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Abstract

Many well-motivated theories beyond the Standard Model of particle physics
propose the existence of exotic-long lived particles. These long-lived particles
could be produced in high-energy proton-proton collisions and go on to decay
into known particles, which could be detected a macroscopic distance away
from the proton-proton collision point. This thesis presents an inclusive search
for long-lived exotic particles decaying to a pair of muons. The experimental
signature consists of two oppositely charged muons originating from a com-
mon secondary vertex, displaced from the proton-proton interaction point
by distances ranging between several hundred micrometers to several meters.
The search uses data collected by the CMS experiment at the CERN LHC
in proton-proton collisions at /s = 13.6 TeV in 2022, corresponding to an
integrated luminosity of 36.6 fb™', using new trigger strategies designed to
maximize sensitivity to events bearing such a signature. These trigger strategies
employ new and existing reconstruction algorithms innovatively, benefiting
from the higher resolution of the tracker as well as the extensive coverage of
the muon system, to achieve lower trigger thresholds while simultaneously
suppressing prompt backgrounds. The results of the search are interpreted in
the framework of the hidden Abelian Higgs model, in which the Higgs boson
decays to a pair of long-lived dark photons, which in turn decay into a pair of
displaced muons, and of an R-parity violating supersymmetry model, in which
long-lived neutralinos decay to a pair of muons and a neutrino. No statistically
significant excess was observed over the predicted Standard Model background
hypothesis, and limits were set on the model parameters. The results show
substantial improvements with respect to a previous analysis performed using
data taken at /s = 13 TeV, especially at low masses and long lifetimes, which

are mainly driven by the improved triggers and a refined analysis strategy.






Kurzfassung

Viele plausible Theorien jenseits des Standardmodells der Elementarteilchen-
physik sagen die Existenz exotischer, langlebiger Teilchen voraus. Diese langlebi-
gen Teilchen konnten in hochenergetischen Proton-Proton-Kollisionen erzeugt
werden und in bekannte Teilchen zerfallen, die in makroskopischer Entfernung
zum Kollisionspunkt detektiert werden koénnen. Diese Arbeit prasentiert eine
inklusive Suche nach exotischen, langlebigen Teilchen, die in ein Paar Myonen
zerfallen. Die experimentelle Signatur besteht aus zwei gegensatzlich geladenen
Myonen, die aus einem Sekundérvertex stammen, welcher zwischen einigen
Hundert Mikrometern und einigen Metern vom Proton-Proton-Kollisionspunkt
entfernt liegt. Die Suche basiert auf Daten, die vom CMS-Experiment am
CERN LHC in Proton-Proton-Kollisionen bei /s = 13.6 TeV in 2022 aufgenom-
men wurden und einer integrierten Luminositit von 36.6 fb~! entsprechen.
Dabei werden neue Trigger-Strategien eingesetzt, die darauf ausgelegt sind, die
Sensitivitit auf Ereignisse mit einer solchen Signatur zu maximieren. Diese
Trigger-Strategien kombinieren neue und bestehende Rekonstruktionsalgorith-
men auf innovative Weise, wodurch sie von der héheren Auflosung des Trackers
sowie der groffraumigen geometrischen Abdeckung des Myonsystems profitieren
um Trigger-Schwellenwerte zu reduzieren und gleichzeitig Untergrundereignisse
zu unterdriicken. Die Resultate der Suche werden zum einen im Kontext
des “Hidden Abelian Higgs Model” interpretiert, in dem das Higgs-Boson
in ein Paar dunkle Photonen zerfallt, welche an einem sekundiren Vertex
in ein Paar Myonen zerfallen. Zum anderen wird ein R-Paritat-verletzendes
Supersymmetrie-Modell getestet, in dem langlebige Neutralinos in ein Paar
Myonen und ein Neutrino zerfallen. Da kein statistisch signifikanter Uberschuss
im Vergleich zur Standardmodellhypothese beobachtet wurde, wurden Grenzen
der entsprechenden Modellparameter bestimmt. Durch die verbesserten Trigger
und die verfeinerte Analysestrategie zeigt diese Arbeit im Vergleich zu einer
vorherigen Analyse bei /s = 13 TeV wesentliche Verbesserungen, besonders

bei kleinen Massen und groflen Lebenszeiten.
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and DY, respectively, while statistical uncertainties in the total expected
background are shown as hatched histograms. Signal contributions expected
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Offline selection efficiency of TMS-TMS dimuons as a function of simulated
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Distributions of min(dy/o(dy)) for TMS-TMS dimuons with (left) |[A®| <
/30 and (right) |[A®| < /4, for events in all mass intervals combined.
The number of observed events (black circles) is overlaid with the stacked
histograms showing the expected numbers of QCD (yellow) and DY (green)
background events. Statistical uncertainties in the total expected back-
ground are shown as hatched histograms. Signal contributions expected
from simulated signals indicated in the legends are shown in red and blue.
Their yields are set to the corresponding median expected 95% CL exclusion
limits obtained from the ensemble of both the TMS-TMS and STA-STA
dimuon categories, scaled up as indicated in the legend to improve visibil-
ity. Events are required to satisfy all nominal selection criteria with the
exception of the dy/o(dy) requirement. The last bin includes events in the
histogram overflow. . . . . . . . . . ...
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in the legends) are shown as red and blue histograms. Their yields are set
to the corresponding median expected 95% CL exclusion limits obtained
from the ensemble of both the TMS-TMS and STA-STA dimuon categories,
scaled up as indicated in the legend to improve visibility. The last bin
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Comparison of observed and expected numbers of events in the TMS-TMS
dimuon category, for the RPV SUSY model analysis requiring |[A®| < 7/4,
in bins of m{*. The number of observed events (black circles) is overlaid
with the stacked histograms showing the expected numbers of QCD (yellow)
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bins: (left) 6-10, (center) 10-20, and (right) > 20. Hatched histograms
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and STA-STA dimuon categories, scaled up as indicated in the legend to

improve visibility. The last bin includes events in the histogram overflow.
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Chapter 1

Introduction

“What is the universe made of?”

This question has occurred to all of us at one point or another during our lives. Indeed,
it encapsulates so much about human nature in a mere six words: the curiosity and the
drive to understand ourselves and the world around us, to push the limits of our knowledge
of the universe that we are a part of. While the answer is not a simple one, a part of the
effort to arrive at it is to approach it in terms of building blocks. Is there something more
fundamental that makes up everything in the universe, including us?

The concept of atoms dates back to ancient civilizations such as Greece and India. In
fact, the word ‘atom’ is derived from the ancient Greek atomos, meaning ‘indivisible’. For
a long time, atoms were considered to be the building blocks of matter. However, it wasn’t
until the late 19*"and early 20" centuries that our current understanding of atoms took
shape, thanks to the collective efforts of many great minds. As it turns out, atoms are not
indivisible either but are composed of electrons, protons, and neutrons. Are these, then,

the most elementary objects that make up the universe?
The short answer is no. The long answer is fascinating.

Four fundamental forces govern all interactions in the universe: the strong nuclear, the
weak nuclear, the electromagnetic, and the gravitational forces. These forces govern the
interactions between matter at various distances and energy scales. We are most familiar
with two of these: the electromagnetic force — responsible for most physical phenomena
that we can observe in our daily lives, such as the light that enables us to see, the electricity
that powers our homes, and even our ability to touch objects; and the gravitational force
— responsible for pulling objects towards the Earth and keeping planets in orbit around
the Sun. However, the strong and weak nuclear forces are equally important. The strong
nuclear force holds protons and neutrons together in the atomic nucleus, and is responsible
for forming these nucleons from even more fundamental particles called ‘quarks’ and

‘gluons’. The weak nuclear force is responsible for the radioactive decay of atoms and the
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thermonuclear fission reaction that powers the Sun. These particles, along with visible
matter, constitute less than 5% of the total matter-energy content of the universe [1, 2].

The Standard Model (SM) of particle physics is a mathematical framework that paints
a seemingly consistent and comprehensive picture of all known elementary particles and
their interactions [3]. It is an effort to harmonize three of the fundamental forces (excluding
gravity) in a common theoretical framework, to explain physical observations, make reliable
predictions, and understand the evolution of the universe from almost the moment of the
Big Bang till today. It is capable of describing a wide range of physical phenomena with
an astonishing degree of accuracy (for example, the electron magnetic dipole moment was
successfully described up to a precision of 11 significant digits). Its predictions have been
repeatedly confirmed under the most stringent scientific scrutiny, including the existence
of new particles that were discovered later. The discovery of the Higgs boson is one of the
most recent confirmations of the SM predictions. It was discovered at the Large Hadron
Collider (LHC) [4, 5] in 2012 by the ATLAS [6] and CMS [7] collaborations, decades
after being hypothesized to explain the mechanism by which particles gain masses. In
recent years, its couplings to gauge bosons were measured [8-10], and its couplings to
third-generation fermions were directly observed [11-13].

Despite its triumphs, however, the SM is not a complete theory. There are several
physical phenomena which it does not adequately explain. Several measurements are in
tension with SM predictions, such as the recent observations of the anomalous magnetic
moment of the muon [14], or the fact that neutrinos are observed to oscillate and have
mass [15]. The SM is still unable to explain why the Higgs boson has a mass of only 125
GeV, indicating some kind of fine-tuning that cancels out the large expected radiative
corrections to its mass. The SM also does not describe observed cosmological such as
Dark Matter (DM), which is believed to make up 27% of the universe, or the fact that the
remaining 68% of the universe is thought to be composed of Dark Energy — a mysterious
force that might explain why the universe is expanding at an accelerated rate.

Several solutions have been proposed that address the above gaps in the SM, such as
new particles that cancel out the large quantum corrections to the Higgs mass and ‘correct’
it to its observed value, such as Supersymmetry (SUSY) [16], or a new understanding
of gravity (with extra dimensions [17]). Such models are collectively called Beyond the
Standard Model (BSM) theories. However, as of today, there is no convincing experimental
evidence for any of them, at least up until the energies probed so far, of the order of a few
TeV.

Most initial efforts at the LHC approached the search for DM in the form of significant
missing energy in the detectors, targeting mono-particle signatures, but did not find any
statistically significant deviations from SM-only predictions. However, many DM scenarios
postulate the existence of particles that mediate the interaction between the SM and the
dark sector (e.g., dark photons [18, 19]). While invisible to our detectors, these mediators

can have suppressed decays back into SM particles, resulting in them being long-lived



particles (LLPs). These types of models have received growing attention in recent years,
but the experimental phase space is still relatively unexplored [20, 21].

The work presented in this thesis aims to fill in the gap with a generic and inclusive
search for pairs of displaced dimuons covering a large phase space in terms of LLP masses
and lifetimes, and improve on the existing results by employing an innovative trigger
strategy, motivated by lessons learned from previous analyses, that significantly increases
sensitivity to a broad range of BSM physics models.

This thesis focuses on my significant contributions to the search — the design and
development of the new triggers, and the analysis of the ‘STA-STA’ dimuon category. It is

structured as follows:

o Chapter 2 introduces the theoretical formulation of the Standard Model, the motiva-
tion for long-lived particles, and the theoretical framework of the signal models used

in this thesis.

o Chapter 3 introduces the LHC, the CMS detector, and the technical aspects relevant

to this search.
o Chapter 4 discusses the data and simulation samples used in this search.

o Chapter 5 discusses the search, describing the trigger strategy and design and their
performance in signal and background samples, followed by the analysis selection,

background estimation, and the results.

o Chapter 6 provides the results of the search, and concludes with a summary as well

as an outlook of the goals of the next phase of the project.
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Chapter 2

The Standard Model and Beyond

Science, distilled into its essence, is the quest to know the universe around us, not merely to
understand it but also to use that understanding to predict what happens. The Standard
Model of particle physics is our most refined understanding of the universe’s fundamental
particles and forces. It is capable of predicting, with astounding precision and detail, a
breadth of observable physical phenomena on the most fundamental of scales. For all its
triumphs, however, the SM does not paint a complete picture. There are conspicuous
blanks — mysteries like dark matter, or the asymmetry between the matter-antimatter
content of the universe, or why gravity behaves so differently when it comes to the quantum
scale.

The following sections give an overview of the SM, introducing the elementary particles
and the fundamental forces that govern their interactions. The mathematical formulation
of the quantum field theory is briefly summarized in Appendix A, introducing the various
parts of the SM and fitting them together. It does not provide a complete and detailed
description of the theory, but rather introduces some key notions that are vital for the
context of this work.

This chapter is based on impressions and explanations from several sources [29-33].
Further, this chapter briefly touches upon the inadequacies of the SM, and the efforts made
to explain the as-yet unexplained observations of physical phenomena using extensions to
the SM, called Beyond Standard Model theories. Long-lived particles naturally arise in
several of these theories, and two such models — featuring LLPs decaying into muons — are
introduced.

2.1 An Overview of Particles and Interactions

Based on their behavior in statistical ensembles, all known elementary particles can be
classified into two kinds — fermions and bosons. These fundamental particles have an
intrinsic quantum number (spin) which governs their behavior. According to the spin-
statistics theorem, particles with integer spin (bosons) obey Bose-Einstein statistics and

can simultaneously occupy the same quantum state. Meanwhile, particles with half-integer
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spins (fermions) follow Fermi-Dirac statistics and are governed by the Pauli exclusion
principle, which prevents them from occupying the same quantum state. The SM fermions
all carry a spin of 1/2. Among the bosons, the W and Z bosons and the photon have a
spin of 1 and are known as ‘vector’ bosons, while the Higgs boson carries a spin of 0 and
is a ‘scalar’ boson. This property leads to entirely different behavior — fermions make up
the matter of the universe, and bosons mediate the interactions.

There are four known fundamental forces in nature :

e The electromagnetic force — mediated by the massless photon.

e The weak force — mediated by the massive W+, W~ and Z° bosons.

e The strong force — mediated by the massless gluons.

e The gravitational force — mediated by hypothesized! massless gravitons.

All forces, except for gravity, are described in the Standard Model of elementary
particles. Attempts to formulate a complete quantum theory of gravity have yet to
provide testable predictions. However, the relative strength of gravitational interactions is
vanishingly small compared to the others at collider energy scales. Therefore, it is possible
to ignore gravity entirely and still obtain highly accurate predictions from the SM.

Fermions can be further classified into quarks, which carry a color charge and therefore
participate in strong interactions, and leptons, which do not. Both quarks and leptons
occur in three generations, each consisting of two types. Quarks occur as ‘up’ type,
consisting of the up, charm, and top quarks and carrying a charge of +2/3 e, or as
‘down’ type, consisting of the down, strange, and bottom quarks and carrying a charge
of —1/3 e, where e is in units of the charge of an electron. Similarly, leptons occur as
the charged leptons (electrons, muons, and taus) carrying a charge of -1 e, and as
neutrinos of the corresponding lepton flavor, which are neutral. The first generation of
fermions make the basic building blocks of most of the matter we see around us: the up
and down quarks make up the protons and neutrons that make up the nuclei of atoms,
while electrons constitute the ‘shell” around the nucleus.

Particles can also occur as antiparticles, identical to their regular counterparts, except
that they carry the opposite physical quantum numbers. The exceptions are particles that
are their own antiparticles (Majorana particles).

Mass is a property that seems quite intuitive and commonplace in our daily, macro-
scopic, and non-relativistic lives. However, in the world of fundamental particles and
interactions, it carries great depth and far-reaching implications. Whether the particles
have mass or not, and how much, has significant consequences for their interactions. Each
interaction arises from a fundamental symmetry of the universe, and the experimental

observation that the mediators of the weak interaction have a non-zero mass indicates

1Currently, we do not have any experiment sensitive enough to provide direct or indirect evidence for
the existence of gravitons
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that the related symmetry is broken. The mechanism for this symmetry breaking, called
spontaneous symmetry breaking (SSB), gives rise to the mass of all particles —
called the Higgs-Englert-Brout mechanism — and predicts the existence of yet another
fundamental particle, the Higgs boson. The existence of this new particle was the last
piece of the puzzle at the turn of the century, and in fact, it was the search for the Higgs
boson that was the driving force behind the existence of the LHC. Its subsequent discovery
in 2012 was a resounding triumph and confirmed the Standard Model and its predictions.

Figure 2.1 illustrates the particles in the SM, strategically grouping them and displaying

some of their important properties.
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Figure 2.1: The Standard Model of elementary particles. Image source [34].
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2.2 Beyond the Standard Model

The SM provides an elegant and coherent description of three of the four fundamental
interactions in the universe under just one framework to an astounding degree of precision.
However, despite these triumphs, it is not a complete theory in that it is unable to explain

several observed phenomena. Some of these are briefly expanded upon below:

o Gravity does not fit into the SM, and all attempts thus far to include a complete
quantum theory of gravity in the SM have failed. For the most part, the SM can
get away with ignoring it and still accurately describe particle physics because the
gravitational force is negligibly weak compared to the other forces in play (the

electromagnetic, the strong, and the weak nuclear forces).

o This relative difference in interaction strength itself presents a problem, called the
‘hierarchy problem’: the weak interaction is 10** times stronger than the gravitation
force, a scale difference so large it is regarded as ‘unnatural’. The weak interaction
is mediated by the W and Z bosons, which gain their masses through the Higgs
mechanism via their couplings to the Higgs field. Theoretically, quantum corrections
to the Higgs mass are expected to be very large and around the Planck scale,
m, = (he/G)? = 1.2 x 10" GeV, the scale at which gravitational effects become
significant. However, the Higgs boson mass is measured to be about 125 GeV,

suggesting some sort of incredible and unnatural fine-tuning.

o Dark Matter (DM): cosmological observations indicate an abundance of DM in
the universe. Compelling indirect evidence, such as the anisotropies in the Cosmic
Microwave Background Radiation, or the rotational behavior of galaxies, suggests that
about 27% of matter-energy content in the universe is dark matter [35]. Observations
of the Bullet Cluster [36] or the MACS J0025.4-1222 galaxy cluster [37] even provide
an expectation of the particle character of DM. However, the Standard Model does

not provide a viable candidate for dark matter.

One can extend the Standard Model in a way that explains these observations while
also predicting an observable signature in particle physics experiments. Such extensions
are known as Beyond Standard Model theories, such as SUSY [38]. A large part of the
research effort at the LHC is focused on investigating these BSM theories and searching
for the new and exotic particles they predict. Most of these searches focus on ‘prompt’
phenomena featuring particles produced at or very close to the pp collision point, or
on signatures with new hypothetical particles that could escape detection due to their
weak interaction with the detectors. We expect energy and momentum to be conserved.
Therefore, such particles escaping detection result in an imbalance in the momentum and
energy recorded in the detector. Currently, no convincing evidence has been found to

support BSM physics, at the LHC or anywhere else. However, another region of phase
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space contains a rich phenomenology, that of long-lived particles, where there remains
much to explore.

The following sections introduce the concept of LLPs in BSM theories and motivate
searches from such processes. I also discuss the powerful discovery potential of displaced
muons, especially with the CMS experiment, and describe two well-established benchmark

BSM signal models that are used in the context of the work presented in this thesis.

2.2.1 Long Lived Particles

The proper lifetime of a particle, 7, is inversely proportional to its total decay rate (also

known as the ‘decay width’), T’

1
T =
Ftotal

(2.1)

This width represents the probability that the particle will decay, per unit time.
Particles often decay via several different channels, with the probability of the particle

decaying via a particle channel ¢ given by I';. Thus
1—‘total = Z Fz (22)
The partial decay width can be computed using Fermi’s Golden Rule [39].

L= g [ AL MGy > oD 23)

where my gives the mass of the particle, M is the ‘matrix element’ for the particle’s decay
into the decay products {ps}, and dlIl; is the Lorentz-invariant phase space for the decay,
assuming that A = ¢ = 1. The matrix element can be computed for a given process using
Feynman rules.

Then, the probability of a particle surviving up to a time ¢ is given by an exponential
probability distribution with the mean parameterized by the mean proper lifetime of the

particle, 7.

e—t/’?’

P(t|r) = (2.4)

T

The SM is composed of particles that have lifetimes ranging over many orders of
magnitude — from the short-lived Z boson (7 & 2 x 1072 s), to the neutron (7 & 900 s),
to the proton (7 Z 103 years — more than 10%* times the age of the universe!), to the
electron (which is stable). Figure 2.2 illustrates the lifetimes and masses of known particles
(in units of mean proper decay length c¢r [m]). Many of the SM particles decay within

micrometers or much less, especially the heavy particles such as the Z or the Higgs bosons,
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or the top quark. In the context of collider experiments such as the CMS experiment, such

particles are called promptly decaying.
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Figure 2.2: Lifetimes and masses of SM particles. Image source : [40]

Particles that don’t decay immediately and leave identifiable signatures in the various
components of the detector are considered as stable final-state particles, such as electrons,
muons, or protons. Neutrinos are also stable particles, however they pass through the
entire detector without interacting with any of the components, and thus, upon applying
conservation of momentum in the transverse plane, show up as an imbalance in the sum
of the transverse momenta of all recorded particles in the event. This imbalance is called
missing transverse momentum?, and is denoted by Ess.

Particles in the intermediate lifetime range, that can traverse a measurable, macroscopic
distance within the detector before decaying, are called long-lived particles, and have a
mean proper decay length of between a few millimeters to a few kilometers. This is not an
exact definition of LLPs, but is motivated by the capabilities and dimensions of existing
experiments.

Long-lived particles arise naturally in BSM models, with new and exotic particles
having a wide range of predicted lifetimes. While there are a wide range of BSM models,

long lifetimes are typically generated by the following mechanisms [40]:

o A combination of scale hierarchies in interactions that mediate decays, for example,

decays via off-shell mediators.

« small couplings between the long-lived particles and the SM particles, resulting in a

small decay width into SM particles and longer lifetimes.

2Emiss is often abbreviated as ‘missing Er’, or MET.
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» Phase space considerations, such as a small mass splitting between particles and
their decay products, or a large number (called multiplicity) of particles in the final
state.

To illustrate an LLP generation mechanism, consider the following scenario: assume
the existence of a heavy mediator X with a mass my, and two BSM particles Y and
7, with respective weak-scale masses my and myz. The couplings between the BSM and
SM particles are defined as gx, gy, and gz. Then, the following configurations will lead
to BSM models featuring particles with macroscopic lifetimes [41]. For a collection of

references in each scenario, please see Section 2.2 of [40)].

Decay via a heavy off-shell mediator

Consider the decay Y — X* — SM. If the mediator X is heavy (with a mass of up to or
around the TeV scale), then mx /my > 1, leading to the lifetime of Y being determined
by

1.2 fm 4 1TeV
Ty ~ <mX> < © ) (2.5)
4

This leads to scenarios such as

o my ~ 100 GeV, my ~ 10 GeV, g% ~ 1077 = c7 =~ 1 cm (e.g heavy neutral lepton

decays, etc)

e my ~ 1TeV, my ~ 10 GeV, g5 ~ 1073 = c¢r = 1 cm (e.g. Hidden Valley
scenarios, split SUSY, etc.)

Small mass splitting between initial and final states

If the masses of the BSM particles Y and Z are nearly degenerate in the process Y —
X* — Z4SM, then mx/Am > 1 (with Am = my — myz). The lifetime of YV is then
determined by

1.21fm /mx\* (1 TeV
- 2.6
E g (Am) ( Am ) (2:6)

This leads to scenarios such as

e mx ~ 100 GeV, Am =~ 1 GeV, g5 ~ 1072 = cr ~ 1 cm (e.g Compressed SUSY)
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Small couplings

If the couplings between the BSM and SM particles in a process such as Y — SM is small,
gy < 1, then the lifetime of Y is determined by

(2.7)

CTy =~

1.2 fm (1 TeV)

2
9y my

leading to scenarios such as
e my ~1GeV, g} 1072 = ¢r &~ 1 cm (e.g dark photons)

In the above scenarios, one can obtain a wide range of Y lifetimes with plausible mass
values and couplings. The exact configurations are, however, clearly model-dependent,
and consequently, the lifetime of a new particle is commonly treated as a free parameter
in experimental LLP searches.

Unlike SM particles with macroscopic lifetimes, which typically have masses roughly
below 5 GeV and well-understood signatures, BSM LLPs can have unusual and exotic
signatures in experiments. Some of these signatures, which can be probed with the CMS
experiment, are illustrated in Fig 2.3. In principle, this makes any BSM processes involving
LLPs potentially stand out from SM decays — some searches are even designed to be
background-free for a wide range of search parameters.

_ diséppearing or
displaced kinked tracks

multitrack vertices
displaced leptons, /

lepton-jets, or
/ lepton pairs

multitrack vertices in the

muon spectrometer

>

Figure 2.3: Illustration of a variety of plausible detector signatures involving BSM LLPs in
a collider experiment like CMS (in the ¢ — r plane). Delayed signatures, such as stopped
particles or delayed jets, are not shown. The figure is reproduced from Ref. [40].
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However, the circumstances that make searches for unknown LLPs appealing also make
the same searches experimentally challenging. The very fact that BSM LLP signatures
are usually exotic makes it difficult or even impossible to use established and commonly
used experimental methods, such as strategies for triggering, particle reconstruction, and

physics simulation, especially in experiments originally designed for the study of prompt
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processes, like CMS or ATLAS. New methods must be developed at most stages of the
data acquisition and processing pipeline to improve sensitivity to LLPs. Given the vastly
different characteristics of LLP decays, each signature usually requires a dedicated analysis
with dedicated methods.

2.3 Probing New Physics with Displaced Muons

The discussion so far suggests that there are a large number of BSM scenarios featuring
LLPs that decay in a variety of ways into measurable final-state particles. The current
experimental approach is signature driven rather than model-dependent to maximize
the sensitivity to all possible models. This allows individual searches to cover much more
LLP phase space when the experimental results are eventually reinterpreted for a different
scenario, resulting in the same, or similar, final state. Moreover, relatively simple models
are often sensitive to a large portion of the phase space. Therefore, the following sections
focus on single decay modes — BSM decays that lead to one or more pairs of displaced
muons (X — putp™) for a wide range of er(X).

We design the search using two common LLP benchmark models featuring displaced
dimuons in the final state, resulting from BSM models using only a minimal set of
assumptions. The results of the search presented in this thesis are interpreted in the

context of these models, and used to set limits on the model parameters.

2.3.1 Hidden Abelian Higgs Model (HAHM); h — ZpZp
The Hidden Abelian Higgs Model (HAHM) [42, 43] is a widely used benchmark

with a minimal set of BSM assumptions. The HAHM is part of a class of models featuring
a ‘hidden’ or ‘dark’ sector of matter that does not interact directly with SM particles, but
can be manifest through mixing effects. In this model, the SM is extended with a ‘dark’
U(1), gauge symmetry mediated by a new vector boson — a ‘dark photon’ Zp (called the
‘vector portal’). The SM fields are singlets under the new gauge symmetry (i.e., they do
not participate in the interactions), and the only interactions between the Zp and the SM
hypercharge gauge bosons (the photon and the Z boson) occur through kinetic mixing
with a coupling strength e.

This new symmetry is spontaneously broken via a ‘dark Higgs mechanism’, analogous
to the electroweak-symmetry-breaking Higgs mechanism in the SM, and gives rise to an
associated ‘dark Higgs boson’ S that mixes with the 125 GeV SM-like Higgs boson H (the
‘Higgs portal) and gives mass (my,) to the dark photon. In the absence of hidden-sector
states with masses smaller than my,, the ‘vector portal’ mixing with the SM hypercharge
bosons causes the dark photon to decay into SM particles exclusively, with a sizeable

branching fraction to leptons.
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Models featuring hidden sectors near the weak scale, such as the one realized in
this model, are motivated by naturalness [44-48], thermal dark matter [19, 49, 50] and
electroweak baryogenesis [51], and provide a possible answer to multiple open problems at
the same time. Therefore, they represent a general expectation of BSM physics [52].

Using the notation defined in [42], the relevant gauge terms in the Lagrangian are
denoted in Equation 2.8.

1A =
LC —EBWBW

1
4

1 €

A/
D D+2cos€

~ A 1 A
ZDW,B‘LW -+ §m%70Z,’§ZDH (28)
where f?,w = 0MBV — 8,,3%, ZDW = GMZD,, — éLZDM, 0 is the Weinberg mixing angle, €
is the kinetic mixing parameter between the dark photon Zp and the SM hypercharge
bosons, and mp is the dark photon mass before mixing with the SM fields.

The combined potential for the SM and the dark Higgs fields is

Vo(H, S) = —p?[H|* + A H|* — ug|SI* + As|S|" + w|S[*| H[|* (2.9)

where H is the SM Higgs doublet, S is the dark Higgs boson, and « is the Higgs portal
coupling linking the dark and SM Higgs fields.

The phenomenology of the HAHM is thus defined by four free model parameters:
the kinetic mixing e between a broken dark Abelian gauge symmetry U(1),, and the SM
hypercharge U(1),., the dark photon mass mp, after mixing with the SM fields, the Higgs
portal coupling , the dark Higgs boson mass m.

The dark sector and the SM interact through two ‘interaction portals’, facilitated
through the couplings € and k.

o The ‘Higgs portal’ kinetically mixes the SM Higgs boson h with the dark Higgs
boson s, which subsequently decays into dark photons, which in turn eventually
decays to final state leptons when myz, < my/2, as shown in Figure 2.4 (right).
The process h — ZpZp is facilitated by the h-s mixing, which generates a non-zero
hZpZp coupling.

We assume dark Higgs to be much heavier than the SM Higgs (m, >> my,), to forbid
the h — ss process, thereby avoiding strong constraints from direct searches [53].

We then obtain the partial width at lowest order in x by

o ot [ am, (mh ot 2md,) 8 (md —m3, ) md,

2 4 7
321 my, mj, my,

F(h — ZDZD) = (/{,)

(2.10)
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Figure 2.4: Feynman diagrams for the exotic Higgs boson s decays to four leptons in
the final state, induced by intermediate dark photons in the HAHM model, for the
h — ZpZ™) — 4l process in the vector-portal (left) and the h — ZpZp — 4l process via
the Higgs portal (right).

where v ~ 246 GeV is the vacuum expectation value of the Higgs field, and «’ is
defined as

2
m
H/E h

mm. (2.11)
The dimensionless parameter ' is introduced for convenience, as it encapsulates the
dependence on mg and k in a single parameter that controls the rate of the exotic
decay of the SM Higgs boson. Consequently, the branching fraction B(h — ZpZp)
is proportional to (x')? for a given mz,. The value of B(h — ZpZp) = 1% (0.01%)
is compatible with the existing measurements of the Higgs boson properties, and

corresponds to a value of £ = 1072 (107?) for myz, = 10 GeV.

o The ‘vector-portal’ (or ‘hypercharge portal’) kinetically mixes Zp with the SM
photon and Z bosons. If my, is indeed the lowest mass state in the dark sector
(i.e., there exist no other lighter dark sector particles), then the dark photon Zp will
decay exclusively into SM particle final states, with a sizeable branching fraction
to leptons. These decay and production mechanisms can give rise to dilepton
signatures, pp — Zp — [717. The branching fraction of the dark photon into
leptons, B(Zp — [T17), is generally determined by the dark photon mass.

The Zp lifetime, 77, is proportional to e 2. Figure 2.5 shows the relation between
the dark photon mass, kinetic mixing and the dark photon lifetime, while Figure 2.6
shows the branching ratios, B(h — ZpZp — 4l) and B(h — Z}, — 4l) for various
values of € and «’. For sufficiently small values of €, the Zp can have macroscopically
large lifetimes — such as if the dark photon has a mass 10 GeV < myz, < m;/2 with
€ < O(1079), the dark photon would have a lifetime ¢z, > O(100 pum). However,
the phase space at smaller € is inaccessible via vector-portal interactions, as the
direct Zp production cross-section scales with e~2. This phase space can be explored

via the ‘Higgs-portal’.
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Figure 2.5: Distributions of the leptonic branching fraction of Zp as a function of my,
(left), and the mean proper decay length of Zp as a function of my, for different values of
€ (right), for the HAHM model. Figures sourced from [42].

It is important to note that B(h — ZpZp) does not depend on €, which only controls
the dark photon lifetime. Therefore, a search for the dark photon production via the Higgs
portal is by far the most sensitive search of the U(1), hidden sector at mz, > O(1 GeV)
in the long-lived regime with ¢ < O(1079).

The most stringent constraints in this € range are set by CMS in two prior displaced
muon searches, performed at /s = 13 TeV using data from Run 2 of the LHC. The
predecessor to this analysis [22] set the (previously) world-leading constraints for 20 GeV <
myz, < my/2 for all e, values except those between ~ 0.5 and 500 mm (depending on
mz,). In this lifetime region, the search is complemented by a CMS search using data
collected with a dedicated high-rate data stream [54].

To summarize, the dark photon model extends the SM with a dark sector U(1)p gauge
field and a scalar dark Higgs field, together with spontaneous symmetry breaking. This
relatively minimal extension can give rise to distinctive collider experiment signatures
involving muon pairs originating from vertices displaced macroscopically from the primary

interaction point.

2.3.2 R-Parity Violating Supersymmetry; ¢ — ¢y}

We also consider a simplified benchmark model inspired by R-parity violating Super-
symmetry (RPV SUSY) [55, 56|, featuring displaced puv vertices from the decay
of long-lived neutralinos, 9. This decay is mediated by the lepton-number-violating

super-potential term i);:xL;L;FE}), resulting in two charged leptons and a neutrino of
per-p 2 Nij J g g p
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Figure 2.6: B(h — ZpZ* — 4l) (top) and B(h — ZpZp — 41) (bottom) for different
values of € and «'. Figures sourced from [42].

generation ¢, j and k respectively,
XY = Ll v, (2.12)

where L; and E denote lepton SU(2)-doublet and singlet superfields respectively. The
Aiji: RPV couplings allow y! decays to every possible combination of charged-lepton pairs,
where the branching ratio for each combination differs for each A;j,. The RPV couplings
satisfy the relations \jjx = —\jir and @ # j.

Non-zero values of RPV couplings 120 and Ag3» enable displaced ! decays into a
pair of muons and a neutrino, ¥? — ppr. In contrast to the HAHM model, in which
two-body LLP decays result in displaced ppu vertices that are reconstructed with a dimuon
invariant mass m,,, corresponding to the LLP mass, the neutrino from the y? decay leads
to a non-peaking m,,, distribution with a broad spectrum below the generated LLP mass.
This model was used by CMS in searches for displaced dimuons in Run 1 [57, 58], and by
ATLAS in the search for displaced charged leptons in Run 2 [59]. All possible charged
lepton final states are listed in Table 3 of Ref [55].

The long-lived particle is assumed to be an RPV neutralino x! resulting from the
decays of squarks, ¢ — ¢x?, pair produced in pp collisions. Figure 2.7 shows the Feynman

diagram for this process. The production cross section, o(¢G) depends on the squark mass
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m(q), and at /s = 13.6 TeV, this ranges from 836 pb for m(q) = 200 GeV, to 2.15 b for
m(q) = 1.6 TeV [60].

p

S]]

Figure 2.7: Feynman diagram for the pair production of squarks followed by their decay
into neutralinos and SM quarks, § — ¢x°. The RPV Neutralino can be long-lived, and
subsequently decays into two charged leptons and a neutrino Y9 — puv.

2.3.3 Heavy Scalar model; H — XX

The Higgs portal scenario of the HAHM model (described in Section 2.3.1) postulates that
dark photons are produced in the decay of the SM Higgs boson. However, the production
of LLPs in the decays of SM Higgs bosons is not the only process accessible at the LHC;
heavier mediators that decay into LLPs can also be produced. To explore a broader range
of signal kinematics and topologies than those offered by HAHM, and to make the search
less model-dependent, we consider an additional benchmark model with heavier mediators
when optimizing the analysis. In this model [61], which was also used by the Run 1 [57,
58] and Run 2 [22] searches for displaced muons, the long-lived particle is an exotic spin-0
boson, denoted by X. The scalar X decays into dileptons with a non-zero branching
fraction, and is pair-produced in the decay of a new heavy scalar boson H, which in turn is
produced in gluon-gluon fusion, gg — H — X X; X — [T]~. This model was instrumental

in the design and optimization of the triggers and analysis selection.

2.3.4 Summary of signal models

For the displaced dimuon search presented here, we use the Higgs-portal production of
dark photons in the HAHM scenario, h — ZpZp with the subsequent resonant decay of
the dark photon into muons Zp — pu. We use an R-parity violating Supersymmetric
model, featuring a Neutralino decaying into two muons and a neutrino Y? — puv, resulting
in the interesting topology of a non-resonant dimuon invariant mass distribution. The
results of the search are interpreted in terms of the above two models, and are used to set

limits on the model parameters.
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We also use a simplified benchmark model featuring a heavy scalar LLP X that can
decay into muons, H — X X; X — upu, to design and optimize the analysis.

The signal samples chosen are designed to cover a wide range of LLP masses and
lifetimes (detailed in Section 4.2) to maximize discovery potential across the entire available

phase space.






Chapter 3

The LHC and the CMS Experiment

This thesis is based on experimental work conducted at the Compact Muon Solenoid
(CMS) [62, 63] experiment, which operates at the CERN Large Hadron Collider [4, 5, 64,
65].

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator,
collider and storage ring in the world. It is operated by the European Organization for
Nuclear Research (CERN) and is located at the France-Switzerland border near Geneva.

It was commissioned in 2008, after over a decade of planning and construction, and the
first particle collisions at the LHC were reported in 2009. This section provides an overview
of the CERN accelerator complex, focusing on the LHC, condensing and highlighting some
interesting and relevant topics among the design principles, machine specifications, and
operating parameters described in these comprehensive references.

The LHC is contained within a circular tunnel 26.7 km in circumference, at a depth of
between 45m and 170m underground. This 3.8 m wide tunnel houses two adjacent beam
pipes that contain beams that travel in opposite directions around the ring. To facilitate
this, the interior of the beam pipes is operated at an ultrahigh vacuum. These beams of
charged particles — protons or heavy ion nuclei such as lead — are accelerated, stored, and
made to collide at four points around the ring where the beam pipes intersect. Four major
particle detectors are situated at these points: ATLAS [66], LHCb [67], ALICE [68] and
CMS[62, 63]. Among these, CMS and ATLAS are general-purpose detectors designed to
study various phenomena. ALICE is dedicated to heavy ion collisions, and LHCb uses the
LHC as a B-meson factory and is designed to study the forward decays of heavy bottom
and charm hadrons.

The LHC operates in data-taking periods, called runs, separated by long shutdown
(LS) periods in which the accelerators and detectors are maintained and upgraded. The
LHC is currently in the third data-taking period, called Run 3. The first period, Run 1,

operated between 2010 and 2013, with proton-proton collisions occurring at a collision



24 The LHC and the CMS Experiment

energy of /s = 7 TeV in 2010-2011, and 8 TeV in 2012. Run 2 operated between 2015-2018,
at /s = 13 TeV, while Run 3 data-taking began in 2022 and will continue till the end
of 2025 at /s = 13.6 TeV. Following the end of Run 3, the LHC will undergo upgrades
for the High Luminosity LHC (HL-LHC) runs, which are scheduled to begin operation in
2029. During the runs, the accelerators and detectors also periodically undergo shorter
technical stops (TS) for maintenance and upgrades.

The LHC is designed to accelerate protons to energies of up to 7 TeV, or 2.76 TeV
per nucleon in the case of Pb ions. This results in a center-of-mass energy /s of the

collision of two particles,

V5 = 2 X Epeam, (3.1)

which results in a maximum collision energy of 1/s = 14 TeV in proton-proton collisions in

the LHC.

3.1.1 The Pre-accelerator Complex

The LHC alone cannot accelerate particles over the full energy range, from 0 — 7 TeV; it
requires them to have an energy of at least 450 GeV at the time of injection. The CERN
complex uses a chain of pre-accelerators[65] to get particles up to that minimum energy.

The full injector sequence is shown in Figure 3.1 shows the full injector sequence.

1. In the first stage, a linear accelerator, LINAC 4! accelerates H™ ions to an energy

of 160 MeV before injecting them into the next stage.

2. The Proton Synchrotron Booster (PSB) is the first circular accelerator ring. It
is made up of four superimposed synchrotron rings that receive a beam of H™ ions
from LINACA4, strip them of the two electrons, and accelerate the resulting protons

to an energy of 2 GeV, further injecting them into the next stage.

3. The Proton Synchrotron (PS) is a synchrotron ring with a circumference of 628
m. The PS accelerates the proton beams to an energy of 26 GeV and accumulates
them to form a train of bunches separated by 25 ns. These are then injected into

the next stage.

4. The Super Proton Synchrotron (SPS) is a synchrotron 6.9 km in circumference,
and further increases the energy of the protons to 450 GeV over a period of a few

minutes. The beams are then injected into the main LHC ring?.

ILINAC 2, was used in Run 2. It stripped Hydrogen atoms of the electron and accelerated the
resulting H' ions (which are just protons) up to an energy of 50 MeV. By using H™ instead, LINAC 4 is
able to achieve a much higher beam intensity and energy.

2Before the LHC began operations, the SPS was used as a proton-antiproton collider, and witnessed
the discovery of the W and Z bosons.
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The CERN accelerator complex
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Figure 3.1: The CERN accelerator complex [69].
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5. Finally, the Large Hadron Collider (LHC) further accelerates the proton bunches
over about 20 minutes, after which they reach the peak energy of 6.8 TeV and are
ready for colliding.

Rather than a continuous beam, the particles in the beam are organized into longi-
tudinally spaced intervals called buckets. A bucket can contain a fill of particles called
a particle bunch; however, a bucket can also be empty. The exact bunch configura-
tion depends upon the injection cycles of the LHC pre-accelerators. It is optimized to
control beam interaction rates and to remain within technical limitations, such as the
heat-absorbing capacity of the cryogenic system.

The particle beams are kept in their circular orbits in the LHC by means of 1232
superconducting dipole magnets, which provide a powerful magnetic field of 8T to bend
the particle trajectories, with an additional 392 quadrupole magnets used to keep the
beams collimated. Such strong fields are only possible at extremely high currents (11500
Amperes) passing through the magnets. This is only possible when the magnets exist
in a state of superconductivity, which is achieved at extremely low temperatures using
the cryogenic system. Thus, the magnets are operated at temperatures below 2 K using
superfluid Helium as a coolant. Arrays of magnets with higher multipole orders are used
to focus the beams and counteract the electromagnetic repulsion within the beam, and
prevent interactions between the beam particles and the confines of the beam pipe. Upon
reaching the desired collision energy, dedicated arrays of focusing quadrupole magnets at
the interaction points are used to squeeze the beams to a diameter of about 10 pm and
maximize the chance of interaction between the beam particles, whereupon a fraction of all
the particles in the bunch collide in each revolution. After the collision, the beams are again
redirected into their respective beam pipes for another revolution. This cycle continues
for about 10 hours, until the bunches are sufficiently depleted of protons, following which
they are dumped.

It is important to have a figure of merit that reflects the rate of collisions. This quantity,

used for colliders such as the LHC, is called the instantaneous luminosity.

3.1.2 Luminosity

The instantaneous luminosity is a measure of the number of collisions that can be produced

in a detector per cm? and per second:

_1ay

e (3.2)

where o is the cross-section — a measure of the probability of a particular interaction
occurring, measured in barns (b), a unit of area (1 b = 1072® m?). The larger the luminosity,
the larger the rate of collisions.

There are several possible ways that protons can interact when colliding: they could

glance off of each other, or undergo hard scattering and produce new resonances that
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further decay into other particles. Fach of these processes has its own cross-section that
quantifies the probability of that interaction. Thus, for a rare process, the only way to
increase the chances of seeing it is to increase the number of collisions, i.e., by increasing
the luminosity, or the operation time.

The total size of the recorded dataset is characterized by the total integrated lumi-
nosity,

Lin = / L(t)dt (3.3)

which is simply the instantaneous luminosity integrated over the data collection period
of the LHC. This, along with Eq. 3.2, gives us the total number of expected events for a
given physical process with cross-section o,

dN
N = /Edt — J/L’(t)dt =0 Lo (3.4)

The luminosity cannot be made arbitrarily high due to technical limitations. It is

influenced by several parameters, as shown in Equation 3.5

kprzfrevfy F

r—
4re,3*

with Table 3.1 summarizing the terms in Equation 3.5.

Term | Definition Value
0 Lorentz factor 6500
frev | Revolution Frequency 11,246 Hz
ks, Number of proton bunches 2750
N, | Number of proton in a bunch 1.4x10"
€, | Normalized RMS transverse beam emittance | 1.3 pm
5% | Beta function at collision point 0.3 m
F Reduction factor due to crossing angle ~ 1

Table 3.1: The parameters determining the instantaneous luminosity, as well as their
typical values in Run 3, mostly reproduced from Refs. [70, 71].

The beam emittance €, describes the spread of the beam particles in position-momentum
space. The smaller the beam emittance, the more squeezed the beam is and the higher
the probability of a collision. The repulsion between the protons in the beam causes the
beam to spread out, while the magnetic field squeezes it together. The amplitude function
[£* is determined by the quadrupole magnet configuration and power, and refers to the
distance over which the beam is squeezed by half to its narrowest at the collision point.

As the beams cross in the collision region, the beam-beam interactions cause non-linear
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perturbations of the charge distributions in the beams, and result in a decrease in particle
density in the bunch. The number of protons and the filling scheme is limited by the heat
load and temperature margins inside the superconducting magnets and cryogenic systems.
The beam dumping system must also be able to safely and quickly absorb the particle
beams during normal running operations, as well as in case of an emergency. Further
details are provided in [5, 65].

In 2022, the first year of the LHC Run 3, the accelerator provided collisions at center-of-
mass energies of /s = 13.6 TeV. The typical filling scheme was 2750 bunches of 1.4 x 10!
protons each, spaced out by 25 ns, resulting in a total integrated luminosity of 42 fb~!
delivered to the CMS experiment, out of which 38.5 fb~! was recorded. Figure 3.2 shows
the integrated luminosity delivered to CMS in Run 2 and Run 3, from 2015 up to 2023.

2015,13 TeV, 4.3 fb™
2016, 13 TeV, 41.6 fb™
2017,13 TeV, 49.8 fb™"
2018, 13 TeV, 67.9 fb™
2022,13.6 TeV, 41.5fb™
2023,13.6 TeV, 31.9fb™
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Figure 3.2: Cumulative integrated luminosity per year delivered to CMS during Run 2
and Run 3, during stable beams for proton-proton collisions at nominal center-of-mass
energy, from 2015 to 2023, measured by the CMS collaboration [72].

3.2 The Worldwide LHC Computing Grid

The Worldwide LHC Computing Grid (WLCG) is a global collaboration of computer

centers and storage systems used to store, distribute, and analyze the 15 petabytes of
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data generated by the LHC every year, as well as to perform simulations for the LHC and
the various experiments operating at it. This is made possible by combining computer
facilities at CERN, with the national or regional resources brought in by member institutes
and laboratories across the world. The WLCG was instituted as part of the LHC design
to handle the significant volume of data generated.

The WLCG is composed of three ‘Tiers’, each providing a specific set of services.

o Tier 0 accounts for about 20% of the total computing resources. It stores the digital
information directly from the subdetectors (called ‘RAW’ data), performs a first
calibration pass of the reconstruction, and passes the output through high-speed
optical-fiber links (10 GB/s) to the next tiers, Tier 1 and 2. When the LHC is not

running, it also reprocesses the data.

o Tier 1 consists of about 15 centers situated globally and is responsible for round-
the-clock support for the grid, large-scale reprocessing, storing the corresponding

output, and distributing the data to Tier 2. It also stores a copy of the raw data.

o Tier 2 centers are located mainly in universities or scientific institutions in most
regions of the world. They are interconnected with each other and with Tier 1 centers
by the general-purpose research network. They are used by physicists to perform
their analysis, as well as for simulation. The simulated data are sent back to Tier 1
and stored. Analysis programs are either directly run on Tier 2 infrastructure or by

producing data formats on local clusters that are sometimes classified as Tier 3.

Users may access the grid with the proper credentials. This analysis was facilitated by
the CERN computing cluster called ‘LXPLUS’, as well as the Tier 2 facility and computing
cluster at the Vienna Bio Center called ‘CLIP’ [73].

3.3 The Compact Muon Solenoid

The Compact Muon Solenoid experiment (CMS) [62, 63] is a general-purpose detector
designed to record proton-proton and heavy-ion collisions at the LHC at high instantaneous
luminosities and energies up to /s = 14 TeV. It is located 100 m underground at the LHC
Interaction Point 5 (IP5), near the French town of Cessy, between Lake Geneva and the
Jura mountains.

The CMS detector is designed to trigger on [74, 75], identify and measure the properties
of particles that traverse the detector and interact with the various detector modules,
namely electrons [76], muons [77], photons [78], and (charged and neutral) hadrons [79]. The
particles are generally stable and pass through multiple layers, allowing us to reconstruct
their trajectories as well as properties like energy and momentum. However, thanks to

the precision of these measurements, as well as accurate spatial resolution, we are able to
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also reconstruct unstable and intermediate particles indirectly based on information from
detected particles, allowing us to probe a wide range of physical phenomena.

The CMS detector is cylindrical in shape, with the detector modules arranged in layers
around the beam pipe. These modules are arranged in a central ‘barrel’ section, and two
‘endcap’ sections on either end of detector, providing an almost complete 47 coverage in
solid angle from the proton-proton interaction point. The name of the CMS detector is
inspired by its design. The detector is compact in its construction, packing an incredible
number and variety of sub-detectors in a surprisingly small space: it has a length of 22 m
(28.7 m also considering the forward calorimeters), a diameter of 15 m, and weighs about 14
thousand tons. The central feature of CMS is a superconducting solenoid 6 m in diameter
that suffuses the inner volume of the detector with a powerful 3.8 Tesla magnetic field.
This field was chosen to obtain precise measurements of the momenta of charged particles,
especially for muons. The third distinguishing feature of the CMS detector is its muon
system, which can function as an independent detector to accurately reconstruct muons.
The CMS detector can combine measurements from the tracker modules with those from
the muon system to obtain the momenta of muons with much higher precision [77].

In addition to momentum resolution, CMS also provides good energy resolution to
discriminate between other particles and account for their energy. To achieve this, CMS
consists of a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and plastic scintillator hadron calorimeter (HCAL)
within the solenoid volume. Forward calorimeters extend the coverage provided by the
barrel and endcap detectors. Muon systems comprising of gas-ionization chambers are
arranged outside the solenoid.

Figure 3.3 shows a cutaway rendering of the CMS detector and its sub-detectors. The

main components are described in the following sections.

3.3.1 The CMS Coordinate System

The origin of the CMS coordinate system (x,y, z) is defined as the center of the detector,
at the collision point of the two LHC beams. The z-axis is defined to point towards the
center of the LHC ring, and the y-axis to point upwards. The plane spanned by the x and
y axes is called the transverse plane. The azimuthal angle, ¢, in this plane is defined to
be zero in the x-direction. The z-axis points along the beam, with the positive z-direction
defined by the right-hand rule, and is in the direction of the magnetic field.

The polar angle 6 is the angle between the particle three-momentum vector and the
positive direction of the beam axis. In hadron collision processes, the longitudinal momenta
of colliding partons generally cannot be precisely measured. Therefore, the rapidity y is
preferred over the polar angle 6, as the difference in rapidity of two particles is Lorentz
invariant under boosts along the longitudinal direction. Additionally, in most high-energy
hadronic collisions, the distribution of final-state hadrons is nearly uniform in rapidity in

the central regions.
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Figure 3.3: Illustration of the CMS detector and its sub-detectors. Image courtesy of the
CMS collaboration.

The rapidity y is given by

1 E+p,
— 1 .
Y 2n<E—pz> (3.6)

In the limit that the particles are moving close to the speed of light, or if they are
massless, the rapidity can be approximated by the pseudorapidity 7, given by

n=—In ltan (g)] = %ln <§i—§:> = tanh ™! (%) (3.7)

Determining 7 depends only upon the trajectory of the particle, namely the polar angle 6,

which is a much simpler observable than E and p.. It is therefore used instead of the
rapidity in high energy collision experiments, at high momenta and when the mass is
unknown. In B-physics, typically, the rapidity y is used. Figure 3.4 shows the CMS
coordinate system, as well as the polar angle (and corresponding pseudorapidity) angles.

The spatial separation between two particles is denoted by AR, defined to be

AR = \/(An)? + (A¢)? (38)
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Figure 3.4: The CMS coordinate system (left), and the polar angles corresponding to
different pseudorapidity 1 values (right).

3.3.2 The Solenoid Magnet

One of the central components of the CMS detector is the solenoid magnet [80, 81]. It is
the largest superconducting solenoid magnet ever built, measuring 6.3 m in diameter and
12.5 m in length. It generates a powerful 3.8 T magnetic field that is essential to bend the
trajectories of charged particles produced in proton-proton collisions, thereby measuring
their momenta. To generate the field, a current of 18,500 A passes through the cylindrical
coil of 4-layered windings of stabilized reinforced Niobium-Titanium (Nb-Ti) conducting
wires embedded in an aluminium structure, that composes the solenoid, which operates at
around 4.65 K (-268.5°C) to minimize resistance. The total energy stored in this solenoid
during operation is roughly 2.6 GJ.

The magnetic flux is guided and returned through a steel return yoke surrounding the
magnet that features five wheels, and two endcaps composed of three disks each. This
return yoke has an outer diameter of 14 m and a barrel length of 13 m and weighs 12,500
tons, providing the structural support that is required for the CMS detector to withstand
the massive forces generated by the magnetic field. The tracker and calorimeter (ECAL
and HCAL) detectors fit inside the magnet coil, while the muon detectors are interleaved
with the return yoke. Thus, the steel acts as a hadron absorber, filtering out the particles
that traverse the inner tracking system and calorimeters and allowing only muons (and

the invisible neutrinos) to pass through to the muon system.

3.3.3 The Tracker

The CMS Tracker [82, 83] is a sub-detector system dedicated to precisely measuring the
trajectories of charged particles traversing the detector origination from the collisions at or
near the LHC beam spot, which is defined as the pp interaction region. It is composed of
fine granular silicon pixel detectors near the collision point, and silicon microstrip detectors

afterwards. The tracker barrel is 5.8 m in length, with a radius of 1.2 m. The tracker
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has very little passive material to minimize particle interactions. Figure 3.5 shows the

geometry of the tracker system and the various tracker regions, which are briefly described

below.
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Figure 3.5: Schematic cross-section of one quarter of the CMS tracker [82]. The lines
indicate detector modules.

The innermost part of the tracking system consists of silicon pixel detectors. It was
upgraded [84] after the data-taking period in 2016, and consists of an arrangement of
four concentric barrel layers (L1-L4) at radii r of 29, 68, 109, and 160 mm, and three
endcap disks (D1-D3) on each end at distances of 291, 396 and 516 mm from the center of
the detector. The innermost layer is located as close to the LHC beam pipe as possible
to maximize the accuracy of measurement and extrapolation to the beam spot. The

2 corresponding to a total of 128

individual pixel sensors have a size of 100 x 150 um
million readout channels, and provide a granularity fine enough to cope with the high
particle flux densities expected during typical LHC running conditions.

In the outer parts of the tracking system, the particle flux densities are smaller, and
silicon microstrip sensors provide adequate hit resolution in these regions. The microstrip

2

sensors have a total of 9.3 million readout channels and 198 m* of active silicon area

distributed over 15,148 modules [85]. These modules are arranged in four distinct zones.

o The four concentric layers in the Tracker Inner Barrel (TIB) are located at r =
255, 339, 418.5, and 498 mm from the beam axis and span from z = —700 mm to
+700 mm. The two inner TIB layers host back-to-back detector modules with an 80
pm separation between the modules (strip pitch), and the outer two layers feature

single-sided with a strip pitch of 120 pm.

« The Tracker Inner Disk (TID) consists of three disks of detector modules placed
between z = + 800 mm and z = 4+ 900 mm on either side of the barrel. Each disk
consists of three rings spanning radii of 200 mm < r < 500 mm. The inner two rings
hold back-to-back modules, while the other ring holds single-sided modules. Their
strip pitches vary between 80 pum and 140 pm.

o The Tracker Outer Barrel (TOB) consists of six concentric cylindrical layers
located between 555 mm < r < 1160 mm and |z| < 1180 mm.
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o The Tracker Endcaps (TEC) extend between £1240 < z < £2800 mm on either
side of the barrel, with a radial extent from 220 mm to 1135 mm. The two endcaps
are called TEC+ and TEC-, depending on their z position in the CMS coordinate
system. Each endcap consists of nine disk layers carrying up to 7 rings of silicon
micro-strip detectors (320 pm thick on the inner four rings, and 500 pm thick on

the outer three rings), with radial strips of 97 um to 184 pm average pitch.

The total material budget of the tracker must be kept at a minimum to prevent particle
energy losses as they traverse the tracker volume. Ultimately, this is determined by
the silicon detectors themselves, as well as the readout electronics and the support and
cooling structures. The tracker material budget is not isotropically distributed around the
interaction point but varies as a function of the pseudorapidity, from 0.4 X, in the barrel
region to a maximum of 1.8 X; in the overlap region, to 1.0 X, in the endcaps (where X
is a radiation length).

Charged particles traversing the tracking system sensors induce electron-hole pairs in
the semiconductors, which are recorded as particle hits in the sensor. Multiple hits across
the tracker layers serve as input for the reconstruction of the full particle trajectory - called
a particle track. This reconstruction is done by means of dedicated pattern recognition
and fitting algorithms. The trajectories of charged particles are bent by the magnetic
field, allowing momenta, as well as their electric charges, to be reconstructed with high

accuracy.

o The transverse momentum resolution, o(pr)/pr, provided by the inner tracker is
< 1% at 10 GeV, and about 2% at 100 GeV in the barrel region (|n| < 1.2). In the
endcap region (|n| ~ 2.5), it is around 2% at 10 GeV and 10% at 100 GeV.

o The resolution of the transverse impact parameter d,,*, defined with respect to the

beam line, (0(d,y)), is between 20-200 pm at 10 GeV, and around 10 ym at 100 GeV.
In the longitudinal direction, the position resolution (o(d,)) is 40-100 pum at 10 GeV
and 100-1000 pgm at 100 GeV.

o The tracking efficiency is around 99% for muons, and around 75-90% for charged
hadrons (7%).

These measurements were extensively studied using muons from Z boson decays and
charged pions from D* meson decays in both data and simulation.

Most of the technical challenges for the design of the CMS tracker arise from the harsh
collision environment due to the LHC run conditions. The detector and readout electronics
have to operate reliably at frequencies of 40 MHz (corresponding to a 25-ns bunch-crossing
interval). All tracker components have to endure a radiation-heavy environment over the

full operational period.

3Also denoted by dy
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3.3.4 The Calorimeters

The CMS calorimeter systems are housed outside the tracking system, but still mostly
within the confines of the solenoid. These sub-detector systems are designed to stop
all particles except muons and neutrinos to measure their total energy. The accurate
measurement of the particle energies requires that the components be highly granular.
The calorimeter systems are divided into two sub-detectors, each designed to measure

specific types of particles.

The Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) [86] is designed to measure the energies
of lighter charged particles (mainly electrons and positrons), as well as photons. It is a
hermetic, homogeneous, and transparent calorimeter made up of fine-grained lead tungstate
(PbWOy) crystals.

The ECAL is subdivided into a cylindrical ECAL Barrel (EB) and two disk-shaped
ECAL Endcap (EE) modules. The EB has an inner radius r;, = 124 cm and an outer
radius 7y, = 175 cm, extending up to |n| < 1.479. The EE is located at z = £314 cm and
covers a pseudorapidity range of 1.479 < |n| < 3.0. Precision measurements are possible
up to |n| < 2.6, while the remaining coverage augments the measurement of energy flow in
the forward direction. The structure of the ECAL is illustrated in Figure 3.6.

There are 75,848 crystals in total, with a crystal length of 230 mm in the barrel and
220 mm in the endcap. The total EB crystal volume is 8.14 m? with a weight of 67.4 tons,
while the EE crystals are 2.90 m? with a weight of 24.0 tons. To compensate for the coarser
granularity in the EE and improve the spatial resolution of the energy measurements, an
additional ECAL Preshower Detector is installed in front of the endcap calorimeters at
1.65 < |n| < 2.6, consisting of two silicon microstrip modules (4288 sensors with 137216
strips) and two lead absorber plates, with a thickness of 20 cm (= 3 X). The lead radiator
initiates the EM shower, and the silicon sensor chips, placed behind the lead block, are
used for the readout. The PS detector improves the separation between photons and
neutral pions (7°), and can distinguish e* and photons against minimum ionizing particles
(MIPs).

The optical signal produced by particles interacting with the crystal scintillators is
converted into an electrical signal by photodetectors, which are attached to each crystal,
and further digitized for signal processing purposes. Avalanche photodiodes (APDs) are
used in the EB, while vacuum phototriodes (VPTs) are used in the EE.

The Hadron Calorimeter

The CMS Hadron Calorimeter (HCAL) [87] measures strongly interacting particles (such

as protons, neutrons, pions and kaons) that create showers extending beyond the ECAL,
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Figure 3.6: Schematic drawing of the CMS Electromagnetic Calorimeter (ECAL) [62].

by measuring the energy they deposit as they pass through. The HCAL practically covers

the full solid angle and is hermetic..

The HCAL is a sampling detector composed of alternating layers of plastic scintillators

and non-magnetic brass absorbers. Particles traversing the HCAL can produce hadronic

showers in the brass layers, leading to measurable scintillation light in the interleaved
scintillator layers. The HCAL is largely located between the ECAL (r;, = 1.77 m) and

the solenoid magnet (ry,; = 2.95 m). Figure 3.7 shows a schematic cross-section of the

sub-detector and its various geometric regions.

The HCAL Barrel (HB) constitutes the innermost part of the HCAL system,
extending radially from r &~ 1.8 m to 3 m, with a length of about 9 m, extending in
pseudorapidity to |n| < 1.4, with a granularity in An x A¢ = 0.087 x 0.087.

The HCAL Endcap (HE) covers 1.3 < n < 3.0, with a granularity of 0.087 in An,
and about 5° to 10° in ¢.

The HCAL Outer (HO) is installed outside the solenoid and wraps around the
HB. Tt provides coverage up to |n| < 1.26, complementing the HB and catching the
'tail’ end of highly energetic showers that pass through both the HB and the magnet

system.

The HCAL Forward (HF) is placed outside the muon system endcaps on either
side of the detector, at z = £11.2 m. With a length of 165 cm, it provides coverage
over 3.0 < |n| <5.0. The HF needs to be radiation hard - each pp collision deposits
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Figure 3.7: Schematic of one quarter of the CMS Hadron Calorimeter (HCAL), shown in
the r — z plane [62]. The overlaid acronyms indicate the HCAL sub-modules.

an energy of 760 GeV on average in the HF, compared to 100 GeV in the rest of
the calorimeter system. Quartz fibers (polymer cladding with a fused silica core)
are chosen as the active medium, and are expected to endure the radiation-heavy

conditions for at least a decade.

The output is read out by wavelength-shifting fibres embedded in the scintillator tiles,
and is sent to photodetectors via clear fibres. The thickness of the HCAL is represented
in terms of the interaction length, A7, which is the mean distance travelled by hadronic
particles before undergoing inelastic nuclear interactions. The total thickness of HCAL
layers is around 7-11 A; up until the HF, and around 10-15 A; including the HO.

3.3.5 Muon system

Muons are 200 times heavier than electrons, minimizing the bremsstrahlung energy loss
from interactions with the detector material. At the energies available at the LHC, they
are MIPs and retain most of their energy when traversing the detector, making them
favorable final-state particles for precision measurements due to the general discovery
potential of decays featuring muons. The CMS detector was designed to identify and
measure muons efficiently.

Figure 3.8 shows a schematic of the CMS muon system and its subdetectors, which
make up the outermost layer of the detector.

The CMS muon system utilizes three main detector technologies — Drift Tube (DT)
chambers, Cathode Strip Chambers (CSCs), Resistive Plate Chambers (RPCs).
Additionally, the CMS detector now also uses Gas Electron Multipliers (GEMs),
which are needed for the HL-LHC operations. The muon system is structured as a central

cylindrical barrel section and two planar endcap regions, covering up to |n| < 2.4 without
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Figure 3.8: Schematic showing the CMS muon system [88, 89], and its sub-detectors.

any gaps, allowing for high reconstruction efficiency of prompt muons over the full n range.
The muon system can also reconstruct muon tracks in real-time and trigger based on the
measured pr of the muons.

The different detector technologies used are briefly described below.

Drift Tubes

The muon system barrel covers |n| < 1.2 and is suffused with a uniform magnetic
field of 3.8 T. The flux in this region is relatively low due to the small neutron-induced
background. Thus, it is feasible to use drift chambers with rectangular drift cells to record
muon hits and reconstruct tracks, as no other charged particles, other than the few muons,
reach these layers.

Four muon barrel layers, called stations, are interspersed among the flux return yoke
layers, and house 60 Drift Tube (DT) chambers in each of the three inner stations, while
70 DT chambers are housed in the outermost station.

A drift chamber consists of three detector units called super-layers (SLs). Each SL
consists of four layers of rectangular drift cells. In the outer two SLs, the charge-collecting
wires are arranged parallel to the beamline and record hits in the magnetic bending plane
(r,¢). The inner two SL wires are perpendicular to the beamline and provide measurements
of the muon track z position along the beamline. This z measuring layer is missing in
the fourth drift chamber, and thus, it only has two SLs. Each chamber has its drift cells
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offset by a half-cell width relative to neighboring cells to remove any dead spots. Hit
information from multiple stations is combined (when possible) to reconstruct muon tracks
with improved precision and minimize backgrounds. The cross-section of a drift tube in
the DT chambers is 13 mm x 42 mm, optimized for mechanical stability, space constraints,
and redundancy requirements.

Muons are often accompanied by electromagnetic cascades. To cope with such cascades,
as well as uncorrelated background hits from neutrons or photons, the DT chambers
were designed with several layers of separated drift cells per station, allowing for good
tracking efficiency and measurement redundancies. The DT chambers are also capable
of providing a muon time measurement with a resolution of a few nanoseconds, which is

used for triggering and beam crossing time identification.

Cathode Strip Chambers

The muon system endcaps are situated on either side of the muon barrel, providing
coverage for 0.9 < |n| < 2.4. Each endcap contains four stations, positioned perpendicular
to the beamline and embedded between the flux return plates. These layers experience
higher rates and backgrounds than the barrel and are suffused by a large and non-uniform
magnetic field. Thus, the detector technology is required to have a fast response time,
fine segmentation, radiation resistance, and the ability to operate in large inhomogeneous
magnetic fields. This is achieved by Cathode Strip Chambers (CSCs).

CSCs are multiwire proportional chambers featuring six anode wire planes interleaved
among seven cathode panels. An azimuthal alignment of wires allows for accurate measure-
ment of the r coordinates of the hits. The hit ¢ coordinates are obtained by interpolating

the charges induced in the strips, which run lengthwise at constant A¢ widths.

Resistive Plate Chambers

An additional complementary trigger system is installed in the muon barrel and endcap
regions, consisting of Resistive Plate Chambers (RPCs). These RPCs have fast
response times, providing excellent bunch-crossing association and timing resolution, even
in the high collision and background rate conditions expected during high luminosity LHC
runs. Additionally, the RPCs also assist in resolving track reconstruction ambiguities
when there are multiple hits in the DTs or CSCs. There are six RPC layers in the barrel,
and four in the endcaps.

In total, there are 1400 muon chambers (250 DTs, 540 CSCs, and 610 RPCs). Altogether,
the muon system contains nearly 1 million readout channels.

Between 0.9 < |n| < 1.2, the muon system layers are aligned such that a muon from
the interaction point traverses both the barrel and the endcap detectors. To optimize

track reconstruction algorithms, the full n coverage is divided into three regions:

« The barrel region, with |n| < 0.9.
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o The overlap region, with 0.9 < |n| < 1.2.

e The endcap region, with |n| > 1.2.

3.3.6 Trigger and Data Aquisition

During peak luminosity runs, the LHC can provide over a billion pp collisions per second in
the CMS detector. Each event corresponds to a bunch crossing, with multiple simultaneous
collisions, called pileup (PU). For an event size of O(1 MB), this would result in a total
output rate of O(15 PB/s). This much data is simply beyond the ability of the CMS data
acquisition (DAQ) system to process and store, which has a maximum rate of about 10
GB/s. Most of the beam particle collisions are either not inelastic pp scattering collisions
or do not have a high momentum transfer (called ‘hard’ collisions). Therefore, the number
of events expected to contain ‘interesting’ physics (at least, in the context of the CMS
physics programme) is much smaller.

The CMS trigger system [75] is an event filter that selects only relevant events at a
rate that is manageable for the DAQ pipeline. It is structured in two sequential tiers
— a hardware and a software trigger, respectively — that reduce the rate sequentially to
manageable levels by rejecting events that fail the trigger requirements. At each level, a
trigger menu, consisting of a set of individual trigger selections, is implemented in a

logical ‘OR’. These tiers are described below :

o The Level-1 (L1) Trigger is a hardware level trigger, an array of field-programmable
gate arrays (FPGAs) that can implement up to 512 different trigger algorithms,
called L1 seeds. Data recorded by the detector is buffered for about 3.2 us at
each sensitive element before it gets overwritten by fresh incoming data. Most L1
seeds are designed to process the data and reach a true/false decision in about 1
us. However, the strict time constraints do not allow for arbitrarily complex trigger
algorithms. Instead, the L1 trigger uses information from the muon system and the
calorimeters only (with coarse granularity) to construct trigger primitives (TPs)
for common particles, such as muons, electrons or photons, as well as other detector
objects such as jets or local transverse energy sums. The L1 trigger reduces the event
rate from 40 MHz (LHC rate) to about 100 kHz. The L1 seeds serve as pre-filters
for algorithms in the next tier of the trigger. Figure 3.9 shows the architecture of
the CMS Level 1 trigger system.

o The High Level Trigger (HLT) is a software-level trigger that implements trigger
algorithms (called paths) executed on a computing cluster at the experiment site.
Paths are sequences of algorithmic steps designed to reconstruct objects and make
selections based on specific physics requirements. The HLT receives only those events
that pass the L1 trigger, and due to the greatly reduced data input, it is possible to

implement sophisticated track reconstruction algorithms, and the use of full detector
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Figure 3.9: A diagram of the CMS Level-1 trigger system after its upgrade for Run 2.

readout data at the HLT, making for a better and more accurate performance that is
comparable to the full reconstruction (also called offline reconstruction) performed
at a later stage. The HLT further reduces the data-taking rate to a few kHz and
about 10 GB/s — a manageable level for transfer to permanent storage and offline

reconstruction.

At either stage, an event is accepted if it passes at least one of the seeds/paths, otherwise
it is discarded.

Several factors determine the total rate of a given L1/HLT menu, such as the instan-
taneous luminosity and pileup. These conditions vary within a given data-taking run or
LHC fill as collisions (along with beam loss effects) deplete the particles in a bunch, and
as LHC parameters are adjusted. Thus, to keep the trigger rate roughly constant over
time, the L1 physics triggers are usually available in several versions (‘main’ and ‘backup’
seeds), each tailored to specific intervals of instantaneous luminosity. The seeds and paths
can also be ‘prescaled’ with certain numerical factors depending on the instantaneous
luminosity — a prescale of 2 means that only one out of every two triggered events is stored.
Standard multi-purpose CMS physics triggers are usually unprescaled and accept every
triggered event.

The triggers constitute an important part of this thesis. New triggers were developed at
both L1 and HLT, to benefit from new and improved reconstruction algorithms developed
during the LS2 as well as from the increased rate budget due to the upgraded processing

and storage capabilities of CMS. These triggers (described in Section 5.2) were designed
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keeping in mind lessons learned from the previous analysis [22], and resulted in a significant

gain in sensitivity.

3.3.7 Overview of the Reconstruction of Physics Objects in CMS

All CMS subdetectors collect hit information and energy deposits. Different particles show
different signatures in the detectors depending on their charges and the nature of their
interactions, which can be used to identify them. Figure 3.10 shows these interactions and

signatures in a schematic diagram.
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Figure 3.10: Interactions of different particle types with CMS sub-detectors. The hit/shower
patterns across the sub-detectors are combined in the Particle Flow (PF) algorithm [90]
to form hypotheses of final state particles.

Particles produced in the beam collisions initially pass through the tracker. Charged
particles produce hits in the tracker layers, which are used to reconstruct their trajectories
(‘tracks’) and their points of origin (‘vertices’). Neutral particles, however, traverse the
tracker without producing any hits.

The Electromagnetic Calorimeter (ECAL) is the next sub-detector to be encountered
by the particles. Electrons and photons produce electromagnetic showers in the ECAL,
which are reconstructed electronically as clusters of energy deposits. These particles are
fully absorbed in the ECAL volume, allowing for a measurement of their energy, including
an estimate of the direction of the particles’ propagation.

Hadrons, both charged and neutral, traverse the tracker as well as the ECAL. While
they might deposit some of their energy in these layers, they are generally too heavy for

significant bremsstrahlung and pair-production-induced energy losses in the material, and
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most of their energy is deposited in the Hadronic Calorimeter (HCAL). The HCAL stops
all particles (except muons and neutrinos) and measures their energies and directions
through the energy clusters of the induced hadronic showers. Depending on the size of the
showers and whether there are corresponding tracker hits and ECAL depositions aligned
with the HCAL showers, it is possible to identify the particles.

Muons interact minimally with the calorimeters and only leave hits in the tracker
system due to their small interaction cross-section. As a result, they are among the
only particles to pass through to the muon system, and being charged, they leave hits
therein. This makes the identification and measurement of muons unambiguous and highly
accurate, making muons an excellent choice of object to trigger upon, and a useful handle
in analyses.

Neutrinos have an extremely small interaction cross-section with matter. Therefore,
they traverse the entire detector without interacting with any of the layers, escaping
detection entirely, resulting in an imbalance in the total measured energy in the transverse
plane. This imbalance is called missing transverse energy, F¥* and is a useful handle in
analyses.

These particle hits and energy deposits are used to produce ‘physics objects’ — hypothe-
ses of stable particles along with their kinematic properties, such as estimated trajectories,
energies, momenta, and types, using reconstruction algorithms. This reconstruction of
physics objects and the global event is known as “particle flow” (PF) reconstruction [91].
While PF is not discussed in this thesis, muons are of particular importance to this work.
The reconstruction of muon tracks, both at the trigger and in the offline analysis, is done
using the Kalman filter technique [92] — a recursive algorithm that iteratively builds tracks,
performing pattern recognition layer by layer, while simultaneously updating the trajectory
parameters.

The following sections briefly describe the reconstruction of muons at various stages of

data taking.

3.3.8 Online Muon Reconstruction

The identification and measurement of muon candidate objects at the CMS trigger stages
is called the ‘online’ muon reconstruction. This section briefly describes these objects
and reconstruction algorithms. Further details may be found in Refs. [74, 75, 88, 93, 94].

L1 muon objects

At the Level 1 Trigger, muon candidates are reconstructed using trigger primitives — short
track segments — from the four overlapping subdetectors in the muon system only: DT,
CSC, RPC, and GEM. The GEM detector was added as part of the Phase 1 upgrade and
was used for the first time in Run 3. The TPs carry rudimentary position coordinates (f

and ¢), as well as information about the muon direction and timing (with respect to a
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collision bunch crossing). The position coordinates — mainly ¢ — differ between consecutive
stations due to the deflection caused by the magnetic field. From this, it is possible to
measure the angular deflection A¢, and thus obtain a measurement of the track pr.

Different track-finding algorithms are used in three distinct pseudorapidity regions of
the detector :

e The Barrel Muon Track Finder (BMTF) uses hits or trigger primitives (TPs)
(short track segments) in the barrel muon stations (DTs and RPCs) to provide
muon candidates in 0 < || < 0.83 region. An approximate Kalman filter [95] based
algorithm (called ‘KBMTF’) reconstructs muon tracks from detector hits beginning
from the outermost muon stations and propagating inwards while updating the
track parameters. It was updated during LS2 leading up to Run 3, and retains
high efficiency for prompt muon tracks up to d,, ~ 50 cm. A version of KBMTF
developed for displaced muons called displaced KBMTF was introduced in Run 3,

increasing the efficiency for muon tracks with displacements above 50 cm.

o The Overlap Muon Track Finder (OMTF) produces muon candidates in the
0.83 < |n| < 1.24 region, using TPs from the DTs and RPCs in the barrel, and CSCs
and RPCs in the endcap. The algorithm uses a Bayes classifier based on precomputed
patterns generated from simulated events to associate hits in each station with the
reference hit in the pattern. In Run 3, the OMTF finds the best matching prompt
and displaced patterns in parallel for each muon track, with efficiency of around 80%

up to displacements of 200 cm.

e The Endcap Muon Track Finder (EMTF) produces muon candidates in the
1.24 < |n| < 2.4 region, using TPs from CSCs, RPCs and GEMs in both endcaps.
GEM inputs are used in the EMTEF algorithm for the first time in Run 3. The
algorithm uses one TP per endcap muon station, with CSCs having priority over
RPCs, to build muon tracks based on a set of predefined patterns. The differences
in ¢ and 0 angles between hits in different stations are used in a boosted decision
tree (BDT) to estimate the pr of the muon track.

All three muon track finders provide up to 36 muons each per bunch crossing to the
Global Muon Trigger, which resolves duplicates and provides a maximum of 8 muon
tracks per bunch crossing to the Global Trigger.

Due to the strict time constraints of the L1 trigger, the computational complexity
of the L1 reconstruction algorithms is limited, and is thus generally less accurate than
the offline algorithms, which are used at a later stage and are able to reproduce track
parameters as closely as possible to their true values. Still, the performance of L1 muon
reconstruction for prompt muons is > 90% up to a transverse distance d,, of 40 cm (after
which it falls rapidly), as shown in Figure 3.12.

The track finding algorithms up to Run 2 used the beam spot as an extra point in

the track fitting (called the ‘beam spot constraint’), giving a longer lever-arm and
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much better precision in py measurements for prompt muons. However, as Figure 3.11
illustrates, for displaced muons, the beam spot constraint would cause the fitted track to
have an artificially larger curvature, and thus assign a smaller pr to the track, causing
the muons to fail the trigger pr thresholds and lead to an inefficiency in the trigger.
In 2022, a new Kalman filter based track finding algorithm [95] was introduced in the
barrel region of the muon system, specifically to improve efficiency for displaced muons.
The displaced KBMTF can recover this efficiency by omitting the beam spot constraint,
resulting in a better track fit, and therefore, a better pr measurement for displaced muons.
However, the trade-off is a slightly worse pr resolution for prompt muons. The L1 muon
pr reconstruction efficiency for displaced muons is above 90% up to a d,, of 60 cm, and
falls slowly beyond that to about 80% at d,, = 80 cm, as shown in Figure 3.12. The
performance in Run 3 of the prompt and displaced L1 muon triggers was measured in a

cosmic ray muon dataset recorded in 2018 [85].

Figure 3.11: Illustration of the beam spot constraint in muon track-finding, on a transverse
cross-section of the detector. The black arrows represent the true path of the muon leaving
hits in the muon system. The blue curve is the fitted track assuming that the muon
originates from the beam spot, resulting in a trajectory that has a stronger curvature and,
consequently, a lower pr measurement.

L2 muon objects

At the HLT, more sophisticated reconstruction algorithms are employed, due to the more
relaxed time constraint, to more accurately identify and measure muons. Consequently,

this further reduces the data-taking rate. At this stage, muons are reconstructed in two
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Figure 3.12: Displaced (blue) and prompt (black) KBMTF trigger efficiencies compared
to the prompt BMTF (red) trigger efficiency with respect to the muon track d,,, obtained
using a sample of cosmic ray muons from 2018 data. The efficiencies are measured using
muon candidates with py > 10 GeV. Figure sourced from Ref [85].

steps: first using only hits in the muon system, called L2 reconstruction, followed by a
combination with hits in the inner tracking system, called L3 reconstruction.

L2 reconstruction is equivalent to the offline ‘standalone’ muon reconstruction. At the
beginning of the L2 reconstruction, initial track states called the ‘L2 seeds’, are generated
from segment patterns in and across the DT and CSC stations. These ‘states’ refer to a 5-
dimensional parametrization of a trajectory on a specific muon station surface, comprising
of: the ratio of muon charge to its pr, the transverse and longitudinal angles with respect
to the beam direction, and the transverse and longitudinal impact parameters with respect
to the beam spot. While this initial seeding step assumes that the muon originates in the
vicinity of the beam spot, an alternate version of the L2 muon reconstruction designed
for cosmic ray muons replaces the initial seeding step with one free of this assumption —
this is called the ‘cosmic-seeded’ 1.2 muon reconstruction, and has a higher efficiency for
displaced muons not pointing to the beam spot, but is slightly less efficiency for prompt
muons (especially in events with two close-by muons).

For these L2 seeds, geometric matches (AR = \/(An)2 + (A¢)? < 0.3) to a L1 muon
are required. They are then assigned a direction and a p%? value obtained from a A¢

parametrization based on the bending angle of the segment with respect to a neighboring
segment. Standalone muon tracks are then built, starting from the L2 seed state, using

the Kalman filter method [92] of iteratively constructing tracks.
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In one iteration, track reconstruction is performed ‘inside-out’, where the tracks are
extrapolated outwards to the muon system and correlated with measurements in the muon
chambers. In another iteration, the track is built in the opposite direction - ‘outside-in’. A
combination of these two iterations allows the reconstruction to remove potential biases
originating from the initial seed.

In the final step, a beam spot constraint may be applied to the muon tracks (similar
to the L1 track finders), improving track parameter resolution from prompt muons and
yielding an overall L2 reconstruction efficiency of > 99.5% with respect to the L1 muons.
However, this introduces trigger inefficiencies for displaced muons when pEFL ? thresholds
are imposed. The L2 muon reconstruction is thus available in two configurations, with and
without the beam spot constraint. These correspond to the offline ‘standalone muon
reconstruction’ and the ‘displaced standalone muon reconstruction’ respectively,
and are discussed in more detail in Section 3.3.9. The latter version is suitable for the
reconstruction of muons that are produced away from the pp collision point, such as
cosmic-ray muons (in dedicated data-taking runs), or displaced muons resulting from LLP
decays in hypothesized BSM processes.

L3 muon objects

Lastly, the L3 muon reconstruction algorithm at the HLT is not restricted to measurements
from the muon system alone, but utilizes all available information, including from the
inner tracking detector.

In Run 3, the HLT paths used in our search build L3 muons using the following two

distinct ways.

The ‘cascade algorithm’ : L3 muon seeded by an L2 muon

The ‘cascade’ algorithm reconstructs muon trajectories in the inner tracker based on
L2 muons, using three sequential algorithm steps, such that the later (more precise and
computationally demanding) steps are only performed if the previous steps were not
successful in reconstructing a track for a given L2 muon — hence, the name ‘cascade’. Muon
tracks reconstructed in the earlier steps with d,, > 0.2 cm are rejected to allow the later
steps to reconstruct them again properly and ensure that poorly reconstructed tracks are
not used in the final fit. These are :

o The ‘outside-in state’ algorithm propagates the track state of the L2 muon to the
outermost tracker layer. Using a "stepping helix" method, which accounts for the
magnetic field, energy losses, and scattering, the algorithm identifies detector modules
compatible with this track state. If no compatible module is found, the algorithm
continues inward layer by layer until one is located or all layers are checked. The

pattern recognition uses a Kalman filter, propagating layer-by-layer towards the
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interaction point and adding compatible hits to the trajectory, followed by the final
track fit.

The ‘outside-in hit” algorithm tracks the L2 muon to the outermost layer of the
tracker. Instead of using the propagated state as a track seed, it first looks for
compatible hits in that layer. Up to five of these hits are used to update the track
state and create one seed per hit. The algorithm then moves inward layer by layer,
looking for compatible hits until it finds one or exhausts all layers. If the seeds are
within 25 cm of the detector center along the beam axis, they are used to start the

same pattern recognition and track fitting steps as the outside-in state algorithm.

The ‘inside-out hit’ algorithm uses the .2 muon information to define a region of
interest (ROI) on the innermost pixel layer. The size of this region is determined
by either a parametrization of the 1 and ¢ of the L2 muon, or the uncertainty in
the L2 parameters at the pixel detector, with a minimum size of 0.1 x 0.1 in n and
¢. Within these regions, compatible triplets or doublets of pixel hits are formed,
depending on whether three or two pixel layers have compatible hits respectively.
These hit multiplets serve as seeds to start the pattern recognition from the pixel

detector outward.

The tracker tracks created from these three cascading algorithms are then matched

to the L2 muons by propagating both the tracker tracks and L2 muons onto a common

surface and comparing using 1, ¢, and x? compatibility. A combined fit is then performed

with the Kalman filter using information from both the selected tracker track and the

matched L2 muon, and the fit with the best 2 per degree of freedom is used as the final

L3 muon.

The ‘iterative’ algorithm : L3 muon seeded by both an L2 and L1 muon

The installation of the new pixel detector in 2017 required updated reconstruction tech-

niques to take advantage of the new pixel layer. The iterative algorithm consists of three

steps: an ‘outside-in’ step seeded by an L2 muon, an ‘inside-out’ step seeded by an L2

muon, and an ‘inside-out’ step seeded by an L.1 muon.

o The ‘outside-in’ reconstruction step uses an L2 muon to search for track reconstruction

seeds in the inner tracker. Using parameters from the L2 muon, the trajectory is
propagated to the outermost tracker layers, similar to what is done in the outside-in
steps of the cascade algorithm. The iterative algorithm creates two trajectory states
on the outer tracker surface for seeding, one with the beam spot constraint and
one without. Additionally, up to five seeds are generated by finding a silicon strip

detector hit that is compatible with the extrapolated state.
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o The ‘inside-out’ steps make use of iterative tracking techniques, generating ROIs
using either L2 or L1 muons, depending on the step. The first iteration is seeded
using pixel quadruplets, the second iteration is seeded by pixel triplets, and one final
iteration is seeded by pixel doublets to recover efficiency in situations where fewer

than three hits might be available for seed building.

Each reconstruction step produces a collection of tracker tracks and combines them,
removing duplicates. In the L2 muon-seeded steps, the tracker tracks are matched to the
L2 muon, and the L3 muon is built from a combined fit of the tracker and the muon track.
In the L1 muon seeded step, the tracker tracks are matched to hits in the muon system to
create tracker muons. After removing duplicate tracks that are already contained in the
L3 muons collection after the previous steps, all muons are merged into a single collection.

This matching and refitting procedure is identical to that used in the offline reconstruction.

3.3.9 Offline muon reconstruction

The offline muon reconstruction is conceptually the same as that used in the HLT. In
the standard CMS muon reconstruction for pp collisions [77], muon tracks are first built
independently in the inner tracker and the muon system. The final reconstructed muon

objects are of three major types, depending on what information they use :

» Standalone (SA) muons are reconstructed using information from the muon system
only. This is done by gathering all available information from the DT, RPC, and
CSC detectors along the muon trajectory using a Kalman filter technique. Groups

of DT or CSC segments are the seeds for the SA muon reconstruction.

Several variants of standalone muons exist in the CMS reconstruction software. The
original SA muon reconstruction, developed prior to the start of the LHC operations,
is available with and without the beam spot constraint in the track fit. The latter
version is more suitable for the reconstruction of displaced muons and was used as a

starting point for two subsequent modifications.

The ‘refitted standalone’ (RSA) muon reconstruction was used in the Run 1
search for displaced dimuons [58]. It performs an additional track refit in an attempt
to mitigate biases caused by the beam spot requirements in the standalone muon seed
generator. The RSA muons provided better spatial and momentum for displaced

muons than SA muons [96].

The ‘displaced standalone’ (DSA) muon reconstruction replaces the seed gen-
erator of the SA reconstruction with the one used in the dedicated reconstruction
of cosmic-ray muons and improves spatial and momentum resolution for displaced
muons. This is a more recent attempt to get rid of the beam spot-related biases in
the SA muon reconstruction and is used in both the Run 2 search [22] as well as this

search.
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o Tracker muons are reconstructed starting from tracks in the tracker, which are
propagated outwards to the muon system if they have pr > 0.5 GeV and p > 2.5 GeV.
Loose matching to DT and CSC segments is then attempted for these extrapolated

tracks. If a match is found, the tracker track is called a tracker muon.

The tracker muon reconstruction thus relies on the tracker measurements, and uses

the muon system only for tagging the particle type.

« Global muons are constructed by propagating SA muon tracks from the muon
system inwards to search for matching tracker tracks. A combined fit is implemented
using the Kalman filter technique, using information from both the tracker and the

SA muon tracks to build a final global muon track.

The full analysis uses a holistic approach, using an optimal mix of the different types
of reconstruction, depending on the targeted detector region, to benefit from the improved
resolution of the tracker and global muons close to the beam spot but also from the
extensive coverage of the standalone muons. For promptly produced muons within the
geometrical acceptance of the muon system, about 99% of such muons are reconstructed as
either tracker or global muons, and very often as both [94]. The efficiencies for displaced
muons have been studied and documented in [29, 77, 88, 94].

Due to the fact that only the displaced version of the standalone reconstruction is
used, some clarification is needed regarding the terminology used in subsequent sections:
Displaced standalone muons (DSA) muons are referred to as STA muons. Muons using

the tracker information (i.e., tracker and global muons) will be referred to as TMS muons.
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Data and Simulation

4.1 First Year of Run 3 Data (2022)

The search is based on the analysis of pp collision data collected at a center-of-mass energy
/s = 13.6 TeV during the 2022 data-taking year in Run 3 of the LHC. The events of
interest are recorded by a set of dedicated double muon triggers, described in Section 5.2.
The data are collected into the DoubleMuon and Muon datasets, listed in Table 4.1. The
data are divided into ‘Eras’, each of which corresponds to a specific set of conditions, such
as luminosity profiles, trigger configurations, detector conditions, and data quality, and are
optimized for specific physics analyses. The most recent version of the data reprocessing,
global tags, and JSON files are chosen according to the recommendations of the Physics
Data and Monte Carlo Validation (PdmV) group at CMS. As the analysis does not rely
on calorimeter information, we can maximize the number of valid data-taking runs by
including even runs or lumi-sections! in which the calorimeter information is sub-optimal.
Thus, we obtain a total integrated luminosity of 36.6 + 0.8 fb~! [97].

Dataset Line[b7]
/DoubleMuon /Run2022C-10Dec2022-v1/AOD 0.61
/Muon/Run2022C-10Dec2022-v1/AOD 5.56
/Muon/Run2022D-10Dec2022-v1/AOD 3.28
/Muon/Run2022E-10Dec2022-v2/AOD 5.93
/Muon/Run2022F-PromptReco-v1/AOD 18.12
/Muon/Run2022G-PromptReco-vl/AOD 3.08
Total 36.60

Table 4.1: A list of the 2022 data sets used in the analysis as certified by CMS, with their
corresponding integrated luminosities.

The mean pileup in 2022 was 44 interactions per bunch crossing, with a peak of up to

60 interactions per bunch crossing.

LA lumi-section corresponds to 23 s of data taking
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4.2 Signal Simulation

To motivate the characteristics and properties of displaced dimuons from BSM processes,
we use two signal models in this search, introduced in Section 2.3. These are the Hidden
Abelian Higgs model (HAHM), the BSM heavy scalar model, and an R-parity
violating Supersymmetric (RPV SUSY) model. Monte Carlo (MC) samples were

simulated for these models, the details of which are provided in the next few sections.

4.2.1 HAHM Model

The HAHM signal samples are produced on a discrete grid of dark photon mass m(Zp)
and kinetic mixing parameter €, the values of which are listed in Table 4.2 and illustrated
in Figure 4.1. The values of the corresponding mean proper lifetime and the mean decay

vertex position are shown in the last two columns.

m(Zp) [GeV] B(Zp — pp) € cr(Zp) mm] (Lay) [em]

10 0.15 1-107° 1.14 0.77
5-1077 4.55 2.89
1-1077 114 72.0
3-1078 1264 800
20 0.15 5-1077 2.17 0.72
2-1077 13.6 4.14
5-1078 217 66.4
1-1078 5425 1665
30 0.14 3-1077 3.90 0.80
1-1077 35.1 6.73
3-107% 390 4.7
7-107° 7165 1374
40 0.15 2-1077 6.21 0.86
8-1078 38.8 5.10
2.1078 621 81.4
5-107° 9937 1301
50 0.13 2-1077 4.42 0.47
61078 49.1 4.37
1-1078 1768 158
4-107° 11049 982
60 0.11 1-107° 11.8 0.70
4-1078 73.7 3.93
7-107° 2405 129
2-107° 29464 1591

Table 4.2: HAHM signal sample parameters used in the search. For each m(Zp), the
assumed branching ratio B(Zp — pp) of the dark photon decay into muons is listed, along
with values of the kinetic mixing parameter €, and the corresponding proper decay length
(in mm) and mean transverse decay position (in cm).
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Figure 4.1: Kinetic mixing of a dark photon as a function of its lifetime for different values
of the dark photon mass. The open circles correspond to the signal samples generated for
the analysis and are listed in Table 4.2.

The production of dark photons is modeled at leading order by MadGraph5_aMC@NLO [98]
version 2.9.9. The samples use the NNPDF3.1 NNLO PDF set [99]. About 500,000 events
are generated at each signal ¢r point, using the CP5 tunes [100] to model the underlying
event. The dominant gluon-fusion production mechanism is used for the samples. The
Higgs boson production cross-section is then normalized to the most recent theoretical
prediction of the sum of all production modes. For m(h) = 125 GeV at /s = 13.6 TeV,
this value is 59.8 pb [101]. The decays of the dark photon are simulated by PyTHIA
8.306 [102]. To reduce processing time and storage, only the events with at least one muon
in the final state are considered. The filter efficiency depends on the B(Zp — pp) and
ranges between 20% to 28%. The large number of generated events together with a grid
in kinetic mixing allows us to interpolate between samples with different kinetic mixing

using a lifetime reweighting method, described in Appendix C.

4.2.2 Heavy Scalar model

The SM-like Higgs is not necessarily the only particle that can initiate an LLP decay
chain featuring displaced muons in the final state. In principle, the LHC energies allow
for the production of even heavier mediators. To explore a larger phase-space of signal
kinematic properties and topologies than the HAHM, the BSM ‘Heavy Scalar’ benchmark

model features generic heavy scalar particles H that decay to spin-0 mediators X, with a
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broad spectrum of masses m(H) and m(X). Two sets of benchmark signals are produced,

depending on whether one or both LLPs were forced to decay into muons.
e For H - XX — 4u, both scalars X decay to final state muon pairs.

e For H — XX — 2u2j, only one X is required to decay to a muon pair, while the
other decays into a pair of light quarks (uu, dd, s§) with equal probabilities, resulting
in a final state with only one muon pair. As the quarks hadronize quickly, the
resulting final states are collectively referred to as ‘jets’, and not further considered

in the analysis.

m(H) [GGV] m<X) [GGV] CT(X) [mm] Nevents (QMQJ) Nevents (4M)

125 20 13, 130, 1300 150,000 75,000
50 50, 500, 5000

200 20 7,70, 700 75,000 35,000
50 20, 200, 2000

400 20 4, 40, 400 40,000 20,000
50 8, 80, 800
150 40, 400, 4000

1000 20 2, 20, 200 20,000 12,000
50 4, 40, 400
150 10, 100, 1000
350 35, 350, 3500

Table 4.3: Model parameters for the H — X X benchmark signal samples used in the
search. Both H — 2X — 2u2j and H — 2X — 4pu samples were generated at each
combination of m(H), m(X) and ¢7(X), with the last two columns showing the number
of events generated per lifetime point for each final state.

The 2022 H — X X signal samples are generated with PyTHIA 8.306 [102] using the
CP5 tune [100] and the NNPDF3.1 NNLO PDF set [99]. Samples in each set are generated
with different combinations of m(H) and m(X). The simulated width of the H boson
has a negligible effect on the analysis. Each combination of masses, (m(H), m(X)), was
produced with three lifetime (¢7(X)) points, corresponding to mean transverse decay
lengths spanning three orders of magnitude (e.g., 3 cm, 30 cm, and 300 cm). These chosen
values, listed in Table 4.3 allow us to study a wide range of signal displacements, event
kinematics and event topologies. The dimuon acceptance and selection efficiencies strongly
depend on the mass of the signal, therefore the number of generated events varies with

the H boson mass.

4.2.3 RPV SUSY Model

The search uses benchmark signal samples generated assuming B(x{ — uuv) = B(x? —
eev) = 0.5, giving rise to events with up to two displaced dimuons. The chosen m(g),

m(x?}), and c7(x?) grid is listed in Table 4.4. To explore a wide range of kinematic
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variables and event topologies, for each chosen m(q), we generate sets of samples with
Am = m(q) — m(x?) of 25, 200 and 650 GeV, and sets with constant m(x!}) values of
50 and 500 GeV such that m(x?) < m(g). Some of the m(xY), m(§) combinations have
already been used in previous CMS [57, 58] and ATLAS [59] searches performed at lower
\/s. All other SUSY particles (e.g., gluinos and sleptons) are assumed to be too heavy to
be produced, and their masses are set to 10 TeV. As with the Heavy Scalar model, the

generated cr values span three orders of magnitude.

m(q) [GeV] m(fC?) [GeV] CT(S(?) [mm] g'%0 Tev(dé) [ph] Nevents

125 50 20, 200, 2000 7323 £ 458 150,000
100 35, 350, 3500

200 50 15, 150, 1500 835 =+ 51.9 75,000
175 40, 400, 4000

350 50 8, 80, 800 50.5 + 3.21 50,000
150 25, 250, 2500
325 45, 450, 4500

700 50 5, 50, 500 0941 =+ 0.0719 35,000
500 40, 400, 4000
675 50, 500, 5000

1150 50 3, 30, 300 0.0313 £ 0.00343 35,000
500 30, 300, 3000
950 50, 500, 5000
1125 60, 600, 6000

1600 50 2, 20, 200 0.00215 =+ 0.000393 35,000
500 20, 200, 2000
950 40, 400, 4000

1400 60, 600, 6000
1575 70, 700, 7000

Table 4.4: Model parameters for the simulated RPV SUSY samples (§ — ¢x?) used in the
analysis, and cross sections for squark-antisquark pair production at /s = 13.6 TeV. The
last column shows the number of events generated per lifetime point for a given m/(q).

The samples are generated with PYTHIA 8.306. The squark-antisquark production
cross sections [60] are calculated with NNLL-fast version 2.0 to approximately next-to-next-
to-leading order (NNLO) in the strong coupling constant and include the resummation of
soft gluon emission at next-to-next-to-leading logarithmic accuracy [103]. The computation
uses the NNLO PDF4LHC21 parton distributions functions (PDFs) [104]. Since the dimuon
acceptance and selection efficiency strongly depend on the mass of the signal, the number

of generated events varies with the m(q).

4.3 Background Simulation

The search presented in this thesis targets LLPs with a mass above 10 GeV. There are

no genuine LLPs in this mass range in the SM, and most pp collision backgrounds are
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instrumental due to reconstruction mistakes, either from fake particles (which are not
matched to the true generated particles) or from misidentification of properties due to
mismeasured parameters. As simulations do not accurately reproduce the rate of these
effects, the optimization of the analysis selection and the estimation of backgrounds is
performed using data. The official Run 2 MC backgrounds samples were used to help
guide our understanding of the behavior and properties of the background, however, they
were not actually used in the background estimation.

To complement performance measurements in data, studies were also conducted using

simulated samples of B-hadrons decaying into J/v — pp in a cascade, listed below.
o By — J/g;¢ — KK; J/Yh — pp
e B, = ¥(29)K;(2S) — J/mm; J/Y — pp

e B, — X(3872)Ky; X(3872) — J/vp; p — wm; J /o — pup



Chapter 5

The Search for Displaced Dimuons
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Figure 5.1: Illustration showing two long-lived particles with different lifetimes decaying
into a pair of muons, depicting how the signals of the muons can be traced back to the
long-lived particle decay point using data from the tracker and muon detectors.

The work presented in this thesis was carried out at the Compact Muon Solenoid
(CMS) detector at the LHC, in proton-proton collisions with a center-of-mass energy of
/s = 13.6 TeV, the highest achieved till this point, making it the first search for BSM
physics at this energy [23]. A brief outline of the search is described below.

Particles produced in the hard interaction of colliding protons are usually associated
with a vertex at the beam spot position, known as the primary vertex (PV). The PV is
chosen to be the vertex with the largest momentum transfer — i.e., the largest scalar sum of
particle tracks associated with it. If the particles are produced immediately, forming tracks

with PVs at the beam spot, they are ‘prompt’ particles. A long-lived particle produced
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at the PV will travel some distance in the detector before decaying; in the context of
our analysis, the decay products are muons. Consequently, a pair of reconstructed muon
tracks are fit to a common secondary vertex (SV), which, depending on the average
decay length, may be displaced with respect to the PV. Muon pairs originating from an
SV are ‘dimuons’, and if their common origin is separated from the beam spot by more
than a few hundred micrometers, they are ‘displaced dimuons’. The individual muons of a
given dimuon are referred to as the muon ‘legs’ of the dimuon. One of the core capabilities
of the CMS detector is its ability to accurately detect muons and measure their properties.
As described in Section 3.3.9, the CMS detector is capable of reconstructing muons in two

ways:

o In the first method, we can use the hits in the muon system alone, giving us what
we call ‘standalone’ (STA) muons; all muons are first reconstructed as STA muons,
and therefore muons that are produced even beyond the inner detector layers (i.e.,

displaced muons) are reconstructed by this method.

o In the second method, we are able to use the information from the tracker in addition
to the muon system (TMS) to reconstruct muons to obtain much more precise
measurements of the muon trajectory and momentum. Muons that originate in the

tracker, close to the pp collision point, are reconstructed in this way.

Depending on whether the muons are produced within the tracker volume, they are
reconstructed as either STA or TMS muons. From the extrapolated tracks of these muons,
we can then reconstruct dimuon SVs of three kinds: STA-STA where both muons are
reconstructed in the muon system, TMS-TMS where both muons are reconstructed in
the CMS tracker, and STA-TMS where we have one STA and one TMS muon. An
illustration of these three categories is shown in Figure 5.1.

In the Run 2 search [22], these muons were extensively studied and robust identification
and selection criteria were developed to distinguish between signal and background events
with high sensitivity. This Run 3 search [23] builds on those well-proven ideas, using lessons
learned from the former to develop new triggers and refine the selection criteria, greatly
improving the sensitivity to signal events. The focus of this thesis is on the development
of the new triggers and on the analysis of the STA-STA category of dimuons. A detailed
description of the TMS-TMS category is not provided in this thesis; however, measurements
performed using TMS-TMS dimuons that are relevant to the trigger performance, or
the final results, are described in this chapter, and a brief overview of the TMS muon
identification and the selection criteria used to define the TMS-TMS signal region is
provided in Appendix B. Lastly, while the STA-STA category provides the most sensitivity
to LLPs decaying beyond 50 cm in the transverse place, and the TMS-TMS category
provides the best sensitivity for LLPs decaying within the tracker volume, up to 20 cm
in the transverse plane, the STA-TMS category provides only modest sensitivity gains

over the combination of these two categories in the intermediate range between 20-50 cm.
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In this search, we focus on the effectiveness of the new triggers to improve sensitivity to
the signal using only the STA-STA and TMS-TMS dimuons, even with a limited dataset,
while the STA-TMS category will be included in a future publication with the full Run 3
data.

To design the search, we use three common BSM benchmark signal models, introduced
in Section 2.3: the Hidden Abelian Higgs Model (HAHM) [42, 43], featuring an added dark
sector Higgs boson that mixes with the SM Higgs boson and decays into two long-lived
dark photons, which further decay into a pair of muons; a generic model featuring a heavy
scalar boson that decays into two spin-0 long-lived mediator particles [61], which can
then decay into muons; and an R-parity violating (RPV) SUSY model [55], featuring a
long-lived neutralino decaying into a pair of muons and a neutrino. Finally, we interpret

the results of this search in terms of the above two models.

5.1 Main discriminating variables

Figure 5.2 illustrates a typical LLP decay to muons and the key variables involved. The
key variables used in the analysis of STA-STA dimuons are described in the next section.

Figure 5.2 illustrates these key variables and their relationship to each other.

Transverse impact parameter d

The impact parameter, dy, is a key discriminant in the analysis and plays an important
role in both the trigger design and the analysis. It is defined as the shortest distance in
the transverse plane between the PV and the track of the muon extrapolated towards the
PV. Promptly produced muons have small values of dy, and their tracks are referred to as
‘pointing’ tracks, while muons produced with a displaced vertex tend to have large dy, and
have ‘non-pointing’ tracks. Figure 5.3 (top left) shows the distributions of the minimum
dy of the two muons, normalized to unity to facilitate the comparison of the shape, for

some selected simulated H — XX — 2pu27 signal points.

The transverse decay length, L,,

The distance between the PV and the SV in the plane transverse to the beam line is the
transverse decay length, denoted by L,,. We prefer to use the 2D measurement rather
than the 3D L,,, measurement due to the fact that the precision of the measurement
is much better in the transverse direction than along the longitudinal direction. LLPs
decaying at different L,, can have significantly different properties. For instance, decays
with Ly, < 10 cm take place in the innermost part of the tracker volume, leaving hits
in most tracker layers, and therefore, the muons are likely to be reconstructed in the
high-precision tracker. This class of events is subject to high rates of backgrounds from

processes such as dimuons from Drell-Yan decays, or muons emerging from the decays
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Figure 5.2: Diagram of the key variables used in the analysis. A long-lived particle is
produced at the primary vertex (PV) and travels some distance in the detector before
decaying into two muons (p; and ps), forming a common secondary vertex (SV). The
distance between these two vertices in the plane transverse to the beam line is referred to
as the transverse decay length, L,,. The angle between the Ijxy vector and the dimuon
transverse momentum vector, pr ,,,, is the transverse collinearity angle A®. The transverse
distance between the PV position and the point of closest approach of a muon to the
primary vertex is the transverse impact parameter dy. The diagram is reproduced from

Ref. [96].

of quarks produced in strong interactions. Decays with L;, > 100 cm, however, occur
outside the tracker acceptance. Muons from such decays can only be reconstructed using
the muon system. They have coarser resolution than tracks reconstructed with the tracker
but are also subject to a smaller background from particles produced at or very close
to the pp collision point. The normalized L,, distributions for some selected simulated

H — XX — 2u2j signal points are shown in Figure 5.3 (top right).

L,, significance, L,,/0(L,,)

The uncertainty in L,,, denoted by o(L,,), is calculated by combining the uncertainties
in the transverse positions of both the SV and the PV. The quantity L,,/0(L,,) is then
referred to as the ‘L, significance’, as it is a measure of the significance of the observed
displacement compared to zero in a Gaussian approximation. This quantity is large for
a well-reconstructed dimuon that corresponds to a long-lived particle decaying at some
distance away from the PV, as in signal events. In contrast, promptly produced background
events, such as those from Drell-Yan processes, are expected to result in dimuons with small

L, significance. It is, therefore, one of the main signal-background discriminating variables
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used in our analysis. Figure 5.3 (bottom left) shows the normalized L, distributions for

some selected simulated H — XX — 2u27 signal points.

Transverse collinearity angle A®

In general, the momentum vectors of the muons point in different directions than that of
the LLP, whose momentum is along the [_:my vector. For a typical two-body LLP decay as a
consequence of momentum conservation, as expected in the signal, the dimuon transverse
momentum vector, pr,,, is expected to be aligned with Exy. The collinearity angle in
the transverse plane, A®, is thus defined to be the angle between the dimuon transverse
momentum vector (pr,,) and the transverse decay length [_:xy. For a pair of muons
produced in the decay of a long-lived particle originating at the PV, the pr,, and Exy
vectors are expected to point away from the PV, and in the same direction, resulting in a
small |A®|. In contrast, in most types of prompt background events, the Ijmy measurement
is expected to be uncorrelated with pr,,, resulting in a |[A®| distribution that is symmetric
around 7 /2. A |A®| distribution that peaks at zero is therefore indicative of a signal and,
therefore, serves as a key discriminating variable between signal and background. This
variable is further explored in detail in Sections 5.5.8 and 5.6.1, showcasing its power in
discriminating between signal and background, as well as providing a method for estimating

prompt backgrounds in the signal region.

Other important discriminating variables

We also classify selected dimuons as opposite-sign (OS) or same-sign (SS) dimuons depend-
ing on the observed muon charges. While well-reconstructed signal dimuons are OS, many
of the background processes featuring small-|A®| OS dimuons also yield small-|A®| SS
dimuons, either because the processes are charge symmetric or due to incorrectly assigning
of the muon charge. Most of these muons are embedded in jets from QCD processes, and
B-meson cascade decays, and thus, the charge correlation between the muons is a useful
discriminating variable.

Muons emerging from cosmic ray showers in the atmosphere are effectively suppressed
by requirements on the 3D opening angle between the two muons, «, as well as requirements
on the timing of the muon with respect to the bunch crossing, i, out, and the direction of
flight of the muon. These selections are described in more detail in Section 5.5.7.

For signal events, the spectrum of observables depends on the model parameters. For
example, the masses of the particles, my and myx, and the LLP lifetimes, c7x, are free
parameters in the models we consider, and different values will produce vastly different
signatures in terms of the observables. This point is illustrated in Figure 5.3 for the

following scenarios:



62 The Search for Displaced Dimuons

e A heavy long-lived mediator, mx ~ my/2 with a large crx, for example with
(m(H),m(X),cr(X)) = (125,50,5000), results in a large L,,, a large dy (non-

pointing muons), and a large 3D opening angle a between the two muons.

e A heavy but short-lived mediator with mx &~ my/2 and small c7y, for example
with (m(H), m(X),cr(X)) = (125,50, 50), would result in small L,,, large o, and

generally smaller dy than the previous scenario.

A light long-lived mediator (producing boosted particles) with my << mpg/2 and
large cry, for example with (m(H), m(X), cr(X)) = (125,20, 1300), results in large

L,,, small a and small dy (pointing muons).
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Figure 5.3: Normalized distributions of min(dy) (top left), L,, (top right), L,,/0(Lyy)
(bottom left) and cos a (bottom right) in STA-STA dimuons, shown for three illustrative
scenarios in the H — XX — 2u2j signal model.

Figure 5.4 shows an event display of a typical simulated H — X X — 2u signal event
with an LLP decaying outside the tracker.

These variables do not by themselves characterize the signal processes completely
while rejecting every kind of background. However, a carefully optimized combination of
selection thresholds on these variables allows us to define signal regions (SRs) that are
highly sensitive to signal events while at the same time being nearly background-free. We

are also able to, by inverting some of the selections, obtain control regions (CRs) that
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Figure 5.4: Event display of a typical simulated H — X X — 2 signal event (z-y view). A
long-lived particle with m(X) = 350 GeV decays into two muons with generated transverse
momenta p " (u~) = 336 GeV and pT " (ut) = 184 GeV outside of the tracker, at (z,y) =
(-169.7 cm, 4.6 cm), giving L, = 169.9 cm. Both muons are reconstructed as STA muons
(shown in yellow) with reconstructed transverse momenta pi°(u~) = (448 £ 180) GeV and
P’ (p™) = (149 £ 29) GeV. These muons form a common vertex with L75¢ = 170.1 4 0.3
cm, and Ly, /0(Lgy)) = 597. The reconstructed dimuon invariant mass m,,, is 36480 GeV.
The reconstructed value of the collinearity angle in the transverse plane is |[A®| = 0.16.

are enriched in specific classes of backgrounds while being almost free of signal, allowing
us to estimate the background contribution that can leak into the signal regions due to
mismeasurement or misreconstruction effects.

It is possible to utilize these variables already at the trigger level to improve sensitivity
to the signal while rejecting prompt backgrounds. The following section describes the

design strategy, implementation, and performance of the triggers used in this search.
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5.2 New and Improved Displaced Dimuon Triggers

Triggers are the starting point for data collection in any analysis at the CMS.

The LHC can provide approximately a billion proton-proton collision events per second
to the CMS detector. It is impossible with the current technology to record and store all
the data that is produced. To facilitate high-quality data acquisition, the CMS experiment
has a two-tiered trigger system that utilizes both hardware (L1 Trigger, or L1T) and
software (High Level Trigger, or HLT) that captures the interesting events while filtering
out the vast majority of events that mostly consist of well-known physics, thus reducing
the data taking rate to manageable levels. The CMS trigger system is briefly described in
Section 3.3.6.

Well-performing triggers that are sensitive to the displaced dimuons signature are
particularly important to this search. Muon triggers in CMS have traditionally been
developed for muons that originate at, or very close to, the pp collision point. Their
performance would rapidly deteriorate for muons produced a significant distance away
from the beam spot, and are not efficient for L3 muons produced in the outer half of the
tracker. While events recorded by the triggers can be later studied and rejected in the
offline analysis selection, a signal event that is not recorded by the trigger is lost forever.

For the Run 2 search for displaced dimuons [22], we used dedicated HLT paths that
trigger on L2 muons, reconstructed using information only from the muon systems as
described in Section 3.3.8. In 2016, the HLT path (HLT_L2DoubleMu28_NoVertex_2Cha_A
ngle2p5 Mass10) used requirements largely inherited from the triggers used in the Run-1
displaced dimuon searches [57, 58]. The trigger was then reintroduced in 2018 in a revised
form (HLT_DoubleL2Mu23NoVtx_2Cha), using lowered pr thresholds (from 28 GeV to 23
GeV) and removing requirements (that the 3D angle between the muons is less than 2.5 rad,
and that the invariant mass of the two L2 muons is > 10 GeV) to make the triggers less
model dependent, which significantly increased the trigger efficiency in the Heavy Scalar
model. This HLT path uses the standard reconstruction of L2 muons. A complementary
HLT path (HLT_DoubleL2Mu23NoVtx_2Cha_CosmicSeed) was also introduced that used
an alternate L2 muon reconstruction with a cosmic-seeded initial state. The 2018 HLT
paths took as input the following L1 Trigger double muon and triple muon seeds, L1_Doub
leMu_15_7, L1_DoubleMu_15_5_SQ (which imposes a higher quality requirement on the
muon track fit), and L1_TripleMu_5_3_3.

For Run 3 data taking, the primary goal was to further improve the signal acceptance by
lowering the trigger py thresholds as much as possible, allowing us to be model-independent
without increasing the trigger rate significantly. We designed and optimized our trigger

strategy using lessons learned from the Run 2 search.
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5.2.1 Trigger Strategy

The main limitation of the Run 2 triggers is that the beam spot constraint in the L1
triggers caused a rapid degradation in the L1 trigger efficiency as the muon displacement
increased, as described in Section 3.3.8. Figure 5.5 shows this degradation, as a function
of dy, in cosmic muon data and signal simulation for each of the L1 trigger pr thresholds
used in 2016 and 2018.
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Figure 5.5: L1 muon trigger efficiencies in cosmic muon data (blue) and signal simulation
(red) as a function of dy for the L1 trigger pr thresholds used in (left) 2016 and (right)
2018 data. A detailed study of Run 2 efficiencies can be found in Ref. [29].

The efficiency fall-off is steeper for higher pr thresholds, mainly because of the beam
spot constraint in the L1 trigger, as it reconstructs displaced muons with a lower pr than
they actually have, thus falling below the threshold and failing the event. This inefficiency

can be addressed and improved in two ways:

o By removing the beam spot constraint in the track fit to give a more accurate pr

measurement for displaced muons.

e By lowering the L1 py thresholds in prompt-muon seeds so that even muons with
underestimated pr can pass the trigger. However, this would give substantially

higher rates and introduce more background events.

We employ both these strategies in the design of the triggers for Run 3. To determine
the signal efficiency and compare the gain with respect to the 2018 suite of triggers, we
use signal samples generated for the Hidden Abelian Higgs Model and the benchmark

Heavy Scalar model.

5.2.2 L1 Triggers

As a first measure, we employ two existing L1 double muon seeds, namely

e L1 DoubleMuOerlp5_SQ_0S_dR_Maxlp4
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e L1 DoubleMudp5_SQ_0S_dR_Maxlp2

These are designed for low-mass dimuons that originate in heavy flavor decays. These
seeds have much lower py thresholds, and make use of the L1 muon candidate quality
(based on the number of hits in different muon stations) and kinematic constraints on
Inl, AR between the two muons, and their charge to keep the rate manageable. These
seeds remain efficient for muons in our py range even at high dy, as their pr thresholds
are tolerant to the pr underestimation.

The second method was to include new L1 double muon seeds,
e L1 DoubleMuO_Uptlb5_Upt7
e L1 DoubleMuO_Upt6_IP_Minl Upt4

These L1 seeds are developed specifically for Run 3. These triggers use, for the first time,
L1 muons reconstructed without applying the beam spot constraint in the L1 muon track
finders. During 2022 data taking, both seeds use a Kalman filter [92] based track finding
in the barrel only (KBMTF, with |n| < 0.83). The KBMTF provides two new quantities —
the unconstrained pr (Upt), and the muon impact parameter dy (IP) — obtained from a
Kalman fit [105]. Due to the bit-size constraints in the hardware, the IP measurement
is available in four dy bins of 25 cm — [0, 25), [25,50), [50, 75) and [75, co). The L1_D
oubleMuO Uptl15_Upt7 seed is a replica of L1_DoubleMu_15_7 using unconstrained pr
instead of the regular (beam spot constrained) pr, while the latter L1 seed utilizes the IP
information by restricting dy > 25 c¢cm in order to lower the Upt to 6 GeV for the leading
muon, and 4 GeV for the sub-leading muon.

These two sets of L1T seeds were added in a logical OR combination to the seeds
already used in 2018. The Run 3 L1T configuration used in 2022 is listed in Table 5.1 and
illustrated in Figure 5.6.

The gain at L1 relative to the 2018 L1 triggers from the two sets of triggers is shown
in Figure 5.7, with gain from the displaced KBMTF-based L1T seeds added in OR to the
2018 L1T seeds shown in blue, and the gain from adding also the low py L1T seeds in OR
(resulting in the full 2022 L1T configuration) shown in purple. Here, we apply the 2018
HLT paths and the Run 2 analysis selection (detailed in Table 1 of Ref. [22]) to illustrate
the impact of the new L1 trigger strategy. The triggers recover significant efficiency at
larger lifetimes, with the UPT seeds improving the trigger efficiency by over 40%, while

the low pr dimuon seeds further improve the trigger efficiency by over 80%.

5.2.3 High Level Trigger

These L1 Trigger seeds serve as the input for the software-level trigger of CMS, the HLT.
To benefit from the lowered L1 py thresholds and the higher efficiency for displaced muons,
we use complementary trigger strategies at the HLT as well, together with the 2018 HLT
paths. This strategy is illustrated in Figure 5.8.
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L1 Trigger Seeds Requirements
L1 DoubleMu_15_7 (Constrained) muon pr: 15, 7 GeV
L1 DoubleMu_15_5_SQ (Constrained) muon pr: 15, 5 GeV
High Quality Muons
L1 TripleMu 5 _3_3 (Constrained) muon pr: 5, 3, 3 GeV
L1 DoubleMuOerip5_SQ_0S_dR _Maxip4 No muon pp thresholds
Muon |n| < 1.5
Opposite sign muons
AR, <14

High Quality Muons
L1_DoubleMudp5_SQ_0S_dR_Maxip2  (Constrained) muon pp: 4.5, 4.5 GeV
Opposite sign muons
AR, <12
High Quality Muons
L1 DoubleMuO_Uptl5_Upt7 (Unconstrained) muon pr: 15, 7 GeV
L1 DoubleMuO _Upt6_IP Minl Upt7 (Unconstrained) muon pr: 6, 4 GeV
Highest pr (leading) muon IP > 25 cm

Table 5.1: Description of the L1 seeds used in the Run 3 triggers. The first set of triggers
(top) were inherited from the Run 2 displaced dimuon triggers. The second set of triggers
(middle) was used in a related search in Run 2 [54] and has now been introduced in Run 3.
The last set of triggers (bottom) was designed for Run 3, using new displaced muon track
finders in the barrel (KBMTF) to measure muon pr and impact parameter without the
beamspot constraint.

5.2.4 Run 2 (2018)

We retain the HLT paths used in the Run 2 analysis with updated L1T seeds, listed here
for posterity:

e HLT_DoubleL2Mu23NoVtx_2Cha
e HLT _DoubleL2Mu23NoVtx_2Cha_CosmicSeed

These HLT paths require L2 muons that leave hits in at least two chambers of the
muon system (indicated by 2Cha) and have been reconstructed with a pr threshold of
23 GeV (without the beam spot constraint, as indicated by NoVtx). They do not have any
requirements on displacement and are thus sensitive to muons that emerge close to the
beam spot, as well as for muons produced beyond the tracker. The latter path uses the
cosmic-seeded variant of the L2 muon reconstruction (indicated by CosmicSeed). They
are labelled ‘Run 2 (2018)” in Figure 5.8.

5.2.5 Run 3 (2022, L2)

The first strategy, labelled ‘Run 3 (2022, L2)’ in Figure 5.8, implements some features of
the Run 2 offline analysis into the online trigger selection. Similar to the ‘Run 2 (2018)’
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Figure 5.6: The pr and phase space coverage of the 2018 Run 2 (blue) and 2022 Run 3
(red) L1 trigger seeds used in the search.

HLTs, these require two L2 muons in the event. However, we do not stop the online
reconstruction at the L2 stage but further attempt to reconstruct L3 muon candidates
as well (analogous to offline global muons), allowing us to take advantage of the superior
resolution of L.3 muons to determine the transverse impact parameter dy of the muon using
tracker information. If any of the two L2 muon candidates can be reconstructed as an L3
muon with dy < 1 cm with respect to the beam spot, the event is discarded (as indicated
by VetoL3MuODxyMaxicm in the path name). Such an L2 muon candidate is very likely to
originate from prompt background processes.

The resulting trigger paths,
e HLT DoubleL2MulONoVtx_2Cha_VetoL3MuODxyMaxlcm and
e HLT DoubleL2MulONoVtx_2Cha_CosmicSeed_VetoL3MuODxyMaxlcm

have much lower py thresholds of 10 GeV for both muons and significantly improve the
signal efficiency in the STA-STA category while only adding about 10 Hz of trigger rate.
Here, too, the latter path uses the cosmic-seeded variant of the L2 muon reconstruction,

indicated by CosmicSeed.

5.2.6 Run 3 (2022, L3)

The second strategy, labelled ‘Run 3 (2022, L3)’ in Figure 5.8, introduces new paths
relying on the online L3 reconstruction, described in Section 3.3.8. It was designed to
complement the ‘Run 3 (2022, L2)’ triggers, bringing elements of the offline TMS-TMS

category selection to the trigger and allowing us to use the higher precision measurements



5.2 New and Improved Displaced Dimuon Triggers 69

(each 4 = ct increasing) h- ZZD -2u 2X

2ZET T T T T T T T T 17 T T 1T 1T 1 T T T 17T 171
E== Full 2022 L1T ; : :
= 2018 L1T + UPT :

Gain

1.9
1.8
1.7
1.6
15
14
13
1.2
1.1

1
m, [GeV] 10 20 30 40 50 60

Figure 5.7: Gain in efficiency relative to 2018 from the sequential addition of the new
displaced KBMTF-based L1 triggers (blue) and the low py L1 triggers (purple) in the
HAHM signal samples. The latter is the full Run 3 L1 trigger configuration. The gain is
defined as the ratio of simulated events passing the OR of the L1 triggers added in 2022
with the 2018 L1 triggers to the events passing only the 2018 L1 triggers, after applying
the full Run 2 event selection [22]. The four divisions in each mass bin show ¢7(Zp) in
increasing order of magnitude, as listed in Table 4.2.

of the tracker to improve sensitivity to LLPs decaying within the tracker while at the same
time suppressing prompt backgrounds. We begin by requiring that the event have two L2
muons with pr thresholds of 15 GeV and 7 GeV for the leading and subleading muons,
respectively. We then require that these muons are also reconstructed as L3 muons, with
a moderate threshold on the impact parameter of each muon of dy > 0.01 ¢cm with respect
to the beam spot. The L3 muon p thresholds are kept relatively low, at 16 GeV for the
leading and 10 GeV for the subleading muon. The resulting trigger path,

e HLT DoubleL3Mul6_10NoVtx_DxyMinOpOlcm

significantly improves the signal efficiency in the TMS-TMS category while adding only 10
Hz of rate to the CMS trigger. Figure 5.9 illustrates the gain in HAHM signal at low pr,
achieved due to the new triggers.

The trigger efficiencies from the three sets of triggers, ‘Run 2 (2018)’, ‘Run 3 (2022,
L2)” and ‘Run 3 (2022, L3)’, in the HAHM signal samples with m(Zp) = 20 GeV are
shown in Figure 5.10. The ‘Run 2 (2018)’ set of triggers are most efficient at the shortest
lifetimes due to the fact that they do not cut on the displacement at all. The ‘Run 3 (2022,
L3)’ triggers provide a large gain in trigger efficiency, of about a factor of 2.5, between
0.01 cm and 20 c¢m, compared to the ‘Run 2 (2018)’ configuration. At lifetimes longer
than 20 c¢m, the improvement in trigger efficiency is driven by the ‘Run 3 (2022, L2)’ set
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Figure 5.8: The pr and dy coverage of the 2016 Run 2 triggers (light blue), 2018 Run 2
triggers (blue), and the new 2022 Run 3 triggers (red). The two values of the pr refer to
the trigger thresholds for the leading and subleading muon, respectively. The illustration
is reproduced from Ref. [23].

of triggers, providing a gain of up to a factor of 4, depending on m(Zp), relative to the
‘Run 2 (2018)’ configuration.

A similar gain is observed for the other HAHM mass points. Figure 5.11 shows the
trigger efficiencies for the ‘Run 2 (2018)" and ‘Run 3 (2022)’ set of triggers for each of the

mass points, for two lifetime points at ¢7(Zp) = 1 cm and 10 m.

5.3 Trigger Performance

The 2018 triggers were extensively studied during the Run 2 analysis [22, 29]. For the new
triggers, we studied the performance with prompt and displaced dimuons in 2022 data.
To verify that the triggers were effective at rejecting prompt dimuons while remaining
highly efficient in selecting displaced dimuons, we used a sample of TMS-TMS dimuons
recorded by the ‘Run 2 (2018)’ set of HLT paths that rely exclusively on information from
the muon detectors. As these paths do not impose a requirement on displacement or use
information measured in the tracker, they are well suited to measure the impact of the
online dy requirements applied to the new paths, as well as the correspondence of online
and offline dy measurement.

This can be illustrated in a known background sample: Drell-Yan events, with prompt
dimuons that have a reconstructed invariant mass distribution peaking at the Z boson
mass (Mz = 91.1880 £ 0.0020 [106]). Thus, we look at the invariant mass distributions
for TMS-TMS dimuons with L,,/o(L,,) < 1 in events recorded with the ‘Run 2 (2018)’
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Figure 5.9: The blue curve shows the distributions of the minimum pr of the two muons
for STA-STA dimuons (left) and TMS-TMS dimuons (right) in HAHM signal events that
pass the ‘Run 3 (2022)’ trigger configurations as well as the Run 2 analysis selection. The
black curve shows the subset of these events that pass the Run 2 trigger configuration,
illustrating the gain in signal sensitivity at low py achieved due to the new triggers.

trigger, and in the subset of events that also fired ‘Run 3 (2022, L3)’ trigger, shown in
Figure 5.12 (left). For this study, we use the HLT paths that use the standard L2 muon
reconstruction. Figure 5.12 (right) shows the efficiency of the latter trigger relative to
the former, which is defined as the ratio of these two distributions and is measured in
prompt events. As events in this selection are considered to be prompt background, the
background rejection factor is defined as the reciprocal of this efficiency. Due to the veto
on dimuons with online dy smaller than 0.01 cm, it is possible to reduce the prompt dimuon
background by a factor larger than 20, consequently keeping the total trigger rate below
16 Hz during 2022 data taking.

We measure the efficiency of the ‘Run 3 (2022, L.2)’ trigger in prompt and non-prompt
dimuons. To factor out possible inefficiencies arising from the L2 muon reconstruction in
the study, both HLT paths use the L2 muon reconstruction designed for cosmic-ray muons
(CosmicSeed). The veto — on L3 muons with dy < 1 cm matched to one of the L2 muons —
allows us to suppress events with prompt dimuons by a rejection factor better than 100 at
low mass, to 2000 at high mass, thus keeping the total trigger rate to below 10 Hz during
the 2022 data taking period, as shown in Figure 5.13.

To evaluate the efficiency of the L3 muon reconstruction, and the effect of the online
dy > 0.01 cm requirement for displaced muons, we use a similar strategy of studying the
min(dy) distribution in events recorded by the standard version of ‘Run 2 (2018)’ trigger,
and the subset of these events recorded by the ‘Run 3 (2022, L3)’ trigger, as shown in
Figure 5.14 (left). For this study, we use TMS-TMS dimuons enriched in J/¢ — pup
candidates with an invariant mass of 3.0 < m,, < 3.2 GeV. These events contain prompt
as well as displaced dimuons, and illustrate the efficiency of the trigger as a function of
the displacement as well as the effect of the dy turn-on at 0.01 cm, shown in Figure 5.14
(right). The efficiency is higher than 90% for displaced dimuons with dy > 0.012 c¢m in all
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Figure 5.10: Efficiencies of the various displaced dimuon trigger paths and their combination
as a function of ¢r for the HAHM signal events with m(Zp) = 20 GeV. The efficiency is
defined as the fraction of simulated events that satisfy the detector acceptance and the
requirements of the following sets of trigger paths: the Run 2 (2018) triggers (dashed
black); the Run 3 (2022, L3) triggers (blue); the Run 3 (2022, L2) triggers (red); and the
OR of all these triggers - Run 3 (2022) (black). The lower panel shows the ratio of the
overall Run 3 (2022) efficiency to the Run 2 (2018) efficiency. Reproduced from Ref. [23].

data-taking eras, demonstrating its stability over time, with a background rejection factor
of up to 20 in prompt dimuons having min(dy) close to zero.

We also performed an efficiency measurement independent of the Run 2 dimuon
triggers to eliminate any biases from that preselection. We repeated the measurement
using J/¢ — pp events in a dataset comprised of events recorded by triggers based on
jets and E7* (‘JetMET’ dataset). The efficiencies are defined as the subset of J/¢ — ppu
events in the full 2022 JetMET dataset that fired the ‘Run 3 (2022, L3)’ trigger. The
measurement is compared with the efficiency in simulation, defined as the fraction of
events in this dataset that fired the same trigger path, obtained by combining all simulated
samples of B hadrons that decay into J/¢ — ppu, listed in Section 4.3. About 80% of the
events in the combined sample are from the B; — J/1¢ sample. Figure 5.15 shows trigger
efficiencies as a function of min(pr) (top left), max(pr) (top right), and min(dy) (bottom).
In each measurement, the other two variables are required to be at the trigger efficiency
plateau. The efficiencies reach a plateau close to 65% in data and 70% in simulation,
for min(pr) > 12 GeV, max(pr) > 18 GeV, and min(dy) > 0.015 cm, which corresponds
to what is expected given the pr and dy thresholds in the trigger. This inefficiency is
enhanced in the case of J/1) — uu events, as they typically have 0.05 < AR(up) < 0.15.
The data-to-simulation efficiency scale factor and the corresponding systematic uncertainty

derived from this measurement are discussed in Section 5.7.
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Figure 5.12: The invariant mass distributions (left) of TMS-TMS dimuons with
L,,/o(Lyy,) < 1 are shown in events recorded by ‘Run 2 (2018)" trigger (black), and
the subset of these events that also fired the ‘Run 3 (2022, L3)’ trigger (blue) — both of
which employ the standard version of the L2 muon reconstruction at the HLT. The ratio
of these two distributions (right) shows the rejection of prompt background events by the
‘Run 3 (2022, L3)’ trigger. Reproduced from the supplementary material provided for

Ref. [23].
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Figure 5.13: The invariant mass distributions (left) of TMS-TMS dimuons with
L,,/o(Lyy,) < 1 are shown in events recorded by the ‘Run 2 (2018)’ triggers (black),
and the subset of these events that also fired the ‘Run 3 (2022, L2)’ triggers (pink), both
of which employ the cosmic-ray muon seeded versions of the L2 muon reconstruction. The
ratio of these two distributions (left) shows the rejection of prompt background events
by the ‘Run 3 (2022, L3)’ trigger. Partially reproduced from the supplementary material
provided for Ref. [23].
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Figure 5.14: The min(dy) distributions (left) in TMS-TMS dimuons enriched in J/¢ — uu
events with 3.0 < my, < 3.2 GeV are shown, recorded with the standard version of the
‘Run 2 (2018)’ trigger (black), and the subset of events that also fired ‘Run 3 (2022, L3)’
trigger (blue). The efficiency of the ‘Run 3 (2022, L3)’ trigger path (right), defined as
the ratio of these two distributions, is shown in the various data-taking eras represented
by different colors. Partially reproduced from the supplementary material provided for

Ref. [23].
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Figure 5.15: The efficiency of the ‘Run 3 (2022, L3)’ trigger as a function of the min(pr)
(top left), max(pr) (top right), and min(dy) (bottom) for TMS-TMS dimuons with
3.0 < my, < 3.2 GeV, recorded in the 2022 JetMET dataset (black), and in a combination
of simulated samples of non-prompt J/¢¥ — pp events produced in B hadron decays
(yellow). Reproduced from the supplementary material provided for Ref. [23].

To evaluate the performance of the ‘Run 3 (2022, L2)" set of HLT paths, namely the
efficiency of selecting L2 muons that are not associated to L3 muons with dy < 1 cm, we
use STA-STA dimuons that have a 3D opening angle compatible with a cosmic-ray muon
traversing the CMS detector. The veto on the matched L3 muons is sensitive to activity
in the tracker. Thus, we only use cosmic-ray muons taken in collision runs recorded by
the ‘Run 2 (2018)" triggers. The STA-STA dimuon min(dy) distributions for this reference
trigger, and the subset of events recorded by the ‘Run 3 (2022, L2)’ trigger, are shown
in Figure 5.16 (left). Here, too, we use the cosmic-ray muon seeded versions of the two
triggers. The efficiency of the latter in displaced dimuons, defined as the ratio of these
two distributions, is shown in Figure 5.16 (right). It is higher than 95% for dimuons
up to min(dy) ~ 350 cm in all data-taking eras. The sharp drop in efficiency in the
reference trigger is a feature of the cosmic-ray trajectories reaching CMS. For larger d,
the cosmic-ray muons usually enter parallel to the CSC, or they do not reach the DTs in
the lower hemisphere. The residual inefficiency is dominated by the accidental matching
between an L2 muon produced by a cosmic ray and a collision L3 muon and is essentially
independent of min(dp).
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Figure 5.16: The min(dy) distributions (left) in STA-STA dimuons enriched in cosmic-
ray muon events with back-to-back reconstructed muons are shown, recorded with the
‘Run 2 (2018)’ trigger (black), and the subset of events that also fired ‘Run 3 (2022, L2)’
trigger (pink) - both of which employ the cosmic-ray muon seeded version of L2 muon
reconstruction. The efficiency of the ‘Run 3 (2022, L.3)’ trigger path (right), defined as
the ratio of these two distributions, is shown by the various data-taking eras represented

by different colors. Partially reproduced from the supplementary material provided for
Ref. [23].
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Figure 5.17: The min(pr) distributions (left) in TMS-TMS dimuons enriched in J/¢ — pp
events, with 3.0 < m,, < 3.2 GeV are shown, recorded with the standard version of the
‘Run 2 (2018)’ trigger (black) and the ‘Run 3 (2022, L3)’ (blue) trigger. The min(pr)
distributions (right) in STA-STA dimuons compatible with a cosmic-ray muon track are

shown, recorded with the cosmic-ray muon seeded version of the ‘Run 2 (2018)" (black)
and the ‘Run 3 (2022, L2)’ (pink) triggers.
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Finally, we verify that the new triggers extend the muon pr spectrum from 23 GeV
down to 10 GeV for displaced muons. Figure 5.17 (left) shows the min(py) distribution
for TMS-TMS dimuons with min(dy) > 0.02 cm and 3.0 < m,,, < 3.2 GeV recorded by
the standard version of the ‘Run 2 (2018)’ and the ‘Run 3 (2022, L3)’ triggers. Similarly,
Figure 5.17 (right) shows the min(pr) distribution for STA-STA dimuons compatible with
a cosmic-ray muon track, as recorded by the cosmic-ray muon seeded versions of the ‘Run 2
(2018)” and the ‘Run 3 (2022, 1.2)’ triggers. For pr > 23 GeV, by design, the data recorded
by the new Run 3 triggers overlap with the Run 2 triggers, while for 10 < pr < 23 GeV,
the new triggers recover the natural shape of the min(pr) spectrum, confirming the trigger

complementarity illustrated in Figure 5.8.

5.4 Muon reconstruction and selection

We search for vertices formed by an intersection of the trajectories of two opposite-sign
muons, separated from the PV by displacements between several hundred micrometers
to several meters. Different muon reconstruction algorithms give optimal performance at
different ranges of displacements, as described in Section 3.3.9. Muons produced near the
PV can be accurately reconstructed by using commonly used algorithms developed for
prompt muons that combine measurements in the tracker and the muon system, such as
the global-muon and tracker-muon reconstruction algorithms. Such muons are referred
to as TMS muons in this analysis. However, the efficiency of these algorithms decreases
rapidly as the distance between the PV and the muon origin increases, falling to zero
when L, exceeds 60-70 cm. In contrast, muons produced in the outer tracker layers
and beyond can still be efficiently reconstructed by standalone (SA) muon reconstruction
algorithms that use only hits in the muon system. SA algorithms can reconstruct muons
with L,, of up to a few meters, but they have poorer spatial and momentum resolution
(with a pp resolution between 20% and 30%) than muons reconstructed using more precise
information from the silicon tracker (with a pr resolution in the range of 1-3%).

To benefit from the advantages offered by both types of algorithms, and to follow the
trigger strategy, we begin the muon selection with the algorithm that is most efficient
for the whole range of displacements (i.e., STA muons) and substitute them with more
accurately reconstructed global and tracker muons (i.e. TMS muons) whenever such muons
are available. STA muons that satisfy a few basic quality requirements form the initial
list of the muon candidates retained for the analysis. We then attempt to match each
standalone muon in the list with a global or a tracker muon. If a matched global or tracker
muon is found, it replaces the associated standalone muon in the list of muon candidates;
otherwise, the original standalone muon is retained in the list. Therefore, the analysis uses

the optimal combination of standalone and global/tracker muons.
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5.5 Event Selection

The large backgrounds are reduced as much as possible by a careful optimization of
the event, muon, and dimuon selection, which was performed for the Run 2 analysis as
described in Section 4 of [22]. A summary of the selection criteria used in the Run 2
analysis is shown in Table 1 of the same reference. Most of the selection criteria are
unchanged. The following sections provide insight into the selection criteria, notably the
STA to TMS muon association (Section 5.5.2), the STA and TMS muon identification
criteria (Section 5.5.3), the muon pairing algorithm (Section 5.5.5), and criteria used to
reject cosmic ray muons (Section 5.5.7). The most important changes with respect to
the Run 2 analysis are the addition of the STA muon isolation (Section 5.5.4), and the
introduction of two different signal regions in terms of the A® selection (Section 5.5.8). All
changes made with respect to the Run 2 analysis are highlighted in the following sections

and summarized in Section 5.5.11.

5.5.1 Event Preselection

The preselection begins by requiring that the event is selected by at least one of the trigger
paths described in Section 5.2 and has at least two STA muons, each containing more
than 12 valid hits in the DT or the CSC:

N (hits) = N(DT hits) + N(CSC hits) > 12 (5.1)

The N (hits) requirement rejects muon tracks composed of one single DT segment in the
barrel, or one or two CSC segments in the endcaps. Such short tracks often originate from
hadron punch-through and other background sources. The fraction of signal muons failing
the cut is in the range of 1-2%, depending on the signal sample.

Next, we loop over all pairs of HLT Level 2 muons that triggered the event and
require that at least one pair of these match the STA muons reconstructed offline having
pr > 10 GeV and |n| < 2.0, with AR = \/(An)2 + (A¢)? < 0.4. This requirement,

identical to the one used in the Run 2 analysis [22], suppresses events that are triggered

on due to muons not related to the signal and allows us to perform trigger efficiency
measurements in the analysis. For HLT paths having both Level 2 and Level 3 muons, we
only require matching of the STA muons with the Level 2 muons. The number of signal
events that pass the trigger but are rejected by this cut varies between 1 and 5%; most
of the efficiency loss occurs for the low-mass samples with one or two muons that have
pr < 10 GeV but are reconstructed online with a py exceeding the trigger thresholds.
The HLT matching requirement ensures that the trigger decision is confirmed using
objects reconstructed offline for each event. However, we do not require the selected

dimuons to be formed from pairs of trigger HLT muons, allowing the analysis to also be
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sensitive to 4y final states in which all four are considered signal muons, but only two of

the four muons pass the trigger.

5.5.2 STA to TMS Muon Association

We then try to establish whether a particle that gave rise to a preselected STA muon was
also seen in the tracker and reconstructed as a TMS muon. The list of candidate TMS
muons consists of all muons that are reconstructed as either global muons, arbitrated
tracker muons, or both. Most muons are successfully reconstructed by both algorithms.
Candidate TMS muons are associated with STA muons when they satisfy at least one of

the two matching criteria:

o Segment-based matching: We consider a TMS muon matched to an STA muon
if two-thirds or more of the muon segments used to build the STA muon are also

used to reconstruct the TMS muon.

o Proximity match: We consider a TMS muon matched to an STA muon if AR =
\/(nhit - T/pca)2 + (gbhit - gbpca)2 < 017 where

— it and ¢y are the coordinates of the innermost hit of the STA muon

— Mpea a0 @pn are the coordinates of the point of closest approach of the TMS

muon to the innermost hit of the STA muon.

If an associated TMS muon is found, it replaces the corresponding STA muon in the
list of muon candidates used for further analysis. The STA and TMS muons then have
to satisfy additional quality selection criteria. Muons passing the quality cuts are used
to build three categories of dimuons: STA-STA, STA-TMS, and TMS-TMS, which are
analyzed separately. The STA to TMS muon association procedure eliminates most of the
background to STA-STA dimuons from LLP decays outside of the tracker (in which case
all STA to TMS muon associations can only be accidental) and significantly increases the
sensitivity to LLP decays in the tracker, due to the far superior resolution of TMS muons
compared to that of STA muons.

Ensuring that the matching procedure is both highly efficient (muons that should be
associated actually are) and highly pure (muons that should not be associated are not)
requires some care. The matching algorithm, developed for the Run 2 analysis, is the
result of several iterations of tuning, making use of the simulated background and signal
samples as well as Run 2 data in the signal-free regions. TMS muons possess a much
larger number of handles for suppressing background than STA muons and, therefore,
a higher purity. Thus, the matching criteria are kept loose to improve the efficiency of
the matching. In particular, we do not apply any explicit pr or n requirements to the

candidate TMS muons used by the association algorithm.
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Figure 5.18 illustrates the effect of the STA to TMS muon association procedure on
the event selection, showing the fraction of H — 2Zp; Zp — 2u signal events with zero
(STA-STA), one (STA-TMS) and two STA muons matched to TMS muons (TMS-TMS) as
a function of true L,,. In the simulated signal samples, almost all dimuons produced close
to the PV have both STA muons matched to TMS muons. The fraction of these events
rapidly decreases with L following the L., dependence of the tracker reconstruction
efficiency. Events with only one matched STA muon start to dominate at L§7" = 20 cm
and remain the dominant component up to approximately 50 c¢m, after which events with
no STA to TMS muon matches dominate, constituting the vast majority of events outside
the tracker acceptance. For LLP decays outside the tracker acceptance, L§" > 65 cm,
the fraction of events removed from the STA-STA category is 10% or less, indicating
that the rate of accidental STA to TMS muon matches does not exceed 5%. As a result,
the association procedure gives rise to three categories of dimuons, each dominating in a

certain L, range:

o TMS-TMS: two STA muons matched to TMS muons, dominating at small SV

displacements, L,, < 20 cm.

e STA-TMS: one STA muon matched to a TMS muon, sensitive at intermediate SV
displacements 20 < L, < 50 cm.

e STA-STA: no STA muon matches to TMS muons, dominating at large SV displace-

ments, L,, 2 50 cm.

The full details of the STA to TMS muon association procedure remain unchanged
since the Run 2 analysis [22] and are described in Ref. [96]. The procedure is highly
effective in suppressing pp collision backgrounds in the STA-STA category. Studies using
Run 2 MC background events in the tails of the L,,/o(L,,) and L,, distributions showed
that practically all of them are due to prompt muons poorly measured by the STA
reconstruction. Since these prompt muons are usually also reconstructed as TMS muons,
the STA to TMS association procedure results in a dramatic suppression of pp collision
backgrounds in the STA-STA category.

In 2022 data, there are 11.7 million STA-STA dimuons with |[A®| > 7 /2 that are not
rejected by the cosmic-veto requirements (Section 5.5.7), but only 2581 of them remain
in the STA-STA category after the STA to TMS muon association procedure, as shown
in Figure 5.19 The corresponding background-rejection factor obtained — defined as the
ratio of these two numbers — is about 4500 and can be compared to that of the trigger
background-rejection factor for the ‘Run 3 (2022, L2)’ set of triggers tailored for the
STA-STA category, which is between 100 and 2000 as shown in Figure 5.13. As the STA
muon reconstruction is independent of the TMS muon reconstruction, these events allow us
to form a powerful control region in the STA-STA category consisting of STA-STA dimuons
with associated TMS-TMS dimuons (denoted by ‘STA*-STA*’). We benefit from the
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Figure 5.18: Fraction of signal events with zero (green), one (blue), and two (red) STA
muons matched to TMS muons by the STA to TMS muon association procedure, as a
function of the generated L, in the combined H — 2Zp — 24 signal samples. The signal
dimuons shown in the plot are required to be composed of STA muons with N (hits) > 12
and pr > 10 GeV. In addition, both STA muons have to be matched to generated muons
from LLP decays.

superior resolution of these associated TMS-TMS dimuons, and can thus obtain samples
enriched in specific types of background and study the properties of the corresponding
STA-STA dimuons.

Figure 5.20 compares the L,, resolution of STA-STA dimuons before the STA to TMS
muon association with that of TMS-TMS dimuons composed of TMS muons associated
with STA muons by the matching procedure, in H — 2X — 2u2j events passing the
preselection requirements. The quantity plotted is the standard deviation o of a Gaussian
fit to the L5 — L&" distribution of dimuons with both reconstructed muons matched to
generated signal muons. The L, resolution of TMS-TMS dimuons is better than that of
STA-STA dimuons by about three orders of magnitude, thanks to the excellent resolution
of the tracker. The L,, resolution for STA-TMS dimuons (not shown) is very similar to
that of STA-STA dimuons. In each dimuon category, the resolution depends mainly on
the opening angle between the muons and on the dimuon transverse displacement.

The three dimuon categories have different spatial and momentum resolutions and are
subject to different backgrounds. Therefore, they need to be analyzed separately. This
thesis focuses on the STA-STA category only, which is sensitive to the longest lifetime
LLP decays in a mostly background-free regime. Thus, the event selection, as well as the
background estimation and prediction methods for the STA-STA category, are discussed

in detail here. However, it is often instructive to discuss interesting observations in the
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Figure 5.19: Distribution of the minimum impact parameter, min(dy), of the two STA
muons in all events that survive the selections that reject cosmic muons (black), as well
as events that remain in the STA-STA category after the STA to TMS muon association
and replacement procedure (blue). This demonstrates the effectiveness of moving the vast
majority of prompt dimuon events from the STA-STA category to the TMS-TMS category,
where we can benefit from the more precise measurements to discriminate between signal
and background events.

TMS-TMS category as well. The results of the STA-STA and TMS-TMS categories are
statistically combined for the final result.

The event selection starts by requiring that the event passes the preselection require-
ments described in Section 5.5.1. In the next step of the analysis, criteria on muon quality
are applied to the STA and TMS muons for identification.

5.5.3 STA Muon Identification

The initial list of STA muon candidates entering the STA to TMS muon association
procedure discussed in Section 5.5.2 consists of STA muons that have pr > 10 GeV and
N (hits) > 12, as described in Section 5.5.1.

To further suppress poorly reconstructed prompt STA muons, which represent the
main source of background to STA muons from LLP decays, additional STA muon quality
requirements are needed. A standard set of requirements to select good-quality STA
muons did not exist prior to the Run 2 analysis, and the analysis team developed a
custom set of identification criteria. These criteria were subsequently adopted by CMS as
the recommended set of identification criteria for all analyses using STA muons and are

described in this section.
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Figure 5.20: Sigma of a Gaussian fit to the L35 — L&T distributions of STA-STA dimuons
before the STA to TMS muon association (dark red) compared to that of TMS-TMS
dimuons composed of TMS muons associated with STA muons by the matching procedure
(bright red). Each bin includes dimuons passing the preselection requirements in one of the
33 H — 2X — 2p2j samples with a given combination of signal parameters (m(H ), m(X)).
The c7 values (not labeled) for each combination of (m(H), m(X)) are listed in Table 4.3

and are shown in decreasing order, i.e., longest to shortest.
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The STA muon identification criteria were optimized using simulated signal and
background samples, as well as samples of prompt STA-STA dimuons misreconstructed as
displaced (with L, /0(L,,) > 3) in the signal-free regions in 2016 data, namely, dimuons
with |[A®| > 7/2 and SS dimuons. Thus, the STA muons are required to meet the

following:

o A relative pr uncertainty less than 100%, where o(pr) is the uncertainty of the muon
track fit: o(pr)/pr < 1.0

e x?/dof of the muon track fit less than 2.5: x2, . /dof < 2.5.

« More than 18 DT hits for muons reconstructed only in the barrel: N(DT hits) > 18
for muons with N(CSC hits) = 0.

o Time with respect to bunch crossing less than 12 ns, obtained from the STA muon:
|tin—0ut| < 12 ns.

e The muon is identified as travelling outwards, setting its direction flag to

direction=+1 (‘inside-out’).

Further details on the optimization of the above cut values in terms of signal efficiency
and background are provided in [29, 107]. For the Run 3 analysis, the cut values remain

the same as in Run 2.

5.5.4 STA Muon Isolation

In the Run 2 search, a custom isolation variable was introduced for the STA muons, I35,
defined as the scalar sum of the transverse momenta of tracker tracks in a cone of AR < 0.3
around the STA muon (whose trajectory is extrapolated to the point of closest approach
to the primary vertex), divided by the STA muon pr.

Due to the low backgrounds in the Run 2 search after the STA to TMS muon association,
explicit requirements on the STA muon isolation were not needed, and thus, we retained
sensitivity to models predicting non-isolated displaced muons. The introduction of the
new HLT paths with lower pr thresholds in Run 3 greatly increases the efficiency for the
signal, however it also enriches our sample with low py muons originating from hadronic
activity, for example from semileptonic b and ¢ quark decays in multijet QCD events. To
effectively suppress this background, for the search with 2022 data, we apply an isolation
criterion to the STA muons.

Dimuons from such backgrounds are often reconstructed as SS dimuons embedded in
jets; thus, selecting SS dimuons provides a CR to optimize a threshold on the STA muon
isolation variable. This threshold was optimized using SS dimuons in data and events
passing the full selection except for the requirements on I5%, in MC signal samples as
shown in Figure 5.21, and found to be I%$, < 0.15. The signal efficiency of this requirement
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is higher than 90% while reducing the QCD background by about 50% in SS events. A
tighter threshold, such as 0.1, would introduce a significant efficiency loss of up to 20%.

The ‘N-1’ efficiency of a given selection cut is defined as the ratio of the number of
events passing the event selection including the cut, to the number of events passing the
event selection except the cut. Figure 5.22 shows the ‘N-1" efficiency for different values of
STA isolation cut tested during the optimization, in the HAHM (left) and RPV SUSY
(right) signal models.
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Figure 5.21: Distribution of the maximum of the two I5%, values for STA-STA dimuons
in the SS |A®| < 7/4 control region in data and in all HAHM signal samples combined in
the signal region.
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Figure 5.22: The ‘N-1" cut efficiencies of different max(I5%,) requirements for STA-STA
dimuons in each of the HAHM (left) and RPV SUSY (right) signal samples. The dimuons
are required to pass the full set of the STA-STA selection criteria, except for the isolation.

The addition of the STA muon isolation criteria also allows us to construct a new

QCD-enriched control region in our Run 3 analysis, described in detail in Section 5.6.3,
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consisting of opposite-sign (OS) STA-STA dimuons with |[A®| < 7/4 passing all analysis

cuts and inverting the STA muon isolation requirement to evaluate the QCD background.

5.5.5 Common Vertex Fit and Muon Pairing Criteria

At the next step of the analysis, pairs of muons passing the muon identification criterie are
used to form the dimuon candidates. The n selected STA muons combinatorially give rise
to n(n — 1)/2 possible pairs of distinct muons, all of which are initially considered. We
then require that the distance of closest approach (DCA) of the two muon tracks helically
extrapolated in the magnetic field is less than 15 cm. This is a loose requirement to ensure
that the common vertex fit is not attempted on a pair of tracks that are far away from
each other.

Each pair of selected muon tracks is fit to a common secondary vertex. This common
SV fit is performed using the Kalman Vertex Fitter algorithm [92]. While the default
implementation in the CMS analysis software restricts the location of the fitted vertex to
be approximately within the boundary of the silicon tracker, we extended this range to
the beginning of the muon system, allowing us to efficiently reconstruct a common SV
for particles decaying outside the tracker, as was done in the Run 1 displaced dimuon
analysis [57]. The common SV fit is required to converge, as it is used to define dimuon
quantities such as transverse decay length.

The efficiency in the Run 2 search for the common SV fit to converge was close to 100%
for STA-STA dimuons with L,, up to ~ 330 cm. The highly displaced vertices beyond
this point were affected by a bug in the vertex fitting that did not account for the fact
that the magnetic field changes sign, thereby anomalously assigning the o(L,,) a value of
100 cm. In the Run 3 search, we updated and reoptimized the SV fit and achieved a near
100% efficiency for L,, up to 500 cm. Figure 5.23 shows the anomalous o(L,,) = 100 cm
assignment (left) for vertices beyond 330 cm before the update, and the improved SV fit
(right) for vertices up to 500 cm after the update. Figure 5.24 shows the common SV fit
efficiencies as a function of the generated (true) L,, before (left) and after (right) the
update.

The common SV fit refits the input tracks such that they are consistent with originating
from a common vertex. These refitted tracks have better pr resolution than the original
tracks. Therefore, all kinematic quantities used in the analysis (such as muon pr and
dimuon invariant mass) are obtained from the refitted STA muon tracks unless specified
otherwise. Since the parameters of these refitted tracks are defined at the common-vertex
position, these kinematic quantities can be directly compared to the true signal quantities
in the generated signal events.

If more than two muons pass the identification criteria, multiple dimuons can be formed,
including those that share one of the two muons. Thus, it is important to efficiently choose
the reconstructed dimuons that correspond to the signal dimuons. The best performance

was achieved with the muon pairing algorithm developed for the Run 2 analysis, depicted
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Figure 5.23: 2D distributions of 0(Ly,) vs. Ly, in H — XX — 2u2j signal events, showing
fitted SVs beyond 330 cm reconstructed with an anomalous assignment of o(L,,) = 100 cm
before the fix (left), in comparison to well-fitted SVs up to 500 cm after the fix (right).

in Figure 5.25. Up to four highest-p;r muons are selected among those passing all muon
identification requirements (including pr > 10 GeV). These muons can combinatorially
yield up to 6 dimuons, after the DCA and vertex fit convergence requirements. The pairing
criteria chooses up to 2 dimuons among the formed dimuons. In events with three muons,
choosing a dimuon with the smallest vertex y? yields the highest efficiency in selecting
signal dimuons. In events with four or more muons, the highest efficiency is achieved by
selecting the pair of dimuons with the smaller summed vertex x? among all distinct pairs
of dimuons that can be formed from the four highest pr muons in the event.

The muon pairing algorithm is applied separately for each of the three dimuon categories,
and only STA muons are considered for pairing in the STA-STA category. While up to
6 dimuons can be found in an event at this stage, in practice, the number of dimuons
rarely exceeds 2 or 3. If more than two dimuons are found, only the two dimuons with
the least vertex x? are kept for further analysis, and the full selection criteria are applied
to each of them independently. When choosing the best two dimuons in all categories
combined, we ensure multiple dimuons do not include the same STA muons. To achieve
this, we suppress dimuons that share a muon with another dimuon having a smaller vertex
x2. Thus, the efficiency of picking up the right dimuon is close to 100% for the 2y signal
samples, and 85-95% for the 4y signal samples.

5.5.6 Dimuon Vertex

Background from dimuons formed from unrelated muons are suppressed by requiring
the common vertex fit x¥? of the dimuons chosen by the pairing criteria to be below a
certain threshold. Since y? distributions in data are known to be difficult to reproduce
accurately in simulation, the requirements on the vertex are deliberately chosen to be

loose, leaving the signal efficiency almost intact. The optimal values of the thresholds
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Figure 5.25: Flowchart depicted the muon pairing procedure. Reproduced from Ref. [96].

were chosen separately in each of the dimuon categories and were found to be x2, . < 10
in the STA-STA category.

After extending the common vertex fit in the STA-STA category to L, ~ 5 m in Run 3,
we observe STA-STA dimuons in the |[A®| > 37/4 control region with a large uncertainty
in the transverse decay length o(L,,), shown in Figure 5.26. In order to suppress such
dimuons, we add a new requirement, o(L,,) < 20 cm in this category. It is more than 99%
efficient for signal events while removing most (10 out of 13) of the background events in

this control region.

5.5.7 Rejection of cosmic-ray muons

Cosmic rays are high-energy particles originating from outer space, from highly energetic
astrophysical events like supernovae. When these primary cosmic rays enter the Earth’s

atmosphere, they interact with the nuclei of atoms in the upper layers of the atmosphere,
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Figure 5.26: Distributions of o(L,,) for opposite-sign STA-STA dimuons with |A®| > 37 /4
in 2022 data, and in simulated HAHM signal events passing the full event selection, except
for any requirement on o(L,,).

initiating a cascade of secondary particles, including pions, kaons, and photons. Charged
pions and kaons further decay into muons and neutrinos. While other particles (except
neutrinos) decay or are absorbed in the atmosphere, muons, due to their long lifetimes
(7(p) =~ 2.2 ps) and relatively weak interaction with matter, constitute a continuous flux
of charged particles, towards the Earth’s surface, and can even reach the CMS detector.
A cosmic muon passing through the detector within the acceptance of the muon system
is often reconstructed as two back-to-back muons, with one appearing in the upper half
and the other in the lower half of the detector. Dimuons formed from such muons are
usually displaced from the PV and may constitute an important source of background in
this analysis, in particular in the STA-STA category.

Some of the cuts already described so far already help in reducing the cosmic-ray
backgrounds. In particular, the timing and direction cuts described in Section 5.5.3
successfully reject most cosmic-ray muons due to two main factors: (a) at least one of the
muon legs is typically early or late with respect to the nominal bunch-crossing time, and
(b) one muon leg is typically facing in the ‘outside-in’ direction with respect to the center
of the detector, in contrast to collision muons where both muons are reconstructed in the
‘inside-out’ direction. Further, the DCA requirement helps suppress dimuons that are
formed from the two legs of different cosmic-ray muons in events with cosmic-ray-induced
muon showers.

The remaining cosmic-ray background events are efficiently suppressed by requiring a
threshold on the 3D opening angle between the two muons, a < 2.7 rad (or equivalently,
cosa > —0.9) in the STA-STA category. Figure 5.27 shows the distribution of cos « for

signal events passing the selection criteria in all HAHM samples combined and in data
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enriched in cosmic muons by requiring that the muons be out-of-time, in events that
otherwise pass the selection criteria except for the threshold on cos «, demonstrating that

the applied threshold effectively suppresses the vast majority of cosmic-ray muons.
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Figure 5.27: Distribution of cos a in events passing the selection criteria in all HAHM
signal events combined (blue) and in cosmic-enriched data consisting of out-of-time muons
(black) in events that otherwise pass the selection criteria except for the cosa > —0.9
requirement.

This cos a requirement does not, however, reject one particular class of cosmic muon
background events — when a cosmic muon with a large incoming angle crosses the detector
diagonally. A cosmic muon of this type can lead to multiple STA muons, each reconstructed
from a small number (1 or 2) of segments. Such muons are poorly measured, and are
not necessarily back-to-back to each other, and can mimic signal-like displaced dimuons.
To suppress such events, we reject all STA-STA dimuons with N (dimuon segments) < 5,
with N(dimuon segments) being the sum of the number of segments belonging to each
STA muon in the dimuon. This requirement is inherited from the Run 2 search and is
99% efficient for signal events in the STA-STA category.

Another class of cosmic-ray background arises from events involving multiple cosmic-
ray muons produced in an atmospheric shower. Such events typically produce a large
number of nearly parallel STA muons that are reconstructed in both the upper and lower
hemispheres of the detector. Although the cos a requirement rejects dimuons formed from
muons in different hemispheres, dimuons can also be formed from two muons in the same
hemisphere. The common vertex fit of two nearly parallel muons in the same hemisphere
should normally yield dimuons with cosa =~ 1 and a very small invariant mass, which

the invariant mass requirements can suppress. However, common-vertex fit can behave
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anomalously when fitting two collinear muons with large impact parameters (dy > 100
cm); the fit changes the ¢ momentum direction of one of the muons by 7, producing a
dimuon with cosa < 1 and large dimuon invariant mass m,,.

To reject such background events from cosmic muon showers, we apply the following

set of requirements (inherited from the Run 2 analysis):

o The event must contain at least one reconstructed primary vertex with at least four
associated tracks and with transverse (longitudinal) coordinates within 2 (24) cm of
the nominal collision point. This standard ‘good primary vertex’ requirement rejects
events containing only cosmic muons (as opposed to events where pp collisions and

cosmic muon showers overlap) and has a negligible impact on the signal efficiency.

o The event must contain fewer than six pairs of parallel STA muons. All pairs of
original STA muons (i.e., prior to the common vertex fit) with more than 12 valid
CSC or DT hits and with pr > 5 GeV are considered, and the number of pairs
with |cos a] > 0.99 is counted, as N (parallel pairs). Most cosmic muon showers have
N (parallel pairs) > 6, whereas this criterion is true only for 0.2% of the 2u and 0.4%
of the 4u signal events.

o Neither of the two muons forming an STA-STA dimuon is back-to-back (cos o < —0.9)
to a third STA muon with pr > 10 GeV. For a dimuon to be vetoed, the time difference
between the muon in the dimuon and its back-to-back muon, Atyay,, should be larger
than 20 ns. This requirement is only applied in the STA-STA dimuon category,
in which the contribution from the cosmic muon background is the largest, and is
98-99% efficient for signal events. In addition to rejecting dimuons from cosmic
muon showers, it also helps to suppress dimuon candidates reconstructed from one

‘leg’ of a cosmic muon, and a muon from an overlapping pp collision.

The above set of requirements suppresses cosmic-ray muons efficiently and renders this
background negligible. The residual contamination from cosmic-ray muons in the analysis

signal region is estimated in Section 5.6.4 and found to be negligible.

5.5.8 Suppression of pp collision backgrounds

SM events produced in pp collisions are the main source of background in the analysis.
Four major types of SM backgrounds are relevant for the analysis of STA-STA dimuons.

The first type of background events are genuinely displaced dimuons. Such dimuons
can be produced in decays of non-prompt low-mass resonances such as J/¢. They can also
be formed from the products of B-meson ‘cascade’ decays not yielding dimuon resonances,
such as b — cu1 X1;¢ — psXsy. The mass of these dimuons does not exceed a few GeV,
and thus, we reject them by requiring that the reconstructed dimuon invariant mass m,,,,
be larger than 10 GeV. This requirement also rejects dimuons from Y(1S5) decays and

low-mass Drell-Yan.
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A second type of SM background consists of prompt dimuons that appear displaced
due to the effect of instrumental or reconstruction mistakes. Such dimuons mostly arise
from Drell-Yan /1 events, with relatively small contributions from processes such as tt and
diboson production. Drell-Yan 77 events in which both leptons decay to muons result in a
background with characteristics similar to those with mismeasured Drell-Yan pu events.
The main discriminating variables between signal and such backgrounds are discussed in
Section 5.1. Figure 5.28 shows the distributions of the transverse collinearity angle |A®| in
STA-STA dimuons for events in the HAHM and RPV SUSY signal models passing the full
selection except for the |A®| requirement, compared to a sample of STA*-STA* dimuons
enriched in prompt Drell-Yan events by requiring them to have L,,/o(L,,) < 1 and be
associated to a TMS-TMS dimuon with an invariant mass around the Z boson mass. The
distributions of |A®| for dimuons in the signal show a peak at zero, whereas dimuons
originating from mismeasured prompt events, in particular Drell-Yan, are expected to
have a |A®| distribution symmetric about /2, as the dimuon momentum vector pr,, is

uncorrelated with the Ewy vector.
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Figure 5.28: Distribution of |A®| for STA-STA dimuons in a data sample enriched in
Drell-Yan events (black circles), and for events passing all selection criteria, except for
the requirement on |A®|, in all HAHM (blue triangles) and RPV SUSY (orange squares)
generated signal samples combined. All distributions are normalized to unity. Reproduced
from Ref. [23].

The |A®| distribution peaks at zero in both the HAHM model as well as the RPV
SUSY model. Therefore, we can define a threshold, |A®|,, and the signal region to be
|A®| < |A®|,. However, the |A®| distributions differ in the two types of signal models
and, therefore, need two different signal regions in terms of the |A®| selection.

For the HAHM model, the |A®| distribution strongly peaks at zero, with the tail of
the distribution determined by the resolution. Thus, we use |A®|, = 7/10 to define the
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HAHM signal region in the STA-STA category. For the RPV SUSY model, the distribution
peak is broader due to the undetected neutrino among the decay products, and so we use
a looser requirement of |A®|, = 7/4. Figure 5.29 shows the efficiency for various |A®|
thresholds in the HAHM model and the RPV SUSY model. For the chosen |A®|,, the
signal efficiency ranges from 90-99% in the HAHM model and from 60-99% in the RPV
SUSY model.
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Figure 5.29: Cut efficiency in HAHM (left) and RPV SUSY (right) signal samples for
various thresholds of |[A®| in the STA-STA category. The dimuons are required to pass
the full selection criteria except for the |[A®| requirements. The 7 values for each m(Zp)
and (m(q), m(x?)) are listed in Tables 4.2 and 4.4, and are shown here in increasing order
of magnitude.

Given the |A®|-symmetry of the Drell-Yan and other prompt backgrounds, we use
regions symmetric about the |A®| = 7/2 value, namely |A®| > 7-|A®|,, as control
regions for the corresponding background predictions. We use central |A®P| regions,
/4 < |A®| < 71/2 and 7/2 < |AP| < 37/4 for validating the background predictions, as
described in Section 5.5.8.

Another important class of pp collision backgrounds is composed of QCD dijet and
multijet events yielding dimuons that are formed from genuine or fake muons belonging to
different jets. Muon emerging from QCD events such as J/¢ — pu may be displaced, and
the |A®| distribution in such events may show a signal-like peak at zero.

Figure 5.30 shows the |A®| distributions in 2022 data in control regions enriched in
DY-like events (by requiring that the STA*-STA* dimuon is associated to a TMS-TMS
dimuon with L,,/0(L,,) < 1, an invariant mass m,, between 80 and 100 GeV, and that
both TMS muons are isolated), and in QCD-like events (by requiring that the STA-STA
dimuon invariant mass < 10 GeV).

Dimuons in QCD events are expected to be charge-symmetric; in addition to splitting
according to |A®|, all selected dimuons are classified into OS and SS dimuons, depending
on whether two muons forming a dimuon have the same or opposite electric charges. The

signal selection requires that dimuons be formed from OS muons, while SS dimuons are
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Figure 5.30: Distributions of |A®| in events enriched in DY-like |A®|-symmetric back-
grounds (left) and QCD-like |A®|-symmetric backgrounds (right) that show a signal-like
peak at zero. The distributions are normalized to unity to facilitate comparison.

used to define a control region in which we evaluate backgrounds arising from QCD events
and B-meson cascade decays.

The dimuons are required to be displaced with respect to the primary vertex by
requiring a minimum L, /o(L,,) > 6. The thresholds are optimized separately for each
of the dimuon categories by maximizing the expected statistical significance of discovery
between the expected number of signal events obtained from simulation and the number
of background events estimated from events in control regions in data. This optimization
was performed on all signal samples, using a systematic grid of thresholds on several key
discriminating variables. We found that a requirement of L,,/o(L,,) > 6 maximized
sensitivity to the signal in the STA-STA dimuon category. In the STA-STA category, the
significance does not increase appreciably for any requirement on the dy/o(dy) once a
requirement on L,,/o(L,,) is imposed, and therefore no cuts are applied on the dy/o(dp)
in this category. Events rejected by the L,,/0(L,,) requirement are used to assess the
accuracy of the background prediction and assign the corresponding systematic uncertainty,

as discussed in Section 5.6.5.

5.5.9 Suppression of mismeasured low-mass dimuons in the STA-

STA category

The looser trigger requirements in Run 3 as compared to the triggers in Run 2, in particular

the lower pr thresholds and the absence of a minimum dimuon invariant mass requirement,
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CMS Experiment at LHC, CERN

Data recorded: Sat May 26 23:00:45 2018 CEST
Run/Event: 316944 / 1397370350

Lumi section: 1057 »
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Figure 5.31: Event display of a typical SS event with L,,/o(L,,) > 6 in 2018 data. Two
STA muons corresponding to two distinct muons produced in a pp collision have very
similar 7 (R — z view, top right), but are well separated in ¢ (z — y view, left and bottom
right). The nearly horizontal muon, giving rise to a displaced vertex, contains only two
muon segments.

lead to an increase in the number of expected background events at low mass in the
STA-STA category before applying the offline analysis selection. This was observed when
comparing the number of events with SS STA-STA dimuons passing the full event selection

in Run 2 data and in Run 3 data. Such events have some common features:

+ Small angular separation between the two muons, An,, = |n,, —7,,| < 0.1, along

with a large opening angle in the azimuthal plane, A¢,, = |¢,, — ¢,,| > 0.1.

e One or both STA muons that form a dimuon contain no more than two or three
muon segments and a modest number of muon hits. The event display of one such

event is shown in Figure 5.31.

Such events are expected to be actually prompt but are misreconstructed as displaced.
We can understand events with similar properties in SS STA*-STA* dimuons by looking
at the characteristics of the associated TMS-TMS dimuons (as motivated in Section 5.5.2).
A study of such events showed that a vast majority of the dimuons reconstructed in the
tracker are low-mass (m,, < 10 GeV) dimuons with both An,, and A¢,, smaller than
0.1. These muons are separated due to the magnetic field and appear with a larger A¢,,,
in the muon system. When one or both of them are reconstructed from a small number of
measurements in the muon system alone, they can appear as muons with higher pr, with
straighter tracks, leading to an overestimated m,,, above the 10 GeV threshold, and a fake

displaced vertex.
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To suppress the low-mass background events in the STA-STA dimuon category, we
reject all STA-STA dimuons with An,, < 0.1 that have N(dimuon segments) < 5, or
barrel-only muons with N(DT hits) < 24. These requirements are 90-99% efficient in
signal, depending on the sample. The loss in the signal efficiency is the largest (~ 10%) for
the samples with boosted LLPs, which have the largest fraction of events with An,, < 0.1;
for example, m(H) = 1000 GeV, m(X) = 20 GeV. These requirements reject 22 out of 28
SS events in 2022 data that pass all other selection criteria.

Events rejected by these requirements are used to assess the systematic uncertainty
associated with the QCD background evaluation in the STA-STA dimuon category, as
described in Section 5.6.5.

As discussed in Section 5.5.4, we require both STA muons to be isolated from hadronic
activity in the tracker. This requirement helps suppress this type of background further,
since such dimuons often appear close to the hadronic activity in the detector, and helps
to compensate for the increased background of this type due to the lowered HLT pyp
thresholds in the Run 3 triggers.

5.5.10 Invariant Mass

To test for the existence of LLPs with a given mass in the dark photon and the heavy
scalar model, dimuons satisfying the selection criteria are further required to have the
invariant mass consistent with the LLP mass. The dimuon invariant mass has to be
within a mass interval centered at or around the LLP mass being considered. Therefore,
the signal region is subdivided into overlapping mass intervals covering the complete
dimuon invariant mass spectrum starting at m,, > 10 GeV, listed in Table 5.2. The
boundaries of each mass interval are chosen according to the mass resolution and the
expected background, such that the interval contains more than 90-99% of selected events
in a signal sample corresponding to the probed LLP mass. For the HAHM model, this
choice typically corresponds to the interval width of £6-8 times the mass resolution (which
is about 10-25% for LLP masses between 20 and 350 GeV in the STA-STA category).
Since the invariant mass resolution only weakly depends on the LLP lifetime (and m(H)
in the heavy scalar model), we use identical intervals for all c¢7(X) and m(H).

In the RPV SUSY model, the presence of a neutrino in the decay vertex, ¥\ — puv,
leads to a non-peaking dimuon invariant mass distribution that falls steeply at m(x9). We
improve mass resolution and the signal-to-background discrimination in signals featuring
a secondary vertex made of a dimuon accompanied by neutral or unobserved particles by

using the ‘corrected secondary-vertex mass’, m;);", defined as:

mip = \/mfm + P2, sin? @ + p,,, sin 0 (5.2)

where p,,,, is the magnitude of the dimuon three-momentum vector p,,,, and 6 is the 3D

angle between p,,, and the vector connecting the primary and secondary vertex.
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Figure 5.32: Distributions of my,, and m$;" in the TMS-TMS (left) and STA-STA (right)
dimuon categories in the ¢ — ¢x? signal samples with m(g) = 125 GeV and m(x}) = 50
GeV, demonstrating the improvement in the location and resolution of the mass peak,
upon correcting for the missing neutrino momentum.

This variable was used at LEP and SLC, and recently by the LHCb [108] and CMS [109]
collaborations. The motivation behind this variable is to rely on the conservation of
momentum and correct for the missing mass of the vertex arising from unaccounted
particles. In the case where only a dimuon emerges from the secondary vertex (without
any missing products and ignoring the finite detector resolution), the angle 6 is zero and

corr

myo" = my,. In decays where the vertex includes other particles, 6 > 0, mi"

the corrected mass is the minimum mass that the LLP, in this case the neutralino x9, can

> my,,, and

have while being consistent with the measured direction of flight of the LLP.

Figure 5.32 shows the m,,, and m$" distributions in a signal with m(q) = 125 GeV

and m(x}) = 50 GeV in the TMS-TMS (left) and STA-STA (right) categories. A clear

peak at m(x}) in the m;" distribution is visible in the TMS-TMS category after the

correction is applied due to the improved resolution. In the STA-STA categories, the peak
is not as sharp due to the mass resolution not being as precise, nevertheless significantly
improving the discrimination between signal and background. Due to this improvement in

mass resolution, we are able to define mi" intervals to probe different neutralino masses.

Here, as well, the width of the intervals is chosen to contain a large fraction of the RPV
SUSY signal (typically 80-90%). We additionally require m,, > 15 GeV in the STA-STA

COorr
pp

For the RPV SUSY model, we define m;,;" intervals instead. A study of the optimal

mso intervals for various m(g), m(x}) and er(x7) has been performed using RPV SUSY

signal simulation, optimized using two control regions in background enriched data. Since

category to avoid the leakage of small m,, background events into large mS;," windows.

corr
o

to approximately 40-50% of the probed LLP mass was found to be useful. We additionally

the background events cluster at low mS™" values, only a lower mass threshold corresponding

remove events with 10 < m,, < 15 GeV to avoid the leakage of background events from

corr

corr. Since no strong dependence on m(q) on ¢r(X}) was observed, the

small m,,, to large m
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chosen value of the m®™ threshold depends only on m(x}). The correspondence between

b

the my, and m;J" intervals and the probed LLP mass is summarized in Table 5.2.
Mass interval [GeV] (m(H),m(X)) [GeV] m(Zp) [GeV]
10 < m,, < 15 - 10
15 < my, < 32 (125, 20), (200, 20), (400, 20), (1000, 20) 20
20 <my,, <60 - 30
25 < 1y, < 80 . 40
30 < my,, <80 (125,50), (200, 50), (400, 50), (1000, 50) 50
40 < my, < 120 - 60
40 < my, < 245 (400, 150), (100, 150) ;
60 < my, (1000, 350) -
Corrected mass interval [GeV]| (m(q)) [GeV] m(x7) [GeV]
m > 25 125, 200, 350, 700, 1150, 1600 50
mer > 50 125 100
mer > 80 350 150
miot > 90 200 175
mio > 90 350 325
my," > 210 700, 1150, 1600 500
mer > 300 700 675
my,," > 300 1150, 1600 950
mer > 300 1150 1125
my, > 300 1600 1400
my,, > 300 1600 1575

Table 5.2: The mass intervals in m,,, and m77" in the STA-STA category associated to

the parameters of the simulated signal samples.

5.5.11 Summary of Event Selection

The event and object selection criteria used in the analysis are shown in Table 5.3. The
updated selections in Run 3 search [23] are highlighted in blue. Only the selection criteria
for the STA-STA category was motivated and detailed in the previous section, as it is
the focus of this thesis; however, the table also includes the selection criteria for TMS
muons and the TMS-TMS category, as described in Section 4.3 of the Run 2 search [22],
for completeness.

Figure 5.33 depicts the signal efficiency in the heavy scalar model for the 2022 selections
in each of the dimuon categories. The efficiency in each dimuon category is computed
as the ratio of the number of dimuons of a given type that passed the full set of the
selection criteria (including invariant mass requirements and trigger) to the total number
of generated events. As expected, the vast majority of the signal dimuons in the samples
with the longest (shortest) lifetimes are found in the STA-STA (TMS-TMS) category. The

overall signal efficiency (including acceptance and trigger effects) varies from about 5%
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Figure 5.33: Signal Efficiency in the TMS-TMS (red), STA-TMS (blue) and STA-STA
(green) dimuon categories in 2022 H — 2X — 2u2j signal samples. The efficiency is
defined as the fraction of signal events that fired the trigger and passed the full set of
the selection criteria. The c¢r values (not labeled) span three orders of magnitude for
each combination of (m(H), m(X)) are listed in Table 4.3, and are shown in increasing
order (from shortest to longest). The signal efficiency for STA-TMS dimuons, included for
posterity, is computed by applying the Run 2 analysis selection criteria. The uncertainties
shown are statistical.

for the samples with small H and X masses, and long X lifetimes to about 50% for the
samples with large masses and short lifetimes.

Figure 5.34 shows the full event selection efficiency as a function of ¢7 in the HAHM
model, and illustrates the relative improvements in the efficiencies from the new trigger
algorithms in the ratio pad at the bottom of each plot. The efficiencies in this figure are
event efficiencies, defined as the number of events in which at least one dimuon belonging
to a given dimuon category passes the full set of selection criteria, divided by the number
of generated events with at least one Zp decaying to a muon pair. The signal samples
are generated at 4 ¢t points, and are therefore reweighted for each lifetime point in the
graph and combined into one sample, according to the procedure described in Section
4.4.6.2 of Ref. [107]. A large increase in the efficiency is observed in 2022 relative to
2018, as illustrated in the ratio pad, and is apparent for all masses. Comparing this
with Figure 5.10, we are able to retain most of the improvement in signal efficiency from
the triggers even after the event selection. These efficiencies are used in the statistical
interpretation of the results of the search, described in Section 5.8.

Figure 5.35 shows a representation of the offline selection efficiencies in all HAHM signal
samples as a function of the generated dimuon vertex position in terms of the gen L,, and
the gen |z|, overlaid over an approximate schematic of the detector geometry, demonstrating

that we retain high efficiencies to reconstruct displaced dimuon vertices up to 500 cm in
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Figure 5.34: Efficiency in the STA-STA (green) and TMS-TMS (red) dimuon categories
and their combination (black) for the HAHM signal events with m(Zp) ranging from 10
GeV (top left) to 60 GeV (bottom right). Solid curves show efficiencies achieved with the
OR of all 2022 triggers, whereas dashed curves show efficiencies for the subset of events
selected by the triggers used in the ‘Run 2 (2018)” configuration. The efficiency is defined
as the fraction of signal events that satisfy the criteria of the indicated trigger as well
the full set of the offline selection criteria listed in Table 5.3. The ratio plot in the lower
panels shows the relative improvement of the overall signal efficiency brought in by the
improvements in the trigger.
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Event Selection
Requirement Dimuon Category
STA-STA TMS-TMS
Good primary vertex yes yes
HLT-RECO matching yes yes
N (parallel pairs) <6 <6

Muon Selection

Requirement

Muon Type
STA TMS

STA to TMS muon association

not matched to TMS p matched to STA p

N(CSC + DT hits) > 12 > 12 (assoc. STA muon)
N(DT hits) for muon in barrel > 18 -
Tracker muon - yes
N (matched muon segments) - > 1
pr > 10 GeV > 10 GeV
J(pT)/pT < 1.0 < 1.0
X2 e/ dof <25 -
I < 0.15 < 0.075
|tin—0ut| < 12 ns -
Muon direction +1 (‘inside-out’) -
do/U(do) - > 6
Dimuon Selection
Requirement Dimuon Category
STA-STA TMS-TMS

DCA < 15 cm < 15 cm
Convergent common vertex fix yes yes
Pairing criteria Select best 1-2 dimuons ranked by min(Xx?2,,../dof)
X?/ertex < 10 < 10
AN (pixel hits) - <3
N (hits before vertex) - Not applied
0(Lyy) < 20 cm -
cos « > -0.9 - 0.99
Back-to-back muon timing, |Atpap| > 20 ns -
N (dimuon segments) > 4 -
If |An,,| < 0.1

-N(dimuon segments) > 5 -

N (DT hits) for muons in barrel > 24 -
o > 10 GeV > 10 GeV
Leading muon pr - > 25 GeV
Lyy/0(Lyy) > 6 > 6
Muon sign correlation opposite-sign (OS)
IAD| for H — ZpZp (HAHM)* < /10 < /30
|A®| for ¢ — g} (RPV SUSY) <7m/4 < m/4

corr

Ly intervals

My M

See Section 5.8

Table 5.3: Summary of the selection criteria used in the analysis, grouped into event,
muon, and dimuon requirements. The updated selections in the Run 3 search [22] are
highlighted in blue.
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L,, and about 600 cm in |z|. While it is possible to reconstruct dimuons beyond this
point, the muons are reconstructed with lower quality and have poorer resolution due to
a smaller number of hits in the muon system. A similar map is provided for TMS-TMS

dimuons, overlaid on top of the CMS tracker geometry, in Figure B.3 in Appendix B.
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Figure 5.35: Offline selection efficiency of STA-STA dimuons as a function of the simulated
L,, and |z| decay positions of the dark photon Zp, in all generated HAHM signal samples
combined. Approximate locations of various CMS subdetectors are drawn superimposed as
black boxes. MB1-MB4 denote the four DT stations in the barrel, while the ME stations
show the CSC modules, with the first index denoting the CSC stations and the second
index denoting the rings in the endcap.

5.6 Backgrounds in the STA-STA Category

Background yields in CMS analyses are generally estimated via MC simulation and data
driven estimates. In this analysis, we cannot rely on simulated samples for an accurate
evaluation of background yields due to a variety of reasons, the most important of which
are mentioned here:

o The backgrounds from pp collisions, mainly from Drell-Yan and QCD processes, are
mostly instrumental due to misreconstruction. MC simulations may not faithfully

reproduce such mistakes and their rate.

e The MC samples have limited statistical power, as the number of generated events

is much smaller than the number of events expected in data.
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e The available MC simulation of cosmic muons does not include the simulation of
multiple cosmic muons from an atmospheric shower or of cosmic muons occurring

with (and therefore overlapping with) pp collision data taking.

For these reasons, we use a data-driven approach to evaluate the expected background.
The control regions used to evaluate various types of background processes are defined by
inverting one or more selection criteria, giving regions mostly containing events of a given
type of background while only containing a negligible signal contribution. The control
regions and the details of the background evaluation procedure are defined differently for
each dimuon category. The procedure for the STA-STA category is described in the rest
of this section. The events passing the full selection (i.e., events in the signal region) were
blinded until the last step of the analysis to avoid potential bias in the event selection.

The methods described in this section closely follow the strategy employed in the Run 2
search. The evaluation of the QCD background in the STA-STA category was updated
and improved to take advantage of the STA muon isolation in the Run 3 analysis. In

general terms, we expect background in two broad categories, as illustrated in Figure 5.30:
o |A®|-symmetric, such as Drell-Yan.

o |A®[|-asymmetric, such as from QCD processes.

5.6.1 Estimation of backgrounds with ‘symmetric’ collinearity

As discussed in Section 5.5.8, the signal processes have a |[A®| distribution that is signifi-
cantly different from what is expected in many types of background events. In the signal,
both the LLP transverse momentum vector (approximated by the dimuon pr vector) and
the [jxy vector point away from the primary vertex, leading to a A® distribution that
strongly peaks at zero. In background events with no genuine secondary vertex (such as
in Drell-Yan events), or with an apparent secondary vertex not related to the particle
decay (such as in ‘split’ cosmic muons), the pr,, and the I_:my vectors are uncorrelated,
leading to a |A®| distribution that is expected to be symmetric about 7/2. We refer to
such |A®|-symmetric backgrounds as Drell-Yan (DY) type backgrounds.

To understand the shape of the |[A®| distribution in background events such as Drell-
Yan, we use the events in the control region obtained by reversing the STA to TMS
muon association for both muons. Such events consist of STA-STA dimuons passing all
selection criteria, but in which each of the two constituent STA muons is associated with a
TMS muon. Such dimuons are referred to as STA*-STA* dimuons here. Ordinarily, such
events would be part of the TMS-TMS category, but we ensure that these are promptly
produced (and therefore are not in any signal region) by requiring that the L,,/0(L,,)
of the resulting associated TMS-TMS dimuons is small, L,,/o(L,,) < 1. This sample of
events should have characteristics expected from prompt dimuons that are reconstructed

as displaced STA-STA dimuons due to reconstruction mistakes or vertex fit anomalies —
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precisely the type of events we wish to study. Failures in the STA muon reconstruction are
largely decoupled from failures of the TMS muon reconstruction: when a prompt muon
gives rise to an STA muon reconstructed as displaced, the same muon is usually accurately
reconstructed as prompt by the TMS muon reconstruction. The STA muon reconstruction
is very different from the TMS muon reconstruction, as the former is based on information
in the muon system, whereas the latter is based predominantly on information from the
tracker, with the muon system used mostly to identify muons and not to reconstruct the
tracks. Therefore, the L,,/0(L.,) < 1 requirement applied to TMS-TMS dimuons only
ensures that the dimuons are prompt, but does not affect the L,,/o(L,,) distribution of
the associated STA-STA dimuons. At the same time, this sample of events allows us to
accurately study STA-STA dimuons with large L,,/0(L,,), because a vast majority of
Drell-Yan events are reconstructed as both STA-STA dimuons as well as prompt TMS-TMS
dimuons. This is illustrated in Figure 5.36, which shows a comparison between the |A®|
distributions in STA-STA (red) and STA*-STA* (blue) dimuons in a control region enriched
in Drell-Yan background events by requiring L,,/0(L,,) < 6. The distributions are scaled
to unit area to facilitate a comparison of the shapes, which are similar, confirming that a
control region with the STA to TMS muon association reversed is well suited for studying
backgrounds in STA-STA dimuons without associated TMS muons. We also benefit from
the fact that STA*-STA* dimuons are far more numerous than STA-STA dimuons (11.2
million STA*-STA* dimuon events vs 96 STA-STA dimuon events in this control region),
corresponding to much smaller statistical uncertainties in distributions with STA*-STA*
dimuons, allowing an accurate measurement of Rpy.

In order to minimize contamination from QCD events, which are studied separately, we
additionally require that the dimuon invariant mass calculated using TMS muon quantities
is larger than 15 GeV and that each TMS muon is isolated. For this purpose, the relative
isolation of the associated TMS muon track, defined as the scalar sum of the pr of tracks
in a cone of AR < 0.3 around the muon divided by the muon p, is required to be smaller
than 0.05.

Our estimate of backgrounds other than QCD is based on the number of events in the

control regions symmetric to the signal regions, |[A®| > 7—|A®|, which are
e |A®| > 37/4 in the case of the RPV SUSY model, and

e |A®| > 97/10 in the case of the HAHM model.

We estimate the number of expected |A®|-symmetric background events, Npy, by:
Npy(OS; |A®| < |A®|,) = N(OS; |[A®| > m-|A®|) - Rpy (5.3)

where Npy(OS;|A®| < |A®|,) and Npy(OS; |A®| > m-|A®|,) are, respectively, the
numbers of DY background events and its |[A®| symmetric CR. This CR is defined by
|A®|, = /4 for the RPV SUSY model, and |A®|, = 7/10 for the HAHM model. Rpy is
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Figure 5.36: Comparison of the |A®| distributions of OS STA-STA dimuons with neither of
the two (red) and both (blue) STA muons associated to TMS muons, denoted as STA-STA
and STA*-STA* dimuons respectively, in a control region enriched in Drell-Yan events by
requiring L,,/o(L,,) < 6. Both distributions are normalized to unity. The lower panel
shows the ratio of the two distributions. The displayed errors are statistical.

the transfer factor, defined as

_ NASSTAY(0S;|AD| < |AD])
© NSIATSTAY(0S; |AD| > 7-|AD|)

Rpy (5.4)
is measured in the control region with the STA to TMS muon association reversed for
both muons (denoted by the superscript ‘STA*-STA*’). Figure 5.37 illustrates the signal
and control regions that are used in this background evaluation method. It accounts for
the deviation from unity of the ratio of such events in the signal region to that in the
|A®|-symmetric control region. From this sample, we measure Rpy = 0.75 £ 0.02 (stat.)
for |A®|, = m/10, and Rpy = 0.73 £ 0.02 (stat.) for |[A®|, =7 /4.

Figure 5.38 shows the |A®| distributions for STA-STA dimuons with |A®| < 7/2
(blue) and |A®| > 7/2 (red) with the STA to TMS association reversed in 2022 data.
The plot is constructed by superimposing a mirrored |[A®| > /2 distribution upon the
|A®| < 7/2 distribution, with the ratio of the two distributions, corresponding to the
bin-wise transfer-factor Rpy, on the bottom pad. The ratio is nearly flat, with an excess
of about 20% in events with |[A®| > 7/2 over events with |A®| < 7/2.

The enhancement of events in both halves of the |[A®| spectrum around |A®| = 7/2
is introduced by a correlation between o(L,,) and the dimuon orientation, illustrated in

Figure 5.39. When a dimuon is formed from two muons that are back-to-back in the
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Figure 5.37: Illustration of the background estimation strategy in terms of the signal
and control regions used. The signal region, defined as the region that passes all the
selection criteria, is denoted by A, and we aim to estimate the DY-like background yield
in this region. The control region B consists of events that fall in the |A®|-symmetric
region, i.e. events that have |A®| > 7—|A®|,, but pass all the other selection criteria.
The measurements regions C and D consist of events in which the STA-STA dimuons are
associated to a TMS-TMS dimuon (denoted by STA*-STA*) with L,,/0(L,,) < 1, an
invariant mass 80 < m,, < 100 GeV, and both TMS muons are required to be isolated.
The STA*-STA* dimuons have |[A®| < |A®|, in region C, and |[AP| > 7—|A®|, in region
D. Thus, the expected background yield can be computed as No = N¢/Np - Ng. These
quantities are explicitly described in Equations 5.3 and 5.4.

transverse place, as in the majority of Drell-Yan events, its pr vector is usually pointing in
the direction of one of the muons. This is because the directions of the muons are usually
well reconstructed, whereas their pr may not be. The uncertainty in the position of the
fitted dimuon vertex is generally larger along the direction of the dimuon p7,,, vector than
orthogonal to it. In the extreme case of exactly back-to-back muons, the position along
the pr,,, vector is, in fact, undefined. Therefore, the selection of L, /o(L,,) > 6 enhances
the contribution at |[A®| = /2 — namely, where the dimuon pr,, is perpendicular to the
I_:xy vector, and o(L,,) is the smallest. However, it does not break the symmetry of the
|A®| distribution around /2.

5.6.2 Validation of Backgrounds with ‘symmetric’ collinearity

The |A®|-symmetric background evaluation method outlined in Section 5.6.1 is tested in a
validation region obtained by requiring L, /o(L,,) < 6. Dimuon events in this sample are
expected to originate predominantly in prompt processes such as Drell-Yan, which have
an approximately symmetric |[A®| distribution. To remove any residual contamination
from asymmetric |[A®| backgrounds such as QCD (discussed separately in Section 5.6.3),

we also require the dimuon invariant mass m,,, > 15 GeV. The signal contribution to this
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Figure 5.38: Distributions of the |A®*|, defined in the legend, for STA*-STA* dimuons in
2022 data in events in the control region with the STA to TMS muon association reversed.
The bottom pad shows the ratio of the distributions in the |A®|, region to the symmetric
m—|A®| region, which corresponds to the transfer factor Rpy.

region is expected to be negligible, given the limits obtained by the previous searches [22,
57, 58].

To validate the method and its dependence on the dimuon displacement and collinearity,
we perform the background evaluation in the validation region, defined as above, in bins
of L,,/0(Ly,) and |[A®|. We compare the expected number of background events in
this validation region, computed according to Equations 5.3 and 5.4 separately in each
L,,/0(Lyy,) and |A®| bin, to the observed data in this region and bin. Figure 5.40 shows
the results of the comparison in 2022 data.

The background prediction is consistent with the data. The statistical uncertainties in
the background prediction are dominated by the limited number of events in the |A®|-
symmetric control region, 7—|A®|,. The measured values of Rpy are found to be similar
between L,,/0(Ly,) < 6 and L,,/0(L,,) > 6, and for data from all data-taking years
analyzed in Run 3 and Run 2, namely 2022, 2018 and 2016.

5.6.3 Estimation of backgrounds with ‘asymmetric’ collinearity

The background evaluation method described in Section 5.6.1 relies on the symmetry of
the |A®| distributions and does not account for the contribution from background sources

that predominantly yield dimuons with small |[A®|, such as QCD processes that feature:
 dimuon decays of J/1 and other low-mass resonances,

» cascade decays of B mesons, b — cu1 X1;¢ — psXo,
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Figure 5.39: Diagrams depicting the effect of dimuon orientation on the shape of the
|A®| distribution. The dimuon pr is assumed to point along one of the muons, which are
back-to-back in the transverse plane. For a given L,,, the uncertainty in the position of
the fitted dimuon vertex (represented by a yellow ellipse around the vertex) is larger when
the muons are parallel to the Ezy vector (i.e. |A®| =0 or m), and smaller when the muons
are perpendicular to it (i.e. |A®| = w/2), taking an intermediate value at |[A®| = 7/4 or
37 /4. Reproduced from Ref. [96].
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Figure 5.40: Background prediction checks in the STA-STA category, showing distributions
of |A®| (left) and L,,/o(Lyy,) (right) for events with m,,, > 15 GeV in the L,,/0(Lyy) < 6
validation region in data (black circles) compared to the background predictions (histogram).
The lower panels show the ratio of the observed to the predicted number of events. Hatched
histograms show the statistical uncertainty in the background prediction. Reproduced
from Ref. [23].

o dimuons formed from a pair of unrelated non-prompt muons in the same jet, for
example, one muon produced in a hadron decay in flight and the other one arising

from a b or ¢ quark decay.

We collectively refer to these ‘|A®|-asymmetric’ background sources as QCD back-
grounds. If well reconstructed, most of the dimuons from this type of background have an
invariant mass up to a few GeV and are mostly rejected by the m,, > 10 GeV requirement.
However, a small fraction of them could satisfy the invariant mass requirement due to a
mismeasured invariant mass, and pass the event selection. These dimuons usually have
small |A®| values, as the pr,,, and their [_;xy vectors are collinear, and may have large
signal-like L,,/0(L,,) values. They may also feature an invariant mass close to the 10
GeV threshold.

Muons from such backgrounds are expected to be a part of jets, surrounded by tracks
from other particles, and are hence not isolated. Additionally, while well-reconstructed
signal muons are almost exclusively OS, muons from QCD backgrounds may also be
SS. Exploiting this nature of muons from QCD background processes, we can study two
small-| A®| control regions with SS and OS dimuons where at least one of the STA muons
fails the isolation requirement described in Section 5.5.4. Figure 5.41 shows the |A®| (left)
and invariant mass my,, (right) distributions for SS STA-STA dimuons passing (blue) and
failing (red) the STA muon isolation requirements. In contrast to the |A®|-symmetric
(DY) backgrounds described in Section 5.6.1, the |[A®|-asymmetric (QCD) background
distributions feature a distribution that falls off as |[A®| increases. From both the |[A®|
and the m,, distributions, we see that the behavior of dimuons with both muons isolated

is similar to dimuons in which at least one of the muons is not isolated.
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Figure 5.41: Distributions of Npon.iso(SS; |A®| < 7/4) in red, and N (SS; |[AP| < 7/4) in
blue, as well as their ratio Rgcp in the lower panels, as a function of |A®| (left) and the
dimuon invariant mass (right) in 2022 data. The values of Rqcp in the mass bins below
10 GeV are used in the QCD-enriched validation region discussed in Section 5.6.3.

Therefore, we base our estimate of the QCD background on the number of events with
OS non-isolated dimuons for the HAHM model (with |A®|, = 7/10) and for the RPV
SUSY model (with |[A®|, = 7/4). The number of estimated background events, Nocp is

obtained as follows:
NQCD(OS; |Aq>| < |A(I)|C) = Nnon—iso(OS; |A<D| < |A<I>|C) ’ RQCD (55)

where Nyon-iso(OS; |A®| < [AP|) is the number of small-|A®| OS non-isolated dimuons,
and Rqcp is the transfer factor between isolated to non-isolated dimuons that is evaluated

in SS dimuons in the same small-|A®| region as follows:

Niso(SS; ‘ACD‘ < |A¢‘C)
Nnon-iso(SS; ’A(I)‘ < |A(I)|C)

Rqcp = (5.6)
where Nigo(SS; |A®| < [AP|) and Nyop-iso(SS; |AP| < |AP|,) are the numbers of isolated
and non-isolated SS STA-STA dimuons with |[A®| < |A®|,. To improve the statistical
precision on Rqcp, we increased the sample of SS dimuons by relaxing the tight require-
ments on the number of DT hits and muon segments applied to dimuons with |n| < 0.1 as
well as the generic requirement on the minimum number of DT hits. Figure 5.42 illustrates
the signal and control regions that are used in this background evaluation method.

The ratio pad in Figure 5.41 shows distributions of Rqcp in 2022 data as a function of
the |[A®| (left) and invariant mass (right). Rqcp is compatible with unity, within statistical
uncertainties. We don’t observe a strong dependence of Rqcp on |A®| or mass; however,
due to the large statistical uncertainties of these measurements, we cannot exclude residual
dependence on these variables. Therefore, we evaluate Rqcp separately for each |[A®|,

and mass window in the signal region.
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Figure 5.42: Illustration of the |[A®|-asymmetric background estimation strategy in terms
of the signal and control regions used. The signal region, defined as the region that passes
all the selection criteria, is denoted by A, and we aim to estimate the QCD-like background
yield in this region. The control region B consists of events in which at least one STA
muon fails the isolation requirement %%, , but which pass all the other selection criteria.
The measurements regions C and D consist of SS events, in which both STA muons are
isolated (C), or in which at least one STA muon fails this requirement (D). Thus, the
expected background yield can be computed as Ny = N¢/Np - Ng. These quantities are
described explicitly in Equations 5.5 and 5.6.
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Validation of Backgrounds with ‘asymmetric’ collinearity

The background evaluation method for {|{A®|-asymmetric’ backgrounds is tested in QCD-
enriched validation regions obtained by inverting the invariant mass requirement and
selecting dimuons with low mass (6 < m,, < 10 GeV). The signal contribution to this
region is expected to be negligible given the limits obtained by the previous Run 2
searches [22, 54].

The expected number of opposite-sign background events in this control region with
|A®| < 7/4 is calculated according to Equations 5.5 and 5.6 and compared to the
corresponding number of observed events. The results are shown in Figure 5.43 as a
function of the |A®| (left), showing the method is able to reproduce the |A®|-asymmetric
shape of the QCD background, and as a function of the dimuon invariant mass (right).

There is a good agreement between the predicted and observed backgrounds.
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Figure 5.43: Background prediction checks in the STA-STA category, showing distributions
of |A®| (left) and m,,, (right) for dimuons in the low-mass (6 < m,, < 10 GeV) validation
region in data (black circles) compared to background predictions (histograms). The lower
panels show the ratio of observed to predicted number of events. Hatched histograms show
the statistical uncertainty in the background prediction. Reproduced from Ref. [23].

5.6.4 Cosmic ray backgrounds

We computed the residual contamination from cosmic-ray muons in the analysis signal
region with an auxiliary measurement that provides an upper bound for the number of

dimuons passing the cos a cut, N,, via

N, = N; (5.7)

1—¢
where Ny is the number of events that fail the nominal cos o cut, and € is the efficiency to
pass the cos a cut obtained from a sample enriched in cosmic-ray muons. This estimate

is conservative in that it assumes all dimuons failing the cos a requirement are of cosmic
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Figure 5.44: Distributions of L,,/o(L,,)(left) and m,, (right) for STA*-STA* dimuons
in 2022 data in events in the control region defined by reversing the STA to TMS muon
association. The ratio pad shows the differential DY transfer factor Rpy.

origin. The measurement results in an upper limit of 0.01 residual cosmic-ray events in
2022.

5.6.5 Systematic Uncertainties in background prediction

The |A®|-symmetric (DY) background estimation uncertainty is dominated by statistical
uncertainties as a result of the small number of events in the STA-STA Drell-Yan enriched
control regions, with |[A®| > 7—-|A®|,. In contrast, the measurement of the transfer factor
Rpy is performed in control regions with large statistical power due to the reversal of the
STA to TMS muon association. Therefore, while the statistical uncertainties of Rpy are
small, its measurement is still prone to systematic uncertainties.

We studied the dependence of Rpy on several key variables. The ratio pad of Figure 5.44
(left) shows Rpy as a function of L,,/o(L,,). Its dependence on the STA-STA invariant
mass is shown in Figure 5.44 (right). We measure that Rpy varies between 0.5 and 1.0,
with a mean value of 0.75 (0.72) in the |A®| < 7/4 (JA®| < 7/10) signal regions. We also
measured Rpy in events where only one of the STA muons is associated to a TMS muon,
to verify the robustness of the method against the reversal of the TMS muon association
and replacement, and found compatible results within statistical uncertainties, as shown in
Table 5.4. Based on these studies, we assign a systematic uncertainty of 30% in Rpy for all
signal regions considered. This uncertainty has a negligible effect on the DY background
prediction.

Similarly, the |A®|-asymmetric (QCD) background prediction in the low-mass valida-
tion region, shown in Figure 5.43 is compatible with the observed yields, and no systematic
uncertainty in Rqcp is derived from these checks. However, Equation 5.5 assumes that
Rqep can be measured with SS dimuons and applied to OS dimuons. To verify this
assumption, we compute Rqcp using OS events failing the N (dimuon segments) or the
N(DT hits) requirements applied to STA-STA dimuons with |n| < 0.1, described in Sec-
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R3TASTA definition |AD|, =7/4 | |[AD|, =7/10
Both STA muons associated to TMS muons 0.75 4+ 0.02 0.72 £+ 0.03
One STA muon associated to TMS muon 0.87 £ 0.33 0.50 £ 0.31
(One STA muon associated) / (Both STA muons associated) | 1.16 = 0.44 | 0.69 + 0.43

Table 5.4: Rpy obtained in the samples of dimuons with one or both STA muons associated

to TMS muons, and their ratio.

tion 5.5.9. The results, shown in Table 5.5, confirm that both methods yield compatible

transfer factors within their statistical uncertainties. Based on this study, we conclude

that Rqcp is dominated by statistical uncertainties in all considered m,,, intervals, and

we do not assign any systematic uncertainty to this prediction.

Mass interval [GeV] | |[A®|, | Rqep in SS | Roep in OS small-|Any,,|
6 <my, <10 w/4 | 0.89 £ 0.12 0.74 £+ 0.06
10 <my, <15 7/10 | 1.09 £+ 0.22 1.13 + 0.20
15 <my, <32 7/10 | 1.21 4+ 0.38 0.88 £ 0.32
20 < my, <60 w/10 | 1.50 + 0.68 1.20 £ 0.73
My > 15 w/4 | 1.02 £ 0.22 0.81 £ 0.21

Table 5.5: Rqep obtained in with SS or OS small-|An,,,| STA-STA dimuons.

5.7 Systematics uncertainties affecting signal

The modelling of signal efficiencies in the simulation was extensively studied in the Run 2
search. As the analysis does not make changes to the CMS detector or in the muon
reconstruction algorithms between Run 2 and Run 3, we take many of the systematic
uncertainties and data-to-simulation corrections, called scale factors (SFs), directly from
the preceding search [22]. We performed new studies to address the modelling of signal
efficiencies related to the new trigger algorithms and modified event selection criteria,
such as the STA muon isolation. We performed these studies for each dimuon category
separately, using dedicated data samples. In both categories, the muon identification,
muon reconstruction, and trigger efficiencies are the sources of the dominant systematic
uncertainties and the largest data-to-simulation corrections.

All the sources of uncertainty are listed and described below:

o Luminosity: The uncertainty in the integrated luminosity is 2.3% [110], and affects

the signal rate normalization.

o Pileup: To obtain the scale factors and systematic uncertainties due to pileup, we
first obtained normalized distributions of the number of primary vertices per event
in data and in each simulated signal sample, as shown in Figure 5.45. The ratio of
these distributions in data to simulation yielded weights, w = Npata (PV)/Nyc(PV)
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Figure 5.45: Normalised distribution of the number of primary vertices in data (black dots)
and in one HAHM signal sample (blue triangles) with m(H) = 125 GeV, m(Zp) = 20
GeV, and kinetic mixing constant € = 5 x 10~7. The ratio pad at the bottom shows the
ratio of these two distributions.

by which each simulated event was scaled. This was done separately for each signal
sample. We then computed signal efficiencies after the full event selection from these
reweighted samples, and compared them to the signal efficiencies obtained without
this reweighting procedure. The ratio of signal efficiencies after reweighting to before
is between a factor 0.94 and 0.97 depending on c7, as shown in Figure 5.46 for all
signal samples. Therefore, we correct the signal efficiencies by a factor of 0.95 and

assign a systematic uncertainty of 2%.

e« STA muon identification and reconstruction: As stated above, we rely on
the studies done for Run 2 in 2018 data for the STA muon identification and
reconstruction, as these aspects of the analysis were inherited without changes, and
use the same SFs and uncertainties. The STA muon efficiencies given by the signal
simulation are corrected by reconstruction and identification SFs for prompt muons
extrapolated to large dy. The pr and 1 dependent SFs for prompt STA muons are
obtained by applying the ‘tag-and-probe’ method [111] to muons from J/v¢ and
Z boson decays. The extrapolation to non-zero dy values is performed using d,
dependent correction functions derived in the analysis of cosmic-ray muon data and
simulation. The resulting efficiency corrections for STA-STA dimuons in the signal
samples range from 0.75 to 1, depending on the sample, and represent the largest
data-driven correction in the STA-STA category. The overall uncertainty increases

continuously with displacement, from =~ 5% for prompt-like muons to ~ 15% for
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Figure 5.46: Signal efficiencies showing the effect of the pileup reweighting procedure
in the TMS-TMS and STA-STA dimuon categories, compared to the signal efficiencies
obtained without pileup reweighted, for the HAHM signal samples with m(Zp) = 20 GeV.
The bottom pad shows the ratio of the reweighted to un-reweighted efficiencies.

muons with dy =~ 100 cm, corresponding to the precision of studies using cosmic-ray

muons. Systematic uncertainties related to the muon pr resolution are less than 5%.

Trigger: As the triggers have changed significantly in Run 3, the trigger SFs
and associated systematic uncertainties have been re-evaluated. We performed
dedicated studies to examine the effect of the dy thresholds and looser muon pr
requirements of the new displaced dimuon triggers by comparing the efficiencies
evaluated with J/v — pp data with the efficiencies using the HAHM signal samples
with m(Zp) = 10 GeV. These results are shown in Figure 5.47, as a function of
min(dy) (left) and min(dy/o(dp)) (right), in TMS-TMS dimuons. A more robust
measurement was also obtained using the JetMET dataset and simulated J/¢ — pupu
samples, as shown previously in Figure 5.15. From the ratio of these distributions,
we obtain a scale factor of 0.95, by which we correct the simulated yields of signal
events selected by the ‘Run 3 (2022, L3)’ set of triggers and assign an uncertainty of
5%.

Similarly, to verify the modelling of displacement-related effects in the new ‘Run 3
(2022, L2)’ set of triggers, we compare the efficiencies in Figure 5.16, obtained using
cosmic-ray muon data, with the efficiencies in the HAHM signal samples. The results
are shown in Figure 5.48 as a function of min(dy) in STA-STA dimuons. While no

systematic biases are observed, we see that the efficiencies in signal simulation agree



5.7 Systematics uncertainties affecting signal

117

Efficiency / 0.002 cm

Data/MC

36.6 fb! (13.6 TeV) 36.6 fb™ (13.6 TeV)
T T T T

T T T T T T T :' T T T T T T T
14— — 14 =
E { H-2Z,-2u2X (125, 10) 3 g TMS-TMS ¥ H-2Z,-2u2X (125, 10) E
t2p= TMS-TMS ¢  Data(2022) = 2 12 ¢  Data(2022) E
= 3 e 3
= :av-i4.4-av-4-ta--V»Mt:ﬁ“***zvﬁmﬁm:::tzﬂ:'::x - | 1 BT T e e TR L R P S
08 A — 0.8 gz —
= A4 3 3
06— 3 06 * —
E E - E
04 — 0.4 -
E & 3 =
F E e E
02jcse® — 02E27Te —
0 1 1 1 1 1 1 1 1 1 3 0 1 1 1 1 1 1 1 1 1 3
12 T T T T T T T T T 12 T T T T T T T T T
115 I 115 i
11 (@] 11
1o5F- = 1.05 *?.
oon 1 eeseterss®0et0enoe oonetes, b 4P 8 4 ¥ % oochl M SV S SCIPCAL ST P
e # 1t o9 0000 C00s V500 ¢ 34 23 8 o + L it g 2 *%s4
*
0.85 0.85
08 L I 1 1 1 I I 1 I 08 | \' I I I I I I I I
a 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 1 5 10 15 20 25 30 35 40

mind |) [cm] mir:fdo/od:)
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Figure 5.48: Efficiency of the ‘Run 3 (2022, L2)’ trigger as a function of min(dy) of
STA-STA dimuons in cosmic ray data (pink) and the HAHM signal samples (light blue),
and their ratios.

to within 3% with those in data, up to min(dy)= 300 cm. The measurement in the
first bin, min(dy)< 10 cm, is not expected to yield an accurate SF as it includes the
trigger turn-on and is sensitive to the underlying min(dy) distribution in each of
the samples. Thus, we conclude that the dependence of the efficiencies on dj is well
reproduced in simulation, and assign the largest data-to-simulation difference of 3%,

in bins of dy, as a systematic uncertainty in the efficiency of these triggers.

STA muon isolation: The STA muon isolation is a new handle in the Run 3
search, and thus we performed dedicated studies to evaluate the accuracy of its
modelling in signal simulation. As shown in Figure 5.49, we compare the isolation
efficiency for muons originating in Drell-Yan processes (left) and HAHM signal
samples (right) as a function of the subleading STA muon pr in events with the
leading STA muon passing the IS, < 0.15 requirement. The Drell-Yan sample
is obtained from STA-STA dimuons with |A®| > 37/4, associated to TMS-TMS
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dimuons with 80 < m,,, < 100 GeV. For the HAHM signal, all available samples have
been considered. The STA isolation efficiency in data is close to 100% and drops to
~ 90% at 10 GeV. This behavior is well reproduced in signal simulation, as shown
by the data-to-simulation SFs in Figure 5.49 (bottom), except for STA muon with
pr < 20 GeV, where the SFs are larger than unity and simulation underestimates
the efficiencies. For the analysis, we take a conservative approach and do not correct
this effect in simulation. We assume an SF equal to unity and apply a 6% systematic
uncertainty on the signal efficiency to account for these differences.
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Figure 5.49: STA isolation efficiency for the subleading STA muon in Drell-Yan (left) and
HAHM signal samples (right) as a function of the minimum STA muon py, computed in

events passing the full event selection except the requirement on I3
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scale factors (bottom) are obtained from the ratio of these two efficiencies.

We studied the dependence of the SFs for the STA muon isolation on displacement
by comparing the isolation efficiency for cosmic-ray muons selected in pp collision
events with those in signal simulation. The results, shown as a function of min(dy)
of STA muons in Figure 5.50, demonstrate that the efficiencies and SFs are nearly
independent of dy, with variations as large as 3%, derived at small dy. Thus we use

this value as the systematic uncertainty.

STA-STA dimuon selection (vertex x?, DCA): The accuracy of the modelling

of the vertex x? < 10 and DCA < 15 cm requirements in the signal simulation was
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Figure 5.50: STA isolation efficiency for the subleading STA muon in cosmic ray data (left)
and HAHM signal samples (right) as a function of the STA muon min(dy), computed in

events passing the full event selection except the requirement on %%, . Data-to-simulation

scale factors (bottom) are obtained from the ratio of these two efficiencies.

checked in Run 2 and found to be similar between data and simulation. At the time,
the dependence with dy was studied in cosmic muon data and signal simulation,
and a very mild dependence on dy was found. The vertex y? efficiency is flat up to
do = 200 cm, while the DCA efficiency increases by 1% (2%) at dy = 100(200) cm.
Thus, we assign a 2% systematic uncertainty in the vertex xy? and DCA selection
efficiencies.

o Higgs cross section: The uncertainties in the Higgs boson production cross section
at 13.6 TeV are "0 [112].

5.8 Statistical Analysis and Results

The analysis SR contains all OS dimuons passing the selection criteria outlined in Section 5.5
with the transverse collinearity |[A®| < 7/10 for the HAHM model, and |A®| < 7/4 for
the RPV SUSY model. This region was blinded until the final stages of the analysis, and
these events were only observed after finalizing the full event selection and the background

predictions.
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The SR data was unblinded in two steps, with a randomly selected sample consisting of
30% of the data being unblinded first, and then the full dataset. Following the first step, we
scrutinized the observed events for any anomalies originating from SM backgrounds, in case
we missed some critical aspect of the background evaluation and required a modification
of the analysis strategy. No such anomalies were found, and the full unblinding process
concluded smoothly.

The background prediction in each mass interval, listed in Table 5.2, is computed as
the sum of the |[A®|-symmetric backgrounds composed of Drell-Yan and other non-QCD
backgrounds (Section 5.6.1), and the |A®|-asymmetric backgrounds composed of the non-
prompt QCD background (Section 5.6.3). The results are shown in Tables 5.6 and 5.7, in

COrr
[T

list the numbers of events observed in the 7—|A®|, and OS non-isolated small-|A®| control

the intervals of m,, and m respectively. For each mass interval, the first four columns

regions, and the corresponding transfer factors. The penultimate column, Ngitg, shows the
total predicted number of background events as well as its statistical uncertainty. This
number illustrates the pre-fit background predictions.

Due to the small number of events in the control regions, the dominant uncertainty
in the background predictions is statistical. According to the predictions, the residual
background in the STA-STA category is expected to be mainly composed of QCD events.
The QCD contribution is expected to be particularly large in the 10 < m,, < 15 GeV mass
interval. Compared to Run 2, the expected background in 2022 is higher for 10 < m,, < 15
GeV, and similar or lower for m,, > 15 GeV.

The number of observed events is in agreement with the expected background. We

observe:

e 26 events with m,,, > 10 GeV and |A®| < 7/10, compared to 36.373% (stat) expected

background events.

o 14 events with m,,, > 15 GeV and |A®| < 7/4, compared to 8.9%37 (stat) expected

background events.

 Overall, in the region inclusive in mass and |[A®|, with m,,, > 10 GeV and |A®| <

7 /4, we observe 37 events, compared to 45.473%* (stat.) expected background events.

To facilitate interpretation in terms of the HAHM and RPV-SUSY signal models, we
further bin these events in terms of the mass windows described in 5.5.10. The number
of observed events in each bin are in agreement with the expected background, and are
listed in Tables 5.6 and 5.7.

Given that the expected and observed events are compatible in all search regions,
we conclude that there is no statistically significant excess of signal-like events beyond
the expected background from SM processes. Figure 5.51 shows the number of observed
events overlaid over the predicted background yields in non-overlapping m,,, (left) and

mSo (right) intervals for the HAHM and RPV SUSY models respectively. Most of the
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Mass  interval N(OS; Nion-iso(OS; est obs
GeV] pol o) T AR Ty Raeo NEN
10 <m,, <15 0 0.75+£0.02 28 1.094+0.22 305732 18
15<m, <32 0 0.75+£0.02 2 121+0.38 24752 8
20 < my, <60 1 0.7540.02 2 1.50+£0.68 3.7755 1
25 < my,, <80 1 0.754+0.02 2 1.50£0.68 3.7755 1
30 <m,, <80 1 0.75+£0.02 1 1.50£0.68 22732 0
40 < m,, <120 1 0.75+£002 1 1.50+0.68 22732 0
40 < my, <245 1 0.75+£0.02 1 1504068 22752 0
My > 60 0 0.7540.02 0 1.50£0.68 0.0755 0
My > 10 1 0.754+0.02 31 1.15+£0.19 36.373% 26

Table 5.6: Background estimation and observed number of events in the STA-STA dimuon
category in 2022 data in the m,, mass intervals used for the HAHM model. For each m,,,
interval, the first four columns show the number of events observed in the |[A®| > 97/10
and OS non-isolated control regions, and the measured transfer factors for each of the
regions. The two last columns show the total number of predicted background events and
the number of observed events, respectively. The quoted uncertainties are statistical only.

observed events have low m,,, as expected from the background predictions. Post-fit
signal distributions at the level of the median expected exclusion limits at 95% confidence
level (CL) obtained from the ensemble of both dimuon categories in the absence of signal
are also shown, enhanced for visibility.

The expected and observed numbers of events in each mass interval in the STA-STA
category are interpreted as a single-bin counting experiment and combined with the results
obtained in the TMS-TMS category, as explained in Section 5.8.1

5.8.1 Limit setting procedure

We use these results to set upper limits, as a function of the mass and lifetime, on the
branching fraction of the Higgs boson to dark photons in the HAHM model, B(H — ZpZp),
and on the product of the squark-antisquark production cross section and the branching
ratio of the squark decay to quark plus neutralino in the RPV SUSY model, o(pp —
4q) - B(G — qx?). We extract the limits based on a modified frequentist approach [113,
114], using the COMBINE package [115] developed for statistically combining the results of
the Higgs boson searches [116]. The calculation is performed using a likelihood, which is
the product of Poisson distributions of the number of observed events in the TMS-TMS or
STA-STA signal regions, the expected number of background events, the expected number
of signal events, and the systematic uncertainties described in Section 5.7. The systematic
uncertainties are incorporated as nuisance parameters in the likelihood using log-normal
distributions in COMBINE, except the uncertainties in the background evaluation from
control regions, which is discussed later in this section. The signal efficiencies are computed

separately for each dimuon category, mass interval, LLP lifetime, and signal model. The
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Mass  interval N(OS; Nioniso(OS; ost obs
GV a0 Sy T A Tepy Reeo N N
méoT > 25 1 0.73+£0.02 8 1.05+0.24 92738 14
meorr > 50 1 0.73+£0.02 5 0.954+0.30 55%55 9
merT > 80 1 0.734+0.02 4 1.50£0.68 6.7757 5
merT > 90 1 0.734+0.02 4 1.50£0.68 6.7757 5
meor > 210 0 0.73+£0.02 1 1.50£0.68 1.573% 3
m<orr > 300 0 0.734+0.02 0 1.50+0.68 0.0735 3
mér > 15 1 0.73£0.02 8 1024022 89757 14

Table 5.7: Background estimation and observed number of events in the STA-STA dimuon
category in 2022 data in the mj " mass intervals used for the RPV SUSY model. For
each m™ interval, the first four columns show the number of events observed in the
|A®| > 37/4 and OS non-isolated control regions and the measured transfer factors for
each of the regions. The two last columns show the total number of predicted background
events and the number of observed events, respectively. The quoted uncertainties are
statistical only.

individual likelihoods are then combined to obtain the combined results in the ensemble of
both categories. To achieve even stronger bounds on the model parameters of the HAHM
model, the results obtained in this analysis are also combined with the results of the Run 2
analysis [22]. The combination of the two results accounts for the different cross sections
of the Higgs boson production in collisions at 13 and 13.6 TeV [101, 112].

Given the smallness of the expected background for events with one dimuon, and
taking into account the selection efficiencies discussed in Section 5.5.11, introducing a
separate category for events with two dimuons does not increase the sensitivity of the
analysis significantly even in the most favorable case for the 4u signal events, where
B(X — pp) = 1. The gain is negligible for smaller B(X — uu) values, such as those
predicted by the HAHM model. One could potentially increase the selection efficiency for
events with two dimuons by designing a dedicated set of selection criteria for this particular
category of events, but this is beyond the scope of this thesis. Thus, no distinction is made
between events with one or two reconstructed dimuons of the same type.

If a genuine signal were present, it would give rise to the number of signal events with

at least one selected dimuon, Ng, given by:
NS =Lo [26(1 — B)El + 8262} (58)

where £ is the integrated luminosity of the data-taking period (36.6 fb™1), o is the signal
production cross section, B is the branching fraction for the decay of the long-lived particle
to a dimuon pair, and €; and €, are the fraction of 2u and 4u signal events, respectively,

in which at least one dimuon candidate passes the full set of selection criteria. The signal
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Figure 5.51: Comparison of the observed (black point) and expected (histograms) numbers
of events in non-overlapping m,,, (left) and m{;* (right) intervals in the STA-STA dimuon
category, in the signal regions optimized for the HAHM (left) and RPV SUSY (right) models.
The stacked yellow and green filled histograms represent mean expected background
contributions from QCD and DY, respectively, while statistical uncertainties in the total
expected background are shown as hatched histograms. Signal contributions expected from
simulated signals indicated in the legends are shown in red and blue. Their yields are set to
the corresponding median expected 95% CL exclusion limits obtained from the ensemble
of both dimuon categories, scaled up as indicated in the legend to improve visibility. The
last bin includes events in the histogram overflow. Reproduced from Ref. [23].

efficiencies are obtained from simulation and further corrected by the data-to-simulation
scale factors described in Section 5.7, computed separately for each signal model, dimuon
category, and mass window.

The predicted branching fraction of the SM Higgs boson decay into a pair of long-lived
dark photons, B(H — ZpZp) depends on the parameters of the hidden sector, as shown
in Equation 2.10. The dark photon branching ratio B(Zp — pu) depends only on m(Zp)
and ranges between 10% and 16% in the mass range of interest, as summarized in Table 4.2.
The signal efficiencies €z, are computed as the ratio of the number of signal events in
which at least one dimuon candidate passes the full set of selection criteria to the number
of generated events with at least one Zp decaying into a muon pair (Section 5.5.11),
evaluated using dark photon samples generated with the predicted branching ratio, and
therefore containing the appropriate mix of 2 and 4u events. The signal yields in the

HAHM model can then be expressed as:
Ng = Lo(H)B(H — ZpZp)B(Zp — pp) (2 — B(Zp — pp)] - €z, (5.9)

In each dimuon category, the backgrounds are implemented separately in the COMBINE
datacards. The ABCD method yielding background predictions in the signal region is
implemented using a multi-bin likelihood, which is the product of Poisson distributions

corresponding to the signal regions and the control regions. Since the expected number of
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background events is small in all categories, the limits are calculated by generating toy
experiments to compute the distributions of the test statistic.

To calculate an estimated number of signal events for lifetimes other than those for the
MC signal samples listed in Tables 4.2 and 4.4, we use the lifetime reweighting procedure
outlined in Appendix C. The procedure was refined to combine events in several MC
samples produced with the same set of signal masses and different lifetimes and to use
the combination of these events in the reweighting [107]. The validity of this method
was verified by excluding one of the available samples from the reweighting procedure
and comparing the computed number of events to the ‘true’ number of events in that
sample. For the purpose of calculating upper limits, the relative statistical uncertainty is
computed for each reweighted signal sample and taken as a systematic uncertainty in the
estimated number of signal events. Only c7 points corresponding to signal rate estimates

with statistical uncertainty smaller than 50% are included in the limit plots.

5.8.2 Upper limits in the HAHM model

Figures 5.52 and 5.53 show the 95% CL upper limits obtained in the framework of the
HAHM model under the assumption that m(Hp) > m(H)/2, set on B(H — ZpZp) as
functions of the mean proper decay length of Zp for m(Zp) in the range 10-60 GeV.
Figure 5.52 shows the expected limits in the individual dimuon categories as well as the
expected and observed limits obtained in the ensemble of both categories. Figure 5.53
shows a comparison of the observed limits obtained in this analysis with the corresponding
Run 2 limits [22], along with the expected and observed limits obtained in a combination
of the two results.

The constraints on the parameters of the HAHM model are comparable or tighter in a
significant fraction of the parameter space despite a dataset that is a factor of 2.5 smaller
than that used by the Run 2 analysis, mainly due to the improvements in the trigger
algorithms. The combined limits on B(H — ZpZp) are approximately a factor of 2 more
stringent than the limits obtained in the Run 2 analysis, and exclude B(H — ZpZp) of
1% in the range of ¢7(Zp) from a few tens of pm to 30 m (700 m) for m(Zp) = 10 GeV (60
GeV) at 95% CL. In the m(Zp) interval 20-60 GeV, B(H — ZpZp) of 0.01% is excluded
at 95% CL in the ¢7(Zp) range of about 0.3 mm to 0.5 m, corresponding to a wide range
of € values from ~ 1078 to ~ 10~%. These constraints on rare SM Higgs boson decays are
tighter than those derived from searches for invisible Higgs boson decays [117, 118], and
from measurements of the SM Higgs boson couplings [119]. At m(Zp) > 15 GeV, the
limits obtained are the most stringent limits to date for all ¢7(Zp) values except those
between ~ 0.1 cm and = 10 ¢cm, depending on m(Zp), where the best limits are provided
by a previous CMS search [54] using data collected with a dedicated high-rate data stream,

as shown in Figure 5.54.
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Figure 5.52: The 95% CL upper limits on B(H — ZpZp) as a function of the ¢7(Zp) in
the HAHM model, for m(Zp) ranging from 10 GeV (top left) to 60 GeV (bottom right), in
the STA-STA and TMS-TMS dimuon categories in 2022 data and their combination. The
median expected limits obtained from the STA-STA and TMS-TMS dimuon categories
are shown as dashed blue and red curves, respectively. The combined median expected
limits are shown as dashed black curves, and the combined observed limits are shown as
solid black curves. The green and yellow bands correspond, respectively, to the 68% and
95% quantiles for the combined expected limits. Reproduced from Ref. [23].
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Figure 5.53: The 95% CL upper limits on B(H — ZpZp) as a function of ¢7(Zp) in the
HAHM model for m(Zp) ranging from 10 GeV (top left) to 60 GeV (bottom right), obtained
in this analysis, the Run 2 analysis [22], and their combination. The observed limits in
this analysis and in the Run 2 analysis are shown as blue and red curves, respectively. The
median combined expected limits are shown as dashed black curves, and the combined
observed limits are shown as solid black curves. The green and yellow bands correspond,
respectively, to the 68% and 98% quantiles for the combined expected limits. Reproduced
from Ref. [23].
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5.8.3 Upper limits in the RPV SUSY model

Figure 5.55 shows the 95% CL upper limits obtained in the ensemble of both dimuon
categories in the framework of the RPV SUSY model. The limits are set on the product
o(pp — Gq) - B(G — ¢x9), assuming B(x? — ppr) = 0.5. They are shown as functions
of the mean proper decay length of Y? for various combinations of m(q) and m(x?), as
indicated in the legends, for m(q) values ranging from 125 GeV to 1.6 TeV, and compared
to theoretical predictions. At m(§) = 700 GeV, the data excludes mean proper neutralino
decay lengths between 30 ym and 350 m (at m(y?) = 50 GeV), and between 30 ym and
1.5 km (at m(x?) = 500 GeV). At m(g) = 1.6 TeV, the excluded c7(XY) range is between
0.07 and 4 cm for m(xYy) = 50 GeV, and between 70 ym and 2 m for m(x?) = 500 GeV.
The limits obtained in this analysis are tighter than those derived by CMS in the Run 1
search [57, 58] in all of the considered (m(q), m(x}),cr(x?})) parameter space, and are
more stringent at c7(x}) <1 cm and c7 2 1 m than the limits on the X35 RPV coupling
set by the ATLAS Collaboration at m(g) of 700 GeV and 1.6 TeV [59], and are shown in
Figure 5.56.

5.9 Reinterpretation

While the search is interpreted specifically in the context of the benchmark models
described above, its results may be applied to other models predicting long-lived particles
that decay to final states with a pair of oppositely charged muons. Thus, we provide a set
of generator-level efficiency maps that approximate the reconstruction-level efficiencies of
this analysis, and facilitate the reinterpretation of the results in the framework of other
models. Figure 5.57 shows the signal efficiencies in the STA-STA dimuon category in the
HAHM (right) and RPV SUSY (left) signal models, as a function of the minimum pz and

true

Ty
provided for thr;e smaller than 20 cm, and between 20-70 cm, and are also provided for the

TMS-TMS category. All figures and tables are also available as a HEPData [120] record,
and may be found, along with instructions for the reinterpretation, in the supplementary

material for the Run 3 search [23].

dy of the two generated muons with L™"¢ between 70-500 cm. Similar efficiency maps are
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Figure 5.55: The 95% CL upper limits on o(pp — G7)B(§ — ¢X}) as a function of c¢7(x?)
in the RPV SUSY model, for B(x) — uur) = 0.5 and m(§) ranging from 125 GeV
(top left) to 1.6 TeV (bottom right). The observed limits for various combinations of
m(G) and m(x?) indicated in the legends are shown as solid curves, while the median
expected limits are shown as dashed black curves. Their 68% and 95% quantiles are shown,
respectively, as green and yellow bands for the case of m(x}) = 50 GeV, and omitted
for other neutralino masses for clarity. The gray horizontal lines indicate the theoretical

values of the squark-antisquark production cross sections with the uncertainties shown as
gray shaded bands. The predicted cross sections for m(g) = 125 GeV (7200 pb), 200 GeV
(840 pb), and 350 GeV (50 pb) fall outside the y-axis range. Reproduced from Ref. [23].
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Figure 5.56: Observed 95% CL upper limits on o(pp — G§)B(§ — ¢x?) as a function
of c7(x?) in the RPV SUSY model, for B(Y? — uur) = 0.5 and various combinations
of m(gq) and m(x?) indicated in the legends. The limits obtained in this analysis (solid)
are compared with the corresponding limits (dashed) from the analysis of CMS Run 1
data[57, 58] rescaled by the ratio of o(pp — ¢G) at 13.6 TeV and 8 TeV, and from the
ATLAS search for displaced vertices of oppositely charged leptons in the 2016 dataset [59]
rescaled by the ratio of o(pp — G) at 13.6 TeV and 13 TeV. The grey horizontal lines
indicate the theoretical values of the squark-antisquark production cross-sections, with
the uncertainties shown as grey shaded bands. The predicted cross sections for m(q) =
125 and 350 GeV are, respectively, 7200 and 50 pb, and fall outside the y-axis range.
Reproduced from the supplementary material provided for Ref. [23].
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Figure 5.57: Signal efficiencies in the STA-STA dimuon category as a function of the
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70-500 cm in the HAHM (left) and the RPV SUSY (right) signal models. The efficiency in
each bin is computed as the ratio of the number of simulated signal dimuons in that bin
that pass the trigger requirements and selection criteria to the total number of simulated
signal dimuons in that bin and within the geometric acceptance.






Chapter 6
Conclusions

In this thesis, I presented a search for long-lived particles that decay into a pair of muons,
conducted using the CMS experiment at the LHC, at the record center of mass energy of
/s = 13.6 TeV with data collected in 2022, during the first data taking year of Run 3.
While we did not find evidence of such particles, or indeed, of any new physics beyond the
predictions of the Standard Model, we can certainly claim to have made several remarkable
achievements.

Motivated by the successful Run 2 search [22], we identified areas with potential for
improvement. The beam spot constraint in the muon track finding at the Level 1 trigger
would bias the L1 pr measurement, causing displaced muon candidates to be reconstructed
as low py prompt muons that would fail the trigger thresholds. This loss in efficiency
was addressed by developing new L1 triggers that used muon track finders without this
constraint in the CMS barrel. These triggers were complemented by also including existing
L1 triggers with low py thresholds. This strategy improved the efficiency in signal by up
to 80% at the Level 1 trigger.

To retain this increased efficiency at the High Level Trigger, new HLT paths were
developed that lower the pr thresholds from 23 GeV used in 2018, down to 10 GeV in Run 3.
Elements of the offline selection used to suppress the backgrounds, such as displacement
requirements and different types of muon reconstruction, were implemented in the trigger
design itself. This resulted in a suite of complementary triggers that benefit from different
muon reconstruction methods, using L2 muons to capture muons with large displacements
while also benefiting from the more precise L3 muons to reject prompt backgrounds, to
vastly increase the trigger efficiency for displaced muons by up to 4 times. These triggers
allow us to cover a wide range of LLP decay lengths spanning the full detector at only
a modest increase in the trigger rate. The triggers are largely model-independent, thus
retaining sensitivity to a variety of LLP models.

However, despite their remarkable ability to suppress prompt muons, the lowered pr
thresholds in the triggers brought in more backgrounds with misreconstructed low-mass
dimuons. To address these backgrounds a new track-based isolation for STA muons

was developed and deployed for the first time in CMS. It is an effective variable for
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discriminating signal from the background, in the case where the signal muon are expected
to be isolated, while also providing us with a background-rich control region to further
study and understand events featuring non-isolated displaced dimuons. More generally,
a purely data-driven background estimation method was developed in the Run 2 search,
which was highly effective even in the Run 3 search. This is particularly important as the
Monte Carlo simulation of background is not able to accurately reproduce the effects of
misidentification and misreconstruction.

These efforts resulted in the first published BSM search using 13.6 TeV data among
the four major LHC collaborations [23]. The results were used to obtain limits in terms
of two widely used benchmark models featuring displaced dimuons, the Hidden Abelian
Higgs Model and an R-parity violating SUSY model (which features non-resonant dimuon
vertices), with only minimal modifications to the event selection, demonstrating its
robustness. These limits could match the results set by the Run 2 search, constraining a
large volume of model parameter space across several orders of magnitude in LLP lifetime,
with only 40% as much data, and even exceed those limits in some regions. Combining
the results of Run 2 and Run 3 improves the existing limits by a factor of 2, setting what
are now the most stringent limits on the Higgs to LLP branching ratio, B(H — X X),
over almost all of the probed range of lifetimes. Finally, generator level efficiency maps
that approximate the reconstruction-level efficiencies of the analysis are provided, as well
as instructions to facilitate the reinterpretation of the results in the framework of other
models that predict long-lived particles decaying to final states with a pair of oppositely
charged muons.

While my contributions to the search were significant, as described in this thesis,
particularly on the development of the triggers and the analysis of the STA-STA dimuon
category, this search was ultimately a complete and cohesive team effort. This work
has leveraged some of the best capabilities of the LHC and the CMS experiment to
provide world-leading sensitivities to long-lived particles and BSM physics. We continue
to push the boundaries of both physics theory and technology to provide the best possible
understanding of the universe.
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Appendix A

Quantum Field Theory of the
Standard Model

Every physical theory or mathematical framework relies on a minimal body of assumptions
- called axioms - that cannot be derived from more fundamental principles. The SM, too,
begins with certain assumptions that serve as the starting ingredients, required to be
taken as true, to derive a theory that accurately describes experimental results. However,
considering the vast breadth and depth of the SM and the accuracy of its predictions, it
requires a surprisingly small number of assumptions and ‘free parameters’ to be input.
The mathematical structure of quantum field theories follows the Lagrangian formalism.
The notion is that a quantity called the Lagrangian encodes the physics in a given system.
The Lagrangian, £(t), is a function of generalized coordinates ¢(t) and their time derivatives

4(t), and is used to define the action, S, a functional.

Slq(t)] = / Ldt (A.1)

where the Lagrangian £ = L (q(t), d¢q(t)). In the SM, the Lagrangian describes fields
rather than the particles themselves. Thus the Lagrangian density, ., is expressed in
terms of fields ¢ by

L =2 (9(7,1), 0,0(7, 1)) (A.2)
and is related to the Lagrangian by
L= / L (A.3)
The action, therefore, can be written as

5 = / d'z.2(¢,0,0') (A.4)
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A physical system is defined by equations of motion, which arise when the action S is
minimized. These equations are known as ‘Euler-Lagrange equations’ and describe the
dynamics of the theory. Therefore, we seek a Lagrangian that minimizes the action while
describing the configuration and interactions of the field components, giving rise to all the
known particles and forces (except gravity).

The most fundamental assumptions for the SM Lagrangian are as follows:

o The speed of light, ¢, is the same in all reference frames - called inertial frames.
o The physical laws are identical in all inertial frames.

The set of all spacetime transformations that respect these symmetry requirements
is called the Poincaré group. This symmetry group consists of the Lorentz group, which
governs rotations and boosts, as well as translations. In the context of Lagrangian
formalism, imposing the invariance of physical laws across inertial reference frames means
requiring that the Lagrangian is invariant under transformations of the Poincaré group.

One then needs to identify and exploit the other symmetries of the Lagrangian that
describe spin-Y2 fields (associated with the Dirac equation), spin-1 fields (associated with
the Proca equation), and spin-0 fields (associated with the Klein-Gordon equation). The
SM can be described by the symmetry group SU(3), ® SU(2); ® U(1),.. Each symmetry
in the SM Lagrangian is also associated with a conserved quantity - called a conserved
charge - in accordance with Noether’s theorem [121]. The charges associated with each

force in the SM are as follows:
o Electromagnetic force : the electric charge.
o Weak force : the weak hypercharge.
e Strong force : colour charge.

Elementary particles can only participate in an interaction via a given force if they carry
the corresponding charge. Conversely, if a particle has zero charge of a given type, it is
not affected by the corresponding interaction.

The SU(3) group corresponds to the strong force and is described by Quantum Chro-
modynamics (QCD), the SU(2) group corresponds to the weak force, and the U(1) group
corresponds to the electromagnetic force described by Quantum Electrodynamics (QED).
However, it turns out that the electromagnetic and weak forces are aspects of a single,
unified force called the electroweak force, described by the SU(2) @ U(1) group structure.
This symmetry is spontaneously broken (i.e., SSB) below a certain energy, called the
electroweak scale, by the Higgs mechanism, giving rise to the mass of the W and Z bosons.
The subscripts refer to the charges that mediate the respective interactions: C' refers to
the color charge, L refers to the fact that only left-handed particles (and right-handed

anti-particles) participate in the weak interaction, and Y refers to the weak hypercharge.
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A.1 Quantum Electrodynamics and the U(1) Gauge
Group

Quantum Electrodynamics (QED) is an Abelian theory described by the U(1) gauge group.
It is the quantum and relativistic version of classical electrodynamics, describing how light
(photons) and matter (electrically charged fermions) interact. It was the first theory in
which the frameworks of quantum mechanics and special relativity were unified, and is
capable of predicting phenomena such as the Lamb shift of the energy levels of hydrogen
with precision better than a few parts in a billion.

The QED Lagrangian is constructed from Lagrangians describing free spin-Y2 fields ),

EDirac - ?/J(Z’Y“au - m)d’ (A5)
free spin-1 fields A",
LMamwell = aHAVa,uAV - al/A,uayA# (A6)

and imposing Lorentz invariance as well as invariance under global and local U(1) trans-
formations. Both A.5 and A.6 are readily invariant under global transformations of the

form

Y — ) = e (A7)
AP s AT — AP 4 (A8)

where « is an arbitrary constant.

However, under local transformations, where a(x) is a function of spacetime coordinates
x, the Lagrangians are, in fact, not invariant. As it turns out, adding a term coupling the
Dirac and Maxwell fields, A;ﬂ/_f’wl/f solves this issue and makes the Lagrangian invariant

under local transformations as well.

Losp = U9, — m) + A0, A, — O A0, A+ Ayibry™) (A.9)
—_——
free spin-/2 fields free spin-1 fields interaction term

Introducing the covariant derivative D,, = 0,, +1gA,,, where g is a parameter describing

the strength of the electromagnetic interaction, and simplifying, one obtains
_ 1
Loep = 1/;(17“@” —m)y — ZFH F,, (A.10)

where F* = 9" A¥ — 9" A*, and Feyman’s slash notation () = D*+,) is adopted to make

the equation compact.
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Thus, we arrive at the Lagrangian for the quantum field theory of electrodynamics
(QED). It accurately describes fermions (spin-/2 particles) and their interactions via the

exchange of the photon (spin-1 mediator).

A.2 The Strong Interaction and the SU(3) Gauge
Group

One can repeat the same exercise, beginning with the symmetries described by the SU(3)
gauge group. Consider a Lagrangian constructed from three fermion fields ¢;, that is

globally invariant under SU(3) transformations of the form

Q— Q =TQ (A.11)
51

where Q is a triplet of spin-"2 fields @) = | ¢» |, and the eight generators of the SU(3)
UE]

group are 7% = %, and A* are conventionally chosen to be the 3 x 3 Gell-Mann matrices.

The resulting Lagrangian is globally invariant but not locally SU(3) invariant

LSU(3) = Q(i@u’y“ — m)Q (A.l?)

To obtain a locally invariant SU(3) Lagrangian, we can introduce new spin-1 gauge

boson fields, G¥, corresponding to the gluons, which transform as follows :
1
Gl — G" = Gl — —0"0, — f*0,G" (A.13)
UE

where g, determines the strength of the strong interactions, and £ are the SU(3) structure

constants, described by :
[T, T° = ifebeTe (A.14)

These spin-1 fields, along with coupling terms between these and the spin—% fields, to
obtain a Lagrangian, Lqcp, that accurately describes strongly interacting particles in the

framework of Quantum Chromodynamics :

1 _ _ .
~ GG + QU9 — m)Q — 9.QuCT"Q (A.15)

free spin-1 fields

Lqcp =

free spin-v/- fields interaction terms
where GH” is the field strength, with the following gauge invariant form :

G = Q"G — 0"G" — g, f GG (A.16)
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The conserved charges arising from the global SU(3) symmetry, according to Noether’s
theorem, are the three color charges, and are represented as ‘red’ (r), ‘green’ (g), and ‘blue’
(b). The fermionic triplets @) are thus the quarks. Particles that do not interact via the
strong force are SU(3) singlets and have zero color charge.

The non-Abelian nature of the generators of the SU(3) matrices give rise to cubic and
quartic self-interactions of the gluon field and result in two important properties in the

phenomenology of strong interactions :

e Color confinement: Quarks cannot be observed individually but always in color-
neutral bound states. Baryons are bound states of 3 quarks, such as the proton (uud)
or the neutron (udd), while mesons are bound states of a quark and an anti-quark
(qq), such that the overall state is color-neutral. Recent discoveries have demonstrated
the existence of rarer bound states of four or five quarks, called tetraquarks (qqqq)

or pentaquarks (qqqqq) respectively. This phenomenon is called color confinement.

Individual quarks produced in high energy particle collisions rapidly produce quarks
and anti-quarks from the vacuum to form a color-neutral state — a process called

hadronization.

o Asymptotic Freedom: Due to color confinement, free quarks or gluons cannot be
observed over macroscopically detectable distances. However, due to the uncertainty
principle, quarks may be treated as free particles over extremely short distances (or
correspondingly, at very high energies), as the strong coupling constant decreases with
an increases momentum transfer scale. This phenomenon is known as the asymptotic
freedom and allows us to perform perturbative calculations at high energies. In
contrast, perturbative calculations are possible for the other interactions only in the

low-energy domain.

A.3 The Weak Interaction and the SU(2) Gauge
Group

In a manner very much similar to what is described in Section A.1, one can obtain a

Lagrangian by adding two copies of the L£p;rqc,
Eleer = z@*y“é?uklf (A17)

where ¥ is a doublet, ¥ = @;) This Lagrangian is invariant under global SU(2)

transformations,

U U =Ty (A.18)
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where the a; are arbitrary constants, and o;(i = 1,2, 3), are the Pauli matrices. o;/2 are
then the generators of the SU(2) group.
This Lagrangian is not locally SU(2) symmetric, however, and needs terms to restore

the symmetry, giving rise to three new fields. The extra term needs to be i\if%W;;ai\I/,

and describes the interaction between the two spin Y2 fields (zz), and the three new
2

spin-1 fields W, defined by
Wi, = 0.We — W + ge"*WWwy (A.19)

where the index a runs over the generators of the SU(2) group, g is the gauge coupling
constant for the SU(2) interaction
Putting together the components and simplifying, we obtain the Lagrangian for the

weak interaction as

_ 1 _ :
Lwear = 1070, 0 — = (W™)(W,); + TP 2 (W), 0 (A.20)
A Ty 2

free spin-/2 field

free spin-1 fields interaction term

where k are the field strength tensors.
Naively, we would associate the spin-2 fields as the fermions and the spin-1 fields as
the W* and Z bosons. However, experimental observations demonstrate the following

unique properties of weak interactions :

o Parity is violated in weak interactions: only left-handed fermions and right-handed
anti-fermions participate in weak interactions. The left and right-handedness of

fermions is defined as the projections of the Dirac fermion spinors :

1547

2

VLR = (8 (A.21)

Introducing a mass term for the fermionic fields ¥ in Equation A.20 would explicitly

mix the left and right-handed components, which would contradict observations.

e« The bosons that mediate the weak interaction are observed to be massive. The

introduction of a mass term for the mass terms would violate the SU(2) symmetry.

It is possible to formulate a Lagrangian that does satisfy the observations, and results
in what is known as the electroweak unification, while the mass of the bosons is generated

by spontaneous symmetry breaking (SSB), described by the Higgs mechanism.

A.4 Electroweak Unification

In the electroweak formulation, the electromagnetic and weak interactions are combined

in a unified description. In this formulation, the left-handed fermions, L transform as
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SU(2); ® U(1),- doublets, and right-handed fermions, R, transform as U(1), singlets, due
to the fact that only left-handed fermions (and right-handed anti-fermions) participate
in the weak interaction. We can represent the left- and right-handed fermions, and their

corresponding transformations, as follows:

L= (6 ) ’ (U) oo L— L =VoetFa@y, (A.22)
L L

Ve d

R =ep, ur,dg, ... R— R =¢VP@R (A.23)

where Y is the weak hypercharge. The experimental observations of CP violation and
quark flavor mixing can be included in the theory if the weak eigenstates d’, s’, 0’ are not the
same as the mass eigenstates d, s, b, but are related by the Cabibbo-Kobayashi-Maskawa
(CKM) unitary matrix, whose elements must be experimentally determined.

The resulting Lagrangian L£py is invariant under local SU(2), ® U(1),, transformation,

and requires the introduction of 4 spin-1 fields.

1

1B B+ > GLJPL; +iR,DR; (A.24)

1
Lpw = —W;"W,, —
4@ uv
Yi=L,R

where ) = YD, with D, as the partial derivative

D,L = [0, +igW, +igdYB,]L (A.25)
D,R=1[0,+igYB,R (A.26)

Here W, can be expressed in terms of the three new SU(2), invariant massless spin-1
fields Wi (i =1,2,3) as :

¥, = o Wi W — W

1
== A27
2w awy o W (A27)

and B, is another massless spin-1 field that is invariant under local U(1) transformations.

Their corresponding field strengths are given by

W, =0Wi—9,W; — ge"WIW} (A.28)
B,, =0,B, —0,B, (A.29)

As the Pauli matrices do not commute, [0, 07] = i€"/*o*  the kinetic term for the SU(2)

spin-1 free fields, —iWé‘”Wﬁy, gives rise to cubic and quartic self-interactions of the WZL
fields.
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These new gauge fields are not the known physical W, Z bosons, and the photon.
However, we can obtain the neutral currents by defining a linear transformation between

the neutral fields Wi’ and B, and the physical Z, and A, fields.

Z

I

Ay

W

5 (A.30)

B [ cosby  sinOy

—sin @y cos Oy

where Oy, is a free parameter in the theory called the weak mixing angle, or the Weinberg
angle, that can be measured with high experimental precision from weak decay rates.

Similarly, We can obtain the charged currents and associate the physical W= bosons
with the W' and W? fields via

_ WhEaw?
V2

The resulting fields are still massless due to gauge invariance, however, and we still

W (A.31)

cannot introduce a fermionic mass term into Equation A.26 due to the left and right-handed

terms having different properties. This problem is addressed in the following section.

A.5 Spontaneous Symmetry Breaking and the Higgs

Mechanism

While Lgy is invariant under local gauge invariance, it does not account for the measured
masses of the W bosons, My, = 80.3692 40,0133 GeV, and the Z boson, Mz = 91.1880 +
0.0020 GeV, or the measured masses of the fermions [106]; only the photon is truly massless.

This problem can be solved by introducing a new complex scalar doublet field ¢

oF
o = o (A.32)
We can add a new SU(2), ® U(1), gauge invariant term, Lyig,s, to the electroweak
Lagrangian,
Litiges = (0"®)1(9,®@) — p?(®1®) — A(Td)? (A.33)
Kinetic term Higgs Potential term, V()

The combined electroweak Lagrangian is then
Lpw = [0, — ig oW, — igB,)®'] - [(0* — ig o;W* + igB*)®] — V(D) (A.34)

In the Higgs potential term, V(®), the parameters p and A are assumed to be
temperature-dependent and to have evolved with the universe. If the self-interaction

term is negative u? < 0, and the quartic coupling term is positive, A > 0, this results in
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a potential with a degenerate set of states with a non-zero minimum energy, called the
vacuum expectation value (VEV) of the Higgs potential, famously knows as the ‘Mexican

hat” potential, as shown in Figure A.1.

<mqno>:,/%#av::gaw (A.35)

where the VEV, v & 246 GeV, and can be determined from measurements of the muon
lifetime. This value sets the energy scale at which the Higgs mechanism played in breaking
the electroweak symmetry in the early universe, and is therefore known as the electroweak
energy scale. To illustrate this, in the early era of the universe in which the temperature
at a time t, T'(t) >> v, the SM was invariant under SU(2), ® U(1),, transformations,
and V(®) had a degenerate set of energy states with minimum energy zero, < ® >= 0.
However, as the universe cooled into an era where T'(t) << v, these symmetries would
spontaneously break, and the Higgs potential V' (®) would acquire a non-zero VEV.

We have the freedom to choose a Higgs potential such that H = ® — v/+/2, giving us
the Higgs field

H= ;ﬁemei m (A.36)

This freedom is caused by the presence of three non-physical massless Goldstone bosons ©;.
Choosing a particular unitary gauge where ©; = 0 breaks the SU(2), ® U(1),, symmetry of
the Lagrangian, removing the Goldstone bosons, and leaves the SM Lagrangian unbroken
under the U(1),, symmetry.

The W and Z bosons acquire mass and interactions with the Higgs field through the
kinetic term in Lz,

2

7 (A.37)

2

g
L HYZWWwWH + —
w2 (vt )[4 H Jr80082914/ .

The masses of the bosons are them given by %MWWJW” and %M 22, 2" respectively. This
leads to the prediction that

COS HW = MW/MZ (A38)

This relation fixes the mass of the W boson with respect to the mass of the Z boson, and
has been confirmed experimentally to be true with high precision in collider experiments.

The weak mixing angle 6y also relates the coupling constants g and ¢’ by

/

9

sin Oy = —F——
w 2t g2

~ 0.215 (A.39)
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Figure A.1: Illustration of the shape of the Higgs potential in 3 dimensions, also known
as the ‘Mexican hat’ potential due to its iconic shape. Point A represents the field
configuration when ¢ = 0, while B represents the breaking of the symmetry, leading to the
field attaining a preferred minimum energy state.

The Higgs potential contains higher order terms, representing the self-interactions of
the Higgs boson, which give rise to its mass, Myz. However, this quantity can only be
measured experimentally as long as \ is a free parameter, because My = v2\v. The
Higgs boson was discovered in 2012 by the CMS and ATLAS experiments at the LHC
after decades of searches, and its mass was measured to be My = 125.2 £ 0.11 GeV.

Additionally, it is also possible to introduce a Yukawa interaction term, Lyuawa between

the new scalar field and the fermions

_ H -
EYukawa = Y;j [L2¢R] + hC] —)SSB - Z Y;j (%fzfl) (A4O>
2%

If this Yukawa matrix is chosen to be diagonal, the masses of the fermions can be

obtained as a function of the Yukawa couplings y; of the Higgs field with the fermions

m; = ?\J/g (A.41)

where the index ¢ runs over the leptons and quarks. The coupling strength is given by

yiH  mH
Ci = =
2 v

(A.42)

This result reveals that the mass of a charged fermion is proportional to its coupling
strength to the Higgs field: the stronger the coupling, the heavier the fermion. This is
illustrated in Figure A.2.
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Figure A.2: CMS result [119] showing the measured coupling strengths of the SM particles
as a function of their mass (red), compared with SM predictions. Sourced from [122].

A.6 Summary

The gauge principle allows us to formulate the theoretical framework of the different
fundamental interactions (excluding gravity), namely the strong, electromagnetic, and
weak interactions, using only symmetry arguments. However, this results in a theory
with only interactions mediated by massless spin-1 fields, which contradicts experimental
observations of the massive W and Z bosons, as well as the fermions.

We are able to introduce a scalar field to the theory that is able to spontaneously break
the original symmetry and generate masses for the different particles. This scalar field
predicts the existence of the Higgs boson, which was experimentally discovered in 2012,
concluding the search for SM particles — as all of them have now been found.

To build a theory as complex and comprehensive as the SM, we require only 18 different
free parameters whose values cannot be predicted by theory and need to be experimentally
determined. These are three masses for the leptons (leaving the neutrinos massless in the
SM), six masses for the quarks, three mixing angles and 1 CP violating phase in the CKM
matrix, three gauge couplings, a vacuum expectation value for the Higgs field, and the

mass of the Higgs boson itself.






Appendix B

TMS muon and dimuon selection

B.1 TMS muon identification

We begin with an initial list of TMS muon candidates consisting of all global and arbitrated
tracker muons with pr > 10 GeV that are matched to STA muons by the STA to TMS
muon association procedure discussed in Section 5.5.2. The position resolution of TMS
muons is significantly superior to that of STA muons due to the excellent resolution of
the tracker, resulting in a much better L,, resolution (as shown in Figure 5.20), as well
as pr and dj resolution. The pr resolution of TMS muons is in the range of 1-3%, more
than an order of magnitude better than that of STA muons, which is typically between 20
and 30%. This translates into a large improvement in the invariant mass of resolution of
TMS-TMS dimuons.

The standard identification criteria for global and tracker muons, designed for prompt
muons, result in poor efficiency for muons not emerging from the PV. Therefore, the
following identification requirements, developed and optimized in the Run 2 analysis [22]
using simulated signal and background samples, as well as samples of loosely isolated TMS
muons forming fake displaced dimuons in signal-free regions, are applied to TMS muons

in our analysis :

o relative pr uncertainty o(pr)/pr < 1, where o(pr) is the internal uncertainty of the

muon track fit;
e is a tracker muon,;
e more than one matched CSC or DT segment.

For the 2022 analysis, the cut values remain the same.

B.2 TMS muon isolation

Both TMS muons are required to be isolated from other activity in the event, to suppress

large backgrounds from dijet and multijet QCD events. The relative tracker isolation 1§
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gives the best performance for the search. This algorithm calculates the scalar sum of the
pr of tracker tracks reconstructed in a cone of radius AR = \/ (An)2 + (A¢p)? centered on

the muon track direction. The tracker tracks in the cone must satisfy four requirements,

optimized for this search, to be included in the sum.

o The distance along the beamline, |Az|, between the reference point of the track and

that of the muon defining the cone, must be smaller than 5 mm,;

o The impact parameter d; of the track with respect to the beam spot must be smaller

than 2 mm.

o AR between the track and muon defining the cone must be larger than 0.01 and

smaller than 0.3.

« If the isolation cone around a given muon, p, also contains the tracker track for the
second muon forming the dimuon, s, it is not included in the - pr for p; (and vice
versa). This requirement dramatically improves the efficiency for signal events with
boosted LLPs yielding a collimated pair of muons, while having a negligible impact

on background rejection.

The pr of the muon track itself is not included in the sum. The muon is considered
isolated if the ratio of the py sum to the muon track pr is below 0.075. The track direction
and pr values are computed at the point of closest approach to the beam spot. Thus,

optimal requirement on the cone size and isolation threshold
IN(AR < 0.3) < 0.075 (B.1)

is applied to each of the two TMS muons in a dimuon

B.3 TMS-TMS event selection

o An important discriminating variable in the TMS-TMS category is the d, signifi-
cance, dy/o(dy). This quantity is usually large for muons produced in the decays of
long-lived particles and small for promptly-produced muons pointing towards the

PV. The measurement of o(dy) includes both track and PV uncertainties.

Dimuons in the TMS-TMS category are required to be displaced with respect to
the PV by requiring that both the L, significance, L,,/0(L,,), as well as the dj
significance, do/o(dy) be larger than 6. The signal region is further subdivided into
three min(dy/o(dy)) bins : [6, 10], [10, 20], and [20, inf).

o To suppress backgrounds consisting of dimuons formed from unrelated muons, a

threshold is imposed on the x? of the vertex fit, 2, > 10.
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o Backgrounds from unrelated or mismeasured TMS muons are further suppressed by
requiring both muons forming the TMS-TMS dimuon to have a similar number of
pixel hits. The difference between the number of pixel hits on the two TMS muons

in a dimuon must be smaller than 3.

AN (pixel hits) = ‘N(pixel hits),, — N(pixel hits,, )

<3 (B.2)

For TMS-TMS dimuons arising from LLP decays outside the pixel detector, this
quantity is 0 and is 100% efficient, while for other signals, it reduces the efficiency

by only a few percent.

o To suppress cosmic ray muons, in addition to cuts on timing and direction, in the
TMS-TMS category, back-to-back muons are suppressed by imposing a threshold
the 3D opening angle, o < 3.0 rad (cosa > —0.99). The cut value reflects the much

better angular resolution of TMS muons.

o To suppress prompt Drell Yan type backgrounds in the TMS-TMS category, thresh-
olds |A®|, are applied on the transverse collinearity angle |A®| such that |AP| <
|A®|,. This threshold value is defined to be |A®|, = 7/30 for the HAHM model,
reflecting the superior dimuon momentum and L,, resolution in this category, and
|A®|, = /4 for the RPV SUSY model. Figure B.1 shows the |A®| distributions in
both HAHM and RPV signal samples, as well as a prompt DY background enriched

sample in data.
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Figure B.1: Distribution of |[A®| for TMS-TMS dimuons in a data sample enriched in
Drell-Yan events (black circles), and for events passing all selection criteria, except for
the requirement on |A®|, in all HAHM (blue triangles) and RPV SUSY (orange squares)
generated signal samples combined. All distributions are normalized to unity.
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o To suppress QCD dijet and multijet events yielding background dimuons that
are formed from genuine or fake muons belonging to different jets, we require pr
thresholds on the muons forming the dimuon in the TMS-TMS category. The leading
muon is required to have a pr > 25 GeV, while the subleading muon is required to
have a pr > 10 GeV. These thresholds were optimized in the Run 2 search and were
found to be effective even in Run 3, even after adding lower pr HLT paths, as shown
in Figure B.2.
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Figure B.2: Distribution of the pr of the leading (left) and subleading (right) muon forming
the TMS-TMS dimuons for events in the HAHM sample with m(Zp) = 20 GeV (light
blue), and in the OS |A®| > 37/4 (red) and SS |AP| < 7/4 (green) control regions in
2022 data. The full selection is applied except for the requirement on max(pz). The last
bin contains the overflow.

o To suppress low mass backgrounds such as those from QQCD processes, we require the
reconstructed invariant mass of the dimuon in the TMS-TMS category, m,,, > 10
GeV. Taking advantage of the superior invariant mass resolution in the TMS-TMS
category, which is between 1-3%, we perform the search for LLPs in this category
using narrow mass intervals to suppress remaining backgrounds, which are typically

equal to =6 — 8 times the mass resolution. These are listed in Table B.1.

A summary of the selection is provided in Table 5.3. The offline event selection
efficiencies for TMS-TMS dimuons are shown in Figure B.3 as a function of their simulated
L., and |z| in the HAHM signal samples, with the approximate geometry of the CMS
tracker modules overlaid on top, showing displaced vertices reconstructed up to 60 cm in

L., and 150 cm in |z|.

B.4 TMS-TMS signal region

The background estimation method in the TMS-TMS dimuon category is performed in
generally the same manner as in the STA-STA category and is described in [23], and
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Mass interval [GeV] (m(H),m(X)) [GeV] m(Zp) [GeV]
10 < my, <12 - 10
18 < my, < 22 (125, 20), (200, 20), (400, 20), (1000, 20) 20
27 <my, <33 - 30
37 <my,, <43 - 40
46 < m, < 54 (125, 50), (200, 50), (400, 50), (1000, 50) 50
55 < my, < 65 - 60

140 < my,,, < 160 (400, 150), (1000, 150) ;
326 < m,, < 374 (400, 150), (1000, 150) ;
Corrected mass interval [GeV] m(q) [GeV] m(x?) [GeV]
30 < mgt < 55 125, 200, 350, 700, 1150, 1600 50
60 < M < 110 125 100
90 < mi" < 165 350 150
105 < meor < 192 200 175
195 < my" < 357 350 325
300 < my," < 550 700, 1150, 1600 500
405 < m < 742 700 675
570 < mit < 1045 1150, 1600 950
675 < my"t < 1237 1150, 1600 1125
840 < mi" < 1540 1600 1400
945 < Mo < 1732 1600 1575

Table B.1: Correspondence between the invariant mass intervals in the TMS-TMS category
and the parameters of the simulated signal samples.
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Figure B.3: Offline selection efficiency of TMS-TMS dimuons as a function of simulated
L,, and |z| decay positions of the dark photon Zp, in all generated HAHM signal samples
combined. Approximate locations of the silicon pixel and strip tracker modules, namely
the tracker inner barrel (TIB) and disks (TID), tracker outer barrel (TOB), and tracker
endcap (TEC), are drawn superimposed as black boxes.

therefore omitted here in the interest of brevity. However, the final background predictions
and yields in the TMS-TMS signal region are included here for posterity.

Figure B.4 shows the unblinded min(dy/o(dy)) distributions in the signal region, in
the TMS-TMS category for the HAHM analysis with |[A®| < 7/30 (left) and the RPV
SUSY model analysis with |[A®| < pi/4 (right), showing the predicted background yields,
as well as the observed number of events. Also shown are the expected signal yields, based
on the median expected 95% CL exclusion limits obtained from the ensemble of both the
TMS-TMS and STA-STA categories, scaled up to improve visibility.

Figures B.5 and B.6 similarly show the unblinded m,,, and m7* distributions, in each
of the min(dy/o(dp)) bins, for the HAHM and RPV SUSY model analyses respectively.
The predicted background yields, as well as the observed number of events, are shown,
along with the expected signal yields, based on the median expected 95% CL exclusion
limits obtained from the ensemble of both the TMS-TMS and STA-STA categories, scaled

up to improve visibility.
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Figure B.4: Distributions of min(dy/o(dp)) for TMS-TMS dimuons with (left) |[A®| < 7/30
and (right) |A®| < /4, for events in all mass intervals combined. The number of observed
events (black circles) is overlaid with the stacked histograms showing the expected numbers
of QCD (yellow) and DY (green) background events. Statistical uncertainties in the total
expected background are shown as hatched histograms. Signal contributions expected
from simulated signals indicated in the legends are shown in red and blue. Their yields
are set to the corresponding median expected 95% CL exclusion limits obtained from the
ensemble of both the TMS-TMS and STA-STA dimuon categories, scaled up as indicated
in the legend to improve visibility. Events are required to satisfy all nominal selection
criteria with the exception of the dy/o(dy) requirement. The last bin includes events in
the histogram overflow.
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Figure B.5: Comparison of observed and expected numbers of events in the TMS-TMS
dimuon category, for the HAHM analysis requiring |A®| < /30, in bins of m,,. The
number of observed events (black circles) is overlaid with the stacked histograms showing
the expected numbers of QCD (yellow) and DY (green) background events in bins of m,,,, in
three min(dy/o(dy)) bins: (left) 6-10, (center) 10-20, and (right) > 20. Hatched histograms
show statistical uncertainties in the total expected background. Signal contributions
expected from simulated h — ZpZp events (with the parameters indicated in the legends)
are shown as red and blue histograms. Their yields are set to the corresponding median
expected 95% CL exclusion limits obtained from the ensemble of both the TMS-TMS and
STA-STA dimuon categories, scaled up as indicated in the legend to improve visibility.
The last bin includes events in the histogram overflow.
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Figure B.6: Comparison of observed and expected numbers of events in the TMS-TMS
dimuon category, for the RPV SUSY model analysis requiring [A®| < /4, in bins of mS))".
The number of observed events (black circles) is overlaid with the stacked histograms
showing the expected numbers of QCD (yellow) and DY (green) background events
in bins of m{" in three min(dy/o(dp)) bins: (left) 6-10, (center) 10-20, and (right) >
20. Hatched histograms show statistical uncertainties in the total expected background.
Signal contributions expected from simulated events in the RPV SUSY model (with the
parameters indicated in the legends) are shown as red and blue histograms. Their yields
are set to the corresponding median expected 95% CL exclusion limits obtained from the
ensemble of both the TMS-TMS and STA-STA dimuon categories, scaled up as indicated

in the legend to improve visibility. The last bin includes events in the histogram overflow.



Appendix C

Lifetime Reweighting

The signal samples used in this analysis were produced over a discrete lifetime grid.
To obtain the signal efficiencies and corresponding limits at lifetime values in between
the generated lifetime points, we use a lifetime reweighting procedure described in this
appendix.

The decay time of the LLP X can be expressed in terms of reconstructed quantities

g = Ly (C.1)
pr

A particle with mean proper lifetime 7 will have its decay time distributed according to
an exponential probability distribution given by Equation 2.4.

The signal samples were produced for three or four simulated lifetime points for
each combination of masses in the HAHM, RPV SUSY, and BSM heavy scalar models.
To interpolate between these lifetime points, we can define a meta-sample probability

distribution
M) == (C.2)

where P(t|7;) and N, represent the decay probability distribution and number of generated
dimuons for a generated sample ¢ with mean proper lifetime 7; respectively, among n total
samples. The meta-sample can then be multiplied by a weight w(t, 7) such that it results

in a probability distribution with an arbitrary lifetime P(¢|7)

P(t|r)
M(?)

w(tr) = (C.3)

Our selection efficiency, €(t) is then dependent only on the decay time ¢ of the LLP, not

the generated lifetimes of the samples, allowing us to write the (non-normalized) lifetime
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distribution of selected LLP S as
S(t) = e(t)M(t) (C.4)

To obtain the selection efficiency €(7) of the full meta-sample for an arbitrary lifetime

T, We call use

/ e(tyw(t, r)M(t)dt = / w(t, T)S(t)dt = ¢(7) (C.5)

This allows us to derive the selection efficiency for lifetimes other than those generated

for the analysis.
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