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Abstract

In order to understand some frameworks for CP Violation scenarios in the scalar sector, have
been studied the Two Higgs Doublet Model (2HDM). Then, we consider the 331 models,
which are extensions of the SM whose main property is the incorporation of a group sym-
metry SU(3) in the electroweak sector. In particular was choosen a 331 model using its free
parameter 3 = 1/+/3.

In order to reproduce an scenarios for CP Violation in the scalar sector, we must to introduce
a discrette symmetry into the scalar triplets, which exhibit a spontaneous CP Violation frame
with just one indepent CP phase associated. Finally we rotated to mass states and was made
an overview for some phenomenological aspects.

Keywords

Discrette symmetries,

CP symmetry Violation,

e 2HDM,

331 model,

Complex Scalar triplets,

e 7y symmetry

IX






Introduction

Invariance under discrete symmetries is an important issue in the context of particle physics,
due to the physical conservations in nature like the invariance of the Charge-Parity-Time
transformation (CPT). Thus, it is necessary to have a detailed understanding for the CP
violation phenomena into both the theoretical and experimental framework. Furthermore,
one of the main motivation to study models beyond the standard model (SM) is for searching
additional sources of CP violation in order to obtain rare decays related with baryogenesis
processes.

Among the extensions of the SM, in this work, first, we study the Two Higgs Doublet Model
(2HDM), which introduces a second identical complex scalar field. Second, we consider the
331 models, which are extensions of the SM whose main property is the incorporation of a
group symmetry SU(3) in the electroweak sector and the introduction of new particles that
produce a wide range of new physics at the scale of energies currently being explored in high
energy colliders.

In addition to obtain some insight into the CP features of the 2HDM and its realization, in
this work we initiate a detailed theoretical study of the scalar sector of the 331 models in order
to incorporate CP violation, such as the inclusion of complex scalar couplings in the Higgs
potential or complex vacuum expectation values (VEV) in the scalar structure of the model
to generate spontaneous CP violation. To address the above study, additional constraints
such as continuos and discrete global symmetries must be proposed.

Although we can find in the literature many phenomenological studies of CP violation in ex-
tended models, new data reported by different collaborations demands a continuous updating
of the previous studies, and motivates the proposal of new analyses that allow us to explain
small deviations found in the data that can be associated to new physics, or to find further
constraints of the parameters from theoretical models.

This work is organized as follows. First, in chapter 1, we present the basic concepts associated
to discrete symmetries, specifically, the charge and parity symmetries. Second, in chapter 2,
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an introduction of the 2HDM is shown, altogether with its CP properties and scenarios for CP
violation. Chapter 3 is devoted to review the general properties of the CP conservative 331
model. Later, in chapter 4, we propose an extension of the 331 model with CP violation in
the Higgs sector, including minimal conditions for its realization. In particular, the proposed
model generate spontaneous CP violation. Rotations into mass eigenstates are obtained in
chapter 5. Finally, we discuss some phenomenological prospects for future studies in order to
test the predictions and consequences of the model.



Chapter ]_

CP Symmetry Transformations

In this chapter, a detailed understanding is obtained of how discrete symmetries transform
complex scalar fields and how these symmetries are broken.

A discrete symmetry describes a non-continuous change in a system. Discrete symmetries
in nature, sometimes involve some type of ’swapping’ over some physical dimension. These
swaps are usually called as reflections or interchanges. In particle physics there are three
important discrete symmetries:

e Parity Symmetry
e Charge Conjugation
e Time Reversal

These symmetries have an associated transformation operator U, which must satisfy the
Wigner Theorem[4, 5]. A transformation operator for any symmetry in a Hilbert space must
be an unitary and linear operator or antiunitary and antilinear operator, it is:

Unitary and Linear:

(UalUb) = (alb) ,  U(|[Ca+nb)) = (|Ua) +n|Ub).

Antiunitary and Antilinear:

(UalUb) = (alb)* . U(ICa+mb)) = C*|Ua) +1'|UB).
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Then, symmetries transformations must satisfy the following conditions:

I) The corresponding operator must be unitary:
U'Ula) = o) » UUt=UU =1. (1.1)

IT) Applying transformation twice leaves invariant the quantum state up to a unitary phase:

UUla) = n2a). (1.2)

FEigenvalues must satisfy the unitary property (I) and the twice transformation property (II).
Considering 2 = 1, to remain the initial state 12|a) = |a), we get as consequence that operator
satisfy hermiticity property UT = U, so operator has real eigenvalues [, [5]:

UUla) = UU'a), (1.3)
ﬁaﬂa’@ = nanZ’a>7 (1’4)
Na = 1N, ==L (1.5)

In order to apply discrete symmetries transformations over the quantum fields, we need to
express them as Fourier basis, using the notation presented in appendix [A] and shown in table

L1
Table 1.1: Quantum fields - Fourier Basis

Dirac Field U(z)= [ @ \/ﬁz (apsu®(p)e —ipr 4 b;r;,svs(p)eipm)
Real Scalar Field p(z) = [ %(%e—im + a;f)eipx)

Complex Scalar Field de(x) = [ %(%e%px 1 b;;eipw>

Vector Field Au(p,z) = f \/7 S8 (eulp, Napre™P* + e (p, )\)a;r77>\6ipa;)

1.1 Parity Symmetry

Parity transformation can be defined as the simultaneous flip in the sign of all three spatial
coordinates. More formallyE], it is the transformation that reverse the momentum of a particle

Under parity transformation (¢, %) — (¢, —&); the boost generators behave as true vectors and change
sign (K — —K), since the parity transformation reverses the velocity (%) of the boost. The angular momentum
generator is instead a pseudovector and then is unchanged (J — J)[5} [1]
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without flipping its spin [6]:
PlU,) = n[¥_ps), (1.6)
Pla) = mnala_p,s). (1.7)
In order to have a mathematical definition for a generic multiparticle state, we introduce the
parity transformation definition (P), applying over particles and antiparticles operators (a
and b):
PCLRSPJr = Nal_p,s , PaT PT =na 7p . (1.8)

Pbpvser = nbb—P,S ) Pb;,sPT = nbbips (19)

Applying parity transformation over the quantum fields (table|1.1)), and using equations (1.8
1.9), we can obtain how each field transform, as shown in the table Different bilinear
terms under Parity transformation, are shown in table

Table 1.2: Quantum fields - Discrete Transformations [I]

Field Parity Charge Conjugation
F PZP phase condition CF#C
Dirac Field - ¥ 10V (=) na=—1; —ine(Uy"y*)"
he. — O N0 (—z)A) e = = —ine(y"*®)"
Complex Scalar Field - ¢ ‘ NaPe(—1) Na = 1y ‘ ()T
Vector Field - A, ‘ Na AP (—x) Na =1, ‘ —ncAy

1.2 Charge Conjugation

Charge conjugation (C) transforms a particle into its antiparticle with the same mass, mo-
mentum and spin, but opposite quantum numbers like electric charge or baryon number[I]:

Cly) =19),  CMw) = |¥). (1.10)
Charge conjugation satisfy properties shown in equations and then we can assume

real eigenvalues for its transformation operator. For a multiparticle state we can define the
following transformation rules for charge conjugation:

Ca, C = ncbps , CbpsC =neap s, (1.11)
Cal ,C=nbl, , Cbl . C=nc,. (1.12)

Proceeding in the same way as parity transformation, we can show how all the quantum fields
change under charge conjugation. The results are presented in the table and the bilinear
terms under Charge Conjugation are presented in table
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1.3 CP Symmetry

CP transformation is obtained when charge conjugation and parity transformation simulta-
neously are applying over certain system. CP symmetry states that the physics laws should
be the same if a particle is interchanged with its antiparticle, and simultaneously its spatial
coordinates are inverted. There is another discrete symmetry; time reversal, However, due to
the CPT theorem, T transformation is equivalent to CP transformation.

CPT theorem

CPT transformation is the simultaneous change of charge conjugation (C), parity transfor-
mation (P), and time reversal (T). The CPT theorem says that any Lorentz invariant local
quantum field theory with a hermitian Hamiltonian must have an exact CPT symmetry
[7, 4, [1].

This important theorem can be proven rigorously in axiomatic field theory based on the
assumptions of[I]:

e [orentz invariance
e the existence of a unique vacuum state

e weak local commutativity obeying the ‘right’ statistics

Bilinear Terms

There are some bilinear terms that can exhibit or not an invariance under discrete transfor-
mations. For a general bilinear term of the form 1", we show in Table how each discrete
symmetry transform the coupling.

Table 1.3: Fermion bilinear terms transformations[l]

T FP FC FT FCP FCPT
0 (00T AT (T (15T )T

1 1 1 1 1 1

oK —7° ~° oK —° —°

Yu o —VYu o - —Yu

WY | = Yuy® Aty —AytyP —Yu®

v loiaid —Ouw —gh¥ —ot O

O—,LLZI,YE) _UMV'VE) _O—,Lw'yg) _UNV'YE) O—MV’VS _U,LW’YS

0, o D, —on on ~9,
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CP violation

CP symmetry is an exact symmetry for multiparticle systems, except for neutral K & B
mesons, which are experimentally supported. The discovery of CP violation was observed
in 1964 in the decays of neutral kaons by James Cronin and Val Fitch. In the context of
SM; Kobayashi and Maskawa (KM) proposed three generations of quarks to produce one ir-
reducible phase accounting for the CP violation.

According to the threeﬂ conditions proposed by Sakharovro_rl7 a theory of particles must have a
CP violation phase in order to explain anihilation processes between matter and antimatter
(baryogenesis), which is observed in nature. Since the KM phase can not explain CP violation
at baryogenesis scales, new sources of CP violation must appears in extended models.

1.4 Symmetry Breaking Types

Symmetry breaking can occur in two different ways. In particular, if a system exhibits a
discrete symmetry, this must obey the following fundamental properties:

(1) The groundstate or ‘vacuum’ remains invariant:
Pl0) =10),  Cl0) =[0),  T|0) = |0). (1.13)
(2) The action, Lagrangian or Hamiltonian also remains invariant:
[P,H|=[C,H]=IT,H]=0. (1.14)
Or: S= / d*zL(t,7) — S = 8.
(3) The quantization conditions must remain invariant.

When the symmetries are broken, one of the above conditions are not satisfied. There are
two ways to do this:

Explicit Breaking

If condition (2) is not valid, CP invariance is broken explicitly by introducing CP-Violating
terms. In some cases, CP violating parameters may generate relevant dynamical quantities.
CP phase in the CKM matrix is an example for explicit CP violation. Other example of
explicit breaking in the Higgs potential for our interest is presented in the appendix

2 1) Baryon number violation, 2) C and CP symmetry violation, 3) interactions out of thermal equilibrium
3 Andrei Sakharov proposed baryogensis conditions in 1967
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Spontaneous Breaking

If condition (1) is not valid, CP symmetry is realized in a spontaneous fashion. In this case,
the Lagrangian conserves CP (the gauge and Yukawa couplings can be made real), but the
ground state does not, then vacuum expectation value of the neutral Higgs fields develop
complex phases. Again, usually for extended models, the relevant quantities can be derived
from the dynamics.



Chapter 2

CP Violation in the 2ZHDM context

The Two Higgs Doublet Model (2HDM) is based on two SU(2) complex doublets of scalar
fields with the same hypercharge. The best motivation of these extended models is the minimal
supersymmetric extension of the Standard Model (MSSM) [8], which requires a second Higgs
doublet in order to preserve the cancellation of gauge anomalies. Originally, this model was
motivated for CP violation studies.

2.1 Model Review

In the 2HDM there are two vacuum expectation values (VEV’s), one for each doublet, which
could have a relative complex phase between them. That’s the reason that allow us generate
a source for a spontaneous CP violation coming from the electroweak spontaneous symmetry
breaking. Furthermore, if there are complex parameters in the scalar or Yukawa sector,
explicit CP violation also may arise [9].

2HDM structure

The 2HDM is one of the simplest extensions of the Higgs sector in the Standard Model (SM),
where two scalar doublets with the same quantum numbers (Hypercharge Y7 = Y5 = 1) are

considered:
+ +
we (i) coee () e

As in the SM, both doublets can acquire a vacuum expectation value, however in the 2HDM,
the vacuum structure is much richer than in the SM. There are three scenarios for the vacuum
state. In general, the vacuum states have the form:

7
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@ =5 (o) 5 e = (M) 22)

The three scenarios for the VEV are:

Neutral real vacuum: is the case when ¢ = 0 and § = 0 and there is not spontaneous CP
symmetry breaking.

Neutral complex vacuum: taking p = 0 and considering non nule phase we can obtain spon-
taneous CP breaking.

Charged vacuum: considering p # 0 and § = 0, we have electromagnetic charge breaking
without spontaneous CP violation.

Choosing the neutral complex vacuum state, which is of our interest, with a convenient
parametrization, we have:

of 2
q)l - hi1+vi+ig1 5 ¢)2 - hz—i—l/gei‘s-‘rigz . (23)
V2 V2

Into the most general Lagrangian for the 2HDM, there are additional terms in relation to the
minimal SM in the scalar potential, the kinetic sector and the Yukawa interactions.

Yukawa Sector

Another motivation for the 2HDM is the hierarchy mass problem. At the fermionic sector, in
the third generation of quarks; the experimental data show a large top-bottom ratio m;/m; ~
35, which is not understood in the context of the SM. In 2HDM, we have the freedom to
choose which scalar field couple with Down or Up quarks, for example the quark bottom can
receive its mass from one doublet (such as ®1) and the quark top from another doublet (such
as ®q), each one with different VEV, which may explain the mass difference.

Table 2.1: 2HDM types for yukawa sector[2], 3]

Model UiR DiR EiR
Type I (1)2 (I)Q q)Q
Type II (I)Q (I)l (I)l
Lepton Specific | &3 &5 Py
Flipped (I)Q @1 (I)Q

The most general Yukawa Lagrangian that couples the Higgs fields with fermions is written
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as:
— Ly = Qir(ns®1+&P2)Ujr + Qir (nf;®1 + £ ®2) Dj g + lip (@1 + £P2) Ejr+ hoc., (2.4)

where indices (i, j) denotes flavor families, ®; o are the complex scalar doublets, where <i>1’2 =
to9®1 2, and the Yukawa couplings parameters are n and &, which can be represented as 3 x
3 matrices, (fields are not in mass eigenstates yet). Depending of which scalar doublet each
quark type couple, 2HDM can be classified in different models, as shown in table

Higgs Kinetic Terms

The kinetic Higgs Lagrangian of the SM can be extended to Two Doublets in the following
form:

L = (D, ®1) (D'®y) + (D, ®2)T (D ®y). (2.5)
This term maintain the same covariant derivative as SM for the left handed chirality:

. . /
Dy=0u+ W, -0+ VB,

Due to gauge invariance and self-hermeticity, kinetic terms does not change under Higgs ba-
sis transformation, as explained in section 2.2. Also the potencial is invariant under charge
conjugation and other discrete or global symmetries.

After diagonalization to obtain the mass eigenstates, the physical gauge bosons are:

WhFiw?
wr = St (2.6)
V2
—si 3
(Zu> _ <C'OS Ow sin 9W> <Wu) ’ (2.7)
A, sinfy  cos Oy B,
where Oy is the Weinberg mixing angle, which is given by tan 6y = %’. The mass expressions
are:
1
Mipe = 16°07 +03), (2.8)
1
Mz = 07 +u3) (" +g°). (2.9)

As we can see, in mass expressions, both VEV contribute in the same way. Furthermore, we
can define the electroweak VEV; 12, = v2 + 13, such that the mass expressions have the same
form as in the SM.
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Higgs Potential

The scalar sector of the 2HDM has many interesting features. For example, in addition to CP
breaking,[] electromagnetic charge breaking can also be generated, providing mass to photons.
Also, it is possible to have inert vacuum, in which one of the neutral scalars does not couple
to gauge bosons, then CP symmetry and electromagnetic charge are preserved.

In general, the Higgs potential has 14 independent parameters. However, the two Higgs
doublets are not physical observables; only the scalar mass eigenstates are physical particles.
In addition, since both doublets are identical (same quantum numbers), we have the freedom to
redefine the basis for the scalar fields. This change of basis allow us to absorb some parameters
from the potential. Likewise in the Yukawa sector, if we only impose gauge invariance, the
renormalizable potential is not unique. In the literature we find three different notation for
Higgs potential [3], however for our purpose we are going to use the following notation:

Vo= - u%fl — M%E — u%é’ — ,uif) + MA% + X B? 4+ X302 + A\ D?

where the hermitian gauge invariant operators are:

A = olo, | B=aolo,. (2.11)
. 1
¢ = Re((ﬂcbg):i((ﬂ@g%—@;@l). (2.12)
, —i
D = Im(qﬂqb):?(@{@z—@;@l). (2.13)

This notation is convenient for studies of features such as the existence and number of minima
of the scalar potential, also it is convenient for CP studies. Since the Yukawa couplings do
not involve bilinear terms with the Higgs doublets, this notation can not be applied for the
Yukawa sector.

2.2 CP Transformation

Basis Transformation

The scalar doublets proposed in the potential are not physical; only the scalar mass
eigenstates corresponds to physical particles. Furthermore, any combination of the doublets
which respects the symmetries of the theory will produce the same physical predictions. Any
combination of ®1, P, can represents a basis for the doublets. We may rewrite the potential
in terms of new doublets ®/,, obtained from the original ones by a global basis transformation,
which is written as:

12HDM was motivated to find CP violation additional sources in 1973 with T. Lee proposal [10]
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2
= Ua®s. (2.14)
b=1

Consequently, the parameters in the potential also transforms through the unitary matrix
(U). This basis transformation will be useful in order to reduce the number of parameters
of the Higgs potential. Using a basis transformation it is possible to reduce from 14 free
parameters to 11 physical parameters.

In particular, CP invariance is manifested depending on the scalar basis. Specifically, CP
violating effects are absent if and only if there exists a basis in which the two vacuum expec-
tation values and all scalar potential parameters are simultaneously real [2], 3].

It is important to point out that this feature in the two Higgs doublet model does not appears
in the 331 model, because there are two triplets involved in the transition in which the
electroweak symmetry is broken to electromagnetism but, unlike the 2HDM, those two triplets
are not identical; they differ from each other by a new X quantum number. Thus, in 331
model it is not necessary to set a basis transformation.

GCP transformations

The usual CP transformation of a complex scalar field, is shown in the table However, in
the presence of identical doublets, the possibility of arbitrary basis transformations should be
included in the definition of the CP transformation. Then, we must consider a more general
version of the CP transformation, which we denote as ‘GCP’:

o, — (9)9CP ZXabq)b,

where X is also an unitary matrix, which can be applied over the potential parameters, in
the same way as the basis transformation. GCP transformations were first discussed by Lee
and Wick [II]. Discussions in the scalar sector were developed by the Vienna group [§].

2.3 Explicitly CP violation

CP violation may be either explicit or spontaneous. As we mentioned before; explicit CP
violation occurs when terms into the Lagrangian are non invariant under CP transformation.
In particular, those terms can generate an irreducible complex phase that remains in the
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Lagrangian, even after applying a rotations and rephasing over the scalar doublets.

The most general potential in 2HDM (eq. (2.10))) explicitly violates the CP symmetry. As we
mentioned before, CP invariance requires a scalar basis in which all potential parameters are
real.

2.3.1 Global symmetries

In general, given an arbitrary potential, the existence or not of a real basis may be difficult to
discern. In order to find the necessary conditions for CP conserving at the Lagrangian level,
we start from the potential (eq. (2.10)), which explicitly violates CP.

Under Charge Conjugation the scalar fields transform as: CDI b; — ei(aﬂ'*ai)fbjfbi. For instance

if we choose a; = «;, the gauge operator D (eq. (2.13))) changes with a minus sign. Thus,
if we assume that the Higgs potential holds a charge conjugation invariance, the number of
parameters reduces to ten:

Vi = — plA— 2B — 120 + M A2+ N B?
+ A3C? + MD? + 2\ AB + Mg AC + \BC, (2.15)

where the non-invariant parameters were removed: p4 = Agg10 = 0. The charge symmetry
invariance is equivalent to CP invariance for this potential, since all fields are scalars. However,
this potential could still induce spontaneous CP violation [12]. However, there are two natural
ways to guarantee complete CP invariance. The first one consists to impose invariance under
a Zo symmetry, in which it is possible to transform to a real basis; and the other one is a
Global symmetry.

Zs Symmetry

We define this transformation as: ®; — ®; , ®3 — —Py . Under this transformation, the
Higgs potential forbids 3 more terms p3 = Ag 7 = 0, obtaining:

V22 = —M%A - /J%B + )\1./42 + )\2B2 + /\3@2 + )\4ﬁ2 + )\5AB (2.16)
In order to generate spontaneous CP Violation, we can introduce a soft break term by admit-

ting a cuadratic term that violates the symmetry. In that way we can consider us # 0; thus
we have the following potential:

V, = Vz, — 1u3C. (2.17)
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Global U(1) Symmetry

We define this transformation as ®3 — €“®, . Under this transformation, again, the Higgs
potential forbids 3 terms ;3 = Ag 7 = 0 but in addition two terms must be equal A3 = A4, so
the potential is:

VU(l) = —M%A - /L%B + )\11212 + )\QB2 + A3 <é2 + lA)2) + )\5AB (218)

In the same way as with Z; symmetry, we can introduce the soft break term to obtain a
CP-violating Higgs potential.

2.4 Spontaneously CP violation

Spontaneous CP breaking in 2HDM was suggested by T. D. Lee [I0] at the initial stages
of unified gauge theories. In order to have spontaneous CP violation, we must consider a
Lagrangian which is explicitly CP conserving, but after spontaneous gauge symmetry breaking
the vacuum generate CP violation [8, [2]. As we showed previously, there are different types
of vacuum, so we must to be careful to choose the correct one in order to obtain CP breaking.
Also we have to check if the Lagrangian is explicitly CP invariant under any GCP (remember
that CP transformation depends on the scalar doublets basis). In order to have a genuine
spontaneous CP violation, the following two conditions must be satisfied [2]:

e The Lagrangian is invariant under a CP transformation.

e There is no transformation, which can be physically interpreted as CP transformation,
which leaves both the vacuum and the Lagrangian invariant.

Several articles proposed some invariants obtained from the parameters of the potential to
discern between an spontaneous or explicit violation [13, I4]. In practice, distinguishing be-
tween explicit and spontaneous CP violation by experimental observations and analysis seems
extremely difficult. We must ensure that a spontaneous CP violation should be able to repro-
duce the phase of CKM matrix, and also must avoid large contributions to FCNC processes [2].

As we explained in the previous section, the Higgs potentials (2.17)) including the soft breaking
term p3 # 0 is a potential that violates the CP symmetry in a spontaneous way.

2.5 Mass Eigenstates

Given a stationary point for the Higgs potential, it is necessary to determine if this is a
minimum or not, so one needs to analyze the second derivative of the potential. As a result,
we obtain the scalar mass matrices:
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70909 |4 g

The Higgs masses and Higgs eigenstates are defined in terms of the parameters y; , A; from
the potential, and consequently depends of this. In order to get the Higgs masses eigenstates,
we must to diagonalize the mass matrices.

CP conservative case

The CP conservative case corresponds to the Higgs potential with one of the global sym-
metries. Taking for example, the Z; symmetry potential (eq. (2.16)), we show the scalar
spectrum. Considering in general the VEV in equation (2.2 with p = 0) (i.e. the CP neutral
vacuum), the Higgs sector consists of the following spectrum:

e 2 CP even scalars (H°, hY),
e 1 CP odd scalar (A?),
e 2 Charged Higgs bosons (HT),

e 3 Goldstone bosons (G*,G?) .

So, in the 2HDM appears 4 new Higgs bosons {H*, H—, H°, A%}: two charged and two
neutral bosons. The mass eigenstates, can be obtained from the weak eigenstates through the
following rotation matrices [3]:

G* - cosf  sinfB\ [¢f

<Hi> B (— sinf cos 5) (Q%) , (2.19)
H° cosa  sina h

< KO > - ( sina  cos a> (h;) ) (2.20)
G% cosf sinf\ (g1

<A0> B (— sin3 cos B) (gQ) ’ (2.21)

where the CP even fields and CP odd appears separated from each other, and diagonalize
independently with two rotation angles, defined as:

120 2:\1/11/2
tanf = —, tan2a = ———F.
s 141 ’ Alll% + )\21/%

The Higgs masses for this particular model, reads [3]:
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mi = —X(vi+13), (2.22)
1
mio = (=X +13), (2.23)
m%]qho = M4+ \/(/\11/12 — \ov2)2 + 422, (2.24)
with:
<1
A=50s +2). (2.25)

CP non conservative case

Considering the weak basis representation shown in equation and introducing the soft
breaking term into the potential (eq. ), we can obtain a different phenomenology in the
scalar sector. In this case, as a result of the additional CP violating terms, we obtain the
mixing between CP even and CP odd fields, as follows.

For the charged sector we have H* = —sin Bgzbli + cos B(;SQi. If we define the field A° =
—sin Bg1 + cos Bgo, the rotation into mass eigenstates is:
Y I
HY| =R | hy |, (2.26)
Y A0

where the matrix rotation is composed by the Euler angles («;). Using ¢; = cosa; , s; = sinay,
we have:

C1C2 C251 52
R = RgRQRl = —C159283 — C3S51 C1C3 — 515283 C9S3 . (2.27)
—C1C382 + 8353 —C183 — C35152 C2C3

After the diagonalization process, we find mass terms that mix all the fields in this basis,
obtaining couplings that violate CP symmetry [15]. The second and third angles contains the
complex CP violating phase as:

sin (8 + OC)V2

2.28
M2 =13 (2:28)

83%—5
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Chapter 3

CP Conservative - 331 model

Essentially the 331 model is a model with SU(3);, x U(1)x gauge symmetries in the elec-
troweak sector. This group is spontaneously broken to the SM with SU(2);, x U(1)y gauge
groups. Subsequently we must break the SM local gauge groups to the electromagnetic
(U(1)g) group. Therefore, the 331 model has an extended Higgs sector [16], where the first
transition occurs at a higher scale than the electroweak breaking.

In the next sections we are going to discuss a specific 331 model with g = %

The 331 model introduces new particles in the fermionic sector, which may introduce new
physics. The properties for this particles are presented in section In addition, the
extension of the SM gauge group from SU(2);, to SU(3), implies the existence of 5 new gauge
bosons.

3.1 Gauge Symmetries and Structure

Including the strong sector, we can construct a quiral model that exhibits gauge local sym-
metry under the groups: SU(3)¢c x SU(3)r, x U(1)x, also known as 331 model. However the
color sector is the same as the Minimal Standard Model, then we make emphasis in the gauge
group SU(3)r x U(1)x.

3.1.1 Group Generators

The SU(3);, group must satisfy the Lie algebra, thus the generators are proportional to the
Gell Mann matrices \;:

!The parameter 8 will be introduced in section (eq. 13.4)

17
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1
Gy = 5)\04-

Also the generators will satisfy the commutator relations for special unitary groups:

(G, Ggl = if*M G, (3.1)

where f are structure constants which are skew—symmetricﬂ Additional to the conmutator
relations, the generators also must satisfy the anticommutator relation:

1 1
mm@gzyw+wmm, Tr(GaGp) = 50as- (3.2)

The U(1) group, has one diagonal generator Gy = %H. Then, after spontaneous symmetry

breaking, we define the charge operator as function of diagonal generators Q = aGs+ Gs +
vGo. Redefining in terms of a new charge x = % , X = zll, we have:

Q = aGs3 + fGs + X. (3.3)

Charge Operator

Above, we introduced the new quantum number (X). Also the Q operator must satisfy the
Gell-Mann Nijishima relation: () = G3+Y, where (G5 is an extension of the third Pauli matrix
o3. Therefore, we choose o = 1 in equation and Y = SGg + X, leaving the parameter 3
as a free parameter of the 331 model. The electric charges are:

1 B
3tost+X 0 0
Q= 0 —3+m+X 0 (3.4)
B
0 0 X

Hypercharge Operator

In a similar way, we can deduce the hypercharge operator, using the commutation relation,
in order to obtain an operator as function of 8 parameter and X quantum number:

B_
s T X Bo 0
Y = 0 sm X g . (3.5)
0 0 ~ X

2The elements for the structure constants which are not zero, are presented in the appendix
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We can obtain a different particle spectrum for fermions and bosons, therefore a different
phenomenology over the 331 model, depending on the value assigned to the 8 parameter. In
particular, in order to not generate exotic Chargesﬁ the 8 parameter must take the value:

8= (3.6)

-

Quiral Anomalies

The renormalization procedure, which is fundamental for any gauge theory, must be consis-
tent with the symmetries of the model; those are related with the current conservation by the
Noether’s theorem [I7]. This renormalization for the gauge symmetries at different correc-
tions, is realized through the Ward-Takahashi identities. Specifically, the vertex corrections
among gauge bosons are proportional to the coefficient of anomaly, which is defined as [17]:

Aagy =2 Tr ({Ga(Tq,Z)m Go(To.0) L} G(Tyo) L — {GalTy )R, GB(Tq,Z)R}Gv(Tq,Z)R) :

repres

where G, are the group generators, T' are the fermionic representations, while “L” denotes
left handed chirality and “R” denotes right handed chirality. This coefficient must be zero
to ensure the renormalization. This coefficient must be computed for both leptonic and the
quark sector for each gauge symmetry, including the gravitational interaction.

In 331 models, the anomaly cancellation occurs only if there are three generations. In partic-
ular, the condition of cancellation of anomalies in 331 models impose the constrain that the
number of generations must be equal to the number of colors, thus providing an explanation
for the existence of 3 generations.

3.2 Particle Spectrum

As mentioned previously; the spectrum of particles in 331 model is extended. In order to
be consistent with the SM phenomenology, these new particles must acquire mass at a very
high energy. This can be achived in a natural way by introducing a spontaneous symmetry
breaking scheme in two stages at different energy scales, as explained in section

3.2.1 Fermionic Spectrum

In 331 models, the left handed leptons come in triplets and the right handed in singlet repre-
sentations, similar to the SM, while in the quark sector, two left handed generation comes in
triplets while the other family has an anti-triplet representation in order to cancel anomalies.

3Exotic means; an electric charge that have not been seen in nature
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Thus, the model is naturally non universal of families, which provide a hint to understand
the hierarchy mass problem.

Table shows the fermionic content for each family with their charges: U(1)x charge,
electric charge (Qem) and hypercharge (Y), where Jy 23 and Lj 23 are the new quark and

lepton flavors.

Table 3.1: Fermionic Spectrum for 331 model with 8 = %, (SUB)c,SUB)L,U(l)x )

Fermionic Fields - Families 8= %
\ I 11 111 (C.L,X) | Qem Y
u c 2/3 1/6
Quarks d s (3,3,0) (1/3 1/6
) B2/ -1/3 —-1/3
b -1/3 1/6
—t (3,35, 1) ( 2/3 1/6
J3 2/3 2/3
uR CR tr (3,1,2) 2/3 2/3
dr SR br (3,1,-1) -1/3 —~1/3
Jh J% (3,1, —z) -1/3 -1/3
J3 (3,1,2) 2/3 2/3
e L T -1 —1/2
Leptons —Ve —vy —v, (1,3*,—3) 0 1/2
14 I Lo I Ls 0 0
ER MR TR (1,1,—1) —1 -1
Lh L2 L3 (1,1,0) 0 0

3.2.2 Bosonic Spectrum
In order to construct the bosonic spectrum, it is necessary to introduce the covariant derivative
for the model. The definition for the electroweak sector is written as:

(Du)L = 0# — igWﬁGa — ingBM , (D#)R = au — Z'ngBu. (3.7)

We must introduce 8 vector fields: W}, associated with SU(3) generators and another one:
B, for the U(1) group. Then using the commutator relation presented in equation (3.1

([Gas WEGB] = —(ifagv)WﬁGv), we have:
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) W3 + %WS Wl —iw? W4 — Wb
Wy=5| WH+iw?  —W?4+ ws Wo—awT | (3.8)

4 4 5 6 17 2 178
W= 4+4iW WP 4iW —%W
After applying the charge operator Q
QW = GsW,, + BGsW,, + XW,,
. _ 1 .
we obtain for § = Vet
X 0 1 14 V38 [0 1
Qw =3 1 0 2+f5 — Qw=5|-1 0 0]. (3.9)
~1_ V38 1_ V38 0 -1.00
2 2 2
We can define the gauge bosons representation for SU(3), as:
1
Ut = —(Wl FiWD) , Vi = (Wi FiW)),
NG I V2
1 . 7
V= ﬁ(wﬁ —iWl) , V= T(WG +iW)),

where we can see that there are new charged and neutral vector bosons, so:

1 3 8 + +
1 ﬁ(W —fW ) g 8 Vuo
W, = % Uy ZEWE+ ZWE) v . (3.10)
v, VY —2we

Additionaly, for the U(1) group, we have: B, = 1B, and Q B, = 0, obtaining three gauge fields
with charges equal to zero: WS, WS, B,,, which in their mass eigenstates basis, correspond to
the photon, and two neutral weak bosons Z and Z'.

3.2.3 Scalar sector

This sector contains interesting phenomenology through the scalar fields which present the
scenario for the two SSB mechanism; for example this sector couples to the fermions through
the Yukawa Lagrangian generating additional constraints.

SSB scheme

As a theory with a larger symmetry groups, the 331 model has a Spontaneous Symmetry
Breaking (SSB) scheme that must contain at least two breaking transitions: one that leads
from 331 to 321 gauge symmetry groups, and another one from 321 to 31. Considering three
complex scalar triplets, we can set the following hierarchical symmetry breaking:
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SU3)z x U(1)x TO%’ SU2)1 x U(1)y <2—”T’L U(1)o. (3.11)

In the first transition (1.T.): we have 5 broken generators due to the scalar field (x), which
are manifested in the mass acquisition of 5 gauge bosons. In the 2.T. due to scalars (p,n),
three other generators are broken, giving rise to three gauge bosons and finally one massless
gauge boson (the photon). Thus, in addition to the three SM gauge bosons (W¥, Z), we
obtain 5 new massive weak bosons.

Spectrum

Taking into account the scheme of spontaneous symmetry breaking (SSB) 31 — 21 — 1,
the most general Higgs potential for any type of 331 model contain three Higgs triplets. In
this work we focus in the model with 3 = 1/+/3, which do not generate exotic charges. In this
model in order to give mass to all fermions, it is necessary to introduce three scalar triplets.
The usual basis representation are shown in the table

Table 3.2: Scalar Spectrum for 331 model with 8 = %

7
scalar triplet Qs Ys Xo
o oxX +1 +1
X = ? (fxo + Z‘CXO) 0 :E% %
ﬁ (5){3 + ZCXa) 0 0
pr +1 +1
p= %(5,)2 + Gy, ) 0 +1] 1
ﬁ (fps + i<P3) 0
% (gn + lCn) :F%
n= 5 F1 5| -3
Tlng F1 F1

As we can see, the scalar triplets that break symmetry in the second transition, p and 7, are
non identical, since they have different quantum number on X; defining a unique scalar basis
for CP studies. Thus, we must not to propose GCP transformations.

VEV’s (Real)

For the 331 model considered here, with § = %, and using the commutation relation, as we
show in the appendix @]}, we can find the following values for the vacuum state:
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0 0 Uy
x=10] . @=\vu] - M=10]. (3.12)
Uy Vpy 0

Since in the second transition there are not solutions with VEV in the first and second
component simultaneusly in a single triplet, it is necessary to take at least two scalar fields to
adjust VEV in all components, so that we can ensure the mass acquisition for all fermions.

3.3 Higgs Lagrangian

The Higgs Lagrangian contains the interactions between the scalar and vector bosons through
the kinetic Lagrangian, and scalar self-interactions with the Higgs potential.

3.3.1 Kinetic Terms

The covariant derivative allows us to write the coupling of the gauge bosons with the scalar
fields (¢). In general the kinetic term has the form:

Lx = (Do) (D"¢), (3.13)

where D), is the covariant derivative, defined in the equation (3.7). In particular, we have the
kinetic term for the three scalar fields, which is written as:

Lk = (Dux) (D*X) + (Dup) (D¥p) + (Dun) (D). (3.14)

3.3.2 Higgs Potential

The self-interactions between scalar bosons is given by the Higgs potential. In order to con-
struct these terms, we have to take into account that they must be hermitian, renormalizable
and SU(3)r x U(1)x gauge invariant. SU(3) symmetry can be ensured by constructing prod-
uct combinations between scalar fields such that they form singlets. The most general Higgs

potential considering 5 = % is:

X + map'p+msn'n + ma(xTp+ hc) + F(€ nipjxi + h.c.)

h(x')? + La(p'p)® + 1s(n™n)? + LaxTxpTp + Isx xn'n

lsp o' + loxTimtx + lsxtpp’x + lon"pp'n

(hox"pxTp+ h.c.) + (lup'pp'x + h.c.) + (han'nx'p + h.c.)

(hax"xxtp + h.c.) + (han"xp'n + h.c.). (3.15)

Vu = myx

+ + + +
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3.4 Yukawa Lagrangian

For the proposed model with chiral dependence in SU(3) gauge group and considering the
triplets for the scalar fields showing in the table , the most general Yukawa Lagrangian
that couple left and right handed fermions to Higgs fields in a gauge invariant way under
SU(3)r and U(1)x has the following structure:

Quarks

Ju Q(La) (F(D,p) D(Z) + F(U,n) 77U( 0y F(m{c) XJ(a’))

£ QP (T D) T U 4 Ty )

where Q% are the left-handed triplets of the first two quark generations with a = 1,2 while Q>
is the corresponding one of the third generation. In the same way; Jj‘g are the new particles
right-handed for the first two families, where latin superscripts: i,7 = 1, 2, 3 run over all the
families, with Dg’lg) =dp, SR, br and U(LQ’S) = UR, CR, tR-

As we can see in the general Lagrangian (eq. ), the new quarks Jgr get mass in the first
transition from the coupling to the corresponding scalar triplet x, then those particles will
acquire mass in a high energy scale. On the other side there are terms that we can add due

to the choice of 8 = 1/v/3, which correspond to the following terms:

Q _ (a) (J,P) (a ) (), 7(3) (p:x) ., (@)
EY,(I/@— Qr, < PR + 03 nJg” + 1, XDR)

QP (T g 10 1D A T U b (317)

Those terms mix the new heavy quarks Ji 2 3 in the mass matrix with the triplets p and 7 at
the second transition scale. Although the gauge invariance does not forbid those terms, we
can restrict them through extra global symmetries.

Leptons

Analogous to the quark sector, for the leptonic part in the Lagrangian, we have the following
expression:
Ly = 6%) (FES’p) pyg) + FZ(S?T’) neg) + FEZ’X) m) + h.c. + L

Y,(8=1/v3)" (3.18)

[/{/7(1/\/5) — g%) (F(L’P)pL(J) + F(VX)XVI({])> ’ (319)
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where the first equation is the general Lagrangian for leptons considering the coupling with
right-handed neutrinos, and the second one are the additional terms due to the choice for

B=1/V3.
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Chapter 4:

CP Violating - 331 model

Implement the CP violation mechanism in the SU(3)c x SU(3)r x U(1)x model introduce
interesting phenomenology that may be constrained from experimental data for the explicit
or spontaneous CP violation. Some CP violation mechanisms in this model have been consid-
ered in the literature [I8] [19, 20]. In general 331 models require at least three scalar triplets
in order to generate the correct particle masses of the model. Considering that each scalar
triplet admits at least three VEV, we are going to have at least three phases.

Otherwise, 331 models have two triplets which break local gauge group to U(1)¢ in the second
transition. Since these triplets have different quantum numbers, we have a unique basis to
analyze explicit or spontaneous CP violation. In this chapter we consider the same structure
for 331 model as in the previous chapter with the difference that we are going to introduce
complex VEV’s and some global symmetries.

4.1 VEV’s (Complex)

In the previous chapter real vacuum expectation values were introduced in (eq. (3.12)). Now,
we consider the most general complex VEV structure as:

0 0 |w|eten
=1 0 s Ap)y = lmlee ) = 0 |, (4.1)
|u|erx g |e* ez 0

Taking into account the above expressions for the triplets, we have initially 4 phases associated
with CP violation phenomenology, however these phases may or may not be physical phases.
For that, we must check how the triplets transform under rotations of SU(3). and U(1), local
groups and to study the stationary solutions of the Higgs potential.

27
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4.1.1 SU(3) Rotation

The Higgs potencial must be invariant under transformations of the SU(3)y, group. First, we
define the transformation over the scalar fields in the form:

SUB): ¢u — o) = @ Ty, (4.2)

where ¢ is one of the three scalar triplets, T are the group generators for the SU(3);, and &
is the rotation angle. Applying the transformation over the Higgs potential, we obtain the
following complex terms:

Vi = ... maet(@x =) T X'1p + h.c) 4 (fel@tantax): T ”kp;n;xk + h.c.)

+
+ [lweﬂ(ax ap)- TX/Tp/X/Tp/ + h.c.] + [p/]‘p/(l le—z(ax—ap) T /+ h.c. )]
+ [n/T /(l12ez(ax ocp)T 1t /+ h.c. )] [ (11362(04 )T /T /_|_ h.c. )]
+ [l14€ i(Gy—dp)- Tn/TX/p/Tnl+ hC] +

Since the potential is SU(3) invariant, we take Vj; = Vj, obtaining the following relations
between the rotation angles:

ay=qa, , ap=—2aqa,. (4.3)

In order to study the transformation of the scalar triplets basis, we need the operator in
matricial formﬂ using the spectral theorem and the BCH relation for unitary special groups
SU(N) [2I]. As shown in appendix [E| the transformation can be represented as:

4 — M
oM _ Z ¢ Z £ (4.4)
m=0

with Ml a hermitian matrix, which in our case is the product between the rotation « with
the group generators: M = &, - T. This matrix satisfies the Cayley-Hamilton theorem:;
M?3 = Idet(M) + %M tr(M?). Applying the spectral descomposition for the special unitary
group SU(3), it is V = 3, we can apply the general formula for the f,, coefficients, which are
given by [22]:

. 2 1
M= 3" FIM?+ —_sin(¢ + 2mk/3)M — - (1 + 2cos(2¢ + 4mk/3))I]| (4.5)
V3 3
k=0,1,2
where;
e%ia sin(¢+27k/3)
F = and

1 —2cos(2¢ + 47k /3) ’

"Due to SU(3) generators do not satisfy (7, - )2 = I, we can not use the Euler’s formula
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1 3v3 T
b= 3 [arccos <2det(M)> - 2] .

Making the explicit calculations, as shown in the appendix , the following transformation
matrix is obtained, where the parameters; mi23 , n123 and 7723 are also defined in the

appendix .

L 1 2Ty mi+mny mo+no
T =T = glmi-—m 2B mstng]. (4.6)
mg — 1N M3 — N3 2T3

From the invariance of the Higgs potential, we can rotate the scalar triplets in order to reduce
the phases of the VEV from 4 to 3. In particular we want to rotate p in order to leave its
VEVs in the second component.

Applying T to each scalar field, and taking into account the relation between the rotation
angles (eq. [4.3)), as shown in the appendix (E]). We obtain the following final rotation matrix
that rotates p as was indicated and therefore eliminates one complex phase:

mavi _miyy
o 'mll Iy
J— 14
T = 0 o 0 . (4.7)
0 ms —BA

v2

Thus, in the vacuum state the scalar triplets (p, n y x ) rotates into new basis, in which their
components are in general complex values:

0 0 W'
<X,> =10 ) <p,> = |V ’ (77,> =101, (4'8)
u 0 0

2 2 1
/ Vo / 1) / vims
u = u , vV =\— — , W = w
rviyms ms %1 V9

Using this basis; only 3 complex phases are considered in the vacuum state. Furthermore, by
applying a U(1) x phase rotation, we can eliminate another phase, as shown below.

4.1.2 U(1) Rotation

The transformation associated to U(1) group, which operates over the scalar fields ¢ can be
defined as;

Ul): ¢g — ¢l =X, (4.9)

where the fields have a new quantum number (z) associated to the generator X of the U(1)x
group. The generator for U(1)x is diagonal, so we can consider this transformation as a field
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rotation by a phase. It is necessary to take in mind the corresponding “X” quantum number
for each field. The potential terms that obtain a resultant phase are:

(m4ei%(9x—0p)xl‘fpl+h.c') + (fez%(9p—29,7+9x)eijk;p;n}xgg + hee.)
[lloez%(ﬁx—Gp)X/Tp/X/Tp/ +he) + [p/T,O/(llle_i%(ex_ep)p/Txl + h.e)]
[ (112€75 O\ o 4 )] + [X/Txl(llgei%(ex_ep)xlfp' + h.c.)]
[

+
+
+
+ 114672%(%70”)77&)(//)/”]/ + h.e]+ ...

From the invariance of the potential, we have the relation for the angles:

0,=0,="0,=0. (4.10)

After the SU(3) rotation, the VEVs (eq. 4.8)) are:

0 0 |w]eten
=1 0 , o= vleer ] )= 0 : (4.11)
|uletx 0 0

Applying U(1) rotation, with 6 = %ax we can eliminate the phase associated to the scalar field
x to avoid CP violation in the first transition. Thus, we obtain the following VEV structures:

0 0 |w]e?®n
O=(0o| . h={We>] . )= 0 (4.12)
lu| 0 0

where the phases are redefined as:
1 1
0p = ap + 2% Op = oy + 2% - (4.13)

For our purpose, we are going to consider in the next chapter the cartesian form for the above
scalar triplets in the vacuum state, it is:

0 0 w1 + 1wo
=10 ., W=[wvuti] , (= 0 : (4.14)
U 0 0

Thus, we obtain only two possible phases as candidates to produce CP-violating interactions.
However, as we will see below, from the stationary conditions of the Higgs potential, these
phases are not mutually independent.
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4.2 Higgs Potential with U(1) Global Symmetry

Taking the full Higgs potential (eq. (3.15])) we can see that it can be separated in two parts; the
first one with real terms whose coefficients are also real and the other one is the complex part,
whose coefficients in general are complex along with their corresponding hermitian conjugate
terms:

Vg=Ww+ V¢,
where:
mix"x + map’p + mantn
LX)+ 12(p'p)? + Is(n™n)? + LaxTxp'p + IsxTxn'n
lop"pn'n + lox"nn'x + lsx"pp'x + lon"ppn (4.15)

ijk T

nipixk + liox'px
T

max'p+ fe p
Liptpptx + Lizntnxp

lsx'xxTp + lun'xp'n + hee.| . (4.16)

&
I
ot — + +—

The complex sector can be restricted if we demand additional global symmetries. For example,
we can introduce a U(1) symmetry defined as:

X=X, p—=e©, noe®n, (4.17)

where y stays invariant, while the other two scalar fields, p and 1, change by a opposite phase.
Under this transformation, the real potential stays invariant and only one term survives into
the complex potential:

Vg =Vr + (feijkmpjxk + h.c.) . (4.18)

4.2.1 Explicit CP invariance

Considering the scalar fields in vacuum state as real {(x), (p), (7)} € R, the unique CP phase
must come from the potential parameters. However, we can define a base rotation for each
scalar field, that absorb this phase. For instance, if we set:

X — X/ = eieXX == Y = e_ieXX, , (419)
p—=p=e%p = p=ecy (4.20)
n—on =%y = n=ey, (4.21)

after replacing into the potential (4.18]), we can obtain the following expression:
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V=V + (|f|€io‘feijkei(‘gf""e’f"gx)17§p9x§€ + h.c.) . (4.22)

As a consequence, any phase choice that satisfy 8, + 6, + 6, = —ay, leaves the potential
completely real, and therefore explicitly CP invariant. For example we can take:
1 1 1

HX:—gozf,Hp:— af,ﬁn:—gaf.

4.2.2 Spontaneous CP invariance

In the previous section we considered the scalar fields as real, now we must assume the case
in which CP phases comes from the vacuum state. After a SU(3)z and U(1) x transformation
we obtained {(p), (n)} € C and (x) € R, shown in equation (4.12)).

0 0 |w|edn
=101 . =_{Iwe>] , = 0o |. (4.23)
|u 0 0

After replacing these into the potential evaluated at the vacuum state; the real part is main-
tained invariant, but the complex term contains the phases as:

(Vir) = (Vi) = (f ulvlwle™ @) 4 fufu]jw]e@rton)) (4.24)

where the minus sign comes from the anti-symmetrical property of the Levi-Civita tensor. On
the other hand, we must minimize the potential to find the tadpole relations for the phases,
so we have:

OVi) =0, where; o]
Dopn Py

Minimizing, we have the following expression:

i fuly|wle™ "0 (6, + 8y) — i £ ulv||w]e’ ) (5, + 6,) = O

er—iwn-i-(sp)w — Wf*ei(%-i-%)w

fe—i(5n+5p) — f*ei(5n+5p)
4i20 :J{; _ 20y 40))
ap = &,+9,. (4.25)

So we have a relation between the phases, leaving one independent phase for the model (i.e.
0y, = ay —9,). Making again a rotation of the base over the scalar field, we can cancel the
phases from the vacuum state as:
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Y= X =y 0,=0, (4.26)
p—p =€e%p ; 0,=-6,, (4.27)
n—n =y 0y = —6, =0, —ay . (4.28)

After replacing into the potential (eq. (4.18])), we find:

Vip = Ve+ (|f]emfeijkeii(‘spf‘spﬂlf)77£p;~x2C + h.c.)

= Ve +|f] (6”’“774/);%2 + eijkn’ip’jx’k) : (4.29)

This potential is in a real space, so under the rephasing transformation we eliminate simulta-
neously the phases from the VEV and from the complex parameter f, obtaining a CP invariant
potential, even if the fields originally had complex vacuum expected value.

4.3 Breaking of Symmetry U(1) — Z,

As we can see in the previous section, the U(1) global symmetry leaves the model CP invariant
in the scalar sector, even if we consider complex VEV or complex parameters. On the other
hand, we can introduce a symmetry breaking to obtain a discrete symmetry as (Z2). This
symmetry allows terms that can violate CP symmetry, in particular these new terms could
generate an irreducible phase, in that way this breaking is equivalent to make a soft breaking
of the global symmetry.

For example, we can consider © = 7 in the transformation from equation (4.17). This choice
is equivalent to consider a Z symmetry. Thus this transformation can be defined as:

X=X, n—=—n, p—=—p. (4.30)

Taking again the Higgs potential as real part and complex part, we can find that real part
is invariant but in the complex terms we have an additional term as show in the following
expression:

Vg = Ve + (fﬁijkmpjx;c +hox'oxTp + h-C-) : (4.31)

Analyzing this potential under field rotations to search invariance, we have to consider again
two cases; explicit and spontaneous phases.
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4.3.1 Explicit CP invariance

First, we assume that the scalar fields are real {(x), (p), (n)} € R and we propose the same
basis rotation in equations as (4.19)) - (4.21]), so after replacing into the potential (eq. 4.31)),

we have:

Vi = Vi + (\f |67 €Tk Ont0ot 0yl gt + [laole’@10 e x0o)\ T gy T 4 h-c.) . (4.32)
CP invariance for this potential is manifested if the following relations are satisfied:

O, +0,+6, = —ay, (4.33)
Q(HX — 0,)) = —Q1Q - (4.34)

Again, we have the freedom to choose the (6) angles, in a way that the above equations are
satisfied, for example:

ar @10 _ ao — oy

0, = L 9 — 10 —
X 2’ n 2’ p 2

Introducing that in the potential (4.32]), we have:

Vi = Ve +If] (€ijk77§P;‘X§f + h-C-> + |lo (X'TP'X'TP, + h-C-) : (4.35)

In that way we have the whole potential in a real space, thus we obtain CP symmetry
conservation.

4.3.2 Spontaneous CP Violation

In the same way that was proposed in section [£.2.2] we consider the vacuum expectation
values as complex. After SU(3);, and U(1)x rotation we have a spectrum with two complex
phases, where the scalar field x in the ground state is real:

(o), ), by eC =X () it eC , () eR

Taking the VEVs as in equation (4.12]), we obtain the Higgs potential in the vacuum state.
Again we find that the real part remains invariant, while the complex part takes the form:

(Vir) = (Ve) — (£ ulvllsle™ @) 4 £ uly ]9 (1.36)

Minimizing the potential and following the same procedure as section we find the
relationship between the phases, leaving just one physical phase associate with CP symmetry
violation:

Oy =0 — 0, .
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Now, we can use in this case the base rotation to cancel all the phases in the ground state, so
we have again:

Y=y = ewa ;o 0,=0, (4.37)
p— = eiepp C0,=—0,, (4.38)
N1 = 6207’7’] Dy =—0,=0,—ay (4.39)

Using the inverse transformation to obtain the fields as function of the new fields, and replacing
into the potential (eq. (4.31)), we can find:

Ve = Vr+ (|ffem'fe_i(ép_é”mf)eijkngpgx% + h-c-)

+ (|l10\em1°ei oo o't + h.c.) , (4.40)
computing the phases, we finally obtain:

Vi = Vg + | f] (eijkngpgxﬁf + h.c.) + <|l10!eigx’Tp’X’Tp’ + h.c.) ) (4.41)

As a result, the parameter in the second term become real but the third term can not reduce
the phase, leaving a new one phase that obey: o = a9 +29,, so we have one remaining phase
considering the rotation basis and the VEVs as complex, thus the potential in general is
non invariant under CP transformation?]

In the following chapters we are going to consider this case of CP violation, imposing the
discrete symmetry Zs for the potential that allows the “l1y” term.

2There is a very particular case in which (10 = —26,), then CP is conserving
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Chapter 5

Mass states in CPV 331 model

In the above chapter, we found that a 331 model with a Zs symmetry admits spontaneuos CP
violation in the scalar sector. In this chapter, we are going to analize the minimal conditions
and the mass eigenstates to obtain all the scalar spectrum and CP violation consequences.

5.1 Physical Spectrum - Scalar Sector

In the table we can define the scalar fields in the electroweak basis. Thus, we must rotate
the basis in order to obtain the physical states for the scalar fields and identify the Goldstone
bosons and the Higgs masssive fields. Taking the potential with symmetry Zs (eq. (4.31)):

i T i

Vi, (2,) = maix'x +map'p +mgn'n

+ LX)+ 1(p"p)” + La(n'n)® + LaxTxp o + sxTxnn

+ Lo pntn + box'nntx + lsxTpp"x + lon"pp'n

+ | fe*mpixi + hoxToxto + h-C-] : (5.1)
Evaluating the scalar triplets in the groundstate (eq. 1} including a factor; L) and

T V2
replacing into the above potential (eq. (5.1))), we proceed to minimize the potential with

respect to the vacuum expectation values, it is:
(Vi)
81/1'

where (V) is the Higgs potential evaluated in the vacuum. After minimization, we can find
the minimal conditions or the tadpoles for this potential that we can written as:

207 vi =1, w, w2, u ,
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foiwr  foowy

my = —2hu® — ) — Il — lswh — lsw3 + , (5.2)
u u
my = —lgu® — 2107 — 2103 — lgw? — lgw3 + Juwy fuwg’ (5.3)
2’1}1 2'1}2
fuvr  fuvs
my = —lsu?® —lgv? — lgvs — 2l3wi — 2l3w3 + Y1 2wy (5.4)
Wy = —wlﬁ. (55)
V1

Due to the minimal conditions for the potential, there is just one phase related with CP
Violation, as was obtained in the section This occurs because the vacuum expectation
[3998)] [13peh]

phase associated to “n” is proportional to the vacuum phase associated with the scalar “p”,
which is equivalent to expression (5.5). In their cartesian form.

Now, replacing the tadpoles (eqs. (5.2)-(5.4)) into the potential (5.1)), it is possible to find
the mass matrix. For that, the scalar triplets must be shifted as the sum of fields in vacuum

state plus the excited states: ® = (@) + &, as shown in the following expressions:

X+ r* 75 (& +wn) £i(Gy + w2)
X = %(5)(0 +iCy) , p= %((fpz + 1) £i((p, + v2)) , = 17; . (5.6)
% (Exs +u L iCyy) % (ps £1Cpy) 77?

Then we can obtain the mass matrix terms, for both; the neutral sector and the charged
sector. Since there are not mixing terms in the mass parameters between the charged and
neutral sectors, due to the electric charge conservation, we can put them into two separated

blocks:
M2 0
2 N
M —< 0 M)

where MJQV is a 10 x 10 matrix for the neutral sector and the matrix M(% isa4 x 4 matrix
with charged fields.

5.1.1 Charged Sector

In order to obtain the mass matrices for the charged sector we take the second derivative of
the potential (4.31) (after replacing the tadpoles) with respect to each charged field, ¢, =

X, pt g, 0
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82VH aQVH
M2 - s _1\42 = — 5 57
e T xE0%c, g o PR T 9ptade, g, g o7
vy o OV 2 _ PV | (5.8)
5 Pe 677;8(1)02‘ ®c. =0 ’ ng ¢o an?Taq)Ci ®c,=0

Finding the mass terms in the basis T, n?jf ,pT, néc we obtain a block diagonal matrix with
two 2 X 2 submatrices, (see appendix |G.1). These matrices can be diagonalized in a usual
way, obtaining the following eigenvalues:

Ao = 0, (5.9)
A = 0, (5.10)
1 U1 o Wi, 2
A3 = 5 <l7 + ﬂfuwl) (U + E (Ul +UQ)
1
~ §l7u2, (5.11)
1 2
A = = <l9(v% +v3) + \/gfuvl> (1 + w21>
2 w1 A1

%

/ <u<v% +w%>> | 5.12)

NANRR!

where the approximation to dominant terms was taken ~ u“ or ~ u, due to the large energy
scale of the first transition. The associated mass eigenstates to these eigenvalues are presented
together with the rotation matrices in the section [5.1.3] The null eigenvalues A = 0 will be
associated with the Goldstone bosons.

2

5.1.2 Neutral Sector

As in the previous section, we obtain the mass matrices for the neutral sector finding the
second derivative of the potential (4.31)):

Ve Comz, = PVe | 5.13
&(I)Ni ag@a(DNz ®,—0 CZ‘I’NZ' ag‘,(‘)(I)NZ ®;=0 ( )

where was separated the neutral fields in its real and imaginary parts, it is ®x = (; +¢&;, thus

we have: (; = Cyos Cyss Cpos Cpsr Cp and & = &y Exa s Epo s §ps » - Unlike the 331 CP con-
servative model, in this case we have mixing terms between the real fields and the imaginary

fields.
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In the basis: &y, 5 Cyas Epss Cpss Cxa s Cpas Gy Epos s §xs» 1t 1S possible to obtain a block
diagonal matrix, as:

M2 0
M3 = < a > (5.14)
N 0 M?

where M2 is a 4 x 4 matrix which could be diagonalized as shown in the appendix where
the following eigenvalues are obtained:

A5 =0 (5.15a)
M2 , :

al (£X2 <X2) { Aﬁ — 0 (515b)

u? fuwy
A= —(lg +2l10) + (5.16a)

9 2 V2

MaQ(é-PB ’ CP?,) : ug fuwl
As = —(lg — 2l19) + 5.16b
s = - (Is = 2ho) N (5.16b)

Taking again only the dominant term, we obtain for the above eigenvalues that:
u? u?

A7 & ?(lg + 2[10) . AR ?(Zg — 2[10). (6.14)

In the case of the submatrix Mz, some considerations are made on the hierarchy of their
components. The details of the approximations and the diagonalization process are shown
in the appendix First, two fields can be directly decoupled into one massless and one
massive particle:

)\st = 0, (5.17)
Jw 2 2
A = 2u’+ vy + v
5x3 1 \/iuvl( 1 2)
~ 2l (5.18)

Second, from the remainder terms, we form a singular submatrix of order (4 x 4), obtaining;:

Ao =0 (5.19a)
2 02
Ay = <U<vl+w1>> (5.19b)
2 V1w
M§2(€p2, Cnu&angn) : AL A 1 lcw[ll - 2[511)%?)% - lavil U% —+ U% (5.19¢)
2 v} + w? v? '
2, 2
Ny~ L <U<vl+w1>> (5.19d)
2 v1wW1
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where:
lo =13 —4lly , —l.=12 —4lls , Iy = lals — 2ll6.

As a result, for the neutral sector, we finally obtained 4 Goldstone bosons, associated to
)\5,679,@(3 , one light boson at the electroweak scale, associated to the observed Higgs boson

(A11), and five heavy Higgs bosons at the scale of the first transition (A7,8,10,12,y3)-

5.1.3 Physical States

Using above eigenvalues, we can find the rotation matrix which is constructed from the eigen-
vectors. We must to check in mind that those eigenvectors must be orthonormal, as it is

shown in the appendix
Charged sector

Considering that this sector has a block diagonal matrix; we can obtain 2 rotation matrices
R; y Ry associated to the 2 submatrices:

+ + —i0 o}
xT\ _ (G _ cos a e " sin
Ry <77§E> - (Hf) ' Ri = (—e”S sinav cosa > ' (5.20)
+ + .
P\ [ Gs _ [cosf sinf
Ro (nf) n <H2i> ’ Ro = <sin9 cosf )’ (5-21)

These matrices are expressed as function of rotation angles which are defined as:

sina = —1 w| = 2Ly, (5.22)
U1

e = v1|—lt|w2 ; lv| = /v + 03, (5.23)
sinf = — [l ; Vew = V/ |w|? + |v]2. (5.24)

Remembering that |w|, |u|, |v| are the norm of the VEV’s of each scalar triplets, while v¢,, can
be defined as the norm of the vacuum in the electroweak sector p and 7, and where v, ~ 246
GeV [23, 24].

After the basis rotation, we can obtain the mass eigenstates with the following consequences:
4 charged Goldstone bosons sz which will give mass to 4 charged Gauge bosons. We also
have 4 heavy charged Higgs bosons HfQ, with degenerated statesﬂ The physical spectrum
associated to the charged fields are shown in the table

!The field with opposite charge have the same mass
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Table 5.1: Physical Scalar Spectrum

Charged Scalar Squared Mass
o 0
G234 0
]{1i 1l7u
+ 0 0
Hy , Hy, H i (\vuw\)
HY 5(18 + lio) u
HS % (lg — llO) u
Hg 211 u
RO % (lc lw|* —21 IMQ)IQI”JI2 —la |v|4>

Neutral sector

Considering the eigenvalues obtained for the neutral sector (equations, (5.15al),(5.15bj),(6.14))),
we can obtain the rotation matrix associate to the matrix M2, we have:

fg G(l) Cq 0 SaCs SaSs
| _ |G | o Co  SaSs —SaCs

Bsleo | =m0 | ®7 | -sacs =08 co 0 |+ )
Cpg Hy —SaSs  SaCs 0 Cq

where the angles satisfy the following relations:

SQEsi]nQ:—M , Sy =sind = —. (5.26)
u [l

From the submatrix Mg we had directly: one neutral Goldstone boson and one neutral Higgs

boson. These bosons are:
g = GY, Mégzo, (5.27)
&g = Hj, Még%2l1u2. (5.28)

Finally, the eigenvalues for the singular submatrix MZ,. The obtained rotation matrix is in

the form:

Gl Gy CoCs  —S¢Cs  —CySs  —SpSs

C 0 HS —S@Cg —CgCg SgSg —0955
Ry |57 | = . Ry= , 5.29
e HY 4 SeSs  CaSs  SeCs —CyCs (5.29)

6770 Ko CySs —59Ss —CyCs —5SpCs
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where the relations for § y 0 are giving in the equations and respectively. In this
rotation we obtain one additional Goldstone, other 2 massive Higgs bosons and one Higgs
boson at the electroweak scale which corresponds to the SM Higgs boson. A summary of the
physical spectrum for the entire scalar sector is shown in the table [5.1]

5.2 Physical Spectrum - Vector Sector

For the mass terms in the vector sector we have the same structure as the CP conservative
case. The interactions with the scalar matter are incorporated through the kinetic Higgs
Lagrangian. This Lagrangian was introduced in section in equations (3.13)) and (3.14)).
We can obtain an explicit kinetic Lagrangian and then we can obtain the mass matrices
through:

82£ 2 82£
2 _ K 2 _ _8&c 2 _ K
MUqEq)i ) Uiacbi - ) qu:@,- 0 Vfg@ - ) MV0<I>Z- ) V08<I>1 B,=0
82EK 2 aQ‘CK
M2, — M2, . = 9Lk _ My = 5o ;
W3®; ) W38<I>Z 10 ’ Wgd; 0 Wg0o®; =0 ’ B; o Ba(I)Z ®,—0

where ®; is each one of the scalar components in weak basis and the vectorials fields too.
those terms give us the mass couplings with the bosonic sector. The bosons for the charged
sector and the complex neutral bosons V0, results as a diagonal matrix so they already are in
mass states so the masses for the physical Charged boson W+, K* and the neutral one V°
are:

2 2 2
2 9L . 2 2 9L (,2 2 2 9L ¢, 2 2
Miye = = Vew s My == (v + wl?) , Mo vs = (u® + |v]?). (5.30)
Remembering that 12, = |v|? + |w|?. As we can see in the previous expression we have that
the new bosons K, and V), are sufficiently heavy in order to have consistence with low energy
phenomenology, in contrast W* acquire mass in the second transition at the electroweak en-

ergy scale.

On the other hand, the neutral gauge bosons exhibit mixing mass terms. This matrix is
not singular, ensuring one massless boson (The Photon). Neutral sector have the following
rotation to obtain the mass eigenstates:

Ay w3

Zy | =Ruos [ WS |, (5.31)
2

z} B,

where the matrix rotation is defined as:
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Sw HOwTw CwVA
Ryos = | CwCy —ZoSwTwCp+ SpVA — TS, — SwCVA | (5.32)

CWSQO —%SwTWst — C¢\/Z %TWCW _ SWS%’\/Z

where the angles satisfy the following relations:

VP Chw — wl?

9x )
W2C%, + w2 +4Ch u? )

Sw =sinW = —ﬁgLSZW <

—, S, =sinp =
’ 2 C
91 + 59% g

/ 1

The Z}L and Zﬁ are not the same as the Z and Z’ boson, because there are a resulting mixing
between them. Z ; can be identified as the phenomenological neutral weak boson and Zg is a
new heavy physical boson. As we can see, the angle ¢ that mix the components to obtain Z i

and ZZ is suppressed as S, oc “%4*, thus, we can assume ¢ = 0 to obtain Zﬁ — Z and Zg — 7.

2
Also, as in the SM, one has that ]]\\/[/l"g"
A

with the Weinberg angle, where C3, ~ 0.78, so we have 0y ~ 54° and T3, ~ 11/6. Then, we
can identify Z as the neutral gauge boson of the standard model. The bosonic spectrum that
acquire mass with the Goldstone bosons are presented in the table

= Cyy, which allows to identifiy the angle W = 6Oy

Table 5.2: Physical Vectorial Fields Spectrum

Physical Boson | Squared Mass
A, 0
Wlf %I/gw
Ki | )
K KO | % (2 of?)
Z,) 42*%2 Vew
Z, ;/LO 3gTX5V u?

By transforming both, the scalar and the vector boson basis into their physical mass eigen-
states in the kinetic Lagrangian, we can obtain new CP violating coupling terms with phe-
nomenological consequences, as discussed in chapter [6]
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5.3 Physical Spectrum - Yukawa Sector

Due to the Z; symmetry which was chosen in the Higgs potential for the model, some terms
in the Yukawa Lagrangian must be removed, spoiling the mass acquisition of the fermions. In
particular, introducing this symmetry, all the light fermions (those temrs coupled with p and
1), become massless, so only the heavy fermions survive since they coupled with “x”, that is
invariant under the Z; transformation.

Thus, it is necessary to include additional Z5 symmetries in the quarks sector in order to
guarantee mass for all the fermionics fields. We choose the following symmetries:

Right-handed Sector

v od o p® 5 _pW (5.33)
v - —ug? . DY - DY (5.34)
Left-handed Sector
QY — @V, (5.35)
S QP (5.36)

Taking into account the above symmetries we obtain in a explicitly way the following Yukawa
Lagrangian:

£8— QP (15” ppP + T o3P + Ty U + TG U
£ TP gD s >+F<D,x> DY +hc)
QP (15 XD + 1850 xR + T Uiy + T
i F(J,p) pJ(l) +P(D»P) pD(Q) +F(D7P) pD( )—l—h.c.)
QS;?)) <F(U7p)p U}({) +F(J,p) *JJ(?,) +F(U7X)X U}({) +F(U,x) X*U](%?))

+ TGy aY + T DR + T 0 DY 4 he.) (5.37)

Computing in the vacuum space we obtain the following mass matrix for the up sector and
the down sector. that:
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1 2) 3 3
Ul Ug U® mwo
o 15w 1w o O
, |0 0 | 1w | U7
MU = F:(3I’]17p) v* 0 0 F:(g{?;p) ¥ U]_('lg) 5 (538)
DY D D g O
0 Fggvp) I“(%’p) v Fg{{p) v 0 ?22)
| o e gl 0 [0
0 Fg%’X) u Fg%’X) u Fg:’l’X) u 0 jjgl)

In general those coupling parameters (I') are complex. Then we can obtain the physical states
with a biunitary transformation.

After diagonalizing, the fields are obtained in mass eigenstates, however this sector ex-
hibits many phenomenological aspects as the problem of Flavor Changing Neutral Currents
(FCNC'’s) that must be controlled in this model, the hierarchy of quarks masses and the vi-
olation effects through the CKM matrix. These aspects are outside of the central purpose of
this work but they can be considered for a later research.



Chapter 6

Phenomenological Prospects and
Conclusions

To explore the possibilities of detecting the CP violation effects in the Higgs sector, it is
necessary to identify the contribution of the complex phase in the interactions of the scalar
fields with the matter and radiation fields. These interactions are fundamentally described
by three Lagrangians. The self interaction between the Higgs bosons are obtained directly
from the Higgs potential, after rotation from weak basis into the mass eigenstates. The other
source, is the kinetic sector of the Higgs Lagrangian which contains the couplings between
the scalar fields with the vector fields. Finally, the couplings of fermions with scalars fields
are obtained in the Yukawa Lagrangian.

Table 6.1: Possible Interaction Vertices

Vertex ‘ Standard Model ‘ CPV 331 Model
e N N
! h— W, - Wy grMz grMzCss

97 97

Iy h—-h-2, -2, 2C;LW 2C;LW
IV|h—-—h-— W/j' - Wy % QTL
v h—h—h SgLm) B9 s
VI| h—h—h—h T AT

- AME, AME,

In order to indicate the different types of observables that could be used in order to verify
the CP violation, let us consider, for example; trilineal and quartic couplings with the light
Higgs boson “h”, which is associated with the physical boson “h” discovered in the LHC [25].

47



48 6. Phenomenological Prospects and Conclusions

In particular, we can consider the self interactions for this boson, and its couplings with the
weak charged bosons W# and Z°. To compare our results, the table shows these vertices
as predicted by the Standard Model and for the CP not invariant 331 model.

As we can see in the table not all the vertices give rise a phase factor related to CP
violation effects. In particular the vertices that depends from the phase that breaks the CP
symmetry are (I, II, V), all of them with the same factor “Css”. As a consequence, the
observables such as decay widths and effective cross sections in some processes of particle
production and decays mediated by the Higgs boson, suffer a small suppression of the order
of Cy5. For example, these vertices participate with important contributions in the production
process of the Higgs boson, as shown in the figure [26]:

Figure 6.1

Although the main production channel for gluons fusion in the first diagram, does not contain
any vertex from the table[6.1] the other diagrams gives us important information for the Higgs
nature. If “ogps” is the effective cross section predicted by the standard model, diagrams
which mediate vectorial bosons with the non invariant CP model are rescaled by a factor
given by:

o[VV = h] = osu[VV — h]C3s (6.1)
olV = hV* = osu[V — hV*|C3. (6.2)

The Higgs boson decay can also give rise CP phase effects depending on the final states.
For example, one of the dominant decay mode is: h — WW™*, where the virtual weak boson
mediate the decay to fermions, as shown in the figure The width decay for the first vertex
is also modified from the standard model with the factor:

T[h — WW*| = Tsa[h — WW*|C3s. (6.3)

At radiative corrections level, they can also show phase effects, that in principle could be
measurable. For example, although the Higgs is neutral (it has not charge), it can exhibit
photon decays through correction to one loop [27], as shown in the figure that contains a
vertex: h — W — W which depends on the CP phase.
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w*z
______ w* Y
h q
h----- w*
w*,Z w=* 5
Figure 6.2 Figure 6.3

On the other hand, the quark sector introduces a complex phase originated from the complex
nature of the Yukawa couplings, which is observable in the charged weak interactions through
the CKM matrix [28]. These interactions produce CP violation processes in neutral mesonic
systems, like the Kaon decays in the system Ky — Ko [29]. In CP violation models in the
Higgs sector, there is an additional contribution to the CKM phase, producing additional
contributions to the observed process that violate CP symmetry and generating new process
due to the couplings between Higgs bosons and fermions with an irreducible phase. For
example, in collision processes at high energy systems as shown in the figure the principal
channel for Higgs production is through the Top Quarks loop The CPV figure; the 331 model
exhibits a contribution with the phase “6” in the coupling: t — ¢ — h, which has the following
form:

me
V2v

generating simultaneous contributions for both CP-odd and CP-even couplings, violating this
discrete symmetry. It is evident that in the limit with § — 0, the Higgs boson has a Yukawa
pure CP-even coupling, reproducing the limit for a CP conservative model.

T[(Cas + iS55 ) hlt, (6.4)

Finally, it is possible to evaluate the CP violation phase in a indirect way using low energy
observables. One of them that impose strong restrictions, is the electric dipole moment for
the electron. Contributions to the dipole moment of the electron in the models with CP
phases in the Higgs sector occurs through 2-loop Barr-Zee corrections, as shown in the figure
Current experiments have not observed any electric dipole moment associated with the
electron. The measurements impose strong constraints on the dipole moment at the order of

[30]:

de

(&

< 8.7 x107% cm. (6.5)

At low energies, the two-loop diagrams lead an effective puntual interactio, whose value is
expressed in terms of a dimensionless coefficient d., it is the Wilson coefficient, such that the
dipole moment is [31]:
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2m,

Ide| = 22 es|. (6.6)

2
The diagram includes CP violation contributions in various vertices: in the coupling e — e — h,
also in the vertex: h — t — t if it is with top quarks loop, h — WT — W~ if it is with vector
boson Loops, or: h — HT — H~ if it is with the charged Higgs bosons. Finally, if the loop
is with charged scalar bosons, a coupling depending on the phase between the Z bosons in
the other side of the diagram is emerged. Each type of loop contributes to the value of the
Wilson coefficient. Through the experimental constraints, we can obtain restrictions of the
parameters of the model, including the CP violation phase.

8

Figure 6.4



Appendix A

Notation

Here we are going to introduce some notation. We will adopt the unit system that is most
convenient for high energy physics, where the speed of light provides the natural scale and
quantum effects are not necessarily small, it is;

c=1=nh

We write four-vectors with upper and lower indices, where the metric tensor g, is defined
by;

g = diag[l, -1, -1, —1]

which it can be used to raise or lower indices, as:

ot = (1,%), x,=gur’ = (t,-7)

with the usual convention of summing over repeated indices.
For the Dirac matrices we shall choose the representation;
1 0 : 0 o
0 _ T )
where ¢ are the Pauli matrices. In addition we can define;
01
5__ .. 0.1.2.3 _
Y=Yy —<1 0>
Finally we have to defined the GellMann matrices as;
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Appendix B

Example CP invariance

Considering two complex scalar fields we can present here an example for a Higgs potential
that preserve or not the CP symmetry.

CP invariant

Taken the following potential;
Vi = GabbPa®y + Q;bb%(ﬁf (B.1)
under the usual CP transformation, we have;
vy 25 Vi = gabbTIZUZ%ZfZ)Zz + GEpTal Py (B.2)

then, we can assume g as a complex parameter, and define a convenient phase in order to
rotate ¢ basis.

gabb = |gawle™® (B.3)
bo = o€ (B.5)

using the above definitions we can cancel the CP phases (n), thus we have a CP invarint
potential with real parameters, as;

f/H = ’gabb| <¢§a¢g + QZ;ZQSZQ) (B'G)
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CP non-invariant

An example of a Higgs potential which is not invariant under CP in explicit way, could be;

Vi = gan®a®h + Jaab®a®e + Jaaa®y + h.c.
Vir = awPadi + GaShdh’ + GaavPad + Gaapl°B) + Jaaa®h + 9 *aaa OF
Vi = Agud + A"0Lo}" + Bory + B'l7 6y + O} + Cof (B.7)
applying CP transformation, we have;
CPVgPICT = Anpmiole)” + A™nanéud} (B.8)
+ Bnolie) + Brnimessy (B.9)
+ Onlol? + Crngey (B.10)
and assuming complex parameters and defining CP phases, as;
A=|Ale | B=|Ble® | C=]C|
Ma=€* , m=e

solving equivalence equations between (A.7 and A.8,9,10), and taking the first two terms we
have;

|Alei® = |Ale~iaeie 2B |Ble®® = | Ble~be2ioeif
a=a+20—a b=2a+6—-0
2a = a+ 20 2b=2a+p
we find a possible solution with CP invariance
a=2(2b—a)
5—22a-1)
Although, if we inlude the third term
IClei® = |Cle~iced™
c = 3a—c
2¢c = 3a

There is a particular solution that implies a relation between the parameter phases, so it is
not CP invariant, due to the invarinace must be independent from parameter phases relations.

a=2c
a=1-a) >[c=2—d
B = 5(2a —b)



Appendix C

Structure constants for SU(3) group

The elements for the structure constants which are not zero, are given by:

f123 —
147 _p156 _ p246 _ 4257 _ 345 _ _ 367 _ L
FUT = = e = T e T
FA58 678 V3
2
d-constants (symmetric) are:
1
QU8 228 338 _ _ 888 _ 1
V3
1
d448 — d558 — d668 _ d778 —
2V/3
dl46 — dl57 — _d247 — d256 — d344 — d355 _ _d366 — _d377 — 1
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Appendix D

Conmutation Relations for Vacuum State

According to the scheme for the spontaneous symmetry breaking we must satisfy the following
conmutation relations for the vacuum state;

First Transition ;

(G123, (P1)] =0, (D.1a)
L. | BGs+ X (@] =0, (D.11)
[Gas6,7, (P1)] # 0, (D.1c)
[6Gs — X, (@1)] # 0 (D.1d)
Second Transition ;
[G1, (22)] # 0, (D.2a)
5ssp. 4 12 (22]#0, (D.2b)
(G — BGs — X, (@3)] # 0, (D.2)
[G3 + BGs + X, (P2)] =0 (D.2d)

Choosing 3 = 1/+/3 which is our case, and considering the first transition with the scalar field
X in general we assume vacuum value for all the components;

<m(ﬁg (D.3)
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applying the first condition (eq. [D.1al), we have;

Uy, =0, vy, =0, v, : Free Par. (D.4)

In the other hand for condition (eq. [D.1b)) we obtain;
B : 1
_ﬁ‘i‘xx Uy, =0 —if vy, # 0 then §:XX

The last relation give us X, quantum number for y, and the broken generators (eq. and
D.1c) ensure us that vy, # 0 for this choice, so we have the vacuum value for x

{p) = | Ve (D.6)

Using the condition (eq. [D.2d) we obtain the followig relations for general 5 at left and
B = 1/+/3 taking also X, =1/3 at the right sid

1 B B=1//3
P i x)y,, =0 S, —0
<2 * 2v/3 * > Ve X135 P

1B
11 <—2+2\/§+X> Vpy =0 — Vy, : Free Par.

117 <—B —I—X> Vps =0 — Uy, : Free Par.

V3
By conditions (eq. and |D.2b) we have that; at least v,, # 0 or v,, # 0, it is

Vp,
IV vy | 20 — v, #0
0

!This value for X can be obtained considering a general 8 and evaluating the new relations (I, II, III, IV,
V, VI, VII).
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Finally applying the condition (eq. [D.2¢) we have the following constrains, where the condi-
tions must been satisfied as V or VI or VII;

1

o R
1

VI (—2—2%—)()%2750 — =V, #0

VII <j§—X>Vp37£O — vy, #0 or v,, #0

so the choice that satisfy the constrains are; v,, = 0, by (I), v,, as a free parameter, by (III),
and finally v,, # 0, by the common condition in (IV, V, VI and VII).

0
() = | vp #0 (D.7)
Vps

In particular we can take v,, =0, as we need it after SU(3) rotation.
For the case in which we choose v,, # 0 with 8 = 1/+/3 for conditions (I - VII) is the sacalar

field corresponding with 7, where;

m={0) . x,=- (D8)
0
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Appendix E

Matrix Transformation for SU(3)

Using the BCH relation for special unitary groups SU(N) [2I](spectral theorem).

N-1
= f,(M)M" (E.1)
n=0
por ejemplo para la exponencial (f(M) := &™)
o0 N-1
i (—iM) n
M — ZO = z;)fn(M)M (E.2)

where; M is an hermitian matrix, such that;

N
= F(me)Py (E.3)

1

k=
with (my) as the eigenvalues and (Py, = |my)(my|) are the projection operators which can set
an eigenspace using the eigenvectors. Matrices P;, could be set as a power series of (M), from
the following expression;

P =[] M= mﬂ Z P, M (E.4)

Thus, the coeficient from equation can be wrirtten as;
N
M) = Penf (i) (E.5)
k=1
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Due to; our hermitian matrix is the product between the rotation angle o with the group
generators; Ml = &, - T. We can redefine the matrix in order to become it as unitary ann take
as factor the absolute value for «, it is M/ = |«|(n-T') = aM. Thus, the powers for the matrix
M are:

M = I (E.6)
) ns + %ng ny — 1o ng — N5
(A -T)=M' = 5| ™ +iny  —ng+ %ng ne — ing (E.7)
n4 +ins ne + in7 —%ng
| (3R A+B+C Utz U3
M2 — 1 Uz, ind+ A—B+D Uas (E.8)
Uty Uz, C+ D+ 3n}

where ;

2
2., .2 2 2, 2 2, .2
A=ni+n3+n3 B= ngng, C=nij+n;, D=ng+ns

V3

2 . .
Ui, = —=ng(ni —ing) + nane + nsny — i(nsng — nany)
3
) 1 ) )
Uis = ns(ng —ing) — %ng(nzl —ing) + ning — nony — i(nang + niny)
U23 = —n3(n6 — in7) — ng(nﬁ — in7) + nanq + nsnog — i(n5n1 — n4n2)

V3
Changing the parameter space from 8 real parameters (ni2, . g) to 3 complex parameters
(b, c,e) and 2 real parameters (a, d).

) ng + %ng ny — i?lzg ng — z:n5 a b c
M = Sl ™ Ty —ngt Eng ng—wng | = (b d e (E.9)
ng +ins ne + iny —%ng ¢ e —(a+d)
a2+ b+ bla+d)+ ce* —cd + be
M? = | b*(a+d) +c*e  d?+ b+ € —ed + cb* (E.10)
—c*d + b*e* —e*d+c*b A+ e+ (a+d)?

Given that matrix M satisfy the Cayley-Hamilton theorem (M3 = Idet(M) + 3Mtr(M?)).
Applying the spectral descomposition for our group SU(3), that is considering (N = 3), we
can apply the general form to find the coeficients f,,, which can written as [?]:
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, 2 1
M= N"F [M2 + ——sin(¢ + 27k /3)M — = (1 4 2 cos(2¢ + 47rk/3))]1} (E.11)
k=0,1,2 V3 3
where;
2 . .
e V3 sin(¢p+27k/3)
f

T 1-2 cos(2¢ + 47k /3)

1 3v/3 ™
o= 3 [arccos (2det(M)) — 2]

Applying the summation and matching up identity, linear and quadratic terms, is possible to
obtain coeficients (f,,), which in general can be complex factors.

eiaM =fol + H1M + f2M2

Finally, after the matrices addition, using equations and we can get the transfor-
mation in matricial form ( ™ = T). This matrix can be written as:

fo + fra + fa(a® + 0% + ) 10+ fa(b(a + d) + ce*) fic + fo(—cd + be)
T = | f1b* +f2(b*(a + d) + c*e) fo+ f1d + fo(d? + b* + €?) fie + fo(—ed + cb*)
fic* + fo(—c*d + b*e*) fie* +fa(—e*d +c*b) o —fi(a+d) +fao(c? + €2 + (a + d)?)
(E.12)

Making a new parametric representation, the transfomation matrix is:

1 2711 mi1+mn1 mo+ne
T==-m —m 215 ms + ng (E13)
2
mo —No M3 — N3 215

where;

m1 = 2[fi +f2(a + d)]Re(b) + 2faRe(ce™)
2[f1 + fa(a + d)]ilm(b) + 2faiIm(ce™)

[
ny = [
me = 2[fi — fad]Re(c) + 2f3Re(be™)
ny = 2[f; — fad)ilm(c) + 2f2iIm(be*)
ms = 2[fi — fad]Re(e) + 2faRe(cb™)
ny = 2[f; — fad)ilm(e) + 2f2iIm(cb*)

Ty = Ty, To=To, T3=Ts3
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Appendix F

SU(3) Rotation over the Scalar Fields

If we apply T over scalar field (7), it must remain invariant the second and third component.

o= Tn
W' 1 2T mi +mny mo -+ no w
0 = 5 mi1 —niy 275 ms3 + ns 0 (Fl)
0 M9 —MNo M3 — N3 2T 0

Considering the mentioned invariance, we obtain the following relations;

W =2Tw, mi=ni, mo=no (F.2)
Taking above equations and adjusting the transformation matrix, we have;
274 2my 2mo

1
T = 5 0 2T ms3 + n3 (Fg)
0 mg—mns 2173

As to the scalar field (p), we want to rotate the triplet to obtain the VEV just in the second
component]!}

po= Tp
0 1 2T1 2m1 2m2 0
v = — 0 215 ms3 + ng 121 (F.4)
0 2 0 m3 —mn3 2T3 1%0]

'If we left the VEV in the third component, as consequence we have massless terms in the Yukawa sector
and we must to ensure that all fermions acquire mass.
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Again we can obtain the following relations;

mo_mop v (mst ng)m17 T, — (M3 = n3)m (F.5)
) mi 21 2mo 2my
Adjusting the transformation matrix;
2T1 2m1 2m2
T = % 0 2711, + % ms3 + n3 (F.6)
0 ms — ns (ma;l’fll3)m2

Due to scalar field y transforms as; e %2® then we have a new transformation matrix that
satisfy; T = T”~2, thus the determinant must be zero for T”, it is (det T # 0).
Timaot/
det T” = i(mg — ng) — ms 75 ns (F?)
le 141
Analogously this new matrix must satisfy;

Xl — T///X

0 0

0] = T(0] — 0=THu (F.8)
u’ u

Above relations generate the following conditions;

0 = THu
B miv? my 2V my 2
0 = —(ms+ nS)W (m3 + ns)m72 + n + (m3 — n3)m71 /(m3 —n3)
my 2V m
0 = (m3 + 77,3) [(mg, + 77,3)71 +—+ (m3 — ng)z] <F9)
mo 141 mq
For convenience we can choose (mg = —n3) as a particular solution in which the transformed
field (T"y), give us the following results;
m 2 mam
u’:( 1>u, T =——223 (F.10)
mams my

Finally using above relations and equation the final matrix transformation for SU(3)
gauge symmetry, rotates the scalar field (p) in order to leave only VEV in the second compo-
nent and remain invariant the position for the other VEV’s.

e 27 1
T=| 0 %2 o |, 1/:<) = (F.11)
' e ms/) 1

v2



Appendix G

Mass States Diagonalization for Charged
Sector

G.1 Mass Matrix for Charged Sector

Applying the second derivative over the higgs potential, we can obtain the following mass
matrix for the charged sector;

s (ME 0
MC_< 0 MZ, (G.1)

where;

2,,2 2
i+ (gt g Bgen 4 S (Vg (0 - v

M2 o 2uvy
Ccl1 —
1 ( lzuw . 1 2 V2 fuvy
5 (%"‘ﬂf) (Ul+ZU2) §l7u +W
17 02 bodwi | V2fuw, 1 lovdwi | 1
M2 — | 2 lowi + =522+ + 5 3 loviwr + 55— + 5 V2fu
c2 —
1 lov5wy 1 1 2 1 2 ﬁf“vl
5 lgv1w1 + D + 3 \/§fu 5 lg’Ul + 5 lgv2 + 2w

Both matrices are singular, so we can ensure at least two Goldstone boson for each submatrix.
The Eigenvalues could be found through the polynomial charecteristical equation. So we can
obtain the following Eigenvalues

(G.2a)
<l7 - \@fﬁ) (u2 + Z}%% (vf + v%)) (G.2b)
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)\2 =0 (G3a)

M%Q: ]_ 2 2 u'Ul w
/\4: 5 (l9(’01 +’U2)+\@fw71 1+7%

G.2 Eigenvectors and Rotation Matrix

Using the characteristical equation for eigenvectors, as a matrix multiplication on the left
hand side (MZ,V; = \;V};); we can fin the following results

Vo (1’ _(v1+wg)w1>

Uv1

V;;, ~ (1 uv%z—l—igwlvg
(v + v3)w;

Those vector must be orthonormal between them; so applying this condition and taking the
inverse matrix rotation with the eingenvectors as rows, we have;

u v u

_M (U1+iv2) \/u27‘w‘2

v U u

This matrix rotation could be parametrized with the angles (o and ¢), where;

sina = 121, [p— (G.4)
u (%

5 U1 tivy
e’ = . V| = y/v? + v3 (G.5)

Following the same procedure for the other submatrix, we obtain the following eigenvectors;

with matrix rotation;

1 _
2 (|v| rw|>
Vew |’UJ| |V|
and the 0 angle can be defined as;

sinf = _]|/w\ 5 Vew = VW% + |v]? (G.6)

ew




Appendix H

Mass States Diagonalization for Neutral
Sector

As was explained in section the neutral sector can be taken as two submatrices in a
COHVGIlieIlt baSiS; (£X2 ) <X2 ) 5,03 9 Cpg 9 <X3 9 sz ) C?] 9 épg 9 517 9 gXS)'

H.1 Mass Matrix - M,

The mass matrix M, is obtained in the basis; (&, , Cyo s &ps s Cps)- This matrix is singular
so again there is at least one Goldstone boson, and we can identihy a submatrices with a
particular hierarchy energy scales so we can express that as;

A B
= (5 )
where;
lio(v? — v3) + |v|? ( ls + \g;fﬁ) 2 l1pv1v2
2[101}11)2 —llo(?}% — U%) + ‘UP ( l + \;;f;lil)
B lipuvy + %lguvl + % \/§fw1 —louvy + %lguvg + ﬂgiszl
liouvg + %lguvg + ﬁgigfwl lipuvy — %lguvl — % V2 fw;
O = llou +llu —f—\/;f;‘lwl 0
1 \ffuwl
0 —llou + lgu + 201
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As we can see matrix C' is proportional to energy scale for the first transition (C oc u?); in
the other hand the B matrix is a medium scale (B o u) and finally we have that A matrix is
at electroweak scale (A X Vey ), so we have the following hierarchy;

C>B>>A

Then we have can do a block diagonalization process, considering an unitary matris rotation

[7];
()

where 1 is the identity matrix and F' is a submatrix that must satisfy (F' << 1), so keeping
only up to linear terms on F', the matrix rotation has the form;

VTMLY — <A—BFT—FBT B+ AF — FC >: <]D>a1 0 >

BT+ FTA-CFT C+B'F+F'B 0 Dgo
But considering the hierarchy conditions we can obtain that;
F~ BC™!
Then, we have the following approximations;
Dy ~ A-BC'BT (H.1)
Dy ~ C (H.2)

finally , those matrices can be diagonalized independiently, so we have

{ As =0 (H.3a)
]D)al :
Ao =0 (H.3b)
u? Juw;
A7 = 508 + 2l10) + \/51} (H.4a)
DaZ 2 !
u uw
Ag = ?(lg —2l0) + {/ivl (H.4b)
1

H.2 Mass Matrix - M,

For the second submatrix in the neutral sector in tthe basis (Cyy 5 Coos Gy €po s &y Exs), WE
have the following structure for the matrix mass;



H.2. Mass Matrix - M 71

My, D 0
M,=| D' H E (H.5)
0 ET My,
where;
\/Efwl 2
M, = —1—
b11 2 uvy "U |

V2w

My, = 20Lu?
bes 1wt 2uv;

[of?

D = (1\/§fw1)1\/§fvl7_\/mul\/§fv2>
2 2 21 2

T \/ifUQUH l5uvowy \/§f1)2 \/ifwl \/§fvl
ET = | lauvz = » + ; lauvy — , lsuw; — ———

2’[)1 U1 2 2 9

2

2103 + \/izfﬁlwl lﬁv2wl +3V2fu 2 lpvyv2 lgvowy

_lsviwn 1 2103t ff 2 lgvyw?

H= g V2fu vi ST —lgvawn -t

2 lpvyv2 —lgvow; 2 ZQ’U% + %“1“’1 lgviwy — % \/§fu

2
lvaws S 2B ey — S V2 20gw] + 2L

As we can see (Mj,, < 1/u), so we can uncouple the matrix and then take one Goldstone
boson. In addition again we have a hierarchy structure where;

My, >> FE >>H

So we can consider the same procedure as for the matrix M,. Applying equations and
is possible to make a block diagonalization to obtain (A¢ ) and a new submatrix H.
Uncoupling the resultant matrix with the first component, we have ()\CX3);

2 ~
M = A, ~0
\ffwl

2
M§X3 — >\§X ~2l1u + — 1

_lav§ + fruwy lf + LvZwy _ lavivg _ hvowy
20 207 271 2101 2101 20
1 f u+ hviwi  fluvg + leviw? lyvawy _lc'UQU)%
H: 2 /1 21l1v1 2w 2l1v% , 20 21111
lav1v2 lvawy lav] fruws 1 lyviwy
20 20 —5n T 5e T3 fiu— g
o lbv2w1 lc'UQ'W% o lbvlwl fluvl lcw%

1
20 ~2hn —3 fiu 20 2w; T 2L,
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using,

fi=V2f , la=13—4lly , —l.=1%—4ll3 , Iy =I5 —2ls

This matrix is singular and does not have any hierarchy structure so we must to diagonalize
a (4 x 4) matrix, with the corresponding eigenvalues.

(A9 =0 (H.6a)
V2 V1w

H Ny — filiuv? — (L (v? +v3))wr + (frliwv)w? + (l(v +v3))wi — R (H.6¢)

1 4llv%w1 '
Ny — filiuv? — (lovi(v? +v3))wr + (filiwo)w? + (l(v? +v3))wi + R (11.64)

12 4l1v%w1 ’

where;
R = \/ao + ajwy + aw? + azw? + aqwi + azw + agw (H.7)
2
oy = (fllluvi)’) (H.8)
o = 2y/ag i (v +3) (H.9)
2
g = % + 1o} (v% + v%)2 (H.10)
1

ag = —2yag (lo — 4l — 1) (U% + U%) (H.11)
o = ap+2(2 2+ lale) v? (v% + v§)2 (H.12)
as = —2+/agl. (v% + v%) (H.13)
ag = 12 (v + v%)2 (H.14)

Taking out the factor ag from the root and cosidering the energy scales to vanish terms like
(u™™ n=1,2,...) as we make with matrix (H), we have;

2w? w?  wt
R = \/ao <1+w%+vlzl> ~ filiuv} (1—1—1)%14-21) (H.15)
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