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Proxies for cumulants of baryon number B, electric charge Q, and strangeness S are usually measured in

heavy-ion collisions via moments of net-number distribution of given hadronic species. Since these cumulants of

conserved charges are expected to be sensitive to the existence of a critical point in the phase diagram of nuclear

matter, it is crucial to ensure that the proxies used as substitutes are as close to them as possible. Hence, we use

the EPOS4 framework to generate Au + Au collisions at several collision energies of the BNL Relativistic Heavy

Ion Collider beam energy scan. We compute second-order net cumulants of π , K , and p, for which experimental

data have been published as well as the corresponding conserved charge cumulants. We then compare them

with proxies, defined in previous lattice QCD and hadron resonance gas model studies, which are shown to

reproduce more accurately their associated conserved charge cumulants. We investigate the impact of hadronic

rescatterings occurring in the late evolution of the system on these quantities, as well as the amount of signal

actually originating from the bulk medium which endures a phase transition.

DOI: 10.1103/PhysRevC.110.035201

I. INTRODUCTION

For several decades now, heavy-ion collisions (HICs) at

relativistic energies have been used to study the properties

of nuclear matter, and to map the phase diagram of quantum

chromodynamics (QCD). Since the creation of a deconfined

state of quarks and gluons at very high temperature, the

quark-gluon plasma (QGP) has been brought to light by sev-

eral experiments at the BNL Relativistic Heavy Ion Collider

(RHIC) [1–4], understanding the nature of the transition from

a hadronic phase to the QGP has been one of the main focuses

in the field. On the theoretical side, first-principle calcula-

tions from lattice QCD simulations predict a crossover at low

baryon chemical potential μB [5–7], which seems confirmed

by experimental results from RHIC and the CERN Large

Hadron Collider (LHC) [8]. Several approaches predict a first-

order phase transition at high μB, which would imply the

existence of a critical point on the QCD phase diagram [9–12].

The RHIC beam energy scan (BES) program has thus been

set up to scan a large region of the phase diagram at finite μB,

by colliding 197
79Au nuclei in a wide range of center-of-mass

energies. They have collected data at collision energies from
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√
sNN = 200 GeV down to 7.7 GeV in collider mode through

phases I and II [13,14], and even down to
√

sNN = 3.0 GeV

through the fixed-target program [15]. Indeed, one of the main

goals of this program is to search for the existence of a first-

order phase transition, and thus to assess the location of the

hypothetical critical point.

To probe the existence of a critical point in the QCD phase

diagram, susceptibilities of conserved charges such as baryon

number B, electric charge Q, and strangeness S are the theo-

retical quantities of choice because they diverge in the vicinity

of the critical point. They can be calculated as derivatives of

the pressure p with respect to the chemical potential of the

corresponding conserved charge [16]:

χ
BQS

i jk
= ∂ i+ j+k (p/T 4)

(∂μ̂B)i(∂μ̂Q) j (∂μ̂S )k
, (1)

where μ̂i = μi/T . Because the pressure is directly related to

the partition function, they quantify how much the latter is

modified under variations of the different chemical potentials

and are thus sensitive to radical changes in the state of nuclear

matter, e.g., the effect of a first-order phase transition or a

critical point. One can also relate the susceptibilities to net

cumulants of conserved charges. For the case of second-order

cumulants, which will be at the center of our study, these

relationships are

χXY
11 = 〈NX NY 〉 − 〈NX 〉〈NY 〉

V T 3
= σ XY

11

V T 3
, (2)

χX
2 = 〈NX

2〉 − 〈NX 〉2

V T 3
= σ 2

X

V T 3
, (3)
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where σ X
2 and σ XY

11 are respectively the variance and covari-

ance of the net numbers of conserved charges, NX or NY

[17]. In the context of HICs, the (co)variances of net-hadron

multiplicities can be used as probes for conserved charges

[18]. So far, because they are the most abundant and easiest

species to identify in experiments, net-proton cumulants have

been used as proxies for B fluctuations [19], net-kaon cumu-

lants have been used as proxies for S fluctuations [20], and

net-multiplicity cumulants of combined identified hadrons

have been used as proxies for Q fluctuations [21]. By con-

vention, the net numbers Nb of any baryon species b are

defined as the difference between number of baryons and

number of antibaryons, nb − nb, while for meson species

m the net number Nm is usually defined as the difference

between positively charged mesons and negatively charged

ones, nm+ − nm− .

However, using HICs to probe the phase diagram of

nuclear matter comes with a lot of limitations. While on

the theoretical side, most predictions are obtained from

grand-canonical ensemble calculations, assuming thermal

equilibrium and infinite volume, the system created in heavy-

ion collisions is very short-lived, finite, small-sized, and

experiences rapid expansion [22]. Moreover, the volume and

temperature are not accessible through measurements, and are

changing during the evolution of a single event. It has been

thus proposed to use ratios of net cumulants to compare with

theoretical predictions of susceptibilities in order to get rid

of the volume and temperature dependence at leading order

[23]. Finally, using particles as experimental probes shows

severe limitations, first of all because not all hadrons can be

experimentally detected. For example, neutral hadrons can

carry, e.g., baryon number or strangeness (like neutrons and

� baryons). Besides, measuring conserved charges through

hadron distributions includes additional fluctuations, since

particle production is a quantum process, thus probabilistic

in essence.

It is hence important to find hadronic proxies that re-

flect conserved charge fluctuations as accurately as possible

through the cumulants of their net-multiplicity distributions.

In this paper, we want to address this question for second-

order cumulants of conserved charges, by comparing proxies

measured by the STAR Collaboration in Ref. [21] against new

proxies inspired by Ref. [24] and with their corresponding

conserved charge quantities, measured in Au + Au simula-

tions in the RHIC beam energy range. We employ the EPOS4

event generator [25] and take advantage of its modular design

to compare the several observables of interests as measured

through the final-state particle distribution with the same

quantities at hadronization time, to quantify the impact of

the hadronic rescatterings on them. Finally, because EPOS4

relies on a separate treatment of the bulk matter and high-pT

particles to model the presence of a fluid in the system, as

an imitation of the QGP, we check how much of the signal

of these cumulant proxies actually originates from the decon-

fined medium.

In Sec. II, we start by describing the different observables

we use in our work, before introducing EPOS4 in Sec. III, the

event generator used to produce the simulations of Au + Au

collisions on which relies our study. Then, after having

discussed the details of our analysis and the simulations in

Sec. IV, we present our results and their interpretation them

in Sec. V, and then finally summarize the conclusions of our

study and mention potential outlooks in Sec. VI.

II. PROXIES OF CONSERVED CHARGE CUMULANTS

As mentioned in Sec. I, one way to probe fluctuations of

conserved charges in HICs is to measure fluctuations in the

net-distribution of hadronic species used as proxies. How-

ever, choosing appropriate proxies is essential to ensure that

the observables we study reflect properly the correspond-

ing conserved charge fluctuations. This is the motivation of

our study. In this section, we present the commonly used

experimental proxies at first, before introducing the ones

we propose because of their more accurate description of

conserved charges in the context of HICs. Our proposed prox-

ies, taken in part from a previous work [24], will then be

tested against those commonly measured in experiment, as

well as the corresponding cumulants of conserved charges,

through realistic simulations of HICs collisions generated

with EPOS4.

A. STAR proxies

The experimental results on which this study is based are

second-order diagonal and off-diagonal cumulants (also re-

ferred to as variances and covariances) from net-π , net-K , and

net-p distributions published by the STAR Collaboration in

Ref. [21]. They present, for Au + Au collisions at
√

sNN =
7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, and 200 GeV, the different

(co)variances:.
»

¼

½

σ 2
π σ 11

π p σ 11
πK

σ 11
π pK σ 2

p σ 11
pK

σ 11
πK σ 11

pK σ 2
K

¾

¿

À
, (4)

within a pseudorapidity window |η| < 0.5 and for parti-

cles with 0.4 < pT < 1.6 GeV. Results are notably shown

as a function of the centrality class for 0%–80% centrality

(through the mean number of participant nucleons 〈Npart〉)
for each collision energy, corrected for centrality bin-width

effect (CBWE) [26]. These (co)variances are then used to

build proxy ratios for net-charge cumulant ratios in order to

get rid of the explicit dependence on T and V , which are not

experimentally accessible event-by-event. The proxy ratios

defined by STAR are the following (in parentheses we indicate

the corresponding ratio of conserved charge fluctuations they

are meant to represent):

CQp =
σ 11

Qp

σ 2
p

(

∼=χ
QB
11

χB
2

)

, CQK =
σ 11

QK

σ 2
K

(

∼=χ
QS
11

χS
2

)

,

CpK =
σ 11

pK

σ 2
K

(

∼=χBS
11

χS
2

)

, (5)

where the covariance of Q with any species h is related to

the covariances displayed in the matrix of Eq. (4) through

σ 11
Qh = σ 11

πh + σ 11
Kh + σ 11

ph . These proxy ratios are displayed as
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FIG. 1. Energy dependence of the cumulants ratios CpK , CQK

for central (0%–5%) and peripheral (70%–80%) Au-Au collisions

within |η| < 0.5 and 0.4 < pT < 1.6 GeV. Results from STAR have

systematic errors indicated by the boxes and statistical ones by bars.

Poisson baseline, UrQMD simulations results, and calculations using

the HRG model including the PDG16+ [29] particles set are dis-

played for comparison [21].

functions of 〈Npart〉 too, but also as functions of colli-

sion energy for most central (0%–5%) and most peripheral

(70%–80%) collisions. These last results are of particular

importance as they are expected to hint at the existence of

the critical point, since decreasing the collision energy in-

creases the baryonic chemical potential of the system created

in the collision. Note that any proxy involving Q is calculated

through measured net numbers of identified charged π , K ,

and p/p, and not directly from unidentified charged particle

tracks. This is done to ensure a proper estimation of detection

efficiency correction, as pointed out in Refs. [27,28].

One interesting observation from the results shown in

Fig. 1 is the change of sign of the CpK ratio. While it shows

no centrality dependence for
√

sNN � 19.6 GeV, it changes

sign at lower collision energies, where it also starts to show a

centrality dependence. According to Ref. [23], this could be

due to a modification of the dynamics in the system, hinting

for a change in the phase from which the studied correlations

arise. This motivates even more the need to provide accurate

proxies for conserved charge fluctuations, as this change of

dynamics has also been shown through the observed dis-

appearance of partonic collectivity in Au + Au collisions at√
sNN = 3 GeV [30].

In this paper, we systematically compare our results with

the data from Ref. [21], primarily as a benchmark to see

if EPOS4 simulations are able to reproduce experimental re-

sults of net-multiplicity (co)variances for light hadrons. This

will complement all the results from EPOS4 published so far,

in particular those on particle production and flow for BES

energies in Refs. [31,32]. Moreover, it is also interesting to

compare those data with EPOS4 simulations and look for any

significant deviation, because the latter can be considered as

another noncritical baseline, as will be explained in Sec. III.

B. New improved proxies

The work presented here has also been motivated by a

theoretical study of proxies for fluctuations of B, Q, and S

[24]. In this paper, the HRG model has been used to quantify

how much every different hadronic species experimentally

measured contributes to the lattice QCD susceptibilities in the

region where both approaches overlap. As HRG relies on a

description of QCD matter in terms of a gas of noninteracting

hadrons and resonances, it is by construction quite straightfor-

ward to express susceptibilities in terms of a sum of hadronic

contributions:

χ
BQS

i jk
(T, �̂μ) =

∑

R

∑

h∈stable

(PR→h)l (Bh)i(Qh) j (Sh)k

× ∂ l ph/T 4

(∂μ̂B)i(∂μ̂Q) j (∂μ̂S )k
. (6)

In this equation, l = i + j + k (with l = 2 for our study).

The R index refers to resonances and h to the stable hadrons

these resonances can decay into, with PR→h representing the

branching ratio for R decaying into h. Bh, Qh, and Sh are the

respective baryon number, electric charge, and strangeness of

hadron species h, and ph is the pressure due to hadron species

h. Thanks to the statistical nature of the HRG model, one can

easily integrate the particle distributions over only a fraction

of the complete phase space in order to reproduce the finite

coverage of detectors in experiments.

By doing so, the authors of Ref. [24] have been able to con-

struct new proxies based on the variance of net distributions

of some hadron species, that have been shown to reproduce

susceptibility ratios very accurately. Note, however, that they

have not considered the contribution originating from the

probabilistic nature of hadron decays in the variances used as

proxies, which effect have been highlighted, for instance, in

Refs. [33,34]. Some of the proxy ratios, denoted here as C̃QS

and C̃BS (C̃′
BS ) and respectively probing the same quantities as

the STAR proxies CQK and CpK from Eq. (5), are defined as

C̃QS = 1

2

σ 2
K

σ 2
K + σ 2

�

(

∼=χ
QS
11

χS
2

)

, (7)

C̃BS = σ 2
�

σ 2
K + σ 2

�

, (8)

C̃′
BS = σ 2

� + 2σ 2
� + 3σ 2

	

σ 2
� + 4σ 2

� + 9σ 2
	 + σ 2

K

(

∼=−χBS
11

χS
2

)

. (9)

One can observe that these proxy ratios are only based on

single hadron species variances, and do not involve any
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FIG. 2. Comparison of several proxy ratios for BS correlations

obtained via HRG model calculations, plotted as a function of T . As

a reference, the related ratio of exact susceptibilities calculated with

lattice QCD (marked as “Total”) is displayed [24].

covariance between different species. This is because cross-

correlators between different conserved charges, χXY
11 , receive

most of their contribution from the variances σ 2
h1

of single

species h1 carrying both charges X and Y . Only a very small

fraction of χXY
11 actually comes from covariances σh1h2

be-

tween two different species h1 and h2, each of them carrying

one of the two conserved charges X and Y . Note also that

two ratios, C̃BS and C̃′
BS , have been proposed as proxies for

χBS
11 /χS

2 . Both of them are built in the same way, C̃′
BS being an

extension of C̃BS that includes in addition the contribution of

multistrange baryons. Even though this extra contribution in

C̃′
BS (represented by the dashed-dotted orange line on Fig. 2)

does not improve significantly the situation compared with

C̃BS (shown by the dotted blue line), we still compute both of

them to see how they compare in event generator simulations.

However, no proxy for χ
QB
11 /χB

2 has been proposed in

Ref. [24], because authors claim that isospin randomization

of the nucleons, due to reactions of the type [35,36]

p + π0/− ↔ 
+/0 ↔ n + π+/0

happening in the hadronic phase to both baryons and an-

tibaryons, and occurring for several cycles, prevents from

building a good proxy for this ratio. Since STAR measured

this quantity through the proxy CQp, introduced in Eq. (5),

we still want to propose here a new proxy. We start with the

numerator χ
QB
11 (=χ

BQ
11 ), which cannot be probed by σ 2

p alone

since it is affected by isospin randomization, but instead by

σpπ + σ 2
p , which is not. The use of this quantity was already

attempted in Ref. [24], when trying to construct a proxy ratio

for χ
QB
11 /χ

Q
2 . Next, we need a proxy for the denominator

χB
2 . Because isospin randomization leads to equilibrate the

amount of protons and neutrons in the system, one can probe

the nucleon variance using the proton one through σ 2
Net-N =

2σ 2
p [24]. We propose to use the net-� variance in addition

because it is the second major contributor to χB
2 , as shown in

Fig. 3. It is also used in the other proxy ratios (7), (8), and (9)

and was already measured experimentally [37]. Therefore, we

FIG. 3. Breakdown of the different final-state hadronic contribu-

tions to the diagonal correlators of χB
2 . The total contribution and

the measured part are shown as solid black and dashed-dotted blue

lines, respectively. The main single contributions from measured

hadronic observables are shown with different colored dashed and

dashed-dotted lines [24].

propose the proxy ratio

C̃QB =
σ 11

π p + σ 2
p

2σ 2
p + σ 2

�

(

∼=χ
QB
11

χB
2

)

, (10)

to probe a similar quantity as the STAR proxy CQp from

Eq. (5).

III. EPOS4

Event generators are essential simulation tools in mod-

ern high-energy physics phenomenology based on theoretical

frameworks and enable bridging the gap between the fun-

damental theory (QCD) and experiments [38]. In this study,

we employ EPOS4.0.0 [25], the latest version of the multipur-

pose event generator, released publicly through a dedicated

web page [39]. EPOS4 is built to offer a realistic descrip-

tion of high-energy hadronic collisions from several GeV

to several TeV per-nucleon center-of-mass energy. Testing

the proxies for conserved charge fluctuations introduced in

Sec. II aims thus at validating the study using lattice QCD

data and HRG simulations on which these proxies are based.

In addition, achieving this study through realistic simulations

of HICs with EPOS4 offers a more direct connection with

the experimental scenario and a meaningful comparison with

experimental proxies already in use to probe fluctuations.

In EPOS4, the primary interactions are modeled through a

multiple-interaction approach based on the S-matrix theory,

including perturbative QCD calculations and saturation ef-

fects [40]. In EPOS4, major improvements have been achieved

by ensuring a consistent treatment of saturation and factor-

ization, through the implementation of a dynamical saturation

scale within this energy-conserving parallel scattering frame-

work [25,32]. The treatment of perturbative calculations

has also been updated, with a particular care for heavy

flavors [41].

The prehadrons formed through primary scatterings and

remnants excitation are then split into two categories,
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FIG. 4. Sketch of the core-corona separation for a “big” and a

“small” system. The dots are prehadrons in the transverse plane, with

red referring to prehadrons from the core, blue to prehadrons from

the corona [44].

following a so-called “core-corona” procedure, as shown in

Fig. 4, based on their density and some energy-loss consid-

erations [42,43]. This procedure, applied at an initial time

τ0 = 1.5 fm/c for HICs [31], has been discussed with many

details in the context of EPOS4 in Ref. [44]. The hot and dense

bulk matter made from low transverse momentum prehadrons,

the “core,” evolves following (3 + 1)-dimensional [(3 + 1)D]

viscous hydrodynamics equations using VHLLE [45] and em-

ploying a simple crossover equation of state (EoS) matched

with lattice QCD data [43]. Once the system has expanded

and cooled down, it will hadronize when reaching an en-

ergy density εH = 0.57 GeV/fm3, based on a microcanonical

procedure [44]. This is particularly important for simulating

small systems, where few particles are produced, and hence

local energy and charge conservation play an important role.

On the other hand, prehadrons with high pT (sufficient to es-

cape the core) form the “corona,” and may then still re-interact

with the core hadrons through hadronic scatterings.

Hadronic rescatterings between all formed hadrons (also

referred to as hadronic cascades) are simulated using UrQMD

as an afterburner [46,47]. It models elastic scatterings, string

and resonance excitations as well as 2 → n processes and

strangeness exchange reactions based on measured reaction

cross sections, and includes 60 baryonic species plus 40

mesonic states.

For the work presented here, we take advantage of the

modular construction of EPOS4, since one can access the

distribution of particles at hadronization, just before hadrons

are fed into UrQMD. This allows us to study the impact of

hadronic cascades on fluctuation observables by comparing

this distribution with the final-state particle one. Moreover, the

core-corona procedure applied in EPOS4 allows us to differen-

tiate particles originating from the bulk matter (the core in the

EPOS4 framework) and those originating from hard processes

(corona hadrons). Hence, one can extract the proportion of

the total fluctuation signal measured in the final state that is

actually coming from the core, which contains the potential

critical fluctuations.

We want to mention that, among the improvements brought

to the EPOS framework in EPOS4, it is now possible to use

an EoS including a first-order phase transition and a crit-

ical point from the three-dimensional (3D) Ising-model

universality class, such as, e.g., the one published by the

TABLE I. Total number of individual Au + Au events per colli-

sion energy simulated with EPOS4.

√
sNN 19.6 GeV 27 GeV 39 GeV 62.4 GeV 200 GeV

Nevts 2.5 × 106 2.5 × 106 2.5 × 106 2.0 × 106 1.5 × 106

BEST Collaboration [48] and its recent improvement [49] to

model the hydrodynamical evolution of the core [50]. How-

ever, we do not use it for the HIC simulations used in this

work, but employ a simple crossover EoS as mentioned previ-

ously. The main reason is that our goal is to compare different

proxy observables with their corresponding conserved charge

quantities, and to study the impact of hadronic cascades on

them. We do not aim at investigating the effect of criticality

on these observables, since EPOS4 does not propose the ad-

equate framework for such investigation. In fact, it employs

an “ordinary” hydrodynamical code that does not incorporate

any out-of-equilibrium fluctuations nor charge dissipation re-

lations, which are necessary to study the impact of critical

behavior on the evolution of the system created in HICs. Sev-

eral works are currently ongoing towards the development of

hydrodynamics framework that would properly take fluctua-

tions into account [51,52], which might eventually be included

in EPOS4 in the future. Until then, EPOS4 can be considered as

a noncritical baseline, especially when run with the crossover

EoS employed here.

IV. ANALYSIS DETAILS

For all the results presented in Sec. V, particle distribu-

tions have been evaluated using the same cuts employed by

STAR in Ref. [21] to allow a direct comparison with their

data. We take into account all particle distributions within

a pseudorapidity window |η| < 0.5 and for particles with

0.4 < pT < 1.6 GeV. To correct from feed-down, we chose to

consider only particles that have a vertex of origin located at

less than 1 cm from the interaction vertex, instead of explicitly

neglecting all secondary particles as EPOS4 would allow. This

is to stay as close to the experimental analysis as possible,

where they correct from contamination of secondary particles

by considering only tracks with a distance of closest approach

(DCA) to the primary vertex <1 cm.

In Table I, one can find the number of events simulated with

EPOS4 for each of the collision energies shown in this work.

Note that we only show EPOS4 results from
√

sNN=19.6 GeV

and above, although STAR data are available down to
√

sNN =
7.7 GeV. We choose to do so since a previous study of EPOS4

results, in the energy range of the BES, showed that the model

is not applicable anymore below such collision energy [31].

In fact, a systematic study of pT spectra of many light and

strange hadrons at several collision energies has shown that

EPOS4 fails at reproducing, even qualitatively, the available

experimental data below
√

sNN = 19.6 GeV. This is expected

due to current limitations inherent to the approach employed

to model the primary interactions. Thus, we only discuss

here results in a collision energy range which is physically

relevant to the model. All events used in this study have been
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generated using the core-corona separation procedure, the so-

called x3FF crossover equation of state mentioned in Sec. III

with the VHLLE hydrodynamic model for the evolution of bulk

matter and neglecting any jet-fluid interaction.

Another important aspect when studying cumulants of

net-multiplicity distributions in HICs, is the definition of cen-

trality classes, and how we correct cumulants from the CBWE

[26]. For all results shown as functions of the number of

participating nucleons Npart, we compute (co)variances di-

rectly as functions of this observable, since it is accessible

through our simulations. However, we do not use the actual

Npart value from EPOS4 primary interaction model, but the

Glauber estimated value based on the impact parameter. This

way, we ensure the closest apple-to-apple comparison with

the Npart values estimated for each centrality class in the

STAR analysis [21]. For these results, we divide our distri-

butions into 20 bins of width 
Npart = 20, which broadly

correspond to centrality classes of ≈5%. The advantage is

that, using directly Npart to determine centrality, with such

narrow bins in particular, reduces the volume fluctuations

within a given centrality class compared with experimental

centrality classes based on charged multiplicity. Moreover, a

study of the CBWE has shown that second-order cumulants

should not be affected much by this effect, for centrality

classes smaller than 10% [26]. We have successfully tested

this in EPOS4 simulations for collisions at
√

sNN = 200 GeV,

as shown in Appendix B of Ref. [53]. All results displayed

as functions of collision energy
√

sNN for different centrality

classes are obtained using the same centrality determination

procedure.

The main goal of our study being to test the accuracy of

the net-charge proxy cumulants introduced in Sec. II, we com-

pare them with the actual net-B, net-Q, and net-S cumulants,

which are computable from EPOS4 simulations because all

particles are accessible. To make a relevant comparison with

the proxy cumulants, we calculate the net-charge cumulants

by considering the charges carried by all particles in the same

phase space as the one used for the proxies and the STAR

analysis, i.e., within a pseudorapidity window |η| < 0.5 and

for particles with 0.4 < pT < 1.6 GeV. We apply the same

DCA <1 cm criterion to select particles in order to correct

from feed-down contamination and consider particles before

weak decays, since the latter violates S conservation. Tech-

nical details about the way we perform the calculation of

net-charge cumulants in the EPOS4 simulated events are pro-

vided in Appendix C of Ref. [53].

V. RESULTS AND DISCUSSION

In this section, we discuss the results of our study of the

proxies for second-order cumulants of conserved charges,

obtained through the analyses described in Sec. IV. We

first show the (co)variances of different identified hadron

species at several collision energies
√

sNN , as functions of

Npart, for final-state particle distributions and also particle

distributions just after hadronization, compared with exper-

imental data from STAR [21]. From there, we build the

different proxy ratios and compare them with their corre-

sponding conserved charge cumulant ratios as well as with

STAR data, still as functions of Npart for different colli-

sion energies. To discuss the results of our study in a more

summarized way, we then show the different ratios as func-

tions of
√

sNN , for the most central collisions. At first, we

show results for both final-state particle distributions and

particle distributions at hadronization to see the impact of

hadronic cascades on displayed quantities. Finally, we show

the proxy and corresponding conserved charge ratios for

distributions of all particles at hadronization, compared with

the same quantities but only from core particles, in order

to highlight the contribution of bulk matter to the fluctua-

tion signal measured in the phase space considered in this

analysis.

More detailed results on particle production relevant for

the system and collision energies studied in this paper and

based on the same set of simulated events can be found in

Refs. [31,32].

A. Variances and covariances of identified hadron

net multiplicities

In Fig. 5, we show the centrality dependence (via the

number of participants, Npart) of variances of net-π , net-K ,

net-p, net-�, and net-� multiplicities at collision energies√
sNN = 19.6, 27, 39, 62.4, and 200 GeV. There, one can

see variances from final-state particle distributions (full lines)

and from particle distributions at hadronization (dashed lines),

both from EPOS4, compared with STAR results (dots) [21].

We observe that EPOS4 reproduces qualitatively the expected

(quasi-) linear increase with decreasing centrality (increasing

Npart) of the different variances in both distributions. On a

quantitative level, EPOS4 results for final-state distributions do

not match perfectly the data from STAR, although describing

them quite well overall. This is however not of extreme impor-

tance in the context of this work, since we only aim at making

a quantitative comparative study. Another important aspect to

notice in this figure is the difference between variances for

particle distribution at hadronization and in the final state.

For all hadronic species shown, hadronic cascades increase

the variance at all collision energies, by a factor unique to

each species which is quite constant regardless of the energy

considered. They increase the magnitude of the signal by a

factor of approximately two for σ 2
K and σ 2

� to approximately

three for σ 2
π and σ 2

p , even up to a factor of approximately four

for σ 2
� where the effect is the most significant.

In Fig. 6, the same plots are shown for the different co-

variances σ 11
π p, σ 11

πK , and σ 11
pK . Despite the apparent wiggles

observed in the results for covariances, caused by the limited

statistics used for this analysis (see Table I), one can conclude

similarly to the case of variances that the results from EPOS4

final-state distributions reproduce the qualitative behavior of

STAR data and are reasonably close on a quantitative level.

We also note an increase of the absolute amplitude of the

signal due to hadronic cascades when comparing EPOS4 distri-

butions at hadronization (again shown as a dashed line) with

EPOS4 distributions of final-state hadrons (full line).

The observed increase of (co)variances can be explained by

the fact that, during hadronic cascades, the numerous inelas-

tic scatterings produce many more of the involved hadronic
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FIG. 5. Net-p, net-π , net-K , net-�, and net-� multiplicity variances vs Npart for different energies obtained from EPOS4 simulations and

compared with STAR available results (dots) [21]. The results calculated from full events are represented by full lines, while results calculated

before hadronic cascades are represented by dotted lines.

species, coupled to the successive decays of heavy resonances

produced at hadronization. Hence, the successive decays and

inelastic scatterings, producing simultaneously several of the

hadronic species of interest, lead unavoidably to the ampli-

fication of the correlations carried by (co)variances, blurring

the actual magnitude of the thermal fluctuations of interest by

increasing the signal. These observations support the results

of a study led with a hybrid version of UrQMD, which has

been coupled to a fluid-dynamical simulation of bulk matter

[54]. The authors of Ref. [54] investigated the time-evolution

of the correlation of distributions of hadron families carrying

conserved charges, compared with the same distributions at

hadronization time. The conclusion was that the final distribu-

tion of hadrons observed by experiments is not really related

anymore to the one obtained after hadronization, which would

contain the potential critical signal from the QCD phase

transition.

B. Ratios of B, Q, and S cumulants and associated proxies

In Fig. 7, we show the different ratios of second-order

conserved charge cumulants with their corresponding proxies,

both from EPOS4 and STAR measurements from Ref. [21],

as functions of Npart for different collision energies. The red

curves correspond to the STAR proxy ratios CQp, CQK , and

CpK measured in EPOS4 simulations [defined in Eq. (5)], to

be compared with STAR measurements of the same quanti-

ties shown as black dots. For each of these three quantities,

we also plot in dark blue the corresponding new proposed

proxies C̃QB, C̃QS , and C̃BS + C̃′
BS (in light blue), defined in

Eqs. (10), (7), and (8) plus (9), respectively. Finally, we

display the corresponding ratios of exact cumulants of con-

served charges in green, as a reference. Note that we use

this same color code for all figures displaying cumulants

ratios.

Let us discuss first the comparison of STAR proxies mea-

sured in EPOS4 simulations, with the actual data from Ref. [21]

for those quantities. Although variances and covariances com-

puted from EPOS4 simulations do not reproduce perfectly the

STAR data, as discussed in the previous section, we notice

in Fig. 7 that the proxy ratios CQp, CQK , and CpK con-

structed from them do match STAR data point very well on a

quantitative level.
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FIG. 6. Covariances of net-p, net-π , and net-K multiplicity distributions vs Npart for different energies, obtained from EPOS4 simulations

and compared with STAR results (dots) [21]. Results calculated from full events are represented by full lines, while results calculated before

hadronic cascades are represented by dotted lines.

Another noticeable feature is the apparent absence of cen-

trality dependence observed for all ratios displayed in Fig. 7

(apart from a slight decrease of the ratio CQp with increasing

Npart, which appears to be more significant with increasing

collision energy). For this reason, we compare from now on

the different ratios of conserved charge cumulants with their

corresponding proxies as a function of collision energy for

central collisions (0%–5% centrality class) only.

Finally, we want to address the case of the ratio CBS =
σ 11

BS/σ
2
S and its proxies. As an alternative to the STAR proxy

CpK , we consider two proxy ratios from Ref. [24], C̃BS and

C̃′
BS . While the first one, defined in Eq. (8), relies only on

net-� variance as a carrier of both strangeness and baryon

charge, the second one defined in Eq. (9) also incorporates

variances of net-� and net-	. However, despite the fact that

� and 	 baryons carry respectively a strangeness content of

FIG. 7. Ratios of exact B, Q, and S conserved charge (co)variances and their proxies displayed as functions of Npart for different energies,

obtained from EPOS 3.451 simulations (lines) and compared with STAR data (dots) as a reference [21].
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FIG. 8. Ratios of exact B, Q, and S conserved charge

(co)variances and their proxies, displayed as functions of
√

sNN for

central collisions (0%–5% centrality class). Results from EPOS4 sim-

ulations for final-state particle distributions (lines) are compared with

STAR data (dots) as a reference [21].

|S| = 2 and |S| = 3, they are produced at a significantly lower

rate compared with � baryons in HICs, approximately one

and two orders magnitude less, respectively. This low relative

abundance makes their contribution to the CBS proxy ratio

almost insignificant in comparison with the net-� variance.

Looking at the top panels of Fig. 7 showing CBS and related

proxies, one can see that C̃BS and C̃′
BS results completely

overlap with each other over the whole centrality range, and

for all collision energies displayed. Thus, we choose to discard

C̃′
BS from the results from now on and only focus on C̃BS as a

new alternative proxy ratio to CBS . Note that C̃BS and C̃′
BS have

been multiplied by a factor of −1 to match the sign of CBS and

σ 2
pK , as explicitly defined in Eq. (9).

Coming now to the first main results of our study, we

show in Fig. 8 the ratios CBS , CQS , and CQB compared with

their respective proxy ratios and STAR results as functions of

collision energy
√

sNN for 0%–5% centrality class events. We

observe that the STAR proxy ratios from Eq. (5) measured in

EPOS4 simulations are very close to the STAR data (as already

noticed previously), despite a slight energy dependence not

present in the data. Overall, we note that none of the dis-

played ratios shows any clear collision energy dependence, for

the range that is shown here. However, the important result

in these plots lies in the comparison between the ratios of

conserved charge cumulants (in green), taken as a reference,

and their proxies. STAR data are only shown as a benchmark

to see how well EPOS4 can reproduce experimental results.

One can observe how remarkably well the new proposed

proxies C̃XY (in blue) are able to reproduce quantitatively

the conserved charge cumulant ratios, compared with the

STAR proxies CQpK (in red) which show a clear deviation in

magnitude. These new proxies are thus shown to be better

quantitative probes than those traditionally used by STAR,

as well as other experiments to probe fluctuations through

second-order cumulants of conserved charges in HICs (see

Ref. [55] for a review of these measurements).

C. Impact of hadronic cascades

In Fig. 9, we show all the different ratios and their cor-

responding proxies as functions of collision energy for the

most central collisions (0%–5%), for final-state particle dis-

tributions like in Fig. 8 (full lines), but this time compared

with their associated value measured at hadronization (dashed

lines). As explained in Sec. III, the latter can be measured

thanks to the modular construction of EPOS4, which allows

us to access particle distributions just after hadronization of

the core, before re-interactions between formed hadrons are

simulated (using UrQMD in cascade mode).

One can see that the magnitude of almost all ratios is

affected very little by the evolution of the system during

hadronic cascades, as results for particle distributions at

hadronization are very close to their associated value for

finale-state distributions. While this result was expected in the

case of ratios of conserved charge cumulants, it demonstrates

that most proxies discussed here are somehow stable quanti-

ties, in the sense that they conserve their magnitude even after

the system has gone through hadronic re-interactions which

modify its chemistry. Although we have shown in Sec. V A

that the (co)variances used to build the proxy ratios are largely

impacted by this phase in the evolution of the system, it ap-

pears that the modifications of both their respective numerator

and denominator compensate overall to leave most of these

ratios almost unaffected.

There is one exception to this picture for the proxy ratio

C̃BS , which gets a significant modification through hadronic

re-interactions. Following the same logic as in the previous

paragraph, we understand this to be due to the fact that C̃BS is

built upon σ 2
� and σ 2

K , which are the variances that are affected

respectively the most and the least from hadronic cascades. In

particular, looking at how C̃BS is constructed in Eq. (8), we see

that the numerator consist of σ 2
� alone, which gets a growth

of about ≈4 through the hadronic cascades, while σ 2
K in the

denominator is only increased by a factor ≈2. Even though

the latter is added to σ 2
�, their relative difference in magnitude

makes σ 2
K dominate the denominator, hence explaining the
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FIG. 9. Ratios of exact B, Q, and S conserved charge

(co)variances and their proxies plotted as functions of
√

sNN for

central collisions (0%–5% centrality class). Results are displayed

from particle distribution in the final-state (full lines) and before

hadronic cascades (dashed lines), from EPOS4 simulations. STAR

data (dots) are shown as a reference [21].

increase of C̃BS after hadronic rescatterings. Such an important

growth of net-� variance, relative to other hadronic species,

might come from the fact that � baryons receive an important

feed-down contribution from resonance decays, which are not

included when considering particles at hadronization time,

while they are taken into account when looking at particle

distributions in the final state. Moreover, � baryons are also

less affected by baryon annihilation than protons, as discussed

in Ref. [56], which leads to a smaller decrease of σ 2
� from this

process as compared with σ 2
p , since their net multiplicity will

decrease less.

To investigate this issue further, we tried to find another

proxy ratio for CBS which would be less modified than C̃BS .

Thus, we have computed the following ratio:

C̃∗
BS = σ 2

�

σ 2
K + 4σ 2

�

, (11)

FIG. 10. CBS ratio and different corresponding proxies plotted as

functions of
√

sNN for central collisions (0%–5% centrality class).

Results are displayed for full event calculations (full lines) and

calculations before hadronic cascades (dashed lines) from EPOS4

simulations. STAR data (dots) are shown as a reference [21].

replacing variance of net-� by variance of net-� which, even

though produced less abundantly in the system, carries more

strangeness and is less impacted by hadronic cascades, as can

be seen from Fig. 5. This quantity is compared with CBS ,

C̃BS , and CpK in Fig. 10, shown in solid yellow for final-state

particle distributions and in dashed yellow for distributions

before hadronic cascades. We see that although C̃∗
BS suffers

almost no change from the hadronic re-interactions phase, it

shows a large discrepancy in magnitude with CBS , because the

� baryons carry too small a fraction of baryon-strangeness

correlation in the system. For this reason, C̃BS remains the

best proxy, especially since it matches CBS very well quali-

tatively in the final state, which is the only quantity accessible

in experiments.

D. Effective contribution from bulk matter

Finally, we show in Fig. 11 the different ratios from parti-

cles at hadronization time (dashed lines), compared with the

same quantities computed exclusively from particles originat-

ing from the core (dotted lines), i.e., the part of the system

mimicking the behavior of the QGP. Like in the previous

figures, they are displayed as functions of the collision energy

for the most central collisions (0%–5%).

We observe that, for every ratio, in both central and pe-

ripheral centrality classes, the ratios computed only from core

particles at hadronization are overlapping almost perfectly

with the ratios computed from all particles at hadronization.

This means that the signal measured by the ratios of second-

order cumulants in the phase space considered here (|η| < 0.5

and 0.4 < pT < 1.6 GeV) is almost exclusively originating

from the bulk matter, modeled by the core in EPOS4. Hence,

if the system created in such collisions would endure critical

behavior, these ratios should indeed be sensitive to it and

carry its signature as long as they are measured in a similar

phase space.
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FIG. 11. Core proportion of CXY and enhanced proxies C̃XY ratios

over the total value calculated before hadronic cascades, plotted as

a function of
√

sNN for central collisions (0%–5% centrality class).

Ratios of exact B, Q, and S conserved charge (co)variances and their

proxies plotted as functions of
√

sNN for central collisions (0%–5%

centrality class). Results are displayed from particle distribution be-

fore hadronic cascades (dashed lines) and from core particles only

(dotted lines), from EPOS4 simulations. STAR data (dots) are shown

as a reference [21].

VI. SUMMARY AND OUTLOOKS

We discussed the use of new proxies for conserved charge

cumulants, which are of primary importance in the study

of correlations between conserved charges B, Q, and S and

expected to be key observables in the search for the existence

of a critical point in the phase diagram of nuclear matter. The

new quantities C̃QS and C̃BS , proposed in Ref. [24], as well

as C̃QB which we proposed based on that previous study, are

compared with corresponding proxies commonly measured in

experiment, CQK , CpK , and CQp, as well as their counterparts

based on exact conserved charge quantities. We employed

EPOS4 to evaluate all these observables through simulations of

Au + Au collisions at energies
√

sNN = 19.6–200 GeV, where

data were also available for comparison in Ref. [21], in order

to assess the actual performance of the new proxies in the

context of a realistic out-of-equilibrium system close to the

one created experimentally.

The results of our study showed that the proposed prox-

ies are better at reproducing their corresponding conserved

charge cumulant ratios, as compared with the equivalent

STAR proxies. We note first of all that, with the only exception

of C̃BQ, all these quantities are uniquely built upon variances.

This makes sense, since correlations between different con-

served charges are naturally carried by some hadron species

(e.g., B and Q by the protons, Q and S by kaons, or B and

S by � baryons). Moreover, we observe that the addition of

σ 2
� alone to the already measured σ 2

π , σ 2
K , and σ 2

p is enough

to build those new proxies. Luckily, this quantity was already

measured (although in a different phase space) by STAR and

published in Ref. [37].

We compared the different ratios measured from final-state

particle distributions to their value measured from particle

distribution at hadronization time. This way, we were able to

quantify the effect of hadronic cascades on these quantities.

While the ratio of conserved charge cumulants are almost not

affected by hadronic rescatterings, as expected, we can also

see that C̃QB and C̃QS are also left unchanged after the hadronic

cascades. For this reason, they represent excellent proxies of

their corresponding ratios of conserved charge cumulants CQB

and CQS . The only significant deviation between measurement

at hadronization and in the final state is observed for C̃BS . We

saw that this discrepancy originates from the fact that σ 2
� is

more enhanced by hadronic cascades than other net-variances,

in particular σ 2
K . Potential reasons to explain this difference

have been discussed.

Finally, we investigated how much of the signal, for the

phase space used in this analysis, is actually coming from

particles originating from the bulk matter of the system.

Unsurprisingly, the quasi totality of the signal effectively

originates from the core in EPOS4, meaning that measur-

ing net cumulants of hadronic species within |η| < 0.5 and

with 0.4 < pT < 1.6 GeV actually probes fluctuations com-

ing uniquely from bulk matter. Hence, if the system created in

such collisions was to experience the impact of a critical point

during its evolution, fluctuation observables should carry its

imprint.

It would be interesting to test the ability of the new proxy

ratios C̃QB, C̃QS , and C̃BS to reproduce their corresponding

ratios of cumulants of conserved charges at lower collision

energies, compared with those shown in this work. Most

of the studies published in recent years seem to point at a

collision-energy range
√

sNN ≈ 1–20 GeV to observe phe-

nomena which could hint at the existence of a critical point

[13]. Hence, using transport models which are suited for mod-

eling the dynamics of HICs at these energies seems highly

relevant and timely; see Ref. [57] for a recent review of the

status of such models.

Investigating with more details the impact of the hadronic

rescatterings on the new proxy ratios, in particular within the

previously mentioned collision-energy range, is also impor-

tant to ensure their robustness through the evolution of the
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system. Some work in this direction has already been initiated,

for instance by using an extended particle list to study the

impact of resonances in Ref. [58], or by including mean-field

potentials to model hadron interactions in a more realistic

manner in transport approaches [59].
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