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Phase Transition & Critical Point
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1. Phase transitions can be illustrated with the water phase diagram, including a
critical point;

2. Near the critical point, diverging correlation length and enhanced density
fluctuations lead to critical opalescence (ethane example).
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Phase Transition & Critical Point

Y. Aoki, et al: Nature 443 675 (2006)
HotQCD: PRD 85 054503 (2012)

S RGeS SSOSR . , , X. Luo, et al: Particles 3 278 (2020)
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1. Matter at extremely high temperature and density becomes deconfined: quark-

gluon plasma (QGP);
2. Study the transition between hadronic matter and QGP: QCD phase diagram;

3. Experiments probe the phase diagram along the chemical freeze-out curve.
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Phase Transition & Critical Point

150

100}

S0

00000000 444

L X X 4

— L1:PRD 95, 054504 (2017)

Lattice QCD

L2:JHEP 04, 050 (2004)
L3:NPA 904, 883c (2014)

FRG

F1:PRD 101, 054032 (2020)
F2:PRD 96, 114029 (2017)
F3:PRD 111, L031502 (2025)

DSE

D1:PRD 90, 076006 (2014)
D2:PRD 94, 076009 (2016)
D3:PRL 106, 172301 (2011)
D4:JHEP 07, 014 (2014)
D5:PRD 90, 034022 (2014)
D6:PRD 102, 034027 (2020)
D7:PLB 820, 136584 (2021)
D8:arXiv 2504.05099 (2025)
Holography

H1:PRD 106, L121902 (2022)
H2:PRD 110, 094006 (2024)
H3:arXiv 2501.17763 (2025)

Lee-Yang Edge Singularity ¢

S1:PRC 110, 015203 (2024)
S2:arXiv 2405.10196 (2024)
S3:arXiv 2504.12964 (2025)

PNJL
P :EPJC 79, 245 (2019)
Thermodynamics

T :arXiv 2410.16206(2024)

200

300

400

500

600

700

800
us (MeV)

1. Extensive theoretical efforts have been devoted to locating the critical point;

2. Predictions in recent years cluster around pp ~ 600 MeV;
3. Experimental confirmation is still required.
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RHIC Beam Energy Scan (BES)
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1. BES-I (2010-2014): Au+Au at 7.7 -> 200 GeV
2. BES-Il (2018-2021): Au+Au at
1) Collider mode: 7.7,9.2, 11.5, 14.6, 17.3, 19.6, 27 GeV
2) Fixed-target mode: 3.0, 3.2, 3.5, 3.9,4.5, 5.2, 6.2, ...,13.7 GeV

3. Up coverage : 25 — 760 MeV
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Beam Energy Scan Phase-Il (COL Mode)

Particle Identification
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Beam Energy Scan Phase-Il (FXT Mode)

Particle Identification (Additional to TPC & bTOF)
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Fluctuation Measures

(Central) Moments €= Cumulants C

M= C,, c*=0C, C, = (N)
(= G K:ﬂ C, = ((6N)*)
(G2 Cs C; = ((6N)’)
C, o G . C, = ((6N)*) = 3((6N)*)*
o MG
%‘ ~ o?

Factorial Cumulants « e Cumulants quantify the shape of

K = C, distributions / fluctuations;
 Factorial cumulants capture
N: Event-by-event multiplicity X2 = — C,+ G, genuine multi-particle correlations.
SN = N — (N) k3 =2C =30, + G
ks = —6C, + 11C, — 6C, + C,
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Fluctuation in Proximity to the Critical Point

- M. Stephanov: PRL 102 032301 (2009
Cumulants of Conserved Quantities (B, S, Q) M. Steghanov_. PRL 107 052301 ?2011j
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1. Sensitive to correlation length & C, ~ &2, C, ~ &';
2. Directly related to the susceptibility: y ¢ = CP>C/(VT?), Ci/Cy = yuly;

n

3. Non-monotonic energy dependence of C,/C, for the conserved baryon number (using
protons as a proxy) indicates the existence of a critical region;

4. Broader energy range and higher statistics in BES-Il will help reveal clearer signals.
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Fluctuation in Proximity to the Critical Point

HotQCD: PRD 101 074502 (2020)

Hyper Order Cumulants: Diagnostic of the Phase Transition W. Fu, et al: PRD 104 094047 (2021)
g,l,{f [GeV]: 200 62.4 54.4 39 27 —— ' r
’ 51 pc 20 | fR -
| “mms o Laco .
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IR Y,
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1. Negative C5/C, and C,/C, indicate the smooth crossover nature of the QCD transition;

2. A 7-18 fold increase in statistics in BES-Il compared to BES-I| will reduce uncertainties and
improve the reliability of the results.
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Fluctuation in Proximity to the Critical Point

B.Ling and M.A.Stephanov: PRC 93 034915 (2016)

Power-law Behavior: Proton Number Factorial Cumulants in Kinematic Scan

5’1 —  Pre(0,2)Gev | very large Ay, .. near the CEP
e . ,ffj(ﬁf;{f’j_;f ;ZV The opposite, small acceptance regime, Ay < AYcorr,
AH n 3| 06 is easier to describe using the factorial cumulants, A,
~leor s S oal because they scale as (Ay)” in this regime. The normal
: cumulants, on the other hand, given by linear combina-
\ 21 ' tions of factorial cumulants in Eq. (3), have a more com-
AYcorr - Y 0.0} — plicated, polynomial dependence on Ay in this regime.

1. Perform a rapidity scan to probe long-range phenomena near the critical point: a wider rapidity
window amplifies their contribution;

2. Near the critical point, within small rapidity window Ay << Ay, ., we expect k, ~ (Ay)";
3. BES-Il offers wide acceptance for long-range studies and high statistics for reliable fits.
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Fluctuation in Proximity to the Critical Point

Extrapolation the critical point via Finite-Size Scaling Method

A.Sorensen and PSorensen: arXiv:2405.10278[nucl-th]

> Net-protons $ 10°F =662 MeV v ~ 0.630 [42]. Based on Eq. (1), if xL /¥ is plot-
o 10°F = F o pW=0.2 ' ]
% 0-5% Central Au+Au > y=1.237;, v=0.630 "= ted as a function of tL/¥, then data for different system
= (S (GEV) S i sizes and values of ¢ should collapse on a single universal
@ 2.4 g Ry curve ®; the crucial insight for using FSS in finding the
= /0/’/*—¢ 02l L_Eﬁ e critical point is that this can only take place when the
(I? ,:W 30 Ot A ox g correct value of T, up ., or (£2). is used in ¢. Thus,
s ‘gﬁ ¥ oW=1.0 scanning ranges of values of 7. or pup . until the data
X . .
A a4 77 i‘ég ¥ collapse occurs provides a valuable method to determine
10 it the location of a critical point.
F Y Yy oy oy 115 oL e 3
PR S S S ¥ S
O---e-e( SRR TETE s WUNNNINP. N PPt &) _ vV 1/v
qp e R P céz --------- gﬂa §24 {3&/=a(-x)b; x2/NDF = 0.21 X(L, t) — L’Y/ (I)(tL / ) y (1)
| | | | I | | I I | l | l | | I | x | I | I
0 02 04 06 08 1 12 T 08 06 04 02 0 02 04
W= ymax- ym|n (MB-MBC)/MBCX W1/V

C,(W, g,
1. Construct susceptibility with measured cumulants and thermal parameters: y,(W, u,,) = Wt

T3 WdVy,/dy’
2. Finite-Size Scaling analysis requires a proper ug . to exhibit power-law dependence;
3. STAR BES-Il provides sufficient statistics for a precise extrapolation.
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Fluctuation in Proximity to the Critical Point

] i i A.Sorensen and PSorensen: arXiv:2405.10278[nucl-th]
Intersection Point of the Binder Cumulant

<+ 0.04
-
‘—g - | W=0.4 1. U,=-3C,/C5;
3 V=06 2. U,(up) in different rapidity window (W) is expected to
o ;fj/ cross at the critical point;
S O 6 W=0.8
3. An ordering change between left (COL) and right
ool BHT (FXT) is observed in STAR BES-I + STAR FXT 3 GeV +
A HADES 2.4 GeV Au+Au collisions;
- LY
_0.04- | Mg, S Work 4. High-precision measurements in BES-II will provide
NA61/SHINE CBM@FAIR : :
BESII@RHIC. STAI? FXT; <> HADES turther insights.
0 02 04 06 08 1
1, (GeV)
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Proton Cumulants @ 3 GeV

STAR: PRL 126 092301 (2021)
STAR: PRL 128 202303 (2022)
STAR: PRC 107 024908 (2023)

41— 'A I(I:elllltlllilll Au +AuICIOIllIlISIll)nS o HADES: PRC 102 024914 (2020)
3_?\; 3 . ni:::icf: %) | 1. Asthe first fixed-target experiment at
O ol 25« D proton B STAR, the 3 GeV measurement explores

av 233 i:] (1Yl <05, 04 <p (GoVi) <20}, the high baryon density region.
S Ay ¥ $ 2. This result is well reproduced by UrQMD
CCKU - = | i 3 - model, indicating being dominated by
Oyt # --------------- S — — hadronic interactions;
- HRG g -
AL ont net-proton| 3. The QCD critical point, if discovered in
) (0.4 < p (GeVic) < 2.0) ¢ proton heavy-ion collisions, could only exist at
Gy '1'0 55— Ep" '11(')0 500 energies higher than 3 GeV.

Collision Energy \s,,, (GeV)
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Energy Dependence: BES-Il COL Mode

—— —— 0 —r—r ————— — . Bass, et al: PPNP 41 255 (1998)
1.5 C4 @ Data (0-5%) CC) 3 L Au+Au Collisions at RHIC | P B. Munzinger, et al: NPA 1008 122141 (2021)
. S TAR o Data (70-80%) = — 0-5%, lyl <0.5,0.4<p_<2.0(GeV/c) — V. Vovchenkov, et al: PRC 105 014904 (2022)
e - © T A ! ~  HotQCD: PRD 101 074502 (2020)
S 2 - T __ 2 C " @ | STAR:PRL135 142301 (2025)
O | & 8 obo---# “A“A“‘A‘@‘ =zl
S i e S0 = C @@A ; % _
+ \ . —
5 0.5 —~ ® | @‘@ g i o Data — Ref.
- - - Hydro EV O | Reference: = EA F 1 Significance =
D . HRG CE - - —3 |— B UrQMD (0-5%) CO, - — O
Z © - HRG CE \ 1 C, - total
ol LQeb - qc:) — A Hydro EV g net-p = —
UrQMD (0:5%) E [ eommemy © C, 1 Data: STAR 0-5% Result
- BES-I| BES-| - D — e —
& O AT » 2 5 10 20 50 100 200
5 10 20 50 100 200 Collision Energy \s,, (GeV)

Collision Energy ys,, (GeV)

1. 4.7 / 3.2 reduction in statistical / systematic uncertainties compared to BES-I;
2. The largest negative deviation occurs at , /sy,=19.6 GeV w.r.t non-CP references with

at most 4.70;
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Energy Dependence: BES-Il COL Mode

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

" ] ]
CC) 3 e Au+Au Collisions at RHIC | P B. Munzinger, et al: NPA 1008 122141 (2021)
A 2 = — 0-5%, lyl <0.5,0.4 <p_<2.0(GeV/c) —H{ V. Vovchenkoy, et al: PRC 105 014904 (2022)
C 4 / C v (= KO ) © T A ! - HotQCD: PRD 101 074502 (2020)
& L 2 & | STAR: PRL135 142301 (2025)
A O ---& --A_A— _ A-@ —@ === —@ —1 M. Stephanov: PRL 102 032301 (2009)
. L @ \ dh ' o
o) C p N o Data — Ref.
(ARE—— basehn@- O _ Reference: @@%A g _ Significance =
- _3 |— 0O UrQMD (0-5%) - __ ol
8 | RREICE \-@.’ ; C4 - total
— A Hydro EV net-p = —
/5 &b e ® P'C, 1 Data: STAR 0-5% Result
1 > » 2 5 10 20 50 100 200

Collision Energy |'s,, (GeV)

1. 4.7 / 3.2 reduction in statistical / systematic uncertainties compared to BES-I;
2. The largest negative deviation occurs at , /sy,=19.6 GeV w.r.t non-CP references with

at most 4.70;
3. A peak at lower energy / higher baryon density? (%)
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Energy Dependence: BES-Il FXT Mode

0-5% Au+Au Collisions at RHIC S. Bass, et al: PPNP 41 255 (1998)

' P B. Munzinger, et al: NPA 1008 122141 (2021)
i - V. Vovchenkov, et al: PRC 105 014904 (2022)
C/C, STAR HotQCD: PRD 101 074502 (2020)
e — STAR: PRL 128 202303 (2022)
i % B i
T ":"_"——-@" QT
i Jod]
O H— — B —
] NI EY
i - Collider -0.5<y<0.5 _
@BESIN e HRG CE
1 [] F:(:h:fjjs';lofo .~ UrQMD -0.5<y<0.5 __ Z. Sweger @ QM2025
‘ ey UrQMD 0.5<y-y_ <0

3 4 5 6 7 8910 20 30
Collision Energy s, (GeV)

1. Systematic uncertainty is greatly reduced compared with the published 3 GeV data;
2. Measurements at , /syy=3.2, 3.5 and 3.9 GeV are consistent with UrQMD model;

3. Experimental results in the 4 — 8 GeV range are crucial;
4. Analysis of 4.5 GeV and Run21 3 GeV (~2B events) is underway.
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Energy Dependence: Hyper-Order Results

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

@ Data (040%) 100 A Corlaione @ Data (0-40%) P. B. Munzinger, et al: NPA 1008 122141 (2021)
R Au+Au Collisions L Data (70-80%) Net t dh Data (70-80%) W FU, et a/.' PRD 104 094047 (202 1)
20 —® PE Net-proton 7] UrQMD (0-40%) i |y|e<-0p;o on 7 UrQMD (0-40%) HotQCD: PRD 101 074502 (2020)
2 <05 ZEZ . o 0.4 < p(GeVic)2.0 T FRG STAR: PRC 107 024908 (2023)
T T HRG CE
i 04 <p,(GeVie)<2.0 ] LacD 50 1 &< .| LacD
L\)F STAR Preliminary (.)N STAR Preliminary
o 10 — o
@ O B

B. Mondal @ QM2025

SRR EE L T L E T CE T

B R R e

PoEAg

. Fopperm — & T ) e e
=y
=
Jass
] ‘
LI LS
O ot : SR RRER e FEEE
1

| | | | | | | | | | | | | | | | I | | | | | | | | | | | | | 1 |
3 10 20 40 100 3 10 20 40 100
Collision energy \s,, (GeV) Collision energy \s,, (GeV)

1. Hyper-order values are close to zero;

2. Within 10 uncertainty, these results (down to 7.7 GeV) are consistent with
negative values predicted by LQCD and FRG for a smooth crossover.
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Rapidity Scan: Proton Factorial Cumulants

_. v T v T v I ._- llllllll T - - T T - - ™ ' - ™ - ' - ™ 7 T i ] B t /.. PPNP 41 2 1
005" 7.7 GeV 9.2 GeV 11.5 GeV 14.6 GeV 17.3 GeV 19.6 GeV 27 GeV g Li’fgséne VA top hano5v5' ,(35(938;3 034915 (2016)
ob oo . A .
~0.05 Q\@\@\@\LQ T G\D\O% T S\O% % % W .{iii
(7p) o) o) O (@)
2 o il \\‘ il |
&6 -0.15 'K2/1<'1 } } L T A R R B S R T S T . S T S T i R T R T I T S T T i S T A . = — Deep red SOIId Curve
c 0Ky T T T s S S T Trimononet T T ' (—): Fittingto y = Ax”
g 1.2 0.9 1.7
£ oosf 1 i 1 1.2 112 21 1 y=0.8
3 |14 (‘" o o o )"i r
9 o &S - - - ___ L o _ ___._ __e-.e.—QTQ’_Of ______ ° i __Qﬁ%_“_.dﬂ.—q_o{'____e:m———__
g . L . 1L | Au+AuCollisionsatRHIC | [ .. |
9 1F / T T STAR Preliminary 0.4<p_<2.0GeV/c
O K4 K1 Proton IyI <y
BT S =& O
- -9 - + -+ -@ -+ - 4 -0- - + -@= -+ -
° evy iy YH @ QM2025

b
0 02 04 06 0 02 04 060 02 04 060 02 04 060 02 04 060 0204 06 0 02 04 06
max

Rapidity Acceptance y

1. UrQMD describes the trend but fails to reproduce STAR data at high energy within
large rapidity windows;

2. k,/Kk; as a function of Ay follows the power-law but exhibit smaller exponents
compared to the expectation.
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Extrapolating the CEP: Finite-Size Scaling

A.Sorensen and PSorensen: arXiv:2405.10278[nucl-th]
A.Andronic, et al: Nature 561 7723 321-330 (2018)

: 5 o : J.V.Sengers and J.G.Shanks: Journal of Statistical Physics 137 857 (2009)

Ll Mg = 0648 (GeV) ~
E Y = 1.237 v = 0.630 ; T (GeV) E YH @ QM2025
) ’ .“2.; -
B . O i

< 1 e 115 — +4 :
> STAR BES-I| ; Sl 1. /’tl?c = 648_32I\/IeV (CorresPondlng to
Ol & e 3 minimum y~/NDF), consistent with
B — 3 682 (-x) 278 o N . .
: T 1 the fit to BES-I (662722 MeV), with a
ol o | significantly reduced fit uncertainty;
- - HE : . : : : .
R L 1 2. With combined fit and systematic
| | | | | | |

-z s s a0z o oz o4 Uncertainty, a critical up range is
(gtgy) /ug, x W given as 590 — 652 MeV.
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Ordering Change of Binder Cumulant

A.Sorensen and PSorensen: arXiv:2405.10278[nucl-th]
STAR: STAR: PRC 107 024908 (2023)

B | | | | | |  HADES: HADES: PRC 102 024914 (2020)
004 STAR Preliminary 4 N YH @ QM2025
:)w“ i Au + Au Collisions @ RHIC g .. o _ | |
= X e | 1. Binder cumulant ordering
S | ) reverses with uz: black > blue
S (Si=7.7-27 GeV | > red (left), red > blue > black
O ¢ vow § & g e w=0.8 B (right);
§ i : Dg? ? %i | | 2. Shaded bands show linear fits
[0-0.02 L ¥ s | - with 68% C.l.: 3 bands start to
- 0549GeV " 6g%Cl ) overlap at yp = 549 MeV;
s T 71 3. Consistent with extrapolation
0 0.2 0.4 0.6 0.8 1

from finite-size scaling
GeV
g (GEV) (vertical orange band).
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Summary & Outlook

1. STAR reported precision measurements of (net-)proton fluctuations in Au+Au collisions at
3.0 — 3.9 GeV (FXT) and 7.7 — 27 GeV (COL).

* With better statistics, control on systematics, and centrality resolution.
2. Collider Energies:

1. Net-proton C,/C, shows largest deviation w.r.t non-CP baselines at 19.6 GeV with 2 —
50;
2. Hyper-order cumulants indicate smooth crossover in the energy range 7.7 — 27 GeV,

3. Rapidity scan of (net-)proton fluctuations suggests the CEP may lie at higher baryon
densities, possibly in a 4z range 550 — 650 MeV.

3. Fixed-target Energies:

1. Proton C,/C; are consistent with UrQMD in the energy range 3.0 — 3.9 GeV,
2. Analysis of 4.5 GeV and high statistics 3 GeV (~2B events) are underway.
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