EPJ Web of Conferences 364, 05010 (2026) https://doi.org/10.1051/epjconf/202636405010
Quark Matter 2025

Probing QGP using local charge fluctuations in heavy-ion
collisions

Jonathan Parra'>*, Roman Poberezhniuk'3**| Volker Koch?, Claudia Ratti', and Volodymyr
Vovchenko!

'Department of Physics, University of Houston, Houston, TX 77204, USA

2Nuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA
94720, USA

3Bogolyubov Institute for Theoretical Physics, 03680 Kyiv, Ukraine

Abstract. We revisit the D-measure of event-by-event net-electric charge fluc-
tuations, an idea first introduced over 20 years ago as a potential signature for
the presence of quark-gluon plasma (QGP) in heavy-ion collisions. We devel-
oped a quantitative framework that incorporates resonance-decay effects, global
and local charge conservation, and experimental kinematic cuts. Folding these
effects into a formalism of density correlations yields an improved expression
for the D-measure inside acceptance. We make comparisons with ALICE data
for Pb-Pb collisions at y/syy = 2.76 TeV. We find that a hadron-gas scenario
can describe the data only for a very short charge conservation range, while
a QGP scenario is in good agreement with the measurement and is relatively
insensitive to the charge conservation range. A Bayesian comparison of both
scenarios shows moderate evidence for freeze-out of charge fluctuations in the
QGP phase.

1 Introduction

The D-measure of event-by-event net-charge fluctuations is defined as the variance of net
electric charge normalized by the mean charge multiplicity:
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It was proposed as a potential signature for QGP creation in heavy-ion collisions [1, 2]. Due
to fractional quark charges, one expects suppressed fluctuations in a deconfined QGP relative
to a hadron gas (HG) (see [3, 4] for review). Measurements were performed at RHIC [5]
and LHC [6] but in the absence of quantitative calculations, conclusions remained elusive.
Grand-canonical ensemble (GCE) estimates for a gas of hadrons yield Dyg =~ 2.8 — 4. For
QGP, a value for Dogp = 1 — 1.5 was estimated, three times smaller than the HG value.
However, the underlying assumptions in the GCE are inaccurate in heavy-ion collisions.
Due to the presence of causally disconnected regions of the fireball, there may be charges
which are not causally correlated, implying local charge conservation. Additionally, decays
of neutral resonances into charged particles introduces new correlations to the system that
have to be accounted for. In this work, we develop a formalism that models these effects.
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2 Formalism
We begin by quantifying fluctuations in the hadronization stage by w = 2l " \where k,[Q]

e

is the net-charge variance and (N, ) is the mean charge multiplicity before resonance de-
cays. The mean multiplicity is in chemical equilibrium and is determined by the Hadron
Resonance Gas (HRG) model. The net-charge variance is a conserved quantity and can only
change through diffusion in a finite acceptance. This process may be slow enough that equi-
librium is not maintained and the net-charge variance may decouple before the mean charge
multiplicities do, and thus, may freeze out in the hadron gas phase or as early as in the QGP
phase. Particles detected later on may contain the memory of where this occurs.

For a hadron gas scenario, the Maxwell-Boltzmann limit (Poisson statistics) gives wyg ~
1, but when considering Bose-FEinstein statistics for pions and the presence of multi-charged
hadrons, an HRG calculation gives wyg =~ 1.1. For a QGP scenario, the difficulty lies in
estimating the mean multiplicity of charged hadrons (N5'™). Thus, we utilize the approxi-
mately isentropic evolution between the freeze-out of charge fluctuations and hadronization,
and the fact that in the grand-canonical ensemble, «;[Q] = V)(ZQ . Using this, we can divide
and multiply w by entropy S. Hence,
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Charge susceptibility )(ZQ and entropy density s are given in the QGP by the Stefan-Bolzmann
limit of massless quarks: (XzQ)QGP /T3 =2/3 and sqcp/ T3 = 197/9. For entropy per hadron,

we use a recent analysis which gives S /(N.,) = 6.7+0.8 [7]. Finally, (Nen)/(N5 "), which we
call yp, is the ratio of final and primordial charge multiplicities. A thermal model estimate,
which we employ, gives yo = 1.67. Altogether one obtains wogp = 0.36 + 0.04, where the
uncertainty comes solely from S /(N.). These estimates for w for the HG and QGP scenarios
are further justified by a lattice QCD based calculation of the temperature dependence of
w (see Fig. 1 in [8] for details).

Next, we construct a charge susceptibility )(ZQ in a form that encapsulates correlations

among charges, such as resonance decays. First, we write the susceptibility as y5 = w(n‘c);im>,
where (ngr:m> is the charged particle density. We then decompose /\(g into two terms which
correspond to self-correlations and 2-particle correlations, respectively:

X5 = ™+ g™ 3)
Before any decays occur, the strength of correlations is parameterized by w. Hence, X2Q =

w(ng}rjm> and ¢2Q’p rim (w - l)(ng lr:m). After resonance decays, the net charge (and thus /\/ZQ)

remain conserved, but the multiplicities increase by a factor of vy (= 1.67). Thus, (ney) =

yQ(nE ;im). This introduces additional correlations which induce a rebalancing of self- and

2-particle correlations. We write the final charged susceptibility as X2Q = (Neh) + thQ where,

w
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To model exact charge conservation, we use the 2-point correlator CzQ (ry,r2) which was
recently derived for a thermal system with local charge conservation in spatial rapidity coor-
dinates, (171, 7,). It consists of local and balancing terms [9]:
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Here )(2Q is the grand-canonical charge susceptibility, Viy = f dr is the total system volume,
and x(ry, ;) is the local charge conservation kernel which is modeled as a Gaussian function.
The Gaussian width, o, is related to an effective conservation volume V,./V,,. Integrating
the 2-point correlator over a subvolume yields the net-charge variance of particles emitted
from that subvolume. To account for collective flow and kinematical cuts in momentum
space, we employ the binomial model for acceptance probability, which is the probability
p(n) that a particle with some spatial rapidity n will end up in momentum acceptance. We then
employ the blast-wave model fitted to single-particle spectra [10] to calculate the acceptance
probabilities.

Combining the aforementioned effects yields an expression for the D-measure inside mo-
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which contains terms that correspond to the Skellam baseline, short-range two-particle cor-
relations (due to decays or hadronization of QGP), and long-range correlations.

3 Comparison to ALICE data at +/syn = 2.76 TeV

The ALICE Collaboration published data for the D-measure in Pb-Pb collisions at +/sxy =
2.76 TeV [6]. In Fig. 1 we plot the curves obtained from Eq. (6) as functions of pseudo-
rapidity cut oy, for the HG (w =~ 1.1) and QGP (w = 0.36) scenarios. The results are
presented for 0-5% and 40-50% centralities, using the appropriate blast-wave parameters.
To elucidate the effect of local charge conservation, we performed the calculation for global
charge conservation (V, = Viy), and a representative value of local charge conservation,
Ve = 0.2Vig (oy = 0.78), motivated by Ref. [9]. The HG scenario describes the data only for
a short range of local charge conservation (dash-dotted blue curve), while the QGP scenario
is in excellent agreement with the data (solid and dotted blue curves) at any range. This is
attributed to the dependence of the local conservation term on w, which for the QGP is much
smaller than for the HG. The calculations reproduce centrality dependence trend in the data.

D=4
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4 Bayesian analysis

To further investigate which scenario fits the data best, we perform a two-parameter Bayesian
analysis in (w, V./Vi,) using the smallest and largest 7., data points for 0-5% centrality.
Here, we vary w € [0, 1.2], which covers all possible intermediate regimes between HG
and QGP, and even vanishing local fluctuations in coordinate space. We take uniform priors
w ~ U(0,1.2) and V,./Vix ~ U(0, 1) which yield a posterior that moderately prefers QGP
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. 0-5% Figure 1. Corrected D-measure as a
35F Wy TV 40-50% function of the pseudorapidity cut e, in
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over HG with Bayes factor Bqgp/ug = 9.7. A prior preferring local conservation, V. /Vio ~
N(0.20,0.052), still favors QGP with B ~ 4.7. These Bayes factor values are indicative of
moderate evidence [11] for the freeze-out of charge fluctuations in the QGP over the HG
scenario, see Fig. 2 for the full result.

Il Local-Conservation Prior
w~ U(0,1.2), Vol Vit ~ N(0.20,0. 052)
Bageie = 4.7

Figure 2. Posterior distributions for w and
V./Viot under uniform (orange) and
local-conservation (purple) priors for V./ V.
The Bayes factor compares the QGP and HG
charge fluctuations freeze-out scenarios,
yielding moderate evidence for QGP.
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5 Conclusions and Outlook

We developed a new formalism that unifies suppression of net-charge fluctuations in the QGP
phase, resonance decay effects, local charge conservation, and kinematic acceptance in a
single quantitative framework. We compared our results to ALICE Run 1 data and found that
a HG scenario describes the data only when taking a very local range of charge conservation
into account, while a QGP scenario is in good agreement at any range. A Bayesian analysis
of both scenarios reveals moderate evidence for freeze-out of fluctuations in the QGP phase.
We look forward to the release of LHC Run 2 data to further test our framework.
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