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Introduction: QCD Phase Dlagram

> QCD phase transition sPs AGs __sis osA

‘ RHIC | RHICFXT ! W—Wﬁ
> Hadronic phase & QGP phase e T =
= Quark-Gluon Plasma

o Crossover at small ug (ug / T <2)
- Expected by Lattice QCD
T, =156.5+15MeV at uyg =0

Temperature T (MeV)

> First-order phase transition at higher pg
o Predicted by QCD-based models

> Critical point (CP)? 0 . | CEOO o Pt 10f[>.0 M V1500
> Conjectured to terminate first-order phase boundary aryonic Chemical Potential ug (MeV)

B. Mohanty, N. Xu, arXiv:2101.09210
Y. Aoki et al., Nature 443, 675-678 (2006)
HotQCD, PLB 795, 15-21 (2019)

o Critical physics goal: search for and locate CP, understand QCD phase structure
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Introduction: Theoretical Exploratlon of CP

Location of crossover 00— —_

Prediction from Lattice QCD at small pg ;:—LQ”(T;) T
150l u W LQ-lurer-z002) _
% O o e f% # AVl
Location of critical point p e S
Sign problem of Lattice QCD at finite up *§ 1001 LSMpncamms &R%”CDBH; T )
Various predictions from models with % F COPr 1500 .
approximation/assumption/estimation = 50f . chemion frese.cut ST — )
Wlde I'CgiOIlZ - Lattice-QCD crossover e e
T =40-180 MeV, b ]
pry = 2001100 MeV 0 200 400 600 800 7000 1200

Baryon Chemical Potential M (MeV)

Crucial to search for and locate CP in experiments

A. Pandav et al., PPNP 125, 103960 (2022)
Fan Si (USTC) Experimental Methods and Results of Fluctuation Measurements at RHIC 4/44



Introduction: Experimental Scan of Phase Diagram

Scan QCD phase diagram by varying /sy
Lower energy = lower T, higher ug at chemical freeze-out

LHC: {/sny at TeV-level, ug ~ 0

RHIC-STAR
Collider: /sy = 200-7.7 GeV, ug = 25-420 MeV

FXT: /syn = 13.7-3 GeV, pg up to ~750 MeV
NICA-MPD: /syn = 114 GeV, ug up to ~620 MeV

FAIR-CBM, HIAF-CEE: pug up to ~800 MeV

0.2

0.15

1, (GeV)

10 100
Vs (GeV)

J. Cleymans et al., PRC 73, 034905 (2006)
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Introduction: Observables

Correlation length & and rth susceptibility y, , of conserved charge ¢ = B, 0, .S
Expected to diverge at CP

T crossover (5\3 = | Q)
Reduced by effect of finite size/time

Significantly influence higher-order fluctuations

1st order

C, ,: rth-order cumulant of event-by-event g

. 1¢
5r/2-3 freeze-out points equa
CI‘ ~ 5 Vs /s
1
Cr,q VT Xra 1eT/A%*10° X b

C,, / Coy = Xrg / Xs.q» trivial volume dependence cancelled 1

. . . . , 08 | NJL model
Direct comparison with theoretical and model calculations 0.6 /
04 r 7 ’

. 0
K, ,+ rth-order factorial cumulant
Quantification of r-particle correlation
Usually normalized to «, ,/k

4 M. Stephanov, PRL 102, 032301 (2009)
M. Asakawa, PRL 103, 262301 (2009)

H.-T. Ding et al., Int.J.Mod.Phys.E 24(10), 1530007 (2015)
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Introduction: (Factorial) Cumulants

N': event-by-event net-proton/net-charged-hadron/net-charged-kaon number (proxy for B, Q, .5)

U, = ((N — (N))"): rth-order central moment
Cumulants: /\ /\
C1 —H = <N > >

C2 — 62 = Mz Negative skew 3 Positive skew
C. = So° = U skewness S = pj3 / o~ < asymmetry
3= - M3

Gaussian: C, =0 (r > 2)
Poisson: C, =C, kx, =0(r> 1)

C, = «xo" =,u4—3,u§

CS = Hs5 — 10:“3/"2 Skellam (Poisson — Poisson):
Ce = e — LSpyp, — 10/45 + 30/4; Codd/ Cotd = Ceven/ Ceven = |
Factorial cumulants: kurtosis x = p, /0" — 3 < peakedness
e LRI S
©n=G-C L]
Ky = (3 = 3C, +2C, LR Y A U
ky=C4 —06C; +11C, - 6C, oal A
ks = Cs — 10C, + 35C; — 50C, + 24C, -\ :
ks = C, — 15C; + 85C, — 225C, + 274C, — 120C, NN SN, N

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

<
-

baseline
4

Wygp — W

o Larger acceptance = larger signal
> More correlations included

Y

1.0 — KB
—  Pre(0,2)GeV . .
0.8/ — Pre(0.4,2)GeV > Crossover signal: negative Cs and C
[ — Pt € (0.4,0.8) GeV gNN [GeV]: 2.00 62.4I 54I.4 3.9 2.7
) 3 06; NLO, R, (Tpo)
SEN 1| REa(Tro
3| 3 0.4 STAR preliminary: RE, £
[ 0L Lattice QCD |
0.2 i
I -1
0.0
0 1 2 3 4
Ay 2
B. Ling, M. Stephanov, PRC 93, 034915 (2016) . . . . . . R'132=IIVIB/O§
A. Bazavov et al., PRD 101, 074502 (2020) B30 01 02 03 04 o5 o6 o7 os

M. Stephanov, Acta Phys. Polon. B 55, 5-A4 (2024)
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Introduction: STAR Detector System

 jammanY |

) fite

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

EPD, iTPC, eTOF
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200
62.4
54.4
39
27
19.6
14.5
11.5

7.7
3 (FXT)

BES-I: Net-Proton Number Fluctuations

2010
2010
2017
2010
2011
2011
2014
2010
2010
2018

238
47
550
86
30
15
20
6.6
3
140

25
75
85
112
156
206
262
316
420
750

Ratio C,/C,

Non-monotonic energy dependence of C, / C, 3.10)
Deviation from non-CP models showing monotonic trend

C, / C, from 3 GeV shows agreement with UrQMD
Predominantly hadronic matter
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HADES (0 - 10%)
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Central Aul+ Au
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(0] net-proton —
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- e
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|

Collisions
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E'iﬂ’(05<y<o) U net - pr ot on_|
0. - OM
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2 5 10 20 50 100 20

Collision Energy \s,, (GeV)

M. Stephanov, PRL 107, 052301 (2011) i
STAR: PRL 127, 262301, PRC 104, 024902,
PRL 128, 202302, PRC 107, 024908

HADES: PRC 102, 024914 (2020)
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BES-I: Net-Charge and Net-Kaon Fluctuations

No clear centrality dependence
in C;/C, or C,/C,

Monotonic energy dependence
of the three cumulant ratios

Large uncertainties based on
the BES-I statistics

Fan Si (USTC)

a) Net'charge

3 Au+Au *,

- m<05 ..

ok * C,/C,

T “2

b)

- G)

; * 0-5%

3 2 %9 NeD

5* C/C i,

SEP w ., Lz 70-80% Poisson
56 10 20 30 100 200

\/SNN(GeV)

STAR, PRL 113, 092301 (2014)
STAR, PLB 785, 551-560 (2018)

M/ o2
o ©o
=

0.03 |
0.8}
0.6 |

o 0.4

0.2

N W

O 70-80% STAR
0-5% Poisson

gw(a) Net Kaon
55 ) o
L (5) o 05% STAR _

0-5%

B 05% UQMD

NBD

©

0.2< p. < 1.6 GeVlc, ly| <05 ]

78 10
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BES-I: Net- Proton Hyper-Order Fluctuations

pp [MeV] of o o i T
S P E L S s o 10 (a)C/C sof ¢ (b)C/C 1o0f ¢ ()C/Cz-
B 4__ = O Data (0-40%) _ 20: & Au+Aul\(l:oII|S|ons : . B
2 b - I . ] [ et-proton ] [ _'
_ O Data (50-60%) | : 0.4<p <20GeV/c ] o 003%03—@——6_
N 1 STAR 1 10} 1 | g oo
-\, | | -100f 0
S| | T Copsmmemmw] of ---2Pagedeag) | % o
oF-—-—=—="=—==—= == —=—+ ! % ] I 0-40% 50-60% ]
A R R R 1o S E T R _200: N
T i 2 4 10 20 40 100 200 2 4 10 20 40 100200 2 4 10 20 40 100200
T ' Collision Energy |s,, (GeV)
20 . .
FRG calculation BES-I {/syn = 7.7-200 GeV (ug = 420-25 MeV)
Ofp=—-fg=-—=--o oo ————— I . . .
22 Ce / C, (040%): increasingly negative as energy decreases
el 1 Trend consistent with LQCD and FRG calculations
ot : Fixed-target /sy = 3 GeV (ug = 750 MeV)
e e e . Cs / C, and Cg / C,: positive signs reproduced by UrQMD
Vsnn [GeV] FRG: W.-j. Fu et al., PRD 104, 094047 (2021)

STAR: PRL 127, 262301 (2021), PRL 128, 202303 (2022)
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BES-II: STAR Major Upgrades

Inner TPC (2019+)

- iTPC Run2019
6 TpC Run2018 +
0.14 e
._§ 012 . :
e tg
0 C % ° *
§ 0.08— . ~ Sob
z 0.06;—
w - Better dE/dx resolution
*» Larger acceptance
L R S xS % S N E I R X
n
1400:—
12005— ® (TPC sector
C ® Regular sector
1000[—
& L
l;iaoo:—
S F Lower p; threshold
éOOf—
=
0:

N T RO A
0 02 04 06 08

Ll
1

P T s 1
12 14 16 18 2
pr (GeV/c)

End-cap TOF (2019+)

P, (GeVrc)

Time
' ’Projection

Chamber

111l
-1 —08-06 -0.4 —02 0 02 04

) .

Event Plane Detector (2018+)

o 0 Better EP resolution
= E AutAuat Sy = 27 GeV -
Dj 0.5 v, <50 cm ) i
“E STARpreIlmmary A D e AN .

0.4~ A ]

: vy 5

0.3_— = v v 2 EPD -]

. v vy |vBBC |d

02— . -

- v ]

o1 Y \

0:| TN A AN | MR B P BT I R S S N B A S A M| s 1y \:

0 10 20 30 40 50 60 70 80
% centrality

Y. Yang (STAR), NPA 1005, 121758 (2021)
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BES-II;: Data Sets

& é\’?o‘?‘voc:” & «C’/’co@\%«?%\ «;’0 of AN @ & W o oy o [Sun(GeV) s
/E-\ 10° Igr STAR Au+Au Collisions .BES-I .BES-II (collider) @BES-II (FXT) E Used Events (1 0 )
o 10°E Results ready Analysis |
g : ongoing | 27 156
L|>J 102 = X 92 5 5
e g 19.6 15 270 206
. 10 E
I T 73 / 116 230
1 & Sl g &l 9
0 100 200 300 400 500 600 700 800 14.6 20 178 262
b, (MeV) 11.5 6.6 110 316
- Beam Energy Scan (BES) Program (Au+Au) 9.2 / 78 372
o BES-I (including 3 GeV FXT) 7.7 3 45 420
o BES-II (collider mode) o
- BES-II (fixed-target mode) o Larger statistics: X 7-18

o New energies: 9.2 and 17.3 GeV
o3 < 4/snn (GeV) £200 = 750 > ug (MeV) > 25: high precision, widest ug coverage to date

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Net-Proton: Centrality Determlnatlon

Two multiplicity definitions with different acceptances SEEREL T
i Au+Au at \s,, = 19.6 GeV s Refmult3 (BES-II)
T a 0-5% .
BES-| BES-| BES-| g STAR  — ramuox es -
w/o iTPC w/ iTPC w/ iTPC "g 10k Petmult3 (BES) 2
] < 1.0 ] < 1.0 | < 1.6 s f :
(0]
o Measured charged-particle multiplicities for centrality £ 10°F E
o (Anti)protons excluded to avoid self-correlation 2 - ]
B 107°F =
21 C P BT 3

T

=
(3]
T T T T T

o
&

[V.] <1cm

o
BLUBLELEL

. Charged Particles

200

Transverse Momentum p_ (GeV/c)
'—\

-2 -15 -1 -05 0 05 1
Pseudorapidity

1 1 1 1 1 I 1 1 I 1
400 600 800 1000
Refmult3/3X

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
Y. Huang (STAR), RHIC/AGS 2024
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Net-Proton: Centrality Determination

Two multiplicity definitions with different acceptances e I L

i Au+Au at \s,, = 19.6 GeV s Refmult3 (BES-II)
[= - 0-5% ]
BES-| BES-I| BES-I| S f STAR e Refmuiax (ses-1) -
L e Glauber fit i

. . - e ~N = 0-5%

w/o iTPC w/ iTPC w/ iTPC g 108 Refmulta (BES-) 3
In| < 1.0 In| < 1.0 In| < 1.6 % ]
g -
o Larger multiplicity = better centrality resolution g 107°F E
o ]
o RefMult3X > RefMult3 (BES-II) > RefMult3 (BES-I) = ]
10°F | | | 1 b E

10 N -- Npcemat — N, (ReiMultBcent) — N, (ReiMultaX cent) 200 400 600 800 1000

z | UrQMD Au+Au Collisions at |s,, = 19.6 GeV Refmult3/3X

< In UrQMD, RefMult3X cent. has
o Thinner N, distribution

> More common events with N, cent.

T Lo 1l

200

N

IS OV
: : | { .
‘\ﬂ R T R
300 A. Pandav (STAR), CPOD 2024
part Y. Zhang (STAR), SQM 2024

Al
.bﬁ
ﬁ | ] |LF u
0 10, Jo
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Net-Proton: Particle Identification

o (Anti)proton acceptance in this analysis: ©
0.4 < pr (GeVie) < 2.0, |y| < 0.5 E 2
PID selection criteria for protons and antiprotons \;n— i
pr (GeVic) 0.4-0.8 0.8-2.0 s |
-]
Rapidity ly| < 0.5 te :
&
Detector TPC TPC+TOF g 1
TPC dE/dx |16 proton] < 2 = r
Q TPC |18 #8 18 8 1% 8 1% 8 18 1%
LC e / 0.6-1.2 2 | _
(GeV?/c*) o 9
n Acceptance: Purity:
C —y > 0:V, (48, 50) cm Proton
© y < 0:V, O(-50, -48) cm Antiproton
I: O 1 ] 1 1 1 ] 1 1 1 1 1 1

o Uniform (anti)proton acceptance | 0.5 | 0 0.5
in |y| < 0.5 within |V,| < 50 cm (Anti)Proton Rapidity y
o Bin-by-bin proton/antiproton purity > 99%

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Event-by-Event Net-proton Number Distributions

Raw net_proton number O 1I_ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_
distributions from BES-II B AutAu Collisions at RHIC
B 0-5% Centrality, |y| < 0.5 -

Uncorrected by i .

0.4< p_< 2.0 GeV/c

detector efficiency 0.08

0.06
Mean increases with
decreasing collision energy

Effect of baryon stopping 0.04

Normalized Number of Events

0.02

Net-proton (A N, = N, - Nﬁ)

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Efficiency Correction

X!

x!I(X —x)!
g: efficiency (binomial probability); X, x: true and measured particle numbers

Ex(l _ E)X—x

Assumed binomial response of efficiency: B, x(x) =

Efficiency correction on track-by-track basis

CCOH = (d0.1)).
COIT
¢, < qa. 1)> +{den). ~ (den).
37 = < 9, 1)> +3 (danden). —3(danden ) + (o). —3(d62) +2 (960
CCOIT
.
dirs) = Zf | Where a; and g, represents charge and efficiency of the ith track

Differential dependence of efficiency on event and track variables considered

Event primary vertex position, centrality, track p; and rapidity

T. Nonaka, M. Kitazawa, S. Esumi, PRC 95, 064912
X. Luo, T. Nonaka, PRC 99, 044917 (2019)

Higher efficiency with iTPC than BES-I, particularly at low p; 8 He X Luo, CPC 42,104001 (2018)

F. Si, Y. Zhang, X. Luo, CPC 45, 124001 (2021)
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Centrality Bin Width Correction (CBWC)

62.4 GeV

Positive correlation between initial volume and final multiplicity 08 awe

15F « no CBWC A 10%
- E L no CBWC A 5%
O 10F ¢ noCBWC A25%

Volume varies within a centrality class defined by multiplicity 32

Stronger volume fluctuation within a broader centrality class

Cumulants are calculated in each signal multiplicity bin
as the finest centrality class

Averages are taken within a broad centrality class
Z n,C,;
= 2 w;C, ;

n;: number of events in ith multiplicity bin

w; = n,-/Z,- h; ©

C. =

r

X. Luo, J. Xu, B. Mohanty, N. Xu, JPG 40, 105104 (2013)
STAR PRC 104, 024902
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Statistical Uncertainty Estimation

Analytical formulae: derived by covariances with various terms of correlations

Error (65“) = \/ Var <6f°“> = Cov (é\f"”, 6;’“)
A~ A~ 1C + /‘E B —Itruei/alue | -
Cov <Cf0rr, C§0H> 05 . £:+SS & 3pl ¢ analytical uncert. -
) ¢ bootstrap uncert.
A A A A ) B N
& Var(Cr> c? Var(CS> 2C, Cov (Cr, CS> 8 a0l H, 10 .
Var| — = — + 7 — - N ]
C; Cs Cs = S 10/ -
Bootstrap method: computation-intensive approach OH % B
By randomly resampling real data B times ettty @ ]
2 we W Wy W W
i B i B c, ¢, C, C, C,jC,C,C,C,C,
Var((I)) = ﬂ (Db — E 2 (Db/
7 b=l br=1
. e . . . . . . . X. Luo, PRC 91, 034907 (2015)
Statistical fluctuations including intrinsic correlations reflected F. Si, Y. Zhang, PRC 105, 024907 (2022)

Statistical uncertainties estimated through analytical and bootstrap methods are comparable
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Systematic Uncertainty Estimation

Cuts are varied to study systematic variations in results
Track quality cuts
PID cuts
Efficiency varied by a factor of 2% (5% without iTPC in BES-I)

Barlow check applied to suppress statistical contributions

2 2 2

For each varied cut, Yy =Y. — Yy, © stat,diff — |Pstat,var — Ostat.def

var

: 2 2
Barlow check requires Y. > 0 yirr

2

. . . . 2 _
Systematic contribution o, = \/ Y i — Ot dify

R. Barlow, arXiv:hep-ex/0207026
Fan Si (USTC) Experimental Methods and Results of Fluctuation Measurements at RHIC
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Improvements in BES-I|

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

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
Better systematics Sys. 3.2 4
Tracking and PID performance improved by iTPC
Efficiency uncertainty suppressed from 5% down to 2%

Better centrality resolution
Low-p tracking enhanced

Acceptance expanded

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Centrallty Resolutlon Effect in UrQMD (19 6 GeV)

30
20

10

0

30f :
L C, UrQMD Au+Au Collisions :

YSuy = 19.6 GeV

20}

L C

. 3
s

- 20_

Net-Proton, ly| < 0.5
O4<p (GeVic)<2.0

30 oor A
[c, : ¢ + 1 & @ ]

0 A A

80 70 60 50 40 30 20 10 5 O

— Npo

REMUIE3E (J7<1.0, £=0.779) |

—« RefMult3 (J7|<1.0)

—— RefMult3XE (|7|<1.6, &= 0779k
—es— RefMult3X (|n|<1.6) N
RefMult3A (full phase space)

1.4

i+

07k

A \% ﬂi

06l

. [ AR B
500 1000 1500

multiplicity

80 70 60 50 40 30 20 10 5 O

Centrality (%)

80 70 60 50 40 30 20 10 5 O

80 70 60 50 40 30 20 10 5 O

1. Better centrality resolution = lower cumulants/ratios (especially in mid-central events)
Results from RefMult3A < RefMult3X < RefMult3XE < RefMult3 < RefMult3E
2. A saturation of centrality resolution effect observed comparing results from RefMult3A and RefMult3X

Measurement using RefMult3X is supported

3. For 0-5% C, / C,, weak effect of centrality resolution

Fan Si (USTC)
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Cumulants vs. Centrality and Collision Energy

Net-proton Cumulants
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A. Pandav (STAR), CPOD 2024

Y. Zhang (STAR), SQM 2024
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Cumulant Ratios vs. Centrality and Collision Energy

of

7.7 GeV 1 9.2Gev T 11.5GeVv 1 146 Gev T 17.3GeV T 19.6 Gev 1. 27Gev
i | lae 20" ey %, 2050 5 0,
E (]
1@@-& &g g—-%ee—é % o —9—--%@ . 'n au---%ﬂg B-§5-1- 200.¢ o @H-4- - - Qeem} ]
0.5:-: =4 T } ' ' '
C 3/C 5 Au+Au Collisions

ST 5 B Taboe e o 3 T o o T f Tt
| %EM $ 88, 1008 U E oo § 85 |00 0 0o 999 B Ba

1 ¢ BES-Il (Refmult3)
0.5F 1STAR T ® BES-Il (Refmult3aX) T T04<p, <20GeVlct Lo © 9 R

O BES-I (Refmult3) lyl<0.5

1.5F } 1

T TICN A "::%e@ﬁ,_wgzi-wmig.-

Average Number of Participant Nucleons (N__ )
part

Net-proton Cumulant Ratios

0.5

1. Precision measurement: smooth 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)
A. Pandav (STAR), CPOD 2024

3. For 0-5% C, / C,, weak effect of centrality resolution Y. Zhang (STAR), SQM 2024
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Comparison of C,/C, with BES-

I I L I I I I I LI I I
Deviation between BES-II and BES-I results | Au+Au Collisions at RHIC Centrality: Refmult3 _
Net-proton, |y| < 0.5 O BES-I: 0-5%
Vs (GeV) 70-80% o« 3 OATPrT0CeE 0 BES-:70-80%
77 100 0.9¢ Q | STAR ® BES-II: 0-5% ]
O 0 BES-II: 70-80%
11.5 0.40 1.30 o L i
S
14.6 2.20 2,50 x| % _
19.6 0.70 0.00 8 I .
2 1 C®Ton © B ®
27 1.40 0.20 e | ; s @5 |
O LY
| LT _
_l 1 1 1 L1 1 1 I 1 1 1 1 1 L1 1 I 1 ]
3 10 30 100

o BES-II results consistent with BES-I

mostly within ~1o Collision Energy |s,, (GeV)

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Effect of Centrality Resolution on

For C, / C, at 70-80% centrality, clear
deviation between RefMult3/3X

Smaller difference at higher energy

For C, / C, at 0-5% centrality, results from

RefMult3 and RefMult3X show good
agreement with each other
Weak effect of centrality resolution

Fan Si (USTC)

Cumulant Ratio C4/C2

C,/C

Au+Au Collisions at RHIC
Net-proton, |y| < 0.5
04< p. < 2.0 GeV/c

O Data: 0-5%, Refmult3
¢ Data: 70-80%, Refmult3 4
@ Data: 0-5%, Refmult3X

¢ Data: 70-80%, Refmult3X

=
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30 100
Collision Energy |s,,, (GeV)

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024

28/44



Comparison of Energy Dependence with Models

Smooth energy dependence observed

in C,/C, & C;3/C,

C, / C, decreases with decreasing energy

Non-CP models used for comparison
1. Hydro: hydrodynamical model
V. Vovchenko e al., PRC 105, 014904 (2022)

2. HRG CE: thermal mo

treatment of baryon charge
P. B Munzinger et al., NPA 1008, 122141 (2021)
3. UrQMD: hadronic transport model

del with canonical

Cumulant Ratios

S. A. Bass et al., PPNP, 41, 255 (1998)

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Net-proton cumulant ratios
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Comparison of Energy Dependence with Models

(Anti)proton factorial cumulant ratios

Smooth energy dependence observed

in C,/C, & C;3/C,

C, / C, decreases with decreasing energy

Non-CP models used for comparison
1. Hydro: hydrodynamical model

V. Vovchenko et al., PRC 105, 014904 (2022)

2. HRG CE: thermal model with canonical
treatment of baryon charge

P. B Munzinger et al., NPA 1008, 122141 (2021)

3. UrQMD: hadronic transport model

S. A. Bass et al., PPNP, 41, 255 (1998)
Proton x ratios deviate from Poisson

baseline at 0

Antiproton /x| and k,/k; closer to 0

Clear deviations in net-proton C, / C,
and proton x ratios from models

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Net-proton cumulant ratios
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Comparison with Expected Critical Signature

o Left column
o Positive/negative contrib.
to cumulants around CP

> Middle column
°w, = K, / x, of protons

o Qualitative consistency

° Ky / x: Decrease likely
interrupted below 11.5 GeV

o K3/K11 peak at ~11.5 GeV

> k4 /K2 dip at ~19 GeV,
enhancement at lower energy

SNN

R
>

wsritical 1 (baseline)

SNN

Y

critical

ﬁ
n=3
T
T KB
e
=

SNN

Y

critical

(Antl)proton factorial cumulant ratios

STAR

pe O =
— , BES-Il  BES-I UrQMD  Hydro
02— 9 O O Ly ]
0
i) l .
T L ) K3 0-5% Au+Au Collisions
E @) Ky (anti-) proton, lyl < 0.5
c
& 0.051 E 0.4 <p, <2.0GeVrie
2 %
5 ]
©)
© 0
S
i)
O
©
L

0.5

0.25¢+

-0.25}F

100

A. Pandav (STAR), CPOD 2024 . e 55

Y. Zhang (STAR), SQM 2024 . LB .

M. Stephanov, arXiv:2410.02861 Collision Energy s\, (GeV)
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CoII|S|on Energy Dependence of C,/C,

T

T IIIIIII

Au+Au Collisions at RHIC

[ Net-proton, lyl < 0.5

0.4 <P, <2.0GeVrc

IIIIIII

@ BES-II: 0-5%
O BES-I: 0-5%
{ BES-II: 70-80%

Al
Q i O BES-I: 70-80% T
N STAR
o 1 %
T o ST G )
T ] ? 0_000- ; % Q‘%b _
S + ® %5
= | -
8 =) Hydro
i sV -- HRG CE |
*8 7 UrQMD: 0-5%
o ad
_1—1 | | \1/ Ll 1 1 I oLl 1 —
3 10 30 100

Collision Energy \sy, (GeV)
C, / C, (0-5%) shows a minimum at 4/s\y ~ 20 GeV w.r.t non-CP models and 70-80% data

A. Pandav (STAR), CPOD 2024
Y. Zhang (STAR), SQM 2024
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Quantitative Deviations of C,/C, from Non-CP Refs.

T T T T L l T T T T LI l T E T T 1 T | I T T ] I |
Au+Au Collisions at RHIC @ BES-II: 0-5% Sa 21— AU+AU 0-5% —
2r Net-proton, lyl < 0.5 O BES-I: 0-5% N E < v
04<p, <20GeVk 0 BES-II: 70-80% E 04,20 e, <05
Al
@) i O BES-I: 70-80% 1 =
G* S TAR 8o - ,,’ { .
o 1 ; as Y /
= o 3.. 0%3» """"""" f o £ I
T | ? i Y g ] 1 IO T S
E + ® %5 | A *
E O — ;
8 _ Hydro - ‘ —— Hydro+EV
B c Vv ---HRG CE - —— Hydro
2 g UrQMD: 0-5% = HRG-CE
Q &s —— UrQMD
_1T 1 1 \l/ 11 1 ll 1 1 1 1 11 1 ll 1 ] 0 . l — Il I I l l e l
3 10 30 100 3 10 30 100
Collision Energy \syy (GeV) Collision Energy |s,, (GeV)
C, / C, (0-5%) shows a minimum at 4/s\y ~ 20 GeV w.r.t non-CP models and 70-80% data
Maximum deViatiOIl around 20GeV:3.2-4.7c (1 320 at BES-I) A. Pandav (STAR), CPOD 2024
Overall deviation from 7.7 to 27 GeV: 1.9-5.4¢ (1.4-2.2¢ at BES-]) D NPl 2o
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Quantltatlve Deviations of C4/C2 from Non-CP Refs.

T T T L I T T T T LI I T | T T T T | T T T T T TTT | T — ]
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C, / C, (0-5%) shows a minimum at 4/s\y ~ 20 GeV w.r.t non-CP models and 70-80% data
Maximum deviation around 20 GeV: 3.2-4.7¢ (1.3—20 at BES-I)
A. Pandav (STAR), CPOD 2024

OVerall deViation fI‘OIn 7.7 to 27 GGVZ 1.9-54¢ (1 4—220' at BES-I) Y..Zhang (STAR), SQM 2024
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Summary

Precision measurement of net-proton number fluctuations from STAR BES-II, including
collision centrality and energy dependence at /sy = 7.7-27 GeV

Compared to BES-I,
better statistical precision, better control on systematics, better centrality resolution.

Compared to non-critical references (models and peripheral data),
central C, / C, shows a maximum deviation at 4 /sy ~ 20 GeV (3.2-4.70).
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B. Ling, M. Stephanov, PRC 93, 034915 (2016)
Y. Huang, RHIC/AGS 2024
J. Brewer, S. Mukherjee, K. Rajagopal, PRC 98, 061901 (2018)
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Outlook: Hyper-Order Fluctuations

Collision Energy 4 /Sy (GeV)

/2 .
gl,N [GeV]: 200 62.4 54.4 39 27 200 39 77 3 o 63B 186B
T T T T T T T T T T —TT T TT = E
L . [4v] =
NLO, RE(T - 05<y<0 = -
21( pc) 100 | C6/C2 = (]CJ 102 :E ------ CG‘/CQ
1r R62(Tpc) 1 B ] "‘: C g
. BP - Au+Au at RHIC: Net-proton 0 - X 10 00 0.08 000,
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Measurement of hyper-order fluctuations with better statistics
Sensitive to crossover signal
Vulnerable to backgrounds
Hungry for statistics

: : S : _ A. Bazavov et al., PRD 101, 074502 (2020)
Could provide higher precision in BES-II STAR PRL 130, 082301 (2023)
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Outlook: Extended Energy Range (FXT)
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W.-j. Fu, X. Luo, J. M. Pawlowski, F. Rennecke, S. Yin, arXiv:2308.15508
Fan Si (USTC) Experimental Methods and Results of Fluctuation Measurements at RHIC 38/44



Challenge: Proton Acceptance in FXT Data Sets

VSN = 3.0 GeV g [
(O
’(\_T i : I :I— 2[
> L
! 3
:'_ 2- 1.5E
£ f
1.5} > i
% "Projection
=
< |
1_ I s Standard GeV
E— — tandar s..=7.2 Ge
E % (3’ " analysis m
S - window
—
0.5[ OT TPEC 3 w;
S
c | Data not
- O | | i V. - ™
0 4 0 1 . v - L i available
y-ycm
Y W R Y B R R Yy S R Sy S R TRy Sy Sy S Ry Sy W gy Wy TR R
YYem YYem VY., YYom
: : . Z. Sweger (STAR), QM 2023
o Default analysis window: 0.4 GeV/c < pr <2 GeV/e, —=0.5< y <0 ger (STAR), Q

> Not fully covered by detectors for /sy > 4.5 GeV

> Might be extended to |y| < 0.5 for 4/syny = 3 GeV (Run 21 with 1TPC)
o TOF PID required at high momenta with low proton purity: a gap between bTOF and eTOF
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Challenge: Half Rapidity Window in FXT anaIyS|s
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Challenge: Volume Fluctuation at Low Energy
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o Small charged-particle multiplicity at low collision energy
o N,y varies a lot within a centrality class defined by multiplicity

> Bad centrality resolution with large volume fluctuation
> Volume fluctuation correction (HADES, PRC 102, 024914) could help suppress such effect

STAR, PRC 107, 024908 (2023)
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Outlook: Other Observables
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Outlook: Future Facilities/Experiments

More experiments for the physics at high baryon density are anticipated.
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