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Zusammenfassung

Diese Dissertation behandelt die M6glichkeit den Flavorsektor des Standardmodells der Teilchen-
physik (mit Neutrinomassen), das heifit die Massen und Mischungsmatrizen der Fermionen,
mithilfe einer diskreten, nicht-abelschen Flavorsymmetrie zu beschreiben. Insbesondere wer-
den massenunabhéngige Texturen untersucht, bei denen ein oder mehrere Mischungswinkel
allein durch die Gruppentheorie bestimmt werden. Zu diesem Zweck wird eine systematische
Analyse einer grofien Klasse von diskreten Symmetrien, der Diedergruppen, durchgefiihrt. Der
Ursprung von massenunabhéngigen Texturen, die aus solchen Symmetrien entstehen, wird un-
tersucht und es wird gezeigt, dass solche Strukturen auf natiirliche Weise aus der Minimierung
von skalaren Potentialen folgt, wobei die Skalare Eichsingletts, sogenannte Flavons, sind, die
nur unter der Flavorsymmetrie nicht-trivial transformieren. Aus diesen Vorgaben werden zwei
Modelle konstruiert, eines beschreibt die Leptonen und beruht auf der Gruppe Dy, das andere
die Quarks und verwendet die Gruppe Di4. Im zweiten Modell ist es das Element V4 der
Quark-Mischungsmatrix - im wesentlichen der Cabibbo-Winkel - das in erster Naherung allein
durch die Gruppentheorie vorhergesagt wird. Abschlieend wird die Moglichkeit diskutiert, die
diskrete Flavorgruppe als Untergruppe einer kontinuierlichen Eichsymmetrie zu beschreiben
und es wird gezeigt, dass dafiir die ursrpriingliche Eichsymmetrie von verhdltnisméflig grofien
Darstellungen gebrochen werden muss.

Abstract

This thesis deals with the possibility of describing the flavor sector of the Standard Model
of Particle Physics (with neutrino masses), that is the fermion masses and mixing matrices,
with a discrete, non-abelian flavor symmetry. In particular, mass independent textures are
considered, where one or several of the mixing angles are determined by group theory alone
and are independent of the fermion masses. To this end a systematic analysis of a large class of
discrete symmetries, the dihedral groups, is analyzed. Mass independent textures originating
from such symmetries are described and it is shown that such structures arise naturally from
the minimization of scalar potentials, where the scalars are gauge singlet flavons transforming
non-trivially only under the flavor group. Two models are constructed from this input, one
describing leptons, based on the group D,, the other describing quarks and employing the
symmetry Di4. In the latter model it is the quark mixing matrix element V,; - basically the
Cabibbo angle - which is at leading order predicted from group theory. Finally, discrete flavor
groups are discussed as subgroups of a continuous gauge symmetry and it is shown that this
implies that the original gauge symmetry is broken by fairly large representations.
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Chapter 1

Introduction

Who ordered that? Isidor Isaac Rabi’s exclamation upon the discovery of the muon is still
unanswered, more than fifty years later. And to top it off: Whoever ordered the muon found
that he/she liked it and decided to order a lot more.

Physicists may not have been able to answer the (possibly unanswerable) question concerning
the fundamental reason for the existence of the muon. At least the discovery of a full set of
three generations, that is three copies of each fundamental fermion occurring in ordinary atomic
matter (including the neutrino), along with the precise experimental determination of the mass
hierarchies and the mixing among these generations, have allowed us to at least formulate the
question more precisely. The fundamental one remains: Why are there three generations of fer-
mions? The most satisfying answer we can give to date is that three generations is the minimal
number needed to allow for CP violation, a discovery for which the 2008 Nobel Prize in physics
was awarded to Makoto Kobayashi and Toshihide Maskawa.

But even if we humbly accept that three generations of fermions exist, we still need to explain
how the observed masses and mixings come to be. It is the answer to this question to which
this doctoral thesis will attempt to contribute a small part.

As the title of this thesis already suggests, our approach to this question is based on sym-
metries. The symmetry principle is one of the foundations of the Standard Model of Particle
Physics (SM). The symmetries of space-time and the internal gauge symmetries constrain the
allowed terms in the Standard Model Lagrangian in such a way that only a small number of free
parameters is left to be determined from experiment. The success of this approach is spectac-
ular. And it is interesting that the SM has its weakest points where the symmetry principle is
faced with its limitations. For one, the electroweak gauge symmetry is broken in nature. This
breaking is performed in the SM through the Higgs Mechanism, which leaves many questions
unanswered, both experimentally (the Higgs boson is the only particle in the SM which has not
been observed in experiment) and theoretically (most notably the hierarchy problem).

There is also one aspect of the Standard Model which remains virtually untouched by the sym-
metry principle altogether: the flavor sector, that is the masses of and the mixing among the
three fermion generations. This sector contains by far the majority of the free parameters in
the SM Lagrangian and can be considered the part of the model that most resembles a semi-
empirical hodgepodge, rather than a fundamental theory. Physicists have thus been looking for
a symmetry governing flavor for quite a while. In this thesis we join this search by analyzing
a large class of possible symmetries, the dihedral groups, with respect to their suitability as
symmetries of flavor.

To go about this, we will start by reviewing the Standard Model of Particle Physics (SM), as
far as it deals with flavor physics, in section 1.1. We review the origin of masses and mixing,
which are determined by a large number of free parameters in the SM. We go on to discuss
neutrino masses and mixing in section 1.2.



10 CHAPTER 1. INTRODUCTION

Chapter 2 is then devoted to presenting the general approach of this thesis towards the flavor
puzzle. The experimental results presented in chapter 1 are analyzed in section 2.1. Some of the
observed regularities cry out for an explanation, and we highlight some theoretical approaches
towards explaining them, before, in in section 2.2, presenting our method of choice, augmenting
the SM by a discrete non-abelian flavor symmetry Gy and thereby constraining the free flavor
parameters of the SM and finding deeper reasons for non-trivial correlations among them. To
further illustrate this general description, we present a worked-out flavor symmetry model in
section 2.3. From these considerations, we are led to a systematic approach to the problem of
finding both a suitable group Gy and the transformation properties of the involved fields, based
mainly on the existence of residual subgroups which remain exact after spontaneous breaking
of the flavor symmetry.

We perform such a systematic analysis for the set of single-valued and double-valued dihedral
groups in chapter 3. This analysis reveals a very interesting case of subgroup mismatch, dis-
cussed in chapter 4, first from a general perspective (section 4.1), then through the discussion
of an instance, where it has been implicitly used in the literature (section 4.2), and finally along
the lines of a worked-out example, in which this subgroup mismatch leads to the prediction of
the Cabibbo angle (section 4.3). In chapter 5, we discuss how to separate the scales of elec-
troweak and flavor symmetry breaking, leading to models with Gy broken at a high scale by
gauge singlet flavon fields. The dynamics involved in this breaking are discussed in a general
manner both for the SM (section 5.1) and for the Minimal Supersymmetric Standard Model
(MSSM), easily the most popular candidate for physics beyond the SM (section 5.2). We obtain
the result that the conservation of the subgroups necessary for the subgroup mismatch, can be
obtained as a prediction from minimizing very general scalar potentials invariant under G ;. All
the elements gathered in the preceding sections are then put together in two exemplary models
in chapter 6. The first model is based on the group D, and uses the subgroup mismatch to
predict maximal atmospheric mixing in the lepton sector (section 6.1), the second one uses D14
for a prediction of the Cabibbo angle (section 6.2).

We finish with an outlook on the possible origin of a flavor symmetry G; in chapter 7, focussing
on the possibility that the discrete flavor group may be a subgroup of a spontaneously broken
gauge symmetry, and finally offer our conclusions in chapter 8. A glossary of abbreviations
and group theory terms is given in appendix A, while additional mathematical information on
the dihedral groups can be found in appendix B and several bulky results have been moved to
appendix C. Parts of this thesis have already been published in [1-5].

1.1 Flavor in the Standard Model

The SM contains 45 Weyl fermions, all of which transform non-trivially under the gauge group
of the SM, SU(3). x SU(2)r, x U(1)y. They can be divided into three generations of 15 Weyl
fermions each. The transformation properties under the gauge group repeat themselves in each
generation and are given, for the first generation, in table 1.1. Only the names change for the
second generation, with ( ¢, s, v, ) instead of ( u, d, ve, e), and (¢, b, v;, 7) for the third
(c)

generation. When talking about all three generations, we will often alternatively write u,; ’,

dl(c), Vo, €q and e with 7 = 1,2,3 and o = e, p1, 7, since for left-handed leptons the numerical
indices are reserved for the mass eigenstates, as we will discuss below. We will also use the

notation @; and I, for the quark and lepton SU(2);, doublets, respectively.
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Table 1.1: The transformation properties of the first generation of SM fermions under the SM gauge group in the
Grand Unified Theory (GUT) notation, where all fermions are written as left-handed Weyl spinors. The SU(3).
multiplet structure has been suppressed.

None of these fermions can have a gauge invariant mass term in the Lagrangian. Mass is
Hy

generated by Yukawa couplings to the Higgs scalars H = ( - ) or their conjugate eH* =

_ gt
< Iff{‘ ), with transformation properties (1, 2, F1) under the SM gauge group:
0

—Ly = Y (uuSHy + du§H™) + Yi?(did;HO —wid;H™) + Yy (eaejHo — vaejH ™) + h.c. (1.1)

Note that we have in this work adopted the basis in which the left-handed fermions are associated
with the rows of the Yukawa coupling matrices, the left-handed conjugate fermions with the
columns.
Due to its multiply named potential (”Mexican hat”, ”wine bottle”)
2

Vo= (|H 4+ (B 7) 2 ([0 + ) (1.2)
with g, A > 0, the Higgs boson obtains a non-vanishing vacuum expectation value (VEV)
( v‘gk >, Uyl = %, breaking the SM gauge group down to SU(3). X U(1)en,. The transfor-
mation properties of the SM fields under the residual U(1)ey,, i.e. the electric charge, is given
by the Gell-Mann Nishijima formula

Q:k+§. (1.3)

At the same time, the Higgs VEV gives Dirac masses to all SM fermions, except for the neutrinos,
with mass matrices

(ML)ij = vw Vi1, (1.4)

where L is u, d or e. In the latter case mixed Greek and Latin indices should be used. If, as we
have conceded, we accept for the time being that there are three generations, we are faced with
the question of how to determine the elements of the mass matrices, as both the Higgs VEV
and the Yukawa couplings are free parameters in the SM. The first question is of course, how
they can be determined experimentally, that is first of all, in which observables they appear.

The overall scale of the fermion masses vy can directly be calculated from the Fermi constant
GF, as determined in measurements of the muon lifetime. This is because the Higgs VEV
also gives mass to the electroweak gauge bosons, to which it couples in a gauge invariant way,
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i.e. without the large number of free parameters encountered in its coupling to fermions. The
electroweak scale vy is thus determined to be (2v/2G p)_% ~ 174 GeV. Its origin is to be found
in the precise dynamics of electroweak symmetry breaking, with which we will not be concerned
in this thesis.

With the overall scale given, the question is how to measure the dimensionless Yukawa couplings.
We can never measure the mass matrices directly. We can however measure the masses, which
correspond to the square roots of the eigenvalues of the squared mass matrices MM or MM,
that is the singular values of M. For the charged leptons and the top quark the determination
of the masses is pure kinematics. All other quarks will hadronize before decaying (if they decay
at all), and the actual (current) quark masses need to be extracted from measurable hadronic
properties, by the means of Quantum Chromodynamics (QCD) calculations on the lattice or
effective field theories, such as chiral perturbation theory, heavy quark effective theory or non-
relativistic QCD. The fermion masses depend on the momentum scale, due to renormalization
group running. We have chosen to give all fermion masses at the scale of the Z boson mass,
My =~ 91.2GeV. One observes a large hierarchy between the masses of the three generations [6]:

my(Mz) = 1277059 MeV, m.(Mz) = 0.619700%3 GeV, my(Mz) = 171.7753 GeV,

(Mz) = 2.90 120 MeV, my(Mz) = 5571 MeV, my(Mz) = 2.89705% GeV,
me(Mz) = 0.4865701617 0 500000043 MeV, m,,(Myz) = 102.7181359 10 0000005 MeV,
m.(Myz) = 1746.241520 MeV. (1.5)

ma(Mz

One can already see from the precision of these numbers what a difficult task the extraction of
quark masses is, compared to determining lepton masses.

For a full knowledge of the Yukawa couplings, the eigenvectors of the fermion mass matrices
are needed. These can partially be observed in the weak interaction, due to the fact that the
weak basis, i.e. which pairs of quarks form a doublet under SU(2)r, no longer coincides with
the mass bases, the bases in which the Yukawa couplings and hence the fermion mass matrices
are diagonal. Due to the universality of the weak interaction, one is free to choose the weak
basis and one usually takes it to coincide with the mass basis for the up-type quarks, such that
all mixing originates from the down-type quark sector. The mass basis d} is then related to the
weak basis d; by a unitary transformation Uy. To be more precise, if

U;MdM;rUd = diag(m2, m?, m?), (1.6)

that is
Ul MaUye = diag(mg, ms, my), (1.7)
where Uge in an unobservable unitary transformation of the left-handed conjugate down quarks,
then d; = (U ;)ij d;-. We can thus reformulate the charged current interaction term in the

Lagrangian, expressed using the weak eigenstates u; and d;,

— Il d ) W + e, (1.8)

V2
in terms of the mass eigenstates u, and d},
g s’
-5 [(u;) o (Vern)y; dj| Wi +hee., (1.9)
where * is a four vector of two-by-two matrices given by (1,—3), with & the three-vector of
Pauli matrices. We see that the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix is
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equal to UJ. In general, as in the models presented later on, the weak basis need not be fixed
by the up quark mass basis. If the two bases are not identical, one needs to introduce a second
unitary transformation U,, with

UJMuMzUu = diag(mi,mgam?) (1.10)

and consequently u; = Uju}, and the CKM quark mixing matrix is given by the general formula

Vud Vus Vub
Vekm =UlUs=| Vea Vs Va |- (1.11)
Vie Vis Vu

The elements of the CKM matrix are measurable in processes involving the weak interaction.
They contain all the observable information on the eigenvectors of the quark Yukawa matrices.
The CKM matrix is usually parameterized in the following way:

c12€13 512€13 s1ze”"
i i
Verkm = | —s12023 — c12523513€"°  c12C23 — S12523513€° s23c13 |, (1.12)
i i
512523 — €12€23513€"°  —C12523 — $12C23513€"  C23C13

where ¢;; = cosf;; and s;; = sin6;;. The mixing angle among the first two generations 012
is also called the Cabibbo angle 6-. All mixing angles are restricted to lie in the first quad-
rant, such that all sines and cosines are positive, while the Kobayashi-Maskawa (KM) phase
6 may lie between 0 and 27w. An alternate parameterization of the CKM matrix, which fo-
cusses more strongly on the hierarchy among the mixing matrix elements, is the Wolfenstein
parameterization,

- A AX(p—in)
Vokm = )\ Sy AN2 +0O(\h). (1.13)
AN (1 —p—in) —AN 1

The two parameterizations are related by

S12 = A, s93 = AN? | s13€ = A)\3(p +1in). (1.14)

The Wolfenstein parameterization is mainly characterized by the small expansion parameter A,
which is, as can be inferred from comparing the two parameterizations, equivalent to sinfc.
The absolute values of the CKM matrix elements can be extracted from measurements of many
processes, mainly involving decay processes (of hadrons or the top quark), but also meson
mixing or deep inelastic neutrino scattering. They can then further be constrained by imposing
certain relations among the matrix elements, arising from unitarity. The fit results determined
in this way are [7]

0.97419 £0.00022  0.2257 £0.0010  0.00359 % 0.00016

\Vornm|= [ 0.2256+£0.0010  0.97334 +0.00023  0.041570-0019 : (1.15)
0.00026 0.000044
0.008741399925 0.0407 £ 0.0010  0.999133+3000042

While the magnitudes of the CKM elements are parameterization independent, the phases are
not. Instead of giving the phase, one therefore usually uses a parameterization independent
measure of CP violation, the Jarlskog invariant Jop, given by

Jop Y €ikmeiin = Im[VijVia Vi V). (1.16)

m,n
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It can be extracted from measurements of CP violation and asymmetry in meson mixing and
decays. The current experimental value is [7]

Jop = (3.057039) x 1075, (1.17)

This is then all the information that can experimentally be obtained on the Yukawa matrices
in the SM. It already gives us a large number of free parameters in the flavor sector: 9 masses,
3 mixing angles and one CP violating phase (disregarding the Higgs VEV, which is not really a
part of the flavor sector) for a total of 13 free parameters, easily the majority of free parameters
in the SM. In the SM the eigenvectors of the charged lepton mass matrix are not even partially
observable: due to the mass degeneracy of the neutrinos (all three have vanishing mass) they
have no defined mass basis. One is thus free to choose the weak basis to correspond with the
charged lepton mass basis and no leptonic mixing shows up in the weak interaction. Experiments
in the last decade have however been able to observe leptonic mixing and thus proven that
neutrinos do have (non-degenerate) masses. This has not been incorporated into a new Standard
Model, since the exact nature of neutrino mass generation, in particular whether they are Dirac
or Majorana fermions, remains undetermined. For this reason, we discuss neutrino masses and
leptonic mixing in a separate section, the next one.

1.2 Neutrino Masses and Leptonic Mixing

Starting its measurements in 1970, the Homestake experiment was the first to establish the solar
neutrino problem [8], that is a flux of electron neutrinos from the sun that was significantly
smaller than expected from the Standard Solar Model. By the early 90s, the experiments
KamiokaNDE II and IMB, both experiments actually designed to measure proton decay, also
showed first hints towards a deficit in the flux of atmospheric muon neutrinos [9,10]. In 1998
then, Super-KamiokaNDE provided the first evidence of atmospheric neutrino oscillations [11].
This was followed in 2001 by direct evidence of solar neutrino oscillations in the SNO experiment
[12], where the electron neutrinos missing in the solar neutrino flux were detected as neutrinos
of other flavors.

Neutrino oscillations can only occur if neutrinos have non-degenerate masses, i.e. if at least two
of the three neutrino masses are non-vanishing. In this case a neutrino mass basis is defined
by the neutrino mass matrix and can no longer be chosen to coincide with the mass basis of
the charged leptons and the weak basis, regardless of the actual mechanism of neutrino mass
generation. We thus have to introduce a unitary transformation U, relating the neutrino mass
basis and the weak basis, i.e. vo = (Uy}),; Vi, where the v; with ¢ = 1,2, 3 are the neutrino mass
eigenstates. In general neutrinos with Latin indices denote mass eigenstates. This again effects
the charged current weak interaction, which then reads

—I_[e5" (Veains) o vil Wy +hec., (1.18)

o
where the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Vpyns = U, is the leptonic
analog of the CKM matrix. Note however, that it is defined in a complementary fashion, as it
is the weak isospin I3 = —% field that is chosen to have its mass basis correspond to the weak
basis, in contrast to the quark sector. In the leptonic sector, we will also later be departing
from convention and define a weak basis that is neither the charged lepton nor the neutrino
mass basis. In this case another unitary transformation is introduced, e, = (U})qi€i, with e;
the charged lepton mass basis, which is determined by

UIM.MIU, = diag(mg,mi,mz). (1.19)
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The general formula for the PMNS matrix is then

Ver Veo Ves
Veuns =ULUS = | Via Ve Vs |- (1.20)
VTI VT2 VT3

We still need to calculate U,. For this we need to know the neutrino mass matrix, and hence
need to make some statement on the origin of neutrino mass. The first question we need to
answer is whether the neutrino has a Majorana or a Dirac mass. Dirac masses are conceptually
simpler, since they are completely analogous to the masses of the other SM fermions. We need
to introduce three additional Weyl fermions v§ (two are actually sufficient, since one of the
neutrinos can be massless) transforming as total singlets under the SM gauge group. We can
then write down additional Yukawa couplings

—Lp =Y s(vaV§Hy + eaV§HT) + hec., (1.21)

which lead to a neutrino mass matrix

M, = vy Y (1.22)

and a neutrino diagonalization matrix U, defined by

Ul M, MU, = diag(m?,m3, m2). (1.23)

However, one has to take into account that the charge-conjugated left-handed neutrinos are
total SM singlets, and thus a direct (Majorana) mass term is allowed for them. In the case of
Dirac neutrinos, this mass term needs to be forbidden, for example by imposing conservation
of lepton number. If it does exist it takes the form

1 (& C
_EM = il/a (Myc)aﬁ Vﬁ + h.C. (124)

Since the elements of M. are not related to the electroweak scale, they will be large in general.
We can then write down an effective theory, in which the heavy Majorana neutrinos, which
are basically identical with the v¢, are integrated out. Only three light Majorana neutrinos
remain in the theory: These are then the left-handed neutrinos, ignoring small admixtures.
Their Majorana mass matrix is given by

M, = —v2, (Y)Y Mtyv. (1.25)

Since we integrate out the v¢, we could just take the agnostic approach of writing down only
an effective operator to begin with. The general effective, non-renormalizable operator giving
a Majorana mass to the left-handed neutrinos is

1 -
A Yos (vaHg +eaHT) (vpHg +egHT), (1.26)

where A here and in the following always denotes the high energy scale at which an effective
operator is generated. Equation (1.25) is then only one, albeit very plausible, possible origin
for the light neutrino Majorana mass matrix. If the light neutrino Majorana mass matrix is
generated in this way, one speaks of a Type I Seesaw model [13-15]. Another popular possibility
for generating a Majorana mass matrix M, is the introduction of a scalar SU(2), triplet which
acquires a small VEV. Combining this with a Type I Seesaw model leads to a mixed or Type
IT Seesaw model [16]. In any case low energy phenomenology is determined solely by M,,. For
Majorana neutrinos, the neutrino diagonalization matrix is then determined by
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Ul M, U = diag(m1, ma, ms). (1.27)

The parameterization of the resulting PMNS matrix depends on whether neutrinos are Dirac
or Majorana particles. For Dirac neutrinos, the analogy to the quark case is complete, and we
can parameterize Vpysyg in the same way we parameterized Vog s in equation (1.12). Since
we now have two sets of mixing angles, we will sometimes write Gl-qj and Hﬁj for the mixing
angles of quarks and leptons, respectively. For Majorana neutrinos we have two phases, which
cannot be removed by a rephasing of the fields, for the simple reason that we have less fields
to rephase than in the quark sector. Even if we introduce left-handed conjugate neutrinos in a
Type I Seesaw setup, rephasing them has no effect on the light neutrino mass matrix. We thus
parameterize the PMNS matrix as

et 0 0
VPMNS = ‘7 <9l12’ 9l237911375l) ’ 0 ei¢2 0 ) (128)
0 0 1

where V is parameterized in the same way as the CKM matrix, and ¢1 and ¢- are the Majorana
phases. They lie in the interval [0, 7).

Information on the singular values and the eigenvectors of M,, can be obtained from experiment,
regardless of the nature of neutrinos, be it Majorana or Dirac. As opposed to the quark case,
where mixing matrix elements are measured mainly in decay processes and masses are extracted
from the properties of bound states, information on the neutrino mass matrix is obtained from
oscillation experiments. Two properties can be measured: The mixing angles between gener-
ations, which appear in the standard parameterization of Vpy/ns, and the differences of the
squared neutrino masses.

The leading solar oscillation parameters are Am3; = m3—m? and correspondingly sin f12. They
are measured in oscillation experiments with solar neutrinos, such as SNO, and in terrestrial
experiments using reactor antineutrinos, such as KamLAND [17]. The leading atmospheric
oscillation parameters are Am3, = m% — m? and sin 63, obtained initially in oscillation ex-
periments with atmospheric neutrinos, such as SuperKamiokaNDE, but also in terrestrial long
baseline experiments observing the disappearance of muon neutrinos, such as MINOS [18]. The
third mixing angle is measured mainly in experiments with reactor neutrinos, but with a shorter
source-detector distance than in KamLAND, and is therefore sometimes called the reactor angle
or the CHOOZ angle, after one of the main experiments of this type [19]. The best-fit values
as well as the allowed 1o and 30 ranges of all the oscillation parameters are

ity = 0301087 100
amdy = (7655050 7060) x 1077 ev?,

sin®f3 = 0.50700¢ 017, (1.29)
Am,| = (2402511 203) < 107 ev2,

sin?f13 = 0.0179519(<0.056).

These numbers are all taken from a recent global analysis [20]. In contrast to the quark sector,
some essential parameters are still entirely unknown. To begin with, the sign of Am%l has not
been measured, and therefore both ms3 > mj 2 (normal hierarchy) and ms < my2 (inverted
hierarchy) are still possible. Also, only mass differences are known so far, the absolute mass
scale of neutrinos remains undetermined. Lower limits can obviously be obtained from the
squared mass differences themselves. An upper bound on the effective electron neutrino mass,
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mg = \/Z |(VPMNS)ek|2mi < 23eV (130)
k

at 95 % C.L., was obtained in the Mainz experiment by measuring the kinematics of tritium beta
decay [21]. The KATRIN experiment will improve this bound by almost an order of magnitude,
using the same general principle [22]. Since relic neutrinos act as hot dark matter (HDM) in
the universe, bounds on the energy density of HDM translate into a bound for the sum of
neutrino masses. The exact bound depends on what other astrophysical and cosmological data
are considered and what models are used for dark energy. A fairly conservative estimate is [23]

> m; <0.80eV (1.31)
J
at 95 % C.L. Finally, neutrinoless double beta decay not only provides a measure of the absolute
neutrino mass scale, but, if observed, provides an unambiguous proof of the Majorana nature
of the neutrino. The current upper limit on the effective mass measured in this process comes
from the Heidelberg-Moscow experiment [24]:

Z (Vearns)2y mi
%

<(0.35—1.2)eV (1.32)

[Mee| =

at 90 % C.L., where the range is due to uncertainties from the calculation of the involved nuclear
matrix elements [7]. Claims to evidence for neutrinoless double beta decay [25] are controversial
and have yet to be confirmed. In any case, experiments of the next generation, such as GERDA,
will improve this limit to about 0.1 eV or measure a non-vanishing me. [26]. There are also
experiments, coming up or already taking data, that will improve the measurements of the
oscillation parameters, for example Borexino, which started taking its data on solar neutrinos
in 2008 [27], or Double Chooz [28], which will improve the limit on sin ;3.

We finally mention, that the number of light neutrinos, that also interact weakly, is limited to
three by the measurement of the Z boson decay width at LEP [7]. This does not however exclude
the possibility of sterile neutrinos, which could mix with regular neutrinos after electroweak
symmetry breaking. Measurements by the LSND experiment seemed to indicate oscillations
involving a large squared mass splitting [29], which could be explained by the introduction of
at least one sterile neutrino. The subsequent MiniBoone experiment however could not confirm
these specific findings [30]. There is thus currently no conclusive evidence towards the existence
of more than the three known neutrino species.

We have collected in this first chapter the data and observations currently available to guide
us towards something like a model of flavor. In the next section, we begin by putting this data
into perspective, pointing towards regularities and structures which such a model might be or
should be able to explain.
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Chapter 2

Non-Abelian Discrete Flavor
Symmetries

2.1 Theoretical Approaches to the Flavor Sector

Until the discovery of neutrino oscillations and the measurement of the leptonic mixing angles,
the most striking feature of the parameters of the flavor sector was certainly the hierarchy
among the masses of the three generations. Early models of the flavor sector thus tend to focus
strongly on this aspect. For the quarks for example we have

My @ Me : My~ )\8:)\4:1,
Mg : Mg : My~ )\4:)\2:1,
my:mg ~ A:l, (2.1)

where A ~ 0.2 is the small expansion parameter suggested by the Wolfenstein parameterization
of the CKM matrix. We will be using it as a generic measure for small expansion parameters
throughout this thesis. To explain this hierarchy, one needs a theory that determines the
magnitude of the Yukawa couplings in the SM Lagrangian.

The simplest ansatz is to set some of the Yukawa couplings, and thereby some of the mass matrix
elements, to zero. This is referred to as choosing certain textures for the Yukawa matrices. An
overview of phenomenologically viable textures is given in [31]. As these texture zeroes are not
motivated by symmetries or some other principle, they are theoretically not very appealing.
Texture studies however can give guidance as to what Yukawa matrix structures are favorable
and should be reproduced by more involved models. Such studies have therefore also been
performed for Majorana [32] and Dirac [33] neutrinos.

An explanation for the mass hierarchies from a symmetry was provided by Froggatt and Nielsen
(FN) [34]. The additional symmetry is a U(1)py. It is a horizontal symmetry, meaning that
under this symmetry the different generations transform differently, as opposed to all the known
symmetries of the SM, which are then correspondingly called vertical. Considering for example
the down quark sector, one can assign charges qiL to the @); and qz-R to the df, where all charges

are either positive integers or zero. Then the only non-zero Yukawa couplings Yid are those

for which ¢¥ = qJR = 0, as long as the U(1)py is an exact symmetry. If this FN symmetry is
however broken spontaneously by the VEV of a gauge singlet scalar  with U(1)py charge of
-1, the additional Yukawa couplings are generated by effective, non-renormalizable operators

qF+qf
i ) " (2.2)

Yy Qid§H (A
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where the couplings Yﬁ-j are assumed to be of order 1, while % must be a small parameter € < 1.

We then obtain a hierarchy among the low energy effective Yukawa couplings Y;; = fﬁj 4t if
we choose the U(1)pn charges accordingly. This translates directly into a hierarchy of fermion
masses. We use the FN mechanism in the models of this thesis to (partially) generate the quark
mass hierarchy. An alternative approach is to explain the mass hierarchy using wave function
overlap and localization in extra dimensions [35]. As none of the models presented in this thesis
makes use of extra dimensions, we will not be using such a mechanism.

Apart from the fermion mass hierarchy, other regularities have been noted. Two examples are
the Koide lepton mass relation [36]

./me+mu+mT:\/§(\/mi+\/m7+\/nTT), (2.3)

and the Georgi-Jarlskog relations, combining charged lepton and down-type quark masses [37]

My = My, 3Ms = My, , Mg = 3Me. (2.4)

As these two relations rely on the exact values of the masses, rather than on a more general
hierarchy, they are in general only true at one particular energy scale. For the Georgi-Jarlskog
relations this is a high energy scale, around the scale at which one expects the unification
of coupling constants in a Grand Unified Theory (GUT). A GUT, in which charged leptons
and down-type quarks are unified in a single multiplet, such as SU(5), is also the adequate
theoretical framework to obtain this relation. The Koide mass relation on the other hand is
true for the pole masses of the leptons, i.e. the actual masses obtained from kinematics. No
attempt at deriving the Koide mass relation from a symmetry has been entirely successful, as
all models need to artificially eliminate allowed terms in the Lagrangian [38].

Taking mass hierarchy as the fundamental attribute of the SM flavor sector, the quark mixing
angles arise as a byproduct. There exist several phenomenologically successful expressions
which relate mixing angles with quark mass ratios and can be obtained from specific mass
matrix textures [39-43], for example the Gatto-Sartori-Tonin (GST) [39] relation

O ~ | 2, (2.5)
ms

which explains the smallness of the mixing among the first two generations by the mass hierarchy
among them. The full GST relation includes another contribution from the up-type quarks,
which is however subleading, as the mass hierarchy is more pronounced in that sector, cf.
equation (2.1).
The measurement of the large leptonic mixing angles and neutrino masses substantially changed
the flavor picture. Even though we do not yet know the absolute neutrino mass scale, the mass
squared differences already tell us that the neutrino mass hierarchy is by no means as pronounced
as for the charged fermions'. On the other hand, two of the mixing angles are large. Even more,
the measured leptonic mixing angles are all compatible with quite special values, sin? fa3 = %,
sin’ f19 = % and sin” #;3 = 0. If these values were exact, the leptonic mixing matrix would take
the form [44]

2 1 0
DY
VPMNS = *¢ ? 7% ) (26)
V6 V32

!The lightest neutrino can be massless, so that the relative hierarchy between the lightest and the next-to-
lightest neutrino can be arbitrarily large. The relative hierarchy between the two heavier neutrinos, however, is
limited by the squared mass differences.
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where we have suppressed possible Majorana phases. This special form of the mixing matrix
is called the Harrison-Perkins-Scott (HPS) mixing matrix or the tri-bimaximal mixing (TBM)
matrix and begs explanation. Even if we allow for sin? 65 # %, we are still left with the striking
fact of one maximal and one vanishing mixing angle, with a third mixing angle large but non-
maximal. The corresponding mixing pattern (of which tri-bimaximal mixing is a special case)
is hence called bi-large. Since the interchange of the second and the third row (corresponding
to the indices p and 7) only results in sign changes, a setup with such a mixing matrix is also
called p-7T-symmetric.

These mixing angles do not look as if they arise from fermion mass ratios. We rather expect
that these mixing angles arise from symmetries of the mass matrices that are independent of
the eigenvalues, so-called mass independent textures [45]. This also leads to a re-evaluation of
the quark mixing angles. On the one hand, there may be a non-trivial relation with the leptonic
mixing angles, such as

0Ly + 00 ~ %, (2.7)

which is referred to as Quark-Lepton Complementarity (QLC) [46]. On the other hand, the
Cabibbo angle may also be described through a specific value, rather than through order of
magnitude estimations [2,47,48]:

~
~

This implies that quark mixing may also be described by mass independent textures, and we
use this relation later on in this thesis. New theoretical approaches needed to be found, more
suited to predicting mixing patterns than hierarchical masses. Symmetries are again the method
of choice, but it needs to be reconsidered what kind of symmetries should be used. Abelian
symmetries, such as the U(1)py, have only one-dimensional representations. They are well
suited for describing mass hierarchies: Each generation is treated separately and assigned a
charge determining its place in the hierarchy. Small mixings arise as a byproduct. In predicting
specific mixing patterns among generations however, it is the relationship among the generations
which becomes more important than the specific properties of each generation by itself. We
therefore need to move to higher-dimensional representations, in which two or three generations
are unified. These only exist in non-abelian groups.

This leaves the question of whether the horizontal flavor group should be continuous or discrete.
As the dimension of the irreducible representations (irreps) of continuous groups grows quite
rapidly with the size of the group, only very few groups are really able to accommodate the
three fermion generations without introducing new fermionic degrees of freedom. Taking into
account that? U(2) = SU(2) x U(1) and U(3) = SU(3) x U(1), we have only three such
groups, all of which have been employed as flavor symmetries: SU(2) [50,51], SO(3) [52, 53]
and SU(3) [54,55], where SU(2) and SO(3) are of course very closely related, the first being
the double covering group of the second. Although these models easily predict large mixing,
they have problems predicting specific values for the mixing angles: A very elaborate vacuum
alignment is needed to reproduce TBM, for example. This can easily be understood from the
fact that in a continuous flavor symmetry no particular direction in flavor space is singled out
- we are free in our choice of axes. This is different in discrete flavor groups - here we have a
finite number of elements mapped by a finite number of representations to a finite number of
representation matrices with finitely many eigenvectors. Thus, a certain number of directions
in flavor space are singled out, like the axes of a crystal. This will play an important role in the

o (2.8)

2 Actually, in both cases a cyclic group needs to be modded out, just as the SM gauge group is really SU(3) x
SU(2) x U(1)/Zs [49]. This is however irrelevant for our purposes.



22 CHAPTER 2. NON-ABELIAN DISCRETE FLAVOR SYMMETRIES

analysis of chapter 3. But first we will describe some general properties of non-abelian discrete
flavor symmetries.

2.2 Properties of Discrete Non-Abelian Flavor Symmetries

When designing a model of flavor using a horizontal symmetry group Gy, the first task is
obviously to pick a group. We have already elaborated on why we want to choose Gy non-
abelian and discrete. What further properties should Gy have? We want to accommodate
the three known fermion generations in irreps of Gy and also want to make use of the non-
abelianity of Gy, that is we want to unify at least two generations in an irrep. If we do not want
to introduce new fermionic degrees of freedom, this means that we must demand that G has
at least one two- or three-dimensional representation. This is already quite a strong restriction,
although it is by no means as strong as in the case of continuous groups, where it limited us to
three groups. In the discrete case, there is still quite a large (in fact infinite) set of groups to
choose from, and we begin by giving a brief overview of groups that have been used as flavor
groups in the literature.

The most popular choice for G is probably Ay [56-62], the group of even permutations of
four distinct objects or equivalently the symmetry group of the tetrahedron. The reason for its
popularity stems from the fact that it is ideally suited for predicting tri-bimaximal mixing. We
give more details on the mechanism responsible for this, when we consider the breaking of G's
below. For now, we also mention that the double-valued group of A4, T”, has been employed to
extend a model predicting TBM for leptons to the quark sector [63]. Also recent studies point
towards the fact that the special properties of A4 are no coincidence, but are related to the fact
that A4 is a maximal subgroup of Sy, the group of permutations of four distinct objects. In fact
it can be shown that, under certain restrictions, predicting TBM specifically requires Gy to be
(or contain) Sy [64], which has also been studied as a flavor symmetry in its own right [65,66].
Of the other alternating and permutation groups, only very few are eligible candidates for a
flavor symmetry. As & Zs3 is abelian, while the A,, with n > 6 have no more two- or three-
dimensional irreps. This leaves A5, which has rarely been studied, but may be of interest for
describing the solar angle with the golden ratio [67]. The situation is similar for the permutation
groups: So =2 Zy is abelian, the S,, with n > 5 have no small irreps, leaving S3 which is
isomorphic to the dihedral group D3 and will thus be included in our study in the next chapter.
It is the smallest non-abelian group and has thus been very popular as a flavor symmetry [68-79].
There are however sequences of groups, where the groups corresponding to large integers are also
viable flavor symmetry candidates, most notably the dihedral symmetries, D,, and their double-
valued counterparts the D!,. They have been used extensively in the literature [33,80-97], most
existing models however stick to a small n. We will discuss the dihedral groups extensively in
section 3. Other interesting sequences of groups are subgroups of SU(3), the groups A(3n?) and
A(6n?), which all have a representation content compatible with being a flavor symmetry. Their
mathematical structure has been studied in [98,99], a more phenomenological study along the
lines of the analysis presented in this thesis for the dihedral groups however does not yet exist.
These subgroups of SU(3) have gained some popularity as flavor groups [100-102]. There are
also other groups, which have been used as flavor groups, but are not part of a neat sequence,
such as for example the groups 77 or 3(81) [103-105].

We see that there exists quite a large selection of flavor groups. Before focussing on a specific
subset, the dihedral groups, we will continue by discussing the general properties of models
incorporating a flavor symmetry. After choosing a group, representations need to be assigned
to the SM fermions and the charge-conjugated neutrinos v, if they are present in the model.
Just as for the FN symmetry, this will force most, if not all, of the Yukawa couplings YZ']L to be
zero. To obtain phenomenologically viable mixing patterns, we need to break Gy spontaneously
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with scalar VEVs. There are in principle two ways to do this: One is to use gauge singlet scalars,
as in the FN case. We will discuss this possibility in detail in section 5. For now we will focus
on the case where the flavor symmetry is broken along with the electroweak symmetry. This
means that we need a flavor-charged Higgs boson, or rather several of them. The framework is
then that of a multi-Higgs doublet model with Higgs bosons transforming non-trivially under
G ¢. Such multi-Higgs doublet models tend to lead to phenomenological problems, and we will
be discussing them. However, as most general results apply equally well to both modes of
flavor symmetry breaking, and since the first models presented in this thesis break Gy at the
electroweak scale, it seems sensible to concentrate on these models for the time being.

When constructing a full model, we need to consider two sectors of the Lagrangian: We begin
by writing down the allowed Yukawa couplings, considering the transformation properties of
the fermions and the Higgs bosons. We then consider the Higgs potential and minimize it.
The resulting VEV configuration, together with the Yukawa couplings, gives the fermion mass
matrices. If our flavor group commutes with the standard model gauge group, and in particular
with SU(2)r, as we will assume throughout this thesis, then we set, without loss of generality,
the Gy basis to be identical with the weak basis. The unitary matrices diagonalizing the squared
mass matrices then give the quark and lepton mixing matrices, according to equations (1.11)
and (1.20); the eigenvalues of the squared mass matrices give the squared masses, taking into
account the regular changes for Majorana neutrinos. The results can then be compared with
phenomenology or taken as predictions of the model.

This is of course an excessive oversimplification. In general the results we want to produce will
not just drop out of our model, after choosing symmetry group and representation content.
Some additional engineering will be necessary in general. This is often performed by extending
the flavor symmetry group to Gy X Z,, i.e. by introducing an auxiliary abelian symmetry. Both
fermions and scalars transform non-trivially under Z,,. We can in this way divide our fermions
into several sectors, depending on their Z,, charge. For example, considering leptons, we can
choose charges in such a way that one set of scalar VEVs contributes only to the charged
lepton mass matrix, while another set of scalars, with a different Z,, charge, contributes only to
the neutrino mass matrix, at least at leading order. This is particularly interesting if the two
different sets of scalars acquire different VEV structures. For instance, take A4 and two sets
of scalars (goll’”, 4,012"/, gpé’”) transforming under the three-dimensional representation of that
group: In models predicting TBM from A4 it is now a crucial ingredient that the scalars ¢?
coupling to neutrinos acquire a VEV proportional to (1,1, 1), while the scalars goé coupling to
charged leptons acquire a VEV proportional to (1,0,0).

This can also be understood in another way: The scalar VEVs coupling to neutrinos conserve a
Zo subgroup of Ay, while the scalar VEVs coupling to charged leptons conserve a Z3 subgroup.
It is this mismatch of subgroups which is responsible for creating the mass independent texture
and thus the special mixing pattern. This will be the guiding principle in our general analysis
of the dihedral groups in chapter 3. But first, we will take a look at a flavor symmetry model,
to see some of the general principles described in this section in action.

2.3 The D, Scaling Model - a Worked-Out Example

2.3.1 Phenomenological Considerations - Scaling

Before we begin presenting the model, some comments on its phenomenological objectives are
in order. The model we present concerns only leptons. Its main goal is obtaining a Majorana
mass matrix for the light neutrinos that obeys the scaling ansatz [106]. This scaling hypothesis

M, .. .
demands that the ratio E 7 g“ﬁ is independent of the flavor «;, i.e.
v ay
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’ Field H Dy x Z5 quantum number
®2 17
e, VS 1
le: v 1
Vi, 1 1s
3 1,

Table 2.1: Transformation properties under D4 X Za of the particle content of the D4 scaling model.

(M) (My),5 (M)

GL). ~ (1) (i )Tﬁ = ¢ for fixed 3 and v , (2.9)

Ty

ey ny
in the basis, where the charged lepton mass matrix is diagonal. There are three possibilities
and the only one allowed by phenomenology is the one with 8 = p and v = 7. The resulting

mass matrix reads

A B BJe
M, = B D Dje . (2.10)
B/c DJ/c D/c?

The most important phenomenological prediction of scaling is that equation (2.10) leads to an
inverted hierarchy with ms = 0 and U,z = 0. Atmospheric neutrino mixing is governed by the
scaling factor ¢ and the relation tan? fla3 = 1/c?, i.e. is in general non-maximal for ¢ # 1.

We note that from ms = 0 it follows that only the difference of the Majorana phases is physical.
It appears in the neutrinoless double beta decay effective mass me.. This parameter takes a
very simple form for the inverted hierarchy with ms = 613 = 0, if we neglect the solar mass
splitting:

meel = /| Am3 [ /1 - sin? 2015 sin? (61 — 6o) . (2.11)

The range of me. lies for the best-fit parameters from equation (1.29) between 0.019 and
0.049eV, while at 1(3)o it ranges between 0.017 and 0.050 eV (0.012 and 0.052 eV). This would
make an observation of neutrinoless double beta decay conceivable in the future [107]. Further
phenomenological implications of the scaling ansatz are discussed in [1]. We now continue by
presenting a specific model using the flavor symmetry Dy X Zs that predicts scaling.

2.3.2 The Model

We work in the framework of a Type I Seesaw mechanism and employ a Dy x Z5 flavor symmetry
to generate scaling. This model only describes the lepton sector: Apart from the regular
conjugated neutrinos vg , -, the conjugated charged leptons e, u° 7¢ and the lepton doublets
le,u,r» we introduce five Higgs doublets ¢12345. We have thus, as a first step, determined G; as

well as the particle content. The exact assignment of representations under D4 x Z5 is shown in
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table 2.1. The superscripts +, — refer to the transformation properties under Zs, the boldface
numbers to the Dy representations. For the mathematical details of the D4 group, we refer the
reader to section 3.1.1. From the assignment in Table 2.1 the following Yukawa Lagrangian is
obtained:

—L=Fkilee o1+ Lp (ko p1r — k3 ¢3) + 1.7 (k2 o1 + k3 ¢3)
+hl, Vg ¢1 + hale I/Z ¢2 + hs (l'u I/ﬁ o4+ L; l/ﬁ ¢5) (2.12)

1
—1—5 (vEvs My + vy vy, My +vivs Ms3) + h.c.
From now on, as in this Lagrangian, we will drop the explicit decomposition into SU(2)r
component fields. Assuming all five Higgs fields acquire a non-vanishing VEV, the neutrino
Dirac mass matrix can be written as

ae® b 0
0 d 0 Vwk » (2.13)
0 e 0

and both the charged lepton mass matrix and the Majorana mass matrix of the charge-
conjugated neutrinos are diagonal. We can always make the entries of these two diagonal
matrices real and positive by rephasing the charge-conjugated charged leptons and neutrinos.
This leaves us the freedom, to rephase the [, to remove all phases from the neutrino Dirac mass
matrix, except for the one complex phase included in the matrix of equation (2.13). There is
thus only one complex phase in the model and the entries of the Dirac mass matrix are given
by

a = [hi{g1)| , b= |ha(d2)| , d = |h3(ds)| , e = [h3(5)]. (2.14)

We can then calculate the light neutrino Majorana mass matrix using the Type I Seesaw formula
to obtain

M. ,
) 2022 4 B2 bd be
v 1
M, = — %k 2 : 2.1
My bd 2 de (2.15)
be de €2

Note that the third heavy neutrino mass M3 does not appear in M,,: the third charge-conjugated
neutrino does not take part in the seesaw because all its Dirac Yukawa couplings vanish. The
low energy mass matrix obeys scaling with ¢ = d/e. We therefore have mg = U.s = 0 and
tan? fa3 = €?/d? and the effective mass governing neutrinoless double beta decay is

2
v M,
Mee = 2K | = g2

My | M,
We now turn to the scalar, i.e. the flavor symmetry breaking, sector. First note that multi-
Higgs models, such as the one analyzed here, typically predict flavor changing neutral currents
(FCNCs) and Lepton Flavor Violation (LFV) in the charged lepton sector at dangerous levels.
In this model the charged lepton Yukawa matrices for all Higgs bosons are diagonal®. This

¢2% 4 12

= \/Am§1 \/1 — sin? 2013 sin? (¢ — ¢2) . (2.16)

3Note that this is a stronger condition than demanding that the charged lepton mass matrix be diagonal, as
cancellations may occur.
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means that tree-level LFV is entirely forbidden and processes such as y — ey are suppressed
either by the Glashow-Iliopoulos-Maiani (GIM) mechanism (for light Majorana neutrinos in the
loop) or by the masses of the heavy charge-conjugated neutrinos. This is discussed in detail
in [108]. Since this model focusses only on the lepton sector, no statement can be made on
FCNCs, which could violate limits stemming from rare meson decays. The only remaining
phenomenological constraint are limits from direct searches. The analysis of the scalar masses
in a very similar model % in [1] shows that it is generally possible to choose the couplings in the
potential in such a way that the masses of all physical scalars are large enough to avoid such
limits. This is no longer necessarily true for models with more scalar states, and we will return
to these problems in section 4.3.

What remains to be considered is the VEV structure of the five Higgs bosons. Most importantly
we observe that the scaling parameter c is related to the scalar VEVs through

[
(¢5)

We thus see how the mixing pattern is determined not only by our initial choice of representation
content, but also by the structure of the VEVs of higher-dimensional representations of Gy.
This is very similar to the A4 case, where it was the VEV structure of the three-dimensional
representations which led to TBM. In A4 models the required structures conserve non-trivial
subgroups of the original flavor group. As we will see in the next chapter, a Zs symmetry of
D, is conserved for ¢ = 1 that is for [(¢4)| = |[(¢5)|. This leads to a u — 7-symmetric model,
with maximal atmospheric mixing, which seems to indicate that conserved subgroups may be
a generic feature of models where mass independent textures predict specific mixing angles. It
is thus an interesting project to take a flavor group, determine its possible subgroups, the VEV
structures that conserve it and the resulting mixing. Such an analysis can give more general
criteria as to which flavor group to use, a pressing question considering the large amount of
models available.

We could of course perform such a systematic discussion for D4 alone, however it is much more
economical to perform a general analysis for the entire set of dihedral groups D, and their
double-valued counterparts D). They are predestined for such an analysis, as they do not
contain representations larger than two-dimensional, independent of the index n, and hence can
all theoretically be used as flavor groups, without having to add additional fermions to the SM.
We will perform just such a systematic analysis in the following chapter.

. (2.17)

4The Yukawa Lagrangian is identical, there will only be slight differences in the potential.



Chapter 3

Dihedral Flavor Groups

3.1 Introduction to Dihedral Groups

3.1.1 Single-Valued Dihedral Groups

The dihedral group D, is the symmetry group of the regular two-sided polygon with n corners
and n edges (often called n-gon). Two- sided means that the symmetry transformations not only
include rotations (these make up the cyclic group Z,,), but also reflections, which correspond
to flipping the two sides of the polygon. In fact, it is this property which gives the dihedral
groups their name, dted pos meaning two-sided in ancient Greek.

Since reflections and rotations do not commute in general, all D,, groups are non-abelian apart
from Dy (2 Z3), which is the symmetry of the two-sided point and therefore does not include
rotations, and Do (= Zy X Z3), the symmetry group of the two-sided line, which only contains
rotations by 180°, which commute with reflections.

The rotations are generated by the element A, the reflections by B. These two generators then
fulfill the following relations:

A"=1 , B*=1 , ABA=B. (3.1)

A given element of D,, can then be written as A™ or as BA™, with m =0,1,...,n — 1, making
for a total of 2n elements. We will go into the subgroup structure in much detail later on,
but one can already see that any D,, will contain a Z,, subgroup containing only the rotations,
generated by A. This abelian subgroup will have n elements, so by a well-known lemma of
representation theory [109], any irreducible representation of D,, will have a dimension less or
equal than 27” =2

The number of one-dimensional representations is strictly limited. Since B is of order 2, it
must always be represented by 1 or —1. The commutation relation between A and B then
directly implies that A must also be represented by 1 or —1. If the group index n is odd,
then A is of odd order and can only be represented by 1, leaving us with two one-dimensional
representations, the trivial one, denoted by 17, for which A = B = 1, and the non-trivial one,
denoted by 19, for which A = 1, B = —1. If the index n is even, we get two additional non-
trivial singlet representations, 1g with A = —1, B = 1, and 14 with A = B = —1. All other
irreducible representations are two-dimensional and their number can be directly inferred from
the fundamental equation of representation theory

1Dyl =20 = (dimp;)?, (3:2)
i
with the sum going over all irreducible representations p;. For an even n this gives (§ — 1) two-

dimensional representations and for n being odd D,, has "Tfl two-dimensional representations.

27
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We will denote the two-dimensional representations with 2:, where the index j =1, ..., "Tfl for
D, with n odd and j =1,..,5 — 1 for D,, with n even.

As opposed to the case of one-dimensional representations, there is no unique matrix represen-
tation for two-dimensional representations. We will in the following be using complex matrix
representations, where the generators of the two-dimensional representations are [109]

A:<e(28”)j e_(%i)j>’B:<? é) (3.3)

withj=1,...,5 —1fornevenand j=1,..., ”T_l for n odd. Note that even though we have
chosen complex matrices to represent the generators for the two-dimensional representations,
the trace of the representation matrix for any given group element (and thereby the character of
the representation) will be a real number. One can in fact use real representation matrices, as
is often done in the literature, which shows that the two-dimensional representations of D,, are
real. We will discuss the most common, explicitly real set of representation matrices in appendix
B.3. For now, we mention that, since the representations are real, there exists a unitary matrix

U which links the generators to their complex conjugates: U = ( (1) (1) > For any < Zl >
2

* *
transforming under a two-dimensional representation, the combination U ( Zi > = < Zf >
2 1
transforms as the same two-dimensional representation.
For completeness it should be mentioned that one often finds the notation Ds,, instead of D,,,
where the group index denotes the order of the group instead of the order of A, the generator
of rotations.

3.1.2 Double-Valued Dihedral groups

The groups D), are the double-valued counterparts of the groups D,,. Double-valued means
that a rotation by 360° is equivalent to the product of two reflections but not to the identity.
Only a rotation by 720° or equivalently the product of four reflections gives the unit element.
The relation between D], and D, is thus similar to that between the Lie groups SU(2) and
SO(3). Therefore, of the groups D], only D] is abelian, since it only contains rotations by 360°,
which are equivalent to two reflections. D] is thus isomorphic to the double-valued group of
reflections, Z4. All other double-valued dihedral groups have two generators, which fulfill the
relations

A"=R , B2=R ,R’*=1 , ABA=B. (3.4)

R commutes with all elements of D/,. Any element of D], can then be written as A™ or as BA™,
withm =0,1,...,2n—1, giving a total of 4n elements. They will also contain a maximal abelian
subgroup containing only the rotations, which in this case is Zs,,. This abelian subgroup has 2n
elements, so that again the dimension of irreducible representations is limited to be no larger
than g—z = 2.

As B is now of order 4, it can mapped by a one-dimensional representation to 1, —1, —i or
i, while A can again only be represented by 1 or —1 due to the commutation relation. We
then have the additional constraint A” = B2. For an even group index n, this means that B
cannot be imaginary, and we have the same four one-dimensional representations we had in
the single-valued case, that is all one-dimensional representations are real. For an odd n, the
choice of B uniquely determines A, leaving us again with four one-dimensional representations,
with 11 and 19 being defined as for an even n (and thereby real), but with the representations
13 and 14 now being complex conjugated to each other, the generators being represented by
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A=-1,B=—iand A = —1, B =i, respectively.
We conclude that the double-valued dihedral groups always have 4 one-dimensional represen-
tations, and thus n — 1 two-dimensional representations. For the representation 2:, we choose

generator matrices having a similar form as for D,, [110,111]:

A:<e(’§)j e(%)j) ’ B:<(1) é) (3.5)

A:<e(7§)j e_(%)j) 7 B:<(3 é) (3.6)

for j odd, j=0,1,...n — 1. All two-dimensional representations will again have a real character,
however only the two-dimensional representations 2; with j even are real, i.e. not only their
characters are real, but there also exists a set of real representation matrices. In contrast to
this, the representations 2: with j odd are pseudo-real, i.e. their characters are real, but one
cannot find a set of representation matrices which are also real. Therefore no alternative set of
real representation matrices exists.

To obtain the group D!, from the group D, one has to add the pseudo-real and complex
representations. Therefore the real representations are usually called even, while the pseudo-
real and complex ones are named odd representations [110], in the sense that R is 1 in case
of an even representation and —1 for an odd one. Comparing the generators of even and
odd representations one recognizes that the generator B contains an extra factor ¢ for odd
representations.

Since also for D!, all two-dimensional representations are real or pseudo-real, i.e. not complex,
there exists a similarity transformation U between the representation matrices and their complex
conjugates. If the index j of the representation zj is even, U is the same as for the representations

for j even, and

D 0 -1 —aj ay .
of D,. For j being odd, U = 10 such that ot =U s transforms in the
1 2

same way as L 2: with j odd.
as J

A final word on notation: The simplest non-abelian double-valued dihedral group, D}, is also
called the quaternion group. Hence, one often finds the notation Q2, or Q, instead of D,
i.e. taking the group index to be the order of the generator of rotations or the order of the
group itself. In fact the group index n in D!, indeed has no direct interpretation from the
group structure, but is chosen to make the connection between a double-valued group and its
single-valued counterpart clearer.

3.2 Non-Trivial Subgroups

We now already know enough about the dihedral groups to determine the subgroups of a general
D,, or D!, group, using the generators given in section 3.1. We already mentioned in the last
chapter that these subgroups are intimately related to the VEV structure of scalars transforming
non-trivially under the flavor group Gy. It will thus be most instructive to describe the method
of calculating subgroups by considering the physics behind it.

When a scalar, transforming under a non-trivial irreducible representation of G, acquires a
VEV, G will be broken, because there will be elements of the group that do not leave the VEV
invariant. G is thus no longer a symmetry of the vacuum of our theory. However in general
there may be elements of Gy that do leave the VEV invariant; these elements then comprise
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the subgroup left unbroken by the scalar VEV. We go through the irreducible representations
one by one, assuming there exists a scalar transforming under this representation and acquiring
a VEV. We then check which elements of Gy leave such a VEV invariant. These elements form
a group, whose group structure has to be determined. This is straightforward, as all subgroups
turn out to be either dihedral or cyclic.

For the one-dimensional representations we only need to look at which elements of the group are
represented by a 1 - these elements then form the conserved subgroup. For the two-dimensional
representations the conserved group may depend on the VEV structure, i.e. on the relation
between the two VEV components of the doublet. We thus need to determine the eigenvalues
and eigenvectors of the group elements. All group elements which have the same eigenvector
corresponding to the eigenvalue of 1 form a subgroup and this group is conserved by a VEV
proportional to this common eigenvector.

For this calculation, we only have to consider two general matrices, the first one being

(T
AT ( i e(gc’é’”)i ) (3.7)

where G is the order of Gy (2n for single-valued, 4n for double-valued groups) and 0 < m < % -1

2
means that the greatest common divisor (ged) of j and 5 must be greater than one!. In this
G

case gj is an unfaithful representation which maps A2959) to the unit matrix, where we have

an integer. This matrix only has an eigenvalue of 1 if % is an integer. Since m < &, this

used the shorthand notation g(x,y,...) for the greatest common divisor of the integers x,y, ....
The subgroup conserved by the VEV of such an unfaithful representation will always contain
G

all group elements represented by the unit matrix and will consequently have A29(59 as a
generator.
The other general matrix we need to consider is

O e(47rém)j O Ze(47rém)J
BAm: Tim\ ; Tim \ s 9 38
(e—m T > o (ie—«*cﬁ 0 (38)

where m again lies between 0 and % — 1. The second matrix is for representations of D/, with
odd index j. It has no eigenvalues of 1. Thus we observe that for D) the structure of the
doublet VEVs with odd index j is irrelevant for the conserved subgroup. The first matrix on
the other hand, always has an eigenvalue of 1, corresponding to the eigenvector

( e?m ) . (3.9)

We thus have for a given two-dimensional representation a class of subgroups, parameterized
by m, where one of the generators of the subgroup will be BA™.

To make sure that we have determined all subgroups, we need to consider possible combina-
tions of two or more scalars, transforming under different representations. Further subgroups
will necessarily be subgroups of the subgroups determined above. Since all of the subgroups
encountered so far are either dihedral or cyclic, we know that all further subgroups will also be
either dihedral or cyclic. As it turns out, we need at most 2 different representations to reach
any possible subgroup of our original D,, or D).

We have listed all subgroups of a general group D,,, as well as the minimal scalar VEV con-
tent needed to break D, down to that group. We will frequently be using the name of the

'In the original paper [2], we incorrectly assumed that j itself had to divide g This has been corrected in
the results given in this thesis. An erratum is in preparation.
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representation to mean the scalar transforming under that representation, whenever there is no
ambiguity. For two-dimensional representations the structure of the scalar VEV is important,
so we need to differentiate: We denote an arbitrary VEV by < gj >, while a VEV proportional

to the eigenvector of equation (3.9) will be denoted by < 2: >'. We get the following results

J
for D,, groups:
<ll>
Dn — Dn
<1l5>
D, N In =< A >
<l3> 9
D, — D% =< A*,B >
<1,> )
D, % Dy=<A®>BA>
<2j> n
Dn == Zgmy =< A™D > (g(n,j) > 1)
<2j>
D, —= nothing (g(n,j)=1)
<2j>’ "
D, — Dy(n,jy =< Asti) BA™ > (g(n,j) >1;m=0,1, ..., ﬁ -1)
<2.>'
D, — Zy =<BA™ > (g(n,j)=1,m=0,1,...,n—1)
<lg>+<lg> )
D, — Z%:<A > (one can also use <19 >+ <1y >o0r <1lg >+ <1y >)

and for D], groups we get:

<1y> ,
D, — D,
, <l2>
D, —= Zon =< A >
<l3> or <l4> 2
Dy, — Zn =<A*> (for odd n)
’ <l3> / 2
D, — D»=<A%B> (for even n)
, <l4> , 2
D, — n =< A, BA > (for even n)
<2j> on
Dy =5 Zgenj =< AED > (g(2n,]) > 2)
<2.>
D, —  Zy=<A"> (9(2n,j)=2)
<2j>
D, — nothing (g(2n,j)=1)
<zj>/ 2n
D, —— D, =<As@D BA™ > (g9(2n,j) >2and even; m=0,1,..., % —1)
92 !
<2j>/
D, —  Zy=<BA™ > (9(2n,j)=2;m=0,1,...,n—1)
, <do>+<lg> )
D, — Zn =< A® > (for even n; one can also use <1g >+ <1y >or <1lg >+ <1y >)

Some of these results can also be found in references [112] and [113].

We now know the minimal VEV structure needed to break Gy down to a given subgroup. The
maximal VEV structure preserving that subgroup is then achieved by allowing VEVs for all
representations which have at least one component transforming trivially under the subgroup in
question. Therefore we list the transformation properties of the representations of our original
dihedral group under a given subgroup. These can be found by expressing the generators of
the subgroup in terms of the generators A and B of Gy. As a general feature we remark
that two-dimensional representations become reducible in several cases. The complete list of
decompositions is given in Appendix C.1 along with the maximal VEV structure.
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3.3 Breaking Chains

We have seen that a dihedral group will in general have several non-trivial subgroups. It may
be interesting to consider models, where the breaking of the flavor symmetry happens in several
steps. This can be realized by having scalars transforming under different representations ac-
quiring their VEVs at several distinct symmetry breaking scales, leading to a stepwise reduction
of the flavor symmetry. Such an approach can be useful for explaining the observed hierarchy
of fermion masses. Again this discussion can be performed in a very general way, considering
all possible breaking patterns of a dihedral group, where the symmetry breaking happens in an
arbitrary number of steps.

As the amount of breakings is arbitrary in theory, it is more economical to give only the build-
ing blocks for such a breaking chain. For each building block, we assume that we have already
broken down to one of the subgroups of D,, or D! determined in the last section. We then
consider how adding an additional VEV will further reduce the symmetry.

For the subgroups of D"n we only differentiate between two types. The first type are dihe-
dral subgroups D, = (A«,BA™). This includes the groups Dg as well as the abelian group
Zy = (BA™'), which is isomorphic to D;. These subgroups are further parameterized by the
integer m which appears in their generators. It is restricted to lie between 0 and % —1 and
thereby, along with the index ¢, unique}y defines the dihedral subgroup in question. The other
type are the cyclic subgroups Z; = (A¢). For even n these may also include a Zy = <A%) In
this section, this is the group we mean by Zs, the other Zy’s will be denoted by Di. In the
following sections, when we discuss the subgroups in more detail, we will always give the sub-
group generators, to make clear which group we mean. This would however make the breaking
chain building blocks rather cumbersome. Finally, note that the group Z; is trivial, i.e. its
conservation corresponds to a total breaking of G.

We also use the notation mj; for the phase factor m in the VEV < 2. >'. Its relation to the
subgroup index m is of crucial importance in the building blocks given below.

We find two paths in the breaking sequences, one along the dihedral groups and one along the
cyclic groups, in the minimal case eliminating one prime divisor of the order in each step. At
any point in the sequence we can step over from the dihedral to the cyclic path (from which
there is of course no turning back). The cyclic path ends at some Z;, with ¢ being the smallest
prime factor of n, while the dihedral path will end at D;. Note that if a representation is
allowed a VEV under the subgroup in question, it will of course not break the symmetry any
further. These cases are however still listed below for completeness. The building blocks for
D,, are:

<lg>
D, — Z
<lo>
Zy — Zy
<lg>
Dy —>  Dymy (m even for 13 and m odd for 14)
<lg>
Dy —  Zyzg (moddfor 13 and m even for 14)
<1lg>
Zg — Zg(%,q)
<25>
Dy — Zyy)
<2j>
Zg > Zyqj)

S
|
3
=
3]
A
Q3
I
2



3.4. MASS MATRICES 33

<Zj>’

Dy = Zygy (my mod% # m)
<2.>’

Zg — 9(a.j)

The corresponding results for D], are given in appendix C.2. The restrictions on the phase fac-
tors m; occur if the direction in which we have broken is important. Several breaking directions
occur if we deal with distinct subgroups showing the same structure - for example in D,, we
have two D% subgroups: < A%2,B > and < A%, BA >. The Z, subgroup generated by BA™% is
only a subgroup of the first in case of m; even and only a subgroup of the second, if m; is odd.
Hence we need to impose restrictions on the phase factor m;.

Finally, note that in any of the chains given above we can interchange 13 and 14 and again
receive a viable breaking sequence. This may cause some of the requirements to change, as
shown along with the breaking chain building blocks.

We finally mention that breaking chains of dihedral flavor symmetries have been used to explain
the fermion mass hierarchy. In [81] Dj is broken down to Zg and then further down, while [82]
breaks a Dg flavor symmetry down to Zs and then fully breaks it.

3.4 Mass Matrices

The breaking chains discussed in the last chapter may enable us to get a handle on the hierar-
chy of the fermion masses. However, our interest in discrete flavor symmetries is mainly due to
their ability to describe the mixing among the fermions of different generations. To determine
what kind of mixing patterns can be obtained from imposing a flavor symmetry G; with non-
trivial conserved subgroups, we need to determine the mass matrices which can arise in such
a setup. The mixing matrices are then obtained in the next section from diagonalizing these
mass matrices. We will first be discussing Dirac mass matrices, then comment on Majorana
mass matrices.

We assume that G is broken by the VEVs of multiple flavor-charged SU(2)r, doublets, i.e.
by copies of the SM Higgs boson. These VEVs then break Gy down to one of its non-trivial
subgroups, determined in section 3.2. To then determine the resulting Dirac mass matrices M
which are generated when G is broken to one of these subgroups, we need to decide on two
things: The Gy transformation properties of the Weyl fermions coupling to form the Dirac mass
term and the representations present in the scalar sector.

The transformation properties of the fermions are not limited by our choice of conserved sub-
group. We will only impose one limitation: We do not want all fermions involved in the mass
term to transform under one-dimensional representations of G't, since the resulting mass matrix
structures could then also be obtained from an abelian G'y. We will therefore not allow for this
possibility when considering Dirac mass terms, leaving us with three general options for the
transformation properties of the fermions. The first two possibilities are

L~ (1,1

ip0Ligodig) » 1O~ (15:2) and L~ (13,2y), L~ (13;,14,,1

il’—iz’—ig)’

where L denotes the three left-handed fermions involved in the mass terms (i.e. the @; or the
lo) and L€ denotes the three left-handed conjugate fermions (i.e. the uf, df, €f or, in the case of
Dirac neutrinos, v5). We call these assignments the left-handed and right-handed three singlet
structure, respectively. The mass matrices of the two cases are related by simple transposition,
which corresponds to switching the transformation properties of left-handed and left-handed
conjugate fermions. For our study of mass matrices, we can thus limit ourselves to one of these
cases and only discuss the mass matrices for the left-handed three singlet structure (which
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we then simply refer to as three singlet structure). As soon as mixing comes into play, it is
important how the left-handed fermions transform, and we need to distinguish between the two
in section 3.5.

The last possibility for assigning the fermions to representations of Gy is

L~ (142), LF~ (1),2y),

which we call the two doublet structure.

The mass matrices arise when the Higgs bosons acquire a VEV. We do not choose their transfor-
mation properties, as we did for the fermion fields. Instead, when determining the mass matrix
generated by breaking down to a certain subgroup, we reference tables C.1 to C.4 in appendix C
to determine which representations are allowed a VEV, while keeping the subgroup intact. We
then assume that our model contains a Higgs boson for each of these possible representations.
In this way the mass matrix structure is entirely determined by the properties of Gy and its
subgroup, and not by our choice of scalar fields.

To determine the mass matrices we then assume that all these Higgs bosons acquire a VEV,
with a structure conserving the relevant subgroup. We can then easily eliminate Higgs bosons
from our model, by setting their VEVs to zero in the mass matrix.

All the group theoretical tools we need, i.e. the Kronecker products and Clebsch Gordan co-
efficients, are given in appendix B. We can thus go ahead and determine the possible mass
matrices, where a mass matrix is determined by two choices: the choice of subgroup and the
choice of fermion representations.

Note that we will restrict ourselves in a fairly major way: We do not consider mass matrices
with a zero determinant, that is with at least one zero eigenvalue. This is motivated by phe-
nomenology, except when considering neutrinos. After all, it is by no means experimentally
ruled out that there exists a massless neutrino. In general the uncertainty concerning the mech-
anism of neutrino mass generation is the most significant unknown in this general discussion
of mass matrices. Apart from the non-zero determinant, we will further limit us by, for the
moment, not considering Type I Seesaw structures, where the light neutrino mass matrix arises
from the interplay of a Dirac and a Majorana mass matrix. We will thus only be considering
two cases: The case of pure Dirac neutrinos is obviously covered by our general discussion of
Dirac mass matrices. The other possibility is a pure Majorana mass term, which we will discuss
in section 3.4.6.

Before that, we give our general results in section 3.4.1, then, in section 3.4.2, we give the
conventions and notation we use in sections 3.4.3 and 3.4.4, where we discuss the three singlet
and two doublet structures, respectively, for single-valued groups D,,. The resulting mass ma-
trices will be discussed subgroup by subgroup. In section 3.4.5 we discuss why no new Dirac
mass matrix structures appear for double-valued groups, before moving on to Majorana mass
matrices in section 3.4.6.

3.4.1 General Results

We encounter a very limited number of distinct Dirac mass matrix structures: In total only five
distinct structures are possible. We display them for down-type fermions (down-type quarks
and charged leptons). We have to make this specification, since our Higgs fields are always
assumed to transform as the SM Higgs doublet. In the SM the field H itself couples to the
down-type fermions, while its conjugate € H* is coupled to up-type ones. This difference is
relevant here, since we have used complex generators and will also have explicit phases in our
VEVs. We discuss the changes for up-type fermions, i.e. up-type quarks and Dirac neutrinos,
in section 3.4.2.

The first possible structure we obtain is a diagonal mass matrix
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A 0 0
0 B 0 (3.10)
0 0 C

The second type is a semi-diagonal mass matrix of the form
A 0 O
0 0 BY, (3.11)
0 C 0

where the squared mass matrix MM has eigenvalues |A|2, | B|? and |C|?. We also encounter a
block matrix structure

A0 0
0 B C], (3.12)
0 D E

for which the squared mass matrix has the characteristic polynomial (A — |A[?)(A? — A(|B]? +
|C|? + |D]2 + |E|?) + (|IB|> + |C]*)(|ID|? + |E|?) — |BD* + CE*|?). These three structures are
so common that we will not give them explicitly each time. Instead, we will give the type of
matrix, followed by a listing of the non-zero entries, where we use the notation and nomenclature
introduced here. Note that in some cases the entries in the 2-3-submatrix are further correlated,
e.g. two elements therein may be equal.

Finally, we find two structures which appear only once, both times for the subgroups Zs =
(BA™). One has one texture zero and the general structure

0 C —Ce 0k
A D De ik || (3.13)
B E Ee 'k
with the group theoretical phase
2mm
o= - (3.14)

In this case the squared mass matrix has the characteristic polynomial (A —2|C|?)(A% — A(|A|? +
|B|>+2(|D|? + |E|?)) + (|A]? + 2|D|?)(|B|? + 2|E|*) — |AB* + 2DE*|?). This mass matrix only
shows up for a three singlet structure. The other mass matrix structure has no texture zeros
and is of the form
A C Ce ok
B D E , (3.15)
Be~ @ Eeilk=i)¢  pe—i(itk)é

where the squared mass matrix has the characteristic polynomial (A —|D — Ee®*?|2)(\2 — (|A|> +
2|B|2+2|C 24| D+ Ee®® |2 )M (JA|2+2|C|?) (2| B]* 4| D+ Ee’*?|?) —2| AB* +C(D* + E*e %) |2).
This mass matrix only appears with a two doublet structure. We will discuss further relevant
properties of all five mass matrices in section 3.5.

We additionally find one case, where all matrix elements are distinct and non-zero. We do not
consider it, as it corresponds to a smaller symmetry being fully broken: D,, breaks down to Z,
where for all two-dimensional representations 2: showing up in the model j is a multiple of ¢ ,
i.e. j = cjq, ¢; an integer. We can then replace the original D,, symmetry by a D% and all the
representations gj by gcj, as they are in fact all unfaithful representations of the original D,,
symmetry. Breaking the original symmetry down to Z, then corresponds to fully breaking the
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smaller symmetry 2. As we want to consider conserved subgroups, we dismiss this case, when
it shows up.

A simple example is the case of a Dg symmetry, where only the representation 29 is used, while
there are no fields transforming as 21 or 23. An unstructured VEV of a Higgs field transforming
as 29 breaks Dg down to Zs = (A%). This model is equivalent to one, where the flavor group
Dy is fully broken by the VEV of a Higgs boson transforming as 27. Note that such a case still
allows for some non-trivial correlations among the mass matrix elements, through the ratio of
the VEVs of the two doublet components (recall the scaling factor of section 2.3). Nevertheless,
such correlations are then not determined by a preserved subgroup, but only by the fact that
we use a non-abelian symmetry.

3.4.2 Conventions and Notation

In the following, x’s and «’s denote Yukawa couplings, < ¢; > denotes the VEV of the Higgs field
transforming as 1;. For the VEVs of Higgs fields transforming as 2; we have two possibilities:
Either they are allowed to acquire an arbitrary VEV, in which case we denote the VEV by

< >

<P > )7
or they are allowed only a certain VEV structure. As discussed in section 3.2 there is only one
such structure. We write the VEV of Higgs fields transforming as gj and acquiring this VEV

structure as
—2mijm
< 5 > ( € ln ) .

Note that the VEV structure determines the relative phase between the two doublet compo-
nents, but not the overall phase. We are thus in general free to decide which component we
want to include the phase factor in. We will on several occasions want to make use of this
freedom, to simplify the appearance of our mass matrix. For example, if we have a left-handed
fermion transforming as 1g or 14 and the left-handed conjugate fermions transforming as gj,

we need a Higgs boson transforming as 2( n_j) to form an invariant Yukawa coupling (as can
2

be seen from the Kronecker products of appendix B.1). We then write the VEVSs of these Higgs

fields as
(=™
< 1/}%_‘] > ( 67271\:Lijm .

—2mijm

In this way, only the phase factor e~ »  shows up in the mass matrix and not its complex
conjugate. Similarly the VEV of Higgs fields transforming as g(n_ (j+k)) is written as

1
< wn_(‘]“!‘k) > < e*27fi(j+k)7n ) 5

n

so that it contains the same phase as that of the Higgs fields transforming as 2 +k-
As mentioned in section 3.4.1, our mass matrices are given for down-type fermions. To get the

2To be more precise: In all cases the representations of the Higgs fields have the property that their index
is divisible by ¢, but this is not necessarily true for the representations under which the fermions transform.
However, one can then always find some other representations for the fermions which reproduce exactly the same
matrix structure and which have the property that their index is also divisible by ¢ such that the case can be
reduced to a smaller symmetry which is fully broken.
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corresponding mass matrices for up-type fermions a few changes have to be implemented, as all
VEVs need to be complex conjugated. This corresponds to the following substitutions:

< Py >—< ¢ >, (3.16)
< >—< P >* and < ¢ >—< P >F

2mijm

or <y >—< )y > e n

Finally, note that we have in general left all minus signs and phases in the mass matrices, even
if they can be trivially rotated away.

3.4.3 Three Singlet Structure

To get a mass matrix with a non-zero determinant in the three singlet structure, at least one
two-dimensional representation has to get a VEV, otherwise the second and third column of the
mass matrix will be zero. This means we can ignore all subgroups, where no two-dimensional
representation is allowed a VEV, leaving us with three subgroups to consider: Zo =< BA™ >,
Dy and Z;. The two possible two-dimensional representations that can show up are 2j. and
2( %-k) coming from the product of 2j. with a one-dimensional representation.

We first consider the subgroup, where all two-dimensional representations acquire a VEV, that
is Zy =< BA™ >,

Zy =< BA™ >

Due to the large number of possible combinations of one-dimensional representations, we shall
only give rows as building blocks for a mass matrix. We group them according to the index j,
i.e. according to the transformation properties of the first generation of left-handed conjugate
fermions. We give the row vectors for the p-th row of the mass matrix, depending on the index
ip, i.e. the transformation properties of the p-th generation of left-handed fermions. We assume
that m is even. To get to an odd m, we need to switch 13 and 14 and ¢3 and ¢4, as can be
inferred from table C.1.

j=1,i,=1
—2mikm
(kp < 1>, ap<ip>, a,<yp>e n )
j=2,4,i,=1
—2mikm
0, op <> op<thpy>e n )
j=3,i,=1
—2mikm
(kp < 3>, ap <> op<tpy>e n )
j=1,3,i,=2
—2mikm
0, ap<t> -—ap<ty>e n )
j=2,i,=2
—2mikm
(kp < 1>, ap <>, —op<tp>e n )
j=4,i,=2
—2mikm
(kp < @3>, ap <>, —op<tPp>e n )
j=1,i,=3
—2mikm
(kp < 3>, ap < Yooy >, ap<tm_>e n )
j=2,4,i,=3

—2mikm

(07 ap < w%—k >, ap < ¢g—k >e n )
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j=3,i,=3
—2mikm
(kp < 91>, < Yno >, ap<tr_y>e n )
j=1,3,i,=4
—2mikm

(07 —ap < ¢%7k >y ap < ¢g7k >€ n )
i=2,i,=4

—2mikm
(kp < ¢3>, —op < Yo >, ap<tYr_y>e n )
j=4,i,=4

(kp < 1>, —op < Yo >, op <tr_i> e%km)

These building blocks can be reproduced with the Clebsch Gordan coefficients given in appendix
B.2.1, which are an essential ingredient for our discussion of the mass matrix structures in
general.

The apparently large number of possible combinations actually give only one general option,
a mass matrix with one zero entry. Mass matrices with more than one zero entry or no zero
entry give a determinant of zero, and so will not be considered here. This is due to the fact that
there is a correlation between the entry in the first column and the relative sign of the entries
in the second and third column. A non-zero entry in the first column necessarily implies either
a relative sign between the entries in the other two columns (for j=2 and j=4) or no relative
sign (for j=1 and j=3) - we cannot however have both cases in the same mass matrix. To see
what a typical mass matrix looks like, consider an example. Let j =iy = 1, i1 = 2 and i3 = 3.
The mass matrix then reads

—2mikm

0 a1<¢k> —Oé1<1/1k>6 n

—2mikm

ke < 1> o <P > ay <Y >e n . (3.17)
—2mikm

Ky < ¢z > a3<1/1%_k> 043<1/Jg_k>€ n

The scalar representations and the position of the zero (within the first column) can vary,
depending on our assignment of fermion representations, but the general structure will always
be the one texture zero structure of equation (3.13).

D, =< A7,BA™ >

We continue with those cases, where not all two-dimensional representations can acquire a
VEV. For the subgroups D,, we only need to consider the case where % is odd. As the only
two-dimensional representation for the fermions is 2}, the only relevant two-dimensional rep-
resentations for Higgs fields are 2. and 2( k) These are the only representations that arise

when coupling 2}, with a one-dimensional representation.

Now we can see from table C.2 that the Higgs bosons transforming under these representations
can only acquire a VEV if ¢ divides k and ¢ divides § — k, respectively. If % is even, these two
conditions are equivalent, as 7 being even implies that ¢ divides . Therefore, either neither
Higgs field can receive a VEV, and we end up having the second and third columns equal to
zero, or both Higgs fields can receive a VEV. In this second case we can write n = 2c,q, k = ciq
and conversely § —k = (¢, — cx)g. We have only unfaithful representations, and are effectively
dealing with a flavor group Dy, which is then broken down to Zy =< BA™ >.

If, however 2 is odd, the two conditions are mutually exclusive (except where g=1, but D; is the
same as Zz =< BA™ >), and we consider them separately below. We do not need to consider
the case where neither of the two conditions is fulfilled, as then no Higgs field transforming
under a two-dimensional representation will acquire a VEV and we are again left with a mass

matrix containing two zero column vectors.
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As in section 3.4.3, we consider the structure of the p-th row, depending on i,, j and k. The sim-
plest entry is the M, element. We have, since only ¢; can acquire a VEV, that My = k, < ¢1 >
if i, = j or My, = 0 otherwise. We give the other entries as building block row vectors
( Mo Mps ) They are, for ¢ dividing k,

. —2mikm

p=1: (ap <> ap<typy>e n )

ip=2: (ap <ty >, —ap<¢k>672:km)

i,=3,4: (0, 0)
and for ¢ dividing (5 —k)

i,=1,2: (0, 0)

. m —2mikm

ip =3 ((-1)"ap <tz > ap<tn_y>e n )

—2mikm

ip=4: ()" ap <¢n > ap <thn y>e"n )

The multiple possibilities can again be reduced to one general form. This is again due to the
fact that we have a correlation between the element in the first column and those in the second
and third columns. Only those rows, for which i, = j can have a non-zero element in the first
column. So if we choose the element in the first column to be non-zero, we have also determined
whether the elements in the second and third column are zero. We must have at least one zero
entry in the second and third column, otherwise we are only breaking a smaller Gy down to its
subgroup Zy =< BA™ >, a case we have already discussed. So, we need to choose j in such a
way that zero elements in the second and third column are anti-correlated with a zero element
in the first column, otherwise we would end up with a zero row vector. This means that j = 3
or j = 4 for ¢ dividing k , while if ¢ divides (§ —k) we must choose j = 1 or j = 2. We can then
not have another row where i, = j, because there again the elements in the second and third
column would be zero and two row vectors would be linearly dependent. So exactly one of the i,
must be equal to j, say i;. And we can say even more: To ensure a non-zero determinant, is and
i3 must be unequal, since otherwise the second and third row vector will be linearly dependent.
We can thus write the particle content more exactly as L ~ (lilvliz’li;;) and L¢ ~ (;il,gk),
with all three one-dimensional representations mutually inequivalent. All mass matrices will
then be of the block form of equation (3.12). We give as an example the entries for i; = 3,
ip =1, i3 = 2 and ¢ dividing k:
A=k < ¢1 > B=ay <ty >, C:a2<¢k>e_27ka,

—2mikm

D=a3<> E=—-a3<ti>e n . (3.18)

Zg=<Ai >

The major difference between the subgroups D, and Z, is that for the latter all doublets will
acquire arbitrary VEVs, and hence the mass matrices will exhibit less symmetry. As for the
D, subgroups, we only have to consider & odd: As can be inferred from table C.1, all one-
dimensional representations can acquire a VEV if % is even. This would leave us with only
two possibilities: Either again none of the relevant Higgs bosons that transform under a two-
dimensional representation of the flavor group can acquire a VEV (if ¢ does not divide k), or
we are faced with the case where all Higgs fields relevant for Yukawa terms (that is both those
transforming under one-dimensional and under two-dimensional representations) can acquire
an arbitrary VEV - this corresponds to the case discussed in section 3.4.1 of a smaller flavor
symmetry being fully broken.

So we can again set % to be odd and start by giving the elements in the first column. They are

My = kp < 91 > if 1y =], Mp1 = Kp < @2 > if lipxlj = 19 or M,; = 0 otherwise, whereas
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the elements in the second and third column are, for ¢ dividing k,

=1t (ap <¥E> ap<if>)
i, =2 (ap <YE>  —ap <Yl >)
i, =34 (0, 0)

and for ¢ dividing (%-k)

i,=1,2 (0, 0)
ip =3 (ap <t¥n_ > op<¢i_>)
i, =4 (ap< wlg_k >, —ap < w%_k >)

We can reduce the large number of possible combinations. First we set j, which must either be
in {1,2} or in {3,4}. If we want the M), element to be non-zero, then i, must be in the same
set as j and we also know whether the elements in the second and third column are zero or not.
If we now choose j in such a way that a non-zero element in the first column implies non-zero
elements in the second and third column (and thereby a zero element in the first column implies
a zero row vector), we are left to choose between a mass matrix with nine distinct non-zero
elements and a mass matrix with at least one zero row vector and thereby a zero determinant.
We therefore need to choose j in such a way that a non-zero element in the first column implies
a zero in the second and third column, i.e. j = 3 or j = 4 if ¢ divides k , j =1 or j = 2 if
q divides § — k. If we however choose two elements in the first column to be non-zero, then
those two row vectors will be linearly dependent, and we will have a zero determinant. So, we
need to choose one i, in the same set as j, while the other two must lie outside that set - and,
again, they cannot be equal, to ensure linear independence of the corresponding row vectors.
The general structure will then always be a block matrix. We give as an example the entries
for the case where j = 3, i; =4, iy = 1, i3 = 2 and ¢ divides k:

A=K <¢a> B=as<yi> C=as <>,
D=a3<yl> E=—a3<y}>. (3.19)

3.4.4 Two Doublet Structure

In our discussion of the two doublet structure we frequently use an additional index, p, given
by 1; x 1} = lp~ We will assume j > k, that is the index of the two-dimensional represen-
tation under which the left-handed fermions transform is larger than the representation index
for the left-handed conjugate fermions. This can be done without loss of generality, since the
corresponding mass matrix structures for j < k can simply be obtained by transposing the mass
matrices given in this section.

For the two doublet structure we will discuss all possible subgroups, as they all give viable mass
matrices. Another difference compared to the three singlet structure is that the mass matrices
given in this section are also potential candidates for Majorana mass matrices, if we impose the
conditions j = k and i = 1. If a mass matrix can also be used as a Majorana mass matrix, we
will mention this and briefly note which Yukawa couplings need to be equal in that case and
which terms drop out due to anti-symmetry. A further discussion of Majorana mass matrices
is then performed in section 3.4.6.

We read off from table C.1 that only < ¢; > and < ¢ > can get a VEV when conserving a
Zy, subgroup. This limits our freedom in choosing representations for the fermions: The two
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doublets must couple to form a 17 or a 19, otherwise the second and third row vectors of the
mass matrix will be zero. This imposes the condition j = k. Also, we need p = 1 or 2, otherwise
the first row vector will turn out to be zero. These restrictions leave us with a semi-diagonal
mass matrix structure with entries

A:H1<(Z)p>, B=ko <1 >4K3 <> C =Ko <P >—Kg<pg>. (3.20)

If p = 1 this is also a possible structure for a Majorana mass matrix. In this case the anti-
symmetric part, i.e. the terms containing < ¢2 >, drop out.

Zn =< A2 >

From table C.1 we infer that this subgroup only allows one-dimensional representations to
acquire a VEV. So, we need the product of the two doublets to contain at least one one-
dimensional representation. We are thereby left with three possibilities:

Case (i): j =k, j + k # § gives a semi-diagonal matrix.
A=kK3<¢p>, B=kK1 <1 >+r2< 2> C=r1 <P1>—ka <2 >. (3.21)
Case (ii): j+k =%, j =k = 7 gives a block structure.

A:/i5<¢p>, B=k3<¢3>4K1 <Py > C =k <P >+Ko < g >,
D=k <¢1>—ka< s> E=kK3<¢d3>—Kg<dg>. (3.22)

Case (iii): j# k, j +k = § gives a diagonal structure.
A=kK3<¢p>, B=kK1 <¢3>+ra<ps> C=r1 <P3>—ka < g >. (3.23)

Cases (i) and (ii) are also a possibility for Majorana mass matrices. In this case the anti-
symmetric terms containing < ¢9 > drop out.

Zg=<Ad >

This subgroup requires quite an amount of case differentiation, since we want to make the dis-
cussion as general as possible, and allow all possible relations between ¢ and the other indices of
the model. We will first discuss the case where % is even, and then, at the end of this subsection,
discuss the slight changes induced by % being odd.

As an ordering principle in our discussion, we have taken the structure of the resulting mass
matrix, as only the three characteristic types discussed in section 3.4.1 will show up.

Most of the conditions deal with the question which two-dimensional representations are allowed
a VEV. This translates directly into deciding whether g divides the index of that representation.
The two-dimensional representations which can show up are 2; and 2), 2(n_:y and 2/ n_ from

j (3-3) (3-k)

the coupling of two-dimensional with one-dimensional representations and gj +k z(n- (j+k))
and 2;_1. from the coupling of the two two-dimensional representations, cf. appendix B.1. We
will only give mass matrices for the case where 2 x 2) contains 2; +k- Mass matrices for the
case where it contains g(n_(j +k)) can be obtained by replacing ¥jik by 1, (j4k) and then
switching the components of the doublet.

As g must divide n for Z, to be a subgroup of D, ¢ dividing j+k and ¢ dividing n — (j+k) are
equivalent. As already noted, ¢ dividing j is equivalent to ¢ dividing § — j, if % is even, which
we assume for this discussion.

To ensure a non-zero determinant, ¢ must at least divide either (j — k) (This includes the case
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ik j+k jk Structure
q divides Det[M]=0
q divides X Diagonal
q divides x | Semi-diagonal
q divides X Det[M]=0
q divides X Det[M]=0
q divides X X Block
q divides x x X X Full

Table 3.1: Index relations and corresponding mass matrix structure. For a conserved subgroup Z; or D,, one
determines which of the relevant doublet indices j, k, (j + k) and (j — k) are divided by ¢ and can then read off
the resulting mass matrix structure.

j=k, as all numbers divide zero, corresponding to the fact that 17 and 19 can get a VEV for
an arbitrary ¢) or (j + k): If not, the two by two submatrix in the lower right-hand corner of
the mass matrix will be zero. This implies directly that ¢ must divide either both j and k , or
neither of the two. If ¢ divides j and k however, then it also divides j + k and j — k - hence all
relevant two-dimensional representations can acquire an arbitrary VEV and all one-dimensional
representations can acquire a VEV anyway. As this leads to the case where the mass matrix
contains nine distinct entries, we disregard it. We summarize our findings in table 3.1 and
discuss the different cases in detail below.

Diagonal Matrix This structure appears in the following case: ¢ must divide (j + k) but ¢
does not divide (j — k), j or k . Note that this case is not possible for ¢=2, since the sum and
the difference of two numbers are either both odd or both even, nor is it possible for j = k. For
j+k # 5 this gives

A=k1 <¢p> B=ry <t > C=ry <ty >. (3.24)
If j + k=% the mass matrix entries are

A=kK3<¢p> B=kK1 <P3>+ka< s>, C=rK < @3> —Ky < Pg>. (3.25)

Semi-diagonal Matrix This structure shows up, if ¢ divides (j — k), but not (j + k), j or k.
Again, this is not possible if ¢ = 2, nor is it possible for j + k = Z, since this contradicts the

2
conditions ¢ { (j +k) = § and o being even. This leaves two cases: For j # k the mass matrix
entries are
A=ry<p> B=rk1 <97, > C=r <t >, (3.26)
while for j = k we get
A=kK3<¢p>, B=k1 <1 >+r2< 2>, C=r1 <1>—Ky <>, (3.27)

which is a candidate for a Majorana mass matrix if we omit the anti-symmetric terms.

Block Matrix This structure shows up, if ¢ divides (j —k) and (j + k), but not j and k. This
forces g to be even, as ¢ must divide 2j = (j — k) + (j + k) while not dividing j, that is, a factor
of 2 is relevant for making a number divisible by ¢. In case j +k = 5, j # k we get
A=ry<dp> B=r1<¢3>+r < s> C=r3<tf, >,
D:/<53<zpj1_k>, E=kK <¢3>—Ky < g >. (3.28)
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In case j +k # § and j # k, we get
A=r3<¢p> B=ry <P > C=r1 <P >,

and if j+k # § and j = k, we get

A=k < ¢p>, B=r3 <95 > C=r1 < >+ry <>,

D=r1 <¢1>—Ky <> E=r3<ty>. (3.30)
Finally, concerning the case j = k, j +k = §: this leads us to the conditions ¢ | § and
q 1% = j =k, which implies either ¢ =  (already covered) or ¢ even and % odd. The mass

matrices are the same in both cases, with entries:

A:/i5<¢)p>, B=kK3<¢3>4kKs < Pg> C=K1 <P1>+Ko < g >,

D=k <¢1>—ka< o> FEF=kK3<¢p3>—kKg<g>. (3.31)
For % even, ¢ either divides both j and (§ — j) or neither, and we need no further case differ-
entiation.
If however 2 is odd, we need to pay closer attention. In case i and | are both in {1,2}, the

discussion is as above, since 2( n_j) and 2( n_k) will not show up as the representation of
2 2

a Higgs field. In case i and | are both in {3,4} we can also use the above discussion if we
substitute j by (5 —j) and k by (§ — k) in the conditions, which changes nothing concerning
the divisibility of sums and differences, as ¢ will always divide n.

Further changes occur due to the fact that ¢34 ~ 13,4 are not allowed a VEV anymore, see
table C.1. This is relevant for the last remaining case: We drop for a moment the condition
that j > k and instead impose the condition i € {1,2} and 1 € {3,4} (as opposed to the other
way around). This means that M;; will be zero, since p = 3 or 4 and ¢, is then not allowed
a VEV due to % being odd. If we now want to avoid having a zero column or row vector in
our mass matrix, both @b%,j and v must acquire a VEV, i.e. ¢ must divide k and (§ —j). By
assumption however, ¢ does not divide 5, which leads us straight to the conclusion that ¢ does
not divide (j+k) or |j—k|, thereby leaving the two-by-two matrix in the lower right-hand corner
of the mass matrix zero, which results in a vanishing determinant.

As this structure also strongly depends on the one-dimensional representations under which
the fermions transform, we have reduced it entirely to building blocks, to avoid having to deal
with too many subcases. As we can read off table C.1, all Higgs bosons transforming under a
two-dimensional representation will acquire a structured VEV. The only constraints that arise
are therefore due to the Higgs bosons transforming under one-dimensional representations. This
means that the Mj; entry is of special interest. We will first write down the general structure
and then use this to explain why M;p; has to be non-zero to ensure a non-zero determinant:

_ 2mikm

R3W /<.34X1 KZ4Y1€ n
K5 X0 K1 Kov , (3.32)
_ 2mijm _2mi(j=k)m _ 2mi(j+k)m
KsYoe™ Kove n Kiue n

where:

u=<g¢3>if j+ k=75, meven
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| i=1 i=2 i=3 i=4
X1 | <> <y > (D)™ <tn_ > ()" <gny >
Y1 < g > - <> <Yn_y > <Yn_g >

Table 3.2: Building blocks for matrix of two doublet structure under the subgroups Z> =< BA™ >

u =< Qj)min li+k,n—j—K] > lfJ +k 75 %

v=<¢; >ifj=k
v=<_y >ifj#£k

w =< ¢p, > where p=1,3 if m even, p=1,4 if m odd

Note that some of the phase factors degenerate to signs, in case of j=k or j+k=5. X; and Y;
depend on the transformation properties of the doublets and singlets involved, i.e. X7 and Y
depend on i and k, X9 and Y5 depend on j and 1. Building blocks for X; and Y7 are given in
table 3.2. The same table can be used for X5 and Y3, substituting 1 for i and j for k.

For the discussion of the M7, element let us assume that m is even; the reasoning for an odd
m will be analogous. w = 0 implies that p=2 or 4, that is i=1 or 3 while I=2 or 4. Switching
i and 1 is also possible - the reasoning is again analogous. If we now consult the table for the
X and Y entries, we see that this implies a relative minus sign between the X5 and Y> entries,
while there is no relative minus sign between the X; and Y; entries, so the sum of the second
and third row vector is proportional to the first row vector. This is true also with non-trivial
phases. Therefore w # 0 must hold.

If j = k and i = 1, the matrix can be made symmetric by imposing k4 = k5 and can then also
show up as a Majorana mass matrix.

Dn =< A%,B > and Dz =< A?,BA >

The discussion for these subgroups is very similar to that of the subgroup Z%, as only one-
dimensional representations can receive a VEV, in this case, however, not all of them (see
table C.2). We obtain the mass matrices for D% =< A% B > by simply eliminating all terms
containing ¢9 and ¢4 from the mass matrices for Z%, making sure that we do not end up with
a zero determinant. To prevent this, 1, must be allowed a VEV, that is p must be 1 or 3. We
can then distinguish between the following three sub-cases as for Zg:

Case (i): j = k gives a semi-diagonal structure.
A:Ii2<¢p>,B:Ii1<¢1>,C:KJ1<¢)1> (333)
Case (ii): j =k, j + k = § gives a block structure.

A=r3<¢p>, B=ra<¢p3> C=r1<¢>,
D:/i1<¢1>,E:H2<(Z)3> (3.34)

Case (iii): j # k, j + k = § gives a diagonal structure.
A=Ky < ¢p>, B=kr1<¢3>, C=kK1 <¢3> (3.35)

Note that in cases (i) and (iii) we get two degenerate eigenvalues. We can get the mass matrices
generated by breaking to D% =< A2, BA > by substituting ¢3 by ¢4 in the matrices above.
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In this case p must either be 1 or 4 and there is also a relative minus sign between the two
occurrences of < ¢4 >. Case (i) and (ii) are applicable for Majorana mass matrices - in this
case p=1 since i must be equal to 1.

Dy =< A%,BA™ >

This case is very similar to the Z; case. The two differences are: a) Less one-dimensional
representations are allowed a VEV and b) the two-dimensional representations are only allowed
a structured VEV (see table C.2). The first difference implies restrictions on the index p - if the
entry in the upper left-hand corner is zero, the determinant is zero too. So, we need to impose
the condition that 1, is allowed a VEV which depends on the evenness and oddness of m and
%, see table C.2.

The second difference means replacing the arbitrary doublet VEVs by two components with
the same absolute value and fixed relative phase. The case where we have nine independent
entries thereby does not show up here - instead the full matrix structure now corresponds to
breaking a smaller Gy down to Zs =< BA™ >. We briefly comment on this at the end of this
subsection.

We perform the entire discussion assuming an even m. This means p has to be either 1 or 3 (%
even). To get the mass matrices for an odd m replace ¢3 by ¢4. The relative signs that occur
in this case are encoded in factors of (—1)", which are therefore left in, even though the rest of
the discussion concerns only even m.

As for the case of Z; there are no major differences between 2 being even or odd, except that we
need to impose the condition p = 1, if % is odd, as then only 17 is allowed a VEV. Furthermore,
if i and 1 are in {3, 4}, one must also replace j and k by (§ —j) and (§ — k) in the conditions,
respectively. The ordering we use is the same as in section 3.4.4, that is the mass matrices are
classified according to their structure.

Diagonal Matrix For this structure we must have ¢ dividing (j+k) but ¢ not dividing (j—k),
j or k. This is neither possible for ¢g=2 nor for j = k. For j + k # 5 this gives

_2mim(j+k)

A:H1<¢)p>, B:H2<¢j+k>, C=H2<¢j+k>6 n . (3.36)
If j+ k = 5 the mass matrix entries are
A=Ky <¢p> B=r1 <¢3> C=(-1)"k1 < ¢p3>. (3.37)

Note that for both of these matrices the squared mass matrix MM has two degenerate eigen-
values.

Semi-diagonal Matrix For this structure ¢ must divide (j — k), but not (j +k), j or k. This
is neither possible if ¢ = 2, nor is it possible for j + k = 5. We are left with two cases: If j # k
we end up with

_ 2mim(j—k)

A:/<52<¢p>7 B:/€1<¢j,k>, C=ﬁ1<1/1j,k>€ n , (3.38)
while for j = k we get
A=kr3<¢p>, B=k1 <¢1>, C=k1 <>, (3.39)

which is a candidate for a Majorana mass matrix if i = 1. Both these matrices give degenerate
eigenvalues in the squared mass matrix.
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Block Matrix This structure shows up, for ¢ dividing (j — k) and (j + k), but not j and k.
This forces ¢ to be even. For j +k = 3, j # k we get

A=Ky < ¢p>, B=rk1 <¢3>, C=r3<tj_y>, (3.40)
D=ks<thi>e ", E=(-1)"r < 3> (3.41)

In case j+k # 5 and j # k, we get

A=r3 < ¢p>, B=rka <k >, C=r1 <tj_x >,
_ 2mim(j—k) _ 2mim(j+k)

D=k <t¢jx>e n |, E=r<tYpx>e  n . (3.42)
If j+k# 5 and j =k, we get

A:/€2<¢p>, B:/i3<¢2j>, C =k < ¢ >,

4mimj

D=r1 <¢1> E=r3<g>e n , (3.43)
and if j+k = 5 and j = k = 7, that is for ¢ even and 7§ odd, we get

A:R3<(Z>p>, B=ko<¢3> C=kr1 <¢1 >,
D:KJ1<¢1 >, E:(—l)mli2<(;53>. (3.44)

Full Matrix If ¢ divides all relevant indices, that is if it divides j and k and thereby automat-
ically divides (j — k) and (j + k), we are actually breaking a smaller G¢ down to its subgroup
Zo =< BA™ >, as discussed in section 3.4.3. This is because Zo =< BA™ > is equivalent
to D1, where the above conditions are automatically fulfilled, as 1 divides any integer. We
therefore do not need to consider this case.

3.4.5 Mass Matrices in D!,

The double-valued dihedral groups have subgroup-conserving VEV structures that are very sim-
ilar to those of their single-valued counterparts. A general correspondence between subgroups
of Dy, and D), can be established, by looking at the allowed VEVs in tables C.1 to C.4:

Dy| Zy Zn Zy Dy Dn Dy Zig—y Z
D;‘Z% Zn Zy Zy Do Dy  Zy o —
2 2

As one can see, each subgroup of a single-valued dihedral group has a counterpart. One can
thus expect that no new mass matrix structures appear for double-valued dihedral groups and
a detailed analysis, as performed for single-valued groups in the last two sections, shows that
this is indeed the case. But rather than giving the, rather uninstructive, details of this analysis
here, we will instead give a short, but complete, heuristic explanation for the absence of new
structures.

The only relevant difference between single- and double-valued groups is the existence of odd
representations. Therefore, at least one odd representation should show up in our model in
order to find possible new mass matrix structures.

For scalars transforming under odd two-dimensional representations, we find that they do not
get a structured VEV. In case they are allowed to get a VEV, the even two-dimensional repre-
sentations are also allowed arbitrary VEVs. This is only possible for Z, subgroups, as can be
seen from table C.3. We thus have the same situation as for the Z, subgroups of single-valued
groups: All doublets whose index is divided by ¢ can get arbitrary VEVs. The fact that some
of them are odd and some are even is only reflected in additional signs due to differences in
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the Clebsch Gordan coefficients (see appendix B.2.2). These can however be absorbed into the
VEVs, as these are arbitrary anyway, and which doublets are odd and which are even becomes
irrelevant. We might as well be in a single-valued group Ds,, instead of using D),.

Similarly, for the odd one-dimensional representations, i.e. 13 and 14 of D], with n odd, only
two subgroups allow non-vanishing VEVs, namely Z, and Z, for 21 heing even. In both cases
15 and 1, simultaneously get a VEV. This again means that the sign changes in the Clebsch
Gordan coefficients can be trivially absorbed.

One should further note that, if at least one of the fermion representations is an odd two-
dimensional representation, this results in the 3rd column being multiplied by —1 for the mass
matrix structures of equations (3.10), (3.11) and (3.12). These additional signs can be rotated
away by redefining the left-handed conjugate fermions. We would need the mass matrix struc-
ture of equation (3.13) or (3.15) for this sign change to have phenomenological consequences.
These mass matrix structures however only appear for the subgroup Z, =< BA™ >, which has
no counterpart for double-valued groups, so that these two structures do not arise for double-
valued groups.

Strictly speaking, we encounter the mass matrix structures of equations (3.13) and (3.15) for
double-valued groups, but all such cases can be reduced to a single-valued group. In the sim-
plest case we have used only even representations for the fermions. Then it is clear that one
could also have used a single-valued group right from the start. Another case occurs, if all the
fermions transform as odd representations. Then the Higgs fields have to transform as even
ones. One cannot simply reduce this case to a single-valued group, as one does not find odd
representations in D, groups. However, one always finds some equivalent assignment for the
fermions using only even representations which leads to the same mass matrix structure and
which can then be reduced to the case of a single-valued group. Furthermore, one finds cases in
which the mass matrix is allowed to have arbitrary entries, but there exists no smaller symme-
try of the original group which is fully broken. This is the same case as already mentioned for
the D, groups, if the unbroken subgroup is Z;, and we can again find equivalent assignments
for the fermions which result in the same matrix structure and which indeed correspond to a
smaller group being fully broken.

We thus conclude that no new Dirac mass matrix structures appear for double-valued groups.
Still, when transferring our results for D,, to D), with odd n, one needs to keep in mind that the
representations 13 and 14 are complex (conjugated). This implies that 13 x 14 = 11, so we
have to replace < ¢3 > in the mass matrices by < ¢4 >, and vice versa, even where they show
up only implicitly as < ¢, >. This also leads to differences, when switching to up-type mass
matrices: ¢ transforms as 1g. So if we encounter a < ¢3 > in the down-type mass matrix, we
need a < ¢4 >* for the up-type mass matrix. For odd two-dimensional representations an ad-
ditional minus sign is introduced along with the second component of the VEV when switching
to the up-type mass matrix, due to the matrix U introduced in section 3.1.2. All these changes
do not lead to new structures.

The remainder of this thesis will thus mainly be concerned with the single-valued dihedral groups
D,,. This is not to say that the double-valued group are entirely useless as flavor symmetries.
However, their special properties are not reflected in their subgroup structure and therefore are
not relevant in our ansatz of using conserved subgroups to obtain mass independent textures.

3.4.6 Majorana Mass Matrices

Majorana mass matrices correspond to Yukawa couplings involving two identical fermions, i.e
L = L°. When determining the pure Majorana mass matrices for left-handed neutrinos, the
SU(2) doublets of the Dirac mass matrices need to be replaced by SU(2)p triplets, which
naturally does not change the flavor structure, or by the product of two flavor-charged SM
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Higgs fields. This does not change the structure either: The product of two VEVs cannot break
a subgroup that is conserved by the two of them separately. Hence no additional terms in the
mass matrix can arise. Also, since a total singlet under Gy is always allowed a VEV, we can
construct any term in the mass matrix that is allowed when coupling to one scalar only. Our
results for Majorana mass matrices can of course also be used for the mass matrices of the
pure Majorana mass term of left-handed conjugate neutrinos, in which case the Higgs fields are
replaced by gauge singlet scalars and the VEVs of total singlets can be replaced by direct mass
terms. In any case, the fact that we couple identical fermions, forces Majorana mass matrices
to be symmetric.

As already mentioned at the beginning of this section on mass matrices, we keep our constraint
of a non-vanishing determinant, although this is no longer phenomenologically motivated for
neutrino Majorana masses, in order to keep the discussion manageable.

In section 3.4.4 we always mentioned when and how Majorana mass terms can show up if the
Majorana fermions transform under one two- and one one-dimensional representation of Gy, as
these correspond to mass matrices of the two doublet type. For D), we have to mention that in
case of odd two-dimensional representations the terms containing < ¢ > are anti-symmetric.
So, whenever we remark in 3.4.4 that the anti-symmetric terms containing < ¢s > drop out, it
is instead the terms containing < ¢1 > that will drop out. This does not lead to new structures
compared to the Dirac case.

We should however for completeness discuss another kind of structure: By allowing the three
singlet structure for the charged lepton mass matrix, we have allowed for the possibility that
the left-handed leptons transform as three one-dimensional representations of G'y. For a pure
Majorana mass term for left-handed neutrinos this would mean that all fermions in the Yukawa
term transform under one-dimensional representations, a case we have not considered so far.
For D,, with n arbitrary and for D], with n even we know that, in addition to the Majorana mass
matrix being symmetric, all diagonal entries will be non-zero, as two identical one-dimensional
representations always couple to form a trivial representation.

We first discuss the case of n even for D,, and D). Looking at tables C.1 to C.4 we see that
depending on the preserved subgroup the following one-dimensional representations can get a
VEV: only 17, 17 and 1; with i # 1 or all one-dimensional representations. Especially, the
case in which three representations get a VEV is excluded. Concerning the assignment of the
fermions we can distinguish the following three cases: either all three generations transform in
the same way or two of them transform as the same representation or all three transform as
different representations. If the three generations are assigned to (1;,1;,1;), all mass matrix
entries are non-zero, i.e. the Majorana mass matrix is a general symmetric matrix with 6 inde-
pendent parameters, as 1; x 1; = 17 holds. For the assignment (li 1’li 1’li2) there exist two
possible structures: either the matrix has a block structure or it has 6 independent entries. In
the first case one has to ensure that 1; L X liz is not allowed a VEV by the preserved subgroup,
while in the second case 1; R £ should also acquire a VEV. In the last case, all fermions
transform under different one-dimensional representations, which allows apart from the block
and the arbitrary structure the possibility of having a matrix with non-vanishing entries on the
diagonal only. The case only occurs, if the preserved subgroup only allows 17 to acquire a VEV
and therefore the flavor symmetry is not broken in the Majorana mass sector.

For the case of D, with n odd, we only have two one-dimensional representations to choose
from. Therefore at least two generations of fermions have to transform under the same repre-
sentation, forbidding the structure with non-vanishing entries only on the diagonal.

For D], with n odd, structures not found above could only arise from fermion assignments
involving the representations 1g and 14, as 13 and 14 are complex and hence 13 x 13 and
14 x 14 = 19. This means if 19 is not allowed a VEV, we can have zero elements on the
diagonal. However, we find that if 19 is not allowed a VEV, only the trivial representation
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14 is allowed a VEV for n odd, i.e. the dihedral symmetry is unbroken in the Majorana mass
sector. The structure arising from L ~ (lil’lig7li3) with i; € {1,2} and ig,i3 € {3,4}, iy # i3
is then the same as in case of the two doublet assignment, if the two odd one-dimensional
representations 1g and 14 are replaced by the doublet, i.e. it is a semi-diagonal matrix with

the obvious restriction that C' equals B.

3.5 Diagonalization and Mixing Matrices

What we are now interested in most is the phenomenological implications of the mass matrices
determined in the last section, i.e. their eigenvalues and the matrices that diagonalize them. We
want to allow for, indeed will need, the possibility of breaking to different subgroups in different
sectors, that is the scalar VEVs generating, for example, the up-type quark mass matrix will
conserve a different subgroup than the VEVs generating the down-type quark mass matrix.
Because of this, we will start by only considering the mixing generated in the up (neutrino) or
the down (charged lepton) sector. We then discuss the combination of both, i.e. the possible
CKM and PMNS mixing matrices, at the end of the section.

Even though the diagonalization matrices we present in the following only describe the mixing
arising in one sector, we still attempt to give them using the familiar parameterization of the
CKM-matrix for the mixing angles, to increase readability. We will not be able to put them in
the standard parameterization for the phases, as this may need rephasing, which can only be
done once the mixing from the up and the down sector has been combined.

We will again mainly be considering Dirac mass matrices, commenting on modifications for
Majorana mass matrices as we go along. For a given mass matrix M, only the mixing of the
left-handed fermions will be observable in the weak interaction. This mixing is given by the
the diagonalization matrix Uy, which is calculated by demanding that UzM M1U;, be diagonal.
For Majorana fermions the diagonalization matrix will also contain additional phases, which
will strongly depend on the phases of the elements of M, i.e. will be mostly independent of
the underlying group structure. Since the possible Majorana phases of neutrinos have not been
measured, they will anyhow not serve as a criterion for finding viable models, and will not be
discussed in this section.

For these reasons the relevant matrix structure is not actually that of the mass matrix itself,
but rather of the squared mass matrix M M. As shown in the last section, we only have a
limited selection of mass matrices. When considering the squared mass matrices, the selection
is even more limited, and we can reduce our discussion to four general types, which we will
discuss one by one.

Note that, as in the last section, we do not discuss cases which differ only in a permutation
of the fermion generations. Even if these give different diagonalization matrices, the permu-
tation will cancel, when considering the net mixing of left-handed fermions. The question of
assigning eigenvalues is somewhat more tricky. We will in in general just use one eigenvalue as-
signment and will give that assignment explicitly. Exchanging the assignment of eigenvalues is
then equivalent to exchanging columns in the diagonalization matrix. For the CKM and PMNS
mixing matrices this means that switching eigenvalue assignments in the up sector corresponds
to exchanging rows, while switching eigenvalues in the down sector corresponds to exchanging
columns. The assignment of eigenvalues we use is almost entirely arbitrary. The only guiding
principle we have used is that the diagonalization matrix should not have zeroes on the diago-
nal, i.e. should not look too much like a permutation matrix. Also, if one eigenvalue is larger
than another one independent of parameter values, we have assigned the larger one to a higher
generation than the smaller one. An additional arbitrariness could also arise, if two eigenvalues
are degenerate by chance, i.e. only due to our numerical choice of parameters and not because
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of the structure of the mass matrix. But, since no mass degenerate fermion generations are
known to exist, we will not dwell on this possibility any further.

We have grouped the discussion according to the four types of squared mass matrices. For
each type, we will at first give the general form, along with the diagonalization matrix and the
eigenvalues. We will then give further details in tabular form. This further information directly
relates to the observations made in the last section: We give a list of all mass matrix structures
which can lead to a given squared mass matrix structure and show how the parameters of the
mass matrix and the squared mass matrix are related.

A word on notation: We have used the abbreviations ¢y = cosf and sy = sinf. As in the last
section, the entries in the mass matrices will be denoted by capital letters from the beginning
of the alphabet and are complex in general. The entries in the squared mass matrices will be
denoted by lower case letters from the beginning of the alphabet, and will be real in general:
All phases will be given explicitly. Signs need not necessarily be absorbed in these phases, we
will thus always mention whether parameters are allowed to be negative. For the phases we
continue to use ¢ = %Tm When giving the general structure of the mass matrices, we will
place the phases where they would be in a down-type mass matrix. In most cases, the resulting
diagonalization matrix is exactly the same (no complex conjugation needed) if we consider the
diagonalization of the corresponding up-type mass matrix. If there are any differences, these
will be noted where they appear. It now becomes important for the three singlet structure,
whether it is the left-handed or the left-handed conjugate fermions which transform as three
one-dimensional representations, that is, whether we have a left-handed or a right-handed three
singlet structure. When referring to the indices of the two-dimensional representations, we
will be using j to denote the index of the representation under which the left-handed fermions
transform, and k for the index of the representation under which the left-handed conjugate
fermions transform. This is the same notation we have been using for the two-doublet structure
throughout. The one-dimensional representations, when needed, are given explicitly and we do
not use letters as indices for them in this section.

No mixing The simplest squared mass matrix is simply diagonal. It does not lead to any
mixing, i.e. is diagonalized by the identity matrix, and has the general form

(3.45)

O O Q
o o O
o O O

Its eigenvalues are a (1st generation), b (2nd generation) and ¢ (3rd generation), which are all
three positive. Further information is given in table 3.3.

One maximal mixing angle The simplest non-trivial diagonalization matrix we encounter
has one maximal and two zero mixing angles. It is of the form

1 0 0
Unx=| 0 % —% (3.46)
O 5 v
and is generated by the squared mass matrix
a 0 0
0 b ced |, (3.47)

0 ce ¥ b
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| M [ a [ b | ¢ |
A 0 O
0 B 0 |Al> | [B]* | |C)?
0o 0 C
A 0 0
0B 0 AR | 1B | 1B
0 O Be itk
A 0 O
0 0 B |Al> | [B]* | |C]?
0O C 0
A 0 0
0 0 B AP | [B* | |BJ?
0 Be #(-k
A 0 0
0 B DBe k¢ |A]2 | 2|B|? | 2|C|?
0 —C Ce k¢

Table 3.3: Mass matrices and models leading to no mixing. From left to right we give the mass matrix along
with the expressions for the parameters of the squared mass matrix in terms of those of the mass matrix.

which has the eigenvalues a (1st generation), b — ¢ (2nd generation) and b+ ¢ (3rd generation).
a and b are always positive, but ¢ need not be, in which case of course the eigenvalue assignment
would have to be changed. All further information is given in table 3.4. Note that the first
and second mass matrices are the down- and up-type variants of the same model. We list them
separately, as there is a slight difference in the eigenvalues.

One free mixing angle The next simplest diagonalization matrix has one free and two zero
mixing angles and is of the general form

1 0 0
Utee = | 0 co sge® | . (3.48)
0 —Sge_iﬁ cy

It is generated by the squared mass matrix

a 0 0
0 b de¥ |, (3.49)
0 de " ¢

which has eigenvalues a (1st generation) and 3(b+ ¢+ /(b — ¢)? + 4d?) (with the minus sign
for the 2nd, the plus sign for the 3rd generation). All parameters are positive. The mixing
angle is given by

tan (20) = 3 (3.50)
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M \ a \ b+c \ b—c ‘
A 0 0
0 B C |A]2 | [B+ Cek]2 | |B— Cel?k|?
0 Ce @ik Be—io(i+tk)
A 0 0
0 Belth)  Ceioli—h |A? | |B+ Ce |2 | |B — Ce "k
0 C B
A 0 0
0 B -C |A? 2|B? 2|C|?
0 Be ¥ Qe

Table 3.4: Mass matrices and models generating one maximal mixing angle. For details see caption of table 3.3.

us

2]. All further information can be found in table

and is thus defined to lie in the interval [0,
3.5.

One free, one maximal mixing angle The most complicated structure is a diagonalization
matrix with one free, one maximal and one zero mixing angle. Let us first take a look at the
squared matrix structure which gives such a diagonalization matrix:

a deiB ei(B+i)
de™" b ceho . (3.51)
de_l(ﬂ+J¢) Ce_ij¢ b

This squared mass matrix has the eigenvalues (b — ¢) and 3(a +b+c++/(a —b— c)? + 8d2).
All parameters are positive except for ¢ which could also be negative. We will be discussing all
possible eigenvalue assignments in the next chapter, for now we assign the eigenvalue (b — ¢)
to the third generation, the other two eigenvalues to the first and second, where the eigenvalue
with the plus sign naturally belongs to the second generation. The diagonalization matrix is
then

ceelﬁ see‘ﬁ 0

Upy = —%ewﬂ %elm —5e? | (3.52)
_Se <o 1
V2 V2 2

In any case the free mixing angle is given by

2v/2d
b+c—a
and lies in the closed interval from 0 to 5. All further information is given in tables 3.6 and 3.7.
The first table gives those values which differ for up- and down-type mass matrices, while the
second one gives those values which are the same (and hence shows only the down-type mass

tan (20) = (3.53)

matrices).
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M | a | b |
0 A B
C D E |A]? + B> | |D> + |E|> +|C|?
A C Ce~ ik
B D E |A]2 +2|C)? | |B)?>+ |D|? + |E|?

Be~ ¢ Ee—i(i-k)¢  pDe—ili+k)¢

Table 3.7: Mass matrices and models generating one free and one maximal mixing angle - parameters which are
the same in the up and down cases. For details see caption of table 3.3.

Matrix | left-handed 3 singlet | right-handed 3 singlet 2 doublet
1 D, - Zn, Zqy Zn, Dz, Dq
Umax - Dq D%’ Dq
Utree an Z Zq Z%, Zq
Ufm - ZQ ZQ

Table 3.8: Relation between diagonalization matrices and conserved subgroups. The column gives the transfor-
mation properties of the fermions, the row gives the diagonalization matrix. One can then read off the possible
conserved subgroups. Z» always means Zp = (BA™).

Looking back at our discussion of Dirac mass matrices in the previous chapter, and comparing
the structures encountered there with the tables in this chapter, we find that we have indeed
covered all possible cases, keeping the assumption that a non-trivial subgroup of our original
dihedral flavor symmetry is preserved and demanding a non-zero determinant. We obtain four
kinds of diagonalization matrices. In table 3.8 we give the connection between conserved sub-
group and diagonalization matrix. The table should be read in the following way: We fix the
diagonalization matrix we want to obtain and the transformation properties of the fermions.
We can then read off the possible conserved D,, subgroups.

CKM and PMNS matrices What possibilities do we now have to construct the CKM or
PMNS mixing matrices from the diagonalization matrices determined in this section? A mixing
matrix will be of the form UiT US, with U;; one of the four diagonalization matrices. We will
mainly be concerned with mixing angles in the following, i.e. with the moduli of the mixing
matrix elements, as the phases depend strongly on parameterization and in the lepton sector
also on the origin of neutrino mass.

We recall what was the original purpose of our analysis of the D,, subgroups: We wanted to
find mass independent textures, i.e. mixing angles which are only determined by the structure
of the mass matrix and are independent of exact numerical values. We have so far encountered
maximal mixing angles (meaning diagonalization matrix elements with an absolute value of
1/4/2) and vanishing mixing angles (corresponding to diagonalization matrix elements with ab-
solute values 1 and 0). However, when considering the possible combinations of diagonalization
matrices, we observe an interesting thing: The maximal and vanishing mixing angles are not
the only ones that can be predicted by group theory alone, there is a third possibility. If, for
example, different subgroups Zs = (BA™') and Zy = (BA™?) with m; # mqy are conserved in
different sectors we predict for the absolute value of one element of the mixing matrix
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: (3.54)

n

cos (W(ml - m2)J>

where j is the index of the irrep 2: under which the left-handed fermions involved in the mixing
transform. We will discuss this effect and how it arises in detail in the following chapter.
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Chapter 4

Subgroup Mismatch in D,

We have observed at the end of the last chapter that, in addition to vanishing and maximal
mixing angles, we have a third possibility for predicting an element of the quark or lepton mixing
matrix from group theory alone. This is not entirely unheard of, as models implementing an Ay
flavor symmetry are actually able to predict all elements of the PMNS matrix and so reproduce
the HPS mixing matrix, as discussed in section 2.2. Still, the D,, case is highly interesting and
may be of relevance for both quarks and leptons, as we shall see in this chapter. We will discuss
how the matrix element is generated by subgroup mismatch in section 4.1. This mechanism has
been used in the literature to predict maximal atmospheric mixing, without however analyzing
its origin in D, group theory. We give the details in section 4.2 and then go on to present
a model in which this mechanism is used to predict the Cabibbo angle in the quark sector in
section 4.3.

4.1 General Considerations

4.1.1 Derivation of the Non-Trivial Mixing Angle

The desired subgroup mismatch can only arise if the two involved sectors each conserve a sub-
group with BA™"2 as generator. The parameters my and ms must be different, otherwise the
group theoretically determined mixing matrix element is simply 1 as can be seen from equa-
tion (3.54). A D,, group has only three types of subgroups that have an element of the form
BA™ as generator, the groups Zz, D;j and Dz (where m is set to be 0 or 1). In fact if we
realize that Zy = D1, we can reformulate the condition: To obtain a non-trivial, purely group
theoretical prediction for an element of the CKM or PMNS matrix, we need to demand that
distinct dihedral subgroups are conserved in the two involved sectors and that the intersection
of their elements should not contain an element of the form BA™.

We further see from the analysis of section 3.5 that we need to have a diagonalization matrix
of the form Upax or Upy in both sectors, otherwise the subgroup index m; will not show up in
the diagonalization matrix U;. This immediately disqualifies all models where the left-handed
fermions transform as three one-dimensional representations of Gy, and is in accordance with
the connection between subgroups and diagonalization matrices given in table 3.8. Both diago-
nalization matrices Upax and Uy, arise from squared mass matrices with a very similar form, in
fact the squared mass matrix of equation (3.47) arises from that of equation (3.51) in the limit
d = 0. This corresponds to taking the limit § = 0 in Ugy,, as can be seen from equation (3.53),
and indeed Upax and Upy are equal in this limit. This can also be understood from the con-
served subgroups: A diagonalization matrix Ug, corresponds to a conserved subgroup Zs, while
Umax corresponds to a larger dihedral subgroup which contains Zs as a subgroup. A conserved
Zo allows a VEV for all two-dimensional representations, while the larger dihedral subgroup

o7
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will allow a VEV only for certain (or no) two-dimensional representations, leading to d = 0. If
d were allowed to be non-vanishing even for the larger dihedral subgroup, we would encounter
the case, mentioned in section 3.4.4, of having only unfaithful representations and effectively
only conserving the Z, subgroup of a smaller original dihedral flavor symmetry.

We will thus, without loss of generality, for our general discussion only consider the case of
distinct Z5 subgroups conserved in both sectors, keeping in mind that we can arrive at larger
conserved subgroups taking the limits described above.

Our explicit case is thus conserved subgroups Z; = (BA™!) and Z; = (BA™?) in sectors 1
and 2 (which can mean up- and down-type quarks or charged leptons and neutrinos). If we
additionally impose that the left-handed fermions transform under one one-dimensional and one
two-dimensional representation gj, we have specified the unique case giving us a diagonalization
matrix Ug, (up to permutation of columns - we will come to this in a moment) in both sectors.
To make the further discussion more transparent we first factorize the diagonalization matrix
U; which is of the form Upy, in the following way:

ePi 0 0 1 (1) 01 cosf; sinf; O
U; = 0 e 0 0 ? —1% —sinf; cosf; 0 |, (4.1)
0 0 1 0 N 0 0 1
or, in an abbreviated form
ePi 00 -
U= 0 e 0 | Ry (Z) Ris (6:). (4.2)
0 0 1

As we did for the subgroup index m;, we label all parameters in the sector ¢ (i = 1,2) with
the corresponding index, while otherwise keeping the notation of section 3.5. The free mixing
angles from the two sectors are thus denoted by 61 and 65. The definitions of Ros (%) and

R (0;) follow from comparing equations (4.1) and (4.2). We then obtain the CKM or PMNS
matrix as

et (B1—PB2) 0 0
i . . v
V = (1) (Ua)* = RY, (61) R (Z) 0 1= 0 | Ry (Z) Roz (62).  (4.3)
0 0 1

As one can clearly see, if now ¢1 = ¢o, that is m; = me and the same Z5 subgroup is conserved
in both sectors, the diagonal phase matrix in the middle has only a non-trivial (11)-entry and
thus commutes with Rog (5). We then have the multiplication R2; (3) Ros (%) which gives the
identity, since Raj (%) is an orthogonal matrix. All that is then left in V' is one non-vanishing
mixing angle 612 fulfilling

| cos B12] = |ei(’gl_ﬁ2) cos 01 cos B9 + sin 0y sin O5]. (4.4)

We thereby see the relevance of the fact that we conserve different subgroups in the two sectors:
If not the maximal mixing angles from the two sectors show up with the same phase and simply
cancel. If however my # mo, we obtain

ei(Br1=P2) 0 0

1 B R
V= QR%; (61) 0 1+ elildr=02) 1 _ gii(@1=¢2) | Ryy(6y). (4.5)
0 1 — i(¢1—=0d2) 1 4 (ii(¢1—¢2)

We thus get an additional rotation by an angle given by
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1 .
|cos 0] = 5 1 + ¢li(é1—92)

n

cos (M}) ‘ . (4.6)

This angle is now entirely determined by group theoretical factors and not by arbitrarily tunable
free parameters. After multiplication with the two rotation matrices on the left and on the
right, we end up with one element of the mixing matrix V which is entirely determined by
group theory. In our case this will be V33, whose absolute value is then given to be

cos (W(ml —m2)J>

|Vas| =
n

, (4.7)

as already announced. Comparing this with the measured values of the elements of the CKM
and PMNS matrices can now give us a clear indication on how to construct our model using a
dihedral flavor symmetry, especially on how to pick n. But first we need to understand, why it
was V33 and not some other mixing matrix element which ended up being determined by group
theory.

For this we need to return to the question of assigning eigenvalues. We first note that U; has a
column vector

g=| —pme . (4.8)

This is the eigenvector of the squared mass matrix corresponding to the eigenvalue (b; — ¢;). In
our exemplary calculation above, we implicitly assigned this eigenvalue to the third generation
in both sectors, as this was the convention adopted in section 3.5. The group theoretically
determined element V33 then arises from the Hermitian scalar product of the eigenvectors from
both sectors, i.e. Va3 = v71*-v3. If however we assign (b — ¢1) to the ath generation and (by — ¢2)
to the bth, it will naturally be V,; which is determined by group theory and whose absolute value
will be given by equation (3.54). For the case of conserved Zs subgroups the ordering of the
other two eigenvalues is determined, and we have no further freedom in assigning eigenvalues, at
least in the quark and charged lepton sectors. For neutrinos we do not know whether the third
generation is lighter or heavier than the other two, so that there are additional possibilities.
These however only correspond to a redefinition of 6, which is anyway a free parameter. The
three different forms of the diagonalization matrix Uy, are then

coetP sgeP 0
_ 80 oidj Co pig) _ 1 id]
Uy = /5 € /5 € 5 € ’
_ sg <o g
V2 V2 2
caem 0 see‘ﬂ
80 oidj L idj  Co pid]
Ulgm = \/56 ﬁe 26 ) (49)
_ Se 1 <o
V2 V2 V2
0 co e’ sp P
_1 idj _Se ,ip] Co ,i9]
Uf’r’n — 5 € fe ﬂe
1 __ S0 <6
2 V2 V2

Combining them leads to nine distinct possibilities for the mixing matrix, which are displayed
in appendix C.3. We can now go ahead and compare the expression of equation (3.54) with
the experimentally determined values for all CKM and PMNS matrix elements, and find which
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ones it is best suited to describe.

4.1.2 Comparison with Phenomenology

We start by considering the quark sector. We will restrict ourselves to values of n smaller than
30, since larger values of n correspond to larger groups. Enforcing n < 30 leads to a group
order smaller than 60 (cf. section 3.1.1) which seems to be reasonable. With a larger n we
could tune the group theoretically determined mixing matrix element to arbitrary precision,
but smaller groups are more easily handleable and a model of flavor should anyway be in some
sense minimal. Also, we expect small corrections to this element and thus should allow for small
deviations from our leading order prediction.

We immediately see that this means that the elements in the third row and column of Vg s are
too small or too close to 1 (for the case of V) to be described in this way. However the elements
of the 1-2 sub-block, i.e. |Vial, |Vusls |Vea|l and |[Vis|, can be quite readily approximated by
|cos(Z (my — my) j)|. We can accommodate the CKM matrix element |Vy,s| by cos(3X) ~ 0.2225,
i.e. by taking n = 7 and for example j = 3, m,, = 1 and mgq = 0. As |V,4| =~ |Vus| holds to
good accuracy, also |V4| can be described well by cos(3X). This favors a flavor group Ds.
Furthermore |V,,q| ~ |Ves| can be approximated well as cos({;) ~ 0.9749 which points towards
the flavor group D14. These are the best possible approximations for n < 30 given the best fit
values of equation (1.15).

Note that, even if |Vy| is taken to be cos(3X =), there is no unique solution which flavor symmetry
has to be used and to which subgroup it has to be broken, since for example taking j = 1, m, = 3,

mq =0 and n = 7 leads to |cos(Z (my — ma)j)| = |cos(377r)| aswellas j =3, my =1, mg=0

and n =7 and also j = 1, my, = 6, mg = 0 and n = 14. As \008(47”)] equals | cos(22)|, this
allows us to deduce further possible values for j, m,, mq and n, such as j =1, m, = O mg =4
and n =7.

We will study the cases |Vys| and |V.q| equal to cos(2Z) and |V,,q| and V| equal to cos(%) in
greater detail and thereby check whether we can always adjust the two other mixing angles 67,
and 64, with the free angles 0, and 64 and also the Jarlskog invariant Jop with the difference
of the two phases (3, and (4. In this analysis there are only three free parameters in the mixing
matrix: 0,4 and o = 3, — (4, since only this phase difference will appear in Voxy. We use
these to fit the other two quark mixing angles 67, and 04, as well as the CP violation Jop.
The forms of V' presented in appendix C.3 show that two of the elements |V, |Ves|, |Via| and
|Vis| are determined by cos(6,,4) in each of the four different cases. As these elements are small,
the free angles 6, and 04 are restricted to be 0,4 ~ 5. Therefore 0, 4 is expanded around 7,

Oud = 5 — €ud, €u,d > 0. The resulting four CKM Inatrlces are (up to the first order in €, 4)
cos(%%) cos(‘%) cos_(%) €4
Vi ~ | cos(3) cos(F)  Ala+eF)a—26%¢| |, (410
cos(Z)e, F|(1+e7) e, —2e ey 1
cos({7) cos(?’%) (2; s(ﬁ)ed
V&2l =~ cos(2X) cos(L)  Hl(1+e7 Nea—2e¢| |, (4.11)
1 k) (R’ s
51(1+e7 e, —2e"%eq| cos({) €u 1
cos( ) cos(3X) LA+ e eq—2e e,
\ cos (=) cos({7) cos({7) €4 , (4.12)
cos(Z)ew 3l(1+e7 e, —2e ey 1
COS(:}%) cos(32)  L|(1+eT)eq—2e' e,
\Z SQS(T’T) cos({5) cos(?’%)ed (4.13)
%|(1+e71)eu—26m6d| cos(?’%)eu 1
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Element (i7) Possible cosines
(21) cos(2F) (=~ 0.4339)
(22) cos(27”) (~ 0.6235)
(23) cos(2F) (~ 0.6235)
E?)ls cosgzjfi Ez 0.43393
32 cos(=1) (~ 0.6235
(33) cos(25) (=~ 0 62735), cos(37) (~ 0.7818)

Table 4.1: Possibilities for the group theoretically determined element in Vpyns.
Note that, e.g. cos(2F) equals cos($T), i.e. it could also be reproduced in the
group Dis with j = 1 and m; — m, = 6 and not only in D7 with j = 1 and
m; —m, = 3. Fur‘che]rmore7 for example, cos(47") is also included implicitly in the
list, as | cos(4F)| = | cos(2X)|.

Without loss of generality we have set the representation index j to 1, the group theoretical
phase ¢, to zero (m, = 0) and the phase ¢g4 to 2% (my = 1, n = 14) for equations (4.10) and
(4.13), while we take it to be &% (mq =3, n="7) for equations (4.11) and (4.12). Furthermore

one can calculate Jop in this case:

T = é sin <§) sin (14) sin (26y) sin (26, sin (% - a)
% sin (g) sin (%) sin (% — a) €y Ed-

The value of Jop belonging to VCQ%(M, ie. J%QP, is of the same form as Jélp. For Vé%(M and
VC 7y one finds

1
Jep = Jtp = ~3 sin (677T> sin (377r> sin (264) sin (26,,) sin (377r — a)

L (57 i (37 i (BT
9 Sin 7 S11 7 Sin 7 (6] €u €4-

A numerical computation was performed in [3], and it could be shown that in all four cases all
data can be fitted with reasonable accuracy. Anyway, one expects further small corrections due
to higher-dimensional operators and possibly explicit breaking of the residual subgroups.

A similar analysis as done in the case of Vo can also be carried out for the lepton mixing
matrix Vpyns. As the entries of Vpysns are not as strongly restricted by experiments, there
are several more possibilities to accommodate the various matrix elements regarding the choice
of the group index n, and the values m;, m, and j. We will thus restrict ourselves to two cases:
First, as we intend to build a model which includes quarks as well as leptons, we stick to the
values n = 7, n = 14, which fit the CKM matrix elements of the 1-2 sub-block best, if we
restrict ourselves to small n. We will then in the next section deal with another special case,
where this mechanism (for n=4) has been implicitly used in the existing literature.

Fixing n = 7 or n = 14, we check element by element of Vpy;ns whether we can put it into the
form |cos(l7“)] where I = 0,1,2,...,6 or |cos(‘Z)| with I = 0,1,2,...,13. Taking the 90% C.L.
bounds on the absolute values of the PMNS matrlx elements from [114] all elements of the
second and third row can be approximated by a cosine of the form \cos( )| (1=0,1,2,...,6)
or |cos(YT)| (I = 0,1,2,...,13), omitting the trivial possibility that the (13) element can be
approx1mated by 0.

Q

Q
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Again, a numerical fit of the mixing angles was performed in [3], assuming that the neutrinos
are Dirac particles and that they have the same ordering as the other fermions, i.e. the neutrino
mass spectrum is normally ordered. Here it was found that, as opposed to the quark case, there
are some cosines listed in table 4.1 for which no fit with x? < 1 could be found. In all these
cases the value of the fixed Vpysng element lies almost outside the allowed ranges. For the (23)
element, for example, the possible cosine is cos(277r) ~ 0.6235 which is quite close to the lower
bound (0.61) of the allowed range. However it could be shown that in general it is possible
to treat the lepton mixings in the same way as the ones of the quarks in a D7 or Dq4 flavor
symmetry. In section 4.3 we will however only be constructing an explicit model for the quark
sector. This is also due to the fact that for the lepton sector a different application of the D,
subgroup mismatch is more promising. This will be discussed in the next section.

4.2 A D, Example from the Literature

Before discussing the D4 model in which the subgroup mismatch described in this section is
used, we first mention some other examples, where non-trivial subgroups of dihedral flavor
symmetries are conserved and explicitly mentioned. [74] and [83] mention the possibility of
breaking their dihedral flavor symmetry down to a non-trivial subgroup. [74] uses a D3 flavor
symmetry, which is then broken down to Zs to achieve maximal atmospheric lepton mixing
and 65 = 0. [83] uses a D5 symmetry. If this is broken down to Z2, maximal mixing can be
achieved. However, without separating the Yukawa sectors or explicitly breaking the residual
symmetry, the resulting maximal mixing angles in the neutrino and charged lepton sector will
cancel in the leptonic mixing matrix.

The most interesting example for our purposes however is given in [84], where a D, flavor
symmetry is used. Before going into mathematical detail, it should be noted that the authors
use a different set of (real) generators for Dy, which makes the comparison less straightforward.
The relation between this basis and ours is discussed in appendix B.3.

To obtain the distinct conserved subgroups an additional Zéaum) is used for separating the three
different Yukawa sectors: the charged lepton sector, the Dirac neutrino sector and the Majorana
neutrino sector. The transformation properties of the fermions are chosen to give a two doublet
structure in all three sectors. Then one breaks down to a different subgroup in each sector:
Dy = (A% B) is conserved in the charged lepton sector. Dy is conserved in the Dirac neutrino
sector, while it is broken down to Z = (BA®) in the Majorana neutrino sector. We will not go
into the intricacies of the Type I Seesaw here. One can see that the net symmetry conserved in
the neutrino sector is Z = (BA?) and this is all we really need for our analysis.

One should note that this model does not include scalars transforming under all representations
allowed a VEV by the conserved subgroup. To be more specific, a gauge singlet transforming
as 14 is absent from the model, leading to two texture zeros in the right-handed neutrino mass
matrix. They effect the relations between the eigenvalues of the light neutrino mass matrix, i.e.
they enforce a normal hierarchy, but do not change our general symmetry discussion.

With Dy = (A2 B) conserved in the lepton sector and Zo = (BA3) conserved in the lepton
sector, one can already see, from our discussion in section 4.1, what will happen: One element
of Vpyrns will be determined by group theory alone. In this case it will be V3 and is given to

’ s (MOS0 L o

But more than this: It is a D that is conserved in the charged lepton sector, not a Zs, so,
when comparing with V33 in appendix C.3, we should set #; = 6, = 0. This means that the
entire third column of Vppsng is determined by group theory, and this model predicts maximal
atmospheric mixing and vanishing 9113. [85] goes on to discuss soft breaking of the Dy in the

|V73‘ =
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scalar potential. More precisely, the Zs subgroup conserved in the neutrino sector is broken
explicitly. Thus, the resulting doublet VEV no longer conserves Zs, which can lead to sizable
deviations from a maximal 653, while leaving 6! = 0.

It is important to note that in this model the appearance of the maximal mixing angle is crucially
dependent on n = 4. A similar result is reproduced by a Dj flavor symmetry in reference [71].
But although the result is similar, it is not the same mechanism that is being used, as is already
obvious from the fact that 4 does not divide the group index n. In this case, the authors work
in the same group basis we have used, so a comparison is more straightforward. Still it needs to
be taken into account that they present their Dirac mass matrices in the basis LR, i.e. using the
Dirac basis, while our results are always given in the basis LL¢. The D3(=2 S3) flavor symmetry
is again joined by a Z; symmetry, which creates the same three sectors. D3 is then broken to
Z3 = (A) in the charged lepton sector. In the Dirac neutrino sector the entire flavor symmetry
is conserved, while it is broken down to a Z5 in the Majorana neutrino sector - in this case all
three equivalent subgroups < B >, < BA > and < BA? > are mentioned. Now all mixing is
generated in the neutrino sector, where the conserved Z5 leads to one maximal and one free
mixing angle, as discussed in section 3.5. Here the maximal scalar field content is allowed: The
additional parameter which arises from having the full scalar field content does not affect the
structure of the neutrino mass matrix obtained from the Type I Seesaw formula, can however
affect the neutrino mass hierarchy, as in this case the normal hierarchy is not necessarily pre-
dicted. The interesting thing to realize however, is that the maximal mixing angle predicted in
this model has quite a different origin from that in the D4 model, and does not arise from the
subgroup mismatch we have discussed.

In any case, we have presented an existing, worked-out example, of how the subgroup mismatch
can lead to maximal atmospheric mixing in the lepton sector. We now proceed to the presen-
tation of an explicit model where this subgroup mismatch is used to predict the Cabibbo angle
in the quark sector.

4.3 Dy and the Cabibbo Angle - a Worked-Out Example

After having shown in section 4.1.2 that one element of Vog s can be explained in terms of
group theoretical indices, we want to go a step further and construct a viable model at least for
the quark sector which includes this issue. The model is viable, if we find a numerical solution
which accommodates not only the mixing parameters contained in Vogas, but also the quark
masses. Due to the strong hierarchy among the quarks this is a non-trivial task, although the
number of parameters in the mass matrices M, and M, will exceed the number of observables.
Furthermore we have to show that a Higgs potential exists allowing us to realize the desired
VEV structure. In the simplest case we assume that all Higgs fields are SU(2)1, doublets as the
Higgs field in the SM.

4.3.1 Quark Sector of the D; Model

Here we present a model using the three singlet structure and the dihedral group D7. Both
of them are here only chosen for simplicity: A further model using the two doublet structure
is presented in [3], but it needs more scalar degrees of freedom. And D7 is chosen as flavor
symmetry, since it is smaller than Dy4. As we will see later, D14 has some further advantages
that actually make it the more attractive symmetry. For now we are however left with the
possibility of either determining |V,s| or |V4| in terms of group theoretical quantities as cos( 37”)
We assign the quarks to
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@~ir (@)~ i~ g w1y (415)
under D7. We stick to our assumption of maximal relevant scalar field content, i.e. we assume
that the theory contains Higgs doublet fields transforming as 17 and 2, which we call Hy and
Hj . As the relation between the mixing parameters of Vo s and the group theoretical indices
only arises, if the flavor symmetry D7 is broken down to a subgroup Zs =< B A™* > by fields
which couple to up quarks, while it is broken down to Zs =< B A™d > with mg # m,, by fields
coupling to down quarks, we need an extra symmetry to perform this separation. In the SM

. . (auz) .
this can be achieved by a Z, symmetry:

di — —di and H{ — -Hl, H! — -H], (4.16)

while all other fields @, ui, H and H{'y are invariant under Zéaw). So, we deal with six
Higgs fields coupling to the fermions, H¢ ~ (11,+1), H{'y ~ (21,+1) and H? ~ (11,-1),

H {{2 ~ (21, —1) under D7 x Zémw). The mass matrices are of the form

0 yi (H)™ gy (HY)* 0 yi (HY) yg (HT)
M, = | yy(HH* yi(HH* g2 (HP)* | and Mg = yé‘fd<Héic>l yg <Hé;> yg <H§> :
—y}f <H5L>* (7 <H2u>* Yy <H§L>* —Y3 <H1> Ya <H1> Ys <H1>

where y?’d denote Yukawa couplings. The VEV structure is taken to be

(™) >0, (Hf) = (Hf) =va, (H{)=vee” 7 and (HY)=v.e 7,
with vy > 0 and v, > 0. The VEVs are set to be real apart from the phase :l:i%7r which is
necessary for the correct breaking to the desired subgroup of D7. The mass matrices then take
the form given in the second and first lines of table 3.6, respectively, where the parameters A,
B, ... can be written in terms of Yukawa couplings and VEVs:

3w 3mi 3w

Ay =y (HY) , By =yy (HY), Cu:ygvuefT, D, =yjve 7 , Eu:ygvueiTa
Ag=yi(HY), By=y3(HY), Co=yiva, Da=yive, Eq=ylua,

together with ¢, = 67“ (my =3), g = 0 (mg = 0) and j = 1, as the left-handed quark doublets
of the second and third generation transform as 21. The preserved Z; subgroups are generated
by BA3 and B in the up and the down quark sector, respectively.

We now assign the mass eigenvalues v/2|Cy| and v/2|C,| to the strange and the up quark,
respectively. They correspond to the decisive eigenvalue (b — ¢) in the language of section 4.1,
so that |V,| is then given by cos(2X) = 0.2225. A numerical analysis is performed in [3], to
fit the other mixing matrix elements and the masses. The resultant Yukawa couplings show
a strong hierarchy. This can be alleviated by introducing an additional FN symmetry, which
leads to all Yukawa couplings being of natural size. This then constitutes a proof of principle
that the subgroup mismatch mechanism can indeed lead to a prediction of the Cabibbo angle
in a realistic model. However, things get less realistic and less elegant once we take a closer
look at the Higgs sector, which we will do in the next section.

4.3.2 Higgs Sector of the D; Model

We first construct the three Higgs doublet potential for the Higgs fields Hy ~ 17 and < gl > ~
2

21, which couple to the up quarks. The potential has the form?

!Note that oo is complex, but it can be made real by appropriate redefinition of the field H,, for example.
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2 2 2
Va(Ho H;) = —p2HIH, 3 Y HIH;+ A (HIH) + A (Z H] H) (4.17)

i=1 i=1

2
+ (HIHl—HgHz) + N\ |H] Ha?

2 2
+ oy (H! Hy) (ZH} H) + {02 (HI Hy) (HI Hy) +he} + 03 > [HI Hif”.
i=1 1=1

As already shown in [83], this potential has an additional U(1) symmetry, i.e. there exists a
further U(1) symmetry in the potential apart from the U(1)y gauge symmetry. This further
symmetry is necessarily broken by our desired VEV structure such that a massless Goldstone
boson appears in the Higgs spectrum which is not eaten by a gauge boson. This problem
cannot be solved by taking into account the whole potential for all six Higgs fields, since even
if the terms coupling the fields H{, H{', and HY H fl,? are included, we find an accidental U(1)
symmetry in the potential. Therefore we have to enlarge the Higgs sector by further Higgs fields
in order to create new D7 invariant couplings which break this accidental symmetry explicitly.
We find that this can be done in the simplest way by adding two Higgs fields transforming as 2o
under D7. Due to their transformation properties they do not directly couple to the fermions.
We decided to add two such fields to the three Higgs fields which couple to the down quarks.
Therefore the model contains eight Higgs doublet fields in total, three of them couple to up and
three of them to down quarks, while the other two are needed for a viable Higgs sector:

Hu
H ~(13,+1), ( H; ) ~(21,+1), (4.18)

d HY X4
Hs ~ (l]_a _1) ) Hg ~ (213 _1) and X(Qi ~ (z2a _1)

under D7 x Zéaux). The complete potential consists of three parts,

V= Vu + Vd + Vmixeda (419)

where V,, denotes the part of the potential which only contains Higgs fields coupling to the up
quarks, V; contains the five Higgs fields which have a non-vanishing Zéa“z) charge (three of
them give masses to the down quarks), while V,,;zcq consists of all other terms. The explicit
form of the potential is given in appendix C.4.

The VEV structure of the fields Hg’" and H {l; is determined by our desire to break down to
two distinct Z5 subgroups in the up and the down quark sector :

37 3w

<Hg“) >0, <Hfl> = (Hg> =vg, (H')=vye 7 and (HY)=uv,e 7,

with v4 > 0 and v, > 0. In contrast to this, the VEV structure of the fields Xﬁi,z is not fixed in
this way. However, in order to preserve the Z5 subgroup generated by B not only through the
VEVs of the fields HY and Hf,, but also by the VEVs of the fields x{,, (x{) = (x4) > 0 will
be assumed in the following.

We proceed in the following way in order to find a minimum of this potential which allows for
our choice of VEVs: First we treat V,, and Vj; separately to find a viable solution for these two
parts of the potential. Note that we can allow all parameters in the potential V; to be real,
as the VEVs of the corresponding Higgs fields are also real. Since V,, suffers from the above
mentioned accidental U(1) symmetry, we find a fourth massless particle in the Higgs mass
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spectrum. In a second step we add as many terms as necessary from V,,;.cq t0 get a minimum
of the whole potential V' which does not have more than the usual three Goldstone bosons. It
turns out that it is sufficient to take into account three terms in addition to V,, and Vj; to get a
viable solution. The terms are of the form

2 2 2
2
Ko (H;T Hf) + k5 (Z j2Ed Hf) + ki (H;” H;l) (Z H;”Hf) +he. C Viniged.
i=1 =1

Note that we take all VEVs to have the same absolute value, since this considerably simplifies
the search for a numerical solution, as a fine-tuning of the parameters in the Higgs potential is
avoided. However, in principle other solutions should also be possible, e.g. the fact that the up
quarks are much heavier than the down quarks could be explained by assuming that the VEVs
of the fields Hy', H{'y are larger than those of the fields H H fQ.

The rest of the discussion of the potential is delegated to appendix C.4 where we present a
numerical solution for the parameters of the Higgs potential and the resulting Higgs masses.
We discuss here only the two most important points, which will be guiding us in our further
discussion. First of all: It can be shown that the subgroup conserving VEV is indeed a possible
solution minimizing the Higgs potential. However, it can by no means be considered as a
prediction of the Higgs potential, as it depends strongly on our choice of couplings. We could
have hoped that the D7 invariance of the potential might favor a group theoretically non-trivial
minimum, but this is not the case. This can be traced back to two origins: First of all, the
SU(2)r, invariance is by far the dominating attribute of the potential, and tends to drown out
effects of the Dy invariance. Secondly, we want to conserve two distinct subgroups, but the
two sets of Higgs bosons are not cleanly separated in the potential, as our Zéaux) symmetry
is too small to accomplish this. We could think of enlarging the auxiliary symmetry, but we
actually need the mixing terms in the potential to prevent the appearance of too many Goldstone
bosons. The accidental symmetries leading to these Goldstone bosons can again be understood
as a consequence of the SU(2)y, invariance.

We also encounter an additional more immediate problem: The resulting Higgs masses are in
between 50 and 500 GeV. Some of these values are already excluded by direct searches [7].
Additional constraints will arise from FCNCs, as they do in the MSSM, where low energy flavor
observables can be used to constrain the mass of the charged Higgs (see, for example, [115]).
There are two reasons for the too low Higgs masses: On the one hand V,, contains an accidental
symmetry and on the other hand all mass parameters of the potential are chosen to be of
natural order, i.e. to be around the electroweak scale. Additionally, all quartic couplings of the
potential must be perturbative. Due to the low scalar masses, this model cannot considered to
be fully realistic. One might think of introducing explicit soft D7 breaking terms, to lift the
scalar masses.

However, there exists the possibility to solve all of the problems discussed, by supersymmetrizing
the model and disentangling the scales of flavor and electroweak symmetry breaking. This then
means that, while the electroweak symmetry is still broken by one or more Higgs bosons, the
flavor symmetry is broken at a high scale by flavons, flavor-charged gauge singlets. Both models
presented in this chapter, the D7 model as well as the D4 model discussed in section 4.2, can be
extended in this way. The possibility of supersymmetrizing the D4 model was in fact already
mentioned in the original paper [84]. But before we modify both models in this way, the next
chapter is devoted to more general aspects of the implementation of such a scheme for dihedral
flavor symmetries.



Chapter 5

Flavons and Flavon Potentials

We have found that a potential of flavor-charged SU(2) doublet scalars tends to give us a lot
of freedom as to the structure of the scalar VEVs that minimize the potential. In particular,
we can adjust the parameters in the potential in such a way that the scalar VEVs conserve
a non-trivial subgroup of our dihedral flavor group, but this is by no means a prediction of
the model. The conservation of a non-trivial subgroup is in that case only a mathematical
construct, bearing no direct relevance to the symmetry-breaking dynamics.

In very simple cases, a VEV structure conserving a subgroup can in fact arise naturally from
the extremization of a Higgs doublet potential. Consider the most simple phenomenologically
viable D3 invariant potential for SU(2);, doublet scalars, which is a three Higgs potential with
the three scalar fields transforming as SU(2)z doublets and as 2 and 11 under D3. Without
the additional singlet the potential would exhibit an accidental U(1) symmetry, apart from the
gauge symmetries. If we use the real D,, representation matrices discussed in appendix B.3, we
can solve the extremization conditions under the assumption of real parameters and also real
VEVs. In this way all allowed VEV configurations correspond to the specific VEV structure of
equation (B.5). This subgroup-conserving VEV structure is the only one that can extremize the
potential while breaking the flavor symmetry, if one assumes real parameters in the potential
and no correlations among those parameters.

In contrast to this, one finds that for the simplest SU(2); doublet potential in D4 no such
explicit statement can be made. The above VEV structure is still allowed, however the SU(2),
structure of the potential tends to obscure the D,, structure. Additionally, the inclusion of a
large number of flavor-charged Higgs bosons can lead to problems with phenomenology: In the
D7 model of section 4.3 we had two neutral scalars lighter than the current lower bound on
the SM Higgs of around 114 GeV, and even if these bounds can be evaded, such as in the Dy
model of section 2.3, we could easily run into problems with LFV and FCNCs. It can thus
be said that a large number of Higgs-like scalars around the electroweak scale is disfavored by
phenomenology.

Both problems can be solved simultaneously by disentangling the scales of electroweak and flavor
symmetry breaking. This means that we no longer assume that an enlarged, flavor-charged SM
Higgs sector is also responsible for the flavor symmetry breaking. Instead, we introduce a new
type of scalar, responsible only for the breaking of the flavor symmetry. Such scalars are called
flavons. These flavons will be SM gauge singlets, and thereby only charged under the flavor
symmetry. Since their VEVs are then not associated with electroweak symmetry breaking,
they are not constrained by the weak vector boson masses. We can break our flavor symmetry
at a scale different from the electroweak scale and no light scalars, apart from the SM Higgs,
are necessarily predicted in the theory. Problems with LFV and FCNCs may return, when
we supersymmetrize, through the structure of the supersymmetry (SUSY) soft breaking terms.
This so-called SUSY flavor problem is however a generic problem of supersymmetry and not
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directly related to the breaking of a flavor symmetry.

When replacing flavor-charged Higgs bosons with flavons, the first question is of course: Were
all our considerations so far useless? The answer is no. To understand this, we consider how
the masses of the SM fermions are generated in a scenario employing flavons. The SM fermions
will still transform non-trivially under the flavor symmetry. The term

Vi LiLSH, (5.1)

where I is the lone SM Higgs boson, is then only allowed if Y;;L;L] is a singlet under the
full, unbroken flavor group. Such a term may be an option for generating masses for the third
generation, especially for the top quark, which is the only fermion in the SM with a mass of the
order of the electroweak scale. Such terms alone, however, will not be able to reproduce the full
flavor phenomenology. After all, as we have discussed at length, it is precisely the structure of
the flavor symmetry breaking which can lead to the observed mixing angles. We thus need to
consider in our Yukawa Lagrangian non-renormalizable terms of the form

Pk
YijkLiLjﬂf, (5.2)
where the ¢ denote the flavons and A is the (high) scale at which these interactions are
generated, either by integrating out heavy vector-like fermions or heavy Higgs scalars. If we

then substitute the VEV (¢;) of a scalar charged both under SU(2), and Gy, as used in section

3, by the product (H >%, which transforms in the same way under both groups, all the results
from section 3 can be directly transferred to a flavon model. The only obvious exception are
of course direct (with respect to the flavor symmetry) mass terms, such as the one given in
equation (5.1). Here we have two options: We can just substitute the G singlet of section
3 with the SM Higgs boson or we can forbid the direct mass term with an additional abelian
symmetry (as we are using in all models), and substitute the original singlet scalar by the
product of the SM Higgs and a singlet flavon, charged only under this abelian symmetry. The
second approach does not modify the structure of the mass matrices at all, while the first
approach only introduces a natural hierarchy among the mass matrix elements, which may
actually be useful to generate realistic fermion masses without fine-tuning. We will be using
both approaches later on.

The general conclusion is that the use of flavons for breaking Gy does not invalidate the results
obtained so far, once the obvious modifications have been made. On the other hand, the flavon
potentials show a lot more of the structure of the dihedral flavor group, and as we will show in the
following, the subgroup conservation can in fact, under very general assumptions, be considered
a dynamical prediction. Note that we have, by introducing the cutoff scale A, adopted an
effective field theory approach. We will therefore, in the potentials and superpotentials we
discuss in the next two sections, take into account corrections from operators suppressed by
higher powers of A, where it becomes necessary.

We begin in section 5.1 by discussing D,, invariant flavon potentials in the SM: Such approaches
have been used in the literature, for example in [86] and also in [84], where flavons give mass
to the heavy charge-conjugated neutrinos. We also want to see how generic the prediction of
subgroup conservation really is. We discuss the main problem of such an approach and how
it can be alleviated by supersymmetrizing and then go on to discuss flavon potentials in the
MSSM in section 5.2.

5.1 Flavon Potentials in the SM

When introducing flavons into the SM we need to think about, for the first time, whether we are
dealing with real or complex scalars. Up until now, we did not need to worry about this: Since
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the scalars we used so far transformed under a complex representation of SU(2)r, x U(1)y, we
were forced to take them to be complex. The flavons we are now dealing with are gauge singlets,
and all representations of D,, are real, so the minimal choice is to take real flavons. Complex
flavons could be separated into two scalars transforming separately under D,. The reality of
the representation can of course be ruined by introducing an additional abelian symmetry larger
than Z5, but we will not be considering this in the following, since the realistic models we will
build later on will be supersymmetric anyway.

We encounter one small difficulty, when switching to real scalars: We have always been using
complex generators so far and we do not want to abandon them at this point, as they have
proved a lot easier to handle when dealing with the conserved subgroups. To be able to use
our complex generators, while using a real scalar, we need to introduce a ’fake-complex’ scalar

doublet ( ;’; > [71]. This property (that the lower doublet component is the complex con-

jugate of the upper one) is not changed by the action of any D,, element, so this is indeed a
representation of D,,. The resulting doublet scalar has two real degrees of freedom, as we would
expect for a real scalar transforming under a two-dimensional representation of D,,. Details on
how this fake-complex scalar is related to the real doublet obtained using real generators can
be found in appendix B.3.

5.1.1 One Doublet

We begin with the simplest case: We take one doublet

(2)=e( ) (53)

transforming as the 2: of some D,,. We specifically set j = 1 for our calculations, but the results
apply equally well for any other faithful representation. We then consider a scalar potential
containing this doublet and other scalars transforming under one-dimensional representations
of D,,. We begin by assuming n is odd. There are then only two other scalars we need to
consider, ¥1 and 9, transforming as 17 and 19, respectively. We then find that there are two
distinct terms containing only the doublet field which transform as a total singlet under D,,.
Either the one which arises from two doublets coupling to a singlet,

pro2 = 7, (5.4)

or the term arising if we couple n doublets together, where none of them are coupled to pairwise
singlets,

O 4 py = 2¢" cosny. (5.5)

These can then couple to the singlet terms containing only one-dimensional representations, 1
and 3.

On the other hand, there is only one term containing only the doublet field and transforming
as 1o under D, since the term coupling two doublets to form 1o (the analog of equation (5.4))
is antisymmetric and vanishes identically if we are coupling the same field. We can however
couple n doublets to o:

(@ — @5 )ha = 2i@" g sinnry. (5.6)

It is the phase v which is relevant for subgroup conservation. This phase only shows up in
equations (5.5) and (5.6), so we only need to consider them, when minimizing the potential
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with respect to 7. In particular, the terms proportional to ¢?, such as a doublet mass term, do
not contain this phase. For n = 3 only three terms in the potential are relevant:

(,u + )\11/)1)(,03 cos 3y + )\2(,03¢2 sin 37. (57)

If 1o gets a VEV, this does not allow for any prediction of v independent of the values of the
real parameters p, A1 and Ae. However, if we go to n = 5 or larger, the terms containing v only
show up in non-renormalizable corrections to the potential. In this way, the term containing
the sine is suppressed, since it only shows up one order after the term containing the cosine, i.e.
the minimization of the potential with respect to v depends in leading order only on the term
with the cosine.

If the coefficient multiplying the cosine in the potential (what was p(p)3 for D3, where the
coupling has positive mass dimension, will be ((p>”ﬁ in case n > 5) is positive, then a
minimization of the potential, where (y) is already determined by the renormalizable operators,
leads to v = "% with m an odd integer. Conversely, if the prefactor is negative, then v = 7%
with m an even integer or zero. The relative phase between the two doublet components is then

given as

2
2y ="2 (5.8)

n

where the sign of the coefficient determines whether m is odd or even. We have therefore found
a simple example, where the conservation of a subgroup arises as a prediction of the potential.
In this case the subgroup is, for a doublet transforming as 27, Zo = (BA™). We further observe
that the conservation of this subgroup does not allow a VEV for the scalar 1, transforming as
15 (cf. table C.1), which concurs with our observation: If 1), acquires a VEV, the Z subgroup
will be broken, when considering higher order terms in the Lagrangian.

Moving on to the case where n is even, we find that we can write down two more non-vanishing
terms involving the doublet:

©of £ 93, (5.9)

transforming as 1g and 14, respectively. If we do not include scalars transforming under these
representations they are irrelevant, and the discussion is the same as for an odd n. If we do
include such a scalar, then the phase 7 already shows up in terms of order 7 + 1, i.e.

Me(pf £¢3), (5.10)

with r=3 or 4 and 1, being the flavon transforming as 1,. Let us take for concreteness r=3.
Then equation (5.10) is of the form

2\302 cos % (5.11)

For n = 4 we again have two relevant terms in the Lagrangian:

ph3p? cos 2y + Ap? cos 4. (5.12)

These do allow for a subgroup conserving solution, but it is not the only possible one. However,
for n > 4, only the term containing 3 will be relevant for the minimization of the potential
at leading order: Its mass dimension is smaller than that of the second term, which will thus
be suppressed by additional powers of 1. For ﬁ(@bg)((p)% positive we get v = 2

an odd integer, while for ﬁ<@[)3><(p>% negative we get the same result with m’ even. In both

cases the relative phase between the two doublet components will be
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drm! 2
2y= 0 = T (5.13)

n n

with m = 2m/ even, regardless of any signs, i.e. it will conserve the same subgroup as the VEV
of 3. An analogous reasoning holds for r=4, where m is then forced to be odd. Introducing
both scalars i3 and 14, and allowing VEVs for them, ruins the subgroup conservation, as it
should. So, as for the case of even n, we generally predict a VEV conserving a Zs subgroup. For
the case of an odd n, we could not predict whether the subgroup parameter m was odd or even,
as this depended on the vacuum expectation value of ¢. For even n, the subgroup parameter
m is however determined by the scalar content of our model, making dihedral groups with n
even more attractive for model building.

5.1.2 Several Doublets

We might prefer the couplings that contain the relative phase of doublet components, and
thereby lead to subgroup conservation, to show up at the renormalizable level. We assume an
odd n to begin with. We observed that the phase v appears in operators where we have coupled
n doublets, with none of them coupling to pairwise singlets. We can thus introduce the relative
phase at the renormalizable level, if we introduce several doublets, whose doublet representation
indices j can add up to n in a renormalizable operator. This is of course trivial for the case
n = 3, since 1+141=3 and the Zs subgroup is automatically conserved at the renormalizable
level, as long as we disallow a VEV for a scalar transforming as 19 or simply do not introduce
such a field at all. As a non-trivial example we discuss the case of n = 7.

We consider the potential with the two doublets 27 and 2g. This is sufficient, as we can add
doublet indices up to n at the renormalizable level (34+3+1=7) without needing to introduce a
221. We write the two doublets in our potential as

e

with j=1,3. The potential will then contain two renormalizable terms containing the two phases:

M @iz cos (371 — 3) + (1 + Aothr) P15 cos (v1 + 273). (5.15)

As we have two terms and two independent phases, we can minimize them separately . From
the minimization of the first term we obtain

3 — vz = mma, (5.16)
where m; is even or odd, depending on whether the prefactor A{p1)3(p3) is positive or negative.
Inserting the result for 3 in the other minimization condition,

7 + 273 = mma, (5.17)
yields

(ma + 2my)m

v = B (5.18)

where ms is even or odd, depending on the sign of (p1){@3)2. For the other phase we obtain

!The addition of such a doublet would actually cause problems, since we would have two further ways to add
up to n (34+2+42 and 2+2+2+1), and could no longer uniquely predict the relative phases of the doublet VEVs.
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3 2
3 = —(m2 +7 m)m — myT. (5.19)

The second summand in the phase is irrelevant. For the relative phases that determine subgroup
conservation, we get

2

m = = (5.20)
2

23 = 3?. (5.21)

We find that the potential again predicts the conservation of a subgroup Zs =< BA™ >, with

m = mso —+ 2m1, (522)

as both doublet VEVs fulfill the necessary condition. In this specific case, whether m is odd or
even, is determined only by me, as m; shows up with a factor of two. This is however not a
generic effect, as can be seen if one calculates the alternative case with 2o instead of 2g5.

For most n (as for n = 7, if we include all three doublets) this method fails, since we have
more terms containing phases in the Lagrangian, than we have phases, and hence we cannot
minimize term by term, as we did above. The subgroup conserving VEV is still allowed, but
its uniqueness can no longer be shown.

In a very general setup, such as the one we have chosen, showing the uniqueness of a solution
is difficult in general. It is therefore not these ambiguities, caused by too many couplings in
the Lagrangian, that cause us to skip the case of an even n for now and move on to super-
symmetrization. We have shown above that the prediction of conserved subgroups appears to
be a generic feature of D,, invariant potentials (once all the SU(2)r, clutter is removed), and
hopefully dispelled any doubts that this feature arises only from supersymmetric potential en-
gineering. The main reason for supersymmetrizing (apart from all the other arguments in favor
of supersymmetry, such as the hierarchy problem, gauge coupling unification or dark matter)
is the existence of a troublesome term in the SM flavon potential that we have not mentioned
so far.

Even though we have managed to disentangle the electroweak and the the flavor symmetry
breaking scale, we have not entirely decoupled the two scalar sectors: The potential contains
terms coupling the squared SM Higgs and squared flavons, e.g.

(HH')@?. (5.23)

These will lead to corrections to the Higgs mass on the order of (p). This may seem a trivial
concern in a scenario where the hierarchy problem is unsolved. But, as we will see in the
following, these couplings can naturally be avoided in a supersymmetric framework, which is a
major reason why, for the remainder of this section, we work in the framework of the MSSM.

5.2 Flavon Potentials in the MSSM

5.2.1 What Changes in Supersymmetry?

Supersymmetry (SUSY) is at this time an integral part of the graduate curriculum, and in-
troductions to supersymmetry are readily available (a deservedly popular one is [116]), so I
do not feel that it is necessary to give a general introduction to the MSSM at this point. In
the following, we will only look at several aspects of supersymmetry which are germane to our
discussion of flavon potentials.
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The first important difference concerns the complexity of the scalars. In supersymmetry, a
scalar is no longer just that, but is part of a supersymmetric multiplet. For the case of a
scalar, this will always be a chiral multiplet. This multiplet will contain an equal amount of
fermionic and bosonic degrees of freedom. Since we need two degrees of freedom to construct a
Weyl spinor, the bosonic part of a chiral multiplet will necessarily contain two scalar degrees of
freedom, which can be written as one complex scalar. This means that, in contrast to the SM
case, we do not have the minimal option of introducing only two scalar degrees of freedom to
make up a two-dimensional representation of D,,. For this reason, we will be working only with
actual complex scalars (as opposed to the fake complex ones considered above) in the following.
Supersymmetrization also means that the introduction of gauge singlet, flavor-charged flavons
necessitates the introduction of a Weyl spinor transforming in the same way, a so-called flavino.
We will not be concerned with these, as they do not play a role for the scalar potential.

The scalar potential in supersymmetry consists of two main contributions: One of these, the
D-terms, only arise for scalars which transform non-trivially under some gauge group. Since
this is not the case for our flavon fields, they play no role in our discussion. The flavon potential
will thus only consist of F-terms. These can easily be calculated with the introduction of the
superpotential, an analytic, third-order polynomial in the chiral superfields of the theory:

W = [ Pi05 + NijkPiP; Pk (5.24)

This superpotential must be invariant under all symmetries of the theory. Since we will not
be considering fields which are total singlets under all symmetries (even if we introduce a field
which is a singlet under the SM gauge groups and G, it transforms non-trivially under some
auxiliary abelian symmetry), we do not need to consider linear terms. These are only relevant for
supersymmetry breaking, which should anyway happen at a scale below that of flavor symmetry
breaking. In any case, the actual scalar potential is given by

V= ZFF = Z g;i gz; (5.25)

Since this is a sum of squared absolute values, the potential can never be negative. In fact if
the minimum is not at V' = 0, supersymmetry will be spontaneously broken. Supersymmetry,
if it exists, is of course broken in nature. It will be broken in a hidden sector and the breaking
is only communicated to the visible sector, which includes the SM fields as well as the flavons,
through effective soft SUSY breaking terms. These should lie at a scale of about 1 TeV to solve
the hierarchy problem, while our flavor symmetry will be broken at a higher scale. We can
thus neglect the effects of SUSY breaking, and, when minimizing our flavon potentials, always
assume a supersymmetric minimum. Making this assumption, that is taking the supersymmetric
limit, means that finding the field configuration which minimizes the scalar potential reduces
to solving the equations

= B =

for all scalar degrees of freedom ¢; in our model.

Since the superpotential is only a third degree polynomial, we have managed to eliminate the
troubling coupling between the Higgs and the flavons: We need at least two Higgs fields, to
construct a gauge singlet, and then have only one more field to which to couple, which needs to
be a flavor singlet in itself. Of course we may need a flavor singlet which transforms non-trivially
under an additional abelian group. If the Higgs field also transforms non-trivially under this
group, we may be able to construct a total singlet out of three fields. We will return to this
more subtle point later on.

F;

0 (5.26)
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Before returning to our discussion of flavon potentials, another word is in order concerning the
Higgs boson in the MSSM. Due to the analyticity of the superpotential, the complex conjugated
Higgs field eH* cannot show up in the MSSM superpotential, as it does in the SM Yukawa
couplings giving mass to the up-type quarks and neutrinos. Hence, we need to introduce two
Higgs fields with opposite hypercharge, hq and h,,, the first giving mass to the down-type quarks
and charged leptons, the second giving mass to the up-type quarks and possibly the neutrinos.
This is also necessary for anomaly cancellation, as the Higgs superfields will contain fermionic
components, the Higgsinos. The gauge singlet combination of two Higgs fields to which a singlet
flavon could couple is thus hyhy.

Both Higgs scalars acquire VEVs, related by

(hu)? + (ha)* = vny, (5.27)
whereas their ratio
(hu) _ vu
= — =tan 5.28
)~ o 5 (5.28)

is a free parameter in the MSSM and can only be restricted by phenomenology. Often a large
tan 8 &~ my/my ~ 60 is assumed to explain why the top quark mass is so much larger than that
of the bottom quark and the 7. In the models presented in chapter 6, however, the top quark is
the only fermion which acquires mass from a renormalizable operator. Its large mass can thus
be explained without invoking a large tan 3.

5.2.2 One Doublet

We can leave aside the MSSM Higgs fields for the moment, and as for the SM case, consider the
simplest possible field content, that is only one doublet ( Zl >7 transforming under a faithful
2

two-dimensional representation of D,,, which we take to be 27 for concreteness. As in the SM,
we will then in general need to go to non-renormalizable operators, to see whether a subgroup
is conserved when minimizing the potential. We again begin with n odd. The most general
flavon superpotential containing only the complex doublet is, up to terms of dimension n,

n—1

wy = p(prp2 +ZA ; F(192)" + T (A1 + 95), (5.29)
t=2

where p has a mass dimension of 1, while all the A; are dimensionless. A is of course again
the scale at which these interactions are generated. It will be the mass scale of some heavy
messenger fields which communicate the flavor symmetry breaking to the MSSM fields. To find
the supersymmetric minimum, we need to solve the following two equations:

anl
8wf At (t—1) ¢ An (n—1)
8@1 Hp2 =+ tz:; A(2t_3) 1 P2 + nAn73 ¥1 07 (5 30)
n—l
8wf An (n—1)
8@ = ner + Z 2t 3)t 1802 + nAn 390 = 07 (531)

where we have used the fields instead of the field VEVs, so as not to clutter up the equations,
which we will generally do in the following where it is unambiguous. We can multiply the first
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equation by ¢; and the second equation by 2. Subtracting the two resulting equations from
each other, we find that all terms vanish except for those proportional to A, and we obtain (for
non-vanishing A,)

o1 = ¢y, (5.32)
i.e. only subgroup-conserving VEVs. There appears however to be no possibility to determine
whether the phase factor m will be odd or even. The reasoning is equivalent for an even n if we
include no scalars transforming as non-trivial one-dimensional representations. We recall from
the SM discussion that including a flavon v, transforming as 1;., r= 3 or 4, changes this. If we
include such a flavon, the terms determining the VEV structure already show up in operators

of dimension (§ — 1). The superpotential up to this order is
7] . R
wy = perps) +ped + Y Z Koy (w192 T g (of £ 03) (5.33)
s=2 t=0

where the ceiling function [x] denotes the smallest integer greater than or equal to than z, i.e.
[2]is 2 if n is divisible by 4 and "2 if not. We will also later be using the floor function |z
which denotes the greatest integer smaller than or equal to x. Choosing r=3 gives the plus sign
in front of the last term, while r=4 gives a minus sign.

We now have to solve a system of three equations, of which we only need to consider the first
two. This is sufficient for our purposes, if we assume that the system allows for a non-trivial

solution at all.

il s

Sk

Owy (=1t 25— 3-1)
— = t (s= X 0 5.34
Do) M1<P2+Z;t1 A 3l 2A(" NEE (5.34)
duwy g ) A (3-1)
87@1 = p1p1 + Z @1902 1/% 2 e rPo =0 (5.35)

s=2 t:l

We can again multiply by o1 and o respectively, subtract the equations from each other and
thereby eliminate all terms except for those proportional to A. If we then also assume that ),
gets a non-zero VEV (if not we have the same situation as for odd n), and no parameters in
the potential vanish, we obtain

ol
ISR

2 : (5.36)

which is exactly the condition we need for a VEV configuration conserving the same subgroup
as the one-dimensional representation, i.e. by the choice of our field content we can determine,
whether the phase factor m is even or odd. Note that all these considerations are independent
of the lower order terms, i.e. the VEV structure is only decided at this order of corrections.
We have retrieved the results we obtained in the SM: Flavon potentials in general favor VEVs
conserving subgroups, and for an even n we can influence the subgroup parameter m by choosing
which one-dimensional representations to include in our potential. As in the SM case, we need
to go to operators with a large mass dimension to obtain these results. To get these results at
the renormalizable level we again need to include several doublet flavons. This already made
things more complicated in the SM, and we can already anticipate that things will get worse
for complex scalars. We therefore do a slight detour at this point, to introduce the U(1)gr
symmetry and the driving field mechanism, which at the same time will get rid of the problem
of Higgs-flavon coupling once and for all.
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5.2.3 R-Symmetry and Driving Fields

An R-symmetry denotes a symmetry under which different components of a superfield trans-
form differently. Most commonly an R-parity, that is a Z; symmetry, is assumed. For vector
superfields containing the regular gauge bosons, it is always those gauge bosons which transform
trivially, while their fermionic counterparts, the gauginos, are odd under R-parity. For a chiral
superfield, one can choose which component (the scalar or the fermion) is even and which one
odd. In the MSSM one chooses the R-parity assignments in such a way that all SM particles are
even under R-parity and all superpartners are odd. In this way, the lightest supersymmetric
particle (which is really an imprecise way of saying R-odd particle) is stable since it cannot
decay to SM particles, and is therefore a good candidate for dark matter. Additionally (and
this was the original motivation) R-parity forbids certain terms in the MSSM superpotential
which can lead to proton decay and lepton number violation.

This R-parity can now be considered as a subgroup of a larger U(1)g symmetry. We can assign
each chiral superfield an integer R-charge ¢ under this symmetry group. The transformation
properties of the component fields are then

A — %A, (5.37)
v — 614(4*1)04¢7 (5.38)

with A and 1 the scalar and fermionic components of the chiral superfield, respectively, and «
€ [0,27). We see that if we restrict o to 0 and 7, we retrieve R-parity, where ¢ being even or
odd determines how the component fields transform.

Since this symmetry does not commute with supersymmetry, the supersymmetry generators
and the elements of superspace also transform non-trivially under this R-symmetry. We will
not go into these details of the supersymmetry algebra at this point. For our purposes it is
only important that the terms in the superpotential are not allowed to be singlets of U(1)g but
need to have an R-charge of 2 (when considering only the Z subgroup, this of course is again
a singlet).

To obtain the correct R-parity as a subgroup, we need to assign an R-charge of ¢ = 1 to chiral
superfields containing SM fermions and an R-charge of ¢ = 0 to the chiral superfields containing
the Higgs scalars. In this way, the term in the superpotential which leads to the SM Yukawa
couplings,

Y LiLSH, (5.39)

has an R-charge of 2 and is allowed. Since we want to couple further flavons to this term,
cf. equation (5.2), to obtain flavor structure in the mass matrices, the R-charge assignment
for the flavon fields needs to be zero. To then obtain a non-vanishing superpotential for the
flavons, we need to introduce an additional type of field with R-charge 2. These fields are also
gauge singlets and in general transform non-trivially under G, that is they only differ from
the flavons through their R-charge. These so-called driving fields were first used for a flavor
symmetry model in [59]. We denote them by the same Greek letter as their flavon counterpart,
but with a zero superscript, e.g. wg for a driving field transforming as a 1g. These driving fields
do not couple to the SM fermions, whose mass matrix structure is still only determined by the
flavon VEVs. The driving fields are then only relevant for obtaining the VEV structure for the
flavons, which is now calculated by solving the equations

g;‘f) = 0. (5.40)
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What about the VEVs of the driving fields? They should better be zero. We have managed to
eliminate couplings between the MSSM Higgs fields and the flavons, since such a coupling term
would have an R-charge of zero. However the Higgs fields can still couple to a driving field,
that is a singlet under Gy. In any given model, one therefore needs to double check whether
the driving fields indeed do not acquire a VEV.

At some point U(1)gr has to be broken, since we need the so-called p-term, puH, Hg, in the
superpotential to end up with electroweak symmetry breaking. However p should be of the
order of the electroweak scale, and hence a driving field VEV is not an option. We will not be
concerned with the origin of the p-term in the following and will ignore the Higgs field entirely
in the following discussion. The squared Higgs VEV may of course show up in the F-term
obtained by differentiating the superpotential with respect to a flavor singlet driving field, but
it is much smaller than the scales involved in our flavor symmetry breaking and can therefore
be safely neglected, just as we neglect the soft SUSY breaking terms.

5.2.4 Several Doublets

In what follows we will always employ the driving field mechanism discussed above. Since
the superpotential, as opposed to the scalar potential of the SM, only contains terms up to
order 3 in the scalar fields, we do not have as many possibilities to add doublet indices up to
the group index n. We therefore choose a different approach here: We introduce all possible

; 0
scalar doublets, that is a doublet flavon < iﬂ > and a doublet driving field ( ?01 > for each
J2 2
representation 2: of our group D,,. Once we have discussed this general case, we will consider
how to reduce tfiis large field content, while still making subgroup conservation a prediction
of the potential. As always we begin with the simpler case of n odd, in which case the most

general superpotential is

n—1

2
wy = Z US(QOSISOSQ + 90529081)
s=1

n—3 n—1

2 2
+ Z Z ast(sD31<,0t180(()s+t)g+803290t290(()s+t)1)
s=1 t=s

n—3 n-—1
2

2
+ Z 551&(%1%2@?1575)1 + (PS?SOtISO?tfs)Q)

s=1 t=s+1
n—1 n—1
2 2
+ Z Z Vst (P19 P ns—ty1 + Ps20t2P(n_s—1)2)- (5.41)
=1 ng
t>s

To find a supersymmetric minimum of the potential, we compute the partial derivatives:

14] el |25
Z:;g = /~Lj90j2+z Qs(j—s)Ps2P(j—s)2 T Z Bs(i+s)Ps1P(+s)2T Z Vs(n—s—j)Ps1P(n—s—j)1 = 0-
1 s=1 s=1 SZnT-H_j
(5.42)
For the derivative with respect to the second component of the jth driving doublet, we have
the above equation with all indices of one replaced by indices of two and vice versa. We then



78 CHAPTER 5. FLAVONS AND FLAVON POTENTIALS

multlply 8 an

and subtract the two equations from each

other. This leads to the following equation:

14
0 = Zas(j—s)(%2<ﬂj1</7(j—s)2 - <Ps1<Pj2<P(j—s)1)
s=1

n—1

2
+ Z Bs(j+s) (Ps10510(45)2 — Ps20j2P(j4)1)
s=1
12
+ Z ’Ys(nfsfj)(@sl@jl@(nfsfj)l - QOSQ(ijQO(nfsfj)Z)' (543)
s:"TH—j
These equations can become arbitrarily complicated for large n. They can however easily be
solved, by assuming that they should be satisfied for arbitrary values of the coefficients a,
and ~, that is all summands should vanish independently. This is of course by no means a proof
of the uniqueness of the solution. However, it is definitely a very special solution, since it is
fully independent of the parameters in the potential. In the realistic models discussed later on,
we will always be able to show that the subgroup-conserving VEV is indeed a unique solution,
after we have chosen the particle content based on our more general considerations here. Also,
in a full model, some terms will be absent due to the presence of additional abelian symmetries.
In any case, minimizing the potential in this way leaves us with two general types of equations.
The first type stems from the terms in the first two sums of equation (5.43):

PILPELP (+k)2 = Pi2Pk2P(j+k)1- (5.44)

This equation must hold for arbitrary j and k with (j + k) < . The other set of equations
reads

PIPRIP(n—j—k)1 = Pi2Pk2P(n—j—k)2 (5.45)

and is derived from the last sum of equation (5.43). It has to hold for arbitrary j and k obeying
(n—j—k) < "Tfl We solve the equations iteratively. Setting j = k& = 1 we obtain from
equation (5.44):

<‘p“>2 =2 (5.46)

©12 ©22

and iterating:

<wn>j _ ¢ (5.47)

P12 Pj2

for all j (note that this trivially holds for the case of n = 3, where the first set of equations does
not exist, as there is only one doublet). Inserting this in equation (5.45) we obtain

011 = Pla- (5.48)

Combining the last two equations, we obtain

2mmj

pilt=¢€e n ©j2, (549)




5.2. FLAVON POTENTIALS IN THE MSSM 79

m an integer between 0 and n—1. Thus, all VEVs necessarily conserve a subgroup Zs = (BA™),
and the subgroup is the same for all doublets, even though m is undetermined.

We have up until now considered the maximal field content. We can however observe that we
only need a fraction of the equations to obtain our minimization conditions. Hence it should
be possible to obtain subgroup-conserving VEVs with a reduced field content. We first observe
that we really only require one of the equations (5.45), hence we only need one term in the
potential, where the indices of the field add up to n. So, we only have to introduce all doublets
(as flavons and driving fields) up to g[ 2] (This makes no difference for n < 7).

We can further minimize the model, if we observe that, of the equations (5.44), we actually
only require those with j = 1. So apart from the driving fields which are necessary to get
equations such as equation (5.45), we can dump all of them, except for the one transforming as
2q. To summarize: When conserving a Zo symmetry in D,, with n odd, we need to introduce
all flavons up to 2(% As driving fields we definitely should introduce ¢} (or some other dou-

blet, whose index does not divide n), in addition if 3 divides n we introduce %, if 3 divides
3

n + 1 we introduce (p(ﬂLH and ¢%_, and if 3 divides n + 2 we introduce ¢%,, and either ©%_,
or gpn for the mlmmal potentlzd This is obviously not a unique solutién. In general, \fve
might also need specific flavon doublets to generate the desired mass matrices. But one can see
that, even though we used all two-dimensional representations for our general considerations,
a given model may contain a lot less scalar fields and still give the correct vacuum alignment.
This may then also make it possible to solve the minimization equations without any further
assumptions, as we shall see later in our worked-out models.

Before ending our general discussion of flavon potentials, we consider the superpotential invari-
ant under a D,, symmetry with n even. As before, if we do not introduce any fields transforming
as non-trivial singlets, the discussion is pretty much equivalent to the one for odd n. Adding
fields transforming as 1g or 14 however provides the possibility of determining whether m is
odd or even and hence is interesting for model building. We write down the most general super-
potential with doublet fields up to indices of [%] (taking the lesson we learned from studying
the case of n odd) and a singlet 1, transforming as 1;., with r=3,4:

s=1 t=s
[71-1 [%]
+ Z Bt ( %1%2%0@ s)1 T P21y s)z)
s=1 t=s+1
+ (eranela g £ erae)a )i
+ 5(%”)1@?% +on W? n19)Yr. (5.50)

Through a similar calculation as above, we obtain equation (5.47) and instead of equation (5.48)
we get
it = iy, (5.51)

giving VEVs conserving Zo = (BA™), with m even if r=3 and m odd if r=4. We have already
minimized the number of fields by only letting the doublet indices run to [%]. As for an odd
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n, one can further reduce the number of driving fields: In addition to the driving field ¢!, we
need a driving field ¢% if 4 divides n or two driving fields ¢V ,, and ¢%_, otherwise, to obtain
! o T

the last two terms in the superpotential.

Instead of introducing a flavon 1, we could include a driving field 1/°. Both of them should not
be present, as long as the mass term is not disallowed by an abelian symmetry. Replacing the
flavon by the driving field is equivalent to replacing the last two terms in the superpotential of
equation (5.50) with just one coupling

Veraneizn £ 90[%1290ngg)¢97 (5.52)
which directly leads to the equation

Prannp|z)r = FPre12¥ 2|2, (5.53)

so the connection between m being even or odd and our choice of r is switched, compared to a
flavon transforming as 1,. This does not contradict the overall conservation of the subgroup,
as the driving field should not get a VEV. For n = 4 this is in fact the only equation we
need to ensure the correct vacuum alignment, and we will thus later be using a driving field
transforming as 14 in our D4 model of section 6.1.

We have shown that the flavon VEV alignment leading to subgroup conservation also appears
naturally in a supersymmetric framework with driving fields, and that the scalar field content
can be reduced to a manageable level. The challenge is now to design models, where this
natural alignment is not obscured by other components of the model, such as was the case for
the potential of flavor charged Higgs bosons. Before we move on to the actual model building,
we briefly discuss some further aspect of models with flavons.

5.2.5 Further Aspects of Flavon Models

Next-to-Leading Order Corrections In full models, such as the ones presented in the next
chapter, we want to conserve different subgroups in different sectors. Just as in the D7 model of
section 4.3, this can be achieved by introducing an abelian symmetry. This abelian symmetry
separates the flavons in (at least) two sectors, one coupling to up-type and one to down-type
fermions. The VEVs of the two flavon sectors conserve different subgroups and the subgroup
mismatch in the mass and diagonalization matrices ensues. The two types of flavons need only
differ in their transformation properties under the abelian symmetry. Complex conjugation for
the up-type scalars, which was necessary in multi-Higgs models due to the SU(2), structure,
is not required in flavon models.

But we do not want to separate the flavons only with respect to the Yukawa couplings. For this
a Zo would be sufficient. We saw in the last section that the couplings in the flavon potential
tend to lead to the same subgroup being conserved by the VEVs of all flavons. Hence, we
would like our abelian symmetry to separate the two sectors in the flavon potential as well.
The minimal symmetry that can accomplish this is a Z3, as the superpotential is a third-order
polynomial. If one set of flavons (and driving fields) transforms trivially under Z3 while the

2mi

other sector acquires a non-trivial phase w3 = e 3, no coupling between both sectors is allowed
in the renormalizable part of the superpotential. For those fields transforming non-trivially
under Z3, the coupling of one flavon and one driving field to form a quadratic mass term is also
forbidden. These were however anyway not essential for the vacuum alignment.

Generating fermion masses through non-renormalizable couplings to the flavons implies that
we can no longer move the cutoff scale A arbitrarily high. Contributions to both the Yukawa
and the flavon superpotential from higher order operators are thus subleading, but by no means
entirely negligible. What effect do these corrections have?
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We begin by assuming that all flavon VEVs which are non-vanishing at leading order (LO)
are of the same order of magnitude. This is a fairly natural assumption, as many of them
will be linked through the minimization of the scalar potential. We will see later on, how this
tendency is reinforced when taking into account next-to-leading order (NLO) corrections. With
this assumption, we have a natural expansion parameter in our model, namely

e~ <Viv) (5.54)

which can be given in terms of the generic Wolfenstein expansion parameter A. Corrections to
LO phenomenology now arise in two ways. First of all, at NLO, flavons from one sector can
couple to the SM fields from another. For concreteness, say the left-handed conjugate down
quarks transform as w% under Z3, while the left-handed quark doublets and the left-handed
conjugate up quarks transform trivially. This will actually be the case for the Dj4 model
of section 6.2. We then have two types of flavons, the ¢ transforming trivially under Zs,
contributing only to the up quark Yukawa couplings at leading order, and the gpg, acquiring a
phase w3 under Z3 and thus coupling only to the down quarks at LO. Then, depending on the
exact D, structure, the following term is allowed at NLO:

e
A
As the VEVs of ¢} and goéi preserve different subgroups, this term disturbs the subgroup-
conserving structure of the down quark mass matrix, which is thus corrected at order e.
Another correction arises from the flavon potential. There will be two sets of driving fields ¢
and ¢ with the same respective Z3 transformation properties as their flavon counterparts.
Then terms such as

QidjhaYijkl (5.55)

1 1
Thiueleyeral” and Xueleierel (5.56)
are allowed in the flavon superpotential at NLO. The separation of the two sectors in the scalar

potential is thus not perfect and there will be NLO corrections to the F-terms. We thus need
to perturb the subgroup conserving VEV structures obtained at LO, e.g.

(i') = (pi')o + 5(¢i)- (5.57)

The natural size of these corrections is

E
SVEV ~ O <VAV> VEV ~ ¢ VEV (5.58)

but this needs to be calculated explicitly in a given model. The shifted VEVs will then, at NLO,
no longer be subgroup-conserving, and again the subgroup-conserving structure of the quark
mass matrices are corrected at order e. If we had not assumed in the beginning that all flavon
VEVs are of the same order, flavon VEVs which were small at LO could receive large corrections
at NLO. Our assumption is thus the most stable one. Both types of NLO corrections, from the
Yukawa and from the flavon superpotential, will be taken into account in the models discussed
in the next chapter.

Flavon Mass Spectrum and Flat Directions Another aspect of flavon models merits
further study: Although we have moved the scale of flavor symmetry breaking up, eliminating
potential problems of a multi-Higgs model such as Lepton Flavor Violation, our flavons and
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flavinos (as well as the driving fields and their superpartners, which one could conceivably
call drivinos) are of course physical fields and we will briefly consider the actually observed
spectrum. In the supersymmetric limit the masses of scalars and fermions are of course equal.
The flavon mass matrix is given by

9 0%V
Y 0pidp;
where the indices 4, j run over all flavons and driving fields, counting real and imaginary parts
separately, and the scalar potential is given by equation (5.25). If the flavons and driving fields
are left with a non-vanishing mass after flavor symmetry breaking, this will generically be of the
order of the flavon VEVs and therefore phenomenologically uninteresting. However it is quite
likely that due to the special VEV structure at the potential minimum, some of the flavons will
remain massless.

This is not a problem however: Aside from the fact that both flavons and flavinos can obtain
additional soft masses through supersymmetry breaking effects, which might not even respect
the flavor symmetry, these apparently massless modes will also in general disappear when taking
into account next to leading order effects. These flavons will therefore be lighter than the others,
but not massless.

If, for a given mode, not only the mass term vanishes at LO, but also the cubic and the
quartic term, i.e. if the potential has a flat direction, this may be of interest for inflationary
scenarios [117]. Where it is feasible, we thus check for such almost flat directions in the flavon
potential.

o= (559)



Chapter 6

Putting It All Together:
Two Worked-Out Examples

We present two discrete non-abelian flavor symmetry models, putting together all the elements
we have assembled in the last chapters. Both of them use the subgroup mismatch discussed in
chapter 4 and symmetry breaking with flavons and driving fields as discussed in chapter 5. We
first, in section 6.1, present a supersymmetrized version of the D4 model described in section 4.2
and then, in section 6.2, present a supersymmetric model based on D14 predicting the Cabibbo
angle.

6.1 D, in the Leptonic Sector

We construct a supersymmeterized version of the model presented by Grimus and Lavoura
in [84], which we already discussed in section 4.2. In [86] it has already been attempted to build
a D4 model in which the Higgs doublets transforming non-trivially under the flavor group are
replaced by flavons. Since this model is non-supersymmetric the vacuum alignment problem
is not straightforward to solve and indeed one has to require that one of the quartic couplings
in the potential vanishes. However, such an assumption will not be stable against corrections
and has to be considered as a severe tuning. In a second version of this model [87] which is
supersymmetric, the potential is not studied such that the question of the vacuum alignment
also remains open. Using the insights on flavon potentials gained in the last chapter, the model
presented here solves that problem.

As in the original model, this model predicts 633 maximal and 613 = 0 in the lepton sector.
To achieve this, we augment the MSSM by the flavor symmetry Dy x Z5. The auxiliary group
needed to separate the charged lepton and the neutrino sector is somewhat larger than the
minimal Z3, to avoid ending up with charged lepton and neutrino masses of the same order.
In any case, for a flavon model the auxiliary symmetry would need to be larger than the Z,
employed in [84].

Our model contains the three left-handed lepton doublets [,, the three left-handed conju-
gate charged leptons ef, the MSSM Higgs doublets h,, 4 and two sets of flavons {x., ¢.} and
{Xv:¥v, 1,2} which break Dy in the charged lepton and the neutrino sector, respectively. The
transformation properties of these fields are collected in table 6.1. We take the fermion fields
to transform as in [84], with the difference that we do not explicitly introduce left-handed
conjugate neutrinos. The transformation properties of the flavons are chosen according to the
maximal scalar field content allowed by the subgroups we want to conserve, Do in the charged
lepton sector and Zs for neutrinos.

83
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Field le | lusr | €f egyg ha | ha || Xe | @e | Xv | Vv | Y12
Dy |19 2 |17 | 2 ||17 |17 |11 (14|17 13| 2
1

Z 5 ws Wws 1

3 3 3 2 2 2

Table 6.1: Particle content of the D4 model. I, denotes the three left-handed lepton
SU(2)r doublets, €f are the left-handed conjugate charged leptons and h,, g4 are the
MSSM Higgs doublets. The flavons xe, @e, Xv, @v and 91 2 only transform under
D4 x Zs. The phase factor ws is P

6.1.1 Lepton Masses and Mixing

The invariance of the charged lepton and neutrino mass terms under the flavor group Dy X Z5
requires the presence of at least one flavon. Thus, charged lepton masses are generated by
non-renormalizable operators only. As mentioned in section 5.2.1, this allows for a small 7 mass
compared to the top quark mass without relying on a large value of tan 3. The neutrinos receive
Majorana masses through the dimension-5 operator lh,lh,/A which can be made invariant
under the flavor group by coupling to a flavon. The part of the superpotential giving lepton
masses reads at LO

e Chd e C C hd e C C hd
wp = y1Xel1€1X +92Xe(5263+13€2)x + Y50 (l2es *l363)X (6.1)
h2 h2 h2 h2
+l/1Xul1l1A% + yal1 (l29p2 + l?ﬂbl)ﬁ; + y2(lotp2 + l:ﬂﬂl)llA% + y3pu(lala + l3l3)A%

h2
+yaxy(lals + l3l2)A%’

For the moment we simply assume that the flavons x. and ¢, acquire the VEVs

<§0€> = u, and <Xe> = We - (6.2)

As discussed in chapter 3 these VEVs break Dy down to Dy generated by A% and BA in the
charged lepton sector. The VEVs of the flavons coupling only to neutrinos at LO, are of the

form
o =u t=w, () =0 (7). (6.3

and therefore leave a Zs subgroup, generated by B, unbroken. As will be discussed in section
6.1.3, the vacuum structure in equation (6.2) and equation (6.3) is a natural result of the
minimization of the flavon potential. We obtain the following fermion mass matrices, when
inserting the flavon VEVs and (hy 4) = vyq:

yjwe 0 0

Vg p2 [ V1w h2U 92
M, = n 0 YSUe  YSWe and M, = Aifl; YU Ysu  yaw . (6.4)
0 yswe —ysue Y2u - Yaw Ysu

The matrix M; M, lT is diagonalized through the unitary matrix U, which acts on the left-handed
charged lepton fields and is given by

1 0 0
U= 0 e */v2 e /42 | . (6.5)
0 e—iw/4/ﬂ ei7r/4/\/§



6.1. Dy IN THE LEPTONIC SECTOR 85

Note that this corresponds to transforming to the basis of real generators used in [84]. This is
discussed in further detail in appendix B.3. For the masses of the charged leptons we find

Vd Vq . Vg .
me = X‘ygwe‘ y My, = X|y§ue + Zygwe| and m, = K|y§Ue - Zygwe| . (6'6)

In order to arrive at non-degenerate masses for the ;o and the 7 lepton either ySu. or y5w, has
to be non-real, indicating CP violation in the Yukawa couplings and/or flavon VEVs. For m,
being around 2 GeV (cf. equation (1.5)) we find that for small tan 3 - corresponding to vy of
the order of 100 GeV - the ratio of the flavon VEVs u, and w, over the cutoff scale A should
fulfill

% , % ~ A% & 0.04, (6.7)
where A = sinf¢ is the expansion parameter used in the Wolfenstein parameterization of the
CKM matrix, cf. section 1.1. The smallness of the ratio me/m- is in this model only explained by
the assumption of a small enough coupling y{. Similarly, m,,/m, enforces a certain cancellation
between the two contributions y§u. and iy5we in my,. In [84] these problems have been solved
by the assumption that the electron couples to a Higgs field different from those coupling to
the p and the 7 lepton and by an additional symmetry which leads to m,, = 0, if it is unbroken.
The neutrino mass matrix in the charged lepton mass basis reads (indicated by a prime (' ))

b2 [ 1w yav o yav
M/ = UZTMZ,UI* = A—g You  yaw  ysu | . (6.8)
Y2v  Ys3u  Ysw
M is still g4 — 7 symmetric, just as M, was. This is due to the subgroup mismatch mechanism
discussed in chapter 4. It then immediately follows that the lepton mixing angle 613 vanishes
and o is maximal. The solar mixing angle 612 is not predicted, but in general expected to be
large. Also the Majorana phases ¢12 are not constrained. The lepton mixing matrix is of the
form

cos s sinfqo 0

: j ‘ j _sinfip  cosfip 1 . ; ; ;
Vpuns = dlag(er/l) 61727 6173) ’ V2 V2 V2 ’ dlag(SZﬁl ) eZﬂQa SZBS) : (69)
__sinfq2 cosf12 1

V2 V2 V2

The Majorana phases ¢1 2 can be extracted from Vpyryg by bringing it into the standard form
given in equation (1.28). Assuming that all flavon VEVs are of the same size, the estimate in
equation (6.7) also holds for the VEVs of the flavons x,, ¢, and ;2. For small tan 3 a light
neutrino mass scale between /|Am%, | ~ 0.05eV and 1eV fixes the range of the cutoff scale A
to be

4-101 GeV <A <8-102GeV . (6.10)

As shown in section 6.1.3, we can assume that CP is only spontaneously violated in this model
by imaginary VEVs w, and w of x. and x,. Thus, apart from w, and w all other parameters,
i.e. couplings and VEVs, are real in the following. According to equation (6.6) an imaginary w,
allows the p and the 7 lepton mass to be non-degenerate. In the neutrino sector only the VEV w
of x, is imaginary, whereas all other entries in M), are real, so that the matrix in equation (6.8)
can be written as

t iz oz |, (6.11)
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where we define the real parameters

Im(w Im(w
5:3/11())» t=vy2, =14 (w)

and z = yg,g . (6.12)
v v

6.1.2 Phenomenology

In the following we analyze the phenomenology of this model. For the eigenvalues of Ml’,Ml/,T
we find

2 2
ma1 =3 <%> (3) [82 + 42 + 22 + 22+ /(s — 2)2(82 + (s + x)2) + 2(4L2 + 22 — s2)22 +

A A
2 v2\? vy2 2 2
and m3 = <X> (K) (2% +27%) . (6.13)

This assignment of the eigenvalues is unambiguous, since m3 > m? is experimentally known and
the eigenvalue corresponding to the eigenvector (0,1, —1)7 can only be m% The solar mixing
angle 612 is found to depend on s, ¢, x and z in the following way:

tan (2012) = 2v2[t V(s — )2 + 22 (6.14)

22 + 22 — g2 ’

which corresponds to equation (3.53). Before discussing the general case with unconstrained
parameters s, t, x and z we comment on the special case in which z vanishes, since then the
model contains only three real parameters which can be determined by the three experimental
quantities Am3,, |Am2;| and 612. According to equation (6.12) either y3 or u have to vanish for
z = 0 to hold. Assuming that ys is zero however has to be regarded as fine-tuning. In contrast
to that, a vanishing VEV w can be explained either through the absence of the flavon ¢, from
the model or through a flavon potential which only allows configurations with © = 0 as minima.
The neutrino mass mg is then proportional to |z|. From equation (6.13) and equation (6.14)
we can derive for z =0

1 cost 012 (Am3; + Am32; (tan 015 — 1))?

2
mz = — 6.15
3 4 sin?015  Am3 (1 + tan?612) — Am3, (6.15)
Neglecting the solar mass squared difference we can simplify this expression to
mi ~ —AmZ; cot? 260y, . (6.16)

Equation (6.16) shows that Am3, < 0, i.e. the neutrinos have to have an inverted hierarchy.
Similar results can also be found in [118]. A relation analogous to equation (6.15) can be found
for |mee|. Note that |me| is proportional to |s| due to equation (6.11) and can be written in
terms of mg, tan 612 and the mass squared differences as

2
— 6.17
Imeel” = m3 (AmZ, + AmZ, (tan? 015 — 1))2 (6.17)
In the limit of vanishing solar mass splitting we find
|mee‘ ~ms . (6.18)

Taking the best-fit values given in equation (1.29) we obtain s ~ 0.02075, t ~ 0.03502, = ~
0.02146 for v, ~ 100GeV, A ~ 4 - 10" GeV and v/A ~ \? ~ 0.04. Actually we find four
solutions which all lead to the same absolute values, but to different signs for s, ¢t and z, with

z
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Figure 6.1: |mee| plotted against ms for z # 0. The dashed red line indicates the results for z = 0. Mass squared
differences and the solar mixing angle are in the allowed 20 ranges [20]. As one can see, |mee| and ms have nearly
the same value. Additionally, one finds that ms has a lower bound around 0.015eV. For z = 0 we also find an
upper bound on ms.
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Figure 6.2: tan 612 plotted against mgs for non-vanishing z. Again the dashed red line indicates z = 0 (assuming
the best-fit value for the atmospheric mass squared difference) and gives a lower bound for z # 0. Apart from
that the results for tan 6;2 are only constrained by the requirement that they are within the experimental 2o
ranges [20], 0.61 < tan 612 < 0.73.

the constraint that s and = have the same sign. The neutrino masses are m; ~ 0.05348 eV,
mgo ~ 0.05419 eV and mg ~ 0.02146 eV. Their sum »  m; ~ 0.1291 eV lies below the upper
bound required from cosmological data (equation 1.31). |mee| equals 0.02075eV which could
conceivably be detectable in the future [107]. The two Majorana phases ¢ 2 are ¢ = 7/2 and
¢2 = 0. For tritium S decay we find mg ~ 0.05370 eV which is substantially smaller than the
expected sensitivity of the KATRIN experiment.

Turning to the general case with z # 0 we first observe that also in this case the light neutrinos
have to have an inverted hierarchy. To see this let us assume that the matrix in equation (6.11)
would allow the neutrinos to be normally ordered, i.e. mg > m; as well as m3g > mo. From
m3% —m3 > 0 then follows

2?4 22— 8 4 — (s —2)2(812 + (s + 2)2) + 2(4t2 + 22 — 52)22 + 24 > 0 . (6.19)
From this we can deduce

22422 > 2 4t and 1682 +a(s —x) — 22) > 0, (6.20)
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Figure 6.3: The Majorana phases ¢1 (blue) and ¢ (green) plotted against the lightest neutrino mass ms for
non-vanishing z. The values for z = 0, ¢1 = 5, ¢2 = 0, are displayed by dashed red lines. Notice that the results
for z # 0 are centered around these values. The measured quantities, Am3;, |Am3;| and 6;2, are within the 20
ranges [20].
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Figure 6.4: Phase difference ¢1 — ¢2 against mg for z # 0. The case z = 0, |p1 — 2| = 7/2, is given by the dashed
red lines. As one can see, |¢p1 — ¢2] is restricted to the interval [7/2, 3w /4] for ms < 0.06eV. Its deviation from
/2 increases with increasing ms. Again, the mass squared differences and 612 are within the experimentally
allowed 20 ranges [20].

where the first inequality follows from the fact that the square root in equation (6.19) is always
positive and the second inequality is obtained by bringing the square root to the right hand
side of equation (6.19) and then squaring both sides, which is allowed since both are positive.
Rearranging the first inequality of equation (6.20) and taking ¢t # 0 (otherwise 6,5 is zero) for
the second one, we get

22— 52> 42 — 2% and 12— 2% > x(x—s). (6.21)
The sum of these inequalities leads to
s(x—s)>3t2>0. (6.22)

From equation (6.22) we see that s and = have the same sign, while 22 > 52, hence z(z — s) >
s(x — s). Together with the second inequality of equation (6.21) this implies

t2 =22 > s(x —s) . (6.23)
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2 > 3t2, an obvious contradiction. Thus,

Combining the last two inequalities, we find t? — z

the neutrinos cannot be normally ordered as assumed by m% > m% Instead we always have
m3 > m3 which is only possible in case of an inverted hierarchy. Note that it is a priori not
clear that also mi is larger than msg, since the size of the mass squared differences has to be

tuned so that Am3, < |Am%,|. In fact, Am2, is given by

Amj, = (7@2 (%)2 V(s = 2)2(882 + (s +2)?) +2(482 + 22 — s2)22 + 24 (6.24)

It vanishes, if z = 0 and s = 2. Thus, Am3, < |Am% | holds, if these equalities are nearly met.
As noted, the vanishing of z can be made a natural result of the model. The near equality s ~ x
however has to be regarded as a certain tuning of the couplings y; and y4, see equation (6.12).
We study the general case z # 0 with a numerical analysis. To fix the light neutrino mass scale
we adjust the resulting solar mass squared difference to its best-fit value. At the same time the
atmospheric mass squared difference and the mixing angle 615 have to be within the allowed
20 ranges [20]. First, we note that our numerical results confirm that z has to be in general
smaller than the parameters s, ¢t and = and that s and = have to have nearly the same value.
In figure 6.1 we plotted |m..| against the lightest neutrino mass ms;.

As one can see, the approximate equality of |mee| and ms, deduced for z = 0 in equation (6.18),
still holds for z # 0. The dashed red line is the result for z = 0. One finds that mg has a
minimal value around 0.015eV, i.e. mas cannot vanish, and for z = 0 it also has a maximal
value around 0.027 V. These two bounds can be found as well by using equation (6.16). The
non-vanishing of ms & |mee| agrees with the findings in the literature that |mee| is required to
be larger than about 0.01eV, if neutrinos follow an inverted hierarchy [119,120]. Figure 6.2
shows that the relation in equation (6.16), which is fulfilled to a good accuracy for z = 0, gives
a lower bound for z # 0 in the tan 615-m3 plane and no further constraints on the solar mixing
angle can be derived. Note that we used the best-fit value of the atmospheric mass squared
difference for the dashed red line in figure 6.2. Finally, we plot the Majorana phases ¢1 and ¢o
in figure 6.3 against the lightest neutrino mass ms. As one can see, the phase ¢, (blue) varies
between 7/8 and 77/8, while ¢ (green) either lies in the interval [0, 7/8] or [77/8, 7] for small
values of ms, i.e. ms < 0.06eV. The dashed red lines indicate again the value of ¢; and ¢9
achieved in the limit z = 0. As the difference ¢1 — @9 of the two Majorana phases is the only
quantity which can be realistically determined by future experiments through

|Mee| = |ma cos? 0192 (P1792) 4 4y sin? O12| , (6.25)

we also plot ¢1 — ¢9 against mg in figure 6.4. This plot shows that the phase difference has to
lie in the rather narrow ranges [—37/4, —m/2] or [7/2,3m /4] for small values of ms. As one can
see, the deviations from |¢; — ¢2| = /2 (2 = 0 case) become larger for larger values of ms.

6.1.3 Flavon Superpotential

In the following we discuss the flavon superpotential and show that the VEV structure assumed
in (equation (6.2) and) equation (6.3) naturally arises, as does the spontaneous CP violation.
This is a fairly simple specific example of the general potentials discussed in chapter 5. Since
we are dealing with smallest possible dihedral group with an even n, we do not even need any
driving fields transforming as two-dimensional representations. All the driving fields needed for
constructing the potential are 2 ~ (17,w?), 0% ~ (14,w) and X9 ~ (11,w), given with their
transformation properties under (Dy, Z5). The renormalizable Dy x Z5 invariant superpotential
for flavons and driving fields reads

wp= axexs +bx)e (6.26)

+ co’ (YT —v3) +dxo 1o +exs i+ FXOXE -
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Assuming that the flavons acquire their VEVs in the supersymmetric limit we can use the F-
terms of the driving fields to determine the vacuum structure of the flavons. The equations

0

a?()g = axi+byi=0, (6.27a)
ow

a0 = cWi-ud) =0, (6.27b)
ow

o = dviated =0, (6.27¢)

result in

() = i o) () = )+ () = \/ U twal tefod” (g

which can be re-written as

We:ii\/guea (Y1) = v, w:ii\/d<w1> (W) +eu? : (6.29)

f

Note that the VEVs (p.) = u, (¢2) = v and (p,) = u are unconstrained by the potential.
Note further that the three signs in equations (6.28) and (6.29) can be chosen independently of
each other. For the discussion of the preserved subgroup structure it is anyway only relevant
whether (1) = (2) or (1) = —(¢2). For (¢1) = (12) as used in equation (6.3) we conserve
a subgroup Z, of Dy generated by B, whereas the relation (i1) = —(t2) indicates that the Zs
subgroup generated by BA? is left unbroken. This Z5 group is also not a subgroup of the Dy
group conserved in the charged lepton sector. Thus, the subgroups of the charged lepton and
the neutrino sector will be properly mismatched in both cases. We will only consider the case
of (11) = (19) = v. Equation (6.29) shows then that the VEVs w, and w necessarily have to
be imaginary, so that CP is spontaneously violated, if the parameters a, ..., f and the VEVs u,,
v and u are chosen as positive.

Only vanishing VEVs are allowed for the driving fields and this can be shown very easily in this
model. We only need to consider the three F-terms

Owy 0

—L = 2ax.xe =0, 6.30

8Xe aX Xe ( )
= 2e0,X0 =0, 6.31

90, epuX (6.31)

0

U 9 P10’ +diax) =0, (6.32)

O

to see that, if the parameters a, ..., f and the flavon VEVs are non-zero, as it is in our case, the
driving fields cannot acquire a VEV. Finally, note that we find flat directions in this potential
in the case of spontaneous CP violation under discussion here.

6.1.4 Next-to-Leading Order Corrections

In order to determine how our results are corrected at NLO, we take into account the effects of
operators which are suppressed by one more power of the cutoff scale A compared to the LO.
It turns out that, due to the Z5 symmetry, there are actually no contributions to the fermion
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masses from two-flavon insertions. Hence, the only NLO corrections we need to consider are
those of the flavon superpotential, which lead to a shift in the flavon VEVs parameterized as

(Xe) = We + 0we , (xp) =w+0w and (Y1) =v+dv. (6.33)

The VEVSs (gc) = ue, (py) = u and (¢b2) = v which are not determined at LO remain uncon-
strained also at NLO. As will be discussed in section 6.1.4, the shifts dw and dw, are in general
complex, whereas the shift Jv in the VEV (¢1) is real for this type of spontaneous CP violation.

Fermion Masses

The VEV shifts induce corrections to the lepton mass matrices given in equation (6.4) when
the shifted VEVs are inserted into the LO Yukawa couplings of equation (6.1). In case of the
charged lepton masses only the VEV of x, is shifted. Such a shift is however not relevant, since
it can be absorbed into the Yukawa couplings y] and y5. These then become complex which
however does not affect our results. In particular, U; is still given by equation (6.5). The form
of the neutrino mass matrix is changed through the shifts of the VEVs into

2 [0 (w + dw) Yo ya2(v + dv)
M, = A—% Yo Y3u ya(w + ow) | . (6.34)
y2(v 4 0v)  ya(w + dw) Y3

Note that dw cannot be simply absorbed into w, since dw is complex, whereas w is purely
imaginary. In the charged lepton mass basis the matrix in equation (6.34) reads

2 p(w+ow) o+ 60/ v+ e A50/v/2)
M = A—g y2(v + elfr/‘lév/\/ﬁ) ya(w + dw) Y3u . (6.35)
Yo (v + e /450 /y/2) Y3t ya(w + Sw)

To evaluate the shifts in the neutrino masses and to discuss the deviations of the mixing angles
from their LO values, especially 613 from zero and 63 from maximal, we parameterize the
Majorana neutrino mass matrix as

is(l+ae) t(l4+e™4e) t(1+e /e
t<1+@i7r/4 e) ix(l—i—ae) z , (636)
t(1+6—i7r/46) z ix(l—l—ae)

[

M, = w2
v A

>‘:§m

with s, ¢, z and z as given in equation (6.12) and

ow 1 v
ae=—, a=a,+ia; and e=——~ N\ ~0.04, (6.37)

w V2 v
where we assume that € is positive. The neutrino masses and mixing parameters resulting from
equation (6.36) can then be calculated in an expansion in the small parameter e. We observe

that the mass shift of m3 would vanish for Jw being zero. Its explicit form is

(myE9)?2 = (mi©)? 42 (12{2‘)2 (%)2 z(ar T + a4 2) €, (6.38)

with (m5©)? given in equation (6.13). Similarly, the masses m? and m3 undergo shifts propor-
tional to e. A simple expression can however only be found for the sum m? + m3:

3{2‘)2 (3)2 2V2t2+a, (s*4+a?)—a;z2) e (6.39)

(Y02 (mh10)2 = (mfO)2+(mE)2+2 (1) (5
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(mIf’(Q))2 can be found in equation (6.13). The mixing angle ¢13 no longer vanishes and we find
tw
in 63 ~ . 6.40
ST 2+ (s —x)x — 22 ‘ (6.40)
For 653 we get
Tz
tanf3 =~ 1 2 . 6.41
an a3 +\[t2+(s—a})x—z2€ (6.41)

The deviation from maximal atmospheric mixing can also be expressed through

T2z
2+ (s — x)x — 22

| cos 2023] ~ V2

e~ /2 m sin 3 . (6.42)

From both formulae one can deduce that in the case z = 0 the corrections to maximal atmo-
spheric mixing are not of the order €, but only arise at O(e?). Contrary to this 63 still receives
corrections of order ¢, if z = 0. The solar mixing angle 612 which is not fixed to a precise value in
this model also gets corrections of order e. We note that the smallness of |s — z| and z, required
by the smallness of Am2,, might lead to a disturbance of the expansion in the parameter e.

A correlation between cos 2623 and sin 013 depending only on physical quantities, Am?j, ..., and
not on the parameters of the model, s, t, ..., can be obtained by an analytic consideration which
is done analogously to the study performed in [71]. Clearly, the matrix in equation (6.35) is no
longer p — 7 symmetric, however we find the following remnants of this symmetry:

(My)ep = (M})z; and (M) = (M,,)7r - (6.43)

et

Equation (6.43) shows that y — 7 symmetry is only broken by phases, but not by the absolute
values of the matrix elements. This leads to

0= |(lex)eu‘2 + ‘(Mz//)MMP - ‘(Mz//)eT|2 - |(ML)TT’2

3
0= (MLMz//T)Mu - (M;M;T)TT = Zm?(KUMNS)qu - |(UMNS)TJ'|2)
j=1
0= ((sin2 015 — sin? 035 cos® 012) m% + (cos.2 012 — sin? 05 sin® 6012) m% — cos® 03 m%) cos(26023)
— Am?2, sin 2615 sin 203 cos & sin 3 . (6.44)
Since sin 613 ~ O(€) and cos 2023 ~ O(e) is already known, we can linearize this equation and

obtain, using best-fit values for the physical quantities and the fact that neutrinos have an
inverted hierarchy in this model,

Am%l sin 2015

cos 2053 ~ — -
Am§2 + Am%l SlIl2 (912

cosdsin B3 ~ 0.03 cos I sin O3 . (6.45)

Equation (6.45) can be used to estimate the largest possible deviation from maximal mixing.
For sin f13 being at its 2 o limit of 0.2 and | cos §| = 1, | cos 2023] still has to be less than 6 x 1073
which is well within the 1o error. Finally, we note that equation (6.45) must be consistent with
equation (6.42) and thus we again find that z has to be small.

Flavon Superpotential

The corrections to the flavon superpotential stem from terms involving one driving field and
three flavons. We find

k k k k
Awy = oS + XQ X2 xw 92 + Xg X2 X1t + f X2, (W +93)  (6.46)

ke o 5, k7 0.3

M
A
k5 kS

T e X+ L Ol XN Xy Xl -
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Assuming that CP is only spontaneously violated forces all k; to be real. We calculate the
F-terms of wy + Awy for the driving fields, using that the VEVs can be parameterized as

(Xe) = We + 0we , (xp) =w+dw and (Y1) =v+dv. (6.47)

The VEVs () = e, (pr) = u and (19) = v are not determined at LO. For our calculation of
the VEV shifts, we keep only terms containing up to one VEV shift or the suppression factor
1/A, but not both. As the VEV shifts we calculate turn out to be small, this calculation is
self-consistent. The F-terms then lead to

1
2 awe OWwe + X(kl w? +k2u2w+k3v2w+2/~c4uv2) =0, (6.482a)
2cvdv + %(ks w2+ kgul) =0, (6.48b)
dvév+2fw5w+%(k7wz+k8uz):0. (6.48¢)

Here we have chosen the solutions with + in equation (6.29). The explicit form of the shifts
reads

B 1 Ue 2 2
o= o (ks o) (6.490)
1 1
Sw = Tef wh (d (ksw? + keu?) ue — 2 ¢ (ky w? + kg u?) w,) | (6.49b)
_ 1 3 2 2 2
dwe = 2aweA(k1w + ko uw+ ks v w + 2kguv?) . (6.49¢)

As one can see, for our type of spontaneous CP violation dv is real, whereas dw. and dw turn
out to be complex in general. As can be read off from equation (6.49) all shifts are generically
of the natural size, i.e. %’TE\\/ ~ A2. Finally, note that the free parameters () = ue, (¢,) = u
and (¢9) = v are still undetermined.

This ends our discussion of the D4 model for the moment. Before we consider what we have
learned from this model, we first discuss a second model using D;4 model for the quark sector,

in the next section.

6.2 D4 in the Quark Sector

We construct a supersymmetric model using flavons and driving fields in which an element of
the CKM matrix is predicted by group theory, as discussed in section 4.1.2. We presented
a non-supersymmetric model with the same aim in section 4.3, based on the flavor group
D7. However, we found in chapter 5 that the necessary vacuum alignment can be more easily
achieved in models where the dihedral flavor symmetry has an even index n. In section 4.1.2, we
found that D7 is not the only symmetry that is adequate for predicting a CKM matrix element,
but that D14 can be used to predict |V,,q| or |Ves|. We thus construct our supersymmetric model
using D4 as a flavor symmetry. The auxiliary, abelian symmetry used to separate sectors is
taken to be the minimal Z3. As we only consider the quark sector, we should also be able to
describe the mass hierarchy, for which purpose we introduce an additional U (1) px under which
only the left-handed conjugate quarks transform.

As for the D7 model of section 4.3, we choose the fermion transformation properties such that
the mass matrices have a right-handed three singlet structure. The left-handed quarks ;1 and
Q2 are unified into the Dq4 doublet 21, denoted by @p, while the third generation of left-
handed quarks @3, the left-handed conjugate up-type quark t¢, and the left-handed conjugate
down-type quark s¢, transform trivially under D1y, i.e. as 17. The remaining two generations of
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Field Qp | Q3 | u¢ | ¢ | t° de s¢ | b | hyga
D1y 27 | 17 |14 (13| 17 | 13 | 17 |14 | 14
Zs 1 1 L 1|1 | wd|w Wi
ULrn || O 0| 2 01| 0 1 1 10| 0
Field 71‘,2 X%,Q §ig | N %lz Xcll 2 ffl,2 77d o
D1y 21 | 29 | 24 (13| 27 | 29 | 24 |14 14
Z3 1 1 1 1 w3 w3 w3 w3 w3
ULrn || O 0| 00| 0 0ol 0|0/ 0

Table 6.2: Particle Content of the D14 Model. Here we display the transformation properties of fermions
and flavons under the flavor group D14 X Z3 X U(1)pn. The symmetry Zs separates the up and down
quark sector. The left-handed quark doublets are denoted by Qp = Q1,2, Q1 = (u,d)T, Q2 = (c,s)T,
Q3 = (t,b)7 and the left-handed conjugate quarks by u°, ¢, t° and d°, s¢, b°. The flavon fields indexed
by a u give masses to the up quarks only, at LO. Similarly, the fields which carry an index d (and the
field o) couple only to down quarks at LO. Additionally, we assume the existence of a field 6 which is a
gauge singlet transforming trivially under D14 X Z3. It is responsible for the spontaneous breaking of the
U(1)rn symmetry. Without loss of generality its charge under U(1)rn can be chosen as —1. Note that

27

ws is a non-trivial third root of unity, ws = e 3 .

left-handed conjugate fields, i.e. ¢ and u€ in the up quark and d¢ and b° in the down quark sector,
are assigned to the one-dimensional representations 1g and 14. The fact that the transformation
properties of the left-handed conjugate down quark fields are permuted compared to those of
the left-handed conjugate up quark fields is merely due to the desire to arrive at a down quark
mass matrix M, which has a large (33) entry, cf. equation (6.59). However, since this is just
a permutation of the left-handed conjugate fields it is neither relevant for quark masses nor
for mixing. We assign a trivial Z3 charge to left-handed quarks and left-handed conjugate up
quarks, while the left-handed conjugate down quarks transform as w% under Z3. The MSSM
Higgs doublets A, and hy do not transform under D14 X Zs.

For the flavon content, we abandon our principle of including all flavon representations which
can appear in the Yukawa couplings. By eliminating possible flavons, we create zeroes in the
quark mass matrices, which are only filled by higher order corrections. Together with the FN
mechanism this creates the necessary hierarchy in the mass matrix elements. We have two
flavon sectors: The flavons which give masses to the up quarks at LO transform trivially under
Zs, while the flavon fields responsible for the down quark masses at LO acquire a phase w under
Z3. In both sectors we have flavons transforming according to the doublets 27, 29 and 24.
Not all of these flavons couple to the SM fermions at LO, but they are needed for the vacuum
alignment, as discussed in section 5.2.4. We have a flavon transforming as 1g in the up sector
and a flavon transforming as 14 in the down sector, to arrive at the desired subgroup mismatch.
Since the left-handed conjugate down quarks transform non-trivially under Zs, whereas hg does
not transform under Z3, the bottom quark does not acquire a mass at the renormalizable level,
unlike the top quark. We thus need to introduce an additional Dy4 singlet flavon ¢ in the
down sector, which generates the bottom quark mass. The top quark is then the only fermion
acquiring mass at the renormalizable level, and we can assume a small tan 3.

We finally need to assign FN charges. Without the FN symmetry, the strange mass would be
generated at the same order as the bottom mass. To suppress it we assign a charge of +1
under U(1)ppn to the left-handed conjugate down-type quark s¢. We also need to suppress the
masses of the first generation quarks, for which we assign non-vanishing FN charges to both u*
and d°. The transformation properties of the quarks and flavons under D14 x Z3 x U(1)py are
summarized in table 6.2.
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6.2.1 Quark Masses and Mixing

As discussed in section 5.2.5, the separation of the two sectors will not hold to all orders.
Consequently, the residual symmetries will be broken, and our group theoretical prediction of
the mixing matrix element(s) will receive corrections. In the leptonic case, this could nicely be
divided into LO contributions, which respect the residual symmetries, and NLO contributions,
which don’t. Things are not as simple for our D14 quark model, as the levels of the contributions
conserving the residual symmetries and of the contributions that break them are mixed due to
additional effects needed to ensure the quark mass hierarchy. First of all, we have two small
expansion parameters: € which is as before the ratio of the flavon VEVs breaking Dy4 X Z3 over
the cutoff scale A and ¢ which is the ratio %, where 6 is the scalar field whose VEV breaks
the FN symmetry, which we do not call flavon, reserving the term for those fields that break
D1y x Z3. We assume these two small parameters to be of the same order in the following, i.e. we
assume that all flavon VEVs and the VEV of the FN field are of the same order of magnitude.
Additionally, not all terms allowed by the residual symmetries arise at the order of one-flavon
insertions, as we do not include all scalar VEVs allowed by these symmetries. To structure our
discussion of quark masses and mixing we thus distinguish between contributions to the mass
matrices that respect the residual symmetries and those that break them.

The VEVs of the flavons transforming trivially under Zs, i.e. those with an index u, will
conserve a subgroup Zo = (BA™*) at LO, while the flavons transforming non-trivially under
Zs, i.e. those with an index d (and o), will conserve a subgroup Zs = (BA™4). The subgroup-
conserving contributions then come from those terms in the Yukawa superpotential in which
up-type quarks couple only to flavons transforming trivially under Z3 and down-type quarks
only couple to flavons transforming non-trivially. The leading subgroup-conserving terms in the
up sector will thus be those with one or two flavons, while in the down sector only the terms
with one flavon will give the leading subgroup-conserving contribution. We first discuss these
contributions, then go on to discuss the full mass matrices including higher order contributions,
which break the residual symmetries. Our results in the subgroup-conserving limit turn out to
be stable up to corrections of order ¢, thus legitimizing this approach.

Subgroup-Conserving Limit

In the up quark sector the only renormalizable coupling generates the top quark mass:

Q3 1Ny, (6.50)

where we omit, as we will always do in the following, all Yukawa couplings. These multiply each
operator separately and are taken to be complex numbers with an absolute value of order 1.
The other elements of the second column as well as the (32) element of the up quark mass
matrix M, arise at the one flavon level through the terms

T (@ut)h, (6.51)

and

% Q3 (c“n")ha, (6.52)

respectively. We do not specifically write down the D14 contractions in doublet component
fields, but rather group together all those fields which are contracted to form a Di4 singlet
in a round bracket. This notation is unambiguous - one would need at least four flavons to
have two possibilities for contraction. The elements of the 1-2 sub-block of M, are generated
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by two-flavon insertions. The elements of the first column of this sub-block originate from the
terms

02 02 9 0?
77 (@ouX"€)h + 15 (Qpu(€")?) hu + 37 (QpU"n"u)ha, (6.53)
while the terms
1 1 1
F(QDCCXufu)hu + E (QDCC(gu)Q) Iy + p(QDCCwunu)hu (6'54)

are responsible for the elements in the second column. For all elements we only give the
dominant contributions. The elements in the third column all receive contributions from two-
flavon terms. As they respect the residual Zs, they can however be absorbed into the existing
couplings. Only the (31) element of M,, vanishes at this level. If we then insert the Zy = (BA™*)
conserving doublet VEVs

()=+(1) (8)==(1)- (§)==(1) v

together with (n,) # 0, we obtain for the up quark mass matrix

— a2 a¥e? ale
M, = ait? e ade? abe | (hy), (6.56)
0 oje Y

where we have set m,, = 0, which can as always be done without loss of generality, since it is
only the phase difference which is observable in the subgroup mismatch. All couplings o' and
y¢ are complex. Apart from an exchange of the first and third row this corresponds exactly to
the matrix given in the first line of table 3.6. This exchange of rows is just a permutation of the
left-handed quarks, which has no effect on phenomenology. We thus see that the omission of
certain flavons does not change the structure of our mass matrix, as the texture zeroes induced
by their omission are removed by subgroup-conserving two-flavon insertions. The only net effect
at this level is a hierarchy among the mass matrix elements.

We can discuss the down quark mass matrix My in a similar fashion, but only taking into
account terms with one flavon, of which there are three:

0 0 1
2 (Qp¥?) s°hy, 2 Q3 s°chg and n Q3(b°n)hy, (6.57)

where the first one is responsible for the (33) entry, the second one for the (32) entry and the
third one gives the dominant contribution to the (12) and (22) elements of My. The VEVs of
the flavons in the down sector conserve the residual subgroup Z; = (BA™d) and are thus given
by

im wim 27mim
<¢g> ) —d e T ’ < <X§> ) = w e_mz j and < <€§> ) = e;f )
(¥5) 1 (x2) e 7o (&5) et
(6.58)
with (n?) and (o) both non-zero. From our discussion in section 4.1.2 we infer that after setting
m,, = 0, we need to set mg = 1 or my = 13 to obtain a phenomenologically viable result for |V, 4|.
Note that, while we will show in the next section how the VEV configurations of equation (6.58)

arise naturally from the flavon superpotential, the exact value of the parameter mgy, beyond its
being an odd integer between 1 and 13, cannot be determined. As seen in chapter 5 this is
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a generic problem. We thus simply have to choose mg to be minimal or maximal, and, for
simplicity and without loss of generality, we will work in the following with my = 1, keeping in
mind that there are three other possible values for the Cabibbo angle which could equally well
be predicted in this model, but are in conflict with experiment. Inserting the flavon VEVs, the
down quark mass matrix is then

0 adte 0
Mg=| 0 ode™te 0 | (hg), (6.59)
0 adte Yp €

where again all couplings agi and y, are complex. Comparing this with the matrix given in the
first line of table 3.6 (and again performing the unphysical exchange of rows one and three), we
see how the absence of some of the allowed flavons leads to texture zeroes in the mass matrix.
This was different in the up quark sector, where these zeroes disappeared when taking into
account two-flavon insertions. In the down quark sector however, the next subgroup-conserving
contribution, which would get rid of these zeroes, occurs at the level of four-flavon insertions.
It is thus strongly suppressed with respect to the two-flavon insertions that violate the residual
symmetries and will thus be discussed in the next section. The prediction of the Cabibbo angle
from the subgroup mismatch, however, is stable, i.e. is only be corrected at order €, as shown
in the next section. At first however, we determine the size of e itself.

For this we consider the quark masses. We discuss the exact dependence on the mass matrix
parameters only after we have taken subgroup-breaking terms into account. However, we can
already see at this point how the quark mass hierarchy emerges:

My @ Me : My~ 6426221,

mg:mg:my ~ 0:€:1,

my:mg ~ €:1, (6.60)

where we have used € ~ t. The third equation holds for small tan 5. Comparing this with
equation (2.1), we find that € ~ A2 ~ 0.04. In this case the hierarchy of quark masses is
reproduced, except for the down quark mass which vanishes at this level but is generated by
subgroup-breaking two-flavon insertions. We can also calculate the CKM matrix, and obtain
|cos({)| |sin(
Vorm| = | [sin(7g)| [cos(if
0 0

0 0 O 0
W 0 |+ O 02 0 |. (6.61)
1 O(e) O(e) 0O(e?)

As we expected from the construction of the model, the value of |V,4| is exact at this level and
is only corrected by subgroup-breaking effects. These corrections are thus necessary to move
|Va| into the experimentally allowed range. We further observe that having e as our expansion
parameter, as opposed to A ~ /e as in the Wolfenstein parameterization, makes it impossible
to predict the elements |Vig| and |V,;|, which are both ~ A3, at the correct order of magnitude:
At this level, |Vi4| is slightly too large and |Vy;] is slightly too small. For the measure of CP
violation in the quark sector, Jop, we find it to be of order € at this level and thus of the
correct order of magnitude.

Full Results

We continue by considering how these results are corrected when taking into account subgroup-
breaking contributions. This leads to the introduction of new terms in our parameterization
of the mass matrices. The parameterization is then exact in the sense that all higher order
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corrections can be absorbed in one of the parameters. As we did for the symmetry-conserving
terms, we show the operators which give the dominant contribution to the terms violating the
symmetry. There are now two possible contributions: One is from Yukawa coupling terms in
the superpotential containing more flavons than considered in the symmetry-conserving limit.
In the up quark sector this means three-flavon insertions, in the down quark sector two-flavon
insertions. Another contribution is from shifts in the flavon VEVs due to mixing of the two
sectors in the flavon potential at NLO. Our parameterization of these complex VEV shifts is
given in equation (6.96). Their exact form is discussed in section 6.2.2 and appendix C.5. As
can be inferred from the detailed calculations given in appendix C.5, the generic size of the
shifts is € - VEV for all VEVs being of the order € A, as we would have expected. Because of
this, we can easily compare VEV shift contributions with two or three flavon insertions. There
are thus no ambiguities as to what are the leading contributions for each subgroup breaking
parameter in the mass matrix.

We start with the (11) and (21) elements of the up quark mass matrix. They receive subgroup-
breaking corrections from the operators

2

2 2
% (Qrox"€" ) + (QDux*5€)) hu + L7 (QuE"5E") b + %(QD&D“ “u)h,
2 Qovt)wnh, +*(QDu< ) ha +*<Q u ()¢ b +—(QDux (612) hu

Qo) -t S Qo e oh + 0 (Qu(e)?) b + T (@out b,
(6.62)

where a notation such as dx* means that the operator which was already considered as part
of the LO symmetry-conserving effects contributes also to the symmetry-breaking term, when
first-order VEV corrections to the VEV of x* are considered. There exist of course also three-
flavon insertions involving only flavons from the up quark sector. They are subgroup-conserving
at leading order and can therefore be fully absorbed into the existing couplings. The corrections
to the (12) and (22) elements are dominantly generated by

1z ((Qpe0X"€") + (Quex"56") by + (QDc%“ég“)h o (QDCCM“ )
%(Qpccwdxdnd)thi(QDcc( ))hu & (@pewh? £d)h + 15 (Qoex(€h?)

15 (oY) hut 45 (Qoex e +E(an6<sd> ) o + 15 (@pes v
(6.63)

while the (13) and (23) elements are dominantly corrected only by

T (@uouyih,, (6.64)

since the two-flavon insertions are subgroup-conserving, i.e. we only need to consider the
symmetry-breaking arising from the VEV shifts at this order. Subgroup-breaking contribu-
tions from three flavon insertions are subdominant. As the (32) and (33) elements are already
described by general complex parameters in the subgroup-conserving limit, and are not directly
correlated with other mass matrix entries, all higher order corrections to them are subdomi-
nant and can be absorbed in existing couplings. This leaves only the (31) element, which was
zero in the limit of a conserved subgroup and is then dominantly generated by the following
three-flavon operators:
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92 c, dy 2 92 c.d d\2 92 c dy\2
EQ:&(U n)o hu+EQ3(U n“) (%) hy + *Qs(u 1" (x)?hu + *Q&z( n?)(E%)%h

2 62
+%Q3(ucn )(n")?h +—Q3( YIxTE) by + 5Q3 (u%pd(gd)?) D (6.65)

Note that there are symmetry-conserving couplings of the same order, from the coupling to
three up-type flavons, such as

92
A5 @ WIXIE — ¥rxaty), (6.66)

which we have written with explicit doublet components, to make clear how these contributions
vanish at this order, due to the symmetry-preserving VEV structure. They only contribute
subdominantly at the next order, through VEV shifts. The exact up quark mass matrix can
then be parameterized as

2 (—at el +BLed) a4+ pBYed a¥e+ BYe
M, = i t? e ay € ay € (hy), (6.67)
gyt e o € Yt

where we have defined, without loss of generality, the couplings in the first two rows in such
a way that the subgroup breaking corrections only appear in the first row. This necessitates
a redefinition of the couplings af , 3, so that they only correspond to their counterparts from
equation (6.56) at leading order. The same holds true for o and y;, which also need to absorb
contributions from subgroup-breaking terms. As in the subgroup-conserving limit, all couplings
o, Bi* and y; are complex in general.
Turning to the down sector, the (11) and (21) mass matrix elements are dominantly generated
by the same terms in the superpotential. These are two-flavon insertions and hence symmetry-
breaking in the down sector, thus |Mg|,; # |Ma|;5. The relevant terms in the superpotential
are

(QD d° & u)hd+ (QD d° dfu)hcﬂr (QD dcﬁdfu)hdJr (QD ) (dn*)ha
+F(QD d° ') hg. (6.68)

The same is true for the (13) and (23) elements which are dominantly generated by

(Qpb%d X")ha + 13 (QDbc d&“)hﬁ (@Dbcs‘%“)hﬁ (QDbcwd “Yha
+F(pr“)(bcnd)hd, (6.69)

while the (12) and (22) elements were already non-zero at the subgroup-conserving level. They
are dominantly corrected by both VEV shifts and two-flavon insertions:

i = (Qpoy?) s°hy

A3<QD><%“> ha+ 13 (prd ") sha + 43 (QDW)S ohy. (6.70)
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As for M, we can again absorb the subgroup-breaking terms for the (32) and (33) elements
into the existing couplings, which leaves us to discuss the (31) entry, which was vanishing in
the subgroup-conserving limit. It is dominantly generated by one single operator,

% Qs(d°n")ohy. (6.71)

The most general down quark mass matrix parameterization for our model is then

Bite? t(afe + Bie?) Ble
My=| Bt afe™Tte pe | (ha). (6.72)
Bg t e adte Yp €

This looks like subgroup conserving terms plus subgroup breaking corrections. However, as
for the up quarks, couplings need to be redefined, for example to move the subgroup breaking
contributions of the first two rows into the first row alone. Thus, the couplings only correspond
to their counterparts from equation (6.59) at leading order. All couplings af, 3¢ and y, are
again complex.

We can rephase the left-handed conjugate quark fields, which has no effect on CP violation in
the CKM matrix. Through this rephasing, we can make all the elements in the third row real,
that is B¢, of, yr, ﬂg, ag and y,. This somewhat simplifies our final formulae for the quark
masses, which are given by (again using ¢ ~ €)

my, = 2laf(h,)?e® + O(€), (6.73)
me = 2W<hu>264+0(e5), (6.74)
W= R+ O, (6:75)
my = llﬂf— e [2(ha)2e® + O(7), (6.76)
m2 = 2af*(he)’" + O(e?), (6.77)
my = yi(ha)®e +O(). (6.78)

Thus, taking into account the subdominant contributions discussed in this section, we can
reproduce the full quark mass hierarchy, including a non-vanishing mass for the down quark.
The full results for the elements of the CKM mixing matrix are

[Vaal = cos (3) +0(e) . [Vesl = cos () + O(e), (6.79)
V| = sm(l )+0<) \vcdy_sm(M)+0() (6.80)
e |Bd+p68 204 2 e B+ ﬂge%ﬂ a4 (1+ e%ﬂ) )

Vool = — - +0(?), |[Vis| = —= - +0 6.81
[Ve| AR (€7), [Vis| 7 " m (e7) (6.81)

e |8d— 54 2 € |8 pgeT ay(l—e?) 2
V| = — + O , Vil = — — + 0O , 6.82
|V AR (€7), [Vial 7 " m (€7) (6.82)

The small corrections to |V,4| can safely move it into the experimentally allowed range, which it
missed only marginally in the symmetry conserving limit. All other mixing matrix elements can
also be accommodated, as has been confirmed by a numerical check, although a slight tuning is
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Field [[ o0 [ 0% [ 0% [ ¢9% [ 9% [ 07%
Dy || 29 | 23 | 25 || 27 | 23 | 25
Z3 1 1 1 w w w

Table 6.3: Driving Fields of the D14 Model. The transformation properties of the
driving fields under the flavor symmetry D14 and under Z3. None of the driving
fields is charged under U(1)rn. The fields indexed with a u (d) drive the VEVs of
the flavons giving masses to the up (down) quarks.

necessary to suppress |Vig| and |Vyp|, which are now both of order € ~ A2, Finally, the Jarlskog
invariant is

24in T
ESIH7

4:913 Yt

Jep = (200Re ((03)"(8 = ) — e (18212 - 1¢17) ) + O(H). (6:84)
Subgroup-breaking corrections give the dominant contributions to Jop, so that it is now of
order €2, which is slightly too large. A small Jop can however be accommodated along with
the absolute values of the mixing matrix elements. This is aided by the fact that already the
factor isin% ~0.11 ~ % leads to a suppression.

6.2.2 Flavon Superpotential
Leading Order Potential

Turning to the discussion of the flavon potential wy, it is time to introduce the necessary
driving fields. From our discussion in section 5.2.4 we know that one minimal set of driving
fields consists of the representations 21, 2g and 24 for both sectors. This set of driving fields
does indeed lead to the correct VEV alignment at LO, for this model we however prefer to
replace the driving field transforming as 24 with a field transforming as 25. The reason for this
is that this will slightly reduce the amount of terms in the NLO flavon superpotential. As far
as vacuum alignment at LO is concerned, these two choices are equivalent. Our notation for
the driving fields, along with their exact transformation properties, is given in table 6.3.

For the discussion of the flavon superpotential, we can return to the simple separation into LO
renormalizable results and NLO corrections. The flavon superpotential at the renormalizable
level consists of two parts,

Wy = Wiy + wyd, (6.85)

where wy,,, gives rise to the alignment of the flavons only coupling to up quarks at LO, and wy 4
to the alignment of the flavons coupling to down quarks. We take all parameters in wy to be
real, i.e. we restrict ourselves to the case of spontaneous CP violation in the flavon sector. wy,,
reads

wr = M (P9 + YEd) + au (VEXTED" + PExEel™) + by (Vx4 vixivs®)
+ e (VIR + UHEFOT) + dun® (€107 + E500") + ew (VVET AT + iy pl")
+ ™ (P 4 X9 (6.86)

The conditions for the vacuum alignment are given by the F-terms
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8wf’u
ggon — Mz +haing =0,
1
owyy
oy Mgy + buby Xy = 0,
2
ow
L + ey + dun el =0,
8901
ow
aéﬁ=:%Wﬁ+%Wﬁ+%W$=Q (6.87)
2
ow
8&‘2 a3y + funxi =0,
P1
ow
UL = el S = 0.
P2

If we assume that none of the parameters in the potential vanishes and ¢} acquires a non-zero
VEV, we arrive at

MY u U LU
wh= =G 2= o (eufu s Vidue ot (@f)?) and () = -500

as the unique solution, where we have set a possible relative phase of the doublet components
to zero as discussed in section 6.2.1. Analogously, the flavon superpotential which drives the
vacuum alignment of the fields 1/}‘1172, thi,2’ 5{{2, n® and o is given by

(6.89)

wpa = it (W08 v+ (el + vt) + b (vt + vihu)
+ ca (wieded + udelel?) + dan? (€108 - e8l?) + ea (wielpS? + viedol)
+ L (X8~ x368) (6.90)

From the F-terms of the driving fields w%, go% and p% we derive the following equations:

Qwy,q d_.,d d. d
ou0d my,oy + bapixs = 0,
1
ow d
ou = mibovt+baixd =0,
2
8w d
A g + cadtes + danel = o,
o
1
ow d
T = aqind + capfel — dan’es =0, (6.91)
0py
ow d
% = eq3€8 + fan'x{ =0,
op}
wajd

o0l e €l — fan™xs = 0.
2
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These are uniquely solved by the vacuum structure

Tim Tim 2mimg
(1) > af e 7" ( (X > af e 7 < (€t > daf €7
=v 9 =w Tim and =z Tim,
<¢§l> 1 <X62l> efd <£(21> 62 7 d
(6.92)
with
d miw g w’
wl= S and 2= oo (cdfdi\/4adddedfd+(cdfd)2) . (6.93)
The VEVs of the two singlets o and n? are
Tim d,d
(o) =z and (n?) = e T %Uw—z . (6.94)

Thereby, we assume that again none of the parameters in the potential vanishes and that the
two fields wji and o get a non-vanishing VEV. The parameter mgy is an odd integer in the
range {1,...,13}. Due to this it is clear that the Z5 subgroups preserved in the up and down
quark sector cannot be the same and that the mixing angle arising through this mismatch is
always non-trivial. However, we are unfortunately not able to predict the precise value of the
parameter mg, so that we have to choose the vacuum structure with my = 1 (or my = 13) by
hand in order to predict the Cabibbo angle correctly.

Apart from this freedom, we can also choose the signs in front of the square roots in both up
and down sector. All sign choices are entirely uncorrelated. We also have a total of three free
dimensionful parameters, z, v* and v%. These are the three VEVs which we had to assume to
be non-zero, to make the above solutions unique. Along with the mass parameter M];, the only
dimensionful parameter in the LO flavon superpotential, we have four dimensionful parameters
which determine the scale of the flavon VEVs. Nothing forces them to be of the same order,
but we have made this assumption in the last section, because, as discussed in section 5.2.5,
only then will our LO VEV configuration be stable with respect to NLO corrections.

We finally remark that, given the flavon VEV structure, the driving fields are not allowed to
get a VEV.

Next-to-leading order potential

In the NLO flavon potential we take into account all terms containing three flavons and one
driving field. Due to the Z3 symmetry two types of three-flavon combinations can couple to a
driving field with an index u, namely either all three flavons transform trivially under Z3 or all
three transform non-trivially. For a driving field with a d index, two of the three flavons also
transform non-trivially under Z3 and the third one necessarily has to transform trivially. The
NLO corrections to the flavon superpotential can be written as

Awf = Awﬁu + Awﬁd, (695)

where the terms of Awg, (Awysq) are responsible for the shifts of the flavons uncharged
(charged) under the Z3 symmetry. The exact form of the terms is given in appendix C.5.
For the shifts of the VEVs we choose the following convention:
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() = " + 0", () = wt o Bul (€)= 20, () =~

mimg

W) = vt +av?, () =e 7 (wouf) (@) = e (w4 oug)

2mwim 2mwim 4mTim d.d
€y =77 (o) (e =e T (214 62) and <nd>=e—7d<§j“wf, +577d>,
while
WYy =, @f =vle T and (o) ==z (6.97)

remain as free parameters which might be fixed through the NLO corrections, but actually are
not. As can be read off from the detailed calculations given in appendix C.5, the generic size
of the shifts is

VEV
JVEV ~ O <A> -VEV ~ ¢- VEV. (6.98)
All shifts are also complex in general, with no preferred phase. This is all the information
needed to reproduce the results on quark masses and mixing from the last section. All further

details are given in the appendix.

6.3 Conclusions and Outlook

We have constructed two models incorporating all the elements of dihedral model building
gathered in chapters 3, 4 and 5. One of these models uses the symmetry D4 to describe the
lepton sector, the other one uses D14 in the quark sector. The obvious question is: Should we not
have one unique symmetry describing the entire flavor sector, especially in view of the fact that
we might want to unify quarks and leptons in a Grand Unified Theory? The reason for having
constructed two separate models is of course first of all practical one. We began our general
survey of dihedral groups looking for mass independent textures which are able to describe and
predict the mixing of the three fermion generations. We found that dihedral flavor symmetries
can, through the mismatch of conserved subgroups discussed in chapter 4, lead to mass matrix
structures in which one element of the fermionic mixing matrix is predicted by group theory
alone. This then leads to considering dihedral groups D,, whose index n is a multiple of 4, to
describe maximal atmospheric mixing in the leptonic sector, while the Cabibbo mixing angle
in the quark sector points towards groups whose index n is divided by 7. Taking into account
the vacuum alignment necessary to attain this subgroup mismatch, which is natural in setups
breaking the flavor symmetry with gauge singlet flavons as discussed in chapter 5, leads us to
favor D,, groups with an even index n. This does not change the smallest group adequate for
the description of leptons, but leads us to consider D4 as the smallest viable group for the
quark sector.

One can thus see, how the different structures of quark and lepton mixing favor different flavor
groups. This is quite a generic problem: Models which use A4 or Sy to describe tri-bimaximal
lepton mixing will typically face problems in predicting large enough mixing for quarks. The
advantage of the two models presented here, is that at least quark and lepton mixing have
the same group theoretical origin: In both cases, the largest mixing angle is predicted to be
approximately 7. The possibility of combining the two approaches, using a larger dihedral
symmetry is therefore certainly worth studying. A natural candidate is Dag, as 28 is the least
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common multiple of 4 and 14. The discussion of such a model is beyond the scope of this thesis,
but we will conclude this chapter by comparing the D4 and D14 models according to several
points which may be important for the construction of such a model.

The first question we can ask is how unique the prediction of the largest mixing angle is in both
models. In both cases the scalar VEV structure is not entirely uniquely defined. This especially
concerns the relative phase between the two components of a doublet VEV. In the D4 model,
there is only one doublet flavon - the VEVs of its two components can differ by a relative minus
sign or not, both solutions minimize the flavon potential, cf. equation (6.28). In the D4 model,
we have, after setting the phase factor m, in the up sector to zero, the freedom to choose the
phase factor in the down sector to be an odd integer between 1 and 13. Different choices can
lead to different mixing angles, a fact which we do not observe in the D4 model. This is however
only because of the smallness of the flavor group: We only have two possibilities for choosing
the conserved subgroup in the neutrino sector of the Dy model, Zy = (B) and Zo = (BA?).
These two subgroups give the same phenomenology. We observe a similar thing for Dq4, where
choosing mg = 1 or my = 13, i.e. conserving the subgroups Zy = (BA) or Z; = (BA'3), leads
to the same phenomenology. But since D14 is a larger group, we have further choices and these
then lead to a different prediction for the Cabibbo angle. For larger dihedral groups, a new
mechanism would thus be desirable, with which such degeneracies in the flavon potential can
be lifted. It may be of importance here that in the D4 model it is the maximal and minimal
choice of m (or rather of the difference mg —m,, as we have set m,, = 0) which gives the correct
prediction for the mixing angle.

Another question is the origin and magnitude of those mixing angles which are not determined
by group theory alone. In the D4 model we have one zero angle, which is also predicted from
group theory, more specifically from the fact that a Dy subgroup is conserved in the charged
lepton sector, rather than a Z,. The third, solar, mixing angle is naturally large, as we introduce
no further symmetry in the neutrino mass matrix which could lead to a hierarchy among the
matrix elements. In the Dy4 quark model on the other hand, the other two mixing angles are
small but non-vanishing. This leads to a different approach in the description of the mixing
angles: The smallness of those mixing angles not predicted by group theory alone, 64, and
6], arises from the fact that our model predicts a hierarchy among the quark mass matrix
elements, partly due to the absence of flavons which could couple to fermions at LO, partly
due to an additional FN symmetry. So, although we generate the largest mixing angle for both
quarks and leptons in the same manner, the difference among the two mixing patterns is still
manifest in the way we generate the two smaller mixing angles. Our approach to this problem
depends strongly on future, more precise measurements of the neutrino mixing angles. The
main question is the size of the reactor mixing angle 6%5: After all the 30 bound on sin 6, is
currently of the order of A. The reactor mixing angle may thus be of the order of the Cabibbo
angle, it may of the order of one of the other quark mixing angles, or it may be even smaller.
We finally come to a point which is of great importance, when considering the compatibility of
a flavor symmetry model with Grand Unification. It is the question of assigning flavor group
representations to the fermions. Here one can observe a major difference between our two
models: While the D4 model has mass matrices of the two doublet structure, in the D14 model
the quark representations are assigned in such a way that they give the (right-handed) three
singlet structure. This becomes necessary because we want to accommodate the quark mass
hierarchy in the latter model. Assigning the left-handed conjugate quarks to three different one-
dimensional representation gives us, among other things, the freedom of assigning FN charges
to each generation separately. Such a diverse set of representations becomes problematic when
faced with the restrictions imposed by Grand Unification. Such restrictions occur since, if
GUT and flavor symmetry commute, fermions united in one representation of the GUT must
transform in the same way under GGy. How this affects our choice of representations in detail,
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depends on the actual Grand Unified group.

The remainder of this thesis will however not be dealing with this (interesting) subject, but with
another aspect of flavored model building which arises when considering the interplay between
flavor symmetries and high scale, i.e. GUT or Planck scale, physics: The question of the high
energy origin of a discrete non-abelian flavor symmetry. This question is made more pressing
by indications that a global symmetry can never be fundamental because it will be broken
by quantum gravity effects at the Planck scale [121]. The last chapter of this thesis is thus
devoted to a discussion of what might lie behind a discrete flavor symmetry, manifesting itself
in fermion masses and mixing patterns at low energies. In particular we discuss the possibility
of embedding Gy into a continuous, possibly gauged, symmetry, and the problems one will face
in such an approach.



Chapter 7

Outlook: Where Could Such a
Symmetry Come From?

When discussing the origin of a discrete non-abelian flavor symmetry, a natural impulse is
of course to assume that the flavor symmetry is connected to one of the symmetries already
extensively used in quantum field theory, that is the flavor symmetry could be either a space-time
or an internal gauge symmetry. Connecting a flavor symmetry to the symmetries of space-time
necessitates an extension of space-time itself. Thus flavor symmetries have been connected with
discrete symmetries arising in compactified extra dimensions, with [122] or without [60] string
theory.

In this chapter we will be considering the other possibility, i.e. that a discrete flavor symmetry is
indeed the conserved residual subgroup of a spontaneously broken gauged flavor symmetry. The
idea of embedding a discrete flavor symmetry in a larger continuous group has been discussed in
the literature, for example in [65,113]. However no complete models exist, in the sense that the
discrete flavor symmetry is only motivated by a possible underlying continuous symmetry, but
the Lagrangian used for phenomenological considerations is only invariant under the discrete
group, i.e. the continuous group is explicitly broken such as for example in [123]. This leads to
restrictions on representations and to correlations between Yukawa couplings, not only through
group theoretical compatibility, but also through demanding anomaly freedom for an underlying
gauge symmetry [124,125]. This does not however solve the problem of the underlying symmetry
breaking dynamics.

To obtain a complete model, one needs to determine the scalar representations that break the
gauge symmetry as well as their VEV structure. In general the necessary representations are
well known, and are in fact mentioned as a motivation in some discrete flavor symmetry models.
The necessary VEV structures have also been partially discussed [113], however often not in
a flavor context [126-128]. Here the reasons for the absence of complete symmetry breaking
models become clear: In general large and unwieldy representations are needed to break down to
a phenomenologically interesting discrete subgroup. It is the aim of this chapter to show that in
fact the most well-known and easily handleable representations lead only to the conservation of
a very limited amount of non-abelian discrete subgroups. In fact, the only non-abelian discrete
subgroup we can obtain with the small representations discussed in this section is D), which,
as can be inferred from the discussion of chapter 3, does not have a rich enough structure to
predict mass independent textures from conserved subgroups.

We want to break a hypothetical continuous flavor symmetry (gauged or not is irrelevant for
this discussion) at a high energy scale. This flavor symmetry should commute with the SM
and transform the three generations of fermions into each other. If we limit ourselves to three
generations, we only need to consider the groups SU(2) and SU(3) as all other semi-simple
Lie groups do not have two-or three-dimensional representations. SO(3) need not be discussed
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separately, as an SO(3) gauge theory can simply be considered as an SU(2) theory with a
limited representation content. For SU(2) the fermions will transform as 2 + 1 or 3. The
relevant Kronecker products are thus

2x2 = 1+3,
2x3 = 2+4, (7.1)
3x3 = 1+3+35.

For a flavor symmetry SU(3) the possible representations for three fermion generations are 3
and 3, with Kronecker products

3x3 = 3+6,
3x3 3+86, (7.2)
3x3 = 1+8.

We then in the following discuss the breaking of these flavor symmetries by small representa-
tions, where smallness means dimension smaller than five for SU(2) and smaller than eight for
SU(3). This choice of representations is motivated by the fact that these are the representations
that can couple to fermions at LO, as can be read off the Kronecker products above. These are
also the representations whose VEVs can easily be discussed using linear algebra. We discuss
how the continuous symmetry is broken by VEVs of scalars transforming under these repre-
sentations and show that no non-abelian discrete symmetries, apart from D5, can be conserved
with these representations alone, and thus that one generically needs larger representations and
group theory beyond simple linear algebra to model such a scenario. In fact, DY itself only
arises as the double-valued group of the abelian Dy if we break SU(2) with the unfaithful five-
dimensional representation, which is also a representation of SO(3).

To determine whether a certain VEV structure conserves a subgroup of the flavor symmetry
SU(2) or SU(3), we do the same we did for the discrete dihedral symmetries in section 3.2:
We test which elements of the flavor symmetry leave the VEV invariant. We will assume the
minimal scalar content for any representation, i.e. real scalars for real representations, complex
scalars for pseudo-real and complex representations. We then check for each representation,
which subgroups the VEV of a scalar field transforming under this representation can conserve.
We also consider combinations of VEVs, but only where such a combination could lead to a
non-abelian subgroup. We begin by discussing those representations which can be written with
one index, i.e. which can be written as vectors in our linear algebra treatment, then continue
with those representations with two indices, i.e. matrix representations. Here we begin with the
most familiar (from the SM gluons), the adjoint representation of SU(3), then continue with
the very similar 5 of SO(3). The least common representations, the 6 of SU(3) and the 4 of
SU(2) end the chapter.

Breaking SU(2) with a doublet In the two-dimensional representation of SU(2) the group
elements are mapped onto the 2x2 unitary matrices with unit determinant. Thereby each group
element has two eigenvalues A\; and Ag. They must obey the constraint that A\ Ay = 1, as the
product of the eigenvalues is just the determinant. Hence if one of the eigenvalues is 1, then so
is the other one. The only 2x2 matrix with two eigenvalues of 1 is obviously the unit matrix.
Hence, the identity element is the only element of the group that can leave a doublet VEV
invariant.
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We conclude that the VEV of a scalar transforming as a doublet of SU(2) always breaks the
entire group. This of course does not change if we add further scalars of any sort.

Breaking SU(2) with a triplet The triplet is the fundamental representation of SO(3)
and an unfaithful representation of SU(2). The group elements are mapped onto the 3 x 3
orthogonal matrices with unit determinant. These can be thought of as rotations in three-
dimensional Euclidean space. If such a rotation leaves a vector invariant, the vector must be
parallel (or, obviously, antiparallel) to the axis of rotation. Hence any given triplet VEV will
conserve the subgroup formed by the rotations around the axis defined by the VEV. Thus the
VEV of any triplet will break SU(2) down to Spin(2), the double covering of SO(2), which is
in fact isomorphic to SO(2) and U(1).

Note that there is an SO(2) for each possible axis, i.e. infinitely many SO(2)’s that are all
mutually disjoint (up to the identity element). This means that if we introduce two triplets,
their VEVs will either be linearly dependent or not. If they are linearly dependent they break
to the same subgroup. If they are linearly independent they break to disjoint subgroups, hence
fully breaking SO(3). As the triplet is an unfaithful representation of SU(2), we will always
conserve a subgroup Z, under which all components of the triplet transform trivially, while
both components of the doublet transform non-trivially.

We conclude that if we use three-dimensional representations to break SU(2), we either leave
invariant a U(1) = SO(2) symmetry or a Zs. In particular no non-abelian subgroups can be
conserved. We therefore do not need to consider combining a triplet VEV with a VEV of a
different representation.

Breaking SU(3) with a triplet The argumentation for SU(3) is in fact very similar to the
one for SU(2) broken by a triplet. As the intuitive geometric derivation used above is not so
readily applied in the complex three-dimensional Euclidean space, we give a more elaborate
proof using linear algebra. This derivation (with the obvious modifications) can also be applied
to SU(2).

In the three-dimensional representation of SU(3) the group elements are mapped onto the 3x3
unitary matrices with unit determinant. Therefore each element will have three eigenvalues A1,
A2 and Ag. If one of these eigenvalues, say A1, is 1 (i.e. if the element is able to be part of some
conserved subgroup), then the other two eigenvalues have to fulfill AoA3 = 1, since the matrix
has a unit determinant. This means that if Ao is also equal to 1, then A3 = 1 as well. That
is, the only element with more than one eigenvalue equal to 1 is the identity element, the only
element with three 1 eigenvalues.

This means that each element which is not the identity will have at most one eigenvector
corresponding to an eigenvalue of 1. For a simple example, the matrix

e’ 0 0
0 e 0 (7.3)
0 0 1
will have the eigenvector
0
0 (7.4)
1

corresponding to an eigenvalue of 1. As no direction in three-dimensional complex space is
favored, there will exist for each complex 3-vector non-trivial group elements having this vector
as an eigenvector with eigenvalue 1. These elements form the subgroup conserved by a VEV
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proportional to that eigenvector. As each non-trivial element has at most one such eigenvector,
these subgroups will all be disjoint.

What is the subgroup conserved by such a VEV? We can already guess that it will be SU(2),
but we will motivate this conclusion a bit better in the following. Consider the group of elements
that leave invariant a vector . We then make a unitary similarity transformation

v-U=(7 § v)u(z g 7)), (7.5)

where U is an element of the group and & and ¥ are arbitrary mutually orthogonal vectors that
are also orthogonal to ¥. We obtain

! __ Ué><2 0
U—< >z ) (7.6)

As U’ is unitary by itself and also has unit determinant, we see that the three-dimensional
representation reduces to the two-dimensional plus the one-dimensional representation of SU(2).
Since all the SU(2) subgroups are disjoint, introducing two or more triplet scalars either breaks
to an SU(2) (in case their VEVs are linearly dependent) or breaks the entire SU(3) group (if
they are not).

What about the anti-triplets? The arguments are the same as for the triplets, if we consider
them separately, as the two representations can only be distinguished if they show up together.
But even if we introduce scalars transforming as triplets and scalars transforming as anti-triplets,
we do not find any new subgroups: The reasoning is the same as above, each scalar VEV breaks
to a specific SU(2) and they are all disjoint. The only thing we observe is that if we introduce
a scalar triplet and a scalar anti-triplet they break to the same SU(2) if the VEV of the triplet
is proportional to the complex conjugated VEV of the anti-triplet. If this is not the case, they
break to disjoint SU(2)’s, i.e. they fully break SU(3).

We conclude that an arbitrary collection of scalar triplets and anti-triplets either conserves an
SU(2) subgroup of our original SU(3) symmetry or fully breaks that symmetry.

Breaking SU(3) with the adjoint representation For discussing the breaking of a con-
tinuous group with matrix representations, we begin with the eight-dimensional adjoint rep-
resentations of SU(3), as it is probably the best known. We can write the VEV of a scalar
transforming under the adjoint representation of SU(3) as a Hermitian 3 x 3 traceless matrix
V. It then transforms under SU(3) in the following way:

V-V =UVUT, (7.7)

where U is a special, unitary matrix. As V is traceless, we need to consider two distinct
cases: Either V has three distinct eigenvalues, or it has two degenerate eigenvalues A, the third
eigenvalue being —2A. The only possible VEV with three degenerate eigenvalues is the zero
matrix, i.e. a vanishing VEV, which naturally does not break SU(3).

We first consider the case of a V' with three distinct eigenvalues. We are looking for the subgroup
of SU(3) formed by those elements U which leave V invariant, i.e. for which V' = V’. This set
is just the set of all matrices U that commute with V. What does it mean if U commutes with
V7 Let ©; be the eigenvector V associated with the eigenvalue )\;, which we have assumed to
be nondegenerate. Then

V(U) = UVE) = N(U). (7.8)

Hence Uwj; is also an eigenvector of V' with eigenvalue A;. As this eigenvalue is non-degenerate
Uv; must linearly depend on v;. Therefore v; is also an eigenvector of U. This holds for all three
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eigenvectors of V. We can thereby again reformulate the subgroup conserved by this VEV: It is
the set of all U having the same set of eigenvectors as V. The most general form for an element
of this group is then

et 0 0
U= ( vy U3 ) 0 €f 0 ( v vy U3 )T. (7.9)
0 0 e ilatd)

This representation is clearly unitarily equivalent to a diagonal representation, i.e. it reduces
to three representations of U(1). As o and (3 are however independent, there are actually two
distinct U(1) groups. Therefore an adjoint VEV with three distinct eigenvalues breaks SU(3)
down to U(1) x U(1). In particular such a VEV can never conserve a non-abelian subgroup of
SU(3) and we do not need to consider it any further.

We now proceed to VEVs V having two degenerate eigenvalues. The eigenvectors of V' are now
no longer uniquely defined. If v1 and v3 are two orthonormal eigenvectors of V' corresponding to
the same eigenvalue, we can find an arbitrary orthonormal basis of the corresponding eigenspace
as avi + bvy and —bvi + avi, with a and b two complex numbers obeying |a]? + |b]? = 1. We
can therefore write any matrix in SU(3) that commutes with V' in the following form:

e 0 0
( (avi +bv3) (—boq +avs) o3 ) 0 ¥ 0 ( (avi +bv3) (—boi +avy) o3 )]L
0 0 e iath)
(7.10)
To reduce this representation, we do a unitary equivalence transformation by multiplying on
the right by

( U1 Uy U3 ) (7.11)
and on the left with the Hermitian conjugate. The resulting matrix is
la2e 4 [b%e™®  ab(e — eP) 0
ab(e’™ — ) |a|?e? + |b2e™ 0 . (7.12)
0 0 e~ ia+0)

We now show that this is a representation of SU(2) x U(1). To do this we factorize the matrix:

o2 0 0 |a|?e! e |b|267iaT_ﬁ 2iab* sin %;ﬁ 0
. (a+8) - (a— co—
0 ¢tz 0 2ia*bsin (a—;ﬁ) \a|26*1( 2 \b\Qe“Tﬁ 0
0 0 e~Ha+0) 0 0 1
(7.13)

These two matrices commute. The first matrix is the representation of U(1), with the first two
generations transforming in the same way, and the third with double and opposite charge. If
we identify

(a=B) a—p
r = a2 +|bPei T, (7.14)

y = 2iab"sin (Oé;ﬁ>, (7.15)

and observe that |z|? + |y|> = 1, we see that the second matrix furnishes a representation of
SU(2), under which the first two generations form a doublet and the third generation is a singlet.
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We also note that we have the correct number of free parameters: The absolute value of a (or
b), the phase of ab* and the phase difference (o — f3).

We consider the case of two adjoint VEVs, where both VEVs have degenerate eigenvalues.
First of all, their non-degenerate eigenvalues could correspond to the same eigenvector. In this
case, they will naturally break to the same subgroup. Then we could have the case, where
the non-degenerate eigenvalue of the second VEV corresponds to an eigenvector lying in the
eigenspace of the degenerate eigenvalue of the first VEV. This, in a way, singles out a basis of
that eigenspace and thereby coincides with the VEV of an octet with three distinct eigenvalues,
i.e. conserves a subgroup U(1) x U(1). Finally, if there is no relation between the eigenvectors
of the two VEVs, we only conserve the subgroup Z3, corresponding to the three third roots of
unity, which can never be broken by adjoint scalars.

Finally, combining a degenerate adjoint VEV with a triplet VEV, we find three possibilities:
First, the triplet VEV can coincide with the non-degenerate eigenvector. In this case e~ “@+5)
must be equal to 1 and we break down to the same SU(2) conserved by the triplet VEV alone.
If the triplet VEV lies in the degenerate eigenspace, we break the SU(2) conserved by the octet
VEV and are left with only a residual U(1). If, finally, the triplet VEV is not an eigenvector of
the adjoint VEV we again break the entire group.

Thus, the only new non-abelian subgroup of SU(3) we can conserve with the VEV of a scalar
transforming under the adjoint representation is the subgroup SU(2) x U(1) if the VEV has
two degenerate eigenvalues.

Breaking SU(2) with the five-dimensional representation The calculations here are
very similar to those of the last section, so we will try and be brief. The VEV V of a scalar
transforming under the five-dimensional representation can be written as a 3 x 3 traceless, real
symmetric matrix. It transforms under SU(2) as

V -V =0voT, (7.16)

with O a special orthogonal matrix. Again the question of invariance can be reduced to a
question of commutation and hence coincident eigenspaces. For a VEV with nondegenerate
eigenvalues the general form of elements in the conserved subgroup is

(=" 0 0 .
0= ( V1 Uy U3 ) 0 (=1)™ 0 ( vl Uy U3 ) , (7.17)
0 0 (—1)ntm

with n, m integers (as V is symmetric it can be diagonalized by a real orthogonal matrix,
hence O will have only real eigenvectors and therefore only real eigenvalues). After a similarity
transformation this is a representation of Zy x Zs = Dy. However, as we are actually breaking
SU(2) with an unfaithful representation, we are actually conserving the double-valued group
D). The SU(2) doublet will transform as a doublet in this group as well, while the triplet,
as can be seen from the matrix above, decomposes into the three non-trivial one-dimensional
representations. As we saw in section 3.2, D) has no non-abelian subgroups, so we do not need
to consider a combination of this VEV with others.

We move on to considering VEVs V' with two degenerate eigenvalues. The elements of the
conserved subgroup must still have v3 as an eigenvector with a real eigenvalue. There are
however two possibilities to do this. One is to assign the eigenvalue 1 to v3. These are all
elements having v3 as axis of rotation. They form the subgroup SO(2). We also have those
elements, where the eigenvalue —1 is assigned to v3. These are of the form
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(=" 0
((cv1+ sv3) (—sv01+4cv3) U3 ) 0 (=)™t 0 | ( (cvi+sv3) (—svi+cod) U3 )T,
0 0 -1

(7.18)
where s and ¢ are now the sine and cosine, respectively, of some undefined angle. Unitarily
transforming by multiplying on the right by

(v 0 03) (7.19)
and on the left by its transpose, we end up with

(—=1)"(c? — 5?) 2es(—1)" 0
2es(~1)"  (~1)"(s2—¢2) 0 |. (7.20)
0 0 -1

As we know that the above matrix must still have a unit determinant, we know that the upper
left 2 x 2 matrix must have determinant —1 and must also be orthogonal. Combining the
two sets of elements, we find that our representation is reducible, reducing to the defining
representation of O(2) and the one-dimensional representation, where each element is mapped
onto its determinant. As our original group was SU(2), we are actually breaking to the double
covering of O(2), which is Pin(2). Combining several such VEVs, they can coincide in the
non-degenerate eigenvector, in which case Pin(2) is conserved, the non-degenerate eigenvector
of one can lie in the degenerate eigenspace of the other, in which case the conserved subgroup
is D), or their eigenbases could be unrelated, in which case only Z, is conserved.

There are thus only two non-abelian groups which can be the residual subgroup of SU(2) after
breaking with the VEV of a five-dimensional representation: The group D} for non-degenerate
eigenvalues and the group Pin(2) for degenerate eigenvalues. Some of these results can also be
found in [113].

Breaking SU(3) with the six-dimensional representation Writing the VEV of the six-
dimensional representation as a complex, symmetric 3 x 3 matrix V, it transforms under SU(3)
in the following way:

V-V =UuvuT. (7.21)
Demanding invariance can then be rewritten as the condition

Uv =VvuU*. (7.22)

We now note that V need not necessarily be diagonalizable. However, since V' is complex and
symmetric can be written in the form

WIVW = Viiag, (7.23)

with W unitary [129]. We can write W as (w7, ws,ws3). The wj; are then singular vectors of V'
obeying the relation

with o; the diagonal elements of Vg4, i.e. the singular values of V. The condition of equa-
tion (7.22) then leads to
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V(U*u_f@) = UVU_J; = O‘iUU_fZ’* = Uz(U*lﬁz)* (7.25)

If V has three distinct singular values, this means that all w; need to be eigenvectors of U*.
Also, the corresponding eigenvalue of U* needs to be real. Therefore the discussion is the
same as for the quintuplet of SO(3): The conserved subgroup is Ds. If V' has two degenerate
eigenvalues, then U* should act on the corresponding singular space with only real coefficients,
that is it should be block-diagonalizable to give an orthogonal 2 x 2 submatrix. The conserved
subgroup is then O(2). As V need not be traceless, we encounter the additional case of three
degenerate singular values. Here U* needs to act on all singular vectors with real coeflicients,
so the conserved subgroup in this case is SO(3). Of these subgroups only the last two are
non-abelian and need to be considered in combination with other VEVs.

We demanded above that the eigenvalues of U need to be real. This condition stems from
equation (7.24): If w; obeys that relation, then aa; only obeys the same relation if « is real.
Or of course if o; is zero. Thereby VEVs with zero eigenvalues are algebraically special: The
group elements preserving this VEV can have complex eigenvalues corresponding to the singular
vectors of V' with singular value 0. A special unitary matrix cannot have only one non-real
eigenvalues. Hence the case of interest is a VEV with two zero eigenvalues. The group elements
preserving this VEV are of the same form as those of equation (7.10), with the additional
condition that e~“@*5) the eigenvalue corresponding to the non-zero singular value, must be
real. We can therefore substitute the parameter oo + 3 by the integer parameter m defined by
«a + B = mm and write the group elements conserving V' in the form

im 0 0 |a’26i (D‘gﬁ) + ‘b’QQ_iaT_ﬁ 2iab* sin anﬁ 0
0 ™ 0 2ia*bsin (#) e T2 4 et o |- (7.26)
0 0 (~1m . . :

The conserved subgroup is therefore SU(2) x Zy, where the first two generations form a doublet
of SU(2) and a faithful representation of Z4, the third generation a singlet of SU(2) and an
unfaithful, non-trivial representation of Zj4.

What if we combine two six-dimensional VEVs? If they coincide in all three singular vectors,
the subgroup is determined by the VEV with less degenerate eigenvalues. If they have only one
singular vector in common, we break to the subgroup of elements having two degenerate real
eigenvalues, that is Zs. If they have no singular vectors in common, we break SU(3) fully. Zero
eigenvalues are only relevant if the VEVs coincide in all three singular vectors anyway and the
zero eigenvalues correspond to the same eigenspace. In this case the full subgroup SU(2) x Z4
is conserved.

We thus have three non-abelian groups that can be conserved by a sextet VEV, O(2) for two
degenerate singular values, SO(3) for three degenerate singular values, and SU(2) x Z4 for two
zero eigenvalues. We now need to consider combinations of these three cases with the other
VEVs we have discussed so far, triplets and octets.

What if both a 6 and a triplet acquire a VEV? If the triplet VEV is not a singular vector of
the 6, then SU(3) is fully broken. What if it is a singular vector? If V has two degenerate
singular values, the triplet can correspond to the non-degenerate singular value. In this case,
the determinant of the 2 x 2 submatrix is fixed to be one, and the conserved subgroup is SO(2)
or U(1). If the triplet VEV corresponds to a degenerate singular value, the degeneracy becomes
irrelevant and the subgroup is Zs. If V' has three degenerate singular values, the triplet, which is
in the defining representation of SO(3), breaks that subgroup in the usual way down to U(1) or
fully breaks it, if the real and imaginary parts of the triplet VEV are not parallel. If we combine
a V with two zero eigenvalues with a triplet VEV, we again have two possibilities: The triplet
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VEV can correspond to the non-zero singular value. In this case m is fixed to be 0 or 2, and we
break down to SU(2) (the former Z; element can just be multiplied into the SU(2) element,
without changing the determinant). If the triplet VEV is an eigenvector of V' corresponding

to a zero eigenvalue, we need to take a closer look. The SU(2) element in equation (7.26) has

. i (a=5B) . . . (a=B)
eigenvalues ez . So, without loss of generality, we must now demand (i)™e!"z = 1. The

resulting element then has in addition two eigenvalues of —1, corresponding to fixed vectors.
The conserved subgroup is then Zs.

We proceed to combining a VEV of a 6 with an adjoint VEV. The adjoint VEV must have
two degenerate eigenvalues, as only then do we have the possibility of conserving a non-abelian
subgroup. If there does not exist a basis of singular vectors for the sextet VEV, that is also a
basis of eigenvectors for the octet VEV, SU(3) will be fully broken. In particular, the eigenvector
of the octet VEV corresponding to the non-degenerate eigenvalue, v3, must always be a singular
vector of the sextet VEV V. The discussion is then similar to that for the triplet, with the
triplet VEV replaced by v3.

If V has two degenerate singular values, vz can correspond to the non-degenerate singular
value. In this case nothing changes and the conserved subgroup is O(2). If v3 corresponds to
a degenerate singular value, the degeneracy becomes irrelevant and the subgroup is Do. If V
has three degenerate singular values, one of the degeneracies becomes irrelevant and we break
down to O(2). Finally, considering the case of a sextet VEV V with two zero eigenvalues, we
again have two possibilities: v3 can correspond to the non-zero singular value. In this case
nothing changes, and SU(2) x Z4 is still the conserved subgroup. If ¥3 is an eigenvector of
V' corresponding to a zero eigenvalue, a specific basis is singled out for the elements of the
conserved subgroup. It is thus only determined by the possible eigenvalues, and cannot be
non-abelian. In this case it will be U(1) x Z3. Thus, no new non-abelian subgroups can be
attained by combining the VEVs of these different SU(3) representations.

Breaking SU(2) with the four-dimensional representation We finally deal with the
most complicated of the matrix representations, the 4 of SU(2). As it arises from the product
of a vector and a spinor, it can be written as a 3 X 2 complex matrix, with one spinor index and
one vector index. There must be further constraints, as such a matrix has 6 complex degrees
of freedom. To find them, we take a look at the Clebsch Gordan coefficients.

Writing the 4 as a matrix, it acts on a spinor and transforms it into a vector. As the Cleb-
sch Gordan coefficients are normally given in spherical coordinates we start with these, later
switching back to Cartesian coordinates, where the scalar product of two vectors is simply ma-
trix multiplication. In spherical coordinates, we can give the four degrees of freedom of the
4 as ¢ (m=3), ¢ (m=3), ¢3 (m=—12) and ¢4 (m=—3). Correspondingly we write the two
components of the spinor we want to transform into a vector as ¥; (m=3) and ¢ (m=—3).
Using the Clebsch Gordan coefficients for SU(2) [7] we find that they combine in the following
way to form a vector:

%(\/§¢1¢2 —¢2tp1) (m= 1), (7.27)
T5(bata—db1) (m= o) (7.28)
%(¢3¢2 —V3uth) (m= -1). (7.29)

Switching to Cartesian coordinates, this corresponds to a vector
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55 1(02 = V3oa)r + (d3 — V301)2)]
55l (02 + V30a)U1 + (95 + V31)n)] | (7.30)
%(%% — ¢311)

This vector arises from multiplying a spinor by the following matrix:

S

1 3(02 = V3¢1)  5(d3 —V3¢1)
2 —4(d2+ V3h1) E(d3+V301) |, (7.31)
—¢3 b2
or, in a more sensible parameterization
a b
V= c d , (7.32)
—b+1id a+ic

with a, b, ¢ and d complex. This is then the most general form for the VEV of a 4. It transforms
in the following way:

V -V =0vUT, (7.33)

as it has one vector and one spinor index. O and U are of course not independent but describe a
rotation of the same magnitude around the same axis. It can be checked by explicit calculation
that V' can be parameterized in the same way as V for an arbitrary rotation.
Again we reformulate the condition of invariance as a condition on the eigensystems. We first
observe that we can deduce from equation (7.33) the following two equations:

vvi = ovvioT (7.34)
viv = uvivul, (7.35)

from which we immediately deduce that the eigenvectors of VVT (i.e. the left singular vectors of
V', denoted by 4;) must also be eigenvectors of O (with the usual ambiguities for degenerate sin-
gular and eigenvalues) and the right singular vectors of V', denoted by w;, must be eigenvectors
of U. Using this knowledge, we go back to equation (7.33). We find that

VU?ﬁZ = V/MUT»L' = Jz‘uﬂfz', (7.36)

for ¢+ = 1,2, u; the eigenvalues of U and o; the singular values of V. We also have

VUIUZ' == OVu_fZ == OO‘ﬂZ; = )\iO'ilTi, (737)

with A; the eigenvalues of O. From the last two equations we can deduce that \; = ;. As O
and V are rotations by the same angle 6, their eigenvalues are e** and 1 for O and e*i5 for U.
How can they be made to coincide? Apart from the trivial case of both being the unit matrix,
we are only left with the possibility of identifying the exponential eigenvalues, which is only
possible for § = :l:%”. The final left singular vector u3 is then the eigenvector of O corresponding
to the eigenvalue 1, i.e. it defines the axis of rotation. If it is real, we then break to all rotations
around that axis, with the angles given above. This is a Z3 subgroup of SU(2). If the axis is
complex (and real and imaginary parts are not linearly dependent), no such elements exist and
SU(2) is fully broken.

Is the subgroup expanded if V' has degenerate singular values? We first take the case 0 = 01 =
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o9 # 0. u3 is still an eigenvector of O, the u; and w; however need not be eigenvectors of O
and U, respectively. Rather we have

VUW; = V(w4 Biwz) = o(oyul + Biud) (7.38)
VUG = OV, = 00, — ol + Bliy), (7.39)

from which we can immediately infer that o; = o} and §; = .. This means that again their
eigenvalues need to coincide, and we again break to Z3 or nothing. Finally, we need to consider
the case, where one of the non-trivial singular values is zero, say g2 = 0. In this case O and U
need only coincide in one eigenvalue, but this condition is already strong enough to constrain
the elements in the same way, i.e. giving Z3 as the conserved subgroup. We thus find that a
VEV for the four-dimensional representation of SU(2) can never lead to the conservation of a
non-abelian subgroup, and we thus do not need to combine it with any other VEVs.

The results of this chapter can be summarized in one sentence: The only non-abelian, discrete
subgroup that can be conserved by VEVs of the small representations (dimension less than five
and eight, respectively) of SU(2) and SU(3) is the group D), which is too small to reproduce
the mass independent textures described in this thesis. Finding the origin of a discrete flavor
symmetry, thus either requires more involved group theory for the continuous group, or a
different ansatz, in which the discrete group itself is fundamental. But that, as they say, is
another story...



118 CHAPTER 7. OUTLOOK: WHERE COULD SUCH A SYMMETRY COME FROM?



Chapter 8

Summary and Conclusions

What have we learned? We started from the assumption that the large amount of free pa-
rameters in flavor physics can be described with the help of a spontaneously broken discrete,
non-abelian flavor symmetry. This choice of symmetry puts the mixing matrices, as opposed to
the fermion mass hierarchies, in the center of attention. The question is then: How far can one
get with such an assumption? Should we expect all mixing angles in the quark and the lepton
sector to arise naturally from our flavor symmetry? This does not seem to be conceivable. The
question should rather be: Which aspects of the fermion mixing patterns can be described? To
address this question in a systematic manner, we have taken a class of discrete symmetries, the
dihedral groups D,, and their double-valued counterparts D/, and have determined what they
are capable of in this respect. Here our guiding principle was: What a flavor symmetry can
predict, depends on how it is broken. To be more specific: The symmetries of the mass matrices,
which then lead to predictions for the mixing angles independent of the exact numerical values
of the parameters, should be residual subgroups of the original flavor symmetry.

We thus first determined all possible subgroups of a dihedral flavor symmetry and which scalar
VEVs are compatible with their being the residual subgroup after spontaneous symmetry break-
ing. This then led us to a determination of possible mass and mixing matrices. Possible is of
course not entirely well-defined, unless some further assumptions are put in. These will partly be
motivated by physics considerations but also by calculational feasibility. In our case, we limited
ourselves to mass matrices with a non-zero determinant and also demanded that at least two
generations of left-handed or left-handed conjugate fermions are unified in a two-dimensional
representation. Given these assumptions, the possible mass matrices could be limited to five
different types, the corresponding diagonalization matrices could even be described by only
four distinct structures. This was then all the input necessary to determine the possible mixing
matrices.

Of these mixing matrices we were mainly interested in those where certain mixing angles, or
rather certain elements of the mixing matrix, are described solely by group theoretical para-
meters, such as the group order, the index of a representation or a parameter distinguishing
between several types of isomorphic subgroups. We found three kinds of such angles: The first
two are the extremal angles, i.e. maximal and vanishing mixing. They appear quite naturally
in flavor symmetry models, as the u — 7 symmetric mass matrix structures from which they
arise are fairly simple. A third kind of mass independent angle arises, which can be considered
a signature of a dihedral symmetry. Due to mismatch between the subgroups conserved in the
two sectors involved in the mixing, one element of the mixing matrix can be described by the
formula

; (8.1)

o (W(ml —m2)j>

n
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where j is a representation index, 2n is the order of the dihedral symmetry and m; and mo
parameterize the two conserved subgroups. After comparing this formula with phenomenology
and analyzing several existing models with dihedral flavor symmetries, we showed that this
subgroup mismatch mechanism could be relevant for describing the Cabibbo angle on the one
hand, the maximal atmospheric neutrino mixing on the other hand. Although maximal atmo-
spheric mixing can be described well by a p — 7 symmetric neutrino mass matrix and a diagonal
charged lepton mass matrix, the ansatz with the subgroup mismatch is different inasmuch as
the origin of the largest mixing angles in the quark and lepton sectors can be described in a
similar way.

Before implementing this mechanism in an actual model, it had to be checked whether the
conservation of subgroups is just a mathematical oddity, or if the necessary VEV configura-
tions occur naturally, when minimizing D,, invariant scalar potentials. And indeed under very
general assumptions - in particular the scalars breaking the flavor symmetry should be gauge
singlet flavons - this is the case and even the mismatch of subgroups can be partially explained
if the group index n is even. The most promising approach uses supersymmetry and additional
scalars, the driving fields.

We then had all the necessary ingredients to construct two models, one for leptons with the
flavor symmetry D4 and one for quarks with the flavor symmetry D14. For the leptonic model a
phenomenological analysis was performed to obtain predictions regarding the unknown aspects
of the neutrino sector. For quarks the phenomenology is more fully known, and we focussed
more on other aspects, such as the interplay of the discrete symmetry and a Froggatt-Nielsen
symmetry, which work together to reproduce the mass hierarchy among quark generations,
while leaving the prediction for the Cabibbo angle intact. In both models NLO corrections to
our leading group theoretical predictions were calculated. Finally, similarities and differences
between the two models were discussed, in view of the fact that the final goal should of course be
a model, in which quarks and leptons are described simultaneously. Such a model, which would
also ideally include a unification of quarks and leptons with respect to the gauge symmetries,
i.e. a GUT, is certainly one of the goals for which the calculations in this thesis have hopefully
laid the necessary foundations. Are there also more general lessons on how to build on the work
presented in this thesis?

To answer this question, we consider our original approach. It can be considered to be more
of a top-down approach: instead of starting with a specific mixing pattern inspired by phe-
nomenology and then finding a symmetry group which can reproduce this pattern, we took the
symmetry group as our starting point and then proceeded to show which symmetry patterns
can be produced by it. We have shown that such an analysis can be performed for a set of
discrete groups and can give direct input for model building. It is thus an interesting prospect
to analyze other (classes of) groups in a similar fashion. In particular the SU(3) subgroups
A(3n?) and A(6n?) are prime candidates for such a classification according to flavor aspects.
On the other hand, this thesis can hopefully also offer some input towards the interplay of
discrete flavor symmetries with other extensions of the Standard Model. This interaction can
occur in two directions: First of all, SM extensions can lead to constraints on the flavor sym-
metry. We have already mentioned the typical example, where the unification of several SM
fermions in a GUT representation can lead to restrictions on our choice of flavor group repre-
sentations. Such restrictions can easily be implemented as further constraints in the framework
given by this thesis. Model building with these constraints however is far more challenging.
There does appear to be some tension between the GUT and flavor symmetry approaches, and
it remains to be seen how this can best be resolved. The other possibility is that the flavor
symmetry influences the SM extension: Both models we presented towards the end of this thesis
are supersymmetric. It is thus interesting to ask, what further repercussions a flavor symmetry
has in a supersymmetric model. After all, the MSSM has an extended flavor sector due to the
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sleptons and squarks, and these sfermions will also have to transform non-trivially under our
flavor symmetry. This may be of interest for the structure of the soft SUSY breaking terms,
which can then also be discussed along the lines of the mass matrix structures described in this
thesis.

Of course a high energy extension of the SM can even lead to an explanation of the flavor sym-
metry itself. We have discussed the possibility of the emergence of a discrete flavor symmetry
from the high scale breaking of a continuous gauge symmetry and could show that this requires
rather intricate breaking schemes, with large and unwieldy representations. It may thus be
more favorable to discuss different origins for flavor symmetries, such as extra dimensions. The
discrete flavor symmetry could then be considered to be of a geometric origin, favoring dihe-
dral groups, which have a straightforward geometrical interpretation. Time will tell which of
these directions will be the most fruitful. Experiments in neutrino physics will teach us more
about the mixing patterns, in particular how close to maximal atmospheric mixing really is and
whether 613 = 0 can be considered a good approximation. At the same time results from the
Large Hadron Collider will provide information on the general framework in which to build a
flavor symmetry: Will we be working with supersymmetry, as we did in the main models of
this thesis, or will some other extension of the Standard Model prevail? These aspects need to
be taken into account in our search for a symmetry of flavor. And someday we may actually
know who ordered the muon.
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Appendix A

Glossary

A.1 Theory of Discrete Groups

Caveat: The definitions given below do not meet the requirements of absolute mathematical
precision. However all definitions are correct with regard to the instances appearing in this
thesis.

abelian A group G is abelian if it fulfills a further axiom:

e Foralla,be G,aob="boa

character The character of a representation is a mapping from the group G to the complex
numbers. An element of the group is mapped to the trace of its representation matrix. The
character is said to be real, if all elements of the group are mapped to real numbers, otherwise
it is complex. As the trace is an invariant, the characters of equivalent representations are
identical.

Clebsch Gordan coefficients The representation matrices of the Kronecker product of two
representations R; and Ry of a group G act on the vector space given by the tensor product of
the two vector spaces on which the representation matrices of R; and Ry act. This vector space
can be decomposed into invariant subspaces transforming under irreducible representations of
(. The decomposition is given by the Clebsch Gordan coefficients.

complex representation A representation is complex if its character is complex.

continuous A group is continuous if its elements can be parameterized by one or more con-
tinuous parameters. It will thus have infinitely many elements and is not discrete.

cyclic A cyclic group is a group with only one generator. A cyclic group will always be
abelian. The cyclic group of order n is denoted by Z,.

dimension of a representation The dimension of a representation R is the dimension of
the vector space on which the representation matrices act. If R maps the group elements to
d x d matrices, the dimension of the representation is d. An irreducible representation is usually
denoted by its dimension, a d-dimensional representation is written as d . If there are several
representations of the same dimension, there will be additional indices.
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discrete A group is discrete if the set of distinct elements is finite.

equivalent Two representations Ry and Rs of a group G are (unitarily) equivalent if there
exists a unique (unitary) matrix U such that UR;(a)U~! = Ry(a) for all a € G.

faithful A representation is faithful if it is injective, that is if each distinct group element is
associated with a different matrix. Unfaithful representations will always map more than one
element to the unit matrix.

generator The smallest subset of elements of a group G, for which each element of G can
be written as a product of elements of the subgroup, is said to generate G. The elements of
this subset are called generators. There may be several such smallest subsets and thus the
generators are not uniquely defined. The number of generators however is uniquely defined.

group A group G is a set of elements along with a binary operation (group multiplication)
o:G x G — G fulfilling the group axioms:

e Foralla, b, c € G, (aob)oc=ao(boc) (Associativity)

e There exists a unit element e for which eoca =aoe=a, for all a € G

e For each element a there is an inverse element ! fulfilling aca ' =aloa=ce

irreducible representation (irrep) A representation is irreducible if it is not equivalent
to a representation, where all representation matrices are block diagonal. For a reducible
representation on the other hand, one can always, through an equivalence transformation,
decompose the vector space, on which the representation matrices act, into invariant subspaces.

isomorphic Two groups are isomorphic if there exists a bijective mapping between them
that conserves group multiplication. The two groups can then be considered identical for all
our practical purposes, they are only defined differently.

Kronecker product The Kronecker product of two representations R and Rs of a group G
is again a representation, R; X Rs. Its dimension is the product of the dimensions of R; and
Ry and the representation matrices are the Kronecker matrix products of the representation
matrices of R} and Rs. The Kronecker product of two representations is usually written as its
decomposition into irreducible representations.

maximal subgroup A subgroup H of a group G is called maximal, if there is no proper
subgroup of GG that contains H as a proper subgroup.

order (of a group) The order of the set of elements, i.e. the number of distinct elements of
the group.

order (of an element) The smallest integer r for which a” = e is the order of the element a.

pseudo-real representation A representation is pseudo-real if its character is real, but it is
not equivalent to a representation whose representation matrices have only real entries.
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real representation A representation is real if it is equivalent to a representation whose
representation matrices have only real entries. The character of such a representation will
always be real.

representation A d-dimensional representation is a mapping from the group G to the in-
vertible d x d matrices, where the matrix entries are real or complex numbers. The mapping
conserves group multiplication, i.e. for a representation R and a, b € GG, we have for the rep-
resentation matrices R(a)R(b) = R(a o b), where the representation matrices are multiplied by
usual matrix multiplication.

subgroup A subgroup H of a group G is a subset of the set of elements of G that is closed
under group multiplication, i.e. for a, b € H, aob is also in H. Each group G has an improper
subgroup, the group G itself, and a trivial subgroup, the group containing only the unit element.

A.2 Abbreviations

e CKM = Cabibbo-Kobayashi-Maskawa (quark mixing matrix)

e FCNC = Flavor-Changing Neutral Current

e F'N = Froggatt-Nielsen (U(1) flavor symmetry)

e gcd = greatest common divisor

e GIM = Glashow-Iliopoulos-Maiani (mechanism for suppression of flavor change)
e GST = Gatto-Sartori-Tonin (relation between Cabibbo angle and quark masses)
e GUT = Grand Unified Theory

e HDM = Hot Dark Matter

e HPS = Harrison-Perkins-Scott (special form of lepton mixing matrix, equivalent to TBM)
e LFV = Lepton Flavor Violation

e LO = leading order

e MSSM = Minimal Supersymmetric Standard Model

e NLO = next-to-leading order

e PMNS = Pontecorvo-Maki-Nakagawa-Sakata (lepton mixing matrix)

e QCD = Quantum Chromodynamics

e QLC = Quark-Lepton Complementarity

e SM = Standard Model of Particle Physics

e SUSY = Supersymmetry

e TBM = tri-bimaximal mixing

e VEV = Vacuum Expectation Value
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Appendix B

Mathematical Details of Dihedral
Groups

B.1 Kronecker Products

The products of the one-dimensional representations of D,, are:
x |13 1y 13 14
1; |1 1 13 14
19|15 17 14 13
13 113 14 1; 1
1414 13 13 1
where the representations 13,4 only exist in groups D, with an even index n. The products

1; x gj transform as

11,2 %25 =2

and for n even there are also
. n .

13,4 X 2.] :zk with k = 5 —J-
The products 2; x 2; are of the form 17 +19 —|—2j with j = min(2i,n—21). In case the group D,,

4

has an index n which is divisible by four one also finds the structure 2; x 2; = lj fori=7%.

=1
The mixed products 2; X gj can have two structures: For i+ j # % we have 25 x gj =2, +2)
with k = [i —j| and 1 = min(i+j,n — (i+])), while for i +j = § we have 2; X2y =1g+14+2)
with k = |1 — j|.
For D), with n even the one-dimensional representations have the same product structure as for
D,, while for n being odd they are:

X |17 19 13 14

1p71; 1z 13 14

1p 113 17 14 13

13 113 14 13 13

14114 13 17 1o
due to the fact that the two one-dimensional representations 13 and 14 are complex conjugated
to each other. The rest of the formulae for the different product structures are the same as in

the case of Da,, i.e. in each formula above which is given for D,, one has to replace n by 2n.
The Kronecker products can also be found in [130].
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B.2 Clebsch Gordan Coefficients

We give the Clebsch Gordan coefficients in the following way: We start from two multiplets,
(a1, az, ..., adl)T and (by, ba, ..., bdz)T, transforming under a di- and a do-dimensional represen-
tation of Gy, respectively. The Kronecker product of these representations contains a ds-
dimensional representation. A multiplet (¢q, ca, ..., cdg)T transforming under this representation
can then be constructed from ds dy X dy matrices M; through

b1
bo
¢i = (a1, a2, ...,aq,) M;

ba,

These matrices M; are the Clebsch Gordan coefficients, and we present them in a column vector
of matrices.

B.2.1 ...for D,
For 15 x lj = 1, the Clebsch Gordan coefficient is trivially one. For 1; x gj the Clebsch Gordan

coefficients are
(1]) >~2- andforizQ:( (1 0) >~2-

fori:1:<( ) i (O 71) i

1
(0
If the index n of D,, is even, the group has two further one-dimensional representations 13 4

whose products with gj are of the form

orica (0 1) ) aggantiorioa( (0 1) oy

(10) -1 0)

For the products 2; x 2; the covariant combinations are

01 0 1
(Vo)=m (4g)-

boo) ) oo (01)]
(0 7) (00)

4
If the index n of Dy, is even and i = 7, there is a second possibility: 2; x 2; = 2%. The
=

and
0 0

4n -2i

o O O
O O = O

Clebsch Gordan coefficients are

0 1 0 1

(10)“11’ <—1 0)”12’
10 1 0

(o 1)~ (o %)~

For the products 2; x gj with i # j there are the two structures 2; x gj = 2) +2) with k = [i—j]

and | = min(i +j,n — (i +j)) or 25 x 2; =13 +14+2 with k = |i — j|, the latter structure
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occurring for i +j = 5. The Clebsch Gordan coefficients for 2; x zj = 2] + 21 are
0 1 00
00 ~ 10
00 S 01
1 0 00
00
0 1

0\ |~ 2n-G+i)
00
g + 14 +2) withi+j= 5 the Clebsch Gordan coefficients are

10 1 0
(o) =2 (o )

N

~ J-i

and

— o O O

N——
2
¥
o @
&
o
=
VR
—

[

For the structure 2;

and

B.2.2 ..for D}

For n even, the Clebsch Gordan coefficients for the products 1; x gj = 2j are the same as in
the case of Doy, i.e. for i = 3,4 the condition for k is j + k = n instead of 7.

If n is odd, the same holds for j odd whereas for j even the Clebsch Gordan coefficients of the
products 1g x gj and 14 x 2: have to be interchanged.

The Clebsch Gordan coefficients for the products 2; x 2; are the same as for Da,, if i is even.
Similarly, if n is even, nothing changes for 2; x 2; with i # j as long as i, j are both even or
one is even and one is odd. For n being odd the only difference is that, if the product is of the
form 2; x gj =13 + 14 + 2y, the Clebsch Gordan coefficients for the covariant combinations
transforming as 1g and 14 are interchanged.

We thus only need to give explicit Clebsch Gordan coefficients for the case where both two-
dimensional representations are odd. For the the products 2; X 23 = 17 + 19 + gj with

j=min(21i,2n — 21) and i odd, one finds

0 1 0 1
(5o)=m (30)~
10 0 0
00 01

0 0 NgZi or -1 0 Ngz’n -2i
(0 %) (4 0)

4
If i = % and odd (n must even but not divisible by 4), one has 2; x 2; = > 1;. The Clebsch
=1

2
0 1 0 1

and

Gordan coefficients are
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1 0 10
(0 5 )10 (o V)~

Finally, the product 2; x gj for i,j being odd is either 2) + 2] with k = [i —j| and | =
min(i +j,2n — (i +j)) or, if i +j = n, 13 + 14 + 2 with k = |i —j|. The Clebsch Gordan
coefficients in the first case are

(0 1) <0 0)
00 10
0 0 ~ 24 or 0 —1 ~ 254
-1 0 0 0

and
10 00
0 0 0 1
0 0 ~ 24 or ~1 0 ~ 22n -(i+j)
(o %) (v 0)

In the second case the Clebsch Gordan coefficients are:

1 0 10
(0 5)=as 0 (o V)~

0
1

and
01 0
0 0 0
0 0 ™Ay OF 0 —1 £j-i
(%) (o 0)

B.3 Real Representation Matrices for D,,

As representation matrices are defined only up to similarity transformations, one will frequently

find two-dimensional representation matrices of D,, that differ significantly from ours. A com-

mon convention has representation matrices which are real. This has the advantage that the

reality of the two-dimensional irreps is made explicit. We then have that for real representa-
*

tions ( Zi ) transforms as the same two-dimensional representation, and no additional unitary
2

transformation is needed. However the structural discussion performed in this thesis is more

tedious using real matrices, which is why we have opted for using the complex generators. Still,
to make our results more easily comparable to existing models, we describe the alternate repre-
sentation using real matrices and explicitly show its equivalence to the representation we have
used.

For a dihedral group D,, and a representation 2:, the generators A and B can be represented

by the real matrices
_(eos(E) —sm(Z) ) L (1 0
(s ) -0 h) .

In [84], instead g =B and h = BA? are used as generators, the representation however is the
same as the one presented here. It does not depend on which two elements are designated as
generators. We need to show that this representation is equivalent to the one we have been
using. The explicit similarity transformation is given by

U'G.U = G,, (B.2)
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where GG, is a representation matrix in the basis of real generators, G, is a representation matrix
in the basis of complex generators used throughout this thesis and the unitary matrix

U:é(i _Zl> (B.3)

We thus have that if ( Z ) transforms as a two-dimensional representation using complex

U<Z):¢1§(i<(5—+f>)> (B-4)

transforms as a two-dimensional representation using the real generators. In particular the
special VEV structure given by equation (3.9) translates to

( - Cof o > , (B.5)

which already shows, why calculations in the basis of the real generators become more involved:
Instead of just having a relative phase between doublet components, the two components actu-
ally get different absolute values.

This basis change corresponds to the basis change in the model of section 6.1, when switching
to the primed basis in which the charged lepton mass matrix is diagonal. The charged lepton
mass matrix is

generators then

vy yfwe 0 0
M, = n 0 YSUe  Y5We , (B.6)
0 ySwe —ysSu
o We Y3Ue

and consequently U, lT M; Uee is a diagonal matrix with positive entries, where

1 0 0
U=\ 0 em*)y2 eim/t)y2 | . (B.7)
0 e—iﬂ/4/\/§ ei7r/4/\/§

and Uge equals U P where P is a diagonal phase matrix. Going to the basis in which charged
leptons are diagonal thus corresponds to the transformations [ — UlTl and e¢ — UeTceC =
P*UlT e®. Thus, apart from an unphysical rephasing of the left-handed conjugate fields induced
by P, both fields are transformed in the same way. If we now rewrite

1 0 1 0 0
Ul =U, = ( g > 0 et 0 , (B.8)
0 0 6—3i7r/4

with U as in equation (B.3), one can see that this transformation consists of a rephasing and then
a transformation to the basis of real generators, as the second and third generations transform
as a doublet of D4. This then coincides with the basis chosen in [84]. The identifications for
the singlets are the following: 1, | corresponds to 17, 14 to 13,1 4 to1lg and 1__ to
14. In [84] the charged lepton mass matrix is diagonal without any further transformation and
013 = 0 and #23 maximal can be directly read off from the neutrino mass matrix. This is the
same in our case, if we go into the primed basis, see M, in equation (6.8).

We finally comment on the fake-complex scalars used in section 5.1. If we have a real scalar
transforming as a doublet of D,,, we can write it, using complex generators, as
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( ;’; ) . (B.9)

Moving to the basis of real generators with the unitary transformation U, we see that this
indeed corresponds to the real doublet representation, since

U< ;’; ) :z'\@< Iii(ﬁ) > . (B.10)

The imaginary prefactor is irrelevant, as it is not affected by transformations. The important
thing is that we have a doublet where both components are independent real variables.



Appendix C

Results and Tables

C.1 Decomposition under Subgroups

The decomposition of representations of D,, and D/, under their subgroups is given in tables C.1,
C.2, C.3 and C.4. We have used the following non-standard convention for the representation of
27

e

Zp: The representation 1} transforms as e k), so that 1 denotes the trivial representation

and l(n+ k) =1 .
We will denote the components of the two-dimensional representation 2j by

ax
2kN<bk>'

For two-dimensional representations under dihedral subgroups, we find in the tables the general
identification 2j. ~ 2j.. However, dihedral subgroups will have less two-dimensional represen-
tations than the original group, so we need to make the following identifications, if the dihedral
subgroup has no representation 2, :

In Dy, q even:

Timqg Timg

(e n ag+bg)~13, (—e n ag +bz) ~ 1y, (C.1)
(€ ag+by) ~ 1y, (—e " ag +by) ~ 1o, (C.2)
2mwimk
(6 Lo ) ~2 (k< D) (C3)
k
21rf)nlz{k ~ 2 k (qu >k > g) (04)
e n ag -q- 2
In Dy, g odd:
(e ag+bg) ~ 17, (—e w " ag+by) ~ 1o, (C.5)
2mimk _ 1
( °c gk ) ~2 (ifk< 1), (C.6)
by 2
bk . q— 1
TLm g 2 > k > ). C7
<k> 2qk (i g > k> 152) ()

Ifk >gq, 2 ~ g(k mod q) - If g divides k, then 2} transforms just as 24, ie.as 11 + 1o.
For D; one can make the same identifications as for Dy, ¢ even, if one makes the substitutions
q — 2q and n — 2n. For q dividing k, 29} then transforms as gzq, Le.as 17 +19.
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D, — Subgroup \ VEV allowed?
Zp =<A>
1 - 1p yes
1 — 1g yes
1 — 1
13 1n
1y - 1n
2
2, — ax ~ 1y, b ~ l(n-k)
Zy =< A >
L — 1g yes
1 — 1p yes
13 — 1n if 2 even
5 q
14y — 1n if © even
5 q
2y - ak~ 1y, b~ 1o g ifqlk
Zoy =< BA™ >
L — 1g yes
1 — 1
13 — 1mn if m even
l4 — 1m+1 if m odd
—2mikm
2 — (T ac+bh) ~1g, (—e T ac+b) ~ 1 ( e ! )
Z% =< A% >
L — 1p yes
1 — 1g yes
13 — 1p yes
1y — 1p yes
2 ~1 ~ 1
2, — ax ~ 1y, by 1y

Table C.1: Transformation properties of the representations of a dihedral group under its abelian subgroups,
as determined in section 3.2. The rightmost column shows whether a representation has a component which
transforms trivially under the subgroup, i.e. if a scalar field transforming under this representation can acquire a
VEV, while conserving this subgroup. If only a specific VEV structure is allowed, it is given explicitly, otherwise
an arbitrary VEV is allowed.
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D, — Subgroup VEV allowed?
Dn =< A’ B >
1 - 14 yes
19 — 19
13 — 14 yes
1y = 1o
2 — 2y
Dn =< A%, BA >
1, - 14 yes
1 — 1y
13 — )
1y - 1 yes
2y - 2
Dy =< A<,BA™ >
1; - 1q yes
1y — 15
13 — 14( even, meven) yes
15(5 even, modd)
13(% odd, meven)
14(% odd, m odd)
14 —  15(5 even, modd) yes
15(% even, meven)
13(% odd, modd)
14(% odd, meven)
—2mikm
e n .
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Table C.2: Transformation properties of the representations of a dihedral group under its non-abelian subgroups.
For further details see caption of table C.1.
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D, — Subgroup VEV allowed?
Loy =< A >
L, - 1p yes
1 — 1p yes
13 — 1n
1y = 1n
2y — ai ~ 1y, b~ Ligp k)
Zy =< A% >
L, - 1p yes
1 — 1p yes
13 — 1p yes
1y - 1g yes
2k — ai ~ g, b~ gy ey
Zy =< AT >
L — 1p yes
1 — 1p yes
13 — 1, if 27” even
1y — 1, if 27" even
2y — a ~ 1y, b~ 1 if ¢ | k (k can be odd)
Zy =< BA™ >
L, - 1p yes
1y - 1o
13 — 1g(n even, meven) yes
14 (nodd, modd)
15(neven, modd)
13(nodd, meven)
14y — 19(neven, meven)
13(nodd, modd)
1g(neven, modd) yes
14 (nodd, meven)
—mikm
2, — (e n ag+ by) ~ l0,1 ) (—e%wak + by) ~ l2,3 ( € 1n > (if k even)
Z2 =< A" >
L — 1p yes
1 — 1p yes
13 — 1p if n even
14 - 1, if n even
2K — ag ~ 1y, b ~ 1y if k even

Table C.3: Transformation properties of the representations of a double-valued dihedral group under its abelian
subgroups. For the decomposition of the two-dimensional D), representations under its subgroup Z4 one has to
mention that 2) for k even splits up into 19 and 19 under Z4, while for k being odd the representations are 17
and 1g. For further details see caption of table C.1.
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D, — Subgroup VEV allowed?
D, =< A®B>
14 — 1q yes
1, — 1
13 — 1; yes
4y - 13
2, — 2
D, =< A’ BA >
1, - 2 1 yes
1 — 1y
13 — 1
1y - 1 yes
2y - 2
Dy =< Ad,BA™ >
L, - 1y yes
1 — 1y
13 — 14( even, meven) yes
15(% even, modd)
13(% odd, meven)
14(5 odd, modd)
14 —  14(3 even, modd) yes
15(% even, meven)
13(% odd, modd)
14(5 odd, meven)
—mikm
2, — 2 ( € 1” ) (if ¢ | k), k even
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Table C.4: Transformation properties of the representations of a double-valued dihedral group under its non-
abelian subgroups. For further details see caption of table C.1.
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C.2 Breaking Chains for D/

We give the possible building blocks for breaking sequences of a double-valued dihedral group
D! . The breaking sequences for D,, along with a general discussion of the conventions used is
given in section 3.3.

For the subgroups of D/, we again differentiate between only two types. First, the dihedral sub-
groups Dj = <A%, BA™). Again, this will include abelian groups Z; = (BA™!), as these groups

2n
are isomorphic to Dj. Second, the cyclic subgroups Z, = (A'a ). A Z, is to be interpreted as
this second type, the other Z4’s will be denoted by Dj.

D; - Zaq
<l2>

Zq — Zq
<l3>

Dy, —> D'y (neven; m even for 13 and m odd for 14)

9(n.20)

<l3>

Dy, — Zg(n,2q) (n odd or m odd for 13 or m even for 14)
<1lg>

Zg - Zg(n,q)
<2j>

!

D, —  Zg(2q,))
<Zj>

Zq - Zg(a.j)
<Zj>’

D, —= been  (9(2¢,]) even, mj; mod? = m)

2

<Zj>’

Dy == Zyaqj (9(2¢,j) odd or mj mody # m)
<gj>/

Zq - Zg(q.5)

C.3 Possible Forms of V from Subgroup Mismatch

As discussed in section 4.1, for conserved Z, subgroups there exist three possible diagonalization
matrices in each sector (up and down sector, charged lepton and neutrino sector), according
to the three possible identifications of the eigenvalue b; — ¢;. Out of these one can form nine
possible mixing matrices V% = Ul Uj with a,b = 1,2,3 and U; € {Upy, Ul , UL} where U;
depends on the group theoretical phase ¢; (the index m;) and contains the mixing angle 6;
and the free phase ;. They all have the property that one of their matrix elements, namely
the element (ab), is completely determined by group theory, i.e. by the index n of the dihedral
group, by the index j of the two-dimensional representation zj under which two of the three
generations of SU(2)y, doublets transform and by the breaking directions described by m; and
ma in the two different sectors. In the following we abbreviate 51 — Sawith «, sin(6;) with s;
and cos(6;) with ¢;.

1+ei(¢1*¢2)J (ei¢1j_€i¢2j)82 _(eiélj_eitﬁzj)Cz
v — 3 ,(e*Z%J 767“#”)31 (1+e*2(¢1*¢2)l)81 S2+2€"% ¢y co 7(1+671(¢17¢2)J)51 co+2e"% ¢y 89
(e—i¢1j 76_i¢2j)cl 7(1+6_i(¢1_¢2)j)c1 82+2€ia81 Co (1+6_i(¢1_¢2)j)6162+2€ia81 S92
(€913 — P2y g, 11+ el (01=02)] (1 — iy oy
V2 — 5 (1+e*1(¢1*¢2)J)51 so+2ei%¢; co _(6*1¢1J _e*1¢2J)81 _(1+e*1(¢1*¢2)J)51 ca+2e"% ¢y 89
,(1+e*i(¢1*¢2)j)cl 82+2€i&8162 (€*i¢1j 7e*i¢2j)cl (1+€7i(¢17¢2)j)6162+2€ia81 So
(ei¢1j _ ei¢2j) S9 _(eid>1 i ei¢2.i) Co 14+ et (P1-¢2)]
Vi = 3 (1+e*1(¢1*¢2)J)81 so+2e'%c; ca _(1+6*l(¢1*¢2)J)81 ca+2e'% ¢y 89 _(e*’ule _6*1¢2J)81

_(1+e*i(¢1*¢2)j)cl 82+2€i0¢5102 (1+e*i(¢1*¢2)j)cl Cg+26ia81 S9 (e*imj _e*i¢2j)cl

)
)
)
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1 e~ i1 _ —i¢2i)sl (1+e—i(¢1—¢2)j)51 82+26ia01 c _(1+e—i(¢1—¢2)j)51 62+2€ia01 S92
R 1-&-61((1’1 $2) (6i¢1j _ei¢2j)82 _(€i¢1j _6i¢2J)C2
2 , ) , ) ) .
e to1i _ *1¢2J) c1 7(1+671(¢17¢2)J)61 So 4+ 2€"“ sy co (1+e*l(¢>1*¢2)J)cl Co+2e" 51 89
1 1+€—1(¢>1 ¢2)J)81 82-1—26“161 Ca _(e—i¢1j_e—i¢2j)sl _(1+e—i(¢1—¢2)j)51 CQ+2€ia01 S92
VG — 1¢71J_6'L¢2J)52 1+ei(¢>17¢2)j —(€i¢1j—€i¢2j)()2
1-}—671(% ¢2>J)Cl 52-1-26“181 Co (e*“i’lj_e*“ﬁm)cl (1+e*1(¢>1*¢2)J)cl Co+2e" 51 89
1 (14e i @1i) g 60 42610 —(14e 1175 0p 42 %150 —(e7P91 —e%20) g
VG R— 1¢1J 'L¢2J)52 _(ei¢1j_ei¢2j)c2 1+ei(d>17¢2>j
1+6 l(<¢>1 ¢2>J)61$2+261a8102 (1+671(¢17¢2)J)6162+2€“1$182 (e*1¢1J_e*1¢2J)Cl
) —2¢1J7 —i¢2j)81 (1+6—i(¢1—¢2)j)81 S2 4+ 2€"% ¢y co 7(1+€_i(¢1_¢2)j)8162+26ia61 S92
Vit = = —14511 —i¢2i)cl _(1+e—i(¢1—¢2)j)cl 82+2€ia5162 (1+e—i(¢1—¢2)j)cl 02+2€ia81 S92
2 14 ¢f (1-92)] (€91 — iy, (i1 — ei%2d) ¢,
) 1+e*l(¢>1 ¢2)J)sl So 4 2e"%¢1co 7(67i¢1j 76714)“‘)81 7(1+€7i(¢17¢2>j)8162+26iQC1 So
V= 5 (I4+e 17820y 50 42675100 (e7"91T —e'%2i) ;. (14et01792)0) ¢ 0 426" 51 52
1¢71J_ 1¢2J)52 1+ei(¢17¢2)j _(6i¢1j_ei¢2j)02
(1+e*i(¢>1*¢2)j)81 82+2€i0‘61 o 7(1+67i(¢17¢2)j)81 C2+261a81 So 7(e*i¢>1j 7e*i¢2j)sl
|V R— —(1+e_i<¢1_¢2)j)c1 $94+2e'® 51 co (1+e_i(¢1_¢2)j)cl co+2€" sy 89 (e_i"blj—e_w"’j)cl
2 (913 — ¢i%2i) g, (91— €92 oy 14 i (G1-02)

C.4 D, Higgs Potential

We discuss the Higgs potential of the D; model presented in section 4.3. The potential for
the three Higgs fields H{ and H{'y, which couple only to up quarks, i.e. are even under the

additional Zéaux) symmetry, is of the same form as V3 in equation (4.17). As mentioned there,
it has an accidental U(1) symmetry. We have in addition five Higgs fields which are odd under

the extra Zéaw). These are HY, H {{2 and sz- The most general potential for these five scalar
fields is

i=1

Vi = —(uESH! - (ZHC”Hd) i )2( 2 Xg”x;?‘> (C.8)

2 5 2
bAE R 4 A <sz*Hf) m( Xf*xf> A — D 0 —

=1 i=1

2 2
N+ SN + ot (z H?*H?) + o ( ﬁﬁ)
=1

i=1

2
T T - T T t t
o ot D D) + e + (AT () + b + o (zm Hd|2> s(zHg w)
=1

i=1

2 2
oo (z Hf*Hf) (z x;”xf> o E— B ED et — )
=1

i=1
t t t t t t t
+ {rE(HT XD (H 'X3) +hee} + 71 <Z|Hd “) + {75 (HT'X3) (Hs ' XT) + e} + 76 (|HY X3 [* + | HE x4
T T T T
+ S XD G XD + (HE X (! x8)} + he}

{fo(H B (G + (HT H) (HT DY + hed + {od (B B G HD + (HHD) (G HDY + hee)
+ Wl H D E S + (H ) (HE HY)} + hee).

_l’_
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This five Higgs potential is free from accidental symmetries. However, the combined potential
Vi + Vg has an accidental SU(2) xU (1) xU ( ) symmetry It is broken explicitly by mixing terms
which couple the Higgs fields H¢; , and HY 1,25 x4 2+ The following potential Vpyjzeq contains all

such terms which are invariant under the symmetry D7 X Zéaux).

Viized = ra(HVHS)(HE HE) + {ro(HETHE)? 4 hee} + ol HETHE? (C.9)

2 2 2 2
o (o) () v () (o)
i=1

i=1 i=1 i=1

+

2 2
{ks (Z H,Z‘TH;i> +hoe.} + ke HETHY + HY T HE?

i=1
; t t . t t
wr(HYVHY — HYTHY ) (HY HY — HS'HS) + " (H1THY — HSTHS ) (xV X7 — x3 ' x9)
{rs(HITH{ — HyTHE)? + e} + {Rs—o (1 TX1) (H3 'x3) + e}
wol HYVHY — HETHE? + Rigpo (|HY XA + [HEXEP) + mao{ (H3 T HY) (BT HE) + hee.)
{rur (Hy THY)(HYTHS) + hee} + {Raa (HYTxS) (Hs 'x?) + hoe.} + mao(|Hs THY|? + | HY T HS?)
2 2
R ([HY XS + [HS TXT1?) + ks (HY THY) <ZH5*H5‘) +ﬁ13(H:*H:)( x?*xil)

i=1

+ + + +

_|_

+ {rua(HYTHY)(HYTHE) + hee} + {Raa(HY X (HE'XG) + e} + mas(|HE T HY P + [HETHSP)

+ Ras([HYXG? + [HY ) + a6 (HE HE) (ZH“TH )+{m7(H§”H{‘)(H§”H§)+h.c.}

2
+  Kis (Z|H§*Hf|2> {k1o(H*THE) (ZH“TH > +h.c.}

=1

+ {roo(HYTHE) (ZH“ )+hc}+{m{<H“*Hl><H“H2> + (HEHE) (H Y} + he)
+ Aro{(ES HY @ HY) + (I HS)(H H)Y 4 hee))
+ Aras{(ES HY(H HE) + (I ) (HS HE)Y 4 hee))
+  {roa{(HYTHY)(HYTHY) + (HTHS)(HS THY)} 4+ hoe}
+ {ras{(ES B (SN + (EH B (H YD) + e
+ {m{(H”Hﬁ( Y+ (HHH S HD)Y +he)
+ Arer{ (BN (H HY) + (H X )(H;*Hl)}Jrh.c.}
+ {ras{(H “*H1>< X8) + (HITHS ) (H Tx{)} + hoe.}
+ {reo{(HUTHD A HY) + (HATHS) (x8 HE)) +hee)
+ {mo{(H“ O(HTHY) + (HANE)(HS HY)} + he)
+ {rs {(H XD HMHS) + (H D (HYTHDY +hoe}
+ {532{<H“*H1 )(HS X$) + (H HE)(HT X)) + e}
+ {rsa{(HYTHY) O HY) + (HETHE) A HE)Y + hee )

In our numerical analysis we restricted ourselves to the inclusion of a minimal number of terms
from Vipizeq which break all accidental symmetries such that only those three Higgs particles
remain massless which are eaten by the W* and Z bosons. As explained in section 4.3, the
three terms ko, k5 and k19 are sufficient.

We want to obtain the following VEV configuration:

(H) = 61.5 GeV <Hf’> = (HY) = (x{) = (xd) = 61.5 GeV , (H{) =615¢ 7 GeV
and (H3) = 61. 5eT GeV,

which allows all parameters in the potential Vy to be real, as all fields HY¢, H 1172 and X?Q have
real VEVs. Furthermore we can remove the phase of 0§ such that we are left with only three
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complex parameters stemming from Vi,ized-
The mass parameters are set to be of the electroweak scale:

pt =100GeV, p% =200GeV, ud=100GeV, ub =200GeV and b =150GeV .

One possible setup of parameters is then:
For V,,:

Ay = 0.959337 , A} =2.52548 , \j =0.374967, A5 = —0.588842, o} =1.62353,
oy = —0.276964 , o3 = —0.283914 .
For Vg:

M =1.70438 , A\ =3.76598 , A =1.47549, A4 = —0.344036, IS = —0.185157,
M = —0.304589 , A\ = —0.733236, of =0.22429, 5% =4.6792, o= —0.87457,
63 =-2.0284, 0% =0.961454, 5 =0.649984, 7 =2.96557, 75 =1.22903,

8 = -2.02133, 7§ =-1.22242, 78 =-231577, 7¢ =2.38236, 7= —0.660102,
wi =0.452165 , wi = -2.112, w§=—1.63452.

And for the three complex non-zero couplings from V,;zeq:
ko = —0.638073 4+ 1 0.0277608 , x5 = 0.312782 +¢0.140162 , k19 = —0.278402 — 2 0.124756 .

Note that all parameters have absolute values smaller than 5 and hence they are still in the
perturbative regime. With these parameter values we obtain the desired VEV structure. The
Higgs masses are then

513 GeV, 499GeV, 426GeV, 414GeV, 386 GeV, 365GeV, 321GeV, 266 GeV, 246 GeV,

227 GeV, 178 GeV, 159GeV, 134GeV, 81 GeV and 55GeV

for the neutral scalars. Due to the explicit CP violation in the potential we can no longer
distinguish between scalars and pseudo-scalars. For the charged scalar fields we get

367 GeV, 333GeV, 294GeV, 261 GeV, 145GeV, 115GeV and 55GeV .

There will therefore in general be scalar states too light to pass the constraints coming from
direct searches.

C.5 D4 Flavon Potential at Next-to-Leading Order

In this appendix we discuss the form of the VEV shifts induced by the NLO corrections of the
flavon superpotential in the D14 model of section 6.2. These corrections can be written as

Awf = Awfyu + A’LUﬁd .

The shifts of the VEVs given in equation (6.96) are of the form

(W) = 0"+ 00", () =t Bl (€)= 2 aa, () =~ e,

Timg

W) = vl +av?, () =e 7 (wHduf) (@) =TT (w4 ouf)

2mimg 2mimg

_ 2mmg _47rim e 'Udz
(€)= 7 (24 02f) (@) =e T (4 028) and () =T <d — +6nd),
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with v¢, v* and z remaining unchanged, since they are free parameters. For the actual cal-
culation of the shifts we choose a plus sign in 2% and z? in front of the square root, see
equations (6.89) and (6.93). The NLO corrections to the flavon potential of the set of fields

{¥1' 2, X¥ 2, €12, m"} are given by
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In the flavon sector of fields with non-trivial Z3 charge, the non-renormalizable terms are of the
form
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The invariants I ,f 4 are the following
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(C.15)

(C.16)

(C.17)

With these corrections to the superpotential we can calculate the shifts which correct the flavon
VEVs. We take the parameterization given in equation (6.96) and plug this into the F-terms
arising from the corrected superpotential. We then calculate the VEV shifts in the same way as
for the D4 model in section 6.2.2, i.e. we linearize the equations in the small quantities §VEV
and 1/A. We can then derive the following equations for the shifts of the flavons with index u
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from the F-terms of the driving fields ?“, go?“ and p?“:
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u

Note that we replaced the mass parameter M, with the VEV w". Analogously, we will replace
the dimensionless coupling mfp with the VEV w?. We also frequently use the fact that m is an
odd integer in order to simplify the phase factors appearing in the formulae.

Similarly, we can deduce another set of equations from the F-terms of the driving fields Q,Z)?d,
9% and p?? which gives rise to the shifts in the VEVs of the flavons ¢¢, x¢, ¢4, n? and o:
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One can infer from these equations the generic size of the shifts of the VEVs. In the case of
no accidental cancellation among the various terms present here we expect all of them to be
of the order VEV?/A which is eVEV a ¢2A for all VEVs being of the natural order € - A with
e~ A2~ 0.04.
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