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Abstract

In 2012, the ATLAS and CMS experiments at LHC announced the discovery of a new
scalar particle with a mass around 126 GeV consistent with the Higgs boson predicted by
the Standard Model. The discovery of this particle and the measurement of its properties
has been seen as a final test for the Standard Model to be considered the theory of physics
at this energy region. Nevertheless, it is clear that there should be some new physics
appearing at higher energies. Some extensions of the SM consider models for which
this new physics appears around the TeV scale, allowing those models to be tested at
the LHC. The Higgs sector presents an opportunity for looking for physics beyond the
Standard Model because of its yet to be fully determined nature, allowing for a wide
variety of modifications. Here, an extension of the scalar sector by introducing a triplet
with hypercharge yδ= 2 is proposed and the consequences and possible tests have been
studied.
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4 Chapter 1. Introduction

1 Introduction

The Standard Model is - until now - the best recipe of how three of the fundamental forces and particles
are related, and provides a description of all - so far known - elementary particles. Developed in the
early 1970s, it has successfully explained wide variety of phenomena and has been able to predict with
an outstanding agreement a large number of experimental results. Even though the SM is currently the
best description, it is certainly known that it is not the theory that will explain the complete picture,
from the neutrinos masses up to the Planck scale.

Within the SM, a scalar doublet is introduced and the symmetry gets spontaneously broken when
the neutral field acquires a vacuum expectation value. Then, three degrees of freedom are rotated
becoming the longitudinal polarizations of theW± and Z gauge bosons, allowing them to have mass.
From the four initial degrees of freedom introduced by the doublet, after the SSB and the field rotation,
there is a remaining neutral scalar particle that couples with all massive SM particles. Therefore,
this so-called Higgs boson is a testable manifestation of the Brout-Englert-Higgs mechanism. This
mechanism has been considered tested as in 2012, the ATLAS and CMS collaborations from the LHC
announced they observed a new particle in the mass region around 126 GeV consistent with the Higgs
boson arising from this SSB mechanism [1–4]. Another possibility still considered is that this scalar
particle is not the Higgs boson predicted by the Standard Model, but those theories are expected
become more constrained as the LHC collects more data.

Although the Standard Model accurately describes phenomena within this energy region, there are
strong evidences supporting the idea that the SM could be contained inside a more general one. The
community expects that new data from experiments at the LHC could lead to these missing pieces,
setting the path to establishing a new theory beyond the Standard Model (BSM). There are two main
approaches considered for studying physics BSM. The first would be considering a whole new theory
that contains the SM as an effective theory at low energies, that is the case for Supersymmetric Models
(SSM) or String theory. The second one would be to consider extensions to the SM. In this case, these
extensions propose solutions to some phenomena which explanation is not contained in the SM. This
second approach is what led to the introduction of models such as the seesaw mechanisms.

In the SM, neutrinos are massless and strictly left-chiral particles. With neutrino oscillations
definitively observed, it is known experimentally that neutrinos have non-zero masses. Therefore, one
attractive extension that allows for non-zero masses and also predicts them to be light is the so called
see-saw mechanism.
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Here, a scalar extension of the SM by introducing a scalar triplet with hypercharge yδ = 2 is
presented. This extension of the scalar sector was first introduced within the scenario of generating
neutrino masses, via the so-called type II seesaw mechanism [5,6]. The model introduces, after the
SSB and alongside with the 3 Goldstone bosons to be “eaten” by the gauge bosons, two CP-even scalars
(h, H), a CP-odd scalar (θ), a charged and a doubly-charged scalars (H±, δ±±). We will consider
the lightess of the CP-even scalars to be the scalar particle discovered at the LHC. Even if within this
model the Higgs boson is a mixture of a doublet and a triplet scalars, the constraints on the mixture
will require for a SM-like behaviour. As the model introduces new particles coupling to the SM ones,
the radiative corrections to the electroweak parameters have been considered [7]. The one-loop
contributions to the W boson mass as well as to the ρ parameter are key for setting constraints in the
mass spectrum of the new particles. In Section 3.3, the decay rate of the Higgs boson into two photons
is evaluated as this decay channel could present measurable discrepancies from the SM.

1.1 Scalar extensions of the SM

Even though the Higgs mechanism was first introduced by adding a scalar doublet to the SM, there is
not any theoretical or phenomenological restriction for the scalar sector to be fixed on a single scalar
doublet. In fact, the Higgs mechanism could be accomplished as well by higher representations of
SU(2)L. Consequently, extensions of the Standard Model in which the scalar content is enlarged have
been regularly considered.

An extended scalar sector with several fields belonging to different SU(2)L⊗U(1)Y representations
(Ti, yi)

1 would lead in general to a different relation between the gauge-boson masses. At tree level,
the following result can be easily derived:

ρ ≡
m2
W

m2
Z cos2θW

=

∑
i
v2
i

[
Ti(Ti + 1)−

(yi
2

)2
]

2
∑
i
v2
i

(yi
2

)2 , (1.1)

where vi/
√

2 is the vacuum expectation value of the neutral field component of the multiplet. From
(1.1), it can be seen that extensions of the scalar sector by adding singlets (yi = Ti = 0) [8,9] and
doublets (yi = 1, Ti = 1/2) [10–12] of SU(2)L have been frecuently considered as they maintain the
SM prediction of ρ = 1 at tree level without imposing restrictions on the vacuum expectation values or
requiring from fine-tunning.

Scalar multiplets of higher SU(2)L representations would imply a different prediction of the ρ
parameter, unless their hypercharges are conveniently tuned. This fact would result in doublets and
singlets to be the prefered candidates for building extensions of the SM. Nevertheless, the introduction of
a triplet scalar of hypercharge yδ = 2 became interesting because of the type-II seesawmechanism [5,6],
as will be discussed later in Section 2.4.

1In this work, the definition of hypercharge y = 2(Q− T3) will be used.
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2 The Higgs triplet model

In this Chapter the introduction of the Higgs triplet model1 will be performed. The procedure will be
conceptually equivalent as done for the doublet in the SM [13]. In Section 2.1, the covariant derivative
for the triplet and the most general scalar potential for the scalar sector will be defined. The gauge
boson masses will appear after the symmetry gets spontaneously broken and the doublet and triplet
neutral components acquire a vacuum expectation value (vev). Now the gauge boson masses will
depend not only on the vev acquired by the doublet, but on a combination of both vev. The masses of
the scalar particles will be computed and expressed in terms of the parameters of the scalar potencial,
this will be done in Section 2.2. Theoretical constraints coming from unitarity, vacuum stability and
the absence of tachyonic modes will be discussed in Section 2.3. Finally, the seesaw type II will be
briefly explained in Section 2.4 as well as some implications for the leptonic sector will be summarised
in Section 2.5.

2.1 The Scalar potential in the doublet-triplet Higgs model

Within the Higgs triplet model (HTM) the scalar sector consists of the standard Higgs weak doublet Φ

and a colorless scalar triplet ∆ with hypercharge yδ = 2 and transforming as (1, 3, 2) under SU(3)C ⊗
SU(2)L ⊗ U(1)Y . Under a general gauge transformation U(x), Φ and ∆ transform as Φ → U(x)Φ

and ∆→ U(x) ∆U†(x). One could then write the most general renormalizable and gauge invariant
Lagrangian for this scalar sector:

L = (DµΦ)†(DµΦ) + Tr
[
(Dµ∆)†(Dµ∆)

]
− V (Φ,∆) + LY, (2.1)

where the covariant derivatives are defined by

DµΦ = ∂µΦ + igT aW a
µΦ + i

g′

2
BµΦ, (2.2)

Dµ∆ = ∂µ∆ + ig[T aW a
µ ,∆] + ig′

yδ
2
Bµ∆, (2.3)

denoting respectively the SU(2)L and U(1)Y gauge fields and couplings by (W a
µ , g) and (Bµ, g′).

1Sometimes refered as well as doublet-triplet Higgs model (DTHM).
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T a ≡ σa/2 are the generators of the SU(2)L transformations, with σa (a = 1, 2, 3) the Pauli matrices.

The most general potential for the HTM, V (Φ,∆), including all possible gauge invariant and
renormalizable operators can be defined as:

V (Φ,∆) = −m2
ΦΦ†Φ +M2 Tr(∆†∆) +

[
µ(ΦT iσ2∆†Φ) + h.c.

]
+
λ

4
(Φ†Φ)2

+λ1(Φ†Φ) Tr(∆†∆) + λ2

[
Tr(∆†∆)

]2
+ λ3 Tr

[
(∆†∆)2

]
+ λ4Φ†∆∆†Φ, (2.4)

where all the parameters can be taken to be real without any loss of generality [14,15]. As the quartic
field terms must be self-Hermitian, the parameters λ, λ1 to λ4 should be real. For the cubic term, even
if µ is introduced as a complex parameter, its phase could be absorbed by a redefinition of the Φ and ∆

fields, meaning that the potential does not include any source of CP violation [15]. For the m2
Φ and

M2 parameters, it will be explicit later in Equations (2.10) and (2.11) that they could be traded for µ,
λi and the vev, that could be aligned without any loss of generality, therefore resulting to be real. A
term of the form λ5Φ†∆†∆Φ could be absorbed into the λ1 and λ4 terms appearing in Eq. (2.4) thanks
to the identity Φ†∆†∆Φ + Φ†∆∆†Φ = Φ†Φ Tr(∆†∆).

The cubic term parameter µ introduces an explicit violation of the lepton number at the Lagrangian
level once ∆ is assigned to carry a non-zero lepton number, L = 2. Some studies were performed where
a U(1)Lep symmetry was imposed and µwas constrained to be zero [16,17]. The requirement on µ to be
zero introduces a massless neutral physical pseudoscalar, θ, the would-be Majoron, a Goldstone boson
appearing from the fact that the initially preserved symmetry of lepton number gets spontaneously
broken once the triplet acquires a vacuum expectation value. However, these models were discarded
as they predict an increase on the invisible decay width of the Z boson. One should note that this
model contains two sources of lepton number violation, µ and the coupling of the triplet particles with
the SU(2)L lepton doublets. If one requires the lepton number not to be strongly violated only small
values for µ should be considered, although all possibilities will be explored here.

Note that in the bilinear term in (2.4), a “wrong sign” is used for the mass term of the doublet
fields while the “correct sign” appears for mass of the triplet fields. This configuration is required in
the case of the doublet fields for spontaneous symmetry breaking to take place and, regarding the
triplet fields, for keeping the triplet vev naturally small without the appearance of tachyonic modes or
involving fine-tunning.

The LY term in (2.1) contains all the Yukawa sector, being that of the SM plus the extra Yukawas
coupling the SU(2)L doublets with the Higgs triplet. The new Yukawa leads to a Majorana mass terms
for neutrinos once the neutral component of ∆ acquires a vacuum expectation value (vev). This will
be discussed in more detail in Section 2.4.

The two Higgs multiplets can be defined in components as follows:

∆ =

(
δ+/
√

2 δ++

δ0 −δ+/
√

2

)
and Φ =

(
φ+

φ0

)
, (2.5)
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that can be redefined after spontaneous symmetry breaking as

∆ =
1√
2

(
ω+
δ

√
2 δ++

vδ + hδ + iηδ −ω+
δ

)
and Φ =

1√
2

( √
2ω+

φ

vφ + hφ + iηφ

)
, (2.6)

in such a way that they do not get any vev: φ → φ + 〈φ〉. In both cases a 2 × 2 traceless matrix
representation of the triplet has been used.

As stated before, one of the strong constraints on the Higgs triplet model comes from the extremely
well measured ρ parameter (ρ ≡ mW /mZ cos θW ) as the electroweak precision data constraints require
not to deviate notably from the value predicted within the SM. At tree level the SM model prediction is
ρtreeSM = 1, and from the global fit ρexp = 1.00037± 0.00023 [18]. From Equation (1.1), at tree level for
the HTM:

ρ =
v2
φ + 2v2

δ

v2
φ + 4v2

δ

, (2.7)

and the gauge boson masses are now:

m2
Z =

g2

4 c2
W

(
v2
φ + 4v2

δ

)
, m2

W =
g2

4

(
v2
φ + 2v2

δ

)
. (2.8)

The ρ parameter could be approximated as:

ρ =
v2
φ + 2v2

δ

v2
φ + 4v2

δ

' 1− 2α2, (2.9)

where the parameter α ≡ vδ/vφ has been defined. Identifying δρ ≡ ρ − ρSM = −2α2, this result
requires for a small value of vδ compared to the electroweak scale in order to keep the value of the
ρ parameter close to the SM prediction. This condition just set on vδ allows for a small value for the
neutrino masses without the need of fine-tunning.

2.2 The field composition of the model

Once the potencial has been introduced a study on the field composition of the model can be performed.
From Eq. (2.4) and requiring the potential to be localized at a minimum the number of parameters of
the model can be reduced by a number of two, as:

m2
Φ =

λv2
φ

4
+

(λ1 + λ4)v2
δ

2
−
√

2µvδ , (2.10)

M2 = −(λ2 + λ3)v2
δ −

(λ1 + λ4)v2
φ

2
+

µv2
φ√

2vδ
. (2.11)
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Computing the mass matrices from Eq. (2.4), the following result is obtained:

M2 =



m2
δ±±

M2
±

M2
odd

M2
even



, (2.12)

i.e., the mass matrix can be decomposed into three 2× 2 mass matrices and the mass squared of the
doubly-charged field. These matrices get the form:

M2
± =

 −
λ4

2
v2
δ +
√

2µvδ −µvφ +
λv2

φ

2
√

2

−µvφ +
λv2

φ

2
√

2
−λ4

4
v2
φ +

µ v2
φ√

2vδ

 , M2
even =

(
AH −BH
−BH CH

)
, (2.13)

M2
odd =

 2
√

2µvδ −
√

2µvφ

−
√

2µvφ
µ v2

φ√
2vδ

 , (2.14)

being AH , BH and CH :

AH =
λ

2
v2
φ , (2.15)

BH =
√

2µvφ − (λ1 + λ4)vδvφ, (2.16)

CH =
µ√
2

v2
φ

vδ
+ 2(λ2 + λ3)v2

δ . (2.17)

The fields in Eq. (2.6) can then be rotated into the physical fields as follows:

(
h

H

)
=

(
cα sα
−sα cα

)(
hφ
hδ

)
,

(
ζ

θ

)
=

(
cτ sτ
−sτ cτ

)(
ηφ
ηδ

)
, (2.18)

(
ω±

H±

)
=

(
cβ sβ
−sβ cβ

)(
ω±φ
ω±δ

)
. (2.19)

Here, h and H correspond to the CP-even neutral scalars, while θ is CP-odd. ζ and ω± are the
would-be Goldstone bosons associated to the Z andW± gauge bosons respectively (see Appendix B).
Finally, H± and δ±± are the charged and doubly charged scalars.
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The triplet-doublet mixing angles are defined as:

tan 2α =
2BH

CH −AH
=

(√
2µ− (λ1 + λ4)vδ

)
vφ(

µ

2
√

2vδ
− λ

4

)
v2
φ + (λ2 + λ3)v2

δ

, (2.20)

tanβ =

√
2vδ
vφ

, (2.21)

tan τ =
2vδ
vφ

, (2.22)

and the masses of the physical fields are the following:

(i) Doubly charged scalar:

m2
δ++ =

µv2
φ√

2vδ
− λ4

2
v2
φ − λ3v

2
δ . (2.23)

(ii) Charged scalars:

m2
H+ =

(2
√

2µ− λ4vδ)

4vδ
(v2
φ + 2v2

δ ) , (2.24)

m2
ω+ = 0. (2.25)

(iii) CP-odd scalars:

m2
θ =

µ√
2vδ

(v2
φ + 4v2

δ ) , (2.26)

m2
ζ = 0. (2.27)

(iv) CP-even scalars:

m2
h =

1

2

(
AH + CH −

√
(AH − CH)2 + 4B2

H

)
, (2.28)

m2
H =

1

2

(
AH + CH +

√
(AH − CH)2 + 4B2

H

)
, (2.29)

which have been defined in terms of the potential parameters from (2.4). For the CP-even part, the
expressions for masses are more complex and have been defined in terms of AH , BH and CH from
Equations (2.15-2.17).

From Equations (2.11) and (2.23-2.24), it can be derived that in the mδ++ , mH+ � v limit, i.e.
mδ++ ∼ mH+ ∼ TeV, an approximate relation for the triplet vev can be derived:

vδ ≈
µv2

φ√
2M2

, (2.30)

whereM stands either for mδ++ or mH+ . From this relation, a simplified expression for tan 2α and
sinα is obtained:

tan 2α ' 4vδ
vφ

, sinα ' 2vδ
vφ

. (2.31)
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Therefore, the dimensionless quantity µ/vδ could be accepted to be larger than any other quartic
coupling (λi) in the model, as those couplings are expected to be at most of order 10 because of
unitarity. This will be discussed later in Section 3.1.

Thus, AH , CH >> BH , and the masses of the h and H scalars simplify to:

m2
h ≈

1

2
(AH + CH − |AH − CH |) =

λ

2
v2
φ , (2.32)

m2
H ≈

1

2
(AH + CH + |AH − CH |) =

µ√
2vδ

v2
φ . (2.33)

It is found that, in addition to the three Goldstone bosons (ω±, ζ) that get absorbed as the
longitudinal degree of freedom of the W± and Z gauge bosons, there remain seven physical fields:
δ±±, H±, θ, H and h. If the field h is accepted to be the Higgs boson discovered at the LHC 2, then
µ/vδ > λ/

√
2 as stated before. From the electroweak precision data for the ρ parameter the constraint

that the mixing between the triplet and doublet Higgs multiplets should be very small, i.e. vδ/vφ � 1

is obtained, and therefore the triplet-doublet mixing angles can simplify to:

sα ≈ 2vδ/vφ, cα,τ,β ≈ 1, (2.34)

sτ ≈ 2vδ/vφ, (2.35)

sβ ≈
√

2vδ/vφ, (2.36)

which requires h to behave as the SM Higgs boson up to a vδ/vφ correction, while the remaining
particles correspond mostly to the components of the triplet. By looking at the expression for the
masses from Eqs. (2.23-2.29), an interesting relation between the masses of the triplet-like fields arises
if the parameters of the potential are supposed to be of the same order:

m2
δ++ −m2

H+ = m2
H+ −m2

θ = −λ4

4
v2
φ +O(v2

δ ) ' −
λ4

4
v2
φ. (2.37)

This was done in the literature [7], where the parameter ∆m is defined as:

∆m ≡ mδ++ −mH+ . (2.38)

In this approximation there are two configurations allowed in addition to the degenerated case,
mδ++ ≈ mH+ ≈ mθ, depending on the sign of the λ4 parameter, being mδ++ > mH+ > mθ (mθ >

mH+ > mδ++) for λ4 < 0 (λ4 > 0). The degeneracy on masses of the δ±±, H± and θ states would
depend on the relation between µ/vδ and λ4. This behaviour will be studied later in Section 3.1.

2.3 Theoretical constraints on the potential

The model has been introduced and the fields have been defined in terms of the parameters of
the potential. Before immersing into phenomenology, a previous study should be performed from
theoretical constraints. Even if the parameters introduced by the scalar potential could be determined
from its appearance in the couplings of the triplet and doublet fields, some strong constraints on those
parameters can be derived using arguments such as unitarity and vacuum stability.

2The other possibility, H being lighter than h, is still allowed by the data.
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Vacuum stability

A necessary condition for the stability of the vacuum is for the potential to be bounded from below
when the scalar fields become large, i.e. there should not be any direction in the field space along in
which the potential becomes infinitely negative. This requirement should be realised in any direction
of the field space. The constraints ensuring boundedness from below (BFB) read [19]:

{
λ ≥ 0 , λ2 + λ3 ≥ 0 , λ2 +

λ3

2
≥ 0 , λ1 +

√
λ(λ2 + λ3) ≥ 0 , λ1 + λ4 +

√
λ(λ2 + λ3) ≥ 0

}
∧

{
|λ4|

√
λ2 + λ3 − λ3

√
λ ≥ 0 , ∨ 2λ1 + λ4 +

√(
2λλ3 − λ2

4

)(2λ2

λ3
+ 1

)
≥ 0

}
,

(2.39)

where ∧ (∨) stand for AND (OR). These conditions have been obtained in [19], where a parametrization
method has been used. The procedure will be summarised here.

In the most general scalar potential for this model, even if there are ten degrees of freedom, the
potential is expressed in terms of only four quantities: Φ†Φ, Tr

(
∆†∆

)
, Φ†∆∆†Φ and Tr

(
∆†∆∆†∆

)
.

From this and accepting the quantity Tr
(
∆†∆

)
to be non zero, the dimensionless parameters r, ζ and

ξ can be defined as:

Φ†Φ = r Tr
(

∆†∆
)
, (2.40)

Tr
(

∆†∆
)2

= ζ
[
Tr
(

∆†∆
)]2

, (2.41)

Φ†∆∆†Φ = ξ Tr
(

∆†∆
)(

Φ†Φ
)
, (2.42)

these parameters are defined to be r ∈ (0,∞) , ξ ∈ [0, 1] and ζ ∈ [1/2, 1], as stated in [19,20]. From
this definitions, the quartic terms from the potential can be rewritten in a more suitable V (4)(x) =

ax4 + bx2 + c form:

V (4)[
Tr (∆†∆)

]2 =
λ

4
r2 + (λ1 + ξλ4) r + (λ2 + ζλ3) , (2.43)

for which the BFB conditions are immediate:

a ≥ 0, c ≥ 0, b+ 2
√
ac ≥ 0. (2.44)

For the scalar potential of the HTM, those expressions become:

0 ≤ λ, (2.45)

0 ≤ λ2 + ζλ3 ≡ f1(ζ), (2.46)

0 ≤ (λ1 + ξλ4) + 2
√
λ(λ2 + ζλ3) ≡ f2(ζ, ξ), (2.47)

that should be satisfied for all values of ξ and ζ. These conditions have been used in [19] to reach
the final result shown in Equation (2.39). Nevertheless, it should be known that these conditions are
sufficient, but not necessary, i.e. all potentials that satisfy these conditions will be bounded from below,
although not all the potentials that are bounded from below should satisfy these conditions.
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Unitarity

Some other constraints on the scalar potential parameters can be obtained by demanding tree-level
unitarity for the S-matrix. This study should be performed for any possible scattering process coming
from the potential. Here, the results from [20] for the HTM are summarized, where the conditions
that follow have been derived only from 2-body scalar scattering processes dominated by quartic
interactions:

∣∣∣∣λ+ 4λ2 + 8λ3 ±
√

(λ− 4λ2 − 8λ3)2 + 16λ2
4

∣∣∣∣ ≤ 64π , (2.48.1)∣∣∣3λ+ 16λ2 + 12λ3 ±
√

(3λ− 16λ2 − 12λ3)2 + 24(2λ1 + λ4)2
∣∣∣ ≤ 64π , (2.48.2)

|λ| ≤ 32π , (2.48.3)

|2λ1 + 3λ4| ≤ 32π , (2.48.4)

|2λ1 − λ4| ≤ 32π , (2.48.5)

|λ1| ≤ 16π , (2.48.6)

|λ1 + λ4| ≤ 16π , (2.48.7)

|2λ2 − λ3| ≤ 16π , (2.48.8)

|λ2| ≤ 8π , (2.48.9)

|λ2 + λ3| ≤ 8π . (2.48.10)

The reason why only the scattering processes coming from the quartic terms of the potential have
been considered is that the study of unitarity has been performed in the large

√
s limit, i.e. in the limit

where the energies of the processes are larger than any other mass scale in the theory. Therefore, all
the parameters with a non zero mass dimension have been neglected in comparison to

√
s.

The unitarity condition for the T -matrices to be satisfied can be expressed as follows:

− i(T − T †) ∼
∫
dXLIPS TT

†. (2.50)

Although the unitarity constraints could be obtained directly from (2.50), a more efficient study
could be achieved when working with a diagonal matrix and its eigenvalues. Thus, the usual unitarity
bound on partial-wave amplitudes that is valid for elastic scattering would apply directly to all the
eigenvalues, obtaining the bounds on all the components of the T-matrix. In [20], a modified diagonal
matrix have been defined and the conditions (2.48.1-2.48.10) were obtained.

Absence of tachyonic modes

Constrains on µ can be derived by demanding the positivity of the masses of the different fields. The
positivity of m2

h fixes µ to lie in the range µ− ≤ µ ≤ µ+, where:

µ± =
λv2

φ + 8(λ1 + λ4)v2
δ ±

√
λ(λv4

φ + 16v2
δ ((λ1 + λ4)v2

φ + 4(λ2 + λ3)v2
δ ))

8
√

2vδ
. (2.51)

Note that µ± should always be real-valued otherwise h could be tachyonic for all values of µ. This
requirement leads in principle to an extra constraint, being [20]

λ
[
λv4

φ + 16 v2
δ

(
(λ1 + λ4)v2

φ + 4(λ2 + λ3)v2
δ

)]
≥ 0. (2.52)
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However, this extra constraint is automatically satisfied due to the BFB constraints.

Requiring the absence of tachyonic modes for the CP-odd scalar and the singly-charged and doubly-
charged scalars another three requirements are obtained:

µ > 0, (2.53)

µ >
λ4vδ

2
√

2
, (2.54)

µ >
λ4vδ√

2
+
√

2
λ3v

3
δ

v2
φ

. (2.55)

The set of inequalities obtained using the different arguments will impose strong constraints on
the possible scalar masses. This will be explored more in detail in Section 3.1.

2.4 Motivations for the HTM: The type-II seesaw mechanism

Neutrinos, as well as the scalar sector, are appealing particles for the study of new physics BSM as
they are the only known fermions which are neutral with respect to all conserved charges, namely
electric charge and colour. As a result, they can be Majorana particles, which leads to the question of
whether they have Majorana or Dirac masses. Although a minimal extension of the SM by adding three
right-handed neutrinos leading to Dirac mass terms is still allowed by phenomenology, this receipt
does not explain the smallness of neutrino masses compared to other particles [21].

In particular, Majorana masses can arise through the seesaw mechanism, being an economic
possibility as do not require for the existence of right handed neutrinos.

Type-II seesaw mechanism

Seesaw of type II [5,6,22–24] requires for an extension of the scalar sector by a scalar triplet with
hypercharge yδ = 2. In this model, lepton number is broken explicitly in the scalar potential by a
trilinear coupling, µ, as discussed already in Section 2.

The LY term in (2.1) contains all the Yukawa sector, being that of the SM plus the extra Yukawas
coupling the SU(2)L doublets with the Higgs triplet. The new Yukawa term leads to a Majorana mass
terms for neutrinos once the neutral component of ∆ acquires a vacuum expectation value (vev), vδ,
without requiring right-handed neutrino states. The Yukawa Lagrangian can be defined as follows:

LY = LSMY −
[

(Yv)ij L
T
i Ciσ2∆Lj + h.c.

]
, (2.56)

denoting by L the SU(2)L doublets of left-handed leptons, Yv denotes the Yukawa couplings of the
lepton doublets with the triplet fields and C the charge conjugation operator. This term can be rewritten
in terms of the neutrino masses as:

− (Yv)ij L
T
i Ciσ2∆Lj + h.c. = −

(Mv)ij√
2vδ

LTi Ciσ2∆Lj + h.c., (2.57)

from where it can be easily derived:

Lm(ν)

Y = −1

2
(Mv)ij

(
ν̄cL,iνL,j + ν̄L,iν

c
L,j

)
(2.58)
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where Mv = UmvU
† is the neutrino mass matrix in the basis where the charged lepton masses are

diagonal. mv stands for the neutrino masses and U is the would be Pontecorvo-Maki-Nakagawa-Sakata
matrix. It is evident that the Majorana mass term violates Lepton number in two units.

Being the neutrino masses defined in terms of the Yukawa couplings as (Mv)ij =
√

2vδ (Yv)ij , from
Equation (2.30) it follows that in theM � v limit, the type II seesaw mechanism will produce neutrino
masses of order:

mv ∼ y
µv2

φ

M2
, (2.59)

where y corresponds to the Yukawa couplings in the neutrino mass basis. The trilinear coupling µ
breaks lepton number and thus can be protected by symmetry and be naturally small. Therefore,
neutrinos can be supposed to be light compared to the electroweak scale for triplet masses around the
TeV.

Another interesting feature of the model is the possibility of testing neutrino parameters from
decays in the leptonic sector. The couplings between the scalar and leptonic sectors will be presented
in the following Section while the scalars decays into leptons will be discussed later in Section 3.4.

2.5 Implications for the leptonic sector

The introduction of new scalar into the particle content of the theory will lead to new interactions, not
only with gauge bosons but also in the leptonic sector. These new scalar-leptons interactions, that are
introduced as Yukawa terms in the Lagrangian as occurred for the Higgs boson within the SM, will be
obtained in this Section.

From the Yukawa Lagrangian in Equation (2.56):

− (Yv)ij L
T
i Ciσ2∆Lj + h.c. = −

(Yv)ij√
2

(
−¯̀c

L,i ν̄
c
L,i

)( ω+
δ

√
2 δ++

vδ + hδ + iηδ −ω+
δ

)(
νL,j
`L,j

)
+ h.c., (2.60)

where all the fields in (2.60) are left handed as the triplet fields do not couple with right handed fields.
Expanding, in terms of the triplet fields, the following is obtained:

− (Yv)ij L
T
i Ciσ2∆Lj + h.c. =−

(Yv)ij√
2

[
ν̄cL,iνL,j (vδ + hδ + iηδ)−

(
¯̀c
L,iνL,j + ν̄cL,i`L,j

)
ω+
δ

−
√

2 ¯̀c
L,i`L,j δ

++
]

+ h.c.

(2.61)

After some computation, the total Yukawa interactions in term of the physical fields can be sum-
marised as follows. For the neutral currents:

LneutralY =−
m

(`)
i

vφ
¯̀
i`i (cαh− sαH)−

m
(ν)
i

2vδ
ν̄iνi (sαh+ cαH)

− i
m

(`)
i

vφ
¯̀
iγ5`isτθ − i

m(ν)i

2vδ
ν̄iγ5νicτθ,

(2.62)
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where the `i and νi are the leptonic mass eigenstates, that have been defined as in [17], i.e.:

` = S1 (`L + V1`R) , (2.63)

ν = S2 (V2νL − νcL) , (2.64)

being Vi defined as Vi =
√

2/viH
−1
i Y i, where Hi is an hermitian matrix whose diagonalization

Hi = S†iDiSi gives the diagonal mass matrix Di. Here, the index i = 1 correspond to the charged
leptons and i = 2 is used for neutrinos.

Now, for the charged currents:

LchargedY =
[
−
√

2 (Yv)ij
¯̀c
L,iνL,jcβH

+ − (Y0)ij ν̄L,i`R,j sβH
+

+ (Yv)ij
¯̀c
L,i`L,j δ

++
]

+ h.c. ,
(2.65)

In this model the mass term of the charged leptons does not change and therefore remains as in
the SM.

For the neutral terms, as the scalar fields couple with leptons in their mass eigenstates basis (in
the same way as the vevs), then there won’t be any FCNC appearing at tree level. From the charged
interaction it can be seen that L = 2 interactions have to be considered in this model, these new
interactions are shown in Figure 2.1.

`+L,i

`+L,j

δ++

`+L,i

νL,j

H+

Figure 2.1: Feynman diagrams associated with processes with L = 2 within the Higgs triplet model.

Now that the model has been introduced and some theoretical constraints and interactions have
been discussed the phenomenology of the model will be analysed.
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3 Phenomenology of the HTM

In this Chapter, a discussion of some of the phenomenological implications of adding a scalar triplet
with hypercharge yδ = 2 to the SM particle content will be performed. First, in Section 3.1 the allowed
parameter space will be computed using the arguments of unitarity, BFB and the absence of tachyonic
modes, summarised in Section 2.3. The one loop corrections to the electroweak parameters will be the
topic of Section 3.2. In Section 3.3, the light Higgs decay into photons will be analysed. Finally, the
phenomenology of the triplet-like particle decays will be explored in Section 3.4.

3.1 The parameter space in the HTM

To begin with, the parameters of the scalar potential can be traded to the physical masses and the
vacuum expectation values in order to obtain meaningful understanding from Eqs. (2.39 - 2.52). This
has been done as in [20], giving the relations:

µ =

√
2vδ

v2
φ + 4v2

δ

m2
θ , (3.1)

λ =
2

v2
φ

(
s2
αm

2
H + c2

αm
2
h

)
, (3.2)

λ1 =
4

v2
φ + 2v2

δ

m2
H+ −

2

v2
φ + 4v2

δ

m2
θ −

sαcα
vφvδ

(
m2
H −m2

h

)
, (3.3)

λ2 =
1

v2
δ

[
1

2

(
s2
αm

2
h + c2

αm
2
H

)
+

v2
φ

2(v2
φ + 4v2

δ )
m2
θ −

2v2
φ

v2
φ + 2v2

δ

m2
H+ +m2

δ++

]
, (3.4)

λ3 =
1

v2
δ

[
2v2
φ

v2
φ + 2v2

δ

m2
H+ −

v2
φ

v2
φ + 4v2

δ

m2
θ −m2

δ++

]
, (3.5)

λ4 =
4

v2
φ + 4v2

δ

m2
θ −

4

v2
φ + 2v2

δ

m2
H+ . (3.6)

The parameters m2
Φ and M2 can be easily exchanged to the physical parameters through the

Eqs. (2.10, 2.11). To complete the determination in terms of physical quantities one should further
deduce the mixing angle α from the measurement of some couplings and the values of vφ and vδ. The
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Figure 3.1: In the left figure, the allowed values for the masses of the particles of the model, mH+ (blue) and
mθ (pink), as a function of the mass mδ++ are shown. The right figure shows the results from
the computation of the mass difference ∆mδX ≡ mδ++ −mX with X = H+ (blue) and X = θ
(pink). Both Figures have been computed using nothing else but arguments of unitarity, vacuum
stability and the absence of tachyonic modes.

vev of the model vφ and vδ could be expressed in terms of observables. One option would be to replace
them for mZ , mW and cW as

v2
φ =

s2
W

παQED
(2m2

W − c2
Wm

2
Z) , v2

δ =
s2
W

2παQED
(c2
Wm

2
Z −m2

W ), (3.7)

where the dependence on the deviance of the ρ parameter from unity is present, this will be discussed
in depth later in Section 3.2. Some other possibilities are contained in [20].

For the computation of the allowed parameter space the approximate expression of sα from (2.31)
will be used. This should be taken into account when analysing the results for values of mδ++ < 500

GeV, as the results shown here should not be fully reliable in this energy region. Even so, sα would be
small in any case because of the constraint coming from the ρ parameter.

In here, the masses of the particles (mδ++ , mH+ , mθ, mH and mh) and the vev of the triplet (vδ, or
sα) are taken to be the d.o.f. of the model. From that, all the parameters of the model can be obtained.
For the results that appear in this work the input value vδ = 1 GeV has been fixed, although some other
values have been used to check that there are no meaningful changes appearing. Here, the assumption
mH ,mθ > mh will be made although the other configuration is still allowed by the data (depending
on the value of vδ). This assumption would be necessary to avoid Higgs and gauge bosons decay into
these particles.

The computation has been done and the results for the masses of the θ, H+ and δ++ and the mass
difference ∆mδX ≡ mδ++ −mX (X = θ, H+. The notation ∆mXY = mX −mY will be used from now
on) are shown in Figure 3.1. It can be seen for values of mδ++ > 500 GeV that the parameter space
seems to favour the massive particle of the model to be δ++, although the degenerate configuration of
mδ++ ' mH+ ' mθ and the inverse mass hierarchy are allowed.

This “preference” on δ++ being the heavier particle of the model could be understood from λ4

being smaller than zero as well as H+ being heavier than θ (the mass difference ∆mH+θ also depends
on λ4, as stated in Section 2.2). This has been checked and the results are shown in Figure 3.2. The
same behaviour is found for the mass difference ∆mH+θ.
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Figure 3.2: In the left figure, the parameter λ4 is shown as a function of mδ++ for the input values of vδ = 1
GeV and tanα = 4vδ/vφ. The right figure shows the mass difference ∆mH+θ ≡ mH+ −mθ.
Both Figures have been computed using nothing else but arguments of unitarity, vacuum stability
and the absence of tachyonic modes.

In Figure 3.3 (left) the quantity ∆mδH+ −∆mH+θ = mδ++ +mθ − 2mH+ , which gives a measure
for the difference of the splitting between the masses of the δ++ and H+ and the H+ and θ particles
respectively, is plotted. This figure shows that the parameter space of the model allows for a degenerate
spectrum of the heavy particles masses. In the region mδ++ ∈ (1, 1000) GeV both configurations for
the mass splitting are allowed (mδ++ −mH+ ' mH+ −mθ and mδ++ −mH+ 6= mH+ −mθ). More
interesting is the case of mδ++ > 1 TeV, where only the possibility of mδ++ − mH+ ' mH+ − mθ

remains. In this case the splitting has an upper bound of ∼ 200 GeV, as can be seen from Figure 3.1, i.e.
the splitting does not exceed a 10− 20% of the value of mδ++ . This mass splitting would be strongly
constrained later, once the corrections to the oblique parameter T are introduced.

Additionally, one interesting relation can be obtained by inserting Equations (3.4) and (3.5) into
Equation (2.48.10), as done in [21]

0 ≤
(
s2
αm

2
h + c2

αm
2
H

)
−

v2
φm

2
θ

v2
φ + 4v2

δ

≤ 16πv2
δ . (3.8)
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Figure 3.3: In the left figure, the difference of the splitting between the heavy particles ∆mδH+ −∆mH+θ =
mδ++ +mθ − 2mH+ of the HTM is shown. The right figure shows the mass difference ∆mHθ ≡
mH − mθ. Both Figures have been computed using nothing else but arguments of unitarity,
vacuum stability and the absence of tachyonic modes.
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Doing some simplifications:

(1− ξ)m2
θ ≤ (1− ξ)m2

H ≤ (1− ξ)m2
θ + 16πv2

δ , (3.9)

where ξ = 4v2
δ/v

2
φ. Thus, (3.9) leads to the following relation:

m2
θ . m2

H . m2
θ + 16πv2

δ . (3.10)

This relation has been checked and is shown in Figure 3.3 (right). Therefore, the masses of the H
and θ scalars are the same up to some tiny corrections O(v2

δ/v
2
φ).

3.2 One loop corrections to electroweak parameters

As commented in the introduction, the ρ parameter imposes major constraints for all the scalar
extensions of the SM other than singlets or doublets with y = 1. In Equation (2.9), it was shown that
the HTM introduced a deviation of the ρ parameter with respect to the prediction of the SM, which
was parametrized as δρ = −2α2, i.e. the deviation from ρ = 1 was proportional to v2

δ/v
2
φ at tree level.

The one-loop corrected electroweak observables relevant to the HTM have been computed in [7]
for the same model as in this work and in [25] for a HTM with hypercharge yδ = 0. The on-shell
scheme was used in both cases. The computation of the corrected electroweak observables is necessary
for two main reasons: to begin with, it should be checked that corrections to the ρ parameters do not
imply a strong deviation from the experimental value, even for the SM. The second reason is that as
new particles have been introduced to the particle content of the SM new corrections are to be taken
into account and those should be compared with the corrections induced within the SM. Therefore, by
looking at how the properties of these new particles produce deviations from the SM observables, new
constraints on the parameter space of the model will arise.

In the SM, and in models with ρ = 1 at the tree level, all the electroweak parameters can be
determined from a set of three input parameters, one useful example would be the set: αem, GF and
mZ , being the values of those parameters well known experimentally. On the other hand, for models
with ρ 6= 1 at the tree level like the HTM, an additional input parameter is necessary to fully determine
all the electroweak parameters, i.e., in addition to αem, GF and mZ , another parameter as the weak
angle sin2 θW should be chosen as the fourth input, as done in [7,25].

Using the same values of these input parameters as in refs. [7,25], from [26]

α−1
em(mZ) = 128.903(15), GF = 1.1663787(6)× 10−5 GeV−2, (3.11)

mZ = 91.1876(21) GeV, ŝ2
W (mZ) = 0.23146(12),

where ŝ2
W ≡ ŝ2

W (mZ) (ĉ2
W = 1− ŝ2

W ) is defined as the ratio of the coefficients of the vector part and
the axial vector part in the Zēe vertex:

1− 4ŝ2
W (mZ) =

Re(ve)

Re(ae)
, (3.12)

being ve and ae defined as:

ve = −1

2
+ 2ŝ2

W ae = −1

2
. (3.13)
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Figure 3.4: The one-loop corrected values of mW as a function of the absolute value of ∆m and for different
values of vδ in Case I (mθ > mH+ > mδ++). The values mh = 125 GeV, mt = 173 GeV and
tanα = 0 have been used for both figures. The pink (gray) shaded region represents the 1σ (2σ)
error for the experimental data of mexp

W = 80.399 ± 0.023 GeV [26]. In the left (right) figure,
the mass of the lightless scalar has been taken to be mδ++ = 150 GeV (300 GeV). The dashed
green line shows the SM prediction ofmW at the one-loop level with a SM Higgs boson with mass
mh = 125 GeV. These Figures have been taken from [7].

Therefore, the expression of m2
W and ρ in terms of the four input parameters [7]:

m2
W =

παem√
2GF ŝ2

W

(1 + ∆r) , ρ =
παem√

2GF ŝ2
W ĉ

2
Wm

2
Z

(1 + ∆r) , (3.14)

where the radiative corrections have been parametrized by the factor ∆r. Therefore, in terms of four
input parameters, ∆r determines both the one-loop corrected mass of the W boson and the ρ parameter
in the HTM. ∆r is given by [7].

∆r =
ΠWW
T (0)−ΠWW

T (m2
W )

m2
W

+
d

dp2
Πγγ
T (p2)

∣∣∣
p2=0

+
2ŝW
ĉW

ΠγZ
T (0)

m2
Z

− ĉW
ŝW

ΠγZ
T (m2

Z)

m2
Z

+ δV B + δ′V .

(3.15)

In (3.15), δVB and δ′V are the vertex and the box diagram corrections to GF and the radiative
corrections to the Zēe vertex, respectively. ΠXY

T (p2) (X,Y = W,Z, γ) are the 1PI diagrams for the
gauge boson self-energies. The analytic expressions for the gauge boson self-energies in the HTM with
the yδ = 2 triplet field have been computed and can be found in [7].

These corrections depend on the mass spectrum and the doublet-triplet mixing angle; i.e., mδ++ ,
mH+ , mθ, mH , mh and tanα. In [7], the mass mH+ is traded for the mass difference ∆mδH+ =

mδ++−mH+ and the splittingm2
δ++−m2

H+ ≈ m2
H+−m2

θ discussed in (2.37) is assumed. There should
not be any problem with this assumption when going to masses around the TeV, but it is evident by
looking at Figures 3.1 and 3.2 that for mδ++ , mθ < 1 TeV the contributions from λ3 and the factor
µvδ will have a main importance for the mass of these particles at those scales, where the behaviour
m2
δ++ −m2

H+ ≈ m2
H+ −m2

θ can not be ensured (see Figure 3.3 - left). Even though the configuration
from [7] is not the most general, it is contained within the allowed parameter space of the model and
therefore it will be analysed taking this into account. As well, it should be noted that for many of the
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Figure 3.5: The one-loop corrected values of mW as a function of the absolute value of ∆m and for different
values of vδ in Case II (mδ++ > mH+ > mθ). The values mh = 125 GeV, mt = 173 GeV and
tanα = 0 have been used for both figures. The pink (gray) shaded region represents the 1σ (2σ)
error for the experimental data ofmexp

W = 80.399± 0.023 GeV [26]. In the left (right) figure, the
mass of the lightless scalar has been taken to be mθ = 150 GeV (300 GeV). The dashed green
line shows the SM prediction of mW at the one-loop level with a SM Higgs boson with mass
mh = 125 GeV. These Figures have been taken from [7].

results presented by [7] the parameter sα has been set to be zero. This limit is in fact excluded, as
noted by [21] and as will be shown later in Section 3.3. Even though, the results should not differ
notably for the computation of the correction tomW and ρ as the differences on the couplings between
gauge bosons and scalars do not depend strongly on this variation [7]. This will be commented later
in Section 3.3. In this Section, the notation ∆m ≡ ∆mδH+ = ∆mH+θ will be used.

The results for the two scenarios for the mass splitting analysed in [7] are presented. A mass of the
top quark ofmt = 173 GeV andmb = 4.7 GeV for the bottom quark have been used. Leading order QCD
corrections have been taken into account with a value of αs(mZ) = 0.118 [7]. The numerical results
of the one-loop corrected values of mW as a function of the absolute value of ∆m and for different
values of vδ for Case I (mθ > mH+ > mδ++) for a mass of mδ++ = 150 GeV (left) and mδ++ = 300

GeV (right) are shown in Figure 3.4. tanα has been taken to be equal to zero. The pink (gray) shaded
region represents the 1σ (2σ) error for the experimental data of mexp

W = 80.399± 0.023 GeV [26]. The
dashed green line shows the SM prediction of mW at the one-loop level with a SM Higgs boson with
mass mh = 125 GeV.

It can be seen that for Case I the degenerate configuration (∆m = 0) is excluded for all values
of vδ (the behaviour for vδ < 1 GeV does not differ for the one presented at vδ = 1 GeV [7]). The
favoured splitting would be of 70− 80 . |∆m| . 300 for vδ = 1 GeV and 160 . |∆m| . 460 for vδ = 5

GeV for the input value mδ++ = 150 GeV. For a larger value of mδ++ (right) the allowed range of the
splitting becomes larger and wider being 160 . |∆m| . 600 for vδ = 1 GeV and 360 . |∆m| for vδ = 5

GeV. Even still, the degenerate case is not allowed for this configuration. The limits set on |∆m| from
perturbative unitarity are found around ∼ 400 GeV for Case I and for ∼ 1 TeV for Case II.

The same analysis has been performed by [7] for Case II (mδ++ > mH+ > mθ) for a mass of
mθ = 150 GeV and mθ = 300 GeV. Results are shown in Figure 3.5 and the same conditions and input
parameters from Case I have been used. For θ being the lightless of the triplet-like particles there
is no configuration of vδ and ∆m compatible with the experimental measurements of mW , neither
for mθ = 150 GeV (left) nor mθ = 300 GeV (right). This Case is therefore clearly disfavoured by the
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Figure 3.6: The one-loop corrected values ofmW as a function of ŝ2W and for different values of ∆m in Case I
(mθ > mH+ > mδ++). The values mh = 125 GeV, mt = 173 GeV and tanα = 0 have been used
for both figures. The pink (gray) shaded region represents the 1σ (2σ) error for the experimental
data ofmexp

W = 80.399±0.023 GeV and ŝ2W , exp = 0.23146±0.00012 GeV [26]. In the left (right)
figure, the mass of the lightless scalar has been taken to be mδ++ = 150 GeV (300 GeV). These
Figures have been taken from [7].

electroweak precision data coming from mW .

Therefore, from Figures 3.4 and 3.5 Case I results as favoured from the experimental constraints
of mW . Now, the study can be extended for both cases and the renormalized value of mW has been
computed as function of ŝ2

W , for different values of ∆m. Again, the same input parameters such as the
bottom and top quark masses, tanα and mh have been used.

Figure 3.6 shows the renormalized values of mW as a function of ŝ2
W for different values of ∆m.

The pink (gray) shaded region represents the 1σ (2σ) error for the experimental data of mexp
W =

80.399± 0.023 GeV and ŝ2
W , exp = 0.23146± 0.00012 GeV [26]. It can be seen that the degenerate case

is not included within the allowed data for none of the cases. For mδ++ = 150 GeV (left), the data will
agree with values of −600 . ∆m . −160 GeV. The bound for the coloured lines correspond with the
limit of vδ = 0, which can be computed by defining vδ in terms of the four input parameters as:

v2
δ =

ŝ2
W ĉ

2
W

2παem
m2
Z −

√
2

4GF
, (3.16)

and taking vδ to zero.

For mδ++ = 300 GeV (right), the data will require larger values of ∆m compared to those from the
left figure. In this case the allowed range will be of −600 . ∆m . −300 GeV. Formδ++ = 300 GeV the
predicted values of mW are smaller for the same value of ∆m (for a non-zero value) than they were
for the left figure, i.e. smaller values of mδ++ will predict larger values of mW (for the same splitting).
In the limit ∆m going to 0 the prediction remains the same.

In Figure 3.7 the computation has been repeated considering now the CP-odd scalar, θ, to be the
lightest. The input masses mθ = 150 GeV (left) and mθ = 300 GeV have been used (right) and the
input parameters remain the same as used for Figures 3.4, 3.5 and 3.6.

As happened in Figure 3.5, there is no region of data compatible with θ being the lightest of the
triplet-like scalars. In this case the highest value for the mW mass is found for ∆m = 0, but happens to
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Figure 3.7: The one-loop corrected values of mW as a function of ŝ2W and for different values of ∆m in
Case II (mδ++ > mH+ > mθ). The values mh = 125 GeV, mt = 173 GeV and tanα = 0 have
been used for both figures. The pink (gray) shaded region represents the 1σ (2σ) error for the
experimental data of mexp

W = 80.399± 0.023 GeV and ŝ2W , exp = 0.23146± 0.00012 GeV [26]. In
the left (right) figure, the mass of the lightless scalar has been taken to be mθ = 150 GeV (300
GeV). These Figures have been taken from [7].

be out of the allowed region. Again, Case I is favoured by the experimental constraints, now from mW

and ŝ2
W precision data.

Now the study will be focused on the one loop corrections to the ρ parameter as a function of
vδ, from Equation (3.14). The input parameters will remain the same and the values mh = 125

GeV, mt = 173 GeV and tanα = 0 have been used. The deviation from the SM prediction will be
parametrised as ∆ρ ≡ ρ− ρSM(mh) [7]. The experimental deviation was computed in [7] using the
data of the oblique T parameter from [26], being ∆ρexp = 0.000632± 0.000621. Results are shown in
Figure 3.8 for Case I (left) and Case II (right) for different values of ∆m.

As occurred in the study of mW , the degenerate case is not allowed by the data, neither for Case
I nor Case II. Case I is in agreement with ∆m being around ∼ (−400,−100) GeV for a value of vδ of
∼ 3.5− 8 GeV, coinciding with the results obtained from Figure 3.4. Case II is clearly disfavoured by
the electroweak precision data of ∆ρ, as occurred to be for mW , as Figure 3.8 shows that there is no
possible configuration of vδ and ∆m contained within the 2σ region.

The results of the deviation of the ρ parameter prediction within the HTM with the SM as a function
of the mass of the lightless triplet-like scalar are included in Figure 3.9, where now a non zero value of
tanα is used (previous results from Figure 3.8 encourages to set vδ around 5 GeV). For this computation
a new parameter, ξ ≡ m2

δ++ −m2
H+ , has been defined and values from 100 GeV to 3 TeV have been

considered. In this case, the limit of mlightless going to infinity has been assumed and tanα has been
set to be tanα = 2vδ/v.

It can be seen that the results support values of mlightlest at the GeV order, for values of ξ of
(−5002,−1002) GeV2. The Case II configuration is (once again) out of the 2σ region and therefore, this
mass hierarchy for the HTM (for this configuration of masses) could be considered as excluded. The
allowed values for ξ have been computed using the results from Section 3.1, being its maximum value
of ∼ 700 GeV.
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Figure 3.8: The one-loop corrected value deviation of ∆ρ from the ones predicted by the SM, as a function
of vδ and for different values of ∆m. The values mh = 125 GeV, mt = 173 GeV and tanα = 0
have been used for both figures. The pink (gray) shaded region represents the 1σ (2σ) error
for the experimental data of ∆ρexp = 0.000632 ± 0.000621 which has been computed by [7],
derived from the data of the T parameter (T = 0.07 ± 0.08) [26]. In the left figure, Case I
(mθ > mH+ > mδ++) is considered, with mδ++ = 150 GeV. In the right figure, the results for
Case II (mδ++ > mH+ > mθ) are shown, and mθ is fixed at 150 GeV. These Figures have been
taken from [7].

The fact of ∆ρ not coinciding with the SM prediction in the limit of mlightest going to infinity, when
the theory decouples, comes from the choice of parameters. Without imposing mW = mZcW the
predictions differs as in [7] four input parameters have been used while the predictions within the SM
are computed using three of them plus the tree level relation mW = mZ cW .

For a better understanding of the phenomenological implications for this model, the study of the
corrected electroweak parameters should be performed allowing all the possible configurations for any
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Figure 3.9: Deviation of the ρ parameter prediction within the HTM and the SM as a function of the
mass of the lightless triplet-like scalar (mlightest) for different values of ξ ≡ m2

δ++ − m2
H+ .

The values mh = 125 GeV, mt = 173 GeV and vδ = 5.78 GeV (tanα = 2vδ/v) have been
used. The pink (gray) shaded region represents the 1σ (2σ) error for the experimental data
of ∆ρexp = 0.000632± 0.000621 which have been obtained from the data of the T parameter
(T = 0.07± 0.08 [26]). This Figure has been taken from [7].
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set of degrees of freedom. There is no reason a priori to cut down from the three mδ++ , mH+ and mθ

parameters down to only mδ++ and ∆m.

3.2.1 The oblique parameter T

To conclude with the radiative corrections of the electroweak parameters within this model, constraints
coming from the oblique parameter T will be consider here.

In Section 3.1, the parameter space of the model was derived using arguments of unitarity, BFB
and the absence of tachyonic modes. It was evident from Figure 3.1 that the allowed region for the
mass hierarchy mδ++ > mH+ > mθ was larger than the one for the inverse mass hierarchy, although
both configurations were possible. Nevertheless, this “preference” disappears once the constraints
derived from the electroweak oblique parameter T are considered. For an upper value of vδ ∼ 1 GeV,
the major contribution to the T -parameter comes from the loops involving the new triplet-like scalars.
In this limit, sα ≈ 0 and mH ≈ mθ, the new physics contribution to the electroweak T -parameter is
given by [21]

∆T =
1

4πs2
Wm

2
W

[
F (m2

H+ ,m
2
θ) + F (m2

δ++ ,m
2
H+)

]
, (3.17)

where

F (x, y) =
x+ y

2
− xy

x− y
ln

(
x

y

)
. (3.18)

Equation (3.17) can be simplified from (2.38) and (3.18) in such a way that it depends only on
the quantity ∆m = ∆mδH+ ≈ ∆mH+θ [21]:

∆T ≈ ∆m2

3πs2
Wm

2
W

. (3.19)

Being the current experimental limit on the T -parameter of ∆T < 0.2 with a 95% C.L. [18], it
translates into an upper limit for the mass splitting of |∆m| . 50 GeV.

In Figure 3.10 (left) the allowed values for ∆mδH+ computed in Section 3.1 are shown alongside
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Figure 3.10: For the left figure, in blue, the results from the computation of the mass difference ∆mδH+

using arguments of unitarity, vacuum stability and the absence of tachyonic modes. In orange,
the allowed region for the mass difference ∆m from the EW oblique parameter T . The right
figure shows the allowed values for ∆mδH+ after the constraints from the corrections of the
oblique T parameter were considered.
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with the constraints coming from the T parameter. Figure 3.10 (right) shows the allowed values for
∆mδH+ after imposing the T correction, for this Figure a more exhaustive scan was performed within
the allowed region.

3.3 Light Higgs decay into photons

Being the Higgs the lightest of the scalar particles of the model, there is not any decay channel for
the Higgs particle to be tested at tree level for this model. Going to higher levels in a perturbative
expansion, the most important difference should appear at the h → γγ channel, as the photon is a
massless particle and therefore does not couple to the Higgs at tree level, its first contribution to the
hγγ vertex appears at the one-loop level. Now that two new charged particles (H+ and δ++) have
been introduced, new contributions will appear and therefore the decay width Γ(h→ γγ) could vary
notably from the SM prediction.

It can be noted that the production of this particle at the LHC does not vary in a first approximation.
Being the main production mechanisms gluon fusion, VBF, and associated productions with VB and
top quarks, as the new particles do not couple to gluons (do not have colour charge) or quarks (it is
not possible to build up a singlet of hypercharge involving the quark doublets and the Higgs triplet
for the Lagrangian).1 Therefore, the production cross sections should not differ notably from the one
predicted by the SM. Even though, the modified Higgs production cross section and total decay width
can be redefined (as a ratio compared to the SM value) as follows:

RCS =
σ(pp→ h)

σSM(pp→ h)
= κ2

F (fggF + ftt̄H) + κ2
W (fVBF + fVh), (3.20)

RTDW =
Γ

ΓSM
= 0.76κ2

F + 0.24κ2
W , (3.21)

where 0.24 is the numerical value for BR(h→ V V ∗) and 0.76 is the approximate value of the branching
ratio to other particles [18]. The fX functions in (3.20) correspond to the percentage of the Higgs
boson production through the X channel, being: fggF ' 0.87, ftt̄h ' 5 · 10−3 , fVBF ' 0.07 and
fVh ' 0.05 [18]. The κX functions are corrections to the SM cubic couplings of the Higgs with the
field X, defined as:

κX ≡
λhXX∗

λSMhXX∗
. (3.22)

The expression of the κX functions appearing in (3.20) and (3.21) are:

κF = cα, κV = sαsτ + cαcτ . (3.23)

The decay width of h→ γγ has been computed at the one-loop level (see Appendix C), being for
this model:

Γ(h→ γγ) =
GF α

2
emm

3
h

128
√

2π3

∣∣∣∣∣− 2κqN
c
fq

2
fF1/2(f) + κWF1(W ) + q2

jλj∗jh
v

2m2
j

F0(j)

∣∣∣∣∣
2

, (3.24)

where the first two terms correspond to the SM decay width for κq = κW = 1.

1In the limit of α→ 0, where the triplet and doublet particle do not mix up to tiny corrections.
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The Fi(x) functions are defined as in [27]:

F1/2(x) = τx[1 + (1− τx)f(τx)],

F1(x) = 2 + 3τx + 3τx(2− τx)f(τx), (3.25)

F0(x) = τx[1− τxf(τx)],

being f(x) and τj:

f(x) =


[

arcsin(1/
√
x)
]2
, if x ≥ 1

−1
4

[
log

1 +
√

1− x
1−
√

1− x
− iπ

]2
, if x < 1

, τj = 4m2
j/m

2
h. (3.26)

In Eq. (3.24), qf,j is the electric charge of the field f, j and N c
f is the colour factor. The index f

corresponds to the set of charged fermions, although for later computations only the top and bottom
quarks will be relevant. The index j stands for the charged scalars H+ and δ++.

From Equations (3.1 - 3.6), the couplings λH+H−h and λδ++δ−−h that appear in Equations (D.1)
and (D.2) have been redefined in terms of the physical masses and the triplet-doublet mixing angles as
follows:

λH+H−h =
1

vδ

[
m2
H+

(√
2sβcβcα + 2s2

βsα

)
−m2

θsα

(
c2
τ +

s2
τ

2

)
+m2

h

(
s3
βcα√
2cβ

+ c2
βsα

)]
, (3.27)

λδ++δ−−h =
1

vδ

[
2m2

δ++sα +m2
hsα − 2m2

H+

(
2c2
βsα −

√
2sβcβcα

)
−m2

θ

(
sτ cτ cα − c2

τsα
)]
. (3.28)

The decay rate Rγγ is then given as:

Rγγ =
Γ(h→ γγ)

ΓSM(h→ γγ)
=

∣∣∣∣∣− 2N c
fq

2
fF1/2(f) + F1(W ) + q2

jλj∗jh
v

2m2
j
F0(j)

∣∣∣∣∣
2

∣∣∣∣∣− 2N c
fq

2
fF1/2(f) + F1(W )

∣∣∣∣∣
2 , (3.29)

and finally, the signal strength is defined as:

µγγ =
σ · BRγγ

(σ · BRγγ)SM
=
RCS

RTDW
Rγγ . (3.30)

This signal strength has been computed for the complete parameter space allowed by the vacuum
stability, unitarity and absence of tachyonic modes conditions and imposing the constraints of the T
parameter, i.e. using the parameter space computed in Section 3.2.1. The result is shown in Figure
3.11 (left) as a function of the doubly charged scalar for the input value of vδ = 1 GeV. The green
region correspond to the 2σ allowed space, from the experimental value µexpγγ = 1.16± 0.18 [18]. It
can be seen in the figure that if the experimental error decreases and the experimental value remains
around 1.15, then the value of the doubly charged scalar would have an upper bound on ∼ 500 GeV.
On the other hand, if the data starts to favour a value of µγγ around unity, then the constraint for the
doubly charged mass would disappear, as all values for mδ++ would be allowed from this constraint.
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Figure 3.11: In the left figure, the allowed values for the signal strength for the process h→ γγ predicted by
the HTM as a function of mδ++ for tanα = 4vδ/vφ are shown. In the right figure the results
of the same computation appear, now setting tanα = sα = 0. For both figures, the values
mh = 125 GeV, mt = 173 GeV and mb = 4.7 GeV have been used. The green region correspond
to the 2σ allowed space, from the experimental value µexpγγ = 1.16± 0.18 [18]. The left figure
has been computed using nothing else but the arguments of unitarity, vacuum stability, the
absence of tachyonic modes and the constraints coming from the oblique parameter T . For the
right Figure the constraints coming from the oblique parameter T have been omitted.

The computation has been done considering values of mδ++ from 1 GeV up to 2 TeV.

In the naive decoupling limit, i.e. sα → 0 the contribution of the triplet-like particles is destructive
with respect to the SM one. In fact, it can be easily checked from (3.28) that:

λH+H−h =
1

vδ

[
m2
H+

√
2sβcβ +m2

h

s3
β√

2cβ

]
'

2m2
H+

v
, (3.31)

λδ++δ−−h =
1

vδ

[
2m2

H+

√
2sβcβ −m2

θsτ cτ

]
' 2

v

[
2m2

H+ −m2
θ

]
'

2m2
δ++

v
. (3.32)

Taking the limit mcharged to be large, F0(mcharged) goes to −1/3. Therefore, the signal strength
would be smaller than unity and would lie around 0.5 − 0.6 in the sα = 0 case, as shown in Figure
3.11 (right), where the constraints coming from the oblique parameter T have been omitted for the
computation in this limit. This configuration is therefore excluded, for any value of vδ. If the value of
sα is relaxed, then terms from (3.28) that did vanished in that limit lead to a decoupling behaviour for
large values of mcharged, as shown in Figure 3.11 (right). The fact that this strong variation appears
when one sets sα to be zero (right) compared to the limit of sα = 2vδ/vφ ∼ 0.008 (left) is due to
dependence of the couplings λH+H−h and λδ++δ−−h on these small variations. Contrary to what
happened with the couplings of the scalar particles with gauge bosons in Section 3.2, where the limit
sα was taken, the trilinear couplings between scalar particles are highly sensitive to small variations of
their input parameters.

3.4 Triplet-like particle decays

Another important feature of the HTM is the introduction of a doubly-charged scalar, in addition to the
singly-charged and the neutral scalars. This particle content would have consequences in the leptonic
and gauge sectors that could play an important role for testing this model at the LHC. The study of the
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decay channels of the doubly-charged scalar will be the main goal of this Section. Nonetheless, a brief
comment will be done for the neutral and singly charged scalar decays as well.

3.4.1 Neutral scalars decay

Although one expects the main decay channels for these particles, being triplet-like, to be into neutrinos,
one can realise from the fact that the coupling depends on the particle masses, that the branching ratio
into this decay channel will be notably smaller than the ones coming from its doublet-like component.
In fact, by a simple computation and expecting m(ν) ∼ eV, one gets:

BR(X → ν̄ν)

BR(X → ¯̀̀ )
∼ 10−5, (3.33)

where X stands for H and θ.

For the neutral scalar, H, using the same data for the BR as in Section 3.3, as now the leptonic and
jet decays will have a redefinition of the vertex by a factor of sα for the decay of H → ¯̀̀ (or quarks),
the branching ratio for the decay into gauge bosons will be larger than the leptonic or quark decay, for
the expected value of vδ < 10 GeV.

In the case of the pseudoscalar, θ, its main decay channel would be the one into a gauge boson
plus a scalar, as the ratio of the branching ratio has been computed, being:

BR(θ → hZ)

BR(θ → ¯̀̀ )
∼
m2
θ

m2
`

, (3.34)

where all the masses except for the θ particle have been neglected (this can be done by assuming
mθ ∼ 500 GeV > mt). The computation has been performed with h as a simplification, as the other
scalars of the theory could be heavier than θ.

3.4.2 Charged scalar decay

In this case, the decay H+ → `+ν is again suppressed by the coupling being proportional to the
neutrino masses. Therefore, and following the same reasoning as for the neutral scalars, the decay into
gauge bosons and into leptons or quarks via its doublet component has been analysed. This has been
done in [28], where the following relation is obtained:

BR(H+ → tb̄)

BR(H+ →W+Z)
∼ 6

(
mt

mH+

)2

, (3.35)

which means that for mH+ & 500 GeV, the decay into gauge bosons will dominate. The decay mode
H+ → tb̄ appears as it is the important decay channel coming from the doublet component of the H+

field.

It is evident that, being the main decays of H+ and H those coming from its doublet component,
no dependence of the triplet vev, vδ, appear on their branching rations.

3.4.3 Doubly charged scalar decay

The doubly charged scalar will leave recognisable imprints when produced at LHC. Therefore, it would
be interesting to know which would be the main decay channels for this particle, and how those decay
widths depend on the measurable quantities of the model like the masses or the vev, vδ. Once those
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quantities are measured, the triplet-like behaviour of the δ++ particle could be tested. The decay
widths for the different channels have been computed.

Leptonic decays

The δ++ decay into same-sign charged leptons is an interesting way to probe the neutrino masses and
mixings, once the parameters mδ++ and vδ are determined. The decay width has been computed and
its expression is the following:

Γ(δ++ → `+i `
+
j ) =

mδ++

8π(1 + δij)

∣∣∣∣(Mν)ij
vδ

∣∣∣∣2 . (3.36)

Gauge boson decays

For the decay channel into gauge bosons the neutrino masses do not appear as unknown variables in
the decay width expression, being:

Γ(δ++ →W+W+) =
g4

16π

v2
δ

mδ++

√
1−

4m2
W

m2
δ++

[
2+

(
m2
δ++

2m2
W

−1

)2
]
, (3.37)

therefore, allowing to fix the value of vδ from mδ++ . In the limit of large values of mδ++ the following
aproximation is obtained:

Γ(δ++ →W+W+) ≈ g4

16π

v2
δ

mδ++

(
m2
δ++

2m2
W

)2

=
v2
δ

4πv4
m3
δ++ . (3.38)

Therefore, comparing (3.36) and (3.38):

BR(δ++ → `+`+)

BR(δ++ →W+W+)
' 2

(
v

vδ

)4( mν

mδ++

)2

. (3.39)

Cascade decay

Another possibility would be, if the masses of the triplet-like particles are non-degenerated, what is
known as cascade decay, i.e. the possibility of δ++ → H+`+ν via a virtualW+ or δ++ → H+W+∗ →
HW+∗W+∗. Using the expressions for δ++ → H+`+ν and δ++ → H+qq̄′ from [28]:

Γ(δ++ → H+`+ν) =
∆m5

δH+

60π3v4
, (3.40)

Γ(δ++ → H+qq̄′) = 3Γ(δ++ → H+`+ν). (3.41)

The decay widths can be computed for the three most important decay channels for δ++. Thus, the
decay width for the processes δ++ → H+X, X being `+ν or qq̄′ is:

Γ(δ++ → H+X) =
3

20

∆m5
δH+

π3v4
, (3.42)

where the decay mode δ++ → H+tb̄ has not been considered for the computation of Figure 3.12
for simplicity.2 For the computation of the result shown in (3.42), a summation over all the possible

2The consideration of the decay mode δ++ → H+tb̄ will introduce a factor (4/3)1/5 ∼ 1.06 of increase to the ∆m
boundary of the leptonic decay, and thus have been neglected.
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Figure 3.12: Decay phase diagram for the δ++ particle decays in the HTM. For this Figure the mass mδ++

has been fixed to 150 GeV (left) and 1000 GeV (right). The solid contour correspond to 99%
of the branching ratio for the corresponding decay channel. ∆mδH+ has been defined to be
as in the text, ∆mδH+ = mδ++ −mH+ . The grey region correspond to the excluded values of
∆mδH+ from the T parameter.

fermionic channels was done.

Similarly to what was done in [29], where mδ++ has been fixed to be 150 GeV, the decay phase
diagram has been computed here for two different values of mδ++ , in order to see how differences
appear. The results are shown in Figure 3.12 for the values of mδ++ to be 150 GeV (left) and 1 TeV
(right). The boundary correspond to the value of BR(δ++ → X) being 0.99. It is evident that there are
no important differences appearing between the mδ++ = 150 GeV and mδ++ = 1 TeV cases.

The constraints coming from the T parameter imply that the main decay channels would correspond
to leptons for vδ < 10−4 GeV and gauge bosons for vδ > 10−3 GeV. The cascade decay for the δ++

particle will be the preferred decay channel for the small region of vδ ∼ 10−3 − 10−4 GeV and for
∆mδH+ > 10 GeV.
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4 Current LHC constraints on new scalars

4.1 Scalar searches at LHC

The enlargement of the scalar sector proposed by the HTM opens the possibility of a whole new rich
phenomenology. Finding signs of new physics such as the scalars the HTM introduces is one of the goals
of the LHC and the ATLAS and CMS collaborations. In this Chapter the searches at LHC of the neutral,
singly charged and doubly charged are briefly commented, where the most important constraint is
obtained for the doubly charged scalar, as this particle would leave the most recognisable imprints on
the detector in this model. An brief comment on the κ parameters will be done in Section 4.2.

4.1.1 Neutral scalar

Searches for BSM particles are performed by the CMS and ATLAS collaborations. Their main focus
have been the Zγ and γγ resonances when it refers to the search for neutral scalar particles [30,31].

An analysis based on a sample of pp collisions collected by the CMS experiment in 2016 at
√
s = 13

TeV, corresponding to an integrated luminosity of 12.9 fb−1 was performed in [30]. No significant
excess was observed above the predictions of the standard model for these channels, where masses
from 0.5 TeV up to 4.5 TeV were explored. For m = 750 GeV, the excess with 3.4 standard deviation
local significance once measured by [32] has been reduced to about 1.9 standard deviations.

In [31], a search for spin-0 Zγ resonances in the hadronic decay channel of the Z boson, combined
with some previously published results of the search in the leptonic decay channels [33] was performed.
The combination and analysis is based on data sets recorded with the CMS detector at the LHC in pp
collisions at CM energies of 8 and 13 TeV, corresponding to integrated luminosities of 19.7 fb−1 and
2.7 fb−1, respectively. The search was performed in the mass range from 0.65 to 3.0 TeV. Again, no
significant deviation from the standard model prediction is found. For this study it was assumed that
the mechanism for production of a new resonance is gluon fusion, as happens to be for this model.

4.1.2 Charged scalar

The search of a charged Higgs, H+ has been performed at the LHC for both collaborations, ATLAS and
CMS, using data from the two runs. Different possibilities for the charged scalar have been studied as its
decay into τ+jets [34], jets [35], τ+ν [36] and gauge bosons [37] have been explored. Those channels
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have been tested and no discrepancies with respect to the SM have been measured [36,37]. These
analyses set an upper limit in the cross section of the different processes. Being the SM background
large enough, the different masses have not been excluded, but a limit is set on the cross section for
the different mass values. The data collected from the CMS collaboration and the subsequent analysis
extend up to 3 TeV.

In [37], the process pp→ H+ →W+Z via VBF has been analysed at energies of
√
s = 13 TeV. The

data sample corresponds to an integrated luminosity of 15.2 fb−1. The associated Feynman diagram
for the LO contribution to the VBF generation of H+ decaying into vector bosons is shown in Figure
4.1.

W+

Z

q

q̄

q

q̄

H+

W+

Z

Figure 4.1: Associated Feynman diagram for the pp→ H+ →W+Z process at LO.

A combined fit of the data was performed to derive expected and observed exclusion limits on
σVBF(H

±) ·BR(H± →W±Z) at 95% CL. The exclusion limits as a function ofmH± are shown in Figure
4.2. Values for σVBF(H±) · BR(H± →W±Z) from 573 fb at mH± = 200 GeV to 36 fb at mH± = 2000

GeV are excluded by the data.
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Figure 4.2: Expected and observed exclusion limits at 95% confidence level for σVBF(H±) · BR(H± →W±Z)
as a function of mH+ for 15.2 fb−1 of pp collisions at

√
s = 13 TeV collected in 2015 and 2016.

In [38], the quantity σVBF(H±) has been computed using an input value of the form factor1

F = 1. Here, using the results in [38], σVBF(H±) · BR(H± →W±Z) for the HTM has been estimated.
From [38,39] and the coupling from Appendix D, the form factor has been computed for the HTM,
being:

FHTM =
2sβcβ
cW

, (4.1)

1The form factor F is the coefficient of the gµν term contribution to the H±W∓Z vertex, being the most important
contribution to σVBF(H±), [38].



The doublet-triplet Higgs model 35

that goes from 10−6 up to 10−2 for vδ = 0.1 GeV and 10 GeV respectively, i.e.:

σVBF(H
±) · BR(H± →W±Z)|FHTM

σVBF(H±) · BR(H± →W±Z)|F=1
∼ 10−12 − 10−4. (4.2)

Doing the computations with the input σVBF(H±) · BR(H± →W±Z)|F=1, the following results are
obtained:

σVBF(H
±) · BR(H± →W±Z)|HTM,mH±=200 GeV . 0.25 fb, (4.3)

σVBF(H
±) · BR(H± →W±Z)|HTM,mH±=2000 GeV . 5 · 10−4 fb, (4.4)

It is evident that the constraints on the cross section for the charged scalar do not impose any
meaningful constraint for the HTM, as the upper limit for the cross section for masses going from 200

GeV up to 2000 GeV are orders of magnitude higher than the expected for this model.

4.1.3 Doubly charged scalar

Searches for the doubly-charged Higgs boson in pp collisions at
√
s = 13 TeV with the CMS experiment

at the LHC have been performed [40]. The search, whose associated Feynman diagrams are shown in
Figure 4.3, considers final states with four (left) and three (right) lepton final states coming from the
associated production via qq̄ → Z/γ → δ±±δ∓∓ → `+`+`−`− and qq′ → W± → δ±±H∓ → `+`+`−ν

respectively. Since the branching fractions are not fixed by the model, the analysis performed by the
CMS collaboration is model independent, although BR(δ++ → leptons) has been set to be 100%.

q

q̄

Z/γ
δ++

δ−−

`+

`+

`−

`−

q

q̄

W+
δ++

H−

`+

`+

`−

ν

Figure 4.3: Feynman diagrams associated to the four (left) and three (right) lepton channels explored by the
CMS collaboration.

Lower bounds on the doubly-charged Higgs boson mass have been derived for a variety of assump-
tions on its branching ratio to charged lepton pairs and on the neutrino mass configurations, as no
significant excess over the SM background has been observed for any of these assumptions. The actual
lower bounds on the δ++ mass for the type II see-saw model lies between ∼ 715− 760 GeV with a 95%

CL [40] for δ++ decaying into leptonic final states, i.e. for vδ < 10−4 GeV (see Figure 3.12). For this
analysis a sample of 12.9 fb−1 of integrated luminosity from 2016 was used.

4.2 The κX parameters

A modification of the scalar sector with respect to the SM implies some changes on the couplings of the
Higgs particle with all the particles from the SM, as was seen in Section 2.5 for the leptonic sector. This
modification can be parametrised using the kappa approach, valid for any BSM model. If the couplings
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of different particles are measured with enough precision and those differ from unity, it should be
analysed as it could be the sign of new physics.

For the computation of the signal strength µγγ in Section 3.3, the parameters κX were defined:

κX ≡
λhXX

λSMhXX
. (4.5)

These relative coupling parameters have been measured at LHC and the data on the triplet vev
should be considered alongside with the constraints studied on previous sections. From [18], the
combined measurements of these parameters for the gauge bosons and fermions are:

κ
exp
V = 1.04± 0.05, κ

exp
F = 0.98+0.11

−0.10 (4.6)

From the couplings in Appendix D, the constraints on vδ can be obtained, as:

κF = cα, κV = sαsτ + cαcτ . (4.7)

These constraints have been computed for different values of vδ and they are contained within the
allowed region for values up to vδ ∼ 100 GeV. Thus, the constraints coming from the κ parameters are
much softer than the ones imposed by the ρ parameter.
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5 Discussion

There are strong evidences supporting the need of physics beyond the SM. Here a possible extension
of the scalar sector by a SU(2)L triplet with hypercharge yδ = 2 has been studied, being particularly
interesting as it is able to explain the smallness of neutrino masses because of the type II seesaw
mechanism.

In Chapter 2 the model was introduced, the masses of the new scalar particles were obtained
and some theoretical constrains were discussed. Later, a brief discussion about the seesaw type II
mechanism was done and some consequences in the leptonic sector were commented.

Phenomenological implications of the model were explored in Chapter 3. First, the allowed
parameter space of the HTM was derived using a fixed value for the triplet vev, vδ = 1 GeV. The
computations were repeated with vδ to be 5 GeV and 10 GeV and no significant differences appeared.
From the allowed parameter space of the model and the experimental limits on the oblique parameter T ,
the masses of the model are restricted to be almost degenerate, as the mass differencesmδ++ −mH+ ≈
mH+ − mθ must not exceed the value of 50 GeV. Later, the study done in [7] on the model from
the radiative corrections to mW and ρ was introduced. These constraints would strongly favour the
mass hierarchy of the model to be mδ++ < mH+ < mθ, where a better agreement seems to be
expected for mδ++ < 150 GeV by looking at Figures 3.4 and 3.6, and vδ to be localised around 1− 10

GeV (for mδ++ = 150 GeV). Additionally, it was clear from Figures 3.6-3.9 that the experimental
data would clearly disfavour θ being the lightest of the considered particles. Nevertheless, these
results were obtained by supposing the same mass splitting between the three heavy particles, i.e.
mδ++ −mH+ = mH+ −mθ. Therefore, the other mass hierarchy, mδ++ > mH+ > mθ, should not be
considered to be excluded, as the whole parameter space was not tested in [7].

Additionally, the diphoton channel of the Higgs boson was computed and the decoupling limit
observed. The experimental value for the signal strength µγγ did not set constraints on the masses of
the particles as the predicted values are mostly contained inside the experimentally allowed region.
There, the decoupling limit was checked and the limit of sα = 0 was excluded.

Last, the most important decay modes for the heavy particles of the model were obtained in Section
3.4 and in Chapter 4 the current LHC searches carried by the ATLAS and CMS collaborations for scalars
were discussed. The main difficulties for both the direct and indirect searches for the scalars of the
model are caused by the fact that they are mostly triplet-like particles and therefore their mixings
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with the SM particles are suppressed. This was clearly seen in Section 4.1.2, where the current limits
on the cross section for the singly-charged scalar is of orders of magnitude higher than the expected
theoretical value.
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Appendix

A Conversion between different notations

Following the example of [19], a table for conversion between different notations for the parameters
in the scalar potential and the doublet-triplet mixing angles is given.

Source m2
Φ M2 µ λ λ1 λ2 λ3 λ4 α β τ

[7] m2 M2 µ 4λ1 λ4 λ2 λ3 λ5 α β± β0

[19] µ2
H µ2

∆
1
2mH∆ 2λH λH∆

1
2λ∆

1
2λ
′
∆ λ′H∆

[20] m2
H M2

∆ µ λ λ1 λ2 λ3 λ4 α β′ β

[21] m2 M2 µ 4λ1 λ4 λ2 λ3 λ5 α β β′

Table 1: Translation between the notation used in this paper and the one used by other authors.

B The Rξ-gauge

It is known that every spontaneously broken non-Abelian gauge theory contains Goldstone bosons.
However, these Goldstone bosons are artefacts of the theory, this will be explicit once their propagators
are presented, and therefore can be gauged away [41]. If the terms in Eq. (2.1) are expanded it could
be found that, before introducing any gauge fixing term, this Lagrangian contains quadratic terms
mixing gauge bosons and Goldstone bosons:

Z G0
mZ p

µ
G0 , (B.1)

W± G±

∓ i mW pµ
G± . (B.2)

Nevertheless, these terms will disappear once the corresponding gauge transformation is performed.
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Some particular gauges that are very useful in spontaneously-broken gauge theories are the Rξ-
gauges, where R stands for renormalizable and ξ is the gauge parameter. For the Abelian case, the
Rξ-gauges are defined by the gauge-fixing condition [42]:

f
(
Aaµ, G

a
)

= ∂µA
µ
a + ξ maG

a = 0 . (B.3)

Then, the gauge fixing Lagrange density is introduced as:

LGF = − 1

2ξ

[
∂µA

µ
a + ξ maG

a
]2
. (B.4)

Therefore, in an Abelian theory after introducing the gauge fixing term the Lagrangian density
defined as L = L0 + LGF will not contain quadratic terms mixing Aµa and Ga.

In a non-Abelian case, i.e. the case here, the expression for the Rξ gauge fixing term gets more
complicated. Even so, it can checked that this term corresponds to [42]

LGF = − 1

2ξ

[
∂µA

µ
a + ξ

(
φ+Lav − v+Laφ

)]2
, (B.5)

where the following compact notation is being used:

φ =
(
φ+, φ0, ∆++, ∆+, ∆0

)T
, Aµa =

(−→
Wµ, Bµ

)T
, (B.6)

v =
1√
2

(0, vφ, 0, 0, vδ)
T , La = i gaT

a = i
(
g
−→
T , g′ Y

)T
. (B.7)

This gauge fixing term yields to a redefinition of the propagators:

(i) Scalar propagator:

q
−→ i ∆s(q) =

i

q2 −m2
s + iε

. (B.8)

(ii) Goldstone boson propagator:

q
−→ i ∆a(q) =

i

q2 − ξm2
a + iε

. (B.9)

It can be noted that the Goldstone bosons have acquired a squared-mass equal to ξm2
a, i.e. a non

physical mass. As stated before, this is understood as Goldstone bosons are artefacts of the gauge
choice. The same will occur with the Faddeev-Popov ghosts.

(iii) Gauge boson propagator:

νµ

q
−→ i ∆µν

a (q) =
−i

q2 −m2
a + iε

[
gµν − (1− ξ) qµqν

q2 − ξm2
a

]
.

(B.10)

(iv) Ghost propagator:

q
−→ i ∆a(q) =

i

q2 − ξm2
a + iε

. (B.11)
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Two useful gauges are ξ = 1 ('t Hooft-Feynman gauge) and ξ = 0 (Landau gauge), in which the
Goldstone bosons are massless. Another interesting gauge, the unitary gauge, takes the limit of ξ →∞.
In this gauge the Goldstone boson masses become infinite and thus decouple from all Feynman graphs,
i.e. they disappear from the particle content of the theory.

C The Higgs to photons decay through charged scalars

In this appendix, the contribution of the charged scalars introduced by the HTM to the h→ γγ decay
is derived. The diagrams corresponding to the charged scalar contributions are shown in Figure (C.1).
Another diagram with two photon vertices but with the external photon lines crossed should be taken
into account.

γµ(p2)

γν(p1)

h(q)

H+, δ++

(a)

γµ(p2)

γν(p1)

h(q)

H+, δ++

(b)

Figure C.1: Contributions of the charged scalars H+ and δ++ to the hγγ vertex. Another diagram with two
photon vertices but with the photonic lines crossed should be considered.

First, the computation of the contribution of the diagram (C.1a) is presented, using the correspond-
ing Feynman rules from Appendix D. Here, λjj∗h represents the cubic coupling of the Higgs with the
charged scalar j (j = H+, δ++) and ej is the electric charge. The matrix element for the first diagram
can be written as:

M1a = λjj∗he
2
i ε
µ
2 ε
ν
1

∫
dDk

(2π)D
(2k + p2)µ (2k − p1)ν(

(k + p2)2 −m2
j

)(
(k − p1)2 −m2

j

)(
k2 −m2

j

) . (C.1)

As the photon is transversal, using that εαi pα,i = 0 some terms cancel. Therefore:

M1a = λjj∗he
2
i ε
µ
2 ε
ν
1

∫
dDk

(2π)D
4kµkν(

(k + p2)2 −m2
j

)(
(k − p1)2 −m2

j

)(
k2 −m2

j

) . (C.2)

Now, using Feynman parametrization the integral can be rewritten as:

∫
dDk

(2π)D
kµkν(

(k + p2)2 −m2
j

)(
(k − p1)2 −m2

j

)(
k2 −m2

j

) = Γ(3)

∫ 1

0
dx

∫ 1

0
dy x

∫
dDk

(2π)D
kµkν + ηµην

(k2 − a2)3 ,

(C.3)
where ηα ≡ pα1x(1− y)− pα2 xy and a2 ≡ η2 +m2

j . Using now:

∫
dDk

(2π)D
1

(k2 − a2)n
=

(−1)ni

(4π)D/2

Γ

(
n− D

2

)
Γ(n)

(a2)D/2−n, (C.4)
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∫
dDk

(2π)D
kµkν

(k2 − a2)n
=

(−1)n−1i

(4π)D/2
gµν
2

Γ

(
n− D

2
− 1

)
Γ(n)

(a2)D/2−n+1, (C.5)

the following expression is obtained:

Γ(3)

∫
dDk

(2π)D
kµkν

(k2 − a2)3 =
i

2

gµν
(4π)2

Γ(−ε)
(
a2

4π

)ε
=
i

2

gµν
(4π)2

(
−1

ε̂
− log

(
a2

4π

))
, (C.6)

Γ(3)

∫
dDk

(2π)D
ηµην

(k2 − a2)3 = − i

(4π)2

1

a2
, (C.7)

where the term γE has been absorbed by a redefinition 1/ε̂ ≡ 1/ε+ γE , being ε defined as ε ≡ D − 4.
Finally:

M1a = 4
i

(4π)2
λjj∗he

2
i ε
µ
2 ε
ν
1

∫ 1

0
dx

∫ 1

0
dy x

[gµν
2

(
−1

ε̂
− log

(
a2

4π

))
− 1

a2
ηµην

]
. (C.8)

It can be easily seen by doing an appropriate definition of the momenta that:

M1a =M2a. (C.9)

Now, the matrix element for the diagram (C.1b) can be written as:

Mb = −2λjj∗he
2
i ε
µ
2 ε
ν
1gµν

∫
dDk

(2π)D
1(

(k + q)2 −m2
j

)(
k2 −m2

j

) . (C.10)

Using Feynman parametrization:

∫
dDk

(2π)D
1(

(k + q)2 −m2
j

)(
k2 −m2

j

) = Γ(2)

∫
dDk

(2π)D

∫ 1

0
dx

1

(k2 − b2)2 , (C.11)

where b2 ≡ q2x(x− 1) +m2
j . Using (C.4):

Γ(2)

∫
dDk

(2π)D

∫
dx

1

(k2 − b2)2 =
i

(4π)2

∫ 1

0
dx

(
−1

ε̂
− log

(
b2

4π

))
. (C.12)

Therefore:

Mb = −2λjj∗he
2
i ε
µ
2 ε
ν
1gµν

i

(4π)2

∫ 1

0
dx

(
−1

ε̂
− log

(
b2

4π

))
. (C.13)

Thus, the total matrix element is:

M = 2M1a +Mb =
2 i

(4π)2
λjj∗he

2
i ε
µ
2 ε
ν
1

[ ∫ 1

0
dx

∫ 1

0
dy x

[
2 gµν

(
−1

ε̂
− log

(
a2

4π

))
− 4

a2
ηµην

]
− gµν

∫ 1

0
dx

(
−1

ε̂
− log

(
b2

4π

))]
,

(C.14)
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M =
2 i

(4π)2
λjj∗he

2
i ε
µ
2 ε
ν
1

[
gµν

(
−2

∫ 1

0
dx

∫ 1

0
dy x log

(
a2
)

+

∫ 1

0
dx log

(
b2
))

−
∫ 1

0
dx

∫ 1

0
dy x

4

a2
ηµην

]
,

(C.15)

where both log(4π)2 canceled. Doing the x integral for log(a2) and then the summation with the log(b2)

term:

−2

∫ 1

0
dx

∫ 1

0
dy x log

(
a2
)
+

∫ 1

0
dx log

(
b2
)

=

∫ 1

0
dy

(
1− m2

q2(y − 1)y
log

(
q2

m2
(y − 1)y + 1

))
. (C.16)

In (C.16), the variable of integration x in the second integral has been renamed by y. Again, using
the fact that the photon is transversal, the following expression is obtained for the last integral:

∫ 1

0
dx

∫ 1

0
dy x

4

a2
ηµην =

p2,µp1,ν

p1p2

∫ 1

0
dy

(
1− m2

q2(y − 1)y
log

(
q2

m2
(y − 1)y + 1

))
(C.17)

Therefore:

M =
2 i

(4π)2
λjj∗he

2
i ε
µ
2 ε
ν
1

(
gµν −

p2,µp1,ν

p1p2

)∫ 1

0
dy

[
1− m2

q2(y − 1)y
log

(
q2

m2
(y − 1)y + 1

)]
(C.18)

Solving this integral for the cases where poles do and do not appear lead to the final expression:

M =
2 i

(4π)2
λjj∗he

2
i ε
µ
2 ε
ν
1

(
gµν −

p2,µp1,ν

p1p2

)[
1− τjf(τj)

]
, (C.19)

where

f(x) =


[

arcsin(1/
√
x)
]2
, if x ≥ 1,

−1

4

[
log

(
1 +
√

1− x
1−
√

1− x

)
− iπ

]2
, if x < 1,

τj = 4m2
j/m

2
h. (C.20)

D Couplings

Cubic Higgs couplings

H+H−h =− i

2

[
cα

(
vφ (2λ1 + λ4) c2

β + sβ

(
4µ−

√
2vδλ4

)
cβ + λs2

βvφ

)
+ sα

(
4vδ (λ2 + λ3) c2

β −
√

2sβvφλ4cβ + 2s2
βvδλ1

)] (D.1)

δ++δ−−h = −i(cαvφλ1 + 2sαvδλ2) (D.2)
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Cubic Higgs-gauge couplings

H+H−γ = ie (pH− − pH+)µ (D.3)

δ++δ−−γ = 2ie (pδ−− − pδ++)µ (D.4)

hW+W− = i g mW (sαsτ + cαcτ ) gµν (D.5)

hZZ = i 2gmZ (sαsτ + cαcτ ) gµν (D.6)

H+W+Z = −i g mW

cW
2sβcβgµν (D.7)

Quartic Higgs-gauge couplings

H+H−γγ = 8ie2gµν (D.8)

δ++δ−−γγ = 2ie2gµν (D.9)
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