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Abstract

The extra-dimensional extensions of the Standard Model of particles are now in a very active
epoch of development. The motivations of introducing extra dimensions are based on one hand
on string theories that require the existence of new dimensions to be consistent. On the other
hand such theories can potentially explain the hierarchy problem, number of fermion generations,
proton stability and other enigmas of the Standard Model. The common feature of these models
is that they provide a new neutral weakly interacting particle - perfect candidate to the Dark
Matter. It’s stability is preserved by the so-called KK parity which prohibits the decays of the
LKP into SM particles. The geometry of the underlying space determines the particle spectrum
of the model, thus the mass and the spin of the DM candidate, which in turn plays the key role
in the phenomenological studies

We present a model with two universal extra dimensions compactified on a real projective
plane. This particular geometry is chosen because chiral fermions can be defined on such orb-
ifold and the stability of the neutral dark matter candidate arise naturally from the intrinsic
geometrical properties of the space without adding any new symmetries ad hoc.

We present the particle spectrum at loop order up to the second level in Kaluza-Klein
expansion. The particularity of the spectrum is that the mass splittings within each KK level
are highly degenerated providing a very interesting potential signatures in the LHC. We study
the dark matter phenomenology in our model and constrain the parameter space by comparing
our results with WMAP data and direct detection experiments. Using the obtained bounds we
focus on the collider phenomenology of our model.
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Introduction

My adventure with particle physics begun rather early, when I was in college, with a famous
book of Leon M. Lederman "The God Particle“. I red when ill lying in the bed. Since then the
world of elementary particles, and especially the ”god particle“ motivated and guided all my
scientific career. Now I am really pleased that I can contribute in the community of physicists
and put a small brick into a great construction that is particle physics.

The history of particle physics is rather recent. It begins about 1890s when new discoveries
have caused significant paradigm shifts that pushed scientists to review the basic concepts that
were considered as a very solid background of all the scientific theories. The General Relativity
of Einstein (1916) revealed some questions about the nature of space and time and the geometry
of our Universe. Even more dangerous consequences had the discovery of quantum mechanics.
This theory raised in the minds of physicists confronted to the problems such as the Black Body
radiation explained by Planck in 1900 or photoelectric effect described by Einstein in 1905.
These discoveries were only a prelude before the great epoch of particle physics when efforts of
thousands of theorists and experimentalists from “both sides of the scale” were put together with
the common goal - to explain the nature of the Universe. “Both sides of the scale” refers to the
micro and macro physics because, that is remarkable, some explanations of the very microscopic
world can come from the observations and theories at the cosmological scale.

Now our best understanding of how the basic constituents of the Universe behave, is encap-
sulated in the Standard Model of Particles. Formulated in the early 1970s it has successfully
explained a host of experimental results and precisely predicted a wide variety of phenomena.
Over time and through many experiments by many physicists, the Standard Model has become
established as a well-tested physics theory. Its power has been confirmed once more with the
observation a peek that can be interpreted as a Higgs boson - the key to the origin of particle
mass. Although the discovery of Higgs does not write the final ending to the story. Even though
the Standard Model is currently the best description we have of the subatomic world, it does not
explain the complete picture. The theory incorporates only three out of the four fundamental
forces, omitting gravity. There are also important questions it cannot answer, such as what is
dark matter, what happened to the missing antimatter, and more.

In order to study the limits of this theory, new experiments in high energy physics and in
observational cosmology have been developed in the last decade. The results from Large Hadron
Collider (LHC), a proton-proton collider located at CERN, are now the most expected to reveal
what is hidden above the Standard Model domain of predictability. For sure the experimental
data using the high energies reached by the LHC can push knowledge forward, challenging
those who seek confirmation of established knowledge, and those who dare to dream beyond the
paradigm.



INTRODUCTION

As high energies are required, the Universe itself can accelerate our investigation as it is home
to numerous exotic and beautiful phenomena, some of which can generate almost inconceivable
amounts of energy. Supermassive black holes, merging neutron stars, streams of hot gas moving
close to the speed of light are only few examples of phenomena that generate gamma-ray radi-
ation, the most energetic form of radiation. What is the origin of such high energies? Studying
these energetic objects add to our understanding of the nature of the Universe and how it be-
haves. These are the goals of FERMI telescope. At the cosmological scale WMAP mission was
proposed to NASA in 1995. It was launched in 2001 and is still collecting data from the cosmic
microwave background radiation - the radiant heat left over from the Big Bang. The properties
of the radiation contain a wealth of information about physical conditions in the early universe
and a great deal of effort has gone into measuring those properties since its discovery.

The role of theorists in all this world of experiments is to guide them. To analyze data in
the LHC one has to know where to search a weak signal hidden in a huge QCD background.
Therefore a huge effort is made by theorists to make predictions as precise as possible and to
suggest what could be the nature of new physics potentially visible at LHC. A part of this thesis
will aim to give some new directions that could be explored in the collider. On the other hand
we use the cosmological parameters derived from WMAP observations to put some bounds on
our model.

I started the three-year period of doctorate with one principal goal - to understand the
microscopic nature of the Universe, to investigate the problems that arise within the newest
theories and the motivations that push thousands of physicists to not stop searching. I had an
opportunity to familiarize myself with the supersymmetry formalism during my Master studies. I
must say that the mathematical construction of superfields and superspace seems very attractive
to me and particularly beautiful in its simplicity. Then I started studying extra-dimensional
models that propose a completely different mathematical formulation of the new physics and
thus the nature of new predicted constituents would be somehow distinct from those predicted
by supersymmetry.

In the first year of my PhD I joined a group that was already working on a model based on
a six-dimensional space-time with two flat extra dimensions compactified on a real projective
plane. The main attractive feature of this model that motivates our work is that the geometrical
properties of the underlying space provide a stable dark matter candidate in a natural way. The
existence of extra dimensions will manifest itself in our four-dimensional space as a tower of
Kaluza-Klein states propagating as “ordinary” particles. It is however not sufficient to stop
here. The main goal of our team was to study the phenomenology of the model in both, the
LHC collider environment and in the dark matter sector. To this aim we need to proceed through
some steps that are summarized in this thesis.

The document divided in three parts:

— Part I describes the basic models of physics that are currently used and that are a frame-
work of our study. In this part there are three chapters.
— In the fist chapter we introduce some notions about the mathematical language used in
physics and its motivations.
— In Chapter 2 we present the Standard Models of Particles and of Cosmology that put



bounds on our models on one hand and on the other had have some problems that our
model tries to solve.

— In Chapter 3 is dedicated to Dark Matter phenomenology. Here we summarize the cur-
rent experimental searches of Dark Matter particle and we present the relic abundance
calculation method that we used in our study.

— Part II introduces tools for working with extra-dimensional models. We present the con-
struction of the simplest orbifolds and quantum fields propagating in extra dimensions.
We introduce the notion of Kaluza Klein states also. Then we present the methods used
in loop calculation in extra dimensions. The main classes of extra-dimensional models
known in the literature are presented at the end of this part.

— Part III presents the model and our results. This part is divided in three chapters.

— Chapter 5 is completely dedicated to the description of the model. We present the
construction of the orbifold first. Then we define the quantum fields and give the tree
level spectrum of particles present in the scenario.

— Chapter 6 presents the calculation of the radiative corrections to the (2,0)-(0,2) Kaluza-
Klein states. Using the techniques presented in the Part II we have calculated the
spectrum of the model at one loop level for two different geometries of the orbifold
R4 > Rs and Ry = Rs. The main feature of the spectrum of the model is underlined - a
very small mass splittings within each KK level. This will have interesting consequences
in the phenomenological signatures of our model. We introduce also the free parameter
myee - a localized mass of Higgs bosons that will allow in the later study to change
considerably the bounds of the compactification scale.

— Chapter 7 focuses on the Dark Matter phenomenology. We study the bounds on the
compactification scale coming from the relic abundance WMAP data. First we show in
analytical manner the impact of co-annihilations on the relic abundance bounds. They
are expected to be strong as the mass splittings negligible at least for KK leptons. In
the next step we perform a full numerical study of the model using MicrOMEGAs.
We include all the loop induced couplings and use loop-level spectrum of the model to
predict the precise bounds on the compactification scale in both geometries Ry > Rj
and Ry = Rs. Then we try to vary parameters of the model to investigate their impact
on the relic abundance. Finally we present the bounds coming from the direct detection
experiments.

— Chapter 8 is dedicated to the LHC phenomenology. We identify the main interesting
channels that are studied in the LHC experiments and that could potentially give sig-
natures of our model in collider searches. We infer bounds on the compactification scale
from those processes in two considered geometries Ry > Rs; and Ry = Rs. To finish
this chapter we summarize all the numerical bounds on the compactification scale we
have obtained in our analysis.

— In the Appendices we give our notation conventions and summarize the analytical results
of the annihilation cross sections used in the main chapters.
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Chapter 1

Mathematics, Geometry, and
Space-Time

1.1 Mathematics

By convention there is color,

By convention sweetness,

By convention bitterness,

But in reality there are atoms and space”
-Democritus (circa 400 BCE)

Mathematics is a natural science that describes the most general forms of processes in na-
ture as assumes Galileo. Mathematics deals with reality, postulating axioms believed to be
true and confirmed pragmatically by the empirical truth of the theorems derived from them.
It distinguishes itself from other natural sciences only in that it obtains very few concepts and
relations directly from experience, and infers from them the laws of more complex phenomena
by purely deductive means. The idea of securing knowledge by logical deduction from unques-
tionable principles was explicitly proposed by Aristotle, and successfully applied by Euclid in
his Elements and later on by Galileo, Newton and their successors. From its inception in ancient
Greece, and again in modern times, science adopted a mathematical interpretation of nature.
This problem of mathematical interpretation is much deeper than could be seen at first sight
and many philosophers, mathematicians and physicists, now also neuropsychologists join the
team that discuss whether the Universe has an intrinsic mathematical nature or it can only be
accurately described by mathematical formulas used as a language.

Einstein wondered how it was possible that mathematics, a product of human thought,
so admirably described reality. Mathematical science is “unreasonably effective” in describing
physical reality and it predicts with an extreme accuracy the natural processes.

In his 1933 Oxford lecture, Einstein highlighted the physical, empirical nature of mathemat-
ics by inviting us to consider Euclidean geometry as the science of the possible mutual relations
between practically rigid bodies in space — in other words, to treat geometry as a physical sci-
ence, without abstracting from its original empirical content. Without considering geometry
as a natural science he could have never formulated the theory of relativity. Supporting the
view of mathematics as a natural science that describes the logic of nature, mathematics often
pre-discovers physical reality. For example Dirac’s equation predicted the positron. Moreover,
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the fact that natural forms can be described by abstract mathematical concepts suggested to
Pythagoras and Heraclitus, and later to Galileo and modern scientists, that mathematics de-
scribes the "logic" of the universe.

1.2 Geometry

"La géométrie euclidienne s’accorde assez bien

avec les propriétés des solides naturels,

ces corps dont se rapprochent nos membres et notre il
et avec lesquels nous faisons nos instruments de mesure."
H.Poincaré “La valeur de la science”

I think that it was the discovery of non-Euclidean geometries in mathematics that has led
to the theory that space is not Euclidean or Galilean. The Euclidean axiom of parallels, which
was the basis of the axiom system of Euclid, was causing serious concern to mathematicians.
This axiom states that for any plane on which there is a line L and a point P that does not lies
on the line, there is in the same plane a unique line L’ which passes through P and is parallel
to L which means that two lines in a plain can have at most one common point. In the XIX-th
century the mathematicians tried to derive this statement from other axioms of the Euclidean
system. It turned out that the statement about two lines on a plane was independent from
others axioms and as such it could not be derived as a theorem but must be admitted as another
axiom. It was then straight forward to postulate another axioms and derive other geometrical
systems. We can cite as examples:

1. Riemannian geometry: for any plane on which there is a line L and a point P that does
not lie on the line there is no line L’ parallel to L that passes through P.

2. Lobachevsky geometry: for any plane on which there is a line L and a point P that does
not lie on the line there are more than one line L’ parallel to L that pass through P (and
then it can be demonstrated that if there is more than one L’ parallel to L then there
must be an infinite number of lines parallel to L passing through P.)

This was this purely axiomatic view of geometries (that even has a name of “pure geometry*)
that was objected by Einstein in his conference "Geometry and experience” where he postulated
that we should abandon the difference between the “pure geometry” and “applied geometry“ as
the main reason for which we started to study geometry was the need or desire to describe the
physical phenomena.

On cosmic scales, the only force expected to be relevant is gravity. The first theory of
gravitatys, derived by Newton, was embedded later by Einstein into the General Relativity
(GR). However, GR is relevant only for describing gravitational forces between bodies which
have relative motions comparable to the speed of light. In most other cases, Newton’s gravity
gives a sufficiently accurate description. The speed of neighboring galaxies is always much
smaller than the speed of light. So, a priori, Newtonian gravity should be able to explain the
Hubble flow. One could even think that historically, Newton’s law led to the prediction of the
Universe expansion, or at least, to its first interpretation. Amazingly, and for reasons which
are more mathematical than physical, it happened not to be the case: the first attempts to
describe the global dynamics of the Universe came with GR, in the 1910’s. Newton himself
did the first step in the argumentation. He noticed that if the Universe was of finite size, and
governed by the law of gravity, then all massive bodies would unavoidably concentrate into a
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single point, just because of gravitational attraction. If instead it was infinite, and with an
approximately homogeneous distribution at initial time, it could concentrate into several points,
like planets and stars, because there would be no center to fall in. In that case, the motion of
each massive body would be driven by the sum of an infinite number of gravitational forces.
Since the mathematics of that time did not allow to deal with this situation, Newton did not
proceed with his argument (97).

When Einstein tried to build a theory of gravitation compatible with the invariance of the
speed of light, he found that the minimal price to pay was to abandon the idea of a gravitational
potential, related to the distribution of matter, and whose gradient gives the gravitational field
in any point, to assume that our four-dimensional space-time is curved by the presence of matter,
to impose that free-falling objects describe geodesics in this space-time (97).

1.3 Space and Time

"L’experience nous a appris

qu’il est plus commode d’attribuer
trois dimensions a [’espace.”
H.Poincaré “La valeur de la science”

The problem of the number of dimensions of our space-time is not new. We can cite some
of the great philosophers and scientists in the history who tried to answer this question:

1. Johannes Kepler (1571 — 1630, German mathematician, astronomer and astrologer)
In "Mysterium Cosmographicum" (1595): As he indicated in the title, Kepler thought he
had revealed God’s geometrical plan for the universe. Much of Kepler’s enthusiasm for
the Copernican system stemmed from his theological convictions about the connection be-
tween the physical and the spiritual; the universe itself was an image of God, with the Sun
corresponding to the Father, the stellar sphere to the Son, and the intervening space be-
tween to the Holy Spirit. His first manuscript of Mysterium contained an extensive chapter
reconciling heliocentrism with biblical passages that seemed to support geocentrism.

2. Gottfried Leibniz (1646 — 1716, German philosopher-mathematician)

Rather than being an entity that independently exists over and above other matter, Leibniz
held that space is no more than the collection of spatial relations between objects in the
world: "space is that which results from places taken together". Unoccupied regions are
those that could have objects in them, and thus spatial relations with other places. For
Leibniz, then, space was an idealized abstraction from the relations between individual
entities or their possible locations and therefore could not be continuous but must be
discrete. Space could be thought of in a similar way to the relations between family
members. Although people in the family are related to one another, the relations do not
exist independently of the people

3. Sir Isaac Newton (1642 — 1727 English physicist, mathematician, astronomer, natural
philosopher, alchemist, and theologian)
For Newton space and time are absolute.

4. ITmmanuel Kant (1724 — 1804, German philosopher)
In the eighteenth century the German philosopher Immanuel Kant developed a theory
where he refuses to see the space and time as objective features of the world but as a
framework that helps us to organize our experiences: "Space and time are the framework
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within which the mind is constrained to construct its experience of reality." ("Critique of
Pure Reason -chpt. Transcendental Aesthetic").

The idea that our space-time could have more than three dimensions dates back to the 1920s.

Then Theodor Kaluza (1919) and Oscar Klein (1926) published their works on the unification
of gravity and electromagnetism in five dimensions - the only two forces known at that time.
The discovery of new forces and particles during the following years revealed the Kaluza-Klein
theory not sufficient and the theory was forgotten for a while. The revival of extra-dimensional
theories was due to the birth of (super)string theories in the 1970s and 1980s. However the extra
dimensions introduced on the grounds of superstring theory are expected to be very small, they
have a scale of about M 1 ~ 1073 m, and thus there was no hope for probing such small scales
in existing and upcoming experiments.
The new ideas begun to emerge in the 1990s. In 1990 Antoniadis explains the supersymmetry
breaking by introducing a large extra dimension at a scale of TeV~'m. In the late 1990s the
ADD scenario, the warped space model and some inventions in the string theory (D-branes) and
M-theory propose the existence of new dimensions at the scales accessible in current searches at
colliders.

In this thesis we will adopt the modest point of view and assume that mathematics is a pow-
erful language which can describe the natural phenomena. We will present the mathematical
construction of the fundamental models of the Universe that aim to embed in simple mathe-
matical formulas the processes that we observe in micro and macro scale. Then, we will be
less conservative, from the "classical physics" point of view, and we will assume the existence
of two additional dimensions. The mathematical language will allow to describe this assump-
tion in terms of physical observables - a Kaluza Klein states. We will then study what are the
implications of such assumption.

10



Chapter 2

Standard Models in
(micro and macro) Physics

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics (SM) describes the interactions of quarks and leptons
that are the constituents of all matter we know about. The strong interactions are described
by quantum chromodynamics (QCD) while the electromagnetic and the weak interactions are
described by the electroweak theory. This theory has proven to be very successful in describing
a tremendous variety of experimental data ranging over many decades of energy. The discovery
of neutral currents in the 1970s followed by the direct observation of the W and Z bosons at
the CERN SppS collider in the early 1980s confirmed the ideas underlying the electroweak
framework. Since then, precision measurements of the properties of the W and Z bosons at
both ete™ and hadron colliders have allowed a test of electroweak theory at the 1073 level.
QCD has been tested in the perturbative regime in hard collision processes that result in the
breakup of the colliding hadrons. The main and most mysterious feature of the SM is that
particles are associated to the mathematical beings, a state vectors ¥ with given transformation
properties under the Lorentz group. This tight relation between a physical particle as it is
observed indirectly in the accelerator detectors and the intrinsic properties of a mathematical
operator associated to the particle is very profound. The group structure of the SM is even
more exciting, as for a long time physicists looked suspiciously on the particle ZOO that was
discovered in the first accelerator searches.

2.1.1 Gauge Invariance Principle - Gauge Theories

The dynamic arises from a symmetry principle. If we require the lagrangian to be invariant
under local gauge transformations we are forced to introduce a set of gauge fields with couplings
to elementary scalar and fermion matter that are completely determined by symmetry proper-
ties (up to global symmetry transformations). Below we describe the construction of a general
Young-Mills theory which is the basis of the construction of the Standard Model.

Consider the lagrangian density £ [¢, 0,¢] which is invariant under a D-dimensional contin-
uous group of transformations I':

11
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¢ =U0"¢  withA=1,2,....D (2.1)

For #4 infinitesimal, U(64) ~ 1 + ig>. 40474, where T4 are the generators of T' in the
representation of the fields ¢. We restrict ourselves to the case of internal symmetries, so
that the matrices T4 are independent of the space-time coordinates. The generators T# are
normalized in such a way that for the lowest dimensional non-trivial representation {t4} of T
we have

trttB] = %W‘B (2.2)

The generators satisfy the commutation relations:

[TA,TB] = iCapcTC (2.3)
where Cupc are the structure constants. If the transformation parameters 4 depend on
the space-time coordinates, 64 = 64 (x#), then the lagrangian density £ [¢,J,¢] is, in general,

no longer invariant under the gauge transformations U {0’4(37”)} and should be replaced by
L [¢, D,¢] where the ordinary derivative is replaced by a covariant derivative D,

D, =0,+1i9V, (2.4)

where we define V,, = 374 TAVA;4 for a set of D gauge fields {VHA} (in a one-to-one corre-
spondence with the group generators) with the transformation law

_ i _
V,=UV,U "+ (g) (0,0)U* (2.5)

for constant #4, V reduces to a tensor of the adjoint representation of T

V,=UV,U ' =V, +ig[6, V)] (2.6)
which implies that
VA = VA~ gCapctPVE (2.7)

Equations 2.4 and 2.5 ensure that ¢ and D,¢ have the same transformation properties

(Du¢)/ = U(Du¢) (2-8)

The gauge-invariant kinetic term for the gauge fields V), is constructed in terms of the field
strength

12
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that transforms as a tensor of the adjoint representation

Fl,=UF,U™" (2.10)

The complete Yang-Mills lagrangian invariant under gauge transformations can be written
in the form:

1 A A
Lyy = 1XA:FWF Mt L]¢, Do) (2.11)

For an abelian theory the gauge transformation reduces to U[f(x,)] = explieQ8(z,)], where Q
is the charge generator. The associated gauge field, according to equation 2.5, transforms as

V=V, —0,0(x) (2.12)
In this case the field strength F},, is linear in V),, so that in the absence of matter the theory
is free. On the other hand, in the non-abelian case, the Flﬁj tensor contains both linear and

quadratic terms in VMA, so the theory is non-trivial even in the absence of matter.

2.1.2 SM lagrangian

The SM is a non-abelian gauge theory based on the gauge group SU(3)cx SU(2)x U(1)y.
The SU(3)¢ is the Quantum Chromodynamics (QCD) gauge group, which governs the strong
interactions. SU(2)rx U(1)y is the gauge group that unifies the weak and electromagnetic forces
and is spontaneously broken to U(1)e,, by the higgs mechanism. The SU(3)¢ is assumed to be
unbroken.

The matter fields of the Standard Model are the three generations of quarks {(u, d), (¢, s), (¢,b)}
and leptons {(e,ve),(pt,v),(7,v-)} as well as three kinds of gauge bosons {B,,, W, G;‘} that me-
diate the three interactions described by the Standard Model. There is also a scalar particle, the
higgs boson @, that is responsible for the electroweak symmetry breaking. In order to allow for
a chiral structure for the weak interactions, the left- and right-handed components of quark and
lepton fields are assigned to different representations of the electroweak gauge group SU(2)p X
U(1)y. Thus, the mass terms for fermions, of the form 1) + h.c. are forbidden in the symmet-
ric limit (here ¥ 7, and 1 refer to a doublet and singlet of SU(2), respectively, that belong to the
same generation). The SU(3)c gauge bosons are the gluons and the resulting gauge theory is the
Quantum Chromodynamics (QCD). Quarks are assigned to the fundamental 3 representation.
Thus antiquarks are assigned to the conjugate 3 representation. All other particles are SU(3)¢
singlets, and do not directly couple to gluons.

The SU(3)cx SU(2)rx U(1)y assignments for the matter fields of the first generation of
quarks and leptons are shown in the table 2.1. Other generations are copies of this in that they
have the same quantum numbers.

13
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Field SUB)e SUR): UMy | Ul)em
()] ()
er, 1
er 1 1 -2 +1
2

=(i)] =2 |(4)
UR 3 1 % %
dr 3 1 -2 -3
P 1 2 1 0
By, 1 1 0 0
4% 1 3 0 0, £1
Ga 8 1 0 0

Table 2.1: Dimensions of representations and charges of fermions of the first generation. Fermions of the second
and the third generations have the same quantum numbers.

The lagrangian of the Standard Model is given by:

»CSM - Lgauge + Ematter + ﬁhiggs + ['Yukawa (213)

Gauge sector
The kinetic terms of the gauge fields have the compact form

1 v 1 & a a pv 1 & A ~Apv
[,gauge = _ZB#VBM - Z 2:1 WMVW m Z Az: GuuG ® (214)
a= =1
where B, Wy, and G;‘V are the field strengths associated to the U(1)y, SU(2)r and SU(3)¢
respectively
B, = 0,B,—0,B,
we, = W —0,Wi— g WhW (2.15)

G, = 0,GL—0,Go — g fAPCGEGY

The g, and g3 are the coupling constants of SU(2);, and SU(3)c gauge groups respectively.
The SU(2);, structure constants €%¢ form the totally antisymmetric Levi-Civita tensor with
€28 = 1. The f®¢ are the SU(3)¢ structure constants.

14
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Matter sector
The matter lagrangian is given by

Loatier =y [iL16,D"L +ie}o,D'er +iQ15,D'Q + iuho, D' up + idyo, D"dp|
generations

(2.16)

where the covariant derivatives have the form

3 8 A
.Y . . AA
D, =0,—iqn §Bu —1g Z taL/RWﬁ — 19303 Z -5 Gﬁ (2.17)
a=1 A=1
where Y7/ p/2 and t /g are the S U(2)r and U(1)y generators, respectively, in the reducible
representations 1y /g. Aa are the generators of the SU(3)c algebra, which in the fundamental
representation correspond to the Gell-Mann matrices. 63 = +1,0 for triplets and singlets of

SU(3)¢ respectively.

Higgs sector and electroweak symmetry breaking

The electroweak symmetry breaking sector of the SM is particularly simple, and consists
of a single complex SU(2);, doublet ® of spin zero fields with gauge quantum numbers shown
in the table 2.1. ® must be a doublet in order to write down the gauge invariant mass terms
for fermions in the Yukawa sector. The field ® acquires a VEV (Vacuum Expectation Value)
signaling the spontaneous breakdown of the electroweak symmetry. This VEV is left invariant
by one combination of SU(2);, and U(1)y generators which generates a different U(1) group
which is identified as U(1)ey,. The corresponding linear combination of gauge fields remains
massless and is identified with the photon A,,. The dynamics of the higgs field ® is governed by
the lagrangian

Lhiggs = | Du®[* = V() (2.18)

where the covariant derivative of the higgs field has the form

3
D, =0, iglgBu —igy > W (2.19)

a=1

The potential V(®) is the most general renormalizable, gauge invariant polynomial of degree 4
with two parameters p?, A > 0

V(®) = —p2®Td + \(2T)? (2.20)

The @ fields receives the vacuum expectation value at the minimum of the potential V(®) at
P2 = % = v%. One then expands the higgs field around the minimal value

¢+
¢ = ( Lo (v + h+ig”) ) (2.21)
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Introducing the above expansion of ® into the lagrangian Lgy; one finds the physical states,
A, a pair of charged massive spin 1 bosons W= and a massive spin 1 neutral boson Z°. Their
masses that can be written in terms of the initial gauge fields as

A, = sin OWW;Z’ + cosOw B,

Z, = —cosby W} +sinbyB, (2.22)
+ 1 1 T2

We = & (WN T ZW”)

with sinfy = g2/ /g% + 93 and cosfy = g1/ /g7 + g5. The masses then are given by the

formulas
1 1
myg =0 my = 5\/g%+g§v my = 5921} (2.23)

The neutral scalar higgs boson h, which is left over as the relic of spontaneously broken symmetry,
receives a mass m,% = 2\02.

Yukawa sector and the CKM matrix
The fermion masses are generated in the Yukawa sector by interactions of fermionic fields
with the higgs boson ®.

Lyuwkawa=— Y, Y'QUicy®x)ug— > YQ@dr— Y = Y°Li®ey+ h.¢2.24)

generations generations generations

where Y% are the three 3 x 3 complex Yukawa matrices. In order to find the mass eigenstates,
as for the gauge fields, one introduces the higgs field expansion defined in the equation 2.21 into
the above formula. Then to diagonalize Ly ykqwe it is necessary to introduce unitary matrices
related to the Yukawa matrices by a unitary transformation

Vi = VEY'VE' Vi, =VIYVE Vi, = VEY VR (2.25)
The physical states are then given by
up = ViTuy =Vt
up = VﬁTuR dp = VgTdR
¢, =Vile vy = Vi (2.26)
ep = VETGR

and their diagonal mass matrices are M™"%€ = %Ydf;fge.
What results from this diagonalization are the mixings between different generations of
quarks. Looking at the quark part of L£,,4ier One can easily see that the charged currents are

now modified as

Lonatter D _giUTLa'MWJdL + h.c=—

V2

9

\@u'gvgvﬁa—ﬂwjdg +h.c (2.27)
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where the Cabibbo-Kobayashi-Maskawa matrix Voga = Vi‘VgT is a unitary matrix that mixes
the three quark generations. The CKM matrix definition contains only one physical phase which
is the source of CP-violation in the quark sector of the Standard Model.

2.1.3 Precision tests of the Standard Model predictions and parameters

The success of the Standard Model lies in the extreme accuracy of its predictions of physical
phenomena form the atomic scales down to scales of about 107 m. The predictions of the SM
have been probed by Tevatron and LEP up the the scales of order of few hundred GeV. The
impressive predictability of the SM is a consequence of the renormalizabitliy of its parameters.

There are 19 parameters within the SM that remain unexplained and that are chosen to fit
the data. In the electroweak gauge sector they include the three gauge coupling constants g1, ¢
and g3 for the three gauge groups U(1)y, SU(2);, and SU(3)¢ respectively (equivalently three

2 2. . .
other parameters can be used: ag = %r’ Qe = z—w with e = go sin 0y and sin? Oy = 91 ).

2_,’_ 2

In the matter sector there are nine parameters associated with the masses of chargegci fgimions
and four mixing angles in the CKM matrix. Moreover there are two parameters associated with
higgs boson: the higgs VEV v and the quartic coupling A. The remaining one is the Ogcp
parameter. Moreover, we should also care about the parameters in the neutrino sector, as the
data from neutrino oscillation experiments provide convincing evidence for neutrino masses.
With 3 light Majorana neutrinos there are at least 9 additional parameters in the neutrino
sector: 3 masses and 6 mixing angles and phases.

Those parameters have to be constrained with an outstanding precision by various experi-
ments that probe the SM observables and the influence of new physics should be investigated
in order to constrain the possible extensions of the SM as we shall see later. As the SM is a
model that has been constructed in not so far past and its mathematical construction seems
very efficient and relatively simple, many experiments have been dedicated to investigate the
predictions of this exciting theory.

The main progress in the domain was made in LEP eTe™ collider in the 1990’s and has
already given first bounds on the top and the higgs masses. The observations of the top quark
was later confirmed by Tevatron data in 1995. Recently new results from ATLAS and CMS
collaborations released new data providing an indication of a higgs boson with the mass of
about 125 GeV as illustrated in the figure 2.1.

At LEP 1 and SLC, there were high-precision measurements of various Z pole observables
(8), (55). These include the Z mass and total width I'z and partial widths into fermions I' ;7. In
the table 2.2 the referenced values are given also for the partial width into hadrons I'},q, charged
leptons I'j+;- and the width for invisible decays I';;,. The latter can be used to determine the
number of neutrino flavors much lighter than the 5% to be N, = I‘im/f‘th(yﬂ) = 2.984 + 0.009
for (my,mpg) = (173.4,117). The other observables refer to opaq = 127+ Thaa/m%I% and
the branching ratios Ry = T’ f f/F nad for hadrons and analogous expressions for R; related to
leptons. The R; parameters are especially useful to constrain the ag value.

The measurements of the left-right asymmetry

ALR = (228)

has been measures by SLD and SLC (55) collaborations and can heavily constrain the sin 0y
parameter. The observables that were measured indirectly include the A; parameters, where
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Mass of the Top Quark

July 2010 (* preliminary)
—_——
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—_— &
D@-| dilepton 168.4 £12.8 (+12.3+3.6)
§ ——e
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_ . —— s 10— LML o o
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——— < C o
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CDF-Il lepton+jets * = 173.0+1.2 o07:1.1) ] D 20 -
—
D@-Il lepton-+jets * I8 1737+ 1.8 (0816 O
| . R
CDF-| alljets 186.0 +11.5 (+10.05.7) 8
CDF-II alljets 1748+ 25 =17+19)
——
CDF-II track 175.3+6.9 (x62+30)
- L 4
Tevatron combination * 1733+ 1.1 06+09)
(s stat + sysy L
2dof = 6.1/10 (81%) ; CLIS lelfs | ‘ ‘ | , |
10‘110 115 120 125 130 135 140 145 150
150 160 170 180 190 200 m, [GeV]
2 H
my, (GeVvic?)

Figure 2.1: Left panel. Combined results DO and CFD on the top quark mass. Extracted from (78). Right
panel:The observed (full line) and expected (dashed line) 95% CL combined upper limits on the SM higgs boson
production cross section divided by the Standard Model expectation as a function of my in the low mass range
of this analysis. The dashed curves show the median expected limit in the absence of a signal and the green and
yellow bands indicate the corresponding 68% and 95%. Extracted from (5).

f=e,u,1,b,c s defined as
_ 2503
A= | (2.29)
9y T 9x

and the forward-backward asymmetries A%O’g) = %AQA -

The g‘f/ and gjfl parameters in the above formulas refer to vector and axial-vector couplings
in the SM lagrangian after the electroweak symmetry braking and are defined as

g‘J; = tgL—qusinzﬁw (2.30)
gh =t (2:31)

and here tg 1, is the weak isospin of a given fermion and gy is its charge in units of e. In the
bar quantities g‘f/ and gf; correspond to the effective values where the electroweak radiative has
been taken into account.

Finally the 512 parameter were extracted from the measurements of forward-backward asym-
metries App for ete™ final states in pp collisions in DO and CDF (80) experiments.

The global fit results to the experimental data are summarized in the table 2.2 for the main
Z-pole observables.

The magnitude of the CKM matrix elements has been measured with an extreme precision in
the experiments such as BELLE (study of meson mixings) (129) or BABAR (study of B-mesons)
(96). Using the set of Wolfenstein parameters (A, A, p,n) the CKM matrix can be written as
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Chuantity Value Standard Madel Pull Dev.
My [GeV] 011876 +0.0021 911874400021 01 00
[z [GeV] 94052+ 0.0023 2496100010 04 —0.2
T(had) [GeV]  17444+00020  1.7426 £ 0.0010
T(inv) [MeV] 499.0+15 501.60 = 0.06
T(£H67) [MeV]  83.984+0.086 84.005 + 0.015 . :
hpat b 41541 £0.037 41477 £ 0.009 L7 17
R. 20.804 + 0.050 20.744 + 0.011 12 13
R, 20.785 + 0.033 20.744 + 0.011 12 13
R- 20.764 + 0.045 20780 £0011 06 05
Ry 0.21620 + 0.00066 021576 +0.00004 08 038
R. 0172100030  017227+0.00004 —01 —0.1
Ale) 0.0145+ 00025 001633 £0.00021 07 —0.7
Al 0.0169 + 0.0013 04 06
A% 0.0188 + 0.0017 15 16
AR 0.0992 £ 0.0016 01034 £00007 —26 —2.3
Al 0.0707+0.0035  00730£0.0005 09 —0.8
A% 0.0976+00114  01035+0.0007 05 05
(A0 0.2324 4 0.0012 023146 £0.00012 08 07
0.23200 = 0.00076 0.7 06
0.2287 = 0.0032 09 —09
Ae 015138+ 0.00216 0147500010 18 21
0.1544 - 0.0060 11 13
0.1498 = 0.0049 05 06
A, 0.142 + 0.015 04 03
A, 0.136 + 0.015 08 07
0.1430 + 0.0043 08 07
Ay 0,923 + 0.020 00348 £0.0001 06 06
Ae 0.670 + 0.027 0.6680£0.0004 01 0.1
A 0.895 + 0.001 0.9357£0.0001 04 - 0.4

Figure 2.2: The principal Z-pole observables and their SM predictions.The column denoted Pull gives the
standard deviations for the principal fit with my free, while the column denoted Dev. (Deviation) is for my =
124.5 GeV fixed. Extracted from (72)

1—)A2)/2 A AX3(p — i)
Vexky = —-A 1—A2)/2 AN? (2.32)
AN(1—p—in) —AN? 1

The \ = sin Ocapivho parameter is a critical ingredient in determinations of the other parameters
and in tests of CKM unitarity. Current experiments of kaon and hyperon decays suggest a value
A = 0.220 and X = 0.225 and this discrepancy is discussed in therm of violation of the unitarity
condition

VAL + V] + Vi3] =1 (2.33)

For a more complete review of experiments and constraints on the SM observables one can refer

19



CHAPTER 2. STANDARD MODELS IN
(MICRO AND MACRO) PHYSICS

to (72).

2.1.4 Standard Model is not a final story

The standard electroweak model is a mathematically-consistent renormalizable field theory
which predicts many of the experimental facts. It successfully predicted the existence and
form of the weak neutral current, the existence and masses of the W and Z bosons, and the
charm quark, as necessitated by the GIM mechanism. The charged current weak interactions,
as described by the generalized Fermi theory, were successfully incorporated, as was quantum
electrodynamics. The consistency between theory and experiment indirectly tested the radiative
corrections and ideas of renormalization and allowed the successful prediction of the top quark
mass. When combined with quantum chromodynamics for the strong interactions, the Standard
Model is almost certainly the approximately correct description of the elementary particles and
their interactions down to at least 10716 cm. When combined with general relativity for classical
gravity the SM accounts for most of the observed features of nature. However, the theory has
far too much arbitrariness to be the final theory.

The new physics models can be tested by the pg parameter

miy

po= m% cos? Oy p (2.34)
which describes the new sources of electroweak symmetry breaking that cannot arise within the
SM. Here p = m%/m3, cos 03, is the “ default” parameter assuming validity of the SM. Another
set of parameters, S, 7T and U can be used to constrain the many new physics models as well .
The T parameter is proportional to the difference between the W and Z self-energies at ¢ = 0
(measures the electroweak symmetry breaking), while S (S+U) is associated with the difference
between the Z (W) self-energy at ¢ = mQZ The data allow for a simultaneous determination
of sinb%, (from the Z pole asymmetries), S (from mz), U (from my ), T (mainly from I'z), as
(from Rj, 0pqq, and the 7 lifetime 7.), and m; (from the hadron colliders). Assuming 115.5 GeV
< my, < 127 GeV the values are (72):

S =0.00"518 sinf3, = 0.23125 4 0.00016
T =0.027013 as(mz) =0.1197 4 0.0018 (2.35)
U =0.08+0.11 my = 173.4 4+ 1.0GeV

These values depend only weakly on the my; mass but can give quite stringent constraints on the
exotic extensions of the SM. For example the S parameter can be used to constrain the number
of fermion families, under the assumption that there are no new contributions to 7" or U and
therefore that any new families are degenerate. Then an extra generation of SM fermions is
excluded at the 5.7 ¢ level. This restriction can be relaxed by allowing T" to vary as well, since
T > 0 is expected from a non-degenerate extra family. Then, a fourth family is disfavored but
not excluded by the current electroweak precision data. One important consequence of a heavy
fourth family is to increase the higgs production cross section by gluon fusion by a factor ~ 9,
which considerably strengthens the exclusion limits from direct searches at the Tevatron (41)
and LHC (4). In contrast, heavy degenerate non-chiral fermions (also known as vector-like or

1. There is no simple parametrization to describe the effects of every type of new physics on every possible
observable. The S, T, and U formalism describes many types of heavy physics which affect only the gauge
self-energies, and it can be applied to all precision observables.
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multiplets), which are predicted in many grand unified theories (72) and other extensions of the
SM, do not contribute to S, T, and U (or to pg), and do not require large coupling constants.
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Figure 2.3: 1 o constraints (39.35%) on S and T parameters from various inputs combined with mz. S and T
represent the contributions of new physics only. The contours assume 115.5 GeV < my, < 127 GeV except for the
larger (violet) one for all data which is for 600 GeV < mj, < 1 TeV. Extracted from (72)

Here we briefly summarize the theoretical enigmas and possible explanations of the Standard
Model of fundamental interactions and basic constituents of our world.

Gauge group: The Standard Model is a complicated direct product of three subgroups,
SU(3)exSU(2),xU(1)y, with three independent gauge couplings. There is no explanation
for why only the electroweak part is chiral (parity-violating). The charge quantization is left
unexplained as well. The complicated gauge structure suggests the existence of some underlying
unification of the interactions, such as one would expect in a superstring or GUT theories.

Fermions: We know from the every-day life that under ordinary terrestrial conditions all
matter can be constructed out of fermions of the first family (u,d,e,v.). Yet, three families
of fermions exist with no obvious role in nature. The number of families nor the huge extent
between the masses of fermions, which varies over 5 orders of magnitude between the top quark
and the electron, can not be explained within the Standard Model. Even more mysterious are
the neutrinos, which are many orders of magnitude lighter. A related difficulty is that while the
CP violation observed in the laboratory is well accounted for by the phase in the CKM matrix,
there is no SM source of CP breaking adequate to explain the baryon asymmetry of the universe.

Naturalness: Another unexplained mass hierarchy exists in the higgs sector. Quantum cor-
rections to the higgs mass give quadratically divergent contributions
1

1
omi ~ 393 [(4(393 +g3) + 61— 6y§) A? + O(log A)]

Therefore if the Standard Model were valid up to the Planck scale Mp = 1.22 x 10'? GeV the
“bare“ mass in the higgs lagrangian should be fine tuned with a precision of 10732 to cancel the
radiative corrections and get the higgs mass of order of 100 GeV.

(2.36)
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The strong CP problem: Another fine-tuning is known as the strong CP problem. On can
add the CP breaking term in the QCD lagrangian, a term proportional to HQCDGWP"G:;‘VG;‘U
which is consistent with gauge symmetries. This term, if present, would induce an electric dipole
moment for the neutron. The rather stringent limits on the dipole moment lead to the upper
bound fgcp < 10~'Y. The question is therefore why Oocp is so small? It is not sufficient to set
Oocp to zero because of the CP violation in the electroweak sector.

Gravity: Gravity is not fundamentally unified with other interactions in the Standard Model.
General relativity, which describes the gravity, is not a quantum theory and there is no obvious
way to formulate its quantum version. Possible solutions include Kaluza-Klein and supergravity
theories which connect gravity with other interactions in a more natural way but do not yield
renormalizable theories of quantum gravity.

Dark ingredients: Some new ingredients motivated by experiments and observations have
to be incorporated within the Standard Model. The cosmological observations involving the
cosmic microwave background radiation (CMB), acceleration of the universe as determined by
Type Ia supernova observations, large scale distribution of galaxies and clusters, and big bang
nucleosynthesis has allowed precise determinations of the cosmological parameters putting in
evidence that universe is close to flat, with some form of dark energy making up about 74% of
the energy density. Dark matter constitutes 21%, while ordinary matter represents only about
4-5%. The mysterious dark energy which is the most important contribution to the energy
density and leads to the acceleration of the expansion of the universe is not accounted for in
the SM. Similarly, the Standard Model has no explanation for the observed dark matter, which
contributes much more to the matter in the universe than the ingredients we are made of.

2.1.5 Possible extensions

Many possible scenarios of beyond the Standard Model physics has been proposed in the
literature. In general they predict new heavy degrees of freedom at high energies (typically at
about 1 TeV) and one hopes to see their effects in the on-going experiments (like the Large
Hadron Collider (LHC) in CERN). Moreover all the influences of the high-energy physics on the
low-energy phenomena, that are experimentally constrained with a great precision, should be
negligible.

The most known and widely studied theory extending the SM is the supersymmetry (SUSY).
In 1967, Coleman and Mandula provided a rigorous argument which proves that, given certain
assumptions, the Poincaré symmetry, internal global symmetries related to conserved quan-
tum numbers as well as discrete symmetries C, P and T are the only possible symmetries of the
S-matrix (62). In particular, the theorem assumes that the symmetry algebra of the S-matrix in-
volves only commutators. Weakening this assumption to allow anticommuting generators as well
as commuting generators leads to the possibility of supersymmetry. In 1975, Haag, Lopuszan-
ski, and Sohnius proved that supersymmetry is the only additional symmetry of the S-matrix
allowed by this weaker set of assumptions making of SUSY the only possible extension of the
known space-time symmetries of particle physics (79). There are many theoretical motivations
of the supersymmetric models such that the gauge coupling unification within a percent level of
accuracy (much more than in the SM alone), the higgs boson mass in the MSSM is lower than
135 GeV and the quadratic divergences are not present (notice that this was initially one of the
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main motivations to study the SUSY theories). They provide also a cold dark matter candidate,
which usually is the neutralino. Other theories were proposed as well. The little higgs model, a
theory proposed by Arkani-Hamed, Cohen and Georgi (31) protects the quadratic divergences
to higgs mass by a spontaneously broken global symmetry. Strongly coupled theories such as
technicolor (95) proposed in 1980’s are based on the dynamical generation of the mass scales
present in the SM. We will review more in details the extra-dimensional extensions of the SM
in the next section.
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2.2 Standard model of cosmology

2.2.1 Friedmann-Robertson-Walker model

Another standard model in physics is the standard model of cosmology. Cosmological models
are based on the observation that the universe appears isotropic and the assumption that ob-
servers in any other galaxy also see the universe isotropic. Isotropy demands that on the surface
of a sphere of a radius R, the local matter and radiation densities, the local expansion rate as
well as the redshift of light and the ticking rate of clocks must be independent of direction. If
we require that also all observers find the universe isotropic, this places strong restrictions on
the metric. In particular it requires the universe to be homogeneous. Surveys, such as Sloan
Digital Sky Survey and the 2dF Galaxy Redshift Survey have now shown that the universe is
homogeneous (to within several percent in density) on scales larger than a hundred Mpc.

The Friedmann-Lemaitre-Robertson-Walker (FLRW) model is defined as the most general
solution of the laws of General Relativity, assuming that the universe is isotropic and homoge-
neous. The FLRW metric has the form

dr?

2 _ 2 2
dS —dt —a(t) m

+ 1r%(df + sin® 0dp*) (2.37)
where ¢ is time, 7 is the co-moving distance, a(t) is the scale factor and k is the spatial curvature.
The k parameter can take three possible values. £k = —1 corresponds to a generalization of a
hyperbolic or saddle-point geometry. The universe is open and infinite. k& = 0 gives a flat
geometry, the one that makes the co-moving coordinates Euclidean in every point of space. For
k = +1 the metric is a three dimensional surface of a sphere. The universe is closed and has finite
volume. The scale factor a(t) measures the size of the universe at a time ¢. The normalization
convention for the scale factor is arbitrary and the most common choice is to normalize it to
unity at the present time ap = 1. The physical distance dl between two objects will be the
product of the scale factor and the co-moving distance dr, dl = a(t)dr. The rate of change of
the proper distance is
ddl) a

dv = ke Edl = H(t)dl (2.38)
where the Hubble “constant” H is the unique ”"constant” in physics that changes with time! H
is one of the most important numbers in cosmology because it may be used to estimate the size
and age of the universe. In 1929, Edwin Hubble announced that almost all galaxies appeared to
be moving away from us. This phenomenon was observed as a redshift of a galaxy’s spectrum.
This redshift appeared to have a larger displacement for faint, presumably further, galaxies.
Hence, the farther a galaxy, the faster it is receding from Earth. This was the first hint that
the universe is non-static. The law of the cosmological expansion,that is the dependence of the
scale factor a on time is determined by the Einstein equations

1
R, — QQ’WR = 87GT,, (2.39)

where R, and R are the Ricci tensor and scalar respectively.

The solution to Einstein’s equation for the homogeneous and isotropic universe relates the
rate of the cosmological expansion H to the total energy density p and to the spatial curvature.
The energy density in the present universe is due to non-relativistic matter pys (baryons, dark
matter, eventually neutrino species whose mass is considerably larger than ~ 1073 eV), rela-
tivistic matter p.qq (photons and light neutrinos with mass less than 10~% ¢V if such neutrinos
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exist) and dark energy pp. In general the universe can have a non-vanishing spatial curvature
Peurv- All these contributions account for the Friedmann solution to Einstein’s equations giving

8
H2 = gG (/)M + Prad + pA + pcurv) (240)
2
The critical density p. = % can be used to determine the geometry of the universe. Its

numerical value can be found to be

5 GeV NO.52.10,5GeV

=1.05R% 10— ~
Pe 05 0 cm? cm?

(2.41)

the value that corresponds approximately to only five proton masses per cubic meter! One
defines parameters ; = %- which are one of the most important sets of parameters in modern
cosmology. For the flat universe we have ), {}; = 1. The experimental determination of the five
parameters {{;, k, Hy} is sufficient to fully describe the FLRW universe and that is the reason
why precise measurement of those parameters were performed in observational cosmology for
the last 30 years.

2.2.2 Short history of the universe

Curiously, after the discovery of the Hubble expansion and of the Friedmann law, there were
no significant progress in cosmology for a few decades. Nevertheless, a few pioneers tried to think
about the origin of the universe. A first simple model, called "Cold Big Bang” was proposed
where the basic assumption was that the expansion of the universe was always dominated by
a single component - a pressureless matter. However this scenario had to be abandoned as it
turned out to be inconsistent with the early nucleosynthesis studies. Other possibility is the
commonly approved model of a Hot Big Bang in which the radiation density dominated at early
time. Between the 1960’s and today, a lot of efforts have been made in order to study the
various stages of the Hot Big Bang scenario with increasing precision. The exciting history of
the universe can be traced by combining observations and theoretical predictions.

For the earliest stages, there are still many competing scenarios — depending, for instance, on
assumptions concerning string theory. Following the most conventional picture, gravity became
a classical theory (with well-defined time and space dimensions) at a time called the Planck time
t ~ 10736 5. Then there was a stage of inflation possibly related to GUT (Grand Unified Theory)
symmetry breaking at t ~ 10732 s. Then the reheating era came and the scalar field, responsible
for inflation, decayed into a thermal bath of SM particles. At t ~ 107% s the electroweak
symmetry breaking occurred and at ¢t ~ 10~% the quarks combined themselves into hadrons
during the era called QCD phase transition (97). After these stages, the universe entered into a
series of processes that are much better understood, and well constrained by observations.

Nucleosynthesis had place at t ~ 1 —100 s. This was the epoch responsible for the formation
of light nuclei like H, He and Li. By comparing the theoretical predictions with the observed
abundance of light elements in the present universe, it is possible to give a very precise estimate
of the total density of baryons in the universe: Qph? = 0.021 & 0.005. At t ~ 10* yr the
transition between radiation dominated towards the matter dominated universe occurred. After
that, at ¢ ~ 10 yr the recombination of atoms caused the decoupling of photons. After that
time, the universe became almost transparent: the photons free-streamed along geodesics. So,
by looking at the CMB, we obtain a picture of the universe at decoupling. After recombination,
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Figure 2.4: On the left: The past history of the universe on the left panel (extracted from
http://conferences.fnal.gov/Ip2003/forthepublic/cosmology/index.html) and the possible future scenarios on the
right panel (image extracted from http://chandra.harvard.edu/photo/2004/darkenergy/more.html).

the small inhomogeneities of the smooth matter distribution are amplified what leads to the
formation of stars and galaxies.

The future of the universe is mostly determined by its geometry and the properties of dark
energy. If the spatial curvature is non-zero, it will sooner or later start to dominate over energy
density of non-relativistic matter and hence at the late times the competition between the
Dark energy and the curvature component will determine the fate of the universe. If the dark
energy density is time dependent and will relax to zero sufficiently rapidly then the positive
curvature would imply the expansion rate slowing down and finally the collapse of the universe
to singularity. The space with negative curvature would expand forever though its expansion
rate would slow down. All the systems that are not gravitationally bounded would disappear.
The same holds for flat space but then the expansion will be even slower. If the dark energy
density is time-independent or depends on time slowly then it will play a crucial role in the
evolution of the universe. Positive dark energy density implies exponential expansion while
negative density, a possibility that cannot be excluded, would slow down the expansion and the
universe would re-collapse to singularity.
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Chapter 3

Dark Matter - Where? What? Why?

3.1 Evidences for the dark Matter

One of the most astounding revelations of the twentieth century in terms of our understanding
of the universe is that ordinary baryonic matter, that is, matter made up of protons and neutrons,
is not the dominant form of material in the universe. Rather, some strange new form of matter,
dubbed dark matter, fills our universe, and it is roughly five times more abundant than ordinary
matter. The evidence that the dark matter is required to be present in our universe has be
building for some time. First predictions of dark matter were made almost simultaneously in
the early 1930s by Jan Hendrick Oort and Fritz Zwicky.

Oort found that the motion of stars in the Milky Way hinted at the presence of far more
galactic mass than anyone had previously predicted. By studying the Doppler shifts of stars
moving near the galactic plane, Oort was able to calculate the velocities of stars in the Milky
Way, and thus made the startling discovery that they should be moving quickly enough to escape
the gravitational pull of the luminous mass in the galaxy. Oort postulated that there must be
more mass present within the Milky Way to hold these stars in their observed orbits. However,
he noted that another possible explanation was that 85% of the light from the galactic center
was obscured by dust and intervening matter or that the velocity measurements for the stars
in question were simply in error (105). Around the same time, Swiss astronomer Franz Zwicky
found similar indications of missing mass but at larger scale. Zwicky, studying the observed
Doppler shifts in galactic spectra, found that the velocity dispersion of galaxies in the Coma
cluster, situated about 99 Mpc from Earth, was far too large to be supported by the luminous
matter.

A little bit later, in the 1970s the rotation curves of individual galaxies were measured by
Vera Rubin and collaborators confirming Zwicky’s result (49). Since then many other phenomena
were observed putting in evidence the dark matter component.

A complete understanding of dark matter requires utilizing several branches of physics and
astronomy. The creation of dark matter during the hot expansion of the universe is understood
through statistical mechanics and thermodynamics. Particle physics is necessary to propose
candidates for dark matter and explore its possible interactions with ordinary matter. General
relativity, astrophysics, and cosmology dictate how dark matter acts on large scales and how
the universe may be viewed as a laboratory to study dark matter. Here we briefly explain the
hints that dark matter exists.
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3.1.1 Galactic scale

The most convincing and direct evidence for dark matter on galactic scales comes from the
observations of the rotation curves of galaxies. The typical graph, such as shown in the figure
3.1 from (35), represents circular velocities v(r) of stars and gas as a function of their distance
from the galactic center r.
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Figure 3.1: On the left: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are the
contributions of gas, disk and dark matter, respectively.

On the right: Bullet Cluster (1E 0657-56) image from CHANDRA X-ray telescope. The visible matter (in red
and yellow) contributes a little in the total mass of the cluster. The full mass density contours (in green) were
obtained from the the gravitational lensing measurements by VLT and Hubble telescopes.

Rotation curves are usually obtained by combining observations of the 21 cm line with
optical surface photometry. Observed rotation curves exhibit a characteristic flat behavior at
large distances far beyond the edge of the visible disks. In classical Newtonian dynamics the
circular velocity is expected to be

v(r) = (3.1)

where M (r) = 4r [ p(r)r?dr is the mass enclosed within a radius 7 and p(r) is the mass density
profile. If all the galaxy mass were contained in the optical disc of radius R¢ then v(r) should

be falling as o r=s beyond the optical disc, i.e. for r > Rg. The fact that v(r) is approximately
constant implies the existence of an halo with M (r) oc 7 and p oc 72,

Among the most interesting objects, from the point of view of the observation of rotation
curves, are the so—called Low Surface Brightness (LSB) galaxies, which are probably everywhere
dark matter-dominated, with the observed stellar populations making only a small contribution
to rotation curves - an important feature to facilitate the disentanglement of the dark and visible
contributions to the rotation curves.

A great variety of observational data provides other arguments for dark matter existence,
both on sub-galactic and inter—galactic scales. Without being exhausting we can cite some of
them:

1. Weak modulation of strong lensing around individual massive elliptical galaxies. This
provides evidence for substructure on scales of ~ 106M® (101) (103).

2. The so—called Oort discrepancy in the disk of the Milky Way (84). The argument is
based on the inconsistency between the amount of stars, or other tracers in the solar
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neighborhood, and the gravitational potential implied by their distribution which allow to
infer the existence of some unobserved matter.

3. Weak gravitational lensing of distant galaxies by foreground structure (82).

4. The velocity dispersions of dwarf spheroidal galaxies which imply mass—to-light ratios
larger than those observed in our “local” neighborhood. While the profiles of individual
dwarfs show scatter, there is no doubt about the overall dark matter content (102).

5. The velocity dispersions of spiral galaxy satellites which suggest the existence of dark halos
around spiral galaxies, similar to our own, extending at the radii 2 200 kpc, that is well
behind the optical disc. This applies in particular to the Milky Way, where both dwarf
galaxy satellites and globular clusters probe the outer rotation curve (33).

3.1.2 Galaxy clusters scale

Today the most direct and spectacular evidence for dark matter comes form the Bullet
cluster, the result of a sub cluster colliding with the larger galaxy cluster 1E 0657-56 (125).
During the collision, the galaxies within the two clusters passed by each other without interacting
(a typical distance between galaxies is approximately 1 Mpc). However, the majority of a
cluster’s baryonic mass exists in the extremely hot gas between galaxies, and the cluster collision
(at roughly six million miles per hour) compressed and shock heated this gas; as a result, a huge
amount of X-ray radiation was emitted which has been observed by NASA’s Chandra X-ray
Observatory. Combination of optical and X-ray images with the weak lensing map shows an
interesting discrepancy; the areas of strong X-ray emission and the largest concentrations of mass
seen through gravitational lensing are not the same. The majority of the mass in the clusters
is non-baryonic and gravity points back to this missing mass. The right panel of the figure 3.1
shows the collision of the two clusters. The hot barionic matter (in red and yellow) is detected
via the X-ray emissions while the total mass density contours (in green) are obtained from weak
gravitational lensing. We clearly see that the total mass distribution seems to be quite isotropic
and not much affected by the collision. This effect can be understood if we assume a presence
of massive and weakly interacting component of matter. Another recent example of colliding
clusters of galaxies was observed in MACS J0025.4-1222 system in mid-2008 (46).

In general the mass of a cluster can be determined via several methods, including application
of the virial theorem to the observed distribution of radial velocities, by weak gravitational
lensing, and by studying the profile of X—ray emission that traces the distribution of hot emitting
gas in rich clusters.

Considering the hydrostatic equilibrium of a spherically symmetric system

1dP

;W = —a(r) (3.2)

where P, p and a are respectively the pressure, density and gravitational acceleration of the gas
at radius r, one can infer the relation of the temperature as a function of the radius r:

M, 1Mpc
kT ~ (1.3 — 1.8)keV <1014M@) < " ) (3.3)

where M, is the mass enclosed within the radius r. If we assume that the total mass M, is
the observed mass, the discrepancy between the temperature obtained using the above equation
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and the observed temperature 7' ~ 10keV suggests the existence of a substantial amount of dark
matter in clusters.

These conclusions can be checked against estimates from gravitational lensing data shown in
the figure 3.2. Following Einstein’s theory of general relativity, light propagates along geodesics
which deviate from straight lines when passing near intense gravitational fields. The distortion
of the images of background objects due to the gravitational mass of a cluster can be used to
infer the shape of the potential well and thus the mass of the cluster (see (124) for a spectacular
demonstration of gravitational lensing in clusters).

1 milien Waat yaRms 50000 lignt yasr
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ME2137.3-2353; Chandra (ACI2) WS2 137 .3-2553: HET (WFPC2)

Figure 3.2: Chandra X-ray (left) and Hubble Space Telescope Wide Field Planetary Camera 2 optical (right)
images of Abell 2390 (z = 0.230) and MS2137.3-2353 (z =0.313). Note the clear gravitational arcs in the Hubble
images.

3.1.3 Cosmological scale

The astrophysical scale data allow us to infer the existence of the dark matter component of
the universe and its distributions at various scales, from solar scale up to galaxy cluster scales.
The overall amount of the dark matter in the universe can be extracted from the analysis of
the Cosmic Microwave Background (CMB) discovered by Penzias and Wilson in 1964 (107).
COBE (Cosmic Background Explorer) launched in 1989, verified two fundamental properties of
the CMB: the CMB is remarkably uniform (2.73 K across the sky) and the CMB, and thus the
early universe, is a nearly perfect blackbody. Next, COBE’s Differential Microwave Radiometer
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Figure 3.3: On the top: The all-sky image produced by the COBE Satellite. It is a low resolution image of
the sky (7 degree resolution), but obvious cold and hot regions are apparent in the image. The large red band is
the microwave emissions from our own galaxy. This image shows a temperature range of £100uK.

On the bottom: The detailed, all-sky picture of the infant universe created from seven years of WMAP data.
The image reveals 13.7 billion year old temperature fluctuations (shown as color differences) that correspond to the
seeds that grew to become the galaxies. The signal from the our Galaxy was subtracted using the multi-frequency
data. This image shows a temperature range of +200uK. Extracted from hitp://map.gsfc.nasa.gov/

(DMR) discovered in its first year fundamental fluctuations within the CMB of an extremely
small magnitude of 30 £ 5 uK as shown in the figure 3.3. These fluctuations were too small to
have solely accounted for the seeds of structure formation, given the size of the CMB fluctuations,
the structure of the universe we see today would not have had time to form. The COBE results
showed a need for an electrically neutral form of matter that could jump start the structure
formation process well before recombination (121).

WMAP (Wilkinson Microwave Anisotropy Probe) was launched in 2001 with the mission to
more precisely measure the anisotropies in the CMB. Located at the Earth-Sun L2 point (about
a million miles from Earth), the satellite has taken data continuously and is able to detect
temperature variations as small as one millionth of a degree. Due to the increased angular
resolution of WMAP we now know the total and baryonic matter densities (83)

Qh? = 0.1334109958 Qph? = 0.02260 + 0.00053 (3.4)

where Q,,h? is the total matter density, and Q,h? is the baryonic matter density. This implies
that the dark matter density Qgnh?> = 0.1123 £ 0.0035 makes about 83% of the total mass
density. Locally this corresponds to an average density of dark matter pg,, ~ 0.3GeV/ em® ~
5 x 10~28kg/m* at the Sun’s location.

The CMB data show that the temperature of the universe at the time of photon decou-
pling was isotropic and homogeneous up to perturbations smaller than 10~°. The small scale
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fluctuations shown in the figure 3.3 in the primordial plasma allow us to infer the cosmological
parameters. The angular spectrum of the CMB is excellently fitted by the ACDM model, assum-
ing a gaussian, adiabatic and nearly scale invariant power spectrum of primordial fluctuations.
The structure of acoustic peaks requires the presence of a cold dark matter and the best fit of
7-years WMAP data gives Qph? = 0.02267 & 0.00058

The big bang nucleosynthesis provides another estimation of the matter content in the uni-
verse. In fact, BBN is the largest source of deuterium in the universe as any deuterium found or
produced in stars is almost immediately destroyed by fusing it into He*. Thus the present abun-
dance of deuterium in the universe can be considered a lower limit on the amount of deuterium
created by the big bang. It turns out that the deuterium to hydrogen ratio is heavily dependent
on the overall density of baryons in the universe. R. H. Cyburt calculated two possible values
for 2,h? depending on what deuterium observation is taken (64):

Qph? =0.0229 £0.0013  or  Qph% = 0.021670 957 (3.5)

Finally analyses of the large scale structure of the universe also yield evidence for dark matter
and help break degeneracies present in the CMB data analysis. By calculating the distance to
galaxies using their redshifts, cosmologists have been able to map out the approximate locations
of more than 1.5 million galaxies. For example, the Sloan Digital Sky Survey (SDSS) has created
3-D maps of more than 900,000 galaxies, 120,000 quasars, and 400,000 stars during 7 its eight
years of operation (11).

By measuring large scale structure one can experimentally determine the power spectrum
P(k) of density perturbations. By obtaining the matter power spectrum from galaxy surveys,
the amount of total matter and baryonic matter can be found: the peak of P(k) is sensitive to
the value of m, and the amount of baryons has effects on the shape of P(k) through baryonic
acoustic oscillations, i.e. excesses in galaxies separated at certain distances due to sound waves
in the prerecombination plasma. Using these techniques, a final study based on data from SDSS
yielded

ph? = 0.02258 000926 Qamh? = 0.1109 + 0.0056 (3.6)

Note that these results agree with both CMB and BBN predictions. In the figure 3.4 we show
the combined results for the €, — Q4 values from different observations where the privileged
parameter region is showed.

The astrophysical and cosmological evidence for dark matter is both impressive and com-
pelling. What is perhaps the most striking are the multiple lines of evidence which point to the
need for dark matter. Elemental abundances from big bang nucleosynthesis and fundamental
anisotropies in the cosmic microwave background radiation both predict very similar baryon
abundances, yet each describes a completely separate era in the history of the universe in which
very different physical processes are occurring. Dark matter is necessary to both describe galax-
ies and clusters of galaxies, and is a necessary ingredient in the formation of large scale structure.
Dark matter seems to be a fundamental and necessary component of our universe pushing us
to find possible particle candidates for dark matter, and therefore theories beyond the Standard
Model are necessary to solve the puzzle. The new dark matter model must fit those relic density
bounds. Moreover, the stability of the dark matter particle impose its lifetime to be at least the
age of the universe. Taking into account the estimates of the Hubble Space Telescope Key Project
(75) and in agreement with the result derived by WMAP, Hy = 7243 (stat)=+7(sys)kms ™ Mpc ™
we require the lifetime 7 2 4.3 x 10'7s.
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Figure 3.4: On the left: best fit 68.3%, 95.4% and 99.7% confidence level contours in the €2, — Q4 plane
for the CMB, BAO and the union SN set as well as their combination (assuming w = —1 for the dark Energy).
Extracted from (92).

3.2 Dark matter candidates

In the previous section we have reviewed the most relevant astrophysical and cosmological
evidences for non-baryonic dark matter. We have also stressed that any model with particle
dark matter whose abundance is roughly 6 times higher than that of the baryonic matter, has
necessarily to invoke physics beyond the Standard Model of particle physics.

This connection between the dark matter problem and particle physics has prompted the
proliferation of dark matter candidates that are currently being searched in the accelerators,
direct and indirect detection experiments. Remarkably, some of them are predicted in theories
originally proposed for different intents (e.g. supersymmetry or Peccei-Quinn model) and which
could also have important implications in other cosmological contexts, strengthening therefore
the link between particle physics and cosmology. As our understanding of particle physics
improves, we accumulate information about the properties of dark matter which progressively
reduces the allowed regions in the parameter space of those theories. In this section we present
the main properties that a particle has to have in order to be considerate as a "good" dark
matter candidate. We will therefore review the fundamental properties of the dark matter and
review some of the best motivated candidates far from being exhausting as a proliferation of
dark matter candidates in the literature still makes the overall summary quasi-impossible!

Supersymmetric candidates

Among the supersymmetric particles there are several dark matter candidates. By far the
most widely studied are neutralinos whose stability is protected by the R-parity. Sneutrinos has
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been also long considered as dark matter candidates. It has been shown that sneutrinos will
have a cosmologically interesting relic density if their mass is in the range of 550 to 2300 GeV.
However the expected scattering cross section of a sneutrino with nucleons is much larger than
the limits found by direct detection experiments (74).

In some supersymmetric models, gravitinos, superpartners of gravitons, can be the lightest
supersymmetric stable particles. With only gravitational interactions they are however very
difficult to observe. Moreover it has been known for some time that long lived gravitinos can pose
problems for cosmology. In particular their presence can destroy the abundances of primordial
light elements. Gravitinos may also be overproduced in the early universe it the temperature of
reheating is not sufficiently low.

Kaluza Klein candidates

Models with extra spatial dimensions can provide an alternative candidate for dark matter.
In particular, in models in which all of the Standard Models fields are free to propagate in the
bulk, called universal extra dimensions (UED), the lightest Kaluza-Klein particle (LKP) may
be stable and a potentially viable dark matter candidate. Extra dimensions compacted on an
orbifold often have some geometric symmetry which is a subgroup of the higher dimensional
Poincaré group. As a result, momentum (which for compactified dimensions is quantized and
takes the name of “KK-number“) conservation in extra dimensions is broken down to some
discrete symmetry KK-parity, which can play the role of the "dark matter symmetry” preventing
the decay of the lightest KK particle. The lightest Kaluza-Klein excitation charged under the
KK-parity can be the dark matter particle if it is electrically neutral. In the simplest (UED)
scenario (where there is only one extra dimension compactified on an interval) the potential
candidates are KK gauge boson, KK neutrino, KK scalar or KK graviton depending on the
parameters (40). Additionally, a dark matter candidate has been proposed in the framework
of "warped” universal extra-dimensions: an exotic particle with gauge quantum numbers of a
right-handed neutrino, but carrying fractional baryon number (19).

Neutrinos

Standard Model neutrinos have been considered, until recently, excellent dark matter candi-
dates. However their total relic density is predicted to be

3

2 mg
Q,h% = ; 30V (3.7)

A good laboratory constraint on neutrino masses comes from tritium S-decay experiments at
Troitsk and Mainz (126), pointing to the upper limit on the neutrino mass to be m, < 2.05 eV
(95% C.L.) This implies an upper bound on the total neutrino relic density of €2,h? < 0.07 which
means that neutrinos are simply not abundant enough to be the dominant component of dark
matter. Another argument against neutrinos as a viable dark matter candidate is that being
relativistic collisionless particles, neutrinos erase fluctuations below a scale ~ 40 Mpc. This
would imply a top-down formation history of structure in the universe, where big structures
form first which is in contradiction with current cosmological observations (45).

Sterile neutrinos, hypothetical particles similar to Standard Model neutrinos, but without
Standard Model weak interactions, were proposed as dark matter candidates in 1993 by Dodelson
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and Widrow (67). Stringent cosmological and astrophysical constraints on sterile neutrinos come
from the analysis of their cosmological abundance and the study of their decay products (10).
The WMAP measurements of the reionization optical depth suggests that the the dark matter
structures were in place to form massive stars prior to redshift z > 20, which is is simply not
possible if the dark matter particle mass is smaller than ~ 10 keV (130).

Axions

Introduced in an attempt to solve the problem of CP violation in particle physics, axions have
also often been discussed as a dark matter candidate. Laboratory searches, stellar cooling and
the dynamics of supernova 1987A constrain axions to be very light (<0.01 eV). Furthermore,
they are expected to be extremely weakly interacting with ordinary particles, which implies
that they were not in thermal equilibrium in the early universe. Although the calculation of
the axion relic density depends on the assumptions made regarding the production mechanism,
it is possible to find an acceptable range where axions satisfy all present-day constraints and
represent a possible dark matter candidate (114).

Superheavy candidates

Dark matter particles are usually assumed to be relatively ”light”, meaning lighter than a
few hundred TeV. This upper "limit” mas was derived by Griest and Kamionkowski under the
assumption that the dark matter particle is a thermal relic of the early universe. The super-
heavy candidates, named commonly “wimpzillas” were thus proposed with masses > 10'° GeV.
They could not be in thermal equilibrium during freeze-out and therefore their relic abundance
does not depend on their annihilation cross section, but rather is a function of the wimpzilla’s
production cross section. There are many ways to produce wimpzillas in the early universe.
Among the most studied is gravitational production at the end of inflation, resulting from the
expansion of the background spacetime (90). A common motivation for superheavy dark matter
comes from the observation of cosmic rays at ultra-high energies. The universe is opaque to
ultra-high energy protons over cosmological distances > 50 Mpc. Since no astrophysical sources
of ultra-high energy protons are known within this range, more exotic scenarios have been devel-
oped to account for these observed events. Such scenarios include ultra-high energy cosmic-ray
production via the decay or annihilation of superheavy dark matter particles (115), (131).

35



CHAPTER 3. DARK MATTER - WHERE? WHAT? WHY?

3.3 Detection Schemes

Finally here we summarize all the informations about the dark matter that we are able to
infer from the experimental data

3.3.1 Direct searches

In this section all the theoretically calculated values as well as the experimental limits are
given using the standard astrophysical assumptions of an isothermal WIMP halo with the mean
velocity vg = 220 km/s, the local density of 0.3 GeV /c? and escape velocity 544 km /s (73) unless
we mention different values.

The signature of DM elastic scattering off nuclei are nuclear recoils, characterized by an
exponential recoil spectrum with typical energies O(10)keV or less, for WIMP masses between
1 and 100 GeV (see (85) for more details).

Simple estimation of the recoil energy F,

We can simply estimate an approximate value of the recoil energy expected in a direct
detection experiment (76) considering an elastic scattering WIMP-nucleon where all the kinetic
energy is transmitted to the nucleon. Assuming the standard astrophysical value for the mean
velocity of the WIMP vy = 220 km/s and WIMP of mass myryp = 100 GeV the WIMP kinetic
energy is

1 1
T = Smwivp Vg = 5 (1,783 x 1072 kg) - (220000m/s)* ~ 4.314 x 10717 J ~ 26.9keV  (3.8)
This is the upper limit for a 100 GeV WIMP traveling at 220 km /s could deposit in the detector,
but the actual amount would certainly be smaller. Natural radioactivity generally emits MeV
energies, making a keV increase in energy due to nuclear scattering nearly impossible to find.
For this reason, direct detection devices must be radioactively clean.

As extremely low event rates are expected, the direct search detectors must have very large
mass, long exposure times (and therefore good stability over time), low energy thresholds and
very good background shielding. Such detectors are insensitive to very strongly interacting dark
matter, which would be stopped in the atmosphere or earth and would be undetectable under-
ground. However, such dark matter would be seen by rocket and other space-borne experiments
or would settle to the core of the Earth, leading to other fascinating and weird implications.
In the case of inelastic scattering off nuclei or orbital electrons, the recoil is followed by a decay
photon from the excited state (71), (122). However, the natural radioactivity background makes
the detection of this signal very problematic.

Although heavy nuclei are used in current direct detection experiments, the results are often
given in terms of scattering cross section off protons in order to allow easy comparison between
different experimental settings, involving different target materials. Current experiments exploit
a variety detection techniques focusing on signals such as scintillation, phonons, ionization or
a combination of some of them. Also different targets are used (Nal, Ge, Si, Xe). Below we
summarize the principal experiments of direct detection that are used to compare our theoretical
limits.
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Figure 3.5: The upper limits for spin-independent WIMP-nucleon cross section. From top to bottom at 1000
GeV mass: ZEPELIN-III (cyan) , EDELWEISS-II (pink), CDMS-II (black) , CDMS+EDELWEISS combined
results (red) XENONI1000 (blue) . The plot is made in DM Tools http://dmtools.brown.edu

CDMS II  Soudan The Cryogenic Dark Matter Search (CDMS II) (20) experiment, located
at the Underground Laboratory, uses 19 Ge (~ 230 g) and 11 Si (~ 100 g) particle detectors
operated at cryogenic temperatures (< 50 mK). The data were taken during four periods of
stable operation between July 2007 and September 2008. The result is a minimum cross section
of 7.0 x 107** cm? (3.8 x 107* cm? when combined with the previous results) for a WIMP of
mass 70 GeV /c2.

EDELWEISS II

The EDELWEISS experiment (32) is located in the Laboratoire Souterrain de Modane
(LSM). Like CDMS collaboration, the EDELWEISS experiment uses a heat-ionization germa-
nium bolometer. The latest data were collected over a period of fourteen months from April
2009 to May 2010. The experiential derive the 90%CL upper limits on the WIMP-nucleon spin-
independent cross section with the minimum cross-section of 4.4 x 1078 pb for a WIMP mass
of 85 GeV.

XENON10 and XENON100

The XENON10 experiment (25) at the Gran Sasso National Laboratory operates a 15 kg
xenon dual phase (liquid and gas) time projection chamber (XeTPC) to search for dark matter
WIMPs in liquid xenon (LXe). Liquid xenon is an attractive target for a sensitive WIMP search.
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Its high density (~ 3 g/cm®) and high atomic number (Z = 54, A = 131) allow for a compact
detector geometry. The high mass of the Xe nucleus is favorable for WIMP scalar interactions
provided a low recoil energy threshold.

Since natural xenon contains 2°Xe (26.4%) and 31 Xe (21.2%) isotopes, each of which has
an unpaired neutron, the XENONIO0 results substantially constrain the spin dependent (SD)
WIMP-nucleon cross section as well.

The data was taken with the XENON10 detector at Gran Sasso during the period between
October 2006 and February 2007. The upper limits at 90% C.L. for the WIMP-nucleon spin
independent (SI) cross-section exclude the region above 8.8 x 10™* cm? (4.5 x 10~* c¢m?) for a
WIMP of mass of 100 GeV /c? (30 GeV /c?).

The next phase, XENON100 (30), operate a total of 170 kg of xenon (5 70 kg fiducial) in
a dual phase TPC in an improved XENON10 shild at the Gran Sasso Laboratory. While the
fiducial mass is increased by more than a factor of 10, the background is lowered by about a factor
of 100 (through careful selection of ultra-low background materials, the placing of cryogenic
devices and high voltage feed-troughs outside of the shield and by using 100 kg of active LXe
shield). Featuring a large target mass and an extremely low background, XENON100 is the
most sensitive dark matter direct detection experiment in operation today. The ultimate design
goal of XENON100 is to achieve a spin-independent WIMP-nucleon scattering cross section
sensitivity of o = 2 x 107% c¢m? for a 100 GeV/ ¢ WIMP. A first dark matter analysis has been
carried out, using 11.17 live days of background data, taken from October to November 2009.
The initial results based on only 11.17 live days of data give the 90% confidence upper limit,
with a minimum at a cross section of 3.4 x 10~#*4cm? for a WIMP mass of 55 GeV/ .

ZEPLIN III

The ZEPLIN-IIT experiment (23) operated at the Boulby laboratory (UK) under a rock
overburden of 2850 m water equivalent. This two-phase xenon emission detector measures both
scintillation and ionization responses from particle interactions in its 12-kg LXe target. In the
second science run (SSR), WIMP-search data were acquired over 319 days between Jun 2010 and
May 2011. The yielded data allow for exclusion of the scalar cross-section above 4.8 x 10~%* ¢cm?
near 50 GeV/c> WIMP mass with 90% confidence. When combined with data from the first
run, this result improves to 3.9 x 107%* ¢cm?. The results for the experiments mentioned above
are shown in the figure 3.5 and summarized in the table 3.1.

Experiment Ref. | Data Taking Period | Target | 10=8¢°T[pb] | mw1arp [GeV]
CDMS II (20) 2009 Ge/Si 3.8 70
EDELWEISS 11 (32) 2009 - 2010 Ge 4.4 85
CDMS+EDELWEISS | (21) 2009-2010 Ge/Si 3.3 90
XENON10 (25) 2006 - 2007 LXe 4.5 30
XENON100 (30) 2009 LXe 3.4 55
ZEPELIN IIT (23) 2010 - 2011 LXe 4.8 50

Table 3.1: Direct Detection Experiments and the corresponding upper bounds on spin-dependent (SI) WIMP-
nucleon cross section.

DAMA
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In order to discriminate the DM signal against the natural background some experiments
have been searching for an annual modulation of the measured event rate (69). In fact, the
Earth rotation around the Sun is expected to produce a modulation of the relative velocity of
DM particles given by

vg = 220 km/s - {1.05 + 0.07 cos[27(t — t,,)]/1 year} (3.9)

where t,, is approximatively the begin of June. The variation of the WIMP flux is actually
small =~ 7%, so that a large number of events has to be collected and therefore a large detector
is needed.

In 1998, the DAMA collaboration obtained evidence for a modulation of the event rate, that
was later confirmed with the confidence level of 6.3¢0 (44).

If interpreted in terms of a SI scattering of a WIMP off Nal, and further assuming an isother-
mal spherical DM halo, with a characteristic velocity of the Maxwell-Boltzmann distribution of
vg = 270 km/s, with a local DM density of p = 0.3 GeV cm?, and with a slope p ~ 772, the
DAMA result is compatible with the detection of a WIMP with a mass of around 50 GeV and
a WIMP-nucleon scattering cross section of order of 104! = 10742 c¢m?.

Other experiments, such as CDMS or EDELWEISS, have explored the region of parameter
space allowed by the DAMA modulation signal, finding null results (42), (22). The comparison
between the DAMA annual modulation and other experiments is however model-dependent.
Taking into account astrophysical uncertainties, the DAMA allowed region is sensibly increased,
with masses extending up to 250 GeV and SI cross section down to 10™%% cm?.

3.3.2 Indirect searches

Another way to search for the dark matter is through the detection of its annihilation prod-
ucts. Because the annihilation rate of the dark matter particles is proportional to the square
of its density, natural places to look for dark matter annihilations are those expected to have
high DM densities, such as the sun, earth, and galactic center. Annihilation products include
gamma-rays, neutrinos, and antimatter.

Gamma Rays: Gamma-rays from WIMP annihilation are believed to occur most frequently
in the galactic center. One way this process can take place is through a WIMP annihilation
yielding a quark and anti-quark, which then produce a particle jet from which a spectrum
of gamma-rays is released. A second form of gamma-ray production is the decay of WIMPs
directly to gamma-rays, xx — v7/7Z which produces gamma-ray lines proportional to the
mass of the WIMPs involved. Since typical WIMP masses can be on the order of 100s of GeV,
these are extremely high energy gamma rays. Although the flux is small and quite difficult to
detect, observing such a gamma-ray line would be an smoking gun indication for dark matter
annihilation and the WIMP mass (66). The EGRET Collaboration reported an excess of gamma-
rays in 1998, pointing toward already accepted characteristics of dark matter: a 50-70 GeV
WIMP mass and a ring of concentrated dark matter at a radius of 14 kpc from the galactic
center. This discovery is initially encouraging, but as Bergstrom et al. have shown, observed
antiproton fluxes would have to be much larger if these excess gamma rays are being produced
by neutralino or generic WIMP self annihilation (43). For this reason and others, EGRET’s
results remain controversial.
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Neutrinos: Neutrinos can be another important products of WIMP annihilation. As WIMPs
travel through the universe and through matter, they lose small amounts of energy due to scat-
tering off of nuclei. Therefore, WIMPs can gather at the centers of large gravitating bodies,
increasing their density until their annihilation rate equals half the capture rate. Because neutri-
nos are so weakly interacting, neutrino telescopes must be massive to detect a significant signal.
AMANDA-II is a neutrino detector at 1500 to 2000 meters underground within the ice of the
South Pole where Cherenkov radiation can travel and be seen easily by optical modules. This
experiment has not detected statistically significant results from the direction of the sun, but
has placed firm limits on the muon flux (14). The IceCube experiment integrates AMANDA
into a much larger detection experiment, with 7200 optical modules and a detector volume of a
cubic kilometer (88). Super-Kamiokande is another indirect detection experiment, located un-
derground in the Kamioka-Mozumi mine in Japan. The detector consists of 50 000 tons of water
and detects Cherenkov radiation from incoming muons as well. Super-K looks in the direction
of the sun, earth, and galactic center, and, like AMANDA, has not detected any excess of muon
rates above the expected background (128).

Antimatter: Antimatter can be a excellent signal of WIMP annihilation precisely because
antimatter is relatively rare, and many of the astrophysical processes which create antimatter
are well understood. For example, the annihilation of WIMPs can also produce antiprotons via
XX — qq through hadronization (where the dominate annihilation process yields b quarks and
antiquarks), and positrons through secondary products of the annihilation such as WW W~
where W — ev,. Unlike gamma-rays and neutrinos, these products are charged and thus affected
by magnetic fields within space and also lose energy due to inverse Compton and synchrotron
processes, so we cannot make any conclusions about where the annihilations occurred. In 1994,
the HEAT Collaboration detected an excess of cosmic ray positrons of energies around 10 GeV
possibly caused by neutralino self-annihilation, and confirmed this signal again in 2000 (34).
A boost factor however, must be applied to the WIMP annihilation rate of a smooth halo in
order to match the HEAT data; this is perhaps an indication that we exist within an extremely
clumpy halo, or that there are other unknown sources of antimatter.

Quite recently, the results from the PAMELA (a Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics) satellite-borne experiment’s flight from July 2006-February 2008
were released. The collaboration found that the positron fraction increases sharply over much
of the range of 1.5-100 GeV and thus concluded that a primary source, either an astrophysical
object or dark matter annihilation, must be present to account for the abundance of cosmic-ray
positrons (16). The data from PAMELA also require heavy WIMP candidates or large boost
factors associated with non-uniform clumps in the dark matter distribution, thus constraining
the nature of the possible dark matter. Further data is necessary to determine if excess gamma
ray and antimatter fluxes are indeed signals of dark matter annihilation or signatures of local
astrophysical objects and backgrounds.
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3.4 Relic abundance of dark matter

In the early universe, very energetic and massive particles were created and existed in ther-
mal equilibrium. As the universe expanded and cooled, however, two things occurred: lighter
particles no longer had sufficient energy to produce heavier particles through interactions and
the universe’s expansion diluted the number of particles such that interactions did not occur as
frequently or at all. At some point, the density of a particular particle species became too low
to support frequent interactions and conditions for thermal equilibrium were violated and their
comoving number density remains constant. The exact moment or temperature of freeze-out
can be calculated by equating the reaction rate with the Hubble expansion rate.
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Figure 3.6: The numerical simulation for the evolution of the co-moving relic density extracted from (76). Here
Y o nT~? includes the dilution effect coming from the expansion of the universe. The solid line represents the
equilibrium density and the dashed lines the current density.

3.4.1 The standard case of relic abundance - only annihilations

We first summarize the standard calculation for the relic abundance of a particle species
x which was in thermal equilibrium in the early universe and decoupled when it became non
relativistic. One usually has to assume that the particles y in thermal equilibrium with cosmic
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plasma at sufficiently high temperatures and that its interactions with the rest of the plasma
are strong enough that it remains in equilibrium a temperatures somehow below m,. Moreover
one has to assume that there is no asymmetry between the particles xy and their antiparticles
X- Another possibility, inherent in supersymmetric and extra-dimensional extensions of the
Standard Model is that y is its own antiparticle. In the treatment of relic abundance calculation
presented here we follow the authors of (120). The relic abundance is found by solving the
Boltzmann equation for the evolution of the y number density

dn 9 9

i —3Hn — (0Urer) (n - neq> (3.10)
where H is the Hubble parameter, v,¢ is the relative velocity between two x’s, (ov.¢) is the
thermally averaged total cross section times relative velocity, ne, is the equilibrium thermal

density.

Neg ~ T3 for T > my
(3.11)

2
Neg :g(mz);T>3 e~ 7 for T < my
g is the number of internal degrees of freedom. At high temperature there are roughly as many
x particles as photons and particles are abundant and rapidly convert into lighter particles and
vice versa. At low temperatures the n., is Boltzmann-suppressed. Shortly after the temperature
drops below m, the number density n., decreases exponentially and the annihilation rate I" =
(ovpe)n drops below the expansion rate H. At this point, xs stop annihilating and escape out
of the equilibrium and become thermal relics.

The thermally averaged total cross section can be approximated by the non-relativistic ex-
pansion

6b 1
(ovrer) = a+ b(viy) + O (<vfez>) ~oa+ - +0 <x2> (3.12)
where ¥ = %

By solving Boltzmann equation analytically with appropriate approximations the abundance
of x’s is given by

_1.04x10°  ap 1
MP \/g*(.l‘p) a+3b/ﬂj‘p

where Mp = 1.22 x 10" GeV and g, is the number of effectively massless degrees of freedom

O, h? (3.13)

9 (T)= > 9i+£ g (3.14)

i=bosons i=fermions

The coefficient % accounts for the difference in Fermi and Bose statistics. Notice that g, is
a function of T" as the thermal bath quickly gets depleted of the heavy species (with masses
m <T).

The freeze-out temperature is found iteratively from equation

rFp =In <c(c +2) 5 g myMpla+ 6b/xF)> (3.15)

8 27T3 g*(acp)acp
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The ¢ constant is found empirically by comparing to numerical solutions of the Boltzmann

equation and usually is taken ¢ = %

3.4.2 Case with co-annihilations

When the particle x is nearly degenerated with other particles, one has to take into account
the co-annihilation cross-sections. The previous calculation can be generalized to this “coanni-
hilations” case straight forward. We assume that the particles y; are labeled according to their
masses, so that m; < m; if i« < j. The number densities of each specie ¢ obey the Boltzmann
equation. It can be shown that the relic density n of the lightest species x1 (after all the heavier
particles have decayed into x1) obeys the following simple Boltzmann equation

d
diz_L =—3Hn — <0-effv7‘el> (n2 - nzq) (316)
where
Al 9i95 3 3 _a(AHA)
Oef(x) = D oip (1+A0)2 (14 4y)2 e "Bty (3.17)
ij Gerf
N 3
Gepr() = D gi(l+Ay)7e ™ (3.18)
i=1
A = Mg (3.19)
mi

where 05 = o (xix; = SM), g; is the number of internal degrees of freedom of particle x; and
n = Zﬁil n; is the density of x1 we want to calculate. This Boltzmann equation can be solved
in a similar way as in no-coannihilation case, resulting in

~1.04x10°  ap 1

Q, h* 3.20
X Mp Vox(xp) 1o+ 31y /xF ( )
with
(o]
I, = J:F/ aefp(x)r2da (3.21)
T
(e.)
I, = 29:%/ bess(w)z ?dr (3.22)
Tp
The corresponding formula for xz becomes
45 M 6b
v =1n [ c(c+2) 7Qeff(535F) myMp(acss(xr) + 6bess(zr)/zF) (3.23)
8 2w gx(Tp)ap
The acfy and by are the first two terms in the velocity expansion of oy s
_ 2 4
OcffUrel = Qeff + b€ffvrel + O (Urel) (3.24)
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Comparing the equations 3.17 and 3.24 one gets

N

acrr(@) = 3 aTI (14 A2 (14 4))7 e #BitA) (3.25)
i Jesf
N 9igi 3 3 OALLAL

besp(z) = Zbijggﬂ (1+A:)2 (1+A;)2 e 2(BitA)) (3.26)
ij eff

The last detail one has to take into account are the relativistic corrections to the above treat-
ment which result with an additional subleading term which can be accounted for by a simple
substitution

b—b— % (3.27)

in the above formulas (127), (94).

There is compelling evidence for the existence of dark matter. Although our understanding
of its nature and distribution is still incomplete, many independent observations suggest that
about 30% of the total energy density of the universe is made of some sort of non-baryonic dark
matter. We will then present in the next sections how another natural dark matter candidate can
be introduced to the literature in the context of extra-dimensional extensions of the Standard
Model. First, we need to introduce the basic theoretical tools commonly used in the extra-
dimensional community.
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Chapter 4

Compactified space general
description of the extra dimensional
models

4.1 Orbifolds

Most of the fundamental theories such as supergravity or superstrings require spacetime
to have more dimensions than four we know about today. Such extra dimensions must be
microscopic or curled up in some non-trivial way. These ideas are so interesting that they have
inspired much experimental work during last few years (15).

It seems that the first reference to dimensional reduction appears in the work of Gunnar
Nordstréom who in 1914 formulated a vector-scalar theory in four dimensions, unifying electro-
magnetism and a scalar theory of gravitation, starting from Maxwell theory in a five-dimensional
flat spacetime (112). Even if this theoretical proposal did not turn out to be physically correct
and was, after a couple of years, replaced by Einstein’s tensor theory, it was a milestone in the
investigation of gravitational phenomena. It provided for the first time the idea that we could
aim at explain the unknown physics in our known spacetime by known physics in a spacetime
with extra, compactified dimensions.

Much more known is the work of Theodor Kaluza, published in 1921, who showed that
gravity in five dimensions could yield a theory unifying the Einstein’s gravity and the Maxwell’s
equations. It was Oscar Klein who came with the idea of compactifying the fifth dimension on
a circle. The Fourier expansion in modes, today known as the Kaluza-Klein tower, allowed him
to compute the radius of compactification by identifying the charge of the first massive mode
with the electric charge. With a single stroke, the quantization of electric charge was given an
explanation, and the size of the compact dimension, which turned to be of the order of the Plank
length, explained why we only see effectively four dimensions. The other side of the story is the
very wrong result for a mass of such a mode, which was of the order of the Plank mass (70).

The compactification on a 2-sphere from six dimensions was considered by Wolfgang Pauli in
1953, where the Yang-Mills field strength made its appearance as a consequence of a non-Abelian
reduction (106). Since this epoch many physicists investigated the consistency of dimensional
reduction in context of General Relativity (81), (93), (119),(24).

The idea of extra dimensions is closely related to the string theory. A nonsupersymmetric
string theory, to be consistent, has to be defined in 26 dimensions. The number of dimensions
required by the superstring theories is ten. In 1975 Joel Scherk and John H. Schwarz proposed
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to consider superstrings in a product space M?* x M, where M is a compact manifold whose
size is about Mgll (118). In 1985 it was realized that to obtain N = 1 supersymmetry as a low
energy limit of a superstring theory, the six small extra dimensions need to be compactified on a
Calabi-Yau manifold. As the typical sizes of compact dimensions on Calabi-Yau manifolds are of
the order of M ]le ~ 1033 cm, there is no way to observe them in human-designed experiments.

The celebrated paper of Candelas et al.(53), which opened the first string revolution of 1985,
demonstrates that if the extra six compact dimensions form a Calabi-Yau manifold, then in the
low energy theory limit one recovers the E(8) x E(8) gauge theory which includes SM with tree
generations of fermions as observed in nature.

In the late 1990s it was realized that extra spatial dimensions are not necessarily linked to the
Planck scale and could potentially be relevant for TeV scale physics (26), (100), (28). Since then,
extra dimensional models have enjoyed great popularity among physicists. A general feature of
these models is that the extra dimensions are compactified on the so-called orbifolds.

Let us point out the two different philosophies that underlie the issue of dimensional reduc-
tion. On one side there is the compactification approach, whose paramount example today is
string theory, where one expects that dimensional reduction from ten dimensions, or eleven in M-
theory, will eventually deliver a four dimensional space-time together with an internal compact
manifold, or a more general structure like an orbifold, that carries physical information within.
In this approach the fundamental theory is the higher dimensional one, and the compactification
procedure should eventually be understood as a physical process driven by some physical prin-
ciples. The physical consequences that have their origin in the compactified structure and the
process of compactification itself, are an essential part of the whole physical picture. Perhaps
some of these effects, take for instance the presence of massive Kaluza-Klein modes, may become
irrelevant when the theory is examined in the low energy regime, due to the small size of the
compactified structure, but the effects are there anyway. This was in fact Klein’s elaboration
(expanding in Fourier modes) on the original Kaluza’s idea, which corresponds to the second
approach which we address now.

On the other side one can conceive the dimensional reduction as a mathematical means to
formulate a theory in a given space-time dimension having started with a higher dimensional
theory as an auxiliary artifact, the extra dimensions never physically existing. In this case we
speak of a consistent truncation from the higher dimensional theory to the lower one. One can
start with a higher dimensional theory whose formulation is perhaps simpler and eventually
end up with a more complicated theory at a lower dimension with the remarkable advantage of
keeping full control of its symmetries (including supersymmetry when appropriate) or even with
the right internal symmetries one was willing to implement. In Klein’s interpretation of Kaluza’s
work, this means that a truncation is made on the tower of Fourier modes to keep only the singlet
ones. In this sense, this second approach can be understood as a method of model building,
having used the higher dimensional theory as an intermediate device that helps to formulate a
fundamental theory at a lower dimension. This has proven to be a useful method in supergravity:
in this way, different dimensional reductions of the eleven dimensional supergravity theory have
yielded a fairly good recollection of supergravity theories with extended supersymmetry at lower
dimensions (108).
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4.1.1 Basic definitions

In this section we follow the definitions of (104) and (117). An orbifold, a generalization of
the concept of manifold, is a topological space with some additional structure. Recall that a
manifold is a space locally modeled in R .

Definition 1 We define an orbifold' as a quotient space R"/T" of a n-dimensional space R™
modulo a discrete symmetry group I'.

In mathematics one generally makes a difference between an orbifold and a manifold in the
following way:

— If T has no fixed points then R"/I" is called a manifold.

— If T" has fixed points then R"/I" is called an orbifold.

We will however use the name “orbifold“ for all the spaces of the form R"/I". In our case we
are not free to choose any arbitrary discrete group, but are restricted to so-called space groups.

Definition 2 An n-dimensional (nD) space group is defined as a co-compact® discrete group
of isometries of R™ (123). One can define a space group as a discrete symmetry group of a
n-dimensional space.

Discrete symmetry groups come in three types:

1. Finite point groups, which include only rotations, reflections, inversion and rotoinversion.
They are in fact just the finite subgroups of O(n).

2. Infinite lattice groups which include only translations.

3. Infinite space groups, which combines elements of both previous types, and may also
include extra transformations like screw axis and glide reflection.

There are also continuous symmetry groups, which contain rotations of arbitrarily small
angles or translations of arbitrarily small distances. The group of all symmetries of a sphere
O(3) is an example of this and in general such continuous symmetry groups are studied as Lie
groups. With a categorization of subgroups of the Euclidean group corresponds a categorization
of symmetry groups. In 3-dimensions there are 219 unique types (or 230 if chiral copies are
considered unique) of space groups, also known as crystallographic groups. In 2-dimensions the
17 space groups are called also wallpaper groups. The general classification of discrete space
groups is known for dimensions n < 6.

4.1.2 One dimensional orbifolds and manifolds

There are only two discrete isometries of a 1-dimensional space: reflections r and translations
t. The structure of a group is uniquely defined by the set of generators of the group and relations
among them. Therefore we can define the space groups in a purely algebraic way:

1. A formal definition of an orbifold in terms of topological spaces can be found in the paper of Thurston
(123). The terminology orbifold was first used in one of his lecture courses in 1976. The concept itself occurs first
in 1956 as V-manifold in (1) and (116)

2. In mathematics, an action of a group G on a topological space X is co-compact if the quotient space X/G
is a compact space.
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Figure 4.1: Example of diagram for pgg group. The pattern comes from a bronze vessel in Nimroud, Assyria.
The diamonds corresponds to the centers of rotation over w. The arrows to fundamental translations.

Z = (t)
Zy = (r|r?=1) (4.1)
Do = (t,r|r?2 =1 (tr)®> =1)

It is important to notice that the choice of generator is not unique. For example, the space
group D can be equivalently defined in terms of two 7m-rotations *:

Doo ~ Zg % Zo = <r1\r% =1)x (7“2]7“% =1I) with 7ro=tr (4.2)

This representation-independent notation has many advantages for discussing the possible par-
ities of the fields on the orbifolds. More intuitive way of defining the groups is by identifying
the isometries of R™ that act as generators of the group.

One dimensional orbifolds are the quotient spaces R/T" where I is one of the one-dimensional
space groups Z or Dy,. The result of the action of these groups on the infinite line R is a circle
for Z or an interval in the case of Dy..

r R/T notation | geometry
Z R/Z St circle
Do | R/Doo | S/Zy | interval

Table 4.1: Classification of 1-dimensional orbifolds.

4.1.3 Two dimensional orbifolds and manifolds

The possible discrete isometries of a plane R? are translations ¢, reflections r, 27 /n-rotations *
f with n =2,3,4,6 and so-called glide-reflections g, which are translations with a simultaneous
mirror reflection. There is 17 distinct space-groups I' and hence 17 possible orbifolds R?/T". In
the table 4.2 and equations (4.3) we give the definitions of four two-dimensional orbifolds which
are mentioned later in the text.

3. The two rotations r1 and r2 do not commute, [r1,72] # 0. Hence the free product * and not the cross product
X is used.

4. The restriction to only 2,3,4, and 6-folded rotations is often named the crystallographic restriction theorem.
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r R?/T notation | geometry free parameters
pl  R?/Z% T? Torus r, 0

pg  R?/pg - Klein bottle r

pgg  R?/pgg RP? Real projective plane r

p4d  RP4 T2%/Z4 | Chiral square -

Table 4.2: Classification of some 2-dimensional orbifolds.

pl = (t1)x(t2)

pg = (t,gllg*t] =0, tagtg™" =1) D Z?

pgg = (r,g|r*=(¢*r)*=1)2D72%Z
(

ti,to, |1t = (1)t =1, vty = tor, [t1,t2] =0) D 7%, 24,75

(4.3)
pd =

The fundamental domains of those orbifolds with the symmetry generators and fixed points are
shown in the figures 4.1 and 4.2 - 4.3

Vs Vs

27R A Qi R —

TR n'RV --------- )A

Figure 4.2:

On the left: Fundamental domain of torus 72. Red arrows correspond to the translation generators ¢; and t».
On the right: Fundamental domain of the Klein bottle R?/pg (within black dashed lines). In blue - torus
fundamental domain. Red arrow - translation generator ¢. Red dashed arrow - glide generator g. The green and
orange arrows indicate the identification of the edges.

Now we are ready to consider the quantum fields propagation on the spaces constructed from
the Minkowsky space and the orbifolds.
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Vs A Vs

27R 27 R

>

TR TR grmmm=Pey

Figure 4.3:

On the left: Fundamental domain of the real projective plane R2/pgg (within black dashed lines). Red dot -
m-rotation generator. Red dashed arrow - glide generator g. The green and orange arrows indicate the identifica-
tion of the edges.

On the right: Fundamental domain of the chiral square R?/p4 (within black dashed lines). Red arrows cor-
respond to the translation generators ¢; and t2. Red dot - 7/2-rotation generator. Fixed points are marked as
black dots. The green and orange arrows indicate the identification of the edges.

4.2 Quantum fields in the extra dimensions

4.2.1 Basics of Kaluza Klein decomposition

Here we will consider the Kaluza Klein decomposition of a scalar, spinor and gauge fields
propagating in a five dimensional space My x S*. This is the simplest case of compactification of
extra dimensions but not free of problems. As we will see, the chiral fermions cannot be defined
on such space. We will therefore use this simple space only to emphasize the most important
properties of the KK decomposition. Then we will present the KK decomposition of quantum
fields on a six dimensional space M x RP? which is much more involved mathematically due to
the presence of two extra dimensions and more complicated defining symmetries of the orbifold.

Scalar field on M, x S!
Consider the following 5D action for a real scalar field of the mass M:

5= / e / dy [0 20, ® — M3 (4.4)

As we already have told in the section 4.1, the extra dimension must be compactified. Here we
compactify the extra space on a circle S' of a radius R. That means that the y variable domain
is —0o < y < oo but we impose the identifications

y~y+2rR with -0 <y <oo (4.5)

Equally one can restrict the domain to 0 < y < 27 R but with a condition that (y =0) = (y =
2w R). Now we require that the higher dimensional lagrangian Lsp, rather than individual fields
®, has to be invariant under transformations 4.5. In the majority of cases, the lagrangian will
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include bilinear terms, such as kinetic terms or mass terms. Therefore in the case of the real
scalar the invariance of L5p requires that

Lsp|®(y)] = Lsp|@(y + 27 R)] (4.6)

what in terms of fields ® reads as the periodicity conditions

O(y) = ¢(y + 27R) (4.7)

Then, as we have a compact space S and a periodic function defined on it, we can expand the
5D scalar fields in the Fourier modes as follows:

Ozt y) = Z o™ (") fn(y) (4.8)

n=—0oo

Substituting this expansion into Ssp we require that after integrating over extra dimensions we
get:

Sip = / Y [amwa%‘ (M? + ;2) ¢<”>¢<“>] (4.9)

so that we can interpret the ¢(™s as particle KK modes form the 4D point of view. This
requirement gives us the following conditions:

1. Orthonormality condition

[ vt faly) =1 (4.10)

2. Differential equations

02 fuly) — MPF2(y) = —m? £2(y) (4.11)

Thus the KK decomposition reduces to an eigenvalue problem whose solutions will give us the
KK masses m,, and the KK profiles f,(y). For the simple case of a 5D scalar with a bulk mass
M, we get the following solutions to the differential equation

2
fo=eEMU/E ith = M2+ % (4.12)

This implies that from the 4D point of view the 5D scalar field appears as an infinite tower of 4D
fields which are called the Kaluza-Klein (KK) modes ¢(™ with masses squared, m2 = M? + %22
as is illustrated in the figure 4.4. We can easily generalize to the case of d — 4 extra dimensions,
each of which is compactlﬁed on a circle of the radius R, to obtain the tree level spectrum

=M>+34 22 Thus, we see that the signature of an extra dimension from the 4D point

of view is the appearance of infinite tower of KK modes: to repeat, the lightest (zero)-modes
is identified with the SM particle and the heavier ones (KK modes) appear as new particles
beyond the SM .

4.2.2 Orbifold or Interval?

Now I would like to emphasize the difference between the orbifold vision of the extra space
and the "finite space" vision.
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A s! s'/z,
Myx

cos(ny/R)  sin(ny/R)
2/R — = 4
\ /

\ /

\ /

\/

/N

/ \

/ \

/ \
1/R — - -

Figure 4.4: Spectrum of the scalar field on the circle and on the interval. On an interval the scalar field can
have a parity p = +1 represented by red states ~ cos(ny/R) or a negative parity p = —1 corresponding to the
green states ~ sin(ny/R).

Interval

We consider a real scalar field defined on an interval [0, 7R]. The bulk action has the standard
form

S / e /0 ™ (;aMcbaM@ _ v<q>)> (4.13)

in this action we do not have any boundary terms (operator localized on the branes = bound-
aries).

In order to find the solutions one needs to solve equations of motion obtained form the
variational principle S = 0. The fields ® are assumed to vanish at infinity z# — oo, but
one cannot assume the same for the compact dimensions. Therefore we are left with the bulk
equations of motion of the standard form and a set of boundary conditions (BC):

TR oV TR
5 Syt = / dz / [—aMaMep - ] 5% — [ / d'20,560| =0 (4.14)
0 oo 0
We have two possibilities of the boundary conditions
Oy®|pouna =0  Neumann BC (4.15)
or
0®P|pouna =0  Dirichlet BC (4.16)

The latter case would follow form the condition ®|pyung = 0. One defines the boundary conditions
as natural if they leave the boundary variation of the field 0P |pyyng arbitrary. However, we would
only like to allow the natural boundary conditions in the theory since these are the ones that
will not lead to explicit (hard) symmetry breaking once more complicated fields like gauge fields
are allowed. Thus in order to still allow the Dirichlet BC one needs to reinterpret that as the
natural BC for a theory with additional terms in the lagrangian added on the boundary. The
simplest possibility is to add a mass term to modify the lagrangian as
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1 TR
S = Spur — 5 /d%/ dy (M78(y — 0) + M3s(y — 7)) ®* (4.17)
0

Thus the natural BCs are given by

05 + M3® =0 at y=7R
{ ° (4.18)

05® — M2® =0 at y=0

It is clear that for M; — oo we recover the Dirichlet BCs. This is the way we will always
understand the Dirichlet BCs: we will interpret them as the case with infinitely large boundary
induced mass terms for the fields.

Orbifold

One gets a completely equivalent image from the orbifold point of view. To show clearly
how the things work in this approach let’s focus on the simplest orbifolds - a circle S' and an
interval S!/Z,. Mathematically speaking, a circle is a smooth manifold since it has no special
points. We can "mod out" this smooth manifold by a discrete symmetry to obtain an orbifold.
Specifically, we impose the discrete Zs identification: y ~ —y in addition to y ~ y + 27 R. Thus,
the physical or fundamental domain extends only from y = 0 to y = mR. The endpoints of the
orbifold y = 0 and y = wR do not transform under Zy and hence are called fixed points of the
orbifold. Note also that the end points of this extra dimension are not identified with each other
either by the periodicity condition y ~ 3 + 27 R (unlike the endpoints y = 0 and y = 27 R on S*
) or by the Zy symmetry. Let us consider how the KK decomposition is modified in going from
a circle to an orbifold. Starting from the bulk action of the form given by in the equation 4.14
and imposing the identifications y ~ y 4+ 27 R one in fact impose the periodic BC on the fields
as well:

o(0) = B(27R) (4.19)

up to global symmetries. The field can be then expanded in Fourier series

1 1 > ;
= + () (z1)einv/ R 4.20
= DI (4.20)
where the coefficient in front has been chosen for proper normalization. Then while going to the
interval S!/Zs one can decompose the field into the functions odd and even under transforma-
tions y — —y, namely:

o= \/217r7R¢(0) + nf:l (qﬁﬁf) coS (TZJ) + <Z>(_n) sin (%)) (4.21)

with qb(f) = %((b(”) +¢(=™)) and (b(_n) = %((é(”) — ¢(=™). The physics must be invariant under

the symmetry transformations y — —y thus we must assign the parity of the fields

(2", —y) = p@(at,y) (4.22)

The assignment p = +1 sets qb(,n) = 0, while p = —1 sets qﬁf) =0 and ¢° = 0. Thus one can see
that the fact of orbifolding the space reduce the number of modes by the factor of two, and it
removes the zero mode in the case of parity assignment p = —1 to the field ® as illustrated on
the figure Fig.4.4.
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Moreover by imposing the parities one recovers exactly the functions one would found by
imposing Neumann (for p = —1) and Dirichlet (for p = +1) BCs.

The main difference between orbifold and interval point of view is that while considering
the orbifold notation one starts form an infinite domain. Thus the field initially is defined on
the infinite space —oo < y < oo. Then during the compactification one requires the physics
invariant under symmetry transformations and not the fields themselves. It means that on the
fundamental domain of an orbifold a field can be multiply defined.

4.2.3 Fermions on the circle and on the interval - chirality problem
The smallest irreducible representation for 5-dimensional fermions is a 4-(complex) compo-
nent spinor. The simplest 5D action for such a spinor is
Ssp = W(ioyT™ — M)W (4.23)

As for the scalar field we decompose the six-dimensional field into the KK modes:
U, = Zw((jn)e(my/R) (4.24)

and the effective 4 dimensional effective action is
- ) m n
Sup = znjw(n) (z@MF“ M- R) ™ (4.25)

thus, as in the scalar case we find the tower of Dirac spinors with masses m2 = M? + }%22. The
problem now is that if the 5D fermions transforms under some 5D gauge symmetry, then the
massless chirality states L and R (zero modes for M = 0) transform identically under this gauge
symmetry. Hence, such a scenario cannot correspond to the Standard Model, where the left
handed and right handed states transform as doublets and singlets respectively under the SU(2)
gauge symmetry. We can obtain the chiral fermions by compactifying the 5D theory on an
interval instead of a circle. As the 5D action contains the terms of the form UIP95¥ 5 \I/TL@\I/ R,
which must be even under Z5 symmetry, then if ¥ is even under Z5 then ¥y must be odd.
The corresponding decomposition will give

Uy, ~ Zn: \IJ(Ln) cos n—éj Up~ zn: \Ifgg) sin n—]g (4.26)
Therefore we get a massless zero mode only for ¥y. Of course we would have chosen Wg to be
even instead to obtain a right handed zero mode as is schematically shown in the figure 4.5.

4.2.4 Gauge fields on S' and S'/Z,

Finally we consider a five dimensional gauge field. The 5-dimensional action for the 5D gauge
field Ayr = (A, As) has the form

1 1
S5D —_ /d4xdyZFMNFMN — /d4xdyZ (F#VF/"V + FH4F!’L4) (427)
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Figure 4.5: Spectrum of the right- and left handed fermion on the interval.

As usual, the KK decomposition is given by

Aua =3 AT o nly)

(4.28)
the latter is a scalar. On the interval it is possible to get rid of the A4 zero mode using the

On the circle both, A, and A4 components have zero-modes. The former is a vector, whereas
parities. Note that for the term F},4 to have a well defined parity we have two choices:

1. A, is even - it has a zero mode identified with the SM gauge boson, and Ay is therefore
odd and does not have zero mode.

2. A, is odd so that A4 is even and has a zero mode.
on the S'/2,

Hence we obtain the following KK decomposition for the gauge field with even A, component

fuo = ﬁ flat profile
1 ny
n = = 4.29
funly) = eos'p (429)
1 .ony
f4 n(y) - \/ﬁSID R

n)

(4.30)
Where the modes are normalized over —mR < y < 4+7R, even though the physical domain is
0 <y <wR. It can be shown (17) that Aflmto) “eats® Afl
from the following mass terms:

to form a massive spin-1 gauge boson

F34 3 0 As0s A ~ Z Ag")84Ain)ayfu n(Y)

(4.31)
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4.2.5 Couplings of gauge modes

In this paragraph we show the very important property of the gauge couplings. Namely that

the 4D effective couplings of gauge zero modes to all the KK modes of matter fields are of the

same strength and given by g4 = \/gfr—R. This universality of the zero-mode gauge couplings is

in fact guaranteed by 4D gauge invariance. We can show therefore explicitly that taking the
interaction lagrangian for the gauge bosons with fermions we get

BadyUTM 0y + g5 AT S pn) (")x/d 2 (a A0 9 )
/ ray (Om + g5Anr) En:% Y, yfi oY) (O NG
= S Uyl (9, + AD) (4.32)
with g
_ 4.33
94 R ( )

The point is that the profile of the gauge zero-mode is flat so that the overlap integrals appearing
in the kinetic term for fermion mode and in the coupling to gauge zero-mode are identical.
However, the couplings of zero-mode fermions to gauge KK modes (coming from the overlap of
profiles) are non-universal, i.e., these couplings depend on the 5D fermion mass (17).
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4.3 Radiative corrections in extra dimensions

Radiative corrections are known to play an important role for precision measurements, but
are generally not expected to radically change the nature of high energy processes like production
and decays of new particles to be discovered. Note however that this is not true in the extra-
dimensional models as the radiative corrections are crucial for determining the decays of KK
excitations. This is because at tree level the KK masses are quantized and all momentum
preserving decays are exactly at threshold. Radiative corrections become therefore the dominant
effect in determining open decay channels.

In the previous section we have seen that the spectrum of the KK modes is degenerated,
as at each level (n) the mass of the heavy mode is set by the relation m?2 = %22. This mass
degeneracy will be lifted by the radiative corrections.

4.3.1 Methods for loop calculation

In the literature three main methods of calculating loop corrections in extra dimensions are
known: by the summation over winding modes making use of the Poisson summation formula
(65), by the summation over Kaluza Klein towers in the expansion of the 6D propagator (60)
and by using the mixed propagator method where the coordinates of the four infinite dimensions
are Fourier-transformed to momentum space while those of the compactified space are kept in
the configuration space (110). In this section we summarize briefly those main methods of
calculating radiative corrections to the masses in extra dimensions. All those techniques give
equivalent results but differ by small technical subtleties due to the choice of the regularization
scheme.

Summation over winding modes

The expansion of 5D and 6D propagators in the winding modes for all the types of fields,
scalar, vector and spinor were considered in (65). Following the author we show the main
features of this technique.

The 5D scalar propagator in euclidean infinite space is the solution of the equation

(»* = 070)G(p,y1 — y2) = 6(y1 — 12) (4.34)
where one uses mixed representation, the coordinates of the Minkowski space are in momentum

representation while the coordinate of the extra space are in the spatial representation. The
solution to this equation is of the form

. e Plyi—vsl
G=— (4.35)
2p
Due to the translation invariance of the infinite line R the propagator G' depends only on |y — |.
If one considers compactification on a circle by identifying points |y; — y2| ~ |y1 — y2 + 2n7R)|
then the solution can be written as a sum of propagators restricted to the fundamental domain
of the orbifold y1,ys € [0,27R)

oo

G (p,yr,y2) = Y Gp,yr — 2 + 2n7R) (4.36)

n—oo
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It is instructive to study the separate contributions of each mode. For n # 0 the solution is
exponentially damped, therefore the integrals of momenta running in loop will be finite. For
n = 0 and y; = ys the function goes as p~!'. Therefore one easily sees that the divergent
contributions are associated to the zero winding mode, i.e to short distances. The contributions
of other modes are finite. Therefore it is easy to separate the divergent contributions using the
formalism of winding modes.

Considering the winding mode expansion on an interval S'/Z5, due to identifications y ~ —y

one can write the propagator as

Grt= 3

n—=—oo

(4.37)

© (e Plyi—y2t2nmR| o—plyityz2+2nTR]
=+
2p 2p

where y; € [0,7R) and 4+ depends on the field parity in the loop. This propagator depends on
ly1 +y2| due to the breaking of translation invariance. In the above equation we can see that the
propagator goes as p~ ! for the following limits of the coordinates and windings: (y; — 0,n = 0)
and (y; — mR,n = —1). Then we expect divergences localized on the fixed points of the orbifold.
We can expect these terms because they do not break any symmetry of the theory.

For the six dimensional case the analysis is a little bit more involved but in what follows we
sketch the main steps. The solution to the equation

(0 = &9,)G(p,ih — ) = 0@ (3 — ) (4.38)
where p? = pup” is the 4D momentum and j = 1,2 labels the extra dimensions, has the form

L 1 L
G(p, i — i) = %Kﬂ(p’yl — 1)) (4.39)

where Ky is the K Bessel function of zeroth order. Then the propagator in the compact space,
in analogy to the 5D compactification, has the form

. Ko(plth — 9o + w0
Gt(pv y172/2) = Z ( ‘ |)

— 2
w

(4.40)

with |¢] the modulus of the vector measured with the flat metric of a torus and @ stands for the
defining identifications of points to obtain the compactified space.

6D Kaluza Klein expansion method

The Kaluza Klein expansion is the most widely used technique. It consists on decomposing
the 6D field into the 4D KK modes and summation over all the KK tower. The loops are
calculated using the usual 4D propagators for all the modes. The problem is that one needs
to know the effective 4D couplings of the KK excitations that run in the loop which will be an
important limitation to use this technique. The form of loop contributions on the real projective
plane will be exactly the same as for the winding modes expansion.

Mixed propagator method

The third method consists in using mixed propagators, where the coordinates of the four
infinite dimensions are Fourier-transformed to momentum space while those of the compactified
dimensions are kept in configuration space. This method is broadly used in finite temperature
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field theory calculations. One of its advantages is that one can easily separate the ultraviolet
divergent terms of the uncompactified theory from the nonlocal finite corrections arising from
windings around the compact dimensions (110). We show in details the form of the propagators
used in this method as well as the regularization procedure because all the radiative corrections
to the (2,0) modes masses were calculated using this method.

5 dimensional propagators and regularization It was shown in (110) that the scalar
Ggl, gauge Gg/lg and fermion Ggl propagators on a S' manifold for a field of mass m and in the
unitary gauge £ = 1 can be written in a simple way:

1 i TR—|y1—

GqS> (Xt ly1 —wel) = zCOSQill(sin(xlle)ygD
1 1

GogOaslyr —12)) = (—908)Ga (xis ly1 — ol) (4.41)
1 . 1

Gy (v —w2l) = (o +i7°05 +m) Gy (s lyr — v2l)

where x; = Vk2 —m? and k is the 4-D momentum k? = k*k,,.
It was also noticed in (110) that writing the Ggl propagator as

! !
Ga' ™ (xi Iy — v2]) = Ga (xai, ly1 — w2]) + G&™Y (xa» [yr — w2]) (4.42)

where G is the propagator on the uncompactified dimension and G%"aly is an analytical function

given by

exalyi—v2| o o—ixaly1—y2|

2y (e2mixi — 1)

G3' (. lyr —al) = (4.43)

for large Euclidean momenta x¥ =i /k% + 12> R™! the G%mly is exponentially damped:

L By — By —
e Xil—vel 4 oexili—vel | o g 1

QXF(e%xlE —-1) ' QXFGXF(%—M—MI)

(4.44)

and thus the loop-integrals containing G%naly are finite. The UV divergence occur only form the
Go. Moreover,

GV 50  for R— oo (4.45)

what is one would expect as in this limit as the heavy modes can not contribute. This is in
complete analogy to the (0,0) mode contribution in the winding modes expansion method. The
contributions that are due to the compactification contain exponential cutoff factors that render
the corresponding integrals finite. The scale of this exponential cutoff is determined by the
compactification scale R. From the physical point of view, this is easy to understand as the
physics at distances much smaller than the radius R should not be sensible to the fact whether
the space is compactified or not.
Due to small real part of cot(xRm) we can write the non-compactified limit R — oo as

2
cot(xymR) = —i <1 + 1) and Rlim cot(x;mR) = —i (4.46)
—00

e—2imRx; _

The infinite part in the integrals will then come only from the 0-mode propagation. To regularize
the divergences that appear we will replace
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—2

cot (Xlﬂ'R) — m

= cot(xymR) + i (4.47)
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4.4 Extra dimensional models

To finish this chapter we present the two extra-dimensional scenarios which are not in the
class of the UED models but which were the first models that incorporated the extra-dimensions
to high-energy physics in order to explain the gauge hierarchy problem.

4.4.1 Large extra dimensions

The large extra dimensions scenario of Arkani-Hamed, Dimopoulos and Dvali (ADD) (27)
was proposed as a potential solution to the hierarchy problem, i.e., the question of why the
(reduced) Planck scale, Mp; ~ 1.22 - 10'? is so much larger than the weak scale ~ 1 TeV.

The ADD scenario assumes a D = 4 4+ n dimensional spacetime, with n compactified spatial
dimensions. The weakness of gravity arises since it propagates in the higher-dimensional space.
The SM is assumed to be localized in a 4D subspace, a 3-brane, as can be found in certain
string constructions. Gravity is described by the Einstein-Hilbert action in D = 4+ n spacetime
dimensions.

M2+n
Sp=— [2) /d4xdny vV—gR+ /d4x = GindLsm (4.48)

where z labels the ordinary four coordinates, y the n extra coordinates, g refers to the determi-
nant of the D-dimensional metric whose Ricci scalar is defined by R, and Mp is the Planck scale
of the D-dimensional theory. The extra dimensions are assumed to be flat and compactified in
a volume V,, ADD propose that we (and all other SM particles!) live on an assumed to be rigid
4D hypersurface (sometimes called a wall or brane). On the other hand gravity is allowed to
propagate in a (4 + n) dimensional bulk which is,eg. an n-torus, 7™ . Gauss law then tells us
that the Planck scale we measure in 4D, Mp; , is related to the (44n)-dimensional fundamental
scale M that appears in the higher dimensional general relativistic action, via the relation

M3, =V, M2 (4.49)

where V,, is the volume of the n-dimensional compactified space. M can be thought of as the
true Planck scale since it appears in the higher dimensional action which is assumed to describe
ordinary general relativity but extended to (4+n)-dimensions. The gravity law will be modified
by the extra-space. We can assume that the extra-space is a torus 7™ all of whose radii are
equal to R with a volume V;, = (2rR)"™. Then for r > R the extra dimensions are essentially
invisible and to all appearances the space looks to be 4D. Then we know that Fi,.q, ~ %2 thanks
to Newton.

In the opposite limit 7 < R the effects of being in a full (4 + n)-dimensional space will
become obvious; at such small distances we do not even realize that the extra dimensions are
compactified. One finds that now Fg,.q, ~ TQ% which implies clearly significant deviations from
conventional Newtonian gravity once r ~ R. Therefore R cannot be very large. For n = 1 one
one obtains R ~ 108 m, a scale of order the Earth-Moon distance over which we know Newton’s
law holds very well; thus n = 1 is excluded. n = 2 implies R ~ 100 um which is close to the
limit of current experimental searches for deviations from Newton’s law of gravity. If n is further
increased R becomes much too small to probe for direct deviations from the T% Newton’s law.
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Consistency of the model requires a stabilization mechanism for the radii of the extra di-
mensions. The fact that we need R > MLD leads to a new hierarchy problem, the solution of
which might require imposing supersymmetry in the extra-dimensional bulk.

The searches of ADD type models have been performed in a number of experimental searches.
The visible effects are expected from the KK gravitons emissions as gravitons produced in the
final state would escape detection, giving rise to missing transverse energy. Notice that although
each KK graviton has a purely gravitational coupling, suppressed by M5, one usually sums over
almost continuous spectrum of available gravitons in the inclusive processes which have much
larger cross sections. LEP results set limits Mp >0.66 - 1.60 TeV (13), while hadron colliders,
where experimentally sensitive channels include the jet + MET (missing transverse energy) and
~v + MET final states, give the bounds Mp > 0.94 - 1.94 TeV (CDF Tevatron) (72). The limits
from LHC (CMS) with 1 fb~! of data give Mp > 1.03 - 1.21 TeV (3).

Another limits can also be set by looking at the virtual graviton effects that can be formulated
in terms of dimension-8 operator proportional to a coefficient noted usually as Mpp that is related
to Mp in a model-dependent way. The bounds thus will be not generic. We can note that the
last update from ATLAS with 2 fb~! of data set the highest lower limit Myp > 2.7 TeV (2)
(Mg > 2.8 from CMS 1 fb~! dataset (56)).

4.4.2 Warped extra dimensions

Randall and Sundrum proposed another class of models, with only one extra dimension
compactified on an interval S'/Zs with 0 < y < L (111). The main motivation for this model
was the possible solution of the hierarchy problem which was regarded as better as that provided
by the ADD scenario. The point y = 0 is referred as UV (Planck)-brane. The end-point y = L
in called IR (TeV)-brane and is the point where all the SM fields are localized in the original
model. The gravity lives in all the space. Solving the 5D Einstein’s equations (in presence of
negative vacuum energy in the bulk and fine-tuned vacuum energies on the branes) provides the
metric of the space to be

ds? = e Mg, datdz” — dy? (4.50)

where k is the curvature of the space. This metric corresponds to a 5D AdS space. The factor
e kY is called the "warp” factor and determines how 4D scales change as a function of the position
in the extra dimension. In particular, this implies that energy scales for 4D fields localized at
the boundary at y = L are red-shifted by a factor e *¥ with respect to those localized at y = 0.
A basic assumption of this model is that there are no large mass hierarchies present so that very
roughly we expect that k ~ M, the 5D fundamental or Planck scale. The low energy effective
Planck scale Mp will be related to the fundamental gravity scale M, by the relation

M3
Mp = k* (1 — 2e~2mkL) (4.51)

The warp factor e ™ is assumed to be a very small quantity which implies that Mp, M, and

k have essentially comparable magnitudes following from the assumption that no hierarchies
exist. All dimensionfull parameters in the 5-dimensional action will have their mass scale set
by M, ~ Mp ~ k so that there is no fine-tuning. The warp factor however rescales them as
one moves about in the y direction so that, in particular, all masses will appear to be of order
the TeV scale on the SM brane. Note that if kL ~ 11 (a small hierarchy) this exponential
suppression reduces a mass of order 10'® GeV to only 1 TeV. Thus the ratio of the weak scale
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Mew to Mp is explained through an exponential factor and no large ratios appear anywhere else
in the model.

As the gravity can propagate in the bulk, then the graviton will be decomposed in KK modes.
The zero-mode is localized on the UV-brane and its coupling to the SM particles is suppressed
by MLI%. The couplings of heavy KK gravitons with the IR-brane are however stronger and they

could be produced in collider experiments in Drell-Yann processes. LHC experiments already
constrain the mass of those modes to be at about TeV scale (57).

The simple RS model scenario has been extended in many ways to help with various model
building efforts. A few possibilities that have been considered are for example the extensions to
3 or more branes (89) or extensions to 6 or more dimensions (54).

Models in which the SM gauge bosons propagate in TeV~! sized extra dimensions give
generically large corrections to electroweak observables. The warped models, where the 5D
gauge coupling is large, the bounds give mxx >~ 10 TeV (77) or mxx >~ 3 TeV if a custodial
symmetry is imposed (18).

The constraints on the RS type models are based on the searches of the decays of the lightest
RS graviton into SM states. In the original RS model, where only graviton propagates in the
bulk the current preliminary limits form LHC (2 fb~! update of ATLAS) set the lower bound
on the graviton mass mgrqw >1.95 TeV (2). For much more exhaustive list of collider bounds on
the extra-dimensional models we invite the reader to look at the PDG notes (72).
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Chapter 5

General presentation of the model

5.1 Real projective plane - orbifold construction

In this section we first present the construction of the two-dimensional orbifold RP? and then
we summarize the Kaluza-Klein decomposition of quantum fields defined on the six-dimensional
background M* x RP?. We follow the work (51) where the model was introduced for the first
time.

We will consider a quantum field theory defined on the d dimensional flat manifold which
is chosen to be the direct product of the standard 4-dimensional Minkowski spacetime M*
and the (d — 4) -dimensional orbifold. Our aim is to consider orbifolds without fixed points.
The fixed points are not dangerous by themselves, however, as in general they break the d-
dimensional Lorentz invariance down to the 4-dimensional one, the predictivity of the theory
defined on an orbifold with fixed points will be limited. This limitation arises from the fact that
the divergences appearing when calculating loop corrections require counter-terms localized on
these points. Furthermore, any symmetry associated with the geometry of the space, including
the eventual KK-parity, will be broken by generic localized terms unless one imposes some ad hoc
symmetry conditions relating the singularities. As the extra dimensional theories are appealing
mainly because they provide a stable dark matter candidate we want the symmetry preserving
the stability of the dark matter particle to be an inherent property of the space.

The other face of the coin is that the requirement of spaces having an exact KK parity is a
very effective selection rule on the number of viable compact spaces. As it was pointed out in
(51) there is a unique 2-dimensional orbifold, among the 17 non-equivalent orbifolds that can
be defined on a 2-dimensional euclidean plane, that has no fixed points and such that massless
chiral fermionic fields can be defined on it: the real projective plane.

5.1.1 Basic definitions

The real projective plane is a compact, non-orientable orbifold of Euler characteristic 1
without boundaries. Among all possible descriptions of the real projective plane that are topo-
logically equivalent spaces, we choose the case of the flat metric. The spherical projective plane
has been considered in (68), and it leads to a completely different phenomenology.

In our case the projective plane is described as a quotient space of a plane R? modulo a
discrete symmetry group I'!

1. Recall that the structure of the group is entirely defined by the relations among the generators. The
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L= (rglr* = (¢*+r)* =1) (5.1)

where r is the rotation of 7 around the origin of the coordinate system, and g is a glide-reflection.

Yys ~ Ty = ya ~ glyal=  ya+ R4
r : 5.2
{ ys ~ Tlys]=—vs I { Ys ~ glysl= —ys+7Rs 5-2)

One can imagine the fundamental domain of the real projective plane, obtained by applying the
above identifications of points of R?, as a rectangle with sides of the length 7R4 and 7Rs and
opposite boundaries identified in opposite directions as it was shown in the figure 4.3.

The corners of the rectangle are special points corresponding to conical singularities of the
space where localized counter-terms emerge: in the fundamental space there are only two such
points as facing corners are identified by the glide and therefore are identical points as shown in
figure 5.1.

s A

2R

R, 7R
0 I =
1

(mR/2,nR/2) *

b

0 TR 27 R Y4

Figure 5.1: Fundamental domain of the real projective plane R? /pgg (within black dashed lines). The identified
pairs of singular points are marked by red and green dots. The center of the square (black dot) is the pxx parity
center.

Other symmetries of the plane that are combinations of g and r include two translations
denoted as t4, t5 and another glide ¢ = gr which is a product of a m-rotation r and the first
glide g

~ = — ]%
P g d YA gr{ya] ya + Ry - 3
79 { ys ~ grlysl=  ys+7Rs (5:3)

The translation symmetries that arise as combinations of g and r as:

_ 9. ) Y~ talya] =y +2mRy _ 2. ) ya ~ syl =
= { Y5 ~ talys] =ys fs = (gxm)” { ys ~ ts[ys| =ys + 27 Rs

(5.4)
It is easy to see that this orbifold has no fixed points nor fixed lines. The opposite corners of
the rectangle are identified by the glide: (0,0) ~ (7R4,7R5) and (0, 7R5) ~ (7R4,0).

particular representation of the generators, in terms of isometries acting on the plane is not necessary but helps
in visualization.
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(0,0) 5 (0,0) & (7Ry, Rs) (5.5)
(0,7Rs) 2L (0, 7Rs) L7 xRy, 0) (5.6)

The fundamental space is invariant under a 7 rotation around the center of the fundamental
domain (“TR‘*, ”735), this symmetry maps the rectangle onto itself, including singular points and

boundaries. In terms of the coordinates it can be written as

o { ys = 7' (ys) = —ya + TRy (5.7)

ys — 1'(ys) = —ys + TRs

As this symmetry changes sign to both coordinates, the components of 6-dimensional fermions
with opposite chiralities will necessarily pick up opposite parity, therefore, this symmetry cannot
be used as a parity defined on the KK fields. However, one can define an equivalent symmetry
by combining it with the rotation in the orbifold symmetry group:

Yo ~ yYa+mhy

5.8
ys ~ Y5+ mRs (58)

prE =1 %7 {

It can be easily seen that all KK modes in the tier (k,l) will pick up the same phase (—1)*+*

under the symmetry pxr. Thus this is a perfect example of KK parity: states with k + [ odd

will not be able to decay into SM states and the lightest one, belonging to the (1,0) tier will be
exactly stable.

If we assume that the lagrangians localized on the two singular points are identical then the

fundamental domain also invariant under a mirror symmetry with respect to the axis y4 = ”TR“
which transforms the coordinates as
— =—
My Y4 — ma(ya) Ya + TRy ‘ (5.9)
Y5 — ma(ys) = ys
We can then define another KK parity by combining m4 with the glide-rotation ¢':
~ R
P =maxg 4 U4~ satmiu (5.10)
Ys ~ Ys

This is a good parity because all states in the tier (k,1) will pick up the same phase (—1).

If this parity were conserved, then transitions like (0,1) — (1,0) or (1,1) — (0,0) would be
forbidden. p . is also a relic of the Lorentz invariance in 6D as it is the case for pxg. This
means that processes that violates p/; can not be mediated by bulk loops, and only by the
localized lagrangians.The main difference between the two KK parities is that the py ;- can be
broken by the UV completion on the boundaries. Thus we will not consider this parity as a
fundamental symmetry of the orbifolds and we will assume it to be broken (51).

5.1.2 Localized terms on the RP? and the KK parity

As we have seen, on the RP? orbifold there are two pairs of identified points that form two
conical singularities with the deficit angle m but where the metric is still finite. In general the
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localized counterterm can be added on those singular points. Nevertheless, the KK parity is still
preserved without any further assumptions. As the problem of localized operators is related to
the fact that the fixed points of an orbifold are unrelated, on the RP? the localized terms are
identified by pairs as

O[0,0] O[WR4,7I‘R5}
O [rRy, 0] O [0, 7R5)

What is important to notice is that this symmetry is an intrinsic property of the orbifold and is
not a consequence of an ad-hoc symmetry of the UV completion of the theory as it happens in
other orbifolds, like a chiral square (47).

The KK states (k, 1) of the quantum fields when transformed by the KK symmetry px x pick
a phase (—1)**!. Therefore the (1,0) and (0, 1) states will be the lightest tiers of odd particles
and thus will provide a stable dark matter candidate. The next heavier tiers (1,1) and (2,0)
will decay into Standard Model particles via localized interactions. This fact is well known in
supersymmetry for example, where an analogue of KK parity is the R parity, and implies that
the interactions between the KK states must be invariant under px .

Although, if p/j is not broken there are several important consequences. The two states
(1,0) and (0,1) would have different parities and there would be two independent dark matter
candidates. The (1, 1) state would be odd and stable under this symmetry as well.

(5.11)
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5.2 Quantum Fields on the real projective plane

So we construct the space-time M* xR P2 with the flat metric ¢~ = diag(1, -1, -1, -1, -1, —1)
with no fixed points. KK parity preserving the stability of the dark matter particle will be au-
tomatically preserved as it was shown in (51). In what follows we denote z* the coordinates of
M* with € {0,1,2,3} and y® the coordinates on the orbifold a € {4,5}. When needed we
note a vector ¥ = (y4,5). The capital letters of the alphabet run over all the coordinates of the
six-dimensional space, M, N € {0,1,2,3,4,5}.

To simplify the notation we set Ry = Rs; = 1. We introduce the fields defined in six
dimensions: a scalar field ®(x*, y*), a gauge field Aps(z#, y®) and a spinor ¥ (z#,y). For every
transformation of the space, namely the rotation r and the glide g in our case, corresponds a
transformation in the quantum field space.

X(r(y") =pRX(y*)  and X(g9(y")) — psdX(y*), (5.12)

where R and G are the transformation operators in the adequate spin representation and X
stands for any quantum field X € {®, ¥V, A}. We require the six-dimensional action to be
invariant under these transformations. As it can easily be shown (see (104) for the scalar case,
and (51) for fermions and gauge bosons), the possible parities of the fields under the rotation
and glide-reflection are (p,,py) = (£, £) respectively. Thus every field will be characterized by
a pair (p,,pg). The general important point is that the real projective plane has no boundaries.
Therefore the variation of the action that leads to equations of motion for any quantum field
defined on this orbifold will contain only the volume integral (assuming that the variation of
fields for z# — oo is zero) and we do not have any boundary conditions to impose on the fields,
which simplifies a lot following the calculations of loop corrections. We can thus decompose
each field in KK modes as on the torus, where the wave functions are combinations of sine and
cosine functions of the extra coordinates, and then impose the orbifold projection on each field.

5.2.1 Scalar field

The 6D action of the a complex scalar field ®(z#, y®) of mass Mg coupled to a SU(N) gauge
boson Ay in representation r is written as

21
sSSP — / d*at / dy*dy® [DM@T DM — M2t @} (5.13)
0

with Dys = Onr — 19 AG, L2 the covariant derivative. The field is decomposed into Kaluza-Klein
states labeled by a pair of non-negative numbers? (k, 1), k,1 >0

(", y*) = > "D (@) fra(y®) (5.14)
k>0

Solving the equation of motion obtained by requirement 65 = 0 one finds the mass spectrum of
the Kaluza-Klein tower associated to the complex scalar field ®(z#,y®) at tree level :

2. In general the sum over KK states should run over the full range —co < k,l < +00. One can refer to (104)
to see that the transformation properties of the functions fi(y®) ~ exp (2mi(kys + lys)) allows us to restrict the
labels k, [ to non-negative numbers only.
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(=0F = 03 + M3) fiay®) = M fra(y™) = (mi + MZ) fra(y®) (5.15)

with

mi, = k> +1° (5.16)

The basis functions fi;(y*) are labeled by a pair of non-negative numbers (k, 1), k,1 > 0. As the
functions fj,; are found by solving the above equation and then imposing the parities (p,,pg),
thus there are four possible solutions with different parities (51):

B (@t y) = L0 (@) + L 72 [cos(2kys) ¢2E0 (#) + cos(2kys) ¢ 020 (ak)]
+ L Ym0 [cos(kys) cos(lys) @y, (2) + sin(kys) sin(lys) o157 z
7 22k,1>0 ya) cos(lys) ¢k+z:2m(95 ) +sin(kys) sin(lys) ¢k+l=2m+1(x )
(5.17)
<I>L+’_)(a:“, y*) = ﬁ Py [COS((Qk — 1)ya) sz_l’o) + cos((2k — 1)y5)¢,80’2k_1)}
oo . . k,l k,l
+ % D oki=1 {sm(ky4) sm(lyg,)qﬁL (l)€+l:2m) + cos(kya) cos(ly5)q§lg (l)c-i-l:?m—l—l)}
(5.18)
o et y?) = SR [sin(2kya)o ) + sin((2k — ys)oy ]
+ L [sin(kya) cos(lys) B\ g + 008(kya) sSn(lys) B g |
(5.19)
Oty = o [sin((2k — Dya)gft Y + sin(2kys) oy |
o0 . k)l . k)l
+ LR [cos(kys) sin(lys) B\ ) g + sin(kys) cos(lys) B g
(5.20)
At tree level the masses of the modes ¢! are given by the usual relation
mi, = Mg+ k* + 12 (5.21)

where Mg is identified with the Standard Model mass of the particle. The only case with a zero
mode is (+, +), therefore a model with bulk higgs must have such a parity in order to include
a higgs boson in the zero mode spectrum.

5.2.2 Gauge field

We introduce a gauge field Ay (a#,y®) = {Au(z#,y%), Aa(2z*,y*)} corresponding to a non-
Abelian gauge group SU(N). The 6D action for this fields reads

74



5.2. QUANTUM FIELDS ON THE REAL PROJECTIVE PLANE

2w
Shige = [t [ dytay? [—iFJ‘\}NF“MN - 215 (A" — €0 AS + D5 AD)° | (5.22)
where F{, = OpA% — OnA%, + gfec A8, AY is a field strength and the second term under
the integral, the gauge fixing term, is introduced in order to remove the mixings between the
components A, and Ay 5.
The equations of motion lead to the solutions for A,(x#,y®) of the same form as for the
scalar case if we decompose the A, (z*,y*) field as

Ayt y®) = > Aﬁk’l)(l““)fk,z(ya) (5.23)
k>0

Then, the equation of motion for the vector component A, (x",y4,ys) will take the following
form:

—OME, — ;EJV&“AM + (02 4+ 82)A, =0 (5.24)

The general solution of the above equation is a linear combination of double products sines
and cosines as for the scalar case. At this point we have to impose the parities (pgy,p,) on the
field A, (z",y4,ys5). For the four possible choices of parities of the 4D-vector component A,:
(pg,pr) = (+4), (+,—), (=, +), (=, —), the solutions will have exactly the same form as for
the scalar field ® given in equations 5.17-5.20.

Scalar components Ay and A; Now we turn to the scalar components A4 and As. As it
was in the 5D case, the massive vector modes will get the longitudinal polarization by eating the
tower of states constructed as a linear combination of A4 and As. The second linear combination
will correspond to a physical scalar states (52).

The parities of the scalar components A4 and As are determined by the fact that they are
parts of a 6D vector field Ay which has to transform under the defining parities of the real
projective plane as

pgAu(rh, ya, ys) PrAu(T*, Y4, ys5)
An (2", g(ys, y5)]) = pgAs(xH, ya, ys) Anm (@, 7[(ya, y5)]) = { —prAa(z”, ya, ys)
—pgAs(z*, ya,ys) —prAs (2, Y4, Y5)

(5.25)

Thus, for a gauge fields Ajs once we assigns parities for the vector component A,, as (pg, pr) the
parities of A4 and As are determined to be (pg, —p,) and (—pg, —p,) respectively.
The equations of motion for A4 and As fields are non-diagonal:

(5.26)

—82A4 -+ 564(64144 + 85145) + 05 (65144 — (94145) = 0
—82145 -+ 585(64144 + 85145) — 84(85144 — 84A5) = 0

We can consider several gauge choices.
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Feynman-’t Hooft gauge £ = 1: In the Feynman-'t Hooft gauge, with £ = 1, the equations
of motion for A4 and As decouple giving
(07 + 03— 07) Ay =0 (5.27)

Thus, the two scalar components are independent and we can proceed as in the scalar case. The
wave-functions f,,(y4,ys) and masses m,, will be the same as for the real scalar field given by
equations 5.17-5.20 and 5.16.

Unitary gauge £ — oo:  In the unitary gauge £ — oo we must have

04 Ay + 0545 =0 (5.28)
The two fields are not independent and we can expand them on the same basis of 4D fields A((]k’l)

Aups(@nya) = 3 f0 ) ATV (@) with  Aufit, +85f8, =0 (5.29)
k,[=0

Plugging the above relation into the equation of motion 5.26 one finds that the two functions
f1 and f5 respect the equation of motion of the scalar field

(82— 83 —2)f)° =0 (5.30)

Therefore the spectra of f,f/f are again the same as for a scalar field but with the additional
condition eq. 5.29. In the following tables 5.1 - 5.4 we summarize the normalized wave-functions
in the unitary gauge for the components of a 6D gauge field Ay; (51).

(k, 1) Al Ay VI
(0,0) =
(0,20) \/;? cos 2lys
(0,21 —1) \/;? sin(20 — 1)ys
(2k,0) \/;? cos 2kyy
(2k —1,0) \/;? sin(2k — 1)y4
(ky Dkt even % cos k4 cos lys - \/kl?W sin ky4 coslys | — - \/:2? cos kyg4 sin lys
(ky Dkt odd % sin kyy sin lys - \/1912? coskyysinlys | — - JIZW sin kyy cos lys

Table 5.1: Normalized wave functions for a (+,+) gauge boson in unitary gauge
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(k1) A5 A Ayt

(0,0)

(0,21) V;? sin 2lys
(0,21 — 1) \/;? cos(20 — 1)ys

(2k,0) ﬁ sin 2k,
(2k —1,0) V;? cos(2k — 1)y4
(ky Dkt even % sin kyy4 sin lys Wﬁ coskygsinlys | — - \/leW sin kyy4 cos lys
(K, Dkat odd % cos kyy cos lys - \/k;l?W sin kys coslys | —— \/:2? cos ky, sin lys

Table 5.2: Normalized wave functions for a (4, —) gauge boson in unitary gauge

(k. 1) Acy A Ag)
(0,0) P
(0,20) \/;? cos 2lys

(0,20 — 1) «5? sin(20 — 1)ys

(2k,0) \/;? sin 2ky,
(2k —1,0) ¢§? cos(2k — 1)y,
(ky D ktl even % sin ky,4 cos lys #\/W cos ky4 cos lys —#W sin kyq4 sin lys
k___ cos kyy coslys

1 . 1 . . o
= €os kyy sin lys VT S kya sin lys ]

(K, D kt1 odd

Table 5.3: Normalized wave functions for a (—,+) gauge boson in unitary gauge

It was also shown in (52) that in order to compute the radiative corrections

Generic £ gauge:
to the three-point functions one needs to consider a generic ¢ gauge. In this case the Ay(z™)

and As(2z™) are not the eigenstates of the bilinear term

_ a4, 51 —0; + 601 +08 (&~ 1)0405 [ As
Lagas = [ da'ds® (s, 45) E0ms —airdrace ) | (5.31)

One has first expand the A4(z™) and As(z™) fields into KK modes and then diagonalize the
kinetic part of lagrangian term by term. The eigenstates one finds in this case, A;’“’” and A((Z)k’l),

are related to the Ay /5 fields by the following relations

Ak _ b gk K
Y m T

(5.32)
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(k, 1) A Al ALEH)
(0,0) =
(0,21) \/;? sin 2lys
(0,21 — 1) ¢§? cos(2l — 1)ys
(2k,0) \/% cos 2kyy
(2k —1,0) ﬁ? sin(2k — 1)y4
(K, Dkt even % cos kg sin lys Nﬁ sin kyy4 sin lys —m/% cos k4 cos lys
(ky Dkt odd % sin kyy cos lys - \/ICZQW coskygcoslys | — - \/lf‘zﬁ sin kyy sin lys
Table 5.4: Normalized wave functions for a (—, —) gauge boson in unitary gauge
AP = iAff’” PEpACY (5.33)
mi Mg

The Agrk’l) field correspond to the Goldstone boson with the ¢é-dependent mass m*!2 = fm%l

which will be eaten in the unitary gauge by the massive gauge boson. The AFD feld in turn is

the new physical degree of freedom. If we consider a (+, +) gauge boson A, then, for (k,0) and
(0, k) modes, the physical scalar is present only for & odd and no vector state is allowed. For
k even the Goldstone and the vector fields are present. For the (0,0) mode, only the massless
vector part is allowed.

5.2.3 Spinorial field

Clifford Algebra in 6 dimensions
In six dimensions the simplest representation of the Clifford algebra {y™, 4V} = 2nMN with
nMN = diag(1,—1,...,—1) are 8 x 8 gamma matrices I'™. In the Weyl representation they can
be written as
M =~*®a°, Iy =iy’ ®ol, I's =i7° ®o? (5.34)
with 7#, ~° the standard 4 x 4 Dirac matrices that we chose in Weyl basis, and o* the Pauli

2 X 2 matrices. We also define the 6D chirality operators Py as

1

Py=5(1+ %) with =—S®d (5.35)
and the 4D chirality operators are given by
1 5 0
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A spinorial field is then written as WP (z#, y®) = (x4,7_,x_,7+) where x+,7+ are two-
component Weyl spinors, left-handed and right-handed respectively. The + indices label the
eigenstates of chirality operators in six dimensions Py:

X+ 0
powso — | Y pwsD — | - (5.37)
+ - O - - X— .
N+ 0
0 X+
prutt — | - pwtt—| O 5.38
R = 0 L | (5.38)
N+ 0
6D action for fermion U%” and KK decomposition

As we have seen in 4.2, the 4D chirality of the fundamental mode is not an evident problem
on the orbifolds. On the real projective plane the left- and right- handedness is ensured by the
rotation parity (51). Starting from the standard action for a free fermionic field W57 as follows:

S = [dzdysdys iVPT*0, WP

(5.39)
= [ d*adysdysix+6"0ux+ + ineo”Oyiis + X+ (04 F i05)7+ — 0t (04 £ i05)x+
we find the equations of motion for the Weyl components
i0"0, X+ + (04 F O5)+ = 0
(5.40)
it 0yt — (04 £ 05)x+ =0
As usual we decompose the fields into the KK towers
X+ = 2k f;%,l(y4; y5)X(k’l)(fU“)
X+ _ _
7 N- =2k, f137l(y47y5)77(k’l) (at)
\IIGD(xM) = a = 3 (kD) (ot (541)
X— X— = 2k fk,l(y4, ys) X (zH)
T N+ =Dk fﬁ,l(y47 ys)ﬁ(k’l) (z#)

The 4D Dirac fermion at each KK level will be formed by the two components of the 6D fermion
as:

(kD)
X
\Il‘(l,fl) ~ ( kD ) (5.42)

Inserting this decomposition into the equation 5.40 we get

{ i 0l Oux —myn =0 { (01 F ia5)f;i§2 = —msz;;l,/lg (5.43)

(01 i05) 17 = mufy)

In order to define chiral zero modes we need to have a possibility of imposing such a parities
(pg, pr) to achieve

iUuaﬂﬁ—mle =0
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4D (0,0 X 4D (0,0 14
g ( )N ( ) \I/R ( )N ( =(0,0) ) (5' )

Chiralities of zero modes

At this stage we have to impose the parities under the glide and rotation to the fields x and
7. We can easily see that the requirement of the invariance of the 6D lagrangian 5.39 under the
glide and rotation gives the conditions on the transformations of xy and n. The glide changes
the sign of ys, therefore looking at the terms with 05 we deduce that the spinor WP should
transform as follows:

LOPITOP (g[xM])] = LOP[WOP (2))]

(5.45)
P (g[z™M]) = Ty woP (2M)
where the transformation matrix Iy is given by
T, = p,I°TC = p, < (1) é ) (5.46)
The I'y simply exchanges the &= components:
X
L, —p, | 7T (5.47)
X+
17—

As the right- and left-handed components of the 6D fermion transform equivalently under the
glide transformation we can not define chiral zero modes by modding out one of the component.
The rotation transformation changes the sign of both components x4,5, therefore the invariance
of the lagrangian will require that

EGD[\PGD(T’[@’M])] = £6D[\I/6D(xM)]
\ (5.48)
‘IIGD(T[:’:M]) = p, L, WOP (2M)
where the transformation matrix I, is given by

AT5T6 —° 0
[, =il*T°T° = 00— (5.49)
which in terms of Weyl component means that 7 and x have opposite sign under the rotation
transformation:

X+
r,ul = | - (5.50)

X—

—N+
This property allows us to define chiral modes. If we chose p, = +1 the corresponding zero
mode will be left-handed. p, = —1 corresponds to the right-handed zero mode. This intrinsic
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geometrical property makes of the real projective plane a unique 2-dimensional non-orientable
orbifold without fixed points which the chiral zero KK modes can be defined on.

Solutions of the equations of motion

The solutions of the equations of motion eq. 5.40 f1234 are found by imposing the parities

(pg,pr). The exact form of solutions were found in (51). The general form of the solution has
the usual form of products of sines and cosines

f(k/lLi ~ Ay sin(kya) sin(lys) + Az sin(kys) cos(lys)
+ Az cos(kyy) sin(lys) + Ay cos(kys) cos(lys) (5.51)

After imposing the parities (pg, pr) one finds the exact form of \IIE T D 2) with the parity p, = +1,

corresponding to the left-handed zero mode and of \I/Ek D ) with the parity p, = —1 corresponding
to the right-handed zero mode. Following (51) the solutions normalized in such a way that

Mgy = VE?+ 12 €R are

_1 (0,0 0
Var X4
1 =(0,0)
00 _ 0 g0 _ | V'
(+pg) — 1 (0,0) (=pg) — 0
Van X4
_1 =(0,0)
0 V2 4
% cos(lys) io,l) 2‘; sin(lys) 5?’”
(=)t . _(0,1 l (0,1
o0 _ e "G sin(lys) 7" oD _ o2 cos(lys) 73"
+ - _1\! - - 1 )
Crea) Py G cos(lys) XV o) Py G2 sin(lys) Y
o sin(lys) 7y " L cos(lys) 73"
% cos(hya) i = sin(lys) 1§
i(=1)% . _(k, —1)! _(0,1
pb0) _ PG sin(kys) i (0 oo cos(lya) 0
+ - _1\k - 7 .
(+pg) pg(;r) cos(kya) Xik,o) (—pg) Py (27:) sin(lys) Xgo,z)
2 sin(kys) 7§ L cos(lys) 7y
(5.52)
(at cos(kys) cos(lys) + by sin(kys) sin(lys)) Xflk o
k0 _ | pol=DM (en sinlhyy) coslys) — dy cos(hy) sinliy) |
2 ()M (ay cos(hya) cos(lys) — by sin(kys) sin(lys)) 1§
(c+ sin(kys) cos(lys) + di cos(kys) sin(lys)) n(k 0)
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(a_ sin(kyy) cos(lys) + b cos(kys) sin(lys)) x4
(k1) _ pg(—=1)FF (e cos(kys) cos(lys) — d— sin(kys) sin(lys)) ﬁik’l) 550
) py(—D)F* (a_ sin(kys) cos(lys) — b_ cos(kys) sin(lys)) Xflk’l)
(c— cos(kys) cos(lys) + d— sin(kys) sin(lys)) ﬁflk’l)
where the normalization constants are defined as
kcos a— il sin «
= Vi == 5.55
i ksin o — ¢l cos «
be =V dy = 5.56
R T VR B (5-56)
— k_cos atil sina _ cos a
= T e - = o (5.57)
_ _k sin(a+il cos o _sina
Sy e d- Jon (5.58)

For a state with both &, # 0 there are two degenerate solutions at each level (k,[) corresponding
to the angles & = 6 et & = 6 + 7/2 where 6 is a mixing angle between the two modes. Any
physical result should be independent on 6 so one can keep it as free parameter. The explicit
form for the fields with (p,,pg) = (4, pg) while we set 6 =0

(cosky coslys) "

k . il . (k1
ki) _ 1 pg(—)’”l (_W sin kyy cosly5+Wcosky4 smly5) 174(1 )
altpe) — \/or pg(—1)** (coskys coslys) Xflk’l)
(—kg—ip sin ky4 cos lys — %W cos kyy sinlyg,) ﬁik’l)
(5.59)
(sin kyy sinlys) x (kl)
\k+l il k lye — —k L inl (k)
ky 1 py(—) rag Sinkys coslys — 75— coskya sinlys ) 1
W) = om R (g - ) (5.60)
V2 pg(—1) (sinkys sinlys) xy

: ) k,l
(ﬁ sin kyy cos lys + ﬁ cos kya Slnly5) 774(1 )

Summarizing, for each fermion in the SM we need to introduce two six-dimensional spinors
(7o) and w6 (=py) whose zero KK modes will corresponds to the left and right components of the

well known 4D-spinors. The corresponding KK towers \I/( D will contain both 4D chiralities,
therefore the number of Dirac fermions on higher KK level will be doubled.

\1,6
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5.2.4 Higgs boson

In the same way as in the Standard Model we introduce also the higgs doublet ® with parities
(pg, pr) = (+,+) with the standard bulk potential

A
H = (D,®)'D'® — mioie + 76(@@)2 (5.61)

where my, is the higgs bulk mass and ) is the higgs quartic coupling®. For the zero mode the
effective potential at tree level reads

A
V([$20] = migf)(o’o)%(o’o) + 74((1)(0,0)1(]5(0,0))2 (5.62)

where \y = 4)‘762 is the effective quartic coupling in 4 dimensions. The physical mass of the higgs

zero mode ¢(%0) at tree level will then be given by
mi = —2m§) = \g0? (5.63)

where we have expanded the ¢(9 in the usual way

500 _ \% ( - g(xu) > (5.64)

including higgs the gauge fixing term in equation 5.22 changes to

1
2%

For the heavy tiers the higgs VEV induces mixings as in the SM. The electroweak neutral
bosons are mixed with a large mixing angle as their masses are degenerate at tree level. The
mixing angle is different from the SM Weinberg angle sin 6y = 0.23 because of the loop cor-
rections to the KK boson masses. Fermions are less affected by the higgs VEV and only top
quark KK excitations will receive considerable higgs contributions that will mix the two heavy
Dirac fermions corresponding to left-and right handed components of the Standard Model top
quark. The equations of motion for the scalar components Ay/5 are now coupled with those
of ¢g. One will get the two linear combinations of states, one of which will correspond to the
physical scalars described in the previous sections, the second one, consisting mainly of the higgs
component will correspond to the new physical scalar in the model (51).

For the heavy modes we decompose the higgs field as

Lriz = [0, AF — £ (04A4 + 05 A5 — gueo)] (5.65)

,n.Jr

(n,0)

900 = | Hooting, o) (5.66)
V2
with tree level masses
2 2 9 2 2 o 2

Mz = T MK M 0 = Mg, ~ 27 - (5.67)
3. The scalar has dimension [®] = 2, therefore the dimension of the quartic coupling is [A\] = —2. This may

be problematic as if we want to have higgs heavy enough we need a higher order operator with an un-naturally
large coupling. We leave this issue aside and we consider the higgs sector in our scenario only as a toy model.
However in the optic of recent LHC confirmation of a signal at 125 GeV attributed to the higgs boson we would
need to study the properties of this sector in our model more in details if we want our study to be complete.
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The fields 9 are the would-be goldstone bosons that would provide the longitudinal polariza-
tion to the massive gauge bosons if the higgs VEV were the only source of mass. However, for
the (n,0) modes, the main contributions to the mass comes from the extra dimension, and the
role of the goldstone bosons is played by the extra polarizations of the vectors. The higgs VEV
will in general mix the 70 with the gauge scalars: one effect of such mixing is to introduce
a new correction to the mass of the physical states sa’%). The tree level mass eigenstates are

therefore given by:

mi(i:%o) = mi(nm +miy, mg?ﬂ/,o) = mgr(n,@) +m%. (5.68)

Introducing loop corrections for the higgses we should worry about the additional mixing

between different KK tiers. As we shell see later the higgs VEV will affect not only the zero

modes of the fields but also the heavier excitations. This could be dangerous as the mixings

between zero modes and higher states would affect the electroweak precision observables at tree
level. This effect should be investigated in details in the further work.

5.2.5 Yukawa couplings for fermions

The Yukawa couplings are only relevant for top quarks. In term of the six dimensional spinors
Vg /. associated to the left and right handed SM top components the Yukawa lagrangian can
be written as

£Yukawa = }%@Q@Wu + h.C.
(5.69)
= Yo [nPoxt +n%0xt + xFont + x| + he.

This term can only be written if p,(Vg) = —p,(¥,). The corrections to the masses for the top
quark zero modes can then be written as

\\ W.,) Yevg _
LYuk:awa D) pq( Q) ;_pg( ) f/’L);(IéO7O)Ug’O) + h.c. (570)

which implies that pg(Vq) = py(¥,) and the SM top mass is

Ysve

Mtop = Pg——= 5.71
top Pg ﬂ ( )
For the (0,7) and (/,0) modes the Yukawa terms are
Ly ukawa O —(—1)’mtop(chuR . QRUL) + h.c. (5.72)
The mass eigenstates will be obtained by diagonalization of the system
mass Miop 14 dm,, UR
The mass eigenvalues are then
miy o = 1+ mj,, + dmq 1+TiB +om,, (14 5 B (5.74)

with
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o + 6ma\ 2
B= \/<1 + mQ;Lm) +m3,, (5.75)

And the eigenstates are then given by
tg, _ cosa; Esinoy qir (5.76)
torr Fsinag  cosay ULy '

[B—O+&w;&Mﬂ (5.77)

with

5.2.6 Standard Model on the real projective plane

As we have described the field theory on the real projective plane for each kind of quantum
field, we now let propagate all the particles of the Standard Model on the space M* x RP?. We
will study the SM gauge group SU(3), x SU(2)y, x U(1)y- with a single higgs scalar doublet and
a 6-dimensional fermion for each chiral Standard Model fermion. Therefore for each SU(2)y,
doublet particle Q@ = {up,cp,tp,dp,sp,bp} for quarks and L = {ep, pup, Tp, ntte, vy, vz} for

leptons we associate a 6-dimensional spinors \II(L;L’+). As well as for SU(2)y, singlets ugp =

{ugr,cr,tr}, dgp = {dgr,sr,br}, ¢ = {er, ur, TR} we associate a 6-dimensional spinor \Ilf;r'*).
Of course the gauge bosons will now become a 6-dimensional vectors B, for U(1),,, W{ with
i =1...3 for SU(2)y, and G% with a = 1...8 for SU(3),. To each SM field it corresponds a
tower of Kaluza-Klein excitations, labeled by two non-negative integers (k,[) which correspond
to the quantized momenta along the extra dimensions. The field content at each level (k,1)
depends crucially on the parities assigned to the fields. The parities are assigned in such a
way to reproduce at zero level the Standard Model content. At leading order, releasing the

assumption R — 4 = Rs = 1, the masses of the (k,[) states are given by the relation
K22

— + = 5.78
m 'R (5.78)

mi, = mén +
We summarise the field content on the generic (k,[) level in the table 5.5. The vector gauge
bosons A, are absent on the levels of the form (0,2k — 1) and (2k — 1,0) while their scalar
partners A, 5 are present on those odd tiers but absent on (0,2k) and (2k,0) tiers. The scalar
higgs is present on all the levels except (0,2k—1)—(2k—1,0) like the gauge vectors. Fermions are
present at all the levels. On the (0,0) we have chiral modes for each Standard Model fermion.
On the higher level (k,l) the spinors are no more chiral in the 4-dimensional sense. On the
generic (k,[) states we have two degenerate modes corresponding to (k, 1) and (I, k) tiers.

Note that this is the simplest possible extension of the Standard Model on the real projec-
tive plane. Some more complicated extensions could be considered, like the non-flat metric or
gauge-higgs unification. At tree level the masses of all the particles in a tier are degenerated.
This degeneracy is lifted by loop corrections. Therefore, in order to study in details the phe-
nomenology of the model we need to calculate the radiative corrections to the masses of the KK
excitations. The corrections to the states (0,1) — (1,0) were calculated in (51). In this work we
concentrate on the influences of the (2,0) — (0,2) modes on the phenomenological features of
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(k,1) PKK | mass [mik] Al(f’ﬂ Af;r’_) Aé_’_) \Ilgr’ﬂ \Ilgr’_ dH+)
(0,0) + 0 v - - Vel Ve v
(1,0)-(0,1) | - 1 R VA IVAC L Vv -
(1,1) + V2 Vv Vv o0y | 2/ |
(2,0)-(0,2) |+ 2 v - - v v v
(kD) | (-~ K2+ 12 v Y oy | 2/ |

Table 5.5: Standard Model content on the (k,1) levels on the real Projective Plane. We indicate the KK parity
units and the presence of each kind of fields. Superscript /¢ denotes
that the fermion is chiral. The 24/ means that there are two states degenerate in mass corresponding to (k,!) and

pr K, the tree level mass in mxrx = R

(1, k) levels.

the model. Therefore we first calculate the loop corrections to those states and then investigate

—1

the consequences of those modes in the LHC and dark matter processes.
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Chapter 6

Mass spectrum of the (2,0) - (0,2)
modes at loop level

In this thesis we concentrate on the effects of (2,0) modes on the phenomenology of the
model on the real projective plane. The (2,0) and (0, 2) tiers are even under the KK parity and
thus the particles in these levels can decay directly into a pair of SM particles without missing
energy. Potentially this could lead to very clean signatures with resonances.

Note that the (2,0) is not the lightest even level. The (1,1) level particles are lighter,
however they cannot decay into SM particles via loops but via interactions localized on the
singular points which violate maximally the symmetries of the bulk. Therefore the decays of
the (1,1) tier particles cannot be predicted and depend crucially on the UV completion of the
theory. The operators responsible for the decays into SM particles are higher order operators,
suppressed by the cut off scale. One may assume that they are small compared to the one-loop
effects. Under this assumption all the states in the tier will decay into the lightest particle plus
soft SM particles. The fate of the lightest (1, 1) particle is UV dependent. It may be stable, if
protected by a symmetry in the UV theory, or long lived and seen as a missing energy in the
experiments or it may decay into a pair of SM particles. The decay of the lightest (1,1) state
into two tops was studied in (50). It leads to a very clean signature with 4 tops in the final
state. The cross section is very large as all the particles from the (1,1) tier contribute in the
process. Thus the bounds on mass and branching ratios into top pair would be quite severe.

The spectrum of the (2,0) tier is quite similar to the (1,0). The loop corrections however
are quite large compared to the higgs VEV contribution as the former are proportional the mass
of the tier while the latter to the electroweak scale.

We will discuss also the effect of the two different radii allowed by the compactification and
the structure of the symmetries of the space and present in details the spectrum as a function of
the two radii. This discussion is crucial in the understanding of the LHC and DM phenomenology
of the model.

6.1 Divergences due to compactification - general remarks

Higher dimensional field theories should be regarded as effective theories with a cutoff A,
above which a more fundamental UV completion is required. Therefore, when writing the
lagrangian, one has to consider all the operators consistent with the "low-energy" theory and
regard their coefficients as free parameters to be determined, if possible, by experiment. This
means in particular, that one has to include all the operators localized on the fixed points of the
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orbifold in question, which does not break the 4D Lorentz invariance. However, as the translation
symmetry in the extra space is violated by the fixed points, the KK-parity, which is a remnant
of the broken Lorentz invariance in the extra dimensions, is in general broken by the operators
localized at the fixed points. It was noticed in many papers (65), (109), (52) that the fixed
points of the compactified space are the source of divergent loop corrections in the effective 4D
field theory. Therefore, the KK-parity is no more a consequence of the compactification, but it is
imposed by hand on the general structure of the models and on its ultra-violet completion which
is the ultimate origin of the localized counter-terms. It was shown also that the counterterms
required to absorb divergences in the quantized theory are localized precisely at the fixed points
of the underlying orbifold (109), (52). In the model presented in this thesis the compactified
space has no fixed points. The conical singularities situated at the points (0,0), (0,x), (m,0)
and (m,m) are related by the geometry of the orbifold which is invariant under the 7 rotation
about the center of the fundamental square. Localized counter-terms are not avoided, however
the geometry of the space ensures that they do respect the KK-parity. The general form of the
localized counterterms L.; is therefore explicitly invariant under KK parity and can be written
using two localization operators (51)

_50—|—(57r

5e=""0 (6.1)
where
5o = % [6(24)8(x5) + 8(24 — TR)5 (w5 — 7R)| (6.2)
5y = % (6(24) (x5 — TR) + 8(24 — 7R)S(25)] (6.3)

The full set of counterterms in the model was considered in the recent work (52). They allow
one to deduce the mass corrections and effective couplings relevant for the phenomenology. We
will compare our results to those obtained in this work as the divergent contributions should be
the same.

We will see in the explicit calculation of loop corrections to the (2n,0) and (0,2n) KK states
masses that the [Ty contribution corresponds to the fields propagation on the torus. The integral
is UV divergent and the divergence comes from the (0,0) mode propagation. As it was noticed
in the section 4.3 this divergence is the same as for a field propagating in the non-compactified
space and can be absorbed in the wave function renormalization of the 6D field (109), (52). After
removing the (0,0) mode part 7 gives a finite contribution A’ = 1.22. Glide symmetry do not
have any fixed points. It is therefore natural that the Il contribution is finite. Contribution
due to the rotation projection of the orbifold will give a divergent part.

6.2 Winding modes on the real projective plane

First we illustrate how the winding modes method works in the 6-dimensional case. We
emphasize the main properties of loop decomposition and the partial contributions coming from
different symmetry projections of the orbifold. This method was used by G. Cacciapaglia and
J. Llodra-Perez in (51) to verify the results of the (1,0) radiative corrections to the masses.
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Following the proposition of (110), on the two dimensional real projective plane the general
form of the scalar propagator will have the form

CPp.g,5) = §[CL 0,5 — o+ ©) + pG (0,51 — 9(i) + ) o)
+ 2 GP(p, 1 — (52) +B) + ppyGL (0, 51 — 1+ g(§) + D)

where p, and p, are the glide and rotation parities of the field running in the loop respectively.
The loop correction to the two point function of a scalar field will have the following form:

it =iN@n)? [ 'K [ dGesP (k5. ) £ (0,701 (a) (6.5)

where f(%9)(q, 1) = % sinnxs is the wave function of the external field, ggg = —1 is the metric
factor and g2 = (2m)%g? is the 6D gauge coupling. The normalization factor N is defined as
N = 292%%. Putting the above form of propagator eq. 6.4 into eq. 6.5 one can split the full
loop contribution into four parts proportional to the parities of the field running in the loop,

namely

I = M7 + pyllg + p g + pgprllcr (6.6)

The Il contribution comes from the torus and is finite after the kinetic term renormalization.
The explicit form of the torus contribution after Wick rotation the euclidean space is as follows:

N 4 L)~
Ny = —dn /k %:ZHO (k|@)) (6.7)
N [e’e]
= Z47r3/0 dk‘E( z):ezzk%Ko(Qﬂk‘E\/n%—i-n%) (6.8)
ni,n2

where Kg is the K Bessel function of zeroth order. As in the 5D case, the propagator for a
non-zero winding mode is exponentially damped at high energies p|w| > 1

™

Ko(pldi]) — e 1" (6.9)

2plu]
showing that winding contributions on a torus will always be finite. The zero winding mode
contribution (n1,n9) = (0,0) is UV divergent. This divergence is the same as one would get from
an uncompactified space. Therefore this bulk divergence can be absorbed by the wavefunction
renormalization of the 6D filed. We remove the (0,0) mode from the sum in eq. 6.7 and
integrating over kg we get

0o i 4
/ dkpkEKo(kea) = — (6.10)
0 a
and
N 1 N
HT = — Z T oo 7T6 (6]‘]‘)
47 (m1.m2)#(0.0) (nf +n3) 4

with T ~ 1.92. For arbitrarily small argument Ky(x) — — logz and the propagator diverges at
small distances in the extra dimensions. Therefore to compute Feynman integrals with ¢ — 0
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we have to regulate the propagator when @ = 0. The second contribution in eq. 6.6 is of the
form

sin? nxs

s (6.12)

N 1o, -
g = an® [ d'% [ dy - ;HE (7 - g7+ )
[}
As the glide does not change the sign x5 component, the Hankel function H(()l) does not depend
on x5 and the integral along x5 direction is simply given by the normalization of the wave
function. Then after Wick rotation one gets the integral

N 2m 1 N
Mo =1 > /0 dxg (( 5 = Z7¢(3) (6.13)

(n1,n2)eZ? ny — %)2 + (% + n% . %)2>

In an analogous way one can show that the IIgr contribution will give a finite result

N 21
Mor=75 dzs S =
e (= 1 a— 12)

The rotation contribution after Wick rotation can be written in the form

1 — cos2nxs _ g (7¢(3) + Bi(n)) (6.14)

N 00 2
I — ZQW/ dk:E/ 47" K Ko(k|27 + @) sin® nas (6.15)
0 0 @

It can be seen in the form of the integrand that the divergences appear for |27 + @| = 0.
Those points correspond to the fixed points of the rotation transformation. Note that the
divergent result depends on the KK number n of the considered mode. Therefore it cannot
be reabsorbed into the renormalization of the bulk wave functions of the 6D fields. Those
logarithmic divergences should be renormalized by counter-terms localized at the singular points.
To extract the divergent part one can cut the 4D momentum kg at a scale A and then integrate
numerically. Then the result is

A% +n?

N 5 9
I = i log 3 (6.16)

As we just have seen on the example of the winding modes expansion method, the main properties
of the radiative corrections on the real projective plane are the following

1. Torus contribution is always finite. The UV divergence corresponding to the (0,0) mode
propagation can be reabsorbed in the wavefunction renormalization of the 6D field.

2. Glide and glide-rotation contributions are finite as those symmetries do not heavy any
fixed points.

3. Rotation contribution will give logarithmic divergences that should be removed by the
counterterms localized on the fixed points of the rotation symmetry,

This method is useful to calculate the scalar tadpole loops but for the case two propagators in
the loop the mathematical complexity will be much higher, as on should integrate the products
of Bessel functions. In what follows we use the mixed propagator method to evaluate the loop
corrections to the (2,0) and (0,2) tiers. We will show the results of the calculation performed
for the gauge bosons and fermions on the RP? and show the main features of the spectrum in
contrast to other models.
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6.3 One loop level spectrum of the (2,0) — (0,2) tiers using the
mixed propagator method

In the case of two extra dimensions we use propagators defined in the section 4.3 in eq. 4.41
but we have to take into account also the second dimension. We will Fourier-transform the non-
compact coordinates {z*} into momentum space {p/}, which contains the physical momentum
and energy measured by 4-dimensional observers, and leave the other two coordinates in position
space. It is then convenient to write the propagator in the mixed form - we keep the form eq.
4.41 in one direction while for the second direction we expand the propagator into the sum of
KK modes. For a scalar field propagating on the torus we write

oo
L 1
GSP (ki — ) = > Ga (xu |y — wal) £ (21) filz2) (6.17)
l=—00
where we note the two coordinates as § = (y,z). Now the functions x; are defined as x; =
Vk2 — 12 —m?2 and in what follows we neglect the SM mass m? < [?. The functions f; are the

normalized wave functions on St

1 ilz
filz) = \/72761 (6.18)

The GSP propagator has to verify symmetries of the underlying manifold eq. 5.2. Therefore,
following the proposition of (65) we write the propagator as the sum of terms proportional to
the parities of the field running in the loop;

L 1 L . .
GEP (kg1 — o) = 1 [G%D(k,yl — i) + pgGSP (k, 71 — gli]) (6.19)
+ pgprGS (kG — 1 glip)) + prGEP (kg — 7[iR)) |

Writing propagators in this way will simplify a lot the calculation of the mass corrections to the
(n,0) and (0,n) KK modes as they do not carry momentum along one of extra dimensions z
and y respectively. Therefore we can replace the integral along one of those directions by a sum
using the orthonormality of the wave functions.

Using the above form of propagator eq. 6.19, a generic loop correction to any field can be
decomposed as

ill(mix) = 1 Mr(mir) + pgHa(m ki) + pgpr ar(mik) + pr r(MmiK)] (6.20)

where the parities refer to any field propagating in the loop. The first term in eq. 6.20, IIp,
corresponds to the loop corrections of a theory defined on a torus: this contribution is generically
divergent, however, it gives a finite contribution after renormalization of the bulk kinetic terms.
Here we will follow the prescription of (110) where we remove the contribution of zero winding
modes, i.e. modes that do not wrap around the torus. The terms II; and Ilggr correspond to
glide symmetries and are finite. The reason behind the finiteness is that the points ¢ and its
image ¢(y) (or ¢'(y)) never coincide, i.e. the glide(s) do not admit any fixed points. The last
term, Ilp, in equation 6.20 corresponds to rotation transformation, and it is divergent because
the rotation admits fixed points: from the tadpole loop it is clear that the divergences only arise
in the points where y; = r(yi), i.e. on the corners of the rectangle. Thus, such divergences
can be renormalized by adding counter-terms on the two singular points whose structure has
been studied in (52). The bulk loops simply require equal terms on the singular points, as loop
interaction cannot distinguish between the two.
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6.3.1 Loop corrections to the (2,0) — (0,2) gauge bosons

In this section we compute the quantum corrections to the two-point functions (sometimes
we will refer to these as self-energies, even though they also include mixing among KK states)
for gauge fields. We calculate the mass correction 62, given by

572n = m2 - m%ree (621)

where m is the one-loop level mass and m?,., = m%,, + ICZR%ZQ is the tree level mass of a (k,)

excitation mode.

We first consider one-loop corrections arising to the masses of the (n,0) KK excitations of
a SU(N) gauge boson. The contributing diagrams are shown in the figure 6.22. The calculation
presented here is completely general for all the bosonic states on levels (n,0) with n even.

i (q) = i(g"q* — ¢"q") = (6.22)

f

The couplings are deduced from FeynRules implementation of the model lagrangian given
by the equations 5.22, 5.39, 5.65 and 5.69. The 4D Lorentz invariance requires II,,,, to be of the
form

H}U/ = guuﬂl + qquH2 (623)
and the mass corrections are proportional to the II; part only:

oAV

I, = % (Hg - qqg HW) (6.24)
The structure of loops with two gauge/scalar propagators is more complicated and although
the calculation is much more involved the general scheme remain similar to the tadpole case.
Therefore here we give only the form of the integrals with some remarks. In general the two
vertices are situated on the points 1 = (y1,21) and 2 = (y2,22) in the extra space and for
the tadpole loops Il those two points coincide and are noted as §¥ = (y,z). The tadpole
contribution takes the form

- — P — — n — n —
My = [ d'kdi S G (= A () A () (6.25)
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where G%D is the 6D propagator of the particle X € {A,4 /55 Ay ¢} running in the loop and
A0 (77) is the wave function of the external particle. The Px coefficient is simply the function
coming from the vertex after taking the trace eq. 6.24. In an analogous way we write the loops
with two propagators of the same type

. L 0. P
My = [ dkdGid? g

) GEPP (ke + p,ih — 12)GSP (k + p, 71 — 2) A0 (1) A0 (37y)

(6.26)

The mixed loops A, — A4/5 have more involved form as the derivatives coming from the vertices
appear:

. N L 9L L
iy = —(27T)2§g55/d4kd2y1d292G§PP(k +p, 71 — §) (6.27)

(05,05, — 05,07, — 0,05, + 92,0, GP (k +p, i — 42) AT (1) A" (i)

. N L 9L L
il = —(27)25944 / d*kd* G > GERE (k +p,ih — ) (6.28)
[6731852 o 851 852 - 851852 + 851 852} GgD(k +p. 91 — 372)14(7170) (gl)A(mO) (42)

where 851/ P means the partial derivative with respect to y;, i € {1,2} of the external leg wave
function (e) or of the propagator (p). Fermion contribution finally is of the form

My = N [ A ) A0 @)k + p)s (6:29)
T [0k TGP (k. G — 32)T* (k + p)aT G (k + 9.5 — )]

To give an example of our calculation we consider in details the tadpoles iIl4, contributions to
the gauge self energy which can be easily generalized to other loops.

Expanding the 6D propagator as given in eq. 6.19 we can divide the loop correction into
four parts which will be calculated separately. For the four contributions b),e) and i) we get

1
2
i, = 2iNd 1 / d*kdGGEPP (&, § — 0[7)) cos*(ny)
3
2
1
IN 2 N _ - -
= —31 (HT + pglla +pgerGR+erR) (6.30)
2

with N = 29(222 29 For AM0) () we have used the (n,0) wave functions derived in the section

5.2: A0 (g) = \/;? cos(ny). The 6[y] stands for the orbifold projections I, g, ¢" and r.
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Torus contribution

My = / d*kdydzGSP (k,0) cos?(nz) = / d*kdydz i G2 (k,0) 1 (2) fi(2) cos®(nz)

l=—0

__cot( X17T
= [ d% €0 6.31
[atx Y ir N (6.31)

l=—00

then we remove the UV divergence and Wick-rotate and we obtain

~ cot(xym) + i
IIr = /d4k: —_— 6.32
T Z o (6.32)
th(k‘Eﬂ' COth XlETr) —1
= 27r3/ dkpks cothtkpm) — 1 +2 / dkphks,——2=1
BrE [ kg Z o XIE

_ +47T3Z / dk gk —COth f(l”) LY
lE

The above function can be calculated numerically and gives A’ = 1.22. The numerical value is
different from the one obtained in eq. 6.2 as the regularization scheme is different, note thus the
structure is still the same and gives the finite result.

Glide contribution
Glide symmetry is defined as

g:{y Moy (6.33)

thus the wave functions will transform as
filglz) = fil=z +m) = (=)' f-(2) (6.34)
Glide contribution to the gauge boson self energy will then take the form
flg = [ d'dyd=G (k.5 9((7) cos*(n2)
4 - i (_)l —2izl
/d kdydz Z - cos?(nz)

= 2X151n<Xl7T) o
= / d'k Z

T
Oln + =01 _p, ) )
2Xl sin Xlﬂ') {2 Ln 9 T l,o] (6.35)

= T [k ! + !
2 Vk2 —n2sin ( k2 — n27r) k2 sin (\/1?277)

After Wick rotation we obtain:
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1 1

e = /Oo gk, TR (6.36)
0 /k2, + n? sinh < /K2, + nQW) k2 sinh (kg)
= S (7CE) + @a(n))
Glide-Rotation contribution
Glide-rotation transforms the coordinates as:
) y ~ —y+7
g{ v vt (6.37)
The wave functions will transform as follows
filrxgl2]) = filz+7) = (=)' ful2) (6.38)
and the integral will take a simple form
Mor = /d%dydeZD(k, 7 — 7 % g[(7)] cos®(nz) (6.39)

l

_ d4k?d dz i Ccos Xl7T—|y—7‘*g[y]|) (_) 2
/ vas Z 2x; sin(x;m) o O (n2)

For the integration on dy we have to remember that the variable has to be always within the
fundamental domain g * r[y| € (0,27) so the integral will split in two parts

27
dycos (xi(m — |y —r*glyl|) =

T 27
= [Ceosutr—ly=(cy+m+ [ eostulr—ly = (~y+3m) = (640)
_ 2sin(xl7r)
X1
then the g simplifies to
Mep = /d4k Z (=) wiek, 3/Oodk oL loeey (6an
G = k? o EMEL Gnhkpr 2 :
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Rotation contribution
Exactly analogous calculus give the rotation contribution:

ro { Z N :Z (6.42)
filrl2]) = fi(=2) = fi (2) (6.43)
Mp = /d%dydegD(k, 7 — ()] cos?(nz)
g S eosOulr =y rBl) 1 s s
- / d*kdyd Z_Z_j TR *(nz) (6.44)

_ ”/d‘*k Z 3 (i + 6+ 2010)
ey
2/ X2 Xb
Wick 2 > 3 1 1
dhph | —— 4 6.45
e EE(k?E+n2+k?E> (6.45)

To regularize the infinities coming from the rotation contribution we introduce the cutoff A and
we obtain

~ n2 2 2
My = 72 (A ——logA ”) (6.46)

The quadratic divergences appearing after the integration will cancel after adding all the con-
tributions.

Gauge boson self energy - total contribution

In the same manner as detailed above we calculate all the loop corrections shown in eq.
6.22. Contributions we find for each loop are listed in the table 6.1 where we have introduced
the functions ®; that appear systematically in the loop calculations:

00 3
®(n) = 27° / dk K (6.47)
0 Vk? + n?sinh (7r Vk%+ n2)
00 kn(x/kz—l—nQ—n)
®y(n) = 273 / dk (6.48)
0 Vk? 4+ n?sinh (7r Vk2 + n2)
(VEEFE - )
— o7 / dk (6.49)
n kQ—i-n 51nh(7r\/k2+n>
o] k 2
By(n) = 213 / dk n (6.50)
0 Vk? 4+ n?sinh (7r Vk? 4+ n2)
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L = 27°log(AR) (6.51)
Vy(n) — %@ﬂn) - %Qg(n) + g@g(n) (6.52)
Vin) = %Ql(n) + By(n) + Dy(n) (6.53)

the numerical values we find for ®;(n) are given in the table 6.2.

omg, o) Iy I IR I
gauge loops 4T  2-7¢(3) 2-7¢(3)+ Vy(n) ZL
fermion loops —8T§ 0 0 0

scalar loops Ts 7¢(3) 7¢(3) 4+ Vs(n) L

Table 6.1: Radiative corrections to the gauge (n,0), n even, boson self energy

n=1|n=2| n=3
®y(n) | 1.43 | 0.109 | 0.0067
®y(n) | 0.54 | 0.047 | 0.0030
®3(n) | 1.02 | 0.037 | 0.0015
®y(n) | 1.71 | 0.294 | 0.0286

Table 6.2: Numerical values for the loop functions ®;(n).

From the above results for the (n,0) mode it is straight forward to obtain corrections to
(0,m) gauge boson. Torus contribution I, as it is independent on n, will give exactly the same
contribution. The same argument holds for . Contributions coming from glides e and Hap
will be simply exchanged. This simple exchange is easy to understand as we are free to expand
the propagator G%” in KK modes in z direction, as we have done it above, or in y direction
leaving the part dependent on z in a compact form ~ cot(x;m). Thus it is straight forward to
write the corrections to (0,n) modes listed in the table 6.3.

oMy ) Iy I gr g
gauge loops 4T  2-7¢(3)+ Vy(n) 2-((3) iL
fermion loops —8T§ 0 0 0

scalar loops Ts 7¢(3) + Vi(n) 7¢(3) L

Table 6.3: Radiative corrections to the gauge (0,n), n even, boson self energy

Once we have all the diagonal radiative corrections for the simple case SU(N) we can write
the general loop correction for a gauge boson coupled to the fermionic matter and scalars we can
sum the contributions to the loop corrections from all the particles in the model. The general
formula for the mass correction has a compact form
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2
Moy = : 45 Vi (C(G) (4T6 + 2% 14¢(3) + Vy(n) + 8n27r2L) - Ef: C(r¢)8Ts
1 2,2
+ Y C) (T6 +14C(3) + Vi) — gnPr L)) (6.54)

Adding all the contributions we obtain the corrections to the B, W and G gauge bosons

2

2 _ 91 5 4 1 )

52, — 647r2< 0Ty + 140(3) + 2®1(2) — 3 82(2) — 51 (6.55)
2 13 35 47

52 :g2<—T 281(2) — 2y(2) + 205(2 L) .

Be = I (-30Ty + TOC(3) + o 01(2) - SIDa(2) + 2Ba(2) + (6.56)
2 1

I (—36T64 1 84¢(3) + B1(2) - %@Z(g) +65(2) + 24L> (6.57)
T

Gauge boson self energy - mixing between tiers

Unlike for the (1,0) — (0,1) tiers, the mixing between the levels (2,0) and (0, 2) is possible.
We have calculated the cross-level contributions to the (2,0) — (0,2) gauge boson masses that
mix the tiers (2,0) and (0,2). In this case the only non-zero result comes from rotation and is
logarithmically divergent. The loops we need to calculate now are shown in the figure 6.1.

M
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Figure 6.1: Cross-level loops for the gauge bosons.

The general structure of the loops is simple and can be written as

N
illyy, = i(2m)* / dkdGGEPP (k, § — §) cos(ny) cos(nz) (6.58)

for the tadpole loops

. . N oL L L
iIl1700p = Z(QW)QE /d4kdy1dy2PXG§PP(k, 1 — i2)GSP (k. 7 — §2) cos(ny) cos(nz)  (6.59)
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for the pure scalar and pure gauge loops, where again Py is a function of the momenta of
particles involved in the loop. The general structure of the mixed gauge-scalar loop (A, — A4)
is

. N o L
il = —(27T)25944/d4k/0 dijdiGE"" (k + p, i — G2)
1
[8@1%2 — 8361 852} G%D (k,7h — J2) by COSMz1 COS MY (6.60)

and an analogous expression holds for the (A, — As) case

, N mo L
i = —(27T)25955/d4k/0 i dg2GE"" (k +p, 51 — 52)
Lo oo 1
[821822 -0, 822} GSP (k, iy — i) o, Cosnz1cos My (6.61)

The only non-zero result comes from the rotation and as for the diagonal case is logarithmically
divergent with A. The corrections will be given by the general formula
g 1

The explicit corrections are then

1 92
Sopz = _564;2L (6.63)
47 g3
2 = 0 64;2L (6.64)
2. — a9 p 6.65
cG?2 6471'2 ( . )

(6.66)

The mass eigenvalues will then be modified by those off-diagonal mixings. We note the diagonal
corrections to a gauge boson as d2 and the off-diagonal entries as §2. The mass matrix will have

the form
1+62 42
(5 15
C

and can be easily diagonalized with new mass eigenvalues

2 2
2_ "1 2 .52\ _ 1 2
The new eigenstates will then have the form
1
B = (B B ) (6.69)

Note that if we impose the assumption R4 > Rs5 then there is no mixing between the two tiers
as one of those is decoupled from the theory. As the divergent part in  and J. have the same
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coefficient, it turns out that the fields B);~ are insensitive to divergences. This can also be
explained by the fact that their wave function vanishes on the singular points. For the odd
modes, no mixing takes place, therefore, at loop level, we have two exactly degenerate tiers of
odd states, and in particular two degenerate dark matter candidates.

Electroweak symmetry breaking

The last thing we need to add to have all the relevant contributions for the (2,0)—(0, 2) gauge
bosons at one loop order is the electroweak symmetry breaking effect from the higgs expectation
value. Note that higgs corrections are diagonal, due to the flatness of the higgs VEV in the
extra dimensions and thus do not introduce mixing between the two tiers. We can then still use
the field expansion presented in the section 5.2 but with the mass eigenvalues modified by the
higgs VEV contribution. The higgs VEV will mix the B®*! and Wék’l) gauge bosons in each
tier separately. The mixing angle 0; will be different in each tier (k,1) because of different loop
corrections.

The mass terms for the electroweak gauge sector after introducing the diagonal loop correc-
tions and the higgs VEV will be written as

7 2 2 n+
nt pnd | mwni —|—mW —tan@wmw ' W3
<W3 ’ ) ( —tan @ymd, m%,. + tan? Gyymi, gt (6.70)

We then diagonalize the system as in the simple Standard Model case

Zn+ B cosl,+ sinf,+ W:?i
( At ) a ( —sinf,. cosO,y | \ B (6.71)

The mass eigenvalues at each level (k,[) will be then given by

n? 1
(6.72)
2 n® 1 2 2 2 2 2 2 2 2 (52 2
man: = ﬁ—{—i mz+(5Bni +5an: + \/(mZ+5Bni _6Wni) —4mW(6Bni _6W7’Li)
(6.73)
and the mixing angle is
2 _—m2. 2 9m2 62 . — 82

tan 0,4+ = Mg ~ Mignee T = 2y ¥ O =~ e (6.74)

Qme A sin ‘9W
The mixing angle for each tier depends on the compactification scale and for large masses mx g
becomes negligibly small. This is a general feature of extra-dimensional models. That is also
why often one can neglect the mixing between gauge bosons when the experimentally privileged
mass scale mg i is sufficiently large.
Note that loop corrections are proportional to the characteristic mass scale of the given tier,
my; and the correction 5]232 is negative for both tiers. That is the reason why the mixing angle
is smaller for heavier states.
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Figure 6.2: Mixing angle 0y; for the first two tiers: (1,0) in blue and for (2,0) in red dashed. The green line
corresponds to the Weinberg mixing angle sin 0y = 0.48. Here we assume the degenerate radii R4 > Rs.

Physical mass eigenstates After including the electroweak symmetry breaking, and all the
diagonal and non-diagonal radiative corrections the mass eigenvalues for the physical states Az,
Zg, Wﬁ and Gi, assuming non degenerate radii, are given by

m%s = dmikp — 0+ (Op + Oy2)mik g + miy + s2m% (6.75)
ms = Amip + 0+ (Op2 + Sy )mi i + miy + sEm% (6.76)
myyz = mi(d+ Sy +miy) (6.77)
mge = M (4+0ce) (6.78)
with
2 4 2 2 9 2 2 2 2 92)\2
5 = —4 ((sBQ(SWmeK + (mwéBQ + Swmz(sw2)mKK) + ((632 + 5w2)mKK + mW + Swmz)

(6.79)
In the figure 6.3 we show mass splittings Am = m — 2mg for the gauge boson sector. A(2:0)
receives the smallest corrections and is the lightest particle in the tier. Electroweak gauge bosons
Z20) and W20 are heavier due to the SU(2)w couplings and the heaviest particle is the gluon
G20 which receives the largest corrections from SU(3)¢ interactions. Note also that as the mass
corrections are proportional to the tree level mass of the tier, the (2,0) level mass splittings are
larger than their (1,0) partners.

Those masses are calculated under the assumption that the radii are not-degenerated, that
is R4 > Rs. In that simplifying case only one tier, the (2,0)-one, will contribute to the physical
states of the theory while the (0, 2) states will be decoupled being too heavy to participate in any
phenomenologically detectable process. In the symmetric case R4 = Rs, as it was mentioned,
the mass corrections to the (0,2) physical states will be the same as for (2,0) tier. On each
level we will have two degenerate in mass states that will mix with each other as there are
non-diagonal contributions to the kinetic terms in the lagrangian coming from the rotation
contribution. We are investigating the more general case, where we include the dependence on
the ratio £ = R4/ R5, the phenomenology of this model is left to the future work.
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Figure 6.3: Mass splittings Am = m — myrecin the gauge sector. Thicks lines: blue - A? red dashed - W/227
green dot-dashed G2. For comparison, in the same colors and thin lines, we show also the (1,0) gauge boson mass
splittings. On the left non-symmetric case R4 > Rs5. On the right symmetric case R4 = Rs

6.3.2 Loop corrections to the (2,0) — (0,2) fermions

Diagonal corrections
The radiative corrections to a KK fermion excitation can be written as

6L = ap Uyt p, PV + agpWy p, PRV — bWV (6.80)

and the general form of the mass correction is

5mF:b—%(aL—|—aR) (6.81)

Radiative corrections arise from the loops shown in the figure 6.4 where we recall that the M
index labels all the six components of a 6D gauge boson field.

AM + 4 (ZS N

» |
>

Y

Figure 6.4: Radiative corrections to fermion masses

The calculation of loops is analogous to the gauge boson self energy case. The general loop
structure can be written in the following way:

=N [ dkdGi i ()T GE (b, — L G)GE (k. 1 — 52) (6.82)
where N = 92@;@ and Co(r) = N; —+ for the fundamental representation of SU(N) and Ca(r)

q? for the U(1) for the gauge boson running in the loop. For the scalar contribution N = %
where yr is the effective Yukawa coupling.

As in the previous section loop correction can be split into four parts and the contributions
we find for a (n,0) fermion with p, = +1 are listed in the table 6.4.
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5m%n’0) Iy Ilg ok Ip
n®ar, 0 0 —3®a(n) 0
nfagg 0 0 —3(C(3) = ®i(n) + D2(n) 0
n2b, 0 0 —13n®y(n) 4L
nlars 0 0 —3®a(n) 0
nfags 0 0 —3(C(3) = ®1(n) + Da(n) O
2bg 0 0 —23n®4(n) 2L

Table 6.4: Radiative corrections to the fermion (n,0) with n even, self energy.

In general the contributions for the 6D left and right fermions, i.e. with p, = 41 are different
due to their different wave functions. The IIp gives always zero as the integral is linear in k. The
glide contribution II; for a fermion with p, = +1 gives zero result as well, while for p, = —1 we
find in general the overall contribution proportional to ((—)™ — 1)-¢(3). Therefore for the n =1
modes the contribution will be automatically set to zero while for n = 2 states we get a part
¢(3). The situation is inversed for the 1:[@ r contributions. Here the p,, = —1 states receive a zero
contribution for every n € N while the p, = 41 states gain a contribution ~ ((—)" —1) - ((3).
The part coming from the rotation Il gives the same divergent result for all the fermions (27, 0)
and (0,2n) with p, = £1 which is equal to 72n3L. Contributions from scalar, as and by, are
analogous to those of gauge bosons but give different coeflicients as can be seen in the table 6.4.
Besides this changes in f[GR and ﬁG for p, = £1 (n,0) fermions the overall contribution to the
loop , that is I = Iy + H¢ + gr + Hi will be the same.

The general mass correction for a fermion in the fundamental representation of SU(2)w and
SU(3)c with the hypercharge y; can be written as

2 3 4
1 1 1
+r (5760) — 3@l + 3021 )] (6.84)

The first part in this equation comes from the gauge boson contribution in the loop, the second
one comes from scalar propagation and is included only for top quarks.

Mixings between tiers

As for the gauge bosons, there are also mixings between levels (2,0) and (0,2). The con-
tributions come from the rotation projection of the orbifold and are in general different for
fermions with right- handed and left-handed zero mode. The full analysis of the mixing terms
was performed by G. Cacciapaglia. Here we give a short summary of the results. The overall
off-diagonal contribution to the masses can be written as

n?L (6.85)

1 3. 4 1
Sef = o1 {4 (y%g% +505+ 3g§> + SUF
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where the term in curly brackets corresponds to the corrections to the mass term and the last
term to the corrections to the kinetic terms. One needs to diagonalize the mass terms which
have the form

n 144 50 f

i 6.86

R ( 5oy (149) ) (6.86)
This can be done by diagonalize of the squared mass matrix

n? ( (146224682 20.4(1+0) )

MM = —
R2 20p(1+6)  (1+6%)*+6%

(6.87)

and using unitary matrix U'U = I which mixes the states

Uy [ cos¢ —sing p(2.0)
( ‘112;'— ) - < sing cos¢ ) . ( (02) ) (6.88)

The mixing angle is the ¢ = 7 and the mass eigenstates are simply given by

n2

m3 = itk 8% £+ 62) (6.89)
In general analysis with an explicit dependence of the non-degenerate radii R4 # Rs but not
R4 > Rs, which is now in progress in our group, one can see that in general the corrections to
fermions with the right- and left-handed zero mode differ. Then the calculation presented above
has to be repeated twice for each type of fermion, the mixing angles ¢; and ¢ will then be
different as well as the mass eigenstates. Once the assumption R4 > Rs is imposed the results
simplify to the case presented here.

As it was mentioned in the section 5.2, we include Yukawa interactions for top quarks only.
For the top quarks in the second tier we use the expressions 5.74 - 5.77 to calculate the mixing
angle and the mass eigenstates and eigenvalues. In the figure 6.5 we show the mixing angles for

the two tiers (1,0) and (2,0).
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Figure 6.5: Mixing angle in the top sector. For the (1,0) tier in blue, for the (2,0) tier in red dashed.

Finally we give all the spectrum of fermions in our model. The smallest radiative corrections
are those of singlet leptons. The SU(2)w doublet leptons receive stronger corrections due to
electroweak interactions. KK quarks excitations, due to SU(3)¢, interactions suffer the higher
mass splittings.
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Figure 6.6: Mass splittings Am = m — mye. in the leptonic sector. In both figures thick lines corresponds to
the level (2,0) and thin lines to the level (1,0). Mass splittings for leptons L in blue and eg in red. On the left
non-symmetric case R4 > Rs5. On the right symmetric case R4 = Rs
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Figure 6.7: Mass splittings Am = m — msree in the quark sector. In both figures thick lines corresponds to the
level (2,0) and thin lines to the level (1,0). Qp in blue, ¢s in green dot-dashed, top in red dotted. On the left
non-symmetric case R4 > Rs. On the right symmetric case Ry = Rs

6.3.3 Heavy higgs bosons

On the second level the higgs boson excitations are also present while they were absent on
the (1,0) level due to vanishing ®(*1) wave-functions. On the second level, there are four states
arising from the higgs doublet as it was decomposed in eq. 5.66 which we name H? and S%?
neutral, and charged partners S?*. Loop corrections to the masses of those scalar particles
were calculated by G. Cacciapaglia. Their structure is similar to the gauge bosons: there are
finite contributions from the torus and glides which are almost mode-independent, while the
logarithmically divergent terms are proportional to the mass of the mode. Loops also contain
quadratically divergent contributions which correspond to a localized mass. At loop level the
masses of the physical states H? and S° and S** are given by

m%{@ 0 = mi + (4 + Op2)mik +mi,,
’ (6.90)
m§(2,0) = (4 + 5h2)mKK + ml200

with the mass correction given by
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7
—@(Q% +3g3)L (6.91)

In the Ry = Rs case the mixing between (n,0) and (0,n) levels must be taken into account
as we have done for fermions and gauge bosons. As the quartic coupling is in the bulk, the
off-diagonal terms will be the same for the four higgs states:

5h2 —

Och, = —an%{Kéhz + 2Myoe - (6.92)

In the degenerate radii case, new divergent corrections from rotation fixed points will arise with
the same value as the diagonal correction given above. The new mass eigenvalues are given by:

M2y = M2 (90) + 0ch = WM (1= 2042) + 3mi,., (6.93)
m72r,(27) = m721',(2,0) — Och = ”Qm%(K - ml206' (6.94)

Therefore in the symmetric case the value in eq. 6.91 must be multiplied by a factor of two.
Note that the mass correction d;2 is negative and we find it to be equal to §,2 = —0.174 for
non-degenerate radii and d;2 = —0.348 for the degenerate case. It will therefore become the
lightest particle in the second tier and together with A®) will play an important role in the relic
abundance calculation.

The my,. parameter corresponds to the localized mass parameter to the higgs particle on
the fixed points of the orbifold. In the phenomenological analysis of the model we use the null
value my,. = 0 except for the dark matter relic abundance analysis where the resonances of
the heavy higgs particles play a crucial role in the enhancement of the effective annihilation
cross section. In the figure 6.8 we show the mass splittings of the heavy higgs particle for three
different values of m,. parameter. Note that for vanishing m,. the higgs excitations will be the
lightest particles in the second tier.
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Figure 6.8: Mass splittings Am = m — myree in the higgs sector. In both figures thick lines corresponds to the
level (2,0) and thin lines to the level (1,0). We show the splittings of H® for three values of mj,. parameter:
Mmioe = 0 GeV in blue, mi,. = 250 GeV in blue dashed and mi,. = 500 GeV in blue dotted. On the left
non-symmetric case R4 > Rs. On the right symmetric case R4 = R5. Red line corresponds to the AP splitting
for comparison.

It is important to have a precise limit on m;,.. The simple estimate m;,. < mxxi is a good
starting point as we can assume that mj,. can be treated as a small parameter with respect to
the heavy scales, allowing a perturbative approximation. In order to put more stringent limits
note that this parameter will affect the electroweak precision test through mixing effects. This
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can be understood as follows. An effect of my,. is to generate mass mixing of the SM higgs
with the heavy KK higgses in the form m7 h(®9 H™)  When the SM higgs mode acquires
the VEV v, then the tadpole generated by this mixing term will generate the VEV for a heavy
higgs modes:

(6.95)
Another effect of the higgs VEV is in the electroweak gage sector. The bulk kinetic term of the
higgs contains terms ~ H(0:0) g (nm) 7 00) 37 (nm) which will be modified by the higgs VEV as

2
H(0,0)H(n,m)w(0,0)W(n,m) N _—W(0,0) W(n,m) (696)

The analogical expressions hold for Z bosons as well. By calculating the correction to the masses
of SM W and Z gauge bosons we can extract the allowed bounds for m;,. by calculating the
corrections to the p parameter. Our result is

800 -
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Figure 6.9: Bound on my.. as a function of the mxx mass, obtained imposing that the effect on the p
parameter is not larger than the allowed measured value within 3 sigmas. In green we plot the excluded region
in the symmetric scenario R4 = Rs and in magenta in the asymmetric case R4 > Rs.

m4 m2 —m2
bp = —8-lee 2T () (6.97)

Mgrg MK

where £ = g—; and f(&) is a number of order 1. We compare the dp to the bounds given in PDG

p = 1.000475:009% and obtain the bounds plotted in the figure 6.9 where in green we show the
excluded region in the symmetric scenario Ry = Rs and in magenta for the asymmetric case
Ry > Rs.
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6.3.4 Full mass spectrum at loop level - summary

In the tables 6.5 and 6.6 we give values of masses of all the particles present in the model
for three benchmark points that will be important for the phenomenological analysis mix =
300, 500, 800 GeV. The radiative corrections to the KK masses depend on whether we assume
R4 = Rs or Ry > Rj5 only in the second tier (2,0) — (0,2) as there are cross-level mixing terms.
We give the mass spectrum in both cases.

mgk [GeV] | 300 [ 500 | 800
A0 300.9 | 500.5 | 800.2

150 301.3 | 501.5 | 803.0
110 303.4 | 504.5 | 808.4
d$? | 313.8 | 519.2 | 836.6
uf? | 314.2 | 519.7 | 837.6

w10 317.8 | 515.0 | 822.1
7(1,0) 319.6 | 515.8 | 822.3

g0 316.8 | 522.9 | 843.9
(L.0)

£ 361.0 | 550.5 | 859.8
30 363.6 | 553.6 | 866.1

G10) 326.1 | 534.9 | 868.4

Table 6.5: Typical masses of the particles of the level (1,0) at mxx = 300,500 and 800 GeV. The mass splittings
are independent on the symmetric or asymmetric case as there is no cross-level mixing.

In both tiers the lightest particle is the photon excitation A(™. The reason for that is the
small mixing angle #, which makes of the U(1)y gauge boson B(™ the main component of the
physical state A and that the mass corrections to B(™ in both levels are negative.

In the first tier A is neutral spin-0 particle and corresponds to the dark matter candidate
in our model. For the mgx < 200 GeV the lightest particle in the first tier is the singlet electron
which excludes the model on this range of mx i parameter as there would be no dark matter
particle. Then the next lightest particles are singlet and doublet leptons and the SU(2)w gauge
bosons which will play an important role in the dark matter phenomenology in the coannihilation
processes. SU(3)¢ particles are heavy but still their role cannot be neglected in the dark matter
prediction and in collider phenomenology as they have strong couplings which will enhance all
the processes where quarks are involved.

In the second tier, the lightest particle is a vector gauge boson A and higgs excitations
if myee parameter is set to zero. Due to extremely small mass corrections of A® it will decay
only into SM particles via localized interactions and thus will play an important role in the LHC
phenomenology enhancing the resonant productions of SM particles. The weak gauge bosons
W@ and Z® will decay into other heavy particles but the resonant decays into SM fermions
will not be negligible giving rise to an interesting phenomenology in the LHC. All the level (2)
particles will also participate into resonant annihilations and coannihilations of the primordial
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mxk [GeV] | 300 [ 500 GeV | 800 |[ mxx [GeV] | 300 | 500 GeV | 800
S20) 600.0 | 993.4 | 1568.3 S20) 573.3 | 955.6 | 1528.9
AZ0) 600.9 | 1000.3 | 1599.8 ARO) 601.0 | 1000.2 | 1599.5
HZ0) 600.0 | 1001.3 | 1573.3 HZ0) 586.8 | 963.7 | 1534.0
120 602.3 | 1001.2 | 1605.4 10 604.5 | 1007.5 | 1612.0
120 606.2 | 1003.2 | 1615.0 120 612.3 | 1020.6 | 1632.9
W20 619.6 | 1010.5 | 1636.8 W 20) 633.5 | 1050.5 | 1677.9
720 16200 | 1010.8 | 1636.8 Z(20 | 633.8 | 1050.6 | 1677.9
d$? 16250 | 1014.7 | 1665.5 d2Y  1659.9 | 10944 | 1744.0
w29 16257 | 1015.0 | 1667.3 WP 6614 | 1096.9 | 1748.0
20 630.4 | 1017.5 | 1678.6 20 670.7 | 1112.5 | 1772.9
(&0 651.9 | 1031.3 | 1682.0 120 688.4 | 1118.2 | 1768.7
G(20) 653.1 | 1031.8 | 1739.2 G(20) 721.1 | 1191.8 | 1893.5
#20) 656.6 | 1033.7 | 1693.3 #(20) 697.7 | 11338 | 1793.6

Table 6.6: Typical masses of the particles of the level (2,0) at mxx = 300 ,500 and 800 GeV. On the left
asymmetric case R4 > Rs. On the right symmetric case R4 = Rs.

cosmic plasma reducing significantly the relic abundance of the dark matter and thus changing
strongly the bounds of the cosmologically allowed m gk values. We will present in details those
phenomenological aspects of the model in the following chapters.

109



CHAPTER 6. MASS SPECTRUM OF THE (2,0) - (0,2) MODES AT LOOP LEVEL

110



Chapter 7

Relic Abundance of Dark Matter

Dark matter candidate

The full spectrum of our model at one loop order was presented in the chapter 6. The
essential feature of the spectrum is that the viable dark matter candidates are the spinless
photons A9 and A1) These particles, assuming degenerate radii Ry = Rs, have the same
mass and are the lightest particles in the first level for mgx > 200 GeV. For migx < 200 GeV
the lightest KK particle is the right handed electron 0 and /or 6%0,1). Note that there could
be some contributions from the UV scale physics to the operators localized at the corners of the
fundamental domain, that is on the points Oy and O, which would modify the mass spectrum.
In principle, these contributions, a priori dependent on some unknown parameters, could turn
some other (1,0) particle into the lightest KK odd state. Hence, the (1,0) modes of neutrinos
v(1:0) or the neutral electroweak gauge boson Z(10) could all be viable dark matter candidates.
We leave the investigation of these possibilities for future work. Note that, in contrast to the
chiral square and minimal UED (5-dimensional space with the extra dimension compactified on
an interval denotes hereafter as mUED) models where the (1,0) level higgs boson is also a viable
dark matter candidate, the higgs (1,0) mode vanishes h(19) = 0 on the RP? so we won’t have
to consider this dark matter candidate.

General assumptions

In our computation we consider a most general particle spectrum without any simplifying
assumptions. In particular we do not assume a completely degenerated particle spectrum but
we keep the non-degenerated KK masses after one-loop corrections to the (n,0) modes. We keep
all the SM particle masses non zero, except the electron mass which will be neglected. Moreover
we do not neglect the mixing between B9 and Wél’o) that originates from the electroweak
symmetry breaking and which is expected to be small for large mg i but effectively is quite
large for small values of mgx.

In our analytical and numerical calculations we make some simplifying assumptions for the
Yukawa couplings. We neglect all the Yukawa couplings, which are proportional to the corre-
sponding fermion mass, for all the light SM particles except top quarks. This assumption is
well justified as the annihilations into fermionic final states are suppressed by the corresponding
fermion mass and thus their contribution is already negligible, adding the Yukawa couplings
would not alter the final result in a significant way. The Yukawa coupling lead however to the
resonant s - channel exchange of the SM higgs and its KK excitations. While the SM higgs effect
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is negligible the resonances coming from the exchange of the (2,0) level higgses are important
and, as we will see, they enhance the effective cross section in a small region of myx near the
resonant value. Aside those effects, we do not expect our results to be sensitive to the masses
of light fermions.

In all the analytical calculations when examining the relic density as a function of the mass
scale mix we neglect the weak, approximately logarithmic mass dependence of . Typically,
over the mass range mgr=0.2 - 1 TeV, zp varies by about 0.1 GeV /degree, or less than 15%.
This variation has little effect on the relic density. This also shows that the dark matter is
cold. In all cases considered here we obtain 22 < zr £ 30 GeV, so that the particles are well
approximated as non-relativistic. This translates to the freeze-out temperatures in the range
34-45 GeV depending on the scenario.

Note that in what follows we consider two simplifying assumptions. Namely we assume
degenerate radii of extra-space Ry = Rs or a decoupling limit R4 > Rs. As it was mentioned
in chapter 6 the masses and couplings depend on the relative size of the two extra dimensions
in our model. The study of this explicit dependence of the relic abundance bounds is left for
further investigation. In the two simple cases considered here the mass spectrum of the first
KK level does not depend on whether the radii are symmetric or not. The second KK level
although is affected by the mixing terms in the symmetric scenario and the mass spectrum will
be slightly shifted towards higher values. The important fact for the relic abundance calculation
is that in both cases the KK vector photon A and the KK scalar higgs excitation H® are the
lightest particles in the second tier and will not decay into any KK excitations. This in turn
will strongly reduce the relic abundance.

Decoupling limit R4 > Rj
The mass corrections are proportional to R~2. Thus when one of the radii is getting reduced
the mass corrections will tend to infinity

Rs -0 = 5771(07”) — 00 (71)

This simply means that all the particles of the (0,n) tier will decouple from the theory and
will not interact with ordinary matter nor with the (n,0) tier states. In this case the natural
dark matter candidate will be of course the A9 gcalar photon which will interact with all
the particles of the (n,0) tiers and with the SM particles. The mass spectrum in this case is
not affected by the cross level mixings, therefore the logarithmic contributions from rotation
projection do not contribute making the masses of the (2,0) level particles slightly lighter than
in the symmetric case. For the typical masses of (2,0) level particles in this case one has to
refer to the right panel of the table 6.6. Notice that we can equivalently take the opposite limit
R4 < Rs without changing any of the results.

Degenerate radii Ry = R5.

In the symmetric scenario R4 = Rp the masses of the two tiers (0,n) and (n,0) are degener-
ated and the mixing terms with logarithmic contributions make the spectrum slightly heavier. In
this case we have still two dark matter particles: A0 and A1) with exactly the same masses
and spins as the first KK level is insensitive to the orbifold geometry R4 > R5 or R4 = Rs.
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The important property is that AL and AOD do not interact with each other due to the
KK conserving interactions. Namely the tiers (0,n) and (m,0) are decoupled ! In our scans we
will consider therefore two independent dark matter particles not interacting with each other.
Their contributions to the relic density will be therefore exactly the same and the total relic
abundance will be twice larger than in the non-symmetric case.

To simplify the notation we denote all the particles in the given tier (n,0) or (0,n) with a
single superscript (n), for example AW will stand for a first KK excitation of the photon in
(1,0) or (0,1). For the second tier we will have to remember that the spectra change slightly
but still we will note A®) the two mass eigenstates.

7.1 Relic abundance - analytical results

We begin the study of the relic abundance by the analytical calculation of the annihilation
and co-annihilation cross sections in our model. In the analytical approach we will restrict the
study to the case with only Standard Model particles in the final states. Note that in the nu-
merical implementations we keep all the KK masses at one-loop level. The analytical formulas
will be however shown assuming the masses at each KK level degenerate: i.e. for any first level
particle X (1) we assume m x = mgk and for the second level particles X (2) the mass will be set
to mx =2mgxk.

We will show here the calculation of annihilation cross section in details in order to fix the
notation. The dark matter candidate can annihilate into all SM particles. As we will see the
cross sections into SM gauge bosons give leading contributions. The fermionic final states will
not contribute once we develop the cross section for small velocities.

7.1.1 Annihilations into gauge bosons

AWAM) 77

The annihilation A into Z gauge bosons is mediated only by the Standard Model higgs
exchange as shown in the figure 7.1. Interaction of the A®) with the Standard Model higgs
boson h is given by

2 _ 2
£%D _ _972 (Cwswl Cwlsw) A(I)A(l)h(h + U) (72)

2
2 Cyy

1. Note that a possible coupling would be introduced via (n,n) tiers, then the (1,1) tier cannot decay into two
SM states at tree level. Therefore we do not take those contributions into account in our study. This simplification
is legitimate here because we do not include loop induced coupling with (2,0) states. Otherwise, the result to be
completely consistent one should also care about the mixed interactions (1,0) (0,1) (1,1). Note however that the
resonance condition (p; + p2)? < m?Z., is never satisfied for those modes and the decays into SM particles would
mediated only by loop level couplings therefore the contributions of the (1,1) can be safely neglected.
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where g9 is the SU(2) gauge coupling constant, s,, and ¢, are the sine and cosine of the Standard
Model Weinberg mixing angle (s2 = 0.23) and s,1, c,1 are the electroweak mixing angles of
the first KK tier and v ~ 246 GeV is the electroweak scale. The annihilation cross section into
a pair of Z bosons reads

52 — 4sm% + 12m? 5 — 4m?
o(AWAW & 727) = Y2 Y2 T Z = . 52 (7.3)
wsmy(s —mi)? \| s —4dmi
Where Y41 = g%”(&“s”égcmswy is the higgs -A(!) coupling and Y = % is the standard Model

higgs-Z coupling constant.

AWM Z
A7 A

Figure 7.1: Annihilations of A AM into Standard Model Z gauge bosons.

Expanding the cross section in powers of the relative speed between the A(!) photons, vy,
gives

Ureo(AV AN & Z7) ~ azy + bygvd, + O@Wh) (7.4)

and the first two terms in this non-relativistic expansion are

4m‘}<K—4m%(KmQZ+3m%\/m%(K—m2Z (7.5)

3 42 42 )2
Gdmmy gy (my, — 4mie )

2 v 2
azz = YiYj;

64mi; jo — 176mS em?, + 4m g (3mim% + 52m%,)—
512mmY, (4m3 jc — micxm3 )3 \/m% e — m%

12m%  (2mim%, + 9m8) + 15mim§,

4 3 233 2 2
512mm7 (dmiy o — MK RM; )3 \/ M) — Mm%,

bzzy = —YhY}
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AMAD 5 WHwW—

The annihilation of A% into W= gauge bosons is mediated by the SM higgs exchange in the
s-channel, by the W (1) scalar partners of W in t and u-channels and finally by a direct quartic
coupling with two Standard Model W gauge bosons as shown in the figure 7.2.

Ak, w A)------- AN TV A w
mmmm— - W(l).
A(l)x' 1174 Ay AN A(1)"/ W

Figure 7.2: Annihilations of AMA® into SM W gauge bosons.

For the annihilation cross section we obtain: (here to render the complicated formulas more
readable we give the results for all the SM masses neglected)

- g25w1
c(ADAN 5 wHw—) = (7.7)
2mws(s — 4m3. )
s3 —16sm} 9 9 s+ y/s(s — dmi )
5 —4mKK(S—2mKK)ln 5
s(s —4dmi ) s — 1/s(s —4m3 )

and the first two coefficients of the non-relativistic expansion are

4.4
925w1
= 7.8
aww 47rm%(K ( )
5
bWW = —gaww (7.9)

AMAD 5 hh

Finally for the higgs boson production (fig. 7.3), neglecting all the SM masses, we get
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ACK o H /TG0 I — T H A H
N H ' . e
S AW /70 §
A0 S H e SR i A0 T

Figure 7.3: Annihilations of A A®™ into SM higgs bosons.

g%(cwl Sw — Cwswl)4

o(A'AY — hh) = (7.10)
128mcd \/s(s — dm3 1)
and the non-relativistic coefficients read:
4 . 4
ann = 2 (Cw1Sw — CwSwl) (7.11)
4.2
2567y, My i
1
bum = = —5an (7.12)

7.1.2 Annihilations into fermions

The annihilation of A®) into light fermionic degrees of freedom f (quarks u,d,s,c,b and all
the charged leptons) is mediated through the exchange of level one singlet and doublet fermions

f ](31 )S into ¢ and w channels. Moreover we include the Yukawa couplings of the top quark tth,
thus the annihilation into two top quarks will have additional contribution form the SM higgs in
s channel. The production of neutrinos is mediated only by the exchange of doublet neutrinos
V(Dl) in t and u channel. In the figure 7.4 we show the diagrams contributing to the light fermions
production.

JICON— —<—
()
fs/pY
Ay —>— f

Figure 7.4: Annihilations of AMA™ into SM fermions

The coefficients app and bpp are both proportional to the SM fermion mass. In the first
approximation they will give both a zero result, therefore we give their expressions without
neglecting the SM masses but assuming degenerated KK spectrum for simplicity:
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m2 (m2 _ m2)3/2
= (V3+Yv3P Lt 7.13
arr (Yp +Y5) Swm%{K(m? - 2771%(}()2 ( )
72mS. . — 148m%. . m2 + 82m2 . m% — 15mS
bpp = _aFF( KK KK'"'f KK'"'f f) (7.14)

24(mjc g — m?)Q

where my is the outgoing fermion mas. Yg,p are the couplings between f, fé})D and AW defined

in the table 7.1 in terms of A = %, B = % and the fermion electric charge gy. For
the top quarks one has to include the Yukawa mixings between singlet and doublet states by

multiplying the corresponding constants by the top mixing angle cos « for tg) and sin « for t(Dl).

N
+
S

/-h; —~
|
E SN—

uh

SIS
o+
NI—= D=
o W

d5y

Q= o= NI N

Table 7.1: Couplings of A®) with fermions. Here fél) stands for any SU(2)w singlet fermion, lg) for the charged
leptons, 1//(31) for neutrinos, u(Dl) and dg) for up-type and down-type SU(2)w doublet quarks respectively. Here we
note A — 925wcwl B — g2CwSwi

Cw ! ’

Cw

Neutrino production cross section expansion will then simply vanish. Top quarks production
coefficients will have additional contributions from the s-channel higgs exchange

2 2 2
4(Cw5w1 - Cwlsw)4 mf V MKk — mf (715)

95
arr = app -+
4cd) 8mmi i (mi — 4m3, )2

gg(Cwal — Co18w)* m?(24m}1<K - 2m%(K(m}21 + 14m§) + 3m%m§)

brr = brr —
Acy, 64mmcr (mj, — 4mie)? \/micpe — m5

(7.16)
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7.1.3 Relic abundance — annihilations

The goal in this section is to estimate the impact of releasing the assumption of the degenerate
masses of the KK states (1,0) and of the higgs boson contributions. The results are shown in
the figure 7.5. We summarize also the values of myx compatible with the WMAP data in the
table 7.2 where we give the bounds for the non-degenerate case Ry < Rj5 in the left and for the
symmetric, degenerate case R4 = Rjs in the right column.

0.47‘ ]
03} R
(\le B /// z i ]
S 02 e |
0.1F - :
00 S S S S S S SR
200 250 300 350 400 450
mgk [GeV]

Figure 7.5: Analytical result of the relic abundance calculation on the Real Projective Plain. In this plot we
show the impact of several factors on the relic abundance: we start with the simplest case (blue dotted line)
where we assume fully degenerated spectrum of first KK level and no SM higgs exchange in s channel. Then
progressively we add the contributions : the (1,0) level degeneracy (blue dotted), higgs s-channel contribution
(blue dot-dashed), relativistic correction (blue plain line). For comparison we present also the result assuming
the symmetric radii R4 = Rs with all the above corrections included (red plain line).

corrections Ry < Rs | Ry = Rs
deg mxx 266 - 307 | 221 - 262
non-deg myyx | 317 - 370 | 263 - 313
s-channel higgs | 325 - 388 | 267 - 321
relativistic corr. | 322 - 384 | 264 - 318

Table 7.2: Bounds for mgk in [GeV] from the analytical relic abundance calculation. Bounds for mxx mass
scale in the first approximation where we include only annihilations of LKP. In the first line we show the bounds
obtained for the simplest case where all the SM masses are neglected and the KK spectrum is fully degenerated.
Line 2: non-degenerated spectrum of the first KK level. Line 3: including s channel SM higgs exchange. Line
4: including relativistic correction to the b,.; coefficient. In the left column we present the results for the non-
degenerated radii R4 < Rs, in the right column - for the symmetric radii R4 = Rs

118



7.1. RELIC ABUNDANCE - ANALYTICAL RESULTS

The blue dotted line in the figure 7.5 presents the relic abundance assuming all the (1,0)
level KK states degenerated in mass and the higgs couplings are neglected as well. In this
regime only annihilations into W gauge bosons contribute considerably. Annihilations into Z
and higgs gauge bosons are turned off and the fermion production is negligible (see fig. 7.7).
Then we release the assumption of the degeneracy of the KK states (blue dashed line). The
relic abundance gets considerably reduced. If we take a representative point myx = 350 GeV,
which lies in the range allowed by WMAP7yr data (for the most complete scenario with all
the corrections included) we have Qh? = 0.285 for the simplest scenario, a value far above the
experimental data, which is pushed down to Qh? = 0.121 for the degenerated spectrum - a value
that satisfies the experimental bounds.

This enormous reduction of about 60% is due to the considerable changes in the annihi-
lation cross section into W bosons. On the figure 7.6 we compare the first coefficient of the
non-relativistic expansion a,¢ for the tree cases studied here. First notice that effectively the
contributions coming from annihilations into quarks and leptons are strongly suppressed by the
my in the formula 7.13 while the annihilations into gauge bosons are two orders of magnitude
larger.

Then when we release the degenerated spectrum approximation, as the masses of WO scalars
exchanged in the t and u channels appear in the numerator and denominator it is difficult to
guess what will be the overall impact of the mass degeneracy. From the plot we see that the mass
degeneracy of the first KK level will reduce the value annihilation cross section O'(A(l)A(l) —
WTW™). At the example point mgx = 350 GeV we find the ratio a%e/%v ag‘%[ﬁleg = 0.376.

1.00,\77‘ T T T T =
100} T

5.0 0501 ]
T 20 2 0.20f 1
s 10 S 0107 T ]
0.5F 1 T
0.05} e ]

0.2} RN T
200 250 300 350 400 450 200 250 300 350 400 450

myk [GeV] mik [GeV]

Figure 7.6: First coefficients of the non relativistic expansion (OVrel) A rer + vfelbml. On the left panel the
coefficients of the annihilations into gauge boson are showed, in blue dotted - for degenerate K K masses, in blue
dashed - not degenerated K K masses, in blue dot dashed line - we add the higgs contribution. On the right
panel - coefficients of the annihilations into all fermions summed. in red dotted - m g x masses degenerated, in
red dashed - mx x masses not-degenerated and in green we add the higgs contribution.

The behavior of fermion production is completely different. The result is shown in the right
panel of the figure 7.6. We sum annihilations into all the fermionic degrees of freedom and plot
the first coefficient of the non-relativistic expansion for the degenerate spectrum of the first KK
level in red dotted line and for the non-degenerated spectrum in the red dashed line. In this case,
in contrast to the annihilations into gauge bosons, we see that the degeneracy of the spectrum
will enhance the annihilation cross section U(A(l)A(l) — ff). Analytically this is quite simple

to explain as the masses of the first level fermions f 1()1 ) g exchanged in ¢ and u channels disappear
in the numerators while taking trace of the S-matrix element. We are then left with the mpn
in the denominators only. Schematically we can write that the annihilation cross section into
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Figure 7.7: On the left: Relative contribution of WW annihilation (blue line) and all fermions annihilations
(dashed magenta) for the degenerate spectrum. On the right: Relative contributions ax x /ato: for the degenerate
spectrum and higgs channel added. In blue WW | in dotted green hh, in red dot-dashed ZZ, in magenta dashed
- ff final states.

fermions is proportional to

1 1 1
(mf +m3 g —m3)? — (mi+mi6)*  mi(l+z?)?

As KK quarks receive large loop corrections to the masses, for mgr = 350 GeV we have
x = 72 =1.17 for the t}, top quark then
Tnondeg 4 _ oy (7.18)
Tdeg (1 + 22)2

Thus effectively the annihilation cross section into fermions is overestimated if one assumes
degenerate KK spectrum. Contribution coming from quarks being considerably smaller than
the gauge boson contribution, the enhancement of the bosonic cross section wins and we observe
the effective decrease of the relic abundance.

Next we add the s-channel higgs exchange. The effect is small but visible. As we add new
channels to the annihilation cross section the relic abundance is further reduced. Now the change
is of about 13% compared to the previous case where we have considered the non-degenerate
KK spectrum but without higgs contributions. Notice that now all the annihilation channels
contribute, that is the cross sections o(AM AN — ZZ, hh) and the Yukawa contributions in
the top production are present. As can be seen from the figure 7.6 the cross sections for both,
boson and fermion production grows (blue and green dot-dashed lines on the left and right
panel respectively). The changes are more visible for the gauge bosons production as we open
many new channels. For the fermions the higgs s-channel exchange in the top production gives
only negligible contribution. The right panel in the figure 7.7 shows the relative contributions
of different final states into the total annihilation cross section. Still the W+ W~ gauge boson
production gives the leading contribution but we can observe growing contributions of ZZ and
hh final states with increasing mgr.

What is worth noticing is that while we do not neglect the Standard Model masses nor
electroweak symmetry breaking we effectively get new contributions to the total annihilation
cross section coming from fermionic, ZZ and hh final states which would be absent otherwise.
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From this analysis we see that these processes cannot simply be neglected as their contribution
changes of about 13% the relic abundance prediction.

7.1.4 Relic abundance — co-annihilation effects

Co-annihilations are expected to play a significant role when there are extra degrees of
freedom with masses nearly degenerate with the dark matter particle. As it was pointed out in
chapter 6, the radiative corrections to the KK spectrum in our model are quite small. Masses
of the right/left handed leptons are shifted of about 0.1/0.8% respectively thus KK leptons
can be considered as nearly degenerated with the LKP. Electroweak gauge bosons W) and
ZM) receive corrections that push their masses of about 5% while the gluons are almost 10%
heavier than A(M). The light quarks mass splittings are roughly of the same order that the weak

gauge bosons mass splittings, i.e. about 5%. Top quarks t%}s receive the largest corrections

pushing up their masses of about 15%. In the figure 7.8 we show mass splittings of the first level
resonances as a function of mg g in the non-degenerate scenario Ry > Rs.

As the gauge bosons and quarks receive corrections larger than 5% in our analytical ap-
proach we will consider only co-annihilations with right- and left-handed leptons. It should be
remembered however that due to stronger SU(2)w and SU(3)c couplings and a large number
of degrees of freedom gauge bosons and quarks can bring important contributions into the to-
tal effective cross section. We postpone the analysis of the co-annihilations effect with those
particles to the numerical part using MictOMEGAs (36) in the section 7.2.

Co-annihilations of A with one family of right-handed leptons eg)

(1)

First we include the co-annihilations with only one family of right-handed leptons ey’ and

0207 T
0.15;
son e |
O.OST\_\\_\_\_\;; ,,,,,,,,,, ,‘fffi,‘iifé
0.00:—; """ e — e — — 2
200 400 600 800 1000

Myx[GeV]

Figure 7.8: First KK level mass splittings as a function of mx . From bottom to the top at mxx = 1000 GeV:
right handed leptons (green), left handed leptons (green dotted), electro weak gauge bosons (blue dashed), singlet
light quarks (red), doublet light quarks (red dotted), tops (magenta dashed), gluons (black dotted). Assumed
geometry is R4 > Rs
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ég) with g = 2. We denote the mass splitting A = Tne—jll — 1. The formula for the effective

number of degrees of freedom becomes

Gepr = 1+4(1+ A)ze "8 (7.19)

and the effective annihilation cross section reads

Gpoeps = o(ADAD) £ 80(AW)) (1 + A)ze A + (7.20)

+ 8 (U(e(sl)e(sl)) + U(eg)ég))) (1+ A)?’e_zgcA

where we have assumed that the cross sections for annihilations of A(l)eg) and A(l)ég) as well

as e(sl)eg) and é(sl)ég)

before.

Annihilations of A(l)eg) proceed into Standard Model final states Ae, Ze, W~ v, and he.

Pairs of efgl)e(sl) or ég)ég)

are equal. The cross section for annihilation o(AMAM) is as derived

annihilate into a pair of electrons or positrons through a t and u

channel exchange of 7A(1) and Z() gauge bosons. The annihilations of eg)ég) into all the
leptonic final states Il are mediated by the s channel A and Z(1) exchange as well as t and
u channel exchange of A1) and Z() if the same flavor in the in and out states are considered.

Moreover there are diagrams transforming eg)é(sl) into a pairs of quark-antiquark and a pair of

bosons AA, ZZ, AZ, Zh and WTW . Note that in spite of the fact that eg) does not couple
directly to the SU(2)w weak gauge bosons we have the W™, final state through the SM electron
exchange in the s-channel. All the necessary annihilation cross section are summarized in the
appendix B.

Our result when including one family of right-handed leptons eg) almost degenerate with

AW is a lower LKP relic density than in the case without eg). Indeed, the self annihilation

cross section of 6(51) is much higher than the one for A®) and the co-annihilation eg)A(l) Cross
section is of the same order of magnitude that A A(!) annihilations as it can be seen in the
table 7.3. This effect translates into a mgx mass window slightly above the window obtained
for A alone. The result is shown in the figure 7.9 and the numerical values found for the
allowed mg i scale are listed in 7.4.
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600 800

Myx [GeV]
Figure 7.9: Relic abundance including the annihilations with one family of Kaluza Klein right-handed leptons in

dotted lines. For comparison we show the annihilation only case in plain lines. In red we plot the relic abundance
for the symmetric scenario R4 = Rs, in blue for the asymmetric case R4 > Rs.

co-annihilations | (ov) [pb]
AW AM 0.48
AW 0.15
éLell) 5.84
AW 0.12
ehell) 9.02
ebel)) 0.02

Table 7.3: Magnitudes of the averaged (co-)annihilations cross sections including the right-handed and left-
handed leptons. The values are taken for mygx = 500 GeV.

co-annihilations | myx [GeV] | mrx [GeV]
Ry>Rs | Ry=Rs
AWM 320 - 384 | 265 - 320
ey 410 - 560 | 285 - 400
1) 420 - 575 | 300 - 415
1) 470 - 635 | 325 - 465

Table 7.4: Bounds on the mx scale from the relic abundance including: only annihilations (line 1), one family
of right-handed leptons e(sl) (line 2), three families of left-handed leptons lg) (line 3), three families of left-handed
leptons lg) (line 4)
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Co-annihilations of A() with three flavors of right-handed leptons lfgl)

As the KK leptons are almost degenerate in mass we should include all the three leptonic
flavors in our calculation and the cross flavor annihilation channels need to be added in the
effective cross section. The formula for the number of effective degrees of freedom, neglecting
the degeneracy from the SM masses, becomes

Gepf = 1+12(1+ A)ze D (7.21)

and the effective annihilation cross section reads

Grpoers = o(ADAD) 4 245(AIGN (1 + A)zeA 4 (7.22)
+ 24 (a(UGNG)) + o (15)15)) + 20 (G)G)) ) (1 + A)e=2e2

The result is shown in the figure 7.10 where on the left panel we display the relic abundance
for the non degenerate scenario Ry > Rs and on the right panel the symmetric case Ry = Rs.
We can see that the influence of adding the co-annihilations of three families of right-handed
leptons is to reduce further the relic abundance value. It is natural as we add many new co-
annihilations channels with large cross sections while the effective number of degrees of freedom
gefs is not enhanced much. The m g bounds are shifted of about 3% towards heavier masses.
The similar effect of corresponding enhancement of the relic abundance when adding three
flavors was observed in the mUED scenario but in this model the influence of co-annihilations
with right-handed leptons is to increase the relic abundance value (91), (120). We discuss the
origin of this different behavior in the next section.

.0 3 L L L 0.0 L L L
200 400 600 800 1000 200 400 600 800 1000
My [GeV] My [GeV]

Figure 7.10: Relic abundance including the co-annihilations with KK leptons. On the left panel: the
asymmetric scenario R4 > Rs. On the right panel: the symmetric model R4 = Rs. On both panel we apply
the convention: plain line corresponds to the annihilations only, dashed line: co-annihilations with one family of
right-handed leptons e(S , dotted line - co-annihilations with three flavors of right- handed leptons lg), dot-dashed

line: co-annihilations with three flavors of right-handed and left-handed leptons S S / D
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Co-annihilations of A with three families of right-handed leptons lg) and left-

handed leptons lg)

We are now in position to repeat the same analysis but adding new degrees of freedom - the
left-handed KK lepton excitations. g; = 2 for charged KK leptons and g; = 1 for KK neutrinos.
Note that the changes in g.ry are

Geps =1+ 12(1+ Ag)2e ™85 +18(1 + Ap)ze "Ar (7.23)

where we assume all the right-handed and left-handed leptons degenerated with mass splittings

Ag/p = (ZZ“:’(/ f{) — 1). The effective cross section will then have additional terms coming from
(1)

co-annihilation channels of [ /D> v and AM between themselves. Notice that the main con-
tribution will come from the annihilations of left-handed leptons as can be seen from the table
7.3 due to their weak interactions. The effective cross section will be once more increased and
the corresponding value of the relic abundance will be reduced as can be seen in the figures 7.10
and in the table 7.4.

Notice that in the six-dimensional RP? model the effect of co-annihilations is the same
as in supersymmetric scenarios where the co-annihilations of sleptons tend to reduce the relic
abundance value. The opposite effect is observed in the mUED model, where the net effect of
co-annihilations with right-handed leptons is to increase the prediction for Qh? while the co-
annihilations with the left-handed leptons tend to decrease the Qh? value (91). This difference
between mUED and supersymmetric scenario have its origin in the fact that SUSY cross section
for co-annihilations xJx) — ff is helicity suppressed while the co-annihilation processes are
not. Adding co-annihilations therefore can only increase the effective cross-section and corre-
spondingly decrease the relic abundance. The same situation happened in our model.

In mUED the annihilation channel of the LKP vector boson BB — ff is already
of normal strength. The effect of co-annihilations can be therefore guessed only if the new
co-annihilation channels are either much weaker or much stronger. The co-annihilations with
right-handed leptons in mUED are typically of the same order of magnitude that the B
annihilations and therefore the net effect will be difficult to guess. The left handed KK leptons,
due to the stronger SU(2)yw interactions give more important contributions to the effective cross
section while the effective number of degrees of freedom is not enhanced much. There are
many studies in the literature investigating the influence of mass splittings between the KK
excitations in mUED on the relic abundance. The observation is that the co-annihilations can
either increase or decrease the relic abundance value depending on the cut-off of the theory
which in turn controls the mass splittings. In general, if the KK mass splittings are neglected,
the relic abundance will be increased by the co-annihilations but with growing splittings the co-
annihilations will tend to reduce the relic abundance prediction in analogy to supersymmetric
case (91), (48).

In our model the situation is different than in the mUED scenario because our dark matter
candidate is a spin-0 particle and not a vector KK photon like in mUED. The magnitudes of
(co)annihilation cross sections will therefore be different due to the different spin of the LKP. As
we have seen, the annihilations of A() into fermions are suppressed like in SUSY case. Therefore
the effect of decrease of the relic abundance while adding co-annihilations can be easily predicted
and understood in analogy to the supersymmetric scenarios.
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Figure 7.11: On the left panel: Relic abundance including the co-annihilations with KK singlet leptons in
mUED. The lines from top to bottom correspond to the mass splittings A = 0,0.3,0.1. On the right panel:
Relic abundance including the co-annihilations with KK singlet quarks in mUED. The mass splittings are indicated
below the corresponding lines. Extracted from (91).

It is important to notice that the heavier KK states, heavy quarks and gluons, although
interact strongly, are expected to give negligible contributions to the relic abundance in models
with large mass splitting like mUED. For example in (91) authors find that for the KK quarks
with typical mass splitting of order of 10% the relic abundance is almost unaffected by the
co-annihilations while when the mass splittings get smaller, of order of 5%, the observed en-
hancement of the relic abundance is even more important than in the case when one includes the
co-annihilations with almost degenerated leptons. This is of course due to strong interactions
increasing the value of the effective cross section. The effects of variable mass splittings in the
leptonic and quark sectors can be seen in the figure 7.11 extracted from (91).

In our model all the masses are nearly degenerated, therefore all the particles are expected
to play an important role in the relic abundance calculation. The analytical study we have
performed is useful to understand the general behavior of the model with respect to the relic
abundance calculations. We see that the co-annihilations effects play a very important role and
thus a full numerical study including all effects has to be done. We have implemented the model
into the MicrOMEGAs program (36) - a powerful program that allows one to study numerically
the phenomenology of the dark matter candidate. The results we have obtained are shown in
the next sections.
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7.2 Relic abundance - numerical results

In the following we estimate the bounds on the compactification scale R of the extra dimen-
sions using the relic abundance calculation performed numerically with MicrcOMEGAs (37),(38).
We have implement our model into MicrOMEGAs and validated the numerical implementation
with the analytical results of the previous sections. The WMAP 7-year run bound on the relic
density are 0.0773 < Qh? < 0.1473. We calculate the relic abundance using the implementation
of the model to MicrOMEGASs (version 2.4.1) and study two cases:

1. L1 where the relic abundance calculation includes only the SM final states i.e. we have
the processes (1,0) + (1,0) — (0,0) + (0,0)

2. L2 where we allow for the (2,0) KK modes in the final state. We have thus the processes
(1,0) 4 (1,0) = (0,0) +(0/2,0)

In both cases the intermediate states are (0,0) modes in s-channel or (1,0) KK modes in
t-channel with the couplings at tree level. Moreover in the L2 model the (2,0) resonances can
appear with tree level couplings as well. We will include also the loop level couplings in both
scenarios to examine their influence on the relic abundance.

7.2.1 L1 scenario - relic abundance at tree level

Using MicrOMEGAs we calculate the relic abundance Qh? as a function of the mass mgx.
Our results are presented on the plot 7.14 where we show four lines: the two dotted lines which
are self-covering most of the time correspond to the case where we include only annihilations of
AW with or without loop induced couplings. The dashed line shows the relic abundance with
all the co-annihilations included and finally the plain line corresponds to the co-annihilations
and the resonant processes turned on.

First we examine the influence of co-annihilations with all the (1,0) level particles on the
relic abundance. Schematically the processes that we take into account at tree level can be
presented as in the figure 7.12.

When we include all the co-annihilations without loop induced couplings we observe a strong
enhancement of the effective annihilation cross section o.yy for mix > 425 GeV. Interestingly
the co-annihilations tend to increase the value of Qh? in the region mrx < 425 GeV. This
effect is unexpected as in general the co-annihilations should always decrease the value of Qh2.
However the bounds we obtain from the analytical study of annihilations are identical to those
obtained here from numerical scan with MicrOMEGAs. Therefore the effect should have another
explanation. It can be due to the level crossing in masses. As can be seen from the figure 7.8
for low mxx masses the (1,0) weak gauge bosons mass splittings (blue dashed line) are quite

(1,0 0,0

(0,0)

Figure 7.12: L1 scenario - tree level processes. Here we show inly schematically the contribution modes,
t-channel diagrams also contribute.
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high, of order of ~ 10% and only at mxx ~ 375 GeV become smaller than the splittings of (1,0)
quarks. Therefore in the low mg i region the co-annihilations of electroweak gauge bosons will
be strongly suppressed by large mass splittings A; in the effective cross section formula 3.17:

Gerp(@) =3 o 9L (14 )7 (14 A)2 e #(BitA) (7.24)

i err

This would increase the value of Qh%. The “low" mgx mass region should be quantified by
more detailed study. As a starting point we can estimate that this region would correspond to
the masses where mass splittings of (1,0) gauge bosons are larger than those of (1,0) quarks.
This would give a limit mygx < 375 GeV. Notice that this is only a naive explanation. The
problem should be investigated in further work. The main contribution comes of course from
annihilations into W W~ then from about my x % 431/448 GeV the ZZ/H H processes become

of some importance (1% up to 15% at 1000 GeV).

7.2.2 L1 scenario - relic abundance at loop level

In the second step we study in both models the influence of adding the loop induced couplings.
This corresponds to the dotted and plain lines in the figure 7.14. Now we have additional
contributions from (2,0) particles exchanged in the s-channel and decaying at loop level into SM
final states as shown in the figure 7.13.

(170) ,/(050) (170) ,/(an)
\:>. (_2.7 .0_)_.:/
(1,0)” 0,00 (1,007 0,0)

Figure 7.13: L1 scenario - loop level processes. Here we show only schematically the contribution modes,
t-channel diagrams also contribute. In the left diagram all the couplings are at tree level. On the left diagram
the loop level coupling is marked in red.

The formal calculation of effective couplings were performed in (52). The mass of the (2,0)
KK particles is almost twice mass of its first KK particle partners. Thus, the resonance processes
in which the (2,0) KK modes propagate in the s-channel are important for the calculation of
the relic abundance. These effects in the mUED model are partially investigated in (87), (86)
and (39). In the works (87), (86) the second KK particle resonances are studied for the LKP
annihilation and co-annihilations relevant to the SU(2)w singlet leptons e However, it is
found that the second KK resonance processes also play an important role in co-annihilation

modes relevant to KK SU(2)w doublet leptons and KK higgs particles. In our model the possible
resonances can come from the following particles propagating into s channel: tg/’%), W(270), Z (2’0),
G20 20 Other (2,0) states do not couple directly to two SM particles and thus will not
contribute in the co-annihilation processes. In the table 7.5 we give the branching ration of the

(2,0) states into SM particles.
For the resonant particles mentioned above the corresponding co-annihilation processes are
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Note however that the processes can be suppressed by several factors:

1. If the initial particles are heavy, then the process will be Boltzmann suppressed. This

condition will be relevant for the initial GO, w®)  z1) qg/)D which receive the largest
loop corrections to masses.

2. The BR of the (2,0) to the SM is small. This condition will reduce the resonant contribu-
tions but is much less important than the Boltzmann suppression factors.

3. As the velocities of the particles near the freeze out temperature are non-relativistic, if
one is far below the resonance condition, that is the inequality (m; + ms)? < m% holds,
then and the process will be Boltzmann suppressed as well due to large momenta of the
incoming particles required to produce the resonance.

We define mg gres the KK mass at which the resonant condition

(mq 4+ mg)? =m3 (7.25)

is verified. Here mj and msy are the incoming particle masses and mgs is the mass of the state
exchanged in the s-channel. Among many of kinematically allowed resonances listed above, the
contributions of some of them will be highly reduced by the factors listed above:

1. té?/)D have low branching ratios into the SM particles and the initial states producing

this resonance are heavy, thus the processes will be both Boltzmann suppressed and loop
suppressed.

2. Z@ and W® resonances have comparable BR to the SM particles. The initial states {(1:9)
however are quite light and the process will be Boltzmann suppressed as we are far below
the resonance condition.

3. The strong couplings of G result in the very large BR into SM states. However the
modes producing the resonance, (1) quarks and gluons, are particles with the largest mass
splittings in the model, therefore the processes will be strongly suppressed by Boltzmann
factors.

4. H® particles, in spite of very weak BR are produced by all the (1,0) coannihilating states
including AM) Therefore the effective cross section will be enhanced mainly due to the
process AN + AW — H ) 5 gM.
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Figure 7.14: Relic abundance in function of m . In all the plots we set the convention : dotted - annihila-
tions and annihilations + loops. dot-dashed - co-annihilations, plain line - co-annihilations + loops. For colors
conventions: In green - Ry > Rs (left), in blue L1 Ry = R5 (right)

From the plot 7.14 we can easily see the influence of loop induced couplings and inclusion of
(2,0) modes in the final state in the calculation of the relic abundance of dark matter.

When we include only annihilations of A®) then the unique (20) resonance comes from
the second level higgs H? exchange additionally to the SM higgs in the process A AN —
H/H (2) —s ¢f. The resonant condition 4m%( K= mip is reached from below. For mrr < mikres
we can observe only a small dip created at m g g,es = 267 GeV which correspond to H (2) resonant
exchange in the s-channel of the reaction AMAM) s 5 At the same time when my i exceeds
the resonant value, the influence of the s-channel higgs is stopped and we observe a sharp end
in the plot of Qh2, for mix > M kres the Qh? values are the same as in the case without H?
resonance. The relative contribution of processes contribution to Qh? are plotted in the figure
7.15. The main contribution comes from AN A® — W+W~ when the resonances are turned on
the AW AM — ¢ contribution, which normally is at 1% level, is enhanced and gives a relative
contribution of about 30% into the total effective annihilation cross section.
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Figure 7.15: Relative contributions of the partial annihilation cross sections to the relic abundance in L1
and L2 scenarios (when we take only annihilations into account these two scenarios give the same result). On
the left panel we see the dominant contribution of AMA® — W+W~ annihilation in red, and the sub-
leading annihilations into ZZ (blue) and HH (green). On the right panel the same colors are applied for the
contributions when we include the loop couplings. We clearly see the resonant contribution of A AM — ¢f in
magenta which is enhanced by the H® exchange.

When we include all the co-annihilations, all the resonant particles mentioned above con-

130



7.2. RELIC ABUNDANCE - NUMERICAL RESULTS

tribute. The condition eq. 7.25 can be met for processes:

th)s+ AN /Z0 515 o at micscres ~ 385/680 GeV,

D/s
W + A0 - w® at My gres = 277 GeV,
tA(Sl/)D + tA(Sl/)D - G(Z) at MK Kres = 740 GeV.

For all those processes the resonant condition is achieved from above. Therefore the res-
onances will be turned on for myg higher than the threshold values. The result of this is
the strong reduction of the relic abundance for high myx masses. The co-annihilations into
H®) always pass through the resonant condition from below. The minimum corresponding to
AW AD 5 H®) g not visible now because of the average taken on all the co-annihilations
processes with resonant contributions which smooth the QA2 result. The main contribution, of
about 30% comes from the W2 gauge boson as its decay width into SM particle is larger than
for other (2,0) states. The (2,0) gluons have large decay rates into two SM states but due to
the large mass splittings their influence will be strongly suppressed by the Boltzmann factor.

7.2.3 L2 scenario - relic abundance

Now we turn to the L2 scenario. The processes included in this case include SM particles
and (2,0) KK modes in the final states. In the figure 7.16 we show schematically the processes
that are mediated by s channel particles. The additional processes when the loop level coupling
are turned on are presented in the figure 7.17 where we show the loop induced couplings as red
vertices. The t and u channel particles of level (1,0) are also present and are all mediated by
tree level couplings.

(la O) . ,/(Oa 0) (17 O) . ,/(07 0)
S (0,0) 7 S (2:0)

(1,00 (0,00 (1,0)7 (2,0)

Figure 7.16: L2 scenario - tree level processes. Here we show only schematically the contribution modes,
t-channel diagrams also contribute.

(1,0)” 0,00 (1,007 (2,0)

Figure 7.17: 12 scenario - loop level processes. Here we show only schematically the contribution modes,
t-channel diagrams also contribute. The loop level vertices are shown in red.

In general the final (2,0) states can decay at tree level into a pair of level (1,0) particles
or into SM+(2,0) states. However, the A and H(? particles are not heavy enough to decay
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into (1,0) states and thus will effectively contribute to the relic density (see tab. 7.5 for the
branching ratios). Note also that, due to their relatively small masses their production out from
the (1,0) states will not be kinematically suppressed at high level. We name the A® and H®
particles as the SM like heavy states.

In the L2 scenario we see that the bounds do not change, compared to L1 case, if we include
only annihilations. It is reasonable as the main processes that contribute in both cases are
the annihilations AW AN — WHW =, ZZ, HH that are mediated only by tree level couplings.
For kinematical reasons, the SM like heavy states cannot be produced from two AMAM) at
non-relativistic energies.

Including co-annihilations we have many new final states including A and H® as compared
to the L1 scenario. Therefore, as it can be seen form the figure 7.18, the relic abundance bounds
on mg i will be pushed up to mg i ~ 850 GeV. The main contributions are shown in the figure
7.19. Notice that in the L2 scenario we do not have the problem of crossing lines for annihilations
and coannihilations as it was the case for L1 model. This could be explained by the face that
now the new contributions from (1,0) final states are so important that Qh? in almost insensitive
on the particular mass splitting of incoming particles.

7.2.4 Comparison of the mygx bounds in L1 and L2 scenarios

In the table 7.6 we summarize the bounds on the mg g mass scale deduced from the full
(including all the co-annihilation channels) relic abundance calculation in the two scenarios L1
and L2 using MicrOMEGAs. The results for both scenarios including all the co-annihilations
and loop couplings are shown in the figure 7.20 for both geometries: Ry > Rs and Ry = R5. We
observe that the loop induced couplings do not influence the relic abundance bounds when we
open only annihilation channels. The only resonant particle in this case is the heavy higgs H(?)
which produces a resonant minimum but for the mg g far below the expected range compatible
with the WMAP data. This behavior is evident in both scenarios L1 and L2, moreover we have
the same bounds for myx with the expected value set quite low at 360 GeV in the asymmetric

myr [GeV] | 500 1000 1500
1 0o 0 0
1 0 0 0
¢ 0 0 0
2 0 0 0
2 0.04 0.00 0.00
#2) 0.04 0.040 0.01
A 0.43 0.45 0.43
w® 0.43 045 0.43
G® 0.15 0.14 0.14
H® 1.00 1.00 1.00
A®?) 1.00 1.00 1.00

Table 7.5: Branching ratios of the (2,0) KK modes into SM particles.
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Figure 7.18: Relic abundance in function of mxx. In all the plots we set the convention : dotted - annihila-

tions and annihilations + loops. dot-dashed - co-annihilations, plain line - co-annihilations + loops. For colors
conventions: In magenta - L2 R4 > Rs, in red L2 Ry = Rs (right)
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Figure 7.19: Relative contributions of the partial annihilation cross sections to the relic abundance in L2
scenario when all the coannihilation channels are open. On the left panel we see the dominant contribution of
ZS}SA(U — IA® in red . Other channel are ZS)VI — qq co-annihilation in green, lg)ul — AH® in magenta,

gV AD 5 gA® in blue and bg)W(l) — b,W® in black. On the right panel the same colors are applied
for the contributions when we include the loop couplings. We see the importance of the W@ resonance in the
ZS)V(U — qq processes when the loop couplings are turned on.

scenario R4 > R5 and at 290 GeV in the symmetric case R4 = Ry. In the L1 scenario when we
include all the co-annihilation channels but not loop induced couplings the relic abundance is
reduced of about 20 (14)% in the R4 > R5 (R4 = R5) case and when we add the loop couplings
the resonant contributions lower the Qh? value of 52% and the expected mass scale is pushed
up to mix = 540 (260) GeV. In the L2 scenario, where the (2,0) states are allowed in the final
states the impact co-annihilations is more important, lowering the relic abundance value of 55
(26)% for Ry > Rs5 (R4 = Rs) which traduces into mass scale of about mgx = 640 (360) GeV in
then adding loop couplings the Qh? value decrease further of about 36 (15)% with respect to the
co-annihilations only setting the mass range at 790 (400) GeV. The relative impact of opening
the (2,0) final states is always to decrease the relic abundance value and in our study we observe
a reduction of about 50 (45)% between the L1 and L2 scenarios when all the co-annihilation
channels and the loop induced couplings are taken into account. Notice that the numerically
obtained bounds are in prefect agreement with the analytical results summarized in 7.2 for the
annihilations.
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Figure 7.20: Relic abundance for the four scenarios taking into account all the co-annihilations and loop
couplings. Form top to bottom we have: blue dashed - L1 Ry = Rs, red plain - L2 R4 = Rs, green dot-dashed -
L1 R4 > Rs, magenta dashed - L2 R4 > Rs.

model | mik[GeV] || mikr[GeV] | model
L1 A 320 - 385 320-385 | L2 A
L1C 260 - 355 630-890 | L2C
L1 CL | 440 - 620 700 - 990 | L2 CL

Table 7.6: Bounds on the mxx form the relic abundance calculation in the models L1 and L2.

7.3 Cut-off dependence of the relic abundance

Electroweak precision observables presented in chapter 2 are very important bounds on the
compactification scale in extra-dimensional models. In the paper (29) authors derive bounds
from the electroweak data on the size of extra dimensions accessible to all the standard model
fields focusing particularly on the 5- and 6-dimensional case.

It is shown that in the case of one extra dimension one can reliably ignore the effects of KK
modes heavier than the cut-off A. With two extra dimensions the KK modes give corrections
to the electroweak observables that depend logarithmically on the cut-off, and in more extra
dimensions the dependence is even more sensitive.

They estimate that for a 5-dimensional scenario the bound is rather low of my g ~ 300 GeV.
In the case of two universal extra dimensions, the lower bound on the compactification scale
depends logarithmically on the ultra-violet cutoff of the higher dimensional theory, but can be
estimated to lie between 400 and 800 GeV.

The sensitivity of electroweak parameters S and 7' on the cut off in our model were studied
in (98). It was shown that they in fact depend logarithmically on the cut off scale. This
suggests that the UV contributions that can arise from localized kinetic terms or bulk higher
order operators can affect in a significant way these parameters. In the (98) the points on the
orbifold where these divergences arise were shown. As mentioned, the UV sensitivity of the
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precision observables limits the predictive power of these bounds.

Another way to set an upper limit for AR is by considering unitarity constraints, which in
the higher-dimensional theories typically yield A < 20 (61). We have checked in our model that
AR cannot exceed much the value of 10 as then the unitarity of the S-matrix is broken.

We will therefore use a typical scale AR = 10 in our model and while performing scans over
a range of parameters we will lower AR from 10 down to 2 in order not to exceed an already
high value AR = 10.

The spectrum of the model as well as the loop induced couplings are cut off dependent. In
the table 7.7 we show the mass splittings for myxx = 500 and 800 GeV for two different values
of the AR parameter. How the spectrum vary for a given mass scale mix as a function of AR
is plotted in 7.21

mir [GeV] AR I D D Y ) v g
500 10 | 0.0026 0.0099 0.0458 0.0545 0.1078 0.1165 0.0373 0.0854
500 5 10.0020 0.0073 0.0336 0.0399 0.0952 0.1016 0.0288 0.0602
800 10 | 0.0039 00111 0.0471 0.0558 0.0751 0.0338 0.0298 0.0867
800 50 | 0.0030 0.0083 0.0346 0.0409 0.0619 0.0682 0.0223 0.0613

Table 7.7: Mass splittings A; = miK — 1 for two values of mxx = 500, 800 GeV and for two different values

mEK

of the cutoff AR = 10 and AR = 5. V) stands for weak gauge bosons W) and Z™).

Mkk=500 Mkk=800
0.14] 1 014r
0.12F o2
0.10f T {1 010f
4 008 - T 5 008
0.06 1 006F
0.04F B 0.04F
0.021 0.021
0.00 = : ‘ 0.00 L
2 4 6 8 10 2 4 6 8 10
AR AR

Figure 7.21: First KK level mass splittings as a function of AR. On the left panel: splittings for mxx = 500
GeV, on the right panel: splittings for mxx = 800 GeV. On both panels we adopt the colors from bottom to
the top at AR = 10: leptons (green), electroweak gauge bosons (blue dashed), light quarks (red), tops (magenta
dashed), gluons (black dotted).

Due to these variations of the mass spectrum the relic abundance will change with the
cutoff as well. In the figures 7.22, for L1 scenario, and 7.23, for L2 scenario, we show how the
relic abundance changes with AR going form 5 to 10. The qualitative behavior in these two
models is the same therefore in the following we will concentrate in the L1 model only. The
L2 generalization will be straightforward and the only difference will be quantitative bounds of
MKK-

We see that when we include only annihilations the growing cutoff has the effect of increasing
the relic abundance. In contrast, when we include all the co-annihilations the situation is inversed
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Figure 7.22: Variations of the relic abundance for R4 < Rj in L1 scenario. Annihilations only (top left),
annihilations and loop couplings (top right), all co-annihilations (bottom left) and all co-annihilations with loop
couplings (bottom right). Magenta AR = 10, blue AR =7, green AR =5

- with growing cut off Qh? is getting reduced. To understand these effects we need to know first
of all which quantities are most influenced by the cutoff. Of course the principal influence will
be on the mass spectrum of the particles which is explicitly cutoff dependent. Then, while
we include loop induced processes, the effective couplings violating the KK number are also
dependent on the cutoff scale of the theory.

7.3.1 Cut-off dependence of the relic abundance — tree level

Let focus first on the two simple cases L1A (only annihilations) and L1C (all co-annihilations
included) which correspond to bottom and top left panels in the figure 7.22. In both cases we
do not have any loop induced couplings thus the cut off dependence will enter only in the mass
spectrum. With growing cut off for a given myg i the mass splittings are growing as can be seen
in the figure 7.21. As the annihilations are mediated by the (1,0) level particles in ¢-channels
mainly (for (1,0) quarks and A, Z(M) for larger mass splittings the individual cross sections
will be suppressed with growing AR. We effectively see this effect while calculating the total
cross section for a given value of my which we take myg g = 500 as the benchmark point but
the exhibited behavior will be the same for other values of myg . We show the variation of the
total cross section AN AM — SM for two values of AR = 10,5 (we note then the cross section
for the corresponding AR values as oppr) in the figure 7.24.

As in the relic abundance it is the mean value of ov that enters the formula we estimate its
value by assuming Boltzmann distribution of velocities of DM
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Figure 7.23: Variations of the relic abundance for R4 < Rj in L2 scenario. Annihilations only (top left),
annihilations and loop couplings (top right), all co-annihilations (bottom left) and all co-annihilations with loop
couplings (bottom right). Magenta AR = 10, blue AR =7, green AR =5

2
f(p)dp ~ p* exp <2£kT> dp (7.26)

where T' = m/xp with zp = 25 (we can safely assume that z is constant. We have checked that
during the relic abundance calculation indeed its value varies within the range of 22-26 for all
the range of mi g and for all the assumed values of AR).

Then we calculate simply the mean value (ov) and we obtain 3.76 [pb] for AR = 10 and
3.20 for AR =5 so effectively the mean value (ov) is larger for larger cutoff scale and the relic
abundance will be smaller.

Now we turn from the annihilations only to the case where we take into account all the
co-annihilations. In this case the decreasing cutoff AR implies a decrease in the relic abundance
for a given value of mg . This opposite effect as compared to the annihilations only can be
explained by the larger suppression coming from mass splittings. The independent decrease in
the cross sections with growing AR will be counter-balanced by the growing mass splittings that
enter the formula 3.17. The overall effect will be a decrease of the relic abundance value. We
observe qualitatively exactly the same behavior in the L2 case, presented in the figure 7.23, with
of course different mg bounds as we have different final states.
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Figure 7.24: Total annihilation cross section A AN — SM as a function of Pems for Mg = 500 GeV and
AR =5, 10 in red and blue respectively.

7.3.2 Cut-off dependence of the relic abundance — loop level

Results we obtain including loop couplings are plotted on the top and bottom right panels of
the figures 7.22 for L1 and 7.23 for L2 scenarios. The qualitative behavior is analogous to the tree
level study. Note that the H® resonance occurs at larger values of my with decreasing AR
(top left panel in the figure 7.22). This is simply a consequence of the different loop corrections
dependence on AR for A and H®) masses and thus the resonance condition will give different
values of Mg kres-

We summarize the numerical bounds for the different values of the AR parameter in the two
scenarios L1 and L2 in the tables 7.8 and 7.9. We should focus especially on these values where
all the physical processes relevant for the relic abundance calculation, i.e. the co-annihilations
and loop induced couplings are taken into account. Note that the allowed mass values vary
from about 200 GeV for the symmetric case - a value that is already excluded by the accelerator
searches, up to 1 TeV - a region that would be viable as not yet excluded by the LHC data.

AR 2 4 6 8 10
L1A | 420 - 510 | 365 - 435 | 342 - 410 | 330 - 395 | 323 - 385
L1AL | 427 - 545 | 370 - 435 | 342 - 410 | 330 - 395 | 323 - 385
L1C | 215- 300 | 240 - 330 | 250 - 345 | 255 - 352 | 260 - 357
L1CL | 235 - 380 | 360 - 530 | 405 - 580 | 425 - 605 | 440 - 620
L2A | 420 - 510 | 365 - 437 | 343 - 410 | 330 - 395 | 322 - 385
L2AL | 427 - 545 | 370 - 437 | 343 - 410 | 330 - 395 | 322 - 385
L2C | 385-545 | 505 - 735 | 570 - 815 | 607 - 865 | 630 - 895
L2CL | 500 - 740 | 570 - 820 | 640 - 905 | 675 - 955 | 700 - 990

Table 7.8: mxx bounds (in GeV) from the relic abundance for different values of AR for Ry > Rs.
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AR 2 4 6 8 10

L1 A 332-415 293-358 278-338 269-325 262-318
L1 AL | 332-415 293-358 278-338 269-325 268-318
L1C excuded < 235 < 245 < 252 < 255

L1 CL | excuded < 285 < 300 < 305 < 310

L2 A 330-415 295-360 280-340 270-325 265-318
L2 AL | 330-415 295-360 280-340 270-325 265-318
L2 C | 225 - 345 | 275 - 425 | 305 - 450 | 320 - 465 | 325 - 475
L2 CL | 240 - 365 | 295 - 455 | 330 - 480 | 340 - 495 | 350 - 505

Table 7.9: mxx bounds from the relic abundance for different values of AR for the symmetric case Ry = Rs.

Decreasing the AR parameter from AR = 10 down to AR = 2 we decrease the allowed
bounds for mg i of about 30%. The upper limit on AR derived from the unitarity constraints
can serve as an estimate for the AR in more realistic studies. One has to carefully chose the
value AR in order to estimate the right bounds for the compactification scale. Other question
that can be addressed in this case is the influence of UV phenomena on the low-energy effective
theory, as varying the cutoff the high-energy completion may play an important role. This study
is however far beyond the scope of this thesis.

7.4 H? localized mass parameter m;, dependence of the relic
abundance

The next step is to vary the my,. parameter which is a free parameter of the model. It
corresponds to the mass operator localized on the singular points of the orbifold. Effective
theory order of magnitude estimates suggest that reasonable values for the localized term should
be my,. < mg . Moreover as it was mentioned in chapter 6 the bounds on the m;,. parameter
should be applied from the electroweak precision observables as well. This parameter changes
the mass of mpy2 thus affecting the position of the resonant cross-sections contributing to the
relic abundance calculation on one hand. On the other hand higher mass of H®) will change
the possible decay modes of this particle. For my,. = 0, the value we have assumed in all the
previous analysis, the only possible decays of H®?) are into SM particles. Increasing my. the
decay channels into heavier states from (1,0) tier will open. For example, taking into account
the allowed bounds of my,./mkk from the electroweak constraints, we can put as a benchmark
point mix = 600 GeV and then we have the branchings as shown in the table 7.10

Resonance condition
As it was mentioned in section 7.2 main processes including the resonant H® are from the

annihilations of A A(M) states. The resonance condition 7.25 for H® | assuming the incoming

particles at rest (which is reasonable as the DM at decoupling is highly non-relativistic) can be

written as

M+ My

5 with

MK < § =464 — 0 (7.27)
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mipe | tt | ADAD

0 1
100 1
200 | 0.92 8

Table 7.10: Branching ratios of H® for m,. = 0, 100, 200 GeV.

where §;, and d4 stands for the loop corrections calculated in chapter 6. In the table 7.11 we
give the numerical values for the resonant masses my g satisfying the equality in eq. 7.27 and
the corresponding lower bound from the p calculated in chapter 6.

Mioe | M5 [GeV] | mhe e [GeV]
0 267 0
100 353 351
200 544 558
300 769 731
400 1005 886
500 1248 1028

Table 7.11: The values of m}j corresponding to resonances 2m 41 = mpy2 and the lower bounds for m%, .
obtained from the electroweak precision constraints for different values of mjec.

In the figure 7.25 we give the electroweak bounds for the my,./mgx in green and the res-
onant value of mggres as a function of my,. in red. We see that the stringent bounds coming
from electroweak constraints leave us with only a small possible window for varying my../mg .
However it should be remembered that there are other contributions to the electroweak param-
eters in our model which are not calculable. These extra terms are higher order operators with
respect to the contributions we have calculated. Therefore they will be typically suppressed.

Finally we are ready to study the influence of the resonant H?) diagrams to the relic abun-
dance. In the first step we do not consider the bounds from the electroweak constraints.

First let us focus on the L1 case. We have the model with only annihilations and loop
couplings.The resonant H? can thus only be exchanged in two processes AW AM) — ¢t HH.
The results of the scans are showed in the figure 7.26 on the two top panels.

We can observe a peculiar behavior of the relic abundance. The enhancement of the effective
cross section o.yy begins rather early, far before the resonant value of mgy. The process
responsible of this effect, AN AM) — £ is not counter-balanced sufficiently in the region mgx <

mife. Thus for mi < mi& the process is still below the resonance and effectively enhance

the total cross section. Once the resonance condition my i = m’j is satisfied, i.e. the incoming
particles are above the resonance, the wide minimum is sharply cut. The minima appear very
near the resonant value of mi g for the incoming particles at rest, namely 2mpxp = mpye.
The values of those m/&j, masses are listed in the table 7.11. What is worth noticing is that

the minimums are getting more deep and wide with increasing my,.. For my,. € (100,250) the
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Figure 7.25: Bound on my.. as a function of the mxx mass, obtained imposing that the effect on the p
parameter is not larger than the allowed measured value within 30. The green line shows the lower bounds on
Mioc/ MK i, the region above the line is excluded by electroweak constraints. In red we plot the resonant value
of miKkres as a function of m,.. We see that only in the region 110 GeV < mgr < 236 GeV can be relevant
physically when we take into account the electroweak constraints. Here we assume the geometry R4 > Rs.
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Figure 7.26: On the left panel: The shape of the resonances of H® in L1 for all the co-annihilations included.
H® appears in s-channel in reactions AV BW — ¢, O FD 5 ¢ where f) stands for any fermion of level
(1,0) and A, BY - any gauge electroweak boson from level (1,0). From the left to the right we see the minima
corresponding to m.. = 0, 100, 200,300 GeV. On the right: Scan of the allowed mx x masses with varying mioc
in the range 0 < myo. < 500 in the model L1 with all co-annihilations. In yellow we show the range excluded by

electroweak precision tests, in green the bound allowed by the condition mis < mf, ..
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minimum is deep enough to exclude a region of myy that was allowed for m;,. = 0 (i.e. while
not including the localized mass operators.) For mj,. > 400 the minima do not reach the bound
of Qh? allowed by WMAP data.

In the figure 7.26 we plot the relic abundance including all co-annihilation channels in the
model L1 and we change the value of m;,. parameter. We can clearly see the s-channel resonances
of H® on the left panel. The main contribution to QA2 comes from the reaction AW AM) — ¢,
In this scenario we observe a very clear and narrow minimums appearing in a neighborhood of
micse. For my,. = 50, 100 we can hardly see a small minimum in the relic abundance which do
not change the allowed values of mg . Then for higher values of 200 < my,. < 400 we see that
the mg g values that were forbidden in the absence of resonance are now allowed. Moreover
the minimum at my,. = 150 is deep enough to exclude a small region of mgx where the relic
abundance is below the WMAP limit Qh? < 0.0773. As in the previous case, for mj,. > 400 the
corresponding resonant masses mcy > 1000 GeV and the minima are not deep enough to reach
the region of Qh? allowed by WMAP data.

In the right panel of the figure 7.26 we show the full region of allowed mg g for my,. varying
between 0 and 500 GeV. In yellow we show the region excluded by the electroweak precision
tests. This leaves us with a restricted region for my,. but still we can consider the enhancement
of the effective cross section for large m;,. and the corresponding window of m g masses can
be open up to ~ 900 GeV. However, if we add the condition that the mg kres value should not
exceed the bound given from the same electroweak tests for a given my,. then the only allowed
bound is highlighted in green. This bound is very stringent and leaves only a small window for
mpr which is the same as we would obtain for m;,. = 0.

Now we give the bounds obtained in the L2 scenario. As it was noticed before in the section
7.2 the bounds do not change between the two possible model L1 and L2 when we include only
annihilations. Thus we include all the co-annihilation processes and read the allowed ranges of
myr which are plotted in the figure 7.27. Note that the minima are much less deep that in the
L1 model thus the allowed regions for myx will be much more restricted.
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Figure 7.27: On the left panel: The shape of the resonances of H® in L2 for mje. = 0,100,200, 300 GeV.
Included processes - all co-annihilations. On the right panel: Scan of the allowed mgx masses with varying

Mioc in the range 0 < Mo < 500 in the model L2. In yellow we show the range excluded by electroweak precision

tests, in green the bound allowed by the condition mf < mf .

The bounds imposed in green should be however studied in more details. In fact we exclude
all the region where the resonant mass mpg ges for the H 2) exchange is lower than the bounds
imposed by the electroweak tests. One should although remember that there are other co-
annihilation processes in which the s-channel resonances are different particles from the (2,0)
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level, such as mentioned before weak gauge bosons W2 and Z(2). The masses of those particles
will be affected by my,. parameter as well - the dependence that we should add in our numerical
implementation of the model. The new bounds coming from these resonances should be then
studied together with the electroweak constraints.

7.5 Direct detection bounds

As mentioned in chapter 3 a number of experiments are currently searching for a cold dark
matter. Their sensitivity is being continuously improved and the upper limits are upgraded
regularly. The best upper limit for the WIMP-proton spin independent cross section has been
recently obtained by Xenon, (75){ < 3.4 x 1078[pb] for a 55 GeV WIMP and CDMS J]f)f <
3.8 x1078[pb] for a 70 GeV WIMP. For limits from other experiments see 3.1. The spin-dependent
cross section is much less restrictive.

In the extra-dimensional models the potential dark matter candidate is usually a KK gauge
boson, but it is also possible that a KK scalar, a KK graviton or a KK neutrino is the lightest KK
particle. In the minimal UED model the dark matter candidate is the U(1)y gauge boson B()?
In our six-dimensional model the dark matter candidate is the first level photon A®) which is
a scalar particle. Thus its interaction properties will be different from the mUED model where
the first level photon is a vector particle. It is worth mentioning here that one can find other
model in the literature where the dark matter candidate is scalar particle - the inert doublet
model (IDM) (99)

The main difference is that there is no spin-dependent interaction. Therefore the direct
detection will be mediated only by spin-independent processes. The case where the direct
detection signal is mediated only by the SI interaction is much less discriminating (it is more
difficult to discriminate the model which is being detected). The only information that can be
used is the total cross section and the mass of the DM particle.

We compute the direct detection signal using MicrOMEGAs2.4. The input model is as
defined in previous section. The direct detection signal is mediated by the processes showed in
the figure 7.28.

A —= g

(1)
Kis/p

Figure 7.28: Feynman diagrams for direct detection Aq — AW g via q%,p in s/t channel.

The interactions of A1) with all the SM quark are mediated by the level one quarks qus

in s and ¢t channels. Interactions with heavy quarks b,¢ are mediated also by the higgs boson
in t-channel. The Yukawa couplings with light quarks can be safely neglected as they are
proportional to the mass of the quark . There are also present the loop induced coupling of
second level higgs H? with the top quark.

2. More precisely the dark matter candidate is the level 1 photon A® _a linear superposition of B and Wél)
but the mixing angle can be safely neglected.
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Given all the model implemented in MicrOMEGASs the parameters we can vary is first of
all the cut off of the theory AR and the mass of the H® via my,. as it was the case in the relic
abundance studies. Note however that the H® exchange in this case is in t-channel. Thus there
will be no resonant effects enhancing cross section AW g — AMg. Moreover, as the interaction
mediated by H® exchange have a loop induced coupling, its effect will be negligibly small. We
have checked the impact of adding this channel into the total cross section and we have seen
that the higgs contribution do not affect in any way the direct detection signal. Thus in our
scans we keep mj,. = 0.

We vary AR parameter in the range 2 < AR < 10. As with growing cut-off the masses
grow the effect of varying AR from AR = 2 up to AR = 10 will be the decrease of the SI cross
section which is suppressed by the level one quark messes m,i. The result we find is shown in
the figure 7.29 where we show the variation of the spin-independent cross section with mg g for
three choices of AR = 3, 5, 10 as well as various experimental bounds and the numerical values
for three example points AR = 3, 5, 10 are given in the table 7.12. We obain the same results
for both geometries of the orbifold Ry > R5 and R4 = Rj as the (2,0) particles do not interact
in the direct detection processes.
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Figure 7.29: Direct detection bounds on myr masses for the RP? for AR = 3,5,10 in blue, blue dashed and
blue dotted respectively. In blue WIMP - proton cross section in cm?. In red we give the Xenon limits, plain -
2011, dashed - 2012, dotted - 2017, dot-dashed magenta/green - Zepelin/CDMS+EDELWIESS.

For the "natural" set of parameters AR = 10, m;,. = 0 we note that the direct detection
bounds predict the masses of CDM in the range of myx > 410 GeV for the less constraining
ZEPELINIII data and this value is pushed up to 630 GeV for the most constraining Xenon2012
limits. These values are compatible with relic abundance bounds L1 CL and L2 C/CL for the
masses lower than 620 GeV while the last obtained bound from Xenon2012 mg g > 630GeV is
compatible with L2 C/CL predictions.

The lower mgx bound from estimates of Xenon2017 pushes the value of mg g up to more
than 1TeV which will be difficult to reconcile with the relic abundance limits.

For lower cut-off the bounds for mxk are pushed up and for example for AR = 3 we get
mgr > 600 GeV or mg kg > 900 GeV for the less constraining ZEPLINIII and most constraining
XENON2012 bounds respectively. As lowering the cut off have the opposite effect for the relic
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Experiment || Zepelin | Edelweiss+CDMS | Xenon2011 | Xenon2012 | Xenon2017 || AR
10~ %o[em]” || 23.478 11.045 5.697 2.115 0.041 3
m i [GeV] 600 675 760 900 1840

10~ %o[em]? || 19.154 9.721 4.861 1.762 0.036 5
m i [GeV] 500 560 630 750 1540

10~ %o[em]? || 14.718 7.615 4.165 1.38922 0.028 10
m i |[GeV] 415 465 520 630 1315

Table 7.12: Lower bounds for the mxx mass from different direct detection experiments.

abundance calculation, i.e. with growing cut-off the allowed mass range is pushed up the overall
parameter space will be much smaller. For the AR = 3 we find indeed that the relic abundance
bounds restrict mi i to be lower than 675 GeV and the strongest direct detection bounds
mrr > 900 will exclude this candidate.
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Chapter 8

LHC phenomenology

Some aspects of the phenomenology of the model on the real projective plane have been
discussed in refs. (51) and (52). In particular all the loop level decay widths of the (2,0) states
were calculated in ref. (52). A detailed study of 4-top events in the scope of the LHC signals
was presented in ref. (50). Here we will focus on the even tiers (2,0) and (0, 2) phenomenology.
These states are important because they lead to events without missing energy, and therefore
they can give signatures very different from supersymmetric models.

Notice that the phenomenology of the model will change depending on the relation between
the radii Ry = £R5. Here we show the results for two simple cases as we have done for the dark
matter phenomenology: R4 > R5 and Ry = Rs. Loop corrections to KK masses of the (2,0)
modes are different in both cases, and typically are twice bigger in the degenerate case Ry = R5.
We will observe the influence of this geometrical effect on the phenomenological signals of the
model in what follows.

8.1 Decays of the (2,0) KK modes - influence of the geometry
of the orbifold.

8.1.1 (2,0) gauge bosons

Gauge bosons can be pair or single produced via loop couplings in the LHC. First we calculate
widths and direct branching ratios of all the (2, 0) particles to see what are the main decay modes
at loop level. In the plots 8.1 we show the total decay widths for the KK gauge bosons. Notice
that in general they grow with increasing mg i and that for the asymmetric orbifold R4 > Rs
the widths are about one order of magnitude lower than in the symmetric case.

In the tables 8.1 and 8.2 we summarize direct decay branching ratios of (2,0) gauge bosons
for mgr = 600 GeV for the degenerate and non-degenerate case. Note that the masses of the
(2,0) modes as well as total widths change considerably depending on the geometry. In general
the decays into heavy KK states (2,0) or a pair (1,0) + (1,0) grows as Ry — R5. Two exceptions
are the lightest states from the (2,0) tier - the KK photon A® and the higgs H® which will
decay uniquely into SM states independently on the underlying geometry. Also the branching
ratio of the KK gluon G® into (2,0) quarks will decrease rather than increase due the crossing
in masses between G(?) and ¢(?). Typically, mass corrections to the top quarks ¢?) will make the
quarks heavier than the G gluon for mgx < 1 TeV in the asymmetric geometry while gluon is
already heavier than top quarks t® for mxx 2 500 GeV in the symmetric case. KK excitations
of the higgs boson H® will decay into pairs of Standard Model tops but both, the production of
higgs excitations and then their decays, are strongly suppressed as compared to other KK bosons
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Figure 8.1: Total widths of the (2,0) gauge bosons as a function of mx k. From top to bottom: green dot-
dashed - I'(2), magenta, dashed - I'yj;2) = I' 52, blue - I' 42y, red dotted - I'j;2). Left panel Ry > Rs and
right panel Ry = Rs.

therefore we will neglect the KK higgs in the following study. Other reason for this ignorance
is our poor understanding of the higgs sector in the extra-dimensional models. From the tables
8.3 and 8.4 we clearly see that the direct production of phenomenologically interesting SM final
states will be suppressed when the geometry of our orbifold become symmetric. In what follows
we show the plots of branching ratios only for the non degenerate case Ry > Rs. In the limit
R4 = Rs5 the behavior of the BRs is qualitatively the same with only a quantitative difference
shown in the tables where we summarize the BRs for the two different geometries.

particle | mass [GeV] | 'y [GeV] decay mode BR [%]
H® 1180.3 0.001 tt 100
A®) 1200.1 0.05 SM 100
SM 45
72 1231.5 0.14 1O 4 Mz | 18416
1] 4 o) 10410
SM 45
w® 1231.5 0.14 1WpM) M) 35
12 4+ @ 10+10
SM 23
G®2 1318.3 4.42 ¢Wqg® 42
qq® 21

Table 8.1: Main decay channels and their branching ratios in % of (2,0) gauge bosons at mrx = 600 GeV.
Ris> Rs

KK photon A

KK excitation A®) due to its very small loop corrections can decay uniquely into SM particles
via loop couplings. Tree level decays into two particles of (1,0) level or into a pair (2,0) + (0,0)
are kinematically forbidden for this particle. Direct branching ratios of A into different SM
states are listed in 8.3 and 8.4 for Ry > Rs and R4y = Rj respectively. The main decay is into
a pair of quarks which is at 73% level and the SM top quarks are produced very efficiently in

148



8.1. DECAYS OF THE (2,0) KK MODES - INFLUENCE OF THE GEOMETRY OF THE

ORBIFOLD.
particle | mass [GeV] | 't [GeV] decay mode BR [%]
H® 1153.5 0.002 tt 100
A®) 1200.0 0.01 SM 100

SM 29
yAS) 1259.5 0.4 1O 4 Mz | 29493
1] 4+ v 10+11

SM 30

w®@ 1259.5 0.4 (W) 1)) 46
12 4+ @ 11410

SM 7

G®@ 1426.2 18.6 ¢Magm 54

qq® 38

Table 8.2: Main decay channels and their branching ratios in % of (2,0) gauge bosons at mrx = 600 GeV.
R4y = Rs

final state | A® AS) G® final state | W®)
qq 73.03 | 34.60 | 12.66

tt 25.30 | 6.23 | 2.48 ud 25.40

n 0.85 | 1.48 - tb 11.80

7 0.78 | 1.37 - v 2.32

ZH 0.11 | 0.28 - VAL 0.26

WHTWw— | 0.06 | 0.31 - HW 0.23

Table 8.3: Branching ratios in % of the loop induced decays of the (2,0) gauge bosons into SM states at
mir = 600 GeV for Ry > Rs.

final state | A® Z@ T G@ || final state | W®
qq 73.27 | 22.55 | 6.49

tt 24.78 | 4.23 | 0.01 ud 18.22

n 0.91 | 0.97 - tb 8.85

07 0.71 | 0.93 - v 1.89

ZH 0.09 | 0.18 - W 0.19

WFTW— | 0.07 | 0.20 - HW 0.18

Table 8.4: Branching ratios in % of the loop induced decays of the (2,0) gauge bosons into SM states at
MKK = 600 GeV fOI‘ R4 = R5.

A® decays. This di-jet signal is very challenging to observe in the LHC and potentially can
lead to interesting LHC signatures and to multi-top events. A study of four-top production
was presented in (50). Leptonic final states are produced at very small level but can be easily
detected in hadronic colliders.

KK electroweak gauge boson Z(2),
KK excitations of the electroweak gauge gauge boson Z receive important loop corrections
therefore the tree level decays into heavy KK leptons from the (1,0) and (2,0) tiers will be
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Figure 8.2: BR of A®® left panel and Z® right panel. Color conventions for final states: red jj, blue dashed
- ll, green dot-dashed - v, magenta dotted - ZH, black WW. R4 > Rs

kinematically accessible. Decays into a pair of (1,0) leptons are at 35% level while decays into
(1,0) quarks are still, as for A®) | kinematically inaccessible.

Within the resonant production of the SM states, with BR=45% at myx = 600 GeV, the
main decays will be in the SM quarks followed by the leptonic decays which typically have lower
BRs for all the KK gauge bosons. SM leptons however will be produced more abundantly from
the Z®) decays than from the A photon. The SM decay products of Z(?) are the same as
those of A® but with different BRs as can be seen in the tables 8.3 and 8.4 for Ry > Rjs and
R4 = Rs respectively.

Other 20% of decays will be into pairs (2,0) + (0,0). In the tree level mediated processes
most of final states will be invisible matter, namely neutrinos and only a small fraction of Z(2)
will decay into easily detectable charged leptons. The branching ratios for the Z(2) decays as a
function of mg gk in the asymmetric geometry of the orbifold are summarized on the plots 8.3
for the tree level processes and 8.2 for the loop induced couplings.

At tree level there are also possible decays into a pair of gauge scalars from the first KK
level or a pair of gauge bosons (0,0) + (2,0) but they are at at most 5% level.

1O — — — 1.0
£ 08F 1 £ 08t ]
R S
= 0.6F 12 06r 1

= r = r
1 1
s 04l 12 o4f ]
N N
Roal o e B2l ]
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200 400 600 800 1000 200 400 600 800 1000
mgk [GeV] mgk [GeV]

Figure 8.3: BR of Z®® — (1,0) + (1,0) left panel and Z® - (0,0) + (2,0) right panel. Color conventions
for final states: blue dashed - U, green dot-dashed - vi. R4 > Rs.

KK electroweak gauge boson W2,
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ORBIFOLD.

W KK boson decays at 35% into pairs I)v(1) and at 25% into (2,0) + (0,0) states. At
loop level it decays mostly into light quark pairs as can be seen in the plots 8.4 where we show
the evolution of the BRs with m g for the non-degenerate radii R4 > Rs;. We can expect that
the cascade decays of (1,0) leptons produced with a significant ratio in the W® decays will
provide quite a clear signal with charged SM leptons. Also the resonant direct production of
the SM charged leptons could be challenging to detect and would provide a clear signature of
the model.

1_ T T T T ™ 1 T
05} 1 _ B e e
S — S o0l
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sT T o 2 0.001
<001} g
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Figure 8.4: BR of W® — SM (left) and W® — (1,0) 4 (1,0) (right). Color conventions for final states:
red: ud, blue dashed: lv, green dot-dashed: ZW, black: HW, brown: ADW® . R, > Rs.

Branching ratios for the symmetric geometry at the benchmark point mgx = 600 GeV can
be seen in the tables 8.2 for the (1,0) and (2,0) tiers decay products and in the table 8.4 for
direct SM decays.

KK colored gauge boson G

Heavy gluon G® can decay into (1,0) and (2,0) quarks or into a pair of SM quarks directly.
The decay into a pair of gluon scalar partners GU) is at 1% level. Thus we expect a significant
resonant effects from the (2,0) gauge bosons to the LHC signatures. G@ will decay at ~50%
rate into pairs of (1,0) quarks via tree level couplings. Decays into SM+(2,0) states are sub-
leading (~ 40%) and finally loop induced decays into SM quarks and gluons are produced at
10% level. Note that the SM final states are quite important in comparison with the tree level
processes. This is due to the fact that loop induced mass splittings of the final (1,0)+ (1,0) and
(2,0) 4+ (0,0) states are large, which makes the processes to be almost on threshold thus they
will be kinematically suppressed making them of the same order as the loop induced decays.

Direct branching ratios of the decays into SM particles are listed in the table 8.3 for a
benchmark point myi g = 600 GeV and plotted in the left panel of the figure 8.5 for a wider
range of mg  masses for Ry > Rs.

8.1.2 (2,0) leptons

Next we turn to (2,0) leptons. Their total widths are very small compared to gauge bosons
and grow when we go from the asymmetric scenario to the symmetric one. We plot the widths
for the two geometries of the orbifold in the figure 8.6.

The main decay channels and branchings are summarized in the table 8.5 for Ry > R and
in tab. 8.6 for Ry = Rs. The SU(2)w singlet (2,0) leptons will decay into pairs [A?) and 1(V) A
(both, charged and neutral). The latter channel is kinematically more suppressed due to larger
mass corrections. Also the final states with KK Z excitations are kinematically forbidden.
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Figure 8.5: BR of G® — 2% . Color conventions for final states: red: ¢ + GG, blue dashed: ¢¥g, green
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Figure 8.6: Total widths of the (2,0) SU(2) singlet and doublets leptons. From top to bottom: magenta dashed:
F(lg)), green dot-dashed: F(Vg)), blue: F(lé?)). Left panel Ry > Rs and right panel R4 = Rs.

In the figure 8.7 we see a typical behavior of the decay branching ratios into (1,0) or (2,0)
states. While for SU(2)w doublet leptons the BRs of those two final states, [A?) and [()AM)
are almost constant with mg g scale, for the SU(2)w singlet leptons the production of (1,0)
pairs will be more efficient with growing mg . This is a direct consequence of the fact that the
SU(2)w singlet states are almost degenerate with AWM photon what will make a direct decay
into A very inefficient. With increasing mxx the A mass stays almost untouched while
lg) will become heavier. The mass splitting between the [ and A® is very small thus the
produced SM leptons will be soft. The A® will in turn decay into a pair of SM particles as we
have seen above on the plot 8.2.

Due to larger mass corrections in the symmetric scenario the decays channels into (1,0) pairs
will be more accessible kinematically as we can see by comparing the values of branching ratios
in the tables 8.5 and 8.6. For the asymmetric case the decays into A®) boson were at 70% level
for both, singlet and doublet charged leptons while for the Ry = R5 case the decays into (2,0)
state and a pair of (1,0) particles are almost at the same level of about 50%. The influence of
this geometrical effect should have an impact on the LHC signals as the heavier A states will
be produced less efficiently both in the single production and as the decay products thus the
resonant contribution to the SM particles production will be somehow suppressed. We should
quantify this effect by investigating in details the dependence of LHC signals on the ratio %g in
the forthcoming work.

152



8.1. DECAYS OF THE (2,0) KK MODES - INFLUENCE OF THE GEOMETRY OF THE

ORBIFOLD.
particle | mass [GeV] | Iy [MeV] | decay mode | BR [%)]
12 1204.5 0.3 l}(ilj)élj()l) ;é
12 1212.4 0.8 l(;lj)élf()l) ;;
) 1224.7 0.5 Vléz)f()n fé

Table 8.5: Main decay channels and their branching ratios in % of (2,0) leptons at mxx = 600 GeV for the

asymmetric geometry R4 > Rs

particle | mass [GeV] | Ty [MeV] | decay mode | BR [%]

@)

@ 1A 59

1§ 1209.0 1.7 e o
@

@ 1A 60

12 1224.7 3.4 1040 0

) vA®) 78

Table 8.6: Main decay channels and their branching ratios in % of (2,0) leptons at mxx = 600 GeV for the

symmetric case Ry = Rs.
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Figure 8.7: Branching ratios of (2,0) SU(2)w singlet (left) and doublet (right) leptons. In red:

. 1(2,0)
blue: lS/D

8.1.3 (2,0) quarks

Tree level decays

(2,0) 2,0
lgp —1AZY

— lfgl/’%) A0 for Ry > Rs. This typical behavior will not change when we impose R4 = Rs scenario.

At tree level the singlet quarks from the (2,0) tier can decay into a quark of the same flavor

and a neutral gauge bosons: qg) — q(l)A(Q)/Z(l), qg) — qA(Q)/Z(Q). Gluon KK excitations
GW/?) are too heavy to appear in the final state. Top quarks, as we have included the mixing
between the S and D states will decay also into a b quark and a W boson as tgl) — bg)W(l),

153



CHAPTER 8. LHC PHENOMENOLOGY

13 = ow®,

Dominant decays of qg) are into KK photon while the BR. into KK excitations of the Z boson
is three orders of magnitude smaller and opens, for the light singlet quarks at mi i =~ 450 GeV
for R4y > R5 (for Ry = R5 the channel is already opened at mix = 200 GeV).

Note that at migx = 600 GeV the channel tg) — tS)Z(l) is still closed. It opens at
mir ~ 750 GeV with BR~ 1078%.

The SU(2)w doublet quarks qg) will decay more likely into their doublet SM quark partner
and the W KK boson or into the same flavor quarks and a Z boson KK states. Decays into
(1,0)-level pairs ¢ W) are at 5% level while the decays into the same flavor quark have the
branching ratio of about 3%. Similar thing happens for decays into ¢W® and qA/Z @) pairs.

Note that, the bg) decay channel into tW® is closed up to myx ~750 GéeV, therefore the

dominant decay mode within the (2,0) tier will be bZ(?). Decays bg) — tg)W(l) are also closed
up to the myx mass of order of 800 GeV. The heavy gauge bosons produced abundantly from

the qg) will then chain decay into the SM jets or into lepton pairs.

Loop induced decays

It was shown in ref. (52) that at loop level the (2,0) quarks cannot couple to a massless gauge
boson and a massless quark due to the structure of the gauge coupling. Therefore the possible

loop induced decays will include only massive SM bosons and an SM quark t(SZ) — t,Z/H,

tg) — bW and bg) — tW. We neglect the decays of the light quarks into two SM particles as
they are highly suppressed by the Yukawa couplings.

Decays into a SM quark plus a (2,0) gauge boson is suppressed by the mass of the gauge
boson. Heavy quarks will mainly decay into a SM fermion plus an electroweak gauge boson in
the same tier (the gluon is too heavy) or into a pair of fermion and electroweak gauge scalar in
the level (1,0). Noticeably, there is no phase space for decays into another fermion in tier (2,0)
because such decay would also contain a massive gauge boson. The total widths for the up- and
down-type light quarks and for the tops are shown in the figure 8.8. In tables 8.7 and 8.8 we
give the typical values of branching ratios for singlet up- and down-type quarks for R4y > Rjs
and Ry = R5 geometries.

We see from the tables 8.7 and 8.8 that the influence of the geometry of the underlying
orbifold is very important for the quark decays. This is a direct effect of the different mass ratio
mg2 /mg2 which in the case R4 = Rj is smaller than one resulting in a strong enhancement of
the decay rate into a pair of quark and gluon in the (1,0) + (1,0) or SM + (2,0) tiers.

From the results shown above we can see that most of events will contain a chain decay
within level (2, 0) to the lightest state A®) or a decay into states of tier (1, 0) that will chain
decay to the stable dark matter candidate A®). In both cases SM particles emitted in the
chain will have very little energy due to the small splitting between the masses within each tier.
Moreover, states in level (1, 0) will give rise to missing energy. We expect however the particle
in level (2, 0) that initiate the chain to have very little transverse momentum. The consequence
is that the states in tier (1, 0) at the end of the decay chain will also have little transverse
momentum, and therefore the event will not contain significant missing energy after all. This
simple picture is affected by the fact that some events will have sufficient transverse momentum
at production and that initial state radiation may boost the whole event. To study this effect,
a detailed Monte Carlo simulation would be needed.

Heavy gauge bosons, on the other hand, can decay directly into a pair of energetic SM
fermions at any stage in the decay chain. Even though the branching ratios are rather small,

154



8.1. DECAYS OF THE (2,0) KK MODES - INFLUENCE OF THE GEOMETRY OF THE

ORBIFOLD.
1.000 7 50l T
0500 [
~ —— — e —_—— 2.07 //// -
= 0100 IR 1
O, 0.050¢ 1 9 05} ]
R o
0.010}
0.005 | T 1
200 400 600 800 1000 200 400 600 800 1000
mgk [GeV] mgk [GeV]
0.100 3.0
0.050 20
= >
& 0.020 o 10
£ 0.010 = 03
0.005} - 1 0.2
[ L L L L 0'1 7\ ”/ L L L \7
200 400 600 800 1000 200 400 600 800 1000
MKK [GCV] MKK [GCV]

Figure 8.8: Total widths of the (2,0) SU(2) singlet (top panels) and doublets (bottom panels) quarks as a
function of mi k. Assymmetric geometry R4 > Rjs is assumed on the left and symmetric on the right. From
bottom to the top: magenta, dashed - I';(2), blue - '  (2), green dot-dashed - T (2.

the signal can be very clean and easy to be detected by the experiments. The main mode will
be into light jets and will be affected by a large QCD background, the cleanest signatures will
therefore be given by energetic leptons and tops.
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particle | mass [GeV] | T'yor [MeV] | decay mode | BR [%]
) uA® 86
u 1257.4 20.1
ug)A(l) 13
aw® 56
ul? 1266.8 43.4 uz® 27
uA®) 5
diyw 6
MPAS 2
ug)A(l) 1
@)
@ dA 86
d$; 1243.6 48 40 40 3
u @ 59
a2 1266.8 41.4 dz® 30
dA®?) 2
ug)W(l) 6
dy) 7z 3
W@ 86
& 1274.1 324.9
p D7) 12
W@ 70
s 1283.5 93.7 bW 9
£ AW 8

Table 8.7: Main decay channels and their branching rations in % of (2, 0) quarks at mxx = 600GeV. R4 > Rs.

8.2 Heavy states production in the LHC

At the LHC the most important states to be produced are quarks and gluons, because they
have strong interactions and also because the proton is made of quarks. Larger cross sections
are obtained in general for the partners of the light quarks. All other cross sections are sub-
dominant. Channels with heavy quarks are larger due to the dominant contribution coming
from the production of heavy up quarks which are enhanced due to the presence of a valence
up quark in the initial state. Nevertheless, all the other channels involving down and second
generation quarks also contribute significantly and cannot be neglected.

The heavy gluon G®@ can be pair-produced or in association with a heavy quark qg/)D. Pair
production is mediated by the bulk interactions and can proceed via a gluon in the s- and t-
channel and or a t-channel quark exchange. The associated production is mediated by a quark
in s- or t-channel. Another possible production mechanism is via loop induced interactions by
annihilation of two SM quarks directly into G2 and gives comparable results as the associated
production mechanism.

The main production cross sections as a function of the KK mass are plotted in the figure
8.9 where the inclusive production cross sections for a pair of (2,0) quarks (and antiquarks), a
single heavy quark in association with an heavy gluon and a pair of heavy gluons are shown
for two different geometries of the orbifold. From the table 8.9 where we give numerical values
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particle | mass [GeV] | T'ior [MeV] decay mode BR [%]
uA® 44.53
u 1314.2 147 ul) G 44.91
ul) AW 10.41
ul? 1332.9 116.21 dw ® 24.19
uz® 10.38
uA® 6.42
dDw 7.31
NKes 46.13
u%)A(l) 3.74
A 1.81
P 74.69
a2 1311.2 76.9 dA®@) 20.25
dP AW 4.86
a2 1332.9 361.44 u®@ 27.86
dz® 14.03
dA® 1.14
uDw® 14.49
dPam 35.04
A 7.42
2 1334.7 2525.83 bW 2 1.12
SM (tZ+bW-+tH) | 0.1
bS®? 26.78
tH?) 2.56
i W@ 19.51
#5) sGM 33.84
5 gz 7.91
£ gAM 0.6
(2 1353.4 2633.50 bW @ 4.48
bS®? 11.16
tH? 19.87
b W@ 19.42
41 ,G 54.52
t) 2z 1.5
£ A 4.62
SM(tZ+bW+tH) | 0.02

Table 8.8: Main decay channels and their branching rations in % of (2,0) quarks at mxx = 600 GeV. Ry = R5.

for a benchmark point mygr = 600 GeV we notice that the production cross section in the
asymmetric case is smaller than in the symmetric scenario of about 12%. In the figure 8.10 we
show the single production cross sections of the heavy (2,0) gauge bosons where we take into
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Figure 8.9: Cross sections at the LHC at 7 TeV for the pair productions of heavy states: the red dashed line
represents the channel with a pair of heavy quarks, in magenta dotted an heavy gluon in association with an
heavy quark, in green dot-dashed a pair of heavy gluons. On the left panel: R4 > Rs;. On the right panel:
R4 = Rs.

Ry > Rs | R4 = Rs
final state | o [fb] o [pb]
u@y? 7.38 27.26
Uu® 0.27 0.26
Rles) 15.03 6.57
ellels)) 0.28 0.09
total 22.96 34.18

Table 8.9: Cross sections at the LHC at 7 TeV for the pair productions of heavy states at mxx = 600 GeV.
u® stand for the sum of the light (2,0) quarks (u,c,d,s), U@ for the heavy quarks b and t®, ¢ for the sum
over all the quarks in the (2,0) state.
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Figure 8.10: Single production cross section of (2,0) gauge boson in the LHC 7 TeV : the red dashed line
represents the channel A® production, in magenta dotted Z®, in green dot-dashed W and in black the single
G@ production. On the left panel: R, > Rs. On the right panel: R, = Rs.

account only the s-channel cross-section into SM final states for the electroweak gauge bosons
and a ¢ + ggp final state for heavy gluon.

We note that the cross sections are quite promising. The production cross sections of colored
states are of order of 10 pb at the benchmark point mgx = 600 GeV. The single production
cross sections are smaller, of order of 1 pb, but still we have a very clean signatures in di-leptons
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or di-tops final states therefore we can expect to have a good potential to be discovered in the
LHC.
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8.3 LHC signatures

Charged and neutral massive gauge bosons, usually named W’ and Z’ are proposed in
many theoretical extensions of the Standard Model. Searches of those new vector particles
are performed in the colliders (Tevatron CDF, D0, LHC) and the analyzed data are interpreted
in the context of several models proposed in the literature, such as “left-right symmetric” gauge
group SU(2)r,x SU(2)gx U(1) p—r, (113), model with the Standard Model fermions that couple
to the W boson transforming as doublets under SU(2)z, and the other ones transforming as
doublets under SU(2)xg.

W' at hadron colliders can be detected through resonant production of fermions or elec-
troweak gauge bosons. Assuming I'yy» << myys one can approximate that

olpp = ffX)~o(pp— WX)BRW' — ff) (8.1)

where f, f are SM fermions with difference of charges lgf — gp| = 1 and X is any final state.
The most studied decay channels are W — ev, and W' — pv,. The corresponding branching
ratios can in principle be very different and thus those two channels can in principle be studied
separately.

Other interesting decay channel is W/ — tb which typically will give a signature of two b
jets and a leptonically decaying W gauge boson. If my > m; then hadronic decays of W are
also possible and can modify the SM s-channel single top production. Finally collider searches
concentrate also on decays W' — W Z.

In our model W’ corresponds to the KK (2,0) excitation of the W gauge boson. Its decay
modes were presented in the previous section. As we have seen, it can decay directly into SM
states or chain decay through (2,0) and (1,0) particles down to A and A®) which will decay
only into SM final states at loop level due to their very small mass corrections.

7' collider searches are based on the decays in two charged SM leptons Z’ — [~ or into two
top quarks Z’' — ¢t. In our model a generic Z’ will correspond to Z3) and A®) KK excitations.

We will thus concentrate on the interesting LHC signatures that can arise from the (2,0)
resonant particles decaying into SM states via loop couplings. As it was seen above in our model
the only resonant decays can arise from the (2,0) gauge bosons. They can be pair or single
produced via localized counterterms. We are interested in final states with a resonant pair of
SM particles from the decay of heavy gauge bosons. Those in turn can be pair produced via bulk
interactions or single produced via localized counterterms. The single production mechanisms
are:

1. QCD production of heavy gluons which will decay into quarks

pp— G = 5

2. Drell-Yan production of heavy gauge bosons decaying then into wanted final states
pp — AR 722 5 1+
pp — WEE [ Fy
pp— WEE L WEz (8.2)
pp— AP, 22 G2 L4t or jj
pp— WEE S 4
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These channels are very clean because the lepton and top pairs resonate with the mass of
the tier, while the 4 top channel has negligible background from the SM. Due to the way they
were calculated in ref. (52) only the production of on-shell (2,0) states is correctly taken into
account. Authors of ref. (52) used the effective counter terms to calculate the coefficients of
the loop couplings between a (2,0) and two (0,0) states in the “magic* gauge £ = 3. The full
implementation would require the inclusion of gauge-dependent loop corrections to all vertices,
including bulk ones, and is beyond the scope of this work. In order to impose the resonant states
on-shell we can impose a cut on the invariant mass of the final states to be around the mass of
the decaying particle.

We have prepared the detailed analysis of the LHC searches using MadGraph implementation
of the model connected with BRIDGE !. All the decay chains down to SM particles are taken
into account and the final state is always accompanied by softer SM states from the decay chains.
Here we will shortly summarize the results and the philosophy of the experimental searches .
For more details we invite the reader to look for the paper which is under preparation when I
am writing this text.

8.3.1 W' — [*y searches

The searches of decays W’ — [*1; are based on events with high pr lepton and missing
energy coming from the neutrino. The studied variable is

mr = \200 B, (1 — cos Ady, ) (8.4)

where A¢y, is the azimuthal opening angle between the charged lepton’s transverse momentumplT
and the direction of the observed missing energy signal EF, . = direction. It is assumed that
all the missing energy is due to neutrino. In our model this signal can come from the decay
W2t — [*1;. The W?* is produced as decay product of colored states. It is important to notice
also that in pair production of heavy gauge bosons the invisible decays of the second particle
can give an extra MET as in the decays of Z() — v or from decays into two (1,0) states. In
the analysis we have done the veto is imposed on the production of heavy states in the first tier
and hard leptons from other decays.

The CMS search (59) is based on the 5 fb~! dataset from 2011 collected in pp collisions
at a center of mass energy of 7 TeV. Events were selected using the criterion of at least one
high-transverse-momentum pr lepton. The trigger thresholds were raised with the increasing
luminosity of the LHC and the highest reached values were pr > 80 for electrons and pr > 40
for muons.

ATLAS analyzed data from 2011 (9) were taken in the 7 TeV (center of mass) pp collisions
with a total integrated luminosity of 1.04 fb~!. To select events the cuts on electron transverse
energy FEp > 25 GeV and on muon transverse momentum pr > 25 GeV were imposed.

In the figure 8.11 we show the limits on the mgx from W’ — [Ty, for the two possible ge-
ometries of the orbifold. We sum over the two possible final states ev, and uv,, and approximate
the resonant mass to be my2 &~ 2mg . The total effective cross section is plotted in black.

The experimental limits are extracted from (59) for CMS (yellow) and (9) for ATLAS (green).
We can see that the for the symmetric scenario we don’t have any limit on the mass mgx. The
asymmetric case gives a bound mg i 2 380 GeV.

1. Thanks to L. Panizzi for the script and to G.Cacciapaglia for doing the overall scans!!
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Figure 8.11: Bounds from the study of W — lv. Total effective cross section (black), cross section from pair
production (blue), cross section from single production (red). Experimental bounds are indicated in yellow (CMS)
(59) in green (ATLAS) (9). On the left: non degenerate geometry is assumed R4 > Rs and On the right:
degenerate radii R4 = Rs. Thanks to G. Cacciapaglia.

8.3.2 W' —= WZ searches

Here the searches look for resonances of heavy states decaying into W Z gauge bosons. The
two main strategies consist on looking for fully leptonic decays of both Z and W final states as
Z — Il and W — v with [ = e, pu or for a leptonic decay of Z and hadronic decay of W.

Experimental bounds we use are taken from the CMS last data (58). The CMS search is
performed in pp collisions at /s = 7 TeV for exotic particles decaying via W Z to final states
with electrons and muons. The integrated luminosity if the considered dataset is approximately
5 fb~!. To identify the considered decay mode a double-electron or double-muon signal was
required and a pp thresholds of 17 GeV and 8 GeV were imposed for the highest-pr and second-
highest-pr leptons respectively.

W oSWZ W ->WZ
100E T T m| 100 F j j E
10 10
g ! 1
b
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0.001 L L L L L L L o~ Nl
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mgg [GeV] myg [GeV]

Figure 8.12: Bounds from study of W’ — WZ resonances. Total effective cross section (black), cross section
from pair production (blue), cross section from single production (red). CMS bounds (58) are indicated in yellow.
On the left: non degenerate geometry is assumed R4 > Rs and On the right: degenerate radii R4 > Rs.
Thanks to G. Cacciapaglia.

The results are shown in the figure 8.12. The bounds we obtain here are quite stringent
and numerically we estimate mgr 2 560 GeV for the non symmetric scenario R4 > Ry and
mrr R 340 GeV for Ry = R5 case.
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8.3.3 7' — [Tl searches

In this searches the experiments look for a pair of charged leptons with high transverse
momentum pp. We use ATLAS experimental bounds (6) with the dataset taken at 7 TeV
pp collisions with total integrated luminosity of 4.9 fb~!. In the di-electron channel the two
electron candidates are required to have minimal transverse energy of Er > 25 GeV. In the
di-muon channel, two muon candidates must satisfy the condition py > 25 GeV.

In our model the di-lepton events can arise from the A®) and Z?) decays. Note these two
particles are quite narrow and their masses can differ of about 30 (60) GeV at mxx = 600 GeV
for non-degenerate (degenerate) radii respectively. Thus whether the two states would be seen
as different or not depends on the experimental sensitivity. In the bounds we give here we have
summed for simplicity the contributions coming from the two resonances. We have checked that
the main contributions will come from A®) decays. We can thus safely use the approximation
my & 2m but a more detailed study should be done.
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Figure 8.13: Bounds from the study of Z’ — [T1~. Total effective cross section (black), cross section from pair
production (blue), cross section from single production (red). ATLAS bounds (6) are indicated in yellow. On
the left: non degenerate geometry is assumed R4 > Rs and On the right: degenerate radii R4 > Rs. Thanks
to G. Cacciapaglia.

From the di-lepton decays we have the strongest bounds on the Z’ mass. For the a-symmetric
scenario R4 > Rs we obtain a lower bound mgr R 680 GeV and mgrx T 580 GeV for the

=~ ~

symmetric orbifold R4 = Rs.

8.3.4 Di-jet resonances

At hadron colliders, the search for new phenomena in fully hadronic final states without
missing transverse energy or leptons is experimentally challenging because of the large multi-jet
background. In our model the multi-jet signal can come from every heavy gauge boson decays
A® 7@ W@ and G®. Notice that the masses of those KK excitations are very different
6.3 from A® with mass of 1200.1 GeV up to G2 with mass 1318.3 GeV at mrx = 600
GeV in the asymmetric case. In our analysis we assume that the experimental uncertainties in
the jet reconstruction is such that the four resonances (in fact three as the electroweak gauge
bosons Z) and W2 have almost the same masses and will always be seen as one heavy state)
cannot be disentangled and we sum the contributions coming from them. As the invariant
mass of the heavy states we assume with a good approximation 2mg . We have checked that
the main contribution to the expected signal comes from the A A®) desintegrations thus our
approximation in the invariant mass can be in fact considered as good.
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To have some estimate on the mg i scale we compare our results with the CMS dataset
of 2.2 fb~! from pp collisions collected at /s = 7 TeV (7). The signal selection is based on
a requirement of pairs of dijets with equal mas. To suppress QCD multi-jet backgrounds the
requirement that events have at least four jets with a minimum transverse momentum of 150
GeV. is imposed. The efficiency of the detector varies from 3% up to 13% for resonant masses
of 300 GeV up to 1000 GeV respectively.

4—‘jet 4—jet

1000 | 100,
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Figure 8.14: Bounds from study of di-jet resonances. We plot the total effective cross section of 4-jet events
assuming the efficiency of 3% efficiency (black) and 13% (black dashed). CMS bounds (7) are indicated in yellow.
On the left: non degenerate geometry is assumed R4 > Rs and On the right: degenerate radii R4 > Rs.
Thanks to G. Cacciapaglia.

From this study we can see that the bounds are my x 2 410(590) GeV assuming the efficiency
of 3(13)% in the asymmetric case R4 > Rs. In the symmetric case we obtain mg gk 2 300(340)
GeV lower bounds. Other signals, listed in 8.2 don’t give any bound on the KK mass mgy.

As conclusion we can say that our model have a clear signatures that can be easily observed
at the LHC and put the bounds on the compactification scale R. We summarize the collider
bounds in the table 8.10. Limits we obtain from the LHC searches are not incompatible with
the relic abundance bounds 7.8 and 7.9. Direct searches of dark matter candidate put also the
strongest bounds in the same region as the LHC signals at about mrx 2 600 GeV 7.12. The
bounds we give here are extracted for two simple scenarios of our model: in the decoupling limit
R4 > Rs where one of the tiers at each level is completely decoupled or the symmetric scenario
R4 = Rs; where at each level we have two states degenerate in mass. We have seen that the
limits on the compactification scale are different on both cases but both predict a dark matter
candidate at about 1 TeV. As the LHC will collect more data the bounds will become stronger
and potentially will exclude the mygr < 1 TeV which corresponds to the limiting case of the
WMAP privileged region in the non degenerate scenario.

8.4 Summary of all the bounds on the my g

In the two previous chapters we have studied the experimental bounds on the compactifica-
tion scale R or equivalently on the characteristic mass scale my g ~ R~'. We have included all
the (1,0) and (2,0) KK states together with radiative correction to their masses in order to study
in details the phenomenology of the model at one loop order. The mass degeneracy within each
KK tier, perfect at tree level while neglecting SM masses, was therefore removed by the loop
corrections but a characteristic very small mass splittings remains providing a specific signatures
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8.4. SUMMARY OF ALL THE BOUNDS ON THE Mg
signal Ry > Rs5 Ry = R;5
MKK [GGV] MKK [GGV]
W' — v 380 none
W' — Wz 560 340
7' =1t~ 680 580
di-jet 410 300

Table 8.10: LHC bounds on the mass scale mx .

of the model. Here we summarize the bounds on the mgx mass that we have found from the
relic abundance calculation, direct detection searches and LHC signatures. We give the results
for a natural set of parameters of our model: AR = 10 and my,. = 0. The SM higgs mass was
always kept at 125 GeV in accordance with the latest discoveries at the LHC. The two simplest
geometries of the orbifold were considered: the decoupling limit R4 > R5 and symmetric limit
R4 = R5;. We summarize our results in the table 8.11.

For the privileged bound of mg g from the relic abundance calculation we assume that the
most complete scenario should be taken into account - that is the L2 model where we allow

Experimental mikr [GeV] | mgr [GeV]
bounds R4 > R;5 R4 = R5
Qh? L1CL 440 - 620 < 310
Qh? L2CL 700 - 990 350 - 505
Direct Detection
lower bounds
Zepelin 415 415
Edelweiss + CDMS 465 465
Xenon 2011 520 520
Xenon 2012 630 630
Xenon 2017 (previsional) 1315 1315
LHC
lower bounds
W' — v 380 none
W —WZ 560 340
AR 680 580
di-jet 410 300

Table 8.11: Summary of all the experimental bounds on the Kaluza-Klein mass scale mr for the asymmetric
geometry R4 > Rs in the middle column and for the symmetric orbifold R4 = Rs in the right column.
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for the (2,0) KK states to appear as the final states of the dark matter candidate annihilation
processes. The bounds are then in higher region of mgx and for the asymmetric scenario we
get the maximal allowed value of mix = 990 GeV which is quite high in comparison with other
models where the dark matter candidates are typically at 500 GeV scale or lower. The model
R4 > Rj5 is not yet excluded as the direct detection and LHC bounds exclude masses up to 630
and 670 GeV respectively which leaves us with a possible window 680 < mr g < 990 GeV that
will be examined while more data will be accessible from the collider searches and with growing
sensibility of direct detection devices. As we can see , the previsional bounds for Xenon 2017
would exclude our dark matter candidate with masses lower than 1315 GeV which would be
completely incompatible with relic abundance bounds.

The relic abundance bounds for the symmetric scenario are very low, 350 < mgx < 505
GeV and the experimental bounds from both direct detection and LHC signal set the bounds in
a much higher regime.

Changing values of parameters in the model, such as AR or my,. would change slightly the
allowed bounds on the my . But, on one hand we have a strong electroweak constraints on the
values of m;,. and the final effect of changing its value in the allowed regime will not impact at
all the WMAP bounds in the mggx. On the other hand, the cosmologically privileged window
is slowly going toward smaller my k masses with decreasing cut-off AR (from 700 — 990 GeV
at AR = 10 down to 500 — 740 GeV at AR = 2 in the L2 scenario) which can only worse the
situation as the direct detection bounds are stronger with decreasing AR (mgx < 630 (900)
GeV for AR =10 (3) from the strongest bounds set by Xenon 2012).
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Conclusion & perspectives

We have extensively studied the structure and phenomenology of an extension of Standard
Model with two extra dimensions compactified on a real projective plane.

This scenario can be classified within a group of models called Universal Extra Dimensions
where all the Standard Model fields are free to propagate in the extra space. The choice of
geometry is crucial. The number of extra dimensions, the symmetry group used to define
compactification and the metric influence significantly the particle spectrum of the model, the
nature of dark matter candidate (its mass and spin) and therefore have a huge impact on the
resulting phenomenology.

Real projective plane is a unique two dimensional orbifold without fixed points where chiral
fermions can be defined. The importance of chiral fermions is obvious as the objective is to
reconstruct the Standard Model content at the fundamental level of Kaluza-Klein expansion.

The absence of fixed points is required as they can lead to the breaking of the KK symmetry,
a remnant of Lorentz invariance extended to extra dimensions, exact when the extra space is
infinite and then partially broken by the compactification. Broken KK symmetry means that
the operators localized on the fixed points can introduce interactions that do not respect the
KK number in vertices and thus there are no stable particle in the Kaluza-Klein expansion.

We have therefore defined the Standard Model on the real projective plane and the first
excitation mode of the SM photon is naturally stable and, being a weakly interacting neutral
particle, can be considered as a perfect candidate for dark matter.

The first point of this thesis was to calculate one loop spectrum of the (2,0) KK level.
Particles in this tier are very important as their masses, at tree level proportional to 2R~!, are
twice the (1,0) level particle masses ~ R~!. Therefore the resonant effects of (2,0) modes can
be expected to influence the collider and dark matter phenomenology processes.

In order to have an idea of the influence of the geometry of the orbifold on the spectrum
we have considered two possible geometries of the orbifold. The first one where the two radii
of compactified dimensions are equal Ry = Rs another one where one of the radii is much
larger R4 > Rj resulting in the decoupling of one of the tiers. We have shown that in the
non-symmetric case R4 > Rj5 there is only one dark matter particle, and there are no possible
mixings between two tiers (n,0) and (0,n) with n even. In the symmetric scenario, mixings of
the even levels (n,0) and (0,n) are possible. These mixings will generate additional divergent
contributions to the mass corrections. The (2,0) particles in this scenario will be then typically
heavier than in the non-symmetric case. General and important feature of the spectrum are
very small mass splittings within a given tier which is important in the dark matter studies and
provides interesting LHC signatures.

The second step was to investigate the influence of the (2,0) level modes to the phenomeno-
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logical observables. First bounds on the Kaluza-Klein mass scale my g were derived from relic
abundance calculation. As the mass splittings in our model are very small the co-annihilation
effects become important. In the analytical calculation we have shown the importance of the
co-annihilations including KK leptons. We have demonstrated also that the loop corrections to
the KK masses as well as the SM masses should not be neglected as they can shift the relic
abundance result of about 15%. In order to have an exact bound on the compactification scale
we have implemented the model in MicrOMEGAs and numerically derived the bounds in both
geometries including co-annihilations with all the (1,0) particles. Using this program we have
examined several factors that can change the relic abundance predictions: the inclusion of (2,0)
modes, the cut off scale and the localized mass parameter. We have seen that we can obtain a
range of masses as high as 1 TeV for the dark matter candidate suggesting that direct searches
of other heavy particles at LHC and direct dark matter detection experiments can allow in near
future to strongly bound the model or find evidence for it.

Finally, we have studied in details the LHC phenomenology in our model. Typically the
heavy KK states produced in the proton-proton collisions will chain decay down the the stable
(1,0) photon. But, including loop induced couplings, the (2,0) modes can couple directly to two
SM states and thus enhance the resonant cross section. We have chosen clear signals that are
studied in the LHC, into di-leptons and into jets and performed a detailed calculation of the
expected signal. The 7 TeV data from LHC already put limits on the model and some region of
myr masses privileged by WMAP bounds is ruled out.

This work provides a step to understand extra-dimensional models. The influence of higher
Kaluza-Klein modes on the low energy phenomenology was shown to be important. We have
shown also that the geometry of the underlying orbifold is crucial to find out the particle spec-
trum. Within this particular model the explicit dependence of the spectrum and thus of the
low-energy signatures on the ratio of the two radii R4/Rs5 should be examined more in details
in order to put some bounds on the ratio and to understand how the behavior of the model
changes in this case. Another possible modification would be to change the metric introducing
a warp factor. All these geometrical modifications should enlighten a lot the general features of
extra-dimensional models. One however should not stop here. We have shown that it is possible
to find orbifolds without fixed points and define on them an extension of the Standard Model.
This effective theory is an insight in the beyond Standard Model physics that is calculable in
a finite interval of time?. However existence of more extra dimensions is not excluded, higher
dimensional orbifolds without fixed points should exist and if LHC data exclude the already de-
fined models we should think to go further. We have choice between mathematical complexity
or maybe a redefinition of some concepts that we have introduced with the extra-dimensional
theories.

2. The mathematical complexity when one introduces more extra dimensions grows in "exponentially". It can
be seen already when one want to classify possible orbifolds: only 2 possibilities in 1D, 17 possible orbifolds in
2D and 230 in 3D!!! What about loop calculation...
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Appendix A

Notations

In this text adopt the following notations:
— M?* - 4-dimensional Minkowski space with the metric noted n* = diag(1, —1, -1, —1)

— RPP or RP? - space group defining the real projective plane orbifold with flat metric
diag(—1,-1)

— M?* x RP? - the six-dimensional space with flat metric g™~ = diag(1, -1, -1, -1, -1, —1)

— The letters the middle of the Greek alphabet label the z# coordinates of four-dimensional
space M* and take values y,v,--- € {0,1,2,3}.

— The letters from the beginning of the Greek alphabet label y® - coordinates on the d — 4-
dimensional orbifold with «, 8-+ € {4,5,...d}. We adopt also a vector notation § =
(Y4, Y5, - - -, ya) when needed.

— The major letters of the Latin alphabet run over all the coordinates of the six-dimensional
space M* x RP? with M, N,--- € {0,1,2,3,4,5}.

— Lower case letters form the beginning of the Latin alphabet a,b, ... label the gauge fields
and gauge group generators of a corresponding group
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Appendix B

Annihilation Cross Sections

We give expressions for the co-annihilations of (1,0) level particles assuming degenerate m g g
noted as m and neglecting the SM masses mgyr = 0 in terms of coefficients defined in B.1.

5= 1ot (B.1)
_ A 1

B.1 Co-annihilations A with leptons lfs*l/)D and vV

The topology of co-annihilations A with leptons lgl/)D into neutral gauge bosons is shown

in the figure B.1.

l(l)

/D AlZ 1% —— WA

S/D
16

5/D

! A= ——

A0

Figure B.1: Co-annihilations A(”lgl/)D into neutral gauge bosons. Same topology for the I/l(l) co-annihilating
with A®) into Z holds.
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Figure B.2: Co-annihilations A(1>l(sl/)D into W gauge bosons. Same topology for the I/l(l) co-annihilating with
A™ holds.

Figure B.3: Co-annihilations A(l)l(sl/)D into Higgs boson H gauge bosons. Same topology for the l/l(l) co-
annihilating with A holds.
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B.2. CO-ANNIHILATIONS OF LEPTONS L4/,

The last cross section must be multiplied for lg)
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Figure B.4: Co-annihilations l(sl/)Dlgl/)D into ll]. To simplify we show only the t-channel. If the particles are of

the same flavor then, also u-channel diagrams contribute. Same topology for the v*) holds.
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1) l e
A /70
yH—>——— 1

Figure B.5: Co-annihilations lg)z/<1> into lv. If different flavor, then only t-channel diagrams contribute.
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Figure B.6: Co-annihilations l(sl/)Dl_qu/)D into ll_}. Same topology for the () holds. To simplify we show only the

t-channel.

The cross sections B.17, respectively to incoming particles must be multiplied by the coeffi-
cients :

4.4
925w
Aets = g
4
92
Aptp = A”:1&g
A  gasE (2cwcun Suwt + Sw(C?MS%M))Q
lslp = 4ck
CUGNHG) > laly) = o(Upln) = L) = oS5 = L) = (B.18)
1
J(lgl)y(l) — l]/) = U(lglyél) — layb) = O—(Vc(ll)l/lsl) - l/aVb) - 6471'3,8

The cross sections B.18, respectively to incoming particles must be multiplied by the coeffi-
cients :
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