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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
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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
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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
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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.
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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

39



CHAPTER 2. THE EXPERIMENT: LHC AND CMS
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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

41



CHAPTER 2. THE EXPERIMENT: LHC AND CMS

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
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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 \|
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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 interactio