
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2013-029

Submitted to: Physics Letters B

Measurement with the ATLAS detector of multi-particle
azimuthal correlations in p+Pb collisions at

√
sNN = 5.02 TeV

The ATLAS Collaboration

Abstract

In order to study further the long-range correlations (“ridge”) observed recently in p+Pb collisions
at
√
sNN = 5.02 TeV, the second-order azimuthal anisotropy parameter of charged particles, v2, has

been measured with the cumulant method using the ATLAS detector at the LHC. In a data sample
corresponding to an integrated luminosity of approximately 1 µb−1, the parameter v2 has been ob-
tained using two- and four-particle cumulants over the pseudorapidity range |η| < 2.5. The results
are presented as a function of transverse momentum and the event activity, defined in terms of the
transverse energy summed over 3.1 < η < 4.9 in the direction of the Pb beam. They show features
characteristic of collective anisotropic flow, similar to that observed in Pb+Pb collisions. A comparison
is made to results obtained using two-particle correlation methods, and to predictions from hydrody-
namic models of p+Pb collisions. Despite the small transverse spatial extent of the p+Pb collision
system, the large magnitude of v2 and its similarity to hydrodynamic predictions provide additional
evidence for the importance of final-state effects in p+Pb reactions.
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Measurement with the ATLAS detector of multi-particle azimuthal
correlations in p+Pb collisions at

√
sNN = 5.02 TeV

The ATLAS Collaboration

Abstract

In order to study further the long-range correlations (“ridge”) observed recently in p+Pb collisions at√
sNN = 5.02 TeV, the second-order azimuthal anisotropy parameter of charged particles, v2, has been

measured with the cumulant method using the ATLAS detector at the LHC. In a data sample corresponding
to an integrated luminosity of approximately 1 µb−1, the parameter v2 has been obtained using two- and
four-particle cumulants over the pseudorapidity range |η| < 2.5. The results are presented as a function
of transverse momentum and the event activity, defined in terms of the transverse energy summed over
3.1 < η < 4.9 in the direction of the Pb beam. They show features characteristic of collective anisotropic
flow, similar to that observed in Pb+Pb collisions. A comparison is made to results obtained using two-
particle correlation methods, and to predictions from hydrodynamic models of p+Pb collisions. Despite the
small transverse spatial extent of the p+Pb collision system, the large magnitude of v2 and its similarity
to hydrodynamic predictions provide additional evidence for the importance of final-state effects in p+Pb
reactions.

1. Introduction1

Recent observations of ridge-like structures in2

the two-particle correlation functions measured in3

proton-lead (p+Pb) collisions at 5.02 TeV [1–3]4

have led to differing theoretical explanations. These5

structures have been attributed either to mecha-6

nisms that emphasize initial-state effects, such as7

the saturation of parton distributions in the Pb-8

nucleus [4–7], or to final-state effects, such as jet–9

medium interactions [8], interactions induced by10

multiple partons [9–12], and collective anisotropic11

flow [13–18].12

The collective flow of particles produced in nu-13

clear collisions, which manifests itself as a sig-14

nificant anisotropy in the plane perpendicular to15

the beam direction, has been extensively studied16

in heavy-ion experiments at the LHC [19–24] and17

RHIC (for a review see Refs. [25, 26]). In p+Pb18

collisions the small size of the produced system19

compared to the mean free path of the interacting20

constituents might have been expected to generate21

weaker collective flow, if any, compared to heavy-22

ion collisions.23

However, two-particle correlation studies per-24

formed recently on data from p+Pb collisions at25 √
sNN = 5.02 TeV revealed the presence of a26

“ridge”, a structure extended in the relative pseudo-27

rapidity, ∆η, while narrow in the relative azimuthal28

angle, ∆φ, on both the near-side (∆φ ∼ 0) [1] and29

away-side (∆φ ∼ π) [2, 3]. Furthermore, it was30

shown in Refs. [2, 3] that, after subtracting the com-31

ponent due to momentum conservation, the ∆φ dis-32

tribution in high-multiplicity interactions exhibits a33

predominantly cos(2∆φ) shape, resembling the el-34

liptic flow modulation of the ∆φ distributions in35

Pb+Pb collisions.36

The final-state anisotropy is usually character-37

ized by the coefficients, vn, of a Fourier decompo-38

sition of the event-by-event azimuthal angle distri-39

bution of produced particles [25, 27]:40

vn = 〈cosn(φ−Ψn)〉, (1)41

where φ is the azimuthal angle of the particle, Ψn42

is the event-plane angle for the n-th harmonic, and43

the outer brackets denote an average over charged44

particles in an event. In non-central heavy-ion col-45

lisions, the large and dominating v2 coefficient is46

associated mainly with the elliptic shape of the nu-47

clear overlap, and Ψ2 defines the direction which48

nominally points in the direction of the classical49

impact parameter. In practice, initial-state fluctu-50

ations can blur the relationship between Ψ2 and51
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the impact parameter direction in nucleus-nucleus52

collisions. In contrast, Ψ2 in proton-nucleus would53

be unrelated to the impact parameter and deter-54

mined by the initial-state fluctuations. In nucleus-55

nucleus collisions, the v2 coefficient in central col-56

lisions and the other vn coefficients in all collisions57

are related to various geometric configurations aris-58

ing from fluctuations of the nucleon positions in the59

overlap region [28].60

In this Letter, a direct measurement of the61

second-order anisotropy parameter, v2, is presented62

for p+Pb collisions at
√
sNN = 5.02 TeV. The cu-63

mulant method [29–32] is applied to derive v2 using64

two- and four-particle cumulants. The cumulant65

method has been developed to characterize true66

multi-particle correlations related to the collective67

expansion of the system, while suppressing correla-68

tions from resonance decays, Bose–Einstein corre-69

lations and jet production. Emphasis is placed on70

the estimate of v2, v2{4}, obtained from the four-71

particle cumulants which are expected to be free72

from the effects of short-range two-particle correla-73

tions, e.g. from resonance decays, unlike the two-74

particle cumulants, used to estimate v2{2}.75

The measurements of multi-particle cumulants76

presented in this Letter should provide further con-77

straints on the origin of long-range correlations ob-78

served in p+Pb collisions.79

2. Event and track selections80

The p+Pb data sample was collected during a81

short run in September 2012, when the LHC deliv-82

ered p+Pb collisions at the nucleon–nucleon centre-83

of-mass energy
√
sNN = 5.02 TeV with the centre-84

of-mass frame shifted by −0.47 in rapidity relative85

to the nominal ATLAS coordinate frame1.86

The measurements were performed using the87

ATLAS detector [33]. The inner detector (ID)88

was used for measuring trajectories and momenta89

1ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector and the z-axis along the beam pipe. The x-axis
points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, φ) are used
in the transverse plane, φ being the azimuthal angle around
the beam pipe. For the p+Pb collisions, the incident Pb
beam travelled in the +z direction. The pseudorapidity is
defined in laboratory coordinates in terms of the polar angle
θ as η = − ln tan(θ/2). Transverse momentum and energy
are defined as pT = p sin θ and ET = E sin θ, respectively.

of charged particles for |η| < 2.5 with the sil-90

icon pixel detector and silicon microstrip detec-91

tors (SCT), and a transition radiation tracker, all92

placed in a 2 T axial magnetic field. For event trig-93

gering, two sets of Minimum Bias Trigger Scintil-94

lators (MBTS), located symmetrically in front of95

the endcap calorimeters, at z = ±3.6 m and cov-96

ering the pseudorapidity range 2.1 < |η| < 3.9,97

were used. The trigger used to select minimum-98

bias p+Pb collisions requires a signal in at least99

two MBTS counters. This trigger is fully effi-100

cient for events with more than four reconstructed101

tracks with pT > 0.1 GeV. The forward calorime-102

ters (FCal), consisting of two symmetric systems103

with tungsten and copper absorbers and liquid ar-104

gon as the active material, cover 3.1 < |η| < 4.9 and105

are used to characterize the overall event activity.106

The event selection follows the same require-107

ments as used in the recent two-particle correlation108

analysis [3]. Events are required to have a recon-109

structed vertex with its z position within ±150 mm110

of the nominal interaction point. Beam–gas and111

photonuclear interactions are suppressed by requir-112

ing at least one hit in a MBTS counter on each side113

of the interaction point and at most a 10 ns dif-114

ference between times measured on the two sides115

to eliminate through-going particles. To elimi-116

nate multiple p+Pb collisions (about 2% of collision117

events have more than one reconstructed vertex),118

the events with two reconstructed vertices that are119

separated in z by more than 15 mm are rejected.120

In addition, for the cumulant analysis presented121

here, it is required that the number of reconstructed122

tracks per event, passing the track selections as de-123

scribed below, is greater than three. With all the124

above selections, the analysed sample consists of125

about 1.9× 106 events.126

Charged particle tracks are reconstructed in the127

ID using the standard algorithm optimized for p+p128

minimum-bias measurements [34]. Tracks are re-129

quired to have at least six hits in the SCT detector130

and at least one hit in the pixel detector. A hit in131

the first pixel layer is also required when the track132

crosses an active pixel module in that layer. Addi-133

tional requirements are imposed on the transverse134

(d0) and longitudinal (z0 sin θ) impact parameters135

measured with respect to the primary vertex. These136

are: |d0| and |z0 sin θ| must be smaller than 1.5 mm137

and must satisfy |d0/σd0 | < 3 and |z0 sin θ/σz| < 3,138

where σd0 and σz are uncertainties on the trans-139

verse and longitudinal impact parameters, respec-140

tively, as obtained from the covariance matrix of141
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Fig. 1: Upper plot: the ΣEPb
T distribution with the six ac-

tivity intervals indicated. Lower plot: the distribution of
Nrec

ch for each activity interval. The leftmost distribution

corresponds to the interval with the lowest ΣEPb
T , etc.

the track fit. The analysis is restricted to charged142

particles with 0.3 < pT < 5.0 GeV and |η| < 2.5.143

The tracking efficiency is evaluated using144

HIJING-generated [35] p+Pb events that are fully145

simulated in the detector using GEANT4 [36, 37],146

and processed through the same reconstruction147

software as the data. The efficiency for charged148

hadrons is found to depend only weakly on the149

event multiplicity and on pT for transverse mo-150

menta above 0.5 GeV. An efficiency of about 82%151

is observed at mid-rapidity, |η| < 1, decreasing to152

about 68% at |η| > 2. For low-pT tracks, between153

0.3 GeV and 0.5 GeV, the efficiency ranges from154

74% at η = 0 to about 50% for |η| > 2. The number155

of reconstructed charged particle tracks, not cor-156

rected for tracking efficiency, is denoted by N rec
ch .157

The analysis is performed in different intervals158

of ΣEPb
T , the sum of transverse energy measured159

in the FCal with 3.1 < η < 4.9 in the direction of160

the Pb beam with no correction for the difference in161

ΣEPb
T 〈ΣEPb

T 〉 range in 〈N rec
ch 〉

range fraction (RMS)
[GeV] [GeV] of events [%]

> 80 93.7 0–1.9 134 (31)
55–80 64.8 1.9–9.1 102 (26)
40–55 46.7 9.1–20.0 80 (23)
25–40 31.9 20.0–39.3 60 (20)
10–25 16.9 39.3–70.4 37 (17)
< 10 4.9 70.4–100 16 (11)

Table 1: Characterization of activity intervals as selected
by ΣEPb

T . In the last column, the mean and RMS of the
number of reconstructed charged particles with |η| < 2.5 and
0.3 < pT < 5 GeV, Nrec

ch , is given for each activity interval.

response to electrons and hadrons. The distribution162

of ΣEPb
T for events passing all selection criteria is163

shown in Fig. 1. These events are divided into six164

ΣEPb
T intervals to study the variation of v2 with165

overall event activity, as indicated in Fig. 1 and166

shown in Table 1. Event “activity” is characterized167

by ΣEPb
T : the most active events are those with168

the largest ΣEPb
T . The distribution of N rec

ch for each169

activity interval is shown in the lower plot of Fig. 1.170

3. Data analysis171

The cumulant method involves the calculation of172

2k-particle azimuthal correlations, corrn{2k}, and173

cumulants, cn{2k}, where k = 1, 2 for the analysis174

presented in this paper. The two- and four-particle175

correlations are defined as corrn{2} = 〈ein(φ1−φ2)〉176

and corrn{4} = 〈ein(φ1+φ2−φ3−φ4)〉, respectively,177

where the angle brackets denote the average in178

a single event over all pairs and all combina-179

tions of four particles. After averaging over180

events, the two-particle cumulant is obtained as181

cn{2} = 〈corrn{2}〉, and the four-particle cumulant182

cn{4} = 〈corrn{4}〉 − 2 · 〈corrn{2}〉2. Thus the ef-183

fect of two-particle correlations is explicitly re-184

moved in the expression for cn{4}. Further details185

are given in Refs. [29, 30, 32].186

Direct calculation of multi-particle correlations187

requires multiple passes over the particles in an188

event, and requires extensive computing time in189

high-multiplicity events. To mitigate this, it has190

been proposed in Ref. [32] to express multi-particle191

correlations in terms of the moments of the flow192

vector Qn, defined as Qn =
∑
i einφi , where the in-193

dex n denotes the flow harmonic and the sum runs194
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over all particles in an event. This analysis is re-195

stricted to the second harmonic coefficient, n = 2.196

The method based on the flow-vector moments en-197

ables the calculation of multi-particle cumulants in198

a single pass over the full set of particles in each199

event.200

The cumulant method involves two main steps201

[29, 30]. In the first step, the so-called “refer-202

ence” flow harmonic coefficients are calculated us-203

ing multi-particle cumulants for particles selected204

inclusively from a broad range in pT and η as:205

vref2 {2} =
√
c2{2}, (2)

vref2 {4} = 4
√
−c2{4}, (3)

where vref2 {2} (vref2 {4}) denotes the reference es-206

timate of the second-order anisotropy parameter207

obtained using two-particle, c2{2} (four-particle,208

c2{4}) cumulants.209

The flow-vector method is easiest to apply when210

the detector acceptance is azimuthally uniform [32].211

A correction for any azimuthal non-uniformity in212

the reconstruction of charged particle tracks is ob-213

tained from the data [25], based on an η–φ map214

of all reconstructed tracks. For each small (δη =215

0.1, δφ = 2π/64) bin (labelled i), a weight is cal-216

culated as wi(η, φ) = 〈N(δη)〉/Ni(δη, δφ), where217

〈N(δη)〉 is the event-averaged number of tracks218

in the δη slice to which this bin belongs, while219

Ni(δη, δφ) is the number of tracks in an event220

within this bin. Using this weight forces the az-221

imuthal angle distribution of reference particles to222

be uniform in φ, but it does not change the η223

distribution of reconstructed tracks. A weighted224

Q-vector is evaluated as Qn =
∑
i wie

inφi [32].225

From Eqs. (2) and (3) it is clear that the cumu-226

lant method can be used to estimate v2 only when227

c2{4} is negative and c2{2} positive.228

In the second step, the harmonic coefficients are229

determined as functions of pT and η, in bins in each230

variable (10 bins of equal width are used in η and 22231

bins of varied width in pT). These differential flow232

harmonics are calculated for “particles of interest”233

which fall into these small bins. First, the differen-234

tial cumulants, d2{2} and d2{4}, are obtained by235

correlating every particle of interest with one and236

three reference particles respectively. The differen-237

tial second harmonic, v2{2k}(pT, η), where k = 1, 2,238

is then calculated with respect to the reference flow239

as derived in Refs. [29, 30]:240

v2{2}(pT, η) =
d2{2}√
c2{2}

, (4)

v2{4}(pT, η) =
−d2{4}

3/4
√
−c2{4}

. (5)

The differential v2 harmonic is then integrated241

over wider phase-space bins, with each small bin242

weighted by the appropriate charged particle mul-243

tiplicity. This is obtained from the reconstructed244

multiplicity by applying η- and pT-dependent effi-245

ciency factors, determined from Monte Carlo (MC)246

simulation as discussed in the previous section. Due247

to the small number of events in the data sample,248

the final results are integrated over the full accep-249

tance in η.
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Fig. 2: The two-particle (upper plot) and four-particle (lower
plot) cumulants calculated using the reference flow particles
as a function of ΣEPb

T for data (circles), the fully simulated
HIJING events (open squares) and the large generator-level
HIJING sample (filled squares). For clarity, the points for
the fully simulated (generated) HIJING events are slightly
shifted to the left (right).

250

Fig. 2 shows the two- and four-particle cumu-251

lants, averaged over events in each event-activity252

class defined in Table 1, as a function of ΣEPb
T . It253

is observed that four-particle cumulants are neg-254

ative only in a certain range of event activity.255

This restricts subsequent analysis to events with256

ΣEPb
T > 25 GeV, for which the four-particle cumu-257

lant in data is found to be less than zero by at least258

two standard deviations (statistical errors only). It259
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was also checked that for these events c2{4} is un-260

changed within errors for any high-multiplicity se-261

lection. For example, defining N20 as the value of262

N rec
ch such that 20% of events have N rec

ch < N20263

(i.e. N20 is the 20th percentile), then selecting264

N rec
ch > N20 leaves c2{4} unchanged within errors.265

And for ΣEPb
T > 25 GeV this holds for any per-266

centile selection.267

Fig. 2 also shows the cumulants calculated for268

50 million HIJING-generated events, using the true269

particle information only, as well as for one million270

fully simulated and reconstructed HIJING events,271

using the same methods as used for the data. The272

ΣEPb
T obtained from the HIJING sample is rescaled273

to match that measured in the data. It should be274

noted that the HIJING Monte Carlo model does275

not contain any collective flow, and the only corre-276

lations are those due to resonance decays, jet pro-277

duction and momentum conservation. The values278

of c2{2} for HIJING events are smaller than the279

values obtained from the data, and there is no sig-280

nificant difference between the HIJING results ob-281

tained at the generator (“truth”) level and at the282

reconstruction level. For c2{4}, the HIJING events283

at ΣEPb
T ∼ 20 GeV show a negative value compa-284

rable to the values seen in the data, indicating that285

correlations from jets or momentum conservation286

contribute significantly to v2{4} in events of low287

multiplicity. For ΣEPb
T > 25 GeV the generator-288

level HIJING sample’s values for c2{4} are also neg-289

ative, but the magnitude is much smaller than in290

the data or in HIJING events with smaller ΣEPb
T .291

The size of the fully simulated HIJING event sam-292

ple is too small to draw a definite conclusion about293

the sign or magnitude of c2{4}.294

The systematic uncertainties on v2{2} and v2{4}295

as a function of pT and ΣEPb
T have been evaluated296

by varying several aspects of the analysis proce-297

dure. Azimuthal-angle sine terms in the Fourier298

expansion should be zero, but a non-zero contribu-299

tion can arise due to detector biases. It was found300

that the magnitude of the sine terms relative to301

the cosine terms is negligible (below 1%) for v2{2}302

measured as a function of pT, as well as for the303

pT-integrated v2{2} and v2{4}. In the case of the304

measurement of the pT-dependent v2{4}, the sys-305

tematic uncertainty attributed to the residual sine306

terms varies between 6% and 14% in the different307

ΣEPb
T intervals. Uncertainties related to the track-308

ing are obtained from the differences between the309

main results and those using tracking requirements310

modified to be either more or less restrictive. They311

are found to be negligible (below 0.2%) for v2{2}.312

For the pT-dependent v2{4} they give a contribu-313

tion of less than 6% to the systematic uncertainty,314

and less than 1% for the pT-integrated v2{4}. In ad-315

dition to varying the track quality requirements, an316

uncertainty on the pT dependence of the efficiency317

corrections is also taken into account, and found to318

be below 1% for the v2{2} and v2{4}measurements.319

The correction of the azimuthal-angle uniformity is320

checked by comparing the results to those obtained321

with all weights, wi, set equal to one. This change322

leads to small relative differences, below 1%, for the323

v2{2} measured as a function of pT, as well as for324

the pT-integrated v2{2} and v2{4}. Up to 4% dif-325

ferences are observed in the pT-dependent v2{4}.326

All individual contributions to the systematic un-327

certainty are added in quadrature and quoted as the328

total systematic uncertainty. The total systematic329

uncertainties are below 1% for the v2{2} measure-330

ment. The v2{4} measurement precision is limited331

by large statistical errors, whereas the systematic332

uncertainties stay below 15% for v2{4}(pT) and be-333

low 2% for the pT-integrated v2{4}.334

4. Results335

Fig. 3 shows the transverse momentum depen-336

dence of v2{2} and v2{4} in four different classes337

of the event activity, selected according to ΣEPb
T .338

A significant second-order harmonic is observed.339

v2{4} is systematically smaller than v2{2}, con-340

sistent with the suppression of non-flow effects in341

v2{4}. This difference is most pronounced at high342

pT and in collisions with low ΣEPb
T where jet-like343

correlations not diluted by the underlying event can344

contribute significantly. Thus, v2{4} appears to345

provide a more reliable estimate of the second-order346

anisotropy parameter of collective flow. As a func-347

tion of transverse momentum the second-order har-348

monic, v2{4}, increases with pT up to pT ≈ 2 GeV.349

Large statistical errors preclude a definite conclu-350

sion about the pT dependence of v2{4} at higher351

transverse momenta.352

The shape and magnitude of the pT-dependence353

of v2{4} is found to be similar to that observed354

in p+Pb collisions using two-particle correlations355

[2, 3]. The second-order harmonic, v2, can be ex-356

tracted from two-particle azimuthal correlations us-357

ing charged particle pairs with a large pseudorapid-358

ity gap to suppress the short-range correlations on359

the near-side (∆φ ∼ 0) [3, 22]. However, the two-360

particle correlation measured this way may still be361
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affected by the dijet correlations on the away-side362

(∆φ ∼ π), which can span a large range in ∆η.363

In Ref. [3], the away-side non-flow correlation is364

estimated using the yield measured in the lowest365

ΣEPb
T collisions and is then subtracted from the366

higher ΣEPb
T collisions. The result of that study,367

v2{2PC}, is shown in Fig. 3 for the four activ-368

ity intervals with largest ΣEPb
T , and compared to369

v2{4}. Good agreement is observed between v2{4}370

and v2{2PC} for collisions with ΣEPb
T > 55 GeV.371

For ΣEPb
T < 55 GeV, the disagreement could be372

due either to the subtraction procedure used to ob-373

tain v2{2PC} or to non-flow effects in v2{4}, or to374

a combination.375

The dependence on the collision activity of the376

second-order harmonic, integrated over 0.3 < pT <377

5 GeV, is shown in Fig. 4. The large magni-378

tude of v2{2} compared to v2{4} suggests a sub-379

stantial contamination from non-flow correlations.380

The value of v2{4} is approximately 0.06, with lit-381

tle dependence on the overall event activity for382

ΣEPb
T >25 GeV. The extracted values of v2{4}383

are also compared to the v2{2PC} values obtained384

from two-particle correlations. Good agreement is385

observed at large ΣEPb
T , while at lower ΣEPb

T the386

v2{2PC} is smaller than v2{4}, which may be due387

to different sensitivity of the two methods to non-388

flow contributions that become more important in389

low ΣEPb
T collisions. Although v2{4} is constructed390

to suppress local two-particle correlations, it may391

still include true multi-particle correlations from392

jets, which should account for a larger fraction of393

the correlated particle production in the events with394

 [GeV]〉
T

PbEΣ〈
20 40 60 80 100 120

2v

0

0.05

0.1

{2}2v
{4}2v
{2PC}2v

 hydro{2}2v

ATLAS  
-1bµ= 1 

int
 = 5.02 TeV,  LNNsp+Pb,  

 < 5 GeV
T

0.3 < p
| < 2.5η|

{2}2v
{4}2v
{2PC}2v

 hydro{2}2v

Fig. 4: The second-order harmonic, v2, integrated over pT
and η, calculated with two- and four-particle cumulants (cir-
cles and stars, respectively), as a function of ΣEPb

T . System-
atic uncertainties are shown as shaded bands. Also shown is
v2{2PC} (squares) and predictions from the hydrodynamic
model [18] (triangles) for the same selection of charged par-
ticles as in the data.

the lowest ΣEPb
T . If the HIJING results, shown in395

Fig. 2, were used to correct the measured cumulants396

for this non-flow contribution, the extracted v2{4}397

would be decreased by at most 10% for v2{4} shown398

in Fig. 4. However, this correction is not applied to399

the final results.400

It is notable that the trend of the pT depen-401

dence of both v2{4} and v2{2PC} in p+Pb col-402

lisions resembles that observed for v2 measured403

with the event-plane method in Pb+Pb collisions404
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at
√
sNN = 2.76 TeV [21, 22], although with a mag-405

nitude between that observed in the most central406

and peripheral Pb+Pb collisions. While the trend407

is found to be nearly independent of the Pb+Pb408

collision geometry, the magnitude in Pb+Pb events409

depends on the initial shape of the colliding sys-410

tem, and has been modelled for pT < 2 GeV using411

viscous hydrodynamics [39–41].412

Harmonic flow coefficients in p+Pb collisions at413 √
sNN = 5.02 TeV have also been predicted using414

viscous hydrodynamics, with similar initial condi-415

tions as the Pb+Pb calculations [18]. The pre-416

dicted magnitude of the second-order harmonic2417

is compared to the measured v2{4} and v2{2PC}418

in Fig. 4. It can be seen that the hydrodynamic419

predictions agree with our measurements over the420

ΣEPb
T range where the model predictions are avail-421

able.422

5. Conclusions423

ATLAS has measured the second harmonic coef-424

ficient in p+Pb collisions at
√
sNN = 5.02 TeV us-425

ing two- and four-particle cumulants. A significant426

magnitude of v2 is observed using both two- and427

four-particle cumulants, although v2{2} is consis-428

tently larger than v2{4}, indicating a sizeable con-429

tribution of non-flow correlations to v2{2}. The430

transverse momentum dependence of v2{4} shows431

a behaviour similar to that measured in Pb+Pb432

collisions at
√
sNN = 2.76 TeV. The magnitude of433

v2{4} increases with pT up to about 2–3 GeV. As434

a function of the collision activity, v2{4} remains435

constant, at the level of about 0.06, for the colli-436

sions with ΣEPb
T >25 GeV, which corresponds to437

about 40% of the data. The measured v2{4} is438

found to be consistent with the second harmonic co-439

efficient extracted by the Fourier decomposition of440

the long-range two-particle correlation function for441

collisions with ΣEPb
T > 55 GeV. Good agreement is442

also found with the predictions of a hydrodynamic443

calculation for p+Pb collisions.444

Extending previous results based only on two-445

particle correlations, the multi-particle cumulant446

results presented here provide additional evidence447

2We are grateful to the authors of Ref. [18] for provid-
ing us with the model predictions for charged particles with
η and pT ranges matching those used in the analysis. The
model predictions are for two activity intervals correspond-
ing to fractions of events of 0− 3.4 % and 3.4− 7.8 % which
are then translated into the ΣEPb

T intervals using Fig. 1.

for the importance of final-state effects in the high-448

est multiplicity p+Pb reactions. Final-state effects449

may lead to collective flow similar to that observed450

in the hot, dense system created in high-energy451

heavy-ion collisions.452
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K. Cranmer108, S. Crépé-Renaudin55, F. Crescioli78, M. Cristinziani21, G. Crosetti37a,37b, C.-M. Cuciuc26a,658

C. Cuenca Almenar176, T. Cuhadar Donszelmann139, J. Cummings176, M. Curatolo47, C.J. Curtis18,659

C. Cuthbert150, H. Czirr141, P. Czodrowski44, Z. Czyczula176, S. D’Auria53, M. D’Onofrio73,660

A. D’Orazio132a,132b, M.J. Da Cunha Sargedas De Sousa124a, C. Da Via82, W. Dabrowski38a,661

A. Dafinca118, T. Dai87, F. Dallaire93, C. Dallapiccola84, M. Dam36, D.S. Damiani137, A.C. Daniells18,662

H.O. Danielsson30, V. Dao104, G. Darbo50a, G.L. Darlea26b, S, Darmora8, J.A. Dassoulas42, W. Davey21,663

T. Davidek127, N. Davidson86, E. Davies118,d, M. Davies93, O. Davignon78, A.R. Davison77,664

Y. Davygora58a, E. Dawe142, I. Dawson139, R.K. Daya-Ishmukhametova23, K. De8, R. de Asmundis102a,665

S. De Castro20a,20b, S. De Cecco78, J. de Graat98, N. De Groot104, P. de Jong105, C. De La Taille115,666

H. De la Torre80, F. De Lorenzi63, L. De Nooij105, D. De Pedis132a, A. De Salvo132a, U. De Sanctis164a,164c,667

A. De Santo149, J.B. De Vivie De Regie115, G. De Zorzi132a,132b, W.J. Dearnaley71, R. Debbe25,668

C. Debenedetti46, B. Dechenaux55, D.V. Dedovich64, J. Degenhardt120, J. Del Peso80,669

T. Del Prete122a,122b, T. Delemontex55, M. Deliyergiyev74, A. Dell’Acqua30, L. Dell’Asta22,670

M. Della Pietra102a,i, D. della Volpe102a,102b, M. Delmastro5, P.A. Delsart55, C. Deluca105, S. Demers176,671

10



M. Demichev64, A. Demilly78, B. Demirkoz12,k, S.P. Denisov128, D. Derendarz39, J.E. Derkaoui135d,672

F. Derue78, P. Dervan73, K. Desch21, P.O. Deviveiros105, A. Dewhurst129, B. DeWilde148, S. Dhaliwal105,673

R. Dhullipudi25,l, A. Di Ciaccio133a,133b, L. Di Ciaccio5, C. Di Donato102a,102b, A. Di Girolamo30,674

B. Di Girolamo30, S. Di Luise134a,134b, A. Di Mattia152, B. Di Micco134a,134b, R. Di Nardo47,675

A. Di Simone133a,133b, R. Di Sipio20a,20b, M.A. Diaz32a, E.B. Diehl87, J. Dietrich42, T.A. Dietzsch58a,676

S. Diglio86, K. Dindar Yagci40, J. Dingfelder21, F. Dinut26a, C. Dionisi132a,132b, P. Dita26a, S. Dita26a,677

F. Dittus30, F. Djama83, T. Djobava51b, M.A.B. do Vale24c, A. Do Valle Wemans124a,m, T.K.O. Doan5,678

D. Dobos30, E. Dobson77, J. Dodd35, C. Doglioni49, T. Doherty53, T. Dohmae155, Y. Doi65,∗, J. Dolejsi127,679

Z. Dolezal127, B.A. Dolgoshein96,∗, M. Donadelli24d, J. Donini34, J. Dopke30, A. Doria102a,680

A. Dos Anjos173, A. Dotti122a,122b, M.T. Dova70, A.T. Doyle53, M. Dris10, J. Dubbert87, S. Dube15,681

E. Dubreuil34, E. Duchovni172, G. Duckeck98, D. Duda175, A. Dudarev30, F. Dudziak63, L. Duflot115,682
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M. Fiascaris31, F. Fiedler81, A. Filipčič74, F. Filthaut104, M. Fincke-Keeler169, K.D. Finelli45,697

M.C.N. Fiolhais124a,h, L. Fiorini167, A. Firan40, J. Fischer175, M.J. Fisher109, E.A. Fitzgerald23,698

M. Flechl48, I. Fleck141, P. Fleischmann174, S. Fleischmann175, G.T. Fletcher139, G. Fletcher75,699

T. Flick175, A. Floderus79, L.R. Flores Castillo173, A.C. Florez Bustos159b, M.J. Flowerdew99,700

T. Fonseca Martin17, A. Formica136, A. Forti82, D. Fortin159a, D. Fournier115, A.J. Fowler45, H. Fox71,701

P. Francavilla12, M. Franchini20a,20b, S. Franchino30, D. Francis30, M. Franklin57, S. Franz30,702

M. Fraternali119a,119b, S. Fratina120, S.T. French28, C. Friedrich42, F. Friedrich44, D. Froidevaux30,703

J.A. Frost28, C. Fukunaga156, E. Fullana Torregrosa127, B.G. Fulsom143, J. Fuster167, C. Gabaldon30,704

O. Gabizon172, A. Gabrielli132a,132b, S. Gadatsch105, T. Gadfort25, S. Gadomski49, G. Gagliardi50a,50b,705

P. Gagnon60, C. Galea98, B. Galhardo124a, E.J. Gallas118, V. Gallo17, B.J. Gallop129, P. Gallus126,706

K.K. Gan109, R.P. Gandrajula62, Y.S. Gao143,f , A. Gaponenko15, F.M. Garay Walls46, F. Garberson176,707
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L. Gonella21, S. González de la Hoz167, G. Gonzalez Parra12, M.L. Gonzalez Silva27, S. Gonzalez-Sevilla49,720

J.J. Goodson148, L. Goossens30, P.A. Gorbounov95, H.A. Gordon25, I. Gorelov103, G. Gorfine175,721
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H. Keoshkerian5, O. Kepka125, B.P. Kerševan74, S. Kersten175, K. Kessoku155, J. Keung158,770

F. Khalil-zada11, H. Khandanyan146a,146b, A. Khanov112, D. Kharchenko64, A. Khodinov96,771

A. Khomich58a, T.J. Khoo28, G. Khoriauli21, A. Khoroshilov175, V. Khovanskiy95, E. Khramov64,772

J. Khubua51b, H. Kim146a,146b, S.H. Kim160, N. Kimura171, O. Kind16, B.T. King73, M. King66,773

R.S.B. King118, S.B. King168, J. Kirk129, A.E. Kiryunin99, T. Kishimoto66, D. Kisielewska38a,774

T. Kitamura66, T. Kittelmann123, K. Kiuchi160, E. Kladiva144b, M. Klein73, U. Klein73, K. Kleinknecht81,775

12



M. Klemetti85, A. Klier172, P. Klimek146a,146b, A. Klimentov25, R. Klingenberg43, J.A. Klinger82,776

E.B. Klinkby36, T. Klioutchnikova30, P.F. Klok104, E.-E. Kluge58a, P. Kluit105, S. Kluth99, E. Kneringer61,777

E.B.F.G. Knoops83, A. Knue54, B.R. Ko45, T. Kobayashi155, M. Kobel44, M. Kocian143, P. Kodys127,778

S. Koenig81, F. Koetsveld104, P. Koevesarki21, T. Koffas29, E. Koffeman105, L.A. Kogan118,779

S. Kohlmann175, F. Kohn54, Z. Kohout126, T. Kohriki65, T. Koi143, H. Kolanoski16, I. Koletsou89a,780

J. Koll88, A.A. Komar94, Y. Komori155, T. Kondo65, K. Köneke30, A.C. König104, T. Kono42,r,781
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5 LAPP, CNRS/IN2P3 and Université de Savoie, Annecy-le-Vieux, France1038

6 High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States of America1039

7 Department of Physics, University of Arizona, Tucson AZ, United States of America1040

8 Department of Physics, The University of Texas at Arlington, Arlington TX, United States of America1041

9 Physics Department, University of Athens, Athens, Greece1042

10 Physics Department, National Technical University of Athens, Zografou, Greece1043

11 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan1044

12 Institut de F́ısica d’Altes Energies and Departament de F́ısica de la Universitat Autònoma de Barcelona1045
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