Score-based Generative Models for Detector Reconstruction

and Fast Simulations in High-Energy Physics

UNDERGRADUATE THESIS

Submitted in partial fulfillment of the requirements for

BITS 421T/422T Thesis

by

Ameya Thete
2018B5A70885G

Under the supervision of

Dr. Sergei Gleyzer
The University of Alabama, Tuscaloosa & Fermilab

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE, PILANI - KK
BIRLA GOA CAMPUS



Declaration of Authorship

I, Ameya Thete, declare that this undergraduate thesis titled Score-based Generative Models
for Detector Reconstruction and Fast Simulations in High-FEnergy Physics, and the work pre-

sented in it are my own. I also certify that:

e This work was wholly completed while in candidature for a research degree at BITS,
Pilani - KK Birla Goa Campus;

e This thesis has previously not been submitted to any degree or other qualification at

BITS, Pilani - KK Birla Goa Campus or any other institution;
e When I have consulted the published work of others, this is always clearly attributed.

e When I have quoted from the work of others, the source is always attributed. With the

exception of such quotations, this thesis is entirely my own work.
e I have acknowledged all main sources of help.

o Where the thesis is based on work done by myself jointly with others, I have made clear

exactly what was done by others and what I have contributed myself.

Signed:

Date: 15" May, 2023

ii



CERTIFICATE

This is to certify that the thesis titled Score-based Generative Models for Detector Reconstruc-
tion and Fast Simulations in High-Energy Physics, submitted by Ameya Thete (2018B5A70885G)
in partial fulfillment of the requirements of BITS 421T/422T Thesis embodies the work done

by him under my supervision.

Supervisor
Dr. Sergei Gleyzer
The University of Alabama, Tuscaloosa &

Fermilab

Date: 15" May, 2023

iii



BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE, PILANI - KK BIRLA GOA
CAMPUS

Abstract

Master of Science (Physics) & Bachelor of Engineering (Computer Science)

Score-based Generative Models for Detector Reconstruction and Fast Simulations

in High-Energy Physics

by Ameya Thete

In recent years there has been considerable progress in developing machine learning mod-
els suitable for applications in high-energy physics (HEP) for tasks such as event simulation,
jet classification, and anomaly detection. In particular, there is a pressing need to develop
faster and more accurate techniques for simulating particle physics processes. Currently, such
simulations are both time-intensive and require heavy computational resources. Moreover, the
High-Luminosity LHC (HL-LHC) upgrades are expected to place the existing computational
infrastructure under unprecedented strain due to increased event rates and pileups. Simula-
tions of particle physics events need to be faster without negatively affecting the accuracy and
fidelity of the results. Recently, score-based generative models have been shown to produce re-
alistic samples even in large dimensions, surpassing current state-of-the-art models on different
benchmarks and categories. To this end, we introduce a score-based generative model in collider
physics based on thermodynamic diffusion principles that provides effective reconstruction of
LHC events on the level of calorimeter deposits and tracks, which offers the potential for a full
detector-level fast simulation of physics events. We work with denoising diffusion probabilistic
models (DDPMs) and adapt them to a point cloud based representation of low-level detector
data to faithfully model the distribution of hits in the barrel region of the electromagnetic
calorimeter (ECAL) of the Compact Muon Solenoid (CMS) detector array. While this work is
limited to its applications for the CMS detector suite, the point cloud formulation allows the

method to readily be extended to alternative detector geometries.

Keywords: High-Energy Physics, Deep Learning, Diffusion, Point Clouds
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Chapter 1

Introduction

The goal of particle accelerators, like the Large Hadron Collider (LHC), is to perform exten-
sive studies of the subatomic nature of matter by searching for new particle states, validat-
ing and probing the limits of existing theories, and testing newer ones. The LHC, in particu-
lar, works by accelerating beams of protons in opposite directions and colliding them at four
major interaction points: CMS, ATLAS, LHCb, and ALICE. After a collision, most particles
produced in the event readily decay into relatively stable species which leave characteristic
hits within a wide array of detectors. We can then analyze the particle showers that emerge
from these hits to perform an in-depth analysis to extract relevant information associated
with the theory being probed. The sheer complexity introduced by many hardware and soft-
ware components working in tandem makes the LHC a highly expensive (both computation-
ally and fiscally) endeavour to operate. This introduces the need to perform extensive simula-
tions of events that we expect to see, before actually running a particle collision. Several sim-
ulation software suites have been developed for HEP uses. GEANT4 [1] is one such simulation
toolkit that relies on full simulation techniques accounting for particle-detector interactions

and detector geometries.

Despite their unquestionably pivotal role in modern HEP analyses, these simulation tech-
niques require extensive computational resources and are often detector-specific. The advent
of the High Luminosity LHC (HL-LHC) is expected to place a heavy strain on our current re-
sources, which compels the need to look for faster and more resource-efficient simulation tools
and algorithms. Deep generative models have already experienced burgeoning popularity and
use in many scientific and non-scientific domains for a variety of use cases, and as such are

a promising candidate for HEP applications. Many works [2, 3, 4, 5, 6] have already demon-
strated how deep generative models can be used for HEP use cases or integrated into a typi-

cal HEP analysis pipeline [7]. This thesis endeavours to take a step in the same direction.

In this thesis work, we propose to use a (slightly generalized form of a) class of iterative deep
generation models called denoising diffusion probabilistic models (DDPMs) to learn the rep-

resentations of jet events resulting from proton-proton collisions. Instead of simulating jets in

1



CHAPTER 1. INTRODUCTION 2

terms of more physical variables like jet mass or momentum, we instead work with low-level
representations and simulate the response of detectors to these jets. A point cloud jet repre-
sentation allows for a more efficient treatment of data, and also abstracts away the geometry
of the detector in question. This work only limits itself to the discussion of the potential of
state-of-the-art deep learning techniques for use in HEP, and does not go into specific details
of how one might go about integrating such models within the existing analysis pipeline. This

thesis is structured as follows:

In Chapter 2, we begin by discussing, albeit briefly, the theory behind modern particle physics.
We elucidate the structure of perhaps the most successful theory in physics, the Standard
Model of Particle Physics, by providing a broad overview of its various sectors. We then con-
clude by discussing the various extensions proposed to the Standard Model that attempt to

explain new physics beyond the Standard Model.

In Chapter 3, we introduce the experimental apparatus, i.e., the Large Hadron Collider, which
is responsible for collecting the data that is used for modern particle physics calculations. We
also introduce the CMS experimental setup, and describe its detector apparatus, whose re-

sponse we are trying to simulate.

In Chapter 4, we introduce the mathematics of how deep learning works, gradient descent
(which is the optimization algorithm critical to most modern deep learning architectures),
followed by a coverage of improvements to gradient descent that are popularly used today.
We conclude this chapter by introducing generative deep learning models, how they are opti-

mized, and the variational autoencoder, which is the simplest variational generative model.

In Chapter 5, we propose score-based diffusion models as an alternative methodology for high-
energy physics simulations. This chapter delves deep into the mathematical formulation of a
class of score-based models called denoising diffusion probabilistic models, and then goes on
to generalize them to a continuous time domain. We conclude by showing how these models

are trained in practice, and used to generate samples from pure noise.

In Chapters 6 and 7, we introduce the dataset used to train our diffusion models, and specific
architectural details about the diffusion framework. The majority of this chapter is devoted to
describing the results we obtain, and evaluating our results across a range of metrics. Finally,
we conclude by indicating possible research directions that can be undertaken in the future to

improve upon the results obtained in this thesis.



Chapter 2

Theoretical Foundations

“If T could remember the names of
these particles, I would have been a

botanist.”

Enrico Fermi

The field of high energy physics (HEP) attempts to answer some of the most basic (and also
rather existential) questions underlying our understanding of the universe: What is matter?
How can matter and its interactions explain phenomena we observe all around us? Although
the study of matter itself is not new — theories postulating the composition and origin of
matter can be traced all the way back to the 6" century BCE — technological advances over
the past century have allowed us to study physics at unprecedented length and energy scales.

0 century led to the

The discovery of the sheer number of particles discovered in the mid-2
formalization of high-energy physics in the context of quantum field theory and marked the

beginning of modern particle physics.

In this chapter, we will introduce the Standard Model of particle physics (SM), which de-
scribes all presently known fundamental particles and their interactions. Although an under-
standing of the mathematical description of the SM is not required to appreciate the results
presented later in this thesis, it provides a broader context to our discussion. Moreover, we
would be remiss to not include a discussion of one of the most successful theories in modern

physics.

2.1 The Standard Model of Particle Physics

As indicated earlier, the Standard Model is perhaps one of, if not, the most successful theories

of modern physics. It is incredibly robust to experimental results that have tried to probe at
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Standard Model of Elementary Particles

three generations of matter interactions | force carriers

(fermions) (bosons)
| 1] 1]
mass  =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c? 0 =124.97 GeV/c2?
charge % % % 0 0
spin | % u % C % t 1 g [¢] H
up charm top gluon higgs
e ——
=47 MeV/c2? =96 MeV/c2 =418 GeV/c2 0
-4 -4 -4 0
down strange bottom photon
y J \——
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c2
-1 =, =, 0
electron muon tau Z boson
| —
<1.0 eV/c2 <0.17 MeV/c? <18.2 MeV/c2? =80.433 GeV/c2
0 0 0 +1
% Ve % Vl'l % VT 1 W
eIectl:on muon tau. W boson
neutrino neutrino neutrino —

Figure 2.1: The Standard Model of particle physics.

its structure: countless results in particle physics from the past decade or so have shown no

signs of deviation from SM predictions *.

1

The Standard Model (SM) of particle physics is a collection of well-tested quantum field the-

ories [8] that describe fundamental particles and their interactions with each other. More

specifically, the SM provides a Lagrangian density for each sector, or sub-unit of the SM. The

Lagrangian density describing any set of particles can be used to derive their equations of mo-

tion via the principle of least action. Particles in the SM are described as fundamental exci-

tations of fields that pervade four-dimensional spacetime, and interactions between particles

follow from restrictions imposed by gauge invariance on these fields. The SM describes three

of the four fundamental forces of nature: the electromagnetic interaction, the strong interac-

tion, and the weak interaction — all within the framework of quantum field theory. Although

the SM does not describe the gravitational force, on the mass and length scales involved in

most high-energy processes, the influence of gravity is negligible can often be ignored.

According to the spin-statistics theorem of quantum mechanics, fundamental particles can be

categorized into two classes based on the value of their intrinsic spin: bosons and fermions.

Bosons are particles that obey Bose-Einstein statistics [9] and have integral values of intrinsic

spin, while fermions are particles that obey Fermi-Dirac statistics [10] and carry half-integral

values of intrinsic spin. Depending upon the types of interactions they participate in, fermions

'So much so that the phrases “|[...] is consistent with Standard Model predictions.” or “no excesses were
found” are infamously familiar to most particle physicists.
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can further be divided into quarks and leptons, which in turn, are arranged into three gen-
erations according to their masses. Quarks undergo interactions via all fundamental forces,
whereas leptons do not undergo interactions via the strong force. Basic properties of fermions
are listed in Table 2.1. All bosons in the SM (with the exception of the Higgs) have spin 1
and are called gauge bosons. In the SM, forces are mediated by gauge bosons; that is, when
two particles feel a force, it is common to say that they do so by exchanging a gauge boson
corresponding to the relevant force. This particle-exchange picture of how forces work, though
highly unintuitive, arises from the underlying mathematics of how forces are described by the
SM. An overview of the basic properties of gauge bosons are listed in Table 2.2. Figure 2.1
illustrates the elementary particles described by the SM, their basic properties, and their clas-

sification.
Fermion Electric Charge (ine) Iz Mass
electron neutrino v, 0 +1/2 < 1.10 eV
electron e -1 -1/2 0.51 MeV
muon neutrino v, 0 +1/2 < 1.10 eV
muon /4 -1 -1/2 105.66 MeV
tau neutrino v, 0 +1/2 < 1.10 eV
tau 7 -1 —1/2 1776.86 + 0.12 MeV
up quark u +2/3 +1/2 2.207590 MeV
down quark d -1/3 -1/2 4.701‘8:28 MeV
charm quark ¢ +2/3 +1/2 1.281'8:82 GeV
strange quark s -1/3 -1/2 95fg MeV
top quark ¢ +2/3 +1/2 17370705 GeV
bottom quark b -1/3 -1/2 4187003 GeV

Table 2.1: The electric charge, the third component of the weak isospin Iz, and the mass of
the elementary fermions of the SM. The quark and lepton generations are separated by
horizontal lines. These values are taken from [11].

Boson Interaction  Electric Charge (ine) Iz Mass
Photon v  electroweak 0 0 massless
W boson electroweak +1 +1 90.38 £0.01 GeV
7% boson  electroweak 0 0 91.19£0.00 GeV
8 gluons g  electroweak 0 0 massless

Table 2.2: The interaction, the electric charge, the third component of the weak isospin I,
and the mass of the gauge bosons of the SM are listed. These values are taken from [11]

2.1.1 The Electroweak Interaction

Although the electromagnetic and weak interactions are sometimes listed separately, the elec-
troweak (EW) theory [12, 13, 14] proposed by Sheldon Glashow, Abdus Salam, and Steven
Weinberg showed that the two forces can be described by a unified interaction called the elec-

troweak interaction. The electromagnetic component of the EW theory — called Quantum
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Electrodynamics (QED) — is an Abelian gauge theory ? with a U(1) symmetry group and

a photon as the gauge boson for the theory [15]. The coupling strength « of the photon to
fermions is proportional to the electric charge ¢ of the interacting entities and thus affects
only charged fermions. The weak component of the EW theory is described by a SU(2), sym-
metry group which couples to the third component of isospin, Iz. All fermions are subjected
to the weak interaction, and the force is mediated by the W+ bosons and the Z° boson. W
bosons allow quarks to change flavours, while the Z boson allows changes in spin, momentum

and energy only.

The electroweak interaction is therefore described by an SU(2)r, x U(1) symmetry group re-
sulting in four massless gauge bosons: B?, W? W;, and Wy. The four physical gauge bosons

v, WE, and Z° are related to these gauge bosons as

v\ [ cosbw sinfw BY 2.1)
z)  \—sin Ow cos By wo .

1 .
W = ﬁ(wl T iWs) (2.2)

where Oy is called the weak mixing angle or the Weinberg angle.

2.1.2 Quantum Chromodynamics

The strong interaction is described in the SM by the quantum field theory called Quantum
Chromodynamics (QCD). QCD is a non-Abelian theory with a SU(3) symmetry group [16,

17]. The strong coupling «; is proportional to the colour charge — the corresponding analogue
to the electric charge in QED. There are three different colour charges: red, blue, and green
(along with their respective anticolours). The theory is mediated by eight self-interacting,
massless bosons called gluons. The gluons themselves carry colour charge. Using a semi-classical

approach, we can estimate the strong potential to approximately

%OZS(T)

V(r) « 3

+k-r (2.3)

where r is the distance between two colour-charged particles and k is a constant. This rela-
tion leads to an increasing potential energy as r increases. If the distance between two par-
ticles exceeds a threshold, the potential energy grows large enough to generate a new quark-
antiquark pair. As a result, there are no free colour-charged particles. This is called confine-
ment. For small distances r corresponding to large momentum transfers, the potential energy
becomes small enough and leads to a weak interaction between the particles. This is called

asymptotic freedom and can be used to describe QCD in a perturbative fashion.

2A group (G, ) is said to be Abelian if the group operation * is commutative, i.e, Va,b € G, axb="bx*a
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Figure 2.2: An illustration of the shape of the Higgs potential, V' (¢), as predicted by the
Standard Model. The ball indicates that the Higgs will settle into one of the infinitely many
possible ground states in the trough of the potential with a non-zero expectation value [18].

2.1.3 The Higgs Sector

We conclude our discussion of the SM by describing its Higgs sector. It turns out that the
equations of the SM are mathematically inconsistent unless there is an additional field called
the Higgs field, with an associated particle called the Higgs boson. The Higgs is the only SM
boson with no spin (and is thus called a scalar boson, and the corresponding field is called a
scalar field). The Higgs field has a special property with interesting ramifications: its expec-
tation value can be non-zero in vacuum. This is a consequence of the shape of the potential

energy of the Higgs field 3, as shown in Figure 2.2

The SM predicts the Higgs potential to take the form

V(¢) = al¢” + blg|* (2.4)

with ¢ < 0 and b > 0. In vacuum, through a process called “spontaneous symmetry break-
ing”, the Higgs settles to one of the infinitely many possible ground states in the valley of this
potential, where the value of the field is non-zero. The implications of the field having a non-

zero value is that it gives fundamental particles their mass.

This, therefore, disproves the prediction that the W+, and Z° bosons are massless. Higgs,
Brout, and Englert proposed a solution to this problem in 1964 via the Higgs mechanism

[19, 20, 21] which generates massive particles due to spontaneous symmetry breaking. The
Higgs mechanism introduces a doublet of a complex scalar field to the SM which results in
four additional degrees of freedom. Three of these degrees of freedom result in massless parti-

cles in accordance with the Goldstone theorem [22]. Due to spontaneous symmetry breaking,

3The potential energy can be thought of as the amount of energy required by the Higgs field to take on a
certain value.
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they are absorbed by the W, and Z° bosons, generating their masses

miy = - (2.5)
my =1 (6 + (6)) v (26)

while leaving the photon massless. g and ¢’ denote the coupling constants of the weak charge
and hypercharge, respectively. v (= 246 GeV) is the vacuum expectation value of the Higgs

field. The coupling constants are related to the electric charge e via the Weinberg angle 6y as
e =g cosfy = gsin Oy (2.7)

Fermionic masses my are also generated by the Higgs mechanism via a Yukawa-type inter-

action [23]. This remaining degree of freedom is the Higgs boson (H). A particle compatible
with the SM Higgs was discovered at the LHC by the CMS and ATLAS experiments in 2012
[8], largely believed to be so because the measured mass was consistent with the SM predic-

tion for the Higgs mass my =~ 125 GeV.

2.2 Beyond The Standard Model

For all its strengths and robustness to experimental evidence, we have strong reason to be-
lieve that the Standard Model is not the complete picture of the universe, but is in fact a
small subset of a more generalized theory. Moreover, observations collected from experiments
at the LHC as well as certain theoretical considerations strongly suggest the existence of new
particles at multi-TeV scales. In this section, we briefly cover some of the shortcomings of the
Standard Model, as well as some proposed solutions to these problems. These issues and their
solutions fall under the broad umbrella of Beyond the Standard Model Physics (BSM).

2.2.1 The Gravitational Force

Perhaps the most obvious shortcoming of the Standard Model is its elision of the gravita-
tional interaction. At the time of writing this thesis, gravity is well-understood to be described
by Albert Einstein’s General Relativity, but this theory appears to be uncomfortable with
much of the particle talk that surrounds the SM. While there is stark experimental and the-
oretical evidence that the SM is incomplete by itself, and that it somehow has an interplay
with other theories, we have still been unable to reconcile the SM with gravitation. This ac-
tive area of research falls under the domain of quantum gravity, which attempts to describe

gravity according to the principles of quantum mechanics.
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2.2.2 The Hierarchy Problem

The introduction of the Higgs mechanism to the SM tied up many loose ends, but it also
introduced new complexities to the already precarious framework. The Higgs boson faces a
unique problem where its measured mass is sensitive to physics at larger energy scales. Quan-
tum field theories use a neat trick called renormalization, through which we can deal with in-
finities that arise during calculations by subtracting them away. One consequence of renor-
malization is that this links all parameters of a quantum field theory to some energy or dis-
tance scale; in other words, there is a threshold value of energy, beyond which the theory no
longer applies. We can call that threshold Ayy, and it turns out that the choice of this cut-
off affects the value of the Higgs mass. This is because the Higgs boson gains its own mass in
part due to the quantum fluctuations of many different fields, with Ayy controlling the scale

of these fluctuations. As it appears, the Higgs mass is actually made up of two terms
my ~ la + (’)(A%V)‘ ~ 125 GeV (2.8)

where a is a part of Eq. (2.4). This parameter, which is called the bare mass, has to be a
large and negative value if Ayy is of any reasonable size in order to cancel out their values
enough to get 125 GeV.

We can then say that the the Standard Model is no longer valid just above the current energy
scale of the LHC (13.6 TeV), which would make the parameter a be of a similar size such that
their sum is 125 GeV. Then, we would have to see some newer theory to describe physics at

the TeV scale, but we have not found any evidence for it so far. To completely rule out the

possibility of any such new physics, we would have to assume it appears at scales much larger
than this, which would lead to even larger numbers having to cancel out precisely to 125 GeV.
While nature could just be fine-tuned, this open question is still a source of consternation for

many physicists.

2.2.3 Supersymmetry

A commonly proposed theory to supersede the SM these days is supersymmetry, which makes
it such that every particle in the SM has a supersymmetric partner at some higher energy
scale. These additions to the SM help stabilize the mass of the Higgs boson the hierarchy
problem described above, and also conveniently helps with the unification of forces. If you're
wondering why we haven’t rushed to adopt this perfect theory yet, it’s due to a complete lack
of experimental evidence. A major task of the CMS and ATLAS experiments at the LHC

is to look for signatures of supersymmetry in the wild, to see if these hypothesized particles

poke their heads out at any of our experiments.



Chapter 3

Experimental Setup: Particles and
their Colliders

“Data! Data! Data!”, he cried
impatiently. “I can’t make bricks

without clay.”

Sherlock Holmes, The Adventure of
the Copper Beeches

FEinstein’s energy-mass equivalence implies that given sufficient energy, one might just be able
to create matter with mass. Particle colliders work with the exact same idea: if we give par-
ticles enough energy and let them interact (via a controlled collision), we can then create
newer, heavier particles! ' The energy at which collisions occur is called the center-of-mass
energy, which is around 13.6 TeV for Run 3 of the Large Hadron Collider.

In this chapter, we present an overview of the experimental setup used for most particle physics
experiments. We first describe the setup of the Large Hadron Collider (LHC) followed by an
overview of the Compact Muon Solenoid (CMS) experiment. This description would allow

the reader to better understand the dataset that is used to train our models. We also briefly
introduce Monte-Carlo (MC) event simulation techniques to provide a contrast between our
work and current practices followed by the particle physics community. More detailed infor-
mation about the LHC, the CMS experiment, as well as other experiments at the LHC can be
found in [24, 25].

Mmportant caveat: only particles with masses lesser than the energy of collision will be created.

10
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3.1 Relativistic Kinematics

Before we proceed to discuss elements of the LHC, let us take a slight detour to briefly de-
scribe the kinematics of particles produced at the LHC. Since protons in the proton beams
and the resultant debris from the collision all travel very close to the speed of light, we cannot
describe their motion merely with Newtonian mechanics. Objects travelling at speeds compa-
rable to that of light are best described by the framework of special relativity, which operates
in four-dimensional spacetime. Traditional three-vector positions in special relativity take the
form of a four-vector:

= (t,l‘,y, Z) = ($0)x1>x25$3) (31)

The superscript p can be lowered to obtain the dual of the position four-vector,
xll = (t’ —Z, Y, 7’2) — (I’O, —T1, —T2, 7"E3) (32)

This allows us to define the dot product in Minkowski space (the space which special relativ-
ity describes) as

aty, = yuat = xoyo — T1Y1 — Tay2 — T3Y3 (3.3)

This dot product is a Lorentz-invariant quantity, which means that its value is independent
of the frame of reference through we choose to study the system. Using the position, we can
define the four-momentum as

Po— 4
pr=me (3.4)

where m is the object’s rest mass and 7 is the proper time described as

1
t =T, = — 3.5
VS s (3.5)
for the three-velocity v = |v|.This gives us an equivalent expression for the momentum, de-
fined as
p'=(E,p), E=ym,p=ymv (3.6)

If we take the Minkowski dot product of the momentum with itself, we obtain the Lorentz-

invariant quantity
P'pu = E* = |pf’ (3.7)

In the frame in which the object is at rest (for instance, its center-of-mass frame), v =0 —

p* = (m,0), and from Lorentz-invariance, it follows that

E? — |p[* = m® (3.8)

which is Einstein’s energy-momentum relation, and the left-hand side is known as the invari-

ant mass s, since it is equal to the rest mass of the object. As /s is the actual rest mass, the
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center-of-mass energy of the LHC is written as /s =13.6 TeV.

For multiple particles, we can define an invariant mass for the system of objects with four-

momenta pi1,p2,... as
2
$1,2,... = (Zm) (3~9)
i

This quantity frequently appears in the search for new particles because it allows us to detect

resonances, or intermediate particles the can produce different final states.

3.2 Large Hadron Collider

The LHC at the European Organization for Nuclear Research (CERN) is designed to accel-
erate two beams of protons to an energy of upto 7 TeV for collisions. Run 2 of the LHC op-
erated at proton energies of 6.8 TeV resulting in a center-of-mass energy for proton-proton
(pp) collisions of /s = 13.6 TeV. These proton beams are allowed to collide at four specific
interaction points where the four main experiments ALICE [26], ATLAS [27], CMS [25], and
LHCb [28] are located. The ALICE detector is optimized for studying strong interactions via
heavy-ion collisions, while the LHCDb experiment focuses on B hadron physics. The ATLAS
and CMS experiments are multi-purpose detectors that probe the SM in various ways and de-

tect new particles.

Within the LHC synchrotron, superconducting dipole magnets are used to confine the proton
beams to a circular trajectory through the Lorentz force. Particles with charge ¢ and momen-

tum p moving in a magnetic field B follow the relation
p x gBR (3.10)

where R is the radius of the circular trajectory and p L B. Magnets with a field strength
of upto 8 T are used to reach the target center-of-mass energy. Additional superconducting
quadrupole magnets are installed to focus the proton beams and higher-order magnets are

used for further corrections.

An important parameter used the describe the functioning of accelerators is the instantaneous

luminosity Linst defined as
Sy NE

3.11
4o oy ( )

Linst =

where f is the revolution frequency of the proton bunches, n; is the number of proton bunches,
Ny is the number of protons per buch, and o, and o, descirbe the geometrical spread of the
bunches perpendicular to their direction of motion. The luminosity provides a measure of the

collision rate inside the accelerator. The total number of collisions for a given period of time
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is proportional to the integrated luminosity Lyt

Lipt = /dt Linet (3.12)

For example, the High-Luminosity Large Hadron Collider (HL-LHC) is expected to deliver an
integrated luminosity of up to 3000 fb~! of high quality pp collision data for physics analysis.
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Figure 3.1: A schematic slice of the CMS detector in action. On the left is the innermost part
closest to the beam, where protons collide. Followed by the tracker, the calorimeter systems,
the solenoid magnet and the muon system to the far right. Additionally the detector response
for different types of particles is illustrated. Taken from [29]

3.3 The CMS Experiment

The Compact Muon Soleniod (CMS) is one of two general-purpose detectors at the LHC. The
goal of the CMS experiment is to validate the SM of particle physics and investigate beyond
the standard model (BSM) phenomena. For this purpose, the CMS detector has to detect as
many final-state particles as possible and precisely measure their properties. The CMS detec-
tor in constructed in a layerwise fashion, consisting of various subdetectors, each of which is
designed for a different task. The subdetectors are divided into a barrel and two endcap re-

gions.

The innermost layer of the CMS detector is the tracker which consists of silicon pixel and
strip detectors which track the trajectories of all charged particles and their momenta. Fol-
lowed by the tracker is the calorimetry system of the CMS detector which consists of an elec-
tromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL) to measure the energy
of the electromagnetic particles and hadrons, respectively. A superconducting solenoidal mag-
net surrounds the CMS detector and produces magnetic fields of 3.8 T. Muon chambers are
embedded into the yoke of the magnet to measure the momenta of muons. These components

are illustrated in Figure 3.1.
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3.3.1 Coordinate system

The CMS detector follows a right-handed coordinate system centered around the interaction
point. The z-axis lies along the beam axis in a counterclockwise direction. The x- and y-axes
point to the center of the LHC ring and upwards to the surface, respectively. Given the cylin-
drical symmetry of the CMS detector, it is convenient to choose a cylindrical coordinate sys-
tem to represent the detector elements. The polar angle 6 is defined with respect to the z-
axis, while the azimuthal angle is measured in the x — y plane with respect to the z-axis. The

radial distance r is measured from the beamline.

While proton beams in the LHC have equal energies, the partons inside the protons can have
different momenta along the beam axis. This results in a movement of the center-of-mass sys-
tem along the z-axis relative to the laboratory frame, called boost. To counteract this, it is
often reasonable to introduce Lorentz-invariant quantities such as the transverse momentum

pr and rapidity y to describe observables. These quantities are defined as follows

pr =\/P: +Dj (3.13)

Y= <E+pz> (3.14)

_5 E_pz

Here, E' and p, are the energy and the z-component of the momentum of the particle, respec-
tively. Differences of rapidity are invariant under Lorentz boosts. In the limit of high energies

and negligible particle masses, it becomes equal to the pseudo-rapidity n defined as

n=—In [tan (g)} (3.15)

depending only of the polar angle, which is directly measurable. The spatial distance between

particles is measured by
AR = /(An)” + (A6)? (3.16)

with Ap =m —n2 and Ag = ¢1 — ¢a.

The following subsections are heavily reproduced from [30].

3.3.2 The Tracker System

The tracker system of the CMS detector is located closest to the interaction point. This in-
nermost layer is designed to precisely measure charged particles passing through with a pseu-
dorapidity of |n| < 2.50. Charged particle are subjected to the Lorentz force due to the mag-
netic field which casues them to execute circular trajectories as defined in Equation 3.10.
These particles interact with the tracker cells and leave energy deposits called “hits” in the
tracker layer. Using these hits, the tracks of particles produced in the collision can be deter-

mined. With multiple tracks from one collision, it is possible to reconstruct the primary and
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secondary vertices, which is useful to identiy the origin of some jets.

The tracker system is constructed using silicon to meet the high requirements in terms of ra-
diation hardness, granularity and low material budget. The detector works similar to a diode
in reverse bias. When charged particles hit the depletion region of the silicon, an electron-hole
pair is generated. These charges are amplified, resulting in a current. The tracker consists of
four inner layers of silicon pixel detectors with a resolution of approximately 10 pm to obtain
a good vertex reconstruction despite high pileup. Layers of silicon strip detectors follow the
pixel detector with increasing pitch of the strips as the particle flux decreases with radial dis-

tance.

3.3.3 The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) is designed for destructive energy measurements

of electromagnetic particles like electrons, photons, and positrons. This calorimeter consists
of lead tungstate (PbWQ,) crystal forming a homogeneous detector due to the high density,
radiation hardness, and small radiation length of (PbWOy).

Incoming photons with high energy primarily interact by producing electron-positron pairs

(v — e~e™) in the field of a nucleus, whereas charged particles primarily lose their energies
via brehmsstrahlung radiation (e~ — ~ye™t). These two processes produce secondary parti-
cles which interact in the same way with the detector material leading to an electromagnetic
cascade, or an electromagnetic shower. The cascade continues until the energy of the shower
is too low and charged particles ionize the detector material. Lead tungstate is an inorganic
scintillator and converts the deposited energy into light which is measured by photodiodes.
The energy deposition of the primary particle is proportional to the number of secondary par-

ticles, which in turn is proportional to the amount of emitted light.

3.3.4 The Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) is built to measure the energy of particles interacting pri-
marily through the strong force. It is a sampling calorimeter consisting of alternating layers
of absorbers (brass and steel) with very high density and inorganic scintillators to convert the
deposited energy into light. The interaction length of the HCAL is A = 16.42 cm.

The detection of hadron energy works similar to the ECAL with hadronic showers. The hadrons
in fact interact with the ECAL, but the small interaction length of the ECAL leads to very
little energy deposition of the hadrons. It should be noted that quarks are never directly ob-
served in a detector. Instead, they rapidly decay into a spray of collimated hadrons (compos-
ite particles containing quarks) via the process of hadronization. These sprays are known as

as jets, and the HCAL detects hadrons from these particle jets.
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3.3.5 The Muon System

Identifying muons is an important aspect of multiple analyses. Most muons from proton-
proton collisions at the LHC are so-called minimally ionizing particles (MIPs) which means
they deposit only a small amount of energy in the detector material. Therefore the muons
survive the destructive energy measurements of the calorimeters and can be detected in the
outer muon system. The transverse momentum of these muons can be determined by mea-
suring the bending of the muon trajectory in the 2 T magnetic field of the return yoke of the

solenoid magnet and combining it with the tracker information.

3.3.6 The Trigger System

The LHC produces approximately 20 collisions per bunch crossing at a bunch crossing rate

of 40 MHz. It is impossible to store all the data and most of the collisions are low energy
QCD processes which are not the focus for CMS. To reduce the data rate feasible for storage
a two-tier trigger system is used [31]. The Level-1 trigger (L1) is hardware-based and uses the
calorimeter information and muon system to reduce the event rate to approximately 100 kHz.
Followed by the second trigger called High-level trigger (HLT) using a large computer farm to
perform a basic event reconstruction to further reduce the rate to several 100 Hz before the

data is stored.

3.4 Monte Carlo Event Generation

Simulating particle physics events forms a bulk of the computational resource usage at the
LHC. These simulations are used as a theoretical baseline against which experimental obser-
vations made in the CMS detector are compared. In high-energy physics (HEP), Monte Carlo
(MC) simulations are powerful tools to calculate such theoretical predictions. MC is a numer-

ical method based on random numbers, which scales well for high-dimensional problems.

Matrix Elements (ME) are mathematical objects that represent the probability of a certain
process. To accurately simulate a proton-proton collision, all events need to be simulated at
a parton level. First, MEs are perturbatively calculated with dedicated generators such as
MADGRAPH5 [32]. A Parton Distribution Function (PDF) is chosen, then an integration over
the final state phase space with MC is performed to obtain probability distributions. Last, a

final state is sampled from these distributions.

After the ME calculations, the parton showers for the final state particles are simulated via a
parton shower (PS) algorithms, like PYTHIA 8.2 [33]. These generators simulate gluon radia-

tion and quark-antiquark pair production for the initial and final state partons.

The next step is the hadronization of the showers, which is a non-perturbative simulation re-

lying on phenomenological models such as the cluster hadronization model or the Lund string
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model. Next, the detector response is simulated using the GEANT4 software [1]. The output
is comparable to detector data and the same reconstruction methods as for the detector can
be used. To be able to produce these computationally expensive simulations centrally for dif-
ferent analyses and not to have to cover every single phase space, the generated events are

weighted to match the observed data:

_ Otheo - Lint

Wy = 3.17
Noon (3.17)

Ngen is the effective number of generated events, oo is the predicted cross section and Lipg

is the integrated luminosity to which the expected numbers is scaled to.

In this thesis, the presented work is confined to the penultimate step of simulating the re-
sponse of the CMS detector layers. Our model seeks to simulate the response of the the ECAL

layer for boosted top quark events.



Chapter 4
Deep Learning

The idea of creating machines that “think” is almost as old as the history of modern com-
puters. The idea of computational intelligence was first formalized in Alan Turing’s seminal
1950s paper on Computing Machinery and Intelligence [34], but the development of connec-
tionist models that imitate our brain goes back even further to McCulloch and Pitts [35] and
Hebb’s [36] implementation of the Perceptron. Although the popularity of neural networks
briefly died down at the turn of the 21st century, they have undergone a significant and pop-
ular revival. The release of ImageNet in 2012, which successfully demonstrated how a neural
network can be trained efficiently using graphics processing units (GPUs) created a new wave
in the field. At the time of writing this thesis, neural networks are undergoing a burgeoning
resurgence in popularity and interest as the tools of choice in machine learning. This popular-
ity can be attributed to three major causes: first, the information age has heralded a deluge
of available data to effectively train models, which has led to deep learning becoming more
useful; second, improvements in software and hardware architectures have allowed more com-
plex models to be trained with reasonable efficiency; and third, deep learning has been able to
successfully solve complicated problems in almost all domains of science and engineering. In

this thesis, we shall explore one such application of deep learning to particle physics.

In this chapter, we provide an overview of modern deep learning concepts and techniques, and

also discuss what makes these models so successful in learning complex patterns from data.

4.1 Neural Networks

Perhaps the most popular of all machine learning models are neural networks — and for good
reason: inspired by the brain, neural networks have been proven to be universal approxima-
tors, that is, given any continuous function h(x), where @ is an arbitrary real-valued vector,

we can find a set of parameters 6 such that a neural network f(x;0) satisfies

|h(x) — f(x;0)] <e Va,for €>0 (4.1)
18
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Figure 4.1: An example of a fully-connected feedforward neural network with two hidden

0

layers. Each hidden layer consists of m neurons, denoted by a ne where [ denotes an index
over the hidden layers and the index j runs over the dimension of the hidden layer. This
particular network accepts an n-dimensional input through the input layer (in green), passes
the input through the hidden layers (in lavender), and produces a k-dimensional output at
the output layer (in red). Solid lines between individual nodes denote weighted connections
that are learned during the training procedure. Activation functions are not shown in this
figure.

The task of “learning” involves finding this optimal set of parameters 8, such that the above

condition can be satisfied for many values of the input.

Multilayer Perceptrons (MLPs) are the simplest type of neural network architecture. A typ-
ical MLP consists of a number of processing units called neurons, arranged into one or many
layers composed in a sequential fashion. A neuron performs a linear operation by aggregat-
ing weighted inputs received from neurons in the previous layer. Thus, each layer represents
one round of this computation. An MLP generally consists of an input layer, followed by one
or more hidden layers, and a final output layer consisting of one or more neurons. Computa-
tion in an MLP flows in a linear fashion, starting at the input layer and moving successively
through the hidden layers until it reaches the output layer. Figure 4.1 provides an illustration

of a simple MLP with one input layer, two hidden layers and an output layer.

At its core, an MLP operates by applying a set of weights W to the input, followed by a lo-
cation transform b. Finally, the MLP applies an activation function to explicitly introduce
nonlinearity in the computational graph. Examples of some commonly used activation func-
tion are shown in Figure 4.2. The choice of activation function can depend on the use case,
but ReLU activation functions (and their variants) have been popular choices for most appli-

cations.

4.1.1 A Matrix Formulation of MLPs

What contributes the most to the efficiency with which neural networks like MLPs can learn

has to do with how their operations can be expressed as successive matrix-valued operations.
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Common activation functions
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Figure 4.2: Some commonly used activation functions, taken from the Python library JAX.

Given a set of n activations from the previous layer, and k neurons in layer ¢, the ¢ + 1th acti-

vations are obtained as follows:
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where the activation function o(+) is applied elementwise. If we represent the activations,
weights and biases as real-valued matrices, then we can succinctly write Eq. (4.2) as alith) =
J(Wa(i) + b) Thus, the parameters 6 defined earlier typically represent the weights and biases

associated with the neural network.

4.2 Gradient Descent

So far we have discussed what neural networks look like and how they are constructed, and
we have stated that a neural network is parameterized by a set of weights that are “learnt”.
However, we have not yet uncovered how a neural network arrives at an optimum choice for
its parameters — this job is accomplished by a learning algorithm. In this section, we’ll dive
into a very popular learning procedure called gradient descent and demonstrate how it helps
us reach an optimum for a function. We’ll also cover some contemporary modifications to this

algorithm that are more commonly used in deep learning community.

Gradient descent is based on the assumption that for a given differentiable (multivariable)
function F(x), F(x) decreases the most in the direction opposite to its gradient. Recall that

the gradient of a function points in the direction of steepest increase, and thus moving in a
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direction opposite to the gradient should eventually lead us to a minimum. Mathematically, if
Tp+1 = Tn — NV F(xy,) (4.3)
for a small enough learning rate n € R*, then F(x,) > F(n+t1).

2 2
Let us explain this with an example. For simplicity, consider the function f(x1,z2) = 285362 —

COoS T1 cos(%) + 1. From its graph in Figure 4.3, we see that the function has a minimum at
(0,0). Using a learning rate n = 0.5, we are able to converge to the miniumum in just a few
iterations. The path traced out by the algorithm is indicated in Figure 4.3 by the red arrows.
The learning rate indicates the “jump” the algorithm makes to find the next point in the se-

quence from Eq. (4.3).

2 2
Figure 4.3: A plot of the multivariable function f(z1,x2) = xiggff — cos g cos(\m/—%) + 1, with

two runs of gradient descent with learning rates n = 0.5 (red) and n = 2.1 (blue) to find the
minimum at (0, 0).

The choice of the learning rate is absolutely essential in deciding the effectiveness of gradient
descent. If we choose a learning rate that is too small, it might take may more iterations than
required to converge to the optimum point; on the other hand, if we choose a large learn-

ing rate, we might never be able to converge to an optimum, despite the function having a
well-defined minimum. This situation is indicated by the blue run in Figure 4.3. By choos-
ing a large learning rate, the algorithm reaches the vicinity of the minimum, but eventually
becomes trapped in the well around it (defined by the contour at f(x1,z2) = 0.25). In the
example above, each successive iteration sends the algorithm to the opposite side of the well,

off-shooting the minimum, thus trapping it.

Now that we have a basic understanding of gradient descent, we can move on to discuss how
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this algorithm is used in deep learning. Earlier, we mathematically defined a neural network
to be a function f(a;#0), parameterized by a set of learnable parameters 6. During training,
the output from the network is compared against training data using a function called a loss
function, L. Given a loss function L(6,d) that defines a goal relative to (training) data d,
we can use gradient descent to update the parameters # such that we minimize the objective

evaluated at d:
OL(0;,d)

00;

An important caveat is that this method works only if the loss function is differentiable with

Oit1=0; —n (44)

respect to the parameters, otherwise the gradient cannot be computed.

4.3 Improving gradient descent

Although gradient descent is a powerful optimization tool, it can fall short of the require-
ments imposed by current deep learning architectures. In this section, we will cover some
state-of-the-art optimization schemes that improve upon gradient descent to speed up con-

vergence.

4.3.1 Momentum

If gradient descent is stuck in a steep valley around a local minimum, it typically bounces be-
tween the walls of the valley. However, if we were to introduce information about the previous

update step, we can define an update rule with a placeholder variable v like so:

OL(0;,d)

892' 3 0i+1 = 91 — Uy (45)

Vi = YVi—1 + 1
In this situation, we are able to speed up the update by an amount yv;_1, so if we performed
a large update in the previous time step, we can go even further this time and vice versa.
This technique is called gradient descent with momentum, analogous to the concept of me-

chanical momentum, hence the name.

4.3.2 Adagrad

In reality, most modern neural networks contains tens of thousands, if not millions of param-
eters. Thus, it would be unwise to update all the parameters in the neural network by the
same amount at each optimization step. This is because certain parameters might be more
influential in the decision process than the others, and therefore need sensitive updates. In
other cases, some parameters might be logically flat in one area of the loss landscape and
more influential in others. This gives rise to the notion of adaptive learning rates on a per-

parameter basis to allow us to explore the loss landscape more effectively.
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Adagrad (or “adaptive gradient”) scales the learning rate for each parameter in such a way as
to increase the step size for parameters that have moved less, and decrease it for the param-
eters that have undergone relatively larger updates. This is done by scaling the learning rate
by an inverse of the sum of the gradients, g from all previous steps. Mathematically, a param-

eter 6; undergoes an update

n OL(0;,d)
\/ Z;":o 932' +e 00;

with the e added for numerical stability, but this not enough. In many cases, the sum of the

91’—}—1 =0; — (4'6)

gradients itself can increase without bounds (called gradient explosion), which can bring the

optimization to a screeching halt.

4.3.3 RMSProp

This time, instead of maintaining a sum over the squared gradients, we can recursively define

a decaying average to remember the previous gradients, much like momentum.

Elg’li = vElg’)i-1 + (1 = 7)g} (4.7)
The update rule can then be defined as

7 OL(0;,d)
Voo Bl +e P

B0 = 0; — (4.8)

4.3.4 Adam

We finally reach Adam [37], by far the most commonly used optimization algorithm in deep
learning, as well as the one used in this thesis. Adam builds upon ideas from all of the pre-
viously defined methods: it maintains a decaying average of gradients and square gradients

as:

m; = Bimi—1 + (1 — B1)g; (4.9)
v; = Povi—1 + (1 — 52)91‘2 (4.10)

These quantities are actually Monte Carlo estimations of the first moment (mean) and the
second moment (variance) of the gradients, g, hence the name Adam (adaptive moment esti-

mation). The Adam authors note that by themselves, these terms can be biased towards zero,
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and need a correction. This is done by applying bias correction terms to the moments

my;

m; = N :} 5 (4.11)
U = T (4.12)

We then get the update rule )
01 = 0; — ”ﬁ (4.13)

4.4 Generative Models

In this thesis, we want to simulate the detector response for a given type of particle physics
event by generating detector hits for the event. Mathematically, we can interpret this simula-
tion process as drawing samples from the multidimensional probability distribution of detec-
tor hits. To do this, we train a class of deep learning models called generative models, which,
given some observed samples « from a distribution of interest, attempt to model the true un-
derlying distribution p(«). The study of generative models and developing the mathematical
tools to understand and improve their behaviour is a vast and active area of research. In this
section, we shall only provide a broad overview of the mathematical background required to
understand the working of these models, followed by a description of variational methods to

generate data.

4.4.1 Evidence Lower Bound

For most intents and purposes, we can think of data as being generated or represented by an
associated latent variable, say z. The data that we actually see may be generated as a func-
tion of such higher-level representations which encapsulate abstract properties such as colour,
shape, size, etc. Thus, what we observe can be interpreted as a lower-dimensional projection
of these abstract representations that are beyond our reach. Therefore, when we attempt to
model these data distributions, we must attempt to approximate latent representations that

describe the data we observe.

Mathematically, we can imagine the latent variables and the data we observe to be modelled
by a joint distribution p(x, z). One goal of generative modelling is to maximize the likelihood
p(zx) of all observed . We can obtain the likelihood for our data either by integrating over

the latent variable

p(x) = /dz p(x, z) (4.14)

or, by applying the chain rule of probability:

p(@) = (4.15)



CHAPTER 4. DEEP LEARNING 25

Directly obtaining the likelihood and maximizing it is impractical because it either requires
us to integrate over the entire space of latent variables is often computationally intractable
for complex models, or involves having access to an encoder p(z|x). To circumvent this prob-
lem, we instead maximize a lower bound on the evidence, or the log-likelihood of the observed
data. This quantity, called the Evidence Lower BOund, or ELBO, serves as a proxy ob-
jective with which to optimize a latent variable model. In the best case scenario, when the
ELBO is parameterized and optimized perfectly, the ELBO is exactly equivalent to the evi-
dence. The ELBO is defined as:

Eq¢(z\m) [log 5;f;|i)):| (4.16)
and,
logp(x) > Ey, (2]e) [log 5;(2’@))] (4.17)

Here g4(z|x) is a flexible approximate variational distribution with parameters ¢ that we seek
to optimize. Intuitively, it can be thought of as a parameterized model that is learnt to esti-
mate the true distribution over latent variables for a given observation «; in other words, it

seeks to approximate the true posterior, p(z|x).

Theorem 1. The ELBO is a lower bound on the evidence logp(x).

Proof.

logp(e) = logp(e) [ dz au(ele) ([ ax as(alo) =1 (418)

_ / dz q9(2|z) log p() (4.19)
(z]z) [log ()] (4.20)

=Ey, (21a) -log p((Z\:j))] (4.21)
R
= Eq, (zla) _log (Z)(EEZ’;))_ +Eqgy (z1e) [log ij’((jf))} (4.23)
| ;(””z’;)): + Dice(as(212) | pl, 2)) (4.24)
0

From the above proof, we observe that the evidence is equal to the ELBO plus the Kullback-

Leibler (KL) Divergence ! between the approximate posterior g, (z|x) and the true posterior

'The KL Divergence between two continuous distributions P and Q is defined as Dxr.(P || Q) =
Je do p(w) log ()
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p(z|x). We want to optimize the parameters of our variational posterior to exactly match the
true posterior distribution, which is achieved by minimizing their KL Divergence (ideally to
zero). Unfortunately, it is intractable to minimize this KL Divergence term directly, as we do
not have access to the ground truth p(z|x) distribution. However, the likelihood of our data
(and therefore the evidence term) is always a constant with respect to ¢, as it is computed
by marginalizing out all latents z from the joint distribution p(z,x) and does not depend on
¢ at all. Since the ELBO and KL Divergence terms sum up to a constant, any maximization
of the ELBO term with respect to ¢ necessarily invokes an equal minimization of the KL Di-
vergence term. Thus, the ELBO can be maximized as a proxy for learning how to perfectly
model the true latent posterior distribution; the more we optimize the ELBO, the closer our

approximate posterior gets to the true posterior.

4.4.2 Variational Autoencoders

Variational Autoencoders (VAE) [38], are the simplest generative model architectures, which
directly maximize the ELBO. The name variational comes from how they optimize for the
best approximate posterior amongst a family of potential posterior distributions paramterized
by ¢. The term autoencoder refers to the physical architecture of the mode, which is reminis-
cent of a traditional bottleneck autoencoder, where the input data is trained to predict itself
after passing through an intermediate bottleneck. To make this connection explicit, let us re-
visit the ELBO term:

p(w,z)] [ pe(wIZ)p(z)]
E, o [log D2E N g 1og POTIZIPAZ) 4.26
q¢ (z|) [ gq¢(z|x) 4y (2lz) 108 45 (z|) ( )
_ p(2)
=Ey,(zle) [log po(x|2)] + Eqgy(zl2) [log q¢(z\m)] (4.27)
= Ey, (/e log po(x|2)] — Drcr(gs(2|) || p(2)) (4.28)
reconstruction term prior matching term

In a VAE, we learn an intermediate bottlenecking distribution g4(z|x) that is called the “en-
coder”, because it encodes the input data by mapping it to latent space; simultaneously, we
learn a deterministic function pg(x|z) called the “decoder” to convert a given latent vector z

into an observation x.

The two terms in Eq. (4.28) each have intuitive descriptions: the first term measures the re-
construction likelihood of the decoder from our variational distribution; this ensures that the
learned distribution is modelling effective latents that the original data can be regenerated
from. The second term measures how similar the learned posterior distribution is to a prior
belief held over latent variables. Minimizing this term encourages the encoder to actually
learn a distribution rather than collapse into a Dirac delta function. Maximizing the ELBO
is thus equivalent to maximizing its first term and minimizing its second term. Therefore, a
VAE optimized the ELBO jointly over parameters ¢ and 6. The encoder of the VAE is com-

monly chosen to model a multivariate Gaussian with diagonal covariance, and the prior is of-
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q(z|z)

Figure 4.4: A graphical representation of a Variational Autoencoder. Here, encoder g4(z|x)
defines a distribution over latent variables z for observations «, and decoder py(x|z) decodes
latent variables into observations [39].

ten selected to be a standard multivariate Gaussian:

qe(z|x) = N (25 py(), ai(m)I) (4.29)
p(z) =N(z;0,1) (4.30)

This allows us to obtain closed form expressions for the KL-divergence term, and the recon-
struction term can be computed using a Monte Carlo estimate. After training a VAE, gen-
erating new data can be performed by sampling directly from the latent space p(z) and then

running it through the decoder.



Chapter 5

Score-based Generative Modelling

Deep generative models have been shown to produce high quality and high fidelity samples
across a wide range of domains [40]. Generative adversarial networks (GANs) [41] remain

the current preferred choice for sample generation due to their better sample quality over
likelihood-based models like variational autoencoders [38] or normalizing flows [42]. However,
GANSs impose restrictions over their architecture and optimization strategies in order to stabi-

lize training [43, 44], and also have issues covering the entire data distribution [45].

Recently, iterative generative models such as diffusion-based models [46] have demonstrated

the ability to produce samples comparable to GANs without the need for adversarial training
strategies. Instead, diffusion-based models successively apply Gaussian noise to data samples,
and learn to denoise samples at each step. Samples are then generated from white noise by a
Markov chain which progressively denoises it to produce a data instance. This Markov chain

is either based on Langevin dynamics, or obtained by reversing a forward diffusion process.

5.1 Denoising Diffusion Probabilistic Models

First introduced by Ho et al. [46], Denoising Diffusion Probabilistic Models (DDPMs) are a
class of Markov chain-based iterative generative models that are trained using variational in-
ference. Transitions of this Markov chain are learned to reverse a diffusion process, which is a
Markov chain that gradually adds noise to the data in the opposite direction of sampling until

signal is destroyed.

Consider a data point &y ~ ¢(xo). In a diffusion model, we learn a reverse process is the dis-
tribution pp(x) = [ dx1.7 pe(xo.7), where x1,. .., zp are latents of the same dimensionality as

xg. The reverse process is implemented as a Markov chain with T timesteps and with learned

28
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Gaussian transitions starting at p(zr) = N (z1;0,1I):

T
po(xo.7) = p(xT) Hpe(mt—l\a?t), po(xi—1|xs) = N(xs_1; py(e, 1), B (24, 1)) (5.1)

t=t

The posterior ¢(x1.p|xr), which is called the forward process is also a fixed Markov chain

that gradually adds noise to the initial data point xg over T' time steps using a variance sched-

ule {,81, ey BT}:

T

g(zirleo) = [[a(@ilzi—r),  a(@ilwi) = N(@e; /1 = Biwi—, BT) (5.2)

t=t

Training is performed by optimizing the ELBO on the negative log likelihood:

E[ log po(0)] < E, [— log M] (53)
po(Ti—1|zt)

=E, | —logp(xr) Zl wt|93t N

t>1

(5.4)

The forward process variances 3y can either be learnt via reparameterization or held constant
as hyperparameters. The functional form of the forward process transition kernels admits

sampling x; at an arbitrary timestep ¢ in closed form:

q(xi|zi—1) = N(@t; Vauzo, (1 — ap)I) (5.5)

where oy = 1 — 3; and @ = [[ s = 1'a. The training procedure can be further optimized by

rewriting the loss as:

Eq | Dir(g(zr|zo) | p(xr)) + Y Drr(g(ai|ai—1, o) || po(ai—1|w:)) — log po(aola1) | (5.6)
t>1 e

Lt Lo

Li—1

Eq (5.6) uses KL divergence to directly compare pg(a;—1|x;) against forward process posteri-

ors, which are tractable when conditioned on x:

q(xt|zi-1) = N(@t—1; (21, T0), Be]), (5.7)
where  fi(xy, xg) = - atfﬁt xo + Vol __@t_l):ct (5.8)
— 1— oy

Consequently, all KL divergences in Eq (5.6) are comparisons between Gaussians, so they can

be computed with closed form expressions instead of Monte Carlo estimates.

Given the choice of our kernels, with pg(z—1|T:) = N (Tt—1; pg(xs, ), 02I) [here, 02 = By], we
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can write: )
Li=E pllﬁ(wt,wo) — pgle, 1) +C (5.9)
t

So, the most straightforward parameterization of w4 is a model that predicts f, the forward
process posterior mean. However, we can expand Eq. (5.9) further by reparameterizing x; =
Varxg + /1 — aze for € ~ N(0,I). Ultimately, we can simplify the training objective even

further by choosing the following parameterization:

o = —— (@ — —L2—ey(a,t) (5.10)
7 (o imaten)

where eg(x¢,t) is a function approximation that predicts the noise at each time step in the

forward process. To sample x;_1 ~ py(@i—1|xs) is to compute

1 Bt
1= — —_—_— t h ~ 0,1 5.11
Tiq NG <:ct meg(mt, )) + 0z, where z ~ N(0,1) ( )

Furthermore, with this chosen parameterization, the loss to optimize simplifies to

Fap.c [@2)”6 — eo(Vamo + VI — e, t)||” (5.12)

20t2at(1 — dt

which resembles denoising score matching over multiple noise scales indexed by t.

As it turns out, the term — \/%69 (x¢,t) represents the “score” function, which is defined
as the gradient of the log-likelihood with respect to the data itself, or V4 logp(x), and we
might choose the score parameterization to instead predict the score at each time step of the

Markov process.

5.2 Score-based Generative Modelling with SDEs

In the previous section, we observed that the key component of the entire process is to per-
turb data with multiple noise scales. This idea can be generalized further to an infinite num-
ber of noise scales (time steps), such that the perturbed data distributions evolve according
to a stochastic differential equation (SDE). Then, the discrete latent variables are replaced by
a continuous latent function x(t). Our goal now is to construct a diffusion process {z(t)}L,
index by a continuous time variable ¢ € [0, 7] such that x(0) ~ pg and x(T") ~ pr, for which
we have a computationally tractable form to generate samples. If pg is the data distribution
and pr is the prior distribution, then the diffusion process can be modeled as the solution to
an [t6 SDE:

de = f(x,t)dt + g(t)dw (5.13)

where w is the standard Wiener process (also known as Brownian motion). Furthermore,
f(,t) : R* — R?is a vector-valued function called the drift coefficient of x(¢) and g(-) :

R — R is a scalar-valued function known as the diffusion coefficient of x(t). For convenience,
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we denote the probability density of @ as pi(x) and the transition kernel from x(s) to x(t) as
pst(x(t)|x(s)), where 0 < s < t < T. Like before, pp is an unstructured prior distribution
which contains no information of pg, and is typically chosen to be a standardized Gaussian

distribution.

5.2.1 Generating Samples using the SDE

By starting from samples of €(T) ~ pr and reversing the process, we can obtain samples
2(0) ~ po. As it turns out, the reverse of a diffusion process is also a diffusion process, run-

ning backwards in time and given by the reverse time SDE:
da = [f(2,t) — 9(1)*Vapi(@)|dt + g(t)dw (5.14)

where w is a standard Wiener process when time flows backwards from 7" to 0, and dt is an
infinitesimal negative time step. Once the score of each marginal distribution, Vzp;(x) is

known for all ¢, we can derive the reverse diffusion process and simulate it to obtain samples

z(0) ~ pr.

5.2.2 Estimating Scores for the SDE

The score of a distribution can be estimated by training a score-based model on samples with
score-matching, as proposed in [47, 48]. This can be achieved by training a time-dependent

score-based model sy(x,t) for the following loss function:

Ext)[2(0) [Hse(fﬂ‘(t)» t) = Vo 10gp0t(m(t)|m(0))||2} (5.15)

where t ~ U(0,T"), (0) ~ po(x) and x(t) ~ pot(x(t)|x(0)). With sufficient data and model
capacity, score matching ensures that the optimal solution sj(z(t),t) equals V) log por(x(t)|x(0))
for almost all  and t. We also typically need to know the transition kernel po:(x()|z(0)),

but the choice of kernel is fixed to a Gaussian with closed form expressions for the mean and

variance.

For all diffusion processes, there exists a corresponding deterministic process whose trajecto-
ries share the same marginal probability densities {p;(x(t))}L_, as the SDE. This determinis-

tic process satisfies an ODE:
1
de = |f(x,t) — ig(t)2vfc logpi(x) | dt (5.16)

which can be determined from the SDE once the scores are known. This ODE is called the
probability low ODE. If the score function is approximated by a neural network, then this
ODE takes the form of a neural ODE [49].
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Recall the discrete variance-preserving ! formulation we introduced for DDPMs in Section
5.1. Eq (5.10) applies to a noise prediction model, where we predict the noise that is added
at each time step. Alternatively, we can instead formulate the DDPM as either a denoising
model, to predict the original data point xg(x;,t) or as a score model sy(xy,t), to predict the
gradient of the log-likelihood at each step — all three views are equally valid. The three for-

mulations are interrelated as:

Ty — ayxg(ay, t)

Gg(mt,t) = oy (517)
D
sl 1) = 22@LD = (5.18)
t

As discussed in Section 5.2.2, when T' — o0, we can describe the diffusion process through
a probability flow ODE. Following Kingma et al [50], we obtain the following closed-form ex-
pressions for the drift and diffusion coefficients:

_ dlogay B do?(t) B 2dlog ay 2

Flant) = B 2 = 8% 02(1) (5.19)

The ODE in Eq. (5.16) can be solved numerically using standard solvers like the Euler or the
Runge-Kutta methods. However, the DDIM solver proposed in [51] is also an integration rule
for this ODE, as shown in [52]. Using the DDIM sampler, the update rule (for a denoising

model) is:
Ty — (T, t)

T = q_1g(xy,t) + 041 (5.20)

Ot
Following [52], in this thesis, we train a model vg(x:,t) to predict the velocity parameter v at

each time step, defined as:
v = a e — oy, €~ N(0,I) (5.21)

This choice has been shown to stabilize training. During sampling, the predicted velocity is
used to generate the original data sample using the equation below, which is then used to pre-

dict the mean at each step, as indicated in Eq. (5.8).

ﬁ?o = QT4 — O't’UQ(CCt, t) (522)

In this formulation, the score can be derived from the velocity as:

xi(a? —1) &
vaQ(xt) = t( t2 ) - tva(xtvt> (523)
[ O¢

!By variance-preserving, we mean that at each step in the Markov chain, the scale of the variances used in
the transition kernels remains the same.
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Moreover, the loss function simplifies to:

L=Es [[lo = vo(vamo + vVI=are )] (5.24)

The training and sampling algorithms are summarized below:

Algorithm 1 Training Algorithm 2 Sampling
1: repeat 1. T ~ N(O, I)
2 xo ~ q(xo) 2: fort=1T,...,1do
3 t~U(0,1) 3: e~ N(0,I)
4 e ~N(0,I) 4: 0 < vg(xy, t)
5: V ¢ Q€ — 01Xy 5: Lo — Ly — o1V
6 ¥ vg(Vagmo + V1 — (ue, t) 6: By ‘/Eﬁt o + ‘/aitgl:&é:t’l)mt
7 Take gradient descent step on: 7. ¥, = &l—o‘ztjl
8 Vollv - o & m g

: t—1 = Hy + g€

9: until converged 9: end for

10: return x




Chapter 6

Methods and Results

6.1 Data

6.1.1 Open Data Simulated Samples

For this study, we are concerned with simulating the calorimeter shower distribution for tt
events as measured by the CMS experiment at the LHC. We use a sample of SM top-antitop
pair production where the W boson from the top quark decay is required to decay to quarks
as a source of boosted top quarks. A snippet of a Feynman diagram corresponding to this
process is shown below in Figure 6.1. The full dataset can be found in [53]. For all samples,
the calorimeter and detector response is simulated using GEANT4 with full CMS geometry
and processed through the CMS Particle Flow algorithm. This dataset includes low-level de-

tector information, specifically reconstructed clusters from pixel and silicon strip detectors.

q, 1"

W+

b

Figure 6.1: Decay of a top quark to a W boson and a bottom quark. The W boson then
decays to two other quarks, making a triplet of jets. [54]

To form jets from low-level physics objects, we cluster using the anti-kr clustering algorithm
[55] with a radius parameter R = 0.8 and limit the clustering to events with a pseudorapidity
|n| < 1.57. This cut ensures that the jet does not extend beyond the |n| < 2.4 threshold

34



CHAPTER 6. METHODS AND RESULTS 35
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Figure 6.2: Jet image overlays split by subdetector: tracks, ECAL, and HCAL averaged over
70,000 jets each. Image resolution: 125 x 125.

for the current CMS tracker. We also require that the generator-level top quark, its bottom

quark, and the W boson daughters to be within AR < 0.8 from the reconstructed jets axis.

6.1.2 CMS Detector and Data

As discussed previously in Chapter 3, the CMS detector consists of a tracker layer followed
by a calorimeter layer divided into the electromagnetic and hadronic calorimeters. CMS Open
Data contains reconstructed hits for the ECAL and HCAL. Using imaging techniques from
[56, 57], we are able to obtain calorimeter images whose pixels correspond to the calorimeter
cells. Thus, full detector images consist of three subdetector channels: one each for ECAL,
HCAL, and the Tracker.

From the multichannel image described above, we localize jet by taking the centroid of the
reconstructed jet and then scan the HCAL channel for the highest energy deposit within a
9 x 9 window. Around this pixel, we crop a window of size 125 x 125 (corresponding to AR <

1). This imposes an effective pseudorapidity cut of |n| < 1.57.

Figure 6.2 shows the various sub-detector image overlays averaged over the full test set of
about 70,000 jets, while Figure 6.3 shows subdetector images for a single jet. The difference
in detector resolution between the ECAL and HCAL layer is clearly visible, with HCAL de-
posits appearing “blockier” than ECAL deposits. The end-to-end images appear noticeably
more “raw” in that they contain more noise and stray hits. This is expected given that we are

looking at the physical detector deposits in all their richness.

6.1.3 Point Cloud Representation

Over the past decade, there have been extensive studies demonstrating state-of-the-art gen-

erative models for image datasets [56, 57, 58, 59, 60], but a common feature across all such



CHAPTER 6. METHODS AND RESULTS 36

Tracker ECAL HCAL
0

20

40

Sy 60
80

100

120

0 20 40 60 80 100 120 0 20 40 60 80 100 120

i¢ i¢ i¢

0 20 40 60 80 100 120

Figure 6.3: Jet image for a single jet split by subdetector: tracks, ECAL, and HCAL. Image
resolution: 125 x 125.

studies is that the datasets all contain standard three-channel images of real-world objects
(excluding, of course, studies with the MNIST dataset). Image-based representations of de-
tector deposits, such as those described above, involve projecting the spatial data onto a dis-
cretized n — ¢ plane, and taking the intensity of each pixel in the image to represent the en-
ergy deposited in the calorimeter crystal or cell. However, such representations tend to be
extremely sparse, with typically fewer than 10% of all pixels being nonzero. In this case, a
loss function would compare a model’s output to mostly zeros, and a model trained on sparse
data can learn to output too many zeros, affecting its performance. Moreover, such a rep-
resentation overlooks complex detector granularity and inhomogeneous detector resolution
across layers. This is especially true in the regions that overlap between the barrel and end-
cap regions of the CMS detector, where a fixed-size (7, ¢) resolution of (0.025 x 0.025) heavily
undermines the complex geometry in this region. This mismatch in resolution also poses dif-
ficulties in the construction of high-fidelity detector projection images. Anecdotally, we also
observed that while such representations were definitely helpful to train discriminative models
like top-taggers, generative models struggled to faithfully learn the distribution of hit energies

and generate high-quality samples of detector responses.

In the context of machine learning (ML), detector deposits have alternative representations
in the form of either as ordered lists or unordered sets. The problem with the former is that
there is no preferred natural ordering of the deposits — to implement such a representation,
we will have to impose some nonphysical ordering on the constituents. A more natural repre-
sentation of detector hits is the unordered set of hits in position space, which we call a point

cloud.

To obtain a point cloud representation for an event, we start with the image-based represen-
tation of the jet shower that we obtained using the procedure described in the previous sec-
tion. For each jet image, beginning from the top left corner we assign a coordinate (z,y, z) to
each pixel, where 0 < z < 124 and 0 < y < 124 are its position within the image, and z

is the pixel intensity. Then, we map each pixel to the corresponding coordinate in 3D space
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to obtain a particle cloud for the event. For ease of batching during training, we must ensure
that each event contains an identical number of hits. This can either be done by choosing to
retain only N hits in each event file, or by choosing a number N and zero padding all events
with less than IV hits in them. We choose to adopt the first method for convenience, as the

second method requires us to learn and maintain a mask throughout the training and gener-
ation process which can be cumbersome. For this work, we choose to retain the top N = 300

hits in each event ordered by hit energy.

In our work, we presently simulate only the ECAL channel. Although a complete generative
model would be capable of simultaneously simulating all three channels, limiting our discus-
sion to just one channel allows us to easily optimize the model and makes computation more
tractable. In the future, we plan to gradually add the functionality to simulate the remaining

channels.

6.1.4 Preprocessing

Prior to training, all inputs to the model undergo a three-step normalization process. First,
we apply a min-max transformation on all three features to map the inputs to the [0, 1] range
using the formula

Tscaled = ﬁ (6.1)

This is followed by a logit transformation, which transforms the features to log-space. The

log-transformed features are defined as:

logit(z):10g< z ) (6.2)

1—=z2

Finally, we standardize the inputs by adjusting their mean and variance to 0 and 1, respec-

tively.

6.2 Model Architecture

For the forward process, we set the number of time steps to T' = 512 and use the cosine vari-

ance schedule (in terms of @) proposed in [61], defined as:

N0 B t/T+s m\°
at—m, f(t) = cos <1+s2> (6.3)

We can then use this definition to derive the variances 8, = 1 — a@;/a;—1. The variances are
then clipped to a range of [0,0.999] to prevent unexpected behaviour at ¢ = T'. A small offset

5 =8 x 1073 is added to prevent the variance from vanishing close to t = 0.

For the reverse process, we use a DeepSets [62] backbone with added Transformer [63] lay-
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Figure 6.4: A visual description of the backbone architecture used in the diffusion model.
Numbers after the layers represent the dimensionality of the layer output.

ers containing self-attention to augment the model’s spatial expressivity. The input points
are first mapped to a larger latent space with a dimension of 64. Then, the model uses eight
Transformer blocks followed by a fully-connected layer before the output. A LeakyReLU ac-
tivation function is used, and the outputs of the Transformer layers are summed to the last
later before the first Transformer block, which is observed to result in better performance.
This backbone is identical to the particle model architecture proposed in [64]. A visual de-

scription of the model is shown in Figure 6.4.

Time-domain information is incorporated in the network by passing random Fourier features
[65] through two fully connected networks with 32 and 64 hidden nodes. The resulting time

embedding is then concatenated with the hit features.

The model is implemented in PyTorch [66]. The model is trained for upto 200 epochs with a
cosine learning rate schedule with an initial learning rate of 1 x 1073. Training is performed
on a single NVIDIA DGX A100 GPU, with a batch size of 128.

6.3 Results

The performance of the diffusion model is evaluated using the 1-Wasserstein distance (W7)
and the Earth Mover’s Distance (EMD) metrics. The EMD between two distributions is a
similarity measure that quantifies the distance it takes to transform one distribution into the
other. In the context of particle clouds, it represents the minimum work needed to be applies

by the movements of energy f,, from particle p in one cloud to particle g in the other such
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that the event F is rearranged to event E’. For two clouds P and @, the EMD is mathemati-
cally defined as:

EMD(Pv Q) = I?IIIZ Z qu% + Z ST, — ZSTQ

Prq

peP qeQ peP q€Q
subjected to the conditions
fpg =0 (6.4)
Z qu < STy» Z qu < STy (65)
q€Q pEP
S o= min (Yo, Yo, 65)
pEP qeQ peP qeQ

where R is the radius of the jet event, and Rpq = v/(yp — yp)? + (¢p — ¢g)? is the distance in
the rapidity-azimuth plane.

The Wi metric is the one-dimensional analogue of the EMD, and for two distributions u and

v, is defined as:

Wi(u,v) = inf / |z —y| dr(x,y) (6.7)
mel'(u,v) JRxR

where I'(u, v) is the set of probability distributions on R x R whose marginals are v and v

on the first and second factors, respectively. The EMD is calculated between two event point
clouds, and the WIE T distance is calculated between the total energies in each event. To cal-
culate each metric, 20,000 generated events are compared against 20,000 validation set events

not used during training.

In Figure 6.5, we show some reconstruction samples for several simulated jets from the dif-
fusion model along with randomly drawn samples from a held-out validation set. A visual
inspection reveals that the model is able to successfully recreate jets from pure noise, both in

terms of topological configuration as well as the energy scales of individual hits.

The total energy distribution is shown in Figure 6.6. The total energy for an event is com-
puted by performing a sum over all hit energies in any given event. We observe a good agree-
ment between GEANT4 and samples generated from the diffusion model. At the low energy
fraction region, we see an excellent agreement with GEANT4, although there is a fairly trivial
difference of almost 10% between the true and generated energies at both sides of the mean.
This agreement continues until a total energy of Er = 250 GeV, after which we see that the
diffusion model fails to generate any contributions in the high energy fraction region with

Er > 250 GeV, leading to a sharp 100% difference between real and generated distributions
at By ~ 325 GeV. This unexpected behaviour is uncharacteristic of diffusion models, which
generally are able to faithfully model the target distribution with fairly high fidelity. Further

investigations are needed to ascertain the cause of this behaviour. Quantitatively, the distri-
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Figure 6.5: Real jet deposits (above) as compared to simulated jet deposits (bottom). Real
samples were drawn randomly from a validation set.
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bution indicates a computed 1-Wasserstein distance of WlE T =1.22.

In Figure 6.7, we plot the histogram of EMD values ! obtained for a collection of 20,000 gen-
erated jets. We observe an EMD value of 3.720 + 0.159, with the distribution roughly approx-

imating a Gaussian.

2000 -
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Number of Events
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EMD

Figure 6.7: A histogram of the Earth Mover’s Distance values computed between 20,000
generated and real jets.

We therefore can safely conclude that diffusion models are a promising direction to simu-
late low-level detector deposits for particle jets. Our model is able to successfully reproduce
boosted jets with fairly high fidelity. For example, a visual inspection of the generated sam-
ples shows that the model spans the range of real jet distributions accurately in terms of the
topology as well as the energy scale. A closer look at the distributions of total event ener-
gies reveals that the model is also able to faithfully models the energies seen in actual jets.
We also quantify these results by using the 1-Wasserstein distance, and its generalization, the
Earth Mover’s Distance. Ultimately, these positive results pave the way for further investi-
gations into using diffusion models on low-level detector data. Further work also needs to be

done to integrate all three detector channels into a single run of the generation step.

6.4 Code Availability

The code written for this thesis can be found at https://github.com/ameyal101/e2e-diffusion/.

'"'We use the following simplified algorithm to compute the EMD between two clouds: https://gist.
github.com/ameyal101/7379bbal14b112d8380de9698ad679ad3


https://github.com/ameya1101/e2e-diffusion/
https://gist.github.com/ameya1101/7379bba14b112d8380de9698ad679ad3
https://gist.github.com/ameya1101/7379bba14b112d8380de9698ad679ad3

Chapter 7

Conclusions and Future Work

“I can’t give you brains, but I can give

you a diploma.”

The Wizard of Oz, to the Scarecrow

In this work, we introduce a formulation using score-based generative models for representing,
and subsequently simulating, particle jets produced in high energy proton-proton collisions at
the Large Hadron Collider. We work with a point cloud representation of particle jets, which
tackles the issue of data sparsity in particle detectors by allowing the model to learn directly
from particle hits while disregarding any empty cells. The diffusion model learns to reverse

a forward process that gradually adds Gaussian noise to pure data over a series of fixed time
steps. At each step in the reverse process, we use a powerful Transformer-based backbone net-
work to predict the diffusion velocity for the current time step. Using the transformer archi-
tecture, the backbone is network is successfully able to exploit the spatial relationships be-
tween different particle hits via an attention mechanism. Once the model is trained, we are
able to generate events by applying the reverse process to pure Gaussian noise. Our results
indicate that the model is able to accurately learn to reconstruct point cloud events at the
Electromagnetic Calorimeter (ECAL) layer. Not only does a visual inspection show that the
generated samples are topologically similar to real world events, we find that samples gen-
erated from the diffusion model also accurately capture the spatial distribution of energy
across hits for the events, as indicated by the distributions plotted for both cases. These re-
sults are quantified through evaluation metrics such as the Earth Mover’s Distance, or the

1-Wasserstein distance between the hit energies.

Presently, the scope of this work is limited to the ECAL layer. In the future, we recommend
an extension of this fast simulation framework to multiple detector channels. One such ap-
proach could involve conditioning the diffusion process on a label corresponding to the de-
tector layer we want to generate. For simultaneous generation of multiple layers, we envision

constructing event graphs with inter-detector connections and learning to diffuse these hetero-

42
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geneous graphs from pure noise. A well-known limitation of diffusion models is their longer
inference time as compared to other iterative and variational generative models. Although

the results presented in this work surpass generation times taken by extant tools by many or-
ders of magnitude, they still fall short of the times reported by deep learning-augmented ap-
proaches. While distributing the inference task across multiple processing units is certainly an
option, we believe a more fundamental architectural change is more significant. We think di-
rections that investigate different backbone networks have the potential to reduce generation
time, while maintaining high sample quality. Moreover, a knowledge-distillation framework, as
proposed in [64] is a promising improvement to diffusion models that can enable high-fidelity

sample generation in as few as eight time steps, as opposed to the 512 steps used in this work.
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