterjee et al., Phys. Rev. C 101, 034902 (2020)

Y. Zhang, Y. Huang, T. Nonaka, X. Luo, Nucl. Inst. Meth. A 1026(2022)166246
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Independent Emission Source Models

V. Skokov et al, PRC 88, 034911 (2013)
P. Braun-Munzinger et al, NPA 960,114 (2017)

How to isolate the initial volume
fluctuations from true signal ?

> Multiplicity N arise from independent Source,
such as participant nucleon (Np).

NP
N = 2 n,
i=1
n; is the multiplicity from i source.
» Multiplicity Fluctuations:

2 2 2
o o Oy
F=—tt<n>—
N n N

p

Xiaofeng Luo Workshop on Non-equilibrium Transport, Huizhou, Dec. 9 - 12, 2025 35



Single Edgeworth Expansion Fitting

012 /R O Poisson Distribution(A = 10) 10° o Residual( N, > 18 ) = 9.1324e-10
55 b{ —=Edgeworth Expansion

0.10 " \ 5, 1071 UrQMD, Au+Au 3.5 GeV
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Edgeworth expansion
- Snt2y
op(ox)=Z(x)s 1+ Z Z He, .(x) H ' )'m
'"m+2
s=1 {km}
Chebyshev-Hermite polynomials He
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UrQMD, Au+Au 3.5 GeV

35
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Data Analysis with this new method is underway.
Z. Wang, XFL, Physics Letters B 871, 139984 (2025)
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Light Nuclei Yield Ratios from BES-II (3 — 27 GeV)

Yixuan Jin (STAR, Best Poster Award)@ QM25 The compound yi_eld ratio is_ proposed to be sensitive to
the neutron density fluctuations

K. Sun et al. Phys.Lett.B 774 (2017) 103-107
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ie] L2 @dp  OUp:STARBES- 1 B

“+— @A 2 3 L _
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a 1 O —— Thermal Model unstable nuclei (‘He/p) STAR Prellmlnary Z 0‘4 — d}' » s ik "/GE,' f/'\"/'\"/':T':'{'@ J

D_ 7 == Thermal Model unstable nuclei ("He/p) = et -

10 - - -+ Thermal Model stable nuclei (d/p) L 4

8 - - = Thermal Model stable nuclei (*He/p) . Thermal: AMPT: B

10 ki ey ik T I I , 0.2 - stable nuclei wio EOS-| O uaMD |
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> Thermal model overestimate the light nuclei yield ratios for t/p and 3He/p ratio,
can be explained by the effect of hadronic re-scattering (K. Sun, et al., Nature Comm. 15,1074 (2004))
» Large increase is observed in compound yield ratio at low energies, which

cannot be described by transport (UrQMD,AMPT) or hydro models. STAR: Phys. Rev. Lett. 130, 202301 (2023)

Phys. Rev. C110, 054911 (2024)
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Dense Nuclear Equation of State

NN, YN, NNN, YNN, two body or three body interactions

1. Hypernuclei Production, Directed flow
2. Femtoscopy correlations
3. Other observables.

Xiaofeng Luo
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Hyper-Nuclei Production

PRL114, 092301(2015), HYP2018, 1512.06832, 1711.07521

ner core 0-3 km
quark gluon plasma?

10 11 12 13 14 15 16
R [km]
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24 / 09()Me ]
S=- PSR J0348+0432 _
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» Hyper-nuclei provide access to the hyperon—nucleon interactions: NY, YNN,
: Key to understand the EoS at high baryon density and inner structure of neutron star.
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Two-particle femtoscopy correlations : NN and YN Interactions

IS|l=0  |S|=1 S| =2 S| =3
0.4 E Strangeness
E N Sector
0.5 " - , A
0.6 :
e
0.7 !
0.8
09 @0 1) Light Nuclei (A<=3) — Lambda at Au+Au 3 GeV
v 2) Search for strange Di-baryon in isobar collisions 200 GeV
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d — A Correlation functions at 3.0 GeV (Run21)

25-STAR 1;12-1;11 ﬁolliszi;ms F 1<y<0 F
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A-separation Energy of 3H (MeV)

1) The most accurate results of binding energy and radius of }H.

Open a hew way to constrain  2H properties.

SHB, = 0.06%398 (Mev) @ 95% cL g

Extracted physical parameters: )
fo (D)= -253+3.3 fm
fo(Q)=17.5£1.6fm STAR : Xialei Jiang, QM2025
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p-Q~ Correlation Function ( |S|=3)

L VSNN =200 GeV Isobar Collisions /E\ (a) \jsNN = 200 GeV Isobar Collisions (b) STAR Preliminary
.. =T | - T At s |
sl STAR Preliminary | - 4 p-Q @ p- Q pairs —@—— | Spinaverage
=t o @ @ BestFit
——p-Q +P-Q pairs 8., 3} O HALQCDW=2) ]
HALQCD = -~ 1o —@—— Quintet state(J=2)
i 2
LL Fit T | 3 ‘+— |
- = Coulomb only G>> : VY | HALQCD(J=2)
- — Phys. Lett. B 792, 284 (2019)
] S . O
.@ L=e=re=—t——gm=o=re ) 1 5
=] . = C -
1 1 1 0-10% L] B oo
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Relative Momentum k* (MeV/c) Scattering Length f, (fm) Binding Energy (MeV)

STAR: Kehao Zhang, QM2025

HAL QCD |.  First experimental constraints in heavy-ion collisions of strong

Spin ave, Quintet
fotm | —2.8970% | _4.27708 “3.38 interaction parameters in p-Q~ pair
o o | rsans .. Il. Extracted negative f, (|f,] > 2d,) by Spin average method and
0 322052 53 0566 : Quintet method
BE (MeV) | 1.51733% | 1.55X3%5 2.27 O First experimental evidence of Strange Dibaryon
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Strong Interaction Parameters

28
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o ! 1 21 AN+ ANN (I
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= 10 ! 1 04 AN
w : - e :0.‘24(1) fm™3
5_ ' i < # | 10 1 12 R1[Ii5m] 14 15 16
+O} : Y 1 0O Extracted negative f, in p-Q~ pair -> Support
ol = | ({5 =3 GeV Ausdu Colisons) the formation of bound state
-6 _l4 _12 0| 2| . . . . 2
Scattering Length f_ (m) O Interactlgn sgcthn is proportional to f;°, the
observation implies that the strength of the
STAR: Kehao Zhang, QM2025 interaction depends on strangeness;

These parameters provide important experimental input for studying the equation
of state of dense nuclear matter and the internal structure of neutron stars.
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Summary and Outlook

STAR reported precision measurement of (net-) proton
fluctuations in Au+Au collisions from BES-II including 3.2-3.9
GeV (FXT) and 7.7-27 GeV(Collider).

-better statistics, systematics and centrality resolution.

Collider energies : for net-proton C,/C, in central collisions,
deviations of 2-5¢ are observed w.r.t non-CP reference (model
or peripheral data) at 19.6 GeV.

FXT energies proton C4/C, in central collisions are
consistent with UrQMD calculations at 3.0 — 3.9 GeV. Analysis
of 4.5 GeV and high statistics 3 GeV data (2 Billion events)

are ongoing.

New analysis framework has been built to eliminate volume
fluctuations, which is crucial at FXT energies.
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Dynamical modeling for HIC is important to understand the experimental data.
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Summary and Outlook

LHC SPS AGS SIS CSR
| ) ! . | . I
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» Critical point and phase boundary;
HIAF/CEE/H-NS: 2.1-4.5 GeV, NICAMPD : 4-11 GeV 3 Nuclear matter EOS at high baryon density;

FAIR/CBM: 2.4-4.9 GeV, JPARC-HI: 2-5 GeV (planning) ;. y.N interactions, inner structure of compact stars.
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Sub-threshold multi-strange hyperon production
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Sensitive to nuclear matter equation
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(LTI0TNOS “omnig )

e O: O 69

Strange and charmed particle production
thresholds in pp - collisions

Hyperon production via multiple collisions

1. pp—>K'A%, pp— KKpp,

2. pA'— K*E-p, mA'— K*E-m,
NNO— E-p, AK — E-nO°

3. E-->Qn, EK—->Qm

Antihyperons
1. \°K+*— E*nO,
2. B+ K+ > Q* 1+,

(< )

Wy “©

reaction Vs (GeV) | T,.,(GeV)

pp - K*Ap 2.548 1.6

pp > KK pp 2.864 25

pp > K*K*E™p 3.247 3.7 -
pp » K*KTK*0™n |4.092 7.0 ;
pp - Adpp 4.108 71 -
pp > E-Etpp 4.520 9.0

pp = 0 0% pp 5.222 12.7

pp - J/¥ pp 4973 12.2

100

80

60

40

E(p,9) = Eo(p) + Eul(p) - &*
Eo(p) = Eo(po) + % (p— Po)_ + .%)(p%—popo)' +

_ Lip
Esym(p) = Esym(po) + 3 (E — ]) +
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Strangeness Production at STAR BES
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Comprehensive measurement of strangeness

production at different energies from 3 to 4.5 GeV

PLB831,137152 (2022), JHEP 10, 139 (2024)
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