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Introduccion

El Modelo Estandar de particulas es una de las teorias mas exitosas creadas por el hombre, esta logra
explicar, en su mayoria, los fendmenos, procesos, interacciones que ocurren a nivel fundamental entre
particulas y ha sido comprobada con gran precisiéon experimentalmente. Por ello existe un gran interés
en hacer extensiones del modelo para encontrar una explicacién a aquellos problemas que no pueden
ser resueltos de forma satisfactoria con dicha teoria.

Una prueba importante del Modelo Estandar fue el hallazgo en 2012 por el LHC, de una particula
propuesta por Peter Higgs en 1964 mediante el llamado Mecanismo de Higgs, dicha particula es nom-
brada en su honor: Bosén de Higgs.

El Mecanismo de Higgs esta estrechamente relacionado con el rompimiento de simetria electrodébil el
cual se produce a una escala de energia v = 246 GeV, y se estima que la escala de energia de nueva
fisica sea del orden de ~ O (TeV).

Se han propuesto diferentes modelos para tratar de explicar esta diferencia entre las escalas de energia
llamado problema de jerarquia y estabilizar las contribuciones que existen de diagramas cuadratica-
mente divergentes a la masa del Higgs.

Little Higgs, es uno de los modelos desarrollados para abordar el problema descrito anteriormente.
Modelos Little Higgs tienen como su principal caracteristica la propuesta de que el Higgs es un pseudo-
boson-Nambu-Goldstone originado por el rompimiento del grupo de simetria SU(5) a una escala de en-
ergia f ~ O(TeV). Dicha idea fue retomada por Arkani-Hamed, Cohen y Georgi quienes construyeron
el primer modelo Little Higgs exitoso [24]. A partir de esto, se le han hecho varias extensiones al
modelo Little Higgs y en esta tésis abordaremos una de ellas: Modelo Littlest Higgs con T-paridad.
Este modelo, abreviado LHT, tiene varios alcances y uno de los que nos propusimos a estudiar es
que da nuevas cotas a procesos de violacion de sabor leptonico (LFV) por medio de interacciones de
particulas propuestas que aparecen a una escala de energia de TeV’s. La estructura de la tesis se
describe a continuacion: en el Capitulo 1 nombrado Standard Model se explican los requisitos nece-
sarios que debe cumplir la Lagrangiana del modelo estdndar electrodébil tales como simetria de fase
global y local. Sabemos que la Electrodindmica Cuantica es una teoria Abeliana, lo que implica que
su mediador, el fotén, no interacttia consigo mismo, pero a diferencia de esto en la teoria Electrodébil
sus bosones de gauge, W+, Z° y A si pueden interactuar entre ellos, lo que nos lleva a trabajar con
una teoria no Abeliana por lo que es necesario conocer los campos de Yang-Mills, contenido del sub-
capitulo 1.1.3. Para la segunda parte del Capitulo 1 se detalla el Modelo Glashow-Weinberg-Salam
introduciendo el Mecanismo de Higgs y como este le da origen a las masas de los bosones de gauge y a
los fermiones. Para finalizar con este capitulo se muestra la forma de la Lagrangiana final del modelo
dando un breve comentario de cada una de las partes que la constituyen.

Para el Capitulo 2 se han abordado temas que serviran para tener una mejor base tedrica al mo-
mento de llegar al Modelo Littlest Higgs con T-paridad. Los temas incluidos en el capitulo son el

Rompimiento Esponténeo de Simetria, Modelo Sigma Lineal, el Teorema de Goldstone y el Modelo



Sigma No Lineal. La eleccion de estos temas es debido a que en el modelo LHT aparecen bosones de
Goldstone por el rompimiento de simetria ademés de estar cimentado en un modelo sigma no lineal.
Como se dijo anteriormente, los alcances de LHT llegan a procesos de violaciéon de sabor lepténico por
lo que se incluye un breve subcapitulo dedicado a LFV.

El Capitulo 3 estda dedicado completamente a la descripcion de modelos Little Higgs, cémo es que
abordan el llamado problema de jerarquia y las dos principales categorias en las que estdn divididos
estos modelos.

En el Capitulo 4 se desarrolla detalladamente el Modelo de Little Higgs con T-paridad. Aqui se explica
como es el rompimiento de simetria SU(5)/SO(5) y la parametrizacion de la matriz de Goldstones.
Se introduce la T-paridad, que es una simetria Zs, y la accién que tiene en los campos y lagrangianas
para hacer el modelo consistente. Se muestra como el grupo de gauge [SU(2) x U(1)]? que se en-
cuentra dentro del grupo SU(5) se "rompera" al grupo del Modelo Estandar SU(2)r, x U(1)y dando
as{ lugar a la aparicién a nuevas particulas en un sector pesado: W§7 Zy'y Ag y como después
de considerar efectos de EWSB también recuperamos los bosones de gauge conocidos: W+, Z0 y A.
También se incluye el sector de Fermiones, introduciendo los multipletes de SU(5) que nos originaran
el sector pesado de fermiones asi como los fermiones del Modelo Estandar, y ademas se incluye el
multiplete correspondiente a fermiones "espejo" los cuales son de vital impotancia para el modelo. En
el subcapitulo 4.5 se muestran las Reglas de Feynman de LHT més relevantes para los procesos que
estamos interesados en estudiar. Y por ultimo se agrega una seccién dedicada a la mezcla de sabor
T-impar, que trae consigo la aparicién de nuevas matrices de mezcla de sabor Vi, Vya, Vi, Vi
que satisfacen la matriz CKM para quarks y la matriz PMNS para leptones, pero con un resultado
bastante interesante: estas nuevas matrices ademas de contar con 3 dngulos de mezcla al igual que las
matrices CKM y PMNS, no contienen solo una fase fisica sino contienen 3 fases, lo cual despierta un
interés en estudiar que nuevos resultados pueden traer consigo.

Finalmente se incluyen 5 apéndices donde se muestran los célculos explicitos realizados para obtener

los resultados registrados en el Capitulo 4.



Abstract

The Standard Model is one of the most successful theories created by human, it manages to explain
basically all the phenomena, processes, interactions that occur at a fundamental level between particles
and verified by data experimentally obtained. Therefore, there is a great interest in making extensions
of the model to find an explanation for those problems that cannot be solved satisfactorily with this
theory.

An important test of SM was the discovery in 2012 by the LHC of a particle proposed by Peter Higgs
in 1964 through the called Higgs Mechanism , that particle is named in his honor: Higgs Boson.

The Higgs Mechanism is closely related with the electroweak symmetry breaking (EWSB) which is
produced at an energy scale v = 246 GeV, and it is estimated that the energy scale of new physics is
of order ~ O(TeV).

Different models have been proposed to attempt to explain this difference between the energy scales
called hierarchy problem and to stabilize the contributions that exist from quadratically divergent
diagrams to Higgs mass.

Little Higgs, in one of the models developed to address the problem described above. Little Higgs
Models have as their main feature the proposal that the Higgs is a pseudo-Nambu-Goldstone boson
caused by the breaking of SU(5) symmetry group at an energy scale f ~ O(TeV). This idea was taken
up by Arkani-Hamed, Cohen and Georgi who built the first successful Little Higgs model [24]. From
this, several extensions have been made to the Little Higgs model and in this thesis we will address
one of them: Littlest Higgs Model with T-parity.

This model, abbreviated LHT, has several scopes and one of which we set to study is that this
model gives new bounds to lepton flavor violation (LFV) processes through of interactions of particles
that appear at energy scale of TeV’s. The structure of the thesis is described below: in Chapter 1
named Standard Model, we explain the necessary requirements that the Lagrangian of the electroweak
standard model must satisfy such as global and local phase symmetry. We know that Quantum
Electrodynamics is an Abelian theory, which implies that the mediator, the photon, does not interact
itself, but unlike this in the Electroweak theory their gauge bosons, WP™, Z0 and A can interact with
each other, which leads us to work with a non-Abelian theory so it is necessary to know the fields of
Yang-Mills, content of section 1.1.3. For the second part of Chapter 1 the Glashow-Weinberg-Salam
Model is detailed by introducing the Higgs Mechanism and how it gives rise to the masses of gauge
bosons and fermions. We show the shape of the final Lagrangian of this model with a brief comment
of each of the parts that constitute it.

For Chapter 2, issues that we will serve to have a better theoretical basis at the time of arriving with
the Littlest Higgs Model with T-parity have been addressed. The topics included in the chapter are
the Spontaneous Symmetry Breaking, the Linear Sigma Model, the Goldstone Theorem and the non-
linear Sigma Model. The choice of these topics is due to the fact that in the LHT model Goldstone

bosons appear due to the symmetry breaking as well as being based on a non-linear sigma model.



As stated earlier, the scope of LHT reaches lepton flavor violation processes, so a brief subchapter
dedicated to LFV is included.

Chapter 3 is dedicated entirely to the description of Little Higgs models, how they address the so-
called hierarchy problem and the two main categories into which these models are divided.

In Chapter 4 the Little Higgs Model with T-parity is developed in detail. This explains how is the
symmetry breaking of SU(5)/SO(5) and the parameterization of the Goldstones matrix. The T-parity
is introduced, which is a Zs symmetry, and the action it has in the Lagrangian and fields to make
the model consistent. It shows how the gauge group [SU(2) x U(1)]? that is within the SU(5) group
will "break" the Standard Model SU(2);, x U(1)y group and giving place to the appearance of new
particles in a heavy sector: W}j;, Z i and Ag and how after considering EWSB effects we also recover
the known gauge bosons: W+, Z% and A. The Fermion sector is also included, introducing the SU(5)
multiplets that will originate the heavy fermions sector as well as the Standard Model fermions, and
also the multiplet corresponding to "mirror" fermions which are of vital impotence is included for
the model. Section 4.5 shows the Feynman Rules of LHT most relevant to the processes that we are
interested in studying. And finally a subchapter dedicated to the T-odd flavor mixing is added, which
brings with it the appearance of new Vi, Ve, Vi, Ve flavor mixing matrices that satisfy the CKM
matrix by quarks and the PMNS matrix by leptons, but with a very interesting result: these new
matrices in addition to having 3 mixing angles just like the CKM and PMNS matrices, do not contain
only one physical phase but contain 3 phases, which is interesting for the new possible results that
could have.

Finally, 5 appendices are included showing the explicit calculations made to obtain the results quoted
in Chapter 4.
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1 STANDARD MODEL

1 Standard Model

Particle physics is the branch of physics which studies elementary particles and their properties. We
can say that the elementary particles are the fundamental constituents of all objects in the universe.
We mean by elementary particles: these are particles which do not have any substructure.

It’s not easy to tell which particles are elementary. It’s possible to say which particles are not ele-
mentary, if one knows of some experiment that shows substructure of the object. But no experiment
can guarantee that a given object does not have any substructure. A new experiment might show
substructure in an object that was earlier considered elementary. For example, protons and neutrons
came to be collectively called nucleons because they are the constituents of nuclei, and treated as
elementary particles. A few decades later, new experiments indicated that the nucleons themselves
substructure. We now believe that they are made up of quarks, which are elementary particles like
the electrons [1]. Thus the list of elementary particles changes with time. There is no guarantee that
today’s elementary particles would not turn out to be composite objects tomorrow.

The electron, the proton and the neutron are all examples of fermions, which have an intrinsic angular
momentum, or spin, that is a half-integral multiple of the fundamental constant h. In particular, all
three of these have spin equal to %h. The other alternative is to have spin in integral multiples of &,
and particles carrying such spin are called bosons.

The Standard Model (SM) constitutes one of the most successful achievements in modern physics. It
provides a very elegant theoretical framework, which is able to describe the known experimental facts
in particle physics with high precision [2].

According to this model, all matter is built from fermions: six quarks and six leptons. The leptons
carry integral electric charge. The electron e with unit negative charge is familiar to everyone, and
the other charged leptons are the muon p and the tau 7, these are heavy versions of the electron. In
modern terminology, we call the muon a particle of the second generation, and the tau belongs to the
third generation.

In 1930, in order to explain the continuous spectrum of the electrons in nuclear beta decay, Pauli
proposed that a neutral fermion was produced in such processes. Neutral fermions are collectively
called neutrinos. A different flavour of charged leepton is paired with each flavour of neutrino, as
indicated by the subscript: these are called the electron-neutrino(v.), muon-neutrino(v,), and tau-
neutrino(v;). Summarizing, these neutrinos, along with the electron, the muon and the tau, form a
class of elementary particles which are called leptons. There is another class of elementary particles
which are called quarks. Unlike the leptons, no one has seen quarks in their free state. Quarks always

appear in bound states. Bound states involving quarks are called hadrons. The quarks carry fractional

1
3

its electric charge Q to the elementary charge e of the electron are given in Table 1 [3].

charges. of %e or —ze. For each of the various fundamental constituents, its symbol and the ratio of
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Particle Flavour Q
leptons poTo 1
Ve Vy Vs 0

U c t 2

quarks J po_ g

Table 1: The fundamental fermions.

We have looked at the particles but the SM also comprises their interactions. The different
interactions are described in quantum language in terms of the exchange of characteristic bosons
(particles of integral spin) between the fermions constituents. These boson mediators are listed in

Table 2.

Interaction Mediator Symbol Number Spin (h)/Parity
Strong Gluon g 8 1~
Electromagnetic Photon v 1 1~
Weak W and Z bosons W=, Z° 3 1-,17F
Gravity Graviton G 1 2+

Table 2: The boson mediators.

There are four kinds of fundamental interactions. The oldest known one is the gravitational
interaction, known since the time of Newton in the 17th century. It is supposedly mediated by exchange
of a spin 2 boson called graviton. Electricity and magnetism were unified into the electromagnetic
theory, ans this is the second kind of interaction that we recognize to be fundamental and these
interaction is mediated by photon exchange. The third one is the strong interaction, required to
explain the stability of the atomic nuclei. The interquark force is mediated by a massless particle, the
gluon. The last one is the weak interaction, needed to explain the phenomenon of beta radioactivity.
The mediators of this interaction are the W+ and Z° bosons, with masses of order 100 times the
proton mass.

To indicate the relative magnitudes of the four types of interaction, the comparative strengths of the

force between two protons when just in contact are very roughly as follow. [3]

Strong FElectromagnetic Weak Gravity
1 1072 1077 1073

Table 3: Comparative strengths of the force between two protons.

In addition, the standard theory of electroweak interactions postulates that there is a spinless

boson. It is called the Higgs boson. The discovery of the Higgs boson, announced on July 4th of 2012
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by the CERN LHC collaborations, marked the completion of the SM. This event can be considered
one of the greatest accomplishments of the High Energy Physics community. The Higgs mass value
agrees quite well with the range preferred by the electroweak precision tests (EWPT), which confirms
the success of the SM. Current measurements of its spin, parity, and couplings, also seem consistent
with the SM. The fact that LHC has verified the linear realization of spontaneous symmetry breaking
(SSB), as included in the SM, could also be taken as an indication that Nature likes scalars. [4].

The Standard Model was proposed in 1967, and the discovery of the Higgs boson was announced in
2012, i.e., a long 45 years later. It remained elusive for almost half a century. A big reason for the
elusiveness of the Higgs boson is its coupling to fermions. The coupling of the Higgs boson to any

fermion is proportional to the mass of the fermion, given by

_Vemy  gmy
v V2My’

(1)

with VEV v = 246 GeV. Our experimental detectors are made out particles in the first generation of
fermions because they are constituents of stable material. The masses of the first generation fermions
are much smaller compared to the masses of fermions in the other generations. For the electron, eq.
(1) tell us that the coupling is of order 10~7. With the up and the down quarks, the coupling are a
little bigger, maybe an order to magnitude. This is the basic reason why the Higgs boson is hard to
produce and to detect.

The mass of the Higgs boson is My = 125.10 + 0.14 GeV [5].

1.1 Gauge Invariance
1.1.1 Global phase symmetry

Consider the free Dirac Lagrangian
Lo = i7" 8t — my. (2)

This Lagrangian is invariant under a change of phase of the field ¥. Suppose we change over to a new
field

V() = exp(—ieQO)y (), (3)

where e, @ and 0 are all real numbers, with different interpretations. The quantity e represents a
universal constant which sets up the scale of the phase, ) is a characteristic of the field ¢ and 6 is
a variable which determines how large the phase is. Note that we have not changed the spacetime
coordinates at all; the new field is defined in terms of the old field at the same spacetime point. Such

symmetries are called internal symmetries.
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Given the transformation (3), we show that
Z.QZ/’Y'MB/HZ/ - WWW = i@v“ﬁw - m"[”vb (4)

Thus, the Lagrangian of eq. (2) is invariant under the transformation given in eq. (3). We can see

that # in independent of the spacetime coordinates, such is are called global symmetry.

1.1.2 Local symmetry

We now want to see what happens if the parameter § = 6(z), depends on spacetime coordinates. The

derivative of ¢'(z) is

Ot (z) = exp(—ieQ0) [0y (x) — ieQ(0,u0) ¥ (x)] . (5)

There is an extra term, involving the derivatives of §. The Lagrangian of eq. (2) is not invariant under

this local transformation. We obtain then
Ly— L= eQ(aﬂﬁ)&(x)f;/”z/J(x). (6)

Since we want the local symmetry, we would need to modify the original Lagrangian. So, instead of

the Lagrangian of eq. (2), let us try
L = ipy" Dyap — myp, (7)

where

D, =0, +1ieQA,, (8)

bringing in a new A,,. This D), is usually called the covariant derivative. The prescription of replacing
ordinary derivatives by covariant derivatives is called minimal substitution [1].
The new Lagrangian must be invariant under the local symmetry, thus, under the local symmetry, A,

changes to A}, such that
Loy — eQUA'Y Al = Lo — eQUA' YA, (9)

or

Al = A, +9,0. (10)

We can thus identify A, with the photon field and conclude that, in the urge for making the global
phase symmetry local, we have introduced the photon field in a natural form. If we are to regard
this new field as the physical photon field, we must add to the Lagrangian a term corresponding to
its kinetic energy. Since the kinetic term must be invariant under (10), it can only involve the gauge
invariant field strength tensor

F,, =0,A, —0,A,. (11)
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We are thus led to the Lagrangian of QED [6]
_ - 1
L =P(iyFo, —m)yp + ey Aypp — EFWFW‘ (12)

Note that the addition of a mass term %m2AMA“ is prohibited by gauge invariance. The gauge particle,
the photon, must be massless.

Local symmetries arw also called gauge symmetries. Theories incorporating gauge symmetries are
called gauge theories. The spin-1 particles which are necessary to keep the gauge invariance are called
gauge bosons. QED is therefore a gauge theory, based on the gauge group U(1). The gauge boson for
QED is the photon.

1.1.3 Non-Abelian gauge symmetry: Yang-Mills fields

In 1954 Yang and Mills extended the gauge principle to non-Abelian symmetry. We are going to
illustrate the construction for the simplest case of isospin SU(2) [7].

Let the fermion field be an isospin doublet,

(™
¢_<¢2>. (13)

b(z) - V' (2) = eap (‘”‘ 9) (), (14)

Under an SU(2) transformation, we have

where 7 = (11, 72, 73) are the Pauli matrices, satisfying

Ty Tj . Tk .o
|:§Z7 5]:| = Zeijk’? Za]ak = 172737 (15)

and 0 = (01,05, 03) are the SU(2) transformation parameters. The free Lagrangian

Lo = (@) (iy" 0y — m)(x), (16)

is invariant under the global SU(2) symmetry with {6;} being spacetime independent. However under

the local symmetry transformation

(@) = P'(x) = U(0)(a), (17)

with
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the free Lagrangian Lg is no longer invariant because the derivative term transforms as

(@) 0utp(x) — ¥ (2)01) () =th( Wb(:—v) (19)

x)
+1(2)U(0) [0,U(0)] ().

To construct a gauge invariant Lagrangian we follow a procedure similar to that of the Abelian case.
We introduce the vector gauge field AL, i =1,2,3 (one for each group generator) to form the gauge
covariant derivative through the minimal coupling

—

L
Dy = (au ~ g > v, (20)

where g is the coupling constant. We want that D1 have the same transformation property as 1
itself

Dyt = (D) = U(0) Dy (21)

This implies that

(ém - z'f‘;‘“) W) = V(o) (au - z‘g?';‘“> .

S . (22)
T AL 7Aoo i -1
=U(0)——U""(z) = = [0,U(0)] U (0),
2 2 g
which defines the transformation law for the gauge fields. For an infinitesimal change 5(.%) < 1,
7 Al 7 A - Ti T 1 /7 R
mo_ #_~JAk[Ji}_, Z.
2 R A RN R R 2
_ - igi gk _ Z L.
5 Ty T A, g \2 0,0 |,
or )
All = A + ¢TI AN — ~0,6". (23)
g

The second term is the transformation for a triplet representation under SU(2). Thus the ALS carry
charge, in contrast to the Abelian gauge field.

To obtain the antisymmetric second-rank tensor of the gauge fields we can study the combination

(T
[D;u DV] ¢ =19 <2F/:LLI/> 7% (24)
with - . . . .
T Fu T-A, T-A, | |T-A, T-A
- — Uy - y T A | 2
2 O — O T | 2 (25)
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where

F, =0,A, — 9,A, + geijkAflAl’f. (26)

From the fact that D, has the same gauge transformation property as 1, we see that
([Dy, D] 9)" = U(9) [Dy, Do 9, (27)
substituting (24) on both sides of (27), we have
FoF, =U®0) (7 F.)U ' (0). (28)
For the infinitesimal transformation 8; < 1, this translates into
Ey, = F, + "0/ F),. (29)

The F/il, transforms nontrivially, however, the prduct follow is gauge invariant

—

tr (7 Fu)(7- F™)| o FL F7. (30)

The complete gauge invariant Lagrangian which describes the interaction between gauge fields Aib and

SU(2) doublet fields
e " 1 % N2
L =i Dyt —mapp — 2, ™, (31)

where F, is given by (26) and D, is given by (20). The pure Yang-Mills term, —%FﬁuF"‘“’, contains

i which correspond to self-couplings of non-Abelian

factors that are trilinear and quadrilinear in Aj,,

gauge fields.

1.2 Standard Electroweak Theory - The Weinberg-Salam Model

The SM is a gauge theory, based on the symmetry group SU(3)c ® SU(2)r @ U(1)y, which describes
strong, weak and electromagnetic interactions, via the exchange of the corresponding spin-1 gauge
fields: eight massless gluons and one massless photon, respectively , for the strong and electromagnetic
interactions, and three massive bosons, W= and Z°, for the weak interaction.

The gauge symmetry is broken by the vacuum, which triggers the SSB of the electroweak group to

the electromagnetic subgroup

SU(3)e @ SUR2)p @ U(L)y 2225 SU3)e @ U(1)gep- (32)

The SSB mechanism generates the masses of the weak gauge bosons, and gives rise to the appearance
of a physical scalar particle in the model, the so-called Higgs. The fermion masses and mixings are
also generated through the SSB [2].
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1.2.1 Higgs mechanism

We start with a Lagrangian with a local U(1) symmetry
L=~ {FuF" +(D'6)} (D) - 1616 ~ 6'0)" (33)
where ;2 < 0. The gauge covariant derivative D, is defined by
D, = 8, +ieA,. (34)

The covariant derivative (34) is different to (8) one, the difference is a ) factor which is a characteristic
of the field so we can omit it without to lose generality. Spontaneous symmetry breaking can occur if

u? < 0, for which the minimum is obtained if

(0[¢]0)| = 75 (35)
where
— 2
U=y (36)

Only the magnitud of the VEV is determined by the minimization condition. The phase can be

arbitrary. Let us assume that the vacuum is where the phase value is zero, the VEV of ¢ is %=. We

V2
can say that ¢(x) can not be the quantum field in this case. We should write [§]
@) = o+ nla) +iC(a). (37)
where n(z) and ((x) have zero VEVs. Using (37) in kinetic term of (33)
1 1 1
(D) (Dud) = & (n)(Bpn) + 5O ODuC) + v L+ LAV A 4 (3

We see that the U(1) gauge boson has a mass term after the symmetry is broken, the mass is given
by
My = ev. (39)

But before we conclude that the gauge boson is massive, there is a problem to settle. There is a term
AF9,(¢ in (38). Since it is quadratic in the fields, so it should be part of the free Lagrangian of the
system. However, it contains two different fields, A* and ¢, involving a derivative. If written in terms
of creation and annihilation operators, this would imply that we can have Feynman diagrams in which
an A* changes into a ¢, without any other particle interacting with them, and vice versa.

The eq. (37) is not the only way that ¢ can be written in terms of quantum fields. Alternatively we
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could have written
¢(£L') — 11—’;[772(%)61'((:5)/1)‘ (40)

If we keep only up to linear terms in quantum fields, this representation coincides with eq. (37). Here
((x)/v is the phase of the field ¢, we know that any phase, even if it is a spacetime dependent one, is
irrelevant because of the local U(1) symmetry. Explicitly, the Lagrangian (33) is invariant under the

transformations

$(z) = ¢/ (x) = e g(),

(41)
Au(x) = Al () = Au(z) + 9,0(x).

Therefore, given the representation of the field ¢(z) as in eq. (40), we can always choose a new gauge
through eq. (41). In particular, if we choose 6(z) = ((z)/ev, the gauge transformed fields are given
by

Ve (12)
Alx) = Au(z) + o 6 ().

If we substitute these primed fields instead of the unprimed fields, the ((z) field disappears altogether
from the Lagrangian. This Lagrangian then contains physical fields only, and the gauge in which this

takes place is called the unitary gauge.

1.2.2 Higgs boson multiplet

We introduce a scalar multiplet which is a doublet under SU(2) part of the gauge group, and write

ot 1
¢<%>.@y (43)

The 72" indicates that it is a doublet of SU(2), and we have normalized the U(1) charge such that

its value is % for the multiplet ¢.

this as

The Lagrangian no contains terms involving ¢ as well. These are
Ly = (D"$)'(Dyo) — 1?01 — Ao 9)*. (44)

In general, when a multiplet transforms like an n-dimensional representation of SU(2) and has a U(1)

quantum number Y, we should write

Dy, = 0, +igT MW +ig'Y By, (45)
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where T, é”) denote the generator of SU(2) in the n-dimensional representation, and Y is the identity
matrix times the hypercharge. For the doublet ¢, the SU(2) generators are 7,/2 (Pauli matrices) ,

and we can write

/

Do = (9, + ig%WS + i%Bu)gb
. . 46
_ o, ot Lt gWE +4¢'B, g(Wﬁ —ZWi) ot . (46)
Po 2v2 \ g(W, +iW7) —gW2 +d'B, b0

Let us now suppose that p?, the gauge symmetry will be spontaneously broken. The minimum for

the scalar potential will be obtained for scalar field configurations given by

%:J%(f), (47)

and v = y/—p?/X\. Any other vacuum satisfying eq. (47) can be reached from this by a global
SU(2) x U(1) transformation. In this vacuum state, the generators 77 and T, are no more part of the
symmetry, since 7, ,¢0 = (11 £i12)po # 0.The diagonal generators T3 and the U(1) generator Y also

do not annihilate the vacuum state. However, notice that

<3g><0£@>:<8)- (48)

Thus there is one diagonal generator which annihilates the vacuum. This is a linear combination of
T3 and Y, given by
QRQ=T3+Y : Qoo =0. (49)

The original gauge symmetry is therefore broken down to a U(1) symmetry generated by @. This
is not the original U(1) part of the symmetry group. As we have shown, its generator is actually a
combination of an SU(2) generator and the original U(1) generator. To make this distinction, we
will write the original symmetry from now as SU(2) x U(1)y, whereas the remnant symmetry will be

called U(1)q. This latter is in fact the electromagnetic gauge symmetry.

1.2.3 Gauge boson masses

Since ¢g cannot be described by creation and annihilation operators, we can write

dﬁ
P(x) = ( o H (2)+ic () ) : (50)
V2

where ¢, H and ¢ are all quantum fields with vanishing expectation values in the vacuum state. The

gauge boson masses are identified by substituting the vacuum expectation value ¢o for ¢(x) in the

10
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Lagrangian (44). The relevant term in (44) is

gW3+gB, gWi—iW?) 0
g(W,} + ZW/%) —gWB +4¢'B, v
1 f
SUA0” [(W)7 + (W] + gv*(g' By — gW) (g B — gW™)

8
_ 1
8
1 2 1 92 _gg/ W3p,
I T 2 3
= <2vg> WHW + SU < WN B, ) ( o 9/2 B )

(51)

2
!

. Tavyra .g
‘ (ZQ2WN + ZQBM> (ZJO

2

since W = (W! £ iW?)/y/2. For any charged spin-1 field V,, of mass M, the mass term in the
Lagrangian is M VJ V#. Thus, the mass of the charged W boson is

1
My = 2V (52)
The remaining term is off-diagonal in the Wﬁ’ and B, basis
1 1 2
gvz [92(W3)2 - 2gg/W5’B“ +g'232] :§U2 [gWij — ¢'B,]
2
+0[gWi +¢'Bu]"

One of the eigenvalues of the 2 x 2 matrix in (51) is zero, we have included this term in (53) with a
combination of fields that is orthogonal to the combination given in the first term. Now, the physical
fields Z,, and A,, diagonalize the mass matrix so that (53) must be identified with

Liage  1oo o
SMEZE+ SMAAL (54)
So, on normalizing the fields, we have [6]

_ gW2+gB,
o /g% 1 g
7, = 9Wu —9'By

We can define the combinations

A, with M4 = 0,

1
with My = 51}\/92 + g2

Z, = cosHWWj’ — sinby By,

A, = sin@WW;’ + costhy By,

11
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where Oy is called the Weinberg angle, defined by

My q
—— = cosb or = = tanfy . 57
My W g W (57)

The inequality Mz # My is due to the mixing between the W/‘j and B, fields. The mass eigenstates
are then automatically a massless photon (A,) and a massive (Z,) field with Mz > My .
1.2.4 Masses of the Fermions

An attractive feature of the SM is that the same Higgs doublet which generates W+ and Z masses is
also sufficient to give masses to the leptons and quarks. For example, to generate the electron mass,

we include the following SU(2) x U(1) gauge invariant term in the Lagrangian

ot n Ve
( e 6)L<¢0>€R+5R(¢_ ¢0)L<6)]- (58)
L

The Higgs doublet has exactly the required SU(2) x U(1) quantum numbers to couple to éper. We

L=-G,

spontaneously break the symmetry and substitute

1 0
¢:\/;<U+H(m)> (59)

into (58). The neutral Higgs field H(x) is the only remnant of the Higgs doublet, after the spontaneous

breaking has taken place. On substitution of ¢, the Lagrangian becomes

€

\/i(éLeR—i-éReL)h. (60)

Ge
L =———v(erer + érer)

V2

We now choose G, so that

G.v
Me = , 61
e \/Q ( )
and hence generate the required electron mass,
L =—mcee — e zeh, (62)

v

Note however that, since G is arbitrary, the actual mass of the electron in not predicted.
The quark masses are generated in the same way. The only novel feature is that to generate a mass

for the upper member of a quark doublet, we must construct a new Higgs doublet from ¢

_ 40 )
bo = i = ( . ) g, 1 ( v+ ) (63)

12
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Due to the special properties of SU(2), ¢, transforms identically to ¢. It can therefore be used to

construct a gauge invariant contribution to the Lagrangian

- or B — 0
ﬁZ—Gd(ﬂ d> 0 dR—Gu(ﬂ d) _ ugr + h.c.
L\ ¢ L\ ¢ (64)
= —mgdd — myau — @th — %ﬂuh.
v v
Here, we have just considered the ( u d )r quark doublet. However, weak interactions operate on

(u d ), (¢ s )p,.. doublets, where the primed states are linear combinations of the flavor

eigenstates. The quark Lagrangian is therefore of the form

40

e=-cf(n 1), (% Jaw-ci(w @), (]

with 4,5 =1, ..., N, where N is the number of quarks doublets. We can rewrite the quark Lagrangian

) ujg + h.c., (65)

in diagonal form

o h . h
L= _mzldidi <1 + U> - mfﬂjlu, <1 + U> . (66)

1.2.5 The Final Lagrangian

To summarize the standard (Weinberg-Salam) model, we gather together all the ingredients of the

Lagrangias. The complete Lagrangian is given by Figure 1 [6].

= —1 W 1 ny .
£ W, W aB,, B energies and

{ W *, Z, y kinetic
self-interactions

lepton and quark

= . 1 VY .
+L7“(“9u - gi'r-W# -g ?B#)L kinetic energies

_ Y and their
+Ry“(r'3“ - g’i Bu)R interactions with

W=Z,y

+ masses and

couplings

) 1 , Y 2 w '1—, Z, Y, and nggs
(10, - e3mW - g5 8.)¢| - V(&)

B B lepton and quark
—(G,LéR + G,L¢ R + hermitian conjugate). { masses and
coupling to Higgs

Figure 1: The complete Lagrangian of the SM.

L denotes a left-handed fermion (lepton or quark) doublet, and R denotes a right-handed fermion

singlet.

13
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2 Background

We briefly review some topics related to spontaneous symmetry breaking in this chapter, as this will
be needed in this Thesis.

2.1 Spontaneous Symmetry Breaking

We can do a general comment before starting to describe the SSB: if SSB occurs due to the expectation
value of a vector field, the ground state must prefer a certain direction in spacetime, which would mean
a breaking of Lorentz invariance as well. The same is true if, instead of a vector field, any non-trivial
representation of the Lorentz group is used. In this case, we can consider non-trivial ground state
configuration for scalar fields only [1], because we always want to deal with Lorentz invariant theories.
We begin first with a SSB in classical field theory. Consider a Lagrangian with only one real scalar

field as follows

1 1 A
L=3(0"9) (0u0) — 510" — T, (67)
2 2 4
We can see clearly that this Lagrangian is Zs-symmetric
¢ — —0o. (68)

This Lagrangian has two parameters: p? and )\, which need to be real in order for the Lagrangian to

be hermitian. We can write the Lagrangian above as

£=5(0"9) (3u6) ~ V (9), (69)

where

V(9) = gi*6 + 56" (70)
V (¢) is called the potential of the theory, and the derivative terms are sometimes called the kinetic
terms.
If A were negative, the Hamiltonian would become more and more negative with increasing values
of ¢. This is unphysical because it would not have any ground state. Thus, for a physically viable
system, we must have A > 0.
Now, we ask us, what happens with p2?. If 42 is positive, it can be interpreted as the square of the
mass p of the particle whose field is ¢. For answering what happens when p? < 0 first we are going

to find the value ¢ in the ground state. The minimum of V' (¢) should occur where

ov

5$_¢QR+A&)ZQ (71)

14



2 BACKGROUND

the solutions of this equation are (¢) = 0 and +v, where

V=4 —. (72)

If 42 > 0, the only real solution is (¢) = 0. When p? < 0, all three are real solutions, as seen from
Figure 2, but the solution at vanishing field value is really a local maximum. The minima of the
system occur for (¢) = v, which means that there are two degenerate minima, and either of them
can correspond to the ground state of the system. The constant v is called the vacuum expectation
value (VEV) of ¢. The field ¢ cannot be treated as a quantum field.

pl<) —— p? = -----

Figure 2: Shape of the potential of eq. (70).

There is an easy way out of this problem. To interpret this theory, suppose that the system is near

one of the minima, say the +v, we can define
o(z) =v+o(x), (73)

where (o) = 0, so that it is a quantum field. We say that it represents the fluctuation of the field ¢(z)
around its minima denoted by v. We should rewrite the Lagrangian in terms of o(z) field. Eliminating

the parameter u? with the use of the definition of v, we obtain

L= % (0,0) (0 ) — NP o? — hva® — %04, (74)

apart from a constant proportional to v* which is of no importance. The coefficient of o2 term

indicates that the o field has a mass M, given by

M3 =2x0°. (75)

15
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In the new Lagrangian there is a cubic term, which means that the Lagrangian is not invariant under
the transformation
o — —0. (76)

Because we selected one of the two minima we lose the symmetry. This is the essence of the phe-

nomenon called spontaneous symmetry breaking.

2.2 The Linear Sigma Model

A more interesting theory arises when the broken symmetry is continuous, rather than discrete. The
most important example is a generalization of the preceding theory called the linear sigma model [9].

The Lagrangian of the linear sigma model involves a set of N real scalar fields ¢*(z)

A
1

L= @) + 3 () = 7 [0 (77)

with an implicit sum over 7 in each factor (qb’) 2. The above Lagrangian is invariant under the symmetry

¢ — R, (78)

for any N x N orthogonal matrix R, this group of transformations is just the rotation group V-
dimensional orthogonal group, or simply O(N).

The ground state is a constant field ¢}, whose value is chosen to minimize the potential

A

i 1 i 0212
V(e') = =)+ (6] (79)
This potential is minimized for any ¢} that satisfies
, 2
(@) =5, (80)

whose potential is represented in Figure 3.

Figure 3: Potential for SSB of a O(N) symmetry for the case N = 2. Oscillations along the trough in
the potential correspond to the massless ¢ fields.

16
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The d)é points in the Nth direction
¢ = (0,0,...,0,v), (81)
where v = % The, we can define a set of shifted fields as follow
w@y:@W@w+a@0, k=1,...,N—1. (82)

Rewriting the Lagrangian (77) in terms of the 7 and o fields

E:;%MF+%@pP—;%%ﬁ
A A A 2 (83)
— Vo — Vau(r*) 2o — 104 - 5(77’“)202 -1 |:(7Tk)2] .

In the last Lagrangian we get a massive o field, and also a set of NV — 1 massless 7 fields. The original
O(N) symmetry is hidden, leaving only the subgroup O(N — 1), which rotates the = fields among
themselves. For the massive o field describes oscillations of ¢ in the radial direction, in which the
potential has a nonvanishing second derivative. The massless 7 fields describe oscillations of ¢? in the
tangential directions, along the trough of the potential. This is represented in a cartoon in the Figures
4 and 5.

2.3 Goldstone’s Theorem

A feature of the above Lagrangian after SSM, it has a mass term for the o field, but none for the =
fields, it’s an example of Goldstone theorem.
The appearance of massless particles when a continuous symmetry is spontaneously broken is a general

result, know as Goldstone theorem. The theorem states:

"If a Lagrangian is invariant under a continuous symmetry group that has n generators, and if its
ground state is symmetric under a continuous group containing n’ generators, there should be n — n/

massless states in the spectrum of the theory [1]"

The massless state is called a Nambu-Goldstone boson associated with the symmetry breaking. This
boson need not be an observable state [8].
Goldstone theorem predicts that if a continuous symmetry is spontaneously broken, there will be

states whose energies go to zero when the 3-momentum goes to zero.

17
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Vie)

This costs too much
energy! | think I'll
hang out down there.

Im ¢

Figure 4: Cartoon that represented a massive Figure 5: Cartoon that represented a Nambu-
o field after SSB. Goldstone boson after SSB.

2.4 The Nonlinear Sigma Model

The nonlinear sigma model theory was first proposed as an alternative description of SSB. It will be

interesting to us for three reasons [9):
1. It provides a simple explicit example of an asymptotically free theory.

2. It will give us a second dimensional expansion with which we can study the Wilson-Fisher fixed
point. Then we can see where the Wilson-Fisher fixed point goes in the space of Lagrangians

for dimensions d well below 4.

3. We will show that the nonlinear sigma model is exactly solvable in a limit that is different from

the standard weak-coupling limit.

2.4.1 The d=2 Nonlinear Sigma Model

In d = 2, a scalar field is dimensionless; thus, any theory of scalar fields ¢’ with a Lagrangian of the

form
L= fi; ({¢'}) 000"/, (84)

has dimensionless couplings and so is renormalizable. Since any function f ({¢z}) leads to a renor-
malizable theory, this class of scalar field theories contains an infinite number of marginal parameters,
so we must impose some symmetries on the theory.
A simple choice is to take the scalar fields ¢¢ to form an N-component vector field n’(x), constrained
to satisfy
> Ini@)|’ = 2, (85)
i=1
where f is the lowest energy of the system.
If the theory has O(N) symmetry, the function f in eq. (84) can depend only on the invariant length

of 7i(x), which is constrained by eq. (85). Then the most general possible choice for f is a constant.
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Similarly, the only possible nonderivative interaction g ({nz}) that one might add to eq. (84) is a
constant. With these restrictions, the most general Lagrangian one can build from 7i(z) with two

derivatives and O(N) symmetry is [9]
1

The physical interpretation that we can give it’s a phenomenological description of a system with
O(N) symmetry spontaneously broken by the vev of a field that transforms as a vector of O(V).
Consider the case in N-component ¢* theory in its spontaneously broken phase. The field ¢* acquires

a vev, which we can write in terms of a magnitude and a direction parameterized by

(¢') = gon'(x), (87)

the fluctuations of ¢y correspond to a massive field, the field called o. The fluctuation of the direction
of the vector 7i(z) correspond to the N — 1 Goldstone bosons, so contains N — 1 degrees of freedom.
Formally, the nonlinear sigma model is the limit of ¢* theory as the mass of the o field is taken to
infinity while ¢q is held constant.

It’s convenient to solve the constraint and parametrize @ by N — 1 Goldstone boson fields 7"
niZ(ﬂl,-“,WN_l,O'), (88)

where, by definition in (85)

o=/ f?—x2 (89)

The configuration 7% = 0 corresponds to a uniform state of spontaneous symmetry breaking, oriented

in the N direction.The representation (88) implies that

ounil? = 02 1 - 0uA)” 90
‘Mn‘_‘ﬂﬂ"’_fz_TrQ' ( )
Thus, the Lagrangian (86) takes the form

1 Lo (R-0,7)°

It’s important to see that there is no mass term for the field 7, as required by Goldstone’s theorem.
The perturbation theory for the 7% field can be read off straightforwardly by expanding the Lagrangian

in powers of 7%

1 . 7 0,7)°
52292[|a“w|2+( “)+--.]. (92)

f2

19



2 BACKGROUND

Recall the constrain (85), we can rewrite it as
o? + 7 = f2, (93)

then, the ¢ field
¢ =0 +i7 -7, (94)

with 7 are the generators of O(N — 1). From (93), the eq. (94) takes the form

o = f2—w2+i?-ﬁ:f<m+i7>, (95)

sin (Tf”) ~IE (96)

¢ = fexp (27) (97)

we can write

!l
T

so, the ¢’ field looks like

We can define as

U(z) = exp <ff7?> (98)

U(z) is a way to parametrize of Goldstone boson fields. Finally, the Lagrangian (86), from (98), in

general takes the form

L= JQQTT (AU @ @)). (99)

2.5 Lepton Flavor Violation (LFV)

Lepton mixing implies that the generational lepton numbers are not conserved. The most easily
observable would be processes in which the initial and final states do not contain any neutrino. No
such process has been observed so far.

Neutrino oscillations provide a clear evidence for lepton flavor violation (LFV) in the neutral sector,
pointing out to physics beyond the Standard Model. However, no evidence of lepton flavor violating
processes in the charged sector has been found despite the great experimental effort on searching for
that violation [10].

LFV is absent in the SM with massless neutrinos. A minimal extension that includes right handed
neutrinos allowing for small neutrino Dirac masses might allow LF'V reactions such as y — evy. In the
SM, particle masses are proportional to the strengths of the interactions between the particles and the
Higgs bosons. Thus, the Dirac mass term like for example v, must be multiplied by some very small
coupling strength such that his mass is at least 50,000 times smaller than the mass of the electron.
But the electron and the v, are part of the same weak doublet, and there seems to be no reason why

they should have such enormously different interaction strengths to the Higgs bosons [11].
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We discuss some processes which are expected, and discuss what sort of rates to expect for them.

2.5.1 Radiative decays

The muon might decay into the electron with the emission of a photon
w—e+. (100)

It cannot happen at the tree level. Figure 6 shows how the process might occur at the one-loop level,

this diagram is one of three diagrams possibles that contributes to the process.

Ty

Figure 6: One-loop diagram for the process p — e + 7.

Experimentally, only an upper bound is known for the branching ratio [5] of the process in eq.
(100)
B(p—e+v) <42x10713. (101)

For any acceptable value of neutrino masses, this branching ratio is well below 10720,
Processes like 7 — p+7 and 7 — e+ are also expected to occur because of neutrino mixing [13,14,47].
They are also expected to be very suppressed for exactly the same reason.

2.5.2 Purely leptonic decays

We can also contemplate decays processes involving charged leptons and antileptons only
p —e e et (102)

and its charge conjugate, as well as similar decays of the 7 lepton where the final state can contain
both muons and electrons. This process can occur at the one-loop level. One possible diagram is
obtained by attaching an outgoing e™e™ pair to the photon line of Figure 6 whereby the photon line

itself becomes an internal virtual line. There are other possibilities shown in Figure 7.
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e (p2) VB et (—ps)
Ww- w+
u (p) VA e (p1)

Figure 7: One-loop box diagram for the process pu — 3e.

The branching ratio for this process is given by [5]

B(p — 3e) < 1.0 x 10712, (103)

2.5.3 4 — e conversion in nuclei yN — eN

Other experiments look for flavour transitions of charged leptons either in decays, like p — e7, or in
bound states of a nucleus and a captured muon, usually referred to as p — e conversion. Considerable
theoretical and experimental effort has been dedicated to u — e conversion [15].

Muon-to-electron conversion is the spontaneous decay of a muon to an electron without the emission
of neutrinos, within the Coulomb potential of an atomic nucleus: it is therefore only possible for
negative muons.

Since no neutrinos are produced, muon-to-electron conversion is not a weak interaction: thus an
observation of the process can only come from new physics.

The constraint of unchanged nucleus means that all the energy of the muon goes into the kinetic
energy of the electron and the recoil of the parent nucleus, hence the signature of such a process is
the presence of a monochromatic electron at an energy which is essentially the muon mass, corrected

for the binding energy and nuclear recoil
E.~m, - B, —E,, (104)

where B, ~ Z 2a2mu /2 is the muon binding energy and E, =~ ml% /2mp the nuclear recoil energy.
There are many excellent articles motivating the search, such as Calibbi and Signorelli [16], de Gouvéa
and Vogel [17], or Marciano et al. [18].

The Mu2e experiment will search for the charged-lepton flavor violating (CLFV) neutrino-less con-
version of a negative muon into an electron in the field of a nucleus. The goal of the experiment
is to improve the previous upper limit by four orders of magnitude and reach a SES (single event
sensitivity) of 3 x 107!7 on the conversion rate, a 90% CL of 8 x 10~!7, and a 50 discovery reach
at 2 x 10716, We can see that this bound is more restrictive than the eqs. (101) and (103). The

experiment will begin operations in 2022 [19].
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3 A Description of Little Higgs Models

The SM is a theory of electromagnetic, weak and strong interactions, whose predictions are in excellent
agreement with the results of all particle physics experiments performed to date. Theorists, however,
regard the SM as an effective theory, which is adequate at the presently explored energy scales but
must become inadequate at a certain higher energy scale A. Let us assume that precision electroweak
data are indeed telling us that there are no new particles beyond the Standard Model with masses at
or below the weak scale. Let us assume that the SM is valid up to a cut-off scale of A = 10 TeV. At
even higher energies new physics takes over, which implies that we do not know how to compute loop
diagrams with momenta larger than A, thus we will cut such loops off at A. The hierarchy problem
arises from the fact that there are quadratically divergent loop contributions to the Higgs mass which
drive the Higgs mass to unacceptably large values unless the tree level mass parameter is finely tuned
to cancel the large quantum corrections [20]. The question then becomes if it is possible to add new
physics at the TeV scale to the SM which stabilizes the Higgs mass but does not violate the bounds
obtained. To understand the requirements on this new physics better we must look at the source of
the Higgs mass instability. The three most dangerous radiative corrections to the Higgs mass in the
SM come from one-loop diagrams with top quarks, SU(2) gauge bosons, and the Higgs itself running

in the loop, how we can see in the Figure 8 [21].

Figure 8: The most significant quadratically divergent contributions to the Higgs mass in the SM.

Assuming that the SM remains valid up to a cut-off of order the LHC center-of-mass energy, A ~
10 TeV, the three diagrams give [20, 21]

top loop —%/\fAQ ~  —(2 TeV)?
Higgs loop 161”2 NAZ ~ (500 GeV)?

SU(2) gauge boson loops #921&2 ~ (700 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and a tree-level mass-
squared parameter. This means that they are bigger than the expected physical Higgs mass at around

150 GeV. This is the hierarchy problem, which is demonstrated graphically in Figure 9.
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tree loops

2
mh i
(200 GeV)

top| gauge higgs

Figure 9: Size of the Higgs mass corrections. The Higgs mass is taken at about ~ v.

We expect new physics that cuts off the divergent top loop at or below 2 TeV. In a weakly coupled
theory this implies that there are new particles with masses at or below 2 TeV. These particles must
couple to the Higgs, giving rise to a new loop diagram that cancels the quadratically divergent con-
tribution from the top loop. The new particles must be related to the top quark by some symmetry,
implying that the new particles have similar quantum numbers to top quarks.

Little Higgs models offer an explanation to the little hierarchy between the Higgs mass, assumed to be
near the electroweak scale v = 246 GeV and the new physics scale f, whose natural value is expected
to be ~ 1 TeV.

Little Higgs theories are realizations of an old idea to stabilize the Higgs mass by making the Higgs
a pseudo-Goldstone boson resulting from a spontaneously broken approximate symmetry. Early at-
tempts at constructing such models [22,23] were not entirely successful and quadratic divergences to
the Higgs mass remained. The first successful model which canceled all relevant quadratic divergences
based on the pseudo-Goldstone idea was constructed by Arkani-Hamed, Cohen and Georgi in [24].
The generic structure of Little Higgs models, is a global symmetry broken at a scale f which around
a TeV. At the scale f there are new gauge bosons, scalars, and fermions responsible for cancelling
the one loop quadratic divergences to the Higgs mass from SM particles. The spectrum of a generic

theory is summarized in Figure 10 [20].
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UV completion ?

10 TeV +

sigma model cut-off

colored fermion related to top quark
1 TeV + new gauge bosons related to SU(2)

new scalars related to Higgs

7| 1 or2 Higgs doublets,
200 GeV possibly more scalars

Figure 10: Generic Little Higgs Spectrum.

We can divide Little Higgs models into two categories

e Product group models,

e Simple group models.

3.1 Product Group Models

The majority of little Higgs models are product group models. The product group models have the
following generic features. First, the models all contain a set of SU(2) gauge bosons at the TeV scale,
obtained from the diagonal breaking of two or more gauge groups down to SM SU(2)r, and thus
contain free parameters in the gauge sector from the independent gauge couplings. Second, since the
collective symmetry breaking in the gauge sector is achieved by multiple gauged subgroups of the
global symmetry, models can be built in which the SM Higgs doublet is embedded within a single
non-linear sigma model field; many product group models make this simple choice. Third, the fermion
sector of this class of models can usually be chosen to be very simple, involving only a single new
vector-like quark [25].

The Littlest Higgs model belongs to the product group class, is the simplest model of the product
group class [26]. Also include the theory space models: the Big Moose [24] and the Minimal Moose [27],
the SU(6)/Sp(6) model [28], and two extensions of the Littlest Higgs with built in custodial SU(2)
symmetry [29,31]. There are also product group models with a discrete symmetry called T-parity. This
parity explicitly forbids any tree-level contribution from heavy gauge bosons to observables involving
only SM particles as external states, this implies that in T-parity symmetric, corrections to precision
electroweak observables are generated exclusively at loop level. Under this symmetry the new particles

are odd and the SM ones even.

3.2 Simple Group Models

The simple group models share two features that distinguish them from the product group models.

First, the simple group models all contain an SU(N) x U(1) gauge symmetry that is broken down
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to SU(2)r, x U(1)y, yielding a set of TeV scale gauge bosons. The two gauge couplings of the
SU(N) x U(1) are fixed in terms of the two SM SU(2); x U(1)y gauge couplings, leaving no free
parameters in the gauge sector once the symmetry breaking scale is fixed. This gauge structure also
forbids mixing between the SM W bosons and the TeV scale gauge bosons. Second, in order to
implement the collective symmetry breaking, simple group models require at least two sigma-model
multiplets. The SM Higgs doublet is embedded as a linear combination of the Goldstone bosons from
these multiplets [25].

Some examples about simple group models are: the SU(4) simple group model [32], the SU(9)/SU(8)
model [30], and Simplest Little Higgs Model [33].
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4 LITTLEST HIGGS MODEL WITH T-PARITY

4 Littlest Higgs Model with T-parity

4.1 The Model

The Littlest Higgs with T-parity (LHT) is a non-linear o model based on the coset space SU(5)/SO(5),
where SU (5) is the global symmetry, so guarantees 14 Nambu-Goldstone bosons. The global symmetry
is broken by the VEV of a 5 x 5 symmetric tensor. It is convenient to choose a basis in which the

symmetric tensor is proportional to

0
So= [0 (105)
I

oS = O
o O H

where I represents a unit 2 x 2 matrix. Here ¥y = (X) is the VEV of gauge field X. It transforms as
¥ — USUT for U € SU(5).

The original SU(5) generators are shown in the Appendix A, but we are going to use a different
representation of the Lie algebra of SU(5). We introduce the matrix A [34]

b4h 0045 0
I

A= 0 0o 1 0 0 : (106)
b-5 004+ 0
0 =50 0 g+

where A satisfies A2 = X9 and AT = A. We transform the usual matrix representantion of SU(5) via

the unitary transformation

1, 1 1 1, i
53+ts O, 0 5—3 0' 5= 5 0' 0 5+535 0
0 d+io0 0 b 0 3-30 0 bed
Ao = AN AT = 0 0 1 0 0 [ 0 0o 1 0 0 ,
1 _ i 1 1 1_ i
s—3 0 0 3+3 0 sty 0 0 3-35 0
0 1-i0 0 g+ 0 1+io 0 o)
(107)
with A, the generators of SU(5).
With the new representation of SU(5), the unbroken SO(5) generators satisfy
TuXo + oTT =0, (108)
while the broken generators obey
X0 — SoX! =0. (109)
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4 LITTLEST HIGGS MODEL WITH T-PARITY

As usual, the Goldstone bosons are fluctuations about this background in the broken directions II =

72X, and can be parameterized by the non-linear sigma model field
Y(x) = M/ I/ = 21/ f s (110)

where f is the effective NP scale. Thus the matrix of NGB may be written as

_n_  _h
X* 2 e ¢
_ h 1] h
=1 VI (111)
* T 77
of 5 Xt

Here x = x%0%/2 with o® the three Pauli matrices, 1 is a real singlet, and they are the Goldstone

bosons which are eaten to become the longitudinal modes of the partners of the SM gauge fields,

g —i®Tt 2L
h = 10 is the SM Higgs doublet and finally ¢ = ot _ {)ng [44] is a complex
V2 V2

SU(2), triplet. The parametrization of the eq. (111) is computed in the Appendix B.

As x is given by x%c®/2 it has 3 degrees of freedom, in the eq. (B.7) we can see than 1 has only 1
degree of freedom, h has 4 as shown in eq. (B.10), and finally ¢ has 6 given by the eq. (B.14). So
together they add up to the desired 14 Goldstone bosons.

4.2 Gauge and Scalar Sector

We now gauge a subgroup of the global symmetry, and we do this in such a way that each gauge
coupling by itself preserves enough of the global symmetry to ensure that the Higgs doublet remains
an exact NGB. The gauge group is taken to be Gy x Go = [SU(2) x U(1)]?, subgroup of the SU(5)
global symmetry.

SU(5) N SO(5)
U U
SU@) x U] L SU@L xUQ)y 2 Ul)gw

Figure 11: The global SU(5) contains two copies of local [SU(2) x U(1)]? that are diagonally broken
to one copy SU(2) x U(1) contained in SO(5).

As we can see in Figure 11 [34], f is the energy scale where the symmetry breaking [SU(2) x U(1)]? —

SU(2)w x U(1)y occurs. The global symmetry breaking scale, f, is constrained on the order of a
TeV.
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4 LITTLEST HIGGS MODEL WITH T-PARITY

The generators of the first G; = SU(2) x U(1) are embedded into SU(5) as

@2 0
chl - 7 / ) Y1 = dmg(3, 3,-2,-2, _2)/107 (112)
0 O3xs3
while the generators of the second SU(2) x U(1) are given by
=" Y ) v=diag2.2.2,-3.-3)/10. (113)
0 —o0%/2

The linear combination Qf + Q9 satisfies eq. (108), and generates the unbroken symmetry that we
identify as SU(2)w of the SM. Now, the linear combination Y1 +Y5 satisfies eq. (108) too, and generates
the unbroken symmetry that we identify as U(1)y. The orthogonal combinations are a subset of the
broken generator, i.e., {Q% — Q%,Y; — Y3} C {X,}. The vacuum breaks the [SU(2) x U(1)]? gauge
symmetry down to the diagonal subgroup, giving one set of [SU(2) x U(1)] gauge bosons masses of
order of f, while the other set members are left massless, and are identified as the [SU(2)r x U(1)y]
gauge fields of the SM.
T-parity is a natural symmetry of most little Higgs models where SM particles are even under this
symmetry (T-even), while the new particles at the TeV scale are odd (T-odd). T-parity explicitly
forbids any tree-level contributions from the heavy gauge bosons to the observables involving only
SM particles as external states, as a result, the corrections to EWPO are generated exclusively at
loop level. This implies that the constraints are generically weaker than in the Little Higgs models
without this symmetry since the most serious constraints resulted from the tree-level corrections to
EWPO throught to the exchange of heavy gauge bosons. In other words, when we introduced T-parity,
eliminate the tree-level electroweak presicion constraints that the Littlest Higgs model has: because
the external states in all experimentally tested processes are T-even, there is no T-odd state that can
contribute to such processes at tree-level.
Using the action of the eqs. (108) and (109), a natural action of T-parity on the gauge fields is defined
as

G < G, (114)

its action on the gauge fields G; exchanges the two gauge groups SU(2); x U(1);. Then, T invariance

requires that the gauge couplings associated to both factors are equal, leading to the Gauge Lagrangian

2

1 T TRV 1 v
Le=Y" [—2Tr (WWW]%‘ ) ~ 1 BiwB] } , (115)
j=1

where

Wi =W5i,Q5, Wi = 0,Wj, — 0,Wj, —ig [ij Wju] o Bjw = 0uBjy = 0,Bj,.  (116)
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As mentioned earlier, the combination {Qf + Q%,Y1 + Y2} generates the SM gauge group. The SM

gauge bosons are the T-even combinations multiplying the unbroken gauge generators,

_W13’+W23 _B1+BQ

1
W* = [(Wi+W3) Ti (WE+WH], w3 , - 117
5 (Wi + W) i (W + W5)] NG 7 (117)
whereas the heavy gauge bosons are the T-odd combinations
1 W3 — W3 By — By
W= [(W} =W Fi (W2 —-wH], Wi =1 _"2 == = 118
i =5 (W =Wy) i (W = Wy)] H NG H 7 (118)

The egs. (117) and (118) are computed in Appendix C.
Recalling that the heavy particles are T-odd and all SM particles are T-even, we have to impose an
extra transformation rule for the scalar sector. In order to ensure that the SM Higgs doublet is T-even

and the remaining Goldstone fields are T-odd, the T action on the scalar fields is defined as follows,

n50=-0I0, Q=dag(—1,—1,1,-1,—1), (119)
where €2 is an element of the center of the gauge group which commutes with Y.
oy — M _h_ _
11— LN _2n ht
Im= 75 . 7 , (120)
_af h* DY A
¢ vz X T

if we compared the eq. (120) with the eq. (111), we can see that the SM Higgs doublet keeps its

parity.
Then,

» L5 = poazton,.

(121)

We know that ¥ = ¢2//3, and since x and 7 are the Goldstone bosons which are eaten to become

the longitudinal modes of the partners of the SM gauge fields, we have

_h
7

_ h
m=| 2 o
P
oz
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4 LITTLEST HIGGS MODEL WITH T-PARITY

1

expanding ¥ until order of 72

% 2
5= <H+ZH—H2+...>EO

f f?
. ch N ) X hTh V26h* hTh 4 20! X (123)
=Y+ 7 % 0 h—ﬂ ~ V2hig o2hTh*  2hT ot +0 (]63) .
0 f}i of 20t + hWTh*  2¢Th hth*

Now, including the EWSB, the vacuum expectation values of h and ¢ are [34]

1 (0 00
<h>0:\/§<vh>’ <¢)o=<00>, (124)

where vy = 246 GeV is the EWSB scale and h is the physical Higgs field. Thus, considering the eq.
(124), the eq. (122) transforms as

00 0 0 0

|00 oo
H:E 0 vy 0 0 v, |- (125)

00 0 0 0

0 0 vy, 0 0

Then, including the EWSB effects, the vev of the X field has the form [36]

( 00 0 0 0 0 0 0 1 0
| 00 w00 0 —3(1-co) 550 0 3(1+c)
v i i
¥ = exp 5 0 vp 0 0 vy Xo=10 /55 ¢ 0 735v , (126)
00 0 0 O 1 0 0 0 0
0 0 vy 0 O 0 $(1+c) %sv 0 —2(1-cy)
where
2 2
Sy, = Sin (X/;Uh> , Cyy, = COS <\/;,Uh> . (127)

The scalar Lagrangian of the gauged theory is obtained from the non-linear ¢ model field ¥ in the
Littlest Higgs

Lg = ]:Tr[(DME)(D“E)T], (128)
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where

2
DS =08 —i) [gW (QS+32Q4") + 9B (V;E+%Y])]. (129)
J=1

In the above equation, the Q; and Y; are the gauged generators, W and B; are the SU(2)j and U(1);
gauge fields, respectively, and g; and gé- are the corresponding coupling constants. We know that the
T-parity exchanges the two gauge groups as we can see from eq. (114), i.e., under this T-parity the

gauge bosons and the [SU(2) x U(1)]; generators change as
Wit < Wy, B < By, Qf < Q3, Y & Y. (130)

In Appendix D, we verify the calculation of Qf <> Q)5 and Y7 + Ya.
Because the Lagrangian Lg is T-even, from the egs. (125) and (126) is easy to see that

g1 =02 =V2qw, g =d5=V2d, (131)

where gy is the SU(2)w coupling constant and ¢’ is the U(1)y coupling constant.
Then, the eq. (129) looks as

2
DS =0,8—ivV2Y  [gwW (Q5S +3Q4T) +¢'B; (V;£ +3Y])]. (132)
j=1

Under T-parity, the relevant term for to calculate the mass of gauge bosons is

2

—iV2 22: oWy (S +5Q57) +¢'B; (VS + S]] | - (133)
j=1

We have to lower order & = Y, in the gauge sector before EWSB, there is a linear combination of

gauge bosons that acquire a mass of order f, from (133)
(i )30 ) ()
we Joov2 1 -1 wg )’
" ? (134)
B\ 1 (1 1 B
By | v2\1 -1 By |

From (134) we see the SM light gauge bosons are W} and By, they are massless and T-even, while
the heavy gauge bosons are W and By, they are T-odd and massives. After high energy symmetry

breaking, their masses are [37]

Mwe =gwf,  Mp, = —F%=. (135)
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In Appendix D, we computed the masses of gauge bosons.
Now, considering the EWSB effects of order (vs/f)?, the ¥ field according to eq. (126) is

0 0 0 1 0
0 —€2/2 —ie 0 1-¢€%/2
YX=10 i€ 1—€2 0 i€ , (136)
1 0 0 0 0
0 1—¢€/2 de 0 —€/2

v

with e = =&,
When we ifncluided the EWSB effects, the LHT model must reproduce the SM gauge bosons, i.e., W*,
Z and A bosons have to appear moreover the masses of heavy sector will have corrections of order ;—2
We are separating explicitly the third component W13 and W23, which is convenient because in the
Scalar Lagrangian of order ?—; this component has other transformation. Now in W{* and W', a =1, 2.

The Scalar Lagrangian, with EWSB effects is explicitly

fQQIQ/V 64 atisa 2117GTr/Q a a\2
[«S: —EWIWQ +e€ W1W2 +(W1—W2)

4
2.2 4 1
+ Lo [6 <(W13 - w3’ - 4W13W23> +EWPWS + (W - W23)1

4 |8
f29/2 1 5 1 ) (137)
+ |:€4 (8 (B} + B3) — 123132> + BBy + = (BL = By) ]

2 A
wyg |€ 2
+f99[4(4wﬂw@ﬂa—3g+3wm€+&wﬁ>—ﬁwm@+&Wﬁ
Also we are considering the crossed terms of W; and B; in the Scalar Lagrangian. We can see in
the Scalar Lagrangian, the terms W;’ are separated explicitly of the terms W, Wf, W21 and W22,
moreover Wf’ is the only component of W{* and W3 that mixes with the B; bosons.

Finally, the Scalar Lagrangian for the light and heavy gauge bosons sector is

1 2 .2 2
Ls=< [ngh <1 - Uh)] Wi,

2| 4 6.2
11,2 o AP
+§ _f 9w (1—4]02 | WaWy
e (1o 2] 2wy (138)
2 |1 W af2 )|\
1[f%¢"? 507 9
+§ 5 1*@ (AH)
1T giyvi i \1 2
- 1- b )|z
+ 2 |4cos? Oy 62 L
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The light gauge sector includes the Wi, Z;, and Ay, bosons, that we identify as the SM gauge bosons

with masses

Mz

L

_ 9w [y v? 1/2: JWWLi (139)
2cosfy

My, =0,

and the mass of the heavy bosons are
2\ 1/2 2
_ - Yh ~ Yh
MW;—MZH—fgw<1—4f2> ~fgw<1— )

8 f2
fq B 5U,%)1/2 _Id ( B 5@%)
MAH B \/5 (1 4f2 ~ \/5 ! 8f2 '

In Appendix D, we show the process to obtain their masses.

(140)

4.3 Fermion Sector

The LHT must implemented the fermion sector too. We would like to introduce SM fermions that
transform linearly under the gauge symmetries to avoid large contributions to four fermion operators
that would require the scale f to be large. As we have seen before, T-parity exchanges SU(2); and
SU(2)2 one must introduce two doublets 11, and 1), which transform linearly under SU(2); and
SU(2)2 respectively, i.e., for each SM SU(2), doublet, a doublet under SU(2); and one under SU(2)2
are introduced. The T-even combination is associated with the SM SU(2), doublet while the T-odd
combination is given a mass of order the breaking scale f.

For each lepton/quark doublet, these can embedded in incomplete representation W1, ¥y of the global
SU(5) symmetry. An additional set of fermions forming a T-odd SO(5) multiplet ¥¢,, which is right-
handed and transforms non-linearly under the full SU(5), is introduced to give mass to the extra

fermions; the field content can be expressed as follow [36]

(0 0 Vg
\Ill == 0 ) ‘112 - 0 5 \IJ%E = X%{ ) (141)
0 o (G

with v; for each SM left-handed lepton doublet is [3§]

W = —io2ly, = —io? < Vil ) . i=1,2, (142)

4,
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and for left-handed quarks doublet [39]

Wi = —io2q = —io? < ZiL ) . i=1,2 (143)
iL

Also 9§, has the form as the eqs. (142) and (143), with the difference that there are right-handed and
heavy fermions: £ggr, ugr, and dgr. The extra doublet 1/;%, is assumed to be heavy enough to agree
with EWPD, is T-odd as desired, and the gauge singlet x4 completes the SO(5) representation.
These fields transform under SU(5) as follow

Uy — V*\Ifl, Uy — V\Ifg, % — UW¢ s (144)

where U = exp (iu® (I, V') T%) [40] belongs to the unbroken SO(5) and is a non-linear representation
of the SU(5), the function u® depends on the Goldstone fields II and the SU(5) rotation V in a
non-linear way.

Under the action of T-parity on the multiplets takes
Uy < —20\1’2, \IJ% — —\I’%. (145)

We desire that W€ interacted with other fields which obey linear transformations laws, so we introduce
a field &€ = exp (ill/f). In terms of & the field ¥ can be expressed as ¥ = £2%, and from the linear

transformation of ¥ we have to by action of T-parity
T T
¢ = et (146)
and invariant under global transformation,
¥ =& - VevT, E > VEUT = Ues VT, (147)

Recalling that the T-even combination of t; and 12 are the SM electroweak leptons and quarks
doublets, while T-odd combination is given a Dirac mass of order O(f) with the ¢ through the

following non-linear Yukawa Lagrangian
Lyy = f (0s + 1 50061Q) W + moWhUG + hec, (148)

where we included another field, defined as [41]

0
Up=| xn |, Trs Vs (149)
VR
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Since we want to calculated first the mass of order O(f) we can approach & = exp (iII/f) ~ I, then

Ly, =r1f (@25 + \i/lEOQfTQ) U%h
=K1 f (\T/Q + \1’12099) \I’%
= ki f (U2 + U 1%) Uh

0 01
= ko f (001;2)4'(1;100) 01 0 |]|ws (150)
1 00
Vg
—rif (00 datin )| X
(3
= K1 f (U_Jl + @1_11) %,
we defined the T-odd combination as
1
Y = 7 (Y1 +12), (151)
and the T-even combination given by
bsar = == (Y1 — ) (152)
Then,
ﬁyH = \/Elﬂlf'&]ﬂ;% + HQq/g\I/% + h.c.
] Vg
= V2k1 fov§ + Ko < 0 xr Yr > X% | + he (153)
U

= V2k1 fOrd§ + kaXRXSG + KaRYS 4 hec.

As we can see from the eq. (153), the Yukawa Lagrangian gives a Dirac mass M_ = v/2r1f to the
T-odd combination v, together with 1;%, and a mass k2 f to the Dirac pair xrx%, and &Rzﬂ%. The

T-even combination ) gj; remains massless and is identified with the SM lepton or quark doublet.
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If now we consider EWSM effects of order (vy,/f)* the field € is

1 0 0 0 0
2 2
x| 0 P 1-45 0 G , (154)
0 0 1 0
0 - vi wp 0 _ v
8f2 2f 8f2
- \T
and considering as 1% = —io*(qr)¢ and (¢1)¢ = ( af  df ) , then
—diy 0 —d,
UL 0 uf
v = 0 , Uy = 0 s \I/% = X% , (155)
0 —day, —ds
0 U9, ﬂ%

thus, introducing the above matrix and these multiplets in the Yukawa Lagrangian we have among
other terms
o - 2
Ly, = k1fdf (dip + dar) + k1 fag (W + Uar) <1 — 8f2> — k1 fug (Ui +tU2p) + -, (156)

defining the T-odd combinations as

1
ug = 7 (u1r, + uar), dg = —= (dlL +dar) (157)

g

the Yukawa Lagrangian is written as
L = \@KlfJH(i(i + \/ﬁlﬂfﬂ]{ﬂ% < 8f2> \fmfuRuH + - (158)

After EWSB, a small mass splitting between the T-odd up and down-type quarks is induced, and

their masses are [42]

= VoS < 81‘“22) (159)
= V2K f.

The Yukawa Lagrangian Ly,, fixes the transformation properties of the heavy fermions including their
gauge couplings, even more, the non-linear couplings of the right-handed heavy fermions are fixed to

be [43] (we change the signs of the second line of eq. (160) and the covariant derivative (161) in order
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to obtain the SM coupings)
Ly, = i@l’y“D:\h +iWoy" D, Vs
# W (0 56 (0,0 - 56 (20Dt ) w5 (160
+ UG — Ug,
with the covariant derivative defined as
Dy = 0y — V2igw (W1,Q + W5,Q3) — V2ig' (Y1 B, + YaBay,) . (161)

In order to assign the proper SM hypercharge y = —1 to the charged right-handed leptons £g, which
are SU(5) singlets and T-even, the corresponding gauge and T-invariant Lagrangian is similar to the
SM one

Ly =ilpy* (0u + ig'yBy) (R (162)

4.4 Top Sector

In order to avoid dangerous contributions to the Higgs mass from one loop quadratic divergences, the
third generation Yukawa sector must be modified. The ¥ and W5 multiplets for the third generation
must be completed to representations of the SU(3); (upper-left corner) and SU(3)s (lower-right
corner) subgroups of SU(5). These multiplets are (we change the notation Ur; — t}, and Up; — t’;)
[36]

qQ 0
Ql - tlLl ) Q2 = t/LQ ) (163)
0 q2

they obey the same transformation laws under T-parity and the SU(5) symmetry as ¥; and Wy. The
quark doublets are embedded such that
g = —0o? i . (164)
bri

In addition to the SM right-handed top quark field ugg, which is assumed to be T-even, the model
contains two SU (2)r-singlet fermions ¢, and t’, of hypercharge 2/3, which transform under T-parity
as

thy <> —ths. (165)
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The top Yukawa couplings arise from the Lagrangian of the form

1 - o
Ly = 27\/5)‘1f€ijk€xy [(Ql)i (E)jw (E)’fy B (QQEO)i (Z)jm(x)ky} s (166)
#201 ((athn + i) + e

where ¥ = YoQXTO%, is the image of ¥ under T-parity and the indices i,j = 1,2,3 and z,y = 4, 5.
In Appendix E, we calculated the T-parity eigenstates

1 1 1
=— , thy = —(th; Fths), thy = —— (t/ tps) . 167
q+ /2 (@1 F a2) Lt V2 ( 1+ L2) R+ V2 ( R1 T R2) (167)

Thus, the Lagrangian is

Su _
—=U
No

The T-odd states ¢}, _ and t},_ combine to form a Dirac fermion 7", with mass My = Ao f.

1 - _ _
Li=Mf (2 (1+eo)tpy + ) usr + Aof (t’Ht’R+ + tl,th,) + h.c. (168)

We can see that the T-odd top sector doesn’t mix with the T-even heavy and the T-even SM top

quark. The mass terms for the T-even states are diagonalized by [36]

tr, = cos Bury — sin Bt , tr = cosaugg — sinaty, (169)

Tr+ = sin Bur + cos Bt Try = sinaugp + cos atp,, (170)

where t is identified with the SM top and T is its T-even heavy partner.

The masses of the two T-even Dirac fermios to leading order in (v /f) [36]

_ )\1)\2’Uh _ /\2 2
my = m, mT+ == )\1 + )\2f (171)

As the Yukawa couplings of the other SM quarks are small, there is no need to introduce additional
heavy partners to cancel their quadratically divergent contribution of the Higgs mass. Then the

Yukawa coupling for the other up-type and down-type fermions is given by

Lup = _2\1/5/\uf€ijkﬁzy [(@1)Z (Z)j;p (E)ky - (@2EO)Z~ (i)yz(i)ky} ug + h.c.,

iy

B B 3 3 } (172)
Laoun = 5 75 ficon: [(%)x (2),, (£),, X — (¥1%0), (z)iy(z)jzx} dp + h.c.,
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4 LITTLEST HIGGS MODEL WITH T-PARITY

and their masses are [39]

(173)

with ¢ = 1,2 and j = 1,2,3. In Appendix E we show the process for obtained the above masses.

4.5 Feynman Rules for the LHT

In this section we show a list of Feynman rules of the T-parity, for this we need to defined the mass
eigenstates.
As shown above, the the matrix of NGB is

n_ _h
Xt3sE V2
T = At 2 KT
V2 V5 V2 ’
i h* T, _n_
0] V2 X+ 25
ittt
where x = x%0?/2 with o the three Pauli matrices, 7 is a real singlet, and ¢ = ot (I)Ojgp
V2 VR
[44]. Since x = x%0®/2 has 3 free parameters, for convenience we can write it as
—w¥/2 —n/v20 —wt/V2
X = ’ (174)
—w™/V2 w?/2 —n/v/20
and the Higgs written with the NGB is
_7;7T+/\/§
h = ( o i | (175)
2
thus, writing explicitly all the Goldstone bosons the matrix II is [36]
—w0/2 —n/v/20 —wt /2 —irt /2 —iptt 4%
— im0 . Y\ P
—w™ /2 w?/2 —n/v/20 % —i®T /2 %
II= —in /2 (v, + h —in0) /2 \/%n —int /\/2 (vp +h+i7%) /2 |,
i z% it~ /V2  —wb/2—n/v20 —w™/V2
C .20 P _ ;-0
z% % W —wt /2 w?/2 — 1/v/20
(176)

where the superscripts indicate the electric charge. The fields w and 7 are eaten when the extended
gauge group is broken down to SU(2), x U(1)y, whereas the 7 fields are absorbed by the SM W/Z
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4 LITTLEST HIGGS MODEL WITH T-PARITY

bosons after EWSB. The fields h and ® remain in the spectrum.

Taking the Scalar Lagrangian in the mass eigenbasis, the mixing terms have the form

Ls =My Wp [a“w (1 ~ 3¢ > ~ 5 aﬂcw] + My, W™ O™ (1 - ¢ ) + h.c.,  (177)

with € = UT}‘ It is necessary to extend until fifth order the ¥ field for obtained the precise (1 — 1—1262).
We can see that the Goldstone bosons fields in the Matrix II are not canonically normalized. So we

normalize the Goldstone bosons fields the following way
+ + L,
wt = w (1 + —e¢ ) , (178)

After this rescaling, there are still kinetic mixing terms involving the w and ¢ fields
Ls = Ow 0w + 0,070 + éé (BT "D~ — 9,070, (179)

we need to diagonalize the matrix

1 A2 w™
0 Pt , 12 oM ) 180
o )< 1) (@) "

thus, we have as result

WE = wE F i62¢i7
2;1 (181)
O = 0% & et

Introducing these new states, the Lagrangian is given by
_ i _
Ls = My-W {a,ﬂ# — 8628NCI)/+:| + My, W~ 0y + hec. (182)

Finally, a last rotation given by

2 2 2
WE = (1+ h ):Fz'cbi <1+ h )Uh

24 2 2472 ) 62’

"+ + U}% + Ul% Ulzz (183)
ot = (14 b )it (14 b ) b
( +24f2>3”°" < +24f?> 1272
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4 LITTLEST HIGGS MODEL WITH T-PARITY

w"* is the combination of Goldstones eaten by the heavy gauge bosons, and ®”* is the uneaten

combination.

A similar procces but a heavier algebra, we can obtained the others mass eigenstates [43]

2
0
79 — 70 <1+12f2>

2
+
T =T <1+12f2>

h — h,
0 0 2
B0 5 @0 (14 —h_
% < i 12f2>
2 (184)
P P B 0, &P\ Yh
of 5 +<\/1077 V3L + @ )12f2,

++ ++
T — T

59— 4V5 [¢ (w0 + V20F) — 6gwzgw’] v}

_> v
0 o Bgw (W +4v287) — 4v/Bn (5gw + 69’z ) v}
w = w + —-
120gw 12

The others mass eigenstates that were seen before are Wf, Zr, Ar, le;, and Ap.

Now, we show the Feynman rules for the LHT in the mass eigenstates basis, they are given in terms of
generic couplings for the following general vertices involving scalars (5), fermions (F'), and/or gauge
bosons (V)

[SFF] =1 (CLPL + CRPR)

[SV.V.| = ng“"
V,.FF Pr 4+ grP
[ | =" (9. Pr + grPR) (185)
[SSFF] = ( P + frPr),
[S(p1)S(p2)Vyu] = iG (p1 — p2)*,
[SS(p1)S(p2)] = (Pl + 5+ 4p1 - p2)
where all momenta are assumed incoming. The conjugate vertices are obtained replacing
CL,RHCE,Ly K(—)K*, gL,Rng,Rv fL,RHf;LLa G(—)G*, J < J (186)

We adopt the convention Feynman rule = i.L.
The Higgs couplings with the gauge bosons are given in the Table 4.
Moreover, we show a list [SV,,V;] and [S(p1)S(p2)V,.] couplings at O (v}/f?) in the Table 5 and Table

6, necessary to calculate LFV amplitudes mediated by gauge bosons.
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4 LITTLEST HIGGS MODEL WITH T-PARITY

| [SVWVi] | Vertices (K) A2 Vertices (K) ‘
hW[—f_ﬂWEy == th - i) hW;I_;Lwﬁu _ig‘%[/;h (1 - %)
hZpuZr, g:;;%"gw (1 f ) hZuuZmy, zg%‘f” < - %)
hAL AL 0 hAu A, | i (1- %)
- - hZyAy | —ivgon ( - %)

Table 4: Higgs couplings with gauge bosons at O (v,zl / f2).

’ BAAY ‘ Vertices (K) ‘ BAAY ‘ Vertices (K) ‘
2 2
D ZyuZr | — ngzw UT’L W_W;[_“ALV gw sw M,
K 2 2 — 2
VAl | il | @ W, 2 | wew M, ( =7 )
@+W§HZLV i‘%%} w_Wf;”ZLV - gwewMwy, (1 - ;)’LF)
w Wy, Ay | —gwsw Mw, - -

Table 5: Gauge boson-Goldstone boson interactions.

|

| [S(p1)S(p2)Vil] | Vertices (G) | [S(p1)S(p2)Vu] | Vertices (G)
P 7, o (1 - f}g) 2007y, o
OO 7y, | —igsw (1- s@%) O Ay, —ie
Orw 71, —qw v S 7y, |0 (1-25%)

PO Ay, —2ie wrw™ A, —igsw
wrw™Zp, igwew (1 - 80:2;7’%](2) - -

Table 6: Non-vanishing Scalar-Scalar-Vector couplings [45]. We adopt the the convention Feynman

rule = iL.

The Fermion couplings must also be included in the Littlest Higgs with T-parity, this sector is too

different than the original Littlest Higgs model. The SM fermions of the first two generation of

quarks and all three generations of leptons have their usual SM couplings. Nevertheless, in the third
generation the new Yukawa interactions required to cancel the quadratic divergences of the top quark

will shift some SM couplings at O (v;/f?).

We need to introduce kinetic terms for the femions. (141), these

Recall U7 and ¥y, from the eq.
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4 LITTLEST HIGGS MODEL WITH T-PARITY

transform linearly, their kinetic terms are
Ly, = i@lv“D;\Iﬁ + i@zy“Du\Pg
+ iUy <3u - %5* (Dyt) — %e (%D;&f*)) w5, (187)
+ V% — UY,

with the covariant derivative defined as

Du = au - \/QZ'QW (WfMQ({“ + W;MQg) - \/iigl (YlBly + YZB2M) 9 (188)
and
0
0
W6 = B : (189)
—io? ( Iif >
eR

The U(1) charges Yg(\Pj ) are given in Table 7 [37] (in this Table we change the signs of ¢; and ¢; in
order to obtain the SM results) which can be obtained from gauge invariance of the Yukawa couplings
and T-parity. The fermion-gauge boson couplings can obtained from the kinetic term by inserting the

mass eigenstates of all particles involved.

@ | (2,-1/30;1,-2/15) || ¢2 | (1,2/15;2,1/30)
¢ | (1,8/15;1,2/15) || t, | (1,2/15;1,8/15)
e | (1,8/15;1,2/15) | thy | (1,2/15;1,8/15)
usg | (1,1/3;1,1/3) dp | (1,-1/6;1,-1/6)
2 (2,1/5;1,3/10) 7 | (1,-3/10;1,-1/5)
en | (1,—-1/2:1,-1/2) | - -

Table 7: The [SU(2); x U(1)1] x [SU(2)2 x U(1)2] quantum numbers of the fermion fields.

In order to assign the proper SM hypercharge y = —1 to the charged right-handed leptons ¢r, which
are SU(5H) singlets and T-even, the corresponding gauge and T-invariant Lagrangian is similar to the
SM one

Ly = ilpy" (O + ig'yBy) Lr. (190)

From the Lagrangians (187) and (189) we obtain the Feynman rules that we show on the Table 8.
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[ VLFF] ] gL \ gR |
&ALMEJ‘ _(51‘]‘6 —(5@'6
ZiZLufj 5@‘% (—1 + 2812/1/) 5ijg/3W
DiZLuVj _51']'2,;7WW 0
DZ-WELEJ- % (VPMNs)y; 0
LW v 97“; (VPmns); 0
EALIL[@ 5@'6 5ij€
BZiafs | —bufie ((1428h) | 0 (14257
oy | bugs (1) | —dud (1- o)
EALJ? _51']'6 —5ij6
EZL;J? 51']‘29ch (*1 + 2812/1/) 0ij ;CVZV (*1 + 2,;5%[,)
V2 G st (1 i)
ﬂiAL;LUj 5@%6 5@']%6
WiZ Lyt 0ij 3 (1= 3siy) 05559’ sw
diArud; —dij5€ —dij5e
di Z1,d; Sij o (=1 + 3s3y) 8ij 59 sw
ﬂiWZ“Mdj %(VCKM)U 0
W, uj %(VCKM)M 0

URi 2L U Hj 5z’jg%/v (1- %3%4/) 0ij QQCM‘;/ (1- %S%V)
diiZipdu; | 0ijses (—1+3s%) Oij 3 (=14 3si)

Table 8: Fermion couplings to SM gauge bosons.

In [38], [39], [45] the notation changes to v§ — vg; and €§ — £p;. Now, in the Table 9 we show

the fermion couplings to heavy gauge bosons [46] .

[ V.FF] ] gL | 9r |
Aty | % (% —an$) Vi | 0
CaiZaly || —% (1 + .’EH%V%%) Vij | 0
Wi, 4 LEVij 0
umiAmpuy |5 (%W + JJH%Z) Vi o
duiAupd; | % (%W - xH@) Vi | o
UHiZupuy | % (1 —TH t?ﬁ) Vij | 0
driZnudy | —% (1+enE %) Ve | 0
wpi Wi, d; v 0
dgiWi,u; By 0

Table 9: Fermion couplings to heavy gauge bosons.
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4 LITTLEST HIGGS MODEL WITH T-PARITY

In Table 9, V;; are the matrix elements of the 3 x 3 unitary mixing matrix parametrizing the
misalignment between the SM left-handed charged leptons ¢ with the heavy mirror ones [ g.
As well as in the lepton sector, the misalignment between the partner quark mass eigenstates and the
mirror quarks as well as those between the mirror and SM ones are parametrized by the corresponding

3 x 3 unitary matrices [46]
v = vty Ve = vy, W = ViVt (191)

where the products are of the unitary matrices rotating left and right handed fields in order to
diagonalize the various mass matrices. The only physical combination is the Cabbibo-Kobayashi-
Maskawa matrix Vo = V¥V relating the SM up and down quark sectors.
Finally we written in the Table 10 and Table 11 [39] the Feynman rules for the fermion couplings to
SM and heavy Goldstone bosons obtained from Lagrangians (148) and (172).

’ [SFF) H cr, ‘ CR ‘
u'ntd \/59]\"4‘/ m!,(Vorm)ij \[M F(Vorm)ij
7TOU] QWm ng .
2MZL cosOW 2Mz, cosOW
Tin0d) __gwmy s _ M )
d'm’d ZMZL cos@w v 2Mz, Cos@w )
=1+ 7] d _gw  Yr_d
Ugm dH ng meHz5Z] 8\[M meH15U
vt \@M (VPMNS)Z] \/M 1 (Veans)ij
Fin0yd gwm gwm ,
2MZL COSBW 2Mz, cosGW
0in0pi gwmy - gw -
2MZL COSHW v 2MZL COSGW )
=i+ pJ £ _gw Vi ¢
Vgm EH ng f2mH15U ng f2mH26U

Table 10: Fermion couplings to SM Goldstone bosons.

Since the lepton structure is the same for the quarks, we can take the results already obtained
above, lepton masses are generated in a completely analogous way. After EWSB, the masses of vy

and (g are similar to the T-odd up and down-type quarks from eq. (159)

fmf< 8f2) me, = V2k1f. (192)

The masses from Yukawa couplings is given by eq. (173),

i i Uh Ui
ml, = A vy ~ 3/ mg = )\gvh 1-— ) (193)

with i =1,2 and j = 1,2, 3.
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| [SFF] |

CrL, ‘ CR ‘
et dl T —mir;(Vira)ij VoI md(VHd)
'ty wOu? QZ%H mY,, (1 + 22” (7 - mﬁ—fgw)) (Vi) ij —QJ%H Ml (Vi) i
'y nu’ —ﬁm}gi 1+ 4 (24 zy tanbw) ) (V)i ﬁmi(vm)ij
g%w_uj \fM m?{l (1 sz) (VHu)ij \[M mu(VHu)'L]
diywOdi —2]\% md,. <1 + 5 4 (*1 + tan9W>> (VHd)ij QAgJV;H md(VHd)ij

diyndi _M@ﬁm‘f% 1-— fi (2 4z tan 9w)) (VHa)ij ﬁmi(VHd)iJ
D}{w‘FEj fM quZ(VHZ)ZJ fM mz(VHZ)zJ
v wOyd 2Mz myy,; (1 + 7 (f mﬁ%)) (VEy)sj —2]\%[‘/;}[ md (Vi )ij
7R _mmm 1+ f—z (g + zy tan QW) (VEw)ij ﬁmg(vmﬂz‘j
Ol \[5]’\‘2’ mby, (1 8;) (Viw)ij —\/M mV(VHV)m
0,000 — i mHz (1 + 25 ( 7+ tanew)> (Vhe)ij QJ\%H m) (Vize)ij
Gintd _101\94A mb, (1 - i (3 + 2 tanOw) ) (Vire)i ﬁmﬁﬁ(‘/m)n

4.6 T-odd Flavor Mixing

We start reviewing briefly the process like in the SM.

The Yukawa sector generates mass matrices for the three up-type quarks given by M qij after EWSB

which is diagonalized by 2 x 2 matrices, U and V' [42]

(M.);

F= (VR (MDD,

Table 11: Fermion couplings to heavy Goldstone bosons.

The gauge eigenstates are then expressed in terms of (the primed) mass eigenstates by

A similar procedure applies to the down-type quark mass matrix. The change to the mass eigenbasis

up = (Vi = (U

leaves most of the gauge interaction portion of the Lagrangian invariant.

g

V2

(@AW, Pod +d W, Pru] = [l (V])iny

)

V2

where g = gy . In the SM, the only observable rotation is the combination

(Vhi(Va)k = (Verm);-
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Now, in the lepton sector, if neutrinos are not massless, their mass matrix, just as in the case for quarks,

will be nondiagonal and complex. Thus the mass eigenstates are different from gauge eigenstates [7]
vip =Y Uivir, (198)
i

where vyr, = ver, vur, V7 are weak eigenstates and v;;, = vy, vop, V31 are mass eigenstates with
mass eigenvalues m1, ma, and ms. Since vy, and £;, form a doublet, the interaction of three W bosons

with the leptons can be written as [1]

g = _
Loe =——F= LMW v + hec. 199
7 ZZ: YWy v (199)
Using (198) in (199), we obtain
Lo = _9 E (ZL'}/“W;U&VZ‘L + DiLVMW:UZ-KL). (200)

V24

U is called the PMNS matriz.

We recall that an N x N unitary matrix has N(N — 1)/2 real parameters and N(N + 1)/2 complex
phases, thus, if we consider the CKM matrix Vog s, this matrix has in principle 3 mixing angles and
6 phases. Now, not all of these phases are physical, so we can eliminate some phases varying the
phase of each quark state independently. The number of phases that can be eliminated is 2N —1 = 5.
Finally, the CKM matrix has 4 independent parameters: 3 mixing angles and 1 phase.

However in the LHT there are new interactions mediated by the heavy gauge bosons Wﬁ, Zp, and
Apr, involving a SM and a mirror quark, as a result, there appear two 3 x 3 unitary mixing matrices
Vg and Vi, which describe the interactions of mirror quarks with ordinary SM ones.

The Vg matrix parameterizes the interactions of light d/—quarks with heavy mirrors uZH that are
mediated by Wp. It also parameterizes the flavour interactions between d’ and dig mediated by Zg
and Agy. The Vg, matrix parameterizes, on the other hand, the interactions of the light u-type quarks
with the mirror fermions.

In the lepton sector something similar occur, thus, the above comments apply to Vg, and V.

We are going to show how the Vg, and Vi, matrices appear.

The mass eigenbasis in the T-odd fermion sector is not necessarily aligned with the SM fermion
sector [42]. These additional mixings are a source of flavor changing processes. The interaction that

gives the T-odd doublets their mass, eq. (148), can be extended to include generational mixing

R (‘i’mf + \ijliEOQfTQ) U+ hec. (201)
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The resulting mass matrix /2f /i; is diagonalized by two U(3) matrices
Ky = (Vin)i(k)E (U)S: (202)

We can see that Vi acts on the left handed fields while Uy acts on the right handed fields. We note
that these matrices are identical for the up and down-type T-odd fermions, since the resulting Dirac
mass terms are SU(2) symmetric.

The kinetic terms of the gauge interaction in the T-parity eigenbasis are given qualitatively by [42]
g@—i’YMAu—Qi + QQ-H’YMAM—Qi) (203)

where the A, and @_ are the T-odd gauge bosons and fermions with mass ~ f. The Q4 are
the T-even eigenstates. Identifying the mass eigenstates with a H and L index for heavy and light,

respectively, these interactions can be re-expressed as

(Va)ydi dri(V])E

%

_ ; Vo, )k (Vi b i i
QQHZ'VJLTIﬂ#AuH ( ( )k L ) +9< (Va) V”AquHjQim (204)

where

Q= ( Zi ) - (205)

The rotation matrix Vi is in U (3), and operates on the flavor indices of the left handed T-odd fermions.

In analogy with the CKM matrix, the rotations relevant to flavor physics are
ViVl = Vel (VORVa)E = (Vaa);. (206)
The two matrices are related through the SM CKM matrix
Vi Vira = (VHL(Vi (VDL (Va)k = viive = v, 207
HuVHd ( u)k( H)z( H)k’( d)j uVd CKM- ( )

This is an important result. The matrix Vg, can be calculated from the relation Vg, = VHdVCJ[ KM
Since the LHT also introduces mirror leptons there appear two new mixing matrices Vi, and Vi,
in addition to Vpasng describing the SM lepton flavour violating interactions. Vi, is involved in the
interactions of an ordinary neutrino and a mirror lepton (charged or neutral), while Vi, appears in
the interactions of an ordinary charged lepton with a mirror lepton. Similarly as in the case of the

matrices Vi, and Vg4, the new mixing matrices satisfy

Vi, Ve = Venns. (208)
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We know that the mixing matrix Vg is unitary so that this matrix has 3 mixing angles and 6
complex phases. Analogously to Vg s, we should eliminate from Vi, some of the phases by rotating
the interacting states. In this case, however, we have less freedom. The phases of the standard fields,
have been already chosen as to eliminate the maximum number of phases from Vg . Acting on the
mirror states only three phases can be still rotated away from Vig. Thus this matrix has 3 mixing
angles and 3 phases. It follows, then, that Vpysng contains 3 mixing angles and 1 phase like Vogas,
while Vi, is described by 3 mixing angles and 3 phases like V4.

We can parameterize the mixing matrix V4 as a product of three rotations and introducing a complex

phase in each of them [47]

1 0 0 cffg 0 scfge*i‘s(liii cilz 361126*2'5(112 0

Via=1 0 4. sgge—i6§3 0 1 0 —5?2615712 , 0

0 —sg3ei533 cgg —8%3€i6il3 0 cil3 0 0 1
(209)

Performing the product one obtains the expression
cfacts styclye ™% sye ™%
Vita = | —sthethel® — clysdaci@70%)  ofyedy — sthstystyeCli0h05) s od o1k
5%25536i(5?2+6g3) - Cilzcg:ss(lisew% _C‘fzsgseiég?’ - 5%20g35‘1i36i(5?3_6f2) 53¢ty

(210)

As in the case of the CKM matrix the angles ng can all be made to lie in the first quadrant with
0 < 64,64, 64, < 2.
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5 Prospects

There are many models that attempt to explain the hierarchy problem between the VEV of the EWSB
v = 246 GeV and the energy scale of new physics (NP) = O(TeV). Little Higgs is one of these models
whose main feature is that the Higgs boson appears as a Nambu-Goldstone boson associated with a
symmetry breaking at a scale f ~ O(TeV).

In this thesis we studied the Littlest Higgs Model with T-parity. LHT is a model based on symmetry
breaking of SU(5)/SO(5) where 14 Goldstone bosons appear. In the new T-parity Z, discrete sym-
metry the particles of the heavy sector are T-odd while the SM ones are T-even, which ensures that
tree-level contributions to EWPO are forbidden. The only contributions allowed are at loop-level.
LHT has two energy scales, the first scale is the energy scale of new physics where the heavy sector
with heavy gauge bosons Wﬁ, Z and Ay appears, and the second scale is the energy scale of EWSB,
here we recovered the SM gauge bosons W*, Z° and A and the heavy gauge bosons have corrections
at order of (’)(%)2 in their masses.

In the Fermion sector of LHT we have a heavy mirror sector to quarks and leptons to SM and be-
cause there appear new interactions mediated by Wi, Zy and Ay involving a SM and a mirror
quark/lepton, appear new mixing matrices Vigq, Vi, or Vi, Vi, respectively. An important result
of these new mixing matrices is that they have 3 mixing angles and 3 physical phases unlike the CKM
and PMNS matrices that only have one physical phase. One prospect is to study these "heavy phases"

and the new information they could have in physical observables as

T —=30)—-T(" — 30)
- T~ = 30) + T+ — 30)

Acp

With LHT also we will study LFV processes. We expect that the new interactions of the heavy sector
particles with the SM ones and the new source of LF'V that LHT induces by LFV Higgs decays provide
new bounds to the processes called "wrong sign".

For example, in [46] there appears a table with these measurements

Branching Ratio | 90% C.L. Bound
T — pep 1.7 x 1078
T — ejfie 1.5x 1078
T — uee 1.8 x107%
T — efijL 2.7x 1078
T — eée 2.7 x 1078
T — WL 2.1 x10°8

Table 12: Limits from lepton flavor violating processes mediated by electroweak gauge and Higgs
bosons.

But when LHT contributions are included the branching ratios of each process are given by [46]
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Process | Branching Ratio
T — UE 0

T — elie 0

T — uée 8.2 x 10712

T — efijL 2.2 x 10712

T — eée 7.4 x 10712

T — [ 1.4 x 10712

Table 13: LHT contributions mediated by T-odd (non-singlet) leptons to LFV processes.

As we can see the wrong sign processes vanish. We will recalculate these processes using other

hypotheses on parameter space of LHT to obtain a result different to zero.
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A Appendix: SU(5) generators

We begin by enumerating the generalized generators of the SU(5) [35].

SU(3) Generators

The SU(3) generators are embedded in SU(5)

01 00O 0 — 0 0 O 1 0 0 0O
10 000 t 0 0 0 O 0 -1 000
Ar=]1 00 0 0 0 |, A= 0 0 00 0 |, A3=| 0 0 00 0 [,
0 00O0O 0 0 00O 0 0 00O
00 00O 0 0 00O 0 0 00O
001 0O 00 —2 00 00 0O00O
00 00O 00 0 0O 00100
M=]1000 0], A= d3a 0 0 0 0 |, Xd=| 01 00 0 [,
00 00O 00 0 0O 00 00O
0 00O0O 00 0 0O 00 0O00O
00 0 00O 10 0 00
00 —2 0 0 01 0 00
Ar=1 0 ¢ 0 0 [, Ag = \;3 00 -2 00
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

Mixed Quantum Numbers Generators

The generators with non vanishing SU(3) and SU(2) quantum numbers are not present in the SM.
They can be computed through the commutator relations between the generators of SU(3) and the
generators of SU(2)

00010 000 ¢ 0 00 00O

0 00O0O 00000 00010
A=|0000 0], Alo=| 0 0 0 0 0 |, Au=10 0 0 0 0 [,

100 00 ¢t 00 0O 01000

00 00O 00 00O 00 00O
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where, under the unitary transformation.
Ao = AN AT
The unbroken generators are 5\2, ;\5,5\7,5\10, ;\12, ;\14, ;\16, ;\18,5\20,5\22 and the broken generators are
A, A3, A1y Ay Asy Ag, A1ty Ai3, A, A7, Atg, Aat, Aag, Aaa.
B Appendix: Parametrization of the Goldstone Matrix

We know than the broken generators of SU(5) obey
XX — SoXT, (B.1)

where {X,} are the broken generators of the SU(5) of the new basis with the unitary transformation
given by the equation (107).
The matrix of NGB is parameterized as

Il = 79X°, (B.2)

where {7?} = {a,b,c,d,e, f,g,h,k,m,n,p,q,r € R} is a set of arbitrary parameters.

Then, we separate the matrix by blocks

5 (Y +0)  3(8—ia)
%(54-2'04 %(—7—1—5) .
I = _2betvor) (B.3)
5v/3 ’
5 (v +3)  3(8+ia)
3(8—ia) g5 (=7 +9)
with
a=h-—g, B=a-+p, v =15(b+q), 6 = 5v3e + V15r- (B.4)

Actually, if x = x%0?®/2 with {c®} are the Pauli matrices and 7 is a singlet, we can write

n_ % (53: + \/gy) %(z —w)
X+ 25 ( $(z +iw) L (Vby — 52) (B:5)
matching
( %5 Bz +VBy) 3z —iw) > _ < & (y+0)  L(B—ia) ) (B6)
$(z + iw) & (Vby — bz) $(B+ia) (=7 +9)
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and
_2(5e+v5r) Ry B.7)
5v3 V5
Thus, we have
X+ 507z
I = 27"5 (B.8)
X'+ 50

The second matrix by blocks is

= (1) (c+im) (F)@+in) 0 () (c—im) (&) (d—in) |. (B.9)

If
1 (AT He+im)
h/\@_ﬁ_<h0>_(lzi(d+m)>’ (B.10)
then
h/\?2
= | at/v2 RT/INV2 (B.11)
h* /2

where h/+/2 is the SM Higgs doublet. Finally, the third matrix by blocks is
§l6f +u] glw+p7
%[w + p] %[6k + 1]
I = 0 (B.12)

with
p=1i(—3b—V3e+3¢+V15r), v=1i(3b—V3e—3¢+V15r), w=g+h, p=i(p—a). (B.13)
If we choose as notation the physical mass eigenstates [44|

ot % —igtt %y S6f+p] Sw+ ol
(7. _ . R , B.14
(% 3)-(Cy =) - (R o

N[

ol
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¢ is a complex SU(2)y, triplet.

Matching, we obtain

O2x2 ¢
I = 0
¢ O2x2
We summarize the three matrices by blocks
=10+ 112+ 1% = ® o b
A G-

that’s the matrix represented in equation (111).

C Appendix: T-even and T-odd combinations

We choose the [SU(2) x U(1)]; x [SU(2) x U(1)]2 generators as

/2 0

o . Yi=diag(3,3,~2,~2,-2)/10,
0 Osxs
0 0

Qi=| > ., Y2 =diag(2,2,2,-3,-3)/10.
0 _O.CL*/2

with {o®} are the Pauli matrices. As {Q} + Q9,Y1 + Y2} is unbroken then

W =WQT + WsQs = Wl Q1 + WEQT + WiQT + Wy Q) + WiQ3 + W3Q5 =

Wi 2 w2 2 w3 2
i Wi i
=7 T3 T2

(W2 _ Wi
2 2

o7

wy

172
W3

(B.15)

(B.16)

(C.1)

(C.2)
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and
o,
1 w1 p,
B = DB1Y) 4+ BaYs = £ By — B (C.4)
Since SM gauge bosons are T-even, it satisfies
W —SoW! =
wi+ws (Wi+Wl)—i(W24+W32)
2 2
(Wi+W3)+i(WE+W3) _wiwg
2
0 )
_ WRWS (Wi4+W3 ) +i(WE+W3)
2 o 2
_ (Wi wg) (Wi w3) Wi+ W3
2 2
(C.5)
and
Bl—gBQ
B1+B>
2
BYy — 3oBT = 0 (C.6)
__ Bi+B>
2
_Bi+B»
2
Thus, from egs. (C.5) and (C.6), we have respectively
1 W3+ W3 B1 + By
W = S[(W) +Wy) Fi(W + W3], Wi =1 _—2 B=—7-. C.7
5 (W, o) Fi(Wj 3)] V2 /2 (C.7)
And now, as {Q{ — Q9,Y1 — Ya} is broken, then
Wy = WiQf —W5Q5 = Wi Q1 + WiQi + WPQT — WyQy — WEQ3 — W3Q3 =
w3 Wi—iW2
2 2
wi+iwg WP
2 2
0 , (C.8)
w3 W3 +iW3
2
Wi iw2 w3
2 T2
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and
-5,
1 % -z,
By = B1Y1 — BoYs, = 5 —(Bl + Bg) . (Cg)
% -3,
% -5,
So
Wy — SoWh =
wp-wg (Wi —w3)—i(w-w3)
2 2
(Wi =Wy)+i(WE-W3) _wiwg
2
0 )
_ wWP-w3 (Wi —W3)+i(WE-w32)
2 - 2
_ (i -wg) (W -wg) wi-wy
2
(C.10)
and
Bi1—By
Bi—B»
Bp¥o — XoBL = 0 . (C.11)
__B1—B>
_Bi—B»
Finally the T-odd combinations expand the heavy gauge sector
1 . w3 — w3 By — By
Wi = §[<W11 — Wy) Fi(Wf — W3)), Wi = %7 By = 7 (C.12)
D Appendix: Scalar Sector
The action of T-parity on the [SU(5) x U(1)]; gauge groups is defined as
Ay < Ay, (D.1)
and their generators change as
T
QF = —%0 (QF)" So. (D2)
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The SU(2); generators are

0 1/2 0 0 0 0 —i/2 0 0 0 /2 0 00 0
/2 0 0 0 0 i/2 0 0 0 0 0 -1/2 0 0 O
Q=1 o o0 000, Q=] 0 0 000], @=] o0 0 00 0
0 0 0 00 0 0 0 00 0 0 0 00
0 0 0 00 0 0 0 0 0 0 0 0 0 0
(D.3)
and the U(1); generator is
3
3
Y1:i -2 . (D.4)
10
—2
-2
Now, the SU(2)2 generators are
0 00 0 0 000 O 0 0 00 0 0
0 00 0 0 0 00 O 0 0 0 0 0 0
QI=1000 o0 0 ., @3=l000 0 0 , @3=1000 o0 0
0 00 0 —1/2 000 0 =—i/2 000 —-1/2 0
000 —1/2 0 000 i/2 0 000 0 1/2
(D.5)
and the U(1)2 generator is
2
2
Yo — — 2 (D.6)
10
-3
-3
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From the eq. (D.2)
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2
= Q27
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From the egs. (D.7)-(D.14), we conclude
Qlll — Qg, and Y] < Ys. (D.15>

Now, we know that the Scalar Lagrangian in Littlest Higgs is
_ f ? Ly T
Ls = LTr(D,3)(D5)), (D.16)

where
2

D2 = 0,5 -0 [0} (@5 +2Q57) + i, (V2 +2Y])] (.17
7j=1

when we introduce the T-parity, the Scalar Lagrangian must to be T-even, thus, from the egs. (D.1)
and (D.15) we have that g1 = go = v2gw and g} = gh = V/2¢', so the eq. (D.17) is written as

2
DS =0,5—iv2Y  [gwW (Q5S+3Q4T) +¢'B; (V;£ +3v])]. (D.17)
j=1

Recall that the action of T-parity in the scalar sector is defined as
II— —QIQ, and ¥ — ¥ =305f0%, (D.15)

with Q = diag (—1,-1,1,—1, —-1).

The term relevant for to calculate the mass of gauge bosons, under the T-parity, is

2
2
~iv2y [gWWf (Q;i + iQ;T) +¢'B; (in + EYjTﬂ . (D.16)
j=1
Calculating before introducing EWSM effects and taking at first order ¥ = 3¢, then
Y = 20308 = Zp05008 = . (D.17)

Developing the eq. (D.16) by parts

0 0 guwWo/2
gw Wi (Q1%0 + 20Q1") = 0o 0 0 : (D.18)
wWi/2 0 0
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where W{* = Wio?,

0 0 ¢'B1/10
¢'Br (V1% + Z0Y7') = 0  —2¢/Bi/5 0 : (D.19)
¢'B1/10 0 0
0 0 —gwWg/2
gw W3 (Q5%0 + £0Q5") = 0 0 0 , (D.20)
—gwWg/2 0 0
where W3 = W3o*,
0 0  —g'By/10
g'By (Ya¥o + 5oy ) = 0 29/By /5 0 . (D.21)
—¢'By/10 0 0

Summing the egs. (D.18), (D.19), (D.20), and (D.21)

0 W (Wi — W)+ 4 (B) — By)
%' (B, — By) 0 ,  (D22)
gTW(WfL_WQG)+%(Bl—Bz) 0 0
substituting (D.22) in (D.16)
0 0 (% (W = W) + 5 (BL - B2)) oo
2 0 % (By — By) 0
(% Wp = W) + % (Bi-Bo)) o 0 0
(D.23)
where loyo is a identity matrix 2 x 2, and omitting all crossed terms of W]‘? and Bj, we have
i 2, g 2
(e we - W) + % (B - Bo)?) 0 0
/2
0 8 (B — Bs)” 0
2 12
0 0 (4w —wg) + %5 (Br - 32)2>2X2
(D.24)
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since Lg = —T [(D,X)(D*E)T], we have that
2 2

2 2
= % <2g§V (W2 + W52 — 2W{W3) + s (B} + B3 — 231B2)>

_f2 . ) 1 -1 Wwe (D.25)
o w4 ) ()

2 . 1 -1 By
+2-9%( B By) .
209 1 2 11 By
We defined gauge bosons mass eigenstates

(g )= (0 ) ()
we ) V21 -1 wyg )’
" ? (D.26)
B\ 1 1 1 By
By ) v2\1 -1 By |
We can see that W} and By, are T-even, while W§, and By are T-odd. Also we can write this as
Wi = cos Wi + sinyWy', Wi = sinyW)* — cos W', (D.27)

with the mixing angle is given by sint¢) = cos® = 1/v/2. Thus, diagonalizing the matrix of (D.25)

and from (D.26), we have
> 1 -1 wi
-1 1 W
f2 12 1 -1 Bl
* 9509 ( B B ) 1 1 B,

(2) ()
0 2 W (D.28)
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Thus, the masses of gauge bosons are

/

~

g
Mwg =gwf,  Mp, = 7 (D.29)
If we consider EWSB effects of order (v,/f)?, the X field is
0 0 0 1 0
0 €/12—€*/2  i(e—€/3) 0 1—¢€*/2+¢1/12
Y¥=10 i(e—€/3) 1-e+€/6 0 i(e—é/3) , (D.30)
1 0 0 0 0
0 1—€e*/24+€'/12 i(e—€/3) 0 €/12—¢€2)2

with € = vy /f.
Substituting (D.30) in (D.16), we can recalculate the masses of gauge bosons as above, now we don’t

omit the crossed terms of wi and Bj, where a = 1,2. We have that

FPaw [ € 2
Lg= 1 —EW W2+€ W1W2+(W1 Wg)

Faiy [ 32 L1303 211731173 3 3)2
T |’ (W7 —w3) —1”1”2 +EWPWE + (W — W3)
(D.31)

f29/2 a1 2 2 5 2 1 2
+ 1 € g(Bl JFBQ)*EBlBQ + € BlBQ+5(B1*BQ)

f29W9/ et 3 3 2 3 3 2 3 3
+ T _(Wl_Wz)(Bl_B2)+§(Blw2+BQW1) — € (BiWy + BaW7) | .

Analyzing the Scalar lagrangian by parts, taking the eigenstates defined in (D.26), and diagonalizing
the matrices of (D.31)

el = (1—€%/6) 0 Wi
——WiWg + EWPWs + (Wi = W5)? = ( W W4 L
6 1YV2 € 1A ( 1 2) ( L H)( 0 2(1*62/4) W[(}[
€2 €2
—_ 211 - —
(D.32)
If we defined as [38]

Wi FiWg), Wi= Wi FiW}), (D.33)

1
75
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then

4 2 2 2
—%wag + EWIWE + (W — WE)? = % (1 - 66> WW, +2 <1 - 64) WiW,.  (D.34)

Now, the second line of Lagrangian

el 2 1 2 € 10
S (0w - w)? = g )+ ewpwg o (v - wg)? = (e ane - i)
+EWPWE + (W7 — W),
(D.35)
2 2
€< (1< 0 W3 2 2 2
3 3 2 ( 6) L | _¢ e 32 _ e 332
(wp WH>( . 2(135))(14/13) 2<1 6)(WL) +2<1 4>(WH).
(D.36)
For the third line of the Lagrangian
a1l p2 2 5 2 1 2
€ é (Bl + BQ) - EBIBQ +e€ BIBQ + g (Bl - BQ)
2 2
<(1-< 0 2 2 2
2 ( 6) By, € € 9 2 be 2
= =—|1—-—)(B —|1—— | (Bg)".
(BL BH) 0 2<1_£> (BH> 2( 6)<L)+5 1 (Bu)
5 4
(D.37)
Finally
et . 2
T (— (WP —W3) (B1 — Ba) + 3 (BiW3 + BQWE)) — & (BiW3 + BoW}) (D.38)
with aid of
1
BiW3 + BoW7 = 5 (W} + W3) (By + By) — (WP — W3) (B1 — Ba)] (D.29)
=W;By — W3 Bg,
substituting (D.39) in (D.38)
el 8 73 2073 2 (1773 3 2 € 3 2 2¢? 3
Z _§WHBH+§WLBL — € (WLBL_WHBH) = —€ 1—6 WLBL+€ 1—? WHBH
(D.40)

68



D APPENDIX: SCALAR SECTOR

Substituting (D.34), (D.36), (D.37), and (D.40) in (D.31), we have

o= (o v
4] 1= ih) i
4] 138 o
S (oo
S [5E(-5)
+% :—gwg/“’% ( - ;}i)] WiB;
wa[me (1) o

(D.41)

As we can see in the Lagrangian above the neutral light sector is given by Wg, By, and WgB L

UfQL 1 UI% 2 (w3)2 _ 9 "W3B 2 (g2
1 _67]“2 gw( L)—QWQ iBr+97(Br)”).

(D.42)

The eq. (D.42) has the same form that the terms off-diagonal of the standard model for electroweak

interactions, so from this sector we will get the SM neutral gauge bosons Z; and A;. We need to

diagonalize the matrix

2 / 3
9w —9wg WL

(wp B.) S ,
—Gwy g By,

the physical fields Z; and Ay, are [6]

Zr \ 1 gwv —¢ w}
A A /9‘2/[/ + 9’2 g/ aw Br, ’
For the light sector the mixing angle is just the SM Weinberg angle

'
g _ tan Gy,
aw

in terms of Gy

3

A, = cos by By, + sin QWWI%, Z1, = —sinbw By, + cos Oy W75
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Thus,

2 ! 3 2 12
9w —Gw9 w3 9w+ 9 0 Zr
W3 B =( 2, A , (D47
< L L)(_gwg/ g/2 ><BL> ( L L)( 0 0 Af ( )

so the eq. (D.42) looks like

Ui (1= S (g (W) — 2w WiBL + g7 (Bu)?) = U (1= ) b+ 4%) 22 (Das)
4 612 4 612
then
2 2 2 .2 2
Uh Yk 2 12\ 2 9w Vh Uh 2
(1 -1 J7 = —2 1 A D.49
1 < 6f2>(9W+9) L 4cos29w< 6f2> L (D-49)

Replacing this in the Lagrangian

IR (1 8\ s

== -
Ls=5174 6r2) | Ve

1[5 o A —

1 v2 \] 2
vy | (1- )| ovi)

- 9\ - (D.50)

+1 f29/2 - % (B )2

E ap2 )|

1 [gwg'vi 207

- _ B
ta| 2 572 ) | WiBu

L[ _givvi v\ 2

- 1- ) g
T3 | 4 cos? Oy 6f2) "L

Now, the heavy gauge sector is

2

v 9 gWg/UQ 2U2 f29/2 5’U2
T e e (R A e (B [LO R

The new mass eigenstates in the neutral heavy sector will be a linear combination of the WI?} and the
By gauge bosons, producing an Ay and a Zg. The mixing angle introduced into the neutral heavy
sector by EWSB will be of order (vi/f?) [37]

2 /
)
sinfy ~ gL,  ay= QWQ) (D.52)

f? 4 (597, — 9"

The new heavy neutral mass eigenstates are given by

Zg = sin0g By + cos W3, Ay = cos Oy By — sin g W3, (D.53)
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2
A 1 Zh w3
)= PR i, (D.54)
An ~TH 1 By

So we have

and their masses are [37]
2 12 £2 2
2 _ 2 2 Up, o _9°f SV},

Finally, the Scalar Lagrangian is

ULk (] s
= R
£s 2[ 4 6r2) | VEWe
1o A E—
1o v\ 2
L1202 (0 53] e
- 1- 2% (4
25 42 _< i)
L[y ] g
2 [4cos? Oy 62

The light gauge sector includes ch, Zr,, and Ay bosons, that we identify as the SM gauge bosons

with masses

02 1/2 v2
Mi:ngh 1Y ~ IWUh 1-_h
WL 2 6.f2 2 12f2 )
2

M, = WU (L Uy 1/2 _ MWLi (D.51)
7L~ 2cosfy 62 cos Oy
My, =0,
and the mass of the heavy bosons are
1/2

My = My, = T | Y
wi = 7y = fow —rfz ~ fow _87]02 )

M _fd . 502 I/QNfg’ 502
w=p\tap) ~sUsE)

(D.52)
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E Appendix: Top Sector

In the Top Sector we introduced these multiplets [36]

thus,

Ql = tlLl )

0

t/
L2 (E.1)

_0_2 ur2
bra

0

0

o . (E.2)
tbro
—iUr9

Now, we take the ¥ field from the eq. (126), and the transformation Y = $o02fQn,, thus, & = 3.

The top Yukawa couplings arise from the Lagrangian of the form

Ly = 2\1/§A1f€ijk€xy [(@1)1‘ (2)j0 By — (@2%0), (i)jx(i)’“y} 3R

+ Ao f (E,thlRl + %3:275322) + h.c.

Because the indices 7,5 = 1,2,3 and z,y = 4,5, we have only the terms

€123 = €231 = €312 = 1,

Then,
ey (@), (D, (2
— €ay ((@1)2 ()1, (B
ey (@), (D), (3
— €ay ((@1)3 (2)g, (2
oy ((Q1)y (D, (2
ey (@), (D (
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€213 = €321 = €132 = — 1. (E.4)
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the terms €45 = —€54 = 1 while the others terms vanish.
We have that

él = < —iBLl U E/Ll 0 0 )7 @220 = ( _igLQ U2 EILQ 0 0 )’ (EG)
and
0 0 0 1 0
0 —%(1 — ) %SU 0 %(14-0@)
y=%=1| 0 %sv c, 0 ﬁsv (E.7)
1 0 0 0 0
0 $(1+c) %SU 0 —2(1-cy)

From egs. (E.5), (E.6) and (E.7), we have that

28,

i _ =/ - =/ / -/ /
Et 2\/7)\1')0 ((1 + CU) (tLl tLQ) + \/i (ULl UL2)> U3R + )\Qf (tthRl + tLQtRQ) + h.c. (ES)

The T-parity eigenstates are given by [36]

1 / / / 1

= , th,=—(t tho), tpr = — (th) Fths) - E.9
a+ (@1 F q2) L+ ﬂ(m? L2) R+ \/i(Rl:F R2) (E.9)

Sl

Substituting (E.9) in (E.8)

Li=Mf < (1+co)py + \S;’iaH) usg + Ao f (E’Ht;ﬂ +f’L_t’R_) + he.
(E.10)

A A sy 3
Ly = < ;f (1+¢y) tL+U3R + jﬁ Ur+uUsr + )\zftL+tR+) + Ao f <t’L_t’R_) + h.c.

From the Lagrangian (E.10) we can see that the first part contain only T-even states, while the second
part contain only T-odd ones, it’s important to note that T-even and T-odd states don’t mix, so the
T-even sector must diagonalize to find the T-eigenstates given by eqgs. (169-170).

The T-odd states t’L_ and t}%_ combine to form a Dirac fermion 7, with mass My = Ao f [36].
The Yukawa coupling for the other up-type is given by

Eup = _2\1/§Auf€ijk€xy [(@1)2 (E)]z (E)kzy - (6220)2 (E)Jff(i)ky} URr + I’L.C., (Ell)
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where, now multiplets ()1 and Q)2 are

—di, 0
Ui, 0
Q1= 0 , Q2 = 0 ;
—dyr
(1535

thus,

@ =(-di mr 00 0),

@220=<—32L war, 0 0 0>7

(E.12)

(E.13)

the terms that contribute are the same of the eq. (E.5), omitting only the terms (Q;)3 and (Q30)s3,

ey (@), (B (D, — (@2%0), (E)a(E)sy)
= oy (@), D)1z (D), — (@2%0), (D1 (D)sy )
teny (@1) (D)ae () — (@2%0), DSy
ey (@), (D, (D), — (@%0), E)sa(D)ay)
So, the Ly, is
Lop = ——— 2 f 255 (1) — T g + B = — 2\ i ug + hoce,
22" V2

expanding to order of O (v/f )2, the up-type quark masses are [39]
i i v :
m., = A\, Up, (1—3]02> , (1=1,2).

For the down-type quark Yukawa coupling, we take [39]

iAg

ﬁdown = ﬁf@jﬁxyz {(Wz)x (E)zy (E)jz X — (@120)36 (f)),y(fl)]sz] dR + h.C.,
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(E.15)

(E.16)

(E.17)
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where we sum over 7,7 = 1,2 and z,y,z = 3,4,5, and X = (233)71/4 = 051/4. Here, the multiplets
Uy and ¥y are

UL 0
dir, 0
Uy = 0 ) Uy = 0 , (E.18)
0 U2,
0 dor,

we have that €19 = —e91 = 1, then

€xyz [(W2)x (E)Iy (X)g, X — (@120)1, (E)1y(E)2: X — (62)90 (E)Qy (2), X+ (@120)1; (i)Qy(E)lzX dR.
(E.19)

Since (@1 20)3 = (@2)3 = 0, then all the terms e3,. vanish. The remaining terms are

€153 [(@)4 ()15 (Z)og X — (T120), (X)15(2)23 X — (Ta),, (X)as ()13 X + (¥1%0),, ( >z5(i)135(}
¥ eqss [(@2)4 ()13 (2)a5 X — (T1%0), (X)13(2)25X — (Va), (B)as (£)15 X + (¥1%0) , (X)23(X)1s ]
s [ (T2)y Dz (D)0 X = (T1%0), (D1a(E)24X — (T2) (D) (g X + (T15%),, (B)as(D)ua X
¥ oesis [(@)5 (2)14 ()93 X — (T130), (2)14(5)23X — (Va), (2)gy (X)13 X + (¥130), (2)24(2)13)?] 7
(E.20)
so we have Mg RV
down 5 SonCo " (d1r = dar) dr 5 5o drdr, (E.21)
taking only the terms until O (v /f)*
nETE s
e/t a1+ Zf’z,
thus, the down-type quark masses are [39)]
m, = My (1 - 1;? > . (j=1,2,3). (E.22)
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