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The radiation pattern within quark- and gluon-initiated jets (jet substructure) is used extensively as
a precision probe of the strong force as well as for optimizing event generators for nearly all tasks in
high energy particle and nuclear physics. A detailed study of modern jet substructure observables,
jet angularities, in electron-proton collisions is presented using data recorded using the H1 detector
at HERA. The measurement is unbinned and multi-dimensional, using machine learning to correct
for detector effects. Training these networks was enabled by the use of a large number of GPUs in
the Perlmutter supercomputer at Berkeley Lab. The particle jets are reconstructed in the laboratory
frame, using the 𝑘T jet clustering algorithm. Results are reported at high transverse momentum
transfer 𝑄2 > 150 GeV2, and inelasticity 0.2 < 𝑦 < 0.7. The analysis is also performed in
sub-regions of 𝑄2, thus probing scale dependencies of the substructure variables. The data are
compared with a variety of predictions and point towards possible improvements of such models.
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Interactions between quarks and gluons (partons) are described by the theory of Quantum
Chromodynamics (QCD) [1]. At high energy particle colliders, outgoing partons produce colli-
mated sprays of particles known as jets. The radiation pattern inside jets (jet substructure) provides
insight into the emergent properties of QCD at high energies.

Electron-proton collisions are ideal for studies of strong interaction processes. Jet properties
were extensively studied at the HERA accelerator facility during data taking [2–5], but all of
these studies pre-date modern jet substructure [6–10]. With new theoretical and methodological
advances, novel insight can be extracted from from the preserved HERA data [11, 12] for precision
QCD studies as well as for event generator improvements.

A canonical set of observables used to explore different aspects of the jet radiation pattern are
the generalized angularities [13]:

𝜆𝜅𝛽 =
∑︁
𝑖∈jet

𝑧𝜅𝑖

(
𝑅𝑖

𝑅0

)𝛽
, (1)

with 𝑧𝑖 = 𝑝T,𝑖/𝑝jet
T for a particle with momentum 𝑝T,𝑖 transverse to the incoming beams clustered

inside a jet with distance parameter 𝑅0 and transverse momentum 𝑝
jet
T . The variable 𝑅𝑖 is the

Euclidean distance between particle 𝑖 and the jet axis in the pseudorapidity-azimuthal angle plane.
These observables can be further augmented by multiplying the summand in Eq. 1 with the

constituent electric charge 𝑞𝑖 to form the charged-weighted angularities 𝜆̃𝜅
𝛽
.

In this work, normalized multi-differential cross sections are measured as a function of six
jet angularities. The jets are selected at high transverse momenta in neutral current deep inelastic
scattering (DIS) at high photon virtualities 𝑄2 , resulting in single jet events for the majority of the
collisions.

The angularities include three infrared and collinear (IRC) unsafe distributions: the momentum
dispersion 𝑝TD =

√︃
𝜆2

0 [14–16], the number of charged constituents 𝑁𝑐 = 𝜆̃0
0, and the jet charge

𝑄1 = 𝜆̃1
0 [17, 18] as well as three IRC safe observables: the jet thrust (𝜆1

2) [19], jet broadening (𝜆1
1)

[20–22], and an intermediate observable 𝜆1
1.5. Results are also reported as a function of the energy

scale set by the DIS photon virtuality, thus probing the evolution of jet substructure.
New machine learning methods are used to simultaneously correct (unfold) all observables

for detector effects, where graph neural networks are used for the first time to process all of the
reconstructed particles inside jets. Making use of the unbinned nature of the data unfolding, both
mean and standard deviation of all measured distributions are provided, after unfolding, at multiple
𝑄2 intervals, free of binning effects.

1. Experimental method

Results are reported using the data recorded by the H1 detector in the years 2006 and 2007 when
protons and electrons/positrons (henceforth referred to as ‘electrons’) were collided at energies of
920 GeV and 27.6 GeV, respectively. The total integrated luminosity of this data sample corresponds
to 228 pb−1 [23].

Events containing scattered electrons with energy 𝐸𝑒′ > 11 GeV are kept for further anal-
ysis, resulting in a trigger efficiency higher than 99.5% [24, 25]. Backgrounds from additional
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processes such as cosmic rays, beam-gas interactions, photoproduction, charged-current DIS and
QED Compton processes are rejected after dedicated selection [25, 26], resulting in negligible
background contamination.

The inelasticity and photon virtuality are reconstructed using the Σ method [27]. The hadronic
final state (HFS) objects are reconstructed using the energy flow algorithm [28–30] after removing
energy clusters and tracks associated to the electron. Additionally, events are required to have 45 <
Σhad+Σe′ < 65 GeV to suppress initial-state QED radiation and contributions from photoproduction.

Jets are defined in the laboratory frame by clustering HFS objects satisfying −1.5 < 𝜂lab <

2.75. The FastJet 3.3.2 package [31, 32] is used with longitudinally invariant 𝑘T clustering
algorithm [33, 34] using the default 𝐸-scheme and distance parameter 𝑅0 = 1. All jets in the event
with 𝑝T > 5 GeV are kept for further analysis. Reconstructed and generator level jets are matched

by requiring the distance Δ𝑅 =

√︃
(𝜙jet

gen − 𝜙
jet
reco)2 + (𝜂jet

gen − 𝜂
jet
reco)2 < 0.9.

Results are presented after unfolding the data to particle level for events in the kinematic region
defined by 𝑄2 > 150 GeV2 , 0.2 < 𝑦 < 0.7, 𝑝jet

T > 10 GeV, and −1.0 < 𝜂jet
lab < 2.5.

2. Monte Carlo simulations

Detector acceptance and resolution effects are estimated using Djangoh 1.4 [35] and Rap-
gap 3.1 [36] event generators. The CTEQ6L Parton distribution function (PDF) set [37] and the
Lund hadronization model [38] with parameters determined by the ALEPH Collaboration [39]
are used for the non-perturbative components. Each of these generators is combined with a de-
tailed simulation of the H1 detector response based on the Geant3 simulation program [40] and
reconstructed in the same way as data.

Additional predictions are made using a set of state-of-the-art generators developed mostly
for 𝑝𝑝 collisions. Predictions from Pythia 8.3 [41, 42] are used for comparison using the de-
fault implementation and two additional parton shower implementations: Vincia [43, 44] and
Dire [45]. The NNPDF3.1 PDF set [46] is used for both default and Vincia implementation
and the MMHT14nlo68cl PDF set [47] is used for the Dire implementation. Predictions from
Herwig 7.2 [48, 49] are calculated using the cluster hadronisation model [50] with default im-
plementation parameters and alternative MatchBox [51] matching and merging [50] schemes.
Predictions from the pre-release version of Sherpa 3.0 [52] are provided by the Sherpa authors
featuring a new cluster hadronisation model [53] and matrix element calculation at next-to-leading
order (NLO) obtained from OpenLoops with the Sherpa Dipole Shower [54] based on the truncated
shower method [55, 56].

3. Unfolding methodology

The unfolding procedure is carried out by simultaneously unfolding the six jet angularities, jet
momentum (𝑝T, 𝜂, 𝜙), and photon virtuality 𝑄2 using the OmniFold method [57, 58].

Up to 30 HFS objects clustered inside jets are used as inputs to a graph neural network (GNN),
where HFS objects are represented as nodes of the graph. These inputs are used only during the first
step of the OmniFold algorithm. This novel hybrid approach has been found to reduce uncertainties
by accounting for all possible covariates of the detector response.
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For each HFS object with momentum (𝑝T,𝜂,𝜙) and electric charge 𝑞, the kinematic information
used for the first step classifier is the set (𝑧,Δ𝜂,Δ𝜙,𝑞), with 𝑧 = 𝑝T/𝑝 𝑗𝑒𝑡

T , Δ𝜂 = 𝜂 − 𝜂jet, and
Δ𝜙 = 𝜙−𝜙jet. Jet momentum (𝑝jet

T , 𝜂jet,𝜙jet) and𝑄2 information are also included in the aggregation
function of the graph implementation. In total, 30× 4 + 4 = 124 features are considered during this
first step, requiring the network implementation to learn the differences between data and simulation
in a high-dimensional setting.

The Point Cloud Transformer (PCT) [59, 60] GNN architecture is chosen to train the classifier.
This GNN architecture learns the relationship between nearby particles through the use of attention
layers, resulting in state-of-the-art classification performance for different types of jets [60]. The
local neighborhood in PCT is defined by selecting the five closest neighbors of each particle with
distances calculated in the 𝜂 − 𝜙 plane. The impact of adding more than 30 particles was found to
be negligible.

In the second step, a simplified classifier architecture is used. The inputs of the classifier are
the same jet kinematic information and 𝑄2 used in the previous step, but HFS objects are replaced
by the jet observables that are reported in the final results. This choice decreases the number of
inputs by an order of magnitude and reduces the training time of the classifier by a factor five. To
derive the unfolded results and uncertainties, 2800 neural networks are trained independently using
128 graphic processing units (GPUs) simultaneously with the Perlmutter supercomputer [61] and
Horovod [62] library used for parallel distributed training.

4. Uncertainties

Systematic uncertainties on the reconstruction of the data observables are estimated by varying
the relevant aspect of the simulation and carrying out the full unfolding procedure with the varied
simulation set. Uncertainties on HFS objects include the energy scale from two different contribu-
tions: HFS objects contained in high 𝑝T jets and other HFS objects. In both cases, the energy-scale
uncertainty is ±1%. Both uncertainty sources are estimated separately [63, 64] by varying the
corresponding HFS energy by ±1%. An uncertainty of ±20 mrad is assigned to the azimuthal angle
determination of HFS objects. Lepton uncertainties are considered in the𝑄2 determination and the
uncertainty on the lepton energy scale ranges from ±0.5% to ±1% [64, 65]. Uncertainties on the
azimuthal angle of the scattered lepton are estimated to be ±1 mrad [66].

Additional uncertainties from the unfolding procedure are estimated to cover a possible bias
from the generator choice used to perform the unfolding procedure. A model uncertainty is
estimated by unfolding the data with Djangoh instead of the default Rapgap. In addition, a non-
closure uncertainty is estimated by unfolding Djangoh as pseudo-data using the Rapgap simulation
and comparing to the Djangoh at particle level. The combined effect of the unfolding uncertainties
are often below 10% in all distributions. The statistical uncertainty is estimated using the bootstrap
technique [67]. The unfolding procedure is repeated on 100 pseudo datasets, each defined by
resampling the original dataset with replacement.
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5. Results

Unfolded results of the normalized differential particle level cross sections of the jet substruc-
ture observables are presented in Figs. 1 in the kinematic region described in Sec. 1. Unfolded
distributions are shown in Fig. 1. Mean and standard deviation are calculated from the unbinned,
unfolded event sample, and are shown for the six jet angularities in four 𝑄2 ranges in Figs. 2 and 3,
respectively.
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Figure 1: Measured cross sections, normalized to the inclusive jet production cross section as a function of
the jet angularities measured in this work.

Predictions by the DIS MC generators, Djangoh and Rapgap, and by general purpose simu-
lators, Sherpa, Herwig, Pythia show a good agreement with data for most observables. Rapgap
shows a good agreement with data in all distributions and𝑄2 intervals, while the Djangoh generator
shows worse agreement with data at high𝑄2 values. General purpose simulators often show bigger
discrepancies in the low 𝑄2 region.

6. Conclusion

A first measurement of jet angularities in neutral current DIS events with 𝑄2 > 150 GeV2 and
0.2 < 𝑦 < 0.7, as well as divided into four 𝑄2 intervals is presented.

The process of unfolding detector effects made use of novel machine learning methods. All
measured distributions are simultaneously unfolded using the OmniFold approach. Kinematic
information from each reconstructed particle clustered inside a jet is input to a dedicated graph
neural network implementation that learns the correlation between particles clustered inside a jet.
On particle level, however, the jet substructure is represented by the generalized angularities alone.
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Figure 2: Measured mean of the unfolded jet observables for multiple 𝑄2 intervals reported in this work.

While the unfolding procedure is unbinned, results are provided as histograms for both single-
and multi-differential cross sections to ease the comparison with different theory predictions. Mean
and standard deviation of all observables are also calculated after unfolding. Theory predictions
from dedicated DIS simulators provide an overall good description of all measured quantities.
General purpose simulators are also able to describe the data well and show a good agreement with
most of the jet angularities studied.
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