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meeeeesssssmmmmmn $ CHAPTER 7 S

CONCLUSIONS AND OUTLOOK

The Standard Model, despite its success at the LHC, is at best an effective field theory
describing the physics at the electroweak scale. Among the major limitations of the SM,
we have primarily concentrated on the issue of stability of the weak scale under quantum
corrections, also known as the hierarchy problem. In the Introduction, we have outlined
different popular attempts to address this problem. For the major part of this thesis, we
have focused on a particular approach assuming the Higgs as a composite pseudo Nambu-
Goldstone boson. The prototype of such a possibility already exists in nature in the form of
pions in QCD. In the Chapter 2, we have reviewed how the ideas of QCD are extended to
a larger setup describing the Higgs boson and electroweak interactions. With the example
of minimal composite Higgs scenario, given by SO(5)/SO(4) coset, we observe that the
radiatively generated Higgs potential is shielded from large UV corrections by the confin-
ing strong dynamics together with the approximate shift symmetry of the pNGBs, thereby
solving the ‘big’ hierarchy problem. The matter sector of the SM is assumed to be ele-

mentary. In the partial compositeness paradigm they communicate with the strong sector

123



only through some linear mixing with composite operators. This scenario has two major

phenomenological consequences:

* It predicts the existence of exotic spin-1/2 and spin-1 resonance particles, especially
colored fermions with masses around the compositeness scale. These are expected

to be observed in the various on-going and proposed collider experiments.

* The couplings of the 125 GeV neutral Higgs boson with other SM particles are mod-
ified with respect to their corresponding SM values. Increasing luminosity at the
subsequent runs of LHC would enable us to probe the Higgs couplings with finer

precision to decide the fate of a large class of BSM theories.

In this thesis, we have explored models that enable a relaxation to the parameter space of
these colored particles, as well as analyzed the allowed window of new physics in the Higgs
couplings in the context of various strongly interacting electroweak symmetry breaking
scenarios.

In the minimal composite Higgs setup, the generic expectation is that the light Higgs
would require either large fine-tuning or light top-partner resonances, which is in severe
tension with the current data. We have investigated in the Chapter 3, the next-to-minimal
composite Higgs model with SO(6)/SO(5) coset, where pNGB sector is extended by a
SM gauge singlet scalar in addition to the usual Higgs doublet. The ensuing doublet-
singlet mixing provides a handle to accommodate heavier top-partners for a given value of
the compositeness scale in comparison to the minimal case, thereby relaxing the tension
with the direct LHC bounds. Major phenomenological consequences of this setup include
sizable deviation of the Higgs couplings as well as significant compositeness of the top

quark.
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We have then systematically studied, in the Chapter 4, the modifications of the Higgs
couplings in the light of LHC Run 1 and Run 2 data. Employing a model independent phe-
nomenological Lagrangian and using the latest data from the ATLAS and CMS collabora-
tions, we have obtained the allowed window for the BSM physics in the Higgs couplings
with other SM particles. We have also provide future prospects of Higgs coupling mea-
surements at the HL-LHC. Our results have shown that the discovery of the htt and hbb
couplings have major impact in constraining space for new physics. The LHC Run 2 data,
in comparison to the Run 1 case, have narrowed down the 20 window for new physics in
the Yukawa couplings from 25% to less than 15% around the SM value. The limits on the
hV'V couplings from the LHC have become competitive with respect to the electroweak
precision data. At the HL-LHC, the limits on hV'V and hf f couplings would further sharp-
ened to be within 5% of the SM reference point. The model independent bounds on the
Higgs couplings are then interpreted in the context of composite Higgs scenario. We have
considered cases, where the left- and right-handed third generation quarks are either in the
5 or in the symmetric 14 representation of SO(5). Going beyond the minimal 5; — 55
representation, we have observed that in the extended models where either of the left- or
right- handed quarks are embedded in the 14, more than one opearator may exist in the
Lagrangian of the Yukawa sector. In such cases, the Yukawa couplings of the Higgs de-
velop nontrivial modifications, depending on the details of the masses and decay constants
of the top-partners. This can be contrasted with the minimal 5; — 5 case where the mod-
ifications of the Yukawa coupling solely varies with the compositeness scale. The pattern
of such modifications have been encoded through a generic phenomenological Lagrangian
which may be applied to a wide class of such models. We have shown that the existence

of more than one Yukawa operator allows the gauge and Yukawa coupling modifiers to get
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decorrelated, which leads to a relaxation of the bound on the compositeness scale:

f 2660 GeV  (extended models), f = 1.2TeV (MCHMs5, _5,).

We have extended the analysis to the next-to-minimal model with coset SO(6)/SO(5), for

fermion-embeddings up to representations of dimension 20.

The search for additional Higgs bosons at the collider experiments, motivated from
a large range of BSM scenarios is an important ongoing exercise. In the Chapter 5,
we have analyzed the effects of including Yukawa-like dimension-five operators in the
Georgi-Machacek model where the SM is augmented with triplet scalars. The speciality of
this model is that, the Higgs potential preserves tree level custodial symmetry, even if the
triplets receive vevs. We have investigated the constraints on the charged Higgs sector of
the model, arising from radiative B-meson decays, neutral B-meson mixing and precision
measurement of Zbb vertex. Our main observation is that the inclusion of the dimension-
five operators have caused substantial alteration of the limits on the charged Higgs masses
and the vevs of the triplets, derived otherwise using only the dimension-four operators. The
allowed range for the couplings of the 125 GeV Higgs is also observed to be significantly

dependent on the presence of higher dimensional operators.

Though we have focused mostly on the deviations of the Higgs couplings and the con-
nection between the top-partners and the electroweak symmetry breaking dynamics, sev-
eral other important questions concerning the composite Higgs scenarios are worthy of
serious attention. While the modifications of the Higgs couplings from the SM predictions
indicate towards the existence of new physics, tracking non-trivial momentum dependence
of these couplings in future colliders, captured through the form factors, would have been

a tell-tale signature of composite Higgs models. Besides, the UV completion of the partial
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compositeness paradigm and explanation of flavor hierarchy in this context pose interesting
theoretical challenges, that require more dedicated study.

Apart from the Higgs physics, we have ventured into BSM theories that provide expla-
nation for the existence of dark matter in the universe. In the Chapter 6, we specifically
focused on the DM production by the freeze-in mechanism, which is motivated from the
lack of any signature of the standard WIMP candidates in various ongoing experiments.
The DM relic density in freeze-in scenario slowly builds up starting from the reheating
era. The sharp distinction between the UV freeze-in scenario where the major amount of
DM is produced during the inflaton dominated period, as opposed to more conventional IR
freeze-in case, is discussed in details. We have demonstrated that the loop-driven kinetic
mixing between visible and dark Abelian gauge bosons can facilitate the DM production
by creating a ‘dynamic’ portal, whose interaction strength is sensitive on the energy of the
processes. The required smallness of the interaction strength of the freeze-in portal, can be
justified by a suppression arising from the mass of a heavy vector-like fermion along with a
loop factor. The strong temperature dependence of the portal is responsible for most of the
DM production during the early stages of reheating, leading to the UV freeze-in. A more
sophisticated treatment of the UV freeze-in mechanism by including non-perturbative ef-
fects during the reheating epoch is worth pursuing. Although the freeze-in mechanism, in
the first place, is put forward to account for the absence of any evidence in the direct search
of dark matter, a serious attention is, nevertheless, required for the development of possible
alternate strategies to probe such scenarios. All in all, continuous lookout for the signature
of new physics at experiments in the energy and intensity frontiers together with various

astrophysical observations will lead to more deeper understanding of the nature.
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SUMMARY

The Standard Model (SM) of particle physics is plagued with various serious limitations
from both theoretical and observational perspectives. Several issues like the stability of the
weak scale, or the existence of hypercharge Landau pole at some trans-Planckian scale,
suggest that the SM has an ultraviolet cut-off. These theoretical issues as well as other
observational facts, including the existence of non-zero neutrino mass and dark matter, are
the primary motivations for investigating the physics beyond the SM (BSM). However, the
continued absence of new physics at collider experiments complemented with lack of any
pointers from astrophysical observations have considerably squeezed the window for the
BSM physics. In this thesis we primarily address the hierarchy problem, armed with a
composite pseudo Goldstone Higgs boson. The composite Higgs framework, where the
Higgs originates as a pseudo Nambu-Goldstone boson of a spontaneously broken global
symmetry in some strongly interacting sector, provides a consistent framework to shield
the weak scale from the gauge hierarchy problem. The major phenomenological conse-
quences of this setup include existence of exotic spin-1/2 and spin-1 particles and finite
deviations of the Higgs couplings from their SM reference values. In the precision Higgs

era following the discovery of the Higgs boson at 125 GeV and its Yukawa couplings with



the third generation quarks, a set of new constraints from the Higgs physics along with the
electroweak precision constraints are imposed on BSM scenarios. We confront the com-
posite Higgs models and associated extensions using the latest experimental results on the
Higgs physics. The connection between a light Higgs boson and a light top-partner res-
onance in such models has been studied in details and, possible avenues departing from
such strong correlations have been suggested. Modifications of the Higgs couplings in the
various composite Higgs frameworks are systematically studied and constrained using the
current data. We have also explored scenarios involving triplet-Higgs boson a la Georgi
and Machacek and investigated its phenomenology in the presence of higher dimensional
operators. The BSM solutions to the hierarchy problem admit a number of new particles
that can possibly explain the presence of significant amount of non-baryonic matter in the
total energy budget of the universe. Nevertheless, the most popular models of dark matter
with weak scale masses are in severe tension with the dark matter direct search experi-
ments. Motivated by the scarcity of any experimental signature regarding the nature of the
dark matter, we explore an alternate scenario where the dark matter is frozen ‘in’ the early

universe by an energy dependent portal interaction with the visible matter.
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meeeesesssssmmmmmn CHAPTER | So——

INTRODUCTION

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] marks a new
era in the field of particle physics. The Standard Model (SM) of particle physics comes
to a completion and the search for the physics beyond the Standard Model (BSM) begins.
Several theoretical issues, for example, the stability of the weak scale from any high scale
dynamics, or the existence of the hypercharge Landau pole [3] at a super-Planckian scale
demanding nontrivial physics at higher scales, indicate that the SM is an effective theory.
Besides these theoretical issues, several experimental observations like the confirmation of
neutrino oscillation indicating the existence of non-zero neutrino mass [4—7] , the presence
of dark matter [8—11], the fact that the universe is dominated with matter in comparison
to the anti-matter [12—14], etc., demands an extension of the SM from its current avatar.
These and associated phenomenological issues remain the main driving force behind search
for the BSM physics over the past decades. In the first part of this thesis, we will primarily
focus on the problem related to the stability of the weak scale and address this issue with

the assumption that the Higgs boson is a composite object. In the second part, we present



a particular model of dark matter (DM), shedding some light on the freeze-in mechanism

of DM production in the early universe.

1.1 The hierarchy problem and popular solutions

To begin with, we briefly describe the issue of stability of the weak scale under quantum
corrections, which is known as the ‘Hierarchy problem’. The only relevant operator con-
taining a mass dimensional parameter in the SM is the quadratic operator associated with
the Higgs mass as given by

L=p*HH. (1.1)

The parameter 12, being the only dimensionful parameter sets the electroweak scale and
determines the tree level masses of all the massive SM particles. The measurements of
the weak gauge boson masses and the Higgs mass in the experiments yield the value of
u? aka the electroweak scale to be around (100 GeV)Q. However, to predict the physical
masses of different SM particles and match with their experimentally measured values, one
needs to take into account the effects of quantum corrections involving higher order loop
diagrams. Loop corrections to the fermion or gauge boson masses in the SM are found to

be proportional to their masses themselves as follows:

my Ay 2 MgV,Z Ay
omy 162 In <_m?) , oMy 4 672 In MVQVZ , (1.2)

where Ayy denotes the ultra-violet cut-off scale of the SM. The reason for this behavior
can be explained in view of the ’t Hooft’s idea of ‘technical naturalness’ [15]. According
to this idea, a small parameter in a theory is technically natural, if the theory possesses

an enhanced symmetry in the limit where the concerned parameter vanishes. The real
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Figure 1.1: One loop corrections to Higgs mass in the SM. Diagram involving the top quark
has the largest contribution to Higgs mass correction due to large Yukawa coupling.

significance of ‘technical naturalness’ lies in the fact that the smallness of the parameter
does not get spoiled by quantum corrections, due to the underlying symmetry protection.
In the limit of vanishing fermion (gauge boson) masses, the theories involving them enjoy a
chiral (gauge) symmetry. Due to these underlying symmetries, masses of fermions (gauge

bosons) are stable under quantum corrections and are technically natural.

On the contrary, situation with the Higgs mass, or for that matter the mass of any ele-
mentary scalar field is completely different. For example in the SM, the mass of the Higgs
boson receives loop corrections from the Higgs self-interaction and interactions with the
weak gauge bosons, quarks, and leptons, as shown in Fig. 1.1. Simple dimension counting
shows that the contributions to the Higgs mass coming from these loops are quadratically
sensitive to the hard cut-off scale, introduced in order to tame the quadratic divergences.

The one loop contributions to the Higgs mass can be expressed as

2

dm?2, ~ 16[;/2 (—clyt2 + e\ + c39%) | (1.3)

where ¢y 5 3 are positive O(1) constants coming from the details of the loop integrations.

Note that among the three terms, the maximum contribution will come from the top quark



loop due to its large Yukawa coupling in comparison to that of the other quarks and lep-
tons, the gauge couplings and the Higgs self-coupling. Clearly this result is fundamentally
different from the cases for fermion and gauge bosons, as it depends on a completely new
energy scale rather than depending on the Higgs mass itself. For the purpose of illustration
we show that with Ayy ~ 10'® GeV, the correction is much larger than the observed Higgs
mass (dm3; > m3 ~ (125 GeV)?). The basic reason behind this instability is the fact that
the Higgs mass parameter is not technically natural, because the symmetry of the underly-
ing theory does not get enhanced in the limit of the vanishing Higgs mass. That explains
why the quantum corrections to the Higgs mass is independent of the mass itself. The
cut-off scale can be interpreted as the scale where the SM alone stops to work as a valid ef-
fective theory and new dynamics beyond the SM kicks in. There are plenty of motivations
to assume the existence of such a high energy scale above the scale of electroweak sym-
metry breaking (EWSB). Obvious examples of such new physics scales constitute Planck
scale (M,) associated with the scale of quantum gravity, trans-Planckian hypercharge Lan-
dau pole, mass of the right handed neutrino, etc. Therefore, to reproduce the observed
Higgs mass, it is essential to make a tuning between the SM contribution and that coming
from the a priori unrelated BSM physics above the Ayy. Assuming Ayy ~ M, one can
estimate that a fine tuned cancellation of around one part in 1032 is required between the
SM and BSM contributions. This goes quite contrary to our common intuition that the
microscopic details of the physics at smaller length scales can be coarse-grained and has
no impact on the physics at larger length scales (e.g. atomic physics does not depend on
the details of the internal structure of the protons and neutrons). This states the crux of the

‘hierarchy’ problem.

It is, however, worthy to note a few points regarding this issue. First, in the dimensional

regularization scheme both logarithmic and quadratic divergences appear as 1/e pole, in



contrast with the cut-off regularization method. Although, a specific choice of regulariza-
tion scheme seems to be the apparent solution for the hierarchy problem, in reality it does
not improve anything. The inherent issue is not with cancellation of the divergence, rather
the problem is with the large finite part of the correction that is quadratically sensitive to
the scale at which new physics couples to the SM. If for the moment we assume that there
exists no other physical energy scales other than the electroweak scale, there would not be
any hierarchy problem. The Higgs mass corrections in that case would be proportional to
the square of the weak scale itself and only O(1) cancellation between different parameters
of the SM would have been required to reproduce the observed value of m . On the other
hand existence of any new scale hierarchically larger than the weak scale will destabilize
this scenario and introduce large tuning. In order to further clarify the issue let us take a
simple example, where the SM particle content is extended with a real scalar field (n) with
mass m% > 12, which is a singlet under the SM gauge group. The Lagrangian for such a
singlet scalar with a quartic coupling with the SM Higgs boson can be written as
1 L 5 9 2,2

L,= éﬁ“nﬁlm = 5 + Ay H|"n” (1.4)

The one loop correction to the Higgs mass coming from this additional coupling depends

quadratically on the mass of the scalar 7 as

Aiym
dm?; o Hnﬂ 1> m3, . (1.5)

Clearly, the correction to Higgs mass is sensitive to the new mass scale introduced in the
model, while the divergence (1/¢ pole in the dimensional regularization scheme) can be

absorbed by a suitable counterterm. Note that even if new physics does not couple to the
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Figure 1.2: Categorization of popular solutions to address the hierarchy problem.

Higgs boson directly but couples to other SM particles, the same quadratic sensitivity will

appear through higher order loop diagrams, if not through one loop.

Hierarchy problem provides a guideline to build theories of electroweak symmetry
breaking beyond the SM. Are the SM gauge forces fundamental or they originate from
some underlying UV dynamics? Is the Higgs boson elementary or a composite object?
Even if the Higgs boson is an elementary object, is it the only neutral scalar that Nature
offered us? All these questions are intimately linked to the dynamics of EWSB. Plausible
avenues addressing the hierarchy issue sheds some light on these questions as well. Possi-
bly, the most natural approach to address this issue is to provide an additional symmetry to
protect the Higgs mass. While symmetry principle constitutes the major category of solu-

tions, there exists other approaches to dynamically generate the weak scale in the presence



of higher energy scales. Here we divide the well-explored solutions of the hierarchy prob-
lem in three major categories (see Fig. 1.2), which we discuss below with example models

in each category.

Symmetry protection: This category of solution involves making the Higgs mass pa-
rameter technically natural, in analogy to the cases for the fermions and gauge bosons, by
adding a symmetry associated with it. The symmetry in question can be continuous or
discrete, local or global depending on the model in question. We itemize below different

examples for each of these cases.

e Supersymmetry: Supersymmetry is by far the most well discussed solution to the
hierarchy issue in the literature [16-21]. It is an extension of the standard Poincaré
algebra to include a symmetry transformation between the fermions and the bosons.
If we demand that nature is supersymmetry invariant, we expect to have bosonic
(fermionic) partners of all the SM fermions (bosons), with same mass and quantum
numbers. Therefore, the one loop contributions to the Higgs mass coming from the
SM particles will get canceled by the loops containing their corresponding super-
partners due to a sign difference coming from integrating fermionic and bosonic
loops. Needless to say, this is an artefact of the underlying symmetry of the the-
ory, which is Supersymmetry. More precisely, here the Higgs mass is protected and

therefore technically natural due to the chiral symmetry of its fermionic superpartner.

* Global / local symmetries: The global continuous symmetries can also be used to
make the Higgs mass technically natural. One of the interesting possibilities, that
we will explore in more details in this thesis, is usage of the shift symmetry of the

Goldstone bosons [22-28]. Higher dimensional gauge symmetry is also useful in



this context, and is explored in the literature quite exhaustively [29-32]. Analogous
to the supersymmetry case, the common feature for all of these cases is the presence
of colored partners of the SM particles, which, however, is in tension with the latest

LHC data.

* Discrete symmetry: Third possibility of symmetry protection using discrete symme-
tries is rather modern and is motivated by the absence of any signals of new physics
at the LHC [33-36]. The basic idea is to invoke a discrete symmetry between the
SM particles and their partners (e.g. a Zo symmetry). As a result, contributions to
the Higgs mass coming from SM loops can be canceled by that of their discrete part-
ners. However, the important difference of this class of models from the previous
two classes is that the partners, being related to the SM particles by discrete trans-
formations, may not necessarily carry other SM quantum numbers. Therefore, in
contrast with the previous two scenarios, the discrete partners of the SM particles
can have relatively smaller masses while evading otherwise strong bounds imposed

by the LHC data.

Cut-off lowering: As we have discussed earlier, the main point of the hierarchy prob-
lem is the quadratic sensitivity of the Higgs mass to the UV cut-off of the theory. Thus
lowering the cut-off of the SM as an effective theory and envisaging a more fundamental
theory beyond that cut-off constitutes a motivating solution. Major example in this cat-
egory is the Technicolor models [37—41], which employ a confining theory, analogous to
the Quantum Chromodynamics (QCD), giving rise to the electroweak scale by dimensional
transmutation. However, this scenario does not predict the existence of any candidate for
the observed Higgs-like spin zero boson. Furthermore, vanilla technicolor models got ruled

out from the electroweak precision data from the LEP [42], much before the discovery of



the Higgs boson. Composite Higgs models, as a modified avatar of the old technicolor

idea will be our focus of discussion throughout the major part of this thesis.

Vacuum selection: The idea involves selection of electroweak vacuum by scanning over
a bunch of vacuua statistically distributed at different scales. Although the old idea of
anthropic selection [43] has lost much attention, relatively modern examples involving
some dynamics for the selection of the electroweak vacuum are quite interesting. Relaxion
models [44-46], NNaturalness model [47], etc. fall in this later category.

In this thesis we will concentrate on the composite pseudo Nambu-Goldstone Higgs to

address the hierarchy problem.

1.2 Other BSM motivations: Dark matter and all that

While the hierarchy problem appears to be one of the major motivations from the theoret-
ical point of view to build models beyond the SM, there exists a lot of other incentives for
constructing BSM extensions, many of them driven by the experimental observations. We
list some of the major motivations to investigate BSM physics in Table 1.1. Note that most
of the BSM avenues to address the hierarchy problem add more structures by extending the
SM gauge symmetry and particle content. This aspect provides a possibility that the same
theories may have the potential to account for other limitations of the SM, thereby serving
both purposes at one shot.

Fritz Zwicky, in his seminal 1933 paper [8], concluded that the amount of dark matter
present in the Coma cluster is much greater than that of the luminous or visible matter.
Loads of indirect confirmations like the Cosmic Microwave Background measurements

[11] and astrophysical observations [9, 10] provide enough evidences for the significant



Motivations for BSM physics

Hierarchy problem Non-zero neutrino mass
Quantum theory of Gravity Nature of dark matter
Strong CP problem Inadequate Baryon-asymmetry
Hypercharge Landau pole Why three generations?
Unification of forces Cosmological inflation

Table 1.1: Some major limitations of the SM and motivations to search for BSM physics.

presence of DM in the total energy density of the Universe. However, the nature of the
DM is still an open question. The Weakly Interacting Massive Particles (WIMP) constitute
the maximally explored genre of DM candidates, primarily because of its simplicity and
predictability. The WIMP candidates are prevalent in many well-known BSM theories,
which are motivated from other perspectives. For examples, WIMP scenarios arising from
supersymmetric candidates to Kaluza-Klein excitations, which justify freeze out of DM
from the primordial plasma after a long period of thermal equilibrium [48, 49], are crying
out for verification even otherwise. On the contrary, the ‘null results’ from the DM direct
search experiments like XENON100 [50], LUX [51], PandaX-II [52] or more recently
XENONIT [53], compel us to look for alternative scenarios, where the DM is assumed to
be produced ‘in’ the process of progressing towards thermal equilibrium [54], rather than
being perceived as frozen ‘out’ from the thermal bath. Among the various possibilities for
freeze-in type scenarios of DM production, interesting models should naturally predict why
the DM is out of the equilibrium with the primordial plasma. We aim to discuss a freeze-in
scenario of DM production, which provides a justification of the above mentioned question

within a natural framework.
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1.3 Organization of the thesis

A major part of this thesis is devoted to address a theoretical issue of the SM, viz. the
hierarchy problem. We explore the composite pseudo Nambu-Goldstone Higgs model as
a solution to the hierarchy problem. The rest of the thesis is focused on an observational
limitation of the SM, the substantial dark matter abundance in the universe. We discuss
in particular, the freeze-in mechanism of dark matter production in the early universe. We
have employed novel model building techniques beyond the SM as well as effective field
theory frameworks for our purpose.

The plan of the thesis is given below:

* In Chapter 2, a brief review of the basic ideas of composite Higgs framework is given
followed by the example of the minimal composite Higgs model. The origin of the
Higgs potential and the mechanism of EWSB are also discussed. We explicitly show
the relation between the spectrum of the composite particles with the Higgs mass,

and the tension therein for this category of models.

* In Chapter 3 we present the next-to-minimal composite Higgs model, where the
scalar sector is enhanced by a SM singlet along with the usual Higgs doublet. We
then describe how a doublet-singlet mixing can provide a handle to accommodate
heavier top-partners, thereby releasing the strong connection between a light Higgs
and light top-partners. We also comment on the phenomenological consequences of

this model.

* One of the major signature for the composite Higgs scenario is the modification of
the neutral Higgs couplings with other SM particles. In Chapter 4, we discuss these

modifications in the context of both minimal and next-to-minimal composite Higgs

11



models and provide bounds on them in the light of Run 1 and Run 2 data from the

LHC.

* We explore the significance of higher dimensional effective operators in a triplet-
Higgs scenario (Georgi-Machacek model), in Chapter 5. Specifically we use flavor
and electroweak observables to constrain the charged Higgs sector in the presence of

higher dimensional operators.

* Moving on from the Higgs physics, in Chapter 6, we concentrate on explaining the
substantial relic abundance of the dark matter in the universe. We explore a novel
production mechanism for the DM in the early universe by freeze-in mechanism

employing an energy dependent portal between the dark sector and the visible sector.

* In Chapter 7 we draw our conclusions and outline future scopes in these directions.

12



meeeeeseeessssssss CHAPTER 2

THE COMPOSITE NAMBU-GOLDSTONE

HIGGS: A BRIEF REVIEW

The brief review presented in this chapter is based on the existing literatures on the

composite pseudo Nambu-Goldstone Higgs framework.

In the composite Higgs scenario, the Higgs boson originates as a pseudo Nambu-
Goldstone boson (pNGB), arising from the spontaneous breaking of a global symmetry
associated with the condensation of a strongly interacting sector [22-24, 55-59]. This
setup is quite analogous to the familiar case of QCD, where the chiral symmetry of the
quarks break spontaneously around the QCD condensation scale (Aqcp). The pNGBs that
arise in this case can be identified as the usual pions, which are bound states formed by
quark anti-quark condensates. Similarly, the pNGB Higgs which is a bound state of some
hypothetical strong dynamics is assumed to have a finite geometric size, inverse of which
sets the compositeness scale (lﬁl ~ m,) of the strong sector. The composite pPNGB Higgs

framework has the potential to solve the hierarchy problem in an elegant way, that has been

13



Finite size effects
around m,

2 |
/\° correction

Figure 2.1: Left panel shows the behaviour of a composite object under a probe particle with
different wavelengths. As long as the virtual probe particles have wavelength A >> g, the Higgs
boson behaves as an elementary particle. If X < Iy, Higgs is resolved into its substructures. The
right panel qualitatively shows the quantum corrections to the mass of the composite Higgs as a
function of energy scales.

illustrated qualitatively in the Fig. 2.1 and described below.

Role of compositeness: 1If the energy of the virtual particles running in the loops, as
shown in Fig. 1.1, is much lower than the scale of the compositeness (in other words, if
the wavelength of the probe particle is much bigger than the finite geometric dimension
of the Higgs), the Higgs boson effectively behaves as an elementary entity and receives
corrections to its mass with quadratic UV sensitivity. This region is marked with a grey
shade in the right panel of Fig. 2.1. However, if the loop-particles have energies higher
than the compositeness scale, they would start probing the microscopic substructure of the
Higgs boson. Much above the compositeness scale, Higgs boson would dissolve into its
fundamental constituents, consequently the loop processes in question would not contribute
to the Higgs mass. Therefore, the UV cut-off of composite Higgs framework is essentially

lowered down to the compositeness scale, which is assumed to be around few TeV, thereby

14



solving the ‘big hierarchy’ problem.

Role of Goldstone nature: Yet, one needs to explain the ‘little hierarchy’ i.e. why the
mass of the Higgs boson is much smaller than the condensation scale of the strong sector!.
Like pions in QCD, the Goldstone nature of the Higgs ensures this relative lightness com-
pared to the order TeV compositeness scale. The approximate shift symmetry of the pNGB
Higgs protects the Higgs mass from sensitivity to the compositeness scale. However, we
shall see later that simply having the shift symmetry is in general not enough to reproduce
the observed Higgs mass. Additional mechanisms, like collective symmetry breaking or

imposing some sum rules are required for that purpose.

2.1 From Technicolor to composite Higgs

The predecessor of the modern composite Higgs scenario is “Technicolor’ model which
provides an explanation for the generation of the weak scale [37-41]. Original technicolor
model is composed of a strong sector sitting near a fixed point at the UV scale Ayy. The
dimensional transmutation mechanism generates the confinement scale by the slow running

of the strong coupling constant towards the IR as
m? ~ Ay exp (=167 /g3y - (2.1

Clearly, an exponential hierarchy is obtained between the confinement scale and the UV
cut-off, similar to the case of QCD. The technicolor sector, which is nothing but a scaled

up version of QCD, confines around the weak scale and provides mass to the weak gauge

'Natural expectation is that, the bound states originating from a strong sector have masses around the
condensation scale. For example, in the familiar case of QCD which confines at around Agcp ~ 200 MeV,
the bound states like proton and neutron have masses of the order of a GeV.
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bosons. It assumes the existence of some hypothetical quark-like fermions, called techni-
quarks which are charged under the technicolor gauge group. The condensates formed by
this techniquarks and their anti-particles act as the would be Goldstone bosons to give mass

to the W and Z bosons.

One of the major issue with the original technicolor scenario is that it does not predict
any suitable candidate for the observed spin-0 boson with mass around 125 GeV. However,
even before the Higgs discovery at the LHC, this scenario was ruled out by the precision
measurements of the electroweak oblique parameters at the LEP. Specifically speaking,
technicolor setup induces an unacceptably large contribution to the oblique S-parameter
through the exchange of virtual techniquarks. An effective operator depicting this large
contribution to the S-parameter can be obtained after integrating out the heavy techniquarks
as [60, 61]

1

O ~ 7 H'W,,B*H , (2.2)

where f is the decay constant associated with the confinement of the strong sector. Since,
the condensation in the technicolor scenario occurs around the weak scale itself, i.e. v ~ f,
the operator in Eq. (2.2) gives very large contribution to the S-parameter, in conflict with

the data [42].

The modern avatars of composite Higgs models are built after incorporating the lessons
taken from the drawbacks of the technicolor theories. The problem in technicolor theory
that strong dynamics directly participates in EWSB, is solved by constructing a theory
where v < f. The strong dynamics is only responsible to produce a set of pNGBs by

spontaneous breaking of some global symmetry, which in turn may trigger EWSB.
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2.2 Anatomy of composite Higgs framework

Here we present the structure of a generic composite pNGB Higgs framework [55, 56,
58]. We will work in four spacetime dimension and assume the existence of a strongly
interacting composite sector which confines near the TeV scale. We will also assume the
presence of an purely elementary sector containing SM matter content, except the Higgs

boson and possibly the right-handed component of the top quark.

2.2.1 Coset structure

Some global symmetry (=) associated with the composite sector is assumed to be sponta-
neously broken at a scale f when the strong dynamics confine. The vacuum is invariant
only under a subgroup H C G. This leads to the generation of Goldstone bosons in the
coset space (G/ H. The number of such NGBs are given by the number of broken generators
as

#NGB = dim(G) — dim(H), (2.3)

where dim(G) denotes the number of generators of the group G. The NGBs (7;) can be
conveniently parametrized in terms of the broken generators (7'%) of G in a matrix, known

as the Goldstone matrix as follows [62, 63]:

V2

U =exp [i—wa(a:)Td (2.4)

f

One can always define a specific vacuum ., invariant under /1, which can be used to

parametrize the NGBs in terms of a linear representation as, > = UY,2. The lowest order

2Since T°%y = 0, T%% # 0, where T¢ (T'%) are the unbroken (broken) generators of G, ¥ can be
expressed solely in terms of the broken generators through the matrix U.
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Figure 2.2: Coset structure of the strong sector is displayed. Left panel shows spontaneous
breaking of a global symmetry G to its subgroup H, while only Hgange O Grw is gauged.
Right panel shows misalignment of the vacuum (parametrized by the tuning parameter £) due to
the explicit G breaking by gauging. The remnant gauge symmetry after vacuum misalignment
H N Hgauge N Hiisaligned should contain U(1)gm as a subgroup.

Lagrangian for the NGBs can be written in terms of X as

e L 0,2) (") ~

9 (8H7T@) (8“7’(’@) + ... (25)

1
2
At this stage, clearly the NGBs enjoy a shift symmetry which demands presence of only
the derivative interactions. The shift symmetry also ensures that the vev of the NGBs
can be rotated away by a global transformation and therefore has no physically relevant
consequences. However, in addition to the spontaneous symmetry breaking, gauging a
subgroup Hg,yee of G can explicitly break the full global symmetry . The structure of
spontaneous and explicit breaking of G is pictorially shown in the left panel of Fig. 2.2.
Explicit breaking of G may radiatively induce a potential for the Goldstones by breaking

in turn the shift symmetry of the NGBs and converting them to pseudo Nambu-Goldstone
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bosons. Obviously, the gauging of H,,,,e introduces dim(Hg,y,q.) number of gauge bosons,
out of which [dim(Hgayge) — dim(Hgauge N H)|] number of gauge bosons will be massive

by eating up some of the NGBs. The number of left over NGBs is then given by

ANGB = [dim(G) — dim(H)] — [dim(H gauge) — dim(Hyauge NV H)] . (2.6)

Now let us take the simple example of QCD. In case of QCD with two quark flavors,
the global symmetry G can be identified as the SU(2), x SU(2),, chiral symmetry of
quarks which spontaneously breaks down to a diagonal SU(2),, around Aqcp. This yields
three NGBs which can be identified with two charged (7¥) and one neutral (7°) pions.
The electroweak interactions of the quarks are introduced by identifying Hg,yee With the
electroweak gauge group, which explicitly breaks the chiral symmetry of the quarks. Now,
coming back to the composite Higgs scenario, we observe that there are two important

requirements for the choice of G as follows:

* SM electroweak group (Ggw = SU(2),; x U(1),,) must be embedded as a subgroup

of the unbroken Hgyuee N H O Grw.

* There should be at least four NGBs present in the G/H coset which can form a

SU(2),; Higgs doublet to trigger EWSB at low energies.

* A third requirement, motivated from the electroweak precision data from LEP, is to

preserve the global custodial symmetry in the Higgs sector.

The minimal coset structure, compatible with the above three requirements, is given by

SO(5)/SO(4), which forms the minimal composite Higgs model.
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2.2.2 Vacuum misalignment mechanism

The right panel of the Fig. 2.2 illustrates the vacuum misalignment mechanism [22-24],
which is crucial for the working of composite Higgs scenario. We have already stated that
without any explicit G breaking, the NGBs can not achieve any potential and their vev
is completely arbitrary and unobservable. On the other hand, the explicit G breaking by
gauging the subgroup My, induces radiative potential by Coleman-Weinberg mechanism
[64]. The interactions between the composite degrees of freedom with the elementary
fermions also break the global symmetry of the strong sector explicitly and contribute to
the loop generated potential. The potential thus formed may tilt the vacuum with respect to
H. As shown in the right panel of Fig. 2.2, the new vacuum, defined by non-zero vevs of the
pNGBs will be invariant under H isaligned. This mechanism is called vacuum misalignment
and the amount of misalignment is proportional to the vev of the pNGBs. As an example,
let us take SO(3)/SO(2) as the coset space, which is pictorially shown by the surface of the

sphere in Fig. 2.3. The generators of the SO(3) rotations are given by

0 0 1 0 0 0 0 10
™=| 0o o0/, T=|l0o 0 1|, T=|-100]. @7
~10 0 0 —1 0 0 0 0

We choose the vacuum X = (0,0, f)T along the vertical direction in the Fig. 2.3 such that
T # 0, 7?2y # 0, T3, = 0. Clearly, the unbroken SO(2) is given by the horizontal
circular ring, the rotation along which is generated by 7. The SO(3) is explicitly broken
by gauging the subgroup SO(2), as shown by the tilted blue circle in Fig. 2.3. The pNGB
vevs (r), thus achieved by the explicit breaking of the shift symmetry, misaligned the

vacuum with respect to its original direction. Note that, since the gauged SO(2) and the
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Figure 2.3: Illustrative figure for the breaking of SO(3) — SO(2) is shown. The reference vacuum
is chosen along the T® direction leaving the SO(2), indicated by the horizontal circular ring, invari-
ant. Explicit breaking of SO(3) leads to vacuum misalignment, shown by the tilted circular ring.
The vev breaking the gauged SO(2) is given by the projection of the tilted vacuum on the horizontal
unbroken global SO(2) direction.

global SO(2) intersects only at two points, no remnant invariance is present, i.e. vacuum
misalignment mechanism breaks the gauge symmetry to nothing. The vev that breaks
the gauged SO(2) symmetry is given by the projection of the misaligned vacuum on the

unbroken global symmetry (on the horizontal circular plane) as

v = fsin @ . (2.8)

f
In the context of a realistic composite Higgs scenario, on the other hand, the gauged sym-
metry would be the electroweak symmetry group Grw. The vev of the pNGB Higgs will
break Ggw to the U(1)gy, which must be a subgroup of both the unbroken global symme-
try and the gauge symmetry. The electroweak scale v will be determined by the projection

of the misaligned vacuum on the electroweak plane, which makes it different from the
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strong sector scale f by an amount given by the pNGB vevs as,

[\

o
Il

sin? % . (2.9)

=l S

Two special limits of the tuning parameter £, parametrizing the hierarchy between v and
f are worth noting. The limit £ — 0 implies f — oo, which means we get back the SM
scenario where the strong sector is completely decoupled. The other important case £ — 1,

which means v ~ f, corresponds to the technicolor limit.

2.3 Partial compositeness paradigm

We now discuss how the quarks and leptons interact with the composite sector and receive
masses. We have already mentioned that the fermions are assumed to be elementary, and
are external to the strong sector. Let us first recall that, in technicolor scenario 4-fermion

interactions involving the quarks and techniquarks are postulated as [37—41, 65-69]

1

L~ ——(qq) (Yrctrc) | (2.10)
AUV

where Ayy denotes the UV cut-off scale of the operator. Such interactions can be induced
by a bi-linear mixing between the quarks and some bosonic operator belonging to the strong
sector, given by

A
L~ = (q9) Ou, (2.11)

uv
with d as the operator dimension of O,. Mapping Oy = 1ctirc, We observe that below
the scale of technicolor condensation (which is around the weak scale v), this operator can

interpolate a Higgs field and contributes to the quark mass. In such case, the quark mass is
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estimated as
1
~ A2
Afry

d—1
mq <&TC¢TC>~UA[U]( v ) . (2.12)

Avv

Note that the renormalization group evolution above the condensation scale may lead to a
large anomalous dimension of O, which in turn can play an essential role in the genera-
tion of the fermion mass hierarchies. However, the major challenge in this scenario is to
reproduce the observed hierarchy of the SM quark sector without introducing either large
contributions to the flavor changing neutral current processes or a considerable fine tuning

through the new operator O, with large negative anomalous dimensions [55, 56].

To mitigate these issues in the modern composite Higgs model, a linear mixing in lieu
of a bi-linear one, between the SM fermions and the operators of the composite sector is
proposed [70, 71]. This new mechanism of transmitting the effect of electroweak break-
ing to the matter sector through a linear mixing is known as the partial compositeness
paradigm. While we only consider the interactions of the SM fermions in this section,
we want to mention that analogous arguments also work for the gauge sector as well. A
schematic diagram of the linear mixing in the partial compositeness scenario is shown in
Fig. 2.4. The linear mixing terms between the quarks and the composite operators are given
by

AL AR
ﬁmix >~ WQLOR + WUROL + h.c. (213)
uv uv

The operators O, r are fermionic in nature, in contrast to the technicolor scenario, and
possess the same quantum numbers as the quarks under the SM gauge group. This has sig-
nificant phenomenological implications because, below the compositeness scale these op-
erators can excite composite massive fermions with identical electroweak and color quan-
tum numbers as the SM fermions, and thus can in principle be detectable in the collider

experiments. It constitutes one of the major signature of composite Higgs scenarios. The
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Figure 2.4: Schematic diagram demonstrating the partial compositeness scenario. The SM gauge
and matter sector are assumed to be elementary. They mix linearly with vector currents and
fermionic operators of the composite sector, respectively. The linear mixing communicates the
explicit breaking of the strong sector to generate a potential for the pNGB Higgs bosons.

operators mixing with left- and right- chiral quarks are in general different and may have
different operator dimensions. The elementary fermions mix linearly with their compos-
ite counterparts, which we call as the resonances or composite partners of the elementary
fermions. Thus the physical degrees of freedom constitute a linear combinations of elemen-
tary and composite degrees of freedom. Note that the linear mixing terms by definition,
explicitly break the symmetry of the composite sector, inducing a Higgs potential whose
vev may trigger vacuum misalignment. Unlike the bi-linear mixing, here the Higgs field is
interpolated at the low energy by the operator pair O;Or. The mass of the quarks can be

estimated as

m dL+de5
My ~ M AL[M) AR [T ] (A_Ui/> : (2.14)

where \;, z[m.] denote the strength of mixing evaluated near the compositeness scale. The

anomalous dimensions of the operators Oy, z can be such that d;, + dg — 5 2 0, without
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reintroducing any additional UV divergence issue. The fermion mass hierarchy can be gen-
erated depending on the anomalous dimension of the operators, which in turn determines
the degree of compositeness of the SM fermions [72, 73]. Moreover, the UV stability also
ensures that Ayy can be arbitrarily large, thus taming the problems related to the large fla-
vor changing neutral current processes [73—77]. These are the primary advantages of the
partially composite scenario over the bi-linear mixing.

We illustrate the low energy behaviour of the formal picture depicted above with a toy
example. We consider the following Lagrangian involving a single generation of elemen-

tary quarks and some composite vector-like resonances () and U):

L=-m,QQ —m,UU + ApqLQr + ArtigUr, +h.c., (2.15)

where strengths of the mixing terms are given by A; = (0|0.|Q), Ar = (0|Or|U).
Note that the generic mass of the resonances are taken, as expected, to be around the
scale of condensation (m,). We assume, for simplicity, all the parameters in the above
Lagrangian are real, implying that the composite sector preserves CP. The mass matrix can

be diagonalized by the following unitary transformations

qr Cor  S¢r qL URr Cop  Sor UR

QL —S¢;,  Coy QL Ur —S¢r  Con Ur

where s, . (cs, ) = sin ¢z r(cos ¢, r) and the fraction of compositeness of the left- and
right- handed quarks are given by tan ¢, p = Az _gr/m.. Two zero modes can be identified
with SM chiral degrees of freedom, which would acquire mass after the EWSB. However,
the crucial point is that, now the SM degrees of freedom have substantial overlap with the

resonances and thus are partially composite in nature. On the other hand, the masses of
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Figure 2.5: Microscopic origin of Yukawa coupling in the partial compositeness scenario. The
SM fermions mix linearly with composite resonances which in turn couples to the pNGB Higgs to
generate Yukawa couplings.

the resonances are given by ,/m?2 + A%} r» showing a mass splitting proportional to the
amount of mixing.

We can also make a naive estimate of the Yukawa couplings of the SM fermions with
the Higgs boson (see Fig. 2.5). As mentioned earlier the operator pair OOy can interpo-
late the Higgs field at low energy. Assuming the the coupling between the Higgs and the
composite resonances are given by g., we find the Yukawa couplings of the SM fermions

as

Y = gy Sin ¢y, sin g . (2.17)

Clearly, the Yukawa couplings and in turn the masses of the SM fermions depend on the
degree of compositeness. Thus, while the light fermions such as leptons, first and second
generation quarks are mostly elementary with a very small compositeness fraction, the third
generation quarks are relatively more composite in nature. Here, we mention in passing
that the top quark can in principle belong entirely to the composite sector, unlike other SM

fermions. However, in our discussion we will not consider this particular possibility.

26



2.4 Multifaceted frameworks: Confinement / Holography

/ Deconstruction

Composite Higgs framework encompasses a wide class of apparently disparate models.
However, the underlying links among these models prove to be a very powerful tool to
portray the full picture [78]. Primarily, a composite Higgs scenario possesses two essential
features: a pNGB Higgs and a strong confining dynamics. The former can easily be de-
scribed by the well-known non-linear sigma model framework, while building a predictive
model for the non-perturbative strong dynamics is more challenging. Here, comes the help
from different class of interlinked models within the larger framework of composite Higgs.

Below we outline three such distinct avenues and their relations with each other:

* First, we consider a 4D confining sector, quite analogous to the standard QCD. The
strongly interacting sector, endowed with a global symmetry is assumed to be sitting
near a conformal fixed point in the UV. The low energy non-perturbative behaviour
can be captured in terms of momentum dependent form factors, while the pNGB

Higgs sector can be described using a non-linear sigma model [55, 58, 79].

* The AdS/CFT correspondence [80] enables us to relate this 4D strongly coupled
theory to a theory in a slice of AdSs. In this AdS picture the theory is weakly coupled
and explicit calculations can be performed. The global symmetry of the 4D CFT is
realized as a bulk gauge symmetry in the 5D picture. The Higgs boson from the
4D perspective may originate from the fifth component of a SD gauge field leading
to gauge-Higgs unification [30, 32, 81-85]. The radiatively generated mass of the

‘holographic’ Higgs boson [71, 86—88] is protected by the 5D gauge symmetry.
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* Discretizing the fifth dimension produces a deconstructed theory having multiple
sites with different symmetry breaking scales [89, 90]. The site with the lowest en-
ergy scale can be identified with the weak scale while the highest scale might be the
Planck scale. These kind of deconstructed models with multiple sites exhibit a mech-
anism called collective symmetry breaking to protect the weak scale [91, 92]. The
multi-site models [93, 94] can also be mapped to the QCD-like confining theories

described by the non-linear sigma model.

A detailed discussion of all three avenues are beyond the scope of this thesis. We will
primarily focus on the first approach where we will model the momentum-dependent form
factors and apply several sum rules, motivated from both 5D pictures as well as the well-

known QCD scenario.

2.5 Minimal composite Higgs model

In this section we illustrate the framework of composite Higgs with an explicit example.
We consider the global group of the strong sector as G = SO(5) x U(1), whereas the
vacuum is only invariant under the H = SO(4) x U(1) subgroup of GG. Thus SO(5)
breaks down spontaneously into SO(4) (keeping U(1) , unbroken), resulting in four NGBs
which can form a SM Higgs doublet. It forms the minimal coset that protects the custodial
symmetry [79, 87, 88, 94—106]. A schematic diagram showing the coset structure and

vacuum misalignment mechanism in the minimal model is displayed in Fig. 2.6.
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Figure 2.6: Coset structure, explicit breaking and vacuum misalignment in the minimal composite
Higgs model. Global SO(5) x U(1)x symmetry is spontaneously broken to SO(4) x U(1)x =~
SU(2)p x SU(2)gr x U(1)x. The electroweak gauge group, identified with a subgroup of the
unbroken part, explicitly breaks the global SO(5) symmetry and induces EWSB. The misaligned
vacua remains invariant under the electromagnetic U (1) ;.

2.5.1 Symmetry breaking pattern

The four ensuing NGBs can be parametrized by choosing a reference vacuum as > =

(0,0,0,0,1)T. Using this, we can write the Goldstones in terms of a linear field as

1 T

\/§ a . ™ T
Y =UX=exp |i—m(z)T"| X9 = —sin — | mq, 7o, w3, Ty, mcot — | , (2.18)
f T f f

where 7 = /), 72 and T®’s denote the broken generators, whose expressions are given in
the Appendix A. Now we describe the transformations of the NGBs under different SO(5)

rotations. We divide the SO(5) rotations in two categories:

 Rotation along the unbroken SO(4) directions: under these rotations the NGBs trans-
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form linearly in the so called r, representation as

Ta — [exp (iogt®))) m; (2.19)

where the generators t2 in the r, representation, spanning the SO(4) subgroup, can
be expressed in terms of the generators of SO(5) as
iaTOa —iag T _ b [ it @
e Tl = T" [e"e'=] . (2.20)
For the particular coset in consideration, r, can be identified as the fundamental

representation of SO(4). Thus, the rotations along the unbroken directions transform

the NGBs as fundamental 4 of SO(4).

Rotation along the broken directions: the actions of the broken generators on the

NGBs induce the ‘shift symmetry’ of the Goldstone bosons as

2
Ta — T + %a& +O (%) . 2.21)

Therefore, the non-derivative interactions of the NGBs, in absence of any source of

explicit SO(5) breaking, are prevented by the rotations along the broken generators.

2.5.2 Gauge sector

To describe the SM gauge interactions, we must embed the electroweak gauge group within

the unbroken SO(4) part. Note that the Lie algebra of SO(4) is isomorphic to SU(2);, x

SU(2)gr. The SU(2)y, is identified as a part of the electroweak gauge group, while the

hypercharge is taken as Y = T3 + X. Here T3 and X represent respectively, the generators
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of the U(1) subgroup of SU(2)g and that of unbroken U(1)x. The SU(2)y, Higgs doublet
can be constructed from the four NGBs as follows
o L (2.22)
\/§ T4 — i 3
The action of SU(2);, x SU(2)g on the scalar bosons becomes apparent once we construct

a bi-doublet (2, 2) as

H— (L ) = 1 Ty i3 T +im 2.23)
\/§ —T92 + iﬂ'l T4 — i7T3

where H¢ = ioo H*. While the SU(2)y, rotations act columnwise on #, the SU(2)g rota-
tions mix H with H¢ along the rows. Note that the presence of unbroken SO(4) is essential
to preserve custodial symmetry at tree-level after the EWSB. The explicit SO(5) break-
ing due to the incomplete gauging of a subgroup breaks the shift symmetry of the NGBs,
thereby triggering the EWSB. Without loss of any generality, we will work in the unitary

gauge after the EWSB through a SO(4) rotation, i.e. we will take m; = my = 73 = 0 and

74 = (h) + h. In this gauge, ¥ can be written as [55, 79]

hy +h hy+h\"
Z:(0,0,0, sin<>+ ,cos<>+ ) . (2.24)
f f
The pure kinetic term of the NGBs, in the unitary gauge is given by
f? 1
Lian = 5 (0,%) (0"%) = 5 (9,h) (9"h) . (2.25)
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We recall that in the partial compositeness paradigm, the gauge bosons are not part of
the composite sector, rather they are elementary. To introduce the gauge interactions of
the pNGBs, we introduce spurionic fields so that the gauge bosons transform in the ad-
joint representations of SO(5) x U(1),.. Assuming X as a background field®, the formally
SO(5) x U(1) invariant Lagrangian in the momentum space involving the gauge bosons

can be written as [55, 79]

1

L=oPp [Io(p*) Tr(ALA,) + I (pH)ETALALY + I (pH) X, X, ] (2.26)
Here P;” = (n* — p*p”/p?) is the standard transverse projector, while A, = AYT* +
AZT @ and X, denote the gauge bosons corresponding to SO(5) and U(1) ,, respectively. In
the physical limit, the spurions can be turned off and we will set Af, = WT} + B, T} and
X, = B,. The form factors in Eq. (2.26), capture the strong sector dynamics, and can be
written in terms of form factors associated with the conserved currents along broken (II; ~
(JaJs)) and unbroken (I1, ~ (J,J,)) generators. To do that we rewrite the Lagrangian in

Eq. (2.26) by replacing > = 3} as

1 _ . -
£ =P [ (p") X, X, + a(p) AL A + Ta(0) AR A7 (2.27)
In principle, the form factors depend on the details of the confining sector and only be
determined using a non-perturbative approach. However, in the ‘Large N’ limit in the

strong sector [107], I, and IT; can be parametrized in terms of a tower of spin-1 resonances

with increasing masses (m,,, o, ) and decay constants (f,, ,,.) as follows:

3Since we are only interested in the non-derivative interactions of the pNGBs with the gauge bosons, we
may assume X as a classical background.
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(2.28)

2 2 2

1
I, =1, = p* —n I, =10+ — = p? e L
’ p;ﬁ—min T ;p2—m3n 2p°
Note that in case of II;, the second term proportional to f? can excite pPNGBs with proper
quantum numbers from vacuum with the decay constant f. These resonances are expected
to be light (m,, ., < 47 f) to account for the perturbative unitarity of the theory [108]. In

the physical limit we turn off the spurions and using the definition of X at the electroweak

vacuum we obtain

g

P 2
Lo —- {Hé‘ B.B, + (Ho + 1L {51)

4

) (Wewe + B,B,) —1I, <Sg>2ijy ,

(2.29)
where (s;,) = sin(h)/f. The standard SU(2), and U(1),- gauge couplings, g and ¢’ respec-
tively, can be identified by Taylor expanding the form factors and extracting the coefficients

of O(p?) as

1 1 1 1
— = —II5(0) + — , — = — (IIH(0) + I5*(0)) + —5 - (2.30)

g* 9 g” 96

Here gy and g denote the bare gauge couplings corresponding to the kinetic terms of
the elementary gauge bosons. The electroweak vev can be defined by the usual vacuum
misalignment relation

£=— =sin? L, 2.31)

The low energy interactions of the Higgs boson with the weak gauge bosons can be calcu-

lated by expanding s around (h)/f — 0 as
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o 1 h h?
(WMW’HL—Z Z“) {2 L +(1-2)5+..| . @32

g20?
=" p
2 cos2 0,

Ly 1

Clearly, both hVV and hhV'V interactions are modified due to the presence of higher
dimensional operators. The strengths of these interactions are reduced as compared to their

SM values by a universal factor controlled by the parameter £ as

vy _Jr—g, IV g, (2.33)

SM
Irvv RAVV

Note that, in the limit £ — 0 or equivalently f — oo the strong sector decouples and SM
couplings get restored. A major constraint on the composite Higgs models come from the
precision measurement of the electroweak ‘S’-parameter at the LEP. In minimal composite

Higgs model, the correction to the ‘S’-parameter depends on the form factors as follows:

1672 (sp)?
AS ~ e <%>1_[1(0). (2.34)

Evidently the electroweak precision constraint demands & = (s,)? < 1. On the contrary,
in the technicolor models as we have discussed earlier, ¢ — 1, which implies that ‘S’-

parameter alone can rule out such models.

2.5.3 Fermion sector

Now we describe the fermion sector of the minimal model. To implement the partial
compositeness paradigm, the SM fermions are embedded in different incomplete SO(5)

multiplets. Unlike the gauge sector, the Yukawa couplings of the SM fermions with the
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SO(5) SO(4) ~ SU(2), x SU(2)x
4 = (2,1)+(1,2)

5 - (2,2)+(1,1)

10— (2,2)+(3,1)+(1,3)
14— (1,1)+(2,2)+(3,3)

Table 2.1: List of SO(5) representations and their decomposition under SU (2)1, x SU(2) g, upto
dimension 14.

Higgs boson depends on the specific SO(5) representation in which the former are em-
bedded. A list of irreducible representations of SO(5) and their decomposition under
SO(4) ~ SU(2), x SU(2)y are displayed in Table 2.1. Here we will confine ourselves
to the cases where the third generation quarks are embedded in the fundamental 5 of SO(5)
only. This is the minimal representation that ensures a custodial protection of the Zb; b,
coupling [109]. The cases with higher representations will be discussed in details in Chap-
ter 4. To reproduce the correct hypercharge to the SM fermions, assigning specific U(1),
charge is essential. For example, we embed both chiralities of the top quark in 553, while
the bottom quark is embedded in the 5_; ;3 of SO(5) x U(1) ,, where the subscript denotes

U(1) i charge. Decomposition of 55/3 under the SM gauge group is shown below:
52/3 — 27/6 + 21/6 + 12/3 . (2.35)
Clearly, 7, and tr would be embedded in 2,5 and 1,3, respectively. The explicit expres-

sions for the embeddings of the top quark are given by

1
QL = E(—Mu — by, —ity, tr, 0)", (2.36)

Tr = (0,0,0,0,tg)". (2.37)
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Following the same trick as shown in the gauge sector, formally SO(5) invariant effective

Lagrangian for the top quark in terms of (), T and ¥ can be written as

L = Tgp)iept, + M7 (p)(QE)P(ET Q) + I (p)Erptr + T (p)(TRE)P(E" Tr)

+IEE (p) (Q,. ) (2T TR) + h.c. (2.38)

In analogy to the gauge sector, the form factors which depend on the details of the top-
partners, encapsulate the dynamics of the strong sector. Implementing the physical limit

where (1, and T contains only SM degrees of freedom, the Lagrangian becomes [79]

_ HL _ B HLR
L= tLp |:H£ + 718}21:| tL + tRp [H(})% + H{%Cﬂ tR -+ tL {ﬁshch} tR + h.c. (239)

Mass of the top quark is obtained as

I1E7(0)]

oo

where we have assumed Hf’R < HOL’R. The Yukawa coupling of the top quark after
EWSB can be calculated by expanding the sines and cosines. The low energy interactions

involving the top quark and the Higgs boson are given by

1-26h k2
ﬁ;—%ﬁ—l—... £ (2.41)

Lt = —mtf 1+

2.6 Radiative Higgs potential and Higgs mass

In this section we briefly review the generation of Coleman-Weinberg scalar potential [64]

and spell out the correlation between the light top-partners and the Higgs mass within the
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minimal setup. The main contribution to the Higgs potential driving EWSB comes from
the top quarks, which is assumed to be embedded in fundamental 5 of SO(5). The generic

structure of the one loop potential is given by [56, 98]
Veg = —ass + s} . (2.42)
Minimization of the potential in Eq. (2.42) yields

E=(sp)’ = —. (2.43)

The Higgs mass can be calculated as a function of § and £ as

m; = % (1-¢)8. (2.44)
Note that the mass dimensionful parameters « and 3 receive contributions from both gauge
sector and the top quark sector. Now we calculate these parameters in terms of the micro-
scopic details of the model given by the form factors. The Feynman diagrams correspond-
ing to the one loop gauge and top quark contributions to the C-W potential are displayed in

Fig. 2.7. Using the standard technique [55, 79], we calculate the gauge contribution to the

scalar potential as

9 d4qE Hl(—q%) 9 d4qE H1 H2
Viange (h) = = log [14+ 1 "9B) 2| 2 Sl 1l
sauge() 2/(2@4 Og[ T ) 2/(27r)4 AT, h T 3212t

(2.45)

Here qr denotes momentum in Euclidean space. In the second equality, the logarithm is
expanded assuming I1;s7 < 411,. In order to calculate the integrals we utilize Weinberg

sum rules, in analogy to QCD [110], for modeling the form factors. Clearly, convergence
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Figure 2.7: Feynman diagrams for gauge and fermionic contributions to the one loop Coleman-
Weinberg potential. The top row displays the gauge contribution while the middle and bottom
rows show the top quark contributions to the potential. The black blobs captures the strong sector
dynamics through the momentum dependent form factors. The form factors used in the bosonic
loops are defined in Egs. (2.28) and (2.30). We use the the following notations for the form factors
displayed in the fermionic loop contributions: HBL’tR = HOL i HtlL = Hfs,% /2, HiR = 1'[111%0,2Z and
HﬁLtR = HfRshch/\/i.
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of the integrals in Eq. (2.45) requires IT; (¢%) to fall as O(1/q%) or faster, which leads to

the following two conditions on the UV behaviour of II; [79, 98]:

lim II)(q) = 0, lim 311 (g) = 0. (2.46)

g% —o0 g% —o00

Utilizing the definition of the form factors in Eq. (2.28) and the conditions given in Eq. 2.46,

we find the Weinberg’s sum rules as

2
A I A R A L e YY)

n n

Note that the Weinberg’s sum rules, and thus the conditions in Eq. (2.46) can be saturated
using only two resonances p and a in the summation in Eq. (2.47). We find the explicit

expression for I1;, satisfying the sum rules, as

frmmg

I (q,) ~ (2.48)

(g +mY)(ap +mi)

Finally we show the gauge contribution to the parameters a and 3 by explicitly calculating

the integrals over the form factors as

0 [ diae Ti(—a? 9% f2m2m? 2
o, = __/ QE4 1 QEQ‘) - _ g2f 2p =1 <m_;>7 (2.49)
2 ) (2m)*4llp(—q%) 12872(m? —mp) 2
5 — _9/d4qE M(=qp)® _  99'f" [ (mams) _ (g + mj)
¢ T T2 ) oy (=) 1024w [ B\ME ) T (m2 —m2)?
2 2\ (4 2.2 4
+ — d4mZm? + 2
B (m; mp)(ma mgm, mp) log Mg ' (2.50)
2(myg —mj)? mg

It is crucial to note that, the sign of the s7 term from the gauge contribution alone is always

positive and can not, thus, trigger EWSB. It is therefore necessary to include the fermion
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contributions (especially the top quark contribution) to correctly reproduce the weak vev.

The top quark contribution to the C-W potential can be calculated using the Lagrangian in

Eq. (2.39) as

Vi) = = 2. [ T2 10g |3 (g + it ) g+ i) - L]

(2.51)

where N, denotes number of QCD color of the top quark. Similar to the gauge sector,

we use the Weinberg’s sum rules to model the form factors and introduce minimal set of

resonances required to saturate the integrals and make them finite. Following conditions

on each of the form factors, leading to the Weinberg’s sum rules, are employed:

HLR HL HR
1i =0, with (n =0,2 d, 1 —L _ 1) =, 2.52
A Gy = 0 it (n=0,2)and, ng;Qng Hzf) (232

We employ two strong sector resonances (one singlet and a quadruplet under the unbroken

O(4)) with masses mg, and my, to saturate the integrals. Detailed expressions for the

form factors are given in Appendix B. The first condition in Eq. (2.52) yields FlL ’R‘ =
‘Ff’R‘ = 1 Bis given by
FLRIZ (2 _ ;2
f,R _ ‘ | ( Q4 Ql) (2.53)

(g +md) (g +md,)

For the purpose of calculating HlLR, on the other hand, we further assume that FlL g are

real and F“ Ff** ~ || | F®| ¢vase. This implies

FL\ \FR] .
LR _ ‘ (m 0phase | -2
= Q1 — MQ,€ )q
VS T (@ [me T meue )
+ mg,mq, (mq, — mg, e =] . (2.54)
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The top quark contribution to the parameters of the potential can now be calculated as

o [ e [1 (1 ey
== e [ ons s \mE) T2\mf) T egminl |

2,2 2 2
Ne mymeo, My, log meg, 1

(2.55)

872 mél - m224 m2Q4 5(1 - 5) .

It follows from Eq. (2.55) that, the top-quark contribution can trigger EWSB and alone
gives £ = 0.5. The gauge contribution, on the other hand, enables a cancellation with
the fermion contribution to effectively reduce . Clearly, to drive EWSB, o, < a; is a

requirement. The numerical impact of /3, on the contrary, is small compared to /3;.

2.6.1 Light Higgs and light top-partner

We now explain the relation between a light Higgs boson and light top-partners. Within the

partial compositeness framework, generic scaling of the Higgs mass is expected to be [79]

2.2 2
m2 ~ NelMimg | Ne 2TQ
h 2 f2 w27t A

(2.56)

where m, is the mass of a strong sector resonance that can mix with the top quark. The
ratio A = ¢! = f2/v? is a measure of tuning required to obtain the electroweak vev com-

pared to the compositeness scale*. It is clear from Eq. (2.56) that the relative lightness of

“In general, the vev-tuning in this class of models is expected to be greater than A, and in most cases
it can be estimated as ~ A/k, where x(< 1) is a model dependent parameter [99, 111-114]. This is
known as ‘double-tuning’ [97, 99]. It emerges when the coefficients of the quadratic and quartic terms in the
potential do not arise in the same order of the elementary-composite mixing parameter. However, A quantifies
as the minimal tuning in the Higgs vev. The situation changes when the fermions are embedded in other
representations, see for example [115]. The issue of double-tuning eases in cases when multiple invariants
in the Yukawa structure exist. A complementary method based on statistical approach to estimate the fine-
tuning can be found in [114]. In case of MCHMj3, & can be naively parametrized as x ~ (|Fg|/mg)?. For
illustration, a typical estimate shows s ~ 0.3 with the resonance mass mg < 1.5 TeV and A = 10 [99].

41



mgo,(TeV)
e}

mo,(TeV)

Figure 2.8: The 125 GeV Higgs mass contour in mq, — mgq, plane is shown for two different
choices & = 0.04 (blue solid line), and £ = 0.08 (brown dashed line). The gray area is excluded by
the direct search limits from LHC Run 1.

the Higgs boson requires either a relatively light colored top-partner or a large fine-tuning.
The non-observation of any exotic colored particle at the LHC [116] pushes to larger val-
ues of A implying more fine-tuned scenarios. This is nothing but a restatement of the more
generic observation that the measured Higgs boson mass of ~ 125 GeV is somewhat on
the lower side for the otherwise well-motivated composite Higgs framework. It may be
contrasted with the supersymmetric extension of the SM where the observed Higgs mass
is perceived to be on the heavier side [117, 118]. The connection of light resonances with
composite Higgs mass has been studied extensively in the context of minimal model apply-
ing the QCD-like Weinberg sum rules [79, 87, 96, 97, 99], effective two-site models [99]

or from explicit calculations with the 5D duals of these theories [88, 119]. In the specific
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scenario we are discussing, the explicit expression for the Higgs mass can be calculated

using Egs. (2.44) and (2.55) as

N m2 m2 m2 m2
mi =gt 9O g [ ) (2.57)
m f Mo, — Mg, Q4

In Fig. 2.8 we plot the contours of m;, = 125 GeV in the mg, —my, plane for § = 0.08 and
0.04. The figure suggests that the LHC Run 1 constraints on the top-partners exclude the
region below (mg,, mg,) ~ 1 TeV [116]. It has been shown that two-loop contributions
to the C-W potential from the colored vector resonances of the strong sector can relax
this by 5 — 10% [120]. Implications of the lepton (7) resonances on fine-tuning have also
been considered in the literature [102, 121]. Discrete parities can also be employed to gain
more breathing space for the top-partners, as shown in [113, 122, 123]. In Section 3, we
demonstrate a novel avenue to disentangle the connection between light Higgs boson and

light top-partners by going beyond the minimal setup.

2.7 Summary

We present in this chapter, a short review of existing literature on the composite pNGB
Higgs models. We have focused on the basic framework of the composite scenario that
will be relevant for discussions in the subsequent chapters. The modern incarnation of the
technicolor models, consisting a strongly interacting sector endowed with a global sym-
metry, can yield pNGB Higgs boson in the low energy spectrum. The SM matter sector,
however, communicates via linear mixing with the operators of the composite sector. The
explicit breaking of the global symmetry induces the generation of the radiative Higgs

potential by Coleman-Weinberg mechanism, that in turn triggers EWSB. The composite
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scenarios exhibit two major phenomenological consequences:

* existence of exotic spin-1/2 and spin-1 resonances, in particular the presence of col-

ored fermions,

* and, modification of the Higgs couplings with other SM particles.

These are testable in the collider experiments and put severe constraints on the microscopic
model parameter space. In the context of the minimal composite Higgs scenario, we ob-
serve that the pNGB Higgs mass is on the heavier side to account for the observed 125
GeV Higgs boson, unless a large fine-tuning or a light top-partner is advocated. In the next

few chapters we will discuss:

* how to accommodate heavier top-partners without affecting the minimal tuning by

going to the next-to-minimal composite Higgs setup,

* and, how to test the modified Higgs couplings to discriminate various BSM scenarios

at the present and future runs of the LHC.
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CHAPTER 3

NEXT-TO-MINIMAL COMPOSITE HIGGS

MODEL

This chapter is based on the work published in the following paper:
A. Banerjee, G. Bhattacharyya and T. S. Ray, Improving Fine-tuning in Composite
Higgs Models, Phys. Rev. D96 (2017) 035040, [1703.08011].

The SO(5)/SO(4) coset, although provides a minimal realization of the composite
pNGB Higgs framework, suffers from two important limitations. First, as we have seen
in the last chapter, in the absence of severe tuning the Higgs mass naturally comes out to
be too heavy to serve as a candidate for the observed 125 GeV Higgs boson. Second, the
minimal coset does not allow for a 4D ultraviolet completion. Both of these issues can be
addressed to some extent by an enlargement of the coset space. Many such non-minimal
composite Higgs frameworks have been discussed in the literature [124—131]. In this chap-
ter, we will confine ourselves to the next-to-minimal composite Higgs model with a coset

SO(6)/SO(5), that represents the minimal extension beyond MCHM, as it introduces an
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extra SM gauge-singlet scalar along with the four components of the usual Higgs doublet
[124, 132-142]. Several aspects of this model has been discussed in the literature, e.g. in
the context of dark matter [143—146] and electroweak baryogenesis [147]. Incidentally this
also represents the minimal coset that allows for a 4D ultraviolet completion [148—153].
After laying out the fundamentals of the next-to-minimal model we explore the possibility
of increasing the mass gap between the top-partner resonances and the Higgs boson for
a given £ by employing a possible tree-level doublet-singlet mixing in the pNGB scalar

sector [154].

3.1 SO(6)/SO(5) coset structure

The next-to-minimal model is comprised of the SO(6)/SO(5) coset [124, 133, 151, 155],
which is homomorphic to SU(4)/Sp(4). In comparison to the minimal coset, this one

includes an additional CP-odd SM singlet along with the usual pNGB Higgs doublet.

3.1.1 Parametrization of pNGB degrees of freedom

Among the five pNGBs arising from the spontaneous breaking of the global SO(6) —
SO(5), four pNGBs transform as (2, 2) under SO(4) ~ SU(2); x SU(2)y, and the other
is a singlet of SO(4) transforming as (1, 1). The parametrization of the pNGB degrees of

freedom is given as

T
V2 pa 1 . m
Y= 7T Yo = ;Sm? (m, o, T3, T4, M5, T COL ?> , (3.1)

where the broken generators denoted by 7'“ are given in Appendix A, and ¥ represents

the vacuum (0,0,0,0,0,1)7. In unitary gauge, ¥ is given in terms of a CP-even field,
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h/f = (wy4/m)sin(m/f), and a CP-odd field, n/ f = (75/7) sin(n/ f), as [143]

T

hon h2 2
Y=10,0,0, =, - \/1—-——=——=] . (3.2)
( FT Iz f2>
3.1.2 Gauge sector and kinetic mixing
The kinetic term for the pNGBs can be written as
I? 1 hd,h + nd,n)?
Lin = ?(@LZ)T(E)“E) =3 (0,h)* + (9um)* + ( f;‘_ 5 — ) (3.3)

If both h and 7 receive vevs, a kinetic mixing between h and 7 is obtained. This becomes

apparent once we express the quadratic part of the above Lagrangian in terms of the shifted

fields (i.e. h — h+ (h) and n — n + (n))
(h)*
2

o > 5| (1 ) @07+ (1 i) 0
(= L) @] oy

The canonical normalization of the kinetic term is possible by a non-unitary rotation of
h and 7, as is routinely employed in Radion-Higgs scenarios [156—158] or in the case of
kinetic mixing in Abelian gauge extensions of the SM [159]. The general non-unitary

rotation from (h,n) — (hy,n,) basis can be written in the form

h = ah, + dn, , n = bh, + cn, . (3.5)

47



SO(6)

@p]

-
—

N}
~—
-

4 — (2,1);+(1,2)

6 — (2,2)0+ (1,1)2+ (1,1)_2

10 — (2,2)0+(3,1)2+(1,3) 5

15 — (1,1)0+(2,2)2+(2,2) 2+ (3,1)0 + (1,3)g

20 — (2,1)1+(2,1)3+(1,2)5+(1,2)1 +(3,2)_1 + (2,3)1
20/ = (L,1)o+(1,1)s+(1,1) 4+ (2,2)2+(2,2) 2+ (3,3)
200 = (3,2)14+(2,3)1+(4,1)_5+(1,4);

Table 3.1: List of SO(6) representations and their decomposition under SU(2)r, x SU(2)r X
U (1), upto dimension 20. The subscripts denote the U (1), charges.

To calculate the coefficients, we need to put the above transformations back in Eq. (3.4) and
demand that, coefficients of (9,,h,,)? and (9,,77,,)*> would be 1/2, while that of (9,,1,,)(0,7,)
would be zero. Evidently, three constraint equations, thus obtained, can not be used to
uniquely determine the four variables a, b, ¢, d. We, therefore, take a special choice d = 0

for our analysis. The solutions obtained for a, b and c are given by

I L)) V=P =P
a=—+/f?—(h)?, b= ——— c= ) )
FASMEE PP = e O

We have checked that the phenomenology of the ensuing theory is independent of this
particular choice. With our parametrization given in Eq. (3.2), we obtain the h,,WWW and
h,Z Z couplings scale in the same way as in the MCHM case. On the contrary, 7, being a

SM gauge singlet, does not couple to the gauge bosons at the lowest order.

3.1.3 Fermion sector

The one loop scalar potential receives contributions from both the gauge and fermion sec-

tors. Gauge interactions can generate a potential only for the doublet state h, while the
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potential for 7 is protected by a global U(1), symmetry, which is isomorphic to a SO(2)
rotation in the 5-6 direction of Eq. (3.2) [124, 143]. This particular symmetry manifests
as the shift symmetry of 7). The explicit breaking of the U(1), by the SM Yukawa cou-
plings can generate a potential for 7. This implies that some SM fermions, embedded

in an incomplete multiplet of SO(6), should be charged under U(1),. In Table 3.1, we

-
present the representations of SO(6) upto dimension 20 and their decomposition under
SU(2), x SU(2)r x U(1),. For the present purpose, we embed the SM fermions in the
fundamental 6 of SO(6). Note that the two singlets (1, 1)1, in the decomposition of 6 are
charged under U(1),, and hence are capable of breaking the symmetry protecting 7. The
left-handed top quark is embedded into the (2, 2) protecting the Zby by, coupling [109],
while the right-handed top quark is embedded as a linear combination in both (1,1). We

assume that the U(1)x charge of 6 is given by X = 2/3, which is essential to reproduce

the correct SM hypercharges. The explicit embeddings for the top quark is given as

1
= —(—iby, —by, —ity, tr, 0, 0)7, 3.7
QL \/5( L L L L ) ( )

Tr = (0,0,0,0, ¢cotr, sotr)", (3.8)

where cy(sy) denote the cosine (sine) of an angle # which is taken as a free parameter
[132]. In the limit, = 7/4 and § = 7 /2, the U(1), symmetry is restored in the sense
that potential for 1 vanishes, making it an electroweak axion which is severely constrained
from charged kaon decay [160]. We assume 0 = 7/2, which considerably simplifies the
derived potential without losing any key feature required for the present discussion. The
effective Lagrangian for the top-Higgs sector can be written in terms of formally SO(6)

invariant objects as
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L = Tgp)iept, + M7 (p)(QE)P(E" Q) + Iy (p)Erptr + I (p)(TRE)P(E" Tr)

HIER (p)(Q LX) (2T TR) + hec. . (3.9)

The momentum dependent form factors capture the details of the dynamics of composite
resonances, whose detailed expressions in terms of the masses and decay constants of the
top-partners are given in Appendix C. Substituting explicit forms of ()7, Tk and ¥, using

Egs. (3.7), (3.8) and (3.2) respectively, the effective Lagrangian can be rewritten as

L 12

_ It h - 2 h?
L = Tup [Hé%—?lﬁ} tp + trp {Hf%—ﬂf <c29%+s§ (1—ﬁ>)]t}—g

NESiy) h? 2
! (icm—l—se 1———77—)

+tr, tr +h.c (3.10)

Ve f 2

Note that, due to the non-trivial -charge of ¢ g, the couplings to 1 appears through ¢ alone.

3.2 One loop scalar potential

The generic radiatively generated potential for / and 7 in this setup, originated by integrat-
ing out top quark and SM gauge boson loops, can be parametrized simply as
S O L L Y s

gt el 22l AT (3.11)

%ﬁ(han):_EfQ 4 f4 9 f2 4 f4 9 f2f27

where the coefficients can be calculated in terms of microscopic parameters of the com-
posite sector using Coleman-Weinberg prescription. Before explicitly calculating the coef-

ficients, we first discuss the minimization of the potential and present the expressions for
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the scalar masses. Note that, gauge interactions contribute only to the Higgs quadratic and
quartic terms in addition to the top contributions, and can be absorbed inside the parameters
u3 and ;. A generic minimization of the potential is, thus, expected to yield a non-zero
vev for 7 arising from the negative contribution of the top sector to the n quadratic. On
contrary, for the doublet case a cancellation between the top and gauge sectors is required

to reproduce the electroweak vev. The minimum of the potential corresponds to

[ VS W TR D ¥ W

£

Recall that, £ = v?/f?, with v = 246 GeV. The conditions for both % and 7 to develop
vevs imply u?, i3 > 0. The stability of the potential can be ensured by the conditions
A1, Ao > 0and A\ Ao — A2 > 0. Also, Eq. (3.2) guarantees that £ +y < 1. The mass matrix
of the canonically normalized fields (h,,, 7,) can be obtained by double differentiating the

potential at the minima, after expressing it in terms of the shifted fields as

2 2
mhnhn mhn"]n

M?(hy,np) = : (3.13)

m? m?

Nnhn MnMn

The entries of the mass matrix are related to the parameters of the potential and the dimen-

sionless vevs £ and x as follows:

mi = 20a’E + 2007 — A\ aby/Ex (3.14)
mi = 2Xac’x, (3.15)
mp = m2 = 2\sbex — 2\ nac/Ex . (3.16)
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In order to avoid tachyonic eigenvalues, we impose the conditions m%n B m%nnn > 0 and

det[M?] > 0. Clearly, a non-zero value of m,zlnnn yields a mass-mixing between the doublet

and singlet. The mass eigenvalues can be calculated as [161]

my = \fm2, A mE tan O, (3.17)

m; = \/mhnhn —mj , tan Opiy (3.18)
with the corresponding eigenvectors given by

€08 O mixMn + sin Oichy,

>
Il

>

= —sin Opixn + cos Onichy, - (3.19)

The doublet-singlet mixing angle #,,,;x can be expressed in terms of the entries of the mass
matrix as

tan 20, = Pnttn (3.20)

Now we calculate the coefficients of the potential in terms of parameters of the com-
posite sector. The potential given in Eq. (3.11) can in fact be calculated by the Coleman-

Weinberg prescription using the Lagrangian in Eq. (3.10) as

q HL h2 HR 772
Vir(h, ) = QN/ E[ (*ﬁﬁ Hlog (14 70 '

h HLR h2 2 32
(- e (1 LT (B

After expanding all the logarithms one gets back the potential given in Eq. (3.11). The
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parameters (i1, A1, fi2, A2 and )\, can be read off as

pﬁ = 2oy — 4s§aR + 43363 + 2336, ,u% = 4eqpaup — 45302953,

)\1 = 61, + 48353 =+ 4836, )\2 = 463953, )\m = 483029ﬁR + 202967 (322)

where oy r, B r and € encode the integrals over the momentum dependent form factors

given below:

N/d4qE LR B /d4qE HIL,R —N/d4qE HLR|2
HLR7 LR = (27)* HOL,R ) 914 HLHR

(3.23)

In order to calculate the integrals we will impose Weinberg sum rules on the form factors,
just as in the case of minimal model. Assuming Hg 1 at the leading order, observe
that 1, and € would converge if TI}"" ~ O(1/qL), which can be achieved with two
resonances only. On the other hand, o r would converge only if Hf % fall faster than
O(1/q%). To achieve the latter, minimum three resonances are required. Note that, oz, g
are present only in the expressions for 1 and po. Thus, finiteness of 1y and o requires
introduction of at least three top-partner resonances, while for the calculability of A;, Ay
and \,, only two resonances would suffice. Since the scalar mass matrix involves only the
A’s (see Eqgs. (3.14)-(3.16)), employing only two resonances we can calculate the scalar
masses for fixed values of £ and y. We will treat £ and y as free parameters in our analysis.

Then the incalculable coefficients 12 and 3 can be expressed in terms of &, x and the As:

=M&— X, 12 = Aoy — A€ . (3.24)
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The Weinberg sum rules arising from the condition, 2lim q%Hf’R = 0, with (n = 0,2)
qg—ro0
lead to the following condition on the decay constants F’ 1L 5R of the vector-like fermionic

resonances:

FLE = || = PR (3.25)

Using this condition and the expressions for the form factors given in Appendix C, we

found
2
LR ‘FL7R| (m2Q5 B m2Q1)

IR — , (3.26)
b (g +md) (g +md,)

where mg, and mg, denote the masses of the two lightest resonances (one singlet and
another a five-plet of SO(5)). On the other hand, to calculate TT}%, we further assume that
FlL T are real, and

FFFE o |FH[|FR| effrese (3.27)
With the above assumption IT1£% is found to be

TIER — ‘FL‘ ‘FR’ _ Wphase | 52
1 5

+Mmq, mQ; (sz —mqQ, eiephase)} : (3.28)

The expression for the physical top quark mass can be used to determine the product of

|FL| |FR , as shown below
17(0)[*
my = %f (xca0 + (1= €)sp)
R ERET )
- 22—2 ma, + me, — 2mQ1mQ5 COs ephase £ (XC20 + (1 — 5)59) , (3.29)
ma, Mo,
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while we parametrize the ratio of the decay constants by | F*| = r | F®|. It is worthwhile to
mention that /'® give the measures of compositeness fraction of the left- and right-handed
top quarks as [98]

]

sin ¢y, = sin o =
m2, + |FL? m2, + |FAJ?
Qs Q1

||

(3.30)

The degree of compositeness of ¢, is expected to be smaller than ¢ from the precision
measurements of Zbb [162], i.e. 7 < 1. Also the expression for top mass shows that
for smaller values of 0.5 the top quark has to be more composite in order to generate
m; ~ 173 GeV. Finally, after introducing all of the above relations, the free parameters in
the theory now reduce to 0, &, x, 7, Opnase and the top-partner resonance masses 1mgq, , M, -

Employing all these relations, the integrals 81, r and € can be evaluated exactly as

NC L.R|4 mZQl + mg) mgh
Br.r = = |F ’ ‘ [2(m2 — m25 ] log — -1, (3.31)
Q1 Qs Qs
and
Nc m2
c=o3 [FEP PR |1 = 008 Bppase—a 2 og [ —21 ] | . (3.32)
T le - sz sz

3.3 Level-splitting mechanism
We have already seen that the generic parametrization of the Higgs mass in the composite
pNGB Higgs scenarios follow the pattern

2,12 2
Nemimiy  Ne a1
7'{'2 f2 71_Qyt A )

(3.33)

th
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Figure 3.1: Schematic diagram describing level-repulsion.

leading to a strong connection between a light resonance and the light composite Higgs.
However, the existence of relatively light colored top-partners is severely challenged at the
LHC [116] implying larger values of A and hence more fine-tuned scenario. In this section
we study the improvement in this tension between a light Higgs mass and the top-partner
masses for a given A in the context of SO(6)/SO(5) coset. We focus on the region of
parameter space where a level-splitting mechanism, operative when both i and 1 develop
vevs, is used to release this tension. The main idea is, if the singlet state is heavier than the
doublet, the mixing between them can lead to the level-repulsion pushing the dominantly
doublet eigenstate down to match the observed Higgs mass at 125 GeV. The masses of both
the states before mixing are conceivably larger and hence natural from the perspective of
composite Higgs scenario. The setup is depicted schematically in Fig. 3.1. To achieve our

objective using the level-splitting mechanism, a few conditions are essential as follows:
2 2
Lomy . >my g
2
2.my . #0.

3. The predominantly doublet state (il) should have a mass ~ 125 GeV.

Guided by the above conditions, we choose the free parameters to zoom into the region

where the relaxation of the top-partner masses is most pronounced. The condition for
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Figure 3.2: In the left panel, we demonstrate how level-splitting enables relaxation in the parame-
ter space of masses of the top-partners for the same value of & (fixed at £ = 0.06, i.e. A ~ 17). The
red dashed line shows the minimal model m; =125 GeV contour. Gray areas are already excluded
from the LHC Run 1 searches. The black contour refers to the next-to-minimal model. We have fixed
0 =m/2, x =0.84, r = 0.52. In the right panel, three different contours are drawn for different
values of € in the SO(6)/SO(5) coset, keeping 0, x and r same as in the left panel. For all cases, the
doublet-singlet mixing is kept within 6,ix < 0.16.

nonzero vevs for both the doublet and the singlet requires ¢ to be close to w/2 and we
choose O hase to be near zero to keep the doublet-like state lighter. The vev of 7 is taken
to be close to its natural value ¢ < y < 1, a choice that does not considerably worsen
the vev-tuning. Thus A still notionally represents the minimal vev-tuning in this model.
Further the choice of r is constrained by the measurements of the Higgs couplings at the
LHC, as well as meeting the condition Hg ® ~ 1. The latter constraints prefer the region
where mqg, < mg,, which will be our region of attention. Choosing these parameters
admittedly results in additional tuning in the model. In any case, we obtain a considerable

relaxation in the top-partner masses for a given f, as we will discuss below.

In the left panel of Fig. 3.2 we demonstrate the quantitative impact of level-splitting
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my (TeV)

A=1/¢

Figure 3.3: The mass of the heavier singlet-like eigenstate (my,) is plotted as a function of A. Blue
points correspond to Opix < 0.15, red to 0.15 < Onix < 0.2 and black points to 0.2 < Opix < 0.3.
We have fixed the model parameters in the following ranges: m¢q, =[1.0-1.2] TeV, mg, =[5.5-6.0]
TeV, x =[0.75-0.90] and r =[0.45-0.90].

in the mg, — mg, space. The red dashed line is the contour on which the Higgs mass
is 125 GeV for the minimal model for { = 0.06. Here we have mapped mg, — mg,
while comparing the contours for the minimal and non-minimal cosets. For the same &, we
find that the contour shifts to heavier resonance masses away from the LHC direct search
limits, due to the level-repulsion mechanism. The magnitude of this shift depends on the
amount of mass mixing. The right panel of Fig. 3.2 shows the Higgs mass contours in the
next-to-minimal coset for different choices of £. The enhanced breathing space for the two
lightest top-partners can be simply understood by looking at the modified expression of the

Higgs mass in the next-to-minimal coset as

2
2 N, 2 MQ 2
m; ~ —Y;—— —m

F SR M, b0 B (3.34)

where the second term in the right-hand side is necessarily positive. Eq. (3.34) thus allows
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for a larger value of m¢ compared to what is admissible by Eq. (3.33) for the same choice
of A. In Fig. 3.3, we plot the mass of the dominantly singlet state with A. It is evident
from Fig. 3.3 that a smaller A can be obtained at the expense of increasing m;. Also, for

the same A larger mixing results in smaller m;, as evident from Eq. (3.20).

3.4 Phenomenological consequences

In this section we discuss some major phenomenological consequences of the next-to-
minimal setup. We have already mentioned that the modification of the A, V'V couplings
show a similar pattern of suppression as in the minimal case, quantified by /1 — £ with
respect to the SM value. However, on top of that, doublet-singlet mixing induces an addi-
tional suppression by a factor of 6, to finally yield the modification of the physical Higgs

couplings with the weak gauge bosons as

Fy = IV — 0 /T — €. (3.35)
vV

Within the minimal model, a lower bound f 2> 700 GeV was obtained from the Higgs
physics in [163]. This is a somewhat conservative estimate compared to the limit [164]
obtained from electroweak precision tests involving uncertainties arising from some incal-
culable UV dynamics. In the next-to-minimal scenario, the extra suppression in general
strengthens the above limit on f. In fact, we have estimated that with 6,,;, = 0.2, the
lower bound f 2 700 GeV increases to f = 850 GeV. For all the parameter choices that
have gone into Fig. 3.2, we always keep the doublet-singlet mixing below 6,,;, = 0.16,
and f > 850 GeV (i.e. £ < 0.084). In Fig. 3.4 we present the deviation of the Higgs

couplings to massive gauge bosons, defined in Eq. (3.35), with the parameter A. The
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Figure 3.4: The variation of kv with the parameter A is shown. The horizontal gray lines represent
the 1o present [165] and anticipated [166, 167] LHC limits with different luminosities. For the
colour codes and the values of model parameters, see caption of Fig. 3.3 (essentially 0., decreases
as we go up).

plot shows that even a moderate A = 10 is well within the LHC Run 1 tolerance limit
[165]. However, future Higgs branching ratio measurements with higher luminosities at
the LHC would challenge such tolerance [166, 167]. Moreover, mixing between CP-even
and CP-odd states would also have consequences testable in future measurements. It is
worth noting that unlike the physical Higgs couplings with the gauge bosons, the coupling
of the physical Higgs to the top quark is not necessarily suppressed, leading to interesting
phenomenological consequences. In the next chapter we will present a systematic study of
the bounds on the Higgs couplings using the Higgs signal strength measurement data from
the Run 1 and Run 2 of LHC.

In the region of parameter space of our interest (viz. minnn > m%n n,)s the top quark
(mainly the right-handed component) turns out to be substantially composite. In Fig. 3.5,

we show the compositeness fraction of t; (left panel) and ¢y (right panel), defined in
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Eq. (3.30), in the space of the top-partner masses. Note that ¢;, turns out to be relatively el-
ementary [162]!, while ¢ is mostly composite in a large portion of viable parameter space.
Suggested studies to probe the compositeness of £ [168, 169] would provide another han-

dle to constrain and explore this mechanism.

Finally, we briefly comment on the phenomenology of the additional singlet-like state
7), whose detailed collider phenomenology has been studied in [136, 137]. The decay
signatures of the singlet-like state 7 would leave tangible imprint in colliders. The small
doublet component present in 7) is responsible for a nontrivial coupling to the weak gauge
bosons. It also has a nontrivial coupling to the third generation quarks. Provided the mass
of 77 1s within the LHC range, it can be produced in an analogous way as the 125 GeV Higgs
has been produced with the maximum contribution coming from the gluon fusion process.
For large 7) mass the production will be suppressed even for sizable mixing. For m; > 2m;,
and m; > 2m,, novel decay channels like ) — hh and 7) — tt would open up. As shown in
[137], for the choice of m; = 1 TeV, the production cross section of 7) times its branching
ratio into Ah channel in LHC (13 TeV) lies in the range (0.01 — 0.1) pb, and the same
for t¢ channel is two orders of magnitude smaller. While the CMS and ATLAS exclusion
limits on the same quantity for the hh final states hovers around the predicted upper limit,
the experimental exclusion limits for the ¢¢ channel currently lie substantially above the
predicted numbers. As regards the production cross section times the branching ratio in the
diphoton channel, the theory prediction for m; = 1 TeV is in the range (107> — 10~*) pb,

while the CMS and ATLAS sensitivities lie two orders above.

"However, in the region where mg, ~ mq,, t;, appears to be composite. This is a calculational artifact
of forcing r = |F*| /| F£| to fixed values for simplified presentation in the plot and simultaneously determin-
ing m; from Eq. (3.29) using Ophase = 0. In fact, t7, can be consistently kept mostly elementary by choosing
appropriate values of .
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Figure 3.5: The background shades represent the compositeness fraction of ty, (tgr), defined in
Eq. (3.30), are shown in the left (right) panels, respectively, keeping & = 0.06. The black line refers
to mj =125 GeV, as in the left panel of Fig. 3.2.

3.5 Summary

In this chapter we have explored the scalar sector of the next-to-minimal composite Higgs
model, having a coset SO(6)/SO(5). The set of pNGB states arising in this model contains
an additional SM singlet compared to the minimal SO(5)/SO(4) model. We demonstrate
that a relaxation in the top-partner mass for a fixed value of the compositeness scale and
the measured Higgs mass can be achieved in the next-to-minimal setup employing the
level-splitting mechanism. This is operative in a generic vacuum where both the doublet
and the singlet pNGBs receive non-zero vevs leading to non-trivial doublet-singlet mixing.
As a result, the relatively lighter doublet-like state becomes even more lighter, to be iden-
tified with the observed 125 GeV Higgs boson, while the singlet-like state becomes further

heavier.

We have discussed the main phenomenological consequences of this setup as follows:
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* There would be a larger deviation in the Higgs couplings to the weak gauge bosons
compared to the minimal case, which are still within the LHC limit but would start
getting constrained with more precise measurements of the Higgs branching ratios.

The Higgs coupling to the top quark would also be modified.

* The pronounced compositeness of the ¢r that dominates the parameter space of our
interest can be searched in collider and may provide a tool to probe such a mecha-

nism.

* The phenomenology of the singlet-like scalar 7) would be similar to that of the ob-

served Higgs boson modulo a significant suppression in its couplings.
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CHAPTER 4

MODIFIED HIGGS COUPLINGS IN THE

LIGHT OF LHC DATA

This chapter is based on the work published in the following papers:

A. Banerjee, G. Bhattacharyya, N. Kumar and T. S. Ray, Constraining Composite
Higgs Models using LHC data, JHEP 1803, 062 (2018),[1712.07494],

A. Banerjee and G. Bhattacharyya, Probing the Higgs boson thorugh Yuakwa force,

[2006.01164].

One of the major testable signatures of composite Higgs models are deviations of the
Higgs couplings from their corresponding SM predictions. As a consequence of compos-
iteness the couplings are replaced by momentum dependent form factors, however, tracking
this momentum dependence at the LHC at present is very difficult. Nevertheless, the non-
linearity of the pNGB dynamics provides a finite and measurable shift in the low energy

Higgs couplings at the LHC. In this chapter we systematically study the pattern and con-
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straints on such modifications that arise in a general class of composite Higgs models. We
survey various possibilities in the context of both the minimal and the next-to-minimal
cosets, by varying the representations in which the elementary fermions are embedded
[170]. Model independent constraints are imposed on the allowed range of the Higgs cou-
plings using the Run 1 and Run 2 data from the ATLAS and CMS collaborations[171]. For
this purpose we use an effective phenomenological Lagrangian, whose parameters can cap-
ture the coupling modifications of a general class of models. To show the future prospects,
we also give the projections of the Higgs coupling measurements at the high luminosity
runs of the LHC (HL-LHC). Finally we translate the limits on the generic coupling modi-

fication factors to constrain the microscopic model parameters.

4.1 Modification of Yukawa Couplings

In this section we consider different representations for the top quark in SO(5)/SO(4) and
SO(6)/SO(5) cosets and calculate the modifications in the Yukawa coupling in a system-

atic manner. We categorize the cases considered under three major heads:

* Minimal model: Coset SO(5)/SO(4), where both left- and right-handed fermions
embedded in the fundamental 5 of SO(5), denoted in literature as MCHM5, 5. [79,

88,94, 97, 98, 100].

* Extended models: Coset SO(5)/SO(4), where at least one of the left- or right-handed
fermions embedded in the symmetric 14 of SO(5). They are represented in literature

as MCHM14L,14R, MCHM14L,5R, and MCHM5L,14R [99—102, 104—106]

* Next-to-minimal models: Coset SO(6)/SO(5), denoted as NMCHM, where different

choices of representation up to dimension 20 are considered [124, 132-137, 172].

65



In the partial compositeness paradigm, the Yukawa couplings are generated through a linear
mixing between the elementary fermions and the operators of the strong sector. Once the
strong sector is integrated out the effective interaction term between the Higgs boson and

the fermions becomes [59, 173]

(4.1)

_ T
Leg < fLH [rF (HFH)

Here F(H'H/f?) is a function of the SU(2), doublet Higgs field which captures the con-
tributions from higher dimensional operators with independent coefficients, in addition to
the SM dimension-4 Yukawa term. This gives rise to a modification in the couplings of the
Higgs boson with the fermions (A f f ), see also [174, 175] in a different context. In case of
minimal model, the SM fermions can couple to only one operator of the strong sector. As
a result, the modification of the Yukawa coupling, similar to the hV'V couplings, depend
only on the parameter £. The strong correlation between the A f f and hV'V couplings re-
sults in stringent constraints on f [163, 176] from the increasingly precise measurements of
Higgs signal strengths at the LHC. In the extended models the presence of more than one
operator in the Yukawa sector with different coefficients weakens this correlation. This
may result in a possible relaxation of the bound on f, because an enhancement in hf f

vertex can partially offset the suppression in V'V coupling'.

1 Additionally, the extended models, carrying more than one invariant in the Yukawa sector, have the
distinct advantage of being free from ‘double tuning’ [99].
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4.1.1 SO(5)/SO(4) Coset

As mentioned earlier, the modification in hV'V coupling is solely determined by &, as

kvzg’ﬂ:m—gg—%g. (4.2)

SM
Iwvv

The number of Yukawa operators, on the contrary, depend on the SO(5) representations
in which ¢, and ¢ty are embedded. The relevant invariants can be written using the pNGB

representation X in the unitary gauge as
e tpand tpin 5 (MCHM;, _5.):  (Q).%)(27.T3),
e ¢ty and tpin 14 (MCHMy, _1s): 27.Q, TILY, (X7.Q, 2)(XT.TILY),
e t;in14, tpin 5 (MCHM,y, _5.): £7.Q, .73, (X7.Q, .2)(XT.T3),
e t;in5, tpin 14 MCHM;, _10): Q). TS, (Q,.2)(XT.TILY) .

The detailed expressions of the incomplete SO(5) multiplets (), and T are given in Ap-

pendix B. A generic Lagrangian involving the top quark is given by
E = ngHtL (q, h)tL + zRﬁHtR (q, h)tR + ELHtLtR (q, h)tR =+ h.C. (43)

The details of the strong sector dynamics are encoded inside the momentum dependent
[I-functions. In Table 4.1, we display the explicit forms of those functions for various
representations in terms of the Higgs field with coefficients Hé ’fﬁLR(q). The expressions

for the latter in terms of the masses (mg,) and decay constants (EL’R) of the composite

resonances are given in the Appendix C. The mass of the top quark and the modification of
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Models HtL (qa h) HtR (Q7 h) HtLtR (q7 h)

2 2
MORMG, 5 TEeTEE T AR

MCHM vy T+ T+ TG T+ T el /1 (g

2 4 2 2
MCHMuy -5, 1§ + {5 + 5% T -+ IS 5 (HlLR IR )
4
MCHMs, _ 14, I + TE I + I+ T (HLR 4 IILR fz)

Table 4.1: List of Il-functions, defined in Eq. (4.3) for different representations.

the Yukawa coupling can be calculated from Eq. (4.3) as

IT h 7 1 1.\ Om
my = iy, (g, ) 7 kt:%:m(l—§€> > t (4.4)
\/HtL Q7 HtR q, h) q—0, h—v yhtf yhtf v

The factor (1 — —5) in the second equality of Eq. (4.4), arises due to the canonical nor-
malization of the Higgs field. The one loop contribution of the top quark to the effective
Higgs-gluon-gluon (hgg) vertex in composite Higgs models is independent of the wave
function renormalization effects of the top quark due to a cancellation with the loops of the
colored top-partners [96, 101, 177]. The top quark contribution to the modification of the

effective hgg vertex can be calculated as

B oh

99 cSM cSM

k,(t) _ Cﬂ o 1 ( o é-) 810g |HtLtR(Q’ h‘)| ) (4.5)

q—0, h—v

To identify viable regions of parameter space for each of the models listed above, we
construct one loop C-W potential as shown in Eq. (2.42), and reproduce the top mass,
Higgs mass and the electroweak vev. The top-induced contributions to « and /3 in the scalar

potential are calculated using certain parametrization of the form factors based on scaling
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arguments. The decay constants and the top-partner masses are parametrized as FiL’R =
AZL R f and mq, = g;f, respectively where the dimensionless constants )\iL  are assumed
to be smaller than the strong sector couplings g;. We keep g; well within the perturbative
limits, i.e. 1 < g; < 27. Instead of using Weinberg’s sum rules, the integrals over the
form factors are estimated on the dimensional grounds, by incorporating sufficient number
of resonances to saturate the form factors, rendering the integrals finite. For example, we

display one of the integrals involved in the Higgs potential, as parametrized in [55, 178,

179]

/ dq (@) o 1 (MO vy
o \mgfe) ) e gty ) - |
(n

where ¢, ) are O(1) numbers and the forms factors are shown in Appendix C. The following

phenomenological constraints are used to generate the allowed parameter space:

169 GeV < my < 176 GeV, v = 246 GeV,

123 GeV < my, < 127 GeV, 1TeV <mg, = g.f <2nf. 4.7

The results of our numerical analysis is presented in Fig. 4.1. The variation of k; with &
depends on the embedding of the top quark. For MCHM 4, _14, and MCHM 4, 5, there
exist a possibility of enhancement in the top Yukawa coupling compared to its SM value
(k; > 1), for a large number of model points, while for MCHM5, _14,, we find &, is always
less than one. This can be attributed to the relative sign between the coefficients of the two
Yukawa invariants. In Fig. 4.1 (right panel) we present the variation of ké? with k;, and
one observes that the two quantities are almost equal for all viable parameter space. This

signifies that the numerical impact of the wave function renormalization of the top quark is
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Figure 4.1: Results from the numerical analysis for MCHM 4, _14, (blue)) MCHM 4, —5,
(brown) and MCHM5, _14, (magenta) are shown. While generating the model points we vary
the strong couplings g; and g, in the range [1,27] and )\f’R /gi within [—1, 1]. All the points shown
in the plots satisfy the constraints given in Egs. (4.7).

negligible.

4.1.2 SO(6)/SO(5) Coset

The pNGB content of the next-to-minimal model with SO(6)/SO(5) coset, includes a real
singlet scalar (1) along with the usual Higgs doublet. Depending on whether 1 acquires
a vev [137, 154, 172] or not [143—-146], quite a few interesting features may arise in this
model. Here we discuss the effect of the 7-vev and consequently the doublet-singlet scalar
mixing on the couplings of the Higgs boson. The structure of the generic Lagrangian
involving the top quark is similar to that of the SO(5)/SO(4) coset, as shown in Eq. (4.3),
however, the II-functions now depend on both A and 7 (see Table D.1 of Appendix D for
detailed expressions for different representations). As for the embedding of ¢;, and ¢y in
different SO(6) multiplets, we stick to the choices shown in the Appendix B.2 only. After

the EWSB, the Lagrangian is given in terms of the canonically normalized quantum fields
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Figure 4.2: The variation of ks with x = (n)?/ f? is shown. In the left panel, we fix Hff/HOR =0.2

(see Appendix D), while in the right panel we fix £ = 0.08. We also assume that HlL’R < HOL’R and
the mixing angle 0,ix < 0.25 is respected.

(P, ) as
LS mlt + ke, (fﬁi) haft + kg, (fﬁf) it 4.8)
v v

The expression for the Yukawa coupling modifier involving the physical Higgs boson, as

defined in Eq. (3.19), can be written as
kt = COs emixktfhn — sin emixktt_nn s (49)

where 0,,;x denotes the doublet-singlet scalar mixing. In case where both m, > m,, and

(n) > (h), the mixing angle can be simply parametrized as [172]

h
i ~ Sy (4.10)
m
n
We have also observed that
EX
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where x = (n)?/f?. The x dependence appears due to the spontaneous breaking of a Z,
symmetry associated with our choice of embedding. The appearance of &, on the other
hand, is the consequence of constructing SU(2) invariant Yukawa-like term involving the
n field. In Fig. 4.2 we show the variation of k; with xy for NMCHMg, _¢,. Extra model
dependence would obviously appear in the case of symmetric 20, where more than one

Yukawa operator can be constructed.

4.2 Effective Phenomenological Lagrangian

The modifications of the Higgs couplings as demonstrated in the previous section have
two generic features: (i) the hV'V coupling modifier which arises from the non-linearity
of the pNGBs, is universal (modulo the mixing with other states), while (i) modification
of the Yukawa couplings depend on the choice of representations in which the elemen-
tary fermions are embedded. Here we take a different approach to study these features
of the Higgs couplings. In the absence of any definite hint of BSM physics at the col-
lider experiments, the use of effective field theoretic descriptions have gained considerable
attention [175, 180-192]. In an effective theory, the new physics contributions can be cap-
tured through the presence of higher dimensional operators. While there exists several
basis for the set of independent higher dimensional operators, the strongly interacting light
Higgs basis stands as the most suitable one in context of the theories of strongly interacting
electroweak symmetry breaking [59, 173, 193, 194]. We use this basis to construct the

following dimension-6 operators:
H'H . H'H
AL ~ 70 (HTH 8“ HTH ZAuyu f2 qLH UR_ZAdyd?qLHdR+h-C-
d
(4.12)
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Below the electroweak symmetry breaking scale, these operators together with the relevant
dimension-4 operators from the SM Lagrangian dictate the interactions of the physical

Higgs boson with the weak gauge bosons and the quarks and leptons as [163, 195, 196]

h

[

c ky (2My,WIW" + M} Z,2") — kY mfff] : (4.13)

f

where the AV'V and Yukawa coupling modifiers are given by
1 A 1
kV:1_§§7 kf:1+<Af—§)§El+Af§ (414)

In case of ky, the factor of —1/2 arises due to the canonical normalization of the Higgs
field. The loop induced hgg and h~y~y vertices, on the other hand arise from the following

gauge invariant dimension-6 operators:

H'H H'H

Ogg ~ TGZVGCWV, Ofw ~ TFNVFMV . (415)

The above vertices may receive contributions from BSM particles along with the SM ones.
Among the SM fermions the contribution from the top quark is significantly larger than the
rest due to its large mass, while the weak gauge bosons substantially contribute to the ~vy~y
vertex. In the composite Higgs scenario, however, contributions from the wave function
renormalization of the top quark cancel against the resonance loop contributions [96, 101],

yielding the net contribution from the top sector to the coupling modifier as

ag/vy

-1
D =14 (At ~ 5) E=1+Ag. (4.16)
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Modifiers Parameter dependence Models A} Ay — A

ky 1-1¢ MCHMs, _s,, o - <ﬁ_ + E_Q)
k 14 A MCHMy, 14, 20 =3 — (B + 1)
KD 1+ A MCHMu, 5, 2 =3 — (35 + )
e 14 AyE MCHM;, 14, 2{fr — 3 - (g_o n ﬁ—;)

Table 4.2: Scaling of the Higgs effective couplings for SO(5)/SO(4) coset, and the expressions
of A and A for different representations of SO(5) in which top quark is embedded are displayed.

The difference (A; — A}) contributes to the anomalous dimension of the top quark, re-
flecting the partial composite nature of the top in these theories. Note that, in scenarios
containing only one Yukawa invariant A; is a numerical constant (e.g. in MCHM;, 5.,
Ay ~ —3/2), while in the extended models with several invariants it may deviate depend-
ing on the details of the resonances of the strong sector. A list of all the coupling modifiers
within the SO(5)/SO(4) coset is given in the left panel of Table 4.2, while the expressions

for A; and A}, in terms of the form factors, are displayed in the right panel.

The main feature that gets added in the next-to-minimal coset is the presence of an
additional scalar singlet and its mixing with the Higgs doublet. An effective field theoretic
description in terms of the strongly interacting light Higgs basis in the presence of a SM
singlet is discussed in [194]. Motivated from the scenarios presented earlier, we add the

following dimension-6 piece involving 7 to Egs. (4.12),
AL, ~ 20,m0tn — > (An)'f— Heup =) (M)'”—Z— Hd (4.17)
n ™9 o™ Yu Ry, f2qL Ur Ya\Rg f2QL R - .
u d
We have omitted the dimension-5 operators involving a single 7 field due to the presence of
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a Zo symmetry, as discussed in previous section. The resulting doublet-singlet scalar mix-
ing ensures that the Yukawa coupling modifier of the observed Higgs boson (h) assumes

the following form
ky = €08 i (1 + A€) + sin O ATV/E (4.18)

where A’} is a function of (A%)" and the 7-vev. The expressions for A/ for different repre-
sentations are given in Table D.2 of Appendix D. The Aa% coupling modifier is suppressed

by the additional factor of cos 6,,;, compared to the minimal coset

ky = cosOpix/1 —&. 4.19)

4.3 Constraints from LHC data

The signal strength (1) of a specific process ¢ — h — f is usually defined as

f ag; Bf . g; Ff FEM
/}“i - O_is]v[ B?M - 0'Z~SM F?fM Fh ’ (420)

where o;, 'y and B; denote respectively, the cross-section of the i production mode of
the Higgs boson, partial decay width of the Higgs into a final state f and the corresponding
branching ratio. The total width (I'y) is calculated assuming that the Higgs boson can
decay only to the SM particles. In terms of the conventional ‘x-framework’ [197, 198], the
cross-sections and decay widths normalized to their SM values are expressed as

9i 2 ¥ 2

SYRE oM~ fre “.21)

i
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The mapping between the x-framework and the coefficients k; are adopted from [199].
To put constraints on k;’s, we employ a x2-function using the individual signal strengths.
We use the ATLAS Run 2 data with 80 fb~! luminosity [200] and the CMS Run 2 data
with 137 fb~! luminosity [201]. We also show the results obtained from the combined
ATLAS and CMS Run 1 data [165]. In case of the HL-LHC (with luminosity 3000 fb~!)
projections, the central values are taken to be same as the SM and the uncertainties are
obtained from [196]. Few crucial observations regarding the present data are in order
now. First, at the Run 2, processes involving ¢th production mode have been measured
with unprecedented precision. Also, the errors for the hbb decay channel have improved
significantly, in particular for the Higgs production associated with the weak gauge bosons.
Apart from these, g9 — h — vy and g9 — h — ZZ* processes that were already
measured with less than 30% errors in the Run 1 have been improved to around 15% in the
Run 2.

In addition to the conventional approach, we define new variables by normalizing all the
signal strengths by that of the gg — h — ZZ* process, which is measured with the highest
precision. The dependency on the total width of the Higgs is factored out and canceled in
the ratios which eliminates the uncertainties that may arise from our assumption that the
invisible branching ratio of the Higgs is zero. The other advantage of using the ratios is that,
if we assume only SM particles run inside the loop for processes like gg — h and h — v,
all the ratios can be expressed solely in terms of two variables, viz. k;/ky, and k;/ky .
Thus the constraints from the Higgs signal strength measurements can be easily presented
by drawing 2D confidence ellipses in the k;,/ky — k;/ky plane. Admittedly, while the T’
dependence is eliminated, the errors and correlations among the ratios slightly increase in

comparison to the individual signal strengths.
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Figure 4.3: In the left panel, joint confidence intervals on the combinations ky/ky and ky/ky are
shown at 68% CL (area inside the solid lines) and 95% CL (area inside the dashed lines). We use
the ratios of signal strengths given by ATLAS and CMS data from Run 1 (grey), Run2 (red) and the
HL-LHC projections (blue) to put the limits. The HL-LHC projection is magnified and shown in the
inset. In the right panel we use individual signal strengths and put limits on ky = ky = k; = ky
and ky .

4.3.1 Model independent constraints

It has been shown in [163, 202, 203] that the LEP data [42] allows around 10% — 20%
deviation in ky from its SM value at 95% CL, strongly suggesting that the observed spin-
zero particle is most likely the Higgs boson responsible for the EWSB. Here we show
that the present Higgs signal strength data provides competitive, if not better, limits on the

Higgs couplings with respect to the electroweak precision data.

Note that, among the Higgs signal strengths, the major constraints on k; arise from
the gluon fusion and tth production modes as well as diphoton decay channel. On the
other hand, constraints on &, arises from the h — bb decay channel (with 58% branching
ratio). Moreover, we assume k; = k. in our analysis, so that data from the h — 77~
decay channels also contribute to the limits on k;,. The left panel of Fig. 4.3, displays

the joint confidence limits on the k;,/ky — k;/ky plane, obtained using the ratios of the
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Figure Quantity Run 1 Run 2 HL-LHC
ky/ky [0.55 - 1.24] [0.81 —1.16] [0.95 - 1.05]
k¢ /ky [0.86 — 1.96] [0.90 —1.30] [0.96 — 1.05]

Fig. 4.3 left panel

ky [0.70 — 1.21] [0.90 - 1.16] [0.96 — 1.04]

Fig. 4.3 right panel ky [0.88—1.11] [0.96—1.08]  [0.98—1.02]

Table 4.3: The range of allowed values for different coupling modification parameters at 95% CL,
extracted from the Fig. 4.3, are tabulated. Though there are two disjoint sets of limits on ky, one
on positive and the other on negative side, as evident from the left panel of Fig. 4.3, for brevity we
display in this Table the positive side range only. Assuming ky, = ky = ky , the allowed 95% CL
ranges of ky/ky is obtained using the ratios of signal strengths as: Run 1: [0.86 — 1.22], Run 2:
[0.92 — 1.14], HL-LHC: [0.97 — 1.03].

signal strengths. The clear improvement in both the quantities from Run 1 to Run 2 are
direct result of more precise measurements of the Yukawa forces after the discovery of htt
[204, 205] and hbb [206, 207] couplings.

In the right panel of Fig. 4.3, we use individual signal strengths to provide the limits.
Here we assume k; = k;, = k. = ky to present the joint confidence intervals in the k; — ky
plane. We extract the allowed range of values for the relevant quantities at 95% CL from
the figures for different Runs of LHC and display them in Table 4.3. Two major points are
worth noting in context of the right panel of Fig. 4.3. First, the limits on ky from the Run
2 data are competitive to that obtained from the electroweak precision observables, which
signals the beginning of precision Higgs era. It happens primarily due to the reduced
errors in the gg — h — ZZ* and gg — h — WW™ processes. Second, in addition to
the AV'V couplings, the window for new physics in the Yukawa couplings also narrowed
down significantly. From the present data we observe only around 10% — 15% deviation is
allowed from the SM value. This spectacular development in the Yukawa sector, triggered
by the discovery of the Yukawa couplings at the LHC will be crucial to distinguish between

various BSM scenarios. We note that the combined Run 1 + Run 2 data improve the limits
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Figure 4.4: The regions allowed at 95% CL for the minimal composite Higgs models are shown.
In left panel, keeping A, = —3/2, joint confidence interval in the Ay — & plane is plotted, while in
the right panel, the same is shown in the Ay, — Ay plane by fixing £ = 0.1 (dotted) and £ = 0.06
(dashed). The horizontal black dashed lines in the left panel corresponds to Ay = —1/2, —3/2. In

the right panel similar lines represent the contours of Ay — Ay = 0, 1. Color codes are same as
Fig. 4.3.

obtained from Run 2 data alone by at most 2% — 3%.

4.3.2 Constraints on composite Higgs models

First we discuss three specific cases in the context of the minimal SO(5)/SO(4) coset as

follows:

* Ay = Ay, = A, = —3/2: Tt corresponds to the minimal model MCHM3;, 5.,
where the y2- function depends on a single parameter £. The lower bound on the
compositeness scale f, derived from &, is found to be f = 1.2 TeV at 95% CL after

the inclusion of Run 2 data, while the projection for the same at HL-LHC is f > 1.8
TeV.
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* Ay = A, = —3/2: In the extended models where either of the left- or right-handed
top quark is embedded in 14 of SO(5), we keep A, as a free parameter. The joint
confidence limits at 95% CL in the A; — ¢ plane is shown in the left panel of Fig. 4.4.
For the extended models, we obtain a lower bound f = 450 GeV at 95% CL from
Run 1 data only which becomes more stringent, f 2> 660 GeV after the inclusion of
Run 2 data. The clear relaxation of the bounds on f for the extended models follows
from the reduced correlation between k; and ky,, compared to the tight correlation in
MCHM;5, _5,,. We find that projected HL-LHC bound is f 2 1.3 TeV at 95% CL for

the extended models.

* ¢ = constant: Here we fix two representative values £ = 0.1 and £ = 0.06, to put
simultaneous limits in A; — A, plane as shown in the right panel of Fig. 4.4. We ob-
serve that future measurements at HL-LHC would have better statistical significance
to distinguish between between the choices of representations in which the top and

bottom quarks are embedded.

In the left panel of Fig. 4.5, the experimentally preferred regions for the Yukawa coupling
modifier of the top quark is shown 95% CL in the (k;—¢) plane. The model points are
observed to span over a large range of the preferred regions. For our analysis, we have ne-
glected the contribution from the wave function renormalization of the top quark in &;. In
the right panel of Fig. 4.5, however, we show the effect of the wave function renormaliza-
tion in the (k:!(,i,)—kt) plane. We observe that present experimental precision is not sensitive
to the value of A; — A}. Future colliders may have sufficient precision to sense the different
modifications in the top Yukawa coupling and the effective hgg coupling.

Moving to the next-to-minimal SO(6)/SO(5) coset, we deal with a new feature that

the Higgs doublet can mix with a real singlet scalar. The doublet-single mixing results
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Figure 4.5: We display the regions in the k; — & and k,gg) — k¢ planes allowed at 95% CL using

Run 2 data (red) and the HL-LHC projections (blue). In the left panel the red line corresponds to
MCHMs5, _5,,. On the right panel, the grey dashed line corresponds to Ay = A}. Valid ‘extended
model’ points are observed to lie within the allowed regions.
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Figure 4.6: For the next-to-minimal coset, the allowed regions in the sin 0,,ix — & plane at 95% CL

are shown using Run 1 (grey), Run 2 (red) data and the HL-LHC projections (blue). The black solid
(dashed) lines represent the contours of fixed k; (kv ).
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in an additional suppression of the V'V couplings. The Yukawa couplings are modified
too because of the presence of a singlet as given in Eq. (4.18). We perform a similar y?
analysis, using A} ~ O(1) and A, = A, = —3/2 to impose a conservative upper bound
on the amount of mixing. In Fig. 4.6, we present that the maximum amount of mixing
allowed so far at 95% CL is 0, < 0.3, while the future HL-LHC data would constrain it

even further [154].

4.4 Summary

Non-linearity of pPNGB dynamics is responsible for modifying the Higgs boson couplings
with the weak gauge bosons as well as with the quarks and leptons compared to their SM
predictions. This constitutes one of the prime signature of the composite Higgs framework.
The ratio £, parametrizing the hierarchy between the weak scale and the compositeness

scale, is the major factor controlling this deformation.

* We have in fact constructed a simple phenomenological Lagrangian which captures
the effects of a vast array of models on the Higgs couplings and constrained the

parameters of this model-independent Lagrangian using LHC data.

* In this context we mention that the breakthrough in discovering the Yukawa force
for the first time by the ATLAS and CMS collaborations play an important role. The
Run 2 data is particularly instrumental in squeezing the 20 BSM space around the
SM reference point from 25% to 15% when compared to the performance of the Run
1 data. HL-LHC would bring it down to within 5%. The limits on hV'V (V = W, Z)
couplings from the LHC are now competitive with those obtained from electroweak

precision tests.
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* In MCHMj5, _5,,, the Yukawa sector contains a single invariant. As a result the mod-
ifications of both hV'V and hf f couplings are controlled by the single parameter &,
leading to a rather strong lower limit f 2> 1.2 TeV after including the LHC Run 2
data. In the extended models, MCHM 4, _14,, MCHM4, _5, and MCHMj;, _14,,, on
the contrary, owing to the presence of more than one invariants in the Yukawa sector,
the hf f coupling depends on additional microscopic details of the strong sector to-
gether with . In such cases a new lower limit f 2> 660 GeV, which is much relaxed
compared to the limit in MCHM5, _5,, is obtained using the Run 2 data. An impor-
tant feature of these models is the emergence of a parametric difference in the top
Yukawa and the effective gluon-gluon-Higgs vertices, due to a cancellation between
the loops of top-partners with the wave function renormalization of the top quark.

However, the present data is insensitive to smell this difference.

* We have extended our analysis to the next-to-minimal coset where the appearance of
a real singlet scalar adds new twists to phenomenology. Interestingly, the scalar sin-

glet contributes to the top Yukawa through an effective higher dimensional operator.

Our analysis shows that higher precision, likely to be achieved in future colliders, would
possibly discriminate between individual models, and the proposition that the Higgs boson

may have a spatial extension would be challenged with more ammunition.
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meeeeeeeeessssssss $ CHAPTER 5

EXPLORING A MODEL WITH HIGGS

TRIPLETS (GEORGI-MACHACEK)

This chapter is based on the work published in the following paper:
A. Banerjee, G. Bhattacharyya and N. Kumar, Impact of Yukawa-like dimension-five
operators on the Georgi-Machacek model, Phys. Rev. D99 (2019) 035028,[1901.01725].

The existence of additional scalars (e.g. SU(2) singlet/ doublet/ triplet) is postulated
by many of the motivated BSM scenarios. Exploration of these exotic scalars through di-
rect searches at the colliders or through their indirect contributions in various precision
observables is a major exercise in progress. The absence of any signatures of new physics
at the LHC so far, triggers more use of an effective field theory approach with higher di-
mensional operators [59, 180-182, 187], in place of detailed model building. Construction

of effective theories in the singlet and two Higgs doublet extended scenarios has already

84



received appreciable attention [194, 208-212]. Here, following a bottom-up approach we
analyze the triplet-extended Higgs models using an effective field theoretic framework,
keeping Yukawa-type operators up to dimension-5 [213]. Specifically, we choose a partic-
ular Higgs triplet scenario, known as the Georgi-Machacek (GM) model, which protects
custodial symmetry at tree level [214-233]. In addition to the renormalizable dimension-
4 Yukawa terms involving the SM Higgs doublet, we investigate the impact of including
dimension-5 operators in the quark sector (especially, the third generation) employing both

the doublet and triplet scalars as well.

5.1 The setup and the relevant operators

Here we present some salient features of the Georgi-Machacek model, discuss how custo-
dial symmetry is protected at the tree level and construct the dimension-5 operators relevant

for our discussions.

5.1.1 Scalar potential and custodial invariance

The GM model constitutes two Higgs triplets £ and , respectively, with hypercharge Y =
0 and Y = 1, on top of the SM Higgs doublet ¢ with Y = 1/2. The scalar potential in
this model, as we show, is invariant under a global SU(2);, x SU(2)g symmetry, which
after the EWSB preserves a custodial SU(2)y symmetry at tree level without keeping the
triplet scalars necessarily inert. Invariance of the scalar potential under SU(2);, x SU(2)g
becomes evident if the Higgs doublet and the triplets are embedded in the following bi-

doublet (2, 2) and bi-triplet (3, 3) representations under SU(2);, x SU(2)g, respectively,
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as

¢0* ¢+ XO* €+ X++
b = 0 5 A = —Xf 50 X+ . (51)
-9 ¢
N S

Note that, while the SU(2), acts columnwise on ® and A, the action of SU(2)r mixes
elements along the rows. Now we write the most general SU(2);, x SU(2)g invariant scalar

potential involving ® and A as [219, 234]

V(®,A) = —m>Tr[® D] + m2Tr[ATA] + A\ (Tr[®T®])% 4+ Mo (Tr[ATA])?

a b
+A3Tr[(ATA)?] + N Tr[@T O] Tr[ATA] + A Tr {CDT%(I)%] Tr [ATt*At’]

a b
i Tr {qﬁ %@%} (PTAP)™ + s Tr [ATt°ALY] (PTAP)™ . (5.2)

Here, t* denotes the SU(2) generators in 3-dimensional representation and the matrix P is

given by
-1 ¢ 0
P 0 01 (5.3)
7 : .
1 7 0

The minima of the scalar potential is given by (¢°) = vy/v2, (x°) = (£°) = v, and

v? = v} + 8v? ~ (246 GeV)?. Using the standard convention, we define

2 \/5?]75

Vq

tan 3 = (5.4)

The vacuum breaks the SU(2), x SU(2)g invariance to the custodial SU(2)y,, under which
one can construct the 5-plet (HF=, HE, HY), triplets (G*, G°), (Hy, HY) and two singlet

(h, H) scalars (see Table 5.1). The triplet (G*, G°) denotes the would be Goldstones which
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SU(Q)L X SU(?)R — SU(Q)V

(2,2) —
(3,3) —

Table 5.1: Decomposition of scalar bi-doublet (2,2) and bi-triplet (3,3) under the custodial
SU(2)v symmetry. The two triplets under SU(2)y mix among each other due to non-zero vevs
of both the bi-doublet and bi-triplet. One of the combinations of the SU (2)y triplets are eaten up
to give mass to the W and Z bosons, while the orthogonal combinations remains in the physical
spectrum. Two singlets can also mix through a mass-mixing, and the lightest eigenstate is identified
with the observed 125 GeV scalar.

will eventually be eaten up to give mass to the I/ and Z bosons. The two neutral scalars
can further have a mass mixing, parametrized by an mixing angle . With a slight abuse
of notation, we shall continue to represent the mass eigenstates after diagonalization using

the same symbols. The expressions for the physical scalars in terms of the original fields

in Eq. (5.1) are provided in [219, 234].
5.1.2 Gauge kinetic terms
The canonical gauge kinetic terms using ® and A can be written as
1 : 1 i
Lyin = §Tr[(Du<I>) (D,®)] + §Tr[(DNA) (D,A)], (5.5)
where the covariant derivatives are given by
/
D,® =0, + igTan‘jq) - i%BN% . DuA = 0,8 +igt, WA —ig' B,Aly . (5.6)
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The masses of the W and Z bosons, once ® and A receive vevs, are found to be
92
MZ, = M2 cos? 0, = Z(vf, + 8v?), (5.7)

which respects the usual tree level relation py... = 1, governed by the custodial symmetry'.
Finally, the couplings of the 125 GeV neutral Higgs boson with the weak gauge bosons,
denoted by g,y where V' = W, Z, are found to be modified with respect to their SM

values as follows:

2
kv:gg%:cosacosﬁ—l—Q\/jsinasinﬁ. (5.9)
hVV 3

5.1.3 Yukawa Lagrangian

We now concentrate on the couplings of the scalars with quarks. Since the Yukawa cou-
plings do not respect custodial symmetry due to different hypercharge assignments for the
left- and right-handed fermions, in place of bi-doublets and bi-triplets, we rather express
the scalars as 2; /2, 39 and 3, representations under SU(2)y, x U(1)y:

¢* &/V2 —€F XT/VZ

b= e = . (5.10)
¢° —& N2 X' —xT/V2

'The generic tree level relation for the p-parameter is given as

Mi, v AT+ 1) - Y7
M2 cos 62, > 202Y 2 ’

(5.8)

Ptree —

where T} and Y; denote isospin and hypercharge of the i*" SU(2)y, multiplet, respectively. For the GM model,
upon substituting the vevs one obtains pyree = 1.
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The usual dimension-4 Yukawa Lagrangian is given as
— L = Y Qridur; + Y Qriddr; + hec. (5.11)

which is not expected to have any couplings involving the triplets £ and y for group theo-

retic reason.

On the other hand, the triplets can couple to the quarks through dimension-5 operators.
The presence of higher dimensional Yukawa-like operators is not uncommon in a wide
class of BSM theories. For example, such operators can originate when heavy vector-
like fermions are integrated out [235, 236]. A broad class of composite Higgs models
contain such heavy fermions [55, 56, 58]. However, instead of appealing to any specific
BSM scenario, we construct independent dimension-5 operators involving the quarks with

unknown O(1) coefficients as follows:

cl "~ Cd _ . d¢ "~ . dd _
— L3 = J b Quix!duny + Pyl Quixddry + Ll Quid un; + Ly Quibdn; +he.

(5.12)
Here A denotes the cut-off scale of the effective operators. We assume the coefficients
of dimension-5 operators are aligned with the Yukawa couplings, following the minimal
flavor violation hypothesis, to avoid strong constraints from flavor changing neutral current
processes. The coefficients cg’d and dg’d are taken to be O(1) real numbers, whose exact
values and signs depend on the microscopic details of the underlying UV theories. Here
we treat them as free parameters. The real coefficients keep the 125 GeV Higgs boson
as purely CP-even. The couplings of the quarks with the physical scalars are shown in
Table 5.2. Note that, the couplings of the 5-plet scalars arise only at dimension-5, while

those involving the triplet and the singlet Higgs bosons originate from both dimension-
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Vertices Feynman Rules

hff i a4 g 4 44w

v |cg @ 3 6/ A

H_ _smr | sa + Cg + dé v

Ir Yo | T T\ 5T 6) A
HOTf VT PR o W
3 757 B V2ceg A
r .m el dl v
HYff —i% (% ¥ %) 1]

3 cu u v cd d v
Hiud —iY2V,, [(tﬁ -2 (m + "7) K) Mo Py — (t -2 (2;5 - %) K) mdPR}

Hiad 2V (25— %) $mulr — (5 + %) $maPr]

Table 5.2: The couplings of the quarks with the physical scalars are listed. The relative
+ sign appearing in Feynman rules refer to up/down quarks. Also s,(c,) = sin a(cos ),

where « is the mixing angle between the neutral scalars and tg(cg) = tan [(cos [3).

4 and dimension-5 operators. It is worthwhile to mention that, in both SM as well as,

two Higgs doublet models the only dimension-5 operator that can be constructed is the

Weinberg operator in the leptonic sector which generates neutrino Majorana masses [237].

Triplet extended scenarios, on the contrary, allow dimension-5 operators in the quark sector

as well.
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5.2 Flavor, electroweak and Higgs phenomenology

Before we discuss our results, it is worthwhile to recall the existing constraints in the
GM model that guided us to choose our benchmark values. The dimension-5 Yukawa-like
operators do not contribute to the oblique S and T parameters at one loop. Nevertheless,
they constrain the triplet vev via the dimension-4 operators in the gauge sector [220, 234,
238]. The 125 GeV Higgs boson production and decay are also affected by the presence of
dimension-5 operators. This, however, involves the mixing angle («), which can be tuned to
match the observed results [224, 238—244]. Non-observation from direct searches at LHC
also restrict the masses of H* and H*¥, though the strategies involve several assumptions
[242, 245-254].

Here we discuss the limits on the masses and couplings of the charged Higgs using
the radiative B decay, neutral B-meson mixing and the precision measurement of the Zbb
vertex. We also show the constraints on the neutral Higgs mixing angle « using the Run 2

data of the Higgs signal strength measurements at ATLAS and CMS.

5.2.1 B — X,y decay

The experimental world average for Br**?(B — X,v) = (3.324+0.16) x 10~* [255], while
Br*M(B — X,v) = (3.36 £ 0.23) x 10~ [256]. The branching ratio of the decay B —
Xy receives large contributions from the charged Higgs couplings through the Wilson
coefficient C<™. The generic structure of the charged Higgs (H, Zi) couplings with the quarks

can be written as

) | |
Lo V2 W a [Alm, P, — AlmgPg) d + hec. (5.13)
v
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Figure 5.1: Feynman diagrams involving the charged Higgs bosons which contribute to the ampli-
tude of B — X7y decay.

The new physics contributions, dominated by the top quark mass, to ng at the matching

scale (~ 160 GeV [256]) is

=2 {@?21@(2 (w:) = ALALP () | (5.14)
where x; = m?/m?. Here i can take two values, 3 and 5, corresponding to the scalars
Hi and HE. We confine ourselves to the leading order in new physics. The expressions
for the functions F%’z) (x;) can be found in [257], while that for Ai}b can be read off from
Table 5.2. Following [256, 258], we have translated the limits on the branching ratio to the
following range

—0.063 < O +0.242 6CET < 0.073 (5.15)

where the theoretical and experimental uncertainties are combined in quadrature. In pres-
ence of only the dimension-4 operators, the new physics part of the GM model always
contributes destructively with the SM amplitude, leading to a decrease in the branching
ratio. On the contrary, the dimension-5 operators may contribute constructively or destruc-

tively depending on the sign of the coefficients. Yet the prediction for the overall branching
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Figure 5.2: Box diagrams contributing to the Neutral B-meson mixing.

ratio remains reduced compared to the SM expectation, because the numerical impact of

dimension-5 operators is much smaller than that of dimension-4 operators

5.2.2 Neutral 5-meson mixing

For the purpose of demonstration, we show the charged Higgs contributions to the B? — B?
mixing, as it provides slightly stronger limits in comparison to the B} — BY mixing. The
main reason behind this is less uncertainties in Bs-system for both experimental measure-
ments and the SM predictions [255]. The measured value of the mass splitting and its SM

prediction in B-system are given as[255]
AmGP = (17.757 £ 0.021) ps~', Amp' = (18.3£2.7) ps . (5.16)

The total contributions to the mass splitting are obtained from the W+ bosons, the Gold-
stones and the charged Higgs bosons (H;E7 H5i), through the box graphs (see Fig. 5.2),

whose expressions are given using the standard notations as

2.2
Grm;

W(Vt:th)QﬁBSBBsmBs"?Bftot(il?m Ty, Tj) - (5.17)

AmBS =
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Here zy, = m? /M3, and
[tOt = IWV[/((EW) + Z(Aé)z(Ai)QIHZHJ (IEZ', [L’j) + 2 Z(A;)2[WHZ (xw, [lfl) . (518)
ij i
The explicit expressions for the Inami-Lim functions Iy, Iy g, and Iy, m, are given in

[259, 260], while we have calculated Iy, g, (with ¢ £ j)as

1 log x; log z;
A—w)(—2)  (@—w)d-z (-2 -z,

T 1, = 235

After normalizing Amp, with respect to its SM prediction, we obtain the following range

at 20

A [0 79 i
0.675 < 2o _ Tolmw 20, 75) _ oar (5.20)

Unlike in the B — X, case, new physics contributions arising at the dimension-4 level
add up constructively with the SM part in neutral meson mixing. The dimension-5 contri-

butions, on the other hand, depend on the sign of ¢% and d.

5.2.3 Zbb vertex

One of the most precisely measured electroweak observables is the branching ratio of the

Z — bb decay
['(Z — bb)

R, =
*” T(Z — hadrons) ’

(5.21)

where R;P = 0.21629 £ 0.00066 [261] and RSM = 0.21581 + 0.00011 [262]. The mod-
ifications in R, due to the charged Higgs contributions at one loop (see Fig. 5.3 for the

Feynman diagrams) is given by
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Figure 5.3: Diagrams showing the charged Higgs contributions to the Z — bb decay width.
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SRy ~ —0.7785 §g~., . (5.22)

Here dgL,, denotes the modification in the effective Zby by, coupling. It can be calculated
from a combination of triangle graphs where H. :,f5 and the charged Goldstones float inside
the loop (top and middle panels in Fig. 5.3), as discussed with explicit expressions in
[263,264]. A completely new type of triangle graph, induced by the dimension-5 operators,
nevertheless arises in our context. This involves the set { H:, W7, t} inside the loop, as

shown in the lower panel of Fig. 5.3 with 7 = 5. Its contribution is calculated as

L + g9’ c dg\ v
5gnew(H5 7W:F7t) = _@Hftb‘z ( - _) _S,Bm?CO(mhMW;mf)) ) (523)

2v/2 2 ) A

where Co(my, My, ms) is the usual Passarino-Veltman function [265]. This new graph
provides a numerically significant interference with the other contributions. Note that, a
similar graph with H3 does not exist as the ZW* H; vertex is absent in the GM model.

The new physics parameter space is constrained by the following 20 range

—0.00086 < dR, < 0.00182.. (5.24)

5.2.4 Combined constraints on charged Higgs

We present here the limits on the masses of the charged Higgses from the above three ob-
servables. A few benchmark values for cg’b and dg’b are chosen for the purpose of illustration
and are given in Table 5.3, where the ‘Set-I’ simply denotes the absence of the dimension-

5 operators. The left panel of Fig. 5.4 displays the constraints in the plane of the charged
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Figure 5.4: Exclusion limits on the charged Higgs masses and the triplet vev from B — X4y, B? —
BY mixing and Zbb vertex for the different sets of benchmark parameters, as shown in Table 5.3).
In the left panel, regions on the left of each curve are disfavored at 20, while in the right panel the
regions above each curve are disfavored at 20. We have fixed A = 1 TeV, and have taken v, = 50
GeV (left panel) and mys = 250 GeV (right panel).

Set Benchmark parameters 20 Lower limits on ms, ms (in GeV)
B—- Xy B'-DB° Zbb
- db e dd ms  Mms ms Mms ms  Mms
v = 50 GeV (tan 5 = 0.70)

I 00 00 00 00 250  — 225 — 8 -
I -05 15 05 15 230  — 110 — — —
Imr -05 -15 05 1.5 455  — 450 — 260 145

v = 40 GeV (tan 5 = 0.52)

I 00 00 00 00 80 — 100 — — —
I -05 15 05 15 75 — - - — —
IIr -0.5 -15 05 1.5 270  — 285 — 115 50

Table 5.3: Modified lower limits on m3 and ms, in presence of dimension-5 operators from
the three observables for different input parameter sets. The Set-1 corresponds to the purely
dimension-4 case.

Higgs masses coming from the triplet and 5-plet scalars (mg and ms). The right panel
shows the same limits in the tan 8 — mg3 plane. We draw attention to the substantial contri-
butions from the dimension-5 operators in comparison to the situation containing only the
dimension-4 terms. The sign and magnitude of the coefficients of the new operators play

a crucial role. In Table 5.3, we present some conservative lower limits on mg3, and in some
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Figure 5.5: The cut-off scale A is varied, fixing vy = 50 GeV and ms = 250 GeV. The regions
below each curve are disfavored at 20. The implications of different lines are as in Fig. 5.4.

cases also on ms, for different values of the parameters including the triplet vev. Note that,
larger the triplet vev, stronger is the constraint, as expected. Reasonable constraints on
ms arise only from Zbb, due to the presence of dimension-5 operators. The situation with
B — X, has become a little tricky over the last few years [255, 266]. The experimentally
measured central value and the SM prediction have moved in such a way that there exists
more space to squeeze our parameters now than a few years ago. Consequently, the limits
on the charged Higgs masses in the GM model from B — X~ are not as strong as before
[220]. We have kept the cut-off scale A = 1 TeV throughout our analysis, except in Fig. 5.5
where we plotted m3 against A, fixing other parameters. We emphasize that the constraints
on mg, ms and tan (3, albeit depending on the benchmark values, are both complementary
as well as competitive with those obtained from oblique electroweak parameters and direct

searches.

5.2.5 Constraints from Higgs signal strengths

We now discuss the limits on the v; — s,, plane from the measurements of signal strengths

of the 125 GeV Higgs boson at LHC. We use the Run 2 data from both CMS and ATLAS to
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Figure 5.6: Constraints in v; — s, plane at 20 using the ATLAS and CMS Run 2 data is displayed.
The shaded area corresponds to the allowed region. The cut-off scale A is fixed at 1000 GeV.

put the limits. The AV V and hf f couplings normalized to their corresponding SM values

are given by

2 c cl df
ky = cqc +2\/isa5 , ky = °‘+ — i (5.25)

Clearly, both hV'V and hf f couplings are modified even in the absence of dimension-5
operators. Therefore, Higgs signal strength measurements provide strong limits on the
parameter space of the original GM model. On top of that, the dimension-5 operators in
the Yukawa sector provides additional contribution to the i f f couplings, which depending
on the sign and magnitude of the coefficients, may change the bounds. Using the same
set of benchmark points for cg’b and d-’, as shown in Table 5.3, in Fig. 5.6 we display
the limits at 95% CL in the v; — s, plane from the LHC Run 2 data. Here again, we
observe the significant impact of the dimension-5 operators. In deriving these constraints

we assume that the contribution of the charged Higgs bosons decouple in the hvy~y decay
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width and falls off as ~ v?/m?, where i = 3,5 [219]. We have further assumed that, this
contribution can be neglected in comparison to that coming from dimension-5 operators
provided m; > v/Av, which translates to m; > 500 GeV for A ~ 1000 GeV. For low
mass charged Higgs we expect to have more stringent constraints in comparison to what
have shown in Fig. 5.6. Moreover, as shown in [244], the decoupling of the charged Higgs
contribution to diphoton decay channel depends on the details of the parameters present in
the scalar potential, and the limits obtained by us will change according to the decoupling

behavior.

5.3 Summary

In this chapter we concentrated on triplet extended BSM scenarios from a bottom-up phe-
nomenological approach. In particular we consider Georgi-Machacek model, which pro-
tects custodial symmetry at the tree level. Dimension-5 Yukawa-like effective operators are
added in the quark sector, keeping their UV origin unspecified. Our main purpose was to
demonstrate that for reasonable values of the input parameters these operators significantly
modify the limits on the charged Higgs masses. In this context, we show the dimension-5
operators provide a new handle to constrain the mass of the 5-plet charged Higgs (H).

We emphasize the following points regarding our analysis:

* The limits on the charged Higgs masses derived previously are not infallible once
we admit higher dimensional operators and, while devising the search strategies one

should not be biased by the previously existing limits.

* These operators also modify the production cross-section and branching ratios of the

125 GeV Higgs boson, which gives another way to constrain these scenarios.
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Our study can be naturally extended by constructing similar operators in the leptonic sec-
tor, and importantly a new one, given by /7 Ciity &I, together with the standard Weinberg
operator (IZCity¢)(¢TiTol). A further extension can be envisaged by writing the full set of
higher dimensional effective operators, in both Yukawa and gauge sectors, at the expense

of introducing more parameters which would affect a large pool of observables.
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meaeeesssssmmmmmn $ CHAPTER 6 S

FREEZE-IN DARK MATTER MODEL

This chapter is based on the work published in the following paper:
A. Banerjee, G. Bhattacharyya, D. Chowdhury and Y. Mambrini, Dark matter seeping

through dynamic gauge kinetic mixing, JCAP 1912, 009 (2019),[1905.11407].

Almost a quarter of the total energy density of the universe consists of an unknown form
of matter, called the ‘dark matter’, whose gravitational interaction with the visible matter
has only been detected till date. Among the various limitations of the SM of particle physics
besides the hierarchy issue, lack of a suitable candidate for the DM is notable. In the stan-
dard lore, DM is believed to interact with its visible counterpart with non-gravitational
interactions as well, however small the strength of the interaction may be. Many of the
BSM scenarios, motivated otherwise, constitutes potential candidates for DM. Most pop-
ular among them is the WIMP scenario, where the DM communicates with the baryonic
matter via weak interaction. The lack of any positive results in direct search experiments
like XENON100 [50], LUX [51], PandaX-II [52] or more recently XENONIT [53], how-

ever, compels us to look for alternative scenarios. Combined constraints from cosmology,
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direct searches and accelerator based experiments have already pushed the simple BSM
scenarios, like Z-portal [267-270], Higgs-portal [271-276], Z'-portal [277-283], etc., to

unnatural corners of the parameter space (see [284] for recent reviews).

This situation has led to the advent of an alternative where the DM is conceived to
be produced ‘in’ the process of progressing towards thermal equilibrium, rather than be-
ing perceived as frozen ‘out’ from the thermal bath. To avoid unacceptably large amount
of DM production resulting in over-closure of the universe, necessitates the existence of
rather feeble couplings between the dark and the visible sectors. The Feebly Interacting
Massive Particle (FIMP) scenario [54, 285], thus advocated can hardly be a ‘miracle’ un-
less the small couplings can be justified from an underlying dynamics. One possibility
is a mass-suppressed coupling, such as Planck scale suppressed couplings in supergravity
as shown in [286-289] or suppressions arising from massive gauge bosons as mediators in
SO(10) unified theories [290-292]. Similar suppressions may as well arise in massive spin-
2 theories [293, 294], string theory inspired moduli portal scenarios [295] and in scenarios
containing Chern-Simons type couplings [296]. A notable feature in all these constructions
is a sharp temperature dependence of the DM relic density — beyond the conventional re-
heating temperature (7Tgry) — up to some maximum temperature (7yax) accessible during
the reheating process [297-303]. DM production through freeze-in mechanism may also
proceed directly from the decay of inflaton [304]. Another possibility is freeze-in DM pro-
duction through radiatively generated gauge kinetic mixing that we are going to discuss
here. In contrary to the usual kinetic mixing with constant strengths, we demonstrate that
one loop kinetic mixing, generated by integrating out some heavy vector-like fermion can

act as an effective portal for freeze-in DM production [305].
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6.1 Freeze-in during reheating epoch

Present day relic abundance of a DM species () with mass m, and number density at

present time n, (0) is defined as

OR2 = Px(0) _ my 1y (0) . 6.1)

Pe Pe

Here p,(0) and p. = 8.05 x 10747 GeV* denote respectively, the energy density of the
DM and the critical energy density of the universe today. The last equality indicates that
the DM behave as a non-relativistic species. Evolution of the DM number density can be

calculated by solving the well-known Boltzmann equation as follows:

O | 3H (1), = R(T) (6:2)

where R(T') denotes the effective production rate of DM and H(T') = /%5 p;o(t) is the
Hubble expansion rate. The total energy density of the universe at a given time receives
contribution from visible matter, dark matter as well as inflaton. Requirement of structure
formation in the universe necessitates that the DM relic should be fixed within the radiation
dominated era. The solution of the Boltzmann equation has a non-trivial dependence on
the initial conditions. In the standard freeze-out scenarios, initially the DM is assumed
to be in thermal equilibrium with the visible matter due to sufficient interaction strength
between the two sectors. The DM decouples from the thermal bath when the reaction
rate becomes much smaller than the Hubble expansion. The number density of DM then
deviates from the equilibrium distribution to produce the freeze-out relic abundance. This

happens roughly around m, ~ 207, where 1" denotes the temperature of the thermal
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bath. On the contrary, in case of freeze-in scenario, the coupling strength of the DM with
visible matter is assumed to be so small that the DM never reaches thermal equilibrium with
the visible matter. Starting from zero abundance, DM would leaked-in slowly through its
interaction with the visible matter to set the present day relic. Unlike the freeze-out case,
the DM relic in freeze-in scenario might get fixed at a varied range of temperatures far
from m,. Therefore, a detailed knowledge of the variation of the temperature and Hubble
expansion rate at various cosmological epochs are important to determine the freeze-in

relic density.

In the post-inflation cosmological backdrop we assume perturbative reheating of the
universe by decay of inflaton into radiation, which quickly thermalizes among itself to
fill the universe with a thermal bath. The duration of reheating crucially depends on the
decay width of the inflaton. The end of the reheating is determined when the inflaton
energy density goes to zero and the total energy density is dominated with radiation. A
temperature (7ry) can be defined from the radiation energy density in the usual way to
mark the end of the reheating epoch. However, during the onset of reheating when the
inflaton energy density dominates over that of radiation, the temperature of the thermal bath
can in principle be much larger than Try. The following two equations track the evolution

of the inflaton and the radiation energy densities, respectively [297, 300, 301, 306]:

dp dp
o T3Hpe="Tops, g TAHp, ~Tups, (6.3)

where we have neglected the back-reaction from the interaction of DM with radiation in the
evolution of the radiation energy density. We denote the mass and the decay width of the
inflaton into radiation degrees of freedom using m, and I'y, respectively. The solution of

these coupled differential equations can be well approximated analytically in the limiting
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cases of inflaton and radiation domination. The assumption of instant thermalization of the
radiation enables us to define an instantaneous temperature as p., = (72g./30) 7%, with g,
as the number of relativistic degrees of freedom. Using the solution of Eq. (6.3), we obtain
a relation between the temperature 7" and the dimensionless scale factor z = amy as long
asT' < Twruas[297, 301, 306]

88 1/20 1/4
T(z) ~ (%) Tvax (273/2 — 274) ; (6.4)

where Tyax 1s the maximum value of temperature attained during the reheating process.
Clearly, during the inflaton dominated period the temperature varies as 7' oc a~>/%, which
is significantly different from the usual relation 7' oc ™! that appears during radiation
dominated era. In general the relation between Tyax and Try depends on the details of the
inflaton sector. In the following analysis, we will take a generic choice Tyax = 100 Try

for the purpose of illustration.

Now we solve the Boltzmann Eq. (6.2), governing evolution of the freezing-in number
density of DM in both inflaton (Tyax > T > Tgry) and radiation (7' < Tgry) dominated
epoch '. For that purpose, it is more convenient to express the evolution of n,, in Eq. (6.2)
with temperature rather than time. In the radiation dominated era the standard expression
involving the Hubble rate is given by

HOTL with H(T) = |2 r 6.5)
—=— — Wi =4/ =T—. .
dt dT 90 Mp
The comoving number density during this epoch, which by definition does not change due

to the Hubble expansion, is defined by Y, = n, /s ~ n,a®, where s denotes the entropy

INote that, we do not consider direct production of dark matter from inflaton decay in the present scenario
[304].
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density of the universe. Eq. (6.2), in terms of Y), during radiation domination becomes

dY, R(T) 22 3
= — h = — T . .
e TS where s 5 Js (6.6)

We assume the energetic and entropic relativistic degrees of freedom, g. and g, are equal
to 106.75, and the reduced Planck mass Mp = 2.8 x 10'® GeV. On the other hand, for the

inflaton dominated era we find [296, 307]

d 3 a [5g2 . T*
S P with H(T) = . 6.7
q =~ gHMT gy with H(T) T20ru | Ty Mp (o0

Here, gry and gmax represent the relativistic degrees of freedom at Try and Tyax, re-

spectively. Instead of the total entropy, during this epoch total number of inflaton remains
approximately constant. Therefore, during the inflaton domination, the comoving yield of
the DM is defined as Y;p = n,/ng ~ nxa3, where ng4 denotes the number density of the
inflaton. The Boltzmann equation for the evolution of DM number density then turns out

to be
dYrpp 8 R(T)

N 5mig? T®

~ 96grn Ty

where, ng (6.8)

Note that consistency at 7' = Try demands Y, (Tru)s(Trn) = Yip(Trn)ns(Iru). Using
Egs. (6.6) and (6.8), the DM relic density is calculated by splitting it into two parts viz. a
radiation dominated and an inflaton dominated contributions as [295, 300, 301].

' R(T) Max  R(T)
Qh? = Qb2 + Qb3 ~ 4 x 10 m, (/T dT—5= +1.07 TIZH/T AT =5 |+
0 RH

(6.9)

where 7|, being the present day temperature. Eq. (6.9) clearly shows that DM production
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critically depends on how the production rate varies with the temperature. It turns out that
the production of the DM will receive dominant contribution from the inflaton dominated
era if the temperature dependence of the production rate follows as R(7") o 7™ with
n > 12. If R(T) o T*, only 1% of the total relic density receives contributions from
the inflaton dominated era. Therefore in this case production of the majority of the DM
is sensitive to the lowest available energy scales, leading to IR-dominated freeze-in. For
R(T) o< T®, around 60% of DM is produced during the radiation domination. On the other
hand, for R(T") oc T'? more than 95% of the DM is produced during the inflaton dominated

epoch, leading to UV freeze-in of the DM.

6.2 Freeze-in via kinetic mixing portal

Here we demonstrate that kinetic mixing portal can be employed to produce DM through
freeze-in mechanism. Portals of kinetic mixing with constant strengths have often been
used in the literature in the context of various UV complete scenarios [308—311] to motivate
DM production [312-315]. However, the major challenge is to justify the smallness of the
mixing parameter, required for freeze-in scenario. We assume the existence of a spin-1
mediator Z’ coupled to a fermionic DM y while keeping the SM sector neutral with respect
to it. The Z’ can arise from gauging a U(1)" and may receive a mass (M) by Stiickelberg
or some dark Higgs mechanism. The Lagrangian of the dark sector consisting of a massive
7' is then given by

1 " 1 .
Loark = ‘ZZW 7'+ §M§/Z’“Z’u + XD —my)x, (6.10)
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where I = @ + iquXZ, and 7', = 0,2', — 0,7’ is the field strength of Z’. Following
the principle of gauge invariance, tree level kinetic mixing term between the dark U(1)’

and the hypercharge U(1)y can be written as

J

£mix = _§BMVZ,MV7

6.11)

B, being the gauge field associated with the hypercharge. The literature is rich in studies
where the 0 is a free parameter, in general small to avoid overproduction of dark matter
in freeze-out or freeze-in scenarios, while respecting direct detection constraints. This
smallness corresponds to a tuning arising from some UV dynamics. In particular, a UV
realization of vanishing tree level kinetic mixing has been envisaged in the literature [309]
if either of the two U(1) factors transcends from a non-Abelian group. Radiative effects,
however, will give rise to finite logarithmic corrections to the kinetic mixing [308]. Here
we illustrate two alternate possibilities to account for a small mixing parameter. First, we
resort to clockwork mechanism to generate a tiny tree level kinetic mixing. Next we show
that the kinetic mixing portal between a dark U(1)" and hypercharge U(1)y, generated by
loops of some heavy vector-like fermion exhibits a strong temperature dependence (we
call it ‘dynamic mixing’), and can efficiently produce dark matter in the early stages of
the reheating. The extreme smallness of the coupling is guaranteed in this case by the

suppression arising from the heaviness of the loop fermion together with the loop factor.

6.2.1 Tiny Kinetic mixing a /a clockwork mechanism

The Clockwork mechanism furnishes a sophisticated way to generate small couplings at the
low energy without resorting to any significant tuning in the UV. The framework can easily

be generalized from scalars to fermions and vector bosons and even to gravitons [316,
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Figure 6.1: Clockwork mechanism for generating tiny kinetic mixing.

317]. The clockwork mechanism has a wide range of applications in scenarios that warrant
small couplings, for example, axion physics [318-323], dark matter scenarios [324-327],
inflation [328-330], neutrino mass and flavour hierarchy [331-337], relaxion models [338—
340] etc. In our context, the clockwork setup consists of N + 1 gauged U(1) symmetries,
each of which are broken spontaneously to a single unbroken U(1), at a very high scale
(f). The spontaneous breaking is facilitated by vevs of N scalar link fields [319]. These
scalar fields are charged under two neighboring sites with charges (1, —q), respectively.
The Lagrangian involving N + 1 gauge fields below the symmetry breaking scale f is
given by

L= —

o |

N N—-1 2F? )
k pkuv c k k+1
Fu 57 4y 20— (A — AT (6.12)
k= k=0

0

The mass matrix for the gauge bosons takes a tri-diagonal form [319], common for all

clockwork scenarios. After the diagonalization to the mass basis, N massive gauge bosons
~l€ . . .

(A7) with masses of the order of g. f are produced, while keeping one massless gauge boson

(Z],) corresponding to the unbroken U(1). We can identify the latter with the dark U(1)".

Note that, the mass of the Z’ can be generated at much lower scales through mechanism

110



indicated earlier, independent of the clockwork sector. The expressions for the gauge fields

at the N'*" site (A]) and at the zeroth site (AY) in terms of the mass basis are given as

N
AV =274+ anpAl, AD=NZ, 4+ agrAl (6.13)
k=1 k=1
where N, is an O(1) constant and a;;, denotes the elements of rotation matrix with O(1)
values. As shown in Fig. 6.1, the DM is assumed to couple to the clockwork setup at the
zeroth site, while B, has a dimension-4 kinetic mixing with Aﬁf only. Clearly, due to the
clockwork mechanism, the Z’ will have geometrically suppressed tree level mixing with
B, as given by [319, 341, 342]

0~ —=—. (6.14)

To provide a numerical estimate, we take ¢ = 3 and N = 20 to find § ~ O(107'?). Note
that, the other heavy clockwork modes (flfj), inspite of having large mixing with 5, has
negligible contribution to dark matter phenomenology due to their large mass. Therefore,
we can safely integrate out these heavy modes keeping only Z’ as relevant dynamic gauge

field coming from the clockwork framework.

6.2.2 Emergence of dynamic gauge Kinetic mixing

The second possible avenue, that we present here is freeze-in DM production through ra-
diatively generated gauge kinetic mixing. In what follows, we assume that the two Abelian
sectors dominantly communicate through some hybrid fermionic mediators. We will ne-
glect the tree level (contact) mixing in our framework to study the effect of the radiatively
generated kinetic mixing. A possible realistic UV setup which leads to tiny contact mixing

may arise from a clockwork mechanism, as eluded in the previous section. We assume the
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Figure 6.2: One loop graph for kinetic mixing.

hybrid mediators are a set of heavy fermions F};, which are vector-like under both the U(1)’

and the U(1)y. The Lagrangian of the hybrid sector is given by
N
Ehybrid = Z Fj(w? —m; — QIQ;B - QDQDJ‘Z/)FJ‘ ) (6.15)
J

where N is the number of hybrid fermions and we assume that m; > M. For simplicity
and without lack of generalities, we consider a minimal scenario with Np = 1, m; = mp,
Q;» = ' and Qp; = Qp. In the context of a clockwork-like UV realization, the hybrid
mediator with mass mpr < f, is assumed to couple to the clockwork setup only at the
zeroth site, which implies that Z’ will see both the hybrid mediator and the DM with O(1)
interaction strength. Now we compute the gauge kinetic mixing generated by this fermion

at energy scales below mp.

Once the heavy hybrid fermion is integrated out, an effective kinetic mixing is gener-
ated at one loop for processes occurring at scales below m . Note that, the one loop mixed
vacuum polarization diagram, as shown in Fig. 6.2, contains a logarithmically divergent
piece. Since the mixing term corresponds to a marginal gauge invariant operator, even if
we have neglected the tree level mixing as mentioned previously, a dimension-4 countert-

erm exists in the absence of any forbidding symmetry, to take care of the divergence. The
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Lorentz structure of the one loop contribution is
il L (p°) = illyp(p®) (0™ — p'p”) - (6.16)

The full analytic expression for Il g, calculated using the dimensional regularization

scheme, is given in terms of r = p? /4m?2 with y as the renormalization scale as

HZ’B(pQ) _ _(Q/Q/)(QDQD) {1 ( 5 ) o 1

S 4loe [ )+ 242
1272 T8 m, 375

+ H(H%) log (1—2r+2m>] , (6.17)

where

> =

1
— — g + logdn, d=4— 2,
€

and yg ~ 0.577 is the Euler-Mascheroni constant. In the limit p?> < m?% or equivalently

r — 0, II; g becomes

eV 1 2 2 4
M p(p?) ~ — 99 90C0) {7 log (M_2> L Lo (p_4>] 618
€ m om mp

1272 % “

The renormalized kinetic mixing for p* < m? is then given as

5ren(p2) = HZ’B(pQ) - 5CT7 (619)

where dcr denotes the counterterm. Recall that ¢’ and gp have usual logarithmic running
triggered by the standard and dark degrees of freedom, respectively, nevertheless, we fix
them to constant values, as the effect of their running is numerically insignificant for our

purpose. The natural renormalization prescription we employ to determine the counterterm
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is that at large distance (p*> — 0) the mixing vanishes to keep the quantum electrodynamics

totally uncontaminated. This implies that

Oren(0) =112 5(0) — 6cr =0, (6.20)
and it follows consequently
10y 2 4
Seen(P?) = 5(p?) — My :_Mp_ P . 6.21
(p°) 28(p°) — z5(0) 6072 me + 0 mt (6.21)

The expression given above is reminiscent of the origin of Lamb shift in quantum electro-
dynamics. The logarithmic correction in addition to the divergent piece, is also absorbed by
the counterterm. On the contrary, in momentum independent renormalization schemes (e. g.
MS scheme) one can set i1 = mp to implement the decoupling of heavy hybrid particles in
the loop [343], leading to identical result as given in Eq. (6.21). Note that, if either of the
U(1) symmetries has a non-Abelian parentage in the UV [308, 309], one loop divergence
would be canceled in the absence of any counterterm, as well as any tree level mixing.
However, this specific scenario would keep the momentum dependent mixing sub-leading
in comparison to the logarithmic contribution. Therefore, instead of appealing to this usual
UV realization of embedding one of the U(1) factors into a non-Abelian group, we al-
luded to the presence of a clockwork mechanism at the UV to promote the relevance of the
momentum dependent portal. At low energy the loop contribution can also be envisaged

through the following dimension-6 operator

1 . 1 (¢Q)(9pQp) 1
(9(6,) = —_—B,07" th — =~ "2 6.22
7B Agff g M Asz 6072 m% ( )

The effective kinetic mixing below mp is of the order O(p*/m?) suppressed by a loop

114



factor. Additionally, thanks to the explicit momentum dependence involved, the strength of
mixing depends on the energy and dynamics of the process under consideration. These two
attributes make the dynamic kinetic mixing an efficient portal for UV-dominated freeze-in

production of DM.

6.3 Dark matter production

We now describe the freeze-in production mechanism of DM through the kinetic mixing
portal. Two main production channels involved are (i) ff — xx and (ii) HTH — ¥,
where f and H denote the SM fermions and Higgs doublet, respectively. We will provide
a comparison between the efficiency of constant and dynamic kinetic mixing as a portal for

freeze-in DM production.

6.3.1 Production rate

The expression for the DM production rate in the freeze-in scenario, defined in Eq. (6.2),

is given as

) oo \/E 8(8 —+ 2m2>
RT) = a(g/o00,)' T [ o mi (F) st
(6.23)

where K () is the modified Bessel function of the second kind and .., (s) denotes strength
of kinetic mixing. For constant mixing, d.,($) can be replaced by a constant free parameter
0, while its expression for the dynamic mixing scenario can be read off from Eq. (6.21).

The coefficient « for the production channels ff — xx and H'H — yY are, respectively
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given by
1

1 2 | 2
s = 555 2 (VT +a]) Qg = oo (6.24)
f
Here vy and ay are the vector and axial-vector couplings of the SM fermions with B,,. For
quarks in the initial state, an additional factor in «, due to the number of colors (N, = 3)
should be taken into account. The decay width of Z’ to the SM particles are negligible
compared to that to the DM,because of the smallness of kinetic mixing. The expression for

the decay width of Z’ to a pair of DM is found to be

2 2 2 2
T, — gll;ixMZ, (1 + ?\%X) 1 % . (6.25)
We have performed full numerical computation of the rate using the CUBA package [344].
However, for the brevity of understanding, we present below the generic structure of the
production rates for three distinct ranges of M/ and assuming m, < 7T'. We also assume
'y, <« My while presenting the analytic expressions for the approximate rates. The
temperature dependence of the production rates for the dynamic (R(7")) as well as constant

(Rs(T)) kinetic mixing cases can be estimated in the above mentioned regimes as

(TS

R ( 24
vl 62T, (My < T)
C M§,T My §2M 3T < My >
v K e K (My ~T
R(T) (47T)4>< T, 1( T ), Rs(T) =C'x¢ —, K7 (Mg )
8
T12 , 52 T4 . (MZ/ > T)
L m}l?Mél \ Mz/
(6.26)

Numerical constants C and C’ for the production channels ff — xy and HTH — yy are

displayed in Table 6.1.

For a set of benchmark values of parameters, the DM production rate as a function of
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C ff—=xx H'H— xx ' ff—=xx HH-— xy

15689’4ﬂ2 169/452 499/25/2 9/25/2
M T — _— M T
7 < 67575 2257 T 1927
M T 499/4ﬂ2 9/462 M T 4ggl2ﬁ/2 g/26/2
Z 1620074 1080074 Z 115274 76874
40140891452 40969/462 989/2B/2 g/26/2
MZ/ >> T 457T5 157‘(‘5 MZ/ >> T 37]‘5 7T5

Table 6.1: Expressions for the coefficients C and C', where B = g%q,Q'Qp and ' = gpyy.

the variable x = M/ /T is shown in Fig. 6.3 (solid curves for dynamic mixing case). For
simplicity, we set g%¢,Q'Qp = 1 (see Egs. (6.10) and (6.15)), mp = 10 GeV, and My =
10'° GeV. From left to right in the solid curves, we fix m, = 102, 10'°, 10°, and 10* GeV
(cyan, brown, blue, and black), respectively. From the expressions of the approximate rates
in Eq.(6.26), one can intuitively understand the different regimes of the DM production, as
shown in Fig. 6.3. The rate shows a pronounced temperature dependence and in general
falls as the universe cools down. In the small z < 1 (large 7") limit, the temperature of the
thermal bath is much higher than the mass of the mediator, and hence the rate is governed
by the light mediator approximation (M < T'). In large x > 1 (small 7T') regime, on
the other hand, sufficient temperature is not available in the bath to produce Z’ on-shell,
as indicated by the region dictated by the heavy mediator approximation (My > T).
However, if the bath temperature is around the Z’ mass (z ~ 1), dark matter production is
going through the on-shell Z’ decay leading to s-channel resonance enhancement. Thus,
the Z'-pole effects can be observed around x ~ 1 and the rate of production of the DM is
governed by the narrow width approximation (M4 ~ T'). Moreover, once the temperature
falls below m,, rate drops exponentially due to the Boltzmann suppression (o< e~/ T,

The colored vertical lines, in the Fig. 6.3, mark 1" = m, for four different values of the
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Figure 6.3: DM production rate for both dynamic (solid curves) and constant (dashed curve)
kinetic mixing portals are shown.

DM masses. For m, = 10'? GeV and 10'° GeV, Boltzmann suppression predates the Z’

pole, and hence resonance enhancement around x ~ 1 is absent for these cases.

We also compare the DM production rates as found with dynamic mixing with that
using a tree level constant kinetic mixing® portal (dashed blue curve) for m, = 10° GeV
and kinetic mixing parameter § = 107, in the Fig. 6.3. The comparison indicates that in
the case of constant mixing, as the temperature decreases, rate falls at a slower pace than
for the dynamic mixing. This aspect can be accounted by noting the relative suppressions
in the production rates between the dynamic and constant mixing cases, given in Eq. (6.26).
Therefore, while the dynamic portal will produce the DM mostly at early times leading to
a UV freeze-in, the production will take place for a prolonged duration for the constant

mixing case, depending on the strength of the mixing parameter.

2Strictly speaking, &, as defined in Eq. (6.11), runs logarithmically being proportional to itself. However,
for the purpose of comparison, we treat § to be a constant, as the numerical effect of its running on the DM
production is insignificant.
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Figure 6.4: Dependence of DM relic abundance on Z' mass for dynamic portal.

6.3.2 Relic abundance

Now we calculate the DM relic abundance, and examine the consequences of matching it
with the observed Qh? ~ 0.12 on the parameter space of the model. In Fig. 6.4, we display
the dependence of QAh? on My for different values of m, (colored solid lines). In the light
mediator regime (M, < Try), Qh? is independent to M as the relic density saturates at a
much higher temperature. However, in the Try < My < Tyax region the relic abundance
increases due to s-channel resonance when M, =~ 2m,. When we consider heavier Z' its
on-shell production from the thermal bath gets suppressed which causes a fall in the QA2
Once My > Tyax the density falls at a faster rate. Recalling Qh? o my 1y, we follow
that for relatively smaller values of m, the relic density grows with increasing m,, (gray
and brown curves). In contrast, we observe a fall in A2 once m, > Tru (cyan, blue and

black curves) due to a severe phase space suppression in 7.

In Fig. 6.5, we display the contours of Qh? = 0.12 in the M, — m,, plane for both

dynamic and constant kinetic mixing portals. We first discuss the dynamic kinetic mixing
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results for two representative choices of mp = 5 x 10'? GeV (gray) and 10'3 GeV (brown),
respectively. Each choice of m g corresponds to a contour of m,n, = constant, which im-
plies that lighter (heavier) DM needs to be produced in large (small) number. In particular,
the right (left)-hand branch of the contour is associated with less (more) DM production.
For low M, (<K Trp) the contour is independent of My as explained earlier in the con-
text of Fig. 6.4. When M, ~ Ty, excess DM production due to s-channel resonance is
compensated as the left-handed branch of the contour (which was so long vertical) turns
towards smaller values of m,. The contour cannot continue indefinitely towards increas-
ingly smaller m, as n, needs to be appropriately balanced by arranging a lighter mediator
(i.e. small M), which in turn weakens the dynamic portal (oc M2, / m%). This explains
the upper left edge of the contour. Then the contour turns right towards larger m,, requiring
monotonically increasing M to keep m,n, = constant. Finally beyond certain values of
m, and M, the DM production is insufficient to reproduce the observed €22, as indicated
by the upper right edge of the contour. We also observe that the contour for mp = 103
GeV is contained within that of my = 5 x 10'2 GeV, because larger (smaller) m implies
weaker (stronger) kinetic mixing (o< 1/m%). To justify the viability of the above discus-
sion, we now make a quantitative estimate of the required smallness of the contact term,
compared to the p?>—dependent term for different regions of parameter space in Fig. 6.5.
Comparing between R(7T') and Rs(7T) in Eq. (6.26) we find the condition to render the

effects of the contact term insignificant as

1 T?

) <L ——5. 6.27
< 1672 m2, (627)

Since the relic abundance gets saturated at or above 1" ~ m,, for Mz < Ty, m, ~ 106

GeV and mp ~ 102 GeV we estimate § < 107! is required, to be neglected safely. On
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Figure 6.5: Contours of Qh? = 0.12 for both dynamic (brown and gray solid curves) and constant
(black and blue dashed curves) mixing portals are displayed.

the other hand, for My, > Tgy the condition fairly relaxes to § < 1078,

For comparison, we have performed the same analysis with constant kinetic mixing for
d = 107 (black dashed), and 1071° (blue dashed). The main difference with the dynamic
portal case is the absence of additional powers of temperature involved in the dynamics. For
a given value of ¢, the vertical line is absent in the left-hand side as a large M is required
to counterbalance the DM over production. Larger 0 requires heavier Z’ to reproduce the
relic abundance. For § = 107%, when m, crosses Try, Boltzmann suppression shows up
as a dip. This happens because in the constant mixing scenario the production of DM
occurs almost entirely in the radiation dominated era, while in the dynamic mixing case
additional powers of 7' is responsible for DM production even in the inflaton dominated
period (Try < T' < Tyax). For 6 = 10719, once M crosses Try the slope of the contour

changes accordingly to adjust m,n, = constant.
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6.4 Summary

In this chapter we consider freeze-in production of DM in the early stage of the reheating

epoch.

* We have identified a scale-dependent portal for freezing-in DM production, created
through one loop gauge kinetic mixing between a dark U(1)" and hypercharge U(1)y
by integrating out a very heavy vector-like fermion. The requirement of preserv-
ing quantum electrodynamics at large distances ensures the strength of this mixing

strongly dependent on the energy of the process involved.

* The strong temperature sensitivity of the mixing allows the dark matter to be pro-
duced through the ‘UV freeze-in” mechanism mostly during the early stage of re-

heating era.

* We have demonstrated the difference of this scenario from freeze-in DM production

through constant kinetic mixing.

Although the ‘freeze-in’ mechanism was primarily advocated to justify the continued ab-
sence of evidence in DM direct searches, it is time to put serious thoughts on any possible,
however far-fetched, tests of such scenarios. For instance, possible future detection of
gravitational waves, generated if the U(1)" breaking is associated with first order phase
transition [345-347], may indicate towards a Z’ mass range far beyond the reach of any
future colliders, thus shedding some light on the DM portal. An interesting corollary would
be to employ the concept of this dynamic kinetic mixing in a ‘freeze-out’ scenario, albeit

with a different parameter range.
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APPENDIX A

SO(5) AND SO(6) GENERATORS

The explicit expressions for the generators of SO(5) in the fundamental representation are

as follows:

7 |1
(Trr)ij = —3 56“”(5?65—5?55)i(éféj*—é?é?) , (A.1)
(T%):; = —5(6?5?—6;‘5?), (A.2)

where 4, j runs from 1 to 5. The generators T},  span the SO(4) >~ SU(2), x SU(2)  sub-
group, with a running from 1 to 3, while the four generators 7 span the coset SO(5)/SO(4).
In case of SO(6), in addition to the above ten generators, five more spanning the

SO(6)/SO(5) coset space are given by
PN 7 . .
(1% = = 75005 = 60) (A3)

Note that for SO(6) generators, 7, j runs from 1 to 6.
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EEEEsEesssssmmm A PPENDIX B mo—

FERMION EMBEDDINGS

B.1 SO(5)/SO(4) Coset

Fundamental 5, adjoint 10 and symmetric 14 representations of SO(5) can be decomposed

under the unbroken SO(4) = SU(2)r, x SU(2)g as:

5 = 1+4=(1,1)+(2,2),
10 = 4+46=(2,2)+(3,1)+(1,3), (B.1)

14 = 14+444+9=(1,1)+(2,2)+(3,3). (B.2)

We embed ¢, into the (2, 2)’s to tame non-standard corrections to the Zbb vertex under con-
trol, while ¢ is embedded into (1, 1). The embeddings of the top quarks into incomplete

multiplets of 5 and 14 are shown below:
Q5 = (V(22,0)", T2 =(0,0,0,0,5)7, (B.3)
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and

14
L=

, (B.4)

where

ivabLyitLa _tL) (BS)

1
\11(2’2) g E(

B.2 SO(6)/SO(5) Coset

Decomposition of different representations of SO(6), under the maximal subgroup SO(6) D

SO(4) x SO(2) ~ SU(2), x SU(2), x U(1), are as follows:

6p = (2,2)0+(1,1)2+(1,1)_5,
150 = (17 1)0 + (27 2)2 + (2a 2)—2 + (3a 1)0 + (17 3)0 ) (B6)

20 = (L,1)o+ (L, 1)4+1,1) 4 +(2,2)2+(2,2) 2+ (3,3)0,

where the subscripts denote charges under U(1),. Embedding of ¢, and ¢y in the above

representations are given by

Q% = (V22),0,0)" | T8 =1(0,0,0,0,0,tr)", (B.7)
0 —i
W, . 0252
O4xa 0 &2 20
15 = 15 : Oscz
L = 0 ) TR = 0 Zt?R )
02><2 O2><2
73 2
02><4 O2><2
(B.8)
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and

Osxa | 0 Yoz
20 = 20 _2t\1/%14 Oz
.= 0 , Tp = t (B.9)
R
Vo 2) 022 024 \/312
V2

Here again, ¥, 5) is given by Eq. (B.5).

131



APPENDIX C

DETAILS OF FORM FACTORS

Detailed expressions of the form factors for different models in terms of the masses and
decay constants of the lightest resonances, in the Euclidean space, are shown (for calcula-

tions, see [101]).

C.1 SO(5)/SO(4) Coset

MCHMs5, 5,
L2
L I3
HO = 1 + 2 +m2
Qa
o= 1 [FLP R
! 2 q2 +m2?1 q2 +m2Q4
FR 2
My =1+ 2‘17|2 (C.1)
q° + mg,
r_ |EFP? R
LeAmy, @ Amy,
LR — ﬁFéf/Ff*mQ4 _ iFlLFlR*le
' 2 @+my, V2 @ +mp,
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MCHM4; 145

FL2
Hé:1+ 2| 4|2
Q= +mg,

L2
Hf<5 2|F1|2 *§ |F4L‘2 +§ ‘F9L|2
4¢* +mg, 2(]24—7712)4 4¢24+m% |’

Qo

L2
HL_< 5_IRLP, FEP 3 IR >

9

2 = _Zq2+m2 2 2 9
2 q* +md, 4(]2—1—771329
|Ff?
D) 3
7 +mg,

HR:<5 EF? 5 |FfP )

I =1+

)

: o 2
2¢2+m},  2¢>+md,

R|2
- (25 T N i
16¢2+mg,  2¢>+mg, 1662 +mg, |’
RO L
2 2tmd,  E+md, )’
4q mo, q +mQ4
5 5FL Rx* *
H%R:_ (_ \8[ 12F1 ”;Ql _f_\/gFfFf mqQ, 3\/5F9LF9R*mQ9
q* +mg, q2+m%4 8 qQ+mz2 '
9
MCHM,4, _5,
m =1+ 72|F4L‘22
9"+ mg,

L2
L A
¢* +mg, 2q2—|—mé4 4q2—|-mz?9
|Ff? 5 |FEP 3 |Fg)?

)

H2L:22 2 4 U
PAmd, AP+m AP +md,)’
R FR2
HO :1+2‘_’_17|27
- T mg,
r_ _IEfP|FPP

3

R
¢ tmy, @ +mp,

_ L FFmg, V5L mg,

- 2
V2 2 +mp, 2 ¢ 4+mp,
L 7 Rx*
HZLRZEFI Fi™mq, _ﬂszFf*sz;
2 ¢2+m2 2 5,
Q1 q +mQ4

LR
Hl

)
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MCHM3, 14,

I FL2
ne— 1y P
9= +mg,
1 L|2
H52<2F1|2 _FEP
P?+my, @ +mp,
R
S i
q* +my,
1

5 R\|2
IR = ( R |F1R|2>

2\¢*+mp, ¢ +mg
1

r_2 |FF? 5 |FfP 15 K

115 —

T 16 2 2 2 +m2
q erQl 2q2+m2Q4 16q2+m?29

L 17 Rx*
§F42F4 T;LQ4 _ LFlLFlR*le
9+ maQ, \/E q2 + mzh
5V2 FLFF*mg, V5 FEEF*mg
8 2 2 T o 2
9+ mao, 2 q2 + m:éh

LR
Iy =

LR
15" =

C.2 SO(6)/SO(5) Coset

NMCHMeg, _s,,

Iy =1+ P
g% +mg,
- ( \FLP R
¢* +mp, q2+m295>
M =1+ IR
g>+mg '
TR = L L

- q2+m2 2 2
Qs q —|—le

L 17 Rx*
ﬁFsFE) mQ; 1 FLF*mg,

HLR*
N BTy Ry
q* +mg, V2 @2 +mp,
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Iaeessssssssmm——— APPENDIX D

EXPRESSIONS FOR [I-FUNCTIONS, Ay,

AND A/ FOR SO(6)/SO(5) COSET

The II-functions for SO(6)/SO(5) coset are shown for different representations in Ta-
ble D.1. The NMCHM;5, _;, case is omitted because it cannot generate a Yukawa term in

the Lagrangian.

Models I, (h,n) I, (h,n) 11, ¢, (h, )
NMCHMsg, —1,, T + i T2 ins
NMCHMg, ¢, I +0FG T+l nfis ek -5 -
NMCHMg, 15, I + Hf;—z e+ Hf’]ﬁ—z HlLR%
NMCHNG, o TIPS (i)
NMCHMys, g, 5 +TEE 4112 TR IIRE 4T, Ik

(Table continued to page 136)
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(Table D.1: continued from page 135)

Models

HtR(h7 7])

NMCHM5, 15,

NMCHM 5, _s,,

NMCHMa, _1,,

NMCHMaq, s,

NMCHMag, _15,,

NMCHMoao, a0,

HL_|_H1 i +H77 f2

Ln?
H f2 +H

HL+HLh2+H

HL+H1L?—§+

HL+HLh2 —|—H

2
I + 1115

HR ht

Mg+ TR A 4+ T15

11§
% + kL CFTIR
172 an

T + I

I+ T 4 TR

1 f2 2 f4

I, e (s 1)
e

h _r:_n
f f? f?
LR LR h?

Table D.1: List of Il-functions for different representations (upto dimension 20) of next-to-minimal

model.

The expressions for A; and A/

for different SO(6) representations are presented in Table D.2.

, as defined in Eq. (4.18), in terms of the form factors,

Models Coupling Modifiers
af 1
NMCHMg, 1, - (@ + 5)
0
L 1R R
NMCHMs, _, ) [ (E—ER + %Eg@) x]

(1+

) (1+nR><>_l

X

1-x

(Table continued to page 137)
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(Table D.2: continued from page 136)
Models Coupling Modifiers
L R
NMCHMg, —15,
AJ 0
LR L R
A 25— i — i — 4]
NMCHMg;, —a0p,
A] 0
1 Iy - 1 i ! 15, 85} 1
A -1+ H_S‘X + g i +qr T3
' 1y 1y npIy nRn 31y I} o
NMCHM5, g, — e Tomy T by T onfnl) X T mb X
L -1 e -1 1< e L 2
A= (b)) () [+ k2] VS
L —1 L L L R
O NN A BRI TON
NMCHM;5, _15
- N n Tt e -1
A} () (rmb) /o
ol \ 1o R e L R
& —(1em) [k (3R ) o
NMCHM;5, —205
" 1y T
A L+ gt ) (L +qEx T—x
nr N\ nk - nk
A ~(rem) (R s () o
NMCHMg, —14
A7 1 Iy 1 1 ! X
t (i) (i) Vs
able continued to page
(Tabl inued 138)
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(Table D.2: continued from page 137)

Models Coupling Modifiers
=1 =1 =1
HL HR LR HLR HL HR 1
n n 2 1 1
(“HEQ (“H?@ (“WWX %ﬁ—ﬁ?‘ﬁ—é
nk ok nkrE oIy, L L § (2 £
+ (35F + ik — ik — 2 + 20 L A =
2117 20 21I4F iR 11 nfeEngy o oy of
L LR LR L 11LR R 11LR
A, ot oyl I, 4 (30 My syt slpILe
H(})% Hé/ HL HLR H(})% H%R HL HR HL HLR 2 HR H

_|_
ng f nL HLR i neE el ol g ek HL HR
L 1R 11LR R 11LR
_|_(_lH_’7H_nHL_hH_an ) 3}

L R L LR L 1R L 11LR R 11LR
NMCHMQOL—GR Ly, 11 iy, Ty ie 1, 10 e Iy 1y ¥ 10,7 10 > X

L -1 R\ —1 LrR \ —1
o == (1+ T <1+H—;gx 1+ Ty
N R NG ST BN
nLe -y g oy oik bR ke g ol X 1-x
nt \“lrm | onr mt 0k mbpR
& = (v [RE R 3 (G m ) o
NMCHMa0, 15,
ok L -1
Al (+5) (1 +5x) &
L -1 TILER 1k ke 3
n 2 1 __ 1 __ 2
A, (1+76x)  [20m — i — b I
QUEFIL ORIy 1l I,
NMCHMa0, 20, + ( niRTE T omEny Coanp o omp ) X
A7 1+ oy 1+ Iy - X
t g ng 1—x

Table D.2: Expressions for Ay and A} for different representations of SO(6) in which top quark
is embedded.
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High Luminosity Large Hadron Collider
Large Electron Positron collider

Large Hadron Collider

Minimal composite Higgs model
Nambu-Goldstone boson
Next-to-minimal composite Higgs model
pseudo Nambu-Goldstone boson
Quantum Chromodynamics

Quantum Electrodynamics

Standard Model

Vacuum expectation value

Weakly interacting massive particle
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The Standard Model (SM) of particle physics, despite its all glories and success suffers from various
limitations-both on the theoretical and observational grounds. In this thesis, we address one of the major
theoretical limitation, namely the stability of the weak scale using a composite Higgs setup. In addition, we
discuss a model of freeze-in dark matter (DM) scenario to explain the observed relic abundance of non-
baryonic matter in the universe. The composite Higgs framework, where the Higgs originates as a pseudo
Nambu-Goldstone boson of a spontaneously broken global symmetry in some strongly interacting sector,
has two major phenomenological consequences. First, this scenario predicts the existence of non-standard
spin-1 particles as well as additional colored fermions also known as top-partners, which can in principle be
searched at the Large Hadron Collider (LHC). We explore the connection between a light Higgs boson and a
light top-partner resonance, which is somewhat in tension with the present LHC data, in such models. We
suggest a possible avenue to depart from such strong correlations in a next-to-minimal setup using the
mechanism of level repulsion between the doublet Higgs boson and an additional scalar signlet, as shown in
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Figure 1. Level repulsion mechanism between a doublet Higgs boson and a singlet scalar state in the next-to-

minimal composite Higgs model can lift the strong connection between the light Higgs and light top-partners.
Figure 1. Another noteworthy implication of the composite Higgs setup involve the modification of the
Higgs couplings with other SM particles, from their SM reference values. We have systematically studied
these modifications in various composite Higgs frameworks and constrained the relevant parameter space
using the current Higgs data. We have also explored the Georgi-Machacek model composed of doublet and
triplet Higgs bosons and investigated its phenomenology in the presence of higher dimensional operators.
Motivated by the scarcity of any experimental signature probing the nature of the DM, we explore a
scenario by extending the SM with a gauged U(1) symmetry, where instead of freezing-out from the
thermal bath, the DM is frozen ‘in’ the early universe. We identify an energy dependent portal interaction
between the visible matter and DM enabling ‘UV freeze-in’ of DM during the inflaton dominated epoch of
reheating.
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