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Abstract

Search For Universal Extra Dimensions in the Two Photon and Missing Transverse

Energy Final State With The ATLAS Detector

Baharak Fatholahzadeh
Doctor of Philosophy
Graduate Department of Physics

University of Toronto

2012

A search for diphoton events with large missing transverse energy is conducted using
3.1 pb~! of integrated luminosity of proton-proton collisions at center of mass energy
Vs = 7 TeV. The data were collected with the ATLAS detector at the CERN Large
Hadron Collider during the period from March 30, 2010 until August 30, 2010. No
excess of such events is observed above the Standard Model background prediction. This
result is interpreted in the context of a gravity mediated One Universal Extra Dimension
model with AR = 20, N = 6 and Mp = 5 TeV, where A is the cutoff scale, N is the
number of large extra dimensions and Mp is the Planck scale in the higher dimensional
theory. The compactification radius of the Universal Extra Dimension, R, is excluded for
values of 1/R < 728 GeV at 95% CL, providing the most stringent limit on this model

at the time of publication.
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Chapter 1

Foreword

My work with ATLAS began in the Summer of 2007. At this time the LHC had not
produced any collisions. My service work consisted of looking at the effect of problematic
cells on the performance of missing transverse energy using cosmic ray data. Once the
first proton-proton collisions took place in the Fall of 2009, I continued my service work
by studying pulse shape qualities in the Forward Calorimeters. In parallel, I started my

physics studies in universal extra dimensions with gravity mediated decays.

My contribution to the analysis presented in this dissertation started by using Monte
Carlo data to determine the feasibility of discovery for these universal extra dimension
models. Once it was determined that this study had the potential to surpass previous
limits with very early data, I moved my focus to determining the selection criterion for
this search. In the Spring of 2010, 7 TeV collision data became available. At that time, I
compared data versus Monte Carlo distributions for variables of interest and determined
methods for obtaining the systematic uncertainties associated with the selection require-
ment of missing transverse energy. A paper describing the results in this dissertation
has been published in the journal of Physical Review Letters [35]. In this dissertation I
have added some Monte Carlo studies to further elucidate the data driven method used

to determine the Standard Model background for this search.
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After the publication of the paper described above, I continued working on this search
with ten times more data. The follow-up search included limits on supersymmetric models
as well and was published in the European Physics Journal C [31]. My contribution to
this analysis consisted of looking at efficiencies related to the universal extra dimension
signal and determining the systematic uncertainties of the missing transverse energy cut

required in the selection criterion.



Chapter 2

Introduction

The Standard Model of Particle Physics describes three of the four fundamental forces
of nature and has been developed over the past 50 years. Despite its many successes
a few questions still remain unanswered. Models beyond the Standard Model attempt
to address some of these shortcomings and make predictions that can be experimentally
tested. Chapter 2 of this thesis summarizes some of the basic features of the Standard
Model and ends with an overview of its shortcomings. Beyond the Standard Model
scenarios which introduce extra dimensions are discussed in Chapter 3 with a focus on

the particular models relevant for this thesis.

This thesis summarizes the search for particular extra dimension models in diphoton
events with large missing transverse energy produced in proton-proton collisions at a
center-of-mass energy of 7 TeV. The data were collected with the ATLAS detector at
the CERN Large Hadron Collider during the period from March 30, 2010 until August
30, 2010 and corresponds to 3.1 pb~! of integrated luminosity. An overview of the Large
Hadron Collider and the ATLAS detector is given in Chapters 4 and 5 respectively.
Limits are derived for a beyond the Standard Model scenario involving universal extra
dimensions with gravity mediated decays. Universal extra dimensions are dimensions

into which all Standard Model particles can propagate.
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The Standard Model event rates for diphoton events with large missing transverse
energy are small. Most of the contribution to the background for this search was from
events faking this signature. These fake events arise from Standard Model processes in
which mismeasurements lead to the desired signature. One of the main experimental
challenges was to predict the Standard Model background to diphoton events with large
missing transverse energy and to establish a set of appropriate selection criterion. This
analysis used data to predict the background and understand some of the uncertainties
associated with the selection criterion. Since this search was conducted with early data,
novel approaches had to be adopted to fulfill these tasks. Chapter 6 provides an overview
of the variables used to identify various final state particles and missing transverse en-
ergy. Chapter 7 describes the data samples used and the methodology for establishing
the selection criterion for the search region. Chapters 8 and 9 describe the Standard
Model Background prediction method and the systematic uncertainties attributed to the
selection criterion respectively.

The methodology of this search was approved by the ATLAS collaboration in Decem-
ber of 2010 and was subsequently published in [35]. The search results are presented in

Chapter 10, followed by conclusions in Chapter 11.



Chapter 3

Standard Model

Particle physics is the branch of physics that studies the fundamental constituents of
matter and their interactions. The current theoretical framework for this endeavour is
referred to as the Standard Model (SM) of elementary particle physics. This theory
describes the electromagnetic, weak and strong interactions of the known subatomic
particles, but also postulates the existence of a massive scalar particle, known as the
Higgs boson, which may have recently been observed [37]. The success of this theory
is based on the excellent agreement between its theoretical predictions and the ensuing
experimental observations.

This chapter provides a brief summary of the basic constituents and principles of the

Standard Model. This discussion is followed by a sample list of some of its shortcomings.

3.1 Basic Constituents of the Standard Model

The basic constituents of the Standard Model are shown in figure 3.1. The matter
content consists of 12 elementary spin—% fermions and their corresponding antiparticles.
The fermions are classified according to their interaction properties. The quarks possess
a color charge and interact via the strong force, whereas the leptons do not interact

strongly. Pairs of each classification, quarks or leptons, are grouped into a generation.
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There are 3 generations altogether. Each charged member of a generation has a greater
mass than the previous one. The first generation of the leptons consists of the electron, e,
and the electron neutrino, v.. The electron has an electric charge of -1 and can interact
both electromagnetically and weakly, whereas the v, which is assumed to be massless
in the Standard Model, has no electric charge and can only interact via the weak force.
This pattern is repeated in the second and third generation with the muon, y , and tau,
7, leptons and their corresponding neutrinos. The quarks can not only interact strongly,
but also electromagnetically and weakly. The first generation of the quarks consists of the
up and down quarks, the second generation contains the charm and strange quarks and
the third generation contains the top and bottom quarks. The electromagnetic charge of
the members of each quark generation differs by one unit of the electric charge, but they
carry a fractional charge of % for the up-type quarks and —% for the down-type quarks.
No free quarks have ever been detected, because they are confined by the strong force
to form color neutral composite particles known as hadrons (eg. protons, neutrons and

pions).

In the Standard Model, matter particles interact with each other through the exchange
of other particles, known as gauge bosons or force carriers. The force carriers are all
spin-1 bosons. The gauge boson associated with the electromagnetic interaction is the
massless photon. The three massive W* and Z bosons are the mediators of the weak
interactions. The W* are charged and only act on left-handed particles or right-handed
antiparticles. The photon along with the W* and Z mediate the electroweak interactions.
The 8 colored massless gluons mediate the strong interactions between the quarks. As
mentioned before, the Higgs particle is included in the Standard Model and may have
recently been observed experimentally. The mass of the new particle that has been
observed by the ATLAS experiment was measured to be 126.040.4(stat)£0.4(syst) GeV.
Its SM conception is that of a spin-0 boson which carries no electromagnetic or color

charge.
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Three Generations
of Matter (Fermions)
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Figure 3.1: The constituents of the SM excluding the Higgs boson. The matter content

consists of three generations of spm-% fermions. Forces are mediated by spin-1 bosons.

3.2 Basic Principles of the Standard Model

3.2.1 Free Fields and Gauge Interactions

The Standard Model is a relativistic quantum field theory formulated on a (3+1) dimen-
sional Minkowski space. Quantum excitations of these fields are interpreted as point-like
particles. Relativistic invariance requires the Lagrangian of the theory to be invariant
under Poincaré transformations. This implies invariance of the Lagrangian under trans-
lations through time, translations through space, and the Lorentz transformations; ie.
rotations or boosts to a different frame of reference. The basic constituents of the Stan-
dard Model are the quarks and leptons which are spin 1/2 fermions, the force carriers
which are spin 1 bosons and the Higgs boson which is a spin 0, or scalar, particle. The spin
of a particle determines how the fields representing them will transform under Lorentz
boosts and rotations.

Poincaré invariance is an example of a global symmetry. The Lorentz invariant La-
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grangian density for a free spin—% fermionic field, ¥ (x), of mass m is given by:

Ly = (@) (19, — m)b(a) (3.1)

where 1) = 1)T~? and v* are 4x4 Dirac matrices which are given by:
= (3.2)

Above, o# = (I,0',0%,03) and 6* = (I,—0o', —0? —0?). This representation is called
the Weyl representation. The matrix I is just the 2x2 identity matrix and o? are the
Pauli spin matrices.

One way to introduce interactions to fermionic fields is through the principle of gauge
invariance. Gauge transformations are transformations that vary independently at every
point in spacetime. The principle of gauge invariance requires that the Lagrangian be
invariant under these transformations up to a total derivative. A simple example of this
principle can be illustrated by stipulating that our theory should be invariant under local

U(1) transformations of a Dirac field ¥(z),

() = Ui (2)d(x) = e Dy(a) (3.3)

The mass term in the Dirac Lagrangian density, mi), remains invariant under such a

transformation. However, the kinetic term in the Lagrangian will not be invariant,

W (2)y" 9 (x) — W (eI (x) — (e [Oua(a)] ¥ () (3.4)

To achieve invariance of the Lagrangian density, the derivative 0, is replaced by the
covariant derivative D,,:

0, = D, =0, +igA,(x) (3.5)

Under the same local U(1) transformations, the vector field A, in the covariant derivative

transforms as follows:

Ay(w) = Ay () — é@ua(x) (3.6)
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The term it (x)y* D,(z) is now invariant and the new Lagrangian density has the fol-

lowing form:

L} = (@) B (@) — gy A (a)i() — mib(a)i(z) (3.7)

The extra term that has been added —gi(z)v* A, (z)(z) looks like the interaction term
in Quantum Electrodynamics between an electron with charge ¢ = e with an external
electromagnetic potential A,(z). Therefore, the demand for local gauge invariance has
generated interactions for the fermionic fields. The external potential A, (x) is treated
as a free vector field by adding a kinetic term to the Lagrangian density which is in itself
gauge and Lorentz invariant. The Lagrangian density for a free U(1) gauge field is given
by:

1 v
Ly =~ ", (3.8)

where F,, = 0,4, — 0,A,. The demand for gauge invariance implies new gauge fields
and introduces interaction terms. A mass term for a gauge field mA*A, will not be
invariant under these transformations. Using the principle of gauge invariance cannot
by itself describe the interaction of fermions with the massive W* and Z bosons. This
principle will need to be supplemented with a mechanism that breaks the underlying
gauge symmetry and generates masses for the gauge bosons of the weak sector. In

section 3.3.1, this mechanism is reviewed along with its connection to the Higgs sector.

3.2.2 Chiral Fermions

One of the important consequences of spin considerations is the reducibility of massless
fermionic fields into two different helicity states or chiralities. The left-handed helicity
refers to a spin direction antiparallel to the momentum and the right-handed helicity
refers to a spin direction parallel to the momentum. The Standard Model is a chiral
theory because it treats these two helicity states differently in the electroweak sector.

This treatment follows from the experimental observation that only left-handed neutrinos
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and right-handed anti-neutrinos interact through the weak force. This is possible because
the two helicity states of a spin—% fermion can have different transformation properties
under a given symmetry group or different quantum charges.

In order to see how these two helicity states appear in the Standard Model Lagrangian
we can begin by considering the Lagrangian density in equation 3.1. The spinor fields
are reducible, since the upper components of a spinor field don’t mix with the lower

components under Poincaré transformations. A spinor field can, therefore be written as:

b = vr (3.9)
YR
where,
Vi =S b= 50— (310)
and,
I 0
= (= —ir%127%) (3.11)
0 —1

Therefore, equation 3.1 can also be written in the following form:

Ly = ippo" b + W6 0 — m(Uitr + YLYR) (3.12)

The kinetic energy term for Dirac fermions splits into two separate expressions for left-
handed and right-handed fields. When a fermion is coupled to a gauge field, then
and g can have different charges or different transformation properties under the gauge
group. This is indeed what happens in the electroweak sector of the Standard Model.
The mass term in equation 3.12 mixes the right and left handed helicities and would not
be invariant under the gauge transformations if ¢, and g have different charges. This is
why the fermions in the Standard Model Lagrangian actually do not have explicit mass
terms. The masses of the particles arise from their interaction with the Higgs field and

will be discussed in section 3.3.1.
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3.3 Gauge Groups of the Standard Model

The SM Lagrangian is invariant under transformations corresponding to the SU(3)oxSU(2), xU(1)y
gauge group. In section 3.2.1, it was shown that gauge symmetries lead to interaction
terms. The invariance of the SM Lagrangian under SU(2),xU(1)y is used to describe
electroweak interactions and is summarized in section 3.3.1. The strong interactions are

described by local SU(3)¢ symmetries and are briefly discussed in section 3.3.2.

3.3.1 Electroweak Interactions - SU(2);, x U(1)y

In 1961, Sheldon Glashow proposed a model to combine electromagnetic and weak inter-
actions [61]. The interaction between fermions and the gauge fields associated with this

symmetry group arises from the covariant derivative:
D, = 0, —igWi(x)T" —ig'Y B, (3.13)

where the label a runs from 1-3. The three gauge fields, W, are associated with the
symmetry group SU(2);, and B, is the field associated to the group U(1)y. The generators
of the symmetry groups U(1)y and SU(2), are the weak hypercharge Y and the weak
isospin matrices T = ”—; The free field Lagrangian density for B, and W is given by,

1 v 1 apvyysa
gB,W - _Z_LBM Bw/ - Z_IW # WNV (314)

where B, = 0,B, — 0,5, and W, = oWg — &,W/‘j — gfabCW[lef. The constants f°
are the structure constants of SU(2), satisfying [T, T%] = i f***T*. The gauge fields B,
and Wy are not the physical fields of the theory. They can however mix to form the

physical fields associated with the photon (A,), the Z boson and W* (W bosons):

1
+ 1 112
Wu = E (Wu + ZW#)
A, = Wisinby, + Bycosby, (3.15)

Z, = Wicos@w — B, sinb,
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The mixing angle 6, is an experimentally determined parameter, which relates the electric

charge e to the coupling strengths ¢ and ¢':
e = gsinbf, = g'cosb, (3.16)

The covariant derivative in equation 3.13 can be rewritten in terms of the physical fields:

D, =0, - z% (Wi ()T + W (2)T7) — i

where T = (T! £ 4T?) and @ is the electric charge quantum number and is defined by

I 7, (T — sin®0,Q) —ieA,Q (3.17)

cosBy,, "

Q = T2 +Y. In this model the left-handed fermion fields are assigned to the doublets of

SU(2),. For the first generation left-handed lepton and quark doublets,

Ve u
E; = ;o Qo= (3.18)
e~ d
L L
the respective assignment of hypercharge Y = —1/2 and Y = +1/6 combines with

T3 = +1/2 to give the conventional electric charge. The right handed fields, on the other
hand, are singlets of SU(2); with 7% = 0. The value of the hypercharge for the right-
handed fermions is chosen in order to obtain the desired electric charge. These quantum
numbers are summarized in table 3.3.1.

Table 3.3.1 shows that the left-handed and right-handed fermions have different weak
isospin and hypercharge quantum numbers. An explicit gauge invariant mass term is
therefore not possible for these particles. As mentioned in section 3.2.1, a gauge invariant
mass term is also not possible for the spin-1 bosons in this sector. However, we know that
both fermions and the W and Z bosons need to acquire mass somehow. This is achieved
in the Standard Model through the introduction of the Higgs field which spontaneously
breaks the symmetry group SU(2);,xU(1)y to U(1)en. The same mechanism is also
responsible for giving masses to the fermions.

In order to implement this hidden symmetry mechanism, a complex scalar field which

is also a weak isospin doublet is introduced into the Standard Model. The external
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Leptons Spin | T3 Y Q
1 1 1
Ve Vi vr 3 5 | 2 0
_ . - 1 1 1
e T 2 —z —z -1
. v, . 2 2 2
€ERrR MR TR % 0 -1 -1
Quarks Spin | T® Y Q
1 1 1 2
u ¢ ¢ 2 3 | ® 3
1 1 1 1
d ). s ). L I e A
UR CRr tR % 0 % %
dR SR bR % 0 —% —%
Higgs Spin | T3 Y Q
1 1
b L ot 0 5 5 1
V2 0 1 1
¢ 0 | =3 ] 3 0

Table 3.1: Fermion and scalar field content of the Standard Model. The quoted quantum
numbers are spin, T° - the ¢ component of the weak isospin, Y - the weak hypercharge,
and () - the electric charge. These values are given for both the left-handed and right-

handed fermions, distinguished by subscripts L and R respectively.
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potential energy of this field is chosen such that it acquires a non-vanishing minimum.

This minimum value, |¢g|, can be gauge transformed to take on the following form,

0
[¢o()| = \/g (3.19)

v

where v is the vacuum expectation value of the scalar field. Although the Lagrangian of
the Standard Model is invariant under SU(2),xU(1)y gauge transformations, the ground
state does not retain this symmetry due to the non-vanishing vacuum expectation value
of the scalar field. The electrically neutral vacuum state does, however, preserve a U(1)e,,
gauge symmetry which is identified with the electromagnetic sector. Perturbations of the
two component complex scalar field about its ground state can be gauge transformed to
the form, v+h(z), where h(z) is a real scalar field. The quantum of the field h(z) is
called the Higgs boson. Writing the kinetic energy term, |D,¢|?, for the complex scalar
field about this minimum gives rise to the following masses for the gauge bosons of the

electroweak sector,

v
mwy = 95
myz =+/g*+ 9'22
2
myp = 0 (320)

The W and Z bosons obtain masses proportional to v and the photon remains massless.
The relationship between the masses of the W and Z bosons, my, = mzcosf,,, has been
satisfied experimentally to better than 1% accuracy. Furthermore, from the measured
masses of the W and Z bosons and the couplings ¢ and ¢’ the vacuum expectation value
of the Higgs field has been determined to be v = 246 GeV. The particular choice for the
parametrization of |¢y| makes the physical content of the model more evident. Three
of the four degrees of freedom of the complex scalar field ¢ can be associated with the
longitudinal degrees of freedom of the W and Z bosons which appear massive in the

ground state.
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Mass terms for the leptons and quarks of the Standard Model are generated through
their interactions with the field ¢, also known as Yukawa interaction terms. The gauge

invariant Yukawa interaction term involving ey, er and ¢ is as follows:
D%Yukawa,e = _AeEL-(beR + h.c. (321)

where E is the first generation lepton doublet defined in equation 3.18 and ). is a di-
mensionless parameter that is introduced for every mass term. The term in equation 3.21
is now a singlet of SU(2),, and has net hypercharge Y = 0. If ¢ is replaced by its vacuum

expectation value then one obtains,

1
gy’lﬁk’awa,e = —E)\EUELGR + h.c. + ... (322)

which just gives a mass term for electrons of value,

Aev (3.23)

me =

V2
The masses of quarks are generated via a very similar mechanism, but with some addi-
tional complexities. The complexities essentially arise from the fact that the quark basis
that diagonalizes their Higgs couplings is not the same as that related to their gauge
couplings. The two bases are however related by unitary transformations that would
allow for transitions between quark generations through weak interactions. The masses
of all the quarks, leptons and gauge bosons are proportional to the vacuum expectation
value of the scalar field v. These masses can however differ by large orders of magnitude.
The order of magnitude of differences in mass are not explained in the Standard Model

but are introduced as inputs of the theory.

3.3.2 Strong Interactions - SU(3)¢

The theoretical framework in the Standard Model that describes the strong interaction of

quarks and gluons is referred to as Quantum Chromodynamics (QCD). These interactions
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are introduced by requiring the invariance of the Standard Model Lagrangian under
SU(3)¢ transformations. The quarks are assumed to carry an additional quantum number
referred to as color which can take on three possible values. There are eight massless
gauge fields in this sector that are referred to as gluons. Gluons are themselves charged
under SU(3)c and can therefore self-interact. The covariant derivative that leads to
interactions between quarks and gluons is given by,

)\b

D, =0, — ig.Gh (@)

(3.24)

where the label b runs from 1—8. The eight gauge fields GZ are associated with the gluons.
The generators of the SU(3)¢ symmetry group are ’\71), where \* are the 3 x 3 Gell-Mann
matrices which are traceless, Hermitian matrices obeying the relation Tr(\PA¢) = 24%.

The free field Lagrangian density for GZ is given by,
1 buv b
Lo = _ZG G (3.25)

where G%,, = 9,G%—0,G" — g,9*"*G",G¢,. The constants g*** are the structure constants of
the group SU(3)c. An important feature of QCD is that quarks and gluons interact very
weakly at high energies or short distance scales. This property is referred to as asymptotic
freedom and depends on the particle content of the theory. It explains experimental
observations which suggested that free point-like Spin—% particles, termed quarks, are
confined within hadrons. QCD was the last major theoretical ingredient in the formation

of the Standard Model.

3.4 Limitations of the Standard Model

The Standard Model of particle physics does not include gravitational interactions, it
does not address the origins of dark energy or provide any dark matter candidates, it
does not account for neutrino masses or provide an explanation for the prevalence of

matter over antimatter in the universe. Furthermore, it contains 19 free parameters
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which include an unexplained fermion mass hierarchy and disparate gauge groups. The
mechanism for electroweak symmetry breaking involving the Higgs field, discussed in
section 3.3.1, introduces a fine tuning problem commonly referred to as the hierarchy
problem which will be summarized in this section.

All the fundamental couplings including mass terms in the Standard Model are subject
to quantum corrections which makes the measurement of these parameters dependent on
energy. The squared mass of the Higgs boson is highly sensitive to radiative corrections.
The squared mass of the Higgs boson is proportional to the vacuum expectation value
of the Higgs field which is at the electroweak scale and set the W and Z boson masses
on the order of 100 GeV. The radiative corrections to the squared mass of the Higgs
boson are quadratically divergent in terms of the scale of a more fundamental theory. If
it is assumed that the scale of the fundamental theory is where gravitational interactions
become strong, then one manifestation of the hierarchy problem is the question that asks
why the weak force is 10%? times stronger than gravity.

Many “Beyond the Standard Model” scenarios have been proposed that attempt to
address some of the limitations summarized above. In the following section models in-
volving extra dimensions are introduced. Some of these models predict that the dynamics
of a more complete theory including gravity may be revealed near the electroweak scale.
Models of extra dimensions do not address all the shortcoming of the Standard Model,
but they do introduce a rich set of theoretical predictions that can be experimentally

tested.
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Universal Extra Dimensions

This chapter provides an outline of the universal extra dimension model considered in
this analysis. Section 4.1 provides a brief summary of the motivation for introducing the
notion of extra dimensions and an outline of a few of the ways, relevant to this analysis,
in which this can be achieved. The limits on the parameters of these models are also
described. In section 4.2, the particular model investigated in this search, ie. universal
extra dimensions with gravity mediated decays, is described. Furthermore, the choice
of parameters for this model are motivated throughout and the final state signature is

stated.

4.1 Extra Dimensions

The notion of extra dimensions was first explored as a physical phenomenon in the
beginning of the 20th century in order to unify the known forces of nature at the time,
ie. gravity and electromagnetism. Finnish physicist Gunnar Nordstrom proposed a 5-
dimensional(5D) theory describing electromagnetism and a scalar version of gravity in
1914 [76] [75], however, this theory was abandoned, in part, due to its inability to explain
the deflection of light in a gravitational field which was observed during a solar eclipse

in 1919. The next attempt at unifying the known forces using the paradigm of extra

18
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dimensions, was made by Theodor Kaluza in 1921 [66] who proposed a unified theory
based on a 5D version of Einstein’s theory of General Relativity. The same theory was
independently rediscovered by Oskar Klein in 1926 [68]. Kaluza and Klein showed that
a 5D version of Einstein’s theory of general relativity in which one spatial dimension is
compactified on a circle has the potential to describe 4D gravity and electromagnetism.
However, these early attempts were abandoned in favour of 4D quantum field theories,
upon which, the Standard Model of elementary particles is based, and the experimental
confirmations of its predictions.

The interest in higher dimensional theories was renewed in the late 70’s and 80’s with
the development of string theories, which required the existence of extra dimensions for
consistency. These extra dimensions were, however, considered to be extremely small,
O(M];l1 ~ 107%*m), and beyond experimental reach. The potential phenomenological
implications of such models became popular in the late 90’s when they were proposed as
a possible solution to the hierarchy problem. The phenomenology of extra dimensions
has been an active area of research for the past 20 years and includes various proposed
models inspired by string theory but not bound by it. These models vary in the number
of extra dimensions they consider, their geometry, method of compactification, and the
field content that can propagate into them. The commonality in all of these models is the
notion that our ordinary 4D space is embedded in a higher dimensional 4+N dimensional
space known as the “bulk”. From this higher dimensional perspective, our world would
appear as a 4D “brane” which can in itself either be infinitely thin or have some finite
thickness. Some of the issues within the Standard Model which have been addressed

employing extra dimensions are as follows [78]:
e Addressing the hierarchy problem [74] [77].
e Producing electroweak symmetry breaking without a Higgs boson [14].

e The generation of ordinary fermion and neutrino mass hierarchy [10].
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e TeV scale grand unification or unification without SUSY while suppressing proton

decay [25].
e New Dark Matter candidates and a new cosmological perspective [9] [20].

The above is, of course, a small selection of what has been addressed in this context and
is not specific to any single model of extra dimensions. Two models that are relevant to
this analysis are the large extra dimension scenarios of Arkani-Hamed, Dimopoulos and
Dvali (ADD) [74] and Universal Extra Dimensions [9]. The basic concepts underlying

these models will be briefly outlined in sections 4.1.1 and 4.1.2 respectively.

4.1.1 ADD Scenario

In the ADD scenario, all SM particles live on a 4D brane, however, gravity is allowed to
propagate into a (4+n)D bulk. In the simplest scenario, the n dimensions are compactified
on an n-torus, T™. A general feature of these types of models is the existence of a tower
of Kaluza-Klein graviton excitations. This concept will be covered in a bit more depth
in section 4.1.2, but it can simply be explained as introducing a whole set of excited
gravitons into the 4D space with mass splitting on the order of the compactification
radius of the extra dimensions, Am~ 1/R. This scenario was originally proposed as a
solution to the hierarchy problem. According to Gauss’ law, the 4D scale of gravity is
naturally weak because it is diluted by its propagation into the (44+n)D bulk according

to the formula:

M? = M2V, (4.1)

pl =

where M,; is the Planck scale in 4D (= 10" GeV), Mp is the fundamental scale of gravity
or the Planck scale in (441)D and V,, is the volume of the compact extra dimensions and
is proportional to R". Here, R is the compactification radius of the extra dimensions. In

order for this scenario to provide a solution to the hierarchy problem, the fundamental



CHAPTER 4. UNIVERSAL EXTRA DIMENSIONS 21

Planck scale in (4+n)D has to be on the same order as the electroweak scale O(TeV).

This implies [19]:

e If n=1: The length scale of the compact dimensions are ~ 10'3 m. This scenario
is obviously ruled out because no deviation from classical gravitation has been

observed at this length scale.

e If n=2: The length scale of the compact dimensions are &~ 1 mm. This was allowed
in 1998 when the first ADD scenarios were being introduced, but current bounds
coming from table-top experiments [67] [82] place an upper bound of O(1-10 pum)

on the possible size of these dimensions.

e If n>3: The length scale of the compact dimensions are < 10~ 2um, O(MeV~1-
eV~1). Such large compactification scales for extra dimensions have not yet been

ruled out.

For such large extra dimensions, the mass splittings between the graviton excitations are
very small and the mass spectrum can be viewed as nearly continuous. The couplings
of these excited gravitons with the SM particles is as weak as that of the zero mode.
However, because there is such a large density of states, they can collectively affect SM
production cross sections once they are integrated over. The excited gravitons themselves
interact weakly and are expected to not scatter or decay inside a detector and will,
therefore, appear as missing energy or momentum. Direct searches performed during
Run I [7] and Run II [27] at the TeVatron and even the most recent constraints from
ATLAS [5] have not imposed severe restrictions on this set of parameters. Using 1fb~*
of integrated luminosity, ATLAS has set a lower bound of Mp > 3.2(2) TeV for the
n=2(6) scenarios. It should also be noted that most lower bounds placed on Mp, ie.
using cosmological arguments, electroweak precision data, etc., severely constrain the
low n scenario but yield significantly weaker bounds as n increases [64]. For example, the

assumption that Mp is O(TeV) is not constrained for n= 6 scenarios. These experimental
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constraints motivated the search for the modified n=6 models described in section 4.2.
Naturally, the choice of n=6 or 7 is also favoured if one assumes that superstring theory
is relevant to high energy physics. Perhaps the most compelling reason for considering
higher n models comes from naturalness arguments. It has been argued that the ADD
scenario does not eliminate the hierarchy problem, but merely hides it [77]. In other
words, we can now ask why the compactification scale, 1/R, of the extra dimensions is
so much smaller than the weak scale? Since RMp ~ (M} /M3)"", then for small values
of n the hierarchy problem will be replaced by another large ratio, whereas for the large

n scenarios this issue is not so severe.

4.1.2 Minimal Universal Extra Dimension Scenario

Universal extra dimensions are dimensions into which all SM particles can propagate.
Such a scenario would predict a tower of excited states for every SM particle, whose
masses would be of order 1/R. Since no such particles have been observed experimen-
tally, the lower bound on the compactification radius of these extra dimensions would
have to be <O(TeV~1!). Such scales would not address the hierarchy problem discussed
in section 4.1.1. As a side note, if only a few of the extra dimensions were small, but
others were large and only accessible to gravity, then the fundamental scale Mp would
still be lowered by a factor related to the volume of the large extra dimensions and this
problem could be avoided. Prior to the introduction of universal extra dimensions, sce-
narios in which only a subset of SM particles were able to propagate into these additional
dimensions were considered. These scenarios were of interest because they could address
issues such as gauge coupling unification [25], provide new mechanisms for supersym-
metry breaking [8], generation of fermion mass hierarchies [11] etc. However, the size
of these extra dimensions were also severely constrained by precision electroweak data.
For example, in a scenario in which the gauge bosons are allowed to propagate into one

extra dimension, the experimental constraint on the size of this dimension is 1/R > 6.6
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TeV [22]. However, it was shown [9] that in the case of universal extra dimensions, this
lower bound could be much weaker O(10* GeV). The main reason for this had to do
with the emergence of Kaluza-Klein (KK) number conservation, which leads to the ef-
fect that there are no vertices involving only one non-zero KK mode. This restriction
limits the impact of KK states to the loop level and suppresses their contribution to elec-
troweak observables [9]. In addition, it renders the lightest Kaluza-Klein particle stable

and introduces a potential dark matter candidate.

In order to elucidate how the introduction of a compact dimension can lead to a tower
of KK particles with mass splittings of order 1/R, assume a 4+¢ dimensional space,
where the dimension § is compactified on a circle. For simplicity, it is sufficient to just
consider the § = 1 scenario. The coordinates of this space are denoted by x4 = (z#,y),
where A runs from 0-5, 4 = 0,1,2,3 and labels the coordinates of our ordinary 341
dimensional Minkowski space, and y = 2° is the coordinate for the compact dimension.
Compactification on a circle implies that points y and y + 27 R are identified. If we
consider just the simplest case of one real scalar field ® with mass mg living in this

world, then the action for this field in 5D is:

S = /d5 ( Oa® (2", )0 D (2" y) — ;m3¢2(x”,y)) (4.2)

The compactification of the extra dimension, translates into a periodicity condition on
the field in the y coordinate, such that ®(z*,y) = ®(z*,y + 2w R). This allows us to

Fourier decompose ® in the y direction:

Ozt y) = Z o (zH)e 7Y (4.3)

n—foo

Plugging the Fourier series expansion of ® into the the action gives:
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Figure 4.1: The S*/Zy orbifold [19].
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Above used the condition ¢~ = ¢ which comes from the assumption that ® is real.
It can be seen that in the effective 4D theory, the zero mode of this expansion retains
the same characteristics as the original scalar field, ie. there is a real scalar with mass
mg. However, there are now also an infinite tower of particles with masses given by
m%n) = m2 + I’%—Z. These particles are what were referred to previously as Kaluza-Klein
excitations. The mode number of the Fourier expansion, n, refers to the nth Kaluza-
Klein excitation. At this point the masses of these particles are almost degenerate for any
given KK level, however, radiative corrections lift this degeneracy. Another consequence
of such a decomposition is that it introduces KK number conservation at any given
vertex, which prohibits mixing between any given KK level and leads to the behaviour
that KK particles can only be produced in sets of two or more. KK number conservation
also renders the Lightest KK Particle (LKP) in any given level stable. A similar type of
decomposition can be performed for other types of fields. However, these decompositions
could lead to an effective 4D theory that is not necessarily compatible with the matter

content of the SM. Some problems that arise have to do with the fact that the SM

is a chiral theory, but it is not possible to have chiral fermions from such a scheme
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if the number of universal extra dimensions is odd. Another example comes from the
fact that a similar decomposition for gauge fields gives rise to an additional scalar field
zero mode which has not been observed. The solution to these problems would be to
compactify on an orbifold. An orbifold is a manifold with a discreet symmetry that
identifies different points on the manifold [78]. An example of such an orbifold is S'/Z,,
which is also relevant to the model considered in this analysis. In these scenarios, the
compactification on St is followed by identifying y with -y. Figure 4.1 shows a schematic
view of this orbifolding condition. Starting with a circle Sy, the Zs symmetry leads to
a line segment with fixed points at y = 0 and y = 7R, called the boundaries. The field
content is then assigned either an even or odd parity under the Zy(y — —y) symmetry,
which ensures the desired zero mode matter content consistent with the Standard Model.
The Fourier decomposition of all the 5D fields (fermions, scalars and gauge bosons) can

be re-written as follows [79]:

(4.5)

(®,BY) = (0o, B®

1,00

B 3 [0 B () 4 0052 ()]

2
VaR
Here Q(q) are the 5D fermionic doublets(singlets) under SU(2), ® is the scalar Higgs field,
B are the gauge fields of the 5D theory which can be separated into their polarizations
along the 4D brane, BZ, and those along the compact dimension, B%. The zero modes of
BZ correspond to the Standard Model gauge fields, however, the zero modes of B would

correspond to massless scalar fields which do not appear in the Standard Model. The

chiral projection operators that appear in the KK decomposition of fermionic fields are
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just the 4 dimensional ones, Py p = (1 F75)/2. As mentioned previously, the correct SM
matter content is obtained in these scenarios by assigning a parity to the 5D fields under
the Zs(y — —y) symmetry. Assigning the following parities to the fields in equation 4.5

can achieve this objective:

Even under Zy(y — —y) | Odd under Zy(y — —y)
Qr(z,y) = Qulz, —y) | Qrlz,y) = —Qr(z, —y)
qr(7,y) = —qr(r, —y) q(z,y) = —qr(z, —y)
By(z,y) = By(z,~y) | Bi(x,y) = —Bi(z,~y)

This assignment projects out the zero modes that correspond to fields that are odd under
the Zy(y — —y) symmetry. Therefore, the zero modes of the gauge fields polarized along
the compact dimension which would lead to massless scalar fields in the 4D theory are
removed. This scheme also provides the correct chiral content for the SM zero mode

particles, as follows:

0~ i g 3o () + o ()
o= St o 3 [aheos () +dioin ()]

Il
R

n

(4.6)

The KK excitations of the fermions are, however, not chiral which leads to a doubling of
the fermion content for n>0 KK modes.

The orbifolding condition essentially breaks translational invariance at the boundaries
(y= 0 and y= mR). The consequence of this is that radiative corrections generate terms
localized on the boundaries which break KK number conservation [70]. KK number
conservation then becomes only an approximate effect relevant to tree level processes.
However, a remnant of this conserved quantity, known as KK parity, which labels odd

KK levels as odd and even KK levels as even is still preserved. This implies that the
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first level KK excitations have to be pair produced and that the lightest first level KK
excitation is stable [19]. These terms introduce log divergences at the one loop level
which can only be controlled if a cut off scale A is introduced at which the boundary
terms vanish. These terms also lift the mass degeneracy at any given KK level, giving

rise to a mass shift approximated by the following expression:

Sy A2
m o<g2ln(ﬁ) (4.7)

my
where g represents any coupling relevant for the particle under consideration and pu is the
scale being looked at; if we are interested in production of KK particles then y = mg is
an appropriate choice. Although there are no clear indications as to what this scale should
be, some rough restrictions have been placed arising from unitarity bounds on heavy gluon
scattering cross-sections which require A to not be much bigger than 1/R [23]. A choice
of AR = 20 is commonly used and has also been used in this analysis. In section 4.2 the
effect of varying this choice is presented. Furthermore, the cut-off dependence for the
effective theory becomes more severe as the number of compact universal dimensions is
increased, which motivates our initial focus on the 1 UED scenario.

Figure 4.2 shows the effect of the one-loop corrections on the masses of the first level
KK particles. The excited gluons are the heaviest particles and get the largest radiative
correction of 30%, followed by the excited quarks, W’s and Z. The smallest corrections of
5% are associated with the excited leptons and the lightest particle, the excited photon
~*, hardly receives any correction to its mass. The consequences of this for hadron
colliders is that in most scenarios the excited gluons/quarks will be produced in pairs
and cascade decay down to the LKP, emitting Standard Model particles along the way.
Since the mass splittings are not too large by collider standards, the emitted SM particles
are usually 50-100 GeV jets. The LKP is stable, therefore, it will not decay and will show
up as missing energy. These UED signal signatures are extremely difficult to isolate from
normal QCD backgrounds. Using electroweak precision data, the compactification radius

has been estimated to be 1/R > 300 GeV [9]. If the LKP is to be considered as a dark
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Figure 4.2: The spectrum of the first KK level at tree level (left) and one-loop (right), for
1/R=500 GeV/he, AR = 20, my, = 120 and assuming vanishing boundary terms at the
cut-off scale A [21].

matter candidate, then its compactification radius has to satisfy 1/R < 1050 GeV [18§].
However, due to the difficulties associated with this signal mentioned previously, direct
searches for these models often involve searching for multilepton channels that have a
smaller branching ratio [18]. At the time of writing this thesis, the only direct search
limit had been set by the CDF collaboration with 1/R > 280 GeV [69]. However, this

limit will most likely become much more stringent in the near future [73].

4.2 Universal Extra Dimensions With Gravity Me-
diated Decays

In this analysis a search for universal extra dimensions with gravity mediated decays has
been conducted. The model can be considered as a combination of those described in
sections 4.1.1 and 4.1.2, and is sometimes referred to as the ‘fat brane scenario’ [80] [72].
The model begins with a (4+J+N) dimensional space. For us, 6 = 1, and refers to the

dimension into which all SM particles can propagate, hence a universal extra dimension,
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compactified on an S'/Z, orbifold, and N = 6 refers to the number of large extra dimen-
sions with an eV~! compactification radius (ADD scenario), into which only gravitons
can propagate. The theoretical motivation for these scenarios is that they combine the
benefits of both models. The ADD sector will address the hierarchy problem to some
extent and the UED sector is desirable because allowing SM particles to propagate into
extra dimensions has been shown to add a rich framework in which other issues with the
SM, such as electroweak symmetry breaking, can potentially also be addressed. How-
ever, the most interesting feature of these models is that they can lead to striking collider
signatures [72].

The introduction of large extra dimensions into which only gravity can propagate,
introduces gravity mediated KK parity violating interactions to the UED sector. The
cross-sections of these types of models can be O(10-100) times higher than those asso-
ciated with the minimal UED search scenarios involving multi-lepton final states and
described in section 4.1.2. It also means that the LKP, v*, will no longer be stable and
will decay to a photon and a KK graviton. In fact, all KK particles can now decay to

their SM counterparts and a KK graviton. However, if:
['(mass splitting) > T'(gravity mediated) (4.8)

then the KK excitations produced during collisions will first cascade decay to the LKP
as in the minimal UED scenario, but because of the gravitational interactions, the LKP
will no longer be stable and will decay via: v* — G, [71]. The gravitational decay
width of the KK modes are proportional to:

1

I' x —Mg+2

(4.9)

Therefore, for the large N = 6 scenario and Mp = 5 TeV case considered in this analysis,
this decay width is very small. Also as long as 1/R < 1 TeV the branching ratio for the
cascade decay down to the LKP with its subsequent decay into a graviton and photon

is close to unity [72]. For this analysis, we consider only the first level KK excitations.
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Figure 4.3: (a) Production of a pair of KK-excited quarks (Q /q*) via gluon gluon fusion
and (b) a typical decay of a KK SU(2) doublet quark () to the LKP (v*), which decays

promptly via v* — yG™ [53].

The signal in this scenario will then be two hard photons plus large missing transverse
energy. In proton-proton collisions, two first level KK partons (quarks and/or gluons) are
pair produced due to KK parity conservation and each will subsequently cascade decay
down to a v*’s. Fach of the two v*’s will then decay to a photon and an excited graviton
which will not interact with the detector and contribute to a missing transverse energy

measurement. A typical production and subsequent decay is shown in figure 4.3.

The chosen parameter space for this analysis is models in which AR =20, § =1,
N=6, and Mp =5. The compactification radius of the universal extra dimension, R,
is the parameter upon which a limit will be set. This model has been implemented in
PYTHIA 6.421 [26]. The motivation for looking at this particular region of parameter
space has been touched upon in sections 4.1.1 and 4.1.2. The choice for the cut-off scale
A, ie. choosing AR = 20, is a bit less restricted. Changing A will change the radiative
corrections to the KK particle masses, which will alter the KK pair production cross
sections. The effects of changing AR from 10 to 30 have been studied and are summarized
in table 4.1. The main restrictions on this value come from unitarity violation of heavy
gluon scattering, which limits this product to lie between 10 to 40. We can see from

this table that the production cross sections change more rapidly for lower AR values.
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AR = 10 15 16 18 20 21 24 26 30
Cross section [pb] | 3.41 | 2.99 | 2.95 | 2.88 | 2.73 | 2.72 | 2.60 | 2.56 | 2.43
Masses [GeV]
m(g*) 830 | 851 | 854 | 860 | 865 | 868 | 874 | 878 | 885
m(q*) 788 | 804 | 806 | 811 | 815 | 817 | 822 | 825 | 830
m(Z*) 734 | 739 | 740 | 741 | 743 | 743 | 745 | 746 | 748
m(W*) 734 | 739 | 740 | 741 | 742 | T43 | 745 | 746 | T47
m(1*) 715 | 718 | 718 | 719 | 719 | 720 | 721 | 721 | 722
m(vy*) 700 | 700 | 700 | 700 | 700 | 700 | 700 | 700 | 700

Table 4.1: The cross section and KK particle masses for different AR values and fized

1/R =700 GeV.

For example changing AR from 10 to 20 decreases the cross section by 22%, while it is
only reduced by 12% when this value is changed from 20 to 30. The point AR = 20 is
essentially the average of the range of potential variation. This variation will also change
the mass splittings between the KK particles, leaving the LKP mass unchanged. Any
change in the mass splitting will affect the level of hardness of the hadronic jets from
the cascade decay in this analysis. Hadronic jets were not involved in defining the signal
search region and should not significantly affect the final results.

The only previous search for this process was conducted by the DO col