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In this dissertation, we have studied the Higgs mechanism and flavor
structure of the Standard Mode! from a viewpoint of higher dimensional gauge
theories. Boundary conditions with respect to an extra dimension play crucial roles
in our studies.

We introduce the thesis in Chapter 1. The Standard Model, which was first
proposed in the 60’s, is a four-dimensional gauge theory and has met great
successes until today. The last missing piece of the Standard model, which is
nothing but the Higgs particle, had been searched for by several high energy
experiments, and finally in 2012 the discovery of a Higgs-like scalar particle was
announced by the ATLAS and CMS experimental groups of the CERN Large
Hadron Collider. With all the other results consistent with the Standard Model,
we seem to have reached the end of a story. But we have not.

In spite of the great successes, the Standard Model still suffers from
mysteries and problems. One of the mysteries is the origin of a negative mass
square of the Higgs field. In the Standard Model, we need to prepare a negative
mass square in order to obtain a nonvanishing vacuum expectation value of the
Higgs field. The expecation value gives masses to the fermions through their
Yukawa couplings. Even though a Higgs-like particle has been found, the origin of
a negative mass square remains unknown. Another mystery is the origin of chiral
fermions. In the Standard Model, the left- and right-handed chiral fermions belong
to different representations of the gauge group. As a consequence, only thé
left-handed chiral fermions participate in the weéak interaction. The origin of this
chirality of the Standard Model should be understood but remains unknown. We
also havé the problem with fermion generations. In the Standard Model, we
introduce three copies of fermions. Eabh copy possesses the exact same quantum
numbers, and they mix among themselves through their Yukawa interactions with
the Higgs field. The existence of the third generation was proposed to account for
the violation of CP symmetry, and the existence of heavy fermions, unknown at
that time of the proposal, was confirmed later in experiments. But it remains
unknown why we have precisely three generations and not more. Furthermore,
we have a problem with the masses of the fermions, so called the fermion mass
hierarchy problem. In the Standard Model, the fermion masses are proportional to
the Yukawa couplings. To describe the observed fermion masses, we have to give
the Yukawa couplings a hierarchy spanning over five orders of magnitude. Why is
there such a hierarchy? To answer the question, we must go beyond the Standard
Model. Closely related to this hierarchy problem, the Standard Moldel itself has no
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mechanism to produce the right flavor mixing matrix. The strengths of
genération'changing interactions are described by the Cabibbo- Kobayashi-
Maskawa (CKM) matrix for the quarks and by the Pontecorvo- Maki- Nakagawa-
Sakata (PMNS) matrix for the leptons. The elements of these matrices can be
determined only experimentally. The Standard Model itself cannot provide a
mechanism behind the mixing matrices. In addition to the mysteries and problems
sketched above, the Standard Model suffers from many others. Thus, to resolve
these, it is worth considering theories beyond the Standard Model.

Higher dimensional gauge theories are one of the candidates beyond the
Standard Model. In higher dimensional gauge theories, we assume the existence of
hidden extra spatial dimensions which play a crucial role to solve problems or
clarify mysteries of the Standard Model. For example, there is a scenario in which
we identify the Higgs particle as an extra component of a five-dimensional gauge
field. In this scenario, the extra component of the gauge field takes responsibility
for the Higgs mechanism. A feature of the scenario is the absence of a mass term
(hence no negative mass square) for the Higgs field, since higher dimensional
gauge invariance forbids the Higgs mass term. However, spontaneous gauge
symmetry breaking can occur due to the geometry of extra dimensions. An orbifold
compactification is another way to generate gauge symmetry breaking. An orbifold
compactification can generate not only a gauge symmetry breaking but also a
four-dimensional chiral fermion. This is how we may be able to solve mysteries and
problems of the Standard Model using extra dimensions. We also have an
attractive mechanism for the fermion mass hierarchy by localizing the Standard
Model fermions at different points in one (more) extra dimension(s). The masses
of four-dimensional fermions are determined by the overlap integrals of their wave
functions, and hence are very sensitive to how the wave functions are localized.

By coupling five-dimensional fermions to a scalar field with a kink background
configuration, we can localize fermion’s wave functions.

With these examples, we can now see how powerful higher dimensional
gauge theories are to solve problems or clarify mysteries of the Standard Model. A
higher dimensional gauge theory has an enough power to be the model beyond the
Standard Model.

In higher dimensional gauge theories, we assume that extra dimensions
are compactified not to contradict with experimental results. Boundary conditions

imposed on higher dimensional gauge theories can affect dramatically the aspect of

the Standard Model, which should be interpreted as the low energy effective theory.
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The Standard Model particles are the zero modes of the Lapiace operators with
respect to extra dimensional coordinates, and the zero modes are sensitive to the

adopted boundary conditions. A similar situation appears in a finite

one-dimensional quantum mechanical system, e.g., the infinite square well

potential. In the case of the infinite square well potential, we impose the Dirichlet
boundary conditions for the wave functions. A constant profile cannot be a ground
state solution in that case, and the ground state is given by a sine function. But if
we impose instead the Neumann boundary conditions for the wave functions, the
ground state is given by a constant profile. Now we can see that zero modes, or
ground states, are really sensitive to the boundary conditions. Th{xs, the low energy
effective theory of higher dimensional gauge theories, which is nothing but the
Standard Model, is really sensitive to the boundary conditions of higher
dimensional gauge theories.

There are several attempts classifying boundary conditions from a
viewpoint of quantum mechanical supersymmetry. But there are no works which
investigate general boundary conditions for higher dimensional fields as far as we
know. The method we ha\}e adopted to derive general boundary conditions for
higher dimensional fields can be found in the previous studies of one-dimensional
quantum mechanics with point interactions. In these studies, possible point
interactions in one-dimensional quantum mechanics have been classified according
to the boundary conditions with the parameters of the U(2) group. Applying the
same method to higher dimensional gauge theories, we derive general boundary
conditions and investigate their effects on the low energy effective theory.

In chapter 2, we derive a general class of possible boundary conditions for
a complex scalar field in the context of five-dimensional gauge theories defined on
an interval. It is shown that general boundary conditions for the scalar field, that
are compatible with several consistency requirements, are given by the Robin
boundary condition. The Robin boundary condition is wider than the boundary
condition commonly used and characterized by two parameters. With the Robin
boundary condition the scalar field can acquire a nonvanishing vacuum expectation
value even if the scalar mass square is positive. Usually a negative mass square is
required to generate a nonvanishing vacuum expectation value. Furthermore, the
vacuum expectation value of the scalar turns out to depend inevitably on the extra
dimensional coordinate of the interval and be given in terms of the Jacobi elliptic

functions. The phase diagram of broken/unbroken gauge symmetry possesses a rich
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structure in-the parameter space consisting of the interval length, the scalar mass,
and the boundary conditions.

In chapter 8, we have studied fermion’s boundary conditions. It is shown
that the most general boundary condition for a fermion is given by the Dirichlet
boundary condition. Under the Dirichlet boundary condition, a four-dimensional
chiral fermion zero mode may show up in the low energy effective theory. Moreover,
we can introduce additional boundary points on the bulk without any inconsistency.
The Dirichlet boundary condition for the fermion at additional boundary points ‘
does not contradict with the consistency requirements such as five-dimensional
gauge invariance. In this situation, profiles of chiral fermion zero modes are split
and localized, and we can realize three generations from a single five-dimensional
fermion. An extra dimensional coordinate-dependent vacuum expectation value of a
scalar, which may be produced by the Robin boundary condition, is useful for an
explanation of the fermion mass hierarchy in this framework. As an application we
construct a phenomenological model which can naturally explain the origins of
fermion generations, quark mass hierarchy, and the Cabibbo: Kobayashi- Maskawa
matrix from the geometry of an extra dimension. V

In chapter 4, we discuss the vacuum expectation value of the Higgs
doublet under a twisted boundary condition. Since our phenomenological model is
constructed with a single generation of fermions, the model does not contain a CP
phase degree of freedom. Under the twisted boundary condition, the vacuum
expectation value of the Higgs doublet possesses a nontrivial extra dimensional
coordinate-dependent phase. Through the overlap integrals, localized fermion zero
modes pick up different phases to their masses that can be a source of a CP phase.
Thus the phase of the Higgs vacuum expectation value can be a new source of the
CP phase in the context of higher dimensional gauge theories. We apply this
mechanism to our phenomenological model to fix the CP phase that appears in the
Cabibbo- Kobayashi- Maskawa matrix.
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