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Abstract

We report on two-particle charge-dependent correlatiopgi p—Pb, and Pb—Pb collisions as a func-
tion of the pseudorapidity and azimuthal angle differedog,andA¢ respectively. These correla-
tions are studied using the balance function that probestthrge creation time and the development
of collectivity in the produced system. The dependence @fihlance function on the event multi-
plicity as well as on the trigger and associated particlesvarse momentunpyg) in pp, p—Pb, and
Pb—Pb collisions at/syy = 7, 5.02, and 2.76 TeV, respectively, are presented. In therensverse
momentum region, for @ < pr < 2.0 GeVk, the balance function becomes narrower in bisth
andA¢ directions in all three systems for events with higher nplittity. The experimental findings
favor models that either incorporate some collective biinge.g. AMPT) or different mechanisms
that lead to effects that resemble collective behavior. (BX§THIA8 with color reconnection). For
higher values of transverse momenta the balance functioonbes even narrower but exhibits no
multiplicity dependence, indicating that the observedmaing with increasing multiplicity at low
pr is a feature of bulk particle production.
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Charge-dependent correlations in pp, p—Pb, and Pb—Pb AC@Bboration

1 Introduction

Angular correlations between two particles have been kstall as a powerful tool to study the proper-
ties of the system created in high energy collisions of hasliand nuclei [1=16]. These measurements
are usually performed in a two dimensional space as a funcfidn andA¢. HereAn andA¢ are the

differences in pseudorapidity = —In | tan(6/2) | (where® is the polar angle of a particle relative to the
beam axis) and in azimuthal angpeof the two particles.

ta]

In heavy—ion collisions at both the Relativistic Heavy loolligler (RHIC) [3+11] and at the Large
Hadron Collider (LHC)/[12-16], these correlations exhdbiaracteristic structures: (a) a peakl (Ad)

= (0,0), usually referred to as the near—side jet peak, tirgurom intra-jet correlations as well as cor-
relation due to decay of resonances and quantum statisticslations, (b) an elongated structure over
An atA¢ = mroriginating partially from correlations between partgfeom back—to—back jets and from
collective effects such as anisotropic flow, and (c) a sintitanponent af\¢ = 0 extending to large val-
ues ofAn, usually called the near—side ridge, whose origin is stiler theoretical debate [17--31]. The
near—side ridge is attributed to jet—-medium interactidiystR0], to initial state density fluctuations and
the development of collective motion [24--31], including fhitial state effects within the framework of
the Color Glass Condensate (CGC) [21-23].

Similar structures have recently been reported in twoigartorrelation analyses in smaller systems.
In particular, the CMS Collaboration, by studying angularrelations between two particles An and
A¢, reported the development of an enhancement of corretatiarthe near—side (i.&¢ = 0) in high-
compared to low-multiplicity pp collisions afs= 7 TeV that persists over large values/ [32].

In the subsequent data taking periods at the LHC, similageristructures were observed on both the
near— and the away-side in high-multiplicity p—Pb coliisiat,/syn = 5.02 TeV [33-38]. The origin

of these effects, appearing in small systems, is still debtieoretically. In particular, it was suggested
in [32-+41] that for high-multiplicity collisions the smadlystem develops collective motion during a
short hydrodynamic expansion phase. On the other handZ+afY] the authors suggested that the ridge
structure can be understood within the CGC framework.

The ALICE Collaboration also reported a particle mass angein the extracteds, (i.e. the second
coefficient of the Fourier expansion of the azimuthal disttion of particles relative to the symmetry
plane) values forr=, K*, and pp) in high-multiplicity p—Pb collisions| [45]. This mass @nihg be-
comes evident once the correlations observed in the lowalipfitity class are subtracted from the
ones recorded in the highest multiplicity class. The ordgi$ less pronounced, yet still present, if this
subtraction procedure is not applied. Similar mass ordeariiPb—Pb collisions [46] is usually attributed
to the interplay between radial and elliptic flow induced bg tollective motion of the system. These
observations in p—Pb collisions were reproduced by modelsrporating a hydrodynamic expansion of
the system([47, 48]. Recently, it was suggested in [49] thatsignatures of collective effects observed
in experiments could be partially described by models tbapte the hot QCD matter created in these
small systems, described as an ensemble of non-intergadirtigles, to a late stage hadronic cascade
model. More recently, the CMS Collaboration demonstratad the effects responsible for the observed
correlations in high-multiplicity p-Pb events are of mpé#iticle nature [50]. This strengthens the picture
of the development of collective effects even in these sayaiems.

The charge-dependent part of two-particle correlationigagitionally studied with the balance function

(BF) [51], described in detail in Section 4. Such studiesehamerged as a powerful tool to probe the
properties of the system created in high energy collisi®asticle production is governed by conserva-
tion laws, such as local charge conservation. The lattereaghat each charged patrticle is balanced
by an oppositely-charged partner, created at the samddodatspace and time. The BF reflects the
distribution of balancing charges in momentum space. ltgsied to be a sensitive probe of both the
time when charges are created [51, 52] and of the collectiviom of the system [26, 53]. In particular,
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the width of the balance function is expected to be small indaise of a system consisting of particles
that are created close to the end of its evolution and aretaffeby radial flow|[26, 51-53]. On the
other hand, a wide balance function distribution might alghe creation of balancing charges at the first
stages of the system’s evolution [26} 51-53] and the redaoattibution or absence of radial flow.

In this article, we extend the previous measurements [54gpgrting results on the balance function in
pp, p—Pb, and Pb—Pb collisions @&y = 7, 5.02, and 2.76 TeV, respectively. The data were recorded
with the ALICE detector|[55-57]. The results are presented aunction of multiplicity and transverse
momentum fr) to investigate potential scaling properties and sintiksior differences between the
three systems. The article is organized as follows: Sefibniefly describes the experimental setup,
while details about the data sample and the selection ieriéee introduced in Sectidd 3. In Sectian 4,
the analysis technique and the applied corrections argridited. In Sectiohl5, the specifics about the
estimation of the systematic uncertainties are descrilSsttion 6 discusses the results followed by a
detailed comparison with models to investigate the infleeotcdifferent mechanisms (e.g. unrelated
to hydrodynamic effects) on the balance functions. In thmesaection, the comparison of the results
among the three systems is presented.

2 Experimental setup

ALICE [57] is one of the four major detectors at the LHC. It issined to efficiently reconstruct and
identify particles in the high-particle density environmef central Pb—Pb collisions [58,/59]. The ex-
periment consists of a number of central barrel detectosgipoed inside a solenoidal magnet providing
a 05 T field parallel to the beam direction, and a set of forwargders. The central detector systems
of ALICE provide full azimuthal coverage for track reconsttion within a pseudorapidity window of
In| < 0.9. The experimental setup is also optimized to provide goothemtum resolution (about 1% at
pr < 1 GeVk) and patrticle identification (PID) over a broad momentungea[60].

For this analysis, charged particles were reconstructad) tse Time Projection Chamber (TPC) [61]
and the Inner Tracking System (IT$) [57]. The TPC is the mainking detector of the central barrel
[61], consisting of 159 pad rows grouped into 18 sectorsdbegr the full azimuth withinn| < 0.9. The
inner and outer radii of the detector are 85 and 247 cm, réispsc The ITS consists of six layers of
silicon detectors employing three different technologiEse two innermost layers, positionedrat 3.9
and 7.6 cm, are Silicon Pixel Detectors (SPD), followed by tayers of Silicon Drift Detectors (SDD)
atr =15 cm and 23.9 cm. Finally, the two outermost layers are dowdidled Silicon Strip Detectors
(SSD) atr =38 cm and 43 cm.

A set of forward detectors, the VO scintillator arrays| [6&kre used in the trigger logic and the mul-
tiplicity determination. The VO consists of two systemse MOA and the VOC, positioned on both
sides of the interaction point along the beam. They covepsisadorapidity ranges@< n < 5.1 and
—3.7 < n < —1.7 for the VOA and the VOC, respectively.

For more details on the ALICE detector setup and its perfogean the LHC run 1, see [57,/60].

3 Analysis details

This analysis is based on data from pp, p—Pb, and Pb—PbiaoflisThe data were recorded for pp col-
lisions during the 2010 run gfs= 7 TeV, for p—Pb collisions during the 2013 run,g@n = 5.02 TeV,
and for Pb—Pb collisions during the 2010 and 2011 rung'sin = 2.76 TeV. In p—Pb collisions, the
nucleon—nucleon centre-of-mass system was shifted withet to the ALICE laboratory system by a
rapidity of -0.465 in the direction of the proton beam. Fongiicity, the pseudorapidity in the laboratory
frame is denoted, throughout this article, wijhfor all systems (note that for pp and Pb—Pb collisions
the laboratory and the centre-of-mass systems coincide).



Charge-dependent correlations in pp, p—Pb, and Pb—Pb AC@Bboration

Minimum-bias p—Pb and Pb—Pb events were triggered by theickleince between signals from the two
sides of the VO detector. For the pp run, the minimum-biager definition was modified to require
at least one hit in the SPD or either of the VO detectors. Intmaig for Pb—Pb, an online selection
based on the VO detectors was used to increase the numbegragevith high multiplicity. An offline
event selection exploiting the signal arrival time in VOAJaviOC, with a 1 ns resolution, was used to
discriminate background (e.g. beam-gas) from collisioengs. This led to a reduction of background
events in the analyzed samples to a negligible fractiof.( %) for all systems [60]. All events retained
in the analysis had a reconstructed primary vertex pos#tlong the beam axisfx) within 10 cm from
the nominal interaction point. Finally, events with muléipeconstructed vertices were rejected, leading
to a negligible amount of pile-up events for all systems [60]

After all the selection criteria, approximately 24010°, 100 x 1P, and 35x 1P events were analyzed
for pp, p—Pb, and Pb—Pb, respectively.

Tracks are reconstructed from a collection of space potitsters) inside the TPC. The tracking al-
gorithm, based on the Kalman filter, provides the qualityhsf fit by calculating itsy? value. Each
space-point is reconstructed at one of the TPC padrows,entherdeposited ionazation energy is also
measured. The specific ionization energy losE(dx)) is estimated by averaging this ionization over
all clusters associated to the track. The procedure hasartamty, which we later refer to @B -

To select primary tracks with high efficiency and to minimtke contribution from background tracks
(i.e. secondary particles originating either from weakagscor from the interaction of particles with
the detector material), all selected tracks were requioeldat/e at least 70 reconstructed space points
out of the maximum of 159 possible in the TPC. In addition, ffeper degree of freedom per TPC
space point of the momentum fit was required to be below 2. ftbdureduce the contamination from
background tracks, only tracks with a distance of closegtagrh (DCA) to the primary vertex in both
the xy-plane (DCAy) and the z coordinate (DGAbelow a threshold value (i.e. DGA< 2.4 cm and
DCA; < 3.0 cm) were analyzed. These requirements lead to a recotistrigfficiency of about 80%
for primary particles and a contamination from secondapieabout 5% atpr = 1 GeVk [63] in pp
collisions. The efficiency is similar in p—Pb collisions aitds lower by about 3-5% in central Pb—
Pb collisions, according to detailed Monte Carlo simulagio In addition, electrons originating from
y-conversion and’-Dalitz decays were removed based on the energy(tiSgdx) measured by the
TPC. Tracks for which the measureé (tix lied within 30ge /4 Of the Bethe-Bloch parametrization of
(dE/dx) for electrons and at leastg: g away from the relevant parametrizations for pions, kaond, a
protons, were removed.

All particles were reconstructed withim| < 0.8. This selection excludes possible biases from the
tracking efficiency that becomes lower foy| > 0.8 as compared t(| < 0.8. The particles selected in
this analysis have a transverse momentum in the rariye @y < 15.0 GeVk.

In order to reduce the contribution from track splitting (iincorrect reconstruction of a signal produced
by one track as two tracks) and merging (i.e. two nearby srdekng reconstructed as one track) in the
active volume of the TPC, a selection based on the closdsindes of two tracks in the TPC volume was
applied when forming particle pairs. This was done by exclgighairs with a minimum pseudorapidity
difference of|An| < 0.02 and angular distancd@¢*| < 0.02 rad. HereA¢* is the angular distance
between two tracks, accounting also for their curvaturetdubeir charge, according to:

A" =¢1—d2— 01+ 02, 1)

where@; and ¢, are the azimuthal angles of the two tracks at the vertex,carfadith i = 1,2) is given
by
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arcsin<O'OO7BZ(T)r(Cm)> ‘

pri(GeV/c)

In Eq.[2,q; and g, stand for the charge of each tradB; is the magnetic field in the direction, r
corresponds to the radius of the smallest distance betwedreicks in the TPC volume @< r <2.5m
measured with a step @fr = 0.2 cm) andpr; and pr» are the transverse momentum values of the two
particles forming the pair.

(2)

ai =0

3.1 Multiplicity classes in pp, p—Pb, and Pb—Pb collisions

The analyzed events were divided into multiplicity clasgeifig the VOA detector. Since this detector
does not provide any tracking information, the amplitudéhef signal from each cell, which is propor-
tional to the number of particles that hit a cell, was used pay for multiplicity [64]. The choice of
the VOA as the default multiplicity estimator was driven b fact that in p—Pb collisiofighis detector

is located in the direction of the Pb—ion and thus is semsitivits fragmentation_[64]. In addition, this
choice allowed for reducing autocorrelation biases intoeadl when the multiplicity class was estimated
in the samen range as the one used to measure correlations. For comyistta same multiplicity
estimator was used for the other two systems. For the VO ese@ calibration procedure [60, 62] (i.e.
gain equalization) was performed to account for fluctuatimeluced by the hardware performance, and
for the different conditions of the LHC machine for each nmgrperiod.

For each multiplicity class, the raw transverse momentuectspm for charged particles witfr > 0.2
GeV/creconstructed in | < 0.8 was extracted. These raw spectra were corrected for detatteptance
and efficiency using Monte Carlo simulations with PYTHIA[6BPMJET [66], and HIJING/[67] event
generators for pp, p—Pb, and Pb—Pb, respectively. The Ald&Ector response for these events was
determined using a GEANT3 [68] simulation. In addition te tieconstruction efficiency, a correction
related to the contamination from secondaries originatingh weak decays and from the interaction
of particles with the material of the detector was applietlisTcorrection was estimated with both the
aforementioned simulations and also using a data-drivehadebased on fitting the DCA distributions
with templates extracted from Monte Carlo for primary paes and secondaries originating either from
weak decays or from the interaction of other particles withdetector material, as described.in [69]. The
resulting corrected charged-particle multiplicity wascatated by integrating the corrected transverse
momentum spectrum over the region with > 0.2 GeVEL.

Table[1 presents the multiplicity classes in terms of pesgmn of the multiplicity distribution, and the
corresponding number of charged particles with> 0.2 GeVk reconstructed dt)| < 0.8 for all three
systems. The resulting values fogdgeqare subject to an overall tracking efficiency uncertainty of
4% [70].

4 Balance function

The charge-dependent correlations are studied using thedeafunction|[51] for pairs of charged par-
ticles with angular difference&n andA¢. For each pair, the first (“trigger”) particle has a transeer
momentumpr ig, While the second (“associated”) charged particle hasrswerse momenturpr assoe

The associated yield per trigger particle is then calcdldte different charge combinations. For one
charge combination (+,-), it is defined as

INote that ALICE also recorded Pb—p collisions but this sa@mwhs smaller than the one analysed and reported in this
article.
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Multiplicity classes (Nchargeg (corrected)

pp p—Pb Pb—Pb
70-80% 41+0.2 112+04 45+ 2
60-70% 50+0.2 163+0.7 103+4
50-60% 61+0.3 185+0.7 204+ 8
40-50% 74+0.3 241+1.0 364+ 15
30-40% 0V+0.4 290+1.2 603+ 24
20-30% 110+0.4 347+14 943+ 38
10-20% 138+0.6 419417 1419+ 57
0-10% 187+0.8 563+ 2.3 -
5-10% - - 191& 77
0-5% - - 2373t95

Table 1: Corrected mean charged particle multiplicities (far> 0.2 GeVk, and|n| < 0.8) for event classes
defined by the percentage of the VOA multiplicity distrimutifor pp, p—Pb, and Pb—Pb collisionsg@n = 7,
5.02, and 2.76 TeV, respectively.

1 d?Nassoc
Cly_) = — =S )/ f -
(+7 ) Ntrigd, dAr’dA(P + )/ (+7 )

(3)

and similarly for the other charge combinations. The sighal ) = 1/I\Itrig7+d2Nsame(+7,)/dAr;dA¢ is
constructed from the number of positive trigger partidigg . and the particle pair distribution
dstame(Jn_) /dAndA¢, formed inAn-A¢ with positive and negative particles from the same eventh Bo
terms are corrected for detector inefficiencies and comtatioin from secondary particles on a track-by-
track basis, using the corrections described in SettidaSdn inverse weigh§ ) is computed after
summing separately over all events the two componiits, and &Nsame(h,)/dAn dAg.

The background distributiofy ) = ad®Nrixes.+ /dANdA corrects for particle pair-acceptance. Itis
constructed by combining a trigger particle from one eveitit wssociated particles from other events.
This procedure is known as the event mixing technique. Theiged pairs are formed from events
having the same multiplicity classes ang within =2 cm of each other. Each trigger particle is mixed
with associated particles from at least 5 events. The caaffia in Eq.[3 is used to normalize the mixed-
event distribution to unity in thAn region of maximal pair acceptance. Finally, the associgield per
trigger particle is computed by calculating the weightedrage of the corresponding yields for several
intervals ofV,. This is done to account for the different pair acceptanakedficiency as a function of
V.

The balance function is then defined as the difference of $seddated yields per trigger particle for
unlike and like-sign combinations [51], according to

1
B(An,A¢) = > Ci+) + C-+) —C++) —C- (4)
The resulting two-dimensional distributions are projdcseparately ontdn andA¢ and the widths,
Opn @andopg, are calculated as the standard deviation of the distabastiln this analysis, the projection
in An is done on the near—side- {1/2 < A¢ < 11/2) to facilitate the direct comparison with models that
exhibit a qualitatively different behavior on the away-esid

Three transverse momentum intervals are used in the asialgsilow (02 < pr assoc< Prtrig < 2.0 GeVKk),
|ntermed|ate (2) < pT"assoc< 30< pT"trig <40 GeVb), and h|gh (3) < pT7assoc< 80 < pT,trig <
15.0 GeVk) pr regions. Note that the balance function reported in thiglaris not normalized to
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unity but rather to 0.5 due to the requirement imposed orpthef the “trigger” and the “associated”
particles.

For 02 < pr.assoc< Prrig < 2.0 GeVEk, the width inAn andA¢ is calculated inAn| < 1.6 and—r11/2 <

A¢ < 11/2. For higher values of transverse momentum, the balan@tidmndistributions are fitted with

a sum of a Gaussian and a constant. The width is then calduldatlin 30gauss With Ogayuss€xtracted
from the Gaussian of the aforementioned fit. The statistcadr of the width is calculated using the
subsample method [711,/72]. The valuesogf andopg are calculated for each subsample (maximum 10
subsamples were used) and the statistical uncertaintyiisated from the spread of these independent
results.

5 Systematic uncertainty

In all figures except Fid.l1, the data points are plotted witkirtstatistical and systematic uncertainties
indicated by error bars and open boxes around each poimectagely. The systematic uncertainty
was obtained by varying the event, track, and pair selectiberia, as will be explained in the following
paragraphs. The contribution of each source was calcudetéite spread of the values of each data point,
extracted from variations of the selection criteria. Itistécally significant, each contribution was added
in quadrature to obtain the final systematic uncertaintylofting this procedure, the resulting maximum
values of the systematic uncertainty over all multiplicitasses and systems for the balance function
projections inAn and A¢ were less than 5%. In what follows, we report the maximumesystic
uncertainties over all multiplicity classes for each sysfer op, andopg.

The Pb—Pb data samples were analyzed separately for twoeti@mfiald configurations. The difference
of 1.5% in the results was taken as a systematic uncertainty. IFeysiems, different LHC periods,
reflecting different machine conditions and detector caméions (e.g. non-working channels), were
analyzed separately. The corresponding maximum systemnatiertainties over all multiplicity classes
was 11%. Furthermore, the influence on the results of differeatking strategies was studied by
repeating the analysis using tracks reconstructed by thebication of signals from the TPC and the
ITS. The relevant maximum systematic uncertainties froism sburce were 2%, 02%, and 12% for

pp, p—Pb, and Pb—Pb, respectively. Finally, the controutioming from the VO gain equalization in pp
collisions was investigated by equalizing the signal peri@, per channel, and per detector. The study
did not reveal any systematic differences in the obtainedli®

In addition, several of the track quality criteria definedtbg tracking algorithm described in Sect[dn 3
were varied. The uncertainty related to the electron rigjeatriterium was studied by varying the re-
quirement on the expected Bethe—Bloch parameterizatidheomomentum dependence d dix for
electrons from & to 50. This contribution was negligible in the pp system, while/éts 01% and 02%

for p—Pb and Pb—Pb, respectively. The requirement on tleestalistance of two tracks of a pair in the
TPC was varied frordn = 0.01 toAn = 0.03 and fromA¢* = 0.01 rad taA¢* = 0.03 rad. This source
was found to yield negligible systematic uncertainty far ip system, while the maximum contribution
for p—Pb and Pb—Pb systems wer2% and 07%, respectively. The systematic uncertainty of the track-
by-track correction for efficiency and contamination watineated from Monte Carlo simulations. For
this, the results of the analysis of a sample at the eventrgmdevel (i.e. without invoking either the
detector geometry or the reconstruction algorithm) weramared with the results of the analysis over
the output of the full reconstruction chain, using the catioms for detector inefficiencies and accep-
tance discussed in Sectibh 3. This source resulted intotialpacorrelated uncertainty of around4%

for the case of pp and p—Pb, and % for the Pb—Pb system.

The resulting values for the systematics are summarizedlitel2, for all systems. The table provides
the maximum value for every source over all multiplicitysdas and transverse momentum ranges.
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Category Systematic uncertainty (max. value)
pp p—Pb Pb—Pb

Magnetic field - - 15%

LHC periods 1% < 0.1% 10%
Tracking 12% 02% 12%

V0 equalization < 0.1% - -
Electron variation < 0.1% 01% 02%
Split/merged pairs variation < 0.1% 02% 07%
Efficiency and contamination correction 4% 04% 11%

Table 2: The maximum value of the systematic uncertainties on theéhnfithe balance function over all multi-
plicity classes for each of the sources studied for the pPbpnd Pb—Pb systems.

Finally, different multiplicity estimators were used tagdy the variations coming from the multiplicity
class definition. There was no systematic uncertainty asdifpr this contribution. The results obtained
with the two forward detectors (e.g. VOA and VOC) show no gigant difference. On the other hand,
a slightly weaker narrowing of the balance function withressing multiplicity is observed when the
central barrel detector is used for both measuring the lkediwas and the multiplicity class definition, in
the pp and p—Pb systems. These differences are coming frgsicplprocesses (e.g. back—to—back jets),
whose contribution is reduced if one defines multiplicitpsses using a detector located further away
from mid-rapidity. This justifies why the VOA detector wasoslen as the multiplicity estimator in this
analysis

6 Results

6.1 Balance function in the low transverse momentum region

Figurell presents the balance function for charged pastinl&n andA¢ for three multiplicity classes
of Pb—Pb, p—Pb, and pp collisions@un = 2.76, 5.02, and 7 TeV, respectively. From top to bottom the
results for the highest (i.e. 0-5% for Pb—Pb collisions aridd® for p—Pb and pp collisions), intermediate
(i.e. 30-40%), and lowest (i.e. 70-80%) multiplicity classare shown. The trigger and associated
particles are selected from the low transverse momenturome? < prassoc< Prtig < 2.0 GeVEL.
The bulk of the charge-dependent correlation yield is ledain the near—side-(1/2 < A¢ < 11/2). In
this region, the balance function becomes narrower witheeming multiplicity for all three collision
systems. The peak values of the balance function also chaitjemultiplicity, with higher values
corresponding to collisions with higher multiplicity. Olmet away—siderf/2 < A¢ < 3711/2), the balance
function has larger magnitude for lower multiplicity eventn addition, a depletion in the correlation
pattern aroundAn,A¢) = (0,0) starts to emerge in mid-central (e.g. 30-40% multipliciss) events in
Pb—Pb collisions and becomes more pronounced in p—Pb andllfgions with decreasing multiplicity.
The origin of this structure will be discussed later.

The integral of the balance function over the acceptancelased to measures of charge fluctuations as
argued in|[52], and is between 0.25 and 0.35 (i.e. 0.5 andnOcase thepr requirement between the
“trigger” and the “associated” particles is not imposed)dth systems and multiplicity classes. For each
system it reveals a mild multiplicity class dependence twhior Pb—Pb, could explain the increase of
multiplicity fluctuations for central compared to periphleevents reported in [73].

Figure[2 presents for Pb—Pb, p—Pb, and pp collisions theegtiops of the two-dimensional balance
function inAn andA¢ in panels (a), (b), (c) and (d), (e), (), respectively. Thaistical uncertainty,
usually smaller than the marker size, is represented byrtioe kar while the systematic uncertainty,
calculated as the quadratic sum of the correlated and thernatated part, by the box around each
data point. The balance function as a function of the redatiseudorapidity differencAn exhibits
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Fig. 1: The balance functioB(An,A¢) for charged particles with.Q < pr assoc< Pt tig < 2.0 GeVE in Pb—Pb,
p—Pb, and pp collisions gfsyn = 2.76, 5.02, and 7 TeV, respectively. From top to bottom the536 for Pb—Pb
and 0— 10% for p—Pb and pp collisions, 3040%, and the 76- 80% multiplicity classes are shown.

a strong multiplicity dependence for all collision systenis particular, the distribution narrows and
the peak value becomes larger for high- compared to lowiptiglty events. As a function of the
relative azimuthal anglA¢ on the near—side, the balance function exhibits the samajive features
as forAn, i.e. narrower distributions with larger magnitude forre&sing event multiplicity in all three
systems. However, the magnitude of the balance functiorheratvay—side exhibits a different trend,
with larger values of Bf¢) measured for low- compared to high-multiplicity events.

As already discussed in Sectign 3, in p—Pb collisions, ttibemm—nucleon centre-of-mass system shifts
by a rapidity of -0.465 with respect to the ALICE laboratorystem in the direction of the proton
beam. The influence of this shift was studied with simulaiand, although the balance function is
not translationally-invariant, the shift does not lead gy aignificant difference in either the projections
of the balance function or the extracted widths.

As indicated previously, starting from mid-central eveint®b—Pb collisions a distinct depletion is ob-
served in the two-dimensional distribution arouid),A¢) = (0,0) that becomes more pronounced in
events with low multiplicities, and in particular in p—Pbdapp collisions. The fact that the aforemen-
tioned depletion does not seem to be restricted to a verpwavindow in eitheiAn or A¢ (the structures
extend to—0.4 < An < 0.4 and—11/6 < A¢ < 11/6) indicates that the origin is not due to detector effects,
as was confirmed by independent studies involving moditioatif cuts controlling track splitting and
merging. One possible mechanism that could create suchdsi is the charge-dependent short-range



Charge-dependent correlations in pp, p—Pb, and Pb—Pb AC@Bboration

ALICE Pb-Pb s, = 2.76 TeV 0.19 ALICE p-Pb Y, = 5.02 TeV 0.19 ALICE pp \s =7 TeV
0.3F » @ .ﬁvo\ (b) ©
oo wp
SR 0T o™
=02 o. .o = 205 | — >
5 5 e 5
@ ©0.05F ©0.051
0.1~
0 oF ot
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 -15-1-05 0 05 1 15
An An An
0.4F 0.15 0.15
0.2< pT‘assoc < pT.mg <2.0Gevic 0.2< pT ssssss < pT.mg <2.0Gevic 0.2< pT ssssss < pT‘(ng <2.0Gevic
® 0-5% (d) ® 0-10% ©) ® 0-10% ®
_ 0.3+ ¢ m 301006 ot A W 30-40% o1 W 30-40%
‘8 * 70-80% "8 * 70-80% ‘8 * 70-80%
g So.05 So.05
o o @
o OF
1 1 1 1 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 -1 0 1 2 3 4
Ad (rad) Ad (rad) Ad (rad)

Fig. 2: The balance function for charged particles witl2 & pr assoc< Prrig < 2.0 GeVk as a function of
An (upper row) and\¢ (lower row) in different multiplicity classes of Pb—Pb inrpgas (a and (d), p—Pb in panels
(b) and (e) and pp collisions panels (c) and (f}/@&n = 2.76, 5.02, and 7 TeV, respectively.

correlations such as Coulomb attraction and repulsionyantym statistics correlations [74+-76]. To test
this hypothesis, a criterium on the minimum transverse nmume differenceApr between two particles
of a pair was applied. The value was varied fripr = 0 GeVkto Apt = 0.2 GeVk. The choice
for the selected values is driven by the fact that the bulkhoftsrange correlations are expected to have
Apr < 0.1 GeVk [77]. The depletion is less pronounced with increasing eatiApr and vanishes
for Apt = 0.2 GeVk. The disappearance of the depletion was also achieved bgaisiag the lower
transverse momentum threshold for both the trigger andsbecéated particle tpt > 0.5 GeVk. Both
these observations are inline with the hypothesis that émetion originates from (mainly) quantum
statistics correlations and Coulomb effects.

To quantify the narrowing of the balance function width asmction of multiplicity, the standard devia-
tion g is calculated as described in Secfidon 4. The panels (aprid)(e) of Figl. B present the evolution of
oan With multiplicity class, expressed by the multiplicity pentile for Pb—Pb, p—Pb, and pp collisions,
respectively. Note that multiplicity decreases from leftight along the horizontal axis. The statistical
uncertainties of the data points are represented by thelgars and are usually smaller than the marker
size. For all collision systems, a significant narrowing laé balance function idn with increasing
multiplicity is observed.

The panels (b), (d), and (f) of Figsl 3 show the relative deseeofo,,, expressed by the ratio of
oan for each multiplicity class over the value in the lowest riliitity class, i.e. 70-80% for all collision
systems. The narrowing of the balance function with indreamultiplicity is most prominent in Pb—
Pb collisions where the relative decrease between thestaegal lowest multiplicity class is 21+
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Fig. 3: The multiplicity-class dependence af, in Pb—Pb, p—Pb, and pp collisions g&un = 2.76, 5.02, and

7 TeV compared with results from various event generatogzaimels (a), (c), and (e). Panels (b), (d), and (f)
show the relative decrease of,, calculated with respect ta*”, as a function of the multiplicity class. The
transverse momentum values for both the trigger and the&ded particles satisfy the conditior20< pr assoc<
Pr.trig < 2.0 GeVk.
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2.4(stat) £+ 2.4(syst)%. A significant relative decrease is also observed for therdivo systems with
values of 67 + 0.2(stat) + 0.4(syst)% and 70 + 0.3(stat) + 1.4(syst)% in p—Pb and pp collisions,
respectively. Note though that the multiplicities in thésee systems are significantly different (see e.qg.
Table[1)

In Fig.[3 (a) the results for Pb—Pb collisions are compareith Wionte Carlo calculations using the
HIJING [67] and AMPT [78, 79] event generators. In AMPT simtibns, the string melting option was
used, with parameters tuned to describe the experimertilotiaanisotropic flow at LHC energies [80,
81]. The centrality classes were defined based on impactnedea range. Neither model describes
the experimentally observed narrowing of the balance fanawith increasing multiplicity. This is also
reflected in Figl.B (b) where the relative decrease for bottetsois around 4%.

The comparison of the experimental results in p-Pb coliisizvith model predictions is presented in
Fig.[3 (c). For this comparison, results from Monte Carla@ukdtions using the DPMJET [66] and AMPT
[7€,179] event generators were used. DPMJET is a model basediependent pp collisions, describing
hard processes, hadron—hadron interactions, and hadreractions involving photons, without any
collective effects. It is seen that DPMJET results in brodaance function distributions compared
to AMPT. In addition, both models expect narrower balancefion distributions compared to experi-
mental measurements for low multiplicity classes (stgrfiom 60% for DPMJET and 40% for AMPT).
However, with increasing multiplicity (i.e. below 60% forAMJET and 30% for AMPT) the balance
function distributions are significantly narrower in thepeximent compared to either of the models.
Similar to the Pb—Pb case, neither of the models is able todepe the significant decrease of the width
with increasing multiplicity observed in data. This is ateflected in FiglB (d), where the relative de-
crease of the width between the highest and lowest multiplitass for DPMJET and AMPT is marginal
and not larger than 2%.

For pp collisions, the experimental results are compar¢ltwio variants of calculations using PYTHIAS8
tune 4C|[[82] in Fig[B (e). This tune contains modified muifon interaction (MPI) parameters that
allow it to describe the multiplicity dependence (@) [63]. The default calculation includes the color
reconnection mechanism, which is switched off in the seamfiguration. PYTHIA8 without color
reconnection, represented by the solid line, fails to diesche significant narrowing of the balance
function with increasing multiplicity. The values of, for this calculation are comparable within un-
certainties to the ones obtained for the lowest multipliclass in data. On the other hand, the inclusion
of color reconnection, see the dashed line in Eig. 3 (e) lteBua qualitatively similar narrowing as the
one observed in the measurements. The absolute valmg,aé lower than the experimental results for
almost all multiplicity classes. Quantum statistics clatiens are not included in the simulation, which
might be the reason for this difference. Figure 3 (f) thaspres the relative decreaseay, quantifies
the previous observations. It is seen that PYTHIA8 withanibr reconnection shows a rather weak
(i.e. around 2%) narrowing of the balance function with @asing multiplicity. This narrowing may
result from the increased resonance yield for high- contbtwdow-multiplicity pp events|[54]. The
version of PYTHIAS8 with the inclusion of color reconnectierpects a relative reduction of around 7%,
in guantitative agreement with the measurement.

Figure[4 presents the multiplicity dependenceogj in Pb—Pb, p—Pb, and pp collisions in panels (a),
(c), and (e), respectively. All three systems exhibit a igaint multiplicity-dependent narrowing of
the balance function ih¢. Panels (b), (d), and (f) quantify this narrowing by presenthe decrease
of the width inA¢ for each multiplicity class relative to the lowest multgty class. The data exhibit
a narrowing of 26 + 1.0(stat) + 1.4(syst)%, 102+ 0.3(stat) + 0.2(syst)%, and 108+ 0.4(stat) +
1.4(syst)% in Pb—Pb, p—Pb, and pp collisions.

The multiplicity dependence of the width Xxyp in Pb—Pb collisions is compared with expectations from
HIJING and AMPT in Fig[4 (a). HIJING fails to describe the eximental measurements while AMPT
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Fig. 4: The multiplicity-class dependence afy in Pb—Pb, p—Pb, and pp collisions g@un = 2.76, 5.02, and

7 TeV compared with results from various event generatogzaimels (a), (c), and (e). Panels (b), (d), and (f)
show the relative decrease afy calculated with respect ta, °°* as a function of the multiplicity class. The
transverse momentum values for both the trigger and the&ded particles satisfy the conditior20< pr assoc<
Pr.wig < 2.0 GeVEL.
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expects a significant decrease @iy with increasing multiplicity. The relative decrease in AMB
about 18%, see Fi@l 4 (b), and can be attributed to a ratf@rgstnultiplicity-dependent radial flow in
the model that acts over the balancing pairs, retaining thigial correlations inA¢.

The measurements in p—Pb collisions are compared with suttsérom DPMJET and AMPT in Figl 4
(c). Neither DPMJET, which does not exhibit a significant elegience on the event multiplicity, nor
AMPT, which exhibits a relative decrease of around 4%, caantjtatively describe the experimental
findings, as demonstrated in Fig. 4 (d).

Finally, the values obiay in pp collisions are compared in FIg. 4 (e) with the two vatsanf PYTHIAS
calculations described before. Similarly to the picturat tamerged from the comparison of,, the
variant of PYTHIAS calculation without the inclusion of aslreconnection does not describe the strong
multiplicity dependence reported in pp collision data. téger, the calculation with color reconnection
exhibits a qualitatively similar decrease @fy with increasing multiplicity. The relative decrease for
this model is around 10%, in quantitative agreement withettperimental results, as indicated in Fiy. 4

(f).

The comparison between the data and the correspondingtatipas from models like PYTHIA, illus-
trates the potentially significant role of color reconnacton charge-dependent correlations for small
systems such as pp collisions. The effect of color recoimedh PYTHIAS is strongly connected to
MPIs, whose number increases with increasing multiplicity high-multiplicity pp events, MPIs lead
to many color strings that will overlap in physical space.thivi PYTHIA8 approach, these strings are
given a probability to be reconnected and hence hadronizéndependently, but rather in a process
that resembles collective final-state effects. This preeesults in a transverse boost of the fragments
that leads to the development of final-state correlation&éden charged particles in a similar way as a
collective radial boost does.

6.2 Balance function at high transverse momentum

In order to study if the narrowing of the balance functiondstricted to the bulk particle production at
low pr or is also connected to hard processes, the balance furwtieralso measured in all collision
systems for higher values of transverse momentum for baber and associated particles. Figlte 5
presents the projections of the two- dimensional balanoetions inAn in panels (a), (b), (c), and
A¢ in panels (d), (e), (f) for D < pr assoc< 3.0 < prig < 4.0 GeVkin Pb—Pb, p—Pb, and pp collisions,
respectively. The analysis of Pb—Pb and p—Pb collisionsatgasextended to higher transverse momenta,
3.0 < prassoc< 8.0 < pruig < 15.0 GeVk, shown in FigL6.

The charge-dependent correlations exhibit little if anyitiplicity dependence, in contrast to the findings
from the lower transverse momentum region. In additiondis#&ibutions in the intermediate and high-
pr range are significantly narrower than the correspondintiloligions at lower values ofr for each
multiplicity class.

The widths of the balance functiow,, and gpy for the different transverse momentum regions, are
presented in Figé.] 7[d 8 as a function of the multiplicity slafr Pb—Pb and p—Pb collisions, respec-
tively. The observed narrowing of the balance function viritreasing multiplicity is restricted to the
lower transverse momentum region, i.e. where the bulk dfgbes are produced. For higher transverse
momenta, the multiplicity class dependence is signifigargtluced, or even vanishes. In addition, the
values ofap, andapg decrease with increasingr for a given multiplicity class. This decrease can be
attributed to the transition to a region where initial hamttering processes and parton fragmentation
become the dominant particle production mechanism. Thegngehadrons are thus correlated within
a cone whose angular size decreases with incregsing

For pp collisions, the widths of the balance function, and opy are compared with results from
PYTHIA in Fig.[@. The tune of PYTHIA8 without the inclusion aflor reconnection is found to
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Fig. 5: The balance function for charged particles with 2 pr assoc< 3.0 < prig < 4.0 GeVk as a function
of An (upper row) and\@ (lower row) in different multiplicity classes of Pb—Pb, iamels (a) and (d), p—Pb, in
panels (b) and (e), and pp collisions, in panels (c) and{f)/sysn = 2.76, 5.02, and 7 TeV, respectively.

describe the data at a quantitative level, for bogj and opy. On the other hand, PYTHIA8 with the
inclusion of color reconnection shows a broadening of tiséridutions with increasing multiplicity in
bothAn andA¢, which is not supported by the data.

6.3 Comparison between the three systems

A comparison of the widths of the balance function in pp, p—&id Pb—Pb as a function of particle
multiplicity can provide direct information about diffarees and similarities between these systems in
e.g. particle production mechanisms. It is important teertbbugh, that this is performed for different
center-of-mass energies which could complicate the cosgar

Figure[10 presents the charged-particle multiplicity dejemce of the width of the balance function in
An (a) andA¢ (b) for all three systems. The results for the low-, interragel and highpy intervals
are shown in the same plot. Multiplicity is defined as the nendf charged particles reconstructed in
In| < 0.8 andpr > 0.2 GeVk, as described in Sectidn 3. It is seen that between the pphenp-t
Pb systems, and for overlapping multiplicities in the lpw+egion, the width in botl\n andA¢ has
similar values. This could indicate that the charge-depahdorrelations have similar origin in these two
systems. On the other hand, the comparison of the resulteebetp—Pb and Pb—Pb at the overlapping
multiplicities indicate differences for bothw, and (to a smaller extent iy . The origin of the charge-
dependent correlations probed with the balance functidPbiAPb collisions is believed to be related to
radial flow and/or to a delayed hadronization scenario. Tifierdnces observed in the results of the Pb—
Pb system compared with the ones in pp and p—Pb collisioriméaismultiplicities could be explained
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Fig. 9: The multiplicity-class dependence of the width of the ba&function inAn (a) and inA¢ (b) in pp
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PT assoc< 3.0 < Prrig < 4.0 GeVk). The data points are compared with two versions of PYTHIARB@lations.

by a different mechanism that drives the charge-dependerglations in smaller systems.

With increasing values of transverse momentum, the baléumetions become narrower and exhibit
no significant multiplicity dependence for all systems, &wuksed previously. The origin of these
correlations at these transverse momentum ranges couldrimected to initial hard parton scattering
and subsequent fragmentation. The agreement of the valuegioo,, and oy for all multiplicities
over all three systems clearly indicates that the dynana@spansible for the higlpr charge-dependent
correlations do not change significantly between pp, p—fi Fb—Pb.
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Fig. 11: The multiplicity-class dependence of the width of the baafunction inAn (a) and inA¢ (b) for the
three systems analyzed (pp, p—Pb, and Pb—PDb) relative #tB88% multiplicity class.

The narrowing of the balance function in bdth andA¢ is a distinct characteristic of the low transverse
momentum region. Figulde L1 visually illustrates the reilecrease of the different systems in this
region. It is interesting that the relative decrease in taesentation is similar between the two small
systems (around 7% and 10.5%4n andA¢, respectively) while different for Pb-Pb. The results from
the analysis of Pb—Pb collisions illustrate a significatdtger relative decrease of 21.2 %/in (26.5%

for Ag). A direct comparison of the width at the same multiplicitsgss can not be done because, for the
same class, the physics conditions are quite differentgoppPb, and Pb—Pb collisions. However, the
comparison of the relative decrease and the agreement méshls in botiAn andA¢ between the two
small systems could indicate that they share a similar mestmawhich is responsible for the decrease
of the width with increasing multiplicity. The distinct difrences in the relative decreaseaf, and
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opgy between pp and p—Pb on one side and Pb—Pb on the other, canldgoeertain differences in the
particle-production mechanisms between the large andensgktems.

7 Summary

This article reports the first measurements of the balancetifin for charged particles in pp, p—Pb,
and Pb—Pb collisions at the LHC measured with the ALICE dete€or all three systems, the balance
function in both relative pseudorapiditiff) and relative azimuthal anglé&¢) was studied for up to 9
multiplicity classes, and different trigger and assodatarticle transverse momentum. The widths of the
balance functions ik andA¢ were found to decrease with increasing multiplicity forsglstems only

in the low-pr region (forpr < 2.0 GeVk). For higher values ofr, the multiplicity-class dependence is
significantly reduced, if not vanished, and the correlatiofibalancing partners are stronger with respect
to the lowpr region. Models incorporating collective effects, such &8P, reproduce the narrowing
of the experimental points qualitatively ¢, but fail to reproduce the dependencefin. On the
other hand, models based on independent pp collisions sSUBIPRIJET and HIJING do not show any
narrowing in p—Pb and Pb—Pb. The comparison of the resuftp icollisions with PYTHIAS indicates
that color reconnection seems to be needed to reproducpleeireentally measured narrowing with
increasing multiplicity at low values of transverse monoemt
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