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Event-by-event fluctuations of charged hadron multiplicity, net-proton number, and net electric charge are
investigated in central Au+Au collisions at /snn = 20-200 GeV using a modified HIJING Monte Carlo
generator. The model incorporates partonic energy-loss formalisms inspired by quantum chromodynamics in
hot (quark—gluon plasma) and cold media, reducing reliance on the default HIJING energy-loss parameter.
At energies above 100 GeV/nucleon, multiplicity and net-charge fluctuations show sensitivity to the assumed
medium properties, while net-proton results provide an additional comparison with available STAR measure-
ments. By introducing a probabilistic distribution for a first-order phase transition, we find within the present
modified-HIJING framework that multiplicity cumulant ratios (02/M and So) show a pronounced nonlinear
response to the adopted phase-allocation ansatz near the selected binodal energy, whereas net-charge and net-
proton fluctuations remain relatively insensitive. Furthermore, expanding the kinematic acceptance enhances
the sensitivity of multiplicity fluctuations to the selected transition region in the present phenomenological ansatz.
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1. INTRODUCTION

Searching for quark — gluon plasma (QGP) has been
one of the principal goals of relativistic heavy-ion ex-
periments over the last decades. At vanishing baryon
chemical potential yp, lattice quantum chromodynam-
ics (QCD) calculations with physical quark masses es-
tablish that the transition from hadronic matter to
QGP is an analytic crossover [1]. At finite net-baryon
density, a direct first-principles determination of the
QCD phase structure remains difficult because of the
sign problem. A first-order transition line and a crit-
ical endpoint (CEP) at sufficiently large up are pos-
sible scenarios suggested by effective models and phe-
nomenological studies, but their location and even their
existence remain open questions [2].
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The collision energy interval considered in this
work includes conditions for which the QCD transi-
tion is expected to be a crossover at sufficiently small
baryon chemical potential. Therefore, the first-order-
transition treatment introduced below is not intended
as a claim that a physical first-order transition occurs
throughout the RHIC energy range. Instead, it is used
as a phenomenological finite-volume sensitivity ansatz
to examine how fluctuation observables respond to a
smooth event-by-event interpolation between cold and
hot generator scenarios.

Therefore, observables are needed that are both
sensitive to the properties of the created medium
and experimentally accessible [3-6]. Heavy-ion mea-
surements at the SPS (NA49), RHIC (PHENIX and
STAR), and the LHC (ALICE and CMS) have investi-
gated particle production, correlations, and event-by-
event fluctuations over a broad range of collision ener-
gies [7-12]. Future measurements at FAIR, in particu-
lar with the CBM experiment, and at the NICA collider
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with the MPD experiment will extend these studies to-
wards lower collision energies and larger baryon densi-
ties [13,14].

First-order phase transitions are associated with
mixed-phase formation and discontinuous thermody-
namic quantities in the thermodynamic limit. In fi-
nite and rapidly evolving heavy-ion systems, the corre-
sponding signals can be smeared by finite-size and dy-
namical effects. Event-by-event and local fluctuations
in particle production have therefore been proposed
as possible probes of critical and first-order-transition
phenomena [15-17].

To predict experimental results on phase transition
observables, Monte Carlo simulations are used. There
are generators that are based on three types of phys-
ical models: transport, hydrodynamical, and hybrid.
Transport models are phenomenological and possible
phase transitions can be implemented there by either
changing values of some parameters or turning on/off
physical processes (jet quenching, different state ra-
diations, etc.). Hydrodynamical models use different
equations of state, where the phase transition can be
implemented explicitly with a change of thermodynam-
ical quantities. Hybrid models combine hydrodynamic
evolution with a microscopic hadronic afterburner, al-
lowing a realistic description of both the bulk and the
late-stage hadronic scattering (e.g., UrQMD [18] or
JAM [19] as afterburners).

A characteristic hard-probe signature of a hot and
dense QCD medium is partonic energy loss during
propagation through the medium [20]. Thus, for
modeling of QGP produced in heavy-ion collisions,
we modified the HIJING (Heavy Ion Jet INterac-
tion Generator) v.1.411 [21] transport model accord-
ing to parton energy loss formalisms in both finite-
and infinite-sized media [22,23]. In this way, we re-
duce reliance on the default HIJING energy-loss pa-
rameter by replacing it with QCD-inspired expressions
linked to the assumed medium properties. In addi-
tion, we implemented the parton energy loss model
in a cold medium [24] for comparison. After that
we analyzed event-by-event fluctuations and the pos-
sibility for them to identify different types of matter
and phase transitions in heavy-ion collisions in differ-
ent kinematic regions. We compared results on fluc-
tuations for hot and cold media, default HIJING with
the default energy loss dE/dz = 2 GeV/fm, and for
the case without quenching. We also study the behav-
ior of event-by-event fluctuations within a phenomeno-
logical first-order-transition ansatz that interpolates
between cold-matter and hot-medium generator sce-
narios. Within the present modified-HIJING frame-
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work, charged-hadron multiplicity fluctuations provide
greater sensitivity than the considered net-charge and
net-proton observables to the assumed energy-loss sce-
narios and to the adopted phase-allocation ansatz.

2. GENERATOR MODIFICATION

HIJING is a PYTHIA-based Monte Carlo genera-
tor. It combines a QCD-inspired model for jet pro-
duction with the Lund model for jet fragmentation.
The formulation of HIJING was guided by the Lund
FRITIOF and Dual Parton models for soft A+ B reac-
tions at intermediate energies (v/s < 20 GeV /nucleon)
and the successful implementation of perturbative
QCD (pQCD) processes in the PYTHIA model for
hadronic collisions. HIJING is designed mainly to ex-
plore the range of possible initial conditions that may
occur in relativistic heavy-ion collisions. To study nu-
clear effects, it also includes nuclear shadowing of par-
ton structure functions and a schematic model of the
final state interaction of high-py jets in terms of an ef-
fective energy loss parameter, dE/dz. At pp and pp lev-
els, HIJING also made an important effort to address
the interplay between low-pr nonperturbative physics
and hard pQCD processes. This Monte Carlo model
has been extensively tested against data on p + p (p)
over a wide energy range, /s = 50-1800 GeV, and
on p+ A and A + A collisions at moderate energies
Vs <20 GeV /nucleon.

From the phenomenological point of view, a viscous
hydrodynamics description combined with a hadronic
afterburner provides the most realistic framework for
bulk soft observables and azimuthal anisotropies at
RHIC and LHC energies. Nevertheless, transport and
jet-based generators such as HIJING and UrQMD re-
main widely used as baselines for fluctuation studies
and for exploring phenomenological implementations of
energy-loss and phase-transition scenarios over broad
ranges of \/snn [20,25]. In the present work, we there-
fore use a modified HIJING as a flexible transport
framework in which QCD-inspired partonic energy loss
and a finite-volume phase transition ansatz can be im-
plemented event-by-event, rather than attempting a
detailed hydrodynamic description of all soft observ-
ables. The present modification of the parton energy-
loss model is described below.

Heavy-ion collisions can produce hot, dense matter
(i.e., QGP) and a cold hadronic medium. The energy
loss of a parton in a hot medium consists of two parts:
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energy loss due to radiation and energy loss due to col-
lisions of the parton with particles of the medium.

Radiation energy losses have the form [22,23]

dE total dE collisional dE radiative
- = — 1
dz dz dz (1)
2 L
. O‘SSCR ‘;— Ll L <Lcr (BDMPS approach),
dE radlative g g
— = (2)
dz OCSCR Eu2
3 N, In )\g’u2, L > Lcg.
In turn, the collisional energy losses are given by [26]
Neff ET
Hisional Crma’T? <Ag + Ag%) In p— +0(1) for u,d, s, g partons,
dE collisiona. D
— = (3)
dz AraT? N T 2 ET
% <Ag + AqTf In -y + ) In e +c (NJ‘%H> for ¢, b, t partons,
D

where p? = 4ra,T?(Ag + AgN§7/6) is the squared De-
bye screening mass of the medium, Cr = C, = N7 is
the gluon color factor, Cr = C, = (N — 1)2/(2NeT)
is the quark color factor, A, and A, are the quanti-
ties characterizing the chemical equilibrium of the sys-
tem (we take A, = A, = 1, which corresponds to
equilibrium), A, = 1/(4maT) is the mean free path
of the gluon, and L = 3rgA'/3/4, ro 1.112 fm,
is the transverse length of the resulting medium. In
addition, the energy loss due to radiation is charac-
terized by Lcr = /AgE/p?, a quantity that charac-
terizes the finiteness or infiniteness of the medium for
the propagating parton. In turn, the effective num-
ber of flavors, the effective number of colors, and the
temperature-dependent strong coupling constant are
expressed as [27]

off _ , T%/Q* —T7/Q
N = 1o ]
off _ 872 12/Q* —T°/Q3
e = [ S S e
Qg = as(QaT) =
- as(Q())
1+ asigo) [1_31]\[55 _ %N;ff] 1n(Q?/Q2)
N.=3, Qo=mz =091 GeV.

The dependence of the medium temperature on the
collision energy was obtained by fitting data from hy-
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drodynamic calculations for various experiments [25];
it is expressed as

To = 0.124 (v/snn) 272 GeV

with the temperature profile of the medium
T="T,[201-r2/L%)]"".

For a cold medium, we use only the energy loss of the

parton due to radiation, the expression for which and

all parameters are presented, for example, in [24].

In the modified HIJING scheme, the radiative en-
ergy loss AFE..q and collisional energy loss AF.o are
computed for each high-pr parton along its path in
the medium. The resulting reduced parton energy is
passed to the standard Lund fragmentation routine.
Therefore, the present implementation should be re-
garded as a phenomenological treatment of the coupling
between partonic energy loss and final-state multiplic-
ity, rather than a complete microscopic description of
medium response.

To incorporate a finite-volume first-order transi-
tion into the generator, we introduce a phenomenolog-
ical phase-allocation probability w(,/sxn) of the error-
function form [28] (an example of such a distribution is
shown in Fig. 1)

ate) =3 [t ()]
2 = (o), — (voNR), -

This choice provides a smooth interpolation be-
tween hadronic and deconfined regimes in finite, rapidly

(4)
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Fig. 1. Example of the probability distribution of the first-order

phase transition in event-by-event collisions versus \/sxn. The

parameters of the distribution are (/snn)y = 120 GeV and
o =20 GeV

expanding heavy-ion fireballs, where the sharp discon-
tinuity expected in the thermodynamic limit is rounded
by finite-size and dynamical effects. In this implemen-
tation, /snn acts as the external control parameter,
(v/SNN)p denotes the binodal energy, and o is an ef-
fective width that characterizes the smearing of the
transition region. The error-function dependence is
adopted here as a phenomenological ansatz at the gen-
erator level, rather than as a direct consequence of the
cited thermodynamic arguments. This construction is
consistent with the general picture of finite-size effects
and spinodal decomposition in nuclear systems [29-31],
while the fluctuation framework of Landau and Lif-
shitz [32] provides the broader statistical context for
understanding fluctuations and finite-size rounding in
phase transitions.

We implement w(,/sxn) event-by-event: for each
generated collision at /sxy we draw a uniform ran-
dom number r € [0,1) and assign the event to the hot
matter branch if 7 < w(y/sxn) and to the cold mat-
ter branch otherwise. This probabilistic allocation pre-
serves generator modularity and allows straightforward
sensitivity studies of o and (/sxn)p on fluctuation ob-
servables. The two branches differ only in the energy
loss mechanisms described above, while the remaining
HIJING settings are kept at default values.

3. RESULTS AND DISCUSSION

This section presents the results of the analysis of
the multiplicity fluctuations of charged hadrons (K,
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K=, n", n~, p, p) from simulations of central Au+Au
collisions in the energy range of /sy = 20-200 GeV.
Central events are selected by restricting the impact pa-
rameter to the range b = 0-3.4 fm, which corresponds
to approximately the 0-5% most central collisions in
a Glauber-type geometric picture for Au+Au at these
energies. The number of events is 6.5 million for each
data point in the figures.

We apply the pQCD-based energy-loss formalism
in a RHIC energy range where /syn = 20-200 GeV
and typical hard scattering scales Q? are several GeV2.
This is admittedly at the lower end of strict pQCD
applicability, and our approach should be viewed as
a phenomenological implementation guided by QCD-
inspired energy-loss models rather than a precise per-
turbative calculation.

In what follows, we consider event-by-event fluctu-
ations of a generic observable k (net-proton number
P = N, — Np, net electric charge @ = N, — N_, and
charged-hadron multiplicity N = Ny 4+ N_), where N
and N_ denote the numbers of accepted positively and
negatively charged final-state particles, respectively.
For each distribution we define

G35 = ((0k)*)
Cs = ((0k)?),
__

(5P

where 0k = k; — (k) for the ith event, and (---) de-
notes the average over all events in the sample. The
cumulant ratios used in the figures are

_ 2
= O

Sk

cy  of ck
“2 _ Ik 25 G 6
cF = M, ck ~ KTk (©)

Statistical uncertainties of the cumulant ratios are
estimated using large-sample delta-theorem expres-
sions [33,34|. For each /syn and kinematic win-
dow, 6.5 - 10% events are generated. The uncertainty
of C¥ /C¥ is evaluated from the variances of the sample
mean and variance. For C¥/C¥ we use a Gaussian-
limit estimate as a statistical baseline. Because the
simulated distributions can be non-Gaussian, a full un-
certainty determination would require higher central
moments or bootstrap resampling. The corresponding
relative statistical uncertainties are stated in the figure
captions.

Figure 2 shows the energy dependence of the ra-
tio of the third cumulant to the second cumulant of
net-proton number, net electric charge, and charged
hadron multiplicity. The simulations for each energy
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Fig. 2. (Color online) The ratio of the third to second cu-
mulant of net-proton, net-charge, and charged hadron mul-
tiplicity fluctuations vs /snx for different models of par-
ton energy loss in the medium: inf.+finite — full radiative-
plus-collisional energy-loss model according to Egs. (2), (3);
Cold — cold matter [24]; BDMPS — BDMPS model only;
dE/dz 2 GeV/fm — unmodified HIJING with the de-
fault value of the parton energy loss parameter; No quench-
ing — no medium formation effects; STAR — STAR ex-
perimental results. The kinematic cuts are |y| < 0.5 and
0.2 < pr < 2.0 GeV/c. The largest estimated relative sta-
tistical uncertainties among the displayed model points are
approximately 4% for net-proton, 9.5% for net charge, and
1.2% for charged hadron multiplicity
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Fig. 3. (Color online) The ratio of the second to first cumu-
lant of charged hadron multiplicity, net-charge, and net-proton
number vs \/sn in different kinematic regions (1 — |y| < 0.5,
0.2 < pr <2.0GeV/c; 2 —|y| < 1.0, 0.2 < pr < 2.0 GeV/¢;
3 — |yl < 1.0, 0 < pr < 2.0 GeV/c) using the phe-
nomenological phase-allocation probability for the first-order-
transition ansatz. The parameters of this distribution are
(v/SNN)b 120 GeV and o = 20 GeV. The largest esti-
mated relative statistical uncertainties among the displayed
model points are approximately 0.07% for net-proton, 0.12%
for net charge, and 0.06% for charged hadron multiplicity
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Fig. 4. (Color online) The ratio of the third to second cumulant of charged hadron multiplicity and net-proton number vs |/snn

in different kinematic regions (1 — |y| < 0.5, 0.2 < pr < 2.0 GeV/¢; 2 — |y| < 1.0, 0.2 < pr < 2.0 GeV/¢; 3 — |y| < 1.0,

0 < pr < 2.0 GeV/c) using the phenomenological phase-allocation probability for the first-order-transition ansatz. The param-

eters of this distribution are ({/snN), = 120 GeV and o = 20 GeV. The largest estimated relative statistical uncertainties are
approximately 3% for net-proton and 1.7% for charged hadron multiplicity

were made with different medium parameters, which
are denoted in the graphs as follows: inf.-+finite — full
radiative-plus-collisional energy-loss model according
to Egs. (2), (3); Cold — cold matter [24]; BDMPS —
BDMPS model only; dE/dz = 2 GeV/fm — unmodi-
fied HIJING with the default value of the parton en-
ergy loss parameter; No quenching — no medium for-
mation effects. The kinematic cuts, |y| < 0.5 and
0.2 < pr < 2.0 GeV/e, correspond to those of the
STAR experiment [35]. The STAR data points were
taken from [10].

The figure demonstrates that at lower energies the
parton energy loss mechanism does not dominate, but
at ultrarelativistic energies (> 100 GeV /nucleon) par-
ton energy loss across all considered models becomes
sufficiently pronounced for fluctuations to serve as a
viable probe of the properties of the medium produced
in heavy-ion collisions. At the highest RHIC ener-
gies, the net-charge and net-proton results are qualita-
tively consistent with the hot-medium scenarios, par-
ticularly those including finite-size effects. In contrast
to net-charge fluctuations, which decrease with increas-
ing collision energy in the present calculations, multi-
plicity fluctuations increase with the assumed medium

temperature. Within this model, they are therefore
useful for discriminating among the considered energy-
loss scenarios.

Figure 3 shows the dependence of the ratio of the
second to first charged hadron cumulants on the prob-
ability distribution (Fig. 1). The parameters of this
distribution are (\/M)b = 120 GeV and o = 20 GeV.
This dependence was analyzed in three different kine-
matic regions:

1. Jy] <0.5,0.2 < pr < 2.0 GeV/¢;
2. |y <1.0,0.2 < pr < 2.0 GeV/¢;
3. |y < 1.0, 0 < pr < 2.0 GeV /c.

Figure 4 presents the So = C3/Cy ratios for net-
proton and multiplicity fluctuations in the same three
kinematic regions.

The results demonstrate that charged hadron mul-
tiplicity fluctuations are more sensitive to the imple-
mented phase-allocation ansatz than the considered
net-charge and net-proton observables, regardless of
the cumulant order. However, the response and accom-
panying nonlinear behavior are most pronounced in the
third-to-second cumulant ratio (So). Furthermore, ex-
panding the kinematic acceptance markedly enhances
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the sensitivity of these multiplicity fluctuations near
the selected transition region of the phase-allocation
ansatz. In contrast, net-proton cumulants exhibit di-
vergent trends with broadening kinematic coverage,
where the 02 /M ratio decreases while So increases.

The stronger response of charged-hadron multiplic-
ity follows from its inclusive character: changes in the
energy-loss prescription modify the production of soft
charged particles and therefore affect the total accepted
multiplicity event by event. In contrast, net-charge and
net-proton observables involve cancellations between
positive and negative particles or between protons and
antiprotons. Their sensitivity to the branch allocation
is consequently reduced by these cancellations and by
conservation constraints.

Part of the weaker response observed for net-proton
and net-charge cumulants in Figs. 2—4 can be attributed
to acceptance and conservation constraints.

Published charged-hadron multiplicity-fluctuation
measurements from PHENIX [7] are not directly over-
laid on the present results. That analysis reported the
scaled variance we, = C2/Cy for Au+Au collisions at
VsNN = 62.4 and 200 GeV, whereas Fig. 2 presents
the ratio C3/C5. In addition, the PHENIX measure-
ment used the central-arm acceptance |n| < 0.26 with
a limited azimuthal coverage and included detector-
efficiency and geometry-fluctuation corrections. These
conditions differ from the present generator-level cal-
culation with |y| < 0.5 and the stated transverse-
momentum cuts; therefore, a quantitative comparison
is not attempted.

The modified hot-medium scenario differs from the
default and cold-matter cases because the partonic
energy loss is linked to the assumed local medium
properties. Radiative and collisional losses depend
on the local temperature, path length, running o,
collision geometry, and /syn. In the present im-
plementation, the resulting reduced parton energy is
passed to Lund fragmentation. Therefore, the observed
changes of multiplicity cumulants should be interpreted
as a phenomenological response of the modified HI-
JING model to the assumed energy-loss prescription,
rather than as a complete microscopic description of
medium response.

We note that, in a realistic experimental environ-
ment, charged-particle detection cannot reach arbitrar-
ily small transverse momenta: very low-pp particles
can spiral entirely within the beam pipe due to the
magnetic field and remain undetected. Our kinematic
region with 0 < pp < 2.0 GeV /¢ should therefore be re-
garded as an idealized acceptance illustrating the sensi-
tivity of multiplicity cumulants to enlarged phase-space

6 YKITD/JETP, pom. 6 (12)

coverage, while realistic lower pr cuts, for example,
pr > 0.2 GeV/c, will somewhat reduce this sensitiv-
ity. No detector response or tracking-efficiency correc-
tion is applied in the present generator-level study; the
kinematic cuts are used only to define the accepted
final-state particles.

The present analysis is restricted to approximately
0-5% central Au+Au collisions in order to reduce
event-by-event variations of the collision geometry and
participant number. In noncentral collisions, additional
volume, path-length, and participant fluctuations are
expected to affect the cumulants and may obscure the
sensitivity to the implemented energy-loss and phase-
allocation prescriptions. A systematic extension to
noncentral events would therefore require a dedicated
treatment of centrality-bin-width effects and geometry
fluctuations [7, 36, 37].

An extension of the modified-HIJING framework to
LHC energies is possible in principle. However, such
an extension would require a separate validation and
retuning of the underlying HIJING generator parame-
ters, which are used here in a configuration intended for
the RHIC energy range. In particular, the parameters
controlling hard-process production and its minimum
transverse-momentum scale, nuclear parton shadowing,
initial parton transverse momentum, string fragmenta-
tion, and the medium energy-loss prescription would
require dedicated validation at LHC energies.

4. CONCLUSIONS

In summary, this work investigates event-by-event
multiplicity and conserved charge fluctuations in cen-
tral Au+Au collisions at center-of-mass energies of

sNN = 20-200 GeV. By modifying the HIJING
transport model to incorporate QCD-inspired partonic
energy-loss formalisms for hot and cold nuclear media,
we reduce reliance on the default HIJING energy-loss
parameter and obtain a phenomenological framework
for investigating its influence on multiplicity cumulants.
This modification provides a more physically grounded
framework for analyzing the dynamic properties of the
dense matter produced in heavy-ion collisions. The
main results of this study are as follows.

1. Within the present modified-HIJING framework,
the separation between the considered energy-loss sce-
narios becomes more pronounced at the highest RHIC
energies. Multiplicity fluctuations show the largest
separation between the model scenarios, whereas net-
charge and net-proton observables are comparatively
less sensitive.
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2. Within the implemented phase-allocation ansatz,
charged-hadron multiplicity cumulants show a stronger
nonlinear response than the considered net-charge and
net-proton observables. The ratio So = C3/C5 exhibits
the most pronounced response.

3. Enlarging the idealized kinematic acceptance en-
hances the phase-allocation signal in multiplicity cumu-
lants. In realistic measurements, the attainable lower
pr threshold will limit this enhancement.

These results emphasize the critical role of higher-
order multiplicity cumulants and the careful selection of
kinematic windows in experimental searches. The find-
ings provide valuable baseline predictions for interpret-
ing forthcoming data from heavy-ion programs at FAIR,
(CBM) and NICA (MPD) dedicated to charting the
QCD phase diagram and locating the critical endpoint.
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