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Abstract

In July 2012, a new boson has been discovered at Large Hadron Collider (LHC) in CERN. The
mass and spin turned out to be 126 GeV and 0. Therefore, the new boson must be the scalar
boson. Moreover, its couplings to the Standard Model (SM) particles are in good agreement,
with the SM predictions of the Higgs boson. These results indicate that the property of this
scalar boson is very close to that of the Higgs boson in the SM. Thereby the SM has been
confirmed its correctness within the uncertainty of the current data. There is no signal for the
new particle until now.

On the other hand, it is also well known that several phenomenological problems remain
in the SM. For example, the existence of dark matter, the tiny mass of the neutrinos and the
baryon number assymetry of the Universe (BAU). These problems cannot be explained in the
framework of the SM. Therefore, the SM must be extended to solve these problems.

Moreover, the hierarchy problem is known as the theoretical problem of the SM. The
quadratic divergence in the radiative correction to the Higgs boson mass appears because
the Higgs boson is the scalar particle. Supersymmertic extended models are considered as
the attractive candidate which can solve the hierarchy problem. In these class of models, the
scalar particles are naturally justified by the supersymmetry. In additions to this, the quadratic
divergence from supersymmetric particles cancel the that of the SM particle when the super-
symmetry doesn’t break, so that the hirarchy problem can be solved. As an alternative solution,
there is a new paradigm which can solve the hierarchy problem, such as technicolour models
and composite Higgs models. In these scenarios, the Higgs boson is not the elementary particle
rather than the composite particle. At the high energy scale, the hierarchy problem disappears
because there is no scalar boson.

In this thesis, we make a study on the ideas based on the Higgs boson as the composite
particle. One is the supersymmetric QCD scenario and one is the composite Higgs scenario.

First, we report our study [1] based on the supersymmetric QCD theory. In this model,
thanks to a new supersymmetric gauge symmetry which exists higer than the electroweak scale,
the extended Higgs sector appears as the composite state of the fundamental fields in the new
gauge symmetry at the low-energy effective theory. Interestingly, three phenomenological prob-
lems mentioned above can be solved at the TeV scale new physics in this model, simultaneously.
The existence of the extra scalar bosons which strongky couple to the SM-like Higgs boson en-
hances the first order electroweak phase transition. This is the neccesary condition for realizing
the BAU. Moreover, thanks to the unbroken Z, symmetry, the dark matter and neutrino mass
problems can be explained, simultaneously, in the framework of the radiative seesaw scenario.
We have also discussed the testability of this model at future collider experiments.

Second, we report our study [2] based on the composite Higgs theory. In these models, the
Higgs bosons appear as the Nambu-Goldstone bosons (NBGs) which are originated from the
breakdown of the global symmetry G at a higher scale than the electroweak scale. The exact
NGBs cannot have the mass by the shift symmetry. However, these NGBs must get the mass
because the observed Higgs boson has the mass. By the Coleman-Weinberg mechanism, these
particles obtain the mass so that they are called the pseudo Nambu-Goldsotne bosons (pNBGs).
In the composite Higgs models, the breaking pattern of the global symmetly G leads various
models with extended Higgs sectors to the low-energy effective theory. The simplest model is the
minimal composite Higgs models (MCHMSs). In the MCHMs, the global symmetry G = SO(5)
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breaks into H = SO(4) by a certain strong dynamics at the scale f. The breaking scale f is
highter than the electroweak scale ~ 100 GeV. The number of the NGBs is 4 corresponding to
the degrees of freedom of the SM Higgs doublet. The gauge boson and Higgs boson coupling
deviation only depends on G/H. On the other hand, the deviation patterns of the Higgs
boson couplings to charged fermions and Higgs boson itself depends on representation of the
matter field in SO(5). These deiviations areo parametrized by one parameter, so-called the
compositeness parameter £. We list the deviation patterns of the variation models of the
MCHM.

We investigate the single and double Higgs boson production of the MCHM and constraints
on the model parameter. The production cross sections and the signal strengths significantly
differ from the SM predictions due to the diviations of the Higgs boson coupling constants. We
discuss the possibility to distinguish the MCHMs from other new physics models.

In addtion to the MCHMSs, we investigate a next-to-minimal composite Higgs model with
composite doublet and composite singlet scalar. We also discuss the collider phenomenology of
this model.

The composite Higgs model is an analogy of the quantum chromodynamics (QCD). The
realistic pNGB is pions in the QCD. The chiral symmetry SU(2);, x SU(2)g is broken into
the vectorial SU(2). After that, three pions appear as the pNGBs, 7, 7% 7. The source of
the small pion masses are the explicit breaking of the chiral symmetry. When we calculate
pion scattering process mm — 7w, this amplitude would diverge at high enegies. However,
the measured observable did not diverge because a new particle contribution unitalizes the
scattering amplitude at high energy, which is known as the rho meson. In the MCHMs, the
logitudinal modes of the weak gauge bosons Wy, Z can be identified as pions. The weak gauge
boson scattering amplitude in the MCHMs also diverges due to the non-vanishing compositeness
parameter &, which differs from the SM prediction. We here assume that this process should
be stabilized by the new introduced particle like the rho meson in the QCD. We can estimate
its mass scale by extracting phase shift imformation.

As a phenomenological application of the framework of the composite Higgs models, we
investigate the diphoton excess at 750 GeV at the LHC. At the end of 2015, the diphoton
singnal around 750 GeV has been found at the LHC experiments. We consider that this
anomaly would be the new particle. The composite Higgs models with extended Higgs sectors
could contain such particle and explain this phenomena [3].

As a result, we study two scenarios whose Higgs sectors are composed of the fundamental
particles at high energy with/without supersymmetry (SUSY). In the model based on spe-
cific choice of SUSY QCD gauge symmetry, the gauge coupling of the new symmetry behaves
asymptotic free like that of realistic QCD, SU(3)¢. The extended Higgs sector appears at the
low energy effective theory. We propose new model with an additional discrete symmetry. In
this model, the dark matter, the neutrino mass, and the baryon number asymmetry problems
can be solved, simultaneously. We also investigate non-SUSY model. In this model, the Higgs
boson appears as a pNGB which is accompanied by the global symmetry breakdown at high
energy. The MCHM and its several variation models contain a minimal Higgs sector corre-
sponding to the SM Higgs sector. The deviation pattern of the Higgs boson couplings in the
MCHMs can be distinguished each other at future collider experiments. They also affect the
Higgs pair production processes. This would be utilized to test the models. As an analogy of
QCD dynamics, weak gauge boson scattering amplitude in the MCHMs should be stabilized



by the new particle. We can estimate its mass scale by using phase shift beyond the reach
of current experiments. The diphoton excess at 750 GeV could be explained by the extended
composite Higgs models
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Chapter 1

Introduction

The SM is the most successful model in describing the high energy collider experiments below
the electroweak scale ~ 100 GeV. The SM is based on the gauge principle and the spontaneous
symmetry breaking. The gauge principle defines the interactions among the elemenrary particles
and forbid the masses of fermions and gauge bosons. The SM gauge symmetry is SU(3)c X
SU(2), x U(1)y. However, we already know that these particles have non-zero mass. In order
to obtain the particle masses, the spontaneous symmetry breaking is required. The electroweak
symmetry SU(2), x U(1)y is broken into the electromagnetic symmetry U(1)gy by the vacuum
expectation value (VEV), denoted by v, of the SM Higgs doublet. After that, charged fermions,
weak gauge bosons, and the Higgs boson masses are proportional to the VEV v. The Higgs
boson mass was strongly constrained by several experiments [4], but it not have been discovered
for a long time. At long last, in July 2012, a new boson has been discovered at a mass of 126
GeV at LHC [5]. Tts spin and parity is also measured and turned out to be 07 [6]. The coupling
of the new scalar boson to the SM paricles is comfirmed to the SM Higgs boson predictions
within the error. Therefore, the new scalar boson is identified to the SM-like Higgs boson. The
SM is very successful until now.

However, there are many room and hints to consider the new physics beyond the SM.
For example, the existence of dark matter, tiny masses of the neutrinos and the BAU as
phenomenological problems. These problems cannot be solved in the SM. There is no dark
matter candidate, the neutrino mass is exactly zero because there is no right-handed neutrinos,
baryon asymmetry of the Universe cannot be generated. Therefore, the SM must be extended
to solve these problems.

On the other hand, as the theoretical problem, the hierarchy problem is well-known one.
If the SM is valid at very high-energy scale (e.g. Planck scale ~ 10GeV), a very large
difference in the radiative corrections to the Higgs boson masss appears in order to obtain the
appropriate physical Higgs boson mass as O(10%*GeV?) — O(10°GeV?) ~ (100GeV)? . The
supersymmetric extension is a promissing candidate which can solve the hierarchy problem.
New particles whose spin differs 1/2 from SM particles appear and these effects cancel the SM
contributions, exactly. In addition to this, models based on SUSY usually contain extended
Higgs sectors. For example, the minimal supersymmetric standard model (MSSM) contains
two Higgs doublets with opposite hypercharge, Y = +1/2. Therefore, the Higgs sector of the
MSSM is the two Higgs doublet model. The SM Higgs sector is extended by the requirement
of SUSY. The another solution of the hierarchy problem is the Higgs boson as the composite
particle. In these class of scenarios, the Higgs bosons are not elementary particles. At the

1



2 CHAPTER 1. INTRODUCTION

high-energy scale, the Higgs bosons are deomposed into the fundamental elementary particle
and there is no scalar particle. Therefore, the hierarchy problem disappears.

Throughout this thesis, we consider two paradigm whose Higgs bosons appears as the com-
posite particle. One is based on a model with the supersymmetric QCD theory. One is based
on a model with the composite Higgs scenario.

First, we study the supersymmetric QCD model which could explain the hierarchy model
[1]. In the realistic QCD, SU(3)¢, its gauge coupling constant behaves asymptotically free and
would become strong around the QCD scale ~ 200 MeV. Naively speaking, below the QCD
scale, quarks are cofined each other by the strong QCD dynamics. The typical these bound state
is the pion, 7, 7%, 7=. We propose a new model which contains the supersymmetric QCD-like
gauge symmetry. Its gauge coupling also behaves asymptotically free and would become strong
around the TeV scale. The new fundamental fields of the new gauge symmetry are confined,
like pions. The model based on the supersymmetric SU(2)y gauge theory leads an extended
Higgs sector as a low-energy effective theory. In this model, three phenomenenological problems
can be explained, simultaneously. The first order electroweak phase transition, the necessary
condition for the baryon number asymmetry of the Universe, can be realized by the existence of
many extra scalar bosons. By introducing an additional unboken discrete Z, symmetry, there
are some DM candidates, the tiny neutrino masses are generated by the loop-induces diagrams.
Interestingly, these problems are realized by the TeV scale physics. Therefore, the model would
be tested by future high energy experiments.

As an alternative scenario to solve or avoid the hierarchy problem, the Higgs boson is
considered as a composite particle which consist of elementary particle in very high-energy
scale. There are several scenarios along this line, thecnicolour models [7], little Higgs models
8], and composite Higgs models [9]. In this thesis, we focus on the composite Hlggs models
with the minimal and extended Higgs sectors [2]. Such class of models, the Higgs boson appears
as the NGB which is originated from the breaking of the global symmetry G to its subgroup
‘H. This subgroup H is larger than the SM gauge group at least SU(2);, x U(1)y because the
portion of the subgroup is gauged and becomes the SM gauge group. We here omit the remnant
part of H. We demand two conditions to set of G/H, the subgroup H should have the custodial
symmetry in order to satisfy electroweak precision data and the Higgs sector after breakdown of
the global symmetry G should contains one doublet at least. The minimal model is the minimal
composite Higgs model (MCHM). In this model, the global symmetry is SO(5) and it breaks
into SO(4) at the scale f which is higer than the SM VEV. The breaking scale f is an analogy
of fr in the QCD. The number of the broken generator is dim(SO(5)/SO(4)) = 4 correspoding
to the degrees of freedom of the SM Higgs doublet. Therefore, this model contains only one
composite Higgs doublet. In this sense, the MCHM is called minimal model. We assume that
the particle content is exactly equal to that of the SM, all fermions and gauge bosons. The scalar
potential is generated by the Coleman-Weinberg mechanism through the contrinbutions of the
SU(2)1 gauge bosons and the top quark, dominantly. The coupling constants of the composite
Higgs boson to the SM particles deviate from the SM prediction. Especially, the Higgs-gauge
boson coupling uniquely deviates if we choose SO(5)/SO(4) as G/H. These deviations are
parametrised by one characteristic parameter, the compositeness parameter ¢ = v?/f2. This
parameter is always smaller than 1. If we take the SM limit as £ — 0 (= f — o0), all Higgs
boson couplings in the MCHM become the SM values. Then, the coupling constants of the
Higgs boson to the fermions and itself depend on the representation of the SM matter field



in SO(5). Therefore, there are several variation models. We classify these MCHM variation
models, list the MCHMs Higgs coupling constants, and discuss how to distinguish models at
the international linear collider (ILC).

In addition to this, we study how to extract the higher resonance scale at the LHC. In the
SM, thanks to the existence of the SM Higgs boson, the perturbative unitarity of the vector
boson scattering process WHTW = — WTW ™ is conserved. However, as we mentioned, the
gauge-Higgs coupling constant deviates from the SM value and it violates unitarity. A similar
phenomena is likely to occur in the m7 scattering because we identify the logitudinal mode of
the weak gauge bosons as pion. Practically, the unitarity is maintained by a new vector particle,
the rho meson. Hence, we introduce such new particle to the MCHM and estimate this energy
scale by extracting the phase shift imformation.

We study the double Higgs production via gluon and vector boson fusion process at the LHC
and the ILC. The double Higgs boson production process is very important to test the new
physics models. We investigate three typical cases, the gluon fusion, the vector boson fusion,
and the Z strahlung process. The gluon fusion process is a dominant contribution at hadron
colliders. As mentioned above, in the MCHMs, the Higgs boson coupling constants deviates
from the SM predictions. Therefore, the production cross section should be changed by these
effects. In addition to this, in the MCHMs, higher dimensional operators appear, which absent
in the SM. This effect plays an important role in the gluon fusion process. The vector boson
fusion (VBF) and the Z strahlung process contribute in the LHC and the ILC. Due to deviations
of the Higgs boson couplings, these two process show the charactaristic energy dependence. Its
interesting energy dependence could be distinguished at future lepton collider exoeriments.

We also investigate a non-minimal model, composite singlet model. In this model, the global
SO(6) symmetry is broken into SO(5) and one Higgs doublet and one singlet field appear. We
discuss the collider phenomenology of this mode along the discussion fof the MCHMs.

Finally, we discuss an application of the framework of the extended composite Higgs models
to the diphoton excess at the LHC. At the end of 2015, the signal of the diphoton excess at
750 GeV had found. This signal may come from a new particle with the mass 750 GeV. We
want to explain this phenomena by relatively simple way. We introduce a neautral singlet and
(multiply) charged scalar particles. By this simple setup, diphoton excess could be explained
3].






Chapter 2

The standard model (Review)

We briefly review the SM. The SM Lagrangian is invariant under SU(3)c x SU(2) x U(1)y.
The portion of the gauge symmetry SU(2);, x U(1)y is broken into U(1)gy by the VEV of the
Higgs doublet, this is called the electroweak symmetry breaking (EWSB). In the SM, there is
only one Higgs doublet. After the EWSB, the masses of quarks, charged leptons, weak gauge
bosons, and the Higgs boson are proportional to the SM Higgs VEV wv.

2.1 The Lagragian of the standard model
The particle content of the SM is shown in Table 2.1.

| | SUB)e | SUR)L [ UMy |
Q5 3 2 +1/6
Uy 3 1 +2/3
dy 3 1 —1/3
L 1 2 —1/2
el 1 1 —1
G 8 1 0
wel 1 3 0
B 1 1 0

(o] 1 [ 2 [+1/2]

Table 2.1: SM particle content.

where we define the electric charge @) as () = T3 + Y and superscript ¢ = 1-3 means family
indices.
The SM gauge invariant Lagrangian can be expressed as

£SM = ‘Ckin + EYukawa - VHiggs . (21)

Liin means the kinetic terms of the SM particles, Lviawa means the Yukawa interactions be-
tween the Higgs doublet and fermions, and Viiees is the Higgs potential.

5



6 CHAPTER 2. THE STANDARD MODEL (REVIEW)

2.2 Fermion and Gauge boson masses

As mentioned above, charged fermions and weak gauge bosons obtain their masses after the
spontaneous symmetry breakdown by the Higgs doublet VEV. We can parametrize the VEV v
as

qD:(\/%(vj:;Jriz)) : (2.2)

Fermion masses come from Lyyiawa;
Lo = — [@iYij&)u% + QLY I0d), + TLYIde), + h.c.] (2.3)

where ® is a charge conjugation of the SM doublet, o = 109®, and Y’s are Yukawa matrices.
In general, the Yukawa matrices are not diagonal one. Fortunately, we can always rotate these
three matirces in the family index space, independently. Therefore, the Yukawa matrices are
always diagonalized without loss of generality;

Y = diag(V,, Y2, YD), Y = diag(Y,, Y7, YY), YV =diag(V), YY), (24

By expanding the component field, the fermion mass is given by
Y
1o

my = . 2.5
f \/§ ( )
Gauge boson masses are obtained by the kinetic term. The relevant terms are
LEre ™= = |D,af . (2.6)
D, is convariant derivative for the Higgs doublet;
N 1
D, =0,— 1957 W, — 29/§Bu : (2.7)

where g (¢') is the gauge coupling of the SU(2), (U(1)y), and 753 is the Pauli Matrices.
The mass basis gauge boson eigenstates are written in the linear combination of the gauge
basis;

W = % (Whiw?)

Z\ [ cosby —sinby w3 (2.8)

A )\ sinfy cosOy B ' ’
where Oy is the Weinberg (or Weak) angle, tan 0y, = ¢’/g. Then we get the gauge boson masses
as

1
mwy = 59”»
1
mz =5V9 g%,
ma = 0. (29)

The phoron mass m 4 is forbidden by the U(1) gy symmetry. As we can see, fermions and gauge
boson masses are proportional to the VEV wv.
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2.3 The standard model Higgs sector
The Higgs potential of the SM takes very simple form
2
Vau = —4i5| @ + A (|9)" . (2.10)
We here assume that —p2 is negative. After using the stationary condition,

IVsu 2 2
= =A 2.11

the SM Higgs boson mass around the VEV is
m; = 2\° . (2.12)
The Higgs boson mass is also proportional to v.

2.4 Decay of the standard model Higgs boson

The SM Higgs boson branching ration is the function of the Higgs boson mass, Figure 2.1.

1.000;
0.500F

0.100+
0.050F

BR(h - XX)

0.010+
0.005¢

0 X 00 1 L L L L L L
100 110 120 130 140 150 160

m. GeV

Figure 2.1: The SM Higgs boson braching ratio.

We already know the Higgs boson mass is 126 GeV. Therefore, the dominant channel is
h — bb . The numerical calculation beyond leading order contributions is shown in Appendix.

2.5 Beyond/Behind the Higgs sector

The SM Higgs sector with only one doublet is the minimal one for providing particle masses.
However, there is no principle to forbid the extended Higgs sectors containing more than two
doublets and /or more larger representation (triplet, fiveplet, septet, ---). The SM Higgs sector
is just an assumption. For example, two Higgs doublet model (2HDM) is one of the promissing
candidate describing New physics. Moreover, as we glance, the mass term —p? in the Higgs
sector is negative. This is also just an assumption. In addition to this, we do not know the
origin of the Higgs force A. We do not understand the essence of the Higgs sector at all. We
consider two case to make clear the mystery of the Higgs sector.
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2.5.1 The hierarchy problem and its solutions

The most well-known theoretical problem in the SM is the hierarchy problem. The Planck scale
is a typical energy scale of the garavitatinal interaction.

Mp = Gy'"? ~ 10" GeV. (2.13)

where Gy is the gravitational constant. From this viewpoint, the mass parameter 2, the only
dimensionful parameter in the SM, should be of order O(10'°) GeV. At this time, if the planck
scale is the cutoff scale in a theory, the radiative corrections to the SM Higgs boson mass is
also of order O(10") GeV.

On the other hand, from the gauge boson and the SM Higgs boson masses, the renormalized
parameter p? in the SM Higgs potential should be of order O(100?) GeV?;

1P~ pg — A = [0(10%) — O(10%)] GeV? ~ O(100%)GeV? (2.14)

There is a dramatic cancellation. This is so-called gauge hierarchy prpblem.

There are several mechanism which can solve or avoid this problem. One is supersymmetry
(SUSY). This is the symmetry between fermion and boson. Such class of the models, new
particles appear with 1/2 from the SM particle. If SUSY is conserved, the SM particle and its
partner have the same mass. Thanks to the existence of supersymmetric particle, the quadratic
divergence disappear.

One is the Higgs boson as composite particle. The quadratic divergence to the scalar boson
does not appear when we compute radiative corrections to fermion and gauge boson masses by
chiral symmetry and gauge symmetry. Throughout this thesis, we consider these two cases.

2.5.2 Origin of the Higgs sector : Supersymmetry strong dynamics

First, we consider the supersymmetric strong dynamics with confinment. This scenario is
based on the supersymmetric QCD theory. Previous work is called minimal supersymmetric
fat Higgs model. ”Fat Higgs” means that the lightesr Higgs boson mass (the SM-like Higgs
boson mass my, at that time) is heavy m; > 200 GeV. The Higgs potential is generated by
the composite statesof the fundamental field in supersymmetric QCD. The Higgs sector of
this model is nMSSM. However, the discovered Higgs boson mass is 126 GeV. Then, original
motivation of this model is already excluded. We use this idea. By introducing the discrete
symmetry, the lightest Higgs boson mass can be 126 gev and solve phenomenological problem
which we mentioned.

2.5.3 Origin of the Higgs sector : non-Supersymmetry strong dy-
namics

Second, we consider the composite higgs scenario . In such class of scenario, we assume that
there is a QCD-ike strong dynamics at higher energy scale. This dynamics is not supersymmetric
one. The Higgs boson appears as the Nambu-Goldstone boson (NGB) after the global symmetry
breaking. These boson are not exact NGB since the discovered Higgs boson has mass. Therefore,
they are called pseudo NGB (pNGB). In the nature, the pion in QCD is the well-known pNGB.
The global symmetry SU(2)., x SU(2)g is broken into the vectrial SU(2) and three NGBs will

appear, 7T, 70 at the low energy scale. Then, we consider that if we investigate the property of
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the low energy effective theory such class of scenarios, we can unveil the mystery behind /beyond
the Higgs sector.






Chapter 3

The Higgs boson
as a Composite state with supersymme-
try

We want to explain three phenomenological problems in the SM, the dark matter, the tiny
neutrino masses, and the baryon number asymmetry of the Universe. Especially, we expect
that these phenomena are related to the Higgs physics because such new physics are described
at TeV scale and possibly tested at future collider experiments. For exmaple, we consider a
neutrino mass generation scenario by the loop quantum effects [10, 11, 12, 13, 14, 15], called
the radiative seesaw scenarios. There is a class of models with an additional Z; symmetry
[12, 13, 14, 15]. Thanks to the Z; symmetry, the tree-level diagrams are forbidden and the
neutrino masses are generated by loop-level diagrams. Therefore, the neutrino masses could
naturally small by the loop suppression factor. In addition to this, the lightest Z5-odd particle
can be a dark matter candidate because the discrete Zs symmetry ensures the stability of the
dark matter. The simplest example along this line is the Ma model. In this model, the Zs-odd
scalar doublet (inert doublet) and the Zs-odd right-handed neutrinos. The lightest Zs-odd
particle, a neutral component of the inert doublet or the right-handed neutrino can be the dark
matter candidate. The neutrino masses are generated by one-loop diagram. On the other hand,
the Aoki-Kanemura-Seto model contains two Zs-even doublets, one Zs-odd neutral singlet and
one Z»-odd charged singlet, and the Zs-odd right-handed neutrinos. In this model, the neutrino
masses are generated by three-loop diagrams and the lightest Z;-odd particle can be the dark
matter. Moreover, the electroweak phase transition can be realized, simultaneously due to the
contributions from extra scalars.

These radiative seesaw scenarios seem to be an artificial model. In order to realize the
electroweak phase transition, some of the introduced couplings should be of order one. Such
large couplings leads the Landau pole below the Planck scale or the GUT scale, and the model
is only valid below the Landau pole. This indicates that there is a more fundamental theory
above the Landau pole, which leads the low-energy effective theory. We propose a simple model
which can explain the DM, the tiny neutrino masses, and the BAU in the low-energy effective
theory (BAU).

In this chapter, we discuss the supersymmetric QCD theory. In this class of models, the new
gauge coupling constant diverges at the low-energy scale and the low-energy effective theory is
described by the composite states of the fundamental fields on the new gauge symmetry. The

11



12CHAPTER 3. THE HIGGS BOSONAS A COMPOSITE STATE WITH SUPERSYMMETRY

simplest model is based on the colour number N, = 2 and the flavour number Ny = 3. The
minimal supersymmetric fat Higgs model [16] is an application of this setup. We impose an
additional discrete Z; symmetry. We propose a new model which can explain dark matter, tiny
neutrino massse, and the baryon asymmetry of the Universe, simultaneously. This chapter is
based on [1].

3.1 The supersymmetric SU(2)y gauge theory with the
discrete symmetry

3.1.1 The Higgs potential

At high energy scale, there are six fundamental doublet fields (N; = 3) under new SU(2)y
gauge symmetry. Below the scale Ay, the Higgs potential appears as the composite state of

| | SUB)c [ SUR)L | Uy | 2 |
( % ) 1 2 0 +1
Ty 1 1 +1/2 | +1
T, 1 1 —1/2 | +1
Ty 1 1 +1/2 [ -1
Te 1 1 —1/2 | -1

| Ne | 1 1 | 0 [-1]

Table 3.1: The SM charges and Z, parity assignment on the fundamental fields, 7"s.

T’s. As we discuss below, the unbroken Z; symmetry is introduced to explain tiny neutrino mass
and dark matter problems and we also introduce the Zs-odd right-handed neutrino superfield
to explain the neutrino masses.

The tree-level superpotential, invariant under all gauge symmetry and Zs parity, is written
as

Wtree = m1T1T2 + m3T3T4 + m5T5T6 . (31)

At the very high energy scale, the SU(2)y gauge coupling behaves asymptotic free, like realistic
QCD gauge coupling constant. Below the confinement scale, denoted by Ap, the gauge coupling
becomes strong. The composite chiral superfields are discribed in such low-energy theory as

Hl, =TT . (3.2)
We can write the dynamically generated superpotential by these chiral superfields as
1 ijklmn
Wayn = —FEJM Hi;Hy Hy, (3.3)

where A is a dynamical scale [17]. Therefore, the effective superpotential is

Weff = Wtree + Wdyn
= Wayn + 47Ag(miHyj + msHye + ms Hypypn) (3.4)
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with

1
T.T

H;; ~ -
J 47TAH J

(3.5)

We cannot determine the dynamically generated scale A. However, by using the naive
dimensional analysis [18], the effective superpotential can be written as

Weﬂ‘ ~ 47THZ‘ijgHmn + 47rAH(m1Hij + m;;HM + m5Hmn) . (36)

The basic concept is the same as the minimal SUSY fat Higgs model [16]. In general, there
are fifteen composite fields at the low-energy theory in this model setup. However, in the
minimal SUSY fat Higgs model, the authors introduce additional superfields and symmetries in
order to limit the low-energy Higgs sector to the nMSSM one. In our model, all fifteen composite
chiral superfields contribute to the theory because we do not impose such restrictions.

The composite Higgs fields are identified as shown in Table 3.2. The superfields H,, H; are
the MSSM Higgs doublets and others are the exotic superfields.

| | SUB)L | SUR)L | UMy | Zs |

_ H14
H, = ( Hor ) 1 2 —1/2 | +1
His
H, = 1 2 +1/2 | +1
(i) /
([ His
b, = ( H ) 1 2 -1/2 | -1
Hg
P, = 1 2 +1/2 | —1
(i) /
Q_ = Hyg 1 1 -1 | -1
Q. = Hss 1 1 +1 | -1
N:H56,N¢.:H34,NQ:H12 1 1 O —|—1
¢ = Hze,n = Hys 1 1 0 -1

Table 3.2: The composite Higgs sector

The low energy effective superpotential in the Higgs sector is

Weip = AN (H, - Hy+v3) + ANg (- @4+ v3) + ANg (240 +v3)
+ A (CHd : (I)u + nHu . (I)d - Q+Hd : (I)d - Q_Hu : (I)u - NN(I)NQ) s (37)
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and the relevant part of the soft SUSY breaking Lagrangin is

Loy = my, HIH, +m% HiHy +m? &, +m3 &id,
+ myN*N + my, Ny No + m%, NN
+ mé+QiQ+ +mg_ QO+ miCC+min'y
+ M{CVEN + Cov3 Ny + Cqui No + h.c.}
+{BuH, - Hy+ Bope®, - ®4+ Baopa (2:.Q_ +(n) + h.c.}

+ A{ANHU HgN + Any @, - ®4Np + Ang, (219 — Cn) No

+ ACH - 9+ AyHy - ban + Ag_Hy - ©,0_ + Ag, Hy - @404 + b}

B? B2
+ {mgnn*ﬁ + 7<C2 + 7"772 + h.c.} (3.8)
where the dimensionless coupling A becomes 47 at the confinement scale. The mass paramers
of u, pe, o are described by

In our model, Zs-even neutral superfields Ng and Ng are irrelevant to discussion. Then, we
omit. After that, the effective Zs-even Higgs sector is identical with that of the nearly-minimal
supersymmetric standard model (nMSSM) [19].

In order to explain the tiny neutrino mass and the dark matter problem in the framework
of the radiative seesaw scenario, we introduce following terms to the effective superpotential

| | M
Wi = gk NpLibu + by NGESQ + —ENGNj + gNNgNg . (3.10)

where L; and Ef are the left-handed lepton doublets and the right-handed lepton singlet,
repectively.

3.1.2 The lightest Higgs boson mass
The lightest Higgs boson (= the SM-like Higgs boson) mass is estimated as

2,,2

2 Y sin®28 + dmy, (3.11)

m; ~ m%cos® 283 +

where dmj, comes from loop corrections. In order to realize the first order phase transition, A
should be large. Therefore, we need large tan S value.

3.1.3 Neutrino mass : Hybrid radiative seesaw scenario

In our scenario, the neutrino masses are generated by one-loop nad three-loop diagrams shown
in Figure 3.1 and Figure 3.2. These types of diagrams are shown in [12] and [14].
The neutrino masses in the flavour basis (i, j = e, i, 7) is represented as

(one)

o (three)
(my);; = my; " +my; : (3.12)
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HU.I 1 HU
1 1
2 2k 2%
T B(.BU .mg,
- > —
NSy G/
(I)u / \ (I)u
¥ X
/ \ \
Vj / B ‘1’ N v
(yn)ie Vg VR (yn) ik

Figure 3.1: One-loop diagram

(hy)ix VRk Vpe  (hy) ik (hy)i VR Vi (hy)jk

Figure 3.2: Three-loop diagrams

One-loop diagram contribution is evaluated as

one yl ?Jj « @ (07 e} %)
mi;"™ = Gz 100" (00! oy = (00) (00) o} Bo(miy, my,) - (313)
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and three-loop diagram contribution is evaluated as

(three) Ay 2yE‘thZ thVR

4
my; (4 sin” 8
< (U1),, (U, (U2) 1 (U3) {(00) 20 (00), = (O0)s, (Oo)g, }
X F(myR,Tqu) ,m2 mq’i,mg >mHi7 <21>3t)
)\2yEthZ h?VmVng m;;

(47)°
X (Vo (VL) (VL*)Q,B (VL)25 (Uz)27 (UL) (UL) 26 (UL )9

X {(OO)Sp (OO)Sp - (00)7p (00)7p} F(muR7 mCDp mXi7m€R 7m mxi7m(25Rj ) mé?)

(3.14)

where B, is finite part of the one-loop scalar B, function with external momentum square
p*=0
m?log mj — m3 log m3

§0<m%7mg) =—— 2 2 ) (315>

mi —Mmsy

the loop function F' is

2 2
F(M7, m@amqﬁthl’mXQamqb%m(H

_ (4m)® / dPk 1 / 1 1
o (2m)P k* — M? kQ_m D p? —mxlp —m¢1 (k+p)* —mg,
aP 1
y / M S— (3.16)
(2m)P (—q)? — mx2 <_Q) - m¢2 (k+(=q))* —mgy
The mixing matrices Oy, U, ,Ur, Ug, and V}, are defined as
(PZVGH @1
CCVCI’I @2
q)zven (I)?) ;};I (I)i
,neven @4 + @2
- O y N\ ¥ - U 5
oo "l ®s ((I)d )* " q):)f
godd CI)G (Q;) (I)jl_
Podd D,
nodd q)S
= _ = _ ) = _ = o
(1)) (Bf)-m() (5)-w(2)
Q- 5 ) (Q+> Cor ) d Xor )

(3.17)

where the superscript "even” (”odd”) means CP-even (CP-odd) neutral scalar components, ®;’s
express the mass elgenstates of the Zs-odd neutral scalrs, CIDi , €1, are charged scalar components
in the Zs-odd sector, <I> Qi are the fermionic fields of thelr chiral superfields and their mass
eigenstates are @ZLﬂR, W(Hd) is the wino (the Higgsino) as same as in the MSSM and y are
their mass eigenstates.
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3.1.4 The dark matter : Multi-Component DM scenario

There are many dark matter candidate in thie model. The additional unbroken Z, symmetry
and R-parity ensure the stability of them. Therefore, three cases are considered; (Zs, R,) =
(+,—=), (=, +), (=, —). In our model, we can idetify these cadidates as the lightest neutralino,
the right-handed neutrino and the right-handed sneutrino. For simplicity, the dark matter
candidate with (Zs, R,) = (+,—) is much heavier in order to decay into the right-handed
neutrino and the right-handed sneutrino. Then, it cannot become the dark matter candidate.
We here choose the dark matter as right-handed neutrino vz and sneutrino rr. The relic
abundance is expressed by

QDM = QZ,R + Q,;R ~(0.12 . (318)

The DM annihilation processes are shown in Figure 3.3.
VR b VR\\ b VR\ VR

N Hq N H AN

Ve b VR b oy VR

Figure 3.3: The left and center diargrams are dominant contributions to the dark matter
annihilation processes. The right diagram is the dark matter number conversion process. N is
the Zs-even neutral singlet and it mix with the netral component of the neutral component of
the doublet.

In order to reproduce the measured DM relic abundance Qpy ~ 0.12, we set the masses
of vg and Dg as m,, = mg, ~ my/2. In this case, the s-channel resoncance enhances the
annihilation production cross section and thus the experimental data can be satisfied. Along
this line, the relic abundance of our model is determined by the coupling constant x and the
mixing parameter among N and Hy;. The DM number convesion process is also important to
reproduce the observed relic abundance [20].

The numerical evaluation of the DM abundance is obtained by calculating the Boltzmann
equations as

dy 12 ( eMp 2 2
- = 0.264g,/ (7 — (o) (Y2 =Y3)
Y2 - Y2
— (o,5v) <Y2 -Y? f’q) + (o5,0) (Y2 —Y? eq) }
Y& Ya
Y M o
av _ 0.264¢1/ (“R_QP) { — (o50) <Y2 _ Ye%;)
T

dx
3 Y2 .. Y?
— (o) | Y2 — Y2 2L o) [ Y2 —vy222a ) b (319
(o v>< Y;%)+<U v)( 2 (3.19)
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In above equations, the raios of particle number density of vz and g to the entropy density
are denoted by Y and Y, g, is the effective degrees of freedom in the thermal equilibrium, z is
the dimensionless inverse temperature x = pug/T, g is the reduced mass in the two component
DM system defined by pz' = m,j; + ngl, Mp is the Planck mass scale, (ov) is the thermal
averaged cross section, the cross sections 0, 03, 05, 0,5 correspond to the process of vgvg — bb,
UrVR — bl_), VRVR — URUR and UrVR — VRVR.

3.1.5 First order electroweak phase trasition

The first order electroweak phase transition is the necessary condition for the electroweak
baryogenesis. This condition is written as

vo

2 1. 3.20
<z (320)

In the SM, in order to satisfy this condition, the SM Higgs boson mass must be lighter than
about 60 GeV. However, the SM Higgs boson mass is much heavier, 125 GeV. In our model, the
extra scalar bosons which strongly couple to the SM-like Higgs boson enhance ¢ /T¢. Moreover,
such non-decoupling effect significantly contributes to the Higgs boson triple coupling Appp, [21].

3.1.6 Falvour violating process

The right-hahded neutrino contribute to the flavour violationg process, u — ey and y —
eee. These experimental values strongly constrain the model parameter space. The relevant
diagrams are shown in Figure 3.4.

Figure 3.4: The flavour violationg processes contribute to p — ey (left) and pu — eee (right)
from the right-handed neutrino.

The Zy-even SUSY sector generally contribute to the LFV process. In our model, we
assume that the off-diagonal components of the squarks and sleptons are zero and thus their
contributions vanish.

3.1.7 Benchmark scenario

We discuss our benchmark scenario which can explain the first order electroweak phase transi-
tion, the neutrino oscillation data, and the relic abundance of the DM, simultaneously.

First, we discuss the first order electroweak phase transition. In order to satisfy po/Te 2 1
by the mechanism by [22], the coupling A is A = 1.8. This coupling enhances p¢/T¢ and
contributes to the Higgs triple coupling and h — 7.

Second, in our model, one-loop and three-loop diagram contribute to the neutrino oscillation.
The solar and atmospheric neutrino mass differences are dominated by one-loop and three-loop
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diagram, respectively. In this benchmark scenario, the neutrino mass hierarchy pattern is the
normal hierarchy m; < ms < mgs. In the case of the inverted hierarchy m; > msy > mg,
the LFV experimental data is difficult to be satisfied with only one right-handed neutrino.
By intorducing more than two right-handed neutrinos, this condition could be relaxed. The
experimental constrains [23] are

2.28 x 107%eV? <|m3 — mi| < 2.70 x 107%eV? |
7.0 x 107%eV? <mj —m] < 8.1 x 10™°eV?* |
0.27 < sin’ 015 < 0.34,
0.34 < sin® fy3 < 0.67,
0.016 < sin? 63 < 0.030. (3.21)

Third, the DM cadidates in our model are the right-handed neutrino and sneutrino. The
annihilation processes, shown in , occurs by the Zs-even neutral scalar bosons, including the
SM-like Higgs boson. Such scenario is called the Higgs portal DM scenario. A constrain from the
DM direct detection experiment, the XENON100 [24] and LUX100 [25], can be satisfied because
the right-handed neutrino and sneutrino are SU(2), gauge singlets. The spin-independent cross
section via the Zs-even neutral scalar bosons N and Hy, O'EII% and JE}I%, are evaluated as

opl =3.1x 107 cm?
oot =T7.7x 107" cm® . (3.22)

Therefore, the DM-proton spin-independent cross section si

SD; oo + gﬁoi =1.1x107% em?® . (3.23)
The input parameters for numerical calculation and output parameters (predictions) are
shown in Table 3.3 and Table 3.4. The relic abundance of the DMs as a function of the right-
handed neutrino mass and the relic abundance of the DMs with fixed mass as a function of
x = pgr/T are shown in Figure 3.5.
We also calculate the lepton flavour violationg processes. In order to satisfy these experi-
mental constrainrs, we set h} = 0.

ODM =

3.2 Conclusion

We have investigated the simple model which explain the problems of the SM, the tiny neutrino
masse, the existence of the DM and the baryon number asymmetry of the Universe. The model
based on the supersymmetric new gauge theory SU(2)y with confinement at the low-energy
scale. In addition to this symmetry, we introduce the unbroken Z, symmetry and Zs-odd
right-handed neutrino superfield. At the low-energy theory, the extended Higgs sector appears
as a composite states of the fundamental field in SU(2)g. The first order electroweak phase
transition is successfully satisfied when the confinement scale is of order 10 TeV and thus
the non-decoupling effect becomes large. In addition to R-parity, the unbroken Z; symmetry
ensures the stability of the DM. The tiny neutrino masses and mixing angles are explaind by
the one-loop nad three-loop quantum effect via the right-handed neutrino. We have found the
benchmark scenario whicn explain these phenomenological problems which cannot solve in the
framework of the SM and avoid the experimental constraints.
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Table 3.3: The input parameters in our benchmaek scenario. We define mg = mg + ||,

where p; = pg for &, = &, 4 and p; = pg for ®; = Q4. ¢, 7.

A, tan f and p-terms

A=1.8, tanf =15, pu=250GeV, ue = 250GeV, pug = —550GeV
Zs-even Higgs sector

my, = 126GeV, mpy+ = 990GeV, my = 1050GeV, Ay = 2900GeV
Z-odd Higgs sector

my, = my = (175GeV)?, mg, =mg, = m; = (1500GeV)?, m
Bcp = BQ = AC = Aﬂ = AQ+ = AQ_ = m?n = O, Bg = (1400G6V)
Right-handed neutrino and sneutrino sector

m,, = 63GeV, m,,, =65GeV, k=009,

yn = (3.284,6.704,1.72i) x 1075, hy = (0,0.227,0.0204)

Other SUSY SM paramerers

my, = 500GeV, mgz = m; = 5TeV

= (2000GeV)?,
, B2 = (700GeV)?

oS W

Table 3.4: Predictions of our benchmark scenario given from Table 3.3.

Non-decoupling effects

SOC/TC = 13, )\hhh/)\hhh|SM = 12, BR(h — ’}/’)/)/BR(h — ’}/’}/)SM =0.78

Neutrino masses and mixing angles

(my1, my, ms) = (0,0.0084,0.050)eV, sin®6f1o = 0.32, sin®fos = 0.50, |sinb3] 0.14
LFV processes

BR(p — ey) = 3.6 x 1073, BR(u — eee) = 5.6 x 10716

Relic abundance of the DMs

Q,.h? =0.055, Qz.h*=0.065, Qpuh®=Q,.h*+Q;.h? =0.12

Spin-independent DM-proton scattering cross sections

O'E}I% = 3.1 x 10746 cm3, a?,}l% =77x107* em?®, opu = 1.1 x 10746 c¢m?
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Figure 3.5: (Left) The predictions of the thermal relic abundance of the right-handed neutrino
and senutrino as a function of the mass of the right-handed neutrino m,,. The right-handed
sneutrino mass is taken to be mz, = m,,+2 GeV for all parameter region. (Right) The thermal
relic abundence in the benchmark scenario with m,, = 63 GeV.






Chapter 4

The Higgs boson
as a pseudo Nambu-Goldstone boson

4.1 Introduction

The basic idea of composite Higgs models is originally proposed by Georgi and Kaplan [9]. In
this class of models, there is no scalar boson at the very high-energy scale, so that the gauge
hierarchy problem disappears. The Higgs boson appears as a Nambu-Goldstone boson (NGB)
associated with the breakdown of the global symmetry G to its subgroup H. The subgroup H
must contain the SM gauge group, at least SU(2); x U(1)y. We here consider that the global
symmetry G is just an approximate symmetry at the high energy scale. We already know that
the SU(3)c gauge symmetry behaves asymptotically free. By the explicit breaking effect of
the shift symmetry, the Higgs boson obtains the mass by one-loop quantum effects via the
gauge bosons and fermions. Therefore, these are called pseudo-NGBs (pNGBs). Thanks to this
dynamics, we could explain the light Higgs boson mass 125 GeV, naturally. The breaking scale
of global symmetry f, which is alologue of the pion decay constant f, in the QCD, is much
higher than the vacuum expectation value of the SM Higgs field v.

The composite Higgs scenario is an analogue of the QCD and we already know the existence
of the pNGB, pion. The pions are the NGBs originated from the chiral symmetry breaking,
SU(2), x SU(2)g — SU(2). They obtain masses from the explicit breaking effect of the
chiral symmetry. The theory, describing the pion physics, are well-known one as the chiral
perturbation theory [26]. In the pion scattering process, it is well-known that the perturbative
unitarity will be violated at a certain scale. However, it’s recoverd by an existence of a new
particle, called the rho meson. In this case, the phase shift occurs around the rho meson mass
scale. We expect that there is a new particle whose properties are almost as same as the rho
meson in the QCD and also the phase shift will occurs.

In this thesis, we have investigated the minimal composite Higgs model. This chapter is
based on [2], [3] and some recent development.

4.2 The Minimal Composite Higgs models

The minimal composite Higgs model is the minimal model with one composite Higgs doublet
[27]. In this model, the global symmetry is SO(5) and it breaks into SO(4). The number of
NGB is 4(=dim(SO(5)/S0(4))). It corresponds to the degrees of freedom of the SM Higgs
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doublet. The subgroup SO(4)(~ SU(2); x SU(2)g) contains the custodial symmetry. Thanks
to the custodial symmetry, the T-parameter does not recieve any large effect. Moreover, the
extra U(1)x symmetry is introduced to reproduce U(1)y symmetry. The hypercharge Y is
generated by the third component of SU(2)g and U(1)x, Y = TF + X.

4.2.1 Lagrangian

In order to obtain the interacting Lagrangian, we follow the method of [27]. The non-linear
realized Higgs field is expressed as

Y=Y 2,=1(0,0,0,0,1), II=—iT%h%*/2, (4.1)

where f is the breaking scale, X is SO(5) breaking vacuum and T%’s are the broken generators
with corresponding to NGB fields h%. We can rewrite ¥ as

5= w(hl,h2,h3,h4,hc0t(h/f)), (4.2)

with h = Vh@h@. We here assume that h3 is the physical Higgs field h and choose the unitary
gauge; hb?* — 0, hy — h

Y= w (0,0,h,0,hcot(h/f)) . (4.3)

The SO(5) x U(1)x invariant effective Lagrangian is the momentum space is written as
L g = Eg?fuge + ‘Cnllfatter
€ &) €

_ %PW T () XX + Ty (p) Te[A# AY] + T0, (p)SAFAVST] 4 Lo (4.4)
where A, are the SO(5) gauge fields, A, = T*Af, + T&AZ, T*s are unbroken generators in
SO(4), X, is the U(1) x gauge field, Iy are the form factor and P,, is the projection operator,
P, = gw—Dupy/p*. The matter Lagrangian L2 depends on the representation of the matter
fields. We discuss L2 and classify the variation models of the MCHMs below sections. The
irrelevant part of the gauge Lagrangian is omitted and the remnant part is

cepe =g | (1) + i) + ) 5,

‘2
(1 + 2D, ) ) e
+ 2sin?(h/ f)Hl(p)I:ITT“LY]:]W;LB,,} , (4.5)

where Wit are the SU(2)1, gauge fields, B, is the U(1)y gauge field, H can be reconstructed

as 1 hl 'h2
- — i
H = E (h3 _ ih4> ) (4'6)
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and T (Y') is the iegenvalue of H, T°H(Y) = 1/2.

At the tree-level, the Higgs boson mass is exactly zero by the shift symmetry of the NGB.
The Higgs potential of the effective SU(2);, x U(1)y gauge theory is generated at the one-loop
level as

‘/eff — fo?uge errmlon (47)

where V5" denotes the contributions from the SU(2);, gauge boson loops and VI&™ien denotes
those from the SM matter fermion loops. The gauge boson contirbution is expressed as

v =5 [ S () + 1 )snn/)) (4.5)

If we turn off the fermionic fonctribution Vermion the electroweak symmetry SU(2), x U(1)y
is not broken. The explicit form of VIemion wwhich depends on the matter embedding of the
fermions sector LM plays an important role for the realistic model building.

After that, the gauge symmetry SU(2), x U(1)y is broken by the Coleman-Weinberg mech-
anism, the one-loop quantum effects of the gauge and matter fields. The electroweak symmetry
breaking vacuum is written as

- (0,0, VE0,\/1— 5) , (4.9)

where ¢ is the compositeness parameter, defining by ¢ = sin?((h)/f), and (h) is the VEV of h.

By expanding h around the VEV as h — (h) + h, the effective Lagrangian given in Eq. (4.5)
leads to the interaction terms between the Higgs boson h and the weak bosons. Therefore, we
ontain

e 9V a9 \/1— hW W g'(1 2§)h2w+w Z
- T e T VAT e

a g e T (L S
1 © + 7 1-— thuZ + Th ZMZ , (4.10)
where g% = ¢? + ¢’ and the VEV in the SM is defined by v = f/€ (= 246 GeV). The range of
the compositeness parameter is easily understood as 0 < £ < 1. The coupling deviation pattern
between the gauge bosons and the Higgs boson are determined by the breaking pattern of the
global symmetry, SO(5) — SO(4). The scale factor is obtained by gnyv = gy v/1 — &, it is
independently given by the matter sector.

4.3 Phase shift

In the MCHMSs, the gauge-Higgs boson couplings deiviate from the SM predictions; i.e., ghyy =
g A/T =€ and gupvy = g (1 — 2€). Interestingly, these deviations break perturbative
unitarity of the scattering process W, W, — W, Wy, Wy denotes the logitudinal mode of the
weak gauge boson. The unitarity argument gives us the constrain on partial wave amplitudes
a; in the channel of the angular momentum ¢:

Refag]? + <Im[ag] - %)2 _ (%)2 (4.11)



26 CHAPTER 4. THE HIGGS BOSON AS A PSEUDO NAMBU-GOLDSTONE BOSON

which means that a, is bound on a circle in the complex plane of the radius 1/2 with the centre
at (0,1/2). It cannot exceed 1/2. We here consider the s-wave amplitude of W, W, — W, W,

GréS Gr(mj — My)(1 =€)

W = o or (V'S > my,), (4.12)

where /S is the centre-of-mass energy of the system. The unitarity bound is expressed as
lag| < % In MCHMs, the non-vanishing compositeness parameter £ violates the perturbative
unitarity. In Fig. 4.1, we show the unitarity bound on the plane of the v/S-¢, the perturbative
unitarity is violated in the region above the solid curve. This limit tells us the larger non-
vanishing ¢ gives the smaller v/S.

0.5

0.3r

0.2

__— Unitarity bound

0.1

0.0

10 12 14

6 8
Vs (Tev)

Figure 4.1: The unitarity bound as a function of £ and /S given in Eq.(4.12). The region
above the solid curve forbidden by violating perturbative unitarity.

We obtain an important argument from the perturbative unitarity violation. If the obseved
cross section of the W, scattering process becomes larger than the SM prediction, two different
possibilities are considered, (i) at high energies, the electroweak theory becomes a strongly
coupled theory, where we cannot apply the perturbative calculation. (ii) the purterbative
unitarity is recovered by a new resonance state with a broad width. The latter is a similar
situation to the Fermi theory where the cutoff scale is the W boson mass. The case (ii)
corresponds to an analogy of the contribution of the rho meson in the QCD pion effective
theory. Therefore, if we could measure the phase shift imformation of the scattering amplitude
of new resonance, we may extract the imformation of the new resonance.

Next, we discuss the energy scale of the new resonance and how to extract its scale from the
phase shift imformation. There are previous studies [28, 29] which investigated the phase shift
of the scattering process. The energy dependence of the phase shift is unknown. Fortunately,
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the phase shift of the pion svcattering is measured and shown in [29],

r
tan~! [—p#l for VS < \/m2+ T2,
m,m?2+12 -5

_ (4.13)
R S
tan™ | ———0"—— 1 + 7 for ﬁz,/m%+F§,
myms + 17— 5

where m, and I', are the rho meson mass and its total decay width, respectively. By using the
analogy between the pion scattering and the W scattering, we assume that the same fitting
function (4.13) can be applied to the W, scattering in the MCHMs as in [29].

The phase § as a function of ag is defined by

§ = tan! [EZESH — tan~!

1
+/ = -1 4.14
2Relao] 4Relap? ’ (4.14)

The above equation is given by (4.11), by using the fact that ag is bound on the circle, not
within the circle. Therefore, this condition is a conservative limit which gives the maximal |ag].

In Figure. 4.2, by using (4.13) and (4.14), the phase § is obtained as functions of the new
resonance mass m, and the compositeness parameter {. This figure means that the resonance
state mass m, can be converted to {. The width-to-mass ratio I',/m, are set to be 0.1, 0.2
and 0.3 in the upper-left, upper-right and bottom-left panels, respectively. We note that the
shaded regions in the figures are always on the unitarity circle, and the centre-of-mass energy
V'S is just a parameter at this stage. The non-vanishing compositeness parameter £ violates
the perturbative unitarity. However, as shown in the Figures, the unitarity is recovered by the
new resonance. The maximal value of 6 = 7/4 in all figures corresponds to (Re[ao], Im[ag]) =
(1/2,1/2) on the unitarity circle. We also show the phase § dependence of m, with fixed serveral
&, shown in Figure 4.3.

Next, we discuss the possibility to measure the phase sfift imformation at current and future
collider experiments. The direct phase extraction from the elastic scattering of Wy, requrires
very high energy experiments [42]. As an alternative method, we consider the production
process ud — W Z with full leptonic channel at hadron colliders. We assume that the phase
shift of this process is the same that of the W scattering as stuidied in [29]. The phase ¢ is
extracted by the angular correlation betweean the charged lepton from W boson decay and the
production plane of WZ [29, 31, 32]. The kinematics is shown in Appendix. From the angular
distribution of the charged lepton from the W boson in /¢ + Fr final states, we expecte that
the phase shift imformation could be measured.

We here define the rhoduction amplitude of ud — W Z, Mproa(©; A\, A7), with Ay, are
polarizations of W and Z bosons, respectively, with Az = £1,0. The production angle ©
means the scattering angle between incoming u-quark and outgoing W,
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m, [TeV]
m, [TeV]

m, [TeV]

Figure 4.2: Three panels show new resonance scales predicted by perturbative unitarity, where
a sizable phase shift appears. We take the width-to-mass ratio as I',/m, = 0.1,0.2 and 0.3 in
the upper-left, upper-right and bottom-left panels, respectively.
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Figure 4.3: The relation between m, and ¢ for fixed ¢ and I',/m,. Each curve corresponds to
the slice at £ = 0.05,0.1 or 0.2 in Fig. 4.2.

The decay amplitudes of W+ — (T, and Z — (70~ are denoted as My (61, ¢1; \w) and
Mz(02, da; A7), respectively, as functions of two polar angles (6, 6s) and two azimuthal angles
(¢1, ¢2) of the each final state leptons. The full amplitude is proportional to

2

do(ud — WZ = Wil) o< | Y Mproa(©; Aw, Az) My (01, ¢15 \w)Mz(62, 62 A7) | . (4.15)

Aw Az

We can identify the logitudinal modes of the vector bosons W, and Z; to the NGBs. The
phase 0 would appear the scattering amplitude for W and Z;. We then introduce the phase
by Mprod(©;0,0) = Mproa(©;0,0)e?, and we regard this § as the phase shift which appears in
W Wy, scattering. Therefore, we introduce the phase to Mp.oq(0;0,0) — Mp.q(©;0,0)e?, as
mentioned above, we assume that this ¢ is the same one which appears in the W, scattering. We
show the result the hadronic cross section o(pp — W Z — [vll) as a function of the phase d, with
Vs =14, 30, 100 TeV. For numerical computation, we utilize the parton distribution function
(PDF) as MSTW 2008lo [44]. At the point of § = 0 (corresponding to the SM), the hadronic
cross section is given by (14 TeV) ~ 0.01 pb, ¢(30 TeV) ~ 0.04 pb and ¢(100 TeV) ~ 0.1 pb.
The polarization A,z dependence of the decay ampplitudes are expressed as

My (01, 13 Aw) o< €W My (6, do; Az) ox e 792 (4.16)
Therefore, the phase  dependence can be estimated from the squared amplitude as

lamplitude|? D sin(A\yy¢1 — Azgo)sind for Ay # 0, Az # 0. (4.17)
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Figure 4.4: Total cross section as a function of the phase d. Solid, dashed and dotted curves
show the case that the center of mass energy is 14 TeV, 30 TeV and 100 TeV, respectively. At
the point of 0 = 0, the cross section is given by o(14 TeV) ~ 0.01 pb, ¢(30 TeV) ~ 0.04 pb and
o(100 TeV) ~ 0.1 pb.

One can easily find that if 6 = 0 such correlation disappears. Therefore, we can extract the
phase 0 from the direction of charged lepton with ¢; or ¢5. In the following discussion, we focus
on ¢, the azimutial angle of the charged lepton from the W boson decay.

In order to identify the events, we discuss two ambiguity. One is the misidentification of the
incoming u-quark direction, whose kinematics leads to (O, ¢1, ¢2) — (7 — O, 71 + ¢1, 7T + ¢2).
Therefore, we carry out the phase space integration 0 < cos©® < 1 or —1 < cos© < 0. In other
words, we only pick up a contribution of the definite incoming direction of u-quark. Other is
the neutrino missing energy. We here define the asymmetry at the hadronic level,

Ay = %, or =o(sing, 2 0), (4.18)
where o (0_) is the cross section integrated over 0 < ¢1 < 7 (7 < ¢; < 27). Consequently, the
direction of the neutrino does not affect. The numerical result as a function of the phase ¢ for
Vs = 14,30, 100 TeV is shown in Figure 4.5.

The asymmetry at the parton level is defined by

A, = % 61 = 6(sing, = 0), (4.19)
where G, are parton-level cross sections, which depend on the centre-of-mass energy v/§ of
the subprocess. In Figure 4.6, we show the parton level asymmetry as a function of V'§ with
d = 0.1,0.2,0.3,7/4 and 7/2. The maximal values are shown in the figure as red points for
each 4.

The maximal point becomes smaller and smaller for large pahse §. Therefore, the maximal
point could appear around lower energy. After utilizing the PDF, the asymmetry becomes
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Asymmetry (X 107)

Figure 4.5: The asymmetry AL as a function of J, where solid, dashed and dotted curves
correspond to the case of the collision energy 14 TeV, 30 TeV and 100 TeV, respectively.

maximal around 0 ~ 0.2 for /s = 14 TeV, Figure 4.5. The asymmetry becomes smaller for
larger phases, which can be understood by kinematics as follows. As shown in Fig. 4.6, when
the phase is larger, the value of v/§ where the parton-level asymmetry becomes maximal gets
smaller, and finally goes below the W Z threshold.

In Fig. 4.5, the asymmetry also becomes smaller when the phase is getting smaller. This
behavior is reasonable because a smaller phase shift corresponds to a higher resonance scale so
that we cannot reach such an energy scale. We find that the asymmetry is most sensitive to the
case of § ~ 0.2 at LHC with the collision energy 14 TeV. When we extend the collision energy
to 30 TeV and 100 TeV, the sensitivity to a smaller phase increases, as shown by the dashed
and dotted curves in the figure.

Before closing this section, let us discuss the possibility to observe the phase shift in this
channel at future hadron collider experiments. As shown in Fig. 4.4, the non-vanishing phase
predicts larger cross section compared to the SM prediction. The asymmetry is expected to
be observed at future LHC experiments. For example, o ~ 0.037 pb with the collision energy
14 TeV when § ~ 0.24 (and AL ~ 0.015). In this case, the statistic error is comparable to
the value of the asymmetry with integrated luminosity 300 fb~!, and thus more statistics is
required. If we accumulate 3000 fb~! at the high-luminosity phase of future LHC experiment,
the statistics is almost one order of magnitude improved, and thus the phase shift can be
observed. Furthermore, when we consider higher-energy collider experiments such as collision
energies 30 TeV and 100 TeV, the cross section get larger. In the case of the collision energy 30
TeV, the cross section becomes o ~ 0.095 fb at § ~ 0.018 where the asymmetry is maximally
large. Although the cross section with the collision energy 30 TeV becomes large as compared
to that with 14 TeV, the maximal asymmetry decreases because A is normalized by the cross
section itself. Thus the higher luminosity is also required in this case. The sensitivity to the
asymmetry is not improved even in the case of the collision energy 100 TeV. Therefore, in
order to observe the asymmetry, the increasing luminosity might be efficient rather than the
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Figure 4.6: Parton-level asymmetry as a function of the center of mass energy v/s. The asym-
metry is shown for the case of 6 = 0.1,0.2,0.3,7/4 and 7/2, and the red dots represent the
points at which the asymmetry becomes maximally large for each §.
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increasing collision energy.

It should be noted that for the signal event pp — WZ — [vll there are large background
events. However, since we see the asymmetry, it is not necessary to suppress the SM background
after extracting the events. The efficiency of the event selection for pp — WZ — vl is about
70. Although this efficiency makes the statistic error larger, our naive estimation is not largely
affected by the background. An ingenious technique is also helpful to probe the phase shift
in this channel. For example, although we have studied only leptonic decay of Z, larger cross
sections can be achieved by taking hadronic decay modes into account, where the asymmetry
does not decrease since it is induced by the W decay.

Let us finally comment on the future e™e™ collision experiments such as ILC in which more
precise measurement can be achieved. For example, the similar procedure can be applied to
ete” — WHTW~ — ITyud so that information of the phase shift can be extracted from the
kinematics. It might also be possible to apply the same manner to the Higgs-strahlung process.
These cases will be studied elsewhere.

4.4 Fingerprint identification in the MCHMs

As discussed in the previous section, appearance of a new resonance with a relatively broad
width can be the first evidence of composite Higgs scenarios. However, there exists a variety
of MCHMs depending on matter representations so that as the second step we have to narrow
down the MCHMs to a class of specific models by experiments. One of the promising strategies
for this purpose is to fingerprint MCHMs by precisely measuring a set of the Higgs boson
couplings. The precision measurements at the high-luminosity LHC as well as at future ete™
colliders will be able to provide a strong clue to understand the detail of the MCHMs. In
this section, we demonstrate how to distinguish variations of the MCHMSs by patterns of the
deviations from the SM predictions. In order to investigate such deviations, we utilize scale
factors defined by k, = ¢./g>M, where g, denote the Higgs boson couplings with the weak
gauge bosons V(V = W, Z), matter fermions and the Higgs boson itself such as a = hVV,
hhh, htt and hbb. For some of them, we use simple forms as ky = kpyv, Kt = Kpu, and
Ky = Kpp. We also discuss contact interactions such as hhVV, hhhh, hhtt and hhbb, where
we define their couplings as g, v 9annns Iane @A Gppp- For RRVV and hhhh, we use the
parameters ¢,y = Gy /oy and Cpn = Gunn/ Gins- Bach MCHM basically predicts a
specific pattern of deviations in these couplings, so that we can distinguish models by detecting
such a pattern by experiments.

As already shown in above section, universal predictions for the scale factors of the Higgs
couplings to the gauge bosons are obtained as k, = /1 — £ and ¢,y = 1 —2¢ in the MCHMs.
It means that the compositeness parameter § is determined by the measurement of .. We
can also test the consistency with the MCHMs by measuring the correlations among x, and
¢y independent of the detail in matter sector of the MCHMs. For example, in the minimal
supersymmetric SM, &y, is reduced by the mixing angle, but ¢, is always unity regardless of
the mixing angle. However, it could be challenging to precisely measure ¢, even at future
collider experiments and should be a task for future colliders [34].

On the other hand, the main contribution to the one-loop effective Higgs potential is driven
by the Yukawa coupling of matter fermions. Therefore, self-couplings of the Higgs boson as well
as the Higgs boson couplings to the matter fermions reflect the matter sector of the MCHMs
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coptter - The effective Lagrangian for the matter sector is determined by how the SM matter
fermions are embedded into the SO(5) representations. In the following, we define various
MCHMs according to the matter representations in order, and discuss deviations in Higgs
boson couplings.

First, we introduce the simplest model, so-called MCHMy. In this model, all the matter
fermions are embedded into four-dimensional representations \117(~4)(r =q,u,d) of SO(5) as

u d
g = (1 y = ZR g = gf (4.20)
@ (@) e ll)

Here, q;, = (up,dp)?, ug, and dp are SM quark SU(2);, doublet, right-handed up-type quark
and right-handed down-type quark, respectively, and the other fields as Qr, q%, ¢%, u, and d
are non-dynamical fields so that their contributions are negligible. The relevant matter part of
the effective Lagrangian is given by

matter @) T T % 7@ T T )
Lot =3 WP [(p) + I (p)D'S] W + 0,7 [Mg(p) + M (p)I'S,] w1, (4.21)
T:q7u7d T:u’d
where (i = 1,--- ,5) are gamma matrices in five-dimensional representation of SO(5), and

M’s are the form factors. The loop contributions of the matter fermion to the Higgs potential
is dominated by the top-quark loop, and it is evaluated in the MCHM, as

. d4
yfermion o _o N, / # [l pIT,, + In(p*TL, T, — 112, )] (4.22)

where
I, =11, = I + Uisin(h/f), I, =1 — I} cos(h/f), I+, = My'sin(h/f), (4.23)

and Ng = 3 is the colour number of QCD. Notice that this contribution Ve™mien depends on
the representation of the quark fields. From Eqs. (4.8) and (4.22), the effective potential given
in Eq. (4.7) can be rewritten as

Veg =~ acos(h/f) — Bsin®(h/f) , (4.24)
where
_ dp (v I
Oé—QNC/ (271‘)4 <H_g —21_[—({) ,
_ [ dp | M| 911,
’ _/ @) <2N * (=P (G + ) (I — 1) én_o) | (4.25)

By the contribution of Vi&mion “the SU(2);, x U(1)y is broken at the minimum of the effective
potential V.. Actually, the vacuum conditions given by,

<%Zh> B sin((?/f) o eon((h /1) 0.

0%V, 2 2
<ah2">:f—f<1—f—/32)=mi>o7 (4.26)
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are satisfied with sin((h)/f) = v/f # 0. The coupling constant for the triple Higgs boson
coupling is predicted as

RV 3m?
N = < 8h3h> = Thm —¢. (4.27)

Eq. (4.21) also leads to the mass terms of the third generation quarks and these interaction
terms with the Higgs boson as

Leg =M!sin(h/f)tt + M?sin(h/ f)bb
. h 1 h? _ ) h 1 _h? _
=M€ 1+\/1—§;—§§ﬁ+--- i+ MP\/€ 1+\/1—§5—§§ﬁ+--~ bb
it + /T = et — %giﬂft b+ /1 — €hbb — %gﬁ%b b, (428)
v v v v

where m; and my, are the masses of the top quark and the bottom quark, respectively. It provides
us Ky = Ky = /1 — &, For the contact interactions of two Higgs bosons and two fermions, their
coupling constants are given by gnn = —m:&/(20?) and gpuw = —mpé/(20?) in the MCHM,
model. We parametrize these couplings as cune = gnnet/(me/(20%)) and cuppy = grmw/ (M) (20%))
in the following discussions.

Next, we consider variations of MCHMs. There are other representations of SO(5) into
which we can embedd the SM quark fields, such as one-, five-, ten- and fourteen-dimensional
representations and so on. In general, ¢, = (ur,dr), ug, and dg can be embedded into in-
dividual representations. We already discussed one of the simplest model, MCHM,. Another
simple model is the MCHMj5 in which all the quark fields, uy, dr, ugr and dg, are embed-
ded into the five-dimensional representations. The detail of the model is given in the Ap-
pendix. The factors i, and ¢, in the MCHM;5 are the same as those in the MCHMy,.
On the other hand, the MCHMj; predicts different deviation patterns from the MCHM, pre-
dictions for the factors Ky, Chnnns K> By Chpe a0d ¢pppp- The MCHMy and MCHM; predict
(Khihs Chnnns Bago)> Chennon) = (1 — 361 — 36136 —¢) and (1 — 36,1 — £, 1 — §¢,—4),
respectively. If these deviations can be measured prescisely enough, we can distinguish the
MCHM, and the MCHM5.

Similarly, we can classify the MCHMSs by the precision measurements of the deviation pat-
terns in the Higgs boson couplings. In order to demonstrate the classification of the MCHMs,
we consider several models with different representations of the quark fields. The MCHMs
discussed here and the predicted deviation patterns are listed in the Table 4.1. The effective
Lagrangian for the matter sector and the Higgs potential in each models are shown in the Ap-
pendix. In the model named MCHM, ;, the quark fields g, = (ur,dr), ug, dr are embedded
into -, j- and k-dimensional representations, respectively. In the case of + = j = k, we simply
write MCHM; instead of MCHM,_, ;. Patterns of scale factors in various models are partly
studied in Ref. [35]. In this thesis, we make more complete list of the models' and we add
the predictions on the deviations for additional intereractions such as hhV'V', hhhh, hhtt, and

'We cannot make a realistic model for some combinations of the matter representations. For example, in the
model MCHMj5_1.19, the electroweak symmetry breaking cannot occur as shown in the Appendix. Therefore we
don’t consider such a model in the analysis of the scale factors.
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hhbb. In the table, we use the functions defined in Ref. [35] as

b L 3(L-20)M +2(4 - 23 + 206 M
ST JI=¢ 3M! + 2(4 — 56) M ’

B M!+2(1 — 36) M} B M! — (4 — 156) M}
b= vi=tyroa—om BV a4

where M} and MY are form factors in effective theories shown in the Appendix, and they cannot
be determined within the framework of the low energy theories. We here additionally introduce

3M! + (23 — 40€) M}
3M! + 2(4 — 5¢) MY
M — (34 — 45¢) M
Mf—(4—58)M;

Mt +2(7 — 9) M
M{+2(1-&§Mj°

Fe = -4 Fr=—¢

By = ¢

3¢ 5&? £ 21ms 48y
H = 1-=_-= -
' >R 3| 16 )
25¢ ., & , 288y
H, = 1-== = |3 4.30
5 5 +¢& +3mi my =5 | (4.30)

where v is one of the form factors defined in the Appendix. In the models such that two different
form factors M{ and M} contribute to the scale factor, we examine two typical cases of M{ — 0
or M — 0 for simplicity. For the form factors H; and H,, we take the terms up to O(£?), and
thus the contribution through the + term in the potential Eq. (C.9) can be neglected because
it is proportional to &3,

In Fig. 4.7, several scale factors are shown as a function of xy which is uniquely determined
by &. Upper-left panel of Fig. 4.7 is also shown in Ref. [36] for MCHM, and MCHMj5?, and our
result is consistent with their one. As seen in the set of figures, we can basically discriminate
some models from the others by the correlations among scale factors. For instance, the models
{A, D, E, F, F’}, which are defined in Tab. 4.1, can be separated from the other models by ry.
These four models are then classified into three sets as {A, E}, {D, F'} and F by measuring ;.
The degeneracy between A and E can be solved by the measurement of A, /AP .

4.5 Double Higgs production at collider experiments

The double Higgs production is an important process which will give us to hint for the essence
of the Higgs sector and new physics effects.

2They also show the case of MCHM3_1_, (w is arbitrary) with additional fermionic resonances [37]. Without
such resonances, the model cannot maintain electroweak symmetry breaking as is the case with MCHM5.1_1¢
mentioned in Appendix.
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Table 4.1: Scale factors for MCHMSs with various matter representations. The labels are used
in Fig. 4.7, where C, H and I are the case of M} — 0, and C’, H’ and I’ are the case of M! — 0.

Label |  Model | &y | cwavv | K | Chhhh | me | me | cune | crmm |
A MCHM,4 VI-E ] 1-26]1-¢ 1-%¢ VI8 V1I-¢§| =€ | =€
B MCHM; T—¢|1-2¢| =& i g ] LB a4

2
B MCHM]_O 1 — 5 1 _ 26 1;2{ 1—285/3+28§ /3 1-2¢ 1-2¢ _46 _45
< | T o1& || Vie Vi€

C,C’| MCHMy, |1-¢&|1-2]| H,; H, Fy 1;355 Fy | —4¢
D MCHM5_5_10 /1 — é- 1 — 2£ 1;3&% 1—28&/13_-‘22852/3 1;3&% 1 — § _45 _é—
E | MCHMs000 | VI—€|1—-2¢| 228 | BB T—¢ | VT—¢| —¢ | ¢

F,F? | MCHM;5.400 | V1-=&[1-28| H, Hy Fs V=8| Fs | =€
G | MCHMio5i0 | VI—C[1-2¢ | 122 | IBEEB [T | 12X | ¢ | 4
B | MCHM 1010 | VI—E|1—-2¢6| H,; H, 1;355 1532 —4€ | —4¢
B MCHM,4 110 m 1—2¢ 1-2¢ 1—285/13—'22852/3 1-2¢ 1—255 —4e | —ae

- 1—¢ — 1—¢ -

H, H | MCHM 4510 | VI—E | 1-2¢| H, H, F, % F, | —4¢
B | MCHMipi010 | VI—=E|1-2¢| H; H, | v | ] -«

LT | MCHM 1010 | VI—E|1—-2¢| H,; H, Fy 1;355 Fy | —4¢

4.5.1 The Decay Branching Raios of the MCHMs

Before discussing the Higgs boson production processes, we calculate the Higgs boson decay
width and branching ratios. The decay width of the MCHMSs at the leadnig order are evaluated

where 5D

FLO

FLO

FIMCHM(h —g9) =

FI%/I%HM (h = yy) =

FLO

venm(h — Z7) =

MCHM(h_>ff) —/‘ff FLO(h—>ff)
Mo (h = VAV = kL -TE0(h — VAV |

2
0459 mh 2 :
R z
51273m . ’
=t,b,c
emg mh

102473 m

b=p, T

3
emg mh

51273 m

f=tb,c,m,u

Ry Aw+ Z Ry - AF
W

2

Y

kv Fw+ ) Fot Y k- NeelF,
W

q=t,b,c

2

Y

(4.31)

is the SM decay width and loop functions Fyy, Fy—,¢, Af, and Ay are found in

[39]. In the following , the fermions whose masses are lighter than the bottom quark are also
intoduced. As mentioned above, when we take the limit £ — 0, these decay width correspond
to the SM values.

In Figure 4.8, we show the ratios of the Higgs boson branching ratios of the MCHMj; and

MCHM4(M} = 0) to that of the SM predictions.

In the MCHMy, the leading order decay
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width are shifted by the same factor, k%, = /i?c = 1 —£. Therefore, the branching ratios of the
MCHM, are same in the SM. We note that the total Higgs boson decay width is always smaller
than the SM prediction because all scale factors «’s are less than 1.

I
o

'MCHMs5 "MCHM 14

S

<&

YY

w

N

BRMCHM(hﬁXX)/BRSM (h—)XX)
N
BRMCHM(h%XX)/BRMs(h%XX)

1 1!
uu, dd, gg,rr
S ‘ ‘ ‘ ‘ - ‘ ‘ ‘
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 04
E=V?/f? E=V?/f?

Figure 4.8: The ratios of the branching ratios in MCHM;5 and MCHMy4 to the SM predictions
as the functions of the compositeness parameter &.

4.5.2 Current constraints on the compositeness parameter ¢ from
the single Higgs production

The Higgs boson coupling deviations are only described by the compositeness parameter £. We

here consider constrains on £ from current experiments.

In order to extract extract constrains from the LHC Run-I data, we utilize the signal
strength, defined by

~ o(Prod) - BR(h — X X)
h e o Prod)sy - BR(h — XX)su

(4.32)

The signal strength of the single Higgs production via gluon fusion and vector boson fusion
processes are obtained in [40] as shown in Table 4.2.

We here consider two single Higgs boson production processes, the gluon fusion and the
vector boson fusion process as shown in Figure 4.9.

The gluon fusion cross section of the SM is evaluated as

1 dL99
USM(pp—>gg—>h+X)=/ dr——

m%/s

(s =rs), (4.33)

where dL£9% /dr is the luminocity function of the initial gluons, the cross section for the gluon
fusion gg — h is
3 (4m2\ |’
ZF t
()

2
Gras , (4.34)

osm(gg — h) = m
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Table 4.2: The signal strength in various decay modes measured at ATLAS an CMS with
lo. These values are taken from Table 13 for 10-parameter fit in [40]. px¥ is denoted as
P = pogp i and pp X is denoted as pp™ = Ui ppy v

ATLAS + CMS | ATLAS | CMS
W L05%04 | 0.69708% | 1.37705
uz? 0.487287 0.267550 | 1.447232
sl 1.381041 1.5670:22 | 1.08+9:93
T 1.1279:37 1.2070:38 | 0.87+04
2 0.65+0:30 0.50%8:37 | 0.85754
uy 1197028 1.317037 1 1.01493¢
(2% 1.444038 1731021 10,9740
W 1.00+023 1107033 | 0.857038
M 1.10+06 1724175 | 091708
L 1.09%5% | 151718 | 0.107 182

fi fi

Figure 4.9: The gluon fusion process (left) an the vector boson fusion process (right). We
denote that f and f’ have the opposite electromagnetic charges.

with § is the centre-of-mass energy of this subprocess, and k is the k-factor for the QCD
correction, k = 3 at the LHC 8 TeV. The gluon fusion cross section of the MCHM is simply
given by

JMCHM(pp—>gg—>h+X)zﬁf-JSM(pp%gg%h—l—X), (4.35)

because the dominant contribution is the top-loop diagram.
Therefore, the vector boson fusion cross section of the SM can be found in [41],

osm(pp = WHW™ — h+ X) = 1.58pb] . (4.36)
The vector boson fusion cross section of the MCHM is also given by

oveam(pp = WTW™ = h+ X) = % - osm(pp — WIW™ = h+ X) . (4.37)
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The signal strength for ux~ is given by

o(pp — g9 — h) - BR(h — XX)
o(pp — g9 — h)sm - BR(h — X X)su
BR(h — XX)

= K2 . 4.38
" BR(h — XX)su (4.38)

XX _
Hp =

and the signal strength for px* is given by

o(pp — W*TW~ — h)-BR(h - XX)
U(pp - W+tW- — h)SM . BR(h — XX)SM
, BR(h— XX)
= K . .

V' BR(h — XX)su

XX
Wy =

(4.39)

These results for XX = vy, WW, ZZ are shown in Figure 4.10 and Figure 4.11.

: 7 Central Value MCHM 4

MCHM5

20 Excluded

00 01 02 03 04 00 01 02 03 04

1.4+
12
1.0/
Ne 0.8/
06
0.4
0.2}

%0 01 0z 03 o4

Figure 4.10: The signal strength from the gluon fusion process of u}. (upper left), u%" (upper
right), and p}) (lower left). The green solid line corresponds to MCHMy, the blue solid line
corresponds to MCHM;5;, and the red solid line corresponds to MCHM;y4. The black solid line

is the central value. The shaded regions are 20 exluded regions.
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20 Excluded

1.0 Y = R VAT

2.5-
2.0t
N 1.5/<

<10 ]
5 1
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Figure 4.11: The signal strength from the gluon fusion process of u} (upper left), u%" (upper
right), and p}) (lower left). The green solid line corresponds to MCHMy, the blue solid line
corresponds to MCHMj5, and the red solid line corresponds to MCHM;y4. The black solid line
is the central value. The shaded regions are 20 exluded regions.

The shaded regions are already excluded with 20 CL. From these figures, the compositeness
parameter £ are constrained for each models as shown in Table 4.3.

4.5.3 Double Higgs procution via the gluon fusion at the LHC

Next, we discuss the double Higgs production at the LHC 14 TeV. In [42], the authos investe-
gated that the double Higgs production at the LHC in the framework of the MCHMs. The
dominant contribution to the double Higgs production at the LHC is gluon fusion process via
the quark loop. The relevant diagrams are shown in Figure 4.12. As mentioned above sec-
tions, the Higgs boson coupling deviates from the SM predictions. In addition to this, in the
MCHMs, there is a new contribution shown in Figure 4.12. This dimension-five operator plays
an important role to the cross section.
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Table 4.3: The constraints on the compositeness parameter for each models.

pr a3 pr
MCHM, E<031]1€6€<040|E£E<0.24
MCHM; £<023|€<023|¢<015
MCHM, o (M! = 0) | £ < 0.07 | €< 0.07 | € < 0.04
TR ;RO G o
v <
__’___</ s
\\ \\
TRXTTTTILD RN eeevseeon B —— N

Figure 4.12: Left and center diagrams are SM contributions. Right diagram is a new contribu-
tion in the MCHMs.

The differential cross section of the SM at the parton-level is found in [43],

5 2 2
do Grag

7 = ey []CZMFA + CM P[P + }CgMGDﬂ,

(4.40)
where # is the momentum transfer squared from one of the initial gluons to one of the final

Higgs bosons, G is the Fermi constant, ag is the strong coupling constant, the coefficients of
CM CEM are defined as

3m?
§—m3
and the definitions of form factors Fa, Fi, Go can be found in [43]. In the MCHMSs, these

coefficients are modified as

= C3M =1, (4.41)

3m3 my
KtKhhh + —7=Chhit

2 2

— my, \/511

MCHM __ MCHM
CAt = Ch

= K. (4.42)

The form factors are the same in the SM. The second term in CYCHM ig the effect from the
dimension-5 operator. We investigate MCHMy, MCHMj5, and MCHM 4 and these scale factors
are shown in Table 4.4. For numerical calculation, we utilized the PDF as MSTW2008lo [44].

The numerical results are shown in Figure 4.13. At the leading order, the hadronic cross
section is

o(pp — hh) = 16.3 [fb] (4.43)
The k-factor is taken to be abount 2.4 in [45], then
o(pp — hh + X) =39.1 [tb] . (4.44)
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‘ Kt ‘ Khhh ‘ Chhtt ‘
MCHM, [1—2[1-3¢] —¢
MCHM; | 1—3¢|1—35¢| —4¢
MCHMy, | 1 —4¢ - %f —%

o (pp—hh+X) [fb]
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Z
0
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Figure 4.13: The pair Higgs production via gluon fusion in several MCHMs.

The SM value corresponds to & = 0 for each models. The large difference between around ¢ = 0.2
comes from the dimension-five operator. As shown in Table 4.4, ¢y, is significantly larger than
that of the MCHM, 5. This effect can be easily understood from the energy dependence of the
parton-level cross section, shown in Figure 4.14. Therefore, the hadronic cross section of the
MCHM,, with large £ becomes large. At & = 0.2, their ratios to the SM value is

OMCHM, , g g7 TMCHMs g g TMCHMu o 3q (4.45)

OsM OsM OsM
The most clear mode at the LHC could be the yybb. Its cross sectino and the signal strength
are shown in Figure 4.15.

4.5.4 Double Higgs procution via the vecor boson fusion at the LHC

The relevant diagrams are shown in Figure 4.16. The energy dependence of this process is
very interesting. These diagrams contain the subprocess WW — hh. It is well kwown that
the energy dependence of W W, — hh scattering amplitude in the SM disappear as same as
the W, W, — W, W. However, as we mentioned, the Higgs boson couplings deviate from the
SM value. These deviations violate the perturbative unitarity for each channels. In this case,
the centre-of-mass energy squred dependence ~ s does not disappear dut to the non-vanihsing
the mocpositeness parameter £. The amplitude would diverge at the high nergy scale and the
unitarity may be recovered by heavy resonance contribution. The porduction cross section is
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2.0r

15

J(gg — hh)[fb]

0.0 \\
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Figure 4.14: The parton-level cross section of double Higgs production as a function of v/3 of
this subprocess centre-of-mass energy.

shown in Figure 4.17. At the double Higgs production cross section, the degenracy between
MCHM; and MCHMy4 does no resolved. By considering the Higgs boson decay modes, we
could distinguish these models. These results are shown in Figure 4.18 and Figure 4.19.

4.5.5 Double Higgs procution via the vecor boson fusion at the ILC

The ILC can measure the gauge-Higgs coupling deviation xy = /1 — & of the MCHMSs at 0.2 %
by ee — Zh. In addition, the double Higgs production process is important process to explore
the Higgs sector, e.g. the Higgs triple couling. Two dominant contributions are considered
here, Z strahlung process and W fusion process.

7/ strahlung process

The Z strahlung diagrams are shown in Figure 4.20. This process can be regarded as the heavy
virtual Z boson decay whose mass corresponds to the centre-of-mass energy +/s. The Higgs
boson couplings are always suppressed. Therefore, the cross section also suppressed. We can
not distinguish MCHM; and MCHM 4 at this level. The production cross section and their
ratios to the SM values are shown in Figure 4.21. By including several decay modes of the
Higgs boson, the degeneracy is resolved. The results are shown in Figure 4.22 and Figure 4.23.

ee — vvhh : W fusion 4+ Z strahlung

The double Higgs cross section from ee — vrhh has interesting energy dependence because W
fusion process Z strahlung process contribute to the cross section. As we mentioned, the Z
strahlung process is always suppressed and the W fusion process is enhanced by the unitarity
violation. Around the centre-of-mass 600 GeV, the domninant contribution is transfered the
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Figure 4.15: The cross section for pp — hh + X — bbyy + X and its signale strength.

Figure 4.16: The double Higgs production via the vector boson fusion process.

200 A
180  MCHMs, MCHMy, ]
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o(pp— XXhh)[fb]
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000 005 010 015 020
3

Figure 4.17: The cross section for pp — XXW*TW~ — X Xhh of MCHM, and MCHMj 14.

Z strahlung to the W fusion. In other words, below 600 GeV, the ratios of the MCHM cross
section ti the SM is less than 1 and above 600 GeV, the ratios of the MCHM cross section ti
the SM is greater than 1. These results are shown in Figure 4.24. The results including the
decay of the double Higgs bosons are shown in Figure 4.25. The signal strength of these modes
are shown in Figure 4.26. In the MCHMs
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Figure 4.18: The cross sectutions for various double Higgs decay modes of MCHM,, MCHMj5,
and MCHM 4.

4.6 Next-to-minimal model : Composite singlet model

4.6.1 Non-linear Higgs field in SO(6)/S0O(5) model (¢ + S)
The non-linear realized Higgs fields ¥ in SO(6) are parametrized as

> =exp(Il/f) Lo, o =(0,0,0,0,0,1), II=—iT%h/2, (4.46)

and can be written by a unit vector of SO(6)

0 (h1 hy hs hy hs Cb) :
Y=sin-|—, —, —, —, —, cot—= |, with ¢ = +/(hg)?. 4.47

oo oo o 7 Ve (47

where f is a breaking scale of the global symmetry. We choose the unitary gauge, hq, ha, hy = 0,

and indentify that hs = h is a physical Higgs field from the doublet and h; = n is a singlet
field. Therefore, > in the cartesian basis becomes

_sin® Pl ot @ 2_ 1242
E—smf <0,0,¢,O,¢,cot f) , ¢o°=h"+n". (4.48)
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Figure 4.19: The signal strength for various double Higgs decay modes of MCHM,, MCHMj5,
and MCHM14
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Figure 4.20: The relevant diagrams for Z strahlung processes.

Moreover, a convenient parametrization exists as

h:gbcos%, n:gbsin%, (4.49)

we obtain I in the polar basis

Y= sin? (0,0,cos%,O,sin%,cot ?) (4.50)
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Figure 4.21: The production cross section for ee — Zhh (left) and its ratios to the SM (right).

The kinetic terms can be decomposed in the polar basis as
(9) (W)

2 1 1. 2f2 »
Lim = = (DY) (D,¥) = 5 (0,0)° + 5 sin? 12} (0,0)% + g4f sin? ra cos? 7W2 +(4 . |
0l

2 f

from the third term, the electroweak symmetry breaking vacuum expectation value is defined
by

= sin@cos@Z
v=f 7 = Ve (4.52)

4.7 S0(6)/SO(5)
4.7.1 7, preserving case

Zy preserving vacuum

In the Z; preserving case, the singlet 1 does not get vev. Then,

h—{hy#0, n—(n)=0. (4.53)
By substituting them to (4.49),
w:wM%lo=wm%-%m:mw=w. (4.54)
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Therefore, we obtain

v = fsin% — (h) = fsin ™t 4/€ . (4.55)

We idetify that
h — fSiIl_l \/E + hcara 1N — Near, (456)
¢ — fin ' VE+ by, U — Dpa. (4.57)

Next, we normalize the kinetic terms. We extract two derivative terms (hear, Near) and

(hpol 5 npol) .

1 2 1 § 2
‘Cin:_ ahcar +3 car)” T, 4.58
i = & (D) Q(Sm_lf)m) (4.58)

1
= 5 (Ouhpa)” + 5( Oupor)” + -+ (4.59)
Then, (4.58) and (4.59) are rewritten by
-1

h— fsin ' \/€+her, 1 — %nwr : (4.60)
¢ — fsin '€+ hpot, ¢ — \/EnpOl . (4.61)

Kinetic term (Momentum dependent interactions)

From the kinetic terms, the scalar interactions with derivatives are derived.

2
'Ckin:f?(DHE)T (D E)
1 h h? n?
iah (1+2Ah;+Ath+Annﬁ+'~)
1 h h? n>
(1+2Qh;+ﬂhhﬁ+ﬂnn ﬁ‘i‘)
h
+ (0,h) (9" )<Ang+AhnZ—2+---> : (4.62)

with
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’ H Polar ‘ Cartesian
Ay, 0 0
App, 0 0
5
A 0 14+ —
” i (sin’l \/_)2
Q, 1-¢ V1— _1 \/\; )
3¢ 4/(1 =&)¢
Qi | 1—2¢ | 1-26+ (Sm_l T T
0, 0 o4 e+ (sin™* \/_)
TVE WE
A 0 —
! \/5 in—' /€
il BTG

Gauge sector

In order to repreduce U(1)y hypercharge, U(1)x symmetry is intoduced. Then, the gauge

Lagrangian is

(4.63)

gauge
L eff

1
= §P’“’ I (p) X, X, + Ho(p) Tr [A,A)] + 11 (p) 2 A, AET]

The SU(2)y, third component of SU(2)g and U(1)x are only gauge. Therefor, the gauge

Lagrangian in the cartesian basis is written as

gauge 1 X 1 ¢ h2
L858 = §PW 115 (p) + o(p) + —Sln 7 X ﬁnl( p) | B.B,
1 ¢ h2 a a
+ (Hg((p) Z—lsm ? X Enl( )) Wiwy
+2sin? 2 — I (p)H'T**Y AW B, (4.64)
£ ¢
with (Note that 7% are 2 x 2 matirces.)
r o —hi 4 ihy
H= ( o, ) (4.65)

Then, above equation can be rewritten and we here extract Higgs-gauge interaction terms

auge f2 2 ¢
gauge __ wy |
Leﬂ” P [2 (

FX 5 (4.66)

)(ZZ +2W W, )} .
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By expanding ¢ around the electroweak breaking vacuum, the Higgs-gauge coupling constants
are obtained.

fQSmQ?xZQ—HJ + 201 =& her + (1 —28) hZ,, (—1+\/1£;£Sin_l\/g> nﬁar

(4.67)
Then, we get
gauge w [V v 1 1
Lo ~P ZV”VV + 5\/ 1—¢& hear V,Vi, + Z(l —26) B2, V.V, + "fnnVVUcarV V.| .
(4.68)
with
_ 1-¢ .
Eppvy = —1 4+ : sin~! /€. (4.69)
This result is in agreement with [46].
By substituting
g — COS %, (4.70)
we also get the polar basis interactions.
f?sin? ¢ cos” ¥ — 0%+ 2001 = € hpor + (1 —26) W2 + (1) 02y (4.71)

S S
Then, we get

auge v? v 1 1
Lo~ pi TV + 5\/1 — & hyaV,V, + 1(1 —26) 2, V.V, + ZﬁnnvvniolV#VV . (4.72)

with
Rymvv = —1. (473)

This result is in agreement with [46].
Matter sector

For simplicity, we concentrate on the fermion embedding in the fundamental representation
of SO(6), and only introduce the third generation of quark sector. Of course, other quark
generatoins and the leptonic sector can be always introduced. Their contributions are negligible
since the smallness of contributions to the scalar pontential.

The charge assignment of ¢, by, tg, and bg is as follows

(SU(2>L7SU(2)R)U(1)X : tL(+7_)2/37 bL<_7+)—1/37

tr(0,0)23,  br(0,0)_1/s, (4.74)
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The representation is

And we also impose parity,

eff
EMatter

} bR + h.C.

0 0 0
0 0 0
—ity, B 0 1 by,
tL ’ ‘lltR — 0 ) \Iij \/5 bL ) \Ijb
0 0 0
0 2/3 tr 2/3 0 -1/3
P, = diag(1,1,1,1,—-1,1).
It ensures the stability of n .
= EtLﬁngL \I]tL (ﬁtLET)ﬁntlL (E\I]tL)
+WbL¢H8L \IJbL (WbL ET)ﬁSHl{L (qubL )
+$tR¢H6R\Ith (ﬁtRET)ﬁniR(Z\PtR)
+EbR}6H8R\IjbR (ﬁbR ZT)]/)H?R (E\IjbR)
+$QLM5\IJISR (\PQLZT)Mf(Z\IItR)
+0,, MW, + (T, SN MP(SW,,) + h.c.
_ 1,0 h? - ¢
_ t b 2
=trp {HOL + I3 —sm 7 X E} tr +brp {HOL + 1182 sm 7 X E}
_ h? - h?
+irp {HtR + IIi7 % ?1 tr + brp {HbR + 1157 x ?] br
< ¢ . ¢ T ¢ . ¢
+tr {ZM—cos—sm—x tr + br, zM—cos—sm—x
V2 9 'V2 9
The Higgs-fermion interctions are
- ¢ . ¢ h z ¢ . ¢ h
c ot (Mtcos—sm—x tr + by | M?Pcos = sin = x —
Matter =2 FoF ) f oo
1 Mo

with

2 hCCLT car
M /—\/—qL< 1-2¢ o g T

VI=¢

Koppp = —1+ (-0

This result is in agreement with [46].
By substituting

— oS —,

<>
|-

+ 5 SEmff— o

(1—2¢&)sint/€ .

)qR

o O O O O

23

~1/3

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)

(4.80)
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we also get the polar basis interactions. The Higgs-fermion interctions are

=17 <M1t cos ? sin ? cos %> tr+ by <Mf cos ? sin ? cos %) br

f /
B 1—-2¢ hy, o 1 Moo
:Mffh/l—&\/gq,; (1—1—\/% Zl 2% pl+2ﬁm7ff Pl>qR (4.81)
with
Kmfr = —1. (4.82)

This result is in agreement with [46].

Scalar potential

The one-loop effective scalar potential is

V. F _ng?uge errmlon
et 7 Ve

:g/(;ljr) In Ly (p) — (QNC)/ (;ij; |:ln]6HbL(p) +1In <p2HtR< I (p) — [11t2t0 ()| )}
(4.83)

where

2
M (p) = M) + ;T 7 >§ <5
HtL (p) - HBL + HtL§ Sln2? X — ¢2 )
HbL(p):HSL—l—H _SIHQ?XE’
1'% (p) = T 4 1147 COSQ? ,
I1°=(p) = HSR + 11%7 0032? ,
totr L9 ¢ h
11 ()—l—le\/5 fofx¢,
brbr it in @ eos 2 P
[I°L°R(p) = —iM] — \/§ f sf X e (4.84)
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By expanding logarithmic functions and extracting relevant terms which contain ¢ and h, the
scalar potential becomes

o 4 Oip) 20
Veﬂ“‘/(%)%rlo() 7 ¢2

d* 1 h? 1
—QNc/ﬁ log {pQ (HBL + I8 —sm 29 X —) (HtR + 147 cos? ?) - ‘Mf > — sin? ?c0s2 4 X
T

[ f V2o f
(4.85)
B EUTITIITR
~J (@m)t8Ih(p)  f ¢2
d' 1 tL TR T S I
— 2NC/#log 1+ W{ﬁﬂo IT}% cos? ? + 52921_[1 IT§7 sin? ? X E
| — ¢
+ (51721_[1 " — }MJQ) SIH?COSQ? X E}]
—a cos? ? + Bsin? ? X o + 7 sin? ? cos? ? X o (4.86)

When we expand above equation without introducing vev up to quartic order, we get

l—a+08+7,, a—0—4y 4 15 Py
‘/eff 2 f2 h’pol 43—.]62 pol f4§ pol pol (487>
N a+6+7h2 la—f—dy,,
2 f2 car 4 3f2 car
_ la(sm VE? o, i la(sm_l VO + 1 (200 = B — 4y) (sin~" VE)? h2
2 f2€ Near 4 3f4€2 Near 92 3f4§ pol pol
(4.88)
(4.89)
Then, by using statinary conditions and
82 eff o mg
=m},
8h§hys
_ PVer =0,
ahphysénphys
9%V,
T =m2 (4.90)

anzhys
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scalar triple couplings are

(Polar, Cartesian),

_— <3m§1—2§ 3mi1—2§)
' v V1=& v J1=¢)

hhn 0,
hay —mi_4m%(1_§>, m_%_M5+@(§2) ,
2vy/1 =€ 2v 12v
nmm 0.
(4.91)
and quartic couplings are
(Polar, Cartesian),
29 _ 29 _
Whhh - mj, 3 28(1 5)57 mj, 3 28(1 —€)¢ |
v? 1-¢ v? 1-¢
hhhn : 0,
2 2 2 2
—mp(5—68) +4m (1 = &) (1 —28) m?2  1Tm; +4m
hhnn ! & —— 1+ 0(¢
m ( 2021 — &) S G STOE) )
happm = 0,
4m? m?2 + 4m?
- (— L - Ty 0(62)) ,
v v
(4.92)

The scalar couplings are in agreement with [46] except for n* vertex.

4.7.2 7, breaking case : [47]

Next, we consider the Z, breaking case. The source of this effect comes from fermion em-

bedding. As discussed in above sections, tg and by are embedded into the eigenvector with
(SU(2).,SU(2)r) ~ (0,0) .

0 0
0 0
0 0

U, = 0 ;o Uy, = 0 (4.93)
0 0
tr 2/3 br -1/3

There is another eigenvector with same quantum number.

0 0
0 0
0 0

U, = 0 , Uy = 0 (4.94)
tr bR
0 0

2/3 -1/3
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Then, the RH up-type quark and the RH down-type quark are modified as
\I]tR — \:[]tR + Et\IJ/ \IjbR — q]bR -+ Gb\Ing > (495)

tp

and normalized multiplets are written explicitly as

0
0
0
0
v = 0 (4.96)
e cos b, qr
sinf, qr

The scalar potential of 7 is controlled by ;. For simplicity, we set 6, = 7/2 .

We here also introduce the third generation of the SM leptons and the right-handed neutri-
nos, Nr. Their charge assignments are

(SU<2)L7‘9U(2)R>U(1) ~ TL(_7+>—17 TR(O70)—17

X
VL(+, —)0 y NR(O, O)O . (497)
0 0
1 0 1 0
\IJVL = — —iVL y \I/,,L = —= iTL . (498)
V2|, V2 | o
0 0 0 ~1
and
0 0
0 0
v, = 0 , Uy, = 0 ) (4.99)
€7 R cos 0. TR e"Nr cos On, Nr
sinf,, Tr . sin Oy, Ng 0

In the following, we assume d,, = on, = 7/2.

Gauge sector

The scalar-gauge boson vertices do not recieve any effects.
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Fermion sector

The Z, breaking Lagrangian is obtained by substituting ¥, — \IlgR . The Lagrangian becomes

‘CMatter = @tLﬁngL \IItL

+ WbL}'ﬁHgL \Iij

+ (Wt[, ET)IéH? (E\IItL )

(ﬁbL ET)]éHl{L (Z\Iij)

+ WVLﬁl_IgL\IjVL + (WVLZT)ﬁnlle(E‘IJVL)
+ U G, + (@LE%H?(E\PTL)
+ (¥

T,
+ T, Pl
+ \IINRyﬁHNR\IJ

T T, -
+ \IJQL Mélj[J?R +

7 Ef)ﬁnm(w;)
+ (T, SHpITE (2w,
+ (\IfNRET):éHNR(E\P?VR)
(0, SHpI (e, )

(Tq, BN M (297,)

+ Wy, Mgy, + (Ug, XM (295,

+ ﬁyL M(I)/\II?VR +

+ E7'L MJ\IJ?'R

= TP {H“ + I1%

(0, =My (2TY,)
@ SHMT (S0 ) + hee.
20 o w] ;

L

- SlIl — COS

2 f  f

+ brp {HSL + HbL§ sin? ¢ cos® %] L

+ vpp 1" + 7"

+ Trp [HTL + HTL— sin ?COSz f] TI

/ /
— sm2 ? cos? 1/}} vy,

o f

f
2 ¥

+ trp {Ht’% + HtR cos C}S {sin2 0, + cos® 6, tan? ? sin —H R

7

+ brp [Hbg + HI{R cos ? {sm 0 + cos? 0y tan® ?Sm2 & H br

f

+ NF@ [HéVR + HiVR cos® ? {Sin2 Oy + cos? Oy tan? (b sin %H Ng

T
f

+ Trp {HSR + 7% cos® = ¢ {sin2 0, + cos® 0, tan® - ¢ n? ¥ H

T

- o ¢ w{ 0 ¢H
+t ]\/[ —sm—cos—cos— —isinf, 4+ cosf,tan —sin — p | ¢
L{ VR t e
1 .
+ by, |:—2Mfﬁ sin — cos?c —ZSlH@b—FCOS@btaD?SID%}]

—isin @, + cos 6, tan Z sin

X

f

sin—cos?cosg {—zsmé’N +0056’Ntan?s1 %H
/ /
2
f

% ] Tr + h.c. (4.100)
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Scalar potential

The one-loop effective scalar potential is

V:eﬂ? :‘/Ye%fauge errmlon
:g/ (5334 n T (p) = 2N / (521;4 [1n 0% (p) 4+ I (P11 ()T () — 11215 )| )
— 2/ (;Z;Z;l [ln;ﬂ‘[m (p) + In (pQHNR (p)II" (p) — ‘HVLNR (p)|2>]

where

M (p) = Ta(p) + {11 (p)si”  cos’

\l@

1
I (p) = IgF + I 3 sin? ? cos”

1
I1°% (p) = TI5" + IT4% = sin? ¢ cos?

% (p) =TIy + TI{E - sin?

[\'.)
kh
e e == khlﬁ

¢
f
1™ (p) = II* + 117" = sin 2?COS2

IT'" (p) = I + IT47 cos®
I1°% (p) = TI5* + TI3% cos? }
e (p) = HéVR + HJIVR cos® ? {sin2 On + cos? Oy tan? ?sin2 ?} ,

1™ (p) = I + 117" cos (; {sin2 6. + cos? 6, tan? ? sin® =

/ fl
IT'R (p) = —HMf% sin ji cos ? cos 1; {—i sin 0 + cos # tan %ﬁ sin %} ,
P25 (p) = —z]\/[b% sin ? cos %5 coS % {—z’ sin @ + cos 6 tan ? sin %} ,
I17eVR (p) = —HM{’\/lﬁ sin qu coS ? cos % {—i sin @y + cos Oy tan ? sin %} ,
IR (p) = —zMT% sin ? cos ? cos % {—i sinf, + cos 6, tan ? sin %} . (4.102)
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Then,
v N/ d4p 9H1(p) 2¢ 27/}
eff — ’s

sin” = cos

(2m)* 8 o(p) f f

d'p < ¢ (0 o . ¢
—2N, / —— o HtL + H — Sm2 s? —> <HtR + II'E cos? = {81112 0 + cos? A tan? =
¢ ] mr P R ) e ey o

- % |M1t}231n2?0082?0082 % {sm 6 4 cos® 0 tan® jc) 2 3{}] :

(4.103)

COS™ —

Cr)i8Ton) " 7T
d4
—2NC/#log 1

{pZHELH'iR cos” ? {SiII2 6 + cos® 0 tan® ? n? 1;} + = 5P p?IIEIIEE sin

Y

f
+ (%p2H§LH§R — ‘Mf|2> sin ? cos® ? cos® % {sin2 0 + cos® 0 tan® ?sin2 %} }]
¢
2

= «cos {sin2 6 + cos® ftan® = ¢ sin? f} + Bsin® = ¢ cos® = v

f f 7 ff

2 % cos” %(3052 % {sin2 0 + cos® § tan® ;é 2 Q]f} (4.104)

In Appendix of [47], the author have discussed that the potential (4.104) have two extrema
at (1) =0 and sin((¢)/f) = 1 . By using

N/ d'p 9IL(p) ., ¢ ,¥
S

_|_

pQFQfIIg{

COS2

%I%\

-+ 7y sin

Ve ~0
82\/3& _ 0: = Veg| = =7 cos® % cos® % sin? % : (4.105)

Therefore, one can choose the vacuum at (¢)) = 0 without loss of genelarity. Due to this choise,
the scalar-gauge boson couplings does not change. The scalar-charged fermion interactions are
modified as

1— h?
matter Mf\/lT\/ESHl ef ( 2§ hpol _ 25 ng)l) fR

vi—-& v
—I—Mf\/l— \/gsmé’f <0+2 155%01 tef_l”pol) . (4.106)

In this case, these fermion masses are

—)M/\/1T—¢&\/esinb,  (f=1t,b,7) (4.107)

2 ¥
f

)
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For the neutrino sector,

1-2 ho h20
matter EMV\/T\/ESIHHN VL( 5 pl_2€ pl)NR

V1i—€& v v?
/ o 1 7o
+MV\/1 = E\/Esinby vy, <0+z’ li_g’?zz cot Oy — 5775;) Npg . (4.108)

We define the dirac neutrino mass as

mp = MY\/1—&\/Esinby . (4.109)

The scalar-self interactions are

hhh dmj 1 -2 :
v 1-¢
hhn 0,
o mi (=14 2csc? ) — 4m2 (1 - €)
20vT—¢ ’
0.
(4.110)
and
m2 3 —28(1 —
Whih ;o RIS <_§ 3y
hhhn 0,
B —mj (5 — 6)(—=1+ 2csc? ) + 4m (1 — &)(1 — 2€)
271~ ¢) ’
hognn =0,
o~ 4m? [3mj(3 — 5esc? 0 + 2csct 0) + 2m2 (3 — 2cse® ) — 4€ cse® 0 + 3E esc )

v? 2m2(1 = &)(1 — 2 cot? 6) ’
(4.111)

When we take a lmit § — 7/2, these values becomes Z; preserving case.

4.8 Vacuum Structure

The scalar potential without Z; symmetry is

h2
Vear = aCOSQ?{Sin29+COS29taD2? X —} + Bsin? 29 X —

¢ f¢
2?

+ 7 sin? ? co 7 ¢2 {sm 6 + cos® 0 tan® ;é po } (4.112)



62 CHAPTER 4. THE HIGGS BOSON AS A PSEUDO NAMBU-GOLDSTONE BOSON

and

Vool = @ cos? ? {sin2 0 + cos? 6 tan? ? sin? %} + Bsin? ? cos? ?
+ 7 sin? ? cos” ? cos? % {Sin2 6 + cos® 0 tan® ? sin? %} (4.113)

where we replace hy — h and hs — s. These curvature at the origin (h) = (s) = (¢) = () =0
are

Vo 1 [ —a+28+v+ (a—7)cos20 0 (4.114)
0000,  f2 0 2c0cos 20 ) 7 '
0*Vpor I ([ —a+268+7v+ (a—7v)cos26 0

a¢ia¢j_ﬁ< i O) . (4.115)

4.9 Consistency Check

In this section, we check a consistency between two basis, polar and cartesian. The authors
of [46] mentioned that when we compute a physical observable, i.e. unpolarized cross sectoin
o(nm — WHW™), these basis give us the same results.

4.9.1 nn— WTW~ scattering

Let us consider nn — WTW ™ scattering. The relevant diagrams are show in Figure 4.27. This
amplitude is written as

2

iM= (mﬁ;mﬁ(lgmw)lihww+Z?/€nnWW> [Ei(p+,/\+)e+(p_,/\_)} G (4.116)

where the vertex factor /{}mn has momentum dependence and can be decomposed as

. . . . r . . 1
Ky = — 00 Ky +1 Qp [2(—@ pm)" (i png)ﬂ} - +i A, [2(—2 p)" (i ph)#} . (4.117)
with p,1 (or py2), pp are the four-momenta and we write down «’s explicitely following sections.

Very high evergy (/s > mj, m}, mj; ;) behaviour at £ =0

2

First of all, we calculate the simplest case, /s > m?, ms,

energy dependence remains. The limiting «’s are

,m%,vvz and £ = 0. We expect that no
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‘ Polar ‘ Cartesian
m2 — 4m? 2
202 202
Qp 1 0
A, 0 0
Khww 1 1
’fm]WW —1 0

We only extract the longitudinal contribution,
© v * 1 S 2
[e+(p+,)\+ =0)el(p—, A\ = O)} G = —5 (— - mW> : (4.118)
miyy \2
Therefore, at the very high energy, the cartesian basis amplitude (4.116)is

; 2
. 1 . .g v *
ZM = (S — m}gl + ieﬁ;”m (ngW)'LthW + ZEK'W]WW) [Ei (er? )\Jr = 0)6—1- (p77 A= O)] g,uzz

2 2

{ , my, g 5
~ [g l“i?mn(zng)K/hWW (1 + T) + ZEKWWW:| m_%v ) (4.119)

e Cartesian basis amplitude

- 2 2
. KhgmErww . ? .my, . .my,
iMear =i— n:n—%v (igmw) = m (—2%) (igmw) = +ig (4.120)
e Polar basis amplitude
In the centre of mass frame,
. . s
2(=tpy)" (—ipn2)p = T 2|pn‘2 = -5+ ngz : (4.121)

Then,

2

2 /
: 9~ Kpnww s KhgnEhww my,
Z-Mpol :Z—W—QS + Z(zng)W—Q 1+ —
m m

2 W W S
1 2 . 2 2m2 2m2 2 2
:—2<—¢2m—gV 3+L2<z'%—z'—”—z‘f+z‘ ”) (mw> <1+%>
miy ) miy 2v v v ) v S
3 3 mj,
Therefore,

Mcar = Mpol . (4123)
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Very high evergy (/s > mj, m;, mj; ;) behaviour at £ < 1

By expanding small £, ks become

‘ Polar ‘ Cartesian
2 2 2 2 2 2 2
my, —4m, my, +4m; 5 m; My +8my 5
| T T g ST OE) g o S TOE)
1 9 3 )
{h 1-56+0(8) —5 0
A 0 LioE
n 3 &)
1 9 1 )
Khww 1 =56+ 0(E) L= 5¢+0(¢)
1 § O(&£2
o - - (5+0e)
Now, j,,, 18
, . 1 o1
Ky = —10 Kpgy + thz(—s +2m;) + ZAn;S (4.124)
e Cartesian basis amplitude
Then,
2 2 2
My ~ +¢% i mz;r ¢ (4.125)

e Polar basis amplitude

, .m3 2m? + s
iMpor ~ Fi—5t —i—— 15— (4.126)

?

nm — W,/ W, above the WW threshold and ¢ = 0-1

, 2
. } . g 1 /s
IM = (mmﬁlw(zgmw)ﬁhww + @3/@mww) —_ (— — m%,) (4.127)

and ks are
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‘ Polar ‘ Cartesian
N _mi—élm%(l—g) +m_%l_ m%+8m727€+0(£2)
"" 2021 —¢ 202 1202

Qy 1-¢ vl—f—%

A 0 sin™! /€ R
K \/E sin~! \/E

Raww \/1—5 \/1—5

R W W -1 —1+,/1g£sm—1\/2

where explicit form of kp,,, of the cartesian basis do not fit, so that we expand for small .
By using these values, we calculate | M, cqr| numerically. Input parameters are

my, = 125GeV, v =246GeV, & =0.1,
mw = 80GeV, m, =100GeV, /s =3000GeV . (4.128)

The result shown in Figure 4.28. This shows that when we calculate an observable, these basis
give us same result.

4.9.2 Unitarity Bound

From this process, we can extract the unitarity bound (almost same case in the MCHM).

1

1 _ 1 _
Go = 35— _1d0089./\/l(m] — WiWw;) = 16—7TM(7777 =W W) . (4.129)

4.10 Higgs triple coupling
The SM Higgs triple coupling at one-loop level is

3m? m
N ==L 1— — : 4.130
hith v w2v?m? ( )
In the composite Higgs models, this equation is modified as
3
3mj, m; m, K (§ # 0)
At = —h — ——L g3 z 7 7 4.131
hhh v Fohih m2v?m? Fhet 12m202m3 /@;W,(g =0 (7) ( )

where £}, is already defined above section,

1 1
Ky = =10 K +1 Q0| 2(=i pn)" (=i pa2), | =+ Ay 2(=i o) “(+i 1), |~ (4132)
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When £ = 0, the coefficients of momentum dependent terms €2, and A, are 0 in the cartesian
basis (see Appendix), shown in Figure 4.29. When ¢ < 1, coefficients are

Polar, Cartesian

N §
Qh—(1—§§, —§>,

and zero external momentum limit p, — 0 in (4.132) leads that the third term of (4.132) vanish
in the cartesian basis. The result with €2; = 0 is shown in Figure. 4.30.

However, in order to get consistent result, we must(?) introduce mometum dependent part.
The relevant diagrams are The vertex factors, A,,, Q4, Qun, Ay, A, and Ay, are momentum
dependent. When we impose zero external momentum limit, €., A, and A, vanish. 777777777

4.10.1

Diagram (a’)

(4.133)

A D ~
. cut  JPL —1 ; 3
My = . 20D (= mIp (Khy) ™ - (4.134)
"
where
2
Ky = — 10Ky + 21’7911 ,
8Kk° 12k4
= (Kp) = i g O+ i gy — 1 k%0 Qi 1 0, (4.135)
Then,
A : 6 4
_ cut —1 8k 12k ) _
IMy = i dem (_ZFQ?‘ + ZTQ}leﬁhnn — i 6k%v QhH}Zmn +1 v%f’mn) .
"
A : 6 4
, cut —1 8k 12k _ _
=(—1) /0 d’kp (02 m2)? (+z U?)E QF + ZTEQi“hnn + i 6kHv thim +1 035;0’”]77) :
"

e 1 8k s | 12k 2 2 33
=(—1) i d kE(k%; ) + 3 Qp + Tthihrm + 6kpv Qpky,, + 0 K, |
n

[ 3m; 1 Ok}
= —i
v 12m2n2v?

vk A2 AL +2A2 . m2 1 A?
h;m cut 5 — 61)4/{,2”7779h { t t 277 - lOg (1 + cgt)
dm; (A<2:ut + m%) 4 (Agut + m%) 2 my /.
2A8 4+ 9AL m2 + 6A2 mi A2
+ 30 Koy 7 cut out > ut M _ 6771727 log (1 + Cl;)
(Acut + m%) mn

A2, (A%, +2m?2) (AL, — 6A2, m2 — 6m? A2
i 03 cut ( cut 7]) ( cut cut’’ 'n 77) + ImA log | 1+ —cut (4136)
h 2 7 2
4 (A2, +m2) my
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Diagram (b’)

. Rew —1 . K2 K?
Z./\/lb/ :/0 d k’m (—Z"U/ﬁlhnn + 2’&;@}1> (Z 2—02th)

n

A - 4 2
) cut D +Z k. 9 k
:l/o d kE—(k2E T m2)2 (FQ}Z + %K’hnngh

n

3mj, 1 1 4 2 2 2084 4 Al
= (—7, " ) 12m271‘21)2 ZQthh {BAcut — 6Acutmn - m + 6Acut 10g 1+ W
h cut n n
1, 9 AL 9 A2,
+ =0 Ky Qi {ACu - —m’log 1+ - (4.137)
2 G bO2(AZ, + m2)? " m3

4.11 Double Higgs production at LHC 14 TeV in SO(6)/SO(5)

Let us consider the double Higgs poduction at LHC with 14 TeV. The parton-level differential
cross section is
dé(gg — hh) Ga?

dt - 256(27)3 |:|CAFA + CoFnl® + |CAGA‘2i| (4.138)

where £ is the momentum transfer squared and Fa, F and G are the form factors, defined in
[43]. The total cross section is calculated by

! dﬁgg A

o(pp — g9 — hh) = / dr (s=rs) (4.139)
4m? /s dr
In the SM, coefficients Cx and Cq are
3Im?
SM h
CA 5 _ m2 )
h
CEM =1. (4.140)

In the MCHMSs, there coefficients are modified as

3Im? m
MCHM h t
Ca =- 5 KtKhhh + —=Chhtt,
§—mj V2u
MCHM __ 2
C3 =K. (4.141)

Moreover, we introduce one-loop contibutions to the hhh coupling. kpn, becomes

4 4
m m
t 3 n 3
Ky + Ky, . 4.142
mw2v?m? t 127202m3 hm ( )

Khhh = Khhh —

In this calculation, we set kp,,, = 1 since this effect comes from one-loop diagram. The result
is shown in Figure 4.32.
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4.12 Beyond the Minimal model

The breakdown of global symmetry which is larger than SO(5) generates the extended Higgs
sector. For exmaple, the authors in [9] proposed a model whose global symmetry SU(5) is
kroken into SO(5). The Higgs sector contains one triplet, one doublet and one singlet. Previous
work in [48] lists many composite Higgs models with extended Higgs sector.

4.13 Diphoton execess at 750 GeV

We discuss an extended scalar model which explains the recent results of diphoton excess at 750
GeV at LHC Run IT experiments. An additional singlet scalar boson with the mass of 750 GeV,
which couples to top quarks via a dimension five operator, is produced via gluon fusion and
decays into two photons via loop contributions of a number of (multiply) charged scalar bosons.
Origin of such a dimension five operator would be, for example, in the context of composite
Higgs models. The excess can be explained without contradicting the data from LHC Run I
and also theoretical consistencies such as perturbative unitarity and charge non-breaking. This
subsection is based on [3].

4.13.1 Introduction

Since the discovery of the Higgs boson at LHC Run I [49], the main target of high energy collider
experiments has turned to detect new direct evidence of physics beyond the standard model
(SM). Recently both ATLAS Collaboration and CMS Collaboration reported a new excess in
the diphoton data at 750 GeV with the width about 45 GeV at LHC Run II [50, 51], which
might be the resonance of a new particle beyond the SM. Many physicists have been trying to
understand the new excess based on various ideas, and quite a few papers have already been
submitted until now for a short time[52, 53]. In a large number of the proposed models, vector-
like fermions are introduced to enhance the diphoton decay of new resonance. Alternatively,
there are models in which new charged scalar fields in the extended scalar sector significantly
contribute to the diphoton decay [53].

In this paper, we would like to discuss a possibility that an extended Higgs sector would
explain this phenomenon in a relatively simple way. Although the Higgs boson was found,
the shape of the Higgs sector remains unknown, and there are many possibilities for extended
scalar sectors. Such extensions of the Higgs sector are often motivated to understand phenomena
which cannot be explained in the SM, such as radiative neutrino mass generation mechanisms,
sources of a scalar dark matter and the cause of strongly first order phase transition and CP
violation required for electroweak baryogenesis. In addition, new paradigms beyond the SM
also require a specific Higgs sector in each model.

We here introduce a simple extension of the SM with an additional real singlet scalar field
S and several (multiply) charged scalar bosons. We can assume that the singlet does not have
a vacuum expectation value (VEV). The singlet couples to top quarks (Stztg), whose coupling
originally comes form a dimension five operator St Pt and also couples to charged scalars via
trilinear scalar couplings with dimensionful parameters. At LHC, the singlet field S can then
be produced via the gluon fusion process. The produced S fields mainly decay into ¢ but some
do into diphoton. The observed data[50, 51| suggest that the signal at M., ~ 750 GeV should
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satisfy

ATLAS : o(pp = SX — yyX) ~5+4 fb (95%CL) ,
CMS : o(pp = SX = 7 X) ~9+7 b (95%CL) . (4.143)

We show that by our simple setup the observed signal cross section and the observed total width
['s ~ 45 GeV [50] can be explained without contradicting the data from LHC Run I [54, 55] and
also constraints from theoretical consistencies such as perturbative unitarity [56] and charge
non-breaking vacuum [57].

4.13.2 Model

We consider the following effective Lagrangian for interactions of the singlet field S as
Lot = —y> (0,0 3 i Sprip 4.144
or ==y (Qubar) =YD my 560", (4.144)
q i

where ® is the Higgs doublet field, (bziq are scalar bosons with the electric charge of +¢, and n,
is the number of g-charged scalar bosons. We can assume that the singlet S does not have a
VEV while the Higgs doublet field ® does have the VEV (®°) = v/v/2, where v ~ 246 GeV.
Therefore, only v gives the mass to the quarks and leptons.

The origin of the dimension five operator in Eq. (4.144) would be in the context of composite
Higgs models [58]. For example, in the SO(6)/SO(5) model where the global symmetry SO(6)
is spontaneously broken to SO(5) at the composite scale, there are 5 pseudo Nambu-Goldstone
bosons (pNGBs). They become components of one Higgs doublet and one neutral real scalar
singlet filed in the Higgs sector [59]. This singlet couples to charged fermions as

cot Qf SfoR y (4145)

Eint =1im f 1 f 5
where my is the mass of the fermion, and ¢ is the compositeness parameter, and the mixing
angle cotf; is the Z, breaking parameter which vanishes at 6; = 7/2 where the exact Z,
symmetry (S — —S) recovers.

The existence of charged singlet scalars would also be realized in the context of composite
Higgs models. In the composite Higgs models, the number of light scalar degrees of freedom
in the low energy effective theory is determined by the symmetry breaking structure G/H.
A part of the list for various G/H and corresponding extended Higgs sectors is presented in
Ref. [60]. For example, in the (SO(6))?/S0O(6) model, where the global symmetry (SO(6))? is
spontaneously broken to SO(6), it appear 15 pPNGBs which are decomposed as one real singlet,
two doublets and two real triplet fields [61]. In such a model, we have the singlet real scalar
field S which couples to both t7tz and a number of (singly) charged scalar bosons.

In the following, however, we do not specify the fundamental model which predicts the
Lagrangian in Eq. (4.144). Instead, we consider models with extended scalar sectors with the

interaction in Eq. (4.144) in a general framework and try to explain the excess at 750 GeV in
the recent LHC data.
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For simplicity, we here consider the case where the trilinear scalar couplings ,uflj in Eq. (4.144)
are diagonal and universal, and all charged scalars are degenerate in mass,

,uflj = ué", (4.146)
Mygta = M, Vg, (4.147)

so that there are only two coupling parameters y and p as well as the common mass of charged
scalars m..

The basic idea of our scenario is the following. We assume that the excess is the result of the
production and decay of S with the mass of 750 GeV. The production cross section pp — S+ X
is dominated by gluon fusion of top-quark loop mediation. The main decay mode of S is tt,
so that the production cross section of o(pp — SX) and the total width I'g are correlated and
controlled by the coupling y. From the observed value of ['g, the magnitude of y is determined.
On the other hand, the decay rate of S — v is determined by the top-loop contribution and
also by the charged-scalar loop effect. If the number of charged scalars is not small, scalar loop
contributions dominate the top-loop effect. In such a case, the decay rate is determined by
the trilinear scalar coupling u. In the following, we show that the data of the excess can be
explained by tuning these parameters under the constraint from the 8 TeV data.

4.13.3 Numerical Evaluation

The partonic production cross section gg — S is given by

2
X

GroZ(V5)

) 3
o(gg — S) = T

2
v
ZFf(Tt) J

\/imfA ’

(4.148)

where § is the centre-of-mass energy of this subprocess and 7; = 4m?/$. The hadronic cross
section is evaluated by

1

olpp — SX) =K deﬁgg x (g9 — S) , (4.149)
T

Tg=m2 /s

where dL,,/dr is the luminosity function. We here use MSTW2008 LO [44], and the K factor
is taken to be 2.5 in our calculation [62]. When we take A = v, we obtain

o(pp — S) ~ 0.3y pb . (4.150)

for /s = 13 TeV. In Fig. 4.33, the production cross section of pp — S + X is shown at the
leading order as a function of y for /s = 13 TeV (red) and 8 TeV (blue).

We next consider the decay branching ratios of the produced S. We here assume that
mg < 2m4 so that the charged scalars affect the total width I's only via the quantum loop
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contributions in S — v7v. The decay rates of the singlet S are calculated by

3
N.g*m? 4m?2\ 2
[(S = tt) = —=—=—tmglra|* [ 1 — —- 4.151
(8 =) = gootmglel (1- 75 ) (4.151)
a’g? md
PO =29 = {004m 2,
4 . (4m? 4m2 \ |2
B " == 4.152
Xfftt?)t(m%)‘i‘wfi O(m%) ) ( )
a’*m? m%\*
P = 27) = 55,2 (1 B m_g)
2
X 20 d; + Y Z’;g (Ii — s%q) gJS , (4.153)
~ Cw
where r = )~ _¢°n,, and
Yyv mw
K’S = s K’S = — . 4154
tt Jom, + gmi# ( )
The loop integral functions are defined by [63]
F(r)==2r[1+ ({1 —-7)f(1)], (4.155)
Fo(r)=1(1—71f(1)), (4.156)
and
2
[sirf1 %} for7 > 1,
£lr) = T (4.157)
—i [log{lir 1:} —m} , for7 < 1.
Jy is written by Aff, in Ref. [64] as
Uf  AH
Jr = Ai)g . 4.158
f S 1/2 ( )

The loop contribution Jg is given in Ref. [65]. Our model can be classified by the parameter r,
and characterized by the parameters of y, 4 and my with mg being set to be 750 GeV.
The signal cross section of pp — S + X — v+ + X is then given by

o(pp = SX = 11 X) =
o(pp — SX) - Br(S — vv), (4.159)
where we employ the narrow width approximation, because the ratio I's/mg is smaller than
0.1.

Now we survey the parameter region where the data of the excess at 750 GeV is explained
without contradiction with the Run I data for the process pp — S+ X — vy + X at 8
TeV [54, 55];

ATLAS : o(pp = SX — 97yX) ~ 1.6 £ 1.3 tb (95%CL) ,
CMS : o(pp = SX = vyX) ~ 0.9+ 0.6 b (95%CL) . (4.160)
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If the model contains doubly charged scalar bosons, we have to take into account the constraint
on the mass from the LHC data. In particular, if the doubly charged scalars from isospin singlets
(triplets) decay into dilepton, the current lower bound is about 430 GeV (550 GeV) [66]. On
the other hand, if they are of the complex triplet scalar fields, it can mainly decay into diboson
(W=W#) when the VEV for the triplet is larger than 0.1 MeV. In
such a case, the current mass lower limit is about 90 GeV [67], which is much relaxed as
compared to the case of dilepton decays. If we consider n, (> 1) of doubly charged Higgs
bosons, these bounds should become stronger. We here do not specify the isospin of charged
scalar bosons and also their main decay mode for a while, and we come back to this issue later.

In Fig. 4.34, contour plots of the regions satisfying the data from the 13 TeV Run (red) [50]
and those at 8 TeV (grey) [54] are shown (in the 95 % CL) on the y-u plane for the six models
with » = 1, 10, 16 25, 50, and 65. The region where the width of S is 40 GeV < I's < 50
GeV is indicated by blue shaded regions. We also draw the curve of I's = 5.3 GeV, the current
resolution for the diphoton system [50]. The universal mass of charged scalars is set to be 400
GeV. In each model, there is the region where all data are satisfied. For smaller r, relatively
large p is required to satisfy the data, while for relatively large number of r, ;1 can be lowered
to a few TeV. For instance, for the model with » = 1 where only one singly charged scalar filed
is introduced, the required value of p is 100-200 TeV to satisfy the data. On the other hand,
for the model with » = 65 which corresponds to the models with (ni,ny) = (65,0), (45,5),
(25,10), (13, 13) etc, the required value of p is at most a few TeV.

In Fig. 4.35, the similar figures for the results with the mass of the universal charged scalar
mass m4 to be 600 GeV are shown with the same fashion. We see that the required values of
w for each model are larger than the cases with my = 400 GeV.

4.13.4 Discussion

We here discuss theoretical constraints which limit parameter regions, and then give some
comments on the relation of our model to the new physics phenomena.

First, in order to obtain enough enhancement in the diphoton decay rate of the singlet S,
a larger value of p is required for a smaller values of r. However, taking a too large value
of p compared to mg and m4 possibly causes dangerous charge breaking minima. For the
case of mg = 750 GeV and my = 400-600 GeV, the value of p larger than about 10 TeV is
not favored at all by the similar analysis to the case of large trilinear coupling in the minimal
supersymmetric standard model (MSSM)[68].

Second, the perturbative unitarity bound for scattering processes such as ¢t9¢=9 — ¢t9¢~4
should also be taken into account in the case with a large p. It is known that in the MSSM,
constraints from perturbative unitarity for the trilinear coupling are similar in strength to
bounds from color and charge breaking minima[69]. The unitarity bound on g in our model is
also expected to lead to a similar constraint from charge non-breaking vacuum.

Therefore, from these theoretical constraints, the models with a small » and a large m4
are not favored even though there are regions which satisfy the data of the excess. As seen in
Fig. 4.34, for my = 400 GeV the cases with r = 25, 50 and 65 can be safe from these theoretical
bounds, while for my = 600 GeV only those with r = 65 can be allowed (see Fig. 4.35).

In order to have a relatively large values of r, introduction of a scalar field with a higher
isospin representation would be helpful. For example, in the model with an isospin septet scalar
field, there are many multiply charged scalar bosons ¢=°, ¢*4, ¢=3, ¢*2, ¢* and Ei, which give
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r = 56. The phenomenology of the septet field is discussed in Ref. [70]. We note that models
with a higher representation scalar field than the septet are not realistic from viewpoint of
perturbative unitarity [71].

In our analysis, we only have considered the models with only one real singlet field S.
However, it would also be possible to consider the cases with more real singlets S; (i = 1,--- N).
If they have the common mass and the universal couplings with ¢;fz and with charged scalars,
then the signal cross section becomes N? larger than the case with N = 1. In such a case,
the magnitude of the trilinear coupling can be smaller so that the constraint from perturbative
unitarity and charge non-breaking would be milder. In this case, the excess at 750 GeV can be
explained with smaller values of r.

In our scenario, many (multiply) charged scalar fields are introduced. Such introduction of
many scalars can also be seen in the models for quantum generation of tiny neutrino masses
(so called radiative seesaw scenarios), where neutrino masses are deduced from the extended
scalar sectors at one-loop [72, 73], two-loop [74] and three-loop levels [75, 76, 77]. Therefore, the
excess at 750 GeV would be indirect evidence for such radiative seesaw scenarios with S which
couples to t;tr. In addition, introduction of many scalars can cause strongly first order phase
transition at electroweak symmetry breaking [78], which is required for a successful scenario of
electroweak baryogenesis [79].

For mg = 750 GeV and the observed value of I'g ~ 45 GeV, the branching ratio of S — v~
is required to take values between about 0.6 % and about 3.5 % to satisfy all the diphoton data
for all cases of r and m4.. The data can be satisfied with similar values of the branching ratio
even if the value of the width is smaller than 45 GeV. The main decay mode of S is always
tt, whose branching ratio is larger than 95 %. Produced number of tf via the S decay is much
smaller than the uncertainty in the data of the ¢¢ production cross section at the 8 TeV [80]
and the 13 TeV [81].

In the following, we mention some phenomenological features with speculation. Detailed
study is beyond the scope of this letter. If our scenario is true, the second phenomenological
signature would be the discovery of charged Higgs bosons with the mass to be 400-600 GeV.
In particular, if some of them have double electric charge, the final state would be dilepton
or diboson, depending on their isospin charges and the other parameters. If they decay into
dilepton, the signature is expected to be observed very soon at LHC Run II, otherwise the
model is ruled out. If doubly charged scalars have isospin, the main decay mode can be same
sign diboson. In such a case, the current lower limit is about 90 GeV [67]. In order to detect
the signal around 400-600 GeV, considerable amount of luminosity has to be accumulated.
Finally if the model contains higher order isospin representation scalar fields, their charged
scalar components also enhance the Z~ decay rate by the loop effect, whose branching ratio

can be a few times 1 %. In such a case, the signal of S — Z~ would be discovered in the near
future at LHC Run II.

4.14 Conclusion

We have investigated the minimal composite Higgs model and its variation models. In these
class of models, the Higgs boson appears as the pNGB associated with the breakwdown of
the global symmetry SO(5). The Higgs boson coupling constants are deviated from the SM
predictions depending on the matter representation in the global symmetry. These deviation
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patters of the MCHM variaion models could be diatinguished by the future collider experiemnts.

The MCHM is an analogy of the realistic QCD theory. Moreover, the Higgs bosons can
be identified with the pion, which apeears as the well-known pNGB in Nature. The scatteing
amplitude of 7w — 77 seems to diverge at of order one GeV scale and violate the perturbative
unitarirty. However, the phase shift occurs by a nre resonance and the perturbative unitarity is
recovered. The new renonance is called the rho menson. In the MCHNS, the energy dependence
amplitude for W, W, — W, W, does not disappear. There is no such energy dependence in the
SM. We assume that a new resonance, like the QCD rho meson, appears and the perturbative
unitarity is restored. We can estimate its mass scale by the phase shift imformation beyond
the reach of current collider experiments.

We also investigate double Higgs productions at the LHC and the ILC in order to obtain
constrains on the compositeness parameter £. First, we obtain constraints on ¢ from the data
of LHC Run-I. Second, we calculate the signal strength of the double Higgs boson cross sections
including the Higgs boson decay modes. At the LHC, the signal strength for all decay modes is
enhanced in the MCHMSs. On the other hand, at the ILC, the signal strength of the MCHMs
shows significant energy dependence.

In addition, at the end of 2015, a signal of a new paricle has been found at the LHC. It
appears in the Higgs decay mode of diphoton h — v around 750 GeV. We want to explain this
phenomena in the framework of the composite Higgs models with an extended Higgs sector. A
neutral singlet with the mass 750 GeV and a number of multiply charger scalars are introduced.
We propose this simple model setup and could explain the phenomena. The small number of
the charged scalars does not is prefered because of the theoretical constraints. The perturbative
unitarity and charge non-breaking minima gives us contrains on the masses and the number of
charged scalars.
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Figure 4.34: Contour plots of the signal cross section o(pp — SX) x Br(S — ~v) [fb] on the
y-p plane for my = 400 GeV. The regions which satisfy the 13 TeV data (red) [50] and 8 TeV
data (grey) [54] within the 95 % CL are shown. The regions where the total width of S is in
40 GeV < T's < 50 GeV (blue band) and the curve of I's = 5.3 GeV (blue dashed), the energy

resolution of the diphoton system, are also indicated. From top-left to bottom-right, the results
are shown in the models wish » = 1, 10, 16, 25, 50 and 65.
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y-p plane for my = 600 GeV. The regions which satisfy the 13 TeV data (red) [50] and 8 TeV
data (grey) [54] within the 95 % CL are shown. The regions where the total width of S is in
40 GeV < T's < 50 GeV (blue band) and the curve of I's = 5.3 GeV (blue dashed), the energy
resolution of the diphoton system, are also indicated. From top-left to bottom-right, the results
are shown in the models wish » = 1, 10, 16, 25, 50 and 65.



Chapter 5

Summary of the Thesis

We have discussed two scenarios whose Higgs bosons are composed by the fundametal particle;
a scenario based on the supersymmetric QCD and composite Higgs scenario.

In the supersymmetric SU(2)y QCD scenario, the extended Higgs sector composed by the
six fundamental chiral superfields appear at the low-energy effective theory. We introduce
an additional unbroken Z; symmetry and it ensures the lightest Higgs boson mass could be
satisfied 126 GeV because extra scalar bosons does not get the VEV. The stability of the DM
cadidates is also ensured by the Z5 symmetry. The tiny neutrino masses are generated by the
loop quantum effects in the framework of the radiative seesaw scenario. The extra scalar bosons
which strongly couple to the SM-like Higgs boson enhances the electroweak phase transition
to realize the baryon number asymmetry of the Universe. Therefore, this model could explain
these three phenomenological problems which cannot be explained in the SM, simultaneously.
Fortunately, this scenario could be tested at future coolider experiments because these physics
are related to the TeV scale physics.

In the composite Higgs scenario, we focus on the minimal composite Higgs models and their
variation models. The breakdown of the global symmetry SO(5) into SO(4) leads 4 NGBs
and this corresponds to one Higgs doublet. The Higgs boson couplings deviate from the SM
predictions, which is parametrized by one parameter, the copositeness parameter £. Their
deviation patterns depend on the representaions of the SM particles in SO(5). We make a list
these couling deviations. We could distinguish these MCHM variation models at future collider
experiments. In addition, we assume the existence of a new particle which is an analogue of
the rho meson in QCD. We estimate this mass scale by extracting phase shift imformation
beyond the reach of current data. The double Higgs production at the LHC and linear collider
experiments are also investigated. At the LHC, all signal strength including the Higgs boson
decay are always enhanced. At the ILC, the energy dependence of the productino cross sections
show charastaristic behaviour.

We also study the phenomenological application of composite Higgs models to the diphoton
excess 750 GeV at the LHC. By using the framework of the extended composite Higgs models,
this phenomena could be explained.
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Appendix A

Kinematics of ud — W27 — (vl

We give the explicit kinematics of the decay product, which is sketched in Ref. [29]. The
process considered here is W Z pair production by ud scattering, and they decay purely leptonic:

u(pu)d(pa) = WH(pw)Z(pz) — vi(p,) ! (pi) " (pi,) I (pis)- Regarding u and d as massless, they
only appear as left-handed state in this process. Here we assign their momenta as follows:

u:  py= \/§/2 (1, —sin®, 0, cos O), (A.1)
d:  pi=+5/2(1,sn0,0,—cosO), (A.2)
WJF : bw = (EW70707pV)7 (A3>
Z bz = (E27 Oa 07 _pV)7 (A4)
v py=+/EY — ¢ /2 (1,sinb; cos ¢y, sin 0 sin ¢y, cos 0y, (A.5)
I p,=+\/F%{ — % /2 (1,—sin6; cos ¢1, —sin b sin ¢y, — cos b;), (A.6)
7 p,=1/E%—¢}/2 (1,sin6; cos g, sin O sin ¢g, cos Oy, (A7)
I p, =1\/FE%Z—q%/2 (1, —sin 6 cos ¢a, — sin O sin ¢y, — cos 0a), (A.8)

where we define z-axis along to the W -boson momentum direction, and © is the angle between
P and pyy. The phase space of the final state leptons depends on two polar decay angles (6;, 05)
and two azimuthal decay angles (41, ¢2) from the production plane defined by n ~ p, X p .
Therefore, AL defined in Eq. (4.18) represents the asymmetry between the events that the
charged lepton goes to "above” or "below” the production plane.

87






Appendix B

Generators and eigenvectors
of Composite Higgs models

In this appendix, we show explicite representations of the SO(5) and SO(6) generators and
their eigenvectors.

B.1 SO(5) generators
The SO(5) generators are defined as

(T%R)ij:—% %eabc (0705 — 0567) =+ (5705 — 3367) |
TS =~ (0187~ 0307) B

where TR (ap, ap = 1,2,3) are unbroken SO(4) generators, 7% (4 = 1,--- ,4) are broken
generators. They satisfy these commutators,

[Tor, T =ie® T, [T", T'"| =ie T°", [T°", T"] =0. (B.2)

Above commutators are almost the same in SU(2).

B.1.1 5-representation

The generators in 5 dimensional representation are

F1 0 1 0 —1 0
. —1 0 F1 0 1 0
TR = 1 0], | —1 0 1, F1 0
+1 0 +1 0 +1 0
00 0 0 0 0 0 0 0 0 00 0 0 0
( —1
p 0 -1
T = — 0o |, 0o |, -1 |,
V2 0 0 0 —1
(\1 000 0 100 0 10 0 1 0
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The Dirac gamma matrices in 5-dimension, denoted by I, is

re( o ) () e (B4

12x2

The eigenvectors of T2, Ty are,

0 i 0 —i 0
0 1 0 1 0
1 1 1 1
T — | i ,— 1 0 , — | —i ,— 1 0 .| 0 (B.5)
V2| V2| g V2| V2| g 0
0 —1/2 0 —1/2 0 +1/2 0 +1/2 1 0
0 i 0 —i 0
0 1 0 1 0
1 1 1 1
Ty — | —i , 0 , — | ., — 1| 0 .l o (B.6)
V2| V2| g V2| V2| g 0
0 —1/2 0 —1/2 0 +1/2 0 +1/2 1 0

where subscripts are eigenvalues under SU(2), or SU(2)r. We redefine eigenvectors as follows

! 0
1 (1) 1 0
V(- ) == , V(- = — 7 ,
0 0
0 —1 0
1 0 1 1 0
V4, -) == —1 y U4+ = —= 0 » V(0,00 = 0 (B 7)
V2 1 V2 0 0
0 0 1

with + = £1/2.
B.1.2 10-representation

The 10-representaion is decomposed under (SU(2);,,SU(2)r), 10 ~ (3,1) & (1,3) & (2,2). In
this case, eigenvectors are defined as

1 .
(3,1) : V10 = E(TLI +iT7),  voo =T},
1 1 -2 3
(17 3) : V(0,+1) = %(TR == @TR)> V(0,00 = T,
1o 1o
(2,2) : vryz-1y2) = ﬁ(Tl —iT?), vGaj241/2) = %(Tl +iT?),

1 & 1 &
U(-1/2,+1/2) = E(T?’ —iTY, vaye-1/2) = —=(T° +4T*). (B.8)
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F1 —i 0 —i 0
. —i 41 0 o+ 0
V10 = —= | 1 +i 0 |, voo =3 —i 0 |, (B.9)
EREYC +i Fl 0 v +i 0
0O 0 0 0 0 0O 0 0 0 0
F1 4+ 0 —1 0
. i F1 0 Ll 0
Vo1 = ——= | £+ 0 |, v00 =3 +i 0 |, (B.10)
2v2 —i *1 0 2 —1 0
0O 0 0 0 O 0O 0 0 0 0
—1 —/l
—1 +1
U-1/2-1/2) = 5 0  V1/241/2) T 5 0 , (B.11)
0 0
+i +1 0 0 O + -1 0 0 0
0 0
0 0
1 , 1 .
U-1/241/2) = 5 s V212 T —i |. (B.12)
—1 +1

00 +i +1 0 00 +i —1 0
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B.1.3 14-representation

We can also define the 14-representation generators in SO(5) as

~ 1
. ab a b a b _
(373) . nj _E<5ldj+5j52>7 Cl<b, a, b_la 74
aa 1 asa a+1 ca+1
T = 0 - ), a=12.3
5 a 1 ash a 5

_ 1
(1,1) : T) =

e diag(1,1,1,1, —4).
i 2\/5 g( )

and eigenvectors as

(3,3)
1
v = —= (2T +T" - T%),
(+1,41) 2\/5( )
1 .
U(+1,-1) = ﬁ@ﬂm +1%),
1
v — _Tll _ T22 +T33 ’
0,0) —2\/5( )
1
v = —(=2%T3 + T3%),
(—1,41) 2\/5( )
1
Ul - = —2?:T12+T11—T22 ’
(=1,-1) 2\/5( )
(2,2)
1 .
V(+1/2,41/2) = 2(—T1 - ZTQ)a
1 5 .3
U(-1/2,41/2) = 2(T3 iTY),
(1,1)
UEO,O) = TO

(B.13)
1 13 23 pld 94
v = (=T —iT* =T+ T,
V(1,00 = %(—T13 — T 4 T — T,
V(1,0) = %(T BT T 4 T2,
V0 = %(TB — TP T — T,
(B.14)
Varjamrm = (T 1T,
V2
e = 5 (T =T, (B.15)

(B.16)
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(3,3)
1 2 0 -1 —2 0
1 2t —2 0 1 — 1 0
U(+17+1) =— 1 0 s U(—i—l,()) = —F= -1 — 0 s (B].?)
4 00 2v2 | ;g 0
0O 0 0 0O 0O 0 O 0 O
0 0 -1 42 0
1 0 0 1 —1 —1 0
V(y11) == 1 2 0|, vp0=—=]| -1 —i 0|, (B.18)
4 2% —1 0 V2|, 0
00 0 0 O 0 0 0 0 O
1
U(O,O) :Zdlag(_lu 07 27 _1’ 0)7 (Blg)
1 2 0 0 0
1 —1 1 0 1 0 0
U(O,—l) =—F 1 — 0 s U(—L-&-l) = — 1 —21 0 s (BQO)
2v2 | g 0 4 2 —1 0
0O 0 0 00O 00 O 0O O
1 —2 0 1 —2 0
1 —1 —1 0 1 -2 =2 0
vy =57 L i 0 |, v y=—52 1 0], (B21)
2\/§ —7 —1 0 2\/§ 0 0
0 0 0 0 0 0 0O 0 0 O
(2,2)
—1 0
1 —1 1
U(+1/2,41/2) =5 0 |, va12-1/2) = 3 i |, (B.22)
0 0
-1 —2 0 0 O 0012 0
0 1
1 1 1 —i
V-1/2.41/2) =5 =i |, Us1/2,41/2) = 5 0 |, (B.23)
0 0
001 —2 0 1 —2 0 0 O
(1,1)
1
foo) =—=diag(1,1,1,1, —4) (B.24)

v
(0,0) 2\/5
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B.1.4 SO(6) generators for SO(6)/SO(5) (Doublet + Singlet)

CT,L-C} — _L (5&1'66]' o 5&j56i) 7

V2
ﬂ?L’R = —% %eabc (5“5” - 5bj56i) + (00% — 696" |,
TS = —— (657 — 529557 B.25
ij /2 ( ) ( )

where T%(a = 1,---,5) are the broken generators of SO(6)/SO(5), T*(a = 1,--- ,4) live in
the coset of SO(6)/SO(5) and T%=% corresponds to SO(4) ~ SU(2) x SU(2)g.



Appendix C

Variation models of the MCHMs

As we mentioned in chapter.3, there are many variation models in the MCHMs. They are listed
in [35] except for MCHMy,. In this appendix, we show the matter Lagrangian and effective
Higgs potential of 13 MCHM variation models since gauge sector does not change. We does not
introduce new fermions. The SM fermions are only embedded into SO(5) eigenvectors. The
dimensions of representation are 5 (fundamental), 10 (adjoint, anti-symmetric), 14 (symmetric).
They can be decomposed as

5X N(272)X D (171)X )
10x ~3,1)x & (1,3)x ® (2,2)x , (C.1)
14x ~(3,3)x ® (2,2)x ®(1,1)x ,
where the X is the appropreate U(1)x charge assignment to reproduce the SM U(1)y charge.
We note that untrivial coefficients in the effective Higgs potential (e.g. « and S in (C.4))

are written in terms of form factors. We are not interested in details of these coefficients since
we does not discuss the concrete structure at high energy.

C.1 MCHM;

In this model, all third generation SM quarks are embedded into 5-representation. The first,
second generation quarks, and leptons are omitted since their contributions to the Higgs po-
tential is negligible. The quantum charge assignment are

tr o (1/2,—1/2)as3 by ¢ (—=1/2,—1/2)s3 .
tr t (0,0)ys, b (0,0)_1/s - (C.2)

The effective matter Lagrangian is

copter = 5™ T [y + Sy o)
T'ZtL,tR,bL,bR
+ 0 (M + ST U2 10 (MY + ST U 4 hee. (C.3)

The effective Higgs potential is
Vi, =~ acos®(h/ f) + Beos(h/ f)sin®(h/f) . (C.A4)
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C.2 MCHM,,

In this model, all third generation SM quarks are embedded into 10-representation. The quan-
tum charge assignment are

tr o (1/2,=1/2)9s3, br : (=1/2,=1/2)93 ,
tR . (0,0)2/37 bR . (07—1)2/3 . (05)

The effective matter Lagrangian is

Ematter _ Z [ 10)]61-[7"\1,(10 (E\I’(lo )ﬁHr( 10)2’[)

r=qL,tR,bR
+ MO (2T v (w05

(
q
(10) 0 —(10) 10
DM (20 T MY YET + hee. (C.6)

+ v,
The effective Higgs potential has the same form in (C.4).

C.3 MCHM,,

In this model, all third generation SM quarks are embedded into 14-representation. The quan-
tum charge assignment are

tL . (1/2,—1/2)2/3, bL . (-1/2,-1/2)2/3,
tr t (0,0)ys, b+ (0,—1)as - (C.7)

The effective matter Lagrangian is

ot = 3 [ e 4 (5T g (000sh) + (5T, S et

r=qL,tRbR
M 4 (ST s (0T s Mg (s e s
(14) 14)

+ xp“‘* MW 1 (S0 SHMYSULIS) 4 he. . (C8)

(
qr

(14) st =
YM? (\Ibe X+ 2V
The effective Higgs potential is

Vi =~ asin®(h/f) + Bsin*(h/f) + vsin®(h/f) . (C.9)

C.4 MCHM5_1_10

In this model, (Qr,tr,br) are embedded into (5,1,10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (—1/2,—1/2)2/3,
tR : (070)2/3, bR . (0,—1)2/3 . (ClO)
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The effective matter Lagrangian is
matter (5) (5)
B T + (T S ()
+ T gty

+ T, P + (ST, (e s
+ (@I Med) + T Ml (w05 + hee. (C.11)
The effective Higgs potential is
Vi o~ —Bsin®(h/f) . (C.12)

When we impose the starionary condition, § must be 0. Then, the electroweak symmetry
breaking does not ocuur since the Higgs potential is always flat. This is not realistic model.

C.5 MCHM5_5_10

In this model, (Qr,tr,br) are embedded into (5,5,10), respectively. The quantum charge
assignment are

tr (1/2, —1/2)2/3, bL : (-1/2, —1/2>2/3 s
tR : (O, 0)2/3, bR . (0, —1)2/3 . (013)
The effective matter Lagrangian is
EInatter —\I/ ]quL\I/(5) + (\11(5 ETMHQL(E\I/( ))
= (5) 5 7 (5)
+ W PG+ (T, SOPI (S07)
—(10) 10 —(10) 10
Wy, PG+ (ST, I (0, )
+TOMD + (@O MUEED) + T M (005 4 hee. (C.14)
The effective Higgs potential has the same form in (C.4).

C.6 MCHM5_10_10

In this model, (Qr,tr,br) are embedded into (5,10,10), respectively. The quantum charge
assignment are

tL . (1/2,—1/2)2/3, bL . (—1/27—1/2)2/3 s
tR : (0,0)2/3, bR : (07—1)2/3 . (C15)
The effective matter Lagrangian is
Ematter —qJ(S)]éHQL\I/ + (_(5)ZT)¢H‘1L (Z\I}(@)
T wif%mbw“m + <zw£;°>>¢H2R<w£;°>z*>
+ 00 Mt w5t + T (U5 4 hee. (C.16)

The effective Higgs potential has the same in Eq. (C.4).
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C.7 MCHM5_14_10

In this model, (Qr,tr,br) are embedded into (5, 14,10), respectively. The quantum charge
assignment are

tr o (1/2,=1/2)9s3, br : (=1/2,=1/2)93 ,
tR : (0,0)2/3, bR : (0,—1)2/3. (017)

The effective matter Lagrangian is

élgfatter __(5)¢HQL \11(5) (_(S)ET)]quL (2\]2{(@)

14);511“?\1/“4) + (ST (U 4+ (ST e (s e s
+ \Db;())pan\p 10) + (E‘I’b;O))ﬁan( 10)ET)

7 () ()

+ 0, MUTLIEN + (TS My (ST sh + T MY (008 Fhe. . (C.18)

The effective Higgs potential takes the same form as one given in Eq. (C.9).

C.8 MCHM10_5_10

In this model, (Qr,tr,br) are embedded into (10,5, 10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (—1/2,—1/2)2/3,
tR : (0,0)2/3, bR : (07—1)2/3 . (C]_g)

The effective matter Lagrangian is

re?fatter —\I/ 10)161—[%\1/(10) (2\11(10 )]ﬂ_[qL( 10)ET)

+ TR 4 (T S (sw?)
+ T, P + (S, ) (e s
(10 7, (10)

+ (ST L T 4 (2T M (005 + hee. (C.20)

The effective Higgs potential has the same form in Eq. (C.4).

C.9 MCHM10_14_10

In this model, (Qr,tr,br) are embedded into (10,14, 10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (—1/2,—1/2)2/3,
tR . (070)2/3, bR . (0,—1)2/3 . (CQ]_)
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The effective matter Lagrangian is

matter (]‘0
e =W, TpIEEwlo 4+ (S0 )ﬁﬂ”( 40w
[ thR\If<14)+( e (WIS 4 (ST ST (e s
+\Ifé;°¢n”w;0) <wbR (w0
+ (ST ML (e 4 (5T )M( w950 4+ hee. | (C.22)

The effective Higgs potential has the same form in Eq. (C.9).

C.10 MCHM14_1_10

In this model, (Qr,tr,br) are embedded into (14, 1,10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (-1/2,—1/2)2/3 5
tR . (0,0)2/37 bR . (07—1)2/3 . (023)
The effective matter Lagrangian is

Ematter - 14)]61‘[(&\1] 14) + (E\If

ﬁHtR\I/
+ Ty w0 (ST e (w105
+ (ST )ET)Mtqf“) ST MO + e, (C.24)

(14) —(14)

P (VO + (ST s hpg (Su s

The effective Higgs potential has the same form in Eq. (C.4).

C.11 MCHM14_5_10

In this model, (Qr,tr,br) are embedded into (14,5, 10), respectively. The quantum charge
assignment are

tL . (1/2,—1/2)2/3, bL . (—1/27—1/2)2/3 s
tR : (0,0)2/3, bR : (07—1)2/3 . (C25)
The effective matter Lagrangian is

14) —(14)

Ematter —\I’ ﬁHqL\I’ 4) + ( )pHQL( 14)2T) + (E\Ij
T, g w ) (qf“)zT)thR(m( ?)
+ Ty IO (ST pie (w05
+ (ST, )M + (5, SHMESEE) + (ST, ) MIUEIE) +he. . (C.26)

zT)mgL(zquf)zT)

The effective Higgs potential has the same form in Eq. (C.9).
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C.12 MCHM14_10_10

In this model, (Qr,tr,br) are embedded into (14,10, 10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (-1/2,-1/2)2/3 >
tR : (0,0)2/3, bR . (0,—1)2/3 . (027)
The effective matter Lagrangian is

matter = (14) —(14) =(14)
matter . VLW 4 (2T, V)pI (PIOE + (ST, T Shplg (e st

—(10) —(10) 10
R ) | A N O SR P Ll F b ol
+ T, a0 (ST e (w05

+ (ST MO + (ST M 0Sh 4. (C.28)

q q

The effective Higgs potential has the same form in Eq. (C.9).

C.13 MCHM14_14_10

In this model, (Qr,tr,br) are embedded into (14,14, 10), respectively. The quantum charge
assignment are

tL : (1/2,—1/2)2/3, bL : (—1/2,—1/2)2/3,
tR : (070)2/3, bR : (0,—1)2/5 . (029)

The effective matter Lagrangian is

copser e w 0 4 (ST ) (WIS 4 (ST S (e s

E q
T P (S0, (S + (T, s (Se s

—(10) 10 —(10) 10
+ 0, I 4 (ST, I (E Y s

+ W, MY+ (50, MERRIST) + (5T, VS My (ne s
+ (ST MUV + b, (C.30)

The effective Higgs potential has the same form in Eq. (C.9).



Appendix D

Decay Rates and Branching Ratios
of the SM Higgs boson

In this appendix, we show the calculations of the Sm Higgs boson decay width and branching
ratios.

D.1 Input parameters and Notations

Input parameters for numerical calculation are

Gr =1.16637 x 107° ,
o) = 137.035999166 ,
my = 91.1876 , (D.1)

and

my = 80.93875164,

my = 125,
ms(1GeV) = 0.1,
mPole = 1.275,
mPe = 4.87,
mP = 173.2,

mPole = 1.77682,
as(my) = 0.1184,

cos Oy = my /mz,

sinfy = /1 —m2,/m? . (D.2)

where all dimensionful parameters are in GeV unit. In the following, we denote quark pole and
running masses as

e the quark pole mass = M,

e the quark running mass at scale p = m,(u)
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D.2 List of corrections

o h — 7T

— Electroweak correction [82]

— Higgs-self coupling correction [83]
o h — cc, bb

— Electroweak correction [82]
— Higgs-self coupling correction [83]
— QCD corrections : ag(u)[84], mg(1)[84] , - - - [85]

h — VYK

— Vector boson decay : three- and four-body decay [86]

— Electroweak correction [86]

— Higgs-self coupling correction [83]

— Interference effect : h - WtW~/ZZ — {tvl~v (Neglected)

e h— gg
— QCD virtual correction [87] and [8§]

— Electroweak correction [89]
o h— 7y

— QCD virtual correction [88]
— EW virtual correction [89]

h — Z~

— QCD virtual correction [90] and [91] (Neglected)

The interference effect to h — V'V becomes important when the Higgs boson mass is close to
the vector boson mass threshold, m;, ~ 2my. We neglect its effect because the SM Higgs boson
mass is 125 GeV. The QCD corrections to h — Z~ is very small about ~ 0.1%. We then omit
it.
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D.3 Running of Strong coupling constant and Quark
masses : RunDec [84]

D.3.1 Strong coupling constant

The strong coupling constant up to four-loop is evaluated by

(Nf) (Ny)

o d (Ny) s (M) "
ud—/ﬂ ZB (—) : (D.3)

where Ny is the active flavour number, p is the scale and

1 2
ﬁoz_{n_gw

1
By = 6—14 {@ - %Nf + 35245Nf]
B = 2—;6 [149753 + 3564C; — (1012261 - 622863) Ny (% - 6;1—12@,) N? %Nﬁ} :

(D.4)

with ¢; is the Riemann’s zeta function, (, = 72/6, (3 ~ 1.20206. By solving (D.3) iteratively,
we obtain

ongf)(N) 1 1 51 1 B 2 P
T TRl (elPh BT Gy {5_ (log” L ~log L ~1) + 50}
1 B 3 5., o 1 B152 B3
+(50L)4 {B—g <—log L—|—§10g L+210gL—§)—3 2 1gL+2—ﬁ0] (D.5)

with L = logu?/A2. A, called the asymptotic scale parameter, is determined by ongf )(,u =

my) . For example, by using a certain root-finding method, it can be easily obtained as

myz = 91.1876 GeV, ang)(mZ) = 0.1184 and Ny =5 (except for the top quark)

[ NLO | NNLO | NNNLO | NNNNLO |
A [MeV] | 89.91 | 231.35 [ 213.078 | 213.069 |

These results are in complete agreement with RunDec .

<<RunDec.m

LamImpl [asmZ/.NumDef ,Mz/.NumDef,5,1]
0.0899122

LamImpl [asmZ/.NumDef ,Mz/.NumDef,5,2]
0.231353



104APPENDIX D. DECAY RATES AND BRANCHING RATIOSOF THE SM HIGGS BOSON

LamImpl [asmZ/.NumDef ,Mz/.NumDef,5, 3]
0.213078
LamImpl [asmZ/.NumDef ,Mz/.NumDef,5,4]
0.213069

These results are in GeV unit.

D.3.2 Flavour threshold corrections to strong coupling constant

Next, we introduce flacvour threshold corrections. As I mentioned, contributions from the

particles whose masses are lighter than the charm quark can be negligible, since I concentrate

on my, =100-200 GeV. Therefore, T only calculate these corrections at u = m?*, m?P*

At the threshold, we demand
o a,(u=myz)=0.1184 is fixed.
e o (= M, and M,;) is continuous.

The relationship of the strong coupling constant between the effective and the full theory is
Ny—1 N
o™V () = 2al™ () . (D.6)

* =My

We already know the running behavior of a¥s=5) (;1). The running of o (1 < M,) is calculated
by

o () = (€% (1, My))” @l (1) (D.7)

where (25(p, My) is the threshold correction at = M ;
(5) 2 (5) 2 2 2
0s 2 as”(p) (1. p as” (w) 719 1 5pu
M) =1 “Clog £ Qs W (LL _ee B4 g2 H
(G2 My))" =1 = ( 6 %nz) T\ = 21~ 24 %802 736 A

(5) 3 2
s 58933 2 1 80507 8521
+<O‘—(“)> [———gcz (1+—10g2> G ———1o L

- 124416 3 T 27648 T 1728 S M7
131, 1 2 2479 G 409 | p?
o2 et g (2 2 g ) DS
576 ° M2 216 0 M? 31104 9 " 1728 87 (D8)

In order to connect continuously at pr = M;, we must consider a compensating constant, 6¢;* :
g 2
8¢ = (¢ (M, My))™ ol (M) — o) (M) (D.9)
Then, below = M,, at” (p) is rewritten as the function of af? (1)

a® (1) = (¢ (p, My))? @ () — 563 (D.10)
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* =My

Following same procedure, one can easily obtain a result of ozgj)(,u > M) .

I SN O VRN D.11
(CE?S(,u, Mt)>2 s (:u) s (N) ( )

where CES(M, M) is the threshold correction at u = M, ;

(5) 2 (5) 2 2 2
1 as (p) (1. p as” (1) R I N TN
B S “log 12 L g 4 02 B
(COS(yn, M) T (6 3z) T\ 7 24 T3 a2 T35 %

SIS 2
s 58933 2 1 80507 8941
(a Ww)) + gc—g (1 + = log 2) + (3 + log o

124416 3 27648 " 1728 8 M2
511 p? 1 T 2479 ¢ 409 T
g X p 1ot 5 2 g
576 %8 a2 T 216 O M2 31104 9 1728 2 M2

_|_

(D.12)

In order to connect continuously at p = My, we must consider a compensating constant, 6¢;* :

1
0 = ———alP (M) — P (M) . (D.13)

(65 (i, M)

Then, above pu = M,, agﬁ)(,u) is rewritten as the function of ags)(,u)

0O () = —— () — b (D.14)

(€O (1, My))*

In the following, I omit the superscript (Ny). The running behaviours are shown in Figure D.1.
In RunDec, the authors numerically calculate the differential equation, (D.3) . The difference
is shown in

D.3.3 Qurak running mass : RunDec

The running quark mass at the scale p is given by

mq(,u) C(Oés (:u)/ﬂ-v Nf)

- D.15
malpa)  clas(po) /7 N (D4
with
_0lB o @) 1 (ﬂ B 5170)2 Y2 Bim, B Bl oo
ol Ny) = {1+(ﬁo 7 “2[ wor) e ® T w &
e (ﬂ B 51%)3+1 (ﬂ B 5170) (ﬁ _ B Bt 52%)
6\5 5 2\B B B B 3 3

1/ Bie  Bin Bn B 515270_53%) sU
10 L S B R e ]‘”} (D10
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2 5 10 20 50 100 200
u GeVv

Figure D.1: The scale dependence of the strong coupling constant : as(u). (NLO, NNLO,
NNNLO, NNNNLO) = (cyan, black, green, red)

and
Yo = 17
C 1202 20
N=16 3 o ]
1 2216 160 140
= — 1249+ | —=— — —(3 | Ny — — N}
2 64[ +( 27 3 g3> S f}’
1 [4603055 135680 01723 34192 18400
= — 8800 - - 880 N
V3 256[ TSIEET, € C5+< 5 5 (3 + 880¢y + C5) f
5242 800 . 160 332 64
S TG - G N2 [ — 4 ) MR D.17
+(243+9<3 354) f+( 243+27C3> f] (D-17)

with (4 >~ 1.08232, (5 ~ 1.03693.
Eqaution (D.15) says that if we know the mass at g, my(p0), we can calculate the mass m, (1)
at the arbitrary scale p. We evaluate my, (1) as my(M,) by

N
as(M,)\? | 3019 2 1 711 4 M,
- — 2 — =(log2 + = — 4 -GIN-=Y"A
+( 7r ) oss 22T glelos2 GGt | gy gt | N 322,: M,

+ (M)g [zﬂf)(Mq)} (D.18)
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s 20 — —— g 20 S N

— —
< 1 One-Loop 18 Two-Loop
gv 10 gv 10
= 3 c 3,

512 o5 513 o5

e 8 g8
T2 00 T2 00
~|En ~|En
§ S _05 § S _05
2| 100 o 4 10t o o

2 5 10 20 50 100 200 2 5 10 20 50 100 200
u[GeV] u[GeV]

3 20— —— —— g 20— —— —
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I 3, c 3, [
2oy 0P 2oy 05
< 8 S| &

‘|2 00 T2 oo _
~|wn ~|[Xwn
3|s —0.5/‘/ 3% _os5
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2 5 10 20 50 100 200 2 5 10 20 50 100 200
u[GeV] u [GeV]

Figure D.2: The scale dependence of the strong coupling constant : «as(p). (NLO, NNLO,
NNNLO, NNNNLO) = (cyan, black, green, red)

where M; are the light flavour masses, a function A defined in [92] is approximately written as

(0

A(z) = o 0.597z + 0.2302° (D.19)
and
2B(M) = —9;152?23 + % In*2 + (—621281 + ?77 In2+ % In 2) (o — S—;Cg
. 3443725 ot 11;29 oo — 1291765 ot %0 ot N {22436362483 B 8_11 Lo
T (%+ Zin2- %lnzz) ot s — oot %m}

2353 13 7
2 —_— _ —
l { 23328 547 54431' (D.20)

with aq = Liy(1/2)(see Appendix) . Then, running masses of bottom quark and charm quark
(top quark is too heavy) are evaluated as

o cla(p) /7, Ny)
be(tt) = My (M) C(as(Mb,c)/ﬂ-ny)' (D.21)

The threshold corrections to running quark masses are also shown in RunDec [84] .



108APPENDIX D. DECAY RATES AND BRANCHING RATIOSOF THE SM HIGGS BOSON

e my at u = M,

The threshold correction is only introduce at p = M; since I focus on m; =100-200GeV. The
relationship is given by

1

(6) (5)
m = ———m . D.22
b (:u) Cﬂqs(u’ Mt) b (:u) ( )
ml(f) (u) is expressed as
(5) c(as(p)/m, 5)
= M = My-M, D.23
my, (lu) mb( b) C(OZS(M[))/TF, 5>’ 2 b t ( )
and
Lo (N 89 5 et ot (as())T [ 18T
COS(u, My) s 432 36 M2 120 M2 s 2916
407 1 299 p? o 299, p?
—(3— = —B —— ——1In
T 562 C‘* G < 2502 © C‘“”) T aR
35 u? 1327 2 53 ,u2 1 >
— —In® -+ = —In? :
216 A7 ( 1661 27 T M T s ™
(D.24)
with n; is the light flavour number, n; =5 ; and
1 13 2
A compensating factor is also introduced, 0¢y;" .
1 (5) (5)
0Chr, = COSTaL, M) (My) —my, " (M) - (D.26)
Threfore, ml()ﬁ) (> M) is
1
(6) (5)
U) = ———— — Gy D.27
e m. at u= M,
Following the same procedure,
1
(5) (4) D.28
) = o™ ) (D.25)
mtY (u) is expressed as
s 4
() = m (M) DAy, (D.29)

clas(M.)/m,4)
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and
L (e (80 5y e L s (e} 18T
COS (1, My) T T432 736 MZ 12 M2 T 2916
407 1 299 W2 299, 2
=20+ =B+ (-2 2y
561 C“L 364 ( 2592 © C3) A a2t R
35 . 2 1327 2 53 2 12
22 e A Ly .
216 M2 ( 66t 27 T am M T s ™ e
(D.30)
with n; = 4 . The compensating factor is also introduced, oy .
1
6Cme = —— WM — mP(M,) . D.31
CMb C%S(Mb’Mb)mc ( b) me ( b) ( )
Threfore, m,(;5)(Mt > > M) is
1
() (4) 5 D.32
me” (fh Chr, - :
() = omrgy ) - (D.32)
e m. at u= M,
1
6)(,,) — (5)
m = ———m . D.33
¢ (1) IR (1) (D.33)
mt (u) is expressed as
1
G, — ) (1)) — §¢me = M,-M, D.34
me (M) gnQLS( ’Mt>mc (M) CMb7 K b4Vt ( )
2 2 3
1 s (W 89 +31 R R L (osln) 1871
COS(, M) ™ 432 36 M2 12 M? 7r 72916
407 209 p2 299, 2
=20+ = i Bt
T 562 C‘* Bat < 2502 © C‘”’) RV RV RV
35 . 2 1327 p 53 L
My P N el —mr )
216 = M? +”l( 11664 T 27 T a2 A T 18 A
(D.35)
with n; = 5 . The compensating factor is also introduced, ¢y .
seme — — L O g — mO (M) (D.36)
Mo COS(My, My) ‘
Threfore, m” (> M) is
1 m,
m® () m® (n) — 8¢ - (D.37)
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D.4 Decay Rates of the SM Higgs boson
D.4.1 Leading order formula of h — ff

The SM Higgs boson decay rate into fermion pairs with no corrections are

/2

_ Gth AMEN®

T — fF) = N M2 (1 ) (D.38)
“aor ! m3

where the colour factor N¢ is 1 for leptons and 3 for quarks.

D.4.2 Higgs-self coupling correction to h — ff

The Higgs-self coupling correction is introduced as [83],

L(h— ff)= Ft]“ee(h — ff) (D.39)
with
7 e Ve TR oo
and
ap, =1,
by = g + 2 — 6y — 3mV/3 + 12Cly(7/3)V/3. (D.41)
ap, = —12 + 27r\/§,
by = 2L _ 96¢(2) 4+ 90C5 — 675 — 487Cly(m/3) + 116mv/3 — 216Cly(7/3)V/3 — 162K5 (D.42)

2

where g is the Euler’s gamma, Cl, is Clausen’s function and Kj is evaluated in [93],

Cly(/3) ~ 1.01494
K5 ~ 0.923632, (D.43)

and their analytic forms are

Cly(z) = ' [ng(exp(—zz)) Lis(exp(+iz))] (D.44)

Ks = / dx/ dy— log{ [1 tag+ay— (L ag +a,)? - 4%@4 } (D.45)

11—z 1 4z
. Cb,=-(1 1 D.46
a, = . —2< -I—1 z) ( )

where Lis is the di-logarithmic function or the Spence’s function, see Appendix. Its maginitude
at my, = 125 GeV is

Z
Z—h ~ 1.00171 . (D.47)

w
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111
QCD corrections to h — qq
For the case of h — gq, (D.38) is modified as
/2
G Fmy, 4m2(mh) }3

I'(h — qq m2(m 1 - —— [1+A my) + A(m —I—Amixm]

(= am) =Ne S ) {1 - 22 acp(ma) + 24(mn) + Ay mn)

(D.48)
These corrections can be seen [94], [95], [96], [97] and see also references therein

s ()]

-]
aSmh>

10801

39 65 1
— 2_— —_—— —
14 2<3+( 2t C‘”’) ]
6163613 3535 , 109735 815
7T _
5184 216 1 127

5 2_1< )
11664 162 3>3)

39.34 — 220.9N; + 9.685N7 — 0.0205Nj:]
5.6667@8 - 29.147as +41.7584

_|_

045 mh

+

&
(-5 + 2 2—77 '+ 226 20— 06 ) Ny
( 511

5 —825.7a; .  (N;=5and a, = ag/m) (D.49)

2 2 2 2
as(m my, mb(m ) mb(mh)
3.111 — 0.667 log 10 +41o 1

) [oan oo gh e {0 g s[5
2 2
50.474 — 8.167log 5 — 1.278log” ﬂ}

i M7
2
+ O‘S(mh)) _i{ mj,

+
/‘\/‘\/‘\/\
S
ﬁ/\
S
v
| — |

™

t
2 2 2
GFmt > 1—4.913 (M) + {_72117 —90.945 10g m_};} (Ols(mh)> |
sV m M;

(D.50)
2
Apix(mp) = (0.472 3, 336mb(mh)) Qom(Mn) g 455 (M) + 1.301O‘em(mh)2as<mh) .
mh T u ™
(D.51)
p=125GeV [LO|] NLO | N’LO | N’LO | NILO |
Aqep || 1 ]0.203819 | 0.0377072 | 0.00194306 | -0.00138192 |
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w =125 GeV H bottom ‘ charm ‘
Ay 0.00968457 | 0.00969446
Apix 0.00119462 | 0.00119717

D.4.3 EW corrections to h — ff
The electroweak corrections to h — ff [82] is given by

FEW(h — f_f) = Ftree(h — f_f) X (1 —+ 6EW)
= Tuee(h — ff) x (1 — Ar + 2Re(ATyw)) (D.52)

These terms can be found in [82]. Its magnitude is shown in Figure D.3.

0.00¢ h R bB ] 0,03} h — TT

-001; ’ 002
= = :
jim} @ [
5 ~002 15 oo1f \

003 ] 0.00"

-0.04f i

L L L L L - 0.01 j\ L L L L
100 150 200 300 500 100 150 200 300 500
m, GeV m, GeV

Figure D.3: The electroweak corrections to h — bb and h — 77 as a function of m,.

w =125 GeV H bottom \ charm \ tau \ mu ‘
Agw [ -0.0121212 [ 0.015023 | 0.0154297 [ 0.015437 |

D.4.4 Leading order formulae of h — V'V
The decay rate into vector bosons (V = W, Z) is

3

2
tree _ g my, — _ § 2
r<h—-Vvv)= 61287T_m%/ V1—2ay (1 Ty + 4ZL‘V> (D.53)

where zy = 4m? /m? and § = 1 for Z boson, 2 for W boson. The above equation is only valid
above the V'V threshold, m; > 2my .

D.4.5 Higgs-self coupling correction to h — V'V

The Higgs-self coupling correction is

D(h— VV)=T"h = VV) x (1+dpyv) (D.54)
with
19 572 33«7 Grm
Sy =N | — + —— — N2 % 0.971 N = h D.
RVV <8 + 2 1 )-i— x 0.97103, NG (D.55)
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D.4.6 Off-shell vector boson decay to 4 massless fermions

Below the V'V thresholds, virtual gauge boson decay modes become important. The decay
width into massless fermion pairs is given by [98]

2

1 (™ my 'y /(mh_‘h)2 my Ty
L(h—V*V* =— dq? da? TV (2 a2 m2
v w?/o et I3 Jo BlE =)+ Ty o (4 BT
(D.56)

t —my) +mi

where ¢}, ¢3 are virtual gauge boson masses, 'y and my are their total decay width and masses,
and T} is

Grm3 12¢%¢2
LY (g1, a3, mp) = 6y ——=\/ M}, 3, m, l)\ gy, mp) + — D.57
0(91 3, ™M},) V16\/§7r (a1, & h) (41, a3, m3p) m% ( )
with
r o y\? o wy
Az, y, :(1————) 4 D.58
()= (1-2-2) -2 (D.58)
and
ow = 2,
0, = 1. (D.59)

D.4.7 Electroweak corrections to h — 4f

The electroweak corrections and top mass effect are calculated in [86]. The exact evaluation
formulae are too complicated because the 5-point one loop function is required. We here use
the improved Bron formulae. It can be found in (6.1) of [86].

D.4.8 Leading order formula of i — gg

The dominant contribution is the top quark loop effect. I take into account bottom effect for
numerical calculation. The leading order decay width is

2

2.2, .3
D = 99)ho = Jo8 i | 2 1+ (1= ) ()] (D.60)
where 7; = 4m?/m? and
2
1
f(r) = s (Vi) = (D.61)

The QCD corrections to this process are calculated in [87]. The above equation is rewritten as

Ozs(:lh)}

I'(h— gg) =T(h — g9)lLo [1 + E(1g) (D.62)
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with

95 7 33 — 2N 2
h

1 is the renormalization scale which is taken to be my,.

The NLO QCD correction to h — gg is riginally calculated in [87]. However, the authors in
[88] pointed out that the formulae contains some typos. And they show the explicit formulae
of this correction as functions of the harmonic polylogarithmic functions, defined in [99].

The EW correction is also calculated in [100] as functions of the generalized harmonic
polylogarithmic functions.

D.4.9 Leading order formula of h — v

The dominant contributions comes from WW and tf loop effects. We take into account bottom
and charm quark and tau lepton for numerical calculation.

a?g
['(h — h Nei 2F D.64
(b =) = {743 miy | - ;W ‘ (D-64)

where e; is the electric charge in units of e and
Fy=24+37+37(2—-71)f(1), (D.65)
Frjp = =27[1+ (1 =7)f(7)], (D.66)

where subscripts mean particle spin, f is already defined in h — gg .

D.4.10 Two-Loop : EW and QCD corrections to h — vy and h — gg

These corrections are calculated in [101] in terms of the Harmonic polylogarithmic funstions.
The QCD and EW corrections are found in [99].

D.4.11 Leading order formula of h — Z~

This channel is dominantly originated from the W and tt loop effects. We take into account
bottom and charm quark and tau lepton effects for numerical calculation.

2 mg 3
m (1 - —§> : (D.67)

mpy,

1

ag
A A
47rmW( W + F)

Ay = —cot QW{4(3 — tan® Oy ) I (Tw, Aw)

+ [(1 + %) tan? Oy — (5 + %)} I (Tw, AW)}, (D.68)

—2e4(T} — 2e5 sin® Oy)
Ap=) N, L(75, Ap) = Loy, A D.
) Jgt:b ’ sin Oy cos Oy, [ (755 Ap) = La(7y, A)] (D.69)
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where vaiables 7, Ay, Ty, Ay are

Tf = %a Ar = 4_77?7 ™w = ﬁ, Aw = ﬁ, (D.70)
my, my my, my
and functions I, I are
L) = =% a1+ @) - g, (D7)
N = 5@—1) T 2(a—b)2 (a—py2 Y 790 '
Ba.b) =~ [F() = 0], (D.72
s = VT ot (V)] = (D.73)

VT -1 [log <1J_r\/—— Vi:) — iﬂ] , T<1

D.5 Scalar boson couplings in SO(6)/SO(5)

The Higgs- and singlet-coupling constants are defined as follow.

h2

1 2 h 772
Eeﬁzi(é’uh) 1+2Ah;+Ahhﬁ+Am]§+

1 h B2 n?

+§<8“n)2 (1—|—2Qh ;—f—th ﬁ—FQm] F_F)
h

+ (9,h)(0"n) <Anﬂ + Ahnn_g + .. )

h h? n?
+ Z
|:mWW W ,u+ 2 Z Zli:| (1+2’%hWW;+KthWF+KW77WW§+"')

—f h h2 n 772
— mpp ik (1 + Rhify, + Fhnff s + Rnss, + Rt 2 +o

o eff(h7 n)‘car,pol ’ (D74)
with
¢ 2 @ 29 2@
Ve (h, = acos® = + Bsin —><—+781n —cos” = X — | D.75
Vet (h,n)] ; = @ X O(6, ¢,9) cos® 29 + Bsin? ¢ cos® = + v x (0, ¢, 1) sin” 29 cos? ¢ cos® = 4 :
P f f f f f f
(D.76)
The scalar-self coupling constants are defined by
0" Vest
m = )‘(]51 b X Ky oetpy - (D77)

where x is a dimensionless parameter. Therefore, scalar triple coulings are

O Ver__ 3mi P Vg
OhOROR v ™M Ohonon

=V Kpyy,  the others are 0. (D.78)
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and quadruple couplings are

D3Vt Smh Vg PVog

A — = the oth ,
OhOROROR w2 MM Bnananon T T Buapanan T e others are 0

(D.79)

o mi [ =g 201 - ¢sin! VE
A T 21— E)VE

m2 [ (9 — 106)v/Esin ™! /€ — 46y/T— € — 63/T— £(1 — 2¢) (sin~! \/5)2]

= [F - sini/lg\/f}

V2

CUZ P = | 2(1 — £)y/Esin €

% |9+ 3¢ —4y/(1 = &)Esin ' €
(i T VEP

on { VIO - (1—sin”! \/E)]

€q.3  Kynyy =

(1-8)¢

1—1-\/78111_1\/_]

12
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‘ ‘ ‘ Polar Cartesian
Ay 0 0
App, 0 0
§
A 0 -1
m + (sin™!/€)?
VE
Q 1-— v1—§&—
" ¢ ¢ sin~! /€
3¢ 4y/(1 =€)
Qnn 1-—2¢ 1—2§+(,_1\/_>2— ST e
—1
Q, 0 o4 e (sin \/_)
: —1
A, 0 sin~' /€ _ i/lé_‘
sin

Apy 0
Khww V1-¢
KhhWww 1—2¢
KW W —1

T—2¢
i VI=¢E
Khhff —2

1

Eonff D)

T—2¢
Khhh m

mj, — 4m; (1 —§)
Khan - 2 7 =
2
1—F(1-¢)X¢

Khhhh 1=

Table D.1: Couplings to scalar bosons. Red cells are not in agreement with [46] .
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‘ (k1 H Polar ‘ Cartesian
Ay, 0 0
App, 0 0

§
Ay 0 : —§
1- = _S
n 5¢ 3
Qi 1—92¢ —g
2¢?
Qn 0 e
A, 0 &
|- ¢ 1
RKhww 5 5
KhhWW 1—2¢ 1—2¢
1 §
Kvm)WW - _§
3 3
1—= 1-=
Khff 56 56
Khhf —2€ —2£
1 2
Konff _% _§§
Khhh 1- 55 1-2¢£
Khan
Khhhh 1-—¢ 1—-—=¢

Table D.2: Couplings to scalar bosons for small £. Red cells are not in agreement with [46] .
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