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Measurement of lepton-jet correlations in high Q2
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Abstract

A measurement of jet production in high Q2 neutral-current DIS events close to the Born-level con-
figuration y*q — ¢ (Born kinematics) is presented. This cross section is measured deferentially as
a function of the jet transverse momentum and pseudorapidity, as well as lepton-jet momentum im-
balance and azimuthal angle correlation. The jets are reconstructed in the laboratory frame with the
kr algorithm and a distance parameter of 1.0. The data are corrected for detector effects using the
OMNIFOLD method, which incorporates a simultaneous and unbinned unfolding in four dimensions
using machine learning. The results are compared with leading order Mont Carlo event generators
and higher order calculations performed within the context of collinear or transverse-momentum-
dependent (TMD) factorization in Quantum Chromodynamics (QCD). The measurement probes a
wide range of QCD phenomena, including TMD parton-distribution functions (PDFs) and their evo-
lution with energy.
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1 Introduction

The multi-dimentional structure of the proton is encoded in transverse-momentum-dependent and gen-
eralized parton-density functions (TMDs and GPDs, respectively). These are related to the the proton
Wigner distribution — the six-dimensional quantum-phase density — which provides a complete descrip-
tion of the proton wave function in terms of quarks and gluons [1]. Knowledge of the TMDs, the GPDs,
and ultimately the Wigner function will help to reveal the origin of the proton’s spin, mass, size, and
other properties.

By studying TMD physics we also seek to unravel rich, unexplored aspects of Quantum Chromodynam-
ics (QCD). For example, TMD functions do not follow the standard DGLAP evolution equations [2—4]
but rather a more complex set of equations that involve non-perturbative kernels. Lattice calculations
have made significant advances in the calculation of the TMD-evolution “Collins-Soper” kernel [5, 6].
However, the subject of TMD evolution remains an open question in part because of the lack of data.

Measurements in DIS that target TMD physics have been mainly performed at fixed-target experiments,
such as HERMES at DESY, COMPASS at CERN, and CLAS at JLab; see Ref. [7] for a recent review.
These studies have focused on polarized and unpolarized semi-inclusive DIS (SIDIS) with one or two
hadrons being measured. A key limitation of SIDIS cross-section measurements is that they only con-
strain the convolution of TMD parton distribution functions and TMD fragmentation functions (TMD
PDFs and TMD FFs, respectively). This convolution naturally leads to near-maximal correlations on the
TMD-PDF and TMD-FF parameters extracted from SIDIS data. This issue can in part be alleviated with
global analyses that include e e~ or Drell-Yan data [8]. However, those typically cover different kine-
matic regions, such that issues of TMD-evolution, TMD factorization, and TMD universality complicate
these studies.

Jet measurements targeting TMD physics were pioneered at RHIC. For example, studies of jets pro-
duced in polarized proton-proton collisions probe the Sivers [9-11], transversity, and Collins TMD
functions [12-14]. Measurements of jet fragmentation in unpolarized proton collisions have targeted
TMD fragmentation functions [15]. Recently, jet production in DIS was proposed as a key channel for
TMD studies [16-19]. The Born-level configuration, y*q — ¢, is key to access the quark TMD sec-
tor [16-18,20,21].

Fig. 1: Left: Illustration of the neutral-current DIS process at Born kinematics. Event display of a high Q% DIS
event with approximate Born kinematics.

Measurements of jet production in DIS, probing the kinematics of the Born-level configuration (Born
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kinematics), have not received much experimental attention so far. In fact, the bulk of the previous DIS
jet measurements at HERA targeted gluon-initiated processes by requiring large transverse momentum
in the Breit frame [22]. This requirement suppresses the Born kinematics, which is often referred to
as “quark-parton-model background”. There are two possibilities to measure the Born kinematics in jet
production in DIS, which is illustrated in figure 1. The first possibility [16,17] includes a jet clustering in
the Breit frame, where jets are required to have low transverse momentum pt, which demands the use of
dedicated jet algorithms such as Centauro [23]. The second possibility [18,21] involves jets reconstructed
in the laboratory rest frame.

The TMD evolution is largely unconstrained and its impact on several observables is still being debated.
One of the reasons is a gap in the coverage in virtuality Q? of existing measurements. Most of the DIS
measurements provide data at low Q? (=~ 1 GeV?) from fixed-target experiments. Drell-Yan production in
fixed-target and collider experiments can provide TMD-sensitive measurements up to high 0 (=~ 10000
GeV?). However, a global interpretation is complicated because of issues with TMD universality and a
breakdown of TMD factorization in hadron-hadron collisions. In this note, measurements are presented
which bridge this gap by studying TMD-sensitive observables in DIS at higher Q? than what can be
reached with fixed-target experiments.

2 Data and Simulation

Data used for this analysis were collected with the H1 detector [24] in the years 2006 and 2007 when
positrons and protons were collided at energies of 27.6 GeV and 920 GeV, respectively. The total in-
tegrated luminsosity of this data sample corresponds to 136 pb~!. The DJANGOH [25] 1.4 and RAP-
GAP [26] 3.1 event generators, combined with a detailed simulation of the H1 detector response based
on the GEANT3 simulation program [27], are used for corrections of detector effects.

3 Event Selection

This analysis follows the event selection that was used in previous HI measurements of jets in high-Q?
neutral-current DIS events [28]. The ¥ method [29] is used to reconstruct the DIS variables, as:

Yichaa(Ei — piz)

y
Yichaa(Ei — piz) +E, (1 —cos6,)
0* = m
l—y

where E and 6, are the energy and polar angle of the scattered lepton; Y ;c,q(E; — pi;) is the total
difference between the energy and longitudinal momentum of the entire hadronic-final state (HFS). An
energy-flow algorithm [30,31] is used to define the HFS objects that enter the sum Y ;.4

Events with Q> > 150 GeV? and 0.08 < y < 0.7 are selected for further analysis. The trigger used
to select NC DIS events requires a cluster in the electromagnetic part of the LAr calorimeter. After
fiducial cuts, the trigger efficiency is higher than 99.5% [32, 33] for scattered electron candidates with
energy E/ > 11 GeV for the inclusive NC DIS sample. Further fiducial and quality cuts are discussed in
Ref. [33].

4 Definition of observables

The following four observables are simultaneously measured:

— the jet transverse momentum in the laboratory frame, p]{?t,
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— the jet pseudorapidity in the laboratory frame, nf:’li,

— the azimuthal angle correlation between the scattered lepton and the jet, Ag = 7t — (|¢¢ — ¢°*| mod 7),

— the momentum imbalance between the electron and the jet, gr = |p5 + ﬁ%e ‘.

The cross-section measurement is normalized to the inclusive jet cross-section integrated over the the
fiducial phase space defined in Section 6.

The aim of this measurement is to probe back-to-back lepton-jet production:

e+p—e+jet(qr) +X. (1)

The TMD framework is formally applicable for gr < Q [18]. Typical TMD phenomenological analyses
use a cut-off of g7 /Q < 0.25-0.75 [34]. Measurements of g7 over a wide range can probe the transition
between the TMD regime and the collinear QCD regime; the “matching” between the two frameworks
is an open problem [35].

5 Jet reconstruction

The Fastjet 3.3.2 package [36,37] is used to cluster jets in the laboratory frame with the inclusive kr
algorithm [38,39] and distance parameter R = 1.0. The inputs for the jet clustering are HFS objects with
—1.5 < Npap < 2.75.

Jets with transverse momentum p’Tet > 5 GeV and pseudorapidity in the laboratory frame —1.5 < nf:é <
2.75 are selected for further analysis. This selection ensures that jets are well contained in the LAr

calorimeter.

The input for the jet clustering at the generator level (“truth-level”) are final-state particles with ¢t >
10 mm generated with RAPGAP or DJANGOH, excluding the scattered lepton and neutrinos. Recon-
structed jets are matched to the generated jets with an angular-distance selection of

AR = 1/ (9l — 9152 + (mish — Lo )? < 0.9. o

6 Fiducial region definition

The fiducial phase space used to define the cross-sections is p'TGt >10GeV, -1.0< nf:é <2.5,0°>150
GeV? and 0.2 < y < 0.7. The phase space used to select events and reconstructed jets is larger to account

for bin migrations in and out of the fiducial region and mitigate acceptance effects: p]Tet >5GeV, -1.5<
NS < 2.75,0.08 <y < 0.7 and Q% > 150 Ge V2.

7 Unfolding with OMNIFOLD

The most widely used unfolding methods are based on various forms of regularized matrix inversion [40—
42]. While highly successful, an important limitation of these approaches is that the binning of the
observables must be fixed at the start of the measurement and this also typically limits the number of
observables that are simultaneously unfolded.

A variety of alternative unfolding methods have been proposed to solve these challenges. For example,
some proposals avoid binning [43—47] and others use machine learning to improve various aspects of the
measurement precision [45—49]. However, these proposals are untenable in high dimensions and/or do
not reduce to standard methods in the binned case. For this reason, we use the OMNIFOLD method [50]
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to perform the first high-dimensional and unbinned measurement. OMNIFOLD formally reduces to the
widely studied iterative Bayesian' unfolding approach [40] when the inputs are binned. Furthermore, it
uses reweighting instead of direct generative modeling, so the neural networks need to only learn small
corrections to the simulation instead of learning the full probability density of the data.

Figure 2 illustrates the OMNIFOLD approach. First, weights are derived to match the detector-level
simulation with data. In simulation, there is a match between particle-level and detector-level events and
so the particle-level collisions inherit (‘pull’) the detector-level weights. The resulting weights are not a
proper function of the phase space because two identical particle-level events can be mapped to different
detector-level events. Step two of OMNIFOLD then learns a set of weights between the nominal particle-
level simulation and the weighted particle-level simulation. These weights are designed to be a function
of the particle-level phase space. The particle-level weights can then be inherited by the detector-level
events (‘pushed’) and the entire process is repeated n times. Neural networks are used as reweighting
functions because they are naturally unbinned and can readily process high-dimensional features. These
networks are implemented in KERAS [53] and TENSORFLOW [54] using the ADAM [55] optimization
algorithm.

Detector-level Particle-level
0 Data
=
s
< \
Z A
Step 1: Pull Step 2:
Reweight Sim. to Data Weights Reweight Gen.
— .
z Detector-level MC Particle-level MC
i) .
=
& «—
7)) Push
I——u—l Weights I——u—l

Fig. 2: An illustration of the OMNIFOLD method. Figure adapted from Ref. [50].

8 Closure tests

We perform “closure tests” by using either RAPGAP or DJANGOH events to create a pseudo-dataset,
which we unfold using the method described in section 7 just like the data. We then compare the un-
folded pseudo-data with the truth-level distributions to estimate the degree of bias introduced by the
unfolding procedure. The RAPGAP and DJANGOH distributions “bracket” the data and have rather dif-
ferent underlying models. Therefore, this closure test provides a realistic evaluation of the procedure
bias. We perform this closure test twice: one using DJANGOH for the pseudo-data and the other using
RAPGAP. Both ways yield similar closure and only one is shown below.

L Also called Lucy-Richardson deconvolution [51,52].
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Figure 3 shows the comparison between the unfolded pseudo-data and the corresponding truth-level
distributions. The test shows a relatively small residual bias from the prior distributions, which is shown
with the RAPGAP/DJANGOH ratio (red line). The level of non-closure is within +10% for all observables,
and is much smaller for most kinematic intervals.

9 Theoretical models

The measured cross sections are compared to the predictions described in the following.

— High-order collinear pQCD calculation:

The calculation at next-to-next-to-leading order (NNLO) accuracy in QCD was obtained with the
POLDIS code [56,57], which is based on the Projection to Born Method [58]. The POLDIS code
combines the computation for di-jet production in DIS at NLO with the NNLO DIS structure
functions, allowing for a calculation of fully-exclusive single jet observables with NNLO accuracy
in polarized and unpolarized DIS. These calculations are multiplied by a hadronization correction
that is obtained with PYTHIAS.3, as described in section 10. The uncertainty of the calculations
are obtained using the standard scale-variation procedure.

— TMD-framework calculation:

The TMD calculation uses the framework developed in Refs. [18,21]. As input, it uses the TMD
PDFs and soft functions derived in Ref. [59]. This has been recently tested in a global TMD
analysis [34]. The calculation is performed at the NLL' (next-to-leading logarithmic) accuracy.
Depending on the convention this can also be labelled NLO+NLL accuracy. This calculation is
purely performed within TMD factorization and no matching to the high g7 region is included,
where the TMD approach is expected to break down. In contrast to pQCD calculations, the TMD
calculations do not require non-perturbative corrections, because such effects are already included.
Calculations with the TMD framework are available for the TMD-sensitive cross-sections, which
are gr/Q and A¢, but not for the }fTet and nfftt) cross-sections. Uncertainties are not yet available
for the TMD predictions?.

— Monte-Carlo generators:
The RAPGAP [26], and DJANGOH [25] MC generators implement Born-level matrix elements
for the NC DIS, boson—gluon fusion and QCD Compton processes. DJANGOH [25], uses the
Colour Dipole Model as implemented in Ariadne [60] for higher order emissions, and Rapgap [26]
uses parton showers in the leading-logarithmic approximation. Both the RAPGAP and DJANGOH
simulations use the CTEQ6L LO PDF set [61] and the Lund hadronization model [62].

The PYTHIAS.3 [63,64] event generator is used to model NC DIS events with Born-level matrix
elements coupled with a parton shower, the NNPDF2.3 QCD+QED LO PDF set [65], and the
Lund hadronization model [62].

The CASCADE [66] is an event generator based on TMD parton densities, and in incorporates TMD
parton showers and hadronization. The calculations shown in this note use the KATIE program [67]
to obtain the off shell matrix element (e + ¢* — ¢’ + ¢) with the parton-branching (PB) TMD
PDFs [68—70]. The output of KATIE is used as input to CASCADE to add final-state radiation and
hadronization effects. Two different calculations are produced: one with the PB-TMD-set1, which
if integrated corresponds to HERAPDF2.0 [71], and PB-TMD-set2, which has angular ordering
and pr in the scale in o;. The PB-TMD-set2 has been shown to work well to describe Z production
at the LHC and at low energies [72,73].

2The scale-variation procedure that is standard in the collinear framework does not translate easily to the TMD framework.
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Fig. 3: Closure test results. Here, RAPGAP is used to obtain the response and DJANGOH is used as pseudo-data.
The closure test is defined in the phase-space Q> > 150 GeV?, 0.2 < y < 0.7 and pJTet > 10 GeV at the truth level.
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This measurement employs the X reconstruction method [29], which is insensitive to initial-state QED
radiation. Virtual higher-order QED and electroweak effects cancel in the cross section ratios. Therefore,
the measurements can be compared to QED born-level predictions. This procedure is expected to be
accurate below the percent level.

10 Hadronization Corrections

Hadronization corrections are applied to the parton-level pQCD calculations when comparing these to
data. We estimated these corrections using PYTHIAS.3 [74] with its default parameters. Events are se-
lected if they are generated in the fiducial region, as defined in section 5. Jets are reconstructed with the
same parameters as described in section 5. The hadronization corrections are derived as the ratio of dis-
tributions obtained with the hadronization step switched on, to the ones obtained with the hadronization
step switched off.

Figure 4 shows the distributions obtained for pjet, nf:;,qT /O and A¢ and the corresponding ratios. The

hadronization corrections for the p’Tet observable are within 5% of unity and do not show a systematic

pattern. In contrast, the hadronization corrections for nf:’é are about 0.9 at nf;t) > 1.0 and increase up to
20% with decreasing 1j5,. The hadronization corrections as a function of g7 /Q are smaller than 5% for
values smaller than 0.3 and increase to about 10% for high values. A similar behaviour is obtained for

the corrections as a function of A¢.
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Fig. 4: Hadronization correction (i.e. ratio of cross-sections with and without hadronization step), which is calcu-
lated using PYTHIAS.3 .
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11 Results

Figures 5 and 6 show the measured cross-sections as a function of jet transverse momentum, lepton-jet
balance and lepton-jet azimuthal correlations, which are compared to analytical calculations and predic-
tions obtained with event generators, respectively. The unfolding is performed simultaneously in four
dimensions and is unbinned, but the results are presented as four separate histograms to quantitatively
compare to predictions.
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Fig. 5: Measured cross-sections, normalized to the inclusive jet production cross section, as a function of the jet
transverse momentum, jet pseudorapidity, lepton-jet momentum balance, and lepton-jet azimuthal angle correla-
tion. Predictions obtained with the pQCD (corrected by hadronization effects, “NP”’) are shown as well. Predictions
obtained with the TMD framework are shown for the g7/Q and A¢ cross-sections. At the bottom, the ratio be-
tween pQCD predictions and the data are shown (the TMD NLL' calculations are not included). The gray bands
represent the total systematic uncertainty of the data; the bars represent the statistical uncertainty of the data, which
is typically smaller than the marker size. The color bands represent the uncertainty on the pQCD calculations.

The p’Tet cross-section is described within uncertainties by the NNLO calculation; the discrepancies with
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Fig. 6: Measured cross-sections, normalized to the inclusive jet production cross section, as a function of the jet
transverse momentum, jet pseudorapidity, lepton-jet momentum balance, and lepton-jet azimuthal angle correla-
tion. Predictions obtained with RAPGAP, DJANGOH, PYTHIAS.3, and CASCADE generators are shown as well.
At the bottom, the ratio between predictions and the data are shown. The gray bands represent the total systematic
uncertainty of the data; the bars represent the statistical uncertainty of the data, which is typically smaller than the
marker size.

the LO calculation are significant, especially at low p)'. The 5, cross-section is not entirely described
by either LO, NLO nor NNLO calculations. The trend of the deviations from data with increasing order
indicates that N*LO accuracy might be needed to describe the data. The g7,/Q spectrum is described by
the NNLO calculation within uncertainties in the region g7 /Q > 0.3 but at lower values, the predictions
deviate by more than a factor of 2.5. The TMD calculation, which includes resummation, describes the
data from the low gr to up to gr/Q ~ 1.0, which is well beyond the assumed validity region of the
TMD framework. Both the NLO and NNLO calculations describe the A¢ spectrum within uncertainties,
except at low A¢ where non-physical trends are observed. The TMD calculation describes the data well
for A¢ < 0.75 radian.



10 The H1 Collaboration

RAPGAP describes the pjTetand nljsgcross—sections within uncertainties, whereas DJANGOH describes
the ﬁftcross—section within uncertainty and shows small but significant differences with the n]j;t)cross—
section. PYTHIAS.3 describes the low lf;tspectrum well but predicts a significantly harder p’f%pectrum
beyond about 30 GeV; it also deviates from the data significantly over the entire nﬁcross—secﬁon. The
CASCADE calculations describe the p‘ftspectrum well but miss the nf;;shape; they also describe the data
reasonable well at low g7 /Q and A¢ while missing the large values (likely due to missing higher-order
contributions). In general, no event generator describes the g7 /Q and A¢ cross-sections over the entire
range and significant deviations are observed especially at large g7 /Q or A@, but overall they bracket the
data for most of the measured range.

12 Conclusions

A measurements of jet production in DIS events with Q> > 150 GeV? and 0.2 < y < 0.7 is presented.
Jets are reconstructed in the laboratory frame with the kr algorithm and R = 1.0. The following ob-
servables are measured: jet transverse momentum and pseudorapidity, as well as the TMD-sensitive
observables gr/Q (lepton-jet momentum balance) and A¢ (lepton-jet azimuthal angle correlation). The
latter observables were recently motivated in Refs. [18,21].

The jet transverse momentum spectra is well described by NNLO pQCD calculations; whereas the pseu-
dorapidity is not described by NNLO calculations and hints that higher-order corrections are not small.
The gr/Q spectrum is well described by TMD calculations up to g7 /Q < 1. The pQCD calculations de-
scribe the large g7 region but diverge at low g7 /Q values, as expected. An overlap of the pure TMD and
collinear QCD calculations is observed over a significant region of the g7 /Q spectrum, which indicates
that these data could constrain the “matching” between the two frameworks. Similar conclusions follow
from the A¢ spectrum.

Overall, the event generators included in this study describe all the measured distributions, including the
gr/Q and A¢, rather well. In fact, the predictions from event generators “bracket” the data over most
kinematic intervals. The most significant discrepancies with the data are observed for PYTHIAS.3 at
high pr, as well as for the shape of the pseudorapidity distribution. This indicates that further tuning of
the recent PYTHIAS.3 version may be needed for DIS.

This measurement establishes a benchmark for jet-based TMD studies in DIS. It is also the first mea-
surement that uses machine-learning assisted unfolding, which was based on the recently proposed OM-
NIFOLD method [50]. This is the first measurement in a series of studies that aim at creating a pathfinder
program for the future Electron-Ion Collider. Future work includes measurements of jet fragmentation
and differential cross-sections as a function x and Q2.
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