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Relativistic Heavy Ion Colllder (RHIC)

Matter under Strong Interaction

Quantum Chromodynmaics (QCD) is the fundamental theory of strong interaction

Phase Transition

Vary T and density

Ordinary Nuclear Matter Quark-Gluon Plasma (QGP)
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Relativistic Heavy-lon Collisions

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

Emergent Properties of Strong Interactions, rich structure at high baryon density

LHC SPS AGS SIS CSR
! i I ! I !

T

’ RHIC ' RHICFXT HIAF
777777 — .
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

200 | T | T T A T I | T T
B TTEEEES—— | [ Sug/T=2 ug/T=3
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50 - .// p 6 O’//' o E, 100 freezeout points [various sources] * ‘\
/.~~~ _-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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STAR DETECTOR SYSTEM
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1 - Excellent PID & uniform

. efficiency
- Modest rates
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Temperature

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

STAR Fixed Target Mode

1 Order Phase Transition Egst
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» x10-20 more statistics in BES-1l compared to BES-I at collider energies

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

» Mg coverage : 25 < g < 750 MeV

]
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Detector Upgrade and Performance in BES-II
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EEED r] ma from ™ 0 to 1. 5,- oos| TPC Run2019 i (Plots normalized)
Lowers pT cut-ln fmnr"zno 60 3 ¢ TPCRun2 }l? | ‘ i

MeV/c 22 0.04]- |

Ready in'2019 RLIN

|

1: Ji ‘rextended accegtancl:e | L

2 1.5 1 0.5 0 ’7 0.5 1 1.5 e 2
24 =30 =gii=1 0F A ‘2, 130 4 '8 @
o6C iTPC Run2019 } 1
“®F TPC Run2018 \sww=7.7 GeVi .
0.14F 3 E ZD:E

mf: | improved dE/dx resolution ‘

Matching Ratio

s e o220
}{ﬁ %
[ PP PP \

03 E
E E ’ improved EP resolution |

. | good matching eff. I_ E : — ]
2 25 . - - 0 10 2 30 40 50 60 70 80
R TR T T S TR R T % centrality.

e
h

e
5

Improves.trigger - st -
Botter centralty & évent plane, , 1) Enlarge rapidity acceptance

! measurements
2)

Ready in 2018 Improve particle identification
Full EPD has been installed 3) Enhance centrality/event plane resolution
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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) = C1 '7// Negative Skew \‘\ '/" Positive Skew —
2 2 _
variance: ¢ = ((8N)*) = C, 3/2 Kurtosis(K ) — Sharpness
skewness: S = ((§N)3)/ o° = C3/C, °l [TTL =
kurtosis: k = ((6N)*)/ 6* —3 = C,/C3 k>0 || =
/_/_\\

Moments, cumulants and susceptibilities: i A

2ud order: o?/M = C,/C; = xu/Xx1 0 Q\N

3 order: So = C3/C, = x3/x2 L J Ll

M. Stephanov, PRL 107 (2011) 052301

4% order: ko? Cs/Co = Xa/Xo2

Nb 4
; CP Signature
1. Sensitive to correlation length (§) (n)) =e=, ((6n)') =& Q | baseline
2. Directly related to system susceptibility (x) 1 9"(pITN4) °
' A =—=xc, =L -B oS /5

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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Higher Moments of Net-Proton Multiplicity Distributions

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

First measurement
Verified the feasibility of the high moments observable in heavy-ion experiment.
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K 62
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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
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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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K 62
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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
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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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BES-II

Centrality Determination
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Au+Au at \s,, = 19.6 GeV m Refmult3 (BES-II)
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0-5%
s Refmult3X (BES-1)
Glauber fit
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Refmult3 (BES-I)
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Refmult3/3X
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1. Multiplicity of charged particles except (anti-)protons is used for centrality determination

2. Larger acceptance and multiplicity lead to better centrality resolution:
RefMult3X (BES-II, | n |<1.6) > RefMult3 (BES-II, | n |<1) > RefMult3 (BES-I, | n |[<1)

w/ iTPC

w/ iTPC

w/o iTPC
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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 —
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Centrality Dependence: Net-proton Cumulants
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Centrality Dependence: Net-proton Cumulant Ratios
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1. Smooth variation across centrality and collision energy is seen from BES-Il measurement;

2. Better centrality resolution leads to lower cumulant ratios (especially for mid-central collisions):
Calculations from RefMult3X < RefMult3 < RefMult3 (BES-I)

3. For 0-5% most central collisions, weak effect of centrality resolution of C,/C, is observed
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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 I T 1 T 1 T LI I
| Au+Au Collisions at RHIC Centrality: Refmult3
Net-proton, lyl < 0.5 O BES-I: 0-5%
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14.5 20 178
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19.6 15 270
27 30 220
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STAR : CPOD2024, SQM2024

BES-Il and BES-I results are consistent !
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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 I 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, lyl < 0.5 O BES-I 0-5% (GeV) 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
g ¢ BES-II: 70-80% 9.2 - 78 19.6 070 0.00
E 2 i) = 11.5 7 110 27 140 0.20
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S 14.5 20 178 uncertainties on 0-5%
= — — —— T — 17.3 - 116 e e
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O T E (Y] .
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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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Events used for net-proton
fluctuation studies

Cumulant Ratios from BES-Il and BES-I

Deviation between BES-II and BES-| data

T T T T T LI I 1 1 T 1 T LILEL I T
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§ 19.6 15 270 stat. error | sys. error |stat. error| sys. error
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" | ,l\ ]
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> 0-5% centrality results show good agreement between
Refmult3 and Refmult3X and centrality resolution effect is small.
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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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Net-proton Cumulant Ratios Factorial Cumulant Ratios 1.

Cumulant Ratios

(anti-)Proton

Energy Dependence and Model Comparison

C,/C, and C;/C, change smoothly as a function of

o e, STAR - e STAR 1 collision energy;
0 e el
S+ - e . .
Ly ° I Py 1 2 C,/C, decreases with decreasing +/Syy;
--- HRG CE -0.1 06 o 0®®
| [ uramp | L o i
@S pe 0] [ . . .
| oeeew® |, 02 oSS BEST uave, o Proton factorial cumulant ratios deviate from
o + + . .
' ; e = . 0-6% Au+Au Collision Poisson baseline at 0;
i 2 C3/Cg gjﬁrg\:’?;lcj/g?m ] i.:tf r @ E, (anti-) proton, I;/)/ <S 3.55 ]
1 04<p, <20Geve —| 5§ oosi 0.4<p, <20Geve ) ,
Ty — 18 | fﬁ? s | Antiproton’s k53 /k; and k,/k; are close to 0;
05— .‘\o- 4 O § %
i 5 o —ooeoedeliummi ... .
- " - 5 v ' Non-CP models are used for comparison:
Oy 4 8 = - 1) Their trends follow STAR data qualitatively;
" (3)C,C, 05 (3 x; . 2) Quantitative differences exist between them
L 0.5 and STAR measurements
I i ) % o) * Hydro: hydrodynamical model
0.5 % i’ §¥ oF— ?0 -@-?‘-’-;0 ‘ﬁ» V. Vovchenko et. al.: Phys. Rev. C 105 (2022) 1, 014904
i {f * HRG CE: thermal model with canonical treatment of baryon charge
or 7] R ) ) | P. Braun-Munzinger et. al.: Nucl.Phys.A 1008 (2021) 122141
10 20 100 200 1020 100 200 + UrQMD: hadronic transport model
Collision Energy /s, (GeV) Collision Energy sy (GeV) M. Bleicher et. al.: J.Phys.G 25 (1999) 1859-1896
v'Baryon number conservation is included in all models
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Continue the Critical Point Search

STAR Measurement: Au+Au 3-200 GeV Wei-jie Fu, et al., arXiv : 2308.15508
l I IIIIIII I I IIIIIII I L L T T L L L ML T
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 %  STARBES-I (0-5%) i
Ov ig\TAR ®  STAR BES-Il (0-5%)
5B f————— - %__ 3 ¥  STAR fixed-target (0-5%)
e I O? O_Q—Qo"g"% Q{%} ----------- y ‘:gég
E T8 05 2| 1
>
E O I 1
8 5 Hydro /
B c v ---HRG CE i
23 UrQMD: 0-5% OF
Q a2 HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
_‘I_l ) | ~'—If y I;Ig{dro: V. Voucfltenko ?t al,lPRIC 1105; 011:1?04 (2022) . -1 * o L . . L A
3 10 30 . 100 i D 5”5" S’Q’) EAE vaéy S
Collision E V
ollision Energy |s,, (GeV) @[ GeV
STAR: PRL126, 92301(2021); PRC104, 024902 (2021) Two important things :
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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STAR Measurement: Au+Au 3-200 GeV

Continue the Critical Point Search

T 1 T T B 11 I T T T T T | B I T 5 2.5
2 s = \
| AurAu Collisions at RHIC ® BES-II: 0-5% | ¢ fFy200v |
2 Net-proton, lyl < 0.5 O BES-I: 0-5% e j il
~ 0.4 <pT <2.0 GeV/c O BES-II: 70-80%
®) i & BES-I: 70-80% 7 it ,
¥ STAR , :
= 1
o - -  _ . T g |
— _ 'PrOJecnon
-Ei 0 o 9 Qo"'Q'— d | e %0 ‘W Chamber
o ? g i 0 _ aua bt L ol i i bbb e , .
E - E, -i‘ § ii 7 ?’5 {552 GeV 3 , \S\=62GeV | Standard \S=7-2 GeV VS_NN=7.7 GeV 8
© =+ 2 ! [ analysis
S a I window
E O_— __________________________________________________ ] 1.5] :
8 - Hydro |
i cY ---HRG CE i |/ e
& el
'§ 7 —| UrQMD: 0-5% “ avavilable
gj o 2 HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
_1— - Hydyo: V. Vovchenko et al, PRC 105, 014?04 (2022) =T
! T R e S — L 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 10 30 100 " ” " o

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 :
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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LO: [1,1]
NLO: [3,3]

ue/T
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" L L
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Ne=8: T=(155-158) MeV

REx(THg) CGICz

LO: [0,0]
NLO: [2,2]

1 uB/T 1
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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:

P(Taﬁ) . 1 BQS i ~AJ Ak
= Z ']'k‘ zgg (T)#B#Zg#g‘

4
T i,5,k=0

5as ) _ pli+i+k) p /4
ijk =

~ioand ek
6”136“628#5 A=0

Two features: 1) Ordering of cumulant ratios, 2) Negative in fifth and sixth order fluctuations

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

A. Bazavov, D. Bollweg, H.-T. Ding, et al. (HotQCD),
Phys. Rev. D 101, 074502 (2020);
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Higher-Order Net-Proton Fluctuations

t |1—|'"'|"" S — | | | Ih I ] 1 I I |
s ot g1 b A 200 GeV
C s 5%56‘ ] i |
0:".“1'_. ﬂ L —— e : 0-'— .%— —
; — |

[ 0-40% Au+Au Collisions
- Net-proton, lyl < 0.5
| 0.4<p_<2.0GeVic

STAR Au+Au Collisions
lyl <0.5,0.4 < p_(GeV/c) < 2.0

Net-proton Cumulant Ratio C /C,
&

o [ s (GeV) 27 54.4 200 & ° - 10 UrQMD

10 pata + 00 1 -1V o sTAR 1
[ Theoy : . Mp, [CJuaco

e . UrQMD | ks [_]FRG
- LQCD (netbaryon) Il + .
|_ L 1! L 1 I 1 L 1 | | L ul L | I Il L I— l l l I
0 100 200 300

Average Number of Participant Nucleons (Npan) R31 R42 R51 R62

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-Il data is ongoing STAR : PRL 127, 262301 (2021).

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

C4/Cs Cs/Cy Ce/Cs

1.2 C,/C, (STAR Preliminary) | 2} CJC,(STAR Preliminary) 4 ok C./C, (STAR Preliminary)
o 'prr-—-—=-=---—--------— B B W e B e R e
T + of clomg ¥ {op T otewmy i

B @& —

9:_. 0.8 femop g 5 o i 1} 4
C_CU 0.6 Au+Au: I%Q% ;\& /bQ% f’% @“’ — _2 Au+Au: _ -2 Au+Au: ’
=] Zr®Ru: II\Q L < L < L "’? o Zr®Ru: Zr®Ru:
g 041 lyl <0.5,0.4 <p_<2.0 GeV/c 7 - ‘HRG + p+p o Zr+Zr -4
O UrQMD Zr+Zr -4 Lattice . Sy = 200 GeV Net-proton

0.2 UrQMD Ru+Ru h Pythia 8.2) 4 Au+Au ¢ Ru+Ru 6 "

R N cianl ] rrerinod] ] —Y [ n_n_nanndl olbnnnal
10 100 1000 10 100 1000 10 100 1000

Charged Particle Multiplicity

200 GeV : p+p, Ru+Ru, Zr+Zr and Au+Au
ptp : STAR, arXiv : 2311.00934
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

> 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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2
<BS>—-<B><8> D
Cps = —3Xps/Xs = —3 S | -
< §>2 g 04 -~ QGP _
R’ e—e Had |
> Ideal QGP: B =-(u+d +5) S oof en e :
if quarks are uncorrelated E L
—__ly2 L coo=1 O 005 100 200 300 400 500 600
Xps= —3Xs BS — Baryon chemical potential, p; (MeV)
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

6 7  8eBMZ
| T T | | T T 1 T : : 2251 . : . ,
1.8}
l13§( , Tpe(eB)) 113? T cont. est. =——HRG
5 e ® oG v | D o 200f Mool - Righ,)
30 Biialis & 2Tyarhy | 175}
25 %\ 14t 1.50
2.0 - }ﬁ& 7] 1ol 1.25}
15 N >
feo® é 4 A 1.00 HE——
1.0 s 2 R BRI I35 15 1 B —
non-int. quarks QI 0.02 0.06 0.10 0.14
05 | | | | | | | | | 1 o850 0.00 002 004 006 008 010 012 014
35 | 3 Qs, s
ﬁs A ™ Nl *
3o 4 A TnS & 23S - Baryon Electric Charge Correlation as a Magnetometer of QCD
25 te i
. i =
2.0 —%0 4 23 T H.-T. Ding®, J.-B. Gu ,* A. Kumar®, S.-T. Li®, and J.-H. Liu
o, 7\ g

15 v o A _ Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
10 IESEwE » s - pert. est. - Central China Normal University, Wuhan 430079, China
0.5 T[MeV] = .

l L 1 ! L L L L ' H.-T. Ding, et al., EPJA 57,202 (2021)

170 190 210 230 250 270 290 310 330 H.-T. Ding, et al., Phys. Rev. Lett.132.201903 (2024)

1) Higher order are more sensitive to QCD phase transition

A. Bazavoy, H.-T. Ding, et al. (HotQCD) o= 9 )
2) Baryon-charge correlation is sensitive to the magnetic effect

Phys. Rev. Lett. 111, 082301 (2013).

Xiaofeng Luo The 20th International Conference on QCD in Extreme Conditions (XQCD 2024) 29



Centrality Dependence of Cgg

, , E———
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o 1@ 1 1 STAR Prelimina
c.’I) 1 IFEPEEPE B PR .."II_.I.. L2000 1. .. ... 1. .. 1. .. 1 . 7. . .1, . | .. . ], . .
II12llllIIIIIIIllIIIlll'_lll.lll.lll.llll.l l_llllll'll.lllIIIIIII-llIIIIIIIII'IIIIIIII-
O&? L 19.6 GeV | 27Gev } 39Gev ¢ 62.4 GeV |
1 ¥ * m ! ¥ ! _-_ —— —t— -
[ X¥e® ®@ © @ O T
% ® " 1
0.8 V’ - ﬂ
0.6- 1

PPN EPEMEPERE EPEPEEP B
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

» 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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Energy Dependence of Cgg and Model Comparison
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Collision Energy  |s, (GeV)
STAR, CPOD2024

» Peripheral collisions (70-80%) can be well described by UrQMD;

» For central collisions:
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:
- @ Proton [

3 ( 2 \*?
N,=— (2"
‘ a = 51/2 <m0Teff) Np(n)(1+ Cnp)

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)
0.6 [ Au + Au Collisions (a) 0%-10% (b) 40%-80% H
6f 108
J Common syst. err /?2?%% o ] » Non-monotonic behavior observed in 0-10%
=050 }(g\\\'\\\ggg/\/\/%cézgggg%m, 10.7 central Au+Au collisions around 19.6 and 27
! T\l GeV with 4.10 significance (combined) deviated
=y L ; *‘ x;&ﬁ?\\i&ﬁ\%( ] 0.6 :
Z. i - / ' 2o e + ] from coalescence baseline.
2 0.4 ) L ™ 405
NN I "] > Analysis of BES-II data (both collider and FXT)
i p,/A:[0.4,1.2] (GeVic) {77777 AMPT+COAL. ] 04 are ongoing.
03F = p/A 0510 @Gevi) COAL nepred i, ul . range 103 STAR, SQM2024
TR L Lol L A L ool M VN
5 10 2030 50 109 .2()0 5 10 2030 50 100 200 3 GeV, arXiv : 2311.11020
Collision Energy \syy (GeV) STAR: Phys. Rev. Lett. 130, 202301 (2023)
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Net Proton Fluctuations
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Summary and Outlook

BS correlatlons Yield Ratio of Light Nuclei Intermittency
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STAR, CPOD2024 STAR: PRL130, 202301 (2023) STAR, PLB 845, 138165 (2023)

BES-II : high statistics, better acceptance and systematics

1. Continue to search for QCD critical point between 3 — 20 GeV
(BES-II high moments analysis: rapidity scan, Cs, Cyg)
2. Understand the physics lead to the deviations around 20 GeV

3. Need reliable dynamical modeling and non-CP baselines
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Interaction Rates (H

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)
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EHEEZRETCENSETEENRASEFTENME, MMREIEEIFRIESN,
FHAREEMRCURERRIERG TRIRERAGEERX. HERRERIE
BFARSRE (MEFAR/CBM. HEHIAF/CEE, RBHINICA/MPD) BUHELKERR,
BEFEBEVEGNEERNEFRMERRNIAAR, EX—HFRT, RASHNES
EARRARAMIARRREE, ERNMSSETEENERRNAZTINME, ERE
PAATIRBERNEBESANVIENEE, AL, RINRELL BSEFEEWEFHT
KRRV (HUISFERH—R, UHIREREERENNBRETNEATN), BER
ERSMIFARBRZERKTFNERRZRTES, REAKIEEFEERMEEORENN
i, FEREESENMZEEEHORBSE, ARDBEESEFBEWERXH
RERERRATATT TR LR,

B-BEEFBEEVEMIST2024411 B1 B-4BEEPIHEREBFF, 15K, 2-
4SRN RWTKREGERE, RUURENBERS.

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 h 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.

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

Nuclear Physics in Compact Stars
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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/22462/

Thank you for your attention !
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