
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Article scientifique Article 2020                                     Published version Open Access

This is the published version of the publication, made available in accordance with the publisher’s policy.

Transverse momentum and process dependent azimuthal anisotropies in 

sNN=8.16 TeV p+Pb collisions with the ATLAS detector

Collaborators: Adorni Braccesi Chiassi, Sofia; Akilli, Ece; Amrouche, Cherifa Sabrina; Antel, Claire; Benoit, 

Mathieu; Clark, Allan Geoffrey; Della Volpe, Domenico; Dubreuil, Arnaud; Ferrere, Didier; Gadatsch, Stefan; 

Golling, Tobias; Gonzalez Sevilla, Sergio Iacobucci, Giuseppe [and 19 more]

How to cite

ATLAS Collaboration. Transverse momentum and process dependent azimuthal anisotropies in 

sNN=8.16 TeV p+Pb collisions with the ATLAS detector. In: The European Physical Journal. C, Particles 

and Fields, 2020, vol. 80, p. 1–31. doi: 10.1140/epjc/s10052-020-7624-4

This publication URL: https://archive-ouverte.unige.ch/unige:131182

Publication DOI: 10.1140/epjc/s10052-020-7624-4

© The author(s). This work is licensed under a Creative Commons Attribution (CC BY) 

https://creativecommons.org/licenses/by/4.0

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:131182
https://doi.org/10.1140/epjc/s10052-020-7624-4
https://creativecommons.org/licenses/by/4.0


Eur. Phys. J. C           (2020) 80:73 
https://doi.org/10.1140/epjc/s10052-020-7624-4

Regular Article - Experimental Physics

Transverse momentum and process dependent azimuthal
anisotropies in

√
sNN = 8.16 TeV p+Pb collisions with the ATLAS

detector

ATLAS Collaboration�

CERN, 1211 Geneva 23, Switzerland

Received: 31 October 2019 / Accepted: 7 January 2020
© CERN for the benefit of the ATLAS collaboration 2020

Abstract The azimuthal anisotropy of charged particles
produced in

√
sNN = 8.16 TeV p+Pb collisions is measured

with the ATLAS detector at the LHC. The data correspond
to an integrated luminosity of 165 nb−1 that was collected in
2016. Azimuthal anisotropy coefficients, elliptic v2 and tri-
angular v3, extracted using two-particle correlations with a
non-flow template fit procedure, are presented as a function of
particle transverse momentum (pT) between 0.5 and 50 GeV.
The v2 results are also reported as a function of centrality in
three different particle pT intervals. The results are reported
from minimum-bias events and jet-triggered events, where
two jet pT thresholds are used. The anisotropies for particles
with pT less than about 2 GeV are consistent with hydro-
dynamic flow expectations, while the significant non-zero
anisotropies for pT in the range 9–50 GeV are not explained
within current theoretical frameworks. In the pT range 2–
9 GeV, the anisotropies are larger in minimum-bias than in
jet-triggered events. Possible origins of these effects, such as
the changing admixture of particles from hard scattering and
the underlying event, are discussed.

1 Introduction

The collisions of heavy nuclei at relativistic speeds gener-
ate hot and dense droplets of matter composed of decon-
fined quarks and gluons known as the quark–gluon plasma
(QGP) [1,2]. Studies of the QGP at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
have yielded a wealth of surprising results that reveal a com-
plex set of QGP-related phenomena. Bulk hadron produc-
tion, occurring mainly at low transverse momentum (pT �
3 GeV), exhibits significant azimuthal anisotropies that are
well described in terms of nearly inviscid hydrodynamic flow
of the QGP [1]. The final hadron momentum anisotropies
arise from inhomogeneities in the initial spatial distribution

� e-mail: atlas.publications@cern.ch

of the QGP translated to momentum space via strong dif-
ferential pressure gradients. These anisotropies are charac-
terised in terms of a Fourier decomposition:

Y (φ) = G

[
1 + 2

∞∑
n=1

vn cos(n(φ − �n))

]
,

where vn are the anisotropy coefficients, �n is the nth-order
orientation of the anisotropy, and the normalization, G, is
set by the integral of the distribution. In particular, v2 and
v3 are referred to as the elliptic and triangular coefficients,
respectively.

In addition, the production of high transverse momentum
hadrons (pT � 10 GeV) is highly suppressed relative to the
yields expected from nuclear thickness scaling of proton–
proton collision yields [3]. This suppression is understood
to result from high momentum transfer parton–parton inter-
actions followed by the outgoing partons losing energy via
radiative and collisional processes in the QGP – processes
referred to as jet quenching [4–6]. These high-pT hadrons
and associated jets are also observed to have a non-zero
azimuthal anisotropy [7–9], despite being well outside the
nominal domain where the anisotropies are interpreted in
terms of hydrodynamic flow. Instead, these anisotropies are
understood to also arise from inhomogeneities in the initial
spatial distribution of the QGP, but in this case, where the
jet quenching effect is stronger for partons traversing longer
paths through the QGP and weaker for partons traversing
shorter paths [10]. In this way, low- and high-pT hadrons
have a common orientation of their azimuthal anisotropy in
a given event, because both are correlated with the orientation
of the initial geometry of the colliding nucleons. It is notable
that, for more than a decade, an outstanding and challenging
theoretical puzzle has been how to quantitatively describe
both high-pT hadron suppression and azimuthal anisotropy
in Pb+Pb collisions [11]. There are a number of proposed
explanations for resolving this puzzle in heavy-ion collisions
– see Refs. [12–17] for examples.
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Measurements in smaller collision systems, pp and p+Pb
collisions at the LHC [18–23] and p+Au, d+Au, and 3He+Au
at RHIC [24], indicate significant azimuthal anisotropies for
low-pT hadrons with patterns quite similar to those observed
in the larger heavy-ion collision systems. For a recent review
see Ref. [25]. These observations have raised the question
of whether smaller and shorter-lived droplets of QGP are
formed in these smaller collision systems. Indeed, models
employing nearly inviscid hydrodynamics for the QGP pro-
vide a quantitative description of this large body of data at
low pT [26].

In contrast, measurements aimed at observing signatures
of jet quenching in small collision systems have found no
such effect. Measurements of hadron and jet pT spectra at
high pT indicate production yields consistent with those in
pp collisions scaled up by the expected nuclear thickness
in p+Pb [27–29] and d+Au collisions [30], and that the
pT-balance between dijets or hadron–jet pairs is unmod-
ified in p+Pb collisions within uncertainties [31,32]. The
ATLAS experiment has also published results for the hadron
azimuthal anisotropy up to pT ≈ 12 GeV that hint at a
non-zero anisotropy extending into the region beyond the
usual hydrodynamic interpretation and into the regime of
jet quenching [33]. However, it is unlikely that there can be
differential jet quenching as a function of orientation rel-
ative to the QGP geometry if there is no jet quenching in
p+Pb collisions as observed in the spectra. Thus, there are
two related outstanding puzzles, one being the lack of jet
quenching observed in the spectra, if indeed small droplets
of QGP are formed, and the other being what mechanism can
lead to high-pT hadron anisotropies other than differential jet
quenching.

This paper presents a measurement of the azimuthal
anisotropy of unidentified hadrons as a function of pT and
centrality in

√
sNN = 8.16 TeV p+Pb collisions with the

ATLAS detector. The measurement is made using two-
particle correlations, measured separately for minimum-bias
triggered (MBT) events and events requiring a jet with pT

greater than either 75 GeV or 100 GeV. There are contri-
butions to the azimuthal correlations from particle decays,
jets, dijets, and global momentum conservation, which have
traditionally been referred to as ‘non-flow’ [34]. Using
this nomenclature, a standard template fitting procedure
is applied to subtract non-flow contributions [19,20]. To
decrease the residual influence of the non-flow correlation
in the jet events, a novel procedure is used to restrict the
acceptance of particles according to the location of jets in the
event. Assuming that the two-particle anisotropy coefficients
are the products of the corresponding single-particle coef-
ficients (factorisation), the elliptic and triangular anisotropy
coefficients, v2 and v3, are reported as a function of pT. Addi-
tionally, v2 results are presented as a function of centrality in
three different pT ranges. Finally, the fractional contribution

to the correlation functions from jet particles is determined
as a function of pT.

2 ATLAS detector

The ATLAS experiment [35] at the LHC is a multipurpose
particle detector with a forward–backward symmetric cylin-
drical geometry and nearly 4π coverage.1 This analysis relies
on the inner detector, the calorimeter, and the data acquisition
and trigger system.

The inner detector (ID) comprises three major subsys-
tems: the pixel detector and the silicon microstrip tracker,
which extend up to |η| = 2.5, and the transition radiation
tracker, which extends to |η| = 2.0. The inner detector cov-
ers the full azimuth and is immersed in a 2 T axial magnetic
field. The pixel detector consists of four cylindrical layers
in the barrel region and three discs in each endcap region. A
new innermost layer, the insertable B-layer [36,37], has been
operating as a part of the pixel detector since 2015. The sili-
con microstrip tracker comprises four cylindrical layers (nine
discs) of silicon strip detectors in the barrel (endcap) region.
The minimum-bias trigger scintillator detects charged par-
ticles over 2.07 < |η| < 3.86 using two hodoscopes of 12
counters positioned at |z| = 3.6 m.

The calorimeter is a large-acceptance, longitudinally seg-
mented sampling detector covering |η| < 4.9 with electro-
magnetic (EM) and hadronic sections. The EM calorimeter is
a lead/liquid-argon sampling calorimeter with an accordion-
shaped geometry. It is divided into a barrel region, covering
|η| < 1.475, and two endcap regions, covering 1.375 <

|η| < 3.2. The hadronic calorimeter surrounds the EM
calorimeter. It consists of a steel/scintillator-tile sampling
calorimeter covering |η| < 1.7 and a liquid-argon calorime-
ter with copper absorber covering 1.5 < |η| < 3.2. The for-
ward calorimeter (FCal) is a liquid-argon sampling calorime-
ter located on either side of the interaction point. It covers
3.1 < |η| < 4.9 and each half is composed of one EM and
two hadronic sections, with copper and tungsten serving as
the absorber material, respectively. The FCal is used to char-
acterise the centrality of p+Pb collisions as described below.

In this analysis, a two-level trigger system was used to
select events, with a first-level (L1) trigger implemented
in hardware followed by a software-based high-level trig-

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle
θ as η = − ln tan(θ/2). Transverse momentum and transverse energy
are defined as pT = p sin θ and ET = E sin θ , respectively. Angular
distance �R is defined as

√
(�η)2 + (�φ)2.
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ger (HLT) which reconstructs the event in a manner sim-
ilar to the final offline reconstruction. Events used for the
measurements presented in this paper were selected using
several triggers. MBT events were selected by a trigger that
requires a signal in at least one minimum-bias trigger scin-
tillator counter at L1 [38] followed by the requirement of at
least one reconstructed track at the HLT stage. Events with a
high-pT jet were acquired using a high-level jet trigger cov-
ering the central region (|η| < 3.2). These events were first
required to have energy deposits at L1 that are compatible
with the presence of a jet and then to pass various thresholds
for the jet transverse energy at the HLT stage.

3 Data and event selection

During p+Pb data-taking in 2016, the LHC was configured
with a beam composed of protons with an energy of 6.5 TeV
and a beam of lead ions with an energy per nucleon of
2.51 TeV. This resulted in a collision system with proton–
nucleon centre-of-mass energy

√
sNN = 8.16 TeV and a

rapidity shift of the centre of mass by +0.465 units in the
proton-going direction relative to the laboratory frame. The
data were taken over two running periods with different con-
figurations of the LHC beam directions. In the first period
of data-taking, comprising a total integrated luminosity of
57 nb−1, the lead ions circulated clockwise in beam 1, while
the protons circulated counterclockwise in beam 2. For the
second period of data-taking, which comprised 108 nb−1, the
beam species were interchanged. The analysed data were pro-
vided by the minimum-bias trigger described above, which
was prescaled and sampled 0.079 nb−1 of luminosity. In addi-
tion, data were selected by the high-level jet triggers with
transverse energy thresholds of 75 GeV and 100 GeV, which
sampled 26 nb−1 and the full 165 nb−1 of p+Pb luminosity,
respectively.

Events selected by the triggers described above were
reconstructed offline following procedures that were opti-
mised for the Run-2 detector configuration [39]. Events are
required to have at least one reconstructed vertex. To reduce
the contribution from events with multiple in-time p+Pb
interactions, events with more than one vertex are used only
if the additional vertices have fewer than seven associated
reconstructed tracks with pT > 0.4 GeV. That is, events are
only allowed to have one vertex with seven or more associated
tracks. Two classes of jet events were defined by requiring
an offline jet with pT > 75 GeV or pT > 100 GeV respec-
tively, and were drawn from the jet-triggered event samples
with the analogous online thresholds. The trigger efficiency,
given this offline selection, was greater than 97% for both jet
samples.

Events were further characterised by the sum of the trans-
verse energy in the FCal module in the direction of the Pb

beam, 	EPb
T . The event centrality is defined as the 	EPb

T
percentile of the events in minimum-bias collisions, after
accounting for the inefficiency introduced by the trigger and
event selection criteria, and was determined in a way similar
to previous analyses of Run-1 p+Pb data at

√
sNN = 5.02 TeV

[27,40]. Events within the 0–90% centrality range were used
in this analysis, with low (high) values corresponding to high-
	EPb

T (low-	EPb
T ) events with large (small) overall particle

multiplicity. Since the acceptance of the FCal is separate
from that of the ID, this centrality definition has the benefit
of reducing event-selection-induced biases in the measured
quantities [41].

4 Track and jet reconstruction

The reconstruction, selection, and calibration of charged-
particle tracks and calorimetric jets, and their performance
as determined using Monte Carlo (MC) simulations, are
described below.

Charged-particle tracks and collision vertices are recon-
structed in the ID using the algorithms described in Ref. [39].
Inner detector tracks with pT > 0.4 GeV and |η| < 2.5 were
required to satisfy a set of quality criteria similar to those
described in Ref. [19]. The total number of reconstructed ID
tracks satisfying these selection criteria in a given event is
called the multiplicity or N rec

ch . The reconstruction and selec-
tion efficiency for primary [42] charged hadrons to meet
these criteria was determined using a sample of 3 million
minimum-bias p+Pb events simulated by the Hijing gener-
ator [43]. Events were generated with both beam configura-
tions. The ATLAS detector response to the generated events
was determined through a full Geant4 simulation [44,45],
and the simulated events were reconstructed in the same way
as the data. Over the measured kinematic range, the efficiency
varies from approximately 50% for the lowest-pT hadrons at
large pseudorapidity, to greater than 90% for hadrons with
pT > 3 GeV at mid-rapidity.

Jets are reconstructed using energy deposits in the calorime-
ter system, |η| < 4.9, in a range partially overlapping with
both the ID and the FCal used to determine centrality. The
reconstruction closely follows the procedure used in other
measurements for Pb+Pb and pp collisions [46,47]. Jets
are measured by applying the anti-kt algorithm [48,49] with
radius parameter R = 0.4 to energy deposits in the calorime-
ter. No jets with pT < 15 GeV are considered. An iterative
procedure is used to obtain an event-by-event estimate of the
η-dependent underlying-event energy density, while exclud-
ing jets from that estimate. The jet kinematics are corrected
for this background and for the detector response using an
η- and pT-dependent calibration derived from fully simu-
lated and reconstructed Pythia 8 [50] hard-scattering events
configured with the NNPDF23LO parton distribution func-
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tion set [51] and the A14 set of tuned parameters [52] to
model non-perturbative effects. An additional, small correc-
tion, based on in situ studies of jets recoiling against pho-
tons, Z bosons, and jets in other regions of the calorimeter,
is applied [53,54]. Simulation studies show that for jets with
pT > 75 GeV, the average reconstructed jet pT is within 1%
of the generator level jet pT and has a relative pT resolution
below 10% after the calibration procedure.

5 Analysis procedure

This analysis is based on previous ATLAS two-particle cor-
relation studies [19,20]. To construct the two-particle cor-
relation functions, the selected inner-detector tracks with
pT > 0.4 GeV are divided into two sets, referred to as A-
and B-particles in this paper, although they are sometimes
referred to as trigger and associated particles in the litera-
ture. To reduce the contribution of non-flow correlations from
decays and jets, two restrictions are placed on A–B particle
pairs drawn from the two sets. First, as was done in previous
analyses [19,20], the particles are required to be separated in
pseudorapidity with |�ηAB| = |ηB − ηA| > 2. This require-
ment removes the short-range decay and jet fragmentation
structure, while emphasising global, early-time correlations.
Due to the enhanced contribution from jet correlations in the
jet-triggered events, an additional constraint was developed
for this analysis. Namely, B-particles are required to be sep-
arated in pseudorapidity by one unit from all reconstructed
jets with pjet

T > 15 GeV, i.e. |�ηjB| = |ηB − ηjet| > 1. This
latter requirement is only applied to the jet-triggered events,
and in this way, the jets act as a source of high-pT A-particles
but contribute few B-particles.

The correlation functions, S(�φ), are defined as the yields
of particle pairs passing the above event and pair selection,
binned in �φ = φA − φB, and normalised by the total num-
ber of A-particles. Corrections for the imperfect trigger and
tracking efficiencies are applied as weights to the entries of
the correlation functions. A mixed-event correction, M(�φ),
is generated by correlating A-particles from one event with
B-particles from a different event with a vertex z-position
differing by less than 10 mm and a number of reconstructed
charged particles (N rec

ch ) differing by less than 10 for N rec
ch <

100 and less than 20 for N rec
ch > 100. Thus, the mixed events

contain only trivial detector acceptance effects and no phys-
ical correlations. To reduce the statistical uncertainty intro-
duced by the correction, each event is mixed with five others
meeting the above vertex z and N rec

ch conditions. The cor-
rected correlation is, then, Y (�φ) = S(�φ)/M(�φ), where
M(�φ) is normalised such that the ratio preserves the overall
integral of S(�φ). Jet events are mixed with other jet events,
and the |�ηjB| condition is applied with respect to the jets in

the A-particle event only. Thus, the B-particle acceptance is
consistent between the same- and mixed-event correlations.

To extract the anisotropy coefficients while accounting for
residual non-flow, the ATLAS template fitting procedure, as
used for previous results [19,20], is applied to Y (�φ). In
this procedure, Y (�φ) is found for two different selections
of event activity quantified by centrality: a central selec-
tion, Y cent(�φ), and a peripheral selection, Y peri(�φ). In
this analysis, the peripheral selection corresponds to the 60–
90% centrality interval. Assuming that the shape of the non-
flow correlation is independent of centrality, Y cent(�φ) is
expressed as

Y cent(�φ) = FY peri(�φ) + G

⎡
⎣1 + 2

4∑
n=2

vn,n cos(n�φ)

⎤
⎦ , (1)

where F and each vn,n are parameters of a global χ2 fit, and
G is fixed by the requirement that the integral of the fit model
is that of Y cent. The parameter F allows for a linear scaling
of the non-flow between the two centrality classes. The fit
includes the fourth harmonic, v4,4, but it is not presented in
the results because it is statistically insignificant. The fit χ2

function incorporates the statistical uncertainties from both
Y cent and the peripheral template, Y peri, although the exam-
ples shown in Figs. 1 and 2 do not show the uncertainties
of Y peri for readability. The statistical uncertainties of the
extracted vn,n parameters are returned from the MINUIT χ2

minimiser [55], accounting for correlations between param-
eters.

Figure 1 shows an example of two template fits using
jet-triggered events with jet pT > 100 GeV. The left plot
shows the fit for correlations made without the B-particle jet
rejection condition, and the right plot shows the same cor-
relation, but with the condition |�ηjB| > 1 applied. In this
figure, Y ridge

N represents the N th-order harmonic component
of the fit. The left plot has a dominant non-flow contribu-
tion, and a distortion in the resulting subtracted distribution
is observed near �φ ≈ π . Removing much of the jet correla-
tion in this way reduces the overall sensitivity to the template
method assumption that the shape of the non-flow contribu-
tion is the same for the central and peripheral selections.
However, violation of this assumption will introduce distor-
tions that could potentially bias the harmonic coefficients.
This is explicitly tested by varying the centrality selection of
the peripheral template, as discussed further in Sect. 6. Two
additional examples of template fits from the jet-triggered
events with jet pT > 100 GeV and with the B-particle jet
rejection are plotted in Fig. 2. These show the behaviour of
the template fits for high A-particle pT.

If the particle momentum correlations originate from a
global field, as is the case for collective expansion, the vn,n

will factorise such that vn,n(pA
T , pB

T ) = vn(pA
T ) · vn(pB

T ).
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Fig. 1 Template fitting output for events with jet pT > 100 GeV. Both
require 3.5 < pA

T < 4.0 GeV and are made with 60–90% peripheral
selection and 0–5% central selection. The left plot is made with no
selection on the B-particles and the right plot is made requiring the
B-particles to have |�ηjB| > 1 relative to all jets with pjet

T > 15 GeV
in the event. In the upper panels, the open circles show the scaled and
shifted peripheral template with uncertainties omitted, the closed cir-
cles show the central data, and the red line shows the fit (template

and harmonic functions). The blue dashed line shows the second-order
harmonic component, Y ridge

2 , and the orange dotted line shows the third-

order harmonic component, Y ridge
3 (the n = 2 and n = 3 contributions

to the sum in Eq. 1, respectively). The lower panels show the difference
between the central data and the peripheral template along with the sec-
ond and third harmonic functions. The resulting v2,2, v3,3, and global
fit χ2/NDF values are reported in the legends. In these fits, NDF= 35

By assuming this relation and making specific pT selec-
tions on A- and B-particles, the single-particle vn(pA

T ) can
be obtained from

vn(p
A
T ) = vn,n(p

A
T , pB

T )/

√
vn,n(pB

T , pB
T ),

where vn,n(pA
T , pB

T ) is determined with A- and B-particles
having pT in range pA

T and pB
T , respectively, andvn,n(pB

T , pB
T )

is determined with A- and B-particles both having pT in range
pB

T . In this analysis, this range is nominally pB
T > 0.4 GeV,

although the dependence of the extracted anisotropy on this
choice is explored in Sect. 7.

The relative yield of particle pairs entering the correlation
functions is estimated assuming a simple, two-component
model of particle production. Particles are assumed to be pro-
duced either by hard scattering (HS) processes, such as jet
production, or by soft underlying event (UE) processes. With
this assumption, the correlation functions are constructed
from pairs pulled from a mixture of the two sources. Particle
pairs can be formed in the following four A–B combinations:
UE–UE, UE–HS, HS–UE, and HS–HS. The event-by-event
yields of the UE and HS processes are estimated by classify-
ing the charged particles according to their azimuthal orien-
tation relative to the leading jet or, in the case of MBT events
that contain no jets with pT > 15 GeV and |η| < 4.9, rela-

tive to the leading hadron. The following regions are defined
relative to this leading vector:

• towards: (|φB − φjet| < π
4 ) ∪ (|φB − φjet| > 3π

4 )

• transverse: π
4 < |φB − φjet| < 3π

4 .

Then, assuming that HS particles are completely contained
in the towards region and the UE particles are distributed
uniformly in azimuth, the following relations are inferred:

NUE = 2Ntrans,

NHS = Ntoward − Ntrans,

where NUE and NHS are the single-particle yields from UE
and HS processes, respectively, and Ntrans and Ntoward are the
particle yields in the transverse and toward regions, respec-
tively. The quantities NUE and NHS are statistically deter-
mined from the event averaged Ntrans and Ntoward and are,
thus, insensitive to event-by-event fluctuations. However, it is
not possible to classify individual particles. It should be noted
that the assumptions used in this derivation are likely not per-
fect; for example, the UE is not uniformly distributed in φ,
event by event, due to the presence of azimuthal anisotropy.
The leading object may be more likely to be oriented with the
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Fig. 2 Template fitting output for events with jet pT > 100 GeV
with 60–90% peripheral selection and 0–5% central selection. The
left plot is made with 11 < pA

T < 16 GeV and the right plot with
16 < pA

T < 100 GeV. In the upper panels, the open circles show the
scaled and shifted peripheral template with uncertainties omitted, the
closed circles show the central data, and the red line shows the fit (tem-
plate and harmonic functions). The blue dashed line shows the second-

order harmonic component, Y ridge
2 , and the orange dotted line shows the

third-order harmonic component, Y ridge
3 (the n = 2 and n = 3 contri-

butions to the sum in Eq. 1, respectively). The lower panels show the
difference between the central data and the peripheral template along
with the second and third harmonic functions. The resulting v2,2, v3,3,
and global fit χ2/NDF values are reported in the legends. In these fits,
NDF= 35

anisotropy, in which case the UE yield would be underesti-
mated and the HS yield overestimated. However, the analysis
proceeds with the assumptions as given and includes no addi-
tional uncertainty for this potential effect.

The �ηAB and �ηjB rejections produce a geometric corre-
lation between the yields of A- and B-particles and, thus, the
number of pairs is not the simple product of the two individ-
ual yields. Accounting for the dependencies, the total yield
of particle pairs can be expressed in the following way

YX–Z =
∫ 2.5

−2.5

dNA
X (ηA)

dηA

[∫ 5

2

d2NB
Z (ηA, |�ηAB|)

dηAd|�ηAB| d|�ηAB|
]

dηA,

(2)

where X–Z could be any pairwise combination of UE and
HS. In the case of jet events, the �ηjB condition is enforced
when filling the ηA and �ηAB distributions so it’s effects are
taken into account.

6 Systematic uncertainties

The systematic uncertainties fall into two categories: those
associated with both the MBT and jet events and those asso-
ciated with only the jet events. The uncertainties are deter-

mined by assessing the difference between the nominal value
of v2 or v3 and the value after a given variation. Unless other-
wise stated, the uncertainties are defined as asymmetric one-
standard-deviation errors. The final uncertainty is the quadra-
ture sum of the uncertainty from each individual source. The
relative downward and upward systematic uncertainties from
different sources and all sources combined are shown forv2 in
Table 1 and for v3 in Table 2. The rest of this section focuses
primarily on the systematic uncertainties of v2. While the
absolute uncertainties in v2 and v3 are of similar magnitude,
this represents larger relative uncertainties in the v3 values
since they are generally smaller than the v2 values at any
given pT.

For both the MBT and jet events, the sensitivity to the
trigger and tracking efficiency corrections was assessed by
removing each. This variation (‘Track/trig Eff.’ in Table 1)
yields a 0–2% (2–4%) difference for MBT (jet) events,
depending on track pT, and is subdominant. In the construc-
tion of the correlation functions, the uncertainty in the mixed-
event correction was again found by removing it from the
analysis. This variation results in an uncertainty that van-
ishes at low pT but grows to 20% (10%) at high pT for MBT
(jet) events, but remains subdominant to statistical uncertain-
ties over the whole pT range. Regarding the template fitting
procedure, the centrality range for the peripheral reference
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Table 1 Systematic uncertainty summary for anisotropy coefficients
v2. The values are approximate, as they represent the average variation
in each pT range, and are reported relative to v2. Negative and positive

values indicate downward and upward uncertainties respectively. Com-
mas separate the downward and upward uncertainty where applicable

Source pT < 2 GeV pT = 2–10 GeV pT > 10 GeV

MBT Jet MBT Jet MBT Jet

Track/trig Eff. < + 1% + 2% < + 1% + 4% − 2% + 2%

Mixed event < + 1% < + 1% − 4% + 4% + 20% + 10%

Peri. reference − 1,+ 2% − 2,+ 2% − 2,+ 10% − 10,+ 18% − 10,+ 10% − 2,+ 10%

Trig jet pT – < + 1% – − 6,+ 6% – − 10,+ 10%

Reject jet pT – − 2,+ 2% – − 5,+ 5% – − 10,+ 10%

Reject jet mult. – < + 1% – − 5% – − 5%

Disabled HEC sector – < + 1% – + 10% – + 20%

Jet-UE bias – − 5% – − 15% – − 25%

Total − 1,+ 2% − 5,+ 4% − 5,+ 10% − 20,+ 20% − 10,+ 25% − 30,+ 25%

Table 2 Systematic uncertainty summary for anisotropy coefficients
v3. The values are approximate, as they represent the average variation
in each pT range, and are reported relative to v3. Negative and positive

values indicate downward and upward uncertainties respectively. Com-
mas separate the downward and upward uncertainty where applicable

Source pT < 2 GeV pT = 2–10 GeV pT > 10 GeV

MBT Jet MBT Jet MBT Jet

Track/trig Eff. + 1% + 4% < + 6% − 7% − 5% − 7%

Mixed event < + 1% − 4% − 20% + 6% − 200% + 20%

Peri. reference − 2,+ 2% − 7,+ 10% − 8,+ 8% − 20,+ 10% − 150,+ 100% − 30,+ 30%

Trig jet pT – < + 1% – − 10,+ 10% – − 40,+ 40%

Reject jet pT – − 2,+ 2% – − 15,+ 15% – − 15,+ 15%

Reject jet mult. – < + 1% – + 5% – + 20%

Disabled HEC sector – − 2% – − 5% – − 10%

Total − 2,+ 2% − 10,+ 10% − 20,+ 10% − 30,+ 20% − 250,+ 100% − 50,+ 50%

Fig. 3 Distribution of v2 (left) and v3 (right) plotted as a function
of the A-particle pT. Values from MBT events are plotted as black
squares, and those from events with jet pT > 75 GeV and events with
jet pT > 100 GeV are plotted as blue circles and orange diamonds

respectively. Statistical uncertainties are shown as narrow vertical lines
on each point, and systematic uncertainties are presented as coloured
boxes behind the points
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Fig. 4 Measured v2 values plotted as a function of the A-particle pT
for MBT events (top), events with jet pT > 75 GeV (bottom left),
and events with jet pT > 100 GeV (bottom right). The nominal values
(closed black circles) are overlaid with points generated by making dif-
ferent B-particle pT selections: 0.4 < pB

T < 1 GeV (blue open circles),
1 < pB

T < 2 GeV (open violet squares), and 2 < pB
T < 3 GeV (open red

triangles). The points with different B-particle pT selections are offset
slightly from the nominal horizontal-axis positions to make the uncer-
tainties visible. For clarity, systematic uncertainties are omitted from
the three sets of restricted B-particle pT ranges; they are, however, con-
sistent with those from the inclusive results and are highly correlated
between the selections

selection was varied from the nominal 60–90% to 50–70%
and 70–90%. This variation (‘Peri. reference’) results in an
uncertainty of about 2% at low pT and increasing to about
10% or 18% in the mid pT range between 2 and 10 GeV
depending on the event trigger. This last uncertainty is dom-
inant in this category for most of the pT range probed in
the measurement. At high pT, the sensitivity of the mea-
surements in MBT events to the mixed event correction and
reference selection is significantly higher than in jet events;
this is particularly noticeable for the v3 values, where the
relative uncertainties in the MBT events for pT > 10 GeV
are 5–10 times larger than in the jet-triggered events.

The following set of uncertainties is associated with jet
events only. To assess the sensitivity to the uncertainty in the
jet energy scale and the impact of imperfect trigger efficiency,
the jet pT thresholds used to select events were varied from
75 GeV and 100 GeV to 80 GeV and 105 GeV, respectively.
This variation (‘Trig jet pT’) results in a symmetric uncer-

tainty that is smaller than 1% at low particle pT and that
increases to about 10% with increasing pT. It is subdomi-
nant to other sources in this category. The jets used in the B-
particle jet rejection were varied to include only jets with pT

greater than 20 GeV instead of the nominal 15 GeV (‘Reject
jet pT’). The 2% and 10% differences at low and high pT

are incorporated as a symmetric uncertainty that is subdom-
inant to other sources in this category. The �ηjB rejection
allows jets to be composed of only a single particle that may
originate in the tail of the UE particle pT spectrum. Thus,
the jets used in this rejection were varied to require at least
three tracks in a �R = 0.4 cone around the jet axis (‘Reject
jet mult.’). The uncertainty associated with this variation is
about 5% and subdominant to the others in this category.
An additional uncertainty is used to cover the impact of a
sector of the hadronic endcap calorimeter (HEC) being dis-
abled for the running period. The disabled sector was in the
range 1.5 < η < 3.2 and −π < φ < −π/2. This uncer-
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Fig. 5 Distribution of v2 plotted as a function of centrality for MBT
events (black squares), events with jet pT > 75 GeV (blue cir-
cles), and events with jet pT > 100 GeV (orange diamonds). The
results are obtained in three different selections of the A-particle pT:

0.5 < pT < 2 GeV (top left), 2 < pT < 9 GeV (top right), and
9 < pT < 100 GeV (bottom). Statistical uncertainties are shown as
narrow vertical lines on each point, and systematic uncertainties are
presented as coloured boxes behind the points

tainty (‘Disabled HEC sector’) was assessed by requiring all
B-particles to be outside the pseudorapidity region of the dis-
abled HEC. The difference was found to be less than 1% at
low pT and about 20% at high pT, where it is the dominant
positive uncertainty. Finally, an uncertainty is assigned to
account for the potential of the UE to bias the event selection.
The azimuthal modulation of the UE increases the recon-
structed pT of jets aligned with the flow orientation, and,
thus, the event-wise jet-pT threshold will bias the events to
have more jets correlated with the flow plane. The impact
of this effect on the measured results was assessed in sim-
ulation by mixing jet events with a realistic UE containing
azimuthal anisotropy. The resulting uncertainty only affects
v2, is the dominant negative uncertainty for track pT greater
than 3 GeV, and is about 30% (20%) for jet-triggered events
with jet pT > 75 GeV (100 GeV). The effect is larger for
lower-pT jets because the UE energy contribution is inde-
pendent of jet energy. For a power-law spectrum, a given

threshold change has a greater fractional effect on the yield
for smaller values of the threshold.

In summary, the uncertainty in v2 from the peripheral ref-
erence selection was found to be dominant for pT less than
10 GeV for MBT events, above which, the mixed event cor-
rection uncertainty is dominant, and between 2 and 5 GeV for
jet events. The uncertainties associated with the jet selection
were found to be dominant for pT � 10 GeV in jet events. The
total uncertainty in MBT events ranges from (−1%, +2%)
at low pT to about (−10%, +25%) at high pT. For jet events,
the total uncertainty ranges from about (−5%, +4%) at low
pT to about (−35%, +50%) and (−30%, +25%) at high pT

for events with jet pT > 75 GeV and jet pT > 100 GeV
respectively.

The uncertainties associated with the measurement of par-
ticle pair yields are generated from some of the variations dis-
cussed above, namely the track and trigger efficiency varia-
tion, the trigger jet pT threshold variation, and each B-particle
jet rejection variation. An additional variation was made to
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Fig. 6 Coefficients v2 and v3 (left panel) and RpPb (right panel) plot-
ted as a function of particle pT for p+Pb collisions. The left panel is
for central 0–5% events from the jet pT > 100 GeV event sample. Sta-
tistical uncertainties are shown as narrow vertical lines on each point,
and systematic uncertainties are presented as coloured boxes behind
the points. The left panel has two sets of curves showing theoretical
predictions from a jet quenching framework with two different initial
geometries in 0–4% central collisions [14]; the upper two (red/orange)

are v2 for ‘size a’ (dotted) and ‘size b’ (dash-dotted) configurations,
and the lower two (blue) are v3 where the ‘size a’ (dash-dotted) and
‘size b’ (dashed) curves are nearly indistinguishable from each other.
The right panel shows RpPb data from ATLAS [57] and QpPb data from
ALICE [41]. Theoretical calculations (red/orange lines) from Ref. [14]
are also shown in this panel; the dotted line gives the results of the ‘size
a’ configuration and the dash-dotted line gives the results of the ‘size
b’ configuration

test the assumption that the toward region contains all HS
particles. The two transverse region sides were tagged as
having the minimum and maximum number of tracks out of
the two. The pair yields were, then, calculated using the min-
imum and maximum sides only, as separate variations. This
variation produces the dominant uncertainty in the relative
pair yields, defined in Eq. (2), for all particle combinations
at all pT.

7 Results

Figure 3 shows the extracted second- (v2) and third-order
(v3) anisotropy coefficients for the MBT events compared to
those from both selections of jet events plotted as a function
of A-particle pT in the range 0.5 < pT < 100 GeV. Each
set of values is from events with the same 0–5% centrality
selection. Points are located on the horizontal axis at the mean
pT of tracks within any given bin. The v2 and v3 coefficients
increase as a function of pT in the low pT region (pT <

2–3 GeV), then decrease (2–3 < pT < 9 GeV), and finally
plateau for high pT (pT > 9 GeV). The v2 coefficients are
consistent with being independent of pT for pT > 9 GeV,
while the larger uncertainties in the values of v3 preclude any
strong conclusion.

The v2 results show agreement within uncertainties
between the MBT and jet events for the low pT (pT � 2 GeV)
and high pT (pT � 9 GeV) regions. For the intermediate
pT region, the MBT events yield a higher v2 value than jet
events, although the trends are qualitatively similar. Simi-

Fig. 7 Coefficients v2 and v3 plotted as a function of pT for central
0–5% p+Pb collisions from the MBT event sample. Theoretical calcu-
lations relevant to the low-pT regime from hydrodynamics and to the
high-pT regime from an ‘eremitic’ framework from Romatschke [26]
are also shown. The lines are Padé-type fits connecting the two regimes,
where the red dotted line is for v2 and the blue dash-dotted line is for v3.
Statistical uncertainties are shown as narrow vertical lines on each point,
and systematic uncertainties are presented as coloured boxes behind the
points

larly to v2, the v3 results show agreement between the MBT
and jet events for pT < 2 GeV, and higher values from MBT
events for pT > 2 GeV.

As mentioned in Sect. 5, if the measured anisotropy orig-
inates from a global momentum field, the v2 and v3 values,
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Fig. 8 Predictions of azimuthal anisotropy from Pythia 8 using the
same two-particle formalism used for the data results. The events com-
bine minimum-bias p+Pb underlying events generated in the Angantyr
framework with hard pp events that require the presence of a jet with
pT > 100 GeV. The two top plots show example correlation functions,
with template fits, from a low particle-pT selection (top left) and a high
particle-pT selection (top right). In the upper panels of the two top
plots, the open circles show the scaled and shifted peripheral template
with uncertainties omitted, the closed circles show the central data, and
the red histogram shows the fit (template and harmonic functions). The

blue dashed line shows the second-order harmonic component, Y ridge
2 ,

and the orange dashed line shows the third-order harmonic compo-
nent, Y ridge

3 (the n = 2 and n = 3 contributions to the sum in Eq. 1,
respectively). The lower panels show the difference between the cen-
tral data and the peripheral template along with the second and third
harmonic functions. The resulting v2,2, v3,3, and global fit χ2/NDF
values are reported in the legends, where NDF = 35. The bottom
plot shows the extracted v2,2 values as a function of A-particle pT

extracted for a given pA
T range, will be independent of B-

particle selection. This assumption of factorisation is explic-
itly tested by carrying out the analysis for different selections
of pB

T . Figure 4 shows the v2 values, from each event trig-
ger, for the nominal results using pB

T > 0.4 GeV overlaid
with results using 0.4 < pB

T < 1 GeV, 1 < pB
T < 2 GeV,

and 2 < pB
T < 3 GeV. The test shows factorisation break-

ing at the level of 5% for pA
T < 5 GeV in MBT events.

However, at higher pA
T , the differences grow with pA

T to be

10–100% from the nominal values. For jet events, factorisa-
tion holds within about 10–20% for all values of pA

T , except

for 4 < pA
T < 9 GeV in pjet

T > 100 GeV events, where it is
within about 30–40%. Although the large uncertainties pre-
vent strong conclusions from being drawn, there is a hint of
a difference in behaviour at high pA

T where the factorisation
breaking is greater for MBT events than for jet events. This
result could be due to the B-particle jet rejection scheme used
for the jet events. Correlations resulting from hard-process,
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Fig. 9 Scaled p+Pb v2 values plotted as a function of the A-particle pT
overlaid with v2 from 20–30% central Pb+Pb data at

√
sNN = 5.02 TeV

[62]. Results from MBT and jet pT > 100 GeV p+Pb events are plotted
as black squares and orange diamonds, respectively, and those from
Pb+Pb are plotted as green circles. Statistical uncertainties are shown
as narrow vertical lines on each point, and systematic uncertainties are
presented as coloured boxes behind the points

e.g. from back-to-back jets, specifically violate the factorisa-
tion assumption, and the B-particle jet rejection dramatically
limits the contribution from these processes from entering
the correlation functions in jet events. However, the correla-
tions from MBT events have no such rejection, and could,
therefore, be more susceptible to hard-process correlations
at high pA

T .
Figure 5 shows v2 plotted as a function of centrality for

MBT events and both classes of jet events. The results are
divided into three regions in A-particle pT: 0.5 < pT <

2 GeV, 2 < pT < 9 GeV, and 9 < pT < 100 GeV. The
v2 results show agreement, within uncertainties, between the
MBT and jet events for pT selections 0.5 < pT < 2 GeV
and pT > 9 GeV for all centralities and are found to be
nearly independent of centrality. For 2 < pT < 9 GeV, the
MBT events give a higher v2 value than the jet events, and all
three sets show a trend to lower values of v2 as the collisions
become more peripheral.

Focusing on the overall pT dependence of the anisotropies,
Fig. 6 (left panel) shows v2 and v3 coefficients from events
with jet pT > 100 GeV compared with theoretical calcu-
lations from Ref. [14]. This theoretical calculation, within
the jet quenching paradigm, invokes a stronger parton cou-
pling to the QGP near the transition temperature, which
helps to reduce the tension in simultaneously matching the
nucleus–nucleus high-pT hadron spectrum suppression and
the azimuthal anisotropy v2. The calculation tests two dif-
ferent initial p+Pb geometries referred to as ‘size a’ and
‘size b’, where the latter has a smaller initial QGP vol-
ume. The predictions are slightly lower than the data for

both v2 and v3, and the ‘size a’ curve is within two stan-
dard deviations of all points. However, in the right panel
of Fig. 6, the same calculation predicts a substantial sup-
pression of high-pT hadrons, as expressed by the quantity
RpPb = d2NpPb/dpTdy/(TpPb×d2σpp/dpTdy) where TpPb

represents the nuclear thickness of the Pb nucleus, as deter-
mined via a Monte Carlo Glauber calculation [56]. Shown in
comparison are published experimental results from ATLAS
and ALICE for RpPb in central events that are consistent with
no nuclear suppression, i.e. RpPb = 1 [41,57]. The ALICE
experiment uses the notation QpPb for the same quantity
to describe a bias that may exist due to the centrality cate-
gorisation. There are uncertainties in the experimental mea-
surements related to the centrality or multiplicity selection
in p+Pb collisions, particularly in determining the nuclear
thickness value TpPb. However, there is no indication of the
large RpPb suppression predicted by the jet quenching cal-
culation. Thus, the jet quenching calculation is disfavoured
as it cannot simultaneously describe the non-zero high-pT

azimuthal anisotropy and the lack of yield suppression.
Figure 7 shows the MBT v2 and v3 coefficients compared

with theoretical calculations from Ref. [26]. The calcula-
tions are derived from two opposite limits of kinetic theory.
The low momentum bands represent zeroth-order hydrody-
namic calculations for high-multiplicity p+Pb events that
give quantitative agreement with v2 up to pT = 2 GeV
while predicting values of v3 that are too high. Above
some high pT threshold, hadrons are expected to result,
not from hydrodynamics, but instead from jets where the
resulting partons have the opposite limit than in hydrody-
namics, i.e. a large mean free path. To model this region,
a non-hydrodynamic ‘eremitic’ expansion calculation (see
Ref. [26] for the detailed calculation), shown as the bands at
high pT, indicates slowly declining v2 and v3 coefficients.
The dashed lines are a simple Padé-type fit connecting the
two regimes [26]. The trends are qualitatively similar to those
in the data, although there is not quantitative agreement. In
particular, the calculation predicts values of v2 and v3 sub-
stantially below the experimental results for pT = 4–15 GeV.
It should be noted that calculations presented in Ref. [26]
are performed, consistently between the hydrodynamic and
eremitic components, only for massless partons and with an
ideal equation of state. Thus, one does not expect quantita-
tive agreement and is looking for rather qualitative trends.
More sophisticated treatments in the hydrodynamic regime
result in better quantitative agreement with the anisotropy
coefficients at low pT [58,59]. It is worth highlighting that
traditional parton energy-loss calculations connect the high-
pT v2 with a suppression in the overall yield of high-pT

particles. The same is true with this eremitic calculation, and
thus, it should also be in contradistinction to p+Pb high-pT

experimental data indicating almost no suppression, i.e. jet
quenching.
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Fig. 10 Particle pair yield composition fractions for MBT events (top),
events with jet pT > 75 GeV (bottom left), and events with jet
pT > 100 GeV (bottom right) plotted as a function of the A-particle pT.
Green and blue open circles represent HS–HS and UE–HS pairs, respec-

tively, and red and violet closed circles represent UE–UE and HS–UE
pairs, respectively. Statistical uncertainties are shown as narrow verti-
cal lines on each point, and systematic uncertainties are presented as
coloured boxes behind the points

Another possible source of the high-pT anisotropies could
lie in an initial-state effect, potentially encoded in a model
such as Pythia 8. Shown in Fig. 8 is a Pythia 8 calcula-
tion with hard2 pp events overlaid on minimum-bias p+Pb
events generated in the default Angantyr framework [60]. It
is emphasised that this version of Pythia does not include
the recently developed string–string, or so-called string shov-
ing, implementation [61]. The generator-level charged par-
ticles are then processed with the entire analysis procedure,
including the non-flow template fit. The result is a negative
v2,2 for all momenta, in contradistinction to the experimen-
tal data. Further investigation reveals that Pythia 8 run in
‘hard’ scattering mode has correlations with large pseudo-
rapidity separation between particle pairs as a result of the
specific implementation of initial-state radiation. This corre-
lation is reduced in high-multiplicity events because of the

2 The term ‘hard’ refers to Pythia 8 run with the following settings:
HardQCD:all=on,PartonLevel:MPI=off, and containing a jet
with pT > 100 GeV.

large number of uncorrelated UE particles, and thus results
in a negative v2,2 after subtracting the non-flow contribution.

Figure 9 shows the published Pb+Pb results for v2 as a
function of pT in the 20–30% centrality selection [62] com-
pared to the v2 from both the MBT p+Pb data and p+Pb
containing a jet with pT > 100 GeV. This Pb+Pb centrality
range is selected because the spatial elliptic eccentricity is
approximately the same as in 0–5% centrality p+Pb colli-
sions [63], despite having a much larger total particle multi-
plicity. The overall trends for Pb+Pb v2 as a function of pT are
qualitatively similar to those presented here for p+Pb from
MBT events and the jet events with jet pT > 100 GeV. Both
sets of the p+Pb values are scaled by a single multiplicative
factor (1.5) to match the Pb+Pb rise at low pT. After scaling,
the MBT p+Pb results quantitatively agree with those from
the Pb+Pb system for 0.5 < pT < 8 GeV, except for a slight
difference in the peak value near pT ≈ 3 GeV. For pT above
about 8 GeV, the Pb+Pb results indicate a slow decline of
v2 values with increasing pT, while the p+Pb results exhibit
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more of a plateau. Strikingly, the overall behaviour of the v2

values are quite similar.
As described above, the physics interpretations of the

Pb+Pb elliptic anisotropies are hydrodynamic flow at low
pT, differential jet quenching at high pT, and a transition
between the two in the intermediate region of approximately
2 < pT < 10 GeV. Since these effects all relate to the ini-
tial QGP geometric inhomogeneities, a common shape with
a single scaling factor for p+Pb could indicate a common
physics interpretation. This scaling factor of 1.5, as empiri-
cally determined, may be the result of slightly different initial
spatial deformations, or from the much larger Pb+Pb overall
multiplicity, which enables a stronger translation of spatial
deformations into momentum space. For the high pT region,
this presents a conundrum in that it is difficult for differential
jet quenching to cause the v2 anisotropy in p+Pb collisions
when there is no evidence for jet quenching overall. These
measurements showing non-zero high pT v2 in p+Pb col-
lisions in the absence the jet quenching observed in Pb+Pb
collisions suggest there might be additional contributions to
v2 at high pT in Pb+Pb collisions.

Returning to the issue of the difference in the intermedi-
ate pT region between the p+Pb MBT and jet event results,
the source of hadrons in this region should be considered.
As detailed previously, in a highly simplified picture one can
classify hadrons as originating from hard scatterings (HS) or
from the underlying event (UE). Thus, pairs of particles of A
and B types can come from the combinations HS–HS, HS–
UE, UE–HS, and UE–UE. Figure 10 presents the measured
pair fractions for both MBT and jet, 0–5% central events plot-
ted as a function of the A-particle pT. UE–UE pairs dominate
the correlation functions at low pT in each case, and HS–UE
combinations dominate at high pT. Combinations with HS
B-particles are sub-dominant, because there are fewer jet par-
ticles than UE particles in central events; for the jet selected
events, these combinations are further suppressed by the B-
particle jet rejection condition. Figure 11 shows the dom-
inant contributions from the MBT and jet events overlaid.
Although the same qualitative behaviour is found in each
case, the point at which the HS–UE pairs become dominant
over the other combinations is at a lower pT for jet events
than for MBT events.

This behaviour can also be seen in Fig. 12, in which the
pair fractions are plotted as a function of centrality, and again,
the values for MBT and jet events are overlaid. The centrality-
dependent results are plotted for low, medium, and high A-
particle pT ranges in the same way as in Fig. 5. At low pT, pair
fractions from MBT and jet events agree, and in the mid-pT

transition region, MBT events have a larger UE–UE contribu-
tion and smaller HS–UE contribution compared to jet events.
At high pT, central events show a difference between UE–
UE and HS–UE that is reduced in more-peripheral events and
absent for more peripheral than 25% centrality. The overall

Fig. 11 Underlying event–underlying event (UE–UE) (open circles)
and hard scatter–underlying event (HS–UE) (open squares) particle-
pair yield composition fractions for MBT events (black), events with jet
pT > 75 GeV (blue), and events with jet pT > 100 GeV (orange) plotted
as a function of the A-particle pT. Statistical uncertainties are shown
as narrow vertical lines on each point, and systematic uncertainties are
presented as coloured boxes behind the points

trend of the pair fractions with centrality is quite similar to
that of v2 shown in Fig. 5; little centrality dependence for
low and high pT, and significant centrality dependence in
addition to MBT–jet event ordering in the mid-pT transition
region.

Thus, a potential explanation for the lower v2 and v3 in the
intermediate pT region is simply that, in that region, the HS
particles have lower anisotropy coefficients than UE parti-
cles, and MBT events have a larger fraction of UE–UE pairs
than jet-triggered events. In the low and high pT regions,
the same types of pairs dominate in both the MBT and jet-
triggered events, namely UE–UE and HS–UE respectively,
and hence the anisotropy coefficients agree between the event
samples. If this explanation is correct, it also aids in under-
standing Fig. 9 in which there is a significant difference
between the p+Pb jet event v2 and the Pb+Pb v2 in the inter-
mediate pT region, because the relative pair fractions are
potentially significantly different.

This particle mixing picture is attractive in that it naturally
explains the general shape of the v2(pT) and v3(pT) distribu-
tions as well as the ordering of the different event samples.
However, it is noted that the correspondence between the
differences in the flow coefficients and pair fractions is not
quantitative; the differences in the flow coefficients are frac-
tionally much larger than the differences in the pair fractions.
Thus, there are either additional sources of correlation or our
assumptions are violated in some way (e.g. the two assumed
HS and UE sources are too simplistic or the measured pair
fractions do not accurately represent the sources, as is dis-
cussed in Sect. 5). That said, for particle pT > 20 GeV, where
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Fig. 12 Underlying event–underlying event (UE–UE) (open circles)
and hard scatter–underlying event (HS–UE) (open squares) particle-
pair yield composition fractions for MBT events (black), events with
jet pT > 75 GeV (blue), and events with jet pT > 100 GeV (orange)
plotted as a function of event centrality. The results are obtained in three

different selections of the A-particle pT: 0.5 < pT < 2 GeV (top left),
2 < pT < 9 GeV (top right), and 9 < pT < 100 GeV (bottom). Sta-
tistical uncertainties are shown as narrow vertical lines on each point,
and systematic uncertainties are presented as coloured boxes behind the
points

particle production in any model is thought to arise mainly
from jet fragmentation, the non-zero v2 demonstrates that a
positive correlation exists between hard (high pT) and soft
(low pT) particles, irrespective of the pair fractions.

8 Conclusion

This paper presents Fourier coefficients of the azimuthal dis-
tribution of unidentified charged particles from 165 nb−1 of√
sNN = 8.16 TeV p+Pb collisions at the LHC and measured

with the ATLAS detector. Results are presented separately
for minimum-bias and jet events, with jet pT thresholds of
75 and 100 GeV, as a function of particle pT and centrality.
The results are extracted using two-particle azimuthal corre-
lations combined with a non-flow template fit procedure. The
charged particle pT dependence of v2 and v3 is found assum-
ing the factorisation of vn,n . The v2 results are presented for
charged-particle transverse momentum pT = 0.5–20 GeV for
minimum-bias events and pT = 0.5–50 GeV for jet-triggered

events, and the v3 results are for pT = 0.5–20 GeV in both
cases.

For charged particles with pT between 0.5 and 2 GeV,
the vn results from each event selection are quantitatively
consistent with each other, rising steadily with pT, and the
v2 coefficients are roughly independent of centrality. The
v2 values at 0–5% centrality agree with those predicted by
hydrodynamic calculations.

Between charged particle pT of 2 and 9 GeV, the vn val-
ues drop in each case, but are ordered with minimum-bias
events yielding the highest vn values and the jet events with
jet pT > 100 GeV the lowest. Charged particles in this pT

range exhibit a significant centrality-dependent v2, mono-
tonically decreasing from central to peripheral events. This
behaviour can be qualitatively explained within a simplified
two-component model of particle production, in which the
magnitude of the correlation in this region is determined by
the admixture of charged particles originating from soft and
hard processes in the given event selection. The measured
particle pair yields support this qualitative argument.
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For charged particles with pT above 9 GeV, the vn results
are again consistent between MBT and jet events. Although
the uncertainties in the v3 values make any quantitative state-
ment difficult, v2 plateaus at a value of 0.025 up to a pT of
50 GeV. This result cannot be explained in the theoretical
context of jet quenching or eremitic expansion calculations
while simultaneously describing the observed lack of sup-
pression of high-pT hadron and jet yields in p+Pb collisions.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC,
Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIEN-
CIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Repub-
lic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-DRF/IRFU,
France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT,
Greece; RGC, Hong Kong SAR, China; ISF and Benoziyo Center,
Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO,
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portu-
gal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federa-
tion; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slove-
nia; DST/NRF, South Africa; MINECO, 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, United States of America. In addition, individual groups
and members have received support from BCKDF, CANARIE, CRC
and Compute Canada, Canada; COST, ERC, ERDF, Horizon 2020, and
Marie Skłodowska-Curie Actions, European Union; Investissements d’
Avenir Labex and Idex, ANR, France; DFG and AvH Foundation, Ger-
many; Herakleitos, Thales and Aristeia programmes co-financed by EU-
ESF and the Greek NSRF, Greece; BSF-NSF and GIF, Israel; CERCA
Programme Generalitat de Catalunya, Spain; The Royal Society and
Leverhulme Trust, United Kingdom. The crucial computing support
from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany),
INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), 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. [64].

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All ATLAS sci-
entific output is published in journals, and preliminary results are made
available in Conference Notes. All are openly available, without restric-
tion on use by external parties beyond copyright law and the standard
conditions agreed by CERN. Data associated with journal publications
are also made available: tables and data from plots (e.g. cross section
values, likelihood profiles, selection efficiencies, cross section limits,
. . .) are stored in appropriate repositories such as HEPDATA (http://
hepdata.cedar.ac.uk/). ATLAS also strives to make additional material
related to the paper available that allows a reinterpretation of the data
in the context of new theoretical models. For example, an extended
encapsulation of the analysis is often provided for measurements in the
framework of RIVET (http://rivet.hepforge.org/). This information is
taken from the ATLAS Data Access Policy, which is a public docu-
ment that can be downloaded from http://opendata.cern.ch/record/413
[opendata.cern.ch].]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

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

2. B. Muller, J. Schukraft, B. Wyslouch, First results from Pb + Pb
collisions at the LHC. Annu. Rev. Nucl. Part. Sci. 62, 361 (2012).
arXiv:1202.3233 [hep-ex]

3. M. Connors, C. Nattrass, R. Reed, S. Salur, Jet measurements
in heavy ion physics. Rev. Mod. Phys. 90, 025005 (2018).
arXiv:1705.01974 [nucl-ex]

4. G.-Y. Qin, X.-N. Wang, Jet quenching in high-energy heavy-
ion collisions. Int. J. Mod. Phys. E 24, 1530014 (2015).
arXiv:1511.00790 [hep-ph]

5. Y. Mehtar-Tani, J.G. Milhano, K. Tywoniuk, Jet physics in
heavy-ion collisions. Int. J. Mod. Phys. A 28, 1340013 (2013).
arXiv:1302.2579 [hep-ph]

6. J.-P. Blaizot, Y. Mehtar-Tani, Jet structure in heavy ion collisions.
Int. J. Mod. Phys. E 24, 1530012 (2015). arXiv:1503.05958 [hep-
ph]

7. CMS Collaboration, Azimuthal anisotropy of charged particles
with transverse momentum up to 100 GeV/c in PbPb colli-
sions at

√
sNN = 5.02 TeV. Phys. Lett. B 776, 195 (2018).

arXiv:1702.00630 [hep-ex]
8. ATLAS Collaboration, Measurement of the Azimuthal Angle

Dependence of Inclusive Jet Yields in Pb+Pb Collisions at
√
sNN =

2.76 TeV with the ATLAS detector. Phys. Rev. Lett. 111, 152301
(2013). arXiv:1306.6469 [hep-ex]

9. ALICE Collaboration, Energy dependence and fluctuations of
anisotropic flow in Pb-Pb collisions at

√
sNN = 5.02 and 2.76

TeV. JHEP 07, 103 (2018). arXiv:1804.02944 [nucl-ex]
10. M. Gyulassy, I. Vitev, X.-N. Wang, High pT azimuthal asymmetry

in noncentral A + A at RHIC. Phys. Rev. Lett. 86, 2537 (2001). 12
11. E.V. Shuryak, Azimuthal asymmetry at large pt seem to be too

large for a pure “jet quenching”. Phys. Rev. C 66, 027902 (2002).
arXiv:nucl-th/0112042 [nucl-th]

12. D. Molnar, D. Sun, High-pT suppression and elliptic flow from
radiative energy loss with realistic bulk medium expansion (2013).
arXiv:1305.1046 [nucl-th]

13. J. Noronha-Hostler, B. Betz, J. Noronha, M. Gyulassy, Event-by-
event hydrodynamics + jet energy loss: a solution to the RAA

⊗
v2

puzzle. Phys. Rev. Lett. 116, 252301 (2016). 25
14. X. Zhang, J. Liao, Jet quenching and its azimuthal anisotropy in

AA and possibly high multiplicity pA and dA collisions (2013).
arXiv:1311.5463 [nucl-th]

15. J. Liao, E. Shuryak, Angular dependence of jet quenching indicates
its strong enhancement near the QCD phase transition. Phys. Rev.
Lett. 102, 202302 (2009). 20

16. T. Renk, On the sensitivity of jet quenching to near TC enhance-
ment of the medium opacity. Phys. Rev. C 89, 067901 (2014).
arXiv:1402.5798 [hep-ph]

123

http://hepdata.cedar.ac.uk/
http://hepdata.cedar.ac.uk/
http://rivet.hepforge.org/
http://opendata.cern.ch/record/413
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1202.3233
http://arxiv.org/abs/1705.01974
http://arxiv.org/abs/1511.00790
http://arxiv.org/abs/1302.2579
http://arxiv.org/abs/1503.05958
http://arxiv.org/abs/1702.00630
http://arxiv.org/abs/1306.6469
http://arxiv.org/abs/1804.02944
http://arxiv.org/abs/nucl-th/0112042
http://arxiv.org/abs/1305.1046
http://arxiv.org/abs/1311.5463
http://arxiv.org/abs/1402.5798


Eur. Phys. J. C            (2020) 80:73 Page 17 of 31    73 

17. B.Z. Kopeliovich, J. Nemchik, I.K. Potashnikova, I. Schmidt,
Quenching of high-pT hadrons: energy loss versus color trans-
parency. Phys. Rev. C 86, 054904 (2012). 5

18. ATLAS Collaboration, Observation of associated near-side and
away-side long-range correlations in

√
sNN = 5.02 TeV proton-

lead collisions with the ATLAS detector. Phys. Rev. Lett. 110,
182302 (2013). arXiv:1212.5198 [hep-ex]

19. ATLAS Collaboration, Measurements of long-range azimuthal
anisotropies and associated Fourier coefficients 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).
arXiv:1609.06213 [hep-ex]

20. 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).
arXiv:1509.04776 [hep-ex]

21. CMS Collaboration, Observation of long-range, near-side angular
correlations in proton–proton collisions at the LHC. JHEP 09, 091
(2010). arXiv:1009.4122 [hep-ex]

22. CMS Collaboration, Evidence for collective multiparticle corre-
lations in pPb collisions. Phys. Rev. Lett. 115, 012301 (2015).
arXiv:1502.05382 [hep-ex]

23. ALICE Collaboration, Multiplicity dependence of the average
transverse momentum in pp, p-Pb, and Pb-Pb collisions at the LHC.
Phys. Lett. B 727, 371 (2013). arXiv:1307.1094 [nucl-ex]

24. PHENIX Collaboration, Creation of quark-gluon plasma droplets
with three distinct geometries. Nat. Phys. 15, 214 (2019) .
arXiv:1805.02973 [nucl-ex]

25. J.L. Nagle, W.A. Zajc, Small system collectivity in relativistic
hadronic and nuclear collisions. Annu. Rev. Nucl. Part. Sci. 68,
211 (2018). arXiv:1801.03477 [nucl-ex]

26. P. Romatschke, U. Romatschke, Relativistic fluid dynamics in
and out of equilibrium, Cambridge Monographs on Mathemat-
ical Physics. Cambridge University Press, Cambridge (2019).
arXiv:1712.05815 [nucl-th]

27. ATLAS Collaboration, Centrality and rapidity dependence of inclu-
sive jet production in

√
sNN = 5.02 TeV proton-lead colli-

sions with the ATLAS detector. Phys. Lett. B 748 392 (2015).
arXiv:1412.4092 [hep-ex]

28. CMS Collaboration, Measurement of inclusive jet production and
nuclear modifications in pPb collisions at

√
sNN = 5.02 TeV. Eur.

Phys. J. C 76, 372 (2016). arXiv:1601.02001 [hep-ex]
29. ALICE Collaboration, Transverse momentum distribution and

nuclear modification factor of charged particles in p+Pb colli-
sions at

√
sNN = 5.02 TeV. Phys. Rev. Lett. 110, 082302 (2013).

arXiv:1210.4520 [nucl-ex]
30. PHENIX Collaboration, Centrality-dependent modification of jet-

production rates in deuteron-gold collisions at
√
sNN = 200 GeV.

Phys. Rev. Lett. 116, 122301, (2016). arXiv:1509.04657 [nucl-ex]
31. CMS Collaboration, Studies of dijet transverse momentum balance

and pseudorapidity distributions in pPb collisions at
√
sNN = 5.02

TeV. Eur. Phys. J. C 74, 2951 (2014). arXiv:1401.4433 [hep-ex]
32. ALICE Collaboration, Constraints on jet quenching in p-Pb colli-

sions at
√
sNN = 5.02 TeV measured by the event-activity depen-

dence of semi-inclusive hadron-jet distributions. Phys. Lett. B 783,
95 (2018). arXiv:1712.05603 [nucl-ex]

33. ATLAS Collaboration, Measurement of long-range pseudorapid-
ity correlations and azimuthal harmonics in

√
sNN = 5.02 TeV

proton-lead collisions with the ATLAS detector. Phys. Rev. C 90,
044906 (2014). arXiv:1409.1792 [hep-ex]

34. S.H. Lim et al., Examination of flow and nonflow factorization
methods in small collision systems. Phys. Rev. C 100, 024908
(2019). 2

35. ATLAS Collaboration, The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3, S08003 (2008)

36. ATLAS Collaboration, ATLAS Insertable B-Layer Techni-
cal Design Report, ATLAS-TDR-19 (2010), https://cds.cern.ch/
record/1291633, ATLAS insertable B-layer technical design report
addendum, ATLAS-TDR-19-ADD-1 (2012), https://cds.cern.ch/
record/1451888

37. B. Abbott et al., Production and integration of the ATLAS
Insertable B-Layer. JINST 13, T05008 (2018). arXiv:1803.00844
[physics.ins-det]

38. ATLAS Collaboration, Performance of the ATLAS trigger system
in 2015. Eur. Phys. J. C 77, 317 (2017). arXiv:1611.09661 [hep-ex]

39. ATLAS Collaboration, Track reconstruction performance of the
ATLAS inner detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-

018 (2015). https://cds.cern.ch/record/2037683
40. 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). arXiv:1508.00848 [hep-ex]
41. J. Adam et al., Centrality dependence of particle production in p-Pb

collisions at
√
sNN = 5.02 TeV. Phys. Rev. C 91, 064905 (2015).

arXiv:1412.6828 [nucl-ex]
42. ATLAS Collaboration, Study of the material of the ATLAS inner

detector for Run 2 of the LHC. JINST 12, P12009 (2017).
arXiv:1707.02826 [hep-ex]

43. W.-T. Deng, X.-N. Wang and R. Xu, Hadron production in p+p,
p+Pb, and Pb+Pb collisions with the HIJING 2.0 model at energies
available at the CERN Large Hadron Collider. Phys. Rev. C 83,
014915 (2011). arXiv:1008.1841 [hep-ph]

44. S. Agostinelli et al., GEANT4—a simulation toolkit. Nucl. Instrum.
Methods A 506, 250 (2003)

45. ATLAS Collaboration, The ATLAS simulation infrastructure. Eur.
Phys. J. C 70, 823 (2010). arXiv:1005.4568 [physics.ins-det]

46. ATLAS Collaboration, Measurement of the jet radius and trans-
verse momentum dependence of inclusive jet suppression in lead-
lead collisions at

√
sNN = 2.76 TeV with the ATLAS detector.

Phys. Lett. B 719, 220 (2013). arXiv:1208.1967 [hep-ex]
47. ATLAS Collaboration, Measurement of jet fragmentation in Pb+Pb

and pp collisions at
√
sNN = 5.02 TeV with the ATLAS detector.

Phys. Rev. C 98, 024908 (2018). arXiv:1805.05424 [hep-ex]
48. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-

rithm. JHEP 04, 063 (2008). arXiv:0802.1189 [hep-ph]
49. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual. Eur. Phys.

J. C 72, 1896 (2012)
50. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput. Phys.

Commun. 191, 159 (2015). arXiv:1410.3012 [hep-ph]
51. R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys. B

867, 244 (2013). arXiv:1207.1303 [hep-ph]
52. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-

PHYS-PUB-2014-021 (2014). https://cds.cern.ch/record/1966419
53. ATLAS Collaboration, Jet energy scale measurements and their

systematic uncertainties in proton-proton collisions at
√
s = 13

TeV with the ATLAS detector. Phys. Rev. D 96, 072002 (2017).
arXiv:1703.09665 [hep-ex]

54. ATLAS Collaboration, Measurement of photon-jet transverse
momentum correlations in 5.02 TeV Pb+Pb and pp collisions with
ATLAS. Phys. Lett. B 789, 167 (2019). arXiv:1809.07280 [hep-ex]

55. F. James, M. Roos, Minuit—a system for function minimization
and analysis of the parameter errors and correlations. Comput.
Phys. Commun. 10, 343 (1975)

56. M.L. Miller, K. Reygers, S.J. Sanders, P. Steinberg, Glauber mod-
eling in high energy nuclear collisions. Annu. Rev. Nucl. Part. Sci.
57, 205 (2007). arXiv:nucl-ex/0701025 [nucl-ex]

57. ATLAS Collaboration, Transverse momentum, rapidity, and cen-
trality dependence of inclusive charged-particle production in√
sNN = 5.02 TeV p+Pb collisions measured by the ATLAS exper-

iment. Phys. Lett. B 763, 313 (2016). arXiv:1605.06436 [hep-ex]

123

http://arxiv.org/abs/1212.5198
http://arxiv.org/abs/1609.06213
http://arxiv.org/abs/1509.04776
http://arxiv.org/abs/1009.4122
http://arxiv.org/abs/1502.05382
http://arxiv.org/abs/1307.1094
http://arxiv.org/abs/1805.02973
http://arxiv.org/abs/1801.03477
http://arxiv.org/abs/1712.05815
http://arxiv.org/abs/1412.4092
http://arxiv.org/abs/1601.02001
http://arxiv.org/abs/1210.4520
http://arxiv.org/abs/1509.04657
http://arxiv.org/abs/1401.4433
http://arxiv.org/abs/1712.05603
http://arxiv.org/abs/1409.1792
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://cds.cern.ch/record/1451888
http://arxiv.org/abs/1803.00844
http://arxiv.org/abs/1611.09661
https://cds.cern.ch/record/2037683
http://arxiv.org/abs/1508.00848
http://arxiv.org/abs/1412.6828
http://arxiv.org/abs/1707.02826
http://arxiv.org/abs/1008.1841
http://arxiv.org/abs/1005.4568
http://arxiv.org/abs/1208.1967
http://arxiv.org/abs/1805.05424
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1410.3012
http://arxiv.org/abs/1207.1303
https://cds.cern.ch/record/1966419
http://arxiv.org/abs/1703.09665
http://arxiv.org/abs/1809.07280
http://arxiv.org/abs/nucl-ex/0701025
http://arxiv.org/abs/1605.06436


   73 Page 18 of 31 Eur. Phys. J. C            (2020) 80:73 

58. H. Mäntysaari, B. Schenke, C. Shen, P. Tribedy, Imprints of fluc-
tuating proton shapes on flow in proton-lead collisions at the LHC.
Phys. Lett. B 772, 681 (2017). arXiv:1705.03177 [nucl-th]

59. R.D. Weller, P. Romatschke, One fluid to rule them all: viscous
hydrodynamic description of event-by-event central p+p, p+Pb and
Pb+Pb collisions at

√
s = 5.02 TeV. Phys. Lett. B 774, 351 (2017).

arXiv:1701.07145 [nucl-th]
60. C. Bierlich, G. Gustafson, L. Lönnblad, H. Shah, The Angantyr

model for heavy-ion collisions in PYTHIA8. JHEP 10, 134 (2018).
arXiv:1806.10820 [hep-ph]

61. C. Bierlich, Microscopic collectivity: The ridge and strangeness
enhancement from string-string interactions. Nucl. Phys. A 982,

499 (2019). The 27th International Conference on Ultrarelativistic
Nucleus-Nucleus Collisions: Quark Matter 2018

62. ATLAS Collaboration, Measurement of the azimuthal anisotropy
of charged particles produced in

√
sNN = 5.02 TeV Pb+Pb col-

lisions with the ATLAS detector. Eur. Phys. J. C 78, 997 (2018).
arXiv:1808.03951 [hep-ex]

63. C. Loizides, J. Kamin, D. d’Enterria, Improved Monte Carlo
Glauber predictions at present and future nuclear colliders. Phys.
Rev. C 97, 054910 (2018). arXiv:1710.07098 [nucl-ex], Erratum:
Phys. Rev. C 99

64. ATLAS Collaboration, ATLAS Computing Acknowledgements,
ATL-GEN-PUB-2016-002. https://cds.cern.ch/record/2202407

ATLAS Collaboration

G. Aad101, B. Abbott128, D. C. Abbott102, A. Abed Abud36, K. Abeling53, D. K. Abhayasinghe93, S. H. Abidi167,
O. S. AbouZeid40, N. L. Abraham156, H. Abramowicz161, H. Abreu160, Y. Abulaiti6, B. S. Acharya66a,66b,n, B. Achkar53,
S. Adachi163, L. Adam99, C. Adam Bourdarios5, L. Adamczyk83a, L. Adamek167, J. Adelman120, M. Adersberger113,
A. Adiguzel12c, S. Adorni54, T. Adye144, A. A. Affolder146, Y. Afik160, C. Agapopoulou132, M. N. Agaras38,
A. Aggarwal118, C. Agheorghiesei27c, J. A. Aguilar-Saavedra140a,140f,ae, F. Ahmadov79, W. S. Ahmed103, X. Ai18,
G. Aielli73a,73b, S. Akatsuka85, T. P. A. Åkesson96, E. Akilli54, A. V. Akimov110, K. Al Khoury132, G. L. Alberghi23a,23b,
J. Albert176, M. J. Alconada Verzini161, S. Alderweireldt36, M. Aleksa36, I. N. Aleksandrov79, C. Alexa27b,
T. Alexopoulos10, A. Alfonsi119, F. Alfonsi23a,23b, M. Alhroob128, B. Ali142, M. Aliev166, G. Alimonti68a, C. Allaire132,
B. M. M. Allbrooke156, B. W. Allen131, P. P. Allport21, A. Aloisio69a,69b, F. Alonso88, C. Alpigiani148, A. A. Alshehri57,
M. Alvarez Estevez98, M. G. Alviggi69a,69b, Y. Amaral Coutinho80b, A. Ambler103, L. Ambroz135, C. Amelung26,
D. Amidei105, S. P. Amor Dos Santos140a, S. Amoroso46, C. S. Amrouche54, F. An78, C. Anastopoulos149, N. Andari145,
T. Andeen11, C. F. Anders61b, J. K. Anders20, A. Andreazza68a,68b, V. Andrei61a, C. R. Anelli176, S. Angelidakis38,
A. Angerami39, A. V. Anisenkov121a,121b, A. Annovi71a, C. Antel54, M. T. Anthony149, E. Antipov129, M. Antonelli51,
D. J. A. Antrim171, F. Anulli72a, M. Aoki81, J. A. Aparisi Pozo174, L. Aperio Bella15a, J. P. Araque140a, V. Araujo Ferraz80b,
R. Araujo Pereira80b, C. Arcangeletti51, A. T. H. Arce49, F. A. Arduh88, J.-F. Arguin109, S. Argyropoulos52,
J.-H. Arling46, A. J. Armbruster36, A. Armstrong171, O. Arnaez167, H. Arnold119, Z. P. Arrubarrena Tame113,
G. Artoni135, S. Artz99, S. Asai163, T. Asawatavonvanich165, N. Asbah59, E. M. Asimakopoulou172, L. Asquith156,
J. Assahsah35d, K. Assamagan29, R. Astalos28a, R. J. Atkin33a, M. Atkinson173, N. B. Atlay19, H. Atmani132,
K. Augsten142, G. Avolio36, M. K. Ayoub15a, G. Azuelos109,ap, H. Bachacou145, K. Bachas67a,67b, M. Backes135,
F. Backman45a,45b, P. Bagnaia72a,72b, M. Bahmani84, H. Bahrasemani152, A. J. Bailey174, V. R. Bailey173, J. T. Baines144,
C. Bakalis10, O. K. Baker183, P. J. Bakker119, D. Bakshi Gupta8, S. Balaji157, E. M. Baldin121a,121b, P. Balek180,
F. Balli145, W. K. Balunas135, J. Balz99, E. Banas84, A. Bandyopadhyay24, Sw. Banerjee181,i, A. A. E. Bannoura182,
L. Barak161, W. M. Barbe38, E. L. Barberio104, D. Barberis55a,55b, M. Barbero101, G. Barbour94, T. Barillari114,
M.-S. Barisits36, J. Barkeloo131, T. Barklow153, R. Barnea160, B. M. Barnett144, R. M. Barnett18, Z. Barnovska-Blenessy60a,
A. Baroncelli60a, G. Barone29, A. J. Barr135, L. Barranco Navarro45a,45b, F. Barreiro98, J. Barreiro Guimarães da Costa15a,
S. Barsov138, R. Bartoldus153, G. Bartolini101, A. E. Barton89, P. Bartos28a, A. Basalaev46, A. Basan99, A. Bassalat132,ak,
M. J. Basso167, R. L. Bates57, S. Batlamous35e, J. R. Batley32, B. Batool151, M. Battaglia146, M. Bauce72a,72b, F. Bauer145,
K. T. Bauer171, H. S. Bawa31, J. B. Beacham49, T. Beau136, P. H. Beauchemin170, F. Becherer52, P. Bechtle24, H. C. Beck53,
H. P. Beck20,r, K. Becker178, C. Becot46, A. Beddall12d, A. J. Beddall12a, V. A. Bednyakov79, M. Bedognetti119,
C. P. Bee155, T. A. Beermann182, M. Begalli80b, M. Begel29, A. Behera155, J. K. Behr46, F. Beisiegel24, A. S. Bell94,
G. Bella161, L. Bellagamba23b, A. Bellerive34, P. Bellos9, K. Beloborodov121a,121b, K. Belotskiy111, N. L. Belyaev111,
D. Benchekroun35a, N. Benekos10, Y. Benhammou161, D. P. Benjamin6, M. Benoit54, J. R. Bensinger26, S. Bentvelsen119,
L. Beresford135, M. Beretta51, D. Berge19, E. Bergeaas Kuutmann172, N. Berger5, B. Bergmann142, L. J. Bergsten26,
J. Beringer18, S. Berlendis7, G. Bernardi136, C. Bernius153, F. U. Bernlochner24, T. Berry93, P. Berta99, C. Bertella15a,
I. A. Bertram89, O. Bessidskaia Bylund182, N. Besson145, A. Bethani100, S. Bethke114, A. Betti42, A. J. Bevan92,
J. Beyer114, D. S. Bhattacharya177, P. Bhattarai26, R. Bi139, R. M. Bianchi139, O. Biebel113, D. Biedermann19, R. Bielski36,
K. Bierwagen99, N. V. Biesuz71a,71b, M. Biglietti74a, T. R. V. Billoud109, M. Bindi53, A. Bingul12d, C. Bini72a,72b,
S. Biondi23a,23b, M. Birman180, T. Bisanz53, J. P. Biswal3, D. Biswas181,i, A. Bitadze100, C. Bittrich48, K. Bjørke134,
T. Blazek28a, I. Bloch46, C. Blocker26, A. Blue57, U. Blumenschein92, G. J. Bobbink119, V. S. Bobrovnikov121a,121b,

123

http://arxiv.org/abs/1705.03177
http://arxiv.org/abs/1701.07145
http://arxiv.org/abs/1806.10820
http://arxiv.org/abs/1808.03951
http://arxiv.org/abs/1710.07098
https://cds.cern.ch/record/2202407


Eur. Phys. J. C            (2020) 80:73 Page 19 of 31    73 

S. S. Bocchetta96, A. Bocci49, D. Boerner46, D. Bogavac14, A. G. Bogdanchikov121a,121b, C. Bohm45a, V. Boisvert93,
P. Bokan53, T. Bold83a, A. E. Bolz61b, M. Bomben136, M. Bona92, J. S. Bonilla131, M. Boonekamp145, C. D. Booth93,
H. M. Borecka-Bielska90, L. S. Borgna94, A. Borisov122, G. Borissov89, J. Bortfeldt36, D. Bortoletto135, D. Boscherini23b,
M. Bosman14, J. D. Bossio Sola103, K. Bouaouda35a, J. Boudreau139, E. V. Bouhova-Thacker89, D. Boumediene38,
S. K. Boutle57, A. Boveia126, J. Boyd36, D. Boye33b,al, I. R. Boyko79, A. J. Bozson93, J. Bracinik21, N. Brahimi101,
G. Brandt182, O. Brandt32, F. Braren46, B. Brau102, J. E. Brau131, W. D. Breaden Madden57, K. Brendlinger46,
L. Brenner46, R. Brenner172, S. Bressler180, B. Brickwedde99, D. L. Briglin21, D. Britton57, D. Britzger114, I. Brock24,
R. Brock106, G. Brooijmans39, W. K. Brooks147c, E. Brost29, J. H. Broughton21, P. A. Bruckman de Renstrom84,
D. Bruncko28b, A. Bruni23b, G. Bruni23b, L. S. Bruni119, S. Bruno73a,73b, M. Bruschi23b, N. Bruscino72a,72b, P. Bryant37,
L. Bryngemark96, T. Buanes17, Q. Buat36, P. Buchholz151, A. G. Buckley57, I. A. Budagov79, M. K. Bugge134, F. Bührer52,
O. Bulekov111, T. J. Burch120, S. Burdin90, C. D. Burgard119, A. M. Burger129, B. Burghgrave8, J. T. P. Burr46,
C. D. Burton11, J. C. Burzynski102, V. Büscher99, E. Buschmann53, P. J. Bussey57, J. M. Butler25, C. M. Buttar57,
J. M. Butterworth94, P. Butti36, W. Buttinger36, C. J. Buxo Vazquez106, A. Buzatu158, A. R. Buzykaev121a,121b,
G. Cabras23a,23b, S. Cabrera Urbán174, D. Caforio56, H. Cai173, V. M. M. Cairo153, O. Cakir4a, N. Calace36, P. Calafiura18,
A. Calandri101, G. Calderini136, P. Calfayan65, G. Callea57, L. P. Caloba80b, A. Caltabiano73a,73b, S. Calvente Lopez98,
D. Calvet38, S. Calvet38, T. P. Calvet155, M. Calvetti71a,71b, R. Camacho Toro136, S. Camarda36, D. Camarero Munoz98,
P. Camarri73a,73b, D. Cameron134, C. Camincher36, S. Campana36, M. Campanelli94, A. Camplani40, A. Campoverde151,
V. Canale69a,69b, A. Canesse103, M. Cano Bret60c, J. Cantero129, T. Cao161, Y. Cao173, M. D. M. Capeans Garrido36,
M. Capua41a,41b, R. Cardarelli73a, F. Cardillo149, G. Carducci41a,41b, I. Carli143, T. Carli36, G. Carlino69a, B. T. Carlson139,
L. Carminati68a,68b, R. M. D. Carney153, S. Caron118, E. Carquin147c, S. Carrá46, J. W. S. Carter167, M. P. Casado14,e,
A. F. Casha167, R. Castelijn119, F. L. Castillo174, L. Castillo Garcia14, V. Castillo Gimenez174, N. F. Castro140a,140e,
A. Catinaccio36, J. R. Catmore134, A. Cattai36, V. Cavaliere29, E. Cavallaro14, M. Cavalli-Sforza14, V. Cavasinni71a,71b,
E. Celebi12b, L. Cerda Alberich174, K. Cerny130, A. S. Cerqueira80a, A. Cerri156, L. Cerrito73a,73b, F. Cerutti18,
A. Cervelli23a,23b, S. A. Cetin12b, Z. Chadi35a, D. Chakraborty120, J. Chan181, W. S. Chan119, W. Y. Chan90,
J. D. Chapman32, B. Chargeishvili159b, D. G. Charlton21, T. P. Charman92, C. C. Chau34, S. Che126, S. Chekanov6,
S. V. Chekulaev168a, G. A. Chelkov79,ao, B. Chen78, C. Chen60a, C. H. Chen78, H. Chen29, J. Chen60a, J. Chen39, J. Chen26,
S. Chen137, S. J. Chen15c, X. Chen15b, Y.-H. Chen46, H. C. Cheng63a, H. J. Cheng15a, A. Cheplakov79, E. Cheremushkina122,
R. Cherkaoui El Moursli35e, E. Cheu7, K. Cheung64, T. J. A. Chevalérias145, L. Chevalier145, V. Chiarella51,
G. Chiarelli71a, G. Chiodini67a, A. S. Chisholm21, A. Chitan27b, I. Chiu163, Y. H. Chiu176, M. V. Chizhov79, K. Choi11,
A. R. Chomont72a,72b, S. Chouridou162, Y. S. Chow119, M. C. Chu63a, X. Chu15a,15d, J. Chudoba141, J. J. Chwastowski84,
L. Chytka130, D. Cieri114, K. M. Ciesla84, D. Cinca47, V. Cindro91, I. A. Cioară27b, A. Ciocio18, F. Cirotto69a,69b,
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