
P
o
S
(
D
I
S
2
0
2
5
)
0
7
5

The azimuthal correlation between the leading jet and
the scattered lepton in deep inelastic scattering at
HERA

O. Zenaiev𝑎,𝑏,1,∗
𝑎Universität Hamburg, II. Institut für Theoretische Physik,
Luruper Chaussee 149, 22761 Hamburg, Germany

𝑏Taras Shevchenko National University of Kyiv, Department of Nuclear and High Energy Physics,
98a Vasylkivska Street, 03022 Kyiv, Ukraine

1on behalf of the ZEUS Collaboration

E-mail: oleksandr.zenaiev@desy.de

The azimuthal correlation angle between the scattered lepton and the leading jet in deep inelastic
𝑒±𝑝 scattering at HERA has been studied using data collected with the ZEUS detector at a
centre-of-mass energy of

√
𝑠 = 318 GeV corresponding to an integrated luminosity of 326 pb−1.

A measurement of jet cross sections in the laboratory frame was made in a fiducial region
corresponding to photon virtuality 10 < 𝑄2 < 350 GeV2, inelasticity 0.04 < 𝑦 < 0.7, outgoing
lepton energy 𝐸𝑒 > 10 GeV, lepton polar angle 140◦ < 𝜃𝑒 < 180◦, jet transverse momentum
2.5 GeV < 𝑝T,jet < 30 GeV, and jet pseudorapidity −1.5 < 𝜂jet < 1.8. Jets were reconstructed
using the 𝑘T algorithm with the radius parameter 𝑅 = 1. The leading jet in an event is defined
as the jet that carries the highest 𝑝T,jet. Differential cross sections were measured as a function
of the azimuthal correlation angle in various ranges of leading-jet transverse momentum, photon
virtuality and jet multiplicity. Comparisons between the HERA data and perturbative calculations
at O(𝛼2

𝑠 ) accuracy are presented, providing insights for future experiments, such as the U.S.-based
Electron-Ion Collider.
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1. Introduction

The HERA collider delivered 𝑒±𝑝 data that form a unique foundation for testing a broad
spectrum of perturbative Quantum Chromodynamics (pQCD). In deep inelastic scattering (DIS)
the lepton–jet pairs are predominantly produced in a back-to-back topology with the azimuthal angle
between the scattered lepton and the final-state jetΔ𝜙 = 𝜋. Small deviations from this topology arise
if soft gluons are emitted and/or if the struck parton carries a non-zero transverse momentum, while
larger deviations are due to additional jets produced through hard gluon radiation. This sensitivity
to both soft and hard processes allows evaluation of theoretical models without explicitly describing
the additional jets arising from higher-order processes. In Ref. [1] differential cross sections of the
pairs of lepton and leading jet were measured as a function of the azimuthal correlation angle using
data collected with the ZEUS detector, representing an integrated luminosity of 326 pb−1.

2. Experimental analysis

The analysis was performed using 𝑒±𝑝 collision data collected with the ZEUS detector in the
years 2004–2007 at a centre-of-mass energy of

√
𝑠 = 318 GeV. Monte Carlo (MC) samples were

generated in the leading order (LO) plus parton showering (PS) approach.
A clean DIS sample was selected using the standard selection criteria (see Ref. [1] for further

details). Jets were reconstructed in the laboratory frame with the 𝑘T-clustering algorithm [2] using
the 𝐸-recombination scheme in the longitudinally-invariant inclusive mode [3] with the jet-radius
parameter set to 1.0. Calorimeter clusters and tracks were combined to form Energy Flow Objects
(EFOs) [4], and event kinematics were reconstructed based on the EFOs. Reconstructed jets
were required to have transverse momentum within the range of 2.5 GeV < 𝑝T,jet < 30 GeV, and
pseudorapidity within −1.5 < 𝜂jet < 1.8. If more than one jet passed these criteria in an event, the
one with the highest 𝑝T,jet was chosen as the leading jet.

The final sample consisted of approximately 1.2 × 107 DIS events with at least one jet that
passed all selection criteria. Comparisons of reconstructed DIS kinematic quantities between the
data and MC simulations can be found in Ref. [1].

To extract the underlying hadron-level signal, a regularised unfolding was performed using the
TUnfold package [5]. The unfolding procedure corrects for all effects arising from the migration of
reconstructed quantities.

3. Results

The differential cross section of inclusive jet production in NC DIS, 𝑑𝜎(𝑒 + 𝑝 → 𝑒 + jetlead +
𝑋)/𝑑Δ𝜙, was measured in the laboratory frame as a function of Δ𝜙 in the kinematic range of
the photon virtuality 10 GeV2 < 𝑄2 < 350 GeV2, inelasticity 0.04 < 𝑦 < 0.7, electron energy
𝐸𝑒 > 10 GeV, electron polar angle 140◦ < 𝜃𝑒 < 180◦, jet transverse momentum 2.5 GeV < 𝑝T,jet <

30 GeV, and jet pseudorapidity −1.5 < 𝜂jet < 1.8.
The inclusive (𝑁jet ≥ 1) differential cross section, 𝑑𝜎(𝑒 + 𝑝 → 𝑒 + jetlead + 𝑋)/𝑑Δ𝜙, of

lepton–leading-jet pairs integrated over the studied fiducial region is presented as a function of the
lepton–leading-jet correlation angle Δ𝜙 in Fig. 1. The measured distribution is compared with the
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Figure 1: a) The differential cross section as a function of the azimuthal correlation angle Δ𝜙 compared
with the pQCD calculations corrected for hadronisation effects (HC). b) Ratio of model/data.

pQCD predictions computed by Borsa et al. [6]. In the theoretical predictions, a dijet calculation
at O(𝛼𝑘−1

𝑠 ) accuracy and a fully inclusive calculation at O(𝛼𝑘
𝑠 ) are used to produce an O(𝛼𝑘

𝑠 )
single-inclusive-jet (𝑁jet ≥ 1) prediction. Figure 1 shows that pQCD predictions up to O(𝛼2

𝑠)
already provide a good description of the ZEUS data. The O(𝛼2

𝑠) corrections are next-to-next-to-
leading order (NNLO) for the last Δ𝜙 bin. An additional gluon is required for the leading jet to
diverge from the back-to-back topology with respect to the scattered lepton, i.e., O(𝛼𝑠) is LO and
O(𝛼2

𝑠) is next-to-leading order (NLO) for Δ𝜙 < 𝜋. Here, the O(𝛼2
𝑠) calculation demonstrates a

clear improvement compared to O(𝛼𝑠), while no significant improvement is observed in the region
Δ𝜙 → 𝜋, where substantial contributions from soft gluon radiation and intrinsic parton transverse
momentum are expected.

Additional measurements were performed for various ranges of 𝑁jet, 𝑝lead
T,jet, and𝑄2. The corre-

sponding results are shown in Figures 2 and 3. Here the O(𝛼2
𝑠) corrections significantly improve

agreement with the data in the region Δ𝜙 < 3𝜋/4, which is sensitive to additional hard jet pro-
duction. This improvement extends into the low-𝑝T,jet regime, reaching down to 𝑝T,jet > 2.5 GeV.
An enhancement of events displaying a reduced azimuthal correlation angle with increasing jet
multiplicity is observed. This is expected and consistent with previous findings [7].

4. Summary

Azimuthal correlations between the scattered lepton and the leading jet in DIS at HERA
have been measured at ZEUS. The differential cross section as a function of Δ𝜙 was measured
in the fiducial region defined by 10 GeV2 < 𝑄2 < 350 GeV2, 0.04 < 𝑦 < 0.7, 𝐸𝑒 > 10 GeV,
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Figure 2: Same as in Fig. 1 for the differential cross sections as functions of the azimuthal correlation angle
Δ𝜙, while varying the 𝑁jet and 𝑝lead

T,jet ranges.

140◦ < 𝜃𝑒 < 180◦, 2.5 GeV < 𝑝T,jet < 30 GeV, and −1.5 < 𝜂jet < 1.8 in the laboratory frame. The
measurement was also performed for various ranges of 𝑝lead

T,jet, 𝑄
2, and 𝑁jet. pQCD calculations up

to 𝑂 (𝛼2
𝑠) have been compared to the data. The higher-order pQCD corrections show a significant

improvement in the regions that are driven by hard jet production. The obtained results can be
important in planning future experiments, e.g., at the Electron-Ion Collider (EIC) [8, 9].
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Figure 3: Same as in Fig. 1 for the differential cross sections 𝑑𝜎(𝑒 + 𝑝 → 𝑒 + jetlead + 𝑋)/𝑑Δ𝜙 as functions
of the azimuthal correlation angle Δ𝜙, while varying the 𝑁jet and 𝑄2 ranges.
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