
The Higgs Triplet Model: mixing in the neutral sector,

vector-like fermions, and dark matter

Sahar Bahrami

A Thesis

In the Department

of

Physics

Presented in Partial Fulfillment of the Requirements

For the Degree of

Doctor of Philosophy (Theoretical Particle Physics) at

Concordia University

Montreal, Quebec, Canada

July 2016

c⃝Sahar Bahrami, 2016



CONCORDIA UNIVERSITY
SCHOOL OF GRADUATE STUDIES

This is to certify that the thesis prepared

By: Sahar Bahrami

Entitled: The Higgs Triplet Model: mixing in the neutral sector, vector-like

fermions, and dark matter

and submitted in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY (Theoretical Particle Physics)

complies with the regulations of the University and meets the accepted standards with

respect to originality and quality.

Signed by the final Examining Committee:

Chair
Wei Sun

External Examiner
Heather Logan

External to Program
Guillame Lamoureux

Examiner
Pablo Bianucci

Examiner
Panagiotis Vasilopoulos

Thesis Supervisor
Mariana Frank

Approved by

Pablo Bianucci, Graduate Program Director
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Abstract

The Higgs Triplet Model: mixing in the neutral sector, vector-like fermions, and

dark matter

Sahar Bahrami, Ph.D.

Concordia University, 2016

The inability to predict neutrino masses and the existence of Dark Matter (DM) are two

essential shortcomings of the Standard Model. This thesis is a phenomenological study of

a Beyond the Standard Model (BSM) scenario, Higgs Triplet Model (HTM) and effects of

introducing vector-like leptons and quarks on the Higgs sector in the model. The Higgs

Triplet Model provides an elegant resolution to the first problem via the seesaw mechanism.

Introducing a full representation of vector-like leptons can solve the DM problem of the HTM

by assigning a vector-like neutrino to be the DM candidate. As a result, two important

problems in SM will be resolved.

Within this context, after a review of the main concepts, we first revisit the neutral Higgs

sector of the Higgs Triplet Model. We show that, under general considerations, an unmixed

neutral Higgs boson cannot have an enhanced decay branching ratio into γγ with respect to

the Standard Model one, while an enhancement is possible for the mixed case, but only for

the heavier of the two neutral Higgs bosons. We then analyze the implications of introducing

vector-like leptons in the Higgs Triplet Model. We show that, if the vector-like leptons are

allowed to be relatively light, they enhance or suppress the decay rates of loop-dominated

neutral Higgs bosons decays H → γγ and H → Zγ, as well as alter the decay patterns of

the doubly-charged Higgs bosons, modifying the restrictions on their masses. We also look

at the effects of vector-like quarks (singlets, doublets or triplets) in the Higgs Triplet Model.

Though the new Higgs in the model couple to leptons only, some vector-like quarks help

iii
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improve electroweak precision measurements and thus lift the mass of the doubly charged

Higgs boson to within experimental limits. We also study the effects of introducing the

vector-like quarks on the loop-dominated neutral Higgs decays.

We show that introducing vector-like leptons in the model also provides a resolution to the

problem of Dark Matter. We investigate the invisible decay width of the Higgs boson and the

electroweak precision variables, and impose restrictions on model parameters. We analyze the

relic density constraint and calculate the cross sections for indirect and direct dark matter

detection. With appropriate parameter restrictions, the Higgs Triplet Model with vector-like

fermions is rendered completely consistent with the data.
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Chapter 1

Introduction

1.1 Overview

The Standard Model (SM) of particle physics, developed in the 1970’s, which summarizes our

present knowledge of the basic constituents of matter and their interactions, has been tested

by many experiments over the last four decades and has been shown to successfully describe

high energy particle interactions [6].

In 1967, Weinberg [7], Salam [8] and Glashow [9] formulated a successful model for electroweak

interactions, which, after adding strong interactions constitutes what is now known as the SM

of particle physics [10]. The quantum theory of strong interactions is described by Quantum

Chromodynamics (QCD). The Standard Model is a gauge invariant quantum field theory

based on the symmetry group SU(3)C × SU(2)L × U(1)Y , with the colour group SU(3)C

for the strong interaction between the colored quarks and with the gauge symmetry group

SU(2)L×U(1)Y of weak left-handed isospin and hypercharge for the electroweak interaction,

spontaneously broken by the Higgs mechanism [11–13]. The left handed fermions form SU(2)L

doublets and the right handed fermions are SU(2)L singlets. The fermions of the theory are

leptons and quarks. The photon and gluon are gauge fields which are massless. The other

gauge fields acquire masses by the spontaneous breaking of gauge symmetry, via the Higgs

mechanism, and become the massive W+ , W−, and Z0 bosons. With the discovery of neutral

currents in 1973 [14, 15], the discovery of charmonium in 1974 [16, 17], the discoveries of the

W and Z0 particles in 1983 [18, 19] and subsequent detailed measurements, the predictions

of the Standard Model have been tremendously successful [20]. A remnant scalar field, the

Higgs boson, is part of the physical spectrum [21,22] and is needed to give masses to fermions,

1



CHAPTER 1. INTRODUCTION 2

and gauge bosons through symmetry breaking.

Spontaneous breaking of gauge symmetry was introduced into particle physics in 1964 by

Englert and Brout [23], followed independently by Higgs [24, 25], and subsequently by Gu-

ralnik, Hagen and Kibble [26]. The existence of a massive scalar particle was mentioned by

Higgs in [24]. Later, in another important paper [27], he derived explicitly the Feynman

rules for processes involving decay of the massive Higgs boson into 2 massive vector bosons,

vector-scalar scattering and scalar-scalar scattering [28].

The Higgs boson has been one of the primary scientific goals of the CMS and ATLAS detectors

at the Large Hadron Collider (LHC) at CERN. On 4 July 2012, the ATLAS [6] and CMS [29]

collaborations announced that the search for the Standard Model Higgs boson in proton-

proton collisions with the ATLAS and CMS experiments at the LHC presented a clear evidence

for the production of a neutral boson with a measured mass of near 125 GeV. The expected

significance for a SM Higgs boson of that mass was 5.8 standard deviations. Although these

results are consistent, within uncertainties, with expectations for the SM Higgs boson, the

collection of further data will be needed to assess its nature in detail and to investigate

whether the properties of the new particle imply physics beyond the SM.

1.2 Motivations for Looking For New Physics Beyond

the Standard Model

The SM is the effective theory of elementary particles which is validated by a large number

of experimental tests, up to a certain energy scale Λ, called the cut-off. The discovery of the

Higgs boson completes the validation of the Standard Model. However there is the general

belief that the SM cannot be the ultimate theory of fundamental physics since it leaves still

many questions unanswered. We list here the shortcomings of the SM and some evidence for

New physics Beyond the SM (BSM).

• Dark matter

It is known that approximately 5% of the matter in the Universe is formed of atoms, 27%

of the total mass of our universe is made of non-luminous matter, called Dark matter

(DM), that does not emit or reflect electromagnetic radiation, and the rest is dark

energy. The reason researchers know DM exists is because of the gravitational effect it

seems to have on visible matter. The first evidence of Dark Matter was postulated in
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astrophysics 1 in a study related to the search of orbital velocities of stars in the Milky

Way. Nowadays, DM evidence is confirmed by several astrophysical observations. DM is

not accounted for in the SM. Although we do not know for certain how the DM came to

be formed, a sizable relic abundance of weakly interacting massive particles (WIMPs) is

generally expected to be produced as a by-product of our universe. WIMPs are neutral,

stable or long-lived (with respect to cosmic time-scales) non-baryonic particles which

are predicted by some BSM theories. Candidates for WIMPs should interact only via

the weak or gravitational forces, and not through the strong force [30–33]. The study

of DM in colliders is expected to become increasingly important in the current run of

the LHC. With Run 2 of LHC at higher luminosity and energy, physicists will reframe

what we know about BSM physics and maybe elucidate mysteries such as DM.

• Neutrino masses

Neutrinos are produced and detected by weak interactions. The SM requires neutrino to

be massless. However, the experiments have provided compelling evidence for neutrino

flavor oscillations caused by nonzero neutrino masses and mixing 2 , and from cosmolog-

ical observations we know that the mass scale has to be extremely small (sub-eV). Many

descriptions beyond the standard models have been proposed to explain tiny neutrino

masses. Whether the neutrinos are Dirac or Majorana particles is also unknown but

of fundamental importance for understanding the origin of ν-masses, mixing and the

underlying symmetries of particle interactions [35,36].

• Quarks and leptons puzzles

There are three generations of quarks and leptons within the Standard Model (SM) for

which we have experimental evidence. At present we don’t have a good understanding of

why there are three generations and so it is worth exploring the possible experimental

consequences of additional fermions. Although a chiral 4th generation has already

been excluded by the LHC (precisely due to the non-observation of an enhancement

in the Higgs production cross-section) [37], the existence of one or more vector-like

families is a perfectly valid possibility. Many theories such as string theories and D-

brane theories often give rise generically to vector-like states [38, 39]. The ATLAS

and CMS experiments have performed an extensive program for searches for vector-

1Jan Oort in 1932 and Fritz Zwicky in 1933.
2Arthur MacDonald, from the Sudbury Neutrino Observatory (SNO) in Canada, and Takaaki Kajita,

from the Super-Kamiokande Collaboration in Japan, are co-winners of the 2015 Nobel Prize in Physics “for

the discovery of neutrino oscillations, which shows that neutrinos have mass” [34].
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like fermions during LHC Run I. Other question that can be answered in BSM is that

whether quarks and/or leptons consist of more fundamental particles?

• Grand Unification

The fact that the SM provides a unification between weak and electromagnetic inter-

actions into a single electroweak theory suggests that the strong interaction should

somehow be included as well. This so-called Grand Unified Theories (GUTs) would

unify all non-gravitational forces into one theoretical framework, with one coupling

constant governing them all. The electromagnetic coupling ge grows as a function of

energy-momentum scale µ2 whereas the other two decrease. The various couplings might

become equal at a large scale µ2 = M2
X , where the so called unification mass MX is of

order 1016 GeV. The simplest and earliest BSM model, Georgi-Glashow model in 1974,

incorporates both quarks and leptons into a single family [40,41].

• Quantum gravity

The gravitational force which has profound implications for our everyday lives cannot

be described within the SM. Quantum gravitational effects are expected to become rel-

evant only at very high scales (Λ = MPlanck = 1019 GeV) and therefore are expected

to have little impact on particle physics phenomenology [42]. A general unification,

unifying gravity with all three forces of Nature, has been searched for many years by

several theories. The Standard Model is seen as an effective low energy theory which

must be embedded in some more fundamental theory at a scale Λ. Different extensions

of the SM use the effective field theory to treat this problem for example see [43–48].

Additionally, other BSM theories that intend to propose solutions to different SM issues

such as the hierarchy problem or dark matter may also achieve the unification of gravity

with all three forces of Nature [49].

• CP Violation

CP symmetry is the combined action of the charge conjugation (C) and parity (P)

transformations. CP symmetry states that the laws of physics must be invariant under

charge conjugation and change of parity i.e. CP turns the left-handed particles to right-

handed anti-particles. Violation of the CP symmetry was first observed at Brookhaven

National Laboratory in the 1960s in neutral particles called kaons. About 40 years

later, experiments in Japan and the US found similar behaviour in another particle,
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the B0 meson. More recently, experiments at the so-called B factories and the LHCb

experiment at CERN have found that the B+ and B0
S mesons also demonstrate CP

violation [50, 51]. The fact that CP violation permits unequal treatment of particles

and anti-particles suggests that it may be responsible for the domination of matter over

anti-matter in the Universe (matter/anti-matter asymmetry). From the experiments,

we know that CP Violation occurs in weak interaction of quarks. Unfortunately, this is

not enough to account for matter/anti-matter asymmetry. So one is forced to investigate

other CP Violation mechanisms. One possibly is strong CP Violation, which has never

been observed in the strong interaction, but it does not seem to have any fundamental

reasons to be disallowed. 3 At this point, matter/anti-matter asymmetry of the universe

remains a puzzle and thus another evidence for BSM physics [54].

• The Hierarchy Problems

These are large scale separations unexplained by the SM:

– Cosmological hierarchy problem: We can rewrite the gravitational constant (G) in

terms of mass (energy) called the Planck scale or Planck mass : MPl =
1√
G

≃ 1019

GeV. On the other hand, the energy scale of spontaneous symmetry breaking by

the Higgs mechanism appearing in the SM is about MEW ≃ 102 GeV. Why does

Nature give us these extremely different energy scales?

– Gauge hierarchy problem: The hierarchy appears when we consider GUT. The

GUT scale, MGUT ≃ 1016 GeV, is very large compared with the energy scale of the

SM.

– The hierarchy problem of the SM Higgs sector: The hierarchy problem is the

instability of the small Higgs mass. The Higgs mass receives quadratically di-

vergent radiative corrections from self-interaction, interactions with gauge bosons

and fermions i.e. the mass correction δM2
H grows quadratically as Λ2. If one takes

the cut-off at the Planck energy scale: Λ = MPlanck ≃ 1019 GeV, we will get:

δM2
H ∼ M2

Planck. As the mass of the Higgs can not exceed 1 TeV (the SM observed

Higgs mass is 125 GeV), this huge correction is unacceptable. In Grand Unified

Theories (GUT), where Λ = MGUT ≃ 1016 GeV, one also gets large corrections

given by δM2
H ∼ M2

GUT .

3One possible explanation was suggested by Peccei and Quinn in 1977 [52, 53]: a neutral spin-0 particle

(axion) couples to quarks and cancels any strong CP Violation. The axion is a viable dark matter candidate

that has not been observed yet.
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– Fermionic mass hierarchy: A hierarchy is also observed in the experimental values

obtained for the mass of the fermions. For instance, the ratio between the mass

of lightest and heaviest charged fermions i.e. melectron/mtop−quark is of the order

of 3 × 10−6. This issue is usually known as the fermionic mass hierarchy, and it

could be one more indication of new physics at the TeV scale. Experimentally, the

Cabibbo-Kobayashi-Maskawa (CKM) matrix, describing intergenerational quark

mixing is constrained and its parameters are defined according to the observed

mass values for the fermions. It has been also realized that the CKM matrix

follows a hierarchy [33,55–58], but this remains a puzzle in the SM.

As discussed, there are many reasons to hope and expect that new particles and interactions

beyond the Standard Model will be discovered in the near future. This motivates us to work

on extensions of the Standard Model. Many theories have been proposed for new physics

beyond the SM that address one or more of the challenges on our list. In this thesis I focus on

a simple extension of the standard model the “Higgs Triplet Model” (HTM) in which a triplet

scalar is added to the SM particle spectrum (while the gauge group of the SM is unchanged),

providing a mechanism to give neutrino masses. We also investigate the phenomenological

implications of introducing vector-like fermions in the context of the HTM, which provides

the lightest vector-like neutrino as a Dark Matter candidate.

1.3 Organization of this thesis

The general structure of this thesis is as follows:

Chapter 2 provides a brief and general overview of the Standard Model of Particle Physics,

focussing on the theoretical and experimental evidence which led to the prediction of the Higgs

boson. The formalism detailed in this chapter will be of use when describing the structure of

the model under consideration.

Chapters 3 , 4, 5 and 6 are reproduced from [1], [4], [3], and [2, 5] respectively.

In Chapter 3 , we revisit the neutral Higgs sector of the Higgs Triplet Model, where a Y=2

triplet scalar is added to the SM particle spectrum. We show that, contrary to previous

analyses in the literature, the two neutral Higgs bosons can mix, and that if they do, only

the heavier state can have an enhanced diphoton decay rate. We compared there scenarios

with the data and show that one is very promising.
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In Chapter 4 , we looked at the effects of vector-like leptons in the Higgs Triplet Model. They

alter the decays rates of the neutral Higgs (loop dominated, in particular gamma gamma and

Z gamma) and also completely alter the decay patterns of the doubly charged Higgs bosons,

thus evading the experimental limits on their masses.

In Chapter 5 , we look at the effects of vector-like quarks (singlets, doublets or triplets)

in the Higgs Triplet Model. Though the new Higgs bosons in the model couple to leptons

only, some vector-like quarks help improve electroweak precision measurements (we identified

which ones) and thus lift the mass of the doubly charged Higgs boson to within experimental

limits.

In Chapter 6 , we show that introducing a full representation of vector-like leptons solves the

DM problem of the Higgs Triplet Model by assigning a vector-like neutrino to be the Dark

Matter (thus neutrino masses + Dark Matter, two important problems in SM are resolved).

We do a complete electroweak precision analysis, and include all the Dark Matter tests. We

calculate the cross section for the direct and indirect DM detection and the neutrino and

muon fluxes from the Sun. We also investigate the effect of constrains from the invisible

decay width of the Higgs boson and relic density on the mass and Yukawa coupling of DM.

This analysis assumes that the DM candidate is light. The model is completely consistent

with the present DM experimental constraints.

Finally, in the last Chapter, we conclude the Thesis by summarizing the main contributions

examined in the previous chapters, and providing an outlook for future research in these

areas.



Chapter 2

The Standard Model of Particle

Physics

The Standard Model (SM) of fundamental particles and their interactions is one of the best

tested theories in physics. In particular, up to the weak scale (of the order of a few hundreds

of GeV), it has been found to be in remarkable agreement with a large set of experimental

data. All the particles predicted by the SM have not only been discovered, but they also fit

perfectly in the model framework. In spite of its experimental successes, it is not considered

to be the final word on particle physics due to a number of limitations (mentioned in the

Introduction) that the SM suffers from. This led particle theorists to study various extensions

of the Standard Model. In this chapter, particular attention is given to the main aspects of

the SM.

2.1 A Brief Overview of SM

2.1.1 The Particle Content

The Standard Model (SM) is formulated as a quantum field theory, based on the gauge

group SU(3)C × SU(2)L × U(1)Y . The particle content of the SM, with their gauge group

representation and hypercharges, is summarized in Table 2.1 and include:

Three generations of fermions, the leptons :

8
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SU(3)C SU(2)L U(1)Y

Li
L = (νi, li) 1 2 −1

2

Leptons liR 1 1 -1

Qi
L = (ui, di) 3 2 +1

6

Quarks ui
R 3 1 +2

3

diR 3 1 −1
3

Gluons g 8 1 0

W bosons W 1 3 0

B bosons B 1 1 0

ϕ boson ϕ 1 2 1
2

Table 2.1: Particle content of the SM with their gauge group representation and hypercharges.

The index i labels the three so called generations of leptons and quarks. The L and R

subscripts refer to left-handed and right-handed chiralities.

Li
L = (νi

L, l
i
L), liR, (2.1)

where νi = {νe, νµ, ντ} are the three neutral leptons (neutrinos), which interact with other

particles only through the nuclear weak force, and li = {e, µ, τ} (the electron, the muon and

the tau) are the three charged leptons, with masses of about 0.5 MeV , 0.1 GeV and 1.8 GeV;

while only the electron is stable, also the muon can be considered stable in the context of

collider experiments due to its long lifetime (cτµ ∼ 660 m). However since tau leptons have

shorter lifetime, cττ ≃ 87µm , they are observed only through their decay products. A lepton

number is defined in each generation as the number of charged leptons, plus the number of

neutrinos, minus the number of charged anti-leptons and anti-neutrinos; in the SM, lepton

flavour is conserved separately for each generation, except for neutrino oscillation phenomena

which conserve only the total lepton number.

The three other fermions are the quarks, up-type quarks: u (up) , c (charm) and t (top), the

three down-type quarks: d (down), s (strange) and b (bottom) with electrical charges +2/3,

1/3 shown as:

Qi
L = (ui

L, d
i
L), ui

R, diR, (2.2)

where ui = {u, c, t} and di = {d, s, b}. The index i labels the three so called generations of

leptons and quarks. The L and R subscripts refer to left-handed and right-handed chiralities.
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Quarks have only been observed in hadrons, bound states of either three quarks (baryons),

three anti-quarks (anti-baryons), or one quark and one anti-quark (mesons); an exception is

the top quark, whose extremely short lifetime prevents the formation of bound states. Quark

flavour is always conserved by strong and electromagnetic interactions, and by interactions

mediated by the Z boson, but not by the weak interactions mediated by W bosons. Decays

through weak interactions of hadrons composed of u, d and s quarks are characterized by long

lifetimes, with values ranging from centimeters to meters, while for hadrons containing c and

b quarks lifetimes are O(100 µm) and O(500 µm) respectively. Decays mediated by strong

or electromagnetic interactions have lifetimes too short to be detectable [59]. Each fermion

has an associated anti-fermion with opposite electrical charge.

The force carriers, spin 1 bosons, contain: the photon γ , mediator of the electromagnetic

interactions, the eight gluons ga (a = 1, ..., 8), mediators of the strong interactions, and the

three weak bosons, mediators of the weak interactions, the neutral Z0 boson and the two

charged W± bosons. The gauge bosons content is therefore: N2− 1 = 8 gluon fields from the

adjoint of SU(3)C and 3 W i
µ, i = 1, 2, 3 , from the adjoint of SU(2)L, and 1 Bµ from U(1)Y .

The fields W i
µ and Bµ mix to form the massive W± and Z0 gauge bosons and the massless

photon.

Finally, there is a scalar Higgs boson field, also interacting with fermions and gauge bosons

through weak interactions. The Higgs boson doesn’t interact with γ and ga, that is why they

are massless. The quarks interact with all the gauge vector bosons including γ, W±, Z, ga

and the Higgs. Leptons interact with all the gauge vector bosons except gluons as they do

not experience strong interactions. Neutrinos participate exclusively in the weak interactions.

The photon, γ, interacts with only W±, charged leptons and quarks. The Z interacts with the

W±, leptons, quarks and the Higgs boson. The W± interact with the Z, γ, leptons, quarks ,

Higgs boson and themselves. The eight gluons ga interact with only the quarks and among

themselves [60].

2.1.2 The Lagrangian

The Lagrangian of the SM (LSM) can be divided into four different parts,

LSM = LYM + Lferm + LHiggs + LY uk, (2.3)
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which will be discussed one by one in the following. The Yang-Mills part LYM describes the

dynamic behaviour of the gauge fields and is defined as,

LYM = −1

4
W i

µνW
µνi − 1

4
Ga

µνG
µνa − 1

4
BµνB

µν , (2.4)

where

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gεijkW j

µW
k
ν , i, j, k = 1, 2, 3,

Bµν = ∂µBν − ∂νBµ,

Ga
µν = ∂µG

a
ν − ∂νG

a
µ − gsf

abcGb
µG

c
ν , a, b, c = 1, ..., 8,

are the field-strength tensors of the gauge fields : W i
µ (i = 1,2,3) for the SU(2)L group of

the weak isospin I iW , Bµ for the U(1)Y of weak hypercharge YW , and Ga
µ for the SU(3)C of

colour. The respective gauge couplings of these groups are denoted g, g
′
, and gs, ε

ijk is the

anti-symmetric tensor, and fabc are the structure constants of the SU(3)C group.

The interaction of the gauge fields with the fermions is encoded in

Lferm = L
i
iDµγ

µLi + eiRiDµγ
µeiR +Q

i
iDµγ

µQi + ui
RiDµγ

µui
R + d

i

RiDµγ
µdiR (2.5)

The covariant derivative is given as

Dµ = ∂µ − igI iWW i
µ − ig

′
YWBµ + igsT

a
c G

a
µ, (2.6)

where I iW , YW , and T a
c are the generators of the respective gauge groups. In detail, I iW = σi/2

(with the Pauli matrices σi/2 ) for the left-handed SU(2)L doublets and I iW = 0 for the right-

handed singlets, the weak hypercharge YW is related to the relative electric charge Q by the

Gell-Mann-Nishijima relation Q = I3W +YW/2, and T a
c = λa/2 (λa = Gell-Mann matrices) for

SU(3)C quark triplets and T a
c = 0 for the leptons. In quantum electrodynamics, we identify

the photon field Aµ and the Z-boson field Zµ as linear combinations of W 3
µ and Bµ obtained

by the rotation (
Zµ

Aµ

)
=

(
cW −sW

sW cW

)(
W 3

µ

Bµ

)
(2.7)

with the weak mixing angle θW and coupling constant e fixed by

cos θW = cW =
√

1− s2W =
g√

g2 + g′2
, e =

gg
′√

g2 + g′2
, (2.8)

The fields W± = (W 1
µ∓iW 2

µ)/
√
2 correspond to the charged weak gauge bosons W± of charge

±e.
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The Higgs Lagrangian is composed of the kinetic term and the Higgs potential as

LHiggs = |DµΦ|2 − VSM VSM = −µ2(Φ†Φ) + λ1(Φ
†Φ)2. (2.9)

The Higgs doublet field Φ can be parameterized in terms of the real physical Higgs field H

and the unphysical Goldstone boson fields Φ+ and χ, which are complex and real respectively,

as

Φ =

⎛⎝ Φ+

Φ0 =
1√
2
(v +H + iχ)

⎞⎠ , (2.10)

where v = 246 GeV is the vacuum expectation value (VEV) of
√
2Φ0.

Inserting the parametrisation Eq. (2.10) of Φ and the covariant derivative Eq. (2.6) with

I iW,Φ = σi/2 , YW,Φ = 1 , T a
c = 0 into the Higgs Lagrangian Eq. (2.9) and dropping the

Goldstone bosons, we find

LHiggs =
1

2
(∂µH)2 +

g2

4
(v +H)2W+

µ W µ,− +
g2

8c2W
(v +H)2ZµZ

µ +
µ2

2
(v +H)2 − λ

16
(v +H)4,

(2.11)

which contains mass terms for the corresponding weak gauge bosons W± and Z as well as for

the Higgs boson H, as

MW =
gv

2
, MZ =

MW

cW
, MH =

√
2µ2, (2.12)

The Higgs particle is also responsible for the masses of quarks and leptons through Yukawa

couplings to the Higgs particle. The Yukawa interactions for the SM quarks and leptons

are

LY uk = −(yl)
ijL

i

LΦl
j
R − (yd)

ijQ
i

LΦdjR − (yu)
ijQ

i

Liσ
2Φ∗uj

R + h.c., (2.13)

where the various yijs are Yukawa coupling constants. By taking the following basis trans-

formations:

ui
R −→ (Vu)

ijuj
R, diR −→ (Vd)

ijdjR, liR −→ (Vl)
ijljR,

Qi
L =

(
ui
L

diL

)
−→

(
(Vu)

ijuj
L

(Vd)
ijdjL

)
= (Vu)

ij

(
uj
L

VCKMdjL

)
,

Li
L =

(
νi
L

liL

)
−→ (Vl)

ij

(
νi
L

liL

)
. (2.14)
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where VCKM is the Cabibbo-Kobayashi-Maskawa matrix [61–63] which determines to what

extent quarks can interact across different generations :

VCKM = V †
uVd =

⎛⎜⎜⎝
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞⎟⎟⎠ . (2.15)

It can be parameterized by three mixing angles and a CP-violating phase:

VCKM =

⎛⎜⎜⎝
c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12s23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

⎞⎟⎟⎠ ,

(2.16)

where sij = sin θij , cij = cos θij and δ is the phase responsible for all CP-violating phenomena

in flavor-changing processes in the SM. We can rewrite the VCKM using the Wolfenstein

parameterization [64–66]:

VCKM =

⎛⎜⎜⎝
1− λ2 λ Aλ3(ρ− iη)

−λ 1− λ2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

⎞⎟⎟⎠ ,

where λ, A, ρ and η are the Wolfenstein parameters. The unitarity of the CKM matrix

imposes: ∑
i

UijU
∗
ik = δjk and

∑
j

UijU
∗
kj = δik. (2.17)

After some algebra, we can rewrite the Lagrangian in Eq (2.13) , as :

LY uk = −yjdu
i
LV

ij
CKMdjRΦ

+ − yidd
i

Ld
i
RΦ

0 − yiuu
i
Lu

i
R(Φ

0)∗ − yjud
i

L(V
ij
CKM)†uj

R(Φ
+)∗

−yilν
i
Ll

i
RΦ

+ − yil l
i

Ll
i
RΦ

0 + h.c.,

(2.18)

where yiu, y
i
d, and yil are the diagonal elements of the corresponding diagonalized Yukawa

matrices. They are given by the expression

yif =
√
2
mi

f

v
. (2.19)

Therefore the generated fermion masses are proportional to the doublet VEV, mi
f ∝ v. Also

note that since there are no right-handed neutrinos νi
R in the SM, the neutrinos cannot acquire

masses in this way and consequently, they remain massless [67–69].
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The SM is a gauge theory, meaning that its Lagrangian is invariant under continuous sym-

metry group of local transformations of the fields. This locality allows the parameters of the

transformation to depend on each point x in space-time, whereas for a global symmetry the

transformation is the same for all x. An important aspect of the SM is the Higgs Mechanism.

It turns out that it is impossible to simply insert the mass terms of the gauge bosons ( W±

and Z0 ) into the Lagrangian and still respect gauge symmetry. And since left-handed and

right-handed fermions transform differently under SU(2)L × U(1)Y gauge transformations,

naive fermion-mass terms ∝ (ΨfLΨfR +ΨfRΨfL) for a fermion f are also ruled out by gauge

invariance. A solution to both of these problems is provided by the Higgs-Brout-Englert-

Guralnik-Hagen-Kibble mechanism of spontaneous symmetry breaking (SSB), or the Higgs

Mechanism for short, in which the Lagrangian undergoes SSB, losing part of its full symmetry

by introducing a scalar field which develops a non-symmetric ground state. As a result, a

massless gauge boson will absorb a would-be-Goldstone boson to acquire a mass. Fermions

also can get mass by coupling to the scalar field in a gauge invariant way [13,67,68].

2.1.3 Electroweak Symmetry Breaking and the Higgs Mechanism

In this section, we discuss two important aspects of the SM: spontaneous symmetry breaking

(SSB) and Higgs Mechanism. This process will be illustrated by an example [54]. Suppose

we take a vector field Aµ with the Proca Lagrangian describing a particle of spin 1 and mass

mA:

L = − 1

16π
F µνFµν −

1

4π

mAc

ℏ
AµAµ, (2.20)

where Fµν ≡ ∂µAν − ∂νAµ, where Aµ is the gauge field which changes according to the

rule

Aµ −→ Aµ + ∂µλ, (2.21)

in coordination with the local phase transformation

Ψ −→ eiθ(x)Ψ. (2.22)

Since F µν is invariant under Eq (2.21) , but AµAµ is not, then evidently the new field must

be massless (mA = 0), otherwise the invariance will be lost. While the photon and gluons are

massless, the W± and Z0 are not. SSB and Higgs mechanism are procedures to modify the

gauge theory to explain massive gauge fields.



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS 15

Figure 2.1: The Higgs (Mexican Hat) Potential

Suppose we have the following Lagrangian for two fields ϕ1 and ϕ1 :

L =
1

2
(∂µϕ1)(∂

µϕ1) +
1

2
(∂µϕ2)(∂

µϕ2) +
1

2
µ2(ϕ2

1 + ϕ2
2)−

1

4
λ2(ϕ2

1 + ϕ2
2)

2. (2.23)

The potential energy function is

U = −1

2
µ2(ϕ2

1 + ϕ2
2) +

1

4
λ2(ϕ2

1 + ϕ2
2)

2, (2.24)

and the minima lie on a circle of radius µ
λ
(Fig. 2.1) : ϕ2

1min
+ ϕ2

2min
= µ2

λ2 with the chosen

ground states (the states with minimum energy or the vacuum) : ϕ1min
= µ

λ
; ϕ2min

= 0. The

vacuum expectation value (VEV) ϕ1min
of the Higgs field is the crucial quantity that gives

mass to the gauge boson Aµ. For the Feynman calculations, a perturbation procedure, we

start from the ground states and treat the fields as fluctuations about that state.

We introduce new fields, η and ξ , which are the fluctuations about this vacuum state:

η ≡ ϕ1 − µ
λ
and ξ ≡ ϕ2. Rewriting the Lagrangian in terms of these new field variables, we

find

L =

[
1

2
(∂µη)(∂

µη)− µ2η2
]
+

[
1

2
(∂µξ)(∂

µξ)

]
−
[
µλ(η3 + ηξ2) +

1

4
λ2(η4 + ξ4 + 2η2ξ2)

]
+

µ4

4λ2
.

(2.25)

The first term is a free Klein-Gordon Lagrangian for the field η which acquires a mass:

mη =
√
2
µ

ℏc
. The second term is a free Lagrangian for the field ξ, which is massless(mξ = 0).

We call this massless scalar particle “Goldstone boson”. In this form the Lagrangian does not

look symmetrical at all. In order to eliminate the Goldstone boson, we will apply the idea of

SSB to the case of local gauge invariance.

The Lagrangian in Eq. (2.23) can be written more compactly if we combine the two real fields,

ϕ1 and ϕ2, into a single complex field : ϕ ≡ ϕ1 + iϕ2. We can make the system invariant
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under local gauge transformations Eq. (2.22) by introducing a massless gauge field Aµ, using

covariant derivatives

Dµ = ∂µ + i
q

ℏc
Aµ. (2.26)

The Lagrangian in Eq. (2.23) becomes

L =

[
1

2
(∂µη)(∂

µη)− µ2η2
]
+

[
1

2
(∂µξ)(∂

µξ)

]
+

[
− 1

16π
F µνFµν +

1

2
(
qµ

ℏcλ
)2AµA

µ

]
+{( q

ℏc
)(η(∂µξ)− ξ(∂µη))A

µ +
µ

λ
(
q

ℏc
)2η(AµA

µ)

+
1

2
(
q

ℏc
)2(η2 + ξ2)(AµA

µ)− λµ(η3 + ηξ2)− 1

4
λ2(η4 + 2η2ξ2 + ξ4)}

+(
qµ

ℏcλ
)(∂µξ)A

µ + (
µ2

2λ
)2. (2.27)

So the free gauge field Aµ has acquired a mass:

mA = 2
√
π
qµ

λc2
, (2.28)

However, we still have that unwanted Goldstone boson (ϕ2 = ξ). In order to transform this

field away, we write Eq. (2.22) in terms of its real and imaginary parts,

ϕ −→ ϕ
′
= (cos θ + i sin θ)(ϕ2 + iϕ1), (2.29)

we see that picking

θ = − tan(
ϕ2

ϕ1

), (2.30)

will render ϕ
′
real. The gauge field Aµ will transform accordingly (Eq. (2.21), but the

Lagrangian will take the same form in terms of the new field variables as it did in terms

of the old ones. The only difference is that ξ is now zero. In this particular gauge, the

Lagrangian (Eq. (2.27) reduces to

L =

[
1

2
(∂µη)(∂

µη)− µ2η2
]
+

[
− 1

16π
F µνFµν +

1

2
(
qµ

ℏcλ
)2AµA

µ

]
+

[
µ

λ
(
q

ℏc
)2η(AµA

µ) +
1

2
(
q

ℏc
)2η2(AµA

µ)− λµη3 − 1

4
λ2η4

]
+ (

µ2

2λ
)2. (2.31)

So we have eliminated the Goldstone boson; we are left with a single massive scalar η (the

Higgs particle) and a massive gauge field Aµ.

This mechanism is the famous Higgs mechanism, obtained by combining of local gauge in-

variance and spontaneous symmetry breaking. According to the SM, the Higgs mechanism is

responsible for the masses of the weak interaction gauge bosons ( W± and Z0).
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2.2 Higgs-Boson Physics at the LHC

2.2.1 Higgs-Boson Production at the LHC

Since the Higgs-boson couplings to all particles are proportional to the masses of these par-

ticles, Higgs-boson production processes predominantly arise from diagrams involving heavy

particles. At the proton-proton collider LHC the Higgs boson is produced in several processes.

Feynman diagrams for the dominant production mechanisms with their expected number of

events at LHC are shown in Fig. 2.2. The dominant production process of SM Higgs bosons

at the LHC is gluon fusion (gg −→ H). Although the massless gluons do not couple di-

rectly to the Higgs, production is via triangular quark loops. This process is dominated by

the contribution of the top-quark loop. The second-highest rate after gluon fusion is (weak)

Figure 2. Left: The Higgs production modes (left) and decay modes (right) with their expected number of events
at HL-LHC with 3000 fb−1.

operation, the analyses were performed based on simulation of < µ >= 60 for 300 f b−1, instead of the
currently predicted < µ >= 140.

2 Higgs Prospects

At the LHC the Higgs, can be produced through gluon-gluon fusion, vector-boson fusion, WZ
bremsstrahlung, and in associated with tt̄, as shown by the diagrams on the left of Figure 2. The
HL-LHC is expected to produce millions of these processes, as shown by the chart in the same figure.
The Higgs can decay to a fermion and anti-fermion, photons, W/Z bosons and Wγ bosons as shown
by the diagrams on the right of Figure 2. The same illustration shows expected number of events
produced for these processes at HL-LHC.

2.1 Improvements to Current Searches

Despite the larger branching ratio of Higgs decaying hadronically, most 2010-2012 searches have
focused on leptonic Higgs decays which are easier to separate from their backgrounds. The decay
modes that have been explored are H → γγ, H → Z → 4ℓ, H → WW → ℓνℓν, H → ττ →
2ℓ4ν/ℓτhadronic + 3ν, and H → bb̄. Most of these decay channels included all of the Higgs production
mechanisms. The H → WW → ℓνℓν search excluded Higgs production in association with tt̄, and the
H → bb̄ channel only included W/Z bremsstrahlung due to the difficulty associated in separating these
two processes from other hadronic final states. The measure used in quantifying the compatibility of
the data with the Standard Model Higgs hypothesis is the significance, Z, and signal strength, µ̂. The
significance quantifies the excess of events in the data with respect to the background-only hypothesis.

ICNFP 2014

04031-p.3

Figure 2.2: The Higgs production modes with their expected number of events at HL-LHC

with
∫
Ldt = 3000 fb−1. This figure is reproduced from [70].

vector-boson fusion (VBF). Either one or both of the incoming quarks can also be replaced by

anti-quarks, but the qq initial state gives the largest contribution for proton-proton collisions.

A less prominent production mode is through WZ bremsstrahlung. Higgs strahlung in associ-

ation with top quark pairs or tt fusion (ttH with H −→ bb) is an important channel, allowing

for a direct measurement of the Yukawa coupling between top quark and Higgs boson, but it
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has a very low production cross section. The associated Higgs production with a bb pair plays

a minor role in the SM. This production process can be significantly enhanced, however, in

extensions of the SM, such as supersymmetric or two-Higgs-doublet models.

2.2.2 Decay of the Higgs boson

Standard Model decay channels

The LHC search program for the SM Higgs boson comprised five main decay channels: the

decay into (1) W bosons (H −→ W+W−), (2) Z bosons (H −→ ZZ), (3) Photons (H −→
γγ), (4) b-quarks ( H −→ bb) and (5) τ -leptons (H −→ τ+τ− ). The Higgs branching ratio

of each decay channel as a function of its expected mass are shown in Fig. 2.3 as given by

the LHC Higgs Cross Section Working Group [71]. For a Higgs boson mass of about 125

GeV, the Higgs boson phenomenology within the SM is particularly rich, since many different

decay modes are potentially detectable. In this area, the search is dominated by bosonic

modes, where Higgs decays to W+W− and ZZ. Within the W+W− channel, purely leptonic

(H −→ W+W− −→ lνlν) and semi-leptonic (H −→ W+W− −→ lνqq) decay modes are

being analysed at the LHC. The decay of the Higgs boson to a pair of Z bosons has also been

very attractive due to the production of a very clean signal. The Z boson decay to 4l leads

to very small background. The decay mode of H −→ ZZ −→ llqq is also being searched.

For lower masses, the most important channels are bb , τ+τ− and γγ [33, 67, 69, 72]. In spite

of the small rate for the decays to γγ, these decays have low background and good mass

resolution.

Non-standard decay channels

The main decay and production properties of Higgs boson are consistent with a Standard

Model Higgs boson. It may however have other decay channels beyond those predicted by

the Standard Model.

Among non-standard decays and of great interest are invisible decays into stable particles that

do not interact with the detector. The discovery of the Higgs particle has raised the question

of its couplings to Dark Matter and how it could be used to further try to reveal DM existence

at colliders, using the Higgs boson as a portal to Dark Matter. If kinematically accessible and

with a sufficiently large coupling to the Higgs boson, Dark Matter particles would manifest
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Figure 2.3: Standard Model Higgs boson decay branching ratios. This figure is reproduced

from [71] (125 GeV bar by me).

themselves as invisible decays of the Higgs boson, thus strongly motivating searches for these.

The results of searches for invisible decays of the Higgs particle are reported in Table 2.2.

Results can be interpreted in terms of 95% CL limit on the invisible branching fraction for a

Standard Model production cross section or as the ratio of the product of the Higgs production

cross section times the Higgs invisible branching fraction to its SM expectation [36]. Invisible

decay width of the Higgs boson will be discussed more in Section 6.4.

!

– 50–

Table 6: Summary of the results of searches for
invisible decays of the Higgs particle H . Results
can be interpreted in terms of 95% CL limit on
the invisible branching fraction for a Standard
Model production cross section or as the ratio of
the product of the ZH production cross section
times the Higgs invisible branching fraction its
SM expectation. The results in parentheses are
the expected exclusions.

ATLAS CMS

W, Z → fatjet, H → inv. 1.6 (2.2) –

Z → ℓ+ℓ−, H → inv. 65% (84%) 75% (91%)

Z → bb, H → inv. – 1.8 (2.0)

VBF H → inv. – 69% (53%)

VBF and associated production with a vector boson signatures:

(i) the search for high transverse momentum mono-vector boson

production by the ALTAS collaboration [154] using fat-jet

substructure techniques; (ii) the associated production with a

vector boson subsequently decaying either to a pair of leptons by

the ATLAS [155] and the CMS [156] collaborations or a pair of b-

quarks by CMS [157]; (iii) in the VBF production process by the

CMS experiment [158]. An independent reinterpretation of the

monojet search results by the ATLAS and CMS collaborations

was also done in Ref. [153]. The results of these searches are

reported in Table 6.

A combination of the V H and VBF channels by the CMS

collaboration yields an upper limit on the invisible branching

fraction of the Higgs boson, assuming SM production cross

sections, of 54% at the 95% CL, while the expected sensitivity

is 46% at 95% CL [156].

III.8.2. Exotic Higgs boson decays

The discovered Higgs particle not only serves as a probe

for potential dark matter candidates, but also to search for

other exotic particles arising from fields associated with a low-

mass hidden sector. Such hidden sectors are composed of fields

that are singlets under the SM group SU(3) × SU(2) × U(1).

These models are referred to as hidden valley models [159,160].

July 29, 2014 15:21

Table 2.2: Summary of the results of searches for invisible decays of the Higgs particle. The

results in parentheses are the expected exclusions.This table is reproduced from [36].

Furtheremore, additional structure of the BSMs can modify SM-like Higgs production and
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decay processes via different couplings and via new sources for higher-order contributions

leading to new production and decay modes and in general to a new Higgs phenomenology.

For instance, for the loop-induced processes of Higgs production in gluon fusion and Higgs

boson decay into a pair of photons or gluons, the impact of additional particles in the loop

would be particularly important [59, 67, 72, 73]. In this thesis, the loop-dominated decays

H −→ γγ and H −→ Zγ in HTM with and without additional vector-like fermions will be

discussed.

2.2.3 Discovery of a Higgs Boson at the LHC

In summer 2012, the ATLAS and CMS experiments observed an excess of events near MH

= 125.09 ± 0.24 GeV in the H −→ ZZ∗ −→ 4l and H −→ γγ channels. The final results

of Run 1 from studies by the ATLAS and CMS collaborations on the signal strength µ and

the significance z are summarised in Table 2.3. They are based on the full Run 1 data set,

corresponding to an integrated luminosity of nearly 5 fb−1 recorded at
√
s = 7 TeV and of

about 20 fb−1 at
√
s = 8 TeV. The ATLAS numbers are given for a Higgs boson mass of 125.36

GeV, whereas for the CMS experiment the results are quoted at the best-fit values.

Apart from the observed signal, we may have additional Higgs bosons provided that the Higgs

sector consists of more than one single doublet, as in the SM. Several types of searches for

additional Higgs bosons have been performed at the LHC, for instance for charged Higgs

bosons H±, which also appear in models with an extended Higgs sector [1, 59,67,72].

Recently, the ATLAS and CMS collaborations have reported [81, 82] on a search for new

physics using high mass diphoton events in proton-proton collisions at a center-of-mass en-

ergy of
√
s = 13 TeV, with invariant mass larger than 200 GeV. The largest deviation from

the background-only hypothesis was found in a broad region around 750 GeV, with a local

significance of about 3.6 σ and 2.6 σ in the respective experiments. The diphoton resonance

around 750 GeV, may be explained by scalars in the extension of the SM. This can be a

tantalizing hint of the new physics beyond the Standard Model, however more events and

analyses are needed to ascertain what the state is.
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234 K. Jakobs et al.

Table 6.1 Compilation of measured signal strengths, µ = σobs/σSM, and statistical significances,
z, for different decay channels of the Higgs boson. The ATLAS numbers are given for a Higgs-boson
mass of 125.36 GeV, whereas for the CMS experiment the results are quoted at the best-fit values.
If two or more errors are indicated, the first is statistical, the second is the experimental systematic
error, and the third one represents theoretical uncertainties. The results are taken from [80–83, 86,
87, 89–92]

Signal strength and significance values
Channel ATLAS CMS

µ z µ z

H → Z Z 1.44+0.34
−0.31

+0.21
−0.11 8.1 0.93+0.26

−0.23
+0.13
−0.09 6.8

H → γγ 1.17 ± 0.23 +0.16
−0.11 5.2 1.14 ± 0.21+0.09

−0.05
+0.13
−0.09 5.7

H → W+W − 1.09+0.16
−0.15

+0.17
−0.14 6.1 0.72+0.20

−0.18 4.3

H → τ+τ− 1.43+0.27
−0.26

+0.33
−0.27 4.5 0.78 ± 0.27 3.2

V H → H → bb̄ 0.5 ± 0.3 ± 0.2 1.4 1.0 ± 0.5 2.1

0.0 0.5 1.0 1.5 2.0

H → ZZ

H → γ γ

H → WW

H → ττ

H → ZZ

H → γ γ

H → WW

H → ττ

H → bb

H → ττ

H → bb

0.4 0.6 0.8 1.0 1.2 1.4 1.6

ATLAS CMS

In a more model-independent way, i.e. without assumptions on Higgs-boson
branching fractions, ratios of signal strengths were extracted. Results are illustrated
in Fig. 6.23b. The numerical values are µVBF+V H

µggF+t t̄ H
= 0.96+0.43

−0.31 for the ATLAS [115]

and 1.25+0.62
−0.44 for the CMS [108] collaboration, consistent with the SM expectation.

Concentrating on the VBF channel alone, the ATLAS collaboration obtains
µVBF
µggF

= 1.00+0.46
−0.34. This is evidence at the 4.3 σ level that a fraction of Higgs boson

production occurs through VBF.
More information on the coupling strengths is gained by a combined analysis of

all channels, as discussed below in Sect. 6.8.4.

Table 2.3: Compilation of measured signal strengths, µ =
σobs

σSM

, and statistical significances,

z , for different decay channels of the Higgs boson. If two or more errors are indicated, the first

is statistical, the second is the experimental systematic error, and the third one represents

theoretical uncertainties. This table is reproduced from [67,74–80].

2.3 Searches for Physics Beyond the Standard Model

In the previous sections, we have shown why the SM of particle physics is one of the most

successful theories in physics, which explains with great accuracy the experimental data we

have so far. However, there are several theoretical issues and pieces of experimental evidence

for physics that is not described by the SM (as explained in the introduction), which led

theorists to believe there could be new physics at a TeV scale. As the collider at the current

energy frontier, the LHC is in a unique position to look for signals of BSM physics. Searching

for BSMs constitutes a major fraction of the experimental programme at the LHC.

It is impossible to cover all possible extensions of the SM in the LHC programme by a
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search with a dedicated experimental analysis. Fortunately, it is often possible to recast

a single analysis as a search for particles in very different models. Additionally, different

extensions of the SM have been proposed by theorists, aiming to treat shortcomings in the

SM. Among various possibilities, the Higgs Triplet Model is a prime candidate for new physics

since it includes a clear explanation of the neutrino masses which will be descried in detail

in Chapter 3. Since an extension of the SM via additional vector-like fermions is not ruled

out experimentally and this can provide a Dark Matter candidate, introducing vector-like

fermions in BSMs like HTM can shed light on two unresolved issues of the SM i.e. neutrino

masses and existence of Dark Matter, as shown in Chapter 6.

2.3.1 Vector-like Fermions

One of the most straightforward extensions of the SM is the inclusion of vector-like fermion

generation(s). Vector-like fermions are characterized by having left- and right-handed com-

ponents transforming in the same way under the symmetry group of the theory and the

couplings for the right-handed components are the same as the left-handed ones. For this

reason their mass terms appear explicity in the Lagrangian, ΨLΨR, are not forbidden by any

symmetry and so the masses of such fermions could be much larger than the electroweak

(EW) scale. Furthermore the masses of the quarks could be very different from those of the

leptons [2, 3, 37,39,83–85].

The ATLAS and CMS experiments have performed an extensive program of searches for

vector-like fermions during LHC Run I. For example, the ATLAS collaboration has performed

a search for pair production of vector-like quarks, both vector-like up-type (T ) and down-type

(B), as well as four-top-quark production using pp collision data at
√
s = 8 TeV corresponding

to an integrated luminosity of 20.3 fb−1. The observed lower limits on the T quark mass

range between 715 GeV and 950 GeV and are the most stringent constraints to date. For

BB production, the observed lower limits on the B quark mass range between 575 GeV

and 813 GeV. The 95% Confidence Level (CL) observed lower limits on vector-like T and

B quarks masses are for all possible values of the branching ratios into three decay modes:

T −→ Wb,Zt,Ht and B −→ Wt,Zb,Hb [86].

No official limits on vector-like leptons have been obtained so far by the LHC detector col-

laborations. The current bounds on vector-like leptons quoted by the Particle Data Group

(PDG) come from the LEP e+e− collider experiments. Assuming a heavy charged lepton

decaying to Wν with the 100% branching fraction, the lower bound on its mass is 100.8 GeV.
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Relaxing that assumption could lead to different limits, but in any case the upper bound ∼
100 GeV survives [37,87,88].

One of the important consequences of introducing vector-like leptons and quarks in theoretical

models is improving electroweak precision and mass restrictions, which will be discussed in

Chapter 4 and 5, respectively [2, 4].

2.3.2 Dark Matter

Strong evidence for the incompleteness of the SM also comes from the observation of non-

baryonic Dark Matter (DM) in our universe. DM has not yet been observed in particle

physics experiments. If any non-gravitational interactions between DM and SM particles

exists, particles of DM could be produced at the LHC. Since DM particles themselves do not

produce signals in the LHC detectors, one way to observe them is when they are produced

in association with a visible SM particle. Many theories predict DM particles to be light

enough to be produced at the LHC. If they were created at the LHC, they would escape

through the detectors unnoticed. However, they would carry away energy and momentum,

so physicists could infer their existence from the amount of energy and momentum missing

after a collision [89,90].

As the SM does not contain any DM candidates, a great deal of effort has gone into providing

viable candidates, or alternative BSM scenarios. For models which do not have natural can-

didates, we usually consider the simplest additions to the SM that can account for DM e.g.,

a scalar, a fermion, or a vector, singlets, or doublets under SU(2)L, etc. [2].The most popular

class of models explaining the cosmological observations contains DM that is a weakly inter-

acting massive particle (WIMP). WIMPs that have a mass close to the EW scale and couplings

similar to the weak coupling constant will produce the correct DM remnant density.

Many experiments seek to find evidence of DM either through direct or indirect DM searches.

Direct searches look for energy deposited within a detector by the DM particles in the dark

halo of the Milky Way. WIMPs can potentially scatter through collisions with nuclei through

both spin-independent (SI) and spin-dependent (SD) interactions. For SI, cross sections are

proportional to the square of the atomic mass of the target nuclei. The cross sections for

SD scattering, in contrast, are proportional to the spin of the target nucleus. The current

experimental sensitivity to SD scattering is far below that of SI interactions. Another major

class of DM searches are indirect detection experiments which attempt to find the products
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from WIMP annihilations, including gamma rays, neutrinos, positrons, electrons, and anti-

protons. These searches are sensitive to interactions with all SM particles [30, 31]. If the

WIMPs interact with quarks via a heavy mediator, they could also be pair produced in

collider events. Fig. 2.4 shows the latest ATLAS results [91] , on DM pair production in

association with a γ for SI and SD interactions, compared to various DM searches. The

search extends the limit on the scattering cross section into the low mass region m < 10 GeV

where the astroparticle experiments have less sensitivity.
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FIG. 13. Upper limits at 90% C.L. on the WIMP–nucleon (�-N) scattering cross section as a function of m� for spin-
independent (left) and spin-dependent (right) interactions, for a coupling strength g =

p
gfg� of unity or the maximum value

(4⇡) that keeps the model within its perturbative regime. The truncation procedure is applied for both cases. The results
obtained from ATLAS with 7 TeV data for the same channel are shown for comparison. Also shown are results from various
dark–matter search experiments [73–85].

Figure 2.4: The ATLAS upper limits at 90 % C.L. on the WIMP-nucleon (χ-N) scattering

cross section as a function of DM mass (mχ) for spin independent (left) and spin dependent

(right) interactions in pp collision with
√
s = 8 TeV and 20.3 fb−1. Also shown are results

from various Dark Matter search experiments. This figured is reproduced from [91].

ATLAS and CMS organized a forum, the ATLAS-CMS Dark Matter Forum, to establish a

general agreement on the use of the simplified theoretical models for early Run-2 searches

with the participation of experts on DM theories [89]. During the upcoming Run 2 of the

LHC with almost doubled beam energy, most of the limits described in Run 1 will certainly

be improved significantly, unless new phenomena show up [67].



Chapter 3

Neutral Higgs Bosons in the Higgs

Triplet Model

Abstract

We revisit the neutral Higgs sector of the Higgs Triplet Model, with non-negligible mixing in

the CP-even Higgs sector. We examine the possibility that one of the Higgs boson states is

the particle observed at the LHC at 125 GeV, and the other is either the small LEP excess

at 98 GeV; or the CMS excess at 136 GeV; or that the neutral Higgs bosons are (almost)

degenerate and have both mass 125 GeV. We show that, under general considerations, an

(unmixed) neutral Higgs boson cannot have an enhanced decay branching ratio into γγ with

respect to the Standard Model one. An enhancement is however possible for the mixed case,

but only for the heavier of the two neutral Higgs bosons, and not for mass-degenerate Higgs

bosons. At the same time the branching ratios into WW ∗, ZZ∗, bb̄ and τ+τ− are similar

to the Standard Model, or reduced. We correlate the branching ratios of both Higgs states

into Zγ to those into γγ for the three scenarios. The mixed neutral sector of the Higgs

triplet model exhibits some features which could distinguish it from other scenarios at the

LHC.

3.1 Introduction

The hunt for the Higgs boson in the Standard Model (SM) and beyond has been given a big

boost with the recently discovered resonance at ≃ 125 − 126 GeV, observed by ATLAS [6]

25
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and CMS [29] at 5σ. While this particle resembles in most features the SM Higgs boson,

the data hints of enhancements in its decay rate to γγ (although this signal is, at about 2σ,

not sufficiently statistically secure), as well as depressed rates into τ+τ− and WW ∗, which

could hint at extended symmetries. The signals are also consistent with the findings at the

Tevatron [92]. If the γγ signals persist with more statistics, they would be an encouraging

sign of physics beyond the Standard Model (BSM). This possibility has already inspired many

explorations in literature [93–106]. The Higgs boson decay into γγ is loop induced and thus,

sensitive to new physics contributions. The simplest explanation would be the presence of a

charged boson in the loop, most likely a charged Higgs boson which appears in most BSM

scenarios. In addition, if taken at face value, the suppression of the leptonic decay modes

could be an indication that the neutral boson observed is not a pure SM state, but a mixed

state, in which the other component has depressed couplings to leptons.

There are additional hints that more than one Higgs boson might have been observed. For

instance, CMS observes an additional excess in the γγ and ττ channels at ∼ 136 GeV [107,

108], which also seems to provide a best fit to the Tevatron data [109]. Additionally, LEP

has observed an excess in e+e− → Zbb̄ near ∼ 98 GeV [110, 111]. This has lead several

authors [112–117] to investigate the possibility that the data could be fit by not one but two

Higgs bosons– or two degenerate, or nearly degenerate, Higgs bosons [118,119].

Motivated by these observations, we investigate one of the simplest extensions of the SM, the

Higgs Triplet Model (HTM) with nontrivial mixing in the neutral sector. We probe whether

the CP-even Higgs states can explain the signal at 125 GeV, and either the additional state

at 98 GeV, or the one at 136 GeV. The HTM has two important ingredients lacking in the

SM. First, it provides an explanation for small neutrino masses [120,121] through the seesaw

mechanism [122]: even if the boson at the LHC turns out to be completely consistent with

the SM boson, the SM leaves the question of neutrino masses unresolved. Second, the model

includes in its Higgs spectrum one singly charged and doubly charged boson, making loop

enhancements of decays into γγ possible.

The neutral Higgs sector of the HTM has been studied previously [123–136]. Various authors

have provided analyses showing the γγ signal suppressed with respect to the SM [129, 133].

An exception to this is in Ref. [137], where it was shown that in the case where the triple

boson coupling is negative, the decay rates to γγ are enhanced.

But most of the authors have considered the HTM for the case in which the mixing of the

CP-even neutral bosons is negligible, with the exception of in Ref. [138], where the mixing is
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assumed to be maximal. For negligible mixing, the neutral boson visible at LHC is SM-like

(a neutral component of a doublet Higgs representation) with the same tree-level couplings to

fermions and gauge bosons, but which also couples to singly and doubly charged Higgs bosons,

possibly a source of enhancement for the γγ signal. The production cross sections and decays

to ff̄ , WW ∗ and ZZ∗ are unchanged with respect to the SM. Should these rates be different,

new particles must be added to the model to provide a viable explanation [139].

We revisit the model for the case where the mixing is non-negligible, and both states are

mixtures of doublet and triplet Higgs representations. We study the tree-level and loop-

induced (γγ and Zγ) decays of the two bosons for the case in which mH1 = 125 GeV,

mH2 = 136 GeV (motivated by the CMS data); for the case where mH1 = 98 GeV, mH2 = 125

GeV (motivated by the LEP excess); and for the case where the two Higgs are degenerate

in mass and mH1 = mH2 = 125 GeV, which is motivated by the case where there is a single

boson observed at the LHC. We do not assume specific mixing, but rather study the variation

in all parameters due to mixing and comment on the case where the mixing is negligible as

a limiting case. We consider deviations from unity of ratios of branching ratios in the HTM

(with H1, H2 Higgs bosons) versus the SM (with Φ Higgs boson):

RH1,H2→XX =
[σ(gg → H1, H2)×BR(H1, H2 → XX)]HTM

[σ(gg → Φ)×BR(Φ → XX)]SM
(3.1)

with XX = γγ, f f̄ , ZZ⋆,WW ⋆, and predict the rate for Zγ, as the correlation between this

decay and γγ would be a further test of the structure of the model.

This Chapter is organized as follows: in Section 6.2 we summarize the main features of the

HTM, paying particular attention to the neutral Higgs sector, and outline the conditions on

the relevant parameters. In Section 3.3 we present expressions for the decay width of the

neutral Higgs bosons, as well as give general analytic expressions for the decay rates, for

both γγ in Section 3.3.1 and, following examination of the effect of the total width difference

between the Higgs boson in SM and in the HTM in Section 3.3.2, the tree-level decays to

ff̄ , WW ∗ and ZZ∗ in Section 3.3.3. We follow in Section 3.4 with numerical analysis for the

decays of the bosons in scenarios inspired by the experimental data. In Section 3.4.3 we show

predictions for the same parameter space for the decays of the neutral Higgs bosons to Zγ,

another indicator of extra charged particles in the model.
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3.2 The Higgs Triplet Model

We describe the Higgs Triplet Model (HTM), which has been recently the topic extensive

studies [129–134]. The HTM is based on the same gauge symmetry group as the SM, SU(2)L×
U(1)Y . The only difference is the addition of one triplet field ∆ with hypercharge Y = 1 and

the lepton number L = 2 to the SM Higgs sector , which already contains one isospin doublet

field Φ with hypercharge Y = 1/2 . The relevant terms in Lagrangian are:

LHTM = Lkin + LY − V (Φ,∆), (3.2)

where Lkin, LY and V (Φ,∆) are the kinetic term, Yukawa interaction and the scalar potential,

respectively. The kinetic term of the Higgs fields is

Lkin = (DµΦ)
†(DµΦ) + Tr[(Dµ∆)†(Dµ∆)], (3.3)

with

DµΦ =

(
∂µ + i

g

2
τaW a

µ + i
g′

2
Bµ

)
Φ, Dµ∆ = ∂µ∆+ i

g

2
[τaW a

µ ,∆] + ig′Bµ∆, (3.4)

the covariant derivatives for the doublet and triplet Higgs fields. The Yukawa interaction for

the Higgs fields is

LY = −
[
Q̄i

LY
ij
d ΦdjR + Q̄i

LY
ij
u Φ̃uj

R + L̄i
LY

ij
e ΦejR + h.c.

]
+ hijLic

L iτ2∆Lj
L + h.c., (3.5)

where Φ̃ = iτ2Φ
∗, Yu,d,e are 3×3 complex matrices, and hij is a 3 × 3 complex symmetric

Yukawa matrix. The most general Higgs potential involving the doublet Φ and triplet ∆ is

given by

V (Φ,∆) = m2Φ†Φ +M2Tr(∆†∆) +
[
µΦTiτ2∆

†Φ + h.c.
]
+ λ1(Φ

†Φ)2

+ λ2

[
Tr(∆†∆)

]2
+ λ3Tr[(∆

†∆)2] + λ4(Φ
†Φ)Tr(∆†∆) + λ5Φ

†∆∆†Φ, (3.6)

where m and M are the Higgs bare masses, µ is the lepton number violating parameter, and

λ1-λ5 are Higgs coupling constants. We assume all the parameters to be real. The scalar

fields Φ and ∆ can be written as:

Φ =

[
φ+

1√
2
(φ+ vΦ + iχ)

]
, ∆ =

[
∆+
√
2

∆++

1√
2
(δ + v∆ + iη) −∆+

√
2

]
, (3.7)

where vΦ and v∆ are the VEVs of the doublet Higgs field and the triplet Higgs field, with

v2 ≡ v2Φ + 2v2∆ ≃ (246 GeV)2. The electric charge is defined as Q = I3 + Y , with I3 the third

component of the SU(2)L isospin.
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Minimizing the potential with respect to the VEVs vΦ, v∆ yields expressions for m,M in

terms of the other coefficients in the model. The mass matrices for the Higgs bosons are

diagonalized by unitary matrices, yielding physical states for the singly charged, the CP-odd,

and the CP-even neutral scalar sectors, respectively:(
φ±

∆±

)
=

(
cos β± − sin β±

sin β± cos β±

)(
w±

H±

)
,

(
χ

η

)
=

(
cos β0 − sin β0

sin β0 cos β0

)(
z

A

)
,(

φ

δ

)
=

(
cosα − sinα

sinα cosα

)(
h

H

)
, (3.8)

where the mixing angles in the same sectors are given by

tan β± =

√
2v∆
vΦ

, tan β0 =
2v∆
vΦ

,

tan 2α =
v∆
vΦ

2v2Φ(λ4 + λ5)− 4M2
∆

2v2Φλ1 −M2
∆ − 2v2∆(λ2 + λ3)

. (3.9)

where M2
∆ ≡ v2Φµ√

2v∆
. There are seven physical mass eigenstates H±±, H±, A, H and h, in

addition to the three Goldstone bosons G± and G0 which give mass to the gauge bosons.

The masses of the physical states are expressed in terms of the parameters in the Lagrangian

as

m2
H++ = M2

∆ − v2∆λ3 −
λ5

2
v2Φ, (3.10)

m2
H+ =

(
M2

∆ − λ5

4
v2Φ

)(
1 +

2v2∆
v2Φ

)
, (3.11)

m2
A = M2

∆

(
1 +

4v2∆
v2Φ

)
, (3.12)

m2
h = 2v2Φλ1 cos

2 α +
[
M2

∆ + 2v2∆(λ2 + λ3)
]
sin2 α +

[
2v∆
vΦ

M2
∆ − vΦv∆(λ4 + λ5)

]
sin 2α,

(3.13)

m2
H = 2v2Φλ1 sin

2 α +
[
M2

∆ + 2v2∆(λ2 + λ3)
]
cos2 α−

[
2v∆
vΦ

M2
∆ − vΦv∆(λ4 + λ5)

]
sin 2α,

(3.14)

Conversely, the six parameters µ and λ1-λ5 in the Higgs potential can be written in terms of
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the physical scalar masses, the mixing angle α and doublet and triplet VEVs vΦ and v∆:

µ =

√
2v∆
v2Φ

M2
∆ =

√
2v∆

v2Φ + 4v2∆
m2

A, (3.15)

λ1 =
1

2v2Φ
(m2

h cos
2 α +m2

H sin2 α), (3.16)

λ2 =
1

2v2∆

[
2m2

H++ + v2Φ

(
m2

A

v2Φ + 4v2∆
− 4m2

H+

v2Φ + 2v2∆

)
+m2

H cos2 α +m2
h sin

2 α

]
,

(3.17)

λ3 =
v2Φ
v2∆

(
2m2

H+

v2Φ + 2v2∆
− m2

H++

v2Φ
− m2

A

v2Φ + 4v2∆

)
, (3.18)

λ4 =
4m2

H+

v2Φ + 2v2∆
− 2m2

A

v2Φ + 4v2∆
+

m2
h −m2

H

2vΦv∆
sin 2α, (3.19)

λ5 = 4

(
m2

A

v2Φ + 4v2∆
− m2

H+

v2Φ + 2v2∆

)
. (3.20)

The parameters of the model are restricted by the values of the W and Z masses are obtained

at tree level

m2
W =

g2

4
(v2Φ + 2v2∆), m2

Z =
g2

4 cos2 θW
(v2Φ + 4v2∆), (3.21)

and the electroweak ρ parameter defined at tree level

ρ ≡ m2
W

m2
Z cos2 θW

=
1 +

2v2∆
v2Φ

1 +
4v2∆
v2Φ

. (3.22)

As the experimental value of the ρ parameter is near unity, v2∆/v
2
Φ is required to be much

smaller than unity at the tree level, justifying the expansions in Eqs. (3.26), (3.27), (3.28).

Note that the smallness of v∆/vΦ insures that the mixing angles β± and β0 are close to 0,

while α remains undetermined. Finally, small Majorana neutrino masses, proportional to the

lepton number violating coupling constant µ, are generated by the Yukawa interaction of the

triplet field

(mν)ij =
√
2hijv∆ = hij

µv2Φ
M2

∆

. (3.23)

If µ ≪ M∆ the smallness of the neutrino masses are explained by the type II seesaw mech-

anism. This condition constrains the size of hijv∆ by relating it to the neutrino mass. The

smallness of v∆ yields approximate relationships among the masses:

m2
H+ −m2

H++ ≃ m2
A −m2

H+ ≃ λ5

4
v2Φ, (3.24)

m2
H ≃ m2

A

(
≃ M2

∆

)
, (3.25)
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which are valid to O(v2∆/v
2
Φ). We can further simplify, for the parameters λ2, λ3, λ4 in terms

of λ5, the neutral Higgs masses and the mixing angle:

λ2 = −λ5 +
1

2v2∆
sin2 α

(
m2

h −m2
H

)
+ 2

m2
H

v2Φ
+O(

v2∆
v2Φ

), (3.26)

λ3 = λ5 +O(
v2∆
v2Φ

), (3.27)

λ4 = −λ5 +
m2

h −m2
H

2v∆vΦ
sin 2α + 2

m2
H

v2Φ
+O(

v2∆
v2Φ

), (3.28)

which must be consistent with conditions on the Higgs potential.

3.2.1 Positivity Conditions on the Higgs potential

The parameters in the Higgs potential are not arbitrary, but subjected to several conditions.

These have been thoroughly analyzed in [130–132], and we summarize their results briefly.

Positivity requirement in the singly and doubly charged Higgs mass sectors (for v∆ > 0)

are:

µ > 0; µ >
λ5v∆

2
√
2
; µ >

λ5v∆√
2

+
√
2
λ3v

3
∆

v2Φ
, (3.29)

while, for the requirement that the potential is bounded from below, the complete set of

conditions are:

λ1 > 0 ; λ2 + λ3 > 0 ; λ2 +
λ3

2
> 0; (3.30)

λ4 +
√

4λ1(λ2 + λ3) > 0 ; λ4 +

√
4λ1(λ2 +

λ3

2
) > 0; (3.31)

λ4 + λ5 +
√
4λ1(λ2 + λ3) > 0 ; λ4 + λ5 +

√
4λ1(λ2 +

λ3

2
) > 0. (3.32)

Note that from the expressions in Eq. (3.15) and (3.16), some conditions are automatically

satisfied, such as positivity of µ and λ1. Positivity of λ2 + λ3 and λ2 +
λ3

2
are consistent with

the requirements of the square root in Eq. (3.31) and (3.32) being real. From all of these

conditions, the last expressions in Eq. (3.31) and (3.32) would restrict possible enhancements

in the h,H → γγ decay.

Before we proceed with the detailed analysis, some general comments are in order. As shown

in Ref. [129], and as we show in detail in the next section, for sinα = 0, the coupling between

h and the doubly charged Higgs is strictly proportional to λ4. If λ4 is positive (negative),
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the contribution of the doubly charged Higgs bosons is subtracted from (added to) the W

boson contribution, which is dominant, resulting in a suppression (enhancement) of the γγ

branching ratio. The contribution for the singly charged Higgs bosons is significantly smaller,

but follows the same general pattern. Note that if α = 0, λ2 = λ4. Thus it is inconsistent to

assume λ2 > 0, while λ4 < 0. Moreover, for sinα = 0,

λ4 = −λ5 + 2
m2

H

v2Φ
= −2

(
m2

H

v2Φ
− m2

H++

v2Φ

)
+ 2

m2
H

v2Φ
= 2

m2
H++

v2Φ
, (3.33)

and thus λ4 cannot be negative, preventing an enhancement of Rγγ for the unmixed neutral

Higgs boson h due to the presence of the singly and doubly-charged Higgs in the loop.

Thus the only possibility in which there could be some enhancement in the decay to γγ is the

case in which there is some mixing between the two states Φ0 and ∆0, and both states are

responsible for some of the signals observed at the LHC, Tevatron and LEP, an alternative

which we investigate in the remainder of this work. We continue to call the two mixed states

h and H, with the convention that, when α → 0, these states correspond to the unmixed

states Φ0 (neutral doublet) and ∆0 (neutral triplet), respectively. We take a different point

of view from previous analyses. We make no assumption about the mixing but express all

parameters as functions of α, the mixing angle in the neutral (CP-even) Higgs sector, as in

Eqs. (3.24), (3.25), (3.26), (3.27) and (3.28).

3.3 Decay rates of the neutral Higgs bosons in the HTM

3.3.1 Decay rates to γγ

In this section we present the analytic expressions for the decays of the neutral bosons. The

detailed numerical analysis and comparison with the LHC, Tevatron and LEP data follows

in the next section. We concentrate first on the decays to γγ, as, in spite of the small rate,

these decays are very promising, as the two-photon invariant mass Mγγ can be reconstructed

to O(1%) accuracy. Indeed both CMS and ATLAS have their most accurate data for this

channel. We allow arbitrary mixing in the neutral sector and discuss the restrictions on the

parameters in the Higgs sector imposed by the data, as well as by the conditions on the

potential, and investigate the consequences for the decay of both neutral Higgs bosons in the

HTM.

First consider Eqs. (3.26), (3.27), (3.28), for sinα ̸= 0. As λ2+λ3 > 0, this requiresm2
h > m2

H ,
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that is the state that in the limit sinα = 0 is the Higgs doublet state is heavier than the state

that in the limit sinα = 0 is the Higgs triplet state. Unlike for the state with α = 0, λ2 ̸= λ4,

more precisely

λ4 = λ2 −
m2

h −m2
H

2v2∆
sinα sin(α− β0) ≃ λ2 −

m2
h −m2

H

2v2∆
sin2 α. (3.34)

The decay rates of the Higgs bosons in the HTM are defined in terms of the decay of the

Higgs boson in the SM (denoted as Φ) as

Rh,H→γγ ≡ σHTM(gg → h,H → γγ)

σSM(gg → Φ → γγ)
=

[σ(gg → h,H)×BR(h,H → γγ)]HTM

[σ(gg → Φ)×BR(Φ → γγ)]SM

=
[σ(gg → h,H)× Γ(h,H → γγ)]HTM

[σ(gg → Φ)× Γ(Φ → γγ)]SM
× [Γ(Φ)]SM

[Γ(h,H)]HTM

, (3.35)

where the ratios of cross section rates by gluon fusion are

[σ(gg → h)]HTM

[σ(gg → Φ)]SM
= cos2 α;

[σ(gg → H)]HTM

[σ(gg → Φ)]SM
= sin2 α. (3.36)

We present first the decay widths of h to γγ:

[Γ(h → γγ)]HTM =
GFα

2m3
h

128
√
2π3

⏐⏐⏐⏐∑
f

N f
c Q

2
fghffA1/2(τ

h
f ) + ghWWA1(τ

h
W )

+g̃hH± H∓A0(τ
h
H±) + 4g̃hH±±H∓∓A0(τ

h
H±±)

⏐⏐⏐⏐2 . (3.37)

The couplings of h to the vector bosons and fermions are as follows:

ghtt = cosα/ cos β± ; ghWW = cosα + 2 sinαv∆/vΦ , (3.38)

and the scalar trilinear couplings are parametrized as follows:

g̃hH++H−− =
mW

gm2
H±±

ghH++H−− ; g̃hH+H− =
mW

gm2
H±

ghH+H− , (3.39)

with the following explicit expressions in terms of the parameters of the scalar potential, Eq.

(4.5):

ghH++H−− = 2λ2v∆ sinα + λ4vΦ cosα , (3.40)

ghH+H− =
1

2

{[
4v∆(λ2 + λ3) cos

2 β± + 2v∆λ4 sin
2 β± −

√
2λ5vΦ cos β± sin β±

]
sinα

+
[
4λ1 vΦ sin β±

2 + (2λ4 + λ5)vΦ cos2 β± + (4µ−
√
2λ5v∆) cos β± sin β±

]
cosα

}
. (3.41)



CHAPTER 3. NEUTRAL HIGGS BOSONS IN THE HIGGS TRIPLET MODEL 34

These couplings become, in terms of the masses and mixing, for the trilinear coupling of the

neutral and doubly charged Higgs to h,

g̃hH++H−− ≃ v2Φ
2m2

H++

{
m2

h −m2
H

v∆vΦ
sinα +

(
2
m2

H

v2Φ
− λ5

)
cos(α− β0)

}
, (3.42)

g̃hH+H− ≃ v2Φ
2m2

H+

{
m2

h −m2
H

v∆vΦ
sinα +

(
2
m2

H

v2Φ
− λ5

2

)
cos(α− β0)

}
. (3.43)

We obtain similar expressions for the neutral boson H:

Γ(H → γγ) =
GFα

2m3
H

128
√
2π3

⏐⏐⏐⏐∑
f

NcQ
2
fgHffA1/2(τ

H
f ) + gHWWA1(τ

H
W )

+g̃HH± H∓A0(τ
H
H±) + 4g̃HH±±H∓∓A0(τ

H
H±±)

⏐⏐⏐⏐2 . (3.44)

The couplings of H to the vector bosons and fermions relative to the values in the SM are as

follows:

gHtt = − sinα/ cos β± ; gHWW = − sinα + 2 cosαv∆/vΦ , (3.45)

The scalar trilinear couplings are parametrized similar to those for h:

g̃HH++H−− =
mW

gm2
H±±

gHH++H−− ; g̃HH+H− =
mW

gm2
H±

gHH+H− , (3.46)

with the following explicit expressions in terms of the parameters of the scalar potential (these

can be obtained from the expressions for h, with the replacements cosα → − sinα, sinα →
cosα):

gHH++H−− = 2λ2v∆ cosα− λ4vΦ sinα , (3.47)

gHH+H− =
1

2

{[
4v∆(λ2 + λ3) cos

2 β± + 2v∆λ4 sin
2 β± −

√
2λ5vΦ cos β± sin β±

]
cosα

−
[
4λ1 vΦ sin β±

2 + (2λ4 + λ5)vΦ cos2 β± + (4µ−
√
2λ5v∆) cos β± sin β±

]
sinα

}
, (3.48)

we obtain

g̃HH++H−− ≃ − v2Φ
2m2

H++

(
2
m2

H

v2Φ
− λ5

)
sin(α− β0) (3.49)

g̃HH+H− ≃ − v2Φ
2m2

H+

(
2
m2

H

v2Φ
− λ5

2

)
sin(α− β0) (3.50)



CHAPTER 3. NEUTRAL HIGGS BOSONS IN THE HIGGS TRIPLET MODEL 35

We define throughout τhi = m2
h/4m

2
i , τ

H
i = m2

H/4m
2
i (i = f,W,H±, H±±). The loop functions

A1 (for the W boson) and A1/2 (for the fermions, f) are given as

A0(τ) = −[τ − f(τ)] τ−2 , (3.51)

A1/2(τ) = −τ−1
[
1 +

(
1− τ−1

)
f
(
τ−1
)]

, (3.52)

A1(τ) = 1 +
3

2
τ−1 + 4τ−1

(
1− 1

2
τ−1

)
f
(
τ−1
)
. (3.53)

These function are similarly defined for H, with the change h → H, and the function f(τ) is

given by :

f(τ) =

⎧⎪⎨⎪⎩
arcsin2

√
τ τ ≤ 1

−1

4

[
log

1 +
√
1− τ−1

1−
√
1− τ−1

− iπ

]2
τ > 1 .

(3.54)

Second, note that the contribution from the loop with H±± in Eq.(3.37) is enhanced relative

to the contribution from H± by a factor of four at the amplitude level. All couplings are

evaluated to O(
v2∆
v2Φ

). However, for all relevant parameter space the effect of β0 is negligible

(tan β0 =
2v∆
vΦ

), and we can assume with no loss of generality that β0 ≃ 0. Third, as mH

is the lightest of the two Higgs states (and we would wish to associate it with one of the

observed bosons), λ5 is constrained to be negative, otherwise the singly and doubly charged

Higgs bosons would be unacceptably light. Fourth, inspection of the analytic expressions

indicate that for all of the parameter space, the reduced couplings g̃hH++H−− and g̃hH++H−−

are positive [as α ∈ (0, π/2)], while g̃HH++H−− and g̃HH++H−− are negative. This means that

we expect that, from trilinear couplings alone, R(h → γγ) could be enhanced with respect to

the SM over a region of the parameter space, while R(H → γγ) will be suppressed over all of

the parameter space.

3.3.2 Branching ratios enhancement due to Higgs widths in HTM

Our considerations for relative branching ratios are affected by the fact that the total width

of the Higgs boson in the HTM is not the same as in the SM. The widths are the same as

those in the SM for h in the limit sinα → 0. However, for α ̸= 0 we must take into account

the relative widths factors

[Γ(Φ)]SM
[Γ(h,H)]HTM

=

[Γ(Φ →∑
f

ff̄) + Γ(Φ → WW ∗) + Γ(Φ → ZZ∗)]SM

[Γ(h,H →∑
f

ff̄) + Γ(h,H → WW ∗) + Γ(h,H → ZZ∗) + Γ(h,H → νν)]HTM

.

(3.55)
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We expect this to enhance the relative signal strength, as roughly

[Γ(Φ)]SM
[Γ(h)]HTM

≃ 1

cos2 α

[
1− [Γ(h → νν)]HTM

[Γ(Φ)]SM

]
;

[Γ(Φ)]SM
[Γ(H)]HTM

≃ 1

sin2 α

[
1− [Γ(H → νν)]HTM

[Γ(Φ)]SM

]
.

In the detailed numerical analysis, we highlight the relative width enhancement to illustrate

its importance.

3.3.3 Tree-level decays of the Higgs bosons into fermions and gauge

bosons

The largest branching ratio of a Higgs boson with mass of 125 GeV would be into bb̄. Unfor-

tunately, this channel is very difficult to observe at the LHC as the continuum background

exceeds the signal by roughly eight orders of magnitude. The decay into τ+τ− is also prob-

lematic, because of the low velocity of the Higgs boson, which makes the reconstruction of

mττ difficult. Although observation of the decays to fermions is problematic, more statistics

and combining LHC and Tevatron results will improve data. Thus we include the predictions

of the model here.

The decays to the gauge bosons are more promising, but there are also some issues that need

to be resolved in interpreting the data there. The decay to W±W∓ has a large rate, but once

one of theW bosons decay leptonically, the Higgs mass is hard to reconstruct, and the analysis

relies on angular correlations. The two W bosons are produced with opposite polarization,

and as W bosons are purely left-handed the two leptons prefer to move in the same rather

than in opposite directions. On the positive side, the backgrounds are electroweak, and thus

small. The Higgs decay into ZZ, with further decay into four muons is referred to as the

“golden channel”. This is because the m4l is easy to reconstruct. The limitations are the

leptonic branching ratio of the Z and sharp drop in the off-shell Higgs branching ratio.

We show, for completeness, the relative decay branching ratios of the neutral bosons h and

H into fermions, as well as into gauge bosons, compared to the SM ones. The decay rates for

h can be expressed as

Γ(h → ff̄) =
√
2GF

mhm
2
f

8π
N f

c β

(
m2

f

m2
h

)3

cos2 α, (3.56)

Γ(h → νν) = Γ(h → νcν̄) + Γ(h → ν̄cν) =
3∑

i,j=1

Sij|hij|2
mh

4π
sin2 α, (3.57)
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The second decay is of the form h → invisible, as it shows only as missing energy. It does

not exist for a SM Higgs boson, and it is not a good signature for detection at the LHC.

Fortunately, this decay width is small, even for sinα = 1, as the couplings hij must be small

to generate small neutrino masses. But as these decays are tree-level, we include them in the

total width consideration.

The decay rate of the Higgs boson h decaying into the gauge boson pair V V (V = W or Z)

is given by

Γ(h → V V ) =
|κV (h)|2m3

h

128πm4
V

δV

[
1− 4m2

V

m2
h

+
12m4

V

m4
h

]
β

(
m2

V

m2
h

)
, (3.58)

where δW = 2 and δZ = 1, and where κV (h) are the couplings of the Higgs h with the vector

bosons:

κW (h) =
ig2

2
(vϕ cosα + 2v∆ sinα) , (3.59)

κZ(h) =
ig2

2 cos2 θW
(vϕ cosα + 4v∆ sinα) . (3.60)

The decay rates of the three body decay modes are

Γ(h → V V ∗) =
3g2V |κV (h)|2mh

512π3m2
V

δV ′F (
m2

V

m2
h

), (3.61)

where δW ′ = 1 and δZ′ =
7

12
− 10

9
sin2 θW +

40

27
sin4 θW , and where the function F (x) is given

as

F (x) = −|1− x|
(
47

2
x− 13

2
+

1

x

)
+ 3(1− 6x+ 4x2)| log√x|

+
3(1− 8x+ 20x2)√

4x− 1
arccos

(
3x− 1

2x3/2

)
. (3.62)

The decay rates for H can be expressed as

Γ(H → ff̄) =
√
2GF

mHm
2
f

8π
N f

c β

(
m2

f

m2
H

)3

sin2 α, (3.63)

Γ(H → νν) = Γ(H → νcν̄) + Γ(H → ν̄cν) =
3∑

i,j=1

Sij|hij|2
mH

4π
cos2 α, (3.64)

with the second expression for the decay H → invisible.

As before, we can write general formulas for the decay rates of the Higgs boson decaying into

the gauge boson V pair (V = W or Z) are given by

Γ(H → V V ) =
|κV (H)|2m3

H

128πm4
V

δV

[
1− 4m2

V

m2
H

+
12m4

V

m4
H

]
β

(
m2

V

m2
H

)
, (3.65)
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where δW = 2 and δZ = 1 and where κV (H) are the couplings of the Higgs H with the vector

bosons:

κW (H) =
ig2

2
(−vϕ sinα + 2v∆ cosα) , (3.66)

κZ(H) =
ig2

2 cos2 θW
(−vϕ sinα + 4v∆ cosα) . (3.67)

The decay rates of the three body decay modes are

Γ(H → V V ∗) =
3g2V |κV (H)|2
512π3m2

V

mHδV ′F (
m2

V

m2
H

), (3.68)

where δW ′ = 1 and δZ′ =
7

12
− 10

9
sin2 θW +

40

27
sin4 θW , and where the function F (x) is given

in Eq. (3.62).

3.4 Analysis of the decays of h and H

We proceed by evaluating the branching ratios into photons of both h andH in three scenarios,

motivated by existing data. We summarize the experimental constraints for the state at 125

GeV in Table 3.1, and list the additional properties of the Higgs bosons specific to each

Scenario.

• Scenario 1 (the LHC/CMS Scenario): mH = 125 GeV, mh = 136 GeV. In this scenario

we require, for the state h at 136 GeV, in addition to the conditions in Table 3.1, that

R(h → γγ) = 0.45± 0.3, R(h → ZZ∗) ≤ 0.2, and R(h → ττ) < 1.8, in agreement with

the excess observed by CMS.

• Scenario 2 (the LEP/LHC Scenario): mH = 98 GeV, mh = 125 GeV. In this scenario

we require 0.1 < R(H → bb̄) < 0.25 in agreement with the excess in e+e− at LEP, and

for h, the conditions from Table 3.1.

• Scenario 3 (almost degenerate ATLAS and CMS Scenario): the two CP-even neutral

Higgs bosons H and h are (almost) degenerate and have both mass of about 125 GeV.

In this case, we sum over the relative width R(h) and R(H) of both bosons and compare

with the signal at 125 GeV with the conditions from Table 3.1.

Additionally, we also comment on the case in which one of the Higgs states is the one seen

at the LHC at 125 GeV, and the other has escaped detection. Throughout the analysis, we

impose no restrictions on the mixing and express all the masses and couplings as a function

of sinα and the mass splitting parameter λ5.



CHAPTER 3. NEUTRAL HIGGS BOSONS IN THE HIGGS TRIPLET MODEL 39

Experiment Rexp
γγ Rexp

ZZ∗ Rexp
WW ∗ Rexp

bb Rexp
ττ

(1) CMS 7+8 TeV 1.56± 0.43 0.7± 0.44 0.6± 0.4 0.12± 0.70 −0.18± 0.75

(2) ATLAS 7+8 TeV 1.9± 0.5 1.3± 0.6 – – –

(3) CDF and D0 3.6± 2.76 – 0.32± 0.83 1.97± 0.71 –

Table 3.1: Experimental data from LHC and the Tevatron for the boson at 125 GeV.

3.4.1 γγ decays for mixed neutral Higgs

Scenario 1

We study the implications on the parameter space of the HTM if the lightest Higgs boson

is the one observed at the LHC, with the mild γγ excess at CMS being due to a second

Higgs boson at 136 GeV. Setting these values for the h and H masses, we plot the masses

of the singly and doubly charged Higgs in Fig. 3.1 as functions of λ5. The graphs justify

our expectations, based on analytical results, that λ5 must be negative, yielding the ordering

mH++ > mH+ > mH . These graphs also give the values of the charged Higgs masses for

different λ5 values, to be used in the explorations of R(γγ). As λ4+λ5+
√
4λ1(λ2 +

λ3

2
) > 0,

we checked the relationship between the λ’s for λ5 < 0 and found that the inequality is

satisfied over the whole parameter space. Before proceeding with the analysis, we note that

we are dealing with a very different parameter space than for α = 0. The states are now

mixed significantly: the state H that in the limit α → 0 is neutral triplet Higgs boson is

lighter than the state h that in the limit α → 0 is neutral doublet Higgs boson, and the

ordering of mass states is opposite to that favored for α = 0 [133], that is in our model

mH++ > mH+ > mH .

In order to proceed with the analysis of Higgs decays, we must set reasonable, but not

overconservative limits on doubly charged boson masses. The strongest limits on the doubly

charged boson masses come from ATLAS [140] and CMS [141], from pp → H±±H∓∓. At

ATLAS, assuming a branching ratio of 100% into left-handed leptonic final states, masses of

less than 409 GeV, 375 GeV and 398 GeV are excluded, for Yukawa couplings of hij > 3×10−6,

for final states e±e±, e±µ± and µ±µ±, respectively. These confirm, and are slightly more

stringent than the Tevatron measurements [142–144]. Separate searches were performed for

qq̄ → γ∗, Z∗ → H±±H∓∓ and q′q̄ → W ∗ → H±±H∓∓. For cases where the final state has one

or two τ± leptons, the limits are weaker, 350 GeV and 200 GeV, respectively [145]. However,

most of these limits have been obtained for complete dominance of the leptonic decays (which
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is the case for v∆ < 10−4 GeV) and degeneracy of the triplet scalars. In this Chapter, we

assume v∆ ∼ O(1 GeV), for which the H±± → W±W± dominates [146–148]. The scenario in

which the doubly charged Higgs decay predominantly into two same-sign vector bosons has

been explored, and it was shown that the LHC running at 8 or 14 TeV would be able to detect

such a boson with a mass of ∼ 180 GeV. Additionally, for the case where mH±± > mH± , as

it is in this case, the decay H±± → H±W±∗ can be dominant over a large range of v∆ [136].

In view of all these considerations, we wish to keep our analysis as general as possible so we

consider mH± as low as 110 GeV, and mH±± as low as 150 GeV. From Fig, 3.1 this requires

that λ5 is negative, and from the figure, if |λ5| > 1/2, mH++ > 175 GeV and mH+ > 150

GeV.

We present next the plots for the relative signal strength (with respect to the SM one) of

Rh→γγ and RH→γγ as a function of sinα, for various values of λ5. For each value of λ5, we

obtain mH+ and mH++ , and introduce these values into calculation of the branching ratios.

The plots are in Fig. 3.2, top for h, bottom for H, at the left, without width corrections,

and at the right, including width corrections. Increasing the absolute value of λ5 increases

the charged Higgs masses and depresses the relative ratio of decay into γγ. While the decay

of the heavier Higgs boson (at 136 GeV) can be enhanced significantly or suppressed with

respect to the SM, fulfilling the constraint R(h → γγ) = 0.45± 0.3 for several λ5 values, the

lighter boson signal is always reduced with respect to the SM. Thus, H cannot be the boson

observed at the LHC with mass of 125 GeV, confirming our analytical considerations, and

this scenario is disfavored by the present LHC data.

Scenario 2

We now proceed to analyze the implications on the parameter space of the HTM if the lightest

Higgs boson is the 2.3σ signal excess observed at LEP at 98 GeV, while the heavier Higgs

boson is the boson observed at the LHC at 125 GeV. Setting these values for the h and H

masses, we plot the masses of the singly and doubly charged Higgs in Fig. 3.3 as functions

of λ5 (singly charged at the left, doubly charged at the right). Again, in this scenario λ5

is constrained to be negative, yielding the ordering mH++ > mH+ > mH . From the figure,

|λ5| > 1/2, mH++ > 160 GeV and mH+ > 130 GeV. The values of the charged Higgs masses

for different λ5 values, shown in Fig. 3.3 are then used in the explorations of R(γγ).

We present the plots for the relative signal strength (with respect to the SM one) of Rh→γγ

and RH→γγ as a function of sinα, for various values of λ5 in Fig. 3.4, on the top row for h, and
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Figure 3.1: Values of the singly charged (left panel) and doubly charged Higgs masses (right

panel) in Scenario 1, with the parameter λ5 ≈ 4
v2Φ
(m2

H −m2
H+) ≈ 4

v2Φ
(m2

H+ −m2
H++).

the bottom one for H. The left panels show the relative γγ widths uncorrected for relative

width differences and the right-handed panels include the total width corrections. While the

decay of the heavier Higgs boson (at 125 GeV) can be enhanced significantly with respect

to the SM, the lighter boson signal is always reduced with respect to the SM. If the charged

Higgs bosons are relatively light, the angle for which the enhancement is about a factor of

1.5-2 times the SM value is about sinα ≃ 0.2 for λ5 = −1/2, about sinα ≃ 0.35 for λ5 = −1,

about sinα ≃ 0.5 for λ5 = −3/2, and in a range sinα ≃ 0.6 − 0.9 for λ5 = −2. For the

latter case, mH++ = 260 GeV and mH+ = 200 GeV. For all of the parameter ranges where

h → γγ is enhanced, the width of the other neutral Higgs boson H → γγ is suppressed and

thus this Higgs boson would escape detection. This feature is general: as long as h is the

boson observed at 125 GeV, and H lies below, the decay to H → γγ would be suppressed

with respect to a SM Higgs boson of the same mass, and H would escape detection. Thus

this scenario would survive even if the LEP e+e− excess at 98 GeV does not. The details

of the exact enhancements depend on the mass splittings, but the enhancements of h → γγ

themselves appear to be fairly robust.
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Figure 3.2: Decay rates for h → γγ (top row) and H → γγ (bottom row) as a function of

sinα in Scenario 1, for different values of the parameter λ5. The left-handed panels show the

relative widths uncorrected for relative width differences; the right-handed panels include the

total width corrections.
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Figure 3.3: Values of the singly charged (left panel) and doubly charged Higgs masses (right

panel) in Scenario 2, with the parameter λ5 =
4
v2Φ
(m2

H −m2
H+) ≈ 4

v2Φ
(m2

H+ −m2
H++).

Scenario 3

Finally, we look at the implications of the case where the only Higgs boson is the one observed

at 125 GeV, that is h and H are nearly degenerate1. We call this boson h/H. In that case

we have, for the ratio of the number of events in the HTM versus the SM:

RXX = Rh→XX +RH→XX . (3.69)

The values of the masses of the singly and doubly charged Higgs as functions of λ5 remain the

same as in Fig. 3.3 (as they depend only on the H mass). The plots for the relative signal

strength (with respect to the SM one) of Rh/H→γγ as a function of sinα, for various values of

λ5, are shown in Fig. 3.5 in the left panel, for the relative γγ widths uncorrected for relative

width differences, in the right-handed panels including the total width corrections. At first

glance, the results are rather surprising. One would expect that the enhancement from h → γγ

will add to the reduction from H → γγ resulting in a perhaps more evenly varying signal,

but enhanced with respect to the SM. The fact that this is not the case is apparent from Eq.

(3.41). In the degenerate mass case the term in λ4 proportional to m2
h −m2

H cancels exactly,

and thus from the point of view of the decay into γγ, scenario 3 reproduces exactly the results

1In that case the pseudoscalar A will also have mass 125 GeV, but given the β0 ≃ 0 mixing angle in that

sector, it will decay invisibly into two neutrinos, not altering the visible branching ratios.
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Figure 3.4: Decay rates for h → γγ (top row) and H → γγ (bottom row) as a function of

sinα in Scenario 2, for different values of the parameter λ5. The left-handed panels show the

relative widths uncorrected for relative width differences, the right-handed panels include the

total width corrections.
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Figure 3.5: Decay rates for h/H → γγ as a function of sinα , for different values of the

parameter λ5 in Scenario 3. The left-handed panel shows the relative widths uncorrected for

relative width differences, the right-handed panel includes the total width corrections.

for the unmixed case (with sinα = 0), see Eq. (3.34), and is approximately independent of

α. Indeed for most of the parameter space, terms in m2
h cos

2 α + m2
H sin2 α → m2

h/H , and

the same for cosα ↔ sinα. We checked that the reduction in the γγ signal holds for masses

approximately degenerate (within 3-5 GeV),2 while the signal is enhanced for mass splittings

of more than 8− 10 GeV.

3.4.2 Tree-level decays for Scenarios 1, 2 and 3

We conclude this section with an analysis of the tree-level decays (ff̄ ,WW ∗, ZZ∗) of the

neutral Higgs bosons in the three scenarios. More precise measurements of these decays,

combined with the γγ, would constrain the model, as all decays rates depend on very few

parameters. In Fig. 3.6 we plot the tree level decays, for all scenarios, with and without width

correction. Note that without correcting for the width, the relative branching ratios are mass

independent (thus the same for scenarios 1 and 2) but they depend on whether the boson is h

or H. All the tree-level branching ratios are suppressed with respect to the same ones in the

SM and independent of λ5, while the width-corrected relative decay width are very similar

2This may be relevant as ATLAS and CMS do not agree completely on the mass of the discovered boson.
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for scenarios 1 and 2, and thus we show only one. For values of the angles α for which the

relative branching ratio to γγ falls within the allowed range, the tree-level branching ratios

for scenarios 1 and 2 can lie anywhere between 0.05 and 0.9. Thus more precise measurements

of these ratios would give an indication of the value of the mixing (sinα), which will pick

up a definite value of the mass splittings, allowing for a prediction of mH++ and mH+ . In

particular, for scenario 2, which is favored by the measurements of h → γγ branching ratios,

the decays of H → ff̄ obey 0.1 < R(H → bb̄) < 0.25 in the region 0.5 < sinα < 0.7, thus

overlapping with regions allowed by the γγ constraints for λ5 = −3/2 and −2. The tree-level

graphs for scenario 3, both with and without width correction, show that these branching

ratios are very close to the SM ones, and relatively independent of sinα, reproducing as before

the case for unmixed neutral Higgs bosons. The high branching ratio into bb̄ and τ−τ+ is

achieved only accompanied by a significant reduction in the γγ branching ratio. At present,

this scenario is disfavored by the measurements at the LHC of γγ widths.

3.4.3 Predictions for H and h decay width to Zγ

As a further test of the implications of the HTM with nontrivial mixing, we evaluate the loop

mediated Higgs decay h,H → Zγ. In the SM the decay Φ → Zγ is similar to the one for

γγ, but with a smaller rate and a further reduced branching ratio of Z → µ+µ− (or e+e−).

Like the decay to γγ, it is sensitive to the presence of charged particles in the loop, and is

affected by both their charge and weak isospin. Thus deviations from the SM value could

signify beyond the Standard Model physics. The SM contribution for a Higgs state at 125

GeV is very small, [Γ(Φ → Zγ)]SM ≃ 6 × 10−6 GeV, yielding a branching ratio of about

1.5 × 10−3 [149], comparable to that of Φ → γγ. The SM contributions from the W boson

and top quark, and the HTM from the additional charged scalars to the decay rate of h,H

are given by [13,112] 3

Γ(Φ → Zγ)SM =
G2

FM
2
Wm3

hα

64π4

(
1− M2

Z

m2
Φ

)3

|ASM |2 ,

Γ(h → Zγ)HTM =
G2

FM
2
Wm3

hα

64π4

(
1− M2

Z

m2
h

)3 ⏐⏐⏐AW (h) +At(h)− 2AH+

0 (h)− 4AH++

0 (h)
⏐⏐⏐2 ,

(3.70)

3Please note that the formula for the branching ratios into Z gamma have been taken from [150–153] and

the corresponding figures have been corrected from [1].
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Figure 3.6: Relative branching Ratios for h → ff̄ , WW ∗, ZZ∗ in scenarios 1 and 2 (left

column), for H → ff̄ , WW ∗, ZZ∗ for scenarios 1 and 2 (middle column), and for h,H →
ff̄ , WW ∗, ZZ∗ in Scenario 3 (right column) as a function of the mixing angle in the neutral

sector. The top row shows the relative ratios without width corrections, the lower row,

including the width corrections.
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where

ASM = cos θWA1(τ
Φ
W , σW ) + 2Nc

Qt(1− 2Qt sin
2 θW )

cos θW
A1/2(τ

Φ
t , σt) ,

AW (h) +At(h) =

ghWW cos θWA1(τ
h
W , σW ) + ghtt̄

2NcQt(1− 2Qt sin
2 θW )

cos θW
A1/2(τ

h
t , σt) ,

AH+

0 (h) = sin θWgZH+H− g̃hH+H− A0(τ
h
H+ , σH+) ,

AH++

0 (h) = sin θWgZH++H−− g̃hH++H−− A0(τ
h
H++ , σH++) , (3.71)

where τhi = 4m2
i /m

2
h, σi = 4m2

i /M
2
Z , gZH++H−− = 2 cot 2θW , gZH+H− = − tan θW , ghWW is

given by Eq. (3.38), and g̃hH++H−− and g̃hH+H− are given by Eqs. (3.39). The loop functions

are given by

A1(τ, σ) = 4(3− tan2 θW )I2(τ, σ) +
[
(1 + 2τ−1) tan2 θW − (5 + 2τ−1)

]
I1(τ, σ) ,

A1/2(τ, σ) = I1(τ, σ)− I2(τ, σ) ,

A0(τ, σ) = I1(τ, σ) , (3.72)

where

I1(τ, σ) =
τσ

2(τ − σ)
+

τ 2σ2

2(τ − σ)2
[f(τ−1)− f(σ−1)] +

τ 2σ

(τ − σ)2
[g(τ−1)− g(σ−1)] ,

I2(τ, σ) = − τσ

2(τ − σ)
[f(τ−1)− f(σ−1)] , (3.73)

where f(τ) is given in Eq. (3.54), and

g(τ−1) =
√
τ − 1 arcsin

√
τ−1 for τ > 1. (3.74)

The decay of H → γγ can be evaluated as before, using the same formulas, with the replace-

ments h → H, mh → mH :

Γ(H → Zγ)HTM =
G2

FM
2
Wm3

Hα

64π4

(
1− M2

Z

m2
H

)3 ⏐⏐⏐AW (H) +At(H)− 2AH+

0 (H)− 4AH++

0 (H)
⏐⏐⏐2 ,

(3.75)

where

AW (H) +At(H) =

gHWW cos θWA1(τ
H
W , σW ) + gHtt̄ 2Nc

Qt(1− 2Qt sin
2 θW )

cos θW
A1/2(τ

H
t , σt) ,

AH+

0 (H) = sin θWgZH+H− g̃HH+H− A0(τ
H
H+ , σH+) ,

AH++

0 (H) = sin θWgZH++H−− g̃HH++H−− A0(τ
H
H++ , σH++) , (3.76)
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where τHi = 4m2
i /m

2
H , σi = 4m2

i /M
2
Z , gHWW is given in Eq. (3.45), and g̃HH++H−− and

g̃HH+H− are given by Eqs. (3.46).

Comparison with the SM predictions lead to the modification factor RZγ for the h,H → Zγ

decay rate width

Rh,H→Zγ ≡ σHTM(gg → h,H → Zγ)

σSM(gg → Φ → Zγ)

=
[σ(gg → h,H)× Γ(h,H → Zγ)]HTM

[σ(gg → Φ)× Γ(Φ → Zγ)]SM
× [Γ(Φ)]SM

[Γ(h,H)]HTM

. (3.77)

In Fig. 3.7 we plot the relative width factor RZγ as a function of the scalar mixing sinα for

scenarios 1 and 2, and for various mass splittings in the charged sector. One can see that

the model predicts only one enhanced signal for h → Zγ in scenario 2. For the lighter H no

enhancement is observed in Zγ. A measurement of the rare decay into Zγ could thus serve

as a confirmation of this scenario in HTM.

For scenario 3, the HTM predicts no enhancement over the SM. The results are shown in Fig

3.8 where we only plot the relative branching ratios corrected for the width. The variations

with sinα are very small, and more pronounced for the uncorrected relative width, overall

similar to those for γγ, and indicative of the effects of the charged Higgs bosons in the

loop.

3.5 Conclusions

We presented a comprehensive analysis of the decay ratios of the CP-even neutral Higgs

bosons in the HTM, when the bosons mix with arbitrary angle α. Of the bare states in the

model, one is the usual neutral component of the SM Higgs doublet, the other is the neutral

component of a Higgs triplet, introduced to provide neutrino masses. We studied the ratios

of production and decay of the Higgs in this model at tree and one-loop level, relative to the

ones in the SM. We have shown that, in the case where the two Higgs bosons do not mix,

positivity conditions on the scalar potential forbid an enhancement of the branching ratio into

γγ. Allowing for arbitrary mixing, these conditions require that h (the neutral Higgs that is

the corresponding SM one in the no mixing limit) is heavier than H. We have also shown

that, if the Higgs boson are allowed to mix nontrivially, the relative branching ratio into γγ

of h with respect to the SM Higgs can be enhanced, and that, for all these cases, the singly

charged Higgs boson is lighter than the doubly charged boson, and both are heavier than H.
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Figure 3.7: Relative Branching Ratios for h → Zγ (left column) and H → Zγ (right column)

with width corrections for Scenario 1(upper row), and Scenario 2 (lower row) as a function

of sinα, for various λ5 values.



CHAPTER 3. NEUTRAL HIGGS BOSONS IN THE HIGGS TRIPLET MODEL 51

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

Sin α

R
Z
γ

λ5=-
5

2

λ5=-2

λ5=-
3

2

λ5=-1

λ5=-
1

2

Figure 3.8: Relative Branching Ratios for h/H → Zγ in Scenario 3 as a function of sinα, for

various λ5 values.

This is a very different scenario from the unmixed one, where h is the lighter neutral Higgs,

and the doubly charged Higgs bosons are lighter than the singly charged Higgs, who in turn

are lighter than the neutral triplet H.

We allowed the mixing angle α to vary and expressed all the couplings in the Higgs potential

as a function of this angle, and of the square-mass splitting λ5. We analyzed three scenarios.

The first one, where H is the boson observed at 125 GeV and h is the CMS excess at 136

GeV, is disfavored by the data, as the branching ratio of H → γγ is always reduced with

respect to SM expectations. However, scenario 2, where h is the boson observed at 125

GeV, and H the excess observed in e+e− at LEP at 98 GeV, is favored by the data, and

consistent with all other measurements. This scenario can also explain a lighter Higgs H

that is missed by colliders because of significantly reduced decay into γγ. In both of these

scenarios the tree-level decay rates of h and H are reduced with respect to the SM. Should

such a reduction survive more precise measurements, scenario 2 looks very promising. The

case where the two neutral bosons are (almost) degenerate resembles very much the unmixed

neutral case. The relative branching ratio into γγ is suppressed, and even if the tree-level

decays are at the same level as expected in the SM, this scenario is disfavored at present by

the LHC measurements.
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We have tested all scenarios with the decay h,H → Zγ and we find only one significant

enhancement in scenario 2, for h. This scenario shows enhancements in γγ for the boson at

125 GeV; and no enhancement for scenario 3, in which the two Higgs bosons are (almost)

degenerate. As this branching ratio is also sensitive to the extra charged particles in the

model, a precise measurement could shed some light on the structure of the model.

In conclusion, the power to discriminate the SM Higgs boson from Higgs bosons in extended

models depends critically on differentiating their couplings and decays. We have shown that

a very simple model, in which only one extra (triplet) Higgs representation is added to the

SM to allow for neutrino masses, shows promise in being able to explain the present data at

LHC, and indicated how, with more precise data, this Higgs sector can be validated or ruled

out.



Chapter 4

Vector-like Leptons in the Higgs

Triplet Model

Abstract

We analyze the phenomenological implications of introducing vector-like leptons on the Higgs

sector in the HTM. We impose only a parity symmetry which disallows mixing between the

new states and the ordinary leptons. If the vector-like leptons are allowed to be relatively

light, they enhance or suppress the decay rates of loop-dominated neutral Higgs bosons decays

h → γγ and h → Zγ, and affect their correlation. An important consequence is that, for

light vector-like leptons, the decay patterns of the doubly charged Higgs boson will be altered,

modifying the restrictions on their masses. We study the implications for signals at the LHC,

for both
√
s = 7 TeV and for 13 TeV, and show that doubly charged boson decays into

same-sign vector leptons could be observed.

4.1 Introduction

With the discovery of the Standard Model (SM) Higgs-like scalar at the LHC [29, 154], the

SM particle content seems complete. In particular, the mass and couplings of the neutral

Higgs boson seem to disfavor an additional chiral generation of quarks and leptons [155,156].

However, additional vector-like fermions, in which an SM generation is paired with another one

of opposite chirality, and with identical couplings, are less constrained, as there is no quadratic

contribution to their masses. These states appear as natural extensions of the SM particle

53
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content in theories with warped or universal extra dimensions, as Kaluza-Klein excitations

of the bulk field [157–163], in non-minimal supersymmetric extensions of the SM [164–170],

in composite Higgs models [171–179], in Little Higgs Model [180–185] and in gauged flavor

groups [186–189]. Vector-like fermions have identical left- and right-handed couplings and can

have masses which are not related to their couplings to the Higgs bosons [190]. Depending

on the dominant decay mode, the limits on new vector-like fermions range from ∼ 100− 600

GeV [191,192], rendering them observable at the LHC.

Vector-like quarks can modify both the production and decays of the Higgs boson at the

LHC, while vector-like leptons do not carry SU(3)c charge and can only modify the decay

patterns of the Higgs. Study of the latter would be a sensitive probe for new physics. The

lepton states contribute to self-energy diagrams for electroweak gauge boson masses and

precision observables, and consistent limits on their masses and mixings have been obtained

[97,193–195].

Vector-like leptons have been studied in the context of the SM [97, 196–210], but less so for

models beyond the SM, where they can also significantly alter the phenomenology of the

model. In the SM, introducing heavy fermions provides a contribution of the same mag-

nitude and sign as that of the top quark and interferes destructively with the dominant

W -contribution, reducing the h → γγ rate with respect to its SM value. Recent studies

indicate that cancellations between scalar and fermionic contributions allow a wide range

of Yukawa and mass mixings among vector states [139, 211]. An investigation of vector-like

leptons in the two Higgs doublet model [139, 211] showed that the presence of additional

Higgs bosons alleviates electroweak precision constraints. Introducing vector leptons into su-

persymmetry [212] can improve vacuum stability and enhance the diphoton rate by as much

as 50%, while keeping new particle masses above 100 GeV and preserving vacuum stability

conditions.

In this chapter, we investigate vector leptons in the context of the Higgs Triplet Model (HTM).

We do not deal with LHC phenomenology (pair production and decay) of the extra leptons,

which has been discussed extensively in the literature [167, 213, 214], choosing instead to

focus on signature features of this model. We have previously shown that in the Higgs Triplet

Model, enhancement of the h → γγ rate is possible only for the case where the doublet and

triplet neutral Higgs fields mix considerably [1]. We extend our analysis to include additional

vector-like leptons in the model and investigate how these affect the Higgs diphoton decay

rate, with or without significant mixing in the neutral Higgs sector. Originally, both CMS
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and ATLAS experiments at LHC observed an enhancement of the Higgs diphoton rate, while

the diboson rates (h → WW ∗, ZZ∗) have been roughly consistent with SM expectations. At

present CMS observes σ(pp → h) × BR(h → γγ) = 0.77 ± 0.27 times the SM rate, while

ATLAS observes σ(pp → h) × BR(h → γγ) = 1.55+0.33
−0.28 times the SM rate [215–218]. Given

these numbers, it is possible that either the SM value will be proven correct, or a modest

enhancement will persist. A further test of the SM is the correlation of the decay h → Zγ

with one for h → γγ. We also include the prediction for the vector-like lepton effect on

branching ratio of h → Zγ and comment on the relationship with the diphoton decay.

We have an additional reason to investigate the effects of vector-like leptons in the Higgs

Triplet Model. The model includes doubly charged Higgs bosons, predicted by most models

to be light. Being pair produced, the doubly charged Higgs bosons are assumed to decay into

a pair of leptons with the same electric charge, through Majorana-type interactions [140,141].

Assuming a branching fraction of 100% decays into leptons, i.e., neglecting possible decays

into W -boson pairs, the doubly charged Higgs mass has been constrained to be larger than

about 450 GeV, or more, depending on the decay channel. However, if the vector leptons are

light enough, which they can be, the doubly charged Higgs bosons can decay into them and

thus evade the present collider bounds on their masses. We investigate this possibility in the

second part of this chapter.

This Chapter is organized as follows. We introduce the Higgs Triplet Model with vector

leptons in Section 6.2. In Section 4.3 we analyze the effect of the vector-like leptons on

the decays of the neutral Higgs bosons, and discuss the constraints on the parameter space

coming from requiring agreement with present LHC data. We include both loop-dominated

decays, h → γγ in 4.3.1, and h → Zγ in 4.3.2. In Section 4.4 we analyze the effect of the

vector-like leptons on the production and decay mechanisms of the doubly-charged Higgs at

the LHC.

4.2 The Model

The Higgs Triplet Model has been studied previously in Ref. [123–134, 219–222]. Here we

concentrate on the effect of extending the model by incorporating additional vector-like lep-

tons. For the purpose of this analysis, vector-like quarks either do not exist, or are much

heavier and decouple from the spectrum. The model contains a vector-like fourth genera-

tion of leptons, namely the SU(2)L left-handed lepton doublets L′
L = (ν ′

L, e
′
L), right-handed



CHAPTER 4. VECTOR-LIKE LEPTONS IN THE HIGGS TRIPLET MODEL 56

charged and neutral lepton singlets, ν ′
R and e′R, and the mirror right-handed lepton doublets,

L′′
R = (ν ′′

R, e
′′
R) and left-handed charged and neutral lepton singlets ν ′′

L and e′′L. The vector-like

leptons have the following quantum numbers under SU(3)C × SU(2)L × U(1)Y :

L′
L = (1,2,−1/2), L′′

R = (1,2,−1/2), e′R = (1,1,−1),

e′′L = (1,1,−1), ν ′
R = (1,1, 0), ν ′′

L = (1,1, 0), (4.1)

with the electric charge given by Q = T3 + Y , where T3 the weak isospin. The Lagrangian

density of this model is:

LHTM = Lkin + LY + LVL − V (Φ,∆), (4.2)

where Lkin, LY , LVL and V (Φ,∆) are the kinetic term, Yukawa interaction for the ordinary

SM fermions, the mass and Yukawa interaction for the vector-like leptons, and the scalar

potential, respectively. The Yukawa interactions for the ordinary SM leptons are [1]

LY = −
[
L̄i
Lh

ij
e Φe

j
R + h.c.

]
−
[
hijLic

L iτ2∆Lj
L + h.c.

]
, (4.3)

where Φ̃ = iτ2Φ
∗, he is a 3×3 complex matrix, and hij is a 3× 3 complex symmetric Yukawa

matrix. Additionally, with the vector-like family of leptons as defined above, the vector-like

lepton part of the Lagrangian density is

LVL = −
[
MLL̄

′
LL

′′
R +ME ē

′
Re

′′
L +Mν ν̄

′
Rν

′′
L +

1

2
M ′

νν
′c
Rν

′
R +

1

2
M ′′

ν ν
′′c
L ν ′′

L + h′
E(L̄

′
LΦ)e

′
R

+h′′
E(L̄

′′
RΦ)e

′′
L + h′

ν(L̄
′
LτΦ

†)ν ′
R + h′′

ν(L̄
′′
RτΦ

†)ν ′′
L + h′

ijL
′ c
L iτ2∆L′

L + h′′
ijL

′′ c
R iτ2∆L′′

R

+λi
E(L̄

′
LΦ)e

i
R + λi

L(L̄
i
LΦ)e

′
R + λ′

ijL
ic
L iτ2∆L′

L + λ′′
ijL

ic
Riτ2∆L′′

R + h.c.
]

(4.4)

where we include explicit mass terms, Yukawa interactions among vector-like leptons, and

Yukawa interactions between vector-like leptons and ordinary leptons. The scalar potential

is

V (Φ,∆) = m2Φ†Φ +M2Tr(∆†∆) +
[
µΦTiτ2∆

†Φ + h.c.
]
+ λ1(Φ

†Φ)2

+ λ2

[
Tr(∆†∆)

]2
+ λ3Tr[(∆

†∆)2] + λ4(Φ
†Φ)Tr(∆†∆) + λ5Φ

†∆∆†Φ, (4.5)

with m and M the Higgs bare masses, µ the lepton-number violating parameter, and λ1-λ5

the Higgs coupling constants. The expressions for the λ1-λ5 parameters in terms of Higgs

masses are given in Chapter 3.

The electroweak gauge symmetry is broken by the VEVs of the neutral components of the

doublet and triplet Higgs fields,

⟨Φ0⟩ = vΦ/
√
2, ⟨∆0⟩ = v∆/

√
2. (4.6)
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where Φ and ∆ are the doublet Higgs field and the triplet Higgs field, with v2 ≡ v2Φ + 2v2∆ =

(246 GeV)2. Higgs masses and coupling constants in the presence of nontrivial mixing in the

neutral sector have been obtained previously [1].

One can invoke new symmetries to restrict the interaction of the vector leptons with each other

or with the ordinary leptons, or disallow the presence of bare mass terms in the Lagrangian.

For instance,

1. If an additional U(1) symmetry is present under which the primed, double primed and

the ordinary leptons have different charges, this would forbid explicit masses ML, ME,

Mν and M ′
ν from the Lagrangian. Vector-like leptons would get masses only through

couplings to the Higgs doublet fields [210,223].

2. If one imposes a symmetry under which all the new SU(2)L singlet fields are odd,

while the new SU(2)L doublets are even, this forces all Yukawa couplings involving new

leptons to vanish, h′
E = h′′

E = h′
ν = h′′

ν = h′
ij = h′′

ij = 0, and the masses arise only from

explicit terms in the Lagrangian [97].

3. Finally one can impose a new parity symmetry which disallows mixing between the

ordinary leptons and the new vector-like lepton fields, under which all the new fields

are odd, while the ordinary leptons are even [224], i.e., such that λi
E = λi

L = λ′
ij = λ′

ij =

λ′′
ij = 0; alternatively one might choose these couplings to be very small.

In this analysis the focus will be on Higgs decays. We investigate the model subjected to

symmetry conditions 3; as we would like to neglect mixing between the ordinary and the

new vector-like leptons. When allowed, stringent constraints exist on the masses and cou-

plings with ordinary leptons. New vector-like leptons are ruled out when they mediate flavor-

changing neutral current processes, generate SM neutrino masses or contribute to neutrinoless

double beta decay. Recent studies of models which allow mixing between the ordinary leptons

and the new ones exist [223, 224], but restrictions from lepton-flavor-violating decays either

force the new leptons to be very heavy ML,ME ∼ 10−100 TeV, or reduce the branching ratio

for h → τ+τ−, µ+µ− and h → γγ decays to 30-40% of the SM prediction, neither of which

are desirable features for our purpose here. In the Higgs Triplet Model, distinguishing signals

would be provided by lighter vector-like leptons. Since imposing no mixing between ordinary

and new leptons allows new lepton masses to be as light as ∼ 100 GeV— perhaps without

a reduction in the Higgs diphoton branching ratio— we investigate this scenario here. In

addition, we also investigate the effect of imposing condition 1, that is, requiring the explicit

mass terms in the Lagrangian to be 0.
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In the charged sector, the 2× 2 mass matrix ME is defined as [97,210]

(E ′
L e′′L) (ME)

(
e′R

E ′′
R

)
, with ME =

(
m′

E ML

ME m′′
E

)
, (4.7)

where m′
E = h′

EvΦ/
√
2 and m′′

E = h′′
EvΦ/

√
2, with vΦ the VEV of the neutral component of

the Higgs doublet. The mass matrix can be diagonalized as follows:

V †
LMEVR =

(
ME1 0

0 ME2

)
. (4.8)

The mass eigenvalues are

M2
E1,E2

=
1

2

[(
M2

L +m′ 2
E +M2

E +m′′ 2
E

)
±
√
X2 + Y 2

]
, (4.9)

with

X =
(
M2

L +m′ 2
E −M2

E −m′′ 2
E

)
,

Y = 2(m′′
EML +m′

EME). (4.10)

By convention, ME1 > ME2 . For simplicity we assume that the lepton Yukawa couplings

h′
E and h′′

E are real so that the transformations that diagonalize the mass matrix are real

orthogonal matrices:

VL =

(
cos θL sin θL

− sin θL cosθL

)
, (4.11)

VR =

(
cos θR sin θR

− sin θR cosθR

)
. (4.12)

The angles θL,R are given by

tan θL =
m′′

EML +m′
EME

M2
E2

−M2
L −m′ 2

E

, (4.13)

tan θR =
m′

EML +m′′
EME

M2
E2

−M2
L −m′′ 2

E

. (4.14)

The eigenstates of the vector-like lepton mixing matrix enter in the evaluation of h → γγ and

h → Zγ in the next section.
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4.3 Production and Decays of the Neutral Higgs Bo-

son

The presence of the vector leptons affects the loop-dominated decays of the neutral Higgs, h →
γγ and h → Zγ, and possible relationships between them. In the Higgs Triplet Model, singly

and doubly charged bosons also enter in the loops, creating a different dynamic than in the

SM. We analyze these decays in turn, and look for possible correlations between them.

4.3.1 h → γγ

Recently, the Higgs Triplet Model has received renewed interest because of attempts to rec-

oncile the excess of events in h → γγ observed at the LHC over those predicted by the SM.

Such an enhancement hints at the presence of additional particles—singlets under SU(3)C ,

but charged under U(1)em —which affect only the loop-dominated decay branching ratio,

while leaving the production cross section and tree-level decays largely unchanged. Vector-

like leptons are prime candidates for such particles, so we study their contribution to the

Higgs decay. The decay width h → γγ is

[Γ(h → γγ)]HTM =
GFα

2m3
h

128
√
2π3

⏐⏐⏐⏐∑
f

N f
c Q

2
fghffA1/2(τ

h
f ) + ghWWA1(τ

h
W ) + g̃hH± H∓A0(τ

h
H±)

+ 4g̃hH±±H∓∓A0(τ
h
H±±) +

µE1ghff
ME1

A1/2(τ
h
E1
) +

µE2ghff
ME2

A1/2(τ
h
E2
)

⏐⏐⏐⏐2 ,(4.15)
with ME1 ,ME2 given in Eq. (6.13), and where the loop functions for spin-0, spin-1/2 and

spin-1 are given by:

A0(τ) = −[τ − f(τ)] τ−2 , (4.16)

A1/2(τ) = −τ−1
[
1 +

(
1− τ−1

)
f
(
τ−1
)]

, (4.17)

A1(τ) = 1 +
3

2
τ−1 + 4τ−1

(
1− 1

2
τ−1

)
f
(
τ−1
)
, (4.18)

and the function f(τ) is given by :

f(τ) =

⎧⎪⎨⎪⎩
arcsin2

√
τ 0 < τ ≤ 1

−1

4

[
log

1 +
√
1− τ−1

1−
√
1− τ−1

− iπ

]2
τ > 1 ,

(4.19)

with τhi =
m2

h

4m2
i

, and mi is the mass of the particle running in the loop [97]. In Eq. (5.33) the

first contribution is from the top quark, the second is from the W boson, the third is from
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the singly charged Higgs boson, the fourth is from the doubly charged Higgs boson, and the

last two are from the vector-like leptons. We use the following expressions for the couplings

of the Higgs bosons with charged vector-like leptons:

µE1 = − cos θL cos θR (m′
E tan θR +m′′

E tan θL)

µE2 = cos θL cos θR (m′
E tan θL +m′′

E tan θR) (4.20)

The couplings of h to the vector bosons and fermions are as follows:

ghff = cosα/ cos β± ; ghWW = cosα + 2 sinα v∆/vΦ , (4.21)

with ff = tt, E1E1, E2E2 and the scalar trilinear couplings are parametrized as follows

g̃hH++H−− =
mW

gm2
H±±

[
2λ2v∆ sinα + λ4vΦ cosα

]
,

g̃hH+H− =
mW

2gm2
H±

{[
4v∆(λ2 + λ3) cos

2 β± + 2v∆λ4 sin
2 β± −

√
2λ5vΦ cos β± sin β±

]
sinα

+
[
4λ1 vΦ sin β±

2 + (2λ4 + λ5)vΦ cos2 β± + (4µ−
√
2λ5v∆) cos β± sin β±

]
cosα

}
. (4.22)

Since the new leptons do not affect the Higgs production channels, the effect on the diphoton

search channel at the LHC is expressed by the ratio (signal strength)

Rh→γγ ≡ σHTM(gg → h → γγ)

σSM(gg → Φ → γγ)
=

[σ(gg → h)×BR(h → γγ)]HTM

[σ(gg → Φ)×BR(Φ → γγ)]SM

=
[σ(gg → h)× Γ(h → γγ)]HTM

[σ(gg → Φ)× Γ(Φ → γγ)]SM
× [Γ(Φ)]SM

[Γ(h)]HTM

, (4.23)

where Φ is the SM neutral Higgs boson and where the ratio of the cross sections by gluon

fusion is
σHTM(gg → h → γγ)

σSM(gg → Φ → γγ)
= cos2 α . (4.24)

Here α is the mixing angle in the CP-even neutral sector:(
φ

δ

)
=

(
cosα − sinα

sinα cosα

)(
h

H

)
, (4.25)

with

tan 2α =
v∆
vΦ

2v2Φ(λ4 + λ5)− 4v2Φµ/
√
2v∆

2v2Φλ1 − v2Φµ/
√
2v∆ − 2v2∆(λ2 + λ3)

. (4.26)

In Chapter 3 we investigated the Higgs boson decay branching ratio into γγ with respect to

the SM— assuming that the lightest Higgs boson is the 2.3σ signal excess observed at the
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Figure 4.1: Relative decay rate Rh→γγ in the limit ML = ME = 0 (left panel) as a function

of m′
E = m′′

E, for sinα = 0, as a function of sinα for m′
E = m′′

E = 100 GeV (middle panel),

and as a function of sinα for m′
E = m′′

E = 200 GeV (right panel). The colored-coded curves

correspond to different values of doubly charged Higgs masses, given in the attached panels

in GeV.

LEP at 98 GeV, while the heavier Higgs boson is the boson observed at the LHC at 125

GeV— in a Higgs Triplet Model without vector-like leptons, and found that this is the only

scenario which allows for an enhancement of the h → γγ branching fraction. We thus set the

values 125 GeV and 98 GeV for the h and H masses, respectively, and adjust the parameters

λ1 − λ5 accordingly.

Vector-like lepton masses and mixing parameters depend on ML and ME, the explicit mass

parameters in the Lagrangian; and h′
E, h

′′
E, the vector-like leptons Yukawa parameters. In

the limit of vanishing Dirac mass terms ML and ME, the prefactors
µEi

MEi

in Eq. (5.33) go

to 1. It then follows that there is destructive interference between the dominant W - boson

contribution and the charged leptons loops [97]. In this limit, despite possible enhancement

from singly and doubly charged Higgs bosons in the loop, we find a large suppression of the

diphoton rate. We present the plots for the relative signal strength of Rh→γγ, defined in Eq.

(5.34) as a function of m′
E = m′′

E (or equivalently h′
E = h′′

E), for various values of doubly

charged Higgs bosons mass in the left panel of Fig. 4.1, for sinα = 0. Clearly, for this case

(no mixing) the decay of the h is suppressed significantly with respect to the value in the SM

over the whole region of the parameter space in m′
E.

Allowing mixing in the neutral Higgs sector changes the relative contributions of the charged
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Higgs to the diphoton decay. We show decay rates for h → γγ as a function of sinα for

different values of doubly charged Higgs boson mass, assuming m′
E = m′′

E = 100 GeV (and

200 GeV), in the middle and right panels of Fig. 4.1, respectively. Considerations for relative

branching ratios are affected by the fact that the total width of Higgs boson in the HTM for

sinα ̸= 0 is not the same as in the SM. The relative widths factor is

[Γ(h)]HTM

[Γ(Φ)]SM
=

[Γ(h →∑
f

ff̄) + Γ(h → WW ∗) + Γ(h → ZZ∗) + Γ(h → νν)]HTM

[Γ(Φ →∑
f

ff̄) + Γ(Φ → WW ∗) + Γ(Φ → ZZ∗)]SM
. (4.27)

The plots in Fig. 4.1 correspond to symmetry condition 1 in Section 4.2, that is, ML = ME =

0.

However, if mixing with SM leptons is forbidden, but the vector-like leptons are still allowed

to mix with each other, the prefactors µEi
/MEi

in Eq. (5.33) are not 1, and can modify the

Higgs diphoton decay. In the next plots we investigate the effect of nonzero mass parameters

ML andME, for fixed values of the Yukawa couplings. In Fig. 4.2 we present the contour plots

of constant Rh→γγ for h′
E = h′′

E = 0.8 in the plane of the explicit mass terms ML and ME,

for various values of doubly charged Higgs bosons mass and sinα. The contours are labeled

by the value of Rh→γγ. The vector-like lepton masses are restricted to values for which [210]

ME2 ≥ 62.5 GeV, where ME1,2 are given in Eq. (6.13). The plots indicate that it is difficult to

obtain any significant enhancement of the ratio Rh→γγ for sinα = 0, and this does not depend

on the chosen values for the doubly charged Higgs mass; however for sinα ̸= 0, enhancements

are possible for various values of mH±± . In Fig. 4.3 we investigate the dependence of Rh→γγ

on the Yukawa couplings and vector-like lepton masses. We show contour plots for fixed

Rh→γγ in a h′
E − ML plane, with h′

E = h′′
E and ML = ME, for various values of sinα and

doubly charged Higgs boson masses. Enhancements are possible here for all values of sinα,

but while for sinα = 0 the decay h → γγ is enhanced for large vector-like lepton masses and

Yukawa couplings, for sinα ̸= 0 we observe enhancements for light vector-like lepton masses

and small Yukawa couplings.

If we wish to study the light vector-like leptons parameter space where h → γγ is enhanced,

sinα ̸= 0 is preferred. The enhancement is affected by mixing in the vector-like lepton sector,

the various values for doubly charged Higgs bosons mass and the values of sinα.

As the plots cover only a limited range of the parameter space, in the Tables below we give

the ranges for the values of the ratio Rh→γγ for the various scenarios. In Table 4.1, we fix

the value of the Yukawa coupling to h′
E = 0.8, allow the vector-like lepton masses to vary in
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Figure 4.2: Contour plots of constant Rh→γγ for mass terms ME and ML, for h
′
E = h′′

E = 0.8

and combinations of doubly charged Higgs boson masses and sinα: (upper left panel)mH±± =

150 GeV, sinα = 0; (upper middle panel) mH±± = 150 GeV, sinα = 0.2; (upper right panel)

mH±± = 300 GeV, sinα = 0 ; and (lower left panel) mH±± = 300 GeV, sinα = 0.9 ; (lower

middle panel) mH±± = 500 GeV, sinα = 0; (lower right panel) mH±± = 600 GeV, sinα = 0.

the (100-500) GeV range, and show the values for Rh→γγ for different values of sinα and the

doubly charged Higgs mass. We note that the relative branching ratios are very sensitive to

the values of both the doubly charged Higgs mass and sinα. Enhancements in the branching

ratio of h → γγ are possible for light values of mH±± ≤ 300 GeV, and are much more

pronounced at large sinα. Note that for sinα = 0, the result is independent of mH±± , in

agreement with the results obtained in Chapter 3. The reason is the following. In Eq. (4.22),

for sinα = 0, the coupling between neutral and doubly charged Higgs is

g̃hH++H−− =
mW

gm2
H±±

[
λ4vΦ

]
=

mW

gm2
H±±

[
2
m2

H±±

v2Φ
vΦ

]
= 2

mW

gvΦ
, (4.28)

where we used the expression for λ4 from Ref. [1], which is independent of mH±± . In Table 4.2

we allow— in addition to mass variations,— variations in the Yukawa coupling h′
E ∈ (0− 3).
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Figure 4.3: Contour plots of constant Rh→γγ for mass terms ML and h′
E = h′′

E, for various

doubly-charged Higgs boson masses and sinα: (upper left panel) mH±± = 200 GeV, sinα = 0;

(upper middle panel) mH±± = 200 GeV, sinα = 0.4; (upper right panel) mH±± = 300

GeV, sinα = 0; and (lower left panel) mH±± = 300 GeV, sinα = 0.9; (lower middle panel)

mH±± = 500 GeV, sinα = 0; (lower right panel) mH±± = 600 GeV, sinα = 0.

This means allowing both explicit (Dirac) masses and additional contributions by electroweak

symmetry breaking, m′
E, m

′′
E. The dependence on the Yukawa coupling h′

E is much weaker

than on sinα or on mH±± .

However, one can see from the Tables that modest enhancements of the ratio Rh→γγ are

possible for sinα = 0 for large vector-like leptons Yukawa couplings, unlike in the case of the

triplet model without vector-like leptons. This would then be a clear distinguishing feature,

namely enhancements of the decay h → γγ in the absence of mixing in the neutral sector.

The absence of mixing would manifest itself in observing tree-level decays (h → bb̄, τ+τ−, ZZ∗

and WW ∗) identical to those in the SM. There seems to be a minimum value of Rh→γγ for

sinα = 0.1, where the contribution from the doubly charged Higgs bosons is important for
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Table 4.1: Range of the ratio Rh→γγ , as defined in the text, for the doubly charged Higgs mass

(in columns) and the neutral Higgs mixing angle sinα (in rows), for Dirac vector-like lepton masses

in the range ME ,ML ∈ (100− 500) GeV, with h′E = 0.8 .

Rγγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV

sinα = 0 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2

sinα = 0.1 0.02− 0.08 0.05− 0.23 0.2− 0.5 0.3− 0.7 0.5− 1 0.6− 1

sinα = 0.2 0.8− 1.6 0.02− 0.14 0.01− 0.08 0.1− 0.3 0.4− 0.8 0.5− 0.9

sinα = 0.3 4− 5.2 0.2− 0.9 0.02− 0.12 0.01− 0.04 0.25− 0.55 0.3− 0.7

sinα = 0.4 9− 10.75 1.4− 2.2 0.1− 0.5 0.02− 0.08 0.15− 0.35 0.25− 0.55

sinα = 0.5 16− 18 3.2− 4.2 0.6− 1.2 0.05− 0.3 0.06− 0.22 0.15− 0.35

sinα = 0.6 24− 26.5 5.6− 6.8 1.4− 2.1 0.25− 0.7 0.01− 0.08 0.06− 0.2

sinα = 0.7 32.5− 34.5 8.2− 9.4 2.4− 3.1 0.7− 1.1 0.002− 0.008 0.02− 0.08

sinα = 0.8 38.5− 40.75 10.4− 11.4 3.4− 4.1 1.2− 1.65 0.005− 0.045 0.001− 0.006

sinα = 0.9 36.2− 37.4 10.2− 10.9 3.7− 4.1 1.5− 1.75 0.04− 0.1 0.005− 0.02

Table 4.2: Same as in Table 4.1, but also allowing h′E ∈ (0− 3).

Rγγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV

sinα = 0 0.5− 2 0.5− 2 0.5− 2 0.5− 2 0.5− 2 0.5− 2

sinα = 0.1 0.05− 0.3 0.1− 0.6 0.2− 1 0.2− 1.4 0.5− 1.75 0.5− 2

sinα = 0.2 0.5− 2 0.1− 0.4 0.05− 0.3 0.1− 0.7 0.25− 1.5 0.25− 1.75

sinα = 0.3 2− 6 0.5− 1 0.1− 0.4 0.05− 0.2 0.2− 1.2 0.2− 1.4

sinα = 0.4 6− 11 1− 2.5 0.2− 0.6 0.05− 0.3 0.2− 0.8 0.2− 1

sinα = 0.5 14− 18 2− 4 0.5− 1.5 0.2− 0.4 0.1− 0.5 0.2− 0.8

sinα = 0.6 20− 26 4− 7 0.5− 2.5 0.25− 0.75 0.05− 0.25 0.1− 0.5

sinα = 0.7 30− 36 7− 10 1.5− 3.5 0.25− 1.25 0.01− 0.07 0.05− 0.2

sinα = 0.8 36− 40 9− 12 2.5− 4 0.5− 1.75 0.02− 0.08 0.01− 0.04

sinα = 0.9 35− 38 9.5− 11 3.2− 4.2 1.2− 1.8 0.05− 0.1 0.01− 0.04
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small doubly charged masses and counters the contribution from the vector-like leptons. This

is a suppression of the branching ratio for h → γγ, which is due to the fact that the vector-like

lepton contribution interacts destructively with the dominant W± contribution. As a general

feature, Rh→γγ increases when we lower the doubly charged Higgs mass and increase sinα.

This rules out part of the parameter space. For instance, for mH±± = 150 GeV, the mixing

cannot be larger than sinα = 0.2, and for mH±± = 200 GeV, mixings larger than sinα ≥ 0.5

are ruled out. If the value of mH±± is increased to 500−600 GeV, only modest enhancements

are possible, and only for sinα = 0, for vector-like lepton explicit masses in the 100 − 500

GeV range and h′
E = 0.8. Increasing the vector-like leptons Yukawa coupling increases the

overall ratio Rh→γγ.

4.3.2 h → Zγ

In most models, the h → γγ and h → Zγ partial decay widths are correlated or anticorrelated,

though usually the enhancement/suppression in the Zγ channel is much smaller compared to

that in the γγ channel. However, as in models with new loop contributions to h → γγ, Zγ, a

sensitivity to both is expected; we study the correlation between the two here, in the presence

of vector-like leptons. An investigation of the branching ratio of h → Zγ is also further

justified by the recent results from CMS and ATLAS [225, 226], which indicate branching

fractions consistent with the SM expectation at 1σ in the Higgs boson h mass region at 95%

C.L. The decay width for h → Zγ is given by [150–153]:

[Γ(h → Zγ)]HTM =
αG2

Fm
2
Wm3

h

64π4

(
1− m2

Z

m2
h

)3 ⏐⏐⏐⏐ 1cW ∑
f

2N f
c Qf (I

f
3 − 2Qfs

2
W )ghffA

h
1/2(τ

h
f , τ

Z
f )

+
(IE3 − 2QEs

2
W )(2QE)

cW

[
µE1ghff
ME1

A1/2(τ
h
E1
, τZE1

) +
µE2ghff
ME2

Ah
1/2(τ

h
E2
, τZE2

)

]
+ cWghWWAh

1(τ
h
W , τZW )− 2sW g̃hH± H∓gZH±H∓Ah

0(τ
h
H± , τZH±)

− 4sW g̃hH±±H∓∓gZH±±H∓∓Ah
0(τ

h
H±± , τZH±±)

⏐⏐⏐⏐2 , (4.29)

where τhi = 4m2
i /m

2
h, τ

Z
i = 4m2

i /m
2
Z (with i = f(≡ t), E1, E2,W,H±, H±±), and the loop-

factors are given by

Ah
0(τh, τZ) = I1(τ

h, τZ),

Ah
1/2(τ

h, τZ) = I1(τ
h, τZ)− I2(τ

h, τZ), (4.30)

Ah
1(τ

h, τZ) = 4(3− tan2 θW )I2(τ
h, τZ) +

[
(1 + 2τh−1) tan2 θW − (5 + 2τh−1)

]
I1(τ

h, τZ).
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The functions I1 and I2 are given by

I1(τ
h, τZ) =

τhτZ

2 (τh − τZ)
+

τh 2τZ 2

2 (τh − τZ)2
[
f
(
τh−1

)
− f

(
τZ−1

)]
+

τh 2τZ

(τh − τZ)2
[
g
(
τh−1

)
− g

(
τZ−1

)]
,

I2(τ
h, τZ) = − τhτZ

2(τh − τZ)

[
f
(
τh−1

)
− f

(
τZ−1

)]
, (4.31)

where the function f(τ) is defined in Eq. (4.19), and the function g(τ) is defined as

g(τ) =

⎧⎪⎨⎪⎩
√
τ−1 − 1 sin−1

(√
τ
)
, (τ < 1)

1

2

√
1− τ−1

[
log

(
1 +

√
1− τ−1

1−
√
1− τ−1

)
− iπ

]
, (τ ≥ 1) .

(4.32)

In Eq. (5.36) we list, in order, the ordinary leptons, vector leptons, W boson, singly charged

Higgs, and doubly charged Higgs contribution. The scalar couplings ghff̄ and ghW+W− are

given in Eq. (4.21), and the scalar trilinear couplings g̃hH±H∓ and g̃hH±±H∓∓ are given in

Eq. (4.22). The remaining couplings in Eq. (5.36) are given by

gZH+H− = − tan θW , gZH++H−− = 2 cot 2θW . (4.33)

We proceed to perform a similar analysis as in Sec. 4.3.1. We show first the variation of the

branching ratio h → Zγ with the mass m′
E = m′′

E, for various values of the doubly charged

Higgs masses, for the case of no mixing in the neutral sector, sinα = 0 (shown in the left panel

of Fig. 4.4), and as a function of the mixing angle sinα for m′
E = 100 GeV, and m′

E = 200

GeV, in the middle and right panels of Fig. 4.4, respectively. We have chosen the same

parameter values as in Fig. 4.1 for comparison. It is clear that the branching ratio into Zγ is

fairly independent of both m′
E and mH±± and is always just below the SM expectations. Note

that the severe suppression seen in h → γγ for sinα = 0 (Fig. 4.1, left panel) does not occur

here, and the results of the left panel of Fig. 4.4 are consistent with the data at LHC.

But the variation with the mixing angle α is pronounced, and the branching ratio can reach

almost twice its SM value for sinα ∼ 0.8. However— correlated with our predictions from

Sec. 4.3.1 and LHC measurements for Rh→γγ— the parameter space corresponding to an

enhanced h → Zγ, for both m′
E = 100 GeV and 200 GeV, for doubly charged Higgs mass

mH±± = 150 GeV is ruled out. For all other values considered, the value for Rh→Zγ is close

to or below the SM expectations. This is a general prediction of the model.

For a large range of parameter space, the decay h → Zγ can be suppressed significantly with

respect to the SM. We plot signal strength for h → Zγ as a function of sinα for different
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Figure 4.4: Signal strength for Rh→γZ as a function of m′
E = m′′

E for different values of doubly-

charged Higgs masses, in the case of no mixing, i.e., sinα = 0 (left panel); and as a function of

sinα for m′
E = m′′

E = 100 GeV (middle panel), and m′
E = m′′

E = 200 GeV (right panel). The

colored-coded curves correspond to different values of doubly-charged Higgs masses, given in

the attached panels in GeV.

values of doubly charged Higgs boson mass, assuming m′
E = m′′

E = 100 GeV and 200 GeV in

the middle and right panels of Fig. 4.4, respectively. Again, considerations for signal strength

are affected by the fact that the total width of Higgs boson in the HTM is not the same as in

the SM. The widths are the same as those in the SM for h for sinα = 0, while for sinα ̸= 0

we take into account the relative widths factors, Eq.(4.27).

In Tables 4.3 and 4.4 we present the explicit ranges of Rh→Zγ for varying ME,ML and for

a range of h′
E parameters. We choose a fixed value for h′

E = 0.8 in Table 4.3, as this is the

preferred choice from other analyses [97, 210], and to facilitate a comparison with Table 4.1.

A comparison of Tables 4.1 and 4.3 shows that the decay h → Zγ is far more stable against

variations in masses and values for sinα than h → γγ, making it a less sensitive indicator for

the presence of vector-like lepton states.

In Table 4.4 we also allow variations in the Yukawa coupling h′
E ∈ (0 − 3). As before

this amounts to allowing both explicit masses and contributions from electroweak symmetry

breaking, m′
E, m

′′
E, to vector-like lepton masses. A comparison of the Tables 4.3 and 4.4

indicates that the results are not very sensitive to variations in the Yukawa coupling h′
E

or the vector-like lepton mass parameters ME,ML. However, the relative branching ratios

are very sensitive to values of sinα. While the branching ratio into Zγ is almost always
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suppressed with respect to its SM value, there is a small region of the parameter space—with

a light H±± and sinα ≃ 0.7 − 0.9— where enhancement is possible; however as discussed

before, this region is ruled out by constraints from h → γγ measurement, Table 4.2. Note

that for sinα = 0 the branching ratio is (as before) independent of the mass of H±± and is

about the same as in the SM.

Table 4.3: Range of the ratio Rh→Zγ , as defined in the text, for doubly charged Higgs mass (in

columns) and neutral Higgs mixing angle sinα (in rows), for Dirac vector lepton masses in the range

ME ,ML ∈ (100− 500) GeV, with h′E = 0.8.

RZγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV

sinα = 0 0.96− 1 0.96− 1 0.96− 1 0.96− 1 0.96− 1 0.96− 1

sinα = 0.1 0.48− 0.51 0.68− 0.72 0.78− 0.82 0.83− 0.87 0.91− 0.94 0.92− 0.96

sinα = 0.2 0.16− 0.18 0.44− 0.47 0.6− 0.63 0.69− 0.73 0.83− 0.87 0.85− 0.89

sinα = 0.3 0.01− 0.015 0.24− 0.26 0.43− 0.45 0.55− 0.58 0.74− 0.78 0.78− 0.81

sinα = 0.4 0.03− 0.04 0.09− 0.10 0.27− 0.3 0.41− 0.43 0.63− 0.66 0.68− 0.71

sinα = 0.5 0.25− 0.26 0.01− 0.02 0.14− 0.16 0.27− 0.29 0.52− 0.54 0.56− 0.59

sinα = 0.6 0.64− 0.66 0.005− 0.006 0.05− 0.06 0.15− 0.17 0.39− 0.41 0.43− 0.46

sinα = 0.7 1.18− 1.21 0.07− 0.08 0.005− 0.007 0.06− 0.07 0.25− 0.27 0.3− 0.32

sinα = 0.8 1.76− 1.78 0.21− 0.22 0.008− 0.01 0.009− 0.011 0.13− 0.14 0.17− 0.18

sinα = 0.9 1.98− 1.99 0.35− 0.36 0.06 0.004− 0.005 0.03− 0.04 0.05− 0.06

Table 4.4: Same as in Table 4.3, but also allowing h′E ∈ (0− 3).

RZγ mH++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV

sinα = 0 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04

sinα = 0.1 0.47− 0.54 0.66− 0.74 0.76− 0.84 0.8− 0.9 0.92− 0.98 0.9− 1

sinα = 0.2 0.16− 0.2 0.43− 0.49 0.6− 0.7 0.68− 0.74 0.82− 0.9 0.8− 0.9

sinα = 0.3 0.01− 0.018 0.23− 0.27 0.42− 0.47 0.54− 0.6 0.74− 0.8 0.76− 0.84

sinα = 0.4 0.03− 0.05 0.09− 0.12 0.27− 0.31 0.4− 0.5 0.63− 0.68 0.67− 0.73

sinα = 0.5 0.23− 0.27 0.01− 0.02 0.14− 0.17 0.27− 0.3 0.51− 0.56 0.56− 0.61

sinα = 0.6 0.6− 0.7 0.001− 0.009 0.05− 0.07 0.15− 0.18 0.38− 0.42 0.43− 0.47

sinα = 0.7 1.16− 1.22 0.07− 0.08 0.004− 0.008 0.06− 0.08 0.26− 0.28 0.3− 0.33

sinα = 0.8 1.73− 1.79 0.2− 0.23 0.006− 0.01 0.008− 0.01 0.13− 0.15 0.17− 0.18

sinα = 0.9 1.95− 2 0.34− 0.36 0.06− 0.07 0.004− 0.005 0.03− 0.04 0.05− 0.06
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4.4 Production and Decays of the Doubly-Charged Higgs

Bosons

The discovery of the doubly charged Higgs bosons would be one of the most striking signals

of physics beyond SM, and a clear signature for the Higgs Triplet model. From theoretical

expectations, the decay modes of H±± depend on the value of the VEV of the neutral triplet

Higgs component, v∆. When v∆ ≤ 0.1 MeV, the dominant decay mode of H±± is into lepton

pairs. If v∆ ≫ 0.1 MeV, the main decay modes of H±± are into W±(⋆)W±(⋆)1, and into

H±W±(⋆), if kinematically allowed.

We briefly summarize the results of the experimental constraints on doubly charged bosons.

Searches for H±± were performed at Large Electron Positron Collider (LEP) [152, 227–229],

the Hadron Electron Ring Accelerator (HERA) [230, 231] and the Tevatron [143–145, 232].

The most up-to-date bounds have been recently derived by ATLAS and CMS collaborations

at the LHC. Assuming a Drell-Yan-like pair production, these collaborations have looked for

long-lived doubly charged states, and after analyzing 5 fb−1 of LHC collisions at a center-

of-mass energy
√
s = 7 TeV and 18.8 fb−1 of collisions at

√
s = 8 TeV, they constrained

the masses to lie above 685 GeV [140, 141, 233, 234]. The assumption is that the doubly

charged Higgs bosons decay 100% into a pair of leptons with the same electric charge through

Majorana-type interactions [140, 141], thus neglecting possible decays into W -boson pairs,

which is shown to alter the pattern of H±± branching fractions [147,235]. In this chapter, we

allow decays into W±W± bosons, and also include the decays into vector leptons, which, if

light enough, would modify the decays of the doubly charged Higgs bosons further. We take

v∆ = 1 GeV throughout our considerations2.

The main production mode for doubly charged Higgs bosons H±± is the pair production pp →
γ∗, Z∗ → H±±H∓∓ and the associated production pp → W±∗ → H±±H∓. The production

cross sections for both the vector boson fusion qQ → q′Q′H±±, and the associated weak

boson production qQ → W±∗ → H±±W∓ are proportional to v2∆ and much less significant

for v∆ ≪ vΦ.

At hadron colliders the partonic cross section for the leading order (LO) production cross

1 For the present analysis, the mass of the doubly charged Higgs boson will be such that decays into

on-shell W± pairs are kinematically allowed.
2This value of v∆ is small enough to satisfy electroweak precision conditions, but large enough to allow

decay into gauge boson and charged Higgs [1, 123–134,219–222].
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section for a doubly charged Higgs boson pair is

σ̂LO(qq̄ → H±±H∓∓) =
πα2

9Q2
β3

[
4e2q +

2eqvqvH±±(1−M2
Z/Q

2) + (v2q + a2q)v
2
H±±

(1−M2
Z/Q

2)2 +M2
ZΓ

2
Z/Q

4

]
, (4.34)

where we defined

vq =
2I3q − 4eq sin

2 θW
sin 2θW

, aq =
2I3q

sin 2θW
, vH±± =

2I3H±± − 4 sin2 θW
sin 2θW

,

with I3i the third component of the isospin for left-handed particle i, Q2 = ŝ the square of

the partonic center-of-mass energy, β =
√

1− 4m2
H±±/Q2, and α the QED coupling constant

evaluated at scale Q. The hadronic cross section is obtained by convolution with the parton

density functions of the proton

σLO(pp → H±±H∓∓) =

∫ 1

τ0

dτ
∑
q

dLqq̄

dτ
σ̂LO(Q

2 = τs), (4.35)

where Lqq̄ is the parton luminosity and τ0 = 4m2
H±±/s (s is the total energy squared at the

LHC). The cross section for pair-production, including Next-to-leading order (NLO) correc-

tions, has been evaluated in Ref. [236].

Depending on mass parameters in the model, the doubly charged Higgs boson can decay into

lepton pairs, including vector leptons, W± pairs, or H±W± states. In the Higgs triplet model,

the decay rate for H±± into leptons is

Γ(H±± → l±i l
±
j ) = Sij|hij|2

mH±±

4π

(
1− m2

i

m2
H±±

− m2
j

m2
H±±

)[
λ

(
m2

i

m2
H±±

,
m2

j

m2
H±±

)]2
, (4.36)

where mi is the mass of the ith lepton (i = e, µ or τ) and Sij = 1(1/2) for i ̸= j, (i = j).

Similarly the decay rate of H±± into fourth generation vector-like leptons is, if kinematically

allowed

Γ(H±± → E±
i E

±
j ) = Sij

[
|h′EiEj

|2 + |h′′EiEj
|2
] mH±±

4π

(
1−

m2
Ei

m2
H±±

−
m2

Ej

m2
H±±

)[
λ

(
m2

Ei

m2
H±±

,
m2

Ej

m2
H±±

)]2
,

(4.37)

with MEi
the mass eigenvalue from Eq. (6.13). In addition, we include the decay rates of

H±± into W±W± and W±H±:

Γ(H±± → W±W±) =
g4v2∆m

3
H±±

64πm4
W

(
1− 4m2

W

m2
H±±

+
12m4

W

m4
H±±

)
β

(
m2

W

m2
H±±

)
(4.38)

Γ(H±± → W±H±) =
g2m3

H±±

16πm2
W

cos2 β±

[
λ

(
m2

W

m2
H±±

,
m2

H±

m2
H±±

)]3/2
, (4.39)
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where cos β± ≃ 1 is the mixing angle in the singly charged Higgs sector and

β(x) =
√
1− 4x, λ(x, y) = 1 + x2 + y2 − 2xy − 2x− 2y. (4.40)

We investigate the branching ratios of H±± in two distinct parameter regions:

• Condition 1: when H±± → W±H± is not kinematically allowed, H±± decays into

leptons and W± pairs only:

BR(X±
i X±

j ) =
Γ(H±± → X±

i X±
j )

Γ1(H±±)
, where Xi = l±i , E

±
i ,W

±, (4.41)

with the total width for Condition 1 being

Γ1(H
±±) = Γ(H±± → l±i l

±
j ) + Γ(H±± → E±

i E
±
j ) + Γ(H±± → W±W±).

• Condition 2: when H±± → W±H± is kinematically allowed, 3 H±± is able to decay

into charged Higgs and gauge bosons as well,

BR(X±
i X±

j ) =
Γ(H±± → X±

i X±
j )

Γ2(H±±)
where Xi = l±i , E

±
i ,W

± , and

BR(W±H±) =
Γ(H±± → H±W±)

Γ2(H±±)
, (4.42)

with the total decay width for Condition 2 being

Γ2(H
±±) = Γ(H±± → l±i l

±
j )+Γ(H±± → E±

i E
±
j )+Γ(H±± → W±W±)+Γ(H±± → H±W±).

In what follows, we wish to analyze the decay patterns of H±± and present plots of the pro-

duction cross section times the branching fractions for large regions of the allowed parameter

space, for the LHC operating at both
√
s = 7 TeV (where analyses of the existing data still

continue) and at
√
s = 13 TeV (the next energy frontier). 4 To cover a wide range of param-

eter space, we distinguish two cases for each condition, depending on the vector-like lepton

masses. We set the Yukawa coupling of the vector-like leptons with the doublet Higgs bosons

to be h′
E = h′′

E = 0.8 for both cases, and impose symmetry condition 3, that is, we only

disallow mixing of vector-like and ordinary leptons:

• Case A corresponds to very light vector-like leptons: ME = ML = 205 GeV. For this

case we obtain for the mass eigenvalues, ME1 = 344.2 GeV, ME2 = 65.8 GeV, the latter

of which is close to the allowed minimum.
3In this version of the HTM, the doubly charged Higgs boson is always heavier than the singly charged

one [1].
4Cross section and branching ratios at

√
s = 8 TeV and 14 TeV are practically indistinguishable from

those at 7 TeV and 13 TeV, respectively
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• Case B corresponds to intermediate-mass vector leptons: ME = 400 GeV, ML = 300

GeV. For this case we obtain for the mass eigenvalues, ME1 = 498 GeV, ME2 = 202

GeV.

In Fig. 4.5 we show plots corresponding to Condition 1 (when the decay H±± → W±H± is

not kinematically allowed), with Case A in the top row and Case B in the bottom row. We

plot RXY = σ(pp → H±±H∓∓) × BR(H±± → XY ) with X, Y as specified in the attached

panels, as functions of the doubly charged masses. In evaluating the cross sections we have

included the NLO correction factorK ≃ 1.25, as calculated in Ref. [236]. On the left and right

sides of the figure we show the results for
√
s = 7 TeV and

√
s = 13 TeV, respectively. We set

h′
EE = h′′

EE = 0.1 and hij = 0.01 throughout. Similar graphs would be obtained with smaller

values of h′
EE and h′′

EE, but the values of REE would be correspondingly reduced. We have

chosen to investigate the cross section times branching ratios for intermediate to high values

of the doubly charged Higgs mass (400-1200 GeV), as in this region the decay into vector

leptons becomes relevant. If the masses of the vector leptons are low, the doubly charged

Higgs boson decays significantly into them; in particular, the decay into the two lightest

vector leptons E2 becomes dominant, and can reach 80-90% when kinematically allowed (in

the mH±± > 200 GeV region for ME2 = 65.8 GeV, Case A) and overwhelms the other decay

modes, which are now below 5%. The branching ratio into W±W∓ is important for doubly

charged masses below the threshold for pair production of vector leptons mH±± < 400 GeV,

and becomes negligible for mH±± > 700 GeV.

The difference between the figures at
√
s = 7 TeV and

√
s = 13 TeV is in the total cross

section for pair production of doubly charged bosons, which is expected to be ≃ 1.5 fb at
√
s = 7 TeV and ≃ 8 fb at

√
s = 13 TeV (for mH±± = 400 GeV). The integrated luminosity

was taken to be L = 10 fb−1 [128].

The difference between Case A and Case B in this figure are threshold effects. For Case

B, mH±± > 400 GeV for decay into pairs of E2 states, as ME2 = 202 GeV; otherwise the

branching ratios are the same. Had we chosen smaller doubly charged Higgs couplings with

vector leptons, h′
EE ≃ 0.01, the branching ratios into ordinary leptons, vector leptons, and

W± pairs would become comparable for mH±± ≥ 600 GeV.

In Fig. 4.6 we plot the same quantities for Condition 2 (when H±± → W±H± is kinematically

allowed), with Case A in the top row and Case B in the bottom row, for
√
s = 7 TeV on the

left-hand side and
√
s = 13 TeV on the right-hand side. The decay pattern is very different

here, and it is dominated by the decay H±± → W±H±. For a vector lepton coupling to the
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doubly charged Higgs set to h′
EE = h′′

EE = 0.1, the decay into H±W± dominates throughout

the parameter space where it is kinematically allowed and can reach a branching fraction

of over 90%, while the decay into vector leptons can have branching ratios of up to 25%.

Again, the decay rates into W± boson pairs and ordinary leptons are below 1%, and the only

difference between Case A and Case B are, as in Fig. 4.5, threshold effects. The dominance

of the decay mode H±± → W±H± persists, and is even more evident for smaller couplings

with vector leptons, h′
EE ≃ 0.01.

4.5 Conclusions

An extension of the SM via additional vector-like leptons is not ruled out experimentally, and

has been shown to provide a dark matter candidate. In models beyond the SM, the vector-like

leptons can alter not only the phenomenology of the Higgs, but also that of other additional

particle representations predicted by the models. We provide an example within the Higgs

Triplet Model, where we showed that, in the absence of triplet-doublet Higgs mixing in the

neutral sector (sinα = 0), there is no enhancement of the rate of decay of h → γγ in this

model with respect to the SM expectation.

Introducing vector-like leptons does not affect any of the tree-level decays or the production of

the neutral Higgs boson observed at the LHC. However, loop decays into electroweak particles,

such as h → Zγ and h → γγ would be affected. We show that, for the no-mixing scenario

(sinα = 0) the decay rates into γγ and Zγ do not depend on the doubly charged Higgs

mass, and thus without the additional vector-like leptons, these decays would be unchanged

from the SM expectations. With vector-like leptons modest enhancements or suppressions are

possible, most notably for h → γγ, where for large Yukawa couplings the rate of decays could

even double. Under the same circumstances, the decay width for h → Zγ remains practically

unchanged from its SM value. The model thus presents a mechanism for enhancing one

loop-decay and not the other, which seems to be consistent with the LHC data (so far).

If sinα ̸= 0, the effect of the doubly charged Higgs bosons is felt for both h → γγ and

h → Zγ, most spectacularly so for very light mH±± = 150 GeV, which is ruled out for

sinα ̸= 0. Parameter-space regions where light doubly charged Higgs masses (200-250 GeV),

and significant mixing in the neutral sector coexist are disfavored. In general, there are many

parameter combinations for which the decay h → γγ is enhanced, but few for an enhanced

h → Zγ, and these regions are ruled out by the branching ratio for h → γγ. However, if
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the decay h → γγ is (modestly) enhanced, while h → Zγ is the same as the SM prediction

to 1σ, small mixing angles and light doubly charged Higgs bosons mH±± <∼ 300 GeV are

preferred. The fact that there are no regions of the parameter space consistent with present

measurements of the signal strength for h → γγ and an enhanced rate for h → Zγ is a

feature of this model, valid over the whole explored range of the parameter space. Other than

this, these are no definite correlations or anticorrelations between there two loop-dominated

decays.

The intermediate mass doubly charged Higgs boson can decay into light vector-like leptons,

which would alter its decay profile significantly. We explored this possibility and found that,

if the singly charged Higgs mass is such that the decay H±± → W±H± is not kinematically

accessible, dominant branching ratios into vector leptons, if kinematically accessible, are ex-

pected for triplet Yukawa couplings h′
EE = 0.1. If and where the decay H±± → W±H± is

kinematically accessible, its corresponding branching ratio is the largest, while the branching

fraction into vector-like leptons could reach 20-25% for h′
EE = 0.1. Under both these circum-

stances, the decay patterns of the doubly charged Higgs bosons are changed, raising the hope

that they can be found at masses around 200-600 GeV. The analyses presented here show

that the cross section times branching ratios into vector-like leptons is significant enough to

considerably alter the decay patterns of the doubly charged boson, and at
√
s = 13 TeV these

decay modes would be observable at the LHC—with cross sections times branching ratios of

the order of several femtobarns (fb)—and may be a promising way to discover vector-like

leptons.
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Figure 4.5: RXY = σ(pp → H±±H∓∓) × BR(H±± → XY ), in fb, as a function of doubly

charged Higgs boson mass at
√
s = 7 TeV (left panel) and

√
s = 13 TeV (right panel), for

Condition 1(when H±± → W±H± is not kinematically allowed). The upper and lower panels

depict the values for Case A and Case B, respectively. Cross sections include the QCD NLO

correction factor K ∼ 1.25. Throughout we take h′
EE = h′′

EE = 0.1 and hij = 0.01.
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Figure 4.6: Same as Fig 4.5, but for Condition 2 (when H±± → W±H± is kinematically

allowed).



Chapter 5

Vector-like Quarks in the Higgs

Triplet Model

Abstract

We analyze the effects of introducing vector-like quarks in the HTM. In this scenario, the

model contains, in addition to the SM particle content, one triplet Higgs representation,

and a variety of vector-like quark states, including singlet, doublet, and triplet states. We

investigate the electroweak precision variables and impose restrictions on model parameters.

We show that, for some representations, introducing vector-like quarks significantly alters the

constraints on the mass of the doubly charged Higgs boson, bringing it in closer agreement

with present experimental constraints. We also study the effects of introducing the vector-like

quarks on neutral Higgs phenomenology, in particular on the loop-dominated decays H → γγ

and H → Zγ, and the restrictions they impose on the parameter space.

5.1 Introduction

The Standard Model (SM) of particle physics has received a big boost of confidence from the

LHC Higgs data [29,154], as the discovery of the Higgs boson completes the model and as the

model appears so far to satisfy most, if not all, experimental constraints. Yet the SM fails

to answer some fundamental questions, from both the theoretical and the experimental sides.

Extensions of the SM resolve some of these questions, and while their predictions can overlap

with the SM for phenomena where SM fits the experimental data, they can also resolve some

78
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conflicts of the SM with the data where such discrepancies exist. For instance, supplementing

the SM by an additional complex Higgs triplet representation resolves naturally the origin of

the neutrino mass [120–122,237] and the existence of dark matter [238–241], and provides an

explanation for the excess in the Higgs decay into two photons [1].

In addition to scalar fields, the SM can be extended by additional fermionic particles. Some

of the simplest extensions would include an additional pair of chiral fermions, mimicking the

already-existing fermion representations. However such models are all but ruled out by the

Higgs data. An exception to this may be provided by including such additional representations

in the Higgs Triplet Model (HTM) with nontrivial mixing between the neutral CP-even Higgs

states [242], but even there the parameter space is under significant pressure and may be

ruled out by data from the LHC operating at 13 TeV. The addition of nonchiral fermionic

representations, such as vector-like quarks and/or vector-like leptons, is much less constrained.

Vector-like fermions, which decay into SM fermions and a gauge boson or a Higgs particle, are

predicted by extra-dimensional models [243], little Higgs models [181,184,244], heterotic string

and string D-brane theories [245, 246] and by some composite Higgs models [176, 247, 248].

Vector-like fermions do not acquire mass through Yukawa couplings, they only affect the loop-

dominated Higgs decay, and they may provide a better fit to the LHC Higgs data [249]. A

great deal of literature is dedicated to analyses of vector fermions in the SM [170,194,250–254],

as well as in model-independent scenarios [255,256].

In general, fewer studies involve introducing vector fermions into specific non-SM models.

Supplementing these models by additional vector fermion states can alleviate some of the

restrictions on the parameters in these scenarios. For instance, adding vector leptons in the

two Higgs doublet model [211] alleviates electroweak precision constraints. In supersymmetry,

vector leptons can improve vacuum stability and enhance the Higgs-to-diphoton rate by as

much as 50% [212].

In Chapter 4 we showed that, if light enough, vector-like leptons introduced into the Higgs

triplet Model modify both the decay rates of the neutral Higgs boson into two photons, and the

decay patterns and branching ratios of the doubly charged Higgs bosons. In this chapter, we

extend our study to a carefully general consideration of the theoretical and phenomenological

implications of additional vector-like quark states in the HTM. The effects of the vector-

like quarks in the Higgs Triplet Model on the Higgs decays have been investigated before

in Ref. [139], where the authors showed that for some values of the couplings between the

Higgs boson and the vector-like quarks, the decay H → γγ can be enhanced. Our approach
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here is very different than theirs. We specify the possible hypercharge assignments for the

new quarks and then allow their masses and couplings to be free parameters. We study

cases in which vector-like states couple to the gauge fields and mix weakly with SM quarks

of the third generation only, to avoid flavor violation problems. We investigate the precision

electroweak constraints due to their presence in the HTM and the impact of vector-like states

on the Higgs branching fractions, particularly into two photons and into Zγ. Unlike vector-

like leptons, vector-like quarks affect both the production cross section and the decay rates of

the Higgs bosons. We present numerical results which restrict the masses and mixings of the

new vector-like quarks and which have implications for future vector-like fermion searches.

We also revisit the implications of their inclusion for doubly charged Higgs states.

This chapter is organized as follows. In the next section Sec. 5.2 we summarize the basics

features of the Higgs triplet Model without (in 5.2.1) and with (in 5.2.2 ) vector-like quarks.

We define the representations, as well as masses and mixing parameters. We proceed by

examining the electroweak precision constraints in Sec. 5.3 in the HTM, again without (5.3.1)

and with (5.3.2) vector-like quarks. In the same section, we present a numerical analysis on

the restrictions coming from the oblique parameters on the masses of the doubly charged

Higgs bosons, and on the masses and mixing parameters with third generation quarks for the

vector-like quarks, in 5.3.3. These restrictions are then applied to evaluation of the relative

(with respect to the SM) branching ratios for H → γγ and H → Zγ in Sec. 5.4. Some

definition of our parameters are included in the Appendix 5.5.

5.2 The Model

5.2.1 Higgs Triplet Model

The HTM has been studied extensively in [130–132, 134, 220]. The symmetry group is the

same as that in the SM, SU(2)L × U(1)Y , but one triplet field ∆ with hypercharge Y = 1

is added to the SM Higgs sector, which already contains one isospin doublet field Φ with

hypercharge Y = 1/2. The Higgs fields are given by:

Φ =

[
φ+

1√
2
(φ+ vΦ + iχ)

]
, ∆ =

[
∆+
√
2

∆++

1√
2
(δ + v∆ + iη) −∆+

√
2

]
, (5.1)

where vΦ and v∆ are the VEVs of the doublet Higgs field and the triplet Higgs field, with

v2 ≡ v2Φ + 2v2∆ ≃ (246 GeV)2. The Higgs potential involving the doublet Φ and triplet ∆
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is

V (Φ,∆) = m2Φ†Φ +M2
t Tr(∆

†∆) +
[
µΦTiτ2∆

†Φ + h.c.
]
+ λ1(Φ

†Φ)2

+ λ2

[
Tr(∆†∆)

]2
+ λ3Tr[(∆

†∆)2] + λ4(Φ
†Φ)Tr(∆†∆) + λ5Φ

†∆∆†Φ, (5.2)

with parameters (all assumed real), m and Mt the Higgs bare masses, µ the lepton-number

violating parameter, and λ1-λ5, the Higgs coupling constants. The scalar potential in Eq.

(6.5) induces mixing among the physical states for the singly charged, the CP-odd, and the

CP-even neutral scalar sectors, respectively:(
φ±

∆±

)
=

(
cos β± − sin β±

sin β± cos β±

)(
w±

H±

)
,

(
χ

η

)
=

(
cos β0 − sin β0

sin β0 cos β0

)(
z

A

)
,(

φ

δ

)
=

(
cosα − sinα

sinα cosα

)(
h

H

)
, (5.3)

with mixing angles given by

tan β± =

√
2v∆
vΦ

, tan β0 =
2v∆
vΦ

,

tan 2α =
v∆
vΦ

2v2Φ(λ4 + λ5)− 4M2
∆

2v2Φλ1 −M2
∆ − 2v2∆(λ2 + λ3)

. (5.4)

The CP-even Higgs states which mix with the angle α are given, in terms of the couplings in

the scalar potential, by

m2
h = 2v2Φλ1 cos

2 α +
[
M2

∆ + 2v2∆(λ2 + λ3)
]
sin2 α +

[
2v∆
vΦ

M2
∆ − vΦv∆(λ4 + λ5)

]
sin 2α,

(5.5)

m2
H = 2v2Φλ1 sin

2 α +
[
M2

∆ + 2v2∆(λ2 + λ3)
]
cos2 α−

[
2v∆
vΦ

M2
∆ − vΦv∆(λ4 + λ5)

]
sin 2α,

(5.6)

where we defined M2
∆ ≡ v2Φµ√

2v∆
. Note that, while the mixing angles in the charged and

CP-odd sectors are constrained to be small by the hierarchy of the VEVs, the same is not

necessarily the case for α. In fact, as we have previously shown, if and only if α is allowed to

be nonzero, yielding significant mixing in the CP-even neutral sector, the decay of one of the

neutral Higgs bosons into two photons can be enhanced [1]. The parameters of the model are

restricted by the values of the W and Z masses and the electroweak ρ parameter, defined at
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tree level

m2
W =

g2

4
(v2Φ + 2v2∆), m2

Z =
g2

4 cos2 θW
(v2Φ + 4v2∆),

ρ ≡ m2
W

m2
Z cos2 θW

=
1 +

2v2∆
v2Φ

1 +
4v2∆
v2Φ

, (5.7)

insuring the smallness of v∆/vΦ. The parameters of the model are further restricted by

the smallness of the Majorana neutrino masses, proportional to the lepton number violating

coupling constant µ

(mν)ij =
√
2hijv∆ = hij

µv2Φ
M2

∆

, (5.8)

requiring µ ≪ M∆ for the smallness of the neutrino masses to be explained by the type II

seesaw mechanism.

In Ref. [4] has been shown that introducing vector-like leptons in the model can significantly

alter the decay patterns of the doubly charged Higgs bosons and thus modify the experimental

bounds on their masses. We adopt here the same model parameters, and allow sinα to vary,

set mh = 125 GeV and mH = 98 GeV. We proceed by introducing vector-like quarks and

study their effects in the HTM.

5.2.2 Higgs Triplet Model with Vector-Like Quarks

In considering addition of vector-like leptons to the Higgs Triplet Model in Ref. [4], the rep-

resentations considered included SU(2)L lepton doublets, right-handed charged and neutral

vector singlets and their mirror images. Our assumption was that the vector-like leptons

can be light, and then introduced a parity symmetry which forbade mixing between the new

vector-like fields (odd under this symmetry) and the ordinary leptons (even under the same

symmetry). This insured that flavor, stringently constrained in ordinary lepton decays, was

not violated.

Introduction of vector-like quarks imposes different constraints on the HTM, and thus the

scenarios presented here would be qualitatively different from those introduced in Ref. [4].

First, vector-like quarks affect both the production and decay of the Higgs bosons at the

LHC. Second, flavor violation is less constrained in the quark sector, allowing the new vector-

like states to mix weakly with the third family of ordinary quarks. In this subsection we

introduce vector-like quarks into the model, and in the next section we study their effects.

We first classify the vector-like quarks in terms of multiplets of SU(2)L×U(1)Y , then proceed
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by writing gauge invariant interactions for each. The new states interact with the Higgs

states through Yukawa interactions. The allowed multiplet states for the vector-like quarks,

together with their nomenclature, are listed in Table 5.1 [170, 194, 250–254]. The first two

representations are U -like and D-like singlets, the next three are doublets (one SM-like, two

non-SM like), and the last two are triplets. The various representations are distinguished by

their SU(2)L and hypercharge quantum numbers.

Table 5.1: Representations of vector-like quarks, with quantum numbers under SU(2)L × U(1)Y .

Name U1 D1 D2 DX DY TX TY
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet

T B

(
T

B

) (
X

T

) (
B

Y

) ⎛⎜⎜⎝
X

T

B

⎞⎟⎟⎠
⎛⎜⎜⎝

T

B

Y

⎞⎟⎟⎠
SU(2)L 1 1 2 2 2 3 3

Y 2/3 −1/3 1/6 7/6 −5/6 2/3 −1/3

In these representations, Yukawa and the relevant interaction terms between the vector-like

quarks and SM quarks are [257]

LSM = −yuq̄LH
cuR − ydq̄LHdR,

LU1,D1 = −λuq̄LH
cU1R − λdq̄LHD1R −MŪLUR −MD̄LDR,

LD2 = −λuD̄2LH
cuR − λdD̄2LHdR −MD̄2LD2R ,

LDX ,DY
= −λuD̄XL

HuR − λdD̄YL
HcdR −MD̄XL

DXR
−MD̄YL

DYR
,

LTX ,TY = −λuq̄Lτ
aHcT a

XR
− λdq̄Lτ

aHT a
YR

−M T̄XL
TXR

−M T̄YL
TYR

. (5.9)

After the spontaneous symmetry breaking, the Yukawa interactions generate mixing between

the SM quarks and the vector-like quarks at tree level. The singlet vector-like quark and the

triplet vector-like quark exhibit similar mixing patterns, while the doublet vector-like quark

has a different mixing pattern [257]. To avoid conflicts with low energy experimental data, we

consider that the vector-like quarks mix with the third generation of SM quarks only.

The mass matrix for the mixing between mt and mT can be diagonalized by two mixing

matrices:

V u
L =

(
cos θuL sin θuL

− sin θuL cos θuL

)
, V u

R =

(
cos θuR sin θuR

− sin θuR cos θuR

)
, (5.10)
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for the singlet or triplet vector-like quark, such that(
cos θuL − sin θuL

sin θuL cos θuL

)(
yuv√

2
xt

0 M

)(
cos θuR sin θuR

− sin θuR cos θuR

)
=

(
mt 0

0 mT

)
, (5.11)

where mT ≥ M ≥ mt. Similar relations hold for mb and mB. The relations between the

tree-level input parameters and the mixing angles and masses are given by [258]:

y2uv
2

2
= m2

t

(
1 +

x2
t

M2 −m2
t

)
m2

T = M2

(
1 +

x2
t

M2 −m2
t

)
,

sin θu,dL =
Mxt(b)√

(M2 −m2
t(b))

2 +M2x2
t(b)

sin θu,dR =
mt(b)xt(b)√

(M2 −m2
t(b))

2 +M2x2
t(b)

, (5.12)

where xt =
λuv√
2

and xb =
λdv√
2
. For the case of doublets, the diagonalization can be carried

out in a similar way:(
cos θuL − sin θuL

sin θuL cos θuL

)(
yuv√

2
0

x M

)(
cos θuR sin θuR

− sin θuR cos θuR

)
=

(
mt 0

0 mT

)
. (5.13)

The relations between the parameters are the same, except that the formulas for the left- and

right-handed mixing angles are interchanged:

sin θu,dL =
mt(b)xt(b)√

(M2 −m2
t(b))

2 +M2x2
t(b)

,

sin θu,dR =
Mxt(b)√

(M2 −m2
t(b))

2 +M2x2
t(b)

. (5.14)

We use the shorthand notations su,dL ≡ sin θu,dL and cu,dL ≡ cos θu,dL . Note that in the TX triplet

model, the two mixing angles are related to each other by xb =
√
2xt. In the TY model,

for bottom sector xb = −xt and for the top the same formulas as in other case apply, with

xt →
√
2xt [257, 258]. All multiplets thus involve at least one mixing angle. These mixed

states will be used to express interactions with the Higgs and gauge bosons and constrain

those interactions. The mixing of a b quark with a heavy vector-like B quark modifies the

Zbb̄ coupling at the tree level, while the mixing between a t quark with a heavy vector-like T
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modifies the Wbt̄ vertex. We compute both of these, using analytical expressions. In the D1

model1, the strongest tree level bound comes from correction to ZbLb̄L coupling:

δRb = 2Rb(1−Rb)
δgZbL

δgSMZbL

, (5.15)

where

δgSMZbL = 1− 2

3
sin2 θW , δgZbL = sd 2L . (5.16)

Here gSMZbL is the Z-boson coupling to the left-handed b quark in the SM, Rb is defined as
Γ(Z → bb̄)

Γ(Z → hadrons)
, with its SM value Rb = 0.21578+0.0005

−0.0008 [257]. Electroweak measurements

constraints for the deviation δRb due to the new physics effects are δRb = 0.00051± 0.00066

[88], and experimental restrictions [259] are [Zbb̄]exp = 0.21629 ± 0.00066. The relevant

couplings for the models analyzed are included in the Appendix.

In the DX model, the tree level bound comes from the left-handed Wbt̄ coupling:

δgW
δgSMW

= cuL − 1. (5.17)

We allow a variation of ±20% [258]. Experimental searches for vector-like quarks have set

mass limits on some of the representations. We summarize up-to-date restrictions in Table

5.2 below. Current experimental bounds depend critically on the details of the models and

assumptions about branching ratios. However, the vector-like quarks could have escaped

detection so far by prompt decays, and even relaxed limits on the mixing between top and

vector-like top quarks can avoid the present experimental bounds [252]. In what follows we

shall make conservative assumptions about the masses, but discuss possible consequences of

having lighter masses.

5.3 Electroweak Constraints

The Peskin-Takeuchi parameters S, T and U [274] are commonly used to constrain and char-

acterize new physics, as a means to comparing its predictions with the electroweak precision

data. They can be calculated perturbatively in any model from the gauge boson propagator

1These corrections are scenario dependent. More general formulas have appeared elsewhere [258].
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Table 5.2: Current mass lower limits on vector-like quark masses in various representations.

Vector-like quark type Mass Limits Channel Models

mT 656 GeV [260,261] 100% bW U1, DX , TX , TY
625 GeV [262], 750 GeV [263] 100% tZ U1, D2, DX , TX , TY
570 GeV [264], 740 GeV [265] 100% bW U1, D2, DX , TX , TY

540-607 GeV [266], 850 GeV [267] 100% tH U1, D2, DX , TX , TY
687-782 GeV [268], 540 GeV [269] bW, tZ, tH U1, D2, DX , TX , TY

640-790 GeV [267] bW, tH U1, D2, DX , TX , TY
mB 800 GeV [270], 720 GeV [269] 100% Wt D1, D2, DY , TX , TY

680-700 GeV [271], 645 GeV [272] 100% bZ D1, D2, DY , TX , TY
582-732 GeV [271], 590 GeV [269] bZ, tW, bH D1, D2, DY , TX , TY

mX 770 GeV [273] 100% tW DX , TX
mY 656 GeV [268] 100% bW DY , TY

functions, and are defined as [275]:

S = 16πRe
[
Π̄3Q

T,γ(m
2
Z)− Π̄33

T,Z(0)
]
,

T =
4
√
2GF

αe

Re
[
Π̄33

T (0)− Π̄11
T (0)

]
,

U = 16πRe
[
Π̄33

T,Z(0)− Π̄11
T,W (0)

]
, (5.18)

where the gauge boson two-point functions are defined as Π̄AB
T,V (p

2) =
Π̄AB

T (p2)− Π̄AB
T (m2

V )

p2 −m2
V

,

and αe ≡ αe(m
2
Z). The current experimental bounds defining ∆T = T − TSM,∆S = S − SSM

and considering ∆U = 0, are ∆S = 0.05 ± 0.09, ∆T = 0.08 ± 0.07 [134, 220] . In our

considerations we allow for a more conservative deviation for the ∆T parameter between

−0.2 and 0.4 [258].

5.3.1 Contributions to the S, T and U-parameters in the HTM

The explicit expressions for the S, T and U parameters for the HTM, including the extra

Higgs representation, but without the vector-like quarks, are

SHTM = 16πRe
[
Π3Q

HTM,γ(m
2
Z)− Π33

HTM,Z(0)
]
,

THTM =
4
√
2GF

αe

Re
[
Π33

HTM(0)− Π11
HTM(0)

]
,

UHTM = 16πRe
[
Π33

HTM,Z(0)− Π11
HTM,W (0)

]
. (5.19)
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where ΠAB
HTM(p

2) are the gauge boson two-point functions in the Higgs Triplet Model.The

coupling factors are ĝZ =
ĝ

cos θW
, so

Π3Q
HTM(p

2) =
ΠZγ(p2)

sin θW cos θW ĝ2Z
+

Πγγ(p2)

cos2 θW ĝ2Z
,

Π33
HTM(p

2) =
ΠZZ(p2)

ĝ2Z
+

2 sin θWΠZγ(p2)

cos θW ĝ2Z
+

sin2 θWΠγγ(p2)

cos2 θW ĝ2Z
,

Π11
HTM(p

2) =
1

cos2 θW ĝ2Z
ΠWW

HTM, (5.20)

evaluated at physical momentum transfers scales p2 = 0,m2
Z ,m

2
W .

In the HTM with and without vector-like quarks, the S parameter is far less restricted by the

parameters of the model, and does not pose difficulties in any of the models listed in Table

5.1. While we shall plot the dependence of both S and T parameters on the variables of the

HTM, we give the explicit results for the T parameter only.

The W -boson two-point function in the HTM is 2 [134,220] :

ΠWW
HTM(p

2) =
g2

16π2

{
g2
[ (vϕ

2
cα + v∆sα

)2
B0(p

2,mh,mW ) +
(
−vϕ

2
sα + v∆cα

)2
B0(p

2,mH ,mW )

+ 2v2∆B0(p
2,mH±± ,mW ) +

c2β±

2c2W
v2∆B0(p

2,mH± ,mW )

+
1

c2W

[
vϕ
2
s2W cβ± +

v∆√
2
(1 + s2W )sβ±

]2
B0(p

2,mZ ,mW )
]
+

e2

4
(v2ϕ + 2v2∆)B0(p

2, 0,mW )

+
1

4

[
(cαsβ± −

√
2sαcβ±)

2B5(p
2,mH± ,mh) + (cαcβ± +

√
2sαsβ±)

2B5(p
2,mW ,mh)

+ (sαsβ± +
√
2cαcβ±)

2B5(p
2,mH± ,mH) + (sαcβ± −

√
2cαsβ±)

2B5(p
2,mW ,mH)

+ (sβ0sβ± +
√
2cβ0cβ±)

2B5(p
2,mH± ,mA) + (sβ0cβ± −

√
2cβ0sβ±)

2B5(p
2,mW ,mA)

+ (−cβ0sβ± +
√
2sβ0cβ±)

2B5(p
2,mH± ,mZ) + (cβ0cβ± +

√
2sβ0sβ±)

2B5(p
2,mW ,mZ)

]
+ c2β±B5(p

2,mH±± ,mH±) + s2β±B5(p
2,mH±± ,mW )

}
. (5.21)

2In the models with only doublet fields and singlets, the electroweak rho parameter is predicted to be

one at the tree level. However, since the HTM predicts ρ ̸= 1, a new input parameter (sin2 θW ) has to be

introduced in addition to the usual three input parameters such as (αem, GF , mZ) to describe the electroweak

parameters [134,220].
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The photon two-point function is calculated as:

Πγγ
HTM(p

2) =
e2

16π2

[g2
2
(v2ϕ + 2v2∆)B0(p

2,mW ,mW ) + 4B5(p
2,mH±± ,mH±±)

+ B5(p
2,mH± ,mH±) +B5(p

2,mW ,mW )
]
. (5.22)

The Z-boson two-point function in the HTM is

ΠZZ
HTM(p

2) =
g2Z
16π2

{
m2

Z

[
(cβ0cα + 2sβ0sα)

2B0(p
2,mh,mZ) + (cβ0sα − 2sβ0cα)

2B0(p
2,mH ,mZ)

]
+ m2

W

[
2c2β±s

2
β±B0(p

2,mH± ,mW ) + 2(s2W + s2β±)
2B0(p

2,mG± ,mW )
] }

+
g2Z
64π2

[
4(c2W − s2W )2B5(p

2,mH±± ,mH±±) + (c2W − s2W − c2β±)
2B5(p

2,mH± ,mH±)

+ (c2W − s2W − s2β±)
2B5(p

2,mG± ,mG±) + 2s2β±c
2
β±B5(p

2,mH± ,mG±)

+ (2cαcβ0 + sαsβ0)
2B5(p

2,mH ,mA) + (2sαcβ0 − cαsβ0)
2B5(p

2,mh,mA)

+ (sαcβ0 − 2cαsβ0)
2B5(p

2,mH ,mG0) + (cαcβ0 + 2sαsβ0)
2B5(p

2,mh,mG0)
]
. (5.23)

The photon-Z-boson mixing is calculated as:

ΠZγ
HTM(p

2) =
g2sW

16π2cW

{g2
2

√
v2ϕ + 2v2∆

[
vϕs

2
W cβ± +

√
2v∆(1 + s2W )sβ±

]
B0(p

2,mW ,mW )

− 2(c2W − s2W )B5(p
2,mH±± ,mH±±)− 1

2
(c2W − s2W − c2β±)B5(p

2,mH± ,mH±)

− 1

2
(c2W − s2W − s2β±)B5(p

2,mW ,mW ), (5.24)

where we used the short-hand notation for the Higgs mixing angles s(c)α ≡ sin(cos)α, s(c)β0 ≡
sin(cos)β0, s(c)β± ≡ sin(cos)β±, and for s(c)W ≡ sin(cos)θW . Here mG± and mG0 are the

masses of the Nambu-Goldstone bosons G± and G0, respectively, which in the ’t Hooft-

Feynman gauge are the same as the corresponding gauge boson masses i.e. mG± = mW and

mG0 = mZ . The B0 −B5 functions are listed in [275].

In Fig. 5.1 we show the dependence of the T and S parameters on the doubly charged Higgs

mass, for v∆ = 1 GeV, for the minimum mixing in the neutral sector, sinα = 0, in the left

panel, and maximum mixing, sinα = 1, in the right panel. The vertical axes are chosen to

indicate the experimental limits. The figure shows that while the S parameter agrees with

experimental constraints over the whole parameter space, the T parameter is very sensitive

to the doubly charged Higgs mass and, if constrained to lie in the allowed range, an upper

bound on mH±± of ∼ 266 GeV is required, for the case of no mixing in the neutral CP-even

Higgs sector. The bound is slightly raised for sinα = 1 (maximal mixing), but not significantly

(upper bound on mH±± of ∼ 280 GeV). Varying the triplet VEV v∆ does not affect the results
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significantly. These results agree with previous studies [134, 220] and represent a potential

problem for the HTM, as they are in apparent conflict with the experimental limits on the

doubly charged mass, as summarized below.

The mass of doubly charged Higgs boson mH±± has been constrained by the Large Electron

Positron Collider (LEP) [152,227,229], the Hadron Electron Ring Accelerator (HERA) [230,

231] and the Tevatron [143–145, 232]. Some restrictions have been obtained independently

of the decay modes of the boson. Particularly, if mH±± is less than half of the Z-boson

mass, the new decay mode Z → H±±H∓∓ will open. From the precise measurement of total

decay width of the Z-boson ΓNP
Z < 3 MeV (95%C.L.) [88], and the partial decay width into

a doubly charged boson pair, a lower mass bound mH±± > 42.9 GeV at 95% C.L. can be

obtained.

The most up-to-date mass bounds have been obtained through the direct searches at the LHC.

The ATLAS Collaboration has looked for doubly charged Higgs bosons via pair production in

the same sign dilepton final states, based on the data sample corresponding to an integrated

luminosity of 4.7 fb−1 at
√
s = 7 TeV. We summarize the results obtained in the different

two-lepton modes in Table 5.3 below. Taken at face value, these limits raise doubts about

the existence of a light doubly charged Higgs boson.

Table 5.3: Mass limits on doubly charged Higgs bosons from LHC at
√
s = 7 TeV, L = 4.7 fb−1.

Here BP1, BP2, BP3 and BP4 stand for four CMS benchmarks in type II see-saw scenarios, obtained

with branching fractions into several di-lepton combinations.

Decay mode CMS combined limit at 95% [141] ATLAS combined limit at 95% [140]

100% e+e+ 444 GeV 409 GeV

100% e+µ+ 453 GeV 375 GeV

100% e+τ+ 373 GeV –

100% µ+µ+ 459 GeV 398 GeV

100% µ+τ+ 375 GeV –

100% τ+τ+ 204 GeV –

BP1 383 GeV –

BP2 408 GeV –

BP3 403 GeV –

BP4 400 GeV –

However, the generality and range of validity of these constraints have been questioned by

several authors. Other decay modes for H±± such as those into W±W± pairs become domi-
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nant under some conditions, namely for v∆ >∼ 10−4 GeV and close to or above WW threshold

(this is the case here, as we take v∆ = 1 GeV, and mH±± >∼ 200 GeV) [147, 235, 276]. Using

the ATLAS result (with 4.7 fb−1 integrated luminosity at
√
s = 7 TeV) from the search of

doubly charged bosons by the lepton-pair decay, these authors [147, 235, 276] obtain a lower

limit for the doubly charged boson mass of 60 GeV at the 95% C.L., reevaluated to be 85

GeV for an integrated luminosity of 20 fb−1. Thus it is reasonable to allow the LHC limits to

be used with caution, and prudent not to restrict the masses too much, as this may limit our

analysis. We thus allow the doubly-charged bosons also to be light mH±± >∼ 100 GeV.

Still, we assume that the window for observing a light doubly charged Higgs boson is fairly

narrow, and it would be desirable that a viable model should be able to accommodate heavier

masses for these bosons. In the next section, we shall see that the upper bounds on doubly

charged masses from precision electroweak constraints are raised by introducing vector-like

quarks.

-

-
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���
���

-

-

�
++

���
���

Figure 5.1: The contribution to the T and S parameters in the HTM, as a function of the doubly

charged Higgs mass, (left) for sinα = 0, (right) for sinα = 1. We take v∆ = 1 GeV and indicate the

allowed regions for ∆T .
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5.3.2 Vector-Like Quark contributions to the S and T parame-

ters

The oblique correction parameter S for vector-like quarks is [277]:

S =
Nc

2π

{∑
α

∑
i

[
(|V L

αi|2 + |V R
αi |2)Ψ+(yα, yi) + 2Re(V L

αiV
R⋆
αi )Ψ−(yα, yi)

]
−

∑
β<α

[
(|UL

αβ|2 + |UR
αβ|2)χ+(yα, yβ) + 2Re(UL

αβU
R⋆
αβ )χ−(yα, yβ)

]
−

∑
j<i

[
(|DL

ij|2 + |DR
ij|2)χ+(yi, yj) + 2Re(DL

ijD
R⋆
ij )χ−(yi, yj)

]}
(5.25)

where the functions χ+(−) are defined as

χ+(y1, y2) ≡ y1 + y2
2

− (y1 − y2)
2

3
+
[(y1 − y2)

3

6
− 1

2

y21 + y22
y1 − y2

]
ln

y1
y2

+
y1 − 1

6
f(y1, y1)

+
y2 − 1

6
f(y2, y2) +

[1
3
− y1 + y2

6
− (y1 − y2)

2

6

]
f(y1, y2),

χ−(y1, y2) ≡ −√
y1y2

[
2 + (y1 − y2 −

y1 + y2
y1 − y2

) ln
y1
y2

+
f(y1, y1) + f(y2, y2)

2
− f(y1, y2)

]
,

(5.26)

and the function f is:

f(y1, y2) ≡

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
−2

√
∆

(
arctan

y1 − y2 + 1√
∆

− arctan
y1 − y2 − 1√

∆

)
∆ > 0

0 ∆ = 0
√
−∆ ln

y1 + y2 − 1 +
√
−∆

y1 + y2 − 1−
√
−∆

∆ < 0 ,

(5.27)

where ∆ = −1− y21 − y22 + 2y1 + 2y2 + 2y1y2. The functions Ψ+ and Ψ− are defined by

Ψ+(yα, yi) ≡ 22yα + 14yi
9

− 1

9
ln

yα
yi

+
11yα + 1

18
f(yα, yα) +

7yi − 1

18
f(yi, yi),

Ψ−(yα, yi) ≡ −√
yαyi

[
4 +

f(yα, yα) + f(yi, yi)

2

]
. (5.28)

The oblique correction parameter T for vector-like quarks is:

T =
Nc

16πs2W c2W

{∑
α

∑
i

[
(|V L

αi|2 + |V R
αi |2)θ+(yα, yi) + 2Re(V L

αiV
R⋆
αi )θ−(yα, yi)

]
−

∑
β<α

[
(|UL

αβ|2 + |UR
αβ|2)θ+(yα, yβ) + 2Re(UL

αβU
R⋆
αβ )θ−(yα, yβ)

]
−

∑
j<i

[
(|DL

ij|2 + |DR
ij|2)θ+(yi, yj) + 2Re(DL

ijD
R⋆
ij )θ−(yi, yj)

]}
, (5.29)
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where V L,R
αi , UL,R

αβ and DL,R
ij are listed in Appendix. We adopted the convention of using Greek

letters to denote up-type quarks and Latin ones to denote down-type quarks. Here Nc = 3 is

the number of colours, and the functions θ+(−) are defined as

θ+(y1, y2) ≡ y1 + y2 −
2y1y2
y1 − y2

ln
y1
y2
,

θ−(y1, y2) ≡ 2
√
y1y2

(
y1 + y2
y1 − y2

ln
y1
y2

− 2

)
, (5.30)

where yi =
m2

i

m2
Z

[277]. As in the HTM without vector-like quarks, the S-parameter does

not impose any restrictions on the parameter space of the model. We concentrate on the T

parameter. As explicit expressions exist for the T parameter in some models [257], we do

not include them all. We are interested in the case in which the contributions from vector-

like quarks are of opposite signs to those from the extra states in the HTM, and thus allow

to relax the severe constraint on the doubly charged Higgs mass discussed in the previous

section. In Fig. 5.2, we show the contribution to the T parameter in two of the models, D1,

DX . We have chosen these models since these are the only ones which yield contributions

to the T parameter which can be negative, interfering destructively with those coming from

the particle content of the HTM. As shown in Fig. 5.2, the T parameter in these models is

negative in a small region, restricting the upper bound on mH±± to ∼ 400 GeV in the DX

and D1 models. The rest of the models from Table 5.1 not shown in Fig. 5.2 give always a

positive contribution to the T parameter and thus, when added to the HTM contribution,

the restrictions on the doubly charged Higgs mass worsen.

5.3.3 Restrictions on doubly charged Higgs boson and vector-like

quarks masses

We investigate further the D1 and DX models, where the negative contributions to the T

parameter are significant. For the specific models under study, we give explicit expressions
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Figure 5.2: The allowed variation of the T parameter with xt(b), as defined in the text, for models

D1 (left panel), DX ( right panel). We chose M = 800 GeV for both plots.

for the T parameter3:

∆TD1 =
3

16πs2W c2W

[
sd 2L θ+(yt, yB)− sd 2L θ+(yt, yb)− cd 2L sd 2L θ+(yb, yB)

]
,

∆TDX
=

3

16πs2W c2W

[
su 2
L θ+(yT , yb)− su 2

L θ+(yt, yb) +
(
su 2
L + su 2

R

)
θ+(yt, yX)

+
(
cu 2
L + cu 2

R

)
θ+(yT , yX) + 2suLs

u
Rθ−(yt, yX) + 2cuLc

u
Rθ−(yT , yX)

−
(
4cu 2

L su 2
L + cu 2

R su 2
R

)
θ+(yt, yT )− (4cuLs

u
Lc

u
Rs

u
R) θ−(yt, yT )

]
. (5.31)

For a given physics model, the predictions for the T parameter consist of the sum of the

vector-quark contributions and the nonvanishing SM remainders, when the Higgs mass (mh)

and top mass (mt) differ from those used for the SM reference. The dependence of T on the

latter two parameters is then approximated by the one-loop terms

∆Th, t ∼ − 3

16πc2W
ln

m2
h

m2
h,ref

+
3

16πs2W c2W
ln

m2
t −m2

t,ref

m2
Z

. (5.32)

The mt dependence is often neglected [278]. Assuming the Higgs mass is 125 GeV and

its reference value mh,ref = 120 GeV [257], we added the two sources (vector-like quark

contributions and the correction coming from the Higgs mass deviation from its reference

value) to the T parameter in the HTM.

3Explicit expressions for model DX appear in [257], but we include it here, and add expressions for model

D1 for completeness.
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Motivated by T parameter contributions to D1 and DX models from vector-like quarks which

are of opposite sign from the contributions in the HTM, we proceed to analyze restrictions on

the doubly charged Higgs mass when we add the singlet B vector-like quark in D1 scenario

or the singlet T vector-like quark in the non-SM vector-like doublet in the DX scenario, to

the particle content of the Higgs Triplet Model. In Fig. 5.3 we show the effects on the T

parameter as a contour in an mH±±−M plane. The upper panels correspond to the D1 model

and the lower to the DX model. The left (right) panels correspond to no mixing (maximal

mixing) in the neutral Higgs sector, i. e., between h and H. In both models, it is clear

that the presence of the mixing relaxes the constraints on the doubly charged mass from

restrictions on the T parameter, though generally by less than 10%. In the D1 model, for

vector-like quark masses M = 800 GeV, the maximum doubly charged mass value allowed is

mH±± = 338 GeV, reached for xb = 270 GeV for sinα = 0, while for sinα = 1, the maximum

doubly charged mass value allowed is mH±± = 355 GeV, for xb = 270 GeV. In the plots for

the D1 model we include restrictions from Zbb̄ decay, while in the plots for the DX model we

include restrictions from Wtb vertex.

In the DX scenario, for M = 800 GeV, the maximum doubly charged mass value allowed

is mH±± = 363 GeV, when xt = 300 GeV for sinα = 0, while for sinα = 1, the maximum

doubly charged mass value allowed is mH±± = 370 GeV, for xt = 300 GeV. The contour

plots indicate the values for the T parameter, as shown in the figure inserts. For all plots,

we selected the particular value for xt(b) to correspond to the largest upper limit for doubly

charged Higgs mass, as seen in Fig. 5.4.

We note that, in the D1 model, for the chosen values of xb, the mass range for the vector-like

quarks is not restricted by either the T parameter or by Zbb̄, while in the DX model Wtb

constrains vector-like quarks to beM ≥ 606 GeV, in agreement with conservative bounds from

Table 5.2. We note that our most relaxed constraints for the doubly charged mass are obtained

for M = 305 GeV. In the DX model for sinα = 0(1) the upper limit is mH++ = 397(412)

GeV, while in the D1 model for sinα = 0(1) the upper limit is mH++ = 392(410) GeV.

We are interested in restriction on vector-like quark parameters M and xb(t), which have

further implications for doubly charged Higgs boson masses, as we shall discuss.

Lower bounds on the masses of the vector-like quarks have been obtained under various

scenarios [170, 194, 250–254]. But in the HTM, masses of these states are more restricted by

electroweak constraints. Fig. 5.4 shows the dependence of T parameter and its restriction as

a contour plot in the mH±± − xb plane for models D1, in the left-side panels and DX in the
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Figure 5.3: Contour graphs showing the contribution to the T parameter in the HTM with vector-

like quarks, as functions of the doubly charged Higgs mass mH±± and the vector-like quark mass

M , for fixed values of xb(t). We show (upper left panel) the D1 model with xb = 270 GeV, sinα = 0,

(upper right panel) the D1 model with xb = 270 GeV, sinα = 1, (lower left panel) the DX model

with xt = 300 GeV, sinα = 0, (lower right panel) the DX model with xt = 300 GeV, sinα = 1.
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right-side panels, for vector-like quark masses M = 800 GeV. The upper panels are for no

mixing in neutral Higgs boson sector, sinα = 0, while the lower panels represent the maximal

mixing case, sinα = 1. In this case, the tree-level decay Z → bb̄ imposes a lower bound on

the xb parameter, xb ≥ 117 GeV, for scenario D1, and this limit is the same from restrictions

on positive and negative deviations in δRb. The plot for the DX model in Fig. 5.4 indicates

that Wtb does not impose similar restrictions on xt.

The mixing parameter xb(t) is also restricted by the T parameter, as shown in Fig. 5.4. In

the D1 model with vector-like quark mass M = 800 (1000) GeV, the maximum xb allowed is

xb = 503 (538) GeV, while in the DX model for M = 800 (1000) GeV, the upper limit for xt

is xt = 525 (553) GeV.

We note that Fig. 5.4 also indicates the constraints on the doubly charged mass, as a function

of xb(t), for fixed values of vector-like quark mass parameter M , from restrictions on the T

parameter. In the D1 model, for sinα = 0, the maximum doubly charged mass value allowed

is mH±± = 338 (329) GeV, for M = 800 (1000) GeV, while for sinα = 1, the maximum

doubly charged mass value allowed is mH±± = 355 (343) GeV. In the plots for the D1 model

we include restrictions from Zbb̄ decay, which set lower limits on xb but seems not to affect

mH±± . In the DX scenario, for sinα = 0, the maximum doubly charged mass value allowed

is mH±± = 359 (345) GeV, for M = 800 (1000) GeV, respectively, while for sinα = 1, the

maximum doubly charged mass value allowed is mH±± = 370 (360) GeV. Again the Wtb

vertex does not limit xt or mH±± .

To summarize, experimental constraints on Wtb impose restrictions on M in the DX scenario,

while leaving xt free; while in the D1 scenario Zbb̄ imposes restrictions on xb while leaving M

unconstrained.

5.4 Effect of vector quarks on H → γγ and H → Zγ

The production and decays of the vector-like quarks will proceed in the same way as in the

SM, and this was explored extensively before. However, what could be different are effects

on the loop-induced decays H → γγ and H → Zγ, through interplays of contributions of

additional particles in the loop, in our case charged and doubly charged Higgs bosons and

vector-like quarks. So in this section, we study vector-like quarks contribution to the Higgs
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Figure 5.4: Contour graphs showing the contribution to the T parameter in the HTM with vector

quarks, as functions of the doubly charged Higgs mass mH±± and xb, xt, for fixed values of the

vector quark mass M = 800 GeV. We choose (upper left panel), scenario D1, sinα = 0, (upper

right panel), scenario DX , sinα = 0, (lower left panel), scenario D1, sinα = 1, (lower right panel),

scenario DX , sinα = 1. We allow for the T parameter between −0.2 and 0.4.
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decay in the HTM. The decay width h → γγ is

[Γ(h → γγ)]HTM =
GFα

2m3
h

128
√
2π3

⏐⏐⏐⏐∑
f

N f
c Q

2
fghffA1/2(τ

h
f ) + ghWWA1(τ

h
W ) + g̃hH± H∓A0(τ

h
H±)

+ 4g̃hH±±H∓∓A0(τ
h
H±±) +

∑
q

YqqQ
2
qN

f
c ghff

mq

A1/2(τ
h
q )

⏐⏐⏐⏐2 , (5.33)

where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones. The

value for mT is given in Eq. (5.12), and the loop functions for spin 0, spin 1/2 and spin 1

have appeared in Section (3.3). For this, and for the couplings of h to the vector bosons and

fermions, and the scalar trilinear couplings we use the same expressions as in Section (3.3).

The couplings of the Higgs bosons with vectorlike quarks (Yqq) appearing in Eq. (5.33) are

listed in Section (5.5).

The new quarks effect on the diphoton search channel at the LHC is expressed by the ra-

tio

Rγγ =
[σ(gg → h)× Γ(h → γγ)]HTM

[σ(gg → Φ)× Γ(Φ → γγ)]SM
× [Γ(Φ)]SM

[Γ(h)]HTM

, (5.34)

where Φ is the SM neutral Higgs boson. We neglect the contribution of the b quark. The

ratio of the production cross sections by gluon fusion is

σHTM(gg → h)

σSM(gg → Φ)
=

⎡⎢⎢⎣ghff +
∑

q

Yqqghff
mq

A1/2(τ
h
q )

A1/2(τht )

⎤⎥⎥⎦
2

. (5.35)

As in Chapter 3, we set the values 125 GeV and 98 GeV for the h and H masses respectively,

and adjust the parameters λ1 − λ5 accordingly. The relative widths factor is as defined in

Chapter 4. Previously, in Ref. [139], couplings of the vector-like quarks in the Higgs potential

were assumed to be arbitrary, and thus the gg → H production rate could be reduced to 20%

of the SM value. In our considerations, vector quark couplings are restricted from the mixing

matrices Eq. (5.11) and Eq. (5.13), and we relate the couplings in the Higgs potential to the

Higgs masses [1].

Our numerical investigations agree with those in Ref. [253, 254]. In both the loops for Higgs

production through gluon fusion, and in the loops for Higgs diphoton decay, the contributions

of the vector-like quarks are very small. This effect is stronger than expected by decoupling,

and arise also from small couplings of the new quarks, given in Section 5.5. The couplings

of the new quarks to the Higgs bosons is limited by the trace of the mixing matrix for both



CHAPTER 5. VECTOR-LIKE QUARKS IN THE HIGGS TRIPLET MODEL 99

singlet or triplet and for doublet representations, which must equal 1 [253, 254]. Even for

varying M ∈ (500− 2000) GeV and xb(t) ∈ (0− 1000) GeV, the variation in Rγγ is less than

10%, and thus below the precision of the current measurements at the LHC.

The decay rates Rγγ and RZγ depend sensitively on sinα and mH±± . We investigate this

dependence in the context of the HTM model with vector-like quarks, because, although the

vector-like quarks do not explicitly modify the diphoton and Z-photon decays, they affect

the parameter space of sinα - mH±± through restrictions on the T parameter, and thus they

indirectly affect the decays.

The results of our analyses are shown in Fig. 5.5. In purple, we draw contour plots for the

T parameter restrictions, while values for Rγγ are shown in multicolor contours. We have

drawn plots for scenarios (in order, from the top, left to right side): D1, DX , DY , TX , D2, U1,

but we omit plots for scenario TY , for brevity and because for this model the allowed range

for mH±± for the parameters chosen is the smallest. The differences in the contours for Rγγ

between models are negligible: however, what differs amongst models are restrictions on the

values of the doubly charged Higgs boson mass.

For the model D1 (top left panel), Rγγ can take values between 0.5 and 4.5, but the mass

mH±± is restricted to lie in a band (260 − 354) GeV; while for scenario DX (middle top

panel), Rγγ can take values between 0.5 and 4, but the mass mH±± is restricted to lie in a

band (282 − 373) GeV. For the other scenarios, Rγγ can take values between 0.5 and 5, but

the mass mH±± is restricted to lie in a band (100−280) GeV for the D2 model, in (100−284)

GeV for the DY model, in (100 − 275) GeV for the TX model, and in (100 − 280) GeV for

the U1 model. The restriction on the mass of the doubly charged Higgs boson is thus what

differentiates these models.

We note also that, as in HTM without additional fermions, for sinα = 0 the Higgs diphoton

decay cannot be enhanced with respect to its SM value. This confirms the analyses in Chaperts

3 and 4. The relative branching ratios Rγγ are very sensitive to values of sinα. In the

allowed regions of mH±± bands, the angle for which the enhancement in the diphoton decay

is 1.5− 3.5 times the SM value is sinα ∈ (−0.95,−0.13) and (0.57, 0.96) in the D1 model and

sinα ∈ (−0.96,−0.17) and (0.7, 0.96) in the DX model. In the D2 model an enhancement of

Rγγ of 1.5− 3.5 is obtained for a large range of both positive sinα ∈ (0.6, 0.97) and negative

values sinα ∈ (−0.95,−0.15), and the same holds for the other models, DY , TX , U1 and TY .

As a general feature, Rγγ is more enhanced at negative values of sinα. In all the plots we

chose M = 800 GeV and values for xt and xb consistent with a large allowed parameter range
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for mH±± . For the D1 model, the plots are for xb = 300 GeV, above the required minimum,

while for model DX , the plots are for xt = 300 GeV, consistent with the previous section. For

other models, the restrictions for xb and xt are much relaxed, and we have chosen xb = 20

GeV and xt = 50 GeV, as in previous studies [257, 258]. An exception is model TY , where

in order to have a −0.2 ≤ ∆T ≤ 0.4, xt < 24 GeV, and the mass range for the doubly

charged Higgs boson (which is maximum 147 GeV for this xt) increases with decreasing xt

(for instance the maximum reaches 267 GeV for xt = 10 GeV).

In general, for heavier M and lighter xt(b), we can obtain a slightly higher upper band for mass

of doubly charged Higgs bosons. The exceptions are the TY model, as mentioned above, and

D1 and DX models, where higher upper limits for mH±± are obtained for lighter vector-like

quark masses M .

The decay width for h → Zγ is given by [150,153,279,280]:

[Γ(h → Zγ)]HTM =
αG2
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+ cWghWWAh
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h
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− 4sW g̃hH±±H∓∓gZH±±H∓∓Ah
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⏐⏐⏐⏐2 , (5.36)

where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones and

τhi = 4m2
i /m

2
h, τ

Z
i = 4m2

i /m
2
Z , with i = t, T, b, B,W,H±, H±±. If3 = ±1

2
is the weak isospin

of top and bottom quarks, while for vector-like quarks IF3 = If3 + fL = fR, with F = T,B,

and fL, fR depend on the vector-like quark representation [281], and are listed in Table 5.4.

The loop-factors and couplings have been given before, and we use the expressions in Section

Table 5.4: Neutral current parameters fL and fR for vector-like quarks Z interaction.

Name U1 D1 D2 DX DY TX TY
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet

T
fL

fR

−1/2

0

0

+1/2

−1

−1/2

−1/2

0

+1/2

+1

B
fL

fR

+1/2

0

0

−1/2

+1

1/2

−1/2

−1

+1/2

0

4.3. The decay rates for RZγ depend on sinα and mH±± , though the variation is much milder
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Figure 5.5: Contour graphs for the relative strength of the Higgs diphoton decay Rγγ , including

the restrictions of the T parameter in the HTM with vector-like quarks, as a function of the doubly

charged Higgs boson mass mH±± and the mixing in the CP-even neutral Higgs sector, sinα. We

show plots for scenario D1 (upper left panel), scenario DX (upper middle panel), scenario DY (upper

right panel), scenario TX (lower left panel), scenario D2 (middle lower panel) and scenario U1 (lower

right panel). Results for scenario TY are not shown but summarized in the text. We took M = 800

GeV for all the graphs, and values for xt, xb consistent with a larger allowed range for mH±± .
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Figure 5.6: Contour graphs for the relative strength of the decay of the Higgs boson into a photon

and a Z-boson, RZγ , including the restrictions of the T parameter in the HTM with vector-like

quarks, as a function of the doubly charged Higgs boson mass mH±± and the mixing in the CP-

even neutral Higgs sector, sinα. We show plots for scenario D1 (upper left panel), scenario DX

(upper middle panel), scenario DY (upper right panel), scenario TX (lower left panel), scenario D2

(middle lower panel) and scenario U1 (lower right panel). Results for scenario TY (not shown) are

summarized in the text. We choose the same parameters as in Fig. 5.5.
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than that for Rγγ. We investigate the dependence in Fig. 5.6 on the parameter space of

sinα - mH±± through restrictions on the T parameter. Contour plots for the T parameter

restrictions are shown in the (almost) horizontal bands, while values for RZγ are shown in

purple contours. Scales for both are included on the right panels. We have drawn plots for

the same scenarios and the same order as for Rγγ: D1, DX , DY , TX , D2, U1. The features

for RZγ resemble those for Rγγ. Distinguishing signs among models come from restrictions

on the values of the doubly charged Higgs boson mass. The relative branching ratios RZγ

are also sensitive to values of sinα. In the D1 model, in the regions allowed by mH±± bands,

an enhancement of the branching ratios in the Zγ decay of 1.25 − 2 is possible for negative

sinα ∈ (−0.61,−0.17). In the DX model, an enhancements of RZγ of 1.25 is obtained for

negative sinα ∈ (−0.72,−0.17). In the D2 model an enhancement of RZγ of 1.25 − 2 is

possible for negative sinα ∈ (−0.74,−0.16), and the same holds for the other models, DY ,

TX , U1 and TY . Decays into Zγ are correlated to those into γγ –that is, they are likely to be

larger in the same regions of the parameter space and for low doubly charged Higgs boson

masses.

5.5 Appendix

We list in Table 5.5 the W and Z couplings in vector-like quark models used to restrict masses

and mixings in the D1 and DX models.

We list in Table 5.6 the Higgs boson couplings in vector-like quark models
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Table 5.5: Couplings to the W and Z bosons

Light-light couplings to the W boson

model / matrix element V L
tb V R

tb

D1 cdL 0

DX cuL 0

Heavy-heavy couplings to the W boson

model / matrix element V L
XT V R

XT

DX cuL cuR

Heavy-light couplings to the W boson

model / matrix element V L
Xt V R

Xt V L
Tb V R

Tb

DX −suL −suR suL 0

Light-heavy couplings to the W boson

model / matrix element V L
tB V R

tB

D1 sdL 0

Light-heavy couplings to the Z boson

model / matrix element UL
tT UR

tT DL
bB DR

bB

D1 sdLc
d
L 0

DX 2suLc
u
L suRc

u
R
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Table 5.6: Couplings to the Higgs bosons

Light-light couplings to the Higgs boson

model / matrix element Ytt Ybb

U1 cuL
2 1

D1 1 cdL
2

DX cuR
2 1

D2 cuR
2 cdR

2

DY 1 cdR
2

TX cuL
2 cdL

2

TY cuL
2 cdL

2

Heavy-heavy couplings to the Higgs boson

model / matrix element YTT YBB

U1 suL
2

D1 sdL
2

DX suR
2

D2 suR
2 sdR

2

DY sdR
2

TX suL
2 sdL

2

TY suL
2 sdL

2

5.6 Conclusions

we analyzed the effects of introducing vector-like quarks in the Higgs Triplet Model, allowed

to be U -type or D-type singlets (U1, D1), SM-like or non SM, U -type or D-type doublets

(D2, DX , and DY ), and U-type or D-type triplets (TX and TY ). To conserve flavor, the only

restriction we imposed was weak mixing with only the third family of ordinary quarks.

We posed the question: how does the introduction of these states affect the electroweak

precision variables of the HTM? We were particularly interested in constraints on the mixing

of the CP-even neutral Higgs bosons, the masses of the vector-like quarks and the mixing

parameters with the ordinary quarks; and the mass of the doubly charged Higgs boson. We

review here the constraints obtained in order.

First, the oblique parameters S, T and U were not all equally sensitive to mass parameters.
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We concentrated on the T parameter, which showed significant variations with the doubly

charged Higgs mass, in the absence of vector-like fermions. The doubly charged mass was

restricted in a band around (100-280) GeV, varying very slightly with the triplet VEV, and

about 10% with the mixing angle in the neutral Higgs sector. And the contributions of

the HTM model to the T parameter ware found to be always positive. Addition of vector-

like quarks also affects the T parameter. While in models U1, D2, DY , TX and TY their

contribution is always positive, in models D1, DX , there is a region of parameter space where

the contribution is negative, thus subtracting from the contribution from the doubly charged

Higgs bosons and raising the bound on their masses. We have investigated this in detail for

models D1 and DX , as the negative contribution to the T parameter occurs for a large range

of the mixing parameter xb and xt. The D1 and DX models are then distinguishable in this

framework, as they require doubly charged Higgs boson masses in the ∼ 280−370 GeV region

to satisfy electroweak constraints, while the other models require significantly lighter doubly

charged Higgs bosons in the ∼ 100− 280 GeV region, some of which are already ruled out by

measurements at the LHC. Electroweak precision data also restricts the mixing parameters

to xb ∈ (117− 538) GeV for vector-like quark masses M ∼ 1000 GeV. The lower limit comes

from Zbb̄ constraints. A different restriction occurs for xt. First, the Wtb vertex does not

impose a lower limit, and second, the range of this parameter decreases when the mass of the

vector-like quark mass increases, and xt ∈ (0, 550) GeV for M ∼ 1000 GeV.

The effects of vector-like quark parameters on limits on the doubly charged Higgs boson

masses are as follows. In the models U1, D2, DY , TX , increasing M and decreasing xt(b) yields

a slightly higher upper bound for doubly charged Higgs bosons mass. In the TY model, on

the other hand, where very light xt values are required, decreasing these mixing parameters

increases the doubly charged mass bound, and in D1 and DX models, higher upper limits

for mH±± are obtained for lighter vector-like quark masses M . The overall predictions are

nevertheless quite robust with varying the vector-like quark masses.

While the production and decay mechanisms of the vector-like quarks are not modified by the

particles in the HTM (as the only new particles, the triplet Higgs bosons, do not couple to

quarks), loop-induced decays of the neutral Higgs bosons are affected. Interestingly, while the

masses and mixing parameters of the vector-like quarks have little effect on the H → γγ and

H → Zγ decays, the effects of vector-like quarks come from combining these with constraints

from electroweak precision observables.

These observables restrict the doubly charged Higgs boson mass to be in the range of 280-370
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GeV for models D1 and DX , and about 100-280 GeV for the rest of the models. Thus the

former two representations are favored by restrictions on the doubly charged mass at ATLAS

and CMS. Enhancement of the rates Rγγ and RZγ are more likely to occur at negative values

of sinα, the mixing angle in the neutral Higgs sector.Thus in the HTM, scenarios D1 and DX

stand out as distinguishable from the rest (from doubly charged Higgs boson mass restrictions)

and from each other (from regions and strength of possible enhancements in loop dominated

Higgs decays).

As a result, introducing vector-like quarks in the Higgs Triplet Model alters the electroweak

constraints on the parameters of the model and yields tighter predictions for the enhancement

of loop-dominated Higgs decays, expected to be measured even more precisely at the LHC

operating at 13 TeV.



Chapter 6

Dark Matter in the Higgs Triplet

Model

Abstract

The inability to predict neutrino masses and the existence of the dark matter are two essential

shortcomings of the Standard Model. The Higgs Triplet Model provides an elegant resolution

of neutrino masses via the seesaw mechanism. We show here that introducing vector-like

leptons in the model also provides a resolution to the problem of Dark Matter. We investi-

gate constraints, including the invisible decay width of the Higgs boson and the electroweak

precision variables, and impose restrictions on model parameters. We analyze the effect of the

relic density constraint on the mass and Yukawa coupling of DM. We also calculate the cross

sections for indirect and direct DM detection and show our model predictions for the neutrino

and muon fluxes from the Sun, and the restrictions they impose on the parameter space. With

the addition of vector-like leptons, the model is completely consistent with DM constraints,

in addition to improving electroweak precision and doubly charged mass restrictions, which

are rendered consistent with present experimental data.

6.1 Introduction

The LHC discovery of the Higgs boson [29, 154] with properties consistent with that of the

Standard Model (SM) Higgs, while providing a spectacular experimental confirmation of the

SM, continues to raise questions about SM completeness and about scenarios responsible for

108
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new physics beyond the SM. In addition, noncollider experimental results confront the SM

with two major puzzles: neutrino masses and the existence of dark matter.

The phenomenon of neutrino oscillations shows that at least two neutrinos have nonzero but

small masses, located around sub-eV scale [36]. The fact that the neutrino flavor structure

is so different from that of quarks and leptons is a puzzle and may indicate that neutrinos

are Majorana particles. Many models have been proposed to explain tiny neutrino masses.

The seesaw mechanism, in which right-handed neutrinos are introduced with large Majorana

masses [122,282–287], is perhaps the simplest way to explain tiny neutrino masses. The most

direct way for implementation of this mechanism for generating neutrino masses is to enlarge

the particle content of the SM by a complex triplet scalar field, yielding the so-called Higgs

Triplet Model (HTM) [120, 121, 123–128, 130, 132–134, 219–222, 237, 288–293]. The neutrino

mass problem is resolved at the cost of introducing only this additional Higgs representation,

together with its associated vacuum expectation value (VEV), but without extending the

symmetry of the model. The triplet scalar field also plays a role in leptogenesis [294].

At the same time, evidence from astrophysics and cosmology indicate that the ordinary bary-

onic matter is not dominant in the Universe. Rather, about 25% of energy density of the

Universe is comprised of a nonluminous and nonabsorbing matter, called dark matter (DM).

While current observations indicate that most of the matter in the Universe is nonbaryonic

dark matter, they do not provide information on what this dark matter consists of. Since

the SM, which has been extremely successful in describing all current collider data, does not

contain any dark matter candidates, a great deal of effort has gone into providing viable

candidates, or alternatives scenarios (models which include a DM candidate naturally). The

latter type of models do so at the expense of extra symmetries and a much enriched particle

content. For models lacking natural candidates, a common method is to consider the simplest

additions to the SM that can account for the dark matter. In these models, the SM particle

content is extended by a small number of fields, and a new discrete symmetry is introduced

to guarantee the stability of the dark matter particle. Several variations can be obtained de-

pending on the number and type of new fields [e.g. a scalar, a fermion, or a vector, a singlet

or a doublet under SU(2)L , etc.] and on the discrete symmetry imposed (Z2, Z3, . . .).

In this chapter, we look at the Higgs Triplet Model for a resolution to both neutrino masses

and dark matter problems. The resolution to neutrino masses, alluded to in the above,

is well-known [120, 121, 237, 288, 289]. The complex triplet couples to left-handed leptons,

yielding Majorana masses for the neutrinos through L = 2 lepton flavor violating terms [123–
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128,130,132–134,219–222,290–293], while also contributing to type II leptogenesis [295,296].

In addition, extra degrees of freedom that couple to the SM Higgs at the tree-level insure

cancellation of quadratic divergences to the Higgs mass [297], a mechanism where scalars are

favored. Additional support for the model comes from the observation that heavy particles

with strong couplings to the Higgs field can strengthen the electroweak phase transition,

through the entropy release mechanism from both bosons and fermions [298].

Unfortunately, as it stands, the Higgs Triplet Model lacks a dark matter candidate. Resolu-

tions to this problems were proposed: some with additional Higgs triplets, where the neutral

component of the additional (real) Higgs representation can act as a DM candidate [238–241],

another where an additional SU(2)L triplet scalar field with hypercharge Y = 1 is added [299].

In this chapter, we investigate the possibility that the DM candidate is provided through the

introduction of a complete fourth generation of vector-like leptons, comprised of SU(2)L dou-

blets plus charged and neutral SU(2)L singlets [97,300]. A simpler extension of the SM with

only one fourth generation vector-like lepton doublet coupling to a triplet Higgs field, which

gives Majorana mass to a pseudo-Dirac fourth neutrino has been considered in [202].

Vector-like pairs of fermions, unlike their chiral counterparts, are able to have mass explicitly

through the gauge-invariant bilinear interaction in the Lagrangian Mff
†f . There is no reason

why such pairs of vector-like fermions do not exist, and many theories —such as string the-

ories and D-brane theories— often give rise generically to vector-like states [245, 246]. Since

the mass of the vector-like fermions are not generated through the Yukawa couplings, the

loop contributions involving the Higgs decouple faster than for chiral fermions. Thus the con-

straints from the current Higgs data, precision electroweak observables, and direct searches

are less severe for vector-like fermions than for chiral fermions.

Originally, there has been a great deal of interest in vector-like leptons as a resolution to

preliminary data indicating an enhanced Higgs decay rate to diphotons, while the Higgs

production cross section was in agreement with expectations from the SM. The diphoton rate

is increased through loops of mixed vector-like leptons. A vector-like doublet and a vector-

like singlet allow for both Yukawa couplings and Dirac masses. The resulting mixing leads

to a sign flip of the coupling of the lightest lepton to the Higgs field, yielding constructive

interference with the SM amplitude for h → γγ.

This does not have to be so in the Higgs Triplet Model, where contributions from vector-

like leptons can be offset by contributions from charged and doubly charged Higgs bosons.

However new effects of vector-like leptons can arise. Previous analyses have shown that their
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presence affects the mass bounds and decay patterns of the doubly charged Higgs boson [2,3],

improving consistency with the present experimental data.

We extend our previous considerations in Chapters 3 and 4 to explore the possibility that,

introducing a new parity symmetry making all new vector-like leptons odd and prohibiting the

mixing with the ordinary SM leptons, the lightest particle which is odd under this symmetry

(a singlet neutrino) becomes stable on cosmological time scales and could have properties

consistent with it being a candidate for the dark matter of the universe. Note that in a

simple heavy fourth generation extension of SM, the heavy neutrino does not qualify as a dark

matter due to its rapid annihilation to SM particles via Z boson exchange [301]. Leptonic

dark matter candidates with unsuppressed couplings to the Z boson, such as ordinary fourth

generation neutrinos are also excluded by limits from direct detection [302]. This constraint

can be relaxed in the model considered here, as the two singlet neutrinos in the model have

no couplings or very small couplings— to the Z boson.

Suppression of the lightest neutrino couplings to the Z boson can also evade present experi-

mental limits from LEP on masses of new charged and neutral particles [36]. Measurements

of the Z boson width restrict the number of active neutrinos to three, which further restrict

the mass of the new neutrino to MN > 39 GeV for a Majorana, and MN > 45 GeV for a Dirac

neutrino, precluding the viability of a neutrino which couples to the Z boson as a candidate

for light dark matter. While, as we will show, we can relax these constraints here, the new

states will have an effect on the precision electroweak parameters, which we calculate and use

to restrict the parameter space. We then analyze the consequences of the model by requiring

consistency with the invisible Higgs width and noncollider experimental data, particularly

with direct and indirect dark matter searches. The relic density— an indication of the abun-

dance of dark matter in the early universe, as measured by PLANCK satellite [303]— is one

of the most stringent constraints on any model of DM, as well as direct detection experiments

search for spin-independent (SI) or spin-dependent (SD) interactions with target nuclei, which

can be detected by nuclear recoil experiments. Indirect detection experiment searches looking

for gamma ray excesses measure the annihilation products of DM, and their predictions must

also be tested in a model of DM. Finally, ultrahigh energy neutrino experiments measure the

neutrino flux and flavor composition at astrophysical sources. We analyze the predictions

for all of these in our model and indicate the constraints on vector-like neutrino mass and

coupling which restrict our parameter space.

This chapter is organized as follows. In the next section, Sec. 6.2, we summarize the basic
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features of the Higgs Triplet Model with vector-like leptons. We proceed by examining the

electroweak precision constraints in the HTM in Sec. 6.3, where we present a numerical

analysis on restrictions coming from the oblique parameters on the masses of the doubly

charged Higgs bosons and relevant Yukawa coupling. We discuss the invisible decay width

of the Higgs boson in Sec. 6.4. Then in Sec. 6.5, we calculate the dark matter relic density

and indicate the restrictions it imposes on the mass of the dark matter and on the Yukawa

couplings. These restrictions are then applied to the evaluation of the spin-dependent and

spin-independent cross sections in the direct detection of dark matter in Sec. 6.6, and of the

annihilation cross section of dark matter in Sec. 6.7. We discuss detection of DM at colliders

in Sec. 6.8, and then investigate the fluxes of muons and neutrinos from the Sun in Sec.

6.9.

6.2 The Higgs Triplet Model with Vector-like Leptons

Here we review briefly the HTM with vector-like leptons, a more detailed version which has

appeared in Chapter 5. The symmetry group of the HTM is the same as that of the SM, with

the particle content enriched by (a) the addition of one triplet scalar field ∆ with hypercharge

Y = 1, and with VEV v∆:

∆ =

[
∆+
√
2

∆++

1√
2
(δ + v∆ + iη) −∆+

√
2

]
, (6.1)

and (b) a vector-like fourth generation of leptons1, to include: one SU(2)L left-handed lepton

doublet L′
L = (ν ′

L, e
′
L), right-handed charged and neutral lepton singlets, ν ′

R and e′R; and

the mirror right-handed lepton doublet, L′′
R = (ν ′′

R, e
′′
R) and left-handed charged and neutral

lepton singlets ν ′′
L and e′′L, as listed in Table 6.1. Note that v∆ is kept small by the seesaw

mechanism, which requires a generation of small neutrino masses, and by the ρ parameter.

In general we can assume, conservatively, v∆ <∼ 5 GeV [134,220].

Table 6.1: Representations of vector-like leptons, together with their quantum numbers under

SU(3)C × SU(2)L × U(1)Y .

Name L′
L L′′

R e′R e′′L ν ′R ν ′′L

Quantum Number (1,2,−1/2) (1,2,−1/2) (1,1,−1) (1,1,−1) (1,1, 0) (1,1, 0)

1We assume vector-like quarks to be heavy [36] and decouple them from the spectrum.
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The Lagrangian density for this model contains, in addition to the SM terms, kinetic, Yukawa

for ordinary leptons, explicit terms for the vector-like leptons, and potential terms:

LHTM = Lkin + LY + LVL − V (Φ,∆), (6.2)

where

LY = −
[
L̄i
Lh

ij
e Φe

j
R + h.c.

]
−
[
hijLic

L iτ2∆Lj
L + h.c.

]
, (6.3)

are the Yukawa interaction terms for the ordinary leptons, with hij
e a 3×3 complex matrix,

and hij a 3× 3 complex symmetric Yukawa matrix. Additionally, with the vector-like family

of leptons as defined above,

LVL = −
[
MLL̄

′
LL

′′
R +ME ē

′
Re

′′
L +Mν ν̄

′
Rν

′′
L +

1

2
M ′

νν
′c
Rν

′
R +

1

2
M ′′

ν ν
′′c
L ν ′′

L + h′
E(L̄

′
LΦ)e

′
R

+h′′
E(L̄

′′
RΦ)e

′′
L + h′

ν(L̄
′
LτΦ

†)ν ′
R + h′′

ν(L̄
′′
RτΦ

†)ν ′′
L + h′

ijL
′ c
L iτ2∆L′

L + h′′
ijL

′′ c
R iτ2∆L′′

R

+λi
E(L̄

′
LΦ)e

i
R + λi

L(L̄
i
LΦ)e

′
R + λ′

ijL
ic
L iτ2∆L′

L + λ′′
ijL

ic
Riτ2∆L′′

R + h.c.
]
, (6.4)

is the Yukawa interaction term for vector-like leptons and their interactions with ordinary

leptons, and

V (Φ,∆) = m2Φ†Φ +M2Tr(∆†∆) +
[
µΦTiτ2∆

†Φ + h.c.
]
+ λ1(Φ

†Φ)2

+ λ2

[
Tr(∆†∆)

]2
+ λ3Tr[(∆

†∆)2] + λ4(Φ
†Φ)Tr(∆†∆) + λ5Φ

†∆∆†Φ, (6.5)

is the scalar potential for the SM doublet Φ (⟨Φ⟩ = vΦ√
2
) and triplet ∆ Higgs fields. The

triplet and doublet Higgs VEVs are related through v2 = v2Φ+2v2∆ ≃ (246 GeV)2. The scalar

potential in Eq. (6.5) induces mixing among the physical states for the singly charged, the

CP-odd, and the CP-even neutral scalar sectors, which are always small O(v∆/vΦ) for the

first two sectors, but not necessarily so for the latter one,(
φ

δ

)
=

(
cosα − sinα

sinα cosα

)(
h

H

)
, (6.6)

where the mixing angle is given in terms of the parameters in V (Φ,∆) as

tan 2α =
v∆
vΦ

2v2Φ(λ4 + λ5)− 4(v2Φµ/
√
2v∆)

2

2v2Φλ1 − (v2Φµ/
√
2v∆)2 − 2v2∆(λ2 + λ3)

. (6.7)

In Chapter 3, we showed that the Higgs masses and coupling strengths are consistent with

choosing h to be the SM-like state at 125 GeV, while the state H a lighter state, perhaps the
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state observed at LEP [111]2. The masses of the neutral h and H are given by:

m2
h = 2v2Φλ1 cos

2 α +
[
(v2Φµ/

√
2v∆)

2 + 2v2∆(λ2 + λ3)
]
sin2 α +

[
v3Φµ

2

v∆
− vΦv∆(λ4 + λ5)

]
sin 2α,

(6.8)

m2
H = 2v2Φλ1 sin

2 α +
[
(v2Φµ/

√
2v∆)

2 + 2v2∆(λ2 + λ3)
]
cos2 α−

[
v3Φµ

2

v∆
− vΦv∆(λ4 + λ5)

]
sin 2α.

(6.9)

The expressions relating the λ1-λ5 parameters to the Higgs masses can be found in [1]. In

particular, the doubly charged Higgs boson mass is:

m2
H++ =

v2Φµ√
2v∆

− v2∆λ3 −
λ5

2
v2Φ ≃

(
µ√
2v∆

− λ5

2

)
v2Φ, (6.10)

where we used v∆ ≪ vΦ. As we choose v∆ = 1 GeV for consistency with the value of the ρ

parameter, the doubly charged mass is approximately mH++ ≃
(
µ− λ5/

√
2
)1/2

(207 GeV).

The coupling λ5 is expected to be ≤ 1 and for light doubly charged masses, the µ parameter

is small, 3 µ ∼ v∆ ∼ O(GeV).

New symmetries can be introduced to restrict the interactions of the vector leptons. For

instance, we can impose (i) a symmetry under which all the new SU(2) singlet fields are

odd, while the new SU(2) doublets are even, which forces all Yukawa couplings involving new

leptons to vanish, h′
E = h′′

E = h′
ν = h′′

ν = h′
ij = h′′

ij = 0, and the vector lepton masses arise only

from explicit terms in the Lagrangian [97, 300]; and/or (ii) impose a new parity symmetry

which disallows mixing between the ordinary leptons and the new lepton fields, under which

all the mirror fields are odd, while the others are even [224], such that λi
E = λi

L = λ′
ij = λ′

ij =

λ′′
ij = 0. The latter are important for light vector-like leptons, as this scenario would satisfy

restrictions from lepton-flavor-violating decays, which otherwise would either force the new

leptons to be very heavy, ∼ 10 − 100 TeV, or reduce the branching ratio for the Higgs into

dileptons to 30-40% of the SM prediction. In addition, if all vector-like leptons are odd under

this symmetry, the lightest particle can become stable and act as all, or part of, the dark

matter in the universe. Thus the assumption (ii) has all the attractive features we like for

this analysis, and we adopt it here, while allowing h′
E, h

′′
E, h

′
ν , h

′′
ν , h

′
ij, h

′′
ij ̸= 0.

As we concentrate on the possibility that the lightest neutral component of the new vector-

like leptons is a dark matter candidate, we are primarily interested in light states. The 2× 2

2This scenario was imposed by the requirement of an enhanced diphoton signal for the Higgs of mass 125

GeV, so it can be relaxed here.
3Specifically, for our parameter space µ = 0.2 GeV and λ5 < 0.
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mass matrix ME for the charged sector is defined as [3, 97,300]

(ē′L ē′′L) (ME)

(
e′R

e′′R

)
, with ME =

(
m′

E ML

ME m′′
E

)
, (6.11)

with m′
E = h′

EvΦ/
√
2 and m′′

E = h′′
EvΦ/

√
2, from the Lagrangian Eq. (6.4). The mass matrix

can be diagonalized by two unitary matrices, UL and UR as follows:

UL†MEU
R =

(
ME1 0

0 ME2

)
. (6.12)

The mass eigenvalues are (by convention the order is ME1 > ME2)

M2
E1,E2

=
1

2

[(
M2

L +m′ 2
E +M2

E +m′′ 2
E

)
±
√
(M2

L +m′ 2
E −M2

E −m′′ 2
E )

2
+ 4(m′′

EML +m′
EME)2

]
,

(6.13)

while in the neutral sector the mass matrix is

1

2

(
ν̄ ′
L ν̄ ′ c

R
¯ν ′′ c
R ν̄ ′′

L

)
(Mν)

⎛⎜⎜⎜⎜⎝
ν ′ c
L

ν ′
R

ν ′′
R

ν ′′ c
L

⎞⎟⎟⎟⎟⎠ , with Mν =

⎛⎜⎜⎜⎜⎝
0 m′

ν ML 0

m′
ν M ′

ν 0 Mν

ML 0 0 m′′
ν

0 Mν m′′
ν M ′′

ν

⎞⎟⎟⎟⎟⎠ , (6.14)

with m′
ν = h′

νvΦ/
√
2 and m′′

ν = h′′
νvΦ/

√
2. This mass matrix can be diagonalized by a unitary

matrix V :

V †MνV =

⎛⎜⎜⎜⎜⎝
Mν1 0 0 0

0 Mν2 0 0

0 0 Mν3 0

0 0 0 Mν4

⎞⎟⎟⎟⎟⎠ . (6.15)

In the limit where the explicit mass terms ML, ME and Mν in the interaction Lagrangian

vanish, after electroweak symmetry breaking there are two charged leptons with masses m′
E

and m′′
E, and four Majorana neutrinos with masses:

Mν1,2 =

√
M ′ 2

ν

4
+m′ 2

ν ± M ′
ν

2
(6.16)

Mν3,4 =

√
M ′′ 2

ν

4
+m′′ 2

ν ± M ′
ν

2
. (6.17)

The lightest of these eigenvalues will be the dark matter candidate and, as it is odd under

the additional parity symmetry (ii), it is stable. For vanishing h′
ν , h′′

ν Yukawa couplings,

the two singlet vector-like neutrinos have vanishing couplings with the Z boson. Lifting the
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Yukawa couplings slightly from 0 allows mixing between the singlet neutrinos and the neutral

components of the doublet vector-like leptons, inducing a (small) coupling to the Z boson. For

simplicity, we adopt the scenario in [97,300] where h′
ν ̸= 0, but h′′

ν = 0, as well as setting the

explicit neutrino mass in the LagrangianMν = 0. This scenario is sufficient to provide a single

DM candidate and a single Yukawa coupling, and transparent enough to yield consequences.

It corresponds to one neutrino state which does not mix and is sterile [the mirror SU(2)L

doublet ν ′′
L], while the remaining neutral sector consists of three neutrinos which mix, with

mixing matrix in the (ν ′ c
L , ν ′

R, ν
′′
R) basis given by

M3ν =

⎛⎜⎜⎝
0 m′

ν ML

m′
ν M ′

ν 0

ML 0 0

⎞⎟⎟⎠ . (6.18)

The Yukawa coupling h′
ν must remain small to insure smallness of couplings to the Z boson.

In the limit h′
ν = 0, the matrix has two degenerate eigenvalues of mass ML, predominantly

SU(2)L doublets, and one state with mass M ′
ν and predominantly singlet. For h′

ν ̸= 0, these

three states mix, generating a small mixing coupling to the Z boson. The lightest neutrino

state Mν1 emerges as being dominantly ν ′
R and is the dark matter candidate. For the charged

lepton sector, we take ML = 205 GeV and ME = 300 GeV and h′
E = h′′

E = 0.8 [97, 300].

In this case the lightest charged lepton will be ME2 ∼ 108 GeV, close to the LEP limit,

ME > 102.6 GeV [36]— which imposes an upper limit on the mass of the dark matter

candidate, MDM ≡ Mν1 < ME2 .

Next, we analyze the effects of the new states on electroweak precision observables in the

HTM and, consequently the restrictions imposed on its parameter space.

6.3 Vector-like lepton contributions to the S and T pa-

rameters

Adding new particles to the model spectrum affects quantum corrections on the propagators

of W and Z bosons. The corrections are parametrized by two oblique parameters, S and T ,
4 which encapsulate the model restrictions coming from electroweak precision data. For a

4We set U = 0.
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Higgs state with mass mh = 125 GeV, the allowed ranges are [134,220]

∆S = S − SSM = 0.05± 0.09,

∆T = T − TSM = 0.08± 0.07 , (6.19)

with errors correlated by a factor of 0.88. The explicit expressions for the S, T and U

parameters for the HTM are given in Chapter 5. The addition of vector-like leptons modifies

these by the following contributions. For the S parameter [97,300]:

S =
1

π

{
2∑

j,k=1

(|UL
1j|2|UL

1k|2 + |UR
2j|2|UR

2k|2) b2(MEj
,MEk

, 0) +
2∑

j,k=1

Re(UL
1jU

L⋆
1k UR⋆

2j UR
2k)f3(MEj

,MEk
)

+
3∑

j,k=1

(|V1j|2|V1k|2 + |V3j|2|V3k|2) b2(Mνj ,Mνk , 0) +
3∑

j,k=1

Re(V1jV
⋆
1kV3jV

⋆
3k)f3(Mνj ,Mνk)

− 2
2∑

j=1

(|UL
1j|2 + |UR

2j|2) b2(MEj
,MEj

, 0) +
1

3

}
, (6.20)

while the oblique correction parameter T for vector-like leptons is [97,300]:

T =
1

4πs2W c2WM2
Z

{
−2

2∑
j=1

3∑
k=1

(|UL
1j|2|V1k|2 + |UR

2j|2|V3k|2) b3(Mνk ,MEj
, 0)

+ 2
2∑

j=1

3∑
k=1

Re(UL
1jU

R⋆
2j V1kV

⋆
3k)MEj

Mνkb0(MEj
,Mνk , 0)

+
3∑

j,k=1

(|V1j|2|V1k|2 + |V3j|2|V3k|2) b3(MνjMνk , 0)

−
3∑

j,k=1

Re(V1jV
⋆
1kV3jV

⋆
3k)MνjMνkb0(Mνj ,Mνk , 0)

+ (|UL
11|4 + |UR

21|4)M2
E1
b1(ME1 ,ME1 , 0) + (|UL

12|4 + |UR
22|4)M2

E2
b1(ME2 ,ME2 , 0)

+ (2|UL
11|2|UL

21|2 + 2|UR
12|2|UR

22|2) b3(ME1 ,ME2 , 0)

−
2∑

j,k=1

Re(UL
1jU

L⋆
1k UR⋆

2j UR
2k)MEj

MEk
b0(MEj

,MEk
, 0)

}
, (6.21)
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where the Passarino-Veltman functions are

b0(M1,M2, q
2) =

∫
0

1

log(
∆

Λ2
)dx, (6.22)

b1(M1,M2, q
2) =

∫
0

1

x log(
∆

Λ2
)dx, (6.23)

b2(M1,M2, q
2) =

∫
0

1

x(1− x) log(
∆

Λ2
)dx = b2(M2,M1, q

2), (6.24)

b3(M1,M2, 0) =
M2

2 b1(M1,M2, 0) +M2
1 b1(M2,M1, 0)

2
, (6.25)

f3(M1,M2) = M1M2

M4
2 −M4

1 + 2M2
1M

2
2 log(

M2
1

M2
2
)

2(M2
1 −M2

2 )
3

. (6.26)

We defined ∆ = M2
2x + M2

1 (1 − x) − x(1 − x)q2 and, in the above, Λ2 is an arbitrary

regularization scale that will not affect physical observables. The function f3(M1,M2) = −1/6

remains well defined in the limit M2 → M1. As in the HTM without vector-like leptons, the S

parameter does not impose any restrictions on the parameter space of the model, while the T

parameter is very restrictive. The reason is that T depends quadratically on mass differences,

while S only logarithmically.

We proceed to analyze restrictions on the relevant masses and couplings in the model coming

from the T parameter. In Fig. 6.1 we show the effects on the T parameter as a contour in

a mH±± − sinα plane (with sinα being the mixing angle in the neutral Higgs sector) for two

values of dark matter masses, MDM = 30 GeV and MDM = 50 GeV. The allowed values for

this parameter, −0.2 < ∆T < 0.4, are given in the code bars (colored contours in the figure).

The maximum doubly charged mass values allowed are mH±± ∼ (280 − 290) GeV for dark

matter masses in 24-30 GeV and 70-90 GeV regions, and approximately 250-270 GeV for dark

matter masses in 30-70 and 90-103 GeV range. We have selected the particular values for

MDM = 30 GeV and h′
ν = 0.65 (left panel) and MDM = 50 GeV and h′

ν = 0.28 (right panel)

to belong to the parameter space where the relic density is within experimental bounds, as

explained in detail in Sec. 6.5. As the figure indicates, the T parameter depends only slightly

on sinα, but is extremely sensitive to the mass of the doubly charged Higgs boson. In our

model, we set mh = 125 GeV, mH = 98 GeV and v∆ = 1 GeV as we discussed in Chapter

3.

In Fig. 6.2 we show the variation of the T parameter as a contour in an mH±± −h′
ν plane (left

panel) and h′
ν − sinα (middle and right panels). For the left panel, we chose an illustrative

example with MDM = 30 GeV and sinα = 0.5; the T parameter does not depend sensitively

on varying these, but again it is very sensitive to the mass of the doubly charged Higgs boson,
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Figure 6.1: Contour graphs showing the contribution to the T parameter in the HTM (as given in

the code bars) with vector-like leptons, as a function of the doubly charged Higgs mass mH±± and

the mixing angle sinα, for fixed values of the neutrino Yukawa coupling h′ν . We take (left panel)

MDM = 30 GeV, h′ν = 0.65, (right panel) MDM = 50 GeV, h′ν = 0.28. The allowed range of T

parameter is −0.2 < ∆T < 0.4. The white region represents the parameter region ruled out by the

constraints.
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Figure 6.2: Contour graphs showing the contribution to the T parameter in the HTM with vector-

like leptons (values as given in the code bars, within the allowed range −0.2 < ∆T < 0.4.) as a

function of the parameters of the model. In the left plot, we show the combined dependence on h′ν

and mH±± (for MDM = 30 GeV and sinα = 0.5); in the middle (right) panel, the dependence on

h′ν and sinα for MDM = 50 GeV and mH±± = 240 GeV (mH±± = 260 GeV). The white region

represents the parameter region ruled out by the constraints.
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as shown in the middle and right side panels, where increasing the value of mH±± from 240 to

260 GeV places significant restrictions on the T parameter. Increasing the mass of the doubly

charged Higgs boson and decreasing sinα (the mixing angle) impose restrictions on h′
ν (the

vector-like neutrino Yukawa coupling) from the T parameter. Note that the T parameter is

not sensitive to the mass of the dark matter candidate and it affects it only indirectly, through

the restrictions on the Yukawa couplings.

6.4 Invisible decay width of the Higgs boson

The existence of the vector-like neutrino ν1 as a dark matter candidate will have an effect

on the branching ratio of the Higgs boson, if mh ≥ 2Mν1 . Given that ν1 is stable, the

decays h → ν1ν1, h → ν1ν̄1 will contribute to the invisible Higgs branching ratio, which is

constrained by combined CMS and ATLAS measurements to be BRinv < 58% for a SM Higgs

with a mass of 125 GeV [304–307], and more stringently by global fits to be BRinv < 29%

with 95% C.L. [308,309].

In the Higgs Triplet Model, the tree-level decay width of the Higgs boson into vector-like

neutrinos is [1, 310]

[Γ(h → ν1ν̄1)]HTM =
GFmh(Mν1C

h
ν1ν̄1

)2

2π
√
2

(
1−

(
2Mν1

mh

)2) 3
2

cos2 α , (6.27)

where

Ch
ν1ν̄1

=
√
2h′

νRe(V11V21) (6.28)

is the Higgs coupling to the lightest vector-like neutrino (ν1). In addition, the component

from the neutral triplet Higgs field violates lepton number and can decay into two neutrinos

as

[Γ(h → ν1ν1)]HTM ≡ Γ(h → νc
1ν̄1) + Γ(h → ν̄c

1ν1)

=
1

2
|h′

ν1ν1
|2mh

4π

(
1− 2

M2
ν1

m2
h

)(
1− 4

M2
ν1

m2
h

)2

sin2 α , (6.29)

where h′
ν1ν1

is the triplet coupling constant from Eq. (6.4). The invisible branching ratio of

the Higgs boson is defined as

BRinv =
[Γ(h → ν1ν̄1)]HTM + [Γ(h → ν1ν1)]HTM

[Γ(h → ν1ν̄1)]HTM + [Γ(h → ν1ν1)]HTM + [Γ(h)]HTM

, (6.30)

where [Γ(h)]HTM is the total Higgs decay width in the HTM without vector-like leptons.
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In Fig. 6.3, we show the invisible branching ratio of the Higgs boson (BRinv) in the HTM

with vector-like leptons as a contour plot in an MDM − h′
ν plane, for triplet Yukawa coupling

h′
ν1ν1

= 0.01. We compare the calculation with the upper limit on BRinv derived from global

fits to ATLAS and CMS data [308, 309].5 As expected, the region restricted is only for

MDM < mh/2, where the Higgs can decay to pairs of dark matter with a sizeable width.

The left panel depicts the invisible width for the mixing angle in the neutral CP-even Higgs

sector, sinα = 0.1, the middle panel for sinα = 0.5 and the right panel for sinα = 0.8. The

figures show that increasing the Yukawa coupling (h′
ν) results in an increase of the invisible

branching ratio of Higgs boson (BRinv) as the decay into DM is enhanced, while decreasing

sinα imposes more restrictions on h′
ν in order to get the correct BRinv, indicating that both

the doublet and triplet Higgs components play an important role in the invisible decay.
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Figure 6.3: Contour graphs showing the invisible branching ratio of Higgs boson (BRinv) in the

HTM with vector-like leptons, as functions of the dark matter mass MDM = Mν1 (GeV) and the

neutrino Yukawa coupling h′ν , for h′ν1ν1 = 0.01 . We compare our results to the upper limit of

BRinv = 29 % from global fits to ATLAS and CMS data [308, 309] and we chose sinα = 0.1 (left

panel), sinα = 0.5 (middle panel), sinα = 0.8 (right panel). If the mass of DM neutrino is in the

white region, it does not contribute to the Higgs invisible decay width.

5These global fits, though more restrictive, are completely consistent with our analyses and do not restrict

the parameter space unnecessarily.
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6.5 Dark Matter Relic Density

Global fits to a number of cosmological data (cosmic microwave background, large scale

structure and type Ia supernovae) determine very precisely the amount of non-baryonic DM

in the energy content of the universe at ΩDMh2 = 0.1123 ± 0.0035 [311], where ΩDM is the

energy density of the DM with respect to the critical energy density of the universe, and h is

the reduced Hubble parameter. Any analysis of DM must correctly replicate this value.

To this end, we used CalcHEP [312] to implement the Lagrangian of the HTM with vector-

like leptons into micrOMEGAs [313], which we used to calculate the relic density (ΩDMh2),

spin-dependent cross section (σSD), spin-independent cross section (σSI), annihilation cross

section (⟨σv⟩), and the flux of neutrino and muon predicted by the model. For the purpose

of comparison with the data, we consider the 2σ allowed range of relic density: 0.1144 ≤
ΩDMh2 ≤ 0.1252, as constrained by WMAP [311] and Planck [303].

In Fig. 6.4, we present the allowed range of relic density of dark matter as a function of the

dark matter mass MDM (GeV) and the Yukawa coupling h′
ν , for two different values of the

mixing angle, sinα = 0 (left panel) and sinα = 0.8 (right panel). Because of resonant anni-

hilation into Z bosons or Higgs boson h respectively, we can see two dips at MDM ∼ 45 GeV

and MDM ∼ 62 GeV. For a fixed Yukawa coupling (h′
ν) the cross sections becomes enhanced

at the Z pole and similarly at the Higgs pole, with a dominant decay into quark/antiquark.

As the dark matter relic density is inversely proportional to the annihilation cross section, the

relic density decreases in these regions. Thus, in order to produce the correct dark matter relic

density, we need to decrease the value of Yukawa coupling h′
ν to compensate for the effects of

Z and h resonances, which produces the two dips at MDM = MZ/2 and MDM = mh/2. Above

MDM = 80 GeV annihilation into W+W− pairs (and later also Z bosons) becomes kinemat-

ically accessible. Finally, the relic density becomes dramatically suppressed for MDM ∼ 100

GeV due to coannihilation with the lightest charged vector-like lepton [97, 300, 310]. The

effect of the Higgs resonance at MDM ∼ 62 GeV is slightly more pronounced for sinα = 0

than for sinα = 0.8 (this is the effect of increasing the triplet component contribution) and,

above MDM = 80 GeV, for sinα = 0.8, the relic abundance decrease is slightly more pro-

nounced than in the case with sinα = 0, but the changes are small. Overall, the graph for

sinα = 0.8 shows no marked difference from the one with sinα = 0. The results shown are

for mH±± = 240 GeV. We calculated relic density for different values of the doubly charged

Higgs boson mass and found that it is insensitive to variations in this parameter. Relic density

constraints restrict the dark matter mass to be heavier than 23 GeV and lighter than 103
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GeV in our model, independent of any other parameters, such as Yukawa couplings or mixing

angles.
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Figure 6.4: Contour graphs showing the correct relic density of dark matter, as a function of the

dark matter mass MDM (in GeV) and the neutrino Yukawa coupling h′ν in the HTM with vector-

like leptons, for sinα = 0 (left panel), and sinα = 0.8 (right panel). We impose the restriction

0.1144 ≤ ΩDMh2 ≤ 0.1252. The relic density is insensitive to the doubly charged Higgs boson mass,

chosen here to be 240 GeV.

6.6 Direct Detection

Dark Matter is spread over the whole universe. This provides the opportunity to detect it as

it passes through and scatters off normal matter (neutrons or protons), producing detectable

signals. Though direct detection is the most straightforward method of detecting DM, such

events are very rare, the deposited energies very small; and thus direct detection requires very

sensitive detectors with highly accurate background rejection. The expected signals depend

on the nature of the DM. For vector-like neutrinos, annihilation through the Higgs or Z

boson exchange is expected to yield significant rates for direct detection. The interaction of

DM with nuclear matter can be classified as elastic or inelastic, and as spin-dependent or

spin-independent.

In elastic scattering the DM interacts with the nucleus as a whole, causing the nucleus to

recoil, while in inelastic scattering some of the energy goes into recoil and some is used to excite

the nucleus to a higher energy state, from where it decays by emitting a photon. The dark
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matter detection experiments (DAMA/LIBRA [314], CoGeNT [315] and CRESST-II [316])

have reported signals consistent with a light DM candidate and with an elastic cross section

with nucleons of O(10−41 − 10−40cm2).

In spin-dependent (axial vector) scattering, the DM spin couples with the spin of the nucleon,

while in spin-independent (scalar) scattering, the cross section does not depend on spin, and

thus it is larger for larger nuclei because of the coherence of DM interacting with the nucleus as

a whole. We analyze the predictions of our model for the spin-dependent and spin-independent

cross sections in turn, and compare them with the experimental constraints.

In Fig. 6.5, in the upper panels, we present the SD cross section of dark matter scattering off

nucleons, as a function of the dark matter mass MDM for sinα = 0. The left panel is for the

proton, the right one for the neutron. The red lines show points of the parameter space, with

restricted MDM and h′
ν values, which reproduce acceptable relic density. The areas above

the pink dashed line and green dashed-dotted line are ruled out by the COUPP [317] and

XENON100 [318] measurements, respectively. As the plots show, to obtain the correct relic

density, the resonantly enhanced annihilation rate implies a suppressed Yukawa coupling for

the neutrino DM, which leads to a suppressed cross section. Here again we observe the two

dips surrounding the Z resonance and the h resonance. The limits on the SD cross section

from COUPP and XENON100 results do not restrict the parameter space of our model. In

the bottom panel, we plot contour graphs for the spin-dependent cross sections of the nucleon

as functions of the dark matter mass MDM and Yukawa coupling h′
ν , for sinα = 0. Again

we show the spin-dependent cross section of the proton and neutron in the left and right

panel, respectively. All points are consistent with experimental bounds from XENON100

on the spin-dependent nucleon cross sections, as indicated by the color-coded panels, but

only parameter points situated along the dash-dotted yellow lines in the bottom panels give

the correct dark matter relic density. These cross sections are not sensitive to variations in

sinα.

In Fig. 6.6, we plot the SI cross section of nucleon, as a function of the dark matter mass

MDM (in GeV) for sinα = 0 (left panel). The red line includes all points yielding consistent

relic density. The regions above dash-dotted black line, dash-dotted green line, dash-dotted

orange line, dash-dotted blue line, dash-dotted purple line, dash-dotted pink line are ruled out

by XENON100 [319,320], XENON100 with 2σ expected sensitivity, CRESST-II [316], CDMS-

II [321], TEXONO [322] and DAMIC100 (expected for 2014) [323] results, respectively. The

cross section is enhanced at the Z pole and h pole and there, for a suppressed direct rate,
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Figure 6.5: (Top panel) The spin-dependent cross section of the nucleon in the HTM with vector-

like leptons, as a function of the dark matter mass MDM (GeV) for sinα = 0. We show (left panel)

the spin-dependent cross section of the proton (red line) with XENON100 (dash-dotted green) and

COUPP (dashed pink) [318] results, (right panel) the spin-dependent cross section of the neutron

(red line) with XENON100 (dash-dotted green) results [318]. The area above the pink dashed

line and green dash-dotted line are ruled out by the COUPP and XENON100 results, respectively.

(Bottom panels) Contour plots showing the spin-dependent cross section of the nucleons in the

HTM with vector-like leptons, as functions of the dark matter mass MDM and Yukawa coupling

h′ν , for sinα = 0. We show the spin-dependent cross section of the proton (left panel) and the

spin-dependent cross section of the neutron ( right panel). The panels at the right indicate the

color-coded values of the cross section along each slice, and the dash-dotted yellow line represents

the only parameter points with acceptable relic density, 0.1144 ≤ ΩDMh2 ≤ 0.1252.
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the Yukawa coupling must be suppressed to compensate for the resonant production effect.

This is seen as two dips at MDM ∼ MZ/2 and MDM ∼ mh/2. The limit on the SI cross

section from XENON100 strongly constrains our model, while the updated results from the

other experimental results do not restrict the parameter space. As the left panel of the figure

shows, XENON100 results (with 2σ expected sensitivity) restrict the dark matter mass to be

in the 37-52 GeV, or 57-63 GeV ranges, or heavier than 95 GeV. In the middle panel, we show

the spin-independent cross section of the proton as a graph in MDM − h′
ν space, constrained

by all the experiments with the exception of XENON100, while in the right panel we include

XENON100 (with 2σ expected sensitivity) measurements. The latter rules out large regions

of parameter space (in white), while in both panels colored contours (as coded in the attached

bars) are allowed by the spin-independent experiments. In both the middle and right panels,

the dash-dotted line represents the only parameter points with acceptable relic density. Note

here that, in agreement with the left panel, there are regions of the parameter space where

no combination of MDM and h′
ν satisfy both relic density and XENON100 SI cross section

restrictions. Here too, the cross sections are not sensitive to the mixing angle or to other

parameters in the model.

6.7 Indirect Detection

Pairs of dark matter particles annihilate, producing high-energy particles (antimatter, neutri-

nos or photons). Indirect detection experiments for dark matter look for signatures of annihi-

lations of DM originating from particles in the flux of cosmic rays and are sensitive to DM in-

teractions with all the SM particles. The most stringent constraints on DM annihilation cross

sections have been derived from the Fermi Gamma-ray Space telescope (Fermi-LAT) [324],

used to search for DM annihilation products from dwarf spheroidal galaxies and the Galac-

tic Center, which probe annihilation cross sections into photons of ⟨σv⟩ ∼ 3 × 10−26cm3/s.

These searches have attracted a lot of attention due to the unexpected high flux of cosmic ray

positrons observed by the PAMELA experiment [325], and confirmed by AMS [326].

We test our model predictions and compare them to the experimental results.

In Fig. 6.7, we present the annihilation cross section of DM as a function of the dark matter

mass MDM and compare it with the constraints on the dark matter annihilation cross section

for the e+e− channel, µ+µ− channel, τ+τ− channel, uū, bb̄ channel, and W+W− channel at

95% CL, derived from a combined analysis of 15 dwarf spheroidal galaxies from Fermi-LAT
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Figure 6.6: (Left panel) The spin-independent cross section of the proton as a function of the dark

matter mass MDM (GeV) in the HTM (red line). We also show restrictions from XENON100 [319]

(dash-dotted black) XENON100 with 2σ expected sensitivity (dash-dotted green), CRESST-II [316]

(dash-dotted orange), CDMS-II [321] (dash-dotted blue), TEXONO [322] (dash-dotted purple) and

DAMIC100 (expected in 2014) [323] (dash-dotted pink) results. (Middle panel) Contour graph show-

ing the spin-independent cross section of nucleon in the HTM with vector-like leptons, as function

of the dark matter mass MDM and h′ν , for sinα = 0, considering all experimental constraints except

XENON100. (Right panel) Same as the middle panel, but including constraints for XENON100

(with +2σ expected sensitivity) [319] upper limit. The values of the cross section are indicated

on the attached color bar. The contours indicate points consistent with the respective experi-

mental constraints, while the dash-dotted line includes only points with acceptable relic density,

0.1144 ≤ ΩDMh2 ≤ 0.1252, some of which are ruled out by XENON100.
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Collaboration results [327] (left panel). As the figure shows, the limit on the annihilation

cross section from Fermi-LAT Collaboration results imposes some restrictions on our model

parameters. Again, the annihilation cross section is enhanced at the Z pole around MDM =

MZ/2. The regions around MDM = MZ/2 can be brought into agreement with the relic

density constraint by modifying the Yukawa coupling h′
ν . In order to include the regions

where the annihilation cross section is enhanced, we need to decrease the value of Yukawa

coupling. A suppressed coupling leads to suppression of the annihilation rates [97, 300, 310].

The effect of the Higgs pole at MDM ∼ mh/2 is more dramatic than the effect of the Z pole.

The dominant annihilation modes of dark matter pair in this region are coming from decays

into quark/antiquark (mainly b b̄, which gives a relative contribution of ∼ 77% to 1/ΩDMh2)

and also a small contribution from cc̄ and τ τ̄ to obtain the correct dark matter relic density.

In the right panel, we show the annihilation cross section as a contour plot in the dark matter

mass MDM and Yukawa coupling h′
ν plane. Here, as in the previous figures, the contours,

according to the color-coding in the attached bar, represent the regions of the parameter space

consistent with the experimental results, while the white regions are excluded. Only points

along the dash-dotted line have acceptable relic density.

6.8 Detection at Particle Colliders

If dark matter has significant coupling to nuclear matter it can be produced in high en-

ergy collisions at LHC or at future colliders. Once produced, as it is neutral and weakly

interacting, DM will not be observed directly, but it could inferred from missing transverse

momentum. Collider searches provide the opportunity to study DM production in a con-

trolled environment. They are particularly sensitive to the region of low mass dark matter,

where backgrounds are smaller. At the LHC, dark matter can be produced directly, together

with additional radiation from the quarks or gluons participating in the reaction, which re-

sults in a single jet (monojet) plus missing momentum. High energy lepton colliders could

create dark matter through a similar process. Assuming DM couples to quarks and gluons

and couplings the order of the electroweak size, LHC excludes DM masses up to 500 GeV

and for DM coupling to electrons with the same-size couplings, LEP excludes DM with mass

below 90 GeV. Neither of these restrictions are applicable here, as vector-like neutrinos do

not couple directly to either quarks or leptons.
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Figure 6.7: (Left panel) The annihilation cross section of DM as a function of the dark matter mass

MDM (GeV) (red line). We show the constraints on the dark matter annihilation cross section for the

e+e− channel (dash-dotted green), µ+µ− channel (dash-dotted orange), τ+τ− channel (dash-dotted

pink), uū (dash-dotted blue), bb̄ channel (dash-dotted purple) and W+W− channel (dash-dotted

black) at 95% C.L. derived from the combined analysis from Fermi-LAT Collaboration [327]. (Right

panel) Contour plot showing the annihilation cross section as a function of the dark matter mass

MDM and its Yukawa coupling h′ν . The contours are consisted with the experimental values for the

cross sections, indicated by the color-coded bar, while the white regions are ruled out. Only points

along the dash-dotted yellow line give the correct dark matter relic density, 0.1144 ≤ ΩDMh2 ≤
0.1252.
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6.9 The Flux of Muons and Neutrinos from the Sun

DM particles captured by the Sun/Earth, concentrate in the center of the Sun/Earth and

then annihilate into SM particles. These SM particles further decay producing neutrinos that

can be observed at the Earth [328]. The recent observations of ultra-high energy neutrino

events at IceCube [329] seem to indicate a possible deficit in the muon track (known as the

muon deficit problem) and an apparent energy gap in the three-year high energy neutrino

data, challenging a simple explanation in terms of atmospheric neutrinos and suggesting an

extraterrestrial origin. These astrophysical neutrinos are assumed to have originated from the

decays of charged particles produced in pp or pγ collisions. While the data obtained is largely

consistent with SM predictions, the flux shows a mild deficiency in muons at high energies,

prompting alternative explanations involving dark matter.

In Fig. 6.8, we show the neutrino (left panel) and muon (right panel) fluxes as functions of

the dark matter mass MDM (GeV). In the top graphs, we plot our results as a red curve, and

include the upper limits on the neutrino and muon flux for the bb̄ channel, τ+τ− channel, and

the νeν̄e, νµν̄µ, ντ ν̄τ channels from the Baikal NT200 detector results [330]. While the limit on

the muon flux from Baikal results does not impose restrictions on our model, 6 the neutrino

flux excludes DM particles with mass in the 74-85 GeV region. The figures show again the two

dips at MDM ∼ 45 GeV and MDM ∼ 62 GeV. Unlike for the annihilation cross section, here

the effect of the Z pole is more dramatic than that of the Higgs pole at MDM ∼ mh/2. The

bottom panels show the fluxes of neutrino and muon as contour plots in the dark matter mass

MDM and the Yukawa coupling h′
ν . Note that here, as before, the contours are consistent with

the experimental values for the measured flux of muons and neutrinos. However only points

along the dash-dotted yellow line are consistent with the dark matter relic density exclusion

limit.

6.10 Conclusions

We analyzed the effects of introducing vector-like leptons in the Higgs Triplet Model. Our aim

was to provide a scenario that can explain both neutrino masses and provide a DM candidate,

problems unresolved in the SM. We chose a full generation of vector-like leptons (one left-

6Due to limited space on the figure, we only show the recent results of Baikal NT200. But our results are

also consistent with those from the Baksan Neutrino Observatory [331].
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Figure 6.8: (Top panels) The fluxes of neutrinos (left panel) and muons (right panel) in the HTM

with vector-like leptons, as functions of the dark matter mass MDM (GeV) (the red line). We also

show the upper limits on the neutrino and muon flux for the bb̄ channel (dash-dotted green), τ+τ−

channel (dash-dotted orange), νeν̄e channel (dash-dotted pink), νµν̄µ channel (dash-dotted blue) and

ντ ν̄τ channel (dash-dotted purple) from the Baikal NT200 detector results [330]. (Bottom panel)

Contour plots showing the flux of neutrinos (left panel) and muons (right panel) in the HTM with

vector-like leptons, as functions of the dark matter mass MDM and Yukawa coupling h′ν . The flux

values are color coded as in the bar attached. The contours indicate points consistent with the

respective experimental constraints, while the dash-dotted yellow line includes the only points with

acceptable relic density, 0.1144 ≤ ΩDMh2 ≤ 0.1252.
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handed doublet and two right-handed singlets, together with their mirror representations).

We ensured that a new symmetry differentiates between ordinary leptons and the new states,

forbidding unwanted lepton flavor violation. Opting for a simplified Yukawa coupling struc-

ture, a mostly singlet right-handed vector-like neutrino emerges as a single DM candidate.

Introducing vector-like leptons in the HTM relaxes the severe constraints on the mass of the

doubly charged Higgs boson coming from electroweak precision tests. We revisited precision

observables in this thesis, and showed that while the S parameter does not impose constraints

on the parameter space, the T parameter is restrictive, allowing only certain combinations of

doubly charged Higgs mass, Yukawa couplings, and mixing angles between the neutral Higgs

bosons. Of these, the most sensitive parameter is the mass of the doubly charged Higgs boson,

required to be less than about 280 GeV, but here, this boson has different branching ratios

than in the minimal HTM. The T parameter is insensitive to the mass of the dark matter

candidate.

We verified that the invisible decay width of the Higgs boson is consistent not only with the

experimental data, but with the more restrictive limits imposed by global fits to the Higgs

data. The invisible width is a relevant constraint for dark matter masses less than one half

of the Higgs mass, and all of these survive. More stringent constraints come from direct

detection experiments, especially from restriction on spin-independent nucleon cross section,

and from the relic density. The latter restricts the combination between dark matter mass

and its Yukawa coupling to narrow bands in the parameter space, and it disallows entirely

regions where the DM candidate is lighter than 23 or heavier than 103 GeV. If one includes

constraints from XENON100 on spin-independent scattering of dark matter off nucleons, these

further restrict the dark matter mass to be in the the ranges: 37-52 GeV, or 57-63 GeV, or

heavier than 95 GeV, all for points satisfying relic density constraints. In addition, consistent

with direct detection experiments, the neutrino flux excludes DM particles with mass in the

74-85 GeV range. These are the most stringent restrictions, and they are insensitive to other

model parameters, such as other masses (particularly the doubly charged Higgs boson) and

the mixing angle between the neutral Higgs bosons.

To summarize, we presented a simple model that accounts for neutrino masses and dark

matter and is consistent with the relic density and all direct and indirect searches. This

model assumes a single dark matter particle, and the experimental data restricts its mass to

be confined to limited regions in the parameter space. If the dark matter is as light as 1 or

a few GeV, as some experiments suggest, this scenario is ruled out. However for DM mass

around 30 GeV, allowing small deviations from direct detection, the HTM with vector-like
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leptons provides a viable explanation. This analysis assumed the DM candidate to be light

and set an upper bound on its mass of 108 GeV, by the choice of the mass of the lightest

verctor-like charged lepton.



Chapter 7

Conclusions and Outlook

In this thesis, we presented an analysis of one of the simplest extensions of the SM, the

Higgs Triplet Model (HTM), with non-trivial mixing in the neutral Higgs sector and with

vetor-like fermions. We proposed a simple model that accounts for neutrino masses and dark

matter, two problems unresolved in the SM. Perhaps the simplest way to explain tiny neutrino

masses is the seesaw mechanism, in which right-handed neutrinos are introduced with large

Majorana masses. In the Higgs Triplet Model , the particle content of the SM is extended by

a complex triplet scalar field in order to implement this mechanism for generating neutrino

masses. Introducing only this additional Higgs representation, together with its associated

vacuum expectation value can solve the neutrino mass problem. In our model, the mixing

in the CP-even neutral bosons is non-negligible, and both states are mixtures of doublet and

triplet Higgs representations.

We study the tree-level and loop-induced (γγ and Zγ) decays of the two bosons for the case

in which mH1 =125 GeV, mH2 = 136 GeV (motivated by the CMS data); for the case where

mH1 = 98 GeV, mH2 = 125 GeV (motivated by the LEP excess); and for the case where the

two Higgs bosons are degenerate in mass and mH1 = mH2 = 125 GeV, which is motivated by

the case where there is a single boson observed at the LHC. However the LEP/LHC scenario

is favored by the data, and consistent with all other measurements. In our model, while the

decay of the heavier Higgs boson (at 125 GeV) can be enhanced significantly with respect

to the SM, the lighter boson signal is always reduced with respect to the SM which can also

explain a lighter Higgs H that is missed by colliders because of significantly reduced decay

into γγ. For mixing angle bellow 0.2, the decay of the heavier Higgs boson is suppressed,

however for other regions, the ratio can be reduced or enhanced depending on the value of the

134
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mass splittings and doubly charged Higgs boson masses. However, all the tree-level branching

ratios are suppressed with respect to the same ones in the SM and independent of the mass

splitting values. In the SM the decay Zγ is similar to the one for γγ, but with a smaller rate

and a further reduced branching ratio. Our model predicts only one enhanced signal for the

decay of the heavier Higgs boson to Zγ in scenario 2.

An extension of the SM via additional vector-like leptons is not ruled out experimentally,

and has been shown to provide a dark matter candidate. The presence of the vector-like

leptons affects the loop-dominated decays of the neutral Higgs (γγ and Zγ), while leaving

the production cross section and tree-level decays largely unchanged. The model presents a

mechanism for (modestly) enhancing one loop-decay γγ not for Zγ for small mixing angles

and light doubly charged Higgs bosons mH±± <∼ 300 GeV. The relative branching ratios are

very sensitive to the values of the doubly charged Higgs mass, mixing in the neutral Higgs

sector and mixing in the vector-like lepton sector. The doubly charged Higgs boson with

intermediate values of mass can decay significantly into vector-like leptons, which, if light

enough, would modify the decays of the doubly charged Higgs bosons further. As a result,

these decay modes could be observable at the LHC with significant enough cross sections

times branching ratios. Our model restricts the mass of doubly charged Higgs boson to be

around 200-600 GeV.

Introduction of vector-like quarks also imposes different constraints on the HTM as it can

affect both the production and decay of the Higgs bosons at the LHC. We were particularly

interested in constraints on the mixing of the CP-even neutral Higgs bosons, the masses of

the vector-like quarks and the mixing parameters with the ordinary quarks; and the mass

of the doubly charged Higgs boson.The oblique parameter, T , imposes some restrictions on

the parameter space of the model. The contribution to the T parameter in the HTM from

some representations of vector-like quarks could relax the severe constraint on the doubly

charged Higgs mass and bring it in closer agreement with present experimental constraints.

The doubly charged Higgs boson mass are required to be in the (about) 280-370 GeV and

(about) 100-280 GeV depending on the models that we have considered to satisfy electroweak

constraints. The mixing parameters are also restricted to be xb ∈ (117 − 538) GeV and

xt ∈ (0, 550) GeV for vector-like quark masses M ∼ 1000 GeV. While the masses and mixing

parameters of the vector-like quarks have little effect on the H → γγ and H → Zγ decays, as

in the SM, the effects of vector-like quarks come from combining these with constraints from

electroweak precision observables.
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The HTM with vector-like leptons accounts for both neutrino masses and dark matter, and is

consistent with the relic density and all direct and indirect DM searches. Assuming a single

vector-like neutrino dark matter particle, the experimental data restricts the DM candidate

to be light: in the 37-52 GeV, or 57-63 GeV range, or heavier than 95 GeV, all for points

satisfying relic density constraints. In addition, the neutrino flux excludes DM particles with

mass in the 74-85 GeV range. The T parameter is insensitive to the mass of the dark matter

candidate. However it can restrict doubly charged mass, Yukawa couplings, and mixing angles

between the neutral Higgs bosons. The most sensitive parameter is the mass of the doubly

charged Higgs boson, required to be less than about 280 GeV.

Despite no new signals of physics beyond the SM at the LHC, the SM cannot be the complete

theory of particle interactions. My thesis focused on a model beyond the SM, the HTM and

extension of this model by adding fermionic particles. One can extend this scenario to a more

complicated one, involving several DM particles. This model would less constrained, but it

loses the predictability of the simple scenario presented here. A possible avenue of research

is to extend my current work on Dark matter, to other models beyond the SM for instance

the left-right symmetric model. We could study the collider (LHC) aspects of the model,

constraints from vacuum stability as well as the Electroweak precision data (EWPD) in the

model. Given the importance of DM in understanding the universe, and the effort going into

direct and indirect detection, and into collider experiments, simple models such as this one

can help elucidate the nature of Dark Matter.
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