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We present a search for physics beyond the Standard Model in channels with two Higgs
bosons, each decaying via the process H — bb, and large missing transverse momentum. The search
uses a data sample produced in proton-proton collisions with center-of-mass energy /s = 13 TeV,
collected by the CMS experiment at the CERN LHC, and corresponding to an integrated luminosity
of 137fb~!. The Standard Model backgrounds are predicted using data-driven techniques and the
prediction is compared to the signal region yields to test for the presence of new physics. The
observed yields in the signal regions agree with the background estimation, enabling us to set limits
on the production cross sections for pairs of the lightest neutralino Y and pairs of gluinos using
simplified supersymmetry models. For the electroweak production of nearly degenerate higgsinos,
X masses in the range 175 to 1025 GeV are excluded. Gluinos as heavy as 2330 GeV are excluded.
These represent the best limits to date for these simplified models, significantly extending the
exclusions from previous results. This search is also used in tandem with five other analyses in
an electroweakino combined search, extending the limits further than any individual analysis. In
addition to these searches, this thesis describes the on-going and future upgrades to the LHC
and the CMS detector and experiment. The upgrades are designed to substantially increase the

instantaneous luminosity of the LHC, making it easier for future analyses to probe new physics.
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Chapter 1

Introduction

The heart of particle physics is attempting to understand, study, classify, and predict the fun-
damental pieces of matter and their basic interactions. High energy particle colliders, like the Large
Hadron Collider (LHC) [1], are a very effective way to produce subatomic particles and observe
their interactions. In 2015, the LHC broke the world record for the highest energy collisions [2] and
has continued to collide protons at a center-of-mass energy of 13 TeV, allowing for incredibly large
data samples to be collected and studied. Along the LHC’s 27-kilometer circumference sit four
experimental detectors (CMS and ATLAS being the two general-purpose detectors), each of which
collects and processes the collision decay products. Through decades of theory and experimenta-
tion, we have developed a thorough and consistent description of all observed subatomic particles
and the strong and electroweak forces that form our Universe. This theory, the Standard Model
(SM) of particle physics [3], was completed when the last remaining particle, the Higgs boson, was
discovered jointly by the CMS and ATLAS collaborations in 2012 [4,5].

There are, however, physical and theoretical reasons to believe that the Standard Model is not
a complete description. For physical motivations, the Standard Model has no accurate description
of gravity, a force we see interacting macroscopically. We are also aware of the presence of dark
matter, or at least its effects in cosmological observations, which is believed to account for 85% of
the total matter in the Universe, yet the Standard Model has no particle candidate for dark matter.
For theoretical motivations, one indicator that the SM is incomplete is known as the fine-tuning

problem. Since the Higgs boson is a scalar particle, its mass receives quantum corrections that



are strongly dependent on a large-scale cutoff, like the Planck scale. This implies the mass of the
Higgs boson should be many orders of magnitude larger than it is experimentally measured. Only
by severely fine-tuning the bare mass of the Higgs can we get the experimentally-determined Higgs
mass; fine-tuning model parameters is usually an indicator of an incomplete theory, especially if
there is no physical explanation or driving force for why fine-tuning is needed.

This thesis investigates a potential extension to the Standard Model that could help solve
these and other problems the SM alone cannot fix. Supersymmetry (SUSY) introduces space-
time symmetries that relate fermionic and bosonic degrees of freedom, giving each SM particle a
“superpartner” that differs by %—unit of spin. The simplest of these SUSY models is called the
Minimal Supersymmetric Standard Model (MSSM) and contains the smallest (“minimal”) number
of new particle states and interactions [6]. An exact symmetry would require a SM particle and
its corresponding superpartner to have identical mass; however, we have not observed any of these
superpartners and thus it is assumed the symmetry is broken and the superpartners must have
remarkably heavier masses. SUSY gives a natural solution to the fine-tuning problem and provides
a candidate for dark matter: the lightest SUSY particle (LSP). The LSP is weakly-interacting and
would escape detection from any particle detector, taking with it some energy from the collision.
The key, then, to searches for SUSY is being able to successfully measure and reconstruct the
missing energy in an event collision.

The search presented in this thesis is a search for physics beyond the SM. In Chapter 2,
we examine the current theoretical understanding of particle physics, used as motivation for our
search. In Section 2.1, we describe the Standard Model of particle physics, including its immensely
successful description of three of the four fundamental forces, through the Lagrangian for each force
and its associated particles. We also touch on some of the limitations of this theory. Section 2.2
describes the theory of supersymmetry (SUSY) and why it is such an attractive solution to the
fine-tuning problem.

We then move on to the experimental apparatus. Chapter 3 presents a description of the Large

Hadron Collider (LHC), the high-energy proton-proton collider that allows us to study particle



collisions and interactions, while Chapter 4 gives a thorough explanation of the CMS detector,
which is responsible for particle detection and reconstruction from the collision data it collects.
The event reconstruction, including particle identification, is included in Chapter 5.

The focus of this thesis, a search for new particles predicted by SUSY, is presented in Chap-
ter 6. We begin with a motivation for the search, as well as a discussion of the SUSY signal models
in which we interpret our results. A description of the data samples and the generation require-
ments for simulated samples is given in Section 6.2. The event criteria we impose to select the
events in line with our analysis signature, including large amounts of missing energy, are listed in
Section 6.3. The SM background estimation methods are described in Section 6.4, and the valida-
tion of these methods is given in Section 6.5. This section also includes details on the systematic
uncertainties that are derived and assigned to both the background predictions and to the SUSY
signal models used to interpret our results. Section 6.6 shows the results of the analysis, includ-
ing the interpretations in the context of these signal models. After the description of this search,
Chapter 7 describes a different, combined electroweak analysis that uses the results of Chapter 6
along with five other analyses for a broader range of interpretations.

Finally, a description of the Phase 2 upgrade of CMS for the High-Luminosity LHC (HL-LHC)
data-taking period is given in Chapter 8, which includes work toward improving the performance
of the data acquisition system for future runs. A summary of the two searches in Chapters 6 and 7,

including how the Phase 2 upgrade will benefit future SUSY analyses, is given in Chapter 9.



Chapter 2

Theoretical background

In this Chapter, we examine the current theoretical understanding of particle physics. The
Standard Model (SM) is the theory that describes three of the four fundamental forces and classifies
the known constituents of matter. The SM was developed in stages throughout the second half of
the 20th century, driven by theorists and experimentalists alike, and has been tremendously suc-
cessful; however, there are a variety of missing pieces (such as gravity, the fourth fundamental force)
that the SM cannot explain. This thesis investigates an extension to the SM called supersymmetry,
so first we must have a good understanding of the SM itself and why it is an incomplete picture. In
Section 2.1, we describe the Standard Model of particle physics, deriving its Lagrangian and high-
lighting deficiencies in the current theory. In Section 2.2, we examine the theory of supersymmetry

and explain why it is an appealing extension.

2.1 The Standard Model of particle physics

The Standard Model (SM) of particle physics describes three of the four fundamental forces
and the subatomic particles that mediate and interact via these forces. The subatomic particles
are broken down into fermionic particles and bosonic force carries, and the SM describes how these
particles interact with each other through quantum field theory. Figure 2.1 shows the elementary
particles of the SM and their properties. The theories summarized in the rest of this section are
adapted from Refs. [3,7-10].

In the SM, elementary particles are categorized by half-integer (fermions) or integer (bosons)
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spin. Fermions are categorized as quarks or leptons and make up the matter that we see. They are
classified into three families or generations, as shown in Table 2.1. Bosons are separated into scalar
bosons, such as the Higgs boson, and vector or gauge bosons, the force “carriers” or “mediators”
responsible for force interactions. The gauge bosons only interact with particles that have the right
kind of charge. The properties for all the integer-spin particles of the SM are listed in Table 2.2.
Fermions and the bosons they interact with are described in more detail in Sections 2.1.1 and
2.1.2, respectively. The manifestation of these interactions, the fundamental forces, is described in
Section 2.1.3.

The Lagrangian for the SM is briefly introduced in Section 2.1.4. We will go through its
derivation in the sections that follow, through the symmetry group of the SM: SU(3)xSU(2)xU(1).
The unitary group U(1) describes electromagnetism, discussed in Section 2.1.5. SU(2) models
the weak interaction between fermions and three gauge bosons, described in further detail in Sec-
tion 2.1.6. SU(3) governs the strong interaction and is used in quantum chromodynamics, discussed
in Section 2.1.7. Discussed further in Section 2.1.8, SU(2)xU(1) generates the electroweak theory,
describing both the electromagnetic and weak nuclear forces simultaneously, which breaks down to
U(1)gm when the electroweak symmetry is spontaneously broken. Lastly, the Higgs mechanism,
the spontaneous symmetry breaking caused by interactions between the Higgs field and bosons,
generates the masses of the particles and is discussed in Section 2.1.9. A list of the parameters of

the SM is given in Section 2.1.10, all of which must be determined experimentally.



Name Symbol Mass Charge Generation
electron e 0.511 MeV -1 1
electron neutrino Ve <1.1eV 0 1
Leptons muon u 106 MeV -1 2
muon neutrino Yy <0.19 MeV 0 2
tau T 1.78 GeV -1 3
tau neutrino Uy <18.2 MeV 0 3
up u 2.161032 MeV  +2/3 1
down 46770102 MeV -1/3 1
charm c 1.27£0.02 GeV +2/3 2
Quarks strange S 93fé1 MeV -1/3 2
top t 172.76+0.30 GeV ~ +2/3 3
bottom b 4187003 GeVv -1/3 3
Table 2.1: The spin-3 particles of the SM [12].
Name Symbol Interaction Charge Mass [GeV]
Photon y Electromagnetic 0 -
W bosons W+ Weak +1 80.379 + 0.012
Vector bosons 7 4,.0n Z Wealk 0 911876 +0.0021
Gluon g Strong 0 -
Scalar bosons Higgs boson H - 0 125.25 +£0.17

Table 2.2: The integer-spin particles of the SM, and the force they mediate [12].



2.1.1 Fermions

Fermions are represented as solutions to the free-particle Dirac equation, with the Lagrangian

and resulting equation of motion:

L= i&v“ﬁﬂw — map, and
(2.1)

iv' 0 — map = 0.
The SM is a chiral theory, meaning left-handed and right-handed fields transform differently. The
left- and right-handed fields are eigenstates of the chiral projection operators P, and Pg, and the

charge conjugate of a right-handed field is left-handed:

2
1+
2

5 - - -
Py = 7 Y, Pryr=1vgr, Pryr= P, =0,

(2.2)

5 —_ —_ —_
Priop = ——pp,  Ppibp =, Ppibr = Pribp =0,

where 7° is the fifth gamma matrix (7> = i7°y'7243). The left-handed quarks and leptons are

arranged into three generations and come in doublets of :i:% weak isospin,

o0 u® c® te
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e n T

where « is the color index for the quarks. The quark and lepton doublets are contained in ¥y :
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Q

I
@l
o



2.1.2 Bosons

The SM has twelve gauge bosons (the photon, three weak bosons, and eight gluons) and

twelve gauge fields:

G}L"'S . the gluon fields,

(2.6)
W/}’Q’?’, Bg :  the electroweak W and B boson fields.

The electroweak boson fields mix to create physically-observable states: the neutral Z boson, the
massless and neutral photon, and the massive charged W bosons.

The Higgs field ¢, a complex scalar field and a weak isospin doublet, couples together left-
and right-handed fermions and is responsible for giving the gauge bosons their masses. Like all
fundamental fields, the Higgs field has a particle that mediates it. This is the Higgs boson, whose
properties are listed in Table 2.2. Similarly, the Yukawa interaction is responsible for fermionic

masses.

2.1.3 The fundamental forces

There are four fundamental forces in our Universe: the gravitational force, the electromag-
netic force, the weak force, and the strong force. Only three of these forces are included in the
SM — there is no explanation for gravity. These forces govern all interactions that occur in the
Universe and result from the exchange of force-carrier particles called gauge bosons. Each force
has its own corresponding boson: the strong force is mediated by the gluon, the W and Z bosons
mediate the weak force, the photon carries the electromagnetic force, and the (still undiscovered)
graviton mediates gravity.

As the name suggests, the strong force is the most powerful of the four. The strength of the
strong interaction is represented with a coupling constant, a, which is a dimensionless indicator
of interaction strength. The electromagnetic force is the next strongest, with a coupling constant
of a=1/137 at lower energy scales. Despite its name, the weak force is many times stronger than

gravity, but is the weakest of the three forces included in the SM. The weak coupling constant is
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typically between 10~7 and 1076 in the energy range around 1 GeV, since coupling constants are
dependent on the interaction and energy scale. Gravity is the weakest of these four forces, with a
coupling constant of 1073?, but is not included in the SM.

The effective range of the forces — the required distance between two particles for there to
be a high probability of interaction — also varies. Gravity and electromagnetism both have infinite
range. Gravity acts on all particles and objects in the Universe, no matter the distance, while an
electromagnetic wave will travel indefinitely and undiminished unless it encounters a particle that
absorbs it. The strong and weak forces do not manifest macroscopically because they have very
short effective ranges. The strong interaction has an effective range of 1071 m, slightly more than
the radius of a nucleon. The weak interaction has an even shorter effective range of 10717 to 10716

m, about 1/1000 the diameter of a proton, due to the heavy masses of the W and Z bosons.

2.14 Lagrangian of the Standard Model

The Lagrangian of the SM contains terms that couple the particles and their relevant inter-
actions. The gauge interactions act on the fermions through the covariant derivative D,, (a partial
derivative) and a field A,:

DU, = (9, + gA,) Ty, (2.7)

Using this covariant derivative, we can construct the field strength tensor,
i
F. = —E[D#, D,]. (2.8)

We can then write the Lagrangian for the SM in terms of the fields described in Sections 2.1.1

and 2.1.2:
1 _ o
Lo = — L Fo FLY + Uiy Dy + Yrin® Dytbr
+ (D) (Do) + 2ot — A(670)? (2.9)

— Yij¢Qiuj — YijdQid; — yijdLie; + he,
where hc is the Hermitian conjugate. The first three terms correspond to the interactions between

fermions and gauge bosons. The middle three terms correspond to the Higgs mechanism, while
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the last line corresponds to the Yukawa interaction, with y being the Yukawa couplings. The more

compact (and popular for merchandise) form of the SM Lagrangian is:
1 v
£SM - — ZF/’“/F

+ it + he
(2.10)

+|Dudl? =V (9)
+ Piijhjd + he.
We will go through these terms through the corresponding field theories and interactions in the

following sections.

2.1.5 Quantum electrodynamics

Quantum electrodynamics (QED) is a quantum field theory of the electromagnetic force
that mathematically describes how light and matter interact. QED describes the force between
two electrically-charged particles as coming from the interaction and exchange of photons and is
visually represented by Feynman diagrams that show electrons’ and photons’ momenta as lines
and the interactions — absorption or creation of photons — as vertices. Figure 2.2 shows one such

diagram.

e e

Figure 2.2: An example of a Feynman diagram, specifically electron-positron scattering [13].

The U(1)gy symmetry group corresponds geometrically to a circle that is invariant to rota-
tions and is associated with charge conservation. The Lagrangian of a free-particle Dirac fermion

is invariant under a U(1) transformation,

M%) (), (2.11)
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where ¢ is the charge and « is a constant. If we allow the above U(1) transformation to be space-
time dependent, (), we must introduce a new spin-1 vector field A* for the Lagrangian to remain

invariant and define our covariant derivative as follows:

D, =0, —ieA,, and

1 (2.12)
A, Y04 “0.a0.
We can then define the whole QED Lagrangian:
_ 1 ,
Lqoep = Y(Y" Dy — m)yp — ZFWFM , (2.13)

with the electromagnetic field tensor F,, = 0,4, — 0,A,. This spin-1 field A, is the massless

photon.

2.1.6 Weak interactions

Geometrically, SU(2) is the rotational symmetry of a sphere, and models the weak interactions

between fermions and three bosons, the W+, W~ and Z bosons. The properties of these bosons
and fermions are described above in Table 2.2 and 2.1, respectively. The weak force conserves weak

isospin 7. More commonly T3, the projection of the weak isospin along the quantization axis, is

1

used. Left-handed fermions have a weak isospin of T3 = +3,

where the sign is the same as the

electric charge of charged fermions!

. Right-handed fermions have a weak isospin of T' = T3 = 0.
The fermions involved in the weak force can be either elementary particles (leptons or quarks) or
composite particles (e.g. protons), although all weak interactions are between elementary particles
at the deepest level.

There are three basic types of weak interaction. Two of them involve charged, intermediate

vector bosons and are called charged current interactions. The third type is called the neutral

current interaction? These interactions are:

! Neutrinos and anti-neutrinos are assigned the opposite sign of their corresponding charged lepton, since they are
electrically neutral. Left-handed neutrinos have T3 = +%, being paired with negatively charged left-handed leptons,
while right-handed anti-neutrinos have T3 = —%.

2 Tt is interesting to note that these are called charged and neutral current interactions not because of the charge

carried by the W and Z bosons, but because the weakly interacting fermions form a current with total electric charge
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(1) A charged lepton (for example, an electron or muon) can emit a W~ boson or absorb a

W boson and convert into a corresponding neutrino, for example: p~ + W* — v,.

(2) A down-type quark with charge —% can emit a W~ boson or absorb a W boson and convert
it into a superposition of up-type quarks, for example: d — w4+ W ™. The exact content of

this superposition is given by the CKM matrix (see Ref. [14]).
(3) Either a lepton or a quark can emit or absorb a Z boson, for example: e~ — e~ + Z°.

Unlike strong interactions, weak interactions allow quarks to change flavor, since the weak
eigenstates are not exactly the mass eigenstates. This is a key component in the radioactive decay
of atoms. In beta minus decays, shown in the Feynman diagram in Figure 2.3, the down quark
inside a neutron changes into an up quark with the emission of an electron and an anti-electron

neutrino, and the neutron becomes a proton.

t p
udu

<l

udd
n

Figure 2.3: The Feynman diagram for a beta minus decay [15].

Let us postulate beta decays in the same manner Fermi did in 1934, suggesting that the interaction

is due to a local current-current interaction:

L= C@Z_}p’}/uwn&e'yuwv + cc, (2.14)

that is nonzero or zero. The naming convention predates the concept of a mediator boson. For example, in a charged
current interaction, we can infer the presence of an electron neutrino if we identify an electron. In a neutral current
interaction, we cannot directly identify the flavor of the neutrino.
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with 1, for the interaction fields. After precise empirical measurements, the coefficients in Equa-

tion 2.14 have been well-determined:

Iw

_ g _
»Cweak = _E [d’p’y)\(l - gf75)¢n[w67A(1 - 75)¢V] + cc. (2‘15)

In Equation 2.15, we see the vector and axial vector coupling constants, g, and g,, respectively.
The vector coupling constant for quarks g, is related to that for leptons: ¢, = GpV,4, where Gp
is the Fermi coupling constant and V4 is one of the matrix elements in the CKM quark mixing
matrix (see Ref. [14]). Historically, Gr was used to predict the masses of the W and Z bosons,
since it provides a low energy value for the weak coupling. The ratio of the coupling constants is
parameterized by A = g,/g,, one of the free parameters of the SM listed in Section 2.1.10.

Focusing on the .1, interaction in Equation 2.15, let us subject the left-handed field (1 —
~0)¥, to a parity transformation. This field posses nonzero components only in the first two entries
and is multiplied by 7° for the transformation, which moves the nonzero components to the lower
two entries. This produces the right-handed field (1+475)v0t,, which is not present in the equation.
We see, then, that the weak interaction violates parity symmetry. Right-handed fermions can only
participate in neutral current interactions, since they do not interact with W bosons.

Useful for particle identification, particle decays through the weak interaction tend to occur
more slowly than other interactions. This is partially due to the large mass of the W bosons. The

decay rate is proportional to

g%/ Q<<my,c g%v
R 7 5 (2.16)
Q% — my,c mi;,C

where g, is the weak coupling constant and @Q? is the momentum transferred by the W boson.
In the limit where Q@ << m,;c, the large W boson mass contributes to the longer lifetime. As an
example, a neutral pion (which decays electromagnetically) has a lifetime of about 1071¢ seconds,

whereas a charged pion has a lifetime of about 10~8 seconds.
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2.1.7 Quantum chromodynamics

Quantum chromodynamics (QCD) is the theory of interactions between quarks and gluons
due to the strong force. QCD is a quantum field theory with symmetry group SU(3), with spin-
1 massless gluons as the force carrier. In the strong force, the three kinds of charge the quarks
carry are referred to as “color” (categorized as red, green, and blue, and anti-red, anti-green, and
anti-blue for the antiparticles), hence why we refer to the theory as chromodynamics. In addition
to mediating the strong force, gluons themselves carry both color and anti-color and self-interact.
There are six quarks categorized into three generations, whose properties are listed in Table 2.1.
Each quark ¢ has an antiquark ¢ with opposite electric and color charge.

SU(3) symmetry is an exact symmetry under the different colors of quarks, mediated by
gluons. According to SU(3), 3x3 color combinations form an octet:

rg), [rb), 1gb), |g7), |bF), [bg),

=)~ 1a@). (1) + laz) — 208).

(2.17)

and a singlet:
1

V3

The color singlet is invariant under rotations in color space and therefore cannot be exchanged

(Ir7) + |gg) + [bb)). (2.18)

between color charges. It is, however, the color state of a qq pair. Quarks are bound together
by the strong force to create colorless hadrons, a requirement in QCD called color confinement.
Mesons are quark-antiquark pairs and baryons are three-quark combinations. The color state of a
baryon is %(\rgb) — |rbg) + |gbr) — |grb) + |brg) — |bgr)).

Let us look at just the three lightest quarks (u, d, s) to see how they combine into mesons

3. (q states can be combined into two nonets of spin-0 and spin-1 mesons, shown at

and baryons
the top of Figure 2.4. The spin-0 mesons include kaons and pions. The six mesons at the edges

of each nonet are diagonally opposite their antiparticles, while the three in the center are their

own antiparticle. Similarly, baryons are organized into a Spin—% octet, containing the proton and

3 These quarks are an order of magnitude lighter than the other three, so this is a reasonable split.
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K+ (SU) ..‘. ..‘.,,..‘."I. K'D (Sa]

JP=
JPa

1-
g’
2

n(ddu) p(uud) A~ (ddd) A®(ddu) 4 A*(duu) A (uuu)

¥ (dds) 2% (uds) *(uus) ¥* (dds) >0 (uds) **(uus)
Auds) :

& | _________ ‘ Ze- d . ‘E-D
= (ssd) =0(ssu) (ssd) (ssu)

“ € (sss)

Figure 2.4: Meson (top row) and baryon (bottom row) multiplets allowed under flavor SU(3)
symmetry. The qq states are organized into nonets of spin-0 (top left) and spin-1 (top right)
particles. The qqq states are organized into an octet of spin—% particles (bottom left) and a decuplet
of spin-3 particles (bottom right) [9].

neutron, and a spin-% decuplet (bottom of Figure 2.4).

Due to color confinement, free quarks cannot be experimentally detected. Unlike in electro-
magnetism, the force between two color charges remains constant regardless of distance. As the
charges are separated, the total energy of the system grows linearly with the separation distance
until a qq pair is formed from the vacuum, producing a new hadron. The process of forming new
hadrons around a free gluon or quark is called hadronization and ensures only colorless states exist.
When a quark or gluon is produced inside a particle accelerator, it causes new hadrons to form
around it which travel in the same direction. This forms a narrow jet of particles. The jet is
detected and measured to determine the properties of the original colored particle.

Let us consider the SU(3) symmetry for a quark g¢:

g VO, cigstaras2y, (2.19)
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where g, is the strong coupling constant, £ is an 8-dimensional vector of arbitrary functions, and
A represents the eight 3x3 Gell-Mann matrices [3]. The gauge covariant derivative, including the

spin-1 vector fields GL"'S to maintain SU(3) gauge invariance, is:

.95 ~a
D, =0, — ZEG#)\Q, and
(2.20)

SU(3) 1
Gz — GZ - 975 ,ugc - fabcfaGZa
where fup. are the structure constants of SU(3), satisfying [Ag, Ap] = 2i fape e, and the indices a, b, ¢
all range from 1 to 8. The complete Lagrangian for QCD can then be written as:

. |
Lqcp = q(i' Dy — m)q — ZGWGZL , (2.21)

with the field strength tensor for gluon field a defined as: G, = 9,G}, — 9,G}; + gsfachZG,C,.

2.1.8 Electroweak theory

At first glance, the electromagnetic and weak forces appear quite different. The weak force
has a very short effective range, at distances shorter than the diameter of a nucleus, while the
electromagnetic force can extend indefinitely. Additionally, the weak force is roughly 108 times
weaker than the electromagnetic force. Yet the electromagnetic force and the weak force can be
understood as two facets of the same force, the electroweak force. The gauge group SU(2)xU(1)
provides a unified description of the electromagnetic and weak forces, the electroweak theory.

Historically, the electroweak theory arose from attempts to produce a self-consistent gauge
theory, analogous to QED, for the weak force. It was discovered during the 1960s that this was
indeed possible, but only if the theory also included the electromagnetic force. This theory required
three massless bosons of weak isospin (W1, W2, W3) and a massless boson of weak hypercharge
(B°). These are not yet physical fields, as we know the bosons that mediate the weak interaction
have mass. One additional problem with this theory is that a fermionic mass term would couple
left-handed and right-handed fermions, which belong to different weak representations.

Both problems can be solved by spontaneous symmetry breaking (SSB). The Higgs mecha-

nism (discussed in the next section) describes how gauge bosons gain their masses through SSB
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of a gauge theory. Additionally, an effective fermionic mass term can be written by coupling the
operator that receives a vacuum expectation value (from SSB) to the fermions, if the operator has
specific quantum numbers.

From observation, we know that the electroweak theory needs to break down to U(1)gm
after SSB and that the weak interaction can be accurately represented by SU(2). However,
SU(2)xU(1)gm cannot describe electroweak theory, since we know the W bosons are electrically
charged, meaning the generator of U(1)gy must not commute with some of the SU(2) generators
(which it does by definition). This small problem is solved by introducing a different quantum
number, weak hypercharge Y.

The symmetry breaking pattern SU(2)xU(1)y —U(1)gm, then, is the minimal SSB pattern
that accurately describes the Universe, and thus the gauge group of the electroweak theory. The
generators of SU(2) and U(1) are the weak isospin (7") and the weak hypercharge (Y'), respectively,

and together give a relationship for the electric charge of a particle:
1
q="T3+ §Y. (2.22)

While some particles have a weak isospin of zero, all known spin—% particles have a nonzero weak
hypercharge. Neither weak isospin nor weak hypercharge are conserved when particles interact with
the Higgs field; only the unique linear combination in Equation 2.22 is conserved. The strength of
the particle interactions is determined by the vector and axial vector coupling constants g, and g,

defined in Section 2.1.6, whose values indicate the type of interaction:
Electromagnetic interactions: g, = ¢, g, =0,
Charged current weak interactions: g, = —g, =T, (2.23)

Neutral current weak interactions: g, = T3 — 2¢sin® 6, g 4= —13.
Let us consider a U(1) transformation acting on fermion ¢ and an SU(2) transformation on

an isospin doublet W:

() ﬂ eiglya("’”)/zw(x) and
(2.24)
U(z) SU(Z); elgwfi(x)gi/Q\Ij(x)’
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where ¢’ is the hypercharge coupling constant, Y is the hypercharge operator, g, is the weak
coupling constant, o and £ are arbitrary space-time dependent functions, and o; are the three
Pauli spin matrices. We must introduce four new spin-1 vector fields for the Lagrangian to remain

invariant, B, and W (a=1,2,3), and define our covariant derivative:

. .g’ 9w atira
D’u = BH — ZEYBM — 170' W'U"
B, & B, —ig'd,a, and (2.25)

a SU(Q) a a C
Wp, — Wp, - gW8M§ - gweabcgbwu)

where €4 are the structure constants of SU(2).

As discussed in Section 2.1.6, the weak interaction depends on particle chirality, as only
left-handed particles and right-handed antiparticles interact with the W bosons [16]. Let us, then,
account for this in the Lagrangian:

o o _ 1
Lewk = Vi DuVp +Yriv" Dybr — S W Wi, — - B By, (2.26)

where U are the left-handed quarks and leptons and g are the right-handed, as defined in
Equations 2.3 and 2.5. The covariant derivative acting on the right-handed singlet (D;L) does not
contain the third term in Equation 2.25, since right-handed fermions do not interact with the W

bosons.

2.1.9 The Higgs mechanism

The SU(2) symmetry requires the W and Z bosons to be massless. Experimentally, we know
this is not the case, and they, in fact, have relatively large masses (m,, = 80.4 GeV, m, = 91.2
GeV). The phrase “Higgs mechanism” refers to the W and Z bosons gaining mass through elec-
troweak symmetry breaking. The mechanism adds a quantum field (the Higgs field) that permeates
all Hilbert space and is described by an isospin doublet with both neutral and electrically-charged
components:
¢+
¢0

-
|

(2.27)
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Let us start by writing the Lagrangian for this field,

Ly = (D'6)'(Dyo) - V(9), (2.28)

where our covariant derivative D, is the same as in Equation 2.25. The Higgs mechanism is

accomplished by minimizing the Higgs potential

V(9) = —p¢'o + Mo 9)?, (2.29)

where the constants 2 and A are positive. At the minimum, the ground state of the Higgs field is

non-zero. We may choose the ground state such that:

<¢>=\ﬁ N (2.30)

where v is the acquired vacuum expectation value (VEV), satisfying v? = p2/\.

When the Higgs field develops a VEV, the symmetry is spontaneously broken, allowing the
electroweak fields to mix and the Z and W bosons to acquire mass. If we substitute in this ground
state and keep the resulting quadratic terms from the (D”qS)T(Duqb) term of Equation 2.28, we can

see the effect on the gauge fields:

1
5V low (Wi + WaWe) + (¢ By — 9, W3)°) (2.31)

The physical gauge bosons are excitations of linear combinations of these fields:

1 11/ 2
e WAE W
o )
V2
7, = cos 0,W? —sin6,,B,, (2:32)

A, = sin Qlef + cos 0, B,

where 6, is the Weinberg or weak mixing angle defined as tanf,, = ¢'/g,,. The neutral gauge

bosons Wg’ and B, mix and have a 2x2 non-diagonal mass matrix, giving us the mass eigenstates
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for Z, and A,. We can then obtain the mass terms:

1%
mW = 59[/{/7
My v 2 2
= = —./ 2.33
Mz cosf, 2 Gw T 9% ( )
m, =0.

We see that the photon (A,) remains massless after the symmetry is broken, agreeing with ob-
servations: the SU(2)xU(1) symmetry is broken to U(1)gm. The coupling constant for U(1)gm
(e) can now be related to the couplings before symmetry breaking through the Weinberg angle,
e = gy sinby, = g’ cosb,.

Like bosons, fermions also acquire mass through their interaction with the Higgs field [16],
through Yukawa couplings which are proportional to the VEV v. Briefly, we define the Lagrangian

as:
Lyukawa = —Yij0Qiuj — 1i;0Qid; — yijdLie; + he, (2.34)
where y are the different Yukawa couplings matrices, ¢, j are the family indices from 1 to 3, and

& = iT2¢* where 75 is a Pauli matrix. After SSB and shifting the scalar field by v, the masses for

the fermions are:

1
m; = \ﬁyw, i=-e, u, d. (2.35)

2.1.10 The parameters of the Standard Model

There are 18 parameters of the Standard Model that must be determined experimentally:
® My, My, Mg, Me, My, My, Me, My, My the quark and lepton masses, as stated in Table 2.1,

e )\ A, p, n: the parameters that describe the mixing between quark mass and flavor eigen-

states, as in the CKM matrix in Ref. [14],

e m, and v: the mass and the vacuum expectation of the Higgs field, determined to be

m,, = 125 GeV and v = 246 GeV, and
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e «, ag, Gp: the coupling constants for the relative strengths of the gauge group. « is

dependent on the energy scale it is measured in, and so two values are given:

o = e? /4, ag® =~ 0) ~ 1/137.0,

a(g® =m? = (91GeV)?) ~ 1/127.5,

a5 = g2 /4, as(q> =m?) = 0.1184 £ 0.0007,
Gr=V2g%/8m%, Gr(q® ~ 0) = 1.1663787 x 107> GeV?,
where m,;, and m, are the masses of the W and Z bosons, respectively, and g;;, and gs are

the weak and strong coupling constants.

2.2 Supersymmetry

The Standard Model has been widely successful, predicting the observed production rates of
SM processes to high precision (as shown in Figure 2.5) and the existence of elementary particles
before their empirical discovery, such as the top quark [17,18], the tau neutrino [19], and the
Higgs boson [4,5]. Despite all of its success, the SM is an incomplete description of our Universe,
the most glaringly obvious deficiency being that it is unable to incorporate gravity. Additionally,
the SM does not account for the non-zero masses of neutrinos [20] nor neutrino oscillations [21],
which we have experimentally detected and measured; it has no mechanism for the acceleration
of our Universe, often attributed to dark energy [22,23], and it contains no viable candidate for
dark matter, which cosmological observations imply make up 85% of all matter [24]. Lastly, the
quantum corrections to the Higgs mass are unstable and divergent, requiring a fine-tuning of the
bare mass that is considered unnatural by most scientists [25].

These variances from nature, while a problem for the SM, give motivation and direction for
new physics. Physics beyond the Standard Model (BSM) refers to theories that attempt to explain
these deficiencies, and we consider the theory of supersymmetry (SUSY) in this thesis. A more

complete description of SUSY is given in Refs. [27-29].
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Figure 2.5: Theoretical prediction and observation of cross sections of SM processes from CMS. [26]
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Figure 2.6: The loop correction to the Higgs mass from the top quark.

SUSY is a spacetime symmetry that uses a fermionic operator @ to relate bosons to fermions:

Q|Boson) = |Fermion) and Q|Fermion) = |Boson). (2.36)

Every SM particle has a superpartner related by Equation 2.36 that differs by %-unit of spin but
is otherwise identical in properties (mass, hypercharge, weak isospin, color charge), assuming the
symmetry is unbroken. Before describing SUSY further, we will discuss the fine-tuning problem in

more detail, to see why such a symmetry would be beneficial.

2.2.1 The fine-tuning problem

Fine-tuning is the process of precisely adjusting parameters of a model to fit with observation
and is regarded as problematic without a known mechanism or explanation as to why the parameters
must have those exact values [30].

The physical mass of particles can be thought of as a bare mass mg plus “loop” corrections
Am [31], where the m in Equations 2.13, 2.15, 2.21, and 2.26 is the bare mass. For the Higgs
mass, the VEV is very unstable under quantum loop corrections due to the presence of virtual
particles. These corrections are much larger than the physical mass of the Higgs, which means we
must precisely fine-tune the bare mass. Let us consider only the top quark loop correction, the
largest contribution, as shown in Figure 2.6. We can write the coupling of the Higgs to the top
quark as:

Ut
L=—"-0¢trtr + hc, 2.37
ﬂ¢LR c (2.37)
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where y; is the top Yukawa coupling and t1tg are the left- and right-handed components of the top
quark. The mass of the top quark is m; = yty/\/i, with v as the VEV.

This coupling is valid from the electroweak scale — where the masses of the W, Z, and Higgs
bosons are roughly the same order of magnitude — to some arbitrarily high scale’. We will take
this high scale as the Planck scale, the highest scale at which quantum field theory holds; for any
scale beyond that, gravity becomes too strong to ignore and must be included. Imposing, then, a
momentum cutoff at the Planck scale A, we evaluate the top-quark loop contribution to the Higgs
mass:

3 2 A2 2
Amy| = _3lwl® [A2 —3m?1n <+mt>} , (2.38)

872 m?

top

where we have dropped terms that are finite as A — oo since we are only concerned with the asymp-
A2

totic behavior of Am?. Let us divide Equation 2.38 into its quadratic Am¥ and logarithmic

top
In
Am%{ terms:
top
A2 2
3
Amf| = 52/&2, and
top
(2.39)
In 2 2 2 2
9 A
Am = Tr;t:gt‘ ln( +2mt>.
top 7T my

Since the corrections are quadratic in the Planck scale, they are roughly 30 orders of magni-
tude larger than the Higgs mass, m,% ~ (100 GeV)2. Specifically, this requires the Higgs bare mass
to be finely-tuned in order to almost completely cancel out these quantum corrections: this is the
fine-tuning problem.

Many new theories have been created in order to avoid this level of fine-tuning. One such
theory is supersymmetry, which contains the same number of bosonic and fermionic degrees of

freedom. Suppose we introduce a scalar partner of the top quark, denoted ¢, whose interactions

4 Since the SM is incomplete, there must be new physics somewhere between the electroweak scale and the scale
where gravity can no longer be ignored. This new physics would couple to the Higgs and so affect the Higgs mass.
A cutoff is necessary and imposed at the point where these new particles would appear. Since we don’t know where
that cutoff should be, we will assume it is the highest scale at which QFT holds, the Planck scale.
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Figure 2.7: The loop correction to the Higgs mass from the top squark.

are described by:

N2 -, o ] )
£r =~ 2L L2 4 Fnf2) — (Ll + Fnlfnl?) — mi, o — i a2 (240

Let us calculate the quadratic contribution to the Higgs mass, from the leading-order loops in

Figure 2.7, and assume that A = |y, |*:
A2

3’%\2 2
Am?| = A2 2.41
my : Q2 ( )

We see that Equation 2.41 exactly cancels out the quadratic contribution from the top quark in

Equation 2.39. For the logarithmic contribution, we will assume fi; = fir = 25\m§, and give a

small perturbation to the left- and right-handed components of the ¢ mass: m?L =m? + mQAL and
mth =m? + miR. The logarithmic contribution from the ¢ corrections is then:
In 2 2 2 2
9yl AT+ mi + mi
Am%| =— m? +mi )ln B
H 1672 (mi +ma,) m? +m%
" 2.42)
A? +m? + m? (
TR G = A
mi +mp,
In In ~
As m2AR — 0 and mQAL — 0, we see that Am%| — Am%| . By introducing a scalar particle (¢)
t top

with identical couplings as the top quark (¢), provided the mass difference is small, the top quark
loop corrections are cancelled out. Under supersymmetry, £ is the superpartner of the top quark,

and there is no longer any need for excessive fine-tuning of the Higgs mass [32].
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2.2.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) [28] is the most basic extension to
the SM that incorporates supersymmetry and is based on the same gauge symmetry as the SM,
SU(3)xSU(2)xU(1). In the MSSM, SM fermions gain spin-0 superpartners that have an “s” in
front of their fermion’s name for “scalar” (for example, the superpartner to the top quark is called
a top squark or a stop) and denoted with a tilde (). Quarks and leptons and their corresponding
superpartners are arranged in chiral supermultiplets, sometimes called matter supermultiplets,
that consist of a two-component Weyl fermion and a complex scalar field. Before electroweak
symmetry breaking, the gauge bosons (W*, W°, and BY) receive Spin—% superpartners (Wi, WO,
and EO) called winos and binos. Gluons are partnered with gluinos, g. The SM gauge bosons
and their fermionic superpartners are arranged in vector supermultiplets, sometimes called gauge
supermultiplets. Both vector and chiral supermultiplets contain the same number of fermionic and
bosonic degrees of freedom.

A single higgsino (the fermionic superpartner of the Higgs boson) would lead to a gauge
anomaly® and would cause the theory to be inconsistent [28]. If two higgsinos are added, their
contributions would exactly cancel out the gauge anomaly. Additionally, only a ¥ = % Higgs
chiral supermultiplet has the necessary Yukawa couplings to give up-type quarks their masses (and
Y = —% for down-type quarks and charged leptons). The MSSM requires a spin-0 Higgs isospin
doublet, with opposite hypercharge, in addition to the SM Higgs doublet. Each of these spin-0

doublets has its own chiral superpartner. The scalar components for these doublet fields are
Hy; = H, = , (2.43)

which give masses to the isospin —i—% and —% fermion, respectively.

® One of the conditions for the cancellation of gauge anomalies is Tr[T5Y] = Tr[Y®] = 0. In the SM, this gauge

anomaly is cancelled just by the existence of the quarks and leptons. A single superpartner to the Higgs must be
a weak isospin doublet with weak hypercharge Y = % or Y = —%. Either of these alone would add a non-zero

contribution to the trace and ruin the cancellation of the gauge anomaly.
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2.2.3 SUSY breaking

Since we have not yet observed any supersymmetric particles, we can assume their masses
must be different than their SM superpartners [33,34]. The details of this symmetry breaking are

not yet known, but we can express it as:

Lyvssm = Lsusy + Leoft, (2.44)

where Lgygy contains the gauge and Yukawa interactions and Lg.p contains our ignorance on how
SUSY is specifically broken. Similar to electroweak symmetry breaking, the various components
of the fields may mix. The W and Z bosons absorb three of the eight degrees of freedom from
the two Higgs fields. The remaining five degrees of freedom become mass eigenstates: two scalar
Higgs particles h° and H°, a pseudoscalar Higgs A°, and two charged Higgs particles H*. The
neutral superpartners of the electroweak bosons, the wino and bino, and the two neutral higgsinos
have the same quantum numbers, and so they mix to form four mass eigenstates. These are called
neutralinos and are denoted 5{? , where ¢ = 1 is the lightest. Similarly, the MSSM has two charginos
)Zzi from the mixing of the charged winos and charged higgsinos.

The goldstino, a massless neutral fermion, is added as a consequence of SUSY breaking. Gold-
stone’s theorem [35] states that when a symmetry is spontaneously broken, one or more massless
particles must be present to couple to the vacuum. Under supersymmetry, the Higgs mechanism,
which describes what occurs when a global symmetry is gauged®, is unaffected and continues to
operate.

In models where SUSY breaking is mediated at a low scale [36,37], the goldstino is nearly
massless relative to the other particles. Accounting for gravity, the superpartner for the elusive
and hypothesized graviton is the massless spin—% gravitino. As SUSY is spontaneously broken, the
gravitino acquires mass by absorbing the goldstino, the gauge field to which it couples. The gauge
bosons associated with the broken generators of the symmetry group acquire mass proportional to

the gauge couplings and the VEV, and the corresponding would-be Goldstone boson is eliminated.

5 Gauging a global symmetry means modifying the theory so that it is invariant under spatially-varying transfor-
mations.
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This process is called the super-Higgs mechanism. Both the gravitino and the goldstino are denoted

by G. A list of particles introduced in the MSSM is given in Table 2.3.

2.24 R-parity

Imposed in the MSSM is a discrete symmetry called R—parity, which enforces lepton and

baryon number conservation [28]. R-parity is defined by

R — (_1)28+3B+L7 (245)

where s is the quantum spin number and B and L are the baryon and lepton numbers. The R—parity
quantum numbers are then R = +1 for SM particles and R = —1 for their supersymmetric partners.
If we assume R-parity conservation, as is done for the models considered in this thesis, we introduce
significant consequences: (i) SUSY particles are always produced in pairs, (ii) there is always an
odd number of SUSY particles in their decay products (usually one), and (iii) the lightest SUSY
particle (LSP) is stable. While a colored or electrically-charged LSP is not explicitly required, a
stable SUSY particle with either of those properties would have already been observed [38]. As
a result of empirical exclusions and inconsistencies with our observed Universe [14,28,39], this
leaves the lightest neutralino as the most favored option for the LSP. This gives an attractive
side effect of SUSY: the LSP, a massive and weakly-interacting particle, is a prime dark matter
candidate. The LSP would not be directly detected inside particle colliders but would instead leave
a momentum imbalance in the event collision (more details in Section 5.3.3). Triggering on events
with large momentum imbalance (discussed in Sections 4.7 for Phase 1 and Section 8.3 for Phase
2) gives analyses a good handle for selecting events consistent with the presence of LSPs. Although
not discussed in this thesis, SUSY searches that use R-parity violating models are discussed in

references [40,41].



Name Gauge Eigenstates Mass Eigenstates Spin Pg

Higgs boson ~ HOHYH} H hO HO A° g+ 0 +1

Gluino g same 1/2 -1

ﬁLﬁRCiLCZR same 0 -1

Squarks (g) 51 8RR same 0 -1

foRBL ZNJR 1?1 52 I~)1 52 0 -1

€1, ER Ve same 0 -1

Sleptons (1) LRy same 0 1

TLTR Vs T To Uy 0 -1

Neutralinos BOYWO HO ﬁg XXX /2 -1

Charginos W HF fIJ XiXa 1/2 -1

Goldstino & - /2 1
Gravitino 3/2
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Table 2.3: The particles of the MSSM. The first- and second-generation sfermion gauge eigenstates
are assumed not to mix due to experimental constraints on charge-parity symmetry violating phases
and flavor changing neutral currents [28].
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Figure 2.8: Theoretical production cross sections of SUSY processes [42].

2.2.5 SUSY searches

Figure 2.8 shows the production cross sections for different SUSY particles, demonstrating
why many SUSY searches target gluino and squark production. After the squarks and gluinos
decay, their decay chains will each contain one lightest supersymmetric particle (LSP). The lightest
supersymmetric particle is stable and weakly-interacting, and therefore it will leave the detector
without leaving any direct trace, carrying away some of the momentum from the proton-proton
collision. These particles will produce a large missing energy signature, which many SUSY searches
require in the final states.

Since gluons have the largest production cross section in proton-proton collisions, gluino pair
production becomes an attractive target for SUSY analyses, as they can be produced significantly
at the LHC [43-46]. In R-parity conserving SUSY models, gluinos eventually decay into an LSP,
typically along with many quarks and the SM gauge bosons or the Higgs. The quarks register as

jets in the detector, and the LSP leaves a momentum imbalance. Typical gluino signatures, then,
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involve four jets, or the decay products of the SM gauge or Higgs bosons, and missing energy.
Figure 2.9 shows some of the simplified gluino pair production models, where the filled-in circle
represents all possible production contributions that lead to the resulting gluino pair.

To date, no searches have discovered supersymmetric particles. The size of the expected sig-
nals from different SUSY models can be translated into cross section upper limits at 95% confidence
level. At the time of writing, the strongest limit set by CMS excludes gluino masses up to roughly
2.3 TeV [47].

Electroweakino production is much more difficult. Neutralinos and charginos only inter-
act with the weak vector bosons and so are not directly produced at hadron colliders in copious
amounts. The heavier electroweakinos eventually all decay into the lightest neutralino (the LSP)
through the W bosons (for the charginos) or a Z boson (for the neutralinos), where the LSP leaves
undetected. Typical electroweakino signatures involve final states with leptons, or SM gauge or
Higgs bosons, and missing energy. Leptons are usually preferred, since they provide a cleaner sig-
nature in the detector. Until recently, the LHC did not produce enough collision data for a direct
search to be possible; as the integrated luminosity increased, these searches became easier, but
the limits were rather weak and restricted to lower masses. With the Run 2 (2016-2018) data,
however, it is now possible to search for higher-mass electroweakinos, and the LHC has a num-
ber of dedicated searches [48-52]. Figure 2.10 shows some of the simplified electroweakino pair
production models, where the filled-in circle represents all possible production contributions. The
limits for electroweakino mass exclusion are highly dependent on the mass splitting between the
electroweakinos. At the time of writing, the strongest limits set by CMS on the X5 mass (for a
massless 2(1)) excludes masses up to 1300 GeV, and excludes the mass of the 5{(1) up to 800 GeV (for
a Xy of 1300 GeV) [50].

A synopsis of the mass reach for different final states from searches at CMS is shown in

Figure 2.11 for gluino pair production and in Figure 2.12 for electroweakino pair production.



33

Figure 2.9: Feynman diagrams for gluino pair production with different final states.

Figure 2.10: Feynman diagrams for electroweakino pair production with different final states.
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Figure 2.11: Synopsis of the mass reach (limits at 95% CL) obtained for different final states of
gluino pair production, using simplified models. The arXiv and physics analysis summary numbers
in each line indicate the analyses with relevant results [53].
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Figure 2.12: Synopsis of the mass reach (limits at 95% CL) obtained for different final states of
electroweakino pair production, using simplified models. The arXiv and physics analysis summary
numbers in each line indicate the analyses with relevant results [53].
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Chapter 3

The Large Hadron Collider

The Large Hadron Collier (LHC) is currently the world’s largest particle accelerator, housed
within a tunnel ~ 100 meters underground on the French-Swiss border, at CERN, Conseil Eu-
ropéen pour la Recherche Nucléaire (European Organization for Nuclear Research in English) [54].
Figure 3.1 shows the different stages of the CERN accelerator complex. Inside the 27 km circum-
ference tunnel, two counter-rotating beam pipes contain protons moving near the speed of light.
1232 superconducting dipole magnets bend the protons along the circular trajectory of the LHC,
while quadrupole magnets with alternating focusing and defocusing fields allow the beams to be
stabilized and focused. Electric fields from 400 MHz radio frequency (RF) cavities accelerate the
protons and separate the beam into bunches, each about 25 ns apart. The protons are successively
accelerated until they reach the LHC, the last ring of the CERN accelerator complex.

To begin, a large electric field is used to ionize hydrogen gas, and the resulting protons are fed
into a linear accelerator (Linac2), increasing their energy up to 50 MeV. The protons then move
through three consecutive synchotrons, each increasing the protons’ energy before moving them
to the next stage: the Proton Synchrotron Booster (PSB or BOOSTER in Figure 3.1) increases
the energy of the protons to 1.5 GeV, the Proton Synchroton (PS) to 25 GeV, and the Super
Proton Synchroton (SPS) to 450 GeV. The final acceleration, up to 6.5 TeV, occurs in the two
beam pipes of the LHC itself. The two beams are narrowed and collide at four intersection points,
where the detectors of the experiments are located: CMS, LHCb, ATLAS, and ALICE. The CMS

detector (described further in Chapter 4) and the ATLAS detector are considered general-purpose
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Figure 3.1: The accelerator complex at CERN [55].
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detectors, since they more fully surround the collision area than the LHCb and ALICE detectors,
allowing for a wide variety of particles and events to be reconstructed from the collected data. The
LHCD detector specializes in events that contain b hadrons, while ALICE specializes in heavy-ion
collisions. This thesis uses data collected by the CMS detector from 2016-2018, known as “Run 2”.

The expected rate of collisions for a given physical process is dependent on the production

cross section (o) and the instantaneous luminosity (£):

dN

where N is the number of expected collisions. Increasing the instantaneous luminosity, then,
increases the event rate, giving us access to more collisions and thus more rare decays. In general,
the instantaneous luminosity depends on the shape and density of the bunches and how frequently

the beams interact, and is defined as:

[ — Nngfrev
dre, f*

(3.2)
where N, is the number of particles per 25 ns bunch, N is the number of bunches per beam, fq,
is revolution frequency determined by the LHC circumference, and F is a reduction factor that
accounts for the beam-crossing angle. The LHC injector limits €,, the normalized transverse beam
emittance, while the mechanical aperture limits 8*, the beta function at the interaction point.
The number of collisions per bunch crossing varies with the instantaneous luminosity and averaged
about 29 during Run 2.

Each collision creates a vertex in the detector, where particle trajectories estimate the in-
teraction point of the two protons. The primary vertex is the vertex with the largest momentum,
while secondary vertices are known as pileup vertices. Figure 3.2, which represents an event with
78 reconstructed vertices from the 2012 data-taking period, showcases how difficult it is to recon-
struct tracks and vertices. Increasing the instantaneous luminosity increases the number of tracks
and vertices and is one of the main challenges of the High-Luminosity LHC (HL-LHC), described

in detail in Chapter 8. The LHC has more than doubled its design luminosity, with a recorded

luminosity of over 2 x 1034cm=2s~! in 2018.
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Figure 3.2: A simulation of the track and vertex reconstruction for one event with 78 vertices,
collected by the CMS detector in 2012 [56].
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Chapter 4

The CMS Detector

The Compact Muon Solenoid! (CMS) detector is a general purpose detector at the LHC and
is composed of a variety of subdetectors designed to absorb and measure the out-going particles of
a collision.

As shown in Figure 4.1, these subdetectors form successive, concentric layers centered around
the interaction point and structured in a very specific way. The silicon tracker surrounds the
beamline and allows for the reconstruction of charged particles. As the innermost layer, it enables
precise vertex (the interaction point) measurements, and the choice of silicon allows particles to
pass through without being destroyed. The electromagnetic and hadronic calorimeters (ECAL
and HCAL), situated between the tracker and the solenoidal magnet, are separate subsystems and
measure the energy of electrons and photons, and charged and neutral hadrons, respectively. The
calorimeters measure the energy of incoming particles by forcing the particles to interact with
certain materials and to deposit their energy in the form of a cascade (or shower) of particles. The
solenoid is then placed after the calorimeters to absorb any remaining particles, except muons and
neutrinos. Finally, the outermost layer is the extensive muon system.

Each subdetector records some amount of information per collision, briefly processes it into
primitive objects, and passes on the relevant information to the trigger system (discussed in Sec-

tion 4.7), which decides whether a particular event is saved. After the event is saved, it is fully

! The CMS detector is named appropriately, as it is designed to fit an incredible amount of electronics and
hardware inside the 6-m-diameter bore of the solenoidal magnet, with the remaining 80% by volume of the detector
designated for the muon systems.
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Figure 4.1: A cutaway diagram of the CMS detector, with the subsystems labeled [57].

reconstructed offline into particles and objects, such as jets and energy sums, which are used for

analyses (see Chapter 5 for a full description of the event reconstruction).

4.1 Relevant kinematic variables

The origin of the CMS coordinate system is the center of the detector. The z-axis points
radially inward, toward the center of the LHC, while the y-axis points vertically upward. The z-axis
is parallel to the beamline, following the direction of the counter-clockwise rotating beam (when
viewed from above). Since the incoming protons are aligned with the z-axis, the total momentum
in the transverse plane is expected to be zero due to momentum conservation. As a result, the
transverse momentum pr = ,/p2 + pz of the particles is often used in analyses. Momentum and

energy sums of all particles per collision event are also typically in the transverse plane, such as
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the missing transverse energy p%’iss.

Due to the cylindrical shape of CMS, a cylindrical coordinate system is also used. The radial
coordinate r is the distance from the beamline in the transverse (z-y) plane. The azimuthal angle
¢ in the transverse plane and the polar angle #, measured from the z-axis, are used to describe
a particle’s direction with respect to the interaction point. More commonly the pseudorapidity
n = -In[tan(f/2)], is used, where a vector perpendicular to the beamline corresponds to n = 0.
CMS is generally divided into two regions: the central barrel (|n| < 1.0) and the forward endcaps
(In] > 1.8). The transition region (1.0 < |n| < 1.8) between the barrel and the endcaps is more of
an overlap region than a physical region of the detector. The tracking detectors cover the range
In| < 2.5, while the ECAL and HCAL cover |n| < 3. Forward calorimeters extend the coverage to
In| < 5.2. Muons are measured within |n| < 2.4. A transverse slice of the CMS detector is shown
in Figure 4.2.

The solenoidal magnet, described in more detail in Section 4.5, surrounds the tracker and

calorimeter volume and provides a magnetic field of 3.8 T. The magnetic field is crucial as it bends

charged-particle trajectories, allowing for measurement of the particles’ momenta.

4.2 Silicon tracker

The innermost subdetector of CMS is the silicon tracker. The tracker uses ionization deposits
(“hits”) in the silicon layers to reconstruct the trajectories of all charged particles (kaons, pions,
electrons, muons) called tracks. The tracks are used to identify the primary vertex of a collision
event, crucial for mitigating the effects from pileup, and are associated with signatures in other
parts of the CMS detector to make full physics objects (more in Section 5.2). The 3.8 T magnetic
field bends the trajectories of charged particles, allowing for the charge and momentum of individual
particles to be easily identified. The tracker consists of layers of modules, silicon sensors bonded
to readout chips. The thin layers of silicon are set up as reverse-biased p-n junctions and are
ionized when charged particles pass through the tracker, creating electron-hole pairs. Electric fields

accelerate the ionized charge through the sensors to the readout chips, which digitize and store
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Figure 4.2: A transverse slice of the CMS detector, with the beam axis perpendicular to the page.
Trajectories of SM particles are shown as they pass through each subsystem [58].
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Figure 4.3: A schematic of the ionization of the silicon layers.

the hit information. Figure 4.3 shows a schematic of the ionization of the silicon. Due to the
relative closeness to the beamline, the tracker requires differing levels of granularity and radiation
hardness, and is thus divided into two components. The pixel detector, discussed in more detail in
Section 4.2.1, has finer spatial segmentation and is responsible for the most precise vertexing. The
strip detector (Section 4.2.2) lies concentrically outward from the pixel detector and is composed
of micro-strip sensors, where most of the hits lie. We include a diagram of the geometry and layers
of the tracker in Figure 4.4.

The momentum resolution in the barrel region (|| < 1.6) is < 2% or less for a charged
particle with pp = 100 GeV. The excellent track zy resolution in the pixel detector (Figure 4.5,
left), where the track zp is the estimated vertex position of the charged particle along the beam
line and the resolution is measured with respect to simulated truth tracks, gives rise to a primary
vertex resolution of down to 15 pum (Figure 4.5, right). A resolution such as this allows the
position of the pileup vertices to be identified and tracks associated with those vertices to be
cleanly removed. Tracks from pileup vertices can overwhelm energy sums, such as missing energy,

and make identifying potential sources of real momentum imbalance difficult. Further details on
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Figure 4.4: A quadrant of the CMS tracker detector, the innermost subdetector. The pixel
detector is the green lines closest to the beamline. The red and blue lines are the strip detector,
with single-sided and double-sided strip modules, respectively [59].
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Figure 4.5: Left: Track resolution in z as a function of pr for pixel tracks in simulated tt events in
the barrel, transition, and endcap regions. For each bin in pr, the solid (open) symbol corresponds
to the half-width of the 68% (90%) interval centered on the most probable value of the residuals
distributions.

Right: Primary vertex resolution in z as a function of the number of tracks at the fitted vertex, for
two kinds of common events, using simulated tt collisions. [60]

the track and primary vertices reconstruction, including track-finding performance, are given in

Section 5.1.1.

4.2.1 Pixel detector

The pixel detector, the innermost subdetector of CMS, consists of 1,440 silicon modular
detector units (“modules”), with up to 100x150 pum pixels per module. These modules provide the
needed spatial granularity for precise track measurements. The barrel consists of three concentric
cylinders (“layers”), with radii of 4.4, 7.3, and 10.2 cm from the beamline, while the endcaps consist
of two discs each, at z = +35.5 cm and z = +48.5 cm, with radii from 6 to 15 cm. In total, there
are 65,894,400 pixels, covering a readout area of |n| < 2.5.

In 2016, the pixel detector was replaced to account for the increasing luminosity of the LHC.
As the luminosity is increased, more proton-proton interactions occur each bunch crossing, resulting

in more particles and more hits inside the pixel detector. The new detector includes four layers in
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the barrel and three discs in each endcap (compared to the original three layers and two discs); the

readout electronics were also upgraded to accommodate the increased hit rate.

4.2.2 Strip detector

The strip detector surrounds the pixel detector and is made up of 9.3 million micro-strip
sensors. The modules are oriented parallel to the beamline in roughly 10 cm long strips, with the
strip pitch varying from 80 to 180 um. The barrel is made up of ten layers, from » = 20 c¢m to
r = 116 cm; the endcaps on either side of the barrel each have twelve discs, between z = 458 cm
and z = £282 cm. To provide a z measurement in the barrel and an » measurement in the endcaps,
some layers have two modules that are slightly rotated (100 mrad) relative to each other, the blue

layers in Figure 4.4. Like the pixel detector, the strip detector covers an area of |n| < 2.5.

4.3 Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) is a hermetic, homogeneous detector, designed
to absorb and measure the energy from photons and electrons. When high-energy electrons enter
the ECAL, they lose energy predominantly through photon radiation (bremsstrahlung) as they
interact with the lead tungstate crystals that make up the ECAL. Similarly, photons create ete™
pairs via material interactions, losing energy. Both electrons and photons create an electromagnetic
shower, generating light in the scintillators of the detector. A diagram of various showers in CMS
is shown in Figure 4.6. The collected light is used to measure the energy of the particle.

The ECAL is composed of 75,848 PbWOy crystals, ideal for their high density (8.28 g/cm?)
and short radiation length (0.89 cm), which leads to small transverse radii for the induced electro-
magnetic showers and therefore a compact calorimeter. The ECAL consists of a barrel (EB) and
two endcap (EE) regions. Additionally, a preshower detector is installed in front of each endcap.
Over 99% of the electromagnetic energy within the shower is captured by the ECAL. On-detector

electronics calculate the total transverse energy deposited and record the electromagnetic shower
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Figure 4.6: A diagram showing the different calorimeter shower types inside CMS. This diagram
is modified from Ref. [58].
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ECAL (EE)

Figure 4.7: A schematic of the CMS electromagnetic calorimeter, emphasizing the crystal orien-
tation. The small gap in 7 between the EB and the preshower detector is highlighted [61].

shape profile and send both to the L1 trigger. A schematic for the ECAL is shown in Figure 4.7.

The EB covers a range of |n| < 1.479, and the EE covers 1.479 < |n| < 3.0. In the barrel,
the crystals measure 2.2x2.2x23 cm?® and are oriented radially outward from the interaction point.
Fach crystal is aligned with a constant value of 7 to minimize energy loss between the crystals.
In the endcaps, the crystals measure 3x3x22 cm?. Photodiodes and phototriodes collect the light
from each crystal in the EB and EE, respectively, which is further amplified and digitized.

The preshower detector in front of each endcap (shown in Figure 4.8) is a two-layer sampling
calorimeter, consisting of a lead absorber, silicon-strip sensors, a second lead absorber, and an
orthogonal plane of strip sensors. The 2 mm-wide strip sensors provide finer granularity, when
compared to the 3 cm-wide crystals in the EB and EE, and the orthogonal planes of sensors
allow for precise shower shape measurements. Most notably, the preshower detector prevents the
misidentification of photons originating from neutral pion decays. Such decays often produce two
closely-spaced low-energy photons that the ECAL cannot resolve. The energy deposits within the
preshower detector, in tandem with those in the rest of the ECAL and an extrapolated path between
the two, are used to deduce if seemingly high-energy photons are, indeed, high-energy photons or
photon pairs.

The high ECAL granularity, which allows for a mass resolution of around 1%, enabled the

identification of the Higgs boson in 2012 in the H — ~7 channel [4,5]. The mass resolution and
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Figure 4.9: The invariant mass distribution for a Higgs boson of m, = 125GeV decaying into
two photons (left) shows the mass resolution of around 1%, made possible by the granularity of
the ECAL. On the right, the background and signal+background parametric models fitted to the
data, with a clear bump at 125 GeV. [63]

resulting S/(S + B) with a clear bump at the Higgs mass of 125 GeV can be seen in Figure 4.9.

Details on the electron- and photon identification efficiency are given in Section 5.2.

4.4 Hadronic calorimeter

The hadronic calorimeter (HCAL) is composed of layers of brass and scintillator plates and
is used to measure the position, energy, and arrival time of hadrons. When a particle (or secondary
particle) passes through the plastic scintillation layers, it produces a rapid light pulse. A particle’s
energy is measured by summing over the amount of light collected in a given region of layers,
called an HCAL tower, which roughly follows the particle’s path through the HCAL. The pulses in
each tower are summed together and then converted into electronic signals by hybrid photodiodes
(HPDs). The transverse energy of each HCAL tower is computed and sent to the L1 trigger.

The HCAL is divided into four regions: the barrel (HB) from |n| < 1.4, the endcaps (HE)
from 1.3 < |n| < 3, the forward calorimeters (HF) from 3 < |n| < 5.2, and the outer barrel (HO)
from |n| < 1.2. There are 36 barrel wedges and 36 endcap wedges. These regions are more clearly

shown in Figure 4.10.
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Figure 4.11: Jet pr resolution for the pr-leading (left) and pp-subleading (right) jets in an event.
The resolution (full width at half-maximum) for the upgrade and standard geometry are 0.40 and
0.47 respectively for the leading jet and 0.47 and 0.73 respectively for the sub-leading jet. [65].

After the Phase 1 upgrades, the HCAL granularity significantly improved the signal-to-
background ratio of energy measurements. In particular, the transverse momentum resolution
of particle-flow jets (discussed in Section 5.3.1) improved due to better separation of hadronic

clusters, as shown in Figure 4.11, which in turn improved the missing energy resolution.

4.4.1 Hybrid photodiodes

Hybrid photodiodes (HPDs) are photosensors designed to operate within the detector’s high
magnetic field. Light pulses from the different HCAL regions are sent by fiber-optic waveguides to
the HPDs, which amplify the response approximately 2000 times. The surface of an HPD converts
light into electrons via the photoelectric effect and accelerates the electrons across a few-mm gap

to the surface of a silicon diode. In total, there are 420 HPDs in CMS.

4.4.2 Barrel and endcap calorimeters

The HB and HE each consist of 17 alternating layers of 5 cm-thick brass or steel?and 1 cm-

thick scintillating plastic. Incoming particles interact within the brass absorber, inducing hadronic

2 The absorber layers nearest and farthest from the interaction point are made from steel, the rest from brass.



93

showers. Flashes of blue-violet light are produced by the scintillating molecules embedded in the
plastic and are absorbed by very small (less than 1 mm) wavelength-shifting fibers, which shift the
light to green, since the photodetectors have low sensitivity in the ultraviolet. The green light is

then carried by optic cables to readout boxes located within the HCAL.

4.4.3 Outer calorimeter

The HO is located outside the magnet and ensures no undetected hadronic energy extends
beyond the HB. It consists of two scintillating layers that straddle the innermost layer of the yoke
and uses the magnet itself as an absorber. The HO is divided along roughly the same lines as the

HB and uses HPDs to collect the light.

4.4.4 Forward calorimeter

The HF is installed outside of the CMS endcaps, at |z| = £11.2 m from the interaction point.
Since the HF is situated at such high values of 7, it is exposed to a high rate of energetic particles,
inspiring a more radiation-hard approach than the other regions of the HCAL. 165 cm-thick steel
plates are used as absorbers and quartz fibers as the active material to collect light. Photons and
electrons can be identified separately from hadrons by the shower depth, since hadrons produce
more uniform energy deposits. Instead of using HPDs, the light is read out by photomultiplier

tubes, with quartz or glass windows, which can withstand higher radiation.

4.5 Superconducting magnet

The solenoidal magnet is a crucial component of CMS, providing the necessary magnetic field
to deflect charged particles and precisely measure their momenta. The magnet is 12.5 m in length,
weighing 220 metric tons, with a 6 m diameter bore that houses the tracker, the ECAL, and the
HCAL subdetectors. The superconducting niobium-titanium coils produce a 3.8 T field throughout
the tracker volume. The magnetic field lines are returned by an iron yoke, which is interlaced with

the muon system. The iron yoke is a 12-sided structure that surrounds the coils, 13 m long and 14
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Figure 4.12: Simulation of the magnetic field inside the CMS detector [66].

m in diameter, and weighs 10,000 metric tons. It is composed of five wheels in the barrel and six
discs in the endcap, each with three layers, and filters out most particles, allowing only muons and
weakly interacting particles to pass through. Figure 4.12 shows a depiction of the magnetic field

throughout the detector.

4.6 Muon system

The strategic placement of the calorimeters and the solenoid magnet ensure that any particle
that reaches the outer muon systems is most likely a muon. The muon system is responsible for
the identification, measurement, and triggering of muons. Since muons are too massive to induce
showers in the calorimeter, the muon system uses a dedicated tracker. The muon system consists of
three subsystems, each of which relies on incoming muons to ionize gas, and measures the resulting
charge. The drift tubes (DT) located in the barrel (|n| < 1.3) and the cathode strip chambers
(CSC) in the endcaps (0.9 < |n| < 2.4) provide good position and momentum resolution, while the
resistive plate chambers (RPC) are spread throughout the barrel and endcaps and provide excellent
timing resolution. These three subdetectors are shown in the colored-portions of Figure 4.13 and
are discussed in further detail in the following sections.

The combination of information from all of the muons systems gives a muon reconstruction

efficiency of over 99%, with momenta resolution of 1% in the barrel and 3% in the endcaps for a



95

n 01 02 03 0.4 05 0.6 0.7 0.8 0.9 1.0 1.1
8> 843° 786° 731° 67.7° 625° 57.5°  52.8°  48.4° 44.3° 40.4° 36.8° n e
8 ; : , : - , - - - : .
? T 1 |:, ‘ /,\ T T ‘ \ T 7 7 T ,,l' T | T | //,L DTls_;,.f"— 1.2 335
~ - .e8Cs |
o . HRPCs | 44 3050
7 e it
Wheel 0 i
o 14217
6 u—
. 15 252°
5 — 16 228°
— | 717 2070
4 % 1 18 188°
2] 19 17.0°
[ Solenoid magnet 2 20 154°
3 — 2.1 14.0°
7 22 126°
1 23 115
— 2.4 104°
2 — 25 9.4°
ECAL | ]
EEE————SO R EETE S e - 30 57°
1
tracker 40 2.1°
o0 SO “| 5.0 0.77°

Figure 4.13:  One quadrant of the CMS detector, with the different subdetectors of the muon
system in color [67].



56

DT chamber
local frame CMS global frame

+z

Cathode
strip

/nonle wire  Electrode strips
==/
SZ ~
—ix F‘_ ==

|‘7 —/— 42 mm
Drift lines

[sochrones

Muon

v r-@ front-end side

Figure 4.14: Left: Cross section of a drift tube cell [69]. Right: Schematic of a drift tube chamber,
showing the orientation of the three superlayers [70].

muon with pr = 100 GeV [68]. During the Run 2 data-taking period, the spatial resolution was
80-120 pm in the DTs, 40-150 pm in the CSCs, and 0-1.2 cm in the RPCs. The time resolution
achievable was 3 ns or better, for all three systems, and allowed particles from different bunch

crossings to be identified.

4.6.1 Drift tubes

The drift tubes (DT) of the muon system are composed of drift cells, each 4 cm wide and 24
m long, and are predominantly used to measure muon positions in the barrel. When an incident
muon passes through the cell, it ionizes the gaseous mixture within (85% Ar, 15% CO3), and a
high voltage wire strung within each drift cell collects the electrons. The DTs give two position
coordinates for the muons, recording where the electrons hit the wire and calculating the muon’s
original distance from the wire using the electrons’ speed. Four layers of drift cells, staggered by
one-half width, form a superlayer, each with 60 cells. Three superlayers form a chamber, averaging
2x2.5 m in size. Per chamber, the two outer superlayers are oriented for r-¢p measurements while
the middle is orthogonal to allow for measurements in z. A cross-sectional view of a drift cell and
a schematic of a DT chamber can be seen in Figure 4.14. The DT system consists of four DT

chambers, at differing radii inside the return yoke of the magnet.
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Figure 4.15:  Left: Layout of the CSCs [71]. Right: Cross-sectional view of one chamber. The
strips are oriented vertically while the wires are horizontal.

4.6.2 Cathode strip chambers

The cathode strip chambers (CSC) are used to measure the radial position of muons in the
endcap discs, where particle flux is high, and the magnetic field becomes stronger and less isotropic.
Each CSC module is composed of six layers of copper cathode strips crossed with six layers of anode
wires, separated by a layer of gaseous Freon and isobutane. Incident muons ionize the gas, causing
electrons to move toward the wires and positive ions to move toward the cathode strips. The CSCs
provide precise measurements of the muon hit’s radial coordinate and ¢ since the wires and strips
are perpendicular. There are 468 chambers, arranged in two or three rings per disc, with four discs
located in each endcap. The geometry of the system and a diagram of a cathode strip chamber are

shown in Figure 4.15.

4.6.3 Resistive plate chambers

Resistive plate chambers (RPC) are interspersed between the CSC and DT systems and have
very good timing resolution, providing additional trigger information for the muon system. The
RPCs consist of two parallel plates coated with conductive graphite paint, one positively charged

and one negatively charged, separated by a gas mixture of 95.2% Freon (CoHaF4), 4.5% isobutane
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(iC4H10), and 0.3% hexafluoride (SF¢). Incoming muons ionize the gas and the strong electric field
between the plates induces an electron avalanche. External aluminum strips that are separated
and insulated from the graphite coating record the readout. There are four stations of six layers
of chambers in the barrel and four stations with three layers of chambers in each endcap. The hit
pattern across the strips allows for quick measurements of the muon’s momentum, which is used
for triggering. The RPCs have a time resolution of 1 ns, allowing for clear identification of muons
from different bunch crossings. Figure 4.16 shows a cross section schematic of an RPC and the

layout of the RPCs in the barrel.

4.7 Trigger system

The collision rate inside the LHC reaches up to 40 MHz, providing ~ 60 TB/s of information
if all events were kept. Since CMS cannot process nor store this much data, a two-level trigger
system is used to quickly decide which events are kept based on the raw information collected by
the subdetectors.

The first level (L1) trigger is implemented in the detector hardware (ASICs and programmable
logic chips, FPGAs) and reduces the rate from 40 MHz to ~ 100 kHz, the readout limit of the
electronics. The L1 trigger receives information from only the calorimeters and the muon systems
(not the tracker) and uses up to 512 distinct algorithms to determine which detector signals are
consistent with candidate objects (such as energy clusters indicative of an electron) and should
therefore be kept. A schematic of the Phase 1 L1 trigger system is shown in Figure 4.17, demon-
strating which subdetectors and trigger systems send information to the Global Trigger. The Global
Trigger must make a final event decision, to keep or not to keep, a fixed number of bunch crossings
after the event collision. This amount of time is called latency. The L1 trigger has a design latency
of 128 bunch crossings, so it must make the final decision within 3.8 us. The buffer pipelines of
the readout electronics have limited storage capacity and must store all the information needed for
the final decision, and so they are the limiting factor for the latency. This latency allows for the

partial reconstruction and sorting of some objects.
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Even without tracker information, reconstruction of all particle types is still necessary in
order to make a trigger menu that covers the full range of interesting physics; therefore, the events
accepted at L1 are sent to a second level, known as the High Level Trigger (HLT). The HLT is
a quicker version of the full offline reconstruction software, and, unlike the L1 trigger, it receives
information from all subdetectors, including the tracker. Tracks are reconstructed using a simi-
lar (but simpler) iterative algorithm to what is used in offline reconstruction (further details in
Section 5.1.1) and are then sent to be used in the Particle Flow (PF) algorithm, along with the
information from the L1 trigger. PF is a reconstruction technique that identifies particles using
information from the full detector and clusters them into more complex objects. More details on
PF can be found in Section 5.2.

HLT decision paths, more commonly just called “triggers,” are developed and optimized
to target specific event topologies. These triggers are sequences of reconstruction and selection
algorithms, reproducing the offline requirements for a specific physics object (i.e., muons, electrons,
jets, missing transverse energy) or for combinations of objects. Triggers for missing transverse
energy are of particular note. Large amounts of missing energy can be an indicator of physics beyond
the SM, as any weakly interacting unknown particles (such as dark matter or LSP candidates) would
escape detection. Events are discarded throughout the reconstruction if they do not meet the trigger
requirements, saving time and resources. For the Run 2 data-taking period used in this thesis, the
HLT menu was composed of over 400 different triggers. The HLT further reduces the rate to an

average of 400 Hz for storage.
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Chapter 5

Event reconstruction

The data collected by the CMS detector are in energy deposits and detector hits, which need
to be processed before they can be used in analyses. In this chapter, we discuss how particles and
objects, such as leptons and jets, are identified and reconstructed. These objects are used to define
the event selection criteria discussed in Section 6.3.

Figure 4.1 shows the trajectory of certain SM particles as they pass through the different
subdetectors of CMS, leaving traces in multiple layers. Charged particle trajectories (tracks) and
origin points (vertices) can be determined from the hits in the tracker layers, the innermost part
of CMS [60]. These trajectories are bent by the magnetic field, allowing for measurements of
the particle momentum and charge. After the tracker, electrons and photons are absorbed in the
ECAL [74], leaving clusters of energy in adjacent cells that are used to determine the energy and
direction of the particles themselves. Similar to the ECAL, the HCAL [65] absorbs charged and
neutral hadrons (that do occasionally initiate a hadronic shower in the ECAL), whose energies and
directions can be estimated using the corresponding clusters. Lastly, muons can be reconstructed
from the hits they leave in the outermost subdetectors, the muon subsystems [68]. Neutrinos are
the only known SM particles that do not leave any trace in the detector.

Local reconstruction occurs in individual subdetector systems, forming the most primitive
of objects. Further reconstruction, rather at trigger-level or offline, such as the tracks from the

tracker in Section 5.1.1, proceeds after these initial primitive objects are created:

e Tracker clusters: Local algorithms look for pixels or strips with a signal above a specific
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threshold. These pixels/strips are then used as seeds for clusters, which are built by adding

together neighboring pixels/strips.

ECAL clusters: Localized energy deposits are used to determine the position, time of

arrival, and energy of ECAL clusters.

HCAL clusters: Similarly, localized energy deposits are used in local reconstruction to

determine the position, time of arrival, and energy of HCAL clusters.

Track segments in the DTs: Local reconstruction gives the position of a muon hit in

individual cells. Muon track segments are built from hits within a given superlayer.

Track segments in the CSCs: Two-dimensional muon hits are obtained in each layer.
These hits are then combined to create three-dimensional track segments within each cham-
ber. The local reconstruction provides time of arrival and the position of the muon hit from

the charge induced on the strips.

Track segments in the RPCs: The position of a muon hit is reconstructed from the

clusters of hits on the strips.

Basic detector elements

The primitive objects listed above are then used in reconstruction algorithms to create the

four basic elements: tracks from the tracker (Section 5.1.1), ECAL and HCAL superclusters (Sec-

tion 5.1.2), and muon tracks (Section 5.1.3). After initial detection and local reconstruction, the

four elements are combined via the Particle Flow (PF) algorithm, which takes in information from

all subdetectors to fully identify and reconstruct the particles used for analyses. A more detailed

explanation of PF is given in Section 5.2. Finally, in Section 5.3 we describe some of the higher-level

objects that provide particularly helpful handles for BSM analyses.
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5.1.1 Tracks

As discussed in Chapter 3, the LHC is designed to run with a peak instantaneous luminosity
of £ = 103*ecm 25! with the proton bunch crossings occurring every 25 ns. The average number of
proton-proton collisions per bunch crossing, called pileup, varies with the instantaneous luminosity,
averaging about <nyertex> = 29 for the full Run 2 data set. This pileup, as well as the strict time
requirement and the granularity of the silicon trackers, makes reconstructing tracks and vertices
challenging.

Tracks are reconstructed by first forming track seeds or clusters from a small number of
hits in the pixel and strip detectors. The average efficiency for hit reconstruction is >99% when
known defective pixel modules are excluded, and roughly 99.8% in the strip detector. This pattern
recognition stage begins by looping through a subset of possible pairs of hits in individual layers,
beginning with the innermost layers. When pairs of hits are identified, a helix is constructed through
the hits and the beam axis. The track is then propagated backwards toward the beamline to the
next internal layer, and the algorithm looks for hits near the estimated point of intersection. The
propagation finishes when a minimum number of hits (two or three!) is found. If there are too few
layers hit, or too many missed layers, the track is abandoned. Since the reconstruction algorithm
begins with all detector hits, it often finds the same track seeds many times, and so duplicate track
seeds are removed at the end of the pattern recognition step.

The reconstruction proceeds using a Kalman filter (KF) algorithm, which begins with the
helix computed in the pattern recognition stage, projects the track seeds onto successive detector
layers to look for additional hits, and updates the track information after each hit is found. If
there are several likely hit candidates for a track, each candidate is added in turn to the fit, and
the hit candidate that produces the the best track x? value is kept. The tracks are accepted and
saved if they have a minimum number of hits, not too many consecutive missing layers, and an
acceptable x? value. After the KF, duplicate tracks are removed; the longest track is kept if it has

an acceptable x? value, otherwise the track with the smallest y? is kept.

! The minimum number of hits is dependent on which layers or discs were hit.
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The final step of the tracking algorithm performs a complete track fit, again using a Kalman
filter, but starting from the innermost hit. This refitting mitigates potential bias from constraints,
such as a beamspot constraint if put in place. The trajectory estimate is first obtained by using
the KF fit on the first four innermost hits. The fit then continues outward through the list of track
hits. A smoothing stage follows this complete kit, where a second KF is initialized using the result
from the first, and iteratively fits the track from the outermost layer toward the beam spot.

For prompt muons, the tracking efficiency throughout Run 2 is essentially 100% for the entire
muon pseudorapidity acceptance [75,76]. In the barrel region (|n| < 1.4), muons with py = 100 GeV
have resolutions of 2.8% in transverse momentum and 10 gm and 30 pm in transverse and longi-
tudinal impact parameters. Because electrons lose much of their energy through bremsstrahlung
radiation before reaching the outer layers of the tracker, electron tracks are reconstructed using a
modified Gaussian sum filter [77], which account for the energy loss. In the barrel, the efficiency
for electrons exceeds 90% for pr > 0.4 GeV.

The primary vertex of the event is reconstructed from the available tracks and distinguishes
the vertex of the hard interaction from the pileup vertices. After applying quality criteria to the
tracks, such as the number of hits in the tracker, the tracks are clustered using a deterministic
annealing (DA) algorithm [78], which finds a global minimum by iteratively considering all possible
solutions, calculating a probability that each solution is “good,” and progressively moving toward
the optimum solution. Additionally, the DA algorithm is extended with a rejection term for outliers
originating from secondary vertices or mismeasured tracks. After the DA clustering, the candidate
vertices with at least two tracks are re-fitted using an adaptive vertex fitter [79]. For this analysis,
we require at least one good primary vertex, classified as being consistent with the beam spot and
having a minimum of four tracks. The primary vertex of the event is the one with the largest sum of
the squared track momenta (> p2T); other vertices are classified as pileup vertices. Every event will
have a primary vertex reconstructed by definition and analyses place additional requirements for
selecting events with suitable primary vertices. Typically, the primary vertex resolution is 10-12 um

in all three dimensions, leading to excellent removal of tracks from pileup vertices when required.
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5.1.2 ECAL & HCAL superclusters

The clustering procedure is run separately for the ECAL and the HCAL, but the same
structure of algorithm is used. In the calorimeters, clusters are formed by adding all of the hits
in the crystals that neighbor the crystal with the largest energy deposit. This proceeds until all
clusters have been reconstructed and there are no remaining calorimeter hits. Cells are clustered
in the EB, EE, HB, HE, and the first two layers of the preshower detector. Each cell in the HF
is considered a cluster. The cluster begins with a single crystal, with an energy deposit above a
certain threshold. This is called a cluster seed and is reconstructed locally in detector modules.
The cells next to each cluster seed are added together to create topological clusters, (a 5x5 array
for the ECAL, and roughly 0.09x0.09 in n — ¢ for the HCAL) with the original cluster seed at the
center. These can contain multiple cluster seeds.

The final clusters are determined by iteratively dividing the energy from each cell across the
cluster seeds for every topological cluster. N clusters are identified assuming Gaussian distributions
of N energy deposits. Each cluster has energy FE, a position in the 1 — ¢ plane, and a width scale o
that is set by the size of the crystal. The cluster location is recalculated at every iteration, which
continues until the change in position is less than some small fraction of the position resolution.

The ECAL energy resolution for electrons with Er & 45 GeV is better than 2% in the barrel
regions, and 2-5% elsewhere, with the energy resolution for photons between 1-5%. The ECAL was
specifically designed to provide excellent invariant mass resolution and fine transverse granularity
to aid in photon identification, in order to enhance the sensitivity to the H — ~ decay, the decay
channel the Higgs boson was first discovered in. The high-resolution ECAL changed the primary
function of the HCAL, shifting it to focus more on particle isolation and identification rather than
energy resolution (with the exception of neutral hadron energy). For a 300 GeV pion beam, the
energy resolution in the HCAL is under 10%. When information from the ECAL is combined with

the HCAL, jets are measured with a resolution of AE/E ~ 100%+/E[GeV] & 5%.



67

5.1.3 Muon tracks

The hits in the DT, CSC, and RPC subdetectors are used to reconstruct muon tracks. Re-
construction of local track segments is done quickly to allow for triggering and bunch crossing
identification. The track segments are then passed to a track-finding algorithm and used as the
seeds. The track reconstruction then proceeds using the Kalman filter (KF) method, in a very
similar fashion as is used for reconstructing tracker tracks. Section 5.1.1 provides more detail on
the Kalman filter method. Briefly, the KF begins with a seed (a track segment) and iteratively adds
track segments from the DTs and hits from the CSCs and RPCs, running first outward, and then
inward. If a hit were to increase the track y? above a certain threshold, it is rejected. Muon tracks
are then matched to tracks from the tracker, with a transverse momentum resolution of 1.3-2.0%

for muons with pr [20,100] GeV in the barrel, and better than 6% in the endcaps.

5.2 Particle flow

The particle flow (PF) algorithm [80] uses information from all of the subdetectors, specifically
in Section 5.1, for final object reconstruction. The PF algorithm identifies the candidates as charged
or neutral hadrons, photons, electrons, or muons, and feeds these candidates into higher level
algorithms.

Iterative clustering and track reconstruction methods are used in PF in order to reconstruct
objects with high efficiency and low fake rates. The Kalman filter method is used to determine
single particle tracks (see Section 5.1.1). Once complete, incoming elements are grouped together
in the n — ¢ plane if they could come from the same particle. After these “blocks” are formed, the
actual particle reconstruction proceeds in order of ambiguity for each reconstructed object, first
muons, then electrons, and then photons and neutral particle candidates. Once used, blocks are
discarded.

For muons, the muon tracks iteratively add the tracker tracks to form global muons, which

are then re-fit. Like the reconstruction of both tracker tracks and muon tracks, the tracker tracks
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are accepted only if their addition keeps the resulting global muon fit below a certain x? threshold.
The global muon is kept (and identified as a global muon by PF) if the global muon momentum is
compatible with the tracker-only momentum, within three standard deviations.

Electron candidates are formed from linking tracker tracks compatible with an electron to
ECAL clusters. The reconstruction process is more complicated than it is for muons, because elec-
trons interact with the tracker material, emitting bremsstrahlung radiation that must be properly
accounted for. A Gaussian sum filter algorithm [77] is used to associate the radiated energy with the
electron candidate, recovering the lost energy. All ECAL clusters in a PF block are associated with
the electron candidate, if very strict requirements on the track-to-cluster compatibility are satisfied.
This ensures optimal energy containment. The reconstruction efficiency for electrons is typically
greater than 95%, and better at higher pp values. Photons are identified by ECAL clusters that
cannot be associated with a track and are assumed to have 100% reconstruction efficiency. Physics
analyses apply specific electron- and photon-identification criteria, a trade-off between retaining
high efficiency and removing candidates that were misidentified as electrons or photons.

The charged and neutral hadrons are reconstructed from the remaining blocks, after the
electron and muon candidates are removed. The charged hadron candidates are formed from the
remaining tracks, and require compatibility with HCAL clusters, while neutral hadrons typically
leave small energy deposits in the ECAL.

After all blocks have been processed, PF sends off its list of particle candidates to higher-level
algorithms. These include collections for electrons, muons, and photons. For the remaining sections
and chapters of this thesis, all event observables (such as missing energy and isolated muons) are
created from the PF candidates, unless otherwise indicated. PF candidates are also now used

almost exclusively for the HLT trigger paths discussed in Section 4.7.
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5.3 High-level objects

5.3.1 Jets

Since gluons and quarks are colored particles, as they pass through the detector, they cause
qq pairs to pop-up around them, in a process called hadronization. These new particles typically
travel in the same direction as the original quark or gluon, creating a collimated spray that is
reconstructed as a jet. Jets are clustered from all PF candidates using the anti-k7 algorithm [81],
which starts with clustering two of the closest candidates together and continues to reconstruct the

jet in an enclosed area until a termination distance d; ; is reached:

A2,
dij = min(k; 2,k 3)—2L and

k) 7] R2 (5'1)
di,B = k1:1‘27

where d; ; is the distance between entities (particles, pseudojets) ¢ and j, and d; p is the distance
between the entity ¢ and the beam. R is a measure of the radius of the jet in the n — ¢ plane, and
is defined as R?j = (ni —n;)* + (¢ — ¢5)2. Azz’j is the spatial distance in the y — ¢ plane and k¢ ; is
the transverse momentum. The d; ; is calculated iteratively until it reaches d; g, at which point the
entity ¢ becomes a jet. For this analysis, the clustering is performed with distance parameter R =
0.4 (AK4 jets) for jets containing the fragmentation products of a single parton, and with distance
parameter R = 0.8 (AKS jets) for wider jets that contain multiple partons.

If the energy fraction of one of the jet components (neutral hadron fraction, neutral EM
fraction, or charged EM fraction) exceeds 99% of the total jet energy, this indicates the jet is from
detector noise and is rejected [82]. Additionally, the energy of the jets is corrected for the non-
uniform detector response, and the jet pr is recalculated after removing the estimated contribution

from neutral PF candidates coming from pileup.

5.3.2 b-tagging jets

Jets that originate from b quarks are useful for reconstructing the Higgs bosons used in this

analysis. As mentioned in Section 2.1.7, individual b quarks will hadronize, forming a b hadron.
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Figure 5.1: Diagram of a jet with a secondary vertex (SV) from the decay of a b (or c¢) hadron,
resulting in charged-particle tracks that are displaced with respect to the primary vertex (PV), and
hence have a large impact parameter (IP) value.

The relatively long lifetime of a b hadron (1.5 ps), in comparison to light-flavored hadrons, is such
that it will travel hundreds of microns before decaying, creating a secondary vertex that can be
reconstructed. A secondary vertex (SV), shown in Figure 5.1, is one that is spatially distanced
from the primary vertex, and provides a very useful handle for identifying (“tagging”) jets that
come from b quarks, called b jets.

Several algorithms for b jet identification, called b-taggers, are supported by the CMS exper-
iment. For AK4 jets, we use a version of the combined secondary vertex algorithm based on deep
neural networks (DEEPCSV [83]), which prescribes a score based on how likely a jet is to contain
a particle from a SV. The SV is crucial to this identification process, as are the tracks associated

with this SV. The following parameters are input into the training of the deep neural network:

SV 2D flight distance significance

Number of SV

Number of tracks from SV

Corrected SV mass

SV energy ratio

3D IP significance of the first four tracks
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e Summed track ET ratio

e AR(summed tracks, jet)

o Track 7.

e Track pr e

e Track distance

e Track decay length

e First track 2D IP significance above ¢ threshold
e Number of selected tracks

o AR(track, jet)

o Jet pr

o Jetn

A b-jet tagging efficiency of 85% corresponds to a misidentification rate of about 10% for a light-
parton jet and 40% for a charm jet. This is the loose (L) working point (WP) for the DEEPCSV
algorithm. The medium (M) and tight (T) WPs have b-jet tagging efficiencies of 70 and 50%, with
corresponding light-parton jet mistag rates of 1 and 0.1%, and charm jet mistag rates of 12 and
2.5%, respectively. All three WPs are used in the analysis of this thesis; further analysis specific
requirements on b jets are described in Section 6.3.2.

In a similar way, wider jets can be identified that contain two b quarks. For this analysis, we
use a deep-learning-based double-b tagging algorithm [84] (mass-decorrelated) that assigns a score
on how likely an AKS jet is to contain two b quarks, called bb jets in this thesis. The algorithm
relies on a variable called N-subjettiness [85], which uses the shape of the jet and the internal jet
structure to essentially count the number of subjets inside a given jet. Twenty-seven properties
of jets (more in Ref. [83]) are input as parameters to the training, as well as eight properties of
the particle-flow jet constituents and two properties of the SVs associated with the jet. The score
is mass-decorrelated by adding a penalty term to the loss function minimized during the training,
which penalizes the difference between the mass distribution shapes for tagged and untagged jets.

The bb-tagging criteria for analyses typically require an AKS8 jet to pass one of the centrally-defined
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working points. For the analysis in Chapter 6, this is the loose WP, corresponding to an efficiency
of 90% and a misidentification rate of 5% for light partons.

Generally, the efficiency for tagging a b jet is not the same in simulation as it is in data. To
correct for this difference, we compute event-by-event weights that use generator-level parton flavor,
pT, and 7 to determine the probability that a given event will be above the DEEPCSV working
points. To determine these weights [86], we compare multijet, Z—bb, and tt events in data and
simulation, and apply them as corrections (called scale factors) to both signal and SM background
simulation. Similarly, for bb jets, we derive true tagging scale factors (SFs) from comparisons of
g—bb and multijet events, and mistag scale factors from mostly tt, Z-+jets, and W-jets events.

The SF's are roughly on the order of a few percent to 10% corrections.

5.3.3 Missing energy

Weakly interacting particles, such as neutrinos, leave no energy deposits in the detector and as
such cannot be directly detected. Instead, we infer their presence from the imbalance in transverse
momentum. Missing transverse energy (also called missing transverse momentum, piis%) [87] is

calculated from the negative vector sum of all PF candidates,
P ==Y b, (5.2)
i

the visible particles in the event. While the net momentum of the protons in the collisions is zero,
the fraction of momenta in individual partons within the proton along the z-axis cannot be known.
Because of this, it is common to sum the momenta of all particles in the transverse plane since that is
conserved and known. Large momentum imbalance indicates the presence of an undetected particle,
such as a neutrino or particles not accounted for in the Standard Model. This is of particular
importance to beyond the SM analyses since it can be a direct indication of a new particle (such as
the lightest supersymmetric particle or a dark matter candidate) escaping detection. Unfortunately,
due to detector resolution and imperfect reconstruction, we cannot perfectly measure the energy

of every particle, which can lead to anomalous p%iss. Dedicated studies of the p%liss resolution have
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ErTniss, where E stands for energy.

determined filters and corrections (discussed in Section 6.3.1) to correct the reconstructed p%iss and

to remove events with anomalous p'®, to increase our chances of selecting events with true pf**s.

Figure 5.2 shows the prT“iSS resolution as a function of the true p%iss from simulation, comparing PF

prT“iSS to the p%liss from the calorimeters only. For events with true p%liss > 20 GeV, the resolution

for PF piss is under 10%.
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Chapter 6

Search for supersymmetry in channels with two Higgs bosons and missing

transverse momentum

We will now describe the main premise of this thesis, an analysis searching for physics beyond
the SM in events with two Higgs bosons and large missing transverse energy. We target the Higgs
bosons in the decay H — bb, which has the largest branching fraction for the Higgs, 58% [88]. As
discussed previously, large missing transverse energy is indicative of a particle leaving the detector
unnoticed (such as the LSP), and therefore gives a nice signature for SUSY searches. Preliminary
results from this search have been made public [89]. Detailed documentation appears in an internal
note, Ref. [90].

The general approach of this analysis is to first identify kinematic requirements that have high
efficiency for selecting signal events and low efficiency for selecting SM backgrounds, specifically tt,
WHjets, Z+jets, and to a small degree QCD multijet events. As we will discuss in Section 6.3, we
impose selection criteria to reduce our main SM backgrounds. In particular, semi-leptonic tt events
are our largest background, since they produce b quarks and true p%liss from the neutrino of the W
decay. We substantially reduce the contribution from this background by requiring an all-hadronic
final state. Any events with charged leptons are removed. Z — vv events are also a predominant
background, since the neutrinos provide large missing energy. These events are removed by tight
b-tagging requirements.

To test for the presence of BSM contributions in the data, we must develop a way to measure

the remaining SM background contribution, so that we may compare the SM background prediction
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to the data. The background prediction method is described in Section 6.4, while the validation of
the method, including the background and signal systematic uncertainties, is detailed in Section 6.5.
The data yields and analysis results are described in Section 6.6, including the interpretation of
the results using simplified SUSY models.

In this analysis, we look for an all-hadronic final state containing four b quarks and large
missing energy. For the Higgs reconstruction, then, we expect two b-tagged jets per Higgs decay,
four b jets per event. An interesting topology occurs, however, when a Higgs boson is produced
with large enough momentum: its decay products are emitted at smaller angles, collimating enough
to be reconstructed as a single jet. This boosted topology can arise when the parent particles of the
Higgs (the neutralinos in our case) are massive enough, and thus impart higher momentum to the
final state particles. This analysis focuses partially on the boosted topology, which is increasingly
sensitive to higher mass SUSY particles; previous SUSY searches have already excluded lower mass
neutralinos and gluinos (see Section 2.2.5). We therefore consider two types of topologies: events
in which the b-tagged jets are resolved in distinct AK4 jets, and events in which the b jets are
close enough together to be captured in a single wide-cone AKS8 jet. These topologies can be seen
in Figure 6.1. We refer to the separated and merged possibilities as the resolved signature and the

boosted signature, respectively.

6.1 Signal models

Targeting a full SUSY model, like the MSSM, in a search for new physics is difficult because
the multitude of parameters add complexity to signal generation, and interpretations can be too
model-specific. Simplified models are more often used [91,92], and designed to involve only a few
SUSY particles, with the remaining particle masses set intentionally to be out of the LHC’s reach.
These models exhibit final states that are representative of a number of SUSY models with a wide
range of parameters and are particularly helpful for comparing different supersymmetry-inspired
analyses. For the search for physics beyond the SM covered in this thesis, three simplified SUSY

models are considered, as shown in Figure 6.2: two different electroweak pair production scenarios
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Figure 6.1: Diagrams of the resolved (left) and boosted (right) topologies targeted in this analysis.
Each Higgs decay produces two b quarks. At high enough momentum (pp > 300 GeV), the b quarks
are collimated enough to be captured in a single jet.

(left and center) and gluino pair production (right).

For the first electroweakino pair production model (left in Figure 6.2), the TChiHH-G model,
we take the massless goldstino as the LSP and the higgsino-like lightest neutralino X as the
next-to-lightest SUSY particle (NLSP) [93]. The NLSPs are produced in the cascade decays of
different combinations of neutralinos and charginos. When the lighter neutralinos %(1),2 and charginos
ﬁc are nearly mass degenerate, all of their cascade decays can lead to the production of the
NLSP (and other, low-momentum particles). Integrating over the possible contributions of the
produced charginos and neutralinos (¥)x9, )Z(l)ﬁ:, %gﬁc, )Zf)ﬁc) leads to an effective rate for x§x!
production [94,95] that is significantly larger than that of any of the individual pairs. The larger
production rate boosts experimental sensitivity. The higgsino-like NLSPs then decay via X} — ’yé,
i = H(N}, or x§ — Zé, where the undetected G can generate large p%iss. The TChiHH-G model
considered in this thesis assumes a 100% branching ratio to the HG final state.

The more generic model, TChiHH, is the electroweak production of two higgsino-like neu-
tralinos X3 and X3. This model contains a bino-like LSP (YY) and higgsino-like NLSPs with
m(x9) = m(X3). Unlike in TChiHH-G described above, we consider only the higgsino produc-

tion cross section for X9x9, assuming we are not sensitive to the other combinations (Y3 )ﬁc, X3 )Zf,



Figure 6.2: Diagrams for the SUSY models we interpret our results in, TChiHH-G (left), TChiHH
(center), and T5HH (right). In each diagram, the filled circle represents the sum of processes that
can lead to the SUSY particles shown.

ﬁc X1 ), since ﬁc cannot decay to a Higgs boson.

For the TAHH model, the proton-proton interaction produces a pair of gluinos g, each of
which decays to the second-lightest neutralino Y9, along with the emission of SM quarks. For
simulation purposes, we set the mass of the ig to be 50 GeV below m(g), so that the quarks are
soft and do not normally register as jets. The X3 further decays into a SM Higgs boson and the
lightest neutralino %(1)7 which is taken to be the LSP. Many models predict that the production
rates of high-momentum Higgs bosons are greater in gluino cascade decays than in direct Higgsino
production [96,97]. This is driven by the significantly larger strong production cross section of
gluinos vs electroweakinos.

For all models, we impose requirements for large momentum imbalance, indicative of the
presence and escaped-detection of the LSP. While dependent on the LSP, a dark matter candidate,
these SUSY signal models were not built with dark matter candidates or detection in mind, and
the search itself makes no assumptions related to dark matter. Simulation details for these signal

samples, including the mass ranges considered, can be found in Section 6.2.2.2.

6.2 Data and simulation

The SM background estimation methods described in Section 6.4 are based primarily on
observed event yields in data. A data-driven approach allows us to use the data directly, without
relying on our ability to completely and perfectly model complex interactions and the detector

itself. In Section 6.2.1, we describe the data samples used in this analysis, as well as the HLT
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decision paths used for data collection. Monte Carlo (MC) simulation is used to optimize the event
selection criteria, validate the background estimation methods (including any necessary correction
factors), and interpret the observed data in the context of a signal model. The details on sample

generation, for both SM backgrounds and simplified SUSY models, are given in Section 6.2.2.

6.2.1 Data and triggers

Year Era f L [pb Y Year Era f L [pb~!] Year Era f L [pb71]
A - A - A 14024.2
B 5746.4 B 4793.3 B 6907.9
C 2572.9 C 9632.7 C 6894.8
D 4242.3 D 4247.7 D 31719.5

2016 E 3924.3 2017 E 9314.0 2018 E -
F 3104.5 F 13498.4 F -
G 7575.8 G - G -
H 8649.0 H - H -

Total 35815.2 Total 41486.1 Total 59546.4

Total 136847.7

Table 6.1: The integrated luminosities by run era for the MET primary data set.

The search in this thesis uses 137 fb~! of data collected by the CMS experiment from 2016
to 2018, nearly 40 times larger than the collision data delivered in 2015, and increasing each year,
as seen in Figure 6.3. The LHC did not run for three years straight, but instead was broken up into
run eras: seven run eras in 2016, five in 2017, and four in 2018. The integrated luminosity for each
run era is given in Table 6.1. The data are examined by physics object groups to ensure they meet
quality standards: checks include the consistency of run conditions, detector hardware statuses,
and validating calibration results. If a portion of the run data (called a “block”) does not meet
the necessary quality standards, it is removed. This is why CMS recorded a different integrated
luminosity in Figure 6.3 than the LHC delivered, and also why not all of the data recorded is used
for this analysis. The certified data is measured using the BRIL Work Suite [98], and corresponds
to 35.9fb~! in 2016, 41.5fb~! in 2017, and 59.5fb~! in 2018.

Primary data sets are blocks of data with similar event selection requirements, and are col-
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lected requiring certain sets of HLT paths. The primary data sets include the list of PF candidates,
particle tracks, ECAL and HCAL clusters, vertices, and higher-level physics objects, as described
in Chapter 5. For this analysis, we use the MET, SINGLEMUON, SINGLEELECTRON, and SINGLE-
PHOTON primary data sets. For 2018, we use the EGAMMA data set, which is a combination of the
SINGLEELECTRON and SINGLEPHOTON data sets. The MET data set is used for the search region
of this analysis; all others are used for validation purposes. As such, the integrated luminosities
listed in Table 6.1 are for the MET primary data set; the integrated luminosities for the other
primary data sets are typically within 1% of those listed.

The data for the analysis region was obtained using triggers that require selected events to
have at least 90 GeV of p%ﬁss calculated at the HL'T. The threshold is tightened as the instantaneous
luminosity increases during the different run periods. Further information on the trigger system
can be found in Section 4.7.

The p%liss calculated at the HLT has poorer resolution than the p%liss reconstructed offline.
Trigger efficiencies, defined as the fraction of events that pass the triggers after certain criteria
are applied, are measured in data and applied as weights to simulated events to account for the
difference in p%‘iss resolution. A single-electron reference trigger, chosen to be independent of our
search region, is used to measure the trigger efficiencies. This reference trigger requires exactly
one electron with pr < 35 GeV, at least three AK4 jets, and high A¢ between the jets and piniss,
The trigger efficiency shown in Figure 6.4 is different per data-taking year. As such, the trigger
efficiencies are derived per year and applied accordingly to the simulated samples. The trigger
efficiency reaches a plateau efficiency of over 99% for piss > 260 GeV, meaning the resolved
signature operates partly on the turn-on section of the efficiency curve, since it requires p%iss >
150 GeV.

Although the reference trigger is unbiased and the effect is largely negligible to the analysis,
the electron presence in the trigger measurement region changes the measured trigger efficiencies,
in comparison to the all-hadronic case of our analysis. A systematic uncertainty is assigned to

account for this trigger inefficiency. Additional trigger effects, including the statistical uncertainty
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Figure 6.4: Trigger efficiencies for the search region as a function of p'* (top), Hr for 150 <
piss < 200 GeV (bottom left), and Hr for 200 < piiss < 300 GeV (bottom right), for 2016 (blue),
2017 (green), and 2018 data (red). Events for the trigger efficiency measurement are selected with
a single-electron trigger, with the additional requirements of high A¢ and at least three AK4 jets.
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and the kinematic differences between the reference and signal triggers, are included and added in

quadrature.

6.2.2 Simulation

To complement our data-driven approach, we use simulated MC samples to optimize and to
validate our background prediction methods, and to generate any necessary correction factors or
systematic uncertainties of those methods. Additionally, we generate signal models, described in
the Section 6.1, to interpret the observed data.

For both SM and signal samples, we use the MADGRAPH [100] or POWHEG [101] event gen-
erators to simulate the hard interaction and PYTHIA [102] for parton showering and fragmentation.
GEANT [103] is used to model the full detector response for the SM background samples and the
gluino T5HH signal sample. Because the detector simulation can be computationally taxing, we use
a simplified description of the detector, called FastSim [104], to simulate the electroweak models.

To model the presence of pileup, samples are generated with a reasonable number of interac-
tions per bunch crossing, depending on the instantaneous luminosity. The number of pp interactions
is then reweighted at analysis-level to match the pileup distribution observed in data. All events
are generated using the NNPDF 3 [105] set of parton distribution functions (PDF'), which are used

to model the quark and gluon momentum distributions within the proton.

6.2.2.1 Standard Model simulation

SM processes are simulated to optimize our event selection criteria, create and validate our
data-driven background estimation methods, and to develop any corrections or scale factors (SF)
needed to match the data. These samples are generated for 2016, 2017, and 2018 separately,
since the detector conditions are different per year. For quantities measured in MC to not be
limited by the statistical precision relative to the statistical uncertainty in data, we aim to generate
samples with much higher event counts than the data. These samples are then weighted to the

appropriate luminosity, depending on the year. The size of the simulated samples is limited by the
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computational time and the storage capacity for the samples after generation.

The production of tt, W, Z, Drell-Yan, v, and QCD processes listed in Table 6.2 are simulated
at leading order (LO), with the exception of inclusive Drell-Yan in 2017. These samples make up
the majority of the expected SM background or are used to validate the background methods.
The rightmost column shows the integrated luminosity of the samples, which is dependent on the
production cross section ¢ and the number of events generated. The W, Z, Drell-Yan, v, and QCD
samples are generated in ranges of Hr, defined as the scalar sum of pr for all AK4 jets in an event.
For tt+jets, W+jets, and Drell-Yan processes, we also use samples with larger event counts for high
amounts of generator-level p%ﬁss or Hp. The generator-level p%liss selection for tt events is listed in
the second column of Table 6.2, with the lower value pss > 80 GeV used for the 2018 samples, and
the higher value (p2 > 150 GeV) used for 2016 and 2017. Events are removed from the inclusive
samples in order to avoid double counting. Single-top quark events and rare SM backgrounds, such

as tt production in association with bosons, diboson processes, and tttt, shown in Table 6.3, are

produced at next-to-leading order (NLO).

6.2.2.2 Signal simulation

Simplified signal models are useful for interpreting the data observed in analyses. In this

analysis, we target two types of SUSY production:
e clectroweak pair production, and
e gluino pair production.

Signal events for the simplified models are generated in the same manner as the SM backgrounds,
with the MADGRAPH generator in LO mode, using the NNPDF 3 PDF set, and followed with the
PYTHIA generator for showering and fragmentation. We use a simplified description of the detector
called FastSim [104] to simulate the electroweak models. We generate scale factors to account for
any differences with respect to the full simulation used for the backgrounds. Additionally, the

electroweak models are generated assuming the H bosons only decay to bb, the largest branching
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Process Generator o [pb] [ L [tb1]
Selection 2016 2017 2018 2016 2017 2018
tt, t = v, t — 2q - 182.16 182.37 182.34 338.27 338.66 314.03
tt, t — v, t — 2q - 182.16 182.36 182.34 331.26 310.95 328.67
tt, 2¢ - 87.34 87.43 87.42 353.06 324.59 328.31
W, 6= fv, T— 2 P >80/150 9.68 10.43 5411 | 1792.22  1377.87  1555.97
tt,t — v, t —2¢  pis >80/150 9.68 10.40 53.36 1755.90 791.73 1489.24
tt, 2¢ p%iss >80/150 5.919 6.154 37.71 1647.82 1415.12 1549.83
- 61527 61527 61527 1.41 1.26 1.15
70 < Ht <100 1656.07 1501.30 1503.89 6.05 14.80 18.71
100 < Ht < 200 1647.50 1612.26 1611.90 6.04 22.24 18.31
200 < Ht <400 440.76 476.23 478.94 88.45 44.62 53.18
W — Lty 400 < Ht <600 59.73 67.69 68.08 129.91 211.45 87.15
600 < Ht < 800 14.77 16.85 16.93 1264.92  1288.53  1167.77
800 < Hr <1200 6.73 7.55 7.66 1163.82 2704.93 1096.45
1200 < Hp < 2500 1.627 1.685 1.696 4224.79  12026.50  4500.90
Hr > 2500 0.0393 0.0407 0.0404 | 67157.45 528312.40 80997.72
100 < Ht <200 | 343.2885 342.8630 345.4666 | 1414.29  1507.93  1457.49
200 < Ht <400 95.11 103.59 102.89 260.35 209.26 226.22
400 < Ht <600 13.14 14.71 14.67 750.66 620.98 648.42
Z = vp 600 < Ht < 800 3.134 3.633 3.627 1840.22  1568.33  1585.19
800 < Hr <1200 1.444 1.565 1.574 1502.43 1315.27 1313.04
1200 < Hp <2500 | 0.3531 0.3469 0.3472 1454.34 976.97 988.59
Hr > 2500 0.0085 0.0078 0.0079 | 47627.32  863.09  45676.51
- 6020.85 6225.42 6225.42 8.26 33.38 16.09
70 < Hp <100 215.62 171.22 171.22 44.95 54.57 58.52
100 < Ht <200 171.46 188.06 188.06 64.25 59.54 61.31
200 < Ht <400 52.58 56.51 56.51 182.74 189.99 192.33
Z/y* — e 400 < Ht <600 6.761 8.046 8.046 1438.43 1270.20 1205.27
600 < Ht < 800 1.676 1.967 1.967 4946.62 4444.08 4504.29
800 < Hr <1200 0.8314 0.8556 0.8556 3215.29 3640.82 3667.88
1200 < Hy <2500 | 0.1427 0.1926 0.1926 | 4177.73 324792  2785.27
Hr > 2500 0.0032 0.0027 0.0027 125305 153127 155954
100 < Ht <200 5363.00 5045.08 5030.57 2.76 3.16 3.07
. 200 < Ht <400 1178.00 1130.82 1125.44 42.45 44.13 43.94
Hiets 400 < Ht <600 131.80 124.81 124.81 88.79 107.28 109.91
Hr > 600 44.27 40.80 40.54 263.99 205.69 307.26
100 < Hp <200 | 28060000 23700000 23700000 | 0.0029 0.0039 0.0040
200 < Ht < 300 1710000 1548751 1558084 0.03 0.04 0.03
300 < Ht < 500 347500 323196 323761 0.16 0.07 0.17
QCD 500 < Ht <700 32060 30069 30193 1.95 1.87 1.83
700 < Hp <1000 | 6829.00 6361.49 6325.76 2.29 3.15 7.61
1000 < Ht <1500 | 1207.00 1095.27 1098.15 12.60 15.41 14.08
1500 < Hp < 2000 120.00 100.19 99.99 98.66 116.12 109.56
Ht > 2000 25.25 20.63 20.43 238.40 287.97 268.05

Table 6.2: Standard model simulated samples. The sample cross section ¢ and an equivalent
sample integrated luminosity, [ £, is given for each year. For the three tt processes with a pJ'ss
generator selection, the first corresponds to the 2018 samples, while the second corresponds to the

selection imposed in both 2016 and 2017.
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Process Generator o [ph] [ £ [~

Selection 2016 2017 2018 2016 2017 2018
t s-channel 5.401 5.996 5.993 185.14  1652.35 3331.19
t t-channel 136.02 113.30 123.47 493.35 51.77  1249.74
t t-channel 80.95 67.91 73.62 479.44 58.02  1074.35

t tW-channel 20.22 18.67 18.61 161.08  251.87 58.34

t tW-channel 20.20 18.71 18.65 161.20  288.12 58.27
7 Z =0T, Z = vu 0.2529 0.2432 0.2432 | 54142.5 32617.8 54605.3
Z —qq 0.5297 0.5104 0.5104 | 1414.76 18985.1 18753.9
W W — ly, 0.2043 0.2043 0.2043 | 25847.1 24447.1 24042.8
W —qq 0.4062 0.4064 0.4062 | 2051.45 1997.31 2056.37
tt H H — bb 0.2934 0.2934 0.2934 | 33556.9 27266.5 32324.5
tt - 3.697 3.697 3.697 3989.41 1987.86 1269.11
tt tt - 0.009103 0.008213 0.008213 | 27463.5 121758 282662
WH W — fvp, H — bb ‘ 0.2616 0.2616 0.2616 | 8332.14 373242 3719.42
WW WW — lvpqq 49.997 49.997 49.997 39.99 175.66  384.01
WW — bvplyy 12.18 12.18 12.18 164.15 164.23  637.12
W — by, Z — qq 10.73 11.66 11.76 | 5899.91 1629.92 4919.00

W7 W — bvy, Z — v 3.054 3.294 3.322 557.88  1509.79  510.90
W =t~ Z —qq | 5.59 5.606 5.606 | 4726.68 4920.11 5029.19

W — vy, Z — 010~ 4.430 4.430 4.430 449.97  2480.48  446.22
7ZH Z — v, H— bb 0.1029 0.1029 0.1029 | 28421.6 25033 443754
77 - 16.523 16.523 16.523 | 120.323 118.003 119.772

Table 6.3: Single-top, tt +X, and diboson simulated samples. The sample cross section ¢ and an

equivalent sample integrated luminosity, [ £, is given for each year.
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Decay Mode SMS name Generator ~ Mass Scan [GeV]
X9 X9 —HHYY ¥ TChiHH  FASTSIM  mgg = mgg,
mgg = 127 — 1200,
2

XX T =X XY SHHGG - TChiHH-G FASTSIM  mgo = 127 — 1500,

X1
mé =1
33, § — qaxs, Xy — HY} T5HH FUuLLSIM  mg = 1000 — 2500,
mgy =Mz — 50,

Table 6.4: Signal samples used in the analysis. All decay modes begin with a proton-proton
interaction. The gluino pair production model, T5HH, is generated so that the quarks produced
are soft and do not normally register.

fraction (58%) [88]. The gluino model is generated using the full detector simulation and includes
all H decays. Further details on the signal samples are discussed in Section 6.1, and summarized

in Table 6.4.

6.3 Event selection

The simplified SUSY models used in this thesis produce b jets and large transverse momentum
imbalance. Since our models have fully-hadronic final states, we remove events that have isolated
electrons or muons. Because of this, and technical considerations such as filters, corrections, and

trigger requirements, we optimize our selection criteria to find these events.

6.3.1 Baseline selection

The baseline selection is the set of search criteria imposed on our events, in order to pick out
events compatible with our SUSY models. The baseline selection is slightly different between the
boosted and resolved signatures, since they target slightly different topologies (but the same final
state). For both signatures, we reconstruct two potential Higgs candidates, each containing two b
quarks. Figure 6.5 shows a signal event (left) and a tt single-lepton background event (right), the

dominant background in this analysis. In signal events, four b jets are produced from the two Higgs
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Figure 6.5: Configuration of signal (left) and tt (right) events, our dominant background, shown
here for how extra b jets could arise in the resolved signature.

decays, while the top quark decay in tt events only produces two b jets. Additional b jets found in
background events can arise from mistagging or from gluon radiation, either initial-state radiation
(ISR) or final-state radiation (FSR), followed by g — bb. The neutrino produced in leptonic decays
provides the needed ﬁfnigs. Additional SM backgrounds, such as Z — vv (in which the neutrinos

result in true p%iss) and QCD multijet events (in which the py of a jet is mismeasured, creating a

miss

source of fake p'**) can also arise.

To mitigate these backgrounds, we establish our baseline selection as follows:

(1) Electron and muon vetoes
Events with identified and isolated electrons or muons with pr > 10 GeV are rejected,
where the leptons are PF candidates described in Section 5.2. Electrons are identified
using the “cut-based veto” working point of the electron identification algorithm [106],
corresponding to roughly 95% reconstruction efficiency. Muons are required to pass the
medium identification working point [107]. Isolation [108] requires the pt sum of the
particles within a cone of AR = V/(A¢)? + (An)? to be less than 10% (20%) of the electron

(muon) pr. The radius of the cone depends on the lepton pr:

0.2 for pt < 50 GeV
AR =410 GeV/pp for 50 < pp < 200 GeV (6.1)
0.05 for pr > 200 GeV

\

The isolation requirement is put in place to avoid removing events with muons from b
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hadron decays, and to avoid rejecting events with electrons only from bremsstrahlung ra-

diation.

Angular requirement

To suppress QCD background, events are rejected if any of the four highest-pr AK4 jets

> miss > miss

are approximately aligned with p™®, indicating the observed p{™** may be from un-

dermeasuring the pt of the jet, and therefore is not genuine. Specifically, we require
A¢1234 > 0.5,0.5,0.3,0.3, where Ag; = Ap(p2s, AK4jet,). A relatively loose selection
on A¢ for high momentum jets provides excellent background rejection, while preserving
high signal efficiency. For lower-pt jets, the discrimination power begins to fade. We

collectively refer to this set of cuts as the A¢ requirement.

Missing transverse energy

We require PF pmlbb (Section 5.3.3) > 150 GeV, to improve signal efficiency while rejecting
QCD background. The boosted signature has a higher pii* requirement, piss > 300 GeV,
to ensure a boosted topology where the Higgs decay products are captured in a single AKS8

jet.

Isolated track vetoes

To suppress backgrounds with a 7 lepton or an electron or muon that is not identified or fails
the lepton veto criteria, we reject events with one or more isolated charged tracks. Leptonic
tracks must satisfy pr > 5 GeV and have <20% isolation within a cone of radius AR =0.3,
where isolation is the scalar pt sum of all charged-hadron, neutral-hadron, and photon PF
candidates in the cone divided by the track pr. Hadronic tracks must satisfy pt > 10 GeV
and have <10% isolation. To retain more signal, events are only vetoed if the isolated
track is consistent with originating from a W boson. We require mr(trk, pmlss) < 100 GeV,

where

mep(trk, pss) = \/2p§11"kp$lss 1 — cosAg), (6.2)

where A¢ is the angular separation between the track and _'mlss.
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(5) Event cleaning;:
The following recommended filters are applied to reject events with anomalous sources of
p%iss. Unless otherwise indicated, the filters are applied only to the full simulation samples

and the data.

e BEAM HALO: Particles produced upstream form a beam halo, that travel through the
detector along the beam axis. If any CSC hits or ECAL clusters are consistent with

certain halo shapes, studied from out-of-time hits, the event is discarded.

¢ HBHE Noist and HBHEIso Noise: In the HB and HE, scintillator tiles are prone to
noise that may register as energy deposits. Geometric patterns, channel multiplicities,

and the pulse shape are used to determine which events should be removed.

e ECAL DeAD CELLS: ECAL trigger primitives are bounded and can saturate, leading
to dead cells. Events in which the trigger primitives are at or near threshold are

flagged, since the dead cells can lead to significant bias in measuring particle pr.

e Muon JETS: Failures in muon reconstruction can create exaggerated momentum
imbalance. We reject events if any jet has pt > 200 GeV, muon energy fraction > 0.5,

and A¢(jet, piss) > 7 — 0.4

e Low NEUTRAL JETS: We remove events with anomalously low neutral EM energy
fraction, specifically if the leading-pt AK4 jet has neutral EM energy fraction < 0.03

and A¢(jet, pss) > 7 — 0.4.

e ONE GOOD VERTEX: Events without a well-defined vertex often have anomalous
p%iss. We require one reconstructed vertex that satisfies certain position and quality
criteria, as described in Section 5.1.1. This filter is also applied to the signal samples

that are generated using the fast simulation.

e EE BAD SUPERCLUSTER NOISE: We remove events that contain noise from bad

crystals in the endcaps of the ECAL. This filter is only applied to data.
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p’%ﬁss RATIO: To protect against particle flow failures, which can result in a large
discrepancy between piis* calculated with particle flow (PFMET) and p&is® calculated
with only calorimeter information (CaloMET), we require: PFMET/CaloMET<2.
Additionally, we reject events where the PF p%iss is more than two times larger than

the HEFiSS, where HITniSS is the negative vector sum of all jets in an event. This filter is

also applied to the signal samples that are generated using the fast simulation.

PF JET ID: We remove AK4 and AKS jets from an event if they have |n| < 2.5,
charged-hadron fraction less than 0.1, and pp > 20 GeV (or pr > 170 GeV for AKS8
jets). Jets such as these are usually from detector noise and can effect our A¢ selection,

and the Ht and Hffniss of an event.

ECAL Noist IN JETS: In the 2017 data, increased calorimeter noise in the endcaps

of the detector resulted in artificial p%liss. Even after correcting the p%liss, some events

miss

with noisy jets and induced pp'™ remain. We remove events if either of the two

leading-pr jets with 2.4<|n|<5 have pr > 250 GeV and Ag(jet, pi) > 2.6 or < 0.1.

Hp-RAT10: Events with noisy energetic jets in the HF are observed between 3.0 <
n < 3.1. We reject events if they have H2/Ht > 1.2 or A¢ > 5.3H3/Hr-4.78, where
H% is the Ht calculated including jets up to |n| = 5, while Hy uses only jets up to

In| = 2.4. A¢ is between the leading-pr AK4 jet and piss.

HEM VETO: The HEM issue in some runs of 2018 may generate spurious jets, elec-
trons, and p%ﬁss. Specifically, an HCAL submodule broke, and the region of the
detector it covered (—3.2 <n < —1.3 and —1.57 < 5 < —1.3) was entirely depleted of
energy deposits. This led to a significant number of reconstructed isolated electrons
(HCAL information is used to discriminate real isolated electrons that leave clusters
in the ECAL from jets that leave clusters in the HCAL), that were triggered on. Ad-
ditionally, the reconstruction of jet energy relies heavily on HCAL clusters. Events

are vetoed if any isolated electrons are in the region -3.0<n<-1.4 and -1.57<¢$<-0.87,
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or if any AK4 jets are in the region -3.2<n<-1.2 or -1.77<n<-0.67. Since this effect is
not modeled in our simulated samples, we remove a proportionate fraction of events

in MC.

The resolved and boosted methods each have further requirements, as discussed below, for the

reconstruction of the Higgs boson candidates.

6.3.2 Higgs candidate reconstruction

For the resolved signature, we require 4 or 5 AK4 jets in the event, each with pr > 30 GeV.
The possibility of a fifth jet increases signal sensitivity without greatly increasing the combinatorics
for the Higgs candidate selection. Out of these, we choose the four AK4 jets with the highest b-
tagging scores, the four most b-like jets. We require at least two of these jets to pass the tight
working-point (WP) of the DEEPCSV algorithm (see Section 5.3.2). These four jets are grouped
into three possible pairings of Higgs boson candidates (bb-bb), and we select the pairing with the

smallest mass difference Amyy, between the two Higgs candidates m ), , mub),:
Amipp, = [Mpp), — M(bb),| - (6.3)

This method uses the fact that signal events contain two particles of identical mass, without using
the value of the mass itself. Methods that use the known mass to select the best candidate tend to
sculpt an artificial peak in the background. Only events where the masses of the two Higgs boson

candidates are similar, Amy, < 40 GeV, are kept. We then calculate the average mass as:

—_

{mpp) = (m(bb)l + m(bb)g)a (6.4)

2
and require (my},) < 200 GeV. Lastly, we require the angular separation between the two b-jets of
each Higgs candidate to be small, AR, < 2.2. This criteria removes a large portion of tt events,

where the AR for at least one bb-pairing is typically much larger than in signal events, as shown

in Figure 6.5.
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For the boosted signature, we require p%liss >300 GeV and two AKS jets, each with pt >300
GeV. The pr requirement ensures that bosons with mass ~125 GeV will have both decay products
captured within a single AKS8 jet: pr ~ 2m /R, where R is the radius of the jet (see Section 5.3.1).
We select the two AKS jets with the highest pt as our Higgs candidates, and require them to have
a jet mass (derived using the soft-drop mass algorithm [109,110]) between 60 and 260 GeV. By
targeting boosted topologies, we significantly reduce SM background rates. In particular, since
most SM processes do not produce hadronically decaying bosons, the jet masses will typically be
below our baseline selection of 60 GeV, even if they have large pr.

After the baseline selection is applied and the Higgs candidates are reconstructed, each of
the two signatures further bins the events into mass signal regions (SR), where we expect the most
signal, and mass sideband regions (SB), which are background-dominated and used to predict the
background of the signal regions. These bins are further divided into different b- or bb-tagging
categories and other kinematic variables, as described in Section 6.4.1, and are used to estimate
the Standard Model background of the analysis. The combined selection retains roughly 10% of

signal events in the signal bins.

6.4 Background estimation

The Standard Model (SM) background yields are determined using a data-driven approach
that uses two discriminating and uncorrelated variables to estimate the yield in a signal region.
The benefit of a data-driven approach is that we can be confident the results we see are real, and
not an effect of poor or under-performing simulation.

For this analysis, these variables are the Higgs boson candidate mass my and the b-tagging
discriminators, which are different between the boosted and resolved methods. This method, termed
the “ABCD” method, estimates the background in a given signal region (A) using the event yields
observed in three neighboring regions: the mass sideband region of the same tagged category as the
signal region (B), and the control regions where events fall within the Higgs mass window (C') and

the mass sidebands (D) but fail the tagging requirement. The control regions C' and D are expected
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Figure 6.6: The Higgs mass window and mass sideband regions used for the resolved (left) and
boosted (right) background predictions, in different b- and bb-tagging categories. Further binning
in other kinematic variables is applied.

to have very few signal events. These regions differ between the resolved and boosted background

estimation methods, and are described further in Section 6.4.1, and shown in Figure 6.6.

6.4.1 Region definition

For the resolved signature, six regions are defined in the number of b-tagged jets Ny, and the
mean mass of the two Higgs boson candidates (mypy,). We define the Higgs boson mass window
as 100<(mpp)<140 GeV, and the regions on either side of this window, (mp,) <100 GeV and
140<(mpp) <200 GeV, as mass sidebands. The following mutually exclusive b-tagging categories

are used to classify events for the resolved method:
o Ny, =2, “2b”: two tight b-tags,

o Ny =3, “3b”: two tight b-tag, one medium b-tag,
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o Ny =4, “4b”: two tight b-tags, one medium b-tag, one loose b-tag.

The b-tagging WPs are inclusive, meaning a jet that passes the tight WP also passes the medium
and loose WPs. The Ny, = 2 category is used as a control region to determine the kinematic shape
of the background, while the Ny, = 3 and 4 categories are enriched in signal events. The six regions,
then, are the three NV}, categories, split into the Higgs mass window and the mass sidebands. To
further enhance the sensitivity of the background prediction, we subdivide these regions into four
p%“iss bins and two ARy bins, for a total of eight planes of the six bins: prTniss [150-200, 200-300,
300-400, and >400 GeV] and ARpax [0-1.1 and 1.1-2.2]. Each p!fliss—ARmaX plane has two signal
bins, the 3b mass SR (As;) and the 4b mass SR (Ayp). The key variables for these bins are shown
in Figure 6.7, with representative signal samples overlaid to motivate region boundaries.

For the boosted signature, six regions are defined in the number of bb-tagged jets Ny and the
masses of both the leading- and subleading-pr jets (my1, mjy2). This two-dimensional mass plane,
shown in Figure 6.8, defines the Higgs mass window (SR) and sideband regions (SB). An event falls
into the mass SR if both AKS jets have a mass within the Higgs mass window, 95<m ;<145 GeV.
If one or both jets has a mass outside of this window, the event falls into the mass SB. Similar to

the resolved method, we define the following mutually exclusive bb-tagging categories:
e Ny = 2, “2H”: both Higgs candidates pass the bb-tagging criteria,
e Ny =1, “1H”: only one Higgs candidate passes the bb-tagging criteria,
o Nyig = 0, “OH”: neither Higgs candidate passes the bb-tagging criteria.

To bb-tag the AKS8 jets, we use the loose WP (>0.7) of a deep-learning-based double-b tagging
algorithm (more in Section 5.3.2), corresponding to an efficiency of 90% for H — bb [84]. Most
H — bb signal events have Ny = 2, while the Ny = 1 category is enriched with other Higgs decay
modes. The Ny = 0 category is used as a control region to determine the kinematic shape of the
background. The six regions, then, are the three Ny categories, split into the Higgs mass window

and the mass sidebands. For each of the six regions, three p%iss bins are used to further separate
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Figure 6.7: Distributions in key analysis variables of the resolved signature for events satisfying
the baseline requirements and Ny, = 3 or 4, except for those on the variable plotted: (upper left)
Ny, (upper right) p%‘iss, (middle left) Amyy, (middle right) (my), and (lower) ARpyax. The SM
background are scaled by factors of 0.93-0.97 to match the total data yield in each plot, and
facilitate comparisons by-eye. Three signal mass points are shown to motivate region boundaries.
The lower panel in each plot shows the ratio of observed data to (scaled) MC yields.
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Figure 6.8: The two-dimensional mass plane that defines the Higgs mass window (red) and mass
sideband (blue) regions.

signal from background, 300<p2i<500 GeV, 500<pRi= <700 GeV, and p2ss>700 GeV. The key

variables for the boosted signature, including overlaid signal, are shown in Figure 6.9.

6.4.2 The ABCD method

As mentioned in the beginning of this section, the ABCD method is a data-driven approach
that estimates the background yield of a signal region A by the yields in neighboring regions, B,
C, and D. The specific regions for the resolved and boosted background methods are given in
Section 6.4.1.

In a standard ABCD method, the background rate in the signal regions can be estimated

with the yields in the corresponding mass sideband and control regions:
A=B=x(C/D) (6.5)

This background prediction is sound if the two variables that define the ABCD plane are uncorre-
lated. The shape of the distribution of variable 1 is unchanged whether or not variable 2 is applied,
and vice versa. This means the ratio of events when variable 1 is or is not applied (A/B) should

be equal to to the ratio of events when variable 2 is or is not applied (C/D).
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Figure 6.9: Distributions in key analysis variables after the baseline requirements for the boosted
signature, except for those on the variable plotted: (upper left) pis  (upper right) jet pr, (lower
left) Dyp, and (lower right) mj. Except for the p%liss distribution, each plot contains two entries per
event, for each of the two pr-leading AKS jets. The SM background are scaled by 86% to match
the total data yield in each plot. Two signal models are shown to motivate region boundaries. The
lower panel in each plot shows the ratio of data to (scaled) simulated yields.
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As previously mentioned, the ABCD method is data-driven: the yields for the A, B, C, and
D regions of Equation 6.5 are taken from data. When the two discriminating variables are partially
correlated, the equation does not stand since our assumed ratio equality A/B = C/D is incorrect.

The effect of any such correlation can be corrected with a double ratio s, which is a measure of

o= (). ()

where n is the signal region of interest. x is measured and obtained from simulated events, and

how far off A/B # C/D:

then applied to the corresponding signal region yields in data:
A=B=x*(C/D)xk (6.7)

As expected, when the two ABCD variables are uncorrelated, the k factors are close to unity.
Further details on the background estimation methods specific to each signature are discussed

in the following sections.

6.4.3 The resolved signature

The background estimation method for the resolved phase space splits the ABCD regions
by the Higgs candidate mass (mypy,) (100-140 GeV for the Higgs mass window, 0-100 and 140-200
GeV for the mass sidebands) and the number of b-tagged jets Ny, (3b and 4b are used for the
signal regions, 2b is used for the control region), discussed in Section 6.4.1. The ABCD method is
operated in every plane of p%iSS—ARmaX, and for the Ny =3 and N}, =4 signal regions accordingly.

As shown in Figure 6.10, the (my,,) distributions for the three b-tag categories agree within
the available statistics, meaning (myp) and Ny are roughly uncorrelated. The background in all
three b-tag categories is dominated by events that contain only two b quarks, and so it makes sense
the (mypp,) distributions would like the same. The additional b-tagged jets in the Ny, =3 and Ny,
=4b categories come from mistagged light-quark or gluon jets. Any correlation between (my,p) and
Ny, is captured in the double-ratio x correction, derived in simulated samples, and discussed in

more detail in Section 6.4.3.1.
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Figure 6.10: Comparison of (myp) between the three b-tag categories.

The final background estimation for each signal region is:

dicted NC’ observed
icte MC
NEreaieted — (N 2 K 6.8
Aib ib NDQb 9 ( )

where ¢ indicates the N, = 3 or 4 tag category.

6.4.3.1 Kk correction

The performance of the background estimation method within simulation can be determined
by dividing the true yield of the signal region with the prediction. This ratio is k. If the two
discriminating variables of the ABCD method are perfectly uncorrelated, the prediction would
exactly match the yield of the signal bin, and x would be 1. k is obtained by dividing the yields

for the signal region by the prediction from the ABCD method:

MC MCNg/IC
k= Ny /(NB NMC)' (6.9)
D

For the resolved method, the x values for high-ARy,,x bins are consistent with 1; however,

those for the low-A Ry ax bins are not, ranging from 0.72 to 2.35, indicating a correlation between

Ny, and (mpp,). This correlation is due to the difference in the number of ISR jets for each b-tag
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Figure 6.11: The « values derived in MC as a measure of how well the ABCD prediction matches
the true yield for each signal bin. k is applied as a correction to the background estimation method
in the data.

category. Each Higgs candidate is reconstructed from four jets, while the main SM background,
tt, only has two b quarks. The N, = 3 and 4 categories, then, have a larger probability of using
ISR jets in the Higgs reconstruction than the N, = 2 category. The ISR jets are typically more
energetic, and so the resulting Higgs candidate tends to have a slightly harder (myy,) distribution.
The ISR jet distribution for tt and the other SM backgrounds is well modeled, and so we can derive
K corrections using simulated MC samples and apply them to the observed data.

The calculation of the x corrections begins with a mixture of the main SM backgrounds,
weighted by the appropriate production cross sections. We apply the resolved baseline selection,
to match the expected kinematics of our signal bins in data. For each of the 16 signal bins, we
calculate a k correction, shown in Figure 6.11. Additionally, x values are measured in dedicated
validation samples, comparing data to MC, and used to quantify systematic uncertainties on the

resolved background method. These are discussed in Section 6.5.1.

6.4.4 The boosted signature

For the boosted method, the SM background is estimated for each signal region (A;2),

miss

consisting of two parts: a pHiss shape obtained from a designated control region, and a pmiss-

miss

integrated background from an ABCD method that is used to normalize the p7'®® shape. In

comparison to a pure ABCD method that operates in every bin, this method has the added benefit
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that it is not limited by the statistics of the mass sidebands. As mentioned in Section 6.4.1, the
ABCD regions are split by the two-dimensional mass plane of the Higgs candidates (95-145 GeV for
the Higgs mass window, 60-95 GeV and 145-260 GeV for the mass sidebands) and the number of
bb-tagged jets (1 and 2 bb-tagged jets for the signal region, no bb-tagged jets as a control region).
There are two signal bins in the boosted method: the 1H mass SR (A;x) and the 2H mass SR
(Agy). We further divide the six ABCD regions into three pss bins, [300-500, 500-700, >700]
GeV, to improve signal sensitivity.

The pss shape fpg is obtained in data from a subset of the Ny = 0 control region (C'+ D),
with the additional requirement of at least one tight b-tagged AK4 jet N, > 0. This region,
called “OH+b,” requires the additional b-tagged jet in order to enrich it in tt events, more closely
approximating the SM content of the signal regions, as can be seen using MC in Figure 6.12.
Figure 6.13 shows the p%liss shape agreement between the two signal regions and the OH-+b control
region in simulation as proof of concept: the OH+b region can be used to estimate the p%‘iss shape
of both the Ny =1 and Ny =2 signal regions. The f,, that is used for the background estimation
method comes from observed data.

miss

miss miss),; /(pHis) ¢ in the control region for each of the

We compute a fraction f(p5'**)pig: = (T
three pss search ranges, where (p2%); are the yields in each piis® bin and (p2s%),.; is the total
integral. The fraction f (p%liss)bkgﬂ- is then the fraction of total background events expected in a
given p%ﬁss search bin.

The background normalization By, is the second half of the total prediction, and normalizes

the p%liss shape. Bnorm is calculated separately for Ny = 1, 2 and is given by

N,
Bnorm,iH - NBZ‘H . <COH>7 (610)

where i = 1, 2 indicates the two signal regions, A1y and Asy. Each ABCD region in Equation 6.10
is first integrated in p%liss. This background normalization is unbiased if the ratio of mass window

to mass sideband events (SR/SB) remains consistent across Ny. Any residual correlation would

be corrected with the double-ratio k, the ratio between the true yield of the signal region in
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regions, and the control region used to derive the p?iss shape, 0H+b (bottom right), in MC. The
background composition for the Ny = 0 region is also shown (bottom left) to demonstrate the
effect of the IV, T > 0 requirement.
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MC and the prediction Snorm,u. Table 6.5 shows the prediction Spormm and the corresponding
agreement to the true signal yields, x, in MC. As Figure 6.14 demonstrates, SR/SB is the same
regardless of bb-tagging category, and so the corresponding x values are consistent with unity. We
therefore do not apply a x correction, but account for its statistical precision as a systematic of the
background method. Other systematic uncertainties assigned to the boosted background prediction
are discussed in Section 6.5.2.

The background prediction can then be summarized as:

. . . bserved
Nﬁz‘zdl(}ted(p%lss) — (fbkg(p%lss) X Bnorm)o serve ' (6.11)

Figure 6.15 shows a comparison in MC of the full background prediction N4, (p2%) to
the true yields of each signal region. Using MC for this closure test shows how well our prediction
Brorm, it - fokg models the actual yields A;i, and is useful for both proof-of-concept and confirmation
that k corrections are not needed. In the case of the actual background prediction method in data,
we expect the prediction to be rather similar in behaviour to the MC prediction, but a SUSY

signature would increase the yields in the A; and As signal bins, leading to poor agreement.

6.5 Validation and systematic uncertainties

In this section, we discuss the validation of the background estimation methods, and how the
associated systematic uncertainties are defined and derived. We use dedicated validation samples
in both data and MC to derive the k corrections, validate the background predictions, and quantify
systematic uncertainties. The validation samples are beneficial because they allow us to look at
real data (not used in our analysis region) and compare it with generated MC samples of the same
SM backgrounds. This gives us confidence in our methodology and in how well the MC models the
backgrounds. A validation sample is used to study each of the primary SM backgrounds (Z — vv,
tt — fvqq’, W — fv, QCD), which are rather enhanced directly in the SM background process or

a representative topology:

e Single-lepton: used to validate the tt and W-jets processes. The topology of events from
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Table 6.5: Yields in the A;i bins for the boosted
signature using simulated data. The background
normalization Bnormsu i given for both bins.
The ratio x of the yields in the signal bins to
the corresponding Bhorm is found to be consis-
tent with 1.0 in MC.
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The signal region yields (black) compared to the background prediction (blue) for

the 1H (left) and 2H (right) signal regions using MC events. The bands of uncertainty are based
on the statistical uncertainty of Bnorm and fyikg only. The bottom panel is the ratio of the signal
region yields to the prediction, which is consistent with 1.0 across pp'®® for both signal regions.
This unitary ratio means our background method is sound at predicting the yields of the signal

regions,

in a SM-background-only hypothesis.
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direct W or top quark production is the same, regardless of whether the lepton (electron

or muon) is identified or lost.

o Low-A¢: used to validate the QCD multijet background for the resolved signature. The
A¢ requirement is reversed to explicitly select events in which the AK4 jet momentum
is likely under-measured, resulting in close alignment with ﬁTmiss, giving spuriously large

momentum imbalance.

e Dilepton: used to validate the Z+jets background for the resolved signature. Specifically,
the Z — #¢ decay shares many topological similarities to Z — vv, and provides a direct
handle on the physics of Z production. The leptons from this decay are not involved in the
reconstruction of the Higgs candidate mass, nor are they correlated with the presence of

additional b jets.

e Single-photon: used to validate the Z+jets background for the boosted signature. When a
Z boson has a high enough pr, such that its mass is negligible, it is expected to have similar
kinematics to the photon (also massless, neutral, electroweak gauge boson). The photon
is removed from event reconstruction, giving a similar amount of momentum imbalance as

7 — vu.

The uncertainties in the background predictions for the resolved and boosted phase space regions are

described in Sections 6.5.1 and 6.5.2, respectively. Signal systematics are discussed in Section 6.5.3.

6.5.1 Resolved background uncertainties

The background estimation method for the resolved signature (described in Section 6.4.3)
relies on (my}) and Ny, being roughly uncorrelated, and on the Monte Carlo simulation to correctly
model any residual dependence. For the nominal ABCD plane (six regions), we construct a corre-
sponding ABCD plane using the validation samples, using a single-lepton sample to check tt and
W-jets events, a dilepton sample to validate Z-+jets events, and a low-A¢ sample that is enriched

in QCD events to verify the QCD background. We then compute  factors in both data and MC,
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Source Uncertainty [%]
prnfﬁss [GeV] 150-200 200-300 300-400 >400
Ny 3 4 3 4 3 4 3 4

1.1 < ARpax < 2.2

K stat. unc. 4 8 5 8 9 18 20 29
tt 2 7 2 7 1 6 1 7

Ak(data, MC)/k  V+jets <l <1 1 <1 1 1 2 2
QCD <1l «1 <1l 1 <l <1 <1l 1

K total syst. unc. 2 7 2 7 1 6 2 7

ARpax < 1.1

k stat. unc. 17 17 14 18 46 38 54 56
tt 11 18 10 17 6 13 6 9

Ak(data, MC)/k  V+jets 1 1 4 5 10 6 6 10
QCD 1 <1 <1l 2 <1l <1 <1l <1

K total syst. unc. 11 18 11 18 12 14 8 13

Table 6.6: Summary of the background uncertainties for the resolved signature. These percentages
are fractional uncertainties for a given background process. Scaling these percentages by the relative
background composition and adding them in quadrature gives the total systematic uncertainty on «.
The systematics propagated from the validation samples are small compared to the data statistical
uncertainty of the ABCD method, the predominant uncertainty of the resolved signature.

comparing the ABCD prediction to the yields of the signal bins A3, and Ay,. This comparison is
called “closure.” We assign systematic uncertainties on the s values, accounting for any correlation
between (mypp) and Ny,. Additionally, any difference between the MC and data is captured inside
these systematics. For each validation region, we define A, as the difference between £ and 1.0,

data pelative to unity. The systematic uncertainty is as-

and ogat as the statistical uncertainty of x
signed as the larger of these values. These uncertainties are then scaled by the relative background
composition of our SM backgrounds in the analysis region, and propagated to the signal bins.
Table 6.6 shows the total systematic uncertainties for each signal bin based on the uncertain-
ties derived in the validation samples. These systematic uncertainties are small compared to the
statistical uncertainty of the ABCD method, which is the statistical uncertainty in data in the B,

C, and D regions. Further details on the validation sample requirements can be found in Sections

6.5.1.1, 6.5.1.2, and 6.5.1.3.
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6.5.1.1 Single-lepton validation sample

The single-lepton validation sample, used to model the tt background, has the same baseline
requirements as the analysis region samples, excluding the lepton and isolated track vetoes. This
gives the same topology as the tt background, which is predominantly single-lepton (tt — frqq’)
where the lepton is rather not identified or is outside of our acceptance. The A¢ cut is also removed,
since the single-lepton sample is free from QCD contamination. We instead require exactly one

lepton with pr > 30 GeV and impose the following requirement:

e (£, p) = \/2p5pi (1 — cos Ag) < 100GV, (6.12)

where A¢ is the angular separation between the lepton and ﬁ%niss. This mt requirement helps pick
out events consistent with a W decay: if the neutrino in the W decay is the only source of true p%iss
in the event, m will peak at or below the W mass of 80.4 GeV. The lepton presence allows us to
cleanly trigger on events with lower p%liss, and so we add two additional p%‘iss bins, p%iss < 75 GeV
and 75 < p%liss < 150 GeV, to study the plfliss dependence of k in a wider range.

The simulation modeling of the ARyax and (my,,) distributions is assessed for this validation
sample in Fig. 6.16, which shows good data-to-simulation agreement. The (my)) shape is also
similar to the search sample, validating the assumption that this validation sample can be used to
model and assess the tt and W+jets backgrounds of the search sample.

We assess the validity of the background estimation method in tt-like events by comparing the
k values in data and simulation. Figure 6.17 shows the closure of the method, the ratio of the true
yields to the prediction, between the simulation and data. We observe good closure within statistical
uncertainty across all prT“iSS bins and no apparent dependency on p%iss, and thus integrate in prT“iSS
(the last panel of Figure 6.17) to increase the statistical precision. As previously mentioned, the
systematic uncertainty is assigned as the larger of the non-closure A, and the statistical precision
of K Ogtat- The results in Figure 6.17 correspond to an uncertainty of 13% (18%) in the Ny = 3 (4)

bins for low AR ax, and of 2% (10%) in the Ny, = 3 (4) bins for high ARy,.x. These percentages are

fractional uncertainties for the tt background. Scaling these percentages by the relative background
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Comparison of data to simulation in the single-lepton validation for N, = 2 (left

column) and Ny, = 3 or 4 (right column) in AR.x (top row), (mpp) with ARpax < 1.1 (middle
row), and (mpp,) with 1.1 <ARpax < 2.2 (bottom row). The simulation is normalized to the data
yields, with the scaling factor indicated under the legend.
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Figure 6.17: & values measured in data and simulation in the single-lepton validation sample, for
the 2b-3b and 2b-4b ABCD planes in each p%lisszRmaX bin. A, is the difference between the value
of k in data and unity, and ogtat is the statistical uncertainty of x measured in data relative to
unity.

composition and adding them in quadrature gives the total systematic uncertainty on « in Table 6.6.

6.5.1.2 Dilepton validation sample

A validation sample enriched in Z — #¢ decays is used to assess the background prediction
method for Z+jets events. This sample provides a direct handle on the physics of Z production, with
near-identical topology, since the leptons are not involved in the Higgs candidate reconstruction,
nor are they correlated with the presence of b-tagged jets. The dilepton validation sample has
the same baseline requirements as the analysis region sample, excluding the lepton and isolated
track vetoes. Additionally, we remove the A¢ requirement, since requiring two leptons makes the
contamination from QCD events negligible. We instead select events with two electrons or muons
of opposite sign, at least one of which has pr >30 GeV, a dilepton mass within 15 GeV of the Z
mass, and pr‘}liss < 50 GeV. We compute the pr of the dilepton system, pr(Z), and use this as a
proxy for the true pss that would be measured in a Z — vv decay. Given the small branching
fraction of Z — £¢ decays and the large tt contamination associated with a high N}, selection, we
lower the N}, requirements for regions A and B (C and D) to Ny, = 1 (0), using the medium WP
of the b-tagger.

We divide the Z — ¢¢ sample into bins of pr(Z), adding two additional bins of pr(Z) < 75 GeV
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and 75 < pp(Z)< 150 GeV, like the single-lepton validation sample. As shown in Figure 6.18, there
is excellent agreement between data and simulation in ARy.x and (mypyp) for both N, = 0 and Ny,
=1.

We assess the validity of the background prediction method of Z+jets events by comparing
the k factors between data and simulation. Figure 6.19 shows the closure of the method, the ratio
of the true yields to the prediction, between the simulation and data. We observe good closure
within statistical uncertainty across all pp(Z) bins and no apparent dependency on pr(Z), and thus
integrate in pp(Z) to increase the statistical precision. As previously mentioned, the systematic
uncertainty is assigned as the larger of the non-closure A, and the statistical precision of k Ogtat.
The results in Figure 6.19 correspond to uncertainties of 16% and 5% for low and high AR ax,
respectively. These percentages are fractional uncertainties for the V+jets background. Scaling
these percentages by the relative background composition and adding them in quadrature gives the

total systematic uncertainty on x in Table 6.6.

6.5.1.3 Low-A¢ validation sample

To obtain a QCD-enriched validation sample, we invert the A¢ requirement of the search
sample. This selects events in which the AK4 jet momentum is likely under-measured, resulting in
close alignment with ﬁ’Tmiss. Like the dilepton validation sample, we lower the IV}, requirements for
regions A and B (C and D) to N, = 1 (0). As shown in Figure 6.20, there is reasonable agreement
between data and simulation for both Ny, = 0 and Ny, = 1.

We assess the validity of the background prediction method for QCD events by comparing
the k factors in data and simulation. Figure 6.21 shows the closure of the method, the ratio of the
true yields to the prediction, between the simulation and data. We observe good closure within

statistical uncertainty across all p%iss bins and no apparent dependency on p%iss, and thus integrate

in p%iss to increase the statistical precision. As previously mentioned, the systematic uncertainty is

assigned as the larger of the non-closure A, and the statistical precision of k ogtat, which is 7% and

9% in the low- and high-ARp,.x bins, respectively. These percentages are fractional uncertainties
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Comparison of data to simulation in the dilepton validation sample for N, =0 (left
column) and Ny, =1 (right column) in ARpax (top row), (mpp) with ARpax < 1.1 (middle row),
and (mpp) with 1.1 <ARpax < 2.2 (bottom row). The simulation is normalized to the data yields,
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Figure 6.19: & values measured in data and simulation in the dilepton validation sample, for Ny, =
0 and Ny, = 1. A, is the difference between the value of k in data and unity. osa¢ is the statistical
uncertainty of k measured in data relative to unity.
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with the scaling factor indicated under the legend.
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Comparison of data to simulation in the low-A¢ validation sample for Ny, = 0 (left
column) and Ny = 1 (right column) in ARpax (top row), (mpp) with ARpax < 1.1 (middle row),
and (mpp) with 1.1 <ARpax < 2.2 (bottom row). The simulation is normalized to the data yields,
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Figure 6.21: & values measured in data and simulation in the low-A¢ validation sample, for Ny, =
0 and Ny, = 1. A, is the difference between the value of k in data and unity. osa¢ is the statistical
uncertainty of k measured in data relative to unity.

for the QCD background, and scaling these uncertainties by the relative background composition
and adding them in quadrature gives the total systematic uncertainty on s, which we include in

Table 6.6.

6.5.2 Boosted background uncertainties

Similar to the resolved method, validation samples are used to confirm the validity of the
boosted background estimation method (described in Section 6.4.4) and to check the consistency of
data and MC. There are two main validation regions, one for each of the main backgrounds. The tt
and W+jets background processes are studied with the single-lepton validation sample described
in the resolved systematics above (Section 6.5.1.1). Briefly, we require exactly one lepton with
pr > 30 GeV and mr < 100 GeV and remove the A¢ requirement since QCD contamination is no
longer a concern.

To validate the background from Z-jets, a single-photon validation sample is used with
photon pt > 100 GeV. The photon, used as a proxy for the Z boson in Z — vv events, is removed
from the event; the missing photon pr serves as a source of p%liss. The pr%liss requirement is loosened
to p%iss > 200 GeV to increase statistical precision, only affecting the x calculation and validation

miss

(the pff‘iss shape is only considered for p'* > 300 GeV). All other event selection requirements for
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the two validation regions are the same as for the analysis regions.
The background estimation method for the boosted signature is split into two parts: the
p%liss shape fiig (described in Section 6.5.2.1) and the background normalization Syorm (described

in Section 6.5.2.2). Each portion has four systematics:
e The statistical uncertainty in data, considered the dominant uncertainty
e The statistical uncertainty in MC closure
e The agreement between data and MC in the validation samples
e The effect of known MC mismodeling

This last systematic uncertainty covers the effect of known MC mismodeling on both Byorm
and fpke from the following sources: b and double-b tagging, jet energy scale, jet energy resolution,
ISR corrections, and renormalization (ug) and factorization (pup) scales. The individual sources
and their uncertainties, as applied to the signal samples, are described in Section 6.5.3. The effect of
each of these contributions ranges from 0 to 5%, and the total systematic uncertainty is calculated
by taking the largest uncertainty for each source (typically, there is an up and a down variation),

and adding those in quadrature.

6.5.2.1 Systematic uncertainties in fig

miss

As stated above, the p1'®® shape fiig has four sources of uncertainty. The first is the statistical
uncertainty in data in the control region “OH+b”, where fii; is taken from. This statistical
uncertainty is in each individual p%iss bin, for 300-500 GeV, 500-700 GeV, and >700 GeV. The
yields and associated percentage of background per p%iss bin are in Table 6.7. These yields result
in systematic uncertainties of 8%, 18%, and 37%, for each of the bins.

The second source of uncertainty comes from the p%iss shape closure in MC, how well the

p%iss shape in the 0H+b region models that of the signal bins, A1 and Asp. The shape uncertainty

is derived from the shape difference of two fits, one for a constant and the other with a floating
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p$1ss [GGV] Nobs fbkg

300 — 500 142 | 0.789 £ 0.030

500 — 700] 31 | 0.172 4+ 0.028
> 700 7 0.039 + 0.014

Table 6.7: Data yields in the 0H+b control region. The percentage of the background that lies in
each p%liss bin, fikg, is also provided. The statistical uncertainty on fik, per bin is 8%, 18%, and

38%, in increasing p's.
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Figure 6.22: A visual of how the p' shape closure systematic is derived for Aoy (left) and
Aig (right) in MC. The top panels show the normalized distributions of A compared to the OH+b
region. The bottom panel shows the ratio of A to the 0H+b region. Each bottom panel is fit with
a flat constant, <y>, and a first-degree polynomial, a + b - x. The fit parameters are listed. The
blue x’s indicate the mean average of each p%ﬂss bin, at 370, 565, and 830 GeV.

slope. These fits and associated parameters can be seen in Figure 6.22. The agreement between

these fits is converted to a shape uncertainty and assigned as a systematic uncertainty per p%liss

bin: 13%, 19%, and 63% (2%, 3%, and 8%) for the Aoy (Aim) signal bin, for the pii* bins in
increasing value.
The third systematic uncertainty accounts for potential background composition mismodeling

miss

in the MC compared to the data, a crucial component for fi, to model the pT'® shape of the

signal bins A;. Figure 6.23 shows the p%iss shape comparison in the validation samples for the

Aq and Aoy selection compared to the OH+b selection. While the agreement in the p%iss shape is
acceptable, the available statistical precision is limited in both the single-lepton and single-photon

regions. Instead of assigning a systematic based on this agreement, which would be more of a

measure of available statistics, we vary the Z+jets cross section by a factor of % and by a factor of
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miss miss

2, and assign a systematic based on the change of the p'® shape. tt has a softer p7'* shape than
Z+jets, and so fpi, is highly dependent on the MC correctly modeling the background composition.
We assign uncertainties of 3%, 7%, and 32%, in increasing p%! bins, for both signal bins.

Lastly, we check the effect of known MC modeling uncertainties on the MC closure. The

uncertainties on fyig are found to be +0.6%, -2.3%, and -4.8% in the three pis* bins.

6.5.2.2 Systematic uncertainties in Sporm

Like the uncertainties on fig, the background normalization has four sources of uncertainty.
The first is the statistical uncertainty of Byormu in data, from the B;y, Con, and Doy regions,
10% and 19% for Ny = 1 and Ny = 2, respectively.

The second source of uncertainty comes from the MC closure, x, the agreement between
Bnorm,sa and the true yields of A;y in MC. As can be seen in Table 6.5, Bnorm,in is consistent with
the true A;y yields for both Ny = 1 and Ny = 2, meaning k is consistent with unity. Because of
this agreement, we do not apply a k correction, but account for the statistical uncertainty on x,
4% for Ng = 1 and 17% for Ny = 2, as a systematic uncertainty.

The third source of uncertainty in Shorm is determined by the agreement of k between simu-
lation and data in the validation samples. Table 6.8 lists the signal bin yields, Bnorm,it, and x;n in
the single-lepton and single-photon validation samples. We compare the background normalization
and the closure, k, between simulation and data. Although there is a scale factor between the
simulation and data, the ratio (k) between the A;i yield and Bhorm,in is consistent between MC
and data. We assign a systematic uncertainty of the larger of the discrepancy in x values between
data and MC or the combined statistical uncertainty of the data and MC, in the single-lepton
validation sample, resulting in 13% for Ng = 2 and 9% for Ng = 1. Even with the less strict p%iss
requirement, we find that the statistics are too low in the single-photon sample. Thus, we assign
no systematic based on this validation region, but instead take this as a cross-check validation.

Lastly, we check the effect of known MC modeling uncertainties on Bnormm and find uncer-

tainties of 4.0% and 5.7% for Ng = 1 and Ny = 2, respectively.
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Figure 6.23:  fyks comparison between data and MC in the Aoy (left) and Ajg (right) signal bins
in the single-lepton (top row) and single-photon (bottom row) validation samples. The top panel of
each plot shows the normalized p%ﬁss distributions of the signal bins and the 0H+b region in MC,
while the middle panel shows the comparison in data. The bottom panel shows the (unnormalized)
ratio of the signal bin to the OH+b region for both data and MC. Due to the limited statistics of
the validation sample, we use this as a cross-check validation only.
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’ Region ‘ MC Yields ‘ ’ Region ‘ Data Yields
Aop 130 £+ 3 Aop 82+ 9
A 426 £ 5 A 265 + 16

ﬁnorm,QH 125.4 £ 1.6 ,Bnorm,ZH (==

Bnorm,lH 440 + 5 /Bnorm,lH 287 + 18
KoH 1.03 + 0.03 KoH 1.07 £ 0.14
K1H 0.97 £ 0.01 K1H 0.92 £ 0.08

’ Region ‘ MC Yields ‘ ’ Region ‘ Data Yields
Aoy 4+ 3 Aoy 3+ 1.7
A 72 £ 15 A 56 £ 7

Bnorm2n | 1.11 £ 0.18 Brormen | 3.9 £0.8

/Bnorm,lH 53 + 4 /Bnorm7lH 68.3 £ 4.7
KoH 3.73 £ 2.48 KoH 0.77 £ 0.48
K1H 1.35 + 0.30 K1H 0.82 £ 0.12

Table 6.8: Region yields in MC (left) and data (right), in the single-lepton (top row) and single-
photon (bottom row) validation samples. For the single-photon sample, the p%liss requirement is
loosened to p%nss > 200 GeV to increase the statistical precision. k is the ratio of the true A;g
yields to the region’s corresponding Bnorm 1. The statistics are too low in the single-photon sample
for a meaningful validation, so we us this as a cross-check only, and no systematic is assigned. All

uncertainties are statistical only.
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Source piss (GeV)  Uncertainty (%)
1H 2H
> 300 10 19
. . [300,500] 8
Sideband statistics 1500, 700] 18
> 700 38
K stat. unc. > 300 4 17
300,500] 2 13
PSS shape closure  [500, 700] 3 19
> 700 9 63
A(data, MC) > 300 9 13
(300, 500] 3
Bkg. composition [500, 700] 7
> 700 32
> 300 4 6
. . [300, 500] 1
MC mismodeling 1500, 700]
> 700 )

Table 6.9: Summary of the systematic uncertainties in the background estimation for the boosted

signature and comparison with sideband statistical uncertainties. The systematic uncertainties
miss

pertaining to Byorm appear in the rows labeled “>300GeV” in the pp'*® column. The row labeled
A(data, MC) gives the contribution derived from the comparison of simulation with data in the
one-lepton validation sample, and those labeled “MC mismodeling” refer to the corrections to
simulation discussed in Section 6.5.3.

6.5.2.3 Summary of background systematics for the boosted method

Table 6.9 shows the total systematic uncertainties for each signal bin derived using the valida-
tion samples. The largest systematic uncertainties are found to be the data statistics of the analysis
regions (ranging from 8-38%), the background composition for the highest p2 bin (32%), and the
p%liss shape closure (ranging from 2-63%), the highest p%liss bin again being the most affected. All

other systematics fall within 1-17%.

6.5.3 Signal systematic uncertainties

We consider a variety of systematic uncertainties on the signal efficiency and distribution, as

calculated from the signal MC.
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e Luminosity: 2.3%-2.5%. The integrated luminosity is estimated based on data from five
subdetectors [111]. The subdetectors used are the pixel detector, the muon DT, the HF
calorimeter, and two additional sensors, the Pixel Detector Telescope [112] and the Fast
Beam Conditions Monitor diamond sensors [113]. Each subdetector has its own associated
algorithm [111-114] that estimates the integrated luminosity to which our signal samples are
scaled to. We must account for the uncertainty of the luminosity estimate. The calculated
uncertainties are 2.5% (2016) [111], 2.3% (2017) [115], and 2.5% (2018) [116], respectively,

for the different data-taking years.

e PF Jet ID: 1%. The jet ID criteria defined in Section 6.3.1 determine how likely the jets
are to be from noise. If a jet fails the jet ID requirement, it is removed from the event.
The Ht and A¢ variables are recalculated if necessary. In full simulation, we measure the

jet ID efficiency to be > 99%, and so we take a flat 1% as the systematic uncertainty.

e b-tag efficiency: <1%-7%. As noted in Section 5, differences in b-tag efficiency between
data and MC are corrected for by using scale factors, binned in jet pt and 7. For the
systematic, the scale factors are varied by their uncertainties and these variations are
propagated as migrations between the different region bins. The b-tagging and charm-
mistagging are varied together, while the light flavor mistagging scale factors are varied
separately. The effect of varying the b/c tagging scale factors ranges from 2-7%, while the

effect of varying the light mistagging scale factors varies from 0-3%.

e b-tag FastSIM corrections: <1%. Signal samples generated using the fast simulation
package must be corrected to match the full simulation performance, including the b-tagging
and mistagging performance. Separate correction factors are derived for b/charm-jets and
light flavor jets, as functions of the jet pr and 7 [117-119], and applied to the fast simulation
samples. As with the scale factors above, the correction factors for b/c jets and light flavor
jets are varied independently by their uncertainties, and these variations are propagated as

migrations among the different signal bins.
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e bb-tag efficiency: 7%-15%. The bb-tagging and mistagging scale factors account for
differences in data compared to simulation and are computed as functions of the AKS jet pr.
These scale factors are applied only in the boosted method. The tagging scale factors are
provided centrally by a dedicated Physics Object Group at CMS [120-122]. The mistagging
scale factors were computed as described in Section 5.3.2. For the signal systematic, the

scale factors are varied by their uncertainty.

e bb-tag FastSIM corrections: <1%. The bb-tagging performance in the fast simulation
must be corrected to match the full simulation. These correction factors and associated
uncertainties were computed by comparing the tagging efficiencies for truth-matched H—bb
jets in simulated signal samples and applied only in the boosted method. The signal

systematic uncertainties are derived by varying the scale factors by their uncertainties.

e AKS8 jet mass FastSIM correction: 2%-4%. The AKS8 jet mass performance in the
fast simulation must be corrected to match the full simulation. These correction factors
and associated uncertainties were computed by comparing the efficiency of the Higgs mass
window selection (95-145 GeV) between simulated signal samples, using both full and fast
simulation. The signal systematic uncertainties are derived by varying the scale factors by
their uncertainties. Both the scale factors and their associated signal systematic uncertain-

ties are applied to the boosted method only.

) p%‘iss mismeasurement: <1%-13%. A correction is applied to the p%ﬁss variable to

account for a discrepancy observed in the fast simulation compared to the full simulation.

Reconstructed p%liss distributions are found to be too wide compared to the full simulation.

To correct for this, the region yields using the reconstructed and generator-level p%liss values

are averaged and used. The systematic uncertainty on this correction is assigned to be half

the difference in the region yields for when the reconstructed p%ﬁss and the generator-level

pp™>* are used.
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e Signal sample statistics: <1%-18%. After event selection, the absolute number of
simulated events generated is treated as an independent systematic uncertainty for each

signal bin.

Trigger efficiency: <1%-13%. The trigger efficiencies are measured in the data as a
function of piis and Hr (see Section 6.2.1). The nominal efficiencies are varied up and
down by the associated bin uncertainty for the signal systematic. The trigger efficiency

uncertainty is treated as fully correlated across the search bins.

Pileup reweighting: <1%-9%. We reweight the pileup distributions in simulation to
more closely match those in data. A truth pileup distribution is generated by combining
luminosity measurements with the best measured value for the minimum bias cross section.
The minimum bias cross section is then varied within uncertainties, and these variations

are propagated as migrations between the different signal bins.

Prefiring correction: <1%. Due to an ECAL timing error which propagated to the
L1 trigger primitives, events with significant ECAL energy in the region 2 < n < 3 self-
vetoed in 2016 and 2017 data. A recipe was centrally-produced to create event weights that
model this issue in the corresponding MC. This correction and its associated uncertainty

are propagated to the signal yields, and only applied to the 2016 and 2017 samples.

ISR: <1%-18%. We correct our signal samples for the distribution of ISR jets. The
weights are normalized to maintain the total cross sections of the signal samples. For the
strong production signal samples, the correction is binned in the number of ISR jets: 1.00,
0.920, 0.821, 0.715, 0.662, 0.561, and 0.511 for Nigg = 0, 1, 2, 3, 4, 5, 6+. We take 50% of
the deviation from unity as the systematic uncertainty for the strong production. For the

electroweak signal samples, we reweight the p%liss of the system of SUSY particles, p%SR.

The reweighting factors range between 1.18 for p%SR:125 GeV and 0.78 for p%SR >600

GeV. We take the deviation from 1.0 as the systematic uncertainty. The corrections are
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applied to the simulated signal events as event weights and are varied according to their

uncertainties for the signal systematic.

e Theory scales: <1%-7%. The parton distribution function of the proton depends on two
theory scales, the renormalization scale pr and the factorization scale pup. The uncertainty
is calculated using the envelope of the weights from varying these scales by a factor of

2 [123,124].

e Jet energy corrections: <1%-12%. We apply jet energy corrections (JECs) to scale
the jet response to that seen in data. These corrections, typically <1%-20% in size, are
dependent on the jet pt and n We propagate the JEC variations and recalculate any jet-

miss

dependent variables, including Hr, p7'**, and A¢.

e Jet energy resolution: <1%-7%. The jet momenta in MC samples are smeared to
match the jet energy resolution (JER) in data, to correct the simulated detector response.
The smearing factors are varied according to the uncertainties on the jet energy resolution
measurements. These variations are propagated into the various jet-dependent variables,

including Hr, p2'5, and Ag.

e AKS8 jet mass resolution: <1%-9%. The AKS8 jet mass differs slightly between sim-
ulation and data. We measured the mean and width of the W boson peak in data and
in MC.The width of the peak is consistent between data and simulation. For the signal
systematic, the mass value for each AKS jet is shifted up by 2.6 GeV, which accounts for

the difference in the mean between simulation and data, scaled to the Higgs mass.

6.6 Results

We perform the data-driven background estimations described in Section 6.4 first with the
signal bins blinded, so as to not bias our results. After the background prediction is calculated, we

unblind the signal bins and compare to the SM prediction. In this section, we include distributions
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Relative uncertainty (%)

Source Resolved Boosted
Signal sample statistics 0-18 1-15
ISR modeling 0-2 0-18
Theory scales g and pp 0-2 0-7
Pileup reweighting 0-2 0-9
Integrated luminosity 2.4
Jet energy scale 0-7 0-12
Jet energy resolution 0-7 0-7
Trigger efficiency 1-13 04
Prefiring correction 0-1
AKS jet mass resolution — 0-9
btagging efficiency 2-7 —
bmistagging 1-3 —
bb tagging efficiency — 6-15
Uncertainties due to the fast simulation
Jet ID 1
piss modeling 0-13 0-12
AKS jet mass resolution — 24
btagging efficiency 0-1 —
bmistagging 0-1 —
bb tagging efficiency — <1

Table 6.10:  List of sources of systematic uncertainties and their typical impact on the signal.
The range is reported as the median 68%, accounting for all signal regions for every signal mass
point considered. Entries reported as 0 correspond to values smaller than 0.5%. Low statistics bins
dominate the tails.



126

CMS Supplementary | |prea iFit o Teninr-Guso kg ¢ Data 137 fo 1 (13 TeV)
= Resolved, 1.1 < ARpay < 2.2 Resolved, ARpyay < 1.1 Boosted
C N,=3 : N,=4 : N,=3 : N,=4 CONFEL P Ng=2
108 & pro[GeV] i pr [GeV] i pr [GeV] i pr - [GeV] Popre[Gev] iopret [GeV]
E% % % X% % % o % % % s % % %9 N, N0, %, A 9% A
= 0 (23 (23 10, (2 (23 190, Q (23 10 (2 (28 0, Q MO, 0,
- % % o i 2, %, %, 700; % W % D % %, % 700; % % ! % %
== : :
£10° == ==
o0 =
~ —
ﬂ —
g0
> =
w -
1
10_1 : : :
1 1 1 1 1 1 1 o 1 1 L: 1 L

i 1 1 C 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Bin number

Figure 6.24: Observed and predicted yields in the search regions. The points with error bars
represent the observed yields, the magenta outline bands the predicted background yields (“Pred”)
with their total uncertainties derived as described in Sections 6.4 and 6.5, and the blue shaded
bands the values determined by the background-only fit (“Fit”). The green lines are the sum of
the yields from the data background prediction and the yields of the TChiHH-G(450,1) model with
signal strength 1, motivating what we would have expected to see had there been a signal.

of several key analysis variables in data and compare them with the corresponding distributions from
simulated event samples. It is important to note, however, that while the agreement is generally
good, the analysis does not require good data to MC agreement. As shown in Figure 6.24, which
summarizes the observed and predicted SM yields, no significant deviation in 21 of the 22 signal
bins with the SM expectation is observed. Ome of the bins of the resolved signature shows an
excess, but after careful examination we find no exceptional features. Further details, as well as
the observed and predicted yields, are discussed in Sections 6.6.1 and 6.6.2 for the resolved and
boosted signatures, respectively. Section 6.6.3 describes the statistical treatment of the analysis,
and how we quantify the compatibility of the data with a signal hypothesis. We then interpret
our data using three simplified SUSY models, and set limits on the production cross sections, as

discussed in Section 6.6.4.
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6.6.1 Resolved observed data yields

The observed distributions in (myy,) for the resolved signature are shown in Figures 6.25 and
6.26, in the N, = 3 and Ny, = 4 regions (SR+SB). The corresponding distributions in the Ny, = 2
region are overlaid, reweighted event-by-event with x values and normalized to the observed event
yields of the signal bin. Overall, we observe fairly good agreement between the Ny, = 3, 4 (mpp)
distributions and the Ny, = 2 distribution, and we do not observe a large excess in the Higgs mass
window.

The observed yields and predicted SM background are given in Table 6.11. For 15 of the
16 bins of the resolved signature, deviations with respect to SM predictions are consistent with
statistical fluctuations. In the bin corresponding to ARpax<1.1, Npy=3, 300<p3fliss<400 GeV, we
observe 4 events in data while the prediction is 0.07f8:ég. Small event counts in the N, = 3 SB
and Ny = 2 SR lead to very asymmetric confidence bands and are the primary driver for a lower-
than-anticipated prediction. We have examined the four observed events in detail and find no
exceptional features. We have also generated and studied several pseudo-experiments to determine
the probability of observing 4 or more events given this background estimate. Lastly, the models
we consider for potential contributions beyond the SM predict that events would be distributed

over multiple bins, contrary to our observations here.

6.6.2 Boosted observed data yields

The observed distributions in mj and in (mj;, mjq) for the boosted signature are shown in
Figure 6.27, with simulated SM backgrounds overlaid, for the Ny = 0, 1, and 2 regions, integrated in
p%liss. The MC is scaled to the integral of the observed data, to facilitate by-eye shape comparisons.
Agreement between the data and MC is not necessary, since our background estimation methods
are data-driven. Included in the figures are representative distributions for potential SUSY signals,
with their peaks well within the H boson mass window; we do not observe an excess in the data at

the Higgs mass. These figures show statistical uncertainties only, as systematic uncertainties are
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Figure 6.25: Distributions in (mpy,) for the (upper row) Ny, = 3 and (lower row) Ny, = 4 data,
denoted by black markers, with error bars indicating the statistical uncertainties. The overlaid
cyan histograms show the corresponding distributions of the Ny, = 2 data, reweighted with the
appropriate  values and scaled in area to the Ny, = 3 or IV}, = 4 distribution and with statistical
uncertainties indicated by the cyan shading. The ratio of these distributions appears in the lower
panel. The red, green, and violet histograms show simulations of representative signals, denoted
TChiHH-G (m(X}), m(G) [GeV]) in the legends. The left-hand set of plots corresponds to ARpax <
1.1, while the right-hand set corresponds to 1.1 < ARpax < 2.2, in both cases integrated over pmlss
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Figure 6.26: Distributions in (my,) for the (upper row) Ny, = 3 and (lower row) Ny, = 4 data (black),
with representative signals shown by the colored lines. The left-hand set of plots corresponds to
150 < piiss < 200, while the right-hand set corresponds to p%iss > 200 GeV, in both cases integrated
over ARmax. The overlaid cyan histograms show the corresponding distributions of the Ny = 2
data, reweighted with the appropriate « values and scaled in area to the N, = 3 or 4 distribution.
The ratio of these distributions appears in the lower panel.



ARuax Ny p™ [GeV] K NEgR©  NE Mgy
150200  1.07+0.04+0.02 159+13 1505758 141

;200300 0.920.0440.02 91.3158 921752 91

300-400  0.94%099 +0.01 111733 125138 14

199 > 400 099792 +0.02  28%24  ogfld 3
150-200  1.07+£0.06+£0.10 50.77%3  51.7+23 51

, 200-300  0.9340.07:+0.08 27.7t57 326733 37

300400  0.91%918 +0.07  2.7t16  33%ld 4

> 400 1031032 +0.09 29731 134750 0

150-200  1.25+0.134+0.15  6.0717  6.9113 9

5 200-300 1.08T0 13 +£0.12  1.97101 2187070 2

300-400  0.85193¢+0.10  0.07705  0.787038 4

11 > 400 123199 1010 0.877530  0.5075:52 0
150-200  1.237030 £0.21  2.55102%  2.52708) 1

. 200-300 1107025 +£0.19 0967539 1.33703% 3

300-400 240709 +0.32 0427051 115708 1

> 400 0.9679%0+0.12 065722 0.651118 1
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Table 6.11: For each SR of the resolved signature, the MC correction factor k, predicted background
yield Ngﬁed, yield from the background-only (u = 0) fit N, and observed yield NSB°. The

first and second uncertainties in the x factors are statistical and systematic, respectively.

The

uncertainties in Né’ﬁed and NIt extracted from the maximum likelihood fit, include both statistical
and systematic contributions. The interpretation of results in the bin corresponding to A Rypax<1.1,
Np=3, 300<p7'® <400 GeV is discussed in the text.
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Nu_ pp™ [GeV] Ny Foke NPT ONRE T Ngbs
300-500 0.789 +£0.030 33.67%%  37.072 42
1 500700 426442 017240028 7.3720  7.2+L3 6
> 700 0.039+0.014 1.6573% 1.5070% 1
300-500 0.789+0.030 4.0t 4.07}2
2 500-700  5.14+1.0 0.17240.028 0.88705% 0.74703)
> 700 0.039+0.014 0.20%07) 0.14%72 0

Table 6.12: For each N SR of the boosted signature, the total predicted background yield Ngitg,

and for each p?iss bin the fraction fyie, both with their statistical uncertainties, the predicted

background yield N&g 4 the yield from the background-only (1 = 0) fit NEE . and the observed

yield Ngﬁs. The values of NI 4 and Ngf{ are extracted from the maximum likelihood fit, with
uncertainties that include both statistical and systematic contributions.

computed only for the total yields in the analysis regions.
The observed yields and predicted SM background are given in Table 6.12. The deviations
of the observations with respect to SM predictions are consistent with statistical fluctuations for

all 6 signal bins of the boosted signature.

6.6.3 Statistical analysis

Interpreting our results in the context of our simplified models, the absence of signal allows
us to place upper limits on the production cross sections. We express how incompatible our data
with the background plus signal (s+b) hypothesis relative to the background-only (b) hypothesis
as a 95% confidence level (CL). For setting limits, we use the LHC-style CL, approach, which is a
modified frequentist method [125-128]. We construct the likelihood function in each bin, a product
of Poisson probabilities to observe N events. The test statistic g, is used to determine how likely
our s+b hypothesis is, with

qu=—2IL,/Laz, (6.13)

for a given signal strength p. £, is the likelihood for signal strength s, and L£,,,4, is the maximum
likelihood, if all parameters are allowed to vary. For setting limits, a signal point is excluded when

the 95% CL upper limit on p reaches one.
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The left column

contains two entries per event. The SM yields are scaled to the data integral, by factors of 0.84,

0.92, and 1.13 in the OH (upper), 1H

(middle), and 2H (lower) plots, respectively. The data to

simulation ratio appears in each lower panel. Two simulated signal samples are also shown. In the
correlation plots (right column) the color scale represents the SM background, black dots the data,

and red dots the expected signal.
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We use the Higgs Combination tool [129] to simultaneously fit all signal and sideband re-
gions. The yields in each region are encoded as Poisson observables, with appropriate constraints
(Equations 6.5 and 6.6) among them to implement the background estimation methods. Signal
contamination in the control regions is accounted for by directly including the relevant signal yields
for all analysis regions. All systematic uncertainties, for both the backgrounds methods and signal
samples, enter the statistical interpretation as log-normal nuisance parameters. Additionally, the s
factors are treated as log-normal nuisance parameters. The signal uncertainties are modeled with
a single value for all signal points and are correlated across all signal bins.

We can use pseudo-datasets with observation from a Poisson probability as our background,
and a given signal strength. If we wish to exclude the signal at a 95% CL, we can require the

fraction of these pseudo-datasets that are less than g, to be smaller than 5%, that is:

N toy <

(q;vt ) _ Ol CLey < 0.05. (6.14)
oys

For the CL; method, we are also interested in the fraction of these pseudo-datasets with no signal

strength (u=0):
N(q,%y > qu=0)

= CL. 1
Noops CLy (6.15)
The CLs ratio is the ratio of these probability values,
CLs+b
CLs = , 6.16
oL, (6.16)

where CLj (CLg4yp) is the p-value for the data fit to the background only (signal plus background)

hypothesis. The asymptotic approximation is used for limit setting.

6.6.4 Simplified model interpretations

We set upper limits on the simplified model production cross sections, which are evaluated at
95% confidence level (CL). This is a measure of how incompatible our data with the s+b hypothesis
relative to the b-only hypothesis is. These limits are shown in Figures 6.28-6.31.

Figure 6.28 shows the upper limits across different Y} masses, with the lightest SUSY particle

(in this model, the (N}) fixed at mgz = 1 GeV, for the combined approach. This is for the scenario
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of all possible higgsino productions. The observed limits at lower masses are generally weaker
than expected due to the excess of observed events over the predicted background in the resolved
signature, while the observed limits are generally stronger than expected at higher masses due to
the deficit of observed events in the boosted signature. In all cases, the observed limits are within
20 of the expectation. The data exclude X! masses from 175 to 1025 GeV. This represents the best
limit to date on this model, extending previous CMS results [130], which exclude 230-770 GeV,
and previous ATLAS results [131], which exclude mass ranges 130-230 GeV and 290-880 GeV.

The resolved and boosted signatures are shown separately in the bottom of Figure 6.29, to
clearly indicate the sensitivity of each signature. As expected, the resolved method provides most
of the sensitivity at lower NLSP masses, where the energy available in the x{ — GH decay is
limited. At higher NLSP masses, the Higgs bosons receive a larger Lorentz boost, and the b quarks
from the decay tend to merge; the crossover where the boosted signature is more sensitive is about
800 GeV for the expected limits, and 600 GeV for the observed limits since the boosted signal bins
show no excess in the data. This also shows how complimentary the two signatures are, extending
the exclusion reach further than either alone could have accomplished.

Figure 6.30 shows the upper limits in the two-dimensional mass plane of the higgsino X9
and the lightest SUSY particle X9, for the combined approach, where only the ¥9x3 production is
included. The resolved signature fully drives the exclusion power, since the boosted method has
no sensitivity at low masses. While the expected limit excludes a substantial region, the observed
exclusion is limited to a small region where m(x{) is less than 15 GeV, again because of the
single-bin excess. For m(X{) = 1 GeV the excluded range of m(X3) is 265-305 GeV.

The 95% CL upper limit across different § masses is shown in Figure 6.31. For this model,
gluino pair production with a X NLSP slightly less massive than the gluino and a light LSP, masses
m(g) < 2330 GeV are excluded. This is the strongest mass limit for this model to date, extending
a previous CMS result [132], which excluded m(g) < 2010 GeV. The choice of large NLSP mass,

which leads to energetic H bosons, lends most of the exclusion power to the boosted signature.
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Figure 6.28: Observed and expected upper limits at 95% CL for TChiHH-G. The dashed black
line and the green and yellow bands show the expected limit with its 1- and 2-standard deviation
uncertainties, while the solid black line shows the observed limit. The theoretical cross section is
indicated by the dashed red line for the degenerate set of all charginos and neutralinos, and by the
dotted magenta line under the assumption that only the combination X X9 contributes.
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Figure 6.29:  Observed (solid lines) and expected (dashed lines) upper limits at 95% CL for
TChiHH-G for the resolved (red) and boosted (blue) signatures separately, to indicate the sensitivity
of each method. The dashed black line shows the theoretical cross section computed under the
assumption that the decay chains leading to the Y YV intermediate state include a degenerate set
of all charginos and neutralinos. No overlapping events were removed between the two methods.
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Figure 6.30: Limits at 95% CL on the cross section for the TChiHH signal model in which only
the production of the intermediate state Y9 X3 is considered. The intersection of the expected
upper limit (red) and observed upper limit (black) are drawn as exclusion curves, with their 1-
(2-)standard deviation uncertainties shown in dashed (dotted) contours.
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Chapter 7

Electroweak combined search

Due to different production and decay modes, a SUSY signal could result in different final
states, motivating a combined search with increased exclusion sensitivity. In this chapter, we
describe a statistical combination of several CMS searches for electroweakino (EWK) production
of SUSY particles [48-52,89], including the search described above in Chapter 6 (hereafter “4b”).
The EWK Combination is still an active area of work and has not yet been published. The results
of this combined search are interpreted using simplified SUSY models, and are still preliminary at
the time of writing. For these simplified models, we assume all sparticles other than those directly
involved in the specified process have too large masses to be produced or are too large to affect the
decays of the particles of interest.

The EWK Combination targets the pair production of the lightest neutralino (Y?), each
decaying into a Z or H boson and an effectively massless gravitino G (considered the LSP), as
demonstrated in Figure 7.1. We consider three topologies, where each topology is denoted by
the specific bosons produced Y — 7G (ZZ topology), X1 — HG (HH), and a mixed topology
of 50% of each of these decays (HZ). The bosons are expected to have SM-like properties and
decay according to their SM branching fractions. Similar to the TChiHH-G model described in
Section 6.1, these processes are described by a specific gauge-mediated SUSY breaking (GMSB)
model with quasidenegerate higgsinos as the next-to-lightest SUSY particles. The production cross
sections for the GMSB scenario are computed in the limit of mass-degenerate higgsino states Zf,

X9, and XV. The statistical combinations for some other relevant electroweak SUSY production and



Figure 7.1: Pair production of X{ X9 assuming the GMSB model. The two X! particles decay into
the G and (left) both to Z bosons, (center) a Z and a H boson, or (right) both to H bosons.
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Figure 7.2: Production and decays modes used for the higgsino-bino interpretations, showing (left)
the production of a pair of charginos followed by decays to W bosons and the LSP, (middle) the
production of a pair of neutralinos followed by decays to H bosons and the LSP and (right) the
production of chargino-neutralinos pairs followed by charginos (neutralinos) decaying to a W (H)
boson and the LSP.

decay channels are given in Appendix A.

Additionally, the Combination targets a second model that assumes a bino-like LSP and the
existence of a mass-degenerate higgsino triplet, considering the following production mechanisms:
)Zic XY, )“{f X9 )Zic XY, and X3 X3. All electroweakinos involved in the production mechanisms are
assumed to have higgsino-like couplings. The charginos decay to a W boson and the LSP with
100% branching fraction, while the neutralinos are assumed to decay to an H boson and the LSP
with 100% branching fraction. The production mechanisms and decays modes for the higgsino-
bino model are shown in Figure 7.2. This interpretation is the same simplified model as TChiHH
described in Section 6.1, and is particularly nice since the other five analyses are sensitive to the

higgsino production modes (fgﬁc, ig)zli, )ﬁc)ﬁc) not considered by the “4b” analysis described in

Chapter 6.
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7.1 Individual searches

Table 7.1 summarizes which searches are used to place exclusion limits for each of the
HH/HZ/ZZ topologies for the GMSB scenario and the WW/WH/HH topologies for the higgsino-
bino interpretations. The event selection and the Monte Carlo (MC) simulated samples used are
detailed in the corresponding references [48-52,89]. The selections for all searches were checked to
be mutually exclusive to ensure no events are double-counted. No significant deviations from the
SM predictions were observed in any of the searches.

GMSB scenario Higgsino-bino

Search 77 7ZH HH WW WH HH
142b v
4b v v
20 on-7 v oV
> 3/ v v v v
Hadr. WX v v

Table 7.1: Summary of the experimental searches considered in the combination and the signal
topologies for which each search is used in the combined results. Table A.1 in Appendix A shows
additional interpreted models.

7.1.1 Search for one lepton and two b jets

This search (“142b”), described in Ref. [49], targets the WH topology. The analysis focuses
on events with one charged lepton produced in a W boson decay, two b-tagged jets from a Higgs
boson decay, and significant missing energy from the two LSPs and the neutrino. The search
benefits from the large branching fraction for H — bb (58%) and the simpler background afforded
by the leptonic final state. The two b-tagged jets are required to have an invariant mass consistent
with the Higgs boson (90-150 GeV), as well a cotransverse mass incompatible with that of a pair
of b jets resulting from top quark pair production. The transverse mass of the lepton and ﬁ{“iss
is required to be larger than 150 GeV to remove events where the lepton and the p%liss both come
from a single leptonic W decay. Boosted Higgs boson decays collimated into a single wide AKS jet

are identified using the DEEPAKS algorithm. To enhance the sensitivity, the search regions are
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categorized based on the presence of a bb-tagged AKS8 jet and the number of AK4 jets. The signal
miss

bins are further binned in p7y

Additional interpretations involving this analysis are shown in Appendix A.

7.1.2 Search for an oppositely charged same-flavor lepton pair

This search [51] (“2¢”) selects events with two oppositely-charged (or opposite-sign, OS),
same-flavor (SF) leptons (ete™ or utu~) and large piisS. Events are required to have exactly two
reconstructed OSSF leptons, which are required to be well identified and isolated, with pp >25
(20) GeV for the leading (trailing) lepton. The invariant mass of the dilepton system is required
to be consistent with the Z boson, 86 < myy < 96 GeV. Events with additional leptons or isolated
tracks are vetoed.

A total of three signal regions are considered, targeting the WZ, HZ, and ZZ topologies.
Events in the resolved WW /ZZ region are required to have at least two AK4 jets (pr > 35 GeV)
and no b-tagged jets. The boosted topology is constructed by selecting events with fewer than 2
AKA4 jets and at least one PV candidate. The HZ signal region requires two b-tagged jets consistent
with a H — bb decay. In boosted regimes, AKS jets are required to have pr > 200 GeV and to have
their soft-drop mass and the ratio of the 2- to the 1-subjettiness be compatible with the 2-prong

structure expected in W and Z decays. The three signal regions are then binned in p%ﬁss.

7.1.3 Search for two or three soft leptons

This search [52] (“2¢ soft”) selects events with two or three low-pr leptons (requiring ete™
or up~ and one additional lepton in the relevant selections), jets, and large p%iss. It targets the
WZ topology where the mass difference between Y and X9 is small, so the W and Z bosons are
off-shell, and the observable decay products have low momentum.

The leptons are required to satisfy pr < 30 GeV and either pt > 3.5 or >5 GeV, depending on
the signal region. The invariant mass is constrained to the range 1 < my < 50 GeV or 4 < my < 50

GeV, which strongly suppresses the SM backgrounds while retaining high enough acceptance for
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compressed signal scenarios. Additional kinematic requirements are applied to further reduce the
miss‘

SM backgrounds, and the signal regions are binned in my and pf

The interpretations involving this analysis are shown in Appendix A.

7.1.4 Search for three or more leptons

This search [50] (“> 3¢”) focuses on final states with either two light leptons (electrons and
muons) with the same charge or three or more leptons, including hadronically decaying taus (),
and p%ﬁss. It targets topologies involving WZ, WH, ZZ, HZ, and HH production, although it is most
sensitive to the WZ and ZZ models. Its sensitivity to models involving a Higgs boson is reduced
by its relatively small leptonic branching fractions. The search is organized in a series of thirteen
exclusive categories that target the different decay modes of the W, Z, and H bosons, depending
on the sign and flavor of the lepton pair, and the presence of a 7,.

All 7, candidates are required to have at least pr > 30 GeV. The pr requirements for the
other lepton flavors varies between 10 and 25 GeV, depending on category, and were designed to
ensure full trigger efficiency after the selection. Additional requirements on p%ﬁss, varying from
piss > 50 GeV (categories with three or more leptons) to > 60 GeV (category with a same charge

lepton pair) are applied to reduce the significant background from nonprompt leptons. The presence

of b jets is vetoed in all categories, reducing top-enriched backgrounds.

7.1.5 Search for multiple jets

This search [48] (“hadr. WX”) focuses on final states with a pair of hadronically decaying
bosons and large p%iss, targeting the WW, WZ, and WH signal topologies. Taking advantage of
the larger hadronic branching fraction of H and Z bosons, and also the branching ratios to a pair
of b quarks, the search is classified into two regions, a b-veto region (0 b-tagged jets) and a b-tag
region (at least 1 b-tagged jet).

This search requires at least two AKS jets, prrfliss > 200 GeV, HT > 300 GeV, and two to six

AK4 jets. The AKS jets are tagged using different versions of the DEEPAKS tagger, depending on
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the targeted boson. The b-veto search region targets the WW and WZ signal models and requires
the AKS jet mass to be between 65-105 GeV. The b-tag search regions targets the WZ and WH
(Z/H — bb) signal models. The AKS jets from the W boson decays are required to have a mass
between 65-105 GeV, while the AKS8 jets from the Z/H boson decays are required to have a mass
between 75-140 GeV.

Additional interpretations involving this analysis are shown in Appendix A.

7.2 Correlated systematics

While the searches were all developed individually, each search was aware of a prospective
combination in the early stages of development. Because of this, we strove for mutually exclusive
signal regions wherever possible, typically through lepton count. The hadronic searches are natu-
rally separated from the searches with leptonic final states, as long as the same lepton definition
(pr, identification, and isolation requirements) is used. The 2¢ searches are separated from the
> 3¢ by removing events with three or more leptons from the 2¢ search regions. This avoids major
correlations between the analyses that would be difficult to statistically handle.

Table 7.2 summarizes the sources of uncertainty among the analyses and whether or not they
are correlated. The dominant uncertainties in the background predictions are not correlated among
analyses, as they tend to be either statistical in nature or uncertainties in the methods themselves.
There are many similar signal uncertainties that should be treated as correlated when combining
the searches. For the relevant analyses, both the lepton identification and isolation efficiency
are correlated. Additionally, the uncertainty in the modeling of the trigger efficiency is correlated
between individual analyses that share primary HLT trigger paths, rather p%ﬁss—dependent or single-

or double-lepton triggers. See Section 6.5.3 for a description of the remaining sources.

7.3 Interpretations

The results of the searches described in Section 7.1 are interpreted using the simplified models

described at the beginning of this chapter (see Figures 7.1 and 7.2). Cross section limits as a
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Source Correlated?
General

MC sample size No

SM background normalization No*

Luminosity Yes

Trigger efficiency Partially

Pileup Yes

Prefiring Yes

Objects and signal modeling

Lepton efficiency Yes
Jet energy resolution Yes
Jet energy scale Yes
b (mis)tagging efficiency Yes
AKS8 bb tagging efficiency Yes
AKS jet mass resolution Yes
ISR modeling Yes
Theory scales ur and pp Partially

Attributable to the fast simulation

p%iss modeling Yes
b (mis)tagging Yes
AKS bb tagging Yes
AKS8 bb mass Yes

Table 7.2: Sources of systematic uncertainties and the level of correlation between analyses. The
(*) indicates an exception - the WZ background normalization is correlated between the “> 3¢” [50]
and the “2¢ soft” [52] searches.
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function of the SUSY particle masses are set using a modified frequentist approach, employing the
CLg criterion and an asymptotic formulation [125-128], the same as described in Section 6.6.3.
The observed data yields in control regions are typically incorporated either by a simultaneous
maximum likelihood fit of the signal and control regions or through parameterization using gamma
functions. Other nuisances, such as the signal systematic uncertainties described in Section 7.2,
are implemented using lognormal functions or as alternate shapes of the relevant distributions.

The analysis with the best exclusion limit at each point in the plane for the scan of different
branching fractions to the Higgs boson is shown in Figure 7.3, motivating the combination of these
individual analyses. Each individual search is sensitive to a different area and combined have a
better reach than any search alone. The expected and observed limits for the neutralino-neutralino
production for the ZZ topology, the HH topology, and the 50% mixed topology H/Z are shown in
Figure 7.4. X masses less than 840 GeV are excluded for ZZ, < 1000 GeV for the HH topology,
and < 760 GeV for the 50% mixed topology. The ZZ and mixed topologies show better-than-
expected exclusion, whereas the HH topology shows the one-bin excess from the “4b” analysis
as a 1-2 sigma effect in the region where m(x})< 700 GeV. Figure 7.5 shows the results for the
scan of different branching fractions to the H boson. The expected mass exclusion limit varies
between ~ 550 — 950 GeV and is least stringent around B(X} — HG) = 0.4. The observed limit
ranges between ~ 750 — 975 GeV, allowing us to exclude masses below 750 GeV independent of the
branching fraction.

The results for the higgsino-bino interpretation, assuming mass degenerate higgsino-like X9,
X9, and )“{{E that decay to a bino-like Xy and a SM boson, are shown in Figure 7.6, excluding
m(X})=m(XJ) between 225 and 800 GeV for a X with a mass of 50 GeV.

In general for the models considered in this combination, chargino masses are excluded up
to 990 GeV, while neutralino masses are excluded up to 1000 GeV. The improvement is between

100-510 GeV with respect to the limits when using only 2016 data [133].
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Figure 7.3: The analysis with the best exclusion limit at each point in the plane for the neutralino-
neutralino production for different branching fractions to H boson.
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Figure 7.4: Expected and observed exclusion limits for the neutralino-neutralino production for
the ZZ topology (upper left), the HH topology (upper right), and the mixed topology with 50%
branching fraction to H and Z (bottom). The one-bin excess from the “4b” analysis can be seen in
the HH topology as a 1-2 sigma effect from m(x)<700 GeV.
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Figure 7.5: Results for the neutralino-neutralino production for different branching fractions to an
H boson.
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Figure 7.6: The expected and observed exclusion limits for the higgsino-bino interpretation.
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Chapter 8

High-Luminosity LHC

The data used for the analysis of this thesis were collected from 2016-2018, in what is known
as “Run 2” of the LHC. Since the end of Run 2, CMS has worked to improve the detector for the
next data-taking period, “Run 3.” Run 3 was scheduled to begin in 2021 but was unfortunately
delayed due to the global coronavirus pandemic. It is now expected to begin early in 2022 with
13.5 TeV center-of-mass energy and an integrated luminosity of up to 500fb~!. After that, the
center-of-mass energy is constrained to the fixed ring size of the LHC, and so the LHC will proceed
toward increasing the intensity. The High-Luminosity LHC (HL-LHC) is planned to begin collisions
in 2027, starting “Phase 2” of the LHC running (“Phase 1” is Runs 1, 2, and 3). The HL-LHC
will reach a luminosity of up to £ = 1.5 x 103°cm™2s™!, compared to Phase 1’s peak luminosity
of £ =2 x 103 cm™2s7!, and an increased average number of proton-proton collisions per bunch
crossing (pileup) of around 200. The integrated luminosity is expected to be 4000 fb~!, almost 30x
that of Run 2 (137 fb_l). The upgrades to the accelerator chain that are necessary to achieve such
a high luminosity are detailed in Section 8.1. Section 8.2 describes the upgrades CMS is undergoing
to accommodate this substantial increase in luminosity, requiring most of the subdetectors to be
improved or replaced with more radiation-hard material and electronics. The LHC baseline plan,
which includes the energy of the collisions and luminosity, can be seen in Figure 8.1.

The increased pileup poses a significant challenge for the L1 trigger, but the upgrade will
enhance the physics selectivity while maintaining the necessary performance throughout the 10

year-long HL-LHC program. The results shown in the following sections are documented in the
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Figure 8.1: The LHC baseline plan, showing the energy of the collisions (upper red line) and
luminosity (lower red lines). The second long shutdown (LS2), 2019-2022, is on-going at the time
of writing, and involves upgrades to the LHC injectors, among other things. After LS3, 2025-2027,
the machine will be in the High Luminosity configuration (HL-LHC), and Phase 2 running will
begin.

Level-1 Trigger Technical Design Report [134] (TDR). The TDR was compiled to show the proposed
scope for CMS for the Phase 2 L1 trigger upgrade project. Based on this TDR and subsequent
review, the plan was accepted and is now part of the baseline upgrade project for CMS. Section 8.3
documents the upgrades to the L1 trigger, the largest of which is the inclusion of information
from the tracker at L1. Sections 8.4 and 8.5 describe the newest editions to the L1 trigger, the
Track Finder (TF) and the Global Track Trigger (GTT), respectively. The remaining sections are
descriptions and simulated performance of the track-based algorithms that can now be included for
Phase 2 running: track pis (Section 8.6), primary vertex identification (Section 8.7), and track

jets (Section 8.8). Lastly, we describe the Data Quality Monitoring (DQM) system for the Phase

2 upgrade in Section 8.10, with particular focus on the trigger primitives from the Track Finder.
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8.1 LHC injector upgrade project

The LHC Injector Upgrade (LIU) project [135-140] aims to increase the intensity and the
brightness of the LHC injectors to match the HL-LHC requirements (£ = 1.5 x 103%cm~2s71) while
ensuring the injector complex can function reliably through the entire HL-LHC running era. The
project comprises a new H™ Linac (Linac4) as well as extensive upgrades to the PS Booster, PS
and SPS synchrotrons. For an overview of the current injector complex, including descriptions of
the different accelerators and synchotrons, see Chapter 3.

A new injector called Linac4 began construction in 2008 in its own tunnel, parallel to the
current 40 year-old linear accelerator (Linac2), so that it could be built without disrupting the LHC
runs. Using radio frequency (RF) cavities at 352 and 704 MHz, Linac4 has replaced the 50 MeV
proton Linac2 and delivers a 160 MeV, 40 mA H™ beam. The ions are then injected into the Proton
Synchrotron Booster (PSB), where both electrons are stripped. The use of ions instead of protons
reduces the beam loss at injection and allows more particles to accumulate in the synchrotron.

The PSB is the first synchrotron in the accelerator chain and contains four rings with a radius
of 25 meters. The PSB was upgraded during the Long Shutdown 2 (LS2) to receive the injection
of 160 MeV H™ ions from Linac4 and to increase the energy of the protons to 2 GeV (compared
to the previous 1.4 GeV) before being injected into the Proton Synchrotron (PS). These were
accomplished by upgrades to the injection and extraction magnets (the kicker and septa magnets);
dipole, quadrupole, and corrector magnets; the transfer line between Linac4 and the PSB; and
the power supply systems. The RF acceleration system was also completely replaced, based on
cavities built using a composite magnetic material called FineMet, allowing for a larger bandwidth
of frequencies, from 0.6 to 18 MHz.

The PS has 277 room-temperature electromagnets, including 100 dipoles that bend the beams
around the ring. The accelerator operates at up to 26 GeV. New injection vacuum chambers have
been installed that remove the aperture limitations from the PSB. The upgrades for the HL-LHC

were completed during the LS2 and include a new beam-loss monitoring system, improved amplifier
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units for the RF cavities, reduction of the impedance'of the 10 MHz RF system, and a longitudinal
feedback system to mitigate longitudinal instabilities.

The Super Proton Synchrotron (SPS) operates at up to 450 GeV, and has 1317 room temper-
ature electromagnets, including 744 dipoles. All of the RF cavities were dismantled and remounted
during the LS2, and a new 200 MHz power plant was added to increase the RF power. New power
amplifiers, a state-of-the-art beam-control system, and a new beam-dump system were also installed
to handle the increased beam intensity and brightness. The upgrades greatly mitigate the electron
cloud, one of the main limitations of the SPS up through Run 2.

Additionally, many systems in the injector chain will be upgraded to cope with the increased

bunch intensity and beam brightness, including:

e New wide-aperture focusing quadrupole magnets made from superconducting NbsSn that
generate a 12 T magnetic field (compared to the current 8 T) will be installed close to the

interaction points of CMS and ATLAS.

e New collimators, made from a material that produces less electromagnetic interference on
the beam, will be installed, providing enhanced beam cleaning. Roughly 60 of the 118

existing collimators will be replaced, and an additional 20 will be added.

e Superconducting crab cavities will be installed at either side of CMS and ATLAS, which
are designed to give particle bunches a transverse momentum before collisions occur. This

increases the overlap area of the colliding bunches and thus the probability of collisions.

e A full cryogenics upgrade will be installed to keep the existing and new magnets at the

required 1.8 K.

e Innovative superconducting power lines will be installed, connecting the power converters
to the accelerator. These cables are made of superconducting magnesium diboride and can

carry currents up to 100,000 amps.

! The upgrade reduces the cavity impedance by roughly a factor of two.



154

8.2 CMS Phase 2 upgrade

The primary goal of the Phase 2 upgrade program is to maintain the excellent performance
of Phase 1 with the increased challenging conditions of the HL-LHC, namely the increased pileup
(PU). The beam brightness and the new focusing and crossing scheme at the interaction points will

2g—1 Studies intended to understand

allow an instantaneous luminosity of up to £ = 1.5 x 103°cm™
the effect of radiation damage highlighted the need to replace both the tracker and the endcap
calorimeters before Phase 2 running. Particle-flow reconstruction greatly mitigates PU, and so the
tracker granularity will be increased to enable more precise determination of the primary vertex.
The new endcap calorimeters will provide improved energy resolution, mostly for jets. The upgrades

to these systems are detailed in Sections 8.2.1 and 8.2.2, respectively, while updates to the muon

detector, including the addition of a new muon subsystem, are detailed in Section 8.2.3.

8.2.1 Tracker

By the end of Run 3, the tracker will have suffered significant radiation damage and will
need to be entirely replaced. This enables us to improve the tracker design to allow use of the
information from the tracker in the L1 trigger, one of the key features of the Phase 2 upgrade. This
is made possible due to a unique design of the Phase 2 outer tracker (OT), with the addition of
“pr modules”. These modules perform hit correlations between two closely-spaced silicon sensors
that filter out particles with pr >2 GeV, allowing for a substantial rate reduction. The pairs of
correlated hits, called “stubs,” are sent to the backend L1 track-finding system. The geometry for
the Phase 2 tracker can be seen in Figure 8.2, with the red and blue lines corresponding to the OT
(strip detector) and the green and orange lines to the inner tracker (pixel detector). The granularity
of both the OT and the pixel systems will be increased by ~ 4, improving pr-resolution in the OT,
and overall b-tagging and track reconstruction efficiency within boosted jets. Up to 10 additional
pixel discs will be added in each endcap, extending the tracker coverage close to |n| = 4, like the

calorimeter range. With this extension, total and missing energy measurements will be greatly
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Figure 8.2:  One quadrant of the Phase 2 tracker. The red and blue lines denote the Outer

Tracker (used for triggering at L1), while the orange and green lines denote the Inner Tracker
(pixel detector).

improved, necessary for future BSM analyses. At L1, only the OT is used for track finding, and
so the resulting L1 tracks can only be found up to |n| < 2.4. The OT is composed of six barrel
layers and five endcap discs. The tilted geometry of the barrel modules of the OT allows for better
coverage in the transition region of roughly 1.0 < |n| < 1.8 and has the added benefit of a smaller
material budget.

The removal of stubs incompatible with tracks with pp >2 GeV reduces the stub rate by
over 90%, greatly reducing the combinatorics for the L1 track reconstruction. The average tt
collision event with 200 pileup vertices has 180 tracks with pt >2 GeV, each with 4-6 stubs, making

reconstruction challenging, but not impossible. This reduction in stub rate is the underlying change

that will allows tracks to be reconstructed and used at L1 for Phase 2.

8.2.2 Calorimeter endcaps

Just like the tracker, the ECAL and HCAL endcaps will have suffered significant radiation
damage and will be replaced by the High Granularity Calorimeter (HGC). The HGC will provide
detailed three-dimensional images of showers due to excellent transverse and longitudinal segmen-
tation. The ECAL endcap will consist of roughly 30 tungsten and copper plates interwoven with

silicon sensors for the active material. The hadronic system has a front section of twelve brass and
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copper plates interwoven with silicon sensors, for a depth of 3.5\, covering the maximum hadronic
shower measurement. A “backing hadron calorimeter” similar in design to the current HE is placed
after the front section. Brass plates interleaved with scintillating tiles, whose light is read out by a
wavelength-shifting fibers, make up the backing hadron calorimeter, and provide an overall depth

of ~ 10\ for the full HCAL.

8.2.3 Muon endcaps

Currently, the muon system in the region 1.5 < |n| < 2.4 consists of four stations of CSCs
and is the only region of the muon detector that lacks coverage from multiple systems, despite
it being a challenging region for muon momentum resolution. In order to maintain sufficient L1
muon trigger acceptance in this region, the muon system will be enhanced with additional chambers
built for higher rate capability. The first two stations are situated where the magnetic field is still
relatively high, and so they will be fitted with Gas Electron Multiplier (GEM) chambers for optimal
position resolution. This will improve the momentum resolution for standalone muon triggers,
which will additionally improve the matching to muon tracks in the Global Muon Trigger. The last
two stations will make use of lower-granularity RPCs that will provide good timing resolution to
mitigate background effects. The addition of these four stations will increase the coverage of the

muon systems to |n| ~ 3.

8.3 Phase 2 Level-1 Trigger

The Phase 2 L1 trigger upgrades consist of improvements to both hardware and algorithms.
An overview of the current Phase 1 L1 trigger, including a general description of the two-tier trigger
system employed by CMS, can be found in Section 4.7. For the first time ever, information from
the tracker will be made available at L1. The upgraded hardware components include new FPGAs
(Xilinx UltraScale+ class) and improved high-speed optical links, up to 28 Gb/s. The total latency
for the trigger has been increased from 4 us to 12.5 us, which enables the use of tracker and high-

granularity calorimeter information, and also the potential to use particle-flow techniques [80] or
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a greater use of machine-learning based approaches. The L1 trigger has an input rate of 40 MHz
and reduces it to 750 kHz. The HLT further reduces the output rate to 7.5 kHz.

The L1 trigger consists of four independent data-processing paths and a final global trigger
that receives all output objects and issues the final L1 trigger decision. The schematic for the
Phase 2 L1 trigger is shown in Figure 8.3. The calorimeter trigger builds electron candidates,
hadronically decaying taus, jets, and associated energy sums. The muon trigger The track trigger
reconstructs tracks (not available in Phase 1), primary vertices, and tracker-only based objects,
such as jets and energy sums. Lastly, the correlator trigger produces a global event reconstruction.
It creates particle-flow candidates and hosts a version of the Pileup Per Particle Identification
(PUPPI) algorithm [141], which removes pileup.

As previously mentioned, information from the tracker was not available at L1 in Phase 1
running, and so we will focus on the Track Trigger. The Track Trigger consists of the Track Finder
(TF) described in Section 8.4 and the Global Track Trigger (GTT) detailed in Section 8.5. The
TF is an active area of work and focuses on reconstructing tracks from the hits in the tracker,
within a small amount of time and with limited computational resources. The GTT receives the
tracks from the TF, builds track-based objects, and sends the objects downstream to the Global
Trigger. The GTT computes the primary vertex position, enabling PUPPI pileup mitigation, as
well as standalone track-only objects such as missing energy and jets. Work is also in progress to

extend the GTT to reconstructed displaced objects to trigger on new long-lived physics.

8.4 Track Finder

The Track Finder is responsible for reconstructing tracks from the hits in the tracker within
5 us per event. The track-finding algorithm, further described in Section 8.4.1, is implemented in
firmware, since that is the only way to meet the latency requirements. The tracks themselves are
then sent to down-stream users, other systems of the L1 trigger that build track-based objects for
further trigger paths.

Since the tracks are reconstructed with a certain level of efficiency, we impose certain track



158

Track finder Muon trigger

Calorimeter trigger
I
Endcap Muon

e I OMTF EMTF
Layer-1 I

BMTF

Global Muon Trigger
(GMT)

Latency

- I------i T
GIobaITrack

Global Calorimeter Trigger :
(GCT) Trigger
(GTT)

9.5 us Global Trigger (GT)

Figure 8.3: A schematic of the L1 trigger for Phase 2, showing the four independent data processing

paths.
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Figure 8.4: The zy resolution for L1 trigger tracks for a tt with 200 PU sample. The resolu-
tion is between the reconstructed track zg and the zy from the truth-level track matched to the
reconstructed track, and is binned in the truth-level track (called a tracking particle) n. The zg
resolution worsens in the forward regions of the tracker.

selection criteria designed to rather limit the fraction of non-genuine tracks or to reduce the L1
rate for track-based objects. The excellent zgy track resolution, shown in Figure 8.4, allows for PU
tracks to be easily identified from the hard scatter. Removing the PU tracks greatly reduces the

L1 rate for the track-based objects described in more detail in Section 8.5.

8.4.1 Tracking algorithm

The tracking algorithm developed for the L1 trigger is rather similar in structure to what
is used in the offline reconstruction during Phase 1 (Section 5.1.1); it first forms seeds (called
“tracklets”) from stubs in two adjacent layers combined with a beamspot constraint, projects
those seeds onto nearby layers to look for additional compatible stubs, and then fits the final
track candidates with a Kalman filter to identify the best stub candidates and calculate the track
parameters. A schematic for a stub, including a brief description of stub pr, is shown in Figure 8.5.

The tracking algorithm used is called the “hybrid” algorithm, which combines parts from
two previous tracking algorithms: the seeds from the Tracklet approach and the Kalman filter
fitting from the Time Multiplex Track Trigger (TMTT) approach. Only tracklets consistent with
a particle with pr >2 GeV, |n| < 2.4, and |z9| < 15 cm are kept. These requirements are from

the constraints of the tracker geometry and the computational resources available at L1. The
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Figure 8.6: L1 track-finding efficiency as a function of n for tracks above 2 GeV (filled black
markers) or 8 GeV (open red markers) in tt events with 200 pileup vertices.

track-finding efficiency with these constraints is shown for a tt sample with 200 pileup vertices in
Figure 8.6, averaging 95% efficiency.

Using multiple parallel seeding combinations of two adjacent layers (L1+L2, L2+L3, L3+L4,
L5+L6, L1+D1, L2+D1, D14+D2, D34+D4, where “L” is the barrel layer numbered radially outward
and “D” is for the endcap discs) allows for high track-finding efficiency without overwhelming
combinatorics. The tracklets are then projected both inward and outward onto nearby layers and

discs, in search of stubs that are compatible with the projection in a narrow stub-matching window.
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We require at least four stubs to form an L1 track; the list of stub candidates per track are sent
to the Kalman filter step. Any track candidates with shared stubs are merged before fitting.
The Kalman filter identifies the best stub candidates through a mixture of the x? fit and a quick
consistency check of the stub bend (the horizontal distance between the two hits in the module that
make up a stub) with the expected pr of the track that left it. Any stub candidates that do not
meet these criteria are removed from consideration, and the stub that gives the resulting track the
best x? value (the “best-fit”) is chosen. Finally, the Kalman filter fits the final track to determine
its parameters: pr, 1, ¢, 20, and dyg. The impact parameter dy is an optional parameter of the
fit, depending if the tracklet and Kalman filter assume the track originated from the beamline.
Allowing a 5-parameter fit means we can also create displaced tracks, originating from secondary-
vertices. This extended L1 tracking includes “triplet” seeds, a combination of three layers/disc
with no beamspot constraint, in addition to the regular seed combinations. The improvement in
tracking performance for displaced signatures can be seen in Figure 8.7. Currently, the extended
tracking is not in the baseline plan for the L1 trigger, but, due to its physics potential, we are

working on improving and including it.

8.5 Global Track Trigger

The Global Track Trigger (GTT) receives the tracks from the TF and reconstructs track-
based objects. These objects are sent to the Correlator Trigger, where particle flow (PF) is run,
and to the Global Trigger, which makes the final event decision for 1. While many objects can
be made from the L1 tracks, we will focus on the main three: track-based p*s (discussed in
Section 8.6), primary and pileup vertices (discussed in Section 8.7), and track-based jets (discussed
in Section 8.8). Of these objects, the vertices are passed to the Correlator Trigger. These algorithms
are implemented in firmware, since that is the only way to meet the strict latency requirement.

Details on each algorithm, including track quality criteria and the effect on the trigger efficiency

and rate, are given in the following sections.
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8.6 Track-based missing energy

The vector sum of the transverse momenta (p2s5) of all particles produced in the primary

interaction is a key input for triggering on BSM signatures at L1 and is similar in structure to the
p%liss described in Section 5.3.3. For the track-based algorithm described in this section, one of the
main challenges is excluding fake tracks that have high transverse momentum which lead to large
non-genuine p%ﬁss. These fake tracks come from spurious combinations of stubs. Events containing
these high-pt fake tracks would dominate a L1 track p%liss trigger. We have performed a number
of optimization studies in simulation to reduce the number (or at least the effect) of fake tracks.
The track quality criteria optimized from these studies are given in Section 8.6.1.

Like the other track-based objects, the track p%liss can easily remove tracks from PU inter-
actions, which could overwhelm the p]%liss from the PV. We impose Az(zpy, z4x) requirements to
remove these PU tracks. The primary vertex described in Section 8.7 is input to the L1 track-based
PSS algorithm. A window of Az(zpy, 24k) is required for track 1 regions within the tracking ac-
ceptance, shown in Table 8.1. These specific values are based on the zy resolution from the track
trigger, which varies with track n (see Figure 8.4). Central tracks allow for a tight window of 0.36
cm while more forward tracks need a wider z-window (as large as 1.60 cm) to include tracks within

30 of the Gaussian zik-resolution. These selection criteria have been re-optimized since the TDR

was published.

Track n |Az| [cm)]
00< <07 037
0.7<n <10 050
1.0<|g<1.2  0.60
12<|p<1.6 075
16<|ng <20  1.00
20< |y <24  1.60

Table 8.1: Maximum Az(zpy, zt;k) requirements between the primary vertex and zi in each 7
region for the track selection. These values are based on the zy resolution from the track trigger,
which varies with track 7.

It is more important to reduce the amount of high-pr fake tracks than it is to maintain
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high track efficiency, and so we impose track selection criteria in addition to the Az requirements.
The track selection shown in Table 8.2 is based mainly on the confines of the detector, the track
reconstruction algorithm, and the available track fit quality parameters. The track quality require-
ments optimized specifically to remove fake tracks are the track y2 fit and a new variable which we
call X%end’ which is the consistency between the measured stub bend from the hardware and the
expected bend from the pr of the track. Further details on X%end are provided in Section 8.6.1.1.
The addition of the XIQ)end requirement allows us to loosen the regular y? criteria, improving our
track efficiency while maintaining our reduction in fake tracks. Since the publishing of the L1 TDR,
the x? fit variable has been split into its two plane-components, r—z and r—¢, and each has been
normalized to the degrees of freedom of the track. As such, Table 8.2 shows the two components

as separate quality variables.

Track variable Selection Purpose
pT > 2 GeV  Track reconstruction limitations
Il <24 Detector limitations
|z0] <15 cm Detector limitations
Ngtubs >4 Track reconstruction limitations
Az(zpv, Ztrk) varied Track quality - PU reduction
X2_./dof <5.0 Track quality - fake reduction
X2 é /dof <20.0 Track quality - fake reduction
X%end <2.25 Track quality - fake reduction

Table 8.2: L1 track quality criteria for tracks input to both the L1 track-based jet clustering and
the L1 p%iss computation. Cuts are optimized to preserve a sharp trigger turn-on in track-based
Hrp, H%ﬁss, and p%ﬁss, primarily from rejecting the bulk of fake tracks.

8.6.1 Track quality

The extended tracking described in Section 8.4.1 has looser x? and stub bend criteria, which
increases the number of non-genuine tracks. These tracks, termed “fake” tracks, are made from
spurious combinations of stubs and also exist in the prompt tracking. We therefore impose quality

criteria on the tracks, in hopes of removing these fake tracks while maintaining high track-finding
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efficiency for the genuine tracks. Typical quality criteria include the number of stubs in a track,
the track x? fit, and a new variable called x2_ ; (further details in Section 8.6.1.1).

Additionally, the tracker has the unique ability (compared to other subdetectors) to identify
tracks left from PU. In addition to the quality criteria on the input L1 tracks, we select tracks that
are consistent with the reconstructed primary vertex of the event, typically placing a ceiling on
Az(zpvy, 2tk ). This preserves a low trigger threshold while maintaining low data-taking rates. The
quality criteria are the same for the track-based p]%liss and the tracker jets, described in Sections 8.6

and 8.8, respectively.

8.6.1.1 Stub bend consistency X%end

To begin, we developed a new metric to distinguish genuine from fake tracks, called X%end‘
The distribution of X%end and the performance at retaining good tracks vs rejecting fake tracks can
be seen in Figure 8.8. X%end is a measure of how consistent the stub bend bs and the track bend b,

are:

1 (by — bs)?
2
nd = ) 8.1
Xbend Nstubz (0p)? (8.1)

where Ngyp is the number of stubs on the track and the sum implicitly sums over each stub of
the track, to make X%end essentially a per-degree-of-freedom variable. The bend resolution oy is
obtained from the difference in b; and bs for genuine truth-matched tracks. The matching done is a
tight matching, meaning it requires every stub of the track to be truth-matched to stubs produced
from generator-level, hard-interaction particles. by is measured directly from the hardware modules

and is the lateral difference between the two hits in each stub. The track bend b; is defined as:

arBec

b = (8.2)

_FGPT,

where a is the sensor spacing of the modules (1.6 or 4.0 mm), r is the radial position of the stub,
B is the magnetic field inside the tracker (3.8112 T), ¢ is the speed of light in a vacuum, I" is the

sensor pitch (90 pm), pr is the transverse momentum of the track from the fit, and e is a correction
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Figure 8.8: Distributions of xZ__; for truth-matched and fake tracks (left) and a ROC curve (right).
For this, a truth-matched track requires tight-stub matching, so every stub must be matched to a
stub left by a truth-level, hard-interaction particle. Fake tracks cannot be matched to any truth-
level particle and typically arise from spurious combinations of stubs. Each point along the ROC
curve demonstrates the percentage of fake tracks removed on the y-axis (background rejection) and
the percentage of genuine tracks retained (signal efficiency) on the z-axis for a given cut value of
X%end. These studies were performed with an older version of the tracking algorithm.

for the tilted modules in the barrel. The stub bend and a by-eye estimate of the track bend can be
seen in Figure 8.5.

X%end is uncorrelated with the track fit 2, since the track fit x? only uses information from
one of the two hits in a given stub. Applying both the track x? and Xl2)end as quality criteria greatly
reduces the fake rate while maintaining a high efficiency. Using an older tracking algorithm, we

can reduce the track fake rate by a factor of three, with only a loss of 1.5% in efficiency.

8.6.2 Track-based missing energy performance

Applying the full track selection in Table 8.2, the trigger threshold is lowered to 70 GeV,
the same threshold as when only simulated charged particle trajectories are used for the p%iss
computation, “simulated track p%iss.” This allows a low trigger threshold for ofﬁine—p%iss for BSM
models like a BSM stop signal. Figure 8.9 shows the reduction in L1 rate and the trigger efficiency
after the full track selection is applied, compared also to the simulated track p%iss. The L1 rate is

miss

the amount of data that would be kept for the corresponding threshold. For track pp'®, a reasonable

rate of 25 kHz would allow us to keep events with p%iss >200 GeV with only the Az selection and
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Figure 8.9: The track p%liss rate from single neutrino MC events with 200 PU interactions. The
full track quality criteria reduce the threshold from 200 GeV (red markers) to 70 GeV (solid black
markers), as seen in the L1 rate (left figure). This is roughly the threshold from simulated tracks
(open black circles). The corresponding trigger efficiency (right) for SUSY stop MC with 200

PU, with m(¢)=1000 GeV and m(LSP)=775 GeV, reaches 95% at 650 GeV and 350 GeV, for the
Az-only selection and the full selection, respectively.

prT“iSS >70 GeV after the full selection. The corresponding trigger efficiency is a measure of how

efficient those thresholds are, binned in generator-level p%ﬂss. Compared to PF p2iss_ track p%iss will

always have a slower turn-on curve because the tracker lacks information from neutral particles.
miss

The compatibility of track-based piss and PF piss, however, could help provide a cleaner SUSY

signature.

8.7 Vertex finding

The identification and reconstruction of a primary vertex (PV) from the tracks is crucial for
mitigating pileup and highly beneficial for reducing data rates of trigger objects that target the
hard scatter. The reconstructed vertex with the largest sum of track pr2 is taken as the PV, similar
to offline reconstruction. Since the publication of the TDR, the vertex-finding algorithms have been
updated to include more than one vertex per event, with the PV as the leading index. We will

describe here only one vertexing algorithm, called “FastHisto”. Other viable vertexing algorithms
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are described in detail in Ref. [134].
The FastHisto algorithm is one of the simplest vertex reconstruction techniques and is based

on three key principles:

(1) The tracks associated to an individual vertex will have a small separation along the z-axis
(2) Individual vertices will have a comparatively large separation

(3) The primary vertex will be the one with the most activity, i.e. with the highest scalar sum

of track pr

Ideally, the tracks will first undergo some selection process in order to remove fake tracks, tracks
that result from spurious combinations of stubs and can often have very large pr. However, this
has not yet been fully studied, and the current lack-of-selection gives high vertex-finding efficiency.
The input tracks are sorted into bins based on their z-position, essentially forming a histogram.
Each entry is weighted by the track p?F, and the bin with the highest sum of the track p?r is assigned
as the PV position. Figure 8.10 shows a visual of how the FastHisto algorithm works, using 200
PU interactions. The density of the tracks from the PV and their relatively high pt make it easy to
identify the PV amidst the PU tracks. The PV resolution is under 1 mm, as shown in Figure 8.11,

which compares the performance in simulation to that in firmware-emulating software.

8.8 Track jets

A quick firmware-implemented track clustering algorithm allows for the creation of track-
based jets, or track jets, from the L1 tracks. The track jets are then used in higher-level objects,
such as track Hr and track H%liss, where Ht and HITniss are defined in Section 6.3.1. The same set
of track quality criteria used for track prTniSS (Table 8.2) is applied to the incoming tracks, as they
were determined to be sufficient at keeping the track Ht and H‘TniSS rates low while maintaining
high trigger efficiency. These criteria make the track jets more resilient to PU and fake tracks. The

track jets have a different Az requirement than the track p%liss; the clustering is done in parallel

for ranges of z and includes a Az< 1 cm requirement.
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The clustering occurs in two steps in the n — ¢ plane and is performed using a nearest-
neighbor approach. The tracks are split into 24 regions in n and 27 regions in ¢. In the first layer
of clustering, the sum of the track pr in cell i (D pffrk)Z is compared to the two neighboring cells
in ¢, and the pr is summed into the cell with the local maximum. The next step is clustering
these ¢-clusters in 7, also by nearest-neighbor. The cluster with the largest > pp becomes the local
maximum, and its neighbors are merged to create the final track jets. A schematic of the clustering
steps is shown in Figure 8.12.

A comparison of the performance of this two-layer clustering to that of the anti-ky algorithm
is shown in Figure 8.13, which shows high jet-clustering efficiency in both jet n and pr for a SUSY
stop sample with 200 PU. For the L1 trigger, triggers using the track jets will most likely use
composite objects, like track Hr (the scalar sum of all pr) or track HIS (the negative vectorial
sum of the jet pr). The improved trigger efficiency for track H%liss at an L1 rate of 35 kHz after
the full track selection requirements are applied is shown in Figure 8.14.

The option for extending tracking (Section 8.4.1) allows for the possibility of triggering on
displaced track jets, which could be key to BSM searches. The displaced jets are still under study
but are promising, as seen in Figure 8.7. Algorithmically, the displaced jets are created the same as
the prompt jets but with looser track selection criteria. Additional criteria on the impact parameter

do are put in place to ensure the jet is displaced, and we are currently performing optimization

studies for the number of displaced tracks required within each jet for it to be tagged as displaced.

8.9 Trigger demonstrator tests

Ultimately, the L1 trigger is a hardware trigger, and the track-based algorithms described
above will be implemented in firmware for the Phase 2 upgrade. In general, the baseline architecture
for the GT'T consists of 12 cards, each hosting a single Xilinx VU9P FPGA. The cards are arranged
as a time-multiplexed system with a period of six, with two cards processing each event. Each card
receives the full set of tracks from the track finder and sends the output track-based objects to the

Global Trigger.
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The track pl}liss algorithm described in Section 8.6 has been implemented in firmware and
tested on the FPGAs. We demonstrated these hardware tests, and the initial optimization studies,
for the L1 TDR [134], which enabled the GTT to be included in the L1 trigger upgrade plan.

Since the primary vertex is required for the algorithm to remove PU tracks, the tracks are
stored in 18 FIFOs while the vertex reconstruction is performed. When available, the primary
vertex consistency and the track selection criteria listed in Table 8.2 are applied, and the remaining

tracks are passed to the p%iss algorithm, which runs simultaneously for the 18 streams of tracks.

The FPGA resource usage for the track p%‘iss algorithm is shown in Table 8.3 and is within
3% for all categories on the VU9P. The algorithm was run at clock speeds up to 360 MHz and
finishes 146 clock cycles after the primary vertex is available. This corresponds to a total of 171
(267) clock cycles from the arrival of the last (first) track each event which is within the required
arrival time at the Global Trigger for the final event decision. Table 8.3 also shows the FPGA

resource usage for the other GTT algorithms, the primary vertex (Section 8.7) and the track jets

(Section 8.8).

VU9P NFE NLUT NBRAM npsp  fekmax Latency
[MHz|  (clocks)
Available 2364480 1182240 2160 6840 — —
pRIs 31921 (1%) 35752 (3%) 2 (0%) T4 (1%) 360 146
PV 20137 (1%) 83741 (%)  1(0%) 1 (0%) 360 121
Track jets 153890 (7%) 135117 (11%) 325 (15%) 0 (0.0%) 360 175

Table 8.3: Resource utilization of the VUIP FPGA for the GTT demonstrator system, at the
time of the TDR.

8.10 Data quality monitoring

Data Quality Monitoring (DQM) is crucial for the health of the CMS detector and for pro-
viding a reliable certification of the data it collects [142,143]. In general, the goal of the DQM
system is to quickly discover and pinpoint errors or problems, rather in the detector itself or in the

event reconstruction. The DQM tools allow for:

e creating, filling, and saving histograms with important detector or algorithm-specific vari-
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ables
e automated quality and validity tests

e systems for online monitoring of the detector, offline monitoring of the reconstruction, and

validation for new software releases and simulated samples
e visualization of the monitoring results
e workflows for the certification of data sets used for physics analyses

For online monitoring, the DQM system receives information from each subdetector, such
as the trigger primitives (track segments, calorimeter clusters, and muon segments). Millions of
histograms are filled for each daily run (about 17 hours) that are checked by automated systems
and, when the automated tests indicate it is needed, by experts. Once the full run has been filled,
the data are analyzed by the offline DQM system, which include more detailed checks than the
online system. Each subdetector has a flag in the DQM framework that describes the final quality
result. Lastly, the third component of the DQM system is release validation (RelVal). The RelVal
DQM is run when the entire CMS software package is moved to a new release or to test the effects
of any software changes or updates. The tests are run over a large sampling of physics processes,
and the resulting histograms are compared bin-by-bin to corresponding histograms from an older
release to identify any changes, intended or not.

The online and offline DQM tools for the Phase 2 upgrade of the LHC have not yet been
written, since the HL-LHC will not begin running until 2027, but the RelVal DQM tools are
currently useful for algorithm development and debugging. The DQM tools for the Track Trigger
include histograms of basic track qualities (such as the pp and the number of stubs per track)
and variables for the stubs and clusters that make up each track. Additionally, the tools include
truth-matched tracks, allowing for first-order studies of track resolution and efficiency. So far, these
tools have been invaluable and have caught a number of unintended changes and bugs during the

developmental stages of the L1 tracks, and were particularly helpful during the creation of the
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hybrid tracking algorithm (see Section 8.4.1), which was created after the TDR and is still being
studied and optimized.

The DQM tools for the other L1 trigger primitives (the calorimeter clusters and the muon
hits and track segments) have also been written. While these have not been as immediately helpful,
since these primitives currently exist during Phase 1 running, they will set the foundation and the
framework for the online and offline DQM tools that will be developed in the future for Phase 2

running.
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Figure 8.10: For a single event, the pp-weighted distribution of the tracks’ z-position. At the
time of this study, the tracks were weighted by their pr, not their pgf. The gray markers show the
scalar sum of the track pr per bin. The colored markers indicate the actual track position, with
the source of the tracks shown using the different colors. The dashed lines indicate the z-position
of the primary vertex, with the reconstructed vertex from the FastHisto algorithm in black, and
the true generator-level vertex in green.

£0.16
(&]

0.025
o o
o4
RS

o
—

0.08
0.06

0.04

Fraction of Events /

o
o
ro

Inclusive tt 200PU (14 TeV)

" CMS

r Preliminary

T[T I T[T [ rrrrrrprrrj

o 4

LI LA LN LRI B

[ Phase-2 Simulation

1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

*r
l‘l“;? Reco Mean -0.00028 +0.000676
3

III{III]IIY]IIIIIII
FastHisto
€=0.10cm
6=0.10cm

P - Simulation

- Emulation

A Reco Sigma 0.082x0.001
o Reco x“indf 850.43/75
| Emulation Mean 0.000243 +0.0007p3
[ Emulation Sigma 0.095 +0.001
Emulation x*indf 577.43/74
1

Z 1Zgen (cm)
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Chapter 9

Conclusions

The Standard Model of particle physics, a theory which describes the electroweak and strong
interactions, continues to accurately describe our experimental results. Despite its success, the fine-
tuning problem of the Higgs bare mass concerns many theorists, as it is usually an indication of
an incomplete theory. Moreover, the SM can provide no explanation or description of dark matter.
Supersymmetry is a simplistic and therefore appealing solution to these problems, providing a
weakly-interacting candidate for dark matter and a set of superpartners that can cancel out the
divergent quantum loop corrections to the Higgs mass.

This thesis presents a search for evidence of physics beyond the SM, targeting events with two
Higgs bosons, each decaying to bb, and p%ﬁss, potentially indicative of an unknown particle escaping
detection. The analysis is divided into two complementary regions of phase space, one where the
two b quarks of each Higgs decay are contained in two distinct jets (resolved method) and one where
the two b quarks are contained in a single wide-angle jet (boosted method). Careful treatment of
the event classification is done to ensure no events are double-counted. The data-driven background
estimation methods make use of orthogonal analysis regions in the Higgs candidate mass and b-
or bb-tagging requirements, and are further binned in ARy, (for the resolved signature only)
and piiss (for both) to improve signal sensitivity. Standard Model backgrounds arise from Z-+jets,
W+jets, tt (in which the leptons are not identified), and, to a smaller degree, QCD multijet

production. Validation regions, where individual SM background processes are dominant, are

defined to study and verify these processes and, in combination with simulation, are used to derive
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corrections and uncertainties to the background prediction.

In all but one signal bin, the observed yields are statistically consistent with the background
expectation. An excess is observed in one bin of the resolved signature, for which the global
significance is 1.9¢ when all 16 bins are considered. After careful examination of the excess events,
no exceptional features were found, and we determined the excess was not kinematically-aligned
with our signal models.

These results are used to set limits on the production cross sections of certain supersymmetric
particles, where we consider the electroweak production of nearly-degenerate higgsinos and the
strong production of gluino pairs. Comparisons of our limits to the theoretical cross sections allow
us to exclude Xy masses from 175-1025 GeV for higgsinos who decay to a X{ that in turn decays
through a Higgs boson to the lightest SUSY particle, a massless goldstino. Considering only the
X9X3 production and a bino LSP, a small region where m(X}) is less than 15 GeV is excluded; for
m(X?) = 1 GeV, Xy masses between 265 and 305 GeV are excluded. For the gluino-pair production,
we exclude gluinos with masses below 2330 GeV, where the X3 mass is set to be 50 GeV below the
gluino mass, and the LSP has a mass of 1 GeV. These exclusions place significant constraints on
natural SUSY, suggesting that SUSY alone might be insufficient to solve the problem of fine-tuning
and that additional theory might be necessary.

Additionally, the results of this search were used to extend the reach of other SUSY models in
an electroweak combination, extending electroweakino production limits further than any individual
analysis. The current limits are rather stringent, expecting to exclude neutralino masses up to 980
GeV for the HH topology, up to 730 GeV for the ZZ topology, and up to 700 GeV for the mixed
HZ topology. This search is still an active area of work, and the results will change once the signal
regions are unblinded.

While newer and more innovative techniques could help unlock SUSY, the key to finding
SUSY is more collision data. The LHC will continue running after this thesis is completed, defended,
and archived, with plans for Run 3 to begin in 2022 and the HL-LHC (Phase 2) to begin running

in 2027. Run 3 will reach 13.5 TeV center-of-mass energy and an integrated luminosity of up to
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500 fb~!. The increased total data has a greater potential for new discoveries in physics.

Since the center-of-mass energy is restricted by the ring size of the LHC to 14 TeV, Phase
2 will instead focus on increasing the instantaneous luminosity by reducing the beam size at the
collision point. Most importantly, the HL-LHC will have new 12 T quadrupole magnets (compared
to 8 T of Phase 1), which have already been built and tested. Additionally, new and stronger (11
T) dipole magnets will be inserted to more powerfully bend the trajectories. The entire accelerator
chain complex will be upgraded or replaced entirely to accommodate the luminosity required by
the HL-LHC. The tracker and parts of the calorimeter and muon systems will also be replaced with
more radiation-hard materials. The HL-LHC is projected to collect an enormous 4000 fb~! of data,
which will improve the likelihood of detecting rare processes and improve statistically marginal
measurements.

Extensive effort has gone into reconstructing the information from the tracker that will be
available at Level 1 during Phase 2. The tracker will enable us to trigger on track-based objects,
which are extra resilient against pileup, a necessary feature considering the 200 pileup interactions
expected during Phase 2 runs. The inclusion of displaced tracking at L1, while not yet in the
baseline plan, could greatly extend our physics potential for displaced signatures and would allow
us to create higher-level objects (such as displaced vertices and displaced track jets) that provide a
unique handle to trigger on. The reconstructed primary vertex will allow for track-based p%iss; the
analysis in this thesis highlighted the importance of triggering on p%ﬁss, and track-based p%liss has
the benefit of mitigating the effects of PU. p%ﬁss could be the key to, and potentially only indicator

of, new physics in future analyses, and the HL-LHC has a chance to unlock it.
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Figure A.1: Direct slepton pair production, with each slepton decaying into a lepton and XY, which
we take as the LSP.

Appendix A

Additional interpretations for the EWK Combination

Al Additional models

For the electroweakino search, we consider a process of slepton pair production where each
slepton decays into a lepton and the lightest neutralino X, which we take as the LSP. The final
state is expected to include two opposite-sign (OS), same-flavor (SF) leptons (electrons or muons).
The process is shown in Fig. A.1. We assume any other sparticle is decoupled and cannot be
included in the process.

For the neutralino and chargino production that are assumed to produce two bosons (W, Z,
or H) through subsequent SUSY decays, the second set of models involves the production of X} and
X9, as shown Figure A.2. The )Zf is assumed to always decay into a W boson and a X} (taken to be
the LSP), while we consider three decay modes for X9: X9 — Zx? (WZ topology), X3 — HX} (WH
topology), and 50% of each of these two decays (mixed topology). The production cross sections

are computed in the limit of mass-degenerate winos ﬁ[ and X9, and a light bino-like Y¥, since we
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Figure A.2: Production of 5{{5 and X9, with the ﬁt decaying to a W boson and the LSP, X9, and
the X3 decaying to either a Z boson and the X9 (left) or a H boson and the Y? (right).

assume that all other sparticles are heavy and decoupled.

A.2 Search for an oppositely charged same-flavor lepton pair

The search described in Section 7.1.2 has additional signal regions regarding the production
of sleptons. In this case, events are required to have a leading lepton pr greater than 50 GeV.
Events are then required to have a dilepton invariant mass that is not compatible with a Z boson,
mr2(€) > 110 GeV. Finally, events are classified according to their jet multiplicity: all events
without jets are used to build the jet-less category while events with at least one jet are required to
have pgﬁ / pJT1 > 1.2, to reject events with large hadronic activity. For the signal extraction, different
categories are also built based on the p%liss of the event.

The Drell-Yan background is estimated by considering the data event yield in a selection of
events that replicates that of the signal region, but requiring the invariant mass of the lepton pair

to be consistent with a Z boson. Then, this contribution is extrapolated to the signal region by

means of a transfer factor obtained from a sample enriched in Drell-Yan events.

A.3 Interpretations

Table A.1 summarizes which searches are used to place exclusion limits for all topologies
considered in the full Combination.
The results for the neutralino-chargino production for the WZ topology, the WH topology,

and the mixed topology with 50% branching fraction to each of WZ and WH are shown in Fig-



191
Signal topology

Search Wz WH 727 7ZH HH sleptons
142b v
4b v
2¢ on-7Z v v v
2/ non-resonant v
2/ soft v v
> 3/ v v v v
Hadr. WX v v

Table A.1: Summary of all experimental searches considered in the combination and the signal
topologies for which each search is used in the combined results.
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Figure A.3: Results for the neutralino-chargino production for the WZ topology (upper left), the
WH topology (upper right), and the mixed topology with 50% branching fraction to each of WZ
and WH (bottom).

ure A.3. Figure A.4 shows the analysis with the best exclusion limit at each point in the plane.
The contours for the individual analyses, as well as the combined 95% CL limits, are shown in

Figure A.5.
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Figure A.4: The analysis with the best exclusion limit at each point in the plane for the WZ
topology (upper left), the WH topology (upper right), and the mixed topology with 50% branching
fraction to WZ and WH (bottom).
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Figure A.5: Exclusion contours at 95% CL for the individual analyses targeting the WZ (upper
left) and WH (upper right) topologies. The combined contours for these two topologies, as well

as the mixed topology (bottom), are also shown. The decay modes assumed for each contour are
given in the legends.
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Figure A.6: Observed and expected exclusion limits from direct slepton pair production.

The results of combining the slepton pair production searches of the “2¢” and “2¢ soft”
analyses are shown in Fig. A.6, with an observed (expected) exclusion in the slepton mass of about

665 GeV.
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