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ABSTRACT

This dissertation presents the Higgs boson as a tool to search for physics beyond the Standard
Model through its interactions with hypothetical particles. Two searches are presented, both
using proton—proton collision data collected by the ATLAS detector during Run 2 of the
Large Hadron Collider. First, the Higgs boson’s couplings to dark matter candidates are
investigated by analyzing fully and partially invisible decay channels. Second, interactions
between the Higgs and new high-mass scalar bosons are probed to explore extensions of the
scalar sector. By constraining these couplings, this work aims to reveal signatures of new

physics and guide future experimental searches at high-energy colliders.
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CHAPTER 1
INTRODUCTION

After the ATLAS and CMS experiments announced the discovery of a “Higgs-like” particle
with mass approximately 125GeV on July 4, 2012 [1], their first order of business was to
determine whether this particle was, in fact, the Higgs boson described by the Standard
Model of particle physics. In the fourteen years since, both experiments have found increas-
ingly convincing evidence that it was, and the community at large has become increasingly
comfortable referring to the 125 GeV particle as “the Higgs.” But the case is not yet closed.
The properties of the Higgs boson that made it difficult to find also make it difficult to study.
Current measurements of its fundamental properties, particularly its couplings to itself and
other particles, are still relatively imprecise.

In other words, it is still entirely possible—even after over a decade of careful study—
that the 125 GeV Higgs boson interacts with new, undiscovered particles. Such particles, if
they exist, may address known shortcomings of the Standard Model and provide answers to
outstanding questions in fundamental physics. The properties of these hypothetical particles,
as well as the nature of their interactions with the Higgs boson, are unknown. Countless
theoretical models of physics beyond the Standard Model suggest a vast array of possibilities.

This work uses the Higgs boson itself as a tool to search for these new particles. It
describes two searches, both performed using proton—proton collision data collected by the
ATLAS detector at the CERN Large Hadron Collider (LHC) during its second run from
2015 to 2018. Together, these searches target a variety of hypothetical particles that may
interact with the Higgs boson. Both searches feature innovations in design and methodology
that pave the way for future use of the Higgs boson as a discovery tool.

The first search, published in ref. 2, is a search for Higgs boson decays to particles that
are invisible to the detector. These may be Standard Model neutrinos or exotic, undiscovered

particles like dark matter. Its key innovation is the use of a Higgs production mechanism
1



that includes an additional photon, which not only improves discrimination between signal
and background but also opens up new avenues for interpretation; in particular, Higgs boson
decays to a photon and a so-called dark photon. This search also reports the first observation
of one of the backgrounds to the invisible Higgs decay signals: the electroweak production of
a Z boson and a photon produced in association with two jets, with the Z boson decaying
invisibly. This observation has been followed by a second ATLAS measurement in ref. 3.

The second search, published in ref. 4, is a search for an exotic Higgs production mech-
anism involving two new scalar particles. These new particles may be part of an “extended
Higgs sector,” which is postulated by many popular extensions of the Standard Model. In the
target process, one of the new particles decays to a second new particle and a Higgs boson,
and both the Higgs boson and the second new particle decay to a bottom quark—antiquark
pair. This search’s key innovation is the use of a novel machine learning method to estimate
contributions from background processes. The method, which combines Gaussian process
regression and normalizing flows, simulates background contributions via sampling from a
probability density learned from real data. This search reports upper limits on this process
for a wide range of hypothetical particle masses.

This dissertation is organized as follows. Chapter 2 provides a brief introduction to the
Standard Model and the Higgs field, focusing on the aspects most relevant to the searches.
Chapter 3 is an overview of the LHC and the ATLAS detector. Chapter 4 describes features
of ATLAS analyses that are common to both searches. The search for invisible and partially
invisible Higgs boson decays is presented in chapter 5, and the search for new scalar particles
produced in association with a Higgs boson is presented in chapter 6. Chapter 7 describes
two upgrade projects for the ATLAS trigger system in anticipation of the High-Luminosity
LHC, during which the size of the ATLAS dataset will increase by an order of magnitude.

Finally, chapter 8 concludes the work.



CHAPTER 2
THEORETICAL BACKGROUND

The Standard Model (SM) of particle physics describes the most fundamental components
of the known universe. It describes the elementary particles that make up matter and how
they interact with one another via three of the four fundamental forces: the electromagnetic,
strong, and weak forces. In general, the SM’s particles have mass and therefore are also
subject to the fourth fundamental force—the gravitational force—but it is not present in
our current picture of the SM. At the elementary particle scale, the gravitational force is so
weak in comparison to the other three that the SM is self-consistent without it. Table 2.1
lists the four fundamental forces and their relative strengths.

This chapter presents a brief description of the SM and the Higgs field to motivate the
searches presented in this dissertation. Section 2.1 introduces the three fundamental forces
included in the SM and the gauge theories that describe them. Section 2.2 describes each of
the SM’s elementary particles. Section 2.3 describes the Higgs field and the Higgs mechanism.
Finally, section 2.4 describes some of the shortcomings of the SM and motivations for new

physics searches.

Table 2.1: The four fundamental forces and their relative strengths, listed in decreasing
order [5].

Force Relative strength
Strong 10
Electromagnetic 1072

Weak 10713
Gravitational 10742




2.1 Forces and gauge theories

The fundamental forces in the SM are described by gauge theories. A gauge theory is a
field theory that is invariant under local transformations of “gauge,” a word which has the
meaning of “length” or “calibration” [6], but in quantum field theory has come to refer to
redundant degress of freedom. The stipulation that the Lagrangian characterizing any gauge
theory must be invariant under local gauge transformations gives rise to gauge fields that
are quantized as gauge bosons, described in the next section, that carry the theory’s force.
Gauge transformations are symmetry operations defined by mathematical groups, called Lie
groups [7]. Each symmetry group is associated with a “charge,” which is a quantum number
that is conserved in all SM interactions.

This section gives a brief overview of each of the three fundamental forces described by the
SM to lay the groundwork for the following sections. The electromagnetic force is described

in section 2.1.1, the strong force in section 2.1.2, and the weak force in section 2.1.3.

2.1.1 The electromagnetic force

The electromagnetic (EM) force is described by the gauge theory of quantum electrodynam-
ics (QED). The EM force acts on particles with electric charge @), which takes positive and
negative scalar values. Electric charge generates the symmetry group of QED, the unitary
group U(1), which is the set of all complex numbers with magnitude 1. This means QED is
invariant under phase rotations 1) — e'@y). Its gauge field is the electromagnetic field, whose
physical manifestation is the photon. Because the U(1) group is “abelian,” meaning all of its
elements commute, the photon itself does not carry electric charge and therefore does not
interact with itself |7].

The EM force is responsible for virtually all physical phenomena we observe in our daily
lives, aside from the gravitational force that anchors us to the Earth. It is responsible for our

sense of sight, our sense of touch, and so on, all the way down to the electric impulses that
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link our metaphysical consciousness to physical reality. It is also responsible for the structure
of everyday matter, since it attracts negatively charged electrons to positively charged atomic

nuclei, and also assembles the resulting atoms into molecules.

2.1.2  The strong force

The strong force is described by the gauge theory of quantum chromodynamics (QCD). It
acts on particles with color charge, which has three components: redness (r), blueness (b),
and greenness (¢). The three colors are the key ingredients to symmetry under the special
unitary group SU(3), which is the set of all unitary matrices with determinant 1. SU(3)
can be represented by the eight 3 x 3 Gell-Mann matrices, which do not commute with one
another. As a result, QCD is nonabelian, and its gauge field, the gluon field, carries color
charge and interacts with itself [7].

The phenomenon of “color confinement” is related to the nonabelian nature of QCD and
the great strength of the strong force. Only color-neutral particles can exist in isolation.
Particles with nonzero color charge cannot; when they are pulled apart, the strong force
continuously links them together (rather than falling off, the like EM force does at long
distances), and it is more energentically favorable for new color-charged particles to be
created in the space between them than for them to continue moving apart. QCD alone
does not conclusively imply color confinement, but this phenomenon has real physical and
experimental consequences nonetheless [5].

The strong force is less accessible at the human scale than the EM force, but no less
ubiquitous. It binds together the constituent particles of protons and neutrons, and indi-
rectly binds protons and neutrons themselves within atomic nuclei. The strong force creates

virtually all of the mass of macroscopic objects due to the strength of its interaction.



2.1.3 The weak force

The weak force is more difficult to describe than the EM and strong forces because it arises
from a broken symmetry. The weak and EM forces are, in fact, both consequences of another
gauge theory: electroweak (EW) theory. Above the Fermi scale of 246 GeV, the EM and
weak forces merge into the singular EW force, which has SU(2) x U(1) symmetry. SU(2)
can be represented by the three 2 x 2 Pauli matrices, and its generator is “weak isospin” T,
which has three components. The generator of the U(1) symmetry is given the name “weak
hypercharge,” Y, and has one component. The result is a total of four gauge fields.

Below the Fermi scale, the EW symmetry is spontaneously broken via the Higgs mech-
anism as described in section 2.3, and the only unbroken remnant of the SU(2) x U(1)
symmetry is the U(1) symmetry of QED, whose charge ) is a linear combination of Y and
one of the components of T' [7]. The gauge fields of the weak force arise from a linear com-
bination of the SU(2) x U(1) generators. They are associated with two different kinds of
interactions: charged- and neutral-current interactions. The weak force is nonabelian, and
its gauge fields, which manifest as the W and Z bosons, interact with themselves and with
one another.

The most familar physical expression of the weak force is radioactive decay; for example,
beta decay is a charged-current interaction. The weak force also plays an important role in
the proton—proton chain of nuclear fusion within stars, when pairs of hydogen nuclei—that
is, protons—convert to the proton—neutron pairs that themselves pair up to become helium-
4 nuclei. The weak force is, threfore, no less critical to our continued existence than the

others.

2.2 The elementary particles

The SM includes, depending on how one counts, at least 17 unique fundamental particles.

No matter how one counts, they may be divided into two broad, mutually exclusive cate-
6



gories: fermions and bosons. Fermions comprise matter, and bosons mediate the fermions’
interactions. Particles of both types are excitations or “waves” in quantum fields, which are
formally described by quantum field theory. Whether it is more appropriate to think of
particles or fields is a matter of perspective. In the context of high-energy LHC collisions,
the discrete particle perspective is the most natural.

All particles have antimatter counterparts, called antiparticles. Particle—antiparticle pairs
annihilate—they are waves that, upon meeting, cancel one another out. To mentally trans-
form a matter particle into its antimatter counterpart, simply multiply its quantum numbers
by —1. All other properties, including mass, remain unchanged. Particles whose quantum
numbers are all 0 are their own antiparticles.

Figure 2.1 organizes the minimal 17 particles into a table, which may be used as a
reference for the discussion in this section. The table omits not only antiparticles, but also
the different color varieties of the strongly interacting particles. In the picture of the SM we
are able to resolve with the ATLAS detector, described in later chapters, it is impossible to
differentiate between particles of different colors and even between many particle-antiparticle
pairs, so the simplified table is perhaps appropriate.

This section describes the SM’s elementary particles and their basic properties. Sec-
tion 2.2.1 describes the fermions. Section 2.2.2 describes the bosons, including a brief de-

scription of the Higgs boson. The Higgs field is discussed in further detail in section 2.3.

2.2.1 Fermions

Fermions are responsible for the small-scale structure of matter. Their intrinsic angular
momentum, called “spin,” takes on values that are half-integer multiples of the reduced
Planck constant, h. Because of this property, they are subject to the Pauli exclusion principle,
which states that no two fermions can occupy the same state. This restriction stratifies the

electrons surrounding atomic nuclei into distinct orbitals, which in turn dictate the properties



Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I II III
mass = =2.16 MeV/c? =~1.273 GeV/c? =172.57 GeV/c? 0 ~125.2 GeV/c?
charge @ % % % 0 0
spin | % U % C % t 1 Q 0 H
up charm top gluon higgs
C——
~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0
-¥ -% - 0
x v (S P o .
down strange bottom photon
C——
~0.511 MeV/c? ~105.66 MeV/c? ~1.77693 GeV/c? ~91.188 GeV/c?
-1 -1 =i 0
» & » » ' &
electron muon tau Z boson
ﬁ
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
0 0 0 +1
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Figure 2.1: Table of elementary particles in the SM, organized by type [8].

of atomic bonds, which in turn dictate the structure of molecules, and so on. The SM contains

two groups of elementary fermions, both taking spin quantum numbers :I:%.

Quarks

The first group of fermions, the “quarks,” form composite particles called “hadrons” that
are bound together by the strong force. By far the most famous hadrons are the proton
and the neutron, which comprise atomic nuclei. Both are composed of up (u) quarks and
down (d) quarks, with the proton consisting of two u quarks and one d quark, and the
neutron consisting of one u quark and two d quarks. The quark content of the proton and

neutron are responsible for their electric charge. The u quark has charge —l—%, and the d



quark has charge —%, with charge represented in units of the elementary charge e of the
proton. Adding up the charges of the constituent quarks results in a total charge of +1 for
the proton and 0 for the neutron, as expected.

The v and d quarks are only two of the six quark flavors, and as a pair they form the
first of three quark “generations.” Each of the remaining two generations also consists of
an “uplike” quark with charge —|—% and a “downlike” quark with charge —%. The second
generation consists of the uplike charm (¢) quark and the downlike strange (s) quark, and
the third of the uplike top (¢) quark and the downlike bottom (b) quark. The generations
are ordered according to their mass, with the lightest first-generation quarks being the most
stable and thus comprising the most stable hadrons in the universe. The neutron’s lifetime
is about 15 minutes outside of a nucleus, and even an isolated proton’s lifetime is longer than
1029 years—a number nearly 20 orders of magnitude greater than the age of the universe [9].

Thanks to color confinement, quarks cannot be isolated and studied outside of hadrons.
However, one quark, the ¢ quark, is unique in that it is too heavy to form hadrons (although
recent experimental evidence [10] suggest an extremely short-lived ¢ quark—antiquark bound
state has been observed). With mass 173 GeV, the t quark is the heaviest fundamental
particle, weighing as much as a gold atom [11]. The ¢ quark’s large mass makes it very
unstable. Its decay width is about 1.4 GeV [9], which corresponds to a lifetime of about

5% 10729,

Leptons

The second group of fermions, the “leptons,” is home to the most familiar elementary particle:
the electron. The leptons as a group were named originally for the electron’s light weight in
comparison to particles we now know are not elementary, such as the proton and the neutron.
The name stuck, although the leptons are now characterized by their lack of participation

in strong interactions rather than by their mass [5].



Leptons are subdivided into two groups of three. The charged leptons—the electron (e),
the muon (u), and the tau (7)—interact via the weak and electromagnetic forces. They all
have electric charge —1. The electron is stable, while the substantially more massive muon
and 7 have lifetimes of about 2us and 0.3 ps, respectively. The neutral leptons are called
neutrinos (v), which interact only via the weak force. Neutrinos are incredibly light; they are
actually massless within the SM, but experimental evidence suggests they have mass, and
that the different flavors of neutrino have different masses [9]. The lack of mass for neutrinos
is just one of the shortcomings of the SM that will be discusssed in section 2.4.

Each charged lepton has a partner neutrino with which it forms a generation. The leptons
in each generation have a lepton number that is conserved in interactions: the electron
and electron neutrino have electron number of 1, and likewise for the other generations.
Correspondingly, antileptons have negative lepton number. Decays that produce a single
charged lepton, such as the neutron’s decay to a proton and an electron, conserve lepton

number through the production of an antineutrino. In this example, n — pTe 7.

2.2.2 Bosons

Bosons mediate the interactions between fermions. They have integer spin and do not obey
the Pauli exclusion principle. In other words, they control rather than comprise matter. The

SM includes bosons of two types: the gauge bosons and the Higgs boson.

Gauge bosons

When two or more fermions interact via one of the three fundamental forces in the SM, they
exchange a “gauge” boson corresponding to that force. The name comes the fact that these
bosons are physical manifestations of the gauge theories that describe the interactions they
mediate, as explained in the previous section. The gauge bosons in the SM are vector bosons,

so called because their corresponding fields are vector fields. They have spin 1, meaning their
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spin can take the values +£1 and 0. The gauge bosons in the SM are the gluons, the photon,
and the W and Z bosons.

Gluons mediate the strong interaction. They are massless and electrically neutral, and
interact only via the strong force. Gluons come in eight varieties, each carrying a linear com-
bination of color and anticolor charges; for example, (rb 4 7b)/y/2. The linear combinations
make gluons their own antiparticles. Gluons are stable since they are massless, but because
of color confinement, they are very interactive.

The photon mediates the electromagnetic interaction. It is colorless, meaning it is un-
reactive to the strong force, as well as massless and electrically neutral. These properties
make it its own antiparticle. It is also perfectly stable.

The W and Z bosons mediate the charged- and neutral-current weak interactions, re-
spectively. Both are colorless. There are two types of W boson, W and W™, which have
electric charge +1 and —1, respectively, and form a particle-antiparticle pair. The Z boson
is electrically neutral and its own antiparticle. Unlike the other gauge bosons, the W and Z
are massive, and quite so, with masses similar to rubidium and molybdenum atoms, both of
which weigh close to 100 GeV. As such, they are unstable. Both have decay widths close to

2GeV, giving them each a lifetime of about 3 x 10722 .

Higgs boson

The Higgs boson is the only SM boson that is not a gauge boson. It is a scalar boson,
which means it has spin 0 and its corresponding field, the Higgs field, is a scalar field. It
interacts with all massive particles. Its mass is, rather famously, 125 GeV—about the same
as a cesium atom. Its decay width is about 3 MeV, making its lifetime about 2 x 10722 . It

is electrically neutral, colorless, and its own antiparticle.
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(a) Above Fermi scale (b) Below Fermi scale

Figure 2.2: The potential of the Higgs field before and after it acquires a nonzero vacuum
expectation value v [12].

2.3 The Higgs mechanism and the Higgs field

As anticipated in section 2.1.3, the Higgs mechanism breaks the EW gauge symmetry. This
phenomenon is important not only because it gives rise to the familiar EM and weak forces,
but also because it creates mass. Without the Higgs field, none of the elementary particles in
the SM would have mass, and the physical manifestation of the SM would look very different
from the one we are familiar with.

The Higgs field has a potential whose shape depends on its energy scale. At high energy
scales, the potential has a stable minimum, and it is most energetically favorable for the Higgs
field’s vacuum expectation value v to be zero. But as the energy scale decreases, the shape
of the potential changes, and the stable minimum becomes an unstable local maximum. In
other words, v becomes nonzero; specifically, it becomes 246 GeV [9]. This shift is illustrated
diagrammatically in fig. 2.2. The low-energy potential is often called a “sombrero” potential
thanks to its shape.

The Higgs field’s nonzero vacuum expectation value has serious consequences for EW
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theory. Since the Higgs field is an SU(2) doublet, each of its two components is a complex
scalar field. It has nonzero weak isospin and weak hypercharge, so it interacts with the EW
gauge bosons. As the Higgs field acquires v, it effectively chooses a preferred direction in
SU(2) space. This breaks the EW gauge symmetry. The U(1) symmetry of QED is preserved
because the electric charge @ is a linear combination of the symmetrical SU(2) direction and
the unbroken EW U(1) symmetry [12].

The Goldstone theorem states that, whenever a continuous symmetry is spontaneously
broken, one massless, spin 0 “Goldstone” boson is created for each broken generator. Gold-
stone bosons add additional degrees of freedom to the Lagrangian. But the EW symmetry is
a local gauge symmetry, so these degrees of freedom, like so many others in the SM, can be
eliminated via a gauge transformation. In the unitary gauge, the W', W~ and Z bosons
each absorb one of the three Goldstone bosons created from the three broken EW symmetry
generators, and the added degrees of freedom manifest as their masses. The same gauge
transformation extends to the Yukawa term of the SM Lagrangian, which describes how the

fermions couple to the Higgs field, and generates the fermion masses [12].

2.4 Shortcomings of the SM

The SM very successfully describes many properties of the elementary particles and three
of the four fundamental forces. But even this description implies that at least something is
lacking, and in fact there are many aspects of the SM that are unsatisfactory. This section is
an inexhaustive list of some of its shortcomings, which motivate the searches for new physics
presented later in this dissertation.

The SM includes mass, which determines the strength of gravitational interactions, but
has nothing to say about gravity itself. This is almost stranger than a theory of completely
massless particles—some, but not all, of the ingredients are there. Hypothetically, the grav-

itational force is mediated by a gauge boson with spin 2, but current theories including
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gravitons cannot be renormalized, so they cannot be added to the neat framework of the
SM [7].

Another point of fault is that some parameters of the SM can only be determined
empirically—that is, they must be measured and are not predicted by the theory itself.
Examples include the values of the fermion and Higgs boson masses. Additionally, the SM
does not provide any explanation for the nonzero neutrino masses. Perhaps neutrinos acquire
their mass via the Higgs field, like the other fermions, or perhaps they do not. The mass
of the Higgs boson itself is a particularly puzzling quandary. The “hierarchy problem” in
particle physics asks why the Higgs boson mass is only 125 GeV when it should be senstive
to quantum corrections from physics at energy scales all the way up to the point at which
new physics, such as gravity, enters the picture.

Related to the topic of gravitation and mass is the SM’s lack of dark matter, which is
hypothesized to make up 85% of the universe’s mass. Dark matter is so called because it is
electromagnetically inert. Its primary interaction with light matter seems to be gravitational,
but weak interactions have not been conclusively ruled out. Additionally, since dark matter
does have mass, it is natural to ask where this mass comes from. If it comes from the
Higgs field, dark matter must interact with the Higgs boson. This question is addressed in
chapter 5, which describes the first search presented in this dissertation.

Finally, the SM does not explain the matter-antimatter asymmetry in the observable
universe. Why is it made up almost entirely of matter, as opposed to antimatter? In the
SM, matter and antimatter are always created and destroyed at equal rates, so one would
expect the early universe to contain equal amounts of both. If this was the case, what
happened to all of the antimatter between the early universe and today? If it was not the
case, and the universe has always been asymmetrical in this sense, then why? The SM
cannot provide answers for either of these questions.

One of the primary goals of experimental particle physics is find answers to these and
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other questions in the form of physics beyond the SM (BSM). The searches presented in this

dissertation are concrete steps toward that goal.
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CHAPTER 3
THE EXPERIMENT

The ATLAS detector is one of the four major experiments at the Large Hadron Collider (LHC),
a particle accelerator operated by the European Organization for Nuclear Research, which is

known by the historical acronym CERN [13]. The CERN laboratory is located on the border

of France and Switzerland, near Geneva, and the LHC lies in a tunnel about 100 km (300 ft)

below. The tunnel is about 27km (17mi) in circumference [14], making its outer diameter

about 8.6km (5.3mi). Figure 3.1 is a diagram of the LHC showing its geographic location

and basic dimensions. Also shown are three smaller accelerators (that deliver protons to

the LHC), the ATLAS detector, and the other three major detectors: CMS, LHCb, and

ALICE. CMS is another general-purpose detector that competes with ATLAS, while LHCb

and ALICE each target different, more specific physics goals.

The LHC is exactly what its name suggests—a large machine that collides hadrons.
The hadrons in question are predominantly protons, although the LHC also has operational
periods dedicated to colliding heavier ions, like lead nuclei. The ATLAS detector is a general-
purpose particle detector that is designed primarily to record proton—proton (pp) collisions,
although it records heavy ion collisions as well. However, only pp collisions are relevant to
the searches presented in this dissertation.

The experimental timeline of the LHC alternates between “run” periods, during which
collision data are recorded, and “long shutdown” periods, during which the machines are
maintained and upgraded. The first phase of the LHC spanned three runs, aptly named Run
1, Run 2, and Run 3. The second phase of the LHC, the High-Luminosity LHC (HL-LHC),
will begin after the long shutdown following Run 3, and will span Run 4 and Run 5. A
sketch of the overall timeline for the LHC, including the HL-LHC phase, is shown in fig. 3.2.
The current forecast for the total pp integrated luminosity is 3000 fb~! by the end of 2041.

This chapter gives a brief overview of the LHC and the ATLAS detector, focusing on the
16
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Figure 3.2: Plan for the LHC and HL-LHC, updated in January 2025 [16].

aspects most relevant to the work presented in this dissertation. The operation of the LHC

is summarized in section 3.1, and the ATLAS detector is described in section 3.2.
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3.1 The Large Hadron Collider

The LHC consists of two rings that accelerate beams of protons in opposite directions [14].
The tunnel is made of eight arcs and eight straight sections that are divided into “octants,”
numbered clockwise in accordance with the tunnel’s eight access points, which have shafts
connecting it to the surface [17]. Each octant has a straight section, called an insertion (IR),
which is outfitted for a particular purpose [18|. Four of the IRs have an interaction point (IP)
where the beams cross, coinciding with the locations of the four major detectors. The ATLAS
detector is located at IP1, which is just below the CERN laboratory. The ALICE, CMS, and
LHCb detectors are located at IP2, IP5, and IP8, respectively. IR2 and IR8 also include the
injection systems for the two beams. The remaining IRs are used to maintain the beams.
IR3 and IR7 house cleaning systems that are used to remove protons that have strayed from
the beams, IR4 houses the system of radiofrequency (RF) cavities that accelerate the beams,
and IR6 houses the beam dumping system that is used to remove the beams from the rings.
A diagram of the LHC’s layout, including the ring design and the function of each of the
IRs, is shown in fig. 3.3.

The LHC’s protons begin their journey in a tank of hydrogen gas [19] and travel though
a series of smaller accelerators that increase their energy in stages until they reach the LHC,
a process called the “injection chain” [14]. Three of the four accelerators used in the injection
chain are shown in fig. 3.1. The injection chain has evolved over the LHC’s lifetime, and
the following description represents the injection chain used during Run 2. First, hydrogen
molecules are released from the tank and passed through an electric field that strips them
of their electrons [20]. The resulting protons are accelerated to an energy of 50 MeV via
CERN'’s Linear accelerator 2 (Linac2), which is omitted from fig. 3.1. Next, the protons
enter the Proton Synchrotron Booster, which accelerates them to 1.4 GeV and passes them
to the Proton Synchrotron (PS), which accelerates them to 25 GeV [14]. The final step in the

injection chain is the Super Proton Synchrotron (SPS), a synchrotron with a circumference
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Figure 3.3: Schematic layout of the LHC [18|.

of nearly 7km (4.3 mi), that accelerates the protons to 450 GeV and injects them into the
LHC |21]. The entire injection process takes about 16 minutes [14].

The LHC and all of the accelerators in its injection chain use RF cavities to accelerate
the protons [14, 22|. RF cavities are metallic chambers that contain oscillating electric fields.
Charged particles, like protons, receive an electric impulse from the field as they pass through
it, which accelerates them. The frequency of the oscillations groups the protons into discrete
“bunches.” The bunches that arrive from the PS are spaced 25ns apart, and they maintain
this spacing as they pass through the LHC’s 400 MHz RF cavities. By repeatedly passing

through them, the protons are accelerated from 450 GeV to 6.5 TeV—a speed which is only
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a handful of miles per hour below the speed of light—over the course of about 20 minutes.
Once the protons have reached this maximum energy, they circulate at a constant velocity
until they collide inside one of the detectors or are dumped from the rings.

The proton beams inside the LHC are steered and maintained using a variety of mag-
nets [14]. The primary magnets are superconducting dipole magnets that steer the beams
through the rings; over 1,000 are required to cover the entire circumference of the LHC. They
have a “twin bore” design, meaning they surround both rings in a figure eight shape, which
enables a single magnet to provide a field for both beams. This design choice was necessitated
by the tunnel’s small size—it was built to house the Large Electron—Positron (LEP) collider,
which required only one ring that was shared between the electron and positron beams [17].
A host of other magnets, some with as many as twelve poles, are used to focus the beams
and correct their trajectory. Near the IPs, triplet assemblies consisting of three quadrupole
magnets are used to constrict the beams to prepare them for collision. A narrower beam
has a higher density of protons, increasing the instantaneous luminosity and potential for
proton—proton collisions. The highest instantaneous luminosity inside the ATLAS detector

during Run 2 was about 20 x 1033 em™2s~1 [23], or 0.02pb~ 1571,

3.2 The ATLAS detector

ATLAS is a general purpose particle detector, meaning it is designed to detect as many
particles as possible. Its design does not emphasize any particular particle or class of parti-
cles. It is composed of a host of complementary detector systems that, together, provide a
very complete picture of every collision it records. Its geometry is cylindrical and symmet-
ric about the LHC’s beam line, which passes through its axis. At about 44 m (140 ft) long
and 25m (82ft) in diameter, it is the size of a large, several-story building. Figure 3.4 is
a diagram of the detector showing its overall dimensions and humans for scale, with labels

indicating its main components.
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Figure 3.4: Cutaway view of the ATLAS detector [24].

This section describes the ATLAS detector as it was configured for Run 2 of the LHC,
focusing on the elements most relevant to the work presented in this dissertation. It begins
with a description of the detector’s coordinate system in section 3.2.1. This is followed by a
discussion of each of the detector’s subsystems, beginning with those closest to the collision
point and moving outward, mirroring the trajectory of a particle created in a collison. The
tracking system, called the inner detector, is described in section 3.2.2. The calorimeter
system is described in section 3.2.3. The muon spectrometer and the LUCID-2 detector for
luminosity measurement are described in section 3.2.4. Finally, the trigger system, which

uses information from multiple systems, is described in section 3.2.5.

3.2.1 Coordinate system

A coordinate system is defined to describe locations within the ATLAS detector. The origin

coincides with the interaction point (IP) at the center of the detector where collisions occur.
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The beam line runs along the z axis. The xy plane, often called the “transverse” plane, is
perpendicular to the beam line at the center of the detector. Many particles created at the
IP will have trajectories that lie on or near the transverse plane. The azimuthal angle ¢ and
polar angle 6 are defined in the typical way [25]. Both spherical and Cartesian coordinates
are shown in fig. 3.5, where p represents the momentum of a particle originating from the
IP. The particle’s transverse momentum, pp, is the component of its momentum in the
transverse plane. This quantity is often used as a proxy to a particle’s total momentum.
Figure 3.5 also shows the pseudorapidity, 7, which describes the distance between a

particle’s trajectory and the transverse plane. It is defined as

) o

Accordingly, n = 0 coincides with # = 7/2, while n approaches oo as 6 approaches 0. The
values of # and n for several angles are shown in fig. 3.6. In the pp collision context, 7 is
preferable to 6 because, in the relativistic limit, differences in 7 are independent of boost in
the z direction. Incoming quarks and gluons, collectively called “partons,” will not in general

have exactly the same momentum when they collide, meaning their center-of-mass frame will
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Figure 3.6: Pseudorapidity n for various values of the polar angle 6 [28].

be boosted along the z axis with respect to the lab frame. The distribution of An between
objects from many such collisions will not be distorted by this boost [27].
Combining these definitions, the momentum of a particle (or any object) in the detector

is typically written as

—

= (p,n, ). (3.2)

Another useful quantity is the angular separation of two objects, defined as

AR = \/(An)? + (2612 (33)

which describes a cone originating from the IP. Like An, AR is also invariant under boosts

along the z direction in the massless approximation.

3.2.2 Inner detector

The ATLAS inner detector (ID) is used to record the tracks of charged particles. It is
located at the center of the detector and surrounded by a superconducting solenoid magnet
that creates a 2T field within [25]. The magnetic field points along the z direction and
curves the trajectories of charged particles moving through it. The radius of curvature r is
given by

r= 2L (3.4)

QB
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Figure 3.7: Cutaway view of the ATLAS inner detector [30].

where pp is the particle’s transverse momentum, () is its charge, and B is the strength of
the magnetic field [29]. The radius and direction of curvature can be used to measure a
particle’s momentum and determine whether it is positively or negatively charged.

The ID consists of three layers: the pixel detector, the semiconductor tracker (SCT), and
the transition radiation tracker (TRT). All three are separated into barrel regions, which
cover the center of the detector, and endcap regions, which are on either side of the barrel
region. The total tracking coverage provided by the ID is |n| < 2.5. Figure 3.7 is a diagram
of the entire ID, and fig. 3.8 shows the paths of two charged particles through a single radial

section.
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Figure 3.8: Paths of two charged particles, one with n = 1.4 and one with n = 2.2, through
the inner detector [25].

Pixel detector

The pixel detector consists of layers of silicon pixels that provide precise tracking information
in the region |n| < 2.5. Each pixel is a tiny semiconductor diode with an applied potential

7

difference, called a “bias voltage.” When a charged particle passes through the silicon, it
leaves electron—hole pairs in its wake that drift toward the electrodes on either end of the
pixels and are read out as signals [31]. The original ID design has three pixel layers in the
barrel and three in each of the endcaps. A fourth layer, the insertable B layer, was added
before the start of Run 2 and became the innermost layer of the pixel barrel [32]; it is not
shown in fig. 3.7 or fig. 3.8. The pixels are 250 pm thick and between 50 x 250 pm? and
50 x 600 um? in area, arranged with the long edge parallel to the beam line. The small
size of the pixels enables tracking precision of about 10 pm in the radial direction and about

100 pm in the z direction. The entire pixel detector is composed of over 90 million pixels,

and its usable radius is about 15cm (6in) [25].
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Semiconductor tracker

The SCT covers the |n| < 2.5 region surrounding the pixel detector and is made up of paired
layers of silicon strips. The operating principle of the silicon strips is the same as the pixels;
the primary difference is their shape and arrangement. The strips are about 280 pm thick,
80 um wide, and 12 cm long, and arranged parallel to the beam line. There are three SCT
layers in the barrel and nine in each of the endcaps, composed of about 6 million total strips.
Each layer is composed of “stereo pairs” of strips, which are offset at a small angle so the
location of a hit can be triangulated in three dimensions. The SCT’s precision is about
20 pm in the radial direction and about 600 pm in the z direction. Its usable radius extends

to about 56 cm (22in) [25].

Transition radiation tracker

The TRT surrounds the SCT and covers |n| < 2.0. It is made up of 4 mm diameter drift tubes,
called “straw” tubes, that are sandwiched between layers of other materials. Drift tubes are
proportional counters. An anode wire runs down the center of the tube, and the tube’s
surface acts as a cathode. When a charged particle passes through the gas in the tube, it
ionizes, and the free electrons are drawn to the wire. When the signal is read out, the known
drift time of electrons can be used to pinpoint how close the particle passed to the wire [31].
The layered structure of the TRT also creates its namesake transition radiation: photons
that are produced when a particle moves across the boundary between different media. The
quantity and energy of the photons is related to the mass of the particle and can be used to
identify its type [33]. The TRT has about 300,000 tubes in total, and a typical track passes
through 36 of them. The TRT only provides measurements in the radial direction, and its

precision is about 150 pm. Its usable radius extends to about 1.1m (3.5ft) [25].
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3.2.3 Calorimeters

The ATLAS calorimeter system surrounds the solenoid magnet and ID. It is used to absorb
most particles created in collisions, preventing them from escaping the detector, and measur-
ing the energy they deposit. The calorimeter system is complementary to the tracker—while
the relative resolution of a momentum measurement from a track worsens with increasing
momentum, the relative resolution of an energy measurement from a calorimeter improves
with increasing energy [33]. Calorimeters are also sensitive to neutral particles that do not
leave tracks in the ID.

The inner layers of the ATLAS calorimeter system are EM calorimeters that target elec-
trons and photons, while the outer layers are hadronic calorimeters that target quarks,
gluons, and composite hadrons like pions. Most of the calorimeters use liquid argon (LAr)
as the detection medium, except the hadronic tile calorimeter, which uses plastic scintilla-
tor. The calorimeters may be divided into three major groups: the EM calorimeters, the
tile calorimeter, and the LAr hadronic and forward calorimeters. The barrel and endcap
calorimeters provide coverage over |n| < 3.2, and the forward calorimeters extend coverage

to |n| < 4.9. Figure 3.9 is a diagram of the ATLAS calorimeter system.

Electromagnetic calorimeters

The EM calorimeter system has a barrel section that covers |n| < 1.475 and endcap sections
that cover 1.375 < |n| < 3.2. Both sections consist of alternating layers of lead and LAr
arranged in an accordion pattern, shown in fig. 3.10a, to maximize the number of layers
a particle passes through [25]. The “passive” lead layers serve to slow down electrons and
photons via their interaction with the dense material. This interaction produces a “shower”
of lower-energy electrons that stop in the “active” LAr layers when they ionize the LAr.
The electic current from the ionization is read out, and these measurements are combined
to determine the energy of the original particle. The ATLAS EM calorimeter is about
27
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Figure 3.9: Cutaway view of the ATLAS calorimeter system [34].

1.2m (4 ft) thick in the radial direction. A useful way to report this is in terms of “radiation
length” X, the mean distance an electron must travel to lose 1 — e™1 (about 63%) of its
energy [33]. The ATLAS EM calorimeter is more than 22X thick in the barrel and more

than 24X thick in the endcaps, providing excellent energy absorption [25].

Tile calorimeter

The tile calorimeter (TileCal) has a barrel region that covers |n| < 1.0 and extended barrel
regions that cover 0.8 < |n| < 1.7. It is made of steel, the passive material, interspersed with
tiles of plastic scintillator, the active material, laid perpendicular to the beam line as shown
in fig. 3.10b to avoid gaps in azimuthal coverage. The TileCal’s operation is analogous to
the EM calorimeter, but for hadrons: they shower hadronically in the steel, and the shower

particles ionize the plastic, which emits scintillation light [31, 33]. The scintillation photons
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Figure 3.10: Schematic diagrams of ATLAS calorimeter modules, showing the arrangement
of active and passive layers 35, 36].

are collected using photomultiplier tubes, which provide energy measurements. The TileCal
is about 2m (6.6 ft) thick. The hadronic analogue to the radiation length is the “interaction
length” A, which is the mean distance a hadron travels before it interacts [33]. The TileCal

is about 7.4\ thick, and contains over 400,000 scintillator tiles [25].

LAr hadronic and forward calorimeters

Each hadronic endcap calorimeter (HEC) is made of copper plates interspersed with layers
of liquid argon. The HECs are composed of two “wheels,” each with a radius of about
2m (6.6ft) and a thickness of about 90cm (3ft). Together, both wheels cover the range
1.5 < |n| < 3.2 [25].

The forward calorimeter (FCal) system provides EM and hadronic calorimetry in the
“forward” region, characterized by 3.1 < |n| < 4.9. This is located between the beam pipe

and the endcap calorimeters. Each FCal is composed of three modules: one made of copper
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and LAr to target EM calorimetry, and two made of tungsten and LAr to target hadronic
calorimetry. Each module is made up of concentric metal rods and tubes, with LAr filling
the gap between them, arranged parallel to the beam line. The modules are all about
45cm (1.5ft) in radius and depth. The EM modules are located closest to the IP and are

greater than 27X thick. All three modules together are about 9.9\ thick [25].

3.2.4  Other detectors

Other ATLAS detector systems that are less relevant to the work presented in this disser-
tation, but still critical to its overall function, are described here. These systems measure

muons and luminosity.

Muon spectrometer

Muons are much heavier than electrons and also have a relatively long lifetime, so they
require dedicated detector systems. The ATLAS muon spectrometer (MS) is the outermost
layer of the detector, which is responsible for its overall dimensions. It used to identify muons
and measure their momenta in the range |n| < 2.7, using principles similar to the tracking
system in the ID. It uses three toroid magnets, one in the barrel and one in each endcap,
to create a magnetic field with strength ranging from about 0.5 to 1 T. It has four types of
chamber, each using a different technology: monitored drift tube chambers, cathode strip
chambers, resistive plate chambers, and thin gap chambers. They are labeled in fig. 3.11,
which is a diagram of the MS. All of these technologies are gaseous ionization detectors that
provide complementary coverage and tracking measurements. Monitored drift tubes provide

the most precise measurements, with resolution as good as 35 pm [25].
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Figure 3.11: Cutaway view of the ATLAS muon system [37].

LUCID-2 detector

The luminosity of the ATLAS Run 2 dataset was measured using the LUCID-2 detector,
which consists primarily of several groups of photomultiplier tubes (PMTs) positioned around
both sides of the beam pipe, about 17m (56 ft) from the IP [25]. The photomultipliers mea-
sure the Cherenkov light that is emitted when high-energy charged particles produced in pp
collisions pass through the quartz windows of the PMTs [31]. The luminosity measurements
from LUCID-2 are combined with measurements from the ID and calorimeters to improve

their precision [38|.

3.2.5 Trigger system

The LHC’s 25ns bunch spacing is equivalent to a data rate of 40 MHz, but the ATLAS
electronics system can only record event data at a rate of about 1.2kHz [39]. The ATLAS

trigger system is designed to quickly identify and store only events with interesting physics
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signatures in order to make the most of the available data rate. The trigger system has two
stages: the Level 1 (L1) trigger and the high-level trigger (HLT).

The L1 trigger operates in hardware and uses low-granularity information from the
calorimeters and limited information from the MS to quickly seek out, typically, objects
with high pp. It has 2.5 s to decide whether an event should be retained and must reduce
the data rate to the maximum readout rate of 100 kHz [39]. If it identifies an object that
passes criteria listed in the “trigger menu,” it retains the event and passes information about
the object’s approximate location, called a region of interest (Rol), to the HLT [25].

The HLT operates in software and analyzes Rol data from all available detector systems.
This includes high-granularity calorimeter information, precision measurements from the
MS, and tracking information from the ID [40]. Tt performs “online” reconstruction of objects
using fast versions of the algorithms used for the “offline” reconstruction that is carried out
after an event has been permanently stored, a process that is described in section 4.3. The
HLT has a few hundred milliseconds to decide whether to retain an event, which it does
based on more finely tuned criteria than the L1 trigger. The average output rate from the

HLT is the aforementioned 1.2 kHz [39].
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CHAPTER 4
COMMON ANALYSIS INGREDIENTS

All ATLAS analyses use a common set of strategies and tools. This section presents informa-
tion that is relevant to both of the searches presented in this dissertation. Section 4.1 gives a
description of the Run 2 dataset used for both searches. Section 4.2 provides a brief overview
of the general procedure for characterizing signal and background processes, with a focus
on Monte Carlo simulation of events. Section 4.3 describes how particles are reconstructed
with the ATLAS detector as physics objects used in analysis. Finally, section 4.4 describes

tagging procedures used to select jets.

4.1 The ATLAS Run 2 dataset

The ATLAS Run 2 dataset is used for both of the searches presented in this dissertation. The
center-of-mass energy, 1/s, of the Run 2 collisions was 13 TeV. Data collection began in 2015
and ended in 2018, and during this time period the LHC delivered 156 b1 of collision data
to the ATLAS detector. ATLAS recorded 147 b1 of them, and 140 fb passed quality criteria
that make them suitable for analysis [41]. The 140fb~! value comes from a recalibration of
the luminosity measurement that was published in 2022, and has an uncertainty of 0.83% [23].
Prior to 2022, the value was 139 fb~! and had an uncertainty of 1.7% [42]. Figure 4.1 shows
the cumulative luminosity versus time during Run 2 for all three categories.

The integrated luminosity for each of the Run 2 data-taking years is listed in table 4.1
for both calibrations. The integrated luminosity for 2015 is much lower than for each of the
other three years; for this reason, some Run 2 analyses omit the 2015 data. Some analyses
may not use all of the data for other reasons, such as the choice of trigger. ATLAS data
collection is divided into discrete periods called “runs” (not to be confused with the runs of

the LHC) during which data are recorded continuously, and the runs during which analysis-
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Figure 4.1: Cumulative luminosity versus time delivered to ATLAS, recorded by ATLAS,
and classified as good for physics during stable beams for Run 2 pp collisions [41].

Table 4.1: Integrated luminosities for the Run 2 pp dataset, with results from both the 2019
and 2022 luminosity calibrations. The 2019 calibration reports a combined value for 2015
and 2016 |23, 42].

Integrated luminosity (fb~1)
Year 2019 calibration 2022 calibration

2015 3.2
2016 36.2 33.4
2017 44.3 44.6
2017 98.5 08.8
Total 139.0 140.1

ready data are taken are stored in a “good run list” (GRL) [43]. Most analyses use the
so-called standard GRL, but other GRLs exist that are used with specific triggers depending
on their needs. This is relevant for the search presented in chapter 6.

The LHC’s peak instantaneous luminosity reached 20 x 1033 em™2s~1 during Run 2, as

mentioned in section 3.1. Accordingly, for each bunch crossing at the center of the AT-
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Figure 4.2: Luminosity-weighted distribution of the mean number of interactions per crossing
for Run 2 pp collisions [44].

LAS detector, there are many simultaneous pp interactions. However, typically only one
interaction per crossing results in interesting physics that we would like to study. The ex-
traneous interactions, called “pileup,” are a source of noise that must be mitigated during
analysis. This mitigation becomes more challenging as the number of interactions per cross-
ing increases. During Run 2, each bunch crossing resulted in an average of 34 interactions,
although this number changed over the course of the run. Figure 4.2 shows the average

number of interactions per bunch crossing, (u), for each year of data taking.

4.2 Signal, background, and simulation

The first step of any analysis is to identify the target physics process or processes, called the
“signal.” The second step is to identify the “backgrounds”™—other processes that resemble the
signal’s detector signature. As the analysis develops, an event selection procedure is defined

to choose events that likely originate from the signal process and, to the extent possible,
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reject events that likely originate from background processes. An effective event selection
maximizes the ratio of signal to background events while keeping acceptance high enough
for sufficient statistical precision.

It is difficult, if not impossible, to search for any process without a concrete idea of
what one is looking for. For this reason, ATLAS analyses make heavy use of simulated
physics events. These events are produced via a random sampling technique called Monte
Carlo (MC) simulation. Due to the ubiquity of this technique, simulated events or samples
are often referred to as simply “MC.” The simulation process begins with an event generator,
which models the momenta of incoming and outgoing particles in the hard scatter process
of a collision event. Different MC generators are available that excel at generating events
of different processes. The second step of the simulation process is “showering,” which is
the simulation of the hadronic activity that creates jets. The final steps are digitization
and detector simulation, which recreate the conditions under which real particle collisions
are recorded inside the ATLAS detector. The goal of the entire process is to simulate real
collision data as closely as possible, but with the ability to isolate individual physics processes
and access complete “truth-level” information about each interaction.

MC simulated events of the signal process are used to design and optimize the event
selection for an analysis. MC simulated events of background processes are often used to
inform the event selection and to estimate contributions from background processes. How-
ever, some processes are difficult to simulate accurately, and in these cases “data-driven”
background estimation techniques are preferred. These techniques estimate background pro-
cesses from real data events using an event selection that targets the background instead of
the signal process. The searches presented in this dissertation use both methods to estimate
background contributions.

In addition to the isolation of processes, another benefit of MC simulation is the ability

to generate an arbitrary number of events. Typically, the MC events generated for a given

36



process far outnumber the number of events expected from that process in real data. This
way, simulated events are not limited by statistical precision. A scaling factor w is applied

to MC events to scale them to the expected number of events:

w=——, (4.1)

where L is the integrated luminosity of the target dataset, o is the cross section of the
simulated process, and N is the number of events generated. The impact of the uncertainty
in the integrated luminosity is assessed by varying w within it.

Although MC simulated events bear very close resemblance to real data, there exist
residual differences between MC and data that are assessed as systematic uncertainties.
These systematic uncertainties are typically assessed using a “reweighting” procedure, in
which MC events are multiplied by different constant factors when producing a histogram
in order to match the shape of the same distribution in real data. For example, the (u)
distribution in fig. 4.2 is not perfectly replicated when simulating the effects of pileup in
MC events, so weights are applied to the MC events in order to make the simulated (u)
distribution match the one from data events. Systematic uncertainties are assessed by varying
these weights within their uncertainties. Similar procedures are used to assess systematic
uncertainties from nearly all imaginable sources, including various aspects of the particle
reconstruction methods detailed in section 4.3. Uncertainties in the theoretical calculations
used to model the physics processes in MC event generation are also assessed as systematic

uncertainties.

4.3 Particle reconstruction and physics objects

The ATLAS detector is designed to detect as many particles as possible. Particles with

very short lifetimes—typically, W, Z, and Higgs bosons, 7 leptons, and ¢ quarks—decay
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immediately and must be reconstructed from their decay products. Particles with longer
lifetimes—electrons, muons, photons, gluons, and the other five flavors of quark—can be
detected directly. Neutrinos do not interact with the detector and cannot be detected at
all, but their presence can be inferred from missing transverse momentum, discussed later
in this section. Some composite particles can also be directly detected, but the ATLAS
searches in this dissertation involve only elementary particles, so composite particles will not
be discussed here.

Figure 4.3 is a schematic of a slice of the ATLAS detector with visualizations of how
various particles are detected, which provides a visual reference for this section’s discussion
of particle reconstruction and physics objects. A “physics object” is a collection of measure-
ments from various detector systems that, together, represent a reconstructed particle [45].
Physics objects are the main ingredients of any ATLAS analysis.

This section describes the general reconstruction methods for the physics objects used
in the ATLAS searches presented in this dissertation. Primary vertex reconstruction is
described in section 4.3.1. Electrons, photons, and muons are each reconstructed as distinct
physics objects that share their names; they are discussed in section 4.3.2; section 4.3.3,
and section 4.3.4, respectively. Quarks and gluons are reconstructed as objects called “jets,”

discussed in section 4.3.5. Missing transverse energy is described in section 4.3.6.

4.3.1  Primary vertex

A “vertex” is the reconstructed position of a single pp collision within the ATLAS detector.
Each bunch crossing creates many pp interactions and therefore many vertices. The “primary
vertex” (PV) is the vertex from which the physics of interest originates. For a vertex to be
reconstructed, it must have at least two tracks in the ID, each with pp > 0.5GeV, that
originate from the interaction region in the xy plane. The PV is identified as the vertex with

the largest sum of squared track momenta [47].
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Figure 4.3: A slice of the ATLAS detector with visualizations of how different particles are
detected [46].

4.3.2  FElectrons

An electron consists of a “cluster” built from an energy deposit in the EM calorimeter that
is matched to a track from the ID. The track maps out the curved path the electron takes
through the magnetic field inside the ID, and the cluster originates from the shower it
creates as it passes through the calorimeter. Electrons are typically reconstructed only

within the “precision” area of the detector covered by the ID, which is || < 2.47. The
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range 1.37 < |n| < 1.52 is called the “transition region” because it marks the transition from
the barrel to endcap calorimeters. In this region, the clusters are supplemented with energy
measurements from the presampler and the scintillator between the calorimeter cryostats [48].

The energy of an electron is estimated from the energy of the cluster, with a correction
applied for energy lost outside the EM calorimeter. The energy resolution is lower in the
transition region due to the greater amount of inert material, which causes a larger fraction
of energy to be lost. Corrections are applied to the electron energy scale and resolution in
MC simulation to account for observed differences between real and simulated Z — ete™
events [49]. The curvature of an electron’s track is used to determine whether it has positive
or negative charge [48].

The quality of an electron object, meaning the likelihood that its cluster and track origi-
nate from an electron as opposed to a jet or a photon, is assessed using identification criteria.
A discriminant is constructed from the likelihoods of the electron object to originate from
signal or background processes, based on probability distributions over many observables
characterizing the properties of the cluster and track. These properties include, for exam-

YRR

ple, the shape of the cluster and the number of tracking hits in the ID. “Loose,” “medium,”
and “tight” working points are defined to broadly characterize the likelihood of an electron
object to have originated from a true signal electron, with a tighter identification criterion
corresponding to a higher likelihood. The efficiencies for a signal electron with Ep = 40 GeV

to pass the loose, medium, and tight identification criteria are approximately 93%, 88%, and

80%, respectively [50].

4.3.83  Photons

Like an electron, a photon also deposits a cluster of energy in the EM calorimeter, but it
does not leave a track because it is not electrically charged. However, about 30% of photons

convert to an electron—positron pair within the ID [51|, creating a pair of tracks called a
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“conversion vertex.” Therefore, a photon is either a cluster matched to a conversion vertex
or a cluster that is not matched to a cluster or to a vertex. The energy of a photon is
estimated in the same way as the energy of an electron, and the same energy scale and
resolution calibrations are applied, with additional photon-specific corrections derived from
7 —ete yand Z — putpy events [48].

Photon identification and isolation are used to differentiate photons from electrons and
jets. The identification criteria are cuts on variables that characterize the shape of the EM

PR

shower in the calorimeter. “Loose,” “medium,” and “tight” working points are defined. For
a photon object with Ep = 40 GeV, the tight working point has an efficiency above 90%
and a misidentification rate below 40% [48]. Photon identification excludes the transition
region of the EM calorimeter [51] because the information about shower shape in this region
is limited. Photon isolation has loose and tight working points. The tight working point
limits energy deposits in the calorimeter within a cone of size AR = 0.4 around the photon’s
direction, and in the tracker within a cone of size AR = 0.2. Calibrations derived from

7 — eTe yand Z — pT Ty events are used to correct observed differences between data

and MC simulation in the shape of the calorimeter isolation distribution [48].

4.3.4  Muons

Muons are reconstructed from tracks in the MS and ID, supplemented with calorimeter mea-
surements. A muon can be reconstructed using measurements from these three systems in
a number of different ways, which are complementary in pp and 7. Tracks map out the
trajectory of the muon through the ID and MS and are matched to recover the trajectory
through the entire detector. Calorimeter deposits consistent with a minimum-ionizing par-
ticle are used to provide coverage primarily in the |n| < 0.1 region, where there is a gap in
MS coverage. Muons are typically reconstructed within |r| < 2.5, which is the coverage of

the ID, but this range can be extended to the MS coverage region of |n| < 2.7. A muon’s
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momentum is measured by the curvature of its track in the magnetic fields within the MS
and ID. Calibrations from Z — puT ™~ events are used to correct differences in momentum
scale and resolution between data and simulation [52].

Prompt muons are distinguished from muons originating from hadrons with identification
and isolation criteria. Muon identification criteria include the number of hits in the ID and
MS, the quality of the track fit, and the compatibility of the ID and MS measurements.

PARNAA

“Loose,” “medium,” and “tight” working points are defined by cuts on these quantities, with
the loose working point having an efficiency of about 98% for muons and below 1% for
misidentified hadrons with pp > 20 GeV [53]. A set of “very loose” criteria is also defined as

a superset of the loose criteria with even higher efficiency.

4.8.5 Jels

Quarks and gluons, collectively known as “partons,” are reconstructed as objects called “jets.”
Because of the color confinement phenomenon described in section 2.1.2, partons cannot be
observed in isolation. As they move away from one another, the potential energy between
them increases rapidly, and it soon becomes energetically favorable for new quark—antiquark
pairs to be created from the vacuum in the space between them [5|. The newly-created
quarks immediately interact with one another and form hadrons. The result is a roughly
cone-shaped “jet” of hadrons forming around what would have been the trajectory of the
individual parton [45]. A “jet clustering” algorithm is used to group hadrons into jets. The
most frequently used algorithm in ATLAS analyses, including the searches presented in this
dissertation, is the anti-k; algorithm, which takes as input a jet radius parameter R defined
in (n, ¢) space [54].

The hadrons within the jet create showers as they pass through the hadronic calorimeter,
and charged hadrons also create tracks in the ID. The showers consist primarily of hadrons,

but can also include leptons and photons. ATLAS uses a “particle flow” algorithm to combine
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measurements from the ID and calorimeter to form signals that, ideally, originate from
individual particles created in the hard scatter process. The energy from the charged particles
in the tracker is subtracted from the calorimeter measurements so they are not counted twice.
The matched tracks and corrected calorimeter clusters are called “particle flow objects,”
which are used to reconstruct jets with R = 0.4 [55]. Jets with R = 1.0, called “large-R” jets,
are also used in some cases. They are reconstructed from “unified flow objects,” which are
created from a hybrid of the particle flow algorithm and a similar approach that solves the
double counting of charged particles via a reweighting procedure instead of subtraction [56,
57].

The energy of a jet is determined by combining the corrected energy of the clustered
calorimeter deposits with the momenta of the matched tracks. The jet energy scale is cal-
ibrated to recover the energy of the single particle from which the jet originated. The
calibrations include subtraction of energy originating from pileup interactions and addition
of energy lost to passive detector material, which are derived from MC simulation. Addi-
tional corrections obtained from events in which a jet recoils against another jet or a different
object, such as a photon, are applied as well. The jet energy resolution is also calibrated,
using a resolution measured in dijet events and noise corrections derived from measuring
residual energy deposits inside random cones equal in size to the jets [58, 59].

Unlike electrons, photons, and muons, jets have substantial mass. Large-R jets in partic-
ular can be very massive. The mass scale and resolution of large-R jets are calibrated using
two methods. The first method uses tracking information to obtain an independent measure-
ment of the jet mass scale and resolution. The second uses the mass scale and resolution of
well-understood particles: W and Z bosons and ¢ quarks. These particles are reconstructed
from jets, and the positions and shapes of the peaks in the large-R jet mass spectrum are
used to assess the mass scale and resolution [59, 60].

The concepts of identification and isolation do not extend to jets, since they are composite

43



objects that can originate from different kinds of particles. However, various “tagging” meth-
ods exists to quantify jet quality. Because pileup interactions create many low-momentum
jets in every collision event, care must be taken to ensure that the jets selected for anal-
ysis originate from the PV. This process is known as “vertex tagging” and is discussed in
section 4.4.1. Although jets originating from different kinds of particles are largely indistin-
guishable from one another, jets originating from certain particles, like b and ¢ quarks, have
special properties that make it possible to differentiate them from jets originating from glu-
ons and other flavors of quark. The process of identifying these jets is called “flavor tagging.”
The searches presented in this dissertation make use of b and bb tagging algorithms, which

are presented in section 4.4.2.

4.3.6 Missing transverse momentum

Missing transverse momentum, E?iss, is reconstructed from the principle of momentum
conservation. In the transverse plane, the momenta of all particles originating from a pp
collision at the PV must sum to zero. This requirement can be used to infer the presence
of particles like neutrinos that are invisible to the detector. The E%iss is calculated as the
sum of two terms: the “hard” term and the “soft” term. The hard term is computed from
the momenta of all physics objects originating from the PV, meaning all leptons, photons,
and jets. The soft term is computed from the momenta of all tracks that originate from the
PV but are not associated with a physics object. The Effniss exists only in the transverse
plane, so it cannot be associated with a momentum vector in three-dimensional space, but
its azimuthal angle, ¢™5 can be determined [61]. The shorthand E%liss = (E%liss, P™MISS) s

used to represent the Elfniss and its azimuthal angle.
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4.4 Jet tagging

4.4.1 Vertex tagging

Jet vertex tagging is used to assess the likelihood that a given jet originated from the PV
as opposed to a pileup interaction. The searches presented in this dissertation use three
different vertex tagging algorithms for jets.

The jet vertex tagger (JVT) discriminant is built from two quantities that individually
provide good discrimination between pileup and hard-scatter jets. The first quantity, Ry,
is the quotient of the scalar sum of the p of the tracks associated with the jet that originate
from the PV and the jet’s reconstructed pr; this quantity peaks at zero for pileup jets,
whose tracks do not primarily originate from the PV. The second quantity is the corrected
jet vertex fraction—another ratio with the same numerator, but whose denominator is the
scalar sum of the p of all tracks matched to the jet, regardless of their originating vertex,
and corrected for the number of vertices in the event. It peaks near zero for pileup jets
and near one for hard-scatter jets [62]. Because the JVT calculation relies on tracking
information, JVT requirements are only imposed on small-R jets that fall within the ID
region of |n| < 2.5. They are also only imposed on jets with pp < 60 GeV, which are more
likely to originate from pileup vertices, and the JVT cut for these jets has an efficiency of
about 93% for hard-scatter jets. The NNJVT algorithm is a next-generation version of JVT
that uses a neural-network—based discriminant. Its efficiency ranges from 80% to 99% for
hard-scatter jets [4].

The forward jet vertex tagger (fJVT) discriminant provides vertex tagging for jets with
2.5 < |n| < 4.5, which are outside the ID volume. This discriminant is computed for each
vertex by calculating the Effniss at that vertex, projecting it onto the pp of the jet, and
normalizing by the squared jet pp. A cut is applied on largest fJVT value of all vertices.

For pileup jets, fJVT tends toward 1, while for hard-scatter jets, it tends toward 0. This
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is because the pp of a pileup jet is expected to be balanced by the Eﬁ«niss at its originating
vertex [63]. The fJVT cut is applied to all jets with || > 2.5 and pp > 50 GeV. It accepts

about 93% of hard-scatter jets and rejects about 58% of pileup jets [2].

4.4.2  Flavor tagging

Flavor tagging is used to identify jets originating from quarks of a particular flavor. The
searches in this dissertation use b tagging to identify small-R jets from single b quarks and
bb tagging to identify large-R jets from collimated bb decays. The presence of b quarks
is identified thanks to the relatively long lifetime of b hadrons in comparison to hadrons
composed of lighter quarks. The result is one or two decays within the jet that are slightly
displaced from the PV, and the presence of these so-called secondary vertices is used to
identify b and bb jets [64].

Single b tagging is the most widely used kind of flavor tagging, and several b tagging
algorithms have been developed and used by ATLAS over the years. The MV2c10 algorithm
was developed for Run 2 and was used in online b tagging; that is, b tagging in the HLT.
It was also used for offline b tagging before more sophisticated algorithms were developed.
The MV2c10 algorithm uses a discriminant built from a multivariate analysis using boosted
decision trees. The input features include the presence of a secondary vertex and its prop-
erties, as well as the features of a reconstructed b hadron decay chain. MC simulated events
of the ¢t process, which produces b jets, ¢ jets, and “light” jets originating from gluons and
u, d, and s quarks. The b jets are treated as signal and the others as background [64]. At
the 77% efficiency working point, 77% of b jets are accepted, and the rejection factors for ¢
jets and light jets are 6 and 134, respectively [2]. Here, a “rejection factor” is the reciprocal
of the acceptance for a particular variety of background jet.

The newest generation of b tagging algorithms uses transformers. The GN2 algorithm

uses a graph neural network to directly infer jet flavor from low-level track and jet inputs,
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without relying on intermediate reconstruction of secondary vertices. Training the network
directly on the tracks allows it access to more finely-grained information and enhances its
discrimination capabilities. The network is trained on MC simulated t¢ events to assess the
probability that a particular jet originated from a b quark, from a ¢ quark, from a 7 lepton,
or is a light jet; these probabilities are labeled py, p¢, pr, and py, respectively. A discriminant

for b jet identification is built from these probabilities:

_1 Py ) .
Do n(fcpc+prT+(1_fC_fT)pU ’ 42

where f. = 0.2 and f; = 0.05 are constant weight factors used to balance the rejection of
the various background jet varieties. Compared to previous algorithms, the ¢ and light jet
rejection is improved by a factor of 2. The GN2 working points are defined by the efficiency
to correctly tag b jets [65].

GN2X is another transformer-based algorithm, similar to GN2, that is used to identify
large-R jets originating from bb decays. The target process is H — bb, but the working
points are designed to provide a constant bb identification efficiency over the mass range
50 < m < 250 GeV. The network is trained on simulated H — bb, H — ¢¢, tt, and multijet
events to assess the probability that a jet originated from a bb decay, from a ¢¢ decay, from
a t quark, or from a multijet event; the respective probabilities are labeled pypl, PHee, Ptops
and pgcp- The discriminant for bb jet identification is constructed similarly to the GN2

discriminant:

Dipp = m( PHbb

, 4.3
JHeePHee + ftopptop + (1 — fHee — ftop)pQCD) ( )

where fHce and fiop are weight factors used to balance the cc and ¢ quark jet rejection. For
the search presented in chapter 6 that uses the GN2X tagger, fye. = 0.02 while fiop = 0,

meaning that ptop is not included in the discriminant. This is to mitigate an observed
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dependence of ptop on the data-taking year. The resulting decrease in ¢ quark rejection
has a small effect on the analysis sensitivity. The GN2X working points are defined by the
efficiency to incorrectly tag jets from multijet events as bb jets, called a mistag rate. At the

0.37% mistag rate working point, the efficiency to correctly tag bb jets is about 55% [66].
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CHAPTER 5
SEARCH FOR INVISIBLE AND PARTIALLY INVISIBLE
HIGGS BOSON DECAYS

Invisible decays of the Higgs boson, denoted H — inv., occur in the SM via the process
H — ZZ* — vovw with a branching fraction of about 0.1% [67]. This is two orders
of magnitude smaller than the current experimental reach of the LHC—the best available
upper limit on the H — inv. branching fraction, from ATLAS results combining the full Run
1 and Run 2 datasets, is 10.7% [68].

With this in mind, current searches for H — inv. are primarily motivated by BSM
scenarios. Of particular interest are those involving dark matter, which is invisible by nature.
Many theoretical models posit the existence of a “dark sector” containing one or more DM
candidates [69]. In “Higgs portal” models, the Higgs boson is the sole link between this
dark sector and the SM [70]. In H — inv. searches at the LHC, the notation H — xx
is frequently used to represent a Higgs decay to DM particles, but the precise nature and
number of invisible particles is open to interpretation.

A different class of DM candidates may be captured by partially invisible Higgs decays.
One example is H — v74, where 74 is a “dark photon.” Dark photons may mediate long-
range interactions in the dark sector, similarly to how light photons mediate electromagnetic
interactions in the SM [71]. Other hypothetical particles may also decay to 774, and searches
for H — 774 can be interpreted in this context as well.

The first ATLAS analysis presented in this dissertation is published in ref. 2. It is a
search for three different processes with the same final state, which consists of two jets with
large pseudorapidity separation, large E%iss, and a central photon. This signature, called
“VBF + EITniSS + 7,7 was chosen to target the invisible decay of a Higgs boson produced via
vector boson fusion (VBF) with a photon emitted during the initial state.

The VBF production mode of the Higgs boson occurs when two quarks from incoming
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(a) H — inv. signal (b) H — 774 signal (c) EW Z(— vv)~jj signal

Figure 5.1: Feynman diagrams representing the three signal processes [2].

protons glance past one another and each emit a W or Z boson, which “fuse” and create a
Higgs boson. When a photon is emitted in the initial state, both bosons must be W bosons,
since Z bosons do not carry electric charge. This process, culminating in the H — inv. decay,
is shown as a Feynman diagram in fig. 5.1a. The initial-state photon requirement decreases
the cross section by about two orders of magnitude compared to VBF production with no
such restriction |72], but dramatically reduces contributions from background processes.

The photon requirement also opens new avenues for interpretation. The H — 4 decay
has a nearly identical signature, so long as the H is produced via VBF as shown in fig. 5.1b. In
addition, one of the largest backgrounds in both the H — inv. and H — 774 interpretations
is electroweak (EW) Z(— vv)yjj production, which had not been observed prior to this
search. The leading Feynman diagram for this process, which accounts for about 85% of its
cross section, is shown in fig. 5.1c; it is the same as the H — inv. diagram shown in fig. 5.1a,
but with the H — xx portion replaced by Z — vv.

Both the ATLAS and CMS collaborations have published other searches for the H — inv.
decay. Prior to the publication of ref. 2, both collaborations had published limits on the
H — inv. branching ratio using combinations of several indepedent searches that used the
full Run 1 data and the 2015-2016 Run 2 data [73, 74]. After the publication of ref. 2,

ATLAS published an updated combination including this and other new Run 2 results [68].
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CMS has also published updated results that include more recent searches [75|, but to date
has not published a search for H — inv. that includes a photon in the initial state.

Both collaborations have also published other results related to the H — vv4 and EW
Z(— vv)~jj interpretations. CMS published earlier limits on the H — ~74 process in the
ZH and VBF production modes [76, 77]. ATLAS later published a search targeting the
Z H production mode [78|, and another targeting the gluon—gluon fusion (ggF) production
mode [79]. CMS published the first observation of the EW Z+jj process using the Z — eTe™
and Z — u" pu— decay modes [80], but has yet to publish a search using the Z — v decay
mode. ATLAS, on the other hand, has published a second search that includes a combination
with the ref. 2 result and enhances the observation sensitivity [3].

This chapter presents the ATLAS VBF + EZEHSS + 7 search and its results. It begins with
a description of the overall analysis strategy in section 5.1. This is followed by a description
of the trigger strategy, physics objects, and event selection in section 5.2. Section 5.3 de-
scribes the background processes and estimation methods. The systematic uncertainties are
described in section 5.4. Section 5.5 presents the statistical analysis and results for all three

interpretations. Finally, conclusions are presented in section 5.6.

5.1 Analysis strategy

All three searches follow the same basic strategy. For each signal process, a signal region (SR)
is defined to target the VBF + E%liss + v final state, in addition to four control regions (CR)
that each target a different group of background processes. A simultaneous fit is performed to
the signal and control regions to extract a signal strength while constraining the background
contributions. The SR and CR definitions for the H — inv. and EW Z(— vv)yjj searches
are the same, while those for the H — 74 search are slightly different to better represent
the kinematics of that process.

For the signal H — inv. and H — 774 processes, both the VBF and ggF production
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(a) Strong Z(— vv)yijj (b) Strong W (— fv)~jj (¢c) EW W(— tv)~ijj

Figure 5.2: Feynman diagrams representing the major background processes |[2].

modes are considered signal even though the search targets the VBF topology. The H — inv.
signal process is modeled using SM H — ZZ* — vvvw events, which are kinematically
indistinguishable from H decays to invisible BSM particles. The H — yv4 process is modeled
for a 125 GeV Higgs boson and for 13 additional masses ranging from 60 GeV to 2TeV,
representing hypothetical BSM scalars. The SR for the H — 74 search is slightly different
from that of the H — inv. search mainly to increase the efficiency for the low- and high-mass
BSM scalars.

All SR and CR definitons are informed by the dominant contributions to the VBF +
E%liss + v final state. In addition to the EW Z(— wv)yjj process mentioned previously,
“strong” Z(— vv)vjj production can occur when a Z boson is produced in a quark—antiquark
collision if the quark and antiquark each emit a gluon and one also emits a photon. W bosons
can also be produced via similar strong and EW processes. W boson decays can produce
E%liss via the W~ — ("7 and W' — {Tv decay modes (where ¢ € e, u,7), which have
a total branching fraction of about 33% [9]. It is possible to decrease contributions from
W(— flv)vjj by vetoing events with an electron or a muon, but this is impossible if the
lepton is “lost” because it falls outside the detector volume or is not reconstructed for other
reasons. Feynman diagrams representing these backgrounds are shown in fig. 5.2.

The CRs are defined to constrain the contributions from Z(— vv)yjj and W (— (v)~jj
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by targeting the events from these processes that fall outside the SR. For Z(— vv)~jj, this
means selecting events with a photon that is not produced centrally; these events are captured
by the “Zl;yLeV.Cen” CR, which is named for its reversal of the photon centrality requirement
in the selection described in section 5.2. For W (— fv)~jj, this means selecting events that
do have a reconstructed electron or muon. The CRs targeting these processes are called the
“Wo, and “ l,/” CRs. The Wy, CR in particular has a difficult-to-measure background
arising from jets that are mistakenly reconstructed as electrons, which is constrained by a

fourth CR, called the “Fake-e CR.”

5.2 Triggers, physics objects, and event selection

The event selection aims to reconstruct the VBF + Efrniss + 7 signature depicted in fig. 5.3,
which consists of two forward jets in opposite detector hemispheres, large E%liss, and one
central photon. This section describes the selection criteria. Section 5.2.1 lists the trigger and
object requirements, section 5.2.2 describes the event selection for the SR, and section 5.2.3

describes the event selection for the CRs.

5.2.1 Triggers and physics objects

The principal triggers used in this search are E%liss triggers with thresholds ranging from 70
to 110 GeV. Using E%liss as opposed to photon triggers enables us to select photons with less
energy than the photon trigger thresholds, which are about 140 GeV. Because this search
targets forward jets, jet triggers have low efficiency and are therefore not used. Triggers
requiring a single electron or muon are used for the Wy, and WJD CRs. The lowest pp
thresholds for these triggers range from 20 to 26 GeV.

The main physics objects used in this search are jets, E%liss, and photons. Events with
an electron or muon candidate are vetoed from the SR. Table 5.1 summarizes the object

requirements for the SR. Overlap removal is performed among all objects using a detailed
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ATLAS

EXPERIMENT

Run: 349111 jj mass: 2568 GeV
Event: 814652241 MET: 296 GeV
mT: 264 GeV
photon pT: 64 GeV

2018-04-29 05:25:35 CEST

Figure 5.3: ATLAS display of the VBF + ErTniSS + v signature in an event consistent with
the signal H — inv. and H — 74 processes [2].

set of criteria outlined in ref. 2.

The jets used are R = 0.4 jets as described in section 4.3.5. As the final state signature
requires two jets with large separation, both central and forward jets are used. Central jets
with pp < 60 GeV must pass the JVT discriminant, while the leading two forward jets must
pass the fJVT discriminant, both described in section 4.4.1. Only jets with pp > 25 GeV
are included, and higher pr requirements are imposed on the forward jets during the event
selection.

The definition of EITniSS is given in section 4.3.6. Crucially for this search, the E'ZEHSS
calculation does not include jets with pp < 60 GeV that fail the JVT requirement, which
means that “fake” E%liss may be created by jets failing the requirement being omitted from

the calculation. It is possible to remove many of these events by applying a cut to the
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Table 5.1: Object requirements for E%liss, photons, central and forward jets, electrons, and
muons in the SR.

Requirement
Attribute E%liss Photons Forward jets Central jets Electrons Muons
Number — 1 2 or 3 total jets 0 0

Minimum Ep 150 GeV — — — — _—
Minimum pp — 15GeV 50, 60 GeV 25 GeV 4.5 GeV 4 GeV

Minimum |n)| — 0 0 2.5 0 0
Maximum |7| — 2.37 2.5 4.5 2.47 2.7
Vertex tagging — — fJvVT JVT — —
Identification — Tight — — Loose Very loose
Isolation — Tight — — None None

quantity Eﬂfts’no_jw, which is the magnitude of the sum of all jet momenta, including jets
that fail the JVT requirement so long as they have pp > 20GeV. For the CRs with the
lepton veto inverted, the quantity E%l S31epTm 5 Jofined to estimate what the E%iss would
be if the lepton were lost; it is calculated from the sum of E%liss and the lepton’s momentum.

Photons, electrons, and muons are reconstructed as described in section 4.3.3, sec-
tion 4.3.2, and section 4.3.4, respectively. Photons are required to fulfill the “tight” identifi-
cation and isolation criteria. For the purposes of the SR veto, electrons and muons have very
low pr thresholds, are required to meet only “loose” or “very loose” identification criteria, and
have no isolation requirements applied. For the W, le, and Fake-e CRs, pp > 30 GeV

is required for the lepton, and tighter identification and isolation requirements are applied.

Full details on the requirements for CR leptons may be found in ref. 2.

5.2.2 SR event selection

Events must pass one of the E%iss triggers described in section 5.2.1. After this trigger

requirement, events must contain exactly two or three jets with pp > 25 GeV, exactly one

photon, and no electrons or muons, using the object definitions summarized in table 5.1.

The leading jet must have pp > 60 GeV and the subleading jet must have pp > 50 GeV.
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To ensure orthogonality with t¢H — inv. searches, no more than one b tagged jet may be
present, using the 77% working point of the MV2c10 algorithm described in section 4.4.2.
The b tagging veto has a negligible effect on this search’s sensitivity.

The VBF signature must be present in each event. The leading two jets must have
pseudorapidity separation |An(ji,j2)| > 3.0 and lie in opposite longitudinal hemispheres,
meaning 7;, 75, < 0. The dijet pair formed from these two jets must also have large invariant
mass, mjj; > 250 GeV. Finally, they must not be back-to-back in the transverse place, defined
by a maximum allowed value of A¢(ji,j9), which is 2.5 for the H — inv. SR and 2.0 for
the H — 74 SR. This requirement reduces background from multijet events, which tend to
have large azimuthal separation. The difference in the cut value between the SRs accounts
for the different origin of the photon in the H — vv4 decay.

For events with a third jet present, it must be consistent with final-state radiation from
one of the two leading jets. The VBEF signal process is characterized by limited hadronic
activity in the gap between the two characteristic jets in contrast to the background QCD
multijet and strong Z(— vv)vjj and W(— lv)~jj processes. This requirement is enforced

via a cut on the centrality of the third jet, with centrality defined by

4 Mi, + M 2
Ci=exp| —— <77- — g) . (5.1)
' ( (75, _7732)2 Z 2

Here, C; represents the centrality of some object i relative to the leading and subleading jets.
C; approaches 1 when the object approaches perfect centrality and e~ 1 when it approaches
alignment with either jet. The centrality requirement for the third jet is Cj, < 0.7.

Next, requirements are imposed on the Ell?iss. The trigger thresholds influence the min-
imum ErrfniSS requirement, which is 150 GeV. This threshold ensures an overall trigger effi-
ciency of 97% for the H — inv. signal. We also require Eéﬁts’no_jw > 130 GeV to exclude
multijet events with large “fake” E%iss created by pileup or vertex tagging inefficiencies. The

direction of the E%iss must also be well separated from all jets in azimuth, meaning it must
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satisfy A¢(E%1iss, j) > 1 for all selected jets, to further reduce backgrounds from fake E%niss
created by pileup jets.

Finally, the event must contain exactly one photon. The photon must be central, defined
by Cy > 0.4. To reduce contributions from pileup, its momentum must intersect with the
beamline no more than 250 mm from the PV. A maximum pp requirement is also imposed
to reduce contributions from multijet events with a high-energy photon, described further in
section 5.3. For the H — inv. SR, the requirement is pp < 110 GeV. For the H — yv4 SR, it
is relaxed to p1 < 0.733m , where mT is the transverse mass of the H candidate consisting
of the photon and the ErTniSS, if mp > 150 GeV. This enhances the search sensitivity at large
mT and therefore allows us to probe more massive scalar mediators. In the H — inv. SR,
we require Aé(ﬁ%iss, 7) > 1.8 to ensure that the photon and Efl?iss are back to back; this

requirement is dropped in the H — ~~4 search to enhance the sensitivity at low m.

5.2.83 CR event selection

The event selection for the CRs is the same as the SR, but with one or two changes made

to increase the selection efficiency for events of a particular background process.

Wy, CR

The SR lepton veto is replaced with the requirement that the event contain exactly one muon
with pp > 30 GeV. Events with electrons are vetoed. The E%iss requirement is replaced by

EMISSICPTN 450 Gev.

W2, CR

The SR lepton veto is replaced with the requirement that the event contain exactly one

electron with pp > 30GeV. Events with muons are vetoed. The E%liss requirement is
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iss,lep-rm
s,
T

replaced by > 150 GeV. An additional requirement on the proper Ell?iss is

enforced, E%iss > 80 GeV, to reduce contributions from events with fake electrons.

Fake-e CR

The SR lepton veto is replaced with the requirement that the event contain exactly one
electron with pp > 30GeV. Events with muons are vetoed. The E%iss requirement is
replaced by E%l issleptm 150 QeV. This CR targets events with fake electrons, so the
requirement E%liss < 80 GeV is imposed.

Y
7% o CR

ev.Cen

The photon centrality requirement is inverted: Cy < 0.4. This CR targets the strong

Z(— vv)vjj and v + jet backgrounds.

5.3 Background estimation

The majority of the background contributions in both the H — inv. and H — ~y7yq searches
are the strong and EW Z(— vv)vjj and W (— {fv)~jj processes mentioned in section 5.1.
Together, these backgrounds make up about 90% of expected events in the H — inv. search
and about 60% of expected events in the H — ~74 search. These backgrounds are estimated

using MC simulation and constrained using the Wy, WJV, and Zg{ CRs. They are

ev.Cen
abbreviated as “Strong V +~+” and “EW V + ~,” where V' can be either Z or W.

Much smaller bacgkround contributions arise from ¢ quark processes, including ¢t pro-
duction in association with a photon, and from W and Z production in association with two
photons. These backgrounds are grouped together as “tty/V~v” and are estimated using
MC simulation. They account for about 2% of events in the H — inv. SR and about 4% of

events in the H — 774 SR.
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Like all analyses with jets in the final state, there is a background from events with
multiple jets, which we call “y+ jet” to refer to the presence of the photon. This background
is less than 1% in the H — inv. search and about 4% in the H — 74 search; this is a factor
of ten smaller than the multijet background in other H — inv. searches, such as the ATLAS
search presented in ref. 81, thanks to the photon requirement. It is relatively uncommon for
multijet events to have substantial Errfniss. However, if a jet’s momentum is reconstructed
incorrectly, the E?iss may become large enough for the event to pass the selection. This
effect is accounted for in the jet smearing procedure used to estimate the v+ jet background,
which is described in section 5.3.1.

Reconstruction difficulties also underlie the remaining background contributions. In some
cases, a jet or an electron may be misreconstructed as a photon. We refer to the backgrounds
from these effects as “jet — +” and “e — ~,” respectively. They originate from events with
a W or Z boson produced in association with jets; one of the jets or an electron from the
W or Z decay may be reconstructed as a photon. Because MC simulation cannot reliably
reproduce these effects, they are estimated using partially data-driven techniques. The
jet — 7 background is estimated using an ABCD extrapolation method, and the e — ~
background is estimated using a fake rate method. Descriptions of these methods may be
found in ref. 2. The jet — ~ background is about 2% in both SRs, while the e — ~
background is about 7% in the H — inv. SR and about 33% in the H — ~v4 SR. The
large difference in the e — v background is due to the looser photon p requirement in the
H — vv4 SR and the removal of the AQS(E%ﬂSS, ) cut.

The background composition of the H — inv. SR is shown in fig. 5.4, and the background
composition of the H — 774 SR is shown in fig. 5.5. An additional background from jets
misreconstructed as electrons, called “jet — e,” shows up only in the W, CR and in the
Fake-e CR, the latter of which is designed to constrain these contributions. The actual

processes contributing to this background include v + jet events with one jet faking an
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Process Fraction

B Strong Z 4+~  31.69%
EW Z 4+~ 30.75%
B Strong W+~ 20.60%
EW W +~ 5.64%
W ity /Vyy 2.30%
Wy +jet 0.48%
H ey 6.93%
jet — v 1.62%

Figure 5.4: Background composition in the H — inv. SR.

Process Fraction
B Strong Z 4+~  14.56%
EW Z 4+~ 14.35%
B Strong W+~ 22.08%
EW W +~ 6.81%
W ity /Vyy 3.54%
By +jet 3.75%
H ey 33.07%
jet — v 1.83%

Figure 5.5: Background composition in the H — yvy4 SR.

electron and multijet events with one jet faking a photon and another faking an electron.

This background is estimated using a fake rate method.

5.3.1 Jet smearing method for v + jet background

In v + jet events, true E%iss can only arise from decays of “heavy flavor” hadrons within
jets. Heavy flavor hadrons contain b or ¢ quarks and can decay to final states including
neutrinos. It is rare for the E%liss created from these decays to be large. Studies of simulated
v + jet events suggest that 85% of them have truth E%niss below 100 GeV. Therefore, the
reconstructed E%liss in selected v + jet events originates primarily from mismeasurement of

jet momenta.
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One of the limitations of v+ jet MC, and multijet MC in general, is the number of events
we are able to generate. The cross section for the v + jet process is huge, so even samples
with tens of millions of events must have large event weights. The events in the samples
used for this search had an average weight of about 20. These statistical limitations make it
impossible to obtain accurate estimates of the number of v+ jet events in the SR, must less
draw any conclusions about the shapes of their distributions in any observable of interest.

This search uses a jet smearing technique to effectively increase the statistics of the v+ jet
MC samples. The “smearing” consists of reproducing the effects of imperfect momentum
reconstruction on truth jets by sampling pp, ¢, and 7 offsets from measured distributions.
The truth E%iss in each event is resampled as well. The events used for the smearing
must pass a looser set of requirements than the SR event selection; in particular, the pt
requirements for the leading and subleading jets are lowered to 50 and 30 GeV, respectively,
and no E%iss requirement is imposed. The smearing is only applied to jets that pass certain
isolation requirements and are matched to a truth jet within AR < 0.3. Each event is
smeared 20 times.

The jet pr is smeared according to the jet energy response, which characterizes the

accuracy and precision of the jet energy measurement. The jet energy response is defined by

reco

Pt

R = truth’ (5.2)

bt
where pif®® is the pr of a reconstructed jet and p?lf“th is the pp of the closest truth jet. R is
measured in bins of pfrruth. The distributions tend to have a core that is roughly Gaussian

and asymmetrical tails. They also tend to be biased, meaning that their peak is not at R = 1,
especially in the low ptT““h bins, because reconstructed jets with pfr® < 25 GeV were not
retained. Each R distribution is fit to the sum of two Gaussians, and the result is adjusted

so its peak is at R = 1. Figure 5.6 shows the biased and corrected R distributions for each

of the five p%mh bins in events simulated in accordance with 2018 detector conditions.
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Figure 5.6: Fits of jet energy response R in simulated v + jet events for each range of truth
jet pp. “Biased” represents the raw fit result, and “Corrected” represents the result after
correcting the distribution so it peaks at R = 1.

The jet n and ¢ are smeared using Gaussian distributions consistent with the angular
resolution of jet momenta in Run 2 data, and the jet mass is not smeared. The elements of

a jet’s smeared four-momentum are set as

p%meared _ Rp’glfum’ (5.3)
pemeared _ reco 4 5 (5.4)
¢smeared — preco 4 Qg (5.5)
pSmeared _ mTeco. (5.6)
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Figure 5.7: Distributions of truth E%iss and of A¢ between the truth E%liss and the nearest
jet in simulated v + jet events.

where R is a value drawn from the R distribution appropriate for pi“rrmh, and 7 and é are

drawn from the angular resolution Gaussian distributions. The JVT and fJVT scores are
recalculated for each smeared jet. In addition, smeared jets are removed if pSTmeared < 25GeV
or if they overlap with the photon.

The truth EI%HSS in each smeared event is resampled by generating a random truth E&‘niSS
value and direction. This is achieved by sampling from the truth E%iss distribution and
the distribution of A¢ between the E%ﬁss and the nearest jet. Both distributions are shown
in fig. 5.7. The nearest jet is also randomly assigned. Then the reconstructed E%liss is
recalculated by subtracting the original truth E%iss and adding the sampled E%iss, and is
subsequently corrected for the changes in jet momenta.

Distributions of critical observables in smeared events are validated by comparing them
to original v+ jet MC events passing a subset of the event selection criteria. Comparisons of
the E%liss, jet pr, and my; distributions are shown in fig. 5.8. The agreement is acceptable

everywhere except at low and high jet pp. Because the v + jet background is small and is
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Figure 5.8: Normalized distributions of E%liss, jet pr, and mj; for smeared and original (i.e.,
unsmeared) v + jet events.

assigned a large uncertainty, we did not attempt to improve the modeling.

A “Low—E%iSS” VR is defined to estimate the overall normalization of the v + jet back-
ground. The selection criteria for this VR are identical to that of the SR except we require
110 < E%iss < 150GeV and 0.25 < mj; < 1.0TeV, and we do not apply the Eéfts’no_jw
requirement or the upper bound on the photon pp. The normalization factor is calculated
from the ratio of observed and expected events after subtracting contributions from other
backgrounds and found to be 0.91 4 0.36, where the uncertainty is statistical only.

A systematic uncertainty is assessed by varying the smearing procedure in several ways,
such as using the biased jet energy response functions, skipping the E%iss resampling, and
applying weights to correct the p distribution above 90 GeV. The spread of these variations
is about 40%. An additional 75% uncertainty is applied to account for the extrapolation
of the Ell?iss trigger efficiency from the SR to the LOW—Errl’E1iSS VR. Including the statistical

component, the total uncertainty in the v + jet background estimate is 94%.

64



5.4 Systematic uncertainties

Sources of systematic uncertainty in this search may be divided into three major groups: the-
oretical uncertaintites, experimental uncertainties, and background estimation uncertainties.
Theoretical and experimental uncertainties affect both the background and signal processes,
while the background modeling uncertainties affect only the background processes estimated
using data-driven methods. This section describes all sources of systematic uncertainty and
how each is assessed. Theoretical uncertainties are described in section 5.4.1, experimen-
tal uncertainties are described in section 5.4.2; and background modeling uncertainties are

described in section 5.4.3.

5.4.1 Theoretical uncertainties

Theoretical uncertainties are most relevant for the V 4 ~ processes, in both the strong
and EW production modes. QCD factorization and renormalization scale uncertainties are
assessed by varying each by a factor of 0.5 or 2, separately and together, for a total of seven
variations; the envelope of the overall difference in yield of each process ranges from about
25% to about 56% for the strong V' + v processes, and from about 3% to about 11% for the
EW V 4+~ processes. Uncertainties from parton shower modeling are assessed using the scale
variations for the strong V' + v processes and by varying the shower modeling parameters for
the EW V + ~ processes; they range from 4% to 15%. Parton distribution function (PDF)
uncertainties are assessed using variations of the PDF set and are smaller than a few percent
overall.

Some contributions to the V' + 7 theory uncertainties only apply to specific processes.
For the Z(— vv)yjj process, an additional uncertainty arises from interference between the
strong and EW production modes, which is assigned to the EW Z(— vv)~vjj process in the
fit. This uncertainty is no more than 22% of the EW Z(— vv)~vjj yield in each bin. Finally,

for the strong V' + v processes, an uncertainty due to the choice of MC generator is assessed

65



by comparing the difference in shape and normalizaion between events from two different
generators. This uncertainty is no larger than 20% in each bin.

Theoretical uncertainties for the VBF H — inv. signal samples are comparatively smaller.
The envelope of the seven factorization and renormalization scale variations corresponds to an
overall systematic uncertainty of about 1-2%. Uncertainties from parton shower modeling are
assessed by comparing the differences between events showered using two different generators,
and they range from 2% to 8%. Uncertainties from the choice of PDF are assessed using
variations of the PDF set and are about 1-2%.

Theoretical uncertainties for the VBF H — ~~q signals are slightly larger than for VBF
H — inv. and depend on myy, since this process is also modeled for BSM mediators. The
factorization and renormalization scale uncertainties range from about 1% to 3%. The
parton shower uncertainties are assessed by comparing two different generators, and range
from 2% to 4%. The PDF uncertainties are no more than 2% in each bin. An additional 2%
uncertainty from EW corrections at next-to-leading order is assessed for the my = 125 GeV
sample.

For both the H — inv. and H — 774 signals, the ggF production mode is included in
the signal, although its contribution to the SR is subdominant. For the H — 774 process,
the ggF contribution is about 20%. Theoretical uncertainties from the ggF H — inv. and
H — ~7v4 samples are dominated by the factorization and renormalization scale variations,

which range from 20% to 30%.

5.4.2  FExperimental uncertainties

Uncertainties are associated with the reconstruction of all physics objects listed in table 5.1.
Jet energy scale, energy resolution, and vertex tagging uncertainties are assessed. Uncertain-
ties in the electron and muon veto requirements are taken into account for events in the SR

and lexev.C on CR, while uncertainties in electron and muon identification, isolation, energy
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scale, and energy resolution are taken into account for events in the Wy, and le CRs. In
the SR and all CRs, photon identification, isolation, energy scale, and energy resolution are
included. For the E%liss, the uncertainties from the reconstruction of the other objects are
factored into the calculation, and additional uncertainties in the E%liss scale and resolution
are applied as well.

The E%liss triggers described in section 5.2.1 are not perfectly efficient at the selec-
tion threshold of 150 GeV. Uncertainties are assessed to account for differences in effi-
ciency between data and MC simulation. These differences range from about 3-6% near
E%HSS = 150 GeV to below 0.4% for E%liss > 200 GeV, and are applied as corrections to the
simulated events. The uncertainties in the corrections range from 1-4% and originate from
the statistical imprecision of the data used to derive them.

Additional sources of experimental uncertainty include pileup modeling and the lumi-
nosity measurement. The uncertainty in the integrated luminosity measurement for the
combined 2015-2018 dataset was 1.7% at the time of this search. These uncertainties are

small compared to those associated with object reconstruction.

5.4.8 Background modeling uncertainties

Dedicated uncertainties are assessed for the estimates of the backgrounds that arise from
misreconstruction: 7y + jet, jet — 7, e — 7, and jet — e. The uncertainty in the v + jet
background estimate is assessed as described in section 5.3.1; the total uncertainty in this
background estimate is 94%. The jet — 7 background uncertainty is assessed by varying
the photon identification and isolation requirements used to define the regions used for the
ABCD method extrapolation; the total uncertainty ranges from 80% to 90%. The e — ~
contribution is assessed using a fake rate method, and the uncertainty in the fake rate, which
is assessed by varying a number of factors in its estimation, ranges from 30% at pp = 15 GeV

to 15% at pp = 100 GeV. The jet — e background contributes only to the W), and Fake-e
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CRs; its uncertainty is about 80% in the H — inv. search and about 40% in the H — 74

search.

5.5 Statistical analysis and results

As mentioned in section 5.1, a simultaneous fit is performed to the signal and control regions
in each search. In general, each background process is assigned a normalization factor that
may be fixed to unity or allowed to float in the fit. Because the CRs are enriched in back-
ground events, their higher event yields and smaller theoretical uncertainties enable a much
more precise background estimate than would be possible in the SR alone. All systematic
uncertainties are correlated across the SR and CRs. Different discriminant variables are used
in the fits for each signal process to optimize sensitivity.

This section describes the fit strategies used for each of the three signal processes and
their results. The EW Z(— wv)yjj search is the simplest to describe, so it is presented
first in section 5.5.1 as a segue to the other interpretations. Next, the H — inv. search is

described in section 5.5.2. Finally, the H — 74 search is described in section 5.5.3.

5.5.1 Search for EW Z(— vv)yjj

As mentioned in section 5.1, the EW Z(— vv)vjj interpretation uses the same SR and CR

definitions as the H — inv. search. The SR and CRs are binned in m;;, the invariant mass

1)’
of the two VBF jets, because this observable differentiates well between the signal EW and
background strong Z(— vv)vjj processes. The normalization factors for the EW Z(— vv)~jj
signal, the strong Z(— wvv)vjj background, the total W(— fv)~vjj background, and the
jet — e background are allowed to float in the fit, while those for the other backgrounds are
fixed.

Figure 5.9 shows the post-fit m;; distribution in the SR and all CRs. The data and post-

fit predictions have excellent agreement in every single bin, even within the data statistical
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Figure 5.9: Post-fit results for all m;; SR and CR bins in the EW Z (— vr)7yjj cross section
measurement. The lower panel shows the ratio of data to the sum of all predicted contribu-
tions and a comparison of the pre-fit and post-fit predictions [2].

uncertainty. The best-fit normalization factors for the EW Z(— vv)vjj signal, the strong
Z(— vv)vjj background, and the total W (— fv)vjj background are all consistent with unity,
while the best-fit normalization factor for the jet — e background is about 1.6. The difference
between the pre-fit and post-fit distributions is shown as a ratio. The pre-fit agreement is
also very good, and the difference between pre-fit and post-fit is small.

The best-fit value of the EW Z(— vv)vjj normalization factor, called the “signal strength,”
is

17y = 103 % 0.16(stat.) + 0.19(syst.) + 0.02(lumi.). (5.7)

Compared to the background-only hypothesis of Zypw = 05 the measured signal strength
corresponds to an observation of the EW Z(— vv)~jj process with an observed significance
of 5.20. The expected significance is 5.1¢0. Table 5.2 tabulates the contributions to the 1o

uncertainty in fzyp.- The data statistical uncertainty of 0.16 makes the largest contri-
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Table 5.2: Contributions from different groups of systematic uncertainties to the 1o uncer-
tainty bands of the best-fit pz,, . value and on the 95% CL upper limits on B(H — inv.)
and B(H — vvq) 2]

lo uncertainty

Source HZygy BH —inv.) B(H — y7q)
Jet scale and resolution 0.076 0.045 0.0011
V'~ + jets theory 0.067 0.044 0.0018
Pileup 0.040 0.021 0.0004
Photon 0.035 0.031 0.0011
e — 7, jet = e, and jet — v backgrounds  0.035 0.034 0.0028
Lepton 0.027 0.003 0.0008
ERS 0.023 0.018 0.0003
Signal theory shape 0.020 — —
Signal theory acceptance 0.12 — —
Data statistics 0.16 0.11 0.0056
W~ + jets and Zv + jets normalization 0.073 0.013 0.0004
MC statistics 0.063 0.046 0.0026
Total 0.25 0.15 0.0073

bution, followed closely by theoretical uncertainties in the signal prediction, which have a
combined uncertainty of about 0.12.
The best-fit value of pz, . is used to extract a two-sided confidence interval for the

fiducial cross section. The measured value is
U%%—)VV)’}/EW = 1.31 £ 0.20(stat.) £ 0.20(syst.) fb, (5.8)

using the fiducial region defined in ref. 2. This is in good agreement with the theoretical
cross section calculated by MADGRAPH [82|, which is 1.27 4+ 0.17 fb.

This observation of EW Z(— vv)vjj is more significant than a dedicated ATLAS search
published one year later in ref. 3. The dedicated search has an observed significance of 3.20
and an expected significance of 3.70. The two searches are orthogonal in photon pp, with

the dedicated search relying on photon triggers and requiring a photon with pp > 150 GeV
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to increase the search’s sensitivity to anomalous quartic gauge couplings. This is the largest
difference between the selection criteria of the two searches and is the primary driver for
the difference in significance. The signal-to-background ratio of the EW Z(— vr)yjj SR
in the VBF + E%liss + 7 search is approximately 30%, while in the dedicated search it is
approximately 10%. The searches are complementary, and a combination was performed
to increase the overall significance of the observation. The observed significance of the

combination is 6.30, and its expected significance is 6.60.

5.5.2  Search for H — inv.

The H — inv. search uses a dense neural network (DNN) classifier to discriminate between
signal and background processes. The classifier is trained on a mixture of labeled signal
and background events that pass loosened selection criteria for the SR and CRs. The input
features are a selection of kinematic observables constructed from the E%iss, the photon
candidate, and the leading two jets. The trained classifier processes these observables for
selected events and assigns each a “DNN score” from 0 to 1, with lower scores assigned to
background-like events and higher scores assigned to signal-like events. Binning the SR and
CRs using this DNN score provides an improvement in sensitivity of about 20% compared
to the mj; binning used for the EW Z(— vv)vjj search.

Another difference between the statistical analyses for the H — inv. and EW Z(— vv)~jj
searches is which normalization factors are allowed to float. For the H — inv. search, the
normalization factors for W(— fv)vjj and jet — e are allowed to float like in the EW
Z(— wvv)yjj search, but the normalization factors for both strong and EW Z(— vv)~jj
are fixed to unity. For EW Z(— vv)~jj, this is because its DNN score distribution is so
similar in shape to the H — inv. signal that allowing its normalization to float would
have a detrimental effect on the signal strength. For strong Z(— vv)~jj, allowing it to

float would slightly improve the constraints on the theoretical uncertainties associated with
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this background, but would also slightly degrade the signal strength. The benefit does not
outweigh the cost, so it is fixed. The normalization factors for these backgrounds were found
to be consistent with unity in the EW Z(— vv)~jj fit.

Figure 5.10 shows the post-fit DNN score distribution in the SR and all CRs. The last
two bins of the Z&ev.cen CR are merged into one because there are no background events in
this CR with DNN score above 0.8. Agreement between data and the post-fit background-
only prediction is good, with a slight discrepancy in only one of the 19 bins. The lack of an
excess in the SR means that the H — inv. process is not observed. It is shown scaled to the

observed 95% CL upper limit:
; +0.15
B(H — inv.) < 0.37 (0.347 7, expected). (5.9)

The largest source of uncertainty is the data statistical uncertainty, which accounts for
about 75% of the 1o uncertainty. All uncertainty contributions are listed in table 5.2, which
shows that the remaining uncertainty is due primarily to the MC statistical uncertainty, jet
reconstruction systematics, and theoretical uncertainties in the Z(— vv)~jj and W (— (v)~vijj

background predictions.

5.5.83 Search for H — vy

For the H — 774 search, the SR and CRs are binned in the transverse mass m of the
E%liss and the photon, which is a proxy for the mass of the H or BSM mediator. The SR
and all CRs are divided into two regions, one with m;; < 1TeV and one with mj; > 1TeV,
which are more sensitive to the ggF' and VBF production modes, respectively. Both the
ggF and VBF production modes are simulated for a 125 GeV Higgs mediator, while only the
VBF mode is simulated for mediators of other masses. The same background normalization

factors are fixed as for the H — inv. search, although allowing them to float does not affect
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Figure 5.10: Post-fit results for all DNN SR and CR bins in the search for H — inv. The
H — inv. signal is overlaid, scaled to a 37% B(H — inv.). The lower panel shows the ratio
of data to the sum of all predicted contributions and a comparison of the pre-fit and post-fit
predictions [2].

the fit results within two significant digits.

Figure 5.11 shows the post-fit mp distributions in the H — yy4 SR. The CRs are shown
inclusively in the figure, although they use the same 10 bins as the SR in the fit. Agreement
between data and the post-fit background-only prediction is reasonable overall, but the pre-
fit to post-fit ratio suggests that the prediction in the high-mT bins and the dev_c on CR
is too high. The theoretical uncertainties in the Z(— vv)~vjj predictions are highest when
mT is large, which may contribute to the discrepancy. No evidence of 774 production is
observed for any scalar mediator mass. Signals for 125GeV and 500 GeV mediators are
shown as examples, scaled to the arbitrary branching fractions of 2% and 1%, respectively.

The same two mass hypotheses are shown in the inclusive SR in fig. 5.12, which demon-

strates the deficit in the high-mT bin. Because of this deficit, the observed exclusion power
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Figure 5.11: Post-fit results for the ten (mj;, m) bins in the SR for the H — ~7q search,
and the CRs shown inclusively. The H — ~74 signal is overlaid for two mass hypotheses.
The lower panel shows the ratio of data to the sum of all predicted contributions and a
comparison of the pre-fit and post-fit predictions [2].

is significantly better than the expected for mediator masses above the bin’s low edge of
350 GeV. This is reflected in fig. 5.13, which shows observed and expected 95% CL upper
limits on the VBF H — ~74 cross section for my values ranging from 60 GeV to 2TeV.
Theoretical predictions for a 5% B(H — v74) are overlaid to aid in interpreting these limits
as a branching fraction. A 5% branching fraction is ruled out for all mpy < 1.5 TeV.

For mpy = 125 GeV, observed and expected 95% CL upper limits are set on B(H — vy74),

considering both the VBF and ggF production modes:
+0.007
B(H — v74) < 0.018 (0.0177 (o5 expected). (5.10)

The data statistical uncertainty has the largest contribution to the 1o uncertainty, with the
remaining contributions arising primarily from the MC statistical uncertainty and the v+ jet
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Figure 5.12: Post-fit mp distribution in the inclusive H — vv4 SR with two example mass
hypotheses overlaid. Events with mp > 500 GeV are included in the final bin [2].

background estimation uncertainty. All contributions are shown in table 5.2. The search is
far more sensitive to the VBF mode by design, which is illustrated by the 95% CL upper

limits on the product of each cross section and the branching fraction:

o(VBF H — ~74) > 0.064pb (0.064700%9 pb expected), (5.11)

o(ggF H — y7q) > 10.2pb (7.373:4 pb expected). (5.12)

5.6 Conclusion

This search, targeting the VBF + E%liss +~ final state, uses 139 fb~1 of data collected by the
ATLAS detector at /s = 13TeV during Run 2 of the LHC. The search primarily targets

the H — inv. and H — 774 processes, but also presents the first observation of the EW
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Z(— vv)~jj process. The H — inv. process is not observed, and a 95% CL upper limit
on its branching ratio is set at 37%. The H — ~7v4 process is not observed for any Higgs
boson or BSM mediator mass between 60 GeV and 2TeV. The search results exclude values
of the product of the VBF H production cross section and the H — 74 branching ratio
from 0.15pb for myg = 60 GeV to 3tb for my = 2TeV. For my = 125GeV, a 95% CL
upper limit on the H — 774 branching ratio is set at 1.8%. The EW Z(— vv)~jj process is
observed with a significance of 5.2¢. A combination with a later ATLAS search [3] increases

the significance to 6.60.
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CHAPTER 6
SEARCH FOR NEW SCALAR RESONANCES PRODUCED IN
ASSOCIATION WITH A HIGGS BOSON

Many proposed extensions of the SM include an “extended Higgs sector” that contains one
or more BSM scalar fields. These models are intended to rectify specific limitations of the
SM mentioned in section 2.4, such as the hierarchy problem that arises from the low mass
of the Higgs boson [83]. An extended Higgs sector may arise by manually adding scalar
fields to the SM Lagrangian, or as a natural consequence of more general SM extensions like
supersymmetry. These models may also answer other questions the SM does not by virtue of
containing, for example, dark matter candidates and explanations for the matter—antimatter
asymmetry [84-86.

An extended Higgs sector may contain any number of BSM scalar or pseudoscalar bosons
with properties that may, in general, be different from the SM Higgs. One such difference is
the mass of the additional boson or bosons, but they may be even more exotic—for example,
they may have nonzero charge. However, models with additional bosons that are identical to
the 125 GeV Higgs in all properties except mass are arguably the simplest. In any case, the
BSM bosons are expected to interact with the 125 GeV Higgs, so it can be used as a candle
to illuminate search avenues that may lead to the discovery of an extended Higgs sector.

The second ATLAS analysis presented in this dissertation is published in ref. 4. It is a
search for the X — SH — bbbb process, where X and S are scalar resonances and H is the
SM Higgs boson. This search identifies both S and H through their respective decays to a
bottom quark—antiquark pair, S — bb and H — bb. Because it is not possible to differentiate
between jets originating from b and b in the ATLAS detector, in this context we make no
distinction between the two and refer to the bb final state by the shorthand “bb.” Figure 6.1
shows the Feyman diagram for the X — SH — bbbb process, including the production of X

via gluon—gluon fusion.
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Figure 6.1: Feynman diagram of the X — SH — bbbb process, initiated by gluon—gluon
fusion [4].

A search for H in the bb final state has the advantage of a larger cross section than other
decay modes, because H decays most frequently to bb with an expected branching ratio of
about 58% [67]. The S — bb branching fraction depends on both its mass and the theoretical
model under consideration, but is always nonzero if S has the couplings expected of a Higgs
boson.

This search does not target a particular theoretical model, but processes equivalent to
X — SH are included in several noteworthy models with extended Higgs sectors. Ex-
amples include the SM extended by two real singlets (TRSM) [87] or a single complex
singlet (CxSM) [84], the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [85,
88|, the complex Two-Higgs Doublet Model (2HDM) [89], and the 2HDM extended by a
real or complex scalar singlet [86, 90, 91|. The results of this search may rule out certain
configurations of these models.

The X — SH decay is kinematically feasible when myxy > mg + mpy. This search
targets my between 300 GeV and 6 TeV and mg between 70 GeV and 5TeV, but excludes
mg near 125 GeV. In ATLAS, the mg ~ my mass range is covered by dedicated searches
for the X — HH process, which are optimized for the symmetry of that decay. Recent
ATLAS searches for the X — H H process using the full Run 2 dataset include the bbbb final
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state [92-94]. The CMS Collaboration has also published a dedicated X — HH search in
this final state using their full Run 2 dataset [95].

This is the first ATLAS search for the X — SH — 4b process, but searches for X — SH
in various final states have already been published by the ATLAS and CMS experiments. AT-
LAS has published searches in the VV 77 [96], bby~ [97, 98], VV v (99|, and HH H — 6b [100]
final states, and CMS has published searches in the 4b [101, 102], bbr7 [103], bby~y [104, 105],
yy71T [106], and VVbb [107] final states. The search presented here is competitive with the
CMS bbbb results.

This chapter presents the ATLAS X — SH — bbbb search and its results. An overview
of the search, highlighting its most important attributes and the overall analysis strategy, is
given in section 6.1. This is followed by a description of the trigger strategy in section 6.2,
then a description of the physics objects and event selection in section 6.3. The background
estimation is explained in section 6.4. Section 6.5 describes the systematic uncertainties and
how they are assessed, and a description of the statistical analysis follows in section 6.6.

Finally, the results are presented in section 6.7, and the chapter is concluded in section 6.8.

6.1 Analysis strategy

Samples of MC simulated X — SH — bbbb events are generated for each (mg, mx) pair
shown in fig. 6.3. As explained previously, the range 100 < mg < 170 GeV is not included
because it is covered by dedicated HH — 4b searches. For simplicity, only the gluon—gluon
fusion production mode for X is simulated. The narrow-width approximation is used for
both the X and S resonances, which means the widths of the reconstructed my and mg
distributions depend only on the detector resolution and the methods used to reconstruct
them. The relative width of the reconstructed mg distribution ranges from about 25% to
100%, while the relative width of the reconstructed m yx distribution ranges from 5% to 12%.

The kinematics of the S — bb and H — bb decays vary dramatically over the (mg, my)
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Figure 6.2: Diagrams representing the methods used to reconstruct the S — bb and H — bb
decays in each channel.

plane, and the preferred reconstruction method for a bb decay depends on its kinetic energy.
A less energetic decay, with pp below about 200 GeV, is best reconstructed as a pair of
small-R or “resolved” jets, each identified as containing a single b quark. In a more energetic
decay, the two b quarks are too collimated to distinguish (or “resolve”) as individual small-R
jets, so they are better reconstructed together as a single large-R or “boosted” jet.

This search includes two channels, “resolved” and “mixed,” each corresponding to a differ-
ent reconstruction method for the H — bb decay. In the resolved channel, both the S — bb
and H — bb decays are reconstructed from a pair of small-R jets. In the mixed channel,
the S — bb decay is reconstructed from a pair of small-R jets and the H — bb decay is
reconstructed from a large-R jet. Both channels are represented as schematic diagrams in
fig. 6.2. The resolved channel was previously explored by CMS in ref. 102. The mixed
channel is unique to the present analysis. A “boosted” channel, in which both decays are
reconstructed using boosted jets, was studied by CMS in ref. 101 and will also be studied in
a future ATLAS search that will cover the the upper-left corner of the (mg, myx) plane.

Of the 83 simulated mass pairs, 14 are exclusive to the resolved channel, 51 are exclusive
to the mixed channel, and 18 are accessible to both channels. Loosely speaking, the resolved
channel is sensitive to mass pairs with small to intermediate m y, while the mixed channel
is sensitive to mass pairs with intermediate to large mx. In the intermediate m x range, the
resolved channel excels when mg/mx is large. In addition, the mixed channel is insensitive

to mass pairs with mg > mp because the large-R jet is always identified with the H
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Figure 6.3: The sensitivity of the resolved and mixed channels to the signal mass hypotheses,
shown as points in the (mg, mx) plane [4].

candidate, making it more boosted. Other restrictions on each channel’s sensitivity come
from kinematic requirements that are explained in section 6.3.

In both channels, an SR and a CR are defined based on the reconstructed H mass. The
SRs target the H boson mass of 125 GeV, while the CRs are sidebands used to estimate
background contributions. The search is performed by fitting the distribution of the recon-
structed X mass and extracting a signal strength for each (mg, mx) hypothesis. To improve
the signal-to-background ratio for each hypothesis, additional cuts on the reconstructed S
mass are applied before performing the fit. The fits are performed independently for each
channel, even for the mass hypotheses that are accessible to both. The event selection cri-
teria for each channel are designed to optimize sensitivity to their dedicated regions of the
(mg, mx) plane, so they are not orthogonal. For each mass hypothesis with shared sensitiv-
ity, the upper limit from the channel whose expected upper limit is lowest is chosen as the

final result.
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Table 6.1: Jet pp thresholds and online b tagging efficiencies for 2b1j and 2b2j triggers.

pr threshold (GeV)

Type Year(s) Untagged jet(s) b tagged jets b tagging efficiency (%)

2blj 2016 100 25 60
2017, 2018 150 25 70
2b2j 2016, 2018 35 35 60
2017 35 35 40

6.2 Triggers
This search uses triggers of three types:
1. large-R jet triggers, which require one large-R jet,

2. 2blj triggers, which require two b tagged small-R jets and one additional small-R jet,

and
3. 2b2j triggers, which require two b tagged small-R jets and two additional small-R jets.

2blj triggers are used in both channels, while large-R jet triggers are used only in the mixed
channel and 2b2j triggers are used only in the resolved channel. The pp threshold for all
large-R jet triggers is 420 GeV. The pt thresholds for the 2blj and 2blj triggers vary by
data-taking year, as does the efficiency of the online tagger used to select the b jets. These
details are summarized for all 2b1j and 2b2j triggers in table 6.1.

In general, when multiple triggers are used to select events from the same dataset, a
dedicated calibration must be performed. To avoid this, and to simplify the trigger check
in the event selection, we employ a “trigger bucketing” strategy. Events are divided among
mutually exclusive “buckets” that are each assigned a trigger. Events that pass the trigger
for their bucket are retained, and events that fail the trigger for their bucket are rejected.

In the resolved channel, events that contain at least one small-R jet with pp > 170 GeV

and at least two more with pp > 70 GeV are assigned to the 2b1j trigger bucket, while events
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that do not meet these requirements are assigned to the 2b2j trigger bucket. These cuts are
chosen to maximize the overall signal trigger efficiency.

In the mixed channel, events that contain at least one large-R jet with pp > 520 GeV are
assigned to the large-R jet trigger bucket, while events that do not meet this requirement
are assigned to the 2blj trigger bucket. This cut is chosen to ensure near-perfect efficiency
of the large-R jet triggers, with the benefit that events in the large-R jet trigger bucket do

not require scale factors.

6.2.1 Integrated luminosity for b jet triggers

Online b tagging relies on precise estimation of the beamspot position, which must be updated
at the beginning of each run using new data [108]. Consequently, events recorded before the
beamspot position was updated cannot reliably be used with b jet triggers. Therefore, these
triggers require specialized GRLs, called “b jet HLT GRLs,” that do not include these events
and whose integrated luminosity is approximately 1.5% below that of the standard GRLs.

Additionally, after data collection began in 2016, a discrepancy was discovered between
the online and offline algorithms used to locate the primary vertex. This discrepancy neces-
sitated that events with a beamspot located further than 2mm from the detector origin be
removed from the affected portion of the 2016 b jet HLT GRL. As a result, the integrated
luminosity of the 2016 b jet HLT GRL is approximately 25% below that of the standard
GRL.

Because of their reliance on online b tagging, the integrated luminosity available to the
2blj and 2blj triggers is slightly reduced compared to that available to the large-R jet
triggers. The integrated luminosities are compared in table 6.2. Accordingly, the total
integrated luminosity for the resolved channel is 126 fb~!, while it ranges from 126 fb~! to
136 b1 for the mixed channel. Signal events in the mixed channel analysis are scaled to the

integrated luminosity appropriate for their trigger bucket. The 2015 data are omitted from
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Table 6.2: Integrated luminosity of b jet HLT GRLs and standard GRLs for each year of
Run 2 data collection.

Integrated luminosity (fb~1)
Year b jet HLT GRL Standard GRL

2016 24.6 33.0
2017 43.7 44.3
2018 o7.7 98.5
Total 126.0 135.8

both channels because the b jet triggers for that year used different online b tagging algorithms
that were not calibrated. The integrated luminosity of the 2015 dataset is approximately

3fb~1—so small that the effect of its exclusion on the search sensitivity is negligible.

6.3 Physics objects and event selection

Jets are the only physics objects used in this search, reconstructed as described in sec-
tion 4.3.5. Small-R jets are used in both channels, while large-R jets are used only in the
mixed channel. The GN2 and GN2X algorithms described in section 4.4.2 are used to iden-
tify jets originating from b quarks and from H — bb decays, respectively. Small-R jets with
pr < 60 GeV must pass the NNJVT jet vertexing algorithm mentioned in section 4.4.2. All
object requirements for both types of jet are summarized in table 6.3.

Both channels define signal and control regions using the reconstructed H candidate mass,
m'°. The boundaries for these regions differ slightly between the two channels, and are
listed in table 6.4. The nominal H mass of 125 GeV is at or near the center of each SR, and
each CR is composed of sidebands adjacent to the SR. The CRs are used for the background
estimate described in section 6.4. The resolved channel SR and CR boundaries were chosen

reco reco

as the edges of a distorted ellipse in the (m}5®,m g ) plane that is parameterized by the

signal m’5°

width, while the mixed channel boundaries were set using the signal m°® width
and rounded to the nearest 10 GeV.
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Table 6.3: Object requirements for small-R and large-R jets. Except where noted explicitly,
the small-R jet requirements are the same for both channels. The large-R jet requirements
are for the mixed channel only.

Requirement
Attribute Small-R jets Large-R jets
Number >4 (resolved), >2 (mixed) >1 (mixed)
Minimum pp 40 GeV (resolved), 55 GeV (mixed) 250 GeV
Maximum || 2.5 2.0
Mass range — 70-200 GeV
Vertex tagging NNJVT (pp < 60 GeV) —
Flavor tagging GN2 85% efficiency WP GN2X 0.37% mistag rate WP

Table 6.4: Signal and control region boundaries for each channel.

mi° boundary (GeV)
Channel Lower CR Lower SR Upper SR Upper CR

Resolved 59.3 107.8 148.8 190.7
Mixed 70 110 140 200

In both channels, events are selected by attempting to reconstruct S and H candidates
from the relevant jet collections, subject to some additional criteria specific to each channel.
Events that do not fall within the appropriate SR or CR are rejected. Section 6.3.1 describes
the event selection for the resolved channel, and section 6.3.2 describes the event selection

for the mixed channel.

6.3.1 Resolved channel event selection

After passing either a 2blj or 2b2j trigger as described in section 6.2, resolved channel
events must contain at least four small-R jets with pp > 40GeV and |n| < 2.5. The pp
requirement is chosen to be slightly above the 2b2j trigger threshold. All jets that satisfy
these requirements are sorted in order of decreasing pp. The first four that pass the 85%
efficiency working point of the GN2 tagger are selected to reconstruct the S and H candidates.

If fewer than four pass this b tagging requirement, the event is rejected.
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Once four b tagged jets have been selected, the S and H candidates are reconstructed
using a boosted decision tree classifier, which is trained using kinematic observables con-
structed from each of the three possible pairings of the four jets in truth-matched events.
During the selection, the trained classifier processes these observables for the event at hand
and returns a probability for each of the three jet pairings. The pairing with the highest
probability is chosen to reconstruct S and H, with the jet pair of larger angular separation
AR(j,j’) identified as the more massive boson. This choice results in less mass sculpting
than simply choosing the pair with larger invariant mass.

The event is rejected if the pseudorapidity separation between the reconstructed can-
didates does not satisfy |AngfP| < 1.5. This cut was chosen based on sensitivity studies
performed for ATLAS HH — 4b searches, in which it reduces the background from multijet
events. However, the SH — 4b process differs kinematically from the H H — 4b process, and
while this cut improves the signal-to-background ratio for many (mg, mx) pairs, it is not
optimal for all of them. Mass pairs for which the signal efficiency of this cut is 50% or below

are excluded from the resolved channel analysis, and, as a result, it has limited sensitivity

to the 1500 < mx < 3000 GeV region of the (mg, mx) plane.

0.3.2 Mixed channel event selection

After passing either a large-R jet trigger or a 2blj trigger as desribed in section 6.2, mixed
channel events must contain at least two small-R jets with pp > 55GeV and |n| < 2.5, and
at least one large-R jet with pp > 250 GeV and |n| < 2.0. The small-R jet pp requirement
is chosen to meet the threshold of the b jet legs of the 2blj triggers, while the large-R jet
pr requirement is set by the GN2X tagger. This requirement makes the mixed channel
insensitive to mass pairs with my — (mpg +mg) < 250 GeV.

The H candidate is reconstructed from the leading large-R jet in the event, provided

it passes the 0.37% mistag rate working point of the GN2X tagger, which has an H — bb
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Figure 6.4: Mixed channel selection efficiencies for example signal samples with fixed
mg = 750 GeV, as a function of the myx hypothesis. The numbers are total efficiencies
for consecutively applied selection steps. The “preselection” step requires one of the large-R
jet, 2blj, or 2b2j triggers to fire [4].

tagging efficiency of approximately 55%. If this jet does not pass the GN2X requirement, the
event is rejected. After the H candidate has been identified, any small-R jets that overlap
with it are removed prior to reconstructing the S candidate. This measure ensures that the
S and H candidates are reconstructed from independent objects. Overlap in this case is
defined as an angular separation AR(Hyeco,j) < 1.0 for any small-R jet j.

The S candidate is then reconstructed from the leading two small-R jets that remain,
provided they both pass the 85% efficiency working point of the GN2 tagger. If they do
not, or if fewer than two small-R jets remain after the overlap removal, the event is rejected.
The S candidate must also satisfy the mass requirement mg® > 70 GeV, which reduces

contributions from background processes. Figure 6.4 shows the efficiency of each stage of

the mixed channel event selection for four mass hypotheses.
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Process Fraction

Multijet 93.21%
tt 4.80%
Z — bb 1.55%

W ZH — qqbb 0.22%
ggF H — bb 0.20%
B VBFH—bb 0.02%

Figure 6.5: Background composition in the mixed channel signal region.
6.4 Background estimation

The abundance of jets produced at the LHC incurs large backgrounds in analyses with all-
hadronic final states. In this search, the requirement that four b quarks are identified greatly
reduces the multijet background compared to searches that require a similar number of jets
but fewer b tags. Even with this reduction, multijet events are by far the largest background
for this search, making up about 93% of expected events in the mixed channel.

Additional background contributions arise from other processes that produce b quarks.
In particular, the ¢t process has a very large production cross section of about 800 pb [109]
and always produces b quarks via the decays t — Wb and ¥ — W™b. In addition, the W
branching fraction to hadrons is about 67% [9], which means either or both W bosons fre-
quently decay to hadrons, creating even more jets that may pass the b-tagging requirements.
The tt contribution to the mixed channel background is about 5%.

The smallest source of background is genuine bb pair production near the Higgs mass,
which may arise from Z — bb or H — bb decays. These decays may occur separately
alongside other jets, or together as the process ZH — qqbb. Together, these processes
comprise about 2% of the mixed channel background.

Figure 6.5 shows the relative contributions to the mixed channel signal region from all

background processes.
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6.4.1 GP+ NF method

MC simulation of multijet events is notoriously challenging and imprecise in the phase-
space regions of interest to most searches and measurements, so analyses with large multijet
backgrounds usually estimate them using real data. These “data-driven” techniques typically
use events from background-enriched CRs to approximate the background contribution to
the SR. However, the kinematic and other properties of events in the CR differ from those
in the SR by construction, so these estimates are often associated with large systematic
uncertainties. In addition, the statistical precision of the background estimate is limited by
the number of CR events.

This search uses a novel machine-learning approach to infer the kinematic properties
of background events in the SR from interpolated CR data. The background estimate is
performed in two steps using two machine learning techniques: Gaussian processes and
normalizing flows. This approach, abbreviated “GP + NF,” enables us to simulate the four-
momenta of reconstructed S and H candidates in background events. The method provides
a single background estimate that accounts for all of the processes listed in fig. 6.5.

The principle underlying the GP + NF method is that the kinematics of the S and H

candidates in background events can be characterized by a joint probability distribution,

= reco reco reco

p(&,my ") = p(my ) p(&[my ™), (6.1)

reco

where m;“ is the H candidate mass, and the vector ¥ describes all of the kinematic prop-

erties of the H and S candidates aside from m%’-co:

¥ = (péfrew, IGC0, piprece pieeo mIgee AgTeco ) : (6.2)

It is useful to factorize p(Z, m°) this way because m'5 is used to define the SR and CR

boundaries, so it requires special treatment.
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Figure 6.6: Overview of the GP 4+ NF method for background estimation [4].

The two components of the GP+NF method correspond to the two functions on the right
side of eq. (6.1). First, Gaussian process regression is used to interpolate the background
m'° distribution from the CR into the SR, which determines p(m'7°°). Second, normaliz-
ing flows are trained to model the other kinematic quantities’ dependence on m'°, which
determines p(Z | mﬁco). Finally, the two components are combined by feeding the interpo-
lated m distribution into a trained NF model and generating events, which represent
p(Z, mg°). The GP + NF method is represented pictorially in fig. 6.6.

This section describes both steps of the GP + NF procedure and its validation. Sec-
tion 6.4.2 describes Gaussian process regression and its use in the background estimation,

while section 6.4.3 describes normalizing flows and their application. Validation regions used

to test the method in the mixed channel are defined in section 6.4.4.

6.4.2 Gaussian process reqression

Gaussian processes generalize Gaussian probability distributions to function space. Whereas
a multivariate Gaussian probability distribution concerns random variables whose correla-
tions are described by a covariance matrix, a Gaussian process concerns stochastic processes
whose correlations are described by a covariance function [110]. Gaussian process (GP) re-
gression, like any other method of linear regression, can be used to fit smooth a function
to noisy data. Unlike other many other methods, however, GP regression is nonparametric,

which means it does not require the user to explicitly specify the function’s form. This is es-
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pecially useful in the context of high-energy physics data, which are rarely well described by
simple analytical functions. GP regression instead requires the specification of a covariance
function or “kernel,” which describes the correlations between data points.

Another difference between GP regression and more traditional fitting techniques is the
form of the result, which is not a single function but a distribution over functions. The
mean of this “posterior” distribution may be thought of as the result, while its variance may
be used to assess an uncertainty. Both the mean and the variance may be determined by
repeatedly sampling from the posterior distribution.

In this search, the scikit-learn library [111] is used to perform GP regression fits to m5®
distributions of CR data, represented as histograms. The fit results naturally interpolate
m' through the SR and provide an estimate for the number of expected background events,

calculated as the integral over the SR. For the covariance, we use the squared exponential

function with an added noise term. Using the abbreviation m = m5®, this is

m—m

cov(m, m') = exp (— T /) + o%(m) 6(m, m’), (6.3)

where m and m/ represent the centers of any two bins, ¢ is the “length scale,” and o2 (m)
is the statistical variance or “noise” in the bin with center m. The noise term informs the
fit of the statistical precision of the input data. The only free parameter in eq. (6.3) is ¢,
which can be thought of as the minimum distance allowed between “wiggles” in the posterior
functions. Scikit-learn optimizes ¢ during the fit.

The GP regression is performed separately for the mixed and resolved channels. Addi-
tionally, we perform a separate fit for each data-taking year to account for differences in
trigger requirements and detector conditions. For each fit, we calculate the mean and vari-
ance from 25 samples, which we found to be sufficient for both to converge. The standard
deviation in each bin is interpreted as an uncertainty. We also assess a 5% “normalization”

uncertainty in the expected background yield, which is calculated as the integral of the mean
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fit result. The optimized values of ¢ are close to 30 GeV, which is the width of the SR. This
reflects the expectation that the background m5® distribution varies smoothly across the
SR.

In fig. 6.7, the mixed channel GP fit results are compared to the CR and SR data. In
each panel, “GP model” represents the mean of 25 samples from the posterior distribution,
and “Uncertainty” represents the sum in quadrature of their standard deviation and the 5%
uncertainty in the expected background yield. Since the fits were trained on CR data, the
level of agreement in the CR illustrates how much the smooth GP regression result differs
from the noisy training data. The SR data were not included in the training, so the SR
agreement illustrates how well the actual data agree with the interpolation. Agreement
is good for all three years, and we do not observe any significant shape or normalization
differences between the SR data and the GP fit results. Figure 6.7d compares the data for

all three years together to the sum of the fit results.

6.4.3 Normalizing flows

Normalizing flows (NF) are generative machine-learning models of multivariate probability
distributions. Here, “generative” means a model can be used to sample from the probabil-
ity distribution it has learned. Generative models are well suited to high-energy physics
applications because sampled outcomes can be handled like MC simulated events, using fa-
miliar analysis tools and statistical techniques. In this sense, they provide similar utility to
traditional data-driven procedures for background estimation using reweighted CR events.
However, generative models are advantageous compared to traditional techniques in terms of
statistical precision, because an arbitrary number of samples can be generated, meaning the
statistical precision in the SR is unlimited. They can also be tailored to specific applications
and phase space regions more readily than traditional MC simulation.

An NF model starts with a multivariate distribution of training data, called the “target
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Figure 6.7: GP regression fit to the m5® distribution for the mixed channel background
estimate. The lighter colors indicate the CR included in the fit, while the darker colors
indicate the SR not seen during the training [4].

distribution.” The training process involves learning a series of invertible transformations
that transform the target distribution into something very closely resembling a multivariate
Gaussian distribution. The parameters of each transformation are learned using a neural
network. In order for the the result to be a valid probability distribution, the transformations
must all be differentiable as well as invertible [112]. Once the training is complete, the inverse

transformations are applied to samples drawn from a multivariate Gaussian distribution,
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transforming them into samples from a very close approximation of the target distribution.
The “flow” is the journey the samples take as they are transformed, and it is “normalizing”
because the transformations applied during training transform the target distribution into a
Gaussian.

For our background estimation, we use “rational quadratic spline coupling flows,” which
apply coupling transformations that are based on splines [113]. Coupling transformations
split the inputs into two groups and use one group to parameterize a transformation for the
other group. Transformations like this enable the NF to learn conditional probability distri-
butions. A “spline” is a piecewise function whose pieces are all polynomials, and a “rational
quadratic spline” has pieces that can each be expressed as a quotient of two quadratic poly-
nominals. Splines are a good choice for modeling high-energy physics distributions because
they are very general and can be used to describe complicated shapes. Rational quadratic
splines can be made continuously differentiable, which is necessary for this application. They
provide a good balance between flexibility and analytical tractability.

reco

To learn the conditional probability p(z' | m5®) from eq. (6.1), we “condition” the NF on
m'. In practice, we also condition on the data-taking year to account for the observed
m'® dependence on the data-taking year. This conditioning is achieved using the coupling
transformations described previously. Our NF model has 10 total transformations and uses 4
“knots,” or subdomain boundaries, for the splines. A neural network with 4 layers is used to
learn the parameters of each spline transformation. Observables with sharp features are log-

arithmically transformed prior to training. Including these transformations, the observables

learned directly in the training are

In (pgreco), mg o, In (pr%eco), ng°, In (mgveco), In (7T - A(b?ﬁf’). (6.4)

After training, the inverse transformations are applied to recover the elements of 7. We

train 25 NF models for each SR, each using a different initial seed. Independent models are
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trained for the resolved and mixed channels.

After the training, we sample from each model by feeding it one of the 25 samples from
the GP posterior. The set of 25 coupled GP and NF predictions is called an “ensemble.”
The sampling is performed separately for each data-taking year, and for each year 100,000

“events” are sampled from each model across the CR and SR. After the sampling, events

are discarded if they do not pass the kinematic cuts described in section 6.3, have m'¢“

outside the relevant range 200 < m'g®® < 8000 GeV, or have azimuthal separation outside

the physically meaningful range 0 < A¢TyY < 7. Together, these restrictions remove less

than 2% of sampled events in the mixed channel. The sampled events for each data-taking

year are scaled to the estimated CR or SR yield, as appropriate, and summed. Each yield

estimate is obtained by integrating the mean GP fit result over the relevant m; range as

mentioned in section 6.4.2.

In fig. 6.8, three distributions learned by the GP 4+ NF ensemble are compared to real data
in the mixed channel SR. The models for all data-taking years are shown together, with the
data superimposed. In each panel, “GP + NF model” represents the mean of 25 trainings and

“lo uncertainty” represents the sum in quadrature of their standard deviation and the 5%

reco

uncertainty in the expected background yield. The observable m ¢ is transformed from the

reco

In (mfgeco) distribution learned by the NF models, while Angr and m¢® are reconstructed

from mi5° and the elements of #. Agreement is good for the m'¢® and Angry distributions,

with no overall trends. For the mi¢® distribution, there is a trend: the model tends to

reco

underpredict at low m/'y reco

and overpredict at large m'x*°. This difference was anticipated
based on GP + NF results from a validation region, described in section 6.4.4, and we assess

a “nonclosure” uncertainty to account for it.
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Figure 6.8: Selected kinematic distributions predicted by the GP + NF method for the mixed
channel. The observable m'g is directly predicted by the NF as In (mgeco), while An'SsP

and mg‘éco

SH

are reconstructed from the GP 4+ NF ensemble predictions [4].
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6.4.4 Background method validation

To assess the performance of the GP + NF method, we used data from validation re-
gions (VRs). These regions are designed to be kinematically similar to the SR but have
a much lower signal-to-background ratio. The complete GP + NF method is performed in
each VR using the same procedure as described above. The m5° boundaries listed in ta-
ble 6.4 are also used for these VR estimates; just like in the actual background estimate, the
models are trained using “CR” data, and their performance is assessed using “SR” data.
For the mixed channel, two VRs are defined, which are used for different purposes. The
event selection for each VR is the same as described in section 6.3.2, but with one requirement

changed.

1b VR

As in section 6.3.2, the S candidate is reconstructed from the two leading small-R jets that
remain after the overlap removal with the H candidate. However, instead of requiring that
both of these jets pass the 85% efficiency working point of the GN2 tagger, we require that
only one passes and the other fails. This VR has about ten times as many events as the SR
and is used to derive the nonclosure uncertainty. Figure 6.9 shows the m!g®® distribution
from the GP 4+ NF model compared to real data in this VR. The model tends to underpredict

the number of events at low mg‘f—co

and overpredict in the tail. To account for this difference,
we use the m'g®® distribution in this VR to assess a nonclosure uncertainty as described in

section 6.5.2.

Loose GN2X VR

As in section 6.3.2, the H candidate is reconstructed from the leading large-R jet in the
event. However, instead of requiring that it pass the 0.37% mistag rate working point of the

GN2X tagger, it must fail this working point and instead pass a looser working point with
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Figure 6.9: Distribution of m'¢“ in the mixed channel 16 VR.

a 1.55% mistag rate. This VR has about three times as many events as the SR and is used

to test the statistical analysis as described in section 6.6.

6.5 Systematic uncertainties

Because the background estimation in this search is entirely data driven, theoretical un-
certainties and uncertainties associated with the detector response are applied only to the
signal. For the background, dedicated uncertainties developed for the GP 4+ NF method are
applied. This section describes the sources of systematic uncertainty for both signal and

background, in section 6.5.1 and in section 6.5.2, respectively.

6.5.1 Signal systematics

Uncertainties associated with jet reconstruction and b tagging are assessed for both small-R

and large-R jets. The uncertainties associated with the GN2X tagger used for large-R jets
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in the mixed channel range from 31-38%; they are by far the largest source of uncertainty
affecting the signal in this search. Uncertainties from other aspects of jet reconstruction,
including the GN2 tagger efficiency, are no more than a few percent each. They include
uncertainties in the jet energy and mass scale and resolution, which account for differences
between the fast simulation used to produce the signal samples and the full simulation used
to produce the samples from which these uncertainties are derived.

Uncertainties in the trigger efficiency affect the signal as well. No uncertainty is assessed
for the large-R jet triggers because they are used in the pp region with perfect efficiency, as
explained in section 6.2. For the b jet triggers, only preliminary calibrations are available for
software configuration used to generate the signal samples. A 20% uncertainty is assessed
in the 2b1j and 2b2j trigger efficiencies based on the available calibration data. Its effect on
the search sensitivity is negligible for nearly all mixed channel mass hypotheses.

The remaining uncertainties affecting the signal come from theory, pileup modeling, the
luminosity measurement, and the statistical precision of the MC samples. All sources of
theoretical uncertainty, including the choice of factorization and renormalization scales, the
choice of PDF, and the modeling of the parton shower and underlying event, are assessed
together as a 5% normalization uncertainty based on the methodology in ref. 93. The
uncertainty in the luminosity measured for the combined 20162018 dataset is 0.84%. The
uncertainty in the statistical precision of the signal MC samples is very small compared to

other sources.

6.5.2 Background systematics

In both the mixed and resolved channels, the mean of the 25-model GP + NF ensemble is

used as the nominal background shape, computed as

L (6.5)

=| =

N-1
Hnom = Z
1=0
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where Hpom is the nominal background histogram, H; is the histogram for model 7, and
N = 25 is the total number of models. All H; have the same integral, which is computed
from the GP regression as described in section 6.4.2.

We use the 25 histograms to assess a systematic uncertainty for the shape of the back-
ground m'g“® distribution. Their spread characterizes the uncertainty associated with the
statistical precision of the CR data used to train the models, as well as the models’ ability to
reliably reproduce the m'¢®® distribution from a random initial seed. In the mixed channel,
this uncertainty is assessed as 25 sets of correlated up and down variations, H ii, which are

each computed as

(6.6)

If any bin of H ;_L has a negative value, it is set to 0. In this way, each of the 25 models is
represented by one nuisance parameter.

In both channels, a nonclosure uncertainty is assessed using a VR. In the mixed channel,
this is the 10 VR described in section 6.4.4. The up and down nonclosure variations, Himcl’

are calculated as

Z Hpnom

+

noncl —

= Hyom + =200 <H°bs HyR), (6.7)

where Hs,)?{) is the histogram of the expected m'y“ distribution in the VR, H. O% is the
observed distribution, and > represents a histogram’s integral.

Finally, as described previously, we also assess an uncertainty on the normalization of
the background model. This uncertainty is 5%, which is chosen to cover normalization

differences observed in the VRs.

6.6 Statistical analysis and validation

As mentioned in section 6.1, a signal strength is extracted for each (mg, mx) hypothesis via

a fit to the m'¢ distribution. The fits are performed separately for the resolved and mixed
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Figure 6.10: Signal m¢“® distributions for each mg hypothesis assigned an exclusive region
in the mixed channel, with fitted skew normal distributions overlaid [4].

channels.
Before the fit, the signal-to-background ratio for each mass pair is improved by apply-
ing cuts that depends on mg. In the resolved channel, this takes the form of a cut on

a two-dimensional distance variable in the (mg“

,m°) plane. In the mixed channel, a
one-dimensional mg“® window is defined based on the 99% probability interval of a skew
normal distribution fit to the signal mg®® distribution. This cut is not applied for mixed
channel mass hypotheses with mg > 2.5 TeV or mx > 4TeV because, in these cases, it does
not improve the sensitivity. The relevant mg“® distributions and the fitted skew normal
distributions are shown in fig. 6.10.

After these mg-dependent cuts are applied, the signal and background m*¢“® distributions
are histogrammed using bins whose width increases logarithmically with m¢“ to adequately

capture the tail of the distribution. Any bins with fewer than 10 expected background events
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are merged with the bin to their left. This procedure ensures that all bins have sufficient
statistical precision for the fit to converge, even in the event that one or more of them have
substantially fewer observed than expected events.

Systematic uncertainties are assessed using the histograms after the mg-dependent cuts
and rebinning are applied. As explained in section 6.5.2, a nonclosure uncertainty is derived
from the difference between the data and GP + NF model m'¢®® distributions in a VR.
Figure 6.11 shows this comparison in the mixed channel 10 VR for the mg = 750 GeV
region and the inclusive mg region used for all mass pairs with mg > 2.5TeV or mx >
4TeV. Figure 6.12 shows the relative nonclosure uncertainty in the m'y“® distribution in
both regions, as well as the relative shape uncertainty from each of the 25 GP + NF models.

The Loose GN2X VR is used to validate the fit method in the mixed channel, with
the number of events scaled down to match the expected SR yield. Figure 6.13 shows an
example post-fit m'g° distribution for the mg = 750 GeV region. The good agreement
indicates that the background estimation method performs well in this VR and should,
likewise, perform well in the SR. Signal injection tests were also performed in this VR, using

the signal templates from the SR, and the injected signal was consistently recovered.

6.7 Results

As explained in section 6.1, separate fits are performed for the resolved and mixed channels.
For each of the 18 mass hypotheses with shared sensitivity, shown in fig. 6.3, the upper limit
from the channel with the best expected sensitivity is selected as the final result.

The post-fit m’¢“ distributions for two representative mg regions in the mixed channel
are shown in fig. 6.14. Agreement between data and the post-fit background-only prediction
is good in both cases, and no significant deviations from the background-only hypothesis are
observed. Example signal hypotheses are overlaid and scaled to their expected upper limit.

The imperfect post-fit agreement and limited constraining of systematics suggest that the fit
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is not overly flexible, which means it has good sensitivity; an overly flexible fit might absorb
a potential signal.

Expected and observed upper limits at 95% CL on the product of the X production cross
section and the X — SH — 4b branching ratio are assessed for all mass hypotheses. The

spacing in mg of the tested mass hypotheses is smaller than the m'¢“

resolution, so a linear
interpolation is performed between mass hypotheses that are adjacent in mg, except across
the gap containing mg = 125 GeV that is left to dedicated HH — 4b searches. However,

the spacing in mx is larger than the m'y®

resolution, so no interpolation is performed in
the m x direction.

Figure 6.15 shows the upper limits for the resolved and mixed channels separately, with
each tested myx hypothesis scaled to a unique factor of 10. Of the 18 mass hypotheses
with shared sensitivity, the mixed channel expected upper limits are best for two of them:
(mg,mx) = (300GeV,1.5TeV) and (400 GeV,1.5TeV). The resolved channel limits are
best for the remaining 16 shared hypotheses. The channel assignment for the final limits is
shown for each mass hypothesis in fig. 6.16. Figure 6.17 shows the upper limits from only
the most sensitive channel, with no scaling applied. Predictions from the TRSM, using the
parameters presented in ref. 4 to maximize the cross section at each mass hypothesis, are
also shown in both figures. None of the predictions are excluded, meaning the search is not
yet sensitive to the TRSM; however, the observed limit at (mg, myx) = (100 GeV, 400 GeV)
is very close to the prediction.

The relative impacts on the upper limits from all sources of uncertainty for both channels
are listed in table 6.5. The impact of the data statistical uncertainty is evaluated as the
expected upper limit obtained with all systematic uncertainties excluded, while the impact of
each group of systematics is evaluated as the absolute difference between the expected upper
limit obtained with all systematic uncertainties included and with that group of uncertainties

excluded. All impacts are assessed relative to the expected upper limit, with all systematic
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Figure 6.16: Assignment of the resolved and mixed channels to the final results for all signal
mass hypotheses, shown as points in the (mg, myx) plane [4].

uncertainties included.

The mixed channel uncertainties are dominated by the data statistical uncertainty. The
largest sources of systematic uncertainty in the mixed channel are associated with the back-
ground modeling and the GN2X tagger. The “flavor tagging” row also includes contributions
from the GN2 tagger, but these contributions are only a few percent. The background sys-
tematic uncertainties are split into two categories. The first, “network retraining and CR

” represents the shape uncertainties described in section 6.5, which are computed by

stats,
retraining the NF models but are influenced by the limited statistical precision of the CR.
The impacts of this category are much larger in the resolved channel than in the mixed

channel because the two channels assess it using different methods; the method used in the

resolved channel analysis involves uncorrelated per-bin modifiers that incur large impacts.
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Figure 6.17: Expected and observed 95% CL upper limits on the product of the X production
cross section and the X — SH — 4b branching ratio as a function of mg for each myx
hypothesis. For mass hypotheses covered by both the resolved and mixed channels, only the
result from the channel with the lower expected upper limit is retained. Predictions from
the TRSM are overlaid for selected mx values [4].

6.8 Conclusion

This search for the X — SH — 4b process uses the full Run 2 dataset collected by the ATLAS

detector from 2016 to 2018. The search targets a wide range of masses for the hypothetical

X and S resonances, ranging from 300 < my < 6000GeV and 70 < mg < 5000 GeV.

It includes two channels, resolved and mixed, that target complementary regions of the

(mg, mx) plane. The novel GP + NF method is used for background estimation in both
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Table 6.5: Summary of the impact of the different sources of systematic uncertainty on the
search sensitivity.

Relative impact (%)

Uncertainty source Resolved channel Mixed channel
Data statistical uncertainty 24-51 5574
All systematic uncertainties 49-76 26-45
Experimental 48-76 26-45
Detector response 9-15 24-33
Luminosity and pileup <1 <1
Flavor tagging 0-5.4 22-32
Jet reconstruction 0.1-2.7 0.4-2.5
Trigger efficiency 89 <1
Background modeling 44-73 1-26
Network retraining and CR stats 3663 0.1-23
Nonclosure and normalization 0-25 0.4-7.2
Theoretical <1 <1
MC statistical <1 <1
channels.

No significant excess is observed for any (mg, my) mass hypothesis. The largest excess
has a local significance of 1.80 and is observed at the hypothesis (170 GeV, 300 GeV). Upper
limits at 95% CL are set on the product of the X production cross section and the X —
SH — bbbb branching ratio. The observed limits range from 0.7 fb to 2.6 pb, with the lowest
limits set by the mixed channel, which is more sensitive to mass hypotheses with large m x.
These results are the first ATLAS limits for the X — SH — bbbb process and include the

broadest range of mass hypotheses probed to date.
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CHAPTER 7
ATLAS TRIGGER SYSTEM UPGRADE FOR THE HL-LHC

The HL-LHC is designed to attain an instantaneous luminosity as high as 7.5x 1034 cm=2s71,
which is nearly four times the peak instantaneous luminosity reached during Run 2. With
this increase in luminosity will come a corresponding increase in pileup. The Run 2 LHC
configuration produced at most 38 pileup interactions per bunch crossing on average [23|;
for the luminosity of HL-LHC, this number is expected to approach 200 [114].

The ATLAS trigger system must be enhanced to cope with this increase in pileup inter-
actions. Specifically, the system’s access to and utilization of tracking information must be
improved. By quickly reconstructing particle tracks from hits in the Inner Tracker (ITk), the
successor to the ID, the trigger system will be better able to associate decay products with
the correct interaction vertices and make better decisions of which events to store. Typi-
cally, the reconstruction of particle tracks is a computationally expensive and rather lengthy
process, so the Run 2 trigger system made only limited use of partial tracking information,
even at the HLT stage. Very fast track reconstruction will be necessary to provide the future
ATLAS trigger system with tracking information from the entire detector.

This section describes two projects related to the ATLAS trigger system upgrade for the
HL-LHC. The first, described in section 7.1, is electronics testing for a proposed hardware

tracking system. The second, described in section 7.2, is the implementation of tracking

firmware for a hardware-accelerated Event Filter system roughly analogous to the HLT.

7.1 Testing of high-speed track-fitting hardware

The Hardware-based Tracking for the Trigger (HTT) system was proposed as a potential
means of fast track reconstruction. This system would allow the trigger system to perform

fast track reconstruction using hardware, bypassing software latency [114].
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The Track Fitter Mezzanine (TFM) card, one of the many components of the HTT
system, is a mezzanine card designed to perform second-stage track fitting. The TFM
receives preliminary fits to the first 8 layers of the I'Tk and hits from the remaining 5, and
uses these data to perform a fit to all 13 layers. In the HTT design, two TFMs are mounted on
a Second-Stage Tracking Processor (SSTP) board, which facilitates communication between
the TFMs and other HT'T subsystems. The complete HT'T design has 196 TFMs mounted
on 96 SSTP boards. The principal component of the TFM is an Intel Stratix 10 FPGA,
which performs the track fitting and controls data input and output. Twelve serial links send
data between the TFM and the SSTP. It is critical to the performance of the HTT, and of
the trigger system as a whole, that communication between the TFM and SSTP be fast and
accurate.

Loopback tests were used to test the performance of the TFM serial link transceivers.
A loopback test is performed by directly linking the transmitter and receiver of a single
transceiver. This configuration does not introduce external factors and so is an effective
method of testing the functionality of the TFM hardware. The signal leaves the Stratix
10, travels through the hardware, and returns. Therefore, the loopback test can be used to
gauge the hardware performance.

This section describes the methodology and results of these tests. Section 7.1.1 describes
the equipment and lab setup. Section 7.1.2 describes the procedure used to tune the trans-
mitter and receiver settings to maximize the link performance. Section 7.1.3 describes a bit
error rate test performed using the final configuration. Finally, section 7.1.4 section 7.1.4

discusses the relevance of the test results.

7.1.1 Lab setup

The TFM card was mounted on a Tracking Processor (TP) mechanical demonstrator board.

The mechanical demonstrator has less functionality than the complete SSTP design, but it
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was sufficient to test the TFM serial links. In the following, the TP mechanical demonstrator
will be referred to as simply the “TP” for brevity.

The TFM serial links are accessed via SMA connectors on the TP. Two links were tested,
which are referred to as link 7 and link 15. The number of available links was limited by the
design of the TP mechanical demonstrator (which did not implement all of the the links),
the design of the TFM test firmware, and physical damage to one of the SMA connectors.
The transmitters and receivers of each link were connected using 6in SMA cables.

A labeled photo of the lab setup is shown in fig. 7.1. The TFM was mounted on the
TP using a total of 13 screws, 8 of which are used to create even compression across the
four Z-Ray interposers that interface between the TFM and TP. A heat sink was mounted
over the Stratix 10, and a fan provided additional cooling. A power supply delivered 48.7V
to the TFM. Two of the transceivers were connected in a loopback configuration using the
SMA connectors on the TP. A USB Blaster cable linked the Stratix 10’s JTAG connector to
a computer. Intel Quartus Prime software was used to program the Stratix 10.

Prior to the following tests of the serial links, a number of steps were taken to prepare the
TFM for optimal performance. In particular, care was taken to ensure uniform compression
along the TFM-TP interface. The Z-Ray interposers are small, thin strips of PCB with
dozens of tiny compression contacts on one side. Each contact corresponds to one pin
connection between the TFM and TP. Because the contacts are so small, uneven compression
may result in incomplete pin connections, which would be detrimental to the signal quality
and would, in turn, limit the performance of the serial links. A procedure was designed
to tighten the 8 Z-Ray screws to create uniform compression within a tolerance of 0.1 mm
across the entire interface, which was verified by measuring the distance between the TFM
and TP using the 24 measurement holes included on the TP for this purpose. The Z-Ray
interposers were also replaced before further testing; their compression contacts are fragile

and sustained damage during the repeated unmounting and remounting of the TFM while
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Figure 7.1: Lab setup for TFM serial link tests, with relevant components labeled.

the compression procedure was developed.

7.1.2  Tuning transmitter and receiver settings

The Stratix 10 has a number of equalization settings available for the transmitters and
receivers. By default, the Quartus Prime software uses a set of default values for the trans-
mitter settings (Vop = 31, pre-emphasis pre/post-tap = 0) and an adaptive mode for the
receiver equalizers, but the serial link performance can be improved by tuning these settings.
The settings and their possible values are listed in table 7.1.

For the transmitters, the adjustable settings are the differential output voltage, Vop,
and the pre-emphasis. The Vgp is the potential difference across the positive and negative
transmitter pins, which controls the base amplitude of the transmitted signal. Its greatest
possible value is Vop = Voo, where Voot is the supply voltage to the transceiver. The

transmitter pre-emphasis is a modification to the transmitted waveform shape that compen-
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Table 7.1: Range of values for each transmitter and receiver setting [115].

Setting Value range  Interpretation

Vop control 17to 31 0.55 to 1 x Veoer
Pre-emphasis post-tap —15 to 15 6to —6dB
Pre-emphasis pre-tap  —24 to 24 14 to —14dB
VGA DC gain 0 to 31 —5to 5dB
CTLE EQ gain 0 to 47 0to 16dB
CTLE AC gain 0 to 15 —5to 10dB

sates for possible interference between adjacent symbols or pulses. Two pre-emphasis taps
are available on the Stratix 10: one pre-tap and one post-tap. The pre-tap emphasizes or
de-emphasizes the bit just before the transition or edge, and the post-tap does the same
for the bit just after the transition [116]. All of the transmitter settings can be adjusted
manually.

For the receivers, variable gain amplification (VGA), continuous time linear equaliza-
tion (CTLE), and decision feedback equalization (DFE) are available. The VGA DC gain,
which can be manually or adaptively tuned, modifies the amplification of the incoming signal.
Each receiver has a CTLE circuit that can be programmed to amplify the high-frequency part
of the incoming signal. The CTLE AC gain can be adjusted manually or adaptively, as can
the CTLE EQ gain. The EQ gain modifies the DC gain to de-emphasize the low-frequency
part of the incoming signal. DFE is similar to CTLE, but has an improved signal-to-noise
ratio, and can only be adjusted adaptively [115].

All settings were varied one at a time in the order specified by the Intel guide for
transceiver high-speed link tuning [117] to determine the optimal configuration. The Stratix
10 Transceiver Toolkit software was used to generate eye diagrams to assess the serial link
performance for each step of the tuning procedure. An eye diagram is a superposition of
successive waveforms, and its shape resembles a human eye. The eye opening for an ideal
digital signal is rectangular and represents a perfect square wave. However, actual signals

have some degree of variation in signal amplitude, which affects the height of the eye open-
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Table 7.2: Tuned transceiver settings for both TFM serial links.

Value
Setting Link 7 Link 15

Vop control 31 31
Pre-emphasis post-tap 0 0
Pre-emphasis pre-tap 0 0
VGA DC gain 0 0
CTLE EQ gain 15 15
CTLE AC gain 15 15

ing, and in signal timing, which affects the width of the eye opening. The area of the eye
opening, computed as the product of its width and height, is a useful figure of merit; a larger
area indicates a higher-quality signal [118§].

The tuned values for all settings are listed for both links in table 7.2. Notably, the optimal
transceiver settings are identical to the default values, and all values are the same for both
links. The procedure was later repeated, and slightly different values (within +1) were
obtained. However, the eye areas were unchanged, indicating that there is some tolerance
for the transceiver settings. These are positive outcomes because they indicate that the same
tuned transceiver settings can be used for both links. Therefore, it is likely that all of the
transceivers on the TFM could be programmed with the same settings, rather than each one
requiring individual tuning, which would be time intensive.

Eye diagrams were generated using the default and the tuned settings to compare their
performance. They are shown for both serial links in fig. 7.2. Their dimensions are compared
in table 7.3, which indicates that the eye areas are approximately 50% greater when the tuned
settings are used. Based on the size of these eye openings, it was concluded that the signal

quality of the TFM serial links was satisfactory.
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Figure 7.2: Comparison of eye diagrams using the default and tuned transceiver settings for
both TFM serial links.

Table 7.3: Dimensions of eye openings for diagrams generated using default and tuned
transceiver settings.

Link Transceiver settings

Eye width Eye height

Eye area

43
45

42
44

7 Default
Tuned

Default
Tuned

15

2752
4275

2478
3652

64
95

99
83
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7.1.3 Bit error rate test

A bit error rate (BER) measurement is a key figure of merit in digital communications. A
BER test (BERT) sends a stream of data from a transmitter to a receiver and compares the
bits sent to those received. Any bit that differs between the transmitted sequence and the

received sequence is marked as an error. The BER is defined as

number of error bits
BER = total number of bits transmitted (7.1)

Rigorous BERTS use a pseudorandom bit sequence (PRBS) as the data stream. The rigor
of the test is affected by the length of the sequence, which is sent repeatedly. A PRBSn
sequence is 2" — 1 bits long [119]. The BERTS for the TFM were performed using PRBST.

The target BER for the TFM transceivers is below 10715, Approximately 3 x 101° bits
must be tested to claim a BER below 10715 at 95% CL. This is a lengthy procedure. Even
at the TFM’s target data rate of 10 Gbps, such a test would take approximately 3.5 days to
complete. It was not possible to perform BERTS of the necessary length until the final stages
of the project due to concerns that the Stratix 10 may overheat. This concern was eventually
resolved by the addition of a shutdown signal to the test firmware, which would power off
the Stratix 10 if its temperature exceeded 50 °C. The typical operating temperature of the
Stratix 10 was approximately 40 °C.

Two BERTSs were performed, both using the tuned transceiver settings listed in table 7.2.
The first BERT tested 2.84 x 1015 bits, and the second tested 3.39 x 10 bits. Both tests
measured a BER of 0 for both links. It can be concluded from these results that the BER is

below the target 10~ 15 for both links tested.
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7.1.4 Conclusion

Overall, the results of this project indicate that the TFM serial link performance is on target
and that the optimal equalization settings are likely similar for all transceivers. These find-
ings are significant because they would simplify the setup and maintenance of the complete
HTT design, which includes 196 TFMs. Although ATLAS has elected not to use the HT'T
system for the trigger upgrade, understanding the capabilities of the TFM serial links will

aid in future designs and plans for hardware tracking and the ATLAS trigger system.

7.2 High-level synthesis implementation of track-fitting firmware

After ATLAS elected not to use the HT'T system for the trigger upgrade, a new plan was
developed to implement tracking in the Event Filter (EF) system, which is roughly analogous
to the HLT system used during Runs 1-3. When this decision was made, the plan for tracking
at the EF level was to use one CPU and one FPGA accelerator per event. A proposal was
made to repurpose the track-fitting firmware designed by the UChicago group for the HT'T
system to filter out fake tracks in the EF, which would require adapting it to the EF model
of one FPGA used for an entire event. Previous iterations of the firmware considered only
one Rol at a time.

Part of the proposal was to use high-level synthesis (HLS) to write a new implementation
of the track-fitting firmware in order to improve the maintainability and adaptability of the
design. In recent decades, the typical method of firmware design takes place at the register-
transfer level (RTL), which describes how data are manipulated by hardware components,
such as adders, as they are moved between registers [120]. Because this method requires man-
ual translation of an abstract design to a single hardware system, it is hardware-dependent,
tedious, and error-prone.

These shortcomings are addressed by HLS, which “synthesizes” an RTL design from

an implementation in a higher-level programming language like C++. From the user’s
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perspective, the process is similar to compiling a C++ program into machine language for a
specific computer. Because HLS allows designs to be finalized at a higher level of abstraction,
it shortens development time, eases maintenance, and increases design reusability [121].
These considerations are particularly important for a large collaboration like ATLAS, in
which there is frequent turnover for firmware development and maintenance. In the context
of upgrade work, the design reusability feature of HLS in principle enables the same design
to be implemented on a number of technologies being considered; in practice, reusability is
limited by the proprietary nature of the FPGA technologies and corresponding HLS software.
The firmware design was implemented using the Intel HLS Compiler, which accepts
designs written using a limited subset of C++-. The target was the Stratix 10 FPGA, but
the HLS compiler enables design testing on CPU using a simulation of the Stratix 10. The
project was terminated before it reached the stage of testing on the physical Stratix 10.
This section describes the track-fitting firmware and the HLS implementation procedure.
The firmware design is described in section 7.2.1. The HLS implementation process is de-

scribed in section 7.2.2. Section 7.2.3 provides concluding thoughts on the project.

7.2.1 Firmware design

The trackfitter design was originally implemented for a trigger-level tracking system that
was to be implemented before Run 3, and so assumes the ID configuration described in
section 3.2.2. Since a complete RTL implementation of this design already existed, the HLS
implementation was to replicate this design in order to compare the performance of the two
implementations and use the results to draw a conclusion about the utility of HLS.

The trackfitter design, shown as a block diagram in fig. 7.3, consists of several discrete
units. The first, the input decoder, receives and parses a stream of data that contains the
coordinates of hits in the pixel detector and SCT. The input data may include up to 3 hits

in any given layer, and up to one “empty” layer with 0 hits is allowed. The decoded hits are
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Figure 7.3: Block diagram of trackfitter design.

organized by layer into a data collection called a “road,” which is passed to the next unit,
the road organizer. The road organizer determines what type of fit is needed based on the
location of the empty layer, if one exists. Roads without an empty layer need a ‘“nominal”
fit, while roads with an empty pixel layer need a “pixel” fit, and roads with an empty SCT
layer need a “strip” fit. The different fit types account for the different number of parameters
involved in the fit calculation, which differs based on whether a layer is empty and, if so,
which kind it is.

The trackfitter design allows it to perform up to five fits in parallel: one nominal fit, two
pixel fits, and two strip fits. This distribution is based on the expected frequency of roads
with missing hits, which are more common than roads without them. After determining
what kind of fit needs to be performed, the road organizer transfers the road to a “combiner”
block that prepares it for the fit. The combiner assembles all possible tracks with one hit
in each nonempty layer and passes them one by one to the “fitter” block, which performs a

linear fit using matrix multiplication. The fit quality is assessed with a y2 calculation, and
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if it is below a certain threshold, the fit result is passed to the demux block, which formats
the fit data and passes it on. If a nominal fit does not pass the X2 threshold, it is passed to
the recovery fitter, which retries the fit with each layer removed. This makes it possible to
recover tracks that may have erroneously been associated with an unrelated hit.

One of the challenges of the trackfitter design is arbitration. In general, each road contains
a different number of hits in each layer and so correponds to a different number of track
candidates. This means the time required to perform the fit may vary significantly between
roads, so the various fitters and combiners will be busy for different lengths of time. Part
of the road organizer’s functionality is to check whether the various combiners are occupied;
this process is called “arbitration” and requires communication between the road organizer

and the combiners.

7.2.2  HLS implementation

The HLS implementation of the trackfitter was prepared in three major stages, illustrated
in fig. 7.4. The first stage of development was a pure C++ implementation of the track-
fitter design without regard to the limitations of the HLS compiler. This way, a correct
implementation could be written quickly and used to verify that later iterations continued
to produce correct results. A set of “test vectors,” being artificial sets of hits used to test
the various aspects of the trackfitter design, were created to test the pure C+-+ and later
implementations.

The second stage was to adapt the C++ implementation to use only the subset of C++
supported by the Intel HLS compiler. The compiler does not support many basic features
of C++, including, for example, dynamic memory allocation or recursive functions, because
these constructs cannot be replicated in the FPGA’s digital logic [122, 123|. For this step, the
individual units of the trackfitter design were adapted one by one as standalone functions,

and their functionality and performance were verified using a software testbench.
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Figure 7.4: Workflow for HLS trackfitter implementation.

It is not sufficient for the HLS implementation of each unit to simply be written using
C++ patterns supported by the HLS compiler; care must also be taken to optimize its per-
formance. Without HLS-specific optimization, the RTL design synthesized by the compiler
will be inefficient in terms of both “area,” which is hardware resource usage, and “latency,”
which is the time delay between subsequent operations. Optimization can be achieved by
restructuring the C-++ code and by providing specific instructions to the HLS compiler
using special preprocessor directives that tell it, for example, when a loop may be paral-
lelized [124]. The optimization process requires many iterations. Each unit was optimized
until its latency and area were small enough to run easily on the Stratix 10. As an example,
the optimized road organizer used far less than 1% of the Stratix 10’s area and took 59 clock
cycles to complete for one test vector. Further optimization was deferred to a later stage of
the project.

The combiners and fitters must run asynchronously, so they were implemented using
a system of tasks. A system of tasks consists of a number of “task functions” that may
run in parallel [122]. Essentially, a system of tasks emulates the behavior of a group of
interconnected firmware components, but within a single component. While it is possible
and often standard practice to use HLS to design individual components that are interfaced
at RTL, for this project a single-component approach was attempted to benefit as much

as possible from the advantages of HLS. However, designing a messaging system between
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the road organizer and combiners to facilitate the arbitration proved to be difficult if not
impossible to achieve within the system of tasks, due to limitations on the number of read
and write sites for data streams.

The final stage, the testbench, would implement the HLS trackfitter design on the actual
Stratix 10 hardware. This stage would require a fully functional trackfitter design, including
arbitration, but was not reached during the lifetime of the project. Had it been reached, the
latency and area of both trackfitter designs would have been compared directly. Depending
on these results, further optimization of the HLS implementation may have been attempted.
If the HLS implementation’s performance was found to be adequate, it would have been
updated to meet the specifications of the upgraded ATLAS detector and the “one event, one
board” model for the EF.

7.2.3  Conclusion

Before the testbench stage of the project was reached, Intel announced that it would dis-
continue support of its HLS compiler. As a result of this development, the project was
shelved.

Although it was not completed, the project provided insights regarding the application
of HLLS that may inform future efforts. One lesson learned was the utility of the pure C++
implementation of the trackfitter design. While this step was not strictly necessary, it was
a useful starting point; while an RTL implementation was available, the HLS-compliant
code is still more similar to C++ than to hardware description language. The pure C++
implementation also provided a useful benchmark for accuracy, since it could be launched
using a similar software testbench to the one written for the HLS. Another lesson concerns
the difficulty of arbitration within the system of tasks. The utility of a system of tasks
could be gauged in future projects by, for example, attempting to set up arbitration among

a system of dummy tasks. This could expedite the process of learning whether a system of
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tasks is sufficient or whether the project would be better implemented as HLS components

interfaced at RTL.
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CHAPTER 8
CONCLUSION

This dissertation presents two searches for new particles that interact with the Higgs boson,
using the Higgs boson itself as a tool for discovery. Both searches use the ATLAS Run 2
dataset, consisting of 140 fb~1 of pp collisions with center-of-mass energy Vs = 13 TeV.

The first search, published in ref. 2, targets invisible and partially invisible decays of the
Higgs boson. The H — inv. interpretation targets the VBF production mode of the Higgs
boson with a radiated photon, and sets an upper limit on the H — inv. branching ratio
of 37%. The H — 774 interpretation provides experimental constraints on Higgs boson
decays to a photon and a dark photon, with an upper limit on the H — 74 branching
fraction of 1.8%, as well as constraints on similar decays mediated by a BSM boson with
mass between 60 GeV and 2 TeV. Finally, this search also presents the first observation of the
EW Z(— vv)~jj process, one of the backgrounds to the H — inv. and H — 774 searches,
with an observed significance of 5.20. A combination with a subsequent ATLAS search for
the same process in ref. 3 increases the significance to 6.30.

The second search, published in ref. 4, targets the X — SH — bbbb process. Here, X and
S are hypothetical scalar bosons included in many models of new physics that include an
extended Higgs sector. This search leverages the large H — bb branching ratio and the similar
S — bb decay, and uses a novel GP 4+ NF method to estimate background contributions from
probability distributions learned from real data via machine learning techniques. A wide
range of mass hypotheses, from 70 GeV to 5 TeV for mg and from 300 GeV to 6 TeV for mx,
are considered. Upper limits ranging from 0.7 fb to 2.6 pb are set on the pp - X — SH — 4b
cross section. The most stringent limits come from the mixed channel, in which the H — bb
decay is reconstructed from a single large-radius jet, which targets signal mass hypotheses
with large mx.

While neither search shows evidence for new physics, both are nonetheless worthwhile
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contributions to our understanding of the Higgs boson. The journey ahead, to an even better
understanding, will require us to explore multiple paths—some obvious, some not so obvious.
As a straightforward path, both of the searches presented in this dissertation can be expanded
to include data from Run 3 of the LHC, which concluded in June 2026, shortly before this
dissertation was completed. The Run 3 dataset is over 300 b1 in size and will improve the
statistical precision of all results. This will be particularly relevant to the mixed channel of
the X — SH — 4b search, which is statistically limited. But systematic uncertainties must
also be reduced; in particular, the theoretical uncertainties in the first search, the H — bb
tagging uncertainties in the second, and the background estimation uncertainties in both.
In conclusion, future use of the Higgs boson as a discovery tool will require not only more
data, but also more creativity and rigor. As we look toward the HL-LHC, we must also
continue to make innovations in analysis strategy. Only time may tell whether the Higgs
boson will lead us to the answers we seek about our universe. But the search is far from

over, and so long as we press on, the future of Higgs physics will certainly be bright.
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