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ABSTRACT OF THE DISSERTATION
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using 13 TeV Proton-Proton Collisions at the Compact Muon Solenoid Detector

by

Tyler Christopher Lam
Doctor of Philosophy in Physics
University of California, Los Angeles, 2024
Professor Michail Bachtis, Chair

This thesis describes the search for rare Standard Model (SM) Higgs boson decays to long-
lived scalar bosons (®) decaying to photon pairs using data collected by the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider. The data were collected from 2016,
2017, and 2018 proton-proton collisions at center-of-mass energy of /s = 13 TeV and cor-
respond to an integrated luminosity of 138fb™'. Events are triggered using the leptonic
decays of the Z boson produced in association with the SM Higgs boson. Although the CMS
electromagnetic calorimeter has limited vertex reconstruction capabilities for photons, this
analysis utilizes a novel reconstruction technique using kinematic constraints to calculate the
displaced vertices of the diphotons. Signal is extracted using a counting-based maximum-
likelihood approach in bins of the diphoton vertex L,, and the invariant photon mass. Results
are interpreted in terms of upper limits on branching ratios BR(H — ®®) x BR(® — yy)
and in terms of the model-independent production cross section o(Z + @®) x BR(® — vy).

No significant excess above SM expectation is observed.
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CHAPTER 1

Introduction

Understanding the composition of matter and the forces that govern it are the core principles
motivating particle physics. The idea that all matter is composed of some fundamental
building block dates back to 440 B.C. in ancient Greece, where these blocks were referred to
as atomos, meaning “indivisible” [1]. This is the origin of the modern atom, coined in 1803
by John Dalton. In his atomic theory, Dalton proposed that all matter was composed of
tiny, individual particles called atoms which could neither be created nor destroyed [2]. This
theory held until 1897, when J. J. Thomson discovered that cathode rays emitted from a hot
filament were actually beams of charged particles [3]. Thomson theorized that atoms were
not fundamental but composite particles, consisting of a positively charged “paste” with his
charged particles, later named electrons, embedded within. Thomson’s model of the atom
was further refined in 1911, when Ernest Rutherford’s gold foil experiment revealed that
atoms consisted of a dense, charged core and resulted in the discovery of the proton [4].
Finally, in 1932, the classical model of the atom was completed when James Chadwick
discovered the neutron by observing radiation emitted from a beryllium target that was

bombarded with alpha particles [5].

In parallel to classical atomic theory, quantum theory began to develop in 1900 when
Max Planck solved the ultraviolet catastrophe — a problem in which the power radiated
from an ideal blackbody was calculated to be infinite — by assuming that energy from
electromagnetic radiation was quantized [6]. This energy was revealed to be discrete particles

with quantized energies following the work of Albert Einstein, through his explanation of the



photoelectric effect in 1905, and A. H. Compton in 1923, through his discovery of Compton
scattering. These particles, later named photons, were the first interpretation of particles

acting as mediators of a force.

The next question for particle physics was to determine the mechanism that held the
nucleus together. Physicists were certain it must be a new force, as the protons would
repel each other through the electromagnetic force and were much too light for gravity to
play any significant role. In 1934, Yukawa proposed the first theory of the strong force and
predicted a mediator particle with mass about one-sixth of the proton mass [7]. He called
this intermediate particle a meson — a middle ground in mass between the light, electron
scale particles (leptons) and heavy, proton scale particles (baryons). The search for this
strong mediator eventually led to the discovery of both the pion (n) and muon (u) [8], with
the pion being the meson Yukawa predicted and the muon being a lepton from the pion

decay — though neither were the true mediator of the strong force.

Throughout the next decade a myriad of new particles were discovered that verified
theoretical predictions, such as the positron (and more generally antiparticles) in 1932 by
C. D. Anderson [9] and the neutrino in the 1950s by Cowan and Reines [10]. Additionally,
several “strange” mesons and baryons were discovered using cloud chambers and particle
accelerators, such as the kaon (K") in 1947 by Rochester and Butler [11] and the lambda (A)
in 1950 by Hopper and Biswas [12]. In order to develop a unified model to accommodate all of
the newly discovered particles, Gell-Mann and Nishijima independently devised the property
of particle strangeness [13,14], eventually leading to Gell-Mann creating the Eightfold Way in
1961, which mapped baryons and mesons on an elegant, if not convoluted, grid of strangeness
and electric charge [15]. This grid had one notable gap, which Gell-Mann predicted would

be a new particle and resulted in the discovery of the omega-minus (Q) in 1964 [16].

In 1964 Gell-Mann and Zweig independently proposed that baryons and mesons were
not actually fundamental particles, but were instead composed of elementary particles called

quarks [17,18]. Once again what scientists believed were the smallest constituents of matter



were broken down into even smaller units. In this theory there are three quarks (u, d, and
s) that each carry a charge and strangeness, every meson is composed of a quark-antiquark
pair, and every (anti)baryon is composed of three (anti)quarks. From this, the complex grid
in Gell-Mann’s Eightfold Way followed naturally by mapping every allowed combination
of quarks. Some of the first evidence supporting the quark theory came in 1969 from the
Stanford Linear Accelerator Center (SLAC), in an experiment analogous to Rutherford’s
gold foil experiment, by scattering electrons off of protons and measuring the deflection [19].
Further evidence came in the form of the JAy meson discovery in November, 1974 from
Brookhaven [20] and SLAC [21], which indicated the existence of a fourth flavor of quark —

the charm (c).

The discovery of the J/y meson spurred what is known as the November Revolution, a pe-
riod of rapid discovery in the world of particle physics [22]. As expected, several baryons and
mesons containing the charm quark were discovered, but the periodic table of fundamental
particles gained several new entries as well. In 1975, the tau lepton (t) was discovered [23],
and in 1977 the discovery of the upsilon meson (Y) indicated the existence of a fifth flavor
of quark, the bottom (b) [24]. At this point, there were five leptons (with the strongly hy-
pothesized sixth lepton being the tau neutrino) and five quarks, with the existence of a sixth
quark predicted to maintain symmetry between the quarks and leptons. The final quark,
dubbed the top (t), was eventually discovered in 1995 at the Tevatron [25], and is the last
quark discovered as of present day. Lastly, the tau neutrino was discovered by the DONUT

collaboration in 2000 [26], finalizing the current periodic table of fundamental fermions.

The theory that describes the fundamental particles and the interaction forces is known
as the Standard Model (SM). It perfectly describes the behavior of the quarks and leptons,
though this is by construction as most of the parameters were determined empirically through
experiment. For this reason, the predictive power of the SM was not truly validated until
the discovery of the W, Z, and (most importantly) Higgs bosons. The first two are the force

mediators of the weak force, which governs nuclear decay, and were predicted by Glashow,



Weinberg, and Salem from their work on electroweak unification [27] before being discovered
in 1983 at the European Organization for Nuclear Research (CERN) [28,29]. The Higgs
boson, which was predicted to give mass to the fundamental particles, managed to evade
detection until the Large Hadron Collider began taking data in 2010. After two years of data
taking the Higgs boson was finally discovered in 2012 [30,31], marking a major milestone for

the predictive power of the SM.

The discovery of the Higgs boson was the last missing piece of the Standard Model, but
the puzzle of fundamental particles is still incomplete. Dark matter, which comprises 27%
of mass-energy of the observable universe, is not predicted by any SM particle. Moreover,
there is no evidence for the existence of stable antimatter in the universe and no mechanism
in the Standard Model that fully explains this matter-antimatter asymmetry. If gravity
is to be incorporated into the SM, then it must be quantized, similar to Einstein and his
quantization of light, but gravity and general relativity are thought to be incompatible
with quantum theory [32]. Neutrinos, which are assumed by the SM to be massless, have
experimentally been shown to have non-zero mass. Theories seeking to resolve these issues
are referred to as Beyond the Standard Model (BSM), and are the motivation for several

ongoing experiments at the LHC.

This dissertation describes a search for Higgs boson decays to long-lived, BSM bosons ()
which then decay to two photons. These long-lived particles (LLPs) are predicted in several
BSM theories, hence the analysis is intended to be independent of the specific theoretical
model to provide maximum discovery potential. The data used in this analysis correspond to
proton-proton collisions with center-of-mass energy of 13 TeV collected by the Compact Muon
Solenoid (CMS) detector at the LHC from 2016-2018. In order to provide the full context for
the analysis, chapter 2 will give a brief overview of the Standard Model and the theoretical
motivation for LLPs. Greater detail on the mathematical formalism of the Standard Model
and quantum field theory can be found in appendix A. Chapter 3 then describes the LHC
and CMS detector used to obtain the data for this analysis, with chapter 4 detailing work



done for the real time muon reconstruction done by the level-1 trigger in CMS. The full

H — ®® — yy + X analysis itself is then given in chapter 5.



CHAPTER 2

The Standard Model and Motivations for Displaced

Photons

In this chapter, we present an overview of the Standard Model (SM) — the best current
description of the fundamental constituents of matter and the interactions among them. We
begin with a brief description of the SM particles, followed by an outline of the mechanism
that determines particle lifetimes. This establishes the groundwork to discuss the Higgs
boson its relation to long-lived, beyond the Standard Model particles that motivate the
H — &P — yy + X analysis presented in chapter 5.

2.1 Elementary Particles in the Standard Model

The Standard Model is a quantum field theory that describes interactions between fundamen-
tal particles (see appendix A.1 for a description of the mathematical formalism). According
to the SM, all matter is composed of spin-1/2 particles known as fermions with forces that
interact via fields mediated by spin-1 gauge bosons. Of the four forces — gravity, electro-
magnetic, weak, and strong — the SM provides a description of all but gravity. The spin-1/2
fermions can be divided into three generations of increasing mass, with each generation di-
vided into a quark doublet and lepton doublet. The gauge bosons are composed of the
photon (y) which mediates the electromagnetic force, the Z and W= bosons which mediate
the weak force, and 8 gluons (g) which mediate the strong force. The Z and W bosons gain

mass through a process known as the Higgs mechanism, which predicts the existence of a



scalar boson H known as the Higgs boson. This process is presented in detail in section A.3.
Figure 2.1 shows the mass, charge, and spin of the fermions grouped by generation, the gauge
bosons, and the Higgs boson. Each fermion has an associated antiparticle with identical spin

and mass but opposite electrical charge.
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Figure 2.1: Table of all Standard Model particles, divided by generation and particle type.
Each particle is labeled with its mass, charge, spin, and symbol. Quarks are shown in blue,

leptons in green, gauge bosons in red, and the Higgs boson in purple. Values taken from [33].

2.1.1 Fermions

Quarks are fermions that interact with the strong, weak, and electromagnetic force. They
are found exclusively in bound states known as hadrons. The two main types of hadrons
are quark-antiquark pairs called mesons or three quark (or three antiquark) configurations
known as baryons. For example, protons, the most commonly known baryons, are composed

of two up quarks and one down quark (uud), and the ¥ is a meson composed of an up



quark and a down antiquark (ud). Each column of quarks in table 2.1 forms a doublet, with
the upper quark having charge +2/3 while the lower quark has charge —1/3. Thus mesons

can have charge 0 or =1 and baryons can have charge 0, £1, or +2.

Due to their interaction with the strong force, quarks carry one of three “color” charges of
either red, blue, or green (or antired, antiblue, or antigreen). Although it is not theoretically
required, it has been experimentally shown that quarks must always exist in a colorless
bound state. Baryons must have one quark of each color (or anti-color), and mesons must

consist of color-anticolor pairs. This property is known as color confinement.

Leptons are fermions consisting of three charged particles — the electron, muon, and tau
(e, u, and 1) — and three corresponding neutral particles (v, v,, and v;) called neutrinos.
The charged leptons interact through both the electromagnetic and weak force, while the
neutrinos interact only through the weak force. The lepton and neutrino doublets are in-
trinsically linked through the weak force. Neutrinos have extremely small masses compared

to the other massive SM particles, and can undergo oscillations between flavors.

2.1.2 Bosons

The gauge bosons are the spin-1 mediators of the electromagnetic, weak, and strong forces.
The photon is the massless mediator of the electromagnetic force and couples to charged
particles. Since they do not carry electric charge, photons do not directly interact with other
photons. On the other hand, gluons, which are the massless mediators for the strong force,
carry two color charges and can therefore interact with other gluons. Lastly, the Z and W=
bosons are the mediators of the weak force and can interact with all fermions as well as each

other.

The Higgs boson is the only currently known scalar boson. In the SM, the Z and W*
bosons as well as all fermions are required to be massless due to various symmetry require-

ments. The Higgs mechanism, through a process known as spontaneous symmetry breaking,



allows these particles to acquire non-zero mass without violating conservation laws. In this
sense, the Higgs boson is said to give masses to the particles. The Higgs boson couples to
any particle with mass, which includes itself, the aforementioned Z and W bosons, and all

SM fermions.

2.2 Fermi’s Golden Rule and Particle Lifetimes

One of the key results from quantum field theory relates the interactions between particles
to the rate at which they decay. Fermi’s Golden Rule, which is more commonly known
for describing transition rates using perturbation theory in QM, can be applied to Lorentz
invariant particle decays [34]. For the decay 1 — 2 + 3 + ... + n, the partial decay rate is
given by

@n'

dl' = (
2m1

|M|2d(bn(p17p27"'apn) ) (21)
where M is the matrix element of the decay determined by the coupling strength and the
interaction term of the initial and final states in the Lagrangian and d®,,(p, ps, ..., p,) is a

differentiable element of the phase space given by

n

d’p;
dq)n(plap%' 7pn - sz H ) 2. . (22)

For a two body decay, integrating over the phase space gives a total decay rate of

|pi|

'=——
87Tm%|

M|?. (2.3)
This is the decay rate for the specific decay mode 1 — 24 3. One parameter of interest is the
total decay rate for all processes, given by I' = » . T';, where ¢ sums over all possible decay
modes. Particle decays follow a Poisson distribution, meaning that the decay probability is

independent of how long the particle has existed. The probability density for a particle with



total decay rate I' to decay at a time t is given by

1
P(t|T) =Te "' = ;e_t/T, (2.4)

where the mean lifetime 7 = 1/I.

For a two body decay, the invariant mass distribution of the decay products forms a peak
around the invariant mass of the parent particle, which is often referred to as a resonance.
The shape of this distribution is known as a Breit-Wigner distribution and is related to the
decay rate. Suppose the total Hamiltonian of the system is H = H, + H', where H, has
energy eigenstates and eigenvalues given by Hy |4,,) = E, |1,,) and H' is treated as a small
perturbation. Using first order perturbation theory, if the initial particle begins in state 1);,
the probability to measure the parent particle in a state with energy FE; is given by

2 [l H [

|e; ()] = (B, — E)? +T%/4° (2.5)

This curve has a peak at E; and a full width at half maximum (FWHM) equal to I'. As a
consequence, the longer a particle’s lifetime the broader the peak in its mass distribution.
Although it appears the energy of the system changed after the decay, conservation of energy
is not violated as the initial state |1);) is not an eigenstate of the full Hamiltonian and does
not have a well defined energy [35]. Particles can have long lifetimes for several reasons, such

as phase space restrictions or suppressed decays in the matrix element.

2.3 DMotivations for Long-Lived Scalar Bosons

Despite the success of the Standard Model as the most accurate and precise description of
fundamental particles and their interactions, there exist substantial shortcomings that remain
unanswered. Section 2.3.1 will outline a few of the outstanding problems with the Standard

Model, with potential solutions involving long-lived particles presented in section 2.3.2.
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2.3.1 Beyond the Standard Model

There exists numerous observed and theoretical phenomena that motivate the need for
physics beyond the Standard Model. Several models hypothesize that dark matter, which
is required to explain the rotational velocity of distant galaxies [36], must be a massive,
neutral, stable particle — which currently does not exist in the Standard Model. Another
notable absence, as mentioned in section 2.1, is a description of the gravitational force. Ad-
ditionally, the Standard Model assumes that neutrinos are massless (and thus only exist as
left-handed fermions), but experimental observations of neutrino flavor oscillations indicate
that the neutrinos must have non-zero mass. Even the exact nature of the Higgs boson is
unknown, as the potential for spontaneous symmetry breaking (see appendix A.3.2) is not
unique and merely the simplest form that produces three massive and one massless gauge
bosons. This section will cover a few of the most relevant issues with the Standard Model

as they pertain to this dissertation.

2.3.1.1 Baryon Asymmetry

It is assumed that matter and antimatter were originally created in equal quantities, yet
all the baryons in the universe are composed of matter instead of antimatter. The critical
phenomena to create this asymmetry are baryon number violation, periods of thermal fluc-
tuation, and CP violation, meaning the rate for a given process is different from the rate
of the CP-conjugate process [37]. The Standard Model does contain the necessary mech-
anisms for CP violation through phase factors in the mixing matrices between flavor and
mass eigenstates, as demonstrated by kaon regeneration and neutrino oscillations. However,
the amount of CP violation allowed by the Standard Model only accounts for a minuscule
fraction of this asymmetry while the rest remains unexplained [38]. One leading theory is
Electroweak Baryogenesis (EWBG), a process where a first-order electroweak phase transi-

tion occurs as the early universe cools to 7" < 100 GeV which results in an excess of baryonic

11



matter [39,40].

2.3.1.2 The Hierarchy Problem

The energy at which gravitational effects become dominant for particle physics experiments

is known as the Planck mass and can be calculated using fundamental constants as

h
mp, = EC ~ 10" GeV/c?. (2.6)

While this value does not contradict the Standard Model, it indicates experiments that could
probe this energy scale are well out of reach for modern particle accelerators. It also creates
a hierarchy problem regarding the mass of the Higgs boson that arises when accounting for
the corrections to the Higgs boson mass through renormalization. Using loop corrections,
one must choose a momentum cutoff Ayy to evaluate the integrals that contribute to the
mass of the Higgs boson [41]. The “natural” choice, if the Standard Model is believed to
be valid for all mass scales, would be to take Ayy — mp;. However, these corrections go as

O(A%V), causing the calculated Higgs boson mass to quickly grow past the observed value.

To prevent these divergences requires the parameters of the Standard Model to be manip-
ulated (or “fine-tuned”) in order to produce the observed Higgs boson mass. This fine-tuning
is allowed by the Standard Model, as the Higgs vacuum expectation value is a free parameter,
but there are several theoretical models that remove the need for fine-tuning entirely [42].
Supersymmetry, for example, theorizes every fermion has a supersymmetric bosonic counter-
part (and every boson a fermionic counterpart) and results in the loop contributions perfectly

canceling term by term [43].
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2.3.1.3 Muon Anomalous Magnetic Moment

The Dirac equation predicts the muon to have an anomalous magnetic moment given by

M S, (2.7)

where S is the spin angular momentum, e is the elementary charge, m, is the mass of

w
the muon, and g, is the muon g-factor. By using the tree-level interaction from the QED
Lagrangian, one can calculate that the first order value of g, = 2 [44]. However, higher order

interactions shown in figure 2.2 contribute very small corrections to the g-factor, causing

the theoretical value of g, to be very slightly more than 2. The deviation of g, from 2 is

K Y/Z Hoou Vu W
Figure 2.2: First-order QED and lowest-order weak/hadronic contributions to the muon

anomalous magnetic moment.

parameterized using the magnetic anomaly defined as

g, — 2
a, = “2 : (2.8)

Calculating the magnetic anomaly through 5 loops in QED corrections, 2 loops in electroweak
corrections, and 3 loops in hadronic corrections gives aiM — 116591 810(1)(40)(18) x 10,
where the uncertainties correspond to the electroweak, lowest-order hadronic, and higher-
order hadronic corrections [34]. Following the results on the Fermilab Muon g—2 experiment,

which was the most precise measurement of the magnetic anomaly to date, the best mea-

13



surements place the value of the magnetic anomaly at a5, = 116592059(22) x 10" [45].
This represents a difference of Aa, = 249(22)(43) x 10~ between the measured and pre-
dicted values, which is a discrepancy of 5.20 [34]. While it is worth noting that recent lattice
QCD calculations for the leading-order hadronic corrections reduces the discrepancy to 1.50,
this introduces additional tension between the data-driven and lattice QCD predictions of
2.20 [46]. In either case, these results could indicate that interactions with BSM particles

are contributing to the corrections to g,,.

2.3.2 Long-Lived Particles

There are ongoing experimental analyses at the Large Hadron Collider (LHC) as part of a
comprehensive physics program to search for signs of BSM physics. As of yet, there has been
no significant evidence of new physics; however, if BSM particles exist and have non-zero
mass, then they would likely couple to the Higgs boson, meaning that they could be produced
in rare decays of the Higgs boson. Rare Higgs boson decays are largely unconstrained sources
of potential BSM physics, as the current limits on the branching ratio to invisible decay

products is still < 10.7% [34].

Several theoretical models predict BSM scalar bosons with proper lifetimes ¢ > 1mm
and masses on the order of 10GeV, which is distinct from any known Standard Model
particle. Ome such particle arises from singlet scalar extensions to the Standard Model
resulting in Axion-like particles (ALPs), a class of light (pseudo) scalar bosons that couple
to the Higgs boson [47]. The most general ALP model assumes a spin-0 gauge singlet a with

an effective Lagrangian given by [48]

| bo 1 .
Lo =3 (0,a) (0"a) — 3Mad” + KaﬂaszCF%@/fF
(2.9)
+ gs CGG GA G,U,IIA 2CWW WA W,U,IIA _|_ gI2CBB_B#B
A A A
where G, W,,, and B, are the gauge fields for SU(3)q, SU(2), and U(1)y respectively
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and g, g, and ¢’ are the corresponding coupling constants. The coefficients Cp are Hermitian
matrices and the coefficients C}; are the Wilson coefficients. Additional coupling terms to
the Higgs boson can arise at dimension-6 order and higher [48] as

C C' c\)
£hz6 = A‘;h (0,a)(0"a)p ¢ + A—‘Z;mia2¢T¢ + %(%)(&w#gb +he)glp+ ..., (2.10)

where the first two terms allow the ALP to decay to a pair of Higgs bosons and h.c. denotes
the Hermitian conjugate. After electroweak symmetry breaking, the physical coupling terms

of the ALPs to gauge bosons become

2¢” a v e a
Coz~F,2" + Cyz—

L3 20, SR, ™ 4 27 P

VN

K w2, (210)

sin 6, cos 0, sin? 6, cos® 0,,

where coefficients of the gauge fields are absorbed into the Cj;. Assuming the first term,
which sets the decay rate of the ALP to photons, is the dominant decay mode, the lifetime
of the ALP can be given by [49]

o [ L15cm A\ [40GeV* (2.12)
= 16’O~w|2 10 GeV My ' '

For suitable values of C., and A, the ALPs can have ideal lifetimes and masses to probe

at the LHC. These ALPs emerge naturally from several well motivated extensions to the

Standard Model such as string theory [50-52] or next-to-minimal supersymmetry [53, 54].

Several models that predict ALPs can be shown to offer well motivated solutions to
the issues with the Standard Model outlined in section 2.3.1. Models such as the next-to-
minimalist supersymmetry, Folded SUSY, Twin Higgs, or Quirky Little Higgs model include
gauge singlets and offer solutions to the naturalness problem described in section 2.3.1.2 [42,
55]. Coupling terms of the ALP to the Higgs boson as shown in equation 2.10 are referred
to as the Higgs portal, named such because the Higgs boson represents a portal to potential

dark sector particles [56]. These dark sector particles, particularly the ALP, are promising
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candidates for dark matter [57-62]. Singlet scalar extensions can also be shown to provide the
electroweak phase transition needed for EWBG, which would explain the baryon asymmetry
of the universe described in section 2.3.1.1 [63,64]. Additionally, if an ALP exists, it would
contribute quantum corrections to the muon anomalous magnetic moment shown in figure 2.3

and could explain the discrepancy between theory and experiment [48].

Figure 2.3: First order ALP contributions to the muon anomalous magnetic moment.

It has been shown that several theories that predict ALPs offer resolutions to long stand-
ing problems with the Standard Model. The observation of long-lived ALPs with masses on
the electroweak scale decaying to photons would offer strong evidence of BSM physics due
to the lack of Standard Model processes that could mimic this signal [56]. Particles such as

the ALP serve as the motivation for the analysis presented in chapter 5.
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CHAPTER 3

Experimental Apparatus

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular collider spanning the border between France
and Switzerland, based at the European Organization for Nuclear Research (CERN). The
central features of the LHC are the superconducting rings, located about 100 m underground
with a circumference of 27 km, designed to collide counter-rotating beams of protons or heavy
ions at highly relativistic energies. Along the rings lie four major experiments: ATLAS, CMS,
ALICE, and LHCb. Both ATLAS and CMS are general-purpose detectors, designed to probe
a wide range of physics including the Higgs boson, precision measurements of fundamental
constants, and physics beyond the standard model (BSM). The remaining two experiments
are more specialized; ALICE measures quark gluon plasma produced in heavy-ion collisions

and LHCD focuses on b-quark physics and CP violation.

Two prominent aspects of the LHC are the high center-of-momentum energy of the proton
beams, referred to using the Mandelstam variable /s, and high instantaneous luminosity
L, often referred to as just luminosity. High /s allows for the production of more massive
particles, giving more access to possible BSM physics, while high luminosity is essential for
measuring rare processes and precision measurements. A process with cross section o will
have a rate R given by

R="Lo. (3.1)

The cross section ¢ is a measure of how probable a process is to occur, and is measured
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in units of area. A frequently used unit for cross sections is abarn (b), corresponding to
100 fm?. Conversely, luminosity uses units of Hz/b. In cases where the relevant quantity is

the total number of events, the integrated luminosity can be defined as £;,; = [ £d¢t to give

Nevents = ﬁintg . (32)

The luminosity depends on the characteristics of the proton beam and can be written in

terms of the operational parameters of the detector given by

Nin
L _ b bfrevf}/r

F .
4re, B ’ (3.3)

where N, is the number of protons per bunch, n; is the number of bunches per ring, f,., is
the LHC revolution frequency, v, is the Lorentz factor for the proton, €, is the transverse
normalized beam emittance, 8* is the amplitude function at the collision point, and F is
a geometric reduction factor based on the crossing angle of the two beams. The nominal
design parameters of the LHC were intended to support a peak luminosity of 12 Hz/nb [65],
but were exceeded by nearly twice that value of 20.7 Hz/nb during 2017 data taking and
again with 21.4 Hz/nb in 2018. The LHC produced an integrated luminosity of 41.6 fbh!
in 2016, 49.8fb™" in 2017, and 67.9fb™" in 2018 for a total of 164fb~" during Run 2 data

taking. A more detailed breakdown of the LHC luminosity records can be seen in Fig. 3.1.

The protons used in collisions are extracted from hydrogen atoms after stripping them of
their electrons. Protons are first accelerated to an energy of 50 MeV through a linear accel-
erator (Linac2) before entering the Proton Synchrotron Booster (PSB), where they reach a
kinetic energy of 1.4 GeV. Next, the protons are accelerated by the Proton Synchrotron (PS)
and Super Proton Synchrotron (SPS), where they are accelerated to 26 GeV and 450 GeV
respectively. Finally, the beams are injected into the LHC where they undergo acceleration

to 6.5 TeV, producing the desired center of mass energy of /s = 13 TeV.
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Figure 3.1: LHC luminosity report. Left: breakdown of the CMS integrated luminosity by
year from 2010-2022. Right: peak instantaneous luminosity from 2016-2018 data taking [66].

The CERN accelerator complex
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Figure 3.2: Diagram of the CERN accelerator complex during 2018 data taking [67]. Protons

begin as hydrogen atoms at Linac2 and are accelerated in several stages to reach 6.5 TeV.
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3.1.1 The High Luminosity LHC

The LHC is designed to go through periods of near continuous data taking, followed by
long shutdowns during which the detectors undergo various upgrades. As of the time of
this writing, the LHC is currently in its third data taking run (Run 3), which is planned
to operate from 2022-2025. The end of Run 3 marks the end of Phase-1 and the start
of the third long shutdown (LS3), during which the LHC will receive major upgrades to
increase the peak instantaneous luminosity up to 75 Hz/nb [68], over six times the designed
peak luminosity and three times the peak luminosity achieved as of Run 2. The upgraded
high luminosity LHC (HL-LHC) will gather substantially more data, which better allows
experiments to probe rare processes and measure precise values predicted from the standard

model. Figure 3.3 shows the LHC/HL-LHC upgrade schedule.
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Figure 3.3: Timeline of runs and shutdowns leading to the HL-LHC, showing the improve-
ments to /s and £ [69]. The extended year-end technical stops (EYETS) are shorter shut-
downs generally for routine maintenance, although upgrades such as the CMS Pixel Detector

upgrade can occur during this time as well.
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3.2 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) is one of the two general purpose detectors at the LHC,
designed to reconstruct physics events from proton-proton collisions. It is a cylindrical appa-
ratus with its major axis aligned with the proton beams from the LHC, consisting of several
concentric layers of specialized detectors. The innermost layer consists of a silicon tracker,
followed by an electronmagnetic and hadronic calorimeter (ECAL and HCAL, respectively).
Surrounding those is the superconducting solenoid, which provides a 3.8 T magnetic field
used to measure the trajectory of charged particles. Lastly, layers of muon chambers are
interspaced with an iron return yoke, designed to contain the magnetic field lines near the

muon chambers.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym?) ~1 m? ~66M channels
Overall length :28.7m Microstrips (80-180 pm) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Figure 3.4: Cutaway diagram of CMS showcasing major detector components [70].
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3.2.1 CMS Coordinate System

The origin of the CMS coordinate system is located at the center of the detector, at the
nominal collision point of the proton beams. The 42 axis points radially towards the center
of the LHC, while the +¢ axis points vertically upward. This sets the 42 direction along
the beamline, counterclockwise along the LHC. Due to the cylindrical symmetry of CMS,
coordinates in the transverse -y plane are commonly replaced with the radius r and the
azimuthal angle ¢, which is measured from the positive z-axis. The polar angle € is measured
from the +Zz-axis, though in practice this variable is rarely used. It is more common to define

the polar angle in terms of the pseudorapidity n, which is defined as

1L /p| +pz> <9>

The motivation for using n instead of 6 stems from a fundamental property of hadron
collisions: the center-of-momentum frame for particle production rarely coincides with the
lab frame. Thus, when measuring the separation between particles, it is useful to define
quantities that remain invariant under Lorentz transformations in the Z direction. The
rapidity y (not to be confused with the Cartesian coordinate ¢) is defined as

1 E+p,

It is trivial to show that differences in y remain invariant under Lorentz boosts along the
z-axis. In the highly relativistic limit, which is valid for all light particles produced at the
LHC, rapidity approaches pseudorapidity as E =~ |p|. The angular separation between two

particles can then be expressed as an invariant quantity under Lorentz boosts as AR =

\/ (A¢)2 + (An)2. One advantage of pseudorapidity is that n can be calculated using only
geometric quantities of the detector, whereas y requires calculating both the energy and

momenta of a particle, making pseudorapidity the natural choice for defining the polar
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angle. n can range from (—o00, 00), where ) = £o0 points directly along the 42 axis. Higher

values of |n| are commonly referred to as “forward”.

3.2.2 Charged Track Momentum Resolution

The 3.8T magnet curves the trajectory of charged particles, which allows us to precisely
determine their momentum. Using the geometry described in section 3.2.1, a particle with
charge ¢ and transverse momentum p, travels in a circular trajectory with radius R when
viewed in the r-¢ plane. Per the Lorentz Force Law, these can be related by pr = ¢BR.
In particle physics, when working with an object of elementary charge, this is commonly
rewritten as

pr = 0.3BR[GeV/c]. (3.6)

The track followed by a charged particle traveling over a length L can be described by the
sagitta s shown in figure 3.5, defined by

Figure 3.5: Diagram showing the sagitta for a charged particle track
For highly energetic particles, the length L is substantially smaller than the radius R, so
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the sagitta can be approximated as

_L* 03BL?
T B8R 8

s (3.8)

The relative uncertainty of the momentum is proportional to the uncertainty of the

sagitta, the track length L, and the magnetic field B as

opr x pT25s. (3.9)
pr BL

The uncertainty on the sagitta ds is analogous to the hit resolution of a given detector.
Therefore, a long lever arm and high magnetic field strength are crucial to precisely determine

the momentum of energetic particles.

3.2.3 Inner Tracker

The CMS inner tracker is the first detector surrounding the primary interaction point (IP). Its
purpose is to measure the tracks from charged particles as they curve in the strong magnetic
field within CMS in order to calculate their momentum and reconstruct secondary vertices.
As the closest detector to the primary IP, the tracker experiences the highest particle flux
within CMS, and must have high enough granularity to distinguish the multitude of tracks.
This high granularity also lends the inner tracker the best momentum resolution for charged
tracks out of all the subdetectors comprising CMS, with a momentum resolution of 2.8% for
a 100 GeV muon [71]. The high flux also makes the detector susceptible to radiation damage,
so the tracker must be robust in order to maintain efficiency over the long operational period

of the LHC.

The inner tracker utilizes silicon tracking modules composed of P-N type junctions to
detect the location of charged particles. When an external voltage is applied to a module,

particles passing through will deposit energy and create electron-hole pairs, which drift to
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their respective electrodes and generate an electrical signal. The applied voltage is tuned
such that only a small amount of energy is required to produce electron-hole pairs, which
reduces the total amount of material required in order to minimize the energy loss of the
charged particles. The inner layer of the tracker is composed of higher granularity 3D pixel

detectors, while the outer layer is composed of coarser 2D silicon strips.

3.2.3.1 Silicon Pixel Detector

The pixel detector is comprised of 124 million silicon pixel sensors, each with an area of
100 x 150 um* and a thickness of 300 um. The barrel (BPIX) consists of four cylindrical
layers of pixel sensors spanning from z = —54cm to z = H54dcm at radii of r = 2.9, 6.8,
10.9, and 16 cm. The endcap (FPIX) consists of three layers located at z = £29.1, £39.6,
and £51.6 cm, which when combined with the barrel nets a total sensitive area of 1.85m?
with coverage up to |n| < 2.5. This configuration can be seen in figure 3.6. With regards
to detector performance, the pixel detector provides spatial resolution of 9.5 um in the r-¢
direction and 22.2 um in the z direction, as well as a hit efficiency of > 99% in each layer at
nominal LHC luminosity, with the innermost BPIX layer dropping to 97.5% at peak Run 2
efficiency [72].

3.2.3.2 Silicon Strip Detector

The silicon strip detector surrounds the pixel detector, and is segmented into a tracker inner
barrel (TIB), tracker outer barrel (TOB), tracker inner disks (TID), and tracker endcap
(TEC). The TIB consists of four layers covering |z| < 65c¢m and radius 25.5cm < r <
49.8 cm. The endcaps of the TIB are covered by the TID, consisting of three disks covering
90 < |z| < 90cm. Surrounding the TIB is the TOB, with six layers spanning |z| < 188 cm
and 60.8 < |r| < 108cm. Lastly, both the TOB and TID are closed by the TEC, which

covers radii ranging from 22 < r < 113.5cm and stretches from 124 < |z| < 280cm. A
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Figure 3.6: 7-z slice of the CMS pixel detector comparing original design (bottom, teal) with

the Phase-I upgrade implemented in 2016/17, which added one layer to both the FPIX and
BPIX (top, blue) [72].

diagram showing the CMS silicon strip detector can be seen in figure 3.7.

The strip detector modules function similarly to the pixel modules, but utilize much
larger silicon strips due to the expected reduced particle flux compared to the pixel detector.
Each strip detector is composed of 300 um thick micro-strip sensors with pitch varying from
80-205 pum to form 7-12.5cm long strip modules. Overall, the strip detector uses 15,148

modules covering an area of 200m?* up to || < 2.5.

3.2.4 Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) is designed to stop and capture the energy of
photons and electrons. When a high energy photon or election enters the ECAL, it primarily
interacts with the material in the detector through ee™ pair production or bremsstrahlung,
respectively. These processes create more photons and electrons that result in an electromag-
netic cascade until the particles lose enough energy that ionization and compton scattering

processes begin to dominate. This process is known as an electromagnetic shower. The light
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Figure 3.7: r-z slice of the CMS silicon detector, detailing the four main components (TIB,

TOB, TID, and TEC) of the strip detector. Pixel detector is shown in its Run I configura-
tion [73].

from these showers is measured using photodetectors to determine the initial energy of the

incident particle with resolution given by

2 2

(%)2 = (\/%) + (%) +(0.3%)>. (3.10)
The first term arises from statistical fluctuations in the electromagnetic shower and light
production, which is a poisson process and therefore proportional to 1/ VE. The second term
is due to the noise in the detector electronics. The last constant term is due to imperfecions
in the detector such as non-uniformity, radiation damage, and calibration uncertainty. The
material used for an electromagnetic calorimeter can be characterized by the radiation length
(X,) and Moliere radius (R,;). The radiation length is the average distance an electron will
travel before its energy is reduced by a factor of 1/e, and is roughly proportional to A/ZQ,
where A is the atomic mass and Z is the atomic number. The Moliere radius is directly
proportional to the radiation length and measures the spread of an electromagnetic shower

in the transverse direction. Both are generally measured in units of [g cm_ﬂ, but can be
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divided by the density of the material to obtain a distance in [em]. A low radiation length
and Moliere radius ensure all of the energy is captured in the detector and is contained to a
small area to precisely determine the position of an incident particle. It is for this reason that
the ECAL is composed of lead-tungstate (PbWO,): a dense, high Z scintillator crystal with
Xy = 7.39g/cm® (or 0.89 cm after dividing by the density of PbWO,) and R,; = 2.2cm [33].

The ECAL is constructed from 61200 + 15000 lead-tungstate crystals in the barrel +
endcap region. Barrel crystals have a cross sectional area of 2.2 x 2.2cm? to match the
Moliere radius and a depth of 23cm (or 25.8 X)), and are arranged in rings along the ¢
direction, tilted to align with lines of constant 1. The barrel has an inner radius of 129 cm
and covers an eta region up to |n| < 1.479. Endcap crystals have a slightly higher cross
sectional area of 2.6 x 2.6 cm® and a slightly lower depth of 22 cm, and are arranged in an
x-y grid. The endcap provides the remaining coverage from 1.479 < |n| < 3.0. A diagram
showing the geometry of the ECAL can be seen in figure 3.8. The size and alignment of the
crystals is designed to contain showers from incident photons/electrons within a 2 x 2 grid

of crystals.

One common process in CMS is the production of %, which decay to two photons.
When the two photons deposit their energy into the ECAL, they can fake a signal from a
single high energy photon. In order to identify these background events, a higher granularity
detector known as a preshower is placed before the ECAL endcap. It consists of a layer of
lead absorber to initiate the shower, followed by silicon strip sensors to measure the tracks
within the shower. The lead has a thickness of 1.57 cm (or 2.8 X)), which is thick enough to
reliably cause a shower while only causing energy loss of a few percent before the shower can
reach the ECAL. The silicon strips are similar to those in the inner tracker, with a pitch of

1.9mm [74].

28



Barrel Crystals

Preshower

Endcap Supermodules

Figure 3.8: Geometry of the CMS ECAL showing the barrel, endcap, and preshower, adapted
from [75].

3.2.5 Hadronic Calorimeter

The CMS Hadronic Calorimeter (HCAL) is a sampling calorimeter surrounding the ECAL.
Unlike the ECAL, which is a homogeneous calorimeter where the crystals both induce showers
and scintillate, the HCAL is composed of alternating layers of dense absorber and scintilla-
tor. The absorber induces hadronic showers - cascades of hadrons resulting from inelastic
scattering off a target nuclei. Particles in hadronic showers then pass through the scintilla-
tor, which produces light that is transmitted through wavelength shifting fibers and read out
by photodetectors, before repeating this process with the next layer of absorber /scintillator.
The measured energy can be summed in sequential layers of detectors (referred to as “tow-
ers”) to calculate the total energy of the incident hadron. As an additional complication,
several hadrons decay to electrons or photons, which will create electromagnetic showers,

requiring the scintillator to have good response to electromagnetic interactions. The HCAL
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must be hermetic, as a complete picture of the energy from proton collisions is required to

infer the production of particles like neutrinos, which are otherwise invisible to the detector.

The relevant property for a hadronic absorber is the nuclear interaction length A;, which
is the mean distance a hadron will travel before undergoing an inelastic nuclear interaction.
Like the radiation length, A\; is measured in [g cmfﬂ and can be divided by the density to
obtain a distance in [cm]. The nuclear interaction length is proportional to the density of
nuclear matter, which goes as A3 The HCAL uses a combination of brass and stainless

steel, which has an interaction length of ~ 16.5cm [76].

The HCAL consists of four subsystems: an inner barrel (HB), an outer barrel (HO), an
endcap (HE), and a forward calorimeter (HF). The HB covers |n| < 1.3 with 36 azimuthal
wedges, each containing 17 layers of alternating brass absorber and scintillator. These wedges
begin at a radius of 1.806 m and are 89 cm thick, resulting in a minimum of 5.3 \; at n = 0,
increasing to 10 \; and n = 1.2. The HE consists of two disks, also formed of 36 wedges
with 19 layers of brass absorber and scintillator, totaling 10 A; in order to contain highly
boosted, forward showers resulting from quarks and gluons. The HE extends the coverage of
the HCAL up to |n| < 3.0. The HO is located outside the magnetic coil to catch high energy
(> 100 GeV) hadrons that escape the HB. It consists of five rings in pseudorapidity, covering
up to |n| < 1.2, and relies on the iron solenoid to induce hadronic showers. The HF covers
the most forward region of 3 < |n| < 5. This zone has the highest exposure of radiation,
and so the detector must be sensitive only to the highest energy particles and robust against
damage from heavy radiation. It uses steel as the absorber and quartz fibers to scintillate
through Cherenkov radiation. The four subsystems provides a minimum of 10 A to capture

incident hadrons.

3.2.6 Muon Detectors

The muon chambers lie outside the magnetic solenoid as the outermost subsystem in CMS.

Due to the distance and amount of material between them and the primary IP, they are the
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Figure 3.9: r-z slice of the CMS HCAL showing the HB, HE, HF, and HO [77].

lowest occupancy detectors, with few particles other than muons able to reach them before
decaying or stopping in the inner subsystems. Although they lie outside the solenoid, the
iron yoke pulls the magnetic field back to curve the trajectory of muons, which is required
to calculate their momenta. The detector subsystem is composed of three types of gaseous
detection chambers: drift tubes (DTs), resistive plate chambers (RPCs), and cathode strip
chambers (CSCs). A diagram showing the configuration of these detection chambers can be

seen in figure 3.10.

The operating physics principles of all three chambers are similar: muons pass through
a gas mixture and ionize the gas, knocking loose electrons. Anodes and cathodes create an
electric field inside the gas chamber, causing the electrons to drift to the anode. Drifting
electrons knock loose more elections as they gain energy, which in turn drift towards the
anode and ionize electrons and so on, creating an avalanche. The avalanche of electrons then
reach the anode where they can be measured and read out by electronics. Electrons that are
excited but not ionized from the incident muon will emit photons as they transition back to

a lower energy level, thus a quenching gas is used to absorb these photons to prevent further
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cascades. The specifics of the three detectors are described in sections 3.2.6.1-3.2.6.3.
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Figure 3.10: r-z cross section of the CMS muon detector subsystem, configured for the 2016-
2018 data taking run. The barrel consists of five wheels of DTs and RPCs in 7, each wheel
consisting of four layers in r and 12 sectors in ¢, covering up to || < 1.2. The endcap

consists of four layers of DTs and RPCs in z [78].

3.2.6.1 Drift Tubes

Drift tubes are used in the barrel of the muon system, covering |n| < 1.2. They consist of
long chambers filled with an mixture of Ar/CO,, with an anode wire running lengthwise
through the center and cathode strips along the edges. Electrode strips along the outer
edge of the chamber shape the electric field lines to linearize the drift velocity of electrons
throughout the chamber. When a muon passes through the chamber, ionized electrons follow
the electric field lines towards the anode wire. Due to the known field inside the chamber,

the drift time can be used to calculate the transverse distance from the wire to the incident
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muon with a resolution of 250 um. The DTs are arranged in superlayers, which consist of
four layers of DTs, with subsequent superlayers alternating in the r-z and r-¢ direction in
order to obtain the muon trajectory/curvature in both the n and ¢ direction. Figure 3.11

shows a diagram of a DT superlayer and a single DT cell.

DT chambg
|_local frame

Drift lines

[sochrones

Figure 3.11: Drift tube superlayers are aligned in alternating orientations in order to provide
a complete picture of muon trajectories (left). A cross section of a single drift tube chamber
(right). Electrons ionized from the muon drift to the anode wire to produce a measurable

current [79].

3.2.6.2 Cathode Strip Chambers

Cathode strip chambers are used in the endcaps of the muon system to provide coverage from
0.9 < |n| < 2.4. CSC modules are trapezoidal chambers filled with a mixture of Ar/CO,/CF,
and arranged in disks to cover the muon endcap. Each module is composed of six layers of
radial cathode strips, which have high granularity in ¢, and transverse anode wires which
provide granularity in . Similar to the DTs, muons passing through CSC chambers ionize
the gas molecules, knocking loose electrons which drift to the anode wires. The charge from
these electrons can is measured and provides the position of the muon in r. Simultaneously,
the electrons induce a charge in the cathode strips, which provides the position of the muon
in ¢. One chamber provides a spatial resolution of between 40-50 ym with a time resolution

of 3ns.
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Figure 3.12: Cut-away diagram of a single CSC module showing the six layers of radial
cathode strips and transverse anode wires (left). Muons ionize the gas chamber, causing
an avalanche of electrons on the anode wires and inducing a charge on the cathode strips

(right) [80].
3.2.6.3 Resistive Plate Chambers

RPC detectors are used in conjunction with the DTs and CSCs in both the barrel and endcap.
One RPC consists of two high resistivity plastic plates: one positively charged anode and
a negatively charged cathode which create a strong, uniform electric field between the two.
The space between the two plates is filled with a mixture of 95% C,H,F, and 5% iso-C,H,,.
Incident muons ionize the gas between the two plates, which cause a cascade of electrons
towards the anode plate due to the strong electric field. External metal strips lie outside
the anode in order to measure the avalanche of electrons. The coarse nature of the strips
means the RPC spatial resolution is lower than that of the CSCs and DTs at around 1 cm,
but the time resolution is much faster on the order of 1 ns. For this reason they are used to

supplement the CSC and DTs to aid with triggering and accurate timing.
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Figure 3.13: Diagram of the double RPC at CMS. Incident muons ionize the gas, causing a

cascade of electrons towards the readout strips [81].

3.2.7 Trigger System

The high luminosity of the LHC yields an incredibly high rate of information to store from
the various detectors. Fach event contains approximately 1 MB of data to store, which
would take bandwidth and storage space beyond current capacities to save given the 40 MHz
collision rate. Additionally, many events are soft collisions that do not contain interesting
physics worth storing for further analysis. In order to reduce the rate of events and select
only the most interesting collisions, CMS employs a two level trigger system. The first level is
known as the Level-1 (L1) Trigger and uses hardware to identify physics objects in real time.
The second is known as the High-Level Trigger (HLT), consisting of a conventional CPU
farm which performs more advanced calculations. The L1 Trigger reduces the bandwidth to

100 kHz, which is then reduced to the order of 1kHz by the HLT.

3.2.7.1 Level-1 Trigger

The L1 Trigger utilizes special processors such as Field Programmable Gate Arrays (FPGAs)
to process coarse information from the calorimeters and muon chambers in real time. The

coarse detector information, known as trigger primitives, is subjected to several algorithms to
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create physics objects (e.g. muons, electrons/photons, etc). Objects passing a predetermined
set of criteria are called trigger “seeds”, with events that satisfy at least one seed being passed
to the HLT. A diagram of the L1 Trigger architecture can be seen in figure 3.14. This entire
decision making process must take place in 3.2 us after a bunch crossing. As this is greater
than the time between bunch crossings, the L1 Trigger must be pipelined in order to operate
continuously, while the full data is kept in a rolling buffer and read out only if the event
passes a trigger seed. The L1 Trigger was designed to accept events at a maximum rate of

about 100 kHz, meaning only one in every four hundred events is passed to the HLT.
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Figure 3.14: Block diagram of the CMS Level-1 Trigger architecture during Run 2 [82]. Muon

objects found in the barrel, overlap, and endcap regions are ranked and sorted using their
momentum and quality criteria before being passed to the Global Muon Trigger (GMT),
which cleans duplicate tracks and selects the top eight muons. The muons are then passed
to the global trigger, which combines the muons with objects created from the calorimeters

and makes the final decision to pass the event to the HLT.

The L1 Trigger will undergo several changes during LS3 as a result of the HL-LHC
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upgrade discussed in section 3.1.1. The main consequence of higher luminosity is an increase
in additional proton collisions along the beamline per bunch crossing, known as pileup.
Interesting physics events generally stem from a single hard scattering interaction, known as
the primary vertex (PV), with lower energy pileup collisions creating background that can
obscure the physics from the PV. The L1 Trigger is sufficient for the average of 40 pileup
collisions in Run 3, but will require upgrades in order to accommodate the expected 200
pileup for the HL-LHC. As part of the CMS detector upgrade, the maximum bandwidth
will be increased from 100 kHz to 750 kHz and the trigger decision latency will be increased
from 3.2 us to 12.5 us. Additionally, new tracker primitives will be available as inputs to the
calorimeters and muon triggers. These primitives allow the precise p, 1, and ¢ information
from tracks to be associated with calorimeter clusters and muon primitives, greatly increasing
the precision and efficiency of L1 reconstruction. The proposed trigger architecture for the

HL-LHC can be seen in figure 3.15.
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Figure 3.15: Designed trigger architecture of the HL-LHC. The addition of the track primi-

tives allows the computation of more advanced reconstruction algorithms at the L1 level [83].
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3.2.7.2 High Level Trigger

The HLT receives the full precision detector data for events passing the L1 Trigger, and is
designed to reduce the final event rate to approximately 300 Hz, five orders of magnitude less
than the LHC bunch crossing rate. Information from the tracker allows the HLT algorithms
to reconstruct a more complete picture of an event, as tracker information can be matched
to both calorimeter hits and muon tracks to provide more detail to reconstructed physics
objects. As with the L1 Trigger, the HLT processes data through a series of trigger paths,
which sequentially reconstruct and filter physics objects. In order to optimize computation
time, the HLT uses L1 Trigger seed to inform which trigger paths to use, and structures the
paths in order of increasing complexity. For example, electrons are first created using only
calorimeter data, then matched using coarse hits in the tracker, before being reconstructed
using full tracker information. Events passing the HLT are then recorded permanently for

offline reconstruction and analysis.

3.2.8 Event Reconstruction

Events that pass the HLT undergo a complete event reconstruction, where data from all
sub-detectors is combined to identify each physics object created in a collision. This section
provides an description of the relevant objects for this dissertation, namely muons, electrons,
and photons, as well as a brief description of the Particle Flow (PF) algorithm used for global

event reconstruction.

3.2.8.1 Tracks and Calorimeter Clusters

Raw detector information taken from the inner tracker and calorimeter are used to create
tracks and clusters, which are the building blocks used to create a global event reconstruction.
Tracks are built using a Kalman Filter algorithm [84] to fit particle trajectories to hits in the

pixel and strip detectors. This process begins with a track seed which is built from hits in the
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pixel detector compatible with a charged particle track. The initial seed track is propagated
outward to collect nearby hits in successive layers of the tracker. Once the seed and hits are
collected, the track is iteratively fit to determine the final properties of the charged particle,
namely the origin, py, and direction. Various quality cuts are applied based on the number

of hits in order to reject fake or misidentified tracks.

Clusters are seeded from individual cells in the calorimeters with an energy above a
preset threshold. Adjacent cells are added to the cluster if they have an energy above
twice the expected noise level to form superclusters. The average noise level per cell in the
electromagnetic calorimeter is roughly 40 and 150 MeV in the barrel and endcap respectively,
while the noise per tower in the hadronic calorimeter is around 200 MeV [85]. Lastly, various
algorithms calculate the substructure of these topological clusters to separate contributions

from individual sources into smaller clusters.

3.2.8.2 Muon Reconstruction

Muon reconstruction relies on tracks reconstructed in the inner tracker (tracker tracks) and
tracks reconstructed in the muon systems. There are three categories of muon objects based

on the method used to reconstruct tracks.

Standalone-muon tracks use a Kalman-filter algorithm to construct tracks using only
information from the muon system. Tracks seeds are formed from DT or CSC track segments

and propagated to nearby DT, CSC, and RCP hits in the muon chambers.

Global muon tracks begin with a standalone track, which is propagated to the silicon
tracker and matched to compatible tracker tracks. Two tracks are matched if the standalone
track and tracker track can be propagated to a common surface. The track is then refit using

a Kalman filter by combining the information from the tracker and standalone track.

Tracker muon tracks recapture muons in detector gaps and lower pp muons that leave

hits in the muon chambers but do not fully penetrate the muon system. In these cases, it
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is common for a muon to leave a segment of hits in consecutive DT /CSC layers that are
compatible with a track but not produce a standalone track. Tracker muons are formed by
propagating all tracker tracks with pp > 0.5 GeV and pp > 2.5 GeV into the muon chambers,

and matching to nearby muon segments.

This reconstruction has an efficiency of 99% for muons produced within the geometric
acceptance of the muon system [78]. Muon objects are then fed into the PF algorithm,
which performs selection criteria based on the quality of the track. As the purity of each
track varies based on type (e.g. hadrons that “punch through” the HCAL are more probable

to be reconstructed as track muon tracks), the cuts vary for each category.

3.2.8.3 Electron and Photon Reconstruction

In theory, electrons should leave a smoothly curving track in the silicon tracker and deposit
nearly all of their energy within a few crystals in the ECAL. However in practice, electrons
frequently interact with the material in the tracker, which induces electromagnetic showers
before the particle can reach the calorimeter, resulting in tracks which can have sudden

changes in curvature and ECAL clusters that are smeared in ¢.

The e/~ reconstruction algorithm accounts for these factors when track fitting and form-
ing clusters for electrons. Electron track seeds are formed when the momentum of a track
and the energy of an associated ECAL cluster are compatible with unity [85]. These tracks
are refit using a Gaussian Sum Filter (GSF), which uses a sum of Gaussian distributions to

approximate the probability density function for energy loss due to bremsstrahlung [86].

Bremsstrahlung photons are emitted tangent to the trajectory of the electron, which
bends in ¢. To ensure this energy is accounted for in the reconstruction, clusters located
tangent to the GSF track are associated to the track and supercluster. Additionally, the total
cluster energy is calibrated as a function of energy and n to account for energy loss. Photons,

which are seeded by ECAL clusters with no linked GSF track, can undergo the same process
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of pair production to induce electromagnetic showers. As such, photon candidate clusters

are subject to the same energy calibration.

Several cuts are applied to the candidate particles to reject background from hadronic
processes. Electrons and photons are expected to have a low ratio of linked HCAL cluster
energy to their ECAL cluster energy. Electron tracks have several variables that are fed to
a boosted decision tree, which decides whether or not to accept an electron candidate. All
tracks, GSR tracks, clusters, and superclusters associated with reconstructed electrons or

photons are passed to the PF algorithm.

3.2.8.4 Particle Flow

Particle Flow (PF) is a global reconstruction algorithm that takes advantage of the unique
signatures of various physics objects as they pass through each detector. It takes information
passed from the muon, electron, and photon reconstruction as well as the remaining tracks
and clusters as input to form “PF blocks” in a process known as linking, which topologically
associates objects from one or more detector. The Particle Flow algorithm then takes these
blocks and reconstructs the individual particles. In order, the algorithm reconstructs muons,
electrons and isolated photons, charged hadrons, and neutral particles. After each step the
corresponding tracks and clusters are removed from the pf blocks to prevent double counting.
Once all objects are reconstructed, a final post processing step is done to further reduce mis-
reconstructed particles. The PF candidates are used to reconstruct higher level objects such
as hadronized quarks and gluons, decay products from 7 mesons, or b-quark decays, and
calculate the imbalance of transverse momentum created from particles that are invisible to

the detector (called missing E;, or MET) [85].
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CHAPTER 4

Real-Time Muon Reconstruction in the CMS Level-1

Barrel Muon Trigger

4.1 Introduction

Section 3.2.7.1 provides an overview of the L1 Trigger and its importance to the CMS trigger
system. This section will detail the design and performance of a Kalman Filter algorithm
used in the L1 Trigger to identify muon tracks in the barrel region (|| < 0.83) of the CMS
detector. This algorithm, known as the Kalman Barrel Muon Track Finder (KBMTF), was
fully implemented for 2018 data taking and received improvements for continued use in

Run-3.

The L1 barrel muon trigger receives inputs from the TwinMux system, which creates
trigger primitives by combining information from the DT and RPC detectors to determine
the position, trajectory, and timing of hits from incident muons at each station [87]. These
hits, referred to as “stubs”, are fed to the L1 barrel muon trigger electronics where they
are used to reconstruct muon tracks which are delivered to the Global Muon Trigger. The
previous track finding algorithm, known as the Phase-1 Barrel Muon Track Finder (BMTF),
used a maximum of two stubs to reconstruct muon trajectories and was designed under the
assumption that muons originate only from the beam line. As a part the L1 Trigger upgrade,
the KBMTF algorithm was developed to improve on the BMTF in two key areas: improving
performance on prompt muons by utilizing stubs from all four stations and gaining the

capability to reconstruct tracks from displaced muons.
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4.2 The Kalman Filter Algorithm

A Kalman Filter is a tracking algorithm that performs a recursive, iterative chi-square-like
fit. Qualitatively, it propagates a system from its current state to the next and combines
the predicted value with measurements to “update” the state of the system. This updated
system is then iteratively propagated and updated with new measured values. This section
focuses on a discrete linear Kalman Filter, which is applicable when a system can be described
with a vector of variables whose evolution can be modeled with a linear transformation plus

random uncertainties [88].

Abstractly, the state of a system at a given step n—1 can be described by a vector labeled
x,_; with covariance matrix P,_;. Let the matrix F,, represent the linear transformation
that propagates x,_; to the next state x,,, and the matrix (),, be the covariance matrix due

to additional uncertainty. The predicted state of the system at step n can be given by
Ty = ann_l and Pn = FnPn—ng + Qn ) (41)

where F,P, ,FT represents the propagation of the initial covariance matrix.

Now define a set of measurements taken at state m as z, with covariance matrix R,,.
The measured variables are not restricted to the same set of variables defining z,, as long
as there exists a “change of basis” matrix H that relates the sets. It should be noted that
mathematically H is not a strict change of basis matrix, as the measured values can have
smaller dimensionality than the propagated ones. The predicted state and covariance matrix

of the system written in the same variables as the measured quantities are defined as

t, =Hz, and %,=HP,H". (4.2)

Updating the system relies on a matrix known as the Kalman gain, which acts as a weight

based on ¥, and R, and determines if the updated system should skew more towards the
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measured or predicted values. The Kalman gain is defined as
K=%,(5,+R,)", (4.3)
which is then used to calculate the updated system as follows

oy = pin + K (2, — pt,) and X, =%, — KX, . (4.4)

The term z,, — u,, is frequently referred to as the residual of the prediction and measured
value. A Kalman gain equal to the identity I would set the updated coordinates to the
measured values, while a Kalman gain of 0 would effectively ignore the measured values.

Finally, we substitute z,, and P, into equation 4.4 using equation 4.2 and simplify to give
v, =z, + K'(z, — Hr,) and P,=P,— K'HP,, (4.5)
where the Kalman gain K has been redefined to
K =P,H' (HP,H" +R,)™". (4.6)

The system z,, and P, can now be propagated to step n + 1 where the Kalman Algorithm

can be iterated.

4.3 The Kalman Barrel Muon Track Finder

A rough outline KBMTF algorithm for track finding is as follows:

1. A track seed is chosen from a stub in the muon station, from which a preliminary track

is built. This seed cannot be chosen from the innermost muon station.

2. The track is propagated inward to the next station and matched to the closest stub.
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If there is a matching stub, update the track with the stub information. Repeat until

the track is at the innermost station.

3. The track is propagated from the innermost station to the center of the detector. The
track properties at this point are stored as the “vertex unconstrained” measurement.

These properties include the pt and d,,, which is defined as the closest distance from

Y

the propagated track to the center of the detector.

4. The vertex propagated track is updated with the constraint that the track originated
from the center of the detector, and the track properties are stored as the “vertex

constrained” measurement.

Muon track finding begins at the outer stations in order to get both the vertex uncon-
strained measurement and the vertex constrained measurement with only one iteration of
the KBMTF algorithm. Starting from the inner station and propagating outward would
require an additional propagation back inward in order to get the vertex constrained mea-
surement, which would cause the algorithmic latency to exceed the timing restrictions of
the L1 Trigger. The outer stations are also the lowest occupancy, meaning stubs are less
likely to be background from hadrons that punch through into the muon system. Tracks are
then overlap cleaned, which ensures that stubs are not shared among multiple tracks, and
cut and selected based on various goodness of fit criteria. A diagram showing the KBMTF

propagation and update procedure can be shown in figure 4.1.

4.3.1 Muon Trajectory Propagation

In order to implement a Kalman Filter, the propagation of muon tracks between stations
must be expressed as a linear function of the track variables. From equation 3.6, a charged
particle will travel in a circular orbit in the #— ¢ plane. The high center of mass energy of the
LHC results in highly energetic particles, whose trajectories have radii substantially larger

than the size of the CMS detector. The large radius of curvature allows us to approximate

45



I I I
om m
Key:

1 I
3m 5m
Muon
Electron

6m m
Charged Hadron (e.g. Pion) T
— = — - Neutral Hadron (e.g. Neutron) TN
---- Photon P ) nn il
% ropagat i
? 8 S il il i
Update | [T
( \\ | | | ‘
G’llll I

i 1
/Ju’lﬂa itialize

ML
3

Vertex Constrained Calorimeter solenoid  Vertex Unconstrained

Measurement

Measurement

Figure 4.1: The iterative process of propagation and updating a muon track through the

KBMTF algorithm. The track properties at the innermost station are stored in order to

trigger on muons not originating from the beam axis [68]

these trajectories as parabolas. Assume a Cartesian coordinate system with the origin placed

along a particle’s trajectory that has radius R, as shown in figure 4.2. This trajectory can
then be approximated as

2

y(z) = ;7% + b, (4.7)

where b is a coefficient depending on the orientation of the coordinate system. If the initial

trajectory is defined as ¢, taking the derivative and evaluating at the origin yields

b= tan(eyp) - (4.8)
The curvature k& = ¢/py, where the muon charge ¢

= =1, is the preferred variable to
work with when propagating the trajectory of a muon, as the propagation is linear in &

Substituting values from equations 3.6 and 4.8 into equation 4.7 yields

y(z) = akz® + tan(gyo)x (4.9)
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0.3B

where a = 5

. Muon hits, or “stubs”, provide information on the position ¢ and bending
angle ¢,. Let the radius of two sequential muon stations be r; and r,, with the outer radius
given by ry and Ar = ry — r;. Assuming a muon has curvature k at the outer station and
ignoring energy loss, equation 4.9 can be used to propagate stubs from the outer station

towards the inner station as follows:
y(—Ar) = (aArQ) k — Artan(éyp) (4.10)

Y (—Ar) = — (2aAr) k + tan(¢y) - (4.11)

Converting these quantities to the angles measured by the detector yields

A¢ = tan™" {w} : (4.12)
¢p = A¢ + tan™" [y/(—Ar)} . (4.13)

The A¢ term is added to equation 4.13 because the bending angle at each station is measured
relative to an axis system oriented towards the center of the detector. Due to the large radius
of curvature of the muon trajectories, the small angle approximation tan(z) ~ tan™'(z) ~ x

can be applied, giving the equations

alAr? Ar
Ap = k——p, (4.14)
8] (5]
A
¢b = CLAT <T—T — 2) If ‘|— (?) ¢b,0 . (415)
1 1

A diagram showing this propagation can be seen in figure 4.2.

Equations 4.14 - 4.15 show that the track propagation fits the criteria for a discrete linear

Kalman Filter discussed in section 4.2. The matrices for propagation can now be constructed
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Figure 4.2: Diagram showing a muon trajectory between two stations with the origin set at

the outer station. The x-axis is oriented using the detector vertex and the outer station.

as follows. The transfer matrix F,, from equation 4.1 can be expressed as

k 1 0 O k
Ty = ¢ - (7% 1 —% gb - ann—l ) (416)
¢b n Bn 0 7’7;_;1 ¢b 1l
where the coeflicients
Ar? A
a, = = and B, = aAr <—T - 2) , (4.17)

with 7,_; being the radius of the previous (outer) muon station and r, the radius of the

sequential (inner) muon station.

The propagation from the innermost station to the vertex has several differences to the
propagation between muon stations. Energy loss is small but no longer negligible due to the
amount of material from the tracker, ECAL, and HCAL. Recall that the track propagation
occurs in reverse of the muon trajectory, so we must add energy when propagating to the

vertex. Modeling the energy gain as a constant increase in momentum p — p + &, the
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curvature transforms as

k
o4, 4 q/p

p p+e l4efp 1+elk]

(4.18)

At the muon vertex, ¢ cannot be defined by the geometric position in the detector and is
instead defined as the muon trajectory. Thus ¢ and ¢, at the muon vertex are the same by

definition. Using equation 4.9, we get
¢ =y (=R) = —agk + @y, (4.19)

where R is the transverse distance from the center of the detector to the innermost muon
station and all coefficients of k£ are absorbed into ay. Since ¢, propagation is now redundant,

the bending angle then takes the role of d,,. Accounting for energy loss, the d,, is given by

~ - . 4.2
1 —|—€|k| R(bb,() ( 0)

For simplifications in firmware calculations, we store the quantity d,, /R and account for the

normalization when converting the digitized calculations to physical units.

While the radii of the muon stations are determined by detector geometry, the prop-
agation constants are measured using single muon Monte Carlo samples where stubs are
matched to the incident muons using generator level information. To determine «,,, stubs in
stations n and n — 1 are first associated if they resulted from the same incident muon. For
matching stubs, the quantity A¢ + f—f(ﬁw is plotted versus the muon £ at the outer station
in a 2-dimensional histogram. Slices along the y-axis are fit using a Gaussian distribution,
and the mean value for each slice is used to calculate a linear fit as a function of k. S, is
calculated similarly by plotting ¢, — (r,,_1/7,,) ¢po verrsus k. The process for calculating

stub

o, can be seen in figure 4.3. For the vertex propagation, we plot ¢, — ¢, = versus k to

calculate «. Lastly, the samples have exclusively prompt muons with d,, = 0, so we plot
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Figure 4.3: Calculation of phi propagation coefficients. Units are converted to their

digitized form used in firmware calculations.

4.3.2 Covariant Matrices and the Kalman Gain

There are two sources of uncertainty that affect the covariance matrices. The first is multiple
Coulomb scattering, which occurs when muons scatter elastically with material in the de-
tector. This can be thought of as a small deflection in momentum that alters the trajectory
the muon. Lower momentum muons will be deflected at greater angles, so this uncertainty is
proportional to k. Additionally, the probability for multiple scattering is proportional to the
amount of material traversed by the muon, so this uncertainty must be calculated for each
step in propagation. This is an uncertainty resulting from the propagation, and therefore
plays the role of @),, from equation 4.1. The second source is from the intrinsic detector reso-
lution, which is a fixed value for each detector. However, the angular resolution is dependent
on the radial distance from the center of the detector, so these must be calculated for each
station as well. Since this is an uncertainty on the measurements, the resolution plays the

role of R,, in equation 4.3. The total uncertainty resulting from both of these factors is given
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o(k) =\ ol k® + 02y . (4.21)

The coefficients can be calculated by using the Gaussian slice fits described when deriving
«,, and (,. For each propagation, the sigma of the Gaussian fits is plotted versus k and fit
to the form in equation 4.21. This fitting process for ¢ propagation coefficients is shown in

figure 4.4, and is functionally the same for ¢,.
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Figure 4.4: o of vertical slice fits of the 2-dimensional histogram in figure 4.3a used to

calculate uncertainty coefficients.

Each stub has a measured value representing the “quality” of the hits, with higher values
representing a more precise reconstruction of the bending angle. For this reason, the ¢, po-
sition resolutions are calculated separately for high and low quality stubs, as the uncertainty

can differ by over a factor of 10 between the two.

Since the muon detectors only measure ¢ and ¢, the matrix H described in equation 4.2

must be a 2x3 matrix that takes the form

010
H= . (4.22)
001

From this, the Kalman gain K’ defined in equation 4.6 must be a 3x2 matrix with indices
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K.

ij>» and the update step can be explicitly written as

kﬁpd =k + KoplAo + Ky Aoy,
WPl = PP+ K0Ad + K13 Ay, (4.23)

Z,I:Ld = Ezfp + KyAg + Ky Agy,

where A¢ and A¢, are the residuals for ¢ and ¢,.

After the vertex propagation, there are no further muon stations to provide measurements
for the update step. Instead, we assume a “measurement” of d,, = 0 with uncertainty given
by the smallest non-zero value in the digitized units. H is then a 1x3 matrix, meaning the

kalman gain K’ is a 3 x 1 matrix. The updated vertex coordinates are then

upd TO
Eyortox = Fertes + Koo®s »

vertex vertex

qﬁxlllgrcéex - ¢52?Eex + K10¢b ) (424)

upd __ jprop prop
dmy _dxy +K2dey )

where the propagated curvature, ¢, and d,, are given by equations 4.18, 4.19, and 4.20.

4.3.3 Initial Curvature Assignment

The propagation done by the KBMTF presupposes the curvature of the muon is known in
order to calculate the ¢ and ¢, at the next station. In order to assign an initial value of
the curvature to the track, we use the ¢, of the seed stub. Take a muon track beginning
at the vertex, and align the axis so the initial bending angle ¢, = 0 as seen in figure 4.5.
Equation 4.9 then becomes

y(z) = akz® . (4.25)
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From this, we can calculate the A¢ of the muon stub located a distance R from the vertex
as
y(R)

Ap =55 = akR. (4.26)

The bending angle can then be calculated to be

¢, =~y (R) — Ap = akR. (4.27)

-

Figure 4.5: Coordinate system for muon propagation beginning at the vertex and going

outward.

From this, we can see that ¢, = A¢ x k. When propagating from the vertex, the muon
undergoes small but non-negligable energy loss. Similar to equation 4.18, assume the energy
loss can be modeled by a constant change in momentum p — p — . Then the curvature &

goes as

q q q/p k
p p—e l—¢/p 1—clk| 428)

In a similar process to the propagation coefficient calculation, we use simulated samples to
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plot k versus ¢, for each station and fit it to the form

agy

k= . 4.929
5 0l (4.29)

Each station then has coeflicients a and b that are used to calculate the initial curvature

from ¢y.

Although the KBMTF is intended to be agnostic to the origin of the muon when recon-
structing tracks, this derivation was done under the assumption that the muon originated
from the vertex. While this assumption could introduce bias into the fit, we assign the initial
curvature high uncertainty, which was shown in simulation to mitigate inefficiencies when

reconstructing tracks from displaced muons.

4.3.4 Selection Criteria on Reconstructed Tracks

The KBMTF requires reconstructed tracks to pass a minimum quality selection criteria in
order to reject tracks from background, such as decayed hadrons that “punch through” the
HCAL into the muon system. The first criterion measures the goodness of fit of the vertex
unconstrained track by propagating the reconstructed track outward from the innermost
station and measuring the difference in propagated and measured stub ¢ and ¢,. Let the

track

track at the innermost station have curvature, position, and bending angle given by k, ¢,

and ¢i**. Applying equations 4.14 and 4.15 gives

(677 = 6) + (05 = oh™*) = ek, (4.30)
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where ¢ is a constant depending on the propagation coefficients. The sum of residuals between

stub and propagated coordinates is then

Z ((bprop,i . ¢1) + (¢i)rop,i o (b;)) _ Z |:(¢pr0p,i _ (btrack) + (¢£rop,i o ¢lt7rack)

i€stubs i€stubs

(0 = 6+ (o —ah)| (431)

_ Z ek + <¢track_¢i> +< lt)rack_qs;)) 7
i€stubs
where (¢, ¢) are the position and bending angle of the i-th stub and (¢”*"*, ¢P™P") are
the position and bending angle of the track propagated to the i-th stub. The constants ¢;
are derived using simulated samples by plotting A¢ + A¢g, versus k. The total residual sum
is colloquially referred to as the approximate chi-square of the track. Tracks with three or
more stubs must have an approximate chi-square below a preset threshold to be considered
a candidate muon. The approximate chi-square is also used when overlap cleaning tracks

that share stubs to determine which track to keep and which to reject.

A second quality cut, referred to as “track compatibility”, measures the fit on the vertex
constrained track. We propagate the vertex constrained track from the vertex to the highest
quality stub (or outermost stub if multiple have equal quality), and compare the difference
in ¢ and ¢ relative to the propagated ¢ uncertainty. Equation 4.27 shows that
bending angle is proportional to the curvature of the muon at the vertex, with uncertainty

from resolution and multiple scattering given by equation 4.21. This gives ¢) " and Oy, a3

S = ck, (4.32)

os =\ oikt + ot~ alkl+ 3. (4.33)

Using the Gaussian slice procedure described in section 4.3.2, we use simulated samples to
plot the curvature at the vertex k versus stub bending angle ¢Ztub. The means of the vertical

slices are used to calculate ¢, while the sigma of the slices are used to calculate the uncertainty
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coefficients v and 3. The track compatibility is then given by |ck — ¢5™| /(|| 4 B). Tracks
containing exactly two stubs must have a compatibility and approximate chi-square below
a preset threshold, otherwise their vertex constrained momentum measurement is set to the
minimum value. Changing the momentum as opposed to vetoing the track is done to keep
the vertex unconstrained measurements unaffected in the event of real displaced muons,

which would naturally have poor track compatibility after the vertex constraint.

4.3.5 Architecture of the KBMTF

The muon barrel detectors are segmented into five wheels along 2, which each wheel composed
of 12 sectors in ¢ and each sector composed of four detector stations in 7, as shown in

figure 4.6.

Wheel -2 Wheel -1 Wheel0 Wheel +1 Wheel +2

~N N /S

I
—

~

Figure 4.6: Diagram of the CMS muon barrel system [89]. (Left) 7 — ¢ slice showing the

wheel segmented in 12 sectors in ¢ and four detector stations in r. (Right) 7 — Z slice showing

the five wheels in z.

The hardware for the KBMTF consists of 12 Master Processor — Virtex-7 (MP7) boards,
each hosting a Xilinx FPGA Virtex-7 6907T chip, which are distributed among two uTCA
crates [90]. The FPGA is responsible for receiving inputs from the TwinMux system through

high speed optical links, reconstructing muon tracks, and delivering the muon candidates to
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the global muon trigger. Each MP7 corresponds to a central wedge and receives TwinMux
stubs from all stations in both the central wedge and the two adjacent wedges. We define a
wedge as the adjacent sectors along all five wheels as shown in figure 4.7. For a given MP7,
the KBMTEF algorithm reconstructs all tracks that have an outermost stub in the central
wedge before overlap cleaning tracks that share stubs. It then picks the three best muon
tracks based on track fit quality and pt to deliver to the global muon trigger, where all muon

candidates from the barrel, endcap, and overlap region are overlap cleaned and sorted.

Central Wedge
Adjacent Wedge

Figure 4.7: Diagram showing the inputs of one MP7 board, consisting of the TwinMux
inputs from one central wedge (green) and the two adjacent wedges (blue). The KBMTF

reconstructs all tracks with the outermost stub in the central wedge.

4.3.6 Firmware Implementation of the KBMTF

Two minor approximations are made in order to reduce algorithmic latency and memory
usage for firmware implementation. The position resolution of ¢ is substantially smaller
than the multiple scattering resolution, so the track ¢ is set automatically to the measured
stub ¢. This is equivalent to fixing K,y = 1 and K;; = 0 in equation 4.23. Secondly, due
to the high uncertainty associated with both the measured and propagated ¢, tracks using

three or more stubs set K;; equal to zero and only update using the residual from ¢.

Although the Kalman gain can be exactly calculated exactly given the covariance matrices
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using equation 4.3, matrix inversion is a resource and latency expensive process for the
hardware based trigger. Implementing division into hardware is significantly more resource
intensive than multiplication, so the calculation of the determinant, which requires matrix
inversions, would cause the algorithm to exceed the latency requirements for real time track
finding. Instead, the values of K;; are stored in look-up tables (LUTs) as a function of
curvature and the combination of stations that were used to update the track, referred to
as the track pattern. For tracks with only two stubs, the LUT contains the exact values
of the gain that would have been calculated using equation 4.6. For tracks with more than
two stubs, this is an approximation that loses some information from updates at previous

stations but produces nearly identical performance.

When propagating k& and d,, to the vertex, the energy loss would require division to
calculate in real time. Therefore we store the values for k/(1 + €|k|) in LUTs for each value
of k. Additionally, the ¢ is not propagated to or updated at the vertex; instead we define
the ¢ of the track using the stub ¢ at station 2, or the propagated phi at station 2 if no stub
exists. Lastly, the vertex update is only performed on the curvature, since the d,, is only

important for the unconstrained measurement.

As outlined in section 4.3.2, the ¢, resolution coefficients are different for high and low
quality stubs, thus the values for K;; would have to be provided for every possible combina-
tion of high and low quality stubs for each track pattern. This would exponentially increase
the number of gains stored on LUTs beyond the memory capacity of the hardware. However,
from previous approximations, residuals for ¢, are not used for tracks containing three or
more stubs, which fixes K, and Ky at 0 for these track patterns. Only gains for track
patterns containing two stubs must account for the quality of the stubs. With four stations,
this yields six track patterns with four combinations of stub quality that must be stored in

LUTs, which is within the capacity of the current hardware.

The firmware is written using Vivado High Level Synthesis (HLS) which compiles firmware

written in C to HDL, optimizing it for a given FPGA and clock frequency [91]. When synthe-
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sized in a Virtex 7 690T FPGA with a clock frequency of 160 MHz, the KBMTF algorithm
can process a single event in 9 bunch crossings, and is pipelined to allow for continuous
processing of events. Table 4.1 shows the resource utilization of the KBMTF compared to

the previous BMTF algorithm, which was implemented using an identical FPGA and clock

frequency.
Algorithm LUT FF BRAM DSP
Phase I BMTF | 43% 23% 35% 0%
KBMTF 16% 11% 15%  25%

Table 4.1: Comparison of resource utilization on a Virtex 7 690T FPGA [68]. The KBMTF
utilizes DSP cores for arithmetic operations to propagate and update tracks and LUTs for
the propagation coefficients and approximate Kalman gain, while the BMTF uses LUTSs to

assign momentum.

4.4 Performance of the Kalman Barrel Muon Track Finder

The performance of a trigger algorithm is primarily determined by the rate and efficiency.
The efficiency is the fraction of signal events that successfully have a track reconstructed
by the algorithm, while the rate is the frequency that the algorithm will trigger. A high
efficiency is desirable to ensure any interesting events are stored for future analysis, while a
low rate is crucial to reject background events and provide a reasonable bandwidth to store

events.

The Phase-I BMTF functioned by using pairs of stubs to form tracks, then using a LUT
to assign track parameters based on the ¢ and ¢, of the stubs. This LUT uses only the ¢ and
¢y, of the two stubs and was derived with the assumption that the muon originated from the
beam axis. The KBMTF utilizes the full detector information to reconstruct muons, leading
to higher efficiency and lower rate than the BMTF. In the case of displaced muons, which

arise from secondary decays of long-lived, beyond standard model particles, the BMTF beam
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axis assumption is no longer valid and results in large inefficiencies as the muon becomes
more displaced, while the KBMTF provides vertex unconstrained measurements resulting in

substantial gains to efficiency.

4.4.1 Trigger Efficiencies

The general efficiency of a trigger is defined as the fraction of signal muons that have a

matching reconstructed track, and can be expressed abstractly as

N Passing tri
€ — Slgnal( j’\jsnlg rlgger) (434)

signal

The uncertainty of an efficiency cannot be calculated using the propagation of uncorrelated
Poisson errors, as the number of passing events follows a binomial distribution. Although
these converge asymptotically for large N, at small NV it is possible to have an upper confi-
dence limit > 1, which would be a non-physical value for an uncertainty. Instead, we utilize
the Clopper-Pearson confidence intervals for binomial distributions [92]. For a significance

of «, the confidence interval is given by (€0, €4p) Which satisfy

« (N +1) flow New
5= 1 =)V rdt =1 N—z+1 4,
2 T(z)[(N—xz—1) /0 (1) o (T N = 1), (4.35)
a F(N + 1) fup T N—x—1
=5 = (1 —t dt =1 1,N — A,
2 TD(zx+1)I'(N —2) /0 ( ) €up(x +1L x), (4.36)

where x is the number of passed events, N is the total number of events, and I («a, f) is the

regularized incomplete beta function.

For muon triggers, the denominator of signal muons consist of events that have known
information about the muons. This can be from generator information in simulated Monte
Carlo samples, tracker information using cosmic muon data, or probe muons using the tag-

and-probe method on data. These signal muons are cut using the known muon information
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to produce a reasonable sample for track reconstruction. The numerator consists of signal
muons with a matching reconstructed track that may have addition cuts on the reconstructed

track properties.

Figure 4.8 shows the efficiencies calculated on probe muons from a Z boson tag-and-
probe sample collected during 2017 data taking. The associated tracker tracks for the probe
muons are used as the known information, while the associated stubs are used to run the L1
muon reconstruction algorithms. Figure 4.8a shows the efficiency versus track pp comparing
the KBMTF and phase-1 BMTF algorithm, with the requirement that the matching L1
muons have pr > 20 GeV. This requirement creates the turn-on curve effect, which has a
sharpness proportional to the muon momentum resolution, followed by the plateau at which
the algorithms reach maximum efficiency. Figure 4.8b shows the same efficiencies versus
track i, with the additional requirement that the tracker tracks have pr > 25 GeV in order
to show the efficiency on the plateau. Quality cuts in the KBMTF algorithm were tuned to
match the efficiency of the BMTF.

Figure 4.9 shows the efficiency versus muon d,, for three track finding algorithms. The
denominator consists of cosmic ray muons passing through the barrel muon detectors with a
pr > 20 GeV. The numerator requires a matching L1 track with reconstructed py > 10 GeV.
The lower threshold for the L1 track is set to prevent the momentum resolution of the
reconstruction algorithms from affecting the efficiency. The first algorithm is the BMTF,
which shows inefficiencies due to the p; LUTs assuming the muon originated at the beam
axis. The second is the prompt KBMTF, which uses the vertex constrained measurement.
This also shows inefficiencies due to the vertex constraint, but is better than the BMTF
as the vertex constraint is not applied until the last step of track reconstruction. Lastly,
the displaced KBMTF uses the vertex unconstrained measurement and shows substantial

improvements compared to both prompt algorithms.
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Figure 4.8: Comparison of efficiencies between the KBMTF and phase-1 BMTF algorithm
using a Z tag-and-probe sample collected during 2017 data taking. (a) Efficiency versus
track pr, requiring L1 muon py > 20GeV. (b) Efficiency versus track 7, requiring level-1
muon pr > 20GeV and track pr > 25GeV in order to show the efficiency on the plateau.

The drops in efficiency at n = £0.2 are due to gaps between wheels in the muon system.

4.4.2 Trigger Rates

A reconstructed muon must have a pp above a given threshold to trigger on an event.
Thresholds are set to optimize the analysis potential of the data while also minimizing the
additional bandwidth to store events. The rate, which is the frequency at which a trigger
decides to store an event, can be calculated as a function of threshold using zero bias data,
which is collected by storing random events regardless of trigger acceptance. This creates
a representative data set of all pp collisions, hence the name “zero bias”. The rate can be

calculated from the zero bias data as follows

Neyents(Li1 Track pp > Threshold)

)
Nevents

(4.37)

R= frev X <Nbunches> X
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Figure 4.9: Comparison of efficiency vs cosmic track d,, using cosmic data from the 2018 data
taking run. The prompt KBMTF takes the reconstructed pr using the vertex constrained
measurement, while the displaced KBMTF uses the vertex unconstrained measurement. The

displaced KBMTF shows substantial improvements to the previous BMTF [93].
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where f,., is the LHC revolution frequency of 11.245kHz and (N} ,ches) 1S the average number
of proton bunches that will collide in one revolution. For 2017 data taking these yield
a scale factor of 20984 kHz. Figure 4.10 shows the rate versus threshold for the BMTF,
vertex constrained KBMTF, and vertex unconstrained KBMTF. The KBMTF was tuned
for similar efficiency but lower rate than the BMTF at 20 GeV. The displaced KBMTF
initially shows lower rate at low pp thresholds due to scale corrections to the reconstructed

muon momentum.
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Figure 4.10: Rate comparison calculated using 2017 zero bias data of the Phase I BMTF,
vertex constrained (prompt) KBMTEF, vertex unconstrained (displaced) KBMTF, and dis-
placed KBMTF for displaced tracks.

4.4.3 Firmware and Emulator Agreement

The performance of the KBMTF is tested using a dedicated C++ software emulator which is
integrated into the CMS analysis framework. This emulator follows similar logic to the HLS
code, but is not a one-to-one replica. Several modifications are made to the HLS code in order

to make it compatible with the synthesis into HDL and pipelining. As such, a test bench
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is used to ensure that the output of the firmware and emulator are identical. The emulator
runs the algorithm over several events and outputs a text file containing information on the
input stubs and the reconstructed tracks. This text file is used as input for the test bench,
which runs the stub information through the HLS code and compares the properties of the

reconstructed tracks to those found in the emulator.

Disagreements between the emulator and firmware are used for a variety of debugging
purposes. They frequently point to logic errors in the simplification of the algorithm for HLS
synthesis, or in other cases show flaws in the emulator. During Run 2, the disagreements
were almost entirely due to differences resulting from fixed point calculations in the firmware
compared to floating point calculations in the emulator. These differences have been drasti-
cally reduced due to the addition of C++ classes that mimic fixed point calculations in the
emulator, which now has a >99.9% agreement to the firmware. Figure 4.10 shows a compar-
ison of the outputs of the firmware and emulator using events from a 2017 Z tag-and-probe

sample.

4.5 The Phase-2 KBMTF

The modifications to the KBMTF algorithm for the HL-LHC result from increased precision
from the input trigger primitives and modifications to the trigger architecture. These changes
mainly affect the firmware implementation and do not require conceptual changes to the
logic used to propagate and update tracks. The propagation coefficients and Kalman gain
must be recalculated as the number of bits allocated to k, ¢, and ¢, change. Additionally,
the firmware will receive primitives from the entire barrel muon system simultaneously as
opposed to processing each wedge independently. The firmware will be time-multiplexed
with a factor of 18, meaning data from each event will be sent to one of 18 processors
running the KBMTF algorithm in parallel. Additionally, the FPGA will be changed to a
ZYNQ Ultrascale4+ and synthesized at a clock frequency of 200 MHz. Simulations show a
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Figure 4.11: Comparison of the track py between the firmware and emulator using data from
a 2017 Z tag-and-probe sample. hwPt represents the integer value of py used in hardware.

The emulator and firmware output show 100% agreement across 500000 events.

resource utilization of 17% LUT, 3% FF, 11% DSP, and 7% BRAM [68].

The KBMTF algorithm performance is robust to the high pileup conditions of the HL-
LHC. The efficiencies remain the same as Phase-1, and the rate scales approximately linearly
with pileup as expected. Figure 4.12 shows the efficiency versus generated muon pr, single
muon rates versus threshold, and single muon rates versus pileup for the Phase-2 KBMTF
and two proposed track finding algorithms. As discussed in section 3.2.7.1, the HL-LHC track
trigger introduces new track primitives that will be used in novel muon triggers. These new
algorithms have higher efficiency and precision for prompt muons due to the momentum
resolution of the tracker, but will be unable to trigger on displaced muons as the track

primitives do not include displaced tracks.
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Figure 4.12: Performance of the L1 Barrel Muon algorithms using simulated samples with

HL-LHC run conditions [68]. The Track + KBMTEF algorithm matches tracks to loose

KBMTF muons, while the L1 Track + Muon Stubs algorithm matches tracks to muon

stubs.
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CHAPTER 5

Search for a Long-Lived Scalar Boson

5.1 Introduction

This chapter describes the search for rare Higgs boson decays to long-lived scalar bosons ()
decaying to a pair of photons using data taken by the CMS detector from 2016-2018. In
the interest of model independence, we search for scenarios where one ® decays to photons
while the other ® is unconstrained in its decay products. The following sections outline the
choice of data sets and simulated samples, event selection criteria, methods of background
estimation and statistical analysis for signal extraction, and results. This analysis is the first
search for long-lived photon pairs using a novel vertex reconstruction method to calculate

the displaced vertex of the diphotons using kinematics.

The analysis is performed by searching for displaced diphoton decays of the Higgs bosons
produced via associated production with a Z boson. Events are triggered and selected using
the leptonic decays of the Z boson by requiring two high quality electrons or muons and two
well reconstructed photons, with detailed criteria outlined in section 5.4. We utilize a data-
driven background estimation shown in section 5.5 to model the background from Drell-Yan
events containing photons from initial/final state radiation as well as neutral pions in jets,

then extract the branching fraction of the Higgs boson to .

As described in section 3.2.4, the CMS ECAL is a homogeneous calorimeter that mea-
sures the energy deposits from electromagnetically interacting particles with precise energy

resolution but with low capability to determine the direction particles were traveling when
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they reached the calorimeter, referred to as pointing. Photons are electrically neutral and
do not leave tracks in the inner tracker, meaning that without pointing it is impossible to
establish from where they originated. This places major restrictions searches for displaced
photons, as the transverse distance traveled by the ® before decaying to photons is the main
variable used to extract the signal from data. We will show in section 5.3 that it is possible
to recalculate the diphoton vertex using a kinematic constraint, which is performed for each

hypothetical mass of the ®.

Results are calculated using a maximum likelihood based approach described in sec-
tion 5.6 to extract upper limits on the signal strength parameter. In section 5.7 we set limits
on the product of the Higgs boson branching ratio to ®® times the LLP branching ratio to

photons, as well as model-independent limits on the generic Z + ®® cross section.

5.2 Data and Simulated Samples

5.2.1 Data Samples

As discussed in chapter 3, events that pass at least one HLT path are stored for future
analysis. These events are collected and sorted into data sets based on the number and
type of physics objects used in the HLT path. It can be noted that these data sets are not
disjoint; one event can be sorted into multiple data sets if it satisfies more than a single
HLT path, so care must be taken to avoid double counting events. The data are maintained
and updated by the Physics Data and Monte Carlo Validation (PdmV) Group, which also
provides recommendations on optimal usage for physics analysis [94]. This search utilizes
the PdmV recommended data sets for Run-2 analyses, referred to as Ultra-Legacy (UL),
which have been reprocessed using the most current calibration for detector responses and
alignment. Although the characteristic signature of this analysis is two displaced photons,
the HLT double photon triggers present in Run-2 are unsuitable for the phase space of signal

photons. Therefore we utilize the leptonic decay of the associated Z which provides a robust
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trigger. Since we are interested in Z decays to either electrons or muons, we use the data sets
containing events passing the single electron and single muon triggers. These are labeled as
SingleMuon or SingleElectron, however in 2018 the SingleElectron and SinglePhoton data

sets were merged into one EGamma data set due to the high overlap between them.

The reprocessed datasets must be cross referenced with the “Golden JSON”: a certificate
created by the Data Quality Monitoring (DQM) Group within CMS by monitoring each
sub-detector system in order to veto collisions that occur during sub-optimal conditions.
The total integrated luminosity recorded by CMS during Run-2 was 164 fb™'; however, only
138fb™" of that was certified for analysis. The total integrated luminosity and uncertainty

per year for collisions recommended by DQM can be seen in table 5.1.

Table 5.1: Table of integrated luminosity per year [95-97].

Year | 2016 | 2017 | 2018 | 2016-2018

Luminosity [fb 1] | 36.31 | 41.48 | 50.83 | 137.62
Uncertainty [%] | 1.2 2.3 2.5 1.6

The 2016 data and simulation are divided into two distinct eras due to substantial changes
to the silicon strip tracker. Saturation effects in the pre-amplifier of the APV25 readout
chip resulted in a decreased signal-to-noise ratio and required a decrease to the feedback
pre-amplifier bias voltage (referred to as VFP) [98]. As a result, simulated samples were
produced separately for pre- and post-VFP run conditions. The pre-VFP and post-VFP
data corresponds to 19.65 and 16.67 fb™', respectively.

5.2.2 Simulated Samples

Simulated samples use Monte Carlo methods to generate events in several steps, beginning
from the matrix elements that determine cross sections for various physics processes, show-
ering, and hadronization to the detector responses and event reconstruction. These samples

are generally created to model-specific physics processes such as Drell-Yan, QCD, tt, signal
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processes, etc. All samples used in this analysis use parton distribution functions given by
NNPDF3.1 [99]. Simulated events are not created one-to-one to match data events; instead
they are used to create weighted events that are normalized using the cross section of the
simulated process and scaled to match the luminosity of the data. For this analysis we use

both simulated background events as well as simulated signal samples.

5.2.2.1 Monte Carlo Signal

Standard Model Higgs production through quark induced and gluon induced ZH processes
are simulated at next-to-next-to leading order (NNLO) for several candidate mass points mg
and lifetimes c7. The primary hard scattering interaction producing the Higgs Boson and
associated Z boson is simulated with matrix elements calculated at NNLO using POWHEG
BOX V2 [100], while the subsequent decays of the Higgs Boson and showering processes are
simulated using PYTHIA8 [101]. Leading order Feynman diagrams for the ZH production
are shown in figure 5.1, while the decays of the ® boson can be seen in figure 5.2. The
parameters for Pythia8 simulations were set to TuneCP5, which were the optimal values for
agreement with measured data at NNLO at the time of producing the samples [102]. The
simulated signal samples were produced centrally by the Monte Carlo and Interpretation

subgroup of CMS.
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Figure 5.1: Feynman diagrams for both quark induced and gluon induced Z+H production.

The Higgs Boson is forced to decay to two long-lived scalar bosons (®). Each ® has a
50% branching ratio to vy and a 50% branching ratio to dd as shown in figure 5.2. The decay

to dd was chosen to create a generic jet with no characteristic signature that would affect
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the event topology. Additional samples with a 100% branching ratio to vy were generated to
provide better statistical power for four photon decays. The Z is forced to decay leptonically,
which is accounted for when normalizing samples for the limit setting procedure. A complete

list of masses, lifetimes, and number of generated events is shown in table 5.2.

Y

- Y
d
d

Figure 5.2: Feynman diagram showing the proposed decay channel of the Higgs boson to
®P, with one ® decaying to a pair of photons and the other decaying to dd. The loop in the
diphoton decay can contain any particle that could theoretically couple to the ®. It is also

possible for the ® to decay directly to photons.

Table 5.2: Mass points, lifetimes, and number of simulated H — ®® events for the 2v2q

categories. Number of events generated is halved for the 4y categories

mg [GeV] cr [mm] Events
15 0, 10, 20, 50, 100, 1000 | 100000
20, 30, 40, 50, 55 | 0, 10, 20, 50, 100 50000

1000 100000

5.2.2.2 Signal Lifetime Reweighting

One can interpolate between signal sample lifetimes using a process known as ¢7 reweighting.
As each generated event contains two ® with exponentially distributed lifetimes, an event

weight can be applied to generate a sample of arbitrary lifetime. Assume an event generated
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with mean lifetime 7, with each ® lifetime given by t; and t,. To reweight this sample

to a new mean lifetime 7., we apply a weight given by the ratio of poisson probability

distributions
P (1T ) P (| Tuew) ? T
T, T T € Tnew
: newat ,t — 11/ new 2| 'new — 0 . 5.1
w (7o, 7 ) P(t1]70)P(ts]70) (Tnew) eii(tio“l) (5-)
The @ lifetimes ¢; can be calculated from the generator level information as follows
ct:é-L:mh;’-L, (5.2)
v E

where c¢ is the speed of light, m, p, and F are the mass, 3-momentum, and energy of the
® and the decay length L is the distance in the lab frame traveled by the ® from the PV

before decaying.

Lifetimes are reweighted to 3, 14, 32, 70, and 316 mm to be uniformly distributed between
generated signal samples on a logarithmic scale. The signal sample with the nominal lifetime
closest to the target lifetime is chosen to be reweighted, excluding the 3 mm sample which

is produced using the 10 mm sample.

5.2.2.3 Pileup Reweighting

Events passing the HLT generally consist of one interesting hard-scatter occurring at the
primary vertex (PV). However, as discussed in chapter 3.2.7, colliding proton bunches often
produces secondary collisions along the beam axis known as pileup (PU). Particles resulting
from PU are generally uninteresting on their own but produce tracks and energy deposits
that affect event reconstruction. During Run-2 data taking the average pileup ranged from

27 in 2016 to 37 in 2018. PU distributions in data can be seen in figure 5.3.

Monte Carlo samples account for secondary collisions by generating PU interactions ac-

cording to a predetermined distribution. However, the distribution of the number of inter-
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Figure 5.3: Pileup distributions and mean PU from 2011-2023 data taking [66].

actions does not exactly match what is observed in data. To account for this, we apply a
weight to simulated samples as a function of the number of simulated PU interactions by

dividing a histogram of data PU distributions by the Monte Carlo PU distribution.

5.2.2.4 Monte Carlo Background

Although this analysis employs a data-driven method of background estimation, simulated
samples are used to inform on properties of background events and tune cuts to discriminate
between signal and background. For this analysis, we use simulated Drell-Yan (DY) to ¢¢
events with 0, 1 and 2 additional jets, simulated using matrix elements calculated at NNLO.
Studies were done with inclusive (any number of additional jets) samples but found these
samples to have worse agreement in control regions and statistical power compared to the

jet categorized samples. The cross sections used for normalization were calculated using
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the GenXSecAnalyzer, a tool provided by CMS to calculate the cross sections for simulated

samples [103]. A list of cross sections for each simulated process can be found in table 5.3.

Table 5.3: List of simulated background processes, their cross sections calculated using

GenXSecAnalyzer [103].

Process Cross Section [pb]
DY + 0 jets 5090
DY + 1 jet 983.5
DY + 2 jets 353.5

5.2.2.5 Scale Factor Corrections

Scale factors are corrective weights applied to simulated events in order to improve the
agreement with data. The total weight applied is defined by the data-to-simulation efficiency

ratio, given by
_ ¢(data)

5= e(MC)

(5.3)

The total efficiency € in data and Monte Carlo is a product of the efficiencies for each object
used in the event selection. The efficiency for a given object is itself a product of several
individual efficiencies. For muons, the efficiency €, = €., X €1ig X €1p X €55, 18 @ product of the
muon track reconstruction efficiency, trigger efficiency, ID efficiency, and isolation efficiency.
For electrons and photons, €, is absorbed into the ¢;p efficiency because the cut-based 1D
includes the isolation. The efficiency for electrons is then €, = €., X €4ig X €p. Photons
are not used for any HLT triggers nor do they have associated tracks, S0 €, and €., are
omitted, making the total efficiency €, = €.« X €p, where € is the efficiency for the pixel

seed veto. The total scale factor is then given by
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All scale factors are centrally measured and provided by the respective POGs with the
exception of the electron trigger efficiencies, which were privately produced. Almost all
efficiencies are measured with the tag-and-probe technique, which uses events containing one
lepton passing strict selection criteria (the “tag”) and one oppositely charged same flavor
lepton passing loose selection criteria (the “probe”), where the dilepton invariant mass lies
within the Z resonance centered at 91 GeV. The strict tag and invariant mass criteria give
a set of real leptons that are unbiased due to the loose probe criteria which are used to
calculate various efficiencies. This method was adapted for photon ID efficiency calculations
by ignoring the tracker information for Z — ee events and treating the calorimeter clusters
as photons. The photon pixel seed veto efficiencies require tracker information and cannot
be calculated using Z — ee tag-and-probe techniques. These were instead measured using
Z — uu + v events, where the photon is from final state radiation. Invariant mass and

topological cuts give a clean sample of unbiased photons which are used to calculate €.

Electron HLT scale factors were not centrally provided and were calculated privately
using the tag-and-probe technique described above. The tag-and-probe were required to
have a combined invariant mass of 60 < Mg probe < 125 GeV. Baseline criteria for the tag

and probe can be seen in table 5.4.

Table 5.4: Tag and probe criteria used to derive HLT scale factors

Tag Criteria \ Probe Criteria
Matched to Single Electron Trigger 1’7 T‘ i ;55Ge\/
Passing tight cut-based ID g 5 GeV
| < 2.17 T = 0%€
|d.| < 0.2cm
In| < 1.4442 or |n| > 1.566 d..| < 02cm
pp > 35 GeV w y
Passes tight cut-based ID

Events that pass the baseline tag/probe criteria are binned according to the pr and
pseudorapitity of the supercluster (7,.) of the probe, and split into pass/fail histograms if
the probe passed/failed to trigger the HLT path. For data, the histograms are fit analytically
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using the Z peak plus background to extract the number of signal events and calculate the
efficiency. In Monte Carlo simulation, the events are first matched to generator-level electrons
originating from the Z to ensure zero background events and fit to only the Z signal. The
signal is modeled using a piecewise function with the upper and lower sides modeled using
Gaussian cores and exponential tails, which is then convolved with the world-average 7 mass
and width [104]. Background is modeled by multiplying an error function with a falling
exponential. To calculate the systematic uncertainty of the fit, the efficiencies are calculated
for data under alternative signal and background models. For the alternate signal, the data
models the signal shape as a convolution of a Gaussian and the Monte Carlo signal from the
equivalent bin. For the alternate background, the shape is modeled as just an exponential,
which can either grow or decay depending on the py and n range of the bin. This process is
repeated for each era, as the trigger and run conditions can vary between years. The trigger
efficiency as a function of 7 can be seen in figure 5.4. A full set of scale factors is shown in

figures 5.5 - 5.8.

Muon reconstruction, isolation, and ID scale factors are applied for each muon used to
reconstruct the Z as a function of pp and |n|. Muon trigger scale factors are as a function of
pr, n and charge of the triggering muon, or the higher p muon if both pass the single muon
trigger. The photon ID and all electron scale factors are applied as a function of electron
pr and 7, with the electron HLT scale factor application following the same logic as the
muon HLT. Lastly, the photon pixel seed veto scale factor is applied as a function of the n
region (barrel or endcap) of the photons. Most scale factors are on the order of 1% with

uncertainties less than 0.1%.

7



+59.7 b (13 TeV) +41.5 fo (13 TeV)

> >
(8] I S I
N —e— 15<p_< 35GeV N —e— 15<p_s< 35GeV
45 12 - CMS ——— 355p’ < 50GeV _5 12 CMS ——e— 355p < 50GeV
8 [ Work in progress T i ey £ [ Work in progress T s ey
5] iF ——e— 200 <p| < 500 GeV [} s ——e— 200 <p] < 500 GeV
< [ : < r
I F i F
< [ = < L N
a F e [ N w4
0.8 |- 0.8 - -
N I R
06 | 06 -
04 04 -
02 b S | peeeegeece- 3 0.2 Eepomeen he P . e -
g F LE) 11
T 105 f— { = 105 f—
© F - © F
a) 1 Framngueneeegoeedemeeafeenoe e oo ;i a 1 ::t: ----------- P Ty SR P PP SRRN sneeneeneas :i:
P —— 3= E } |
095 [ + —t oss || T —3=
E — E e —— —
09 | 1 09 | R
oss | 085 |
08 } L L L L L 08 } L L L L L
-2 -1 0 1 2 -2 -1 0 1 2
SuperCluster n SuperCluster n
(a) 2018 (b) 2017
+16.9 fb? (13 TeV) +19.8 fo (13 TeV)
> >
2 i —e— 155p < 35GeV 2 i —e— 155p < 35GeV
o 12 CMS ——e— 355p < 50GeV o 12 CMS —<— 35sp s 50GeV
£ [ Work in progress T i ey £ [ Work in progress T s ey
5] 1L | ——e— 200 <p| < 500 GeV 5} L —e— 200 <p, < 500 GeV
[a) - o +
0.8 =
06 ‘ 0.6 |-
5 P L S s L
0.4 |mmmmmmrmmm-- - b P 0.4 f=--=---
i —— il F——
[ [
02 & L ! 02 kb !
Q 11F T 8} 11
= E = ET —
E 105 | E F
] F il
a 1 —+— a e erree
- -
0.95 F—eo—
E ——
09 |
E e
085 |
08 } L L L L L L L
-2 -1 0 1 -1 0 1

2 2
SuperCluster n SuperCluster n

(c) 2016 post-VEP (d) 2016 pre-VFP

Figure 5.4: Trigger efficiency as a function of 7. for several ranges of electron py for all

data-taking eras.
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Figure 5.5: 2018 electron HLT scale factors and uncertainties.
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Figure 5.6: 2017 electron HLT scale factors and uncertainties.

79



ely scale factors ely uncertainties

>
Q
S

[
o

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

. 0
-25-2-15-1-050 05 115 2 25 -2.5-2-15-1-050 051152 25

SuperCluster n SuperCluster n
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5.3 Vertex Reconstruction of Displaced Photon Pairs

5.3.1 Diphoton Kinematics

The kinematics of a long-lived, massive scalar boson ® decaying to two photons can be

precisely described by the following
m5 = 2E,E5(1 — cosf) , (5.5)

where the mg is the mass of the &, E; and E, are the energies of the two photons, and 6
is the angle between the two photons. The energy of the two photons is measured by the
CMS ECAL, thus # can be calculated as a function of mg. Due to the primary vertex, decay
vertex, and ECAL clusters being coplanar, this calculation is treated as a 2 dimensional
problem. It is a trivial procedure to rotate the system to calculate the vertex, then rotate
back to detector coordinates once the decay vertex is calculated. Let the position of the two

ECAL clusters be r; and ry. The system can be rotated by an angle

ry Xry
p = arccos | —— - 2 5.6
(Hrl X To| ) ’ (56)
around an axis given by
X
PR Balkr T 3, (5.7)
[Ty X 1|

to determine the decay vertex, then rotated by —p around the same axis to give the final

value.

The geometry of the vertex fit is described in figure 5.9. Assume we have two ECAL
clusters and a given value of mg. This fixes the value of 8 from equation 5.5. It will be
shown that the locus of points satisfying these constraints corresponds to the arcs of two

circles that overlap the ECAL clusters.

Because three non-colinear points uniquely define a circle, 6 corresponds to an inscribed
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Figure 5.9: Geometrical configuration used to reconstruct the displaced vertex of the di-

photon pair

angle on a circle which overlaps the decay vertex and the two ECAL clusters located at
(x1,y;) and (x9,y,). The central angle of the arc between the two clusters has measure 26

by the inscribed angle theorem. From this, the radius of the circle can be defined by

d

" Osing’ (5.8)

where d = \/ (2o — 21)° + (o — 11)” is the distance between the two ECAL clusters. The
center of the circle (xg,y,) is constrained by the two ECAL cluster coordinates and the

equation of a circle (x — x0)* + (y — yo)* = 7%, which can be solved to give

Ty + Ty | Y1 — Yo q2
= + A== 5.9
Zo 2 q r 4 9 ( )
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2

Y1 +Y2 [ T2o—21 [ o2
— + . - = 5.10
Yo 2 q r 4 9 ( )

where q = \/(1‘1 —25)° + (1 — 10)° . (5.11)

The two solutions represent circles centered inside and outside of the ECAL. If § < 7/2,
then only the major arcs of the two circle satisfy equation 5.5. Alternatively, if § > 7/2
only the minor arcs are valid solutions. For either solution, an arc from one of two circles
will lie outside the ECAL. This arc represents a nonphysical solution and can be discarded,
as it would imply the ® both decayed outside of the ECAL and left ECAL clusters. The

remaining arc represents the locus of possible decay vertices.

The angle between the two photons can be divided into the deflection of each photon (6,
and 6, respectively), and conservation of momentum requires F; sin6; — Ey sinf, = 0. From
here, the vertex can be calculated numerically by sampling points along the remaining arc

and choosing the coordinates that satisfy this equation.

It should be noted that this method can yield a locus of points that pass behind the
beamline resulting in a negative impact parameter. The vertex is still calculated in these
cases in order to provide a disjoint region with respect to the signal region that will be
used to validate analysis methods and estimate the background yield. A diagram showing a

negative reconstructed vertex is shown in figure 5.10.

5.3.2 Performance of the Diphoton Vertex Calculation

It is evident that since the kinematic fit uses the hypothetical mass of the ®, the fit must
be rerun for every hypothetical mass used in this analysis. As a result, the events in the
signal region used for each value of mg are different. Figure 5.11a shows the reconstructed
L,, behaves as expected as the ® lifetime increases. To demonstrate the resolution of the
kinematic fit, we plot the difference between the calculated L,, and the generator level L,,, as

a function of the generator level L,,, performed using a Z — (¢ samples with mg = 30 GeV,
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ECAL
Surface

Figure 5.10: Geometrical configuration showing the reconstruction of a negative impact

parameter

using both the ¢ = 100mm and 1000 mm samples. These distributions can be seen in
figure 5.11b. The vertical slices of this histogram were fit to Gaussian distributions so that
the mean and sigma could be plotted as a function of generator level L,,. The means shown
in figure 5.11c show the differences in calculated and generator L,, are compatible with zero,
and the sigma shown in figure 5.11d show a resolution of < 3 cm, slightly decreasing with
generator level L,,. Both the mean and sigma remain consistent across all ranges of mg.
The mean has a slight bias towards underestimating the L,, due to the non-linear relation
between the ECAL position/energy resolution and the vertex calculation. The sigma tends
to decrease slightly as L, increases, as the ® decaying closer to the ECAL means the photons
traverse less material before reaching the ECAL. This gives a lower probability to interact

with the tracker which improves the position and energy resolution.
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Figure 5.11: Performance of the vertex calculation on signal samples. The fit shows good

agreement across all values of generator level L,, and a resolution of < 3cm.

It can be shown that the calculated L,, for a fixed value of prompt invariant photon mass
m.,, is monotonically decreasing with the assumed value of mg. Assume that two photons
have a prompt (four momenta calculated assuming the two clusters originated from the PV)
invariant mass m,,. Calculating the vertex assuming mg = m.,, would yield a vertex with
L,, = 0 by construction. Calculating the vertex assuming mg > m,., would cause the angle
between the two photons given by equation 5.5 to decrease. As the ECAL cluster positions

are fixed, this pushes the vertex backwards yielding L,, < 0. By similar methods, assuming
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a value of mg < m.., yields a vertex with L,, > 0. The dependence makes the L,, very
sensitive to small changes in the assumed value of mg. If the assumed value of mg differs
from the true mass by 5 GeV, the calculated L, can skew upwards or downwards by > 20 cm,
depending on the value of the true mass. Figure 5.12 shows the differences in generated and

reconstructed L,,, combining samples for all lifetimes for a given true mass.

Ty
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Figure 5.12: The difference between the true and reconstructed vertex grows as the assumed
mass departs from the true one. Gen-reconstructed L,, for a Z+H samples under several

assumed mass points.

The data format used in this analysis is the most slimmed version offered centrally by
CMS and provides only the most important information for high level physics objects [105].
This information includes several key properties of photons but omits the calorimeter cluster
position, which is required to calculate the diphoton vertex. To circumvent this, we propagate
the photons from the PV to the ECAL using their n and ¢. The ECAL is approximated
using a cylinder with radius ppcar, = 137cm and z = 324cm. These values are shown
in figure 5.13. Diphoton vertices calculated using the propagated coordinates yield a L,,
within 3% of the L,, calculations using the exact cluster coordinates, which is well within

the intrinsic resolution of the vertex calculation.
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Figure 5.13: The pgcay, for barrel photons and |z| for endcap photons for all reconstructed

photons.

5.4 FEvent Selection

The first step in collecting events for the analysis is to select events passing HLT lepton trig-
gers. Events passing these triggers are then chosen based on the presence of two same-flavor,
opposite-charge leptons and two photons. Various quality cuts, referred to as preselection
criteria, are applied to these objects to reject background. Lastly, event-level cuts are applied
to reject photons from final state radiation (FSR) and low pr photons that are promoted to

displaced ® candidates by the kinematic vertex fit.

5.4.1 Triggers

Events are triggered through leptonic decays of the Z boson produced in association with
the SM Higgs Boson. The Z candidates are selected from dilepton events passing the HLT
isolated single lepton triggers. These triggers are the standard lepton triggers recommended
both the EGamma and Muon physics object groups (POGs) in CMS. Double lepton and high
pr lepton triggers were considered but provide only negligible improvement when applied

in addition to the single lepton triggers. To ensure events are not double counted between
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data sets, muon events must pass the single muon triggers and are vetoed by the single
electron triggers, while electron events must pass single electron triggers and are vetoed by
the single muon triggers. A complete list of HLT trigger paths used for each year can be see

in table 5.5.

Table 5.5: HLT trigger paths used for the Run 2 datasets

Year | Single Electron Single Muon

2018 | HLT _Ele32_WPTight_Gsf | HLT IsoMu24

2017 | HLT _Ele32 WPTight_Gsf | HLT IsoMu27

2016 | HLT _Ele27_WPTight_Gsf | HLT IsoMu24 |[HLT IsoTkMu24

Each HLT path name corresponds to the different criteria required to pass the trigger.
The electron triggers require the trigger object have pr > 32GeV (27 GeV for 2016), pass
tight selection criteria, and be reconstructed using the Gaussian sum filter (GSF) algorithm
discussed in section 3.2.8.3. Muons are required to pass isolation and have pp > 24 GeV
(27 GeV for 2017). In order to improve the efficiency of the muon trigger in 2016, we also

include the tracker muon trigger, which requires an isolated tracker muon with pp > 24 GeV.

5.4.2 Preselection Criteria

For both electrons and muons we define a set of tight and loose leptons based on cut-based
ID set by the EGamma and Muon POGs. To reconstruct a Z candidate, we require exactly
two same-flavor opposite-charge tight leptons with invariant mass 70 < my,, < 110 GeV and
zero additional loose leptons. For photons we require at least two photons passing a set of

preselection criteria, which are subject to additional classification based on cut-based ID.
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5.4.2.1 Particle Flow Isolation

One key application of Particle Flow (PF) is the calculation of a particle’s isolation. This
quantity measures the pp and energy contributions from PF candidates in a fixed AR cone
centered on the original particle. A lower value implies the particle is more isolated (i.e.,
there are fewer additional particles nearby), and vice versa. Isolation is a key variable to
reject particles produced in jets from heavy-flavor hadronic decays or decays of pions and

kaons [85]. A particle’s isolation is defined as follows:

Ipp = g pr + max | 0, E Et + g EJ. — PU Corrections (5.12)
i€charged i€neutral ~yE€photons
hadrons hadrons

The three contributions that are summed over in equation 5.12 are referred to as charged
hadron isolation (I.,), neutral hadron isolation (1), and photon isolation (7,). It is also
common to refer to a particle’s isolation normalized by its pp (or Ep for neutral particles),

known as relative isolation which is defined as

[y =222 (5.13)
pr

Particles created from pileup can create calorimeter deposits within the AR cone used

to calculate isolation. These are unrelated to the physics process for the central particle and
can artificially inflate the isolation. Only charged hadrons with tracks originating from the
PV are used when calculating the charged hadron isolation, which rejects charged hadrons
originating from PU. Neutral particles, however, do not produce tracks, meaning calorimeter
deposits from the PV and from pileup are indistinguishable. Because of this, there are
additional corrections to remove the PU contributions from neutral hadron and photon
isolation. T'wo common methods are p corrections, which calculate the average energy density

per unit area from pileup (p) multiplied by an effective area as a function of n, and AS
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corrections, which calculate the energy from photons and neutral hadrons in pileup as a

fraction of the charged hadron contribution from PU.

5.4.2.2 Muon Criteria

The data format used for this analysis takes reconstructed muons and applies loose cuts
before storing the muon properties in branches. These branches contain all muons with
pr > 3GeV with minimal cuts to reconstruction quality. For the purpose of this analysis,

muons are classified as loose if they pass all of the following criteria:

P > 10 GeV

In] <24

e d,, < 0.2cm: the transverse distance from the PV to the beamline must be less than

0.2 cm

d, < 0.5cm: the longitudinal distance from the PV to the beamline must be less than

0.5 cm

La(AR < 0.4, AB-corrected) < 0.25

Passes loose quality criteria set by the Muon POG:

o Muon must be reconstructed by the PF algorithm

o Muon must be either a global and/or tracker muon
We define tight muons as a subset of loose muons if they pass the following criteria:

o [..(AR < 0.4, AB-corrected) < 0.15
e Passes tight quality criteria set by the Muon POG:

o Muon must be a global muon
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o The global muon track fit must have x*/ndof < 10

o Global track must have at least one hit in a muon chamber

o Muon track must have segments in at least 2 different muon stations
o Tracker track d,, < 2mm

o Tracker track d, < 5mm

o Tracker track must have at least 1 hit in the pixel detector

o Tracker track must have hits in more than 5 tracker layers

We also require that one of the two tight muons used to reconstruct the Z be the triggering
muon, and that the triggering muon have pr > 25 GeV (28 GeV in 2017) in order to operate

above the single muon trigger pp thresholds.

5.4.2.3 Electron Criteria

Analogously to the muon criteria, loose electrons are defined from reconstructed electrons if

they pass a set of preselection criteria.

pT > 15 GeV

In| < 2.4

In| > 1.57 or |n| < 1.44 to rejects clusters in the overlap region between the ECAL

barrel and endcap

e d,, <02cm,d, <0.2cm

Passes cut-based ID provided by the EGamma POG at the veto working point

Tight electrons are selected from this collection of they pass cut-based ID at the tight

working point set by the EGamma POG. A full set of criteria is shown in table 5.6 for barrel
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and endcap electrons. Similar to the muon criteria, we require one of the tight electrons be

the triggering electron, and that the triggering electron have pp > 35 GeV.

Table 5.6: Cut-based ID selection criteria for electrons in Run-2 [106].

(a) Barrel Electrons

Barrel Criteria ‘ Veto ‘ Tight
Tinin < 0.0126 0.0104
| ANgeed| < 0.0463 0.00255
|Adr,| < 0.148 0.022
H/E < 0.05+ 1.16/E + 0.0324p/E | 0.026 4+ 1.15/E + 0.0324p/E
La(AR < 0.3, p corrected) < 0.198 + 0.506/py 0.0287 + 0.506/p
I1/E—1/p| < 0.209 0.159
Missing inner hits < 2 1
Passes conversion veto True True

(b) Endcap Electrons

Endcap Criteria \ Veto \ Tight
Tinin < 0.0457 0.0353
| ANgeed| < 0.00814 0.00501
|Adr,| < 0.19 0.0236
H/E < 0.05+2.54/E +0.183p/E | 0.0188 + 2.06/E + 0.183p/E
La(AR < 0.3, p corrected) < 0.203 4 0.963/pr 0.0445 + 0.963/pr
I1/E—1/p| < 0.132 0.0197
Missing inner hits < 3 1
Passes conversion veto True True

The variables used in the cut-based ID are optimized to reject background such as photons
in hadronic showers or photons that convert to ete™ pairs in the tracker. The spread of the

calorimeter cluster in 7 is measured using o which is the weighted second moment of the

inin>
cluster shape in n measured in a 5 x 5 grid of calorimeter crystals, centered on the most
energetic crystal in the SC. This variable can be used to discriminate two photon showers
produced from neutral meson decays, which have higher spread in 7, from showers produced
by prompt electrons or photons. The H/E ratio takes the energy of HCAL clusters located
in a AR < 0.15 cone behind the ECAL cluster and divides it by the ECAL cluster energy.

Genuine EM showers have three main contributions to hadronic energy: leakage through gaps
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into the HCAL, calorimeter noise, and pileup. The constant term in these cuts accounts for
energy leakage from real electrons or photons, the term proportional to 1/E is to account for
noise in the HCAL, and the p/FE term is the correction due to pileup. Tracker information is
also used to separate signal from background. The |An..q| and |A¢;,| are the difference in
SC and track 7/¢, measured from the innermost tracker layer, which is expected to be small
for prompt electrons. The difference between tracker momentum and calorimeter energy is
measured using the quantity |1/E — 1/p|, which should be small as a good electron should
have similar energy and momentum. The number of missing hits refers to number of gaps
in the electron’s trajectory through the tracker. Converted photons will leave tracks after
the conversion vertex but leave no hits in the tracker before they convert, while prompt
electrons should leave hits in the tracker starting from the PV. An additional conversion
veto is applied by rejecting electrons with tracks matched to conversion vertices in order to
further reject background from converted photons. The tight cut-based ID is expected to

have a 70% signal efficiency for real electrons.

5.4.2.4 Photon Criteria

Similar to the muons, reconstructed photons must pass baseline selection to be stored in
the data format used by this analysis. All reconstructed photons must have ppy > 5GeV,
Ry > 0.8, and pass cuts on total and relative charged hadron isolation given by I < 20 GeV
and I, /pr < 0.3. The Ry of a supercluster is defined as the energy the most energetic 3 x 3
crystal grid in the supercluster divided by the total supercluster energy. For an event to be
considered for this analysis, we require at least two nanoAOD photons passing the following

preselection criteria:

[ ] pT > 20 Gev
e Passes pixel seed veto

o |n| <24
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e || > 1.57 or |n| < 1.44
e An(7y, lepton)?/0.4%> + Ap(~, lepton)?/0.5% > 1 for all loose leptons

Due to the production mechanism of the Higgs boson, the ® and subsequent photon
pair are expected to be strongly correlated and have high energy. The following kinematic
requirements based on the four-momentum of the diphoton system reject background due to

uncorrelated or lower energy photon pairs while maintaining 99% signal efficiency:
e pr(v,7) > 20 GeV
e Invariant diphoton mass m,, > 4 GeV

The pixel seed veto reject photons if there are at least two pixel seed hits that point to
the supercluster, which is used to reject background from electrons that are misidentified
as photons. Photons passing this preselection criteria are subject to further classification as
ID’d or anti-ID’d if they pass or fail loose cut-based ID outlined in table 5.7. The loose ID is
measured to have approximately 90% efficiency for prompt photons, but was observed to have
additional inefficiencies due to photon isolation and shower shape variables resulting from
the displaced signature of the two photons. As the photon vertex becomes more displaced,
the shower shape becomes more skewed and the two photons become closer together, which

affects the cuts to o;

min and L. At lower masses, the photon isolation is the main source

of inefficiency because the photons are more collimated, while at higher masses the o,
is the main inefficiency as the larger angle between the photons causes a larger spread in
shower shape. The effect of each criteria in the cut-based ID on the photon reconstruction
efficiency is shown as a function of generator level L,, in figure 5.14 for all values of mg.
The efficiency denominator is all generator level (gen) photon pairs, where each gen photon
has pp > 20 GeV and a decay vertex within the CMS ECAL. The numerator requires each
gen photon to have a matching reconstructed photon that passes given selection criteria.

Matching requires the reconstructed photon have AR < 0.3 and energy within 50% of the
gen photon.
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Given the large inefficiency of the I, cuts at low values of mg, studies were performed
using modified photon isolation by removing the footprint of the partner photon from 7,.
This modified ID showed up to 50% improvement in signal efficiency for low mg, high L,,
events. However, this was shown to introduce substantial irreducible background with only

marginal improvements to expected limits, so it was not used in the final analysis.

Table 5.7: Cut-based ID selection criteria for photons in Run-2 [107].

Barrel Criteria \ Loose ID
H/E < 0.04596
Oiin < 0.0106

inin
I, (AR < 0.3, p corrected) < | 1.694
I(AR < 0.3, p corrected) < | 24.032 4 0.01512  pp + 2.259 % 107° * p7

L (AR < 0.3, p corrected) < | 2.876 + 0.004017 * py

Endcap Criteria \ Loose ID
H/E < 0.0590
Cimin < 0.0272

nin
I, (AR < 0.3, p corrected) < | 2.089
I(AR < 0.3, p corrected) < | 19.722 + 0.01512 % pp + 2.3 % 10" % p*

I (AR < 0.3, p corrected) < | 4.162 4 0.0037 * pr

5.4.3 Signal Region Definitions

® candidates are reconstructed from events with at least two photons passing preselection
criteria. If there are only two photons that pass preselection, the diphotons are chosen as a
possible ® candidate. If more than two photons pass this criteria, the photons will be subject
to pairing criteria for every candidate mass of the ®. This pairing process is designed to
maximize pairing efficiency, as without pointing capabilities there is no consistent, robust
way to determine whether signal photons originated from the same ®, while also minimizing
the bias introduced through the pairing criteria. For each candidate mass, photon pairs are

chosen as follows:

e The pair with an energetically allowed decay is chosen (i.e., there is a physical solution
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Figure 5.14: Efficiency for a photon pair to pass preselection versus generator level L,, on
ZH signal samples for all lifetimes in the Z — pp category. Denominator is all generator
level photon pairs with each photon having pr > 20 GeV that decay within the geometric
acceptance of the ECAL. The numerator requires two matching (Ar < 0.3, energy within

50% of gen photon) reconstructed photons passing preselection criteria.
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to equation 5.5)

e [f multiple pairs have allowed decays, the pair with more photons passing cut-based

ID is chosen

o [f multiple pairs use the same number of photons passing 1D, the pair with the largest

prompt invariant mass m., is chosen

e If multiple pairs have the same m..,, the pair with the highest pr(y7) is chosen

v

By convention, the leading higher pt photon is referred to as ; while the sub-leading lower

pr photon is referred to as 7,.

The signal region is defined by the presence of one Z candidate and at least one ®
candidate composed of two ID’d photons. Events are categorized based on the lepton flavor
of the Z decay to either muons or electrons. For each signal region category, an anti-ID
control region is utilized for background estimation. These categories are defined identically
to the signal region but require the ® candidate to use one photon passing the loose cut-based

ID and one photon failing loose cut-based ID defined in table 5.7.

To compare data to simulated background, the dilepton mass my, is plotted in all cate-
gories for the signal region and anti-ID control region in figures 5.15-5.16. These distribu-
tions are made agnostic with regard to the vertex calculation and have no cuts on diphoton
L,,. The results show moderate agreement in the anti-ID control region and limited sta-

tistical power for simulated events in the ID signal region. Comparisons show an excess of

events below 90 GeV due to the presence of final state radiation.

5.4.3.1 Positive and Negative L,, Regions

As discussed in section 5.3, it is possible for the vertex calculation to yield a negative value

of L,,, indicating that the ® would have decayed from behind the beamline relative to the

Ty

ECAL clusters. The negative L,, region is used for background estimation, while the positive
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Figure 5.15: m(€+€_) data and simulated background after preselection criteria across all
years in the anti-ID control region. Top row: Z — up category. Bottom row: 7Z — ece

category

L,, region is used for the final signal extraction. To avoid possible signal contamination in
the negative L,, region, we define the two regions using the prompt invariant diphoton mass

m.,.. This provides a robust cut that is not dependent on the vertex calculation.

By construction of the vertex constraint, if two photons have a prompt invariant mass
m.,., then the vertex calculated assuming mg = m,., would yield an L,, = 0. As a corollary,
the prompt invariant mass of a pair of displaced photons decaying from a particle of mass mg
will always have a prompt invariant mass m.., < mg. Since the mass of the ® is constrained
by a maximum of my/2, the highest prompt invariant mass for potential signal events is
m.., = my/2. Thus cutting on m.., > my/2 gives a set of events that yield a negative L,,

for all hypothetical mg that is disjoint from any possible signal events.

The positive L,, signal region is defined by m., < mg + 5GeV. This allows slightly

7Y
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Figure 5.16: m(€+€_) data and simulated background after preselection criteria across all

years in the ID signal region. Top row: Z — pp category. Bottom row: Z — ee category

negative L,, events into the signal region in order to account for the vertex calculation

resolution for low displacement signal events.

5.4.3.2 Final State Radiation Rejection

One source of background occurs when a lepton in the final state radiates a photon, known

as final state radiation (FSR). This results in the band of excess events in my seen in

figures 5.15-5.16. FSR events are identified by calculating the invariant mass of the dileptons

plus one or both of the photons used to reconstruct the ® candidate.

If the combined

invariant mass is within 75 — 105 GeV and closer to the Z boson mass of 91 GeV than the

original dilepton mass, the event is flagged as having FSR and removed. FSR events are

classified based on which combination of photons yields a mass within the Z window, with

the closest mass to 91 GeV being chosen if multiple satisfy the criteria. The categories are
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defined as follows:

e Tag 1: U0+
o Tag 2: U0+ ,

° TagB: fg‘i"h‘i"h

Figure 5.17 show the comparison of invariant mass distributions for all three tags in
the Z — pu category. Simulated background uses the anti-ID control region due to poor
statistical power in the ID signal region. Simulated signal uses an mg = 20 GeV, ¢7 = 0 mm
signal sample, but the distributions remain stable across all masses and lifetimes. It is
shown that the largest background contribution comes from tag 2 followed by tag 1. Tag 3
shows minimal contribution, as the energy loss from double FSR photons usually causes the

dilepton invariant mass to fall below 70 GeV.

In the anti-ID control region, this method rejects 16% of simulated background in the
Z — up category and 19% in the Z — ee category. In the ID signal region, this method
rejects 9% of simulated background in the Z — up category and 35% in the Z — ee
category. Across all signal masses and lifetimes this method maintains > 99.5% signal
efficiency. The data and simulated background distributions after rejecting FSR events are

shown in figures 5.18-5.19.

5.4.3.3 Low pt Photon Background

Equation 5.5 shows that, for energetically allowed decays, the angle between two photons
increases monotonically as the assumed value of mg increases. The position of the ECAL
clusters is fixed, so the vertex becomes more displaced as the angle increases, leading to
low pr photon background with large L,,. This makes the photon pyp a useful handle to
discriminate signal and background. We compare the p spectrum of leading and sub-leading

photons in the anti-ID control region and signal region for events having a positive L,, in
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control region events for improved statistics while signal shows ID signal region events.

order to determine optimal cut values. As one additional requirement, when comparing the
leading p spectrum we select background events where 7, is ID’d and ~, is anti-ID’d (and
vice versa when plotting the subleading photon). Plots comparing signal and background

pr distributions for leading and subleading photons can be seen in figure 5.20.

The final cuts were chosen to be pr(y;) > 35GeV and pr(7y,) > 25GeV. These cuts
reject between 70-80% of background and maintain about 70% signal efficiency. The exact

values for background rejection can be seen in table 5.8, while the cut efficiency for signal

can be seen in figure

5.23.
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Figure 5.18: m(€+€_) data and simulated background after rejecting FSR events across all

years in the anti-ID control region. Top row: Z — up category. Bottom row: 7Z — ee

category

Table 5.8: Photon pr cut efficiency on control region background

mg [GeV] | Z - pu | Z — ee
15 0.24 0.23
20 0.27 0.33
30 0.27 0.26
40 0.29 0.28
50 0.29 0.28
55 0.30 0.30

5.4.3.4 Final Selection Requirements

The final L,, agnostic data and Monte Carlo comparison plots after applying the FSR and

tight photon pp cuts can be seen in figures 5.21-5.22. Signal Monte Carlo distributions

from the mg = 30 GeV, ¢c7 = 0 mm samples are overlaid at arbitrary normalization for shape
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Figure 5.19: m(€+€_) data and simulated background after rejecting FSR events across all

years in the ID signal region. Top row: Z — pp category. Bottom row: Z — ee category

comparison. In the ID signal region, the Monte Carlo background shows poor agreement
with data and consists of very few weighted events with limited statistical power. For this

reason we opt for a data driven method for background estimation.

The efficiencies and expected yields for simulated background are shown in table 5.9.
For signal samples we plot the acceptances as an efficiency relative to the total number of
generated events for all masses and lifetimes, separating two photon events where only one
® decays to photons and four final state photon events where both ® decay to photons.
The HLT and object preselection cuts are applied as described in sections 5.4.1 and 5.4.2.
The FSR rejection cuts are applied, but due to the high signal efficiency the points overlap
with the previous cuts on loose cut-based ID. The positive L,, cuts result in a decrease in
efficiency in the four photon categories due to mispaired photons, where one photon from
each ® is chosen to calculate the vertex. The full set of signal efficiency plots are shown in

figure 5.23.
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Figure 5.20: Comparison of leading and subleading photon pt in the anti-ID control region
and signal region for the Z — pu category under the assumptions mg = 20 GeV (top) and
mg = 50 GeV (bottom).

5.5 Background Estimation

The limited statistics in the simulated background samples demand a data-driven method
of background estimation. As the statistical estimator used to extract signal involves the
L,, distribution in the positive L,, signal region, it is crucial to get an accurate estimate
of both the yield and shape of the expected background. This section outlines the expected

sources of background and the process used to estimate the background using the anti-ID
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Figure 5.21: Final m(ﬁé‘) distributions for data and simulated samples in the anti-ID

control region. Top row: Z — uu category. Bottom row: Z — ee category.

Table 5.9: Cutflow table and expected yields on background Monte Carlo in the ID+ID

signal region

Simulated Events

Selection

Z—>uu\Z—>ee

Initial (from preselection) 67.4 22.1
Final State Radiation 64.7 13.6
pr(m) > 35GeV, pr(v,) > 25GeV | 28.0 5.5

Total Background Rejection ‘ 59% ‘ 75%

control region and negative L,, sidebands. We demonstrate closure tests which are used to

derive the systematic uncertainties on the background estimation.
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Figure 5.22: Final m(€+€_) distributions for data and simulated samples in the ID signal
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5.5.1 Sources of Standard Model Background

There are two main expected SM background contributions originating from the Drell-Yan
process, which correspond to combinations of “fake” photons from electromagnetic fluctua-
tions of neutral pions produced in jets or PU, and “real” photons from initial or final state
radiation (ISR/FSR). The FSR photons are strongly reducible using invariant mass cuts
outlined in section 5.4.3.2. From studies using generator level information it was determined
that the subleading photons primarily originate from jets. A Feynman diagram showing

possible sources of background is shown in figure 5.24.

There are zero sources of resonant diphoton background expected in this analysis. While
the standard model process H — ~~v produces two final state photons, we expect very few

events due to the low branching fraction of 0.0025 [33]. For the few events that pass full
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Figure 5.23: Cutflow efficiency for signal events with exactly 2 photons (top) and 4 photons
(bottom).

selection criteria, the invariant diphoton mass of m.., = my = 125 GeV would classify events

Y

in the negative L,, sideband by section 5.3. This region is used to determine the yield of the

expected background and would result in a negligible overestimation of background events.

5.5.2 Method of Background Estimation

The largest obstacle towards implementing a reliable background estimation for this analysis

was the large statistical fluctuations of the estimated contributions using weights of events in
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q ¢

Figure 5.24: Feynman diagram showing the possible background contributions from Drell-
Yan events. Photons can originate from neutral pions produced in jets, initial state radiation

from quarks, or final state radiation from leptons.

both adjoint regions (e.g. fake-rate based method) and simulation. In order to account for the
correlation between photon kinematics, we predict the shape of the L,, and m., distributions
using the anti-ID control region, and normalize the expected number of background events
by scaling the anti-ID control region to match the yield of the ID signal region in the negative

L,, sideband. The estimated background in bin ¢ is given by

N(vip + VD> My > myg/2)
N(’YID + YantilD> m'yy > TTLH/2

Nlikg = ) X N(VID + YantilD> 2) ) (514>
where N(Vip + Y(antiyin, My, > my/2) is the number of events in the L,, sideband of the
(anti)ID region and N (7ip + Yantiin, ¢) is the number of events in bin ¢ of the anti-ID control

region.

5.5.3 Closure Tests

The method of background estimation is validated by comparing the shape of the negative
L,, sidebands in both the ID signal region and anti-ID control region. The behavior of the
fit as L,, approaches zero is used as an indicator for the agreement in the positive L,,, region,

and is used to determine the bin-by-bin shape uncertainty. Error bars for the signal and
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control region data represent the 68% Poisson confidence interval given by
CL = [05%x*(2N,a/2), 0.5 % *(2(N + 1),1 — a/2)] , (5.15)

where y? is the chi-square critical value, N is the number of observed events, and « is the
significance level of (1 — 0.68). Since the anti-ID bin contents are scaled in order to match

the yield of the ID signal region, the uncertainty is scaled by the same amount.

The anti-ID control region shows compatible values with the ID signal region across
all ranges of negative L,,. Based on the disagreement as L,, approaches 0, we apply a
conservative 40% uncertainty on each bin in the positive L,, signal region. The full set of

closure plots across all categories for each year can be seen in figures 5.25-5.30.

5.6 Statistical Analysis

The signal extraction is performed in two dimensional histograms of L,, and m.,,. The data
are binned in four bins of m.,., spanning 4 GeV to mg + 5 GeV and rows in L,, spanning from

-10cm to 100cm. Each row represents the L,, distribution for a given range of m.., and

VY
is initially binned using a bin width of 1cm. Rows are then rebinned using the expected
background distribution from anti-ID events derived in section 5.5.2. For each range of m.,.,
the L,, is rebinned into quantiles of 25% in order to ensure that there are no bins with zero

estimated background. Events in the lowest range of m,., are binned in quantiles of 50% due

o

to the limited number of expected background events.

5.6.1 Systematic Uncertainties

Systematic uncertainties are implemented through the use of nuisance parameters which
vary the yield of expected signal and background in each bin. For systematic uncertainties

that act as multiplicative corrections to the expected yield, the nuisance parameters follow a
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Figure 5.25: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 15 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.

110



2018 Z — pp 2018 Z — ee

CMS Work in progress 59.83 fb™! (13 Tev) CMS Work in progress 59.83 fb! (13 Tev)
% 16 F T T T T T T | é F T T T U B
u>_, E mly)>m, /2, Z-pum, =20GeV ] G 25 mowmim/2Z-eem,=2 .
14— [ 1D + antiip data - E I o+ antiip data 1
F —e—p+Ddaa 3 [ ——ID+IDdata b
12 - 20 —
10 - C ]
£ ] 15— 7
8- B r ]
ok - £ -
4= F
E 05
2
*94 -1200 -1000  -800 -600 —-400 -200 *?4 -1200 -1000  -800 -600 -400 -200
g_ 2 % 2
nj — 1 w
% 15 35 15
s L+ I +
—T——?— e
05 I | )t 05 —
—fl 00 -1200 -1000  -800 -600 -400 -200 —fl 00 -1200 -1000  -800 -600 -400 -200 0
L, [em] Ly [em]
CMS Work in progress 41.48 fb™ (13 Tev) CMS Work in progress 41.48 fb* (13 Tev)
@ W 2 I e B (e L L A B
2 1 [ myy)>m /2, Z-pum, =20 Gev E 2 E my)>m,j2.z-ee L"@=20 GeV E
£ I o + antiip data B £ I 10+ antiiD data
1o[ ~* D+ Ddata B ;+ID+IDdata
sl 4 E
sl 4 E
af — E
-80! La00° 1200 1000 -800 600  -400
o 2 — g 2
g 0 g . =+ .
7 7
2 —+—_+_ 3
[SHEET ! 1 1 [SHEE1
05 05 |
By 00 -1200 -1000 -800 -600 -400 -200 *f400 -1200 -1000  -80( -600 -400 =200 0
Ly [cm] L,y [cm]
CMS Work in progress 36.31 bl (13 TeV) CMS Work in progress 36.31 fb (13 Tev)
2 2
g F T T T T T U B :‘E) F T T T T T U B
G [ mY)>m/2Zopum, =20 Gev B z miyy) > m J2, Z~ee m, = 20 GeV
r M 0+ aniip data 9 3.5 [l 10 + antiD data
[ —e—ID+IDdata ] E —e—ID+IDdata
C A 1=
ar | E
n ] 25
3 E
L ] 2
Py 15
F =
1= E
C 05—
—?4 -600 -400 -200 —?400 -1200 -1000  -800 -600 -400 -200 0
g 2 o 2
& i
15 15
?g -1 P § -1
1 1
05 { I 05 ——
—P400 <1200 1000 -800 -600 -400 -200 —£400 <1200 1000 -800 -600 -400 -200
Ly [cm] Ly [em]

Figure 5.26: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 20 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.
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Figure 5.27: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 30 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.
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Figure 5.28: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 40 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.
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Figure 5.29: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 50 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.
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Figure 5.30: Shape comparison of ID signal region and anti-ID control region data in the
negative L,, sideband for mg = 55 GeV in the Z — pu category (left) and Z — ee category

(bottom) across all three years.
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log-normal (InN) probability density function (PDF). If the uncertainty for a multiplicative
correction is asymmetric, the uncertainty is implemented using asymmetric multiplicative
factors scaling with log-normally distributed nuisance parameters. Lastly, the statistical un-
certainty from normalization using a control region with N events and a scale factor « is
implemented as a systematic uncertainty using a Gamma distribution. The relation between
the nuisance parameters and multiplicative corrections for each distribution can be seen in
table 5.10. Systematic uncertainties can be correlated between bins, meaning that the mul-
tiplicative corrections for each uncertainty use the same nuisance parameter. Alternatively,

uncorrelated uncertainties will each have their own independent nuisance parameter.

Table 5.10: Description of multiplicative corrections for systematic uncertainties as a function

of the nuisance parameter v [108].

Uncertainty Type Multiplicative Factor f(v) Default Value

log-normal' fv)=r" v=20
</<;D°WH) - v<—05

asymmetric log-normal® f(v) = <KUP)U v>05 v=>0
9T 05 <y < 05"

Gamma flv)=v/N v=N+1

“g(kP, kP 1) = 1/8 [4 In (mUp/KDOWH) +In (RUPKDOWH) (480° — 400° + 15u)}

'k =14 Az/x, where Az/x is the relative uncertainty of multiplicative correction

2gUp/Down 361 plus the relative change in  when shifting the uncertainty up/down by lo
These systematic uncertainties show small effects on the expected limits as the analy-

sis is dominated by statistical Poisson uncertainties due to the small number of predicted

background events. This section outlines the application of systematic uncertainties on the

predicted signal and background. Table 5.11 contains a summary of all systematic uncer-

tainties and the corresponding correlations.
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5.6.1.1 Signal Uncertainties

For normalization of signal samples relying on the SM Higgs boson cross section, we apply a
theoretical uncertainty of (—3.1,+3.8)% to the QCD scale and a +1.6% uncertainty in the
parton distribution function (PDF) and «ag [109]. These scale factors are applied directly to
the normalization of the simulated events. The theoretical uncertainties are 100% correlated

in all categories.

Each scale factor also has a measured uncertainty, which is applied by shifting the nominal
weights up or down and reapplying the scale factor. The systematic uncertainty is then
taken as the percent change in each bin due to the variation in the scale factors. These are
multiplicative uncertainties and applied using asymmetric log-normal constraints. All scale
factor uncertainties for the same physics object are 100% correlated between categories using
that object. Therefore photon scale factor uncertainties are correlated between all categories,
while the electron/muon uncertainties are only correlated within to the Z — ee and Z — pp

channels respectively. These adjustments generally change the yield on the order of 0.1%.

Photons in simulated samples have energy corrections to match the mean and uncertainty
of their energy resolution to the data. These are applied as a scale correction, which adjusts
the central value, and a random smear to match the resolution. Both the scale and smearing
corrections have an associated measured uncertainty. Unlike the scale factor corrections
described in section 5.2.2.5, which are event level weights, the scale and resolution corrections
directly modify the photon energy in each event. In order to adjust the yields based on the
scale and resolution uncertainty, the energy of all photons is shifted up or down by the
given uncertainty and the relevant distributions for signal extraction are calculated using
the shifted values. The residuals when uncertainties are shifted up or down are then taken
as the uncertainty. Although this acts as a shape uncertainty, it is implemented as an
asymmetric log-normal uncertainty on the yield in each bin. As the corrections are applied

to all photons, the nuisance parameters are 100% correlated between all events.
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Luminosity and pileup act as a multiplicative corrections for normalization and are
treated as a InN uncertainty. The corresponding luminosity uncertainties from table 5.1
are applied for each year. Since the method used to measure the luminosity is consistent for
each year, the luminosity uncertainty is correlated for all categories across all three years of
data taking. For the same reason, the 5% pileup uncertainty is correlated for all years as

well.

5.6.1.2 Background Uncertainties

The predicted background has two systematic uncertainties for the shape and normalization.
The shape uncertainty was determined from the non-closure uncertainty from section 5.5.3
and is implemented using 40% InN in each bin, which is fully uncorrelated between each
bin, year, and category. The normalization uncertainty is implemented using a Gamma
function and is fully correlated between all bins for the same category and uncorrelated
between different categories. This function has two parameters per bin given by N and «;.
N symbolizes the number of events in the negative L,, sideband of the ID signal region and
a; represents the scale factor multiplied by N in order to obtain the expected number of

events in bin i. Equation 5.14 can be rewritten in these terms as

Nl = a; x N, (5.16)
where
a; = N(’VID + VantilD» Z) (517)
N(fyID + VantilD> m77 > mH/Q)
and

N = N(yp + ps My > myg/2) . (5.18)

Under this equivalent interpretation of equation 5.14, the anti-ID control region is used to

derive a transfer factor that scales negative L,, ID region events to positive L, signal region
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events.

Table 5.11: Summary of the systematic uncertainties and corresponding correlations

Uncertainty Type Value(%) | Signal | Background Correlations
QCD scale (ZH) InN —3.1,+3.8 Vv - All categories
PDF (o) + ag InN +1.6 Vv - All categories

Photon Energy Scale InN +o vV - All categories
Photon Energy Resolution InN +o Vv - All categories
Photon ID InN +o vV - All categories
Photon Pixel Veto InN +o Vv - All categories

Lepton ID InN +o v - Same flavor categories
Lepton RECO InN +o Vv - Same flavor categories
Muon Isolation InN to vV - Muon categories

Muon HLT InN +o Vv - Muon categories

Electron HLT InN +o vV - Electron categories

Luminosity InN 1.2—-25 Vv - All categories

Pileup InN +5.0 Vv - All categories
bkg normalization gamma N X « - Vv Bins in same category
bkg non-closure InN 40 - vV Fully uncorrelated

5.6.2 Limit Setting Procedure

As discussed in section 5.2.2.1, the signal samples have been generated using the process
H — &P with the ¢ fixed to decay either to a pair of photons or jets with a branching ratio

of 50% for each decay channel. The final number of expected signal events is given by

N = Logues BR(H — ®®) (2BR (@ — v7) (1 — BR(® — 77)) &1 + BR(® — 77)% &) |
(5.19)
where ¢ is the BR(Z — (¢) times the efficiency and acceptance to reconstruct leptonic
decays of the Z, ¢, is the efficiency to reconstruct a photon pair when only one ¢ decays to
photons, and &, is the efficiency to reconstruct a photon pair when both ® decay to photons.
Let 5 = BR(® — v7). Since we intend to extract the model independent product of the

branching fraction of the Higgs boson to two ® candidates with the branching fraction of
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® — v, we can rewrite equation 5.19 as follows

N = LozuezBR(H — @O)BR(P — ) (26,(1 — B) + &95) . (5.20)

It is evident that the limit on BR(H — ®®)BR(P — ~v) will have a model dependence on
S by a factor of 1/ [2e,(1 — 8) + £,/]. Isolating the dependence of § yields

1
F(B) = S 5.21
This factor ranges from |1, 25%] as 3 goes from 0 to 1. If the reconstruction of each ® was

independent of the other, then we would expect ¢4 =1 — (1 — 51)2. In this case, evaluating
f for f =1 would give f(1) =1/(1 —¢,/2) > 1. However, it is common to mispair photons
from events where only 1 photon from each ® passes reconstruction, which inflates ¢, and
leads to 5 > 1 — (1 — &;)%, causing f(1) < 1. This effect is larger for higher values of mg
as the mispaired ® candidate is more likely to pass selection criteria and have a positive
L,,. Results from this analysis are performed using § = 0.5 but can be reinterpreted for
other branching ratios by scaling them by equation 5.21. Figures 5.31 and 5.32 show the

dependence of the limits on [ for the Z — pp and Z — ee categories across all hypothetical

values of mg and cr.

Upper limits are set using the combine toolkit provided by CMS, which was created to
combine results from multiple decay channels in the Higgs boson discovery [108]. Each bin
is treated as a Poisson based likelihood with two contributions: signal and background. For

each bin, the number of expected events is given by
Eln;] = psi(05) + b:(6s) , (5.22)

where s;(0,) and b;(0,) are the expected signal and background events given a set of nuisance

parameters 6. Each nuisance parameter is associated with one or more systematic uncer-
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Figure 5.31: Dependence of the normalization of limits on BR(® — ~7) for the Z — pu

categories across all masses and values of c7.

tainties outlined in section 5.6.1. The total expected background also treated as a nuisance
parameter. The variable p is the signal strength parameter, with © = 0 corresponding to
the background-only, or “null”, hypothesis and @ = 1 corresponding to the nominal signal
hypothesis. In order to extract the signal strength, we allow the nuisance parameters and

number of background events to vary in order to define a test statistic ¢, as

(5.23)

The term 9(@) represents the set of nuisance parameters that maximizes the likelihood £ for
a given value of p. In the denominator, the term [ represents the signal strength parameter

that gives the global maximum of the likelihood. By construction, a lower test statistic
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Figure 5.32: Dependence of the normalization of limits on BR(® — ~v) for the Z — ee

categories across all masses and values of c7.

indicates higher compatibility between data and a signal strength of p, while a higher test
statistic indicates lower compatibility. For cases where we wish to set an upper limit on
a strictly positive signal strength parameter, such as this analysis where a negative signal

strength would represent an non-physical solution, the modified test statistic g, is defined

as .
0 >
g =4 _ L(1,0() | data) p . 5.24
= 2 o Ty HZ 20 (5.24)
o Lub(n)|data)
|20 Z 050 (dam A <0

The test statistic follows a probability density function (PDF) denoted as f(g,|x), which

has an approximate analytic form by applying the Wald approximation [110]. It is also useful
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to define the specific test statistic for the case where = 0 as

0 <0
o= —91n L(o,@(ondata) 0> 0 ' (5'25)
L(f,0(fx) | data) -
This background only test statistic has its own corresponding PDF denoted by f(g|0), once
again having an analytic form from the Wald approximation [110]. It should be noted that
while the best fit value gy o5 is equivalent to the best fit value from ¢, when p is set equal
to 0, the PDF is a distinct distribution from f(g,|x). From these two PDFs, we define two
p-values: the probability of measuring at least this many events given the null hypothesis

(py) and the probability to measure more events given the best fit signal hypothesis (p,) as

the following:

o0

I—py= f(q0/0)dqy , (5.26)

q0,0bs

P = / T H@lwadd,. (5.27)

9u,0bs

From these two p-values, the modified frequentist confidence limits CLg are defined as

1 —p

CL,(n) (5.28)

A signal strength of y is said to be excluded at a confidence level (CL) of « for CLg(p) < 1—av.
For example, a value of CLg(i) < 0.05 would exclude p at 95% CL.

In order to set a limit on the desired branching ratios, the expected number of signal
events described in equation 5.20 are scaled such that u represents BR(H — ®®) x BR(® —
~7). The simulated signal is normalized using the measured cross section for quark and gluon
induced Z+H production found in table 5.12. The Z boson in all signal samples is forced to
decay leptonically, so the samples must be normalized to the total leptonic branching ratio

to e,u, and 7 of 0.100986 [33].
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Table 5.12: Higgs production cross sections used to normalize simulated signal samples [109].

Production Model \ Cross Section

ZH 0.8696
ggZH 0.1057

5.6.3 Nuisance Parameter Impacts and Pull Distributions

The fitting procedure done by combine has several checks to validate that the nuisance
parameter are properly constrained and the fits are well behaved. We provide checks on the
pull distributions and impacts of the nuisance parameters. The pull distribution refers to
the difference in initial pre-fit and final post-fit values of the nuisance parameters, divided
by the initial pre-fit uncertainty. The impact refers to the correlation between a nuisance
parameter and the signal strength pu. To calculate the impact of a nuisance parameter,
we vary the parameter to its post fit value £1o0 of the post-fit uncertainty, then refit the
remaining nuisance parameters and extract the new signal strength. The impact is defined
as the difference between the signal strength parameter obtained from this fitting procedure
and the signal strength parameter obtained from the nominal fit. Broadly speaking, a larger
impact signifies the analysis is more sensitive to a given nuisance parameter. Although
performing the fit to data involves calculating the signal strength p, the exact value is kept

unknown in order to remain blinded.

A set of pulls and impacts of the highest impact nuisance parameters for a signal hy-
pothesis of mg = 30 GeV and ¢7 = 100 mm is shown in figure 5.33. Central values of the
post fit nuisance parameters lie within 1o of the pre-fit values. The post-fit uncertainties
are similar to the pre-fit uncertainties, signifying that they are not tightly constrained by
the fit process. Impacts are measured for a signal strength parameter corresponding to
uw=20xBR(H — &P) x BR(® — 7). The highest impact nuisance parameters shift p on
the order of 0.5%, corresponding to a shift in the product of branching ratios of 0.025%.
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Figure 5.33: Post-fit pulls and impacts of the 30 highest impact nuisance parameters for

a mg = 30GeV, cr = 100mm signal hypothesis.

Leftmost column shows the nuisance

parameter names. Parameters starting with CMS_bkg" represent nuisance parameters for

background normalization and non-closure uncertainty; all others correspond to systematic

uncertainties of simulated signal. Middle column shows post-fit pull distributions, which lie

within 1o of the pre-fit uncertainty. Right column shows the impacts on the signal strength

parameter = 20 X BR(H — &) x BR(® — 7).
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5.7 Results

The following section covers the observed data and measured limits for model dependent SM

Z+H production as well as limits on model independent Z+®® production.

5.7.1 Observed Data

The observed number of events in the positive L,, signal region as well as the predicted
background are shown for all categories in figures 5.34 - 5.39. Shaded bands represent the
40% uncertainty applied to each bin determined by the closure tests. Signal samples with
lifetimes ¢7 = Omm and 100 mm are normalized to BR(H — ®®) x BR(® — ~v) = 0.05

and stacked on the predicted background.

5.7.2 Model Dependent Upper Limits

The expected and observed limits are interpreted using the asymptotic CL, method described
in section 5.6.2. Upper 95% CL limits are set on a signal strength parameter corresponding
to BR(H — ®®) x BR(® — 77) assuming the associated production of a Z boson and SM
Higgs boson. Results are presented as a function of c7 for all candidate signal masses listed
in section 5.2.2.1. Limits are interpolated between the centrally provided and reweighted
lifetimes. The one-dimensional limits versus c7 for all candidate mass points are shown in
figure 5.40. Two-dimensional limit plots of mg versus c¢7 shown in figure 5.41 also interpolate

between the mg points given from centrally produced signal samples.

The peak sensitivity occurs at intermediate mass points around mg = 30 GeV and low
to intermediate lifetimes below 50mm. As mass increases, the diphoton I, cut efficiency

ef-

increases because the AR between the two photons increases with mg, while the o;,,,
ficiency decreases as the shower shape becomes more skewed. Additionally, the estimated
background also increases, as there are more diphoton events that can reconstruct a vertex in

the positive L,, signal region. These two effects cause peak sensitivity at intermediate values
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Figure 5.34: Observed number of mg = 15 GeV events in the signal region of the Z — uu
category (left) and the Z — ee category (right) across all three years.
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Figure 5.35: Observed number of mg = 20 GeV events in the signal region of the Z — uu
category (left) and the Z — ee category (right) across all three years.
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Figure 5.36: Observed number of mg = 30 GeV events in the signal region of the Z — pu
category (left) and the Z — ee category (right) across all three years.
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Figure 5.37: Observed number of mg = 40 GeV events in the signal region of the Z — uu
category (left) and the Z — ee category (right) across all three years.
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Figure 5.38: Observed number of mg = 50 GeV events in the signal region of the Z — uu
category (left) and the Z — ee category (right) across all three years.
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Figure 5.39: Observed number of mg = 55 GeV events in the signal region of the Z — uu

category (left) and the Z — ee category (right) across all three years.
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Figure 5.40: Model dependent upper limits for BR(H — ®®) x BR(® — 7~) for different
values of mg and ¢ under the assumption that BR(® — vv) = 0.5.

of mg. The behavior of the limits versus c7 at low lifetimes is dominated by the intrinsic res-
olution of the vertex fit. Since the signal distributions vary negligibly below ¢ = 3 mm, the
limits also remain constant. Due to this, the range of lifetimes is only shown to a minimum
of 0.1 mm but show a constant value below this. At intermediate lifetimes around 10 mm
the signal distributions become distinct, but do not produce significant improvements to the
upper limits. This is because the background distribution L,, is not determined from the
tracker information or from detector pointing capabilities but from calculations based on the
energy and separation of the photons. Because of this, the expected background does not

steeply fall with L,,.
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Figure 5.41: Observed limit of BR(H — ®®) x BR(® — 77v) as a function of mg and cr
under the assumption that BR(® — ~vv) = 0.5.

5.7.3 Model Independent Upper Limits

The previous model dependent limits assume that a SM Higgs boson was created and de-
cayed directly to ®® by normalizing the expected events using the SM cross section o(ZH).
However, some models such as those discussed in chapter 2 predict the existence of BSM
Higgs bosons, which would have different couplings than the SM Higgs. We present rein-
terpreted upper limits on a signal strength parameter p = o(Z + ®®) x BR(® — ~v) by

normalizing the number of expected signal events to a cross section to o(Z + ®®) = 1 pb.

5.8 Summary

This analysis presents a search for rare Higgs boson decays to two long-lived scalar bosons
decaying to two photons. We use data collected from 2016 to 2018 from center of mass

energy /s = 13TeV proton-proton collisions corresponding to 138 fb~'. A novel vertex
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Figure 5.42: Model independent upper limits for o(Z + ®®) x BR(® — 77) as a function of

cr for various values of mg under the assumption that BR(® — yv) = 0.5.

reconstruction technique described in section 5.3 is used to calculate the vertex of displaced
photon pairs using kinematic constraints with a resolution of < 3cm. The reconstructed
vertices are used to extract upper limits on the signal strength using a maximum likelihood
approach outlined in section 5.6. We set limits on the product of the SM Higgs boson
branching ratio to long-lived scalar bosons ® times the branching ratio of the ® boson to
two photons for a wide range of hypothetical ® masses and lifetimes. No significant excesses
are observed in the data and upper limits are calculated for the product of branching ratios

below 1%.

Results from this analysis validate the diphoton vertex reconstruction as a viable method
to set limits on long-lived photon decays. At the time of writing this dissertation, there is

work in progress to extend this analysis for additional Higgs boson production mechanisms.
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Figure 5.43: Observed model independent limits on o(Z 4+ ®®) x BR(® — v7) as a function
of mg and c¢7 under the assumption that BR(® — ) = 0.5.

Higgs boson production with an associated W boson is a natural extension that can follow
the event selection and signal extraction procedure outlined above. In parallel, an analysis
searching for Higgs production through gluon fusion will extract the signal strength using the
invariant mass of the four photons to reconstruct the Higgs boson mass. The four photon
mass resolution shows improvements by correcting the photon four-momentum using the
vertex constraint, which is expected to improve the expected limits. Preliminary plans to
use Higgs bosons produced through vector boson fusion are ongoing. These analyses are
expected to show improved results by incorporating data taken from 2022 to 2024, which

currently corresponds to a recorded 91.49 fb™" [66].
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Appendix A

Mathematical Formalism of the Standard Model

A.1 Quantum Field Theory and Lagrangian Mechanics

In classical mechanics, the Lagrangian of a system is defined as L =T — U, where T is the
kinetic energy and U is the potential energy. The Lagrangian is a function of coordinates

¢; and their time derivatives ¢;, and is used to derive the equations of motion using the

d (0L\ oL
dt (8%) Tag (A1)

Euler-Lagrange equations

This method fails, however, to describe systems where both quantum mechanical and rela-
tivistic effects are significant. In this regime, we rely on quantum field theory (QFT), which

replaces the Lagrangian with a Lagrangian density

L(¢;, ¢;) — L(¢5,0,05) (A.2)

and the coordinates ¢;(t) with fields ¢;(x,y, z,t), which are functions of both position and
time [111]. For conciseness, we will refer to the Lagrangian density as the Lagrangian in the

context of QFT. The Euler-Lagrange equations then become

(5053) ~ 55 =0 (A3)

0

i

For the Standard Model, we require the equations of motion for the scalar field (spin-0),

spinor field (spin-1/2), and vector field (spin-1). The corresponding free (i.e. non-interacting)
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Lagrangians for these fields are given by

EOZ

N |

(0,0) (0"0)— ym*6*  Lujp =iy O —miby L=~ FE, 4 P AVA,

(A.4)
where ¢ is a scalar field, ¢ is a spinor field, ¢ is the adjoint spinor defined by ¢ = 1'4°,
A" is a vector field, and F* = 9" A” — 9" A*. The derivative terms in the free Lagrangians
can be thought of as analogs to the kinetic energy terms in the classical Lagrangian, while
the masses are given by the coefficients to the quadratic terms. Beginning with L, the

derivatives in equation A.3 give the following equation of motion:

oL ) oL 0 oL k
o R R S
= 0,0"¢ + m?p=0. (A.6)

Here, we follow the standard convention k£ = 1, 2,3 which sums over the spatial indices of
the spacetime coordinates. Equation A.6 is known as the Klein-Gordon equation. For L o,
we treat ¢ and 1) as two independent field variables. Repeating the process for the spin-1/2

Lagrangian yields

oL 7 oL - oL or
T B T T B T
007"+ m =0 and 70 —my = 0. (A8)

The two expressions in equation A.8 are equivalent and are referred to as the Dirac Equation.

Lastly, solving £, gives the following

oL 1 oL 1
o= __Ful/ _ ZAV ]
0(0,4,) 4n oA, 4n" (A-9)

= 0,F" —m’A” = 0. (A.10)
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Equation A.10 is known as the Proca equation. It is no coincidence that this equation with
m=0 resembles the covariant form of Maxwell’s equation with no sources with A" = (¢, A),
where ¢ is the electric (scalar) potential and A is the magnetic (vector) potential. Recall that
the photon is the massless, spin-1 mediator of the electromagnetic force, and this equation
was derived from the free Lagrangian for a spin-1 field. This connection will be explored in

greater detail in the section A.2.

A.2 Gauge Theory and Local Gauge Invariance

A Lagrangian is said to be gauge invariant under a symmetry transformation U that takes
b — ¢ = U ¢ if L — £ = L. The basis for the standard model relies on taking invariance
under a global symmetry U and requiring invariance under the local symmetry U () (here
x is written as shorthand for z", the spacetime coordinates). This promotion from global
to local symmetry introduces new vector fields to the free Lagrangian, which are forced to
transform in specific ways due to the required gauge invariance. These new vector fields
represent the gauge bosons and introduce the interaction terms to the free Lagrangians in

equation A.4.

For a concrete example, we take the spin-1/2 Dirac Lagrangian and transform it under

U = ¢, The fields transform as

v = = eiqedz v = = @eiiqe = eiiquﬁ. (A.11)

It is trivial to show that £ — £/ = £, as Y — 'y = e Pynp = ¢pip. However, when we

promote the global symmetry to a local symmetry, the transformation becomes U (x) = e?®
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and the Lagrangian transforms as

L— L =ie 0 m“a ("0 1) — me 0@ eia0()y, (A.12)
= ieiiqa(x)@v“ (iq(@ue(x))eiqo(x)w + eiqa(”auw) — ma (A.13)
= L —q(9,0(x))y"y . (A.14)

The spin-1/2 Lagrangian, evidently, will require an extra term to remain locally gauge invari-
ant. The form of this term can be derived from the minimal coupling rule [112]. By defining

a covariant derivative d, — D, = 9, + iqA,, where the new vector field A, transforms as

A, — A, =

u = A, +0,\, we transform the Lagrangian to determine A which satisfies the gauge

invariance. The new Lagrangian becomes

= i)y (0, + iqA,) » — mip, (A.15)
and transforms as

£ £ = ithe O (9, +ig(A, + 9N) () — mife Iy (A16)

=L — gy (9,0(x) — 9N) - (A.17)

Therefore we can determine that A = 6(z) and the new vector field must transform as
A, — A’” = A, +0,0(r). In order to complete the Lagrangian and account for this new
vector field, we must add the terms from the Proca Lagrangian. The new Lagrangian then

becomes

- , 1
= iy 0,0 — V" A — mapp — — FMF,, + 47Tm§,A“AM. (A.18)

This Lagrangian must again be checked to see if it remains locally gauge invariant. The first
three terms have been shown to be locally gauge invariant by construction. The fourth term

remains invariant, as the partial derivatives on #(z) commute, giving 9,0,0 — 9,0,0 = 0.
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The last term transforms as

AFA, — APAL = (AF 4 0"0(x))(A, + 0,0()) (A.19)

— AFA, + A"0,0(x) + A,0"0(x) + 0"0,0(x) £ A"A, . (A.20)

Because A" A, is not locally gauge invariant, it follows that the mass m, must equal 0. The

full Lagrangian is then
7 = 1 v =
‘CQED = “/J’Yua,ﬂ/f - m’l/}w - 16_’7TFN F;u/ - qwfyuwAu . <A21)

This is known as the quantum electrodynamic (QED) Lagrangian, which models the elec-
tromagnetic force. The relation of Lqygp to Maxwell’s equations can be seen by applying the

Euler-Lagrange equations on the field A*, which gives
8, F" = dmj” (A.22)

where we have identified the four-vector current as j* = g»v"1. Thus the covariant form
of Maxwell’s equations can be derived from the spin-1/2 Lagrangian by requiring local sym-

49@) Fyom this, the photon can be seen to be the

metry under the transformation U (x)=e
massless gauge boson of the A" vector field, and the electron/positron can be identified with

the spinors 1 and 1.

The transformation U = €’ satisfies the requirement U'U = 1, which defines the unitary
group U(1). Thus, we say that the QED Lagrangian is derived by requiring local U(1)
gauge symmetry. In a similar manner, the Lagrangian for the unified electroweak force and
strong force can be derived using an SU(2) ® U(1) and SU(3) gauge symmetry respectively,
though the process is substantially more complicated as the transformation is non-abelian.
iqg,a”

In general, the global gauge symmetry is under the transformation U=c¢ , where g,

are the generators of the group, a" are the parameters corresponding to each generator, and
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q represents the coupling strength. For U(1), which represents rotations around the unit
circle, the generator is 1 and the parameter 6 is the the rotation angle. Table A.1 shows the

generators for U(1), SU(2), and SU(3).

Table A.1: List of generators for the unitary group U(1) and special unitary groups SU(2)
and SU(3). The 3 generators of SU(2) are the Pauli matrices, while the 8 generators of
SU(3) are the Gell-Mann matrices.

Group ‘ Generators
u() 1
0 1 0 —1 1 0
SUR) | m =52 = (1 0) UF%(z‘ o)’“”:%%:%(o —1)
010 0 —i 0 1 0 0
)\1 - 1 0 O y )\2 - 7/ O y )\3 - O —1 O
000 0 0 0 0 0 0
00 1 0 0 —i
SU(3) AM=|(0 0 0], 2=(0 0 0
1 00 i 0 0
000 00 0 10 0
=10 0 1], =10 0 —i ,)\8:% 01 0
010 0 ¢ 0 00 -2

As a whole, the standard model is said to be invariant under the symmetry group
SUB) @ SU2),@U(1)y, (A.23)

where ® is the direct product of the symmetry groups. SU(3)s represents the symmetry
leading to the strong force and conservation of color C. The combination of SU(2);, @ U(1)y
describes the unified electroweak force, which consolidates the weak and electromagnetic force
into one symmetry group. The SU(2); group represents weak coupling to left-handed chiral
particles (or right-handed chiral antiparticles) and leads to the conservation of weak isospin
I?. The U (1)y group, different from the U(1)gy; derived previously, represents couplings to
both left and right-handed particles and leads to the conservation of weak hypercharge Y.
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A.2.1 The Strong Force

From equation A.23, the gauge symmetry SU(3)¢ is used to describe the strong force. The
three quark flavors give three separate fields ¢;, which we notate in the following derivation

as

v=lu| e=(0 & 0) (A.24)
Y,

Using table A.1, we can identify the local transformation as U(z) = ¢ "*®®  where ), €

{A1, ..., Ag}. Defining the covariant derivative as
D,=0,+igA- A, (A.25)

the usual method transforming the spin-1/2 Lagrangian to determine how A, transforms
gives

XAl = e N (LA 4 éau (e—z‘gsxwac)) (0N () (A.26)

and introduces the interaction term —g /v A - A, Tt follows that we must add the Proca
Lagrangian to introduce the kinetic terms for the gauge fields A,. The first term F*'F,,
must be adjusted to accommodate for the fact that A, is a vector of 8 vector fields, which

follows from the 8 generators of SU(3). It can be shown that a generalized definition of the

gauge invariant I using the covariant derivative is F* = _é[Dw D,] [113]. From this, we
can derive the invariant form of F,, as
a a a abc pb 4c
F, =0,A, —0,A;, — 29" A, A, (A.27)
where we have used the property [A;, A;] = 2i f7% ), and a € {1, ..., 8} represents each element

of F,,. The constants 1 are the anti-symmetric structure constants of SU(3). The mass

term is not invariant under the gauge transformation, meaning that m = 0. We can recognize
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the 8 massless gauge bosons as the 8 octet configurations of the gluon, which can self-interact
due to the terms in equation A.27. The final Lagrangian for the strong interaction is then

- I I a a 1 auy rha
EQCD = [W’Y”@ﬂﬂ - mWﬂ] — qy' A ¢Au - 16_7TF . qu (A.28)

where a is an implicit sum over {1, ..., 8}.

A.2.2 The Electroweak Force

The SU(2);, ®U(1)y symmetry group describes the unified weak and electromagnetic forces.
Because the SU(2); group only acts on the left-handed chiral particles, the spinors in the
Dirac equation must be projected into left and right-handed chiral states ¢p = %(1 — 75)@/)

and ¢, = %(1 +~°)4. The Dirac Lagrangian then becomes

L= iqu_)L'VMa,uqu)L + iiZRVu@,ﬂﬁR +m (JJWR + 2ZR@/)L) . (A.29)
The left-handed fermion doublets, which are coupled with SU(2);, take the form of

v, Vu v, u C t
XL = ) ) ) , ) , 9 , ) <A30>
e u T d S b
L L L L L L

where q' are quarks that have been rotated into their CKM weak flavor eigenstates. The
right handed singlets are more simply represented by xr = ¢, qr where ¢ is any charged
lepton and qp is any quark, which have isospin [/ ® — 0. Neutrinos, notably, are omitted
from the right handed singlets because only left-handed neutrinos have been experimentally

observed. The transformations from SU(2); and U(1)y are given by

SUQ)p:  xe—=xp=e¢"xp, (A.31)

U)y :  xp = Xp =930y oy = €9 300y (A.32)
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The covariant derivatives must act differently on the doublet and singlet states. For the
doublets, it must introduce three new gauge fields for SU(2) and one gauge field for U(1).
For the singlet, the covariant derivative only introduces the gauge field for the U(1) symmetry.
Y, and Yy are additional parameters which allow different fractions of charge ¢’ to be carried
by left and right handed fermions. By convention, the gauge fields for SU(2) are labeled as
W, while the gauge field for U(1) is labeled as B,. Following the previous examples, the

covariant derivatives will act on the fields as

1 . )

9. xr =D, x1 = 5 (28MXL +igo - W, xp, + zg/YLBHXL) , (A.33)
1 )

OuXr D, XRr = 5 (2a,uXR + Zg/YRBMXR) . (A.34)

From the covariant derivatives, the interaction terms between the vector fields and the

fermion fields are given by
Ly = —9X7"'0 - W x1 — X0V Y. Buxr — 9 XeV' YeBu Xk - (A.35)

The interaction associated with the B, field connects same handed fermions to their anti-
particles. The B, field transforms as expected as B, — B:L = B, + 0,¢ since the symmetry

group is the same as the derivation of the QED Lagrangian. The W, fields transform as

oW, 50 W, = 90g W 9700 gau (e*"g""’(”) ¢i97°0(@) (A.36)
The kinetic term for B, takes the usual form of F*" = 0"B” — 0"B". For W, using the
gauge invariant definition of F};, = ’?i[DM, D,]" we get
a a a abeyxrbyrre
Fi, =0W; = 0,W; — ge™ W, W, (A.37)
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where €™ is the anti-symmetric Levi-Civita symbol. The last term indicates that, as with

SU(3), the non-abelian gauge results in vector fields that can interact with one another.

In equation A.22, we identified the QED current j” using the interaction term. Analo-

gously, the weak currents can be inferred from equation A.35 as

jt = gxu oixe - (A.38)

The weak currents have natural expressions in terms of the ladder operators j{ = \%( fiE=

ij5), which are analogous to the raising/lowering operators used for angular momentum due
to the common group symmetry of SU(2). The weak gauge fields can then be expressed in

terms of Wj = \%(Wj F ’LWE) to get
JW, = W W+ W (A.39)

Without loss of generality, the weak currents explicitly written in terms of the first generation

Ve

lepton doublet x; = are
v

w9 9l 5
i = EVeL’Y”eL = E%’Y%(l —7)e, (A.40)
) — u— 9 _ 1 5

= 28, "V, = —Z=ev"=(1 —7")v,, A 41
Jm = e Ve, = 5o 5(1=77) (A.41)
. _ _ g ,_ _

]i/; =g (VeL’y#VeL - eL’yueL) = 5 (Vefy‘u(l - 75)Ve - e/y'u(l - ,75)6) : (A42)

The charged currents j& can be seen to connect fermions in the left-handed doublets, thus
the associated vector fields W™ correspond to the W= boson. Naively, the neutral SU(2)
field Wi and neutral U(1) field B, would appear to be associated with the Z boson and

photon respectively. Instead, due to spontaneous symmetry breaking that will be discussed
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in section A.3, the Z boson and photon are given by a linear combination of Wj’ and B, as

A, cosf, sinf, B,
_ . (A.43)
Z —sinf,, cosf, W,i’

The parameter 6, is known as the Weinberg angle, and is determined by coupling strength

of the B, and WE fields as

/

9 . 9
cosf, = sinf, = ——— . (A.44)
Pt P+ 47

The coupling strength for the neutral gauge bosons are then given by

/
. g g
g, = gsinf, = g cosb, 9z = 0 = o (A.45)

The relation between the electroweak currents and the electromagnetic currents can be
seen through the conserved charges of the SU(2); ® U(1)y gauge symmetry. Drawing in-
spiration from the strong interactions, Glashow hypothesized that the weak analog of the
Gell-Mann—Nishijima formula would take the form Q = I° + %Y, where the electric charge
@ is related to the third component of weak isospin I° and weak hypercharge Y [114].
Isospin comes from the relation of SU(2) and o5 to angular momentum, while hypercharge
is analogous to quark strangeness. Table A.2 shows the value of these numbers for right and

left-handed quarks and leptons.

A.3 The Higgs Boson

There exist two substantial problems with the derivation of the unified electroweak gauge
theory in section A.2.2. Firstly, the mass term in the Proca Lagrangian for the W, gauge
fields is not invariant under SU(2) symmetry transformations. Secondly, the mass term for

the spinor field ¢ contains both left and right-handed spinors, which transform differently
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Table A.2: Electroweak quantum numbers for the first generation of fermions, separated for

right and left-handed states. Higher generation fermions have identical values.

Left-Handed Doublets Right-Handed Singlets
Fermion  Qgy I’ Y | Fermion Qpy I° Y
0 1 -1
Yo ik er 10 -2
e —1 —1 —1
L 2
o), =)\ W a0

according to equation A.31, meaning this term is also not invariant under transformations.
These would indicate that neither the weak vector bosons nor the fermions have mass, despite
the unanimous experimental evidence to the contrary. The solution comes from spontaneous
symmetry breaking and the Brout-Englert-Higgs mechanism, which lends the weak bosons

mass and predicts the existence of a massive scalar boson. [115,116].

A.3.1 U(1) Spontaneous Symmetry Breaking

Spontaneous symmetry breaking occurs when a Lagrangian has degenerate ground states
with non-zero vacuum expectation value. The standard example follows a complex scalar
field under a U(1) gauge symmetry. Let the complex field ¢ = (¢, + i) have a Lagrangian
given by

L= 50,0)@0) - V() V(e)=—52(@'0)+ V(670 (Ado)

This Lagrangian can be shown to be invariant under the global U(1) symmetry ¢ — ¢’ =
eiqggb. We assume that A > 0 in order for the potential to have a finite minimum. If 4> < 0,
the global minimum will occur at the origin. However, for ® > 0, the fields will exhibit a
global minimum around ¢*¢ = ‘;—z, resulting in spontaneous symmetry breaking. Figure A.1

shows a configuration of the potential resulting in spontaneous symmetry breaking.
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Re(d)

Figure A.1: The complex scalar potential for A> > 0 and p* > 0, showing an infinite number
of minima away from 0 [117]. By inspection this potential possesses a global U(1) gauge

invariance due to the rotational symmetry from adding a complex phase.

Without loss of generality, the global minimum can be chosen at (£,0) and the fields can

be expanded around the minimum as ¢ (z) = n(z) + § and ¢9(x) = £(z). The Lagrangian

can be written in these terms as

1 1 N t
£=50m@n) = p'n'+ 50,(9") —pA’ +0€) + T+ + 27+ 5
N -~ d N ~~ 4 N ~~ d A
Massive scalar field Massless scalar field Interaction terms Constant
(A.47)

Without adding any additional terms, the original Lagrangian now shows a massive scalar
field n with mass m, = V211 and a massless scalar field €. This massless field is known as a

Goldstone boson and is a general feature of spontaneous symmetry breaking [118].

Following the prescription in section A.2, we promote the global U(1) symmetry to a

ige(x)gzﬁ. The derivatives are replaced by covariant derivatives

local symmetry with ¢ — ¢’ = e
. . . . : 1 v
9, — D, = 0,+igB,, and we add the kinetic term from the Proca Lagrangian — - F*"F),,,.

The new vector field B, transforms in the usual way B, — BL = B, —0,0(x). Once again
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expanding in terms of 7 and £, the gauge invariant Lagrangian becomes

1 1 A’
L=350m@" ) =i+ 50,£)(0"€) —pAn® +n&’) + (" + &+ 20°¢)
Massive ;cralar field ’ hgasslesszgalar field In erac?gn erms ’
I X Lo } teraction t (A.48)
L S (-) B,B" +¢~(0,6)B".
T2 T aerl et ) BB 9300

TV
Massive vector field

As with before, the Lagrangian now shows a massive scalar field n, Goldstone boson &,
and interaction terms between the scalar fields. The promotion from global to local gauge
invariance has created a massive vector field B, with mp = 2y/mgu/\ and a term coupling
B, to §. The term coupling B,, to § allows the spin-1 vector field to transform into a spin-0
scalar field, which is non-physical and suggests that a gauge transformation is required to
obtain the physical fields. It is possible to transform away the massless £ field entirely by

taking 0(x) = %, which gives

2

1 gp
—-—F"F, +%<=B,6B"
167 w5 N2 P

+ gQ%nB“BH + g 5 B By = A’ = T’ + 4M_A2 -

L[ = %(0M?7)(8“77) - MZWZ} . { (A.49)
A.49

After the gauge transformation, the Goldstone field has vanished from the Lagrangian, and
the vector field B, gained additional terms corresponding to its longitudinal polarization
along n (colloquially, it is said the B, field “ate” the Goldstone boson). This gauge where

the Goldstone field vanishes is referred to as the unitary gauge.

It may seem counter-intuitive that a local U(1) gauge transformation can alter a La-
grangian that was explicitly constructed to be invariant under local U(1) gauge transfor-
mations, but this is the core principle of spontaneous symmetry breaking. The Lagrangian
has inherent symmetry, but by decomposing the fields into the longitudinal and transverse
components at a non-zero vacuum expectation value, the field variables themselves no longer

display this symmetry. In this way, the physical fields are revealed to be a massive spin-0
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field and massive spin-1 field, with the Goldstone boson absorbed into the spin-1 field.

A.3.2 The Brout-Englert-Higgs Mechanism

In the previous section, we derived the Lagrangian for a broken U(1) symmetry. In this
section, the concepts of spontaneous symmetry breaking will be applied to the electroweak
gauge symmetry SU(2);, ®U(1)y. The simplest model of the Higgs field is an isospin doublet
with one neutral component ¢° and a charged component ¢*. The field can be written as

+ .
b= ¢ :L 1+ 10y ’ (A.50)

6 ) V2 \¢,+is,

with a Lagrangian given by

L=(0,0)1(0"0)—V(6) V(¢)=—p"d'¢+X(67¢), (A51)

with the assumption that A> > 0 and p* > 0 necessary for spontaneous symmetry break-
2
ing. The doublet has a set of global minimum defined by ¢T¢ = 2“7, meaning the vacuum

expectation value is (), = .

To simplify the Lagrangian, it is helpful to start with the Higgs field ¢ already transformed
to the unitary gauge. For any doublet ¢, there exists some global SU(2) transformation U
that rotates the doublet as follows
1 [ o1 +igy 1 0

d— ¢ =U— = | , A.52
V2 \ gy t+igs) V2 \hlx) o

such that h(z) is entirely real valued [119]. The specific form of U is unimportant for this

derivation, the only requirement is that some U exists. We choose the global minimum to
0

be % and expand h(z) around this minimum as h(z) = £ + h(z).

2
f/A
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We are interested in the mass terms for the scalar boson, which originate from the
covariant derivative terms as shown in the U(1) example in section A.3.1. Using the covariant

derivative from equation A.33, we get

. !
9,0 — D¢ = 0,0 +igT-W,0+ig §YB“¢' (A.53)

The lower doublet has charge 0 and weak isospin I° = —%, therefore has hypercharge Y =
2(Q — I’) = 1. The full covariant derivative is then

oo 20, +igWs +ig' B,  ig(W, —iW;) 0
ORI Wl iw?) 20, —igWP +ig'B,) \ &+ h(z)
_ 1 [zg(Wi — ZWE)} (% + h(x))
2v2 (20, — igW; +ig'B,) (& + h(z))

with the full expression given by

(D,9)" (D"9) :% (0,h(2)) (8" h(x)) + %gav (Wi aw®) (wor —aw®r) (£ 4 aiw)’
+

(A.55)

The mass terms, which are proportional to the quadratic field terms, can be extracted as

the following

1w 1 /7pN2
Lo = 5957 (wow O WP < (5) (aw = gB,) (W~ gB") .

8 A
(A.56)
The mass of the W' and W? fields can be identified immediately from the first term as
my = %g% For the second term, it is apparent that there will be some combination of
3)

the W;(L and B, fields that result in a quadratic field term. Using the change of basis
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transformation defined in equation A.43, the last mass term transforms to

1 /pN2
S (5) @ +aMz.2", (A.57)

with a mass given by m, = %%\/ g° + ¢”*. This Z ., field can be identified as the Z boson. The
remaining field A, remains massless and represents the photon. Thus, the Higgs mechanism

results in the three massive gauge bosons and a massless photon.

In section A.2.2 it was shown that the fermion mass must be 0, as the 1,1y terms
transform differently under local SU(2) ® U(1) gauge transformations. Now we can consider
the Yukawa Lagrangian, in which the fermions are coupled to the Higgs field ¢. Using the

first generation leptons as an example, the Yukawa Lagrangian reads
L=—g ()ZL¢€R + éR¢TXL) : (A.58)
For an SU(2) transformation U (x), the quantity x,¢ transforms as
o= o' = [ul'@)] [U@)e] = xwo. (A.59)

.i.
Since <¢TX L) = X1, the Yukawa Lagrangian is invariant. By using the Higgs field in the

Unitary gauge, the Yukawa Lagrangian can be explicitly written as

e G| Go), () Jerrmn(o s)
=—— (v, & e € £+ :L‘)
V2 \ugpg) IO SRS
A L
g - _ g _ _ (A.60)
= _EX(GLGR +eger) — ﬁh(‘r)(eLeR +eger)
m
= —mee — ——ceh(z),
) ()
where the mass of the electron has been identified from the first term as m, = \%’X‘ The

second term shows that the fermion coupling to the Higgs field is proportional to the fermion
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mass. Note that this Lagrangian only selects the lower I® = —% fermion from the left-handed
doublets. To apply this method for the I* = +% fermions, the Higgs field is replaced by its

charge conjugate ¢, given by

b= =i == TN (A61)

c — —102 = = 5 .
V2 o

and the charge conjugate Yukawa Lagrangian for a fermion f is given as £, = g;[x1¢.fr +

quﬁZX ). Tt is this Yukawa Lagrangian that provides the masses to the fermions and couples

them to the Higgs field. The coupling constants g, are not predicted values by the theory and

are instead calculated using the experimentally measured values of the fermion masses.
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