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2Lepton-jet imbalance with H1 @ HERA II

For this talk: 2006-2007 data, 136 pb-1, 320 GeV

I’ll present a measurement 
of the electron-jet inbalance
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3Why electron-jet imbalance?

Born-level configuration, electron and jet are back-to-back

Typically, jets are studied in 
the Breit frame, where the 
Born-level configuration is 

discarded

However, jet production in the 
lab frame can be useful for 

probing Transverse Momentum 
Dependent (TMD) Parton 

Distribution Functions (PDFs)
See e.g. Lieu et al. PRL (2019) 192003; 
Gutierrez et al. PRL (2018) 162001



4What did we measure?

DESY 21-130, ISSN 0418-9833

Measurement of lepton-jet correlation in deep-inelastic scattering

with the H1 detector using machine learning for unfolding

H1 Collaboration⇤

(To be submitted to Physical Review Letters)
(Dated: August 30, 2021)

The first measurement of lepton-jet momentum imbalance and azimuthal correlation in lepton-
proton scattering at high momentum transfer is presented. These data, taken with the H1 de-
tector at HERA, are corrected for detector effects using an unbinned machine learning algorithm
(OmniFold), which considers eight observables simultaneously in this first application. The un-
folded cross sections are compared to calculations performed within the context of collinear or
transverse-momentum-dependent (TMD) factorization in Quantum Chromodynamics (QCD) as well
as Monte Carlo event generators. The measurement probes a wide range of QCD phenomena, in-
cluding TMD parton distribution functions and their evolution with energy in so far unexplored
kinematic regions.

Introduction. Studies of jets produced in high energy
scattering experiments have played a crucial role in es-
tablishing Quantum Chromodynamics (QCD) as the fun-
damental theory underlying the strong nuclear force [1].
During the current era of the Large Hadron Collider
(LHC), experimental, theoretical, and statistical advances
have ushered in a new era of precision QCD studies with
jets [2, 3] and their substructure [4, 5].

These innovations motivate new measurements of
hadronic final states in deep inelastic scattering (DIS) at
the HERA collider. DIS measurements provide high pre-
cision to study jets, because of the minimal backgrounds
from the ep initial state and the excellent segmentation,
energy resolution, and calibration of the HERA experi-
ments.

In the DIS Born level limit, a virtual photon is ex-
changed with a quark inside the proton to create a back-
to-back topology between the lepton and the resulting
jet(s) as shown in Fig. 1. The Born level limit repre-
sented a background for most jet measurements by H1 [6–
16] and ZEUS [17–24], which targeted higher-order QCD
processes [25]. While the one jet final state has been stud-
ied inclusively in terms of the scattered lepton kinematics
to determine proton structure functions [26–30], the im-
mense potential of the jet kinematics in this channel is
only now being realized.

For example, single jet production has been proposed as
a key channel for extracting quark transverse-momentum-
dependent (TMD) parton distribution functions (PDFs)
and fragmentation functions (FFs) [31–41]. In particu-
lar, measurements of back-to-back lepton-jet production
e+p ! e+jet+X provide sensitivity to TMD PDFs in the
limit when the imbalance qjet

T = |~p e
T + ~p jet

T | of the trans-

verse momentum of the scattered lepton (p e
T) and the jet

(p jet
T ) is relatively small (qjet

T ⌧ p e
T ⇠ p jet

T ) [34]. This cor-
responds to a small deviation from ⇡ in azimuthal angle
between the lepton and jet axes (��jet

⌘ |⇡�(�e
��jet)|)

in the transverse plane. TMD PDFs are an essential in-
gredient for the quantum tomography of the proton that
probes the origin of its spin, mass, size, and other prop-
erties.

Figure 1. A display of the H1 tracker and calorimeter detec-
tors, showing a DIS event with approximate Born kinematics,
eq ! eq, which yields an lepton and a jet in a back-to-back
topology perpendicular to the beam axis.

The energy dependence of TMD PDFs can also probe
unexplored aspects of QCD as they follow a more complex
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Machine learning-assisted measurement of multi-differential lepton-jet

correlations in deep-inelastic scattering with the H1 detector

H1 Collaboration

Abstract

The lepton-jet momentum imbalance in deep inelastic scattering events offers a useful set of observ-
ables for unifying collinear and transverse-momentum-dependent frameworks for describing high
energy Quantum Chromodynamics (QCD) interactions. We recently performed a measurement of
this imbalance in the laboratory frame using positron-proton collisions from HERA Run II [1]. With
a new machine learning method, the measurement was performed simultaneously and unbinned in
eight dimensions. The results in Ref. [1] were presented projected onto four key observables. This
paper extends those results by showing the multi-differential nature of the unfolded result. In partic-
ular, we present lepton-jet correlation observables deferentially in kinematic properties of the scat-
tering process, Q2 and y. We compare these results with parton shower Monte Carlo predictions as
well as calculations from perturbative QCD and from a Transverse Momentum Dependent (TMD)
factorization framework.

H1prelim-22-031

In this measurement: 
simultaneously unfold 

(unbinned*) lepton and jet 
kinematics as well as Δɸ & qT/Q

*more on next slide



5Unbinned Unfolding

4 H1 Collaboration

5 Unfolding

The MULTIFOLD method is an iterative two-step procedure to correct for detector effects as illustrated
in Fig. 2 illustrates this MULTIFOLD. The goal is to infer the top right box (particle-level data) using
detector-level data (top left box) and simulations (lower boxes). The components of MULTIFOLD are
explained in more detail below.
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Fig. 2: A schematic diagram of the MULTIFOLD method. The top row represents data (‘Nature’) while the second
row depicts synthetic datasets from MC simulation. The goal is to infer the top right box given the other three
boxes. MULTIFOLD is an iterative two-step procedure. The first step uses detector-level inputs (left column) while
the second step uses particle-level inputs (right column). Adapted from Ref. [6].

Let ~x = (pe
x, pe

y, pe
z , pjet

T ,h jet,f jet,qjet
T /Q,Df jet). The goal is to make a cross section measurement that is

differential in~x. Note that from~x, one can extract Q by using qT computed from the first six components
of~x,~qT = ~pe

T �~pjet
T . Additionally, y can be computed using Q, the lepton kinematic properties, and Eq. 1.

Symbolically:

Q2 =
(qjet

T )2

(qjet
T /Q)2

=
(pe

x + pjet
T cos(f jet))2 +(pe

y + pjet
T sin(f jet))2

(qjet
T /Q)2

(3)

and

y = 1� E2
e sin2 qe

Q2

= 1�
(pe

x
2 + pe

y
2 + pe

z
2 +m2

e)
⇣

pe
x

2+pe
y

2

pe
x

2+pe
y

2+pe
z

2

⌘2

Q2 . (4)
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OmniFold: 1911.09107
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Excellent agreement with fixed order at high qT, 
excellent agreement with TMD prediction at low qT.
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Figure 2. Measured cross sections, normalized to the inclusive jet production cross section, as a function of the jet transverse
momentum (top left) and jet pseudorapidity (top right), lepton-jet momentum balance (qjet

T
/Q) (lower left), and lepton-jet

azimuthal angle correlation (��jet) (lower right). Predictions obtained with the pQCD (corrected by hadronization effects,
“NP”) are shown as well. Predictions obtained with the TMD framework are shown for the qjet

T
/Q and ��jet cross sections. 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 error
bar on the NNLO calculation represents scale, PDF, and hadronization uncertainties. The statistical uncertainties on the MC
predictions are smaller than the markers.

Results
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Parton shower Monte Carlo programs also provide 
excellent agreement with the data across the spectra.
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Figure 2. Measured cross sections, normalized to the inclusive jet production cross section, as a function of the jet transverse
momentum (top left) and jet pseudorapidity (top right), lepton-jet momentum balance (qjet

T
/Q) (lower left), and lepton-jet

azimuthal angle correlation (��jet) (lower right). Predictions obtained with the pQCD (corrected by hadronization effects,
“NP”) are shown as well. Predictions obtained with the TMD framework are shown for the qjet

T
/Q and ��jet cross sections. 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 error
bar on the NNLO calculation represents scale, PDF, and hadronization uncertainties. The statistical uncertainties on the MC
predictions are smaller than the markers.
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Figure 4. The statistical uncertainty correlation matrix for all measurements combined computed with 100 bootstraps of the
data.

Simultaneous for free! 
(binning is for illustration)

Results
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Fig. 6: Measured cross sections, normalized to the inclusive jet production cross section, as a function of (a)
the jet transverse momentum, (b) the jet pseudorapidity, (c) the lepton-jet momentum balance (qjet

T /Q), and (d)
the lepton-jet azimuthal angle correlation (Df jet) for 150 < Q2/GeV2 < 237. 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.
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Abstract: Machine learning tools have empowered a qualitatively new way to perform

di↵erential cross section measurements whereby the data are unbinned, possibly in many

dimensions. Unbinned measurements can enable, improve, or at least simplify comparisons

between experiments and with theoretical predictions. Furthermore, many-dimensional

measurements can be used to define observables after the measurement instead of before.

There is currently no community standard for publishing unbinned data. While there are

also essentially no measurements of this type public, unbinned measurements are expected

in the near future given recent methodological advances. The purpose of this paper is to

propose a scheme for presenting and using unbinned results, which can hopefully form the

basis for a community standard to allow for integration into analysis workflows. This is

foreseen to be the start of an evolving community dialogue, in order to accommodate future

developments in this field that is rapidly evolving.

2109.13243

Publishing unbinned 
measurements is tricky - 

we have started a 
conversation about this in 
a recent paper.  Feedback 

is most welcome!

(happy to think through how 
to do PDF fits unbinned!)
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This is the start of an exciting 
program to advance our study 
of QCD into higher dimensions

Today, I have presented 
the first ML-based 

unfolding with collider data

This particular measurement has important constraining 
power for TMD PDFs and provides important input to 

planning and design for the future EIC
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