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Abstract

Net-charge fluctuation measurements for lead-lead (PbPb) and proton-proton (pp)
collisions at

√
sNN = 5.02 TeV are presented. The PbPb and pp data were obtained

with the CMS detector at the CERN LHC and correspond to integrated luminosities
of 0.607 and 252 nb−1, respectively. A measure of the relative strength of the correlated
pairs is determined for a wide range of relative pseudorapidity (with ∆η < 4.8) and
in different centrality intervals using reconstructed tracks with transverse momenta
in the range 0.5–3.0 GeV. An excess of opposite sign pairs is observed that increases
with the charged-particle multiplicity.
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1 Introduction
Ultrarelativistic heavy ion collisions can be used to study the properties of the hot and dense
state of matter, known as quark-gluon plasma (QGP), formed in these collisions [1–9]. A num-
ber of observables have been used to explore the properties of the QGP and to establish the
associated phase transition diagram in quantum chromodynamics (QCD). The measurement
of event-by-event fluctuations of the conserved quantities, such as the net-charge, net-baryon,
or net-strangeness numbers [10, 11], are frequently used as tools for characterizing the thermo-
dynamic properties of the transition from the QGP to the hadron resonance gas (HRG) phase.
The net-charge fluctuations are proportional to the square of the charge associated with individ-
ual charge carriers in the system [12–14]. In the QGP phase the quarks carry fractional electric
charge (± 2

3 e,± 1
3 e), whereas in the HRG phase the charge carriers all have unit charge (±1e).

Therefore, net-charge fluctuations in the QGP phase are expected to be smaller than those in
the HRG phase [12, 13, 15–17]. Hence, charge fluctuations measurements can probe the QGP. It
is also argued that, if the initial QGP phase is primarily dominated by gluons, the fluctuations
per entropy may be lowered further as gluon hadronization increases the entropy [11–13]. The
reduction in fluctuations appears as a further means of identifying the formation of QGP in
high-energy heavy ion collisions.

Net-charge fluctuations can also be affected by volume fluctuations. A quantity that is sensitive
to the net-charge fluctuations while cancelling out some of the effects of volume fluctuations
is the variance of the ratio of the numbers of positive (N+) and negative (N−) charges in the
system, δR, with R =

N+
N−

. The net charge is given by Q = N+ − N−, and has variance δQ. The
dynamical net-charge fluctuations per unit entropy is given by the so-called “D” parameter,
which can be related to the variances of R and Q, with

D = 〈Nch〉〈δR2〉 = 4
〈δQ2〉
〈Nch〉

, (1)

where Nch = N+ + N− and 〈...〉 denotes an average over an event ensemble. These quanti-
ties are typically measured in certain transverse momentum (pT) and pseudorapidity (η) inter-
vals [17].

The value of D is estimated considering several theoretical predictions including lattice QCD
calculations. According to theoretical calculations, the value of D for the HRG phase is roughly
equal to 4 [12, 13, 16, 17]. The correlations between N+ and N− can be reduced by neutral
resonances. The existence of resonances is anticipated to decrease the D value to 3 in the HRG
phase [12, 13, 16, 17]. The D value is 1–1.5 for a QGP phase, where the uncertainty arises from
relating the entropy to the number of charged particles 〈Nch〉 [12, 13, 16, 17]. Various effects
from hadronization, e.g., resonances, diffusion, and thermalization might also complicate the
measurement and interpretation of net-charge fluctuations. However, there is a significant
difference of at least 2 to 3 units in the D between the HRG and QGP phases, which can be
explored experimentally.

An observable that can be related to the net-charge fluctuations, ν(+−,dyn), is expressed in terms
of the relative correlation of particle pairs, with

ν(+−,dyn) =
〈N+(N+ − 1)〉
〈N+〉

2 +
〈N−(N− − 1)〉
〈N−〉

2 − 2
〈N+N−〉
〈N−〉〈N+〉

. (2)

The measured ratios are independent of detector efficiency and acceptance as these effects are
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similar for the numerator and denominator of each term and, consequently, largely cancel in
the ratios [10]. Negative (positive) values of ν(+−,dyn) indicate the dominance of correlations
due to opposite-sign (same-sign) pairs. The entropy produced in a medium is proportional to
the number of charged particles. The relationship between ν(+−,dyn) and D [17] is given by

〈Nch〉ν(+−,dyn) = D− 4. (3)

The average value of Nch, calculated in different centrality and ∆η windows, is corrected for
acceptance and detector inefficiencies. The results presented here are not corrected for global
charge conservation.

Previously the STAR Collaboration [10] studied net-charge fluctuations in different center-
of-mass energies from 19.6 to 200 GeV and in a symmetric range about mid-rapidity and
with relative particle pseudorapiditiy <1.0. The results for gold-gold (AuAu) collisions at√

s
NN

= 200 GeV with maximum relative particle pseudorapidity ∆η = 1.0 are consistent with
the HRG theoretical predictions. A similar measurement is reported by the ALICE Collabora-
tion [11] in lead-lead (PbPb) collisions at

√
s

NN
= 2.76 TeV in terms of ν(+−,dyn) in symmetric

ranges about mid-rapidity with ∆η = 1.0 and 1.6 ranges, consistent with the HRG and close
to the QGP limits, respectively. The aforementioned fluctuations predicted for the QGP might
be detectable in case they are measured over a very large rapidity range (of order of four units
in ∆η) [12, 13, 17]. The measurement presented in this note provides a broad rapidity cover-
age, which could further reveal initial-state fluctuations and particle production mechanisms.
More specifically, we extend the extractions of ν(+−,dyn) and D up to ∆η = 4.8 using PbPb and
pp collisions at

√
s

NN
= 5.02 TeV, recorded in 2018 and 2017 by the CMS detector and corre-

sponding to integrated luminosities of 0.607 and 252 nb−1 [18–23], respectively. We compare
our results with the predictions from HYDJET (version 1.8) [24] and HIJING (version 1.3) [25]
event generators in PbPb collisions in an extended centrality range, and with those from the
PYTHIA8 (version 2.1.2) [26] event generator in pp collisions.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume there is a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
The silicon tracker consists of 1856 silicon pixel and 15,148 silicon strip detector modules. The
silicon tracker measures charged particles within the range |η| < 3.0, and provides track res-
olutions of typically 1.5% in pT and 20–75 µm in the transverse impact parameter [27, 28] in
pixel detector for nonisolated particles of 1 < pT < 10 GeV [29]. The forward hadron (HF) cal-
orimeter uses steel as an absorber and quartz fibers as the sensitive material. The two halves of
the HF are located 11.2 m (in z) from the interaction region, one on each end, and together they
provide coverage in the range 3.0 < |η| < 5.2. The HF calorimeters are subdivided into “tow-
ers” with ∆η×∆φ = 0.175× 0.175. Energy deposited in a tower is treated as a detected hadron
in this analysis. The HF calorimeters also serve as luminosity monitors. Muons are measured
in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables can be found in Ref. [30].
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3 Data samples and event selections
The analysis presented in this note makes use of approximately 4 and 15 billion “minimum-
bias” (MB) triggered events from PbPb and pp collisions, respectively. The MB events are
selected online by requiring signals above the readout threshold of 3 GeV in each of the HF
calorimeters [29, 31]. Background events due to beam-gas interactions and non-hadronic colli-
sions are filtered out offline. The events used in this analysis are required to have at least one
primary interaction vertex determined with two or more tracks [27] within a distance of 15 cm
from the center of the nominal interaction point along with the beam axis and to have at least
two calorimeter towers in each HF detector with energy deposits of more than 4 GeV per tower.
In the case of PbPb collisions, the primary interaction vertex is considered as the reconstructed
vertex with the highest number of associated tracks (described in Section 9.4.1 of Ref. [32]).
When measuring the net-charge fluctuations in pp collisions instead, the same event may con-
tain multiple independent interactions (pileup), hence primary interaction vertices. All tracks
with 0.5 < pT < 3.0 GeV and |η| < 2.4, and associated to a primary interaction vertex, must
pass the high-purity selection criteria described in Ref. [5, 33]. The relative uncertainty in the
pT measurement must be less than 0.1. In PbPb collisions, additional selections are applied to
the tracks: the number of hits in the silicon tracker should be larger than 11 and the normalized
χ2 per layer of the silicon detector must be less than 0.18. The collision centrality is defined as
a fraction of the inelastic hadronic cross section, with 0% corresponding to the full overlap of
the two colliding nuclei.

The experimental results presented in the study are compared with the predictions from Monte
Carlo event generators. The HIJING generator is a combination of the initial nucleon-nucleon in-
teractions and the subsequent parton dynamics, whereas HYDJET is an extension of HIJING that
combines the initial-state parton production from HIJING with the final-state hydrodynamic
evolution of the created medium. It includes both hard scatterings and soft interactions. The
PYTHIA program includes models for hard scatterings, initial- and final-state radiation, hadron-
ization processes, and final-state hadron decays. It incorporates a range of physics models and
parameters to describe various aspects of the collision, such as parton fragmentation, particle
production, and decay processes. The Monte Carlo simulations of the CMS detector response
are performed using the GEANT4 [34] framework in the analysis.

4 Systematic uncertainty
We follow a similar procedure to estimate the systematic uncertainties in ν(+−,dyn) values for
both of PbPb and pp collisions. The systematic uncertainties related to the primary-vertex (zvtx)
reconstruction are obtained from the variations with different zvtx locations from -15 to 15 cm.
The selection criteria for the transverse and longitudinal track impact parameters, expressed as
a function of their uncertainties, range from 2 to 5 standard deviations. In addition, the vari-
ation of relative uncertainty in pT ranges from 5% to 10% and the normalized χ2 per tracker
layer in the range of 0.15–0.18 is also considered. The systematic uncertainty due to the differ-
ent track selection requirement is found to be the leading one for this measurement. Moreover,
the centrality calibration is varied as an additional source of systematic uncertainty in PbPb col-
lisions. The uncertainties due to the comparison between simulated and reconstructed tracks
are taken into account in this measurement. We also consider the systematic uncertainties due
to the tracking efficiency by comparing values with and without applying the correction in
data. Finally, in the case of pp collisions, the impact of pileup is also considered by varying
the pileup selection by considering the distance among reconstructed vertices and their asso-



4

ciate number of tracks. In order to estimate uncertainties from different sources in each ∆η and
centrality bin, the relative differences are fitted with a polynomial function. The relative sys-
tematic uncertainties from each source are evaluated from the difference between the nominal
and varied results. The systematic uncertainty for the 〈Nch〉 ν(+−,dyn) value at ∆η = 4.8 ranges
from 0.3% in the 70-80% centrality bin to 11% in the 0-5% centrality bin.

5 Results and discussion
5.1 Centrality dependence

Figure 1 (left panel) presents the measurement of ν(+-,dyn) as a function of centrality for var-
ious ∆η windows: 1.0, 1.6 and 4.8. The ν(+-,dyn) values are consistently negative, indicating
that the contributions from the correlations of opposite-sign particles dominate as compared to
same-sign particles [15]. The value of ν(+-,dyn) is found to become more negative with increas-
ing centrality or, correspondingly, decreasing particle multiplicity. In central collisions, where
charged particle multiplicities are higher, the absolute value of ν(+-,dyn) approaches monoton-
ically to zero. The statistical and systematic uncertainties are smaller than the marker size,
indicating the precision of the measurement. No correction has been applied for the effect of
global-charge conservation. This correction is model dependent and beyond the scope of the
current presentation.
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Figure 1: Summary of the measured (left panel) ν(+−,dyn) as a function of centrality and (right
panel) 〈Nch〉ν(+−,dyn) as a function of the average number of participating nucleons (〈Npart〉)
for PbPb and pp collisions at 5.02 TeV. The horizontal line corresponds to zero net-charge
fluctuations. The rectangular open boxes represent the systematic uncertainty and the vertical
bars indicate the statistical uncertainty. On the right panel, the predictions from HYDJET [24]
and PYTHIA8 [26] event generators in PbPb and pp collisions, respectively, are also shown.

Figure 1 (right panel) shows the values of 〈Nch〉 ν(+−,dyn) as a function of the average number of
participating nucleons (〈Npart〉) [35] in both the systems. This comparison helps to understand
how the properties of the colliding system, such as its size and energy density, affect the net-
charge fluctuation per entropy dependence. The values of 〈Nch〉 ν(+−,dyn) obtained using the
larger ∆η window of 4.8 are compared to those obtained using the smaller windows of 1.0
and 1.6 for all centrality classes. The experimental findings demonstrate that the value 〈Nch〉
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ν(+−,dyn) values become significantly more negative with an increase in the ∆η range. The
values based on the HYDJET and HIJING event generators show a similar trend with increasing
multiplicity, although with reduced magnitude.

In addition to PbPb collisions, the measurement also includes results from pp collisions. It is
observed that the scaled value of ν(+-,dyn) in pp collisions is larger than the values found for
PbPb collisions. The model prediction from PYTHIA has a similar value and is consistent with
the prediction from the HRG limit. However, it is important to note that none of the models
fully explain the experimental data. This indicates that there may be additional physics effects
or mechanisms at play that are not captured by the current models.

5.2 Pseudorapidity dependence

We explore the value of 〈Nch〉 ν(+−,dyn) within an extended ∆η coverage. This is the first time a
net-charge fluctuation measurement has been done that extends the pseudorapidity coverage
to the range where significant influence of the QGP phase [17] is expected. A better understand-
ing of how global charge conservation affects the results is needed to firmly establish the QGP
influence. The 〈Nch〉 ν(+−,dyn) value decreases with an increasing ∆η window as a consequence
of the increase in charged particle multiplicities. The diffusion of charged hadrons in the rapid-
ity space leads to the fluctuations getting weaker as the system evolves from the hadronic to the
kinetic freeze-out phase [11, 36, 37]. The fluctuations created in the initial state can survive until
the hadronic freeze-out in case of a rapid expansion of the primordial medium. Therefore, the
smaller ∆η windows might not be ideal to capture the majority of the initial fluctuations [38].
Figure 2 shows the dependence of 〈Nch〉ν(+−,dyn) as a function of ∆η in different centrality bins.
For the most central 0–5% and mid-central 15–20%, the value of 〈Nch〉 ν(+−,dyn) for maximum
∆η lies between -3.0 to -2.0. The predictions from HYDJET and HIJING show a similar decreasing
trend with ∆η.
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Figure 2: The measured 〈Nch〉ν(+−,dyn) as a function of ∆η for different centrality ranges. The
results are presented both in PbPb and pp collisions. The rectangular open boxes represent
the systematic uncertainties, while the vertical bars indicate the statistical uncertainties. The
dotted and dashed lines indicate the results from HIJING [25] and HYDJET [24] event generators,
respectively.

The 〈Nch〉 ν(+−,dyn) value for the HIJING simulation in the 0–5% centrality class is close to 0 and
consistent with the theoretical prediction of uncorrelated pion gas, while the HYDJET value is



6

within the HRG limit.

In Fig. 3, the 〈Nch〉ν(+−,dyn) (plotted on the left y-axis) and the D (plotted on the right y-axis)
values are presented for the 0–5% centrality class, along with theoretical predictions as a func-
tion of the pseudorapidity window. The predictions for a HRG are represented by the dotted
line, while the predictions for the QGP formation are indicated by the band. The theoretical
calculation of the D− value does not account for the ∆η dependence. The net-charge fluctua-
tions measured at ∆η < 1.0 are found compatible with HRG expectations, as also reported by
STAR [10] and ALICE [1]. Although the relative influence of the hadronic and QGP states will
require a better understanding of the role of net-charge conservation on the results, the extent
of the pseudorapidity window in Fig. 3 is such that a significant QGP influence is expected for
the larger values of ∆η.
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Figure 3: 〈Nch〉ν(+−,dyn) (left y-axis) and D-measure (right y-axis) values as a function of ∆η for
the 0–5% centrality class. The rectangular open boxes represent the systematic uncertainties,
while the vertical bars indicate the statistical uncertainties. The theoretical predictions for the
HRG [12, 13, 16, 17] and QGP [12, 13, 16, 17] limits are indicated with the dotted line and band,
respectively.

6 Summary
In this note, the dynamical net-charge fluctuations in terms of ν(+−,dyn) in lead-lead (PbPb) and
proton-proton (pp) collisions at

√
sNN = 5.02 TeV are reported. The measurement takes advan-

tage of the large pseudorapidity coverage of the CMS detector to, for the first time, determine
the dynamical net-charge fluctuations in pseudorapidity windows where the influence of the
QGP state is expected to be significant. The ν(+−,dyn) values are found to become increasingly
more negative going from central to peripheral collisions. The ν(+−,dyn) values are found to
be negative in all cases, implying the dominance of the correlation of opposite sign charged
particles. We also determine the charged particle multiplicity and ∆η window dependence
of the product ν(+−,dyn), where this product is related to the charge particle fluctuations per
entropy. We find the 〈Nch〉 ν(+−,dyn) values decrease monotonically with increasing relative
pseudorapidity window (∆η) for all centrality ranges. Firm conclusions based on the current
experimental results require a better understanding of how global charge conservation affects
the fluctuation observables.
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