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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 vy 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 — vy and H — Z~, 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

il



v

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.



Dedicated to my mother, Zhila



Acknowledgements

I would like to express my gratitude to the people who helped me to make this work possi-
ble.

My first and foremost thanks go to my supervisor Prof. Mariana Frank. Thank you Dr.
Frank. I learned a lot from you. No matter where I go, you will be always my supervisor. I

am so thankful for all your support, advice and kindness.

Thank you Dr. Champagne for the research environment that you create in the department
of physics at Concordia University. I would like to thank our graduate program director, Dr.

Bianucci. And I would like to thank Dr. Laszlo Kalman.

Thank you Prof. Pukhov for your time and answering my questions about MicrOmegas.

Thank you Prof. Fuks for your help to solve some issues related to my FeynRules file.

Thank you Prof. Logan, Prof. Vasilopoulos and Dr. Bianucci for correcting my thesis, your

painstaking efforts in reading the drafts are greatly appreciated.

Thanks to my mother for her unconditional love, care and sacrifice. And thank you Gareth

for all your help.

vi



Contribution of the Author

The original research work contained in this thesis is presented in Chapters [3], [] , [b] and [6]
The research in Chapters [3| has been conducted in collaboration with Prof. Mariana Frank
and Dr. Arbabifar and has been published in [1]. Chapters [4] , [f| and [6] are prepared in
collaboration with Prof. Mariana Frank and have been published in [2-5].

In Chapters 3], [, [fl and [6] , some of the analytical and all computational calculations which
lead to the final results of the research as well as the production of the graphs was conducted
by the author in partial fulfillment of the requirements for the degree of doctor of philosophy
in the Department of Physics at Concordia University, Montreal, Quebec.

vil



Contents

[List of Figures|

[List of Tables|

[List of Acronyms|

[List of Acronyms|

(I _Introductionl
.1 Overviewl. .

(1.2 Motivations for Looking For New Physics Beyond the Standard Model|. . . . .

(1.3 Organization of this thesis| . . . . . . . . ... ... ... ... ... ... ...

2 The Standard Model of Particle Physics|

2.1.2  The Lagrangian| . . . . . . . . ... .. ... ... ... ... ...,

[2.1.3  Electroweak Symmetry Breaking and the Higgs Mechanism|. . . . . . .

[2.2  Higgs-Boson Physics at the LHC} . . . . ... ... ... ... .. ... ....

[2.2.1 Higgs-Boson Production at the LHC{ . . . . ... ... ... ... ...

[2.2.2  Decay of the Higgs boson| . . . . . .. ... ... ... ... .. ....

[2.2.3  Discovery of a Higgs Boson at the LHC|. . . . . . ... ... ... ...

[2.3  Searches tfor Physics Beyond the Standard Model| . . . . . . .. ... .. ...

xi

xiii

xiv

Xv

10
14
17
17
18
20
21
22
23

25



CONTENTS ix

[3.2  The Higgs Iriplet Model| . . . . . .. ... .. ... ... ... .. .. ..... 28
[3.2.1  Positivity Conditions on the Higgs potential . . . . . . ... ... ... 31

[3.3  Decay rates of the neutral Higgs bosons in the HTM| . . . . . ... ... ... 32
[3.3.1 Decayratestoyy. . . . . . . . . .. 32
[3.3.2  Branching ratios enhancement due to Higes widths in HI'M| . . . . . . 35
[3.3.3  Tree-level decays of the Higgs bosons into fermions and gauge bosons| . 36

[3.4  Analysis of the decaysot hand H | . . . . . . .. . ... ... ... ... ... 38
[3.4.1 ~~ decays tor mixed neutral Higgs|. . . . . . . . .. ... ... ... .. 39
[3.4.2  Tree-level decays for Scenarios 1,2 and 3. . . . . . . ... ... .... 45
[3.4.3  Predictions for H and A decay width to Z~|. . . . .. ... ... ... 46

3.5 Conclusionsl . . . . . . . . 49
[4  Vector-like Leptons in the Higgs Triplet Modell 53
4.1 Introductionl . . . . . . . . . . 53
4.2 The Modell. . . . . . . . . . 55
[4.3  Production and Decays of the Neutral Higgs Boson| . . . . . . . ... .. ... 59
[4.3.1 h—y . . . 59
[4.3.2 h—Z~ . . . 66

4.4 Production and Decays of the Doubly-Charged Higes Bosons| . . . . . . . . .. 70
4.5 Conclusions . . . . . . . . 74
[5  Vector-like Quarks in the Higgs Triplet Model 78
B.1  Introductionl . . . . . . . . .. 78
b2 The Modell. . . . . . . . . . 80
[5.2.1  Higgs Triplet Model| . . . . . .. ... ... ... ... .. ... .... 80
[5.2.2  Higgs Triplet Model with Vector-Like Quarks| . . . . . ... ... ... 82

(.3 FElectroweak Constraints . . . . . . . . ... ... o 85
[5.3.1  Contributions to the 5,7 and U-parameters in the HTM| . . . . . . .. 86
[5.3.2  Vector-Like Quark contributions to the S and 7" parameters| . . . . . . 91
[5.3.3  Restrictions on doubly charged Higgs boson and vector-like quarks masses| 92

[>.4  Effect of vector quarks on H — yyand H — Z9|. . . . . . . . ... ... ... 96
(5.5 Appendix| . . . .. L 103
b.6  Conclusionsl . . . . . . . . 105
6 Dark Matter in the Higgs Triplet Modell 108




CONTENTS X

[6.2 The Higes Triplet Model with Vector-like Leptons| . . . . . . . . ... ... .. 112
[6.3  Vector-like lepton contributions to the S and I" parameters . . . . . . . . . .. 116
[6.4 Invisible decay width ot the Higgs bosonl . . . . . . . .. ... ... ... ... 120
[6.5 Dark Matter Relic Density| . . . . . . . . . . ... ... ... ... .. 122
6.6 Direct Detectionl . . . . . . . . . . . . ... 123
6.7 Indirect Detectionl. . . . . . . . . . . ... 126
6.8  Detection at Particle Collidersl . . . . . . . .. .. ... . o0 128
6.9 The Flux of Muons and Neutrinos from the Sunl . . . . . . .. ... ... ... 130
[6.10 Conclusionsl . . . . . . . . . 130




List of Figures

[2.1 The Higgs (Mexican Hat) Potentiall . . . . . . .. ... ... ... ... ... .. 15
[2.2  The Higgs production modes.| . . . . . . . . . ... ... ... ... ...... 17
[2.3  Standard Model Higgs boson decay branching ratios|. . . . . . ... ... ... 19
[2.4  The ATLAS upper limits on the WIMP-nucleon scattering cross section|. . . . 24
[3.1 Values of the singly and doubly charged Higgs masses in Scenario 1| . . . . . . 41
[3.2  Decay rates for h -+ ~yy and H — vy in Scenario 1|. . . . . . ... ... .... 42
[3.3  Values of the singly and doubly charged Higgs masses in Scenario 2| . . . . . . 43
[3.4  Decay rates for h — vy and H — vy in Scenario 2. . . . . . . .. .. .. ... 44
[3.5 Decay rates for h/H — vy in Scenario 3| . . . . . .. ... ... ... ... .. 45
13.6 Relative branching Ratios for h/H — ff, WW?*, ZZ* in Scenarios 1, 2 and 3| 47
(3.7 Relative Branching Ratios for h/H — Z~ for Scenario 1 and 2| . . . . . . . .. 50
[3.8 Relative Branching Ratios for h/H — Z~ in Scenario 3| . . . . . . . . . . ... 51
4.1 Relative decay rate Rj_,,, as a function of m/, for various values of doubly |

charged Higgs bosons mass| . . . . . . . . . .. ... ... ... L. 61
4.2  Constant [?,_,., in the plane of the explicit mass terms for various values of |

doubly-charged Higgs bosons mass| . . . . . ... ... ... ... ....... 63
4.3  Dependence of Rj,_,,, on the Yukawa couplings and vector-like lepton masses| . 64
4.4 Relative decay rate for ),z as a function of m}, for different values of doubly- |

charged Higes masses, in the case of no mixing|. . . . . . . . ... ... .... 68
U5 Rxy = o(pp > H*H'T) x BR(H™ — XY) as a function of the doubly |

charged Higgs boson mass for Condition 1) . . . . . . ... .. ... ... ... 76
U6 Rxy=o(pp— H=HTT)x BR(H™ — XY) as a function of doubly charged |

Higgs boson mass tor Condition 2| . . . . . . . . . ... ... ... ....... 7
[>.1 T'he contribution to the 7" and S parameters in the HT'M| . . . . . .. . . . .. 90

x1



LIST OF FIGURES xii

(5.2 The allowed variation of the 1" parameter for the D; and Dy models|. . . . . . 93
[>.3  The contribution to the 7" parameter in the HT'M with vector-like quarks for [
| the D; and Dy models with the ixed values of wypf . . . . . . . ... ... .. 95

[5.4 The contribution to the 1" parameter in the HT'M with vector quarks for the |

[ D, and Dy models with the fixed values of the vector quark mass| . . . . . . . 97

[5.5 The relative strength of the Higgs diphoton decay 7., including the restric- |
[ tions of the I" parameter for the Dy, Dx, Dy, [x, D, and U; scenarios| . . . . 101
[5.6 The relative strength of the decay of the Higgs boson into a photon and a |

| Z-boson, Rz, including the restrictions of the 7" parameter for the D;, Dy, |
| Dy, Tx, Dy and U scenarios| . . . . . . . . . . .. ... ... 102

[6.1 The contribution to the 1" parameter in the HI'M with vector-like leptons, as |

| a function of the doubly charged Higgs mass and the mixing angle, for fixed [

[ values of the neutrino Yukawa couplngl . . . . . . ... ... ... ... ... 119

[6.2  T'he contribution to the 7" parameter in the HI'M with vector-like leptons as |

[ a function of the parameters of the modell . . . . . . . . .. .. ... ... .. 119

(6.3 The invisible branching ratio of Higgs boson (BRj,,) in the HTM with vec- |
[ torlike leptons, as functions of the dark matter mass and the neutrino Yukawa |
[ coupling| . . . . .. e e 121

[6.4  T'he correct relic density of dark matter, as a tunction of the dark matter mass |

| and the neutrino Yukawa coupling in the HT'M with vector-like leptons| . . . . 123

[6.5 The spin-dependent cross section of the nucleons in the HT'M with vector-like [

[ leptons, as tunctions of the dark matter mass and Yukawa coupling, in the case |

| of nomixing | . . . .. ... 125

[6.6 The spin-independent (SI) cross section of nucleon, as a function of the dark |

| matter mass and Yukawa coupling, in the case of no mixing, including the [

[ experimental constraints| . . . . . . . .. ... L 127

| Yukawa coupling including the experimental constraints|. . . . . . . . ... .. 129

[6.8  The flux of neutrinos and muons in the HT'M with vectorlike leptons, as func- [

| tions of the dark matter mass and Yukawa coupling including the experimental |




List of Tables

[2.1 Particle content of the SM with their gauge group representation and hyper- [

[ charges.| . . . . . . 9

(2.2 Summary of the results of searches for invisible decays of the Higgs particle.| . 19

[2.3  Compilation of measured signal strengths, u and statistical significances, z, for [

| different decay channels of the Higgs boson.| . . . . . . . ... ... ... ... 21

[3.1  Experimental data from LHC and the Tevatron for the boson at 125 GeV|. . . 39

4.1 Range of the ratio Rj_,,~, as defined in the text, for the doubly charged Higgs mass |

| (in columns) and the neutral Higgs mixing angle sin «v (in rows), for Dirac vector-like [
| lepton masses in the range Mg, My, € (100 — 500) GeV, with A%, =0.8 | . . . . .. 65
4.2 Same as in Table[4.1] but also allowing K, € (0—3).| . . . . ... ... ... ... 65

4.5 Range of the ratio R;_,z,, as defined in the text, for doubly charged Higgs mass |

| (in columns) and neutral Higgs mixing angle sin « (in rows), for Dirac vector lepton [
masses in the range Mg, My € (100 — 500) GeV, with A, =0.8]. . . . . . . . . .. 69
E
4.4 Same as in Table 4.3 but also allowing A, € (0—3).| . . . . . . .. .. ... ... 69
| & g

[>.1  Representations of vector-like quarks, with quantum numbers under SU(2); x U(1)y.| 83

[0.2  Current mass lower limits on vector-like quark masses in various representations.| . . 86
[5.3  Mass limits on doubly charged Higgs bosons from LHC at /s = 7 TeV, £L = 4.7 fb~". [
| Here BP1, BP2, BP3 and BP4 stand for four CMS benchmarks in type Il see-saw |

| scenarios, obtained with branching fractions into several di-lepton combinations.] . . 89
[0.4  Neutral current parameters f;, and fr for vector-like quarks Z interaction. . . . . . 100
(5.5 Couplings to the W and Z bosons|. . . . . . ... ... ... ... ....... 104
[>.6 Couplings to the Higgs bosons| . . . . . . . . ... ... ... ... .. ..... 105

6.1  Representations of vector-like leptons, together with their quantum numbers under |

| SUBIC X SURL X UMV « « o oo e e e 112




List of Acronyms

AMS Alpha Magnetic Spectrometer
ATLAS A Toroidal LHC ApparatuS
BSM Beyond the Standard Model
CERN European Organization for Nuclear Research
CKM Cabibbo-Kobayashi-Maskawa
C.L Confidence Level
CMS Compact Muon Solenoid
CP Charge conjugation and Parity
DESY Deutsches Elektronen-Synchrotron
DM Dark Matter
EW Elecroweak
Fermi-LAT Fermi Large Area Telescope
GUT Grand Unified Theory
HERA Hadron Electron Ring Accelerator
HTM Higgs Triplet Model
LEP Large Electron-Positron Collider
LHC Large Hadron Collider
LO Leading Order
NLO Next-to-Leading Order
PAMELA Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics
PDG Particle Data Group
QCD Quantum Chromodynamics
SD Spin-Dependent
SI Spin-Independent
SM Standard Model
SSB Spontaneous Symmetry Breaking
VBF Vector Boson Fusion

Xiv



List of Acronyms

VEV Vacuum Expectation Value
WIMP Weakly Interacting Massive Particle
WMAP Wilkinson Microwave Anisotropy Probe

XV



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)¢ x SU(2);, x 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)r x U(1)y of weak left-handed isospin and hypercharge for the electroweak interaction,
spontaneously broken by the Higgs mechanism |11H13]. The left handed fermions form SU(2),
doublets and the right handed fermions are SU(2), 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 Z° 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 Z° 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,
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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 [24,125], 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 A, 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).

e 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 E] 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.

e 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 |, 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 v-masses, mixing and the

underlying symmetries of particle interactions [35},36].
e 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?
e 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 (GUTSs) would
unify all non-gravitational forces into one theoretical framework, with one coupling
constant governing them all. The electromagnetic coupling g. grows as a function of
energy-momentum scale ;2 whereas the other two decrease. The various couplings might
become equal at a large scale u? = M%, where the so called unification mass My is of
order 10'% GeV. The simplest and earliest BSM model, Georgi-Glashow model in 1974,

incorporates both quarks and leptons into a single family [40,41].
e 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 (A = Mpjgner = 102 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 A. Different extensions
of the SM use the effective field theory to treat this problem for example see [43H48].
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].

e 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 B? meson. More recently, experiments at the so-called B factories and the LHCb
experiment at CERN have found that the BT and B2 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. E| At this point, matter /anti-matter asymmetry of the universe

remains a puzzle and thus another evidence for BSM physics [54].
e The Hierarchy Problems
These are large scale separations unexplained by the SM:

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

1
terms of mass (energy) called the Planck scale or Planck mass : Mp; = — ~ 10"

GeV. On the other hand, the energy scale of spontaneous symmetry breaking by
the Higgs mechanism appearing in the SM is about Mgy ~ 10?> GeV. Why does

Nature give us these extremely different energy scales?

— Gauge hierarchy problem: The hierarchy appears when we consider GUT. The
GUT scale, Mgy ~ 10 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 dM% grows quadratically as A2. If one takes
the cut-off at the Planck energy scale: A = Mpjgner ~ 10 GeV, we will get:
OM% ~ M3, .- 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 A = Mgyr ~ 10 GeV, one also gets large corrections
given by 6M% ~ M.

30ne 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. Meiectron/Mtop—quark 1 0of the order
of 3 x 1075, 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], and [0] 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 x SU(2), x 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 :
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SUB)c | SU2)L | U(D)y

L, = (V1Y) 1 2 —%

Leptons U 1 1 -1
Q' = (ui,d") 3 2 +3

Quarks u'p 3 1 +2
dir 3 1 -3

Gluons g 8 1 0
W bosons w 1 3 0
B bosons B 1 1 0
¢ boson 1) 1 2 %

Table 2.1: Particle content of the SM with their gauge group representation and hypercharges.
The index 7 labels the three so called generations of leptons and quarks. The L and R
subscripts refer to left-handed and right-handed chiralities.

LiL - (Via liL)7 liR? (21)

where v = {v,,v,,v,} are the three neutral leptons (neutrinos), which interact with other
particles only through the nuclear weak force, and [ = {e, u, 7} (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 (c¢7, ~ 660 m). However since tau leptons have
shorter lifetime, c¢7, ~ 87um , 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) , ¢ (charm) and ¢ (top), the
three down-type quarks: d (down), s (strange) and b (bottom) with electrical charges +2/3,
1/3 shown as:

QiL = (ulLa dlL)a uiRa diR, (22)

where u' = {u,c,t} and d' = {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 ¢ and
b quarks lifetimes are O(100 gm) and O(500 um) 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 v , mediator of the electromagnetic
interactions, the eight gluons g, (a = 1, ..., 8), mediators of the strong interactions, and the
three weak bosons, mediators of the weak interactions, the neutral Z° boson and the two
charged W¥ bosons. The gauge bosons content is therefore: N2 —1 = 8 gluon fields from the
adjoint of SU(3)¢ and 3 W}, i = 1,2,3 , from the adjoint of SU(2)r, and 1 By, from U(1)y.
The fields Wli and B, mix to form the massive W* and Z° 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 v and g,, that is why they
are massless. The quarks interact with all the gauge vector bosons including v, W*, Z, g,
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, 7, 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, v, leptons, quarks ,
Higgs boson and themselves. The eight gluons g, interact with only the quarks and among
themselves [60].

2.1.2 The Lagrangian

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

ESM = EYM -+ Eferm + /CHiggs + ‘CYuka (23)
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which will be discussed one by one in the following. The Yang-Mills part Ly describes the

dynamic behaviour of the gauge fields and is defined as,

1 ) 173 1 a va 1 v
‘CYM - _ZWMVWM - ZGHVGM - ZBNVBM y (24)

where

Wi, = 0,W) —9,W; — ge " Wiwk, i,j,k=1,2,3,
B,, = 0,B, — 0,B,,
G, = 0,G% — 8,G% — g [ GG, a,bc=1,...,8,

are the field-strength tensors of the gauge fields : W;L (1 = 1,2,3) for the SU(2), group of
the weak isospin Iy, B, for the U(1)y of weak hypercharge Yy, and G% for the SU(3)c of
colour. The respective gauge couplings of these groups are denoted ¢, ¢, and g, €% is the

anti-symmetric tensor, and fo¢ are the structure constants of the SU(3)¢c group.

The interaction of the gauge fields with the fermions is encoded in
Lierm = L'iD "L + Eni Dyt ely + Q iDyy' Q' + Wi Dy uily + dygi Dy, (2.5)
The covariant derivative is given as
D, = 0,—iglyyW} —igYwB, +ig,T G5, (2.6)

where Iy, Y, and T2 are the generators of the respective gauge groups. In detail, I}, = 0;/2
(with the Pauli matrices 0;/2 ) for the left-handed SU(2);, doublets and I}, = 0 for the right-
handed singlets, the weak hypercharge Yy is related to the relative electric charge ) by the
Gell-Mann-Nishijima relation Q = I}, + Yy/2, and T = \,/2 (A, = Gell-Mann matrices) for
SU(3)c quark triplets and T* = 0 for the leptons. In quantum electrodynamics, we identify
the photon field A, and the Z-boson field Z, as linear combinations of Wj and B, obtained

by the rotation
ZM _ Cw —Sw Wj’ (2 7)
A, swo ow B, '

with the weak mixing angle #y, and coupling constant e fixed by
cosBy = cw = 1—3%‘,:#” GZL”
/g2 + g 2 /g2 + g 2
The fields W+ = (W FiW3)/ V2 correspond to the charged weak gauge bosons W= of charge
Te.

(2.8)
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The Higgs Lagrangian is composed of the kinetic term and the Higgs potential as
Liiggs = |D"®> = Verr  Vear = —pi(0T®) + A (270)2. (2.9)

The Higgs doublet field ® can be parameterized in terms of the real physical Higgs field H
and the unphysical Goldstone boson fields ®* and , which are complex and real respectively,
as
o+
o= 1 ; (2.10)

where v = 246 GeV is the vacuum expectation value (VEV) of /2®°.

Inserting the parametrisation Eq. (2.10) of ® and the covariant derivative Eq. (2.6) with
Iye = 0i/2 , Ywe = 1, T¢ = 0 into the Higgs Lagrangian Eq. (2.9) and dropping the
Goldstone bosons, we find

2 2 2

1 A
Litiggs = 5OuH)? + T (v + HPWWH™ 4 Lo+ H)PZ,2 + (o + H)? = Z (0 + H)',

8¢z, 2 16
(2.11)

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

the Higgs boson H, as

M
Mw =, Mz = W My =22, (2.12)
Cw

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 = — ()7L, — (y))?Q d;r — (y2)?Qic* @ uly + h.c., (2.13)

where the various y“s are Yukawa coupling constants. By taking the following basis trans-

formations:

up — (Vi) Ty, dip — (Va)Vdg, 1y — (V)1

L= (§L> A (? ) . (2.14)
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where Viogps is the Cabibbo-Kobayashi-Maskawa matrix [61-63] which determines to what

extent quarks can interact across different generations :

Vud Vus Vub
Verm =ViVa=| Vg Ve Vi |- (2.15)
Vie Vis Vw

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

0

C12C13 S12C13 S13€
_ 6 6
Vekm = —512C23 — C12523513€" C12C23 — S12523513€" 523C13 )
i6 6
512523 — €12523513€ —C12523 — 512€23513€ C23C13

(2.16)

where s;; = sinf;; , ¢;; = cos 0;; and ¢ is the phase responsible for all CP-violating phenomena
in flavor-changing processes in the SM. We can rewrite the Vg using the Wolfenstein

parameterization [64-66):

1— )2 A AN(p—in)
Veku = - 1— N AN? ;
AN (1 —p—in) —AN 1

where A\, A, p and n are the Wolfenstein parameters. The unitarity of the CKM matrix

imposes:
Z U,jU;;C = 5jk: and Z UZ]U;:J = 5@19 (2.17)
( J
After some algebra, we can rewrite the Lagrangian in Eq (2.13)) , as :
Lyur = _ygﬂichi‘jKMdg%q)—i_ - ?JZEL %@0 - yiﬂiu%(q)o)* - in_ZZL(VCUKM)TU%(‘Iﬁ)*
—yiv 10T — il 1500 + hc.,
(2.18)

where y', y4, and y; are the diagonal elements of the corresponding diagonalized Yukawa

matrices. They are given by the expression

. mt
Y= \/57’” (2.19)

Therefore the generated fermion masses are proportional to the doublet VEV, mic o v. Also
note that since there are no right-handed neutrinos v/% 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 z 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 Z° ) into the Lagrangian and still respect gauge symmetry. And since left-handed and
right-handed fermions transform differently under SU(2), x U(1)y gauge transformations,
naive fermion-mass terms o< (ﬁf ViR +§f rV ) 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 A, with the Proca Lagrangian describing a particle of spin 1 and mass
ma:

1 1 mgyc

L=——F"F,, ———A'A,, 2.20
167 K 4t h K ( )

where F, = 0,A, — 0,A

rule

4, Where A, is the gauge field which changes according to the

Ay — Ay + O\, (2.21)

in coordination with the local phase transformation
T — @y, (2.22)

Since F* is invariant under Eq (2.21]) , but A*A,, is not, then evidently the new field must
be massless (m4 = 0), otherwise the invariance will be lost. While the photon and gluons are
massless, the W+ and Z° 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 ¢; and ¢ :

1 1 1 1
£ = S(0u)(@"61) + 5(062) (0"62) + 12 (6% + 68) — NG+ (2.23)

The potential energy function is
1 1
U=~ + 63) + R + 6D, (224)

and the minima lie on a circle of radius § (Fig. | Dol s = ’A‘—i with the chosen

ground states (the states with minimum energy or the vacuum) : ¢y, =& ; ¢2,,, = 0. The

vacuum expectation value (VEV) ¢, . of the Higgs field is the crucial quantity that gives

min

mass to the gauge boson A,. 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, n and £ , which are the fluctuations about this vacuum state:
n=¢1— § and £ = ¢o. Rewriting the Lagrangian in terms of these new field variables, we
find

1 4

£ = 3@ | + [ 500050 - [axer + 06 + 46t 2| + L

(2.25)

The first term is a free Klein-Gordon Lagrangian for the field n which acquires a mass:
My = \/5% The second term is a free Lagrangian for the field £, which is massless(m¢ = 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,

¢, and ¢o, into a single complex field : ¢ = ¢ + ips. We can make the system invariant
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under local gauge transformations Eq. (2.22)) by introducing a massless gauge field A,,, using

covariant derivatives

D, =0, + i%AH. (2.26)

The Lagrangian in Eq. (2.23) becomes

£ = 5@ - | + |50.000)] + |-+ (A

G (0,6) = @) A" + 50 n(

FLCLY0P + €)(A,A%) — Ml + € — TN+ 2078+ €1)

+E)@)A + (5% (2:27)

A, AP

So the free gauge field A, has acquired a mass:

A_2\/_)\ 27

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

(2.28)

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

¢ — ¢ = (cosO +isinb)(¢s +igy), (2.29)
we see that picking
0= — tan(¢2) (2.30)
b1

will render ¢ real. The gauge field A, will transform accordingly (Eq. , 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 & is now zero. In this particular gauge, the
Lagrangian (Eq. reduces to

1 1 1, qu
— _ 122 _ 2, 2 T v m
£ = |50 = |+ | P E (e,
ARy wy L L@ e o py 3 1y2.4 :“_22
R + GG A0 v = Pt + (B% (2a)

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

Higgs particle) and a massive gauge field A,,.

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 2°).



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS 17

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 (g9 — 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)

q t

gluon-gluon 't
fusion (ggF) q
g t
q ;‘"“L,l:llllz H
M s | o ‘
g Wz tt fusion 1
vector boson !
100000000 fusion (VBF)

10000000

1000000

Figure 2.2: The Higgs production modes with their expected number of events at HL-LHC
with [ Ldt = 3000 fb~'. 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 gq initial state gives the largest contribution for proton-proton collisions.
A less prominent production mode is through W Z bremsstrahlung. Higgs strahlung in associ-
ation with top quark pairs or ¢ fusion (t#H 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 — WTW ™), (2) Z bosons (H — ZZ), (3) Photons (H —
77), (4) b-quarks ( H — bb) and (5) 7-leptons (H — 777~ ). The Higgs branching ratio
of each decay channel as a function of its expected mass are shown in Fig. 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 WTW ™ and ZZ. Within the W™W ™ channel, purely leptonic
(H — WTW~ — lvlv) and semi-leptonic (H — WTW~ — lvgqq) 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 , 757~ and v [33}/67,/69,72]. In spite
of the small rate for the decays to v+, 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
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]

ATLAS CMS
W, Z — fatjet, H — inv. 1.6 (2.2)
Z — 00—, H — inv. 65% (84%) 75% (91%)
Z — bb, H — inv. —~ 8 (2.0)
VBF H — inv. - 69% (53%)

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 — vy and H — Z7v 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 My
= 125.09 £ 0.24 GeV in the H — ZZ* — 4l and H — 7y channels. The final results
of Run 1 from studies by the ATLAS and CMS collaborations on the signal strength p and
the significance z are summarised in Table 2.3l They are based on the full Run 1 data set,
corresponding to an integrated luminosity of nearly 5 fb~! recorded at /s = 7 TeV and of
about 20 fb~! 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 [1,591/67,72].

Recently, the ATLAS and CMS collaborations have reported [81,182] 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 ¢ and 2.6 ¢ 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.



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS 21
Signal strength and significance values
Channel ATLAS CMS
7 b4 Iz z
+0.34 +0.21 +0.26 +0.13
H—ZZ L4475 To 8.1 | 0.937553 00 6.8
H — vy 11740237000 |52 | 1L14£021700 005 |57
- 0.16 +0.17 0.20
H— Wtw 109712 7014 6.1 | 0.727)7% 4.3
H— 1t 1.437027 4033 45 |0.78+0.27 32
VH— H—bb |05+£03£02 14 |1.0£05 2.1
ATLAS CMS
H—7Z e H—7Z —_—
H—-yy .=é=.=. H-vyy -:=.=-
Ho WW ——— Hos W e |
H— 11 | —— H-r1r _._:_
H—>bb m————m E H — bb 11,
0.0 0.5 1.0 1.5 2.0 0.4 0.6 0.8 l..O 1.2 1.4 1.6
u©= 2 u= o
Osm Osm

Oobs

Table 2.3: Compilation of measured signal strengths, u = , and statistical significances,

OsMm
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 [0}

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, U; W, 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 (7') and down-type
(B), as well as four-top-quark production using pp collision data at y/s = 8 TeV corresponding
to an integrated luminosity of 20.3 fb=!. The observed lower limits on the 7' 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 7" 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 ete™ collider experiments. Assuming a heavy charged lepton
decaying to Wv 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 [, 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), 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. shows the latest ATLAS results [91] , on DM pair production in
association with a « 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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Figure 2.4: The ATLAS upper limits at 90 % C.L. on the WIMP-nucleon (x-N) scattering
cross section as a function of DM mass (m,) for spin independent (left) and spin dependent
(right) interactions in pp collision with /s = 8 TeV and 20.3 fb~!. 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 vy 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*, bb and 77~ are similar
to the Standard Model, or reduced. We correlate the branching ratios of both Higgs states
into Zv to those into 7y 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 5o. While this particle resembles in most features the SM Higgs boson,
the data hints of enhancements in its decay rate to 7y (although this signal is, at about 20,
not sufficiently statistically secure), as well as depressed rates into 777~ and WW™*, which
could hint at extended symmetries. The signals are also consistent with the findings at the
Tevatron [92]. If the v+ 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 77 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 v and 77 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 ete™ — Zbb 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 v possible.

The neutral Higgs sector of the HTM has been studied previously [123H136]. Various authors
have provided analyses showing the v 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 vy 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 v signal. The production cross sections and decays
to ff, 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 (yy and Z7) decays of the two bosons for the case in which my, = 125 GeV,
mp, = 136 GeV (motivated by the CMS data); for the case where my, = 98 GeV, mp, = 125
GeV (motivated by the LEP excess); and for the case where the two Higgs are degenerate
in mass and mpy, = mpy, = 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 Hy, Hy Higgs bosons) versus the SM (with & Higgs boson):

[J<gg — H17H2) X BR(H17H2 — XX)]HTM

[0(g99 — ®) x BR(® — X X)]sns (3.1)

RHl,HQ%XX =

with XX = ~~, ff, ZZ*, WW*, and predict the rate for Zv, as the correlation between this
decay and ~vy would be a further test of the structure of the model.

This Chapter is organized as follows: in Section [6.2f 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 77 in Section 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
ff, WW* and ZZ* in Section . We follow in Section 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 Z~,

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) [, x
U(1)y. The only difference is the addition of one triplet field A with hypercharge ¥ = 1 and
the lepton number L = 2 to the SM Higgs sector , which already contains one isospin doublet

field ® with hypercharge Y = 1/2 . The relevant terms in Lagrangian are:
Lurm = Lo + Ly = V(P,A), (3:2)

where Ly, Ly and V (P, A) are the kinetic term, Yukawa interaction and the scalar potential,

respectively. The kinetic term of the Higgs fields is
Liw = (D,®)'(D"®)+ Tr[(D,A)(D*A)], (3.3)

with
/

g a a g g a a .
D,® = (Eh + T Wi+ 'LEBM> ®, D,A=0,A+ 25[7' Wi Al +ig'BA, (3.4)

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

the Higgs fields is
Ly = — [Qiyjf@dg; + QLY DU, + LLY I de), 4 hoc.| + hy Li¢im, AL, +hec.,  (3.5)

where ® = i ®*, Yy 4. are 3x3 complex matrices, and h;; is a 3 X 3 complex symmetric
Yukawa matrix. The most general Higgs potential involving the doublet ® and triplet A is
given by

V(®,A) = m*®'® + M°Tr(ATA) + [p@"inAT® + he.] + A (010)?
+ o [Tr(ATA)] + A TE[(ATA)?] 4+ Ay (@1D) Tr(ATA) + A 0TAATD,  (3.6)
where m and M are the Higgs bare masses, u is the lepton number violating parameter, and

A1-A5 are Higgs coupling constants. We assume all the parameters to be real. The scalar

fields ® and A can be written as:

AT
o= i - va A (3.7)
Lp+ve+ix) | LG +vatin) =22 |
V2 ¢ V2 AT V2

where ve and va are the VEVs of the doublet Higgs field and the triplet Higgs field, with
v? = v2 + 20 ~ (246 GeV)?2. The electric charge is defined as Q = I3+ Y, with I3 the third
component of the SU(2), isospin.
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Minimizing the potential with respect to the VEVs vg, va 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:
T B cos By —sinf4 w X \ [ cosBo —sinfo z
A* sin By cos By H* )’ n sin By cos By Al
% _ cosa —sina h | (3.8)
o sina cosa H

where the mixing angles in the same sectors are given by

2 2
tan 0y = \/_UA, tan Gy = —UA,
Vo Vo
202 (\g + \5) — AM?
tan2a = 2 Va(A + o) = (3.9)

EZU%)\l — Mi — 2U2A()‘2 + /\3) ’

V3
V2va

addition to the three Goldstone bosons G* and G° which give mass to the gauge bosons.

where M3 = There are seven physical mass eigenstates H**, H* A, H and h, in

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

as
A
mie = Ma — vads — ?51}‘%, (3.10)
A 202
mi, = (Mg — Z%;) (1 + U—QA) : (3.11)
>
4 2
m% = M3 <1 + %) , (3.12)
>
2
mjy = 2031 cos” o+ [M3 + 2vx (A2 + A3)] sin® o + {EMK — vgUA(Ag + )\5)} sin 2q,
Vo
(3.13)
2
mi; = 2031 sin® o+ [M3 + 203 (A2 + A3)] cos” o — {ﬂMi — vgUA(Ag + )\5)1 sin 2av,
Vo
(3.14)

Conversely, the six parameters p and A;-A5 in the Higgs potential can be written in terms of
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the physical scalar masses, the mixing angle o and doublet and triplet VEVs vg and va:

\/§UA 2 \/§UA 2

_ M2 =_Y=a 3.15
H v AT 2 +4U2AmA7 (315)
1
AN = 2—2(mi cos? o + m3; sin? ), (3.16)
U
1 9 9 m124 4qu+ 2 2 2 ;2
Ao = @ [2mH++ +vg (U(QI) T 40 - 2 1 208 + My cos” a +my sin" |,
(3.17)
N = U 2mi mipe mi (3.18)
v \v3 + 203 v v+ 403 )7 '
A2 9m2 2 _ .2
A = 2mH+2 ) 4 7 T T — M sin 2a, (3.19)
vy + 208 vy +4ux 20p0
m? m7
v - 4 4 My ) 3.20
b (v% +4vi v+ 203 (320

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

92

2
g
miy = Z(U‘% +203), my = m(vé +403), (3.21)
and the electroweak p parameter defined at tree level
202
2 1+ =%
p= "W @ (3.22)

2 2 402 "
ms cos? 0 A
A 14 1+ o

As the experimental value of the p parameter is near unity, v /v2 is required to be much

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

Note that the smallness of va/ve insures that the mixing angles S+ and [, are close to 0,
while a remains undetermined. Finally, small Majorana neutrino masses, proportional to the
lepton number violating coupling constant u, are generated by the Yukawa interaction of the

triplet field

2
(mu)ij = \/éhij'UA = hij%- (3~23)
A

If 4 < Ma the smallness of the neutrino masses are explained by the type Il seesaw mech-
anism. This condition constrains the size of h;juva by relating it to the neutrino mass. The

smallness of va yields approximate relationships among the masses:

A
2 2 2 2 5,2
Mige = Mies =My = Mgy = 7V, (3.24)

mi; ~m5 (= MR), (3.25)
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which are valid to O(v3 /vZ). We can further simplify, for the parameters Ay, A3, A4 in terms

of A5, the neutral Higgs masses and the mixing angle:

Ly 2 2 m%, UZA
Ao = =X+ 5 sina (m) —my) +2—- + O(-5), (3.26)
20% Vg (2
VA
Vg
2 .2 2 2
Moo= s+ ST G 9g 4 9 4 0(22), (3.28)
20AV% vg Vg

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 [130H132|, and we summarize their results briefly.
Positivity requirement in the singly and doubly charged Higgs mass sectors (for va > 0)

are:

Asva Asva A3}
0; > —— > +V2 ,
SN, A NG v

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

T (3.29)

conditions are:

A
A1>0;A2+A3>0;A2+§>0; (3.30)
A
M+ VAN D2+ A3) >0 5 A+ 4/40 (Ao + 73) > 0; (3.31)
)
M+ VAN Do+ As) >0 5 Adg+ A5 +1/4M (s + 73) > 0. (3.32)

Note that from the expressions in Eq. and , some conditions are automatically
satisfied, such as positivity of u and A;. Positivity of Ay + A3 and Ay + % are consistent with
the requirements of the square root in Eq. (3.31]) and being real. From all of these
conditions, the last expressions in Eq. and would restrict possible enhancements
in the h, H — 77 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 sin & = 0, the coupling between

h and the doubly charged Higgs is strictly proportional to Ay. If A4 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 7~y
branching ratio. The contribution for the singly charged Higgs bosons is significantly smaller,
but follows the same general pattern. Note that if & = 0, Ay = A\4. Thus it is inconsistent to

assume \o > 0, while A\; < 0. Moreover, for sina = 0,

2 2 m2 2 m2
M= s+ 2™ — o (m;f - fg) oM _ oMt (3.33)
Vg Vg Vg Vg )

and thus A4 cannot be negative, preventing an enhancement of R, 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 vy is the
case in which there is some mixing between the two states ®° and A°, 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 o — 0, these states correspond to the unmixed
states ®° (neutral doublet) and A° (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 «, the mixing angle in the neutral (CP-even) Higgs sector, as in

Eqs. (3:24), (25), (3:26), (3:27) and (3:23).

3.3 Decay rates of the neutral Higgs bosons in the HTM

3.3.1 Decay rates to vy

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 v, as, in spite of the small rate,
these decays are very promising, as the two-photon invariant mass M., 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 Egs. (3.26)), (3.27), (3.28), for sina # 0. As A\g+ A3 > 0, this requires m3 > m?,,
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that is the state that in the limit sin @ = 0 is the Higgs doublet state is heavier than the state
that in the limit sin v = 0 is the Higgs triplet state. Unlike for the state with o = 0, Ay # A4,
more precisely

2 2 2 2

Ay = Ao — }LZTZH sinasin(a — fy) >~ Ay — 02 sin® av. (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 ®) as

ourm(gg — h, H — ) [o(9g9 = h, H) x BR(h, H — vv)|arm

osm(gg = ® =y)  o(gg = @) x BR(® = vy)lsm
_ [0(99 — h, H) x T'(h, H = vy)]arm » L'(®)lsm (3.35)
[0(g9g = @) x T'(® — vY)]sm [C(h, H)grar )

Rhboyy =

where the ratios of cross section rates by gluon fusion are

lo0(99 = H)|urm
[0(99 — ®)]sumr

[0(99 — h)|aTM

[0(g9 — ®)]sar = sin’ a. (3.36)

= cos’ a;

We present first the decay widths of h to vy:

2,3
Grotmy,

[D(h = y¥)] M 128V

Z NIQ3gnsrAry2(1h) + goww Ar(rly)
f

2
+§hHi H:FAO (T[}_}i) + 4§hHiiH:F:F Ao(TIl}ii) . (337)

The couplings of h to the vector bosons and fermions are as follows:
iz = Cos a/ cos By ; ghww = COS v + 2sin ava /v , (3.38)

and the scalar trilinear couplings are parametrized as follows:

- mw ~ mw
GhH++H—— 5 9hH++H-—; YhH+H- = 5 9hH+H— (3.39)
gMir++ 9Mig+

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

[E3):

JhH++H-— = 2AUa SIN v + A\gUg COS v, (3.40)

1
JhH+H- = 5{ [4UA()\2 + A3) cos® B + 2uagsin? By — V2500 cos By sin Bi] sin o

+ [4)\1 v sin B2 + (204 + As)ve cos® Bo + (4u — \/§)\5’UA) cos (4 sin ﬁi} cos a} . (3.41)
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These couplings become, in terms of the masses and mixing, for the trilinear coupling of the

neutral and doubly charged Higgs to h,

2 2 _ 2 2
JhH++H—— = Uf {mh TH Gin o + (Zm—f — )\5) cos(a — ﬁo)} : (3.42)
2mi VAUS Vg
2 2 2 2
~ Yy my —myg . my  As
oS 55 — Bo) . 3.43
GhH+H om? . { onta sina + < o2 5 ) cos(a 50)} (3.43)

We obtain similar expressions for the neutral boson H:

2,3
Grotmy

L(H —yy) = 128 /ars

Z NeQ3gusrArja(tf) + gaww Ar (1)

!
2

+§HHi HIAQ(Tgi) + 4§HHiiH$IAO(T]{[{ii) (344)

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

follows:
g = —sina/ cos fu ; gaww = —sina + 2 cos ava /vg , (3.45)

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

mw ~ My
5 YHH++H--; YHH+H- = 5 9HHYH- (3.46)
gMiges M+

9HH++H-~

with the following explicit expressions in terms of the parameters of the scalar potential (these
can be obtained from the expressions for A, with the replacements cosa — —sina, sina —
cos ):

JHH++H-—— = 2X2UA COS Q¥ — A\4Ug SIN (v, (3.47)

1
JHH+YH- = 5{ [42}A(/\2 + A3) cos® By + 2uadgsin? By — \/5)\52)@ cos [+ sin ﬂi] Cos

- [4)\1 v sin B2 + (204 + A5)ve cos® B + (4 — \/§>\5UA) cos (4 sin Bi} sin a} . (3.48)

we obtain
2 2
. Vg miy )
JHH++H-—— ~ — 2 — /\5) sin(a — By 3.49
T ( o (a = o) (3.49)
2 2
. Vg miy A5\ .
o~ o H _ 7 — 3.50
JHHYH om?, ( ) 5 ) sin(a — Bo) (3.50)



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

We define throughout 7' = m3 /4m?, 7/ = m?% /4m? (i = f,W, HX, H**). The loop functions
A; (for the W boson) and A/, (for the fermions, f) are given as

Ao(1) = —[r— f(r)]772, (3.51)
Aipp(r) = —r1 [1 + (1 — 7'*1) f (7'71)} , (3.52)
A(r) = 1+ gT_l + 4771 (1 - %T—l) f(. (3.53)

These function are similarly defined for H, with the change h — H, and the function f(7) is
given by :
arcsin® /7 <1
FO =1 1f 1evIoeT m} ’ (3.54)

O,
7 e PV

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
2

evaluated to O(U—g). However, for all relevant parameter space the effect of 3, is negligible
U

(tan By = 2U—A), and we can assume with no loss of generality that 5y ~ 0. Third, as my
is the lightgg; of the two Higgs states (and we would wish to associate it with one of the
observed bosons), A5 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 gnp++py-- and gppy++m—-
are positive [as o € (0,7/2)], while gyp++p-- and gyy++p-- are negative. This means that
we expect that, from trilinear couplings alone, R(h — ) could be enhanced with respect to
the SM over a region of the parameter space, while R(H — ~7) 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 HT'M is not the same as in the SM. The widths are the same as
those in the SM for A in the limit sin @ — 0. However, for a # 0 we must take into account
the relative widths factors

T(®)|sur e — ; fHAD(@ = WW*)+T(® = ZZ%)|sm

C(h, H)|grm - C(h,H—= > ff)+T(h, H— WW=*)+T(h,H— ZZ*)+T(h, H = vv)|grm
f

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

[C(®)srr 1 Lh = vv)]urar| - [D(®)sn 1 [C(H = vv)larm

[F(h)]HTM o cos? « [F(@)]SM ’ [F(H)]HTM N Sin20é [F(@)]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 bb. 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 77~ is also prob-
lematic, because of the low velocity of the Higgs boson, which makes the reconstruction of
m,, 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*IWT has a large rate, but once
one of the W 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 my; 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

- mym? m2\*
T(h— ff) = V2Gp——2LNIp (_g) cos a, (3.56)
8T my
3
c— —c mp .
I'h—wvv) = I'(h—=vD)+T(h—0V) = g Sij|h,~j|QE sin? (3.57)

1,j=1
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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 sina = 1, as the couplings h;; 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 VV (V =W or Z)

is given by
2,3 2 4 2
T(h—VV) = %(w 1 4;1{ + %} 3 (”ﬂi—%) , (3.58)
where dyy = 2 and 07 = 1, and where ky (h) are the couplings of the Higgs h with the vector
bosons:
ig? .
kw(h) = EX (vgcosa + 2uasina) , (3.59)
ig? :
kz(h) = Teos? Oy (vgcosa + 4vasina). (3.60)

The decay rates of the three body decay modes are

3gv |kv (h) [P my
Lh—=VVY) = o F(—5 3.61
7 10 ., 40 :
where oy = 1 and 04 = TR sin“ Oy, + 57 sin @y, and where the function F(x ) is given
as
47 13 1
F(z) = —|1 -z <—x— ?—f- ) +3(1 — 62 + 427)| log /|
3(1 — 8z + 202?) 3r—1
+ T 1 arccos (W) . (3.62)
The decay rates for H can be expressed as
_ mymy my S )
I'H = ff) = V2Gp NIB(— | sin’a, (3.63)
8 my
I'NH —vv) = I'(H—vv)+T(H — ) Z Szj|h,]|2 cos® a, (3.64)
2,7=1

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
H 2,3 4 2 12 4 2
v - vy) = I Em s [1 -y TV} 5 (ﬂ) , (3.65)
m

4 2 2
1287my, It My mi
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where 0y = 2 and §z = 1 and where ky (H) are the couplings of the Higgs H with the vector

bosons:
ig? i
rw(H) = o (—vgsina + 2va cos ), (3.66)
(H) 9"y sinat 4 ) (3.67)
K = ———— (—vgsina + 4va cosa) . .
7 2 cos? Oy ¢ A

The decay rates of the three body decay modes are

3gv | kv (H)[? mi,
I'(H ) = oy F(—= )
i 10

10
where oy = 1 and 04 = oy sin? Oy + 77 sin® @y, 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 and H 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.

e Scenario 1 (the LHC/CMS Scenario): my = 125 GeV, m;, = 136 GeV. In this scenario
we require, for the state h at 136 GeV, in addition to the conditions in Table that
R(h — ~vv) =0454+0.3, R(h —» ZZ*) < 0.2, and R(h — 77) < 1.8, in agreement with
the excess observed by CMS.

e Scenario 2 (the LEP/LHC Scenario): mg = 98 GeV, m;, = 125 GeV. In this scenario
we require 0.1 < R(H — bb) < 0.25 in agreement with the excess in e*e™ at LEP, and
for h, the conditions from Table [3.1]

e 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 sin @ and the mass splitting parameter \s.
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Experiment RP R%7. Ry Ry” Rerp
(1) CMS 7+8 TeV | 1.56 £0.43 | 0.7£044 | 06+£04 |0.124+0.70 | —0.18 +0.75
(2) ATLAS T+8 TeV | 1.940.5 | 1.3+0.6 - - -
(3) CDF and DO 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 v 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 v~ 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. as functions of A\5. The graphs justify
our expectations, based on analytical results, that A\s must be negative, yielding the ordering
my++ > myg+ > myg. These graphs also give the values of the charged Higgs masses for
different A5 values, to be used in the explorations of R(yy). As Ay+ A5+ 1/4A1 (A2 + 22) > 0,
we checked the relationship between the A’s for Ay < 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 a = 0. The states are now
mixed significantly: the state H that in the limit @« — 0 is neutral triplet Higgs boson is
lighter than the state h that in the limit @« — 0 is neutral doublet Higgs boson, and the
ordering of mass states is opposite to that favored for a = 0 [133], that is in our model

mg++ > Mg+ > My.

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**HTF. 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 h;; > 3x107°,
for final states ete®, e*u* and p*u®, respectively. These confirm, and are slightly more
stringent than the Tevatron measurements [142-144]. Separate searches were performed for
qq@ — v, Z* — H**H¥F and ¢/qg — W* — H**HTF. For cases where the final state has one
or two 7% 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 va < 107" GeV) and degeneracy of the triplet scalars. In this Chapter, we
assume va ~ 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 my++ > mpy+, as
it is in this case, the decay H** — HE*W=** can be dominant over a large range of va [136].
In view of all these considerations, we wish to keep our analysis as general as possible so we
consider my+ as low as 110 GeV, and my++ as low as 150 GeV. From Fig, this requires
that A is negative, and from the figure, if |As] > 1/2, my++ > 175 GeV and my+ > 150
GeV.

We present next the plots for the relative signal strength (with respect to the SM one) of
Ry and Rp_,, as a function of sin«, for various values of As5. For each value of A5, we
obtain my+ and mpy++, and introduce these values into calculation of the branching ratios.
The plots are in Fig. top for h, bottom for H, at the left, without width corrections,
and at the right, including width corrections. Increasing the absolute value of A5 increases
the charged Higgs masses and depresses the relative ratio of decay into . 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 — ) = 0.45 4 0.3 for several A5 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 HT'M if the lightest
Higgs boson is the 2.30 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 A5 (singly charged at the left, doubly charged at the right). Again, in this scenario A;
is constrained to be negative, yielding the ordering my++ > my+ > myg. From the figure,
|As| > 1/2, my++ > 160 GeV and mpg+ > 130 GeV. The values of the charged Higgs masses
for different A5 values, shown in Fig. are then used in the explorations of R(y7).

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

and Ry as a function of sin ¢, for various values of A5 in Fig. 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

4

T(mfy —mi) ~ g(mﬁﬁ — Mipis).

panel) in Scenario 1, with the parameter A5 ~ )
the bottom one for H. The left panels show the relative vy 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 sin v >~ 0.2 for A5 = —1/2, about sina ~ 0.35 for A\ = —1,
about sina ~ 0.5 for \; = —3/2, and in a range sina ~ 0.6 — 0.9 for \; = —2. For the
latter case, my++ = 260 GeV and mpy+ = 200 GeV. For all of the parameter ranges where
h — ~v is enhanced, the width of the other neutral Higgs boson H — 77 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 — ~v 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 eTe™ excess at 98 GeV does not. The details
of the exact enhancements depend on the mass splittings, but the enhancements of h — vy

themselves appear to be fairly robust.
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sin «v in Scenario 1, for different values of the parameter \5. 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
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panel) in Scenario 2, with the parameter A5 = g(mH — M) R 2 (M —miy).

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 degenerateﬂ. We call this boson h/H. In that case

we have, for the ratio of the number of events in the HT'M versus the SM:

Rxx = Rpxx + Ru—xx. (3.69)

The values of the masses of the singly and doubly charged Higgs as functions of A5 remain the
same as in Fig. (as they depend only on the H mass). The plots for the relative signal
strength (with respect to the SM one) of Ry, x—,++ as a function of sin «, for various values of
A5, are shown in Fig. in the left panel, for the relative vy 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 — vy
will add to the reduction from H — 77 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.
. In the degenerate mass case the term in A4 proportional to m? — m?, cancels exactly,

and thus from the point of view of the decay into v+, scenario 3 reproduces exactly the results

!In that case the pseudoscalar A will also have mass 125 GeV, but given the 8y ~ 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 — ~v (top row) and H — vy (bottom row) as a function of
sin «v in Scenario 2, for different values of the parameter \5. 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 — -7 as a function of sina , for different values of the
parameter A5 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 sina = 0), see Eq. , and is approximately independent of
. Indeed for most of the parameter space, terms in m? cos® a + m% sin®> a — m? Jp» and
the same for cos a <+ sin . We checked that the reduction in the +~ signal holds for masses
approximately degenerate (within 3-5 GeV)H 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 (ff ,WW*, ZZ*) of the
neutral Higgs bosons in the three scenarios. More precise measurements of these decays,
combined with the ~v, 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 A5, 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 o for which the
relative branching ratio to vy 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 (sin ), which will pick
up a definite value of the mass splittings, allowing for a prediction of my++ and mg+. In
particular, for scenario 2, which is favored by the measurements of h — v branching ratios,
the decays of H — ff obey 0.1 < R(H — bb) < 0.25 in the region 0.5 < sina < 0.7, thus
overlapping with regions allowed by the v~ constraints for A\; = —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 sin o, reproducing as before
the case for unmixed neutral Higgs bosons. The high branching ratio into bb and 7= 7+ is
achieved only accompanied by a significant reduction in the v+ branching ratio. At present,

this scenario is disfavored by the measurements at the LHC of vy widths.

3.4.3 Predictions for H and h decay width to Z~

As a further test of the implications of the HT'M with nontrivial mixing, we evaluate the loop
mediated Higgs decay h, H — Z~. In the SM the decay ® — Z~ is similar to the one for
77, but with a smaller rate and a further reduced branching ratio of Z — uTu~ (or ete™).
Like the decay to 77, 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, [[(® — Zv)|sy =~ 6 x 107% GeV, yielding a branching ratio of about
1.5 x 1073 |149], comparable to that of ® — yv. 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] [

GpMiymiyo M\’ 2

GEMgm}a

F(h—) ZV)HTM 647‘(‘4

(1 - %) !Aw<h> T A(R) = 25 () — a4 ()|
" (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 — ff, WW?*, ZZ* in scenarios 1 and 2 (left
column), for H — ff, WW?*, ZZ* for scenarios 1 and 2 (middle column), and for h, H —

ff, WW*, ZZ* in Scenario 3 (right column) as a function of the mixing angle in the neutral

sector.

including the width corrections.

The top row shows the relative ratios without width corrections, the lower row,
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where
1 — 20, sin? 0
Asnr = cos O Ay (1o, ow) + QNCQt< @ w) 1/2(7';1), o) s
cos Oy
Aw (h) + Ai(h) =
2N.Q(1 — 2Q; sin? 0
Jhww COS 9WA1(7'171/7 ow) + G at ‘ W)Al/z(Tth, o)
cos Oy
A£I+(h) = sinOwgzu+m-Jna+a- AO(TZ+, oY)
ALJ)LHJr (h) = sinbwgzu++ v Jhi++H— AO(TZ++, THt) (3.71)
where 7/ = 4m2/m3, o; = 4mZ /M2, gz = 2cot 20w, gzprp- = —tanbw, gaww is

given by Eq. (3.38)), and grg++y-- and gpg+py- are given by Egs. (3.39)). The loop functions
are given by

Ai(r,0) = 43 —tan®byw) (7, 0) + [(1+ 27 ) tan® Oy — (5+ 277 1) Li(7,0) |
Aijo(r,0) = ILi(r,0) = Ix(1,0),
Ao(1,0) = Li(1,0), (3.72)
where
hro) = gt s TSI = o]+ o) — o)
Lr.0) = —Q(TT—fU)mr-l) —fleh)] (3.73)

where f(7) is given in Eq. (3.54)), and
g(t™") =7 —T1arcsin V7! for 7 > 1. (3.74)

The decay of H — v can be evaluated as before, using the same formulas, with the replace-

ments h — H, m, — my:

G2 M2 3 M2
T(H — Zy)pry = —Lowhnd (

3 i 2
fr 1——Z) ‘AW(H)+At(H)—2A§+(H)—4A§ )|,

2
my

(3.75)

where

Aw (H) + A(H) =

Q:(1 — 2Q, sin® Oy)
cos Oy

-/40H+(H) = sinOwgzu+g-Gumra- Ao(Tis, om+)

gHWwW COS 9WA1(TVI[J/7 UW) + g 2N, 1/2(TtH7 Ut) )

A (H) = sinw gz Gumen-— Ao(Ther, o) (3.76)
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where 75 = 4m?/m?%, o; = 4m?/M%, guww is given in Eq. (3.45), and gyp++p-- and
Jrm+m- are given by Eqgs. (3.46)).

Comparison with the SM predictions lead to the modification factor Ry, for the h, H — Z~
decay rate width

ourm(gg — h, H = Z7)

fonitz = = (99 = @ = 7)
l0(gg = @) x I'(® — Z7)]|sm C(h, H)|grm '

In Fig. we plot the relative width factor Rz, as a function of the scalar mixing sin « 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 — Z~ in scenario 2. For the lighter H no
enhancement is observed in Z7. A measurement of the rare decay into Z~ could thus serve

as a confirmation of this scenario in HTM.

For scenario 3, the HT'M 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 sina are very small, and more pronounced for the uncorrected relative width, overall
similar to those for vv, 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 av. 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
~v7. 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 vy~
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 — Z~ (left column) and H — Z~ (right column)
with width corrections for Scenario 1(upper row), and Scenario 2 (lower row) as a function

of sin v, for various A5 values.
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Figure 3.8: Relative Branching Ratios for h/H — Z~ in Scenario 3 as a function of sin a, for

various A5 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 a to vary and expressed all the couplings in the Higgs potential
as a function of this angle, and of the square-mass splitting A\5. 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 — v 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 ete™ 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 7. 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 77 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 — Z7 and we find only one significant
enhancement in scenario 2, for A. This scenario shows enhancements in v 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 — ~vv and h — Z~, 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

23
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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 [164H170],
in composite Higgs models [171-179], in Little Higgs Model [180-185] and in gauged flavor
groups [186189]. 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). 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 — v 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 — ~v 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 o(pp — h) x BR(h — ~vy) = 0.77 £ 0.27 times the SM rate, while
ATLAS observes o(pp — h) x BR(h — v7y) = 1.55703% times the SM rate [215218]. 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 — Z~
with one for h — ~v. We also include the prediction for the vector-like lepton effect on

branching ratio of h — Z~ 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 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 — vy in [£.3.1} and h — Z~v in £.3.2] In Section 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. [123H134]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); left-handed lepton doublets L} = (v}, €’ ), right-handed
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charged and neutral lepton singlets, v, and €/, and the mirror right-handed lepton doublets,
LY, = (v}, ) and left-handed charged and neutral lepton singlets v} and €7 . The vector-like

leptons have the following quantum numbers under SU(3)¢ x SU(2), x U(1)y:
L,L: (1727_1/2)’ L;/%: (1a2a_1/2): 6;2 = (171,—1),
el =(1,1,-1), v = (1,1,0), v, = (1,1,0), (4.1)

with the electric charge given by @) = T3 + Y, where T3 the weak isospin. The Lagrangian
density of this model is:

Lyrm = Liin + Ly + Ly, — V (D, A), (4.2)

where Ly, Ly, Ly, and V (P, A) 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]
£y = — [I/Z[/hzejq)eg% —I— hC] — [hZ]L_ZCZTQALJL —f- hC] s (43)

where ® = i7,®*, h, is a 3x3 complex matrix, and hi; is a 3 x 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
_ 1 1 _
Ly, = — [MLL’LL'}’% + Mgégre] + M, vpvy + §Ml’,ﬁ}§y}% + éMé’D’L’CVg + Wi (L ®@)el

R (LE®)e] + b, (L m @Yy, + Wi (Lyr @) + by Liein ALY + K Lifin ALY,

FAG (L @)ely + N (L @)l + N Litirs ALY + N, Liir, ALY, + 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(®,A) = m*®'® + M°Tr(ATA) + [ inAT® + he.] + A (0T0)?
+ 2 [Tr(ATA)] + A TE[(ATA)?]) 4+ Ay (@1 D) Tr(ATA) + \;0TAATD,  (4.5)

with m and M the Higgs bare masses, p the lepton-number violating parameter, and A;-As5

the Higgs coupling constants. The expressions for the A;-A; 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,

(%) =ve/V2,  (A°) =ua/V2 (4.6)
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where ® and A are the doublet Higgs field and the triplet Higgs field, with v? = v2 + 20% =
(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 M, Mg,
M, and M) 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), singlet fields are odd,
while the new SU(2),, doublets are even, this forces all Yukawa couplings involving new
leptons to vanish, hyy = hiy = hj, = hy = hj; = hj; = 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 A, = A}, = A, = \j; =

Aj; = 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 My, Mg ~ 10—100 TeV, or reduce the branching ratio
for h — 77, uTp~ and h — v 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 x 2 mass matrix Mg is defined as [97,[210]

(EL 1) (ME)< i ) , with Mp = < " MHL > (4.7)

EV, Mg ml

where m/y, = hve/v/2 and m/y = Kibve /2, with v the VEV of the neutral component of

the Higgs doublet. The mass matrix can be diagonalized as follows:

Mg, 0
WMM%=<O M@)' (4.8)
The mass eigenvalues are
1
M3, 5, = 5 [(MF 43 + M3+ i) £ VRE V2] (4.9)

with

X = (ME+mlf— ME—ml),

By convention, Mg, > Mpg,. For simplicity we assume that the lepton Yukawa couplings
I’y and A’ are real so that the transformations that diagonalize the mass matrix are real

orthogonal matrices:

v, = ( cos 0, sin«9L>7 (4.11)

—sinf; cosdy,

0 in¢
Ve = ( costflp  sin R>. (4.12)

—sinfr coslgr
The angles 0, g are given by
" /
2 2 12
Mg, — M7 —mf;
2 2 "2
Mg, — M7 —mf

tanf, = (4.13)

(4.14)

tan QR =

The eigenstates of the vector-like lepton mixing matrix enter in the evaluation of h — v+ and

h — Z~ 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 —
vy and h — Z7, 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— vy

Recently, the Higgs Triplet Model has received renewed interest because of attempts to rec-
oncile the excess of events in h — v observed at the LHC over those predicted by the SM.
Such an enhancement hints at the presence of additional particles—singlets under SU(3)¢,
but charged under U(1)e, —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 A — ~yv is

Gra*m}
r(h — — ZEA T
E= i = o s

> NI QignsrAva(7) + grww A () + Gnrr i Ao(Th)
7

2
+ 4§hHiiH11Ao(TI}}ii) + MAl/Q(Tgl) + %AI/Q(TgZ) ,(4.15)
MEl ME2
with Mg, , Mg, given in Eq. (6.13]), and where the loop functions for spin-0, spin-1/2 and

spin-1 are given by:

Ao(r) = —[r—f(r)]772, (4.16)
Aip(r) = =7 '[1+ (1 =-7YF (Y], (4.17)
Ai(r) = 1+ ;7’1 + 4771 (1 - %7‘1) F( ., (4.18)
and the function f(7) is given by :
arcsin® \/7 0<7<1
fO) =9 1 14+vi=r7 77 (4.19)
-1 logﬁ—m] T>1,

2

with Tl-h — Mhand m; is the mass of the particle running in the loop [97]. In Eq. (5.33)) the

4m?’
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:

pp, = —cosfrcosfp(mytanfg + mltanfy)

pp, = cosfpcoslr(mytanf + m7, tanbg) (4.20)
The couplings of h to the vector bosons and fermions are as follows:
gnff = cos o/ cos Py ; grhww = COS v + 2sinava /ve , (4.21)

with ff = tt, E\E:, E,E, and the scalar trilinear couplings are parametrized as follows

OhH++H-— = m2w {2)\27% sina + Agvg cos a|
9Mir++
m
GhEp+H- = 2ng2V { [4UA()\2 + A3) cos® By + 2uadgsin® By — V2509 coS [+ sin 54 sin «v
H=*

+ [4X vg sin Be? + (204 + A5)vg cos® Bi + (4 — \/§A5UA) cos [ sin ﬂi] coS a} . (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)

ourm(99 = h—vy) _ lo(gg = h) x BR(h — y7)|nru
osm(gg = @ —vy)  [o(gg = @) x BR(® — v7)]|sm
[o(g9 — h) x T(h = y)]arm . [D(®)]sm

[0(g9 = @) x T'(® = v7)]sm [T(h)]ara’

Rhﬁfw =

(4.23)

where @ is the SM neutral Higgs boson and where the ratio of the cross sections by gluon

fusion is

UHTM(.gg — h’ — ’y’y) _ COS2Oé (4 24)
osm(gg = © = v7)

Here « is the mixing angle in the CP-even neutral sector:
© cosa —sina h
= , (4.25)
4] sina cosa H

va 205\ 4 As) — dvgp/V2va
Ve 202N — V2V 20a — 203 (g + A3)

with

tan 2«

(4.26)

In Chapter |3| we investigated the Higgs boson decay branching ratio into 4+ with respect to
the SM— assuming that the lightest Higgs boson is the 2.30 signal excess observed at the
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Figure 4.1: Relative decay rate Rj_,,, in the limit M = Mg = 0 (left panel) as a function
of mly = m/,, for sina = 0, as a function of sina for mly = m’, = 100 GeV (middle panel),
and as a function of sina for m’; = m;, = 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 — vy branching fraction. We thus set the
values 125 GeV and 98 GeV for the h and H masses, respectively, and adjust the parameters
A1 — A5 accordingly.

Vector-like lepton masses and mixing parameters depend on M, and Mg, the explicit mass

parameters in the Lagrangian; and Ry, b, the vector-like leptons Yukawa parameters. In

the limit of vanishing Dirac mass terms M and Mg, the prefactors P Eq. (5.33) go
E;
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 Rj_,.., defined in Eq.
as a function of ml; = mJ, (or equivalently hly, = h%,), for various values of doubly
charged Higgs bosons mass in the left panel of Fig. for sina = 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/,.

Allowing mixing in the neutral Higgs sector changes the relative contributions of the charged



CHAPTER 4. VECTOR-LIKE LEPTONS IN THE HIGGS TRIPLET MODEL 62

Higgs to the diphoton decay. We show decay rates for h — v as a function of sina for
different values of doubly charged Higgs boson mass, assuming m/, = m/, = 100 GeV (and
200 GeV), in the middle and right panels of Fig. , respectively. Considerations for relative
branching ratios are affected by the fact that the total width of Higgs boson in the HTM for

sin # 0 is not the same as in the SM. The relative widths factor is

Flrsy 0= S ID T WW) T = 229+ T(h = v)]arg

HTM 7

C(®)]sn L@ =S FH+D@ = WW*) +T(® — ZZ%)|su . (4.27)
f

The plots in Fig. [£.1] correspond to symmetry condition 1 in Section .2} that is, My, = Mg =
0.

However, if mixing with SM leptons is forbidden, but the vector-like leptons are still allowed
to mix with each other, the prefactors pug, /Mg, in Eq. are not 1, and can modify the
Higgs diphoton decay. In the next plots we investigate the effect of nonzero mass parameters
M}, and Mg, for fixed values of the Yukawa couplings. In Fig. [4.2]we present the contour plots
of constant Rj,_,,, for hf; = h%; = 0.8 in the plane of the explicit mass terms M and Mg,
for various values of doubly charged Higgs bosons mass and sin . The contours are labeled
by the value of Rj_,.,. The vector-like lepton masses are restricted to values for which [210]
Mg, > 62.5 GeV, where Mg, , are given in Eq. . The plots indicate that it is difficult to
obtain any significant enhancement of the ratio Rj,_,-- for sin @ = 0, and this does not depend
on the chosen values for the doubly charged Higgs mass; however for sin a # 0, enhancements
are possible for various values of my++. In Fig. we investigate the dependence of Rj_,.,
on the Yukawa couplings and vector-like lepton masses. We show contour plots for fixed
Ry in a by — My, plane, with bl = h%, and M, = Mg, for various values of sin o and
doubly charged Higgs boson masses. Enhancements are possible here for all values of sin «,
but while for sina = 0 the decay h — v+ is enhanced for large vector-like lepton masses and
Yukawa couplings, for sina # 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 — 7 is enhanced,
sina # 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 sin «.

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 Rj_,, for the various scenarios. In Table we fix

the value of the Yukawa coupling to h’%; = 0.8, allow the vector-like lepton masses to vary in
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Figure 4.2: Contour plots of constant Rj_,,, for mass terms Mg and My, for hy = h%, = 0.8

and combinations of doubly charged Higgs boson masses and sin a: (upper left panel) my++ =
150 GeV, sina = 0; (upper middle panel) my++ = 150 GeV, sina = 0.2; (upper right panel)
mpy++ = 300 GeV, sina = 0 ; and (lower left panel) my++ = 300 GeV, sina = 0.9 ; (lower

middle panel) mg++ = 500 GeV, sin o = 0; (lower right panel) my++ = 600 GeV, sina = 0.

the (100-500) GeV range, and show the values for Rj,_,.. for different values of sin o 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 sin . Enhancements in the branching
ratio of h — v are possible for light values of my++ < 300 GeV, and are much more
pronounced at large sin«a. Note that for sina = 0, the result is independent of mpy++, in
agreement with the results obtained in Chapter (3| The reason is the following. In Eq. ,
for sin @ = 0, the coupling between neutral and doubly charged Higgs is

2
ghH++H-- = i [)\4?@} =¥ [2mHzii"U¢I>} = 2"W (4.28)

2 2 )
gMipt+ gMipr++ Vs gus

where we used the expression for A4 from Ref. , which is independent of mg++. In Table

we allow— in addition to mass variations,— variations in the Yukawa coupling Ay € (0 — 3).
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Figure 4.3: Contour plots of constant Rj_,., for mass terms M}, and h, = h';, for various
doubly-charged Higgs boson masses and sin a: (upper left panel) m g+ = 200 GeV, sina = 0;
(upper middle panel) my++ = 200 GeV, sina = 0.4; (upper right panel) my++ = 300
GeV, sina = 0; and (lower left panel) my++ = 300 GeV, sina = 0.9; (lower middle panel)
mp++ = 500 GeV, sin o = 0; (lower right panel) my++ = 600 GeV, sina = 0.

This means allowing both explicit (Dirac) masses and additional contributions by electroweak
symmetry breaking, m/;, m.. The dependence on the Yukawa coupling h’; is much weaker

than on sin« or on mpg++.

However, one can see from the Tables that modest enhancements of the ratio Rj_,,, are
possible for sin o = 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 — v in the absence of mixing in the neutral sector.
The absence of mixing would manifest itself in observing tree-level decays (h — bb, 747, ZZ*
and WW*) identical to those in the SM. There seems to be a minimum value of Rj_,,, for

sina = 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 Rj_,,, as defined in the text, for the doubly charged Higgs mass

(in columns) and the neutral Higgs mixing angle sin « (in rows), for Dirac vector-like lepton masses

in the range Mg, M}, € (100 — 500) GeV, with b/, = 0.8 .

R, ‘ myg++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sina =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
sina = 0.1 0.02 — 0.08 0.05 —0.23 0.2—-0.5 0.3 -0.7 05-1 0.6-1
sina = 0.2 0.8—-1.6 0.02-0.14 0.01 —0.08 0.1-0.3 04-0.8 0.5-0.9
sina = 0.3 4—-52 0.2-0.9 0.02 -0.12 0.01 —0.04 0.25 — 0.55 0.3 —-0.7
sina = 0.4 9 —10.75 1.4 -22 0.1-0.5 0.02 — 0.08 0.15—-0.35 0.25 — 0.55
sina = 0.5 16 — 18 3.2—-4.2 0.6 —1.2 0.056-0.3 0.06 —0.22 0.15 - 0.35
sina = 0.6 24 —26.5 5.6 —6.8 14-21 0.25 -0.7 0.01 —0.08 0.06 — 0.2
sina = 0.7 32.5 —34.5 8.2—-94 24-3.1 0.7—-1.1 0.002 — 0.008 0.02 — 0.08
sina = 0.8 38.5 —40.75 104—-114 3.4—-4.1 1.2-1.65 0.005—-0.045 0.001 — 0.006
sina = 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 but also allowing h'y € (0 — 3).
R, mpg++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV

sina =0 0.5—-2 0.5—-2 0.5—-2 0.5—-2 0.5—-2 0.5-2
sina = 0.1 0.056-0.3 0.1-0.6 02-1 02—-14 0.5—-1.75 0.5—-2
sina = 0.2 0.5—-2 0.1-04 0.05-0.3 0.1-0.7 0.25-1.5 0.25 — 1.75
sina = 0.3 2—-6 0.5—-1 0.1-04 0.05-0.2 0.2-1.2 02-14
sina =04 6—11 1-25 0.2-0.6 0.05—-10.3 0.2-0.8 02-1
sina = 0.5 14 — 18 2-4 0.5—-1.5 02-04 0.1-0.5 0.2-0.8
sina = 0.6 20 — 26 4-7 0.5—-2.5 0.25 - 0.75 0.05 —0.25 0.1-0.5
sina = 0.7 30 — 36 7—10 1.5-3.5 0.25 —1.25 0.01 —0.07 0.05—-0.2
sina = 0.8 36 — 40 9-—-12 2.5—-4 0.5 —1.75 0.02 —0.08 0.01 —0.04
sina = 0.9 35 —38 9.5—-11 3.2—-42 1.2-1.38 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 — =+, which is due to the fact that the vector-like
lepton contribution interacts destructively with the dominant W* contribution. As a general
feature, Rj_,,, increases when we lower the doubly charged Higgs mass and increase sin a.
This rules out part of the parameter space. For instance, for my++ = 150 GeV, the mixing
cannot be larger than sin o = 0.2, and for my++ = 200 GeV, mixings larger than sina > 0.5
are ruled out. If the value of my++ is increased to 500 — 600 GeV, only modest enhancements
are possible, and only for sina = 0, for vector-like lepton explicit masses in the 100 — 500
GeV range and hj; = 0.8. Increasing the vector-like leptons Yukawa coupling increases the

overall ratio Rp_,,.

4.3.2 h— Zvy

In most models, the h — vy and h — Z~ partial decay widths are correlated or anticorrelated,
though usually the enhancement/suppression in the Zv channel is much smaller compared to
that in the vy channel. However, as in models with new loop contributions to h — vv, Zv, 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 — Zv is also further
justified by the recent results from CMS and ATLAS [225]226], which indicate branching
fractions consistent with the SM expectation at 1o in the Higgs boson h mass region at 95%
C.L. The decay width for h — Z~ is given by [150-153]:

aGrmi,m;

m2\ >
[P(h ~ ZV>]HTM 6474 ( m,%)

1
cw Z 2N/ Qs (1] — QQfS%/V)ghffA?/g(chL, 7)
!

I —2055%)(2
(I3 — 2QEsy)(2QE) [uElghffAl/Z(Tgl7T§1) n “EzghffAflzﬂ(TgQ’TEZJ
cw Mg, MEg,

hi_h _Z ~ h(_h Z
+ CWghWWAl (Tw, TW) — 28w OnhH* HF YZHEHT Ao (THi ) THi)
2

, (4.29)

2

~ h(_h Z
— 4SWth;t;tH:F:FgZHiiH=F:FAO(THj:j:,TH:l::l:)

where 7' = 4m?2/m2, 17 = 4m?/m% (with i = f(= t), By, Eo, W, HE, H**), and the loop-

)

factors are given by
Ab(my, 1) = L(" 1%,

Ail/2(7_h’ TZ) = Il<Th7TZ> - -[2(Th7TZ>> (430)
A" 77) = 4(3 —tan? Oy L(7", %) + [(1 + 27" Y tan? Oy — (5 + 27'}“1)} Li(th 7).
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The functions I; and Iy are given by

L(" %) = 2(7_Th i 7 + Q(ih jTZ)z F (") = f (7))
b ) )
Bt = g ) =1 ), (431

where the function f(7) is defined in Eq. (4.19), and the function g(7) is defined as

V71— 1sin! (\/F) , (tr<1)
g9(1) = Y — {log (1 + \/1—77—1> B m} e, (4.32)
2 Vit
In Eq. we list, in order, the ordinary leptons, vector leptons, W boson, singly charged
Higgs, and doubly charged Higgs contribution. The scalar couplings g, ;7 and gpw+w- are
given in Eq. , and the scalar trilinear couplings g,y+gy+ and gny++g++ are given in

Eq. (4.22). The remaining couplings in Eq. (5.36)) are given by
gzH+H- — — tan 9W , QgzH++H— = 2 cot 29W . (433)

We proceed to perform a similar analysis as in Sec. [£.3.1] We show first the variation of the
branching ratio h — Z~ with the mass m/, = m/,, for various values of the doubly charged
Higgs masses, for the case of no mixing in the neutral sector, sin &« = 0 (shown in the left panel
of Fig. , and as a function of the mixing angle sin a for m/, = 100 GeV, and m/, = 200
GeV, in the middle and right panels of Fig. respectively. We have chosen the same
parameter values as in Fig. for comparison. It is clear that the branching ratio into Z~ is
fairly independent of both m/, and my++ and is always just below the SM expectations. Note
that the severe suppression seen in h — 7 for sina = 0 (Fig. , left panel) does not occur
here, and the results of the left panel of Fig. [£.4] are consistent with the data at LHC.

But the variation with the mixing angle « is pronounced, and the branching ratio can reach
almost twice its SM value for sina ~ 0.8. However— correlated with our predictions from
Sec. m and LHC measurements for Rj_,,,— the parameter space corresponding to an
enhanced h — Z7, for both m}; = 100 GeV and 200 GeV, for doubly charged Higgs mass
mpy=+ = 150 GeV is ruled out. For all other values considered, the value for Rj,_,z, 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 — Z~ can be suppressed significantly with

respect to the SM. We plot signal strength for h — Z~ as a function of sin« for different
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Figure 4.4: Signal strength for R;_,,z as a function of m/, = m/; for different values of doubly-
charged Higgs masses, in the case of no mixing, i.e., sin &« = 0 (left panel); and as a function of
sin « for my, = m/y, = 100 GeV (middle panel), and m/y, = m/, = 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’, = m/, = 100 GeV and 200 GeV in
the middle and right panels of Fig. [£.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 sin @ = 0, while for sina # 0
we take into account the relative widths factors, Eq..

In Tables and [£.4] we present the explicit ranges of Rj_,z, for varying Mg, My, and for
a range of h; parameters. We choose a fixed value for i = 0.8 in Table 4.3 as this is the
preferred choice from other analyses [97,210], and to facilitate a comparison with Table
A comparison of Tables and shows that the decay h — Z~ is far more stable against
variations in masses and values for sin & than h — 77, making it a less sensitive indicator for

the presence of vector-like lepton states.

In Table we also allow variations in the Yukawa coupling hly € (0 — 3). As before
this amounts to allowing both explicit masses and contributions from electroweak symmetry
breaking, m'y, m,, to vector-like lepton masses. A comparison of the Tables and
indicates that the results are not very sensitive to variations in the Yukawa coupling h’;
or the vector-like lepton mass parameters Mg, M. However, the relative branching ratios

are very sensitive to values of sina. While the branching ratio into Z7v 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 sina ~ 0.7 — 0.9— where enhancement is possible; however as discussed
before, this region is ruled out by constraints from h — v measurement, Table [£.2] Note
that for sina = 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 R}z, as defined in the text, for doubly charged Higgs mass (in
columns) and neutral Higgs mixing angle sin «v (in rows), for Dirac vector lepton masses in the range

Mg, My, € (100 — 500) GeV, with I’y = 0.8,

Ry, ‘ mpg++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sina = 0 0.96 — 1 0.96 — 1 0.96 -1 0.96 — 1 0.96 — 1 0.96 — 1
sina =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
sina = 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
sina = 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
sina = 0.4 0.03 — 0.04 0.09 - 0.10 0.27-0.3 0.41-043 0.63-0.66 0.68—0.71
sina = 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
sina = 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
sina = 0.7 1.18 —-1.21 0.07—-0.08  0.005—-0.007 0.06-0.07 025-0.27 03-0.32
sina = 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
sina = 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 but also allowing h'y € (0 — 3).

Rz, my++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sina =0 0.94 —1.04 0.94 — 1.04 0.94 — 1.04 0.94—-104 094-1.04 094-1.04
sina = 0.1 0.47 —0.54 0.66 — 0.74 0.76 — 0.84 0.8—-0.9 0.92 —0.98 09-1
sina = 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
sina = 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
sina = 0.4 0.03 —0.05 0.09 —0.12 0.27 —-0.31 04-0.5 0.63 —0.68 0.67—0.73
sina = 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
sina = 0.6 0.6 - 0.7 0.001 —0.009  0.05 - 0.07 0.15-0.18 0.38—-0.42 0.43-047
sina = 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
sina = 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
sina = 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, va. When va < 0.1 MeV, the dominant decay mode of H** is into lepton
pairs. If va > 0.1 MeV, the main decay modes of H** are into WE® W] 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[2271229],
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~! of LHC collisions at a center-
of-mass energy /s = 7 TeV and 18.8 fb™! of collisions at /s = 8 TeV, they constrained
the masses to lie above 685 GeV [140,/141,1233,/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

va = 1 GeV throughout our considerationﬂ

The main production mode for doubly charged Higgs bosons H** is the pair production pp —
v*, Z* — HT¥*HTT and the associated production pp — W** — H**HT. The production
cross sections for both the vector boson fusion ¢@Q — ¢’Q'H**, and the associated weak
boson production ¢@QQ — W** — H**WT are proportional to v4 and much less significant

for va K vg.

At hadron colliders the partonic cross section for the leading order (LO) production cross

! 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 va is small enough to satisfy electroweak precision conditions, but large enough to allow

decay into gauge boson and charged Higgs [1,[123H134,219-222].
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section for a doubly charged Higgs boson pair is

2 26,0V, 1— M2/Q?%) + (v + a?)v?
brolaq — HEHFF) = T g [ g2 ¢ Zoavatursell = MGJQT) &+ (v +ag)vigee] (g
9Q (1—-Mz/Q*)? + Mz1%/Q
where we defined
2]3,1 — 46q Sin2 QW 2]3q 2]3H:l::l: —4 sin2 QW
v - a, = v =
“ sin 20y 17 §in 20, = sin 20y, ’

with I3; the third component of the isospin for left-handed particle i, Q* = § the square of

the partonic center-of-mass energy, g = \/ 1 —4m?,.,./Q?, and a the QED coupling constant
evaluated at scale (). The hadronic cross section is obtained by convolution with the parton
density functions of the proton

dLe

or
dr

1
oro(pp — H*HFF) = / dr 0(Q* =715), (4.35)

70
where £99 is the parton luminosity and 7o = 4m?,.. /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

2 2 2 2 2
s s 21) = PP (1o - Y (B s

2 2 2 ? 2
4 M+t Mpg+s Mpg+s Myt

where m; is the mass of the ith lepton (i = e, or 7) and S;; = 1(1/2) for i # j, (i = j).
Similarly the decay rate of H** into fourth generation vector-like leptons is, if kinematically

allowed

2
++ + o+ / 2 " o] Mpy++ m2E1 mQEJ‘ m2Ez m2Ej
F(H - Ez Ej ) = Sl] |:|hEzE]| + |hEzE]| } A7 1 - m2 ) N A 2 2 )

b
Ht+t Mg+ Mpg+y Mgty

(4.37)

with Mp, the mass eigenvalue from Eq. (6.13)). In addition, we include the decay rates of
H** into W*W* and W*H=:

4,23 Am2 19mA 2
D(H* » WHw#) = L8k (1— T+ TW> ﬁ( 7 ) (4.38)
Ty, Myt Mg+ My++

++ + 7+ gzmzz;{ﬁ 2 miy mIQLIi G
I'(H= - W*H*) = —/—cos" (1 |A , (4.39)

2 2 .2
16mmy;, Mypee Myt
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where cos S+ ~ 1 is the mixing angle in the singly charged Higgs sector and

Blz)=V1—4dz,  Mz,y)=1+2>+y" — 22y — 22— 2y. (4.40)

We investigate the branching ratios of H** in two distinct parameter regions:

e Condition 1: when H** — W*H% is not kinematically allowed, H** decays into
leptons and W* pairs only:
D(H* — X X)
I, ( Hiﬂ:) ’
with the total width for Condition 1 being

BR(X]X) = where X; = I, B W, (4.41)

[y(H*) =T(H™ = 1) + T(H* = EfEY) + T(H — WHW™),

e Condition 2: when H** — W*H* is kinematically allowed, E| H** is able to decay

into charged Higgs and gauge bosons as well,

D(H* - X7X7)

+ v+ _ 1+ ot ot
BR(X; X; ) T (HEE) where X; =107, E-, W=, and
[(H** — HEW*)
BR(W*H*) = 4.42

with the total decay width for Condition 2 being

Do(H*F) = T(H™ — I717)+T(H™ — EfEf)+T(H™ —» WEW*)+T(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). ﬁ 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 hl; = b, = 0.8 for both cases, and impose symmetry condition 3, that is, we only

disallow mixing of vector-like and ordinary leptons:

e Case A corresponds to very light vector-like leptons: Mp = My = 205 GeV. For this
case we obtain for the mass eigenvalues, Mg, = 344.2 GeV, Mg, = 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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e Case B corresponds to intermediate-mass vector leptons: Mg = 400 GeV, My = 300
GeV. For this case we obtain for the mass eigenvalues, Mg, = 498 GeV, My, = 202
GeV.

In Fig. 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 Ryy = o(pp — H**HTF) x BR(H** — XY) with XY as specified in the attached
panels, as functions of the doubly charged masses. In evaluating the cross sections we have
included the NLO correction factor K ~ 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
hyp = hlgp = 0.1 and h;; = 0.01 throughout. Similar graphs would be obtained with smaller
values of h'lyp and h7,, but the values of Rgr 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 Fy becomes dominant, and can reach 80-90% when kinematically allowed (in
the my++ > 200 GeV region for Mg, = 65.8 GeV, Case A) and overwhelms the other decay
modes, which are now below 5%. The branching ratio into W*W T is important for doubly
charged masses below the threshold for pair production of vector leptons mpy++ < 400 GeV,

and becomes negligible for my++ > 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
Vs =TTeV and ~ 8 fb at /s = 13 TeV (for my++ = 400 GeV). The integrated luminosity
was taken to be £ =10 fb~! [12§].

The difference between Case A and Case B in this figure are threshold effects. For Case
B, mpy++ > 400 GeV for decay into pairs of E, states, as Mg, = 202 GeV; otherwise the
branching ratios are the same. Had we chosen smaller doubly charged Higgs couplings with
vector leptons, h’yp =~ 0.01, the branching ratios into ordinary leptons, vector leptons, and

W= pairs would become comparable for my++ > 600 GeV.

In Fig. 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 hyp = h', = 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’,, ~ 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 (sina = 0), there is no enhancement of the rate of decay of h — 7 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 — Zv and h — vy would be affected. We show that, for the no-mixing scenario
(sina = 0) the decay rates into 7y and Zv 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 — ~7, where for large Yukawa couplings the rate of decays could
even double. Under the same circumstances, the decay width for h — Z~ 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 sina # 0, the effect of the doubly charged Higgs bosons is felt for both h — v and
h — Zv, most spectacularly so for very light my++ = 150 GeV, which is ruled out for
sina # 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 — 77 is enhanced, but few for an enhanced

h — Z~, and these regions are ruled out by the branching ratio for h — ~vv. However, if
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the decay h — =7 is (modestly) enhanced, while h — Z7 is the same as the SM prediction
to 1o, small mixing angles and light doubly charged Higgs bosons mpy++ < 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 — <+ and an enhanced rate for h — Zv 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’zp = 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 Ay = 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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Rxy = o(pp — H**HTF) x 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 hlyp = by = 0.1 and h;; = 0.01.
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Figure 4.6: Same as Fig 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 — 7y

and H — Z~, 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 — = 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 HT'M and the impact of vector-like states
on the Higgs branching fractions, particularly into two photons and into Zv. 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 and with (in ) vector-like quarks.
We define the representations, as well as masses and mixing parameters. We proceed by
examining the electroweak precision constraints in Sec. in the HTM, again without
and with 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 — vy and H — Z7v in Sec. . 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), x U(1)y, but one triplet field A with hypercharge ¥ = 1
is added to the SM Higgs sector, which already contains one isospin doublet field ® with
hypercharge Y = 1/2. The Higgs fields are given by:

AT ++
Al VoA A
o = [

V2
A+ |

: , (5.1)
L \/%((5+UA+277) -5

-5 (¢ + va +iX)

where ve and va are the VEVs of the doublet Higgs field and the triplet Higgs field, with
v? = vd + 20k ~ (246 GeV)? The Higgs potential involving the doublet ® and triplet A
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V(®,A) = m*®@'®+ MTr(ATA) + [p®TinAT® + he] + M\ (210)?
+ o [Tr(ATA)]? + A Tr[(ATA)?] + Ay (@1 D) Tr(ATA) + \0TAATD,  (5.2)

with parameters (all assumed real), m and M, the Higgs bare masses, u the lepton-number
violating parameter, and A;-A5;, 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:
T B cos B+ —sin fy wt X\ [ cosBo —sinfo z
A* sin B+  cos B+ H* )’ n sin By cos f3y Al
% _ cosa —sina h | (5.3)
) sina cos H

with mixing angles given by

2v 2v
tanﬁi = \/;(I)Aa tanﬁo = 'U_q,A’

ve 20001 — M3 — 205 (M2 + A3)’

tan 2«

(5.4)

The CP-even Higgs states which mix with the angle a are given, in terms of the couplings in

the scalar potential, by

2
mjy = 2031 cos” o+ [M3 + 2va (A2 + A3)] sin® o + {UL@AMK — vpuA (g + )\5)} sin 2a,
(5.5)
2
mi; = 2031 sin® o + [M3 + 203 (A2 + A3)] cos” o — le@AMZ — vgUA(Ag + )\5)] sin 2,
(5.6)

h defined M? V!
whnere we ernne A = .
V20,

CP-odd sectors are constrained to be small by the hierarchy of the VEVs, the same is not

Note that, while the mixing angles in the charged and

necessarily the case for «.. In fact, as we have previously shown, if and only if « 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 p parameter, defined at
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tree level
2 92 2 2 2 92 2 2
my = Z(% +2vy), my = m(% + 4vp),
202
m2 1+ U—QA
p = i = - (5.7)

2 B 403
mycos? by 14 s
@

insuring the smallness of va/vg. The parameters of the model are further restricted by
the smallness of the Majorana neutrino masses, proportional to the lepton number violating

coupling constant p

2
v

(my)ij = \/§hijUA = hij%7 (5~8)
A

requiring p << Ma 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 sin « to vary,
set my, = 125 GeV and myg = 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)y 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), x 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 (170,194} [250H254]. 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)., and hypercharge quantum numbers.

Table 5.1: Representations of vector-like quarks, with quantum numbers under SU(2) x U(1)y.

Name U D Do Dx Dy Tx Ty
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet

X T

T X B

T B T B

B Y

SU(2)p 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]

Lsr —YuqrHur — yaqr Hdg,
Ly p, —AuGrHUy,, — Ma@uH Dy, — MULUp — M Dy Dp,
Lp, —AuDao, Hup — \gDo, Hdg — M Dy, Do,
Lowpy, = —MDx, Hug — M\gDy, Hdy — MDx, Dx, — M Dy, Dy, ,
Lrom = —A@urHOTE, — Mgur HTE — MTx, Txn — M Ty, Ty, (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 m; and my can be diagonalized by two mixing

matrices:

Vi = cosf} sind} | yi - cosf} sinby | (5.10)
—sinf} cosO} —sinf} cos 6},
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for the singlet or triplet vector-like quark, such that

cosf} —sin6y Vo cosfy,  sinfy (om0 | (5.11)
sinff  cosff 0 M —sinfy cosff 0 mrp

where mp > M > m,. Similar relations hold for m; and mpg. The relations between the

tree-level input parameters and the mixing angles and masses are given by [258|:

2,2 2
Y, v 2 Ly
— 14 "t
2 M ( + M? — mf)
2
2 2 Tt
- M1y
" ()
M
sin 03! = ()
\/(M2 — Miw)? + Mg,
sin g%t = T THY) , (5.12)
\/(M2 — m?(b))2 + M%f(b)
Ay U Agv

where x; = and x, = . For the case of doublets, the diagonalization can be carried

V2

out in a similar way:

cosf} —sin6y s 0 cosfy  sinff [ 0 ' (5.13)
sinf}  cost} x M —sinf} cost 0 myp

The relations between the parameters are the same, except that the formulas for the left- and

V2

right-handed mixing angles are interchanged:

m x
sin i — 1(0) L1(b) 7
2 2
\/(M2 — Myy)* + MPagy,
Mz
sinf? = 1) . (5.14)

\/(M2 —mjy)? + M?xf,

We use the shorthand notations s** = sin #*% and ¢4 = cos 6%, Note that in the Tx triplet
model, the two mixing angles are related to each other by z, = v/2z;,. In the 7y model,
for bottom sector z;, = —x; and for the top the same formulas as in other case apply, with
xy — /21, [257,1258]. 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

Zbb coupling at the tree level, while the mixing between a t quark with a heavy vector-like T
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modifies the Wbt vertex. We compute both of these, using analytical expressions. In the D,

mode, the strongest tree level bound comes from correction to Zbb;, coupling:

)
SRy = 2Ry(1 — Ry) oot (5.15)
09%b1,
where
2
0gzor, =1 — 3 sin?fy,  Ogz = 577 (5.16)

Here g3 is the Z-boson coupling to the left-handed b quark in the SM, R, is defined as

I'(Z — bb
T (Z(—> ;; dr(zns)’ with its SM value R, = 0.2157810000% [257]. Electroweak measurements

constraints for the deviation d R, due to the new physics effects are R, = 0.00051 + 0.00066
[88], and experimental restrictions [259] are [Zbblex, = 0.21629 4+ 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 Wbt coupling:

dgw

—— =c¥ — 1. 5.17
595{/}\4 L ( )

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
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, 7" 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

!These 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
mr 656 GeV [260,261] 100% bW U, Dx, Tx, Ty
625 GeV [262], 750 GeV [263] 100% tZ Uy, Do, Dx, Tx, Ty
570 GeV [264], 740 GeV [265] 100% bW U, Dy, Dx, Tx, Ty

540-607 GeV [266], 850 GeV [267]  100% tH Uy, Ds, Dx, Tx, Ty
687-782 GeV [268], 540 GeV [269] bW, tZ, tH Uy, Ds, Dx, Txc, Ty
640-790 GeV [267] bW, tH Uy, Do, Dy, T, Ty
ms 800 GeV [270], 720 GeV [269]  100% Wt Dy, Do, Dy, Tx, Ty
680-700 GeV [271], 645 GeV [272]  100% bZ Dy, Do, Dy, T, Ty
582-732 GeV [271], 590 GeV [269] bZ, tW, bH D, D, 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 = 167Re [ﬁ%%(mé)—ﬁ%?z(o)},

_ 4‘/55;1““ Re [[1(0) — T111(0)] |
= 167Re [II3,(0) — 117}, (0)] (5.18)

75 (p%) — T35 (m)

p*—mi ’
and a, = a.(m%). The current experimental bounds defining AT =T — Tgy, AS = S — Ssum
and considering AU = 0, are AS = 0.05 + 0.09, AT = 0.08 + 0.07 [134,220] . In our
considerations we allow for a more conservative deviation for the AT parameter between

—0.2 and 0.4 [258].

where the gauge boson two-point functions are defined as ﬁ‘ﬁf, (p?) =

5.3.1 Contributions to the S,7" 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

Surm = 167Re |:H:;{QTM,V<m2Z) - H?TM7Z<O)] 3
402G R
Turm = o Re [H:;;’TM(O) - H};TM(O)] )

Unrm = 16mRe [H?I)-?TM,Z(O) - H}}TM,W(O)} - (5.19)
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where TI4%,,(p?) are the gauge boson two-point functions in the Higgs Triplet Model. The

. N
coupling factors are gz = o5 O SO
HZ'y 2 T 2
H%%M(pz) = = ) - T (p ?2 ’
sin Oy cosOw gy  cos?Ow gy
(%) = [1%% (p?) N 2 sin Oy, 1127 (p?) N sin? Gy 1177 (p?)
HTMAP )= a2 cos Oy G2 cos? Oy gz
1
M (0°) = WHHTMa (5.20)

evaluated at physical momentum transfers scales p® = 0, m7, m3y.

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
5.1l While we shall plot the dependence of both S and 7' 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 P [134220] :

2

(Y 2 v 2
HIVJVTVKa(pz) = 1272 {92 [ (gca + UA3a> Bo(pQ, Mp, Mw) + <_E¢Sa + UACa) Bo(p2> M, My )

5i

+ 203 Bo(p*, mpy+=, my) + 23, = 0A Bo(p*, mpy+, mwy)

2 2
% [%S%{/cﬁi + U_\/%(l + 3%{/)364 Bo(p®, mz, mw)} + %(Ui + 201)Bo(p?, 0, myy)
1
4
(Saspe + V2Cacs, )2 Bs(p*, mpre, ) + (Sacss — V2¢a85. ) Bs(p*, mw, mp)

+

|:<ca55:t — V28004, ) Bs (0, s, ) + (CaCps + V28055, ) Bs (07, my, mi,)

(8,3035i + \/563005i)2B5(p2, mpg+, mA) + (Sﬂocﬁi - \/50508,3i)235(p2, my, mA)

+ o+ o+ o+

(—CpoSps + V28505, )2 Bs (%, mur=, mz) + (CoyCo. + V255,55, )2 Bs(p*, mw, myz)

+ 5, Bs(p*, mpyzs, mps) + s, Bs(p?, mys+, 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 p # 1, a new input parameter (sin2 Ow) has to be
introduced in addition to the usual three input parameters such as (e, Gr, mz) to describe the electroweak
parameters [134}[220].
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The photon two-point function is calculated as:

62 92

H%VTM@% = 16722 E(Ui + 21}2)30(])27 mw, mwy) + 435(]?27 Mgt , M)

+ B5(p2,mHi,mHi) —|—B5(p2,mw,mw)]. (5.22)

The Z-boson two-point function in the HTM is

2
HI%I%M(pQ) = 1%?_(2 {mQZ [(Cﬁoca + 23,30804)2B0<p27 mp, mZ) + (C/BOSIX - QSﬁoca)QBO(p27 mmy, mZ)]
+ myy, [2c%i5%i30(p2, mpg+, mw) + 2(s5, + sgi)QBo(pQ, me, mw)] }
)
+ 64Z [4<CW i)’ Bs(p°, mp=+, my=x) + (¢ — siy — 3, ) Bs(p®, my+, mp=)
+ (¢ Sﬁi) Bs(p?, mg+, ma=) +2$/BicﬁiB5(p Mg+, MG+ )
+ ( CaCpy + Sasﬁo) B5(p mg, mA) + (28&650 - Cocsﬂo) B5(p ; Mp, mA)
+ (SaCsy — 2€a85,)*Bs(p*, my, mao) + (cacp, + 2Sa860)2B5<p27mh7mG0>:|. (5.23)

The photon-Z-boson mixing is calculated as:

28 2
H?) = oot { 58 + 208 |vasten, + V20a (1 + sh)sa | Bo(y? muw,mw)

167T20W

— 2(cyy — siy)Bs(p?, mps=, myes) — 5(0124, — Sy — ¢, ) Bs(p?, mps, my+)

1
- 5(0%/1/ — s — Séi)B5(P2, my, My ), (5.24)

where we used the short-hand notation for the Higgs mixing angles s(c), = sin(cos)a, s(¢)g, =
sin(cos)fy, s(c)p. = sin(cos)f+, and for s(c)w = sin(cos)fy. Here mg+ and mgo are the
masses of the Nambu-Goldstone bosons G and G°, respectively, which in the 't Hooft-
Feynman gauge are the same as the corresponding gauge boson masses i.e. mg+ = my and

mgo = myz. The By — By functions are listed in [275].

In Fig. we show the dependence of the 7" and S parameters on the doubly charged Higgs
mass, for vo = 1 GeV, for the minimum mixing in the neutral sector, sina = 0, in the left
panel, and maximum mixing, sina = 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 my++ of ~ 266 GeV is required, for the case of no mixing in the neutral CP-even
Higgs sector. The bound is slightly raised for sin @ = 1 (maximal mixing), but not significantly

(upper bound on m =+ of ~ 280 GeV). Varying the triplet VEV va 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 mpy++ has been constrained by the Large Electron
Positron Collider (LEP) |152,227,229], the Hadron Electron Ring Accelerator (HERA) [230,
231] and the Tevatron [143-145,1232]. Some restrictions have been obtained independently
of the decay modes of the boson. Particularly, if mpy++ is less than half of the Z-boson
mass, the new decay mode Z — HT¥*H¥T will open. From the precise measurement of total
decay width of the Z-boson I'}” < 3 MeV (95%C.L.) [88], and the partial decay width into
a doubly charged boson pair, a lower mass bound mpy++ > 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™' at /s = 7 TeV. We summarize the results obtained in the different
two-lepton modes in Table 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, £ = 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% |140r
100% et et 444 GeV 409 GeV ]
100% etu™ 453 GeV 375 GeV
100% et 7t 373 GeV -
100% putpt 459 GeV 398 CeV
100% ptr+ 375 GeV -
100% 77+ 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 va > 107% GeV and close to or above WW threshold
(this is the case here, as we take va = 1 GeV, and my++ 2 200 GeV) [147,235,276]. Using
the ATLAS result (with 4.7 fb™" 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™!. 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 my++ 2 100 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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0.3 Tyrv ; 03 Tury
é 0.2 E 02"
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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 sina = 0, (right) for sina = 1. We take va =1 GeV and indicate the

allowed regions for AT.
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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 = {Z Z VL ? VR|2)\II+(y0m ?/z) + QRe(VaLzVaIE*)\IJ—(ya7 ?Jz)]

- Z[(| L+ U)X+ W ys) + 2Re(USUL ) Y (ya, y5)]

[B<a
— Y LUDEP + IDEP)x (i ) +2Re<DiLjD5*)X<yiayj>]} (5.25)
1<t

where the functions x () are defined as

ity (Y —y)’ [(yl—yz) 1yi +y2} v =l
= — In
X+(Y1:92) 5 3 + 6 2y — s y2 6 [y, y1)
ya — 1 1L yi+y (y1—12)?
+ = (Y2, 42) + [3 5 5 }f(ylny)v
+ ) + ;
X—(?Jl,y2) = —/Ui)2 [2+ (y1 — Yy — u)m& + f(yl yl) f(yz ?/2) o f(yhm)]
Y1 — Y2 Yo 2
(5.26)
and the function f is:
—y2+1 Y1 — Y2 — 1)
—2v arctan — arctan =¥—F—— A>0
( \/A VA
flyrye) = ¢ 0 A=0 (5.27)
VA ity —1+v-A A<O0,
\ R VA

where A = —1 — y? — y2 + 2y; + 2y> + 291y2. The functions ¥, and ¥_ are defined by

22yo + My 1. yo | 1ya+1 Ty — 1
VYo ¥i) = ————— —-In—+ ————f(Ya:Ya) + —5— Wi, ¥i),
+ (Yo Yi) 5 T F oY) + =g (i i)
S Was Ya) + f (Wi, yi
\I/—(yomyi) = VYol [4+ ( >2 ( >} (528)
The oblique correction parameter 1" for vector-like quarks is:

7 o= e L2 R|2\g AR LY/ R*\g ‘

167rs 2 {ZZ (Vi + Vi) 04 (Yo yi) + 2Re(Voi Vo )0 (Yo, 4i) ]

— > (UL + UL (Yo, ys) + 2Re(UE U0 (ya, ys)]

f<a

- > lupf |2+\D§|2)9+(yi,yj)+2R6(D5D5*)9(yi,yj)]}, (5.29)

j<i
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where VaLi’R, U Kf éR and DiLj’R 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 N, = 3 is

the number of colours, and the functions 6, (_y are defined as

2
Or(y1,92) = 1 +y2— y1d2 lnﬂ,
—Y2 Y2
+
9,(y1,y2) = 2\/y1y2 (yl J2 mE - 2) ) (5-30)
Y1 — Y2 Y2

2
where y; = ﬂ; [277). As in the HTM without vector-like quarks, the S-parameter does
m

Z
not impose any restrictions on the parameter space of the model. We concentrate on the T’

parameter. As explicit expressions exist for the 7' 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 7" parameter in two of the models, D;,
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 mpy++ to ~ 400 GeV in the Dy
and D; models. The rest of the models from Table not shown in Fig. 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 D; 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 allowedb variation of the T' parameter with x;.), as defined kn the text, for models
D; (left panel), Dx ( right panel). We chose M = 800 GeV for both plots.

for the T' parameterf’}
3

ATp, = 16752 2. [5%29+(3/t,93) - SdL20+<ytayb) - 0%23%29+(yb:y8)} )
TSy Cy
3 u u u u
ATp, = 16752 2 [3L29+(Z/T7 yb) - 3L2‘9+(yt7 yb) + (SLZ + 332) 0+(yt7 yX)
wEw

+ (cf? + ) 0 (yr, yx) + 25750 (e, yx) + 2610 (yr, yx)
— (4P + P sE) 04 (e, yr) — (Ach st chsth) 0 (ye, yT)] - (5.31)

For a given physics model, the predictions for the 7" parameter consist of the sum of the
vector-quark contributions and the nonvanishing SM remainders, when the Higgs mass (my,)
and top mass (m;) 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

2 2 2
3 my 3 my mt,ref

2

ATy, ~ — n + n
; 2 2 2 2
16mey,  my, o 16msycyy my

(5.32)

The m; dependence is often neglected [278]. Assuming the Higgs mass is 125 GeV and
its reference value my e = 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

D, for completeness.
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Motivated by T" parameter contributions to D; 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 D; scenario
or the singlet 7" 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. we show the effects on the T
parameter as a contour in an mg++ — M plane. The upper panels correspond to the D; model
and the lower to the Dy 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 D; model, for
vector-like quark masses M = 800 GeV, the maximum doubly charged mass value allowed is
mpy++ = 338 GeV, reached for z;, = 270 GeV for sin o« = 0, while for sin & = 1, the maximum
doubly charged mass value allowed is my++ = 355 GeV, for x, = 270 GeV. In the plots for
the D; model we include restrictions from Zbb 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 mp++ = 363 GeV, when z; = 300 GeV for sina = 0, while for sina = 1, the maximum
doubly charged mass value allowed is my++ = 370 GeV, for x; = 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 x,) to correspond to the largest upper limit for doubly
charged Higgs mass, as seen in Fig. [5.4

We note that, in the D; model, for the chosen values of x;, the mass range for the vector-like
quarks is not restricted by either the T parameter or by Zbb, while in the Dx model Wtb
constrains vector-like quarks to be M > 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 sina = 0(1) the upper limit is my++ = 397(412)
GeV, while in the D; model for sin o = 0(1) the upper limit is my++ = 392(410) GeV.

We are interested in restriction on vector-like quark parameters M and zy), 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. shows the dependence of T" parameter and its restriction as

a contour plot in the mpy++ — x;, plane for models Dy, in the left-side panels and Dy 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 mg++ and the vector-like quark mass

M, for fixed values of zy,y. We show (upper left panel) the D; model with z, = 270 GeV, sina = 0,

(upper right panel) the D; model with z; = 270 GeV, sina = 1, (lower left panel) the Dx model
with 2y = 300 GeV, sina = 0, (lower right panel) the Dx model with z; = 300 GeV, sina = 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, sin @ = 0, while the lower panels represent the maximal
mixing case, sina = 1. In this case, the tree-level decay Z — bb imposes a lower bound on
the x;, parameter, x, > 117 GeV, for scenario D;, and this limit is the same from restrictions
on positive and negative deviations in d R,. The plot for the Dx model in Fig. indicates

that Wtb does not impose similar restrictions on x;.

The mixing parameter x,) is also restricted by the T" parameter, as shown in Fig. . In
the D; model with vector-like quark mass M = 800 (1000) GeV, the maximum z;, allowed is
xp = 503 (538) GeV, while in the Dx model for M = 800 (1000) GeV, the upper limit for x;
is x; = 525 (553) GeV.

We note that Fig. also indicates the constraints on the doubly charged mass, as a function
of xy), for fixed values of vector-like quark mass parameter M, from restrictions on the T'
parameter. In the D; model, for sin @ = 0, the maximum doubly charged mass value allowed
is mp++ = 338(329) GeV, for M = 800(1000) GeV, while for sina = 1, the maximum
doubly charged mass value allowed is my++ = 355 (343) GeV. In the plots for the D; model
we include restrictions from Zbb decay, which set lower limits on z;, but seems not to affect
mpy++. In the Dy scenario, for sina = 0, the maximum doubly charged mass value allowed
is mp++ = 359 (345) GeV, for M = 800 (1000) GeV, respectively, while for sina = 1, the
maximum doubly charged mass value allowed is my++ = 370(360) GeV. Again the Wtb

vertex does not limit x; or myg=+.

To summarize, experimental constraints on Wb impose restrictions on M in the Dy scenario,
while leaving x; free; while in the D; scenario Zbb imposes restrictions on x;, while leaving M

unconstrained.

5.4 Effect of vector quarks on H — vy and H — Zv

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 — v and H — Z~, 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 7' parameter in the HTM with vector

quarks, as functions of the doubly charged Higgs mass mpg++ and xp, x¢, for fixed values of the

vector quark mass M = 800 GeV. We choose (upper left panel), scenario Di, sina = 0, (upper

right panel), scenario Dx, sina = 0, (lower left panel), scenario Dy, sina = 1, (lower right panel),

scenario Dy, sina = 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 — v is

2,3
Grotmy,

[0(h = y¥)] M 128V

Z NIQ7gnsrAr2(7]) + gaww AL (Tly) + Gnart = Ao(Thi+)
f

5 Y, Qchfgh ?
+ G s Ao(rhes) + 3 T 4 ()] (5.33)

q Mg
where the sum runs over ¢ = ¢, T for up-type quarks and over b, B for down-type ones. The
value for my is given in Eq. , and the loop functions for spin 0, spin 1/2 and spin 1
have appeared in Section . 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 .
The couplings of the Higgs bosons with vectorlike quarks (Y,,) appearing in Eq. are
listed in Section ([5.5).

The new quarks effect on the diphoton search channel at the LHC is expressed by the ra-
tio
[o(gg = h) X T(h = yV)]larm  [D(P)]sur

T = To(gg = @) X T(@® = 1 )lswr ~ TW)arar” (5.34)

where @ 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

Y. 2
£, =t du(e)

— q
= | Gnsr + A1/2(7'th) . (535)

our™m(99 — h)
osm(gg = @)

As in Chapter [3 we set the values 125 GeV and 98 GeV for the h and H masses respectively,
and adjust the parameters \; — A5 accordingly. The relative widths factor is as defined in
Chapter . 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. and Eq. , 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 [253254]. Even for
varying M € (500 —2000) GeV and ) € (0 — 1000) GeV, the variation in R,, is less than

10%, and thus below the precision of the current measurements at the LHC.

The decay rates R,, and Rz, depend sensitively on sina and mpg=+. 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 sin o - mpy++ through restrictions on the 7" 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 R,, are shown in multicolor contours. We have
drawn plots for scenarios (in order, from the top, left to right side): Dy, Dx, Dy, Tx, Da, Ui,
but we omit plots for scenario 7y, for brevity and because for this model the allowed range
for mpy++ for the parameters chosen is the smallest. The differences in the contours for R,
between models are negligible: however, what differs amongst models are restrictions on the

values of the doubly charged Higgs boson mass.

For the model D; (top left panel), R,, can take values between 0.5 and 4.5, but the mass
mpy++ is restricted to lie in a band (260 — 354) GeV; while for scenario Dy (middle top
panel), R,, can take values between 0.5 and 4, but the mass mpy=+=+ is restricted to lie in a
band (282 — 373) GeV. For the other scenarios, R, can take values between 0.5 and 5, but
the mass my++ is restricted to lie in a band (100 —280) GeV for the D, model, in (100 — 284)
GeV for the Dy model, in (100 — 275) GeV for the Tx model, and in (100 — 280) GeV for
the Uy model. The restriction on the mass of the doubly charged Higgs boson is thus what

differentiates these models.

We note also that, as in HT'M without additional fermions, for sin @« = 0 the Higgs diphoton
decay cannot be enhanced with respect to its SM value. This confirms the analyses in Chaperts
and The relative branching ratios R,, are very sensitive to values of sina. In the
allowed regions of my++ bands, the angle for which the enhancement in the diphoton decay
is 1.5 — 3.5 times the SM value is sin € (—0.95, —0.13) and (0.57,0.96) in the D; model and
sina € (—0.96,—0.17) and (0.7,0.96) in the Dx model. In the Dy model an enhancement of
R, of 1.5 — 3.5 is obtained for a large range of both positive sin v € (0.6,0.97) and negative
values sin v € (—0.95, —0.15), and the same holds for the other models, Dy, Tx, U; and Ty.
As a general feature, I,, is more enhanced at negative values of sinc. In all the plots we

chose M = 800 GeV and values for x; and x; consistent with a large allowed parameter range
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for my++. For the D; model, the plots are for x;, = 300 GeV, above the required minimum,
while for model Dy, the plots are for z; = 300 GeV, consistent with the previous section. For
other models, the restrictions for z;, and x; are much relaxed, and we have chosen x;, = 20
GeV and z; = 50 GeV, as in previous studies [257,258]. An exception is model Ty, where
in order to have a —0.2 < AT < 0.4, z; < 24 GeV, and the mass range for the doubly
charged Higgs boson (which is maximum 147 GeV for this z;) increases with decreasing x;

(for instance the maximum reaches 267 GeV for z; = 10 GeV).

In general, for heavier M and lighter x,), we can obtain a slightly higher upper band for mass
of doubly charged Higgs bosons. The exceptions are the 7y model, as mentioned above, and
D; and Dx models, where higher upper limits for my+4 are obtained for lighter vector-like

quark masses M.

The decay width for h — Z~ is given by [150,/153,279,1280]:

aG2m?z,m3 m2\ >
T(h — ZY) |y = CCEMWM (1 _ _Z>
644 m3

1
cw Z 2N/ Qs (I3 — QQfS%/V)ghffA}f/g(T;}, 7)
!

1 Y,
+ ) 2chQq(f§—ZQqS%)—TrquhffA?/z(Tg,Tf)
w q q

hi h _Z ~ h(_h Z
+  cwognww AL (T, Ty ) — 25w Gnmt mF 9zt aE Ay (Trs, Ti<)

2

: (5.36)

—  ASwinmet e gz prr AG(Thes , Thes)

where the sum runs over ¢ = t, T for up-type quarks and over b, B for down-type ones and
mh = dm2/m2, 77 = 4m?/m%, with i = ¢, T,b, B,W, H* H¥*. I] = +3 is the weak isospin
of top and bottom quarks, while for vector-like quarks I = I?{ + fr. = fr, with FF =T, B,
and fr, 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 fr, and fr for vector-like quarks Z interaction.

Name U Ds Do Dx Dy Tx Ty
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet
T fr -1/2 0 -1 -1/2 +1/2
Ir 0 +1/2 —1/2 0 +1
B fr +1/2 0 +1 —1/2 +1/2
fr 0 -1/2 1/2 -1 0

{.3] The decay rates for Rz, depend on sin a and my+=, though the variation is much milder
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Figure 5.5: Contour graphs for the relative strength of the Higgs diphoton decay R.., including

the restrictions of the T parameter in the HTM with vector-like quarks, as a function of the doubly

charged Higgs boson mass my++ and the mixing in the CP-even neutral Higgs sector, sina. We

show plots for scenario D (upper left panel), scenario Dx (upper middle panel), scenario Dy (upper

right panel), scenario Tx (lower left panel), scenario Dy (middle lower panel) and scenario U; (lower

right panel). Results for scenario 7y are not shown but summarized in the text. We took M = 800

GeV for all the graphs, and values for z;, x; consistent with a larger allowed range for mp++.

1.0
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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, Ryz,, including the restrictions of the 7" parameter in the HTM with vector-like
quarks, as a function of the doubly charged Higgs boson mass mg++ and the mixing in the CP-
even neutral Higgs sector, sina. We show plots for scenario D; (upper left panel), scenario Dy
(upper middle panel), scenario Dy (upper right panel), scenario Tx (lower left panel), scenario Ds
(middle lower panel) and scenario U (lower right panel). Results for scenario 7y (not shown) are

summarized in the text. We choose the same parameters as in Fig. [5.5
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than that for R,,. We investigate the dependence in Fig. on the parameter space of
sina - my++ through restrictions on the T parameter. Contour plots for the T" parameter
restrictions are shown in the (almost) horizontal bands, while values for Rz, 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 R,,: Di, Dx, Dy, Tx, Da, U;. The features
for Rz, resemble those for R,,. Distinguishing signs among models come from restrictions
on the values of the doubly charged Higgs boson mass. The relative branching ratios Rz,
are also sensitive to values of sin a. In the D; model, in the regions allowed by my++ bands,
an enhancement of the branching ratios in the Zv decay of 1.25 — 2 is possible for negative
sina € (—0.61,—0.17). In the Dx model, an enhancements of Rz, of 1.25 is obtained for
negative sinaw € (—0.72,—0.17). In the Dy model an enhancement of Ry, of 1.25 — 2 is
possible for negative sina € (—0.74,—0.16), and the same holds for the other models, Dy,
Tx, U; and Ty. Decays into Z~ are correlated to those into vy —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 D; and Dy models.

We list in Table the Higgs boson couplings in vector-like quark models
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Table 5.5: Couplings to the W and Z bosons

104

Light-light couplings to the W boson

model / matrix element vk VR
Dl CdL 0
Dx C% 0

Heavy-heavy couplings to the W boson

model / matrix element V)%T V)}(%T

U
Dx cy ch

Heavy-light couplings to the W boson

model / matrix element VL, VE vE |75
Dx —s7 —sh sy 0
Light-heavy couplings to the W boson
model / matrix element vk VR
Dy s¢ 0
Light-heavy couplings to the Z boson
model / matrix element UL, UKL, DL, DE,
D4 dech 0

Dx 2s%c} skpch
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Table 5.6: Couplings to the Higgs bosons

Light-light couplings to the Higgs boson

model / matrix element Yy Yo
u2
U cr 1
2
Dy 1 4
u 2
Dx ch 1
u?2 d?2
Do ch ch
2
Dy 1 cdR
2 2
Tx ct c‘z
2 2
Ty cy 4

Heavy-heavy couplings to the Higgs boson

model / matrix element Yoo YgaB
u?2
U sy
2
D, s¢
u 2
u 2 d?2
Do sh 5%
2
Dy 5%
2 d?
Tx st s
u?2 d2
TY SL SL

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 (U, D), SM-like or non SM, U-type or D-type doublets
(Ds, Dx, and Dy ), and U-type or D-type triplets (7Tx and 7Ty ). 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 U, Dy, Dy, Tx and Ty their
contribution is always positive, in models Dy, 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 D; and Dy, as the negative contribution to the 7" parameter occurs for a large range
of the mixing parameter x, and x;. The D; 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 xp, € (117 — 538) GeV for vector-like quark masses M ~ 1000 GeV. The lower limit comes
from Zbb constraints. A different restriction occurs for z,. 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 z; € (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 Uy, Dy, Dy, Tx, increasing M and decreasing x() yields
a slightly higher upper bound for doubly charged Higgs bosons mass. In the 7y model, on
the other hand, where very light x; values are required, decreasing these mixing parameters
increases the doubly charged mass bound, and in D; and Dy models, higher upper limits
for mpy++ 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 — v+ and
H — Z~ 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 D; and Dy, 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 R,, and Rz, are more likely to occur at negative values
of sin a, the mixing angle in the neutral Higgs sector.Thus in the HTM, scenarios D; and Dy
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, /132134, 219222237, 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), , etc.] and on the discrete symmetry imposed (Z3, Zs, .. .).

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}237,288,1289]. 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%|132134},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 [29§].

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), 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), dou-
blets plus charged and neutral SU(2), 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 M, fTf. 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 — 7.

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 My > 39 GeV for a Majorana, and My > 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. 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. 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.
6.91

6.2 The Higgs Triplet Model with Vector-like Leptons

Here we review briefly the HT'M 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 A with hypercharge
Y =1, and with VEV wva:

At AT

A= V2 : (6.1)
750 +va +in) —%

and (b) a vector-like fourth generation of leptondl] to include: one SU(2)y, left-handed lepton
doublet L} = (v},e}), right-handed charged and neutral lepton singlets, vy and ef; and
the mirror right-handed lepton doublet, L}, = (v}, €/,) and left-handed charged and neutral
lepton singlets v} and €7, 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 p parameter.

In general we can assume, conservatively, va < 5 GeV [134}220].

Table 6.1: Representations of vector-like leptons, together with their quantum numbers under
SUB)e x SU(2)L xU(1)y.

Name L'y LR e'r e’y V'R V'
Quantum Number | (1,2,-1/2) (1,2,-1/2) (1,1,-1) (1,1,-1) (1,1,0) (1,1,0)

'We 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:
Lutm = Liin + Ly + Ly — V(®,4A), (6.2)
where
Ly = —[Lih7del, +he] - [hijL_iLcmALi + h.c.] , (6.3)

are the Yukawa interaction terms for the ordinary leptons, with h% a 3x3 complex matrix,
and h;; a 3 x 3 complex symmetric Yukawa matrix. Additionally, with the vector-like family

of leptons as defined above,

_ 1 1 _
Ly, = —[MyL, L} + Mgege] + M, vpr} + §M;§’§1/§% + 5]\/[1’,’?2’%2 + W (L) ®@)ely
+RL (L@ + bl (L, 7@ + h(Lprdhv) + h;jL_/LCiTQAL/L + h/i'jLT{{iTgAL/é

FAG(L @)l + No (L ®)ely + N, Lifim ALY + N/ Ligims AL}, + h.c.], (6.4)

J

is the Yukawa interaction term for vector-like leptons and their interactions with ordinary

leptons, and

V(®,A) = m*®'® + M°Tr(ATA) + [p@"inAT® + he.] + A (0T0)?

+ 2 [Tr(ATA)] 4+ A Tr[(ATA)?] 4+ Ay (@1D) Tr(ATA) + A 0T AATD,  (6.5)
is the scalar potential for the SM doublet ® ((®) = %) and triplet A Higgs fields. The
triplet and doublet Higgs VEVs are related through v? = v3 + 203 ~ (246 GeV)?. The scalar
potential in Eq. 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(va/ve) for the

first two sectors, but not necessarily so for the latter one,

2 B cosa —sinao h
(5> B (sina COS@)(H)’ (6.6)

where the mixing angle is given in terms of the parameters in V(®, A) as

va 205+ As) — A(vip/V20a)°
Ve 203N, — (V240/v/200)2 — 203 (\g + As)

tan2a = (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]E|. The masses of the neutral h and H are given by:

3,2
m; = 203\ cos® o + [(véu/\/ﬁzm)z + 203 (Mg + )\3)] sin? o + [/Ui/: — vpua (g + )\5)} sin 2,
(6.8)

3,2
m3; = 203\ sin® o + [(vé,u/\/ivA)z + 203 (g + )\3)] cos® o — [Uif — vpua (A + )\5)1 sin 2av.

(6.9)

The expressions relating the A;-As parameters to the Higgs masses can be found in [1]. In

particular, the doubly charged Higgs boson mass is:

v2 A A
m§1++ = \/_;;5 — UQA)\g - ?51}(% ~ (\/ELU — ;) Uczp, (610)
A A

where we used va < vg. As we choose va = 1 GeV for consistency with the value of the p
parameter, the doubly charged mass is approximately mpg++ =~ <,u — X5/ \/5) v (207 GeV).
The coupling A5 is expected to be < 1 and for light doubly charged masses, the p parameter
is small, | 1 ~ va ~ 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, hy = hy = h), = h;) = h}; = hj; = 0, and the vector lepton masses arise only
from explicit terms in the Lagrangian [97,300]; and/or (i) 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 A\ = \j, = \j; = \j; =
Aj; = 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 (i7) has all the attractive features we like for

this analysis, and we adopt it here, while allowing hy, g, ks, hy, hij, hi; # 0.

vy g

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 x 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 u = 0.2 GeV and A5 < 0.



CHAPTER 6. DARK MATTER IN THE HIGGS TRIPLET MODEL 115

mass matrix Mg for the charged sector is defined as [3,97,300]

/ / M
(&, &) (Mpg) ( ef ) ., with Mg = ( M L ) (6.11)

"

with m/, = hiyve/v/2 and m'y = hhve/v/2, from the Lagrangian Eq. (6.4). The mass matrix

can be diagonalized by two unitary matrices, U and UF as follows:

Mg, 0
U MpUR = [ 78 . (6.12)
0 Mg,

The mass eigenvalues are (by convention the order is Mg, > Mg,)

1
Mg, g, = 5 | (M7 +mig + Mg +m3?) £ \/ (M} +mi2 — M3 —mi?)* + 4(mip My, + m’EME)Q} ,

2
(6.13)
while in the neutral sector the mass matrix is

vie 0 m), M, O

1,- - - - v m, M, 0 M,
— (v} viE vihe v (M, R ., with M, = g v , (6.14
5 ( L Vr VR L)( ) o M, 0 0 m ( )

Ve 0 M, ml M)

with m/, = h/ ve/+/2 and m! = h’vg/+/2. This mass matrix can be diagonalized by a unitary
matrix V:

.0
Mu2

Vim, v =

o o O

0
0
(6.15)
M,,
0 M,

OOO;

0
0
In the limit where the explicit mass terms My, Mg and M, in the interaction Lagrangian

vanish, after electroweak symmetry breaking there are two charged leptons with masses m/;

and m/,, and four Majorana neutrinos with masses:

oz M,
]\4-,/172 = Ty + m'f + TV (616)

"2 /

M
My, = (| +mi2E = (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., h!/ Yukawa couplings,

the two singlet vector-like neutrinos have vanishing couplings with the Z boson. Lifting the



CHAPTER 6. DARK MATTER IN THE HIGGS TRIPLET MODEL 116

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 [97,1300] where h!, # 0, but h!) = 0, as well as setting the
explicit neutrino mass in the Lagrangian M, = 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).
doublet /], while the remaining neutral sector consists of three neutrinos which mix, with

mixing matrix in the (1%, v, vj;) basis given by

0 m:, ML
My, =| m, M 0o |. (6.18)
Mp, O 0

The Yukawa coupling A/, must remain small to insure smallness of couplings to the Z boson.
In the limit A], = 0, the matrix has two degenerate eigenvalues of mass M}, predominantly
SU(2)L, doublets, and one state with mass M, and predominantly singlet. For h!, # 0, these
three states mix, generating a small mixing coupling to the Z boson. The lightest neutrino
state M, emerges as being dominantly v} and is the dark matter candidate. For the charged
lepton sector, we take M = 205 GeV and My = 300 GeV and hly = h%, = 0.8 [97,1300].
In this case the lightest charged lepton will be Mg, ~ 108 GeV, close to the LEP limit,
Mg > 102.6 GeV [36[— which imposes an upper limit on the mass of the dark matter
candidate, Mpy = M, < Mg,.

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 7' 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,

E] which encapsulate the model restrictions coming from electroweak precision data. For a

“We set U = 0.
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Higgs state with mass my, = 125 GeV, the allowed ranges are [134}220]

AS = S — Sgy = 0.05 = 0.09,
AT =T — Tgy = 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]:

2 2
]‘ * *
$ = - { > (UG PO + WU PIUSI) ba( M, M, 0) + D Re(USUR U US) f3(Mr,, M)

jk=1 jk=1
3

3
(VP IV + Vi Vi) bo (M, My, 0) + Y Re(Vi Vi Vi, Vi) fa(My,, My,

Jk=1 gk=1
1
- 2 24 |\ UEP) boy(Mp,, Mg, 0) + =
;(I 5”10z ) bo(Ma,, Mg, 0) + ¢
while the oblique correction parameter T for vector-like leptons is [97,1300]:
2 3
T = W{ 23 > (UL PV + U5 [Var|?) bs (M, , Mg, ,0)

=1 k=1

2
+ 2> ) Re(U} U3 VagVi) M, My, bo (Mg, , M, ,0)

]:1 k=1

3
> (VP IVikl + Vi [P [Var?) b3 (Mo, M, 0)

7,k=1

w

- R‘e(‘/lj‘/ﬁc‘/éj‘/g;f)MVjMkao(MVj7 MVMO)

>_A

jik
+ (’U11‘4+’U21| )Mélbl(MEnMEn 0) + (JUS|* + |U5[* )MJ%Jle(MEzaMEzaO)
UL |US P + 2|USS* U5 ?) bs(ME, , Mg,,0)

2
- > Re(UleUlLk*Ug*U{,E)MEjMEkbO(MEj7MEk,O)} : (6.21)

jk=1

(6.20)
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where the Passarino-Veltman functions are

1

bo(My, My, ¢*) = /log(%)dx, (6.22)
01 A

b (My, My, %) = / rlog(y ), (6.23)
01 A

bo(My, My, ¢*) = /0517(1—x)log(p)daj:bQ(MQ,Ml,qZ), (6.24)

bo(Ma, M, 0) = Mgbl(Ml,Mz,O);bel(Mg,M1,0)7 (6.25)

M — M+ 2M2M3 log(57))
2(M} — M3)?

fa(My, Ma) = MM, (6.26)

We defined A = Mizx + M?(1 — z) — z(1 — z)¢* and, in the above, A? is an arbitrary
regularization scale that will not affect physical observables. The function f5(M;, My) = —1/6
remains well defined in the limit My — M;. Asin 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 7" 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 my++ — sin« plane (with sin @ being the mixing angle in the neutral Higgs sector) for two
values of dark matter masses, Mpy, = 30 GeV and Mpy, = 50 GeV. The allowed values for
this parameter, —0.2 < AT < 0.4, are given in the code bars (colored contours in the figure).
The maximum doubly charged mass values allowed are my++ ~ (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
Mpyr = 30 GeV and h!, = 0.65 (left panel) and Mpy, = 50 GeV and h!, = 0.28 (right panel)
to belong to the parameter space where the relic density is within experimental bounds, as
explained in detail in Sec. As the figure indicates, the T' parameter depends only slightly
on sin a, but is extremely sensitive to the mass of the doubly charged Higgs boson. In our

model, we set m;, = 125 GeV, my = 98 GeV and va = 1 GeV as we discussed in Chapter
Bl

In Fig. m we show the variation of the T" parameter as a contour in an my++ — h/, plane (left
panel) and h!, — sin @ (middle and right panels). For the left panel, we chose an illustrative
example with Mpy; = 30 GeV and sina = 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 my++ and

the mixing angle sin «, for fixed values of the neutrino Yukawa coupling h/,. We take (left panel)
Mpy = 30 GeV, hl, = 0.65, (right panel) Mpy; = 50 GeV, k!, = 0.28. The allowed range of T
parameter is —0.2 < AT < 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 < AT < 0.4.) as a

function of the parameters of the model. In the left plot, we show the combined dependence on h/,

and my++ (for Mpy = 30 GeV and sina = 0.5); in the middle (right) panel, the dependence on
h!, and sina for Mpy = 50 GeV and mpy++ = 240 GeV (mpy++ = 260 GeV). The white region

represents the parameter region ruled out by the constraints.

10



CHAPTER 6. DARK MATTER IN THE HIGGS TRIPLET MODEL 120

as shown in the middle and right side panels, where increasing the value of mg++ from 240 to
260 GeV places significant restrictions on the T" parameter. Increasing the mass of the doubly
charged Higgs boson and decreasing sin o (the mixing angle) impose restrictions on k!, (the
vector-like neutrino Yukawa coupling) from the 7" parameter. Note that the 7" 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 vy as a dark matter candidate will have an effect
on the branching ratio of the Higgs boson, if m;, > 2M,,. Given that v, is stable, the
decays h — vy, h — vy will contribute to the invisible Higgs branching ratio, which is
constrained by combined CMS and ATLAS measurements to be BR;,, < 58% for a SM Higgs
with a mass of 125 GeV [304-307], and more stringently by global fits to be BRi,, < 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]

_ Gth<MV1 05191)2 2Myl 2 % 2
[F(h — VlVl)]HTM = 271-\/5 1-— mn cos™ v, (627)
where
Ch = V2R, Re(Vi1Va) (6.28)

is the Higgs coupling to the lightest vector-like neutrino (v1). In addition, the component
from the neutral triplet Higgs field violates lepton number and can decay into two neutrinos

as
L'(h — vim) + T(h — V)

1 M? M2\?
- §|h;m\2% (1—2—;1) (1—4 ”;) sinfa,  (6.29)
m m

n my

[F(h — I/1V1>]HTM

where hj, ,, is the triplet coupling constant from Eq. (6.4). The invisible branching ratio of
the Higgs boson is defined as

[F(h — Vly_l)]HTM + [F(h — Vlyl)]HTM
I'(h = vi00)|grm + (R = vivn) | wrar + [D(R) | mra

where [I'(h)] g7 is the total Higgs decay width in the HTM without vector-like leptons.

BRiy = , (6.30)
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In Fig. we show the invisible branching ratio of the Higgs boson (BRj,,) in the HTM
with vector-like leptons as a contour plot in an Mpy, — k!, plane, for triplet Yukawa coupling
b, ,, = 0.01. We compare the calculation with the upper limit on BRy,, derived from global
fits to ATLAS and CMS data ,El As expected, the region restricted is only for
Mpyr < myp/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, sina = 0.1, the middle panel for sina = 0.5 and the right panel for sina = 0.8. The
figures show that increasing the Yukawa coupling (h]) results in an increase of the invisible
branching ratio of Higgs boson (BRj,y) as the decay into DM is enhanced, while decreasing
sin o imposes more restrictions on A/, in order to get the correct B Ry, 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 (BRj,y) in the

HTM with vector-like leptons, as functions of the dark matter mass Mpy = M, (GeV) and the

neutrino Yukawa coupling h),, for hi,l,jl = 0.01 . We compare our results to the upper limit of

BRiny = 29 % from global fits to ATLAS and CMS data and we chose sina = 0.1 (left

panel), sina = 0.5 (middle panel), sina = 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 Qpy/h? = 0.1123 4 0.0035 [311], where Qpy/ 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 (Qparh?),
spin-dependent cross section (0°”), spin-independent cross section (¢°7), annihilation cross
section ((ov)), and the flux of neutrino and muon predicted by the model. For the purpose

of comparison with the data, we consider the 20 allowed range of relic density: 0.1144 <
Qparh? < 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 Mpy, (GeV) and the Yukawa coupling h/,, for two different values of the
mixing angle, sina = 0 (left panel) and sina = 0.8 (right panel). Because of resonant anni-
hilation into Z bosons or Higgs boson h respectively, we can see two dips at Mpy, ~ 45 GeV
and Mpy ~ 62 GeV. For a fixed Yukawa coupling (h],) 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!, to compensate for the effects of
Z and h resonances, which produces the two dips at Mpy = Mz /2 and Mpy = my /2. Above
Mpy = 80 GeV annihilation into W*W ™ pairs (and later also Z bosons) becomes kinemat-
ically accessible. Finally, the relic density becomes dramatically suppressed for Mpy, ~ 100
GeV due to coannihilation with the lightest charged vector-like lepton [97,1300,310]. The
effect of the Higgs resonance at Mpy; ~ 62 GeV is slightly more pronounced for sina = 0
than for sina = 0.8 (this is the effect of increasing the triplet component contribution) and,
above Mpy; = 80 GeV, for sina = 0.8, the relic abundance decrease is slightly more pro-
nounced than in the case with sina = 0, but the changes are small. Overall, the graph for
sin@ = 0.8 shows no marked difference from the one with sina = 0. The results shown are
for my++ = 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.
1.0 1.0
0.8 1 0.8 f
0.6 06 f
=

20 40 60 80 100 0.0 20 40 60 80 100
Mpm Mpwm

Figure 6.4: Contour graphs showing the correct relic density of dark matter, as a function of the

dark matter mass Mpys (in GeV) and the neutrino Yukawa coupling k!, in the HTM with vector-

like leptons, for sina = 0 (left panel), and sina = 0.8 (right panel). We impose the restriction

0.1144 < Qparh? < 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™* — 10~*%cm?).

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 Mpy; for sina = 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 Mpy, and h!, 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 Mpy, and Yukawa coupling h!,, for sina = 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

sin .

In Fig. [6.6] we plot the SI cross section of nucleon, as a function of the dark matter mass
Mpy (in GeV) for sinaw = 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 20 expected sensitivity, CRESST-II [316], CDMS-
IT [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 Mpys (GeV) for sina = 0. We show (left panel)
the spin-dependent cross section of the proton (red line) with XENON100 (dash-dotted green) and
COUPP (dashed pink) results, (right panel) the spin-dependent cross section of the neutron
(red line) with XENON100 (dash-dotted green) results [318].
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

The area above the pink dashed

HTM with vector-like leptons, as functions of the dark matter mass Mpjys and Yukawa coupling
h!,, for sina = 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 < Qparh? < 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 Mpy ~ Mz/2 and Mpy ~ my/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 20 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 Mpy, — k), space, constrained
by all the experiments with the exception of XENON100, while in the right panel we include
XENON100 (with 20 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 Mpy, and h), 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 (ov) ~ 3 x 107*cm?/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. we present the annihilation cross section of DM as a function of the dark matter
mass Mpys and compare it with the constraints on the dark matter annihilation cross section
for the eTe~ channel, u*p~ channel, 77~ channel, ui, bb 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 Mpys (GeV) in the HTM (red line). We also show restrictions from XENON100
(dash-dotted black) XENON100 with 20 expected sensitivity (dash-dotted green), CRESST-II
(dash-dotted orange), CDMS-II (dash-dotted blue), TEXONO (dash-dotted purple) and
DAMIC100 (expected in 2014) (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 Mpys and h.,, for sina = 0, considering all experimental constraints except
XENON100. (Right panel) Same as the middle panel, but including constraints for XENON100
(with +20 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 < Qparh? < 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 Mp), =
Mz/2. The regions around Mpy, = Myz/2 can be brought into agreement with the relic
density constraint by modifying the Yukawa coupling h,. 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 [97,300,1310].
The effect of the Higgs pole at Mpys ~ my/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 b, which gives a relative contribution of ~ 77% to 1/Qpash?)
and also a small contribution from c¢ and 77 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 Mpy and Yukawa coupling h!, 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.



CHAPTER 6. DARK MATTER IN THE HIGGS TRIPLET MODEL 129

10—29 -

S WEWS

15

20

30

50 70 100

O
Q

O
D

. .
<ov>[cm3s~1)
4 x 10~ 26
3x 1026

2 x 1026

1x 1026

40 60 80
Mpwm

Figure 6.7: (Left panel) The annihilation cross section of DM as a function of the dark matter mass

Mppr (GeV) (red line). We show the constraints on the dark matter annihilation cross section for the

ete” channel (dash-dotted green), ™~ channel (dash-dotted orange), 777~ channel (dash-dotted
pink), ut (dash-dotted blue), bb channel (dash-dotted purple) and WFW = 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

Mpys and its Yukawa coupling h!,. 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 < Qpyrh? <

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 py 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 Mpy, (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 bb channel, 7+7~ channel, and
the v.v,, v,7,, v;U, 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, ﬁ the neutrino
flux excludes DM particles with mass in the 74-85 GeV region. The figures show again the two
dips at Mpys ~ 45 GeV and Mpy; ~ 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 Mpy ~ my /2. The
bottom panels show the fluxes of neutrino and muon as contour plots in the dark matter mass
Mpys and the Yukawa coupling h,. 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-

5Due 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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with vector-like leptons, as functions of the dark matter mass Mpys (GeV) (the red line). We also
show the upper limits on the neutrino and muon flux for the bb channel (dash-dotted green), 7+7~
channel (dash-dotted orange), v channel (dash-dotted pink), v,7, channel (dash-dotted blue) and
v;U; 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 Mpy; and Yukawa coupling hl,. 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 < Qpyrh? < 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 (yvy and Z7) decays of the two bosons for the case
in which mpy, =125 GeV, my, = 136 GeV (motivated by the CMS data); for the case where
mpg, = 98 GeV, my, = 125 GeV (motivated by the LEP excess); and for the case where the
two Higgs bosons are degenerate in mass and mpy, = mpyg, = 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 vv. 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
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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 Z+ is similar to the one for vy, 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 Z+ 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 (yy and Z+), while leaving
the production cross section and tree-level decays largely unchanged. The model presents a
mechanism for (modestly) enhancing one loop-decay 7y not for Zv for small mixing angles
and light doubly charged Higgs bosons mpy++ < 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 z, € (117 — 538) GeV and
z; € (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 — vy and H — Z~ 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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