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Outline

» Introduction

» Selected Results from RHIC Beam Energy Scan
1) Net-Proton Fluctuations

2) Baryon-Strangeness Correlations
3) Light Nuclei Production

» Summary and Outlook
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Matters in Extreme Condition
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How to create extreme condition similar to early universe ?
What is the relevant degree of freedom and dominated interactions ?
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Relativistic Heavy-lon Collisions and QGP
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> Properties of Quark-Gluon Plasma (QGP)
> Phase structure of Strongly Interacting Matter

SQSP: Perfect liquid _ RHIC White Paper :nuck-ex/0501009
mall eta/s = quanturn fimi Hot QCD White Paper: 2303.17254

= Strong electromagnelic field ALICE: 2211.04384 (review)
* Large vorticity
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QCD Phase Diagram

Emergent Properties of Strong Interactions, rich structure at high baryon density
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r FAIR Lattice QCD : at yp = 0, smooth crossover.

Quark-Gluon Plasma | Large 1z : 15t order 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, Prog. Part. Nucl. Phys, 72, 99 (2013).
A. Bzdak et al., Phys. Rep. 853, 1 (2020).

Hadron Gas eas-Lguid -
©)

~&—— electrons, neutrons, nuclei

neutron-proton Fermi liquid
few % electron Fermi gas

Baryonic Chemical Potential ug (MeV)

quark gluon plasma?

Q1 : Can we find the experimental signature of the smooth crossover ?
Q2 : Can we map out the 1st order phase boundary and find the QCD Ciritical Point ?
Q3 : What is the equation of state of the dense nuclear matter ?
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Location of the QCD Critical Point : Theoretical Estimation/Prediction
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/.~~~ _-Modelsoverlap &~ ®  DSE/Lattice [Fischer etal., 2014] ]
p /95%// FRG [Fu et al., 2019] —
B crossover lattice !\,./ Robust results! 5011 . DSE/FRG l[Gao,Pawlowski,2020] [ ]
°0 200 400 600 %% 400 45 450 475 500 ®  DSERFRG [Gao, Pawlowski, 2020] P
upe (MeV) Vann(ise) (GeV) L ESE_/LTE“ [G“_"k"l’lFlzs(C)zzlj"zom] PoS LATTICE2023 (2024), 1681
attice [Borsanyi et al.|
Holography+ Bayesian : Hippert et al., arXiv : 2309.00579 00 100 200 300 200 300 600700
CP0D2024 ty, [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
Lattice QCD te/T. >3 F. Karsch et al.
Summary 495 - 654 100 - 119
(ne, Tc) = (495 - 654, 100 - 119) MeV mmmm) 3.5 < /sy < 4.9 GeV
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Can We Discover the QCD Critical Point at RHIC ?

RIKEN BNL Research Center Workshop...

March 9-10, 2006 at Brookhaven Nationgl Laboratory

Critical

Point:

In 2005, RHIC released white paper: nucl-
ex/0501009, sQGP has been found. Where does RHIC go from here?
What is the important physics? How to highlight the importance of the
STAR experiment?

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

Motivation & Plans: The workshop is motivated by a growing body of theoretical and experimental evidence that the critical point on the QCD
phase diagram, if it exists, should appear on the QGP transition boundary at baryo-chemical potential ~100 - 500 MeV, corresponding to
heavy ion collisions with c.m. energy in the range 5 - 50 GeV/u. Identifying and pinning down this point with experimental measurements
would be a major step forward in the world-wide effort to determine the properties of QCD at high temperature and density.

Friday, March 10

Thursday, March 9 Chair: F. Videbaek
8:30 — 9:00 | Registration 8:30-9:30 Low energy operation of RHIC:

Chair: T. Ludlam AGS low energy extraction performance N. Tsoupas (15+5)
9:00—9:10 Welcome T. Ludlam _ (10) Luminosity monitoring issues A.Drees (15+5)
9:10 — 9:50 Introduction and overview K. Rajagopal (35+5) Low energy electron cooling A.Fedotov_(15+5)

50 10- - — - - -
9:50 — 10:25 Lattice results on the QCD critical point F. Karsch (30+5) 9:30 - 10:00 Energy dependence of temperature and K. Redlich (25+5)
10:25 Break (15) baryochemical potential
10:40 — 11:05 | Fluctuations at the critical point M. Stephanov _ (20+5) 10:00 — 10:25 | Observable power laws at the QCD critical point | N. Antoniou (20+5)
11:05-11:40 | Experimental overview & prospects for RHIC G. Roland (30+5) 10:25 Break (15)
11:40—12:15 | RHIC machine considerations T. Satogata (30+5) 10:40-11:10 | The CBM experiment at FAIR P. Senger (25+5)
12:15 Lunch 11:10—11:35 | Excitation function — experimental perspective N. Xu (20+5))
11:35-12:00 | Experience with CERES H. Appelst (20+5)
S = - >

Chair: George Steph Z(z)g 12:25 E:,:;al point at SPS energy? R. Stock (20+5)
1:30 — 2:00 Excitation function — NA 49 results P. Seyboth (25+5) -
2:00-2:30 Excitation function—onset of deconfinement E. Shuryak (25+5) Chair- L. McLerran
2:30 — 2:50 Soft mode of the QCD critical point H. Fujii (15+5) 2:00 —2:30 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 —3:00 Fluctuations and correlati V.Koch (25+5)
3:10 Break (15) 3:00 —3:25 Hadron production and phase changes J. Rafelski (20+5)
325 _3:55 Hydro evolution near the QCD critical point C. Nonaka (15+5) 3:25-3:45 I(i;n-[év: 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 Break‘(l.f)

4:25 - 5:00 Experiments with PHENIX near the critical point | P. Steinberg (25+10) 4:00—4:20 Signals of the first order phase transition H. ker (15+5)
5:00 —5:35 Experiments with STAR near the critical point T. Nayak (25+10) 4:20 - 5:30 Summary/discussion — prospects for experiments | Discussion Leaders :

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

Build consensus in the field:
» Physical Importance

» Experimental Feasibility
» Sensitive observables
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RHIC Beam Energy Scan Adventure

> BES first proposed to PAC 2006. BES-II White Paper (2014)
» STAR BES campaign formally started in 2010 )
> BES-Il officially requested in 2014, starts 2019(18) Studying the Phase
Diagram of QCD

Matter at RHIC

1Early Universe The Phases of QCD

£ LHC Experiments

l Current RHIC Experiments

A STAR white paper summarizing
the current understanding and
describing future plans

)
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Critical Point

LD Superconductor

Nuclear
Matter Neutron Stars
e e

900 MeV
Baryon Chemical Potential

Main Motivation: N
»  Looking for turning off QGP signals observed at RHIC top energy. STAR, arXiv:1007.2613

»  Mapping out the crossover and/or 1%t order QCD phase boundary https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
»  Search for the signatures of possible QCD critical point. https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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INT 2008-2b : The QCD Critical Point

Organizer: https://www.int.washington.edu/PROGRAMS/08-2b.html

Volker Koch Gunther Roland Mikhail Stephanov
Lawrence Berkeley National Laboratory Massachusetts Institute of Technology ~ University of lllinois at Chicago
vkoch@Ibl.gov rolandg@mit.edu misha@uic.edu

July 28,2008 |S. Gupta "New results in QCD at finite " August 13,2008 |K. Redlich "Charge ions and transport coefficients ncar CEP"
— — August 13,2008 |H. Fujii "Spectral functions near the QCD critical point in chiral models"
July 29, 2008 M.P. Lombardo | "The QCD critical point at imaginary mu"
August 13,2008 | R. Karabowit "The CBM
July 29,2008 S. Ejiri "Numerical study of the critical point in lattice QCD at high and density" =
August 13,2008 | P. Stankus "Critical Point Scans at RHIC Full Energy"
July 30,2008 |K. 'What can we learn from model studies on the chiral critical end-point? “agest 12,2008 | L. MoLeren | Tl QCD Phase Dinpra: The Large N Limit”
July 30,2008 | B. Klein "Scaling and Finite-Size Scaling Analysis of Critical Behavior in Lattice QCD" August 14,2008 |P. de Forcrand | "Towards a controlled lattice study of the QCD chiral critical point”
July 31,2008 | J. Braun Chiral Phase Boundary_from Quark-Gluon Dynamics" August 14,2008 | S. Roessner | "The interplay of flavour- and Polyakov-loop- degrees of freedom --- A PNJL model analysis"
July 31,2008 | C. Ratti "A quasiparticle model for QCD ther ics" August 14,2008 |J. Liao "Magnetic Component of Strongly Coupled Quark Gluon Plasma & QCD Phase Diagram from E-M Duality Perspective”
August 4,2008 |J. Verbaarschot | "Phase of the Fermion Determinant and the Phase Diagram of QCD" August 14,2008 | H. Stoecker | "Cosmic matter in the Lab: FAiR=The ional Facility for Anti and Ton Research”
August 5,2008 |R. Lacey "The Role of Energy Scans at RHIC" August 15,2008 |R. "STAR's of long-Range forward backward iplicif in Heavy Ion central Au-Au collisions at v5=200 GeV"
- . N - — — " gust 15, . Blascl i cal Chiral Q 3 cal (End-)Point"
August 5,2008 |L. Ferroni "Space and Phase Space saturation: a simple Bag-Model-inspired picture for a smooth transition to QGP" August 15,2008 |D. Blaschke | "Nonlocal Chiral Quark Models & Critical (End-)Point
= = = = August 18,2008 |C. Greiner "Fast chemical equilibration of hadrons-the i of multiparticle collisions in heavy ion reactions"
August 6,2008 | M. Asakawa "QCD Critical Point and its Effect on Physical Observables"
- August 19,2008 | K. Mitsutani | "The possible 2
August 6,2008 | T. Hell 'Thermodynamics of a Nonlocal PNJL Model for Two and Three Flavors' “August 20,2008 |J-W. Chen *"Phase Transitions and the perfectness of Fluids"
August 7,2008 | C. Miao “QCD Equation of State and on the Lattice" August 21,2008 | M. Tachibana | "Spectral Continuity of Hadrons in Dense QCD"
- p N - - - - P .
August 11,2008 | K. Rajagopal P';'l}j‘eZSearch for the QCD Critical Point Using Lattice QCD Calculations-Part T
August 11,2008 | F. Karsch "Lattice results on the QCD critical point"
August 11,2008 | J. Randrup "Spinodal ition: A tool for seeing the phase transition?" . . .
“August 11,2008 |H. Cainos | "STAR and the RHIC Energy Sean” https://www.int.washington.edu/talks/WorkShops/int_08_2b/
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 |K.F. Liu "Finite Density Phase Transition with Canonical E ble Approach"
August 12,2008 |C. Nonaka "Hydrod: i ion with the QCD Critical Point in Heavy_Ion Collisions"
August 12,2008 | M. Mitrovski | "Energy and System Size De of Hadron P ion from NA49"
August 12,2008 | T. Schuster "Energy and System Size D of i NA49 results and NA61 plans”
"K/pi ions and the Balance Function-Part 1"
August 12,2008 | G. Westfall Part 2
Part 3

What is the sensitive experimental observable to search for CP ??
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Higher-order fluctuations of Conserved Charge (B, Q, S)

Universality, the QCD critical / tricritical point and the quark number susceptibility
Yoshitaka Hatta (Kyoto U. and Wako, RIKEN), Takashi Ikeda (RIKEN BNL) (Oct, 2002)
Published in: Phys.Rev.D 67 (2003) 014028 « e-Print: hep-ph/0210284 [hep-ph]

pdf & DOI [= cite %) 337 citations

Proton number fluctuation as a signal of the QCD critical endpoint
Y. Hatta (Kyoto U. and Wako, RIKEN), M.A. Stephanov (lllinois U., Chicago and RIKEN BNL) (Jan, 2003)
Published in: Phys.Rev.Lett. 91 (2003) 102003, Phys.Rev.Lett. 91 (2003) 129901 (erratum) « e-Print: hep-ph/0302002 [hep-ph]

pdf @ DOl [3 cite %) 239 citations

Hadronic fluctuations at the QCD phase transition
S. Ejiri (Bielefeld U. and Tokyo U.), F. Karsch (Bielefeld U. and Brookhaven), K. Redlich (Wroclaw U. and CERN) (Sep, 2005)
Published in: Phys.Lett.B 633 (2006) 275-282 « e-Print: hep-ph/0509051 [hep-ph]

pdf @ links (@ DOl [S cite %) 273 citations

Non-Gaussian fluctuations near the QCD critical point
M.A. Stephanov (lllinois U., Chicago) (Sep, 2008)
Published in: Phys.Rev.Lett. 102 (2009) 032301 « e-Print: 0809.3450 [hep-ph]

pdf & DOI = cite %) 527 citations

Third moments of conserved charges as probes of QCD phase structure
Masayuki Asakawa (Osaka U.), Shinji Ejiri (Brookhaven), Masakiyo Kitazawa (Osaka U.) (Apr, 2009)
Published in: Phys.Rev.Lett. 103 (2009) 262301 « e-Print: 0904.2089 [nucl-th]

pdf @ DOl [Z cite %) 200 citations

Using Higher Moments of Fluctuations and their Ratios in the Search for the QCD Critical Point
Christiana Athanasiou (MIT), Krishna Rajagopal (MIT), Misha Stephanov (lllinois U., Chicago) (Jun, 2010)
Published in: Phys.Rev.D 82 (2010) 074008 « e-Print: 1006.4636 [hep-ph]

pdf & DOI [= cite 2) 148 citations

2002

2003

2005

2008

2009

2010

Xiaofeng Luo

New developments in studies of the QCD phase diagram, ECT*, Italy, Sept. 9-13, 2024

11



STAR DETECTOR SYSTEM
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STAR Experiment : leed-Target Mode

eTOF (2019+) 10% of the CBM TOF modules installed at STAR endcap

—
Au Target ]

~——————
ELECTRON
BEAM

HCAL
g WITH HYDRAULICS
TO MOVE EACH
HALF NORTH &

g =
%,03 swy = 7.7 GeVj T,Bg%lga “ .
£ 08F S N
g o7t —— ,
= 06F Wa
osff/
04
03
02F
01F | good matching eff. AL b,
"0_71152253351
pr (GeVi/c)

eTOF from CBM are installed at STAR endcap in RHIC BES-II
» Fixed-target Au+Au collisions : \/syy =3 -7.7 GeV (750 2 pg 2 420 MeV)
» Study the properties of QCD matter at high baryon density region
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AutAu Collisions at RHIC (RHIC £8-&ZmH%)
Collider Runs &) Fixed-Target Runs ([EEEHR) £
Vsun (GeV) | #Events |  pp(MeV) Run VSnn (GeV) | #Events | ps(MeV) Run g
@
fffReR | BHIER | EFAFEH | RERN AbERERE | BHIR | ETAFESE | RERE .
1 200 380 M 25 Run-10,19 | 1| 13.7(100) | 50M 280 Run-21
2 62.4 46 M 75 Run-10 2| 115(70) | soM 320 Run-21
3 54.4 1200 M 85 Run-17 3| 92445 | oM 370 Run-21
4 39 86 M 12 Run-10 4| 77312 | 260M 420 Run-18,19,20 1 Order Phase Transiton
Rest Mass of Nucleon
5 27 585 M 156 Run-11,18 | 5| 72265 | 470M 440 Run-18,20 R
4 @w";y%a“/@ SRR bf’r{\\" %’7/ YA @fv S 0 P ate¥ o s,
6 19.6 595 M 206 Run-11,19| 6| 62(19.5) | 120M 490 Run-20 10°F ' g
s | i\s‘ﬂm Au+Au ] BES- IBES-II %FXT 1
7 17.3 256 M 230 Run-21 7| 52035 | 100M 540 Run-20 =0k
8 14.6 340 M 262 Run-14,19 | 8| 45098 | 110M 590 Run-20 g
> 10?
9 11.5 57TM 316 Run-1020 | 9| 39(7.3) | 120M 633 Run-20 -
o
10 9.2 160 M 372 Run-1020 | 10| 3.5(5.75) | 120M 670 Run-20 g 10
pa
11 7.7 104 M 420 Run-21 | 11| 32@4.59) | 200M 699 Run-19 EEE
01 02 03 04 05 06
12| 3.0(3.85) | 2300M 750 Run-18.21 b, (GeV)
. - . » x10-20 more statistics in BES-1l compared
» Au+Au Collisions at 3 - 200 GeV (Collider + FXT) o BES-| at collider energies
> l-‘lB Coverage . 25 < HB < 750 MeV > BES-II: 8 collider energies (77 - 544G6V)

12 FXT energies (3.0 - 13.7 GeV)
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/ iTPC (2019+) \/ eTOF (2019+) \ /

) £ iTPC Run2019 Plots normalized
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Improves trigger - LY.
Better centrality & dvént plane
! measurements iTPC: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619 1) Enlarge rapidity acceptance

Reddy S eTOF: STAR and CBM eTOF group, arXiv: 1609.05102 2) Improve particle identification
Full EPD has been installed EPD: J. Adams, et al. Nucl. Instr. Meth. A 968, 163970 (2020) 3) Enhance centrality/event plane resolution
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BES-Il spectra (14.6, 19.6 GeV) : pi, k, p and strangeness
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Particle yield ratios

Light and Hyper-nuclei Production in STAR BES-II

E \\ S é-i-AR Au + AIU CO|I|iSiOIn Iol dl/p7I BIE!3.| | ] g - 0'10% CO||iSi0nS ® Au+Au (2022)
10 0-10% e d/p, BES-II = %\ i R . ®m Au+Au (STAR prelim.)

; X d/p ‘B -- Thermal Model, d/p E = ) & X ‘ Pb+Pb (ALICE)

L -, 1 107 /! . STAR Preliminary
0% I S = 2 -/

; \\\ ) —\.——"'""‘--—”--7,_. _____ E © - .'

i 7] o Assuming B.R.(*H
1078 = t/p,3He/p m m tp, BES-I = i :' —i’sl-llje+g')=25/‘\’/o

; \ m ’He/p, BES-II ; 10—3 - :' 3 H

4 - - — - Thermal Model, °He/p | - A - ‘..

107 LI E i CRIN

- LA 3 L "+ Pb+Pb

B Wl 4 I i ] 2.76TeV
105 STAR Preliminary . R Thermal-FIST o

E 1 1 1 | T | | 1 1 1 1 | I | | .I E 10_4__ _UrQMD+COaI-

10 102 - L L Lo L 1 //
Collision Energy \sy, (GeV) 3 4567810 20 30 40
\'syn (GeV)
At high baryon density, light and hyper- nuclei are abundant
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Observables: Higher Moments of Conserved Charge Distributions

Conserved Charges: Net Baryon Number (B), Net Charge (Q), Net Strangeness (S) Skewness (S) — asymmetry

<0~ S0
Measured multiplicity N,  (6N) = N — (N) // \
mean: M = (N) =C;
variance: 0° = <(8N)2> = C, Kurtosis(K ) — Sharpness
skewness: S = ((§N)3)/ o° = C3/C§’/2 °l [TTL =
kurtosis: k = ((6N)*)/ 6* —3 = C,/C3 | k>0 S
| N
Moments, cumulants and susceptibilities: i AN
2ud order: o?/M = C,/C; = xu/Xx1 T Q\N
3d order: S = C3/Cy, = x3/X2 L J A
4t order: ko2 = Cu/C, = Xa/X2 W, M Seonaron pRL 107 201 oz
- CP Signature
1. Sensitive to correlation length () <(5N )3>f§45’ <(5N )4>f =& g | baseline
2. Directly related to system susceptibility (x) 2= Lo TWITM v

q VT3 ngq a('uq )n

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009); 107, 052301 (2011). M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009). Cheng et al, PRD (2009)
074505. F. Karsch and K. Redlich , PLB 695, 136 (2011). B. Friman et al., EPJC 71 (2011) 1694. S. Gupta, et al., Science, 332, 1525(2012). A. Bazavov et

al., PRL109, 192302(12) // S. Borsanyi et al., PRL111, 062005(13)
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Critical Signal for the Fourth-order Fluctuations (xo?)

PQM V. skokov, QM2012

-’ MODEL!!!
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Guoyun, Shao, et al., EPJC 78, 138 (2018)
M. Huang, et al., EPJC 79, 245 (2019).
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High Moments Measurements at STAR experiment

g (MeV)
720 420 210 54 20 _ 10
e ALEAUGONSIONS. & First measurement !
0.4<p,<0.8 (GeV/c) :
o | A AMPT(SM) ly<0.5 _
@5 Hijin i
o o TI‘:er?ninator C‘AI)J MY H S H H
° | ouaw " ) Verified the feasibility of the high moments
i <>.¢ | observable in heavy-ion experiment.
[N, o [ S LIPSO o "
[ Furo rtca Pint Searn | STAR, Phys. Rev. Lett. 105, 022302(2010).
3456 10 20 30 100 200
\/Sny (GeV)
Net-Proton Net-Charge Net-Kaon
10 ‘ ‘ ‘ . 2| $ E - ]
L . BEStonor | - $
o~ 5 N —
PR P e R *y sb 4 l% o }$ i }
..8 ;' § (a) STAR net-proton data g 5 * (a) STAR NEt'Cha_rge ..!l- -2 — (c) STAR Net-Kaon
ol i O m-e0% @ 0-5% 9 Ini<0.5; 0.2<p <2(ae¢e:”2; % 8¢ =2n
°© (Iyl<0.5; 0.4<p,<0.8(GeV/c)) Z -10 O 70-80% T. 0 5% 4 ly,1<0.5; 0.2<p,<1.6(GeV/c) _|
Z 04 ) :;IQSI\:DI?‘(D~5%) _15 | 1 NBD —] O 70-80% @ 0-5%

: 5 10 20‘ 50 1‘00 200
Vs (GeV) Vs (GeV) Vs (GeV)

STAR, PRL 112, 032302 (2014). STAR, PRL113, 092301 (2014). STAR, PLB 785, 551 (2018).
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g (MeV)
720 420 210 '534'”] 20 10
| @ STAR Data Au+Au Collisions ]
L O AMPT 0.4<p_<0.8 (GeV/c) ]
A AMPT(SM) T
2 - ly|<0.5 7]
| <> Hijing ]
| O Therminator %p i
| O UrQMD

- Future Critical Point Search .

Lo o o . o T A e . .
3456 10 20 30 100 200
\/Sy (GeV)

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

Verified the feasibility of the high moments
observable in heavy-ion experiment.

Higher Moments of Net-Proton Multiplicity Distributions

4 T T T T T T 17 T T T T 1 l.l I.I T ]
Central Au + Au Collisions
3 s é STAR (0 - 5%) —
N[ ;AE @ het-proton —
Q\) 2 —Q%’r o O proton —
(5" = (Iyl <05, 0.4 <p (GeVic) < 2.0)|
o Mf——v BED T A T
Dc:*a‘ I 3 L) i
A S ja " T -
— — GCE
- HRG _ _. _ CE —
1= net-proton_|
1 (05<y<0) UrQMD
B (04 <p (GeVic) < 2.0) ¢ proton N
1 1 1 1 ) - | 1 1 1 1 | - | 1 1
2 5 10 20 50 100 20

Collision Energy \s,, (GeV)

BES-I : Phys. Rev. Lett. 126, 092301 (2021)
Phys. Rev. C 104, 024902 (2021)

3 GeV: Phys. Rev. Lett. 128, 202303 (2022)
Phys. Rev. C 107, 024908 (2023)

X.Luo, J. Phys. G39, 025008 (2012); A. Bzdak and V. Koch, PRC86, 044904 (2012); X.Luo, et al. J. Phys. G40,105104(2013); X.Luo, Phys. Rev. C 91, 034907 (2015); A . Bzdak
and V. Koch, PRC91, 027901 (2015). T. Nonaka et al., PRC95, 064912 (2017). M. Kitazawa and X. Luo, PRC96, 024910 (2017). S. He, X. Luo, Chin. Phys. C43, 104001 (2018), X.
Luo and T. Nonaka, PRC99, 044917 (2019); Arghya Chatterjee, PRC 101,034902 (2020) Fan Si, et al. CPC 45, 124001 (2021), X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017), T.
Nonaka et al, Nucl. Inst. Meth. A 984(2020)164632, Y. Zhang et al. Nucl. Inst. Meth. A 1026(2022)166246
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1. Refmult3 : Multiplicity of charged particles except (anti-)protons is used for centrality determination

T
-
- %) N

o
[

Transverse Momentum p_ (GeV/c)
(@]

I ' T ' T ' T ' T ]
b Au+Au Collisions at s, = 19.6 GeV i
21072 Data/Glauber/0-5% -
o i /- -/ RefMult3 (BES-l) 7
u>_| - m/- -/  RefMult3 (BES-Il) 1
— s i /- -/  RefMult3X (BES-II) |
i 1 o107 ‘ E
- 1 Z - ]
i 13 i :
i 1.N
o — C_U _4_— —]
R 10 E
i 1 o - 1
C 12 i i
_— (a) : : : : —_ -5 (b)
[T A [ L1 AR B 1 I 1 | 1 | 1 | |
-1 -0.5 0] 0.5 1 0 200 400 600 800
Rapidity Reference Multiplicity

(Avoid auto-correlation)

1) RefMult3: (| 17 |<1.0) for both BES-I and BES-II 2) RefMult3X: (| 17 |<1.6) for BES-II
— Larger acceptance — larger multiplicity — better centrality resolution
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(Anti-)Proton Particle Identification and Net-Proton Distributions

* |[dentified protons in selected kinetic region are used for analysis:
0.4 < pr <2.0GeV/cand |y| < 0.5

v" Bin-by-bin proton/antiproton purity > 99% o
Stat. error C, x —

VN

—_ T T T T T T T T T T T T T T T T T T T T T T T
2 2 ot | | AIA Collisi I RHIC g
- = s (GeV u+Au Collisions at -
% [ m ( ) 0-5% Centrality, lyl < 0.5 7
(O] i @ G108 B ¥ 7.7 0.4<p_<2.0GeV/c =
~ c 08— 492 ]
B ) " o

- > o115
I B o
Q - S E +14.6 STAR 2
& 006— 0173 =
B el B ol
£ B ¢ 19.6 |
1 = é = x 27 _
| B 0.04— —
N - E
© L _
= E i ]
i 2 0.02 -
Acceptance: Purity: : :
Fy>0:V, E§48, 50) - Proton -

y<0:V,e —|50, -48) cm I Antiproton 8 - . ’ R Sec _

0 1 1 1 1 1 1 1 1 1 1 1 1 R NPT A ¥ H Sloe BB
-0.5 0 0.5 0 10 20 30 40 50

(anti)proton rapidity y Net-proton (AN, = N, - Ny)
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Centrality Dependence: Net-proton Cumulants

STAR: CPOD2024. SOM2024

77Gev | 92Gev | 115Gev |  146Gev |  17.3Gev 19.6 GeV 27GeV
40t s + + + + +
. + +1 STAR
C, ¢ o ud
I ® 1 ¢ i 1 o1 "= L ¢l ]
20 ™ N i ] @ o ¢ ® L 9 ©
o o ® o® ¢ ¢ g ©
(7] Au+Au Collisions at RHIC
"g 40| Cz = T . . + ;.4< p, <2.0 GeVrc, I);< 0.5
g “ mm 1 . T o 1 o® 06‘ mm& QQQ
@ @ @ @

B @ ¢ @ o ¢ hd no
S ot A S sa— o e AR _ i -
c = =+ + ® BES-Il (Refmult3X) O BES-II (Refmuit3) [[1 BES-I (Refmult3)
9 30 C § @ . e e e
O L 2 1 “ g i ]
—_ 20 QI Q @ 5] W e
a g ¢ o v o® o
s 108 g - ° @ T e + < [~ g 9%
) P o® @ o o0 ® " o ©
Z of# - N —— ® ] -{ﬂﬁ—e ————— - -t o Asp—— F s —

60 + i 8

40 C4 B % +

20 % -+ ¢ i I + + + + + g

-] ;ﬁ% %I ® ¢ @ B &
NP L LIl Y L I @ ¥ LT | o9 ® B 0% [ 0008 Tl gee ¥ R 000 @ 8 |

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
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Centrality Dependence: Net-proton Cumulant Ratios

STAR: CPOD2024, SQM2024

N

F 7.7 GeV T 9.2Gev T 11.5Gev T 14.6 Gev T 17.3Gev T 19.6 Gev ¥, 27 Gev
1.5F 3 + + C,/C, --% %@
- o5 g--%e-e-q 9 -9---%@ .. @@...%A@ B 9-9-1- 2000 4 0494 - - R -]

0.5-:

C,/C, Au+Au Collisions

YT TITRY
g wool o ¥
()BES-II(RefmuItE GUTO G UL fo00 0 00 g e ¢ 5’&1_

0.5F 1STAR T ® BES-Il (Refmult3X)T T04<p, <20GeVicy
[ BES-I (Refmult3) lyl<0.5

o5l i i c,/C, f i i .
éé— __@‘?92 gd @ggg %@E T (W o I ¥Ry, 5 é __@ng o B3|
0.5 % $ z 5
Average Number of Participant Nucleons { Npart )
1. Smooth variation across centrality and collision energy is seen from BES-Il measurement;
2. For 0-5% most central collisions, weak effect of centrality resolution of C,/C, is observed

Net-proton Cumulant Ratios
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Cumulant Ratios from BES-Il and BES-I

Events used for net-proton
fluctuation studies

Deviation between BES-II and BES-| data

LI | T 1 T 1 T LI I o } no
| Au+Au Collisions at RHIC Centrality: Refmult3 i Vo Events Events VIS 0% 10-60%
Net—proton, /y/ <0.5 O BES-I: 0-5% (GCV) BES_I BES_II 7.7 1.00 0.90
. 3- 0.4<p, <2.0GeVic o BES-I: 70-80% _| (109) (109) 1.5 0.40 1.30
C\)v L STAR © BES-II: 0-5% . 7.7 3 45 14.6 220 250
% ¢ BES-II: 70-80% 9.2 - 78 19.6 070 0.00
E 2 i) ] 11.5 7 110 27 140 0.20
— - . Reduction factor (BES-Il vs. BES-1) in
S 14.5 20 178 uncertainties on 0-5%
= — — — —— — T — — 17.3 - 116 e o
g 1 <> 0@ % @ 8 § 19 6 15 270 7.7 GeV 19.6 GeV
=} B _ stat. error | sys. error |stat. error| sys. error
O T E (Y] .
] . B % ______________________ _ 27 30 220 4.7 3.2 | 4.5 4
-I 1 1 1 11 11 | 1 1 1 1 L1 1.1 I 1 7]
3 10 30 100

Collision Energy {5 (GeV) BES-Il and BES-I results are consistent!

BES-II : Better statistical precision
STAR : CPOD2024, SQM2024 Better control on systematics !
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Energy Dependence and Model Comparison
STAR: CPOD2024, SQM2024

= [ Data (0-5% Au+Au Collisions at RHIC  { 1.5[ -
2 ¢ D:t: 270-30)%) 04< p, < 2.0 GeV/c, lyl < 0.5 - STAR ]
"9 L] ity i | il I R R R T R %__
o e
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2 oo . 000 2T efl 'io' 4 ] o | % _
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o
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LQCD i . | ! ]
I UrQMD (0-5%) ] %Oood}%~@ O%' L %
__________________________ oF------------J-2 S ] L _ eo___.___ .
960000 0 Q98- -8 | t %@? %
A i ]

0.1} . ' '
oo ;ﬁjﬁ
| 1 -0.05F BES-II BES-I 7

s e | ]
€ | 2l
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o

TR N N MR Erar | N MR N N MR Erar | N MR N N MR | N
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Energy Dependence and Model Comparison

S @' Data (0-5%) AuvAu Collisions atRHIC | 151 STAR | 71 1) UrQMD: hadronic transport and the
O 0.4<p_<2.0GeV/c, lyl <0.5 3 R
e | Opmagoscy L TThET S I R ] results are analyzed in the same way as
% o ] i Oo?‘qw_.o...o.f‘g @ L0 ogwg-@_ ___% 1 data. S. Bass et al., Prog. Part.
3 L fﬁ-d&{ﬁq@' - —'f')- qﬂh@—@— 05 %%@%‘ . Nucl. Phys., 41, 255 (1998);
Iilﬂ)ﬂﬂ!ﬁ C, 0.5 C, _ C, _
o @5 | 65 o ©z* ] 2) HRG CE: P.B. Munzinger et al.
R . — | — Nucl. Phys. A1008, 122141(2021);
— - Hydro EV (@% 1 0.05F : (e)% {1 % (f)% |
R - e ot B %@@@ " " | 3) Hydro: HRG CE + EV, V. Vovchenko et
5 .= uoMD@s%) ] 0___%}_????%\@'6%‘?: :@“ 1 .@-%Y%_‘_ | al., Phys. Rev. C105, 014904 (2022).
o
£ o 0% _ - @] % —%
& ] feosw e I - | 4) LQCD: done for net-baryon
. 'E,E‘»@’E'ﬂ | A. Bazavov et al., Phys. Rev. D101,
S e mo S B m e e S mm e mo. 074502 (2020). arXiv : 2407.09335

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.

hwnN -~
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Energy Dependence and Model Comparison

T T T T L I T T T T L I T _y T T T T 1 11 N T T T T 1 TT N T ]
ol AusAu Collsions al RHIC © BES-II:0-5% _ 3 Au+Au Collisions at RHIC 'iZ5s5.4% 5 <25 (evio
let-proton, lyl < 0. O BES-I: 0-5% I~ ]
04<p_<2.0GeVic - 70-800 - B UrQMD (5% collisions)
N i T O BES-II: 70-80% | Al ol STAR Non-critical A HRG-CE NPA1008(2021) —]
O . o O References
S ST A R O BES-I: 70-80% < ] @ Hydro PRC105(2022)
O @)
o +————F———~  Z | __ . 2 s
= C O —w——= = S e
© 2 20 e Sy %o - k TN
K §> o §<2_<><> s @ QO% @ -1 }\,g 72N 4
= B s 7 CU . /A _/‘
3 { ’ ¢e S -2 S o —
g ] | S 3 v/
u) - B ,'I,'/
8 . Hydro ()} \“/’
L cv --- HRG CE ] C -4/ JCdata _ ¢ 1 cref n —
27 UrQMD: 0-5% GIGT -GG
& 2 2 ' -5 . O Data: 70-80% collisions
_1_| ) ) ‘II/ L I ) ) ) T I ) — Il Il Il | | l Il Il Il | l Il
3 10 30 100 2 5 10 20 50 100 20
Collision Energy |sy, (GeV) Collision Energy \/SNN (GeV)

» Most central C,/C, shows minimum around 20 GeV comparing to non-CP models
and 70-80% collisions
1) Maximum deviation: 3.2 — 4.7¢ at 20 GeV (1.3 — 20 at BES-I)
2) Overall deviation from /syy = 7.7 to 27 GeV: 1.9 — 5.40 (1.4 — 2.20 at BES-|)
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Continue the Critical Point Search

STAR Measurement: Au+Au 3-200 GeV FRG: Wei-jie Fu, et al., arXiv : 2308.15508
T T IIIIIII T T 1 IIIIII T , —— , , r — r e ,
2_ Au+Au Collisions at RHIC @ BES-II: 0-5% | fRG (CE), freezeout: Andronic et al.
Net-proton, lyl < 0.5 O BES-I: 0-5% 5 fRG (CE), freezeout: STAR Fit | i
N 0.4<p_<2.0GeVlc 0 BES-II: 70-80% fRG (CE), freezeout: STAR Fit Il
Q i O BES-I: 70-80% i al %  STAR BES-I (0-5%) i
Ov STAR ® STAR BES-Il (0-5%)
R | SO —— S — _%__ ¥  STAR fixed-target (0-5%)
A e .. 3+ 1
© o PR O
e I - 2 B i
E (XSS
=
E O g I 1
>
O 5 Hydro
L c Vv ---HRG CE i
27 UrQMD: 0-5% OF
Q a2 HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
_1 L < Hydro: V. Vouchenko et al, PRC 105, 014?04 (2022) — -1 * T L L A Ll A
A o A
3 . '105 30 . V100 ” A 5’5-’3 N Q?Zy ,§
ollision Ener S e
% (5w ) Vany [GeV

STAR: PRL126, 92301(2021); PRC104, 024902 (2021) i _— . .
PRL128, 202303(2022); PRC107, 024908 (2023) Caveat : Non-equilibrium effect ? Need dynamical modelling.

HADES: PRC102, 024914(2020)
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Continue the Critical Point Search

STAR Measurement: Au+Au 3-200 GeV

T 1 T T T L I T T T T | B I 5
>
| Au+Au Collisions at RHIC @ BES-II: 0-5% 8
2 Net-proton, lyl < 0.5 O BES-I: 0-5% *
~ 0.4 <pT <2.0 GeV/c o BES-II: 70-80%
©) i ¢ BES-I: 70-80% ]
~x STAR
o Time
'g 1_ T, i __ T_ 5| i i‘ - 'Projection
© o o O0.00-- Q. iy = Mgy memm== % m Chamber
D: ? ,,-' i Q e L AN enuankl L Tl b b b Ly | s i
= - i i’ ® Ei 7 3 (552 GeV ]1 Sat:::;r: {72 GeV {5=77 GeV
% a I _l i . window
E O R ] 1.5] : o
8 _ Hydro e [ ;
L £ v ---HRG CE 4 I/ 4 d vy '
'§ 7 —| UrQMD: 0-5% ‘ “ avavilable L
i = HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021) b [ ‘
_1 — - Hydro: V. Vouchenko et al, PRC 105, 014?04 (2022) =T L L
L e L S EE— . 2 i 08-06-04-02 "0 02 04 5 1 0606 04 03 0 02 04 17 1 0606 0405 0 05 04 2-T-08-0604020 0204
3 1 0 30 1 00 YYem YYem R Y Yo

Collision Energy \sy, (GeV) eTOF is crucial for mid-rapidity coverage at 3.5— 4.5 GeV

STAR: PRL126, 92301(2021); PRC104, 024902 (2021) Two important things for future CP search :
PRL128, 202303(2022); PRC107, 024908 (2023) » Experimental Results between 3 — 5 GeV

HADES: PRC102, 024914(2020) > Precise dynamical modeling and non-CP baselines
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Ne=8: T=(155-158) MeV
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Baryon Number Fluctuations from Lattice QCD

T p M
Ry (@) = M08 Mo
x3 (T p S o
Rfl(T, KB) = ;ET MZ; 578
T,
RE(T,up) = ET Zﬁ; = Kpoy

Tylor expansion at small pg:
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~ioand ek
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Two features: 1) Ordering of cumulant ratios, 2) Negative in fifth and sixth order fluctuations

C5/Cy > C4/C,>0>Cs/Cy > CelC,

A. Bazavoy, D. Bollweg, H.-T. Ding, et al. (HotQCD),
Phys. Rev. D 101, 074502 (2020);
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Consistent with Lattice QCD :

1) The sixth-order net-proton fluctuations progressively become negative values from peripheral to
central collisions

2) Ordering from lower to higher orders in central collisions.

3) Analysis of BES-II data is ongoing STAR - PRI 127, 262301 (2021).

STAR : PRL 130, 082301 (2023).
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Cs;/C, and C4/C, : System Size Dependence

C4/C,

Cs/Cy

Ce/C>

o o -
» oo - N

o

Cumulant Ratio
N
|

o
N

TTTT T T T T T T T T

bR | L | L |
| C/C, (STAR Preliminary)

p+p : STAR, arXiv : 2311.00934(accepted by PLB)
200 GeV Au+Au: PRC 104 (2021) 024902; PRL 126.092301 (2021), PRL 127, 262301 (2021).

» Cumulant ratios (up to C6) of net-proton from p+p, Au+Au and isobar data, systematic decreasing trend
with multiplicity, approaching LQCD calculations

Charged Particle Multiplicity
200 GeV : p+p, Ru+Ru, Zr+Zr and Au+Au

C,/C, (STAR Preliminary) 2|~ CJC,(STAR Preliminary) 4 2
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> Most central Au+Au collision results become consistent with Lattice QCD calculation for the formation of
thermalized QCD matter and smooth crossover transition.
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Hadronic Matter : V. Koch, et al., PRL95, 182301 (2005).

Baryon-Strangeness Correlations : Theory

Hadron Gas ou Ideal QGP

Only include Lambda : Czs = 3
Adding more strange meson make Czs smaller (high energy)

» Sensitive to the degree of freedom of strongly interacting matter

» Used to search for the onset of deconfinement
|
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Baryon-Strangeness or Baryon-Charge Correlations : Lattice QCD
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170 190 210 230 250 270 290 310 330 1) Higher order are more sensitive to QCD phase transition

A. Bazavoy, H.-T. Ding, et al. (HotQCD) 2) Baryon-charge correlation is sensitive to the magnetic effect
Phys. Rev. Lett. 111, 082301 (2013).
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Centrality Dependence of Cgg
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» Data of 14.6 and 19.6 GeV are from BES-II, other energies are from BES-I

» UrQMD can describe the centrality dependence of 7.7 GeV, 11.5 GeV, qualitatively and

quantitatively, while it underestimates the higher energy. STAR, CPOD2024
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Au+Au, Central Collisions (0-5%)

Au+Au, Peripheral Collisions (70-80%) ]
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» Peripheral collisions (70-80%) can be well described by UrQMD;
» For central collisions:
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Energy Dependence of Cgg and Model Comparison
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STAR, CPOD2024

1) At high energy is consistent with FRG and LQCD, 7.7 and 11.5 GeV are reproduced by UrQMD

2) Largest deviation is found at 19.6 GeV, which is more than 50

» Analysis of BES-II data (both collider and FXT) and BQ correlation are ongoing.
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Yield Ratio of Light Nuclei from BES-I

@ Neutron

Coalescence picture:
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3 3
32 21
N, = T(moTw) Ny(n)2(1 + An + 2Cpp)

N:XN,/Nj = g(1+ An)

Yield ratios of light nuclei are related to nucleon density
fluctuations and can be used to search for the QCD critical point. K.J. Sun. L.W. Chen. C.M. Ko. J. Pu. and Z.B. Xu

— : Phys. Lett. B 781, 499 (2018)
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Summary and Outlook

Net-Proton Fluctuations BS correlations Yield Ratio of Light Nuclei Intermittency
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Summary and Outlook

Rich physics at high baryon density : QCD phase structure, EoS etc.
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Future High Baryon Density Frontier:
» FAIR/CBM (2.4 - 4.9 GeV)

» HIAF/CEE (2.1-4.5 GeV)

» NICA/MPD (4 - 11 GeV)
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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, 5

—EEEFEEYEEIR)

e a
Overview
Registraton BERRET R E T ERNRASETENNE, NANEEEEREEN,

FHAREEHERCURERRERG TRIRERAGEEEY. BERRERIE
BFARYRE (BEFAR/CBM, HEHIAF/CEE, BB HINICA/MPD) HItELKER,

Confirmed Speaker
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ommittee EAMRERINMIARRREL, BERNMSSETEENERROAZ ML, SRE
PAATABERNERESA AV ENEE., Alt, BIMNRELLE SEFEEWEFT
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B-ERETEEVMEMIS 2024511 A1 B-4AEEHNHEAREHF, 1SR, 2-
4SRN, RWTFREVERE, RUWRENBERSE.

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
evolution of the universe and compact stars, and understanding the properties of nuclear matter under
extreme iti With the 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
progress, plan future development paths, cultivate 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

platform for ide 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.

Welcome to PHD2024@CCNU !
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Thank you for your attention !
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