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Abstract

Measurements of the charge-dependent two-particle angular correlation function in
proton-lead (pPb) collisions at a nucleon-nucleon center-of-mass energy of

√
s

NN
=

8.16 TeV and lead-lead (PbPb) collisions at
√

s
NN

= 5.02 TeV are reported. The pPb and
PbPb datasets correspond to integrated luminosities of 186 nb−1 and 0.607 nb−1, re-
spectively, and were collected using the CMS detector at the CERN LHC. The charge-
dependent correlations are characterized by balance functions of same- and opposite-
sign particle pairs. The balance functions, which contain information about the cre-
ation time of charged particle pairs and the development of collectivity, are studied as
functions of relative pseudorapidity (∆η) and relative azimuthal angle (∆ϕ), for vari-
ous multiplicity and transverse momentum (pT) intervals. A multiplicity dependence
of the balance function is observed in ∆η and ∆ϕ for both systems. The width of the
balance functions decreases towards high-multiplicity collisions in the momentum
region <2 GeV, for pPb and PbPb results. No multiplicity dependence is observed
at higher transverse momentum. The data are compared with HYDJET, HIJING and
AMPT generator predictions, none of which capture completely the multiplicity de-
pendence seen in the data.
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1 Introduction
Ultrarelativistic heavy-ion collisions provide a means to investigate the properties of the quark-
gluon plasma [1–6]. This state of matter is formed in the first few moments (∼3 ×10−24 sec-
onds) of such collisions, and is characterized by large energies compressed into a small volume.
Two-particle angular correlations are used as a tool to study the properties of the system cre-
ated in high-energy collisions [7–12]. These correlations are usually measured as functions of
∆η and ∆ϕ, which denote the relative angle in pseudorapidity (η) and azimuthal angle (ϕ), re-
spectively. Many physical phenomena manifest themselves in these correlations: the collective
behaviour of the medium can be apparent in the long-range longitudinal structure at small ∆ϕ
angles [11–14], the jet-related correlations can be observed as a peak at small relative ∆η, ∆ϕ
angles together with a broad ∆η structure at ∆ϕ ∼ π, while correlations in relative momen-
tum caused by resonance decays or quantum statistics, such as Bose–Einstein correlations, will
appear at small relative angles only.

Charged-particle production is subject to local charge conservation, which ensures that for each
created charge there is always an opposite balancing partner [15, 16]. The electric charge bal-
ance function represents the probability that a charge +q will see its balancing charge −q within
a limited range of ∆ϕ and ∆η [16]. The width of the balance function represents a powerful tool
to study the dynamics of particle production [7–9, 17]. Specifically, the width of the balance
function is expected to be narrower when the particles are produced at a later stage of the sys-
tem evolution. Conversely, a wider distribution would correspond to charge creation earlier in
the evolution. Additionally, collective medium expansion, specifically the radial flow, may also
affect the observed width of the correlated distributions. The azimuthal width of the balance
function depends on the strength of the radial flow, while its longitudinal spread is related to
the longitudinal momentum as ∆η

√
m2

0 + p2
T, where pT is the transverse momentum and m0

is the particle mass [18]. Therefore, radial flow can contribute to the narrowing of the balance
functions for more central collisions.

The STAR Collaboration has performed measurements of the balance function in various col-
lision systems, including AuAu, dAu, and pp collisions [19]. In AuAu collisions at

√
s

NN
=

200 GeV, for particles of |η| < 1.0, the balance function was found to have a strong central-
ity dependence in both ∆η and ∆ϕ. A similar measurement covering the range |η| < 0.8 was
reported by the ALICE Collaboration at the CERN LHC [20]. These measurements demon-
strate that charge separation at kinetic freeze-out is sensitive to the details of the hadronization
dynamics. However, more quantitative comparisons are required between experimental mea-
surements and theoretical predictions in balance function studies to fully understand the un-
derlying physics. Extending the acceptance to cover more of the produced particle pairs could
reveal additional details of the mechanism(s) driving the particle correlations.

In this paper the charge-balance function is measured over a wide coverage of |η| < 2.4 by
exploiting the large acceptance of the CMS detector [21]. Results are presented as a function
of charged-particle multiplicity andpT in proton-lead (pPb) and lead-lead (PbPb) collisions at√

s
NN

= 8.16 TeV and 5.02 TeV, respectively. A comparison of the PbPb and pPb collisions
can provide insight into the origin of long-range correlations observed in high-multiplicity
pPb collisions [8]. This paper is organized as follows. The CMS detector is briefly discussed
in Section 2. Section 3 describes the data samples and selection criteria. Section 4 specifies
the analysis procedure. Section 5 reports on the various sources of systematic uncertainty.
Section 6 discusses the balance function results in both pPb and PbPb collisions and compares
with models. Finally, Section 7 summarizes the findings. Tabulated results are provided in the
HEPData record for this analysis [22].
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2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. The
silicon tracker consists of 1440 silicon pixel and 15,148 silicon strip detector modules (Phase-0).
In 2017, an additional layer was added in both the barrel and endcap regions of the pixel detec-
tor and the number of silicon pixel modules increased to 1856 (Phase-1). The tracker detector
measured the charged particles within the range |η| < 3.0, and provides track resolutions of
typically 1.5% in pT and 25–90 (20–75) µm in the transverse impact parameter [23, 24] in Phase-
0 (-1) of pixel detector for nonisolated particles of 1 < pT < 10 GeV [25]. The forward hadron
(HF) calorimeter uses steel as an absorber and quartz fibers as the sensitive material. The two
halves of the HF are located 11.2 m 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
“towers” with ∆η ×∆ϕ = 0.175× 0.175, and energy deposited in a tower is treated as a detected
hadron in this analysis. They also serve as luminosity monitors. 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. [21].

3 Data samples and event selections
The analysis presented in this paper is based on PbPb collisions at

√
s

NN
= 5.02 TeV collected by

the CMS experiment in 2018. Approximately 4.27× 109 PbPb events were used, corresponding
to an integrated luminosity 0.607 nb−1 [26, 27]. The data samples were collected by the CMS
experiment with a two-tiered trigger system. The first level trigger (L1) consists of custom
hardware processors and uses information from the calorimeters and muon detectors to select
events at a rate of around 100 kHz within a fixed latency of about 4 µs [28]. The second level
or high-level trigger (HLT) consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces the event rate to around
1 kHz before data storage [29]. The MB events are triggered by requiring signals above the
readout threshold of 3 GeV in each of the HF calorimeters[29]. Further selections are applied
offline to reject events from background processes (beam-gas interactions and nonhadronic col-
lisions), as discussed in Ref. [30]. In the offline analysis, events are required to have at least one
interaction vertex, based on two or more reconstructed tracks, with a distance of less than 15
cm from the center of the nominal interaction point along the beam axis, zvtx. The PV is taken
to be the vertex corresponding to the highest track multiplicity in the event, evaluated using
tracking information alone, as described in Section 9.4.1 of Ref. [31]. In the final analysis, the
PbPb collision events are required to have at least two calorimeter towers in each HF detector
with energy deposits of more than 4 GeV per tower. These criteria select (99 ± 2)% of inelastic
hadronic PbPb collisions. Finding values higher than 100% reflects the possible presence of
ultra-peripheral (nonhadronic) collisions in the selected event sample.

The pPb data were recorded in 2016 and approximately 1.37 × 109 events were used, corre-
sponding to an integrated luminosity of 186 nb−1 [27, 32]. The beam energies were 6.5 TeV for
protons and 2.56 TeVper nucleon for lead nuclei, resulting in

√
s

NN
= 8.16 TeV. The nucleon-

nucleon center of mass in the pPb collisions is not at rest with respect to the laboratory frame
because of the energy difference between the colliding particles. Massless particles emitted at
ηcm = 0 in the nucleon-nucleon center-of-mass frame will be detected at η = −0.465 (clock-
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wise proton beam) or 0.465 (counterclockwise proton beam) in the laboratory frame. To select
high-multiplicity pPb collisions, a dedicated high-multiplicity trigger was implemented [30].
At L1, the pPb events were triggered by requiring at least one track with pT > 0.4 GeV in the
pixel tracker during a pPb bunch crossing and at least one tower in one of the two HF detectors
having an energy above 1 GeV. In addition, the total number of ECAL+HCAL towers with
the transverse energies above a threshold of 0.5 GeV is required to exceed 120 (ECAL) and 150
(HCAL). The events that pass the L1 trigger are subsequently processed at the HLT.

Track reconstruction is performed online as part of the HLT with the same reconstruction al-
gorithm used offline [29]. The number of tracks with |η| < 2.4 and pT > 0.4 GeV (denoted as
the primary tracks, i.e. originated at the primary vertex and satisfying the high-purity criteria
[23]) and a distance of closest approach of less than 0.12 cm to the primary vertex, is deter-
mined for each event [33]. The primary tracks are used to perform the analysis, and to define
event categories based on the charged-particle multiplicity (Noffline

trk ). The multiplicity classifi-
cation (120–150, 150–185, 185–250, ≥250) in this analysis is identical to that used in Ref. [34],
where more details are provided, including a table relating Noffline

trk to the fraction of minimum
bias triggered events. When measuring the charge-balance function in pPb collisions, the same
event may contain multiple independent interactions (pileup), which constitutes a background
for the analysis of high-multiplicity events. The average number of collisions per event in pPb
data varied between 0.10–0.25, and is negligible in PbPb collisions. A similar procedure to that
described in [33] is used for identifying and rejecting events with pileup, which is based on
the number of tracks associated with each reconstructed vertex and the distance between the
vertices.

4 Analysis methods
Charged particle tracks are selected if the significance of the longitudinal (dz) and transverse
(dxy) distance from the beam axis satisfies |dz|/σz < 3 and |dxy|/σxy < 3, where σz and σxy are
the measurement uncertainties. The relative uncertainty in pT, σpT

/pT, must be less than 10%.
To ensure high tracking efficiency and to reduce the rate of misreconstructed tracks, particles
are selected within |η| < 2.4. For this analysis, we have applied a minimum pT cutoff value
of 0.4 (0.5) GeV for pPb (PbPb) collisions. Simulation studies based on HYDJET (version 1.8)
[35], AMPT (version 1.1) [36] in PbPb and HIJING (version 1.3) [37, 38] in pPb are used to esti-
mate the geometrical acceptance and efficiency for the primary track reconstruction as well as
the rate of misreconstructed tracks. Each reconstructed track is weighted by a correction fac-
tor, which accounts for the detector acceptance, misreconstruction efficiency, and the fraction
of misreconstructed tracks. In PbPb collisions, additional selections are applied to the tracks:
the number of hits in the silicon tracker is required to be larger than 11 and the normalized χ2

per layer of the silicon detector must be less than 0.18. The Monte Carlo (MC) simulations of
the CMS detector response are based on GEANT4 [39]. The PbPb 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 event centrality is determined offline and is based on the to-
tal transverse energy measured in the HF calorimeters, using the methodology described in
Ref. [40]. The value of Nch (charged-particle multiplicity) is corrected for the tracking efficiency
and misidentification rate in both systems. For the Nch calculation, a minimum pT threshold of
0.5 (0.4) GeV is applied for PbPb (pPb) collisions. The centrality binning for PbPb and multi-
plicity binning for pPb collisions used for this measurement are listed in Table 1. Table 1 also
presents values of the corrected average charged-particle multiplicity ⟨Nch⟩ within |η| < 2.4,
for different centrality bins and multiplicities in PbPb and pPb collisions [34].
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Table 1: Corrected average Nch (⟨Nch⟩) values, calculated for different multiplicities in PbPb
collisions at

√
s

NN
= 5.02 TeV and in pPb collisions at 8.16 TeV.

PbPb pPb
Centrality (%) ⟨Nch⟩ Noffline

trk ⟨Nch⟩
0–10 3770 ±189 0–40 24 ±1

10–20 2540 ±127 40–80 73 ±3
20–30 1678 ±84 80–120 118 ±5
30–40 1057 ±53 120–150 165 ±7
40–50 620 ±31 150–165 196 ±8
50–60 328 ±16 165–185 214 ±9
60–70 160 ±8 185–200 236 ±9
70–80 65 ±3 200–225 254 ±10

225–250 285 ±11
250–270 314 ±13
270–300 342 ±14

The differential correlation function is constructed using the standard CMS approach [7, 8, 11–
13, 30, 34]. In each event, every “trigger” particle is paired with other remaining particles in a
given pT interval. The pT of the trigger particle is chosen to be higher than the pT of associated
particle because the trigger particle is used to define the jet axis and is typically selected to be
the higher momentum particle in the jet [41, 42]. The trigger particles are defined, for each
track multiplicity class, as charged particles originating from the primary vertex within a given
pT ranges and |η| < 2.4. There can be more than one trigger particle in the event, the total
number of trigger particles is denoted as Ntrig. The signal distribution S(∆η, ∆ϕ) is constructed
by using pairs of particles within the same event per trigger particle [7],

S(∆η, ∆ϕ) =
1

Ntrig

d2Nsame

d∆η d∆ϕ
, (1)

where Nsame is the number of pairs in (∆η, ∆ϕ) bin where ∆η and ∆ϕ are the relative angular
variables between the particles of the pairs. The so-called mixed event distribution M(∆η, ∆ϕ)
is constructed using the mixed event technique [33] by pairing the trigger particles in each
event with the associated particles from 10 different random events within the same 2 cm wide
zvtx range and from the same track multiplicity class, as shown in Table 1:

M(∆η, ∆ϕ) =
1

Ntrig

d2Nmix

d∆η d∆ϕ
, (2)

where Nmix is the number of mixed event pairs in a given (∆η, ∆ϕ) bin. The correlation function
is constructed using the normalized signal and mixed event distributions:

C2(∆η, ∆ϕ) = M(0, 0)
S(∆η, ∆ϕ)

M(∆η, ∆ϕ)
, (3)

where M(0, 0) represents the mixed-event associated yield for both particles of the pair go-
ing in approximately the same direction and having the maximum pair acceptance. There-
fore, the ratio M(0, 0)/M(∆η, ∆ϕ) is the pair-acceptance correction factor used to derive the
corrected per-trigger-particle associated yield distribution. The signal and mixed-event dis-
tributions are first calculated for each event, and then averaged over all the events within
the same track multiplicity class, for each pT bin. The correlation function is denoted by
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C2(∆η, ∆ϕ) in terms of the relative ∆η and ∆ϕ variables. Using the positively and negatively
charged particles, we construct four different charge combinations, which can be written as
C2(+,−), C2(+,+), C2(−,+), C2(−,−). The functions C2(+,+) and C2(−,−) are called SS
correlations, and the other two are called OS correlations. The SS correlations are affected by
the Hanbury–Brown–Twiss effect [43, 44], by Coulomb repulsion, and by a contribution from
minijet production [45]. The OS correlations contain a minijet component [45] and an attractive
Coulomb contribution [43]. The balance function is constructed by using SS and OS corre-
lations. When the SS correlation is substracted from the OS one, the “flow-like” correlation,
which is present in both correlations, is removed. The balance function B(∆η, ∆ϕ) is defined as

B(∆η, ∆ϕ) =
1
2
[C2(+,−) + C2(−,+)− C2(+,+)− C2(−,−)]. (4)

5 Systematic uncertainties
Systematic uncertainties are calculated by varying the event and track selections for both PbPb
and pPb collisions events. The balance function is calculated for three ranges of z-vertex of PV:
|vz| < 3 cm, −15 < vz < −3 cm; and 3 < vz < 15 cm. Similarly, the track quality requirements
are varied, by changing |dz|/σz and |dxy|/σxy from 2 to 5, σpT

/pT from 0.05–0.10, and the nor-
malized χ2 per layer from 0.15–0.18. Moreover, the centrality calibration is varied to estimate
the related systematic uncertainties in the width of the balance function for PbPb collisions.
Finally, the impact of pileup in pPb collisions is estimated by varying the pileup selection of
events in the analysis by changing the required separation between reconstructed vertices and
their numbers of associated tracks. The systematic uncertainties for each source are estimated
from the difference between the nominal and varied results. The maximum variation is taken
as the final systematic uncertainty for each source, and the total systematic uncertainty is eval-
uated by adding all the sources in quadrature. In PbPb simulations a discrepancy between ∆ϕ
balance functions obtained for particle level information and from reconstructed particle tracks
was observed. This discrepancy is related to a reduced track finding efficiency for close-by low-
pT (<2 GeV) tracks in central PbPb collisions. A residual correction is a ratio of generated with
reconstructed tracks, was obtained from MC simulations, where three models (HYDJET, HI-
JING and AMPT) provided consistent correction functions for the range 0.3 < |∆η| < 1.0. The
difference between corrected and uncorrected data was used as an conservative estimate of
the corresponding systematic uncertainty. The maximum uncertainty was found to be 13.5%
in the ⟨|∆ϕ|⟩ comparison of the balance function discussed in Table 2. For this analysis we
applied a minimum pT requirement (0.4 GeV for pPb and 0.5 GeV for PbPb) because of the
inefficiency in the low-pT tracking. This measurement is also extended for higher values of pT
(2 < pT,asso < 3 < pT,trig < 4 GeV, 3 < pT,asso < 8 < pT,trig < 15 GeV). The pT of the trigger
particle is denoted by pT, trig, where as that of the associated particle is denoted by pT, asso. The
systematic uncertainty values for the two systems from each source throughout the multiplicity
classes and pT ranges are summarized in Table 2.

6 Results
The balance functions for nonidentified charged particles are presented as a function of ∆η and
∆ϕ in different multiplicity classes and pT ranges for both collision systems in Fig. 1.

The upper panels in Fig. 1 show the centrality dependence of the charge-balance function in
PbPb collisions. The magnitude of the balance function changes with multiplicity, with higher
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Table 2: Summary of percentage systematic uncertainties calculated in ⟨|∆η|⟩ and ⟨|∆ϕ|⟩ for
PbPb collisions at

√
s

NN
= 5.02 TeV and pPb collisions at 8.16 TeV.

Uncertainty source
PbPb (%) pPb (%)

⟨|∆η|⟩ ⟨|∆ϕ|⟩ ⟨|∆η|⟩ ⟨|∆ϕ|⟩
Vertex selection 0.8 1.3 3.2 0.7

Centrality calibration 0.8 0.8 — —
Pileup selection — — 0.4 0.1

Track quality requirements 0.7 3.5 2.7 2.8
Tracking efficiency 1.2 1.0 1.0 3.0

MC closure test 0.5 13.5 1.0 2.0
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Figure 1: The balance function is shown in terms of ∆η and ∆ϕ in PbPb collisions at
√

s
NN

=
5.02 TeV (upper panels) and for pPb collisions at 8.16 TeV (lower panels). From left to right, the
results are shown for the centrality classes in PbPb (Noffline

trk multiplicity in pPb) of 70–80, 30–40,
0–10% (0–40, 120–150, 270–300). The trigger and associated particles in PbPb (pPb) collisions
satisfy the condition 0.5(0.4) < pT,asso < pT,trig < 2.0 GeV.

values corresponding to collisions with higher multiplicity. A narrower balance function distri-
bution is observed in central PbPb collisions. This is consistent with particle production at later
times in the collision process for the larger system created in more central collisions, leading to
a smaller separation in ∆η and ∆ϕ [19].
The lower panels in Fig. 1 represent the multiplicity dependence of the balance function in
pPb collisions. The balance function is observed to also become narrower in ∆η and ∆ϕ with
increasing multiplicity. A similar depletion structure around (∆η, ∆ϕ) = (0, 0) is also seen
in mid-central to peripheral PbPb events, as shown in upper panels of Fig. 1 and previously
in Ref. [46]. This type of structure is more pronounced in pPb collisions in the smaller range
of multiplicities. One possible mechanism that could create such a structure in both collision
systems is the charge-dependent short-range correlations, such as Coulomb attraction or repul-
sion, or quantum statistical correlations [47].

Figure 2 shows 1D projections, derived for ∆η (|∆ϕ| < π/2 range) and ∆ϕ (0.3 < |∆η| < 1.0
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Figure 2: The projection of the balance function is presented in the upper panel for PbPb (lower
panel for pPb) collisions as a function of ∆η (left column) and in ∆ϕ (right column). The sta-
tistical uncertainties of the data points are smaller than the marker size and rectangular boxes
indicate the systematic uncertainties.

range). The balance function distributions show a strong multiplicity dependence in ∆η and
∆ϕ on the near-side |∆ϕ| < π/2, for both collision systems. As before, a narrower peak is
observed in high-multiplicity pPb collisions as compared to low-multiplicity ones.

6.1 Balance function width

The balance function distribution width can be used to quantify how tightly the balancing
partners are correlated and can be characterized by the averages ⟨|∆η|⟩ and ⟨|∆ϕ|⟩, with ⟨|∆η|⟩
given in Eq. (5),

⟨|∆η|⟩ = ∑i B(∆ηi)|∆ηi|
∑i B(∆ηi)

, (5)

where ∑i B(∆ηi) is the balance function value for each ∆ηi bin, with the sum running over
all bins i. The absolute average value of the balance function distribution is estimated in ∆η
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and ∆ϕ. The width of the balance function in ∆η and ∆ϕ decreases with increasing Nch, more
significantly in the smaller Nch range. For this analysis, we have used the range |∆η| < 3 for
the ⟨|∆η|⟩ calculations, and |∆ϕ| < 1.5 for the ⟨|∆ϕ|⟩ calculations because of the probability of
detecting both balancing charge-partners decreases with the increase of ∆η and ∆ϕ windows.

6.1.1 Balance function in low transverse momentum and comparison with models

The results are compared with predictions from the HYDJET (PbPb collisions only) [48], AMPT,
and HIJING MC event generators, by means of p-values [49] from a χ2 test accounting for sta-
tistical uncertainties only. The HYDJET is composed by a combination of the soft, hydro-type
state, and the hard multi-jets. In case of AMPT simulations, the string melting option is em-
ployed, with the generator parameters tuned to the available LHC experimental results. The
HIJING model includes multiple minijet production, nuclear shadowing of parton distribution
functions, and mechanisms of jet interactions in dense matter.

Figure 3 presents the experimental results of width values with Nch, showing a strong multi-
plicity dependence of the ⟨|∆η|⟩ for both collision systems. In HYDJET, ⟨|∆η|⟩ does not show
any significant dependence on Nch. In this model, local charge conservation for more periph-
eral events (smaller multiplicities) has more influence on the charge-balance function than for
large multiplicities. Comparing HIJING predictions with the PbPb and pPb data, no clear multi-
plicity dependence is seen in the model calculations. HIJING does not explain the experimental
data properly as the p-value is smaller than 0.01. In addition, the magnitude of the balance
function widths is larger in HIJING than in the data because the collective flow effect is not
present in the HIJING model.

The data results are also compared with the AMPT model, which includes the quark coalescence
and the decay of resonances. When comparing the ⟨|∆η|⟩ in both collision systems, AMPT

predicts larger ⟨|∆η|⟩ than data (p-value of 0.01 in pPb), and overall shows worse agreement
than HIJING (p-value of 0.01 in pPb). We estimate the relative decrease of the width, which
is expressed by the ratio of ⟨|∆η|⟩ for each multiplicity class to the lowest multiplicity value,
i.e., ⟨|∆η|⟩Nch<65 (for PbPb) and ⟨|∆η|⟩Nch<24 (for pPb) in order to compare the width in both
collision systems within the same multiplicity range.

The right plots of Fig. 3 present the normalized width in ∆η, where the data results are com-
pared with different models and this indicates the model prediction does not show significant
multiplicity dependence. Our experimental findings, based on considering only the statistical
uncertainties from the limited sample size, suggest that the relative change in pPb collisions
appears to similar to that in PbPb collisions.

Figure 4 presents the experimental findings for ⟨|∆ϕ|⟩ in PbPb and pPb collisions. A significant
change in the balance function width is observed with multiplicity. Similarly, the data results
are compared with the various MC predictions. The HYDJET and HIJING generators are not able
to reproduce the trend of data results in the case of PbPb collisions. A significant multiplicity
dependence is shown in ⟨|∆ϕ|⟩ because of the radial flow effect in AMPT, which acts over the
balancing partners by preserving their initial-state correlations in ∆ϕ, in both systems. This
trend is also reflected in Figs. (4b) and (4d), where the relative decrease of the width in ⟨|∆ϕ|⟩
has a strong contribution from collective final state effects. The normalized value of ⟨|∆ϕ|⟩ in
pPb collisions has a similar ratio to PbPb data. The HIJING and AMPT predictions (p-values
of 0.01 and 0.02) are able to describe the decreasing trend of the pPb data with Nch for small
values of Nch, where the correlations are dominated by resonance decays. On the other hand,
the two generators show little dependence on Nch for larger values of Nch in pPb, whereas the
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Figure 3: The width of the balance function in ⟨|∆η|⟩ and the ratio of ⟨|∆η|⟩/⟨|∆η|⟩Nch<65 and
⟨|∆η|⟩/⟨|∆η|⟩Nch<24 are shown as functions of Nch for PbPb collisions in

√
s

NN
= 5.02 TeV (up-

per panels) and pPb collisions in
√

s
NN

= 8.16 TeV (lower panels), respectively. The statistical
uncertainties of the data points are smaller than the marker size and rectangular boxes indicate
the systematic uncertainties.

data continues its decreasing trend, as demonstrated in Fig. (4d).

6.2 Transverse momentum dependence of balance functions

This measurement is extended to higher values of the pT (>2 GeV) to study if the narrowing or
the widening of the balance function is constrained to the bulk particle production at low pT
(pT < 2 GeV) or is also connected to hard process. Figures 5 and 6 represent the 1D projections
of the balance function in ∆η and ∆ϕ for the trigger and associated particles in the intermediate-
pT (2 < pT,asso < 3 < pT,trig < 4 GeV) and high-pT (3 < pT,asso < 8 < pT,trig < 15 GeV) ranges.
The upper panels show the plots for PbPb collisions, and the lower panel is for pPb collisions. It
can be seen that they become narrower for increasing pT, as compared with low-pT results, and
exhibit a smaller multiplicity dependence. The width of the balance function in ∆η is narrower
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Figure 4: The width of the balance function in ⟨|∆ϕ|⟩ and the ratios of ⟨|∆ϕ|⟩/⟨|∆ϕ|⟩Nch<65 and
⟨|∆ϕ|⟩/⟨|∆ϕ|⟩Nch<24 are shown as functions of Nch for PbPb collisions in

√
s

NN
= 5.02 TeV (up-

per panels) and pPb collisions in
√

s
NN

= 8.16 TeV (lower panels), respectively. The statistical
uncertainties of the data points are smaller than the marker size and rectangular boxes indicate
the systematic uncertainties.

in the high-pT range than in the low- and intermediate-pT ranges, which is consistent with the
findings in ∆ϕ. This implies that the effects of radial flow on the balance function is weaker
at higher pT, and the balance function at high pT is more sensitive to other effects such as jet
fragmentation and medium response [50, 51].

The width of the balance functions in ⟨|∆η|⟩ and ⟨|∆ϕ|⟩, for the different values of pT, are
presented in Fig. 7 as a function of Nch, for both PbPb and pPb collisions. The narrowing of the
balance function width in the low-pT region is understood in a delayed hadronization picture,
where the particles are produced at later stages of the evolution of the long-lived medium
formed in these collisions. Also in comparison with higher pT, the multiplicity dependence
in low-pT PbPb collisions is attributed to the centrality dependence of the radial flow, which
retains part of the initial correlations of the balancing partners. These results suggest that the
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Figure 5: The projection of the balance function is presented for PbPb in
√

s
NN

= 5.02 TeV
(upper panels) and pPb in

√
s

NN
= 8.16 TeV (lower panels) collisions as a function of ∆η (left

column) and ∆ϕ (right column), for 2.0 < pT,asso < 3.0 < pT,trig < 4.0 GeV ranges. The 1D
projection is derived for ∆η in near-side (|∆ϕ| < π/2) and ∆ϕ (0.3 < |∆η| < 1.0) regions.

balance function is a useful tool to investigate the interplay between soft and hard processes
in heavy-ion collisions at different pT ranges. Similarly, the multiplicity dependence in low-
pT pPb collisions could be explained by collectivity. Collectivity in small collision systems is
already suggested by the observation of long-range ridge correlations in pPb collisions [8, 52,
53]. The similarity of the balance functions in pPb and PbPb collisions suggests a similar origin
of particle correlations in these two colliding systems.



12

4- 2- 0 2 4
hD

0

0.1

0.2

0.3

)hD
B(

(a)

 (5.02 TeV)-1PbPb 0.607 nbCMS

 < 15.0 GeV
T,trig

 < 8.0 < p
T,asso

3.0 < p

| < 2.4h|

/2p < fD/2 < p-
0-10%

30-40%

70-80%

1- 0 1 2 3 4
 [rad]fD

0

0.02

0.04

0.06

0.08

0.1

]
-1

) [
ra

d
fD

B(

(b)

 (5.02 TeV)-1PbPb 0.607 nbCMS

 < 15.0 GeV
T,trig

< 8.0 < p
T,asso

3.0 < p

| < 2.4h|

| < 1.0hD0.3 < |

0-10%

30-40%

70-80%

4- 2- 0 2 4
hD

0

0.02

0.04

0.06

0.08

0.1

)hD
B(

(c)

 (8.16 TeV)-1pPb 186 nbCMS

 < 15.0 GeV
T,trig

 < 8.0 < p
T,asso

3.0 < p

| < 2.4h|

/2p < fD/2 < p-
 < 300offline

trk270 < N

 < 150offline
trk120 < N

 < 40offline
trk0 < N

1- 0 1 2 3 4
 [rad]fD

0

0.01

0.02

0.03

0.04

0.05

]
-1

) [
ra

d
fD

B(

(d)

 (8.16 TeV)-1pPb 186 nbCMS

 < 15.0 GeV
T,trig

< 8.0 < p
T,asso

3.0 < p

| < 2.4h|

| < 1.0hD0.3 < |  < 300offline
trk270 < N

 < 150offline
trk120 < N

 < 40offline
trk0 < N

Figure 6: The projection of the balance function is presented for PbPb in
√

s
NN

= 5.02 TeV
(upper panels) and pPb in

√
s

NN
= 8.16 TeV (lower panels) collisions as a function of ∆η (left

column) and ∆ϕ (right column), for 3.0 < pT,asso < 8.0 < pT,trig < 15.0 GeV ranges. The 1D
projection is derived for ∆η in near-side (|∆ϕ| < π/2) and ∆ϕ (0.3 < |∆η| < 1.0) regions.
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Figure 7: The width of the balance function in ∆η (left column) and ∆ϕ (right column) is cal-
culated for different pT interval in PbPb in
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= 8.16 TeV (lower panels). The vertical lines indicate the statistical uncertainties of the
data points, and the rectangular boxes indicate the systematic uncertainties.
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7 Summary
This paper presents a measurement of the charge-balance function for nonidentified charged
particles in proton-lead (pPb) and lead-lead (PbPb) collisions using the broad pseudorapidity
coverage of the CMS detector. For both systems, the dependence of the balance function on
relative pseudorapidity (∆η) and relative azimuthal angle ∆ϕ of particle pairs is studied for
different multiplicity classes and transverse momentum (pT) ranges. It is observed that the
width in both ∆η and ∆ϕ decreases with charged particle multiplicity (Nch) in pPb and PbPb
systems for pT < 2 GeV. These results are consistent with the system possessing a large radial
flow, with particle creation at a later stage of the collision, or both. The multiplicity dependence
is weaker for higher pT as compared with the pT < 2 GeV region, which implies that the bal-
ancing partners are strongly correlated. The data are compared with HYDJET, HIJING and AMPT

generator predictions, none of which capture completely the multiplicity dependence seen in
the data.
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D. Leyva Pernia , K. Lipka25 , W. Lohmann26 , R. Mankel , I.-A. Melzer-Pellmann ,
M. Mendizabal Morentin , J. Metwally, A.B. Meyer , G. Milella , M. Mormile ,
A. Mussgiller , A. Nürnberg , Y. Otarid, D. Pérez Adán , E. Ranken , A. Raspereza ,
B. Ribeiro Lopes , J. Rübenach, A. Saggio , M. Savitskyi , M. Scham27,23 , V. Scheurer,
S. Schnake23 , P. Schütze , C. Schwanenberger22 , M. Shchedrolosiev , R.E. Sosa Ri-
cardo , L.P. Sreelatha Pramod , D. Stafford, F. Vazzoler , A. Ventura Barroso ,
R. Walsh , Q. Wang , Y. Wen , K. Wichmann, L. Wiens23 , C. Wissing , S. Wuchterl ,
Y. Yang , A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
A. Albrecht , S. Albrecht , M. Antonello , S. Bein , L. Benato , M. Bonanomi ,
P. Connor , K. De Leo , M. Eich, K. El Morabit , A. Fröhlich, C. Garbers ,
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INFN Sezione di Pisaa, Università di Pisab, Scuola Normale Superiore di Pisac, Pisa, Italy;
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S. Belfortea , V. Candelisea,b , M. Casarsaa , F. Cossuttia , G. Della Riccaa,b ,
G. Sorrentinoa,b

https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0002-8412-4072
https://orcid.org/0000-0001-8348-2962
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0003-0336-5729
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0002-4640-6108
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0002-0820-0483
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-9566-2490
https://orcid.org/0000-0001-7804-5514
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0001-5425-723X
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0003-2743-4119
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0003-3742-0693
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0001-9059-4831
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0001-6768-1056
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0002-8628-2090
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-2253-819X


28

Kyungpook National University, Daegu, Korea
S. Dogra , C. Huh , B. Kim , D.H. Kim , G.N. Kim , J. Kim, J. Lee , S.W. Lee ,
C.S. Moon , Y.D. Oh , S.I. Pak , M.S. Ryu , S. Sekmen , Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
H. Kim , D.H. Moon

Hanyang University, Seoul, Korea
E. Asilar , T.J. Kim , J. Park

Korea University, Seoul, Korea
S. Choi , S. Han, B. Hong , K. Lee, K.S. Lee , J. Lim, J. Park, S.K. Park, J. Yoo

Kyung Hee University, Department of Physics, Seoul, Korea
J. Goh

Sejong University, Seoul, Korea
H. S. Kim , Y. Kim, S. Lee

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi , S. Jeon , J. Kim , J.S. Kim, S. Ko , H. Kwon , H. Lee ,
S. Lee, B.H. Oh , S.B. Oh , H. Seo , U.K. Yang, I. Yoon

University of Seoul, Seoul, Korea
W. Jang , D.Y. Kang, Y. Kang , D. Kim , S. Kim , B. Ko, J.S.H. Lee , Y. Lee , J.A. Merlin,
I.C. Park , Y. Roh, D. Song, I.J. Watson , S. Yang

Yonsei University, Department of Physics, Seoul, Korea
S. Ha , H.D. Yoo

Sungkyunkwan University, Suwon, Korea
M. Choi , M.R. Kim , H. Lee, Y. Lee , I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),
Dasman, Kuwait
T. Beyrouthy, Y. Maghrbi

Riga Technical University, Riga, Latvia
K. Dreimanis , G. Pikurs, A. Potrebko , M. Seidel , V. Veckalns54

Vilnius University, Vilnius, Lithuania
M. Ambrozas , A. Juodagalvis , A. Rinkevicius , G. Tamulaitis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
N. Bin Norjoharuddeen , S.Y. Hoh55 , I. Yusuff55 , Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez , A. Castaneda Hernandez , H.A. Encinas Acosta, L.G. Gallegos Marı́ñez,
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A. Bermúdez Martı́nez , M. Bianco , B. Bilin , A.A. Bin Anuar , A. Bocci ,
E. Brondolin , C. Caillol , T. Camporesi , G. Cerminara , N. Chernyavskaya ,
S.S. Chhibra , S. Choudhury, M. Cipriani , D. d’Enterria , A. Dabrowski , A. David ,
A. De Roeck , M.M. Defranchis , M. Deile , M. Dobson , M. Dünser , N. Dupont,
F. Fallavollita59, A. Florent , L. Forthomme , G. Franzoni , W. Funk , S. Ghosh60 ,
S. Giani, D. Gigi, K. Gill , F. Glege , L. Gouskos , E. Govorkova , M. Haranko ,
J. Hegeman , V. Innocente , T. James , P. Janot , J. Kaspar , J. Kieseler ,
N. Kratochwil , S. Laurila , P. Lecoq , E. Leutgeb , C. Lourenço , B. Maier ,
L. Malgeri , M. Mannelli , A.C. Marini , F. Meijers , S. Mersi , E. Meschi ,
F. Moortgat , M. Mulders , S. Orfanelli, L. Orsini, F. Pantaleo , E. Perez, M. Peruzzi ,
A. Petrilli , G. Petrucciani , A. Pfeiffer , M. Pierini , D. Piparo , M. Pitt , H. Qu ,
T. Quast, D. Rabady , A. Racz, G. Reales Gutiérrez, M. Rovere , H. Sakulin ,
J. Salfeld-Nebgen , S. Scarfi , M. Selvaggi , A. Sharma , P. Silva , P. Sphicas61 ,
A.G. Stahl Leiton , A. Steen , S. Summers , K. Tatar , D. Treille , P. Tropea , A. Tsirou,
D. Walter , J. Wanczyk62 , K.A. Wozniak , W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
T. Bevilacqua63 , L. Caminada63 , A. Ebrahimi , W. Erdmann , R. Horisberger ,
Q. Ingram , H.C. Kaestli , D. Kotlinski , C. Lange , M. Missiroli63 , L. Noehte63 ,
T. Rohe

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
T.K. Aarrestad , K. Androsov62 , M. Backhaus , A. Calandri , K. Datta , A. De Cosa ,
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18Also at Université de Haute Alsace, Mulhouse, France
19Also at Department of Physics, Tsinghua University, Beijing, China
20Also at The University of the State of Amazonas, Manaus, Brazil
21Also at Erzincan Binali Yildirim University, Erzincan, Turkey
22Also at University of Hamburg, Hamburg, Germany
23Also at RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
24Also at Isfahan University of Technology, Isfahan, Iran

https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0003-2590-763X
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360
https://orcid.org/0009-0006-8766-226X
https://orcid.org/0000-0002-5492-6920
https://orcid.org/0000-0002-7397-9665
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0002-7448-1447
https://orcid.org/0000-0001-8876-3886
https://orcid.org/0000-0003-1692-1173
https://orcid.org/0000-0002-0193-5073
https://orcid.org/0000-0002-5479-1982
https://orcid.org/0000-0002-2029-1007
https://orcid.org/0000-0003-1814-1218
https://orcid.org/0000-0003-1439-8390
https://orcid.org/0000-0003-2490-7195
https://orcid.org/0000-0001-5619-376X
https://orcid.org/0000-0002-9560-0660
https://orcid.org/0000-0001-7451-247X
https://orcid.org/0000-0001-5779-142X
https://orcid.org/0000-0001-9689-7999
https://orcid.org/0000-0002-9617-2928
https://orcid.org/0000-0001-6495-7619
https://orcid.org/0000-0002-0595-0297
https://orcid.org/0000-0002-9504-7754
https://orcid.org/0009-0007-6508-0215
https://orcid.org/0000-0003-3777-6606
https://orcid.org/0000-0002-5252-4645
https://orcid.org/0000-0001-5163-7632
https://orcid.org/0000-0002-3062-010X
https://orcid.org/0009-0000-3501-9607
https://orcid.org/0000-0002-5326-3854
https://orcid.org/0000-0001-9983-1004
https://orcid.org/0000-0001-7161-2133
https://orcid.org/0000-0002-7177-077X
https://orcid.org/0000-0002-8879-6538
https://orcid.org/0000-0003-1342-4251
https://orcid.org/0000-0001-6673-7273
https://orcid.org/0000-0002-2342-7862
https://orcid.org/0000-0003-0684-9235
https://orcid.org/0000-0002-8717-6492
https://orcid.org/0000-0001-8244-7321
https://orcid.org/0000-0003-4913-0538
https://orcid.org/0000-0001-5084-9019
https://orcid.org/0000-0002-8406-8605
https://orcid.org/0000-0001-8569-8409
https://orcid.org/0000-0002-2745-5908
https://orcid.org/0000-0002-0554-4627
https://orcid.org/0000-0002-1933-5383
https://orcid.org/0009-0001-1152-2758
https://orcid.org/0000-0002-2583-1412
https://orcid.org/0009-0008-0356-1061
https://orcid.org/0009-0005-5039-4874
https://orcid.org/0000-0003-0210-9061
https://orcid.org/0000-0001-6839-928X
https://orcid.org/0000-0001-7116-9469
https://orcid.org/0000-0002-9020-7384
https://orcid.org/0009-0000-3973-2485
https://orcid.org/0000-0002-2893-6922
https://orcid.org/0000-0001-5354-8350
https://orcid.org/0000-0002-4265-928X
https://orcid.org/0000-0002-3316-0604
https://orcid.org/0000-0001-8178-2494
https://orcid.org/0000-0002-9049-9196
https://orcid.org/0000-0003-2952-6156
https://orcid.org/0000-0002-7452-8380
https://orcid.org/0009-0009-8645-6685
https://orcid.org/0000-0002-3685-0635
https://orcid.org/0000-0003-4985-3226
https://orcid.org/0000-0001-7002-9093
https://orcid.org/0000-0003-1552-2015
https://orcid.org/0000-0002-2106-4041
https://orcid.org/0000-0002-7602-2527
https://orcid.org/0000-0002-7007-9020
https://orcid.org/0009-0005-2572-2426
https://orcid.org/0000-0001-6590-6266
https://orcid.org/0000-0002-1964-6106
https://orcid.org/0000-0001-6171-9682
https://orcid.org/0000-0001-7178-5907


37

25Also at Bergische University Wuppertal (BUW), Wuppertal, Germany
26Also at Brandenburg University of Technology, Cottbus, Germany
27Also at Forschungszentrum Jülich, Juelich, Germany
28Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
29Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
30Also at Wigner Research Centre for Physics, Budapest, Hungary
31Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
32Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
33Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
34Also at Faculty of Informatics, University of Debrecen, Debrecen, Hungary
35Also at Punjab Agricultural University, Ludhiana, India
36Also at UPES - University of Petroleum and Energy Studies, Dehradun, India
37Also at University of Visva-Bharati, Santiniketan, India
38Also at University of Hyderabad, Hyderabad, India
39Also at Indian Institute of Science (IISc), Bangalore, India
40Also at Indian Institute of Technology (IIT), Mumbai, India
41Also at IIT Bhubaneswar, Bhubaneswar, India
42Also at Institute of Physics, Bhubaneswar, India
43Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
44Now at Department of Physics, Isfahan University of Technology, Isfahan, Iran
45Also at Sharif University of Technology, Tehran, Iran
46Also at Department of Physics, University of Science and Technology of Mazandaran,
Behshahr, Iran
47Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
48Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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73Also at Marmara University, Istanbul, Turkey
74Also at Milli Savunma University, Istanbul, Turkey
75Also at Kafkas University, Kars, Turkey
76Also at Hacettepe University, Ankara, Turkey
77Also at Istanbul University - Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
78Also at Yildiz Technical University, Istanbul, Turkey
79Also at Vrije Universiteit Brussel, Brussel, Belgium
80Also at School of Physics and Astronomy, University of Southampton, Southampton, United
Kingdom
81Also at University of Bristol, Bristol, United Kingdom
82Also at IPPP Durham University, Durham, United Kingdom
83Also at Monash University, Faculty of Science, Clayton, Australia
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