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Abstract Multi-particle cumulants and corresponding
Fourier harmonics are measured for azimuthal angle distri-
butions of charged particles in pp collisions at

√
s = 5.02 and

13 TeV and in p + Pb collisions at
√
sNN = 5.02 TeV, and com-

pared to the results obtained for low-multiplicity Pb + Pb
collisions at

√
sNN = 2.76 TeV. These measurements aim to

assess the collective nature of particle production. The mea-
surements of multi-particle cumulants confirm the evidence
for collective phenomena in p + Pb and low-multiplicity
Pb + Pb collisions. On the other hand, the pp results for four-
particle cumulants do not demonstrate collective behaviour,
indicating that they may be biased by contributions from non-
flow correlations. A comparison of multi-particle cumulants
and derived Fourier harmonics across different collision sys-
tems is presented as a function of the charged-particle mul-
tiplicity. For a given multiplicity, the measured Fourier har-
monics are largest in Pb + Pb, smaller in p + Pb and smallest
in pp collisions. The pp results show no dependence on the
collision energy, nor on the multiplicity.

1 Introduction

One of the signatures of the collective behaviour of the
hot, dense medium produced in heavy-ion collisions is the
azimuthal anisotropy of produced particles. This anisotropy
results from spatial asymmetry in the initial interaction region
in off-centre ion–ion collisions. The initial asymmetry acti-
vates strong pressure gradients along the shorter axis of the
overlap region, leading to increased production of particles
within the reaction plane, defined by the impact parameter
vector (the vector separation of the barycentres of the two
nuclei) and the beam axis. The azimuthal anisotropy is com-
monly characterized by Fourier harmonics vn , referred to as
single-particle harmonic flow coefficients: vn = 〈cos[n(φ −
�R)]〉, where φ is the azimuthal angle of a produced particle

� e-mail: atlas.publications@cern.ch

and �R is the azimuthal angle of the reaction plane [1]. This
anisotropic, collective enhancement of particle production
is a global long-range phenomenon extending over a wide
pseudorapidity range.

The anisotropy of charged-particle azimuthal angle distri-
butions in A + A collisions has been a subject of extensive
experimental studies at RHIC [2–7] and at the LHC [8–22].
In non-central heavy-ion collisions, the large and dominating
v2 coefficient is mainly associated with the elliptic shape of
the nuclear overlap. The v2 coefficient in ultra-central col-
lisions and other vn coefficients in all collisions are related
to various geometric configurations arising from fluctuations
of the nucleon positions in the overlap region [23,24]. The
reported results are consistent with model calculations based
on a hydrodynamic description of the system evolution and
provide conclusive evidence that the hot and dense matter
produced in A + A collisions behaves collectively in accor-
dance with a hydrodynamic flow and has properties resem-
bling those of a nearly perfect fluid [25–28].

The study of p + A collisions was thought to provide
information on cold nuclear matter effects, relevant for under-
standing the hot and dense system produced in A + A col-
lisions. In p + A collisions, the size of the produced system
is small compared to the mean free path of its constituents.
Therefore, it might be expected that the collective flow, if any,
generated in p + A collisions is much weaker than in heavy-
ion interactions. Contrary to these expectations, significant
vn coefficients, only about 40% smaller in magnitude than
those obtained in Pb + Pb collisions, have been measured
in p + Pb collisions at the LHC energy of

√
sNN = 5.02 TeV

[29–38]. Observations of azimuthal anisotropies were also
reported recently for d + Au [39,40] and 3He+Au [41] col-
lisions at the RHIC energy of

√
sNN = 200 GeV.

Interestingly, long-range two-particle azimuthal correla-
tions have also been observed in high-multiplicity pp col-
lisions at the LHC energies [42–46]. It was found that the
measured azimuthal correlations, which extend over a wide
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range in pseudorapidity, can be explained by the cos(nφ)

modulation of the single-particle azimuthal angle distribu-
tion. The extracted Fourier harmonics vn for n = 2–4 [46]
are generally much smaller than those measured in p + Pb and
Pb + Pb collisions, and show no dependency on the charged-
particle multiplicity. On the other hand, they display a similar
dependence on particle transverse momenta, suggesting that
the same underlying mechanism may be responsible for the
long-range azimuthal correlations. These observations in pp
collisions, together with the results from the p + A sys-
tem described above, are among the most challenging and
pressing problems in the domain of soft quantum chromody-
namics. Various models have been proposed to explain the
source of the observed long-range correlations in small col-
lision systems [47–63], but the origin of the effect is still
under intense debate. It is not yet known whether the mech-
anism responsible for the observed collective behaviour in
A + A collisions is also relevant for the smaller systems. The
main purpose of this paper is to contribute to this debate by
providing new experimental results.

Several differing analysis methods are applied to mea-
sure Fourier harmonics in high-energy collisions. They differ
principally in their sensitivity to correlations not related to
the initial collision geometry (referred to as non-flow corre-
lations), which can result from resonance decays, jet produc-
tion, Bose–Einstein correlations or energy–momentum con-
servation. For small collision systems and low-multiplicity
final states, the most common method uses two-particle
correlation functions [29–31,33,35–38,42–46,64]. In this
method, the non-flow correlations are suppressed by requir-
ing a large pseudorapidity separation, |�η|, between particles
forming a pair. This requirement eliminates most of the short-
range correlations including intra-jet correlations. The jet–jet
correlations are subtracted from the two-particle correlation
function using the correlations measured in low-multiplicity
events (see e.g. [43,46]).

The multi-particle cumulant method [65–67] was pro-
posed to suppress the non-flow correlations. The method aims
to measure correlations between a large number of particles,
from which the correlations between a small number of par-
ticles are subtracted. Since non-flow correlations typically
involve a low number of particles, they are suppressed in
many-particle cumulants. The drawback of the method is the
statistical limitation in calculating the cumulants of more than
two particles. Furthermore, the multi-particle cumulants in
small collision systems, derived from correlations between
low number of particles, can be biased by non-flow jet and
dijet correlations, which dominate the azimuthal correlation
signal. The cumulant method has been applied to measure
global correlations and Fourier harmonics in Pb + Pb and
p + Pb collisions [18,20,32,33,36]. Recently, the four- and
six-particle cumulants were also measured by the CMS Col-
laboration in pp collisions at 5, 7 and 13 TeV [45].

In this paper, the ATLAS measurements of multi-particle
cumulants are presented for pp collisions at 5.02 and 13 TeV
and for p + Pb collisions at

√
sNN = 5.02 TeV. For compar-

ison, the results for low-multiplicity (peripheral) Pb + Pb
collisions at

√
sNN = 2.76 TeV are also shown. The results are

averaged over large ranges in pT and pseudorapidity. Results
obtained from different collision systems are compared as a
function of the charged-particle multiplicity.

The paper is organized as follows. The analysis method is
described in the next section, followed by the description of
the detector (Sect. 3) and presentation of the analysed data
samples and event and track selections in Sects. 4 and 5. The
analysis details are given in Sect. 6 while Sect. 7 contains a
discussion of systematic uncertainties and cross-checks. The
results for cumulants and the corresponding Fourier harmon-
ics are shown in Sect. 8. A summary and concluding remarks
are given in Sect. 9.

2 Multi-particle cumulants

The multi-particle cumulant method is useful in studying the
global nature of correlations observed in azimuthal angles of
particles produced in high-energy collisions. The cumulant
method involves the calculation of 2k-particle azimuthal cor-
relations, corrn{2k}, and cumulants, cn{2k}, for nth Fourier
harmonics, where n = 2, 3, 4 and k = 1, 2, 3, 4 for the anal-
ysis presented in this paper. The corrn{2k} are defined as
[65,67]:

〈〈corrn{2}〉〉 ≡ 〈〈ein(φ1−φ2)〉〉,
〈〈corrn{4}〉〉 ≡ 〈〈ein(φ1+φ2−φ3−φ4)〉〉,
〈〈corrn{6}〉〉 ≡ 〈〈ein(φ1+φ2+φ3−φ4−φ5−φ6)〉〉,
〈〈corrn{8}〉〉 ≡ 〈〈ein(φ1+φ2+φ3+φ4−φ5−φ6−φ7−φ8)〉〉,
where the brackets “〈〈〉〉” denote double averaging, per-
formed first over particles in an event and then over all events
within a given event class. For every event, the average is
taken over all possible of the combinations of the azimuthal
angles φi (i = 1, . . . , 8) of the 2k particles.

With the calculated multi-particle azimuthal correlations,
the cumulants cn{2k} are obtained after subtracting the corre-
lations between 2(k−1) particles according to the following
formulae [65,67]:

cn{2} = 〈〈corrn{2}〉〉,
cn{4} = 〈〈corrn{4}〉〉 − 2〈〈corrn{2}〉〉2,

cn{6} = 〈〈corrn{6}〉〉 − 9〈〈corrn{2}〉〉
×〈〈corrn{4}〉〉 + 12〈〈corrn{2}〉〉3,

cn{8} = 〈〈corrn{8}〉〉 − 16〈〈corrn{2}〉〉
×〈〈corrn{6}〉〉 − 18〈〈corrn{4}〉〉2

+144〈〈corrn{2}〉〉2〈〈corrn{4}〉〉 − 144〈〈corrn{2}〉〉4.
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The Q-cumulant method [67], used in this analysis, relies
on the idea of expressing the multi-particle correlations in
terms of powers of the flow vector Qn . This approach allows
multi-particle correlations and cumulants to be calculated in
a single pass over data events. The flow vector is defined for
each collision event with multiplicity M as:

Qn, j ≡
M∑

i=1

w
j
i einφi , (1)

where the subscript n denotes the order of the flow harmonic,
j is the power of the flow vector, and the sum runs over all
particles in an event with wi being the weight of the i th
particle. The weight accounts for detector effects including
the tracking efficiency and is defined in Sect. 6.

If the measured cn{2k} cumulants are free of non-flow cor-
relations, they can be used to estimate Fourier harmonics vn .
Furthermore, assuming that the event-by-event fluctuations
of vn are negligibly small, the Fourier harmonics denoted by
vn{2k} can be determined [65]:

vn{2} = √
cn{2}, (2)

vn{4} = 4
√−cn{4}, (3)

vn{6} = 6
√
cn{6}/4, (4)

vn{8} = 8
√−cn{8}/33. (5)

From the above definitions it is evident that determination of
real values of Fourier harmonics requires negative (positive)
cn{4} and cn{8} (cn{2} and cn{6}) values.

3 ATLAS detector

The data were collected with the ATLAS detector [68].1 The
detector consists of three main systems: an inner tracking
detector (ID) surrounded by a thin superconducting solenoid,
electromagnetic and hadronic calorimeters, and a muon spec-
trometer. The ID is immersed in a 2T axial magnetic field and
provides charged-particle tracking in the range |η| < 2.5. It
consists of silicon pixel, silicon microstrip (SCT), and straw-
tube transition radiation tracking detectors. Since 2015 the
pixel detector includes an additional layer at smaller radius,
the “insertable B-layer” (IBL) [69,70]. The calorimeter sys-
tem covers the pseudorapidity range up to |η| = 4.9. The
muon spectrometer surrounds the calorimeters and is based
on three large air-core toroid superconducting magnets with

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 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).

eight coils each. The field integral of the toroids ranges
between 2 to 6 T m across most of the detector. Measure-
ments presented in this document use signals from the ID
while other components are used for triggering.

Events are selected with a trigger system [71]. The first-
level (L1) trigger is implemented in hardware and uses a
subset of the detector information. For this analysis the infor-
mation from calorimeters, minimum bias trigger scintillator
(MBTS) counters (covering the range 2.1 < |η| < 3.8) and
zero degree calorimeters (ZDCs) with the range |η| > 8.3 is
used at L1. The L1 trigger is followed by two software-based
trigger levels: level-2 (L2) and Event Filter (EF). In pp data-
taking in 2015, the L2 and EF trigger levels are combined in
a common high-level trigger (HLT) framework.

4 Data sets

The
√
s = 5.02 TeV pp data were recorded in November

2015 and correspond to an integrated luminosity of about
28 pb−1. The average number of additional interactions in
the same bunch crossing, μ, ranges from 0.4 to 1.3. For the
low-multiplicity event selections, three minimum-bias trig-
gers were used: the first required a hit in at least one MBTS
counter, the second required a hit in at least one MBTS
counter on each side, and the third required at least one recon-
structed track at the HLT seeded by a random trigger at L1. In
order to enhance the number of high-multiplicity events, ded-
icated high-multiplicity triggers (HMTs) were implemented.
Three HMTs required at L1 more than 5, 10 and 20 GeV in
the total transverse energy (

∑
ET) recorded in the calorime-

ters, and at the HLT more than 60, 90 and 90 reconstructed
charged-particle tracks with pT > 0.4 GeV and |η| < 2.5,
respectively.

The
√
s = 13 TeV pp data were taken over two running

periods in June and August of 2015. For the first running
period, μ varied between 0.002 and 0.03, while for the sec-
ond μ ranged from 0.05 to 0.6. The total integrated lumi-
nosity collected over these two periods is approximately
0.075 pb−1. In addition to the minimum-bias event trigger,
HMTs were implemented seeded by a L1 requirement of∑

ET > 10 GeV. For the low-μ running period, the require-
ment of more than 60 reconstructed charged-particle tracks
at the HLT was imposed. For the moderate-μ data (the sec-
ond data-taking period), two requirements on the number of
online reconstructed charged-particle tracks at the HLT, of
more than 60 and 90, were employed.

The p + Pb data were collected during the LHC run at
the beginning of 2013. The LHC operated in two configu-
rations during this running period, by reversing the direc-
tions of the proton and lead beams. The proton beam with
the energy of 4 TeV collided with a Pb beam of energy
1.57 TeV per nucleon. This leads to

√
sNN = 5.02 TeV in the
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nucleon–nucleon centre-of-mass frame, which is shifted by
0.465 in rapidity in the proton direction. The total integrated
luminosity corresponds to approximately 0.028 pb−1. The
data were recorded with the minimum-bias trigger and sev-
eral HMTs, seeded by L1 thresholds on the total transverse
energy recorded in the forward calorimeters (

∑
EFCal

T , 3.1 <

|η| < 4.9) and HLT thresholds on the number of online
reconstructed charged-particle tracks, N online

ch [72]. Six dif-
ferent combinations of the L1 and HLT thresholds were
implemented: (

∑
EFCal

T [GeV] >, N online
ch >) = (10,100),

(10,130), (50,150), (50,180), (65,200) and (65,225). More
details can be found in Ref. [35]. For the p + Pb data,
μ ≈ 0.03.

The
√
sNN = 2.76 TeV Pb + Pb data set used in this analysis

consists of the data collected in 2010 and then reprocessed
in 2014 with the same reconstruction software as used for
p + Pb data. The number of additional interactions per bunch
crossing is negligibly small, of the order of 10−4.

Monte Carlo (MC) simulated event samples are used to
determine the track reconstruction efficiency (Sect. 5) and
to perform closure tests, as described in Sect. 7. For the 13
and 5.02 TeV pp data the baseline MC event generator used
is Pythia 8 [73] with parameter values set according to the
ATLAS A2 tune [74] and with MSTW2008LO parton dis-
tribution functions [75]. The Hijing event generator [76] is
used to produce p + Pb and Pb + Pb collisions with the
same energy as in the data. The detector response is simu-
lated [77] with Geant 4 [78] and with detector conditions
matching those during the data-taking. The simulated events
are reconstructed with the same algorithms as data events,
including track reconstruction.

5 Event and track selections

Additional event selections are implemented in the offline
analysis. Events are required to have a reconstructed vertex.
For the p + Pb and Pb + Pb data, only events with a recon-
structed vertex for which |zvtx| < 150 mm are selected while
for pp data sets this requirement is not applied.

In order to suppress additional interactions per bunch
crossing (referred to as pile-up) in pp data sets, only tracks
associated with the vertex for which the

∑
p2

T is the largest
are used. In addition, all events with a second vertex recon-
structed from at least four tracks are disregarded. For the
p + Pb data, even though the average number of interactions
per bunch crossing is small (∼0.03), it can be significantly
larger in events with a high multiplicity. Therefore, events
containing more than one interaction per bunch crossing are
rejected if they contain more than one good reconstructed
vertex, where a good vertex is defined as that with the scalar
sum of the tracks transverse momenta

∑
pT > 5 GeV. The

remaining pile-up events are further suppressed using the

ZDC signal on the Pb-fragmentation side, calibrated to the
number of recorded neutrons [35]. In order to suppress beam
backgrounds in p + Pb and Pb + Pb data, a requirement
on the time difference between signals from MBTS coun-
ters on opposite sides of the interaction region is imposed,
|�t | < 10 and <3 ns, respectively.

For the pp data, charged-particle tracks are reconstructed
in the ID with the tracking algorithm optimized for Run-2
data [79]. The tracks are required to have |η| < 2.5 and
pT > 0.1 GeV. At least one pixel hit is required and a hit in
the IBL is also required if the track passes through the active
region of the IBL. If a track passes through an inactive area
of the IBL, then a hit is required in the next pixel layer if
one is expected. The requirement on the minimum number
of SCT hits depends on pT: ≥ 2 for 0.1 < pT < 0.3 GeV,
≥ 4 for 0.3 < pT < 0.4 GeV and ≥ 6 for pT > 0.4 GeV.
Additional selection requirements are imposed on the trans-
verse, |d0|, and longitudinal, |z0 sin θ |, impact parameters.
The transverse impact parameter is measured with respect to
the beam line, and z0 is the difference between the longitu-
dinal position (along the beam line) of the track at the point
where d0 is measured and the primary vertex. Both must be
smaller than 1.5 mm. In order to reject tracks with incorrectly
measured pT due to interactions with the detector material,
the track-fit probability must be larger than 0.01 for tracks
with pT > 10 GeV.

For the reconstruction of p + Pb and Pb + Pb data,
the same tracking algorithms are used. The track selec-
tion requirements are modified slightly from those applied
in the pp reconstruction. Specifically, the same require-
ments are imposed on the impact parameters, although |d0|
is determined with respect to the primary vertex. To sup-
press falsely reconstructed charged-particle tracks, addi-
tional requirements are imposed on the significance of the
transverse and longitudinal impact parameters: |d0|/σd0 < 3
and |z0 sin θ |/σz0 < 3, where σd0 and σz0 are the uncer-
tainties in the transverse and longitudinal impact parameter
values, respectively, as obtained from the covariance matrix
of the track fit.

The tracking efficiencies are estimated using the MC sam-
ples reconstructed with the same tracking algorithms and
the same track selection requirements. Efficiencies, ε(η, pT),
are evaluated as a function of track η, pT and the number
of reconstructed charged-particle tracks, but averaged over
the full range in azimuth. For all collision systems, the effi-
ciency increases by about 4% with pT increasing from 0.3 to
0.6 GeV. Above 0.6 GeV, the efficiency is independent of pT

and reaches 86% (72%) at η ≈ 0 (|η| > 2), 83 (70%) and
83% (70%) for pp, p + Pb and peripheral Pb + Pb colli-
sions, respectively. The efficiency is independent of the event
multiplicity for Nch > 40. For lower-multiplicity events the
efficiency is smaller by a few percent. The rate of falsely
reconstructed charged-particle tracks, f (pT, η), is also esti-
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mated and found to be small; even at the lowest transverse
momenta it stays below 1% (3%) at η ≈ 0 (|η| > 2).

Residual detector defects (not accounted for by tracking
efficiencies), which may arise on a run-by-run basis and could
lead to a non-uniformity of the azimuthal angle distribution,
are corrected for by a data-driven approach, the so-called
flattening procedure described in Sect. 6.

The analysis is performed as a function of the charged-
particle multiplicity. Three measures of the event multi-
plicity are defined based on counting the number of par-
ticles observed in different transverse momentum ranges:
0.3 < pT < 3 GeV, 0.5 < pT < 5 GeV and pT > 0.4 GeV
(see next section for details). For each multiplicity defini-
tion, only events with multiplicity ≥10 are used to allow a
robust calculation of the multi-particle cumulants. Further-
more, in order to avoid potential biases due to HMT ineffi-
ciencies, events selected by the HMTs are accepted only if
the trigger efficiency for each multiplicity definition exceeds
90%. The only exception is the pp 13 TeV data collected in
August 2015 with the HMT requiring more than 90 particles
reconstructed at the HLT, for which the 90% efficiency is not
reached. It was carefully checked that inclusion of this data
set does not generate any bias in the calculation of multi-
particle cumulants.

6 Overview of the analysis

For each collision system, the multi-particle cumulants are
calculated using the so-called reference particles. Two selec-
tions of reference particles are considered, for which the mul-
tiplicity Mref in a given event is the number of reconstructed
charged particles with |η| < 2.5 and with corresponding
pT ranges: 0.3 < pT < 3 GeV or 0.5 < pT < 5 GeV.
Figure 1 shows the uncorrected Mref multiplicity distri-
butions for the reconstructed charged-particle tracks with
0.3 < pT < 3 GeV for all collision systems. The observed
discontinuities reflect the offline selection requirement of at
least 90% efficiency for the HMT thresholds. Event weights
are introduced to account for the trigger efficiency and the
trigger prescale factors [35].

Particle weights (see Eq. (1)) are applied to account for
detector effects via wφ(η, φ), the tracking efficiency ε(η, pT)

and the rate of fake tracks f (η, pT), and are defined as:

wi (η, φ, pT) = wφ,i (η, φ)(1 − fi (η, pT))

εi (η, pT)
.

The tracking efficiencies and fake rates are determined as
described in Sect. 5. The weights wφ(η, φ) are determined
from the data by the procedure of azimuthal-angle flatten-

Fig. 1 Distributions of the
reference particle multiplicity,
Mref , for the selected reference
particles with
0.3 < pT < 3 GeV for pp
collisions at

√
s = 5.02 and 13

TeV, p + Pb collisions at
√
sNN =

5.02 TeV and low-multiplicity
Pb + Pb collisions at

√
sNN =

2.76 TeV. The discontinuities in
the upper and lower-left
distributions correspond to
different high-multiplicity
trigger thresholds
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Fig. 2 The average number of
charged particles per event with
pT > 0.4 GeV as a function of
reference particle multiplicity
for reference particles with
0.5 < pT < 5 GeV and
0.3 < pT < 3 GeV for pp
collisions at

√
s = 5.02 and 13

TeV, p + Pb collisions at
√
sNN =

5.02 TeV and low-multiplicity
Pb + Pb collisions at

√
sNN =

2.76 TeV. The error bars show
one standard deviations on
〈Nch(pT > 0.4 GeV)〉
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ing in order to correct for non-uniformity of the azimuthal
acceptance of the detector. The flattening procedure uses the
η–φ map of all reconstructed charged-particle tracks. For
each small interval (δη, δφ), a “flattening” weight is calcu-
lated as wφ(η, φ) = 〈N (δη)〉/N (δη, δφ) where 〈N (δη)〉 is
the event-averaged number of tracks in the δη slice, averaged
over the full range in φ, while N (δη, δφ) is the number of
tracks within this interval.

The cumulants and corresponding Fourier harmonics are
studied as a function of the charged-particle multiplicity. Two
ways of selecting events according to the event multiplic-
ity are considered. The first one is to select events with a
given Mref , which is referred to as EvSel_Mref . An alterna-
tive way (EvSel_Nch) is to apply the event-selection on the
basis of the number of reconstructed charged particles with
pT > 0.4 GeV, N rec

ch , and then for such selected events calcu-
late the cumulants using reference particles. For both event
selections, the cumulants are calculated in unit-size bins in
either Mref or N rec

ch , which are then combined into broader,
statistically significant multiplicity intervals by averaging the
cumulants, cn{2k}.

For the purpose of a direct comparison of results obtained
with different event selections, the standard multiplicity vari-
able measuring the event activity is used. The Nch(pT >

0.4 GeV) multiplicity, corrected for tracking efficiency and
the rate of falsely reconstructed charged-particle tracks as
well as for trigger efficiencies, is used to present the results.
When selecting events according to Mref multiplicity, the
correlation between Mref and the Nch(pT > 0.4 GeV) is
employed. Figure 2 shows mean Nch(pT > 0.4 GeV) mul-
tiplicities calculated in Mref intervals, which are used in the
analysis. The correlation is shown for each collision sys-
tem and for two pT ranges of reference particles. In the
case of EvSel_Nch, a similar mapping of N rec

ch intervals into
〈Nch(pT > 0.4 GeV)〉 is made.

The two event selections differ in their sensitivity to event-
by-event multiplicity fluctuations and are biased in a different
manner by contributions from non-flow correlations. In the
selection based on Mref , by construction, multiplicity fluc-
tuations are eliminated. This is not the case for the selection
using Nch(pT > 0.4 GeV): there are strong event-level fluc-
tuations in Mref (0.3 < pT < 3 GeV) for events selected
with fixed values of Nch(pT > 0.4 GeV). In order to illus-
trate how multiplicity fluctuations affect the determination
of cumulants, the comparison of c2{4} cumulants obtained
with two alternative ways of selecting events is shown in
Fig. 3 for reference particles with 0.3 < pT < 3 GeV. In
pp collisions, the cumulants obtained using events with fixed
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Fig. 3 Comparison of c2{4} cumulants for reference particles with
0.3 < pT < 3.0 GeV obtained with two different event selec-
tions: events selected according to Mref (EvSel_Mref ) and according
to Nch(pT > 0.4 GeV) (EvSel_Nch) for pp collisions at

√
s = 5.02

and 13 TeV, p + Pb collisions at
√
sNN = 5.02 TeV and low-multiplicity

Pb + Pb collisions at
√
sNN = 2.76 TeV. The vertical scale in the upper

plots is cut off at 0.03×10−3 in order to clearly show differences in the
region around c2{4} = 0. The error bars and shaded boxes denote sta-
tistical and systematic uncertainties, respectively. Dotted lines indicate
the value of c2{4} corresponding to v2{4} = 0.04

Nch(pT > 0.4 GeV), thus susceptible to fluctuations in Mref ,
are systematically smaller than those obtained using events
selected according to Mref . This indicates that non-flow cor-
relations associated with multiplicity fluctuations give nega-
tive contributions to the measured c2{4} and, in the case of a
small positive c2{4} signal, can mimic the collective effects.
For p + Pb and Pb + Pb collisions, similar effects are seen at
small event multiplicities, where biases from non-flow cor-
relations are most significant. For large multiplicities, the
non-flow correlations related to multiplicity fluctuations do
not play a dominant role and the two event selections give
consistent results. In this paper, the EvSel_Mref , the event
selection based on Mref that is free of multiplicity fluctua-
tions, is used as the default event selection.

Even when using an event selection free of multiplicity
fluctuations, the cumulants calculated with a small number
of particles can be contaminated by non-flow correlations.

For two-particle cumulants, cn{2}, the non-flow correlations
can be reduced by requiring a large separation in pseudora-
pidity between particles forming a pair. As in the analysis
of two-particle correlations [31,35,43,46], the requirement
of |�η| > 2 is implemented in calculating the cumulants
cn{2, |�η| > 2}. A comparison of c2{2} calculated without
the |�η| > 2 requirement and c2{2, |�η| > 2} is shown
in Fig. 4 for all collision systems. A strong reduction of
the cumulant values can be seen after requiring |�η| > 2,
which is the most significant at low multiplicities and for
pp collisions, where the short-range two-particle non-flow
correlations dominate. Unfortunately, such a requirement on
|�η| cannot be applied in the calculation of cumulants of
more than two particles in the standard cumulant approach
applied in this analysis. This has to be taken into account
when interpreting the results obtained for cn{4}. It is known
(from Pythia [80] and Hijing simulations) that jet and dijet
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Fig. 4 Comparison of c2{2} (open symbols) and c2{2, |�η| > 2} (filled
symbols) for reference particles with 0.3 < pT < 3.0 GeV for pp col-
lisions at

√
s = 5.02 and 13 TeV, p + Pb collisions at

√
sNN = 5.02

TeV and low-multiplicity Pb + Pb collisions at
√
sNN = 2.76 TeV. The

error bars and shaded boxes denote statistical and systematic uncertain-
ties, respectively. Dotted lines indicate the value of c2 corresponding to
v2{2} = 0.04

production can generate correlations between four particles,
especially in collision systems (e.g. pp) where collective flow
effects are expected to be small.

Measurements of multi-particle cumulants and the cor-
responding flow harmonics require very large event sam-
ples, especially when considering cumulants and correlations
between more than two particles. This analysis uses the two-
particle cumulants with a rapidity gap of |�η| > 2 to deter-
mine cn{2, |�η| > 2} for n = 2, 3 and 4 for all collision
systems. Four-particle cumulants can be reliably determined
for all collision systems only for c2{4}. A statistically signif-
icant measurement of higher-order cumulants and harmon-
ics, n = 3, 4, with more than two-particle correlations is
not possible with the current data sets. Statistical limitations
are particularly severe for six- and eight-particle cumulants
measured in pp collisions. The statistical uncertainty of the
pp data sets used in this analysis is significantly larger than
the expected magnitude of the six- and eight-particle cumu-
lants, preventing reliable measurements of these observables.

Therefore, the measurements of c2{6} and c2{8} and the cor-
responding Fourier harmonics are reported only for p + Pb
and Pb + Pb collisions.

7 Systematic uncertainties and cross-checks

The systematic uncertainties are estimated for cn{2, |�η| >

2} (n= 2, 3 and 4) and c2{4}, for all collision systems, and
for c2{6} and c2{8} only for p + Pb and Pb + Pb data.
The two ranges in pT of reference particles are considered:
0.3 < pT < 3 GeV and 0.5 < pT < 5 GeV. The cn uncer-
tainties are then propagated to the corresponding vn . Details
on the contributions to systematic uncertainties from differ-
ent sources are collected in tables included in the Appendix.

The following systematic uncertainties are considered:

Track-quality selections The systematic uncertainties result-
ing from different track selection requirements are estimated
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as differences between the nominal results and the results
obtained with modified track selection criteria. For pp data,
the requirements on the impact parameters are varied from
the nominal value of |d0| < 1.5 mm and |z0 sin θ | < 1.5 mm,
to the tight selection, |d0| < 1 mm and |z0 sin θ | < 1 mm, and
to the loose selection, |d0| < 2 mm and |z0 sin θ | < 2 mm.
For p + Pb and Pb + Pb collisions the nominal selec-
tion requirements defined by the cuts on the impact param-
eters and the cuts on the significance of impact parame-
ters (|d0| < 1.5 mm, |z0 sin θ | < 1.5 mm, |d0/σd0 | < 3
and |z0 sin(θ)/σz | < 3) are changed to the loose ones:
|d0| < 2 mm, |z0 sin θ | < 2 mm, |d0/σd0 | < 4 and
|z0 sin(θ)/σz | < 4. The tight selection requirements are:
|d0| < 1 mm, |z0 sin θ | < 1 mm, |d0/σd0 | < 2 and
|z0 sin(θ)/σz | < 2.

For each collision system, the track reconstruction effi-
ciency is recalculated with the loose and tight track selec-
tions. The differences are obtained as averages over three
ranges in Nch(pT > 0.4 GeV). The following ranges are
defined: (<50), (50, 100) and (>100) for pp collisions at
5 and 13 TeV; (<100), (100, 200) and (>200) for p + Pb
and Pb + Pb collisions. As a systematic uncertainty the
largest difference, cn{2k}base − cn{2k}loose or cn{2k}base −
cn{2k}tight, is taken.

Tracking efficiency Systematic uncertainty in the track recon-
struction efficiency results from an imperfect detector geom-
etry description in the simulations. It affects the particle
weights determined using the MC-derived tracking effi-
ciency, ε(η, pT). For pp collisions, the efficiency uncertainty
depends on η and pT, as derived from the studies with the var-
ied detector material budget [81]. It is found to vary between
1 and 4%, depending on η and pT. For p + Pb and Pb + Pb
collisions, the efficiency uncertainty is assumed to vary with
pT up to 4%, independently of η. The systematic uncertainty
of the multi-particle cumulants is estimated by repeating the
analysis with the tracking efficiency varied up and down by
its corresponding uncertainty. The systematic uncertainty is
taken as the largest deviation of the nominal result from the
result obtained assuming a higher or lower efficiency. It is
estimated for each bin in the charged-particle multiplicity.

Pile-up The pile-up effects may be important for the analysis
of pp data. The pile-up is significantly reduced by removing
events with a second vertex reconstructed from at least four
tracks. Furthermore, in the analysis the Mref and cumulants
are always calculated using the tracks associated with the
primary vertex. As a result the pile-up effects should not
play a significant role. The exception might be due to events
where the pile-up vertex is so close to the primary vertex
that the two are merged. To assess the pile-up effect on the
cumulants calculated for 13 TeV pp data, the results for the
low-μ June data (μ < 0.03) and the moderate-μ August data

(μ ∼ 0.6) are compared and the differences are found to be
negligible.

However, such pile-up studies for pp collisions are
strongly affected by statistical fluctuations, which arise due
to the small number of data events with low or high pile-up as
well as to the smallness of the measured signal. This is partic-
ularly true for four-particle cumulants as well as higher-order
cumulants c3{2, |�η| > 2} and c4{2, |�η| > 2}, for pp col-
lisions. Therefore, an alternative approach is also considered,
where different criteria are used to reduce the pile-up. In the
nominal approach, all events with a second vertex contain-
ing at least four tracks are removed. Here, the removal of
events with a second vertex reconstructed from at least two
or six tracks is also considered and the results for these two
selections of events are compared to the nominal results. The
maximum difference between the nominal measurement and
the cumulants obtained from the data set with higher pile-up
or lower pile-up is taken as a systematic uncertainty.

For p + Pb results, the pile-up effects are studied by com-
paring the nominal results, for which events with the sec-
ond vertex with

∑
pT > 5 GeV are removed, to the results

obtained without removing the pile-up events. The maximum
difference between the nominal measurement and the cumu-
lants obtained without removing the pile-up events is taken
as a systematic uncertainty.

For low-multiplicity Pb + Pb collisions the pile-up is
negligibly small (μ ≈ 10−4) and not considered to contribute
to the systematic uncertainty.
Comparison of results for p + Pb and Pb + p For p + Pb data
the comparison is made between the results obtained during
two running configurations with reversed beams directions,
p + Pb and Pb + p. The results obtained from two running
periods are consistent and give a negligible contribution to
the systematic uncertainty.

The systematic uncertainty of the measured cumulants
across all systems and the two pT ranges of reference par-
ticles is not dominated by a single source. However, in
most cases the largest contribution is from the track selec-
tion uncertainty, which mostly dominates uncertainties for
higher-order harmonic cumulants. A sizeable contribution to
the total uncertainty is also due to the tracking efficiency
uncertainty, and this uncertainty is the largest for low mul-
tiplicities. The pile-up effects also give sizeable contribu-
tions to uncertainties in 5.02 TeV pp cumulants. The total
systematic uncertainty is obtained by adding all individual
contributions in quadrature. Table 1 lists the total systematic
uncertainties of the measured cumulants in different colli-
sion systems for reference particles with 0.3 < pT < 3 GeV.
The listed systematic uncertainties are averaged over the
Nch range. For reference particles in the higher transverse
momentum range, 0.5 < pT < 5 GeV, the total systematic
uncertainties are included in Table 2. The total systematic
uncertainty of the cumulants is then propagated to the sys-
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Table 1 Total systematic
uncertainties of the measured
multi-particle cumulants for pp
collisions at

√
s = 5.02 and 13

TeV, p + Pb collisions at
√
sNN =

5.02 TeV and low-multiplicity
Pb + Pb collisions at

√
sNN =

2.76 TeV, for Mref with
0.3 < pT < 3 GeV as estimated
in a given Nch interval

Total systematic uncertainties

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.40 0.47 0.30

δc2{4} × 106 4.25 0.95 0.80

δc3{2, |�η| > 2} × 104 0.26 0.33 0.15

δc4{2, |�η| > 2} × 104 0.12 0.12 –

pp 13 TeV δc2{2, |�η| > 2} × 104 0.32 0.22 0.20

δc2{4} × 106 3.76 0.52 0.54

δc3{2, |�η| > 2} × 104 0.05 0.03 0.07

δc4{2, |�η| > 2} × 104 0.02 0.05 –

Total systematic uncertainties

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 0.59 0.59 0.70

δc2{4} × 106 0.88 0.17 0.83

δc2{6} × 107 0.62 0.22 0.09

δc2{8} × 108 3.20 0.11 0.02

δc3{2, |�η| > 2} × 104 0.24 0.24 0.19

δc4{2, |�η| > 2} × 104 0.22 0.22 0.11

Pb + Pb δc2{2, |�η| > 2} × 104 0.66 1.00 1.27

δc2{4} × 106 0.82 0.67 1.19

δc2{6} × 107 0.35 0.23 0.44

δc2{8} × 108 1.23 0.13 0.31

δc3{2, |�η| > 2} × 104 0.10 0.09 0.13

δc4{2, |�η| > 2} × 104 0.03 0.04 0.05

tematic uncertainties of the Fourier harmonics according to
Eqs. (2)–(5).

Several cross-checks are also performed to validate the
analysis method, but are not included in the systematic
uncertainty. To account for the detector imperfections and
to make the analysed azimuthal angle distribution uniform,
data-determined weights wφ(η, φ) are used, as described in
Sect. 6. To verify the robustness of the weighting procedure,
the nominal results for cumulants are compared with those
obtained with all weights wφ(η, φ) set to 1. The difference
between the two measurements relative to the nominal results
is found to be negligibly small.

Changing the trigger efficiency from 90% to 95% is also
found to have negligible impact on the measured cumulants.

The global correlation effects should be independent of
the charge sign of the produced particles. However, in real-
ity the non-flow contributions may differ for same-sign and
opposite-sign charged particles. To verify whether the results
reported here depend on the charge of particles, the analysis
is performed separately for same-sign charged particles only

and compared to the results for all charged particles. In all
cases, no systematic difference is observed when comparing
the cumulants for all charged particles with those obtained
using only same-sign charged particles.

8 Results

8.1 Second-order multi-particle cumulants and Fourier
harmonics

The comparison between different collision systems is made
for the cumulants calculated in Mref -bins, where the pT range
of reference particles is 0.3 < pT < 3.0 GeV and 0.5 <

pT < 5.0 GeV. A direct comparison of c2{2, |�η| > 2} for
different collision systems is shown in Fig. 5 as a function
of 〈Nch(pT > 0.4 GeV)〉. An ordering in the magnitude of
cumulants, with the largest for Pb + Pb, and then decreasing
for smaller collision systems, is observed. Interestingly, for
the three systems the Nch-dependence changes from a clear
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Table 2 Total systematic
uncertainties of the measured
multi-particle cumulants for pp
collisions at

√
s = 5.02 and 13

TeV, p + Pb collisions at
√
sNN =

5.02 TeV and low-multiplicity
Pb + Pb collisions at

√
sNN =

2.76 TeV, for Mref with
0.5 < pT < 5 GeV as estimated
in a given Nch interval

Total systematic uncertainties

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.56 0.31 0.41

δc2{4} × 106 7.20 1.85 2.45

δc3{2, |�η| > 2} × 104 0.35 0.34 0.23

δc4{2, |�η| > 2} × 104 0.29 0.45 –

pp 13 TeV δc2{2, |�η| > 2} × 104 0.41 0.27 0.25

δc2{4} × 106 6.40 1.77 0.59

δc3{2, |�η| > 2} × 104 0.07 0.07 0.08

δc4{2, |�η| > 2} × 104 0.03 0.05 0.06

Total systematic uncertainties

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 0.31 0.32 0.38

δc2{4} × 106 0.66 0.91 1.31

δc2{6} × 107 1.43 0.65 0.40

δc2{8} × 108 3.91 0.40 0.20

δc3{2, |�η| > 2} × 104 0.18 0.25 0.14

δc4{2, |�η| > 2} × 104 0.12 0.08 0.12

Pb + Pb δc2{2, |�η| > 2} × 104 0.56 0.63 0.56

δc2{4} × 106 1.84 0.82 0.72

δc2{6} × 107 0.93 0.44 0.40

δc2{8} × 108 0.86 0.54 0.51

δc3{2, |�η| > 2} × 104 0.06 0.09 0.07

δc4{2, |�η| > 2} × 104 0.13 0.02 0.05
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Fig. 5 The two-particle cumulant c2{2, |�η| > 2} as a function of
〈Nch(pT > 0.4 GeV)〉 for pp collisions at

√
s = 5.02 and 13 TeV,

p + Pb collisions at
√
sNN = 5.02 TeV and low-multiplicity Pb + Pb

collisions at
√
sNN = 2.76 TeV. The left panel shows the results obtained

for Mref with 0.3 < pT < 3.0 GeV while the right panel is for Mref
with 0.5 < pT < 5.0 GeV. The error bars and shaded boxes denote
statistical and systematic uncertainties, respectively
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Fig. 6 The second-order cumulant c2{4} obtained from four-particle
correlations as a function of 〈Nch(pT > 0.4 GeV)〉 for pp collisions
at

√
s = 5.02 and 13 TeV, p + Pb collisions at

√
sNN = 5.02 TeV and

low-multiplicity Pb + Pb collisions at
√
sNN = 2.76 TeV. The left panel

shows the results obtained for Mref with 0.3 < pT < 3.0 GeV while
the right panel is for Mref with 0.5 < pT < 5.0 GeV. The insets zoom
in on the region around c2{4} = 0. The error bars and shaded boxes
denote statistical and systematic uncertainties, respectively

increase for Pb + Pb, to a weaker increase in p + Pb and
to no increase or even a decreasing trend in pp collisions.
There is no dependence on the collision energy for pp data.

Four-particle cumulants, as shown in Fig. 6, follow the
ordering |c2{4}|p+Pb < |c2{4}|Pb+Pb for Nch(pT > 0.4 GeV)
>100. The magnitude of v2{4} derived from c2{4} is larger
for Pb + Pb collisions than for p + Pb events with the
same Nch(pT > 0.4 GeV). For pp collisions, the cumulants
depend weakly on the collision energy, although systemat-
ically larger cumulant values are measured at 13 TeV than
at 5.02 TeV at low Nch(pT > 0.4 GeV). At higher multi-
plicities, this systematic dependence is reversed. Over the
full range of particle multiplicities, the cumulants are posi-
tive or consistent with zero at 5.02 TeV for both pT ranges
and at 13 TeV for 0.5 < pT < 5.0 GeV. For the 13 TeV
pp data, the cumulants for 0.3 < pT < 3.0 GeV also have
positive values over the large range of multiplicities, with the
exception of Nch from 130 to 150, where c2{4} is negative but
less than 1–2 standard deviations from zero. Therefore, these
measurements of c2{4} cumulants in pp collisions, based on
the event selection that suppresses the event-by-event fluc-
tuations in the number of reference particles, do not allow
determination of the Fourier harmonics. This indicates that
the c2{4} obtained with the standard cumulant method used
in this paper, even though free of multiplicity fluctuations,
may still be biased by non-flow correlations.

A comparison of results for c2{4} obtained with two pT

ranges for reference tracks is shown in Fig. 7. For p + Pb
and Pb + Pb collisions, in the region where c2{4} < 0, the
|c2{4}| is larger for higher-pT reference particles, as expected
due to the rise of v2 with pT. For all collision systems, it is
observed that for c2{4} > 0, c2{4} is larger for higher-pT

reference particles. This indicates the influence of non-flow,
jet-like correlations.

The six- and eight-particle c2 cumulants are compared for
p + Pb and Pb + Pb collision systems in Fig. 8. The measured
c2{6} values are positive for both pT ranges of reference par-
ticles. Positive values of c2{6} allow v2{6} to be determined
(see Eq. (4)). For Pb + Pb data, the c2{8}, obtained for both
pT ranges of reference particles have negative values, and as
such permit the evaluation of v2{8}; however, for p + Pb this
requirement is only satisfied for a limited range of very high
multiplicities.

The second-order Fourier harmonics, v2, is obtained from
c2, following Eqs. (2)–(5). Real values of v2 can only be
obtained when the values of c2{4} and c2{8} (c2{2, |�η| > 2}
and c2{6}) are negative (positive). Results for the v2 harmonic
can only be compared for four analysed collision systems
for v2{2, |�η| > 2}, derived from c2{2, |�η| > 2}. Such a
comparison is shown in Fig. 9. A number of distinct differ-
ences can be observed: (i) for the same Nch(pT > 0.4 GeV),
the largest values of the second-order Fourier harmonic are
observed for Pb + Pb collisions and at the highest multi-
plicities v2{2, |�η| > 2} for Pb + Pb is almost twice as
large as for p + Pb collisions; (ii) the smallest v2 values are
observed for pp data, which show no dependence on colli-
sion energy. For pp collisions, the v2{2, |�η| > 2} is weakly
dependent on multiplicity, showing a slight decrease for ref-
erence particles with higher transverse momenta. For p + Pb
and Pb + Pb collisions, v2{2, |�η| > 2} increases with
increasing multiplicity up to Nch(pT > 0.4 GeV) 	 250. At
higher multiplicities the increase gets weaker for Pb + Pb
collisions, while for p + Pb data the second-order flow har-
monics are observed to be independent of the multiplicity.
Larger v2{2, |�η| > 2} values are observed for reference
particles with higher transverse momenta.

A comparison of the v2 harmonic obtained with different
cumulants, v2{2, |�η| > 2}, v2{4}, v2{6} and v2{8}, is shown
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Fig. 7 Comparison of c2{4} obtained for two pT ranges of reference
tracks as a function of 〈Nch(pT > 0.4 GeV)〉 for 5.02 TeV and 13 TeV
pp collisions, and 5.02 TeV p + Pb collisions, and 2.76 TeV Pb + Pb col-

lisions. The insets in the upper panels zoom in on the high-multiplicity
data. The error bars and shaded boxes denote statistical and systematic
uncertainties, respectively

in Fig. 10 for p + Pb and low-multiplicity Pb + Pb collisions
for the two pT ranges of reference particles. All derived v2

harmonics in Pb + Pb collisions have magnitudes larger
than those in p + Pb collisions with the same multiplicity.
For both systems, v2{2k} are similar for k = 2, 3 and 4 while
v2{2, |�η| > 2} are systematically larger. However, com-
pared to almost degenerate values of v2{2k}, k > 1, a larger
v2 derived from two-particle cumulants is also predicted by
models assuming fluctuation-driven initial-state anisotropies
in small collision systems, either in the context of hydrody-
namics as in Ref. [59] or in the effective theory of quantum
chromodynamics in the regime of weak coupling [82,83].
Figure 11 shows the ratio v2{2k}/v2{2k − 2} for p + Pb
and low-multiplicity Pb + Pb collisions as a function of
charged-particle multiplicity. Interestingly, for Pb + Pb col-
lisions all three ratios are independent of Nch(pT > 0.4 GeV)
beyond 120, independent of the pT range of reference par-
ticles. The v2{4}/v2{2, |�η| > 2} ratios stay constant at
the value of 0.85, while v2{6}/v2{4} and v2{8}/v2{6} ratios

are almost degenerate at a value close to one, yet sys-
tematically v2{8}/v2{6} > v2{6}/v2{4}. For p + Pb col-
lisions, similar universal behaviour of v2{2k}/v2{2k − 2}
ratios is seen, although within much larger uncertainties.
The v2{4}/v2{2, |�η| > 2} ratio has a value of about 0.7,
thus smaller than in Pb + Pb collisions, and shows a
tendency to decrease weakly with increasing multiplicity.
These observations are qualitatively consistent with the pre-
dictions of the model of fluctuating initial geometry from
Ref. [59], and provide further constraints on the initial
state.

8.2 Higher-order multi-particle cumulants and Fourier
harmonics

Calculations of c3 and c4 multi-particle cumulants are
statistics-limited and statistically significant results can only
be obtained using two-particle cumulants with the super-
imposed |�η| > 2 gap. Figure 12 shows a comparison
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0.4 GeV)〉 for pp collisions at
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respectively
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Fig. 12 The two-particle cumulant c3 (top) and c4 (bottom) calculated
with the |�η| > 2 requirement as a function of 〈Nch(pT > 0.4 GeV)〉
for pp collisions at

√
s = 5.02 and 13 TeV, p + Pb collisions at

√
sNN =

5.02 TeV and low-multiplicity Pb + Pb collisions at
√
sNN = 2.76 TeV

for two pT ranges of reference particles. The error bars and shaded
boxes denote statistical and systematic uncertainties, respectively

between different collision systems for c3{2, |�η| > 2} and
c4{2, |�η| > 2} cumulants calculated for Mref , where the pT

range of reference particles is either 0.3 < pT < 3.0 GeV or
0.5 < pT < 5.0 GeV.

For pp data, the c3{2, |�η| > 2} values are either negative
or consistent with zero over the whole range of Nch(pT >

0.4 GeV), except for the two highest multiplicities mea-
sured for pp collisions at 13 TeV. Therefore, for Nch(pT >

0.4 GeV) < 100, the v3 signal in pp collisions is undefined or
zero within the errors. A positive c3 signal is obtained from
p + Pb and Pb + Pb data, except for the charged-particle mul-
tiplicities below about 50. The magnitude of c3 is comparable
for Pb + Pb and p + Pb collisions when reference particles
with 0.3 < pT < 3.0 GeV are selected, and systematically
slightly larger for Pb + Pb than for p + Pb for reference
particles with 0.5 < pT < 5.0 GeV. The fourth-order cumu-
lants, c4, have positive values of c4{2, |�η| > 2} even for the
pp data, and their magnitude is comparable to that for p + Pb
and Pb + Pb collisions in the overlapping range of Nch. For
Nch(pT > 0.4 GeV) > 120, where only the measurements
for p + Pb and Pb + Pb are accessible, the c4 cumulants

measured at the same charged-particle multiplicity are larger
for Pb + Pb than for p + Pb.

The third- and fourth-order flow harmonics, v3 and v4,
calculated with two-particle cumulants with the |�η| > 2
requirement are shown in Fig. 13. For p + Pb and Pb + Pb
collisions the v3{2, |�η| > 2}values are similar for reference
particles with 0.3 < pT < 3.0 GeV, and much larger than for
the 13 TeV pp data. For higher-pT reference particles, the
Pb+Pb v3 is systematically larger than v3 in p + Pb collisions
with the same multiplicity. The v3 increases with increasing
multiplicity. A weaker increase is seen for v4{2, |�η| > 2},
but at high multiplicities the values observed in Pb + Pb
collisions are systematically larger than in p + Pb, for two pT

ranges of reference particles. For multiplicities below 100,
where the v4{2, |�η| > 2} can also be obtained from pp
collisions, no system dependence is seen.

8.3 Comparison to other results

ATLAS results for c2{4} cumulants measured for pp data
at 5.02 TeV and 13 TeV are compared to similar results
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Fig. 13 The v3{2, |�η| > 2} (top) and v4{2, |�η| > 2} (bottom) as a
function of 〈Nch(pT > 0.4 GeV)〉 for pp collisions at

√
s = 5.02 and

13 TeV, p + Pb collisions at
√
sNN = 5.02 TeV and low-multiplicity

Pb + Pb collisions at
√
sNN = 2.76 TeV, and for two pT ranges of the

reference particles. The error bars and shaded boxes denote statistical
and systematic uncertainties, respectively

〉 > 0.4 GeV)
T

(p
ch

N〈
0 50 100 150

{4
}

2c

0.01−

0

0.01

0.02

0.03

3−10×

ref
EvSel_M

ch
EvSel_N

CMS

ATLAS
 = 5.02 TeVsp+p
 < 3 GeV

T
0.3 < p

| < 2.5η|

〉 > 0.4 GeV)
T

(p
ch

N〈
0 50 100 150 200

{4
}

2c

0.01−

0

0.01

0.02

0.03

3−10×

ref
EvSel_M

ch
EvSel_N

CMS

ATLAS
 = 13 TeVsp+p
 < 3 GeV

T
0.3 < p

| < 2.5η|

Fig. 14 Comparison of the ATLAS and CMS [45] results for c2{4}
cumulants in pp collisions at 5.02 TeV (left) and 13 TeV (right) shown
as a function of 〈Nch(pT > 0.4 GeV)〉. The ATLAS results are shown
for two event selections: EvSel_Mref and EvSel_Nch with the error

bars and shaded boxes denoting statistical and systematic uncertainties,
respectively. For the CMS results, the error bars indicate statistical and
systematic uncertainties added in quadrature

obtained by CMS [45] in Fig. 14. The ATLAS results are
shown for two event selections: EvSel_Mref and EvSel_Nch

(see Sect. 6). For the nominal event selection (EvSel_Mref ),

the c2{4} cumulants at 5.02 TeV agree with the CMS mea-
surement at high multiplicities, while at low multiplicities
the CMS cumulants are systematically smaller in magnitude
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Fig. 15 Comparison of the ATLAS (EvSel_Mref ) and CMS [36]
results for v2 harmonics obtained with multi-particle cumulants in
p + Pb collisions at 5.02 TeV and Pb + Pb collisions at 2.76 TeV
shown as a function of 〈Nch(pT > 0.4 GeV)〉. The ATLAS results are

shown with the error bars and shaded boxes denoting statistical and sys-
tematic uncertainties, respectively. For the CMS results, the error bars
indicate statistical and systematic uncertainties added in quadrature

than those measured by ATLAS. This discrepancy is more
pronounced at 13 TeV, and extends over the full range of
collision multiplicities. At high multiplicities, CMS reported
a clear signal of negative c2{4} in contrast to our default
method based on EvSel_Mref , but is roughly consistent with
our measurements based on selecting events according to
EvSel_Nch.

For p + Pb and Pb + Pb collisions, the results for v2 har-
monics obtained with multi-particle cumulants agree very
well with the CMS data [36], as shown in Fig. 15. Figure 16
shows a similar compability of ATLAS and ALICE [18] mea-
surements of v2{4} in p + Pb collisions. For Pb + Pb col-
lisions, the ALICE results on v2{4} are slightly above those
measured by ATLAS.

A comparison of flow harmonics measured with distinct
analysis methods, which primarily differ in their sensitiv-
ity to non-flow correlations, is also of interest. The method,
commonly used to measure flow harmonics in small colli-
sion systems, is the two-particle correlation function method
(2PC). This method was used by ATLAS to measure vn har-

monics in pp and p + Pb collisions [46]. In that measurement,
the non-flow correlations were suppressed by requiring the
|�η| > 2 gap, as in this analysis. However, additional proce-
dures were undertaken in Ref. [46] to also suppress the jet–jet
correlations. The ATLAS results for flow harmonics obtained
using the two-particle correlation function method, vn{2PC},
are compared with the results reported here, obtained with
two-particle cumulants, in Fig. 17. For the v2 harmonic the
two measurements give consistent results for p + Pb colli-
sions. For pp collisions the cumulant method gives v2 val-
ues larger than those obtained with the 2PC method, sug-
gesting that the former are contaminated by the non-flow
correlations not removed by the |�η| > 2 requirement.
The fact that in contrast to v2{2PC} the v2 harmonic can-
not be determined from the measurement of the c2{4} cumu-
lant reported here for pp collisions clearly indicates that this
cumulant is biased by non-flow correlations. In the case of
the third-order flow harmonic, v3, the comparison can be
made only for p + Pb collisions, and here it can be seen that
v3{2, |�η| > 2} < v3{2PC}. This difference results from
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tainties, respectively. For the two-particle correlation function results,
the error bars indicate statistical and systematic uncertainties added in
quadrature

123



428 Page 20 of 40 Eur. Phys. J. C (2017) 77 :428

elimination of the jet–jet non-flow correlations by the addi-
tional procedure supplementing the |�η| > 2 gap in the 2PC
method. The two methods give consistent results for the v4

harmonic measured in p + Pb collisions at 5.02 TeV as well
as in pp collisions at 13 TeV, indicating that the aforemen-
tioned differences between the two analysis methods have a
negligible impact on v4.

9 Summary and conclusions

Multi-particle cumulants and corresponding Fourier harmon-
ics are measured by the ATLAS experiment at the LHC for
azimuthal angle distributions of charged particles in pp col-
lisions at

√
s = 5.02 and 13 TeV and in p + Pb collisions at√

sNN = 5.02 TeV, and compared to the results obtained from
low-multiplicity Pb + Pb collisions at

√
sNN = 2.76 TeV. The

results are presented as a function of charged-particle multi-
plicity for two ranges of the particles’ transverse momenta:
0.3 < pT < 3 GeV and 0.5 < pT < 5 GeV. For the
same charged-particle multiplicity the second-order cumu-
lants and harmonics (c2{2, |�η| > 2} and v2{2, |�η| > 2}),
derived from two-particle correlations with the |�η| > 2
gap, have larger magnitudes in Pb + Pb collisions than
in p + Pb collisions. The smallest signal is observed in pp
collisions. The latter show no energy or multiplicity depen-
dence while the cumulants and the second-order harmonic
increase with increasing multiplicity in p + Pb and Pb + Pb
collisions.

Four-particle cumulants, c2{4}, show that |c2{4}| in p + Pb
collisions is less than |c2{4}| measured for Pb + Pb data. For
charged-particle multiplicities above 100, the c2{4} cumu-
lants have negative values in p + Pb and Pb + Pb colli-
sions, confirming the collective nature of multi-particle cor-
relations in these collision systems. The derived magnitude
of the v2{4} harmonic is larger in Pb + Pb collisions than in
p + Pb collisions with the same multiplicity. In pp collisions,
over the full range of particle multiplicities, the cumulants
are positive or consistent with zero at 5.02 TeV for both pT

ranges. In the 13 TeV pp data, the cumulants measured for
charged particles with lower pT (0.3 < pT < 3 GeV) also
have positive values over the large range of multiplicities.
Therefore, these measurements of four-particle cumulants
in pp collisions, based on a method that suppresses the non-
flow correlations associated with event-by-event fluctuations
in the number of reference particles, generally do not satisfy
the requirement of being negative. This indicates that c2{4}
cumulants obtained from the standard procedure used in this
paper may still be biased by residual non-flow correlations.
The c2{4} cumulant in 13 TeV pp collisions measured by
CMS is smaller over the full range of collision multiplicities
than the c2{4} cumulant obtained by ATLAS with the nom-
inal event selection (EvSel_Mref ) while it is consistent with

the ATLAS measurement obtained with the EvSel_Nch event
selection.

Six- and eight-particle c2 cumulants can be obtained with
sufficient statistical precision only for p + Pb and Pb + Pb
collisions. All derived v2 harmonics have larger magnitudes
for Pb + Pb collisions than for p + Pb collisions with the same
multiplicity. For both systems, v2{2k} are similar for k = 2,
3 and 4 while v2{2, |�η| > 2} is systematically larger than
the second-order Fourier component calculated with cumu-
lants of more than two-particles. Compared to the almost
degenerate values of v2{2k}, k > 1, a larger v2 derived from
two-particle cumulants is also predicted by models assuming
fluctuation-driven initial-state anisotropies in small collision
systems. Interestingly, the ratios v2{2k}/v2{2k−2} for p + Pb
and low-multiplicity Pb + Pb collisions are independent of
the charged-particle multiplicity for Nch > 120, regardless of
the pT range of particles used to calculate the cumulants and
Fourier harmonics.

Higher-order cumulants, c3 and c4, are measured only
using two-particle cumulants with an imposed |�η| > 2
gap. For pp data c3{2, |�η| > 2} values are either nega-
tive or consistent with zero over almost the full range of Nch

multiplicities, except at the highest multiplicities measured
in pp collisions at 13 TeV. Therefore, the v3 signal for pp
collisions is undefined or zero within the errors. A positive
c3 signal is obtained for p + Pb and Pb + Pb data, except for
the charged-particle multiplicities below ∼120. The magni-
tude of c3 and the corresponding v3{2, |�η| > 2} harmonic
are comparable for Pb + Pb and p + Pb collisions when
particles with 0.3 < pT < 3.0 GeV are considered, and sys-
tematically slightly larger for Pb + Pb than for p + Pb for
particles with 0.5 < pT < 5.0 GeV. The fourth-order cumu-
lants, c4, have positive values of c4{2, |�η| > 2} even for
the pp data, and their magnitude is comparable to that for
p + Pb and Pb + Pb collisions in the overlapping range of
Nch. For Nch > 120, where only the measurements for p + Pb
and Pb + Pb are accessible, the c4 cumulants measured at
the same charged-particle multiplicity are larger for Pb + Pb
than for p + Pb.

The ATLAS results are compared to measurements
reported by CMS and ALICE. An agreement across the
experiments is observed for p + Pb and Pb + Pb colli-
sions. The comparison with the ATLAS results obtained for
pp and p + Pb collisions with the two-particle correlation
method shows some differences, which can be explained by
the additional requirements applied in the two-particle cor-
relation method in order to reduce the jet–jet correlations.

The comprehensive data on multi-particle cumulants pre-
sented in this paper provide insights into the origin of
azimuthal angle anisotropies in small collision systems, and
as such can be used to constrain the theoretical modelling of
the underlying mechanism.
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Appendix

The following tables list individual contributions to the sys-
tematic uncertainty for the following collision systems: pp
at 5.02 TeV, pp at 13 TeV, p + Pb at 5.02 TeV and Pb + Pb at
2.76 TeV. Table 3 lists contributions to the systematic uncer-
tainty from the track selection requirements, taken as the
maximum difference between the base measurement and the
results obtained with loose or tight track selections in a given
range of Nch, for reference particles with 0.3 < pT < 3 GeV.
Table 4 includes systematic uncertainties for reference par-
ticles with 0.5 < pT < 5 GeV.

Table 5 lists contributions to the systematic uncertainty
due to the uncertainty in the tracking efficiency, taken as
the largest difference between the base measurement and the
results obtained with the efficiency varied up or down for
reference particles with 0.3 < pT < 3 GeV. The maximum
deviations in a given range of Nch are listed. Table 6 includes
systematic uncertainties for reference particles with 0.5 <

pT < 5 GeV.
Table 7 lists contributions to the systematic uncertainty

from the pile-up effects, taken as the maximum difference
between the base measurement and the results obtained with
the higher or lower pile-up in pp collisions and with the
higher pile-up in the case of p + Pb collisions in a given
range of Nch, for reference particles with 0.3 < pT < 3 GeV.
Table 8 includes systematic uncertainties for reference par-
ticles with 0.5 < pT < 5 GeV.

Tables 9 and 10 list contributions to the systematic uncer-
tainty related to the two running periods for p + Pb collisions
at 5.02 TeV, taken as the maximum difference between the
base measurement and the results obtained for the two run-
ning periods in a given range of Nch, for reference particles
with 0.3 < pT < 3 GeV and 0.5 < pT < 5 GeV, respec-
tively.

Table 3 Systematic
uncertainties related to the track
selection requirements for
multi-particle cumulants
measured in different collision
systems for Mref with
0.3 < pT < 3 GeV

Systematic uncertainties due to track selection requirements

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 −0.05 0.33 0.13

δc2{4} × 106 −0.87 0.50 −0.48

δc3{2, |�η| > 2} × 104 −0.26 0.32 0.11

δc4{2, |�η| > 2} × 104 0.01 0.11 –

pp 13 TeV δc2{2, |�η| > 2} × 104 −0.07 −0.09 −0.02

δc2{4} × 106 −0.54 −0.33 0.50

δc3{2, |�η| > 2} × 104 −0.03 0.02 −0.07

δc4{2, |�η| > 2} × 104 0.02 −0.04 –
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Table 3 continued
Systematic uncertainties due to track selection requirements

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 0.26 0.26 0.41

δc2{4} × 106 0.18 −0.06 0.68

δc2{6} × 107 −0.45 −0.05 0.04

δc2{8} × 108 0.15 0.01 −0.02

δc3{2, |�η| > 2} × 104 −0.19 −0.23 −0.16

δc4{2, |�η| > 2} × 104 −0.21 −0.17 −0.10

Pb + Pb δc2{2, |�η| > 2} × 104 0.12 0.23 0.35

δc2{4} × 106 −0.52 −0.12 −0.48

δc2{6} × 107 0.19 −0.13 0.16

δc2{8} × 108 −0.43 0.08 −0.11

δc3{2, |�η| > 2} × 104 −0.09 −0.06 0.04

δc4{2, |�η| > 2} × 104 0.03 0.03 0.04

Table 4 Systematic
uncertainties related to the track
selection requirements for
multi-particle cumulants
measured in different collision
systems for Mref with
0.5 < pT < 5 GeV

Systematic uncertainties due to track selection requirements

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 −0.08 0.10 0.19

δc2{4} × 106 −3.73 −1.09 0.88

δc3{2, |�η| > 2} × 104 0.01 −0.20 0.21

δc4{2, |�η| > 2} × 104 −0.12 −0.15 –

pp 13 TeV δc2{2, |�η| > 2} × 104 −0.19 −0.12 0.01

δc2{4} × 106 −4.02 −1.11 −0.34

δc3{2, |�η| > 2} × 104 −0.03 −0.06 0.08

δc4{2, |�η| > 2} × 104 −0.02 −0.05 −0.05

Systematic uncertainties due to track selection requirements

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 0.26 0.29 0.35

δc2{4} × 106 0.16 0.09 −0.59

δc2{6} × 107 0.13 −0.19 0.31

δc2{8} × 108 0.89 −0.01 −0.19

δc3{2, |�η| > 2} × 104 −0.06 −0.15 −0.08

δc4{2, |�η| > 2} × 104 −0.08 −0.06 0.04

Pb + Pb δc2{2, |�η| > 2} × 104 0.53 0.58 0.46

δc2{4} × 106 −1.72 −0.79 −0.62

δc2{6} × 107 0.85 −0.43 0.33

δc2{8} × 108 −0.37 0.54 −0.45

δc3{2, |�η| > 2} × 104 0.06 0.09 0.06

δc4{2, |�η| > 2} × 104 −0.13 −0.02 0.04

123



Eur. Phys. J. C (2017) 77 :428 Page 23 of 40 428

Table 5 Systematic
uncertainties related to the
tracking efficiency uncertainty
for multi-particle cumulants
measured in different collision
systems for Mref with
0.3 < pT < 3 GeV. The
maximum deviations in a given
range of Nch are listed

Systematic uncertainties due to the tracking efficiency uncertainty

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.27 0.33 0.24

δc2{4} × 106 4.10 0.64 0.17

δc3{2, |�η| > 2} × 104 −0.02 −0.03 0.01

δc4{2, |�η| > 2} × 104 0.01 0.01 –

pp 13 TeV δc2{2, |�η| > 2} × 104 0.31 0.20 0.19

δc2{4} × 106 3.72 0.39 0.13

δc3{2, |�η| > 2} × 104 −0.04 −0.01 0.01

δc4{2, |�η| > 2} × 104 0.01 0.02 –

Systematic uncertainties due to the tracking efficiency uncertainty

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.53 −0.51 −0.56

δc2{4} × 106 −0.86 0.13 0.14

δc2{6} × 107 −0.29 −0.01 −0.02

δc2{8} × 108 −3.20 0.01 0.01

δc3{2, |�η| > 2} × 104 0.09 −0.05 −0.10

δc4{2, |�η| > 2} × 104 −0.01 −0.02 −0.02

Pb + Pb δc2{2, |�η| > 2} × 104 −0.65 −0.97 −1.22

δc2{4} × 106 −0.64 0.66 1.09

δc2{6} × 107 −0.30 −0.19 −0.41

δc2{8} × 108 −1.15 0.10 0.29

δc3{2, |�η| > 2} × 104 0.04 −0.07 −0.12

δc4{2, |�η| > 2} × 104 −0.02 −0.03 −0.04

Table 6 Systematic
uncertainties related to the
tracking efficiency uncertainty
for multi-particle cumulants
measured in different collision
systems for Mref with
0.5 < pT < 5 GeV. The
maximum deviations in a given
range of Nch are listed

Systematic uncertainties due to the tracking efficiency uncertainty

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.35 0.27 0.27

δc2{4} × 106 5.11 1.38 0.70

δc3{2, |�η| > 2} × 104 −0.05 −0.04 −0.02

δc4{2, |�η| > 2} × 104 0.02 0.02 –

pp 13 TeV δc2{2, |�η| > 2} × 104 0.36 0.24 0.21

δc2{4} × 106 4.97 1.37 0.43

δc3{2, |�η| > 2} × 104 −0.06 −0.03 −0.01

δc4{2, |�η| > 2} × 104 0.02 0.02 0.01
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Table 6 continued
Systematic uncertainties due to the tracking efficiency uncertainty

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.15 −0.13 −0.14

δc2{4} × 106 −0.60 0.04 0.06

δc2{6} × 107 −0.30 −0.01 −0.01

δc2{8} × 108 −3.81 −0.01 0.01

δc3{2, |�η| > 2} × 104 0.02 −0.01 −0.03

δc4{2, |�η| > 2} × 104 −0.01 −0.01 −0.01

Pb + Pb δc2{2, |�η| > 2} × 104 −0.18 −0.24 −0.32

δc2{4} × 106 −0.66 0.19 0.38

δc2{6} × 107 −0.39 −0.09 −0.22

δc2{8} × 108 −0.77 0.09 0.25

δc3{2, |�η| > 2} × 104 0.02 −0.02 −0.04

δc4{2, |�η| > 2} × 104 −0.01 −0.01 −0.02

Table 7 Systematic
uncertainties related to the
pile-up for multi-particle
cumulants measured in different
collision systems for Mref with
0.3 < pT < 3 GeV

Systematic uncertainties due to the pile-up

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.29 0.03 −0.12

δc2{4} × 106 −0.66 0.50 −0.62

δc3{2, |�η| > 2} × 104 −0.03 −0.07 −0.10

δc4{2, |�η| > 2} × 104 0.12 −0.05 –

pp 13 TeV δc2{2, |�η| > 2} × 104 −0.02 −0.02 0.06

δc2{4} × 106 −0.05 −0.05 −0.14

δc3{2, |�η| > 2} × 104 −0.01 0.02 0.02

δc4{2, |�η| > 2} × 104 −0.01 0.02 –

Systematic uncertainties due to the pile-up

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.01 0.01 0.03

δc2{4} × 106 −0.01 −0.02 −0.01

δc2{6} × 107 0.01 −0.01 0.01

δc2{8} × 108 −0.01 0.01 0.01

δc3{2, |�η| > 2} × 104 −0.01 −0.01 −0.01

δc4{2, |�η| > 2} × 104 −0.01 −0.01 0.01
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Table 8 Systematic
uncertainties related to the
pile-up for multi-particle
cumulants measured in different
collision systems for Mref with
0.5 < pT < 5 GeV

Systematic uncertainties due to the pile-up

System Systematic uncertainty Nch Nch Nch

<50 50–100 >100

pp 5 TeV δc2{2, |�η| > 2} × 104 0.43 0.12 0.25

δc2{4} × 106 −3.43 −0.58 −2.17

δc3{2, |�η| > 2} × 104 0.35 0.28 −0.09

δc4{2, |�η| > 2} × 104 0.27 −0.42 –

pp 13 TeV δc2{2, |�η| > 2} × 104 −0.03 0.01 −0.13

δc2{4} × 106 −0.35 −0.16 −0.23

δc3{2, |�η| > 2} × 104 −0.01 −0.02 0.03

δc4{2, |�η| > 2} × 104 0.02 0.01 −0.04

Systematic uncertainties due to the pile-up

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.03 0.02 0.01

δc2{4} × 106 −0.08 −0.04 −0.03

δc2{6} × 107 0.03 −0.02 0.01

δc2{8} × 108 −0.11 0.05 0.01

δc3{2, |�η| > 2} × 104 −0.01 −0.01 −0.01

δc4{2, |�η| > 2} × 104 0.01 −0.01 −0.01

Table 9 Systematic
uncertainties related to the two
running periods (p + Pb vs.
Pb + p) for p + Pb collisions for
Mref with 0.3 < pT < 3 GeV

Systematic uncertainties in p + Pb results due to the two running periods

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.02 −0.15 −0.08

δc2{4} × 106 0.02 0.10 0.45

δc2{6} × 107 −0.31 −0.22 −0.08

δc2{8} × 108 0.05 0.11 0.02

δc3{2, |�η| > 2} × 104 −0.12 0.05 −0.03

δc4{2, |�η| > 2} × 104 0.03 −0.13 0.02

Table 10 Systematic
uncertainties related to the two
running periods (p + Pb vs.
Pb + p) for p + Pb collisions for
Mref with 0.5 < pT < 5 GeV

Systematic uncertainties in p + Pb results due to two running periods

System Systematic uncertainty Nch Nch Nch

<100 100–200 >200

p + Pb δc2{2, |�η| > 2} × 104 −0.06 −0.03 −0.03

δc2{4} × 106 0.21 0.91 1.17

δc2{6} × 107 −1.39 −0.62 −0.24

δc2{8} × 108 0.07 0.39 0.06

δc3{2, |�η| > 2} × 104 −0.16 0.20 0.11

δc4{2, |�η| > 2} × 104 −0.09 −0.05 0.12

123



428 Page 26 of 40 Eur. Phys. J. C (2017) 77 :428

References

1. A.M. Poskanzer, S.A. Voloshin, Phys. Rev. C 58, 1671 (1998).
doi:10.1103/PhysRevC.58.1671. arXiv:nucl-ex/9805001

2. S.A. Voloshin, A.M. Poskanzer, R. Snellings. arXiv:0809.2949
[nucl-ex] (2008)

3. P. Sorensen. arXiv:0905.0174 [nucl-ex] (2009)
4. BRAHMS Collaboration, I. Arsene et al., Nucl. Phys.

A 757, 1 (2005). doi:10.1016/j.nuclphysa.2005.02.130.
arXiv:nucl-ex/0410020

5. PHOBOS Collaboration, B.B. Back et al., Nucl. Phys.
A 757, 28 (2005). doi:10.1016/j.nuclphysa.2005.03.084.
arXiv:nucl-ex/0410022

6. STAR Collaboration, J. Adams et al., Nucl. Phys. A
757, 102 (2005). doi:10.1016/j.nuclphysa.2005.03.085.
arXiv:nucl-ex/0501009

7. PHENIX Collaboration, K. Adcox et al., Nucl. Phys.
A 757, 184 (2005) doi:10.1016/j.nuclphysa.2005.03.086.
arXiv:nucl-ex/0410003

8. ALICE Collaboration, K. Aamodt et al., Phys. Rev. Lett.
105, 252302 (2010). doi:10.1103/PhysRevLett.105.252302.
arXiv:1011.3914 [nucl-ex]

9. ALICE Collaboration, K. Aamodt et al., Phys. Rev. Lett.
107, 032301 (2011). doi:10.1103/PhysRevLett.107.032301.
arXiv:1105.3865 [nucl-ex]

10. ATLAS Collaboration, Phys. Lett. B 707, 330 (2012). doi:10.1016/
j.physletb.2011.12.056. arXiv:1108.6018 [nucl-ex]

11. ALICE Collaboration, K. Aamodt et al., Phys. Lett. B 708,
249 (2012). doi:10.1016/j.physletb.2012.01.060. arXiv:1109.2501
[nucl-ex]

12. ATLAS Collaboration, Phys. Rev. C 86, 014907 (2012). doi:10.
1103/PhysRevC.86.014907. arXiv:1203.3087 [hep-ex]

13. CMS Collaboration, Phys. Rev. C 87, 014902 (2013). doi:10.1103/
PhysRevC.87.014902. arXiv:1204.1409 [nucl-ex]

14. CMS Collaboration, Phys. Rev. Lett. 109, 022301 (2012). doi:10.
1103/PhysRevLett.109.022301. arXiv:1204.1850 [nucl-ex]

15. ATLAS Collaboration, JHEP 11, 183 (2013). doi:10.1007/
JHEP11(2013)183. arXiv:1305.2942 [hep-ex]

16. CMS Collaboration, Phys. Rev. C 89, 044906 (2014). doi:10.1103/
PhysRevC.89.044906. arXiv:1310.8651 [nucl-ex]

17. CMS Collaboration, JHEP 02, 088 (2014). doi:10.1007/
JHEP02(2014)088. arXiv:1312.1845 [nucl-ex]

18. ALICE Collaboration, B. Abelev et al., Phys. Rev. C 90, 054901
(2014). doi:10.1103/PhysRevC.90.054901. arXiv:1406.2474
[nucl-ex]

19. ATLAS Collaboration, Eur. Phys. J. C 74, 2982 (2014). doi:10.
1140/epjc/s10052-014-2982-4. arXiv:1405.3936 [hep-ex]

20. ATLAS Collaboration, Eur. Phys. J. C 74, 3157 (2014). doi:10.
1140/epjc/s10052-014-3157-z. arXiv:1408.4342 [hep-ex]

21. ALICE Collaboration, J. Adam et al., Phys. Rev. Lett. 116, 132302
(2016). doi:10.1103/PhysRevLett.116.132302. arXiv:1602.01119
[nucl-ex]

22. ALICE Collaboration, J. Adam et al., Phys. Lett. B 762, 376 (2016).
doi:10.1016/j.physletb.2016.07.017. arXiv:1605.02035 [nucl-ex]

23. B. Alver, G. Roland, Phys. Rev. C 81, 054905 (2010). doi:10.
1103/PhysRevC.81.054905. arXiv:1003.0194 [nucl-ex]. [Erratum:
Phys. Rev. C 82 (2010) 039903]

24. B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. Lett.
108, 252301 (2012). doi:10.1103/PhysRevLett.108.252301.
arXiv:1202.6646 [nucl-th]

25. J.-Y. Ollitrault, Phys. Rev. D 46, 229 (1992). doi:10.1103/
PhysRevD.46.229

26. U. Heinz, R. Snellings, Annu. Rev. Nucl. Part. Sci. 63, 123 (2013).
doi:10.1146/annurev-nucl-102212-170540. arXiv:1301.2826
[nucl-th]

27. C. Gale, S. Jeon, B. Schenke, Int. J. Mod. Phys. A 28, 1340011
(2013). doi:10.1142/S0217751X13400113. arXiv:1301.5893
[nucl-th]

28. P. Kovtun, D.T. Son, A.O. Starinets, Phys. Rev. Lett.
94, 111601 (2005). doi:10.1103/PhysRevLett.94.111601.
arXiv:hep-th/0405231

29. CMS Collaboration, Phys. Lett. B 718, 795 (2013). doi:10.1016/j.
physletb.2012.11.025. arXiv:1210.5482 [nucl-ex]

30. ALICE Collaboration, B. Abelev et al., Phys. Lett. B 719,
29 (2013). doi:10.1016/j.physletb.2013.01.012. arXiv:1212.2001
[nucl-ex]

31. ATLAS Collaboration, Phys. Rev. Lett.110, 182302 (2013). doi:10.
1103/PhysRevLett.110.182302. arXiv:1212.5198 [hep-ex]

32. ATLAS Collaboration, Phys. Lett. B 725, 60 (2013). doi:10.1016/
j.physletb.2013.06.057. arXiv:1303.2084 [hep-ex]

33. CMS Collaboration, Phys. Lett. B 724, 213 (2013). doi:10.1016/j.
physletb.2013.06.028. arXiv:1305.0609 [nucl-ex]

34. ALICE Collaboration, Phys. Lett. B 726, 164 (2013). doi:10.1016/
j.physletb.2013.08.024. arXiv:1307.3237 [nucl-ex]

35. ATLAS Collaboration, Phys. Rev. C 90, 044906 (2014). doi:10.
1103/PhysRevC.90.044906. arXiv:1409.1792 [hep-ex]

36. CMS Collaboration, Phys. Rev. Lett. 115, 012301 (2015). doi:10.
1103/PhysRevLett.115.012301. arXiv:1502.05382 [nucl-ex]

37. LHCb Collaboration, R. Aaij et al., Phys. Lett. B 762, 473 (2016).
doi:10.1016/j.physletb.2016.09.064. arXiv:1512.00439 [hep-ex]

38. CMS Collaboration. arXiv:1604.05347 [hep-ex] (2016)
39. PHENIX Collaboration, A. Adare et al., Phys. Rev. Lett.

114, 192301 (2015). doi:10.1103/PhysRevLett.114.192301.
arXiv:1404.7461 [nucl-ex]

40. STAR Collaboration, L. Adamczyk et al., Phys. Lett. B 747, 265
(2015). doi:10.1016/j.physletb.2015.05.075. arXiv:1502.07652
[nucl-ex]

41. PHENIX Collaboration, A. Adare et al., Phys. Rev. Lett.
115, 142301 (2015). doi:10.1103/PhysRevLett.115.142301.
arXiv:1507.06273 [nucl-ex]

42. CMS Collaboration, JHEP 09, 091 (2010). doi:10.1007/
JHEP09(2010)091. arXiv:1009.4122 [hep-ex]

43. ATLAS Collaboration, Phys. Rev. Lett.116, 172301 (2016). doi:10.
1103/PhysRevLett.116.172301. arXiv:1509.04776 [nucl-ex]

44. CMS Collaboration, Phys. Rev. Lett. 116, 172302 (2016). doi:10.
1103/PhysRevLett.116.172302. arXiv:1510.03068 [nucl-ex]

45. CMS Collaboration, Phys. Lett. B 765, 193 (2017). doi:10.1016/j.
physletb.2016.12.009. arXiv:1606.06198 [nucl-ex]

46. ATLAS Collaboration. arXiv: 1609.06213 [nucl-ex] (2016)
47. K. Werner, I. Karpenko, T. Pierog, Phys. Rev. Lett. 106, 122004

(2011). doi:10.1103/PhysRevLett.106.122004. arXiv:1011.0375
[hep-ph]

48. M. Ryskin, A. Martin, V. Khoze, J. Phys. G 38, 085006 (2011).
doi:10.1088/0954-3899/38/8/085006. arXiv:1105.4987 [hep-ph]

49. C.Y. Wong, Phys. Rev. C 84, 024901 (2011). doi:10.1103/
PhysRevC.84.024901. arXiv:1105.5871 [hep-ph]

50. E. Avsar et al., J. Phys. G 38, 124053 (2011). doi:10.1088/
0954-3899/38/12/124053. arXiv:1106.4356 [hep-ph]

51. T.W. Deng, Z. Xu, C. Greiner, Phys. Lett. B711, 301 (2012). doi:10.
1016/j.physletb.2012.04.010. arXiv:1112.0470 [hep-ph]

52. P. Bozek, Phys. Rev. C 85, 014911 (2012). doi:10.1103/PhysRevC.
85.014911. arXiv:1112.0915 [hep-ph]

53. M. Strikman, Acta Phys. Pol. B 42, 2607 (2011). doi:10.5506/
APhysPolB.42.2607. arXiv:1112.3834 [hep-ph]

54. P. Bozek, W. Broniowski, Phys. Lett. B 718, 1557 (2013). doi:10.
1016/j.physletb.2012.12.051. arXiv:1211.0845 [hep-ph]

55. K. Dusling, R. Venugopalan, Phys. Rev. D 87, 054014 (2013).
doi:10.1103/PhysRevD.87.054014. arXiv:1211.3701 [hep-ph]

56. Y.V. Kovchegov, D.E. Wertepny, Nucl. Phys. A 906, 50 (2013).
doi:10.1016/j.nuclphysa.2013.03.006. arXiv:1212.1195 [hep-ph]

123

http://dx.doi.org/10.1103/PhysRevC.58.1671
http://arxiv.org/abs/nucl-ex/9805001
http://arxiv.org/abs/0809.2949
http://arxiv.org/abs/0905.0174
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://arxiv.org/abs/nucl-ex/0410020
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://arxiv.org/abs/nucl-ex/0410022
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://arxiv.org/abs/nucl-ex/0501009
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://arxiv.org/abs/nucl-ex/0410003
http://dx.doi.org/10.1103/PhysRevLett.105.252302
http://arxiv.org/abs/1011.3914
http://dx.doi.org/10.1103/PhysRevLett.107.032301
http://arxiv.org/abs/1105.3865
http://dx.doi.org/10.1016/j.physletb.2011.12.056
http://dx.doi.org/10.1016/j.physletb.2011.12.056
http://arxiv.org/abs/1108.6018
http://dx.doi.org/10.1016/j.physletb.2012.01.060
http://arxiv.org/abs/1109.2501
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://arxiv.org/abs/1203.3087
http://dx.doi.org/10.1103/PhysRevC.87.014902
http://dx.doi.org/10.1103/PhysRevC.87.014902
http://arxiv.org/abs/1204.1409
http://dx.doi.org/10.1103/PhysRevLett.109.022301
http://dx.doi.org/10.1103/PhysRevLett.109.022301
http://arxiv.org/abs/1204.1850
http://dx.doi.org/10.1007/JHEP11(2013)183
http://dx.doi.org/10.1007/JHEP11(2013)183
http://arxiv.org/abs/1305.2942
http://dx.doi.org/10.1103/PhysRevC.89.044906
http://dx.doi.org/10.1103/PhysRevC.89.044906
http://arxiv.org/abs/1310.8651
http://dx.doi.org/10.1007/JHEP02(2014)088
http://dx.doi.org/10.1007/JHEP02(2014)088
http://arxiv.org/abs/1312.1845
http://dx.doi.org/10.1103/PhysRevC.90.054901
http://arxiv.org/abs/1406.2474
http://dx.doi.org/10.1140/epjc/s10052-014-2982-4
http://dx.doi.org/10.1140/epjc/s10052-014-2982-4
http://arxiv.org/abs/1405.3936
http://dx.doi.org/10.1140/epjc/s10052-014-3157-z
http://dx.doi.org/10.1140/epjc/s10052-014-3157-z
http://arxiv.org/abs/1408.4342
http://dx.doi.org/10.1103/PhysRevLett.116.132302
http://arxiv.org/abs/1602.01119
http://dx.doi.org/10.1016/j.physletb.2016.07.017
http://arxiv.org/abs/1605.02035
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://arxiv.org/abs/1003.0194
http://dx.doi.org/10.1103/PhysRevLett.108.252301
http://arxiv.org/abs/1202.6646
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1146/annurev-nucl-102212-170540
http://arxiv.org/abs/1301.2826
http://dx.doi.org/10.1142/S0217751X13400113
http://arxiv.org/abs/1301.5893
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://arxiv.org/abs/hep-th/0405231
http://dx.doi.org/10.1016/j.physletb.2012.11.025
http://dx.doi.org/10.1016/j.physletb.2012.11.025
http://arxiv.org/abs/1210.5482
http://dx.doi.org/10.1016/j.physletb.2013.01.012
http://arxiv.org/abs/1212.2001
http://dx.doi.org/10.1103/PhysRevLett.110.182302
http://dx.doi.org/10.1103/PhysRevLett.110.182302
http://arxiv.org/abs/1212.5198
http://dx.doi.org/10.1016/j.physletb.2013.06.057
http://dx.doi.org/10.1016/j.physletb.2013.06.057
http://arxiv.org/abs/1303.2084
http://dx.doi.org/10.1016/j.physletb.2013.06.028
http://dx.doi.org/10.1016/j.physletb.2013.06.028
http://arxiv.org/abs/1305.0609
http://dx.doi.org/10.1016/j.physletb.2013.08.024
http://dx.doi.org/10.1016/j.physletb.2013.08.024
http://arxiv.org/abs/1307.3237
http://dx.doi.org/10.1103/PhysRevC.90.044906
http://dx.doi.org/10.1103/PhysRevC.90.044906
http://arxiv.org/abs/1409.1792
http://dx.doi.org/10.1103/PhysRevLett. 115.012301
http://dx.doi.org/10.1103/PhysRevLett. 115.012301
http://arxiv.org/abs/1502.05382
http://dx.doi.org/10.1016/j.physletb.2016.09.064
http://arxiv.org/abs/1512.00439
http://arxiv.org/abs/1604.05347
http://dx.doi.org/10.1103/PhysRevLett.114.192301
http://arxiv.org/abs/1404.7461
http://dx.doi.org/10.1016/j.physletb.2015.05.075
http://arxiv.org/abs/1502.07652
http://dx.doi.org/10.1103/PhysRevLett.115.142301
http://arxiv.org/abs/1507.06273
http://dx.doi.org/10.1007/JHEP09(2010)091
http://dx.doi.org/10.1007/JHEP09(2010)091
http://arxiv.org/abs/1009.4122
http://dx.doi.org/10.1103/PhysRevLett.116.172301
http://dx.doi.org/10.1103/PhysRevLett.116.172301
http://arxiv.org/abs/1509.04776
http://dx.doi.org/10.1103/PhysRevLett.116.172302
http://dx.doi.org/10.1103/PhysRevLett.116.172302
http://arxiv.org/abs/1510.03068
http://dx.doi.org/10.1016/j.physletb.2016.12.009
http://dx.doi.org/10.1016/j.physletb.2016.12.009
http://arxiv.org/abs/1606.06198
http://arxiv.org/abs/1609.06213
http://dx.doi.org/10.1103/PhysRevLett.106.122004
http://arxiv.org/abs/1011.0375
http://dx.doi.org/10.1088/0954-3899/38/8/085006
http://arxiv.org/abs/1105.4987
http://dx.doi.org/10.1103/PhysRevC.84.024901
http://dx.doi.org/10.1103/PhysRevC.84.024901
http://arxiv.org/abs/1105.5871
http://dx.doi.org/10.1088/0954-3899/38/12/124053
http://dx.doi.org/10.1088/0954-3899/38/12/124053
http://arxiv.org/abs/1106.4356
http://dx.doi.org/10.1016/j.physletb.2012.04.010
http://dx.doi.org/10.1016/j.physletb.2012.04.010
http://arxiv.org/abs/1112.0470
http://dx.doi.org/10.1103/PhysRevC.85.014911
http://dx.doi.org/10.1103/PhysRevC.85.014911
http://arxiv.org/abs/1112.0915
http://dx.doi.org/10.5506/APhysPolB.42.2607
http://dx.doi.org/10.5506/APhysPolB.42.2607
http://arxiv.org/abs/1112.3834
http://dx.doi.org/10.1016/j.physletb.2012.12.051
http://dx.doi.org/10.1016/j.physletb.2012.12.051
http://arxiv.org/abs/1211.0845
http://dx.doi.org/10.1103/PhysRevD.87.054014
http://arxiv.org/abs/1211.3701
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.006
http://arxiv.org/abs/1212.1195


Eur. Phys. J. C (2017) 77 :428 Page 27 of 40 428

57. K. Dusling, R. Venugopalan, Phys. Rev. D 87, 094034 (2013).
doi:10.1103/PhysRevD.87.094034. arXiv:1302.7018 [hep-ph]

58. A. Bzdak, B. Schenke, P. Tribedy, R. Venugopalan, Phys.
Rev. C 87, 064906 (2013). doi:10.1103/PhysRevC.87.064906.
arXiv:1304.3403 [nucl-th]

59. L. Yan, J.-Y. Ollitrault, Phys. Rev. Lett. 112, 082301 (2014). doi:10.
1103/PhysRevLett.112.082301. arXiv:1312.6555 [nucl-th]

60. G.L. Ma, A. Bzdak, Phys. Lett. B 739, 209 (2014). doi:10.1016/j.
physletb.2014.10.066. arXiv:1404.4129 [hep-ph]

61. B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014).
doi:10.1103/PhysRevLett.113.102301. arXiv:1405.3605 [nucl-th]

62. P.M. Chesler, Phys. Rev. Lett. 115, 241602 (2015). doi:10.1103/
PhysRevLett.115.241602. arXiv:1506.02209 [hep-th]

63. P.M. Chesler, JHEP 03, 146 (2016). doi:10.1007/
JHEP03(2016)146. arXiv:1601.01583 [hep-th]

64. PHENIX Collaboration, K. Adcox et al., Phys. Rev. Lett.
89, 212301 (2002). doi:10.1103/PhysRevLett.89.212301.
arXiv:nucl-ex/0204005

65. N. Borghini, P.M. Dinh, J.Y. Ollitrault, Phys. Rev. C
63, 054906 (2001). doi:10.1103/PhysRevC.63.054906.
arXiv:nucl-th/0007063

66. N. Borghini, P.M. Dinh, J.Y. Ollitrault, Phys. Rev. C
64, 054901 (2001). doi:10.1103/PhysRevC.64.054901.
arXiv:nucl-th/0105040

67. A. Bilandzic, R. Snellings, S. Voloshin, Phys. Rev. C 83, 044913
(2011). doi:10.1103/PhysRevC.83.044913. arXiv:1010.0233
[nucl-ex]

68. ATLAS Collaboration, JINST 3, S08003 (2008)
69. ATLAS Collaboration, ATLAS-TDR-19. https://cds.cern.ch/

record/1291633 (2010)

70. ATLAS Collaboration, ATLAS-TDR-19-ADD-1. https://cds.cern.
ch/record/1451888 (2012)

71. ATLAS Collaboration, Eur. Phys. J. C 72, 1849 (2012). doi:10.
1140/epjc/s10052-011-1849-1. arXiv:1110.1530 [hep-ex]

72. ATLAS Collaboration. https://cdsweb.cern.ch/record/1624013
(2013)

73. T. Sjöstrand, S. Mrenna, P. Skands, Comp. Phys. Commun.
178, 852 (2008). doi:10.1016/j.cpc.2008.01.036. arXiv:0710.3820
[hep-ph]

74. ATLAS Collaboration, ATL-PHYS-PUB-2011-009. https://cds.
cern.ch/record/1363300 (2011)

75. A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Eur. Phys.
J. C 63, 189 (2009). doi:10.1140/epjc/s10052-009-1072-5.
arXiv:0901.0002 [hep-ph]

76. X.N. Wang, M. Gyulassy, Comp. Phys. Commun. 83, 307 (1995).
doi:10.1016/0010-4655(94)90057-4. arXiv:nucl-th/9502021

77. ATLAS Collaboration, Eur. Phys. J. C 70, 823 (2010). doi:10.1140/
epjc/s10052-010-1429-9. arXiv:1005.4568 [hep-ex]

78. S. Agostinelli et al., Nucl. Instrum. Methods A 506, 250 (2003).
doi:10.1016/S0168-9002(03)01368-8

79. ATLAS Collaboration, ATL-PHYS-PUB-2015-006. https://cds.
cern.ch/record/2002609 (2015)

80. J. Jia, M. Zhou, A. Trzupek. arXiv:1701.03830 [nucl-th] (2017)
81. ATLAS Collaboration, Phys. Lett. B 758, 67 (2016). doi:10.1016/

j.physletb.2016.04.050. arXiv:1602.01633 [hep-ex]
82. A. Bzdak, P. Bozek, L. McLerran, Nucl. Phys. A 927, 15 (2014).

doi:10.1016/j.nuclphysa.2014.03.007. arXiv:1311.7325 [hep-ph]
83. A. Bzdak, V. Skokov, Nucl. Phys. A 943, 1 (2015). doi:10.1016/j.

nuclphysa.2015.08.001. arXiv:1312.7349 [hep-ph]
84. ATLAS Collaboration, ATL-GEN-PUB-2016-002. https://cds.

cern.ch/record/2202407 (2016)

ATLAS Collaboration

M. Aaboud137d, G. Aad88, B. Abbott115, J. Abdallah8, O. Abdinov12,*, B. Abeloos119, S. H. Abidi161, O. S. AbouZeid139,
N. L. Abraham151, H. Abramowicz155, H. Abreu154, R. Abreu118, Y. Abulaiti148a,148b, B. S. Acharya167a167b,a,
S. Adachi157, L. Adamczyk41a, J. Adelman110, M. Adersberger102, T. Adye133, A. A. Affolder139, T. Agatonovic-Jovin14,
C. Agheorghiesei28c, J. A. Aguilar-Saavedra128a,128f, S. P. Ahlen24, F. Ahmadov68,b, G. Aielli135a,135b, S. Akatsuka71,
H. Akerstedt148a,148b, T. P. A. Åkesson84, A. V. Akimov98, G. L. Alberghi22a,22b, J. Albert172, P. Albicocco50,
M. J. Alconada Verzini74, M. Aleksa32, I. N. Aleksandrov68, C. Alexa28b, G. Alexander155, T. Alexopoulos10,
M. Alhroob115, B. Ali130, M. Aliev76a,76b, G. Alimonti94a, J. Alison33, S. P. Alkire38, B. M. M. Allbrooke151,
B. W. Allen118, P. P. Allport19, A. Aloisio106a,106b, A. Alonso39, F. Alonso74, C. Alpigiani140, A. A. Alshehri56,
M. Alstaty88, B. Alvarez Gonzalez32, D. Álvarez Piqueras170, M. G. Alviggi106a,106b, B. T. Amadio16,
Y. Amaral Coutinho26a, C. Amelung25, D. Amidei92, S. P. Amor Dos Santos128a,128c, A. Amorim128a,128b, S. Amoroso32,
G. Amundsen25, C. Anastopoulos141, L. S. Ancu52, N. Andari19, T. Andeen11, C. F. Anders60b, J. K. Anders77,
K. J. Anderson33, A. Andreazza94a,94b, V. Andrei60a, S. Angelidakis9, I. Angelozzi109, A. Angerami38, A. V. Anisenkov111,c,
N. Anjos13, A. Annovi126a,126b, C. Antel60a, M. Antonelli50, A. Antonov100,*, D. J. Antrim166, F. Anulli134a,
M. Aoki69, L. Aperio Bella32, G. Arabidze93, Y. Arai69, J. P. Araque128a, V. Araujo Ferraz26a, A. T. H. Arce48,
R. E. Ardell80, F. A. Arduh74, J-F. Arguin97, S. Argyropoulos66, M. Arik20a, A. J. Armbruster145, L. J. Armitage79,
O. Arnaez161, H. Arnold51, M. Arratia30, O. Arslan23, A. Artamonov99, G. Artoni122, S. Artz86, S. Asai157, N. Asbah45,
A. Ashkenazi155, L. Asquith151, K. Assamagan27, R. Astalos146a, M. Atkinson169, N. B. Atlay143, K. Augsten130,
G. Avolio32, B. Axen16, M. K. Ayoub119, G. Azuelos97,d, A. E. Baas60a, M. J. Baca19, H. Bachacou138, K. Bachas76a,76b,
M. Backes122, M. Backhaus32, P. Bagnaia134a,134b, H. Bahrasemani144, J. T. Baines133, M. Bajic39, O. K. Baker179,
E. M. Baldin111,c, P. Balek175, F. Balli138, W. K. Balunas124, E. Banas42, Sw. Banerjee176,e, A. A. E. Bannoura178,
L. Barak32, E. L. Barberio91, D. Barberis53a,53b, M. Barbero88, T. Barillari103, M-S Barisits32, T. Barklow145,
N. Barlow30, S. L. Barnes36c, B. M. Barnett133, R. M. Barnett16, Z. Barnovska-Blenessy36a, A. Baroncelli136a,
G. Barone25, A. J. Barr122, L. Barranco Navarro170, F. Barreiro85, J. Barreiro Guimarães da Costa35a, R. Bartoldus145,
A. E. Barton75, P. Bartos146a, A. Basalaev125, A. Bassalat119,f, R. L. Bates56, S. J. Batista161, J. R. Batley30, M. Battaglia139,

123

http://dx.doi.org/10.1103/PhysRevD.87.094034
http://arxiv.org/abs/1302.7018
http://dx.doi.org/10.1103/PhysRevC.87.064906
http://arxiv.org/abs/1304.3403
http://dx.doi.org/10.1103/PhysRevLett.112.082301
http://dx.doi.org/10.1103/PhysRevLett.112.082301
http://arxiv.org/abs/1312.6555
http://dx.doi.org/10.1016/j.physletb.2014.10.066
http://dx.doi.org/10.1016/j.physletb.2014.10.066
http://arxiv.org/abs/1404.4129
http://dx.doi.org/10.1103/PhysRevLett.113.102301
http://arxiv.org/abs/1405.3605
http://dx.doi.org/10.1103/PhysRevLett.115.241602
http://dx.doi.org/10.1103/PhysRevLett.115.241602
http://arxiv.org/abs/1506.02209
http://dx.doi.org/10.1007/JHEP03(2016)146
http://dx.doi.org/10.1007/JHEP03(2016)146
http://arxiv.org/abs/1601.01583
http://dx.doi.org/10.1103/PhysRevLett.89.212301
http://arxiv.org/abs/nucl-ex/0204005
http://dx.doi.org/10.1103/PhysRevC.63.054906
http://arxiv.org/abs/nucl-th/0007063
http://dx.doi.org/10.1103/PhysRevC.64.054901
http://arxiv.org/abs/nucl-th/0105040
http://dx.doi.org/10.1103/PhysRevC.83.044913
http://arxiv.org/abs/1010.0233
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://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1110.1530
https://cdsweb.cern.ch/record/1624013
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://cds.cern.ch/record/1363300
https://cds.cern.ch/record/1363300
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1016/0010-4655(94)90057-4
http://arxiv.org/abs/nucl-th/9502021
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
https://cds.cern.ch/record/2002609
https://cds.cern.ch/record/2002609
http://arxiv.org/abs/1701.03830
http://dx.doi.org/10.1016/j.physletb.2016.04.050
http://dx.doi.org/10.1016/j.physletb.2016.04.050
http://arxiv.org/abs/1602.01633
http://dx.doi.org/10.1016/j.nuclphysa.2014.03.007
http://arxiv.org/abs/1311.7325
http://dx.doi.org/10.1016/j.nuclphysa.2015.08.001
http://dx.doi.org/10.1016/j.nuclphysa.2015.08.001
http://arxiv.org/abs/1312.7349
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407


428 Page 28 of 40 Eur. Phys. J. C (2017) 77 :428

M. Bauce134a,134b, F. Bauer138, H. S. Bawa145,g, J. B. Beacham113, M. D. Beattie75, T. Beau83, P. H. Beauchemin165,
P. Bechtle23, H. P. Beck18,h, K. Becker122, M. Becker86, M. Beckingham173, C. Becot112, A. J. Beddall20d, A. Beddall20b,
V. A. Bednyakov68, M. Bedognetti109, C. P. Bee150, T. A. Beermann32, M. Begalli26a, M. Begel27, J. K. Behr45,
A. S. Bell81, G. Bella155, L. Bellagamba22a, A. Bellerive31, M. Bellomo154, K. Belotskiy100, O. Beltramello32,
N. L. Belyaev100, O. Benary155,*, D. Benchekroun137a, M. Bender102, K. Bendtz148a,148b, N. Benekos10, Y. Benhammou155,
E. Benhar Noccioli179, J. Benitez66, D. P. Benjamin48, M. Benoit52, J. R. Bensinger25, S. Bentvelsen109, L. Beresford122,
M. Beretta50, D. Berge109, E. Bergeaas Kuutmann168, N. Berger5, J. Beringer16, S. Berlendis58, N. R. Bernard89,
G. Bernardi83, C. Bernius145, F. U. Bernlochner23, T. Berry80, P. Berta131, C. Bertella35a, G. Bertoli148a,148b,
F. Bertolucci126a,126b, I. A. Bertram75, C. Bertsche45, D. Bertsche115, G. J. Besjes39, O. Bessidskaia Bylund148a,148b,
M. Bessner45, N. Besson138, C. Betancourt51, A. Bethani87, S. Bethke103, A. J. Bevan79, R. M. Bianchi127,
O. Biebel102, D. Biedermann17, R. Bielski87, N. V. Biesuz126a,126b, M. Biglietti136a, J. Bilbao De Mendizabal52,
T. R. V. Billoud97, H. Bilokon50, M. Bindi57, A. Bingul20b, C. Bini134a,134b, S. Biondi22a,22b, T. Bisanz57, C. Bittrich47,
D. M. Bjergaard48, C. W. Black152, J. E. Black145, K. M. Black24, D. Blackburn140, R. E. Blair6, T. Blazek146a, I. Bloch45,
C. Blocker25, A. Blue56, W. Blum86,*, U. Blumenschein79, S. Blunier34a, G. J. Bobbink109, V. S. Bobrovnikov111,c,
S. S. Bocchetta84, A. Bocci48, C. Bock102, M. Boehler51, D. Boerner178, D. Bogavac102, A. G. Bogdanchikov111,
C. Bohm148a, V. Boisvert80, P. Bokan168,i, T. Bold41a, A. S. Boldyrev101, A. E. Bolz60b, M. Bomben83, M. Bona79,
M. Boonekamp138, A. Borisov132, G. Borissov75, J. Bortfeldt32, D. Bortoletto122, V. Bortolotto62a,62b,62c, D. Boscherini22a,
M. Bosman13, J. D. Bossio Sola29, J. Boudreau127, J. Bouffard2, E. V. Bouhova-Thacker75, D. Boumediene37,
C. Bourdarios119, S. K. Boutle56, A. Boveia113, J. Boyd32, I. R. Boyko68, J. Bracinik19, A. Brandt8, G. Brandt57,
O. Brandt60a, U. Bratzler158, B. Brau89, J. E. Brau118, W. D. Breaden Madden56, K. Brendlinger45, A. J. Brennan91,
L. Brenner109, R. Brenner168, S. Bressler175, D. L. Briglin19, T. M. Bristow49, D. Britton56, D. Britzger45,
F. M. Brochu30, I. Brock23, R. Brock93, G. Brooijmans38, T. Brooks80, W. K. Brooks34b, J. Brosamer16, E. Brost110,
J. H Broughton19, P. A. Bruckman de Renstrom42, D. Bruncko146b, A. Bruni22a, G. Bruni22a, L. S. Bruni109,
BH Brunt30, M. Bruschi22a, N. Bruscino23, P. Bryant33, L. Bryngemark45, T. Buanes15, Q. Buat144, P. Buchholz143,
A. G. Buckley56, I. A. Budagov68, F. Buehrer51, M. K. Bugge121, O. Bulekov100, D. Bullock8, T. J. Burch110,
H. Burckhart32, S. Burdin77, C. D. Burgard51, A. M. Burger5, B. Burghgrave110, K. Burka42, S. Burke133, I. Burmeister46,
J. T. P. Burr122, E. Busato37, D. Büscher51, V. Büscher86, P. Bussey56, J. M. Butler24, C. M. Buttar56, J. M. Butterworth81,
P. Butti32, W. Buttinger27, A. Buzatu35c, A. R. Buzykaev111,c, S. Cabrera Urbán170, D. Caforio130, V. M. Cairo40a,40b,
O. Cakir4a, N. Calace52, P. Calafiura16, A. Calandri88, G. Calderini83, P. Calfayan64, G. Callea40a,40b, L. P. Caloba26a,
S. Calvente Lopez85, D. Calvet37, S. Calvet37, T. P. Calvet88, R. Camacho Toro33, S. Camarda32, P. Camarri135a,135b,
D. Cameron121, R. Caminal Armadans169, C. Camincher58, S. Campana32, M. Campanelli81, A. Camplani94a,94b,
A. Campoverde143, V. Canale106a,106b, M. Cano Bret36c, J. Cantero116, T. Cao155, M. D. M. Capeans Garrido32,
I. Caprini28b, M. Caprini28b, M. Capua40a,40b, R. M. Carbone38, R. Cardarelli135a, F. Cardillo51, I. Carli131, T. Carli32,
G. Carlino106a, B. T. Carlson127, L. Carminati94a,94b, R. M. D. Carney148a,148b, S. Caron108, E. Carquin34b, S. Carrá94a,94b,
G. D. Carrillo-Montoya32, J. Carvalho128a,128c, D. Casadei19, M. P. Casado13,j, M. Casolino13, D. W. Casper166,
R. Castelijn109, V. Castillo Gimenez170, N. F. Castro128a,k, A. Catinaccio32, J. R. Catmore121, A. Cattai32, J. Caudron23,
V. Cavaliere169, E. Cavallaro13, D. Cavalli94a, M. Cavalli-Sforza13, V. Cavasinni126a,126b, E. Celebi20a, F. Ceradini136a,136b,
L. Cerda Alberich170, A. S. Cerqueira26b, A. Cerri151, L. Cerrito135a,135b, F. Cerutti16, A. Cervelli18, S. A. Cetin20c,
A. Chafaq137a, D. Chakraborty110, S. K. Chan59, W. S. Chan109, Y. L. Chan62a, P. Chang169, J. D. Chapman30,
D. G. Charlton19, C. C. Chau161, C. A. Chavez Barajas151, S. Che113, S. Cheatham167a,167c, A. Chegwidden93,
S. Chekanov6, S. V. Chekulaev163a, G. A. Chelkov68,l, M. A. Chelstowska32, C. Chen67, H. Chen27, S. Chen35b,
S. Chen157, X. Chen35c,m, Y. Chen70, H. C. Cheng92, H. J. Cheng35a, A. Cheplakov68, E. Cheremushkina132,
R. Cherkaoui El Moursli137e, V. Chernyatin27,*, E. Cheu7, L. Chevalier138, V. Chiarella50, G. Chiarelli126a,126b,
G. Chiodini76a, A. S. Chisholm32, A. Chitan28b, Y. H. Chiu172, M. V. Chizhov68, K. Choi64, A. R. Chomont37,
S. Chouridou156, V. Christodoulou81, D. Chromek-Burckhart32, M. C. Chu62a, J. Chudoba129, A. J. Chuinard90,
J. J. Chwastowski42, L. Chytka117, A. K. Ciftci4a, D. Cinca46, V. Cindro78, I. A. Cioara23, C. Ciocca22a,22b, A. Ciocio16,
F. Cirotto106a,106b, Z. H. Citron175, M. Citterio94a, M. Ciubancan28b, A. Clark52, B. L. Clark59, M. R. Clark38, P. J. Clark49,
R. N. Clarke16, C. Clement148a,148b, Y. Coadou88, M. Cobal167a,167c, A. Coccaro52, J. Cochran67, L. Colasurdo108,
B. Cole38, A. P. Colijn109, J. Collot58, T. Colombo166, P. Conde Muiño128a,128b, E. Coniavitis51, S. H. Connell147b,
I. A. Connelly87, S. Constantinescu28b, G. Conti32, F. Conventi106a,n, M. Cooke16, A. M. Cooper-Sarkar122, F. Cormier171,
K. J. R. Cormier161, M. Corradi134a,134b, F. Corriveau90,o, A. Cortes-Gonzalez32, G. Cortiana103, G. Costa94a,
M. J. Costa170, D. Costanzo141, G. Cottin30, G. Cowan80, B. E. Cox87, K. Cranmer112, S. J. Crawley56, R. A. Creager124,
G. Cree31, S. Crépé-Renaudin58, F. Crescioli83, W. A. Cribbs148a,148b, M. Cristinziani23, V. Croft108, G. Crosetti40a,40b,

123



Eur. Phys. J. C (2017) 77 :428 Page 29 of 40 428

A. Cueto85, T. Cuhadar Donszelmann141, A. R. Cukierman145, J. Cummings179, M. Curatolo50, J. Cúth86, H. Czirr143,
P. Czodrowski32, G. D’amen22a,22b, S. D’Auria56, M. D’Onofrio77, M. J. Da Cunha Sargedas De Sousa128a,128b,
C. Da Via87, W. Dabrowski41a, T. Dado146a, T. Dai92, O. Dale15, F. Dallaire97, C. Dallapiccola89, M. Dam39,
J. R. Dandoy124, N. P. Dang176, A. C. Daniells19, N. S. Dann87, M. Danninger171, M. Dano Hoffmann138, V. Dao150,
G. Darbo53a, S. Darmora8, J. Dassoulas3, A. Dattagupta118, T. Daubney45, W. Davey23, C. David45, T. Davidek131,
M. Davies155, P. Davison81, E. Dawe91, I. Dawson141, K. De8, R. de Asmundis106a, A. De Benedetti115, S. De Castro22a,22b,
S. De Cecco83, N. De Groot108, P. de Jong109, H. De la Torre93, F. De Lorenzi67, A. De Maria57, D. De Pedis134a,
A. De Salvo134a, U. De Sanctis135a,135b, A. De Santo151, K. De Vasconcelos Corga88, J. B. De Vivie De Regie119,
W. J. Dearnaley75, R. Debbe27, C. Debenedetti139, D. V. Dedovich68, N. Dehghanian3, I. Deigaard109, M. Del Gaudio40a,40b,
J. Del Peso85, T. Del Prete126a,126b, D. Delgove119, F. Deliot138, C. M. Delitzsch52, A. Dell’Acqua32, L. Dell’Asta24,
M. Dell’Orso126a,126b, M. Della Pietra106a,106b, D. della Volpe52, M. Delmastro5, C. Delporte119, P. A. Delsart58,
D. A. DeMarco161, S. Demers179, M. Demichev68, A. Demilly83, S. P. Denisov132, D. Denysiuk138, D. Derendarz42,
J. E. Derkaoui137d, F. Derue83, P. Dervan77, K. Desch23, C. Deterre45, K. Dette46, M. R. Devesa29, P. O. Deviveiros32,
A. Dewhurst133, S. Dhaliwal25, F. A. Di Bello52, A. Di Ciaccio135a,135b, L. Di Ciaccio5, W. K. Di Clemente124,
C. Di Donato106a,106b, A. Di Girolamo32, B. Di Girolamo32, B. Di Micco136a,136b, R. Di Nardo32, K. F. Di Petrillo59,
A. Di Simone51, R. Di Sipio161, D. Di Valentino31, C. Diaconu88, M. Diamond161, F. A. Dias39, M. A. Diaz34a,
E. B. Diehl92, J. Dietrich17, S. Díez Cornell45, A. Dimitrievska14, J. Dingfelder23, P. Dita28b, S. Dita28b, F. Dittus32,
F. Djama88, T. Djobava54b, J. I. Djuvsland60a, M. A. B. do Vale26c, D. Dobos32, M. Dobre28b, C. Doglioni84, J. Dolejsi131,
Z. Dolezal131, M. Donadelli26d, S. Donati126a,126b, P. Dondero123a,123b, J. Donini37, J. Dopke133, A. Doria106a,
M. T. Dova74, A. T. Doyle56, E. Drechsler57, M. Dris10, Y. Du36b, J. Duarte-Campderros155, A. Dubreuil52, E. Duchovni175,
G. Duckeck102, A. Ducourthial83, O. A. Ducu97,p, D. Duda109, A. Dudarev32, A. Chr. Dudder86, E. M. Duffield16,
L. Duflot119, M. Dührssen32, M. Dumancic175, A. E. Dumitriu28b, A. K. Duncan56, M. Dunford60a, H. Duran Yildiz4a,
M. Düren55, A. Durglishvili54b, D. Duschinger47, B. Dutta45, M. Dyndal45, C. Eckardt45, K. M. Ecker103, R. C. Edgar92,
T. Eifert32, G. Eigen15, K. Einsweiler16, T. Ekelof168, M. El Kacimi137c, R. El Kosseifi88, V. Ellajosyula88, M. Ellert168,
S. Elles5, F. Ellinghaus178, A. A. Elliot172, N. Ellis32, J. Elmsheuser27, M. Elsing32, D. Emeliyanov133, Y. Enari157,
O. C. Endner86, J. S. Ennis173, J. Erdmann46, A. Ereditato18, G. Ernis178, M. Ernst27, S. Errede169, E. Ertel86,
M. Escalier119, C. Escobar127, B. Esposito50, O. Estrada Pastor170, A. I. Etienvre138, E. Etzion155, H. Evans64, A. Ezhilov125,
M. Ezzi137e, F. Fabbri22a,22b, L. Fabbri22a,22b, G. Facini33, R. M. Fakhrutdinov132, S. Falciano134a, R. J. Falla81,
J. Faltova32, Y. Fang35a, M. Fanti94a,94b, A. Farbin8, A. Farilla136a, C. Farina127, E. M. Farina123a,123b, T. Farooque93,
S. Farrell16, S. M. Farrington173, P. Farthouat32, F. Fassi137e, P. Fassnacht32, D. Fassouliotis9, M. Faucci Giannelli80,
A. Favareto53a,53b, W. J. Fawcett122, L. Fayard119, O. L. Fedin125,q, W. Fedorko171, S. Feigl121, L. Feligioni88,
C. Feng36b, E. J. Feng32, H. Feng92, M. J. Fenton56, A. B. Fenyuk132, L. Feremenga8, P. Fernandez Martinez170,
S. Fernandez Perez13, J. Ferrando45, A. Ferrari168, P. Ferrari109, R. Ferrari123a, D. E. Ferreira de Lima60b, A. Ferrer170,
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