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Introduction: QCD Phase Dlagram

o Transition between hadronic <& QGP phases LHe _ SPS _AGS fE:SR
> ;%Am Quark-Gluon Plasma
o Crossover at small pug (pg / T <2) =
> No distinct phase boundary =
> Expected by Lattice QCD %
oT =156.5+15MeV at ug =0 ©
3
o First-order phase transition at higher pug E
o Predicted by QCD-based models

> Critical point (CP)? 0 o 500 1000 1500
> Second-order phase transition Baryonic Chemical Potential pug (MeV)

> Conjectured to terminate first-order phase boundary B. Mohanty. Nﬁﬁr:fﬁ;12617‘;{-6(;982(120006)

HotQCD, PLB 795, 15-21 (2019)

o Critical physics goal: search for and locate CP, understand QCD phase structure
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Introduction: RHIC Beam Energy Scan Program
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I TT I I T T I I T I I I I q) | i
104 Ié_ STAR A —il 2 160 oo i
= S utAu Coliisions  [[]eEs- [J|BES 11 (coliiden) EJBES1 (FXT) 3 = : o -
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S 102k ] : :
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© 10% ? 80 - [0 dN/dy yields ]
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Baryonic Chemical Potential pg (MeV) 2 800 | parametrizations |
Scan QCD phase diagram by varying /sy <. 600 : i
Low energy = low T, high ug at chemical freeze-out 200l ,
RHIC Beam Energy Scan (Au+Au) :
200 |- .
BES-I (2010-2017): {/s\y = 7.7-200 GeV ;
BES-II (2018-2021): oL 0 |
. 2 3
= 7.7-27 GeV (collider), 3—13.7 GeV (fixed-target) 10 10 10

. . . Vs (GeV)
750 2 ug (MeV) = 25: high precision, widest ug coverage to date A Andronic ef al. Nature 561,321_3%’“(2018)
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Introduction: STAR Detector System

Wide and uniform acceptance
Excellent tracking and PID
Modest rates
Upgraded since 2018

EPD, , €cTOF
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Introduction: STAR Major Upgrades for BES-II

Inner TPC (2019+)
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Y. Yang (STAR), NPA 1005, 121758 (2021)
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Introduction: Observables

1. Expected divergence of correlation length & and susceptibility y, , (for conserved charge g) at CP
2. N: E-by-E net-proton number as proxy for net-baryon number
3. Cumulants: (using u, = (N — (N ))"))

Ci=p =(N)

2 Negative skew Positive skew

N N
L L

CG=0" =i, skewness S = i3 / o3 < asymmetry
C,= S0’ =
3 M3 O -
_ 4 3,2 Gaussian: C, =0 (r > 2)
C4 = KOG = Uy — U, Poisson: C. = C;,k, =0(r > 1)
C,,~ £>"273 = higher orders are more sensitive Skellam (Poisson — Poisson):

Codd/ Codd = Ceven/ Ceven =1

C. /C. = = trivial volume dependence canceled
r’q/ >4 XF’Q/ s P kurtosis k = py / o* — 3 © peakedness

4. Factorial cumulants: 08
k= C ool
kK, =C) = C 05
iy = C; —3C, +2C, I
k,=C,—6C;+ 11C, — 6C,
Quantification of r-particle correlation by «., "

5 4 -3 -2 -1 0 1 2 3 4 5
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Introduction: Expected Signals

> Critical signal: non-monotonic energy dependence of C, / C,

> w,: scaled C,
- Baseline: determined by models without CP

SNN

Wy — wéll)asehne

o Possible structures in acceptance dependence  jz TR N 0
: IO —
o 1/X: acceptance; (Q"). = C, <
1 ' ' ' o — KB
Qe G
> Crossover signal: negative Cs and Cg
08 1 gl,{f [GeV]: 200 624544 39 27
c=1.5 NLO, RE. (T,0)
0.6 | 1 1t RE5(Tpo)
= STAR preliminary: RR, £
o =05 0L Lattice QCD |
- c=0
-1
0.2 - - - - -
0 1 2 3 4 5 6 Sl
1/X
M. Kitazawa, M. Asakawa, H. Ono, PLB 728, 386-392 (2014) . R'132=IIVIB/O§
A. Bazavov et al., PRD 101, 074502 (2020) 30 o1 02 03 o4 05 o6 o7 os
M. Stephanov, Acta Phys. Polon. B 55, 5-A4 (2024)
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Introduction: Previous Measurements at RHIC

1 ‘ — ]
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PRL 105, 022302 (2010) @
b ~ 085k . .. .1 ‘ L ‘
5678 10 20 30 40 100 200
Before BES-I Colliding Energy |/s (GeV)
First attempt

PRL 112 032302 (2014)
BES-I (7.7-200 GeV)
Only low p; (without TOF)

4 [T T T T T T 1T T T T T T I.I I'l T T ]
_ Central Au + Au Callisions
32 o STAR (0 - 5%)
~ ;AS @ net-proton —
Q 2—%% & O proton —
Oq Y [# %[:] (Iy1<05, 0.4<p (Gevic)<2.0)|
O 1—p——- — e — ———E?——
5 | B L _
o - I - K N i
— — GCE
— HRG ------- CE —
-1 (05 <y<0) net - prot on_|
| (0.4< pi(GeV/c) <2.0) Ur QvD < proton
1 1 1 1 L 11 I| 1 1 1 1 1111 | 1 1
2 5 10 20 50 100 200

Collision Energy s, (GeV)

PRL 126, 092301 (2021)
PRL 128, 202303 (2022)
Final results from BES-I and 3 GeV (2018)

Non-monotonic energy dependence (3.10)
Consistency with UrQMD at 3 GeV
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(Net-)Proton Number Fluctuations from 7.7-27 GeV
(BES-II Collider Mode)

Since CPOD 2024
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Centrality Determination

Two multiplicity definitions with different acceptances L R EL .

N | N j |
| RefMults | RefMultx = A
D102 Data/Glauber/0-5% -
BES-I BES-II BES-II = e = -/ RefMult3 (BES-I) 3
_ _ _ L C mm/- -/  RefMult3 (BES-Il) 1
w/o iTPC w/iTPC w/ iTPC "5 I mm /= =/ RefMult3X (BES-II) ]
In| < 1.0 In| < 1.0 In| < 1.6 S 103 X _
: e : Z :
o Charged-particle multiplicities used for centrality - :
> (Anti)protons excluded to avoid self-correlation .qug 10-4k
2:I C_U ;
K é I
- O ,
15 B
% z 10 Fo pii
O 0O 200 400 600 800
o Reference Multiplicity
y vy Zirgc?:'j-iah::iio 4 i e Larger multiplicity = better centrality resolution
e e e ETESE TR o RefMult3 (BES-I) < RefMult3 (BES-II) < RefMult3X

Pseudorapidity STAR, arXiv:2504.00817
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Particle Identification

o (Anti)proton acceptance in this analysis: i ]
0.4 < py (GeV/e) < 2.0, |y] <0.5 2 —
PID selection criteria for protons and antiprotons ] 991 991 992 993 992 ga1 :;éf'{ -
B 2 993 9 989 99.1 99.1 N
pr(GeVic) | 0.4-0.8 0820 [eRilg ek ake L S .
Rapidity ¥ <05 > b MGl e :
) i %01 993 938 27 23 83 83 83 B -
Detector TPC TPC+TOF  (H 1 g3 982 938 838 385 950 838 %85 983 893 _
= i $58 298 87 87 27 87 B7 956 993 il
POy el <2 b ELRARRNRLES
TOF , 0612 [ TC|E B BB B EE R :
(GeV2/c) 61 0.5 'EEEERERRE -
[ Acceptance: Purity: |
) < 8 gz c Efgosﬂg) cm - Ar?tirgrtgpon:
o Uniform (anti)proton acceptance 0 AR I B L
in |y| < 0.5 within |V,| < 50 cm —0.5 o 0.5
> Bin-by-bin proton/antiproton purity > 99% Rapidity y

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Improvements in BES-I|

1. More collision energies: 9.2 GeV and 17.3 GeV
Finer scan of ug 1n the phase diagram

2. Better statistics Reduction factor in uncertainties of

_50 - _ )
Event statistics enlarged by a factor of 7-18 0-5% C,/C, in BES-Il compared to BES-|

~10% higher tracking efficiency from 1TPC
Stat. 4.7 4.5
3. Better systematics Sys. 3.2 4
Tracking and PID performance improved by iTPC
Efficiency uncertainty suppressed from 5% down to 2%

4. Better centrality resolution
Low-py tracking enhanced
Acceptance expanded

STAR, arXiv:2504.00817
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Cumulant Ratios vs. Collision Centrality and Energy

of
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6 160 260 360 (I) 160 2(I)O 3(I)0 0 1(I)O 2(I)0 300 (I) 1(I)0 260 3(I)O (I) 1(I)O 2(I)0 3(I)O (I) 1(I)O 2(;0 SCI)O (; 1(I)O 260 3(I)0
Average Number of Participant Nucleons ( NIoart )

1. Precision measurement of centrality dependence across collision energies

2. Better centrality resolution leads to lower cumulants/ratios (especially in mid-central events)

Results from RefMult3X (BES-IT) < RefMult3 (BES-II) < RefMult3 (BES-I)
3. For 0-5% C,/C,, weak effect of centrality resolution STAR. arXiv:2504.00817
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umulant Ratios

1.5 —

Energy Dependence of C

s E Data (0-5%) i - Au+Au Collisions at RHIC - : STAR
OC $ Data (70-80%) 0.4< p. < 2.0 GeVlc, ly| < 0.5 - i
c L I—----------="=--=-"=--=------- — 1—--------____;% ______ %__
5 L 06 0 0080 o=t
O B ¢ -1 A7 O ELEEEA R (N | | N N B VAR VARN
o VvV O .t““"'” “:I -— m = S m i % . N %‘ o ’@ |
..?_.- Q63 Aoml o o EIEEIEEE—IE’ 0.5 :
g 0o ot _J@ - = - _ _
Z Eﬂlﬁrﬁ C 05 T - = Hydro EV C3 —_ 0 B C4 i
[ - (a) +2_D | I oo ) = ©
0.8 m) P _ - UrQMD (0-5%) 1 . - 5 -
5 10 20 50 100 200 5 10 20 50 100 200 5 10 20 50 100 200

Collision Energy \syy (G€V)  s.A.Bass er al., PPNP 41, 255-369 (1998)
A. Bazavov et al., PRD 101, 074502 (2020)
P. Braun-Munzinger ef al., NPA 1008, 122141 (2021)

1. High precision in both 0-5% and 70-80% V. Vovehenko et al., PRC 105, 014904 (2022)
2. All cumulant ratios below Poisson baseline at unity STAR arXivi2308 00817
3. Peripheral data are closer to unity than central data
4. In central collisions,
Decreasing trend as energy decreases, except hint of rising C, / (p+ p) at low energies

C, / C, shows deviation at /sy ~ 20 GeV w.r.t non-CP models (with baryon conservation)
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Energy Dependence of Factorlal Cumulant Ratlos

\ ol b !
K3 0.5 .
- - Hydro EV (d) { o.05F @ (e) = STAR (f) e
o1l HRG CE i @@ 1
§<C LQCD s S @ 1 [ 1
- i UrQMD (0-5%) T 00 O AL |
O Ob-------““-c oo - - Ob------------ %-__:_-»___:%__ Of- - 1A AN AN N =_.,_____<_ -
o %0000 Y Sam- T ™ | @ Data (0-5%) _ _ _
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Collision Energy V SNN (GeV) S.A. Bass et al., PPNP 41, 255-369 (1998)
P. Braun-Munzinger et al., NPA 1008, 122141 (2021)
V. Vovchenko et al., PRC 105, 014904 (2022)

1. High precision in both 0-5% and 70-80% STAR, arXiv:2504.00817
2. Negative k,; positive ks; Ky / x; consistent with Poisson baseline at zero within uncertainties

3. Peripheral data are closer to zero than central data

4. In central collisions,
) / x; and x / x; show hint of non-monotonic energy dependence, with maximum deviation

from zero at /sy ~ 11.5 GeV
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Comparison to Theoretic

SNN SNN
Wy — whaseline wsritical 1 (haseline)
(Cy/Cy)
__________________________________ 0
KB
SNN SNN
wgritical ik wiritical ik
(Ks/’ﬁ) (K‘4/K‘1)

A

KUB

M. Stephanov, Acta Phys.Polon.B 55, 5-A4 (2024)
M. Stephanov, EPJ Web Conf. 314, 00042 (2024)

A

KUB

Qualitative consistency observed

(a) Cy4 / C,: decreases and reaches a dip at ~19.6 GeV

(©) K3/K11 peak at ~11.5 GeV

Fan Si (USTC)

1.5  Au+Au Collisions at RHIC ]
04< p, < 2.0 GeVlc, ly| <0.5
[y o .
oot Mg '
o 4
a) net-p —
_ (@) net-p ¢*
\: : —
i Kz
0.05 %‘@ @@E (c) proton %
foiontyd
oboTo %i.";-i.‘:%-- 0
-0.05 _ BESI BES-I o ]
ool L L gl L
5 10 20 50 100 200

0.1

-0.51

al Expectation of CP

— .
= = Hydro EV (b) ﬁ
----- HRG CE Ky |
LOCD proton
UrQMD (0-5%) 1
O ¢ O ) rA”-— - _E:
M
- r ]
P
L ol L |
T T ]
STAR (d) 2
1
proton
a1
- E Data (0-5%) -
¢ Data (70-80%)
| L Lo gl L
5 10 20 50 100 200

Collision Energy |s,, (GeV)

XV MPD Collaboration Meeting, April 15-17, 2025, Dubna, Russia

STAR, arXiv:2504.00817

(b) x5 / k1 : 1ts decrease likely interrupted below ~11.5 GeV
(d) x4 / x: dip at ~19.6 GeV, enhancement at lower energy
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Deviations between Data and Non-CP References

L. References 2 3I_ | 0 Au+Au CoII|S|ons at RHIC/ __ _ - I”AHI S | _
3 non-CP models S |[oeMiesossezoGe ] ol o 8 .
i L A . - - —
70-80% data @ OfT--w A -tgeTES T s e

" — - Q A /.' \‘. :I | DEI ABA A@, = /'D
L O El . | L ®. ]

G>) — Reference:® & H‘} % ] O Q/D &

L. 0-5% data — reference N -3 ouow (05/)@?9 B 101 o -
2. Significance = [ o ce ; c, 1 | R =
2 2 HC_) 5 £ ggﬁ:)(i)\-/so%) @ SIS C 1 20 ® (b) proton K_21 7

00-5% data T Creference O e et e
N Oe s LT Ky N

3t "® /. (c)proton = 4 3} (d) proton —
3. For C, / C, (Panel a) 2 L o &2 “ 7L “1 - i
. _ T oA @ ] &,

All references show a maximum 8 ob--___ CRAP N1 S ) I @ﬂgg SN .
deviation (2-5¢) at 19.6 GeV = [ i 1 [ - ]
Data consistent with references D 3r : 13 ]
at /sy =3GeVand 227GeV ) sp ———c—— o 5L e

2 5 10 20 50 100 200 2 5 10 20 50 100 200

Collision Energy s, (GeV)

4. For factorial cumulant ratios (Panels b—d)
Decreasing deviation as the order increases,
considering larger errors STAR, arXiv:2504.00817
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(Net-)Proton Number Fluctuations from 7.7-27 GeV
(BES-II Collider Mode)

Since QM 2025
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Rapidity Scan of Net-Proton Cumulant Ratios
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Cumulant Ratios

Fan Si (USTC)
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3. UrQMD follows the trend, but deviate quantitatively at higher energies

0 02 04 06 0 02 04 06 0

Rapidity Acceptance y™
1. Maximum rapidity extended to 0.6 taking advantage of iTPC
2. Decreasing trend as the rapidity window grows

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

XV MPD Collaboration Meeting, April 15-17, 2025, Dubna, Russia

Y. Huang (STAR), QM 2025



Rapldlty Scan of Proton Factorial Cumulant Ratios

0.05|

1 115GeV 1 146GeV 1 173GeV 1 1QGGeV T 27 GeV
0 e e e
o o O (o)
-0.1 1 1
_0'15-. . . . : . . .
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Rapidity Acceptance y™
1. Test using parameterization of «, / K| = A(AY)"land A(Ay) (Ay =2y

2. k, / k follows a power function of Ay
. . B. Ling, M. A. Stephanov, PRC 93, 034915, (2016)
3. The power index lower than expected (n — 1) in case of Ay << Ay.orr v, Huang (STAR), QM 2025
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Finite-Size Scaling (FSS) Study

1l Voo T 0048 (GeV) — 004~ STAR Preliminary ;E N
- y=1.237v=0.630 i 3 & | Au+AuColiisions @ RHIC z ]
- \/ﬁ(?GeV) ] 2 5| W=0.4
l o 5 002 w0 -
< . £ 8115 =
S STAR Preliminary ﬁ ks E (51727 Gev & :
ok o 290 . R ] weos B
: y =3.682x(x" " SR - o | b 058 ! i % - i
= " - © 0 o O J{_
¢ 50,02 ¥ ¥ 1
10— R/ i — o~Y-Ye— ] X ]
- o E L
I M ' N i 0.549 GeV ST 68% Cl B
e I | | | | I | N -0.04 — M in FSS Analysis —
_12I 1 1 _1 1 1 I_O.8I 1 I_0.6I 1 I_0.4I 1 I_O]?/IV 1 1 0 1 1 I()2 1 1 I04 0 | 0.|2 | 0.|4 | 0.|6 | 0.|8 | ;-
(g g [ Hg, X W M (GeV)
1. FSS study introduces pg . = 64872072 MeV from this work HADES, PRC 102, 024914 2020
//lB,c = 625i60 MeV based on BES-I results When FSS pI'OpOSGd A.Sorénsen, P.S(;rensen, arXiv:2405.10278
C,(W, ug,) Y. Huang (STAR), QM 2025
Susceptibility y,(W, ug,) = 3 with rapidity window size W and freeze-out parameters T, u, dV'/dy
T W dVs, [dy

Parameterization uses critical exponents y, v
2. Linear fits for binder cumulants U, = =3 C, / C22 provide an overlapping ug region consistent with FSS
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Proton Number Fluctuations from 3.2-3.9 GeV
(BES-Il FXT Mode)

Since QM 2025
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Proton Acceptance

9 @
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o TOF improves purity but reduces acceptance coverage and efficiency
o A gap between bTOF and eTOF contributes more to the mid-rapidity
window at higher energy

o In case of mixed use of slow (TPC) and fast (TOF) detectors, pileup distorts
the measured fluctuations and cannot be corrected for
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Proton Acceptance
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Centrality Determination

VS_NN = 3.5 GeV fitrange =[23,200]

x2/ndf = 4.20

\ISNN = 3.9 GeV fitrange =[27,200]

x2/ndf = 3.60
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FXTMult3: multiplicity of charged particles with no # cut, including

Low-momentum positively charged particles excluding protons
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Energy Dependence of (Factorial) Cumulant Ratios
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1. Decreasing C, / C, and «, / K1, increasing C, / C, and k5 / K| as energy increases
2. UrQMD calculations for half mid-rapidity (including acceptance gap) and full mid-rapidity reproduce trends of data
3. C4 / C, agrees well with UrQMD, while 2nd and 3rd orders show clear deviations
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Significance of Deviations from References
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Summary
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1. Precision measurement of (net-)proton number fluctuations in Au+Au collisions at
\/Say = 3.2-3.9 GeV and 7.7-27 GeV from RHIC-STAR BES-II

2. Compared to non-CP refs., central C, / C, shows a max. deviation at /sy ~ 20 GeV (2-50).
3. FSS and Binder cumulant studies introduce an interesting region of yz; ~ 600 MeV.
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Outlook: Other Observables
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Charged-hadron intermittency (v): BES-I Baryon-strangeness correlation (Cyz¢): BES-I/II

Non-monotonic behavior or deviation from references around 20 GeV

STAR, PLB 845, 138165 (2023)
H. Feng (STAR), QM 2025
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Outlook: Future Facilities/Experiments
Crucial for high baryon density
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