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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 \/ﬁ =
8.16 TeV and lead-lead (PbPb) collisions at /s = 5.02 TeV are reported. The pPb and
PbPb datasets correspond to integrated luminosities of 186nb ™! and 0.607nb ™!, 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 (Ay) and relative azimuthal angle (A¢), for vari-
ous multiplicity and transverse momentum (pt) intervals. A multiplicity dependence
of the balance function is observed in Ay and A¢ for both systems. The width of the
balance functions decreases towards high-multiplicity collisions in the momentum
region <2GeV, 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 x1072* 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
An and A¢, which denote the relative angle in pseudorapidity () and azimuthal angle (¢), 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 A¢
angles [11-14], the jet-related correlations can be observed as a peak at small relative Ay, A¢
angles together with a broad Ay structure at A¢ ~ 7, 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 —g within
a limited range of A¢ and A [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 A Vm3 + p%, where pr is the transverse momentum and
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 \/ﬂ =
200 GeV, for particles of || < 1.0, the balance function was found to have a strong central-
ity dependence in both Ay and A¢. A similar measurement covering the range |7| < 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 || < 2.4 by
exploiting the large acceptance of the CMS detector [21]. Results are presented as a function
of charged-particle multiplicity andpy in proton-lead (pPb) and lead-lead (PbPb) collisions at
Vs, = 8.16TeV and 5.02TeV, 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].



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 || < 3.0, and provides track resolutions of
typically 1.5% in pr and 25-90 (20-75) um in the transverse impact parameter [23, 24] in Phase-
0 (-1) of pixel detector for nonisolated particles of 1 < pr < 10GeV [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 11.2m from the interaction region, one on each end, and together
they provide coverage in the range 3.0 < || < 5.2. The HF calorimeters are subdivided into
“towers” with A x A¢ = 0.175 x 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 = 5.02 TeV collected by
the CMS experiment in 2018. Approximately 4.27 x 10° PbPb events were used, corresponding
to an integrated luminosity 0.607nb ™' [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 us [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
1kHz 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, z,. 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 x 10 events were used, corre-
sponding to an integrated luminosity of 186nb ™" [27, 32]. The beam energies were 6.5 TeV for
protons and 2.56 TeVper nucleon for lead nuclei, resulting in /s = 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
fem = 0 in the nucleon-nucleon center-of-mass frame will be detected at 7 = —0.465 (clock-



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 pr > 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 || < 2.4 and pr > 0.4GeV (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 (N2ii"®). 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 N2Ii" 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 (d,) and transverse
(dy,) distance from the beam axis satisfies |d,|/c, < 3 and |d,,|/ 0y, < 3, where ¢, and 0, are
the measurement uncertainties. The relative uncertainty in pr, 0, /pr, must be less than 10%.
To ensure high tracking efficiency and to reduce the rate of misreconstructed tracks, particles
are selected within || < 2.4. For this analysis, we have applied a minimum py 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 x>
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 N, (charged-particle multiplicity) is corrected for the tracking efficiency
and misidentification rate in both systems. For the N, calculation, a minimum p 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 (Ng,) within |y| < 2.4,
for different centrality bins and multiplicities in PbPb and pPb collisions [34].



Table 1: Corrected average Ng, ((N4,)) values, calculated for different multiplicities in PbPb
collisions at /s = 5.02TeV and in pPb collisions at 8.16 TeV..

PbPb pPb
Centrality (%)  (Ng) Noffline (N 1)
0-10 3770 +£189 040 24 +1
10-20 2540 +£127 40-80 73 £3
20-30 1678 +84 80-120 118 +5
3040 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 py interval. The pr of the trigger particle is chosen to be higher than the p 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
pr ranges and || < 2.4. There can be more than one trigger particle in the event, the total
number of trigger particles is denoted as Ny, The signal distribution S (An, A¢) is constructed
by using pairs of particles within the same event per trigger particle [7],

1 d2 Nsame
S(An,Ap) = —————, 1
(A1, A9) Ny, 467 dAg 1)
where N3¥™€ is the number of pairs in (A, A¢) bin where Ay and A¢ are the relative angular
variables between the particles of the pairs. The so-called mixed event distribution M(A#n, A¢p)
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
Zt range and from the same track multiplicity class, as shown in Table 1:
1 d2 Nmix

M(Ay, Ap) = anm, )

where N™X is the number of mixed event pairs in a given (A7, A¢) bin. The correlation function
is constructed using the normalized signal and mixed event distributions:

S(An, A
R ®

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(An, A¢p) 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 pr bin. The correlation function is denoted by



Cy(An, Ap) in terms of the relative Ay and A¢ variables. Using the positively and negatively
charged particles, we construct four different charge combinations, which can be written as
Cy(+,-),Co(+,+),Co(—,+),Co(—, —). The functions C,(+,+) and C,(—,—) 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(An, A¢g) is defined as

[Co(+, =) + Co(= +) = G+, +) = Co(=, -] 4)

N =

B(An, A¢) =

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:
|v,] <3cm, —15 < v, < —3 cm; and 3 < v, < 15 cm. Similarly, the track quality requirements
are varied, by changing |d.[/c; and |d,,|/0,, from 2 to 5, 0, /py from 0.05-0.10, and the nor-
malized x? 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 A¢
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-
pr (<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 < |Ay| < 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 (|A¢|) 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-py tracking. This measurement is also extended for higher values of pr
(2 < Prasso <3 < Pruig < 4GeV, 3 < Pragso < 8 < Pruig < 15GeV). The pr of the trigger
particle is denoted by pr y,, where as that of the associated particle is denoted by pr 5450- The
systematic uncertainty values for the two systems from each source throughout the multiplicity
classes and py ranges are summarized in Table 2.

6 Resulis

The balance functions for nonidentified charged particles are presented as a function of Ay and
A¢ in different multiplicity classes and pr 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



Table 2: Summary of percentage systematic uncertainties calculated in (|Ay|) and (|A¢|) for
PbPb collisions at /s = 5.02TeV and pPb collisions at 8.16 TeV.

. PbPb (%) pPb (%)

Uncertainty source Ay} (IA@l_ (TAnD) (IA¢]
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

CMS  PbPb 0.607 nb™ (5.02 TeV)
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(c)Cent: 0-10%

B(An,A0) [rad ]
o
&

so )

CMS pPb186nb"(8.16 TeV)

(d) 0 < NI"™ < 40

? e

Figure 1: The balance function is shown in terms of Ay and A¢ in PbPb collisions at /s =
5.02 TeV (upper panels) and for pPb collisions at 8.16 TeV (lower panels). From left to r1ght “the
results are shown for the centrality classes in PbPb (N2{li"® multiplicity in pPb) of 70-80, 3040,
0-10% (040, 120-150, 270-300). The trigger and associated particles in PbPb (pPb) collisions
satisfy the condition 0.5(0.4) < prasso < Praig < 2.0GeV.

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 Ay and A¢ [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 Ay and A¢ with
increasing multiplicity. A similar depletion structure around (An,A¢) = (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 Ay (|A¢| < 7/2 range) and A¢ (0.3 < |Ay| < 1.0



6.1 Balance function width 7
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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 Az (left column) and in A¢ (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 Ay and
A¢ on the near-side |A¢| < /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 (|A7|) and (|A¢|), with (|An|)
given in Eq. (5),
L B(An;)| Ay
Ay|) = =", ®)
18T = =5 B an)

where Y, B(Ay;) is the balance function value for each Ay; bin, with the sum running over
all bins i. The absolute average value of the balance function distribution is estimated in Ay



and A¢. The width of the balance function in Ay and A¢ decreases with increasing N;,, more
significantly in the smaller N, range. For this analysis, we have used the range |Azy| < 3 for
the (|An|) calculations, and |A¢| < 1.5 for the (|A¢|) calculations because of the probability of
detecting both balancing charge-partners decreases with the increase of Ay and A¢ 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 X2 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 N,, showing a strong multi-
plicity dependence of the (|Ay|) for both collision systems. In HYDJET, (|A|) does not show
any significant dependence on N,. 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 (|Az|) in both collision systems, AMPT
predicts larger (|Ay|) 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 (|Ay|) for each multiplicity class to the lowest multiplicity value,
ie., ([An[)n, <65 (for PbPb) and (|An|)y, <»4 (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 Az, 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 (|A¢|) 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 (|A¢|) because of the radial flow effect in AMPT, which acts over the
balancing partners by preserving their initial-state correlations in A¢, in both systems. This
trend is also reflected in Figs. (4b) and (4d), where the relative decrease of the width in (|A¢|)
has a strong contribution from collective final state effects. The normalized value of (|A¢|) 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 N, for small
values of N, where the correlations are dominated by resonance decays. On the other hand,
the two generators show little dependence on N, for larger values of N, in pPb, whereas the
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Figure 3: The width of the balance function in (|A7[) and the ratio of (|An[)/{|An|)n, <¢5 and
([An]) /{|An|) N, <24 are shown as functions of N, for PbPb collisions in /s = 5.02TeV (up-
per panels) and pPb collisions in /s = 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 < 2GeV) or is also connected to hard process. Figures 5 and 6 represent the 1D projections
of the balance function in Ay and A¢ for the trigger and associated particles in the intermediate-
P12 < Prasso < 3 < Pruig < 4GeV) and high-pr 3 < pragso < 8 < pruig < 15GeV) 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 pr, as compared with low-pt results, and
exhibit a smaller multiplicity dependence. The width of the balance function in Ay is narrower
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Figure 4: The width of the balance function in (|A¢|) and the ratios of (|A@|) /(|A}]) N, <¢5 and
([Ap])/ (|A¢[) N, <24 are shown as functions of N, for PbPb collisions in /s = 5.02TeV (up-
per panels) and pPb collisions in /s = 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 A¢. This implies that the effects of radial flow on the balance function is weaker
at higher pr, and the balance function at high pr is more sensitive to other effects such as jet
fragmentation and medium response [50, 51].

The width of the balance functions in (|Ay|) and (|A¢|), for the different values of pr, are
presented in Fig. 7 as a function of N,, for both PbPb and pPb collisions. The narrowing of the
balance function width in the low-py 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 pr, the multiplicity dependence
in low-pr 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 = = 5.02TeV
(upper panels) and pPb in /s = 8.16 TeV (lower panels) collisions as a function of Ay (left
column) and A¢ (right column) for 2.0 < prasso < 3.0 < pryig < 4.0GeV ranges. The 1D
projection is derived for Ay in near-side (|A¢| < 71/2) and A¢ (0.3 < |Ary| < 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-
pr 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.
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Figure 6: The projection of the balance function is presented for PbPb in /s = 5.02TeV
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projection is derived for Ay in near-side (|A¢| < 71/2) and A¢ (0.3 < |Ary| < 1.0) regions.



6.2 Transverse momentum dependence of balance functions 13
CMS PbPb 0.607 nb™* (5.02 TeV) CMS PbPb 0.607 nb" (5.02 TeV)
4 4
7 T
| m 05< P asso’ Prang < 20 GeV/c (@ | | ™ 05< P asso’ Prg < 20 GEVIC (b) |
0.8 | ® 20< P1 asso < 3.0< pT,trig <4.0 GeV/c ] 0.8 | ® 20< P1 asso < 3.0< pT,trig <4.0 GeV/c B
- ¥ 3.0< Pl < 8.0< P, tig < 15.0 GeV/c 1 I ¥ 30< Pr o < 8.0< p_r'trig < 15.0 GeV/c 1
I ) |l = | ]
0.6}, T2 < Ad < /2 ] © O.6H 03<|an<1.0 |
J— |~ 8 g . i e E i
= | - = | ~ | m mo i
< i | = i o |E| |
~ 04 . g 0.4 ]
| i = I i
| i | @ 4
L o | & @ @ m ]
© o= e * '
0.2]# = 0.2'i s
[ : e+ + ]
e > | L] | | | | L]
C0 1000 2000 3000 4000 C0 1000 2000 3000 4000
Nch Nch
cMms pPb 186 nb" (8.16 TeV) . cms pPb 186 nb™' (8.16 TeV)
J
. — ———
r ® 04< Pl o’ Pr vig <2.0GeV/c (C) i | = 04< P o’ Pr vig < 2.0 GeV/c (d) :
F ® 20<p <30<p.. <4.0GeV/c 1 I ® 20<p <3.0< p., <4.0GeVic 1
0 8 | T,asso T trig | 0 8 | T.asso T trig ]
i ¥ 3.0< Pr asso 8.0< pT,mg <15.0 GeV/c ] i ¥ 3.0< P1 asso < 8.0< Prig < 15.0 GeV/c ]
- [ M2 < AQ < /2 A ie) - H 03<An<1.0
—~ 0.6 ™M m o e = g 0.6j E| E| E| 0 1
= | mm OiooRoioion
< i | = i |
~ 04 . J 0.4} _
| | ~ I |
| i | ¢y = B © ®EE® oo ooy |
0.2 = e mm o0 g @8 n I & | 0.2l ]
i 1 I * > * Bl dace * '#' + 1
| ¥ ¥ % ¥ Fa ¥ o ¥ | |
L L L L l L L L L l L L L L l L L L L L L L l L L L L l L L L L l L L L
G0 100 200 300 C0 100 200 300
Nch Nch

Figure 7: The width of the balance function in Ay (left column) and A¢ (right column) is cal-
culated for different pt interval in PbPb in \/ﬂ = 5.02TeV (upper panels) and pPb collisions
in \/ﬁ = 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 (Ay) and relative azimuthal angle A¢ of particle pairs is studied for
different multiplicity classes and transverse momentum (pt) ranges. It is observed that the
width in both A and A¢ decreases with charged particle multiplicity (N,) in pPb and PbPb
systems for pr < 2GeV. 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 pr as compared with the py < 2GeV 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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