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The first measurements of the Fourier coefficients (Vn�) of the azimuthal distributions of charged 
hadrons emitted from photon-proton (γp) interactions are presented. The data are extracted from 
68.8 nb−1 of ultra-peripheral proton-lead (pPb) collisions at √sNN = 8.16 TeV using the CMS detector. 
The high energy lead ions produce a flux of photons that can interact with the oncoming proton. This γp 
system provides a set of unique initial conditions with multiplicity lower than in photon-lead collisions 
but comparable to recent electron-positron and electron-proton data. The Vn� coefficients are presented 
in ranges of event multiplicity and transverse momentum (pT) and are compared to corresponding 
hadronic minimum bias pPb results. For a given multiplicity range, the mean pT of charged particles 
is smaller in γp than in pPb collisions. For both the γp and pPb samples, V 1� is negative, V 2� is positive, 
and V 3� consistent with 0. For each multiplicity and pT range, V 2� is larger for γp events. The γp data 
are consistent with model predictions that have no collective effects.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

A wide variety of measurements suggest the existence of collec-
tivity in the collisions of small systems such as the proton-proton 
(pp) [1–5] and proton-nucleus (pA) [6–17] collisions. Such collec-
tivity could indicate the formation of a hot, strongly interacting 
“quark gluon plasma” (QGP), characterized by nearly ideal hydro-
dynamic behavior [18–20], or could alternatively arise from gluon 
saturation in the initial state [21,22]. Properties of the QGP have 
been previously studied in a wide range of high-energy nucleus-
nucleus (AA) collisions at the CERN LHC and BNL RHIC [23–33]. 
In these studies, collectivity is observed via the azimuthal correla-
tions of particles that are far apart in rapidity. This phenomenon 
is known as the “ridge” [21], and has been unexpectedly observed 
in high-multiplicity pp and pPb collisions since the start of the 
LHC operation [1–17]. The two-particle azimuthal correlations can 
be characterized by their Fourier components (Vn�) where n rep-
resents the order of the moment. If the two-particle correlations 
can be factorized into the product of the corresponding single 
particle azimuthal distributions, then the single-particle azimuthal 
anisotropy Fourier coefficients vn can be extracted as vn = √

Vn�

[34]. The second (v2) and third (v3) coefficients are known as el-
liptic and triangular flow, respectively, and are directly related to 
the initial collision geometry and its fluctuations, which influence 

� E-mail address: cms -publication -committee -chair @cern .ch.

the medium evolution and provide information about its funda-
mental transport properties [35–38].

In high-multiplicity events, v2 and v3 depend upon the hadron 
species [15,39–43] and scale with the number of valence quarks in 
the hadron [15]. Such results suggest a common origin of the col-
lectivity seen in PbPb, as well as in high-multiplicity pp and pPb
events, where a hydrodynamic description can be used to reason-
ably reproduce the measurements in each case [44–47]. Probing 
systems with even smaller interaction regions is therefore impor-
tant to understand the reach of such a hydrodynamic description. 
The search for collectivity has been recently extended to electron-
positron (e+e−), electron-proton (ep), photon-proton (γ p), and 
photon-nucleus interactions [48–52]. So far, no long-range near-
side ridge has been detected in these systems. In e+e− colli-
sions [48,49], strong exclusion limits have been set on the ridge 
yield, while in ep collisions (deep inelastic scattering and photo-
production) [50,51], the extracted Fourier coefficients are finite but 
do not conclusively imply collective behavior. In photon-nucleus 
collisions [52], finite v2 and v3 are measured after applying a tem-
plate fit procedure to remove noncollective correlations, assuming 
they scale with multiplicity.

High-energy pPb ultra-peripheral collisions at the LHC, where 
the impact parameter is larger than the nucleus radius provide 
a new system to extend the search of long-range correlations to 
photon-proton collisions. At TeV energies, the lead (Pb) nuclei 
generate a very large quasi-real photon flux [53]. In the equiv-
alent photon approximation [54–56], this flux can be considered 

https://doi.org/10.1016/j.physletb.2023.137905
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as γ beams of virtuality Q 2
< 1/R2, where R is the effective 

radius of the charge distribution. For Pb nuclei at 2.56 TeV with 
radius R ≈ 7 fm, the quasi-real photon beams have virtualities 
Q 2

< 10−3 GeV2, but very large longitudinal energy, up to Eγ =
h̄c/αR ≈ 73 GeV, where α is the reciprocal Lorentz relativistic fac-
tor.

This study complements recent results from small collision sys-
tems, such as e+e− and ep [48,49,51]. The CMS detector has been 
used to collect a large sample of γ p interactions that occur in 
ultra-peripheral pPb collisions. The beam energies were 6.50 TeV
for the protons and 2.56 TeV per nucleon for the Pb nuclei, result-
ing in a center-of-mass energy per nucleon pair (

√
s

NN
) of 8.16 TeV. 

The resulting γ p center-of-mass energy can fluctuate up to ∼1.4 
TeV. The γ p results are compared to both hadronic minimum bias 
(MB) pPb collisions (previously studied in Ref. [57]) and predic-
tions of the pythia v8.2 [58] model interfaced with the Delphes 
v3.4.2 fast simulation package [59]. The minimum bias data are 
compared to predictions from the hijing v2.1 generator [60] cou-
pled to a full Geant4 simulation of the detector [61].

2. Experimental apparatus and data sample

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume is the silicon tracker, a lead 
tungstate crystal electromagnetic calorimeter, and a brass and scin-
tillator hadron calorimeter, each composed of a barrel and two 
endcap sections that cover the range |η| < 3.0. The silicon tracker 
measures charged particles within the range |η| < 2.5. It consists 
of 1440 silicon pixels and 15 148 silicon strip detector modules, 
and provides an impact parameter resolution of about 15 μm and 
a transverse momentum (pT) resolution better than 1.5% at pT ≈
100 GeV/c. Event selection for this analysis makes use of detec-
tors in the forward region: hadron forward (HF) calorimeters that 
use quartz fibers embedded in a steel absorber covering the re-
gion 3.0 < |η| < 5.2 and the two Zero Degree Calorimeters (ZDCs) 
which measure neutral particles with |η| > 8.3 [62]. Analysis in 
the midrapidity region is based upon objects produced by the CMS 
particle-flow (PF) algorithm [63], which reconstructs and identifies 
final-state particles with an optimized combination of information 
from the various elements of the CMS detector. A more detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [64].

The analysis is performed using data recorded by CMS dur-
ing the LHC pPb run in 2016 with an integrated luminosity of 
68.8 nb−1. The proton-going direction is towards the side of the 
detector with positive η. As a result of the energy difference be-
tween the colliding beams, the nucleon-nucleon (NN) center-of-
mass for pPb collisions is not at rest with respect to the laboratory 
frame. Massless particles emitted at ηcm = 0 in the NN center-
of-mass frame will be detected at η = +0.465 in the laboratory 
frame. The event samples were collected by the CMS experiment 
with a two-level trigger system [57] consisting in the level-1 (L1), 
where events are selected by custom hardware processors and the 
high-level trigger (HLT), that uses fast versions of the offline soft-
ware.

Samples of both γ p-enhanced and MB events were collected 
requiring energy deposits in at least one of the HF calorimeters 
above a threshold of approximately 1 GeV at L1. The HLT system 
requires the presence of at least one charged particle (track) with 
pT > 0.4 GeV/c in the pixel tracker. Track reconstruction was per-
formed online as part of the HLT trigger with a reconstruction 
algorithm that is identical to the one used offline [65]. More de-
tails of the MB trigger can be found in Ref. [66]. For each event, the 
reconstructed vertex with the highest number of associated tracks 

was selected as the primary vertex. A zero bias trigger requiring 
only the presence of proton and lead bunches in the CMS detector 
was used to independently study the trigger efficiency (εtrig). The 
beam bunches were detected by induction counters placed 175 m
from the interaction point on each side of the experiment. In addi-
tion, a sample of events with neither beam present was collected 
for noise studies.

3. Event selection

For both γ p and MB samples, the reconstructed primary ver-
tex was required to be within 15 cm of the nominal interaction 
point along the beam axis (z) and within 0.15 cm in the transverse 
plane. The strategy for track selection is described in Ref. [65]. The 
impact parameter significance of reconstructed tracks with respect 
to the primary vertex in the longitudinal and transverse directions 
was required to be <3 standard deviations. Finally, the relative un-
certainty in the pT of the track was required to be <10%. At least 
two reconstructed tracks with |η| < 2.4 and pT > 0.4 GeV/c were 
required to be associated with the primary vertex. Beam-related 
background was suppressed by rejecting events for which <25% of 
all reconstructed tracks pass the standard track selection criteria as 
in Ref. [57].

Typical pPb collisions produce particles at both positive and 
negative rapidity [40,57,67]. However, γ p events are expected to 
be very asymmetric in the laboratory frame since the photon en-
ergy is generally much smaller than the proton beam energy.

For the γ p-enhanced selection, a rapidity gap is defined as a 
continuous region in which there is low detector activity, as done 
in Ref. [68]. The detector acceptance |η| < 5.0 is divided into 20 
bins. Threshold values are assigned to each η bin, they delimit the 
energy from all PF candidates that can be considered significant 
and which contain at least 99.7% of detector activity caused by 
detector noise or by beam-gas events. These thresholds were ob-
tained by studying the zero-bias events triggered on noncolliding 
bunches. For each event, a given η bin was considered to be empty 
if the energy registered from the PF candidates was below its as-
signed threshold value. For the 10 bins in the regions |η| < 2.5 the 
energy threshold was 6 GeV and no high-purity tracks with pT >

200 MeV/c were allowed. For the four bins from −5.0 < η < −3.0
in the lead-going region the thresholds were 16.9, 15.3, 16.4, and 
13.4 GeV, respectively. For the bin −2.5 > η > −3.0 only neutral 
hadrons were considered and the energy threshold was 13.4 GeV. 
The forward rapidity gap (�η

F ) variable was then defined as the 
difference from η = −5.0 to the lower edge of the first nonempty 
η bin.

The MB selection requires the coincidence of at least one tower 
with energy above 3.0 GeV in both HF calorimeters and at least 
two tracks with |η| < 2.5. In contrast, a γ p-enhanced selection is 
designed to capture events with an intact Pb nucleus, particle pro-
duction in the positive η region, and a large rapidity gap [69–71]. 
The first two requirements are met by requiring no neutrons in 
the ZDC on the Pb-going side and at least 10 GeV in the highest 
energy tower of the HF calorimeter on the p-going side. To ensure 
a large rapidity gap, we require 5.0 < �η

F
< 7.5. This corresponds 

to not having a particle within the negative-η region. A total of 
8.6 × 106 γ p-enhanced and 1.0 × 109 MB candidate events were 
selected. In Ref. [68] the purity of the γ p-enhanced sample with 
the ZDC selection is estimated to be about 95% and it is weakly 
dependent on particle multiplicity. The requirement of no neutron 
emission used in this analysis gives an additional suppression of 
pomeron-Pb events.

The reconstructed track multiplicity (Noffline
trk ) is defined as the 

number of tracks from the primary vertex with pT > 0.4 GeV/c, and 
|η| < 2.4. Fig. 1 shows the Noffline

trk spectra for the γ p-enhanced and 
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Table 1
Mean Noffline

trk for the γ p-enhanced and the MB data sets for five classes of Noffline
trk (abreviated as Noff

trk). 
Statistical uncertainties are negligible.

Sample 2 ≤ Noff
trk < 5 5 ≤ Noff

trk < 10 10 ≤ Noff
trk < 35 5 ≤ Noff

trk < 35 2 ≤ Noff
trk < 35

γ p-enhanced 2.6 5.8 11.3 6.0 2.9
γ p-simulated 2.6 5.9 11.4 6.2 2.9
MB 3.0 6.9 21.5 18.5 16.6
MB-simulated 3.1 6.9 20.7 17.2 15.7

Fig. 1. The Noffline
trk spectra for γ p and MB samples. The simulated γ p distribution 

has been normalized to the same event yield as the γ p-enhanced data sample.

MB data samples along with simulations from the pythia8 and hi-

jing event generators. For the γ p-simulated sample, the events are 
restricted to those with no tracks in the η < 0 region and nor-
malized to the γ p-enhanced yield. In contrast to the MB sample, 
the γ p-enhanced spectrum drops very rapidly with multiplicity 
up to a limiting value of 34. The 〈Noffline

trk 〉 value corresponding to 
the 2 ≤ Noffline

trk < 35 range for the γ p-enhanced sample is ≈2.9

and about 16.6 for the MB sample. The Noffline
trk distribution from 

the zero bias data control sample has 〈Noffline
trk 〉 ≈ 0.84. The γ p-

simulated sample shows a shape and range that is consistent with 
the γ p-enhanced data sample. Three Noffline

trk bins are used to an-

alyze the γ p-enhanced events: 2 ≤ Noffline
trk < 5, 5 ≤ Noffline

trk < 10, 
10 ≤ Noffline

trk < 35. The first two deliver a comparable number of 
particle pairs and the third one aims to probe the higher Noffline

trk
domain by averaging the last part of the distribution. Table 1 in-
dicates the 〈Noffline

trk 〉 values for the data and simulated γ p and MB 
samples. The mean pT, 〈pT〉, values of charged particles in the γ p
and MB data samples are 0.67 ± 0.01 and 0.74 ± 0.01 GeV/c respec-
tively.

4. Analysis technique

To ensure a high tracking efficiency, only tracks with 0.3 <
pT < 3.0 GeV/c are used in the analysis. The two-particle corre-
lation analysis techniques described below are identical to those 
used in previous CMS measurements in pp, pPb, and PbPb col-
lisions [3,6,26]. For each multiplicity class, the “trigger particles” 
are tracks whose pT, labeled as ptrig

T , is within a particular given 
range. The number of trigger particles in the event is denoted by 
Ntrig. Particle pairs are then formed by associating each trigger par-

ticle with the remaining tracks whose pTis denoted as passoc
T . In 

this analysis ptrig
T and passoc

T have a common range. Two different 

pTranges are studied, i.e., [0.3, 3.0] and [1.0, 3.0]GeV/c. These are 
the same as those used in previous studies of the ridge [6] and 
observations of correlations between vn coefficients [57] in pPb
collisions.

The two-dimensional correlation function is defined as

1

Ntrig

d2Npair

d�ηd�φ
= B(0,0)

S(�η,�φ)

B(�η,�φ)
, (1)

where �η and �φ are the differences in η and φ of the pair 
and Npair is the number of pairs. The same-event pair distribution, 
S(�η, �φ), represents the yield of particle pairs from the same 
event in a given (�η, �φ) bin. Entries have been weighted by 
the product of inverse efficiencies evaluated for the kinematics of 
the two particles. The mixed-event pair distribution B(�φ, �η) is 
constructed by pairing the trigger particles in each event with the 
associated charged particles from 100 different randomly selected 
events in the same 0.5 cm wide vertex range and from the same 
track multiplicity class. It accounts for random combinatorial back-
grounds and pair-acceptance effects. The same-event and mixed-
event pair distributions are first calculated for each event, and then 
averaged over the events within the track multiplicity class. The 
mixed-event distribution is normalized by the sum of background 
events. The ratio B(0, 0)/B(�η, �φ) is the pair-acceptance correc-
tion factor, where B(0, 0) represents the mixed-event associated 
yield for both particles of the pair going in the same direction and 
thus having maximum pair acceptance.

Fig. 2 (left) shows the two-particle correlation functions for γ p-
enhanced (upper row) and MB (lower row) events within the mul-
tiplicity range 2 ≤ Noffline

trk < 35 as functions of �η and �φ . This 
Noffline

trk range integrates all the yields all statistics for γ p events, 
significantly suppressing fluctuations seen in smaller bins. For the 
γ p distribution, the �η range is limited to |�η| < 2.5 by the 
�η

F selection and the acceptance of the tracker. Both distribu-
tions show a large jet peak centered at �η = �φ = 0, as well as 
a broader distribution from the recoiling jet centered at �η = 0
and �φ = π . Neither distribution displays a “ridge”-like structure 
at |�φ| ≈ 0 for |�η| > 2. Fig. 2 (right) shows the projections of 
the two-dimensional correlation functions onto the �φ axis for 
|�η| > 2, away from the jet fragmentation peak. These distribu-
tions are fitted over the �φ range [0, π ] to a Fourier decompo-
sition series ∝ 1 + ∑

n 2Vn� cos(n�φ), from where the measured 
Vn� are extracted. Only the first three terms are included in the 
fit, since additional terms have a negligible effect on its quality.

In order to reduce the contribution to vn coefficients from back-
to-back jet correlations, one can correct vn by subtracting corre-

lations from very low-multiplicity events (vsub
n ), as done in Refs. 

[4,57,72]. In order to test whether a collective signal is present, 
the data are compared to pythia8 predictions, which do not in-
clude collective effects.

5. Systematic uncertainties

The systematic uncertainties of the experimental procedure are 
evaluated by varying the analysis conditions and extracting new 
Vn� coefficients. The following effects were considered:

3
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Fig. 2. Two-dimensional (left) and one-dimensional (right) correlation plots for γ p-enhanced (upper) and MB (lower) events for 0.3 < pT < 3.0 GeV/c and 2 ≤ Noffline
trk < 35. 

For the two-dimensional distributions, the jet peak centered at �η = �φ = 0 is truncated to increase visibility. The rapidity gap requirement for the γ p-enhanced sample 
limits the |�η| range to |�η| < 2.5. The one-dimensional �φ distributions are symmetrized by construction around �φ = 0 and π . The Fourier coefficients, Vn� in the right 
column are fit over the �φ range [0, π ]. Points outside this range are shown as open circles and are obtained by symmetrization of those in [0, π ]. Statistical error bars are 
shown for both one-dimensional distributions.

Fig. 3. Dependence of Vn� on Noffline
trk for γ p and MB events for two different pTranges. Systematic uncertainties are shown by the shaded bars in the two panels. The 

2 ≤ Noffline
trk < 5, 5 ≤ Noffline

trk < 10, 10 ≤ Noffline
trk < 35 are used for the lower pT range and 2 ≤ Noffline

trk < 5 and 5 ≤ Noffline
trk < 35 for the higher range. The points are placed at 

the mean value of the corresponding Noffline
trk range. Lines indicate the prediction for γ p events from pythia8.

1. The systematic uncertainties associated with the choice of the 
�η

F range, which has a resolution of 0.5 units in η and en-
sures low detector activity on one half of the detector, were 
estimated by repeating the analysis with �η

F ∈ [4.5, 5.0), just 
below the range of the nominal analysis. This alternative se-
lection affects the track multiplicity and decreases the pu-

rity of the γ p-enhanced sample up to 8% [68]. The estimated 
size of this uncertainty has maximum values of 7% for V 1�

and 27% for V 2� within the Noffline
trk range considered in this 

analysis. For the MB data there is no rapidity gap require-
ment and so no systematic uncertainty is assigned for this 
effect.

4
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Table 2
The Vn� coefficients for γ p-enhanced events, as functions of pTand Noffline

trk . Statistical and 
systematic uncertainties are added in quadrature.

pTrange 2 ≤ Noffline
trk < 5 5 ≤ Noffline

trk < 10 10 ≤ Noffline
trk < 35

V 1� −0.086 ± 0.006 −0.075 ± 0.005 −0.074 ± 0.007
0.3 < pT < 3.0 GeV/c V 2� 0.012 ± 0.004 0.015 ± 0.004 0.026 ± 0.006

V 3� −0.002 ± 0.001 −0.002 ± 0.004 −0.010 ± 0.006

2 ≤ Noffline
trk < 5 5 ≤ Noffline

trk < 35
V 1� −0.271 ± 0.021 −0.221 ± 0.017

1.0 < pT < 3.0 GeV/c V 2� 0.077 ± 0.027 0.059 ± 0.017
V 3� −0.015 ± 0.009 −0.007 ± 0.013

2. The effect of tracking inefficiency and misreconstructed track 
rate was studied by varying the track quality requirements. 
The selection thresholds on the significance of the trans-
verse and longitudinal track impact parameter were varied 
from 2 to 5 standard deviations. In addition, the relative 
pTuncertainty is varied from 0.05 to 0.10. This translates 
into a 3.5% uncertainty in V 1� for the 2 ≤ Noffline

trk < 5 cate-
gory.

3. The sensitivity of the results to the primary vertex posi-
tion along the beam axis (zvtx) was quantified by com-
paring events with different zvtx locations from −15 to 
+15 cm. The magnitude of this systematic effect goes up 
to 150% for V 3� with numerical estimations of ±0.003 for 
5 ≤ Noffline

trk < 10 and 10 ≤ Noffline
trk < 35 respectively, in the 

0.3 < pT < 3.0 GeV/c category, and up to ±0.013 for 1.0 < pT <

3.0 GeV/c.
4. The trigger efficiency depends upon Noffline

trk . It decreases sub-

stantially for Noffline
trk < 10, reaching 70% for Noffline

trk = 2. To 
study this effect, a parallel data sample with weighted events 
as (1/εtrig) was produced. The full difference of the Vn� with 
and without the correction was taken as the uncertainty. This 
uncertainty is 2.3% for V 1� and 17% for V 2� for the sample 
with 2 ≤ Noffline

trk < 5.

The systematic uncertainties were added in quadrature. For 
the γ p-enhanced sample with Noffline

trk < 35 the final uncertain-
ties in Vn� are 8.4 and 31% for n = 1 and 2, respectively. For 
the minimum bias sample the uncertainties for V 2� are 11% for 
2 ≤ Noffline

trk < 5 and smaller than 2.6% for the rest of the Noffline
trk

range. Since ptrig
T and passoc

T have the same range, the fractional 
uncertainties in vn are half those of Vn� .

6. Results

Fig. 3 and Table 2 show the measured Vn� coefficients as a 
function of Noffline

trk for the two different pT ranges for the γ p
and MB pPb samples. For the MB sample, the results are con-
sistent with those in [57] before the subtraction procedure. Both 
the γ p and MB distributions show a negative V 1� , a positive V 2�

of smaller magnitude than V 1� , and a V 3� that is consistent with 
zero. For a given Noffline

trk and pTrange, both V 1� and V 2� are larger 
in the γ p samples than in the MB results. For both samples, the 
magnitude of V 1� tends to decrease with Noffline

trk , while V 2� has at 
most a weak Noffline

trk dependence. Their magnitudes are both larger 
in the higher pTrange.

Fig. 3 also shows predictions from the pythia8 generator for 
Vn� from γ p collisions. The predictions of V 2� and V 3� from
pythia8 are reasonably consistent with the γ p data and have a 
similar dependence upon pT and Noffline

trk . The V 1� prediction is 
smaller in magnitude than the measured values for the low pT
range.

Fig. 4 shows v2 as a function of Noffline
trk and pTfor both γ p and 

MB data sets. For 0.3 < pT < 3.0 GeV/c, the MB results are consis-
tent with previously published CMS results [57]. Predictions from 
the pythia8 and hijing generators are also shown for γ p and MB 
pPb interactions respectively, none of the models include collec-
tive effects. For both data and simulations, v2 varies slowly with 
track multiplicity for the γ p and pPb samples. At a given Noffline

trk , 
v2 is larger in the higher pTrange. This is similar to trends ob-
served in ep collisions [50,51]. The increase of v2 with pTis also 
present in the simulations although both generators slightly over-
shoot the data at higher pT. For pPb collisions it has been shown 
that fluctuations in the proton shape can increase v2 [73]. It is no-

ticeable that at a given pTand Noffline
trk , v2 is higher for γ p than 

for pPb interactions. Tabulated results are provided in the HEPData 
record for this analysis [74].

7. Summary

For the first time, the study of long-range particle correlations 
has been extended to photon-proton (γ p) interactions. This study 
used proton-lead (pPb) collisions at 

√
s

NN
= 8.16 TeV recorded with 

the CMS detector. The two-particle Vn� Fourier coefficients and 
corresponding single-particle v2 azimuthal anisotropies are re-

ported as functions of the multiplicity of charged hadrons (Noffline
trk ) 

for two transverse momenta (pT) ranges. For the γ p sample, the 
largest observed multiplicity was Noffline

trk ∼ 35. The mean pTof 
charged particles is smaller in the γ p sample than for pPb colli-
sions within the same multiplicity range. No evidence for a long-
range near-side ridge-like structure was found for either the γ p or 
hadronic minimum bias pPb (MB) samples within this multiplicity 
range. In all Noffline

trk and pTranges, V 1� is negative, V 2� is positive 
with a smaller magnitude than V 1� , and V 3� is consistent with 
zero. The magnitudes of both V 1� and V 2� increase with pT. This 
increase has also been seen in electron-proton collisions. At a given 
pTand track multiplicity, v2 is larger for γ p-enhanced events than 
for MB pPb interactions. Predictions from the pythia8 model de-
scribe well the γ p data within uncertainties. This suggests the data 
are dominated by noncollective effects. Within the present experi-
mental sensitivity, no significant collectivity signal is observed.
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