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Two-particle azimuthal correlations in photonuclear ultraperipheral Pb+Pb collisions
at 5.02 TeV with ATLAS

G. Aad et al.∗
(ATLAS Collaboration)

(Received 27 January 2021; accepted 17 June 2021; published 12 July 2021)

Two-particle long-range azimuthal correlations are measured in photonuclear collisions using 1.7 nb−1 of
5.02 TeV Pb+Pb collision data collected by the ATLAS experiment at the CERN Large Hadron Collider.
Candidate events are selected using a dedicated high-multiplicity photonuclear event trigger, a combination
of information from the zero-degree calorimeters and forward calorimeters, and from pseudorapidity gaps
constructed using calorimeter energy clusters and charged-particle tracks. Distributions of event properties
are compared between data and Monte Carlo simulations of photonuclear processes. Two-particle correlation
functions are formed using charged-particle tracks in the selected events, and a template-fitting method is
employed to subtract the nonflow contribution to the correlation. Significant nonzero values of the second-
and third-order flow coefficients are observed and presented as a function of charged-particle multiplicity and
transverse momentum. The results are compared with flow coefficients obtained in proton-proton and proton-lead
collisions in similar multiplicity ranges, and with theoretical expectations. The unique initial conditions present
in this measurement provide a new way to probe the origin of the collective signatures previously observed only
in hadronic collisions.

DOI: 10.1103/PhysRevC.104.014903

I. INTRODUCTION

In ultrarelativistic collisions of lead nuclei at the CERN
Large Hadron Collider (LHC), the typical processes studied
are those for which the nuclei have an impact parame-
ter less than twice their radius (b � 2RA). Such lead-lead
(Pb+Pb) collisions are understood to create a quark-gluon
plasma and result in a large number of particles in the
final state which participate in collective motion as a con-
sequence of the plasma evolution [1–3]. In addition to the
particles produced in Pb+Pb collisions, those produced in
high-energy proton-proton (pp) and proton-lead (p + Pb) col-
lisions also exhibit a collective behavior which manifests as
an event-wide azimuthal variation persisting broadly in pseu-
dorapidity, initially observed as a “ridge” [4–7]. This behavior
is characterized in terms of nonzero single-particle azimuthal
anisotropies, given by nth-order Fourier coefficients, and here
referred to as flow coefficients vn. Nonzero vn values have also
been observed in significantly lower-energy (19.6–200 GeV)
d + Au collisions at the BNL Relativistic Heavy Ion Collider
(RHIC) [8]. A natural question is whether such signatures
persist in even smaller collision systems [9] and, if so, how
this may influence the interpretation of these signatures in pp
or p + Pb collisions.
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In the prevailing paradigm, these observed anisotropies
arise from the creation of a miniature region of quark-gluon
plasma [10,11], in which a hydrodynamiclike expansion of
the system converts spatial nonuniformities in the initial
state of the system into momentum-space anisotropies of the
final-state particles. However, momentum correlations already
present in the initial state of the collision may also persist into
the final state [12]. The relative importance of these two expla-
nations can be tested in collision systems where one or both of
the “beams” has a significantly simpler initial state. Recently,
studies were performed in archived e+e− collision data at√

s = 91 GeV from the ALEPH detector [13] and in archived
ep collision data at

√
s = 316 GeV from the ZEUS detector

[14] with a deep-inelastic-scattering selection Q2 > 1 GeV2.
A ridge signature was not observed, and experimental upper
limits were set on the possible magnitude of vn coefficients.

In addition to the hadronic Pb+Pb interactions described
above, the strong electromagnetic (EM) fields of the fully ion-
ized nuclei can induce interactions even when the nuclei have
significantly larger impact parameters such that no hadronic
interaction occurs (b � 2RA). In the equivalent photon ap-
proximation [15–17], these strong EM fields correspond to
a flux of quasireal, high-energy photons. These photons can
be emitted coherently from the entire nucleus, producing a
flux enhanced by a factor of Z2 (Z = 82 for Pb) for photons
up to 80 GeV at the LHC. These ultraperipheral collisions
(UPCs) [18,19] have appreciable rates and include photon-
photon (γ γ ) and photonuclear (γ + A) interactions.

At the LHC, previous measurements of ultraperipheral pro-
cesses in Pb+Pb collisions include light-by-light scattering
(γ γ → γ γ ) [20–23], exclusive dilepton production (γ γ →
e+e− and γ γ → μ+μ−) [24–26], and the photonuclear
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FIG. 1. Diagrams representing different types of photonuclear collisions and the general features of their event topologies. Left: the direct
process, in which the photon itself interacts with the nucleus. Right: the resolved process, in which the photon fluctuates into a hadronic state.

production of various meson states (γ + A → h + X )
[26–28]. In the photonuclear case, the photon may act as a
pointlike particle interacting with a parton in the nucleus (the
“direct” case). However, the vector-meson dominance picture
[18,29] suggests that the photon often fluctuates into a vector-
meson state such as a ρ or ω (the “resolved” case). In this
case, the interaction proceeds as a meson-nucleus collision at
an energy lower than that of the associated nucleon-nucleon
collision. Figure 1 illustrates the direct and resolved photonu-
clear interactions. The photon-nucleon collision energy and
the boost of the center of mass relative to the nucleus-nucleus
rest frame depend on the photon energy and thus vary event to
event. For photons with energies at the upper boundary of the
coherence region, E = 80 GeV, the resulting photon-nucleon
center-of-mass energy is approximately 900 GeV. Thus pho-
tonuclear collisions may be used to probe the dynamics of
a system with a novel energy and geometry compared to pp
or p + A collisions at the LHC, and to e+e− or ep collisions
at the CERN Large Electron-Positron Collider (LEP) and the
Hadron-Electron Ring Accelerator (HERA) at DESY. Since
photonuclear events are the photoproduction limit of deep in-
elastic scattering on nuclei, these measurements may also shed
light on possible collective signatures at the future Electron
Ion Collider [30,31].

This paper presents a measurement of azimuthal
anisotropies obtained via two-particle correlations in
photonuclear collisions, where such analyses have not
previously been undertaken. The data were recorded using a
trigger designed to select minimum-bias and high-multiplicity
photonuclear events in 1.7 nb−1 of Pb+Pb collisions
at 5.02 TeV per nucleon pair delivered by the LHC in
2018. Photonuclear event candidates are selected, and
are distinguished from peripheral hadronic Pb+Pb events
and other background events, using the topology of the
distribution of particles in the event as measured in the
zero-degree, forward, and barrel calorimeters, as well as the
tracking systems through the reconstruction of pseudorapidity
gaps [32,33]. Properties of the selected events are compared
with the expectations from Monte Carlo (MC) simulations of
photonuclear processes.

Two-particle correlations as a function of relative sep-
aration in azimuth (�φ) and pseudorapidity1 (�η) are
constructed for different selections of event charged-particle
multiplicity and charged-particle kinematics. The nonflow
contributions to the two-particle correlations (for example,
jet correlations which give rise to a �φ correlation struc-
ture) are suppressed by studying the correlations at large
�η, and the residual nonflow contribution is subtracted via
the template-fitting method used extensively in prior ATLAS
measurements [4,5,34]. In the template method, the correla-
tion in high-multiplicity events is described as a combination
of the correlation in lower-multiplicity events plus a com-
ponent modulated by cos(2�φ) (and higher order) Fourier
terms. The template method makes particular assumptions
about how the nonflow component evolves with multiplicity.
Although there are differences between the system explored
in this measurement and those in previous two-particle corre-
lation measurements, the sensitivity to the assumptions of the
template method can be tested within the standard approach.
A test of the template method in simulated photonuclear
events which do not include flow or initial-state correlation
mechanisms is performed in Sect. VII. The resulting magni-
tudes of the two-particle correlations are interpreted as arising
from the product of global v2 and v3 values for individual
particles, and are reported as a function of the reconstructed
charged-particle multiplicity (N rec

ch ) and transverse momentum
(pT). The results are compared with other small collision
systems at the LHC, and theoretical expectations from initial-
and final-state physics mechanisms are discussed.

1ATLAS 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 upwards. Cylindrical
coordinates (r, φ) are used in the transverse plane, φ being the
azimuthal angle around the z axis. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2).
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II. ATLAS DETECTOR AND DATA SAMPLE

The ATLAS detector [35] covers nearly the entire solid
angle around the collision point. The detector systems used
for the measurements presented in this paper include the in-
ner tracking detector, the electromagnetic (EM) and hadronic
calorimeters, the zero-degree calorimeter (ZDC), and the
trigger and data acquisition systems. The detector halves at
positive and negative z values are referred to as the A and C
sides, respectively.

The inner-detector system is immersed in a 2 T axial mag-
netic field and provides charged-particle tracking in the range
|η| < 2.5. The high-granularity silicon pixel detector covers
the vertex region and typically provides four measurements
per track. The innermost layer, the insertable B layer [36–38],
has been operating as a part of the silicon pixel detector since
2015.

The pixel detector is followed by the silicon microstrip
tracker (SCT) which usually provides four measurement
points per track. These silicon detectors are complemented
by the transition radiation tracker, which enables radially ex-
tended track reconstruction up to |η| = 2.0.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin
LAr presampler covering |η| < 1.8. Hadronic calorimetry
is provided by a steel/scintillator-tile calorimeter, seg-
mented into three barrel structures within |η| < 1.7, and two
copper/LAr hadronic endcap calorimeters. The solid angle
coverage is extended with the forward calorimeter (FCal),
composed of copper/LAr and tungsten/LAr modules opti-
mized for EM and hadronic measurements, respectively. The
FCal detectors cover the regions 3.2 < |η| < 4.9.

The minimum-bias trigger scintillator (MBTS) detects
charged particles over 2.07 < |η| < 3.86 using two ho-
doscopes of 12 counters positioned at z = ±3.6 m. The ZDC
consists of EM and hadronic sections and plays a key role
in identifying UPC events in heavy-ion collisions by primar-
ily detecting neutrons resulting from the breakup of one or
both nuclei. The ZDC modules are located at z = ±140 m
from the IP. They measure neutral particles at pseudorapidities
|η| � 8.3 and consist of layers of alternating quartz rods and
tungsten plates.

A two-level trigger system [39] is used to select events. The
first-level trigger (L1) is implemented in hardware and uses a
subset of the detector information to restrict the accepted rate
to at most 100 kHz. This is followed by a software-based high-
level trigger (HLT) stage that reduces the accepted event rate
to 1–4 kHz depending on the data-taking conditions during
2018 Pb+Pb operations.

The measurements presented in this paper were performed
using the

√
sNN = 5.02 TeV Pb+Pb dataset collected with a

variety of triggers in 2018, with a total integrated luminosity
of 1.7 nb−1. Photonuclear candidate events were first selected
by the trigger by requiring one ZDC side (referred to as
the Pb-going side) to have a minimum amount of energy at
L1, E > 1 TeV, consistent with the presence of one or more
neutrons. The other side (referred to as the photon-going side)

was required to have an energy below a maximum-energy
cutoff, E < 1 TeV, consistent with no neutrons. The cut value
of E = 1 TeV is several multiples of the energy resolution
away from the single-neutron peak at E = 2.5 TeV [24]. Thus,
the selected topology is referred to as “0nXn” in the figures
in this paper. Events were also required to satisfy an upper
bound of 200 GeV on the total transverse energy deposited in
the calorimeter at L1, for further rejection of hadronic Pb+Pb
events.

After these requirements at L1, events had to pass either
a minimum-bias (MB) trigger or one of several high-
multiplicity triggers (HMT) with further requirements at the
HLT stage. The MB trigger was defined by requiring at
least one reconstructed online track with pT > 0.4 GeV. The
HMTs were defined by requiring a larger number of tracks
originating from the same vertex. The primary vertex, defined
as the one with the largest scalar sum of p2

T values of as-
sociated tracks, was used. An HMT with a threshold of 15
tracks was defined by also requiring a hit in the MBTS at L1.
Two HMTs with thresholds of 25 and 35 tracks were defined
by requiring a minimum amount of energy in the calorimeter
at L1. Finally, all HMTs had an additional HLT requirement
of less than 5 GeV of transverse energy in the photon-going
FCal, which rejected a large fraction of the 0nXn peripheral
Pb+Pb background events. The 35-track HMT sampled the
full luminosity of 1.7 nb−1 during data taking. The 25-track
HMT, 15-track HMT, and the MB trigger were configured
with increasingly larger prescale factors, sampling 1.6 nb−1,
0.13 nb−1, and 1.0 μ b−1 of data respectively.

III. MONTE CARLO SIMULATION

Monte Carlo (MC) simulations of the relevant physics
processes were used to understand the performance of the
detector, and provide distributions to be compared with the
data. For all the generators and configurations listed below,
the simulated events were passed through a GEANT4 simula-
tion [40,41] of the detector and reconstructed under the same
conditions as the data.

A sample of one million peripheral Pb+Pb events was gen-
erated using HIJING v1.383 [42] with impact parameters in the
range 10 < b < 20 fm. These events were used to determine
the charged-particle tracking efficiencies for the measure-
ment, and to model the event properties of low-multiplicity,
hadronic Pb+Pb events.

Several generators were used to simulate photonuclear in-
teractions. For each of the cases below, events were generated
with different minimum requirements on N rec

ch to provide good
statistical coverage over the N rec

ch range accessed in data. First,
the distribution of photon flux for 208Pb beams at the LHC
was calculated using STARLIGHT [43]. The flux distribution
was passed to a multipurpose generator based on the dual
parton model (DPM) and referred to as DPMJET-III [44,45],
which simulated direct and resolved photon-lead (γ + Pb)
interactions at the generator level, followed by a full GEANT4
simulation of the ATLAS detector. Thirteen million γ + Pb
events were simulated in this way. Additionally, the flux from
STARLIGHT was used to simulate two million γ + p events
using DPMJET-III, where the energy of the proton was set
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equal to the energy per nucleon in the Pb beams. Finally, for
an alternative description of these processes, PYTHIA 8.240
[46] configured with the NNPDF23LO parton distribution
functions [47] and A14 set of tuned parameters [48] was used
to generate twelve million γ + p events. The photon flux
in PYTHIA was reweighted at the event level to match that
calculated by STARLIGHT, and the simulation was configured
to include both the direct and resolved photon interactions.

IV. PHOTONUCLEAR EVENT SELECTION

A. Reconstruction and event selection

Given the low particle multiplicities of UPC events, the
charged-particle track and calorimeter energy-cluster recon-
struction procedures follow those optimized for pp data taking
[49,50]. Reconstructed charged-particle tracks are used in the
analysis if they satisfy quality criteria as outlined in Ref. [51].
These include criteria for the minimum number of hits in the
pixel and SCT detectors. Tracks are further required to have
pT > 0.4 GeV, |η| < 2.5, and distances of closest approach
to the primary reconstructed vertex in the longitudinal and
transverse directions of less than 1.5 mm each. Clusters in the
range |η| < 4.9 are constructed from topologically connected
groups of calorimeter cells [52]. They are required to have
pT > 0.2 GeV and to meet the significance criteria for the
measured energy as outlined in Ref. [32] to suppress the
contribution from electronic noise fluctuations.

Events are required to have a reconstructed pri-
mary vertex within |z| < 90 mm. Events compatible with
multiple in-time interactions are tagged by the presence of
multiple reconstructed vertices. These comprise less than 1%
of the sample and are rejected. Events must pass a version of
the ZDC-based energy selection described in Sec. II which
uses the same threshold but an improved calibration for the
ZDC energies determined after data taking. Events are fur-
ther characterized by their charged-particle multiplicity, N rec

ch ,
which is defined as in previous ATLAS measurements of
correlations in small systems [4,5,7] as the total number of
reconstructed tracks, without efficiency correction, with pT >

0.4 GeV and |η| < 2.5. For the correlation analysis described
in Sec. V, events with a given N rec

ch were included in the
analysis if they were selected by any of the HMTs which was
more than 80% efficient for events with this N rec

ch value. For
the study of event properties in Sec. IV B, each N rec

ch range
was only populated by the highest-sampled-luminosity HMT
which was more than 99% efficient over the entire N rec

ch range.
In either case, events with N rec

ch < 15 were populated only by
the MB trigger.

Reconstructed pseudorapidity gap quantities, constructed
using the tracks and clusters in each event, are used to
distinguish between different physics processes such as
photonuclear collisions, low-activity (peripheral) hadronic
Pb+Pb collisions, and γ γ → X processes. The requirement
of a rapidity gap above a minimum value in the photon-going
direction can efficiently remove peripheral Pb+Pb events.
Rather than the traditional pseudorapidity gap quantity [32],
which determines the pseudorapidity difference between the
edge of the detector and closest particle, an alternative “sum-

of-gaps” definition is used, which adds together contiguous
gaps separated by particle production concentrated in a narrow
pseudorapidity regions. This alternative definition is used to
retain a large selection efficiency for resolved photon events
which may break up a large gap with a hadronic fragment
localized in pseudorapidity (see Fig. 1). The quantities 	γ �η

and 	A�η correspond to the sum-of-gaps values calculated
in the photon-going and nucleus-going halves of the detector,
respectively. They are calculated by first sorting the tracks and
clusters in η. The differences in η between adjacent particles,
�η, are included in the sum if they are larger than 0.5. The
value of 0.5 was observed in simulation to retain good effi-
ciency for resolved photon events. The position at η = 0 is
treated as if it were a particle, which ends the sum-of-gaps
calculation. Thus, 	γ �η and 	A�η range from 0 to 4.9.

In addition to the sum-of-gaps quantities defined above,
the traditional edge gap quantity, constructed using clusters,
�ηcluster

edge , is defined as the pseudorapidity difference between
the edge of the detector on the photon-going side, at η =
+4.9, and the first reconstructed cluster. In the mixed-event
construction discussed in Sec. V, events are classified by
their �ηcluster

edge as a way to characterize their overall topology
without using charged-particle tracks.

B. Event properties

Figure 2 (left) shows the distribution of 	γ �η and N rec
ch

values for events recorded with the MB trigger. The 	γ �η can
have a value of zero or fall into the range 0.5 � 	γ �η � 4.9,
with the lower value determined by the minimum gap size
included in the sum. Events resulting from hadronic Pb+Pb
collisions are at small 	γ �η and have a broad multiplicity
distribution, whereas events from photon-induced processes
are at large 	γ �η and have an N rec

ch distribution that falls
steeply. Figure 2 (right) shows the distribution of 	γ �η and
	A�η values. Most hadronic Pb+Pb collisions have a broad
pseudorapidity distribution of particles and hence have both
small 	γ �η and small 	A�η. In contrast, the photonuclear
events have large 	γ �η but smaller values of 	A�η. There
is no significant yield of events with a large sum of gaps
on both sides, which could signal the presence of photon-
photon hadronic process backgrounds. The signal events for
photonuclear collisions are defined by 	γ �η > 2.5. No event
selection is made on 	A�η.

Figure 3 summarizes the multiplicity distribution observed
in data after the event selection described above. The N rec

ch dis-
tribution for events passing the photonuclear event selection is
shown in the left panel of Fig. 3. The sawtooth pattern arises
from the inclusion of the HMTs at different N rec

ch thresholds as
described above. In each N rec

ch range, the selected photonuclear
events have a steeply falling multiplicity distribution. The N rec

ch
distribution for photonuclear events, fully corrected for the
different luminosities sampled by the triggers and the N rec

ch -
dependent trigger efficiency, is shown using black circles in
the right panel of Fig. 3. It is compared with the distribution
from events with 	γ �η < 1, which mostly selects Pb+Pb
hadronic events, which are backgrounds in this analysis. The
selected photonuclear events have a significantly more steeply
falling multiplicity distribution.
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FIG. 2. Left: Correlation of N rec
ch and 	γ �η for events selected by the MB trigger before application of gap-based event selection. Right:

Correlation of 	γ �η and 	A�η for events selected by the MB trigger, with N rec
ch > 10.

Figure 4 compares the multiplicity and sum-of-gap dis-
tributions in data and simulation. The left panel of Fig. 4
shows the total N rec

ch distribution, corrected for the trigger
efficiency and the different integrated luminosities sampled
by the HMTs. This is compared with three distributions from
MC generators, with the same gap-based selection require-
ments as the data. The ZDC selection is applied to data
but not to the MC samples as the generators do not model
the nuclear-breakup processes relevant for forward neutron
spectators. Including a ZDC requirement in MC events may
thus impact the distributions if particle production in the
detector is correlated with the nuclear fragmentation in the
forward region. Despite the limitations in the modeling of
forward neutrons, a generator-level check requiring neutrons
in the ZDC acceptance was performed and found not to
impact the level of agreement between data and DPMJET-
III. The distributions in PYTHIA and DPMJET-III γ + p are
normalized to have the same integral as the data over the

full N rec
ch range. The models show good agreement with the

data at low N rec
ch , but systematically predict too low a relative

yield at higher N rec
ch . DPMJET-III γ + Pb does not describe

the full distribution, but has been normalized to have the
same integral as the data in N rec

ch > 35 to highlight its good
agreement in this region over many orders of magnitude.
With this normalization, DPMJET-III γ + Pb systematically
predicts too low a relative yield for N rec

ch < 15. This compar-
ison either suggests the presence of other, nonphotonuclear
processes in data at such low N rec

ch < 10 values, or points
to the need for improved modeling of this region in the
simulation.

The right panel of Fig. 4 shows the reconstructed 	γ �η

distributions in data and simulation for selected events with
N rec

ch > 10, without the 	γ �η > 2.5 requirement. Structures
in the distributions correspond to transitions between detec-
tor subsystems and the change in the detector response as
a function of η. At large 	γ �η values � 2.5, the shape

FIG. 3. Left: Distribution of event charged-particle multiplicity, N rec
ch , for the photonuclear event selection from multiple triggers, without

prescale correction. Right: Distribution of event charged-particle multiplicity, N rec
ch , for the photonuclear event selection (black) with corrections

for trigger efficiency and prescale factors, and an alternative selection intended to select hadronic Pb+Pb events (red, see text).
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FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: 	γ �η distribution in data for N rec

ch � 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller 	γ �η values, while the distribution in data
rises. At low 	γ �η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at 	γ �η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <

pT < 5 GeV, for multiple N rec
ch selections in photonuclear

events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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(the photon-going direction). This overall shape is even more
asymmetric than that observed in, for example, p + Pb col-
lisions at the LHC [53]. The dNch/dη shape remains similar
over a wide range of multiplicities (N rec

ch > 10). The selection
with N rec

ch < 5 results in an even more strongly asymmetric
dNch/dη shape, suggesting that it may include photonuclear
events at significantly lower energies or other processes. Ad-
ditionally, as discussed above, the region N rec

ch < 10 is not
well described by simulation, and may contain a signifi-
cant contribution from background events. On the basis of
these observations, the two-particle correlation analysis is per-
formed using events with N rec

ch � 10. Additionally, an upper
bound of N rec

ch = 60 is used to remove the region with very
few events.

The right panel in Fig. 5 compares the pseudorapidity
distribution of particles with 0.4 < pT < 5 GeV in data for
Nch

rec � 10 with the four sets of simulated events, which have
the same reconstruction-level selections as the data. While all
three generators considered here systematically fail to predict
a steep enough slope for the dNch/dη distribution, the distri-
bution for DPMJET-III γ + Pb events is the most similar to
that observed in data.

In general, no single generator is able to quantitatively
describe in detail all of the features observed in data. The
results here may be used to benchmark future developments
in the modeling of photonuclear collisions. The two-particle
correlation analysis described in Sec. V, due its data-driven
nature, does not rely on a detailed description of photonuclear
events in simulation and therefore its results are not sensitive
to this mismodeling.

Since the DPMJET-III γ + Pb simulation and the data
agree qualitatively in the N rec

ch and 	γ �η distributions, the
simulated events provide an estimate of what ranges of pho-
ton energy in the laboratory frame, Eγ , and photon-nucleon
center-of-mass energy, Wγ N, are selected for analysis by
choosing various N rec

ch or 	γ �η values. These ranges are
shown in Fig. 6 as a function of N rec

ch . In DPMJET-III, pho-
tonuclear events with a larger N rec

ch have a larger average
Eγ and Wγ N. At N rec

ch = 10, the mean values are 〈Eγ 〉 =
26.8 GeV and 〈Wγ N〉 = 519 GeV, rising to 〈Eγ 〉 = 123 GeV
and 〈Wγ N〉 = 1.11 TeV at N rec

ch = 60. However, even a narrow
range of N rec

ch values selects events with a broad distribution of
Eγ and Wγ N. At lower values of N rec

ch < 10, the mean photon
energy decreases rapidly and the range of photon energies
increases, supporting the data-driven minimum value of N rec

ch
determined above.

V. TWO-PARTICLE CORRELATIONS

This section describes the two-particle correlation and tem-
plate fit procedures used to extract the azimuthal anisotropies,
vn. These procedures have been used in previous analyses of
two-particle correlations in small systems [4,5,34,54,55], and
are summarized here.

Correlations between pairs of charged particles are re-
ported as a function of the pair’s relative separation in
pseudorapidity, �η = ηa − ηb, and azimuth, �φ = φa − φb.
The labels a and b denote kinematic selections on the first and
second particle, which are generally different. If two particles

FIG. 6. Correlation between photon energy Eγ and event multi-
plicity N rec

ch in simulated DPMJET-III γ + Pb events. The right-hand
axis shows the center-of-mass energy W for the photon-nucleon
collision system. The markers and vertical errors bars show the mean
and standard deviation, respectively, of Eγ as a function of N rec

ch .

each meet selections a and b, the pair is tabulated twice, once
for each possible assignment. By convention, the distributions
in �η and �φ, Y (�φ,�η), are averaged over events by
normalizing them by the total yield of particles in selection
a, Na,

Y (�φ,�η) = 1

Na

d2Npair

d�φ d�η
.

To correct for the charged-particle reconstruction effi-
ciency, entries in the distribution are weighted by the product
of the inverse efficiencies evaluated for the kinematics of the
two particles. These efficiencies are derived from the HIJING

simulation described in Sec. III. In this analysis, all charged-
particle tracks within |η| < 2.5 are considered, except the
tracks which lie in the region η > 4.9 − 	γ �η (with positive
η defined as the photon-going direction), if the sum of gaps
extends into the tracker. There are two reasons to exclude
these tracks. First, in simulations of photonuclear events, such
particles are typically fragments of resolved photons, and not
the bulk particles produced in the γ + Pb interaction which
are being measured for possible collective signatures. Second,
since these tracks are typically near the edge of the inner
detector’s acceptance, the |�η| restriction described below
would result in a small number of tracks being paired many
times, thus making a disproportionately large contribution to
the correlation function.

The one-dimensional �φ normalized pair yields, Y (�φ),
are constructed by integrating over a restricted |�η| range,
typically 2.0 to 5.0, designed to suppress the contributions
to the correlation from nonflow effects (such as jets, particle
decays, and resonances), as

Y (�φ) =
∫ |�η|=5.0

|�η|=2.0
Y (�φ, |�η|) d|�η|.
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FIG. 7. Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance effects with the mixed-
event distribution, and presented as a function of �η and �φ. The peak at (�φ, �η) = (0, 0) is truncated to better show the structure of the
correlation function. Each panel represents a different charged-particle multiplicity N rec

ch range for the selection 0.4 < (pa
T, pb

T) < 2.0 GeV.

In principle, due to finite coverage and detection efficiency
introduced by a real detector, Y may contain acceptance ef-
fects that do not reflect physical particle pair correlations.
To account for this, a mixed-event technique may be applied
[56], in which particles a and b are taken from differ-
ent events that have similar overall characteristics. The two
events are required to have a ZDC signature on the same
side (i.e., same directions of the photon and nucleus), and a
similar charged-particle multiplicity, primary vertex position,
and cluster edge gap �ηcluster

edge . The mixed-event distribution
d2Nmixed/(d�φ d�η) contains the effects of the pair accep-
tance but not the physical correlations.

The acceptance effects can be corrected for by dividing
the same-event pair distribution by the mixed-event ones.
The two-dimensional (2D) correlation function corrected for
acceptance effects is

C(�φ,�η) = 1

Na

d2Npair

d�φ d�η

/
1

Nmixed
pair

d2Nmixed

d�φ d�η
,

where Na is the total yield of particles with selection a, Nmixed

is the yield in mixed events, and Nmixed
pair is the total integral of

the mixed-event distribution d2Nmixed/(d�φ d�η). Without
the mixing correction, the 2D Y (�φ,�η) distributions have
an artificial triangular shape in �η, reflecting the convolution
of the single-particle acceptances |ηa, ηb| < 2.5. This effect
is removed by the mixing correction, and the �η dependence
of structures in the 2D C(�φ,�η) distributions become more
evident.

Correlation functions are constructed for various selections
on N rec

ch and pa
T, with the pT of particle b always in the range

0.4 < pb
T < 2 GeV. All events are given an equal statisti-

cal weight, and no corrections for the trigger efficiency or
differences in sampled luminosity (for N rec

ch ranges that span
contributions from multiple triggers) are performed. Although
the mixed-event correction is necessary to properly construct
the two-dimensional correlation functions presented below,
it was found to ultimately have only a minor effect on the
projected, one-dimensional Y (�φ) distributions, producing
compatible results but with increased statistical uncertainty.
Thus the mixing correction is not applied for the nominal

v2 and v3 results. Instead, it is used in the determination of
systematic uncertainties associated with the pair acceptance
of the detectors as described in Sec. VI.

Examples of two-dimensional C(�φ,�η) correlation
functions are presented in Figs. 7 and 8. In Fig. 7, particles
a and b are required to have 0.4 < pa

T < 2 GeV, and two
example N rec

ch selections are shown. In Fig. 8, correlation func-
tions are presented for 20 < N rec

ch < 60, with two example pT

selections for particle a shown. The two-dimensional corre-
lation functions have features which are broadly similar to
those observed in pp collisions. There is a localized “near-
side” peak at (�φ,�η) ≈ (0, 0) from correlations between
jet fragments, and an extended “away-side” ridge at �φ ≈ π

which extends over a large �η range from correlations be-
tween fragments of azimuthally opposite jets. A quantitative
analysis and nonflow subtraction are necessary to discern if
there are additional ridge structures, as detailed below.

A. Nonflow subtraction

To remove the contribution to the correlation function from
nonflow effects that persist as long-range contributions on the
away side (�φ ∼ π ), a template fit procedure is employed.
To perform the fit procedure, samples corresponding to events
with low multiplicity (LM) and high multiplicity (HM) are
selected. The shape of the nonflow contribution is assumed
in the template procedure to be the same in the LM and HM
samples. In this analysis, the LM events are chosen to have
15 � N rec

ch � 20.
The Y (�φ) in HM events is parametrized as the sum of

an azimuthally modulated pedestal (which expresses the az-
imuthal anisotropy) and a nonflow component, as follows:

Y HM(�φ) = FY LM(�φ) + G

{
1 + 2

4∑
n=2

vn,n cos(n�φ)

}

= FY LM(�φ) + Y ridge(�φ). (1)

Above, Y LM(�φ) is the correlation function in LM events,
which is parameterized as a truncated Fourier series up to the
fourth order (with coefficients cn for n = 0, . . . , 4). The val-
ues of F and G, the three vn,n values, and the five parameters
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FIG. 8. Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance effects with the mixed-
event distribution, and presented as a function of �η and �φ. The peak at (�φ,�η) = (0, 0) is truncated to better show the structure of the
correlation function. Each panel represents a different pa

T range for the selection 20 < N rec
ch < 60 and 0.4 < pb

T < 2.0 GeV.

cn, describing the LM reference, are free parameters in the fit,
but F and G are constrained such that the integrals of both
sides of Eq. (1) are the same. Modulation terms up to fourth
order (v2,2, v3,3, and v4,4) are considered in the fit, in order to
best describe the HM data. By fitting Y LM(�φ) and Y HM(�φ)
simultaneously, the extracted uncertainty in F , G, and vn,n

correctly accounts for the statistical uncertainty of both the
LM and HM samples. An example of the simultaneous fit of
the HM selection and LM reference is shown in Fig. 9. Ex-
amples of the template fit in additional HM and pa

T selections
are shown in Fig. 10. In the bottom panels of Figs. 9 and 10,
the p values are defined following the procedure described
below.

The template fit is performed by minimizing the standard
χ2 between the data points and the functional form. However,
the data points within the correlation functions contain non-
trivial point-to-point correlations, since a single particle b may
be used in combination with multiple particles of type a. The
minimum of the χ2 statistic, when calculated in the traditional
way, is found at the appropriate values of the fit parameters.
However, the p value and the uncertainty in the parameter
values, if also determined in the standard way, would be inac-
curate. In order to properly account for these correlations and
determine the parameter value uncertainties, a bootstrapping
procedure was applied. Pseudoexperiments were generated
by giving a random Poisson weight (with a mean of one) to

FIG. 9. An example of the template-fitting procedure for a selected pT range. The left plot displays the LM data with open markers and
the simultaneous fit in the green dotted line. The lower panel displays the pull distribution. In the top panel of the right plot, the solid red
line shows the total fit to the HM data in black markers. The dashed green line shows the scaled LM plus pedestal, while the dashed blue and
dotted magenta lines indicate the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2�φ)] and Y ridge
3 = G[1 + 2v3,3 cos(3�φ)], shifted

upwards by FY LM(0) for visibility. The middle-right panel shows the pull distribution for the template fit in the top panel. The bottom-right
panel shows the same set of data and fit components, where the scaled LM distribution has been subtracted to better isolate the modulation.
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FIG. 10. Selected template fit results for two pa
T intervals (top row) and two N rec

ch intervals (bottom row). In the top panel of the right
plot, the solid red line shows the total fit to the HM data in black markers. The dashed green line shows the scaled LM plus pedestal,
while the dashed blue and dotted magenta lines indicate the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2�φ)] and Y ridge
3 =

G[1 + 2v3,3 cos(3�φ)], shifted upwards by FY LM(0) for visibility. The middle panels show the pull distribution for the template fits in the top
panel. The p values from the bootstrapping experiment are also shown in the middle panels. The bottom panels show the same set of data and
fit components, where the scaled LM distribution has been subtracted from each to better isolate the modulation.

individual events. These pseudoexperiments are independent
sets of events drawn from the observed set of events with
the same statistics and correlations as the real data. The
parameters values extracted in the pseudoexperiments agreed
with those in data and followed Gaussian distributions.
The standard deviations of the parameters values extracted
from the pseudoexperiments were used to set the statistical
uncertainties in the final results, which are 10–30% larger
than if they were estimated in the naive way without taking the

point-to-point correlations into account. The p values from
the bootstrapping experiment are presented in the template fit
plots that follow.

The full set of v2,2 and v3,3 values are shown in Fig. 11. The
filled points show the nonflow subtracted results according to
the template fit procedure in Eq. (1). The open points show
the vn,n values that would be obtained if instead a direct
Fourier decomposition of Y HM were performed, without any
attempt to account for the non-flow contribution. For most
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FIG. 11. Summary of v2,2 and v3,3 results as obtained from a direct Fourier fit (open markers) and those obtained after the template-fitting
subtraction (filled markers). Results are shown differential in N rec

ch for fixed pa
T (left) and differential in pa

T for fixed N rec
ch (right).

of the selections considered here, the nonflow subtraction
has a significant effect on the extracted v2,2 and v3,3 values.
The resulting vn,n values are positive in all selections, with
one exception: in the pa

T-dependent results with a single HM
selection, the v2,2 value for 3 < pT < 5 GeV is negative. Ad-
ditionally, the v2,2 value for 2 < pT < 3 GeV is significantly
lower than that for 1.2 < pT < 2 GeV. In these selections, the
v3,3 values also rise significantly. The template fits to these
selections are shown in Fig. 12, and are discussed further
below.

B. Factorization test

In the flow paradigm, a two-particle azimuthal mod-
ulation characterized by a vn,n value arises from the
product of nonzero azimuthal anisotropies, vn, for each
particle. These are related via vn,n(pa

T, pb
T) = vn(pa

T)vn(pb
T),

or vn,n(pa
T, pb

T) = vn(pT)2 if a and b are selected from
the identical particle pT range. Thus, a single-particle
flow coefficient vn(pa

T) may be determined from two-
particle vn,n values through vn(pa

T) = vn,n(pa
T, pb

T)/vn(pb
T) =

FIG. 12. Selected template fit results for the highest pa
T intervals. In the top panel of the right plot, the solid red line shows the total fit to the

HM data in black markers. The dashed green line shows the scaled LM plus pedestal, while the dashed blue and dotted magenta lines indicate
the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2�φ)] and Y ridge
3 = G[1 + 2v3,3 cos(3�φ)], shifted upwards by FY LM(0) for

visibility. The middle panels show the pull distribution for the template fits in the top panel. The p values from the bootstrapping experiment
are also shown in the middle panels. The bottom panels show the same set of data and fit components, where the scaled LM distribution has
been subtracted from each to better isolate the modulation.
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FIG. 13. Summary of the factorization test for v2 values as a function of N rec
ch . Comparison of v2,2 values (left) and derived v2 values (right)

using the same particle a selection, but different selections on particle b. Only statistical uncertainties are shown. The points are displaced
horizontally for visibility.

vn,n(pa
T, pb

T)/
√

vn,n(pb
T, pb

T) for a given selection on reference
particle b. To test whether the vn,n values in data are compat-
ible with this picture, a factorization test can be performed
in which vn values for particle a are compared for different
particle b selections. The results of this test for the v2 values as
a function of N rec

ch are shown in Fig. 13. The test demonstrates
that, while the v2,2 values for different pb

T selections may be
different, the v2 values obtained for particle a as a function
of N rec

ch are independent of the selection for particle b. This is
a necessary condition of the paradigm that the observed v2,2

values arise from the product of event-wide, single-particle v2

azimuthal modulations.
Figure 14 shows the results of a factorization test as

a function of particle a pT. Although this test is more
statistically limited than that for the N rec

ch -dependent test
above, the results for pa

T < 2 GeV are compatible with the

factorization assumption. Since nonflow effects are not nec-
essarily expected to factorize, this validates an important
assumption of the template procedure. For the selection with
pa

T > 3 GeV, the v2,2 values obtained in Fig. 14 are signifi-
cantly negative, and are accompanied by large v3,3 values. A
negative v2,2 value violates the expected factorization for par-
ticles with independent overall modulation, and thus cannot
be interpreted as arising from hydrodynamic flow.

As can be seen from the growing Fourier v2,2 values in
Fig. 11 and the large away-side peaks in Fig. 12, the nonflow
contribution in these high-pa

T selections is significantly larger
than the magnitude of any possible modulation. Thus, the
extraction of any genuine cos(n�φ) modulation is highly sen-
sitive to assumptions in the template method about the scaling
of the nonflow contribution between multiplicity classes. If
violated, this could manifest as a reduced v2,2 and increased
v3,3. This assumption is difficult to test given the limited

FIG. 14. Summary of the factorization test for v2 values as a function of pa
T. Comparison of v2,2 (left) and derived v2 values (right) using

the same particle a selection, but with different selections on particle b. Only statistical uncertainties are shown. The points are displaced
horizontally for visibility.
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TABLE I. Summary of sources of systematic uncertainty, and the typical values of their absolute magnitude. The last row shows the typical
total uncertainties from the quadrature sum of all uncertainties.

Source v2(N rec
ch ) v2(pT) v3(N rec

ch ) v3(pT)

�η pair cut 0–0.002 0.01–0.02 0–0.015 0–0.03
LM reference 0.001 0–0.02 0–0.005 0.03–0.06
φ binning 0.001 0–0.01 0.001 0–0.01
Mixed-event correction 0.001 0–0.01 0–0.005 0–0.01
Track 	γ �η exclusion 0.001 0–0.02 0.002 0–0.01
Purity 0–0.002 0–0.02 0.005 0–0.02
Total 0.001–0.002 0.005–0.04 0.005–0.015 0.03–0.07

data sample size for LM variations and factorization tests.
Therefore, within the present uncertainties and techniques,
the v2 cannot be reliably extracted at high pT. Finally, the
statistical precision of the data does not allow similar tests of
the v3 values. In this case, their presented values assume that
factorization holds.

In Sec. VII the v2 and v3 values are presented for all pT for
completeness, although it should be noted that factorization
has been demonstrated only for v2 in the range 0.4 � pT �
2.0 GeV.

C. Physics backgrounds

The measured vn values are potentially biased by the
presence of background events, primarily from peripheral
hadronic Pb+Pb events, in the selected event sample. The
purity of photonuclear events is estimated by fitting templates
derived from simulated photonuclear and peripheral Pb+Pb
events to distributions measured in data, and determining the
fraction of selected events which are compatible with pho-
tonuclear interactions.

The purity was first estimated by fitting the 	γ �η dis-
tribution in data to the combination of distributions from
DPMJET-III γ + Pb events and peripheral HIJING Pb+Pb
events over the range 0.5 < 	γ �η < 4.9, with the relative
contributions from each as free parameters. An example of
these two contributions and the distribution in data is shown
in the right panel of Fig. 4. This fit was performed separately
in each of the N rec

ch selections used in the measurement. The
purity for the 	γ �η > 2.5 selection is estimated to be greater
than 98% in all N rec

ch selections used in the analysis. Thus, for
the nominal results, no correction for a possible impurity in
the selected events is performed.

VI. SYSTEMATIC UNCERTAINTIES

The primary sources of systematic uncertainty are grouped
by category and discussed below. The systematic uncertainties
are evaluated by varying the procedure applied to the data, and
are not directly derived from the simulation samples described
in Sec. IV B. Thus, the uncertainties do not depend on an ac-
curate modeling of the photonuclear processes in simulation.
The uncertainties from each source are ultimately combined
in quadrature to obtain the total systematic uncertainty. For
some individual sources below where only one variation of
the analysis procedure was performed, the resulting uncer-

tainty was symmetrized by adding an uncertainty of equal
magnitude in the other direction. However, in general the
final systematic uncertainties are not symmetric. The typical
magnitudes of the systematic uncertainties are summarized in
Table I.

Pair-pseudorapidity difference. The two-particle correla-
tion function is measured for pairs with 2.0 < |�η| < 5.0 as a
way to strongly reduce the nonflow contribution, which varies
much more strongly with �η than the genuine long-range
azimuthal modulation. To test the sensitivity of the analysis
to a potential residual contribution, the lower bound on �η

is varied to 1.8 and to 2.2, and the impact of the resulting
variations on the data is included as an uncertainty.

Low-multiplicity reference. Photonuclear events with 15 �
N rec

ch � 20 are used as the LM reference in the template fit to
the other N rec

ch selections. In the template method, the shape
of the nonflow contribution is assumed to be the same in the
LM and HM selections. To test the possible variation of the
nonflow contribution with multiplicity, the analysis may be
repeated using an alternative reference for LM events. Addi-
tionally, a different multiplicity range may select a different
sample of photonuclear events (i.e., distribution of photon
energies, or mix of resolved and direct processes [18]), to
which the results may be sensitive. An alternative selection,
10 � N rec

ch < 15, composed from the MB trigger data, is con-
sidered for the LM reference. The analysis is repeated and the
difference in the results is included in the uncertainties.

�φ binning. The sensitivity to the particular choice of
�φ binning was evaluated by repeating the fitting procedure
after halving the number of bins. The resulting difference is
included in the total uncertainty.

Acceptance effects in correlation function. For the nominal
analysis, the �φ-dependent correlation functions are formed
by projecting the 2D correlation functions in the region 2 <

|�η| < 5. To test the possible impact of acceptance effects
that may result in a distortion of the �φ distribution, the
correlation functions are corrected by the projection of the
mixed-event 2D correlation function onto �φ, as described
in Sec. V. The differences in the results are assigned as a
systematic uncertainty.

Exclusion of tracks from 	γ �η. The default analysis ex-
cludes reconstructed tracks that are within the sum-of-gaps
range from the two-particle correlations, i.e., those with η >

4.9 − 	γ �η. As a systematic variation, these tracks are in-
cluded in constructing the correlation functions. The resulting
differences are included as a systematic uncertainty.
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Photonuclear event purity. The estimate of the purity of
photonuclear events in data relies on the description of γ + Pb
event properties in simulation. To test the sensitivity to this
description, the fit described in Sec. V C was repeated using
PYTHIA γ + p events as the model for photonuclear events
and, alternatively, by fitting to the N rec

ch distribution, separately
in different slices of 	γ �η. In the latter case, the purity
decreases to approximately 90% in events with N rec

ch = 15−20
and to 80% in those with N rec

ch = 10−15, which are the ranges
used to define the nominal and alternative LM selections for
the two-particle correlation analysis.

In the default analysis, no correction is made for a possible
presence of backgrounds, primarily peripheral Pb+Pb events,
in the selected sample of high-multiplicity γ + Pb events. As
a systematic variation, the �φ distributions in data are cor-
rected by subtracting the contribution from these background
events, scaled to match the purity in each N rec

ch range. Since
the potential impact of the purity is much larger for events
with low N rec

ch than those with high N rec
ch , the effect on the

analysis is evaluated by accounting for the possible pres-
ence of backgrounds only in the LM reference. Additionally,
since the purity was observed to be lower in the alternative
LM reference events, N rec

ch = 10−15, than in the nominal
LM selection, the difference in the results using the alterna-
tive LM reference, with and without the purity correction,
was taken as the uncertainty for this source. The model �φ

distributions for the background events are taken from pp col-
lision data at

√
s = 5 TeV [57], with the same reconstruction,

definition of N rec
ch , and gap-based event selection as this anal-

ysis. The resulting differences are included as a systematic
uncertainty.

Other uncertainty sources and checks. Several other po-
tential sources were investigated, and were found to have a
negligible effect on the results and thus are not included in the
total uncertainty. These include: comparing the results using
only events where the photon is headed towards the A side
of the detector with those where it is headed towards the C
side, the number of Fourier terms used in parametrizing the
LM reference distribution, the number of additional Fourier
terms beyond n = 4 used in the template fit, the impact of a
possible misalignment of the tracker on the charged-particle
measurement, the impact of the correction for the finite track-
ing efficiency, and the impact of correcting for the trigger
efficiency and different luminosities of the triggered event
samples as a function of N rec

ch on a per-event basis.
While the 	γ �η > 2.5 requirement is treated as an oper-

ational event definition which is not a source of uncertainty,
the results using alternative definitions 	γ �η > 2.0 and
	γ �η > 3.0 were not significantly different from the nominal
results. This demonstrates that the sample of photonuclear
events in data is robust against small changes in their selection
criteria and against detector effects in the measurement of
	γ �η.

Finally, the template method carries an implicit assumption
that the modulation in the HM selection is the same as that
in the LM selection. If this is not the case, the extracted vn

values in the HM selection will be biased to be systematically
closer to those in the LM selection. In recent measurements
of azimuthal anisotropies in small systems [58], a “one-step”

correction was employed using two adjacent LM reference
bins to account for the possibly changing vn magnitudes with
multiplicity. Since the measured vn values were observed to
have no N rec

ch dependence within uncertainties, this alternative
method was not utilized here.

As can be seen in Table I, the systematic uncertainty is
not dominated by any single source, and typically those from
the pair-pseudorapidity difference, the choice of LM refer-
ence, and the event purity are codominant. The systematic
uncertainties tend to be larger for the pT-dependent results
than for the N rec

ch -dependent results, and are typically larger
for the v3 results than for the v2 results. For the v2 and v3

results as a function of N rec
ch , the statistical uncertainties are

typically larger than the systematic uncertainties. However,
for the results as a function of pch

T , the systematic uncertainties
are generally larger. This reflects, for example, the greater
sensitivity to the choice of LM reference, which must be
divided into different pch

T selections.

VII. RESULTS AND DISCUSSION

This section presents the measurement of the second- and
third-order flow coefficients in photonuclear collisions, in
both cases as a function of N rec

ch and charged-particle pT.
These results are compared with previous measurements of v2

and v3 for inclusive charged hadrons by ATLAS in inelastic,
minimum-bias 13 TeV pp collisions and in 5.02 TeV p + Pb
collisions [5].

Figure 15 presents the v2 and v3 values as a function of the
event charged-particle multiplicity N rec

ch . Significant, nonzero
values for v2 and v3 are observed and they are compatible
with no N rec

ch dependence within uncertainties. The results
are compared with previous measurements in pp and p + Pb
collisions, presented here as a function of N rec

ch for a slightly
different pT selection, 0.5 < pT < 5 GeV. Given the shape of
the pT distribution in high-multiplicity pp collisions [59] and
the pT dependence of the v2 values, the v2 in pp collisions
for 0.4 < pT < 2 GeV particles (the selection used in this
measurement) may be at most 10% lower than the values
presented for 0.5 < pT < 5 GeV. In photonuclear events, the
v2 values as a function of N rec

ch are systematically below those
in pp and p + Pb events, even after accounting for the differ-
ent pT ranges in the datasets. The v3 values are compatible
with those in pp and p + Pb events within significantly larger
statistical and systematic uncertainties.

The v2 and v3 results as a function of charged-particle pT

are presented in Fig. 16 for events with 20 < N rec
ch � 60. The

v2 results have central values similar to those plotted as a
function of N rec

ch in Fig. 15 but have larger systematic and
statistical uncertainties, due to the more limited size of the
available data sample for the pT-dependent LM references for
these measurements. For v2, the results trend towards negative
values for pT � 2.0 GeV, although with very large systematic
uncertainties. It is notable that there is a statistically signif-
icant confirmation of factorization, as detailed in Sec. V B,
only for v2 with the selection 0.4 � pT � 2.0 GeV. Hence the
values of v2 and v3 for pT � 2 GeV have an additional caveat,
arising from the fact that the magnitude of the flow signal rela-
tive to that of the nonflow contribution is significantly smaller
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FIG. 15. Flow coefficients v2 and v3 for charged particles with
0.5 < pT < 2.0 GeV in photonuclear events, reported as a function
of charged-particle multiplicity N rec

ch . The vertical error bars and col-
ored boxes represent the statistical and total systematic uncertainties,
respectively. The photonuclear data points are positioned at the aver-
age N rec

ch value in each interval. The measurements in photonuclear
events (solid symbols) are compared with those in pp collisions
at 13 TeV and p + Pb collisions at 5.02 TeV [5] (open symbols),
integrated over 0.5 < pT < 5.0 GeV.

than at lower pT. In particular, the trend towards negative
v2 values and rising v3 values suggests that the factorization
assumption could be violated.

Figure 17 shows the same data as Fig. 16, but zoomed
in on the vertical axis to allow a better comparison with
the analogous pT-dependent values in the pp and p + Pb

measurements described above, with the selection N rec
ch � 60.

In the region 0.4 < pT < 2 GeV the central values of the v2

are smaller than those in pp and p + Pb collisions, similar
to that observed in the N rec

ch -dependent results in Fig. 15.
However, due to the larger uncertainties in the pT-dependent
case, the v2 values for photonuclear and pp collisions are
compatible within the uncertainties of the former in the range
pT < 2 GeV. The v3 values are compatible between systems
within large uncertainties.

There are currently no published theoretical predictions for
flow coefficients in photonuclear collisions within a hydro-
dynamic or parton transport framework. In such frameworks,
the elliptic and triangular flow coefficients scale with the
initial geometry eccentricities, ε2 and ε3 respectively, and the
charged-particle multiplicity dNch/dη. In the vector-meson
dominance picture, photon-hadron interactions arise through
fluctuations of the photon into hadronic states with the same
quantum numbers as vector mesons, which have a nontrivial
initial transverse geometry. This geometry is determined by
the spectrum of these fluctuations, and while models of this
spectrum exist [60], they have not yet been adapted to provide
quantitative models. In the absence of a complete model, the
magnitude of the eccentricities can be estimated by noting that
fluctuations of the photon into light vector-meson states such
as the ρ give the largest contribution to the cross section. The
initial geometries for ρ + Pb collisions can be computed with
a Monte Carlo Glauber calculation [61] which treats the ρ

meson as having two constituent quarks. The resulting mean
values of the second- and third-order spatial eccentricities,
ε2 and ε3, are nearly identical to those in the p + Pb case.
Also, when comparing p + Pb and photonuclear events with
the same N rec

ch , in fact the relevant dNch/dη is larger in the
photonuclear events since the particles are distributed over
a smaller pseudorapidity region. Thus, one might naively
expect the flow coefficients to be similar in photonuclear
events and p + Pb collisions. However, in order to compare
any such calculation with data, a full modeling of the photon

FIG. 16. Charged-particle flow coefficients v2 (left) and v3 (right) in photonuclear events with 20 < N rec
ch � 60, reported as a function of

particle pT. The vertical error bars and colored boxes represent the statistical and total systematic uncertainties, respectively. The photonuclear
data points are positioned at the average pT value in each interval.
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FIG. 17. Charged-particle flow coefficients v2 (left) and v3 (right) in photonuclear events with 20 < N rec
ch � 60, reported as a function of

particle pT. The vertical error bars and colored boxes represent the statistical and total systematic uncertainties, respectively. The photonuclear
data points are positioned at the average pT value in each interval. The data are compared with the analogous measurements in pp collisions
at 13 TeV and p + Pb collisions at 5.02 TeV for N rec

ch � 60 [5]. The v2 data are also compared with a CGC-based theory calculation from
Ref. [31]. These photonuclear data are the same as in Fig. 16 but with different y-axes ranges to allow comparison with additional data and
theoretical predictions.

fluctuations in the selected γ + Pb events needs to be carried
out. In addition, correctly accounting for the boosted kine-
matics and limited acceptance using a fully three-dimensional
simulation may be important.

An alternative interpretation of two-particle correlations in
small collision systems involves interactions at the earliest
time between gluon fields in the color glass condensate (CGC)
framework [62]. Recently such calculations have described
heavy-flavor hadron and quarkonia azimuthal anisotropies in
p + Pb collisions [63,64], although calculations in the CGC
framework fail to describe other aspects of the data, such as
the charged-hadron flow coefficients in p + Pb at the LHC
and small-systems collisions at RHIC [65,66]. The authors

have extended these calculations to consider a color dipole
interacting with a Pb nucleus either at the future Electron
Ion Collider or in photonuclear collisions at the LHC [31].
The CGC calculation for photonuclear collisions is shown
in Fig. 17 and is in reasonable agreement with the v2 data
within uncertainties. In these calculations, the Pb nucleus is
described with a saturation scale Q2

s = 5 GeV2 and typical
parton transverse momentum � = 0.5 GeV, as used in calcu-
lations of v2 for heavy-flavor mesons and quarkonia [63,64].
However, in the calculation for the photonuclear case, the pa-
rameter Bp = 25 GeV−2, which controls the transverse area of
the interaction and thus the number of color domains from the
Pb nucleus taking part in the interaction, is significantly larger

FIG. 18. Comparison of results for raw Fourier coefficients v2,2 and v3,3 (left, without nonflow subtraction) and for nonflow subtracted
coefficients v2,2 and v3,3 (right, with nonflow subtraction using the template method), shown in data (open points) and in DPMJET-III (filled
points). The results in data and DPMJET-III are presented as functions of N rec

ch and N truth
ch , respectively.
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than in the previous calculations [63,64]. A larger transverse
area generally contains more color domains and results in a
smaller value of v2.

Finally, it is interesting to compare the data with results
from DPMJET-III, which has neither CGC-related correla-
tions nor hydrodynamic or parton scattering effects. This
comparison sets a baseline and provides a check of the
possible impact of issues such as the LM template choice
(which accounts for nonflow) selecting events with photon
energies that differ from the HM sample. The photon energy
is expected to be a function of N rec

ch , which is true within
DPMJET-III as shown in Fig. 6. If the nonflow contribution
changes with photon energy, it may be that the nonflow cor-
relation shape would not be the same in the LM and HM
selections, which is an assumption of the non-flow subtraction
procedure. In order to test if this effect might mimic the v2

and v3 signals observed, the DPMJET-III output has been run
through the full analysis procedure, including the LM and HM
selection and nonflow template fit. The resulting vn,n values
are shown in Fig. 18 for both data and DPMJET-III. The
left panel shows the values that would result from a Fourier
fit to the HM correlation function, without accounting for
nonflow, while the right panel shows the template-subtracted
results. In DPMJET-III, the template-subtracted vn,n values
are both negative, in contradistinction to the opposite sign for
these values observed in data. Since they give negative values,
which are impossible in a flow factorization interpretation,
one cannot extract v2 and v3 values to compare with the data.
Nevertheless, this demonstrates that, at least within DPMJET-
III, there is no trivial effect in the non-flow subtraction issue
which could result in a false signal.

VIII. CONCLUSION

This paper reports a measurement of long-range two-
particle correlations in high-energy photonuclear collisions.
Events are selected from 1.7 nb−1 of Pb+Pb collision data
at 5.02 TeV recorded by the ATLAS detector at the LHC
in 2018 using a combination of criteria for the energy de-
posited exclusively in one side of the zero-degree calorimeter,
and requirements on the sum of gaps in the photon-going
direction (	γ �η > 2.5). Azimuthal correlation functions are
reported for pairs of charged particles separated by 2 <

|�η| < 5 units of pseudorapidity. A template-fitting method is
used to subtract the nonflow contribution. The single-particle
flow coefficients v2 and v3 are reported as a function of
charged-particle multiplicity and single-particle pT. Signifi-
cant, nonzero v2 and v3 values are observed in photonuclear
events, indicating that particles produced in these events par-
ticipate in azimuthally dependent, collective motion. The v2

values are smaller than those reported in pp and p + Pb colli-
sions at similar particle multiplicities. The results presented

here provide new information about long-range collective
behavior in an exotic collision system with different initial
conditions than those in ordinary hadronic collisions. As such,
they provide a new testing ground for different pictures of the
physical origin of these correlations, and a starting point for
understanding the systems which will be studied at the future
Electron Ion Collider.

ACKNOWLEDGMENTS

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina, Yer-
PhI, Armenia, ARC, Australia, BMWFW and FWF, Austria,
ANAS, Azerbaijan, SSTC, Belarus, CNPq and FAPESP,
Brazil, NSERC, NRC, and CFI, Canada, CERN and ANID,
Chile, CAS, MOST, and NSFC, China, COLCIENCIAS,
Colombia, MSMT CR, MPO CR, and VSC CR, Czech Re-
public, DNRF and DNSRC, Denmark, IN2P3-CNRS and
CEA-DRF/IRFU, France, SRNSFG, Georgia, BMBF, HGF,
and MPG, Germany, GSRT, Greece, RGC and Hong Kong
SAR, China, ISF and Benoziyo Center, Israel, INFN, Italy,
MEXT and JSPS, Japan, CNRST, Morocco, NWO, Nether-
lands, RCN, Norway, MNiSW and NCN, Poland, FCT,
Portugal, MNE/IFA, Romania, JINR, MES of Russia, and
NRC KI, Russian Federation, MESTD, Serbia, MSSR, Slo-
vakia, ARRS and MIZŠ, Slovenia, DST/NRF, South Africa,
MICINN, Spain, SRC and Wallenberg Foundation, Sweden,
SERI, SNSF, and Cantons of Bern and Geneva, Switzerland,
MOST, Taiwan, TAEK, Turkey, STFC, United Kingdom,
DOE and NSF, USA. In addition, individual groups and
members have received support from BCKDF, CANARIE,
Compute Canada, CRC and IVADO, Canada, Beijing Munic-
ipal Science & Technology Commission, China, COST, ERC,
ERDF, Horizon 2020, and Marie Skłodowska-Curie Actions,
European Union, Investissements d’Avenir Labex, Investisse-
ments d’Avenir Idex and ANR, France, DFG and AvH
Foundation, Germany, Herakleitos, Thales, and Aristeia pro-
grams cofinanced by EU-ESF and the Greek NSRF, Greece,
BSF-NSF and GIF, Israel, La Caixa Banking Foundation,
CERCA Programme Generalitat de Catalunya, and PROM-
ETEO and GenT Programmes Generalitat Valenciana, Spain,
Göran Gustafssons Stiftelse, Sweden, The Royal Society and
Leverhulme Trust, United Kingdom. The crucial computing
support from all WLCG partners is acknowledged grate-
fully, in particular from CERN, the ATLAS Tier-1 facilities
at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan),
RAL (UK), and BNL (USA), the Tier-2 facilities worldwide
and large non-WLCG resource providers. Major contributors
of computing resources are listed in Ref. [67].

[1] W. Busza, K. Rajagopal, and W. van der Schee,
Heavy ion collisions: The big picture, and the big
questions, Annu. Rev. Nucl. Part. Sci. 68, 339
(2018).

[2] P. Romatschke and U. Romatschke, Relativistic Fluid Dynamics
In and Out of Equilibrium, Cambridge Monographs on Math-
ematical Physics (Cambridge University Press, Cambridge,
2019).

014903-17

https://doi.org/10.1146/annurev-nucl-101917-020852


G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

[3] U. Heinz and R. Snellings, Collective flow and viscosity in
relativistic heavy-ion collisions, Annu. Rev. Nucl. Part. Sci. 63,
123 (2013).

[4] G. Aad et al. (ATLAS Collaboration), Observation of Long-
Range Elliptic Azimuthal Anisotropies in

√
s = 13 and

2.76 TeV pp Collisions with the ATLAS Detector, Phys. Rev.
Lett. 116, 172301 (2016).

[5] M. Aaboud et al. (ATLAS Collaboration), Measurements of
long-range azimuthal anisotropies and associated Fourier co-
efficients for pp collisions at

√
s = 5.02 and 13 TeV and p +

Pb collisions at
√

sNN = 5.02 TeV with the ATLAS detector,
Phys. Rev. C 96, 024908 (2017).

[6] V. Khachatryan et al. (CMS Collaboration), Evidence for Col-
lective Multiparticle Correlations in pPb Collisions, Phys. Rev.
Lett. 115, 012301 (2015).

[7] M. Aaboud et al. (ATLAS Collaboration), Measurement of
long-range two-particle azimuthal correlations in Z-boson
tagged pp collisions at

√
s = 8 and 13 TeV, Eur. Phys. J. C 80,

64 (2020).
[8] C. Aidala et al. (PHENIX Collaboration), Measurements of

Multiparticle Correlations in d + Au Collisions at 200, 62.4,
39, and 19.6 GeV and p + Au Collisions at 200 GeV and Im-
plications for Collective Behavior, Phys. Rev. Lett. 120, 062302
(2018).

[9] J. L. Nagle, R. Belmont, K. Hill, J. O. Koop, D. V. Perepelitsa,
P. Yin, Z. W. Lin, and D. McGlinchey, Minimal conditions
for collectivity in e+e− and p + p collisions, Phys. Rev. C 97,
024909 (2018).

[10] J. L. Nagle and W. A. Zajc, Small system collectivity in rela-
tivistic hadronic and nuclear collisions, Annu. Rev. Nucl. Part.
Sci. 68, 211 (2018).

[11] C. Aidala et al. (PHENIX Collaboration), Creation of quark-
gluon plasma droplets with three distinct geometries, Nat. Phys.
15, 214 (2019).

[12] M. Greif, C. Greiner, B. Schenke, S. Schlichting, and Z. Xu,
Importance of initial and final state effects for azimuthal corre-
lations in p + Pb collisions, Phys. Rev. D 96, 091504(R) (2017).

[13] A. Badea, A. Baty, P. Chang, G. M. Innocenti, M. Maggi, C.
McGinn, M. Peters, T. A. Sheng, J. Thaler, and Y. J. Lee,
Measurements of Two-Particle Correlations in e+e− Collisions
at 91 GeV with ALEPH Archived Data, Phys. Rev. Lett. 123,
212002 (2019).

[14] I. Abt et al. (ZEUS Collaboration), Two-particle azimuthal cor-
relations as a probe of collective behaviour in deep inelastic ep
scattering at HERA, J. High Energy Phys. 04 (2020) 070.

[15] E. Fermi, Übea die Theorie des Stoßes zwischen Atomen und
elektrisch geladenen Teilchen, Z. Phys. 29, 315 (1924).

[16] C. F. von Weizsäcker, Ausstrahlung bei Stößen sehr schneller
Elektronen, Z. Phys. 88, 612 (1934).

[17] E. J. Williams, Nature of the high energy particles of penetrating
radiation and status of ionization and radiation formulae, Phys.
Rev. 45, 729 (1934).

[18] C. A. Bertulani, S. R. Klein, and J. Nystrand, Physics of ultra-
peripheral nuclear collisions, Annu. Rev. Nucl. Part. Sci. 55,
271 (2005).

[19] S. R. Klein and P. Steinberg, Photonuclear and two-photon
interactions at high-energy nuclear colliders, Annu. Rev. Nucl.
Part. Sci. 70, 323 (2020).

[20] M. Aaboud et al. (ATLAS Collaboration), Evidence for light-
by-light scattering in heavy-ion collisions with the ATLAS
detector at the LHC, Nat. Phys. 13, 852 (2017).

[21] G. Aad et al. (ATLAS Collaboration), Observation of Light-by-
Light Scattering in Ultraperipheral Pb+Pb Collisions with the
ATLAS Detector, Phys. Rev. Lett. 123, 052001 (2019).

[22] G. Aad et al. (ATLAS Collaboration), Measurement of light-
by-light scattering and search for axion-like particles with 2.2
nb−1 of Pb+Pb data with the ATLAS detector, J. High Energy
Phys. 03 (2021) 243.

[23] P. Salvini et al. (CMS Collaboration), Evidence for light-
by-light scattering and searches for axion-like particles in
ultraperipheral PbPb collisions at

√
sNN = 5.02 TeV, Phys.

Lett. B 797, 134826 (2019).
[24] G. Aad et al. (ATLAS Collaboration), Exclusive dimuon

production in ultraperipheral Pb+Pb collisions at
√

sNN =
5.02 TeV with ATLAS, arXiv:2011.12211.

[25] A. M. Sirunyan et al. (CMS Collaboration), Observation of
forward neutron multiplicity dependence of dimuon acopla-
narity in ultraperipheral PbPb collisions at

√
sNN = 5.02 TeV,

arXiv:2011.05239.
[26] E. Abbas et al. (ALICE Collaboration), Charmonium and e+e−

pair photoproduction at mid-rapidity in ultra-peripheral Pb-Pb
collisions at

√
sNN = 2.76 TeV, Eur. Phys. J. C 73, 2617 (2013).

[27] V. Khachatryan et al. (CMS Collaboration), Coherent J/ψ
photoproduction in ultra-peripheral PbPb collisions at

√
sNN =

2.76 TeV with the CMS experiment, Phys. Lett. B 772, 489
(2017).

[28] S. Acharya et al. (ALICE Collaboration), Coherent J/ψ pho-
toproduction at forward rapidity in ultra-peripheral Pb-Pb
collisions at

√
sNN = 5.02 TeV, Phys. Lett. B 798, 134926

(2019).
[29] J. Sakurai, Theory of strong interactions, Ann. Phys. (NY) 11,

1 (1960).
[30] A. Accardi et al., Electron Ion Collider: The next QCD frontier:

Understanding the glue that binds us all, Eur. Phys. J. A 52,
268 (2016); edited by A. Deshpande, Z. Meziani, and J. Qiu,
arXiv:1212.1701 [nucl-ex].

[31] Y. Shi, L. Wang, S.-Y. Wei, B.-W. Xiao, and L. Zheng, Explor-
ing collective phenomena at the electron-ion collider, Phys. Rev.
D 103, 054017 (2021).

[32] G. Aad et al. (ATLAS Collaboration), Rapidity gap cross sec-
tions measured with the ATLAS detector in pp collisions at√

s = 7 TeV, Eur. Phys. J. C 72, 1926 (2012).
[33] V. Khachatryan et al. (CMS Collaboration), Measurement of

diffractive dissociation cross sections in pp collisions at
√

s =
7 TeV, Phys. Rev. D 92, 012003 (2015).

[34] G. Aad et al. (ATLAS Collaboration), Measurement of Az-
imuthal Anisotropy of Muons from Charm and Bottom Hadrons
in pp Collisions at

√
s = 13 TeV with the ATLAS Detector,

Phys. Rev. Lett. 124, 082301 (2020).
[35] G. Aad et al. (ATLAS Collaboration), The ATLAS experiment

at the CERN Large Hadron Collider, J. Instrum. 3, S08003
(2008).

[36] M. Capeans et al. (ATLAS Collaboration), ATLAS Insertable
B-Layer: Technical design report, ATLAS-TDR-19, CERN-
LHCC-2010-013, 2010, https://cds.cern.ch/record/1291633.

[37] M. Capeans et al. (ATLAS Collaboration), ATLAS Insertable
B-Layer: Technical design report addendum, ATLAS-TDR-
19-ADD-1, CERN-LHCC-2012-009, 2012, https://cds.cern.ch/
record/1451888.

[38] B. Abbott et al., Production and integration of the
ATLAS Insertable B-Layer, J. Instrum. 13, T05008
(2018).

014903-18

https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1103/PhysRevLett.116.172301
https://doi.org/10.1103/PhysRevC.96.024908
https://doi.org/10.1103/PhysRevLett.115.012301
https://doi.org/10.1140/epjc/s10052-020-7606-6
https://doi.org/10.1103/PhysRevLett.120.062302
https://doi.org/10.1103/PhysRevC.97.024909
https://doi.org/10.1146/annurev-nucl-101916-123209
https://doi.org/10.1038/s41567-018-0360-0
https://doi.org/10.1103/PhysRevD.96.091504
https://doi.org/10.1103/PhysRevLett.123.212002
https://doi.org/10.1007/JHEP04(2020)070
https://doi.org/10.1007/BF03184853
https://doi.org/10.1007/BF01333110
https://doi.org/10.1103/PhysRev.45.729
https://doi.org/10.1146/annurev.nucl.55.090704.151526
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1038/nphys4208
https://doi.org/10.1103/PhysRevLett.123.052001
https://doi.org/10.1007/JHEP03(2021)243
https://doi.org/10.1016/j.physletb.2019.134826
http://arxiv.org/abs/arXiv:2011.12211
http://arxiv.org/abs/arXiv:2011.05239
https://doi.org/10.1140/epjc/s10052-013-2617-1
https://doi.org/10.1016/j.physletb.2017.07.001
https://doi.org/10.1016/j.physletb.2019.134926
https://doi.org/10.1016/0003-4916(60)90126-3
https://doi.org/10.1140/epja/i2016-16268-9
http://arxiv.org/abs/arXiv:1212.1701
https://doi.org/10.1103/PhysRevD.103.054017
https://doi.org/10.1140/epjc/s10052-012-1926-0
https://doi.org/10.1103/PhysRevD.92.012003
https://doi.org/10.1103/PhysRevLett.124.082301
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008


TWO-PARTICLE AZIMUTHAL CORRELATIONS … PHYSICAL REVIEW C 104, 014903 (2021)

[39] M. Aaboud et al. (ATLAS Collaboration), Performance of the
ATLAS trigger system in 2015, Eur. Phys. J. C 77, 317 (2017).

[40] S. Agostinelli et al., GEANT4, – A simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[41] G. Aad et al. (ATLAS Collaboration), The ATLAS simulation
infrastructure, Eur. Phys. J. C 70, 823 (2010).

[42] X.-N. Wang and M. Gyulassy, HIJING: A Monte Carlo model
for multiple jet production in pp, pA, and AA collisions,
Phys. Rev. D 44, 3501 (1991).

[43] S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J.
Butterworth, STARlight: A Monte Carlo simulation program
for ultra-peripheral collisions of relativistic ions, Comput. Phys.
Commun. 212, 258 (2017).

[44] R. Engel, Photoproduction within the two component dual par-
ton Model: Amplitudes and cross sections, Z. Phys. C 66, 203
(1995).

[45] S. Roesler, R. Engel, and J. Ranft, The Monte Carlo event
generator DPMJET-III’, talk given at the International Confer-
ence on Advanced Monte Carlo for Radiation Physics, Particle
Transport Simulation and Applications (MC 2000), arXiv:hep-
ph/0012252.

[46] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput.
Phys. Commun. 191, 159 (2015).

[47] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys.
B 867, 244 (2013).

[48] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data,
ATL-PHYS-PUB-2014-021, 2014, https://cds.cern.ch/record/
1966419.

[49] G. Aad et al. (ATLAS Collaboration), Charged-particle multi-
plicities in pp interactions measured with the ATLAS detector
at the LHC, New J. Phys. 13, 053033 (2011).

[50] A. Salzburger, Optimisation of the ATLAS track reconstruction
software for Run-2, ATL-SOFT-PROC-2015-056, 2015, https:
//cds.cern.ch/record/2018442.

[51] G. Aad et al. (ATLAS Collaboration), Charged-particle dis-
tributions in

√
s = 13 TeV pp interactions measured with the

ATLAS detector at the LHC, Phys. Lett. B 758, 67 (2016).
[52] G. Aad et al. (ATLAS Collaboration), Topological cell cluster-

ing in the ATLAS calorimeters and its performance in LHC Run
1, Eur. Phys. J. C 77, 490 (2017).

[53] G. Aad et al. (ATLAS Collaboration), Measurement of the
centrality dependence of the charged-particle pseudorapidity
distribution in proton-lead collisions at

√
sNN = 5.02 TeV with

the ATLAS detector, Eur. Phys. J. C 76, 199 (2016).
[54] G. Aad et al. (ATLAS Collaboration), Observation of Asso-

ciated Near-Side and Away-Side Long-Range Correlations in√
sNN = 5.02 TeV Proton-Lead Collisions with the ATLAS De-

tector, Phys. Rev. Lett. 110, 182302 (2013).

[55] G. Aad et al. (ATLAS Collaboration), Measurement of long-
range pseudorapidity correlations and azimuthal harmonics in√

sNN = 5.02 TeV proton-lead collisions with the ATLAS de-
tector, Phys. Rev. C 90, 044906 (2014).

[56] G. Aad et al. (ATLAS Collaboration), Measurement of the
azimuthal anisotropy for charged particle production in

√
sNN =

2.76 TeV lead-lead collisions with the ATLAS detector,
Phys. Rev. C 86, 014907 (2012).

[57] M. Aaboud et al. (ATLAS Collaboration), Measurement
of multi-particle azimuthal correlations in pp, p + Pb and
low-multiplicity Pb+Pb collisions with the ATLAS detector,
Eur. Phys. J. C 77, 428 (2017).

[58] M. Aaboud et al. (ATLAS Collaboration), Correlated long-
range mixed-harmonic fluctuations measured in pp, p + Pb and
low-multiplicity Pb+Pb collisions with the ATLAS detector,
Phys. Lett. B 789, 444 (2019).

[59] S. Acharya et al. (ALICE Collaboration), Charged-particle pro-
duction as a function of multiplicity and transverse spherocity
in pp collisions at

√
s = 5.02 and 13 TeV, Eur. Phys. J. C 79,

857 (2019).
[60] M. Alvioli, L. Frankfurt, V. Guzey, M. Strikman, and M.

Zhalov, Mapping color fluctuations in the photon in ultraperiph-
eral heavy ion collisions at the Large Hadron Collider, Phys.
Lett. B 767, 450 (2017).

[61] C. Loizides, Glauber modeling of high-energy nuclear col-
lisions at the subnucleon level, Phys. Rev. C 94, 024914
(2016).

[62] T. Lappi, B. Schenke, S. Schlichting, and R. Venugopalan,
Tracing the origin of azimuthal gluon correlations in the color
glass condensate, J. High Energy Phys. 01 (2016) 061.

[63] C. Zhang, C. Marquet, G. Y. Qin, Y. Shi, L. Wang, S. Y. Wei,
and B. W. Xiao, Collectivity of heavy mesons in proton-nucleus
collisions, Phys. Rev. D 102, 034010 (2020).

[64] C. Zhang, C. Marquet, G.-Y. Qin, S.-Y. Wei, and B.-W. Xiao,
Elliptic Flow of Heavy Quarkonia in pA Collisions, Phys. Rev.
Lett. 122, 172302 (2019).

[65] M. Mace, V. V. Skokov, P. Tribedy, and R. Venugopalan, Hierar-
chy of Azimuthal Anisotropy Harmonics in Collisions of Small
Systems from the Color Glass Condensate, Phys. Rev. Lett. 121,
052301 (2018); 123, 039901(E) (2019).

[66] M. Mace, V. V. Skokov, P. Tribedy, and R. Venugopalan,
Systematics of azimuthal anisotropy harmonics in proton–
nucleus collisions at the LHC from the color glass con-
densate, Phys. Lett. B 788, 161 (2019); 799, 135006(E)
(2019).

[67] ATLAS Collaboration, ATLAS computing acknowledge-
ments, ATL-SOFT-PUB-2020-001, https://cds.cern.ch/record/
2717821.

G. Aad,101 B. Abbott,127 D. C. Abbott,102 A. Abed Abud,36 K. Abeling,53 D. K. Abhayasinghe,93 S. H. Abidi,29

O. S. AbouZeid,40 N. L. Abraham,155 H. Abramowicz,160 H. Abreu,159 Y. Abulaiti,6 A. C. Abusleme Hoffman,145a

B. S. Acharya,66a,66b,o B. Achkar,53 L. Adam,99 C. Adam Bourdarios,5 L. Adamczyk,83a L. Adamek,165 J. Adelman,120

A. Adiguzel,12c,ad S. Adorni,54 T. Adye,142 A. A. Affolder,144 Y. Afik,159 C. Agapopoulou,64 M. N. Agaras,38 A. Aggarwal,118

C. Agheorghiesei,27c J. A. Aguilar-Saavedra,138f,138a,ac A. Ahmad,36 F. Ahmadov,79 W. S. Ahmed,103 X. Ai,46 G. Aielli,73a,73b

S. Akatsuka,85 M. Akbiyik,99 T. P. A. Åkesson,96 E. Akilli,54 A. V. Akimov,110 K. Al Khoury,39 G. L. Alberghi,23b,23a

J. Albert,174 M. J. Alconada Verzini,160 S. Alderweireldt,36 M. Aleksa,36 I. N. Aleksandrov,79 C. Alexa,27b T. Alexopoulos,10

A. Alfonsi,119 F. Alfonsi,23b,23a M. Alhroob,127 B. Ali,140 S. Ali,157 M. Aliev,164 G. Alimonti,68a C. Allaire,36

B. M. M. Allbrooke,155 P. P. Allport,21 A. Aloisio,69a,69b F. Alonso,88 C. Alpigiani,147 E. Alunno Camelia,73a,73b

014903-19

https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/j.cpc.2016.10.016
https://doi.org/10.1007/BF01496594
http://arxiv.org/abs/arXiv:hep-ph/0012252
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://cds.cern.ch/record/1966419
https://doi.org/10.1088/1367-2630/13/5/053033
https://cds.cern.ch/record/2018442
https://doi.org/10.1016/j.physletb.2016.04.050
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-016-4002-3
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevC.90.044906
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1140/epjc/s10052-017-4988-1
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1140/epjc/s10052-019-7350-y
https://doi.org/10.1016/j.physletb.2017.02.034
https://doi.org/10.1103/PhysRevC.94.024914
https://doi.org/10.1007/JHEP01(2016)061
https://doi.org/10.1103/PhysRevD.102.034010
https://doi.org/10.1103/PhysRevLett.122.172302
https://doi.org/10.1103/PhysRevLett.121.052301
https://doi.org/10.1103/PhysRevLett.123.039901
https://doi.org/10.1016/j.physletb.2018.09.064
https://doi.org/10.1016/j.physletb.2019.135006
https://cds.cern.ch/record/2717821


G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

M. Alvarez Estevez,98 M. G. Alviggi,69a,69b Y. Amaral Coutinho,80b A. Ambler,103 L. Ambroz,133 C. Amelung,36 D. Amidei,105

S. P. Amor Dos Santos,138a S. Amoroso,46 C. S. Amrouche,54 C. Anastopoulos,148 N. Andari,143 T. Andeen,11 J. K. Anders,20

S. Y. Andrean,45a,45b A. Andreazza,68a,68b V. Andrei,61a C. R. Anelli,174 S. Angelidakis,9 A. Angerami,39

A. V. Anisenkov,121b,121a A. Annovi,71a C. Antel,54 M. T. Anthony,148 E. Antipov,128 M. Antonelli,51 D. J. A. Antrim,18

F. Anulli,72a M. Aoki,81 J. A. Aparisi Pozo,172 M. A. Aparo,155 L. Aperio Bella,46 N. Aranzabal,36 V. Araujo Ferraz,80a

C. Arcangeletti,51 A. T. H. Arce,49 J-F. Arguin,109 S. Argyropoulos,52 J.-H. Arling,46 A. J. Armbruster,36 A. Armstrong,169

O. Arnaez,165 H. Arnold,36 Z. P. Arrubarrena Tame,113 G. Artoni,133 H. Asada,116 K. Asai,125 S. Asai,162 N. A. Asbah,59

E. M. Asimakopoulou,170 L. Asquith,155 J. Assahsah,35e K. Assamagan,29 R. Astalos,28a R. J. Atkin,33a M. Atkinson,171

N. B. Atlay,19 H. Atmani,64 P. A. Atmasiddha,105 K. Augsten,140 V. A. Austrup,180 G. Avolio,36 M. K. Ayoub,15c

G. Azuelos,109,ak D. Babal,28a H. Bachacou,143 K. Bachas,161 F. Backman,45a,45b P. Bagnaia,72a,72b H. Bahrasemani,151

A. J. Bailey,172 V. R. Bailey,171 J. T. Baines,142 C. Bakalis,10 O. K. Baker,181 P. J. Bakker,119 E. Bakos,16 D. Bakshi Gupta,8

S. Balaji,156 R. Balasubramanian,119 E. M. Baldin,121b,121a P. Balek,178 F. Balli,143 W. K. Balunas,133 J. Balz,99 E. Banas,84

M. Bandieramonte,137 A. Bandyopadhyay,19 L. Barak,160 W. M. Barbe,38 E. L. Barberio,104 D. Barberis,55b,55a M. Barbero,101

G. Barbour,94 K. N. Barends,33a T. Barillari,114 M-S. Barisits,36 J. Barkeloo,130 T. Barklow,152 B. M. Barnett,142

R. M. Barnett,18 Z. Barnovska-Blenessy,60a A. Baroncelli,60a G. Barone,29 A. J. Barr,133 L. Barranco Navarro,45a,45b

F. Barreiro,98 J. Barreiro Guimarães da Costa,15a U. Barron,160 S. Barsov,136 F. Bartels,61a R. Bartoldus,152 G. Bartolini,101

A. E. Barton,89 P. Bartos,28a A. Basalaev,46 A. Basan,99 A. Bassalat,64,ah M. J. Basso,165 C. R. Basson,100 R. L. Bates,57

S. Batlamous,35f J. R. Batley,32 B. Batool,150 M. Battaglia,144 M. Bauce,72a,72b F. Bauer,143,* P. Bauer,24 H. S. Bawa,31

A. Bayirli,12c J. B. Beacham,49 T. Beau,134 P. H. Beauchemin,168 F. Becherer,52 P. Bechtle,24 H. P. Beck,20,q K. Becker,176

C. Becot,46 A. J. Beddall,12a V. A. Bednyakov,79 C. P. Bee,154 T. A. Beermann,180 M. Begalli,80b M. Begel,29 A. Behera,154

J. K. Behr,46 J. F. Beirer,53,36 F. Beisiegel,24 M. Belfkir,5 G. Bella,160 L. Bellagamba,23b A. Bellerive,34 P. Bellos,21

K. Beloborodov,121b,121a K. Belotskiy,111 N. L. Belyaev,111 D. Benchekroun,35a N. Benekos,10 Y. Benhammou,160

D. P. Benjamin,6 M. Benoit,29 J. R. Bensinger,26 S. Bentvelsen,119 L. Beresford,133 M. Beretta,51 D. Berge,19

E. Bergeaas Kuutmann,170 N. Berger,5 B. Bergmann,140 L. J. Bergsten,26 J. Beringer,18 S. Berlendis,7 G. Bernardi,134

C. Bernius,152 F. U. Bernlochner,24 T. Berry,93 P. Berta,46 A. Berthold,48 I. A. Bertram,89 O. Bessidskaia Bylund,180

S. Bethke,114 A. Betti,42 A. J. Bevan,92 S. Bhatta,154 D. S. Bhattacharya,175 P. Bhattarai,26 V. S. Bhopatkar,6 R. Bi,137

R. M. Bianchi,137 O. Biebel,113 R. Bielski,36 K. Bierwagen,99 N. V. Biesuz,71a,71b M. Biglietti,74a T. R. V. Billoud,140

M. Bindi,53 A. Bingul,12d C. Bini,72a,72b S. Biondi,23b,23a C. J. Birch-sykes,100 M. Birman,178 T. Bisanz,36 J. P. Biswal,3

D. Biswas,179,j A. Bitadze,100 C. Bittrich,48 K. Bjørke,132 T. Blazek,28a I. Bloch,46 C. Blocker,26 A. Blue,57 U. Blumenschein,92

G. J. Bobbink,119 V. S. Bobrovnikov,121b,121a D. Bogavac,14 A. G. Bogdanchikov,121b,121a C. Bohm,45a V. Boisvert,93

P. Bokan,170,53 T. Bold,83a M. Bomben,134 M. Bona,92 J. S. Bonilla,130 M. Boonekamp,143 C. D. Booth,93 A. G. Borbély,57

H. M. Borecka-Bielska,90 L. S. Borgna,94 G. Borissov,89 D. Bortoletto,133 D. Boscherini,23b M. Bosman,14 J. D. Bossio Sola,103

K. Bouaouda,35a J. Boudreau,137 E. V. Bouhova-Thacker,89 D. Boumediene,38 R. Bouquet,134 A. Boveia,126 J. Boyd,36

D. Boye,29 I. R. Boyko,79 A. J. Bozson,93 J. Bracinik,21 N. Brahimi,60d,60c G. Brandt,180 O. Brandt,32 F. Braren,46 B. Brau,102

J. E. Brau,130 W. D. Breaden Madden,57 K. Brendlinger,46 R. Brener,159 L. Brenner,36 R. Brenner,170 S. Bressler,178

B. Brickwedde,99 D. L. Briglin,21 D. Britton,57 D. Britzger,114 I. Brock,24 R. Brock,106 G. Brooijmans,39 W. K. Brooks,145d

E. Brost,29 P. A. Bruckman de Renstrom,84 B. Brüers,46 D. Bruncko,28b A. Bruni,23b G. Bruni,23b M. Bruschi,23b

N. Bruscino,72a,72b L. Bryngemark,152 T. Buanes,17 Q. Buat,154 P. Buchholz,150 A. G. Buckley,57 I. A. Budagov,79

M. K. Bugge,132 O. Bulekov,111 B. A. Bullard,59 T. J. Burch,120 S. Burdin,90 C. D. Burgard,46 A. M. Burger,128 B. Burghgrave,8

J. T. P. Burr,46 C. D. Burton,11 J. C. Burzynski,102 V. Büscher,99 E. Buschmann,53 P. J. Bussey,57 J. M. Butler,25 C. M. Buttar,57

J. M. Butterworth,94 W. Buttinger,142 C. J. Buxo Vazquez,106 A. R. Buzykaev,121b,121a G. Cabras,23b,23a S. Cabrera Urbán,172

D. Caforio,56 H. Cai,137 V. M. M. Cairo,152 O. Cakir,4a N. Calace,36 P. Calafiura,18 G. Calderini,134 P. Calfayan,65 G. Callea,57

L. P. Caloba,80b A. Caltabiano,73a,73b S. Calvente Lopez,98 D. Calvet,38 S. Calvet,38 T. P. Calvet,101 M. Calvetti,71a,71b

R. Camacho Toro,134 S. Camarda,36 D. Camarero Munoz,98 P. Camarri,73a,73b M. T. Camerlingo,74a,74b D. Cameron,132

C. Camincher,36 M. Campanelli,94 A. Camplani,40 V. Canale,69a,69b A. Canesse,103 M. Cano Bret,77 J. Cantero,128 Y. Cao,171

M. Capua,41b,41a R. Cardarelli,73a F. Cardillo,172 G. Carducci,41b,41a T. Carli,36 G. Carlino,69a B. T. Carlson,137

E. M. Carlson,174,166a L. Carminati,68a,68b M. Carnesale,72a,72b R. M. D. Carney,152 S. Caron,118 E. Carquin,145d S. Carrá,46

G. Carratta,23b,23a J. W. S. Carter,165 T. M. Carter,50 M. P. Casado,14,g A. F. Casha,165 E. G. Castiglia,181 F. L. Castillo,172

L. Castillo Garcia,14 V. Castillo Gimenez,172 N. F. Castro,138a,138e A. Catinaccio,36 J. R. Catmore,132 A. Cattai,36 V. Cavaliere,29

V. Cavasinni,71a,71b E. Celebi,12b F. Celli,133 K. Cerny,129 A. S. Cerqueira,80a A. Cerri,155 L. Cerrito,73a,73b F. Cerutti,18

A. Cervelli,23b,23a S. A. Cetin,12b Z. Chadi,35a D. Chakraborty,120 M. Chala,138f J. Chan,179 W. S. Chan,119 W. Y. Chan,90

J. D. Chapman,32 B. Chargeishvili,158b D. G. Charlton,21 T. P. Charman,92 M. Chatterjee,20 C. C. Chau,34 S. Chekanov,6

S. V. Chekulaev,166a G. A. Chelkov,79,af B. Chen,78 C. Chen,60a C. H. Chen,78 H. Chen,15c H. Chen,29 J. Chen,60a J. Chen,39

J. Chen,26 S. Chen,135 S. J. Chen,15c X. Chen,15b Y. Chen,60a Y-H. Chen,46 C. L. Cheng,179 H. C. Cheng,62a H. J. Cheng,15a

A. Cheplakov,79 E. Cheremushkina,122 R. Cherkaoui El Moursli,35f E. Cheu,7 K. Cheung,63 L. Chevalier,143 V. Chiarella,51

G. Chiarelli,71a G. Chiodini,67a A. S. Chisholm,21 A. Chitan,27b I. Chiu,162 Y. H. Chiu,174 M. V. Chizhov,79,s K. Choi,11

A. R. Chomont,72a,72b Y. Chou,102 Y. S. Chow,119 L. D. Christopher,33f M. C. Chu,62a X. Chu,15a,15d J. Chudoba,139

J. J. Chwastowski,84 D. Cieri,114 K. M. Ciesla,84 V. Cindro,91 I. A. Cioară,27b A. Ciocio,18 F. Cirotto,69a,69b Z. H. Citron,178,k
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