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Abstract. Utilizing viscous hydrodynamic simulations of heavy-ion collisions,
we study the behavior of cumulants of (net-)(anti)proton number distributions at
RHIC beam energy scan energies, incorporating non-critical contributions like
baryon conservation and excluded volume. The experimental data on net-proton
cumulants at

√
sNN > 20 GeV are consistent with simultaneous effects of global

baryon conservation and repulsive interactions in baryon sector, whereas the
data at lower collision energies show possible indications for sizable attractive
interactions among baryons. We discuss the behavior of factorial cumulants in
addition to the ordinary cumulants, and also address the quantitative difference
between proton and baryon number cumulants.

1 Introduction

As a sensitive probe of the QCD phase structure [1, 2], fluctuations of (net-)proton number
are among the most valuable observables in the beam energy scan program at RHIC [3], as
well as in other heavy-ion experiments [4–6]. The recent experimental data of the STAR
Collaboration [7, 8] indicate a possible non-monotonic energy dependence of the net-proton
kurtosis, which, if confirmed, may indicate presence of the QCD critical point [9].

A quantitative theoretical description of fluctuations is challenging. The bulk observ-
ables in heavy-ion collision are commonly well described by relativistic hydrodynamics [10–
12]. Event-by-event fluctuations, however, are affected by several additional mechanisms
like baryon number conservation [13, 14], the smearing of fluctuations due to momentum
cuts [15], volume fluctuations [16, 17], and other effects. The two main issues mentioned
above have recently been addressed at the LHC energies in Refs. [18], utilizing the approx-
imate boost invariance of heavy-ion collisions at those energies. Here these considerations
are extended to RHIC-BES energies.

2 Method

The details of our simulations setup can be found in Ref. [19]. We study 0-5% Au-Au col-
lisions at various collision energies from the RHIC-BES program utilizing viscous hydro-
dynamics simulations within MUSIC [20] from Ref. [21]. The particlization of the QCD
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Figure 1. Collision energy dependence of the net-proton cumulant ratios κ3/κ1 ≡ Sσ3/M (left) and
κ4/κ2 ≡ κσ2 (right) in 0-5% Au-Au collisions at RHIC BES energies in a non-critical scenario compared
with the STAR measurements [19, 24].

fluid takes place at a constant “switching” energy density of εsw = 0.26 GeV/fm3 [21]. The
cumulants of proton and baryon number are calculated at particlization analytically via a
generalized Cooper-Frye procedure which incorporates effects of the excluded volume and
baryon conservation. This is performed in two steps:

1. The proton and baryon number cumulants within the experimental acceptance are cal-
culated in the grand-canonical limit, i.e. neglecting the exact global conservation of
baryon number.

2. The calculated cumulants are corrected for baryon conservation.

In the first step the emission of particles from each hypersurface can be calculated in-
dependently, given the grand-canonical limit of these calculations. The joint baryon-proton
cumulants κB±,p±,gce

n,m (∆pacc) of accepted particles correspond to the sum of contributions from
each element, where each term is calculated by (i) calculating the distribution of emit-
ted (anti)baryons using the grand-canonical susceptibilities of the excluded volume HRG
model [22], then (ii) folding with the binomial distribution to model the momentum ac-
ceptance, and (iii) folding with another binomial distribution to separate protons from all
baryons. The cumulants κB±,p±,gce

n,m (xi;∆pacc) of particles outside the acceptance are calculated
in the same way.

In the second step, a correction for baryon number conservation is performed. For this
purpose we utilize a generalized subensemble acceptance method (SAM) of Ref. [23]. The
SAM expresses the joint (net-)(anti-)proton number/net-baryon number cumulants inside the
acceptance subject to global baryon conservation in terms of the grand-canonical joint cumu-
lants both inside and outside the acceptance, i.e. it provides the mapping

κB,p,ce
n,m (∆pacc) = S̃

[
κB,p,gce

n,m (∆pacc), κB,p,gce
n,m (∆pacc)

]
. (1)

3 Results
3.1 Net proton cumulant ratios

Figure 1 shows the collision energy dependence of the net proton cumulant ratios κ3/κ1 ≡
Sσ3/M and κ4/κ2 ≡ κσ2 in comparison with the experimental data of the STAR Collabora-
tion [24]. Both the baryon conservation and excluded volume suppress the two ratios relative
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3 Results
3.1 Net proton cumulant ratios

Figure 1 shows the collision energy dependence of the net proton cumulant ratios κ3/κ1 ≡
Sσ3/M and κ4/κ2 ≡ κσ2 in comparison with the experimental data of the STAR Collabora-
tion [24]. Both the baryon conservation and excluded volume suppress the two ratios relative

to the baseline of unity, and lead to a monotonic collision energy dependence. It is clear that
baryon conservation has a larger influence at all energies compared to the excluded volume,
however, both effects are necessary to obtain a quantitative description of the Sσ3/M data at√

sNN ≥ 20 GeV. At lower energies the data indicate a smaller suppression of Sσ3/M than
predicted by the calculation. As for κσ2, the STAR data show possible indications for a non-
monotonic collision energy dependence which is not observed in the baseline calculation,
however, more precise data at the lowest energies are required to make a robust conclusion.

3.2 Factorial cumulants

In addition to the ordinary cumulants, we also explore the (anti)proton correlation func-
tions (factorial cumulants) Ĉk, which probe genuine multi-particle correlations and thus
should be sensitive probes of the critical behavior [15]. We find that the high-order factorial
cumulants, Ĉ3/Ĉ1 and Ĉ4/Ĉ1, indicate the presence of only mild multi-particle correlations
among protons in the non-critical scenario. The second scaled factorial cumulant of protons,
Ĉ2/Ĉ1, shown in Fig. 2, indicates sizable negative two-particle correlations. The calculation
results agree with the experimental data at

√
sNN ≥ 20 GeV but overestimate the strength

of negative correlations at lower collision energies. This may either indicate sizable volume
fluctuations at those energies, or presence of attractive interactions among protons.

Figure 2. Collision energy dependence of the second scaled factorial cumulant Ĉ2/Ĉ1 of protons (red
line) and baryons (black line) in 0-5% central Au-Au collisions. The red squares depict the experi-
mental data of the STAR Collaboration for protons [8] while the black circles correspond to baryons
reconstructed from the proton data using the binomial distribution.

3.3 Protons versus baryons

Our setup allows one to explore the quantitative differences between proton and baryon num-
ber fluctuations. It has been argued that baryon cumulants can be reconstructed from the
measured proton ones via a binomial unfolding [25], which essentially corresponds to an ad-
ditional efficiency correction. In particular, the second scaled factorial cumulant of baryons
reads ĈB

2 /Ĉ
B
1 ≈ 2 Ĉp

2/Ĉ
p
1 , the corresponding experimental data of the STAR Collaboration

based on this relation is shown in Fig. 2 by black symbols. The model calculations of
two-particle baryon correlations agree well with the reconstructed STAR data for baryons

3

EPJ Web of Conferences 259, 10011 (2022) https://doi.org/10.1051/epjconf/202225910011
SQM 2021



at
√

sNN ≥ 20 GeV, underlying the importance of the unfolding procedure when performing
comparisons to theoretical calculations of baryon fluctuations.

4 Summary

We analyzed proton number fluctuations within the hydrodynamic description of heavy-ion
collisions in a non-critical scenario. The experimental data of the STAR Collaboration at√

sNN > 20 GeV are consistent with simultaneous effects of global baryon conservation and
repulsive interactions in baryon sector while the data at lower collision energies show possible
indications for sizable attractive interactions among baryons. Our calculations also reveal
essential quantitative differences between proton and baryon number cumulants.
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