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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.

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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Abstract: Silicon radiation detectors are an integral component of current and planned

collider experiments in high energy physics. Simulations of these detectors are essential for

deciding operational configurations, for performing precise data analysis, and for developing

future detectors. In this white paper, we briefly review the existing tools and discuss

challenges for the future that will require research and development to be able to cope

with the foreseen extreme radiation environments of the High Luminosity runs of the

Large Hadron Collider and future hadron colliders like FCC-hh and SPPC.
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The RD50 Collaboration
� RD50:  66 institutes and 430 members

21 June 2022 RD50 Spokesperson Report 2

51  European institutes
Austria (HEPHY), Belarus (Minsk), Czech Republic (Prague (3x)), Finland (Helsinki, 

Lappeenranta ), France (Marseille, Paris, Orsay), Germany (Bonn, Dortmund, Freiburg, 
Göttingen, Hamburg (Uni & DESY), Karlsruhe, Munich (MPI & MPG HLL)), Greece

(Demokritos), Italy (Bari, Perugia, Pisa, Trento, Torino), Croatia (Zagreb), Lithuania
(Vilnius), Montenegro (Montenegro), Netherlands (NIKHEF), Poland (Krakow), 

Romania (Bucharest), Russia (Moscow, St.Petersburg), Slovenia (Ljubljana), Spain
(Barcelona(3x), Santander, Sevilla (2x), Valencia), Switzerland (CERN, PSI, Zurich), 

United Kingdom (Birmingham, Glasgow, Lancaster, Liverpool, Oxford, Manchester, RAL)

8 North-American institutes
Canada (Ottawa), USA (BNL, Brown Uni, Fermilab, 

LBNL, New Mexico, Santa Cruz, Syracuse)

7 Asian institutes 
China (Beijing-IHEP, Dalian, Hefei, Jilin, Shanghai), 

India (Delhi), Israel (Tel Aviv)
Full member list: www.cern.ch/rd50BNL, Brown, Fermilab, LBNL, New Mexico, Santa Cruz, Syracuse

Detector-specific + 
generic (e.g. Allpix2)



7Flux Simulation

Particle multiplicity, 
energy, composition 

Geometry and 
Particle transport

Non-ionizing 
damage

Predicted Φ

Pythia

FLUKA or Geant4

RD50 damage factors

Physics 
modeling

Transport 
model

Damage 
factors

Caution:
Tuned to data, but still significant 

uncertainty (PDFs, MEs, frag., etc.)

Caution:
Largely unknown due in part to the 

availability of monochromatic beams and 
uncertainty in converting to 1 MeV neq

(this is only for NIEL, but similar story for SEUs and ionizing energy loss)

(more on this later)



8Device Properties (no annealing)

Electric field maps

Gilberto Giugliarrelli (UNIUD and INFN) PixelRadDamage 3D Sensor Digitizer February 6, 2017 4 / 21

Electric field maps are obtained
(TCAD, Synopsys) at various
fluences.
Vbias values ensure full depletion

Bulk radiation damages were modeled through Perugia model
(Moscatelli et al., IEEE Trans. Nucl, Sci., vol. 63, no. 5, 2716-2723, 2016)

Von Neumann boundary conditions

allows to make E–field calculations in a

reduced box.

E-field does not show appreciable z-dependence
) charge drift is in x-y plane!

E-field map for the
unirradiated case

by Veronicaglobal z 
(beam direction)
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JINST 16 (2021) P08025

Multitrap models in Sylvaco or Synopsis
Open source alternatives exist, but with less precision



9Device Properties (with annealing)

JINST 16 (2021) P08025

Simplified model 
with multi-trap states 

(no relation to the 
previous page) - 

different models for 
leakage current and 

depletion voltage
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13Challenges and Needs

• Proprietary Software (TCAD) 
• Computational requirements for TCAD 
• TCAD Uncertainties? 
• TCAD + Annealing? 
• Damage Model Uncertainty? 
• New Effects / Devices for future colliders?



14Executive Summary
Executive Summary

There are currently a variety of tools available for simulating the properties of silicon

sensors before and after irradiation. These tools include finite element methods for device

properties, dedicated annealing models, and testbeam/full detector system models. No

one model can describe all of the necessary physics. Most of these models are either fully

or partially developed by HEP scientists and while there are many open-source tools, the

most precise device property simulations rely on expensive, proprietary software.

The development of these simulations happens inside existing experimental collabora-

tions and within the RD50 Collaboration at CERN. RD50 is essential for model research

and development and provides an important forum for inter-collaboration exchange.

While existing approaches are able to describe many aspects of signal formation in

silicon devices, even after irradiation and annealing, there is significant research and devel-

opment (R&D) required to improve the accuracy and precision of these models and to be

able to handle new devices (e.g. for timing) and the extreme fluences of future colliders.

The US particle physics community can play a key role in this R&D program, but it will

require resources for training, software, testbeam, and personnel.

For example, there is a great need for (1) a unified microscopic model of sensor charge

collection, radiation damage, and annealing (no model can currently do all three), (2)

radiation damage models (for leakage current, depletion voltage, charge collection) with

uncertainties (and a database of such models), and (3) a measurement program to deter-

mine damage factors and uncertainties for particle types and energies relevant for current

and future colliders.

– 2 –
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