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«The Higgs mechanism is just a reincarnation of the Communist Party: it controls the masses [1].»

Lenin, apocryphal.
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Abstract

The Standard Model of Particle Physics is one of the most predictive and elegant theories
of the History of Physics. It explains what are the fundamental constituents of matter and how
they interact. This model has been tested in a wide variety of scenarios and essentially all the
experimental measurements seem to agree with its predictions.

However, in this framework the Higgs boson is an elementary particle. This makes the
size of its mass quite unnatural. The Higgs mass, not protected by any symmetry, receives
quadratically divergent contributions coming from arbitrarily large energies and thus there is
no reason that justifies why the Higgs boson should be light. This is the so called hierarchy
problem.

One of the most elegant proposals to face this problem consists of assuming that the Higgs
boson, rather than an elementary particle, is a composite state of unknown heavy fermions
bounded by a new strong interacting sector. This is motivated by the treatment of mesons in
Quantum Chromodynamics. As a consequence, at high energies there is no Higgs because
those heavy fermions would be the fundamental constituents of a new theory that extends the
Standard Model. If this idea is realized in Nature it would end, once and for all, with the
hierarchy problem.

The composite Higgs paradigm can be implemented in many ways, giving rise to a vast
family of models. One of the frameworks that have received more attention is the Littlest Higgs
model with T-parity. In this model the Higgs mass does not receive quadratically divergent con-
tributions. Hence the Higgs is naturally light. Furthermore, the T-parity is a discrete symmetry
under which the Standard Model particles are even and most of the new particles are odd.
As a consequence, the contributions of these particles to precision observables are one-loop
suppressed and thus under control.

Within this framework we will study flavour-changing transitions. In particular, we are
interested in the contributions of a heavy fermion singlet that can be either T-even or T-odd
under the discrete symmetry. We will show that the contributions of the T-odd singlet to lepton
flavour-changing Higgs decays and to neutrino masses do not decouple in the limit of a heavy
singlet mass. These issues are not present in the T-even singlet case.

Motivated by the anomalous behaviour of the singlet, we will prove that the Littlest Higgs
model with T-parity is not invariant under its gauge group. As a consequence, we will develop
a new Littlest Higgs model with T-parity compatible with gauge invariance. For that purpose,
the global symmetry group will be minimally enlarged with respect to the original model and
new fermion and scalar degrees of freedom will be introduced.

To show explicitly the viability of the model we will impose current constraints on exotic
quarks; we will consider that the usual dark photon, the lightest T-odd particle, accounts for all
the dark matter relic density of the Universe; and we will demand that the masses of the new
scalar fields do not exceed the TeV. This fixes the value of certain parameters while others get
correlated, so the particle spectrum gets bounded from below and above, keeping the model
viable. Finally, we will study the main decay channels of the new scalar fields to show that their
decay rate is comparable to that of the Higgs. In terms of production rates, they are relatively
heavy and generated by an electroweak interaction so they are not significantly produced at
the LHC.
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Resumen

El Modelo Estandar de la Fisica de Particulas es una de las teorias més predictivas y elegan-
tes de la historia de la Fisica. Explica cuales son los constituyentes fundamentales de la materia
y como son sus interacciones. Ha sido puesto a prueba en una gran variedad de escenarios y
practicamente todas las medidas experimentales estan de acuerdo con sus predicciones.

Sin embargo, en este marco tedrico el bosén de Higgs es una particula elemental. Esto hace
que su masa sea muy antinatural ya que, no estando protegida por ninguna simetria, recibe
correcciones cuadréticas de energias arbitrariamente altas y no hay razén teérica que justifique
que el Higgs sea ligero. Es lo que se conoce como el problema de las jerarquias.

Una de las soluciones mds elegantes a este problema consiste en asumir que el bosén de
Higgs, en lugar de ser elemental, es un estado compuesto de fermiones pesados y desconocidos
ligados por un nuevo sector fuertemente interactuante. Esto estd motivado por el tratamiento
de los mesones en Cromodindmica Cudntica. Como consecuencia, a energias altas no hay bosén
de Higgs ya que dichos fermiones pesados serian los constituyentes fundamentales de una
nueva teoria que extenderia al Modelo Estdndar. Si esta idea se lleva a cabo en la Naturaleza se
acabaria de raiz con el problema de las jerarquias.

El paradigma de un Higgs compuesto puede ser llevado a cabo de multiples maneras, dan-
do lugar a una vasta familia de modelos. Uno de los marcos tedricos que méas atencién ha
recibido ha sido el “Littlest Higgs model with T-parity”. En este modelo, la masa del Higgs
no recibe correcciones cuadraticamente divergentes, lo que hace que el Higgs sea ligero de for-
ma natural. Por otro lado, la T-paridad es una simetria discreta bajo la cual las particulas del
Modelo Estandar son pares mientras que la mayor parte de las nuevas particulas son impa-
res. Como consecuencia, las contribuciones de las nuevas particulas a observables de precision
estan controladas.

Dentro de este marco teérico estudiaremos transiciones fermiénicas con cambio de sabor.
En particular, estaremos interesados en las contribuciones de un singlete lepténico pesado que
puede ser tanto par como impar bajo la simetria discreta. Veremos que las contribuciones del
singlete impar a desintegraciones del Higgs con leptones de diferente sabor en el estado final,
y también a la masa de los neutrinos, no desacoplan en el limite en que la masa del singlete es
muy pesada. Estas patologias no estdn presentes en el caso en que el singlete es par.

Motivados por el comportamiento anémalo de este singlete, demostraremos que el “Littlest
Higgs model with T-parity” no es invariante bajo el grupo local de simetrias. Como consecuen-
cia, desarrollaremos un nuevo “Littlest Higgs model” que respeta la invariancia gauge. Para
ello el grupo global de simetrias debera ser extendido minimamente con respecto al modelo
original y serd necesario introducir nuevos grados de libertad, tanto escalares como fermiéni-
cos.

Para mostrar explicitamente la viabilidad de este modelo impondremos cotas actuales a
la masa de quarks exéticos; supondremos que el fotén oscuro, la particula impar més ligera,
da cuenta de toda la densidad de materia oscura del Universo; y que la masa de los nuevos
escalares no supera el TeV. Esto fija el valor de ciertos pardmetros del modelo y correlaciona
otros, de modo que el espectro de particulas queda acotado inferior y superiormente, haciendo
el modelo viable. Finalmente, estudiaremos los principales canales de desintegracién de los
nuevos escalares y veremos que su ritmo de desintegracion es aproximadamente igual al del
Higgs. Estos escalares son relativamente pesados y producidos por una interaccién electrodébil
por lo que no se espera que den lugar a sefiales apreciables en el LHC.
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Chapter 1

Introduction

1.1. Brief description of the Standard Model of Particle Physics

The deep understanding of the nature of matter and its interactions that the physicists
achieved during the XX century is collected in the Standard Model (SM). It is one of the most
predictive and successful theories of all times and even today most of the experiments seem
to agree with its predictions. It has been tested in a wide range of energies allowing us to find
what today we consider to be the building blocks of the Universe.

The SM is a quantum field theory. This means that it is invariant under global transforma-
tions of the Poincaré group, that includes the Lorentz group together with space-time transla-
tions, and respects the principles of quantum mechanics.! On the other hand, all the particles
we know have internal quantum numbers and thus live in representations of the gauge (local)

group
SU(3). x SU(2). x U(1)y. (1.1)

The SU(3),. factor describes the theory of strong interactions or Quantum Chromodynamics
(QCD). Its associated quantum number is the color. The rest of the group Ggw = SU(2); X
U(1)y defines the electroweak (EW) interactions, the unification of electromagnetism (EM) with
the weak interaction. The quantum numbers associated to SU(2); and U(1)y are the weak
isospin and hypercharge, respectively. The quantum number associated to electromagnetism
is the electric charge.

The matter fields are described by fermions, fields with semi-integer spin under the Lorentz
group. They are cast into quarks (g) and leptons (/) depending on whether they experience the
strong force or not. Under SU(3),, quarks transform in the fundamental representation while
leptons are color singlets. On the other hand, under the Lorentz group fermions decompose
into their left (L) and right-handed (R) chiralities. The left-handed fermions are SU(2); dou-
blets while the right-handed are singlets. All of them have different hypercharge under U(1)y
as shown in table 1.1. Their explicit form is given by

‘1L=<Z£>, 1L2<ii)/ ug, dr, er. (1.2)

Notice the absence of a right-handed neutrino vg. These fermions are collected into families,
that is, different replicas with the same quantum numbers differing only in their mass. On the
other hand, the force mediators are described by vector gauge bosons, Lorentz vector fields
that under the internal symmetries transform as Lie algebra-valued connections. They are re-
sponsible for the invariance of the theory under local transformations of the group (1.1). There

IThe Lorentz group SO(3, 1) does not allow representations with semi-integer spin and thus it cannot describe
fermions. Indeed what we call Lorentz group in this context is the universal cover SL(2, C), the group of complex
2 x 2 matrices with unit determinant.
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is the same number of vector bosons that generators in the Lie algebra of the gauge group:
eight gluons g7, associated to SU(3),, three weak gauge bosons W, associated to SU(2). and
the hypercharge gauge boson B,. Their quantum numbers are gathered in table. 1.1.
However, the gauge symmetry does not allow to introduce massive vector fields and fer-
mions. But in nature it turns out that the mediators of the weak force Wff (orthogonal complex

combinations of Wﬁ and Wﬁ) and Z, (a combination of Wﬁ’ and B,,), and most of the fermions
are massive and thus some mechanism must be implemented to provide them with a mass
while keeping the photon A, (the remaining orthogonal combination of Wﬁ and B;) and the

gluons massless.”

According to the ideas of Nambu [2], Goldstone, Salam and Weinberg [3, 4], when a theory
has a continuous global symmetry G that gets spontaneously broken to one of its continuous
subgroups H, that is, the vacuum solution is only invariant under H, a set of massless scalar
fields (Goldstone bosons) appear in the spectrum. If the continuous symmetry is local, Brout, En-
glert, Higgs, Guralnik, Hagen and Kibble [5-8] realized that some of these Goldstone bosons
(the would-be Goldstone bosons) disappear from the physical spectrum turning into the longi-
tudinal modes of the gauge bosons. As a consequence the gauge bosons become massive. This
is the so called Higgs mechanism.

Following the above procedure, the electroweak gauge group SU(2); x U(1)y gets sponta-
neously broken to the electromagnetic group U(1)g by the vev of an SU(2); doublet with four
degrees of freedom: the Higgs doublet

in"
H= ot+htin® | - (1.3)

V2

Three of these scalars provide the longitudinal modes of the W]jIE and Z,, which acquire a mass
proportional to the Higgs vev, while the photon and the gluons remain massless. Only one
scalar field remains in the physical spectrum: the Higgs boson.

To provide masses for the fermions, except for the neutrinos that were assumed to be mass-
less in the original SM, different Yukawa Lagrangians that couple the fermions to the Higgs
doublet are introduced. Their masses are thus proportional to the corresponding Yukawa cou-
pling and the Higgs vev .

Finally, the requirement of renormalizability, that is, that all divergences generated at any
order in perturbation theory can be absorbed by a finite set of parameters, fixes the operator
content of the SM. Only operators with mass dimension d < 4 are allowed. Thus the renormal-
izable SM Lagrangian with the field content and symmetries above and the implementation of
the Higgs mechanism reads

1/~ ~ 1, [~ = 1
£5M = —Etr (GVVG}W> — Etr (W]NW”V) — EBIMVBVV
+ DG + T DI + TSiDu + dyiDd’ + ekildes
+ (D,H)'D'H — j2H"H — A(H'H)? — [yg,ﬁqgﬁuﬁ + v g8 Hdly + e pl) Hel +hec. |,

(1.4)
where «, B are flavour indices, H = —ic®?H* and y£ p are Yukawa couplings. The field strength
tensors are given by

- A2
Gy = GZ7 (1.5)

2We will consider massless neutrinos in this discussion.
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SM field SU(3). SU((2). U(1l)y
Sy 8 1 0
Wy, 1 3 0
B, 1 1 0
wei) |
UR 3 1 z
dR 3 1 -1
Ip = ( Z > 1 2 -1
€Rr 1 1 -1
(el )| > ;
V2
TABLE 1.1: Quantum numbers of the different SM constituents in the weak eigen-
basis.
G = 3Gy — 3,Gy — igs |Gy, G| (1.6)
W, = w;‘%l (1.7)
Wy = 0, W, = 3, W, — ig [ W, W, (1.8)
By, = 9,B, — d,By, (1.9)

where A?/2, ¢s and ¢ /2, g are the SU(3). and SU(2); generators and gauge couplings, respec-
tively. The covariant derivative I) = iy*D, is given by

A a ; o' i ]

where ¢’ is the U(1)y gauge coupling.

1.2.

The SM as an effective field theory

The discovery of the Higgs boson in 2012 by the ATLAS and CMS experiments [9, 10] finally
completed the SM puzzle. However there still remains open questions that the SM cannot
address satisfactorily. Among others,

1.
2.

The underlying mechanism of electroweak symmetry breaking (EWSB) [11-13].

The flavour puzzle, that is, the hierarchy between the different SM fermion masses and
mixings [14-17].

Related to the previous one, the origin of neutrino masses and mixings [18-26].
The nature of dark matter [27-33].

The origin of dark energy [34-37].
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6. The quantum behaviour of gravity, which requires a quantum theory of the space-time
itself [38—42].

As a consequence, the SM should not be regarded as the ultimate explanation of nature but
as an effective field theory (EFT), just a partial description of the world that is valid only below
an energy scale Agy. Above that scale, a new theory with extra symmetries and degrees of
freedom, with typical masses of size Agy, should clarify some of these open questions and
provide a microscopic explanation for the observed values of the SM input parameters. Fol-
lowing a top-down approach, the SM effective field theory (SMEFT) arises as the low energy limit
of a more fundamental theory after integrating out the new heavy degrees of freedom at the
scale Asy.” The SMEFT consists of the SM Lagrangian plus an infinite series of local operators
invariant under the SM gauge group with arbitrary energy dimension d > 4 suppressed by
powers of Agy

Oz‘
Lsverr = Lom + Y o dil’ (1.11)
>4 ASM

where the coefficients ¢ are functions of the parameters of the underlying new theory. This
suppression is an enormous benefit because the higher dimension operators break accidental
symmetries of the SM such as lepton and baryon number or custodial symmetry. Thus the
impact of these operators is small, which explains why we have not (yet) observed transitions
in nature that violate these symmetries. On the other hand, the SMEFT is not a renormalizable
theory in the usual sense, conversely to the SM. However it is renormalizable order by order in
loops and in energy dimension.

Nowadays, the SM cutoff Agy remains unknown, since most experiments seem to agree
with the SM predictions.* One of its tentative values is the Planck mass Mp; ~ 1.2 x 10! GeV
[44], that it is the scale in which gravitational effects start to become important and a quantum
theory of gravity is required. Other models like Grand Unification theories (GUT’s) predict that
there is a scale at which the strong and electroweak gauge couplings unify [45, 46]. This scale
is closely related to the proton decay, whose non observation sets a lower bound for the GUT
scale Agur ~ 10' GeV. Finally, oscillation experiments reveal that neutrinos have a small mass
my, < 0.1 eV. Within the SM framework, neutrinos receive masses from the dimension-five

~

Weinberg operator” [47]
Ou—s = (ILH®)(H°I}), (1.12)

This operator must be suppressed by A = 10!* GeV in order to reproduce the observed order of
magnitude of neutrino masses. In any case, there is a huge gap between these tentative values
of Agy and the electroweak scale set by the Higgs vev v ~ 250 GeV. However, in the following
section we will motivate why new physics should play an important role already at the TeV
scale.

3The SMEFT is also an end in itself. It is an extremely useful tool to parametrize, in a model independent
fashion, deviations from the SM predictions. Their unknown coefficients are fixed by the matching procedure to any
UV theory allowing to test its IR predictions and eventually discard theories.

“However, there are current experimental measurements related to lepton flavour non-universality, the electron
and muon anomalous magnetic moments (g — 2) and the W boson mass that challenge the SM and push towards
the direction of New Physics around the TeV scale [43].

5The Weinberg operator is the only dimension 5 operator that can be built using the SM gauge symmetry and
fields.
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1.3. The hierarchy problem and a natural electroweak scale

Previously we have pointed out that operators with energy dimension d > 4 are suppressed
by powers of the cutoff scale Aé{f. Then the same argument states that the Higgs mass param-
eter should be naturally expected to be of size

cA3H'H, (1.13)

where c is a constant. Comparing with the measured value of the Higgs mass, m;, = 125 GeV,
implies that ¢ ~ 1072 <« 1 for Agy = Acut. Thus the small value of ¢ is a measure of the
huge hierarchy between the Higgs mass and Agy.

According to the naturalness criterion [1], mass hierarchies of this type are naturally under-
stood if some symmetry is restored in the limit of vanishing field mass. In that case, the naive
dimensional analysis above does not work to estimate the size of the field mass. For instance,
the lightness of the weak gauge bosons W+, Z is explained due to the restoration of gauge sym-
metry when their masses are turned off since all of them depend on the Higgs vev. The same
happens with fermions. However, this is not the case for the Higgs field since the SM does not
enhance its symmetry by turning off the Higgs mass. The absence of such a symmetry that
protects the Higgs mass squared against quadratically divergent contributions from arbitrarily
high energy scales is the seed of the so called hierarchy problem. This is typical in theories with
elementary scalar fields.

Let us reformulate the hierarchy problem in a more suitable form. This will clarify why one
should expect new physics at the TeV scale. Suppose that we knew the UV theory that extends
the SM beyond Agy. Thus the loop corrections to the Higgs mass could be fully computed
evaluating the integral

© dm? Asm dm? ©  dm?
2 _ h — h h — 2 2
5mh = /0 iE dE /0 JE (SM)dE + e JE (UV)dE = 55Mmh + 5Uvmh (1.14)

where we split the contributions coming from the SM fields bellow Ayy and those coming from
the new degrees of freedom of the UV theory above Ayy. The SM contribution is well known
and can be computed evaluating the Feynman diagrams in fig. 1.1

3A7 ., Ay
82" M 16712

(3¢*+¢7) SANpY: (1.15)

2 o
58Mmh ~ - 167'[2 SM~

where A; =~ 0.956 is the top quark Yukawa coupling, ¢ ~ 0.641 and ¢’ ~ 0.344 are the elec-
troweak coupling constants and A ~ 0.13 is the Higgs quartic coupling. Numerically, the top
quark quadratic divergence is the most important due to its large Yukawa coupling and color
multiplicity as we show in fig. 1.2. As a first approximation let us consider only this contribu-
tion. Then we can define the degree of fine-tuning as

A dsmmy  [BAZ A A (1.16)
N m? 82 m;, 640 GeV' ‘

This allows to talk about fine-tuning in a more quantitative way. For a cutoff of size Agyut we
have a fine-tuning A ~ 10'2. This means that the results of the two integrals in eq. (1.14) must
have different sign and agree in the first 12 digits to predict the experimental value of the Higgs
mass. These large cancellations are not natural since both contributions are a priori completely
unrelated. Besides, we will never manage to measure a quantity with such an accuracy. This
implies that we would not be able to unveil the dynamics of EWSB and the Higgs mass would
always be an input parameter of the theory. However, if new physics enter around the TeV
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FIGURE 1.1: Most relevant one-loop quadratically divergent contributions to the
Higgs mass squared in the SM in the gauge eigenbasis.

tree loops

/

mf ~ (125 Gev)”

top| gauge higgs

FIGURE 1.2: Fine tuning required to obtain the experimental value of the Higgs
mass in the SM for Agyt = 10 TeV. Figure taken from [49].

scale, A can be reasonably small to generate a natural electroweak scale with only a small
amount of fine-tuning.

The above discussion is mainly focused on quadratic divergences that are generated be-
cause we regularized the theory with a cutoff. One may argue that such divergences are not
physical. Indeed they are not even present in other regularization schemes such as dimen-
sional regularization and we would not have to worry about them. However, even in this kind
of schemes a quadratic sensitivity to high energy scales is still there [48]. For instance, consider
that at high energies the Higgs is coupled to another scalar field ® with M¢ > m;, through a
term of the kind ~ A H2®?. This is what happens for instance in GUT models. At one loop,
after subtracting the pole in 1/€ where € = 4 — d and using the MS renormalization scheme,
one finds

2
sm? ~ Ao M3 log (%) , (1.17)
where y is the renormalization scale. Thus, in the form of eq. (1.13) or eq. (1.17) the Higgs
mass always receives quadratic contributions from any high energy scale of the theory. As a
consequence, to keep a light Higgs one needs to fine-tune the parameters of the theory if the
masses involved are large. This fine-tuning is, in general, unstable under quantum corrections.
From the theoretical point of view this is quite unsatisfactory, what justifies the theoretical effort
in the construction of models to address the hierarchy problem in order to generate a natural
electroweak scale.
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1.4. The Higgs as a composite particle

In the previous section we pointed out that in the SM the Higgs suffers from a hierarchy
problem due to its a priori unexpected light mass according to the naturalness criterion. How-
ever there are other scalar fields in nature such as mesons in QCD that are naturally light
compared to the rest of hadronic resonances, with masses of a few hundred MeV. This leads
us to the following question: what is the main difference between the Higgs and the QCD mesons?
The answer to this question is that mesons are not fundamental particles but composite states of
quarks with a finite size and bounded by the strong force. Being composite, their masses are in-
sensitive to energies beyond the inverse of the typical meson size. But in the SM the Higgs field
is an elementary particle and thus receives mass corrections from arbitrarily large energies. If
we could realize the Higgs as a composite state of some kind of strong force analogous to QCD
(but not QCD, or otherwise it would be too light) at the TeV scale we would solve the hierarchy
problem. These ideas were first proposed in the 80’s [50-52] and have received and increasing
attention in recent years [19, 53-69] mainly due to the lack of signals of supersymmetry.

In this section we will review some of the basic aspects of QCD that are responsible for
generating light masses for the mesons. These characteristics guide the construction of models
that realize the Higgs boson as a composite particle.

1.4.1. Motivation: mesons as low energy QCD bound states
QCD and confinement

The high and low energy behaviour of QCD is encoded in the renormalization group evolu-
tion of the strong coupling constant gs. Neglecting the quark masses, at one-loop the running
of g5 with the energy reads

I - 44 2
dlogp (47T)2g5 with Bo =11 31 (1.18)

where y is the renormalization scale and 7r is the number of active flavours.® Since only six
quark flavours seem to exist in nature and By is always positive for nr < 15, the rh.s. of
eq. (1.18) is negative, so QCD has a stable fixed point in the UV and it is an asymptotically free
theory [70]. The study of its low energy behaviour is more interesting. For that purpose, let us
integrate from y = Ayy to an arbitrary energy scale E < Ayy

83 (Auvy)

1- g2 (Auv) (ii(;z log (%)

(1.19)

g5 (E)

Due to the negative sign in eq. (1.18) there exists an energy scale m. < Ayy such that the strong
coupling constant becomes non-perturbative7

2
A 1 4r
tog (5 ) = 35 (- iny ) (120)
", 2Bo \ g5 (Auv)
A quark flavour is active if its mass my < E, with E the available energy in the process. For all other purposes,
mg, can be set to zero regardless whether it is active or not.

’The value of m, is independent of the chosen Ayy. This is because gs verifies eq. (1.18) and hences physical
observables such as masses do not depend on the energy.
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In the context of QCD, the new physical scale m. is called Agcp and it is exponentially sup-
pressed with respect to Ayy allowing for a large separation between both scales.® Based on
perturbative arguments, one usually takes the UV cutoff satisfying Ayy < 47tm... This mecha-
nism that generates a physical dimensionful parameter through the running of dimensionless
coupling constants at the UV is called dimensional transmutation. This is possible because at Ayy
we have neglected the quark masses and the only relevant coupling is gs.

Below Aqcp, QCD is a strongly coupled theory that confines quarks into baryons and
mesons. Consequently a perturbative treatment of QCD below 1 GeV is not consistent. The
way to deal analytically with QCD in this low energy regime is to use an EFT approach [72, 73]
with cutoff Ayy ~ 1 GeV. This is based on the fact that a description of the strong interaction
in terms of the physical degrees of freedom at this scale, the pseudoscalar mesons, is possible.

Effective field theory for the light mesons

The link between the QCD Lagrangian and the low-energy EFT’s at energies below Aqcp
is built from the symmetries of the light-quark sector which appear if the masses of the active
quarks vanish [44, 70, 72, 74]. This is called the chiral limit. Considering only the three lightest
quark flavours u, d and s, the QCD Lagrangian is invariant under global transformations of the
group SU(3)1 x SU(3), acting on the left-handed and right-handed chiralities independently.’
However, the QCD vacuum is non-trivial and the global symmetry group gets spontaneously
broken to the diagonal SU(3)y at the scale Agcp by the quark condensate

(017,48 | 0) = Adcpdis- (1.21)

As a consequence, the Goldstone theorem ensures the existence of eight massless scalar fields,
the Goldstone bosons [4]. Physically they represent the octet of pseudoscalar mesons. Their dy-
namics are parametrized by a non-linear sigma model using the Callan-Coleman-Wess-Zumino
formalism (CCWZ) [75, 76] and are fixed by symmetry. Being Goldstone bosons, as far as the
global symmetry remains unbroken, the mesons are massless, what justifies their lightness.

However the global symmetry is not exact but broken at the UV by the different quark
masses. The scalar fields are coupled to this source of breaking of the global symmetry acquir-
ing a tree-level mass of typical size Aqgcp. At low energies the electroweak interactions also
break the global symmetry giving one-loop corrections to the meson masses. These corrections
are controlled since the loops are cutoff at the scale Ayy < 471Agcep. The loop contributions
are proportional to Agcp times an electroweak coupling and hence small with respect to the
tree-level contribution.

1.4.2. The composite Higgs idea and a Little Higgs

Once we have described the main features of QCD, let us apply the above mechanisms to
generate a composite Higgs and a natural electroweak scale. Since the Higgs boson is color
blind, we will omit the SU(3), factor of the SM gauge group in the remaining of this Thesis. As

8The value of Aqcp depends on the number of active flavours encoded in the parameter By in eq. (1.18). This
is because the strong coupling constant gs must vary smoothly when passing a quark threshold gs (E = mg, ng) =
gs (E = mg,np —1). This implies [71]

Aqcp (np —1
mq

) 2/(33—2n¢)
Aqcep (nr) = Aqep (nF — 1) ( ) -

For three active flavours Agcp ~ 250 MeV.

9The global symmetry group also includes an U(1); x U(1)g =2 U(1)y x U(1) 4 factor. The U(1)y is associated
to baryon number while the axial U(1) 4 is anomalous and thus is not a symmetry of the quantized Lagrangian. We
will ignore this factor in what follows.
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a consequence, when we refer to the SM gauge group it will be implicitly assumed that we are
only considering the electroweak subgroup Ggw = SU(2) x U(1)y.

First of all we need a new strongly interacting sector that at Ayy is close to a free fixed
point and confines at the scale m,. We assume that this confinement or compositeness scale is
generated by the mechanism of dimensional transmutation at the UV, allowing for a natural
separation between Ayy and m, of typically Ayy < 47tm,. But unlike QCD, the UV theory is
unknown, we ignore its fundamental constituents, the global and gauge symmetries and the
pattern of spontaneous symmetry breaking. However, from the low energy point of view, the
EFT theory is built postulating a global symmetry group G that gets spontaneously broken
to one of its continuous subgroups H by the vacuum at the scale m,. This generates a set of
Goldstone bosons living in the G/ H coset, among them the Higgs field, whose dynamics are
parametrized a la CCWZ by a non-linear sigma model. Since G and H do not come from first
principles, the composite Higgs idea admits multiple realizations giving rise to a vast family of
models.

To generate a mass for the scalar fields, they must be coupled to the sources of explicit break-
ing of the global symmetry. In contrast with QCD, in most composite Higgs models the global
symmetry is not broken at the UV, that is, there is no analogous to the quark masses.'’ Hence,
there are no tree-level contributions to the composite scalar masses. Instead, their masses are
generated from loop effects of terms that at low energies break the global symmetries. Those
are the electroweak interactions, as for the mesons, and the Yukawa couplings. The latter need
to be incorporated because the Higgs is responsible for providing masses to the SM fermions.

In this family of models, the quadratically divergent contributions to the Higgs field coming
from the explicit breaking terms of the global symmetry are controlled. The low energy quanta
have a too large wavelength and cannot resolve the Higgs size I;, ~ 1/m.. Therefore the Higgs
behaves as an elementary particle and the loop integral in eq. (1.14) grows linearly with the
energy, thus resulting in a quadratic divergence (1.16) like in the SM. However, this growth
gets cancelled by the finite size effects when the energy approaches the compositeness scale
m,. The linear SM behaviour is then replaced by a peak at the compositeness scale followed
by a steep fall. The Higgs mass generation gets localized around m. being insensitive to much
higher energies. Being a composite particle there is no Higgs field at the UV and no dimension
2 mass terms as in eq. (1.13), solving the hierarchy problem.

The earlier attempts to implement this mechanism during the 80’s [50-52] assumed that
the compositeness scale m, was not far away from the electroweak scale, and thus m, 2 v.
However new exotic particles are expected at these new scale that have not been observed so
far at colliders. This has pushed m, 2> 1 TeV which is already quite large to be compatible
with the measured Higgs mass m;, ~ 125 GeV so certain amount of fine-tuning is required to
generate a Higgs lighter than the rest of new resonances and stabilize the electroweak scale.

There is another idea that is implemented in Little Higgs models in which we will focus in
this Thesis. This subset of composite Higgs models has a number of global symmetries that
act non linearly on the Higgs ensuring its Goldstone nature when just one gauge or Yukawa
coupling is non-vanishing. However, the combination of all the gauge and Yukawa couplings
breaks all these global symmetries, generating a Higgs mass that is nevertheless not quadrat-
ically sensitive to Ayy at the one-loop level. This is the so called collective symmetry breaking
mechanism. In terms of Feynman diagrams this can be qualitatively explained as follows. In
order to generate a contribution to the Higgs mass parameter, loop diagrams require insertions
of all the gauge or Yukawa couplings that break the global symmetry, relaxing their degree of
divergence. Otherwise the global symmetry is enough to forbid any mass. Hence the contri-
butions are at most logarithmically divergent of size ~ m. /47, ensuring a natural light Higgs

10This assumption can be relaxed allowing some terms breaking the global symmetry at the UV. However this
does not introduce new radically different phenomena and thus we will disregard this possibility in our discussion.
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without fine-tuning for m, ~ 1 TeV, despite having gauge and Yukawa couplings of order one
and thus stabilizing the electroweak scale. These light pseudo-Goldstone bosons are dubbed
Little Higgses [77, 78].

1.5. Structure of the Thesis

This Thesis is organized as follows:

¢ In Chapter 2 we introduce the mathematical formalism that allows to realize the Higgs as
a composite state of a strong interacting sector: the Callan-Coleman-Wess-Zumino (CCWZ)
formalism. This characterizes the family of composite Higgs models. Within this vast
family of models we highlight that Little Higgs models are less fine-tuned than other
composite Higgs models because they introduce the collective symmetry breaking mecha-
nism. We also define a discrete Z, symmetry, T-parity, to alleviate direct and indirect
constraints from EWPD due to the new heavy particles that these models include. We
end this chapter by providing an explicit example of a Little Higgs model.

* In Chapter 3 we focus on a particular realization of the Little Higgs paradigm: the Lit-
tlest Higgs model with T-parity (LHT). This is the minimal setup that implements all the
properties of a Little Higgs model from a simple global group. Within this framework
we study the contributions of an SU(2) lepton singlet, either T-even or T-odd, to different
lepton flavour violating observables. Concerning lepton flavour violating Higgs decays,
we find that the contributions of a T-even singlet are finite and decouple while the contri-
butions of a T-odd singlet are UV divergent and there is no available counterterm. Next,
we provide a small Majorana mass to the left-handed components of the SU(2) singlet to
generate neutrino masses. While a T-even singlet provides neutrino masses that decou-
ple in the limit of a large singlet mass, the T-odd singlet generates neutrino masses that
are independent of the mass of the singlet. Within the T-even singlet scenario we also
study the contributions of the singlet to the relevant process y — ev. This provides an
upper bound for the masses of the T-odd mirror fermions. Motivated by the anomalous
behaviour of the T-odd singlet, at the end of this chapter we show that the LHT is non
gauge invariant due to the non-trivial interplay between the non-linear realization of the
global symmetry and the implementation of the discrete T-parity.

¢ In Chapter 4 we build explicitly a new and gauge invariant Littlest Higgs model with
T-parity (NLHT) that cures the afflictions we find in Chapter 3. For that purpose the
global group is minimally enlarged with respect to the LHT introducing additional scalar
fields and fermions. To evaluate the masses of the physical scalar fields, we introduce
the Background Field Method (BFM). We also use the BFM to compute the counterterm
for lepton flavour violating Higgs decays in the LHT. In the last part of this chapter we
explicitly verify the viability of our model imposing current electroweak precision data
and cosmological constraints. As a consequence, some parameters get fixed while others
get correlated and the particle spectrum is bounded from below and above. Finally, we
evaluate the main decay channels and lifetime of the new scalar fields.

¢ Chapter 5 is finally devoted to the main conclusions of the Thesis.
Most of original results presented in this Thesis have been published:

— The calculation of several lepton flavour violating observables and the generation of neu-
trino masses (Chapter 3), in refs. [65, 66].

— The proof of the non gauge invariance of the LHT (Chapter 3) and the construction of a
new and gauge invariant Littlest Higgs model with T-parity (Chapter 4), in ref. [68].
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— The phenomenological study within the NLHT framework (Chapter 4), in ref. [69].
Auxiliary material and some unpublished results appear in several appendices:

* Appendix A gives explicit expressions for the SU(5) generators. We also construct the Lie
algebra of the two different SU(3) subgroups of SU(5).

* Appendix B is devoted to the analysis of the cancellation of quadratic and logarithmic
divergences to the Higgs mass in the LHT.

¢ Appendix C provides an alternative version of the NLHT. We identify the usual top quark
partners, responsible for the cancellation of the quadratic divergence of the Higgs mass
from the top quark, with the new heavy singlets required by gauge invariance of the
NLHT.

e Appendix D shows an application of the FeynRules model file for the NLHT that com-
putes the masses of the new scalar fields using FeynArts and FormCalc.
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Chapter 2

General formalism for Little Higgs
models

In this Chapter we introduce the Callan, Coleman, Wess and Zumino (CCWZ) [75, 76] formalism
that allows to describe the low energy dynamics of the Goldstone bosons associated to the spontaneous
breaking of a strong interacting sector at the scale f. This formalism characterizes the Composite Higgs
paradigm. The Higgs boson, being part of the set of Goldstone bosons resulting from this spontaneous
breaking, is massless. To provide it with a mass at the one loop level we will discuss the notion of vacuum
misalignment. In a general Composite Higgs model, quadratic divergences to the Higgs mass propor-
tional to the cutoff A ~ 4rf arise. However, in these models a plethora of new particles with masses
of size f are present whose non observation pushes f to the multi-TeV range. As a consequence, the
contributions to the Higgs mass get be large and certain amount of fine-tuning is necessary to generate
a natural electroweak scale. To avoid an excessive fine-tuning one implements the Collective symmetry
breaking mechanism, which avoids quadratic divergences and gives rise to the Little Higgs paradigm.
As a result of this, extra degrees of freedom are required that are responsible for the cancellation of the
unwanted quadratic divergences. However, current collider bounds put strong constraints on these par-
ticles. To reconcile these models with data it is necessary the introduction of an extra Zp symmetry:
T-parity. Finally we will provide a toy model in which all these features are implemented.

2.1. Symmetries and the CCWZ formalism

2.1.1. Global symmetries and Goldstone bosons

Let G be a compact, connected and semi-simple Lie group of dimension n. This gets spon-
taneously broken by the vev X of a field transforming in a linear and unitary representation Ry,
of G to one of its continuous subgroups H of dimension d. The particular form of the reference
vacuum X is arbitrary since a global transformation relates all possible vacua. However, we
will consider that the embedding of H in G is such that contains the electroweak SM group
SU(2) x U(1) as a subgroup. Let us denote with T® (b = 1,...,d) the generators of H and X*
(a =1,..,n — d) the remaining generators needed to obtain a basis of the Lie algebra of G. We
assume without loss of generality that they are orthogonal with respect to the Cartan inner
product.

The spontaneous breaking G — H due to the vev ¥y implies that taking an arbitrary element
UeH,

R (U)Zo = Xy, (2.1)

that is, X is invariant (a singlet) under the action of the subgroup H. Choosing the exponential
map, the transformation U can be written as U = elP'T" with real parameters B°. Taking the
derivative with respect to the parameters and evaluating in the neutral element g = 0, one
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arrives from the group representation (2.1) to a representation R of the Lie algebra fulfilling

d

35 s RE(WT0 = Re(T)Z0 = 0. 22)

In other words, the unbroken generators annihilate the vacuum.

According to the Goldstone theorem [4], the spontaneous breaking of G to H leads to n — d
Goldstone bosons 71 (x) along the direction of the broken generators. Choosing for the Gold-
stone fields the exponential parametrization (see for instance [79]), one can define the non linear
field

E = WX = pill/f (2.3)

where f is the decay constant introduced to keep the argument of the exponential dimension-
less and we defined the Goldstone matrix IT = 77°X“. This decay constant is nothing but the
confinement scale m, of the model.

Let us derive the transformation properties of the non linear field ¢ under G. Close enough
to the identity element, every group element V € G has a unique decomposition of the form

V = X (2.4)

where ¢#'T" € H and o*, BY are real parameters. Since ¢ is spanned by the broken generators
one can take any element V' € G and the unique element U € H such that

ve=V'=¢U, (2.5)
where
g =¢1r), I =II(V,IT), U=U(V,II) (2.6)
are determined by the particular structure of the Lie group and then
g =veu. 2.7)
Let us further define
U:¥—Ry(U)Y, (2.8)

where Ry (U) is a linear and unitary representation of the subgroup H and ¥ is an element of
some Hilbert space. Then the following transformations,

V:iE=E, Y= Ry U)Y, (2.9)
give a (non linear) realization of G. To verify it, let us observe that taking Vi, V>, € G,
Ve =¢ U (2.10)

On the other hand, using that ;¢ = &U; and V,¢ = & U, and comparing with the previous
expression, we find

&'l =¢'l, 2.11)
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and hence U = U,U;. Moreover, since R (U) is a representation then
R(U) = R (Uy) R (). (2.12)

The transformation of the non linear field ¢ or, equivalently, on the Goldstone fields 77?(x) is
a group realization by itself. The transformation on ¥, on the other hand, is meaningful only
together with that of ¢, since U is a function of IT and V according to eq. (2.6) so is Ry (U) as
well. If Ry (U) is reducible, the field ¥ decomposes into a set of fields that do not mix.

If V belongs to the subgroup H, then V = U, and one can write

ue=usu'u=¢u (2.13)
and comparing with eq. (2.7),
& =ueut. (2.14)

In this case, the transformation & — ¢ is a linear transformation independent of IT and there-
fore the transformation of eq. (2.8) is also linear. This implies that, when restricted to the sub-
group H, the group realization in eq. (2.9) becomes a linear representation. Notice that

urmru-! = (urlu—l)" (2.15)
and thus the Goldstone matrix transforms linearly in the adjoint representantion of H,
IT = uru—. (2.16)

Considering now transformations only along the direction of the broken generators V = ¢/*'X" ~
1+ ia"X*, at leading order in IT and a” one finds, using eq. (2.5) with U ~ 1,

I =11+ fa"X"+.... (2.17)

This is the shift symmetry that forbids mass terms for the Goldstone fields.
In the special case in which the group G admits the Lie algebra automorphism

T - T, X* — —X°, (2.18)

the transformation on ¢ can be simplified. This is the case of symmetric cosets, where the com-
mutation relations between the generators take the schematic form

[T,T|~T, [T,X]~X, [X,X]~T (2.19)

where the first equation holds because H is a subgroup, the second one because the structure
constants are antisymmetric and the last one only holds for symmetric cosets, so it depends in
general on all the generators. Applying the automorphism (2.18) on eq. (2.5) we find

eD(vh=ulg, (2.20)

where D(V) is the image of the group element V by the automorphism and U remains invari-
ant. Substituting U from eq. (2.7) the transformation of ¢ reads

F2=vEDWwh. (2.21)
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Equivalently if & is obtained from eq. (2.7) one finds
veut =uep(v. (2.22)

This expression can be interpreted as a definition of the matrix U and depends on the particular
action of the automorphism D on the group.

To construct non-trivial invariants it is useful to introduce the Maurer-Cartan form that can
be decomposed in the Lie algebra of G [80]

iE710,8 = dua X + ey T = dy + ey, (2.23)

where d, ; has an index along the broken generators and e, along the unbroken ones. Both
are functions of the Goldstone fields in I'l. Under G, the Maurer-Cartan form transforms as

it 19,6 S U (ig—layg) U +it,u. (2.24)

Notice that the shift term is the Maurer-Cartan form associated to the transformation U € H.
Therefore it decomposes on the Lie algebra of H and it does not have components along the
broken generators. Since we know that the Goldstone bosons (with components along the
broken generators) transform linearly under H, the shift is carried entirely by the e symbol
while d transforms linearly with U

d, S ud,u! (2.25)
ey = U (e +id,) U, (2.26)
Let us point out that d,, unlike IT transforms under H even if we perform a transformation

under the full G. Inspecting the form of d, at leading order in the Goldstone fields and using
that our basis of generators is orthogonal, we have

di, = itr [g—laygxq ~ —}aynﬂ +..., (2.27)
that can be used, for instance, to construct the kinetic term for the Goldstone fields. On the other
hand, the e symbol transforms as a connection associated with local H invariance. In general,
these two objects can be employed to construct covariant derivatives and field-strengths.

Another important piece to construct invariants is the field X that transforms linearly under
the full global group. It is built from the Goldstone fields ¢ and the vev ¥ as follows,

=Ry (§)Zo % Ry (VEU') Zo = Re (V) Rx (§) To = Rz (V) T, (2.28)

where in the last step we have used that the vev Xy is invariant under the action of H. We will
use this field to build the kinetic term of the Goldstone fields. For that purpose the derivative,
that transforms as X under the global group, is simply given by

9,2 % Ry (V)3,%, (2.29)
which allows to write the kinetic term and self interactions for the Goldstone fields
Lsyin = cf*tr [(a”Z)Jr ayz} , (2.30)

where c is a constant to be fixed imposing canonically normalized kinetic terms.
As already emphasized, the transformation of ¥ is only meaningful with that of ¢ since
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Ry (U) is in general a non linear function of the Goldstone fields for a given V € G. Thus
from the transformation of ¥ in eq. (2.8) the derivative d,'¥ does not transform as ¥. To find
the appropriate covariant derivative let us construct the object Ry (¢)¥ that under the global
group transforms

Ry(&)¥ % Re(V) (Ry(§)Y). (231)
Taking the derivative
3[Ry (2)¥] = 3,R(2)¥ + R ()9, Y, 232)
that transforms as Ry (&)Y under G,
9 [Re(£)¥] = Ry (V)3 [Re (£)¥], (2:33)

where we used the transformation of ¢ in eq. (2.8). Applying Ry(¢~!), we finally obtain the
covariant derivative that transforms as ¥ under G

DY = Ry(G )3, [Ry(§)¥] = 8, ¥ + Ry (§19,0)Y, (2.34)

D,¥ & Ry(U)D,¥, (2.35)
where in the second term of (2.34) we can recognize the Maurer-Cartan form in the representa-
tion ¥ that compensates the non linear dependence on the Goldstone fields of 9, Y.

2.1.2. Gauge symmetries

We wish to extend the previous construction considering that a subgroup G, C G, with
generators A and coupling constant g, is made local by introducing the corresponding set of
gauge fields A/}, which act as components of a Lie-algebra-valued connection. They transform

_ 4A,A Gg i -1
Ap= ARAL =5 VoAVt = VY (2.36)

under a local transformation Vi (x) € Gg. The first term corresponds to the transformation in
the adjoint representation of G, while the second term is the corresponding shift due to the
connection nature of A.

To introduce gauge interactions in the Lagrangian one has to add couplings to the con-
served currents J*# associated with the global symmetry generators

L— L+ A (2.37)

to compensate for the variation of the original £ under space-time dependent transformations
and thus leading to a locally invariant theory under G,. For that purpose, one promotes the
derivative of the linear field X (2.29) to a covariant derivative

9,2 = D, = 0,2 +igRs (A)) %, (2.38)

that transforms properly under the gauged subgroup

DX =% Ry (Vg) DuZ (2.39)
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using eq. (2.36) in the representation Ry. The covariant derivative (2.38) is valid for any field
transforming in a linear representation of G. With this covariant derivative one can introduce
gauge interactions for the Goldstone fields

Ls=cfr [(DVZ)Jr Dyz} . (2.40)

On the other hand, one has also to add kinetic terms for the gauge bosons. Introducing the
covariant derivative for the gauge fields,

DA, = 3, A, +igR™ (A,) Ay = 0, A, +ig [Ay, A, (2.41)
one can build the corresponding field-strength tensor
F],“/ - D;{AV - DVA],{ (2.42)
and the kinetic term reads

l v
Lo =—5tr (FuwF"). (2.43)

To obtain the covariant derivative D,'¥ compatible with local transformations V; € G, one
promotes eq. (2.31) to

I [Ry(§)¥] = Dy [Ry(§)¥] = 9y [Ry (§)¥] + igRy (Ax) Ry ()Y, (2.44)

that transforms properly under the gauge subgroup

Dy [Re (6)¥] =5 Ry (V) Ry (). (2.45)
Finally, applying Ry (¢ _1) one obtains
Dy¥ = Ry (&) Dy [Ry(§)¥] = ¥ + Ry (E ) DuRy(8)Y, (2.46)

where we have defined the covariant derivative for the ¢ field in the representation of the ¥
field

DuRw(8) = 0uRw(8) +igRe (Ap) Ry (8). (2.47)

2.2.  Vacuum misalignment

In the previous section, we have chosen a reference vacuum Xy transforming in a certain
linear representation Ry, of the global group G. This vev breaks spontaneously the global group
into one of its subgroups H and thus it is invariant under the action of H. This vacuum choice
is arbitrary but for our construction we will impose that H contains the SM electroweak group
Ggw as a subgroup. On the other hand, the coset G/H must contain some generators trans-
forming as doublets under the SM generators because the Higgs field is one of the Goldstone
bosons resulting from the G — H spontaneous symmetry breaking. In order to be identified
with the SM Higgs field, it must take a vev to trigger EWSB. However, the vev of a Goldstone
field is not physical since it can be eliminated by means of a global transformation.

This is no longer true when some G breaking terms are introduced in the theory, because the
(pseudo)-Goldstone bosons now dynamically develop a physical potential through loops and
their vev cannot be eliminated since the global symmetry is not exact [52]. One can interpret this
in a geometrical way (see fig. 2.1). Taking the field X transforming in the linear representation
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FIGURE 2.1: Illustration of the vacuum misalignment mechanism for the case of

G = SO(3) and H = SO(2), where F = ¥y and 6 = II. (Figure extracted from
[80]).

Ry, of the global group in eq. (2.28) and replacing the Higgs field by its vev, v, one can define
(X) = Re((¢) )X, parametrizing the misalignment between the chosen reference vacuum and
the actual vacuum.! The misalignment angle is defined by sin(6) = v/ f. In Composite Higgs
models one is interested in a large separation between the EWSB scale and the compositness
scale, that is, sin(f) < 1. This angle governs the departure from the SM predictions. The
limit sin(f) — 0 for fixed v, corresponds to decoupling the composite sector from the low-
energy physics by sending to infinity the scale f. In this limit, only the Higgs boson remains in
the spectrum while all the other new bound states and resonances decouple. The theory thus
reduces to the SM and the composite Higgs becomes elementary. This mechanism is called
vacuum misalignment [51, 52, 81]. This is what distinguishes a Composite Higgs model from
Technicolor in which f ~ v. The Higgs vev in this case is generated directly by dimensional
transmutation at the UV without an intermediate scale [82].

In order to ensure a small misalighment angle, one can assume a certain degree of fine-
tuning taking place in the scalar potential ensuring sin(f) < 1. However this option is not
completely satisfactory because the idea behind a Composite Higgs model is precisely to avoid
the Hierarchy Problem by means of some symmetry. This is why in Little Higgs models an
extra mechanism called collective symmetry breaking is introduced to ensure a small mass term
in the potential relative to the quartic coupling and thus leading to a naturally small vev.

2.3. Collective symmetry breaking and Little Higgs

In a general Composite Higgs scenario, the pseudo-Goldstone masses are generated at one-
loop and are proportional to the sources of explicit breaking of the global symmetry. The loops
are cut off at the scale Ayy S 471f with f ~ 1 TeV and, in general, the scalar masses are propor-
tional to ms ~ cf, with c a constant. However this is not enough to naturally generate a light
Higgs compared to the rest of the resonances because the scale of new physics is being pushed
to the multi-TeV regime due to the non observation of new heavy particles. This implies that
certain amount of fine-tuning on the different parameters of the model is required ensuring
that ¢ < 1. From the theoretical point of view this is very unlikely since we are dealing again
with a sort of “Little” Hierarchy problem. But we can explore another possibility. Let us sup-
pose that instead of a one-loop quadratically divergent contribution this is substituted by a
logarithmically divergent contribution proportional to the scale f instead of Ayy [83]. In that

n most of this Thesis we will consider that the only field that gets a vev is the Higgs field.
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case, the leading one loop contribution to the Higgs mass parameter can be roughly estimated
as

2

2 Ay A
5f log —5+ ~ 87r2f log(4r), (2.48)

/\2
2
B~ Tor

which is of the right order of magnitude to generate the correct EWSB scale if f ~ 1 TeV, with
A < 1any dimensionless coupling. Notice that the quadratic divergences at two-loop level and
beyond do not need to be cut off at the scale f. The two-loop contribution with cut off A reads

st M a2 sz (2.49)
S TT R A Trell '

and it is subdominant with respect to the logarithmically divergent contribution in eq. (2.48).
Let us discuss how to implement gauge and Yukawa interactions for the Goldstone fields that
can fulfill the above requirements.

To introduce gauge interactions for the Higgs and the rest of scalar resonances, a subgroup
G¢ € G is weakly gauged. This is one source of explicit breaking of the global symmetry and
could potentially generate quadratically divergent contributions to the Higgs mass parame-
ter. However, in Little Higgs models, the gauge group is the product of at least two factors
G1 x Gy X ..., each of which contains an SU(2) x U(1) subgroup. This gets spontaneously
broken to the SM gauge group at the scale f by the same vev that breaks G — H. The gauged
subgroup is embedded in G in such a way that the each of the G; factors commute with a
subgroup of G that acts non linearly with the Higgs. This implies that if only one of the G;
is gauged, the remaining part of the global symmetry of the theory is sufficient to ensure that
the Higgs is an exact Goldstone boson, and is therefore massless to all orders in perturbation
theory and even non-perturbatively [83]. Only when the full G; x G, x ... group is gauged
the Higgs ceases to be an exact Goldstone boson and acquires a potential. This structure is
called collective symmetry breaking by gauge interactions. It implies that any non-vanishing
quantum contribution to the Higgs mass parameter must be necessarily proportional to the
product of all the gauge couplings constants corresponding to the different G; factors relaxing
the degree of divergence to be, at most, logarithmic. If one the coupling constant is set to zero,
this mechanism ensures a vanishing Higgs mass. As a result of the enlarged gauge group,
these models contain additional gauge bosons at the TeV scale responsible for the cancellation
of the quadratically divergent contributions. This is an important difference with respect to
supersymmetric models where such cancellations are due to the contributions of particles with
different statistics.

In addition to the gauge couplings of the Higgs, the model also needs to incorporate Yukawa
interactions. In a generic model with cutoff Ayy where the Yukawa interactions explicitly break
the global symmetries, they may generate quadratically divergent contributions to the Higgs
mass parameter of size

2 JYINP o oo
W~ a2 N ~ YN S (2.50)

where y; is the Yukawa coupling of the corresponding fermion running in the loop and N the
number of colors, 1 for leptons and 3 for quarks. With the exception of the top quark, all SM
fermions have small Yukawa couplings, y; < 0.03 and their contribution does not induce any
fine tuning in the Higgs mass for Ayy ~ 10 TeV. However, the top quark has a Yukawa of
order one, and the quadratic divergence induced by top loops needs to be eliminated to avoid
fine tuning. Inspired by the mechanism employed for gauge interactions, several Yukawa cou-
plings are introduced in the Lagrangian, each one preserving by itself enough of the global
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symmetry to ensure exact vanishing of the Higgs mass. Again, quantum corrections to the
Higgs mass must involve all Yukawa couplings, and no quadratically divergent contributions
are generated. This requires the introduction of top partners at the TeV scale.

2.4. T-parity

This class of models typically predicts new particles with masses of size f due to the en-
larged symmetry group required to implement the collective symmetry breaking. They are
responsible for the stabilization of the electroweak scale, cancelling the SM quadratically di-
vergent contributions to the Higgs mass parameter. However, the exchange of these heavy
particles results in large corrections to precision electroweak observables [84-86]. This is be-
cause earlier implementations of Little Higgs models, such the Littlest Higgs model [87], do
not contain the custodial SU(2)c global symmetry [88-91], and thus weak isospin is violated.
As a consequence, the mass of the heavy particles must be raised to be compatible with EWPD,
imposing strong lower bounds on the scale f > 4 — 5 TeV, hence generating a tension with
naturalness and again destabilizing the electroweak scale, that is proportional to f according
to eq. (2.48).

One approach to solve this issue is precisely the incorporation of an approximately exact
SU(2)¢ global symmetry acting on the Higgs sector. For instance, in [89] a model based in
the global group [SO(5)]° = [SO(5).]* x [SO(5)r]* spontaneously broken to [SO(5)..r]* by
the vev of four different tensor fields each one transforming in the bifundamental of SO(5);; x
SO(5)ri, i = 1 —41is proposed. This gets explicitly broken by gauging a subgroup SO(5) x
[SU(2) x U(1)]. An alternative and simpler model is presented in [91], based on the global
SO(9) that gets spontaneously broken to SO(5) x SO(4) by the vev of only one symmetric tensor.
The gauge group is given by SO(4) x [SU(2) x U(1)]. However, these models with extended
global and gauge groups are artificially complicated.

On the other hand, a different approach based on the introduction of a new Z, discrete
symmetry also improves the consistency with precision electroweak observables while keep-
ing the minimal structure of the minimal Little Higgs models. This is called T-parity and was
introduced by Cheng and Low in [92, 93] in analogy to the R-parity in Supersymmetry. This
can be implemented in any Little Higgs model based on a product gauge group. While the SM
particles are T-even, most of the new heavy particles are T-odd and thus pair-produced for-
bidding most of the tree-level contributions from heavy particles to observables involving only
SM particles as external states. The corrections to precision electroweak observables thus enter
at the one loop level, relaxing all the constraints and allowing to lower the scale f, reconciling
these models with naturalness.

Due to T-parity, the new T-odd particles cannot be singly produced, which implies that
direct searches rely on pair-production. Once they are produced, they will eventually decay
into the lightest T-odd particle (LTP), that is stable, since T-parity forbids it from decaying into
lighter particles that are all T-even. Usually the LTP is the heavy partner of the hypercharge
gauge boson due to the smallness of the U(1)y gauge coupling and the normalization of the
different U(1) generators. The LTP is thus electrically neutral, providing a potential dark matter
candidate and giving rise to missing energy signals in collider experiments.

2.5. A toy model

In this section we illustrate how these mechanisms work in a toy model. This model al-
ready contains all the features that we will encounter in more realistic models. In particular,
the presence of global SU(3) factors [49, 86, 93-96] that act non linearly on the Higgs when a
single gauge or Yukawa coupling is turned on. This ensures that no quadratically divergent
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contributions to the Higgs mass parameter are generated as we will show explicitly in our toy
model. Another feature is the addition of external U(1) factors in order to accommodate all the
fermion hypercharges.

2.5.1. Global symmetries

The toy model is based on the global G = SU(3); x SU(3), that gets spontaneously broken
to the diagonal H = SU(3)y at the scale f by the vev of a 6 X 6 tensor transforming in the
bifundamental representation of G

O3x3 13x3 >
Yo = , 2.51
0 ( 13x3 Os3x3 @51)

leaving 16 — 8 = 8 Goldstone bosons. This vev is preserved by the 8 SU(3)y generators T*
satisfying

TSy — ST = 0, (2.52)

that can be written in block diagonal form
A" O3x3
(g
T" = ( Oss A0 )7 (2.53)

where A%, 4 = 1 — 8 are the Gell-Mann matrices. The coset SU(3); x SU(3), — SU(3)y is

symmetric. Hence to characterize the broken generators one can define an outer automorphism
aut

in the Lie algebra such that the unbroken generators satisfy T* — X¢T1"%¢ = T* while the
broken generators X* aut, 20Xy = — X" and thus

X% + ZoX* = 0. (2.54)

They can also be written in block diagonal form
A0
X1 — ( 0., _3;; > . (2.55)

Following the CCWZ formalism, the 8 Goldstone bosons are conveniently collected in the Gold-
stone matrix 777 (x) X? that allows to define the non linear field &

§ = XS = ( Ois 0?3 > g% vav (2.56)

where V is an SU(3); x SU(3); transformation and Vy (I1, V) is the compensating SU(3)y trans-
formation that depends on the Goldstone fields and V. They can also be written in block diag-
onal form

Vi 0O3x3 > ( U Oszx3 )
V= V= , 257
( Osx3 V2 v Osx3 U 2.57)

where V; and U belongs to SU(3); and SU(3)y, respectively. We have also introduced the field
¢ which is one of the pieces we need to construct invariants

c=e"f S weut = uevy, (2.58)
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with IT = 7% (x)A” and the transformation properties follows straightforwardly from eq. (2.56).
From ¢ we can build the field that transforms linearly under G,

Y=, Sy, (2.59)

that will allow us to write the kinetic term and gauge interactions for the scalar fields. From
now on we will use the notation of matrices 3 x 3 and we will work with ¢ and X.

2.5.2. Gauge symmetries

In order to break the global symmetries and implement the collective symmetry breaking
mechanism, the subgroup G, = [SU(2) x U(1)]; x [SU(2) x U(1)], is weakly gauged. Each
G; = [SU(2) x U(1)]; factor commutes with a global factor SU(3); with i # j. The gauge group
is spanned by the Hermitian and traceless generators

170" 0 1..
Qi = 5 < 0 0 ) , Y; = gdlag (1,1,-2), (2.60)
with ¢” the three Pauli matrices. The normalization of the hypercharge generator is chosen to
find a Higgs boson among the Goldstone fields. This can be seen as follows. The fundamental
representation 3 of SU(3) decomposes under SU(2) x U(1) [97]

3=2,&1y, (2.61)

because the generators of the global group, in particular the hypercharge generator, are trace-
less. To fix the hypercharge y one uses that the Goldstone matrix IT transforms in the adjoint
representation 8 of SU(3)y. This can be found in the product 3y ® 3), = 8 @1 and under
SU(2) x U(1) decomposes

8=301y® 23y, (2.62)

where we have used eq. (2.61). To identify the Higgs boson with the doublet, one fixes y = 1/6.
As a consequence, the fundamental representation 3 of SU(3) decomposes into an SU(2) dou-
blet with hypercharge 1/6 and a singlet with hypercharge —1/3 while the Goldstone matrix
decomposes into a neutral SU(2) singlet, a real triplet and a complex doublet. In the SM sym-
metric phase it takes the form

/A Lk
2V/3 V2 V2
- O 'y h+in®
2 2.3 2

] 1
2 Ve
When the gauge group gets spontaneously broken by X to the diagonal SU(2) x U(1), the
triplet and the singlet becomes the longitudinal modes of the new heavy gauge fields. Finally,
the Higgs takes a vev that spontaneously breaks the SM gauge group to U(1)em and three of

the four components of the complex doublet become the longitudinal modes of the SM gauge
bosons. The only remaining scalar in the physical spectrum is the Higgs boson.

w
2

(2.63)
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2.5.3. Lagrangian
Gauge sector
First one adds the gauge boson kinetic term and self interactions
201 /~ =~ 1
Lc = ]; [—Ztr (ijw;”) — 431-;,,/3]%‘”] ) (2.64)

in terms of fields and field strength tensors,

Wi, = W}, QJ, (2.65)
Wiy = 0y Wiy — 0y Wiy, — ig; [ij ij] , (2.66)
By = 9,Bj, — 3,Bj,. (2.67)

Scalar sector

To build up kinetic terms and gauge interactions for the scalar fields, and eventually obtain
gauge boson mass terms, one defines the covariant derivative for the linear field %,

D,Z = 9,% +igi Wi, Q1% — igo W3, 508 — igi B, V1% + ighBoy EYa, (2.68)

where we have used that the tensor X transforms according to eq. (2.59). Let us point out
that switching off the coupling constants of [SU(2) x U(1)]; ([SU(2) x U(1)],), the covari-
ant derivative transforms covariantly under the global SU(3), (SU(3)1). Then the scalar La-
grangian given by

Ls= j:tr (D) D (2.69)

is invariant under the global SU(3), (SU(3)1) and the Higgs cannot develop a mass due to
the interactions of only one of the factors of the gauge group. However, when both couplings
are non vanishing at the same time, all the global SU(3)’s are explicitly broken. Since both
gauge couplings are needed to generate a non vanishing contribution to the Higgs mass, the
divergence is, at most, logarithmic. After evaluating the Feynman diagrams depicted in fig. 2.2,
the leading order contribution reads

2 /3 1
OMgauge = 1£ﬂz (48%83 + ugizg?) log A2, (2.70)

as a consequence of the collective symmetry breaking mechanism.

Fermion sector

In the fermionic sector we will focus on the top quark that iis the heaviest SM particle
and generates quadratically divergent contributions to the Higgs mass. Again, the idea is to
introduce operators that exactly preserve one of the global SU(3) factors while softly breaking
the other. For that purpose the SM top quark doublet q;, = (t.,b1) is promoted to a complete
SU(3) multiplet containing a heavy top partner that can cancel the quadratic divergence of the
top quark. However, we showed that the fundamental representation of SU(3) contains an
SU(2) doublet with hypercharge 1/6 and a singlet of hypercharge —1/3. The doublet has the
appropriate quantum numbers to be identified with the SM left-handed quark doublet, but the
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FIGURE 2.2: One-loop contribution to the Higgs mass squared from gauge bosons
in the gauge eigenbasis. The big blobs represent off-diagonal mass insertions
proportional to 18> and g g5.

singlet is a down-type quark and thus cannot compensate for the quadratic divergence of the
top quark. To address this issue let us instead consider the antifundamental representation
3*. This contains an SU(2) doublet of hypercharge —1/6 and a singlet of hypercharge 1/3.
Nevertheless, extending the global symmetry group to

SU(3); x SU(3), x U(1); x U(1), 2.71)

one can assign the extra hypercharge of 1/3 for the doublet and the singlet to the external U(1)
factors according to table 2.1. As a consequence, the gauge hypercharge is now the sum of
those in SU(3); x SU(3), and U(1); x U(1)y, preserving the number of U(1) gauge bosons.
This allows us to define the royal triplet

XL = < i, ) ;XL — ViXL (2.72)

transforming in the 3] representation of SU(3);.
To account for the right-handed counterparts of the top quark and the top partner, we also
introduce the incomplete right-handed multiplets

xR = < 22 > Xr = ( 812 ) XR S Vixe, Xk < ViKk (273)
R tUR
transforming in the 3; and 3] of the global group, respectively. The fields g and Uy are SU(2)
singlets and they also receive the required extra hypercharge from the external U(1) factors
according to table 2.1.
To provide a mass for the top quark and the top partner in this toy model there are two
possible implementations of a Yukawa Lagrangian. The first one is given by

L= —)\‘gmz;m - )\%XL Xr +he = —if}%;mz;gtR - \%UL Ug +hc, (2.74)
where in the last equality we use that the right-handed multiplets are incomplete. Let us care-
fully inspect the symmetries of this implementation of the top quark Lagrangian, since the use
of incomplete multiplets breaks the global symmetries. It is clear that due to the introduction
of the SU(3); left-handed royal triplet, the first term is invariant under a global SU(3); trans-
formation. However, it only preserves the upper SU(2), block of SU(3), due to the incomplete
SU(3), right-handed multiplet xg. On the other hand, the second term is invariant under
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SU@) x UMW) cSUB) | [UD)) | [SU@) x U]
L 2110 (5.0) 21 (10)
% SRIC 59 SR
U, Ug (1,1)(%10) (3,0) (1,1)(%/0)

TABLE 2.1: Quantum numbers for quarks. The gauged hypercharge U(1); is the
sum of that in SU(3); and the one in the extra U(1)’.

FIGURE 2.3: One-loop contribution to the Higgs mass squared from the top quark

and top partners in the gauge eigenbasis. The big blobs are mass insertions pro-

portional to the Ay, A; Yukawa couplings in K} and £% in egs. (2.74) and (2.75),

respectively. Diagrams with only f; and tgr are absent because they are SU(3);
symmetric.

SU(3), but it only preserves the upper SU(2); of SU(3);. Therefore, this Lagrangian prop-
erly implements the collective symmetry breaking mechanism and no quadratically divergent
contributions to the Higgs mass are generated.

Another proposal for the top quark Yukawa Lagrangian is the following. Consider the
product 3 ® 3 ® 3 of SU(3). This contains an antisymmetric singlet that can be built with the
totally antisymmetric Levi-Civita tensor. Applying this argument to the indices of both SU(3)
factors, one can construct

A _ Aof_
E% = —\}geijkewzmizszky?ﬁiz - ngLXR +h.c

A _ Aof —
= _lleijkexyXLiijZkth — ifULUR + h.C., (275)

V2 V2

where in the last expression €;;; with {i,j,k} = 1,2,3 and €, with {x,y} = 1,2 are the SU(3);
and SU(2), Levi-Civita tensors, respectively. The global symmetries of this Lagrangian are the
same than in the previous case justifying that again no quadratically divergent contributions
are generated. The advantage of this apparently more sophisticated proposal is that it can also
be applied to simple groups that contain different SU(3) factors that mix, as it is the case of the
Littlest Higgs model [87].

On the other hand, the logarithmically divergent contribution to the Higgs mass is non
vanishing and gives a negative correction

3
Siop = ~ 12 f2A2A] log A? (2.76)

in both implementations of the top quark Yukawa Lagrangian in egs. (2.74) and (2.75) from
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the diagram in fig. 2.3. This term can compete with the positive gauge boson contribution in
eq. (2.70), giving rise to a negative Higgs mass squared and thus triggering the EWSB.

Finally, we add the kinetic term and gauge interactions for fermions taking into account
their quantun numbers, given in table 2.1,

- . . 1 1 — .42
Lr= ZXLWHDWCL + itgy" |04 + zgﬁgBl,, + 1g’23B2},] tr + iUgy" [8,4 + zg’13B1y] Ugr, (2.77)
where the covariant derivative is given by

. . 1
Dy =9, —ig1 Wy, Q1 + igy <Y1 - 3]13><3> Byy. (2.78)

Then, the full Lagrangian of this theory is

L=/Lc+Ls+ L%+ Ly (2.79)

This toy model contains all the features of a Little Higgs model. In particular it is free
of quadratically divergent contributions to the Higgs mass thanks to the use of the collective
symmetry breaking mechanism. However the new heavy particles can generate dangerous
contributions to observables that are very constrained by EWPD as we explained in sec. 2.4. For
that reason, in the following we will show how to implement the discrete T-parity symmetry
in our toy model.

2.5.4. T-parity implementation
Gauge sector

The T-parity leaves invariant the SM fields (T-even) and adds a minus sign to the new
(heavy) fields (T-odd). Thus the latter are pair-produced, relaxing direct and indirect con-
straints from EWPD. The action of T-parity interchanges the two gauge groups

G < Gy, (2.80)

which requires that the coupling constants of both copies must be equal g1 = g2 = v/2¢ and
¢} = g5 = V/2¢'. With this condition the Lagrangian in eq. (2.64) is not only gauge but also T-
parity invariant. The T-odd and T-even combinations of W{, W§ and By, B; are identified with
the new and the SM gauge bosons, respectively.

Scalar sector

To define T-parity consistently in the scalar sector, the would-be Goldstone bosons 77 and
w*, w® must be T-odd while the Higgs remains T-even. For that purpose, we introduce the

element Q) € SU(3) such that

L oo, O=dig(-1,-1,1). (2.81)

It is important to notice that () commutes with the gauge generators but does not commute
with the full set of SU(3) generators. The T-parity transformation of the Goldstone matrix
implies

L ofta, =5 arta (2.82)
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The scalar Lagrangian in eq. (2.69) with g1 = ¢» = v2g and g} = ¢, = V/2¢' is T-parity and
gauge invariant and provides the gauge boson mass terms. However, the action of the collec-
tive symmetry breaking mechanism is now hidden due to the lost of the explicit dependence
on gauge couplings of the different gauge groups.

Regarding to the gauge boson contributions to the Higgs mass term, these are given by the
same diagrams of fig. 2.2 giving rise to the same result of eq. (2.70) with g1 = ¢» = \/ﬁg and
§1=8 = V2g.

Fermion sector

Introducing T-parity in the fermion sector is less straightforward. Notice that either of the
proposals for the top quark Yukawa Lagrangian in egs. (2.74) and (2.75) are not invariant under
the T-parity transformations (2.82) assuming that x1 and fg are T-even states. For that reason,
keeping tg T-even, one introduces two left-handed royal triplets in the 3] and 3; representations
of the global group

—io? —io? G G.
xiL = < iulzu > ;XL = < iLIzZZL > ,oxie = Vixan, xer = Vi xer. (2.83)
For the T-parity transformation of these multiplets one can contemplate two different options,

a) xi ¢ Qxar (2.84)
b) xi L —X2L, (2.85)

that differ in the T-parity transformation of the left-handed top partner fields Uj;, JILIN +Uy;.

To provide a mass for the top partners, one adds their corresponding right-handed coun-
terparts, Ujg and Uy, in incomplete right-handed multiplets transforming in the 3} and 3;
representations of the global group, respectively *

0 0 G 1% G 1%
XllL = < ZuiR > ’ X/ZL = ( ZUzR > ’ XllR — Vl XllRl X,ZR — VZ X2R- (286)
transforming consistently under T-parity as

IZ) UlR (L> qu, (2.87)
b) Uig ¢ —Usg. (2.88)

Then the first proposal for the top quark Yukawa Lagrangian in eq. (2.74), invariant under the
T-parity realization in egs. (2.84) and (2.87), reads

o _ _i%f [sz;g +qu2£} UR — )\% [Ty Uk + UaUng] + hc, (2.89)
providing a mass for the top quark contained in the T-even combination of g1, and g;. The
dependence on () € SU(3) is eliminated using unitarity and Q33 = 1. To inspect the global
symmetries of this Lagrangian, let us first focus on the terms proportional to A;. Due to the
transformation properties of X and treating tr as an spurious field, the first term requires g
transforming as a 37 like in the case without T-parity in eq. (2.73). On the other hand, the second
term would require ¢y transforming as a 3]. Hence, an embedding similar to that in eq. (2.73) is

2They could also be singlets under the full SU(3); x SU(3), and everything would still be consistent. However
we prefer to keep the theory as symmetric as possible.
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SU@) x UM cSUE? | UMW) | [SUER) X UL)|age
gL 21D (10 (3.0) (21) (10
gL L2) 1) 0,3) (1,2) (1)
tR (L, D00 (3:3) LD
Ui, Usr (1,1)(%,()) (3,0) (1,1)<%,0)
Uy, Upr (1/1)(0,%) (0,3) (1,1)(01%)

TABLE 2.2: Quantum numbers for quarks transforming in a linear representation
of the global group. The gauged hypercharge U(1); is the sum of that inside
SU(3); and the one in the extra U(1).

(a) (b)

FIGURE 2.4: One-loop contribution to the Higgs mass squared from the top quark
and top partners in the gauge eigenbasis in the toy model with T-parity. The big
blobs are mass insertions proportional to the Yukawa couplings A; and A;.

not consistent and tg must be a singlet under SU(3); x SU(3), with all its gauge hypercharge
laying in the external U(1) factors. As a consequence, the first term is invariant under SU(3); x
SU(2), transformations while the second term is invariant under SU(2); x SU(3),, leading to a
potential logarithmically divergent contribution to the Higgs mass proportional to A] from the
integration of x1; and xz;. However, this is not the case because X7; has only a free index in
SU(3); while 2% has a free index in SU(3), and the only possible invariant operator that can
be generated is

1 . 2
o8 = (231.21.2) (2.90)

which, from unitarity and complete multiplets, does not depend on the Goldstone fields. Re-
garding the term proportional to A, the first one preserves SU(2); x SU(3), while the second
one preserves SU(3); x SU(2),. So the first term proportional to A; and the first proportional
to A2 can combine in exactly the same fashion as in the case without T-parity, and the same
for the two other terms. As a result of this, the implementation of T-parity in this Lagrangian
leads to two copies of the case without T-parity, hence contributing to the Higgs mass with just
a logarithmic dependence on the cutoff proportional to A1 as one can check evaluating the
Feynman diagrams in fig. 2.4.

The second proposal for the top quark Lagrangian in eq. (2.75) invariant under the T-parity
transformations in egs. (2.84) and (2.87) is given by

Af _
tr — \jg (Ui Uig + Up Upr| +hee,  (291)

A1 — =
L2 = —leez‘jkexy X1LiZjxSky +X2Liz}lety}
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SU(2) x U(1) cSU(3)v U(1)14, [SU(2) x U(1)]gauge
THR 2.4 3 21
XHR, XHL 1% % 1%

TABLE 2.3: Quantum numbers for quarks transforming in a non linear represen-
tation of the global group. The gauged hypercharge is the sum of that inside
SU(3)y and the one in the extra U(1)],.

with {i,j,k} = 1,2,3 and {x,y} = 4,5. In order to eliminate the explicit dependence on Q) €
SU(3) we used that the Levi-Civita tensor ¢;j is invariant under SU(3) transformations and, on
the other hand, the upper 2 x 2 block of () is minus the identity and thus leaving €, invariant.
Notice that each of the terms proportional to A1 should have its own Levi-Civita tensors since in
the first term the i, j, k are SU(3); indices and k, [ are SU(2), indices while for the second term
is just the opposite. However, they have the same mathematical expression which allows to
write them as a common factor for both terms. This in turn implies that the global symmetries
are exactly the same as in eq. (2.89), justifying that the Higgs mass squared only receives a
logarithmically divergent contribution proportional to A2A3. One can explicitly check that the
potential logarithmic contribution proportional to A} coming from the integration of x;; and
xor leads to

2
lo t t
OZag e (ez‘jkexyeij’k/€x/y’z‘sz‘kyz‘x/j/Z‘y’k’) y (292)

that does not depend on the Goldstone fields after using €;jx€;jx = ;o — djwd and the
unitarity of X.

On the other hand, implementing the T-parity transformations in egs. (2.85) and (2.88) in
both proposals for the top quark Yukawa Lagrangian leads to

M e PV B
Lt = —171 [sza - XZLi(QZTQ)B} tR — 725 (U Usg 4 Up Uog] + hec.. (2.93)

and

A — ¥
ﬁ%b = ljleijkexy [XlLiijZky - XzLi(QZJrQ)J'x(QZJrQ)ky] R

— \);25 [LIlLulR -+ UQLUQR] + h.c. (2.94)
These Lagrangians also share the same global symmetries. Out of the two terms proportional to
A1, the first one is invariant under SU(3);. However, contrary to the Yukawa Lagrangians (2.74)
and (2.75), the second term depends explicitly on (), that cannot be eliminated, and thus it is
not invariant under global SU(3), transformations. In £L}? the element Q) cannot be eliminated
using unitarity because the transformation under T-parity of i1, in eq. (2.85) does not involve
Q. On the other hand, in £%, one cannot apply the SU(3) invariance of €ijx because there is not
the appropriate number of ()’s to contract with each index of the Levi-Civita tensors. This may
generate a quadratically divergent contribution to the Higgs mass proportional to A?. However,
the unitarity of () is enough to forbid this potential quadratic divergence. This can be explicitly
shown in each case inspecting the only operators that arise at one loop proportional to A% after
integrating x»r and tg,

oL — (05 0)5(0E7Q);s, (2.95)
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FIGURE 2.5: One-loop contribution to the Higgs mass squared from Ly in the

gauge eigenbasis. The big blobs represent off-diagonal mass insertions propor-
tional to x and mass insertions proportional to M,.

uad
O = €jjkeipperyery (QZTQ) 1 (AT, (AZQ) vy (QAZQY) e (2.96)

The first operator does not depend on the Goldstone fields because (2 and X are unitary. For
the second operator, after applying €;jx€;jx = Jjj0x — iy and unitarity, it does not depend
on the scalar fields either. Regarding the logarithmically divergent contributions proportional

to A}, the integration of x,; leads to the same operators OF *d and o3 “ but squared. On the
other hand, the integration of x11, x2r and tg, combining properly the different SU(3) indices
leads to

! [ % « N 2

Oy = _Zsiziﬂ [(QZTQ)&'(QZ Q)iS} = [Zgizg} (2.97)
1 -

Oz(zg = €ijk€xy€ij’k’ex’y/z‘szkyzl/jfz;k/}

X [é‘ijké‘xyeij/k/ex/y/ (QZQ)]X (QZQ)ky (QZ+Q)x/j/ (QZ-PQ)y/k/}

r 2
t t
= ei]-kexyei]-/k/ex/y/ijZkny/]-/Zy,k/} ’ (298)

that due to the unitarity of (2 do not depend on the Goldstone fields. Therefore this T-parity
realization also provides a contribution to the Higgs mass squared proportional to AZA3 from
the diagrams in fig. 2.4.

One may think that depending on the T-parity implementation, the diagrams in fig. 2.4
would give a different result. However, the two different T-parity realizations only differ in the
sign of the couplings of Uy, to tg. Since there are two of those couplings in the second diagram
of fig. 2.4, the same contribution is generated in both cases. Another crucial feature is that there
is no diagram mixing U; and U, as we discussed above.

Contrary to the case without T-parity, this is not the end of the story. Due to the introduction
of two different doublets 411, and g1, their T-odd combination dubbed mirror quarks, remains
massless at this stage. To provide it with a heavy vector-like mass proportional to f we compose
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two incomplete left-handed multiplets in the anti-fundamental representation of SU(3); and
SU(3), respectively

o )
‘i’1=< u70q1L>, ‘F2:< zc70q2L>, (2.99)

with the same transformation properties under the global group and T-parity as those for x1z,
Xor in egs. (2.83), (2.84) and (2.85). They are coupled through the ¢ field to a complete right-
handed multiplet transforming in the 3* of SU(3)y

Yy = ( —i0* g ) ¥r S Uy, (2.100)
IXHR

where U is the non linear transformation depending on Vj, V, and I1, that becomes linear
when V; = V, = U € SU(3)y. Under the SM gauge group ¥r decomposes in a doublet with
hypercharge 1/6 and a singlet of hypercharge 2/3 with quantum numbers under the different
factors of the global symmetry group given in table 2.3. Notice that, as a consequence of T-
parity and the complete Yr multiplet, the fermion content of the model is, at least, doubled
with respect to the case without T-parity. Under the different T-parity implementations ¥z
transforms

1) g+ Q¥ (2.101)
b) g+ —Fg, (2.102)

that differ on the T-parity assignation of the right-handed field xyr. Consequently one can
construct two different versions of a Yukawa Lagrangian

) L% =—«kf (?15* + %;T> ¥r +h.c. (2.103)
b) Lb = —«f (Tlg* + %Q@TQ) ¥+ hc., (2.104)

depending on the T-parity realization. Let us analyse each option. In option a) the matter con-
tent of the right-handed multiplet ensures that the Lagrangian respects the collective symmetry
breaking mechanism. The first term is invariant under SU(3), preserving an SU(2); C SU(3);
and the second term is invariant under SU(3); preserving an SU(2), C SU(3), and hence the
Higgs mass can only receive a logarithmically divergent contribution from these interactions
proportional to x* from the two first diagrams in fig. 2.5. However, in option b) the second term
is not invariant under SU(3); global transformations due to the presence of Q). This could yield
again to a potential quadratically divergent contribution to the Higgs mass from the integration
of ¥, and Yr. However, the only operator that can contribute to this quadratic divergence has
the form

d *
OR* = r(A'QETOBBTOZ* QA), (2.105)

—ig? —io?
A:< 0), B:< i) (2.106)

take into account that ¥, and Yy are incomplete and complete multiplets, respectively. This
operator does not depend on the Goldstone fields due to the unitarity of (2 and the complete
Y¥r in eq. (2.100) that implies BB" = 133.

where



2.5. A toy model 33

On the other hand, to provide a heavy mass for the right-handed field xpr we introduce a
left-handed singlet xp;, to build

Ly = —M,XgLxgr + h.c.. (2.107)

The mass term for the fermion singlet is not invariant under the global SU(3)y, but without
involving the Higgs, it is unable to reintroduce a quadratically divergent contribution to the
Higgs mass. However, logarithmically divergent contributions are generated from the Feyn-
man diagrams in fig. 2.5. Assuming a single family of quarks those read

3 12
2 _ 2 4 2 2
5yH/a =12 log A <—K f +2Mx> , (2.108)
52 = 3 log A2 4 A 2.109
Hhp = 31,2108 f+j N (2.109)

for the T-even and T-odd realization, respectively. This kind of contributions are typical in
Little Higgs model with T-parity. Contrary to the top sector, they differ because the second
Feynman diagram in fig. 2.5 involves couplings of xpr with a t1; and a to; and those with f5r
have opposite sign in the different T-parity implementations. For the Littlest Higgs model with
T-parity these are discussed in more detail in Appendix A.

Finally we add the kinetic term and gauge interactions for all the fermions using the quan-
tum numbers given in tables 2.2 and 2.3. On the one hand, for the fermions transforming
linearly

Lr = X YDy xaL + iXor ' Dy Xo + ilig |:ay +iv2g' <;B1y + ;lelﬂ tR
+illR <ay + i\fzg’gBl,,> Usr + ilor (ay + i\fZg’;Bzy> Uar, (2.110)
where the covariant derivatives read
Dy, = 9, —ivV2gW{, Qf +iv2g’ <Y1 — ;]1%) By, (2.111)
D2 = 3, — iv/2gW, Q8 + Vg (Yz - ;13x3> By, (2112)

independently on the action of T-parity. On he other hand, the CCWZ formalism (see eq. (2.46))
provides the kinetic term and gauge interactions for the right-handed fermions transforming
non linearly under the global group in eq. (2.100). Applying invariance under the realization
(2.101) of the discrete T-parity symmetry leads to

— 1 L1, 1 1
L4 = i¥ry" <ay + 58 (Du)" + 587 (DLE) " + L Bullaxs + 6Bz;¢]13x3> ¥R (2.113)

or under the alternative realization (2.102)

_ 1 L1 1 1
LY = i¥ry" (ay + EéT(D%lé) + iQC (Df@)TQ + 631y13x3 + 6B2y113><3> Yr,  (2114)

where we used that () commutes with the gauge generators. The covariant derivatives of the ¢
field under SU(3); are defined as

DLE = 9,& — V2igWi, Q1E + V2ig' B, 11 & (2.115)
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D2E = 9,& + V2igW§,EQ% — v/2ig' By &Y. (2.116)

The full Lagrangian invariant under T-parity that implements the collective symmetry break-
ing mechanism is given by

L=Lc+Ls+Li+Lyu+Ly+Lr+Lp. (2.117)

2.6. Chapter summary

In this chapter we have introduced the general formalism to build a consistent Little Higgs
model that addresses the Hierarchy problem.

The first part has been devoted to the CCWZ formalism that allows to consider the Higgs
as one of the Goldstone bosons resulting from the spontaneous breaking of a global symmetry.
As far as this global symmetry remains exact, none of the Goldstone fields develops a potential
but only derivative interactions.

In the following step, the addition of different gauge and Yukawa interactions for the Gold-
stone fields breaks the global symmetries and a potential for the Goldstone fields is generated
through loops. However, it is customary a mechanism that controls how this breaking prop-
agates to the scalar fields, eliminating the quadratically divergent contributions to the Higgs
mass and avoiding the reintroduction of the fine-tuning we try to eliminate. Such a mechanism
is called collective symmetry breaking. Each of the breaking terms preserves a different sub-
group of the global symmetry that acts non linearly on the Higgs and thus, individually, any
of them can generate a mass. However, the combination of several of these terms break all the
global symmetries protecting the Higgs, generating a squared mass that is not quadratically
sensitive to the cutoff scale.

As consequence of the extended global and gauge symmetries, there are new heavy par-
ticles at the TeV scale. To avoid unacceptable large contributions to the electroweak precision
observables, a new discrete symmetry called T-parity is implemented in such a way that the SM
particles are T-even and most of the new heavy particles are T-odd and pair-produced, relaxing
direct and indirect constraints.

In the final part we have built a toy model implementing all the previous features. This is
based on the global symmetry group SU(3); x SU(3), spontaneously broken to SU(3)y at a
scale f ~ TeV leading to 8 Goldstone bosons. To implement the collective symmetry breaking,
a subgroup [SU(2) x U(1)]; x [SU(2) x U(1)], of the global symmetry is weakly gauged and
gets spontaneously broken to the the diagonal SU(2) x U(1) C SU(3)y identified as the SM
gauge group giving rise to 4 heavy gauge fields. Once the SM gets spontaneously broken,
only the Higgs field remains as a physical Goldstone boson. Since each factor of the gauge
group leaves an exact SU(3) factor of the global symmetry untouched, the Higgs mass does not
develop a quadratically divergent contribution proportional to the gauge couplings of just one
of the factors. However, the combination of the gauge couplings of both factors generate just a
logarithmically divergent contribution to the Higgs mass.

Regarding fermions, the top quark has the largest Yukawa coupling in the SM and generates
a quadratically divergent contribution to the Higgs mass. To implement the collective symme-
try breaking in this sector, one needs to enforce an SU(3) global symmetry promoting the SM
left-handed quark doublet to a complete SU(3) triplet, containing a heavy top partner. How-
ever, the fundamental representation of SU(3) does not contain an extra up-type quark, but a
down-type quark. Hence, to accommodate the quantum numbers of the top partner, the global
symmetry group needs to be enlarged with an extra U(1); x U(1),. The gauged hypercharge
Y; is thus the sum of the hypercharge inside of the SU(3); factor and the one laying in the extra
U(1); factor, preserving the number of U(1) gauge bosons. Using the extended global symme-
try group, two different kinds of Yukawa Lagrangians are built. They provide the top quark
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with a a mass and couplings to the Higgs as well as a heavy mass of size f for the top partner,
without generating a quadratically divergent contribution to the Higgs mass at one loop. On
the other hand, the logarithmically divergent contribution has a negative sign and can compete
with the gauge boson contribution, hence leading to the SM spontaneous symmetry breaking.

In order to avoid direct and indirect constraints from EWPD due to the heavy new particles,
the discrete T-parity symmetry is implemented in the toy model. T-parity interchanges the
factors of the gauge group and so the couplings constants to both of them must be equal. As
a consequence the new (heavy) gauge bosons are T-odd while the SM gauge bosons are T-
even. To be consistent, all would-be Goldstone bosons must be T-odd except for the Higgs
doublet. For that purpose, one introduces the matrix () € SU(3) that commutes with the
gauge generators but not with the full global symmetry. The implementation of T-parity in
the top sector is less straightforward. It requires two different SU(3) left-handed multiplets
that include two top partners that can be related through T-parity in two different ways. The
T-even combination contains the T-even left-handed quark doublet that gets a mass from the T-
invariant version of the Yukawa Lagrangians introduced in the case without T-parity, together
with the T-even and T-odd heavy top partners. However, there still remains a massless T-odd
combination of left-handed quark doublets (mirror quarks). To provide them with a vector-like
mass proportional to f one introduces a complete right-handed multiplet transforming non
linearly under SU(3)y that contains the right-handed counterpart of the mirror quark doublet
and an extra singlet than can be either T-even or T-odd. Left and right-handed multiplets
are coupled through the non linear-field ¢ to build a new Yukawa Lagrangian. Finally, one
introduces the left-handed counterpart of the singlet to to provide it with a vector-like mass.
This singlet is essential to cancel the quadratically divergent contribution to the Higgs mass
squared generated by the mirror quark doublets. As a consequence of the introduction of the
T-parity, the fermion spectrum at least doubles with respect to the case without T-parity.

All these features will be implemented in the Littlest Higgs model with T-parity in the next
chapter.
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Chapter 3

The Littlest Higgs model with T-parity

This chapter reviews the Littlest Higgs model with T-parity (LHT) as a paradigmatic example of a
Composite Higgs model. Its prominent feature is the implementation of the discrete T-parity symmetry
to alleviate direct and indirect constraints from EWPD. To that end, the SM particles are T-even and
(most of) the new particles are T-odd and pair-produced. This has an impact on the phenomenology
that we will show. We will study in particular how the usual matter content together with the non
trivial interplay between the non linear realization of the global symmetry and T-parity break the gauge
invariance of the original model. This chapter ellaborates on earlier studies [61, 64] and is based on
original work published in refs. [65, 68].

3.1. Littlest Higgs model with T-parity setup

3.1.1. Requirements

Here we closely follow the discussion in [87]. The goal is to realize the Higgs as the pseudo-
Goldstone boson whose low energy dynamics comes from an approximate global symmetry in
a way that its mass is not quadratically sensitive to the cutoff at one loop. As a consequence
the model will be weakly coupled up to energies one loop factor above the electroweak scale.

We assume that the Higgs is part of a pseudo-Goldstone multiplet parametrizing a coset
space G/H, with the decay constant f of the order of a TeV. As previously emphasized, the
origin of this symmetry breaking pattern is irrelevant since the construction will ensure that the
electroweak scale is insensitive to it. The sigma model model does not spontaneously break the
SM gauge group at the scale f, so the subgroup H should contain an SU(2) x U(1) subgroup.
As in the SM, the electroweak interactions will induce at one loop a quadratically divergent
mass for the Higgs. To avoid this we use the collective symmetry breaking mechanism: we
assume that G contains a weakly gauge subgroup consisting of two copies of SU(2) x U(1) :
G D Gy x G, = [SU(2) x U(1)]%. Each G; must commute with a different subgroup of G that
acts non linearly on the Higgs, hence protecting it from developing a mass. The combination of
both types of weak gauge interactions breaks all the global symmetries that act on the Higgs,
and then it ceases to be an exact Goldstone boson. The quadratically divergent contributions
to the Higgs mass from gauge interactions must involve both types of couplings, and hence
appear first at two loops. In this case the Higgs mass squared is raditatively stable with a cutoff
of order 10 TeV, when the model becomes strongly coupled and this effective description looses
its validity.

Let us now look for the minimal implementation of the above requirements. Since G con-
tains the subgroup [SU(2) x U(1)]* it must be at least of rank 4. Also G must contain two
different subgroups of the form G; x X;,i = 1,2, where X; acts non linearly on the Higgs. Fur-
thermore each X; must contain an SU(2) x U(1) subgroup with some generators transforming
like doublets. Taking X; = SU(3); and G = SU(5) we fulfil the aforementioned requirements.
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A candidate for the subgroup H is SO(5), which contains the diagonal part of the product
G1 X Gy. Then we will consider the coset SU(5)/SO(5).

Since each gauge group G; commutes with a different SU(3) global symmetry subgroups
of SU(5), none of them alone can generate a potential for the Higgs. The two gauge groups
together, however, break all global symmetries protecting the Higgs. As a consequence, the
Higgs mass is proportional to both gauge couplings and a quadratic divergence cannot be
generated at one loop.

3.1.2. Global symmetries

Here we will describe the implementation of the global symmetries. The model is based on
the global symmetry group G = SU(5) broken spontaneously to H = SO(5) by the vev of a

symmetric tensor,’
O2x2 0 Tpxo
Yo = 0 1 0 , (3.1)

Ioxo 0 O2x2

leaving 24 — 10 = 14 broken generators. This spontaneous breaking direction fixes the embed-
ding of SO(5) in SU(5) with the fundamental representation of the latter reduced to the defining
(real) representation of the former. The vacuum is preserved by the unbroken generators ful-
filling the relation

TS0 + ZoT°T = 0. (3.2)

Since SU(5)/SO(5) is a symmetric coset there is an inherited automorphism in the Lie algebra
[97]. The above expression suggests the definition of the inner automorphism

¢ 2 >y, = T7, 33
0 0 (3.3)

where the last equality follows from eq. (3.2). Thus the unbroken generators commute with the
automorphism. The set of broken generators anticommute with the automorphism and thus
are orthogonal to the previous set

X2y x Ty, = — X7 (3.4)
This characterizes the broken generators as the set that verifies
X% — ZoXT = 0. (3.5)

As aresult of this automorphism, broken and unbroken generators verify the following schematic
commutation relations

[T,T| ~T, [T,X]~X, [X,X]~T, (3.6)

The first two equations are general for any subgroup of a group. However the third one is only
valid for a symmetric coset. Without loss of generality, for the rest of the work we will take an
orthonormal and hermitian basis of generators. Following the CCWZ formalism, one defines
the Goldstone matrix IT = 77°X“. This is the key ingredient to introduce the nonlinear field ¢

IThe global group only contains the electroweak part of the SM. One must add an external SU(3) color factor to
include strong interactions.
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that under the global group transforms,
¢=e"f, ¢S veut (3.7)

where f is the scale of spontaneous symmetry breaking of the global group, V is an SU(5) trans-
formation and U = U (V,I1) is the compensating SO(5) non linear transformation, depending
on V and the Goldstone fields encoded in IT. This non linear transformation preserves the ex-
ponential form of the transformed ¢. At leading order in the f expansion, the transformation
of ¢ along the direction of the broken generators corresponds to a shift transformation on the
Goldstone fields as pointed out in chapter 2.

Let us derive one of the most relevant properties that the non linear transformation U veri-
fies. The characterization of the broken generators in eq. (3.5) leads to IT = YoI1T%y and using
that Z% = 1545 one obtains

& =2¢"%, (3.8)

independent of the chosen basis to parametrize the Goldstone fields. Applying the transforma-
tion given by the CCWZ formalism in eq. (3.7) to the previous expression and using eq. (3.2)
together with the hermiticity of the generators that implies UXy = oU* one gets

VEut = xo(veuh) Ty = ucz v, (3.9)

Eq. (3.9) can be interpreted as a definition of the non linear transformation U. It is a conse-
quence of the particular embedding of SO(5) in SU(5) and the action of the inner automorphism
over the Lie algebra.

This formalism allows to define a tensor field X that transforms linearly under the global
symmetry group

Y =5l = &5y, =S vevT, (3.10)

where we have used eq. (3.5) to commute ¢ with ¥y. This field will allow to build the kinetic
terms and gauge interactions for the Goldstone fields.

3.1.3. Gauge symmetry

The gauge subgroup is generated by the hermitian and traceless generators

1 c* 0 0 1
Qi’ = - 0 0 0 , Y; = —diag (3, 3,—-2,-2, —2) , (3.11)
2 0 0 Opo 10
X
1 0o 0 O 1
A== 0o 0o o , Y, = —diag(2,2,2,-3,-3), (3.12)
2 0 0 ot 10

with ¢“ the three Pauli matrices. For the gauge generators the normalization used is tr (Q;Z Q,}Z) =

%5”17(5]7( and tr (Yij) = %(5]-;{ + % and the rest of traces vanish. Thanks to the automorphism de-
fined in eq. (3.3), one can relate the generators of both copies of SU(2) x U(1) through the
expressions

Qi = —ZoQiTZy, Y1 =—ZoYd %, (3.13)
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that allows a consistent definition of the discrete T-parity symmetry. The vev along the direc-
tion of X also breaks spontaneously the gauge group down to the diagonal subgroup SU(2) x
U(1)y identified as the SM gauge group, generated by the combinations {Qf + Q3,Y1 + Y>2} C
{T"}, while the unbroken combinations is a subset of the broken generators { Q] — Q3,Y; — Y>} C
{X"}. The set of broken generators span the Goldstone matrix

0 + + +
W _w _i ittt i
2 /20 V2 V2 2
L w” W vth+in —iq>—+ —i®0 + @F
V2 2 \/29) 2 V2 V2 .
- v I .
- in— v+h—ir é’? —in— v+h+in , (3.14)
V2 2 5 V2 2
- 2 g @ W
2 V2 2 /20 V2
i i®'+ "  v+h—ind _wt Wy
V2 V2 2 Va2V

where v is the Higgs vev. Under the SM gauge group the Goldstone matrix decomposes as
IT: 10@30@21/2@31, (3.15)

including a complex symmetric SU(2) triplet and its hermitian conjugate

+ —
it —iq\% > ic\%
=1 ot _ieoher |© P o woter |- (3.16)
V2 V2 V2 V2
the SM Higgs doublet
int
H=| v+h+in® |, (3.17)
V2
plus an SU(2) triplet
w? wt
N
w = W ‘LO (3.18)
V2 o2

and a singlet, r7. After SSB, the latter two will become the longitudinal modes of the heavy
gauge fields.

3.1.4. Lagrangian
Gauge sector

In the construction of the Lagrangian we take into account the action of the discrete T-parity
symmetry. This is introduced to keep the SM gauge bosons T-even while the new ones are T-
odd and thus pair-produced, relaxing direct and indirect constraints from EWPD [93, 98]. After
the spontaneous breaking of the global symmetry, the set of T-odd gauge bosons are naturally
heavy while the SM gauge bosons remain massless. The action of T-parity on the gauge sector
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consists of an interchange of the two gauge groups
G < G, (3.19)

This requires that the coupling constants of both copies must be equal g1 = g2 = V2g, ¢} =

gb = V/2¢', with the first set of couplings referring to SU(2) and the second to U(1). The gauge
Lagrangian then takes the form

2

1 i g nv 1 nv
Lc= Z% [—2tr (Wi V") = 5B B] ] , (3.20)
]:

in terms of fields and field strength tensors,

Wiw = Wi,Qf, Wi = 0, Wy, — 9, W, —1V2g [W' ij} , Bjuw = 9uBjy — 9B

o (3.21)

s

where in the first expression the index j is fixed. Before the electroweak SSB, the SM gauge
bosons come from the T-even combinations

1 W3 + W3 B+ B,
WE = [(Wi+Wh)Fi(W2+wW3)|, wi=-1"2"2 p="1 22
2|:( 1+ 2>:F1( 1+ 2)]/ \@ ’ \ﬁ , (3 )
while the remaining T-odd combinations will define the heavy fields
1 W3 — W3 B;—B
Wi I Wl_wl . WZ_wZ W3 — 1 2 By — 1 2. P
H 2 |:( 1 2) F1 ( 1 2 ):| ’ \/i ’ H \/5 (3 3)

Scalar sector

In order to assign a T-even parity to the SM Higgs boson and T-odd parities to the rest of
scalar fields, one defines

M5 00, Q=dig(-1,-1,1,-1,-1). (3.24)

It is important to remark that the element () belongs to the center of the gauge group and
consequently commutes with the gauge generators but not with the full global symmetry. This
fact will be crucial when discussing the non gauge invariance of the model. One can also
check that () belongs to SO(5) since it leaves ¥ invariant. The T-parity transformation of the
Goldstone fields implies

cL oo L E=a5zin0. (3.25)

With these ingredients one builds the scalar Lagrangian which is gauge and T-parity invariant
using eq. (3.13),

2
Lo = J;tr [(D?‘Z)+ D},z} , (3.26)
where the covariant derivative is defined as

DL = 9,5 — \fzi; [gwr, (= +2QI) - By (Y +3Y]) . (3.27)
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Notice that, as in the toy model in Chapter 2, switching off the gauge couplings of one of the
SU(2) x U(1) factors of the gauge group, the covariant derivative transforms covariantly under
global transformations of the SU(3) containing that factor. This is because the global SU(3) and
the remaining gauge subgroup commute. As a consequence the Higgs cannot develop a mass
term that involves couplings of only one of the gauge factors.

Fermion sector

Implementing T-parity and providing masses to all fermions is less straightforward. In fact,
this is the main source of the non gauge invariance of the model.

First of all, in the usual procedure [93, 98] one introduces two left-handed SU(5) quintuplets
in the anti-fundamental and fundamental representations, respectively, for leptons and quarks,

—iO’zllL 02 —iU’quL 02
Y, = 0 , Y= 0 , Y= 0 , Y= 0 :
0o —iU'ZIZL 0, _ia'zqu

(3.28)

These incomplete multiplets break explicitly the global symmetry, but the gauge group is pre-
served. Under a gauge transformation these multiplets transform
G G
EAUIN At TN (U A 10 (3.29)

From these transformation properties, it is clear that leptons and quarks would receive the
same hyperchages under the gauge group since those are fixed by the form of the generators in
egs. (3.11) and (3.12). For that reason one needs to enlarge the global symmetry group with two
extra factors U(1){] and U(1)5 hence preserving gauge invariance and the collective symmetry
breaking mechanism [61]

SU(5) x U(1)f x U(1). (3.30)

Then for any field the actual hypercharges under the gauged U(1); and U(1), will be the sum
of those under the U(1)] and U(1)} present in SU(5) plus the extra ones.
For a T-parity transformation it is common to contemplate two options [61, 65, 93, 98]:

o) ¥ L axwl, (3.31)
p) ¥ L —xowl, (3.32)

Then one can define T-even and T-odd combinations given respectively by

v +osey) ) 1 - oseyy
\/E 7 _ \/i 4
1{1(5/) -y 1{1(‘7) \P(Q) 3 T(q)
_ 11 012 , wlg) — 11 072
V2 - V2
The T-odd combination of left-handed lepton and quarks Iy = (hip + o) / V2 and qHL =

(g1 +9q21) / v/2 needs to be paired with right-handed doublets Igr and gur so that the ‘mir-
ror’ fermions Iy, g get a vector-like mass. To that end, a right-handed SO(5) quintuplet is

(3.33)

(3.34)
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introduced

—io2(I°)g —ic?(§°)R
Yr = iXR , Y= ix% ) (3.35)

—iO’ZZHR —iO’Z(/]HR

We will denote with a subscript =+ the T-parity assignment to be defined below. The T-odd dou-

blets (I°)g and (§°)g describe the ‘mirror-partner’ fermions and X;f) are SU(2) singlets, that in

principle can be taken either ( )(37) )R or ( )((_q)) r- Some authors [99-102] leave these quintuplets

incomplete, assuming that the mirror-partner fermions and the singlets decouple, so they just
include in them the doublets Iyg, gur.
The transformation under the gauge subgroup reads

G
i) 2 el (3.36)

where U, is the SO(5) non linear transformation that satisfies eq. (3.9) for a given V. Conse-
quently with the T-parity transformations for the left-handed quintuplets defined above, there
are also two different T-parity actions over the right-handed quintuplets

a) ¥r 5 Q¥ (3.37)
b) ¥r - —V¥r. (3.38)

The first one differs from the second in that ngq) are T-even; the rest of the fields are all T-odd. It
is important to mention that the cancellation of the quadratic divergence caused by the mirror

fermions to the Higgs mass is independent on the T-parity assignation of X%q) . With this in
mind, one can correspondingly construct two versions of a Yukawa Lagrangian,

Lg‘g = —xf (%C +?1Zo€+) Yr+he, (3.39)
£ = —f (Fat + F1202'Q) ¥ + b (3.40)

for leptons and similarly for quarks

LY = —xyf (¥3¢ + ¥izod") ¥h +hc, (3.41)
£(YZL = —K,f (?Zg + ?ﬁ’zoagm) ¥!, +h.c. (3.42)

Those are tailored to provide the mirror fermions with a mass order x f.

Let us show how the collective symmetry breaking works in this sector and justify why,
in principle, the SO(5) quintuplet must be complete. For concreteness let us focus on leptons
since quarks can be worked out in the same fashion. As in the gauge sector, the key ingredient
is the presence of an exact global SU(3) acting non linearly on the Higgs when a single term that
breaks the global SU(5) is turned on. This means that each of the terms in egs. (3.39) and (3.40)
should be invariant under a different SU(3) factor that we construct explicitly in Appendix A.
Notice that due to the field content in ¥, this quintuplet is invariant under the action of the
SU(3) located in the upper-left corner of SU(5). These SU(5) transformations, when acting on
the left on ¢, leave invariant its last two rows that couple to the non vanishing components
of ¥,. However, the associated SO(5) transformations U, that at the infinitesimal level can be
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written as
Us1+4ipTt + .., (3.43)

involve SO(5) generators (see Appendix A) that acting on ¥ mix the mirror and mirror part-
ner leptons with the singlet. Consequently the SU(3) invariance tells us that the mirror partner
leptons and the singlet cannot be ignored. Analogously, the second term in eq. (3.39) is invari-
ant under the SU(3) located in the lower-right corner of the SU(5) matrices if Y is complete.
Consequently the collective symmetry breaking mechanism ensures that no quadratic contri-
butions to the Higgs mass proportional to x; are generated. On the other hand, the second term
in eq. (3.40) is not invariant under the lower-right SU(3) because of the presence of () that does
not commute with any of the SU(3)’s. This could potentially lead to a quadratic divergence to
the Higgs mass coming from the operator

O = tr(B'ZoQTOCCTQEOYB) = tr(B'B), (3.44)

—io? —io?
B = 0 , C= 1 (3.45)
02 —i0'2

take into account the ¥; and Y are incomplete and complete multiplets, respectively. But this
operator does not depend on the Goldstone fields due to the unitarity of () and the complete ¥
quintuplet. Nevertheless, not all the fields in the right-handed quintuplet have the appropriate
quantum numbers to participate in the Higgs self-energy. As we show in Appendix B, only the
mirror leptons and the singlet contribute and thus the singlet cannot be ignored in a consistent
Little Higgs model. This justifies why some authors do not include the mirror partner leptons
in the SO(5) quintuplet.

In order to give a mass of order Av to the SM leptons and down-type quarks after the
electroweak SSB, the following Yukawa Lagrangian has been proposed [103-108],

where

A — = - <
Ly = _z%exyzers [(T§< )rZry Tz + (szon)xzryzsz} /r +he, (3.46)

d

/\ * e ~ o~
Ly, = _Z%fexyzers [(‘I’ZX )xzryzsz + (TzXZOQ)xZVstz} dr +h.c, (3.47)

where {x,y,z} = 3,4,5 and {r,s} = 1,2. Here the left-handed fermions are embedded in
incomplete SU(5) quintuplets,

Xhr ) 02 . XqL - 02
v = 0 , v = 0 , ¥ = 0 , Yt = 0 (3.48)
02 X*Ir 02 X g1

transforming under the global group as
ESURE 4 SRS SURNREN A S0 (3.49)
and under T-parity as
RSN o) s SCIEEES N S L (3.50)

where the last equality follows from the field content of these multiplets. This is because the
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i Y
213 = z
24 & 3
215 & —3
203 1 z
24 & -3
205 & -3
Y1324 L =
Y1325 L 2
Y3214 L =
Y325 L =

TABLE 3.1: Hypercharges under U(1)] x U(1), C SU(5) of the X components in
egs. (3.46) and (3.47).

element () changes the T-parity assignation of the field in the middle of the multiplets with
respect to the others and in this case there is no field in this position. As a consequence both
T-parity realizations in these sectors are equivalent. Although ¢r and dr are SU(5) singlets
and all indices are contracted, this Lagrangian is not invariant under the global SU(5) sym-
metry, broken by ¥y and the incomplete multiplets. Nevertheless we just need that the gauge

symmetry G, is preserved, and this requires the introduction of qu)x (qu)x*) transforming

opposite to qu) (‘I’gq)) so that the SM charged leptons and down-type quarks, with left-handed
components in the T-even doublets I} = (I — I1)/v/2 and gL = (q1L — q2r)/V/2, get a mass.
On the other hand, /g and dr inherit no hypercharge from the global SU(5) symmetry group.
Therefore their hypercharges must lie in the external U(1)] x U(1)5 introduced above to get
the proper SM hypercharge, Y = —1 and Y = —1/3, respectively.

The auxiliary field X and its complex conjugate X* are introduced in eq. (3.48) in order to
reverse the U(1) charges of the left-handed components and at the same time compensate for
the hypercharge assignment of the right-handed leptons and quarks. From the hypercharges
of the ¥ components in table 3.1 (note that all relevant products have the same values) and
the requirements above one derives the charge assignments for the fermion fields of table 3.2.
A particular realization of the scalar X can be constructed with the fields already present in
the model [99, 103, 107]. The element X33 has hypercharges (Yi,Y2) = (—%, %), and it is a

_1
SU(2) singlet, so we can identify X = X,,* and X* = (Zga)_%, which also verifies the right

transformation under T-parity X — X* 2

To provide masses to the SM up-type quarks we must take into account that the top quark is
the heaviest SM particle and introduces a quadratic divergence to the Higgs mass proportional
to its Yukawa coupling. The rest of the SM quarks also introduce such a divergence, but their
Yukawa couplings are much smaller. For that reason, in the LHT one implements the collec-
tive symmetry breaking mechanism only in the top sector, assuming that the rest of quadratic
divergences introduced by other SM quarks are negligible. To that end, the up-type quarks of

%In view of the charge assignments in table 3.2, it is clear that X* is not the complex conjugate of X, since they
do not have opposite hypercharges under the U(1) factors. However only gauged hypercharges matter and they
are actually opposite, so we prefer to keep this notation. Indeed, the particular realization for these fields shows
that one is the hermitian conjugate of the other.
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Y, Y A I R

&« | 0 o -3 3| -b -

T I

wix | 00 b b |4
o | 0 0 A & | A&

Te | 00 & & | & &

m | b & 0 0 | b -3

e e L

I A e T
L T S N S I
pT| b % 3 1| A 4
mT| -5 - b b | & A
I A e A
X | & b b b A b
A T

GO I S S S U I

3 T R R [

S I T T T O I S

TABLE 3.2: Hypercharge assignments under U(1); x U(1);, C SU(5) and

U(1)} x U(1)4 for fermions transforming in a linear representation of the gauge

group. The hypercharges under the gauge group U(1); x U(1), come from
Y, = Yj’ —l-Yj”, j=12

Y’ Y Y

—io?(I)R 3 0 2

Y= ixs)r 0 0 0
—io?lyR -3 0 -1

i 1 3 2

q ‘za q(q’)R 2 2 2
Yr = i3 )r 0 5 5
—io%quR -1 2 1

3 6

e 1 1

(I 5 0 5

(x+)L 0 0 0

(@)L 3 : 2

(L)L 0 % %

TABLE 3.3: Hypercharge assignments under the diagonal U(1)" € SO(5) and
U(1)” for fermions transforming in a non linear representation of the gauge

group.
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the first two generations receive a mass from

A _ _ ~ ~
Ly, = —lffeijkexy [(Q1)i2jx2ky + (QZZOQ)iijZky} ug +h.c. (3.51)

{i,j,k} =1,2,3and {x,y} = 4,5 and the new multiplets multiplets are defined as follows

—iaquL 02
Q1= 0 , Qo= 0 . (3.52)
0, —ic?qyr

For the top quark one implements the collective symmetry breaking mechanism in [87, 98, 103,
109]

Ly, =— i%feijkexy [(éi)izszky + (é;zoﬂ)iijxiky} tr
)

f _ _
— —= (T1.Thgr + To1. THor) + h.c,, 3.53
7 (T1.Tig + TorTor) (3.53)

by promoting the top quark left-handed doublet to a triplet of the different SU(3) global factors
contained in SU(5). Those are embedded in the quintuplets

—iUZﬂL 02
Q1= i , Q= iy , (3.54)
02 —io?Thr
with
T = ( Z“ ) r=1,2. (3.55)
rL

The transformation properties under the gauge group and T-parity for the multiplets in egs. (3.52)
and (3.54) are given by

o’ = e, o B wal, of L ong (3:56)

and for the SU(2) singlets are consistently given by

Tir & Tor, fr = tr. (3.57)

The other possible realization of T-parity in these sectors

QWL —5Ql), Tir B —Tug, (3.58)

is completely equivalent. This is because the Lagrangian for the quarks of the first two families
in eq. (3.51) has the same structure as the those for SM leptons and down-type quarks and
the same argument applies. On the other hand, the multiplets in eq. (3.54) include a set of
‘cancelon’ fields or top partners Ty, To; and their corresponding right-handed counterparts
Tir, Tor. The different transformations under T-parity only changes the combinations that are
defined as T-even and T-odd, having no impact on the phenomenology.

The collective symmetry breaking in the top quark sector works similarly as in the toy
model in Chapter 2. In both realizations of T-parity, the first term proportional to A; is invariant
under the SU(3) in the upper-left corner of the SU(5) matrices. The second term is invariant
under the SU(3) in lower-right corner of SU(5) in the first realization of T-parity because (2
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can be eliminated using that the Levi-Civita tensors ¢;jx and €y, are invariant under the action
of ().In the second realization of T-parity, there are not enough ()’s to eliminate them using
the invariance of the Levi-Civita tensors. However the unitarity of () and its explicit form is
enough to forbid a quadratic divergence coming from the term

OAZ = Gi]'kexyejj/k/Gx/y/iszky2+ Z‘ky (359)

that is invariant under the lower-right SU(3). Concerning a possible logarithmically divergent
contribution proportional to A} from the first two terms in brackets, the only operator that can
arise is

t t 3.3 st $t
Olog/\z = (eijkexijkayeijlk,ex/y,Zj,x,Zk,y,) (eijkexyZ]-kayeij,k,ex/y/Zj,x,Zk,y,) ’ (360)

independently of the chosen realization of T-parity. In the last step we applied the properties
of (). Notice that it factorizes in two independent pieces that do not mix the different SU(3)
factors and thus no logarithmically divergent contribution to the Higgs mass can be generated.

The terms proportional to A; are not invariant under any of the SU(3) factors but they have
no couplings to the Higgs. Thus both couplings are required to generate just a logarithmically
divergent contribution to the Higgs mass at one loop. This structure leads to a mixing between
the top quark and the corresponding T-even partner as we will show later.

The mirror-partner fermions (I° ), (§°) and the gauge SU(2) singlets x, x. must be heavy.
It is customary [93, 98] to give them a large vector-like mass introducing the left-handed SU(2)
doublets (l~i) 1, (§°)1 and singlets (x+)r, (x’k )1 in incomplete SO(5) multiplets,

() (@)L 0 0
Yo=| o |, ¥i=| 0 |, ¥i=| (x2 |, ¥'=| DL |. @61
0, 0, 0, 0o

Their direct mass terms are assumed to be a soft breaking of the SO(5) global symmetry and
have the form

Lym, = ~M(00), (F)r — My (o) (X )r — My@), (7)r — M (X0), (XL)x +hee. (3.62)

Finally, the CCWZ formalism provides us with the kinetic terms and gauge interactions of
all fermions transforming in a non linear representation,

Lr=CLp +Lp+ (Yr — Y1)+ (Fr = ¥7) (3.63)
where
Lp, = %19 D} ¥ +i¥29" D, ¥, + 1Yy D Y] + i)y D} Y7 (3.64)
and depending on the T-parity implementation,
L) = i¥ry” [ ot c* (Dué) + gz:oD* zog } PR

+ i Fh O+ 5 g( g)+ gzqu* 20§+ v, (3.65)
(D

Ly =¥y [aﬁ 56" (Dyd) +3 Q(’,‘ZOD* zog+)n Yr

+ (Pt A+ g;‘* (D;’,g)+ ngqu* zog*) Q}‘I’ (3.66)
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with the covariant derivative for leptons defined as
D, = 0, — v2ig (nygﬁ + wngg) +V/2ig’ (By, Y1 + By Ya) . (3.67)
and for quarks

. . 1 1
D} =0, — V2ig (W{LQ‘{ + WZ,Q%) +V2ig’' {Bm <Y1 + 3]15x5> + Bay (Yz + 3115x5>] /
(3.68)

* . . 1 1
D} =9, + V2ig (WﬂlQﬁT + WZ”HQQT> —V2ig [Bm <Y1 - 3115x5> + By (Yz - 3]15><5>] ,
(3.69)

where we took into account the extra hypercharge assigned in the external U(1)} x U(1)) a
shown in table 3.2 and the property in eq. (3.13). Finally for the SM right-handed fermions

7 ) = 1 - 2
Lp = ilg (9, +1g'By) (r +idg <8y + z3g’By> dg + iR (ay — z3g’By> UR. (3.70)
and the top quark-partners

= 2 2 8
ﬁF’Tl:Tz :ZTlL [ \/lg ( Bly 15 BZ;!>:| TlL + ZTZL [a - \[lg < Bl}l 15 B2V>:| TZL
+L—R (3.71)

3.1.5. Mass eigenfields
Gauge fields

After electroweak SSB, the T-even SM gauge bosons eigenstates are obtained diagonalizing
Ls in eq. (3.26)

1 , Z c s w3
+ _ 1 2 _ W SwW
w_\/i<w$1w), (A> (_SW CW)<B> (3.72)
with
W& + W4
W4 = Ql B = B + BZ. (3.73)

V2 v2

whereas the T-odd mass eigenstates, expanding Ls up to order v?/ f2 are

2
+_ L 2 Zy \ _ 1 _xvaTZ W3,
Wi = 7 (WH:sz ) ( a ) — ( R B (3.74)

with

/

:Bl—Bz P 5gg

Y TCrro) &7
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Their corresponding masses to order v/ f2 are

M—g—vl—v—2 Mz = My /c e=gsyw=gc
W= 12f2) z = Mw/cw, = &Sw = § Cw,

Mw, = Mz, = gf (1 - 81}22> , May, = \[f (1 - 8/;) (3.76)

where e is the unit of electric charge and sy, cy are respectively the sine and cosine of the
Weinberg angle 6yy.

Scalar fields after gauge fixing

The spontaneous breaking of gauge symmetries leads to kinetic mixing between gauge
bosons and would-be Goldstone boson fields. In the mass eigenbasis, these unwanted mix-
ing terms can be removed, up to an irrelevant total derivative, by introducing the appropriate
gauge-fixing Lagrangian

1 1 1
Lo 2 (9, A") 2%, (0uZF = EzMzm") gw‘a’*w +iwMwrt ™|
1 1
Zg (a‘uA +€AHMAH77) 2(: (8 ZIP; ngMZHC()O)Z
Ay Zy
‘: ]8 W + lngMWHw ’ (3.77)
Wy

defining which Goldstone fields are unphysical and can be absorbed.

After the SSB, the kinetic terms of the scalar fields we have introduced are neither diagonal
nor canonically normalized. In order to define the physical scalars and identify the actual
would-be-Goldstone fields we will perform the following redefinitions [106]

2
0

T = <1+12f2> ,
N 2

T — <1+12f2> ,

h — h,

0 0 0

b - & (1+12f2) ’

P P V2" P v’
o’ - @+ (Vi0y - Vaw +c1>)12f2,

+ + v? + v’

— | £ , 3.78

o - D <1+24f2) iw 12f2 (3.78)

Pt o Pttt ,
N 59’11 — 4V5[g (W’ + v2®) — 6gxpw?] v?

n - 1 24g/ F 4
N I 5g(w” + 4v2®") — 4+/51(5¢ + 6g'xn) v
120g 2’
2 2
+ + v + 0
w - w <1+24f2):|:z¢ 6f2
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After these redefinitions, the scalars 7, w? and w* are the would-be-Goldstone bosons of the
SSB of the gauge group down to the SM gauge group, eaten by Ay, Zy and W, Similarly, 7
and 7t are the would-be-Goldstone bosons of the SSB of the SM gauge group down to U(1)em,
eaten by Z and W*. The physical pseudo-Goldstone bosons include the Higgs boson and the
complex scalar triplet ® composed of ®**, &+, ®? and P’.

Fermion fields

Fermion masses and mass eigenvectors are obtained from the diagonalization of the 3 x 3
matrices x;, K5, A1, Ay, Ag, My, My, Z\7Il, Mq in and the mixing between the top quark and its
corresponding T-even partner coming from eq. (3.53).

Omitting flavour indices, for each of the three SM (T-even) left-handed fermion doublets
(I, qr) there is a vector-like doublet of heavy T-odd mirror fermions (Iy, gx)

(v _ hr—1Ibx (var \ _ hrtho _( var
lL—<£L)—ﬁ; lHL—<£HL>— 7 Inr = tur ) (3.79)

ur qiL — q2L UL qiL + g2L UHR
g = —_— = = I = 3.80
i ( dr ) V2 HL ( dnr > V2 THR ( dur ) (3:80

. VrL o UL .
= < o ) = ( i ) r=1,2 (381)

are part of the SU(5) multiplets ‘I’ﬁq) in eq. (3.28) and IyR, qur are part of the SO(5) multiplets

‘Fg) in eq. (3.35). The SM right-handed charged leptons ¢z and quarks dg, ug are singlets under
the full SU(5) but have hypercharges under the external U(1)” groups.
In addition there is a heavy right-handed doublet of mirror-partner fermions,

- (18). @n-(52)

together with a right-handed SU(2) singlet (x+ )y to complete the SO(5) right-handed quintu-
plet in eq. 3.35 and their corresponding left-handed counterparts,

me= (). (15

and ( )(S_Lq )) . living in the incomplete SO(5) left-handed quintuplets in eq. (3.61).

Now we work out the top quark sector Ly, in eq. (3.53), that requires extra couplings and
extra fermion fields Ty and T»1, belonging to Q) and Q) respectively, and their right-handed
counterparts Tig, Tor required to implement the collective symmetry breaking mechanism and
avoid dangerous quadratically divergent contributions to the Higgs mass. One can define the
T-even and T-odd combinations of top partners

(Ty)r = (Tl)L'R;—E(TZ)L'R/ (T ) r = (Tl)L,R\;E(TZ)L,R'

The T-odd combination does not mix with any other T-odd quark since it is isolated in this
sector. However, the T-even combination mixes with ¢tg. Expanding ﬁ@ at leading order in v/ f

(3.84)
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we find that the top quark matrix is given by

/\12} 0
- = - fr
~Ly, > (f,(T4),) ( N3 ) < >+h.c.. (3.85)
viovi )N (T

This matrix can be diagonalized at leading order redefining the right-handed fields

tr ) < CR SR > < tr ) /\2 )\1
— , CR = —F——, SR = —F/——. (386)
( (T+)r —SR CR (T+)r /A2 + A2 /A2 + A2
Then the physical mass of the SM top quark in the LHT is given by”
my = LA (3.87)

= ——=—0.
V2 /a2 a2

Notice that according to the previous expression, the Yukawa couplings A; and A, are not
independent but verify

1 1 v \?
—+ = = ( ) , (3.88)
A% A% V2my

where the top quark mass is m; ~ 173 GeV [110]. For the T-even and T-odd partners one finds*

My — A2+ A3

L = s f, Mr = (3.89)

A2
vz
Next we introduce flavour indices and derive the mass eigenstates. Since T-parity is exact, the
SM (T-even) fermions do not mix with the heavy T-odd combinations. However, the SM neutral
leptons and up-type quarks could mix, depending on the T-parity realization, with x, /. (see
table 3.5). Therefore, at leading order, the SM mass eigenstates result from the diagonalization
of the matrices A;, A; and A, in egs. (3.46), (3.47) and (3.51). Thus in general

0 — Vi, Ir — Vilg, (3.90)
dp — Vidy, dr — Vidg, (3.91)
up — VLHML, URr — V]%”R/ (392)

and the masses of SM charged leptons, down-type quarks and up-type quarks read from

Ao v?
ﬁ (1 - 12f2) = VimV{, (3.93)
Agv v?
% <1 ~ 12]0) = Vimavi, (3.94)
A 2
\g (1 _ ;}2) = Vim, VH, (3.95)

3The fact that the top mass is proportional to the product of the Yukawa couplings A1 and A; is a consequence
of the collective symmetry breaking mechanism. Since the mass of the top is nothing but its coupling to the Higgs
boson, its contribution to the Higgs mass at one loop is just logarithmically divergent and proportional to the
product AqA;.

4We have an extra factor v/2 multiplying the top and top partner masses with respect to [111] due to the different
definitions of the top Yukawa couplings A and A; in eq. (3.53).
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tr (T+)L (X
tr . - -
(To)r | © 3 -
xDr| v - .

TABLE 3.4: Order of the mixing between the top quark and the rest of T-even up-

type quarks once the diagonalization in eq. (3.86) is performed. A dot means that

they are connected by the mass term and a dash indicates that no mixing term is
generated to order v

where Vf,R, Vf, r» V[' g are unitary matrices in flavour space. Likewise, the heavy charged lepton
and down-type quark mass eigenstates are obtained by the replacements

EHL — VLIHKHL, EHR — VII{HEHR, (3.96)
dir — Vifdy,  dug — Vidpg, (3.97)
e 71 (e e 71 (¢
(A)L V! (fﬁ)L, (“QR /A (QR, (3.98)
7 4 (e 7 o1 (¢
(d’)L — W (d*> L <d’)R = VR <d’)R’ (399)
with
V2K, f = V[imy, VT, (3.100)
V2kof = Vitmg, Vi, (3.101)
M, = Vi, Vi, (3.102)
M, = Vi, Vi, (3.103)

where VLIHR, Vf % 17£ <V} » are also unitary matrices in flavour space.
For the neutral lepton sector and up-type quarks the fields have to be redefined at leading
order as follows,

v — Vi, (3.104)

viL — V{vm,  vir = V§'vag, (3.105)
upr — V" upr,  upr — V¥ upr, (3.106)
@) = VL),  (79)r — VE(O)R, (3.107)
(i) — V] (@), (I)r = VA )R, (3.108)
(x£)L = Vi(xs)r,  (x2)r = VE(x=)rs (3.109)
(L= VoD (g = VE (L. (3.110)

5In [61] the partner lepton fields I_ (equivalently the mirror-partner quarks) are rotated with matrices Vé r- Here

we adopt the convention of rotating their conjugates I, which seems more natural as these are the ones embedded
~ o\ X . Nk
in the SO(5) quintuplet. To relate both conventions, V[ = <VII{> and VII2 = (Vi) .
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(x+ ) (XL (x ) (X)L VL, UL VHL, UHL ()L, (1)L
(X+)rs (XZ-)R o - v - -
(x)r (XT)r - . - v -
VR, UR - - i - -
VHR, UHR - - - ° —
(V)r, (U9)R - - - v? .

TABLE 3.5: As in table 3.4 but for the neutral lepton fields, SM up-type quarks of
the first two generations and rest of the new LHT up-type quarks.

Note that the SM neutrinos rotate in flavour space with the same matrix as the charged
leptons, V. Their corresponding masses up to corrections from the mixing in table 3.5 are

,02
mVH = mgH <1 - 8f_z> ’ (3.111)
UZ
muH = de (1 - 8f_2> ’ (3.112)
MR = VIM, VY, (3.113)
M = VI M Vi (3.114)

The neutral mirror-partner leptons and up-type mirror-partner quarks masses verify the same
relation as the charged mirror-partner leptons and down-type mirror-partner quarks respec-
tively in egs. (3.102) and (3.103).

The misalignment between different fermion sectors will be a source of flavour violation.
Thus, parametrizing these misalignments we define the following unitary matrices

v=vitvl, w=vivl, z=vivi, (3.115)
for leptons and similarly for quarks
v = yirtye oyl — vty owa — ity za — Xty yCRM _ yutyd (3 116)

However, since we have separated the third generation of quarks to implement the collective
symmetry breaking mechanism for the top sector, it is useful and we will consider that the
Yukawa coupling A, is diagonal in flavour space from the very beginning. This implies that
the rotation matrices V}* = V¥ = 1 and the misalignment matrices V* and VKM take the

simpler form V* = V" ' and VCKM V{. This completes the derivation of the full Lagrangian.

3.2. Phenomenology of the LHT

In this section we will study the phenomenology of the LHT with special emphasis on the
contributions of the heavy singlet x4 to different physical observables. In particular we will
focus on Higgs decays to charged leptons of different flavour, the generation of neutrino masses
and finally the lepton anomalous magnetic dipole moment factor (g — 2),.
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3.2.1. Lepton flavour violating Higgs decays

First of all it is worthwhile to discuss briefly the case without the singlet. The global sym-
metries of the LHT prevent tree level lepton flavour violating (LFV) Higgs decays, but they
are generated at one loop via the new T-odd particles. In particular, the key ingredient is the
misalignment between the Yukawa sectors in eq. (3.46) and eq. (3.39) (or equivalently eq. (3.40)
without the singlet) and the mass matrix of the mirror-partner leptons in eq. (3.62). Without
loss of generality the SM charged lepton Yukawa coupling, A;, is assumed to be diagonal. Let
us comment the parametric dependence of the amplitude of this process. All the contributions
to this observable come from the new particles and thus they are one loop suppressed. So there
is a universal factor of 1/(167t2). On the other hand, since the Yukawa couplings of the SM
charged leptons are diagonal, the LFV Higgs decay amplitude must proceed via higher dimen-
sional operators, that are suppressed by a high energy scale that we will call generically M,
and scale at leading order like v*/ M2. As we will show later, any contribution of order 1 to this
process can be reabsorbed through a rotation of the charged lepton fields. Moreover, the am-
plitude of this decay must be proportional to the SM Yukawa couplings A; and to the Yukawa
couplings x; squared through couplings and/or masses.® Hence, the amplitude for the Higgs
decay h — £¢' scales as

1 2
2 AAR?sin26, (3.117)

Mo ez 1

where we call generically 6 to any of the misalignment angles between the different leptonic
sectors, and Ax? are splittings of Yukawa couplings squared.

In [61] it was shown that only including the contributions of the mirror and mirror-partner
leptons, Iy and l~f respectively, one can obtain a finite amplitude for lepton flavour violating
Higgs decays in the LHT model. It was also shown that the mirror-partner leptons cannot
be decoupled in these decays and furthermore, they introduce a new source of lepton flavour
violation via their coupling to the physical pseudo-Goldstone triplet ® through the Yukawa
Lagrangian in eq. (3.39) or equivalently eq. (3.40). The divergent part of the amplitude can be
parametrized as

02
2

- 1 2 (2)\1
Maiv(h — ') = (ng)/ + UCEI{/)> s Y ViiiVie

2
Mygi— ¢ my my
16772 fz leu(p,mg/)< o PL‘}‘?PR)U(P/MZ)/

(3.118)

since the infinite parts of the Passarino-Veltman functions do not depend on the internal masses
running in the loop.” The different topologies that contribute to this process are listed in fig. 3.1.
The cancellations between different contributions are shown in tables 3.6 and 3.7. The infinities
of order 1 cancel without introducing the mirror-partner leptons, and the same for the finite
parts. This implies that the mixing of order v? in table 3.5 between the mirror and mirror-
partner neutral leptons contributes to higher order in the expansion v/ f and thus it is negli-
gible at the order we work. However, for the infinities of order v?/ f? both sets of leptons are
necessary to give a finite result. On the other hand, to show the non decoupling behaviour of
the mirror-partner leptons when their mass is taken large, we parametrize the finite part of the
amplitude

_ 1 ,
M (h — M’) = g2 (p',mp) (m%cLPL + %CRPR) v (p,my) (3.119)

®We neglect higher powers of the Yukawa coupling A; because ist entries are small.
"This in turn implies that due to the unitarity of the missalignment matrix W, between the mirror and mirror-
partner leptons, it will not appear in the divergent parts of the Passarino-Veltman functions.
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I II III v

VIII

FIGURE 3.1: Topologies contributing to i — £¢'.

with

3

CL(R) = f2 Z;,V// VieF (my,,;,, Mw,,, Ma,, Mo)
1

I\)

3 my my,.
+ ) V+ZMH1 W+W,kMH Vi,G (Mz;/mer Mq,) (3.120)
ijk=1

The first term depends on the function F that can be found in the Appendix of ref. [61] and
only involves mirror leptons. As a consequence, this first source of lepton flavour violation
comes from the matrix V parametrizing the misalignment between the SM leptons and the
mirror leptons. The second term is the contribution of the mirror-partner leptons and depends
on the matrices V and W, with the latter parametrizing the misalignment between the mirror
and mirror-partner leptons, giving rise to a new source of lepton flavour violation. The non
decoupling behaviour of the mirror-partner leptons is encoded in the function G

11 , 1

G My, my,, Mo —— — 5Cw (0,m%, 0; M3, M3, mi?, ) & My, Co (0,m2, 0; M3, M3, mi2, )
1 2
- MG (0, m%, 0; M3, M2, mi ). (3.121)

In particular, the term proportional to Cy scales with log ]\71]' and there is no decoupling. This
is a consequence of the soft breaking of the SO(5) global symmetry by these mass terms.

To estimate the corresponding branching ratio for the most interesting channel, h — tu¥,
the SM charged leptons have to be rotated in flavour space. This is because the process h — £/’
contributes to the charged leptons mass matrix when the Higgs field is replaced by the vev.
This rotation results in an extra factor of 2/3 for the final amplitude. To understand this factor
we can parametrize the SM charged lepton masses and their couplings to the Higgs boson by
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CI(}\)/ I II IO IV V+VI VII+VII IX+X XI+XII | Sum
W Vg | = — e e - - 2 -3 *
Wy |- - o e - - % — % °
nlg |- — e e - - 21—0 — 21—0 .
Total [ - - e e - - : —3 o

TABLE 3.6: Divergent contributions proportional to 1, with € = 4 — d the extra
dimensions in dimensional regularization, of each particle set running in the loop
and topology in fig. 3.1 contributing at O(1). A dash means that the field set
does not run in the diagram, whereas a dot indicates that infinite and finite parts

vanish.
CEJ;\% : I II III IV V+VI VII+VII IX+X XI+XII Sum
Wgvg |0 0 - - - . - _ 0
Wy, w,vg | = - - - 0 - _ _ 0
w,vy | - - % _11? - _ 117 % %
Zu,lg | e 0 - - - ° _ _ 0
Zy, o by | - - - - 0 - _ _ 0
Sow|- - o - - gl h-bed |
Ag,fly | e O - - - ® _ _
Ag,nly | - - - - 0 - - _ 0
Nl |- - e _317 - - —%—lef)TWW —Q*O+XH£TWW —%
Zy,Agly |- 0 - - - - - - 0
O ly | - - - % - _ _ _ 11?
Wy, ®,vg | - - - - 0 - _ _ 0
vy |- - e ° - - 116 % _2174
w,® vy |- - - ﬁ - _ _ _ 1172
W, ®F iy - - - = - _ _ _ L
n® gy | - - - —% - _ _ _ L
O, | - - -3 &K - - . —& —1
Total [0 0 O 21—4 0 ° _% % 0

TABLE 3.7: As in table 3.6 but to O(v?/ f?).
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the following effective Lagrangian in the LHT,

Lot = — Al iHUgi —A“(+ TLHO + ~0 (HTH) T He;
oft = — Ayl iHOg; + f2 H'H) IiHer + -5 (H'H) lLZHER]-I-h.C. (3.122)
h v? 3 _
2 ( ij + \sz Cij ‘|‘ —my; 51] + My, ‘51] 6f2 Z\f M2C1] gLigRj +h.c,
(3.123)

where ¢;; are the corresponding one-loop Wilson coefficients. In the second step we have used
eq. (3.93) to relate the Yukawa couplings of the SM leptons with their actual mass. The key
point is the relative factor of 3 between the Yukawa coupling and the mass term at order v?/ f2,
originating from the expansion (v + h)® = ©? 4+ 3v*h + .... Diagonalizing the first term in
parentheses in eq. (3.123) does not diagonalize the second. We can rotate the charged leptons
to express them in the physical basis,

2
ng |:(51] +-— M (AL) :|£L]/ (3.124)
2
€Rl |:(51] + MZ (AR) :| gR]z (3125)
where Ap and Ag are order 1-loop anti-unitary matrices (A} , = —Ap r) satisfying
my, (AR)ij — (AL)ij my, = 2[0 (i # j, physical basis). (3.126)
Then
Lot D \fMZ cl]hELlﬁR] +h.c. (i # j, physical basis) (3.127)

and comparing with eq. (3.123) we see that the effect of going to the physical basis just amounts
to a simple re-scaling of the off-diagonal Yukawa couplings by a factor 2/3. The LFV partial
width can be written as

my, M + 1, 4

F(h—stiy +tpu") = Ter o2 9 (Ie/"1* + 117, (3.128)

and its branching ratio

[(h—thu + T*‘u*)
F(h—>b5) ~om 9

(]cL”|2 +1cd' ). (3.129)

Br (h — tu) = Br (h — bE)

Now assuming that only the second and third families of leptons mix, we parametrize the
matrices V, W

1 0 0 1 0 0
V=0 cost; sinf; |, W=| 0 cosf, sinf, |. (3.130)
0 —sinf; cos6; 0 —sinf, cosbs

Choosing a benchmark point f = 1 TeV, m/,»3 = 1.0,8.1 TeV, Z\712,3 = 10,50 TeV, 01, = %, &
and the relation Mo ~ v/2m;, f /v [111], we obtain

Br(h — tp) ~ 0.2 x 107°. (3.131)
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To obtain this result it is important the non decoupling behaviour of the mirror-partner leptons.
In general this branching ratio tends to be smaller when all the T-odd masses are similar and
there are often large cancellations. In the following we will investigate how the different T-
parity assignations of the SU(2) leptonic singlet affect the previous result.

T-even heavy singlet

In this part we consider a T-even singlet, x.. Hence we will use the Yukawa Lagrangian in
eq. (3.39) to obtain its corresponding couplings to scalar fields. The purpose of this section is
to first prove that the contributions of the singlet to the process h — £;(g; are UV finite. The
finite part can be split into order 1 and order v?/ M? contributions. However we will show that
these order 1 contributions can be absorbed through a rotation of the charged SM lepton fields
as in eq. (3.126) leaving an order v?/ f? remnant. Finally we will illustrate that the singlet can
be decoupled from the spectrum.

Being T-even, the contributions of the singlet to i — ¢;;(; can be worked out separately
from those of the T-odd sector. Through the Yukawa Lagrangian in eq. (3.39), this singlet cou-
ples to the SM Higgs doublet and the T-even left-handed leptons. Their quantum numbers are
appropriate to generate order 1 vertices and consequently order 1 contributions to this LFV
process. In view of the mixing between the neutral lepton fields in table 3.5, there is a term
that mixes the right-handed singlet with the SM neutrino of order v. Due to the, a priori, non
vanishing order 1 contributions to h — 010 Rj, it is mandatory a diagonalization of the corre-
sponding mass matrix up to order v®. After performing the rotations in flavour space of the
neutral leptons in eq. (3.104) the mass matrix takes the form

0 2 (1- i) Vim, 7t y
LD>—(7 2 ( 1272, H < : ) +h.c. 3.132
( v (X+)r ) < 0 M;lag (xX+)z ( )

In view of the entries of the mass matrix in eq. (3.132) one can notice that at leading order it
does not depend on the scale f since my, = v/2x;f. Thus the largest scale are the diagonal
entries of M, and one can consider a perturbative diagonalization expanding in powers of
v/ M,. The first step corresponds to block-diagonalize the mass matrix in eq. (3.132) rotating
the left-handed fields by the perturbative unitary matrix

1% 1-— %91-9 9+ > < vy, >
N 3.133
(an, ) (37 4 oot )\ (xo, (G139
fulﬁlling8

1.t + v _Uz + t
(11_299 6 )(0 5 (1= 437) Vim, 2 >:<0 0 > (3.134)

0 1- %99+ 0 M;lag 0 my

The solution of the above matrix equation gives the matrix 6 and the non diagonal mass matrix
My,
2

.I. .
0 — 2’} (1 _ 1;’][2) <m;1> Zmy, V, my = []1 + ;99*] Mo, (3.135)

8The full rotation matrix is unitary but each block is not.
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Finally, to diagonalize 1, up to order v?, the new left-handed (x-); and right-handed (x- )z
fields must be rotated

(x+)pr = (L+BLr) (X+)1r (3.136)
where By g are anti-hermitian matrices (B{,R = —B_r) of order v?/ mi verifying the diagonal-
ization equation

iy = (1 — Br) my (1 4 Bg) (3.137)

and m, is diagonal at the order we work. The expressions of By g are not important for the
final result. However, at the order we work and assuming that the diagonal entries of m, are
different, one can apply successive 2 x 2 SU(2) infinitesimal rotations to m, obtaining

=2 | 52
B 1 N M + n; o ) B
(BL)ij =5 (99 )ij m, i #], (Br); =0, (3.138)
— _ (ppt mim; _
(Br);; = (%)ﬁﬁ?_ﬁ% i #], (Br);; = 0. (3.139)

Thus the expression for the matrix 6 in terms of the physical mass of the singlet is given by

0 U2 ~_15
0 = 2f (1 — 12f2> (1 + Br)m, Zmy,V, (3.140)
where we have defined Z := (1 — Bg) Z that takes into account the physical misalignment

between the Yukawa coupling x and the physical mass of the singlet m,. Like the full mass
matrix, 8 does not depend on f at leading order and it is of order v/m,. In view of the first
entry of the unitary matrix in eq. (3.133) it is clear that the neutrino eigenfields contribute to the
LFV process through the combination §10. Hence our Feynman rules include both the singlet
and the neutrino. The relevant Feynman rules in the mass eigenbasis are collected in tables 3.8,
3.9, 3.10 and 3.11 in terms of generic couplings for the following general vertices involving
scalars (S), fermions (F) and/or gauge bosons (V):

[(S..S)SFF] = i(cLPr + crPr),
[SV,V,] = iKg",
[V.FF] = iy*(gLPL + grPRr),
[S(p1)S(p2)Vi] = iG(p1 —p2)",
[SS(p1)S(p2)1 = i] (pT+p3+4p1-p2)

where all momenta are assumed incoming. The conjugate vertices are obtained by replacing
cLr<rcrp, K< K, gLr<>8rr, G —G*, J< ", (3.141)

The Feynman diagrams that contribute to this process are those in fig. 3.1 with the neutrino,
the singlet and SM charged gauge bosons and unphysical charged scalars running in the loop.
Not all the topologies contribute to the LVF observable at the order we work. For instance,
topology II is of next order. This is because the coupling HW* W~ is order v and to produce
lepton flavour changing one needs the 610 part of the coupling W+, ¢; when the neutrino runs
in the loop. Since the order of magnitude of 6 is v/m,, this contribution is at least of order v*
when the p of the internal fermion propagator acts over the external legs giving the mass of the
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[SFF] CL CR
nxrv |- (1-2) rﬁX9+er¢X99*9+r7zXBLg 0
W ~ 60t 99*
X+ X+ my=, =1y
Tt ve 0 \fmf <1+12f2>
T XTL | =2 (1+ ) +iV2iBLY | iv20% (1+ o) — iV2BLO%
hiv v v
5 (1) 5 (1)

TABLE 3.8: Scalar-Fermion-Fermion couplings at O(v?/ f2).

[SSFF] CL CR
hrtvd | 0 3\ff2mg+ 6ff29+QMg

TABLE 3.9: Scalar-Scalar-Fermion-Fermion couplings at O(v?/ £2).

[SV;,VV] K [VVFF] 8L
+W- | 022 (1 +5 § 1 _ _8 pt
Wt wWe | g3 (1-45) W+L£ £1 fe 0

TABLE 3.10: Scalar-Vector-Vector and Vector-Fermion-Fermion couplings at
O(v?/ f?*). The right-handed Vector-Fermion-Fermion couplings gg vanish.

[S(p1)S(p2) Vil | G [SS(p1)S(p2)] | ]
httW— £ hat 6Lf2

TABLE 3.11: Scalar-Scalar-Vector and Scalar-Scalar-Scalar couplings at O(v?/ f2).
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corresponding charged lepton. On the other hand, if the left-handed part of the singlet runs
in the loop, the coupling W+ (x ), /1 is of order 6 and after applying the equation of motion
on the external legs this other contribution is again of order v*. The sum of the contributions
of order v?/ f?> coming from topologies VII and VIII cancel exactly as it happened in the case
without the singlet (see tables 3.6,3.7).

Parametrizing the amplitude as in eq. (3.119) where we now split the Wilson coefficients

cr,r into order 1 and order v?, CLR = C(Lll)z + C(L?f;) and using the definition of 0 in eq. (3.140), the
non trivial order 1 contributions come from topologies III and IX+X and those are

A= -2 (V) (Z5v) (B (i, 0) + MiCo (0,0, M3y, 0]
I 2f ok 2f .

(3.142)
O] = (vtBuzt) (ZEv) By (0;m? 14
‘L ‘IX+X < 2f 7 ) \"2f T ) 0 (0;m3,,0) (3.143)

while the rest are

[Co (0, m},0; My, m3,,0) + Cp (0, mj, 0; My, m%,,0) + Cz (0, m, 0; Miy, 0,m3,) ]

Xk’ Xk’
(3.144)
2
)] _© + My 54 5y 2.2 2 2 Aoag2 2
CL 1L —Tf.z (V T;Z >2k (szl_lv>kl [BO (mh,mxk,O) + MWcO (O,mh,O,M ,mxk,O)]
2
My, 5+ ~my +Myy, 5+ ~Mmy (Y
+2<V*Hz> <ZHV> (V Hz) <ZHV) %
2f 2% 2f " Jim 2f ml 2f ) mg,
[Bo (mj;m2,,0) + MiyCo (0, m3, 0; Miy, m3,0)
—By (mﬁ, mil,mik) — M%VCO (O, mﬁ,O; M%,V, mil,mik) + 2mikCz (0, mﬁ,O; M?> ,mil,mik
(3.145)
2
@) (ytiage) (Z™ay) (B (0:m2 M) + 2B, (0,m2 , M2
‘L v 3f2 < 2f o Zf kl[ 1( yMyys W) + 0( 7 Txer W)
—2 (m; — Miy) (Cz (0, m}, 0;m3,, Miy, Myy) + Co (0, mj, 0;m%,, My, M§y,))] (3.146)
2
(0%) 2 [ 4y 5+ 5 My 4 2 2 2
=2 (yt=tayz Z—Hyv ) —— [By(0;0, M%) — By (0;m2 , M
‘L V+VI g ( 2f >2k< 2f >kl mik [ 0( W> 0( A W)
+Mjy (Co (0,m,0;0, My, Miy) — Co (0, my, 0;m5,, Miy, M)
—mZ, Ca (0, mj, 0;m? , My, Miy) ] (3.147)
2
(@) __ Uyt s 7™My B (0 M2, m? 3.148
T xex 3f2( 2f 2% 2f )k o (0, My, my, ) (3.148)
2
(%) =0 (ytltuge)  (Z%y) 1B, (0; M2, m2 ) — By (0; M2, m2 3.149
cL X+ XII 3f2 < 2f ” 2f kl[ 0( 4 W’ka) 1( 4 W’ka)]' ( . )

The corresponding Wilson coefficients cg are obtained from cy, just by the substitution C, —
Cj. The calculation has been explicitly checked using the Mathematica package Package X [112].
As one can check in table 3.12, the order 1 UV divergences coming from III + IX+X cancel but
not the finite parts as it happened in the case of the mirror leptons. On the other hand, the
contributions order v? coming from III + IX+X and IV + XI+XII also cancels as we show in

)]
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CI(}\)/ I II O IV V+VI VII+VII IX+X XI+XII | Sum

X+, V|- - -1 - - - 1 - 0

TABLE 3.12: Order 1 singlet and neutrino divergent contributions proportional

to %, with € = 4 — d the extra dimensions in dimensional regularization. A dash

means that the field set does not run in the diagram, whereas a 0 indicates that
only the infinite part vanishes.

CUS I I I IV V+VI VI+VID IX+X XI+XII | Sum

0 . - : 0

ST
O\—=

1
Tx+v |0 - g —

TABLE 3.13: As in table 3.12 but to order v?/ f? singlet and neutrino divergent

contributions proportional to %, with € = 4 — d the extra dimensions in dimen-

sional regularization. A dash means that the field set does not run in the diagram,
whereas a 0 indicates that only the infinite part vanishes.

table 3.13. Thus the contribution of the singlet to this LFV process is finite if it is chosen to be
T-even. It is important to mention that the result does not depend on the anti-hermitian matrix
By as previously advertised but depends on By through Z. The matrices Bg and the original
Z are not physical, being Z the physical combination and the new source of flavour violation.
In this sense, our Wilson coefficients are a function of physical parameters only. As one can
notice, not all terms order v? are suppressed by f2 but some of them are suppressed by mf(
These come from order 1 vertices with the neutrino in the non rotated basis that generate terms
with 0 order v due to the mixing between the left-handed neutrino and the left-handed singlet.

As happened in the case without the singlet, the previous results must be re-scaled because
they contribute to the SM charged lepton matrix when the Higgs is replaced by its vev. The
effective Lagrangian that parametrizes the couplings of the Higgs boson to the SM charged
leptons including the one-loop contributions reads in this case

i} Api ; i}
Lo = —AplpiHCR + ;2 < ) leHng + (Xz]lLlHER] 'B] <H+H> ZLZ'HKR]' +h.c. (3.150)

1
D( mg5,]+\[ +2[M2'Bl]> LzeR]

h v
+v< mp(51]+m/c51]6f2 fv+2fM2'B”

where we include now a new term with the order 1 Wilson coefficient. As we did above, the
SM leptons are rotated by

3
)ngeR] +he, (3.151)

b — {51';' + (AL)i]} byj, (3.152)
Iri — [5ij+ (AR)ij] Crj, (3.153)

where Ap r are again order one-loop anti-hermitian matrices. In this case we do not factor out
any scale from the matrices since they include order 1 and v?/M? contributions as showed
below. The diagonalization of the charged SM leptons imposes

51’]‘ 3

%y v (i # j, physical basis). (3.154)

My, (AR)ij - (AL)ij mfj - ﬁv + ZﬁMZ
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FIGURE 3.2: In blue and orange respectively, real and imaginary parts of the one
loop function in c}Zhys. The singlet x4 decouples.

Thus, substituting the rotation and using the previous condition we find

ajj v? ,Bij v? -
Lot D ﬁ67f2 + EW thigRj + h.c.. (3.155)

Comparing with eq. (3.150), the order 1 contribution is multiplied by a factor % and the order
0?2/ M? is re-scaled again by a factor 2/3 and the physical c; is

2

cPhys 6Z’f2c(;> + %c(LDZ). (3.156)
We would like to highlight the importance of the term (H*H) 1;;Hlg; in the effective La-
grangian. Due to its presence, it is impossible to completely reabsorb the order 1 contribution
in the diagonalization of the SM charged leptons mass matrix. Thus all the physical contribu-
tion to this LVF observable is order v2/M? with M = f,my. With this in mind we can show
that the T-even singlet decouples in this observable. In fig. 3.2 we plot the leading contribu-
tions that are precisely those of order v/ f2 while the contributions order v?/ m}c coming from
Topology I and Topology III are subleading in comparison. This behaviour is independent of

the mechanism that provides a mass to the singlet.

T-odd heavy singlet

In this section we will assume that the singlet is T-odd, x —. This implies that now, instead of
coupling to the SM Higgs doublet, it couples to the T-odd triplets w and ® through the Yukawa
Lagrangian in eq. (3.40). The purpose of this section is to show that the contributions of a heavy
T-odd singlet are UV divergent.

Through the Yukawa Lagrangian in eq. (3.40), the right-handed singlet couples to the triplets
w and P with hypercharges 0 and 1, respectively, and to the T-even (SM) left-handed leptons.
This implies that there are no order 1 vertices with the singlet and the SM charged leptons,
contrary to the T-even case. An addtional Higgs doublet is necessary to obtain a singlet from
the combination of all these fields. As a consequence, any vertex with these scalar fields and
the right-handed (x_ )y is at least order v/ f. Thus there is no need to diagonalize the mixing
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[SFF] oL P
hX_vh Z% (1 — %) 0
atmt| Vv (1)
wt x4 iZ%}V% 0

— my 2 : 2
ot | e | Vi(-6)
_ my
¢ x_ ¢ —ZﬁV% 0

TABLE 3.14: Scalar-Fermion-Fermion couplings at O(v?/ f2) involving vy and a

T-odd singlet.
[SSFF] CL CR
J— . my 2
hewt x 0 zZﬁv(l—g’?) 0
— my 2
hot Xt —247?2\/(1—1;?) 0

TABLE 3.15: Scalar-Scalar-Fermion-Fermion couplings at O(v?/ f?) involving a
T-odd singlet.

between the T-odd singlet, vy and v° in table 3.5 and it is ignored everywhere. The leading
contributions of the T-odd singlet to this process are of order v/ f2.

To extract the UV divergent part of this process coming from the introduction of the T-odd
singlet, we can use part of the information previously learned from the case without the singlet
and the case with a T-even singlet. The topologies one has to evaluate are again those depicted
in fig. 3.1. Since the left-handed singlet does not couple to the charged gauge bosons, Topology
I requires an insertion of the mixing between the singlet and vy to give a new contribution.
However at order 1 this topology is finite by its own as one can read from table 3.6. Thus
no divergences order v?/ f? are generated through mixing. The same argument applies for
Topology II but in this case two mixing insertions are necessary. Topology III has a potential
divergence of order v?/ f> when the right-handed components of the singlet run in the loop.
Topology IV may generate a divergence but this is of next order since the couplings between
the singlet and the scalar T-odd triplets are of order v/ f as was discussed above. Furthermore
the couplings between the Higgs doublet and the triplets are of order v/ f? as one can infer from
the structure of the £s Lagrangian in eq. (3.26) and the SU(2) quantum numbers of the involved
scalar fields. Besides, any insertion of the mixing would require a vy in the loop and a right-
handed SM charged lepton in an external leg, leading again to negligible corrections at the
order we work. Topology V+VI and VII+VII do not contribute either, by the same arguments
as Topologies I and II. Topology IX+X with only the right-handed components of the singlet
running in the loop vanishes as in the T-even case. Thus since the left-handed components
of the singlet do not have Yukawa couplings, an insertion of the mixing with vy is needed.
However, since the order 1 divergences of these diagrams cancel with Topology XI+XII, the
corresponding diagrams with mixing insertions also cancel and the only remaining possibility
is Topology XI+XII with only the right-handed components of the singlet running in the loop.
Thus to evaluate Topology III and XI+XII the Feynman rules are listed in tables 3.14 and 3.15
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=
cl(ﬁ) I XI+XII | Sum

WX | =F o~ | ~%
wx | - m | %

D, vy, X % - %
x| - m | =»
Total | 0O 31—2 31—2

TABLE 3.16: Order % T-odd singlet contributions to the UV divergent part of

f2
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FIGURE 3.3: Feynman diagrams that generate the divergent operators in
eg. (3.158) in LFV Higgs decays in the T-odd x scenario.

As in the case without the singlet, the divergent part of the amplitude can be parametrized
by the following expression

- 1 02 )
MG (h— T = — zjiz EIV) - L VEVie ”Hl i (p'me) (2P + ZEPr) o (pome), (3157)

where all the new contributions are of order v?/ f? and the UV divergences do not depend on
the mass of the particles running in the loop. The results are collected in table 3.16.

As one can notice, the contributions coming from Topology III cancel since they have op-
posite signs. On the other hand, the contributions from Topology XI+XII have the same sign
and they do not cancel. Since only the right-handed components of x_ run in the loop, the
divergence comes exclusively from the x sector in eq. (3.40). Thus one has to disregard the
T-odd possibility to have a one-loop predictive model and adopt the T-even realization for the
singlet within the minimal LHT scenario. If one still insists in the T-odd realization, one needs
to generate the tree level operator in the SM symmetric phase (see fig. 3.3)

O = (L-LaaH) id (H+aﬂz]-L) +% (L-LO—“H) id (leﬂ) , (3.158)

ina [SU(2) x U1 gauge invariant fashion and with this relation between the coefficients to
renormalize the divergent contribution. In the above equation H = ic2H*, ¢® are the three
Pauli matrices and i, j are flavour indices. The first term comes from integrating out the singlet
and the triplet ® and the second term comes from the integration of the singlet and the triplet
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! ! 1/ 1/
Y. v Y Y} 1 Y
1 1 1 1
xw | 5 —5 0 0 5 75
1 1 1 1
XL | —5 5 0 0 | -5 5
1 1 1 1 7 3
YX1L | ~5 5 —2 2 | "0 T10
=~ 1 1 1 1 3 7
YX2L |5 5 2 2 | 710 T10
x _2 2 _1 S R
5 5 2 2 10 10
d 2 _2 1 1 -1 9
5 5 2 2 10 10

TABLE 3.17: As in table 3.2 for the extra x1; and )»; left-handed fields and the
new scalar fields x, X required for the left-handed couplings of x_ to /.

w.” This option has the pathology of LFV operators at tree level and one would need to find
a mechanism to explain why the corresponding coefficients should be small to be compatible
with the current LHC constraints [113]. On the other hand this operator cannot be generated
in a gauge invariant manner. We will show that precisely the Yukawa Lagrangian (3.40) is
not invariant under global transformations along the direction of the gauge generators. As
a consequence these operators do not respect gauge invariance under the full gauge group
[SU(2) x U(1)]* but preserve the diagonal SM gauge group.

Another possibility one could explore is trying to involve the A sector in eq. (3.46) to cancel
this divergence through couplings of the form (i + v)*w* (x_), /r and (h + v)* ¢T (x_) lr. To
do so, one would need to introduce the left-handed fields xi1, x2r in the SU(5) multiplets in
eq. (3.28). The T-odd combination would pair with (x_) and receive a mass of order «f from
eq. (3.40) whereas the remaining T-even combination would remain massless unless another
mechanism is provided to generate a mass. Those fields would have hypercharges (%, -1)
and (—3%,1) under the gauge group according to the transformation properties of the SU(5)
multiplets in eq. (3.28). However, it is not possible to introduce such fields in the multiplets of
eq. (3.48) since they live in the opposite representation of the gauge group as those in eq. (3.28).
There are no available scalar fields x, X to reverse the corresponding hypercharges of the new
fermions fields and at the same time take into account the extra hypercharge required to iden-
tify /g with the SM right-handed charged leptons as it is shown in table 3.17. Thus we would
have to assign /¢ to larger representations as in [114, 115].

3.2.2. Neutrino masses in the LHT
T-even heavy singlet

In this part we will assume that the lepton field x is T-even (x ;). The left-handed x living
in the incomplete SO(5) multiplet in eq. (3.61) is an SU(2) singlet. Therefore it is natural to
include a small Majorana mass for it. We will assume that lepton number (LN) is only broken
by small Majorana masses y by a term of the form

L, = —%(Xi)L (x1+), +hec, (3.159)

where (x5), = C( X+)Z with C the particle-antiparticle conjugation operator defined in terms

of the Dirac matrices, C = i7%9? (see for instance ref. [116]). This term is also assumed as a new

9There is another operator arising from the integration of the singlet 7, (I, H)id (H*I; ). However this operator
does not contribute to LFV Higgs decays.
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FIGURE 3.4: Diagrammatic expansion of the tree-level integration out of x+ in
eq. (3.165).

source of soft breaking of the SO(5) global symmetry. To generate the neutrino mass matrix we
use the inverse seesaw mechanism and thus we integrate out at tree-level the quasi-Dirac x
using the corresponding equations of motion. Ignoring contributions from gauge bosons and
derivatives of Goldstone bosons in the kinetic term for the non-linear right-handed fermions in
eq. (3.65) we obtain

id (x+) — My (x1)g —#(x+)L =0 (3.160)
id (0 )x = M} O )y + il f (82 +EZ0%1) + () =0, (3.161)

where (...) includes the gauge boson interactions and derivative interactions of Goldstone
bosons with leptons. Combining these two equations one can obtain second order differen-
tial equations for the left and right-handed components of the singlet ignoring derivatives

of Goldstones and fermions in ¥;,. Since the mass of the quasi-Dirac singlet is much larger
than the momentum transfer, one can consider an expansion of the inverse of the operator

(0% + M)zc) T x M 2 obtaining at leading order in u
-1
(x+) = (M}) i f (C*‘I’z + CZo‘I’l)3 (3.162)
a1 -1 T T Tc * c
(re)r = M (M) ol f (8795 + 750 (3.163)
Substituting the expressions for (x); and (x+ ) we find

Lo % (efMt) e (s fM;lf (Oy +OL) +he, (3.164)
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where omitting family indices

e 1+0 e 1+0

Oy = Fre b1+ T, (3.165)
_ 140 e 140

o), :\PizogTT Y, + ¥, %Y. (3.166)

These operators contain the dimension 5 Weinberg operator

1 1\ N\ (e~ /o
L5505 (;quxl) i (Klfol) (ILH ) (H*ZL) +he, (3.167)
where H = —ic?H* and also contributions from dimension 7 operators including the triplet

A = —io?® (that absorbes the prefactor —io? in the definition of ¥ in eq. (3.35))

1

T

(;qu);l)*y (KlfM;l)Jr [2 (ZEATA*FI*) (H*IL) +% (721?!*) (H*A*AZL)] +he.
(3.168)

These latter operators would contribute to the neutrino mass matrix once T-parity gets broken
by the vev of the neutral component of the triplet (®°) # 0. Notice that there is no dimension
4 and 5 operators involving only triplets. The dimension 4 operator is forbidden by T-parity
since it should come from a dimension 5 T-parity preserving operator. This is also the reason
why the type II seesaw is not allowed in the LHT but it is in the model without T-parity [104].
The dimension 5 operator with two triplets is allowed by T-parity but two extra Higgses are
required to compensate for the hypercharge of the two lepton doublets. Thus the only pos-
sibility is the dimension 7 operators above that are subleading with respect to the Weinberg
operator by a factor — (®°) /6f2. Hence keeping the leading order contribution, the tree-level
integration of the singlet gives the neutrino mass matrix when the Higgs is replaced by the vev

Meven — gTyp, (3.169)

where the Yukawa coupling x; and the mass matrix M, have been rotated at leading order in
flavour space according to egs. (3.100) and (3.111), we have redefined without loss of generality
u— vt *‘quJr and the SM neutrinos have been rotated according to eq. (3.104) to introduce the
definition of 6 in eq. (3.140). For consistency of the model we will assume that the natural size
of the eigenvalues for M, are ~ 10 TeV, of the order of 471 f with f ~ TeV, as required by current
EWPD with the «; eigenvalues of order 1. The u eigenvalues that parametrize the LN violation
will be much smaller than the GeV. The predictions of the SM neutrino masses and the lepton
flavour violation (LFV) contributions of the quasi-Dirac singlets x are those of the inverse
seesaw [117-119] as we will review in the following.

Inverse seesaw masses and mixings The neutrino mass matrix M{¥¢" is not diagonal in the
basis where the charged leptons mass matrix is diagonal. In fact,

Mle/ven — uliMNS,stenuItMNS (3170)

where Upmns is the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix [120-123] and D, is the
diagonal neutrino mass matrix. Then, solving eq. (3.169),

p= (") Upyns D Uppns (0) (3.171)
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Therefore, for an invertible matrix 6, y can always be adjusted to fit light neutrino masses and
mixings. For instance, for a single family, if f > 1 TeV, x = 1 and M, = 10 TeV, we find
that  ~ 0.3 keV for neutrino masses of order 0.1 eV. These values of y are natural, since they
parametrize the explicit breaking of LN [13].

The experimental limits on 6 can always be satisfied without implementing flavour sym-
metries on the model but LFV constraints set stringent limits on the high energy scale f as well
as on the mixing between light and heavy leptons.

LFV limits The 6 matrix elements give the mixing between the light and heavy quasi-Dirac
neutrinos, v and x -, respectively, according to eq. (3.133),

(X+)1j — Oijvij,
(3.172)

1 1
(Upnns)j; vij — {]l - 9+9] Lt 0" (x4, (X — {]1 - 99+]
1 ij

2 i 2

where we neglect the contributions of the LN violating parameter y to the rotations. 0 is also
constrained by lepton flavour conserving processes at tree level because they modify the SM
charged and neutral currents. Using the notation introduced in [124, 125],

1
Ly = S0, Wy ey, W) +he, with Wy = {U;MNS {]1 E 29*6] } ,
V2 ij
Ly = 2 vXyvyz,, with Xy = {Ubys [1 - 070] Upns | (3173)
Z 2CW i4Mj JEu s ij PMNS ij s

where X is hermitian verifying X = WW" at leading order. Hence X can be diagonalized by
a unitary matrix. Since U;MNSG‘LQUPMNS is hermitian, all its eigenvalues are positive and, at
leading order, proportional to v?/ f2. This implies that all the eigenvalues of X are less than 1.
In these conditions, X verifies the following positivity constraints [124, 125]

’X,‘]"z < Xiinj and ’(51] - Xij’2 < (1 - Xl‘,‘)(l - X]]) (3174)
This latter equation reduces to the Schwarz identity | (670) i 2 < (6%), (9+9)].j.

More stringent are the constraints coming from one loop LVF processes like (g —2), and,
at higher order, the Electric Dipole Moment of the electron (EDM,).!? Even though they are
suppressed by the corresponding loop factor 1/1672, they significantly restrict the § matrix
elements and the mass of the heavy quasi-Dirac neutrinos, M,. The couplings between the SM
leptons and ) are given by

£ = LG oW, +he, L8 = 8- (x0)y (0Upus); vV Zy + hee.. (3.175)
V2 2Cw ]

Finally, the SFF coupling in table 3.8 plays a crucial role in Higgs decays. At leading order,

v = + ij

Ly = vy (uPMNse) M (¢ )ph+he. (3.176)
ij 0

We can now derive conservative bounds for the LFV parameter 0. In the upper part of table 3.18

we collect the limits from EWPD obtained assuming that each neutrino mixes only with one

light neutrino of a given flavour and that only one mixing is non-vanishing at a time [126, 129].

This means that only 6;; # 0 in the basis where the charged leptons are diagonal. On the other

19The addition of heavy neutrinos does not modify the SM neutral currents for charged leptons at tree level and
then, they remain lepton flavour conserving and universal.
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EWPD (only one 6;; # 0, at 95 % C.L. [126])

6.1] < 0.04 \ 0,2 < 0.03 \ 0253] < 0.09

LEV at90 % C.L. (my, = 10 TeV)

Br(u — ey) <42 x 107 [127] | Br(t — e ) <3.3 x 1078 [128] | Br(t — p ) <4.4 x 10~8 [128]
|9]’.‘69]-,4| <026 x 1074 |0]’-‘89jf\ < 0.62 x 1072 |0]’-‘y9]-1| < 0.71 x 1072

TABLE 3.18: Limits on the mixing between the SM and the heavy quasi-Dirac
neutrinos from electroweak precision data (top) and from lepton flavour violating
processes (bottom). The sum on the repeated index j = 1,2, 3 is understood.

Vi (p1) Vo (p2) Vo (p3)] | C | [S(p1)S(p2) Vul | G HEVABNIRS
YWHTW~— —e ‘ ta Ty —e ‘n*W*'y i%v

TABLE 3.19: Vector-Vector-Vector, Scalar-Scalar-Vector couplings and Scalar-
Vector-Vector couplings for y — £/

hand, if one assumes universality, implying that the three diagonal mixings 6;; are equal, their
absolute value is found to be |6;;| < 0.03 at 95% C.L [130]. This implies that using the definition
of 0 in eq. (3.140) at leading order and v ~ 246 GeV, one finds

|Z8V |;; < 0.17 (;”e’if) (3.177)
This expression can be translated into information about the diagonal components of the Yuka-
wa coupling x; under the following assumptions. Taking the Yukawa coupling A; in eq. (3.46)
diagonal implies V/ = V} = 1 and thus V = VHT. On the other hand, taking also the mass
matrix of the (x;) diagonal at leading order implies that V) = V} = 1 and thus Z ~ 7= Vil
Hence ZK?lagV = «;. This in turn translates into an upper bound on the mass of the T-odd
mirror leptons my, = V2K f.

To further constraint the & matrix, one can consider the most stringent bounds coming from
the non observation of the radiative decays ¢ — ¢'«y. The contribution of (x) can be evaluated
in the 't Hooft-Feynman gauge in a similar way as its corresponding contribution to LFV Higgs
decays. The potential one-loop topologies for a vector field coupled to leptons are listed in
tig. 3.5. Not all of them give a contribution for the photon since it does not couple to neutral
leptons and thus I and III are zero. On the other hand, gauge invariance reduces the vertex for
an on-shell photon to a dipole transition

it (pe,po) = ie [iFY (Q%) + FY (Q%) 5] 0" Qu, (3.178)

where Q, = (py — pr),- The topologies that according to Package X [112] give a contribution to
this operator are II, IV and VI. Thus to the Feynman rules given above in subsection 3.2.1 we
have to add those in table 3.19,

Vi (p1) Vo (p2) Vo (p3)] = i] [§" (p2— p1)° + 8" (p3 — p2)!' + 8% (p1 —p3)"] ,

where all momenta are assumed incoming.
The decay width of the process is, neglecting m, < my,,

o

) —
F(£—>£'y)—2

my (|Fyl* + [FEP) (3.179)
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FIGURE 3.5: Topologies contributing to y — ¢

with &« = €2/47, and the form factor

ww My ey [ M
Fl =050, — —S—Fu | =W, 3.180
M= 6 M2, M (m%j) ( )
where ay = a/s}, and
2 —x? 1
S P e kS S IO = Y (3.181)
4(1—x) 2(1—x) 2

with x = M2,/ m?c],. The form factor F{ verifies F} = iF,;. The corresponding branching ratio

reads
2
* [FX’V MW
s P!
jUYieE M m2
Xj

Then, to estimate the bounds on the mixing, one can substitute F;(A’V by its limit —1/2 for x — 0
which implies mfcj > MZ, in eq. (3.181). This results in the bounds for \9]7*(3,ng| in table 3.18.

The mixing matrix 6 ~ v/ (2f)my,, m;l between the light and heavy neutrinos delimits the
m, — my, region allowed by the bound 6 < 0.03. This region is also slightly restricted by the
non observation of heavy lepton production since no bound can be set searching for the direct
production of /i [131]. In fig. 3.6 we draw these regions for f = 2.0 and 2.5 TeV for x; = 0.2. In
both cases, quasi-Dirac neutrino masses below 500 GeV are excluded. We must emphasize that
the ¢y production limit depends on f dramatically because pair production of new vector-like
leptons decaying into a SM lepton and the lightest T-odd gauge boson, Ay (missing energy),
at the LHC is very much suppressed for f > 2 TeV [131], then drastically relaxing the lower

2
3

! —_—
Br (¢ — 'y) = 7 (3.182)
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FIGURE 3.6: Allowed mass region for the mirror leptons mass m,,, versus the

quasi-Dirac neutrino mass m, for different values of the NP scale f. Solid lines

are fixed by the upper bound of 0.03 on the mixing between the SM and heavy

neutrinos for f = 2 TeV and 2.5 TeV. The dashed lines correspond to a fixed value
of x; = 0.2 according to [131].

bound on m,. The limit from neutrino mixing will improve with a more precise determination
of the constraints from EWPD while the improvement of the bound on lepton-pair production
will mainly require a higher colliding energy. Both will cut down the allowed mass region
in the LHT as a function of the NP scale f, mainly fixed by the non-observation of the heavy
quarks (with masses above 2 TeV [131, 132]) and the T-odd gauge bosons (with Mz, 2 1.25
TeV and thus f 2 1.5 TeV), mostly independent of the heavy quarks Yukawa coupling «,. The
chosen value of «; in [131] will be compatible with the T-odd Ay gauge boson as dark matter
candidate in the context of a new and gauge invariant LHT (see chapter 4).

On the other hand, although it is flavour conserving (¢ = ), we can also compute at this
stage the contribution of the singlet to the muon magnetic moment a, = 2m,,F}; (the contribu-
tion of the the full set of T-odd leptons can be found in [64]), whose current experimental value

is ay, " = (116592061 4 41) x 10~ ! [110]. Assuming universality, ;" = —1.1 x 10*99;;19]-;1

and then equal to —9.9 x 10713 for 070 = 0.03%. This result is too small and negative to

explain a significant departure from the SM prediction aflM = (116591810 £ 59) x 10~ [110].

The contribution of the heavy quasi-Dirac (x) to the EDM, vanishes at one loop. This
is because Fy; for ¢ = { is real. The loop functions are real since the masses of the particles
running in the loop are not close to any physical threshold and the mixing matrix elements as
well as their complex conjugates enter symmetrically. Thus due to the relation F} = iF);, F{ is
purely imaginary at one loop.

T-odd heavy singlet

In this part we will briefly consider a mechanism for neutrino masses with the T-odd real-
ization for the singlet (x_). We already proved that this case presents pathologies in LFV Higgs
decays, giving an UV divergent contribution, and neutrino masses are not an exception as we
will show below. However it presents the advantage of being one loop suppressed. Since it is
an SU(2) singlet, it is natural to include a small Majorana mass for the left-handed component
of the singlet

C

Ly =—-5x) (x), +he (3.183)

NI=
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FIGURE 3.7: Feynman diagrams that lead to neutrino mass generation in the ra-
diative inverse seesaw scenario with a T-odd singlet (x_).

as in the T-even case for the inverse seesaw. However, in this case we have to use the couplings
derived from the Yukawa Lagrangian in eq. (3.40). Since the singlet is T-odd, it does not have
renormalizable couplings with the Higgs and the SM neutrino of the form hv; (x_) ;. However
we can find couplings with the neutral components of the T-odd triplets w, ® and with the
scalar singlet # coming from dimension 5 operators,

4\1[ f ﬁRiVL]'

., My 07 7 Mo
+iZp—HEV hw Vi +iZ Vi vri + h.c.. 3.184
ik f k]4ﬁf (Xf)Rz Lj ik~ f kig =, S\Tf ( )Rz Lj ( )

Thus to obtain neutrino masses the quasi-Dirac ()x_) as well as the neutral components of the
triplets and the scalar singlet must run in the diagrams at one loop if T-parity is preserved. This
is the so called radiative inverse seesaw mechanism [133]. On the other hand, if T-parity gets
broken in the scalar sector by a tiny vev along the direction of the CP-even neutral components
of the triplets and the singlet, we would generate a tree-level operator for neutrino masses
with x_ running in the diagrams. However, as in the T-even case, we will not consider such a
T-parity violating scenario.

Notice that except for the coupling with the scalar singlet 77 these couplings are the analo-
gous to those in table 3.15 that enter in Topology XI+XII and give the UV divergent contribution
to LFV Higgs decays but with the neutral SM leptons. To obtain the neutrino mass matrix one
has to evaluate the one-loop diagrams in fig. 3.7 when the Higgs is replaced by its vev.

In this case evaluating the diagrams we obtain the mass matrix for the SM neutrinos

my my
L DiZi fHkaJS fhw( X_)rivLj + Zix Hka]

2

1 m T m v
odd IR rA T m thyy
(M" )ij 16772 (Z f >ik eI <Z f >l] f? x

1 9 1
<64Fkl (Mw,,) + 320Fk1 (Ma,) + EFM (Md>)> , (3.185)

where the one-loop function Fy; (m;) is defined by

mZ 2
(3.186)

(mgck - m%(l) (mg(k - mz) (m?Ck - mZ) (m)2(z - mg)

Fiq (ms) =

and after some algebra it is straightforward to show that it is symmetric under k <+ I. However,
the neutrino masses do not go to zero in the limit m, — oo. Assuming degenerate masses 71,
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for the different flavours of x_ in the one-loop function in eq. (3.186) one gets

m2log ( "4
! AN (3.187)
lim Fkl (m ) = + 7 .
m}ck%mx s m?{ — m§ (m)z( B m§)2

and finally taking the limit 7, — co in the neutrino mass matrix M9 with m,, = m, yields

1 m T m 17 ©?
li odd) _ ztiy ztuy ) L7 1
iy 3o (MV )z‘j 16m2 ( F) M\ F ) 160 2 (3.188)

Hence the neutrino masses in the LHT with a T-odd realization for the lepton singlet with
the radiative inverse seesaw mechanism go like 1/ f2 instead of 1/ m}c and the x- fields do
not decouple as we already knew from LFV Higgs decays. This can be expected a priori. By
power counting, the vertices between the SM neutrino, the T-odd singlet x- and the T-odd
scalar fields, once the Higgs is replaced by its vev are of order ~ v/ f, and thus the neutrino
mass is proportional to uv?/f2 times a one loop function that must be dimensionless since
the prefactor has already dimensions of mass. Inside the loop-function, the numerators of the
fermion propagators give a m3. Since 1y is the highest scale in the integral, one can take the
limit of vanishing scalar masses and thus the integral of the rest of the loop-function must give
~ 1/m3. Therefore the result goes like ~ 1/(167%) x m%/m3 ~ 1/(167%), independent of the
singlet mass.

One last comment regarding the T-parity violating scenario. If the T-odd scalar fields are
replaced by a tiny vev , v/, then the vertices between the Higgs, the singlet and the SM neutrino
are order ~ xvv'/ f, and thus the neutrino mass would be proportional to ux?v?*v’?/ f2 times
the contribution coming from the intermediate singlet propagators that go like ~ 1/ mi and
the neutrino masses of size ux?(v/f)?(v'/my)? that is suppressed by v?/f? as the T-parity
preserving case and by v'? /3.

Finally, as in the T-even case, the neutrino mass matrix is not flavour diagonal in the basis
where the charged leptons are diagonal. Hence introducing the PMNS rotation matrix,

MM = Upy s POV Uy ins,s (3.189)

one can adjust y to fit light neutrino masses and mixings. Considering only one family and
taking f ~ 1TeV and x = 1, we find that 4 ~ 1.2 keV. That is a factor of 3 greater than in the T-
even case with the same set of data. One can notice that the one loop suppression is not enough
to increase the y parameter in a significant amount if the result does not depend explicitly on
the mass of the singlet.

3.3. Non gauge invariance of the LHT

This section is devoted to one of the main results of this Thesis. Motivated by the unex-
pected pathologies we found in the T-odd realization of the fermion singlet (x_) in LFV Higgs
decays and neutrino masses due to interactions of the right-handed singlet through the Yukawa
Lagrangian in eq. (3.40), we will show that this sector does not preserve gauge invariance un-
der [SU(2) x U(1)]>. The same happens for the quark sector in eqgs. (3.41), (3.42) and so we will
focus on the lepton sector. In particular, the Lagrangian is not gauge invariant under global
transformations along the direction of the gauge generators and, as a consequence, gauge in-
variance is explicitly broken in the T-odd realization. On the other hand, we will also show
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that any SO(5) quintuplet should be completed and all its components must get the same mass.
This also affects the T-even realization.

Let us start from eq. (3.9), that defines the non linear SO(5) transformation matrices in terms
of a fixed SU(5) matrix V and the Goldstone bosons encoded in ¢. This equation is consequence
of the particular embedding of SO(5) in SU(5) coming from the definition of the vacuum X in
eq. (3.1) and the action of the inner automorphism in the Lie algebra. Consider an arbitrary
global SU(5) transformation in a neighbourhood of the identity and let us find the correspond-
ing SO(5) transformation

V= eizx”X”+iﬁbTb, U= ei(Tth, (3190)

where we used the exponential parametrization for the transformation matrices in a neighbour-
hood of the identity. U depends only on the unbroken SO(5) generators T® whereas V depends
in general on all the set of SU(5) generators. The matrix U depends on the Goldstone fields
and the SU(5) matrix V through the parameters o? which are a function of IT, a* and ﬁb. To
derive the explicit form of these coefficients we take an infinitesimal transformation V and U
in eq. (3.9). This means that we will keep just the first order in the transformation parameters
" and B’ and to obtain

(n +ia X" + i,BbTb) ¢ ( —ic Th) (n +io Th> % (]1 +ia"XT +ip TbT)
{Tb g} ik {Tb g} +at (X7, ], (3.191)

where [A,B] and {A, B} are the commutator and anti-commutator, respectively. In the last
step we used the properties that unbroken and broken generators satisfy with respect to X
in egs. (3.2) and (3.5) to eliminate it from the equation. On the other hand, motivated by the
Taylor expansion on the NP scale f of the matrix ¢,

© 1 /iT)"
CZEn!(f) , (3.192)

we parametrize the dependence on f (and consequently on the Goldstone fields) of the param-

eters o’ ,

o b

o=y ; (3.193)

n=0

Let us substitute order by order in 1/ f in eq. (3.191). The zeroth order gives ¢ = if”, which
is the linear part of the transformation. Particularizing to a transformation along the direction
of the gauge generators, neglecting higher order corrections, the matrix U, would depend only
on the SM gauge generators and then the Yukawa Lagrangians in egs. (3.39) and (3.40) would
be both gauge invariant, with or without completing the SO(5) quintuplet Y with the singlet
X and the mirror-partner leptons. Besides, if for phenomenological interests one decided to
include all the fields, each component could get unrelated masses. This is because due to the
form of the SM generators, they do not mix the upper and lower components of the quintuplet.
However, including the I'I-dependent effects of the transformation, one must solve eq. (3.191)
for higher ordersin1/f,

> 1 " 201" > 1"
T R b e LU RO ot

n,m=0 n=0

~.

;X1 (3.194)

S
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Renaming the indices of the term in the L.h.s one obtains

y aqufnim:! {1} = i y af;lflz_m) {1, 1= (3.195)

n,m=0 n=0m=0

and then identifying term by term of the sum,

n m—m
1

2 o

m=0

(n—m)! {Tb'm*m} 5b; {Tb Hn} +atts [X” "], n>0. (3.196)

From the previous expression and using the information we obtained from the zeroth-order
= B we get

n iVl
Z o {Tb i m} =X, >l (3.197)

This expression reveals that the non linear part of the infinitesimal SO(5) transformation only
has a dependence on the coefficients that parametrize transformations along the direction of the
broken generators. From this we can obtain the coefficient o} using that the basis of generators
we chose is orthogonal,

20 = jatr ([X”,H] Tb> . (3.198)
This trace is different from zero because the automorphism in the Lie algebra implies that the
commutator between broken generators'! implies [X?, X | ~ T¢ (see eq. (3.6)). The fact that in
this expression appears the commutator between the Goldstone matrix and the broken gener-
ators in short implies that c¥T? is a linear combination of all SO(5) generators. Coming back

to eq. (3.197), separating the term m = n from the rest and taking traces on both sides of the
equation, we obtain a recursive formula for the n-th coefficient for n > 1,

n
200t = Z ot {Tb o a”% X7, 11]. (3.199)

In general, the right-handed side will depend on all the SO(5) generators. Using our orthogonal
basis, we can multiply both sides of the previous equation by T¢ and take the trace to find

b "
207, !( Za {T I m}+zx”n![X”,H”]> TC], n>1. (3.200)
Just for completeness, we also derive o5 that turns out to be zero,
205 =tr [(—101 {11} - sz [x°, Hﬂ) TC]
“Ly [ (aotr ([xe, 11 7) {7, 11} — 0 [X°,17%] ) T°]
tr [(a® {[X% IT], 1T} — & X%, 1T%]) T¢]

tr [(a” [X%,11%] —a” [X°,11%]) T°] =0, (3.201)

HNotice that the Goldstone bosons are the excitations along the direction of the broken generators.
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where we have substituted ¢} calculated above, then we have replaced A = 1 [X%I1] =
tr (AT”) T in {A 11} =tr (ATb) {Tb,H} and finally we have used {[X?, IT],IT} = [X% IT]I1+
IT[X%11] = [X“, HZ]. Therefore, given an infinitesimal SU(5) transformation
Va1 4 ia" X +ipbTe, (3.202)
the corresponding infinitesimal SO(5) transformation reads
Uz]l—ki,[%bTb—i(x“ (X, 11+ O I (3.203)
2f ' AV '

which is the result of the particular embedding of SO(5) into SU(5) and the automorphism
defined in the Lie algebra.

Now let us focus on the particular case of a global SU(5) transformation belonging to
the gauged subgroup [SU(2) x U(1)]; x [SU(2) x U(1)], that is spontaneously broken to the
SM subgroup [SU(2) x U(1)] C SO(5). Let us denote this kind of transformations with the
subindex g, V, and U, respectively. V, is expanded by no more than the union of the set

{Xg} = {Qf — Q5 Y1 — Y2} of broken generators and the set {Té’} = {Qi+ Q51+ Yo}
of unbroken ones. However, from eq. (3.203) it is clear that, due to the non linearity of the

SO(5) transformation matrices U, restricting ourselves to transformations V, along the direc-
tions of the gauge generators does not imply that the matrix U, depends only on the diag-

onal gauge subgroup generators. The key point is the presence of the commutator [Xg,, H}
that cannot be expanded in general in terms of just the SM gauge generators since [Xg, H} #
tr ( {Xg, H] Té’ ) Tg, rather requiring the full set of SO(5) generators. One of the consequences

of this fact is that the Lagrangians [,ng) and ﬁgf; L in egs. (3.40) and (3.42), whose second term

(the T-parity transformed of the first one) depend explicitly on the center of the gauge group
element () (hence commuting with gauge generators) is not invariant under a global transfor-
mation along the direction of the gauge generators and consequently is not gauge invariant.
Taking for instance eq. (3.40):

__ _ G _
—xf (‘P2§‘I’R + ‘Y1200§+QTR) N (‘PngR n \PleQ§+u§ng‘¥R) , (3.204)

where U, and Ug cannot be simplified because in general they do not commute with ().

This has two important implications. First, it is clear that this implementation of the discrete
T-parity in the fermionic sector with a T-odd x must be discarded because it is incompatible
with gauge invariance. Thus one does not have to worry about the pathologies we found re-
lated to the UV divergent contributions of the singlet found in Higgs decays in § 3.2.1 and
the non dependence of neutrino masses on the mass of the singlet in § 3.2.2 in the T-odd case
because, in particular, the result is gauge dependent: all the contributions to these processes
come from the Yukawa Lagrangian in eq. (3.40) and the operators generated are not invariant
under global transformations along the direction of broken generators and thus under gauge
transformations. On the other hand, regardless of the T-parity realization, it results apparent
that the SO(5) multiplets must be complete (as for instance ¥z with the mirror fermions and
the singlet) because a non-linear transformation U, mixes all its components and not just those

laying in the invariant subspaces under the linear part of (3.203). In particular, the incomplete

SO(5) representations ‘F(Lq) and ‘I’)LC(‘” in eq. (3.61), introduced to give a vector-like mass to the

mirror fermions and the singlets through eq. (3.62) by coupling them with their correspond-
ing right-handed counterparts in ‘I’(q), do not only break the global SO(5) but also the gauge
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invariance, as we have just shown.

In contrast to the case with a T-odd singlet (x_), the amplitudes for LFV Higgs decays are
finite at one loop if the gauge singlet is chosen to be T-even as we showed in § 3.2.1, and
the contribution decouples when its mass is taken infinitely large. The same happens to its
contribution to neutrino masses. However, LFV Higgs decays exhibit a non-decoupling be-
haviour proportional to the logarithm of the mirror-partner masses and to the misalignment
between the mass matrices of mirror and mirror-partner leptons in eq. (3.120). This new source
of flavour violation can be interpreted as a vestige of the broken gauge invariance, that it is
restored when partners, mirror-partner fermions and singlet share a complete multiplet and
hence get their masses from the same coupling. Recall that, as already emphasized, the mirror-
partner fermions could not be ignored to obtain a finite LFV Higgs decay amplitude, since they
cancel the divergence of the mirror fermions. The contribution of x is finite on its own as we
showed in subsec 3.2.1.

At any rate, we need to provide a new mechanism to give masses at least of order f to the
mirror-partner fermions and the yx, since they should be heavy enough to fulfill the EWPD con-
straints [103, 106]. A way to proceed that at the same time is compatible with the gauge symme-
try and T-parity is the object of the next chapter where we will also study its phenomenological
implications.

3.4. Chapter summary

In the first part of this chapter we have introduced the Littlest Higgs model with T-parity
as a paradigmatic example of a Little Higgs model. The Higgs and new scalar degrees of
freedom arise as the pseudo Nambu-Goldstone bosons of an approximate global symmetry
explicitly broken by gauge and Yukawa interactions. The advantage of this model with respect
to the model without T-parity is that the new particles must be pair-produced to preserve T-
parity. This symmetry significantly relaxes direct and indirect constraints coming from EWPD.
The full Lagrangian was derived and we discussed the two different implementations of the
discrete T-parity symmetry in the fermionic sector affecting the gauge singlets x.

Once the Lagrangian was built, we explored the phenomenology of the model. First we
reviewed the calculation of the LFV Higgs decays including the set of mirror-partner leptons
whose contribution together with the mirror leptons leads to a finite result. We noticed that the
amplitude exhibits a logarithmic non decoupling behaviour in the mass of the mirror-partner
leptons. Thus they cannot be ignored as in previous phenomenological studies. Later on, we
explore the gauge singlet contribution to this process. It turns out that if it is chosen to be T-
even the contributions to LFV Higgs decays are UV finite and decouple. On the other hand
if it is chosen to be T-odd, the corresponding amplitude is UV divergent. The origin of this
divergence are the couplings of the right-handed components of the singlet with the T-odd
scalar triplets coming from the Yukawa Lagrangian £§/b 13 in eq. (3.40). Within this minimal LHT
setup we introduced it is not possible to cure the divergence since the quantum numbers of
the multiplets in eq. (3.48) do not allow to introduce the left-handed x- and involve the SM
leptons Yukawa Lagrangian in eq. (3.46) to provide the proper couplings in order to cancel the
UV divergence.

On the other hand, it is natural to consider a small Majorana mass u for the left-handed
counterpart of the singlet and provide a mechanism for neutrino masses. In the T-even case,
the SM neutrinos receive masses at tree-level through the inverse seesaw mechanism. The
singlet is integrated out using the tree-level equations of motion generating neutrino masses
of size ~ x?uv?/ mi that also decouples in the limit m, — oco. On the contrary, taking a T-
odd singlet implies that neutrino masses are generated at one loop due to T-parity. However
the integration at one loop of the singlet results in a non decoupling contribution to neutrino
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masses of size ~ 1/(16712)x?uv?/ f? independent of the singlet mass. This is because the one-
loop function is dimensionless and taking the limit of vanishing scalar masses, being m, the
highest scale in the integral, the result is a constant independent of any mass. As for LFV Higgs
decays, the involved couplings come from the Yukawa Lagrangian in eq. (3.40).

Finally, motivated by the anomalous behaviour of the T-odd singlet in LFV Higgs decays
and neutrino masses, we showed that the Yukawa Lagrangian in eq. (3.40) responsible of pro-
viding masses to the mirror fermions in the T-odd case is not gauge invariant. The scalar fields
are part of the non linear field ¢ transforming with an SO(5) matrix. These transformations,
even particularizing for a transformation in the gauge group depend in general on all SO(5)
generators and not only on those associated to the SM subgroup. Since ﬁ%’,H depends explicitly
on the element of the center of the gauge group (), that commutes with the gauge generators
but not with the full set of SO(5) or SU(5) generators, this Lagrangian is not gauge invariant.
This forces us to rule out the T-odd realization of the singlet. On the other hand, the form of the
SO(5) transformations has also a consequence in the matter content of the model transforming
in a non linear SO(5) representation. Since under a gauge transformation there are no invariant
subspaces in these non linear representations, the SO(5) multiplets must be completed and thus
the mirror-partner leptons and the T-even singlet cannot be ignored from the spectrum. How-
ever, their mass terms are not allowed by gauge invariance since the components of a SO(5)
multiplet cannot be separated to receive different masses. Consequently a new mechanism to
provide them with a mass, at least of order f, is required since they must be heavy enough to
fulfill the EWPD constraints.
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Chapter 4

The New and gauge invariant Littlest
Higgs model with T-parity

In the last part of chapter 3 we showed that the original Littlest Higgs model with T-parity with the
minimal setup is not gauge invariant. The non linear SO(5) transformations depends on the full set of
SO(5) generators even if we restrict to transformations along the directions of the gauge generators. As
a consequence, the T-odd realization of T-parity in which the singlet in the center of the SO(5) multiplets
is T-odd was discarded because the Lagrangian depends explicitly on the element of the gauge group
Q). This has also consequences on the T-even realization: the SO(5) multiplets must be completed since
SO(5) generators mix all their components and thus all of them must receive the same mass. Throughout
this chapter we will build the Lagrangian of a full gauge invariant Littlest Higgs model with T-parity.
This model will require an enlarged global group and a new set of scalar fields. In the fermion sector
we will include the minimal set that provides gauge invariant masses to all everyone. Later on we will
derive the Coleman-Weinberg potential using the Background Field Method, that will allow us to obtain
the masses of all the scalar fields of our theory. Finally we will study part of the rich phenomenology of
this model. We will show that our model has enough room to accommodate a viable candidate for dark
matter and at the same time be compatible with current EWPD and cosmology. This chapter is based on
original work published in refs. [68, 69].

4.1. The New Littlest Higgs model with T-parity setup

In this section we construct in full detail the Lagrangian of the New Littlest Higgs model
with T-parity (NLHT) with explicit compatibility between gauge invariance and T-parity in or-
der to address the problems we found at the end of the previous chapter. The guiding line is
the necessity of giving a vector-like mass term compatible with gauge invariance to the mirror-
partner fermions and the T-even singlet (), without introducing their left-handed counter-
parts in additional SO(5) multiplets transforming like ¥, which would then be incomplete
and hence at odds with the gauge symmetry.

4.1.1. A minimal extension of the global symmetry

To introduce the minimal set of fermion fields we will assume that left-handed components
of x and the mirror-partner fermions transform only under an external SU(2) x U(1). Then
they will not mix with the others, as it would happen if they belonged to the same SO(5) multi-
plets, since the SM gauge generators do not mix different subspaces. This requires the minimal
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enlargement of the original global symmetry group SU(5) to'
G =SU(5) x [SU(2) x U(1)]{ x [SU(2) x U(1)], . (4.1)

This larger global group gets broken spontaneously when two non-linear tensor fields, ¥ and
%, acquire a vev at an energy scale f,>

SU(5) x [SU(2) x U(1)]! x [SU(2) x UL)) 2% S0(5) x [SU(2) x U(1)]",  (42)

where Y in eq. (3.1) breaks spontaneously SU(5) down to SO(5) as before, and S0 = %o
breaks the extra piece to its diagonal subgroup [SU(2) x U(1)]”, leaving 14 +4 = 18 Gold-
stone bosons. This particular breaking direction allows to take advantage of all the properties
we showed in § 3.1.2.

Throughout the rest of this Thesis, the notation we follow for the extra fields and their
corresponding transformation properties under the global and gauge group consist of putting
a hat over thelr symbols In our construction the new tensor field ¥ transforms only under
[SU(2) x U(1)]] x [SU(2) x U(1)]; piece of the global group. To be consistent, for the scalar
and fermionic sector we take the representation of the extra piece of the global group over a
5-dimensional complex space generated by the same set of matrices of egs. (3.11) and (3.12).
This in particular means that we will be able to keep the structure of multiplets we have been
using in the fermion sector.

Regarding to the gauged subgroup, it is still [SU(2) x U(1)]; x [SU(2) x U(1)], but now it
is contained in the product

[SU(2) x U(1)]; x [SU(2) x U(1)], C ([su(z) x U(1)]] x [SU(2) x U(1)], C SU(5)) X
[SU(2) x U(1)]f x [SU(2) x U(1)]5 . (4.3)

This in particular allows us to preserve the number of gauge bosons. Likewise, the diagonal
SM gauge group is

[SU(2) x U(1)] € ([su(z) x U1)]' © 50(5)) x [SU(2) x U(1)]". (4.4)
In this way, we can introduce fermions whose corresponding non linear transformations in-

volve only the SM gauge generators and thus alleviating the aforementioned difficulties. The
Lagrangian for the gauge fields and their self-interactions is as shown before in eq. (3.20).

1We omit the extra U(1 )’ "', j = 1,2 factors required to assign the proper hypercharges to the right-handed SM
leptons and all quarks. We w111 assume that this factor is always implicit. Notice also that the double prime has

2
been replaced by a triple prime. The double prime is now reserved for the extra piece ([SU(Z) X U(l)]") of the

global group.
20ne could take different SSB scales in the different sectors. However, for simplicity we will assume that the
SSB of both pieces of the global group occurs at the same energy scale f.
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4.1.2. The additional Goldstone fields

According to the SSB pattern defined above, the additional Goldstone matrix is expanded
by the set of broken generators of the extra group, namely {Qf — Q3, Y1 — Y2}. It reads

750 5 5t
A N 0 0 0
2 Vo V2
W w1 0 0
V2 2 V20
~ 4
IT= 0 0 =7 0 0 (4.5)
/\0 ~ A~
0 0 0o Y _n @
2 /20 V2
0 0 0 _@ @O_i
V2 2. V20

These Goldstone fields are charged only under the extra piece of the global group [SU(2) x U(1)]{ x
[SU(2) x U(1)]5. Under the SM gauge group, it decomposes in

II: 1o b 3o, (4.6)
including a new SU(2) triplet
0 o+
&= @2, e 4.7)

and a singlet, 77. One can notice that these scalar have the same quantum numbers as the
corresponding would-be Goldstone bosons of the original LHT. They will actually mix with
them and we will have to redefine the scalar fields to define the actual would-be Goldstone
bosons of the NLHT. From the Goldstone matrix [T and following the CCWZ formalism we
define the non-linear sigma field

§=ef S VEOt = Uz, Vs, (4.8)

where V, U are transformations of the extra piece of the global group. We have also used eq. 3.5
to write the right-handed side of the last equality. It is important to notice that in the particular
case of a gauge transformation V, and Vg coincide. However, from egs. (3.9) and (4.8) it turns
out that Uy and ﬁg are different as we wish, since the former depends on V; and I1, involving
all SO(5) generators according to eq. (3.203), while the latter depends on V, and 11, requiring
just the SM generators. This can be derived straightforwardly from egs. (3.203) and (4.8) since
U and U verify similar equations at the infinitesimal level with the substitutions mentioned
above.

We also introduce the tensor field transforming linearly under the extra piece of the global

group,
S =5l = &5y, £S5 VSV (4.9)
We assign a T-odd parity to all the new scalar fields defining

15 11 (4.10)
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FIGURE 4.1: One-loop Feynman diagrams that would lead to unacceptable
quadratic divergences in the Higgs mass if the mixed Lagrangian of eq. (4.13)
did not vanish.

and therefore
L& £ Lssty,. (4.11)

One can build a T-parity and gauge invariant Lagrangian for the kinetic terms and self-
interactions of the new scalars similarly to Ls in eq. (3.26) according to the transformation
properties of the tensor field ¥ under the gauge group taking V = Ve ineq. (4.9),

f i [(DVZ) Dﬂi} , (4.12)

where the covariant derivative for ¥ is defined similarly to that in eq. (3.27),

DS =2 VaL [y (5 +507) g (vE+ )] @y

At this point one could think on considering an additional term mixing both scalar sectors,
= agsf?tr [(D'2)' D,E] + b, (4.14)

allowed by both gauge symmetry and T-parity and hence should be included in the Lagrangian.
However this Lagrangian involves couplings of heavy gauge bosons to scalar fields that lead
to unacceptable quadratically divergent contributions to the Higgs mass from the diagrams of
fig. 4.1. Therefore, one must take agg = 0.

4.1.3. Extra fermions and their interactions

The original LHT allows for masses of SM and mirror fermions through Yukawa interac-
tions but, in order to be consistent with gauge and T-parity invariance, the right-handed com-

ponents of the mirror fermions must share a complete SO(5) quintuplet ‘I’g) with the T-odd

mirror-partner fermions (£°)g, (7°)g and the T-even singlet (ng’)) Rr according to eq. (3.204). To

provide these fields with a heavy mass one needs to introduce their left-handed components
as well, but they cannot live in SO(5) multiplets transforming non linearly like ‘Fg) (as the ‘P(Lq)

3The operator mixing both scalar sectors in eq. (4.13) can be generated at one loop for instance integrating out
gauge bosons. This might translate into quadratically divergent contributions to the Higgs mass at two loops. How-
ever, since we are interested in a one-loop predictive model with at most logarithmically divergent contributions to
the Higgs, we will not pay attention to this issue.
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and ‘YQL“") of eq. (3.61) usually introduced) because then they would be incomplete and their
vector-like mass terms would break gauge invariance.

We will show below that it is possible to provide mass terms to all fermions in a gauge and
T-parity invariant fashion in the context of the extended global symmetry with the new SSB
pattern described in the previous section. We will consider two different scenarios and, in or-
der to explore their implications, we will focus on the leptonic sector since the quark sector will
be a copy of the former. In a first proposal we include the left-handed (¢°); and (x ) L ina quin-
tuplet charged only under the external [SU(2) x U(1)]" subgroup of the enlarged global sym-
metry, but this minimal model will generate undesired quadratic contributions to the Higgs
mass. Then, as a viable solution, we will be forced to further extend the fermion content with
additional T-even mirror-partners [¢ and a T-odd (x_) embedding their left and right-handed
components in appropriate representations of SU(5) and [SU(2) x U(1)]", respectively.

A minimal setup that introduces quadratic Higgs mass corrections

Let us introduce the left-handed components of I° and () ) in such a way that they trans-
form under the SM gauge group but do not mix under an SO(5) transformation. Then, taking
a representation of the extra group that acts over the 5-dimensional space, we compose the
following multiplet

R _io—z(,lvf)L ~ Gy o~
IPL == i(X-ﬁ-)L ’ TL — Ug‘I’L, (415)
0

emphasizing that it transforms non linearly, and not under SO(5) but just under the diagonal
subgroup of the extra group. For simplicity, we have chosen that both fields lay in the same
multiplet. However they could be split into two and our conclusions would not change since
the gauge generators in egs. (3.11) and (3.12) do not mix different subspaces. Under the discrete
T-parity symmetry we define

¥, L O, (4.16)

in order to assign the proper parities. The right-handed fields form the SO(5) quintuplet ¥ of
eq. (3.35) with

_?UZ(ZS)R Gy T
Yr = Z(X—l—)R , Yr— Ug‘I’R, Yr — Q¥i. (4.17)
—iO'ZZHR

We may now pair ¥, and ¥ in the following Yukawa Lagrangian
JSg— (E*g + E@*) ¥r+h.. (4.18)

to give I and ) a mass of order ' f. This is compatible with gauge invariance and T-parity
since the combinations

e 5 e, (4.19)
&te L afeto, (4.20)

transform properly under the gauge group and T-parity. In the last equation we have used that
() commutes with ¢ because only gauge generators appear in the Taylor expansion of ¢.
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FIGURE 4.2: One-loop Feynman diagrams contributing to the quadratic diver-
gences of the Higgs self-energy from the fermion sector in the LHT extended

with ¥ (4.15). Diagrams (a) and (b) from Ly,, cancel each other, whereas (c) and

(d) from £€§ (4.18) are proportional to x’ 2 and do not cancel.

Unfortunately, this minimal setup leads to unacceptable quadratic divergences to the Higgs
boson mass from the diagrams in fig. 4.2. The quadratic divergences coming from diagrams (a)
and (b), already in the original LHT, cancel each other (see § B.2). However diagrams (c) and
(d), from the new interaction Lagrangian in eq. (4.18) do not cancel and add up to yield

3 t
2 > 2
(Slxl - Rtr (KIKI ) A (4.21)
where p? is the parameter of the quadratic term parameter in the Higgs potential.* Thus, in
order to prevent such a quadratic divergence, an alternative mechanism to give masses to the
singlet x and the mirror-partner leptons is required.

A viable model with consistent fermion representations

Instead of including the new left-handed fields in quintuplets transforming non linearly
under the extra piece of the global group as above, we proceed to complete the SU(5) multiplets
as follows

—io?ly —io?I5,
Y = ixiw |, Ya= ixar , (4.22)
—iU’zlEL —i(TZZZL

with the usual transformation properties under the gauge group
GX * Gg T
¥ 25 ViYL, Y S VY, ¥ - QR (4.23)

so that (x4 )k and the (l~f) R inside the SO(5) quintuplet ¥ of eq. (4.17) can couple to the combi-
nation with the right T-parity and quantum numbers and get a mass proportional to « f through
the same Ly,, in eq. (3.39) as the mirror leptons do.

But still the T-odd combination (x_); = (12 — x21)/ v/2 and the T-even combination of the
mirror-partner (1<), = (I$, —I5; ) remain massless.” At this stage, barring the explicit breaking
of the global symmetry due to the gauge interactions of [SU(2) x U(1)]?, the theory would be
SU(5) invariant because now the fermion multiplets are complete. This implies that the Higgs
would be an exact Goldstone boson with no mass corrections. To give a mass to this additional

“The analogous to Lagrangian in eq. (4.13) for quarks would give the same contribution multiplied by the
corresponding color factor.

5Notice that although the T-parities of these fields are different, the relative sign in their corresponding defi-
nitions is the same due to the presence of () that changes the sign of the field of the middle of the multiplets in
eq. (3.33).
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combination of fields we are forced to break the global group introducing their corresponding
right-handed components in an incomplete multiplet that transforms under the extra piece of
the global group (analogous to eq. (4.15) but for opposite chiralities and T-parities),

—io2(I%)

~ +/R ~ Gg ~ =~ ~ T ~

‘FR = i(X,)R , TR — Ug‘I’R, TR — —QTR, (424)
0

where we emphasize one more time that the new T-even partner lepton doublet and the new T-
odd singlet do not mix under a gauge group transformation what allows them to be separated
in different multiplets. Finally, we couple this multiplet to ¥; and ¥, through the non linear
field Z,

Ly = —kf (?25_?120§*> $¥r +he, (4.25)

using again the fact that Q commutes with & Thus IS and x_ get a mass of order &f.

We can justify that this construction does not lead to unwanted quadratically divergent con-
tributions to the Higgs mass, in contrast to £ in eq. (4.18). On the one hand, the new sector
in eq. (4.25) does not have a direct coupling to the Higgs field. On the other hand, as empha-
sized above, the Yukawa Lagrangian in eq. (3.39) with complete SU(5) and SO(5) multiplets is
fully SU(5) invariant. Thus both couplings x and ¥ are needed to generate a contribution to the
Higgs boson mass just proportional to the logarithm of the cutoff. As one may notice, this is
exactly the same philosophy used to build the top quark Lagrangian in eq. (3.53): the collective
symmetry breaking mechanism. In order to explicitly check this, one has to evaluate the one
loop-diagrams showed in fig. 4.3 that add up to yield

2
5y2 = Z’iztr (KIK;k\lk\;r) log A2 (4.26)
This result obtained diagrammatically will be reproduced in section 4.2 from the calculation
of the Coleman-Weinberg potential using the background field method. The SM right-handed
leptons receive their masses from the same Yukawa Lagrangian as in eq. 3.46.

There remains the introduction of kinetic terms and gauge interactions for all fermion fields
in this viable version of the model. The new left-handed fields TfL and Y, that make up the
left-handed components of I5 and x- belong to the SU(5) quintuplets ¥, (r = 1,2) so they will
get their kinetic terms and gauge interactions from the same Lagrangian Lr, of eq. (3.64). The
right-handed components of I and x. where already in the SO(5) quintuplet ¥z with kinetic
terms and interactions from L, in eq. (3.65). For the right-handed fields (I< )z and (x_) in the
new quintuplet ¥, following the CCWZ formalism, we introduce

.7 1/\ P 1/\ % A+ A~
Lz D i¥ry [ay 4 §g+ (Dﬂg) + 580D (zog )] B, (4.27)

with the covariant derivative as in eq. (3.67). Notice that under a T-parity transformation we
have

= A A T =&~ 2 * A A~
Fré'D,E¥x - FrézoD; (Zol") Fr, (4.28)
since again () commutes with & and the gauge generators, where we used the property in

eq. (3.13). The SM right-handed leptons receive their hypercharge from the extra U(1) factors
as in the original LHT model and their corresponding gauge interactions come from Lp in
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FIGURE 4.3: One-loop Feynman diagrams contributing to the quadratic diver-
gences of the Higgs self-energy from the fermion sector in the NLHT. Diagrams

(a) and (b) arise from Ly,, and cancel each other, as in fig. 4.2. The rest stem from
E?H in eq. (4.25) and also cancel among themselves.

eq. (3.70).
Now let us briefly comment on the quark sector. The SU(5) multiplets in the Yukawa La-
grangian in eq. (3.41) need also to be completed by

—Z:UZDIM —1:‘7207&
T’i = I.X;IEC , "Ifg = Z_XEL , (4.29)
—10qr —10q2L

with the same transformation properties under the gauge group and T-parity as those for lep-
tons in eq. (4.23). They couple to the fields in the SO(5) and [SU(2) x U(1)]"” quintuplets

L@ i@
Y= i(xDe |, ¥i=| ik (4.30)
—ic*qHR 0>

with transformation properties given in eqs. (4.17) and (4.24), through the Yukawa Lagrangian
in eq. (3.41) and the new Lagrangian

Ll = —Ryf (?Zg - ?‘{zoa) 9 +he, (4.31)

respectively.

Except for the top quark, the rest of SM quarks, receive their masses from the Yukawa
Lagrangians in egs. (3.47) and (3.51). For the top quark sector, we introduce a different Yukawa
Lagrangian respecting the collective symmetry breaking mechanism,

Lh=— i)ifeijkexy [(@i)iijZky + (@;Zoﬂ>iijxiky} tr
_Mof
V2

where {i,j,k} =1,2,3and {x,y} = 4,5, tg is a T-even right-handed singlet and (T) are also
SU(2) right-handed singlets. The multiplets that appear in the previous Lagrangian are those

(TlLX\TlR +T2L)?*T2R> +h.c,, (4.32)
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[SU2) x U1 CSUG) | [UM)" | [SU2) x U()]2,
R (0,0) 0,0 (=2.-3) 0,011
dr (O'O)(O,O) (—%,—%) <0'0)(7% -3)
ug, tr, Tir, Tor (0,0)(0,0) (33) (0,0)(1 1)
L B2)(1-p) (©.0) SRUC Y
hr 21 s (0,0) 21D 1
7ar. Tt A2(y-3) (33) 124 3)
qiL, Tie 21 (33) (21) (4, 2)
T A1y (3:3) A 13.p)
T SRIOS) G:3) A3 4)
Xor LD (0,0) LDy
e D) (0.0) D6
By SRUCHY 0.0) @)
i 12)(14) 0.0 12)4.2)
Xa1 SRy (33) L1z 5)
XL L1 (3:3) (L1)(s52)
Tor 21 (3:3) 2D 8)
L (L.2)(1 3y (39 (1,2)(5 1)

TABLE 4.1: Quantum numbers for fermions transforming in a linear representa-
tion. These fields are singlets under [SU(2)" x U(1)"].

defined in eq. (3.52) and fullfill the transformation properties in eqgs. (3.56) and (3.57). The auxil-
iary field X = i;;/ 2 — ¢~ VA/57 and its complex conjugate with hypercharges under the gauge
group (Y1,Y2) = (%, —%) and (—%, 1) respectively, are introduced to change the gauge hyper-
charges of the right-handed top quark-partners (T ) to those of the right-handed fz, namely
(Y1,Y2) = (3, 1). This new hypercharge assignment seems more natural since all fermions in a
linear representation of the global group that require extra hypercharge receive half of it in each

of the external U(1) " factors (j = 1,2). The quarks transforming in a non-linear representation

receive the extra hypercharge needed in the diagonal U(1)"". This is because the hypercharge

2
under the gauged part of the global SU(5) x ([SU(Z) X U(l)]") is fixed by the form of the

hypercharge generators in egs. (3.11) and (3.12). Thus the quantum number assignments for all
the fermions of the NLHT model are depicted in tables 4.1 and 4.2. The fields belonging to the
complete SO(5) representation are written in their corresponding multiplet to emphasize that
they mix under a gauge transformation (3.203).

According to table 4.2, the left-handed quarks and the right-handed quarks transforming
under SU(5) and SO(5) receive their kinetics term and gauge interactions through eqgs. (3.64)
and (3.65), whereas the right-handed quarks transforming in a non linear representation of the
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SU(2)' x U(1)) € SO(5) | SU(2)" x U(1)” | [U(1)"] | [SU(2) x U(l)]gauge

—io?(I°)g % 2
i(x+)r 1o 1o 0 1o
—lO'leR 27% 27%
—io? (7 2} %
i())r Lo 1o '3
—iU’quR 27% 2%
(%) 1o 2 0 2
(X,)R 1o 1o 0 1o
(3% )k 1o 2, 2
(XT)r 1o 1o 2 1;

TABLE 4.2: Quantum numbers for right-handed fermions transforming in a non
linear representation.

extra piece of the global group interact through
o 1 = = 1 e * -~ —~
Lr D i¥igyt [ay + 58 (D‘Z,g) + 580D (zog* )} g (4.33)

according to the CCWZ formalism, with D;Il defined in eq. (3.68). Finally the right-handed
SM leptons, down-type quarks and up-type quarks of the first and second generations receive
their kinetic term and gauge interactions from eq. (3.70) whereas the top quark-partners kinetic
terms are given in the NLHT by

8 8
ﬁF%l,Tz —1T1L |:a — \/>1g ( Bly + 15B2y>:| i, —|—1T2L |:a - \/>1g < B1]4 + 15BZ;,1>:| Tt

1 1 1 1
+iT1r [a —V2ig' ( Blﬂ+332y>} Tig + iTor [a;,—\fzg ( B1H+3Bzy>] Tor.
(4.34)

Now we proceed to get the physical fields.

4.1.4. Physical fields
Gauge bosons

After the electroweak SSB, the SM gauge bosons are obtained from the T-even fields of
eq. (3.72) by diagonalizing the Lagrangian Ls of eq. (3.26). In order to obtain the mass eigen-
states of the T-odd gauge bosons one has to expand both Ls (3.26) and Lg (4.12) up to order
v?/ f2 to get

1
+ 1 TAT2
Wi = NG (WH T sz), (4.35)

2
Ay xHJ%2 1 By
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with
Wi — WJ Bi —B; 53¢’
Wu — 71 2 , B — 1 , X =
= T2 T B (g g

Notice that the mixing angle xy between the neutral T-odd gauge bosons in the NLHT and
LHT in eq. (3.75) are different. This is because x accounts for the mixing v?/f? and in the
NLHT only L5 contains the Higgs boson whereas the L¢ sector is absent in the LHT.

The corresponding masses to order v?/ f? are given by

(4.37)

2
_ & v _
My = 5 <1 - 12f2> , Mgz = Mpw/cw, (4.38)
2
MWH = MZH = \/ng (1 - 1:},-2> ’ (439)

2
My, = \/gg’f <1 - 1562}2> . (4.40)

Notice also that even though the gauge boson are the same as in the original model (the gauge
group is still [SU(2) x U(1)]%), the masses of the T-odd combinations are at leading order a
factor of v/2 heavier than in (3.75). The reason is that the new extra scalar sector parametrized
by £ also takes the vev ¥y hence giving an additional contribution to the heavy T-odd gauge
boson masses. On the other hand, at leading order the T-even gauge bosons receive a mass
proportional to the Higgs vev and this only belongs to %, so their masses do not change.

Scalars after gauge fixing

The successive spontaneous breaking of the gauge symmetry leads to a kinetic mixing be-
tween gauge bosons and the would-be Goldstone bosons fields. In the mass eigenbasis, these
unwanted mixing terms can be removed, up to an irrelevant total derivative, by introducing
the appropriate gauge-fixing Lagrangian,

1 2 1 0\2 1 . —12
Lgs = _E(BVAH) - E(aﬂzﬂ —¢zMzm”)” — g—w\aywﬂ +iCwMwr |
1 1 . _
- 2, (BVAVH + gAHMAH;/])Z - E(aﬂzﬁ - gZHZVIZHWO)2 - 57|8VWI’3 + 16wy My, w ‘2'
H H H

(4.41)

defining the unphysical Goldstone fields that can be absorbed from the spectrum in the unitary
gauge.

After the SSB, the kinetic terms of the scalar fields we have introduced are neither diagonal
nor canonically normalized. Besides, the new set of T-odd scalars belonging to ¥ resulting
from the SSB of the extra piece of the global group mix with the old ones that have the same
quantum numbers. In order to define the physical combination of scalar fields and identify
the actual would-be Goldstone fields at least at order v?/ f?, we perform the following field
redefinitions in two steps. First we perform a rotation of 45° in the subspace of every scalar
pair with the same quantum numbers, so that only one of them (the unhatted) will retain the
kinetic mixing with a gauge boson, hence becoming the actual would-be Goldstone field at
leading order,

(w* — %), &% = — (w* +0%), (4.42)
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0 1 0_ ~0 ~0 1 0, ~0
w —>\f2(w @), @ —>ﬁ(a) +@"), (4.43)
1 1 .
’7—>T@(’7—’7)r n%*ﬁ(nw)- (4.44)

At this point all kinetic-mixing terms are of order v/ f 2 In the next step we impose that all
kinetic terms are canonically normalized and diagonal so that the actual would-be Goldstone
fields can be removed by the gauge fixing (3.77) at order v/ f2. To that end we rescale and mix
them as follows, according to the method described in [106] for the original LHT,

h—h, (4.45)
0 0 v
T — 7T (1 + 12f2> , (4.46)
+ + v
0 0 v?
" @ <1+122>, (4.48)
o S of (14 -2 + (-~ - @+ VE(+7)) s (4.49)
12f2 122
<1>i—>q>i<1+z’2>iz(wi+Ai)z’2 (4.50)
24f2 12272 '
O - F, (4.51)
502 —5¢'71 — V5 [¢' (w® — @° 4 20P) — 12¢xpw’] 02
U <1 + 48f2> + g 2 (4.52)
2\ 5g (—@0 +20P + \@ﬁ) — V5 (5g+12¢"xi) 1 2
W (14 -2 )+ L (4.53)
4812 60g %
ot et (11 2 ) . (ii\fZCDi _ @i) i (4.54)
1812 1272 ‘
J 502 o\ 02
77_H7<1+48fz>+<517_\f5w)24f2’ (4.55)
& (142 +<w0—\/§A—f5)vz (4.56)
4812 T=Vo1) aap2r '
N SR W (4.57)
1812 2412 '

After these redefinitions, the scalars 7, wY and w* are the would-be Goldstone bosons of
the SSB of the gauge group [SU(2) x U(1)]* to the SM gauge group, eaten by Ay, Zy and
W;; respectively and thus becoming their longitudinal modes. Similarly, 7° and 7+ are the
corresponding would-be Goldstone bosons of the SSB of the SM gauge group down to U(1)em
eaten by the Z and W*. The remaining scalar fields are all physical. They are the Higgs boson,
a T-odd complex triplet of hypercharge Y = 1, composed of ®**, ®*, ® and ®F, and the four
new T-odd scalars with the same quantum numbers as the would-be Goldstone fields of the
original LHT, a singlet 77 and a real triplet with Y = 0 composed of @° and @*. All of them will
get a mass by gauge and Yukawa interactions from the Coleman-Weinberg potential [104, 134].
The triplet ® will receive a mass of order f from the quadratically divergent contributions to
the potential and the rest of physical scalars from the logarithmically divergent contributions.
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As a consequence, the masses of 7, @” and @® are independent of f, but they could still be
large thanks to the interplay of different Yukawa couplings (see § 4.2.2 and § 4.3).

Fermion masses and mixings in the NLHT

When the fermion content of the model is extended beyond one family, the different Yukawa
couplings x, ¥ and A for leptons and quarks in Ly, Ly, and Ly, respectively, must be pro-
moted to 3 x 3 matrices in flavour space. Omitting flavour indices, for each of the three SM
(T-even) left-handed fermion doublets (I1, g1) there is a vector-like doublet of heavy T-odd mir-
ror fermions (Iy, gi) as in the original LHT in eq. (3.79). In the NLHT there are also two heavy
right-handed mirror-partner fermion doublets,

ou-(82). - (5)
(%)r = ( E%)R > ()R = < ((@)R ) (4.59)

LR

The first set is T-odd and necessary to complete the SO(5) quintuplets ¥z and ¥7 together
with (x4 )g and (x7) r While the second is T-even and lives in the incomplete multiplets ¥r
and ‘/I}% in egs. (4.24) and (4.30) along with ()x_)g, charged under the external piece of the global

2
group ([SU(Z) x U(1)] ”) . Their corresponding left-handed counterparts come from the SU(5)
multiplets

- (7)1 B+ @ (@), )L+ ()1

<1>L=( ):, <q>L:( z )z (4:60)
( d ﬂ
O\ D=0 (@) (g9 — (g5)r
o )= @= (G ) =TSR ee

with
() = ( () ) @) = ( (i) ) r=12 162)

Finally, we have the aforementioned SU(2) singlets (x )z, (x%) g and (x_)g, (x7)g- Their

left-handed counterparts are the combinations with proper T-parities of the fields )(qu) and XéqL)

completing the SU(5) quintuplets,

(9) (q) (q) (q)
@0y, _ X1 T Xor 0y, — XiL — Xor 463

The top quark sector includes a set of top partners Ty and Ty, belonging to Q and Q,
respectively and their right-handed counterparts Tigr, Tor. The corresponding T-parity eigen-
states are defined in eq. (3.84). To determine the mass eigenstates one has to diagonalize the
top mass matrix in eq. (3.85) as in the original LHT in eq. (3.86).

Next we introduce flavour indices and derive the mass eigenstates. In the NLHT, since
T-parity is also exact, the SM fermions do not mix with the heavy T-odd combinations. They
cannot mix with the T-even combination of mirror-partner fermions I , 4% either, because they
have an extra hyperharge Ay = +1 and a coupling through the Yukawa Lagrangian £y, would
require a T-even compensating scalar field of hypercharge Y = 1 acquiring a vev. Therefore the
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SM charged lepton and down-type quark mass eingenstates are those obtained from the diag-
onalization of the matrices A; and A; in egs. (3.46), (3.47) with the replacements in egs. (3.90)
and (3.91), that leads to the corresponding masses in eq. (3.93). On the other hand, the heavy

charged lepton and down-type quark mass eigenstates are obtained by the replacements

Cyr — V',

diL — Vifdyy,
(), = V[ (€°)y,
(d) — Vi),

(ZC )L — V /- )L/

(E
(d)r — VI (@)1,

with

Cur — Villug,
dir — Vifdyg,
(69)R = VR (),
(d°)r — VR (d°)R,
() = Ve (E),
(@)r = V& @)k,

_ lH IH"' _ lH - 1H+
V2K, f = Vi, Vit = Vi VY

V2, f = Vim

qut _ y9u,,, /9T
dyVr = Vi mg Vg

V2RIf = V| my, Vf”

\[qu VL Mg

Vd'l'

Notice that in contrast to the LHT (see for instance [61]), in the NLHT the T-odd mirror fermions
doublets Iy and gy and their partners [, §° rotate with the same matrix as the T-even singlets
x+ and x, at leading order, getting a mass proportional to the Yukawa couplings x; and

from Ly, and £q . The new combinations with opposite T-parities, l~fH g5 and x_, x4, get

masses proport10na1 to ¥; and ¥, from Ly and Eq
up-type quarks the fields have to be redefined at leadmg order as follows,

I
vy — Vi"vhr,

H
upr — V" up,

I
VHR — VZ'VHR,
qH
ugr — Vg ugg,

)R = VR (T°)R,

<)
| a
~—
=
<
=)
—~
=
a
~—
T

.
+ F(US )R,
X+)R — V]lQH(X-i-)R/
xDr = VT (xDr,
Zc
XR = Vg (X )r,s

Then for the neutral lepton sector and

(4.74
(4.75
(4.76
4.77

(4.78

(4.79
(4.80
(4.81

)
)
)
)
)
)
)
)
(4.82)
)

(4.83

whereas we will assume that the Yukawa coupling A, in eq. (3.51) is diagonal in flavour space
as in the LHT and thus V}* = V{ = 1. The corresponding mass matrices are diagonalized at
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TABLE 4.3: Order of the mixing between neutral fields and up-type quarks in
the NLHT. A dot means that they are connected by the mass term and a dash
indicates that no mixing term is generated to order v2.

(X e | ) e | veue | ve, uae | (0L, (850 | (7)1, (891
(X+)rs (XZ_)R o - v - v _
(X )r (XDr - . - - - -
VR, UR - - d - - -

VHR, UHR - 0 - L] - UZ
(V)R (03)R - - - - . -
(175)1{/ (ﬁS)R - o - v? - °

leading order by
v? Iy Iyt Iy Iyt
Vi f (1- gz ) = Vil mu VR' = Viltmi VT, (4.84)
02
\/Equ <1 - 4f2> = VLL]HWluHVIZH-r = VgHmljiVIzH-r, (4.85)
V2K, f = Viim,, Vi, (4.86)
VoK f = Vi'm Vi, (4.87)
VaRIf =V, my Vet =V e Vi (4.88)
V2R f = Vi my V' = Vi mge Vg (4.89)

To find the mass eigenstates of the neutral leptons and up-type quarks one also has to take into
account that they mix when the Lagrangian is expanded up to order v?/ f? (see table 4.3) as
in the LHT but now with the extra fields participating in the mixing. The mixing order v/ f is
the most pressing to include, since it corrects the masses at order v?/ f2. The mixing of order
v/ f 2 only plays a role in the diagonalization matrix entering in the masses at order vt/ f4. The
mixing in the top quark sector is the same as in the LHT in table 3.4.

The misalignment between the sectors x;, ¥; and A; in the leptonic sector and x,, &5, Ay
and A, in the leptonic sector is a source of flavour mixing. The matrices parametrizing this
misalignment can be defined as follows:

v=vrtyh, W=y Htyl (4.90)
in the leptonic sector and
ve=vyint, vl = yintyd W =yl Ty yeM (4.91)

in the quark sector, where in the first and second definitions we have assumed that A, is diago-

nal and thus V}* = V§ = 1. One could argue that additional mixing matrices Vfc+ V! for leptons
and VLdC+ Vi, Vfi V# for quarks are needed, but this is not the case because there is no gauge
or Yukawa coupling between the SM doublets /1, ;. and the new fields. On the other hand,

the flavour matrices of the LHT W = V; -V}, Wi = Vi~V and Z = ViVl z4 = vty
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introduced in egs. (3.115) and (3.116) are both the identity in our model, since now the T-odd
combination of mirror-partner fermions and the T-even combination of SU(2) singlets x, x.
receive their masses from the same Yukawa Lagrangian Ly, /L@H.

This completes the derivation of the full Lagrangian. Now we proceed to a brief discussion
about the contribution of the new lepton fields to LFV Higgs decays.

4.1.5. New lepton contributions to LFV Higgs decays

In the original LHT one could define two different implementations of T-parity on the
fermion fields, namely T-even and T-odd x. In § 3.3 we have shown that the T-odd case is
incompatible with gauge invariance and leads to an infinite contribution to LFV Higgs decays
at order v?/ f? (see § 3.2.1). However we have also shown in § 3.2.1 that the T-even option gives
a finite result since the contribution of the singlet is finite by itself.

As already emphasized, gauge invariance requires the singlet in the SO(5) quintuplet to
be T-even as it is the case in the NLHT. Our ()4 ) has the same couplings to the SM leptons
as the T-even singlet of the original LHT, so its contribution to LFV Higgs decays is finite as
well. Moreover, to provide gauge invariant mass terms to all fermions in our model, we had
enlarge the fermion field content. Firstly we have completed the left-handed SU(5) quintuplets
in eq. (4.22). Their combination with well defined T-parity now includes two new singlets
(x+); and two new doublets of mirror-partner leptons (I9); apart from the usual doublets I},
and Iy of SM and mirror leptons, respectively. And secondly we have introduced the right-
handed quintuplet ¥ in eq. (4.24) including a T-even doublet of mirror-partner leptons (lASr) R
and a T-odd singlet (x_)z. One may argue that these new fields could reintroduce unwanted
divergences in LFV Higgs decays, since in particular there is a new T-odd (x)_. To show that
this is actually not the case, we will analyze below their couplings to the SM charged leptons.
They are needed to compute the divergences of the different classes of one loop diagrams in
fig. 3.1. The relevant vertices come from the Lagrangians Lr,, Ly,, Ly, and Ly in eqgs. (3.64),
(3.39), (4.25) and (3.46), respectively.

The couplings between gauge bosons and left-handed fermions in Lf, involve the gauge
generators in egs. (3.11) and (3.12), that cannot connect the upper and lower components of the
quintuplets and thus forbidding any coupling between the SM charged leptons and the new
left-handed lepton fields. Concerning the Yukawa Lagrangian Ly, the new left-handed fields
share the SU(5) quintuplets in eqs. (4.22) with I;; and Ip; preventing any coupling to the SM
charged leptons. On the other hand, the new Yukawa Lagrangian E?H couples /1, and Iy to

the multiplet Yy in eq. (4.24) through the non linear sigma field E Since it is built as the expo-
nential of the new Goldstone bosons multiplying the broken combination of gauge generators,
the same argument applied in Lr, is also valid for this sector. In particular, the T-odd right-
handed singlet only couples to its T-even and T-odd left-handed counterparts through the new
Goldstone fields, hence avoiding also any coupling to the Higgs. Therefore, its interactions are
completely different to those of the original model with the T-odd singlet option. Finally, the
Yukawa Lagrangian Ly only couples the the right-handed SM charged leptons /g to I;; and
I>1, because the multiplets ‘I’{( and ‘Yéﬁ in eq. (3.48) are incomplete and as we discussed at the
end of § 3.2.1, their quantum numbers under the gauge group do not allow to introduce the
left-handed x1; and x»1, in the center of these multiplets.

Finally, the new neutral fields might still generate a divergent contribution through mixing
with other neutral fields that have direct couplings to the Higgs and the SM charged leptons,
as vyg for instance. Restricting ourselves to order v?/ f? the possible terms are presented in
table 4.3. Among the one-loop diagrams listed in fig. 3.1, one can distinguish two different
cases. In the case where the diagram involves a Higgs coupling to two neutral fermions, that
can be inferred from eq. (4.84) and table 4.3 by substituting the vev by a Higgs boson according
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tov — hand v*> — (v + h)?, at least a mass or a mixing insertion is required. On the other
hand, one may check that before the mixing insertion the degree of divergence of this kind of
topologies is at most of order log A in the cutoff regularization scheme. Therefore, the contri-
bution of the new fermion fields to this kind of topologies is finite. This is because the mass of
the propagator contributes as ~ M/ p? to the loop and each mixing insertion is accompanied
by the propagator of the new field that contributes at least as ~ 1/ 2 with p the corresponding
loop momentum. In the remaining subclass of diagrams, in which the Higgs does not cou-
ple to two neutral fermions, at least two mixing insertions are required and those topologies
are at most divergent as ~ A before the mixing insertions. Thus the contributions of the new
fermion fields to LFV Higgs decays are finite. This stems from two reasons: the NLHT is gauge
invariant and we have chosen the appropriate fermion field representations.

4.2. The Background Field Method

In this section we derive a master formula to obtain the divergences of any theory generated
at one loop in a gauge invariant fashion. For that purpose we will apply the background field
method (BFM) with a cutoff in the so called proper time variable. In particular this will allow
us to classify the divergences into quadratic and logarithmic. This classification is crucial in a
Composite Higgs model since only logarithmically divergent contributions to the Higgs boson
mass are admissible as we have emphasized in previous sections. Once the master formula
is derived, we will employ it to calculate the Coleman-Weinberg potential for the scalar fields
[134], generated by integrating out fermions and gauge bosons, and the divergent operator for
the LFV Higgs decays in § 3.2.1, generated by integrating out the T-odd singlet x_ and scalar
fields.

4.2.1. Deriving the master formula for the background field method

The BFM allows to find the divergent terms of a theory in a gauge invariant way, translating
the divergences in the space-time integration into those of the functional trace of a heat kernel
in a new variable called proper time [135, 136]. This method has been extensively employed in
the literature to study the renormalization of the linear realization of the SM [137, 138] and more
recently to its non linear realization in refs. [139, 140], where a master formula was derived in
the dimensional regularization scheme using super-heat kernel tools [141]. The BFM is also
useful when dealing with the Standard Model Effective Field Theory (SMEFT). In particular,
in [142] a master formula that includes the effects of bosonic operators up to dimension six is
applied to the calculation of the Renormalization Group equations in the context of the SMEFT.

Our starting point is a general Lorentz-invariant four-dimensional action containing real
bosonic fields and operators at most bilinear in the fermion fields,

S [4)’) Aazlﬁbﬂb} = / dix L (qv", A“,wb,ﬁb), (4.92)

that it is all we need for our case. The latin indices refer to the different species of bosons and
fermions in our theory.® To obtain the generating functional of Green functions, we couple the
fields to external sources

Z1i I o0, By = / [DeDA,DYDY] exp {i (S+ (jig' + i AL +$'pu +7,4")) |, 499)

where Z = ¢'"Y with W the generating functional of connected Green functions and (- - - ) stands
for integration over spacetime. The normalization of the path integral is Z [0] = 1. We define

®Tf the bosonic fields are complex they are split into real and imaginary parts.
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the classical, or background fields, as the solutions of the classical equations of motion (EoM),

oS . oS
5q0 g 5A?4
cl A?A,cl
oS oS
p— +op =0, — —0, =0, (4.95)
b b 5¢h b
o Iyl $a

where the subscript ‘cl” stands for classical and we used the Grassmannian character of fermion
fields to derive the last two relations.

In order to obtain the one-loop contributions to the scalar potential and the divergent op-
erator generated in LFV Higgs decays after integrating the singlet xr in the T-odd x _ case, we
perform a change of variables in the path integral consisting of a linear split of each field in two
parts: the background field and the quantum excitations, which will be the new integration
variables in the path integral,

¢ =gut+¢, (4.96)
A= Ay al, 4.97)
p' =yl + X", (4.98)
v =9+ 7 (4.99)

The background fields only appear as external legs in the Feynman diagrammatic approach
whereas the quantum excitations only occur inside the loops. Substituting in the Lagrangian,
neglecting terms higher than quadratic in the quantum fluctuations, one may parametrize the
action as

. a —b — . a —b _
S+ (lig" + L A5+ B 00+ 054" ) = SO + (jighy + JH g+ Baaps + Pyl )
i a =b . i _a ~
+ S(Z) [GDd, V/d’ 1/151; lle} (P ’ ay/ Xb/ Xb] . (4100)

The first term on the r.h.s is the classical action evaluated in the background fields and the last
is quadratic in the quantum excitations, 7 and takes the general form

s [<P21/ ol l/)gl/@gl? ¢, aﬁ/Xb/Xb} = /d4x £@ (9021/ s tpﬁ@i’l; ¢, a‘;,xh,%b> ,  (4.101)
with
£ (gl AL, i k) = — 3P AE 4 X (63— Gy x4 XTI+ ¥
=_ %‘I’TA‘I’ +x¥Bx +xT¥ + 9Ty, (4.102)

where Ti defined bellow collects the bosonic fluctuations. The dependence on the background
fields ¢, A‘;/d is encoded in the bosonic matrices A and G, with {k, I} indices of any type

(Lorentz and internal indices). The matrices I and T are fermionic and thus contain a linear de-
pendence on the background fermions depending also on the background bosonic fields. After
integrating by parts, the interaction amoing bosonic fields is given by second order differential

"The part of the action that is linear in the quantum fields is identically zero since it is proportional to the
classical EoM g—IS: = 0, with F any background field an those are on shell.



4.2. The Background Field Method 99

operators
A=D'D,+V, with D, =09,+N,, (4.103)

where N, is antisymmetric. Both N, and V depend on the background bosonic fields. On
the other hand, the most general Lorentz structure of the boson-fermion interaction that it is
bilinear in the fermion fields is parametrized through

G = (r+pu7") Pr + (I+Au¥") Pr, (4.104)

where | = r' parametrize the interactions between fermions and scalar fields and p#, "
parametrize the interactions between fermions and gauge boson fields. To express the bosonic
interactions in the canonical form of eq. (4.103) one must introduce appropriate gauge-fixing
terms for the fluctuating gauge fields, still preserving the gauge invariance of the one-loop ef-
fective action [143]. Now we redefine all the fluctuating gauge fields to have the same sign in
the derivatives of time and space components,

a, = (iag,aj) = Mj/ay, M, =diag(i,1,1,1). (4.105)

The contravariant vector a?* = (ag, —a?) transforms with the inverse matrix

= (M) 2" = (~iaf, —al), (4.106)
14
(M*l)” = diag (—i,1,1,1), (4.107)
v
implying that &, = —a"".® In terms of these new gauge fields, their kinetic term reads
1~u 240 1~a 20 1 FaAP\ SVN25a
Liing = —ana ag — Eaia 4 =5 (—a™) ¢ 0%a;,. (4.108)

Thus comparing with eq. (4.102) we collect the quantum excitations of scalar and gauge boson
fields in the object ¥* = (¢, —a™) and ¥, = <¢i,5Z) and thus ¥* = ¥}. The advantage of this
redefinition of the fluctuating gauge fields is that the functions at both sides of the operator A
are the same, which is necessary to later perform a Gaussian integration.

The expansion of the action to second order in the fluctuations is enough to get the gener-
ating functional W to one loop,

W = Wi—o + Wr=1 + higher order corrections, (4.109)

where L is the number of loops. Then, to this order, the generating functional Z can be written
as Z = Z;—oZ—1. The first factor is

ZL:O = eiWL=0 — ei(Sm)+<ji¢21+I’§‘Az,cl+¢[c}lpb+pblpz>), (4110)
a constant for the path integral, independent of the quantum variables. Taking logarithms,
g —b _
Wi—o =S + <]i(Pch +Ja AGq + s + Pb¢£1> , (4.111)

which after subtracting the source term is nothing but the classical action. The second term
Wi —1 is more interesting and includes the one loop effective Lagrangian. This comes from

8The auxiliary matrix M appears in intermediate steps of the calculation but it will cancel at the end.
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eq. (4.102),
eWi-1 — / [D¥DxDx] e'” = / [D¥DyDy] ¢!/ 4% (-3¥ATRBXTT ) (4 119)

Before the Gaussian integration we must remove the crossed term ¥ — x through the field
redefinition of the quantum fields

yk ok, (4.113)
x — x — By, (4.114)
X — x—YTBY, (4.115)

with Jacobian equal to one. Substituting in the one-loop functional we find
pWio1 — / [D¥DxDyx] ¢S = / [D¥DyDx] ¢/ (—3¥7(A+20B'T)¥+7By) (4.116)

Thus, performing the Gaussian integration over the quantum fluctuations in the path integral
and taking logarithms, the one-loop generating functional reads

Wiy = % log Det (A +2IB~'T ) — ilog Det B (4.117)

where Det stands for the functional determinant and capital letters indicate that it involves a
spacetime integration. Since it does not depend on the source term, Wy_; can be interpreted as
the one-loop effective action. Squaring the operator B as in [135, 144], we may write

log Det B = % log Det (BB°), (4.118)
where B¢ = —id — G with

G = (r—9"pu) PL+ (I — v*Au) Pr. (4.119)

Notice that B¢ is obtained from B by the replacements y* — —+#, PL g — Pr . Then we can
write the one-loop generating functional as

A V2B

i
Wi = E10nge’c < i/ar BB

) = %log Sdet A. (4.120)

In this compact notation borrowed from supersymmetry, SdetM stands for the superdetermi-
nant or Berezinian of a supermatrix M,

M= ( g 2‘ ) ., SdetM = Det (a - ab*lﬁ) /Detb, (4.121)

where the entries a,b («, B) are bosonic (fermionic) variables. Notice that A can be written in
the canonical form,

A= (" +A") (0, +Au) + Y, (4.122)

expression which holds in our case because our starting Lagrangian is, at most, bilinear in the
fermion fields [139, 142]. Going to the Euclidean spacetime, performing the usual change of
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variables in the time coordinate, t = —iT, we can rewrite the one-loop effective action
E . 1 E 1 E
WE_y = —iWi1 = 5 log Det (—a%) = SStre log (—a%), (4.123)

where Strg is the supertrace (StrM = tra — trb) that also includes an Euclidean spacetime
integration.” In the last expression, the operator AF is defined as

AE = A= (aﬁ + Ag) (aﬁ + A;;") —YE, (4.124)

where the Euclidean versions of the matrices above verify

o Ao (5 %) =iAf (T, %)
Ay (%) = {Al (,7) = AF (1,7), (4.125)
Y (%) =YE(7,%). (4.126)

To obtain the divergences of the one-loop functional, we rewrite it using the proper time or
Schwinger representation [145]'

1 (o]

WLE:1 = —— @Stl‘}; et = —f/ @ /d4xE str K(s; xE;xE), (4.127)
2 0o S 2Jo s

where the integrand is the supertrace of the heat kernel of the elliptic operator AE. The reason to

go to Euclidean spacetime is that the heat kernel is better behaved [146]. DeWitt [147] proposes

the following ansatz for the heat kernel in the limit s — 0,

K(s; x5 xF) = e Zan (x,F) 5" (4.128)

The coefficients a,, are the so called Seeley-DeWitt coefficients [147, 148] which are completely
regular when both arguments are equal. As we will show below, the divergences we are look-
ing for are proportional to the first coefficients. The integral converges in the upper limit.

To regularize the integral in the lower limit, let us focus in the units of the proper time
variable s. Since the argument of the exponential is dimensionless, s has units of inverse mass
squared. Using a proper time cutoff in the lower limit we may write [149]

1

szl,reg =3 /d4xE str K(s; xF; xF), (4.129)

A2 S

with A — co the usual energy cutoff. Then we can use the DeWitt expansion in eq. (4.128) to
solve the integral in the proper time variable and find the divergences in the lower limit:

1 4-—-2n
_ A n<?2
E2 2—n
/ _°2 d:s"—z ~ < log A2 n=2 (4.130)
A — LAy >0

where we have introduced an upper limit E,? related to the maximum value of the proper
time variable for which the DeWitt expansion of the heat kernel is valid. Actually this energy

9The supertrace and the superdeterminant have the same properties as the usual trace and determinant with
respect to the logarithms.
10The sign in the exponential is appropriate since one has to move to momentum space (E)E — —i pE) introducing
a plane wave basis and this gives the exponential suppression in the upper limit.
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scale should appear in the argument of log A? making it dimensionless, but it will be omitted
here and in the following. As previously advertised, the divergences are found just in the first
three coefficients.!! Since we are interested in quadratic and logarithmic divergences, only the
expressions of 41 and a, are needed. These can be found in [135] and their values in Euclidean
spacetime are

a (xE,xE) — _YE (4.131)

a (xE,xE) - 3ZEV25V %YEZ, (4.132)
where

ZE, = EAE —9EAE + [Aﬁ,Aﬂ . (4.133)

Writing everything together, the divergent part of the effective one-loop action reads

/ dxFstr [~ YEA? + (o Lye g0 1YE2) log A7 (4.134)

E
Wictreg = 2167r2 127 T

Turning back to the Minkowski spacetime using eq. (4.125), the divergent part of the La-
grangian at one loop is

1

1
d1V _ 2 _
LY = 5 st {YA <12

1
ZM Zyy + 2Y2> log AZ] (4.135)
Finally, using equations (4.120) and (4.122), the expressions for the matrices A* and Y read

NH A TAH
A = - AL B (4.136)
0 5 (Gy"—9"G)

and
= =
_1 1
(v | 5L @ + 5IN = T Gy, . (4137)
V2T =19, (GY" = 7"G) + § (GG — 1" GG + 1 G, G°)

where we used that N* is antisymmetric and the Grassmannian character of I and T. Thus
substituting in eq. (4.135) we obtain the final expression of the master formula for quadratic
divergences
AZ AZ
EL:1 == _mtr (V - 41’1) (4.138)

and for logarithmic divergences

2 1 1 1 1 —=.
LY = 39,2 108 A? <tr { 5NN+ 2 v2 = 3" = ZAw A" + 2D, D!l — zmz] + nmr) ,
(4.139)
where

NThe coefficient ag = 1 is independent of the background fields, being only important if we were dealing with
gravity, since it contributes to the vacuum energy.
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Puv = Py — OuPy + i [0y, 0v] (4.141)
DT = 3,T + Nyl = 3G (4.145)

Eq. (4.139) for the logarithmic divergences is in agreement with refs. [137-140, 142] with the
identification log A% <+ 2/¢. From the previous expressions we can obtain the scalar potential
and the divergent operator generated in LFV Higgs decays in the T-odd case. To obtain the
potential we take A, = p, = 0 since these matrices only include background gauge bosons.
Besides, in our model N¥, which comes from integrating the gauge bosons quantum excita-
tions, does not include background scalar fields (see eq. 3.20) and thus does not contribute to
the scalar potential. Hence only non derivative terms involving /, r and the part of V coming
from integrating the quantum excitations of the gauge bosons will contribute.'? Using that

Vi, ¢ —cfv,, (4.146)

we find that the quadratic and logarithmic parts of the potential from egs. (4.138) and (4.139)
read

A? A?

A2 Y _
Vie, = 327_[2tr |14 82 tr (Ir), (4.147)
and
plosA® _ ! log A%tr V2 + ! log A%tr (Irlr). (4.148)
L= 64712 1672

Finally, to obtain the divergent operator in LFV Higgs decays in the LHT, which comes from
the integration of scalar fields and fermions in the T-odd case (see eq. (3.158)), we need the term

1 ,—.
‘CdiV = W IOgA rlar, (4149)

that includes external fermions fields, scalars and one derivative.

4.2.2. Quadratic and logarithmic corrections to the scalar potential

To obtain the quadratic and logarithmic contributions to the scalar one-loop effective po-
tential, we have to evaluate the expression for the matrices V, I and r defined in egs. (4.102),
(4.103), (4.104). In this work we neglect the contribution of the lightest SM lepton Yukawa in-
teractions in egs. (3.46) as well as those of the lightest SM quarks in egs. (3.47) and (3.51), since
their Yukawa couplings are parametrically small. Thus, the leading contributions come from
the interaction between scalars and gauge bosons in egs. (3.26), (4.12), the Yukawa Lagrangians
for the heavy fermions in egs. (3.39), (3.41), (4.25) and (4.31), with the field content of egs. (4.17),
(4.22), (4.24), (4.30) and (4.29), and the top quark Langrangians in eqs. (4.32) and (3.52).

In what follows, the Higgs potential is parametrized as

Vhiggs = 1 (H*H) +A (H+H)2, (4.150)

12In a composite Higgs model, the scalar fields are the pseudo-Nambu Goldstone bosons of the spontaneous
breaking of an approximate global symmetry. Thus the self interactions of scalar fields are derivative and they do
not generate mass terms.
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invariant under the SM gauge group. For the rest of the scalar fields we are only interested
in their mass terms since they cannot develop a vev respecting the T-parity discrete symmetry.
This implies that their mass terms must be positive as we will impose below.

Gauge boson contribution to the scalar potential

Using eq. (4.96) for the fluctuating gauge bosons in egs. (3.26) and (4.12), we expand to
second order in the quantum excitations,

(2) @ - [ b b byt 2 Tyt
£y + 5 ij; [Pt (QIQ+ QUEQITEY) + ¢t (Y + vy s)
— gg'wi btr (Q;’ZYkTZ’L) — gg/b]}.lw,ljytr <Q,€ZY].TZ+) ]

2 2
b -~ -~ -~ ~
+f? 'kzl [g2w;’ywk”tr (Q;?Q,Ii + Q;-’ZQZTer) + g"bjbp tr (Yij + Y@y}jy)
J k=

— gg'w!, bl'tr (foYkT i*) — g8'b wh,tr (Q,éiyfi*) ] (4.151)

where the background scalars are parametrized in the non linear sigma fields %, & and Wiy, bjy
are the quantum excitations of the gauge bosons associated to SU(2) and U(1), respectively. As
already mentioned, using the appropriate gauge for these fluctuating fields [143], their kinetic
terms take the canonical form in eq. (4.103). The redefinition of the gauge fields as in eqs. (4.105)
and (4.106),

b - ~
Wi =~ (—w;”‘) suat, (4.152)
bj bl = (-Bj’) 5By (4.153)
Wi bl = (—a;]””) 5By, (4.154)

allows us to find the corresponding matrix V

V= < E g ) , (4.155)
where
Vit = f28¢%r (2Q7Q) + QIEQTE + QITQ)TSY) (4.156)
Vig = —f5,88"tr (Q;’ZYE =t iy i*) (4.157)
Vo = —f281,g¢"tr (QUEY/ T + QISYEY) (4.158)
Var = 2618”1 (2 + YEY] S + VSV (4.159)

According to eq. (4.147), to obtain the quadratic divergences of this sector we must take the
trace of the matrix in eq. (4.155). V is a block matrix with gauge group as well as Lorentz
indices in each block. Taking the trace implies a = b, j = k, 4 = v in each block and then
summming over the diagonal terms of the matrix (summation over repeated indices in their
corresponding range is understood),

2 A2 ~ ~ ~ ~
Vit =5 [g2 Fr <Q;?2Q;?T2* +QIEQITE ) + ¢ ftr (szijz* +YEYTS ) } (4.160)
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where a global facor 4 comes from (5;1 = 4 and irrelevant constant terms have been dropped.
This part of the potential contains a mass term for the triplet ® and a quartic Higgs coupling,

2 A? 1 A2 2
Vg ops (& +87) i (070) + - o 7 (€ +87) (H'H), (4.161)
and no mass terms for the rest of the physical scalars. Since the leading order of the mass of
the triplet ® and the Higgs quartic coupling is A2 < 16722, we will neglect all logarithmic
contributions to these operators in the following.

To evaluate the logarithmic divergences, from eq. (4.148) we must take the trace of V2. To
construct this matrix we must pair the indices of both V factors. For the sake of clarity, the left
upper block V2 would contain

VE Sftelett (2Q;? QL+ QIEQYTE + Q;?EQ,ETE*) x 6! g2t <2Q,€Q; +QIEQTE! 4+ Q,ﬁiQ;Ti*) .
(4.162)

Then we repeat the same procedure applied above to take the trace. Again a global factor of 4
will appear from the trace over the Lorentz indices &, oy = 8}, = 4 leading to

log A2 1 4 2
VL(ng = _16712f log A
4 2 a b aZ sz'T' a’z\‘ bT/Z\‘T 2 b a bz L}Tz'f' bi I}T/Z\‘T
X 18 tr Q] Qk + Q] Qk + Q] Qk X tr QkQ] + Qk Q] + Qk Q]
+2¢%¢"tr (Q;?zy,}“ =T QIgY] i*) X tr (Q;?zy,f =t QIny] 2*)
+¢Mr (zyjyk YRS+ YEY z*) X tr <2Yij + Yy s 4 Ykzijz*) } .
(4.163)

This part of the potential contains a contribution to the y? term in the Higgs potential and a
mass term for the triplet @,

log A2 3¢t & 4 L
VLOZng D f*log A? <8g7r2 + 4§7t2 (H*H) + %fz log A%tr (0®)
— b oe A2 (3202 2A2 ) (HYH) + 52 log A2t (GG 4.164
T 1672 08 (g wy T8 AH)< )+277_[2 wy, log r (W), (4.164)

where we have used that at leading order M%NH = 2¢%f% and MiH = 24”22 as well as the field
redefinitions in eq. (4.42). These contribution to their masses are naturally smaller than those
to the mass of the triplet ® since they are proportional just to log A? and there is a suppression
of 1/(167t%) which allows masses of order of the electroweak scale. No mass term is induced
for the physical scalar 77 by gauge interactions.

Fermion contributions to the scalar potential

In order to obtain the heavy lepton, heavy quark and top contribution to the potential, the
matrices r and [ in eq. (4.104) are needed. Since the Lagrangian for quarks is more involved, we
illustrate the process with the lepton contribution. For simplicity, from eqs. (4.17), (4.22) and
(4.24) we define the new multiplets

Y, = AY, ¥, =AY, ¥p=A¥r, Tg=B¥g, (4.165)
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—ig? —ig?
A= i , B= i (4.166)
—i0’2 02><2

factor our the matrices from the multiplets. Splitting the fields as in eq. (4.96) we get

where

0 0 wxfACA RIfAEB *
@) = 0 0 KfAZETA —RfFAZE B °
£YH,17HD (¥ 9 o o) 0 0 0 0 ¥R the
00 0 0 Yr
(4.167)

where 1, ¢», Pr and @R are the quantum fluctuations of ‘?1, ¥,, ¥z and ‘T’R, respectively,
and the bullet means that the corresponding field is not present in the theory. All the flavour
dependence is encoded in the couplings x and k. Comparing with egs. (4.102) and (4.104), the
form of the matrices r and [ for leptons is

00 KlfA+(§A f]ffﬁ(f[)’
| 00 mfATSEtA R fATEETB
n=1f=1 44 : . (4.168)
00 0 0

To evaluate the quadratically divergent contribution to the potential arising from this sector,
we need the product Ir

00 0 0
00 0 0

llrl - 00 2K Klf 15><5 Klez.A+ (C*C CC*) (4169)
0 0 & Klf2B+ (Etg—¢éeh) A 21K f*13x3

As in the gauge boson case, the matrix [r is block diagonal and its trace is the sum of the trace
of each of its diagonal entries,

tr (Ir;) = 10tr (Kl*;q f2> + 6tr (fm f2) ) (4.170)

which is independent of the scalar fields. In this model, all the scalars are protected from
quadratic divergences coming from the new sector. Analogously, for the logarithmic diver-

gences we have to evaluate
tr (Ijrljry) = 2tr (Kﬂfﬂﬂf‘*) X tr K ¢'¢— ) (€+§ — §§+) BB*}
D —2tr (KZKZ KlKlf )tr K (IR ) BB’L}
Y. |2

3
S (;qxl Rt f ) y b S zabzbu] ) 4.171)
a=1b=1
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using that (f commutes with BBt and Z% = 15x5. Then, the logarithmically divergent contribu-
tion to the potential is

VLO:gU =3 log Atr (KleKlK;rf‘L) X Z Z [Zzbzba + Z;bzba} . (4.172)
a=1b=1

This expression contains leading order contributions to the u? parameter of the Higgs potential
and to the masses of @ and 7

2 =2
Vs 5 anz log A2tr (i RKT) x <6H*H + @ + 8tr(@t @)) ) (4.173)
where we have used the leading order field redefinitions in eq. (4.42). This expression is in
agreement with the diagrammatic calculation for the Higgs part in eq. (4.26).

The last contribution comes from the heavy quarks in egs. (3.41), (4.31) and the top sector in
eq. (4.32). In this last equation we notice that due to the presence of the three dimensional Levi-
Civita tensor €; ;x with {i,j,k} = 1,2,3, only the three upper components of Q; and £oQQ, are
relevant. Then, comparing egs. (4.29) and (3.54) we have that for i = 1,2 one could substitute

(Q1p); by (‘Yz 2) ~and for i = 3 we would have i T1; and i T;. Then, similarly as we did for
4 1
leptons, we perform the following substitutions

Y =AY, ¥1=AY], Qi —CY¥!, Q@ —CY] (4.174)
where
—ic> 0 0
C= o 0 0 |, (4.175)
0 0 —ic?

since only the aforementioned components of those multiplets are relevant. The zero in the
middle of C takes into account that the multiplets Q; > and ‘I"b differ in the field in its center.
Collecting the left-handed and right-handed quantum fields in vectors

T T qT T T
U1, = ( Z ’ ? /./././t2L1t1L>/

T ~T
ok = (oo 9 1 th the tlr) (4.176)

~

we may write

where
00 (VZR)mn‘B“ (YZE)mnﬁa (7’2t>m’3“ 0 0
[
00 (rlR)mn‘BD‘ (rll/?\)mnﬁ (rlt)m/ga 0 0
00 0 0 0 0 0
=00 o0 0 0 0 0 ’ 179
00 0 0 0 0 0
0 0 0 0 (Tth)ﬁ“ (VTsz)ﬁDé 0
0 0 0 0 (T’Tlt)ﬁa 0 (7T1T1)[3a

the greek indices are the SU(3) color indices and as before [, = rz;. As previously advertised,
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this sector is more involved and it manifests in the size of the matrix r,. This is because apart of
the introduction of the right-handed singlets T; o the field in the center of the SU(5) multiplets

‘I’? 5 ()(‘{ 2L> is not the same as that inside of Q;, (T121). The components of the matrix r, are

defined as
(72R) ynp. = Kaf (ATA) . Jg, (4.179)
(ra) g = Raf (A'EB) 3, (4.180)
(P2t = é)\l f <c+200) eipexyZiEid, (4.181)
(r1R)mn,5a =Ko f <A+ZOC+A> - 5%; (4.182)
("R = —Faf (A'ZoE'B) 3, (4.183)
(r1e) g’ = é)\lfCLi€ijk€xijkay5g, (4.184)
(rt)g = %Alf €3jk€xyEix iy 0p, (4.185)
(rre)g = i)‘lf €3jk€xy LjxSky0ps (4.186)
(rmm) = \%ff(*f% (4.187)
« Moo

(rnm)g = 7 X35 (4.188)

Proceeding similarly as for leptons, the quadratically divergent part of the potential due to
quarks coming from the product Ir reads

AZ 3A2

VL:l,q = —m/\%fzeijkempexyeqr X <ij2kyz'+ Z+ +i]’xikyi+ i+ ), (4.189)

nq=pr nq=pr
where the factor 3 comes from J; = N¢ = 3. This term contains a contribution to the triplet ®
mass and to the quartic Higgs coupling,
2
3A%

312 A2 2
Vit o N (o*e) + : 671127 (H'H) . (4.190)

From the product Irlr we get the quark contribution to the logarithmic part of the potential
given by

log A2 3 1 ~ e o~y o~
VLo:g‘l,q = 16722 log A2 [EA%/\%f‘Leg,jkeg,]'/k/€xy€x/yl X (Z]'kayZ;/x/ZZ/yl + ijZkyZ;/x/Z;/y/)

2
44 gt Stet s &
+ A (eijkeij’x/exyex’y/z‘sz‘kyz‘j/x’zk’y’ + eijkeij’x’exyex’y/Z‘sz‘kyz‘j/x/zk’y’)
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1/ . A ~ o~ ~
- § (KqK;) - A%f4erjker/j/k/exyex/yr ((CZO)erijkyZ}-’x’Z;’y/ (QZQC)r/b + hC)

3 5
—2tr (ketgRef) 2o Y (20 Ten + ) |, (4.191)
a=1b=1

where the factor 3 comes from the number of colors, 7,7’ = 1,2 because the fields in the middle
of the multiplets ‘I”{ and ‘I’g are not the same as those in Q! and Qb anb b = 1,2,3. This term
contains a negative contribution to the u? parameter of the Higgs potential from the first term
in brackets and a contribution similar to leptons up to a factor of 3 coming from the last term

log A2
VL:Lq - 1

3 3f? I 367 ot~
o log A2 f?A373 (H*H) + 8f7r2 log Aztr(KqK:;KqK;) X (6H+H + ?ﬂ + 8tr(w+w)> ,
(4.192)

where again we have used the field redefinitions in eq. (4.42). Notice that even though the
singlet scalar field 77 in X is coupled to the top partners, it does not develop a mass term pro-
portional to A,. This is because in this sector 7 can be understood as the Goldstone boson of
the spontaneous breaking of the gauged [U(1)]* to U(1). This prevents the generation of a new
contribution to its mass at one loop coming from this sector of the theory.

Physical scalar masses and Higgs potential

We can finally collect our results for the physical scalar masses and the Higgs potential at
one loop. From egs. (4.161) and (4.190) we find the mass of the heaviest T-odd triplet ®

A?
2 2, .2 2
Mg = — (88 +8" +3M) (4.193)
and the Higgs quartic coupling
1 A 5 o a2
M= T 7 (8% +8"+3A1), (4.194)

that are proportional to the cutoff squared. This last equation provides an explicit relation
between the cutoff scale and one of the top quark Yukawa couplings since the experimental
value of A is A = M?(2v?) & 0.13. The mass for the new T-odd triplet @ is given by eqs. (4.164),
(4.173) and (4.192),

Mz = 1 A2[4+T] (4.195)
w T2 g g K|/ .
with
_— -~ ~t -~ ~t
Tie = tr(xx; 5% ) + 3tr(regx kg, ). (4.196)

The new T-odd scalar 7 only receives a contribution from egs. (4.173) and (4.192),
f? 9
Mz = “3log AZETK. (4.197)

And the y? parameter of the Higgs potential follows from egs. (4.164), (4.173) and (4.192),

2
y2 = 1£ —log A2 <6g4 + % gt —3MIA3 + 12T,<> : (4.198)
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To obtain the physical mass of the Higgs boson we have to minimize the potential of eq. (4.150).
If the contribution of the top sector dominates over the heavy Yukawa and gauge interactions
then 2 < 0 and the EWSB is triggered,

aVHiggs
oH"

=0 = H+27 (H*H) H=0 (4.199)

when the neutral component of the Higgs doublet gets a vev

<H>:1<0>, o (4.200)

In our case, this expression gives

4 2452 42,04
2 _ f 23A1A; — 68" — 58" — 12T
v =-=5logA 4.201
A2 & 82 + g/2 + 3/\% ( )
Then, from M% = —2u% = 2)v?, and egs. (4.194) and (4.201) we have
2 f § 2 202 o4 2 4
M; = 82 log A” [ 3ATA5 — 6g =8 12T, |, (4.202)

whose experimental value is M;, ~ 125 GeV. Comparing previous expressions, we find the
same relation between the masses of the Higgs and the usual triplet of the LHT,

f2
M3 = 2?1\/1%. (4.203)

Its mass is proportional to the scale f and thus it is naturally heavy. This is a consequence of
the absence of any symmetry or further mechanism that protects its mass from quadratically
divergent corrections. For the rest of the new T-odd scalars we find

4
+ T,
M2 = 8M?2 8§ Tk ) (4.204)
v 3A2)2 — 6g* — 3¢t — 12T,
72 T
M2 = =M? £ (4.205)

M :
T 573202 —6gt — 2o — 12T,

where 31213 — 6¢* — % ¢"* — 12T, must be positive to be compatible with the SM SSB in eq. (4.198).
The masses of the new T-odd scalars are proportional to the Higgs mass and independent of
the scale f. This implies that they are naturally light, but they are strictly increasing with T
for fixed values of A1, A,. This is a consequence of the gauge symmetry since these new scalars
share the same quantum numbers as the would-be Goldstone bosons and they mix with them
at leading order (see eq. (4.42)). However, for the theory to be consistent, their masses must
remain below the cutoff scale A. Notice that taking the ratio of eqgs. (4.204) and (4.204) we
obtain

2_9_Te ,p
TOS5T+gt

(4.206)

and thus from g ~ 0.653 one finds M > My if T, > % g4 ~ 0.227.
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4.2.3. LFV Higgs decays with a T-odd singlet in the LHT revisited

Using the BFM one can obtain the divergent operator for LFV Higgs decays in the T-odd
singlet case (see § 3.2.1) within the original LHT scenario in chapter 3. The divergence comes
from topologies XI+XII in fig. 3.1 when the right-handed T-odd singlet xr and the scalar fields
w¥ and ¢* propagate inside the loop. According to eq. (3.158), the resulting operator in the
SM symmetric phase involves two Higgs doublets, two SM left-handed fermion doublets and
one derivative. Thus, one uses eq. (4.149) to integrate out the right-handed fermion multiplet
Yr, where xr lives, and one scalar field in ¢.

The Yukawa Lagrangian responsible of providing the couplings to compute the T-odd sin-
glet contribution to LFV Higgs decays is L’g/hH) in eq. (3.40). This Lagrangian depends explic-
itly on ). Consequently, as it was shown in § 3.3, it is not invariant under the gauge group
[SU(2) x U(1)]* € SU(5). This is because given a gauge transformation Vg, the associated non
linear transformation U, in general depends on all the SO(5) generators and () does not com-
mute with all of them. Hence, one would not expect that the resulting counterterm respects
the gauge symmetry either. However, ﬁg/bg is invariant under transformations of the diagonal
SU(2) x U(1) € SO(5) associated to the SM gauge group. According to the general CCWZ for-
malism, transformations restricted to the unbroken group becomes linear. As a consequence,
since the SM is contained in the unbroken SO(5), V, = U, with U, depending only on the SM
gauge generators that commute with (). Thus the counterterm would be invariant under the
SM as well, since the BFM respects the gauge symmetry.

To start with the derivation of the operator, we need the expression for the matrices I and
T in eq. (4.102) after expanding the Yukawa Lagrangian /352 in fermion and scalar quantum
fluctuations. According to [138, 139, 150], when the scalar fields come parametrized in a non
linear sigma field ¢, it is common to perform a multiplicative split instead of a linear one. In

our case,

nﬂ
FIM sm g <]1 + in”> ) (4.207)

f
where & = ¢7%X"/f and 7ty are the quantum fluctuations of the Goldstone fields. The expo-
nential is expanded up to first order since only a single scalar field propagates inside the loop.
On the other hand one performs the usual linear split for the right-handed fermion fields in

eq. (4.96) and uses eq. (4.165)

T X0 gm0
Y 1i40
f : f

where i, j are flavour indices and we used the basis of hermitian generators. Thus, the matrices
I'and I read

ngbj) D —Kijf (‘I’zié XaCJrQ) .AI,DR]' +h.c. (4.208)

fa = —iKi]' (WZié’Xa —?HZOQXQCTQ) A, (4209)
I = ixhA' (X”@*‘I’m - Q{jX”QZO‘Pli> : (4.210)

Substituting in eq. (4.149) and using that A is unitary due to the complete SO(5) right-handed
multiplet Y yields

1 _ _ .
Lot = 55— log A (‘le-(;'X“ - Ylizoﬂxagm) id (x“@'*‘fz, - QgX”QZO‘I’1,> . (4211)
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However, a careful inspection of the previous expression reveals that T-parity is not preserved.
Using egs. (3.25) and (3.32) in the operator above results in

(%gxa _ %ZOQXTQ) id (X“g*lfzz - ngmzowu)
EN (%iQX“Qg - %zongmxﬂ) id (g* QX" 0¥y — X“QCQZO‘FU)
- (%xag _ %zmg*xm) id <§+X“‘I’21 - QX“CQZO‘YU> , 4.212)

where in the last equality we used that () belongs to SO(5) because ()Xo} = X and thus
leaves invariant the Lie algebra subspace generated by the orthogonal set of broken generators
QX0 = X¥ = ¢ () X* with ¢? are in general a function of the SO(5) transformation verify-
ing the orthogonality condition cglcgl = 4p. This is the action of the adjoint representation of
SO(5) in the Lie algebra of SU(5). Notice that the non T-invariance comes from the fact that X*
and ¢ are interchanged with respect to the original expression (4.211).

Consequently, the usual multiplicative split for the scalar fields parametrized in a non linear
sigma field is not valid in general. To understand why the multiplicative split fails, consider
the following scheme
¢ 2
T} Ir (4.213)

acta B asteta £ actErQ,

where the last equality only holds when [I1,1I,] = 0 and this is not the case. Then, since the

BFM and T-parity do not commute, we are forced to use the linear split for the scalar fields

1 2™ 11411, (4.214)

Again, as only a single scalar field propagates inside the loop, we Taylor-expand up to first
order in the quantum fluctuations of the scalar fields. This yields

a

¢ W < p gy (4.215)
where ggl) is the parametric derivative of ¢ with respect to the Goldstone fields [151]
. a¢ < 1 /i)"oIl"
¢l :fan“ :fn;ﬁ (f) g (4.216)

Since the generators X do not commute among themselves the derivative of any power of I1
with respect to the Goldstone fields can be written as

oIT"
amt?

= XTIV TIXIT" 2 + L+ TT2XPTT 4 111X (4.217)

The parametric derivative of ¢, C”(’l), can be expressed in closed form using the integral repre-
sentation [151, 152]

1
Cfy = f [ dee O ixeent (@218)
0
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Substituting eq. (4.215) and the linear split for the fermion field in £l

Yu
(b2) oz 0T s ot
’CYI; D —Ki]'f <T2i(?(11)f + ‘PliZOQfC”(Zl)Q> .Al/JR]' +h.c. (4.219)
we find the form of the new matrices T and T,
T = —xj (Tailfy) + T8 0) A, (4.220)
"= —xhA! (gg)%i + Qggl)nzow) , 4.221)

and the form of the new counterterm,

ﬁct

&= gy log Ay (Facly) + o] Q) id (8 ¥ + 02 0oty ). 4222)

In order to check whether the new operator is invariant under the SM group and T-parity,
one needs to obtain the transformation properties of the parametric derivative (’,”(11). To that

SO
end, one substitutes I'T ﬂ UTTU" and TT & —QIIQ in eq. (4.218),

SO(5 / /
¢y 00, cg (U) UC‘(H)U*, &ty L " () Qg 0. (4.223)

Thus, particularizing for a SM transformation U = U, and using the orthogonality property
of the coefficients ¢, the counterterm Lagrangian (4.149) is invariant under the SM group and
T-parity. '

Since the singlet xr lives in the third entry of the fermion multiplet ¥, to isolate its contri-
bution from the operator in eq. (4.222) one needs to select the third entry of the row and column
vectors I and I'. Using the expression for the broken generators in appendix A, the resulting
operators involving two Higgs doublets read

1 1 [/ . 17 a5\ (5
Ec.t. D) @ IOgAZKZ']'K;leZ |:(liL0'aH) la <H+0'allL> + E (liLO'aH) Za (H+0'ullL>] , (4.224)
in agreement with eq. (3.158). Using the EoM for the lepton fields, substituting one of the Higgs
doublets for their corresponding vev and the relation n,,, = v/2xf, one can recover the result
for the divergences in LFV in § 3.2.1 (reminding the identification 2/¢ « log A?),
2
vyt

1 — (M my
— log A’ Viht (TEPL + 7PR) 0, (4.225)

16
where we have diagonalized the Yukawa coupling x according to eq. (3.100) and the left-
handed leptons are rotated as in eq. (3.96). The factor of two comes from the sum of the two
different operators in eq. (4.224).

An important remark is that in the T-even case, that can be obtained straightforwardly from
the T-odd case through the substitution (3 — 1 in eq. (4.222), one obtains an operator similar
to that in eq. (4.224) but with the T-odd mirror leptons instead of the SM leptons. This explains
why in the T-even case the contributions of the singlet to LFV Higgs decays are finite on their
own.

13 Technically speaking this piece is only invariant under SM global transformations. The full counterterm would
include the rest of the interactions coming from the terms including N;, and Gy, in eq. (4.140) leading to the SM
gauge invariance.
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Finally, the operator in eq. (4.222) should be added to the original LHT Lagrangian with an
arbitrary constant in order to renormalize the corresponding divergence. This constant is thus
a free parameter that should be measured by the experiment. However, this is very unlikely
from the theoretical point of view because apart from being unable to predict the contribution
of the singlet to LFV Higgs decays in the T-odd scenario, there is no fundamental reason why
the constant should be small in order to reproduce the current measures.

4.3. Phenomenology of the NLHT

In this section we will study the parameter space and the particle spectrum of the NLHT
compatible with current EWPD and cosmology constraints paying special attention to the de-
cay channels and lifetime of the new T-odd scalars. We will restrict ourselves to a simplified
version of the model. This will lead to interesting correlations between the top quark and the
rest of the heavy quarks Yukawa couplings, constraining the interval of allowed values of the
NP scale f and fixing the value of the leptons Yukawa coupling.

4.3.1. Parameter space

Before constraining the parameter space of the model, some relations must be taken into
account. Let us focus first on the Yukawa couplings A; and A; in egs. (3.87). They are not
independent but related through the top quark mass m; ~ 173 GeV [153] in eq. (3.87). At
leading order in v one finds

1 1 ( v >2
= — . (4.226)

We will choose A; as the independent parameter. On the other hand, it is clear from eq. (3.89),
that the T-even top partner T, is heavier and we have to impose that its mass must remain
below the cutoff scale A. Otherwise it should be integrated out and would not be part of
the spectrum of the theory. The cutoff scale A is related to the Higgs quartic coupling A =
3(M;/v)? ~ 0.13, the Yukawa coupling A1 and the gauge couplings g ~ 0.641 and g’ ~ 0.344
through eq. (4.194), where ¢ = e/sw and g’ = e/cw with s3, = 1 — M3,/ M% and ¢* = 4na.
This condition constrains the value of A to be in the interval A; € [1.05,1.71] and equivalently
Ay € [1.22,3.10], as shown in fig. 4.4. Since the cutoff scale and the top quark-partner masses
are proportional to the NP scale f, fig. 4.4 also shows that A/ f € [1.49,2.32]. These values of
the cutoff are compatible with the perturbative limit A < 47 f. In addition, current EWPD con-
straints impose that vector-line quarks must be heavier than about 2 TeV [131, 132]. Therefore,
we will force the lighter top partner T_to have a mass My > 2 TeV, implying f ~ 900 GeV.

In the NLHT, T-parity is an exact discrete symmetry. This implies that the lightest T-odd
particle (LTP) of the spectrum is stable. To be a viable dark matter, the LTP must be electrically
neutral and have weak interactions. In this model, the potentially light and neutral T-odd
particles are the Ay gauge boson, the neutral leptons with masses proportional to the free
parameters x; and «; in eq. (4.84), the T-odd singlet 7 and the neutral component of the T-odd
real triplet @°. The neutral components of the original complex triplet ®, ¢° and ¢, do not play
a role here. They are always heavier than Ay since comparing egs. (4.40) and (4.203) one finds
that Mg,/ f = ¢'v/2/5 = 0217 and Mg/ f = v/2M, /v ~ 0.718. At leading order, the neutral
leptons share the same mass as the charged ones and the same happens with the neutral and
the charged components of the real triplet @. This rules them out. Therefore, the possible dark
matter candidates in our model are the scalar singlet 7 and the Ay gauge boson.

Let us briefly comment the scenario in which the singlet 77 is the dark matter candidate. As
we discussed in § 4.2.2, in the region of the parameter space where the traces T in eq. (4.196)
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FIGURE 4.5: Left: masses of the Higgs and the new T-odd scalars as a function of

Ty for a chosen value of A = 1.5. They are naturally light except for Ty close to its

minimum (T™®(A; = 1.5) =~ 0.90). Right: mass of the new T-odd singlet scalar
field 77 as a function of the allowed values of A1 € [1.05,1.71] when My = M.

satisfies the bound T, < 3g* ~ 0.211, the scalar singlet is lighter than the real triplet @& (see
eq. (4.206)). According to fig. 4.5, its mass is bounded from above to M; < 80 GeV, and since
My, 2 200 GeV for f 2 900 GeV, the singlet would be the LTP if the non SM leptons are
heavy enough. This opens a possible window to light scalar dark matter, as already suggested
in ref. [154], that in principle has room in the NLHT. However, vector dark matter candidates
are less constrained (see for instance [155]) and then we will work assuming the scenario where
Ap is the LTP. This will allow us to compare with previous works [103, 156, 157] in the context
of the original LHT. Then the new scalars must be heavier than the heavy photon Ay, which
also implies that the singlet is heavier than the triplet. For that reason necessarily T, > 0.227
in order to get scalar masses above 200 GeV due to the strictly increasing behaviour of the new
scalar masses with T as it is shown in fig. 4.5.
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4.3.2. A simplified model

It is well known that, in order to reproduce within the LHT the current dark matter relic
density Qh? = 0.120 & 0.001 [158], it is necessary the presence of co-annihilators if the LTP
has M4, 2 200 GeV since Ay cannot account by itself all the dark matter relic density. In
ref. [156], for instance, the T-odd leptons and quarks share masses and were taken nearly mass-
degenerate with the Ay gauge boson. However, according to the current constrains on the
vector-like quark masses already mentioned [131, 132], this assumption would lead to a very
heavy LTP. In contrast, the NLHT includes more leptonic degrees of freedom than the LHT due
to the requirements of gauge invariance and absence of quadratically divergent contributions
to the Higgs mass (see § 4.1).

Here we will analyze a simplified NLHT model in which all heavy lepton and quark Yukawa

couplings are diagonal and degenerate in flavour space, that is, x;; = &;; = x; for leptons
and x,; = ¥;; = x; for quarks, but they have different masses m,, = V2K f 2 My, and

Mgy = ﬁxq f. The chosen degeneracy implies that the traces appearing in the expression for
the masses of the new T-odd scalars in egs. (4.204) and (4.205) reduce to T, = 3} + 91{3. We
will consider that only the T-odd heavy leptons can act as co-annihilators.

One should keep in mind that the contribution of a co-annihilator to the dark matter relic
density is exponentially suppressed with the temperature as ~ e~*/To, where A is the mass
splitting between the dark matter candidate and the co-annihilator and Tz, ~ 20 — 30 GeV
is the freeze-out temperature [159]. To prevent that the scalars influence the relic density, we
safely impose a lower bound to the mass of the lighter T-odd real triplet Mg > My, + M,
using the fact that the scalar masses can take any value, adjusting Ty according to fig. (4.5).
This condition sets a minimum value for the traces Tf"g‘ depending on f, through M, ,, and
Aq.

Implementing this simplified version of our model in FeynRules [160], using micrOMEGAs
[161] to evaluate the relic density together with the relevant processes and finally running T3PS
[162] to scan the parameter space we obtain the plot in fig. 4.6. The main contributions to the
dark matter relic density come from the co-annihilation between T-odd leptons to pair-produce
SM gauge bosons W and Z. In the plot, the narrow orange band covers the region where the
relic abundance of Ay is compatible with 100% of the observed dark matter density. This can
be approximated by the expression

my, ~1.16My,,, (4.227)

for My, € [200,800] GeV. From the expressions of M, in eq. (4.40) and m,, = v/2xf, the
heavy lepton Yukawa coupling is then fixed to x; ~ 0.185 for f 2 900 GeV.

We have already set a lower bound to the lighter T-odd scalar mass, My > Ma,, + M;,.
Using naturalness arguments one can also expect upper bounds for the scalars. As previously
emphasized, the new scalar masses are proportional to the Higgs mass and are independent
of the NP scale f, so they should remain light. To be definite we impose the upper bound
M5 <1 which provides the maximum trace values T,/ for which M = 1 TeV given A; and
it is independent of the scale f. Imposing the condition T2 > T}g‘g‘ in the Ay — f plane yields
to the upper bound f < 3.1 TeV as shown in fig. 4.7. The lower bound that follows from
Mr > 2TeV is also depicted.

On the rest of heavy quarks, with masses proportional to x;, the condition that sets the
Ap as the LTP implies mg,, /f > Ma, /f, thatis x, > ¢'/+/5 ~ 0.16. footnoteThis condition

is not necessary for the top quark-partners. The lighter T has a mass My = fA,/+/2 with
Ay € [1.22,3.10] and is always heavier than Ap since A,/ V2 > /2/5¢'. However the current
bound on the heavy quark masses sets a limit x, > /2 TeV/ f, condition that is stronger for
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it would yield dark matter overabundance and the blue region is excluded be-
cause Ay would not be the LTP.

values of f < 3 TeV allowed by fig. 4.7. From this and the already constrained value of x; ~
0.185 we derive the restriction T, > T™M (f) = 0.0035 + 36 TeV*/ f*. Imposing the condition

K,qH

T > T,‘g‘;g (f) sets a lower bound for f and the definite allowed region in the A; — f plane of
fig. 4.7, which features a possible window for f between 2.0 and 3.1 TeV. The minimum for the

traces is actually given by TT (A4, f).

4.3.3. Particle spectrum and scalar decays

As a consequence of all the previous constraints, the Yukawa couplings of the heavy quarks
x; and the top quark coupling A; get strongly correlated as we show in fig. 4.8. This correla-
tion is nearly independent of f. This is because the maximum and minimum values of x; are
extremely close to each other due to the asymptotic behaviour of the new scalar masses with
Ty since they must be heavier than Ay with M, 2 450 GeV for f ~ 2 TeV and Tfé‘ﬁax does
not depend on f. However, not all the values of A; are available for every possible value of
f, except for f € [2.5,3.0], as can be seen in fig. 4.7 and is reflected in fig. 4.8. Comparing
figs. 4.4 and 4.8 one can explicitly check that heavy quarks are safely below the cutoff scale
because my,, / f = \@Kq < A/ f. Their common masses are in practice a function of A, ranging
between 0.8f and f.

Regarding the scalar masses, fig. 4.9 shows that they are constrained to the intervals M €
[600,800] GeV and M5 € [800,1000] GeV. These intervals only depend on f. The maximum
values are fixed by the condition M; < 1 TeV. The minimum values come from the condition
Mg > Mg, + M), depending on f. The allowed values for A for a given f are determined by
the conditions T2 (A1) > T™N (Ay, f) and o (M) > T&n (f). For completeness we show
below the mass ranges of the T-odd gauge bosons, the usual T-odd complex scalar triplet and
the heavy leptons for the allowed values of the scale f,

My, € [450,680] GeV, (4.228)
My, = My, € [1850,2750] GeV, (4.229)
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Mg € [1450,2150] GeV, (4.230)
my,, € [530,800] GeV. (4.231)

Our vector-like leptons decay to one standard lepton and a heavy photon, an exotic decay
that is not excluded in principle by current LHC searches within these mass ranges [163]. For
f = 2.7 GeV, the typical situation is shown in fig. 4.10, where we show the scalar fields on the
left-hand side, the gauge bosons on the middle and the fermions on the right-hand side. We
also show the cutoff scale for these particular values of f and A; for further comparison. In
the NLHT, as in the original LHT, the top quark-partners T+ with masses proportional to the
order one Yukawa couplings A; and A, are the heaviest particles. The rest of heavy T-even and
T-odd quarks are lighter, since their masses are proportional to the Yukawa coupling %, in our
simplified model, with x,; € [0.55,0.73]. Both types of quarks are heavier than 2 TeV to avoid
current EWPD constraints [131, 132]. Moving to the gauge bosons sector, the T-odd Wy and
Zpy are the the following heaviest particles after the top quark-partners. There is a gap of more
of 1 TeV with the neutral Ay gauge boson, being the LTP and our dark matter candidate. As
our model requires co-annihilations to reproduce the current dark matter relic density of the
universe, the heavy T-odd leptons, that share masses with the T-even ones, are a few tens of
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GeV heavier than the LTP. Finally, in the scalar sector, we have fixed the maximum mass of
the new T-odd scalars to 1 TeV using a naturalness argument. This implies that the usual LHT
complex triplet @ is the heaviest scalar with a mass 1 TeV above the singlet 7. This is followed
by the lighter triplet . The SM particles are lighter than the LTP, so the spectrum we show, for
comparison, just the heaviest ones: the top quark, the W* and Z gauge bosons and the Higgs.

Now that we have studied the full spectrum of the model, let us discuss the decay channels
of the new T-odd scalars @ and 7. At leading order they decay mostly into a left-handed SM
lepton and a right-handed T-odd mirror lepton preserving both T-parity and electric charge.
The couplings involved are independent of the Higgs vev because the SM left-handed leptons
are SU(2) doublets and so are their corresponding mirror versions with same hypercharge as
the SM leptons. The strength of the interaction is given by the Yukawa coupling «; in eq. (3.39)
fixed to x; =~ 0.185 and scale as

A1
59 U

Thus the quantum numbers of mirror and SM leptons are the appropriate to match those of a
triplet for @ and a singlet for 77. The decays to other leptons (with opposite T-parities) involve
couplings suppressed by powers of v/ f < 0.12 or are kinematically suppressed by the higher
masses, of at least m,,, 2 530 GeV in our simplified model. In addition, from egs. (3.26) and
(4.12), the charged components of the triplet &+ decay into a gauge boson Ay and a SM W+
while the neutral component @° can decay into an Ay and a Higgs boson. The singlet 77 can
decay similarly to the neutral component of the triplet but, being heavier, it can also decay to
the neutral component of the triplet and a Higgs boson. However those couplings are also
suppressed by powers of the Higgs vev. We have explicitly checked that these other channels
contribute less than a 3% to the total decay widths.

In fig. 4.11 we show the range of values of the triplet and the singlet decay widths normal-
ized to the Higgs boson width (I', ~ 4 MeV) for a couple of values of A;. The charged and
neutral components of the triplet have the same width at this order because the couplings to
the neutral component are a factor 1/+/2 smaller than those for the charged components but
for the neutral component one can exchange particles for antiparticles in the final state adding
a contribution that compensates the factor (1/+/2)? in the decay width. Note that the upper
bounds for the width of the triplet and singlet are of the same order. This is because the singlet
is heavier than the triplet but the couplings of the singlet to leptons are a factor /5 smaller

@t @~ (4.232)
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than those for the neutral component of the triplet. On the other hand, the lower bound of the
triplet decay width is much smaller. This suppression comes from the kinematic factor since
the lower bound for the triplet mass is only a few tens of GeV larger than the mass of the T-odd
mirror leptons. In any case their lifetimes are small, since in the worst case the triplet could live
twice more than the Higgs in the available parameter space.

Nevertheless, these new T-odd scalar particles would not be generated in a significant
amount at the LHC. They are produced by an electroweak interaction together with another
T-odd particle and the energy threshold for this process is very high considering the usual
spectrum in fig. 4.10.

4.4. Chapter summary

In this chapter we have built a new and gauge invariant Littlest Higgs model with T-parity
to cure the issues we found in the LHT at the end of Chapter 3. Compared to the original
model, the global symmetry group is enlarged with an extra [SU(2) x U(1)]? factor that gets
spontaneously broken to the diagonal [SU(2) x U(1)] by the vev of a new non-linear sigma field
that contains four scalars. This allows us to introduce fermion fields that only transform in this
additional non-linear representation without invoking again incomplete SO(5) multiplets that
would be incompatible with gauge invariance. The gauged subgroup is then contained in
the product of the two [SU(2) x U(1)]? factors, the one inside SU(5) and the extra one, hence
preserving the number of gauge boson fields.

Once the global and gauged groups were defined we have explored two different options
focusing in the leptonic sector since the extension to the quark sector is straightforward. In a
first attempt, the left-handed components of the mirror-partner leptons and the SM singlet x
were introduced in a representation that only transforms under the diagonal SU(2) x U(1) of
the external [SU(2) x U(l)]z, coupled to their right-handed counterparts through both the orig-
inal and the new non-linear sigma fields. Then we tried with a model based on the completion
of the SU(5) multiplets with new left-handed fields and the introduction of the additional right-
handed components in a representation of the aforementioned external SU(2) x U(1). The first
proposal, despite of being more economical in terms of fermion fields, had to be discarded be-
cause the global symmetry is explicitly broken in a way that the remaining symmetry is not
enough to protect the Higgs mass from dangerous quadratically divergent contributions, as
we proved by a diagrammatic calculation. It turns out that the quadratic contributions coming
from the seagull diagrams with the T-even x and the mirror-partner neutrinos do not cancel
among themselves. However, the model with complete SU(5) multiplets, that includes a new
T-odd singlet x_and a T-even doublet of mirror-partner leptons I, is viable because it prevents
all scalar fields from quadratic divergences: if the coupling giving masses to the extra fermion
fields is switched off, the usual Yukawa Lagrangian remains SU(5) invariant. In fact the Higgs
mass squared only presents an admissible logarithmic divergences proportional to x?k?, in-
volving the product of two different couplings giving masses to the non-standard fermions
hence respecting the collective symmetry breaking philosophy.

Next we have found the mass eigenfields that diagonalize the Lagrangian up to order v?/ f2
as well as the fermion masses and flavour mixing matrices parametrizing the misalignment of
the different Yukawa couplings (x, %, A) in the flavour space of several fermion families. This
NLHT model keeps one of the original sources of lepton flavour violation [54, 57, 102] (the mix-
ing matrix V in eq. (4.90)), eliminates those found in [61, 65] (now W = Z = 1) and introduces
an additional source (W) related to the new Yukawa coupling ¥ connecting the original to the
extra fermion sector.

In addition, we have considered the influence of the new fermion fields in LFV Higgs de-
cays. As we showed in § 3.2.1, the contribution of the T-even right-handed singlet x_ is finite



122 Chapter 4. The New and gauge invariant Littlest Higgs model with T-parity

by its own and the new model preserves this feature since its left-handed component does not
couple to the Higgs field. The contribution of the remaining fields, including the T-odd singlet
X_, is finite. This is because they enter in the loop through two insertions of their mixing term
with the original fields of the LHT model (see table 4.3), thus reducing the degree of divergence
of the topologies involved in the process.

In a next step, we derived a master formula from the BFM and classify the divergences into
quadratic and logarithmic. Using the master formula we calculate the Coleman-Weinberg po-
tential for the scalar fields generated by integrating out at one loop vector bosons and fermions,
including both heavy quarks and leptons. We have calculated the one-loop contributions to the
masses of the Higgs and the complex triplet of the original LHT model, as well as those of the
new scalars. In our model, the Higgs mass is still not sensitive to quadratic divergences com-
ing from the heavy lepton and heavy quark sectors. On the other hand, the relation between
the Higgs mass and the complex triplet mass remains the same. Besides, the Higgs quartic
coupling generated at leading order from the quadratically divergent terms of the potential
does not receive contributions from the new sector. The masses of the new physical scalars,
the T-odd singlet and real triplet, are found to be proportional to just the logarithm of the cut-
off scale A. The reason for this is because, having the same quantum numbers of the original
would-be Goldstone bosons of the LHT to be eaten after the SSB at the scale f, they mix with
them at leading order, hence inheriting part of the symmetry that protects the actual would-be
Goldstone bosons from the NLHT of developing a mass. Parametrically, apart from gauge cou-
plings, the new scalar masses depend on the Yukawa couplings A and A,, that provide masses
to the top quark and its corresponding T-even and T-odd partners, and the Yukawa couplings
k and ¥, giving gauge invariant masses to the rest of non standard heavy fermions (in principle
different for quarks and leptons).

We also employed the BFM to calculate the counterterm for LFV Higgs decays with a T-odd
X in the LHT integrating out the fermionic singlet and a scalar field. We found that the usual
multiplicative split of the Goldstone fields when they come parametrized in a non-linear sigma
field is not valid in our case since it does not commute with the discrete T-parity symmetry
leading to a T-parity non invariant counterterm. On the other hand, applying a linear split
we obtain a T-parity invariant counterterm. For that purpose we had to introduce the object
CE‘U obtained from ¢ taking the derivative with respect to the Goldstone fields. The form of
this counterterm and the straightforward extension to the T-even x case explains why in the
former we obtained a logarithmically divergent contribution to LFV Higgs decays and a finite
contribution to the latter. In the T-odd case we obtain two different dimension six operators
with two Higgs fields, a derivative and two SM leptons whose contributions do not cancel
after applying the equations of motion. On the other hand, in the T-even case one obtains a
similar operator but with the T-odd mirror leptons instead.

To conclude this chapter, we have studied the parameter space of the NLHT and the decay
channels of the new T-odd scalars. As in the original LHT, the top quark Yukawa coupling A; is
a function of A; given the top quark mass. The condition that the heavier top quark-partner is
below the cutoff scale A constrains the value of A4 to the interval [1.05,1.71]. The experimental
lower bound on vector-like quark masses above 2 TeV [131, 132] pushes the allowed value of
f 2900 GeV.

Since T-parity is exact, the LTP is stable. To have a viable dark matter candidate, the LTP
must be electrically neutral. The NLHT contains two potential candidates, the singlet 77 and the
usual heavy photon Ap. Although there is enough space to explore the singlet as a light dark
matter component (with M < 80 GeV), we have chosen it to be the heavy photon in order to
compare with previous works [103, 156, 157]. The aforementioned lower bound to f implies
that the LTP has My, 2 200 GeV and Mg < Mﬁ. On the other hand, the scalar masses do not
depend on the high energy scale f and thus they must remain light by naturalness arguments.
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Therefore, to be conservative, we impose an upper bound of 1 TeV to the mass of the singlet.

In order to reproduce the current relic density with heavy photons, the presence of co-
annihilators is necessary unless the LTP is lighter than the lower bound set above [156]. To
put vector-like quarks beyond current bounds and at the same time provide a not so heavy
dark matter candidate yielding the right relic abundance, we have adopted a simplified NLHT
model with degenerate and flavour-diagonal couplings ¥ = &, different for leptons (x;) and
quarks (i), such that the corresponding heavy masses are mj,, = V2xf 2 My, and m,, =
\/EKq f 2 2 TeV, respectively. We also require that only T-odd leptons act as co-annihilators by
taking the scalar masses above the limit Mgz > My, + Mj,.

As a consequence of all these constraints, the allowed high energy scale f lies approximately
in the interval f € [2,3] TeV, the common Yukawa coupling of the heavy quarks gets strongly
correlated to the top Yukawa coupling A1 and, demanding that all dark matter of the universe
is made of the NLHT heavy photons, the Yukawa coupling for all heavy leptons is fixed to
k1 ~ 0.185. A typical spectrum of this scenario is displayed in fig. 4.10.

Finally we studied the dominant decay channels of the new scalar particles. We found that
@ and 7] decay mostly into a T-odd mirror lepton and a SM lepton with the proper quantum
numbers. Other channels are negligible because the involve couplings that suffer from sup-
pressions by powers v/ f < 0.12. They decay very fast; the (lighter) triplet & could live at most
two times longer than the Higgs boson. In any case, these new scalars are heavier than about
600 GeV and would be generated by an electroweak interaction together with another heavy
T-odd particle at the LHC, so not very sizeable production rates are expected.
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Chapter 5

Conclusions

In this Chapter we summarize the main conclusions of the Thesis.

¢ In Chapter 1 we motivated that, in spite of the success of the SM unveiling the nature of
matter and its interactions, it should be regarded as an effective field theory valid up to
some unknown high energy scale Agys. This is because there are still open questions that
it cannot address such as the Hierarchy problem. In the SM the Higgs boson mass squared
is not protected by any symmetry and thus receives quadratically divergent contributions
from arbitrarily high energy scales. As a consequence, quantum corrections pushes the
Higgs mass to Agy. Thus, an UV theory that extends the SM with an elementary Higgs
must provide a contribution to the Higgs mass squared of approximate the same size to
compensate for the SM contribution and keep the Higgs light. This is very unnatural,
because the EW scale should be blind to effects of very high energy scales.

Composite Higgs models and, in particular, Little Higgs models offer an elegant and well
motivated solution to the Hierarchy problem at the TeV scale. Based on the well known
example of the chiral symmetry of QCD, these models postulate a confining strong inter-
acting sector with a global symmetry G. This gets spontaneously broken by the vacuum
to a subgroup H at the scale f ~ 1 TeV. The Higgs boson is thus one of the Goldstone
bosons associated to this spontaneous breaking. In addition to the Higgs, new particles
with typical masses of size f arise as a consequence of the enlarged global group.

¢ In Chapter 2 we introduced the mathematical formalism that allows to realize the Higgs
as the Goldstone boson of the spontaneous breaking of a global symmetry G to a contin-
uous subgroup H: the CCWZ formalism. In the Composite Higgs scenario it is assumed
that the electroweak symmetry group Ggw = SU(2); x U(1)y is embedded in H. The
Goldstone bosons are massless as far as the global symmetry is exact. But in Nature the
Higgs boson is massive and must take a vev to trigger the spontaneous breaking of the
SM down to the electromagnetic group. To generate a mass and a physical vev for the
Higgs at the one loop-level we further explained the idea of vacuum misalignment: the
global symmetry is broken by gauge and Yukawa interactions and thus the Higgs ceases
to be an exact Goldstone boson becoming a pseudo-Goldstone boson. Its mass is propor-
tional to the sources of breaking of the global symmetry times the cutoff scale A ~ 47 f
and suppressed by a loop factor. As a consequence, in these models the Higgs mass is
typically of size m;, ~ c¢f withc < 1 and f ~ 1 TeV to reproduce the observed value
my, ~ 125 GeV.

However, none of the new heavy resonances with masses proportional to f has been
observed so far. This fact pushes the scale f to the multi-TeV regime increasing the fine-
tuning among the parameters of the theory to ensure ¢ < 1. For that reason, in Little
Higgs models quadratically divergent contributions to the Higgs mass proportional to
the cutoff scale are forbidden which leads us to the notion of collective symmetry break-
ing. Gauge and Yukawa interactions break the global symmetry in such a way that when
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a single gauge or Yukawa coupling is non vanishing there still remains an exact subgroup
of the global symmetry acting non linearly on the Higgs. This ensures the Goldstone na-
ture of the Higgs and a mass term is not generated. However, when all gauge or Yukawa
couplings are non vanishing, all the global symmetries that protect the Higgs are broken.
As a consequence, the Higgs develops a mass that is proportional to the product of all
gauge and Yukawa couplings which is, at most, logarithmically sensitive to the cutoff
scale. This mechanism introduces a plethora of new particles responsible of the cancella-
tion of quadratic divergences. To suppress their contribution to observables that are con-
strained by current precision measurements, a new Z, symmetry, T-parity, is introduced
under which the SM particles are T-even and most of the new particles are T-odd. As
a result the leading order contributions of these new particles are one-loop suppressed,
relaxing all the constraints.

Finally we built a toy model based on the global product group SU(3); x SU(3), —
SU(3)y in which all the previous features are implemented. This spontaneous breaking
leads to 8 Goldstone bosons. The gauge group is [SU(2) x U(1)]? that gets spontaneously
broken to [SU(2) x U(1)],,. However, it turns out that extra U(1) factors are required to
accommodate the hypercharge of all fermions. With this explicit example we showed that
with a global SU(3) global factor protecting the Higgs when a single gauge or Yukawa
coupling is non-vanishing is sufficient. We explicitly checked that the Higgs mass does
not develop a quadratic sensitivity to the cutoff scale as a result of the collective symmetry
breaking mechanism, but just receives logarithmically divergent contributions propor-
tional to the top quark sector Yukawa couplings and gauge couplings. We also showed
that the implementation of T-parity at least doubles the fermion spectrum with respect
to the model without T-parity. In particular, the T-odd partners of the SM fermions, the
so called mirror fermions, need to be heavy. For that purpose, one introduces a com-
plete right-handed SU(3)y multiplet that includes the right-handed components of the
mirror fermions and an extra singlet, that can be either T-even or T-odd. They couple to
the left-handed mirror fermions through a new Yukawa Lagrangian tailored to provide
the mirror fermions with masses of order x f, respecting the collective symmetry break-
ing. For the singlet, one introduces its left-handed counterparts in an incomplete SU(3)y
multiplet to provide it with a vector-like mass M, without coupling to the Higgs. As a
consequence, with respect to the case without T-parity, the Higgs mass squared receives
extra logarithmically divergent contributions proportional to the Yukawa coupling of the
mirror fermions and the mass of the singlet.

In Chapter 3 we focus on a particular Little Higgs model: the Littlest Higgs model with
T-parity. This is based on the coset SU(5) — SO(5) giving rise to 14 Goldstone bosons:
the Higgs doublet, a complex triplet, a real triplet and a singlet. This is the minimal setup
that implements all the previous requirements using a global simple group. The gauge
group is [SU(2) x U(1)]* that gets spontaneously broken to SU(2) x U(1), that needs to
be enlarged by two extra U(1) factors to accommodate all the hypercharges. Within this
framework we are particularly interested in the contributions of the new exotic leptons to
flavour changing observables. Among these new leptons, one finds a doublet of mirror
leptons, an extra doublet of mirror-partner leptons and a singlet. Their right-handed
components share a complete SO(5) quintuplet while the left-handed components of the
singlet and the mirror leptons live in different incomplete SO(5) quintuplets. Under T-
parity, the mirror and mirror partner leptons are T-odd while the singlet can be either
T-even or T-odd.

Within this framework we studied lepton flavour violating Higgs decays. First we re-
viewed that, contrary to other previous calculations, the contributions of mirror and



Chapter 5. Conclusions 127

mirror-partner leptons add up to yield a finite result. Motivated by this result we also
computed the contributions of the lepton singlet to this process. In the T-even scenario,
the singlet mixes with the SM neutrino at order v. On the other hand, the fields that
run in the loops are the SM fields and the singlet. They have the appropriate quan-
tum numbers to generate order 1 contributions to this process. As a consequence, one
has to consistently diagonalize the singlet-neutrino mass matrix up to order v/ fz. Af-
ter the diagonalization, the contributions of the neutrino and singlet mass eigenstates
are finite and decouple. In the T-odd scenario, the singlet couples at order v with the
mirror neutrinos. However, since all the fields inside the loop are T-odd, they do not
have the quantum numbers to generate order 1 contributions and a diagonalization of
the corresponding singlet-mirror neutrino mass matrix is not necessary at the order we
work. Finally, the contributions of the T-odd singlet are UV divergent. We found the SM
symmetric operators that contribute to this divergence and it turns out that there is no
available counterterm in the model.

Later on, we studied neutrino mass generation. For that purpose we provided a small
Majorana mass y to the left-handed component of the singlet. The tree-level integration
of this quasi-Dirac singlet provides neutrino masses of size yv?/ M2, with M,, the Dirac
mass of the singlet, via the inverse seesaw mechanism. Neutrino masses vanish in the
limit of large singlet mass. However, in the T-odd scenario, the one-loop integration of
the singlet provides neutrino masses of size yv?/ f? that do not vanish in the limit of large
singlet mass. Finally, in the T-even scenario we also computed the contributions of the
singlet to u — e7y. Considering that the singlet accounts for all the observed deviation
with respect to the SM prediction together with the non observation of mirror leptons
constrains the region my,-m, providing an upper bound for the mirror lepton masses.
Although flavour conserving, we also studied the contribution of the singlet to the muon
anomalous magnetic moment. This turns out to be small to explain a significant departure
from the SM prediction.

Motivated by the anomalous behaviour of the singlet in the T-odd scenario, we showed
that the LHT is, in general, non gauge invariant. This is because given a transformation of
the gauge group [SU(2) x U(1)]? € SU(5), the associated SO(5) transformation involves
all the SO(5) generators and not only those of its SU(2) x U(1) subgroup. This has several
consequences. First of all, one has to disregard the T-odd option for the singlet because
the Yukawa Lagrangian that provides masses to the mirror fermions depends on () which
does not commute with all the SO(5) generators. Secondly, the SO(5) quintuplets must
be complete because the SO(5) generators mix all their components. Consequently, the
mirror-partner fermions and the singlet cannot be avoided in any case. Finally, for the
same reason, the usual mass terms of the singlet and the mirror-partner fermions are not
compatible with gauge invariance since one cannot isolate a member of a SO(5) quintu-
plet to provide it a mass. Thus a mechanism to provide them a heavy vector-like mass
compatible with gauge invariance is required.

e In Chapter 4, we explicitly built the Lagrangian of a new and gauge invariant LHT
(NLHT) that addresses all the afflictions we encountered in the LHT. For that purpose
the global symmetry group SU(5) is enlarged minimally with an extra [SU(2) x U(1)]?
factor that gets spontaneously broken to the diagonal SU(2) x U(1) by the vev of a new
non linear sigma field with four extra scalars. This allows to introduce fermion fields that
only transform in this additional non linear representation without invoking again SO(5)
multiplets that would need to be completed by gauge invariance. The gauge group is

now contained in the product of the two [SU(2) x U(1)]?, the one inside SU(5) and the
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extra one, still preserving the number of gauge bosons. Under the gauge group the extra
scalar fields decompose into a real triplet and singlet, & and 7], respectively.

In the fermion sector to provide a mass to the T-odd mirror-partner fermions and the
T-even singlet, we proposed to complete the left-handed SU(5) multiplets and introduce
the additional right-handed components in a representation that only transforms under
the external SU(2) x U(1). As a consequence, our model includes T-even and T-odd
singlets and doublets of mirror-partner fermions in the lepton and quark sectors. This
construction prevents all the scalar fields from quadratic divergences coming from the
heavy fermion sector. In fact the Higgs mass squared only presents an admissible loga-
rithmic divergence proportional to k2% involving the Yukawa couplings giving masses to
the non-standard fermions (in principle different for quarks and leptons). We also found
the fermion masses and flavour mixing matrices parametrizing the misalignment of the
Yukawa couplings (x, ¥ and A) in the flavour space of several fermion families. This new
version of the LHT keeps one of the original sources of lepton flavour violation [54, 57,
102] (the mixing matrix V in egs. (3.115) and (3.116)), eliminates those found in [61, 65]
(now W = Z = 1) and introduces an additional source (W) related to the new Yukawa
coupling ¥ connecting the original to the extra fermion sector. We also considered the con-
tributions of the new fermion fields in LFV Higgs decays that turn to be finite by power
counting.

Later we applied the background field method (BFM) to calculate the Coleman-Weinberg
potential for the scalar fields and also the counterterm for LFV Higgs decays in the LHT
with a T-odd singlet. In our model, the Higgs mass is not sensitive to quadratic diver-
gences. Parametrically it depends on the gauge couplings ¢ and ¢/, the top quark sec-
tor Yukawa couplings A1 and A; and the Yukawa couplings x and k. The mass of the
complex triplet and the Higgs quartic coupling are insensitive to the new heavy fermion
sector, depending on Aq and g, ¢’. They come from the quadratic divergent part of the
Coleman-Weinberg potential and thus the triplet is naturally heavier than the Higgs, with
a mass of order f. On the other hand, the masses of the new scalar fields are found to be
proportional to just the logarithm of the cutoff. This is because the new scalar fields and
the would-be Goldstone bosons share the same quantum numbers, hence inheriting part
of their symmetry. Consequently their masses are proportional to the Higgs mass and
naturally light, depending on the same parameters as the Higgs mass.

With respect to the counterterm for LFV Higgs decays in the LHT in the T-odd singlet
scenario, we found that the usual multiplicative split of the Goldstone bosons when they
come parametrized in a non linear sigma field is not compatible with T-parity. Hence we
were forced to apply a linear split also for the scalar fields introducing the parametric
derivative of the field ¢, g"f‘(’l), with respect to the Goldstone fields. From the counterterm
we reproduced the result we found in Chapter 3 for the operators that contribute to the
UV divergence. We extended the same methodology to also study the T-even singlet case.
We found that the counterterm contains similar operators to those of the T-odd case but
with the mirror leptons instead of the SM leptons. This justifies why in the T-even case
the contributions of the singlet are finite on their own.

In the last part we studied whether the new model is viable. First, by self-consistency of
the model, we impose that no mass exceeds the cutoff scale. Later, to simplify the flavour
structure of the model, we further assume mass degenerate heavy leptons and heavy
quarks with masses proportional to just two parameters: x; and ;. Finally, applying
current lower bounds on vector-like quarks, m; > 2 TeV, and imposing that the usual
heavy photon with the heavy T-odd leptons as co-annihilators reproduces the current
dark matter relic density, we find that f gets constrained within the interval between
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2 and 3 TeV, the Yukawa coupling of heavy leptons gets fixed to x; ~ 0.185 and the
Yukawa coupling of heavy quarks x,; becomes greatly correlated to the top quark Yukawa
couplings A1, Ay. The particle spectrum is then bounded from below and above, with the
heavy photon at about 0.5 TeV (the lightest T-odd state), not far from the heavy leptons,
the new scalars below 1 TeV, the usual complex scalar triplet close to the heavy weak
bosons at about 1.5 to 2.5 TeV, and the heavy quarks and top quark partners between 2
and 5 TeV.

Finally we studied the dominant decay channels of the new scalar particles. We found
that & and 7 decay mostly into a T-odd mirror lepton and a SM lepton with the proper
quantum numbers. They decay very fast; the (lighter) triplet @ could live at most two
times longer than the Higgs boson. In any case, these new scalars are heavier than about
600 GeV and would be generated by and electroweak interaction together with another
heavy T-odd particle at the LHC, so not very sizeable production rates are expected.






131

Capitulo 6

Conclusiones

En este capitulo recopilamos las principales conclusiones de esta Tesis.

* En el Capitulo 1 motivamos que, a pesar del éxito del Modelo Estandar (ME) desvelando
la naturaleza de la materia y sus interacciones, éste debe ser entendido como una teo-
ria efectiva que es s6lo valida hasta una desconocida y alta escala de energia Agys. Esto
es debido a que atn existen cuestiones que no puede explicar, como el Problema de las
jerarquias. En el ME la masa al cuadrado del Higgs no esta protegida por ninguna sime-
tria y por ello recibe contribuciones cuadraticamente divergentes a su masa de escalas
de energia arbitrariamente altas. Como consecuencia, las correcciones cudnticas tienden
a impulsar la masa del Higgs hacia Agy. Esto implica que una teoria ultravioleta que ex-
tienda al ME con un Higgs elemental debe producir contribuciones a la masa al cuadrado
del Higgs de aproximadamente la misma magnitud para compensar la contribucién del
ME y mantener al Higgs ligero. Esto es muy antinatural, porque la escala electrodébil
deberia ser insensible a lo que ocurra a muy altas escalas de energia.

Los modelos de Higgs compuesto, y en particular los modelos de “Little Higgs”, ofrecen
una solucién elegante y bien motivada al problema de las Jerarquias a la escala del TeV.
Basados en el conocido ejemplo de la Cromodindmica Cudntica quiral, en estos modelos
se postula la existencia de un sector fuertemente interactuante con una simetria global
G. Esta es rota espontdneamente por el vacio a un subgrupo H a la escala f ~ 1 TeV. El
bosén de Higgs es uno de los bosones de Goldstone asociados a esta ruptura espontanea.
Ademas del Higgs, aparecen nuevas particulas de masa f como consecuencia del grupo
de simetrias extendido.

* En el Capitulo 2 se introduce el formalismo matemdtico que permite realizar al bosén
de Higgs como el bosén de Goldstone asociado a la ruptura espontdnea de una simetria
global G a uno de sus continuos subgrupos H: el formalismo de CCWZ. En el escenario
de un Higgs compuesto se asume que el grupo de simetrias electrodébil Ggyw = SU(2)1 x
U(1)y estd embebido en H. Los bosones de Goldstone no tiene masa mientras la simetria
global sea exacta. Pero en la Naturaleza el bosén de Higgs es masivo y debe tomar un
vev para producir la ruptura espontdnea del ME al electromagnetismo. Para generar una
masa y un vev fisico para el Higgs a un loop explicamos la idea del desalineamiento del
vacio: la simetria global es rota por las interacciones gauge y de Yukawa haciendo que el
Higgs deje de ser un bosén de Goldstone exacto para convertirse en un pseudo bosén de
Goldstone. Su masa es proporcional a las fuentes de ruptura de la simetria global y a la
escala de cutoff A ~ 47f y estd suprimida por un factor de loop. Como consecuencia, en
estos modelos la masa del Higgs tiene un tamafio tipicode m, ~ cf conc < 1y f ~ 1 TeV
para reproducir el valor observado de m; ~ 125 GeV.

Sin embargo, ninguna de las nuevas resonancias con masas proporcionales a f han sido
observadas atin. Este hecho impulsa la escala f al régimen del multi-TeV, incrementando
el ajuste fino entre los pardmetros de la teorfa para asegurar que ¢ < 1. Por esta razén, en
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los modelos de “Little Higgs” las contribuciones cuadrdticamente divergentes proporcio-
nales al cutoff a la masa del Higgs estdn prohibidas. Esto nos lleva a la nocién de ruptura
colectiva de la simetria. Las interacciones gauge y de Yukawa rompen la simetria glo-
bal de tal manera que cuando sélo un acoplamiento gauge o Yukawa es distinto de cero
existe un subgrupo de la simetria global exacto que acttia no linealmente sobre el Higgs.
Esto asegura el cardcter de bosén de Goldstone del Higgs y no se genera un término de
masas. Sin embargo, cuando todos los acoplamientos gauge o Yukawa son distintos de
cero, todas las simetrias globales que protegen al Higgs estan rotas. Como consecuencia,
el Higgs desarrolla una masa proporcional al producto de todos los acoplamientos gauge
y Yukawa que es, a lo sumo, logaritmicamente sensible al cutoff. Este mecanismo intro-
duce una plétora de nuevas particulas que son las responsables de la cancelacién de las
divergencias cuadraticamente divergentes. Para suprimir la contribucién de estas nuevas
particulas a observables que estdn constrefiidos por las actuales medidas de precisién, se
introduce una nueva simetria discreta, la T-paridad, ante la cual las particulas del ME son
pares y muchas de las nuevas particulas son impares. Como resultado las contribuciones
de estas particulas estdn suprimidas por un factor de loop, relajando todas las restriccio-
nes.

Finalmente construimos un “toy model” basado en el grupo global producto SU(3); X
SU(3), — SU(3)y en el que se implementan todas las propiedades ya mencionadas. Esta
ruptura espontdnea produce 8 bosones de Goldstone. El grupo gauge es [SU(2) x U(1))?
que se rompe espontdneamente a [SU(2) x U(1)],.. Sin embargo, se necesitan factores
U(1) extra para acomodar las hipercargas de todos los fermiones. Con este ejemplo ex-
plicito mostramos que es suficiente que un factor global SU(3) proteja al Higgs cuando
s6lamente un acoplamiento gauge o Yukawa es distinto de cero. Hemos comprobado ex-
plicitamente que la masa del Higgs no desarrolla una sensibilidad cuadratica al cutoff
como resultado de la ruptura colectiva de la simetria sino que s6lamente recibe contri-
buciones logaritmicamente divergentes proporcionales a los acoplamientos Yukawa del
sector del quark top y a los acoplamientos gauge. También hemos mostrado que la im-
plementacion de la T-paridad al menos dobla el espectro de fermiones con respecto al
modelo sin T-paridad. En particular, los compafieros impares de los fermiones del ME,
los “mirror fermions”, deben ser pesados. Por ello se introduce un multiplete completo
de SU(3)y de quiralidad derecha que incluye las componentes derecha de los “mirror
fermions” y un singlete extra, que puede ser tanto par como impar bajo T-paridad. Estos
se acoplan a los “mirror fermions” de quiralidad izquierda a través de un nuevo Lagran-
giano de Yukawa que se construye para dotar de una masa «f a los “mirror fermions”,
respetando la ruptura colectiva de la simetria. Para dotar de una masa M, al singlete,
sin nuevos acoplamientos con el Higgs, se introducen sus componentes de quiralidad iz-
quierda en un multiplete incompleto de SU(3)y. Como consecuencia, con respecto al caso
sin T-paridad, la masa al cuadrado del Higgs recibe nuevas contribuciones logaritmica-
mente divergentes proporcionales al acoplamiento de Yukawa de los “mirror fermions”
y a la masa del singlete.

En el Capitulo 3 nos centramos en un modelo de “Little Higgs” concreto: el modelo de
“Littlest Higgs” con T-paridad (LHT). Este esta basado en el coset SU(5) — SO(5) dando
lugar a 14 bosones de Goldstone: el doblete de Higgs, un triplete complejo, un triple-
te real y un singlete. Esta es la forma minima de implementar todos los requerimientos
mencionados anteriormente usando un grupo global de simetria simple. El grupo gauge
es [SU(2) x U(1)]* que es roto espontdneamente a SU(2) x U(1). El grupo gauge debe
ser extendido con dos grupos U(1) extra para acomodar todas las hipercargas. En este
marco tedrico estamos particularmente interesados en las contribuciones de los leptones
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exoticos a observables con cambio de sabor. Entre estos nuevos leptones podemos en-
contrar un doblete de “mirror leptons”, un doblete extra de “mirror partner fermions”
y un singlete. Sus componentes de quiralidad derecha comparten un multiplete comple-
to de SO(5) mientras que las componentes de quiralidad izquierda del singlete y de los
“mirror-partner leptons” viven en diferentes multipletes incompletos de SO(5). Bajo T-
paridad, los ‘mirror leptons” y los “mirror-partner leptons” son impares mientras que el
singlete puede ser tanto par como impar.

En este marco teérico hemos estudiado decaimientos del Higgs con violacion de sabor
lepténico. Primero hemos probado revisado que, contrariamente a otros célculos previos,
las contribuciones de los “mirror leptons” y “mirror-partner leptons” se suman para dar
un resultado finito. Motivados por este resultado, hemos calculado las contribuciones del
singlete fermidnico a este proceso. En el escenario de un singlete par, éste se mezcla a
orden v con el neutrino del ME. Por otro lado, los campos que recorren el loop son los
campos del ME y el singlete. Estos campos tienen los nimeros cudnticos apropiados para
generar contribuciones orden 1 a este proceso. Como consecuencia, hay que diagonalizar
consistentemente la matriz de masas singlete-neutrino hasta orden v?/ f2. Tras la diago-
nalizacion, las contribuciones de los autoestados de masa del neutrino y del singlete son
finitas y desacoplan. En el escenario de un singlete impar, éste se acopla a orden v con
los “mirror neutrinos”. Sin embargo, como todos los campos en el loop son impares bajo
T-paridad, estos no tienen los ntimeros cudnticos para generar contribuciones orden 1y
la diagonalizacién de la matriz de masas no es necesaria al orden en que trabajamos. Fi-
nalmente, las contribuciones del singlete impar son divergentes en el ultravioleta. Hemos
obtenido los operadores simétricos bajo el ME que contribuyen a esta divergencia y no
hay disponible un contratérmino en el modelo.

También hemos estudiado un mecanismo para dotar de masa a los neutrinos. Para ello
hemos introducido una pequefia masa de Majorana p a las componentes de quiralidad
izquierda del singlete. La integracion a nivel drbol de este “quasi-Dirac singlet” propor-
ciona una masa a los neutrinos de magnitud pv*/M?2, con M, la masa de Dirac del sin-
glete, via el mecanismo de “inverse seesaw”. Las masas de los neutrinos se anulan en el
limite en el que el singlete es pesado. Sin embargo, en el caso en que el singlete es impar
bajo T-paridad, su integracién a un loop proporciona una masa a los neutrinos de tamafio
1v?/ f2 que no se anula en el limite en que el singlete es pesado. Finalmente, en el escena-
rio en el que el singlete es par también hemos calculado las contribuciones de este singlete
a u — ey. Considerando que el singlete da cuenta de toda la desviacién con respecto a la
predicciéon del ME junto con la no observacién de los “mirror leptons” restringe la region
my,-m, dando una cota superior a las masas de los “mirror leptons”. Atn conservando
el sabor, también hemos estudiado las contribuciones del singlete al momento magnético
anémalo del muén. Estas son pequefias como para explicar una desviacién significativa
con respecto a la prediccion del ME.

Motivados por el comportamiento anémalo del singlete en el escenario en que éste es im-
par bajo T-paridad, hemos probado que el LHT, en general, no es invariante gauge. Esto
es porque dada una transformacién del grupo gauge [SU(2) x U(1)]* € SU(5), la trans-
formacién de SO(5) asociada involucra a todos los generadores de SO(5) y no solamente
aquellos de su subgrupo SU(2) x U(1). Esto tiene importantes consecuencias. Primero,
hay que descartar la opcién impar para el singlete porque el Lagrangiano de Yukawa que
da masa a los “mirror fermions” depende de () que no conmuta con todos los generado-
res de SO(5). Segundo, los quintupletes de SO(5) tienen que estar completos porque los
generadores de SO(5) mezclan todas sus componentes. Consecuentemente, los “mirror-
partner fermions” y el singlete deben estar incluidos en cualquier caso. Finalmente, por la
misma razoén, el término de masas usual del singlete y de los “mirror-partner fermions”
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no es compatible con la simetria gauge ya que no se puede aislar un miembro de un quin-
tuplete de SO(5) para dotarle de masa. Como consecuencia, se requiere un mecanismo
para proveerlos de una masa “vector-like” compatible con la invariancia gauge.

En el Capitulo 4 construimos explicitamente el Lagrangiano de un nuevo “Littlest Higgs
model” invariante gauge (NLHT) que cura las patologias que encontramos en el LHT.
Para ello el grupo de simetria global SU(5) es extendido minimamente con un factor extra
[SU(2) x U(1)]* que es espontaneamente roto a su subgrupo diagonal SU(2) x U(1) por
el vev de un nueva campo sigma no lineal con cuatro escalares extra. Esto permite intro-
ducir campos fermiénicos que solamente transformen en esta representacién adicional no
lineal sin usar de nuevo multipletes de SO(5) que deben estar completos por invariancia
gauge. El grupo gauge estd ahora contenido en el producto de los dos [SU(2) x U(1)]?, el
que estd en SU(D) y el factor externo, preservando el niimero de bosones de gauge. An-
te el grupo gauge los nuevos campos escalares se descomponen en un triplete real y un
singlete, @ and 7], respectivamente.

En el sector fermiénico, para dotar de masa a los “mirror-partner fermions” y al single-
te, proponemos completar los multipletes de quiralidad izquierda de SU(5) e introducir
las componentes de quiralidad derecha adicionales en una representacion que solamente
transforma bajo el SU(2) x U(1) externo. Como consecuencia, nuestro modelo incluye
dos singletes y dos dobletes de “mirror-partner fermions”, siendo uno de ellos par y el
otro impar, tanto en el sector de quarks como de leptones. Esta construccién previene a
todos los campos escalares de recibir correcciones cuadrdticamente divergentes prove-
nientes del sector de fermiones pesados. De hecho la masa del Higgs al cuadrado sélo
presenta una divergencia logaritmica admisible proporcional a x*x* que involucra a los
acoplamientos de Yukawa que dan masa a los fermiones no estandar (en principio dife-
rentes para quark y leptones). También hemos encontrado las matrices de masa de los
fermiones y las matrices de mezcla de sabor que parametrizan el desalineamiento de los
acoplamientos Yukawa (k, ¥ y A) en el espacio de sabor de varias familias de fermiones.
Esta nueva version del LHT mantiene una de las fuentes originales de violacion de sabor
lepténico [54, 57, 102] (la matriz de mixing V en las ecs. (3.115) y (3.116)), elimina las en-
contradas en [61, 65] (ahora W = Z = 1) e introduce una fuente adicional (W) relacionada
con el nuevo acoplamiento de Yukawa & conectando el sector de fermiones originales con
el nuevo sector. También hemos discutido las contribuciones de los nuevos fermiones a
desintegraciones del Higgs con cambio de sabor lepténico que resultan ser finitas.

Luego hemos aplicado el “background field method” (BFM) para calcular el potencial de
Coleman-Weinberg para los campos escalares asi como el contratérmino para decaimien-
tos del Higgs con violacién de sabor con un singlete impar. En nuestro modelo, la masa
del Higgs no es sensible a divergencias cuadraticas. Paramétricamente ésta depende de
los acoplamientos gauge ¢ and ¢’, de los acoplamientos de Yukawa del sector del quark
top A1y A2 y de los acoplamientos de Yukawa « y k. La masa del triplete complejo y el aco-
plamiento cudrtico del Higgs son insensibles al nuevo sector de fermiones, dependiendo
de A1y g, §'. Ambos pardmetros provienen de la parte cuadraticamente divergente del
potencial de Coleman-Weinberg por lo que el triplete es naturalmente mas pesado que el
Higgs, con una masa de orden f. Por otro lado, las masas de los nuevos campos escalares
son proporcionales al logaritmo de la escala A. Esto es porque los nuevos campos escala-
res y los “would-be Goldstone bosons” comparten los mismos ntimeros cuanticos y por
ello heredan parte de su simetria. Consecuentemente sus masas son proporcionales a la
masa del Higgs y son naturalmente ligeros, dependiendo de los mismos parametros que
la masa del Higgs.
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Con respecto al contratérmino para decaimientos del Higgs a leptones de distinto sabor
en el caso del singlete impar, encontramos que la expansién multiplicativa para los boso-
nes de Goldstone que usualmente se lleva a cabo cuando estos vienen parametrizados en
un campo sigma no lineal no es compatible con la T-paridad. Esto nos fuerza a usar una
expansion aditiva también para los campos escalares para lo cual tuvimos que introducir
la derivada paramétrica del campo ¢, Q"(’l), con respecto a los campos de Goldstone. Del
contratérmino hemos reproducido el resultado que encontramos en el Capitulo 3 para
los operadores que contribuyen a la divergencia ultravioleta. También extendimos esta
misma metodologia par estudiar el caso en que el singlete es par. En este caso el con-
tratérmino contiene operadores similares al caso impar pero con los “mirror leptons” en
lugar de con los leptones del ME. Esto justifica porqué en el caso del singlete par sus
contribuciones son finitas.

En la dltima parte hemos estudiado si el nuevo modelo es viable. Primero, por la pro-
pia autoconsistencia del modelo, imponemos que ninguna masa pueda exceder el cutoff.
Después, para simplificar la estructura de sabor del modelo, también asumimos masas
degeneradas para leptones y quarks pesados siendo éstas propocionales a s6lo dos pa-
rametros: x; y ;. Finalmente, aplicando las actuales cotas inferiores a la masa de los
“vector-like quarks” , m,; > 2 TeV, e imponiendo que el foton pesado junto con los lep-
tones pesados impares actuando como co-aniquiladores reproduce la actual densidad de
materia oscura, restringimos f al intervalo entre 2 y 3 TeV, fijamos el acoplamiento de
Yukawa de los leptones pesados x; ~ 0,185 y el acoplamiento de Yukawa de los quarks
pesados ; se correlaciona con los acoplamientos de Yukawa del sector del quark top A,
Az. El espectro de particulas estd acotado tanto superior como inferiormente con un fotén
pesado de aproximadamente 0.5 TeV (el estado impar més ligero), no muy lejos de los
leptones pesados, los nuevos campos escalares por debajo de 1 TeV, el triplete complejo
con una masa muy préxima a los bosones de gauge pesados con masas entre 1.5y 2.5 TeV,
y los quarks pesados y los comparfieros del quark top con masas comprendidas entre 2 y
5 TeV.

Finalmente estudiamos los principales canales de desintegracién de las nuevas particulas
escalares. Hemos visto que @ y 7 decaen en un “mirror lepton” impar y un leptén del ME
con los nimeros cudnticos apropiados. Estos escalares decaen muy rdpido; el triplete (el
mas ligero) @ podria vivir a lo sumo dos veces mds que el bosén de Higgs. En cualquier
caso, estos nuevos escalares tienen unas masas por encima de unos 600 GeV y serian
generados por una interaccién electrodébil junto con otra particula pesada e impar en el
LHC, por lo que no se espera que den lugar a sefiales apreciables.
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Appendix A

SU(5) generators

SU(5) is the group of unitary 5 x 5 matrices with unit determinant. As a consequence, its
generators are hermitian and traceless.

A.1. Unbroken SO(5) generators

The 10 generators of the unbroken SO(5) preserve the vacuum X satisfying

T + ZoT"T = 0. (A1)
Our chosen basis is given by
5 00 0 0 010 0 o 0 10 0 0
000 0 O 100 0 o0 -2 00 0 0
"= 0 00 o o, =000 0 o0 [, =] 0 00 0 O
1 1 ]
0 00 —J5 0 000 0 -1 000 0 3%
000 0 O0 000 —3 0 0 00 -4 0
00 3 0 0 0 04 0 0 0 0 0 0 3
00 0 0 0 000 0 0 0 0 0 -1o
T"=| 410 0 -1o|, T"=|-f00-20], T=|0 0 0 0 0
00— 0 0 0 04 0 O 0 -5 0 0 0
00 0 0 O 0 00 0 O 10 0 0 0
0 00 0 3 0(1)000 00 0 0 O
0 00 -4 0 0 5 00 0 00 1 0 0
7= 0 00 0 O0f, T =0 0 00 0 |, "=|03 0 0 —3
0 20 0 0 00 00 0 00 0 0 O
] 1 1
L 00 0 0 0.0 00 — 00 -30 0
00 0 00
00 =500
=104 0 0} (A2)
00 0 00
00 -fo00

A.2. Rest of SU(5) generators
The 14 SU(5) broken generators are orthogonal to the previous ones satisfying

X% — 5XT = 0. (A.3)
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They take the form
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Building SU(3) subalgebras

A.3.

SU(5) contains two different SU(3) factors laying in the upper-left and lower-right corners
of the SU(5) matrices. We can build explicitly their corresponding algebras through linear com-

binations of broken and unbroken generators.

A.3.1. Upper-left SU(3)

We can embed the SU(3) generators (Gell-Mann matrices) in the upper-left corner of SU(3)

through the following linear combinations

—i
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A.3. Building SU(3) subalgebras
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The SU(3) generators can be embedded in the lower right-corner of SU(5) through the fol-

lowing linear combinations

)’ﬁ
5
6

00 0O0O
00100
01000
0 00O0O
000O0GO

0

0

0

1

(A.9)

00 =200
0 0

X14

in—

V6

T8 +

1

V2

1
— 71y

V2

A

0

A.3.2. Lower-right SU(3)
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1 1 1
A= T+ V218 - —X'+ Oy

NG NG 3 (A.14)

S O O OO
S O O oo
OO = OO
O =R O OO

O O OO

A.3.3. Associated SO(5) transformations

Once we have built the generators of the different SU(3) factors contained in SU(5), one may
wonder about the corresponding SO(5) transformations provided by the CCWZ formalism.
Remember that, given an infinitesimal SU(5) transformation

Va1 4 ia" X+ it Ty, (A.15)

the part of the infinitesimal SO(5) transformation independent of the Goldstone fields is thus
given by

U~1+ip"Tl + ... (A.16)

As a consequence, the same SO(5) generators used to construct the different SU(3) subalgebras
appear in the transformation U, that is, the set T, 72, 13, 7%, T°, T8, T°, T10. However, this set
does not form a subalgebra of SO(5) as one can check by taking the following commutator,

T+ T°), (A.17)

) = 5

where T° is not included in the previous set.
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Appendix B

Higgs mass dependence on the Yukawa
couplings in the LHT

In Chapter 4 we introduced the NLHT. In this framework we obtained the explicit expres-
sion for the Higgs mass parameter y? using the BFM. It reads

2
w= 1£n2 log A® <6g4 + %g"* —3ATA + 12T,<) : (B.1)
The first two terms are the gauge boson contributions, the third term comes from the top sector
that includes the top quark and its corresponding T-even and T-odd partners, and the last
term proportional to Ty = tr(i;x %k} ) + 3tr(KqK;7€q?€;) is the contribution of the rest of heavy
fermions with masses proportional to the Yukawa couplings «;, ¥, x; and %;. The gauge boson
and top sector contributions to the Higgs mass parameter are well known [93, 98]. On the
other hand, contributions proportional to the x couplings are not discussed in the literature.'
Thus one may wonder whether the > dependence on these Yukawa couplings is an exclusive
feature of the new model or, on the contrary, it was also present in the LHT. If so we would like
to understand under which assumptions this contribution can be avoided.

One may naively think that, since in the LHT there were no j, ¥, Yukawa couplings, turning
them to zero in the NLHT one would obtain the LHT result for #?. However this is not the case
because the LHT is not recovered in the limit of vanishing %;, k¥, Yukawa couplings as one can
read from table B.1. In the LHT the SU(5) left-handed multiplets are not completed and the
SU(2) singlet x and the doublet of mirror-partner fermions, when included, receive masses that
are independent of any x coupling. This breaks explicitly the SU(5) global symmetry and thus
a contribution to the Higgs mass is not forbidden.” Besides, there are two different actions
of T-parity on the singlet. On the other hand one can justify why in the NLHT turning these
Yukawa couplings to zero gives a vanishing contribution. This is due to the restoration of the
global SU(5) symmetry in the heavy fermion sector due to the complete SU(5) multiplets that
ensures a vanishing contribution to the Higgs mass as a consequence of the collective symmetry
breaking mechanism.

To study the possible contributions proportional to the ¥ Yukawa couplings in the LHT we
will focus just on leptons. The quarks could be worked out in the same fashion up to color
factors. We will discuss which fields can contribute to the Higgs mass parameter and show the
explicit calculations. All the information about the different fields and Yukawa Lagrangian of
the heavy lepton sector is gathered in table B.1.

First of all, as we discussed in Chapter 3, in principle all the leptons in the SO(5) quin-
tuplet Y are required to cancel the quadratically divergent contributions to the Higgs mass.
This is because, given an SU(3) transformation of the upper-left or lower-right corner of the

n the Littlest Higgs model without T-parity [87] the Higgs mass parameter has no dependence on x simply
because there are no mirror fermions and thus no £, Lagrangian.
2Tt also breaks gauge invariance, as shown in § 3.3.
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LHT NLHT
G = SU(5) G =SU(5) x [SU(2) x U(1)]?
Global group 1 1
H = S0(5) H = SO(5) x [SU(2) x U(1)]
Scalar fields ¢ g
—iO’zllL _?0'2[11,
Y, = 0 € 5" Y = ixi. €5
02 —Z'O’ZZEL
02 —io?l5,
Ty = 0 €5 Y = ixXaL €5
—iUleL —iO'ZIZL
—io?(I°) —io?(I)g
Yr= i()(%)R €5 Yr= i(x+)r €5
i i
Fermions 7 l~HR 07l
—ic?(I°)L
Y, = 0 €5 -
02
02
Yy =| ilxx)L | €5 -
0>
_ —io?(1)r
- Y = i(X,)R 62%@10
0>
L:QY)H = —«f (?254-?220@&) Yr
M(Ic), (IYg—M \ )x + h.c. .
Yukawa ) (D)L )R =My (x )im‘ e~ kf (Faf + F1Toft) ¥p + hic.
Lagrangian | L1y = —*f (‘ng+\1fzzong Q) Yr
—M(1%) (F)r = My (x ). (x )r +he.
- Ly = —Rf (\Fﬁ — ‘I’120§+> P +he

TABLE B.1: Comparison between the LHT and NLHT heavy fermion sector. A

dash means that the corresponding fields are absent in one model with respect

to the other. In gray color we indicate the fields that are optional in the LHT. 5,

5* are the fundamental and antifundamental SU(5) representations while 5 is the
fundamental SO(5) representation.
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Fields CL CR
hf}ﬁ(ﬁ 0 %
hhﬁHVH 2\%f 2\%f

TABLE B.2: Feynman rules needed to compute the contribution of the heavy lep-
tons to the Higgs mass parameter in the LHT with a T-even SU(2) singlet.

SU(5) matrices, the associated SO(5) transformation acting on the right-handed quintuplet ¥
involves SO(5) generators (see Appendix A) that mix the right-handed mirror leptons /g and
the mirror-partner leptons with the SU(2) singlet x.. With a complete SO(5) multiplet, the
term ¥,¢¥r is invariant under the upper-left SU(3). For the second term, one has to distin-
guish between the different T-parity realizations. In option a) the singlet x is T-even and the
term ¥, X0 ¥y is invariant under the lower-right SU(3). On the contrary, in option b) the sin-
glet x_is T-odd and the term ¥120Qct QYR is not invariant under the lower-right SU(3) but
the unitarity of () is enough to avoid a quadratically divergent contribution to the Higgs mass
squared from this term. Thus a complete right-handed SO(5) quintuplet ensures the absence
of quadratically divergent contributions to the Higgs mass. However, not all these fermions
couple to the Higgs in the appropriate way to generate a mass.

The mirror leptons Iy always contribute to the Higss mass parameter. The left-handed mir-
ror leptons live in a combination of ¥; and ¥, that couple to their right-handed counterparts
in the SO(5) quintuplet ¥ through the field {. As a consequence, and independently of the
action of T-parity, E@H and E@H generate the operator (THLH ) (ﬁ ] HR) With H = —ioc?H*. Thus
only the neutral mirror leptons can contribute.

On the other hand, the mirror-partner leptons I° do not couple to the Higgs in the same fash-
ion. Even though the right-handed mirror-partner and mirror leptons share an SO(5) multiplet,
they are embedded with opposite hypercharges and the left-handed mirror-partner leptons do
not live in a combination of the SU(5) multiplets but in an isolate SO(5) representation. Hence
their contribution to the Higgs mass can only arise via mixing with the left-handed mirror lep-

tons in the SU(5) multiplets. The only invariant operator that can arise from E‘;) or E@ is
H H

thus (Iy.H)(HTI%) that cannot contribute to the Higgs mass parameter in the SM symmetric
phase. Consequently, the mirror-partner fermions, even necessary for other purposes, do not
participate in the cancellation of divergences of the Higgs mass.

For the contributions of the SU(2) singlet x+ one has to distinguish between the differ-
ent T-parity definitions. Similarly to the mirror-partner leptons, the right-handed singlet also
shares the SO(5) multiplet with the right-handed mirror leptons while its left-handed coun-
terpart lives in an isolate SO(5) multiplet. Thus the only possible contribution to the Higgs
mass would come from the mixing with a left-handed field living in a SU(5) representation.

Choosing the T-even realization £§,)H provides I H(x+ )g while choosing the T-odd realization

gives the operator I;;; H(x_)r. Both operators contribute to the Higgs mass parameter as we
will show in the next two sections with an explicit calculation. Consequently, the singlet can-
not be avoided in the aim of preserving a consistent Little Higgs model without quadratically
divergent contributions to the Higgs mass.

Let us evaluate the quadratic and logarithmic contributions to the Higgs mass coming from
mirror leptons and the singlet to elucidate if the latter can also be avoided.
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(x.)

h-—-- )

VH
(@) (b)

FIGURE B.1: One-loop Feynman diagrams contributing to the quadratic and log-
arithmic divergences of the Higgs self-energy from the fermion sector in the LHT
with a T-odd SU(2) singlet.

B.1. T-odd case

Let us begin with the T-odd scenario since the T-even casecan be read from this as we
will justify below. The Feynman rules we need come from the operators (Iy; H)(H'Ixg) and
Iy H (x_)r. For one family these are collected in table B.2. The Feynman diagrams that con-
tribute to the Higgs mass parameter are depicted in fig. B.1. In general they generate quadratic
an logarithmic divergent contributions that read

2 1 K> 2 K 2 2 2 1 K 2 K 2 22 2
(B.2)

(S‘uZ — L ﬁAZ _ m3 L log A2 = i ﬁAZ — K4f2 log A2 (B3)
b~ g2\ 2 Ly Zﬂf 472 \ 2 '

where in the second step of egs. (B.2) and (B.3) we used that the mass of the mirror leptons is
my,, = v/2xf. The quadratically divergent contributions to the Higgs mass cancel because the
singlet is included in the right-handed SO(5) multiplet and the divergence is independent of
the mass of the particles running in the loop.

The logarithmically divergent contributions, after using the relation m,,, = v/2xf in eq. (B.2),
do not vanish but there survives a term of size

1
S’ = QKZM)ZC log A?, (B.4)

that cannot be avoided unless ) _ is massless.

B.2. T-even case

The T-even singlet scenario can be studied analogously to the T-odd case. The Feynman
rules we need come from the operators (THLIq )(ﬁ*l HRr) and I.H (x+)r. For one family these
are collected in table B.3. In this case the Feynman diagrams that contribute are depicted in
tig. B.2 and generate divergent contributions of size

1 2 2
o2 = — (—KA2+ £

2 2
P > > My log A ) , (B.5)

1 (x>
o1l = pve <2A2 —x*f*log A2> : (B.6)
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Fields CL CR

K

h?}g. 0 ——=

Si

K

hhiHvH Zﬂf ﬁ

TABLE B.3: Feynman rules needed to compute the contribution of the heavy lep-
tons to the Higgs mass parameter in the LHT with a T-even SU(2) singlet.

v
(a) (b)

FIGURE B.2: One-loop Feynman diagrams contributing to the quadratic and log-
arithmic divergences of the Higgs self-energy from the fermion sector in the LHT
with a T-even SU(2) singlet.

Notice that the contribution of the mirror leptons dy2 is the same as in the T-odd case since
the different implementation of T-parity does not affect the couplings of the mirror leptons to
the Higgs as one can realize by comparing tables B.2 and B.3. On the other hand, the singlet
coupling to the Higgs has opposite sign with respect to the T-odd case but the coupling enters
squared in the first diagram of figs. B.1 and B.2. Thus the contribution of the T-even singlet
can also be read from the T-odd case just by setting m,,, = 0, because the SM neutrinos are
massless.

As in the T-odd case the quadratically divergent contributions to the Higgs mass parameter
are independent of the mass of the particle running in the loop. They cancel due to the presence
of the singlet in the SO(5) right-handed multiplet.

On the other hand, the logarithmically divergent contributions are, in general, non vanish-
ing,

512 = #xz [Mf( - (ﬁx f)z] log A2, (B.7)

unless the mass of the singlet is exactly M, = v/2xf. This is the condition that allows to neglect
a contribution proportional to x* and KZM)ZC to the Higgs mass parameter in the LHT with a
T-even singlet x ..

B.3. Appendix summary

In this Appendix we have explored the dependence of the Higgs mass parameter on the
Yukawa couplings x; and x; responsible for providing masses to the the heavy fermions (except
for the top partners) within the LHT scenario. This is motivated by the explicit dependence of
the Higgs mass on T in the NLHT in eq. (B.1).

Focusing on leptons, the Lagrangian responsible for providing masses to the mirror leptons

is E”QH or £€,)H depending on whether the SU(2) singlet inside the SO(5) right-handed quintuplet
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is chosen to be T-even or T-odd, respectively. As far as the SO(5) quintuplets are completed,
both Lagrangians are compatible with the absence of quadratically divergent contributions to
the Higgs mass. This is because given a global transformation of the different SU(3) factors
inside SU(5), the corresponding SO(5) transformation mixes the mirror and mirror-partner lep-
tons with the singlet and hence all of them must be included. However, not all the fields
participate in the quadratic divergences. Independently of the T-parity definition, the mirror
leptons contribute through the operator (15 H)(H'I;z) and thus only the neutral mirror lep-
tons couple to the Higgs. The singlet contributes through I H()+ )r or [y H(x_) in the T-even
and T-odd scenario, respectively. On the other hand, the mirror-partner fermions, even though
being necessary for other purposes, do not participate in the cancellation of divergences of the
Higgs mass parameter. This is because mirror and mirror-partner leptons have opposite hy-
pecharges and the left-handed mirror-partner leptons do not live in the SU(5) multiplets. As a
consequence the only operator that can arise is (I H)(H” (I°)g) that cannot contribute to the
Higgs mass.

The quadratically divergent contributions to the Higgs mass cancel as far as the the singlet
is included in the SO(5) right-handed multiplet, independently of its mass and of the chosen
action of T-parity. Thus, by consistency of the model, the singlet cannot be avoided in any
case. However, the logarithmically divergent contributions only cancel in the T-even case if the
singlet and mirror leptons share the same mass M, = v/2«f while in the T-odd scenario there
survives a term ~ x> M}%' Consequently, the T-even scenario is the only that can accommodate a
Higgs mass that is independent of the Yukawa couplings x and of the mass of the SU(2) singlet.
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Appendix C

A more economical top quark sector in
the NLHT

C.1. Simplification of the quark sector

In Chapter 4 we built the different Yukawa Lagrangians needed to provide masses for all
quarks in the model while preserving gauge invariance. First of all one introduces the com-
pleted left-handed SU(5) quintuplets

—ic?qr —io2q5;
yi1 — i yi1 — i C1
1 X1r ’ 2 Xor (C1)
—i(TZ%L —iO’Zqu

with transformation properties under the global group and T-parity,
G G
FEIR A S LI A8 P (O I & (C2)

They couple to the fields in the SO(5) and [SU(2) x U(1)]" quintuplets

(@R (@
Yr = ! (X+)R , Yr= i(x1g (C.3)
—io qJHR 02
with transformation properties

v St 91 S 09w Lawl, ¢ 5 9 C4
R — UgTpg, R — UgTp, R R R — —iiTp (C4)

through the Yukawa Lagrangians
L = —xof (?Zg + T‘{zo‘:*) ¥ +h.c, (C.5)
L = —Ryf (?ZE - ?‘{zo?) 97 4+ he. (C.6)

On the other hand, for the top quark one implements the collective symmetry breaking mech-
anism in order to avoid quadratically divergent contributions to the Higgs mass parameter
proportional to the top Yukawa coupling. For that purpose, inspired by the LHT, for the third
family of quarks one introduces the incomplete SU(5) multiplets

—l'O'Z'Tu 02
Qi = iTip , Qb= iTor , (C.7)
02 —i0'27EL
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where Ty and T, are the left-handed components of the top quark partners that are responsi-
ble for the cancellation of the top quark quadratic divergence to the Higgs mass. Their trans-
formation properties under the gauge group and T-parity read

« ¢t Gg t ¢ T t
Q1 —V, Ql, Q) — Vg5 Q) — O%Q). (C.8)

Adding the right-handed field tg and the right-handed counterparts of the top partners Tig, Tor
one builds the Yukawa Lagrangian that provides the top couplings to the Higgs and masses for
the top quark partners

Ly =— i%feijkexy [(@i) DXy + (@;ZOQ)iijxiky} tr

Aof
- (TuXTlR Ty X TZR) +he, (C.9)

where {i,j,k} =1,2,3and {x,y} =4,5.

However, one may notice that the left-handed multiplets L4 Qﬁ and ‘Pg, Qé have the same
transformation properties under the gauge group and T-parity. In particular, we might identify
the top partners T1;, — xir and Top — Xx21. Hence, we can eliminate Qi,z and plug the third
family of ¥7 and Y] in the Yukawa Lagrangian (C.9). Since the T-even combination of 1.
and x»; couples to (x4 )r through (C.5) and gets a mass proportional to x; while the T-odd
combination couples to (x_)gr through (C.6) acquiring a mass proportional to ¥, (see § 4.1.4),
the Yukawa coupling A, responsible for providing masses to the top partners can be set to zero.
One may think that in this case, the mirror partner quarks would also couple to tg. However,
this is not the case because the indices of ‘I’i’, 0¥, are contracted with €ijk with {i,j,k} =1,2,3
and thus the mirror partner quarks, living in the last two components of ¥, £o%>, do not
receive new couplings from (C.9).

C.2. Top and top partner masses

This simplification in the quark sector affects to the mass of the top quark and its corre-
sponding partners. For the sake of simplicity let us consider a diagonal x; coupling in flavour
space. After defining the T-even and T-odd eigenstates (see § 4.1.4), the T-even fields mass
matrix reads

ZSE

0 tr
V2 (k) f ) < (X)) ¢ ) The. (C10

At leading order this matrix can be diagonalized by a redefinition of the right-handed fields
that can be read from eq. (3.86) by the substitution A, — 2(x;)33

< ZR >_>< CR 5R>< l;R > cx — 2 (xq) 33 sp = M
(L) —se cr )\ (g 2+ (k) M +4 ()3,

(C.11)

s 5 (R (7)) (

S

Thus the physical mass of the SM top quark and its T-even top partner is given by

1 MK
A+ 4 (Kq)§3

(C.12)
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[22 44 (k)3
]\/[Xq+ = %’733]6 (C.13)

As a consequence, the relation between the couplings A1 and () 3318

1, 1 =< J >2 (C.14)
M 4 ()5 vam) |

On the other hand, the T-odd top partner does not mix with ¢z due to T-parity and its mass
comes exclusively from E% . At leading order
H

Mys = V2&f. (C.15)

C.3. Physical scalar masses and Higgs potential

At this point, one may wonder whether this simplification in terms of fermion fields has
also effects on the scalar field masses, in particular on the Higgs mass. For that purpose let us
apply once again the BFM to these Yukawa Lagrangians. Performing the substitutions

~ ~ ~ ~ xq
Y= AY], ¥]=AY), VYI=AY) VYi=DBY¥ (C.16)
where
—ic2 0 0 —io2 0 0
A= o I 0 |, B= o I 0 |. (C.17)
0 0 —i(Tz 0 0 02><2

Collecting the left-handed and right-handed quantum fields in vectors

T T T
UL :< g 7 511 /‘/‘/‘)/

oL = (., o !l 1T t}Q), (C.18)

we can compute the matrix 7; in eq. (4.104) needed to obtain the quadratic and logarithmic
contributions to the scalar potential in eqs. (4.147) and (4.148),

2, _
£§/H{:7)?H/t = —0rryor +hee (C.19)
with
00 (YZR)mn‘BD‘ (rZIQ)mnﬁIX (th)mﬁD‘
[
00 (rlR)mnﬂ“ (rlﬁ)mnﬁ (rlt)mﬁ“
=10 0 0 0 0 (C.20)
00 0 0 0
00 0 0 0

where the greek indices are the SU(3) color indices and [; = r:;. The components of the matrix
ry are defined as

(r2R) g = Kaf («4*@4) O (C.21)
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(”21?);11”,50é = Kqf (AJFEB) O (C.22)
(r2t) g = 22‘1 f (,4+zog) eipenSiLndf, (C.23)
(7’112);11;1/50é = Kqf <A+ZO§+A> - (Sg/ (C.24)
(rlﬁ)mnﬁa = —Kqf (AJFZO?B) 0 (C.25)
(M) g = iAlfALieijkexijkay5g~ (C.26)

Thus, using the expression for the quadratic divergences in eq. (4.147) one obtains

2 3A? e ey~
VA = _Wﬁ fReiik€iiexyErry (zszkyz}x,z,@y, + zszkyzj,x,z*,y,) , (C.27)

containing the usual contribution to the triplet ® mass and to the Higgs quartic coupling in
egs. (4.193) and (4.194), respectively,

VA S ﬂz\z ( cb) + 136);?2?22 (H*H)z, (C.28)

obtained in Chapter 4.
On the other hand, from eq. (4.148) the logarithmically divergent contributions read

log A2 3 1 oy mn ~ o~ \2
VLO:gl,q = log A? [162 Aéllfél (eijkf‘?ij/k’€xy€x'ny;xZZijlx/Zk/y/ + €ijk€ij/k/€xy€xry/Z}xzzyz,jrx/f‘k/y/)
KqKZI-) A1f4€ijk€i]‘/k/€xy€x/y/ (i]'xikyi}-/x/zZ/y/ 