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Measurement of forward-backward multiplicity correlations in lead-lead, proton-lead,
and proton-proton collisions with the ATLAS detector
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(Received 28 June 2016; revised manuscript received 19 May 2017; published 28 June 2017)

Two-particle pseudorapidity correlations are measured in
√

sNN = 2.76 TeV Pb + Pb,
√

sNN =
5.02 TeV p+Pb, and

√
s = 13 TeV pp collisions at the Large Hadron Collider (LHC), with total integrated

luminosities of approximately 7 μb−1, 28 nb−1, and 65 nb−1, respectively. The correlation function CN(η1,η2)
is measured as a function of event multiplicity using charged particles in the pseudorapidity range |η| < 2.4.
The correlation function contains a significant short-range component, which is estimated and subtracted. After
removal of the short-range component, the shape of the correlation function is described approximately by
1 + 〈a2

1〉1/2η1η2 in all collision systems over the full multiplicity range. The values of 〈a2
1〉1/2 are consistent for

the opposite-charge pairs and same-charge pairs, and for the three collision systems at similar multiplicity. The
values of 〈a2

1〉1/2 and the magnitude of the short-range component both follow a power-law dependence on the
event multiplicity. The short-range component in p + Pb collisions, after symmetrizing the proton and lead
directions, is found to be smaller at a given η than in pp collisions with comparable multiplicity.

DOI: 10.1103/PhysRevC.95.064914

I. INTRODUCTION

Heavy-ion collisions at Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) create hot,
dense matter whose space-time evolution can be well described
by relativistic viscous hydrodynamics [1,2]. Owing to strong
event-by-event (EbyE) density fluctuations in the initial state,
the space-time evolution of the produced matter in the final
state also fluctuates event to event. These fluctuations may lead
to correlations of particle multiplicity in momentum space in
the transverse and longitudinal directions with respect to the
collision axis. Studies of the multiplicity correlation in the
transverse plane have revealed strong harmonic modulation
of the particle densities in the azimuthal angle, commonly
referred to as harmonic flow. The measurements of harmonic
flow coefficients vn [3–6] and their EbyE fluctuations [7–10]
have placed important constraints on the properties of the
medium and transverse energy density fluctuations in the initial
state.

Two-particle correlations in the transverse plane have also
been studied in high-multiplicity pp [11–13] and p + Pb
[14–18] collisions, and these studies have revealed features
that bear considerable similarity to those observed in heavy-ion
collisions. These findings have generated many theoretical
interpretations [19], and much discussion as to whether the
mechanisms that result in the observed correlations are or are
not fundamentally the same in the different collision systems.

This paper reports measurements of multiplicity correla-
tions in the longitudinal direction in pp, p + Pb, and Pb+Pb
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collisions, which are sensitive to the early-time density fluctu-
ations in pseudorapidity (η) [1,2]. These density fluctuations
generate long-range correlations (LRC) at the early stages of
the collision, well before the onset of any collective behavior,
and appear as correlations of the multiplicity densities of
produced particles separated in η. For example, the EbyE
differences between the partonic flux in the target and the
projectile may lead to a long-range asymmetry of the pro-
duced system [20–22], which manifests itself as a correlation
between the multiplicity densities of final-state particles with
large η separation.

Longitudinal multiplicity correlations can also be generated
during the space-time evolution in the final state as resonance
decays, single-jet fragmentation, and Bose-Einstein correla-
tions. These latter correlations are typically localized over a
smaller range of η, and are commonly referred to as short-range
correlations (SRC). On the other hand, dijet fragmentation may
contribute to the LRC if the η separation between the two jets
is large.

Many previous studies are based on forward-backward (FB)
correlations of particle multiplicity in two η ranges symmetric
around the center-of-mass of the collision systems, including
e+e− [23], pp [24–27], and A + A [28,29] collisions where
a significant anticorrelation between forward and backward
multiplicities has been identified. Recently, the study of
multiplicity correlations has been generalized by decomposing
the correlation function into orthogonal Legendre polynomial
functions, or more generally into principal components,
each representing a unique component of the measured FB
correlation [21,30].

Particle production in pp collisions is usually described
by QCD-inspired models, such as PYTHIA [31] and EPOS
[32], implemented in Monte Carlo (MC) event generators
with free parameters that are tuned to describe experimental
measurements. Previous studies show that these models
can generally describe the η and pT dependence of the
inclusive charged-particle production [33,34], as well as the
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underlying event accompanying various hard-scattering pro-
cesses [35,36]. In many such models, events with large
charged-particle multiplicity are produced through multiple
parton-parton interactions (MPI), which naturally serve as
sources for the FB multiplicity asymmetry describe above.
Therefore, a detailed measurement of pseudorapidity corre-
lation in pp collisions also provides new constraints on the
longitudinal dynamics of MPI processes in these models.

The two-particle correlation function in pseudorapidity is
defined as [37,38]

C(η1,η2) = 〈N (η1)N (η2)〉
〈N (η1)〉〈N (η2)〉 ≡ 〈ρ(η1)ρ(η2)〉,

ρ(η) ≡ N (η)

〈N (η)〉 , (1)

where N (η) is the multiplicity density distribution in a single
event and 〈N (η)〉 is the average distribution for a given
event-multiplicity class. The correlation function is directly
related to a single-particle quantity ρ(η), which characterizes
the fluctuation of multiplicity in a single event relative to the
average shape of the event class.

Following Refs. [21,38], ρ(η) in the interval [−Y,Y ] is
written in terms of Legendre polynomials:

ρ(η) ∝ 1+
∑

n

an Tn(η), Tn(η) ≡
√

2n+1

3
Y Pn

(
η

Y

)
, (2)

and the scale factor in Eq. (2) is chosen such that T1(η) = η.1

Using Eqs. (1) and (2), the correlation function C can
be expressed in terms of the Tn, which involve terms in
〈a0a0〉, 〈a0an〉, and 〈anam〉, with n,m � 1. Terms involving
a0 reflect multiplicity fluctuations in the given event class,
while the dynamical fluctuations between particles at different
pseudorapidities in events of fixed multiplicity are captured by
the terms in 〈anam〉, n,m � 1. It is the study of these dynamical
fluctuations that is the goal of this analysis.

As discussed in more detail in Ref. [38], the terms involving
〈a0an〉 can be removed, provided all deviations from 1 are
small, by defining

CN(η1,η2) = C(η1,η2)

Cp(η1)Cp(η2)
, (3)

where

Cp(η1) =
∫ Y

−Y
C(η1,η2) dη2

2Y
, (4)

with a similar expression for Cp(η2). The quantities Cp(η1)
and Cp(η2) are referred to as the single-particle modes. The
〈a0a0〉 term can be removed by renormalizing average value
in the η1, η2 phase space to be 1. The final result is

CN(η1,η2) = 1 +
∞∑

n,m=1

an,m

Tn(η1)Tm(η2) + Tn(η2)Tm(η1)

2
,

and an,m ≡ 〈anam〉. (5)

1The Tn(η) also satisfy
∫ Y

−Y
Tn(η)dη = 0 for n � 1, and

∫ Y

−Y
Tn(η)

Tm(η)dη = ( 2Y 2

3 δnm). From the definition of ρ(η) in Eq. (1), it follows
that 〈∑∞

n=0 anTn(η)〉 = 0.

The two-particle Legendre coefficients can be calculated
directly from the measured correlation function:

an,m =
(

3

2Y 3

)2 ∫ Y

−Y

CN(η1,η2)

× Tn(η1)Tm(η2) + Tn(η2)Tm(η1)

2
dη1 dη2. (6)

The two-particle correlation method measures, in effect, the
root-mean-square (rms) values of the EbyE an, 〈a2

n〉
1/2

, or the
cross correlation between an and am, 〈anam〉. The correlation
functions satisfy the symmetry condition C(η1,η2) = C(η2,η1)
and CN(η1,η2) = CN(η2,η1).

This paper presents a measurement of the two-dimensional
(2-D) correlation function CN(η1,η2) over the pseudorapidity
range of |η| < 2.4 in

√
sNN = 2.76 TeV Pb+Pb,

√
sNN =

5.02 TeV p + Pb, and
√

s = 13 TeV pp collisions, using the
ATLAS detector.2 The analysis is performed using events for
which the total number of reconstructed charged particles,
N rec

ch , with |η| < 2.5 and transverse momentum pT > 0.4 GeV,
is in the range 10 � N rec

ch < 300. Both the Pb+Pb and p + Pb
data cover this range of N rec

ch , but for pp the range extends only
to approximately 160. The measured CN(η1,η2) is separated
into a short-range component δSRC(η1,η2) and Csub

N (η1,η2),
which contains the long-range component. The nature of the
FB fluctuation in each collision system is studied by projec-
tions as well as Legendre coefficients 〈anam〉 of Csub

N (η1,η2).
The magnitudes of the FB fluctuations are compared for the
three systems at similar event multiplicity. A comparison is
also made between the pp data and QCD-inspired models.

II. ATLAS DETECTOR AND TRIGGER

The ATLAS detector [39] provides nearly full solid-
angle coverage of the collision point with tracking detectors,
calorimeters, and muon chambers and is well suited for
measurement of two-particle correlations over a large pseu-
dorapidity range. The measurements were performed using
the inner detector (ID), minimum-bias trigger scintillators
(MBTS), the forward calorimeter (FCal), and the zero-degree
calorimeters (ZDC). The ID detects charged particles within
|η| < 2.5 using a combination of silicon pixel detectors,
silicon microstrip detectors (SCT), and a straw-tube transition
radiation tracker (TRT), all immersed in a 2-T axial magnetic
field [40]. An additional pixel layer, the “insertable B layer”
(IBL) [41,42] installed between run 1 and run 2 (2013–2015),
is used in the 13-TeV pp measurements. The MBTS system
detects charged particles over 2.1 � |η| � 3.9 using two
hodoscopes of counters positioned at z = ± 3.6 m. The FCal
consists of three sampling layers, longitudinal in shower depth,

2ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the center of the detector and the z

axis along the beam pipe. The x axis points from the IP to the center of
the LHC ring, and the y axis points upward. Cylindrical coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2).
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and covers 3.2 < |η| < 4.9. The ZDC, available in the Pb+Pb
and p + Pb runs, are positioned at ±140 m from the collision
point, detecting neutrons and photons with |η| > 8.3.

This analysis uses approximately 7 μb−1 of Pb+Pb data,
28 nb−1 of p + Pb data, and 65 nb−1 of pp data taken by
the ATLAS experiment at the LHC. The Pb+Pb data were
collected in 2010 at a nucleon-nucleon center-of-mass energy√

sNN = 2.76 TeV. The p + Pb data were collected in 2013,
when the LHC was configured with a 4-TeV proton beam
and a 1.57-TeV per-nucleon Pb beam that together produced
collisions at

√
sNN = 5.02 TeV. The higher energy of the

proton beam results in a rapidity shift of 0.47 of the nucleon-
nucleon center-of-mass frame towards the proton beam direc-
tion relative to the laboratory rest frame. The pp data were
collected during a low-luminosity operation of the LHC in
June and August 2015 at collision energy

√
s = 13 TeV.

The ATLAS trigger system [43] consists of a level-1
(L1) trigger implemented using a combination of dedicated
electronics and programmable logic, and a high-level trigger
(HLT) implemented in processors. The HLT reconstructs
charged-particle tracks using methods similar to those applied
in the offline analysis, allowing high-multiplicity track (HMT)
triggers that select on the number of tracks having pT > 0.4
GeV associated with the vertex with the largest number of
associated tracks (primary vertex). The Pb+Pb data used in
the analysis are collected by a minimum-bias trigger, while
the pp and p + Pb data are collected by a minimum-bias
trigger and HMT triggers.

The Pb+Pb trigger requires signals in two ZDCs or either
of the two MBTS counters. The ZDC trigger thresholds on
each side are set below the peak corresponding to a single
neutron. A timing requirement based on signals from each
side of the MBTS is imposed to remove beam backgrounds.
The minimum-bias trigger for p + Pb is similar, except that
only the ZDC on the Pb-fragmentation side is used. For pp
collisions, the minimum-bias trigger requires one or more
signals in the MBTS.

Two distinct HMT triggers are used for the 13-TeV pp
analysis. The first trigger selected events at L1 that have a
signal in at least one counter on each side of the MBTS, and
at the HLT have at least 900 SCT hits and 60 tracks associated
with a primary vertex. The second trigger selects events with a
total transverse energy of more than 10 GeV at L1 and at least
1400 SCT hits and 90 tracks associated to a primary vertex at
HLT. For the p + Pb data, the HMT triggers were formed from
a combination of L1 triggers that applied different thresholds
for total transverse energy measured over 3.2 < |η| < 4.9 in
the FCal and HLT triggers that placed minimum requirements
on the number of reconstructed tracks. Details of the minimum-
bias and HMT triggers can be found in Refs. [12,33] and
Refs. [18,44] for the pp and p + Pb collisions, respectively.

III. DATA ANALYSIS

A. Event and track selection

The offline event selection for the p + Pb and pp data
requires at least one reconstructed vertex with its z position
satisfying |zvtx| < 100 mm. The mean collision rate per

crossing μ is around 0.03 for p + Pb data, between 0.002
and 0.04 for the June 2015 pp data, and between 0.05 and
0.6 for the August 2015 pp data. Events containing multiple
collisions (pileup) are suppressed by rejecting events with
more than one good reconstructed vertex, and results are found
to be consistent between the June and August datasets. For
the p + Pb events, a time difference of |�t | < 10 ns is also
required between signals in the MBTS counters on either side
of the interaction point to suppress noncollision backgrounds.

The offline event selection for the Pb+Pb data requires
a reconstructed vertex with its z position satisfying |zvtx| <
100 mm. The selection also requires a time difference |�t | < 3
ns between signals in the MBTS trigger counters on either side
of the interaction point to suppress noncollision backgrounds.
A coincidence between the ZDC signals at forward and
backward pseudorapidity is required to reject a variety of
background processes, while maintaining more than 98%
efficiency for inelastic processes.

Charged-particle tracks and primary vertices are recon-
structed in the ID using algorithms whose implementation was
optimized for better performance between LHC runs 1 and 2. In
order to compare directly the p + Pb and Pb+Pb systems using
event selections based on the multiplicity of the collisions, a
subset of data from peripheral Pb+Pb collisions, collected
during the 2010 LHC heavy-ion run with a minimum-bias
trigger, was reanalyzed using the same track reconstruction
algorithm as that used for p + Pb collisions. For the p + Pb and
Pb+Pb analyses, tracks are required to have a pT-dependent
minimum number of hits in the SCT, and the transverse (d0) and
longitudinal (z0 sin θ ) impact parameters of the track relative
to the vertex are required to be less than 1.5 mm. A description
of the 2010 Pb+Pb data and 2013 p + Pb data can be found
in Refs. [5] and [45], respectively.

For the 13-TeV pp analysis, the track selection criteria
were modified slightly to profit from the presence of the IBL
in run 2. Furthermore, the requirements of |dz

0| < 1.5 mm and
|z0 sin θ | < 1.5 mm are applied, where dz

0 is the transverse
impact parameter of the track relative to the average beam
position. These selection criteria are the same as those in
Refs. [12,33].

In this analysis, the correlation functions are constructed
using tracks passing the above selection requirements and
which have pT > 0.2 GeV and |η| < 2.4. However, slightly
different kinematic requirements, pT > 0.4 GeV and |η| <
2.5, are used to count the number of reconstructed charged
particles in the event, denoted by N rec

ch , to be consistent with
the requirements used in the HLT. Figure 1 compares the
normalized N rec

ch distributions of events in the three colliding
systems. The distribution decreases slowly in the Pb+Pb
system, but decreases much faster in the p + Pb and pp
systems. A major goal of the analysis is to compare the
correlation function from the three collisions systems at similar
N rec

ch values, which can reveal whether the FB multiplicity
fluctuation is controlled by the collision geometry or the overall
activity of the event.

The efficiency of the track reconstruction and track se-
lection requirements, ε(η,pT), is evaluated using simulated
p + Pb or Pb+Pb events produced with the HIJING event
generator [46] or simulated pp events from the PYTHIA 8
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FIG. 1. The normalized distributions of the number of recon-
structed tracks, N rec

ch , with pT > 0.4 GeV and |η| < 2.5 in the three
collision systems. The N refers to the number of collisions for a given
N rec

ch .

[31] event generator using parameter settings according to the
so-called A2 tune [47]. The MC sample for Pb+Pb events in
the multiplicity region of interest was very small; therefore
the reconstruction efficiency for Pb+Pb was taken from the
larger p + Pb sample. The p + Pb efficiency was found to be
consistent with the efficiency from the Pb+Pb MC simulation,
but of much higher precision. The response of the detector to
these MC events is simulated using GEANT4 [48,49] and the
resulting events are reconstructed with the same algorithms
that are applied to the data. The efficiencies for the three
datasets are similar for events with similar multiplicity. Small
differences are due to changes in the detector conditions in
run 1 and changes in the reconstruction algorithm between
runs 1 and 2. In the simulated events, the efficiency reduces
the measured charged-particle multiplicity relative to the
event generator multiplicity for primary charged particles.3

The reduction factors for N rec
ch and the associated efficiency

uncertainties are b = 1.29 ± 0.05, 1.29 ± 0.05, and 1.18 ±
0.05 for Pb+Pb, p + Pb, and pp collisions, respectively. The
values of these reduction factors are found to be independent
of multiplicity over the N rec

ch range used in this analysis,
10 � N rec

ch < 300. Therefore, these factors are used to multiply
N rec

ch to obtain the efficiency-corrected average number of
charged particles with >0.4 GeV and |η| < 2.5, Nch = bN rec

ch .
The quantity Nch is used when presenting the multiplicity
dependence of the SRC and the LRC.

B. Two-particle correlations

The two-particle correlation function defined in Eq. (1) is
calculated as the ratio of distributions for same-event pairs
S(η1,η2) ∝ 〈N (η1)N (η2)〉 and mixed-event pairs B(η1,η2) ∝

3For Pb+Pb and p + Pb simulation, the event generator multiplicity
includes charged particles that originate directly from the collision or
result from decays of particles with cτ < 10 mm. The definition
for primary charged particles is somewhat stronger in the pp

simulation [33].

〈N (η1)〉〈N (η2)〉 [5]:

C(η1,η2) = S(η1,η2)

B(η1,η2)
. (7)

The mixed-event pair distribution is constructed by combining
tracks from one event with those from another event with
similar N rec

ch (matched within two tracks) and zvtx (matched
within 2.5 mm). The events are also required to be close to each
other in time to account for possible time-dependent variation
of the detector conditions. The mixed-event distribution should
account properly for detector inefficiencies and nonuniformity
but does not contain physical correlations. The normalization
of C(η1,η2) is chosen such that its average value in the (η1,η2)
plane is one. The correlation function satisfies the symmetry
C(η1,η2) = C(η2,η1) and, for a symmetric collision system,
C(η1,η2) = C(−η1,−η2). Therefore, for pp and Pb+Pb colli-
sions, all pairs are entered into one quadrant of the (η1,η2)
space defined by η− ≡ η1 − η2 > 0 and η+ ≡ η1 + η2 > 0
and then reflected to the other quadrants. For p + Pb collisions,
all pairs are entered into one half of the (η1,η2) space defined
by η1 − η2 > 0 and then reflected to the other half. To correct
S(η1,η2) and B(η1,η2) for the individual inefficiencies of
particles in the pair, the pairs are weighted by the inverse
product of their tracking efficiencies 1/(ε1ε2). Remaining
detector distortions not accounted for by the reconstruction
efficiency largely cancel in the same-event to mixed-event
ratio.

In a separate analysis, the correlation functions in p + Pb
collisions are also symmetrized in the same way as for
Pb+Pb and pp collisions such that C(η1,η2) = C(−η1,−η2),
and they are compared with correlation functions obtained
for symmetric collision systems. This symmetrized p + Pb
correlation function is used only at the end of Sec. IV, in
relation to Fig. 16. In all other cases, the p + Pb correlation
function is unsymmetrized.

C. Outline of the procedure for separating SRC and LRC

As explained in the introduction, the aim of this analysis is
to measure and parametrize the long-range correlation, which
requires the separation and subtraction of the short-range
component. The separation of SRC and LRC is quite involved
and so is briefly summarized here, with details left to the
relevant later sections.

The core of the separation method is to exploit the difference
between the correlations for opposite-charge and same-charge
pairs, C+−(η1,η2) and C±±(η1,η2), respectively. The SRC
component centered around η−(≡η1 − η2) ∼ 0 is found to be
much stronger for opposite-charge pairs, primarily due to local
charge conservation, while the LRC and single-particle modes
are expected to be independent of the charge combination.
With this assumption, the ratio

R(η1,η2) = C+−(η1,η2)/C±±(η1,η2) (8)

is given approximately by

R(η1,η2) ≈ 1 + δ+−
SRC(η1,η2) − δ±±

SRC(η1,η2). (9)

This analysis assumes further that the dependence of δSRC

on η− and η+(≡η1 + η2) factorizes and that the dependence
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FIG. 2. The correlation functions for opposite-charge pairs C+−(η1,η2) (top left panel), same-charge pairs C±±(η1,η2) (top middle panel),
and the ratio R(η1,η2) = C+−(η1,η2)/C±±(η1,η2) (top right panel) for Pb+Pb collisions with 200 � N rec

ch < 220. The width and magnitude of
the short-range peak of the ratio are shown, as a function of η+, in the lower middle panel and lower right panels, respectively. The error bars
represent the statistical uncertainties, and the solid lines indicate a quadratic fit. The dotted line in the bottom right panel serves to indicate
better the deviation of f (η+) from 1.

on η+ is independent of the charge combination δ+−
SRC =

f (η+)g+−(η−), δ±±
SRC = f (η+)g±±(η−), where g+−(η−) and

g±±(η−) are allowed to differ in both shape and magnitude.
With these assumptions,4 f (η+) can be determined from R by
suitable integration over η−, as described in Sec. III D.

To complete the determination of δ±±
SRC, the quantity g±±

is determined and parameterized from suitable projections of
C±±

N (η+,η−) in the η− direction, as described in Sec. III E. The
use of C±±

N rather than C±± is because the former does not
contain the single-particle modes. The procedure to obtain a
correlation function with the SRC subtracted is also described
in Sec. III E. With δ±±

SRC determined, δ+−
SRC is obtained directly

from Eq. (9). The δ±±
SRC and δ+−

SRC are then averaged to obtain
the SRC for all charge combinations, δSRC.

D. Probing the SRC via the same-charge
and opposite-charge correlations

Figure 2 shows separately the correlation functions for
same-charge pairs and opposite-charge pairs from Pb+Pb

4The validity of the various assumptions is confirmed in the data
from the extracted δ+−

SRC(η+,η−) and δ±±
SRC(η+,η−) after applying the

separation procedure.

collisions with 200 � N rec
ch < 220. The ratio of the two,

R(η1,η2) via Eq. (8), is shown in the top right panel. The
correlation functions show a narrow ridgelike shape along
η1 ≈ η2 or η− ≈ 0, and a falloff towards the corners at η1 =
−η2 ≈ ±2.4. The magnitude of the ridge for the opposite-
charge pairs is stronger than that for the same-charge pairs,
which is characteristic of the influence from SRC from jet
fragmentation or resonance decays. In regions away from the
SRC, i.e., large values of |η−|, the ratio approaches unity,
suggesting that the magnitude of the LRC is independent of
the charge combinations. To quantify the shape of the SRC
in the ratio along η+, R is expressed in terms of η+ and η−,
R(η+,η−), and the following quantity is calculated:

f (η+) =
∫ 0.4
−0.4 R(η+,η−)/0.8 dη− − 1∫ 0.4
−0.4 R(0,η−)/0.8 dη− − 1

. (10)

As shown in Fig. 2, the quantity f (η+) is nearly constant in
Pb+Pb collisions, implying that the SRC is consistent with
being independent of η+. To quantify the shape of the SRC
along the η− direction, R(η+,η−) is fit to a Gaussian function
in slices of η+. The width, as shown in the bottom middle
panel of Fig. 2, is constant, which may suggest that the shape
of the SRC in η− is the same for different η+ slices.
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FIG. 3. The correlation functions for opposite-charge pairs C+−(η1,η2) (top left panel), same-charge pairs C±±(η1,η2) (top middle panel),
and the ratio R(η1,η2) = C+−(η1,η2)/C±±(η1,η2) (top right panel) for p + Pb collisions with 200 � N rec

ch < 220. The width and magnitude of
the short-range peak of the ratio are shown, as a function of η+, in the lower middle panel and lower right panel, respectively. The error bars
represent the statistical uncertainties, and the solid lines indicate a quadratic fit. The dotted line in the bottom right panel serves to indicate
better the deviation of f (η+) from 1.

Figure 3 shows the correlation function in p + Pb collisions
with multiplicity similar to the Pb+Pb data in Fig. 2. The
correlation function shows a significant asymmetry between
the proton-going side (positive η+) and lead-going side
(negative η+). However, much of this asymmetry appears to
be confined to a small |η−| region where the SRC dominates.
The magnitude of the SRC, estimated by f (η+) shown in
the bottom-right panel, increases by about 50% from the
lead-going side (negative η+) to the proton-going side (positive
η+), but the width of the SRC in η− is independent of η+ as
shown in the bottom-middle panel. In contrast, the LRC has
no dependence on the charge combinations, since the value of
R approaches unity at large |η−|.

Figure 4 shows the width in η− of the short-range
component as a function of Nch in the three collision systems.
The width is obtained as the Gaussian width of R(η+,η−) in
the η−direction, and then averaged over η+ as the width is
observed to be independent of η+, as shown in Figs. 2 and 3.
This width reflects the extent of the short-range correlation
in η, and it is observed to decrease with increasing Nch in
all collision systems. At the same Nch value, the width is
smallest in pp collisions and largest in Pb+Pb collisions.
In Fig. 5, the width of the short-range component from pp
data is compared with PYTHIA 8 based on the A2 tune

[50] and EPOS based on the LHC tune [32]. The width
is underestimated by PYTHIA 8 A2 and overestimated by
EPOS LHC.
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FIG. 4. The width of the short-range component in R(η+,η−)
along the η− direction as a function of Nch in the three collision
systems.
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E. Separation of the SRC and the LRC

As discussed in Sec. III C, the ratio of the correlation
function between opposite-charge and same-charge pairs
R(η+,η−) is the key to the separation of the SRC and LRC.
Following Eqs. (8) and (9), this ratio can be approximated by

R(η+,η−) ≈ 1 + f (η+)[g+−(η−) − g±±(η−)],

δ+−
SRC = f (η+)g+−(η−),

δ±±
SRC = f (η+)g±±(η−), (11)

where f (η+) describes the shape along η+ and can be calcu-
lated via Eq. (10). The functions g+− and g±± describe the
SRC along the η− direction for the two charge combinations,
which differ in both magnitude and shape.

In order to estimate the g±±(η−) function for same-charged
pairs, the CN(η+,η−) distributions for same-charge pairs are
projected into one-dimensional (1-D) η− distributions over
a narrow slice |η+| < 0.4. The distributions are denoted by
CN(η−). They are shown, after a small iterative correction
discussed below, in the second column of Fig. 6 for the
same-charge pairs in Pb+Pb and p + Pb collisions. The SRC
appears as a narrow peak on top of a distribution that has
an approximately quadratic shape. Therefore, a quadratic fit
is applied to the data in the region of |η−| > 1.5, and the
difference between the data and fit in the |η−| < 2 region
is taken as the estimated SRC component or the g±±(η−)
function, which is assumed to be zero for |η−| > 2. This range
(|η−| > 1.5) is about twice the width of the short-range peak
in the R(η+,η−) distribution along the η− direction (examples
are given in the bottom middle panel of Figs. 2 and 3). This
width is observed to decrease from 1.0 to 0.7 as a function
of N rec

ch in the p + Pb collisions, and is slightly broader in
Pb+Pb collisions and slightly narrower in pp collisions at the
same N rec

ch . The range of the fit is varied from |η−| > 1.0 to
|η−| > 2.0 to check the sensitivity of the SRC estimation, and
the variation is included in the final systematic uncertainties.
Furthermore, this study is also repeated for CN(η−) obtained in
several other η+ slices within |η+| < 1.2, and consistent results
are obtained. Once the distribution g±±(η−) for same-charge
pairs is obtained from the fit, it is multiplied by the f (η+)
function calculated from R(η1,η2) using Eq. (10), to obtain the
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FIG. 6. The separation of correlation functions for same-charge pairs (first column) into the SRC (third column) and LRC (last column)
for Pb+Pb (top row) and p + Pb (bottom row) collisions with 200 � N rec

ch < 220. The second column shows the result of the quadratic fit over
the |η−| > 1.5 range of the one-dimensional (1-D) correlation function projected over the |η+| < 0.4 slice, which is used to estimate the SRC
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δSRC(η1,η2) from Eq. (11) in the full phase space. Subtracting
this distribution from the CN(η1,η2) distribution, one obtains
the initial estimate of the correlation function containing
mostly the LRC component.

The LRC obtained via this procedure is still affected by a
small bias from the SRC via the normalization procedure of
Eq. (3). This bias appears because the δSRC(η1,η2) contribution
is removed from the numerator but is still included in the
denominator via Cp(η). This contribution is not uniform in η:
If the first particle is near midrapidity η1 ≈ 0 then all pairs in
δSRC(η1,η2) contribute to Cp(η1), whereas if the first particle
is near the edge of the acceptance η1 ≈ ±Y then only half of
the pairs in δSRC(η1,η2) contribute to Cp(η1). The acceptance
bias in Cp is removed via a simple iterative procedure: First,
the δSRC contribution determined from the above procedure is
used to eliminate the SRC contribution to the single-particle
mode:

Csub
p (η1) =

∫ Y

−Y
[C(η1,η2) − δSRC(η1,η2)] dη2

2Y
, (12)

with a similar expression for Csub
p (η2). The Csub

p (η1), Csub
p (η2)

are then used to redefine the CN function:

C ′
N(η1,η2) = C(η1,η2)

Csub
p (η1)Csub

p (η2)
. (13)

This distribution, which is very close to the distribution before
correction, is shown in the second column of Fig. 6 for
projection over a narrow slice |η+| < 0.4. The estimation of
δSRC(η1,η2) is repeated using the previously described proce-
dure for the C ′

N(η1,η2), and the extracted distribution is shown
in the third column of Fig. 6. Subtracting this distribution from
C ′

N(η1,η2), one obtains the correlation function containing
only the LRC component. The resulting correlation function,
denoted Csub

N (η1,η2), is shown in the last column of Fig. 6.
The results presented in this paper are obtained using

the iterative procedure discussed above. In most cases, the
results obtained from the iterative procedure are consistent
with the one obtained without iteration. In p + Pb and Pb+Pb
collisions, where the SRC component is small, the difference
between the two methods is found to be less than 2%. In pp
collisions with N rec

ch > 100, the difference between the two
methods reaches 4% where the SRC is large and therefore the
bias correction is more important.

In principle, the same analysis procedure can be applied
to opposite-charge and all-charge pairs. However, due to the
much larger SRC, the extracted LRC for opposite-charge pairs
has larger uncertainties. Instead, the SRC for opposite-charge
pairs is obtained directly by rearranging the terms in Eq. (9)
as

δ+−
SRC(η1,η2) = R(η1,η2) − 1 + δ±±

SRC(η1,η2). (14)

The SRC for all-charge pairs is calculated as the average
of δ±±

SRC and δ+−
SRC weighted by the number of same-charge

and opposite-charge pairs. The LRC is then obtained by
subtracting the SRC from the modified CN(η1,η2) using the
same procedure as that for the same-charge pairs.

For pp collisions, the pseudorapidity correlations are also
compared with the PYTHIA 8 A2 and EPOS LHC event
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FIG. 7. The first two Legendre basis functions associated with
a1,1 and a2,2 in the two-particle correlation function.

generators mentioned above. The analysis procedure used on
the data is repeated for the two models in order to extract
the SRC and LRC components. The correlation is carried out
on the generated, as opposed to the reconstructed, charged
particles.

F. Quantifying the magnitude of the forward-backward
multiplicity fluctuations

In the azimuthal correlation analysis, the azimuthal struc-
ture of the correlation function is characterized by harmonic
coefficients vn obtained via a Fourier decomposition [5,51].
A similar approach can be applied for pseudorapidity correla-
tions [21,38]. Following Eq. (5), the correlation functions are
expanded into Legendre polynomial functions, and the two-
particle Legendre coefficients 〈anam〉 are calculated directly
from the correlation function according to Eq. (6). The
two-particle correlation method measures, in effect, the rms
values of the EbyE an, and the final results for the coefficients
are presented in terms of

√|〈anam〉|. As a consequence of
the condition for a symmetric collision system, the odd and
even coefficients should be uncorrelated in pp and Pb+Pb
collisions:

an,n+1 = 〈anan+1〉 = 0. (15)

However, even in p + Pb collisions, the correlation function
after SRC removal, Csub

N (η1,η2), is observed to be nearly
symmetric between η and −η (right column of Fig. 6), and
hence the 〈anan+1〉 values are very small and considered to be
negligible in this paper.

The shape of the first two Legendre bases in 2-D are shown
in Fig. 7. The first basis function has the shape of η1 × η2 and is
directly sensitive to the FB asymmetry of the EbyE fluctuation.
The second basis function has a quadratic shape in the η1 and
η2 directions and is sensitive to the EbyE fluctuation in the
width of the N (η) distribution. It is shown in Sec. IV that the
data require only the first term, in which case the shape of the
correlation function can be approximated by

Csub
N (η1,η2) ≈ 1 + 〈

a2
1

〉
η1η2 = 1 +

〈
a2

1

〉
4

(η2
+ − η2

−). (16)

Therefore, a quadratic shape is expected along the two diagonal
directions η+ and η− of the correlation function, and the 〈a2

1〉1/2
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coefficient can be calculated by a simple quadratic fit of Csub
N

in narrow slices of η− or η+.
Alternatively, 〈a2

1〉1/2 can also be estimated from a correlator
constructed from a simple ratio:

rsub
N (η,ηref)

=
{

Csub
N (−η,ηref)/Csub

N (η,ηref), ηref > 0,

Csub
N (η,−ηref)/Csub

N (−η,−ηref), ηref < 0,
(17)

≈ 1 − 2
〈
a2

1

〉
ηηref, (18)

where ηref is a narrow interval of 0.2. This correlator has
the advantage that most of the single-particle modes are even
functions in η, so they cancel in the ratios. Therefore, this
correlator provides a robust consistency check of any potential
bias induced by the renormalization procedure of Eq. (3). A
similar quantity can also be calculated for CN(η1,η2), denoted
by rN(η,ηref).

In summary, this paper uses the following four different
methods to estimate 〈a2

1〉1/2:

(1) Legendre decomposition of the 2-D correlation func-
tion Csub

N (η+,η−), via Eq. (5).
(2) Quadratic fit of Csub

N (η−) in a narrow slice of η+, which
gives 〈a2

1〉1/2 as a function of η+.
(3) Quadratic fit of Csub

N (η+) in a narrow slice of η−, which
gives 〈a2

1〉1/2 as a function of η−.
(4) Linear fit of rsub

N (η) in a narrow slice of ηref , which
gives 〈a2

1〉1/2 as a function of ηref .

The three fitting methods (2, 3, and 4) use the correlation
function in limited and largely nonoverlapping regions of the
η1 and η2 phase space, and therefore are independent of each
other and largely independent of the Legendre decomposition
method. Moreover, if the correlation function is dominated
by the 〈a2

1〉 term, the results from all four methods should be
consistent.

G. Systematic uncertainties

The systematic uncertainties in this analysis arise from the
event mixing, track reconstruction and selection efficiency,
pair acceptance, and use of simulated events to test the
analysis process by comparing results from the generated
charged particles with those from reconstructed tracks. These
uncertainties apply to CN(η1,η2) or Csub

N (η1,η2) and the
associated Legendre coefficients. However, the systematic
uncertainty for Csub

N (η1,η2) also depends on the procedure for
separating the SRC from the LRC.

A natural way of quantifying these systematic uncertainties,
used in this analysis, is to calculate CN(η1,η2) or Csub

N (η1,η2)
under a different condition and then construct the ratio to
the default analysis: D(η1,η2). The average deviation of
D(η1,η2) from unity can be compared with the correlation
signal to estimate the systematic uncertainties in the correlation
function. The same D(η1,η2) function can also be expanded
into a Legendre series (Eq. (5)), and the resulting coefficients
ad

n,m can be used to estimate the systematic uncertainties for
the an,m coefficients. For the three fitting methods discussed in
Sec. III F, the fits are repeated for each check to estimate the

uncertainties in the resulting 〈a2
1〉1/2 values. These uncertainties

are not always the same for CN and Csub
N because Csub

N is not
sensitive to the variation in the short-range region, η− ≈ 0. In
the following, the uncertainty from each source is discussed.

The main source of uncertainty for Csub
N (η1,η2) arises from

the procedure to separate the SRC and the LRC. Since the
estimated SRC component for the opposite-charge pairs is
more than a factor of two larger than that for the same-charge
pairs (e.g., Figs. 2 and 3), the difference between C

sub,+−
N

and C
sub,±±
N is a conservative check of the robustness of the

subtraction procedure. This difference is typically small for
events with large N rec

ch , and it is found to be within 0.2–2.2% of
the correlation signal and 1–6% for 〈a2

1〉1/2 in the three collision
systems. The stability of LRC is also checked by varying the
fit range and varying the η+ slice used to obtain the δSRC(η−)
distribution for same-charge pairs. This uncertainty amounts to
1–2% in the correlation signal and 1–5% for 〈a2

1〉1/2 in Pb+Pb
collisions, and is larger in p + Pb and pp collisions due to a
stronger SRC for events with the same N rec

ch .
Uncertainties due to the event mixing are evaluated by

varying the criteria for matching events in N rec
ch and zvtx. The

ad
n,m values are calculated for each case. The uncertainty from

variation of the matching range in zvtx is less than 0.5% of the
correlation signal for both CN and Csub

N . The bin size in N rec
ch

for event matching is varied such that the number of events
in each bin varies by a factor of three. Most of the changes
appear as modulations of the projections of the correlation
function in η1 or η2 as defined in Eq. (4), and the renormalized
correlation functions CN(η1,η2) and Csub

N (η1,η2) are very
stable. The difference between different variations amounts
to at most 2% of the correlation signal or 〈a2

1〉1/2. The analysis
is also repeated separately for events with |zvtx| < 50 mm
and 50 < |zvtx| < 100 mm. Good agreement is seen between
the two. To evaluate the stability of the correlation function,
the entire dataset is divided into several groups of runs,
and the correlation functions and an coefficients are calculated
for each group. The results are found to be consistent within
2% for 〈a2

1〉1/2.
The 13-TeV pp results are obtained from the June 2015 and

August 2015 datasets with different μ values. The influence
of the residual pileup is evaluated by comparing the results
obtained separately from these two running periods, and no
systematic difference is observed between the results.

The shape of the correlation function is not very sensi-
tive to the uncertainty in the tracking efficiency correction,
since this correction is applied in both the numerator and
denominator. On the other hand, both the correlation signal and
reconstruction efficiency are observed to increase with pT, and
hence the correlation signal and associated 〈anam〉 coefficients
are expected to be smaller when corrected for reconstruction
efficiency. Indeed, a 1–2% decrease in 〈a2

n〉
1/2

is observed
after applying this correction. This change is conservatively
included in the systematic uncertainty.

The correlation function CN(η1,η2) has some small
localized structures that are not compatible with statistical
fluctuations. These structures are due to residual detector
effects in the pair acceptance that are not removed by the event-
mixing procedure, which can be important for extraction of the
higher-order coefficients. Indeed, the Legendre coefficients for
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TABLE I. Summary of average systematic uncertainties for the
correlation function Csub

N (η1,η2) with pT > 0.2 GeV. The uncertainty
is calculated as the variation relative to the correlation signal of
Csub

N (η1,η2), averaged over the entire η1 and η2 space. The range
in the table covers the variation of this uncertainty for different N rec

ch

classes.

Collision system Pb+Pb p + Pb pp

Charge dependence [%] 0.2–1.6 0.2–1.9 0.7–2.2
SRC LRC separation [%] 1.0–2.2 1.2–5.7 1.1–3.9
Event-mixing [%] 0.7–1.0 0.4–2.5 0.2–1.8
zvtx variation [%] 0.4–0.7 0.3–1.8 0.2–2.0
Run-by-run stability [%] 0.4–0.8 0.3–1.7 0.2–1.6
Track selection & efficiency [%] 0.7–1.4 0.2–0.3 0.3–0.6
MC consistency [%] 0.4–2.2 0.6–2.9 0.6–2.9
Total [%] 1.6–3.6 1.6–7.2 2.0–5.9

n � 8 show significant nonstatistical fluctuations around zero.
Therefore, the spread of 〈a2

n〉
1/2

for n � 10 and
√|〈anan+2〉| for

n � 8 are quoted as uncertainties for the Legendre coefficients.
These uncertainties are less than 0.5 × 10−5 for 〈anam〉
calculated from Csub

N (η1,η2) in all collision systems, and are
larger for those calculated from CN(η1,η2). The corresponding
relative uncertainty for 〈a2

1〉 is negligible.
The HIJING and PYTHIA 8 events used for evaluating the

reconstruction efficiency have a significant correlation signal
and sizable an,m coefficients for CN. The correlation functions
obtained using the reconstructed tracks are compared with
those obtained using the generated charged particles. The
ratio of the two is then used to vary the measured CN(η1,η2),
the procedure for removal of the SRC is repeated, and the

variations of Csub
N and an,m are calculated. The differences

in the correlation function reflect mainly the uncertainty in
the efficiency correction, but also the influence of secondary
decays and fake tracks. These differences are found to be
mostly concentrated in a region around η− ≈ 0; hence, they
affect mostly the estimation of the SRC component and have
very little impact on Csub

N and associated an,m. The differences
in Legendre coefficients are found to be up to 5% for an

calculated from CN and are 0.2–3.5% for 〈a2
1〉1/2 calculated

from Csub
N .

The systematic uncertainties from the different sources
described above are added in quadrature to give the total sys-
tematic uncertainties for the correlation functions and 〈a2

1〉1/2

values for both CN and Csub
N . The systematic uncertainties

associated with Csub
N (η1,η2) and 〈a2

1〉1/2 are given in Tables I
and II, respectively. Since there are four methods for extracting
〈a2

1〉1/2, they are given separately in Table II. The systematic
uncertainty quoted for each source in both tables covers the
maximum uncertainty in the specified collision system.

IV. RESULTS

The top row of Fig. 8 shows the correlation functions
CN(η1,η2) in the three collision systems for events with
similar multiplicity 100 � N rec

ch < 120. The corresponding
estimated SRC component δSRC(η1,η2) and long-range com-
ponent Csub

N (η1,η2) are shown in the middle and bottom rows,
respectively. The magnitude of the SRC in p + Pb is observed
to be larger in the proton-going direction than in the lead-going
direction, reflecting the fact that the particle multiplicity is
smaller in the proton-going direction. However, this forward-
backward asymmetry in p + Pb collisions is mainly associated

TABLE II. Summary of systematic uncertainties for 〈a2
1〉1/2 with pT > 0.2 GeV, calculated with four different methods: Legendre expansion

of Csub
N (η1,η2), quadratic fit of the η− dependence of Csub

N (η1,η2) for |η+| < 0.1, quadratic fit of the η+ dependence of Csub
N (η1,η2) for

0.9 < |η−| < 1.1, and linear fit of the η dependence of r sub
N (η,ηref ) for 2.2 < |ηref | < 2.4.

Collision system Quadratic fit to Csub
N (η−)||η+|<0.1 Quadratic fit to the Csub

N (η+)|0.9<|η−|<1.1

Pb+Pb p + Pb pp Pb+Pb p + Pb pp

Charge dependence [%] 0.1–2.7 0.4–2.5 1.1–3.4 0.2–5.5 0.5–7.0 1.2–7.3
SRC LRC separation [%] 1.2–2.6 1.1–6.7 1.4–5.3 1.0–2.9 0.8–3.1 1.8–3.5
Event mixing [%] 0.5–2.5 0.2–2.8 0.2–4.2 0.4–1.8 0.4–3.2 0.3–3.4
zvtx variation [%] 0.4–2.2 0.2–1.5 0.2–1.4 0.3–1.7 0.2–2.4 0.2–3.7
Run-by-run stability [%] 0.3–2.1 0.2–1.8 0.2–3.0 0.2–2.4 0.2–2.1 0.2–1.5
Track selection and efficiency [%] 0.6–4.4 0.5–1.0 1.0–1.9 0.7–4.7 0.7–1.0 0.8–1.4
MC consistency [%] 0.5–4.5 0.4–4.9 1.8–7.2 0.8–5.1 0.2–5.8 0.4–8.1
Total [%] 2.1–6.2 1.8–7.5 3.1–9.7 2.2–5.6 1.9–6.2 2.8–10.0

Linear fit to r sub
N (η)|2.2<|ηref |<2.4 Global Legendre expansion of Csub

N

Collision system Pb+Pb p + Pb pp Pb+Pb p + Pb pp

Charge dependence [%] 0.3–3.4 0.4–3.5 0.9–4.3 0.3–4.5 0.4–5.2 1.5–6.3
SRC LRC separation [%] 1.3–2.4 1.2–2.4 1.4–2.7 1.2–4.5 2.2–8.8 2.5–5.9
Event mixing [%] 0.4–2.2 0.4–1.2 0.3–2.6 0.2–1.7 0.2–1.6 0.2–0.4
zvtx variation [%] 0.2–1.6 0.2–2.6 0.2–2.7 0.2–1.7 0.2–2.8 0.2–2.5
Run-by-run stability [%] 0.2–1.9 0.1–2.2 0.2–3.0 0.2–0.6 0.1–1.8 0.2–2.2
Track selection and efficiency [%] 0.6–2.2 0.3–1.0 1.0–1.5 0.5–1.4 0.5–1.0 1.1–2.1
MC consistency [%] 0.6–4.4 0.2–4.8 0.8–3.4 0.5–4.3 0.8–4.6 0.2–4.0
Total [%] 2.4–4.9 1.8–5.3 2.4–4.5 2.3–5.0 2.5–9.1 3.4–8.2
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FIG. 8. The distributions of correlation functions CN(η1,η2) (top row), the estimated short-range component δSRC(η1,η2) (middle row),
and long-range component Csub

N (η1,η2) (bottom row). They are shown for collisions with 100 � N rec
ch < 120 in Pb+Pb (left column), p + Pb

(middle column), and pp collisions (right column).

with the SRC component, and the Csub
N (η1,η2) distribution

shows very little asymmetry. The CN(η1,η2) distributions show
significant differences between the three systems, which is
mainly due to their differences in δSRC(η1,η2). In fact, the
estimated long-range component Csub

N (η1,η2) shows similar
shape and similar overall magnitude for the three systems.

To characterize the shape of the correlation functions, the
Legendre coefficients 〈anam〉 for the distributions CN and
Csub

N shown in Fig. 8 are calculated via Eq. (6) and plotted
in Fig. 9. The 〈anam〉 values are shown for the first six
diagonal terms 〈a2

n〉 and the first five mixed terms 〈anan+2〉,
and they are also compared with coefficients calculated for
opposite-charge pairs and same-charge pairs for the same event
class. The magnitudes of the 〈anam〉 coefficients calculated for
CN differ significantly for the different charge combinations,
and they also increase as the size of the collision system
decreases, i.e., |〈anam〉|p+p > |〈anam〉|p+Pb > |〈anam〉|Pb+Pb.
This is consistent with a large contribution from SRC to all
〈anam〉 coefficients obtained from CN. After removal of the

SRC, the 〈a2
1〉 coefficient is quite consistent between different

charge combinations and different collision systems. All
higher-order coefficients are much smaller, and they are very
close to zero within the systematic uncertainties. Therefore,
the rest of the paper focuses on the 〈a2

1〉1/2 results.
To quantify further the shape of the LRC in Csub

N (η1,η2),
the 〈a2

1〉1/2 coefficients are also calculated by fitting the 1-D
distributions from the three projection methods as outlined in
Sec. III F: (1) quadratic fit of Csub

N (η−) in a narrow range of
η+, (2) quadratic fit of Csub

N (η+) in a narrow range of η−, and
(3) linear fit of rsub

N (η) in a narrow range of ηref . The results for
Pb+Pb collisions with 100 � N rec

ch < 120 are shown in the first
row of Fig. 10 for several selected projections and associated
fits. The extracted 〈a2

1〉1/2 values are shown in the bottom row as
a function of the range of the projections. They are compared
with the 〈a2

1〉1/2 values obtained directly via the Legendre
expansion of the entire Csub

N distribution, shown by the
horizontal solid line. The 〈a2

1〉1/2 values from all four methods
are very similar. Figures 11 and 12 show the same observables

064914-11



M. AABOUD et al. PHYSICAL REVIEW C 95, 064914 (2017)

0

0.002

0.004
-1bμ=2.76 TeV, Pb+Pb, 7 NNs

ATLAS

 < 120rec
ch N≤100

 > 0.2 GeV
T

p

)
2

η,
1

η(NCalculated from C
〉2 1a〈
〉2 2a〈
〉2 3a〈
〉2 4a〈
〉2 5a〈

〉2 6a〈
〉 3a 1a〈
〉 4a 2a〈
〉 5a 3a〈
〉 6a 4a〈
〉 7a 5a〈

0

0.0005

0.001

0.0015
)

2
η,

1
η(sub

NCalculated from C

+- pairs

++,-- pairs

all pairs

0

0.002

0.004

0.006

-1=5.02 TeV, p+Pb, 28 nbNNs

ATLAS     

 < 120rec
ch N≤100 

 > 0.2 GeV
T

p

)
2

η,
1

η(NCalculated from C

〉2 1a〈
〉2 2a〈
〉2 3a〈
〉2 4a〈
〉2 5a〈

〉2 6a〈
〉 3a 1a〈
〉 4a 2a〈
〉 5a 3a〈
〉 6a 4a〈
〉 7a 5a〈

0

0.0005

0.001

0.0015 )
2

η,
1

η(sub
NCalculated from C

+- pairs

++,-- pairs

all pairs

0

0.005

-1=13 TeV, p+p, 65 nbs

ATLAS

 < 120rec
ch N≤100

 > 0.2 GeV
T

p

)
2

η,
1

η(NCalculated from C

〉2 1a〈
〉2 2a〈
〉2 3a〈
〉2 4a〈
〉2 5a〈

〉2 6a〈
〉 3a 1a〈
〉 4a 2a〈
〉 5a 3a〈
〉 6a 4a〈
〉 7a 5a〈

0

0.0005

0.001

0.0015 )
2

η,
1

η(sub
NCalculated from C

+- pairs

++,-- pairs

all pairs

FIG. 9. The Legendre spectra 〈a2
n〉 and 〈anan+2〉 calculated via Eq. (6) from correlation functions CN(η1,η2) (top row) and Csub

N (η1,η2)
(bottom row) in Pb+Pb (left column), p + Pb (middle column), and pp (right column) collisions for events with 100 � N rec

ch < 120. The shaded
bands represent the total uncertainties. The results are shown for all-charge (open squares), opposite-charge (open circles), and same-charge
pairs (solid circles).

in p + Pb collisions and pp collisions, respectively. Results
are quite similar to those in Pb+Pb collisions, albeit with
larger systematic uncertainties arising from the subtraction of
a larger short-range component. For p + Pb (Fig. 11), the small
FB asymmetry in the Csub

N distribution along the η+ direction is
responsible for the difference in 〈a2

1〉1/2 between η+ and −η+
in the bottom left panel and between ηref and −ηref in the
bottom right panel, but they still agree within their respective
systematic uncertainties.

Figure 13 shows a comparison of the 〈a2
1〉1/2 values extracted

by the four methods as a function of Nch in the three collision
systems. Good agreement between the different methods is
observed.

On the other hand, the SRC is expected to have strong
dependence on the charge combinations and collision systems,
as shown by Figs. 8 and 9. The magnitude of the SRC
is quantified by δSRC(η1,η2) averaged over the two-particle
pseudorapidity phase space:

�SRC =
∫ Y

−Y
δSRC(η1,η2) dη1 dη2

4Y 2
. (19)

The corresponding contribution of the SRC at the single-
particle level is

√
�SRC, which can be directly compared with

the strength of the LRC characterized by 〈a2
1〉1/2. Figure 14

shows the values of
√

�SRC as a function of Nch for different
charge combinations in the three collision systems. The
strength of the SRC always decreases with Nch, and it is larger
for smaller collision systems and opposite-charge pairs.

Figure 15 compares the strength of the SRC in terms
of

√
�SRC and the LRC in terms of 〈a2

1〉1/2 for the three
collision systems. The values of

√
�SRC are observed to differ

significantly while the values of 〈a2
1〉1/2 agree within ±10%

between the three collision systems.
The strength of the SRC and LRC can be related to the

number of clusters n contributing to the final multiplicity Nch,
where n is the sum of clusters from the projectile and target
nucleon or nucleus, n = nF + nB. The LRC is expected to be
related to the asymmetry between nF and nB:

An = nF − nB

nF + nB
,

〈
a2

1

〉 ∝ 〈
A2

n

〉
. (20)

The clusters could include the participating nucleons, sub-
nucleonic degrees of freedom such as the fragmentation of
scattered partons, or resonance decays. In an independent
cluster model [37], each cluster emits the same number of pairs
and the number of clusters follows Poisson fluctuations. In this
picture, both the SRC in terms of �SRC and LRC in terms of
〈a2

1〉 should scale approximately as the inverse of the number
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FIG. 10. The distributions Csub
N (η−) (top left panel), Csub

N (η+) (top middle panel), and r sub
N (η) (top right panel) obtained from Csub

N (η1,η2) in
three ranges of η+, η−, and ηref , respectively, from Pb+Pb collisions with 100 � N rec

ch < 120. The solid lines indicate fits to either a quadratic
function (top left two panels) or a linear function (top right panel). The 〈a2

1〉1/2 values from the fits are shown in the corresponding lower
panels as a function of the η+, η−, and ηref , respectively. The error bars and shaded bands represent the statistical and systematic uncertainties,
respectively. The solid horizontal line and hashed band indicate the value and uncertainty of 〈a2

1〉1/2 obtained from a Legendre expansion of the
Csub

N (η1,η2).
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FIG. 11. The distributions Csub
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FIG. 12. The distributions Csub
N (η−) (top left panel), Csub

N (η+) (top middle panel), and r sub
N (η) (top right panel) obtained from Csub

N (η1,η2)
in three ranges of η+, η−, and ηref , respectively, from pp collisions with 100 � N rec

ch < 120. The solid lines indicate fits to either a quadratic
function (top left two panels) or a linear function (top right panel). The 〈a2
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of clusters, and hence, assuming n and Nch are proportional,
the

√
�SRC and 〈a2

1〉1/2 values in Fig. 15 are expected to follow
a simple power-law function in Nch:

√
�SRC ∼ 〈

a2
1

〉1/2 ∼ 1

nα
∼ 1

Nα
ch

, α ≈ 0.5. (21)

A power index that is less than one half, α < 0.5, would
suggest that n grows more slowly than N rec

ch , and vice versa.
To test this idea, the

√
�SRC and 〈a2

1〉1/2 data in Fig. 15 are fit
to a power-law function: c/Nα

ch. The function describes the Nch

dependence in all three collision systems, with a reduced χ2

values ranging between 0.2 and 0.9. The extracted power index
values are summarized in Table III. The values of α for the
SRC are found to be smaller for smaller collision systems, they
are close to 0.5 in the Pb+Pb collisions and are significantly
smaller than 0.5 in the pp collisions. In contrast, the values
of α for 〈a2

1〉1/2 agree within uncertainties between the three
systems and are slightly below 0.5.

One striking feature of the correlation function in p + Pb
collisions, for example in Fig. 8, is a large FB asymmetry of the
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FIG. 13. The 〈a2
1〉1/2 as a function of Nch from four different methods, fit Csub

N (η−) (solid circles), fit Csub
N (η+) (open circles), fit r sub

N (η)
(open squares), and Legendre expansion of Csub

N (η1,η2) (open diamonds), in Pb+Pb (left panel), p + Pb (middle panel), and pp (right panel)
collisions. The error bars and shaded bands represent the statistical and systematic uncertainties, respectively.
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SRC, δSRC(η1,η2) along the η+ direction. Even in pp collisions,
the δSRC distribution is not uniform, but instead shows a
quadratic increase towards large |η+| values. According to the
discussion in Sec. III B, the shape of the δSRC distribution in η+
is described by the f (η+) defined in Eq. (10). Examples of the
f (η+) are shown in Fig. 16 for p + Pb, symmetrized-p + Pb,
pp, and Pb+Pb collisions with 100 � N rec

ch < 120. As de-
scribed in Sec. III B, symmetrized-p + Pb results are obtained
by averaging the proton-going and lead-going directions such
that C(η1,η2) = C(−η1,−η2).

The independent cluster picture discussed above offers a
simple interpretation of the shape of f (η+). Assuming the
population of clusters is a function of η, nc(η), and on average
each cluster produces m charged particles according to a
Poisson distribution, then the number of the SRC pairs scales as
nc〈m(m − 1)〉 = nc〈m〉2 and the number of the combinatorial
pairs scales as (nc〈m〉)2

. Therefore the strength of the SRC at
given η is expected to scale as

δSRC(η,η) ∝ nc〈m(m − 1)〉
(nc〈m〉)2

= 1

nc
∝ 1

dNch/ dη
, (22)

where nc(η) is assumed to be proportional to the local
charge-particle multiplicity density dNch/ dη. Hence, the fact
that f (η+) is larger in the proton-going direction than in the
Pb-going direction in p + Pb collisions simply reflects the
asymmetric shape of the dNch/ dη distribution in each event
[52]. The quadratic shape of f (η+) for pp and symmetrized-
p + Pb system therefore reflects a large, intrinsic FB asymme-
try of dNch/dη on an event-by-event level. The FB asymmetry
in pp collisions is slightly larger than p + Pb collisions at
comparable Nch, but is significantly less in Pb+Pb collisions.
This observation suggests that the FB asymmetry for particle
production in pp collisions could be as large as that in p + Pb
collisions at comparable event activity, whereas the FB asym-
metry for particle production is smaller in Pb+Pb collisions.

V. COMPARISON TO MODELS

QCD-inspired models such as PYTHIA and EPOS
are often used to describe the particle production in pp
collisions. ATLAS has previously compared the predictions
of the PTYHIA8 A2 and EPOS LHC tunes with various
single-particle distributions, such as the pT, η and the
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FIG. 15. The estimated magnitude of the short-range component
√

�SRC (left panel) and 〈a2
1〉1/2 (right panel) values as a function of Nch for

all-charge pairs in Pb+Pb (solid circles), p + Pb (open circles), and pp (open squares) collisions. The shaded bands represent the systematic
uncertainties, and the statistical uncertainties are smaller than the symbols.
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TABLE III. The power index and associated total uncertainty
from a power-law fit of the Nch dependence of

√
�SRC and 〈a2

1〉1/2.

Pb+Pb p + Pb pp

α for
√

�SRC 0.505 ± 0.011 0.450 ± 0.010 0.365 ± 0.014
α for 〈a2

1〉1/2 0.454 ± 0.011 0.433 ± 0.014 0.465 ± 0.018

event-by-event Nch distributions, fully unfolded for detector
effects [33,34]. Reasonable agreement has been observed for
these single-particle observables. In order to perform a data
model comparison, the multiplicity correlation procedure
used on the data is repeated for the two models to extract
the SRC and LRC components. The extracted LRC in these
models is then decomposed into Legendre coefficients of
different order. The coefficients are found to be dominated by
〈a2

1〉1/2, consistent with the observation that the shapes of the
LRC are similar to those in the pp data in Fig. 8. However,
the values of 〈a2

1〉1/2 predicted by the models are found to be
much smaller than the pp data at the same Nch.

For a more direct comparison, Fig. 17 shows the Nch

dependence of SRC and LRC from the data and the two models
in pp collisions. The systematic uncertainties on the model
predictions are dominated by the uncertainty in separating
the SRC and LRC, as discussed in Sec. III G. However, at
large Nch, they are also limited by the available MC statistics.
There is some indication that the values of

√
�SRC from data

are larger than the EPOS predictions and smaller than those
from PYTHIA 8. Furthermore, the values from PYTHIA 8 in-
crease for Nch > 120, a trend not supported by the data. On the
other hand, both models underestimate significantly the values
of 〈a2

1〉1/2, suggesting that the FB multiplicity fluctuations in
both models are significantly weaker than in the pp data.
Therefore, these two models, which were tuned to describe
many single-particle observables, fail to describe the longitu-
dinal correlations between the produced charged particles.

VI. SUMMARY

Two-particle pseudorapidity correlations are measured with
the ATLAS detector in

√
sNN = 2.76 TeV Pb + Pb,

√
sNN =

5.02 TeV p + Pb, and
√

s = 13 TeV pp collisions at the

LHC, with total integrated luminosities of approximately
7 μb−1, 28 nb−1, and 65 nb−1, respectively. The correlation
function CN(η1,η2) is measured using charged particles in the
pseudorapidity range |η| < 2.4 with transverse momentum
pT > 0.2 GeV, and it is measured as a function of event
multiplicity Nch defined by the total number of charged
particles with |η| < 2.5 and pT > 0.4 GeV. The correlation
function shows an enhancement along the η1 ≈ η2 direc-
tion and suppression at η1 ≈ −η2 ∼ ±2.4, consistent with
the expectation from an event-by-event forward-backward
asymmetry in the multiplicity fluctuation (the long-range
correlations or LRC). However, the correlation function also
has a large narrow ridge along the η1 ≈ η2 direction associated
with short-range correlations (SRC). The magnitudes of the
SRC in p + Pb is found to be larger in the proton-going
direction than the lead-going direction, reflecting the fact
that the particle multiplicity is smaller in the proton-going
direction. This is consistent with the observation that the
SRC strength increases for smaller Nch. The SRC is observed
to be much stronger for opposite-charge pairs than for the
same-charge pairs, while the LRC is found to be similar for
the two charge combinations. Based on this, a data-driven
subtraction method was developed to separate the SRC and
the LRC. The magnitudes of the SRC and the LRC are then
compared for the three collision systems at similar values of
Nch.

After subtracting out the SRC δSRC(η1,η2), the correlation
function Csub

N (η1,η2) is decomposed into a sum of products of
Legendre polynomials that describe the different shape com-
ponents, and the coefficients 〈anam〉 are calculated. Significant
values are observed for 〈a2

1〉 in all Nch ranges and higher-order
coefficients are consistent with zero, and suggesting that Csub

N
has an approximate functional form Csub

N ≈ 1 + 〈a2
1〉η1η2. The

quantity 〈a2
1〉 is also estimated by parametrization of the shape

of the correlation function in narrow ranges of η− = η1 − η2

and η+ = η1 + η2, or from a ratio Csub
N (η1,η2)/Csub

N (−η1,η2),
and consistent results are obtained. The magnitude of the
SRC and 〈a2

1〉1/2 are compared for the three collision systems as
a function of Nch. Large differences are observed for the SRC,
but the values of 〈a2

1〉1/2 agree within ±10% at the same Nch.
The Nch dependences of both the SRC and 〈a2

1〉1/2 follow an
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FIG. 16. The shape of the SRC in η+ represented by f (η+) calculated via Eq. (10) for p + Pb, symmetrized-p + Pb, pp, and Pb+Pb
collisions with 100 � N rec

ch < 120. The solid lines represent a fit to a quadratic function.
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FIG. 17. The
√

�SRC (left panel) and 〈a2
1〉1/2 (right panel) as a function of Nch in pp collisions at

√
s = 13 TeV, compared between data

and PYTHIA 8 A2 and EPOS LHC. The shaded bands represent the total uncertainties.

approximate power-law shape. The power index for 〈a2
1〉1/2

is approximately the same for the three collision systems.
In contrast, the power-law index for the SRC is smaller for
smaller collision systems. The SRC distribution shows strong
dependence on η+ in p + Pb and pp, but much weaker
dependence in Pb+Pb collisions. The δSRC(η+) distribution,
after symmetrizing the proton and lead directions, is found
to be similar to the SRC in pp collisions with comparable
Nch, suggesting that the event-by-event FB asymmetry for
particle production is similar in pp and p + Pb collisions with
comparable event activity. The PYTHIA 8 A2 and EPOS LHC
models, which were tuned to describe many single-particle
observables in pp collisions, fail to describe the SRC and the
LRC observed in the pp data.
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B. Ristić,51 E. Ritsch,32 I. Riu,13 F. Rizatdinova,114 E. Rizvi,77 C. Rizzi,13 S. H. Robertson,88,l A. Robichaud-Veronneau,88

D. Robinson,30 J. E. M. Robinson,44 A. Robson,55 C. Roda,124a,124b Y. Rodina,86 A. Rodriguez Perez,13

D. Rodriguez Rodriguez,166 S. Roe,32 C. S. Rogan,58 O. Røhne,119 A. Romaniouk,98 M. Romano,22a,22b S. M. Romano Saez,36

E. Romero Adam,166 N. Rompotis,138 M. Ronzani,50 L. Roos,81 E. Ros,166 S. Rosati,132a K. Rosbach,50 P. Rose,137

O. Rosenthal,141 N.-A. Rosien,56 V. Rossetti,146a,146b E. Rossi,104a,104b L. P. Rossi,52a J. H. N. Rosten,30 R. Rosten,138

M. Rotaru,28b I. Roth,171 J. Rothberg,138 D. Rousseau,117 C. R. Royon,136 A. Rozanov,86 Y. Rozen,152 X. Ruan,145c F. Rubbo,143

M. S. Rudolph,158 F. Rühr,50 A. Ruiz-Martinez,31 Z. Rurikova,50 N. A. Rusakovich,66 A. Ruschke,100 H. L. Russell,138

J. P. Rutherfoord,7 N. Ruthmann,32 Y. F. Ryabov,123 M. Rybar,165 G. Rybkin,117 S. Ryu,6 A. Ryzhov,130 G. F. Rzehorz,56

A. F. Saavedra,150 G. Sabato,107 S. Sacerdoti,29 H. F.-W. Sadrozinski,137 R. Sadykov,66 F. Safai Tehrani,132a P. Saha,108

M. Sahinsoy,59a M. Saimpert,136 T. Saito,155 H. Sakamoto,155 Y. Sakurai,170 G. Salamanna,134a,134b A. Salamon,133a,133b

J. E. Salazar Loyola,34b D. Salek,107 P. H. Sales De Bruin,138 D. Salihagic,101 A. Salnikov,143 J. Salt,166 D. Salvatore,39a,39b

F. Salvatore,149 A. Salvucci,61a A. Salzburger,32 D. Sammel,50 D. Sampsonidis,154 A. Sanchez,104a,104b J. Sánchez,166

V. Sanchez Martinez,166 H. Sandaker,119 R. L. Sandbach,77 H. G. Sander,84 M. Sandhoff,174 C. Sandoval,21 R. Sandstroem,101

D. P. C. Sankey,131 M. Sannino,52a,52b A. Sansoni,49 C. Santoni,36 R. Santonico,133a,133b H. Santos,126a I. Santoyo Castillo,149

K. Sapp,125 A. Sapronov,66 J. G. Saraiva,126a,126d B. Sarrazin,23 O. Sasaki,67 Y. Sasaki,155 K. Sato,160 G. Sauvage,5,* E. Sauvan,5

G. Savage,78 P. Savard,158,d N. Savic,101 C. Sawyer,131 L. Sawyer,80,q J. Saxon,33 C. Sbarra,22a A. Sbrizzi,22a,22b T. Scanlon,79

D. A. Scannicchio,162 M. Scarcella,150 V. Scarfone,39a,39b J. Schaarschmidt,171 P. Schacht,101 B. M. Schachtner,100

D. Schaefer,32 L. Schaefer,122 R. Schaefer,44 J. Schaeffer,84 S. Schaepe,23 S. Schaetzel,59b U. Schäfer,84 A. C. Schaffer,117

D. Schaile,100 R. D. Schamberger,148 V. Scharf,59a V. A. Schegelsky,123 D. Scheirich,129 M. Schernau,162 C. Schiavi,52a,52b

S. Schier,137 C. Schillo,50 M. Schioppa,39a,39b S. Schlenker,32 K. R. Schmidt-Sommerfeld,101 K. Schmieden,32 C. Schmitt,84

S. Schmitt,44 S. Schmitz,84 B. Schneider,159a U. Schnoor,50 L. Schoeffel,136 A. Schoening,59b B. D. Schoenrock,91 E. Schopf,23

M. Schott,84 J. Schovancova,8 S. Schramm,51 M. Schreyer,173 N. Schuh,84 A. Schulte,84 M. J. Schultens,23

H.-C. Schultz-Coulon,59a H. Schulz,17 M. Schumacher,50 B. A. Schumm,137 Ph. Schune,136 A. Schwartzman,143

T. A. Schwarz,90 H. Schweiger,85 Ph. Schwemling,136 R. Schwienhorst,91 J. Schwindling,136 T. Schwindt,23 G. Sciolla,25

F. Scuri,124a,124b F. Scutti,89 J. Searcy,90 P. Seema,23 S. C. Seidel,105 A. Seiden,137 F. Seifert,128 J. M. Seixas,26a

G. Sekhniaidze,104a K. Sekhon,90 S. J. Sekula,42 D. M. Seliverstov,123,* N. Semprini-Cesari,22a,22b C. Serfon,119 L. Serin,117

L. Serkin,163a,163b M. Sessa,134a,134b R. Seuster,168 H. Severini,113 T. Sfiligoj,76 F. Sforza,32 A. Sfyrla,51 E. Shabalina,56

N. W. Shaikh,146a,146b L. Y. Shan,35a R. Shang,165 J. T. Shank,24 M. Shapiro,16 P. B. Shatalov,97 K. Shaw,163a,163b S. M. Shaw,85

064914-23



M. AABOUD et al. PHYSICAL REVIEW C 95, 064914 (2017)

A. Shcherbakova,146a,146b C. Y. Shehu,149 P. Sherwood,79 L. Shi,151,aj S. Shimizu,68 C. O. Shimmin,162 M. Shimojima,102

M. Shiyakova,66,ak A. Shmeleva,96 D. Shoaleh Saadi,95 M. J. Shochet,33 S. Shojaii,92a,92b S. Shrestha,111 E. Shulga,98

M. A. Shupe,7 P. Sicho,127 A. M. Sickles,165 P. E. Sidebo,147 O. Sidiropoulou,173 D. Sidorov,114 A. Sidoti,22a,22b F. Siegert,46

Dj. Sijacki,14 J. Silva,126a,126d S. B. Silverstein,146a V. Simak,128 Lj. Simic,14 S. Simion,117 E. Simioni,84 B. Simmons,79

D. Simon,36 M. Simon,84 P. Sinervo,158 N. B. Sinev,116 M. Sioli,22a,22b G. Siragusa,173 S. Yu. Sivoklokov,99 J. Sjölin,146a,146b

M. B. Skinner,73 H. P. Skottowe,58 P. Skubic,113 M. Slater,19 T. Slavicek,128 M. Slawinska,107 K. Sliwa,161 R. Slovak,129

V. Smakhtin,171 B. H. Smart,5 L. Smestad,15 J. Smiesko,144a S. Yu. Smirnov,98 Y. Smirnov,98 L. N. Smirnova,99,al

O. Smirnova,82 M. N. K. Smith,37 R. W. Smith,37 M. Smizanska,73 K. Smolek,128 A. A. Snesarev,96 S. Snyder,27 R. Sobie,168,l

F. Socher,46 A. Soffer,153 D. A. Soh,151 G. Sokhrannyi,76 C. A. Solans Sanchez,32 M. Solar,128 E. Yu. Soldatov,98

U. Soldevila,166 A. A. Solodkov,130 A. Soloshenko,66 O. V. Solovyanov,130 V. Solovyev,123 P. Sommer,50 H. Son,161

H. Y. Song,35b,am A. Sood,16 A. Sopczak,128 V. Sopko,128 V. Sorin,13 D. Sosa,59b C. L. Sotiropoulou,124a,124b R. Soualah,163a,163c

A. M. Soukharev,109,c D. South,44 B. C. Sowden,78 S. Spagnolo,74a,74b M. Spalla,124a,124b M. Spangenberg,169 F. Spanò,78

D. Sperlich,17 F. Spettel,101 R. Spighi,22a G. Spigo,32 L. A. Spiller,89 M. Spousta,129 R. D. St. Denis,55,* A. Stabile,92a

R. Stamen,59a S. Stamm,17 E. Stanecka,41 R. W. Stanek,6 C. Stanescu,134a M. Stanescu-Bellu,44 M. M. Stanitzki,44

S. Stapnes,119 E. A. Starchenko,130 G. H. Stark,33 J. Stark,57 P. Staroba,127 P. Starovoitov,59a S. Stärz,32 R. Staszewski,41

P. Steinberg,27 B. Stelzer,142 H. J. Stelzer,32 O. Stelzer-Chilton,159a H. Stenzel,54 G. A. Stewart,55 J. A. Stillings,23

M. C. Stockton,88 M. Stoebe,88 G. Stoicea,28b P. Stolte,56 S. Stonjek,101 A. R. Stradling,8 A. Straessner,46 M. E. Stramaglia,18

J. Strandberg,147 S. Strandberg,146a,146b A. Strandlie,119 M. Strauss,113 P. Strizenec,144b R. Ströhmer,173 D. M. Strom,116

R. Stroynowski,42 A. Strubig,106 S. A. Stucci,27 B. Stugu,15 N. A. Styles,44 D. Su,143 J. Su,125 S. Suchek,59a Y. Sugaya,118

M. Suk,128 V. V. Sulin,96 S. Sultansoy,4c T. Sumida,69 S. Sun,58 X. Sun,35a J. E. Sundermann,50 K. Suruliz,149 G. Susinno,39a,39b

M. R. Sutton,149 S. Suzuki,67 M. Svatos,127 M. Swiatlowski,33 I. Sykora,144a T. Sykora,129 D. Ta,50 C. Taccini,134a,134b

K. Tackmann,44 J. Taenzer,158 A. Taffard,162 R. Tafirout,159a N. Taiblum,153 H. Takai,27 R. Takashima,70 T. Takeshita,140

Y. Takubo,67 M. Talby,86 A. A. Talyshev,109,c K. G. Tan,89 J. Tanaka,155 M. Tanaka,157 R. Tanaka,117 S. Tanaka,67

B. B. Tannenwald,111 S. Tapia Araya,34b S. Tapprogge,84 S. Tarem,152 G. F. Tartarelli,92a P. Tas,129 M. Tasevsky,127 T. Tashiro,69

E. Tassi,39a,39b A. Tavares Delgado,126a,126b Y. Tayalati,135e A. C. Taylor,105 G. N. Taylor,89 P. T. E. Taylor,89 W. Taylor,159b

F. A. Teischinger,32 P. Teixeira-Dias,78 K. K. Temming,50 D. Temple,142 H. Ten Kate,32 P. K. Teng,151 J. J. Teoh,118 F. Tepel,174

S. Terada,67 K. Terashi,155 J. Terron,83 S. Terzo,101 M. Testa,49 R. J. Teuscher,158,l T. Theveneaux-Pelzer,86 J. P. Thomas,19

J. Thomas-Wilsker,78 E. N. Thompson,37 P. D. Thompson,19 A. S. Thompson,55 L. A. Thomsen,175 E. Thomson,122

M. Thomson,30 M. J. Tibbetts,16 R. E. Ticse Torres,86 V. O. Tikhomirov,96,an Yu. A. Tikhonov,109,c S. Timoshenko,98

P. Tipton,175 S. Tisserant,86 K. Todome,157 T. Todorov,5,* S. Todorova-Nova,129 J. Tojo,71 S. Tokár,144a K. Tokushuku,67

E. Tolley,58 L. Tomlinson,85 M. Tomoto,103 L. Tompkins,143,ao K. Toms,105 B. Tong,58 E. Torrence,116 H. Torres,142

E. Torró Pastor,138 J. Toth,86,ap F. Touchard,86 D. R. Tovey,139 T. Trefzger,173 A. Tricoli,27 I. M. Trigger,159a

S. Trincaz-Duvoid,81 M. F. Tripiana,13 W. Trischuk,158 B. Trocmé,57 A. Trofymov,44 C. Troncon,92a M. Trottier-McDonald,16

M. Trovatelli,168 L. Truong,163a,163c M. Trzebinski,41 A. Trzupek,41 J. C.-L. Tseng,120 P. V. Tsiareshka,93 G. Tsipolitis,10

N. Tsirintanis,9 S. Tsiskaridze,13 V. Tsiskaridze,50 E. G. Tskhadadze,53a K. M. Tsui,61a I. I. Tsukerman,97 V. Tsulaia,16

S. Tsuno,67 D. Tsybychev,148 Y. Tu,61b A. Tudorache,28b V. Tudorache,28b A. N. Tuna,58 S. A. Tupputi,22a,22b S. Turchikhin,66

D. Turecek,128 D. Turgeman,171 R. Turra,92a,92b A. J. Turvey,42 P. M. Tuts,37 M. Tyndel,131 G. Ucchielli,22a,22b I. Ueda,155

M. Ughetto,146a,146b F. Ukegawa,160 G. Unal,32 A. Undrus,27 G. Unel,162 F. C. Ungaro,89 Y. Unno,67 C. Unverdorben,100

J. Urban,144b P. Urquijo,89 P. Urrejola,84 G. Usai,8 A. Usanova,63 L. Vacavant,86 V. Vacek,128 B. Vachon,88 C. Valderanis,100

E. Valdes Santurio,146a,146b N. Valencic,107 S. Valentinetti,22a,22b A. Valero,166 L. Valery,13 S. Valkar,129 J. A. Valls Ferrer,166

W. Van Den Wollenberg,107 P. C. Van Der Deijl,107 H. van der Graaf,107 N. van Eldik,152 P. van Gemmeren,6

J. Van Nieuwkoop,142 I. van Vulpen,107 M. C. van Woerden,32 M. Vanadia,132a,132b W. Vandelli,32 R. Vanguri,122

A. Vaniachine,130 P. Vankov,107 G. Vardanyan,176 R. Vari,132a E. W. Varnes,7 T. Varol,42 D. Varouchas,81 A. Vartapetian,8

K. E. Varvell,150 J. G. Vasquez,175 F. Vazeille,36 T. Vazquez Schroeder,88 J. Veatch,56 V. Veeraraghavan,7 L. M. Veloce,158

F. Veloso,126a,126c S. Veneziano,132a A. Ventura,74a,74b M. Venturi,168 N. Venturi,158 A. Venturini,25 V. Vercesi,121a

M. Verducci,132a,132b W. Verkerke,107 J. C. Vermeulen,107 A. Vest,46,aq M. C. Vetterli,142,d O. Viazlo,82 I. Vichou,165,*

T. Vickey,139 O. E. Vickey Boeriu,139 G. H. A. Viehhauser,120 S. Viel,16 L. Vigani,120 M. Villa,22a,22b M. Villaplana Perez,92a,92b

E. Vilucchi,49 M. G. Vincter,31 V. B. Vinogradov,66 C. Vittori,22a,22b I. Vivarelli,149 S. Vlachos,10 M. Vlasak,128 M. Vogel,174

P. Vokac,128 G. Volpi,124a,124b M. Volpi,89 H. von der Schmitt,101 E. von Toerne,23 V. Vorobel,129 K. Vorobev,98 M. Vos,166

R. Voss,32 J. H. Vossebeld,75 N. Vranjes,14 M. Vranjes Milosavljevic,14 V. Vrba,127 M. Vreeswijk,107 R. Vuillermet,32

I. Vukotic,33 Z. Vykydal,128 P. Wagner,23 W. Wagner,174 H. Wahlberg,72 S. Wahrmund,46 J. Wakabayashi,103 J. Walder,73

R. Walker,100 W. Walkowiak,141 V. Wallangen,146a,146b C. Wang,35c C. Wang,35d,86 F. Wang,172 H. Wang,16 H. Wang,42

J. Wang,44 J. Wang,150 K. Wang,88 R. Wang,6 S. M. Wang,151 T. Wang,23 T. Wang,37 W. Wang,35b X. Wang,175

C. Wanotayaroj,116 A. Warburton,88 C. P. Ward,30 D. R. Wardrope,79 A. Washbrook,48 P. M. Watkins,19 A. T. Watson,19

M. F. Watson,19 G. Watts,138 S. Watts,85 B. M. Waugh,79 S. Webb,84 M. S. Weber,18 S. W. Weber,173 J. S. Webster,6

A. R. Weidberg,120 B. Weinert,62 J. Weingarten,56 C. Weiser,50 H. Weits,107 P. S. Wells,32 T. Wenaus,27 T. Wengler,32

S. Wenig,32 N. Wermes,23 M. Werner,50 M. D. Werner,65 P. Werner,32 M. Wessels,59a J. Wetter,161 K. Whalen,116

N. L. Whallon,138 A. M. Wharton,73 A. White,8 M. J. White,1 R. White,34b D. Whiteson,162 F. J. Wickens,131

064914-24



MEASUREMENT OF FORWARD-BACKWARD MULTIPLICITY . . . PHYSICAL REVIEW C 95, 064914 (2017)

W. Wiedenmann,172 M. Wielers,131 P. Wienemann,23 C. Wiglesworth,38 L. A. M. Wiik-Fuchs,23 A. Wildauer,101 F. Wilk,85

H. G. Wilkens,32 H. H. Williams,122 S. Williams,107 C. Willis,91 S. Willocq,87 J. A. Wilson,19 I. Wingerter-Seez,5

F. Winklmeier,116 O. J. Winston,149 B. T. Winter,23 M. Wittgen,143 J. Wittkowski,100 T. M. H. Wolf,107 M. W. Wolter,41

H. Wolters,126a,126c S. D. Worm,131 B. K. Wosiek,41 J. Wotschack,32 M. J. Woudstra,85 K. W. Wozniak,41 M. Wu,57 M. Wu,33

S. L. Wu,172 X. Wu,51 Y. Wu,90 T. R. Wyatt,85 B. M. Wynne,48 S. Xella,38 D. Xu,35a L. Xu,27 B. Yabsley,150 S. Yacoob,145a

D. Yamaguchi,157 Y. Yamaguchi,118 A. Yamamoto,67 S. Yamamoto,155 T. Yamanaka,155 K. Yamauchi,103 Y. Yamazaki,68

Z. Yan,24 H. Yang,35e H. Yang,172 Y. Yang,151 Z. Yang,15 W-M. Yao,16 Y. C. Yap,81 Y. Yasu,67 E. Yatsenko,5 K. H. Yau Wong,23

J. Ye,42 S. Ye,27 I. Yeletskikh,66 A. L. Yen,58 E. Yildirim,84 K. Yorita,170 R. Yoshida,6 K. Yoshihara,122 C. Young,143

C. J. S. Young,32 S. Youssef,24 D. R. Yu,16 J. Yu,8 J. M. Yu,90 J. Yu,65 L. Yuan,68 S. P. Y. Yuen,23 I. Yusuff,30,ar B. Zabinski,41

R. Zaidan,35d A. M. Zaitsev,130,ae N. Zakharchuk,44 J. Zalieckas,15 A. Zaman,148 S. Zambito,58 L. Zanello,132a,132b D. Zanzi,89

C. Zeitnitz,174 M. Zeman,128 A. Zemla,40a J. C. Zeng,165 Q. Zeng,143 K. Zengel,25 O. Zenin,130 T. Ženiš,144a D. Zerwas,117

D. Zhang,90 F. Zhang,172 G. Zhang,35b,am H. Zhang,35c J. Zhang,6 L. Zhang,50 R. Zhang,23 R. Zhang,35b,as X. Zhang,35d

Z. Zhang,117 X. Zhao,42 Y. Zhao,35d Z. Zhao,35b A. Zhemchugov,66 J. Zhong,120 B. Zhou,90 C. Zhou,47 L. Zhou,37 L. Zhou,42

M. Zhou,148 N. Zhou,35f C. G. Zhu,35d H. Zhu,35a J. Zhu,90 Y. Zhu,35b X. Zhuang,35a K. Zhukov,96 A. Zibell,173 D. Zieminska,62

N. I. Zimine,66 C. Zimmermann,84 S. Zimmermann,50 Z. Zinonos,56 M. Zinser,84 M. Ziolkowski,141 L. Živković,14
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