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Abstract

Charge-dependent azimuthal correlations of same- and opposite-sign pairs with re-
spect to the second- and third-order event planes have been measured in pPb colli-
sions at /s, = 8.16 TeV and PbPb collisions at 5.02 TeV with the CMS experiment
at the LHC. The measurement is motivated by the search for the charge separation
phenomenon predicted by the chiral magnetic effect (CME) in heavy ion collisions.
Three- and two-particle azimuthal correlators are extracted as functions of the pseu-
dorapidity difference, the transverse momentum (pt) difference, and the pt average
of same- and opposite-charge pairs in various event multiplicity ranges. The data sug-
gest that the charge-dependent three-particle correlators with respect to the second-
and third-order event planes share a common origin, predominantly arising from
charge-dependent two-particle azimuthal correlations coupled with an anisotropic
flow. The CME is expected to lead to a vo-independent three-particle correlation when
the magnetic field is fixed. Using an event shape engineering technique, upper limits
on the v;-independent fraction of the three-particle correlator are estimated to be 13%
for pPb and 7% for PbPb collisions at 95% confidence level. The results of this anal-
ysis, both the dominance of two-particle correlations as a source of the three-particle
results and the similarities seen between PbPb and pPb, provide stringent constraints
on the origin of charge-dependent three-particle azimuthal correlations and challenge
their interpretation as arising from a chiral magnetic effect in heavy ion collisions.
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1 Introduction

It has been suggested that in high-energy nucleus-nucleus (AA) collisions, metastable domains
of gluon fields with nontrivial topological configurations may form [1-4]. These domains can
carry an imbalance between left- and right-handed quarks arising from interactions of chiral
quarks with topological gluon fields, leading to a local parity (P) violation [3} 4]. This chirality
imbalance, in the presence of the extremely strong magnetic field, which can be produced in a
noncentral AA collision, is expected to lead to an electric current perpendicular to the reaction
plane, resulting in a final-state charge separation phenomenon known as the chiral magnetic ef-
tfect (CME) [5H7]. Such macroscopic phenomena arising from quantum anomalies are a subject
of interest for a wide range of physics communities. The chiral-anomaly-induced phenomena
have been observed in magnetized relativistic matter in three-dimensional Dirac and Weyl ma-
terials [8H10]. The search for the charge separation from the CME in AA collisions was first
carried out at RHIC at BNL [11H15] and later at the CERN LHC [16] at various center-of-mass
energies. In these measurements, a charge-dependent azimuthal correlation with respect to the
reaction plane was observed, which is qualitatively consistent with the expectation of charge
separation from the CME. No strong collision energy dependence of the signal is observed
going from RHIC to LHC energies, although some theoretical predictions suggested that the
possible CME signal could be much smaller at the LHC than at RHIC because of a shorter life-
time of the magnetic field [17]. Nevertheless, theoretical estimates of the time evolution of the
magnetic field have large uncertainties [17].

The experimental evidence for the CME in heavy ion collisions remains inconclusive because
of several identified sources of background correlations that can account for part or all of the
observed charge-dependent azimuthal correlations [18-H20]. Moreover, the charge-dependent
azimuthal correlation in high-multiplicity pPb collisions has been recently found to have a
nearly identical value to that observed in PbPb collisions [21]. This is a strong indication that
the observed effect in heavy ion collisions might predominantly result from background con-
tributions. The CME-induced charge separation effect is predicted to be negligible in pPb col-
lisions, as the angle between the magnetic field direction and the event plane is expected to be
randomly distributed [21), 22].

The charge separation can be characterized by the first P-odd sine term (a1) in a Fourier de-
composition of the charged-particle azimuthal distribution [23]:
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where ¢ — Yrp represents the particle azimuthal angle with respect to the reaction plane angle
Yrp in heavy ion collisions (determined by the impact parameter and beam axis), and v, and a,
denote the coefficients of P-even and P-odd Fourier terms, respectively. Although the reaction
plane is not an experimental observable, it can be approximated in heavy ion collisions by the
second-order event plane, ¥», determined by the direction of the beam and the maximal par-
ticle density in the elliptic azimuthal anisotropy. The P-odd terms will vanish after averaging
over events, because the sign of the chirality imbalance changes event by event. Therefore, the
observation of such an effect is only possible through the measurement of particle azimuthal
correlations. An azimuthal three-particle correlator, 112, proposed to explore the first coeffi-
cient, a1, of the P-odd Fourier terms characterizing the charge separation [23] is:

Y112 = (c08(¢n + Ppp — 2%2)) = (cos(¢pa — ¥2) cos(¢p — ¥2)) — (sin(¢pn — ¥2) sin(¢pp — ‘F2)>(2.)



Here, o« and  denote particles with the same or opposite electric charge sign and the angle
brackets reflect an averaging over particles and events. Assuming particles a and p are uncor-
related, except for their individual correlations with respect to the event plane, the first term on
the right-hand side of Eq. (2) becomes <01,a01,ﬁ>; which is generally small and independent of
the charge [12], while the second term is sensitive to the charge separation and can be expressed

as (a1,401,8).

While the similarity of the pPb and PbPb data at 5.02TeV analyzed by the CMS experiment
pose a considerable challenge to the CME interpretation of the charge-dependent azimuthal
correlations observed in AA collisions [21], important questions still remain to be addressed: is
the correlation signal observed in pPb collisions entirely a consequence of background corre-
lations? What is the underlying mechanism for those background correlations that are almost
identical in pPb and PbPb collisions? Can the background contribution be quantitatively con-
strained with data and, if so, is there still evidence for a statistically significant CME signal?

In particular, among the proposed mechanisms for background correlations, one source is re-
lated to the charge-dependent two-particle correlation from local charge conservation in decays
of resonances or clusters (e.g., jets) [20]. By coupling with the anisotropic particle emission, an
effect resembling charge separation with respect to the reaction plane can be generated. The
observed characteristic range of the two-particle correlation in data is around one unit of rapid-
ity, consistent with short-range cluster decays. In this mechanism of local charge conservation
coupled with the elliptic flow, a background contribution to the three-particle correlator, 112,
is expected to be [24]:

’y?ﬁg = K3 (cos(pa — ¢p)) (cos2(¢pp — ¥rp)) = K26 02. (3)

Here, 6 = <cos(cpa — 4)5)> represents the charge-dependent two-particle azimuthal correlator
and x; is a constant parameter, independent of v, but mainly determined by the kinematics
and acceptance of particle detection [24]. As both the charge conservation effect and anisotropic
flow are known to be present in heavy ion collisions, the primary goal of this paper is to conduct
a systematic investigation of how much of the observed charge-dependent correlations in the
data can be accounted for by this mechanism.

Although the background contribution from local charge conservation is well defined in Eq.
and has been long recognized [17, 20| 24], it is still not known to what extent background con-
tributions account for the observed <112 correlator. The main difficulty lies in determining the
unknown value of x; in a model-independent way. The other difficulty is to demonstrate di-

rectly the linear dependence on v, of ,Yllnﬁg, which is nontrivial as one has to ensure the magnetic
field, and thus the CME, does not change when selecting events with different v, values. There-
fore, selecting events with a quantity that directly relates to the magnitude of v, is essential.

This paper aims to overcome the difficulties mentioned above and achieve a better understand-
ing as to the contribution of the local charge conservation background to the charge-dependent
azimuthal correlation data. The results should serve as a new baseline for the search for the
CME in heavy ion collisions. Two approaches are employed as outlined below.

1. Higher-order harmonic three-particle correlator: in heavy ion collisions, the charge sepa-
ration effect from the CME is only expected along the direction of the induced magnetic
field normal to the reaction plane, approximated by the second-order event plane, Y. As
the symmetry plane of the third-order Fourier term (“triangular flow” [25]), ¥3, is ex-
pected to have a weak correlation with ¥; [26], the charge separation effect with respect



to Y3 is expected to be negligible. By constructing a charge-dependent correlator with
respect to the third-order event plane,

Y123 = (cos(¢n + 2 — 3¥3)), 4)

charge-dependent background effects unrelated to the CME can be explored. In particu-
lar, in the context of the local charge conservation mechanism, the 723 correlator is also
expected to have a background contribution, with

Yooy = 3 (cos(¢u — ) (cos3(¢pp — ¥3)) = K353, 5)
similar to that for the 71; correlator as given in Eq. . As the k2 and x3 parameters
mainly depend on particle kinematics and detector acceptance effects, they are expected
to be similar, largely independent of harmonic event plane orders. The relation in Eq.
can be generalized for all “higher-order harmonic” three-particle correlators, y1 1., =
kn 6 V. Derivation of Eq. (5)) as well as generalization to all higher-order harmonics can be
found in Appendix|A} which follows similar steps as for that of Eq. (3) given in Ref. [24].
One caveat here is that when averaging over a wide 7 and pt range, the k,, value may also
depend on the # and pt dependence of the v,, harmonic, which is similar, but not exactly
identical between the v, and v3 coefficients [27, 28].

By taking the difference of correlators between same- and opposite-sign pairs (denoted
as Ayq12 and Ay123 among three particles, and Ad between two particles) to eliminate all
charge-independent background sources, the following relation is expected to hold if the
charge dependence of three-particle correlators is dominated by the effect of local charge
conservation coupled with the anisotropic flow:

Ar112 ~ Ay123
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(6)

Therefore, an examination of Eq. (6) will quantify to what extent the proposed back-
ground from charge conservation contributes to the 7y;15 correlator, and will be a critical
test of the CME interpretation in heavy ion collisions.

2. Event shape engineering (ESE): to establish directly a linear relationship between the 7
correlators and v, coefficients, the ESE technique [29] is employed. In a narrow centrality
or multiplicity range (so that the magnetic field does not change significantly), events are
further classified based on the magnitude of the event-by-event Fourier harmonic related
to the anisotropy measured in the forward rapidity region. Within each event class, the
7 correlators and v, values are measured and compared to test the linear relationship. A
nonzero intercept value of the < correlators with a linear fit would reflect the strength of
the CME.

With a higher luminosity pPb run at /s, = 8.16 TeV and using the high-multiplicity trigger in
CMS, the pPb data sample gives access to multiplicities comparable to those in peripheral PbPb
collisions, allowing for a detailed comparison and study of the two systems with very different
expected CME contributions in the collisions [21]. Measurements of three-particle correlators,
7112 and 123, and the two-particle correlator, J, are presented in different charge combinations
as functions of the pseudorapidity () difference (|Az|), the transverse momentum (pt) dif-
ference (|Apt|), and the average pr of correlated particles (py). Integrated over 7 and pr, the
event multiplicity dependence of three- and two-particle correlations is also presented in pPb
and PbPb collisions. In pPb collisions, the particle correlations are explored separately with



respect to the event planes that are obtained using particles with 4.4 < || < 5.0 from the p-
and Pb-going beam directions. The ESE analysis is performed for 7112 as a function of v, in
both pPb and PbPb collisions.

This paper is organized as follows. After a brief description of the detector and data samples in
Section 2} the event and track selections are discussed in Section {3} followed by the discussion
of the analysis technique in Section[d The results are presented in Section [5} and the paper is
summarized in Section[dl

2 Detector and data samples

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are four primary
subdetectors, including a silicon pixel and strip tracker detector, a lead tungstate crystal elec-
tromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each
composed of a barrel and two endcap sections. The silicon tracker measures charged particles
within the range || < 2.5. Iron and quartz-fiber Cherenkov hadron forward (HF) calorime-
ters cover the range 2.9 < || < 5.2. The HF calorimeters are constituted of towers, each of
which is a two-dimensional cell with a granularity of 0.5 units in # and 0.349 radians in ¢. For
charged particles with 1 < pr < 10GeV and || < 1.4, the track resolutions are typically 1.5%
in pr and 25-90 (45-150) pm in the transverse (longitudinal) impact parameter [30]. A 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. [31]].

The pPb data at /s, = 8.16 TeV used in this analysis were collected in 2016, and correspond
to an integrated luminosity of 186nb~'. The beam energies are 6.5TeV for the protons and
2.56 TeV per nucleon for the lead nuclei. The data were collected in two different run periods:
one with the protons circulating in the clockwise direction in the LHC ring, and one with them
circulating in the counterclockwise direction. By convention, the proton beam rapidity is taken
to be positive when combining the data from the two run periods. A subset of PbPb data
at /s, = 5.02TeV collected in 2015 (30-80% centrality, where centrality is defined as the
fraction of the total inelastic cross section, with 0% denoting the most central collisions) is
used. The PbPb data were reprocessed using the same reconstruction algorithm as the pPb
data, in order to compare directly the two colliding systems at similar final-state multiplicities.
The three-particle correlator, 7112, data for pPb collisions at /s,,= 8.16 TeV are compared to
those previously published at /s, = 5.02TeV [21] to examine any possible collision energy
dependence. Because of statistical limitations, new analyses of higher-order harmonic three-
particle correlator and event shape engineering introduced in this paper cannot be performed
with the 5.02 TeV pPb data.

3 Selection of events and tracks

The event reconstruction, event selections, and the triggers, including the dedicated triggers
to collect a large sample of high-multiplicity pPb events at /s, = 8.16 TeV, are similar to
those used in previous CMS particle correlation measurements at lower energies [28,32-34], as
discussed below. For PbPb events, they are identical to those in Ref. [21].

Minimum bias pPb events at 8.16 TeV were selected by requiring energy deposits in at least
one of the two HF calorimeters above a threshold of approximately 1 GeV and the presence of
at least one track with pr > 0.4GeV in the pixel tracker. In order to collect a large sample of



high-multiplicity pPb collisions, a dedicated trigger was implemented using the CMS level-1
(L1) and high-level trigger (HLT) systems. At L1, the total number of towers of ECAL+HCAL
above a threshold of 0.5 GeV in transverse energy (Et) was required to be greater than a given
threshold (120 and 150 towers), where a tower is defined by Ay xA¢ = 0.087x0.087 radians.
Online track reconstruction for the HLT was based on the same offline iterative tracking al-
gorithm to maximize the trigger efficiency. For each event, the vertex reconstructed with the
greatest number of tracks was selected. The number of tracks with |y| < 2.4, pr > 0.4GeV, and
a distance of closest approach less than 0.12 cm to this vertex, was determined for each event
and required to exceed a certain threshold (120, 150, 185, 250).

In the offline analysis of pPb (PbPb) collisions, hadronic events are selected by requiring the
presence of at least one (three) energy deposit(s) greater than 3GeV in each of the two HF
calorimeters. Events are also required to contain a primary vertex within 15 cm of the nominal
interaction point along the beam axis and 0.15cm in the transverse direction. In the pPb data
sample, the average pileup (number of interactions per bunch crossing) varied between 0.1 to
0.25 pPb interactions per bunch crossing. A procedure similar to that described in Ref. [28] is
used for identifying and rejecting pileup events. It is based on the number of tracks associated
with each reconstructed vertex and the distance between multiple vertices. The pileup in PbPb
data is negligible.

For track selections, the impact parameter significance of the track with respect to the primary
vertex in the direction along the beam axis and in the transverse plane, d,/c(d-) and dt/c(dr),
are required to be less than 3. The relative uncertainty in pr, o(pr)/pr, must be less than 10%.
Primary tracks, i.e., tracks that originate at the primary vertex and satisfy the high-purity crite-
ria of Ref. [30], are used to define the event charged-particle multiplicity (N2"¢). To perform
correlation measurements, each track is also required to leave at least one hit in one of the three
layers of the pixel tracker. Only tracks with || < 2.4 and pr > 0.3 GeV are used in this analysis
to ensure high tracking efficiency.

The pPb and PbPb data are compared in classes of Nifline, where primary tracks with |17| < 2.4
and pr > 0.4GeV are counted. To compare with results from other experiments, the PbPb data
are also analyzed based on centrality classes for the 30-80% centrality range.

4 Analysis technique

The analysis technique of three-particle correlations employed in this paper is based on that es-
tablished in Ref. [21], with the extension of charge-dependent two-particle correlations, higher-
order harmonic three-particle correlations, and correlation studies in different event shape
classes (i.e., ESE analysis). The details are outlined below.

4.1 Calculations of two- and three-particle correlators

Without directly reconstructing the event plane, the expression given in Eq. (2) can be alter-
natively evaluated using a three-particle correlator with respect to a third particle [11} 12],
(cos(Pu + pp — 2¢)) / V2, Where v;, is the elliptic flow anisotropy of particle ¢ with inclu-
sive charge sign. The three-particle correlator is measured via the scalar-product method of Q
vectors. A complex Q vector for each event is defined as Q, = Y™, w;e™? /W, where ¢; is the
azimuthal angle of particle i, n is the Fourier harmonic order, M is the number of particles in the
Qy calculation in each event, w; is a weight assigned to each particle for efficiency correction,
which is derived from a simulation using the HIJING event generator [35]. The W = Y, w;
represents the weight of the Q vector. In this way, the three-particle correlator can be expressed



in terms of the product of Q vectors, i.e., Q1. and Q1 5, when particles « and 8 are chosen from
different detector phase-space regions or carry different charge signs,

(cos(@n + B — 202)) (01401 prrs )
Y12 = = , (7)
02¢ \/ <Q2,HFi QE/HFQ <Q2,HFi Qﬁ,trk>

< Qo hrF Q5 >

where the angle brackets on the right-hand side denote an event average of the Q-vector prod-
ucts, weighted by the product of their respective total weights W. Here Q,y is the charge
inclusive Q; vector of all particles in the tracker region, and Q, yr+ denotes the Q,-vector for
particles ¢ detected in the HF towers. When particles a and p are of the same sign and share
the same phase space region (denoted as # = p), an extra term is needed to remove the contri-
bution of a particle pairing with itself, so evaluation of the three-particle correlator is modified
as

) (cos(Pa + Pp — 2¢¢)) <Q112Q§,Hpi> @)
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and the denominator of Eq. (9) is the respective event weight associated with Q115.

In the numerators of Egs. (7) and (8), the particles « and B are identified in the tracker, with
7] < 2.4 and 0.3 < pr < 3GeV, and are assigned a weight factor w; to correct for tracking
inefficiency. The particle c is selected by using the tower energies and positions in the HF
calorimeters with 4.4 < |y| < 5.0. This choice of 7 range for the HF towers imposes an 77 gap
of at least 2 units with respect to particles « and B from the tracker, to minimize possible short-
range correlations. To account for any occupancy effect of the HF detectors resulting from the
large granularities in 7 and ¢, each tower is assigned a weight factor w; corresponding to its
Et value when calculating the Q vector. The denominator of the right-hand side of Egs. (7)
and (8) corresponds to the v, . using the scalar-product method [11} 12]], with Q5 1 and Q Hr+
denoting Q> vectors obtained from the tracker and the two HF detectors (positive and negative
1 side) with the same kinematic requirements as for the numerator. The three-particle correlator
is evaluated for particles « and B carrying the same sign (SS) and opposite sign (OS). The SS
combinations, (+, +) and (—, —), give consistent results and are therefore combined. For pPb
collisions, the three-particle correlator is also measured with particle ¢ from HF+ and HF—,
corresponding to the p- and Pb-going direction, respectively. For symmetric PbPb collisions,
the results from HF+ and HF— are consistent with each other and thus combined.

The higher-order harmonic three-particle correlator, 723, defined in Eq. @I), is evaluated in
exactly the same way as the 11, correlator as follows when particles « and B do not overlap,

(cos(¢n + 205 — 3¢c)) <Q1,0€Q2,l3Q§,HFﬁ:>

Y123 = =
U3¢ \/ <Q3,HFj: Q3 Hrr > < Q3,1+ Q3 1 >
(Qa s Qi)

, (10)




4.2 Event shape engineering 7

with higher-order Q vectors for particles a and B of SS and OS. Similarly to Eq. (8) when parti-
cles « and f can overlap, the 123 can be evaluated via

) (cos(¢u + 2¢p5 — 3¢pc) ) <Q123Q§,HFi> an
123 = = ’
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where Q13 is defined as
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and the respective event weight associated with Q13 is the denominator of Eq. (12).

Similarly, the charge-dependent two-particle correlator, § = (cos(¢. — ¢p)), is also evaluated

with Q vectors as § = <QL,XQQF ﬁ> when particles « and  are chosen from different detector
phase-space regions or have opposite signs, or otherwise,

(Z wie? Y. wiei(Pi) -y w?
P < iz iz iz >

3
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and the respective event weight is the denominator of Eq. (I3).

(13)

The effect of the nonuniform detector acceptance is corrected by evaluating the cumulants of Q-
vector products [36]. While the correction is found to be negligible for the 112 and ¢ correlators,
there is a sizable effect of 5-10% correction to the 103 correlator.

4.2 Event shape engineering

In the ESE analysis, within each multiplicity range of pPb or centrality range of PbPb data,
events are divided into different g, classes, where g, is defined as the magnitude of the Q;
vector. In this analysis, the g, value is calculated from one side of the HF region within the
range 3 < 1 < 5 for both pPb and PbPb collisions (weighted by the tower Et), where in pPb
collisions only the Pb-going side of HF is used because of the poor resolution from a relatively
low charged-particle multiplicity on the proton-going side. In each g class, the v, harmonic is
measured with the scalar product method using a common resolution term (v;,) as in the 112
correlator. Therefore, the v, from the tracker region can be expressed in terms of the Q-vectors

as
< Qz,a Q%,HFi >

\/ (Qaire Qs e ) (Qoire Q3 )
< Q2 1Fr Q3 >

where particles from the HF are selected from the same region as particle c in the 11, correlator.

Uy = (14)

In PbPb collisions, the particle c in the 7y112 correlator is taken from the HF detector that is at the
opposite 1 side to the one used to calculate g,. However, the results are in good agreement with
those where the particle c for 112 and ¢ is measured from the same side of the HF detector,
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Figure 1: The g, classes are shown in different fractions with respect to the total number of
events in multiplicity range 185 < Ngiﬂine < 250 in PbPb (left) and pPb (right) collisions at
VS = 5.02 and 8.16 TeV, respectively.

which can be found in Appendix Bl In pPb collisions, the particle ¢ in the 711, correlator with
respect to the Pb- and p-going sides is studied, when g, is measured only in the Pb-going side.
The results are found to be independent of the side in which the particle c is detected.

In Fig. |1} the HF g, distributions are shown for PbPb and pPb collisions in the multiplicity
range 185 < N@ifline < 250, where most of the high-multiplicity pPb events were recorded
by the high-multiplicity trigger in this range. As indicated by the vertical dashed lines, the
distribution is divided into several intervals with each corresponding to a fraction of the full
distribution, where 0-1% represents the highest g, class. For each g; class, the three-particle y112
is calculated with the default kinematic regions for particles &, B, and c, and the v, harmonics
from the tracker (|57 < 2.4) are also obtained by the scalar-product method [37]. The pPb and
PbPb results are presented in Sectionfor both SS and OS pairs, as well as the differences found
for the two charge combinations.

In Fig. |2, the v, values for tracker particles as a function of the average g, in each HF g, class
are shown. A proportionality close to linear is seen, indicating the two quantities are strongly
correlated because of the initial-state geometry [38].

4.3 Systematic uncertainties

The absolute systematic uncertainties of the two-particle correlator J, and three-particle cor-
relators 7112 and 7123, have been studied. Varying the d./c(d;) and dr/c(dr) from less than
3 (default) to less than 2 and 5, and the o(pr)/pr < 10% (default) to o(pr)/pr < 5%, to-
gether yield the systematic uncertainties of £1.0 x 1072 for the 112, £4.0 x 107 for the 7123,
and 4-1.0 x 10~* for the 6 correlator. The longitudinal primary vertex position (V;) has been
varied, using ranges |V;| < 3cm and 3 < |V;| < 15cm, where the differences with respect
to the default range |V;| < 15cm are 1.0 x 107> for the 112, £3.0 x 107> for the 713, and
+1.0 x 10~ for the § correlator, taken as the systematic uncertainty. In the pPb collisions only,
using the lower-threshold of the high-multiplicity trigger with respect to the default trigger,
yields a systematic uncertainty of 3.0 x 10~ for all three correlators, which accounts for the
possible trigger bias from the inefficiency of the default trigger around the threshold. In the
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Figure 2: The correlation between the tracker v, and the HF g, is shown for pPb and PbPb
collisions at collisions at /s, = 8.16 and 5.02 TeV, respectively.

pPb data sample, the average pileup can be as high as 0.25 and therefore the systematic effects
from pileup have been evaluated. The full sample has been split into 4 different sets of events
with different average pileup, according to their instantaneous luminosity during each run.
The systematic effects for 7112 and 6 have been found to be £1.0 x 1072, and for 123 is to be
+3.0 x107°.

A final test of the analysis procedures is done by comparing “known” charge-dependent sig-
nals based on the EPOS event generator [39] to those found after events are passed through a
GEANT4 [40, 41] simulation of the CMS detector response. Based on this test, a systematic un-
certainty of +2.5 x 10~° is assigned for the 112, 4.0 x 10~° for the 123, and 5.0 x 10~ for
the ¢ correlators, by taking the difference in the correlators between the reconstructed and the
generated level. Note that this uncertainty for the § correlator is based on differential variables,
where the uncertainty covers the maximum deviation from the closure test. For results that
averaged over |Ay| < 1.6, the systematic uncertainty is found to be +2.0 x 10~* when directly
evaluating the average. The tracking efficiency and acceptance of positively and negatively
charged particles have been evaluated separately, and the difference has been found to be negli-
gible. All sources of systematic uncertainty are uncorrelated and added in quadrature to obtain
the total absolute systematic uncertainty. No dependence of the systematic uncertainties on the
sign combination, multiplicity, Ay, Apt, or average-pr is found. The systematic uncertainties
in our results are point-to-point correlated. In pPb collisions, the systematic uncertainty is also
observed to be independent of particle ¢ pointing to the Pb- or p-going direction, and thus it is
quoted to be the same for these two situations. The systematic uncertainties are summarized
in Table
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Table 1: Summary of systematic uncertainties in SS and OS three-particle correlators 112 and
7123 , and two-particle correlator § in pPb collisions at /s, = 8.16 TeV and PbPb collisions at
5.02 TeV.

Source Y112 (><10_5) Y123 (XlO_S) ) (X10_4)
Track selections 1.0 4.0 1.0
Vertex Z position 1.0 3.0 1.0
Pileup (pPb only) 1.0 3.0 0.1
High multiplicity trigger bias (pPb only) 3.0 3.0 0.3
MC closure 2.5 4.0 5.0
Total in pPb 4.3 7.7 5.2
Total in PbPb 29 6.4 5.2
5 Results

5.1 Charge-dependent two- and three-particle correlators

Measurements of the charge-dependent three-particle (112, y123) and two-particle (J) correla-
tors are shown in Fig.[3|as functions of the pseudorapidity difference (|A| = |1, —175]) between
SS and OS particles « and B, in the multiplicity range 185 < Ngffline < 250 for pPb collisions
at /s, = 8.16 TeV and PbPb collisions at 5.02 TeV. The SS and OS of ¢ correlators are shown
with different markers to differentiate the two-particle correlation from the three-particle cor-
relation with a particle c¢ in the forward rapidity. The pPb data are obtained with particle c in
the Pb- and p-going sides separately. The multiplicity range 185 < NPifline < 250 for PbPb data
roughly corresponds to the centrality range 60-65%.

Similar to the observation reported in Ref. [21], the three-particle 11, (Figs.|3p and ) and Y123
(Figs. B and [Bd) correlators show a charge dependence for |Ayj| up to about 1.6, in both pPb
(5.02 [21] and 8.16 TeV) and PbPb (5.02 TeV) systems. Little collision energy dependence of the
Y112 data for pPb collisions is found from /s, = 5.02 TeV to 8.16 TeV within uncertainties (as
will be shown later in Figs. [f|and [§]as a function of event multiplicity). For |A| > 1.6, the SS
and OS correlators converge to a common value, which is weakly dependent on |Az| out to
about 4.8 units. In pPb collisions, the 711, correlator obtained with particle c from the p-going
side is shifted toward more positive values than that from the Pb-going side by approximately
the same amount for both the SS and OS pairs. This trend is reversed for the higher-order
harmonic <123 correlator, where the Pb-going side data are more positive than the p-going
side data. The Pb-going side results for the 711> correlator for the pPb collisions are of similar
magnitude as the results for PbPb collisions, although a more pronounced peak structure at
small |Az| is observed in pPb collisions. The common shift of SS and OS correlators between
the p- and Pb-going side reference (c) particle may be related to sources of correlation that are
charge independent, such as directed flow (the first-order azimuthal anisotropy in Eq. (I)) and
the momentum conservation effect, the latter being sensitive to the difference in multiplicity
between p- and Pb-going directions. The two-particle § correlators (Figs. B and [3f) for both SS
and OS pairs also show a decreasing trend as |Ay| increases and converge to the same values
at |An| ~ 1.6, similar to that for the three-particle correlators. The values of both OS and SS
¢ correlators are found to be larger in pPb than in PbPb collisions at similar multiplicities. As
the J correlator is sensitive to short-range jet-like correlations, reflected by the low-|Ay| region,
this effect may be related to the higher-pr jets or clusters in pPb compared to PbPb collisions
at similar multiplicities, as suggested in Ref. [28], because of short-range two-particle Ay-A¢
correlations.

To provide more detailed information on the particle pr dependence of the correlations, the
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Figure 3: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, ¢ (lower), as a function of |Ay| for 185 < Ngflfli“e < 250 in pPb collisions at
Vs = 8.16TeV (left) and PbPb collisions at 5.02 TeV (right). The pPb results obtained with
particle ¢ in Pb-going (solid markers) and p-going (open markers) sides are shown separately.
The SS and OS two-particle correlators are denoted by different markers for both pPb and PbPb
collisions. Statistical and systematic uncertainties are indicated by the error bars and shaded
regions, respectively.

Y112, Y123, and ¢ correlators are measured as functions of the pr difference (|Apt| = |pra — prp/)
and average (pr = (p1a + prp)/2) of the SS and OS pairs in pPb and PbPb collisions, and
shown in Figs. 4 and 5| The |Apr|- and pr-dependent results are averaged over the full || <
2.4 range. In particular, the charge-dependent correlations from the CME are expected to be
strongest in the low-pr region [6].

For all correlators, similar behaviors between pPb and PbPb data are again observed. The
trends in |Apt| for 112 and 123 correlators seem to be opposite. The 11, correlator increases
as a function of |Apr|, while a decreasing trend is seen for the 123 correlator up to |Apt| ~
2GeV, where 123 becomes constant in |[Apt|. The opposite behavior observed between the
Y112 and ‘123 correlators is related to back-to-back jet-like correlations, which give a positive
(negative) contribution to even- (odd-) order Fourier harmonics [42]. The é correlators decrease
monotonically as functions of |Apr| for both SS and OS pairs in pPb and PbPb collisions. This
trend of decreasing for ¢ is consistent with the expectation from either transverse momentum
conservation or back-to-back jet correlations [19].

In terms of the p; dependence in Fig. 5| all three correlators for both SS and OS pairs show
very similar behaviors in the low-p region, which is likely a consequence of the same physical
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Figure 4: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, J (lower), as a function of |Ap| for 185 < Nt‘;{(ﬂine < 250 in pPb collisions
at /s, = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right) collisions. The pPb results ob-
tained with particle ¢ in Pb-going (solid markers) and p-going (open markers) sides are shown
separately. The SS and OS two-particle correlators are denoted by different markers for both
pPb and PbPb collisions. Statistical and systematic uncertainties are indicated by the error bars
and shaded regions, respectively.

origin. However, an opposite trend starts emerging at p; ~ 1.6 GeV, most evidently for 711>
and 6. Within the 0.3 < py < 3GeV range, as p; increases toward 3 GeV, both particles of a
pair tend to be selected with a high-pr value, while for low-p; or any |Apr| values, the pair
usually consists of at least one low-pr particle. This may be the reason for a different trend
seen at high p;. The qualitative behavior of the data is captured by the A Multi-Phase Transport
model [43,44]. In Appendix all three correlators as functions of |Ay|, Apr, and py in different
multiplicity and centrality ranges in pPb and PbPb collisions, can be found.

To explore the multiplicity or centrality dependence of the three- and two-particle correlators,
an average of the data is taken over |Ay| < 1.6, corresponding to the region in Fig. |3| which
exhibits charge dependence. The average over |Ay| < 1.6 is weighted by the density of par-
ticle pairs in |Ay|, and all further plots averaged over |Ay| < 1.6 are weighted similarly. The
resulting |Ar|-averaged data of 7112, y123 and ¢ are shown in Fig. @for both OS and SS pairs, as
functions of N2ifline for pPb collisions at /5, = 8.16 TeV (particle c from the Pb-going side) and
PbPb collisions at 5.02 TeV. Previously published pPb data at 5.02 TeV are also shown for com-
parison [21]]. The centrality scale on the top of Fig. [f| relates to the PbPb experimental results.
Up to Ng{(ﬂine = 400, the pPb and PbPb results are measured in the same Ng{(ﬂine ranges. The
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Figure 5: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, 6 (lower), as a function of p for 185 < Nt‘;{fhne < 250 in pPb collisions at
Vs = 8.16TeV (left) and PbPb collisions at 5.02 TeV (right). The pPb results obtained with
particle ¢ in Pb-going (solid markers) and p-going (open markers) sides are shown separately.
The SS and OS two-particle correlators are denoted by different markers for both pPb and PbPb
collisions. Statistical and systematic uncertainties are indicated by the error bars and shaded
regions, respectively.

new pPb data at 8.16 TeV extend the multiplicity reach further than the previously published
pPb data at 5.02 TeV (which stopped at N2iflie ~ 300).

Within the uncertainties, the SS and OS <11, correlators in pPb and PbPb collisions exhibit the
same magnitude and trend as functions of event multiplicity. The pPb data are independent
of collision energy from 5.02 to 8.16 TeV at similar multiplicities. This justifies the comparison
of new pPb data and PbPb data at somewhat different energies. For both pPb and PbPb colli-
sions, the OS correlator reaches a value close to zero for N,gflfhne > 200, while the SS correlator
remains negative, but the magnitude gradually decreases as Nt‘;{(ﬂine increases. Part of the ob-
served multiplicity (or centrality) dependence is understood as a dilution effect that falls with
the inverse of event multiplicity [12]. The notably similar magnitude and multiplicity depen-
dence of the three-particle correlator, 112, observed in pPb collisions relative to that in PbPb
collisions again indicates that the dominant contribution of the signal is not related to the CME.
The results of SS and OS three-particle correlators as functions of centrality in PbPb collisions
at /s, = 5.02TeV are also found to be consistent with the results from lower energy AA col-
lisions [12,[16]. However, values of 7123 correlators between pPb and PbPb are observed to be
different, unlike those for 711, correlators. As the CME contribution to 123 is not expected, the
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Figure 6: The SS and OS three-particle correlators, y112 (upper) and 123 (middle), and two-
particle correlator, & (lower), averaged over |A7| < 1.6 as a function of N2ili"® in pPb collisions
at /s, = 8.16TeV and PbPb collisions at 5.02TeV. The SS and OS two-particle correlators
are denoted by different markers for pPb collisions. The results of 7112 for pPb collisions at
5.02 TeV from CMS Collaboration (CMS 2017: [21]), are also shown for comparison. Statistical
and systematic uncertainties are indicated by the error bars and shaded regions, respectively.
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Figure 7: The difference of the OS and SS three-particle correlators, 112 (upper) and 123
(middle), and two-particle correlator,  (lower) as functions of Ay (left), Apt (middle), and
P (right) for 185 < Npffline < 250 in pPb collisions at /s, = 8.16 TeV and PbPb collisions at
5.02TeV. The Aé correlator is denoted by a different marker for pPb collisions. The pPb results
are obtained with particle ¢ from Pb- and p-going sides separately. Statistical and systematic
uncertainties are indicated by the error bars and shaded regions, respectively.

data suggest different properties of backgrounds in pPb and PbPb systems. If the 11, correla-
tor in pPb data is expected to be background dominated, as argued earlier, the similarity found
to the PbPb data in <112 requires further understanding. The two-particle é correlators show a
similar trend in multiplicity between pPb and PbPb systems, but a larger splitting between OS
and SS pairs is observed in pPb than in PbPb data.

To eliminate sources of correlations that are charge independent (e.g., directed flow, v1) and to
explore a possible charge separation effect generated by the CME or charge-dependent back-
ground correlations, the differences of three-particle correlators, Ayq12 and Avip3, and two-
particle correlator, Ad, between OS and SS are shown in Fig. [7]as functions of |Az|, |Apr|, and
Pr in the multiplicity range 185 < Ntor{(ﬂi“e < 250 for pPb collisions at /s, = 8.16 TeV and
PbPb collisions at 5.02 TeV.

After taking the difference, the three-particle correlators, Ay112 and Avip3, in pPb collisions
with particle ¢ from either the p- or Pb-going side, and in PbPb collisions, show nearly iden-
tical values, except in the high p; region. Note that for OS and SS correlators separately, this
similarity between pPb and PbPb is only observed for the 711, correlator. As a function of |Ay|,
the charge-dependent difference is largest at |Ay| ~ 0 and drops to zero for |Ay| > 1.6 for
both systems. The striking similarity in the observed charge-dependent azimuthal correlations
between pPb and PbPb as functions of |A7|, |Apr| and p; strongly suggests a common physical
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obtained with particle ¢ from Pb- and p-going sides separately. The Ad correlator is denoted
by a different marker for pPb collisions. The results of 7112 for pPb collisions at 5.02 TeV from
CMS Collaboration (CMS 2017: [21]]), are also shown for comparison. Statistical and systematic
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origin. As argued in Ref. [21], a strong charge separation signal from the CME is not expected
in a very high-multiplicity pPb collisions, and not with respect to ¥3 (for the 7123 correlator) in
either the pPb or PbPb system. The similarity seen between high-multiplicity pPb and periph-
eral PbPb collisions for both A1 and A7yqp3 further challenges the attribution of the observed
charge-dependent correlations to the CME. The two-particle correlator, A, on the other hand,
is found to show a larger value in pPb than in PbPb collisions.
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Figure 9: The ratio of A7y112 and A7yqp3 to the product of v, and J, averaged over |Ay| < 1.6,
in pPb collisions for the Pb-going direction at /s, = 8.16 TeV (upper) and PbPb collisions
at 5.02TeV (lower). Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

The differences of three-particle correlators, Ay112 and Avyj23, and two-particle correlator, AJ,
between OS and SS are shown in Fig. as functions of Ntorfkﬂine averaged over |Ay| < 1.6 for pPb
collisions at /s, = 8.16 TeV and PbPDb collisions at 5.02 TeV. For comparison, previously pub-
lished pPb data at 5.02 TeV are also shown [21]. Similar to those shown in Fig. |/} the observed
difference between OS and SS pairs in Ayq12 and A<y1p3 is strikingly similar in pPb and PbPb
collisions over the entire overlapping multiplicity range (and also independent of collision en-
ergy for Ay112 in pPb), while higher values of an OS-SS difference in Aé are found for the pPb
system.
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(middle), and py (right) for 185 < Noifline < 250 in pPb collisions at /s, = 8.16 TeV (upper)

and PbPb collisions at 5.02 TeV (lower) Statistical and systematic uncertainties are indicated
by the error bars and shaded regions, respectively.

N

To check if the mechanism of local charge conservation coupled with anisotropic flow can ex-
plain the observed charge dependence of the Ay11» and A7y1p3 correlators, the relation in Eq. @
is used. The ratios of Ay112 and Av123 to the product of Ad and v, are shown in Fig.[9} averaged
over |An| < 1.6, as functions of event multiplicity in pPb and PbPb collisions. The v, and v3
values for particles a or j are calculated with the scalar-product method with respect to the par-
ticle c. In pPb collisions, only results with the Pb-going direction are shown because the p-going
direction data lack statistical precision, except for the multiplicity range 185 < Nt‘;{(ﬂine < 250.

The ratios shown in Fig. [9 for both systems are found to be similar between n=2 and n=3, on
average with values slightly less than 2. This observation indicates that the measured charge
dependence of three-particle correlators is consistent with mostly being dominated by charge-
dependent two-particle correlations (e.g., from local charge conservation) coupled with the
anisotropic flow v,. For a given n value, the ratios are also similar between pPb and PbPb
collisions (and may reflect similar particle kinematics and acceptances), and approximately
constant as functions of event multiplicity. Notably, the AJ in Fig. [§| are different between
the pPb and PbPb systems. However, the anisotropic flow harmonics v, are larger for PbPb
collisions than for pPb collisions [28]. As a result, the product of Ad and v, leads to similar
values of Ay112 and A7yqp3 correlators between the pPb and PbPb systems, implying the «; is
similar to x3.

The ratios of Ay112 and Ayq23 to the product of Ad and v, can also be studied as functions of
|An|, Apr, and py in pPb and PbPb collisions, as shown in Fig. . 10| for the multiplicity range
of 185 < Noffline < 250. Here, the v, are calculated as the average v, of particles a and S,
Uy = (Vna + vn,ﬁ) /2 (based on the relation derived in Eq. (21) in Appendix[A), and are weighted
by the number of pairs of particles « and B in the given kinematic ranges when averaged over
1 or pt. The ratios involving A7y112 and Avy1p3 are again found to be similar differentially for all
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three variables in both pPb and PbPb collisions. This observation further supports a common
origin of Ayi12 and A<yqp3 from charge-dependent two-particle correlations coupled with the
anisotropic flow.

5.2 Event shape engineering

To explore directly the background scenario in Eq. (3) in terms of a linear dependence on v, for
the 7112 correlator, results based on the ESE analysis are presented in this section.
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Figure 11: The SS and OS three-particle correlators, 112, averaged over |Ay| < 1.6 as a func-
tion of vy (evaluated as the average v, value for each corresponding g, event class), for the
multiplicity range 185 < Noifline < 250 in pPb collisions at /5, = 8.16 TeV (upper) and PbPb
collisions at 5.02 TeV (lower). The pPb results are obtained with particle ¢ from Pb- and p-going
sides separately. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.

The SS and OS three-particle correlators, 112, averaged over |Ay| < 1.6, are shown as a func-
tion of v (evaluated as the average v value for each corresponding g, event class in Fig. [I),
for the multiplicity range 185 < N@ifline < 250 in pPb collisions at /s, = 8.16 TeV (upper) and
PbPb collisions at 5.02 TeV (lower). The pPb results are obtained with particle ¢ from the Pb-
and p-going sides separately.
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Figure 12: The difference of the OS and SS three-particle correlators, 112, averaged over |Ay| <
1.6 as a function of v, evaluated in each ¢; class, for the multiplicity range 185 < N@ifline < 250
in pPb collisions at /s, = 8.16 TeV and PbPb collisions at 5.02 TeV (upper), and for different
centrality classes in PbPb collisions at 5.02 TeV (lower). Statistical and systematic uncertainties
are indicated by the error bars and shaded regions, respectively. A one standard deviation
uncertainty from the fit is also shown.
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Both SS and OS <112 correlators in both pPb (both beam directions for particle ¢) and PbPb
collisions show a dependence on v;. A clear linear dependence on the v, value is not seen for
any of the SS and OS correlators studied.

Similar to the analysis in Section the difference between OS and SS correlators is taken
in order to eliminate the charge-independent sources of the correlators. The results, averaged
over |Ay| < 1.6, are shown in Fig. [12| (upper) , as a function of v, evaluated in each g class,
for the multiplicity range 185 < N2 < 250 in pPb collisions at /s, = 8.16 TeV and PbPb
collisions at 5.02 TeV. The results obtained in each centrality class of PbPb collisions at 5.02 TeV
are also presented in Fig. 12| (lower). The lines are linear fits to the data,

Ayi1p =avy+b, (15)

where the first term corresponds to the v;-dependent background contribution with the slope
parameter a equal to kp A (from Eq. ), which is assumed to be v, independent. The intercept
parameter b denotes the v,-independent contribution (when linearly extrapolating to v, = 0) in
the 112 correlator. In particular, as the CME contribution to the A7y1; is expected to be largely
vp-independent within narrow multiplicity (centrality) ranges, the b parameter may provide an
indication to a possible observation of the CME, or set an upper limit on the CME contribution.

As shown in Fig. (12} for both pPb and PbPb collisions in each multiplicity or centrality range, a
clear linear dependence of the A7y11» correlator as a function of v, is observed. Fitted by a linear
function, the intercept parameter, b, can be extracted. A one standard deviation uncertainty
band is also shown for the linear fit. Taking the statistical uncertainties into account, the values
of b are found to be nonzero for multiplicity range 185 < Ngifline < 250 in pPb and 60-70%
centrality in PbPb collisions.

Observing a nonzero intercept b from Fig. |12l may or may not lead to a conclusion of a finite
CME signal, as an assumption is made for the background contribution term, namely that AJ is
independent of v,. To check this assumption explicitly, the Ad correlator is shown in Fig.[13|as
a function of v, in different multiplicity and centrality ranges in pPb (upper) and PbPb (lower)
collisions. It is observed that the value of Ad remains largely constant as a function of v; in
low- or intermediate-q; classes, but starts rising as v, increases in high-g, classes. The multi-
plicity, within a centrality or multiplicity range, decreases slightly with increasing g», which
qualitatively could contribute to the rising Ad due to a multiplicity dilution effect. However,
this is only found to be true for PbPb collisions, but not for pPb collisions. The other reason
may be related to larger jet-like correlations selected by requiring large g> values. Events with
higher multiplicities show a weaker dependence on v, than those with lower multiplicities,
which is consistent with the expectation that short-range jet-like correlations are stronger in
peripheral events. Because of the possible bias towards larger jet-like correlations at higher g,
from the ESE technique, the v, dependence of Aé is hard to completely eliminate. This presents
a challenge to the interpretation of the intercept values from the linear fits in Fig.

In order to avoid the issue of Ad being dependent on vy, the ratio Ayq12/Ad as function of v, is
shown in Fig. |14 for different multiplicity ranges in pPb collisions at /s, = 8.16 TeV (upper)
and for different centrality classes in PbPb collisions at 5.02 TeV (lower). Particularly in the
scenario of a pure vy-dependent background, the ratio Ay112/AJ is expected to be proportional
to v,. A linear function is fitted again using

Av112
AS

Here, comparing to the intercept parameter b in Eq. (15), the bnorm parameter is equivalent to
b scaled by the A¢ factor. The fitted linear slope and intercept parameters, anorm and bporm, are

= Gnorm U2 + bnorm- (16)
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Table 2: The summary of slope and intercept parameter anorm and bnorm for different Nt‘;iﬂine
classes in pPb collisions, and the goodness of fit x* per degree of freedom (ndf). The statistical
and systematic uncertainties are shown after the central values, respectively.

Ngiﬂme Anorm brorm XZ/ ndf
120-150 1.13+£0.24 £0.14 0.048 £0.019 £0.012 16.3/8
150-185 1.13£0.19 £0.04 0.047 £0.016 £ 0.008 49/8
185-250 1.69 £ 0.06 £ 0.01—0.0009 + 0.0050 +0.0078  4.5/8
250-300 1.83 £0.13 &= 0.15 —0.015£0.011 £0.016 8.1/8

Table 3: The summary of slope and intercept parameter anorm and bnorm for different centrality
classes in PbPb collisions, and the goodness of fit x> per degree of freedom (ndf). The statistical
and systematic uncertainties are shown after the central values, respectively.

Centrality Anorm bnorm X2 /ndf
60-70% 1.85+0.17 £ 0.21 0.003 4+ 0.017 £ 0.023 12.3/9
50-60% 1.75+£0.04 £ 0.01 0.002 4+ 0.004 £+ 0.010 11.8/9
45-50% 1.74 £0.04 £0.03 0.00040.005 4 0.011 8.4/9
40-45% 1.59 +£0.03 & 0.01 0.012 +0.003 £ 0.011 9.1/9
35-40% 1.68 & 0.03 = 0.01 —0.001 4 0.003 £ 0.010 15.1/9
30-35% 1.67 + 0.04 £ 0.01—0.0026 4 0.0036 4= 0.0095 6.9/9

summarized in Tables [2| and in Nt‘;flf]ine and centrality classes for pPb and PbPb collisions,
respectively.

The values of the intercept parameter bnorm are shown as a function of event multiplicity in
Fig. (15 (upper) , for both pPb and PbPb collisions. The +1¢ and +2¢ systematic uncertainty is
shown, which correspond to a 68% and 95% confidence level (CL), respectively. Within statis-
tical and systematic uncertainties, no significant positive value for bnorm is observed for most
multiplicities in pPb or centralities in PbPb collisions. For multiplicity ranges 120 < N@ifline <
150 and 150 < Ngifline < 185 in pPb collisions, an indication of positive values with signif-
icances of more than two standard deviations is seen. However, results in these multiplicity
ranges are likely to be highly sensitive to the very limited v, coverage using the ESE technique,
as shown in the upper panel of Fig. Overall, the result suggests that the v;-independent
contribution to the A1y correlator is consistent with zero, and correlation data are consis-
tent with the background-only scenario of charge-dependent two-particle correlations plus an
anisotropic flow, v,,. This conclusion is consistent with that drawn from the study of higher-
order harmonic three-particle correlators discussed earlier.

Based on the assumption of a nonnegative CME signal, the upper limit of the v;-independent
fraction in the A7y112 correlator is obtained from the Feldman—Cousins approach [45] with the
measured statistical and systematic uncertainties. In Fig. [L5 (lower), the upper limit of the
fraction fnorm, where fnorm is the ratio of the bnorm value to the value of (Avyi12)/(AJ), is pre-
sented at 95% CL as a function of event multiplicity. The v,-independent component of the
A7y112 correlator is less than 8-15% for most of the multiplicity or centrality range. The com-
bined limits from all presented multiplicities and centralities are also shown in pPb and PbPb
collisions. An upper limit on the v;-independent fraction of the three-particle correlator, or
possibly the CME signal contribution, is estimated to be 13% in pPb and 7% in PbPb collisions,
at 95% CL. Note that the conclusion here is based on the assumption of a CME signal inde-
pendent of v, in a narrow multiplicity or centrality range. As pointed out in a study by the
ALICE collaboration after this manuscript was submitted [46], the observed CME signal may
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be reduced as v, decreases for small v, values (e.g., <6%), due to a weaker correlation between
magnetic field and event-plane orientations as a result of initial-state fluctuations. Depending
on specific models of initial-state fluctuations, the upper limits obtained in this paper may in-
crease relatively by about 20%, although still well within a few % level. On the other hand,
covering a wide range of v, values in this analysis (6-15%), the v dependence of the observed
CME signal is minimized to the largest extent, especially for more central events. The data also
rule out any significant nonlinear v, dependence of the observed CME signal, as suggested by
Ref. [46]. Therefore, the high-precision data presented in this paper indicate that the charge-
dependent three-particle azimuthal correlations in pPb and PbPb collisions are consistent with
a vp-dependent background-only scenario, posing a significant challenge to the search for the
CME in heavy ion collisions using three-particle azimuthal correlations.

6 Summary

Charge-dependent azimuthal correlations of same- and opposite-sign (SS and OS) pairs with
respect to the second- and third-order event planes have been studied in pPb collisions at

s\uv= 8.16 TeV and PbPb collisions at 5.02 TeV by the CMS experiment at the LHC. The cor-
relations are extracted via three-particle correlators as functions of pseudorapidity difference,
transverse momentum difference, and pr average of SS and OS particle pairs, in various mul-
tiplicity or centrality ranges of the collisions. The differences in correlations between OS and
SS particles with respect to both second- and third-order event planes as functions of Ay and
multiplicity are found to agree for pPb and PbPb collisions, indicating a common underlying
mechanism for the two systems. Dividing the OS and SS difference of the three-particle cor-
relator by the product of the v, harmonic of the corresponding order and the difference of the
two-particle correlator, the ratios are found to be similar for the second- and third-order event
planes, and show a weak dependence on event multiplicity. These observations support a sce-
nario in which the charge-dependent three-particle correlator is predominantly a consequence
of charge-dependent two-particle correlations coupled to an anisotropic flow signal.

To establish the relation between the three-particle correlator and anisotropic flow harmonic in
detail, an event shape engineering technique is applied. A linear relation for the ratio of three-
to two-particle correlator difference as a function of v, is observed, which extrapolates to an
intercept that is consistent with zero within uncertainties for most of multiplicities. An upper
limit on the v;-independent fraction of the three-particle correlator, or the possible CME signal
contribution (assumed independent of v, within the same narrow multiplicity or centrality
range), is estimated to be 13% for pPb data and 7% for PbPb data at a 95% confidence level. The
data presented in this paper provide new stringent constraints on the nature of the background
contribution to the charge-dependent azimuthal correlations, and establish a new baseline for
the search for the chiral magnetic effect in heavy ion collisions.
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Figure 15: Extracted intercept parameter bnorm (upper) and corresponding upper limit of the
fraction of v,-independent 711, correlator component (lower), averaged over |Ay| < 1.6, as a
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tical and systematlc uncertainties are indicated by the error bars and shaded regions in the top
panel, respectively.
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Appendices

A General relation of v, harmonics, two- and three-particle az-
imuthal correlations
In Section I} Eq. (B) can be derived in a way similar to Eq. (3), with details which can be found

in Ref. [24]. Here, a general derivation of Eq. (5) for all higher-order-harmonic correlators is
given.

Similar to Eq. (40) in Ref. [24], the general relation between the nth order anisotropy harmonic
v, and the three-particle correlator with respect to the nth order event plane can be derived
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starting from,

Yin—1n = <COS(¢D¢ + (11 - 1)(P/5 - H‘Yn)>
_ J p2cos (o + (n—1)Ppp — n'¥,,)dep, dpg dx, dixg

[ p2d¢s depp dix, dxg
_ J p2cos (P — pp+n(pp —¥n)) dpa dgpg dx, dxg a7
[ p2d¢a depg dix, dxg ’

where x denotes (pr,7) and dx = prdprdy. p2 is the two-particle pair density distribution,
which can be expressed in terms of the single-particle density distribution and its underlying
two-particle correlation function (see Section 2 in Ref. [24]),

02 = 0(¢u, Xa)p(Pp, xp) [1+ Ca, Pp, Xas Xp)] - (18)

In presence of collective anisotropy flow, the single-particle azimuthal distribution can be ex-
pressed in terms of a Fourier series with respect to the event plane of the corresponding order,

p(¢,x) = poz(;;) 1+ i nop(x)cosn(p —¥u) |, (19)
n=1

where po(x) depends on pr and 7 only.

The two-particle correlation function C describes intrinsic correlations that are insensitive to
the event plane ¥, but only involve azimuthal angle difference A¢ = ¢, — ¢p. It can be also
expanded in Fourier series [24],

C(Ap, xa, xp) = i an(Xa, Xg) cos (nAQ), (20)

n=1

where a,(x,, xp) is the two-particle Fourier coefficient. By definition, a1(x,, xg) is equal to the
two-particle correlator §(x,, xﬁ), introduced in Section as a function of x, and x; (i.e., pr and
1 of both particles).

Therefore, we substitute Egs. and into and obtain,

1
M1 = 5372 /PO(xa)PO(xﬁ)al(xmxﬁ)
[0 (xa) + vn(xp)] dxy dixg

= o | Pol)po(xp)dCae, )
[0n(xa) + 0u(xp)] dxe dxg  (21)

where N = [ po(x)dx. This is the general equation explaining why a nonzero two-particle
correlation &(x,, xg) plus an anisotropy flow of nth order v, (x) contribute to the three-particle
correlator, y1 1.4

Therefore, this general form of 1 ,,_1,, can be applied to any order n and decomposed into the
two-particle correlator 6 and the nth order harmonic v,,, where n = 2 and 3 are studied in detail
in Section



29

PbPb centrality(%
45 35 ye)

01 6I5 5I5 T T
- PbPb 5.02 TeV CMS
L |An| < 1.6 |
0.05 | 3.0< r]q2 <5.0 |

bnorm
o
B »

-0.05— |
- *-5.0<n, <-4.4 (default) }
| $4.4<n_<5.0 1
_01 L 1 Lo
107 . 10°
Nofflme
trk

Figure 16: The intercepts bnorm 0f v2-independent 7112 correlator component using particle ¢
from HF+ and HF— data, averaged over |Ay| < 1.6, are shown as a function of Ng{(ﬂine in PbPb
collisions at /s, = 5.02 TeV. Statistical and systematic uncertainties are indicated by the error
bars and shaded regions, respectively.

B Supporting results of the event shape engineering method

As stated in Section the Q» vector is calculated using one side of the HF detector within the
1 range of 3 to 5 units. The default result in Section presents the A1y, as a function of vy,
where the particle c in the 112 correlator corresponds to the 7 range —5.0 to —4.4. However,
the results are found to be independent of where the particle c is reconstructed, as it is shown
in Fig.

In Figs. [17] and the denominators of Eq. (7), vy, for different Q; classes with respect to
HF+ and HF— in PbPb collisions at /s, = 5.02TeV, and the Pb-going side of the HF in
pPb collisions at 8.16 TeV, are shown as a function of v, in the tracker region. Here vy, is a
measure of elliptic anisotropy of the transverse energy registered in the HF detectors without
being corrected to the particle-level elliptic flow. It serves as the resolution correction factor
when deriving the three-particle correlators or the v, values in the tracker region using the
scalar-product method.

In Fig.[19] the average N2!lin js shown as a function of v, in different multiplicity and centrality
ranges in pPb (upper) and PbPb collisions (lower), respectively. The average N2ifline is found
to be weakly dependent on v,, but with a slight decreasing trend as v, increases. Similar to
Fig. (13} the effect at low multiplicities is stronger than that at high multiplicities. Overall, this
effect is negligible for the results shown in Section[5.2]
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the tracker region (|17| < 2.4) in PbPb collisions at /s, = 5.02 TeV.

C Three- and two-particle correlator as functions of differential
variables in different multiplicity and centrality classes

The figures in Appendix|C|show the 112, 7123, and the & correlators as a function of |Ay|, |Apz/,
and Py in pPb collisions at /s, = 8.16 TeV and PbPb collisions at 5.02 TeV. In pPb and PbPb
collisions, the results are shown for multiplicity ranges Nt‘;flfi“e =[120,150), [150,185), [185,250),
and [250,300) in Figs. [20| to In PbPb collisions, the results are also shown for five centrality

classes from 30-80% in Figs. 23| to
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Figure 20: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, J (lower), as a function of |Ay/| for four multiplicity ranges in pPb collisions
at /s, = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right). The pPb results obtained with
particle c in Pb-going (solid markers) and p-going (open markers) sides are shown separately.
The SS and OS two-particle correlators are denoted by different markers for both pPb and PbPb
collisions. Statistical and systematic uncertainties are indicated by the error bars and shaded
regions, respectively.
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Figure 21: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, § (lower), as a function of |Apr| for four multiplicity ranges in pPb collisions
at /s, = 8.16 TeV (left) and PbPb collisions at 5.02 TeV (right) collisions. The pPb results ob-
tained with particle c in Pb-going (solid markers) and p-going (open markers) sides are shown
separately. The SS and OS two-particle correlators are denoted by different markers for both
pPb and PbPb collisions. Statistical and systematic uncertainties are indicated by the error bars
and shaded regions, respectively.
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Figure 22: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, § (lower), as a function of p for four multiplicity ranges in pPb collisions at
VS = 8.16 TeV (left) and PbPb collisions at /s, = 5.02 TeV (right). The pPb results obtained
with particle c in Pb-going (solid markers) and p-going (open markers) sides are shown sepa-
rately. The SS and OS two-particle correlators are denoted by different markers for both pPb
and PbPb collisions. Statistical and systematic uncertainties are indicated by the error bars and
shaded regions, respectively.
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Figure 23: The SS and OS three-particle correlators, y112 (upper) and 123 (middle), and two-
particle correlator, § (lower), as a function of |Ay| for five centrality classes in PbPb collisions at
5.02TeV. The SS and OS two-particle correlators are denoted by different markers. Statistical
and systematic uncertainties are indicated by the error bars and shaded regions, respectively.
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Figure 24: The SS and OS three-particle correlators, 112 (upper) and 123 (middle), and two-
particle correlator, ¢ (lower), as a function of |Apr| for five centrality classes in PbPb collisions
at /s, = 5.02TeV. The SS and OS two-particle correlators are denoted by different mark-
ers. Statistical and systematic uncertainties are indicated by the error bars and shaded regions,
respectively.
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