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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.
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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.
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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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Jets and Jet Substructure at Future Colliders 
Letter of Interest for Snowmass 2021 

 
The BOOST community  1

 
Jet substructure (JSS) has emerged as a powerful framework for studying the Standard 
Model (SM) and provides a key set of tools for probing nature at the highest energy 
scales accessible by terrestrial experiments [1-6].  While not an experimental or 
theoretical consideration of the design of original LHC experiments, JSS is now being 
widely used to extend the sensitivity of searches  for new particles, to enhance the 
precision of measurements of highly-Lorentz-boosted SM particles, as well as to 
probe the fundamental and emergent properties  of the strong force in new ways. 
Along the way, the JSS community has been a catalyst for new detector concepts, new 
analysis tools (e.g., deep learning), new theory techniques, and more.  Jet substructure 
has be en transformative for the physics program of the LHC  and it can play a central 2

role in the physics case for future colliders.  
 
The goal of this document is to describe new physics that could be done with JSS at 
future colliders  and what experimental and theoretical considerations are required to 3

empower this physics program.  The focus will be on qualitatively new capabilities and 
most strongly aligns with the Precision QCD  [EF05] and  BSM Physics  [EF08, EF09, 
EF10] topical groups of the Energy Frontier , but will have strong connections to other 
efforts in QCD and strong interactions (Hadronic Structure [EF06], Heavy Ions [EF07], 
3rd generation quarks [EF03]) as well as in EW Physics.  Furthermore, JSS tools are 
intimately connected with efforts in the Theory Frontier (e.g. EFT, Collider 
phenomenology), the Instrumentation Frontier (e.g. Solid State Detectors, Trigger, 
Calorimetry), Computational Frontier (e.g. Algorithms, Theory, Machine Learning, User 
Analysis, Quantum Computing), and Community Engagement. 
 
This contribution has emerged from within the BOOST community.  BOOST is a joint 
theory-experiment workshop that has been held annually since 2009.   The 2020 
iteration of the workshop included a discussion about future colliders and we have taken 
this opportunity to organize an effort to contribute to Snowmass 2021 with the goal of 

1 See the last page for the complete list.  Contact: bpnachman@lbl.gov. 
2 See reviews cited above.  Concrete experimental examples include [7-12].  These papers are meant to 
be representative, but do not reflect the breadth and depth of studies conducted by ATLAS, CMS, and 
ALICE. 
3 Beyond the LHC, such as a Higgs factory or a high-energy proton-proton/electron-positron collider, and 
including the EIC. 

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF5_EF7-TF7_TF0-IF6_IF3-CompF3_CompF0_Ben_Nachman-140.pdf
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BOOST is a vibrant community of 
experimentalists and theorists who come 

together once a year for the BOOST 
conference to discuss the latest and 

greatest about jet substructure.
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…While not an experimental or 
theoretical consideration of the design 
 of the original LHC experiments, JSS 
 is now being used widely used to… 

…it must be part of the design 
 of a future collider!
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“…The focus will be on qualitatively  
new capabilities…” 

We will try to keep a focused  
scope to the extent possible.

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF5_EF7-TF7_TF0-IF6_IF3-CompF3_CompF0_Ben_Nachman-140.pdf


Jets and Jet Substructure at Future Colliders 
Letter of Interest for Snowmass 2021 

 
The BOOST community  1

 
Jet substructure (JSS) has emerged as a powerful framework for studying the Standard 
Model (SM) and provides a key set of tools for probing nature at the highest energy 
scales accessible by terrestrial experiments [1-6].  While not an experimental or 
theoretical consideration of the design of original LHC experiments, JSS is now being 
widely used to extend the sensitivity of searches  for new particles, to enhance the 
precision of measurements of highly-Lorentz-boosted SM particles, as well as to 
probe the fundamental and emergent properties  of the strong force in new ways. 
Along the way, the JSS community has been a catalyst for new detector concepts, new 
analysis tools (e.g., deep learning), new theory techniques, and more.  Jet substructure 
has be en transformative for the physics program of the LHC  and it can play a central 2

role in the physics case for future colliders.  
 
The goal of this document is to describe new physics that could be done with JSS at 
future colliders  and what experimental and theoretical considerations are required to 3

empower this physics program.  The focus will be on qualitatively new capabilities and 
most strongly aligns with the Precision QCD  [EF05] and  BSM Physics  [EF08, EF09, 
EF10] topical groups of the Energy Frontier , but will have strong connections to other 
efforts in QCD and strong interactions (Hadronic Structure [EF06], Heavy Ions [EF07], 
3rd generation quarks [EF03]) as well as in EW Physics.  Furthermore, JSS tools are 
intimately connected with efforts in the Theory Frontier (e.g. EFT, Collider 
phenomenology), the Instrumentation Frontier (e.g. Solid State Detectors, Trigger, 
Calorimetry), Computational Frontier (e.g. Algorithms, Theory, Machine Learning, User 
Analysis, Quantum Computing), and Community Engagement. 
 
This contribution has emerged from within the BOOST community.  BOOST is a joint 
theory-experiment workshop that has been held annually since 2009.   The 2020 
iteration of the workshop included a discussion about future colliders and we have taken 
this opportunity to organize an effort to contribute to Snowmass 2021 with the goal of 

1 See the last page for the complete list.  Contact: bpnachman@lbl.gov. 
2 See reviews cited above.  Concrete experimental examples include [7-12].  These papers are meant to 
be representative, but do not reflect the breadth and depth of studies conducted by ATLAS, CMS, and 
ALICE. 
3 Beyond the LHC, such as a Higgs factory or a high-energy proton-proton/electron-positron collider, and 
including the EIC. 

“…The focus will be on qualitatively  
new capabilities…” 

We will try to keep a focused  
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Our ultimate goals are to influence the decision on the choice of 
the next energy frontier machine, influence the decision of the 
detectors (and other expensive resources like trigger/
computing) at said machine and the EIC, and to make a case 
for funding research / training programs in jet substructure (P5 
driver?).
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delivering a white paper to be completed on the timescale of BOOST 2021 (in time for 
the community workshop at the University of Washington). 
 
This Letter of Interest aims to outline the multiple avenues of research that the authors 
believe will be important in the context of Snowmass 2021. As introduced above, we 
believe that numerous topics of relevance for the Snowmass process should be 
discussed and evaluated with explicit considerations of the impacts for and benefits 
from JSS theory, phenomenology, and experimental tools (both hardware and 
software). These topics include, but are not limited to:  
 

1. Theoretical innovation to enable new approaches, including advances in fixed 
order, resummation, and non-perturbative corrections 

a. (Beyond the) Standard model parameters (𝛼s (including running), mtop, 
EFTs, Higgs self coupling, etc.) 

b. Unique tests of fundamental physics, including unique probes of high 
energy / collective behavior of the strong force 

c. General-purpose Monte Carlo generator development and tuning 
2. Experimental innovation to enable new approaches 

a. Detector optimization (e.g. calorimeter granularity [13,14]) 
b. Low-level calibration and systematic uncertainties 
c. Reconstruction algorithms (online (trigger), clustering algorithms, etc.) 

3. Enhancing sensitivity 
a. Uncovered scenarios (long lived particles, complex dark sectors) 
b. New observables (including track-based observables) 
c. Novel analysis techniques (machine and deep learning) 

Among other things, this will be a test bed for new and creative ideas in theory 
and analysis. 

 
It is also critical to examine what experimental and theoretical studies we should do still 
at the LHC that will inform work at future colliders.  Furthermore, we will consider how 
lessons learned at the LHC can be adapted to future, potentially non-hadron, colliders. 
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believe that numerous topics of relevance for the Snowmass process should be 
discussed and evaluated with explicit considerations of the impacts for and benefits 
from JSS theory, phenomenology, and experimental tools (both hardware and 
software). These topics include, but are not limited to:  
 

1. Theoretical innovation to enable new approaches, including advances in fixed 
order, resummation, and non-perturbative corrections 

a. (Beyond the) Standard model parameters (𝛼s (including running), mtop, 
EFTs, Higgs self coupling, etc.) 

b. Unique tests of fundamental physics, including unique probes of high 
energy / collective behavior of the strong force 

c. General-purpose Monte Carlo generator development and tuning 
2. Experimental innovation to enable new approaches 

a. Detector optimization (e.g. calorimeter granularity [13,14]) 
b. Low-level calibration and systematic uncertainties 
c. Reconstruction algorithms (online (trigger), clustering algorithms, etc.) 

3. Enhancing sensitivity 
a. Uncovered scenarios (long lived particles, complex dark sectors) 
b. New observables (including track-based observables) 
c. Novel analysis techniques (machine and deep learning) 

Among other things, this will be a test bed for new and creative ideas in theory 
and analysis. 

 
It is also critical to examine what experimental and theoretical studies we should do still 
at the LHC that will inform work at future colliders.  Furthermore, we will consider how 
lessons learned at the LHC can be adapted to future, potentially non-hadron, colliders. 
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https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF5_EF7-TF7_TF0-IF6_IF3-CompF3_CompF0_Ben_Nachman-140.pdf


The BOOST Community 
 

H. Abdolmaleki, IPM (Iran) 
A. Angerami, Lawrence Livermore National Laboratory 
M. Arratia, University of California Riverside  
J. M. Butterworth, UCL 
A. T. Arce, Duke University 
R. Camacho Toro, LPNHE/CNRS 
M. Campanelli, UCL 
G. Chachamis, LIP 
S. Chatterjee, TIFR  
S. Chekanov, ANL 
Y.-T. Chien, Stony Brook University 
K. Cormier, University of Zurich 
L. Cunqueiro, ORNL 
M. Dasgupta, Manchester 
C. M. Delitzsch, University of Arizona 
C. Doglioni, Lund University 
J. Dolen, Purdue University Northwest 
R. Erbacher, UC Davis 
J. Gonski, Columbia University 
L. Gouskos, CERN 
P. Gras, Université Paris-Saclay, CEA/Irfu 
P. Harris, MIT 
A. Hinzmann, Universität Hamburg 
B. T. Huffman, Oxford University 
Z. B. Kang, UCLA 
D. Kar, University of Witwatersrand 
M. Karagoz, University of Maryland 
R. Kogler, Universität Hamburg 
P. Komiske, MIT 
P. Kontaxakis, National and Kapodistrian University of Athens 
V. Kotwal, Duke University  
C. Lange, CERN 
A. Larkoski, Reed College 
M. LeBlanc, University of Arizona 
R. Lemmon, Daresbury Laboratory, UK 
S. H. Lim,  KEK  
P. Loch, University of Arizona 

C. Mantilla-Suarez, FNAL 
P. Martín, IFT Madrid 
S. Marzani, Università di Genova 
C.McLean, University at Buffalo 
D. W. Miller, University of Chicago 
I. Moult, SLAC 
J. Mulligan, Lawrence Berkeley National Laboratory 
B. Nachman, Lawrence Berkeley National Laboratory 
M. Neubauer, University of Illinois at Urbana-Champaign 
M. M. Nojiri , KEK  
I. Ochoa, LIP-Lisbon 
T. Plehn, Heidelberg University 
S. Rappoccio, University at Buffalo 
J. Roloff, Brookhaven National Laboratory 
D. Roy, TIFR  
G. P. Salam, Oxford University 
H. Santos, LIP-Lisbon 
S. Schramm, University of Geneva (Switzerland) 
A. Schwartzman, SLAC 
S. Sinha, University of Witswatersrand) 
A. Soto-Ontoso, Brookhaven National Laboratory 
G. Stagnitto, LPTHE / Université de Paris (France) / Università di Milano / INFN (Italy) 
G. Stark, SCIPP, UC Santa Cruz 
R. Soualah, University of Sharjah (UAE) and ICTP (Italy) 
M. Swiatlowski, TRIUMF (Canada) 
J. Thaler, MIT 
M. Vos, IFIC (UV/CSIC) Valencia (Spain) 
W. J. Waalewijn, University of Amsterdam / Nikhef (Netherlands) 
C.-H. Yeh, National Central University (Taiwan) 
S.-S. Yu, National Central University (Taiwan) 
D. Melini, Technion (Israel) 
D.M. Portillo Quintero, LPSC/CNRS (Grenoble) 
B.Salmassian, Shiraz University (Iran) 
Maria Vittoria Garzelli (Hamburg University) 
H.X. Zhu, Zhejiang University (China) 
J. S. Bonilla (UC Davis) 
M. Feickert (University of Illinois at Urbana-Champaign) 



12Join us!

Please join this Slack channel or this Google group.

1

1

1 1

1

1

1

https://join.slack.com/t/boost2020/shared_invite/zt-e25823hh-bIWQuCv~RxLwxY~gL8a__Q
https://groups.google.com/u/1/g/boost2020snowmass
https://join.slack.com/t/boost2020/shared_invite/zt-e25823hh-bIWQuCv~RxLwxY~gL8a__Q
https://groups.google.com/u/1/g/boost2020snowmass


N
or

m
al

iz
ed

 P
ix

el
 E

ne
rg

y 
D

iff
er

en
ce

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1
-310×

)η[Translated] Pseudorapidity (
-1 -0.5 0 0.5 1

)φ
[T

ra
ns

la
te

d]
 A

zi
m

ut
ha

l A
ng

le
 (

-1

-0.5

0

0.5

1

b b→ 1,  8 →p p 
 = 125 GeV

1,8
re-showered with Pythia 8, m

Fin.


