
Jet Measurements at the HL-EIC

Deep Convolutional Architectures for  
Jet-Images at the Large Hadron Collider

Introduction 
The Large Hadron Collider (LHC) at CERN is the largest and most powerful particle accelerator in 
the world, collecting 3,200 TB of proton-proton collision data every year. A true instance of Big 
Data, scientists use machine learning for rare-event detection, and hope to catch glimpses of new 
and uncharted physics at unprecedented collision energies.  

Our work focuses on the idea of the ATLAS detector as a camera, with events captured as 
images in 3D space. Drawing on the success of Convolutional Neural Networks in Computer 
Vision, we study the potential of deep leaning for interpreting LHC events in new ways.

The ATLAS detector 
The ATLAS detector is one of the two general-purpose experiments at the LHC. The 100 million 
channel detector captures snapshots of particle collisions occurring 40 million times per second. 
We focus our attention to the Calorimeter, which we treat as a digital camera in cylindrical space. 
Below, we see a snapshot of a 13 TeV proton-proton collision.

LHC Events as Images 
We transform the ATLAS coordinate system (η, φ) to a rectangular grid that allows for an image-
based grid arrangement. During a collision, energy from particles are deposited in pixels in (η, φ) 
space. We take these energy levels, and use them as the pixel intensities in a greyscale analogue. 
These images — called Jet Images — were first introduced by our group [JHEP 02 (2015) 118], 
enabling the connection between LHC physics event reconstruction and computer vision.. We 
transform each image in (η, φ), rotate around the jet-axis, and normalize each image, as is often 
done in Computer Vision, to account for non-discriminative difference in pixel intensities.  

In our experiments, we build discriminants on top of Jet Images to distinguish between a 
hypothetical new physics event, W’→ WZ, and a standard model background, QCD.  
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Physics Performance Improvements 
Our analysis shows that Deep Convolutional Networks significantly improve the classification of 
new physics processes compared to state-of-the-art methods based on physics features, 
enhancing the discovery potential of the LHC.  More importantly, the improved performance 
suggests that the deep convolutional network is capturing features and representations beyond 
physics-motivated variables.  

Concluding Remarks 
We show that modern Deep Convolutional Architectures can significantly enhance the discovery 
potential of the LHC for new particles and phenomena. We hope to both inspire future research 
into Computer Vision-inspired techniques for particle discovery, and continue down this path 
towards increased discovery potential for new physics.
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Deep Convolutional Networks 
Deep Learning — convolutional networks in particular — currently represent the state of the art in 
most image recognition tasks. We apply a deep convolutional architecture to Jet Images, and 
perform model selection. Below, we visualize a simple architecture used to great success.  

We found that architectures with large filters captured the physics response with a higher level of 
accuracy. The learned filters from the convolutional layers exhibit a two prong and location based 
structure that sheds light on phenomenological structures within jets. 

Visualizing Learning 
Below, we have the learned convolutional filters (left) and the difference in between the average 
signal and background image after applying the learned convolutional filters (right). This novel 
difference-visualization technique helps understand what the network learns.

2D  
Convolutions 
to Jet Images

Understanding Improvements 
Since the selection of physics-driven variables is driven by physical understanding, we want to be 
sure that the representations we learn are more than simple recombinations of basic physical 
variables. We introduce a new method to test this — we derive sample weights to apply such that 

meaning that physical variables have no discrimination power. Then, we apply our learned 
discriminant, and check for improvement in our figure of merit — the ROC curve.

Standard physically motivated 
discriminants — mass (top)  
and n-subjettiness (bottom)

Receiver Operating Characteristic

Notice that removing out the individual effects of 
the physics-related variables leads to a likelihood 
performance equivalent to a random guess, but 
the Deep Convolutional Network retains some 
discriminative power. This indicates that the deep 
network learns beyond theory-driven variables — 
we hypothesize these may have to do with 
density, shape, spread, and other spatially driven 
features.
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To first order, the ep jet physics program at the 
EIC is the jet physics program of HERA

(of course, jet physics has significantly advanced over the last 30 
years, so not all analyses have been done with HERA data (yet)) 

…of course, EIC can do more: eA and polarized beams!

(HERA had runs with polarized leptons)

Uses of jets: (1) as proxies for quarks/gluons (some 
advantages over exclusive hadrons) and (2) as 

composite objects whose structure we want to explore
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Figure 4: The combined HERA data for the inclusive NC e+p reduced cross sections as a
function of Q2 for six selected values of xBj compared to the individual H1 and ZEUS data. The
individual measurements are displaced horizontally for better visibility. Error bars represent the
total uncertainties. The two labelled entries at xBj = 0.008 and 0.08 come from data which were
taken at

√
s = 300GeV and y < 0.35 and were translated to

√
s = 318GeV, see Section 4.1.
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Main target 
will be high-x

See e.g. 2003.01700

Can we use 
jets/jet tagging 

to enhance 
target flavors?
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Figure 4. Comparison of unfolding results for log10(x) (top) and log10(y) (bottom) using the
electron, Sigma, and DNN methods. Distributions for the statistical error on the unfolded result
(left), the ratio of errors for the methods (middle), and the global correlation coe�cient (right) are
shown.

errors. However, the uncertainties of the DNN methods are still about 10% smaller at

lowest x or highest y, and the global correlation coe�cient for the DNN method is found

to be smaller by about a factor of 2 or more. At high x and low y, the DNN method

shows significantly lower statistical errors and smaller global correlations in all bins. The

uncertainties of the electron method become large, due to the particularly large global

correlation coe�cients at low y. Furthermore, with higher x or lower y both classical

methods have a successively increasing uncertainty, whereas the DNN shows continuously

reduced uncertainties towards these kinematic regions (except the bin at lowest y).

Lastly, we study the properties of the unfolding when the migration matrix is obtained

from a di↵erent Monte Carlo event generator as the (pseudo-)data sample. Such tests are

of great importance in real data analyses, since a possible bias of the unfolding method due

the selection of a certain physics generator is assessed. The di↵erences of the two Monte

Carlo models, when unfolded with the simulation from the other generator, is commonly

considered as an uncertainty in the data analysis and is denoted as (generator) model

systematic uncertainty. In order to reveal generator model systematic uncertainties at a

statistically significant level, the size of the simulated event sample for these studies is

107, which is 100 times larger than those used in Figures 2 through 4. The technical

closure plots when using the Rapgap event generator are displayed in Appendix B, and

– 8 –

2203.16722

Word of warning: in order 
to make the most of 

increased stats, we also 
need method innovation!

(this plot shows how we can 
access high-x with more 

stats and/or better methods) 



11Jets at the HL-EIC

6

order (NNLO) accuracy in QCD (up to O(↵2
s)) was obtained with the Poldis code [121, 122], which is based on the

Projection to Born Method [123]. These calculations are multiplied by hadronization corrections that are obtained with
Pythia 8.3 [124, 125] using its default set of parameters. These corrections are smaller than 10% for most kinematic
intervals and are consistent with corrections derived by an alternative generator, Herwig 7.2 [126, 127], using its
default parameters. The uncertainty of the calculations is given by the variation the factorization and renormalization
scale Q2 by a factor of two [121, 122] as well as NLOPDF4LHC15 variations [128].

The TMD calculation uses the framework developed in Refs. [33, 34] using the same jet radius and algorithm used in
this work3. The inputs are TMD PDFs and soft functions derived in Ref. [129], which were extracted from an analysis
of semi-inclusive DIS and Drell-Yan data. The calculation is performed at the next-to-leading logarithmic accuracy.
This calculation is performed within TMD factorization and no matching to the high qT region is included, where
the TMD approach is expected to be inaccurate. 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 qjet

T /Q and ��jet. Uncertainties are not yet available
for the TMD predictions4. Additional TMD-based calculations are provided by the MC generator Cascade [131],
using matrix elements from KaTie [132] and parton branching TMD PDFs [133–135]. A first setup integrates to
HERAPDF2.0 [136] and a second setup uses angular ordering and pT as the renormalization scale [137, 138].
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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 measurement; the bars represent the statistical uncertainty of the measurement, 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. The unfolded data and comparisons to predictions are presented in Fig. 2. The pjetT and ⌘jetlab cross sections
are described within uncertainties by the NNLO calculation. Note that while the QED corrections are mostly small,

3 This differs from the original paper [33] using the anti-kT algorithm. The difference is power suppressed at the accuracy of the calculation.
4 The scale variation procedure that is standard in the collinear framework does not translate easily to the TMD framework [130].

2108.12376

Word of warning 2: many 
interesting regimes are not 
stats-limited at HERA/EIC

We will need to reduce 
uncertainties to make the 
most of higher stats data!

(the lowest bin here is 
most TMD-sensitive and 

is not stats limited) 



12Need for stats in ep

I’m not going to go through the entire HERA jet physics 
program, but you can imagine that stats are limited at 
extreme phase space regions (high x, high Q2) and/or 

going highly differential / exclusive.

(e.g. quarkonia in jets, multi-differential jet cross sections, …)



13Jet substructure

Physics program of jet substructure: 

1. Fundamental parameters of the SM 
2. BSM searches using small deviations from SM 
3. Quantum properties of inherently exciting emergent pheno 
4. Develop / tune Parton Shower Monte Carlo (to aid other 

searches / measurements)
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Physics program of jet substructure: 

1. Fundamental parameters of the SM 
2. BSM searches using small deviations from SM 
3. Quantum properties of inherently exciting emergent pheno 
4. Develop / tune Parton Shower Monte Carlo (to aid other 

searches / measurements)

For the EIC, mostly 3 (and 4) is relevant.

Can we do 1?
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Figure 12: Comparison between soft-drop groomed e(2)
2

distributions with zcut = 0.1 and

� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e(2)
2

2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e(2)
2

. 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.

– 41 –
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(groomed mass /  jet pT)2
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� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e(2)
2

2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e(2)
2

. 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.
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sensitive to pileup; for example, the jet mass scales as O(A2) [94] for the jet catchment area A [95]
(whereas the jet pT scales linearly with A). The jet-area subtraction that works well for pT has been
extended to event shapes [96], but must be re-calibrated per observable. Constituent-based pileup sub-
traction schemes [97, 98, 99, 100, 101] show great promise and are actively being studied and adapted
to the actual experimental settings [102, 103, 104, 105, 106]. Even without constituent-based subtrac-
tion techniques, though, there is a large reduction in pileup sensitivity to jet substructure from groom-
ing [102, 107, 106, 3]. Grooming systematically removes soft and wide-angle radiation, which is exactly
the profile characteristic of pileup. Even with extreme levels of pileup (up to 300 collisions), grooming
can preserve the distribution of the jet mass distribution [108].

Despite the power of grooming for pileup suppression, there is still a residual degradation of reso-
lution with increased levels of pileup which makes precision jet substructure measurements challenging
at high instantaneous luminosity. Track-based observables are robust to pileup because their vertex of
origin can be well-distinguished from pileup vertices. Precision track-based substructure observables
have been calculated [109, 110, 111, 112], but typically require universal NP input. It may be interesting
to do a track- and jet-substructure-based extraction of ↵s, but this is left as a possibility for future work.

1.4 Observable Sensitivity to ↵s

In this subsection, we study the sensitivity of the groomed jet mass to variations in the value of ↵s. We
begin with a discussion based on the analytic formulae at LL accuracy. We then perform a PS study,
highlighting the interplay between the sensitivity of different parts of the distribution to variations in the
value of ↵s and NP effects. Finally, we discuss the issue of Casimir scaling and the related issue of using
normalized versus unnormalized distributions.

1.41 Analytic Understanding

To get an understanding of the sensitivity of the groomed mass distribution both to the value of ↵s as
well as to the quark and gluon composition, it is enlightening to study the LL distribution. Here, for
simplicity, we consider only the leading logs in the observable, in the resummation region; complete
expressions can be found in Refs. [52, 55, 54, 53]. For � = 0, the LL result at fixed coupling for the
cumulative distribution in the resummation region takes the schematic form

⌃(e(2)
2 ) = exp


�

↵sCi

⇡
[log(zcut) � Bi] log(e(2)

2 )

�
, (9)

where Bi = �3/4 for quarks and Bg = �
11
12 +

nf

6CA
for gluons (nf is the number of active quark flavors).

This highlights that for � = 0, the groomed jet mass is a single-logarithmic observable, contrasting with
the standard double-logarithmic behavior of plain jet mass. Differentiating the cumulative distribution,
we obtain the spectrum

e
(2)
2

�

d�

de
(2)
2

= �
↵sCi

⇡
[log(zcut) � Bi] exp


�

↵sCi

⇡
[log(zcut) � Bi] log(e(2)

2 )

�
. (10)

Here, we immediately see several interesting consequences. In the resummation region, the slope of
the distribution when plotted against log e

(2)
2 is set by the product ↵sCi, where Ci is the Casimir factor,

namely CF = 4/3 for quarks and CA = 3 for gluons. We therefore see that the groomed mass is indeed
sensitive to the value of ↵s. Due to the larger color charge of gluons, we expect that samples of pure
gluon jets would have a significantly higher sensitivity to the value of ↵s; this expectation will be born
out in our PS studies below. Because ↵s is always multiplied by a color factor, though, knowing the
precise quark/gluon composition of a sample is essential, as discussed in Sec. 1.43. In practice, the PS
studies and the analytic studies that follow (see Sec. 1.5) include higher-order effects, such as subleading
terms in the splitting functions, that violate Casimir scaling.
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Figure 12: Comparison between soft-drop groomed e(2)
2

distributions with zcut = 0.1 and

� = 0 (top) and � = 1 (bottom) for matched and normalized NNLL, parton-level, and hadron-

level Monte Carlo. All curves integrate to the same value over the range e(2)
2

2 [0.001, 0.1].

The uncertainty band for soft drop with � = 1 at NNLL includes the variation of the two-loop

non-cusp anomalous dimension.

Fig. 12 also illustrates that soft drop grooming eliminates sensitivity to both hadroniza-

tion and underlying event until deep in the infrared. The parton-level and hadron-level dis-

tributions for each Monte Carlo agree almost perfectly until below about e(2)
2

. 10�3. That

hadronization e↵ects are small is expected from our e+e� analysis, but this also demonstrates

that underlying event e↵ects are negligible. A similar observation was made in Ref. [8], though

at a much higher jet pT (pT > 3 TeV). As in e+e� collisions, we expect that the hadronization

e↵ects that are observed in the Monte Carlo can be explained by a shape function, though

we leave this to future work.
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Figure 1: Data and Monte Carlo predictions obtained with the S
L and S

C setups
at parton and hadron level. Reweighting was applied.
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If you want to do 
perturbative QCD, better 

to go to higher energy 
than higher luminosity (!)

(any chance we 
can do both??)

Nonetheless, get 
nearly all of the 
benefits of e+e-!



20A clean environment for QCD

Can we use the clean environment 
to address challenges in pp?
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Can we use the clean environment 
to address challenges in pp?

For example, studying correlations between 
jets is difficult due to the highly varying flavor 

fractions and the underlying event.
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We can study QCD 
entanglement from 

correlations in the radiation 
patterns of pairs of jets.

An exciting laboratory 
for this work is boosted 
W bosons, a copious 

source of singlet → jets.

Example 1: Jet pull

Correlations Part I: Jet Pull
As in many other areas of physics, studying correlations 

gives us a handle on emergent properties of QCD
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θP = How much the radiation from 
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W boson → two jets

Eur. Phys. J. C 78 (2018) 847Example 1: Jet pull
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???

As in many other areas of physics, studying correlations 
gives us a handle on emergent properties of QCD
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W boson → two jets

Here is an observable 
where we can’t 

distinguish between 
“entanglement” turned 

“on” and “off” !

Theory predictions are 
challenging, but in 

development 
(see A. Larkoski, S. Marzani, C. 

Wu, PRD 99 (2019) 091502)

Eur. Phys. J. C 78 (2018) 847Example 1: Jet pull
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???

As in many other areas of physics, studying correlations 
gives us a handle on emergent properties of QCD



Example 2: g → bb

Gluon splitting to bottom 
quarks gives us the only 
~pure access to QCD 

splitting functions.

(and of course, this is 
a very important 

process for Higgs)

instead of parton-splitting e�ects) and were limited in their kinematic reach due in part to small datasets
and low momentum transfers.

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC
using b-tagged small-radius jets within large-radius jets. This topology is used to calibrate b-tagging
in dense environments [50–52] and is studied phenomenologically [53, 54]. The measurement shown
in this paper builds on these studies by using data collected by the ATLAS detector from

p
s = 13 TeV

pp collisions in order to perform a di�erential cross-section measurement of g ! bb̄ inside jets at high
transverse momentum – see Figure 1 for a representative Feynman diagram. Small-radius jets built from
charged-particle tracks are used as proxies for b-quarks and can be used as precision probes of the small
opening-angle regime.

This paper is organized as follows. After a brief introduction to the ATLAS detector in Section 2, the
data and simulations used for the measurement are documented in Section 3. Section 4 describes the
event selection and Section 5 lists and motivates the observables to be measured. The key challenge
in the measurement is the estimation of background processes, which is performed using a data-driven
approach illustrated in Section 6. The data are unfolded to correct for detector e�ects to allow direct
comparisons to particle-level predictions. This procedure is explained in Section 7 and the associated
systematic uncertainties are detailed in Section 8. The results are presented in Section 9 and the paper
concludes with Section 10.

q

g

q

b

b̄

Figure 1: A representative diagram for the high-pT g ! bb̄ process studied in this paper.

2 ATLAS detector

The ATLAS detector [55] is a multipurpose particle detector with a forward/backward-symmetric cylindrical
geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking detector,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector (ID) is surrounded
by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity range of |⌘ | < 2.5.
The ID is composed of silicon pixel and microstrip detectors as well as a transition radiation tracker. For
the LHC

p
s = 13 TeV run, the silicon pixel detector has been upgraded to include an additional layer

close to the beam interaction point [56]. The lead/liquid-argon electromagnetic sampling calorimeters
measure electromagnetic energies with high granularity for the pseudorapidity region of |⌘ | < 3.2. Hadron

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle as ⌘ = � ln tan(polar angle/2).

3

25Correlations Part II: g → bb̄
As in many other areas of physics, studying correlations 

gives us a handle on emergent properties of QCD
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in the measurement is the estimation of background processes, which is performed using a data-driven
approach illustrated in Section 6. The data are unfolded to correct for detector e�ects to allow direct
comparisons to particle-level predictions. This procedure is explained in Section 7 and the associated
systematic uncertainties are detailed in Section 8. The results are presented in Section 9 and the paper
concludes with Section 10.
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2 ATLAS detector

The ATLAS detector [55] is a multipurpose particle detector with a forward/backward-symmetric cylindrical
geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking detector,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector (ID) is surrounded
by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity range of |⌘ | < 2.5.
The ID is composed of silicon pixel and microstrip detectors as well as a transition radiation tracker. For
the LHC

p
s = 13 TeV run, the silicon pixel detector has been upgraded to include an additional layer

close to the beam interaction point [56]. The lead/liquid-argon electromagnetic sampling calorimeters
measure electromagnetic energies with high granularity for the pseudorapidity region of |⌘ | < 3.2. Hadron

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle as ⌘ = � ln tan(polar angle/2).
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As in many other areas of physics, studying correlations 

gives us a handle on emergent properties of QCD



p

p

b

gb

DR
(b,
b)

Dqp
pg,
gbb

b

b p

p

Dq
pp
g,
gb
b

DR(b,b)

Side 
view

Top 
view

0

0.5

1

1.5

π/
gp

p,
gb

b
θ

Δ
/d
σ

) d
σ

(1
/

2016 Data
Total Uncertainty
Sherpa 2.1

)±Pythia 8.230 (A14 + Var2
Pythia 8.230 (A14, no g pol.)

ATLAS
-1 = 33 fbint = 13 TeV, Ls

0 0.2 0.4 0.6 0.8 1
π/gpp,gbbθΔ

0.8

1

1.2

M
C

/D
at

a

Example 2: g → bb

Ph
ys

. R
ev

. D
 9

9,
 0

52
00

4 
(2

01
9)

27Correlations Part II: g → bb̄

???

As in many other areas of physics, studying correlations 
gives us a handle on emergent properties of QCD
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See also Fischer, Lifson, Skands, 
EPJC 77 (2017) 719

Gluons seems “more 
polarized” in data than in 

our predictions.  Slight 
improvement from matrix 

element corrections 
(Sherpa 2 → 3).
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???

As in many other areas of physics, studying correlations 
gives us a handle on emergent properties of QCD
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Also find that the 
flavor fractions are 
not quite correct?

(determined from a fit 
to the displacement 
of tracks inside jets)

As in many other areas of physics, studying correlations 
gives us a handle on emergent properties of QCD



30Jets in eA at the HL-EIC

One of the goals will be to study collective effects.

If they exist for jets, then we know 
so far that they must be small.

Therefore, we will need a lot of data!
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FIG. 3. The normalized invariant mass distribution of the
photon pair from the signal process e�p ! e���j and the
SM backgrounds e�p ! e���j and e�p ! e���jj after the
preselection in Eq. (4).

ma(GeV) 11 21 31 41 51 61

✏(signal) 0.394 0.542 0.712 0.747 0.762 0.740

✏(e���j) 0.066 0.100 0.046 0.011 1.7 ⇤ 10�3 2.4 ⇤ 10�4

✏(e���jj) 0.070 0.098 0.033 0.005 3.2 ⇤ 10�4 6.3 ⇤ 10�5

TABLE I. Cut e�ciencies for the signal process with
the benchmark ALP mass ma and the corresponding SM
backgrounds at the EIC.

⇠ ma/2, while the p�T for the backgrounds tend to be
a soft spectrum because of the cross sections will be
enhanced by the soft and/or collinear singularity in that
phase space region. However, the p�T information could
be correlated to the m�� , therefore, the additional cut
on the p�T can not improve the sensitivity to probe the
ALP. We show the cut e�ciency with few benchmark
ALP mass after the kinematic cuts from Eqs. (4) and
(5) in Table I. Owing to the kinematic cuts in Eq. (4)
could be satisfied automatically for a heavy ALP, the
cut e�ciency for the signal tends to be a constant when
ma > 40 GeV.

Equipped with the signal and backgrounds production
cross sections and the collider simulation e�ciencies,
the upper limit on the e↵ective coupling ga�� at 2�
confidence level can be obtained in terms of [58]

s

�2


nb ln

✓
ns + nb

nb

◆
� ns

�
= 2, (6)

where ns and nb are the numbers of the signal and
background events, respectively. Given the integrated
luminosity of 300 fb�1, the upper limit on the e↵ective
coupling ga�� is presented in Fig. 4. It shows that
the ga�� could be constrained to be ⇠ 0.1 TeV�1 at

FIG. 4. The exclusion limit on the e↵ective coupling ga�� with
the ALP mass ma at the 2� confidence level. The integrated
luminosity is assumed to be 300 fb�1.

2� confidence level by assuming null result of directly
searching of ALP with ma < 60 GeV at the EIC.
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FIG. 5. Upper limit on the e↵ective coupling ga�� from
the EIC (orange and gray regions), Light-by-Light scattering
at the LHC (pink region, projected sensitivity) and Pb-Pb
collision (blue region), and o↵ Z-pole at the LEP (green
region). The excluded regions from other colliders are
extracted from Ref. [38].

IV. SUMMARY AND DISCUSSION

As we discussed in Sec. I, the tens of GeV ALP has
been widely searched by other colliders. It includes
the measurements of tri-photon on and o↵ the Z-pole
(e+e� ! 3�) at the LEP [59, 60], searches for the
same final states at the LHC [25] and the light-by-light

31Crazy ideas

What about BSM?  Maybe 
there are places where (HL)EIC 

could compete, e.g. axions?

2112.02477

Events with an Isolated Lepton and Pmiss

T
at HERA

 [deg.]  θ
0 20 40 60 80 100 120 140

Ev
en

ts

5

10

15

20
25

30

35

40
45

 [deg.]  θ
0 20 40 60 80 100 120 140

Ev
en

ts

5

10

15

20
25

30

35

40
45

SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [deg.]  θ
0 20 40 60 80 100 120 140

Ev
en

ts

5

10

15

20
25

30

35

40
45

!
 [deg.]  -XΦΔ

0 20 40 60 80 100 120 140 160 180

Ev
en

ts

5

10

15

20

25

30

 [deg.]  -XΦΔ
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

5

10

15

20

25

30

SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [deg.]  -XΦΔ
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

5

10

15

20

25

30

!

 [GeV]ν   
TM

0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts

10

20

30

40

50

 [GeV]ν   
TM

0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts

10

20

30

40

50
SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [GeV]ν   
TM

0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts

10

20

30

40

50

!  [GeV]X
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

 [GeV]X
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210
SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [GeV]X
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

 [GeV]miss
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

 [GeV]miss
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210
SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [GeV]miss
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

 [GeV] 
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

 [GeV] 
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210
SM
SM Signal

)-1H1+ZEUS (0.98 fb

 [GeV] 
TP

0 10 20 30 40 50 60 70 80 90 100

Ev
en

ts

-110

1

10

210

!

(a) (b)

(c) (d)

(e) (f)

Figure 1: Distributions of kinematic variables of events with an isolated electron or muon and
missing transverse momentum in the full HERA e±p data. Shown are: the polar angle of
the lepton θ! (a), the difference in the azimuthal angle of the lepton and the hadronic systems
∆φ!−X (b), the lepton–neutrino transverse mass M !ν

T (c), the hadronic transverse momentum
PX
T (d), the missing transverse momentum Pmiss

T (e) and the transverse momentum of the lepton
P !
T (f). The data (points) are compared to the SM expectation (open histogram). The signal
component of the SM expectation, dominated by singleW production, is shown as the hatched
histogram. The total uncertainty on the SM expectation is shown as the shaded band.
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What about W mass?  On-shell W 
production too low at HERA, but 
maybe can be done at HL-EIC?



32Overview

The EIC will be a fantastic facility for studying QCD.
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Jet physics will be one component of this exploration.  
Higher stats will allow us to probe more extreme 
regions of phase space more differentially.

At the same time, it is worth 
revisiting HERA data (see e.g. 
https://indico.bnl.gov/event/

9370/) and/or improving methods 
to make the most of limited stats!

(It’s time for me to make an 
ep version of this figure!)

https://indico.bnl.gov/event/9370/
https://indico.bnl.gov/event/9370/
https://indico.bnl.gov/event/9370/

