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Abstract: Collective behaviour of final-state hadrons, and multiparton interactions are
studied in high-multiplicity ep scattering at a centre-of-mass energy

√
s = 318GeV with

the ZEUS detector at HERA. Two- and four-particle azimuthal correlations, as well as
multiplicity, transverse momentum, and pseudorapidity distributions for charged-particle
multiplicities Nch ≥ 20 are measured. The dependence of two-particle correlations on the
virtuality of the exchanged photon shows a clear transition from photoproduction to neutral
current deep inelastic scattering. For the multiplicities studied, neither the measurements
in photoproduction processes nor those in neutral current deep inelastic scattering indicate
significant collective behaviour of the kind observed in high-multiplicity hadronic collisions
at RHIC and the LHC. Comparisons of PYTHIA predictions with the measurements in
photoproduction strongly indicate the presence of multiparton interactions from hadronic
fluctuations of the exchanged photon.

Keywords: Collective flow, Lepton-Nucleon Scattering (experiments), Particle correla-
tions and fluctuations, Quark gluon plasma

ArXiv ePrint: 2106.12377

mailto:m.wing@ucl.ac.uk
https://arxiv.org/abs/2106.12377


J
H
E
P
1
2
(
2
0
2
1
)
1
0
2

Contents

1 Introduction 1

2 Experimental set-up and data selection 4

3 Monte Carlo generators 6
3.1 PYTHIA 8 6
3.2 Efficiency corrections 6

4 Analysis method 7

5 Systematic uncertainties 9

6 Results 9

7 Discussion 11

8 Summary and outlook 14

1 Introduction

Two regimes of ep scattering are distinguished by the virtuality of the exchanged photon
between the electron and proton, which is defined using the square of the four-momentum
difference between the incoming and scattered electron as: Q2 ≡ −q2 = −(k−k′)2. Neutral
current deep inelastic scattering (NC DIS) occurs at large virtualities (Q2 � 1 GeV2) of
the exchanged photon which, at leading order, strikes a single quark within the proton.
Photoproduction (γp) processes occur for quasi-real exchanged photons (Q2 . 1 GeV2),
and are further sub-divided into two categories at leading order: direct and resolved. In
direct processes, the photon couples directly to a quark as in DIS. Resolved processes occur
when the photon fluctuates non-perturbatively into partons, which then scatter with one or
more partons in the proton. The DIS and resolved photoproduction regimes are illustrated
in figure 1.

A wide variety of measurements in heavy-ion collisions [1–6] indicates the formation of a
new state of quantum chromodynamics (QCD) matter in local thermal equilibrium, the so-
called quark-gluon plasma (QGP). One of the key observables of the QGP is the collective
behaviour of final-state particles. Recent measurements from colliding systems such as p+p,
p+A, and photo-nuclear A+A suggest that a QGP may even form in systems previously
thought too small to attain thermal equilibrium [7–14]. The deep inelastic scattering of
leptons on protons produces even smaller systems. The first search for collective behaviour
in such systems was performed using two-particle azimuthal correlations by the ZEUS
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(a) Neutral current deep inelastic scattering. (b) Resolved photoproduction.

Figure 1. Schematic illustration of initial scattering in (a) deep inelastic scattering and (b) an
example of resolved photoproduction. The electron beam is represented by the lines with arrows.
The partonic contents of the proton and photon are represented as large and small pale circles,
respectively. The exchanged photon is shown as a wavy line. Quarks are shown as spheres while
gluons are shown in gold.

experiment at HERA [15]. The measurements demonstrated that the collective effects
observed at RHIC and the LHC are not observed in inclusive NC DIS.

The space-time region probed by the photon in a scattering process can be char-
acterised by its de Broglie wavelength and the coherence length of its hadronic fluctua-
tions [16]. The resolving power of the exchanged photon increases with its virtuality and is
given by 1/Q. Both the coherence length and the wavelength tend to zero for sufficiently
large Q2 and in such cases the photon acts as a point-like probe of the proton. Thus, the
probed region in DIS is typically much smaller than the proton while in photoproduction
it can be of order the proton’s size, 1/ΛQCD ≈ 1 fm. The characteristics of the interaction
region in γp may therefore resemble those in p+ p and p+A collisions.

The possibility of observing multiple distinct 2 → 2 initial partonic scatterings in a
single ep collision can be investigated with resolved photoproduction at HERA. Such mul-
tiparton interactions (MPI) [17] have been observed conclusively in high-energy p+ p and
p+ p̄ collisions [18–21]. Indications of MPI have also been observed in ep photoproduction,
such as in analysis of three- and four-jet events [22].

It is expected that MPI will be plentiful in heavy-ion collisions. A fully overlapping
collision between two lead nuclei, with over 200 nucleons each, may lead to as many as 1000
binary nucleon collisions [23]. Each binary collision may induce further multiple partonic
scatterings, resulting in several thousand MPIs in a single event. Many measurements in
heavy-ion collisions indicate that this dense and extended initial state lays the foundation
for a subsequent stage of rescattering between partons, which rapidly come to a local
thermal equilibrium [24]. The resulting fluid of QCD matter (the QGP) can be described
within the framework of relativistic hydrodynamics [25–27].

Photoproduction at HERA provides the opportunity to study MPI and a potential
rescattering stage in a larger initial state than NC DIS while still smaller than those in
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Figure 2. Schematic example of the evolving collision zone in the transverse plane after the initial
scattering in resolved photoproduction. Three MPI centres (shown with solid circles) act as sources
of gluons. The possibility of rescattering of partons from separate MPI centres is illustrated with
the hatched circle. Rescattering is analogous to colour reconnection in PYTHIA. An initial state
with a dominant elliptical eccentricity is shown. Final-state particles are shown with blue spheres.

heavy-ion collisions. A view of the collision zone in the plane transverse to the beam axis
in resolved photoproduction is illustrated in figure 2. The spatial extent of the zone is
in general irregular, but here a zone with a dominant elliptical eccentricity is shown, as
often occurs in heavy-ion collisions when two spherical nuclei collide without full overlap
in the transverse plane [28]. In ep, p + p, and p + A, elliptical components arise mainly
from event-by-event fluctuations of parton distributions [29]. In figure 2, three spatially
separated MPI centres are depicted as sources of gluons that may further rescatter with
other gluons in the system. Rescattering is expected to be essential to explain the collective
behaviour observed in heavy-ion collisions [24]. The possibility of a spatially extended MPI
zone and a subsequent rescattering stage in ep photoproduction thus provides an important
intermediate situation between NC DIS, in which no collective behaviour was seen, and
larger hadronic systems, where it has been observed.

Azimuthal correlations are sensitive to the dynamics of the collision zone. Depending
on the degree of rescattering, any eccentricities in the initial state can be converted into
momentum asymmetries of the produced particles in the final state [30–33]. Two-particle
azimuthal correlations can be used to quantify the asymmetries but may be biased by
unrelated two-particle correlations such as resonance decays. Four-particle cumulant cor-
relations are a more robust measure of multiparticle correlations since such two-particle
biases are explicitly subtracted off in their construction.

In this article, measurements are presented that are sensitive to collective fluid-like
behaviour and MPI in ep scattering at high charged-particle multiplicity Nch ≥ 20. Ad-
ditional material for this analysis is provided in the supplementary material. In photo-
production, measurements are made of the charged-particle multiplicity, pseudorapidity
(η = − ln

(
tan θ

2

)
, where the polar angle, θ, is measured with respect to the Z axis), and
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transverse momentum (pT) distributions as well as two- and four-particle azimuthal cumu-
lant correlations. Two-particle azimuthal correlations are studied as a function of Q2 to
illustrate their evolution from photoproduction to DIS. The possibility of MPI in photopro-
duction is investigated by comparing the measured distributions and correlation functions
to predictions from the PYTHIA 8 event generator [34].

2 Experimental set-up and data selection

The photoproduction and NC DIS data used in this analysis were recorded with the ZEUS
detector at HERA during 2003–2007 (HERA II). During this period, the HERA accelerator
collided 27.5 GeV electron/positron beams with 920 GeV proton beams, which yields a
nominal centre-of-mass energy of

√
s = 318 GeV. Hereafter, “electron” refers to both

electrons and positrons unless otherwise stated. HERA operated with electron beams
during 2005 and part of 2006, while positrons were accelerated in the other years of this
data sample. This analysis uses an integrated luminosity of 366± 7 pb−1.

The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis
pointing in the nominal proton beam direction, referred to as the “forward direction”, and
the X axis pointing left towards the centre of HERA. The coordinate origin is at the centre
of the central tracking detector (CTD). The azimuthal angle, ϕ, is measured with respect
to the X axis.

A detailed description of the ZEUS detector can be found elsewhere [35]. In the
kinematic range of the analysis, charged particles were mainly tracked in the CTD [36–
38] and the microvertex detector (MVD) [39]. These detectors operated in a magnetic
field of 1.43 T provided by a thin superconducting solenoid. The high-resolution uranium-
scintillator calorimeter (CAL) [40–43] consisted of three parts: the forward (FCAL), the
barrel (BCAL) and the rear (RCAL) calorimeters. Each part was subdivided transversely
into towers and longitudinally into one electromagnetic section (EMC) and either one (in
RCAL) or two (in BCAL and FCAL) hadronic sections (HAC). The luminosity was mea-
sured using the Bethe–Heitler reaction ep → eγp by a luminosity detector which consisted
of independent lead–scintillator calorimeter [44–46] and magnetic spectrometer [47, 48]
systems.

The ZEUS experiment operated a three-level trigger system [49, 50]. For the NC
DIS part of this analysis, events were selected at the first level if they had an energy
deposit in the CAL consistent with an isolated scattered electron. At the second level,
a requirement on the total recorded energy and longitudinal momentum of the event was
used to select NC DIS event candidates. At the third level, the full event was reconstructed
and tighter requirements for a DIS electron were made. For the photoproduction analysis,
an inclusive set of triggers did not exist. Instead, triggers designed to capture heavy-
flavour-decay candidates and low-pT jets were utilised and their corresponding biases to an
inclusive measurement were estimated and corrected for using the ZEUS detector Monte
Carlo simulation. The retention of only high-multiplicity events minimised the trigger bias
to this analysis, since they are more likely to contain energy deposits above the jet trigger
threshold or track combinations resembling heavy-flavour decays.

– 4 –
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Photoproduction and NC DIS differ by the absence or presence of a scattered electron
in the ZEUS detector. In photoproduction, the electron typically scatters at small angles
and remains undetected, while in NC DIS, the angle of the scattered electron increases
with Q2, and above a minimum Q2, can be efficiently detected. A neural-network algo-
rithm [51, 52] was used to identify a scattered electron in the CAL using energy deposits.
In photoproduction, where the scattered electron escapes the detector, the calculated prob-
ability and energy of an electron candidate returned from the algorithm are typically small.
Owing to energy and momentum conservation, the difference between the total measured
energy and the Z-component of momentum in a fully contained event must coincide with
twice that of the electron beam: E − pZ = 55 GeV. The undetected scattered electron in
photoproduction typically leads to values well below this.

Offline event-selection criteria for γp and NC DIS were applied according to the above
features. If a scattered electron was identified by the neural-network algorithm, its assigned
probability was required to be less than 90% for γp and greater than 90% for NC DIS. In
addition, the scattered-electron energy in the CAL was required to be less than 15 GeV
for γp and larger than 10 GeV for NC DIS. The difference of the total observed energy
and Z-component of momentum, E − pZ , was required to be less than 55 GeV for γp and
between 47 and 69 GeV for NC DIS. In NC DIS, the virtuality, Q2, as determined by the
electron method [53] was required to be greater than 5 GeV2, where the scattered electron
identification probability was large. The location of the electron-proton scattering, defined
as the primary vertex, was required to be near the centre of the detector, |VZ | < 30 cm. At
least 15% of the tracks reconstructed in the event were required to be associated with the
primary vertex to reject beam-gas background.

Reconstructed tracks were used in this analysis if their momentum transverse to the
beam-axis was 0.1 < pT < 5.0 GeV and laboratory pseudorapidity −1.5 < η < 2.0. The
track associated with the scattered electron candidate used to identify the NC DIS event
was excluded from the correlation analysis. Primary charged tracks were selected in the
analysis by requiring the distances of closest approach (DCA) to the primary vertex in the
transverse and longitudinal directions to be less than 2 cm. Some secondary tracks, e.g.
from small-angle scattering in the beam pipe, were retained. Secondary particles are defined
as those which do not originate from the primary vertex. These tracks inherit characteristics
of their corresponding charged primary particles, thereby retaining correlations with other
primary particles.

High-multiplicity events were selected by requiring the number of efficiency-corrected
charged primary particles in the kinematic acceptance, Nch, to be at least 20. The NC
DIS contamination to the γp sample, and vice-versa, has been estimated to be of the
order of 1% from studies of Monte Carlo events. A total of 5 (0.2) million γp (NC DIS)
events at high multiplicity passed the event-selection criteria. About 90% of the inclusive
photoproduction cross section is captured with the event selection and correction procedure.
A more detailed description of other event- and track-selection criteria can be found in an
earlier ZEUS publication on this subject [15].
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3 Monte Carlo generators

In this analysis, photoproduction in ep scattering is defined as processes with Q2 < 1 GeV2,
and is modelled within the PYTHIA [34, 54] Monte Carlo event generator, which has been
further developed recently [55]. Version 6.220 of PYTHIA [54] was used for the extraction
of efficiency corrections and the associated systematic uncertainties, for which large detec-
tor simulated event samples were available. For the comparison of the photoproduction
measurements to known physics mechanisms, version 8.303 was used [34]. Both the direct
and resolved components of photoproduction, as defined by PYTHIA, were included in
the Monte Carlo samples, resulting in the proportion of about 1:100 for Nch ≥ 20. For
the DIS part of the analysis, the LEPTO 6.5 [56] and ARIADNE 4.12 [57] Monte Carlo
event generators were used to extract efficiency corrections. The LEPTO predictions were
used to compare to the corrected DIS data. The ZEUS detector was simulated using
GEANT 3 [58]. Primary generated particles were defined as charged hadrons with a mean
proper lifetime τ > 1 cm, which were produced directly or from the decay of a particle
with τ < 1 cm.

3.1 PYTHIA 8

Predictions from PYTHIA 8 are shown in this article. The key parameters utilised to
generate photoproduction events are listed in the supplementary material. The quark
and gluon content of the proton is parametrised with the NNPDF2.3 Parton Distribution
Function (PDF) at leading order [59]. Partonic fluctuations arising from the quasi-real
photon are parametrised with the CJKL [60] PDF. Parton scattering between both PDFs in
PYTHIA photoproduction is parametrised by the pT0 parameter, which regulates the infra-
red divergences and adjusts the level of MPI. The energy dependence of pT0 is parametrised
as pT0 = pref

T0 (W/7 TeV)0.215, where W is the centre-of-mass energy of the photon-proton
system (given in TeV), which fluctuates event-by-event [34, 55]. The mean and RMS of
the W distribution in ZEUS γp data for Nch ≥ 20 are 239 and 43 GeV, respectively (see
the supplementary material). Products of separate MPI subprocesses may further interact
through the colour reconnection (CR) framework in PYTHIA. Colour reconnection across
separate MPIs is analogous to rescattering in figure 2.

The PYTHIA 8 predictions with and without MPI are compared to the measurements
in photoproduction. Three different levels of MPI are chosen with pref

T0 = 2, 3, and 4 GeV.
A previous study using charged-particle differential cross sections dσ/dpT above 2 GeV,
dσ/dη for |η| < 1, and jet distributions, found a preferred value of 3 GeV [55]. The mean
number of MPI per event for pref

T0 = 2, 3, and 4 GeV, are 8.3, 3.8, and 2.2, respectively.

3.2 Efficiency corrections

The distributions and correlation functions measured in this analysis are affected by non-
uniform particle-tracking efficiency. The ratios of reconstructed to generated particles,
pairs, and quadruplets give the respective efficiencies. They are calculated differentially
in ϕ, η, pT and charge for single particles. For pairs and quadruplets, they are calculated
differentially in 〈ηi − 〈η〉〉, 〈pT,i − 〈pT〉〉, charge combination, and event multiplicity. The
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angled brackets denote an average over the particles in each pair or quadruplet and i is the
index of a particle in the pair or quadruplet. Additionally, pair and quadruplet efficiencies
are differentially calculated in the azimuthal quantities ϕ1 − ϕ2 and ϕ1 + ϕ2 − ϕ3 − ϕ4,
respectively. Correction factors for single particles, pairs, and quadruplets are given by the
inverse of the efficiencies and are labelled w(1)

i , w(2)
ij , w(4)

ijkl, respectively.

4 Analysis method

All distributions and correlation functions in this article are shown for high-multiplicity
events, which are defined by a weighted sum over the number of reconstructed tracks (Nrec)
passing the selection criteria: Nch =

∑Nrec
i w

(1)
i ≥ 20. Corrections for the trigger bias are

denoted by a further factor wT , which deviates from unity only in photoproduction since
the ZEUS experiment was designed with an inclusive set of triggers for NC DIS but not
for photoproduction.

The charged-particle multiplicity distribution, dN/dNch, was measured in photopro-
duction. Tracking-efficiency corrections were performed using an unfolding procedure. The
RooUnfold [61] Bayesian algorithm was used with the response matrix obtained from Monte
Carlo simulation of the ZEUS detector. Transverse momentum and pseudorapidity distri-
butions, dN/dpT and dN/dη, were also measured and corrected for tracking inefficiencies
using the w(1) weights. Trigger-bias correction factors for both dN/dNch and dN/dpT
ranged between approximately 2 and 1.1 for their low and high ends, respectively.

Double-differential two-particle correlations as a function of ∆η = η1 − η2 and ∆ϕ =
ϕ1 − ϕ2 are defined as:

C(∆η,∆ϕ) = S(∆η,∆ϕ)
B(∆η,∆ϕ) , (4.1)

which are measured in small intervals of ∆η and ∆ϕ. The number of pairs for the signal
and background distributions are given by S(∆η,∆ϕ) = N same

pairs (∆η,∆ϕ) and B(∆η,∆ϕ) =
Nmixed

pairs (∆η,∆ϕ), respectively. The background distribution represents the component of S
arising purely from combinatorics. These pair distributions were formed by taking the first
particle from a given event and the other from either the same event or different events
(mixed) with similar values of Nrec and vertex Z position. The S distribution was corrected
with wT w(2)

ij , while B was corrected with w(1)
i w

(1)
j . Both distributions were symmetrised

along ∆η and then individually normalised to unity.
The two- and four-particle azimuthal correlation functions are defined by

Cn{2} ≡ 〈cos [n(ϕ1 − ϕ2)]〉 , (4.2)
Cn{4} ≡ 〈cos [n(ϕ1 + ϕ2 − ϕ3 − ϕ4)]〉 , (4.3)

where the azimuthal angle of particle one is given by ϕ1, etc. The first and second har-
monics (n = 1, 2) are studied in this article. The angled brackets in eqs. (4.2) and (4.3)
denote an average over pairs and quadruplets, respectively. The two-particle cumulant
coincides with the two-particle correlation function: cn{2} = Cn{2}. Two-particle correla-
tions are measured as functions of several kinematic variables, which are denoted by α in
the following.
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The measurements of two- and four-particle azimuthal correlations require acceptance
corrections for which the averaging procedure is given by

cn{2}(α) =
wT (α)

Nev∑
e

∑
pairs(α,e)

[cos [n(ϕi − ϕj)]]

Nev∑
e

∑
pairs(α,e)

[1]
, (4.4)

Cn{4}(pT,1) =
wT (pT,1)

Nev∑
e

∑
quads(pT,1,e)

[cos [n(ϕi + ϕj − ϕk − ϕl)]]

Nev∑
e

∑
quads(pT,1,e)

[1]
. (4.5)

The summation operators, with a general argument b, are given by

∑
pairs(α,e)

[b] ≡
Nrec∑
i 6=j

wew
(2)
ij Θ(α− low)Θ(high− α)[b], (4.6)

∑
quads(pT,1,e)

[b] ≡
Nrec∑

i 6=j 6=k 6=l
wew

(4)
ijklΘ(pT,1 − low)Θ(high− pT,1)[b], (4.7)

b ∈ {1, cos [n(ϕi − ϕj)], cos [n(ϕi + ϕj − ϕk − ϕl)]}. (4.8)

Two-particle correlations are presented for α ∈ {Q2,∆η, 〈pT〉}, where 〈pT〉 = (pT,i+pT,j)/2.
The first sum over e was performed for all events, Nev. The sums over pairs and quadruplets
run over all combinations of selected charged particles that lie within the low and high
limits of a particular interval of the variable α, in events with multiplicity Nrec. Step
functions, which are zero (unity) for negative (positive) arguments, are denoted by Θ. The
arguments of two- and four-particle correlations will be shown on the horizontal axes of
their respective figures. Event weights are denoted by we. Trigger-bias correction factors,
wT , in photoproduction were approximately 1.3 for the correlation functions.

The four-particle cumulant is given by

cn{4}(pT,1) ≡ Cn{4}(pT,1)− 2 cn{2}(pT,1)× cn{2}, (4.9)

where two-particle correlations are explicitly subtracted off. They are measured as a func-
tion of pT,1, the pT of the first particle, i, in eqs. (4.4) and (4.5). In eq. (4.9), cn{2}
without arguments represents an integrated quantity, which corresponds to setting the low
and high limits of the pair-averaging procedure to their kinematic limits. Event weights
deviated from unity only in the construction of four-particle cumulants. To reduce the
known bias [62] to the four-particle cumulant caused by wide multiplicity bins, we is set to
the number of pair or quadruplet combinations in eqs. (4.4) and (4.5) for the construction
of cn{4}.

An alternative approach to calculating cn{2} is to decompose C(∆η,∆ϕ) into Fourier
series with coefficients denoted as Vn∆ or Vn,2 [63]. In studies of the flow coefficients
vn [64], which characterise the anisotropic hydrodynamic expansion in heavy-ion colli-
sions, the cn{2} and two-particle flow cumulant vn{2} are related as vn{2} = [cn{2}]1/2.
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The relation between the four-particle flow cumulant vn{4} and cn{4} is more compli-
cated and is given by vn{4} = [−cn{4}]1/4 for pT integrated results and vn{4}(pT) =
[−cn{4}(pT)]/[−cn{4}]3/4 for pT differential analysis [32, 62]. For the two (four)-particle
cumulant relation to be applicable, the sign of cn{2} (cn{4}) should be positive (negative).

5 Systematic uncertainties

Systematic uncertainties were estimated by comparing the distributions or correlations ob-
tained with the default event- and track-selection criteria to those obtained with varied
settings. The difference between the results obtained with the default and the varied set-
tings was assigned as a signed systematic uncertainty. Positive and negative systematic
uncertainties were separately summed in quadrature to obtain the total systematic un-
certainty. A full description of the systematic studies performed for the NC DIS part of
the analysis can be found in a related ZEUS analysis [15]. Variations of the track DCA,
primary-vertex position, low-pT tracking efficiency, and different data-taking conditions
were done identically for both NC DIS and γp.

Additional systematic studies were performed for photoproduction (with values of the
uncertainty given for c1{2} at low ∆η indicated with parenthesis). The available Monte
Carlo photoproduction sample used to extract tracking-efficiency and trigger-bias correc-
tions was found to be biased by a loose jet preselection requirement at generator level, which
removed about 10% of high-multiplicity events. Another Monte Carlo data sample with
much stricter jet preselections was utilised to estimate the corresponding bias (about +5%,
symmetrised). The uncertainty from the trigger-bias correction was estimated by com-
paring the results obtained using three different sets of third-level triggers (about −25%,
symmetrised). After the application of tracking-efficiency corrections in Monte Carlo data,
a residual difference remained between the reconstructed and generator-level distributions,
as well as reconstructed and generator-level correlations, both caused by the limited di-
mensionality of the corrections that are generally multidimensional (about −5%). Offline
requirements used to remove NC DIS events from the photoproduction sample were loos-
ened from their default value to the value in parenthesis: Pe < 0.9 (0.98), Ee < 15 (30) GeV,
E − pz < 55 (65) GeV (about +5%).

6 Results

Results are presented for charged particles Nch ≥ 20 in the kinematic region defined by:
−1.5 < η < 2.0 and 0.1 < pT < 5.0 GeV. Neutral current DIS is shown for Q2 > 5 GeV2

and photoproduction is shown for Q2 < 1 GeV2.
Figures 3a and 3b show C(∆η,∆ϕ) in photoproduction and NC DIS, respectively,

for particles with 0.5 < pT < 5.0 GeV. A dominant near-side (∆ϕ near 0) peak is seen
at small ∆η and ∆ϕ. On the away side (∆ϕ near π), a broad ridge is observed. The
peak and ridge structures are less pronounced in photoproduction than in NC DIS. The
correlation strength drops for |∆η| near 3.5 but is consistent with that at |∆η| = 3.0 within
systematic uncertainties, which are not shown. As in the previous ZEUS results [15], there
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(a) Photoproduction.
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Figure 3. Two-particle correlation C(∆η,∆ϕ) in (a) photoproduction and (b) NC DIS with
Q2 > 20 GeV 2. The peak near the origin has been truncated for better visibility of the finer
structures of the correlation. The plot has been symmetrised along ∆η. No statistical or systematic
uncertainties are shown.

is no indication of a double ridge, which was observed in high-multiplicity p+ p and p+Pb
collisions [8–10].

The Q2 dependence of two-particle correlations for the first and second harmonic are
shown in figures 4a and 4b, respectively. The results in photoproduction are shown at
Q2 = 0 GeV2 and in NC DIS starts at 5 GeV2. Above 5 GeV2, the Q2 dependence of
long-range correlations is observed to be flat. The magnitude of c1{2} sharply decreases in
photoproduction. Except for c1{2} with pT > 0.5 GeV, the correlations in photoproduction
are significantly reduced compared to NC DIS. The results are presented for the full ranges
of |∆η| and pT, and with a rapidity-separation condition, |∆η| > 2.0, for pT > 0.1 and pT >

0.5 GeV. Short-range correlations that are unrelated to hydrodynamic collective behaviour,
such as the near-side peak seen in figures 3a and 3b, are expected to be suppressed by the
|∆η| > 2.0 constraint. Long-range correlations in heavy-ion collisions are known to increase
with pT up to a few GeV [7–13], motivating the additional high-pT constraint. To help
further isolate long-range correlations, two-particle correlations with a high-pT constraint
(pT > 0.5 GeV) are also shown.

The normalised charged-particle multiplicity distribution in photoproduction corrected
for tracking inefficiency and the trigger bias is shown in figure 5. Expectations from
PYTHIA are shown with varying levels of MPI and colour reconnection. The normalised
dN/dpT and dN/dη distributions of charged particles in photoproduction are shown in
figures 6a and 6b, respectively. Two-particle correlations as a function of |∆η| for the first
and second harmonics are shown in figures 7a and 7b, respectively. At low |∆η|, the corre-
lations are positive and decrease rapidly toward larger |∆η|. Two-particle correlations are
shown as a function of 〈pT〉 for the first and second harmonics in figures 8a and 8b, respec-
tively. For both c1{2} and c2{2}, the correlation strength grows with increasing 〈pT〉, a
feature which is universally observed in all collision systems [7–13]. Four-particle cumulant
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(b) c2{2} versus Q2.

Figure 4. Two-particle correlations (a) c1{2} and (b) c2{2} versus Q2 with and without a rapidity
separation (|∆η| > 2), and for intervals with and without a high-pT constraint (pT > 0.5 GeV).
Photoproduction data (γp) are shown at Q2 = 0 GeV 2, while NC DIS is for Q2 > 5 GeV 2. LEPTO
predictions in NC DIS are shown as solid lines for which the statistical uncertainties are shown
as thick vertical lines. The PYTHIA 8 predictions for γp are shown at the leftmost extension of
the dashed lines. The direct γp contribution alone is similarly shown using a dotted line. The
statistical uncertainties for both PYTHIA predictions are smaller than their respective lines. The
total uncertainties for the ZEUS data are shown as vertical lines. Zero for c1{2} is indicated using
a dot-dashed line. Data points are shown at the bin centre.

correlations versus the pT of the first particle, pT,1, are shown in figures 9a and 9b for the
first and second harmonics, respectively. Two-particle correlations unrelated to collective
behaviour are removed by construction in the four-particle cumulant. Except for c1{4} at
high pT,1, the cumulant correlations are significantly positive, which indicate the presence
of genuine four-particle correlations.

7 Discussion

Two-particle correlations in ep photoproduction and NC DIS are markedly different from
those observed in high-multiplicity hadronic collisions at RHIC or the LHC. Long-range
correlations (|∆η| > 2) observed here are large and negative for c1{2}, while being much
smaller and positive for c2{2}. In contrast, larger interaction regions produced at RHIC or
the LHC show the reverse, where the positive magnitude of c2{2} is much larger than the
negative magnitude of c1{2} [63]. The same observation is made with C(∆η,∆ϕ) at large
|∆η|, where the away-side ridge dominates the landscape and no double ridge is visible.

Recent measurements of two-particle correlations in photo-nuclear ultra-peripheral
Pb+Pb collisions at the LHC [14] have also revealed significant long-range correlations.
For a similar kinematic interval (〈Nch〉 near 25, pT > 0.5, and |∆η| > 2), the observed
two-particle correlation strengths are consistent with the ep photoproduction values seen
in figure 4b. The long-range correlations at such multiplicities are expected via jet pro-
duction, as seen in figures 7b and 8b from PYTHIA. Such correlations are unrelated to
hydrodynamic collective behaviour.
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(a) Transverse momentum distribution.
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(b) Pseudorapidity distribution.

Figure 6. Normalised charged-particle (a) transverse momentum dN/dpT and (b) pseudorapidity
dN/dη distributions compared to PYTHIA expectations for different levels of MPI. Other details
as in figure 5.

PYTHIA 8 predictions (pref
T0 = 3 GeV) at Q2 = 0 GeV2 and LEPTO predictions for

Q2 > 5 GeV2 are compared to two-particle correlations versus Q2 in figures 4a and 4b. It
is clear that the direct component alone does not describe the photoproduction data well
and typically resembles the LEPTO expectations at high Q2. The inclusion of the resolved
component with MPI substantially improves the description of the data. Comparisons of
PYTHIA 6 with MPI to the photoproduction data show good agreement with the data (see
the supplementary material). Between 5 and 20GeV2, the data differ significantly from
LEPTO, while at higher Q2 the description improves.
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Figure 7. Two-particle correlations (a) c1{2} and (b) c2{2} versus |∆η| compared to PYTHIA
expectations for different levels of MPI, which are inversely related to pref
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for each value of pref
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line corresponds to an expectation with colour reconnection (CR) switched off. The statistical
uncertainties of the data are shown as vertical lines although they are typically smaller than the
marker size. Systematic uncertainties are shown as boxes around the data points. Statistical errors
for the PYTHIA predictions are shown as thick vertical lines. Data points are shown at the bin
centre.
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Figure 8. Two-particle correlations (a) c1{2} and (b) c2{2} versus 〈pT〉 compared to PYTHIA
expectations for different levels of MPI. Other details as in figure 7a.

The sign of the measured four-particle cumulant correlation differs from measurements
in heavy-ion collisions that do not fully overlap, which are negative [65], as expected from
hydrodynamic collective behaviour [32]. However, this situation is different in small systems
such as ep photoproduction, in which the eccentricity of the initial state as depicted in
figure 2 fluctuates event-by-event. In contrast, heavy-ion collisions are characterised by
a persistent elliptical eccentricity, which dominates over the event-by-event component
induced by fluctuating parton distributions within the nucleus [66].

Multiparton interactions in ep photoproduction were investigated through comparisons
of dN/dNch, dN/dpT, dN/dη, cn{2}, and cn{4} with PYTHIA predictions. While there
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(a) c1{4} versus pT,1.
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Figure 9. Four-particle cumulant correlations (a) c1{4} and (b) c2{4} versus pT,1 compared to
PYTHIA expectations for different levels of MPI. Other details as in figure 7a.

is no consistent preference of the pref
T0 parameter in PYTHIA in figures 5–9b, it is clear

that the expectation without MPI is never favoured. The inclusion of MPI in PYTHIA
generally increases the number of events at high multiplicity and softens the pT spectrum.
Two- and four-particle correlations are most pronounced without MPI and appear diluted
by the addition of more independent 2 → 2 parton scatterings (smaller pref

T0) between the
photon and proton PDFs. The more extreme cases of no MPI and high MPI are clearly
disfavoured.

8 Summary and outlook

Measurements of charged-particle azimuthal correlations have been presented using data
taken with the ZEUS detector at HERA in ep photoproduction and NC DIS at

√
s =

318 GeV and Nch ≥ 20, using an integrated luminosity of 366±7 pb−1. In photoproduction,
charged-particle multiplicity, transverse momentum, and pseudorapidity distributions have
been presented.

There is no clear indication of a double ridge in C(∆η,∆ϕ) in either photoproduction
or NC DIS at Q2 > 20 GeV2. The evolution of two-particle correlations with Q2 clearly
demonstrates that their strength in photoproduction is significantly smaller than in DIS.
The observation indicates the presence of an additional contribution to two-particle corre-
lations beyond that from kinematics associated with the decreasing transverse momentum
transferred by the beam electron as Q2 decreases. Long-range (|∆η| > 2) correlations ob-
served here with c1{2} are much more negative than c2{2} is positive, which is qualitatively
different from the kind of the collective behaviour associated with heavy-ion collisions.

PYTHIA 8 expectations have been compared to the photoproduction measurements
and the possibility of MPI in ep scattering has been investigated. The comparisons clearly
demonstrate sensitivity of the measurements to MPI as parametrised in PYTHIA and pro-
vide a strong indication of their presence. Similar conclusions have been made in previous
HERA analyses of jet and particle production [22, 67, 68]. For the PYTHIA predictions
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with MPI shown in this article, the mean number of distinct 2 → 2 initial parton scat-
terings per event in photoproduction ranged from 2 to 8. Other parameters in PYTHIA
such as those pertaining to parton showering and hadronisation are also expected to play
an important role and should be investigated.

These measurements provide new insight into the features of azimuthal particle correla-
tions in photon-initiated scattering. Ongoing measurements at the LHC in ultra-peripheral
A+ A and p+ A collisions as well as future measurements with the Electron Ion Collider
will be able to investigate these interesting features further.
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