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2H1 @ HERA

Arthur & Johannes gave great intros to H1 & HERA earlier today

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

I’ll present a measurement 
of the electron-jet inbalance

Jetp

e e

https://indico.desy.de/event/28202/contributions/105364/attachments/67131/83392/2021_EPS_RhoPhotoAtH1.pdf
https://indico.desy.de/event/28202/contributions/105403/attachments/67301/83626/OneJettinessH1.pdf


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



4Jets at H1

Energy flow algorithm (HFS) 
combines information from 
tracker and calorimeters

Neural network-based 
energy regression

1% jet energy scale 
uncertainty; 0.5-1% lepton 
energy scale uncertainty
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6Jets at H1

Energy flow algorithm (HFS) 
combines information from 
tracker and calorimeters

Neural network-based 
energy regression

1% jet energy scale 
uncertainty; 0.5-1% lepton 
energy scale uncertainty

Challenge: unfold multidimensional phase space

Solution: use deep learning!

…can do unbinned, high (and 
variable-)dimensional unfolding



7Unfold by iterating: OmniFold
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Detector effects are 
simulated with 

Geant3 + H1 custom 
simulation code
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Our default simulations 
use RAPGAP and DJANGOH
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19Unfold by iterating: OmniFold

OmniFold is:
- Unbinned
- Maximum likelihood
- Full phase space (compute observables post-facto)
- Improves the resolution from auxiliary features
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20Unfold by iterating: OmniFold

OmniFold is:
- Unbinned
- Maximum likelihood
- Full phase space (compute observables post-facto)
- Improves the resolution from auxiliary features

In this measurement: simultaneously unfold 
lepton and jet kinematics and report binned 

spectra for jet pT, Δɸ, qT/Q, and jet η



21Classification for reweighting

Neural networks are 
naturally unbinned and 
readily process high-

dimensional data. 

N.B. the distribution is 
binned for illustration, but the 

reweighting is unbinned. 

p
s = 319 GeV

<latexit sha1_base64="6oZa+gRYnrmADg8aE1LHQznmIqo=">AAAB+3icbVBNS8NAEN34WetXrEcvi63gqSTtQT0IRQ96rGA/oA1ls922SzebuDsRS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz8/xIcA2O822trK6tb2zmtvLbO7t7+/ZBoanDWFHWoKEIVdsnmgkuWQM4CNaOFCOBL1jLH19P/dYjU5qH8h4mEfMCMpR8wCkBI/XsQqmrHxQkOr2suhclfMOaPbvolJ0Z8DJxM1JEGeo9+6vbD2kcMAlUEK07rhOBlxAFnAqW5ruxZhGhYzJkHUMlCZj2ktntKT4xSh8PQmVKAp6pvycSEmg9CXzTGRAY6UVvKv7ndWIYnHsJl1EMTNL5okEsMIR4GgTuc8UoiIkhhCpubsV0RBShYOLKmxDcxZeXSbNSdqvlyl2lWLvK4sihI3SMTpGLzlAN3aI6aiCKntAzekVvVmq9WO/Wx7x1xcpmDtEfWJ8/Kr2TNg==</latexit>

e→←p

We use a trick whereby 
classifiers can be 

repurposed as reweighters



22Classification for reweighting

All of these distributions are simultaneously reweighted!
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24OmniFolding ep simulations

We see excellent closure for the full phase space!
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H1prelim-21-031
April 8, 2021

Measurement of lepton-jet correlations in high Q2

neutral-current DIS with the H1 detector at HERA

The H1 Collaboration

Abstract

A measurement of jet production in high Q2 neutral-current DIS events close to the Born-level con-
figuration g⇤q ! 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
kT 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.

https://www-h1.desy.de/h1/www/publications/
htmlsplit/H1prelim-21-031.long.html
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8 The H1 Collaboration

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 qT/Q and Df cross-sections. At the bottom, the ratio be-
tween pQCD predictions and the data are shown (the TMD NLL0 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 pjet
T cross-section is described within uncertainties by the NNLO calculation; the discrepancies with

Excellent agreement with fixed order at high qT, 
excellent agreement with TMD prediction at low qT.

see Sec. 9 in our note for theory citations

https://www-h1.desy.de/psfiles/confpap/DIS2021/H1prelim-21-031.pdf
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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, PYTHIA8.3, 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 pjet
T . The h jet

lab 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 N3LO accuracy might be needed to describe the data. The qT/Q spectrum is described by
the NNLO calculation within uncertainties in the region qT/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 qT to up to qT/Q ⇡ 1.0, which is well beyond the assumed validity region of the
TMD framework. Both the NLO and NNLO calculations describe the Df spectrum within uncertainties,
except at low Df where non-physical trends are observed. The TMD calculation describes the data well
for Df < 0.75 radian.

Parton shower Monte Carlo programs also provide 
excellent agreement with the data across the spectra.

see Sec. 9 in our note for theory citations

https://www-h1.desy.de/psfiles/confpap/DIS2021/H1prelim-21-031.pdf
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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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N.B. if you just apply 
p(ideal | measured), you 
would have gotten the 

wrong answer!


