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Critical Point and Critical Phenomena
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Critical Point and Critical Phenomena
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137 (1936) 840-841.
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Matters and Phase Transition in Extreme Condition

1 #

Fermi

Water Phase Diagram

e
s
|-
2 Water Vapor
g
= /
100°C =
Liquid
Water
0°C
Ice
760mm Pressure

E. Fermi: “Notes on Thermodynamics and Statistics ” (1953)
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Relativistic Heavy-lon Collisions

Large Hadr n Collider

Relatlwstlc Heavy Ion Colllder (RHIC)

A . .
sQGP: Perfect liquid RHIC White Paper :nucl-ex/0501009
* Small eta/s ~ quantum limit Hot QCD White Paper: 2303.17254

* Strong electromagnetic field ~ ALICE: 2211.04384 (review)
* Large vorticity

> Properties of Quark-Gluon Plasma (QGP)
> Phase structure of Strongly Interacting Matter (QCD phase structure)
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QCD Phase Diagram

LHC SPS AGS SIS CSR
[ ! I ! I !
[ T 1 MTaiaE!

— il r—f———R—%H'AF Lattice QCD : at g = 0, smooth crossover. T, ~ 156 MeV
> . Nea | Quark-Gluon Plasma | Large #5: 1storder phase transition and QCD critical point ?
()

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

- 160} 1 A. Bazavov et al (HotQCD), PRD 85, 054503 (2012).

K. Fukushima and C. Sasaki, PPNP, 72, 99 (2013).

9 A. Bzdak et al., Phys. Rep. 853, 1 (2020).
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Baryonic Chemical Potential ug (MeV) |

quark gluon plasma?
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TN V8. RIE, ETFHAFERIQCOIRETMT:, FRERIS RS 115 Foxra%,2020,50(11):124 : =
BUTD, HIAFBICNUF, STRAEESATR, S3645(20245), 5143 HIAF Physics, NU XU, 28=
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RHIC Beam Energy Scan (BES) Program (2010-2021)

© X 90040 o042 2N, 0
0* P FPR PR oF AMT ¥ ¥ v o? oPal o
= ; : : :

1

' I ! I ' I I

Spe Aurau [lBES- [BES-1 EFXT

R35%8
L ﬁ‘
4
=4

S
-
o

w

-
o

No. of Events (M)
o

| | L LI

01 02 03 04 05 06 0.7
1 (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
from the relativistic heavy ion collider beam energy scan (RHIC BES) program
Jinhui Chen, et al., Nucl. Sci. Tech. 35, 214 (2024)

» Mg coverage : 25 < ug < 750 MeV

B g

“Bot T E R RSB E e E b S R B E T2, B, 2025 $£4 5 24-28 H 15



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)
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STAR, Phys. Rev. Lett. 105, 022302 (2010)
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RRTFRESBESMENEXNE
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#ﬁ?ﬁﬁ&%ﬁ‘] 'é')ﬂiﬂ_'l E ’ = RESEARCH ARTICLE
SE T R B R AT (T SClece Scale for the Phase Diagram of Quantum
STAR, Phys. Rev. Lett. 105, 022302 (2010) A ChromOdynamICS

Sourendu Gupta’, Xiaofeng LuoZ?, Bedangadas Mohanty*", Hans Georg Ritter3, Nu Xu®3
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B BIETH A STABES- | iR R FHUKENE

STARS I SI M B GITHREWE . £ME X, 47 Central Au + Au Collisions |
FEIRARHE . MRS ES S I i

3¢ ; STAR (0 - 5%)

a) ERIGH D tafEHE, S B AEAHR BN Solese i o e
&ﬁ#%ﬁmﬁa%ﬂi%ﬁﬁ’ %mﬁ‘g{ﬁmmUE%ﬁﬁi a‘r L %éé | (ly| <0.5, 0.4 <p (GeVic) <2.0)|
X.Luo, J.Phys.G:39, 025008 (2012) o b ﬂ’ S S _

b) Rt L BE S B IE, FE A ALK T A B g [ H#g” _____________________ ]
X.Luo, J. Xu, B. Mohanty, N. Xu, J.Phys.G:40, 105104 (2013) | { HRG oo’ 4
d} net-proton_|

0) RIBEBRL T HRAENE 7 v, (30 IE I AL RN Ao orow ]
X. Luo, Phys. Rev. C 91, 034907(2015) 3 50 00 200
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Closing in on critical net-baryon fluctuations at LHC energies: {")J Global baryon number conservation encoded in net-proton fluctuations | )

Cumulants up to third order in Pb-Pb collisions k=t measured in Pb-Pb collisions at /Sy = 2.76 TeV =

ALICE Collaboration* ALICE Collaboration*

ARTICLE INFO ABSTRACT ARTICLE INFO ABSTRACT

Article history: Fluctuation measurements are important sources of information on the mechanism of particle production Article history: Experimental results are presented on event-by-event net-proton fluctuation measurements in Pb-Ph

:::::: lln7 IJ:;I\;iﬂlznlm m— at LHC energies. This article reports the first experimental results on third-order cumulants of the Received 6 May 2020 collisions at /5Ny = 2.76 TeV, recorded by the ALICE detector at the CERN LHC. These measurements

2022 P net-proton distributions in Pb-Pb collisions at a center-of-mass energy /5NN =5.02 TeV recorded :t:ewl‘: 1;|;revmdén‘l]m 8 June 2020 have as their ultimate goal an experimental test of Lattice QCD (LQCD) predictions on second and higher

‘Accepeed 1 November 2022 by the ALICE detector. The results on the second-order cumulants of net-proton distributions at et nnlf"“:“‘; me 2020 order cumulants of net-baryon distributions to search for critical behavior near the QCD phase boundary.

Available online 5 November 2022 /58N =2.76 and 5.02 TeV are also discussed in view of effects due to the global and local baryon Gitine: 1 Rolindl, Before confronting them with LQCD predictions, account has to be taken of correlations stemming from

Editor: M. Doser number conservation. The results demonstrate the presence of long-range rapidity correlations between baryon number conservation as well as fluctuations of participating nucleons. Both effects influence the
protons and antiprotons. Such cortelations originate from the early phase of the collision. The experimental measurements and are usually not considered i theoretical calculations. For the first time,

Dataset link: htps:// . experimental results are compared with HIJING and EPOS model calculations, and the dependence of the it is shown that event-by-event baryon number conservation leads to subtle long-range correlations

veww hepdata.netfrecord|ins2092559 fluctuation measurements on the phase-space coverage is examined in the context of lattice quantum arising from very early interactions in the collisions.

chromodynamics (LQCD) and hadron resonance gas (HRG) model estimations. The measured third-order
cumulants are consistent with zero within experimental uncertainties of about 4% and are described well

by LQCD and HRG predictions.

© 2020 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access
article under the CC BY license (http:/ creativecommons.org|licenses/by/4.0]). Funded by SCOAP®

© 2022 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license

Ny (hgep://cregriyecommpns.org/licenses/by/4.0/). Funded by SCOAP®.
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Measurements of higher-order cumulants of
multiplicity and net-electric charge distributions in
inelastic proton-proton interactions by
NAG61/SHINE

‘The NA61/SHINE Collaboration

in p#p interactions at beam momenta 20, 31, 40, 80, and 158 GeVie. Results are corrected

Eros1.99 and FTFP-BERT

arXiv:2312.13706v1 [hep-ex] 21 Dec 2023

HADESSEZE6 & 1FH

PHYSICAL REVIEW C 102, 024914 (2020)

| Editors’ Suggestion |

Proton-number fluctuations in /sy = 2.4 GeV Au + Au collisions studied
with the High-Acceptance DiElectron Spectrometer (HADES)

J. Adamczewski-Musch,® O. Amold,'"** C. Behnke,” A. Belounnas,'” A. Belyacv,® J. C. Berger-Chen,''" A. Blanco,?
C. Blume,” M. Béhmer,'" P. Bordalo,” S. Chernenko,*” L. Chlad," 1. Ciepal,’ C. Deveaux,'? J. Dreyer,” E. Epple,'""'
L. Fabbictti,''* O. Fateev,® P. Filip,' P. Fonte,' C. Franco,” J. Friese,! 1. Frohlich,” T. Galatyuk,** J. A. Garzn,"
R. Gernhiiuser,'! M. Golubeva,"* R. Greifenhagen,’* F. Guber,'* M. Gumberidze,*¢ S. Harabasz,% T. Heinz* T. Hennino,!”
S. Hlavac,' C. Hohne,' R. Holzmann ©,° A. Ierusalimov,® A. Ivashkin,” B. Kiimpfer,-* T. Karavicheva,"* B. Kardan,”
1. Koenig,” W. Koenig,* M. Kohls,” B. W. Kolb,* G. Korcyl," G. Kornakov,® F. Komnas,® R. Kotte,” A. Kugler,"® T. Kunz,"!
A. Kurepin,”® A. Kurilkin,* P. Kurilkin,® V. Ladygin,* R. Lalik," K. Lapidus,'"'% A. Lebedev,' L. Lopes,” M. Lorenz,”
T. Mahmoud,? L. Maier,! A. Malige,* A. iarotti,? J. Markert,S T. 'S, Maurus,'! V. Metag,'? J. Michel,*
D. M. Mihaylov,"'* S. Morozov,"'* C. Miintz,” R. Miinzer,"""" L. Naumann,” K. Nowakowski," Y. Parpottas,'*-*
V. Pechenov,® O. Pechenova,® O. Petukhov," K. Piasecki,” J. Pietraszko,® W. Przygoda,’ K. Pysz,' S. Ramos,” B. Ramstein,'”
N. Rathod," A. Reshetin,"® P. Rodriguez-Ramos,'® P. Rosier,'” A. Rost,® A. Rustamov,® A. Sadovsky," P. Salabura,*
T. Scheib,’ H. Schuldes,” E. Schwab,” F. Scozzi,'" E. Seck,® P. Sellheim,” I. Selyuzhenkov, ' J. Sicbenson,'! L. Silva,?
U. Singh,* J. Smyrski, Yu. G. Sobolev,' S. Spataro,”' S. Spies,” H. Strbele,” 1. Stroth,”* C. Sturm,® O. Svoboda,'*
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D. Wojcik,2" Y. Zanevsky,** and P. Zumbruch’
(HADES Collaboration)
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High Statistics BES-Il Datasets (2019-2021)

Au+Au Collisions at RHIC (RHIC £8;-&mtHE)

Collider Runs (X&) Fixed-Target Runs ([&E#EBER)
VSyn (GeV) | #Events | up(MeV) Run Vsyn (GeV) | #Events | up(MeV) Run
MEERER | FHIER | ETESH | RERE MEERERE | HEIX | BT | RENE
1 200 380 M 25 Run-10,19 | 1| 13.7(100) 50 M 280 Run-21
2 62.4 46 M 75 Run-10 2 11.5 (70) 50 M 320 Run-21
3 54.4 1200 M 85 Run-17 3 92(445) 50 M 370 Run-21
4 39 86 M 112 Run-10 4| 77312 260 M 420 Run-18,19,20
5 27 585M 156 Run-1L,18)f 5| 7.2(26.5) 470 M 440 Run-18,20
6 19.6 595M 206 Run-1L,19§| 6| 6.2(19.5) 120M 490 Run-20
7 17.3 256 M 230 Run-21 7| 5.2(13.5) 100 M 540 Run-20
8 14.6 340 M 262 Run-14,19§| 8 4.5 (9.8) 110 M 590 Run-20
9 11.5 57TM 316 Run-10,208| 9 3.9(7.3) 120M 633 Run-20
10 9.2 160 M 372 Run-10,204| 10 § 3.5 (5.75) 120M 670 Run-20
11 7.7 104 M 420 Run-21 11 § 3.2(4.59) 200 M 699 Run-19
12| 3.0(3.85) | 2300M 750 Run-18,21

BES-1I : Au+Au Collisions at 3 - 27 GeV (Collider + FXT)
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xR PRTHENRLER
o] : BES-Il X4EREX (7.7-27 GeV)FRF ik ZEMEL
T T T T T T T ' Comparing to non-CP baselines
2_ Au+Au Collisions at RHIC @ BES-II: 0-5% | o : ——rrrry ‘ ——rrry .
Net-proton, lyl < 0.5 O BES-I: 0-5% Q | . _|
0.4<p_<2.0GeVic I @ 0.5 Au+Au Collisions at RHIC
N | i : ) K 0-5%, ly| < 0.5,0.4 <p_<2.0 GeVlc
Q ﬁ O BES-I: 70-80% K
< STAR bars - _
O )
o 1—————————%———%— <,
© 0 3 - i T 0 @) E
m i f 0”0—’Qo i % D | ITI 0_?_%___[_ _--}___%__ M —— p—
E % R EL
g O --mmmmm — ~ i Reference: |
= gg f o UrQMD (0-5%)
') - Hydro < + + HRGCE
- gV ---HRG CE - O, —05 s Hydro EV
BV UrQMD: 0-5% | @ Data (70-80%)
w 5 unzinger et al, ] ] [ | | ] | ]
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)

STAR: 2504.00817 CPQOD2024, SQM2024 » 2-50 deviations to non-CP baselines at 19.6 GeV

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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XA BRTHENBER
B|F: BES-Il XHERERX(7.7-27 GeV) & R FEN B L
T T T ' Comparing to non-CP baselines
ol Au+Au Collisions at RHIC @ BES-II: 0-5% | o : = ‘ — :
Net-proton, lyl < 0.5 O BES-I:0-5% 2 | iai —
04<p <20 GeVic " & 0.5 Au+Au Collisions at RHIC
o ! : i 2 0-5%, |y| < 0.5, 0.4 < p_ < 2.0 GeV/c
©) i ¢ BES-l: 70-80% o T
~ N STAR -
) O i |
ey, — ol ;
= %% o Q,Qo--iQ-g?"D """" o O L 1 % o S .
= I a- ?? @ i ml }% I %
IS ° g 3 % +
g T — GN i . + Reference:
= O o UrQMD (0-5%)
o = Hydro < + HRG CE
- cv ---HRG CE . O, 05 » Hydro EV
BV UrQMD: 0-5% @ Data (70-80%)
A . ] Lol ! [ R A | ]
o s HRG CE: P. BMu I, NPA 1008, 122141 (2021
| - < i Hydro: V. Vouchennzkglgf:zit;Rc 105, 014904 (2022() _) 2 5 10 20 50 100 200

30 Collision Energy s, (GeV)

STAR: 2504.00817

STAR: PRL126, 92301(2021); PRC104, 024902 (2021) ) _
PRL128, 202303(2022); PRC107, 024908 (2023) Experimental results between 3 and 7.7 GeV :

HADES: PRC102, 024914(2020) are crucial for the Critical Point search !
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Energy Dependence of (factorial) Cumulant Ratios

@ Data (0-5%) : - AutAu Collisions at RHIC ¢ 151 STAR 1 1) UrQMD: hadronic transport and the
5 0 Data (70-80%) 0.4<p;<2.0GeVic, Iyl <05 I ] results are analyzed in the same
= e 1—% :_:::_f%" way as data. S.Bass et al., Prog.
] ] Qo D r Oz IIEE == 7T Part. Nucl. Phys., 41, 255 (1998);
8ol e Tem e | sipamet® b1 o %%% -2 - ’ (1999
2 | =mgeee A c Ol osp ~ . . - I c | 2 HRGCE:P.B. Munzinger et al
g a 2 1 b) =2 or c) =% ] Nucl. Phys. A1008, 122141(2021);
( )<p+ﬁ> (b) (€
L 17 4 B 2 7
0.8 ! 1 N 1 1 1 1
R e S| === 3) Hydro: HRG CE + EV, V. Vovchenko
- - Hydro EV @)%z | oost %@ P ©= 1 % (=t | etal, Phys. Rev. C105, 014904 (2022).
ok HRG CE 1] 1 1
s b?gﬁo 059 ] I % l\ﬁ\@\ 4) LQCD: done for net-baryon
S ol oo ' “__;_%’__'-‘»:_t _-_:%__ ob-- kg "*"@' 8, 1] A. Bazavov et al., Phys. Rev. D101,
s 0 | %%@ % 074502 (2020). arXiv : 2407.09335
o N - == "
il Ve | - ]
T eEgef
F P {-0.05F K BES-II | BES-I T o5k i
590 20 50 100 200 50 20 50 100 200 590 20 50 100 200

Collision Energy \s,, (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: 2504.00817
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Consistent with the expectation of CP ?

Y =72
p SNN
— [ ()5 STAR
critical ~ 3 et e s— — i — —— mgw -
T Qmmeline) | O . - | QCD critical point: recent developments
- - i arXiv : 2410.02861
00 ¢ 0®® o L2
i Mikhail Stephanov™~*
T x “02 ; ®gesa © o BES |
- ' 'Department of Physics, University of Illinois, Chicago, Illinois 60607, USA
n=3 B SNN i Ks 0-5% Au+Au c'o”,-s,'o,,s i 2Kadanoff Center for Theoretical Physics, University of Chicago, Chicago, Illinois 60637, USA
(2) (anti-) proton, lyl < 0.5
wgritical 0.05 — i § 6 04 <P, <2.0GeV/ic

o—ww % L@ §_ “The release of the BES-II data by STAR represents a. major ste.p
T towards uncovering the structure of the QCD phase diagram. It is
T v s : remarkable that the non-monotonic features of the data are in
o SNN 0.5—(3)% 4 qualitative agreement with the expectations from equilibrium
grical I | thermodynamics near the QCD critical point, if one assumes such a
m , point is located at pg = 420 MeV. Such a location of the critical

ﬁ’ point would be consistent with recent estimates from various

»

o

s < -0.25} {1 theoretical approaches.....

ar
‘T 1o kB 10 20 100 200
Collision Energy VsNN (GeV)

Precise dynamical modelling (non-equilibrium) with CP Y. Shen, etal.Phys. Rev. C 111, 014916 (2025) ;
S Mukherjee, R. Venugopalan, YY|n PRL 117, 222301 (2016);
is needed to compare with the data. S. Wu, Z. Wu, H. Song, PRC 99, 064902 (2019).
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Net-Proton Cumulant Ratios Vs. Rapidity Window

1.05F

0.95F
0.9

Cumulant Ratios

0.5

0.85f

0.8}

0.6F

7.7 GeV '92GeV | 11.5GeV | 146GeV | 17.3GeV | 19.6GeV | 27 GeV
* OOMN@\OM%\%\\
)
o.. 1 o.. i 0. f ..oo__ .200-- .200" 38 |
o °e ®e ® e e
Cj<p#p> "¢ "1 "1 €& " "
B o e e e e e e et Dl e e e e s B <maia e e el e e R 6“*: Fl
M N\O\U M M W W [ 2 %o0¢o
4 1 4 o L [ o) 1 (o] J
..o .°o ‘e 4 ..o : e % "o ° ®ee
oo | LIPS o0 °, L °
C/C, stan & 0% Au + Au Collisions at RHIC
+ + t + t + + t $ STAR Preliminary 04< P, < 2.0 GeV/c
UrQMD 0-5% Net-proton Iyl <y™>
— 70-80%
----------------------------------------------------------- T & T R ] ——
[ ] o % ® ©055 % 020000 ggooo
e t e roe P ®%egut ooy, 1 %, . 1 e
X +++ ‘ ¢+ ®é
c,/C,

0 02 04 06

0 02 04 060 02 04 060 02 04 060 02 04 060 02 04 06

Rapidity Acceptance y™®

1. Rapidity coverage extended upto |y|<0.6 with iTPC upgrade.
2. Cumulant ratios decrease smoothly as rapidity window grows
3. UrQMD follows the trend, but deviate quantitatively at higher energies

0 02 04 06

Yige Huang@QM25
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Finite Size Scaling Study

| T T T I T T T T T T T T T T T T T T T T T T T T T
oL 20648 (@eV) .
E ¢ =1237v=0630 : ]
- sy (GeV)
B L @77 ]
B ’ mo2 ]

< v e115
2 1l STAR Preliminary 14.6 ]
= ’ A 173 E
N 19.6 ]
x B y = 3.682x(- )1 276 ﬁ 27 a
B o i
,O’E

10 ,»QH —
- Nl C(Wopp,) |3
i g ¥ W) = o |
[ SRS s e TAWdV,ldy |]

c e e T T

12 1 08 06 04 —0.2 0 0.2 0.4

1/v
(g hge) / Mg x W

0.04I~  STAR Preliminary .8 m
—* | Au+AuColisions @ RHIC g |
e 5| w=0.4
G 002~ T w=06 —
. o
£ [Swi=7.7-27 GeV
O o P _|

= P ® 3 ¢ W=0.8
S | ¥ -
2 .
0-0.02}— ¥ -
+*4
B 3 0.549 GeV 68% ClI 7]
_0.04 == 3C4/C2 «—» U, inFSS Analysis .
' . I . | . | L . |
0 0.2 04 0.6 0.8 1
15 (GeV)

Yige Huang@QM25

1) Finite size scaling study for C, based
on thermodynamic behavior

£ AQ+30/4+2
= 6487,/ 53 MeV

2) Consistent estimation from Binder
cumulants fit results

A. Sorensen and P. Sorensen, arXiv: 2405.10278
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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 = 3.9 GeV 105§ g E
: . g 3 .
= 10¢ = deuterons
3 D] -
£ 10° E f
S
10? r
10 :
g ! % 1 2 3 ra 5
GeV/
B 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

10°

% , szN =3.2 GeV fitrange =[20,200] ‘ISNN =3.5 GeV fitrange =[23,200] ‘{SNN = 3.9 GeV fitrange =[27,200]

(o) 10 ¥2/ndf = 5.50 x2/ndf = 4.20 ¥?/ndf = 3.60

? I [ I I a
| | 8
| I S
1 1 73
|

1 1 il N
0 50 100 150 200 50 100 150 200 50 100 150 200

p/a (GeV/c)

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

FXTMult3

& _ within STAR detector to avoid auto-correlations.
3 \5=3.2 GeV _
e Q o= 32 GeV Foa=35GeV =39 GeV
Q_'- % 2- - -
S
°‘F1-5-§?, % L L
£ gg TPC+
o ; v TOF
1__&\/ Q»— - -
gw vy
&9 <«
o
05F 3 -
1 1 | 1 1 1 1
05 '® 05 0 05 0
. ol oo G TN PP T I o e AT T T PP T G YYou YYou
-1.2 -1 -0.8-0. .4 02 0 02 042 -1 -08-06 -04 02 0 02 042 -1 -08-06-04-02 0 02 04

Slow TPC/Fast TOF PID + Pile-up = Fast/Slow miss match ->

YYom ¥ Ve e Will distort cumulant measurement
Conventional PID method for Proton :
TPC PID at low p

TPC+TOF at high p

Experimental methods to reduce those effects :
1) Pile-up rejection + dynamic dE/dx selection to maximize

Y. Zhang, Y. Huang, T. Nonaka, X. Luo, NIMA 1026(2022)166246 TPC PID and ensure >90% purity. -> (3.5 and 3.9 GeV)
STAR, Phys. Rev. C 107, 024908 (2023 . ; o .
-> Acceptance gap. S s oo e 11 (2025) 034902 2) 3.2 GeV: only TPC PID, Pile-up correction is applied.
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Energy Dependence of (Net-)Proton C,/C, from BES-II

0-5% Au+Au Collisions at RHIC

& y - == Hydro EV
[ Collider -0.5<y<0.5 |
@BESIN HRG CE
[ FXT -0.5<y-y . <0
= // CM
e M ol || UrQMD -05<y<0.5 _|
3 GeV
(PRL 126, 092301) | UrQMD -0.5<y-y , <0
o 4 5 6 7 8910 20 30

Collision Energy Ys, (GeV)

Z. Sweger, Yongcong Xu, Xin Zhang @ QM25
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Energy Dependence of (Factorial) Cumulant Ratios

=
@) ! ! [
c C, Collider -0.5<y<0.5 1.5~  0-5% Au+Au Collisions at RHIC STAR
o 12fF (oD © BES-LII - 0.4<p_<20GeVic
g P*P? "ext 05<yy_<0 i £ i g, o [FEessssssssaRaEs > —
: [ This analysis 4 [] g =
© “m 5 3Gev Lo . [ I §§,§ 03
P | I | e, {PARL 126, 092301) | g 5 ﬂ
-------- L " | C
-@ 7 o0 @ .000 -9 4
00 " @ s C) ==
STAR %%e L | l © ¢
0.8k ) = / L -1 / =
— — : : T - S EEESSS - -
02'_ (d)ig = = Hydro EV _ OF--===or -5~ e B o
& | S Ty HRG CE m X {i
=2 | - 0.2 3 - L - - - - — — — = :_ "
S o1 Hy [: UrQMD -0.5<y<0.5 @) = 0 : A, : §-§§ o
o || UrQMD -0.5<y-y_ <0 e | L y l
S O __________________________ s . | ol \ K
’ oo/’ 1y l % U
0.1 -@ ] I 3 1 . ! |
o ©) <00 ] -06F Fido-Target BES-II - T
o o MSesn . i 5 S L i & 2l 5 : PRI R | P 5]
3 4 56 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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Search for the QCD Critical Point : To be Continued...

0-5% Au+Au Collisions at RHIC

Fablan @ QM2025, plenary

- I I s — fIRG CEFT (CE), I'frecézle;u't'A'ndronlc et aI
:':. fRG-LEFT (CE), freezeout: STAR Fit |
C4/ CZ S TA R 3 fRG-LEFT (CE), fr::z:gut: STAR Fit Il ]
1 e kbl iei— ity (NN AN/ | SN LLLLCLY DSE-QCD (GCE), freezeout: Andronic et al.
g 4 3%  STAR BES-I (0-5%) i
2 = @ oo ®  STAR BES-Il (0-5%)
B T e T %  STAR fixed-target (0-5%)
% § B--* G 3 ]
@ % - %.‘ : DSE: [Lu, Gao, Liu, Pawlowski, 2504.05099]'
O — Q’: ;: FRG: [Fu, Luo, Pawlowski, FR,Yin, 2308.15508]
i J - == Hydro EV 2 [STAR,2504.00817] |
_ [ Collider -0.5<y<0.5
///// @ BES-LH e HRG CE 1 ::
. | FXT -0.5<y-y , <0 P
. e | UrQMD 05<y<05 _| ol /:k
/;/ L] ?P%ivma 0oza01) UrQMD -0.5<y-y,, <0 Iy »
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L vV SNN [GGV
» Experimental results between 4 — 8 GeV are crucial.
» Analysis of 4.5 GeV and 2 billion events from Run21 3 GeV are ongoing.
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Search for the QCD Critical Point : To be Continued...

0-5% Au+Au Collisions at RHIC

[ | This analysis
| 3 GeV

@ - =~ Hydro EV
/ Collider —-0.5<y<0.5 ]
/// @BESII T HRG CE
B J PXT059v,<0 I aMD -0.5<y<05 _|

i ~ (PAL 126, 092301) urQMD —P-5<Y'VCM<IO

3 4 5 6780910
Collision Energy Ys,, (GeV)

20 30

Fabian @ QM2025, plenary

I mr I I i I " L B DL I
Y fRG-LEFT (CE), freezeout: Andronic et al.
- 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]

i i [STAR, 2504.00817} |
¢
* L L i | | L | | i ] - |
” N Do 6N o vy S
NYY9 YT g v
vV SNN [GGV

» Experimental results between 4 — 8 GeV are crucial.
» Analysis of 4.5 GeV and 2 billion events from Run21 3 GeV are ongoing.
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Baryon-Strangeness Correlations

C __3<BS>C__3<BS>_<B><5> T T T T rrrf T T I rrrr T ||||||| T T T 1T 11171
BS = (52) - <52> . <5>2 - Au+Au Central Collisions (0-5%) T Au+Au Peripheral Collisions (70-80%)
c —_
4 @ EEsi T p@).KEAR): 0.4 <p_ (GeVic) < 1.6, lyl < 0.5
(-0.5<y<0) @ BESI T
- e (A) + <E > +... Y o L =:=: |deal QGP - STAR Prehmlnary -
Cps ™ 3<K") +(A) +... Ups=1 < e L QM-HRG
(40-50%)
Hadron Gas ou rinal, QGP E"’ 2 F E FL:ﬁZDV:R Izlll(:I.Dis:i::paration -+ -
a [ uramp, p(P) KA ) =)
@
M
(]
m
®) 1 e B ——— —
- i
o8 g
L L L Ll L L L L L L L L 1 L L 1 L Ll lI 1 L L L L L L1
3 7 10 20 30 3 7 10 20 30

Collision Energy sy, (GeV)

V. Koch, A. Majumder and J. Randrup, Phys. Rev. Lett. 95, 182301 (2005)
Hanwen Feng (STAR), QM25, Young Researcher Award

3 GeV: Yu Zhang (STAR), QM25 Poster ID 1020

> Central Collisions : Cgg consistent with FRG/LQCD at high energies (39, 62.4 GeV)

While at 19.6 and 27 GeV, it deviates above from all calculations.
> Peripheral collisions: The energy dependence from 7.7 to 62.4 GeV can be described by UrQMD.
» Large value observed of Cgzg at 3 GeV is consistent with baryon rich environment.
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Light Nuclei Yield Ratios from BES-II (3 — 27 GeV)

X|E, 26HLESF The compound yield ratio is proposed to be sensitive to

the neutron density fluctuations k. sun et al. Phys.Lett.B 774 (2017) 103-107
L|ub|ng Chen, Yixuan Jln(STAR)@ QM25

T - T T T LI T T T T T T T
¢ dlp llp FOPI Au+Au [ " B
10 2 - Central Collisions -
~ Central Collisions ¥ dp E] "Up : HADES Au+Au 1= |
W dp t/p : E864 Au+Pb i |
9 1 @ dp Otp : STAR BES-I L

"c'“' 107 ¥ dip *Help : STAR BES-II L |
+ ‘Help: STARBES-II — ]
oc 102 il NZ'U 0.8 g @ STAR AutAu 3 GeV _
© g — L ;4 FOPIAutAu @ STAR Au+Au 1
G_J 10 2" 0 6 [ B E864 Au+Pb ----COAL. inspired fit |
> 10—4 X s ! BES-I common uncertainty .
Q L v i
—_ -5 4 E802 (dip) AusAu  ° (o8 L L |
_9 10 <> PHENIX (d/p) Au+Au =0 pd 04+ G Q"'mﬁ---.,..,....@...gg. ______________ 1 |

t _6 —— Thermal Model unstable nuclei (d/p) R . Ii} R % % R @
1 0 —— Thermal Model unstable nuclei (‘He/p) STAR Prellmlnary [ o8 1
D. 7 ~— Thermal Model unstable nuclei (*He/p) r B
1 0 ==+ Thermal Model stable nuclei (d/p) r Thermal: AMPT: -
8 - =+ Thermal Model stable nuclei (*He/p) 0.2 - stable nuclei w/o EOS-I 0 urQMD —
10° sprThemslMode sablenibclel (Ha), . o0 o on e o : L — +excited nuclei EOS-I (T =154 MeV) MUSIC .
2 4 1 0 20 40 1 00 200 L. Lol I Lo i

2 4 10 20 40 100 200

Collision Energy sy (GeV) Collision Energy s, (GeV)

> Thermal model overestimate the light nuclei yield ratios for t/p and *He/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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Charged Hadrons Intermittency and p-pr fluctuations

Zss6ff, 26H_EZ4 Intermittency pr-pr fluctuations
> — — , <Ap AP ;> =<Py—<p>)Pi— <P >) >y
; STAR Au+Au, h* | 10 —
[ 4 1 L u-Au Collisions a i
06 C ® 0-50/0 ] i Charged hadrons ]
F m 10-40% ] © - 0.2<p <20 GeVic,-0.5<n,, <05 4
055:_ — _: 2 I ‘\"\‘/ is\\rARPREUMlNARV 1
L = M M 4 - L 77***777*/—07\*,;7 — i
. 3- A Statistical Error I
' ho. - . < -
O 5 [ + * ! i n >\— 1 - " ..——. e o —0 Systematic Error .
L - = m o N -
L o ) < SR e
045 r - =om - ! B Q_: ] —§— BEsuos% L uramp 05 % (ver 3.3)
L - + = — g 3 / —§— BES13040% i 1
0.4 } = + - 8 i | + e T UrQMD 0-5 % (ver 3.6, Tom Flelt:hert)d
[ - + = ] —3§— BES-130-40 % (Published) % AMPT 0-5 % (Default)
L, 1 L L, L L | \ 7 10—1 Fllxed:Tar‘gat‘ § ](:ollider : cmcn : o a
710 20 30 50 100 200 T 2= e
Sy (GEV) Collision Energy |y, (GeV)
STAR, Phys. Lett. B 845, 138165 (2023) Rutik Manikandhan (STAR), QM25 Poster ID 774

Non-monotonic energy dependences are observed in both charged particles
Intermittency and p+p+ fluctuations.
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Energy Dependence of Collective Flows (dv,/dy, v,) from BES-II

£33t#4 (STAR), QM25 Poster ID 696 Fixed target: | /Syy = 3.0 - 4.5 GeV NCQ Scaled v, Collider: | /Syy = 7.7 GeV

Poster ID 171 @ this conference 3.0 GeV I'ssgev = lsseev =~ l'sscev =~ l4scev + '77GeV | -
————————— — L eA
0. i 005 } T BES-II T 1 ¢ 1 P 2 A

Au+Au Collisions

23]

- é
7 o) \4 AAA
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- % @ 1 = A A Au+Au Collisions op> eA
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K - s :,.g STAR Preliminary 1 % STAR Preliminary - -~ b
a7 T oo 1 T v T oaladed] goo®%
% 1 A ¥et
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[ ] i ® A il
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] o IV LIRS i 196
® i AL A K - S 4
)| EEEE S - g - - - - o - o — ] v AT .
L] SR ! 1 I 1 ! 1 ! 1 1 1 ! I 1
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3 5 8 10 20

Collision Energy s, (GeV) Hadronic interaction > Partonic collectivity
vi(®) ~ vi(p) ~ VI(A) STAR, arXiv:2504.02531

For \/syy = 7.7 GeV —v, NCQ-scaling holds 28, 27THLEF
e 4/Syny < 4.5 GeV — Gradual breaking of v, NCQ-scaling

Dominance of partonic collectivity above 4.5 GeV

o \/Syy =4.5-7.7 GeV — sign change in Kaon v;

» Sign change in ¢ v; and it follows baryons (p and A)

’ o 707 G
rapidity C = Y = é—'m .
g Vet — Probe the EoS of QCD medium and understand the role of
Directed flow (v,): Sideward collective Elliptic ﬂxow (v,): Initial spatial anisotropy leading to nuc I ear s h ad owin g at h I g h baryon d en Slty reg ion.
motion of produced particles final momentum asymmetry of produced particles
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Summary and Outlook

0-5% Au+Au Collisions at RHIC

> STAR reported precision measurement of (net-) proton fluctuations in | ¢/C.  sTAR 1
Au+Au collisions from BES-II including 3.2-3.9 GeV (FXT) and 7.7-27 I e
GeV/(Collider). 0 @% i‘.:.._-:-;--@_,.@-@ .
-better statistics, systematics and centrality resolution. I Y i

B OBES-I,II. S HRG CE 7
. . 1 L] FXTTmfj:gcfo [ uraMp 05<y<0.5 _|

» Collider energies : for net-proton C,/C, in central collisions, | R, Euou 0sgy,0
deviations of 2-50 are observed w.rt non-CP reference (model or ¥ colison ey e GeY)
peripheral data) at 19.6 GeV. e s s s G

g 05~ ~~ : :;dc;OCEEV
. ko) ¢ N

» FXT energies : proton C,/C, in central collisions are consistent with < 2 Nl
UrQMD calculations at 3.0 — 3.9 GeV. Analysis of 4.5 GeV and high gv /
statistics 3 GeV data (2 Billion events) are ongoing. T o ;&——{7(—

o /
8 \”Jl
» More observables: BS correlations, intermittency, light nuclei, flow, 5 { H
pT-pT fIUCtuatlonS L\)q—O.S B BES-Il COL BES-II FXT
- \ T
0 200 400 600 800

Baryon Chemical Potential My (MeV)
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Summary and Outlook

Interaction Rates (Hz)
22233533

—_
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Collision Energy |s,,, (GeV)

Rich Physics at High Baryon Density

» Critical point and phase boundary;
» Nuclear matter EOS at high baryon density;
» Y-N interactions, inner structure of compact stars. etc.

(Observation of Strange Di-baryon, Kehao Zhang(STAR)@QM25

Future High Baryon Density Experiments:
FAIR/CBM (2.4 - 4.9 GeV)

» HIAF-HNS/CEE (2.1-4.5 GeV)

» NICA/MPD (4 -11 GeV)

» JPARC-HI (2-6.2 GeV)

RETEE FQCDYIRAIMER (2022) A "QCDEEMIERSET)" (2023)
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The 2"d International Workshop on Physics at High Baryon Density (PHD2025)

e T AMEREFAETFIL! Oct. 16-18, 2025@CCNU
https://indico.ihep.ac.cn/event/25334/

The 2nd International Workshop on Physics at High Baryon Density

(PHD2025, S5 _ERE T HEEYEERANS)

February 27, 2025 to March 2, 2035

Guiyuan Hotel
Asia/shanghai timezone

Overview

Registration BRGNS E T EENRASETE0NE, SRREAEREEEN,
FHUREEHRAURERBEES TRIRLERASEEEY. BERRENIE
BIARSREGRMEE, BEFBENENEERNEFERRNRE. &
B—HET, FSHASLCANRARNIRRERES, BRUNEBETE
EMERRAATE, ERERIIARNEROSSSEANIENEE, Hit, R
b S, B RERE BETEEMERIS RISN (HISTEN—R, UHISREEREN
S nnssemaiecenued . NEEBEATR), SENERIRTARBRERKTNERSATS, fERT
& meanacnenen | SEFEERMIEMRETIE. ANRIESENMEMERCROREAE, Nk
& yunaasemaicone | ENBEREF BRI EN ERAAT TR TR,

E_EREFEEMEMIRT2025%10A150-18BEEPIMEA¥EA, 10A158
SERR), 16-185 RN, MWRKIRE. EME: BMHEE (15005T/A). #£ (1000
TT/A)

Scientific Program

Organizing Committee

" EBERFREFEEYEBRIERGI®HIT S

The 1st International Workshop on Physics at High Baryon Density (PHD2024)

Nov.1-4, CCNU, Wuhan, China

Welcome to PHD2025@CCNU !

Physics Topics :

1) QCD Phase Structure at High Baryon Density
2
3
4
5
6

Nuclear Matter at High Density and Equation of State
Dynamical Evolution of Heavy-ion Collisions
Nuclear Matter Under Extreme External Fields

Hadron Properties in Nuclear Medium

= 2 2L S

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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https://indico.ihep.ac.cn/event/25334/

Many Thanks to:

Daniel Cebra, Xin Dong, Shinlchi Esumi, Yige Huang, Feng Liu, Bedanga
Mohanty, Bappaditya Mondal, Ashish Pandav, Zarchary Sweger, Fan Si,
Zhaohui Wang, Nu Xu, Yongcong Xu, Yifei Zhang, Xin Zhang, Yu Zhang

STAR Collaboration and Theory Colleagues

Thank you for your attention!
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