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ABSTRACT

The ATLAS experiment is capable of measuring consistent proton collisions at the
highest energies to date with

p
s = 13:6 TeV. This allows many previously impossible

measurements of standard model physics and searches for new physics. This thesis
is split into two major parts. The phase one upgrade of the level one calorimeter
trigger is outlined. This discusses the author's contributions to installation of the
eFEX system, allowing the rate of single electron triggers in run 3 to be reduced by
5kHz or about 20% for the same level of performance. Then an analysis of Heavy
Neutral Leptons (HNLs) produced in a t-channel VBS-like topology is outlined. This
leads to the �rst limits on HNL mass-mixing up to masses of 20 TeV alongside the
CMS experiment.
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CHAPTER1

Introduction

Physicists have used scattering experiments to probe the nature of reality since the

1900s and the discovery of the Rutherford model of the atom [2]. A century on,

we precisely design experiments that can probe Quantum Field Theory within the

Standard Model framework to derive precise observations about how these phenomena

behave. As such, we can generate precise simulations of hypothesized Beyond the

Standard Model phenomena and test our understanding of the world.

The apparatus and techniques required to capture these collisions and test these

hypotheses have immeasurably increased in complexity. This is to such an extent that

it is impossible to design, build, run and analyse data from these experiments without

the support of thousands of people. This thesis outlining one of the thousands of

ATLAS analysis papers is standing on the shoulders of giants.

In this thesis, the author's two main contributions to the ATLAS collaboration
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between 2019 and 2023 are outlined. Chapter 2 gives a basic overview of the LHC

and ATLAS. Then in chapter 3, this thesis contextualises and outlines the ongoing

work of upgrading the Level 1 Calorimeter Trigger through various software, �rmware

and hardware tasks. The second half of the thesis is on Heavy Neutral Leptons and

mass mechanisms for neutrinos. Chapter 4 gives an experimentalist's take on the

theory of these models. Chapters 5 to 7 takes this theory to describe a high mass

di-muon HNL search from signal simulation through to unblinded results.



CHAPTER2

The Large Hadron Collider and the ATLAS Experiment

2.1 The LHC

The LHC is the world's largest particle accelerator to date [3]. It is capable of

colliding protons and heavy ions together at higher energies than ever before. This

allows us to probe deeper into high-energy and rare physics processes. As transverse

beam size becomes reduced when the beam energy is increased, it is typical for

cost reasons to `inject' from smaller pre-existing accelerators to larger ones. As a

result, the LHC uses previous accelerators atCERN in a chain (see �gure 2.1). The

accelerator complex must be built underground to shield the detectors from cosmic

background radiation alongside protecting the outside world from ionising radiation

from the LHC.

The LHC is a synchrotron, which is a circular design of accelerator. The key �rst

3
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parts to design such a machine are dipole magnets and Radio Frequency (RF) cavities.

The dipole magnets bend and create a nominal trajectory for the charged particles

to traverse. The RF cavities are waveguides that provide an oscillating Electro

Magnetic (EM) �eld in the direction of the beam. By adding the particles to the

beam in bunches (RF buckets) and carefully managing timings, we can ensure that

particles get boosted forward every time they pass through the cavity. Furthermore,

particles di�erent from the nominal energy can get corrected by having late particles

experience a stronger E �eld and vice versa [4]. The period of these bunches is 25ns.

Figure 2.1: A schematic of the wholeCERN accelerator complex which acts in part
to inject protons/ions into the LHC [5].

To have the highest energy beam possible for proton collisions, we are primarily

driven by tunnel building costs and the strength of the dipole magnets to hold the

beam. As a result, this means we require cutting edge scalable magnet technology.

This is done through superconducting magnets that require a large array of cryogenic
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equipment across the ring.

Alongside acceleration and steering, accelerators use quadrupole magnets to focus

the beam to a smaller size in a very similar way to a set of lenses to �rst order. Even

higher order corrections are made in the magnetic �eld to avoid instabilities driven

by subtle e�ects of resonant trajectories (tune) [4, 6].

Then, once a beam is stabilised, it must be understood and characterised to know

how many physics collision events we expect in a given collision. The standard metric

is luminosity (L ). This can be shown to be a function of the beam geometry and

proportional to the number of protons present in the bunches. Given a theoretical

cross-section of a particular process from Quantum Field Theory (QFT) (� ), we can

combine to get a rate (equation (2.1)).

Event rate = L � � (2.1)

Luminosity is typically precisely calibrated through Van der Meer scans [7]. By

sweeping the beams gradually across one another at the interaction point and using

well-known rate events as a baseline, it is possible to deduce the instantaneous

luminosity. From careful bookkeeping, we can as a result know how many events we

expect to see in our outgoing data. The total number of events is found by integrating

luminosity over time. Given a particular signal in data we can also perform this

procedure in reverse to deduce a cross section.

As part of the LHC's physics programme, the energy and luminosity of the beam

are being ramped up. This is shown in detail in �gure 2.2. Run 1 was between 2010

and 2012 with energies at 7 and 8 TeV at 75% target instantaneous luminosity. In

Run 2 (2015-2018) the energy reached 13 TeV and luminosity ramped to double.

During the research undertaken in this thesis, Run 3 started. During this, the LHC

reached 13.6 TeV. In the upcomingLHC runs, the experiment approaches the High

Luminosity frontier (HL-LHC). This has a variety of detector technology challenges
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due to higher backgrounds; the parts relevant to theATLAS trigger are discussed in

chapter 3.

Obviously, the upgraded performance of theLHC has bene�t for the experiments

that use the beamline. TheLHC has a large variety of experiments surrounding the

LHC collision points. ATLAS and the Compact Muon Solenoid (CMS) are the two

general purpose detectors that were created with one of the main purposes being

the Higgs discovery [9, 10, 11, 12]. Since the success of the 2012 discovery, work is

being done to precisely pin down the Higgs boson's properties alongside many other

tests of the Standard Model including probing previously unexamined exotic model

parameter space. This will be done from the HL-LHC alongside theoretical and

experimental progress. Similar developments are taking place with precision 
avour

physics at LHC-beauty (LHCb) and A Large Ion Collider Experiment (ALICE ),

which uses heavy ion runs to probe quark gluon plasma and the strong force.[13, 14]

The remainder of this thesis focuses on ATLAS' part in these developments.

Figure 2.2: The projected luminosity and energy pro�le for theLHC between 2010
and 2040 [8].
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Figure 2.3: The ATLAS Detector cut-away diagram. [9].

2.2 The ATLAS Experiment

The ATLAS experiment (�gure 2.3) is a cylindrical general purpose detector with

hardware built to distinguish rare processes from proton collisions and to precisely

measure the kinematic quantities of the outgoing states [9]. From the interaction

point outwards we broadly have four methods to extract information from the event:

1. Tracking, which allows reconstruction of the charged particle trajectories

through the detector as well as the measurement of the transverse momenta

deduced from the bending in a magnetic �eld.

2. Transition radiation measurement, which provides additional means of identi-

fying electrons and rejecting light hadrons alongside space points that improve

momentum resolution.

3. Calorimetry, which measures energy deposits and shapes through inducing

showers.

4. Muon Spectroscopy, which uses a secondary magnetic �eld to identify and

measure muons that travel through the detector with minimal scattering.
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Figure 2.4: A rough cross section schematic for how di�erent particle travel through
and interact with the ATLAS detector [15].

These layers are visualised in �gure 2.4 for di�erent outgoing particles from a collision.

Some of the speci�c designs within the detector are now discussed before explaining

some of the work that is done to combine the data together for physics analysis.

2.3 Preliminary De�nitions

The ATLAS experiment itself follows a coordinate system common to most collider

experiments where thexy plane is placed perpendicularly to the beam direction.

The x axis points towards the center of the LHC ring and they axis points vertically.

The origin is in the geometric center. Then, by construction, thez axis points

anti-clockwise with respect to theLHC. The ATLAS experiment uses the standard

physics convention of spherical coordinates. To easily construct Lorentzz boost

invariant observables the following de�nitions are used. Here we use the standard

four-momentum notation (E; px ; py; pz) with the speed of light c = 1.
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