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Abstract

A new particle decaying to a pair of vector bosons was discovered in 2012 by the
ATLAS and CMS experiments at the Large Hadron Collider. In the wake of this
discovery a rush of measurements was made to characterize this particle. The four-
lepton final state has been instrumental in both the discovery and characterization of
this new particle. With only about 20 events seen in the resonance peak at 125 GeV
the CMS experiment has been able to make considerable progress in characterizing
the Higgs-like boson using the wealth of information in this final state in concert
with other decay modes. In addition to the search for this new boson we present
three recent results in the study of the Higgs-like boson properties: studies of the
production mode, total width, and spin-parity quantum numbers.

First we present the search for this new resonance using the H — ZZ — 4/{ decay
channel. Then we discuss the production mode measurement using this final state.
Next, we present two results that provided breakthroughs in the study of the Higgs-
like resonance. One is the measurement of the width from an interplay between the
off-shell and on-shell production, setting a limit three orders of magnitude tighter
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ABSTRACT

than previous limits. The other is the tensor structure measurement of the bosons
interactions with pairs of vector bosons, leading to constraints on its spin-parity
properties, where only limited measurements had been done before. All of these
results provide further confirmation that CMS has discovered a Higgs boson near

125 GeV.

Primary Reader: Andrei Gritsan

Secondary Reader: Morris Swartz
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Chapter 1

Introduction

In this document we outline the search for and characterization of the last undis-
covered particle predicted by the Standard Model of Particle Physics. This model
presents explanations for matter and energy in the universe. It has been tested and
verified at the smallest distance scales and highest energies in the universe. To present
the ideas outlined in this thesis, it is necessary to start with a collection of definitions.

Some will be given here, while others are left to references or outside sources.

The natural starting point of this discussion is to present a useful example of
symmetries that are observed in the world and how these are classified in physics.
Next, a basic discussion of quantum field theory and scattering amplitudes will be
presented. From these examples, the discussion will expand to a categorization of
the particles, fields, and symmetries that make up the Standard Model of Particle

Physics, including an introduction of Electroweak Symmetry Breaking. Equipped
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with these ideas an outline of Limitations of the Standard Model are presented using

the Higgs boson as a tool for understanding them.

1.1 Symmetries in Physics

Symmetry is one of, if not the, most important features in the physics of the
natural world. As we pull together the various pieces needed to present the state of
the art in particle physics, we will define multiple symmetries that exist in nature

and how we use them to test our current and hypothetical models.

1.1.1 Noether’s Theorem

To begin, let us define the symmetry group of the system, G, as the local group
that transforms solutions into other solutions. If x is a solution and ¢ is a group
element, then g-z will also be a solution. In Physics, the solutions that we consider

either that maximize or minimize the action:

S= /d4:c.$, (1.1)

where the integrand, .Z, is the Lagrangian of the system, & = T — V. The
T and V are the kinetic and potential energy, respectively. So a symmetry group
of a physical system would be the set of transformations that leave the Lagrangian

invariant. This concept became one of most important in physics after Emmy Noether
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proved that these symmetries of the action correspond to conserved quantities that

do not change as the system evolves [1].

1.1.2 Angular Momentum and the Rotation Group

To demonstrate the importance of Noether’s Theorem, let us consider the group
of rotations in 3 dimensional space, the special orthogonal group in 3 dimensions,
SO(3). Given any unit vector n a rotation about this vector by an angle ¢ is denoted
by Ra(v). Here we will use the Euler Angles to parameterize R, where the rotations
about the (z,vy,z) axis are given by (a, 3,7) respectively. It will also be useful to
note that performing a rotation R; followed by another rotation R, is equivalent to

a single rotation R3, or that the set of rotations is closed.

A arbitrary rotation R(«, f,7) can be decomposed into rotations about the fixed
axes, R(c, 8,7) = R.(a)Ry(B)R.(v). Figure 1.1| shows these angles for the transfor-
mation of vector N from (x,y,z) to (X,Y,Z). At this point it is useful to express
the rotations R, , . in terms of their matrix formulation, equations , , .

Where the angle of rotation must satisfy 0 < ¢ < 27,

R.(v) = siny cosy 0 (1.2)
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cosf 0 sinpg
Ry(B) = 0 1 0 (1.3)
—sinf 0 cosf
1 0 0
R.(a) = 0 cosa —sina (1.4)

0 sina cos«

The reader should note that a vector along the z-axis direction will be left un-
changed due to a R, rotation. More generally, we can apply Noether’s Theorem
when the Lagrangian for a physical system does not depend on infinitesimal rotations
about any axis, .Z — Z(da, 3,07) = 0. This symmetry corresponds to the classical
conservation of angular momentum, J, when the Lagrangian has spherical symmetry.

4
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This symmetry will become important as we discuss the kinematics of the particles

we use to study new discoveries.

1.1.3 Inherent Spin and SU(2)

If one fixes a direction in equations (1.2), (L.3), and (L.4) then the rotations

about that direction will form a subgroup of SO(3). This becomes clear when you
consider the closure, identity, and inverse group axioms for the subset of rotations
R,. Specifically, the subgroup is isomorphic to the special unitary group of rotations

in two dimensions, SU(2). One way to write this new transformation is:

cos¢ —sing
R(¢) = (1.5)

sing  cos¢

The simplest way to represent a group is to find the elements that all other ele-
ments of the group can be made from. To find these elements for SU(2) start with
equation (|1.5)) and consider an infinitesimal rotation d¢. Since R(¢) is differentiable
one can derive an equation to write all possible rotations in terms of the operator
matrix J which we will call the generator of SU(2). Explicitly, R(¢) can be written

as:
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where J; = 7; and 7; is one of the Pauli matrices:

T = y T2 = y T3 = (1-7)

In this formulation R(¢) operates on states that are linear combinations of two-
component spinors given by equation ([1.8). These spinor eigenstates have an inherent

conserved spin of +h/2.

X+ = y X— = (18)

These states can be expressed as linear combinations of these two component
spinors, but we will find it more useful to transform the basis so that they can be
rewritten in terms of the two component spinors 1g (right-handed) and ¢ (left-

handed) that are eigenstates of the parity transformationE].

VR
Y= (1.9)

Y

These states, called fermions, and the group SU(2) will be two of the major build-
ing blocks that are used when we discuss the Standard Model of particle physics.
Before we describe this model we will take some time to discuss Scattering Ampli-

tudes.

! As position transforms from & — —# the momentum transforms as j — —p'
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1.2 Scattering Amplitudes

Particle physics research at its core is not very different from pre-school; we want
to see what is inside of something but can’t get our hands in the tiny spaces, so
we smash it apart. The complexity that is swept under the rug in this statement is
that we can map what is happening in these small spaces to what we observe using
scattering amplitudes, which tell us the behavior of particles as they "break away"
from the things we are trying to study. More generally, a scattering matrix tells us
how a system of particles will evolve over time, either because of collisions between

particles or other natural processes.

1.2.1 Scattering Matrix

To explain how particle physics explains the evolution of a system over time,
we will follow a procedure outlined in [3]. Let us consider a set of particle fields
with certain characteristics denoted [¢) (t). The system at a time ¢ is given in Dirac
notation [4]. We will denote the initial state of the system as [¢;) = |1) (;), and the
final state as |1)f) = |¢) (t7). These states can be single or multiple particle states
and typically quantities like momentum, spin, or helicityP] are used to specify them

in this notation.

—

2Projection of spin onto momentum, S - p



CHAPTER 1. INTRODUCTION

The evolution of a system from state [1);) to (¢ is given by

(Ws] S|, (1.10)

where S is a quantum mechanical operator associated with the scattering matrix.

To give a concrete example you can consider a plane wave evolving over time.

In this case, S = e #H(t=t)

. For this explanation, we use a Hamiltonian H instead
of a Lagrangian, but a Hamiltonian is simply the Legendre transformation of a La-

grangian, so they are equivalent for our purpose. In this case, equation (|1.10]) becomes

(1] e (tr=1)

Vi) - (1.11)

In the limit that ¢; — ¢; — oo the operator between the states is the scattering

matriz and maps some initial state to a final state at some other time.

1.2.2 Amplitudes and Feynman Diagrams

Each of the states outlined in the previous section, |1) (¢), will have specific prop-
erties. For example, the initial state may be in eigenstate a for some commuting
operator, while the final state may be in eigenstate b of the same operator. Then

the evolution of the system from |a) to |b) will be through a specific matriz element,

M p.
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My = (b] S |a) (1.12)

These matrix elements can be used to describe the evolution of the system through
very specific transitions. These matrix elements are also called scattering amplitudes,
A, for a specific process.

Agy = May = (] S'|a) (1.13)

These amplitudes can also be expressed in a pictorial form, called Feynman dia-
grams, that we will use extensively in this document. These diagrams are used to do
the calculations through rules mapping vertex points, internal, and external lines to

terms in the matrix element pieces.

To use a concrete example, we will describe the interaction of electrons through
the electromagnetic interaction. The Lagrangian for two fermions interacting elec-

gromagneticily is given by

In this equation, the electromagnetic interaction terms are represented by the
vector potential, A,, with e as the coupling constant of the particle to the electro-
magnetic field. The 4 x 4 Dirac matrices v* are defined by the 2 x 2 Identity matrix

(1) and the Pauli-matrices we have already seen

9
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Figure 1.2: Feynman diagram depicting electron-electron scattering via the electro-
magnetic interaction.

70 = Y= : (1.15)

In the amplitude notation this can be written as

A = (yay| PO QutieAn)=mi |y qp) (1.16)

The equivalent representation lowest order terms of equation as Feynman
diagrams will be figure [1.2l These diagrams can be used to quickly and simply
represent complex interactions of particles and range from very simple, figurdI.2 to
extremely complex, as in the comedic example [I.3] Relevant and practical examples

will be presented in section [3]

In this example we can see the properties of another group that will be important
for the Standard Model. The electromagnetic interaction requires U(1) gauge sym-
metry. The conserved quantity for this group is the electric charge of the fermion,
given by e in the equations above. Now that we have introduced many of the pieces

10
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Figure 1.3: A comedic example of a complicated Feynman diagram designed to appear
similar to a Jayhawk [5].

we need we will discuss the Standard Model of particle physics.

11



CHAPTER 1. INTRODUCTION

1.3 The Standard Model

So far we have considered very simple Lagrangians that describe very specific
processes. These ideas are the basis for the construction of the Standard Model
(SM) [619] of particle physics. This model attempts to describe and categorize the
particles and interactions that make up the quantum world. The glaring omission is
gravity, which is extremely weak compared to the other processes that are occurring
at sub-atomic distance scales. Before we can discuss how the model describes the
fundamental interactions we need to describe and categorize the material that the

universe is made from.

12



CHAPTER 1. INTRODUCTION
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1.3.1 Matter

The SM provides a categorization of all the matter that makes up the universe.
This categorization started with the first experiments attempting to describe atoms
distinguishing the particles in the nucleus of an atom from the electrons that orbit
around them. Today we know of matter in two categories, quarks and leptons, both
of which are fermions with spins of /2, noted 1/2 from now o} For each of these
categories there are three generations of particles, each generation consisting of two
quarks (g), two leptons (¢) and their antiparticled|(g,¢). The heavier second and
third generation fermions typically decay quickly into the first generation particles

that make up the world we live inf’|

1.3.1.1 Quarks

Quarks are the fundamental pieces that make up the nucleus of atoms. The
protons and neutrons that are used to classify an atom are themselves built form
combinations of quarks. The name “quark" was coined by Gell-Mann who credits
the term to a passage from Finnegans Wake by James Joyce. Quarks come in six
flavors arranged by mass into three generations of doublets, this flavor is preserved
in electromagnetic and strong interactions. The first letter of the quark name is often

used to designate them so up (u), down (d), charm (c), strange (s), top (¢), and

3Here we have moved to the convention of natural units where i =c =1

4The antiparticle of a fermion is the C' transform of the particle state. C transforms discussed
more in section

5The neutrino’s being the exception to this.

14
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bottom (b). Each flavor has a different mass ranging from ~ MeV (u and d) to

~ 170 GeV (t), the best knowledge of these masses is outlined in figure [1.4]

Everyday matter consists mainly of the first generation quarks, u and d, grouped
into the protons and neutrons. Quarks are never observed alone due to a color charge
that each possesﬂ. This will be discussed more in section , but for now we will
refer to it as a charge that can be “red" (r), “blue" (b), or “green"(g). To be stable,
a particle must be seen as “white" (W) to the outside world. Because matter must
appear white, quarks group themselves into sets called hadrons. Hadrons come in
classifications based on the number of valence quarks they have. Two quark states are
quark-antiquark pairs called mesons, (rf +bb+ gg) /v/3 =w. Common examples of
mesons are pions (7%, 7%) that come from cosmic rays. Three quark states are called
baryons, r + b + g = w, everyday examples being protons and neutrons. Recent
observations also suggest tetraquark states [11] consisting of four quarks.

Each quark generation doublet has one particle with electromagnetic Chargem of
+2/3e and another with charge —1/3e. These will be combined so that all observable
hadrons will have integer charges. The top-left section of figure summarizes the
properties and categorization of the quarks.

One additional item that will prove relevant is that quarks can be both right-

handed and left-handed eigenstates of the parity transform. This will distinguish

6The property has nothing to do with optical color, but maps nicely to the mixing fundamental
colors.
T4e" is used as the fundamental unit of electromagnetic charge.

an electron.

113

—e" is defined as the charge of

15
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their interactions when we discuss the weak force in section [[L3.2

1.3.1.2 Leptons

Unlike the quarks, leptons cary no property that stops them from existing by
themselves. All leptons are neutral to color charge preventing them from interacting
via the strong nuclear force. The most common lepton again belongs to the first
generation, the electron. FElectrons orbiting the nucleus of an atom are the most
common leptons. Similar to the heavier generations of the quarks, the electron also
has corresponding heavier generation flavors, the muon (x) and tau (7) leptons. All

n

three of these leptons cary an electromagnetic charge of “—e", range in mass from

~ 0.5 MeV(e) to ~ 1.7 GeV(7), and can exist both as left or right-handed.

Each of these three leptons has a corresponding doublet parter as well, the neutri-
n0s (Ve, vy, v-). These particles are neutral in both color and electromagnetic charge,
and are almost massless. Further complicating the story, they only exist as left-
handed particles. They are extremely hard to interact with and detect since the
electromagnetic and strong forces are invisible to them allowing them to only interact
via the weak nuclear force. Additionally, unlike the quarks and the other leptons,
they oscillate between different flavors without interacting with the environment be-
cause their mass eigenstates are not the same as their weak interaction eigenstates.
In the leptons occupy the bottom left portion of the table. A summary of the first
generation fermion fields that are given in table where the doublets are grouped

16
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Fermion Field

EM charge (Q)

Weak Isospin (73)

Hyperchage (V)

Color Charge

L = <VL>
er

()

(513)

-1 no
€n -1 0 -2 no

~ (ur, +2/3 +1/2
o) | (55) (537) e e
UR +2/3 0 +4/3 yes
dr -1/3 0 —2/3 yes

Table 1.1: First generation fermions and their different charges, grouped in left(right)-
handed doublets(singlets).

together and the distinction between left and right-handed particles has been made.

While the only leptons in everyday matter are electrons, muons and neutrinos
are also quite common. These particles exist as cosmic rays that are constantly
bombarding us from the upper atmosphere and outer space. Muons offer a particularly

interesting case because they are moving at relativistic speeds so that in our frame of

reference they appear as long lived particles.

1.3.2 Forces

Now that we have introduced the building blocks of matter we can discuss how
these particles interact. This description starts with a Lagrangian of terms describing
particles and their interactions with each other, however this Lagrangian needs to pre-
serve specific symmetries that we observe in nature. Specifically the SM Lagrangian

should have U(1) x SU(2) x SU(3) local symmetryf] Each of these symmetries cor-

8The difference between a local and global symmetry has not been outlined in this document,
but the author again refers you to [12H15] and many other places.

17
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respond to physical interactions between the particles in the theory. Mathematically
it is extremely similar to equation (1.14]), however the (0, + ieA,) is replaced by the
more complicated covariant derivative D,,.

T A?

Y , P a
D# = 8” — ZglEBH — Zg25WM — Zg3?G,u (117)

Each of these additional terms are present to preserve one of the local symmetries
that we observe in the world. Each of the g; variables are coupling constants that
can be measured by experimental results. These new fields map to the fundamental
forces and in turn gauge bosons that mediate each of the forces. They are called
bosons because they have an integer unit of inherent spin, as apposed to the matter
particles that all have half-integer spin. Particle physics models fermions interacting
with each other as the exchange of these bosons between particles.

A rather glaring omission from both equation and the extension using equa-
tion is how these new fields (bosons) interact with themselves and each other.
We will not take the time to introduce all of these terms but the relevant pieces will
be used in section [L3.3l

The term associated with g is introduced to preserve local gauge invariance, U(1),
introducing a spin-1 field B,,. The generator, Y (hypercharge), will be a constant for
every particle. This term, intertwined with the g term, describes the electromagnetic
force. The gy term, along with the g; term, describes the weak nuclear force. The
details of their combination will be described in section [[.3.3

18
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The g term preserves rotations in flavor space, SU(2), introducing three new
vector fields W where ¢ € {1,2,3} and the generators 7 (the Pauli matrices we have
already seen). Similar to the case of angular momentum we have already seen, the
1 = 3 projection, T3, is a conserved quantity called weak isospin that is useful in

computations.

Additionally, the Wﬁ bosons are exclusively left-handed, meaning it can only in-
teract with left-handed particles (right-handed antiparticles). For now, it is useful
to note that both the B, and the Wﬁ’ terms represent interactions that preserve the
original flavor of the fermions they act on. In the framework of equation and
figure [I.2] this means that the photon field, A, is some linear combination of B, and

Wj’ and the electroweak charge, e, is a linear combination of 91% and 92%3.

The final term associated with g3 represents the strong nuclear force and pre-
serves rotations in the color charge space, SU(3). This term introduces eight new
vector fields G}, with a € {1,2,3,4,5,6,7,8} and eight generators A* which are the
analog of the Pauli matrices in 3 dimensions. Each of these fields corresponds to
a gluon that mediates the strong force. These interactions are described by Quan-
tum Chromodynamics (QCD), the quantum field theory for how particles with color
charge (quarks & gluons) interact with each other. The conserved charge in this
theory is the color; “redness", “blueness", and “greenness". Each of the eight gluons
in this theory is a superposition of color charge states and “holds" quarks of specific
colors together into colorless hadrons. An explicit listing of the gluon states is not

19
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Force ‘ Bosons ‘ Relative Strength ‘ Range (m)
Strong gluons (g) 1 1071
Electromagnetic | photon () ETe 00
Weak W=, Z bosons 1076 10718
Gravity graviton (G) 10=% 00

Table 1.2: List of Fundamental Forces their relative strengths and ranges.

provided here, but a basic introduction can be found in [16].

Before going through the details of the electromagnetic and weak forces, a quick
note on the relative strength of these interactions. The electromagnetic force is com-
mon in every day life because it is a relatively strong interaction and operates over
long distances, for example the light from a distant star can be seen at night. The
strongest of the forces is the strong nuclear force which keeps the quarks grouped in
hadrons and hadrons together in a nucleus is much stronger but only impacts particles
that are very close together. At larger distances the weakest of the forces considered
in particle physics is the creatively named weak nuclear force, which governs the de-
cay of higher generation fermions into lower generation fermions. In table you
can find a summary of the different forces and their relative strengths and interaction

ranges.

Included in this table is the gravitational force. There are theoretical models for
describing quantum gravity in the same framework as these other forces, that will
be discussed more in later sections but as yet these have not been confirmed with
observations.

20
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1.3.3 Electroweak Symmetry Breaking

As eluded to above, the weak and electromagnetic forces are deeply connected. In
their combined form they are referred to as the Electroweak force. In the description
we outlined, this means that the SM has SU(2) x U(1) symmetry, giving rise to four
gauge bosons that would mediate these two forces; B, W;, W7, and W2. In the
mathematical construction that we have presented all of these W;L bosons would be
massless, but this would contradict the observed range of the weak force outlined in
Table [1.2] To give these bosons mass, the symmetry of the system must be broken.
The Higgs Mechanism |17-22] has been proposed as the source of the FElectroweak

Symmetry Breaking |23].

To see how this happens, focus on the kinetic energy terms of the W; and B,
fields that we neglected previously. These are given by equation following
the Weinberg-Salam Model of electroweak interactions |6-9]. This equation is the
first appearance of the Field Tensors, these take the form B, = 0,8, — 0,5, and
Wi, = 0,Wi — 0,W; + geh Wik,

1

W, Wt — 7 BB (1.18)

1

gKE:_4

When one adds an additional complex scalar SU(2) doublet, ®, to this theory we
find the key to giving some of these fields mass. We write this new scalar field in
terms of its components shown in equation ((1.19)).

21
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¢r ¢! +i¢?
b = = (1.19)
¢0 ¢3 4 g ¢4
What makes this new field the key is the special potential energy term that ac-

companies it. This potential, given in equation ([1.20]), and its parameters, A and pu,

define how the field interacts with itself and will be vital in our discussion.

V(@) = u? |ofe| — A (|ofe])’ (1.20)

Putting all of the pieces together we can write a toy Lagrangian for the electroweak

part of the SMf| as

1

Lew = 1

. ) 1
W, W = 1 BuB"™ + Do —V (). (1.21)

When one investigates the behavior of this system as the total energy approaches
zerﬂ the fields will approach their ground state. Focusing on the scalar potential
one can see the behavior depends on the sign of the parameters p and A. We assume
that A > 0 so that a minimum state exists at all. If 42 > 0 then the system will have
a natural minimum where ® = 0 that preserves all of the symmetries that we have
already outlined. This can be seen in the natural two-dimensional form and in the

one-dimensional projection in figures and [1.6] respectively.

9In what follows we omit QCD terms, while fermion terms are left for later discussion.
10A stable minimum energy state being analogous to the current state of the universe.
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Figure 1.5: A 2D illustration of the scalar potential, V (®), when py?> > 0. The
horizontal axes form the complex plane ¢; vs ¢o, while the vertical axis is V (®).

Created with .

V(¢)

Kl

Figure 1.6: A 1D illustration of the scalar potential, V (®), when u? > 0. Created

with .
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Figure 1.7: A 2D illustration of the scalar potential, V (®), when p> < 0. The
horizontal axes form the complex plane ¢; vs ¢o, while the vertical axis is V (®).

Created with .

The more interesting case is when p? < 0. In this case the potential has a minimum
that is not at & = 0 but the minimum energy state will occur at what we call
the vacuum expectation value (VEV) given in equation ([1.22). This means that in
the ground state, the scalar field will not go to zero but will have some amount
of energy defined as 75 breaking the U(1) symmetry. Figures showing the natural
two-dimensional potential and one-dimensional projection are seen in and

respectively.

@ =1/-= | [ =— (1.22)

The choice of the VEV contribution to the ¢!, ¢?, ¢* or ¢* component in SU(2)
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V(¢)

Kl

Figure 1.8: A 1D illustration of the scalar potential, V (®), when u? > 0. Created
with [24].

space is arbitrary but we have chosen the conventional notation here, giving the new
doublet a hypercharge of Yo = 1 and a electromagnetic charge Qgy = TJ%Y This
gives an electromagnetically neutral ground state, even though the field retains its
VEV. So, by giving the scalar field a non-zero expectation value in the ground state

we have broken the SU(2) x U(1) symmetry to give a local U(1) gy symmetry of the

electromagnetic forcdﬂ.

We can see the difference between the masses of the original bosons by using the
gauge invariance of the field to formulate our original scalar field ® in terms of the

VEV, v, and a remaining real scalar field, h, in equation (1.23)).

1 As required by the Lorentz invariance of the electromagnetic force
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(1.23)

Sl

v+ h

To see how these terms generate mass, it is convenient to perform a change of
basis from 71,72 7% to the 7+, 77, 73 representation given by equation (1.24)). This

change of basis also will change the Wj, Wi, Wj’ to WJ W WE given by equation

(T.25).
™+ = L (' £ir?) (1.24)
V2
1 :
W, = 7 (W, FiW}7) (1.25)

Looking at the scalar kinetic term of equation ((1.21)), \Du®|2, more explicitly we
can write the boson terms in the form equation ((1.26)), dropping terms that represent

the dynamics and interactions of the h field.

2.9
gov

'U2 2 _
- (@Wi = guB,)" + = wrwr (1.26)

After another change of basis, we can recast the first term in equation (|1.26) as
the physical gauge fields we observe in nature. In equations (1.27) and ((1.28)), we see
the Z and v fields we are looking for and the masses of the bosons respectively.
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g2W5 - ng,u,

g NI

QQWB + ng,u

SNy

v

mw = 592

myz = L\/ g5 + g7
V2

m, = 0

(1.27)

(1.28)

Thus we have broken the electroweak symmetry, giving the W=+ and Z bosons

mass while keeping the v massless. This provides a theory that predicts a new field,

h, called the Higgs field, and allows us to describe the behavior of the weak and

electromagnetic forces to fantastic accuracy.

To investigate the ramifications of this new field, we can formulate the h field

as small permutations about the VEV. This gives a potential of the form ¢ (z) =

v+ \/Li (x (z) + 4 (x)). These permutations are illustrated in figure H From the

figure it is clear that a small displacement in 1) does not cost energy, while oscilations

in x do cost energy. Thus y corresponds to a new massive boson is called the Higgs

Boson in common literature.

27
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Im ¢

Figure 1.9: A 2D illustration of oscillations in the the scalar potential, V (®), param-
eterized by y and .

from the SM, except the two parameters, u? and ), or equivalently the VEV given in

equation (|1.29) and the mass of the Higgs Boson in equation ((1.30)).

2 2
- £ 1.2
v ) (1.29)
m; = 203\ (1.30)
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1.3.3.1 Implications of the Higgs field: Fermion Masses

When we first started our discussion of Fermions we simply wrote the mass of a
fermion as —ma1) in equation . However, this term would explicitly break the
electroweak gauge invariance we have just spent so much time constructing. It turns
out that the new scalar field h could also be responsible for the fermion masses in
addition to the W= and Z masses. The term can be created by considering a Yukawa

coupling between the scalar field and a fermion field. For the down quark this term

follows equations (L.31)[

gd—mass - _)\dQL@dR + h.c.
Y - 0
= T; (uL dL) dg + h.c. (1.31)
v+ h
_ MY et e

V2

Where the final equality comes from focusing on the terms that remain in the
ground state of the scalar potential. From here its easy to see that the mass of the
down quarks can be obtained from the vacuum expectation value of the scalar field

and the down coupling to the Higgs field, \;.

12Tn these equations h.c. stands for the hermitian conjugate term.

29



CHAPTER 1. INTRODUCTION

The masses of the other fermions follow from equations similar to where
the Higgs field, h, interacts with all the fermions. This will be the key to generating
Higgs bosons at the LHC, particularly Higgs couplings to top quarks.

It seems that the Higgs Mechanism and the Higgs boson solve many of the issues
that the SM has with describing the world we observe. However, there are many other
unexplained phenomena in the universe and detailed study of the Higgs mechanism
could lead unearth the origin of these discrepancies. The next subsection is an outline

some of these discrepancies that will be discussed in this document.

1.4 Limitations of the SM: Higgs boson as a

tool

The SM has been one of the most successful scientific theories ever proposed. The
predictive power of the model is unparalleled, yet some questions remain. The first
limitation we will discuss in this section will be the matter-antimatter asymmetry seen
in the universe around us. Secondly, a discussion of the SM’s inability to accurately
describe gravity is presented. Finally, generalizations of the SM are discussed. These
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models that could generate the dark matter seen in astronomical measurements, solve
the hierarchy problem, or explain more about fermions. The Higgs field could offer
keys to understanding all of these issues and the tests presented in this document are

intended to address these questions.

1.4.1 CP-violation: The Matter-Antimatter Asym-

metry

Outside of specific particle physics experiments, the universe we live in is dom-
inated by matter. It seems that only a very small fraction of antimatter exists in
the universe. However, within specific tests of SM no process is observed to generate
this large of a discrepancy between matter and antimatter. Under the assumption
that matter and antimatter started in equal amounts, after the Big Bang, matter
and antimatter should still exits in relatively equal densities and amounts. The SM
does not predict, nor has any experiment seen, a process that could generate enough

C P-violation to create a universe that is so overwhelmingly dominated by matter.

So far we have only eluded to C'P transformations when introducing the antipar-
ticles that exist in the SM. In the most basic terms this is the combination of two
discrete symmetries charge conjugation and parity symmetry (spatial inversion). The
parity operation, P, is the spatial inversion through the origin. We saw the projec-
tions of a fermion onto the eigenstates of this operation at the end of section [I.1.3
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If 9 () describes a fermion field at point z, then Py (x) — v (—z). This transfor-
mation will take + — —z and the momentum p — —p but leave the inherent spin
and other quantum numbers unchanged. The charge conjugation operation, C', is the
transformation of a particle to its antiparticle or vice versa. We used this transfor-
mation extensively in but never wrote out the transformations explicitly. As an
example, given an electron, e~, then Ce™ — e™. This transformation will reverse the
sign of all quantum numbers associated with the particle (inherent spin, weak isospin,
charge, hypercharge, etc...). Particles that are their own antiparticle (7° meson, v’s,
...) remain unchanged under this operator (aside from a possible factor of -1).

Not all interactions allowed by the standard model will preserve these symmetries.
The most explicit example is the weak interaction. Given that the weak force only in-
teracts with left-handed particles, it is maximally parity violating™| However, in most
cases C'P together is a symmetry of the interactions. The notable exceptions to this
are the decays of B mesons and Kaons [26]. These decays highlight the necessity for
a C'P-violating component in the SM described by the Cabibbo-Kobayashi-Moskawa
Model [27]. The specifics of this model are beyond the scope of this document. How-
ever, the observed magnitudes of the terms in the CKM model cannot account for
the large discrepancy that we observe in the universe.

One proposed solution to this asymmetry is the presence of more than one Higgs

field, resulting in multiple Higgs bosons. The number of fields and bosons predicted

13Imagine a stationary pseudoscalar 7% decaying into back-to-back uT and v, states via the weak
interaction. Perform the parity operation on the initial and final states. The result requires a
right-handed neutrino, which are unobserved.
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varies depending to the model and any observed boson could have varied spin (J),
charge (C'), and parity (P) transformation properties. It could be charged, neutral,
pure scalar, pure pseudoscalar, vector, pseudovector or a mixed vector-pseudovector
state. In this document we outline tests proposed and performed to test the JF
nature of a boson to see if a Higgs boson can offer any insights into the nature of the

matter-antimatter asymmetry.

1.4.2 The Graviton: An Unexplained Force

Gravity would be the weakest of all the forces we know of but it is not yet in-
cluded in the SM. There are many possible theories of gravity at small scales and
its corresponding boson, the graviton. In Table you can find a summary of the
different forces and their relative strengths and interaction ranges, including gravity.
Since gravity is so intimately connected with the mass of an object in relativistic
mechanics it is expected to have similar couplings to the SM particles as the Higgs
boson, but to match general relativity most theories claim that it must be a spin-2
particle. Generally, most theories predict that a graviton would be a massless particle
to have an infinite interaction range. There is always the possibility of new physics
spoiling our expectations so a detailed study of any new scalar particle found should
be performed to determine if the spin is zero (as predicted by Higgs boson) or two
(as predicted by a Beyond SM graviton).

In this analysis, we study a few possibilities for a graviton-like particle. This is
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discussed in more detail in section |3.4.3] but generally we consider a Kaluza-Klein
theories where a closed fifth dimension could give rise to a massive spin two graviton

[28]. Exact definitions of the models tested, and references motivating them can be

found in section [3.4.3]

1.4.3 Beyond the SM: The Dark Matter, Hierarchy

& Fermion Problems

It has not been explicitly expressed in our discussion of SM phenomena but ev-
erything that we understand about the universe is really only valid at masses up to
a certain sclae (N mW/Z). Using current models of the early universe, at early times
we know that the energies are many orders of magnitude larger than what our SM
theory can describe [29]. Many extensions of the SM to these high energies have been
proposed and generally we will call them Beyond SM (BSM) theories in this docu-
ment. These theories predict varied and wide ranging possibilities for new particles
and physics and could be tested by examining a Higgs boson. Some BSM theories
predict particles that could exist in relative obscurity on Earth but could be the dark
matter observed in astronomical experiments [30].

Currently there is no explanation for why gravity is so much weaker, table [I.2]
than the other forces. The SM requires a very specific values in order to explain this
difference without theoretical motivation. This is called the hierarchy problem of the
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SM. BSM theories offer natural solutions to this problem sometimes simultaneously
with explanations for the dark matter abundance. Other issues that can be explained
through BSM theories include the number of fermion generations and their masses.
In principle, there is no preference for only three generations of fermions and not
motivation for the specific masses of these particles.

Generally, BSM theories can come in almost any type imaginable. If these new
particles interact with the scalar ® field, then they could be seen as a deviation from
the expected couplings (interactions) with SM particles. These deviations could take
many forms, but those tested in this document include: Unusual production mecha-

nisms, unexpected spin-parity behavior, and enhanced non-resonant production.
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Chapter 2

The Experiment: LHC and CMS

In order to answer questions about the Standard Model (SM) we need to observe
processes that are extremely rare in the universe. Many measurements to test the
limits of the SM can be performed by observing nature. However, to test questions
about the Higgs boson, waiting for events to happen naturally would take an ex-
tremely long timd'] To study these processes, labs around the world create particle
colliders to generate interesting phenomenon more frequently than nature would. The
rate that any physics process will occur (at a collider or otherwise) is given by the
effective area of the process, cross section (o), and rate those reagents pass through
the same area, luminosity (L); equation (2.1)).

dN
L. 2.1

'Tn many cases much longer than the age of the universe.
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The cross section for a process is the effective area of the reagents to interact in
a specific way. A cross section can describe a particular number of final particles,
or a specific boson used for the interaction, etc. Cross sections change depending
on the energy of the interacting particles, and are usually given in units of barns
(b =102 cm™2). They can be computed using the scattering amplitudes we have

already introduced in section [1.2]

The luminosity is a measure characterizing the source of the reagents, with units
that are typically cm~2s™!. We will discuss the particulars of this quantity for collid-
ers, but generally luminosity is a measure of the flux of particles at a particular point
in space and time.

When a particle physics experiment is designed, first numerous factors dictate
what kind of particles you will accelerate and collide together. Once you have decided
this, two properties define its ability to test the limits of the SM; the luminosity and
the center of mass energy. With specific center of mass energies we can probe cross
sections that are typically small at everyday energies. Using a higher luminosity we

can increase the rate of rare events by generating interactions more often.

2.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the largest and most powerful of these ex-
periments in the world. It is located on the border between France and Switzerland
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Figure 2.1: A cross section schematic of the LHC Dipole magnet showing the two
center beam pipes, superconducting coils (red), and other supporting structures ||

just outside the city of Genvéve at CERNP| The LHC is a superconducting proton
accelerator and collider measuring 27 km in circumference, approximately ~ 100 m
underground. It first accelerates, then collides two beams of protons circulating the
ring in opposite directionsﬂ. These protons are circulated using 1232 dipole ‘bending’
superconducting magnets and a series of other quadrupoles, sextupoles, octupoles,
decapoles, etc. used for controlling and focusing the beams. The layout of the dipole
magnets is shown in figure where the two beam pipes are shown along with the

other magnetic, vacuum, and shielding structures.

2European Organization for Nuclear Research or Conseil Européen pour la Recherche Nucléaire
3The LHC also collides Lead ions with each other and protons, but those studies are beyond the
scope of this document.
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The LHC probes small cross sections by smashing two beams of high energy
protons into each-other giving large center of mass energies. In the original design,
each proton beam would have 7 TeV of energy giving 14 TeV in the center of mass
frame. However, these studies will focus on the early years of LHC operation where
the center of mass energies were 7 TeV (2011) and 8 TeV (2012).

The luminosity of the LHC depends on the geometrical and electrodynamic pa-
rameters of the beam. For a beam of particles that are Gaussian distributed, the
luminosity is given by the product of the beam current ( fieynsNp), brightness (%’),

energy (%) and a geometric reduction factor (F):

N 1 Nb Y
£= g (umsll) -2 - F. 22)

In this equation the relevant factors that determine the beam current are the
revolution frequency, (fiev), the number of proton bunches in each beam, (n;), and
the number of protons in each bunch, (N,). Generally, the LHC tries to maximize this
beam current so that the number of protons in each beam is as large as possible. The
brightness of the beam determines how likely two protons are to interact when one
bunch crosses another. It is determined by the number of protons in a bunch and the
normalized transverse beam emittance, (€,), which is a measures of the area of the
beam in the position-momentum phase space. The energy of the beam is determined
by the relativistic v factor and the value of the beta function at the collision point,
(8*). The beta function describes transverse size of the beam and % denotes that
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Figure 2.2: The peak luminosity delivered to the four main LHC experiments during
the 2011 7 TeV (left) and 2012 8 TeV (right) runs .

this function should be evaluated at the collision point. The final term, (F), is the
geometrical factor that describes the reduction in luminosity because the two beams
cross each-other with some non-zero angle between them.

For the experiments that require the highest luminosities, the LHC was designed
to provide 103 cm~2s~!. The machine ran at lower luminosities for the first few years
of operation as seen in the figures .

To get the protons up to the necessary energies, protons are accelerated through a
series of smaller accelerators which are pictured in figure [2.3] The process starts with
the 50 MeV LINAC2 which shoots the protons into a multi-ring booster synchrotron
that accelerates them up to 1.4 GeV. Next the protons are directed to the Proton
Synchrotron (PS) machine which accelerates them up to 26 GeV and generates the
bunching and spacing that the LHC uses. To accelerate the beam from 26 GeV up
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Figure 2.3: This CERN accelerator complex. Showing the full chain of accelerators
used for the LHC protons: LINAC2, Booster, PS, SPS, and LHC. Additionally, the
four large experiments on the LHC are shown: ALICE, ATLAS, CMS, LHCb .

to 450 GeV the beam is fed into the Super Proton Synchrotron (SPS). From the SPS
the protons are fed into one of the LHC rings. Before the LHC accelerates these
protons up to their final energies, this process is repeated 24 times, 12 to fill each
of the two rings. Once the LHC has accelerated these proton bunches to their final
energies, the beams are gradually brought together so that they will collide inside the
four experiments.

The particle physics community built detectors to observe and categorize the par-
ticles that are produced when these protons (ions) are collided with each-other. Cur-
rently there are four experiments at the LHC: A Toroidal LHC ApparatuS (ATLAS),
the Compact Muon Solenoid (CMS), A Large Ion Collider Experiment (ALICE), and
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Large Hadron Collider beauty (LHCb). The ATLAS and CMS detectors are high
luminosity, multi-purpose detectors designed to test many different aspects of the
SM, including the Higgs boson. LHCb looks specifically at bottom (beauty) quark
interactions, while ALICE is designed for ion collisions. This work took place at the

CMS experiment, described in the next sections.

2.2 The Compact Muon Solenoid (CMS)

The Compact Muon Solenoid (CMS) experiment is one of the two largest experi-
ments on the LHC. The general goal of the CMS experiment is to collect and study
as many interesting events from LHC collisions as possible. To do this, CMS must
identify interesting physics events and reconstruct these events as accurately as possi-
ble. At the designed energy and luminosity the LHC is expected to create ~ 1 billion
collision events per second. It would not be possible to reconstruct all of these events,
so CMS has an extensive online event selection process, called the ‘Trigger’, that re-
duces this to about 100 events per second. Some details of this process are presented
in section but we will first have a discussion of the different CMS subdetectors.

To quantify how much data CMS has collected we use integrated luminosity, which
is the time integral of the luminosity, [ £dt. This value tells experimenters how many
events to expect for the specific processes they study, N = o+ [ Ldt, and allows them

to test smaller and smaller cross sections. Over the 2011 and 2012 rundd of the CMS

4A run is a period of time denoting specific conditions for the detector or LHC.
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Figure 2.4: The integrated luminosity delivered and collected by the CMS experiment
during the 2011 7 TeV (left) and 2012 8 TeV (right) runs, [34].

detector collected 5.1 fb~! and 19.7 fb~! of integrated luminosity respectively, shown

in figure 2.4

To maximize the physics results that can be pulled from this data, CMS was
designed with key features that give credence to its name. While it may seem oxy-
moronic to call a 21.6 m long and 15 m in diameter experiment ‘compact’, the name
is fitting because it is designed to put the sub-detectors within CMS close together.
This compact design is a result of the 4 T magnetic field that is the heart of the CMS
detector. The Magnet, discussed more in section [2.2.1] causes the charged particles
generated in collisions to bend as the flow out from the interaction point so identifying
particles and measuring their momentum requires detectors that are close together.
Working in concert with this field, the CMS detectors are designed to fit together as
a ’cylindrical onion’. The layers of detectors and sub-detectors radiate outward from
the point where the protons collisions take place. Each layer is designed to maxi-
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Figure 2.5: Sectional view of the CMS detector. The LHC beams travel in opposite
directions along the central axis of the CMS cylinder colliding in the middle of the
CMS detector |\

mize the physics information that can be obtained at different distances from these
collisions. The majority of the information in this section follows [35].

A sectional view of the CMS detectors can be seen in figure From this image
you can see a summary of the different subdetectors that we discuss from inside out.
The innermost detector is the Silicon tracker, discussed in section [2.2.2] this detector
is designed to give good momentum resolution for charged particles and high recon-
struction efficiency requiring precise alignment of the tracking system. Additionally,
this tracker needs to be able to efficiently tag 7’s and b’s, which will have a displaced

44



CHAPTER 2. THE EXPERIMENT: LHC AND CMS

vertex due to their long lifetimes. This requires pixel detectors close to the interaction
point.

Just outside of the tracking system is the Electromagnetic calorimeter (ECAL),
discussed in section [2.2.3] which gives good energy and mass resolution for photons
and electrons and wide geometric coverage. Further, the high segmentation of the sys-
tem allows for great directional discrimination to determine the origin of the particles
and to determine how isolated they are from other particles.

The final detector that still lies inside the bore of the solenoid is the Hadronic
Calorimeter (HCAL), described in section [2.2.4, This detector allows for accurate
measurements of quark-jet mass resolution and the lateral segmentation gives direc-
tional information that is key to determine any imbalance in the transverse energy of
a collision, Fmiss,

Outside of the solenoid magnet lies the Muon System, described in section [2.2.5]
and the large Iron return yokes. This is the largest and heaviest part of the CMS
detectOIﬂ This system gives good muon identification and good momentum resolution
over a wide range of angles and energies for high momentum muons.

As we describe the CMS detector we will need to define a set of spacial coordinates
so that we can locate ourselves within the detector. The coordinate system is defined
to put the origin at the nominal collision point inside the experiment, the y-axis

pointing vertically upward, the x-axis pointing along the radius of the LHC, and the

SWhen combined with the magnet and other subdetectors the full CMS detector weighs ~
14,000 tonnes.
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z-axis pointing along the beam direction. The geometry of the detector is already
cylindrical, so a modified form of cylindrical units are use for most studies. The
azimuthal angle ¢, is given by the angle from the x-axis in the x-y plane. The polar
angle, 6 (from the z-axis), normally used in cylindrical coordinates, is replaced by the
pseudorapidity, n = — Intan (0/2). The z-axis is the same as the cartesian definition.
Often, interesting physics events will show distinct features in the momentum or

energy transverse to the beam direction, pr and Er respectively.

2.2.1 The Magnet

The defining feature of CMS is the superconducting solenoid magnet, the pa-
rameters are given in table 2.1 The large bending power that CMS is designed for
is obtained form a reasonably-sized superconducting solenoid where the bending for
charged particles starts at the primary vertex. The strong field is needed to give good
momentum resolution. It bends muons tightly so that the charge is unambiguous and
giving a momentum resolution of Ap/p ~ 10% at p = 1 TeV/c. This design also leads
to a reasonable field in the forward region where many of the detected particles will
be.

The magnet itself is constructed from high-purity aluminum-stabilized conductor
and is indirectly cooled using a thermosiphon method. While this type of magnet
has been used at other experiments, it was a large step up in many aspects from
previous magnets. To create a solenoid with the field and dimensions, a four-layer
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Field 4T
Inner Bore 5.9 m
Length 12.9 m
Number of Turns 2168
Current 19.5 kA
Stored Energy 2.7GJ
Hoop stress 64 atm

Table 2.1: Parameters of the CMS superconducting solenoid, [35].

conductive winding with a large diameter wire was used so it could withstand the
large outward pressure (hoop stress). The conductor carries a 19.5 kA current and is
co-extruded with pure and alloy aluminum to stabilize it thermally and mechanically.
The conductor was manufactured in twenty continuous lengths, each of 2.65 km. Four
of these lengths were used to make each of the five coil modules within the magnet.

Working in concert with the magnet is the iron return yoke of the muon system.
As can be seen in figure , the superconducting magnet generates a large magnetic
field inside the solenoid while the return flux of the field concentrates itself in the
large iron structures that house the different muon detectors. These performance
predictions were later confirmed by both monitors installed in the detector and with

data collected from cosmic rays [37].
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Figure 2.6: Value of magnetic field |B]| (left) and field lines (right) predicted on a
longitudinal section of the CMS detector, for the underground model at a central
magnetic flux density of 3.8 T. Each field line represents a magnetic flux increment

of 6 Wh [37].
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2.2.2 The Inner Tracker System

The inner tracker system is the first detector that a particle generated from an
LHC collision will encounter. At the LHC, determining the origin of these particles
is key and made more difficult due to the small gaps between proton bunches. The
spatial resolution of the silicon tracker detector allows a particle to be mapped to
the primary collision vertex (primary vertex), secondary vertices, or identify them as
pileup events. At the designed luminosity, the LHC is expected to generate about
20 collisionsﬁ that will all be superimposed on an event of interest. This means that
~ 1000 charged particles will appear in the detector for every interesting event. The
job of the inner tracker is to measure the charge and momentum of these particles,
and determine which of these originate from what vertex. To do this, the tracker has
two distinct types of detectors; the 66 million silicon pizels and 9.6 million silicon
strips. It is also vital that the positions of these detectors is accurately known at all
times so that the system can operate at its ideal level. The process of determining
the positions of these detectors is called Tracker Alignment and an overview of work

performed for this task is presented.

2.2.2.1 Pixel Tracker

Close to the interaction vertex the tracker consists of three layers of silicon pixel

modules in the barrel region and two layers of silicon pixel modules in each forward

6We expect more moving forward.
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Figure 2.7: Schematic view of one quarter of the silicon tracker in the r—z plane.
The positions of the pixel modules are indicated within the hatched area. At larger
radii within the lightly shaded areas, solid rectangles represent single strip modules,
while hollow rectangles indicate pairs of strip modules mounted back-to-back with a
relative stereo angle |\

region. The layout of the pixel detector is shown in figure[2.8] Each of the three barrel
layers are located at radii 4.4 cm, 7.3 cm, and 10.2 cm from the nominal interaction
point and each is 53 cm long. On either side of the three barrel layers are two end

disks placed at |z| = 34.5 cm and 46.5 cm.

All of the pixel modules start from the same base array (52 column x 80 row) of

Figure 2.8: Layout of the pixel detectors in the CMS tracker \|

20



CHAPTER 2. THE EXPERIMENT: LHC AND CMS

8.00 mm

i

171
I
171

wu G'ok

Column Periphery

L] il

ime-stamp & Readout Bus

Readout Amplifie
Control & Interface Block Tranmmsmisgion

Power supply & Clock Pads Line_Driver

12C-DAC's

\J

Figure 2.9: Layout of the pixel sensor in the CMS tracker \]

pixels (size: 100 pm x 150 pm) bump-bonded to a readout chip (ROC). Each pixel
is connected to its own amplifier, shaper, and comparator (including an individual
3-bit DAC threshold) which is connected to a ‘double-column’ group shown in figure
2.9, The periphery of each double-column contains a data buffer, timestamp, and
corresponding control and readout electronics. ROC’s are grouped into modules.
Each module has a different number of ROCs depending on the geometry of the
region where the detectors are placed.

The pixel barrel (BPIX) contains 768 modules grouped into three layersﬂ and two

half-barrelsf} While the forward pixel detectors (FPIX) are made from 672 modules

"There are smaller substructures within each layer.
8 All three layers together make one half-barrel.
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grouped into two layers of turbine-like blades. The forward structures are also grouped
into half-cylinders similar to the barrel region’] Both the barrel layers and the blades
are oriented to benefit form the large Lorentz effect (charge drift in a magnetic field)
that increases the resolution through charge sharing between the pixels.

In the end, the inner tracker comprises 66 million individual pixel channels readout
using approximately 16000 ROCs, giving a spatial resolution of about ~ 10 pm in r-¢
and 20 pm in z. This high resolution allows for precise momentum determination for
particles as they curl in the high magnetic field. It is also key to determining the
origin of the particles that CMS measures. The ~ 1 m? silicon pixel detector provides

coverage up to |n| < 2.4.

2.2.2.2 Strip Tracker

2 silicon strip tracker. The

Much larger than the pixel tracker is the ~ 200 m
strip tracker is divided into four parts: TIB (tracker inner barrel), TID (tracker inner
disks), TOB (tracker outer barrel), and TEC (tracker end cap). The CMS tracker is
the largest silicon detector ever built. Different regions of the strip tracking system
have different module types summarized in table All together, the Silicon Strip
Tracker has complete coverage up to |n| < 2.4.

In the barrel region the coverage for the TIB and TOB is very different. The TIB

has four layers and covers |z| < 65 cm with silicon sensor of a thickness of 320 pm.

9Again, the two layers together make the half-cylinders.
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part No. detectors | thickness (um) [ mean pitch (pm)
TIB 2724 320 81/118
TOB 5208 500 81/183
TID 816 320 97/128/143
TEC(inner) 2512 320 | 96/126/128/143
TEC (outer) 3888 500 143/158,/183

Table 2.2: Detector types in the silicon strip tracker, [35].

The first two layers are made with “stereo" modules in order to provide both r-¢ and
r-z measurements. These stereo modules are made with a stereo angle of 100 mrad
giving the TIB single-point resolution of 23-34 ym in r-¢ and 23 pm in z. The TOB
has six layers covering |z| < 110 cm with silicon sensor of a thickness of 500 pm. The
first two layers of the TOB are also stereo modules with a stereo angle of 100 mrad.

This gives the whole TOB a resolution of 35-52 pm in r-¢ and 52 pm in z.

The each of the two TECs comprises nine disks that cover the 120 cm < |z] <
280 cm forward region. While the TID covers the gap between the TIB and the TEC.
Both the TID and TEC modules are arranged in rings centered at the beam line. The
strips in these sensors radiate outward from the beam line so the pitch is different
for each strip. The first two rings of the TID and the first, second, and fifth rings of
the TEC are stereo modules as well allowing for more precise resolution. The TID
and first three rings for the TEC have 320 pm sensors while the rest of the TEC has

500 pm sensors.

All of these structures (BPIX, FPIX, TIB, TOB, TID, TEC) are mounted in
carbon-fiber structures and are cooled to ensure they operate correctly for a long
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Figure 2.10: Predicted resolution of several track parameters for single muons with 1,
10, and 100 GeV: transverse momentum (left), transverse impact parameter (center),
and longitudinal impact parameter (right). [40].

timeﬂ. Using the precise position information that the tracker provides CMS is able to
determine with very high confidence the momentum and impact parameter (How close
a particle’s path is the the origin.) of particles, see figure Careful consideration
is taken when these detectors are moved and installed but precise determination of
the exact location of all components is key to keep the optimal resolution of these
detectors. This process is not only vital during the LHC startup but care needs to

be taken as the detector takes data to ensure no loss in performance.

2.2.3 Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) is composed of 61200 lead tungstate
(PbWO,) crystals mounted in the barrel part of the detector and 7324 crystals in each

of the two end caps. Together the barrel and end caps make a homogeneous and her-

10Because of technical problems during run 1 the detectors were not kept as cold as originally
designed.
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Figure 2.11: Layout of the CMS electromagnetic calorimeter showing the arrangement
of crystal modules, supermodules and end caps, with the preshower in front. .

metic scintillating layer surrounding the Inner Tracker. The crystals were chosen to
have short radiation and Moliere lengths while being fast radiation hard scintillators.
Due to the low light yield of the crystal, silicon avalanche photo diodes (barrel) or
vacuum phototriodes (end cap) are used because they can operate in the magnetic
field. Additionally, to stabilize the response of the crystals and photo diodes a cool-
ing system is used to maintain temperature stability. Thus, the ECAL is a compact

calorimeter that is fast, has fine granularity, and is radiation resistant.

The ECAL barrel section (EB) has an inner radius of 129 cm and constructed as
36 identical “supermodules" each covering half the barrel length and covering a range
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of 0 < |n| < 1.479. The crystals are installed to be quasi-projective (axis tilted 3°) to
the nominal vertex arranged in an 7-¢ grid. They have a front face cross-section of
22 x 22 m? and a length of 230 mm.

The ECAL end caps (EE) lie at a distance of 314 cm from the vertex and cover a
range of 1.479 < |n| < 3.0. The end cap crystals, like the barrel, are off-point from
the nominal vertex but are arranged in an z-y grid. They have a larger face size than
the barrel crystals, 28.6 x 28.6 m? and a length of 220 mm. Additionally, a preshower
detector is placed in front of the EE consisting of two planes of silicon strip detectors
each placed behind a layer of lead absorber disks.

While the specifics of particle reconstruction are discussed in section figure
shows the electron resolution of the EB system compared to and then combined

with the inner tracker system.
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Figure 2.12: Effective momentum resolution og/p for electrons in the EB as a function
of the momentum for the ECAL-only, the tracker-only, and the combined estimates.
[41].

2.2.4 Hadronic Calorimeter

The design of the hadron calorimeter (HCAL) is strongly influenced by the choice
of magnet parameters because most of the system is located inside the magnet coil
and surrounds the ECAL system [35]. The HCAL system consists of a set of sampling
calorimeters. The barrel (HB) and endcap (HE) calorimeters utilize alternating layers
of brass as absorber and plastic scintillator as active material. The scintillation light
is converted by wavelength-shifting fibers embedded in the scintillator and channeled
to hybrid photodiode detectors via clear fibers. The outer calorimeter (HO) uses the
CMS magnet and return yoke as the absorber while using the same active material
and readout system as HB and HE. The HO system serves as a “tail-catcher" after
the magnet oil, thus reducing the tails in the energy resolution function.
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Figure 2.13: A quarter slice of the CMS HCAL detectors. The right end of the beam
line is the interaction point, HF (not pictured) would be located far to the left. In
the diagram, the numbers on the top and left refer to segments in 7, and the numbers
on the right and the bottom refer to depth. Colors/shades indicate the combinations
of layers that form the different depth segments, which are numbered sequentially
starting at 1, moving outward from the interaction point. The outer calorimeter is
assigned depth 4. Segmentation along ¢ is not shown \|

The HCAL is segmented into individual calorimeter cells along three coordinates,
1, ¢, and depth. The depth is an integer coordinate that enumerates the segmentation
longitudinally, along the direction from the venter of the nominal interaction region.
The layout of the system can be seen in figure 2.13] The HB system covers the
region —1.4 < n < 1.4 constructed in 2 half barrels. The HE covers the region
1.3 < |n| < 3.0, the segmentation is not uniform in order to maintain coverage and

resolution.

Coverage between 3.0 < |n| < 5.0 is provided by the steel/quartz fiber hadron
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forward (HF) calorimeter. HF is unique in that it preferentially samples the neutral
component of the hadron shower. This design leads to narrower showers and hence is
ideally suited for the congested environment of the forward region. The HF detector
is located outside of the muon system, 11.2 m from the interaction point. Unlike the
scintillator that is used in the other HCAL systems, HF uses Cerenkov light emitted
in the quartz fibers lay parallel to the beam and are placed in a square grid inside
steel plates.

What is actually measured by the HCAL system are particle jets. This is a result of
the QCD that was discussed in previous sections and is outlined a bit more in section
2.3l The granularity and sampling of the different components of the HCAL system
have been chosen so that the jet energy resolution is similar in all three regions (HB,
HE, HF). This is illustrated in figure where the jet energy resolution is plotted

as a function of the transverse energy. More details on this plot can be found in [35].
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Figure 2.14: The jet transverse energy resolution as a function of the simulated jet

transverse energy for barrel jets (|n| < 1.4), endcap jets (1.4 < |n| < 3.0) and very
forward jets (3.0 < |n| < 5.0) [35].

2.2.5 Muon System

Muons at CMS are measured three times: in the inner tracker, after the magnet
coil, and in the return flux. The muon system is designed to measure the path
of the muons once they exit the magnet coil and as they traverse the return yoke.
The momentum of the muons is measured by the bending angle of the muon’s path
as they exit the 4 T coil taking the interaction point as the origin of the muon.

4

The resolution at the origin of this measurement (hereafter referred to as “muon
system only") is dominated by multiple scatter in the material before the first muon
station. This applies up to pr ~ 200 GeV/c, at which point the spatial resolution

of the chamber states to dominate. For low-momentum muons, the best momentum
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Figure 2.15: The muon momentum resolution verses p using the muon system only,
the inner tracker only, or both (“full system"). (left) Barrel |n| < 0.2 and (right)
endcap 1.8 < [n| < 2.0 [35].

resolution is determined by the silicon tracker (“inner tracker only"). However both
systems contain information about the momentum and origin of muons, so CMS
uses both of them (“full system") in concert to determine the momentum of muons

produced in collisions. The momentum resolution can be seen in figure [2.15

The muon system contains three types of gaseous detectors designed to cover
the very large surface and the different radiation environments. The barrel region
(Il < 1.2) is characterized by low neutron induced background, low muon rate, and
low residual magnetic field in the chambers. For these reasons, drift tube (DT)
chambers are used. In contrast the endcap region has high muon rates, neutron
induced backgrounds, and residual magnetic field. So in the endcaps cathode strip
chambers (CSC) are used to cover the region up to || < 2.4. Both the endcap and
barrel regions also use resistive plate chambers (RPC) which provide a fast response
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with good time resolution but lower position resolution than the DT and CSC systems.
Taking the time information from the RPCs in concert with the position information
from the CSCs and DTs provide necessary and complementary measurements. The
whole system provides a precise and flexible detector that can be used for triggering

and measurements.

The layout of one quarter of the CMS muon system is shown in figure[2.16] In the
barrel region, four stations of detectors are arranged in cylinders interlayered with
the iron return yoke. The segmentation follows the five wheels of the yoke. In each of
the endcaps, the CSC and RPC detectors are arranged with four disks perpendicular
to the beam in concentric rings. In total, the muon system contains ~ 25000 m? of

active detection planes with ~ 1 million electronic channels.

The barrel detectors consist of 250 chambers organized in four layers inside the
magnet return yoke, at radii of approximately 4.0, 4.9, 5.9, 7.0 m from the beam axis.
Each DT chamber in the three innermost stations consists of 12 layers of drift tubes
divided into three groups of four consecutive layers, hereafter called SuperLayers (SL).
The tubes inside each SL are staggered by half a tube. Two SLs measure the r — ¢
coordinate in the bending plane (they have wires parallel to the beam line), and the
third SL measures the z-coordinate running parallel to the beam. In the outermost
station each DT chamber has only the two SLs that measure the » — ¢ coordinate.
The two innermost stations consist of OsandwichesO made of a DT chamber placed
between 2 RPCs. The two outermost stations consist of packages of a DT chamber
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Figure 2.16: Layout of one quarter of the CMS muon system for initial low luminosity
running. The RPC system is limited to |n| < 1.6 in the endcap, and for the CSC
system only the inner ring of the ME4 chambers have been deployed .
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coupled to a layer made of 1, 2, or 4 RPCs, depending on the sector and station,
placed on the innermost side of the station. The maximum drift length in the barrel
is 2.0 cm and the single-point resolution is ~ 200 pm, giving a ¢ precision better than

100 pm in position and approximately 1 mrad in direction.

In the two endcaps, 468 CSCs arranged in four stations of chambers which are
mounted in disks enclosing the CMS magnet, perpendicular to the beam direction.
Each CSC is a trapezoidal in shape and consists of six gas gaps, each gap having a
plane of radial cathode strips and plane of anode wires running almost perpendicularly
to the strips. Most CSCs are overlapped in ¢ to avoid gaps in the muon acceptanced'l}
Each ring station consists of 36 chambers, except for the innermost ring of the second,
third, and fourth disks which have 18 chambers. A precise position measurement is
made by determining the center-of-gravity of the charge distribution induced on the
cathode strips with a spatial resolution ~ 200 pm and angular resolution in ¢ ~
10 mrad. Like in the Barrel, there are layers of double-gap RPCs in the endcaps,
however, for the initial low-luminosity run there are RPCs only in the outer rings of
each station, while they are staged in the internal rings. The RPC endcap system is

thus limited to n < 1.6 for the first period of data taking.

' The exception being the third ring of the first endcap disk.
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2.3 Triggering and Particle Reconstruction

At the designed specifications the LHC would lead to ~ 10% interactions/sec. Data
from only about 10? crossings/sec can be written to archival media; hence, the trigger
system has to achieve a rejection factor 10°. This is performed by the CMS trigger
and data acquisition system which consists of four parts: the detector electronics,
the Level-1 trigger, the readout network, and an online event filter system (processor

farm) that executes the software for the High-Level Triggers (HLT).

Once the data is archived, CMS must analyze this data and reconstruct the in-
dividual particles that make up the event. A particle flow event-reconstruction algo-
rithm (PF) has been successfully deployed in the CMS experiment and is nowadays
used by most of the analyses. It aims at identifying and reconstructing individually
each particle arising from the LHC proton-proton collision, by combining the infor-
mation from all the subdetectors. Using this algorithm individual particles can be

identified as photons, electrons, muons, or charged/neutral hadrons.

2.3.1 CMS Trigger

The size of the LHC detectors and the underground caverns that they reside in
imposes a minimum transit time for the signals from the front-end electronics to reach
the services cavern which houses the Level-1 trigger logic. A signal must pass from
the various subdetectors we have discussed to this Level-1 system and back again to
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signal a readout of the full detector. The total time allocated for the transit and for
reaching a decision to keep or discard data from a particular beam crossing is 3.2 ps.
During this time, the detector data is held in buffers while trigger data is collected
form the front-end electronics and decisions reached that discard a large fraction of
events while regaining the small fraction of interactions of interest (approx. 1 in
1000). Of the total latency, the time allocated to the Level-1 trigger calculations is

less than 1 ps.

Custom hardware processors form the Level-1 decision. The Level-1 triggers in-
volve the calorimetry and muons systems, as well as some correlation of the infor-
mation between these systems. These Level-1 decisions are based on the presence of
“trigger primitive" objects such as photons, electrons, muons, and jets above a set of
Er and pr thresholds that have reduced granularity and resolution. It also employs
global sums of Ep and EXS. The designed Level-1 pass rate is 100 kHz, but was

limited to 50 kHz at startup.

Upon receipt of a Level-1 trigger, the data from the pipelines are transferred to
front-end readout buffers. After further signal processing, zero-suppression and/or
data-compression each event will have a size of about 1.5 MB for proton-proton in-
teractions. Data from a given event are then transferred to a processor that runs the
high-level trigger (HLT) software to reduce the Level-1 output rate of 100 kHz down
to 100 Hz for mass storage. Rather than reconstruct all possible objects in an event
for HLT, whenever possible only those objects and regions of the detector that are

66



CHAPTER 2. THE EXPERIMENT: LHC AND CMS

actually needed for the decision are reconstructed. In that way events are discarded
as soon as possible, events that still pass are then stored across the “LHC Comput-
ing Grid"["] for later software analysis by individuals searching for specific physics

phenomenon.

2.3.2 Particle Flow

The particle-flow event reconstruction aims at reconstructing and identifying all
stable particles in the event, i.e., electrons, muons, photons, charged hadrons and
neutral hadrons, with a thorough combination of all CMS sub-detectors towards an
optimal determination of their direction, energy and type. This list of individual
particles is then used to build jets (from which the quark and gluon energies and
directions are inferred), to determine the missing transverse energy EM* (which gives
an estimate of the direction and energy of the neutrinos and other invisible particles),
to reconstruct and identify taus, 7, from their decay products, to quantify charged

lepton isolation with respect to other particles, to tag b jets, etc [43].

While this algorithm is extremely versatile we will focus our discussion on the
pieces that are relevant for this analysis: electrons, muons, and jets. A small discus-

sion will also be made of photons which are used in this analysis as well.

128pecifics of this vast and complex GRID computing network are not discussed here.
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2.3.3 Electrons

The electron reconstruction combines ECAL and tracker information. Electron
candidates are reconstructed from clusters of energy deposits in the ECAL, which are
then matched to hits in the silicon tracker and silicon tracker seeds that are mapped
to ECAL clusters. This dual approach improves the reconstruction efficiency for
the very low pr electrons. The CMS electron reconstruction algorithm is described
in [41}144].

For this physics analysis, the electron candidates are required to have transverse
momentum p$. > 7 GeV/c and a reconstructed |n| < 2.5. The reconstruction efficiency
for isolated electron is expected to be above 90% over the full ECAL acceptance, apart

from some narrow “crack" regions.

The identification of electrons relies on a Boosted Decision Tree (BDT) multivari-
ate technique that combines observables sensitive to the amount of bremsstrahlung
along the electron trajectory, the geometrical and momentum matching between the
electron trajectory and associated clusters, as well as shower-shape observables. The
distribution of expected and observed electron BDT output is shown in figure 2.17]
The selection is optimized in six regions of the electron p§ and |n°| to maximize the
expected sensitivity for a low-mass Higgs boson. These regions correspond to two pf
ranges, 7-10 GeV and > 10 GeV, and three pseudorapidity regions, corresponding to
two regions in the barrel with different material in front of the ECAL, the central bar-
rel (|n¢] < 0.8) and the outer barrel (0.800 < |n¢| < 1.479), in addition to the endcap,
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Figure 2.17: Distribution of electron BDT output for training sample W+jets, test
sample Z-+jets on 2012 data (fakes) and prompt electrons (Z — ee simulation) in the
barrel (left) and endcap(right) [45].

1.479 < |n°| < 2.500.

The quality of the momentum measurement for electrons can substantially vary
depending on the electron characteristics. The resolution is mainly dominated by the
fluctuations of the measured energy due to bremsstrahlung in the tracker material.
This entails that the 4¢ mass resolution varies broadly, by as much as a factor of
2-3. Therefore, mixing together events with well and poorly measured 4¢ masses
dilutes the Higgs boson search sensitivity, and mass measurement. The analysis
uses the propagation of the lepton uncertainty to estimate the 4¢ mass to proper
accounting for the signal mass resolutions for individual events. In order to have a
good determination of this uncertainty, but above all to have a description of the
resolution of the signal model which corresponds to the data, we need to measure it
on high statistics control samples, depending on the electron kinematics and quality,
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which is done with Z — ee sample. The absolute scale has also to be calibrated on
data, because the measurement of the Higgs boson mass depends crucially on the
uncertainty that we can assign to the leptons in the full phase space of the analysis
for a 125 GeV Higgs boson, so covering from 7-100 GeV, which can be covered with

Z — ee and low mass resonances.

For electrons, the calibration procedure consists of three steps. First, a set of
corrections for the momentum scale is obtained by comparing the displacement of
the peak position in the distributions of the Z-boson mass in the data and in the
simulation in different 7 regions and in two categories depending on the amount of
bremsstrahlung. The corrections are derived as a function of time in order to account
for the time-dependent crystal transparency loss. Second, a linearity correction to
the momentum scale is applied to account for the pr-dependent differences between
data and simulation by comparing the dielectron mass distributions, binned in p. of
one of the two electrons, in data and in simulated Z — ee events. The J/¢ — ee
and Y (1S5) — ee events are used as validation for electron p% < 20 GeV. All the
corrections on the electron momentum scale from the first two steps are applied to
data. The left of figure shows the residual momentum scale difference before
the linearity correction but after the time dependent corrections. Third, the energies
of single electrons in the simulation are smeared by applying a random Gaussian
multiplicative factor of mean 1 and width Ao, in order to achieve the resolution
observed in the data Z-boson sample. The result of this resolution correction is
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Figure 2.18: (left) Relative difference between the dilepton mass peak positions in
data and simulation as obtained from Z, J/¢¥ and T (nS) resonances as a function
of the transverse momentum of one of the electrons regardless of the second for
dielectron events before pr dependent correction. (right) Relative difference between
the dilepton mass peak positions in data and simulation as obtained from Z, J/ and
T (nS) resonances as a function of the transverse momentum of one of the electrons
regardless of the second for dielectron events [41].

shown on the right of figure [2.18]

After the electron calibration, the relative momentum scale between data and
simulation is consistent within 0.6% in the central barrel and up to ~ 1.5% in the
forward part of the ECAL endcaps. The residual dependence at low momentum is
due to the use of wide bins in measured electron p% in evaluating the Z-peak mass
shift. The resulting shift of 0.3% (0.1%) for the 4e (2e2u) channel is assigned as a
systematic uncertainty in the signal mass scale.
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2.3.4 Muons

Muon candidates are required to have a transverse momentum pf. > 5 GeV and
be within the geometrical acceptance, defined by |n*| < 2.4. The reconstruction com-
bines information from both the silicon tracker and the muon system. The matching
between track segments is done either outside-in, starting from a track in the muon
system, or inside-out, starting from a track in the silicon tracker. The muons are
selected among the reconstructed muon track candidates by applying minimal re-
quirements on the track segments in both the muon system and inner tracker system
and taking into account compatibility with small energy deposits in the calorime-
ters |41].

For muons, an absolute measurement of momentum scale and resolution is per-
formed by using a reference model of the Z line shape convolved with a Gaussian
function. The bias in the reconstructed muon py is determined from the position of
the Z mass peak as a function of muon kinematic variables, and a correction is derived
for the data. A correction for the resolution is also derived for the simulation from a
fit to the Z — up mass spectrum. The large event sample based on low-mass dimuon
resonances provides an additional calibration source for the momentum resolution in
a similar manner. For muons, the agreement between the observed and simulated
mass scales is within 0.1% in the entire pseudorapidity range of interest and assigned

as a systematic.

A Z-boson decay into a lepton pair can be accompanied by final-state radiation,
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Figure 2.19: (left) Relative difference between the dilepton mass peak positions in
data and simulation as obtained from Z, J/¢¥ and T (nS) resonances as a function
of the average muon pf for dimuon events. (right) Relative difference between the
dimuon mass resolutions in data and simulation as measured fromZ, J/v¢ and T (nS)
decays as functions of the average muon pf. [41].

in which case it is desirable to identify and associate the radiated photon to the cor-
responding lepton to form the Z-boson candidate. Low-energy photons are identified
and reconstructed with the PF reconstruction with a dedicated clustering algorithm
designed to identify ECAL energy deposits near global muon tracks. Final-state ra-
diated photons are mostly produced with a direction nearly collinear with the parent
lepton and have a harder spectrum than background photons from initial-state ra-
diation or pileup interactions. Therefore, to be identified as FSR, a reconstructed
photon must be close to the muon they would be associated with and must make
the lepton-pair mass closer to the nominal Z-boson mass. This FSR procedure is
applied to muons but not to electrons because the measured electron energies, by
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construction, already include a large fraction of these photons.

2.3.5 Jets

A jet is a narrow cone of hadrons and other particles produced by a quark or gluon
as it emanates from a collision. When a quark or gluon is produced in a collision event
the vacuum will generate particles and antiparticles because of the effects of QCD.
This generates many particles that may leave tracks or energy deposits in the CMS
detector. In the analysis the presence of jets is used as an indication of vector-boson
fusion (VBF) or associated production with a weak boson, VH, with V.= W or Z,
where the V' decays hadronically.

In this analysis, jets are reconstructed using the anti-kr clustering algorithm [46].
The inputs to this algorithm are charged hadrons identified by the PF algorithm by
matching calorimeter energy clusters to tracks and PF neutral hadrons identified by
calorimeter clusters without trackdll

The anti-kr algorithm takes these particle tracks and evaluates the distances be-
tween particles and combines them into jets by merging together the objects with
smallest separation distances. Once a merging has been applied the distances are
recalculated and the procedure repeats. The unique part of the anti-kr algorithm
is that the distances are inversely weighted by the momentum (kr) of the particles.

This results in low momentum particles clustering with large momentum ones before

13The PF algorithm also has muon and electron pre-identification to omit them from hadron track
construction.
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Figure 2.20: An example event of jets formed with the anti-k7 clustering algorithm

6]

many low momentum particles cluster with themselves. Figure shows the jets
that result from an example event.
In this analysis jets are only considered if they have pl* > 30 GeV and |77jet‘ < 4.7.

Corrections and calibrations to the individual components of a jet according to its

i and 7 following [47].

2.4 CMS Tracker Alignment

The precise alignment of the silicon sensors in the CMS Tracker is a necessary and
challenging task. While external measurements of the positions of sub—detectorﬂ can
be a good start, they are woefully inadequate in determining the exact position, tilt
angle, and deformation of an individual module. In order to maximize the perfor-

mance in the complex hardware that is used in the tracker the position of each module

14Using survey measurements for example.
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must be known to very high precision.

The goal of track-based alignment procedures is to determine the module positions
from a large sample of reconstructed charge particle trajectories. Each trajectory is
built form charge depositions on individual detectors. Using this method, the residual
resolution is now below 10 pm [35]. This optimization problem can be formulated in
the context of linear least squares. Module position corrections p are determined by

minimizing an objective function

tracks hits
X (pa)= > > rl(p.q) Vy'ri (p.ay), (2:3)
i

which can be expressed as a sum over all hits ¢ on all tracks 7 and track parameters
q;, assuming negligible correlations between hits. Track residuals r;; = m;;—f;; (p, q;)
are defined as the difference between the measured hit position and the estimated
impact point from the trajectory without the hit in question. These residuals are
given as either one- or two-dimensional vectors, and V;; is either the squared error
or the covariance matrix respectively [48].

In order to determine the 200000 different parameters, alignment parameters, that
describe the locations of the 1440 silicon pixel and 15148 silicon microstrip modules
two methods of minimizing track residuals are used, MILLEPEDE Il and HIP. A track
is a fit to the series of consecutive signals that a charged particle will leave in each
layer of silicon as it passes through the CMS tracker. Each of the two algorithms
minimizes the residual difference between the hits that make up a track and the
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position of the track created without that hit.

The main difference between the two algorithms lies in how this minimization is
done. MILLEPEDE Il simultaneously determines the solutions of a complete matrix
equation for global and local parameters using all tracks [49]. HIP, Hit and Impact
Point, determines these parameters iteratively to solve for correlations between mod-
ules. The algorithm repeatedly fits a track and then changes a parameter, eventually
minimizing the y? for the fit [50].

Vital to the work done as part of this thesis is the connection between the global
and local parameters. The tracks and hits are defined on the module level. How-
ever these modules are connected to each other and to other subdetectors through
mechanical structures that can be used to constrain the system for minimization. In
figures and we map the different structures that can are used to define the

locations and constraints that should be used for a given track.
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Figure 2.22: Hierarchy of the CMS silicon strip detector structures [52].
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2.4.1 Silicon Pixel Alignment in Prompt Calibration

Loop

Once a set of alignment parameters is determined, it is not valid forever. As the
detector operates the different components may shift. A prime example of this is the
pixel barrel, which is not in a fixed position. This is problematic because the CMS
magnet may turn on and off, resulting in natural shifts in the positions of different
detectors. Part of this thesis work was to develop and implement an active alignment
algorithm that would detect and automatically update the detector positions as the
CMS experiment takes data.

This active alignment algorithm was implemented in the CMS tracker Prompt
Calibration Loop (PCL) for the start of the 2015 run of the LHC. The Prompt Cali-
bration Loop is a collection of routines that are designed to monitor and automatically
adjust parameters to optimize the performance of the the CMS tracking system. The
alignment routine developed during this thesis work monitors and adjusts the 36
alignment parameters that describe the pixel detector global parameters. The moni-
tored parameters are the positions (z,y, z) and rotations (6,,6,,6,) of the two BPIX
half-barrels and the four half-cylinders of the FPIX system[™| If a sufficient shift in
one of these parameters is seen’ then the database of tracker conditions is updated.

These consistent updates allow CMS to continue operating at peak performance and

15Two half-cylinders each for FPIX+ and FPIX-.
16T this case, “sufficient" implies the parameter shifts between a pre-set minimum and maximum
window and the significance of that shift is larger than a pre-set amount.
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avoids rerunning computationally expensive data processing routines to correct the

data.

This algorithm is also useful to determine the best position parameters immedi-
ately after the startup of the collider. This use case was demonstrated the week of
July 6th, 2015. This week marked the beginning of data-taking for the CMS experi-
ment at a new higher center of mass energy, /s = 13 TeV with the full magnetic field.
The tracker geometry changed when the magnetic field was turned back on. Within
48 hours of the beginning of this data-taking this alignment workflow was run and
produced results. These showed a movement of the Pixel detector compared to the
positions that had been determined before the magnet was turned on. The magnitude
of these initial shifts can be seen in figure[2.23] This plot shows the detected shifts in
the BPIX and FPIX half-barrels and half-cylinders in positions (z,y, z) and rotations
(0,0,,0.). Note that the axis range for the z and 6, shifts are twice (200 pm/prad)
that of their z and y counterparts. Further, this algorithm was able to correct this
movement and produce a geometry that was more accurate and useful for the very
next data. Figures [2.24] confirms that the next set of data would not trigger the

creation of a new geometry because the residual differences are small.

Figure [2.25] shows the accuracy of the alignment object created by this workflow
by comparing three iterations (1) before starting to take new data (blue), (2) before
PCL alignment but after some alignment with a different magnetic field configuration
(black), and (3) after PCL alignment (magenta). The top and bottom plots are distri-
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Figure 2.23: Shifts in Pixel Tracker large scale structures as detected by the alignment
algorithm in Prompt Calibration Loop using very first runs of CMS data at /s =
13 TeV with the full magnetic field (3.8 T). Green histograms show shifts, with
black error bars as uncertainties. Red entries and error bars represent thresholds in
movement and uncertainty that are considered significant. Please note the axis range
for the z and 6, shifts are twice (200 pm/prad) that of their # and y counterparts.
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Figure 2.24: Shifts in Pixel Tracker large scale structures after correction for shifts
detected by the alignment algorithm in Prompt Calibration Loop using very first runs
of CMS data at /s = 13 TeV with the full magnetic field (3.8 T). Green histograms
show shifts, with black error bars as uncertainties. Red entries and error bars represent
thresholds in movement and uncertainty that are considered significant. Please note
the axis range for the z and 6, shifts are identical to that of their x and y counterparts.
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butions of the medians of residuals (DMRs). These show that the median residual in
the x(left) and y(right) direction for each module in BPIX (top) and FPIX(bottom)
decreases after an alignment is performed. Similarly, one can see the impact that
correct alignment of the BPIX and FPIX have on the other tracker subdetectors by
observing the benefit of the PCL workflow in TIB DMR, figure [53].

The effectiveness of this project (long term) is illustrated from similar algorithm
that was used at the end of the 2012 run after a large shift in the pixel barrel position
was seen. Figure [2.27] shows the longitudinal shift between the two half-shelf of
the BPIX as measured with the primary vertex residuals. The previous monitoring
procedure was implemented farther ‘downstream’ in the computing chain than the

current implementation.
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Figure 2.25: The distribution of median residuals is plotted for the local (left) z- and
(right) y-directions in the barrel (top) and forward (bottom) pixel detector, using
20 million collision tracks collected with the magnetic field at 3.8 T. The blue line
shows the Run I geometry, which is no longer valid for Run II data, primarily because
of temperature changes and pixel re-centering and repair. The black line shows the
starting geometry for data taking, which was valid for data taken with the magnetic
field turned off, as it was produced with the MILLEPEDE Il and HIP algorithms using
cosmic ray and 0 T collision data. The alignment shown in violet was adjusted from
this geometry by an automated alignment process of the pixel detector that will be
run as part of the Prompt Calibration Loop as data is collected and processed, and
shows improvements over the initial geometry. The changes resulted primarily from
the change in the magnetic field. The RMS of the distribution reduces, the double-
peak structure in y present when assuming the initial geometry in the track refit is
corrected by the PCL-style alignment of the pixel detector [53].
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Figure 2.26: The distribution of median residuals is plotted for the tracker inner
barrel, using 20 million collision tracks collected with the magnetic field at 3.8 T. The
blue line shows the Run I geometry, which is no longer valid for Run II data, primarily
because of temperature changes and pixel re-centering and repair (since tracks are
fitted using hits in both the pixel and the strip detectors, the large movements of the
pixel detectors also affect the DMR performance in the strip detectors). The black
line shows the starting geometry for data taking, which was valid for data taken with
the magnetic field turned off, as it was produced with the MILLEPEDE Il and HIP
algorithms using cosmic ray and 0 T collision data. The alignment shown in violet was
adjusted from this geometry by an automated alignment process of the pixel detector
that will be run as part of the Prompt Calibration Loop as data is collected and
processed, and shows improvements over the initial geometry. The changes resulted
primarily from the change in the magnetic field. The RMS of the distribution reduces
for the Run I, initial, and aligned geometry, respectively [53].
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Figure 2.27: Day-by-day value of the relative longitudinal shift between the two half-
shells of the BPIX as measured with the primary vertex residuals, for the last month
of pp data taking in 2012. Red crosses show the shift observed using the data coming
from the prompt reconstruction. The same events, re-reconstructed after the 2012
alignment campaign, which accounts for the major changes in the positions of the
half-shells, are represented by black lozenges. A major displacement of the half-shells
O(100) pm, occurred during the technical stop in the week of 20th of November, is
recovered by the prompt alignment of the BPIX large structures that became active
on the 30th November [54].
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Chapter 3

Higgs boson at the LHC:

Phenomenology

In this section we discuss specific phenomenological details that are studied for
this thesis. First, we discuss the different modes of producing a Higgs boson at the
LHC, and different features of these different production modes. Next, we will present
the decay of a Higgs boson into two Z bosons and subsequently four leptons. Using
this information we will present the implications of off resonance production and
decay on the Higgs boson lifetime. Finally, we will discuss the spin and parity of a
single-produced resonance and how we can use these relations to characterize a new
particle found at the LHC.
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3.1 Higgs boson production at LHC

In proton-proton collisions a SM Higgs boson can be produced through the cou-
pling of a Higgs boson to either bosons or fermions. Each of these two categories of
Higgs boson production will be dominated by specific production modes. Fermionic
production of a Higgs boson can happen either through gluon-gluon fusion gg — H
(ggH) and much less frequently through production in association with two top quarks
g9 — H +tt (ttH). Bosonic production of a Higgs boson can occur through wvector
boson fusion (VBF), where two quarks radiate vector bosons which produce the boson
in association with two quark jets q¢ — H + 2jets or through production associated
with a vector boson qq — H + W /Z (VH).

The cross sections of these different production mechanisms as a function of the
Higgs boson mass at the LHC are shown in figure for the two center of mass
energies used in this thesis; /s = 7 TeV and /s = 8 TeV [55,/56]. Notable features
of these cross sections are the order of magnitude difference between gluon-gluon
fusion and the bosonic production modes which are all much larger than the H + tf
production. Additionally, one can see the boost in the gluon-gluon fusion production
at 2my, which corresponds to the top quark in the production loop going becoming
on shell (explained in more detail below).

The main production mechanism at the LHC is gluon-gluon fusion. The Feynman
diagram for this process is shown in figure 3.2l While the Higgs boson does not couple
directly to gluons (because they are massless) this mode of production relies on the
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Figure 3.1: Standard Model Higgs boson production cross sections and relative un-
certainties at /s =7 TeV and /s = 8 TeV. From top to bottom these are pp — H,

blue, pp — H + 2jets, red, pp — H + W, green, pp — H + Z, grey, pp — H + tt,
purple [55,56].

Figure 3.2: Feynman diagram depicting Higgs boson production through gluon-gluon
fusion gg — H. The fermion loop is dominated by top quarks, however all quarks
contribute according to their masses.

Higgs boson coupling to fermions generated by the incoming gluons. Because the
coupling of the Higgs boson is proportional to the mass of the fermion the dominant
contribution is the Higgs boson — top coupling. This leads to a boost in the cross
section when the mass of the Higgs boson is twice the top mass because the top in
the loop shown is no longer virtual. For the entire mass range that is considered in
this analysis this is the most common way to produce a Higgs boson at the LHC.
The second most likely way to produce a Higgs boson at the LHC is through

89



CHAPTER 3. HIGGS BOSON AT THE LHC: PHENOMENOLOGY

Figure 3.3: Feynman diagram depicting Higgs boson production through vector boson
fusion qq — H + 2jets.

vector boson fusion. To produce a Higgs boson this way two quarks each radiate a
W or Z boson which fuse into the Higgs boson. This production mode relies on the
Higgs boson coupling to the vector bosons, making it distinct compared to gluon-
gluon fusion. the distinguishing feature of this production mode is the presence of
two quark jets in the final state in addition to the Higgs boson. These jets contain
information about the Higgs boson and can be exploited to refine searches and study

the properties of a new particle. The Feynman diagram for this process is shown in

figure [3.3

Sub-dominant to these two production modes are processes that produce a Higgs
boson in association with vector bosons or top quarks. This thesis does not tune the
analysis to separate these modes from the dominant ones, instead they are grouped
with the dominant modes by how the Higgs boson couples to the other standard model
particles. VBF is grouped with VH because the Higgs boson is produced through a
coupling to vector bosons while ttH is grouped with ggH because it relies on the
Higgs boson coupling to fermions.
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Figure 3.4: Feynman diagram depicting Higgs boson production associated with a
vector boson qq — H + W/Z.

Figure 3.5: Feynman diagra_m depicting Higgs boson production in association with
two top quarks gg — H + tt.

Producing the Higgs boson in association with a W or Z boson is conceptually
similar to VBF production. Two quarks interact, producing a vector boson which
radiates away a Higgs boson, shown in figure [3.4f Unique to this final state is that
in addition to the Higgs boson you will also have the particles associated with the
subsequent decay of a W or Z boson. The ttH production mode is the smallest
of those considered here and is similar to ggH in that it relies on the Higgs boson
coupling to top quarks. While the rates of ttH are very low, Higgs bosons produced
in this way can be distinguished by the presence of two top quarks in addition to the

decay product of the Higgs boson, as shown in figure

More details are presented in section [4.6] this thesis uses the different properties of
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ggH and VBF production modes to measure how often a Higgs boson is produced in
each mode at the LHC. This work resulted in the first measurement of the production

mechanism of Higgs bosons in the 4/ final state.

3.2 Higgs boson decay to ZZ — 44

The SM Higgs boson is an unstable particle that will decay before it can be
detected with the CMS detector. However, we can search for this particle by looking
at its decay products. To determine which decay products will be the most fruitful to
use for a search, we look at the branching ratio BRx = % of the Higgs boson decay
for a specific final state in relation to the total number of Higgs bosons we expect.
Thus, a high branching ratio will result in a larger number of signal events. In figure
[3.6] we plot some of the interesting branching ratios as a function of the Higgs boson
mass. To decide if a search is valuable we compare the number of events we expect
from a specific decay mode (given by the luminosity times branching ratio times the
cross section L-BRx - 0y,) to the number of background events we expect in the
search range.

Of specific interest for this thesis is the Higgs boson decay to the ZZ — 4/ final
state, shown in figure [3.7 Where we consider ¢ = e, u because these leptons will
be long lived enough to be detected directly by CMS, making them distinct from
7 leptons which often decay because of their high mass. The ZZ branching ratio
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Figure 3.6: (left) Standard Model Higgs boson decay branching ratios for selected
decay modes, of specific interest for this thesis is the ZZ branching ratio. (right)
Branching ratio times cross section for selected final states, of specific interest for this

thesis is the ZZ — 40 (¢~ 0107) .

is one of the highest across a wide rage of possible Higgs boson masses, making it
advantageous for search and characterization studies. The 4/ final state is used not
because it has a particularly high cross section times branching ratio (seen in figure
right), but because there are low SM background contributions and because all of

the final particles are directly detected by the CMS detector.

This thesis considers all of the data collected by CMS during run 1 of the LHC
proton-proton collisions. This corresponds to an integrated luminosity of 5.1 fb=!
collected at a center of mass energy of v/s = 7 TeV and 19.7 fb™! collected at /s =
8 TeV. The search for and later characterization of a Higgs boson requires that
there be two pairs of same-flavor, opposite-charge, well-identified isolated leptons
(eteete , utpu pu p, or ete”putpu~) compatible with an intermediate state of ZZ.
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Figure 3.7: Feynman diagram depicting Higgs boson decay into two Z bosons and
subsequently into four leptons H — Z7 — 4/.

Computability with ZZ is defined such that one or both of the Z’s can be off the
mass resonance of the Z-boson.

In this case, a Higgs boson signal will appear as a narrow mass peak on top of
a smooth background when observing the four lepton mass distribution. The search
is conducted in a mass range of my, € 110 — 1000 GeV. For low-mass Higgs bosons
(mpy < 400 GeV), the width of the resonance in myy is very well peaked and described
with a Breit-Wigner distribution. For higher mass Higgs bosons (my > 400 GeV),
the width of the my, mass peak is much broader and described in the complex pole
scheme [55(-57]. Detailed analysis of the width of the Higgs boson will be discussed
in section 3.3

The background in the 4¢ final state is dominated by the SM ¢4 — ZZ — 44
production, shown in figure 3.8, This background is not particularly large but it
cannot be reduced with quality cuts on the leptons or tuning of phase space without
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Figure 3.9: Feynman diagram depicting the gluon production of two Z bosons gg —
Z7.
significant losses to the expected signal. Additionally, there will be SM g9 — ZZ —
4¢, shown in figure [3.9] Z boson production from gluons is also irreducible, but this
contribution is about 10% of the dominant q¢ — ZZ — 4¢ production. As discussed
in the next section, this gg — ZZ contribution can actually be exploited to study
the properties of any new resonance. There will also be background contributions
from collisions that produce a Z boson in addition to other jets or particles that
are mis-identified as leptons. This background is reducible by tuning the analysis to
remove as much of this noise as possible. This tuning is done by adjusting the quality
requirements on the leptons and requirements about where the events fall in phase
space. This process is described more in section [4.3.3
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3.3 Higgs boson width: off resonance pro-

duction and decay

When a new particle is observed, one of the fundamental properties that we would
like to understand is the width of the mass resonance. From Einstein’s mass—energy
equivalence we know that the mass of a particle is equal to the amount of energy it
has (in natural units). So by measuring the width of a resonance’s mass spectrum
(") we have a measure of the natural spread in energies that the particle can take.
For this discussion we will operate under the assumption that the Higgs boson mass
my ~ 125 — 126 GeV. In later sections, will we present the results of the Higgs boson

search upon which these were made.

Armed with this measurement of the natural energy spread of a particle, one can
deduce the mean lifetime (7) of the particle. The lifetime and a particles energy
are related by the time-energy formulation of the Heisenberg uncertainty principle.
Simply, this states that AEAt > 1/2. So measuring the spread in energies for an

unstable particle one can deduce the lifetime by the simple relation I'/2 =1/2-1/7.

This width can also illuminate possible new physics. The lifetime of a particle is
determined by the rate that it decays into other particles. This rate is determined
by the number of possible states it can decay into. So a particle that can only decay
into a small number of particles will have a longer lifetime. The lifetime of the Higgs
boson will be determined by its rate of decay into SM particles and particles not yet
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Figure 3.10: Total width of the SM Higgs boson as a function of its mass [55].

described by the SM. So gaining an accurate measurement of the Higgs boson lifetime
can be a key into new possible particles that it couples to. The predicted width for a
Higgs boson decaying only to SM particles is given in figure [3.10] if you compare this
width to the plot of the branching rations in figure (left) you will see that when

new decay modes become available the width increases.

As described in section 2.3, CMS has a very fine momentum resolution for both
electrons and muons. This allows CMS to accurately measure the mass and width
of any new observed resonance very well, on the order of ~ few GeV. However, as
shown in figure for low mass Higgs bosons the width can be quite small, on the
order of ~ MeV. Thus, direct measurement of the natural width of a low-mass Higgs

boson will be dominated by the experimental resolution.

To overcome this, recent theoretical work has illuminated a way to measure the
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g H

Figure 3.11: (top) Feynman diagram depicting Higgs boson production through gluon-
gluon fusion and subsequent decay to two Z bosons g9 — H — ZZ. (bottom)
Feynman diagram depicting ZZ production through gluon-gluon fusion g9 — ZZ7.
These two diagrams will interfere with each other having an affect on the final number
of events observed in the 4/ final state.

total width of a low-mass Higgs boson without looking at the width of the mass
resonance directly. This technique relies on the ratio of the on resonance and off res-
onance production of the new boson. When the new boson is observed on resonance,
the mass will be mpy ~ 125 — 126 GeV, because this mass my < 2myz = 2(91.2 GeV)
the Higgs boson will be real and will decay into one or more virtual Z bosons. Virtual
particles are particles who’s mass is not at the natural resonance, usually denoted Z*,
while real particles which have a mass at the natural resonance. For the dominant

production mechanism, we have gg — H — Z™Z* — 4¢.

However, the LHC will produce Higgs bosons far from this mass resonance as well.
In this case, the Higgs boson will be virtual while the two Z bosons will both be real,
g9 — H* — ZZ — 40. In reference |58 the authors point out that ~ 10% of the
total Higgs boson cross section will produce Higgs bosons with a mass mgy > 2my.
A plot of the Higgs boson mass shape is from this reference is shown in figure [3.12]
for the ZZ and the WW final states. From this plot one can see the large fraction of
the cross section that appears in this high mass window.
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Figure 3.12: The NNLO ZZ (black) and WW (red) invariant mass distributions for
my =125 GeV [58].
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Following [59], we can investigate the total width of the Higgs boson by comparing
the on resonance and off resonance cross sections. Generally, the differential cross
section of a Higgs boson produced through gluon-gluon fusion decaying into two Z
bosons is given by equation . Where gg4q5 is the effective coupling of the Higgs
boson to gluons, ggzz is the coupling of the Higgs boson to Z bosons, and I'y is the
total width of the Higgs boson. Also notice the demarcation of the observed mass of

the 40 system, myy, is not necessarily the same as the Higgs boson mass my.

doggsrsz22 Gggn9iizz (3.1)
. .
dma (md, —m¥)” + my 'y

When a Higgs boson is produced on the resonance peak my, ~ mpy then the
mass integral can be evaluated assuming the second term in the denominator will be
larger than the first. Giving the on peak cross section in equation (3.2)) note that
the cross section is proportional to the couplings and inversely the total width of
the Higgs boson. However, if a Higgs boson is produced off of the resonance peak,
specifically when myy — mpg > 'y, then the cross section becomes independent of
the width. Shown in equation the off peak cross section becomes proportional

to the couplings but the width does not contribute.

2 2
on peak ~ gggHgHZZ (3 2)
—H—-ZZ :

g9 FH

100



CHAPTER 3. HIGGS BOSON AT THE LHC: PHENOMENOLOGY

off peak 2 2 on peak
Ogostiszz ™~ Y9922 ~ Oggstiszz X Uh (3.3)

From these results we can see that the number of events that are produced on the
mass resonance peak is dependent upon the total width of the new boson, while the
number of events produced off peak are only dependent upon the couplings to the
other SM particles. Thus, as pointed by [59] measuring the ratio of the on peak and
off peak Higgs boson production is equivalent to measuring the total width of the
new boson.

Complicating this story, is the quantum mechanical interference between the dif-
ferent gg — ... — 4 processes. While this interference is present for the entire my,
range considered in this thesis, at low masses it is a very small and negligible. Above
the 2myz mass, the interference between g9 — ZZ — 4¢ and g9 — H* — ZZ — 4/,
figure [3.11] processes needs to be considered. While the off peak signal contribution

will scale by 0°* P9« Ty the interference between the signal and background term

99—H—Z7Z

. on peak
will scale by \/aggHHHZZ x '

The impact of these three terms is seen in figure [3.13] Here, one can clearly
see the large difference between ignoring (cyan) and correctly accounting (black)
for the interference in this region. Neglecting interference one would anticipate a
large increase in the yield of the high mass gg — ... = ZZ contribution, but since
the interference between off resonance Higgs boson production and the g9 — Z7
continuum background is destructive, the SM actually predicts that the high mass
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Figure 3.13: The LO ZZ invariant mass distribution gg — ZZ for my = 125 GeV.
Black is the total gg — ... — ZZ contribution once all interfrence effects are taken
into account. Red is the g9 -+ H* — ZZ signal only, and cyan is the gg — ... =+ ZZ
contribution ignoring the interference between the two contributions. For scale, the
qq — ZZ contribution is shown in blue [58|.

contribution will be lower than otherwise anticipated.

The resulting my, distributions for two hypothetical bosons are shown in figure
[3.14] they both have the same on peak cross section but different total widths. The
result is a change in the total number of events expected in the analysis. Additionally,
the shape of the my, distribution and the kinematics of the 4¢ will be different. A
detailed description of how all of these factors are used to determine the width is

given in section [l Also included in this image and analysis is the analogous effect for

the VBF production mode.
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Figure 3.14: Distribution of the expected four-lepton reconstructed mass in full anal-
ysis mass range for the sum of the 4e, 4y, and 2e2y channels and for gg+VV — ZZ7
processes for a Higgs boson mass of 125.6 GeV. The expected distribution for a sce-
nario corresponding to a scaling of the width by 25 is also shown. This illustrates the
expected change in gg+ V'V — ZZ production when changing the Higgs boson width
and at the same time constraining the peak cross section to the SM expectation [60].

3.4 Spin and Parity of a Single-Produced

Resonance

Using the decay rates and kinematics of a newly observed resonance one can
piece together the quantum mechanical properties of the original boson. Once a new
particle is observed, its spin and parity quantum numbers need to be determined. This
will confirm if the new particle is the Higgs boson that was predicted or something
entirely, or partially, different. Using the H — ZZ — 4¢ decay channel is the
best way to study these properties because of the small, well understood background
contributions, and because all of the final state particles can be detected by CMS and
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have excellent precision.

In basic terms, when a new particle is produced in a collision its spin and parity
quantum numbers restrict the allowed types of interactions it can have with SM
particles. This feature can be observed by investigating the kinematic distributions
of the decay products or the particles produced in association with the new resonance.
Of particular interest for this thesis work are the X — V'V couplings (HVV). Where
V' is any vector boson (Z, W, 7, g), and X is the new resonance. When this new
resonance is spin-0, we will use H because the Higgs boson is predicted to be spin-0.
While this vertex can be studied by using the production or decay of a new particle
we will focus on the properties that can be determined from the decay products.

When a new boson is produced it can be either spin-zero, one, or ton]. In this
work each is considered as a possibility for a new resonance, and the differences
between their kinematics are used to study and classify the newly observed boson.

The relevant phenomenology for these interactions is presented below.

3.4.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H boson
and two spin-one gauge bosons V'V (ZZ, Z~,~vv, WW or gg) can be defined as in
equation ([3.4). Where the coupling parameters a)" can have both real and imagi-

nary parts and in general are form factors which can depend on the suared Lorentz

!Unless, the resonance is actually two particles with a mass difference less than the experimental
resolution.
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invariant four-momenta of Vi and Vi, ¢, and ¢¥,. In this expression, terms of
higher order than ¢{ have been dropped in the expansion under the assumption that
anomalous couplings will only have a small contribution. In this expression, we use
a different notation than previous sections and label the field strength tensor of a
gauge boson with momentum gy; and polaraization ey; with fOR = €& gt — ¥ gt .
flszl,) = %EWW f@ro is the dual field strength tensor, and the superscript * designates
a complex conjugate. The masses of the Z or W boson is labeled as my -, while in
the case of massless bosons there is no contribution from this term. To understand

the impact form factor will have on the a; term, an energy scale A; for beyond-SM

physics that could impact the SM scattering amplitude is also studied [61].

VV 2 VV 2
K1 Gyt Ko Gy
VV)2
(AYY)

AH - VV) ~ fay¥ + mineeiatay ) O fayV b e

(3.4)

In the SM, the tree-level contribution from ZZ (WW) correspond to alzz(WW) # 0,
while the loop-induced SM contribution for Zv,~7, and gg is ay" # 0. Small SM
contributions to the higher order a; terms can come from loop level contributions
but, in general, these should be small. Additional restrictions on the allowed values
for the k; terms arise from symmetry and gauge invariance. For ZZ, they require
k1% = k§7 = —exp (—ip4f) where p7 is the relative phase between the a#Z and A,
terms.
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The parity conserving contribution from a pseudoscalar particle (07—, C'P-odd)
would be generated by the ag term, while a higher order scalar (07", C' P-even) would
be generated by as or A; contributions. Anomalous contributions for the Ay, as, or as
terms could be a sign of BSM physics and can in general have be complex, allowing for
a relative phase between them and the SM a; term. To determine if these anomalous
terms contribute to an observed resonance, we parameterize the contribution of one of
these terms in an effective cross section fraction. These fractions are given in equation
(3.6), where o; is the cross section for an a; = 1,a;; = 0 particle decaying to the
2e2p final stateﬂ The phases ¢,; are used to generalize equation (3.4]) so that the

anomalous contributions to be complex.

far = S o2
1 la1 201 +|az|*oa+as|*os+a1 /(A1) +... 1
laz|* o2 az
= . =arg | — 3.5
fa la1 201 +|az|*oa+as|*os+5a1 /(A1) +... Pa2 & a; )’ (3.5)
las|*os as
= — = ar _
Jas la1*o1+az|*oa+las*o3+5a1 /(A1) +... 0 Pa & a )’

These fractions are especially useful because they allow for great flexibility in the
measurements. They are independent of the collider energy so they can be used to
compare measurements made at different facilities, they are independent of coupling

notation so can be used to translate between many different formulations for the spin-

251 is the effective cross section of the process corresponding to A; = 1 TeV, given in units of
fb - TeV*4.
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0 interactions, and they are bounded between 0 and 1 which allows investigation of
the full phase space.

In CMS studies of these results, analogous fractions are created for the WW, Z~, v~
final states. These fractions can be combined for ZZ and WW under different as-
sumptions about the relationships between the a!" terms. These results were a direct

consequence of these studies and are left as a reference for the reader [62].

3.4.2 Decay of a spin-one resonance

In the case of a spin-one resonance, the amplitude of its interaction with a pair of

massive gauge bosons, ZZ or WW, consists of two independent terms, seen in equation

B0).

AX g1 = VV) ~ b7V [(6510) (€26x) + (€120) (€516x)] 40V eapekerievad” (3.6)

Where ey is the polarization vector of the boson X with spin one, ¢ = qy1 + qvo
and G = qy1 —qv2 [63,64]. Here the b)Y # 0 coupling corresponds to a vector particle,
while the by # 0 coupling corresponds to a pseudovector. The Z+ interactions of the
spin-one particle are not considered, while the v+ and gg interactions are forbidden
by the Landau-Yang theorem [65,66|, where the gg case is justified by the assumption
that the state X is color-neutral.
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The evidence for a new boson in the ZZ final state will be presented in section
4.5 similar resonances have been seen in the H — ~~v decay channel, preventing
the observation from being spin-one [67-69]. In the case that the ZZ resonance is
different than the one seen in these references, we test if an observed boson is more
consistent with spin-one or the SM predicted Higgs boson.

Pure vector (17), pseudovector (17), and mixed vector-pseudovector states are
tested using the fraction f)" given in equation (3.7). This f," parameter is a
continuous unique way to define any state that is a mixture of 17 and 1~. Where oy,
is the cross section of the process corresponding to b; = 1,b;4; = 0 in the X — ZZ —

2e2u final state.

vV |2
vV _ ‘b2 ‘ Ob2

b2 =
|b‘1/v|20b1 + |b¥V|20b2’

3.4.3 Decay of a spin-two resonance

In the case of a general spin-two resonance, we test if a new observation is more
consistent with the SM Higgs boson or a spin-two boson. The amplitude to describe
the X — ZZ production is given in equation (3.8) (This same amplitude describes
the gg — X production with my = 0.) where t* is the wavefunction of a spin-two
particle X given by a symmetric traceless tensor, my is the mass of the considered
gauge boson, and A is the scale of BSM physics [63,64]. The couplings ¢}" and ¢!V
correspond to the parity-conserving interaction of a spin-two tensor with minimal
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4%

gravity-like couplings. As in the spin-zero case, the couplings ¢; " are in general
momentum-dependent form factors. In this analysis it is assumed that the form
factors are momentum-independent constants and, thus, only the lowest ¢? order

terms in the scattering amplitude are considered [62].

—_ * o £r¥2.v qaq E3 o L*2.V
A(X g = VV) ~ A7V 26Vt fr00e f220 L9l Ve, Af frime pr2v

4% qﬁqa 1 2 2 1 Vv quu 1 2
+C3 tﬁy N (f* NIZ ;a+f* SV ;a>+c4 t,uy A2 f* ,aﬁf;ﬂ

q’uqa ¥V kQ kQu *1/) VVt gﬂ(j’/ * %
WA (V1605 — evieys) + ¢ TR

+m3 (QCgthe;“le*Vé + 28Vt

i .
+C¥Vt,wq q f*l,aﬁf;%

A2
~ xv _¥P o ~ P Ao *UV * *V *
2 [ vVua9aturpo€yi€yod VV e Qo€upe @’ Q7 (€71(q€52) + €7(q€r))
+my, (cg o=t pAZ 25 oy L AL

(3.8)

In this work, we study the ten spin-two scenarios listed in table [3.I} under the
assumption that the production is via gluon-gluon fusion, ¢g production, or without
any assumption about the production mechanism. The q¢g — X couplings are param-
eterized in terms of p; to correctly set the polarization and defined in [62]. The 2
represents a massive graviton-like boson as suggested in models with warped extra
dimensions [70,71]. A modified minimal coupling model 2;" is also considered, where
the SM fields are allowed to propagate in the bulk of the extra dimensions [72], cor-
responding to ¢V < ¢/V. Additionally eight spin-two models with higher dimension
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Table 3.1: List of spin-two models with the decay couplings of an exotic X particle.
The subscripts m (minimal couplings), & (couplings with higher-dimension operators),
and b (bulk) distinguish different scenarios [62).

JP Model ¢gg — X Couplings ¢g — X Couplings X — VV Couplings

25 i’ #0 prL#0 " =c" #0
2% A& #0 p#0 &Y #0
2 5’ # 0 p1# 0 ez #0
2y 4’ #0 p1#0 cyV #0
2 ! #0 pL#0 of " <V #0
2 A #0 p#0 ¢V #0
21 47 40 pL#0 YV £0
2 g’ # 0 p2 # 0 gV #0
249 g? #0 p2 # 0 ey #0
2510 g’ # 0 p2 # 0 CYOV #0

operators are considered [62].
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Chapter 4

H — 7/ — 4¢ search & Production

Mechanism

In this section we discuss the search for a Higgs boson decaying to the 4 lepton
final state at CMS. First, we provide a general overview of the analysis. Next, we
discuss additional requirements that are made on the physics objects we have already
introduced. Using this information we present the event selection, simulation, and
categorization for the search and a summary of the expected signal and background
estimations. Next, we introduce the kinematic distributions that are used to enhance
our signal against the background processes. Specifically, the my4, mass distribution,
the Matriz Element Likelihood Approach (MELA) kinematic discriminant, the pi,
and the jet kinematic discriminant. Finally we present the results of this search and
first major characterization study: The production mechanism measurements. The
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studies presented in this section have been published in reference [41].

4.1 General overview of H — Z /7 — 4]

While some of this information was introduced earlier in order to discuss specific
theoretical and phenomenological aspects of this work, here we summarize the H —
Z7Z — 4l search. This analysis searches for a scalar Higgs boson which would be
the smoking gun that the Higgs Mechanism is responsible for electroweak symmetry
breaking. This search covers the range of my, € 110-1000 GeV because the mass
of the Higgs boson (mpy) is a free parameter in the theoretical basis for the theory.
General theoretical considerations suggest that mpy should be less than ~ 1 TeV
[73-76], while precision electroweak measurements imply that my < 152 GeV [77].
Previously, direct searches for the Higgs boson have been made at the LEP collider
setting the limit that my > 114.4 GeV [78], and the Tevatron collider, excluding

mg ¢ 90-109 GeV U 149-182 GeV [79,80].

In this thesis, the analysis of the H — ZZ — 4f channel is presented using the
entire dataset collected by the CMS experiment during the 2011-2012 LHC running
period. The data correspond to an integrated luminosity of 5.1 fb~! of proton-proton
collisions at a center of mass energy of \/s = 7 TeV, and 19.7 fb~! at /s = 8 TeV.
The search attempts to find a signal consisting of two pairs of same-flavor, opposite-
charge, well-identified and isolated leptons compatible with a ZZ-system, appearing
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as a narrow resonance on top of a smooth background in the four-lepton invariant

mass distribution.

4.2 Object Selection

Given the very low branching fraction of the H — ZZ — 4/{ decay, it is important
to maintain a very high lepton selection efficiency in a wide range of momenta, to
maximize the sensitivity for a Higgs boson in the full range my, € 110-1000 GeV.
Additionally, because the signal sensitivity depends on the 4¢ mass resolution it is
crucial to calibrate the individual lepton momentum to understand the scale and
resolution to a level such that the systematic uncertainties are small. A summary of
the lepton identification, scale, and resolution is presented in section Additional
object selections including lepton isolation and vertex compatibility are presented
here.

Lepton isolation is used to discriminate leptons originating from high-pr boson
decay, as in the case of the signal, from those arising from hadronic processes, which
are typically immersed in a jet of other hadrons. The isolation of individual leptons,

measured relative to their transverse momentum p%, is defined by:

Ri = (Do max 0.3 5™ Y ph —p700] ) /o ()

where the sums are over the charged, neutral, and photon particle candidates in
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a cone AR = \/(An)2 + (A¢)? < 0.4 around the lepton direction at the interaction
vertex (where An & A¢ quantify the angular distance between the candidate from
the lepton). In equation (4.1]), the sums are computed for particles that originate
from the primary vertex of the event (defined as the vertex with the the highest Y p2
of associated tracks). In this expression, the contribution from pileup (p?U (é)) is
explicitly subtracted. This pileup contribution is computed separately for electrons
and muons and outlined in [41]. In this isolation calculation, photons that qualify
for FSR reconstruction are omitted from the pJ. sum. FSR is outlined in the muon

reconstruction section 2.3.4]

In order to suppress leptons originating from in-flight decays of hadrons and muons
from cosmic rays, all leptons are required to come from the same primary vertex.
This is achieved by requiring that the significance of the interaction parameter in
three dimensions is SIP3p < 4, where SIPsp = IPsp/op,, is the ratio of the impact
parameter of the lepton track in three dimensions, with respect to the chosen primary

vertex position, and its uncertainty.

The combined efficiency for the reconstruction, identification, and isolation (and
conversion rejection for electrons) of prompt electrons or muons is measured in data
using a Otag and probeO method based on an inclusive sample of Z-boson events,
separately for 7 and 8 TeV data. The efficiency is measured by fitting the Z mass
distribution plus a background model to the dilepton mass distributions where the
probe lepton passes or fails the selection criteria. This efficiency is calculated in both

114



CHAPTER 4. H — ZZ — 4¢ SEARCH & PRODUCTION MECHANISM

> 10(3’\\AS\ ™ \r\ ?Te‘\/ L= 197ﬁ\)-1 >‘1_OOE¢MS\ T T (%:\8 ‘Te‘\/“ L=197 fi)»-l
e I 4= e G —]
(O] r () L
o 0.9r 1 0 L —
E r _cp_ S E 0.95? T -
0.8 %— s i N o ]
r ] L —t ]
O.7TH N 0907 —= —
: Z.e'e E i | Z o ptpw ]
0.5 : 8:38:}2}2[1):32 ] :ﬁ *© 000<pi<120 ]
a o %iggilﬂliiﬁg ] 0.80— o 120<pi<240 —
Loyl L L o 1 [P L L IR | i
04 7 10 20 3040 100 200 567 10 20 30 100 200
Electron P, (GeV) Muon P, (GeV)

Figure 4.1: Efficiency, as a function of the lepton p%., for reconstructing and selecting
(left) electrons and (right) muons, measured with a Z — ¢/ data sample by using a
tag-and-probe method [41].

simulation and data and used to correct the simulation accordingly. These efficiencies

are shown in figure [4.1] for both electrons and muons.

In the analysis the presence of jets is used as an indication of vector-boson fusion
(VBF) or associated production with a weak boson, VH, with V' = W or Z, where
the V' decays hadronically. Jets are reconstructed using the anti-kp clustering algo-
rithm with distance parameter D = 0.5, as discussed in section [2.3.5] Jets are only
considered if they have pi$* > 30 GeV, ‘njet’ < 4.7, originate from the primary vertex,
and are required to be separated from the lepton candidates and from identified FSR
photons by AR > 0.5. Jet energy corrections are applied as a function of the jet pjﬁt
and 7P°* [47]. An offset correction is applied to subtract the energy contribution not
associated with the high-pr scattering, such as electronic noise and pileup, based on
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the jet-area method [47,81],82].

4.3 Event Selection, Simulation, & Catego-

rization

4.3.1 Simulated Data Samples

The Monte Carlo (MC) simulated data samples, generated with state-of-the-art
theoretical calculations for both the SM Higgs boson signal and relevant background
processes, are used to optimize the event selection and to evaluate the acceptance
and systematic uncertainties. For the gluon-gluon fusion and vector-boson fusion
Higgs boson signal, simulated events are generated with POWHEG [83-85] at Next-
to-leading-order (NLO) QCD accuracy. The Higgs boson decay is modeled with
JHUGEN 3.1.8 [61}63,64] to include proper treatment of the interference effects
associated with permutations of identical leptons in the four-electron and four-muon
final states. Samples of WH, ZH, and ¢t H events are generated with PYTHIA 6.4.24
[86]. Higgs boson signal event cross section and pr distribuiton for all production
mechanisms are reweighted to include contributions from gluon fusion up to next-to-
next-to-leading-order (NNLO) and next-to-next-to-leading logarithm (NNLL) [55,87-
97, and from the vector-boson fusion contribution computed at NNLO [55}98-102].

The two dominant irreducible background contributions for this analysis are the
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SM qq — ZZ and g9 — ZZ events. The q¢ — ZZ background is simulated at NLO
using the POWHEG [103| program while the gg — ZZ contribution is simulated at LO
using GG2Z7Z [104]. The yields for these SM congribitons are calculated with MCFM
[105-107]. The reducible backgrounds, including Zbb, Zce, Zy + jets, WW + jets,
WZ + jets, ete. (referred to as Z + jets) are simulated with MADGRAPH [108]
and used to cross check the data driven methods outlined in the next section (The tt
contribution to this background is simulated at NLO with POWHEG).

To model the constituents (quarks & gluons) of the colliding protons correctly,
parton distributions functions are used (CTEQG6L [109] for LO generators, CT10
[110] for NLO and higher-order generators). To model the underlying event, jet
fragmentation, and showering all events are processed with PYTHIA 6.4.24 [86]. The
CMS detector is simulated with great detail using a simulation based on GEANT4

[11112).

4.3.2 Selection & Categorization

The event selection is designed to give a set of signal candidates in the H —
Z 7 — 4/ final state in three mutually exclusive subchannels: 4e, 44, and 2e2u. Four
well-identified and isolated leptons are required to originate from the primary vertex
to suppress the Z + jets and tt backgrounds.

7 candidates are formed with a pair of leptons of the same flavor and opposite
charge (¢*¢~). When forming the Z-boson candidates, only FSR photons that make
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the lepton-pair mass closer to the nominal Z-boson mass are incorporated. If the
myeey, > 100 GeV, the photon is not considered, to minimize the fraction of misidenti-

fication.

Among all the possible opposite-charge lepton paris in the event, the one with
an invariant mass closest to the nominal Z-boson mass is denoted Z; and retained if
40 < my, < 120 GeV. Then, all remaining leptons are considered and a second same
flavor opposite-charge pair T/~ becomes Z5 when the pair has the highest scalar sum
of p¥ in the event and 12 < my, < 120 GeV. This selection procedure results in one

or more of the Z-bosons to be off shell for mg < 180 GeV.

Among the four selected leptons forming the Z; and the Z,, at least one lepton
is required to have p% > 20 GeV, and another one is required to have p% > 10 GeV.
These pf thresholds ensure that the selected events have leptons on the efficiency
plateau of the trigger. To further remove events with leptons originating from hadron
decays produced by jet fragmentation or from the decay of low-mass hadron reso-
nances, it is required that any opposite-charge pair of leptons chosen among the four
selected leptons (irrespective of flavor) satisfy my+,~ > 4 GeV. The phase space for
the search of the SM Higgs boson is defined by restricting the measured mass range

to mye > 100 GeV.

The efficiency versus mpy is shown in Fig. for the gluon fusion Higgs boson
production mode, and it is very similar for other production modes. The efficiency
within the geometrical acceptance is ~30% (58%), 43% (71%), and 62% (87%) for
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Figure 4.2: Geometrical acceptance times selection efficiency for the SM Higgs boson
signal as a function of myg in the three final states for gluon fusion production. Points
represent efficiency estimated from full CMS simulation; lines represent a smooth
polynomial curve interpolating the points, used in the analysis. The vertical dashed
line represents my = 126 GeV [41].

the 4e, 22, and 4p channels, respectively, for my = 126(200) GeV.

In order to improve the sensitivity to the Higgs boson production mechanisms,
the event sample is split into two categories based on the jet multiplicity. These
categories are defined as the 0/1-jet category, containing events with fewer than two

jets, and the dijet category, containing events with at least two jets.

4.3.3 Background estimation

The dominant background contribution in the H — ZZ — 4/ search is irreducible
and is due to direct ZZ production via ¢q annihilation and gluon fusion. The remaining
subleading contributions arise from reducible multilepton sources, Z + jets, tt, and
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WZ + jets.

The expected yield and shape of the q¢ — ZZ and g9 — ZZ background is evalu-
ated using the simulated events discussed above. The gg — ZZ contribution with re-
spect to the q¢ — ZZ varies from about 2% at my, = 126 GeV to 6% at my, = 1 TeV.
These two background processes make up a dominant fraction of the total background
in this analysis. In the region 100 < my4, < 1000 GeV these backgrounds contribute
approximately 91%,94%, and 97% in the 4e,2e2u, and 4u decay channels, respec-
tively. Within the smaller range around the observed peak (121.5 < my, < 130.5 GeV)

these irreducible backgrounds contribute 58%, 71%, and 86%, respectively.

The reducible background from Z + jets is estimated using two independent meth-
ods. These methods use dedicated control regions in data where there is a dilepton
pair satisfying all the requirements of a Z; candidate and two additional leptons
satisfying certain relaxed identification requirements. In both methods, the extrap-

olation from the control region to the signal regions is performed using the lepton

misidentification probability, f (f, P, nz‘), which is defined as the fraction of non-
signal leptons identified in the analysis selection criteria evaluated on a sample of

enriched non-genuine electrons and muons.

The first method uses two control regions that have a Z; candidate and two
additional leptons with the same flavor and opposite charge. There are two categories
of events that satisfy the criteria, 2P2F (composed of two leptons that pass selection
and two that fail the isolation or identification criteria) and 3P1F (composed of three
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leptons that pass selection and one that fails). For each event ¢ that falls into the

2P2F or 3P1F category a weight factor of 1f:} 1f‘if T fl for the third and/or fourth
3 4

leptons. The 3P1F region will also have a contribution from the reducible background
. . . TLZZ .

and so the contribution is reduced by a factor of <1 — ﬁ) where nZ%, . is the

estimation of irreducible ZZ events and Nsp;p is the total number of events in the

3P1F region. The contribution of the 2P2F to the 3P1F is also accounted for and in

the end the reducible background estimation in the signal region, Ni2dueiPle is oiven

by equation (4.2]),

Nredumble — ( o N3pip

N3piF Naopop
N3P1F)

Z 1—f3 fi (4.2)

The second method uses a control region that has a Z; candidate and two addi-
tional leptons with the same flavor and the same charge. This method exploits the
linear dependence of the f (é, P, |77Z}) probability on the fraction of loose electrons
with tracks have one missing hit in the pixel detector rmiss (p5, |7¢]), which is indicative
of a possible FSR photon conversion. This 7. fraction is estimated using samples

with different FSR contributions and the f (6, P, }nz‘) is corrected to f (E,pET,

')
using the corresponding rs fraction. The expected number of reducible background
events in the signal region is given by equation , where Nopop is the number of
observed events in the same-sign 2P2F region. The ratio 7os/gs between the number
of events in the 2P2F opposite-sign and same-sign control regions is obtained from
simulation.
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Figure 4.3: (left) Validation of the method using the SS control sample. The ob-
served my, distribution (black dots), prediction of the reducible background (dark
green area), and expected contributions from ZZ (light blue area) are shown. (right)
Prediction for the reducible background in all three decay channels together (black
dots) fitted using an empirical shape (blue curve) with indicated total uncertainty
(yellow band). The contributions from the 2P2F-like (solid green) and 3P1F-like
(dashed red) processes are fitted separately .

Noporgq
NG =rossss - > fi-fi (4.3)
Both of these two reducible background estimations agree well within their statisti-
cal uncertainties. Such good agreement allows the analysis to combine the two estima-
tions of the background together, assigning a systematic unvartainty of 20%, 25%, and 40%
for the 4e, 2e2u, 4p decay channels, respectively. Validations of these two methods

are shown in figure

After all of this simulation, extrapolation, and calculation we can estimate the
number of collision events we would expect to observe for the SM backgrounds and
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Table 4.1: The number of observed candidate events compared to the mean expected
background and signal rates for each final state. Uncertainties include statistical and
systematic sources. The results are given integrated over the full mass measurement
range my, > 100 GeV and for 7 and 8 TeV data combined [41].

Decay Channel de 2e2u m u

Z 7 background 77T£10 191 £25 1194+ 15| 387 £ 31
Z + jets background 7.4 + 1.5 11.5+29 3.6+ 1.5 226 + 3.6
All backgrounds 8 =11 202 £ 25 123 £ 15| 410 £ 31
myg = 500 GeV 52+06 122+14 714+08 245+ 1.7
myg = 800 GeV 0.7+0.1 16+£02 09+£0.1] 3.1+0.2
Observed 89 247 134 470

for the Higgs boson under different mass hypotheses. In the full analysis region
mye > 100 GeV these estimations and the statistical and systematic uncertainty on

them is shown in table 4.1l

4.4 Kinematic Distributions

Beyond counting the number of observed and expected collision events within the
signal region, this analysis utilizes the kinematic distributions of three variables to
separate potential signal events from background SM production. The first is the
myy distribution, second is a kinematic discriminant based on the matrix elements
of both signal and background processes, the third is either the pi’ or jet kinematic
discriminant. Where either of these is used depends on the number of jets observed
in addition to the four leptons.

123



CHAPTER 4. H — ZZ — 40 SEARCH & PRODUCTION MECHANISM
4.4.1 Four-lepton mass spectrum

The background from ZZ/Z~* and Z + jets processes dominates after the event
selection. The reconstructed four-lepton invariant mass distribution for the combined
4e,2e2p, and 4pu channels is shown in figure 4.4l and compared with the expectations

from background processes.

The normalization and shape of the ZZ background are obtained from simula-
tion, while the normalization of the reducible background is estimated from control
samples in data, as described in section The my, distribution of the reducible
background component is obtained from the opposite-sign method by fitting the myy
distributions of 2P2F and 3P1F regions separately with empirical functional forms
built from Landau and exponential distributions. The systematic uncertainty in the
shape is determined by the envelope that covers alternative functional forms or alter-
native binning.

The signal my, distributions are also obtained from simulation. For low-mass Higgs
boson hypotheses (my < 400 GeV), the Higgs boson mass distribution is described
with a relativistic Breit-Wigner (BW) convolved with a double-sided Crystal-Ball
(CB) distribution to parameterize the reconstructed signal my, distributions. The
resulting model for the my, peak can be seen in figure [4.5] where the parameterization
for each final state can be seen superimposed on simulated data events. At high
mass (mpg > 400 GeV), the mass distribution is described using the complex pole
scheme (CPS) [58,]113,/114]. This results in a Higgs boson width much larger than
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Figure 4.4: Distribution of the four-lepton reconstructed mass in the full mass range
70 < mye < 1000 GeV for the sum of the 4e, 2¢2u, and 4p channels. Points with
error bars represent the data, shaded histograms represent the backgrounds, and the
unshaded histogram represents the signal expectation for a mass hypothesis of my =
126 GeV. Signal and the ZZ background are normalized to the SM expectation; the
Z + jets background to the estimation from data. The expected distributions are
presented as stacked histograms. No events are observed with my, > 800 GeV [41].
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Figure 4.5: The H — ZZ — 4/¢ invariant mass distribution for my = 126 GeV
in the (left) 4e, (center) 2e2u, and (right) 44 channels. The distributions are fitted
with a double-sided CB function and the fitted values of the CB width o4cp are
indicated. The values of effective resolution, defined as half the smallest width that
contains 68.3% of the distribution, are also indicated. The distributions are arbitrarily
normalized [41].

the four-lepton mass resolution. The signal parameterization for these hypotheses are
modified according to this increased width instead of using the double CB functions.
Systematics on the mass distribution are incorporated by varying them as a function

of the Higgs boson mass by +1o.

4.4.2 Matrix Element Likelihood Approach (MELA)

kinematic discriminant

As we have mentioned the four-lepton decay mode has the advantage that the
kinematics of the Higgs boson and its decay products are all visible in the detector,
providing many independent observables that can be used for different purposes. In
addition to the invariant mass, the angular distributions for the four leptons and
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Figure 4.6: Illustration of the production and decay of a particle H, gg(qq) —
H — ZZ — 44, with the two production angles 6* and ®; shown in the H rest
frame and three decay angles 61, 0>, and ® shown in the Z;, Z,, and H rest frames,
respectively [61].

the dilepton pairs invariant masses can be used to further discriminate signal from
background, increasing the sensitivity and reducing the statistical uncertainty in the
observations.

Five angles 0= (0F, D1, 61,05, D) |61,63,64,115] seen in ﬁgureand the invariant
masses of the lepton pairs my, and my,, fully describe the kinematic configuration of a
four-lepton system in its center-of-mass frame, up to an arbitrary rotation around the
beam axis. These observables provide significant discriminating power between signal
and background. A matrix-element likelihood approach (MELA) is used to construct
a kinematic discriminant related to the decay observables [61,63,/64,/69,/116].

Each of these five observables carries some information about how the 4/ event
was produced. The distribution of these is shown in figure 4.7, This figure also shows
predicted distributions for BSM bosons, which become relevant in later sections. In
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principle, with enough computing power and effort one could construct an analysis
that uses all of them as inputs. However, without loss in performance one can use
the event probabilities that come from the matrix-element corresponding to a given
point in phase space. This way the analysis is simplified and the correlations between
these different variables are maintained.

To separate a SM signal (JP = O*) from background a kinematic discriminant
(Dlg{j}g) is defined based on the event probabilities P (mzl,mzl, Q]m4g> of the back-
ground or signal probability distribution of angular and mass observables computed
from the LO matrix element squared for signal or ZZ processes. This discriminant is
defined as in equation (4.4)), giving the added advantage that to first order acceptance
and phase space factors cancel in the ratio. Thus, one does not need to integrate the
matrix elements over the full kinematic range but simply calculate the magnitude of

the matrix element squared at the point in phase space where each event appears.

. . o _1
P(l){Jlrn . ,Pllaillgé (le y M7y, leM)

kin kin ~— ki =
730+ + Pbkg POJlrn (mZI 5 mZQ’ Q|m4€)

Dlg{g; = (4.4)

The expected Dlg{{“g shapes for signal and the q¢ — ZZ and g9 — ZZ backgrounds
are taken from simulation of the three decay channels 4e, 2e2u, and 4 independently.
Given the low statistics and unreliable simulation, the Z+jets contribution is modeled
by collision events in the control regions. The statistics are boosted by merging all
decay channels and control regions together using the appropriate weight to map
them to the signal region.
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Figure 4.7: Distributions of the eight kinematic observables used in the H — 727 —
40 analysis: my,, mg,, cos0*, cosby, cosby, ®, and ®;. The observed data (points
with error bars), the expectations for the SM background (shaded areas), the SM
Higgs boson signal (open areas under the solid histogram), and the alternative spin-
zero resonances (open areas under the dashed histograms) are shown, as indicated in
the legend. The mass of the resonance is taken to be 125.6 GeV and the SM cross
section is used. All distributions, with the exception of my,, are presented with the
requirement 121.5 < my, < 130.5 GeV [62].
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Figure 4.8: Distribution of the kinematic discriminant Dy versus the four-lepton

reconstructed mass myy in the (left) low-mass and (right) high-mass regions. The
color scale represents the expected relative density in linear scale (in arbitrary units)
of background events. The points show the data and the measured per-event invariant
mass uncertainties as horizontal bars. One 2e2p event with my, ~ 220 GeV and small
D{j{gg has a huge mass uncertainty, and it is displayed as the horizontal line. No events

are observed for my, > 800 GeV .

Because these discriminant values do not directly carry my, discrimination power
they are used as a second dimensions for discrimination between signal and back-
ground. The distributions of the D{fﬁé versus my, are shown for the selected events
and compared to the SM background expectation in figure 4.8, The distribution of
events in the (mu, Dlg{{“g) plane agrees well with the SM background expectation in
the high-mass range, figure (right), while discrepancies in the two-dimensional

plane are observed in the low-mass range 110 < my, < 180 GeV, figure (left),

indicative of the presence of a signal.

Figure 4.9| (left) shows the same data points as in figure (left), but compared
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Figure 4.9: (left) Distribution of Diy? versus my, in the low-mass range with colors
shown for the expected relative density in linear scale (in arbitrary units) of back-
ground plus the Higgs boson signal for my = 126 GeV. The points show the data, and
horizontal bars represent the measured mass uncertainties. (right) Distribution of the
kinematic discriminant D};{% for events in the mass region 121.5 < my, < 130.5 GeV.
Points with error bars represent the data, shaded histograms represent the back-
grounds, and the unshaded histogram the signal expectation. Signal and background

histograms are stacked .

with the expected distribution from SM backgrounds plus the contribution of a Higgs
boson with my = 126 GeV. A signal-like clustering of events is apparent at high
values of D and for my ~ 126 GeV. Figure (right) shows the distribution of

the kinematic discriminant Dy in the mass region 121.5 < my, < 130.5 GeV.

131



CHAPTER 4. H — ZZ — 4¢ SEARCH & PRODUCTION MECHANISM

4.4.3 Transverse momentum and Jet Kinematic Dis-

criminant

While in the gluon fusion mechanism is the most likely way to produce a Higgs
boson at the LHC, the cross section for VBF production is only about 1 order of mag-
nitude smaller than that for the gluon fusion process. In the vector-boson scattering
process, the two initial-state quarks deviate at a polar angle large enough such that
as final-state quarks they create measurable additional jets in the event. These two
jets, being remnants of the incoming proton beams, have typically a large separation
in 77 and high momentum. These characteristics are used to distinguish VBF from
gluon fusion Higgs boson production in the analysis. Jets in the final state also come

from ttH and V H production, where the V' decays hadronically.

In the 0/1-jet category, the transverse momentum of the four-lepton system (pi')
is used to distinguish VBF production and associated production with a weak boson,
V H, from gluon fusion, discrimination power seen in figure m (top right). In the
dijet category, a linear discriminant (Dj) is formed combining two VBF-sensitive
variables, the absolute difference in pseudorapidity (|An;;|) and the invariant mass
(m;j) of the two leading jets. The discriminant maximizes the separation between
vector-boson and gluon fusion processes. In the 0/1-jet (dijet) category, about 5%
(20%) of the signal events are expected to come from the VBF production mechanism,
as estimated from simulation. Simulations of these distributions are shown in figure
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410

For the final analysis, the distribution of the transverse momentum of the 4/
system in the 0/1-jet category and its joint distribution with my, are shown in figure
4.11. The pr spectrum shows good agreement with a SM Higgs boson hypothesis
with my = 126 GeV in the 0/1-jet category with few events having pr > 60 GeV,
where VBF and V' H production are more relevant.

The distribution of the production mechanism discriminant in the dijet category
and its joint distribution with my, are shown in figure [£.12] Good agreement is found
with the expectation from simulation, which predicts a negligible background and
a fraction of 42% of the signal events arising from vector-boson-induced production
(VBF and V H). No events with a high rank of the Dje; (Djer > 0.5) discriminant are

observed.
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Figure 4.10: Main observables discriminating production mechanisms in 0/1 jet and

Dijet categories in arbitrary units. ggH denotes VBF production. (top left)
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discriminant combining VBF discrimination variables. (top right) pr of the four-
lepton system. (bottom left) An of the two leading jets. (bottom right) Invariant

mass of the two jets.
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Figure 4.11: (left) Distribution of p3* versus my, in the low-mass-range 0/1-jet cate-
gory with colors shown for the expected relative density in linear scale (in arbitrary
units) of background plus the Higgs boson signal for my = 126 GeV. No events are
observed for p4 > 150GeV. The points show the data, and horizontal bars represent
the measured mass uncertainties. (right) Distribution of p4’ in the 0/1-jet category
for events in the mass region 121.5 < my, < 130.5 GeV. Points with error bars repre-
sent the data, shaded histograms represent the backgrounds, and the red histograms

represent the signal expectation, broken down by production mechanism. Signal and
background histograms are stacked .

135



CHAPTER 4. H — ZZ — 4¢ SEARCH & PRODUCTION MECHANISM

cMs (s=7TeV,L=5.11";{s=8TeV,L=19.7 fo" cmsS 5=7TeV, L =511 {5=8TeV, L =197 fo!
L=51t"; . - » R RSN

B Tt gt =
(a) g C e Data E
L F 7

7 [ Jz.z -

o B :

E [ ] agH+ttH (m,, = 126 Gev) 7

5? -VBF+VH (mH=126GeV)E

4t E

3- 3

B 121.5 < m,, < 130.5 GeV .

2 =

1= =

120 130 140 150 160 170 180 OO 02040608 1 121416 18 2

my, (GeV) Dy

Figure 4.12: (left) Distribution of Dje; versus mye in the low-mass-range dijet category
with colors shown for the expected relative density in linear scale (in arbitrary units)
of background plus the Higgs boson signal for my = 126 GeV. The points show
the data and horizontal bars represent the measured mass uncertainties. (right)
Distribution of Dj¢; in the dijet category for events in the mass region 121.5 < my, <
130.5 GeV. Points with error bars represent the data, shaded histograms represent
the backgrounds, and the red histograms represent the signal expectation, broken
down by production mechanism. Signal and background histograms are stacked .
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4.5 Search Results

In the low mass region of the analysis, an excess of events observed in the 4¢ mass
spectrum localized in a narrow region in the vicinity of 126 GeV. The my, distribution
for the sum of the 4e, 2e2y, and 4 channels, in the mass region 70 < my, < 180 GeV,
is shown in figure [4.13] Around the observed peak, near my, = 126 GeV the expected
and observed candidate event yields are given in table [£.2] Split into the categories
according to the number of jets in the final state, in addition to the final state leptons,

the expected and observed number of collision events is seen in table [4.3]

Experimental systematic uncertainties in the normalization of the signal and the
irreducible background processes are evaluated from data for the trigger and the com-
bined lepton reconstruction, identification, and isolation efficiencies. Data is used to
validate the absolute momentum scale and resolution resulting in effects of 0.3% (4e),
0.1% (2€2u), and 0.1% (441) on the mass scale. The effect of the energy resolution

uncertainties is taken into account by introducing a 20% uncertainty in the simulated

Table 4.2: The number of observed candidate events compared to the mean expected
background and signal rates for each final state. Uncertainties include statistical and
systematic sources. The results are integrated over the mass range from 121.5 to
130.5 GeV and for 7 and 8 TeV data combined [41].

Decay Channel 4e 2e2p 4p 40

Z 7 background 1.1+£01 324+£02 25£02 68=+0.3
Z + jets background 0.8 £0.2 13+03 04+£02 26404
All backgrounds 19+02 46+04 29+£02 94405
my = 125 GeV 30+£04 79+£10 64+07 173+13
mpy = 126 GeV 34+£05 90+£11 724+08 196+ 15
Observed 4 13 8 25
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Figure 4.13: Distribution of the four-lepton reconstructed mass for the sum of the
de, 2e2u, and 4 channels for the mass region 70 < my, < 180 GeV. Points with
error bars represent the data, shaded histograms represent the backgrounds, and the
unshaded histogram represents the signal expectation for a mass hypothesis of my =
126 GeV. Signal and the ZZ background are normalized to the SM expectation, the
Z + jets background to the estimation from data [|41].
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Table 4.3: The number of observed candidate events compared to the mean expected
background and signal rates for the sum of the three final states for each of the two
analysis categories. Uncertainties include statistical and systematic sources. The
results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and
8 TeV data combined. The expected signal yield for a SM Higgs boson with my =
126 GeV is reported, broken down by the production mechanism [41].

Category 0/1-jet Dijet

Z 7 background 6.4 £0.3 0.38 £0.02
Z + jets background 2.0=£0.3 0.5 £0.1
All backgrounds 8.5+ 0.5 0.9 £0.1
99 — H 15412 16+03
tt — H NA 0.08 + 0.01
VBF 0.70 &£ 0.03 0.87 £+ 0.07
WH 0.28 +£0.01 0.21 4+ 0.01
ZH 0.21 £0.01 0.16 &+ 0.01
All signal, myg =126 GeV ~ 16.6 + 1.3 3.0 £ 04
Observed 20 )

width of the signal mass peak, according to the maximum deviation between data and
simulation observed in Z — ¢*/~ events. Due to low statistics in the control regions
systematic uncertainties of 20%, 25%, and 40% are assigned to the normalization of
the reducible background for the 4e, 2e2p, and 4p final states, respectively. The un-
certainty in the luminosity measurement (2.2% at 7 TeV and 2.6% at 8 TeV) [117,118]

is also applied to all hypothetical signals and backgrounds.

The theoretical uncertainties in the irreducible background are computed as func-
tions of mye, varying both the renormalization and factorization scales and the parton
distribution function set. Systematic uncertainties in the Higgs boson cross section
and branching fraction are taken from [55,[119]. In the 0/1-jet category, an additional
background normalization is assigned to account for the differences in Monte Carlo
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predictions, while an additional signal systematics are assigned in the dijet category
to account for cross section uncertainties in H +jets and VBF production. A summary
of the systematic uncertainties in the normalizations of the signal and background
processes is given in table [4.4]

Shape uncertainties are applied to all three kinematic distributions used in the
analysis. In the my, dimension shape variations are used to account for variations due
to the lepton scale and resolution impacts. In the Dlﬁ{r‘g dimension shape variations are
used for the uncertainty in the Z + jets shape. In the 0/1-jet category the p3¢ shape
is assigned a systematic to account for the theoretical uncertainty in the distribution.
Both theoretical and experimental (jet energy scale and resolution) shape systematics

are assigned to the Dje; distribution.
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4.5.1 Quantifying the observation

To quantify this observation and to account for all the necessary uncertainties in
our analysis procedure a three-dimensional unbinned miximim-likelihood fit is per-
formed on the selected collision events. The fits include probability density functions
for five signal components (gluon fusion, VBF, WH, ZH, and ttH productions) and
three background processes (¢q¢ — ZZ, g9 — ZZ, and Z + jets). The normaliza-
tions of these components and systematic uncertainties are introduced in the fits as
nuisance parameters, assuming log-normal a prior: probability distributions, and are
profiled during the minimization. The shapes of the probability density functions
for the event observables are also varied within alternative shapes as experimental or
theoretical systematic uncertainties.

The three main questions for the analysis to quantitatively answer are:
(1) What Higgs boson hypotheses can we exclude?

(2) What is the statistical significance of any observed deviation from the SM ex-

pectations?

(3) Does the measured cross section times branching ratio match the SM Higgs

boson expectation?

The likelihood that is used to address these questions is given in equation (4.5 where
my, ' are the Higgs boson mass and width and the discriminants are defined in the
previous section. In total, the selected events are split into twelve subcategories based
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on the three final states, two data-taking periods (7 & 8 TeV), and two jet categories.
The events are examined for 187 hypothetical SM-like Higgs boson masses in a range

between 110 and 1000 GeV.

Lhip = L5 (mae, DE, ) = Plmaclmar, TYP(Digylmac) P(pfmae) - (4.5)

Lhp= L4575 (mag, DI, Dier) = P(muag|mr, T)P(DEs [mag) P(Diec|mae)

Question (1) is answered by fitting the data for exclusion limits as a function of
the Higgs boson hypothesis mass mpy. Exclusion limits are determined by fitting the
data using the CLg modified frequentist construction [120,(121] to determine the range
of masses that are excluded at 95% confidence level (C.L.). By fitting for the signal
strength (u = o/ogn), defined as the ratio of the observed and expected SM cross
section times branching ratio we can determine these confidence levels.

This is done by defining a test statistic ¢, for p following [122] as

L, (data|y, . . .)
LY, (datalf, . . .)

¢, = —2In (4.6)

where “data” can be either actual data or pseudo-data used to construct sampling dis-
tributions, and ... represents the nuisance parameters for the systematic uncertainty
treatment. Under this convention fi denotes the estimator for . When /i is paired
with the estimators for the nuisance parameters they correspond to the global maxi-
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mum of the likelihood. We also require that 0 < ji < u, which provides that the rate

of signal events is positive and that the limits obtained are one-sided, respectively.

In addition to evaluating this test statistic on the observed data (qﬁbs), probabil-
ity distributions are made for two pseudo-datasets. These probability distributions
are the signal+background (with the p from data) hypothesis, f (g,|x,...), and the
background only (1 = 0) hypothesis, f(¢,|0,...). From these two distributions, the

confidence level that the observed data agrees with either is evaluated. This is done

obs

by computing the probability that our observed data has at least g,

for either hy-

pothesis:

CLyy = I (qulp, - .)dg,
qﬁbs

CLy = [ f(gl0,..)dg,. (4.7)
q,°°

The 95% C.L. upper limit on p at each Higgs boson mass hypothesis is found by

adjusting p until C' Ly = C'Lgy,/CLy < 0.05.

When this upper limit gives p > 1 the data is consistent (within 95%) with both
signal-+background and background only hypotheses at that mass my. The region
where the upper limit is at a u < 1 is the ezcluded range where the data to a 95%

C.L. excludes the signal+background hypothesis at that mass.

The result of the 187 fits of the L%, likelihood are shown in figure 4.14] Here one
can see the observed 95% C.L. upper limit on u for each mass point. Additionally
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the median, +10, and £20 expected exclusion for background-only fit are shown
as a dashed line, green band, and yellow bands respectively. From this plot, Higgs
boson hypotheses with masses my € [115-750 GeV] were expected to be excluded
at a 95% C.L. using the four-lepton final state if there is no signal, a large fraction
of the 110-1000 GeV analysis range. From the observed number of events, bosons
with masses between 114.5-119.0 GeV and 129.5-832.0 GeV can actually be excluded
at a 95% C.L. using the four-lepton final state. The unexcluded region between

my € 119.0-129.5 GeV corresponds to the excess that is seen in figure [£.13

Question (2) is answered by computing the local p-value from the L5, likelihood,
this represents the the significance of a local excess relative to the background ex-
pectation. The p-value is defined in equation as C'L, and we can interpret the
p-value as a measure the number of standard deviations that the median background
distributions would have to fluctuate in order to ‘fake’ the signal that we observe.
Shown for the full mass range as a function my in figure m (left) and near the peak
in figure (right) only one significant excess is seen. The minimum of the local
p-value is reached around my, = 125.7 GeV, and corresponds to a local significance

of 6.80, consistent with the expected sensitivity of 6.7¢ for a SM Higgs boson.

As a cross-check, 1D [LY, = LY (my)] and 2D [L5, = L5, (mae, Dy )| models
are also studied, as shown in figures [1.15] (left) and (right), resulting in an observed
local significance of 5.00 and 6.9¢, for an expectation of 5.60 and 6.60, respectively.
These results are consistent with the 3D model; however, with a systematically lower
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Figure 4.14: Observed and expected 95% C.L. upper limit on the ratio of the produc-
tion cross section to the SM expectation. The expected +10 and +2¢ C.L. ranges
of expectation for the background-only model are also shown with green and yellow

bands, respectively .
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Figure 4.15: (left) Significance of the local excess with respect to the SM back-
ground expectation as a function of the Higgs boson mass in the full mass range
110-1000 GeV. Results obtained using the 1D fit, 2D fit, and the nominal 3D fit.
(right) Significance of the local excess with respect to the SM background expecta-
tion as a function of the Higgs boson mass for the 1D fit, 2D fit, and the nominal 3D
fit. Results are shown for the full data sample in the low-mass region only [41].

expected sensitivity to the signal. No other significant deviations with respect to
the expectations is found in the mass range 110-1000 GeV. All of these results are
consistent with previous CMS and ATLAS publications [67-69], and the second most
significant p-value minimum is reached around m4, = 146 GeV, with a local sig-
nificance of 2.70. This computation does not take into account the look-elsewhere

effect [123].

As a validation of this thesis work, plots were also made of the signal to background
ratio from each of the likelihood models (1D, 2D, 3D). These distributions are shown
in figure [4.16| where the background components are given in the filled histograms,
the outline provides the expectation for signal, and the observed events are shown
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Figure 4.16: Signal to background ratio’s for expected and observed events, computed
from the 1D (left), 2D (middle), and 3D (right) likelihoods. These plots are made
from the my, € 121.5-130.5 GeV region to study the observed peak. The signal

used as the Higgs boson hypothesis corresponds to my = 126 GeV. These plots are
unpublished.

as data points. A Higgs boson hypothesis of my = 126 GeV is used and the plots
are made from the my, € 121.5-130.5 GeV region to study the observed peak. One
can see that with each additional dimension added to the likelihood, the separation

between the signal and background increases.

Question (3) asks if the observations we see are consistent with the SM Higgs
boson that is predicted. Using the signal strength (u = o/ogy) we have already
defined we can quantify this. If the likelihoods minimize giving ¢ = 1 then the data
is consistent with the Higgs boson cross section times branching ratio. All of these
studies are performed at the best fit mass for the Higgs boson using this 4¢ final
state, my = 125.6 GeV [41]|. By fitting the signal expectations we can estimate the
sensitivity based on the systematics and statistics currently available. Such a fit of
the expected results gives a median expected signal strength of ;1 = 1.007)35. The fit
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of the actual data gives p = 0.93752%(stat.) "0 (o (syst.) in very good agreement with

the SM Higgs boson expectations. This fit also illuminates that the statistical and
systematic uncertainties are of the same order of magnitude, pointing to the need for

increased study of systematic uncertainties in the future.

4.5.2 Search for additional Higgs bosons

Using a preliminary unpublished version of the analysis, where a Higgs boson of
mpy = 126 GeV is added to the background instead of the signal, this thesis work
searched the data in the four-lepton final state for additional bosons that might be
observed. In BSM models that have more than one Higgs boson the four-lepton final
state may see both of these bosons. In regions far away from the new peak the limits
shown in figure are valid. Near the peak, we can recreate the likelihoods with the
new 126 GeV Higgs boson added as a background and perform a search for a second
peak (SM-like Higgs boson) near or under the observed one. These results can be seen
in figure where no additional boson is seen. Additionally, the local significance
for a (SM-like Higgs boson) BSM boson is shown and no significant deviation from

the background is seen.
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Figure 4.17: (left) Observed and expected 95% C.L. upper limit on the ratio of the
production cross section to the SM expectation where a 126 GeV Higgs boson with
SM cross section is added as background. The expected +10 and +20 C.L. ranges
of expectation for the background-only model are also shown with green and yellow
bands, respectively. (right) Significance of the local excess with respect to the SM
background + 126 GeV Higgs boson expectation as a function of the BSM Higgs
boson mass and compared to the expected and observed significance of the SM Higgs
boson. These results were obtained from a preliminary version of the 4¢ analysis and
are unpublished.
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4.6 Production Mechanism Results

Looking at the results presented in the previous section, the addition of the pi
and Dj;, shapes don’t add too much to the sensitivity of the search. However these
distributions allow the three-dimensional likelihood to be sensitive to the production
mechanism of the Higgs boson.

To investigate these quantities, modified definitions of the signal strength are
used. These modified quantities measure the ratio of the interesting cross section
times branching ratio to the SM expectation for this value. In this way, ux = 1 is the
standard model, while a px inconsistent with 1 would be a sign of non-SM behavior.

The signal strength results are also split into two categories, 0/1-jet and dijet.
These results are presented in figure (left). The vertical blue line, and green
band shows the combined u fit presented in section while the black points
and red horizontal bars indicate the fit of the signal strength in the two individual

categories. The result is pip/1e = 0.83%531 in the 0/1-jet category and Hdijet =

1.45708 in the dijeft category. For each category, the signal strength is consistent
with SM expectations within the uncertainties, which are dominated by statistical
uncertainties.

To disentangle the production mechanisms of the observed new state, the produc-
tion mechanisms are split into two families depending on whether the production is
through couplings to fermions (gluon fusion, ¢ttH) or vector bosons (VBF, VH). For

my = 126 GeV, about 55% of the VBF events are expected to be included in the dijet
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Figure 4.18: (left) Values of p for the two categories. The vertical line shows
the combined p together with its associated 1o uncertainties, shown as a green
band. The horizontal bars indicate the 10 uncertainties in p for the different cat-
egories. The uncertainties include both statistical and systematic sources of uncer-
tainty. (right) Likelihood contours on the signal-strength modifiers associated with
fermions (pggmm) and vector bosons (pyprv ) shown at a 68% and 95% C.L. .

category, while only 8% of the gluon fusion events are included in the dijet category.
As shown in table a fraction of 43% of W H and ZH production contributes to
the dijet category. Events that contribute are those in which the vector boson decays

hadronically.

Two modified signal-strengths (pgqm n and pvprve) are introduced as scale fac-
tors for the fermion and vector-boson induced contribution to the expected SM cross
section. A fit is performed for the two signal-strength modifiers simultaneously, as-
suming a mass hypothesis of my = 125.6 GeV. The likelihood is profiled for all nui-
sance parameters and 68% and 95% C.L. contours in the gy 41, fover,v i) plane are
obtained. Figure [£.1§| (right) shows the result of the fit leading to the measurements
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of pggr m and pypr,v . The measured values are consistent with the expectations for
the SM Higgs boson, (fggm iim, pver,ve) = (1,1). With the current limited statistics,
we cannot establish yet the presence of VBF and V' H production, since pypr vy = 0
is also compatible with the data. Since the decay (into ZZ) is vector-boson mediated,
it is necessary that such a coupling must exist in the production side and that the
SM VBF and SM V H production mechanisms must be present. The fitted value of
UVBF,VH = 1.722 is driven partly by the hard p¥ spectrum of the events observed in
data when compared to the expectation from the production of the SM Higgs boson
(figure . While the fitted value of piggm e = 0.8()1“8312 is very close to the SM

expectations and dominates the measurement of the total signal strength.
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Chapter 5

Total Width of the Higgs Boson

As discussed in section [3.3] using the four lepton final state we can measure
the total width of the recently observed Higgs boson using the ratio of on and off
mass resonance production. This section presents a brief overview of the analysis
followed by a discussion of the 4¢ and 2¢2v analyses. Then, we will discuss the
kinematic variables that are used to boost the sensitivity of the analysis. Finally, we
will present the statistical formulation used in this measurement and results obtained.

This section follows the publication of this work in [60].

5.1 General Overview of Width Measurement

The discovery of a new boson consistent with the standard model (SM) Higgs bo-
son by the ATLAS and CMS Collaborations was recently reported [67H69]. The mass
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of the new boson (my) was measured to be near 125 GeV, the spin-parity properties
were further studied by both experiments, favoring the scalar, J°¢ = 0+, hypothe-
sis [41,[116,|124}/125] (discussed in detail in later sections). The measurements were
found to be consistent with a single narrow resonance, and an upper limit of 3.4 GeV
at a 95% confidence level (C.L.) on its decay width (I'yy) was reported by the CMS ex-
periment in the four-lepton decay channel [41]. This direct width measurement at the
resonance peak is limited by experimental resolution, and is only sensitive to values

far larger than the expected width of around 4 MeV for the SM Higgs boson [55],57].

As discussed in section , it was recently proposed [59] to constrain the Higgs
boson width using its off-shell production and decay to two Z bosons away from the
resonance peak [58]. In the dominant gluon fusion production mode the off-shell
production cross section is known to be sizable. This arises from an enhancement
in the decay amplitude due to the interplay of either the Higgs boson or Z boson
going offshell. A further enhancement comes, in gluon fusion production, from the
top-quark pair production threshold. The zero-width approximation is inadequate
and the ratio of the off-shell cross section above 2m  to the on-shell signal is of the
order of 8% [58./126]. Further developments to the measurement of the Higgs boson

width were proposed in [127,]128].

We present constraints on the Higgs boson width using its off-shell production and
decay to Z-boson pairs, in the final states where one Z boson decays to an electron
or a muon pair and the other to either an electron or a muon pair, H — ZZ — 4/
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(4¢ channel), or a pair of neutrinos, H — ZZ — 2{2v (2(2v channel). Measuring
on the observed Higgs boson signal in the resonance peak region [41] and the signal
in the high-mass region leads to constraints on the Higgs boson width I'y in the
40 decay channel. The 2¢2v decay channel, which benefits from a higher branching
fraction [129}/130], is used in the high-mass region to further increase the sensitivity to
the Higgs boson width. The analysis is performed for the tree-level HVV coupling of a
scalar Higgs boson. The Higgs boson mass is set to the measured value in the 4¢ decay
channel of my = 125.6 GeV [41] and for reference purposes the default Higgs boson

width is set to the corresponding expected value in the SM of I'$M = 4.15 MeV [55.57].

5.2 Event Selection, Simulation, & Catego-

rization

The measurement is based on pp collision data collected with the CMS detector at
the LHC in 2011, corresponding to an integrated luminosity of 5.1 fb~! at a centre-of-
mass energy /s = 7 TeV (4¢ channel), and in 2012, corresponding to an integrated
luminosity of 19.7 fb~! at /s = 8 TeV (4¢ and 2/2v channels). The CMS detector,
provides excellent resolution for the measurement of electron and muon transverse
momenta (pr) over a wide range. The 4/¢ signal candidates are selected using well-
identified and isolated prompt leptons. The analysis presented here is based on the
same event selection as used in the previous section and [41], while the 202v selection
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has been published in [129).

The analysis in the 4¢ channel uses the four-lepton invariant mass distribution
as well as a matrix element likelihood (MELA) discriminant to separate the ZZ
components originating from gluon- and quark-initiated processes. We define the
on-shell signal region as 105.6 < my, < 140.6 GeV and the off-shell signal region
as myy > 220 GeV. The final state in the 4¢ channel is characterized by four well-
identified and isolated leptons forming two pairs of opposite-sign and same-flavor
leptons consistent with two Z bosons. This channel benefits from a precise recon-
struction of all final state leptons and from a very low instrumental background. The
event selection and the reducible background evaluation are performed following the
methods described in the previous section. After the selection, the 4¢ data sample is

dominated by the quark-initiated ¢q¢ — ZZ — 4¢ (qq§ — 4¢) and gg — 4¢ productions.

While the details of the 2¢2r analysis are beyond the scope of this thesis. It is
summarized here because a large portion of this analysis was to correctly combine the
two analyses together, correlating signals, backgrounds and systematic uncertianties.
The 202y analysis is performed on the 8 TeV data set only. The final state in the 2¢2v
channel is characterized by two oppositely-charged leptons of the same flavor compat-
ible with a Z boson, together with a large EZ from the undetectable neutrinos. We
require X > 80 GeV. The event selection and background estimation is performed
as described in [129], with the exception that the jet categories defined in [129] are
here grouped into a single category, i.e. the analysis is performed in an inclusive way.
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The analysis in the 2¢2v channel relies on the transverse mass distribution m,

2
. —y g leq 2

my = {\/).DQTé2 + mae® + \/E%nss2 + m%z} - [PT% + E?ﬂ 7 (5.1)

where p2 and my, are the measured transverse momentum and invariant mass of the

dilepton system, respectively. The missing transverse energy, EX is defined as the

magnitude of the transverse momentum imbalance evaluated as the negative of the

vectorial sum of transverse momenta of all the reconstructed particles in the event.

In the 2/2v channel, the off-shell signal region is defined as my > 180 GeV.

5.2.1 Simulated Data Samples

Simulated Monte Carlo (MC) samples of gg — 4¢ and gg — 2(2v events are
generated at leading order (LO) in perturbative quantum chromodynamics (QCD),
including the Higgs boson signal, the continuum background, and the interference con-
tributions using recent versions of two different MC generators, GG2VV 3.1.5 [58,|131]
and MCFM 6.7 |107], in order to cross-check theoretical inputs. The QCD renormal-
ization and factorization scales are set to myzz/2 (dynamic scales) and MSTW2008
LO parton distribution functions [132] are used. Higher-order QCD corrections for
the gluon fusion signal process are known to an accuracy of next-to-next-to-leading or-
der (NNLO) and next-to-next-to-leading logarithms for the total cross section [55}/57]
and to NNLO as a function of myz [128]. These correction factors are applied to the
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signal, interference, and background processes [128,(133].

Vector boson fusion events are generated with PHANTOM |[134]. Off-shell and
interference effects with the nonresonant production are included at LO in these
simulations. The event yield is normalized to the cross section at NNLO QCD and

next-to-leading order (NLO) electroweak (EW) [55,57] accuracy.

In order to parameterize and validate the distributions of all the components for
both gluon fusion and VBF processes, specific simulated samples are also produced
that describe only the signal or the continuum background, as well as several scenarios

with scaled couplings and width.

In both the 4¢ and 2¢2v channels the dominant background is q¢ — ZZ. We
assume SM production rates for this background, the contribution of which is eval-
uated by POWHEG simulation at NLO in QCD [103]|. Next-to-leading order EW

calculations [135}/136] are taken into account as well.

All simulated events undergo parton showering and hadronization using PYTHIA.
As is described in the section [£.3] for LO samples, the parton showering settings are
tuned to approximately reproduce the ZZ pr spectrum predicted at NNLO for the
Higgs boson production [97]. Generated events are then processed with the detailed
CMS detector simulation based on GEANT4 [111}/112] as previously discussed.
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5.3 Kinematic Distributions

Here we present the different kinematic distributions that are used in the off
resonance peak region. These are used in concert with the three-dimensional fit of
the signal peak. For detailed discussion of the analysis of the signal peak see the
previous sections. The first two subsections present the two kinematic variables that
are used to fit the off resonance region for the 4¢ final state while the third presents

the kinematic variable that is used in the 2¢2y analysis.

5.3.1 Four-lepton mass spectrum

Similar to the my, distribution that is used in the signal peak fit the shape of
the my, distribution is key to separating the ¢4 — ZZ background from the gg —
... = ZZ process that now contains our signal. Figure[5.1] presents the measured my,
distribution over the full mass range, my, > 100 GeV, together with the expected SM
contributions. The gg — ... — 4/ contribution is treated as signal in this analysis
and is clearly visible in the on-shell signal region and at the Z-boson pair production
threshold, above the q¢ — 4¢ background. The observed distribution is consistent
with the expectation from SM processes.

Focusing on the off mass resonance peak region, figure (left) presents the 4/
invariant mass distribution for the off peak signal region (mg4, > 220GeV) while the
plot on the (right) presents the same region with an artificial cut on the MELA
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Figure 5.1: Distribution of the four-lepton invariant mass in the range 100 < my, <
800 GeV. Points represent the data, filled histograms the expected contributions from
the reducible (Z-+jets) and ¢g backgrounds, and from the sum of the gluon fusion
(gg) and vector boson fusion (VV) processes, including the Higgs boson mediated
contributions. The inset shows the distribution in the low mass region after a selection
requirement on the MELA likelihood discriminant Dlgi{r}g > 0.5 . In this region, the
contribution of the ttH and VH production processes is added to the dominant gluon
fusion and VBF contributions .
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Figure 5.2:  Distributions of (left) the four-lepton invariant mass as used in that
analysis (right) the four-lepton invariant mass after an artificial selection requirement
on the MELA likelihood discriminant Dy, > 0.65. Points represent the data, filled
histograms the expected contributions from the reducible (Z+X) and ¢G backgrounds,
and from the gluon fusion (gg) and vector boson fusion (VV) SM processes (including
the Higgs boson mediated contributions). The dashed line corresponds to the total
expected yield for a Higgs boson width and a squared product of the couplings scaled

by a factor 10 with respect to their SM values. In the top plot, the bin size varies from
20 to 85 GeV and the last bin includes all entries with masses above 800 GeV .

discriminant used in this analysis, D,y > 0.65, which will be introduced as the next
kinematic distribution used in the analysis. The expected contributions from the
qq — 4¢ and reducible backgrounds, as well as for the total gluon fusion (gg) and
vector boson fusion (VV) contributions, including the Higgs boson signal, are shown.
The expected my, distributions for the sum of all the processes, with a Higgs boson
width Ty = 10 x T'3M (while the squared product of the couplings are scaled to keep
the on peak cross section equal to the one predicted by the SM) are also shown.
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5.3.2 Four-lepton MELA discriminant

In order to enhance the sensitivity to the gg production in the off peak region,
a likelihood discriminant D, is used, which characterizes the event topology in the
40 centre-of-mass frame using the observables (my,, mz,, Q) for a given value of myy,
where 0 denotes the five angles defined in the previous sections. The discriminant
is built from the probabilities PJ% and ngzg for an event to originate from either the
gg — 40 or the qq — 4¢ process. We use the matrix element likelihood approach
(MELA) [64}/68| for the probability computation using the MCFM matrix elements
for both gg — 4¢ and qq — 4¢ processes. The probability P for the gg — 44

99)

process includes the signal (Pg7), the background (PyY,), and their interference (P5),

sig

as introduced for the discriminant computation [61]. The discriminant is defined as

P P
Dgg > = |1+ 99 e 99 )
Ptot 7Dbkg; a X P&g + \/a X Pmt bkg

(5.2)

where the parameter a is the strength of the unknown anomalous gg contribution with
respect to the expected SM contribution (a = 1). We set a = 10 in the definition of
D,, according to the expected sensitivity. Studies show that the expected sensitivity
of the analysis is relatively independent of the value of a choser[l] It should be stressed

that fixing the parameter a to a given value only affects the sensitivity of the analysis.

Individual distributions of the kinematic variables input into the Dy, calculation

1Values within a factor of 2.
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Figure 5.3: Distributions of the kinematic observables used in the Dy, discriminant:
my,, cosf*, cost;, ®, and ®;. The distributions for my, and mg,, and cos6; and
cos 03, are summed together. The observed data (points with error bars), the expec-
tations for the SM background and the SM Higgs boson signal (shaded area), and the
Higgs boson with a width I'y = 10 x I'M (unfilled area) are shown. The mass of the

resonance is taken to be 125.6 GeV and the gg enriched off resonance region is shown
(mae > 330 GeV) [60].

are shown in figure [5.3] for a gg enriched selection of my, > 330 GeV. These are

simplified by summing together the my, and myz, and cosf; and cos 5 distributions.

Figure (left) presents the D, distribution for the off peak signal region (14, >
220GeV) while the plot on the (right) presents the same region with the requirement
that the mass, myy > 330 GeV. The expected contributions from the ¢gg — 4¢ and
reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson
fusion (VV) contributions, including the Higgs boson signal, are shown. The expected
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Figure 5.4:  (left) Distribution of the MELA discriminant D,, in full analysis

mass range for the sum of the 4e, 4u, and 2e2u channels. Points represent the
data, shaded histograms represent the background and dotted-shaded histogram the
g9 + V'V — ZZ expectations for a Higgs mass of 125.6 GeV. The expected distri-
butions are presented as stacked histograms. The measurements are presented for of
the data collected at /s = 7 and 8 TeV in the 220-1600 GeV range. (right) The D,,
likelihood discriminant for myg, > 330 GeV in the 4¢ channel. Points represent the
data, filled histograms the expected contributions from the reducible (Z+jets) and
qq backgrounds, and from the gluon fusion (gg) and vector boson fusion (VV) SM
processes (including the Higgs boson mediated contributions). The dashed line cor-
responds to the total expected yield for a Higgs boson width and a squared product
of the couplings scaled by a factor 10 with respect to their SM values .

kinematic distributions for the sum of all the processes, with a Higgs boson width
Iy = 10 x I''M and a relative on peak cross section with respect to the SM cross
section equal to unity in both gluon fusion and VBF production modes, are also
presented, showing the enhancement arising from the scaling of the squared product
of the couplings.
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5.3.3 202v mr discriminant

The previous section introduced the my variable and that is an important distri-
bution used to define the 2¢2v signal region. It is also used as a kinematic distribution
used in the final likelihood fit. Shown in figure the my distribution contains infor-
mation about the width of the boson observed in the 4/¢ final state. This distribution
is used as a one-dimensional shape discriminant in each of the categories in this final

state.

CMS 19.7 fb™ (8 TeV)
R N B N R N N AR R RS
F e Data B
o e All contributions (I, =Sh}0xrﬁ"‘,|.1=1)’
103; gg+WaZZ(FH:I'H L H=1) 4

Bl qg- 22
- I Z+jets
[ top/W+jets/WW

Events / bin

-1
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Figure 5.5: Distribution of the transverse mass in the 2¢2v channel. Points represent
the data, filled histograms the expected contributions from the backgrounds, and from
the gluon fusion (gg) and vector boson fusion (VV) SM processes (including the Higgs-
mediated contributions). The dashed line corresponds to the total expected yield for
a Higgs boson width and a squared product of the couplings scaled by a factor 10
with respect to their SM values. The bin size varies from 80 to 210 GeV and the last
bin includes all entries with transverse masses above 1 TeV .

166



CHAPTER 5. TOTAL WIDTH OF THE HIGGS BOSON

Final state 4e 2e2y1 4 4/

gg signal (SM) 0.50 900 [ 1.19 ¥31% [ 0.70 7009 | 2.39 017
gg background 7.5 11 17.9 135 10.8 18 36.2 T35
total gg (SM) 712 170 tey | 9.9 e | 340 30
VBF signal (SM) 0.048 0.115 0.065 0.228
VBF background 0.49 1.17 0.67 2.33
total VBF (SM) 0.43 1.03 0.59 2.05

qq 36.2 £4.0 | 87.9 £6.4 | 53.0 £3.6 | 177.1 £8.1
reducible 22405 | 1.7404 | 06402 | 4.5 +0.7
All contributions (SM) | 45.9 £4.3 | 107.6 £7.1 | 64.1 777 | 217.6 £9.5
Observed 41 122 60 223

Table 5.1: Expected and observed number of events for mz; > 220 GeV per channel
and for the sum of the 4e, 4 and 2e2p channels. The numbers for the gg signal and
the total gg contribution are given for 1 = 1 (SM). The numbers correspond to the
sum of 7 and 8 TeV data. VBF errors are negligible with respect to the corresponding
gg sources, so they are not reported [60].

5.4 Off Resonance Width Results

In the 4/ final state the number of observed events for the high mass region (my; >
220 GeV) as well as the number of expected events for the signal, the background
and the interference contributions are presented on table 5.1 A good agreement
is observed between the measured and SM predicted yields. Yields for the low-
mass region (105.6 > my > 140.6 GeV) are taken from the section [41]. As
an illustration of the sensitivity of the kinematic variables used in this analysis, a
modified set of yields are presented where the selection is modified from the actual

analysis to the gg enhanced region, table [5.2

The systematic uncertainties used to estimate the uncertain quantities in this
analysis comprise of experimental uncertainties on the signal efficiency and back-
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Table 5.2: Expected and observed numbers of events in the 4¢ and 2/2v channels
in gg-enriched regions, defined by my, > 330 GeV and Dy, > 0.65 (4¢), and by
my > 350 GeV and ER > 100 GeV (2/2v). The numbers of expected events are
given separately for the gg and VBF processes, and for a SM Higgs boson (I'y = I'}M)
and a Higgs boson width and squared product of the couplings scaled by a factor
10 with respect to their SM values. The unphysical expected contributions for the
signal and background components are also reported separately, for the gg and VBF
processes. For both processes, the sum of the signal and background components
differs from the total due to the negative interferences. The quoted uncertainties
include only the systematic sources [60].

40 202v
(a) Total gg (T'y = I'3M) 1.8+0.3 9.6+1.5
gg Signal component (I'y = I'{M) 1.3£0.2 4.74+0.6
gg Background component 2.3+04 10.8 £1.7
(b) Total gg (T = 10 x TSM) 99412  39.845.2
(c) Total VBF (T = I'$M) 0.234+0.01 0.9040.05
VBF signal component (I'y = T3M)  0.11+£0.01  0.3240.02
VBF background component 0.35+£0.02 1.22+0.07
(d) Total VBF (I'yy = 10 x I'{M) 0.774+0.04 2.4040.14
(e) qq background 9.3+0.7  47.6+4.0
(f) Other backgrounds 0.05+0.02 35.1+4.2
(atcte+f) Total expected (T = I'HM) 11.4+0.8  93.246.0
(b+d+e+f) Total expected (T = 10 x ['$M) 20.1+1.4 124.947.8
Observed 11 91
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ground yield evaluation, as well as uncertainties on the signal and background from
theoretical predictions. Since the measurement is performed in wide myy; regions,
there are sources of systematic uncertainties that only affect the total normalization
and others that affect both the normalization and the shape of the observables used
in this analysis. In the 4/ final state, only the latter type of systematic uncertainty
affects the measurement of I'y, since normalization uncertainties change the on-shell

and off-shell yields by the same amount and do not affect the ratio.

Among the signal uncertainties, experimental systematic uncertainties are eval-
uated from observed events for the trigger efficiency (1.5%), and combined object
reconstruction, identification and isolation efficiencies (3-4% for muons, 5-11% for
electrons) [41]. In the 2¢2v final state, the effects of the lepton momentum scale (1—
2%) and jet energy scale (1%) are taken into account and propagated to the evaluation
of EF. The uncertainty in the b-jet veto (1-3%) is estimated from simulation using
correction factors for the b-tagging and b-misidentification efficiencies as measured

from the dijet and ¢ decay control samples [137].

Theoretical uncertainties from QCD scales in the ¢¢ background contribution are
within 4-10% depending on myz [41]. An additional uncertainty of 2-6% is included
to account for missing higher order contributions with respect to a full NLO QCD and
NLO EW evaluation. The systematic uncertainty in the normalization of the reducible
backgrounds is evaluated following the methods described in [41,/129]. In the 2¢2v
channel, for which these contributions are not negligible at high mass, the estimation
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from control samples for the Z+jets and for the sum of the ¢, tW and WW contri-
butions leads to uncertainties of 25% and 15% in the respective background yields.
Theoretical uncertainties in the high mass contribution from the gluon-induced pro-
cesses, which affect both the normalization and the shape, are especially important
in this analysis (in particular for the signal and interference contributions that are
scaled by large factors). However, these uncertainties partially cancel when measur-
ing simultaneously the yield from the same process in the on-shell signal region. The
remaining uncertainties in the QCD renormalization and factorization scales amount
to 2-4% from [128|. For the gg — ZZ continuum background production, we assign a
10% additional uncertainty on the LO-NNLO matching, following [133]. This uncer-
tainty also affects the interference with the signal. The parton distribution function
uncertainties are estimated to be about 1% from comparing different calculations of
these functions (MSTW2008 [132], CT10 [110], NNPDF2.1 |13§]). For the VBF
processes, no significant QQCD scales or parton distribution function uncertainties are
added because they are much smaller than for the gluon fusion processes [55,/57]. In
the 202v final state, additional uncertainties on the yield arising from the theoretical

description of the parton shower and underlying event are taken into account (6%).

5.4.1 Fitting for Width

We perform a simultaneous unbinned maximum likelihood fit of a signal-plus-
background model to the measured distributions in the 4¢ and 2/2v channels. In the
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40 channel the analysis is performed in the on-shell and off-shell signal regions defined

above. In the on-shell region, a three-dimensional distribution

T = (mag, Dijy, p or Djet) is analyzed, following the analysis presented in section [4.5]

In the off-shell 4¢ region, a two-dimensional distribution & = (m4s, Dyy) is ana-
lyzed. In the 2/2v channel, only the off-shell Higgs boson production is analyzed,
using the ¥ = m distribution.

The parameterization of probability distributions function of the gg — ZZ and
VBF on resonance processes requires a dedicated approach. It includes three corre-
lated distributions for two processes and their interference. A similar approach had
already been developed for the spin-parity studies presented later and we adopt a

similar methodology here. The total probability distribution function for the off-shell

region includes the interference of two contributions in each production process:

pefistel (z) = [u x (Da/T5) % PEE () + \fmgar % (T /T5Y) xPi%(f)wﬁfg(f)]

+ {l‘VBF x (T /TP x Pt (Z) + \/MVBF x (P /T5M) x Pyt (2) + 731‘)11321:‘(5)}

+ PHZA (@) + ... (5.3)

where P (Z) is the normalized probability distribution for each process defined as
a template of two observables (or one observable in case of a 1D fit), and jigen, fiver
are the on peak signal strength modifiers that were defined in section {4.6fl The
list of background processes is extended beyond those quoted depending on the final

state (Z+jets, top, W-jets, WW, WZ). The parameter (I'yy/T3M) is the scale factor

2While the ttH and V H components are negligible away from the resonance peak.
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which modifies the observed width with respect to the I'M value used in the reference
parameterization.
The three parameters Iy, pigen, and pypr are left unconstrained in the fit. The

tggr and pypr fitted values are found to be almost identical to those found in section

[4.6], and can be seen in table [5.3]

Parameter Iy (MeV) [lggH [VBF ]

On-peak only - 0.81%95 1.727775 [ 0.947930
ma and D, (T fixed) - 0.787030 1.6577¢ | 0.917033
mye and Dy, LOFILT 0794047 1,671 | 0.9270-2

Table 5.3: Detailed fit results on the signal strength in several combinations from the
40 final state on and off resonance peak. The p column represents alternative fits
where we make the hypothesis pypr = pigenr = ¢ (only two parameters floated) |139).

We first present the one-dimensional fit results from the 4/ final state only. The
fit results are shown as scans of the negative log-likelihood, —2A1In £, as a function
of I'y. These are obtained using the measured mass distribution only and the D,
discriminant only, where the two-dimensional templates are projected into a one-
dimensional analysis over the respective dimension. Figure (left) shows the width
constraint from the my, distribution alone. While figure (right) shows the width
constraint from the Dy, discriminant only. The results of these one-dimensional fits,
and the expectations are summarized along with the final fit results in table

The full fit results are shown in figure[5.7]and summarized in table[5.4] Combining
the 4¢ and 202y channels a limit is observed (expected) on the total width of I'y; <
22 MeV (33 MeV) at a 95% C.L., which is 5.4 (8.0) times the expected value in the SM.
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Figure 5.6: Fit results for (left) the 1D analysis using my, and (right) 1D analysis
using D,,, observed limits from data (solid) and expected (dashed) results are both
shown [60].

CMS (unpublished)  19.7 fo? (8 Tev) + 5.1 fb* (7 TeV) CMS (unpublished)  19.7 b (8 TeV) + 5.1 fb* (7 Tev)
=1 4(m,) observed = 410 ) observed '
a [— 4 (m4|) observe a [— ( gg) observe
A A L ;
8.4l (m,) expected 8.4l (D,,) expectgd
6
L H- ZZ
4/ S esweL

r, (MeV) I, (MeV)

The best fit value and 68% C.L. interval correspond to I'yy = 1.877% MeV. The result
of the 4¢ analysis alone is an observed (expected) limit of I'y < 33 MeV (42 MeV)
at a 95% C.L., which is 8.0 (10.1) times the SM value, and the result of the analysis
combining the 4¢ on-shell and 2¢2v off-shell regions is I'y < 33 MeV (44 MeV) at a
95% C.L., which is 8.1 (10.6) times the SM value. The best fit values and 68% C.L.
intervals are I'y; = 1.97157 MeV and T'y = 1.871%* MeV for the 4/ analysis and for

the analysis combining the 4¢ on-shell and 2021 off-shell regions, respectively.
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Figure 5.7:  Scan of the negative log-likelihood, —2AIn £, as a function of I'y for the
combined fit of the 4¢ and 2¢2v channels (blue thick lines), for the 4¢ channel alone
in the off-shell and on-shell regions (dark red lines), and for the 2¢2v channel in the
off-shell region and 4¢ channel in the on-shell region (light red lines). The solid lines
represent the observed values, the dotted lines the expected values [60].
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Table 5.4: Expected and observed 95% C.L. limits for the 4¢ and 2/2v analyses and
for the combination. For the observed results, the central fitted values and the 68%
C.L. total uncertainties are also quoted. The Higgs mass is set to the measured value
in the 4¢ decay channel of 125.6 GeV [60,,139].

Analysis Observed/ | 95% C.L. limit on  95% C.L. limit on
Expected Iy (MeV) [y /TEM
40 (my) Expected 57.7 13.9
Observed 112.5 27.1
4¢(Dyy) Expected 44.3 10.7
Observed 33.0 8.0
40 (mag, Dyy) Expected 42 10.1
Observed 33 8.0
Al on—shen + 2021 | Expected 44 10.6
Observed 33 8.1
Combined Expected 33 8.0
Observed 22 5.4
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Chapter 6

Spin & Parity of a Higgs Boson

In this thesis, an extensive study of the spin-parity properties of the Higgs bo-
son and of the tensor structure of its interactions with electroweak gauge bosons is
presented using the H — ZZ/Z~*/~v*v* — 4¢ decay channel, where the interference
between the three intermediate states is included. The study focuses on testing for
the presence of anomalous effects in HZZ and interactions under spin-zero, -one, and
-two hypotheses, but also probes the Zv* or v*4* — 4/¢ terms. Constraints are set
on eight anomalous coupling contributions to the HVV interactionsE]7 where V' is a
gauge vector boson, under the spin-zero assumption of the Higgs boson. Extending
the exclusion of 0~ (2;}) hypotheses in favor of the SM and the original measurement
of the f,3 parameter [116], this thesis work developed the most comprehensive study

of the spin-parity and tensor structure measurements to date. These studies have

IEleven when the HWW extensions are included.
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been published in [41,62]. A summary of the measurements performed is outlined
first. The second section gives a summary of the simulated data and four lepton
event selection is discussed. Then a description of the analysis techniques is given in
the third section. Finally, the results of this analysis are presented. The results sec-
tion first presents spin-one and spin-two exclusions followed by the study of spin-zero

HV'V couplings.

6.1 Summary of Spin/Parity Measurements

The analysis is based on theoretical and phenomenological studies that describe
the couplings of a Higgs-like boson to two gauge bosons presented in section 3.4, They
provide techniques and ideas for measuring the spin and C'P properties of a particle
interacting with vector bosons [61,/63,/64]. Much of the relevant phenomenological

introduction has already been presented, but here we summarize the tests performed.

For spin-zero tests are performed to measure the effective cross section fractions
fYV. The analysis studies the effects of the anomalous couplings listed in table ,
where the mass of the hypothesized boson is assumed to be my = 125.6 GeV [41].
When testing the HZ Z terms, the superscript is dropped from the fraction definition
to be consistent with earlier publications. In this table WV terms are listed, they
are also tested following the phenomenological work in this thesis and as part of
the analysis presented in [62|, but are beyond the scope of this thesis. Given the
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Table 6.1: List of anomalous HV'V couplings considered in the measurements as-
suming a spin-zero Higgs boson. The definition of the effective fractions is discussed
in the text and the translation constant is given in each case. The effective cross
sections correspond to the processes H — V'V — 2e2u and the Higgs boson mass
mpy = 125.6 GeV using the JHUGEN [61,63,64] calculation. The cross-section ratios
for the HZ~ and H~y~y couplings include the requirement /¢ > 4 GeV [62].

Interaction Anomalous Coupling Effective Translation
Coupling Phase Fraction Constant

A1 ¢A1 fAl 0'1/5'A1 =1.45 x 1O4TeV_4
HZZ (45} ¢a2 fag 0'1/0'2 = 2.68

as Da3 fa3 o1/03 = 6.36

AW A i o'W /oW =1.87 x 10*TeV
HWW oW W W GWW W _ 95

ol wo iw ww w301

A7 o & ol /53] = 5.76 x 103TeV 4
HZ~ a o7 a4 ol /ol =224 x 10~

a3’ o7 ot o) )0 =272 x 107
Hor ay’ g o o /oy’ =282 x 1071

aj’ 03 R ot jol’ =28.8 x 107*

measured values of the effective fractions, it is possible to extract the ratios of the
coupling constants a;/a, the scale of BSM physics Ay, or the ratios of the Zv* (y*~*)
cross sections with respect to the SM predictions in any parameterization.

For spin-one, using the continuous parameter f,, that we have previously defined
in equation , the 4/ final state can test if the observed boson is consistent with
any mixture of 17 and 1~ (including pure states) hypotheses. CMS performed this
test using both production-independent and production-dependent methods, using
this fraction to test if the data favor the SM Higgs boson scalar hypothesis or some
particular mixture of the vector and pseudovector states.

As already introduced in section we test if a new observation is more con-
sistent with the SM Higgs boson or a spin-two boson as well. We study the ten
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spin-two scenarios listed in table[3.I] under the assumption that the production is via
gluon-gluon fusion, ¢ production, or without any assumption about the production

mechanism.

6.2 Simulated Data and 4¢ Selection

To study the H — V'V — 4{ decay, the analysis follows that presented in section [4]
Collision events are selected with at least four identified and isolated electrons or
muons. A V' — ¢T/~ candidate originating from a pair of leptons of the same flavor
and opposite charge is required. The ¢/~ pair with an invariant mass, mz,, nearest
to the nominal Z boson mass is retained and is denoted Z; if it is in the range
40 < my, < 120 GeV. A second ¢/~ pair, denoted Z,, is required to have 12 <
my, < 120 GeV. If more than one Z, candidate satisfies all criteria, the pair of
leptons with the highest scalar pr sum is chosen. At least one lepton should have
pr > 20 GeV, another one pr > 10 GeV and any oppositely charged pair of leptons
among the four selected must satisfy my > 4 GeV. Events are restricted to a window

around the observed 125.6 GeV resonance, 105.6 < my, < 140.6 GeV.

After the selection, the dominant background for H — V'V — 4/ originates from
the q¢ — ZZ/Z~* and g9 — ZZ/Z~* processes and is evaluated from simulation,
following [41] while the Z + jets background is evaluated as previously described
[41]. The number of estimated background and signal events, and the number of
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observed candidates after the final selection in data in the narrow mass region around

125.6 GeV is given in table
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6.2.1 Simulated Data

The simulation of the signal process is essential for the study of anomalous cou-
plings in HV'V interactions, and all the relevant Monte Carlo (MC) samples are
generated following the description in section [3.4] A dedicated simulation program,
JHUGEN 4.8.1 [61,)63,64], is used to describe anomalous couplings in the production
and decay to two vector bosons of spin-zero, spin-one, and spin-two resonances in
hadron-hadron collisions, including all the models listed in tables[3.1]and [6.1] For the
spin-zero and spin-one studies, interference effects are included by generating mixed
samples produced with either of the different tensor structures shown in equations
and ([3.6).

For gluon fusion production of a spin-zero state, the kinematics of the Higgs
boson decay products and of an associated jet are not affected by the anomalous
Hgg interactions, and therefore the next-to-leading-order (NLO) QCD effects are
introduced in production with the SM couplings through the POWHEG [83-85|
event generator. It is also found that the NLO QCD effects that are relevant for
this analysis are well approximated with the combination of leading-order (LO) QCD
matrix elements and parton showering [61], in which case JHUGEN is adopted for
the simulation of anomalous interactions in all other production processes where it
is important to model the correlations between production and the kinematics of the
final state particles, such as in VBF and V H production of a spin-zero state, gg — X
production of a spin-one state, and ¢qq and gg — X production of a spin-two state.
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In all cases, the decays H/X — ZZ | Z~* | v*~v* — 40 are simulated with JHUGEN,
including all spin correlations in the production and decay processes and interference
effects between all contributing amplitudes.

To increase the number of events in the simulated samples for each hypothesis
studied, the MELA package [61,63,/64,/68| is adopted to apply weights to events in any
H — VV — 4/ spin-zero sample to model any other spin-zero sample. The same
re-weighting technique has also been used in the study of the ¢q and g9 — ZZ/Z~*
backgrounds.

As discussed in previous sections all MC samples are interfaced with
PYTHIA 6.4.24 [86] for parton showering and further processing through a dedicated
simulation of the CMS detector based on GEANT4 [111]. The simulation includes
overlapping pp interactions (pileup) matching the distribution of the number of in-
teractions per LHC beam crossing observed in data. Most of the background event

simulation is also unchanged from the analyses presented in the previous sections.

6.3 MELA Spin/Parity Analysis

6.3.1 Observables in the H — V'V — 4/ analysis

In the new bosons center-of-mass frame, the four-momenta of the H — 4¢ decay
products carry eight independent degrees of freedom, which fully describe the kine-
matic configuration of a four-lepton system, except for an arbitrary rotation around
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the beam axis. These can be conveniently expressed in terms of the five angles

—

Q = (0%, Pq,0,,0,, D) previously defined in figure the invariant masses of the
dilepton pairs, m; and ms, and of the four-lepton system, my,. The boost of the H
boson system in the laboratory frame, expressed as pr and rapidity, depends on the
production mechanism and generally carries some but limited discrimination power
between either signal or background hypotheses originating from different production
processes. These observables are not used in the analysis to remove the dependence
of the results on the production model. For the same reason, information about par-
ticles produced in association with H boson is not used either. This approach differs
from the study including production information in section [4] where such observables
were used to investigate the production mechanisms of the Higgs boson.

The distributions of the eight kinematic observables (my, ma, myy, Q) in data, as
well as the expectations for the SM background, the Higgs boson signal, and some
characteristic alternative spin-zero scenarios are shown in figure [6.1 All distributions
in figure 6.1, with the exception of the my, distribution, are presented using events
in the my, range of 121.5-130.5 GeV to enhance the signal purity. The observables
with their correlations are used in the analysis to establish the consistency of the
spin and parity quantum numbers and tensor structure of interactions with respect
to the SM predictions. As previously discussed, these observables also permit a
further discrimination of signal from background, increasing the signal sensitivity

and reducing the statistical uncertainty in the measurements.
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Figure 6.1: Distributions of the eight kinematic observables used in the H — VV —
40 analysis: mge, my, ma, cos 0, cosfq, cosfy, &, and ;. The observed data (points
with error bars), the expectations for the SM background (shaded areas), the SM
Higgs boson signal (open areas under the solid histogram), and the alternative spin-
zero resonances (open areas under the dashed histograms) are shown, as indicated in
the legend. The mass of the resonance is taken to be 125.6 GeV and the SM cross
section is used. All distributions, with the exception of my,, are presented with the
requirement 121.5 < my, < 130.5 GeV .
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6.3.2 MELA Observables

A comprehensive analysis of the kinematics of the decay of a Higgs boson could
include up to eight observables, as discussed above. In such an analysis, it is required
to have a parameterization of the multidimensional distributions as a function of the
parameters of interest. However, it becomes challenging to describe all the corre-
lations of the observables and detector effects. It is possible to reduce the number
of observables and keep the necessary information using the matrix element likeli-
hood approach (MELA). In this approach, the kinematic information is stored in a
discriminant designed for the separation of either background, the alternative signal
components, or interference between those components. The parameterization of up
to three observables can be performed with full simulation or data from the control
regions.

The use of kinematic discriminants in Higgs boson studies was introduced in pre-
vious CMS analyses [41]/60,68,[116,/140] and feasibility studies [61,/64], and here it is
extended both to a number of new models and to new techniques. The construction of
the kinematic discriminants follows the probabilities for an event to be signal or back-
ground. These probabilities are calculated using the LO matrix elements as a function
of angular and mass observables. In this way, the kinematic information, which fully
characterizes the 4/ event topology of a certain process in its center-of-mass frame, is

condensed to a reduced number of observables.

The kinematic discriminants used in this study are computed using the MELA
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package [61},63,64,/68], which provides the full set of processes studied in this paper
and uses JHUGEN matrix elements for the signal, gg or q¢ - X — ZZ | Z~* /
v*y* — 4¢, and MCFM matrix elements for the background, gg or q¢ — Z7Z | Z~*
/ v*v* | Z — 4L. This library of processes is also consistent with the MC simulation
used, and also includes other production and decay mechanisms. Within the MELA
framework, an analytic parameterization of the matrix elements for signal [63,/64] and
background [141] was adopted in the previous CMS analyses, reported in [68}/69,116].
The above matrix element calculations are validated against each other and other

methods for a subset of processes implemented in common.

Given several signal hypotheses defined for gg or q¢ — X — ZZ | Z~* | v*v* —
4¢, and the main background hypotheses gg or q¢ — ZZ | Z~* | v*v* | Z —
40, the effective probabilities are defined for each event using a set of kinematic

—

observables (my, ma, myz, )

mass

Pent =P (ma, ma, Gmag) x g (Mae|m),
P e =P8 (my, ma, Qlmag) X PR (mygmy),
= <P§ﬁ+Jp(m1, mo, Q|m4g) — P?gl(ml, mo, Q|m4g) — PER(my, ma, Q|m4g)> ,
Ptk = < é{ﬁﬂpl(ml,mg, Q\mu) — PXE(my, mo, Q\mu) — Pé‘li\l/}(ml,mQ,Q\m4g)) ,
Puazz =Pagyz(ma, ma, Qmar) X Poisss (mag),
mass

Pygzz :Pgl;giynzz(mlam% Q;|m4€) X ggZZ(m4£)>
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where PX0(my, mg, Qmy) = |A(my, ma, Qmy)|? are the probabilities computed
from the LLO matrix elements and generally are not normalized. The variable
P2 (myelmy) is the probability as a function of the four-lepton reconstructed mass
and is calculated using the my, parameterization described previously in section
including the my = 125.6 GeV hypothesis for signal. The probabilities }‘}E param-
eterize interference between contributions from the SM and anomalous couplings,
where J¥ refers to a spin-zero tensor structure of interest, and are allowed to have
both positive and negative values. In the calculation of the mixed amplitude used
for 7351‘\2 +yv» the same coupling strengths are used as in the individual probabilities

PEn and P};LIJ, and these couplings are required to provide equal cross sections for the

two individual processes. The quantity Pi" is constructed in the same way as PYg

except that the phase of the J¥ amplitude is changed by 7/2. The matrix element

calculations in equation ((6.1]) are also used for the re-weighting of simulated samples.

Several kinematic discriminants are constructed for the main signal and back-

ground processes from the set of probabilities described above

. - -1
p. P Pz (ma, ma, Qlmag) X Prs (mae)
bkg = | > - =
®  Psm+ Pzz P (ma, ma, Qmag) X P2 (maglm) ’
Dyr = Psm P??(m17m27 gz|m4e) 7 (6.2)
Psm + Pyr PER(my, mag, Qlmay)
nt (g, me, Qm
Dint _ JP( 1, 2 | 4ﬁ)

The observable Dy, is used to separate signal from ¢qq¢ — ZZ, g9 — ZZ, and
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7 + jets backgrounds, using the my, probability in addition to PX". The discrim-
inant D,r is created to separate the SM signal from an alternative J state. The
discriminant Dy, is created to isolate interference between the SM and anomalous
coupling contributions. Since the analysis is designed to probe small anomalous cou-
plings, interference between different anomalous contributions is a negligible effect
and dedicated discriminants for those contributions are not considered. The variable
Dt 1s denoted as Dep for interference between the a; and as contributions because

it is sensitive to C'P violation [61].

To remove the dependence of the spin-one and spin-two discriminants on the
production model, the probability PX™ is averaged over the two production angles
cos 6 and &4, defined in figure or equivalently the signal matrix element squared
is averaged over the polarization of the resonance [61]. The production independent

discriminants are defined as

; = < -1
dee = [ d®idcos Py (my, ma, Qmae) X Prss ()
Dl — |1 4 - z o ,
Payi(ma, ma, Qmae) X PRI (mae|mpy) (6.3)
1 *pkin S - '
pies — |14 Equ)ldc.:osé PhE (Thm%mmM)
P&yt (ma, ma, Qmyy)

The decay kinematics of a spin-zero resonance are already independent of the produc-
tion mechanism, due to the lack of spin correlations for any spin-zero particle. The
small differences in the distributions of the production-independent discriminants
with the different production mechanisms are due to detector acceptance effects and
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Table 6.3: List of observables Z used in the analysis of the HVV couplings. The J*
notation for spin-two refers to the ten scenarios defined in table 162].

Measurement Observables ¥

far Dyg Dm

f a2 Dbkg DOth Dint

f a3 Dbkg DO— DCP
e D Dyl D™

! Dz D, Dy,

14 Dz D)5 DG
a2 Dy Do3 Doy

a3 Dug Dss  Dip
spin-one ¢¢ = X (fr2) > ZZ Dy D1 Diy
spin-one decay X (fy2) = ZZ Dpye Dic D
spin-two g7 — X(J¥) = ZZ Dy, DL
spin-two gg = X (J) = ZZ Dy D%
spin-two decay X (J¥) = ZZ Diye DI¥

are treated as systematic uncertainties.

A complete list of all the discriminants used in the analysis is presented in table[6.3]
Some examples of the distributions as expected from simulation and as observed in
data can be seen in figure for all the discriminants used in the study of the spin-

zero HZ Z couplings. A complete list of the measurements performed and observables

used is discussed in sections [6.4.2] and [6.4.3l

From figure the special role of Dep can be observed. For the SM background
processes, including a SM Higgs boson, this distribution is completely symmetric.
However, if the observed boson contains a CP-violating component it will appear as

an asymmetry in this distribution as shown by the f,3 = 0.5 example in the figure.
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Figure 6.2: Distributions of the kinematic discriminants for the observed data (points
with error bars), the expectations for the SM background (shaded areas), the SM
Higgs boson signal (open areas under the solid histogram), and the alternative spin-
zero resonances (open areas under the dashed histograms) are shown, as indicated in
the legend. The mass of the resonance is taken to be 125.6 GeV and the SM cross
section is used. Top row from left to right: Dy, Dy—, Dep; bottom row from left to
right: Dop+, Ding, Dar. All distributions, with the exception of Dy, are shown with
the requirement Dy, > 0.5 to enhance signal purity .
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6.4 Spin/Parity Results

Before giving a detailed description of the likelihoods that are created for this
analysis and discussion of the results, we want to mention that the systematic uncer-
tainties in the H — V'V — 44 channel are generally the same as the ones investigated

in section [4.5/ and [41].

6.4.1 Likelihood fits

The goal of the analysis is to determine if a set of anomalous coupling parameters
5 , defined both for the production and decay of a resonance with either spin zero,
one, or two is consistent, for a given set of observables ¥, with the data. The coupling
parameters 5 are discussed in detail in section . They are summarized in equations
(B-4), and table [6.1] for spin-zero, in equations and for spin-one, and
in equation and table for spin-two. The observables ¥; are defined for each
event 17, listed in table [6.3] and discussed above. The extended likelihood function is

defined for N candidate events as

N
£=exp (=g — > b ) TT (e % Puglis O+ Z P X Plig()), (64)
k

7

where ng, is the number of signal events and n{;kg is the number of background
events of type k. The probability density functions Py (Z;; ¢) and Py (T:) are defined

for the signal and background, respectively.
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There are several event categories, such as 4e, 4, and 2e2p in the H — V'V — 44
analysis, or the 7 TeV and 8 TeV categories, and several types of background. The
total signal yield ng, is a free parameter to avoid using the overall signal event yield as
a part of the discrimination between alternative hypotheses. However, when several
channels are used in the same decay, such as H — V'V — 4e, 2e2u, and 4u, the
relative yields between the channels depend on the terms considered in the tensor
structure due to interference effects in the presence of identical leptons, and this

information is exploited in the analysis.

The probability density functions Py, and P]’;kg are described as histograms (tem-
plates) with two or three dimensions, see observables in table and with up to 50
bins in each dimension. The number of dimensions used is limited by the number of
simulated events that can be generated or the number of events in the control regions
in data. However, an optimal construction of observables allows for the retention
of all the necessary information for the measurement with up to three observables.
The templates are built for signal and background from histograms of fully simulated
events, or from control regions in data. In the H — V'V — 4/ analyses, statistical

fluctuations are removed using a smoothing algorithm [142}143].

The signal probability density functions Py, depend on the coupling parameters
5. For spin-zero, these functions can be parameterized as a linear combination of

the terms originating from the SM-like and anomalous amplitudes and their interfer-
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ence [61]

ﬂgcafz{ﬁwmﬁ>=<1—§:ﬁJ’%+@ﬁ+§:nn%mm

+Z fai( Zfaa) ;Izlto+ (%5 bai)
3 Taifos PR (T G — Gag) s (6.5)

ai<aj

where P,; is the probability of a pure a; term and P}, . describes the interference

between the two terms, each parameterized as a template. Each term in equation

(6.5) is extracted from the dedicated simulation and includes proper normalization.

The likelihood in equation (6.4) can be used in two different ways. In both ap-
proaches, the likelihood is maximized with respect to the nuisance parameters which
include the signal yield and constrained parameters describing the systematic uncer-

tainties discussed above.

In one approach the likelihood is maximized to estimate the values of anomalous
couplings, and the confidence intervals are determined from profile likelihood scans of
the respective parameters. This is used for the measurement of anomalous couplings
under the spin-zero hypothesis. The allowed 68% and 95% C.L. intervals are defined
using the profile likelihood function, —2AIn £ = 1.00 and 3.84, for which exact

coverage is expected in the asymptotic limit [144].

The other approach is used to distinguish an alternative spin-one or spin-two
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signal hypothesis from the SM Higgs boson. In this case, the test statistic ¢ =
—2In(L r /Ly+) is defined using the ratio of signal plus background likelihoods for two
signal hypotheses. To quantify the consistency of the observed test statistic gons With
respect to the SM Higgs boson hypothesis (07), the probability p = P(q < gons | 01 +
bkg) is assessed and converted into a number of standard deviations via the Gaussian
one-sided tail integral. The consistency of the observed data with the alternative
signal hypothesis (JF') is assessed from P(q > gops | J¥ +bkg). The CL, criterion 120
121], defined as CLy = P(q > qobs | J© + bkg) /| P(q > qons | 0T + bkg) < «, is used
for the final inference of whether a particular alternative signal hypothesis is excluded

or not at a given confidence level (1 — «).

6.4.2 Exotic-spin study with the H — 77 — 4/ chan-

nel

The study of the exotic-spin J¥ hypotheses of the observed boson with mass of
125.6 GeV using the X — ZZ decay channel is summarized in this section. Mixed
spin-one state hypotheses, as well as the spin-two models listed in table [6.3] are ex-
amined.

In the case of the spin-one studies, the hypothesis testing is performed for a discrete
set of values of the parameter fy;. The input observables are (Dpyg, D1—,D14). It
has been demonstrated in the context of this study that the distributions of these
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observables are not sensitive to the phase between the b; and b, coupling parameters
in equation (3.6) and therefore the results of the fy scan are valid for any value
of the phase term in the interference. The spin-one hypothesis is tested for two

scenarios, qq production and using only decay information. The latter requires the

input observables (D, D, Diec).

The expected and observed separations of spin-one models from the test statistic
distributions are summarized in table [6.4] and in figure [6.3] The expected separation
between the alternative signal hypotheses is quoted for two cases. In the first case,
the expected SM Higgs boson signal strength and the alternative signal cross section
are the ones obtained in the fit to the data. The second case assumes the nominal
SM Higgs boson signal strength (defined as g = 1), while the cross section for the
alternative signal hypothesis is taken to be the same as for the SM Higgs boson (the
2e2u channel at 8 TeV is taken as a reference). Since the observed signal strength is

very close to unity, the two results for the expected separations are also similar.

All spin-one tests are consistent with the expectation for the SM Higgs boson.
While the decay-only analysis uses less information and is expected to provide weaker
constraints, the fluctuations in the observed data lead to stronger constraints for spin-
one models. Any arbitrary spin-one model for the resonance observed in the X —
Z 7 — 4¢ decay mode with any mixture of parity-even and parity-odd interactions

and any production mechanism is excluded at a C.L. of 99.97% or higher.

In the case of the spin-two studies, hypothesis testing is performed for ten models
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Table 6.4: List of spin-one models tested in the X — ZZ analysis. The expected
separation is quoted for two scenarios, for the signal production cross section obtained
from the fit to data for each hypothesis and using the SM expectation (u = 1). The
observed separation shows the consistency of the observation with the SM Higgs boson
model or the alternative J¥ model, from which the C'L, value is derived ]\
f(JP) JP Expected
Model  Prod. (u=1) Obs. 07 Obs. J¥  CL,

0.017)  ¢q@ 290 (280) —1l40  +5.00 <0.001%
0.2 qq  2.60 (2.60) —ldo +4.60  0.002%
0.4 ¢i 250 (240) —130  +4do  0.005%
0.6 g7 240 (240) —120  +4lo  0.015%
0.8 g7 240 (240) —100  +4.00  0.021%
1.0(17) ¢ 240 (240) —080c  +3.80  0.031%
0.0(17) any 290 (2.70) —2.00 >5.00  <0.001%
0.2 any 2.70 (2.50) —220 >5.00  <0.001%
0.4 any 2.50 (240) —2.30 >5.00  <0.001%
0.6 any 2.50 (2.30) —24o >5.00  <0.001%
0.8 any 240 (2.30) —230 >5.00  <0.001%
1.0(1*)  any 250 (2.30) —2.30 >5.00  <0.001%
~ CMS ‘ ‘ 1971 ‘(s‘Te\‘/)Jr‘s‘lfb‘ (7Tev) - CMS ‘ ‘ 19710" ‘(8"I'ev)+5."l.fb‘ (7Tev)
_r q-X-zz7 _P 60 X -2z
\n'__> 50 . :‘?Dbserved é \9,5 50 -0 :‘(])Pbserved
= [ Expected at 95% CL §\\i Expected at 95% CL | %
< I Expected at 68% CL 7////; Expected at 68% CL —| <
X 1 x
« ER

........ % ORI
XX

XXXRRRKS

Figure 6.3: Distributions of the test statistic ¢ = —2In(L;r/Ly+) as a function of
fr2 for the spin-one J¥ models tested against the SM Higgs boson hypothesis in
the q¢ — X — ZZ (left) and decay-only X — ZZ (right) analyses. The median
expectation for the SM Higgs boson is represented by the red squares with the green
(68% C.L.) and yellow (95% C.L.) solid color regions and for the alternative J¥
hypotheses by the blue triangles with the red (68% C.L.) and blue (95% C.L.) hatched
regions. The observed values are indicated by the black dots \|
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Figure 6.4: Distributions of the test statistic ¢ = —21In(L;r/Ly+) for the spin-two
JP models tested against the SM Higgs boson hypothesis in the X — ZZ analyses.
The expected median and the 68.3%, 95.4%, and 99.7% C.L. regions for the SM Higgs
boson (orange, the left for each model) and for the alternative J hypotheses (blue,
right) are shown. The observed ¢ values are indicated by the black dots .

and three scenarios: gg, qq production, and using only decay information. Two input
observables are used since interference between the different amplitude components
is not considered. These results cover all the lowest order terms in the amplitude
without considering mixing of different contributions.

The data disfavor all the spin-two X — ZZ — 4/ hypotheses tested in favor of
the SM hypothesis J” = 07 with 1 — C'L, values larger than 99% C.L. when only
decay information is used (table [6.5)). The most motivated of these is the 2}, model,
which represents a massive graviton-like boson as suggested in models with warped

extra dimensions and is excluded at 99.1% C.L. by the 4/ final state.
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Table 6.5: List of spin-two models tested in the X — ZZ analysis. The expected
separation is quoted for two scenarios, for the signal production cross section obtained
from the fit to data for each hypothesis, and using the SM expectation (= 1). The
observed separation shows the consistency of the observation with the SM Higgs boson
or an alternative J” model, from which the C'L, value is derived [41}/62].

J¥ Jr Expected

Model Prod. (u=1) Obs. 0 Obs. J* CL,
2 g9 190 (1.80) —1.1o +3.00 0.90%
2?52 99 200 (210) —030  +240  2.0%
2@ g9 320 (3.40) +0.30 +3.00 0.17%
2i g9 3.80 (4.00) +1.80 +2.00 2.3%
2, gg 160 (1.80) —1l.do +3.40 0.50%
22{6 g9 340 (3.70) —0.60 +4.90  <0.001%
2, gg 3.80 (4.50) —0.30 +4.50  <0.001%
2, g9 420 (4.50) +1.00 +320  0.090%
29 g9 250 (2.60) —1.1l0  +4.00  0.029%
2,1 g9 420 (430) —01c  +480 <0.001%
2t g¢ 170 (170) =170 1380  0.17%
2?52 g@ 220 (2.20) —08s  +330  0.26%
213 q¢ 310 (3.00) 4020  +3.00 0.21%
Zi q¢  4.00 (3.90) +020  +3.90  0.008%
2 g7 170 (170) —190  +410  0.062%
2, g7 340 (330) —020  +4.00  0.008%
2 q¢ 410 (3.90) +040  +380c  0.010%
2 q7  4.30 (4.40) +0.00 +4.60  <0.001%
29 q¢ 240 (220) 4050  +2.00 3.1%
2. g7 400 (3.90) 4040 +4.00  0.006%
27 any 1.5o (1.50) —1.60 +3.40 0.71%
2% any 190 (2.00) —090  +3.00  0.74%
213 any 3.00 (3.10) +0.00  +3.1c 0.18%
2fL any 3.80 (4.00) +0.30  +3.60  0.025%
2 any 1.70 (1.70) —1.60  +3.60 0.29%
22{6 any 3.30 (340) —0.30c 4420  0.003%
27 any 4.00 (4.20) +0.60  +3.50  0.032%
2, any 4.20 (4.60) —020 4480 <0.001%
210 any 220 (2.10) —0.60  +2.90 0.57%
2110 any 3.90 (4.00) +40.10 +4.30  0.002%
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6.4.3 Study of spin-zero HV'V couplings

Given the exclusion of the exotic spin-one and spin-two scenarios presented in
section [6.4.2] detailed studies of HV'V interactions under the assumption that the

new boson is a spin-zero resonance are performed.

First, constraints are applied on the presence of only one anomalous term in
the HV'V amplitude where the couplings are considered to be real. A summary of
such results is presented in table and figure The details of these and other
measurements are presented in the following subsections, with further measurements
considering simultaneously up to four fraction and/or phase parameters in several

cases.

6.4.3.1 Study of HZZ couplings with the H — ZZ — 4/ chan-

nel

The study of the anomalous HV'V couplings starts with the test of three con-
tributions to the HZZ interaction as shown in equation . Only real couplings
are considered in this test, ¢, = 0 or m, where ¢,; generically refers to the phase
of the coupling in question, such as ¢p1, @g2, Or @.3. Since the expansion of terms
in equation is considered for small anomalous contributions, all other parame-
ters are set to zero when the anomalous couplings of interest are considered. These
constraints of real couplings and zero contribution from other terms are relaxed in
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Table 6.6: Summary of allowed 68% C.L. (central values with uncertainties) and
95% C.L. (ranges in square brackets) intervals on anomalous coupling parameters in
HVV interactions under the assumption that all the coupling ratios are real (¢).V =

0 or 7). The ranges are truncated at the physical boundaries of 1"V = 1. The
last column indicates the observed (expected) confidence level of a pure anomalous

coupling corresponding to fYV = 1 when compared to the SM expectation fY" =
0 [62].
Parameter Observed Expected V=1
fa1cos(da1) 0.22701% [-0.25, 0.37] 0.0070-5 [~1.00, 0.27] 1.1% (16%)
U[0.92, 1.00]
faz €08(ha2) 0.0070:08 [~0.66, —0.57]  0.0075-38 [—0.18,1.00] 5.2% (5.0%)
U[—0.15, 1.00]
fag c0s(¢a3) 0.007017 [~0.40, 0.43] 0.0070:3% [~0.70, 0.70] 0.02% (0.41%)
Weos(oV)  0.21103% [~1.00, 1.00] 0.0079-3% [~1.00, 0.41] 78% (67%)
U[0.49, 1.00]
WWeos(plhW)  —0.0244:0% [-1.00,—0.54]  0.00%4 5 [—1.00, —0.58] 42% (46%)
U[—0.29, 1.00] U[—0.22,1.00]
COb( ) —0.0315:93 [-1.00,1.00]  0.007}:0% [~1.00, 1.00] 34% (49%)
0277533 [~1.00,1.00]  0.0079-2% [~1.00, 1.00] 26% (16%)
7 cos 0.0070-35 [—0.49, 0.46] 0.0075-31 [<0.78,0.79]  <0.01% (0.01%)
7 cos 0.02703% [~0.40, 0.51] 0.007021 [-0.75,0.75]  <0.01% (<0.01%)
cos(¢) ) 0.127529 [—0.04, +0.51]  0.00%5:1% [-0.32,0.34]  <0.01% (<0.01%)
1l cos( 8 —0.02159% [-0.35,0.32]  0.00701% [-0.37,0.40]  <0.01% (<0.01%)

10.7 o (8 TeV) + 5.1 fb™ (7 TeV)

N\

T ;//I g aE=g-8
g NNt T
;Exa;lzg;;ggﬂ%/%%t " Hazzz : ; A\{VW H?IZV\\;WW agww; /\fv Hazi:/ agv ; ayHW agy ; |f|\é2+HV32W (a:/vwai 3)

Expected at 68% CL

Figure 6.5: Summary of allowed confidence level intervals on anomalous coupling
parameters in HV'V interactions under the assumption that all the coupling ratios
are real (¢YY = 0 or ). The expected 68% and 95% C.L. regions are shown as
the green and yellow bands. The observed constraints at 68% and 95% C.L. are
shown as the points with errors and the excluded hatched regions. In the case of the
£ measurement, there are two minima and two 68% C.L. intervals, while only one
global minimum is indicated with a point. The combination of the HZZ and HWW
measurements is presented, assuming the symmetry a; = a/V"V' [62].
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further tests discussed below.

The results of the likelihood function scan for the three parameters, f,;cos ¢,
are shown in figure (left), where the cos¢,; term allows for a signed quantity
with cos¢e; = —1 or +1. The 68% and 95% C.L. intervals are shown in table [6.6]
These results can be interpreted for the coupling parameters used in equation ,
as shown in table [6.7] Strong destructive interference of the SM and anomalous
contributions at fa; cos(¢a1) ~ +0.5 or fu2cos(pa2) ~ —0.5 leads to very different
kinematic distributions and exclusions with high confidence levels. Additional features
with multiple likelihood function maxima observed in the fj; likelihood scan are due
to the superposition of measurements in the 4e/4u and 2e2u channels, which have

different maxima due to the interference between the leptons.

Next, two parameters f,; and ¢,; are considered at the same time. For example, if
the coupling is known to be either positive or negative, such a scenario is considered
in table In this case, constraints are set on f,; for a given phase value. More
generally, one can allow ¢,; to be unconstrained, that is, to have any value between
—m and +m with a generally complex coupling. Such a fit is performed for fj; and fuo
using the same configuration, but with additional ¢5; and ¢,» parameters in equation
(6.5). The results with ¢,; unconstrained (any) are shown in table 6.8 as well. The fo3
measurement with ¢,3 unconstrained is performed with a different technique where
the Dop observable is removed from the fit and the result becomes insensitive to the
phase of the amplitude. This technique is adopted due to its simpler implementation
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Table 6.7: Summary of the allowed 95% C.L. intervals on the anomalous couplings
in HZZ interactions using results in table [62]. The coupling ratios are assumed
to be real (including cos(¢a,) = 0 or 7).

Parameter Observed Expected
(A1y/|ar]) cos(dp,)  [—00, —119GeV] U [104GeV, 00]  [—o0, 50GeV] U [116GeV, oo]
as/aq [—2.28, —1.88] U [-0.69, 00| [—0.77, <]
as/a; [—2.05,2.19] [—3.85, 3.85]

and equivalent performance.

The next step in generalizing the constraints is to consider two anomalous contri-
butions at the same time, both with and without the constraints that the couplings
are real. Therefore, up to four parameters are considered at the same time: fg,
®ais faj, and ¢,j. Constraints on one parameter, when other parameters are left un-
constrained in the full allowed parameter space, with 0 < f,; < 1, are presented in
table [6.8. Even though the expansion with only three anomalous contributions in
equation becomes incomplete when large values of f,; ~ 1 are considered, this
is still a valuable test of the consistency of the data with the SM. All of the above
results, with phases fixed or unconstrained and with other anomalous couplings un-
constrained are shown in figure (right). Some observed f,; constraints appear to
be tighter when compared to the one-parameter fits shown in figure (left). This
happens because the values of other profiled parameters are away from the SM expec-
tation at the minimum of —21n £, though still consistent with the SM. The expected

constraints are always weaker with additional free parameters.

The above one-parameter measurements, with other couplings also considered to
be unconstrained, are obtained from the fit configurations used for the two-parameter
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Figure 6.6: Expected (dashed) and observed (solid) likelihood scans for the effective
fractions fa1, fa2, fa3 (from top to bottom) describing HZ Z interactions. Plots on the
left show the results when the couplings studied are constrained to be real and all other
couplings are fixed to the SM predictions. The cos ¢,; term allows a signed quantity
where cos ¢,; = —1 or +1. Plots on the right show the results where the phases of
the anomalous couplings and additional HZZ couplings are left unconstrained, as
indicated in the legend. The f,3 result with ¢,3 unconstrained (in the bottom-right
plot) is from [41] otherwise these results are from [62].
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Figure 6.7: Observed likelihood scans for pairs of effective fractions fay vs. fa2, fa1
V8. fa3, and fa2 vs. fa3 (from top to bottom) describing HZZ interactions. Plots
on the left show the results when the couplings studied are constrained to be real
and all other couplings are fixed to the SM predictions. Plots on the right show the
results when the phases of the anomalous couplings are left unconstrained. The SM
expectations correspond to points (0,0) and the best fit values are shown with the
crosses. The confidence level intervals are indicated by the corresponding —2 Aln £

contours .
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measurements shown in figure (6.7, Both options are considered, either with or without
the assumption that the couplings are real. To simplify the analysis the number of
observables is kept to a maximum of three, the following discriminants are used to
set the constraints, (Dpxg, D1, Don+), (Dokes Pat1, Do), and (Dpyg, Do or Dopy ),
for the measurements of fa1 vs. fao, fa1 vs. fu3, and fuo vs. fu3, respectively. The
left set of plots in figure shows constraints on two real couplings, and the right
set of plots in figure [6.7] shows constraints on two couplings that are allowed to have
any complex phase. Similarly to the one-parameter constraints, the allowed 95% C.L.
regions are formally defined using the profile likelihood function (—2AIn £ = 5.99).
The results in Table are obtained from these two-parameter likelihood scans by
profiling one parameter.

Overall, all anomalous HZZ couplings are found to be consistent with zero, which
is also consistent with the expectation from the SM where these couplings are expected

to be very small, well below the current sensitivity.

6.4.3.2 Study of HZ~v and H~vy couplings with the H — VV —

4¢ channel

In the following, constraints on anomalous HZ~y and H~7y interactions are ob-
tained using the H — VV — 4/ data. Five anomalous couplings are considered,
following equation and table where the three observables for each measure-
ment are listed. Only real couplings, ¢,; = 0 or 7, are considered in this test. The
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Table 6.8: Summary of the allowed 68% C.L. (central values with uncertainties) and
95% C.L. (ranges in square brackets) intervals on anomalous coupling parameters
in the HZZ interactions under the condition of a given phase of the coupling (0 or
7) or when the phase or other parameters are unconstrained (any value allowed).
Expectations are quoted in parentheses following the observed values. The results for
fa3 With ¢,3 unconstrained are from [41] while the other results are form [62].

fAl fa2 fa3
Pai = 0 0.2270-12 [0.00, 0.37] 0.00790:52 0.00, 1.00] 0.0070-¢5 0.00, 0.43]
(0.00%9 59 [[0.00,0.27}] | (0.0075:55 [0.00,1.00] ) (0.0073-33 [0.00,0.70] )
U[0.92, 1.00
Pai =T 0.0070-05 [0.00,0.82] 0.0070:5570.00, 0.15] 0.007055 [0.00, 0.40]
U[0.56, 0.68]
(0.0079:87 0.00, 1.00] ) (0.007955 [0.00,0.18] ( 0.0079:32 10.00,0.70] )
U [0.62,0.73] )
any ¢qi 0.39057 [0.00,0.57] 0.3270-23 0.00, 1.00] 0.007057 0.00, 0.47]
( 0.0079-55 0.00, 1.00] ) (0.0070:52 [0.00,1.00] ) ( 0.0075:55 [0.00,0.74] )
any dqi, ( o.nzgég {0.00,0.65% | ( 0.00$§;§§ {0.00,0.19} |
far, om0 0.00"5-72 [0.00, 1.00 0.00"552 [0.00, 0.84
any dai, 0.28%2-2170.00, 0.63 0.0072-1570.00, 0.54
0.15 0.00
fa2sbaz  (0.0070:55[0.00,1.00] ) (0.00%-32 [0.00,0.81] )
any ¢ai, 0.4270-9210.00,0.57] 0.2870-22 0.00,0.97]
[ ]

fazs ez (0.005055 [0.00,1.00] ) ( 0.0015:05 [0.00,1.00] )

results of the likelihood function scan for the three parameters, f,; cos ¢;, are shown
in figure following the same formalism presented for the HZZ couplings in sec-
tion [6.4.3.1 The 68% and 95% C.L. intervals are shown in table [6.6l In the case
of the fZ7 measurement, there are two minima and only one central value with its
68% C.L. interval is shown in table [6.6], while both 68% C.L. intervals are presented

in figure [6.5]

These results can be interpreted in terms of the coupling parameters used in
equation (3.4]) as shown in table . The ratio (0,7 /oey)(2a; " /a;)? approximates
the ratio 4 = o/ogum of the measured and expected SM cross sections for a Higgs
boson decay H — V. The ratio (2/a;)? scales this measurement with respect to the
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Figure 6.8: Expected (dashed) and observed (solid) likelihood scans for the effective
fractions f{; (top), f5 (middle left), fZ7 (middle right), fJ7 (bottom left), and

) (bottom right). The couplings studied are constrained to be real and all other
couplings are fixed to the SM predictions [62]. The cos ¢V term allows a signed
quantity where cos ¢’V = —1 or +1.
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Table 6.9: Summary of the allowed 95% C.L. intervals on the anomalous couplings
in HZ~ and H~~ interactions using results in table [6.6] [62]. The coupling ratios are

assumed to be real (cos( VV) =0 or ).
Parameter Observed Expected
(A7l cos (677 [—o0,+00] [0, +od]
al” Jay [—0.046,0.044]  [—0.089,0.092]
a? Jay [—0.042,0.053]  [—0.090,0.090]
aj’/ay [—0.011,0.054]  [—0.036,0.038]
a3’ Jaq [—0.039,0.037]  [—0.041,0.044]
(037 /a&2) (245 Jar)? cos [—1.7,1.6] x 10> [—6.5,6.9] x 10?
(077 JoZd) (2057 Jar)? cos( 7)) [-1.2,1.9] x 10> [=5.5,5.5] x 10
(037 /o) (2a37 Jar)? cos(¢plg)  [—0.3,7.3] x 10> [-3.3,3.6] x 102
(037 /o) (2a3" Jar)? cos(p)ld)  [—3.8,3.3] x 10 [—4.1,4.7] x 102

H — ZZ coupling and is expected to be 1.0 in the SM. As can be seen in table [6.9]

Zy

the constraints presented on these ratios (<170 for |aj

or <730 for |aj’| at 95%
C.L.) are about one or three orders of magnitude higher than from the analyses of
the direct H — Zv (u < 9.5 at 95% C.L. |145]) or H — vy (p = 1.147035 at
68% C.L. [146]) decays with on-shell photons, respectively. Therefore, the constraints
presented on £, 27, 27, f17 are not competitive compared with the direct cross-
section measurements in H — Z~ or v decays. However, eventually with sufficiently
large integrated luminosity it might be possible to measure f;/; and fa‘? separately
in the H — VV — 4/ decay, allowing for measurements of the C'P properties in
these couplings [147,|148]. The measurements in the on-shell analyses H — Z~v or
~7 are sensitive only to the sum of the two cross-section fractions f 5" and fa3 , and
therefore cannot distinguish the two. Moreover, the ffﬂ measurement is not possible

with on-shell photons.
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As in the case of the HZZ couplings, anomalous HZ~y and H~~y couplings are
found to be consistent with zero, as expected in the SM with the current precision.
Since the measurement of the HZ~ and H~~ couplings in the H — V'V — 4/ decay
is not yet competitive with the on-shell measurements, further investigation of several

parameters simultaneously is not considered with the current data.
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Chapter 7

Conclusions & Extensions

Obtaining experimental evidence for the Higgs boson has been a major goal of the
particle physics research since the conception of the LHC. Finding and characterizing
this boson is key to the complete picture of electroweak symmetry breaking. This
effort has been a major focus of the CMS collaboration. This thesis work focused
on this search and characterization using the four-lepton final state. It offers a series
of extremely important and groundbreaking measurements that were proposed and

carried out on the observed data.

This thesis presents the observation of the new boson, studies of its production and
decay rates, constraints on the total width, and measurements of its spin and parity
properties. When the Higgs boson was discovered in 2012, it was widely believed
that the study of these properties would require much more time and data than
CMS has collected so far. Using the kinematics of the four-lepton final state in novel
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and efficient ways made these measurements possible far before more conventional
approaches.

All of the measurements presented here will improve with time, simply by col-
lecting more LHC data from 2015 and beyond, because they are statistically limited.
Additionally, many of these measurements have already been extended including in-
formation from other decay channels to say more about the observed boson. Many
of these extensions were directly inspired and made possible by the work presented

here, while others developed their own techniques.

71 H — Z/ — 4¢ Search & Production

Mechanism

The observation of the new boson is confirmed in the 4/ final state, using data
from an integrated luminosity of 5.1 fb=! of proton-proton collisions at a center of
mass energy of /s = 7TeV, and 19.7fb~! at /s = 8 TeV. The H — ZZ —
40 data shows a local significance of 6.8 standard deviations above the expected
background. Upper limits at the 95% C.L. exclude the SM-like Higgs boson in the
mass ranges 114.5-119.0 GeV and 129.5-832.0 GeV, for an expected exclusion range
for the background-only hypothesis of 115-740 GeV. The production cross section
of the new boson times the branching fraction to four leptons is measured to be
1= 0.93792(stat.) "o (syst.) times that predicted by the standard model (4 = 1
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is SM Higgs boson). Those cross sections times branching ratios associated with
production couplings to fermions and vector bosons are jiygmsm = 0.807038 and
pveryva = 1.7753 respectively, consistent with the SM expectations (u = 1). All
production and decay properties of the observed new boson in the four-lepton final

state are consistent, within their uncertainties, with the expectations for the SM Higgs

boson.

7.1.1 Extensions

The limits that were found using the 4/ final state have been extended by combin-
ing the results with the other H — ZZ and H — WW final state results. In [149] a
heavy Higgs boson with standard model-like couplings and decays are excluded from
145-1000 GeV shown in figure [7.1} Additionally, these results are re-interpreted as a
search for a heavy, narrow resonance as electroweak singlet partner of the standard
model Higgs boson. No significant excess over the expected standard model back-
ground has been observed and exclusion limits have been set [149]. These results
actually use a MELA discriminant based on the jet kinematics to separate signal
from background rather than the Dj.; discriminant. This discriminant takes the four-
momenta of the jets produced in addition to the leptons and outputs a discriminating
variable based on the matrix element calculation of VBF and gg — H + 2jets [61].

The study of the production mechanisms has also been used to make a robust set of
CMS results combining many different Higgs search channels. In [150] the results from
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Figure 7.1: Combined results of H — ZZ and H — WW in the search of a heavy,
SM-like Higgs boson with SM couplings, line shape and decays. Upper limits at 95%
C.L. set for each of the contributing final states and their combination [149].
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Figure 7.2: (left) Values of the best-fit o/ogys for the combination (solid vertical line)
and for subcombinations by predominant decay mode and additional tags targeting a
particular production mechanism. (right) The 68% C.L. regions (bounded by the solid
curves) for signal strength of the ggH and ¢tH, and of the VBF and VH production
mechanisms: fiyom 2 and fovpr,y i, respectively [150].

the 44 studies were combined with other final states where a Higgs boson signal is ob-
served to set extremely robust limits on the global i = 1.0040.09(stat.) T s (theo.) &
0.07(syst.) (at mpy = 125.0 GeV) and to show the consistency of the 0/1 jet and dijet
signal strengths with the other decay channels, figure [7.2] Similarly, the results for
the production mechanism can be compared to the other final states and used to show

how consistent the data from CMS is with the predicted SM Higgs boson.

7.2 H — ZZ Constraints on Total Width

We have presented constraints on the total Higgs boson width using its relative
on-shell and off-shell production and decay rates to four leptons or two leptons and
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two neutrinos. The analysis is based on the 2011 and 2012 data sets corresponding to
integrated luminosities of 5.1 fb~! at /s = 7TeV and 19.7 fb~! at /s = 8TeV. The
four-lepton analysis uses the measured invariant mass distribution near the peak and
above the Z-boson pair production threshold, as well as a likelihood discriminant to
separate the gluon fusion ZZ production from the q¢ — ZZ background, while the
two-lepton plus two-neutrino off-shell analysis relies on the transverse mass distribu-
tion. The presented analysis determines the independent contributions of the gluon
fusion and VBF production mechanisms from the data in the on-shell region. The
combined fit of the 4¢ and 2/2v channels leads to an upper limit on the Higgs boson
width of I'y < 22 MeV at a 95% confidence level, which is 5.4 times the expected
width of the SM Higgs boson. This result improves by more than two orders of mag-
nitude upon previous experimental constraints on the new boson decay width from

the direct measurement at the resonance peak.

7.2.1 Extensions

An obvious extension of these results is to repeat what is done in the ZZ — 44
final state in the WW — 202y decay channel. This way the constraints can be made
tighter by including the information from the W decay channel as well. This study
has been performed by the ATLAS experiment [151] in their response to the CMS
Z 7 results. The CMS experiment should publish this ZZ + WW combination soon.

A comprehensive test of anomalous HVV couplings of the Higgs boson has been
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Figure 7.3: The my, distributions in the off-shell region in the simulation of the
gg — 40 process with the anomalous Ag, a3, a2, and A; terms (open histograms)
as well as the a; (SM filled histogram) term in decreasing order of enhancement at
high my4,. In all cases, the background and its interference with the different signal

hypotheses are included except in the case of the pure background (dashed black). The
on-shell signal yield and the width ['y are constrained to the SM expectations \|

presented in section |§| and [62]. All anomalous contributions up to dimension five
operators have been tested in the on-shell Higgs boson decay. However, in off-shell
production these anomalous couplings will have a huge impact. The CMS experiment
is now attempting to constrain some of these terms and the width simultaneously.
Figure[7.3]shows a comparison of the my, distribution between the SM and pure BSM
hypotheses for T'yy = I'3M. The analysis in the off-shell region for the Higgs boson
width can be expanded by taking into account the changes in the off-shell contribution
due to these new couplings.
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73 H — VV — 4¢ Spin/Parity Measure-

ments

The interactions of a spin-zero, -one, or -two boson with the SM particles is
studied based on a scattering amplitude with terms corresponding to operators up to
dimension five. A maximum likelihood fit of the signal and background distributions
provides constraints on the anomalous couplings of the H boson. The study focused
on testing for the presence of anomalous effects in HZZ interactions under spin-zero,
-one, and -two hypotheses. The HZ~ and H~~ interactions were probed using the

4/¢ final state as well.

The exotic-spin study covers the analysis of mixed-parity spin-one states and
ten spin-two hypotheses under the assumption of production either via gluon fusion
or quark-antiquark annihilation, or without such an assumption. The spin-one hy-
potheses are excluded at a greater than 99.999% C.L. while the spin-two boson with
gravity-like minimal couplings is excluded at a 99.87% C.L., and the other spin-two
hypotheses tested are excluded at a 99% C.L. or higher.

Given the exclusion of the spin-one and spin-two scenarios, constraints are set on
the contribution of anomalous couplings to the HZZ, HZ~, and H~~ interactions of
a spin-zero H boson, as summarized in table Among these is the measurement of
the f,3 parameter, which is defined as the fractional pseudoscalar cross section in the
H — ZZ channel. The constraint is f,3 < 0.43 (0.40) at a 95% C.L. for the positive
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(negative) phase of the pseudoscalar coupling with respect to the dominant SM-like
coupling and f,3 = 1 exclusion of a pure pseudoscalar hypothesis at a 99.98% C.L.
All observations of the new particles spin/parity and tensor structure are consis-

tent with the expectations for a scalar SM-like Higgs boson with JF¢ = 0+,

7.3.1 Extensions

We can perform a combination of the H — ZZ and H — WW measurements
leading to tighter constraints on the H boson spin-parity and anomalous HV'V inter-
actions and higher exclusions of the spin-one and spin-two scenarios. Some of these
combined results have already been presented in previous figures. For the 2 hypoth-
esis, in addition to the H — ZZ and H — WW final states combination with the
H — ~~ final state is also helpful. A full summary of these results has been published
in [62]. Figures [7.4]and [7.5| give a few examples of these combinations.

Additionally, this thesis work investigated the feasibility to measure anomalous
HV'V couplings using either decay or production information in the future. These
studies were not limited to high luminosity LHC experiments but also investigated a
future ete collider as well. These studies looked at many different kinds of Higgs
boson production and decay to project the “ultimate" sensitivity of the MELA tech-
nique for these purposes. The results of these projection studies is shown in figure
, and additional studies in combining all information (production, decay, and off

resonance production) are underway.
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one and spin-two J¥ models tested against the SM Higgs boson hypothesis in the
combined X — ZZ and WW analyses . The expected median and the 68.3%,
95.4%, and 99.7% C.L. regions for the SM Higgs boson (orange, the left for each
model) and for the alternative J¥ hypotheses (blue, right) are shown. The observed
q values are indicated by the black dots.
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Figure 7.5:

Expected (dashed) and observed (solid) likelihood scans for effective

fractions fa; (left), fuo (middle), fu3 (right). The couplings studied are constrained
to be real and all other anomalous couplings are fixed to the SM predictions. The
cos ¢q; term allows a signed quantity where cos¢,; = —1 or +1. Plots show the
combined H — WW and H — ZZ results in terms of the HZZ couplings for well
motivated choices of the WW and ZZ coupling relationships .
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Figure 7.6: Summary of precision in fop(generalization of f,3) for HV'V couplings
(V =W, Z) at the moment of 30 measurement. Points indicate central values and
error bars indicate 1o deviations in the generated experiments modeling different
luminosity scenarios at proton (solid red) or eTe™ (open blue) colliders. Measurements
in three topologies V' H (triangles), V BF' (squares), and decay H — V'V (circles) are
shown [61].

7.4 Implications: What did we find?

This document has presented the search, discovery, and classification of a new
particle decaying into four-leptons. With only about 20 events seen by CMS in the
resonance peak at 125 GeV these studies have made significant progress in character-
izing this Higgs boson. The production mode matches with the expectations for the
SM Higgs boson, showing vector and fermion induced production in rates that agree
with the SM. The total width also seems to be consistent with theory predictions for
this particle, and the 4/ final state, both near and away from the new peek seems to
be consistent with a SM Higgs boson prediction. The spin-parity quantum numbers
of the new boson disfavor many other potential bosons and strongly favor a scalar
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SM-like Higgs boson with JF¢ = 0+,

Beyond finding and understanding the Higgs boson, this work can be helpful in
understanding if the Higgs boson could be a window to BSM physics. The information
that we have gathered does not give complete answers to these questions, nor is it the
best ways to search for BSM physics, but it does help focus the picture. Specifically,
the tests of f,3 are designed to see if there is any C'P-violating component to the
observed resonance. To the current sensitivity of these measurements, no deviations
from a pure C'P-even state are observed. This does not rule out the observed boson
as a source of significant C'P-violation but the current data does not support it.
Offering a quantum explanation for gravity is also tested by some of the spin-two
studies presented in this work which have motivations deeply connected to graviton
hypotheses. Again, the data we observe strongly favor the SM Higgs boson over a

spin-two particle.

The potential connection between the observed Higgs boson and dark matter is
also probed. If there was a significant branching fraction of the observed boson to
dark matter the production mechanism could show a deviation from SM behavior.
Additionally, a significant Higgs boson — dark matter coupling would produce an
increased total width of the Higgs boson that could be observed in the off shell width
measurements. Given that all observations are currently consistent with the SM Higgs

boson, dark matter still remains one of the most interesting mysteries in the universe.

Overall this thesis work presents some of the most comprehensive search and
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characterization studies of the new Higgs boson that have been undertaken. The
LHC accelerator and CMS experiment should be congratulated for their wonderful
performance leading to these studies. While many questions about the SM remain,
all signs point to the observed boson being consistent with one that would arise from

the Higgs mechanism, offering the solution to at least one question.
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