
Precision measurements of kinematic scan for fluctua-
tions of (net-)proton multiplicity distributions in Au+Au
collisions from RHIC-STAR

Yige Huang1,2,∗ for the STAR Collaboration
1Key Laboratory of Quark and Lepton Physics (MOE) & Institute of Particle Physics, Central 
China Normal University, 430079, Wuhan, China 
2GSI Helmholtzzentrum für Schwerionenforschung, 64291, Darmstadt, Germany

Abstract. This work presents measurements of the rapidity-window depen-
dence of event-by-event net-proton cumulants and proton factorial cumulants
in Au+Au collisions at

√
sNN =7.7 – 27 GeV, using high-statistics data from

RHIC BES-II. Protons and antiprotons are identified with improved detector
performance within 0.4 < pT < 2.0 GeV/c and |y| < 0.6, enabling a wide cover-
age in momentum space to probe long-range correlations near the QCD critical
point. In the most central collisions, the proton number κ2/κ1 and κ3/κ1 ex-
hibit power-law scaling with the rapidity window, but with exponents below the
theoretical expectation, suggesting that the critical point, if it exists, may lie at
higher baryon densities. A finite-size scaling analysis of the susceptibility and
Binder cumulant study points out a critical baryon chemical potential region in
550 – 650 MeV.

1 Introduction

One main goal of high-energy heavy-ion collisions is to study the QCD phase diagram and
search for a possible critical end point (CEP). At low baryon chemical potential (µB ≈ 0),
lattice QCD shows the transition to the Quark Gluon Plasma phase is a smooth crossover [1].
At high µB, some QCD based effective models suggest a first-order phase transition, implying
the existence of the critical end point where the transition line ends [2–4]. However, this has
not been confirmed by experiments, and the location of the CEP is still unknown. The RHIC
BES program scans beam energies to explore the QCD phase diagram. In the second phase
of BES, BES-II, STAR upgrades allow detailed and precise studies across a broad µB range
in Au+Au collisions (

√
sNN = 3 – 27 GeV, corresponding to µB = 760 – 156 MeV).

Fluctuations of conserved quantities, such as baryon number, electric charge, and
strangeness, are sensitive probes of the critical signal [5–7]. In the critical region, the cor-
relation length ξ grows significantly, generating long-range correlations that can be probed
through a rapidity scan of (net-)proton number fluctuation. The long-range pheromone near
the critical point underlines the relevance of rapidity scan of fluctuation measures, studied
in this proceeding in three aspects: power-law behavior of proton factorial cumulants [8],
finite-size scaling with susceptibility in various rapidity windows [9], and Binder cumulant
as a function of µB [9].
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2 Proton Identification
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Figure 1. The TPC (outer band) and TOF
(inner band) acceptance of proton
candidates in y – pT plane. Detector
upgrades in BES-II extend the coverage in
rapidity up to |y| < 0.6 and in transverse
momentum of 0.4 < pT < 2.0 GeV/c. The
protons are identified by energy loss from
TPC and mass information from TOF (in
high momentum region). Tracks are taken
from Au+Au collisions at

√
sNN = 19.6

GeV, with 39 < Vz < 40 cm for positive
rapidity part, and -40 < Vz < -39 cm for
negative rapidity part.

The event-by-event proton number is counted for those tracks with good quality and iden-
tified by TPC and TOF detectors. Figure 1 shows the detector acceptance of proton candidates
in y – pT plane. Protons within |y| < 0.1 to |y| < 0.6, and 0.4 < pT < 2.0 GeV/c are counted
for fluctuation analysis. In the analysis, the TPC is the primary detector for proton identifi-
cation, while the TOF detector is used in the high-momentum region where the TPC alone
cannot reliably separate protons from contamination. The acceptance is incomplete when the
primary vertex, where the collision occurs, deviates from the center of detector too far. The
selection of vertex and PID method is optimized to balance proton purity, detection efficiency,
and statistics.

3 Results

3.1 Proton Factorial Cumulants
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Figure 2. Rapidity window size dependence of proton factorial cumulants normalized by κ1. Circles
denote STAR data: solid for central and open for peripheral collisions. UrQMD results are shown as
bands. Red curves indicate power-law fits to solid circles, with third-order exponents labeled in dark
green. Gray dashed curves present power function fits with fixed exponent to the expectation [8].

The proton number factorial cumulant ratios (normalized by κ1) across 7 BES-II collider
energies as a function of rapidity window size is presented in Figure 2. STAR data show
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negative two-proton and positive three-proton correlations, with amplitudes growing with
rapidity window size, while fourth-order factorial cumulants remain near zero. Near the
critical point, when correlation length ξ remains large enough, that the correlated range in
rapidity exceeds the typical measurement window ∆y ≪ ∆ycorr, the factorial cumulants of
event-by-event proton number distributions, are expected to exhibit a power-law dependence
on the rapidity window of proton acceptance, namely κn ∼ (∆y)n, or equivalently κn/κ1 ∼
(∆y)n−1 for normalized values [8]. In Figure 2, for the most central (0 – 5%) collisions,
power function fitting are performed to the STAR data. All exponents from power-law fits to
the data are lower than those expected near the critical region, suggesting the critical point
may lie in a different energy domain. For example, the third-order fitted values, labeled in
green, range from 0.8 to 1.7, all below the expected value of 2.

3.2 Finite-Size Scaling with Susceptibility
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Figure 3. The finite-size scaling analysis of χ2

presents good scaling for data at
√

sNN =7.7 – 27
GeV. STAR data within various rapidity windows
W collapse onto the red dashed power-law curve
well with critical baryon chemical potential µBc =

648 MeV.
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Figure 4. Binder cumulant as a function of
µB. Markers represent different rapidity windows:
W = 0.4 (red stars), W = 0.6 (blue squares), and
W = 0.8 (black dots). Linear fits yield 68% confi-
dence bands, with their overlap beginning around
549 MeV, consistent with the finite-size scaling
estimate shown by the orange band.

The susceptibility χB,S,Q
n can be connected to corresponding cumulants of the same order

by χB,S,Q
n = CB,S,Q

n /VT 3. When the correlation length becomes large, the system approaches
scale invariance within a finite volume, making the sub-volume size the only relevant scale.
This leads to the finite-size scaling (FSS) form for susceptibility, χ(L, t) = Lγ/νΦ(tL1/ν) [9],
where properly scaled data from different system sizes (L) collapse onto a universal curve
(Φ), allowing the critical point to be estimated by tuning its assumed location in t. The sus-
ceptibility can be derived from measured net-proton cumulant and freeze-out parameters [10]
via χn(W, µfo) = Cn(W, µfo)/(T 3

foWdVfo/dy), where W is the rapidity window size, µfo, Tfo
and dVfo/dy are thermal parameters: chemical potential, temperature, and volume per rapid-
ity unit on the freeze-out curve. As shown in Figure 3, using t = (µB − µBc)/µBc and the
rapidity window size W = ∆y, with γ = 1.237 and ν = 0.630 [11], we plot χ2W−γ/ν versus
(µB − µBc)/µBc × W1/ν. By scanning µBc and selecting the value with the smallest χ2/ndf,
we obtain µBc = 648+4

−3(fit)+2
−58(sys.) MeV. The fit uncertainty is determined using ∆χ2 = 1,

while the systematic uncertainty is evaluated by removing data points from the fit and by
replacing the critical exponents with γ = 1 and ν = 0.5. Both fit and systematic uncertainties
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are rounded to integers. This value is consistent with the results from BES-I in Ref. [9] with
significantly reduced fit uncertainty.

3.3 Extrapolation with Binder Cumulant

The Binder cumulant U4 = −3C4/C2
2 is related to both system size and correlation

length [12]. We plot the Binder cumulant within different rapidity window W as a function
of µB as shown in Figure 4. At the critical point, the finite system size becomes equivalently
negligible compared to the infinite limit, making the Binder cumulant independent of system
size. Consequently, data curves for different W are expected to intersect at a common point,
the critical point. The data to the right of the orange band come from STAR FXT at

√
sNN = 3

GeV [13] and HADES at 2.4 GeV [14]. For 3 GeV, W is defined as 0 − ymin, covering only
negative rapidity, whereas for others W is symmetric about zero. On the left side, the mark-
ers show a clear ordering (black > blue > red) and increase with µB, with the growth rate
reversed, leading to a change in order on the right. Linear fits to W = 0.4 (red), W = 0.6
(blue), and W = 0.8 (black) yield 68% confidence bands, whose overlap begins around 549
MeV. The expected intersection lies within this region, consistent with the finite-size scaling
estimate.

4 Summary

This proceeding presents precise measurements of kinematic scans for (net-)proton number
fluctuations in the STAR BES-II program, in Au+Au collisions covering collision energies
from 7.7 – 27 GeV. The long-range effect near the critical point is explored through: (1)
power-law behavior of factorial cumulants, (2) finite-size scaling of susceptibility across dif-
ferent rapidity windows, and (3) Binder cumulant as a function of baryon chemical potential.
These studies point to a potential critical region in baryon chemical potential µB in 550 – 650
MeV. This highlights the need for further investigations at high baryon density [15].
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