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Abstract

In this Ph.D thesis, we discuss electroweak baryogenesis in extended Higgs models. Despite
the standard model has been established by the discovery of the Higgs boson, there are still
some problems, which cannot be solved by the standard model. The baryon asymmetry of
the Universe is one of them, and the particle and anti-particle asymmetry should be generated
after the inflation: baryogenesis. Electroweak baryogenesis is one of the baryogenesis scenarios,
the scale of which is the electroweak scale. Unfortunately, electroweak baryogenesis cannot be
realized in the standard model, however, it becomes possible by considering the extended Higgs
sector. Models for electroweak baryogenesis can be tested in future experiments, so that they
can be well motivated to explore beyond the standard model. In the scenario of electroweak
baryogenesis, electroweak first order phase transition and new sources of CP violation are
needed, and new physics effects causing them appear in many physical observables. In this Ph.D
thesis, we propose viable models and scenarios for electroweak baryogenesis under the current
experimental data, and study phenomenology of the model. We discuss the phenomenological
consequences of the first order electroweak phase transition and the CP violation in the extended
Higgs models, and discuss how to test the model in future experiments. Especially, we focus
on the H*WTZ vertices, and we point out that it can be a probe of the CP violation in the
model. We also discuss the Landau pole problem, which is known as a theoretical problem
of electroweak baryogenesis. We find that this problem can be remedied by giving a new way
to treat it. We also discuss an extended Higgs model with the U(1)p_; gauge symmetry, in
which the problems of not only the baryon asymmetry of the Universe but also the tiny mass
of the neutrino and the relic abundance of the dark matter might be solved. We show that the
problems of the neutrino mass and the dark matter can be solved under current experimental
data.
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Chapter 1

Introduction and summary of thesis

1.1 Introduction

For almost a century, the theory of elementary particle physics has been developed. The Stan-
dard Model (SM) [1-8] is a model for the electroweak and strong interactions of the elementary
particles. Various phenomena of the particles are explained by the SM, and so far, almost all
results in high energy collider experiments, flavor experiments, cosmological observations, and
so on, are consistent with the prediction in the SM. By the discovery of the Higgs boson [9]
at Large Hadron Collider (LHC) [10,11], the existence of all the particles in the SM has been
confirmed, so that the SM has been established as the most successful theory in particle physics.

However, the SM is not the perfect theory, because there are some unsolved problems Be-
yond the SM (BSM). The SM includes the electroweak and strong forces, but the gravity is
not. There are large hierarchy between the Planck scale for the gravity (O(10'%) GeV) and
the electroweak scale (O(10%) GeV), which inspires extension of the SM with the supersymme-
try [12], technicolor theory [13,14], extra dimension [15], and so on. We do not know the origin
of these forces. It is still a mystery whether the electroweak and strong forces are unified or
not (Grand Unified Theory: GUT [16]). In the SM, there are three generations for the quarks
and the leptons. All the fermions in the SM get their masses from the Higgs boson, but the
strengths of the Yukawa couplings are greatly different among the flavors. This flavor structure
is also one of the problems in the SM.

In addition to the theoretical side of the problems beyond the SM, we have already known
some phenomena in the experiments, which cannot be explained in the SM. For example, there
are three big phenomenological problems, the mass origin of the neutrino mass, the problem
of the dark sector, and the origin of the baryon asymmetry of the Universe. In the SM,
the neutrinos are massless. However, by the observation of the oscillation of the atmospheric
neutrino, the existence of the mass of the neutrino has been verified [17]. By the cosmological
observations, it has been confirmed that the dark matter occupies almost 25% of the total
energy of our Universe, and almost 70% is the dark energy, which accelerates the Universe
expanding [18]. No candidates of them are contained in the SM. As visible contents of the
energy density of the Universe, the baryons occupy the remaining almost 5%, while the anti-
baryons have not been observed in the Universe [18]. This means that our Universe is baryon
asymmetric, and the origin of the Baryon Asymmetry of the Universe (BAU) cannot be solved
in the SM.

Due to the remaining problems, it has been believed that our nature is described by a more
fundamental theory beyond the SM. Some of those problems are related to the Higgs sector,
which is not completely understood by the experiments, even after the discovery of the Higgs
boson. Although we know the mass of the Higgs boson as 125 GeV, and some of the Higgs-
gauge couplings and the Higgs-fermion couplings have been measured at LHC [19,20], we do
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not know the global structure of the Higgs sector. In this sense, whether the discovered Higgs
at LHC is really the SM Higgs or not is still unknown.

Once we extend the Higgs sector, some of the problems can be solved, so that a lot of
extended Higgs models have been proposed in many literature. Such extended Higgs models are
motivated by testability in future experiments. Currently, the precision of the Higgs couplings
is at most O(10)% level (e.g. the couplings between the Higgs and the W, Z bosons). In High-
Luminosity LHC (HL-LHC), these couplings will be measured with about one order higher
precision [21]. In International Linear Collider (ILC), which is one of the future linear ete”
colliders, various Higgs couplings will be measured very precisely. For example, the Higgs and
the Z bosons coupling will be measured with about 0.5% precision at ILC with the center-
energy-mass /s = 250 GeV [22]. The triple Higgs coupling is important to know the feature of
the Electroweak Phase Transition (EWPT) in the early Universe [23], and it is expected to be
measured at the 50% and 27% (10%) accuracy, in the HL-LHC and the ILC with /s = 500 GeV
(v/s =1 TeV), respectively [21,24,25]. Through those experiments, a breakdown of the Higgs
sector of the SM might be seen in the future. Therefore, studying non-minimal Higgs sectors
is important to approach more fundamental theory.

In those extended Higgs sectors, the BSM problems can be solved by effects of new particles.
In this Ph.D thesis, we focus on the problems of the neutrino mass, the DM, and the BAU.
Especially, most parts of the Ph.D thesis are spent by discussing a scenario solving the BAU at
the electroweak scale in the extended Higgs models. We also discuss the DM problem and the
origin of the neutrino mass with the extended Higgs sector. In the following, brief introductions
of the problem for the BAU in extended Higgs models are given.

To explain the BAU, we usually consider a mechanism generating the baryon asymmetry
after the inflation of the Universe, because even if our Universe initially has an asymmetry, it
will be smeared by the exponential inflation. This is ”baryo”genesis. For baryogenesis, it has
been known that the theory needs to have (1) baryon number violating process, (2) C and CP
violation, (3) a mechanism for decoupling from the thermal equilibrium. These conditions are
known as the Sakharov three conditions [26].

Electroweak Baryogenesis (EWBG) is one of the baryogenesis scenarios, in which the baryon
asymmetry is generated with physics at the electroweak scale [27]. In the SM, the baryon
number violating process exists at the loop level, and it is enhanced by the thermal effects
(sphaleron process) [28]. The C and CP symmetry are violated by the chiral electroweak
interaction and the Cabbibo-Kobayashi-Masukawa (CKM) phase [29,30] in the quark sector,
respectively. If the EWPT in the early Universe is the Strongly First Order Phase Transition
(SFOPT), where the sphaleron process is in non-thermal equilibrium, the third condition is
satisfied. However, in the SM, not only the CKM is insufficient to generate the observed
BAU [31], but also the discovered Higgs boson with 125 GeV does not cause the SFOPT [32,33].
Therefore, we need to consider extending the Higgs sector to satisfy the conditions for the CP
violation and the non-thermal equilibrium situation.

The scenario of EWBG in the extended Higgs sector has been studied for a long time.
Especially, EWBG in the two Higgs Doublet Model (2HDM), in which a new SU(2), scalar
doublet is added to the SM Lagrangian, has been studied in many literature [34-50]. New CP
violation can easily be introduced in a relative phase of the two doublets or in new interaction
between the SM fermion and the additional doublet [30]. The status of the EWPT in the model
is also drastically changed from the SM, and the SFOPT is realized by quantum effects of the
additional scalar bosons [51-53]. The EWBG in models with SU(2) singlet scalar is also well
studied [54-57].

EWBG is physics at the electroweak scale, so that new physics effects appear in many
observables for various experiments. Therefore, EWBG is the testable baryogenesis scenario
in future many experiments. The SFOPT in the 2HDM can be tested by the measurement
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for the deviation of the triple Higgs coupling from the SM value [23]. In addition, it has been
known that the SFOPT causes stochastic gravitational waves which are generated by the bubble
collision [58-62]. Therefore, the SFOPT can also be tested by the observations at future space-
based interferometers, such as LISA [63], DECIGO [64] and BBO [65]. The effects of new
CP violation can be measured by the Electric Dipole Moment (EDM) experiments, collider
experiments, and flavor experiments.

On the contrary to the testability of EWBG, constraints of EWBG in extended Higgs models
are also severe. Therefore, it is not trivial that models for EWBG satisfy current experimental
data. One of the most stringent constraints is from the EDM experiments, and they give upper
bounds on the CP phases in the models. In addition, the electroweak precision results in LEPII
and LHC show the p parameter [66-70] is very close to unity [71-73]. This implies that a global
symmetry in the Higgs sector, the custodial symmetry [74], is respected in the model. Current
Higgs boson measurement in LHC [19,20] also supports the SM-like Higgs boson. The absence
of the Flavor Changing Neutral Current (FCNC) in collider and flavor experiments is also an
important fact that the Yukawa structure is similar to the SM. From these constraints, e.g.,
the usual EWBG scenario in the 2HDM with the softly broken Z, symmetry [36,44,46,50], in
which the FCNC current is forbidden, is difficult to satisfy current experimental data. Even so,
there is still viable model such as the model with singlet scalar bosons [54-57], and the general
2HDM [37,41-43,45,47-49], and so on. It is important to study what observables can be a
probe of EWBG and how to test those models in the future.

In addition to the phenomenological difficulty, in some classes of the models such as the
2HDM, a theoretical problem has also been known. To realize the SFOPT in the 2HDM, rela-
tively large scalar self couplings are needed. Due to the positiveness of the leading contribution
of the scalar beta function, the Landau pole, where the coupling constants diverge, appears in
a relatively low scale. If this scale is much lower scale than the scale of the high energy collider
experiments, we already should see new physics effects. This problem is sometimes seriously
taken [37,44,75].

As we have mentioned, in this Ph.D thesis, the mass origin of the neutrino, the DM problem,
and the scenario of EWBG in the extended Higgs models are discussed. In the following
paragraphs and the next section, an introduction of the author’s works and the corresponding
chapters are given.

After reviewing the SM and the extended Higgs models, we first present a successful model
for explaining the neutrino mass and the DM under the current experiments. This model has
originally been proposed by Ref. [76], however, we revisit this model with the currently available
experimental data. As a result, we find still viable benchmark points in the model, which have
not been recognized in the previous works [76-78]. We do not discuss baryogenesis in this
model, however, as a first step to propose the viable model explaining those three problems,
we show the results for the neutrino and the DM.

Second, We discuss EWBG in the 2HDM, and the viable scenarios for EWBG under experi-
mental data are shown. We focus on the general 2HDM, which contains multiple CP phases, and
show that the observed BAU can be explained with the top transport scenario [37,47,48, 79].
In this scenario, the severe constraints from the electron EDM can be avoided by using de-
structive interference of those multiple phases [80-83]. The phenomenological consequences of
this scenario are also given. We also discuss another scenario of EWBG in this model for the
Yukawa interaction having the FCNC couplings in the top-charm sector. We point out that the
effects of the CP phase of the FCNC coupling to the BAU are much smaller compared to what
was estimated in the previous studies [41,43]. We also discuss the characteristic consequences
of this top-charm transport scenario in the context of flavor physics.

Third, as an observable in the general 2HDM, we discuss loop induced HX¥W ¥ Z vertices [84,
85]. We find the relation among the custodial symmetry, the CP symmetry, and these vertices



1 Introduction and summary of thesis

in the general 2HDM, and give complete calculations of these vertices at the one-loop level. As
an important consequence of the CP violation in the model, we point out that the difference
between the decays H™ — W+ Z and H~ — W™ Z arises, so that they are sensitive to the CP
phases in the model.

Finally, we discuss the Landau pole problem for the SFOPT. We analyze the renormalization
group equation with a physical renormalization scheme, where the threshold effects of heavy
particles are naturally included. As a result of taking into account these effects, we find the
Landau pole problem can be weaker than previously considered.
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1.2 Summary of author’s works

The chapters which comprise this Ph.D thesis are based on the following author’s works.
e Chapter 5

[86] S. Kanemura, Y. Mura, and G. Ying. “Revisiting the model for radiative neu-
trino masses with dark matter in the U(1) ;_,; gauge theory”, arXiv:2410.22835 [hep-

ph]
e Chapter 7

[47] K. Enomoto, S. Kanemura and Y. Mura, ”Electroweak baryogenesis in
aligned two Higgs doublet models”, JHEP 01 (2022), p. 104.

[48] K. Enomoto, S. Kanemura and Y. Mura, "New benchmark scenarios of
electroweak baryogenesis in aligned two Higgs double models”, JHEP 09 (2022), p.
121.

[49] S. Kanemura and Y. Mura, ”Electroweak baryogenesis via top-charm mix-
ing”, JHEP 09 (2023), p. 153.

e Chapter 8

[87] S. Kanemura and Y. Mura, ”Loop induced H¥WTZ vertices in the general
two Higgs doublet model with CP violation”, JHEP 10 (2024), p. 41.

e Chapter 9

[88] S. Kanemura and Y. Mura, ”Criterion of perturbativity with the mass-
dependent beta function in extended Higgs models”, Phys.Rev.D 110 (2024) 7,
075016.

1.3 Organization

This Ph.D thesis is organized as follows. In chapter 2, we review the SM, which is a theory of
the electroweak and strong forces. In chapter 3, the remaining problems of the SM, especially
the problems of the origin of the neutrino mass, the DM, and the BAU are introduced. In
chapter 4, we introduce the 2HDM and the model for the neutrino mass and the DM with the
U(1)p_r1 gauge, and some features of the models are explained. In chapter 5, based on the
author’s work [86], we discuss the neutrino mass and the DM problem in the extended Higgs
model with U(1)p_; symmetry, and show the viable benchmark points for these problems
under current experiments. In chapter 6, we review EWBG as a solution for the BAU. We give
explanations of the mechanism of EWBG, the CP violation and the EDM, and methods to
calculate the BAU in the scenario of EWBG. In chapter 7, based on the author’s works [47-49],
EWBG in the 2HDM is discussed. We explain the two scenarios, top-transport and top-charm
transport scenarios, for the different structures of the Yukawa interaction in the model. In
chapter 8, based on the author’s work [87], the HXW T Z vertices as a probe of the CP violation
in the 2HDM are introduced, and the results of the decays H* — W*Z through these vertices
are shown. We show that these vertices are sensitive to the CP violation in the model. In
chapter 9, based on the author’s work [88] the Landau pole problem in EWBG is introduced.
We revisit this problem in some models for SFOPT, and propose an appropriate way to include
threshold effects of heavy particles. In chapter 10, the summary of this Ph.D thesis is given.
In appendixes A-F, some formulae and discussions, which are omitted in the main text, are
shown.
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Chapter 2
Standard Model

In this chapter, we review the SM (Glashow—Weinberg—Salam model [1-3] and quantum chromo
dynamics [4-8]), in which phenomena of elementary particles with the strong and electroweak
forces are explained.

2.1 Particle contents

The SM gauge group is composed of SU(3)¢ x SU(2), x U(1)y. The particle contents and
charges under this gauge group are given by table. 2.1. We define the Nishijima—Gelmann
relation as

Qem = T3 + Y7 (21)

where Qem, T2 and Y are the electromagnetic charge, the SU(2), isospin charge, and the
hypercharge.

We introduce the gauge bosons for SU(2)., and U(1)y symmetries as W (¢ = 1,2, 3) and
B, respectively. The gauge interaction for the leptons is written by

3
. a -1
[lepton _ Z L;Lm# (au - zg%Ws - Z'TQ/BM) L;L
i=1

3
+ > €lpin® (8, — (—1)ig'B,) €}, (2.2)
=1

where 7% is the Pauli matrix, ¢ = 1,2,3 is the flavor (generation) index, and g and ¢’ are the
gauge couplings for SU(2), and U(1)y symmetries, respectively. The left-handed SU(2), lepton
doublets L, and the right-handed SU(2),, lepton singlets e}, are defined by

/ / /
1% 14 1%
A— el A— L A— TL
LlL:(/)vLu:(u/)aLSL:(/)a
€r M TL
/ — ! !/ — / !/ — /

where the subscripts L and R express the chiral projection by the operator P, = (1 —~°)/2
and Pg = (1+7°)/2, respectively. We here have used the primed fields to explicitly show that
the fermions are defined in the gauge eigenstate. We later define the mass eigenstate for the
SM fermions.

As similar to the lepton sector, the gauge interaction for the quarks is written by

3
Lavark ZQ_/ZM O, —i T_aWa_.l "B _ >\_bi Q/
iL g 1% g D) 1% 269 122 tgs 9 w oL
1=1

11



2 Standard Model

Particle | Qr, | ugr dp L er | @
SUB). | 3 | 3| 3 1 |11
SUQ)L | 2 | 1 | 1 2 | 1| 2
U(l)y |1/6 [2/3|—=1/3|—-1/2| -1 |1/2

Table 2.1: Particle contents in the SM and their representations for the SU(3) o xSU(2), xU(1)y
syminetry.

3
— 2 A
+ Z u; iyt (5)M - Zgngu - ZQSEGZ> Ui
i=1

3
- —1 2P
=1

3
<t/L)
b))
! —

R =dp, dyp =8, dyp =y (2.5)

where

u ¢
= () d=(2) au

/ — ! !/ — !/ i
Uip = UR, Usp =Cg, U3p =lg,

In addition to the electroweak interaction, the quarks have the color charge, which is carried
by the gluon G, (b =1, ...,8) with the Gelmann matrix \".

2.2 Higgs mechanism

The spontaneous symmetry breaking of SU(2), x U(1)y is described by the Higgs mechanism [9].
In the SM, a scalar doublet ® with the hypercharge Y = 1/2 is introduced, and the relevant
Lagrangian is given by

£h99s = (D, @) DI — V

A
where the covariant derivative is
I e |
DM(I) = 8M — 297WM — 19 §BM @ (27)

When we suppose p? < 0, the stationary point of V, where the vacuum energy density is
minimized, is not (®) = 0. We parametrize the scalar doublet as

¢ = (\%(v +Gh++ @'GO)) ’ (2.8)

where Gt and G are the charged and neutral Nambu-Goldstone (NG) bosons, respectively,
and v € R and h are the Vacuum Expectation Value (VEV) and the neutral Higgs boson. From
the stationary condition for V', we get the relation y? = Av?/2, and the mass of the Higgs boson

is m? = A\v? on this vacuum. By the doublet field getting the VEV, SU(2);, x U(1)y symmetry
is spontaneously broken to U(1),, symmetry.

12



2 Standard Model

The SU(2); x U(1)y symmetry is gauged, so that the corresponding gauge bosons become
massive by the longitudinal mode of them absorbing the NG bosons [9]. From Eq. (2.6), we
obtain quadratic terms of the gauge bosons, which imply

miy, = 2v?, my = g—ZUQ, m% =0, (2.9)

where g7 = \/g? + g¥. We have defined W and Z bosons, and the photon as

1 1 rxr2 Z,\ _ [cosby —sinfy Wi’
W/‘ = E(WM — ZWN)’ (Au) = <sin 9W COS QW ) (B‘LL . (210)

The Weinberg angle satisfies the relations sinfy = ¢'/gz and cosfy = g/gz. The photon
remains massless because the U(1)e, symmetry is preserved. The coupling constant for the
electromagnetic interaction is given by e = gg’/gz.

2.3 Flavor structure of the standard model

The Yukawa interaction for the SM fermions are given by

3
£y == 3 (YaTQL0up + YiQI, Oy + VLI, @) + hc.), (2.11)

J
ij=1

where ® = i72®*, and the matrices Y/ (f = u,d,e) are generally complex matrix. After

the electroweak symmetry breaking, these fermions acquire their masses. We define the mass
eigenstate where each Y, Y%¢ is diagonalized,

fir=)iitin, firn= V)i fin: (2.12)
where VLf and VI{ are unitary matrices, and they satisfy
vey st = ? x diag(m,, me, my),
VlledVé” = ? x diag(mg, ms, my),
VEYeVeh = ‘/75 x diag(me, my,, m.). (2.13)

In this mass eigenstate, the charged and neutral current for the leptons and quarks are given
by

c g
Ly = Z E(WJJZH + Wu‘]{”)

i=l,q
Line = Z <6AHJ5m,i + gZZng,z)v (2.14)
i=l,q

where

Jlu = E’YMPLVe + EVMPLVM + ?’V;LPLVTa
3
J; = Z U_i”YuPL (VCKM)ij djv

4,j=1
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Jemi = ~€W€ = [Vubt =TT,

. /2 1
Sing = Z (g_ﬂ/uui - gdi%dz’) )

=1

3
Ty =Y Ly"Py(r®/2)L; — sin Oy JL, .
=1
3
Ty =Y Q" PL(T*/2)Q; — sin® Oy JL, . (2.15)
i=1

In the mass eigenstate, Voxm = VL”VLdT, which is Cabibbo-Kobayashi-Masukawa (CKM) ma-
trix [29,30], appears in the current with the W boson. Through the CKM matrix in the charged
current, a flavor can change into other flavors. On the other hand, in the neutral current, there
are no flavor changing interactions. The existence of the Flavor Changing Neutral Current
(FCNC) is strongly constrained by many experiments (e.g. the upper bound on Br(K — puu)).
The SM explains this natural suppression of the FCNC processes, and this mechanism was first
been proposed by Glashow, Maiani, and Iliopoulos [89].
The CKM matrix is 3 X 3 unitary matrix, and it can be written as

Vud Vus Vub
Verm = | Vea Ves Vo | - (2.16)
Via Vis Va

The degree of freedom of 3 x 3 unitary matrix is 32, and we have 2 x 3 rephasing degree of
freedom for the up- and down-type quarks. Therefore, 2 x 3 — 1 phases can be eliminated from
the CKM matrix. As a result, independent physical degree of freedom in the CKM matrix is
five, and they can be parametrized by three orthogonal matrices and one complex phase (CKM
phase). A parametrization of the CKM matrix written by

0

C12C13 $12C13 S13€
_ i6 i6
Vokm = | —S12C23 — C12523513€ C12C23 — 512523513€ $23C13 |, (2~17)
) i6
512823 — C12C23513€" —C12523 — 512€23513€ C23C13

is often used [90], where s;; = siné;;,¢;; = cosb,j, (0 < 6;; < 7/2). The phase § is the CKM
phase, and many CP violating processes have been explained by this.
The property of the CP violating quantities is characterized by the Jarlskog invariant [91,92]

JCP = Im(VudV:S‘/CS‘/CZ) = 6126%3023812813823 sin 6. (218)

If a pair of the up- or down-type quarks is degenerated, the mixing angle is zero, and it causes
Jop = 0. This is because, if the mass and the charges are the same, the number of the flavor
decreases due to the flavor symmetry. Therefore, to get non-zero CP violation, we need at least
three generations of the quark. The experimental value is [93]

Jop =312 % 107°. (2.19)

2.4 Baryon and lepton number violation

The baryon and lepton numbers for the quarks and leptons are 1/3 and 1, respectively. The SM
Lagrangian is invariant under the global transformations, U(1)p for the baryon and U(1), for
the lepton. However, due to the chiral anomaly for axial U(1) transformation, the baryon and
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lepton numbers are not conserved in the SM. Conservation law for the corresponding currents
for left-handed quarks and leptons are given by [94, 95]

N i
Oyl = Ouflt = A Tr (W, W), (2.20)

where Ny = 3 is the number of generation, W,, is the field stress tensor for W, and WW =
%EWWW’” (0123 = 1). For the baryon and lepton number violation, the non-abelian gauge
field W, is important, so that we have omitted the U(1)y contributions. Therefore, the B + L
charge is violated at the quantum level, while B — L charge is not.

The B + L violating process is caused by a transition of the vacuum for the gauge config-
uration. The degenerated vacua are labeled by integers, which is called by the Chern—Simons
numbers N¢g, and a ANgg transition gives A(B + L) = 2N;AN¢gg. Therefore, a ANgg = 1
process produces nine quarks (generation x color) and three leptons.

The transition rate for ANgg = 1 is T' ~ exp(—87?/g*) ~ 10782, by using the instanton
solution for the W, field. Due to the weakness of the SU(2); gauge theory, this effect is
greatly suppressed, and the baryon number violation can be neglected in the zero temperature.
However, the barrier of the potential energy between the two vacua is finite, and the B + L
changing process frequently occurs in the finite temperature, e.g. in the early Universe. This
B+ L violating process in the finite temperature is called by sphaleron process [28]. The energy
barrier is roughly estimated by Eson ~ mw /@em ~ O(10) TeV in SU(2) gauge-Higgs model [96].
Therefore, when the temperature is much higher than the scale of the electroweak symmetry
breaking, the sphaleron process is active, while it begins to decouple around the electroweak
scale. Actually, the sphaleron rate is suppressed by the Bolzmann factor e~ Fs»/T and the
sphaleron process decouples after the Higgs boson getting the VEV.

2.5 Custodial symmetry

In the SM, a hidden symmetry exists in the Higgs sector. The Higgs potential can be rewritten
as

p? A1 2
V=T (®T®) + 3 <§Tr (cb*cb)) : (2.21)
where we have defined
. 0% +
&= (5 0) = <_¢¢ io) . (2.22)
The kinetic term of the Higgs doublet is
; 1
L = 5T (D, 2)'(D"®)) (2.23)
where
S
D,®=0,®— zg?W#q) +ig Buti’g, (2.24)

When we neglect the U(1)y interaction, these terms are invariant under the transformation

® - & =LOR', L[ ecSUQ2),, ReSUQ2):x (2.25)
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After the electroweak symmetry breaking, the matrix gets the VEV as

(@) — % (8 S) | (2.26)

Even after the electroweak symmetry breaking, the Lagrangian is invariant under SU(2)y
transformation, where L = R is taken. Therefore, the spontaneously symmetry breaking is
SU(2), x SU(2)g — SU(2)y. This remaining global symmetry is called the custodial symme-
try [74]. By the gauged SU(2), symmetry, W bosons get their masses, but due to the custodial
symmetry, their masses are degenerated.

The p parameter, which is defined by

2
My

p (2.27)

m? cos? Oy’
is one of the important observables to know the symmetry structure of the Higgs potential. If
the Higgs scalar which gives the mass of the gauge bosons is different from the SM one, the p
parameter will change. The general formula for the p parameter is given by

Y LT+ 1) - V2
_ :
2Zi 7Yz‘2

where v;, I;, and Y; are the VEV, the isospin, and the hypercharge of the scalar i, respectively.
When the Higgs scalar is the SM one, namely (I;,Y;) = (1/2,1/2), p = 1 is shown. This is
the tree level relation, so that it suffers from the quantum corrections [66-70,97,98]. Actually,
the Yukawa sector of the SM violates the custodial symmetry, and the corrections relate to the
mass difference between the up and the down-type quarks.

By the dedicated experimental efforts for the p parameter, p ~ 1 has been observed [71-73],
so that any models for new physics have to respect this fact. Later we will discuss the custodial
symmetry in the extended Higgs models.

. (2.28)

2.6 Phenomenological status of the Higgs sector

In the left panel of figure 2.1, the production cross section for the single Higgs boson with
my = 125 GeV at the hadron collider are summarized [93,99,100]. The main production
processes are pp — h (gluon-gluon Fusion: ggF), pp — qqh (Vector Boson Fusion: VBF),
pp — Wh, Zh (Higgs-strahlung: VH), and pp — tth, bbh (top- and bottom-associated). The
decay branching ratios for the Higgs bosons are summarized in the right panel of figure 2.1.
The total decay width for the Higgs boson predicted by the SM is T?M = 4.07 MeV with a

relative uncertainty of 3%, [93].

The Higgs boson has first been discovered by ATLAS and CMS measuring the h — 7y
channel [10,11]. The ATLAS group currently gives [101]

my, = 125.11 + 0.09(stat.) & 0.06(syst.) GeV (ATLAS), (2.29)

by using the Run-1 and full Run-2 combined results of the di-photon channel, and the CMS
group reports [102]

my, = 125.08 + 0.10(stat.) = 0.05(syst.) GeV (CMS), (2.30)

by using the Run-1 and Run-2 combined results of the four-lepton final state.
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Figure 2.1: The production of the Higgs boson (left) and the decay branching ratios (right).
This figure is taken by Refs. [93,99,100].

| | ATLAS Run2 CMS Run2 HL-LHC (expected) |
K, | 1.014£0.06 1.10 +0.08 1.8%
kw | 1.05+£0.06 1.0240.08 1.7%
Kz | 0.99+0.06 1.04=+0.07 1.5%
Kzy | 1.3870%% 1.65 £ 0.34 9.8%
kg | 0.95£0.07 0.92+0.08 2.5%
ke | 0.94+0.11 1.01+0.11 3.4%
Ky | 0.89+£0.11  0.99+0.16 3.7%
k- | 0.93+£0.07 0.92=+0.08 1.9%

Table 2.2: Current status for the x parameters [93].

To discuss the experimental results for the SM Higgs boson couplings, we define x parame-

ters [99]

(c-Br)(i > h— f)=

SM ,.21SM .2
o7 R LR

)

SM, 2
|l

(2.31)

where o™ and F?M are the production cross section and the decay width of the final state f,
respectively. The x parameters express deviations from the SM, and x = 1 is the SM prediction.
The signal strength is defined by

(o - Br) kiKY

(0 Brisu = . (2.32)

K,
The experimental results for the Higgs boson couplings are summarized in figure 2.2 and ta-
ble 2.2.
To measure the triple Higgs self coupling, the pair production process of the Higgs bosons,
pp — h* — hh is important. The corresponding parameter k) has been measured by AT-
LAS [105] and CMS [20],

Wl =

(ATLAS) — 0.6 < k) < 6.6,
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Figure 2.2: Results of the Higgs signal strengths. These figures are taken by Refs. [103,104]
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Chapter 3

Phenomenological problems beyond
the standard model

As we have discussed in chapter 2, the SM has been founded, and it explains various particle
phenomena. However, some beyond the SM phenomena have been known. In this chapter, we
introduce three problems in the fields of particle physics and cosmology, the mass origin of the
neutrino, the dark matter problem and the baryon asymmetry of the Universe.

3.1 The origin of the neutrino mass

By the observation of the oscillation of the atmospheric neutrino, the mass of the neutrino has
been confirmed [17]. In the SM, due to the absence of the right-handed neutrino, the three
neutrinos v, v, v, are massless. If these are massive, in general, the gauge eigenstate (ve, v, v;)
and the mass eigenstate (1,14, v3) are different. As a result, a Unitary matrix

—is
C12C13 $12€13 s13€”°0F
_ 0, 0,
Upnvns = | —S12C23 — €12523513€"°°T  C12C23 — S12523513€"°°7 §23C13 ; (3.1)
i i
512823 — C12C23513€"°CF  —C12893 — $12C23513€"°°F  cCa3Cy3

appears in the charged current, as similar to the CKM matrix. This matrix is called Pontecorvo—
Maki-Nakagawa-Sakata (PMNS) matrix [106, 107]. When we assume mass spectrum with
normal ordering m; < my < mg, current experimental data gives [73]

Am3, = (7.534+0.18) x 107° eV?,

Am3, = (2.455 £ 0.028) x 1072 eV?,

sin? 615 = 0.307 £ 0.013,

sin? 6,5 = 0.0219 4 0.0007,

sin? fy3 = 0.558 £ 0.015,

Sop = (1.19 4 0.22), (3.2)

where Am?; = m7 —m5. The dcp is the CP violation in the lepton sector.

The mass origin of the neutrino and these mixing angles cannot be explained in the SM. One
easiest way to explain this is just introducing right-handed neutrinos to make Dirac mass term.
However, it needs quite smaller Yukawa couplings than the one of the electron to explain the
tiny mass of the neutrinos. There are many new physics models to explain the small neutrino
masses, e.g., models with the seesaw mechanism [108-118] or models for radiative generation
of the neutrino mass [119-125].
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3 Phenomenological problems beyond the standard model

3.2 Dark matter problem

By the latest observation data provided by the Plank satellites supports that about one quarter
of the energy density in our Universe is composed of the electrically neutral, massive, and stable
matter. This matter is called Dark Matter (DM), and the observed energy density of the DM
is [18]

Qpumh? = 0.120 £ 0.001. (3.3)

There are no candidates to be the DM in the SM. Models with Weakly Interacting Massive
Particle (WIMP) [126] have been studied in many literature (for reviews, see Ref. [127]). In the
WIMP scenario, the relic density of the DM is explained by the freeze out mechanism. The time
evolution of the number density n for the WIMP is described by the Bolzmann equation [128]:

dn +3Hn = —(ov)(n® —n2,), (3.4)

where n,, is the equilibrium solution, H is the Hubble parameter, and (ov) is thermal average
of the annihilation cross section for the WIMP. Whether the number density n follows the
equilibrium solution or not is determined by the balance between the annihilation cross section
and the expansion rate of the Universe. When n.,(ov)/H 2 1, the annihilation processes
make n into n.,. On the other hand, when n.,(ov)/H < 1, such effect becomes weak, and the
annihilation processes decouple as decreasing temperature. The freeze out temperature T} is
determined by ne,(ov)(Tf) ~ H(T¥), and the energy density of the WIMP can be estimated as

Qpmh? =~ 2.75 x 10 mpy Y (Tf)GeV 1, (3.5)

where mpy is the mass of the DM, and Y is the comoving density of the DM which is obtained
by n divided by the entropy density s. From the observed relic density, we obtain (ov) ~
10725 cm?s™! and mpy = O(100) GeV. This mass range and the interaction can be proved by
the DM-nucleon scattering process. Until now, the extensive parameter region for the WIMP
has been searched by many direct detection experiments (XENONnT [129], PandaX-4T [130],
LZ [131,132] and so on).

In chapter 5, we discuss a model for the tiny neutrino mass and the WIMP DM with the
U(1)p_r gauge symmetry.

3.3 Baryon asymmetry of the Universe

By the cosmological observation and the theory of the Big-Bang nucleosynthesis (BBN), it has
been confirmed that our Universe has baryon—anti-baryon asymmetry. The problem of the
Baryon Asymmetry of the Universe (BAU) is one of the beyond SM problems.

As we have defined in section 2.1, the quark has the baryon number 1/3 while the anti-quark
has —1/3. Observed baryon asymmetry is [18]

Ny = % = 8.57 x 1071, (3.6)

Even if we consider the origin of the asymmetry as just the initial condition, after the inflation
of the Universe, such asymmetry is smeared. Therefore, the asymmetry should be generated
after the inflation but before the BBN.

In order to generate the BAU, (1) baryon number violating process, (2) C and CP violation
and (3) out of thermal equilibrium, need to be satisfied [26]. These conditions are known as
the Sakharov conditions. We consider a 2 body decay or particle production, X > YZ, as
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an example. Let we define the baryon number B = 0 to X, and B = 1/2 to Y and Z. The
anti particles Y and Z defined by C or CP conjugation have B = —1/2. The first condition
is needed for the baryon number exchanging processes X <> YZ. When we denote the decay
branching ratio of X — YZ (X — Y Z) as r (¥) and other non-baryonic branching ratio as
1 —r (1—7). The expectation value of the baryon number is +r —7. If this decay is in thermal
equilibrium, the inverse process is also active, and due to the CPT theorem, the number density
is proportional to +r —7 — (r —7) = 0. Therefore, we need C and CP violation (r # 7) and
the out of thermal equilibrium situation.

The scenario for producing the BAU is called baryogenesis, and many baryogenesis scenar-
ios have been proposed until now. Representative scenarios are GUT baryogenesis [133,134],
Affleck-Dine baryogenesis [135], leptogenesis [136], electroweak baryogenesis [27] and so on.

In Electroweak Baryogenesis (EWBG), the baryon asymmetry is produced within the elec-
troweak theory as well as the SM. As we have explained, the SM has (1) baryon number violating
process (sphaleron process) and (2) C and CP violation (electroweak chiral interaction and the
CKM phase). As we will explain later, non-equilibrium situation in EWBG is realized by the
Strongly First Order Phase Transition (SFOPT). Therefore, if SFOPT occurs in the SM, the
BAU could be explained by EWBG in the SM. However, finite size scaling law in the lattice
calculation is not seen with the 125 GeV Higgs boson, meaning that the electroweak phase
transition is cross over phase transition [32,33]. In addition, the CKM phases cannot generate
enough baryon asymmetry to explain the observed BAU [31]. Therefore, the BAU is beyond
the SM problem, so that a model of new physics is necessary to solve it.

Once the scalar sector of the SM, the Higgs sector, is extended, the problems of the SFOPT
and the CP violation can be solved. In section 4.1, we introduce the two Higgs doublet model,
which is one of minimal extension of the SM. In this model, as it will be shown in section 7.1,
the SFOPT can be realized, and the observed BAU can be explained by the new source of the
CP violation with the mechanism of EWBG.
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Chapter 4

Review of extended Higgs models

4.1 Two Higgs doublet model

4.1.1 General two Higgs doublet model

We here define the most general two Higgs doublet model (2HDM). In the model, two SU(2),,
doublets ®; = (¢}, 90T (k = 1,2) with the hypercharge Y = 1/2 are introduced. After the
spontaneous electroweak symmetry breaking, without loss of generality, we can take the Higgs
basis [137] as

G+ H*
1= (JL?(U +hy+ z’GO)) IRk (%(h2 + mg)) ! (4.1)

where v ~ 246 GeV is the VEV, GT, G° are the NG bosons, H* are the charged scalar bosons,
and h; (i = 1,2,3) are the electric neutral scalar bosons. In the Higgs basis, the most general
Higgs potential is given by

V= - V(@[@)) - YZ(@L) — (Y(®[®5) + hc.)
1 1
+ 5Zl(c1>1c1>1)2 + 522@;@2)2 + Z3(D101)(DLDy) + Z4(DI D) (D! D)

1
+ { <§Z5c1>1c1>2 + Zedld, + Z7<1>;<1>2) Oid, + h.c.}, (4.2)

where Y2(> 0), Y2, Z1, Zy, Z3 and Z, are real parameters, and Y3, Zs, Zs and Z; are complex
parameters. By using a rotation of the phase for ®5, we can make Z5 real. In the following, we
call this basis of ®, as the real Z5 basis. From the stationary condition, we obtain

2_ 1 2 _ 1

V2= =210 Yi=-Zg (4.3)
2 2
The squared mass of H* is given by
2 2 1,
TI’LHjE = —}/2 —I— §Z31) s (44)

and the squared mass matrix for h; in the real Z5 basis is given by

92V Zyv? Zgv® —Zgv*
Mi=gom = | Zev* mi 4+ 5(Zi+ Zs)o? 0 , (45)
101 —Zév2 0 m?{i + %(Z4 — Z5)v?
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where the subscripts R (I) mean the real (imaginary) part of the coupling constants. By using
an orthogonal matrix R which represents SO(3) transformation, the mass eigenstates for the
neutral scalar bosons H; are defined as

The matrix R can be parametrized by
R =R RoR3
cosay —sina; 0 cosag 0 —sinas 1 0 0
= | sina; cosa; O 0 1 0 0 cosasz —sinasg
0 0 1 sinas 0 cosas 0 sinag cosas
COS (¥ COS (¥ — COS (¥3 SIN (7 — COS (¥1 SiN (vg SiN (v3  — COS (¥1 COS (¥3 Sin vy + Sin vy Sin (g
= | cosassina;  cosaq cosaz — sin aq Sin g Sinvg ~ — €OS (rg Sin vy Sin iy — cos g sinag |
sin oy COS (v9 SIN (g COS (vg COS (3
(4.7)

where —m < ay,a3 <, —7/2 < ay < w/2 [138], and it satisfies
RM’R" = diag(m3,,, my,, m3,). (4.8)

We can identify H; with the discovered Higgs boson at the LHC [10, 11], so that we set
mpy, = 125 GeV. We denote this SM-like Higgs boson as H;, which is defined in the 2HDM, to
distinguish it from the SM Higgs boson h.

In the Higgs basis, the most general Yukawa interaction is given by

2
Ly =Y (Q_’LYk“T(i)ku’R QLY d, + T YDl + h.c.> . (4.9)

k=1

We here have omitted the fermion-flavor indices. The matrices Ylf and Yzf (f = u,d, e) are the
3 x 3 Yukawa matrices. In the mass eigenstate of the fermions, in which Ylf are diagonalized,
the Yukawa interaction is written by

—Ly = QUYIPrug 4+ QYD dy + L Y{®iep + hoc.
+ Q_%p“(fguR + Q_%pdégd}g + L_Lpeq)2€R + h.C., (410)

where the SU(2);, doublets are defined by Q% = (ur, Vexmdr)”, Q% = (Vixyur, dr)T and
Ly, = (v, er)”. The diagonalized matrices Y is written by Y/ = \/Tidiag(mfl,mh,mf?)). On
the other hand, p/ are not diagonalized in this mass eigenstate. We parametrize the p/ matrices
as

Puu  Puc  Put p Pdd  Pds Pdb Pee peu Per
Pu = Peu  Pec Pt | 5 P = Psd  Pss  Psb | Pe = | Pue Pup Pur | > (411>
Ptu  Pte Pt Pvd  Pbvs  Pbb Pre p‘r,u Prr

and the components of each matrix are generally complex.
The kinetic term of ®; and ®, is given by

Ly =|D,®|* + |D,®s. (4.12)

The definition of the covariant derivative is given in Eq. (2.7).
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(pu)zz (pd)zz (pe)zz (pf)lm(l 7 m)
Type-I (Yd“)” cot 3 (Ydd)” cot 3 (Yde)” cot 3 0
Type-I1 (Yd")” cot B | — (Ydd)ll tan g | — (Yde)ll tan 0
Type-X (Yd“)” cot 3 (Ydd)” cotf | — (Yde)” tan g 0
Type-Y (Yd")” cot 8 | — (Ydd)ll tan 3 (Yde)” cot 8 0

Table 4.1: The correspondence of (pf )lm (f = u,d,e) in our model to the ones in the softly-
broken Zs symmetric 2HDM (Type-1, II, X, and Y)

4.1.2 Softly broken Z, symmetry

The off-diagonal elements of p/ cause the flavor changing neutral current, and it is severely
constrained by the flavor experiments [139]. As one of the way to avoid this difficulty, the
softly-broken Z, symmetry in the 2HDM is often considered [140-149]. There are four types
(Type-1, II, X, and Y [148]) of the assignment of the Z, parity,

Q4+ P, — up:— dr:— ep:— (Typel),
P4+ Py:— ugp:— dr:+ er:— (Typell),
O+ P, — ur:— dg:— er:+ (Type X),
P4+ Py:— up:— dr:+ er:— (TypeY). (4.13)

To distinguish the double fields with the ones in the Higgs basis, we have defined the primed
fields. We call this basis @] and @/, as the Z, basis.
The scalar potential is written by

V= = i (@]0}) — iy (@F @) — (1i3(0 @) + hoc.)
1 1
SO+ AT R) + Ao R) (@] @) + (@) @) (@] D))

1
+ <§A5(q>1’q>’2)2 + h.c.), (4.14)

.....

distinguish the Higgs basis and the Zs basis, we use Y-Z for the Higgs basis and p-A for the Zs
basis. As same as in the general 2HDM, we can take the real A5 basis. Therefore, in the softly
broken Z, symmetric 2HDM, there are one additional CP phase.

The basis for ®; and ®, is not the Higgs basis, so that, in general, both doublets have
the real VEVs, (®/) = (0,v;/v/2)" (i = 1,2). Here we have assumed CP conserving potential,
where all of the coupling constants are real. By using an orthogonal matrix, we can move to

the Higgs basis as
O\ [ cosfB sinp) (D]
<@Q) N <— sin 8 cos 5) (<I>’2 ’ (4.15)

where the mixing angle satisfies tan 8 = vy /vy (0 < f < 7/2). In the Higgs basis, only ®; has
the VEV y/v? + v2 = v. The form of the potential in the Higgs basis is same as Eq. (4.2), and
the coupling constants in the Higgs basis, Y% 3, Z1234567 are functions of p3) 515, A12.345,
which are defined in the Zy basis [137]. The stationary conditions and the mass spectrum are
same as the general 2HDM, if we use the coupling constants of the Higgs basis.

Due to the softly broken Zs symmetry, the SM fermions interact to only one SU(2), scalar
doublet. In the Higgs basis, we obtain the Yukawa interaction, which is same form as Eq. (4.10).
The additional Yukawa matrices p/ couplings are functions of the Ydf and the mixing angle 3,
as summarized in table 4.1. In the softly broken Z, 2HDM, the off-diagonal elements in p/ are
zero, however, the CP violating phases cannot be introduced in the Yukawa sector.
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4.1.3 Inert doublet model

The 2HDM with unbroken Zs symmetry is called Inert doublet model [150]. We define unbroken
Zo parity as

®:4+ n:— ur:+ dr:+ er:+ (Inert), (4.16)
where we denote additional SU(2), doublet as . The potential is given by
V =pi(]®1) + p3(n'n) + %Al(@@)Q + %&(77“7)2
FXE2) () + Al B) (@) + Dr (@) 4 e, (4.17)
where we take the real A5 basis. Therefore, no CP phase exists in the inert doublet model. We
assume 3 < 0 for electroweak symmetry breaking, while 3 > 0 for unbroken Z, symmetry.

Due to the unbroken Z, symmetry, n cannot have the VEV. The components of those
doublet fields can be written as

Gt H*
¢ = (\%(v + h+iG0)> T (%(H + iA)) ' (4.18)
The mass spectrum are
mp = \v®, mye = s+ %)\32}2,
m3 = mis + %(/\4 + As)v?, mE =mie + %()\4 — X507 (4.19)

The SM fermions have Yukawa interaction only with ®, so that it is completely same as the
SM one.

This kind of unbroken Z, symmetry is often used to explain the stability of the DM. The
lightest Z, odd particle with ¢ = 0 in the inert doublet model, namely H or A, can be the
DM candidate. In addition, if we add Z; odd right handed neutrinos to this model [123,124],
the masses of the light neutrinos are generated at the loop level. This model, so-called the
scotogenic model, has been proposed by Tao and Ma [123,124]. We will introduce U(1)p_p
extension of the scotogenic model in section 4.2, and discuss a scenario to explain the DM
abundance and the tiny mass of the neutrino in chapter 5.

4.1.4 The conditions for the custodial and CP symmetry

In this subsection, we discuss custodial symmetry, which is a global symmetry in the 2HDM.
We also discuss the CP violation in the 2HDM, and the relation with the condition for the
custodial symmetry. In the following discussions in this subsection, we focus on the potential
of the general 2HDM which is written in the Higgs basis, but it can also be applied to the one
of the softly broken Z, 2HDM or the inert doublet model.

According to Ref. [151], we derive the conditions for the custodial symmetry of the potential.
We introduce bilinear forms as

- - e” X ()
Ml = ((I)l,q)l), Mg = (@2,@2) ( 0 eix) , (420)
where the scalar doublets ®; and @, are defined in the Higgs basis. The phase y (0 < x < 27)
represents the degree of freedom of the phase rotation for ®,. The transformation law of global

SU(2)z x SU(2) for M and My is My » — LM o R', where L € SU(2);, and R € SU(2) 5. After
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the spontaneous electroweak symmetry breaking, these matrices acquire the VEV as (M) =
(v/v/2) x I and (M) = 0, where I is the 2 x 2 identical matrix. As a result, these matrices
are invariant under the L = R transformation, i.e. the custodial SU(2)y transformation, even
after the electroweak symmetry breaking. We can construct SU(2), x U(1)y gauge invariants
as

Te[MIM,] = 2|32, Tr[MIM,] = 2|®,[%, Tr[M{M,] = eX®Idy + ¢ XDl

Tr[MIMyos] = eXPI Dy — e XD P, . (4.21)
The invariants in the first line of Eq. (4.21) are custodial SU(2)y invariants, but in the second
line are not. By using them, the potential which is given in Eq. (4.2) can be rewritten as

1 1 ‘
V=- 5YfTr[Mm\/ﬂl] - §Y§Tr[M;M2} — Re[V2e X Tr[M! M,
1 T 2 1 T 2 1 T T
+ ngTI'[MlMl] + gZQTI‘[MQMQ] + ZZ3TI‘[M1M1]TI'[M2M2]
1 .
+ 7 (Za + Re[Zse™*™]) Tr[M{MJ?
1 . )
+5 (Re[zﬁe—lX]Tr[MIMl] + Re[Z7e—1X]Tr[M;M2])Tr[MIMQ]
) 1 )
+ iIm[Y2e ] Tr[M! Myos] — (i - Re[Zse™ X)) Tr[M! M, 03]
+ %Im[z5e*2i><]Tr[MIMﬂTr[M{MQag]
+ %(Im[Zﬁe’iX]Tr[MJ{Ml] + Im[Z7e’iX]Tr[M$M2]>Tr[MIMgag}. (4.22)

Obviously, the last three lines in Eq. (4.22) are not custodial SU(2)y invariant, so that we
obtain the conditions for the custodial symmetric potential:

Im[Y e X] = Im[Zse™*X] = Im[Zge "] = Im[Z;e”X] = 0,

7, = Re[Zse #X]. (4.23)
In the real Z5 basis, the conditions are

Custodial symmetry : Zy=1s5, Zi=Z1=0 (x=0, 7)), (4.24)
Twisted custodial symmetry : 7, = —Z5, Z&=27Z8=0 (x=7/2, 37/2). (4.25)

The conditions in the Eq. (4.24) (Eq. (4.25)) for x = 0 and 7 (x = 7/2 and 37/2) have been
known as the conditions for the (twisted) custodial symmetry in the potential [151-153]. We
note, even if the potential satisfies Eq. (4.24) or Eq. (4.25), the U(1)y gauge interaction and
the Yukawa interaction violate the custodial symmetry.

Next, we discuss the conditions for the CP symmetry in the potential. In order to preserve
the CP symmetry in the potential, so-called the real basis, in which all parameters in the
potential are real, must exist [151,154]. The scalar doublet ®, has the degree of the freedom
for rephasing, so that there are three rephasing invariants in the potential, ZZZZ, Z:Z? and
ZEZ7. As a result, we obtain the conditions for the CP conserving potential in the real Zs
basis [137,151,154,155]:

ZsIm|Z3] = ZsIm|[Z2] = Im[Z; Z7] = 0. (4.26)

In the general 2HDM, we also have the complex parameters in the Yukawa sector, and the
additional Yukawa matrices p/ (f = u,d,e) are able to violate the CP symmetry. For example,
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in the case of p? = p° = 0, the additional rephasing invariants in the model are Z5(p“)?, Zgp*
and Z7p“, so that all of them have to be real matrices for the CP symmetry [151].

From Egs. (4.24) and (4.26), we obtain important relation for the custodial symmetry
violation and the CP violation in the potential: If the CP symmetry is violated in the potential,
the custodial symmetry is also violated. In chapter 8, we will discuss H¥W¥Z vertices as a
consequence of the custodial symmetry violation and the CP violation.

4.1.5 Oblique parameters

The finite corrections to the self energy of the electroweak gauge bosons are parametrized by the
oblique parameters, S, T', and U, which was first introduced by Peskin and Takeuchi [97,98].
New particles interacting to electroweak bosons could affect the self energies of them, so that
some models can be tested by the precision measurement of these parameters. Especially, the
T parameter represents the difference between the mass corrections of the W and Z bosons,
and it is related to the p parameter [66-70] as ae,T = p —1 (= Ap). The T parameter can be
expressed by [73]

[y (0)  15%(0)

2 7
myy my

(4.27)

Qe d =

where g, is the fine-structure constant, and I35 (0) (V = W, Z) are the corrections from new
physics to the two-point self energies of the gauge bosons at the zero momentum. The observed
value of the p parameter is very close to unity [71-73].

In the 2HDM, the additional scalar bosons radiatively contribute to the self energy of the
gauge bosons, and those parameters are modified from the value in the SM. Especially, the T
parameter is an important parameter to know the structure of the Higgs potential because it
is sensitive to the violation of the custodial symmetry in the 2HDM [67,69, 151, 152]. When
the potential has the custodial symmetry, the corrections to the 7" parameter from the 2HDM
are zero, and there are only corrections from the U(1)y and the Yukawa interactions. However,
within the one-loop level analysis, the inverse is not true, i.e. the small 7" parameter does not
mean that the potential has the custodial symmetry.

For example, when we take a limit Zg = 0, as one can see from Egs. (4.5) and (4.8), the
squared mass matrix for the neutral scalar bosons is diagonalized with R;; = ¢;;, and the
relations m3. —myy, = (Z4+ Zs)v?/2 and m3,. —m¥yy, = (Z4 — Zs)v? /2 are shown. Therefore,
in the real Z5 basis, the conditions for the custodial symmetric potential are given by

Custodial symmetry : My =my,, Zi=0 (x=0, 7, (4.28)
Twisted custodial symmetry : my+ = my,, Z&=0 (x=n/2, 31/2). (4.29)
When we denote the new contribution of the T" parameter in the 2HDM as AT, at the one-loop
level, it is given by [151,152]
1

AT = o (Flmye i) + iy miy) = Flmi, m,)). (430
w

where the function F' is defined by

ab a
In — 4.31
g (4.31)

1
F(a,b) = 5(a+b) -
and Oy is the Weinberg angle. Even if Z; # 0, by taking mpy, = mpy+ or my, = my=, AT can

vanish at the one-loop level. This is because, at this order, the T parameter does not depend
on Zr, which is not related to the mass formulae of the scalar bosons at the tree level.
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As we discussed in the former subsection, the custodial symmetry is violated by the CP
violating potential. Since the T parameter does not depend on Z; at the one-loop level, the
proposition that the potential violates the CP symmetry = AT # 0, and its inverse are not
true. The CP violating effects to AT from the non-zero Zg has been discussed in Refs. [151,152].

4.1.6 Theoretical constraints

In this subsection, we discuss the vacuum stability, the perturbative unitarity, and the triviality
bound as theoretical constraints on the extended Higgs models.

First, for the stable vacuum, the potential must be Bounded From the Below (BFB). When
we set the potential value at the vacuum to be zero, the potential should be positive with an
infinite value of any direction of the scalar fields. These conditions are expressed by the quartic
coupling constants in the tree level potential, and for the 2HDM with the softly broken Z,
symmetry, the necessary conditions for the BFB is known as [150, 156-161]

A1 >0, Ao >0, A3 > —v/ A, s+ A £ > —v/ A (4.32)

The conditions for the general 2HDM have been discussed in Ref. [162].

Second, when we do perturbative calculation, we need to take into account the perturba-
tive unitarity constraint. By the partial wave expansion, amplitude of a scattering process is
decomposed by

M =167 (2l + 1)a P(cos0), (4.33)
l

where P, is Legendre polynomials and ¢; is complex functions of the center-of-mass energy +/s.
If we discuss the process at the tree level, s wave amplitude, i.e. ag, is real. The size of ag is
bounded by a finite constant £, and usually it is taken to be £ = 0.5 [146] or £ = 1 [163]. The
tree level unitarity bound in the 2HDM has been studied in Refs. [164-167].

Finally, by the Renormalization Group Equation (RGE) analysis, the Landau pole, where
the coupling constants diverge, can appear in the extended Higgs models. In the SM, the self-
coupling constant of the Higgs boson becomes negative between 10° GeV and the Plank scale,
so that the electroweak vacuum is metastable [168-172]. On the other hand, due to multiple
coupling constants of scalar bosons, beta functions for them tend to be positive, resulting
the Landau pole at the scale much below the Planck scale. Above or near the Landau pole,
the theory should be replaced by a more fundamental theory. However, if the scale of the
Landau pole is very small, e.g. the scale which we have already reached in high energy collider
experiment, signatures should already been measured. Once we impose the condition that the
Landau pole does not appear below a scale, the parameters in the model are constrained. We
call this bound the triviality bound, and it will be discussed in chapter 9.

4.1.7 Experimental constraints

In this subsection, we discuss the experimental constraints for the 2HDM. We first focus on the
2HDM with the flavor aligned Yukawa matrix, (p/);,, = 0 (I # m). We then explain the effect
of the off-diagonal coupling constants, which cause tree level FCNC processes.

Higgs boson measurement

First, the coupling constants for H; have been measured at LHC. In the 2HDM, the coupling
constants for H; V'V are modified by the factor R;; from the SM predictions, as indicated in
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Egs. (4.6) and (4.7). The H; ff coupling constants are also modified from the SM. Therefore,
we have kyy = kz = R and

Rp = RH (Y:if)” + (ng F ing)(pf)ll, (434)

and those are constrained by ATLAS [19] and CMS [20] results, as discussed in section 2.6. In
table IIT of Ref. [173], available data for the Higgs signal strengths is summarized. When we
take a; = 0 (alignment limit), Ry; = 1 and Riz = Ri3 = 0 are shown, and all of the ryw,z ¢
parameters coincide to the SM ones at the tree level.

Direct searches for the charged scalar bosons

Second, we discuss the direct search experiments for charged Higgs bosons at LEP and LHC.

From the result at the LEP experiment [174], a lower bound of the mass is given by mpy+ 2
80 GeV almost independent of p/.

When the mass region is 80 GeV < mpy+ < 170 GeV, the charged Higgs bosons are produced
in the top quark decay process t — H*b. The upper bound of B(t — H*b) x B(H* — 7%v)
in this mass region is severely constrained from ATLAS [175] and CMS data [176], and the
branching ratio needs to satisfy B(t — H*b) < O(1073) when B(H* — 7%v) = 1 [83].

At LHC, H* is produced via the top-associated production gb — H*t [100]. The coupling
constants p/ are constrained by the following decay modes H* — tb [177] or HX — 7% [176].
If it is kinematically allowed, H* also decay into an off-shell W boson and a neutral Higgs
boson [83,178].

The decays H* — W*Z via pp(WZ) — H*X have been searched by ATLAS [179] and
CMS [180]. These production and decay processes are the loop-induced processes via the
H*WTZ vertices in the 2HDM, and it will be discussed in chapter 8.

Direct searches for the additional neutral scalar bosons

Third, we discuss the direct searches for additional neutral Higgs bosons, Hy and Hj, at LHC.

There are three important single production processes of the neutral Higgs bosons, such as
99 — Hay3 (gluon fusion), gg — Hy3bb (bottom associated) and gg — Ho stt (top associated).
When mpy, , < 2my, pf are constrained from the results of Hy 3 — 77 searches by ATLAS [181].
When mpy,, > 2my, the decay into a top quark pair is kinematically allowed, and pf are also
constrained by the data of Hy3 — tt searches by ATLAS [182,183] and CMS [184]. When the
mixing angles «; are non-zero, Hy 3 can decay into WYW~—, ZZ, HiH, or ZH,, if they are
kinematically allowed [185].

The additional scalar bosons can be produced by the pair production processes [186-188].
The following multi charged lepton decays can be constrained [178] from the result by AT-
LAS [189].

Constraints from flavor experiments

Fourth, we discuss constraints from flavor experiments. In addition to the SM contributions,
diagrams involving the additional Higgs boson exchanges contribute to many flavor observables.

When we consider p/ to be diagonal, such new effects in the flavor changing observables
appear at the loop level. The important flavor observables which relates to diagonal elements
in p/ are B — X,v, Bas — p*p~, BasBas and K°-KO mixing [139,173,190-194]. The
experimental value of the branching ratio for B — X v with the photon energy cut E, > 1.6
GeV is given by [195,196]

B(B — XY)exp = (3.3240.15) x 107 (4.35)
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Figure 4.1: Several constraints on the additional Yukawa couplings from direct searches and
flavor experiments.

Observed values of the branching ratios of By — pp and Bs — pp can be referred in Refs. [195,
197-199:

B(Bg — pp) < 2.1 x 107" (95% C.L.),
B(Bs — up) = (3.1 £0.6) x 1077, (4.36)

The UTfit results [200,201] give constraints on By-By and B,-B, mixing amplitudes as 'C'B L=
0.83,1.29], ¢p, = [-6.0°,1.5°] and Cp, = [0.942,1.288] at 95% C.L., where Cp e*?Ps =

(BY| HEM B_g> /(B H! ’B_g> (¢ = d,s). The upper limit of the 2HDM contribution to

the indirect CP violation in K% K0 mixing is [e2IPM| < 4.0 x 107 [202].

As a representative parameter space of the 2HDM, constraints from the direct searches and
the flavor experiments on the additional Yukawa couplings are shown in figure 4.1. We here
have assumed Pich-Tuzon parametrization [203], where all of p/ are diagonalized as

Pt =YY pt =Y pf =Y (4.37)

We also have taken conditions of alignment limit «; = 0, degeneration of the additional scalar
bosons my+ = mpg, = mp, = Mg, and ¢, = (4. We neglect phases of (¢, and take mg = 300, 350
and 400 GeV in the left, middle and right panels, respectively. The black dotted lines satisfy
|Ca] = (m¢/my)|Cu| which are the reliable bounds about the calculation of o(gb — tH®), where
we have referred the value from Ref. [185]. The gray (cyan) regions below the black dashdot
lines are excluded from H* — tb, (H* — 7v). The green solid (dashed) lines and the magenta
solid (dashed) lines are the upper bounds from Hy, — 77, (Hs — 77) and Hy(bb) — 77,
(Hs(bb) — 77), respectively. In the right panel of figure 4.1, which is the case of mg = 400
GeV, the constraint from Hjz — tt can be seen as the black dashed line. The regions above the
red (orange) and blue dashdot lines are excluded from By(By) — pp and B — X, respectively.
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Constraints on p,. coupling from direct searches

Finally, we discuss constraints on the FCNC couplings from direct searches.

The off-diagonal elements of p/ cause the FCNC processes at the tree level, which are
severely constrained by flavor experiments. For example, according to Ref. [139], pas.sd (Puc.cu)
are strongly constrained by K% K9 mixing and K — ptp~ (D% DO mixing and D° — ptpu~).
The FCNC couplings for the leptons are constrained by Lepton Flavor Violating (LFV) pro-
cesses, such as p — ey [204], p — 3e [205], 7 — ey [206], and so on. As a result, we only have
sizable FCNC coupling in the top-charm sector. Due to the absence of the CKM suppression,
pet Teceives stronger constraints, while p;. can be O(1). As it will be discussed in section 7.3,
pie can be additional sources of the BAU in the scenario of EWBG.

The off-diagonal element p;. contributes to the top quark decay process t — cH; in a; # 0
case. When the mixing angle «; satisfies cos(al — %) ~ 0.3, pre 2 0.3 is excluded [207,208] by
ATLAS [209] and CMS [210] data.

The additional Yukawa couplings p;. and py affect production processes of the heavy neutral
scalar bosons via gg — Hs 3 and gc — H st and their decay processes into tc or tt. Especially
pre Produces same sign top quarks via gc — Hj 3t — tt¢ process, and this is constrained by the
control region for ttW background (CRW) in the SM four top production searches [208,211-215].
When mpy, = 350 GeV and H, decouples, Ref. [208] gives an upper bound p;,. ~ 0.5 by
using the CMS data [216,217]. If the mass and decay width of them are degenerated, this
constraint is weakened due to the interference between cg — tHy — ttc and cg — tH3 — ttc
processes [211,214]. On the other hand, gc — Hsst — ttt process induced by pi. and py
was discussed in Ref. [213], and some parameter regions are excluded by the CMS four top
searches [216,217].

About the charged scalar bosons, the process of pp — H* — bc has a sensitivity for the
large py. coupling [218]. For example, p;,. = 0.5 with my+ = 350 GeV are constrained by the

~Y

mistag rate ¢ — b analysis with the bottom flavored dijet search at LHC with /s = 8 TeV [219].

4.1.8 Triple Higgs boson coupling

In the some of extended Higgs models, such as the 2HDM, it is known that the triple Higgs
boson coupling Anp, is enhanced by the quantum non-decoupling effect of the additional scalar
bosons [23,220-223]. By using the one loop effective potential in the 2HDM, as it will also be
discussed in chapter 7, we obtain the deviation from the SM prediction

AR = Ahhh B 1 (mie +Y5)2 | (mi, +Y5)>  (mi, +Y5)° A
R:—)\SM—l_l222 542 5 + 5 + 5 . (4.38)
hhh TS, M+ M, M,

This deviation corresponds to k), and it would be measured by the process of di-Higgs pro-
duction at future colliders [24,224-233]. At the HL-LHC and the ILC with /s = 500 GeV
(1 TeV), this coupling is expected to be measured at the 50% [21] and 27% (10 %) [24, 25]
accuracy, respectively.

The triple Higgs coupling can be a probe of the SFOPT [23], and it will be discussed in
chapter 7.
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Particle | Qp wugr dr Ly egr @ | N, 1 S
SUB)., | 3 3 3 1 1 1|1 1 1
SU2), | 2 1 1 2 1 2|1 2 1
u(), |1/6 2/3 -1/3 —-1/2 -1 1/2| 0 1/2 0
U, ,|1/3 1/3 1/3 -1 -1 0 |[-1 0 +2

Lo + 4+ + + + + | - - +

Table 4.2: Particle content and their quantum numbers.

4.2 U(1l)p_r gauge extension of Inert doublet model with
the right-handed neutrino

4.2.1 Particle contents and Lagrangian

In this section, we introduce a model to explain the tiny neutrino mass and the relic abundance
of the DM. We consider gauged U(1), ; extension of the Inert doublet model with the right
handed neutrino [76]. In this model, three Zs odd Right-Handed (RH) neutrinos N, (a =
1,2,3), a Zy odd scalar SU(2), doublet 7, a scalar singlet S and an electrically neutral U(1)z_,
gauge boson Z' are introduced. The Lagrangian is invariant under the gauge group SU(3), X
SU(2); x U(1)y, x U(1)5_; with an unbroken Z, discrete symmetry. The particle content is
shown in Table 4.2.
The relevant interaction L;,; for our discussion is given by

£int - ESM + EN - V(@, n, S>7 (439>

Yukawa

where £5M is the SM Yukawa interaction, and

3 3 R
Ly = " giaLiiiNa, — Y2 NeSN, + hec. 4.40
N az:l ( ; Gia L) 9 ) ( )
with 77 = i72n*, where i, « = 1,2, 3 are flavors of leptons. Without loss of generality, the Yukawa
coupling y* of RH neutrinos can be flavor diagonal. The Yukawa coupling among L,®N, is
prohibited due to the unbroken Z, symmetry. The active neutrinos remain massless at the tree
level, and obtain tiny masses at the one-loop level.
The scalar potential V(®,7n,.S) in this model is given by

A A
V(@.0,8) = | + plnl” + pISI” + T2 + Flnl” + Aal@f |l oy
41
A 3
+ Ag|@ty|” + 35 (@)% + hc.] + N@*|S]> + Alnl’|S]” + As| S|,

where A5 can be taken as real by rephasing of . We assume p? < 0, u% < 0,43 > 0, so that ®
and S receive non-zero VEVs by spontaneously symmetry breaking of the SU(2), x U(1), and
U(1)z_, gauge symmetries, respectively. This potential is an extension of the Inert doublet
model given in Eq. (4.17), so that the VEV of 7 remains zero.

The U(1)5_; gauge symmetry is assumed to be spontaneously broken above the electroweak
scale. The scalar singlet S is parameterized as

S = %(US + gbg + iZS), (442)

where vg is the VEV of the U(1)p_;, symmetry breaking, ¢g is a neutral scalar boson, and
zg is the NG boson. The Z’ boson obtains its mass as myz = 2gg_rvg by its longitudinal
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mode absorbing zg, where gp_; is the gauge coupling for the U(1); ; symmetry. In the
SU(2); x U(1)y x U(1)_, gauge sector, we suppose that the kinetic mixing between Z and
7' is negligible. RH neutrinos N, also receive their masses as

yff Us
my, = ——.
Ne )
After the electroweak symmetry breaking, the SU(2), scalar doublet ® is parameterized as
G+

L (0 9
ﬂ(v+¢+zG)

where v is the VEV of the electroweak symmetry breaking, G* and G° are NG bosons absorbed
by longitudinal modes of the electroweak gauge bosons, i.e., W and Z bosons, respectively. The
stationary conditions give the following relations

)\1 2 % 5\1)2

(4.43)

&= (4.44)

(i + SV + =5 =0, 12 4 Agvd + =0 (4.45)
The mixing between ¢ and ¢g leads to the following mass terms
1 o 1 M2 Avog ( o )
- M? — - ) 4.46
5 (9 9s) (cbs) 3 (9 9s) (Aws 22502 | \@s (4.46)

The squared mass matrix M? can be diagonalized by an orthogonal matrix with the mixing

angle «
hi\  [cosa —sina [0)
(hg) a <Sina cos « ) (¢5) ’ (4.47)

where h; and h, are mass eigenstate of neutral scalar bosons

my, = Mv® cos® a + 2Agvg sin® o — ovg sin 20, (4.48)
my, = Av”sin® a + 2A\gv3 cos® o + Xvvg sin 20, (4.49)

with the constraint
ovg cos 20 + (%02 — AgU%) sin 2a = 0. (4.50)

In this model, we fix the mass eigenstate h; to be the SM-like Higgs boson with my, = 125
GeV, and hy is the additional scalar boson.
The Zy-odd scalar SU(2),; doublet field 1 can be parameterized as

H+
n= %(H—HA) (4.51)

The mass spectrum of Zy-odd scalar particles is
My = ys + %v2 + %02, (4.52)
my; = i3 + %vg sz, (4.53)
m? = 5 + %vfg + Wv? (4.54)

There are 11 parameters /i3 o, 13, M 2345, A, As, X in the scalar potential in Eq.(4.41). They
can be replaced by 9 new physics parameters 3, mp,, M, ma, Mg+, @, vs, As and A, in addition
to the two SM parameters v and my,, .

33



4 Review of extended Higgs models

Figure 4.2: The one-loop diagram which generates small neutrino masses.

4.2.2 Radiative generation of the neutrino mass

In this model, tiny neutrino masses are generated via the one-loop induced dimension-six op-
erator S(L®)LP/A? where A is an energy scale parameter, as shown in FIG. 4.2.
Following the framework of Ref. [123,124], after the electroweak symmetry breaking, the

mass matrix of light neutrinos at one-loop level is
myljj = ZgiagjaAa = (gAgT)ija (455)

where the diagonal matrix A is defined by

2 2 2 2
A, = | o« ) — | « . 4.56
3272 {m?va—qu n(m%{) m?\,a—mzl n<m% )} ( )

In order to evaluate the Yukawa coupling of neutrinos, we adopt the Casas-Ibarra (CI)
parametrization [234]. The matrix of the Yukawa coupling can be parameterized as

Jia = (UPMNS \//WVR\/F>

where Upyns is the PMNS matrix [106,107], and the diagonalized mass matrix of active neutri-
nos is defined as M, = diag(m,,, m,,, m,,). The matrix R is an arbitrary complex orthogonal
matrix. In the benchmark analysis which is given in chapter 5, where the problems of the
neutrino mass and the DM are solved, we will take R = 1.

(4.57)

L)
(203

4.2.3 Constraints on the model

In this subsection, we discuss several constraints on the U(1) z_, extension of the Inert doublet
model with the RH neutrino.
First, BFB conditions for this model is given by [150,156-161,235-237]

AL >0, A2 >0, A3 > =V Ay, s+ A £ A5 > =/ A,
ds >0, A > —vV20/Xadg, A > —vV20/ M\ ). (4.58)

Second, as a perturbative criterion, we require that all the quartic vertices of scalar fields
should satisfy A1 23435, As, A\, A < 4, and for Yukawa couplings, it is (yf*)?, (y4%)?, (y5)? < 4.

Third, in the following analysis, we consider normal mass ordering of the light neutrinos,
and adopt the latest data from the PDG [73], which is given in Eq. (3.2).

Fourth, we consider constraints from charged LFV. In this model, charged LFV decay
processes are generated by one-loop diagrams mediated by H* and N,. We consider constraints
from l; — l;y and I; — ljlkl_k, as shown in Table 4.3.
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LFV processes | Current bounds on branching ratios
pt — ety 3.1 x 10713 [204]
ut—eete 1.0 x 10712 [205]
T — ety 3.3 x 1078 [206]
" =ty 4.2 x 107° [238]
T —eete” 2.7 x 1078 [239]
T —etuT T 1.7 x 107° [239]
T —e putuT 2.7 x 107° [239]
T = pteTe” 1.5 x 1078 [239]
T- — pete” 1.8 x 107° [239]
T =t 2.1 x 1078 [239]
T e T 13 x 102 [240]
pAu— e Au 7.0 x 1071 [241]

Table 4.3: Current experimental bounds for LE'V processes.

Fifth, this model basically provides two candidates of the DM, which are the lightest RH
neutrino or the lightest neutral Z, odd scalar particle, H or A. The relic density of the DM
candidates should satisfy observation results from the Planck satellite QA% = 0.120+0.001 [18].
Direct detection experiments can also give constraints to this model. We apply limits from
the LZ experiment [131,132] on the WIMP-nucleon spin independent elastic scattering cross
section. Detailed analysis is given in chapter 5.

Sixth, collider experiments give rich constraints on this model. This model includes the
Inert doublet model, so that some constraints are same as the 2HDM.

By the chargino searches at the LEPII experiment [174], the region of my+ > 80 GeV are
constrained. The LEPII experiment also excludes the intersection of the following mass region
for inert scalar particles [242]:

myg < 80 GeV, my < 100 GeV, my —my > 8 GeV. (4.59)

With precise measurements of decay widths of W and Z bosons [73], kinematically allowed
regions for decay processes W/Z — nn are excluded.

For the constraints of the Z' gauge boson, the LEP II experiment gives the lower limit
of the ratio, as given by mz /gp_r > 7 TeV [243-245]. The null result in searching for the
Z" boson at ATLAS [246,247] and CMS [248, 249] gives strong constraints on the Z’ boson,
my > 5.15 TeV.

In addition, the mixing angle « predicts the deviation of the Higgs couplings from the SM.
For example, k parameter for the hyZ~Z coupling in this model is obtained by

Kz = Cosa, (4.60)

and current experimental results for the Higgs boson coupling [19,20] constrain the mixing
angle a. From the CMS constraints for xz which have been already shown in table. 2.2, we
have

0.90 < cosa < 1.0, (4.61)

as a criterion of 95% CL. As similar to h;, the additional neutral scalar boson h, can also
be constrained by the Higgs signal strength at LHC [250,251]. For myp, 2 125 GeV (mp, <
125 GeV), sina ~ 0.3 (sinaa ~ 0.1) can be a conservative upper bound.

Finally, we consider constraints from the electroweak precision test. Especially, the oblique
parameter T' gives the strongest constraint on this model among S, T, U parameters. In this
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model, inert doublet fields H*, H, A and scalar singlet hy contribute to deviations of T' [67,252,

253]:
ap = 350a |:fT(m§L2) - fT(nmiLl) - CL(fT(Tj;Q) - fT(ﬂj;)ﬂ
w Z Z

- 2
167 sy, miy W

2
[F(m?{iam%{) + F(m%i>m124) - F(mHa mA)]a

1 2 2
4.62
167m3, s, (4.62)
where F'(a,b) is defined in Eq. (4.31), and
_ xlogz (4.63)

fr(z) = :

rz—1
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Chapter 5

Radiative neutrino mass and dark
matter in U(1l)p_; gauge theory

In this chapter, we discuss a concrete scenario where the tiny mass of the neutrinos and the
relic abundance of the DM are solved. We do not discuss baryogenesis in this chapter, however,
this model has a possibility to explain the BAU, as we will mention in section 5.3.

The seesaw mechanism [108-118] is a famous explanation of the tiny neutrino mass, and
it has been studied for a long time. There are three types of the seesaw mechanism, in which
different types of particles generate the neutrino mass. For example, in the type-1 seesaw
mechanism [108-111], the left-handed neutrino mass is suppressed by the inverse of the heavy
mass of RH neutrinos. On the other hand, models for generating neutrino mass at the loop
level (radiative seesaw model) have been considered [119-125]. In some of these models, DM
candidates run in loop diagrams of the light neutrinos, and the DM problem can be solved
simultaneously [122-125]. A representative example is the model proposed by Tao and Ma [123,
124], which can explain observed neutrino masses with TeV scale dark matter. In the Tao-Ma
model, the Z, odd RH neutrinos and the Z, scalar doublet 7 radiatively generate the neutrino
mass. Due to the unbroken Zs symmetry, the stability of the DM candidates is guaranteed. In
Ref. [254], a model of type-I seesaw mechanism has been proposed, where the RH neutrinos
get their Majorana masses from the spontaneous breaking of the U(1)p_; gauge symmetry.
This idea is extended in the radiative seesaw model, and U(1) g_, gauge extension of the Inert
doublet model with the Zs odd RH neutrino has been proposed [76]. In Ref. [76], the observed
DM relic abundance can be realized through the pair annihilation via the s-channel scalar
exchange by the mixing between the SM-like Higgs boson and the extra U(1)_y, scalar singlet.
Some phenomenology of this model have been studied by Ref. [77,78].

In section 4.2, we have explained this model, U(1)p_; gauge extension of the Inert doublet
model with the RH neutrino. In the original work [76], it has been shown that the mass
generation of the light neutrino and the DM relic abundance can be explained. However, after
the Higgs boson discovery, there are many available experimental results, such as the Higgs
boson measurement, Z’ search at LHC, Direct Detection of the DM, and so on. Therefore, we
revisit this model to make new benchmark scenarios for solving the problems of the neutrino
mass and the DM.

In the following sections, we first discuss the LF'V processes in the model. As discussed in
section 4.2, the neutrino mass can be generated by the RH neutrino at the loop level. The
neutrino mass is generated by lepton flavor violating couplings among the SM leptons, the Z,
odd RH neutrinos and the Zy odd scalar doublet n. As a consequence of this LF'V couplings,
LFV processes, e.g., i — e, occur. We then discuss two scenarios for the DM candidates, the
Z5 odd RH neutrinos and 7. The first scenario is a fermionic DM scenario where N; is the
lightest particle in the Zs odd sector, and shows allowed parameter spaces which can explain the
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5 Radiative neutrino mass and dark matter in U(1),_, gauge theory

relic abundance of the DM and the neutrino mass under the experimental data. The second
one is a scalar DM scenario in the model, whose discussions are similar to several previous
studies [242,255-258]. In the end of this chapter, we give discussions and comments on the
results.

5.1 Lepton flavor violation

+
s I H* H*
PN - -
// \\ /, \\ ej €; /, \\
€; € € € € €j
Ny No

Na

Figure 5.1: e; — e;y decay

Figure 5.2: e; — ejere;, decay

In this section, we consider current constraints and future prospects of the LF'V processes.
As shown in figures 5.1-5.2, LF'V processes e; — e;v and e¢; — 3e; can be enhanced through
N,~H= loop diagrams in this model.

5.1.1 ¢; — ejy decay

The branching ratio for e; — e;7 is calculated as [259]

ART e | Ap |

BI‘(G,’ — 6]"7) = 2 BI‘(GZ' — €jvjl/i), (5]_)
F
with the amplitude from dipole operator
195 Gia
AD = Z MF(&&)? (52)

2,2
= 321,

where &, is defined as &, = m?va /mzi, Qe 1s the fine structure constant, Gy is the Fermi
constant, and the function F(x) is defined as

B 1—6x+ 322 +2x3 —6221Inx

F(x) = 6 1) (5.3)
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5.1.2 ¢; — 3e; decay

The e; — 3e; processes include photon penguin diagrams and box diagrams. The branching
ratio of e; — 3e; processes is given by [259]

_ 3(47)? e 5 516 m,., 22 1 1
Br(e; — eje;é;) = ————"3|A A <—1 —1——) Z|B)? + =(2|Fral* + | Faul?
r(e eje;e;) 8G§ {| ~o|*+ [Apl 3 Ogmej 3 +6| | +3( |Frr|® + |Fre|?)

1 2
+ (= 24np 4} + s ANpB’ — SApB + he.) x Br(e: = e;575). (5.4)

The amplitudes Ayp, B, Frr and Fgry are the photonic non-dipole contribution, the box
contribution and the contributions from the Z penguin diagrams, respectively. These amplitudes
are given by [259]

3 *
giagja
A = —_—m
NP Z@ 6(47r)2m§{ G2(8a),

B 47'(' 2m 62 Z { Dl 50(755 g]ﬁgjﬁgjagza + V gagﬁDQ gaugﬂ)gjﬁgjﬁgjagza}

B=1

!

gR glozgjamezmej g
Frr = —F5(&a),
=y swm%; 2(4m)2m3. cw 2(8)

gL gzagja €5 e] g
Frp = o 9.5
b= g*stm?%, Zl 2(4m)2m3,. cw Fo(&e), (5.5)
where ¢t = g(1/2 — s%,)/cw and gk = —gs?,/ew, and the loop functions are given by
2 — 92 + 1822 — 1123 + 623 log x
Gale) = 6(1—x)° ’
Dy(x.1) 1 2% log x y?logy
€T = — — —
Ty 0y - yPly o)
1 xlogx lo
Da(,y) = — 5 yoey (5.6)

(1-2)1-y) (@-aPe-y) (1-y>y-2)

When the processes are dominated by the photon penguin diagrams, the branching ratio has a
simple relation [259-261]:

om e 11
Br(e; — ejej€;) ~ O;—ﬂ [2 IOg(:Z ) - Z} Br(e; — €;7), (5.7)
Br(e; — ejerér) ~ O;:;; [2 log(m—ei) — 3] Br(e; = e;v) (j # k). (5.8)

The box diagrams can be dominant when £ > 1 or £ < 1 if masses of RH neutrinos are
degenerate.
The p — e conversion in muonic atoms is also a signature of LF'V. However, y — ev is
more stringent than this process [259]. Detailed analysis of LF'V can be seen in Ref. [259-262].
Considering the constraints from neutrino oscillations and LF'V measurements, we choose
the following parameters for later use:

mpy, = mpy, + 2500 GeV, my, = my, + 3000 GeV, my = 1000 GeV,

mp+ =ma, 6 =mp+ —mg = 107° GeV. (5.9)
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Figure 5.3: Br(u — ev) (blue) and Br(u — 3e) (red) as a function of £ = m3, /m%.. Hori-
zontal dashed lines show the current upper bounds from MEGII experiment (blue) [204] and
SINDRUM experiment (red) [205]. The dot-dashed lines show the future bounds from MEG
upgrade (blue) [263] and Mu3e (red) [264].

LFV constraints on the mass of N; are shown in figure 5.3. The blue (red) solid line
shows Br(u — ev) (Br(u — 3e)). The horizontal dashed blue and red lines are current upper
bounds from MEGII [263] and SINDRUM [264], respectively. Future expected bounds from
MEG upgrade [263] and Mu3e [264] are shown as dot-dashed lines. As my, is increasing,
branching ratios of LFV processes are decreasing, which provides the lower bound of my,
around mpy, ~ 5.1 GeV.

5.2 Dark matter

In this section, we consider the freeze-out mechanism for DM candidates. The relic abundance
of the DM particle can be calculated by solving the Boltzmann equation [265]:

dY __ |gxm™mpmmp
doz 45 2

(ov) (Y2 = Yq), (5.10)

where x = mpy /T is an independent variable, Y = npy/s is the comoving density of the DM.
The thermal averaged cross section (ov) contains cross sections of all annihilation processes
before the DM freezes out. Integrating the Boltzmann equation from =z = 0 to zr = mpm /T,
the relic abundance is given by

Qpmh? ~ 2.75 x 10 8 mpyY (Tr)GeV ™1, (5.11)
where T is the freeze-out temperature of the DM. In the following analysis, we use micrOMEGAs6.0 [266]

to calculate the relic abundance of the DM.
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Figure 5.4: Annihilation processes NyNy — hy(hso) — ff, ZZ, W+ W=, hy(ho)hi(hy) through
the mixing between ¢ and ¢g.
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Figure 5.5: Relic abundance of N; as a function of my,. The red dashed line is the current
bound of the DM relic abundance from the Planck experiment [18].

5.2.1 N; dark matter

In this scenario, we consider N; as the lightest Zy odd particle.

First, we consider the relic abundance of the N; DM. In the Tao-Ma model [123, 124],
there are no sufficient annihilation rates for the Ny DM due to strong constraints from LFV
experiments [267]. However, it is possible for N; to satisfy the DM abundance with the mixing
between the Higgs field ® and the extra scalar singlet S, because N; can annihilate via Ny N; —
hi(hy) — ff, ZZ, W*HW =, hi(ha)hi(ha) processes [254], as shown in figure 5.4.

In figure 5.5, the relic abundance of N is shown as a function of my,. We use the following
parameters to calculate the relic abundance:

cosa = 0.97, vg = 30 TeV, my, = 200 GeV, my = 5.2 TeV,
my, = my, + 2500 GeV, my, = my, +3000 GeV, A =10"°% X3 =0.1,
myg = mpy, +10° GeV, my+ = my = my +107° GeV. (5.12)

The relic abundance of N; is reduced significantly around my, ~ my, /2 and my, ~ mp,/2,
respectively. Annihilation of the RH neutrinos to the SM particles is enhanced resonantly via
s-channel exchange of h; and hs. We also notice that it is possible for the RH neutrinos to
annihilate via Z’ boson exchange. However, this process is not dominant since the cross section
of Z' boson exchange (ov) is proportional to 1/vé, which is much smaller than Higgs boson
exchange processes in the low mass region my, < myz /2. In the mass region near the Z’ pole
mpy, =~ mz /2, even if annihilation can be enhanced due to Z’ resonance, it cannot realize the
required relic abundance.
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Figure 5.6: Parameter space of my, = 100+ 10™* GeV with constraints from LEPII [243,244],
ATLAS [19], CMS [20] and LZ 2024 [132] experiments. The red line is the bound from the
Planck experiment [18].

Second, we consider the direct detection of the N; dark matter. The lightest RH neutrino N,
can have elastic scattering with nucleons by Higgs exchange processes. The Spin Independent
(SI) cross section for the proton target is

4
po_ 2
Ogqr = 7 P> (513)
my,m
where p = N1+ P is the DM-nucleus reduced mass in the center of mass frame. The
my, — Mmp

hadronic matrix element f, [268] is given by

B my 2 mp
I = Z Cq;qf;q""ﬁfgc: Z Cqua (5.14)

q=u,d,s q=c,b,t

where f;iq and f7 express mass contributions to the nucleon from quarks and gluons, and m,
is the mass of a quark. The effective vertex ¢, is defined as

() () () ()] e

The SI cross section o§; has a simple relation with the BSM parameters in this model:

ob (MY x (% = %)2 (5.16)

Vs

In figure 5.6, the relic abundance of N; DM is shown as colored contour in the vg-a plane.
We choose the following parameter set:
th

mp, =200 GeV, my, = —= + 107* GeV, my, = 2500 GeV, my, = 3000 GeV,
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Figure 5.7: The possible SI cross section of N; as a function of my, in our parameter space.
The red points are excluded by theoretical constraints. The orange line is the upper bound
from the LZ 2022 results [131]. The dashed orange line is the upper bound from the LZ 2024
results [132].

A=10"% X3 =0.1, my = 1000 GeV, mpy+ = my, § =my+ —myg = 107" GeV.  (5.17)

The allowed parameter space is the region encircled by the LZ 2024 [132] (magenta dot-dashed),
LHC [19,20] (orange dashed) and Planck experiment [18] (red solid), which is on the right side
of the LEPII constraint [243,244] (cyan dotted). The contour lines of the relic abundance are
not symmetric with respect to a because the cross sections of s-channels for the annihilation
processes N1 N1 — hy(hg)hi(hsy) are not symmetric with respect to . As we can see from this
figure, the relic abundance decreases with large mixing angle o and small vg. This is because
the dominant annihilation cross sections are approximately proportional to a factor which also
appears in Eq. (5.16), and we have

(00 dom (M>2 (5.18)

Us

Therefore, the benchmark point given in Ref. [76], where the large mixing angle o = w/4 and
the small U(1)g_; VEV, vg = 3.7 TeV were taken, has already been excluded by the Higgs
boson measurement and the LZ 2024. Nevertheless, we still have room in the small mixing angle
a and the large vg. We also investigate the parameter space of the SM-like Higgs resonance
near the region my, ~ my, /2. We find that there are still parameter spaces for the N; DM
with the SM-like Higgs resonance if my, is near my, .

Third, we explore the allowed mass region of N; with hy resonance scenario. We choose the
following parameter space

cosa € [0.9,1], vs € [3.5,80] TeV, my, € [10,10%] GeV (5.19)
with

mpy, = mpy, + 2500 GeV, my, = my, + 3000 GeV, my, = 2my, + 0.2 GeV,
A=10"% X3 =0.1, myg = mp, +10° GeV, my+ = my = my + 107> GeV. (5.20)

We scan cosa, vg and mp, with 20 x 20 x 100 points, respectively. The allowed parameter
space of N; is shown in figure 5.7, in which all points satisfy the constraint Qpyh? < 0.12.
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The blue points satisfy all the theoretical and experimental constraints, while the red points
are excluded by the theoretical constraints. In the mass region near my, ~ my, /2, the SI
cross section greatly reduces due to the destructive interference of the two Higgs states. In the
mass region my, 2 80 GeV, the SI cross section increases as my, is increasing. In the mass

region my, > 500 GeV, the SI cross section exceeds the LZ bound, therefore the current direct
detection experiments give the upper bound on the mass of Nj.

5.2.2 Scalar dark matter

In this scenario, we consider H to be the lightest Z, odd particle. The H DM scenario has been
studied extensively in the Inert doublet model [242,255,256,269,270], and discussions here are
similar to the Inert doublet model with an additional scalar singlet [257,258].

In the Inert doublet model, when the mass of H is below the W boson mass, a pair of H
mainly annihilates into the SM fermions. The relic abundance greatly decreases at my ~ my,/2
and my ~ my/2, because HH — bb and HH — ¢g mediated by the SM Higgs and Z boson,
respectively, are enhanced. In mpg = myy, the annihilation channels HH — WTW ™~ and
HH — ZZ start to be opened, and predicted relic abundance is not sufficient to explain the
observed value. In the high mass region, my = 500 GeV, the (co)annihilation channels into
the SM gauge bosons, which are controlled by A\, = A3+ Ay + A5, can be dominant. As a result,
depending on the combination of A3, Ay and A5, preferred relic density can be obtained again.

In our model, there are two differences with the inert doublet model. First, the relic density
can be satisfied by the additional Higgs resonance near the mass region myg ~ my,/2. H can
annihilate via HH — hy(ho) — ff,WtW =, ZZ, hy(hy)hi(hy) processes. Second, the SI cross
section in direct detections can be changed due to the hy exchange processes. The SI cross
section of H is given by )

mpgm
od = 4:;% 2 i = ﬁ (5.21)

where f, has the same definition as Eq. (5.14), and ¢, is defined as *

Mg | AV sinacosa — Apv cos’a  Apvsin® a + \vgsin arcos a

- . (5.22)
20 mil miQ

Cq:

We here choose the following parameter space

my € [50,90] GeV, cosa € [0.9,1], u3 € [2000,4000] GeV?, my+ = my = my + 50 GeV,

(5.23)
and fix the following parameters for the H DM scenario:
vg = 5000 GeV, my, = 120 GeV, A = 1074,
mpy, = 3000 GeV, my, = 3500 GeV, my, = 4000 GeV. (5.24)

The allowed parameter space of H is shown in figure 5.8. The red and blue points satisfy
Qpuvh? = 0.12 and Qpyh? < 0.12, respectively. The allowed parameter space is near 60 GeV
due to the destructive interference of the two Higgs states, indicating that there is still allowed
parameter space for the H DM scenario in this model.

5.3 Discussions

In this section, we give some comments on the results shown in section 5.1 and 5.2. In sec-
tion 5.1, we have shown that experiment results give the lower bound of my,. At present, the

!The SI cross section can be modified depending on the size of Ay via loop corrections [271].
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Figure 5.8: The possible SI cross section of H as a function of my in our parameter space.
The red points satisfy Qpamh? ~ 0.12, and the blue points satisfy Qpyh? < 0.12. The solid and
dashed orange line is the upper bound from the LZ 2022 results [131] and LZ 2024 results [132],
respectively.

most stringent constraint comes from the p — ey process, which gives the lower bound on
mpy, > 5.2 GeV in our N; DM scenario. In the future, the MEG experiment [263] may improve
its sensitivity down to Br(u — ey) ~ 6 x 107!, and the Mu3e experiment [264] may upgrade
the sensitivity to Br(u — 3¢) ~ 1 x 1071°. Future LFV experiments would give the lower bound
mpy, > 21 GeV in our N3 DM scenario, which is 4 times better than the current bound.

In section 5.2, we have shown benchmark points and parameter space of the DM candidates
in this model. We here very briefly mention the prospect for collider searches in each scenario.
In the N; DM scenario, N, could be tested through H* — [* N, signals at LHC and HL-LHC
if it is kinematically allowed, mainly via pp — HTH~ — Ny N{IT1~ [178,255,269,272-274]. In
the H DM scenario, inert scalar particles can be produced through monojet processes (e.g.,
qq — Zg — HAj and q¢ — h1g — HHg) in hadron colliders. Detailed analysis of the inert
scalars in LHC can be found in Ref. [178,255,273]. Inert scalars can also be produced in lepton
colliders through ete™ — Z — AH(H*H™) processes [269,274].

The existence of the Z’' boson is another difference from the Tao-Ma model. Though
searches in LHC give strong constraints on the mass of Z’' boson, it can be lighter with
smaller gauge couplings. Since hadron colliders (e.g., LHC and HL-LHC) have large back-
grounds, it can only reach the gauge coupling gp_r of O(1072) [275]. However, lepton colliders
(e.g., ILC) can reach smaller gauge coupling of O(107%) [275]. Decays of the Z’ boson into
SM particles are proportional to (B — L)?>. Due to its large mass, the branching ratios of
Z" — qq, "1, vpp, NyNy, hihy, hihe and hohy for the parameter set Eq. (5.12) are given ap-
proximately by 0.20, 0.29, 0.15, 0.15, 6.9 x 107%, 4.4 x 1072, 0.17, respectively [76, 244].

Direct detection experiments become more and more stringent for DM candidates. The
LZ 2024 results give the upper bound of N; DM around 500 GeV. The inert scalar DM is still
viable due to the destructive interference of the two Higgs states in the low mass region. Future
DM detection experiments may give stronger bounds on the DM mass in this model.

In this model, there are CP phases in R matrix for the RH neutrinos. Therefore, a baryo-
genesis scenario in this model, e.g. leptogenesis [136] or electroweak baryogenesis [27], could be
considered [276].
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5 Radiative neutrino mass and dark matter in U(1),_, gauge theory

5.4 Short summary of chapter 5

The radiative seesaw model with gauged U(1)p ; X Zy extension is a well-motivated scenario
which gives consistent predictions of active neutrino masses and the abundance of the DM.
Majorana masses of the RH neutrinos, the lightest of which can be identified as the DM,
are given by the spontaneous breaking of the U(1) ;_, gauge symmetry. We have revisited this
model with the latest constraints from the DM searches, neutrino oscillations, flavor experiments
and collider experiments. We have explored the feasible parameter space of this model, and have
found that there is still allowed region for this model under the latest experimental constraints.
We have presented new viable benchmark scenarios for this model, i.e., the RH neutrino DM
scenario and the scalar DM scenario. We also have mentioned the testability of these benchmark
scenarios in future experiments.
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Chapter 6

Review of electroweak baryogenesis

6.1 Mechanism of electroweak baryogenesis

6.1.1 Wash out of B+ L

As we have mentioned in section 2.4, by the sphaleron process, the sum of baryon and lepton
numbers B + L is not conserved in the early Universe. After the EWPT, the sphaleron process
is exponentially suppressed, while it is in thermal equilibrium before the symmetry breaking.
Therefore, created B + L much before the electroweak era is washed out.

If the sphaleron (]0> < 1 uLdeLV,-L) is in thermal equilibrium before the electroweak
symmetry breaking, the baryon and lepton number can be written as

8N; + 4m 14N + 9m

- (B-L), L=—Ft
22Nf+13m( ) 22Ny + 13m

(B—L), (6.1)
where Ny and m are the generation of quarks and the number of the Higgs doublet (Ny = 3
and m = 1 in the SM), respectively. Therefore, in order to get non-zero baryon asymmetry,
non-zero B — L must be created before freezing out of the sphaleron process, i.e. electroweak
symmetry breaking. Alternatively, we can consider non-equilibrium situation of the sphaleron
process, which can be satisfied during first order EWPT. The former scenario corresponds to
the cases of the GUT baryogenesis [133,134], leptogenesis [136] and so on, while EWBG uses
the latter mechanism.

6.1.2 First order phase transition

In thermal situations, such as in the early Universe, the effective potential which describes
properties of the vacuum is corrected by finite temperature effects [277]. As a simple example,
we consider \¢* theory with a negative mass term p? < 0

1 1 1
_ woho =242 0 4
L 5 PO S 10) 4!)\¢ : (6.2)

With the high temperature expansion and the resummation of the leading diagrams [277], we
obtain

1

24

3
1 2 1
T2 - 2 T - 4 ~4 )
5 51 on A +2)\<,0) +4!)\<p +0(m"), (6.3)

1 1 1
V(g T) =5 (/f + —ATZ) ¢ — — (/f +

where ¢ = (¢) and m? = p* + \T?/24. In the high temperature, the quadratic term can be
positive, and the symmetry of the vacuum recovers. When we define T' = T} satisfying

1
p + ﬁATQ =0, (6.4)
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Figure 6.1: Shape of the effective potential in finite temperature.
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Figure 6.2: Baryon number density in front of the bubble wall.

the effective potential at this temperature is V ~ —\32¢3 + Ap?, which has the vacuum at
@ # 0 (blue line in the left of figure 6.1). At the temperature little higher than 77, depending
on A, two local vacua can exist simultaneously (red line). In this case, the phase transition
is caused by the quantum tunneling effect, and expanding bubble walls are created [278-280)].
The temperature, where the two vacua are degenerated, is defined by the critical temperature
T.. The temperature, where the nucleation probability is large enough to decay (the decay rate
is comparable to the Hubble rate), is called the nucleation temperature T,,. The VEVs at these
temperature are denoted as

QP(T = Tc) = U,
o(T =T,) = v, (6.5)

respectively. For EWBG, EWPT must be first order to realize non-equilibrium situation for
the sphaleron process.

6.1.3 Non-equilibrium situation around expanding bubble

In the mechanism of EWBG, the baryon asymmetry is created around the expanding bubble
walls during the SFOPT. We here assume the scattering processes of the SM fermions are much
faster than the sphaleron process in the symmetric phase, i.e. the mean paths of them satisfy
lscat << Iy -

Due to the CP violating interactions between the bubble and the SM fermions, the asym-
metry between left-handed (right-handed) quarks and anti-quarks np, = n,, — ng- (ng, =
Ngn, — Ngm) can be non-zero, but from the baryon number conservation in this process, they
satisfy ng = ng, + np, = 0 (figure 6.2). The number density of the left-handed baryon is
changed by the sphaleron process ng, — np, + Ang,, and just in front of the bubble wall, we
get the non-zero baryon asymmetry ng + nyp + Anyp = Any.
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6 Review of electroweak baryogenesis

| EDM | Current limit (90% C.L.) || EDM | Future prospect |
de (ACME-IT) | 1.1 x 107 € cm [282)] d. (ACME-IIT) | 3 x 1073! e cm [287]
d, (JILA) 11x10% ¢ cm [283] d, (EDNP) O(10~%) ¢ cm [288, 289
d,, (nEDM) 1.8 x 1070 ¢ cm [284] d,, (nEDM) 2 x 10728 € cm [290)
d, (UWash) 2.1 x107% e cm [285,286] || d, (stEDM) O(107%) e cm [291]

Table 6.1: Current status of the EDMs.

If the velocity of the expansion v, is comparable to the sphaleron rate, i.e. v,At ~ l;g?,

the sphaleron process might be no longer in thermal equilibrium. This is because, inside the
bubble wall, the sphaleron rate is exponentially suppressed by the VEV of the Higgs doublet, as
we have mentioned in section 2.4. In order to decouple the sphaleron process from the thermal
equilibrium,

Lon(T) < H(T), (6.6)
should be satisfied, where Fbrh and H are the sphaleron rate in the broken phase and the Hubble
rate, respectively. The sphaleron rate inside the bubble is expressed by the sphaleron energy

Ik o e Pwon/T which is a function of the VEV and the temperature, and we obtain the
sphaleron decoupling condition [281]
v v
S~ >, 6.7
The phase transition which satisfies this condition is called Strongly First Order electroweak
Phase Transition (SFOPT). If the above processes are all successful, the created baryon asym-
metry is frozen out until now.

6.2 CP violation and electric dipole moment

The EDM is one of the powerful tools to test the CP violation in the model. With the non-
relativistic limit, the interaction Hamiltonian of the spin of a fermion ) and the electric field
is given by

S
Hppy = _dEDME - F, (6.8)

where S and E are the spin and the electric field vectors, respectively. The time reversal
transformations are 7 (E) = E and T (S) = —S, so that this interaction Hamiltonian violates
time reversal symmetry.

The relativistic interaction is given by the dimension five effective operator

Lepm = ——¢UWW5¢ ps (6-9)

where o" = %[7“, ~*]. This operator is also 7 odd, so that, from the CPT theorem, this is the
CP odd operator.

The effects of CP violation in the model can appear in the EDM operator, so that by
the measurement of the EDM in the experiments, we can test the CP violation. Until now,
there are null results of the finite value of the EDM, and we only have upper limits on the
EDM. There are various systems for measuring the EDM, e.g., neutron [284], atoms [285]
and molecules [282,283]. From those EDM bounds, we can obtain upper bounds for more
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6 Review of electroweak baryogenesis

Figure 6.3: The Barr—Zee type diagrams including the fermion loop (left) and the scalar loop
(right).

fundamental particles, such as the electron, proton, and so on. In the table 6.1, several upper
bounds on the EDMs and the future prospects are summarized.

In the SM, we have one CP violating phase, i.e. CKM phase . However, the predicted
EDM in the SM is much smaller than the current bound: e.g. the electron EDM predicted by
the SM is O(1073%)e cm [294]. Due to the smallness of the SM prediction, the EDM can be a
good probe of the CP violation from new physics.

1

6.2.1 Electric dipole moments in the two Higgs doublet model

In the extended Higgs models for the EWBG, the EDM is induced by the new source of the CP
violation. In this subsection, we discuss the EDMs in the general 2HDM, which is introduced
in section 4.1.

We here take the Pich-Tuzon parametrization, which is shown in Eq. (4.37), for the Yukawa
interactions between the SM fermions and the additional scalar bosons. When we consider the
alignment limit «; = 0 for the neutral scalar bosons, there are three CP phases in the Yukawa
sector, 0, = arg[(,], 04 = arg[(,4] and 6. = arg[(.] and one CP phase arg[Z;| in the potential.

In this setup, two loop Barr—Zee type diagrams [295] in figure 6.3 are leading contributions to
the eEDM in the model. The left diagram in figure 6.3 has a fermion loop, and the right one has a
scalar loop. Since there are multiple CP-violating phases in the model, each diagram depends on
different CP-violating phases. We can further categorize the Barr—Zee type diagrams depending
on the scalar boson which couples to the external fermion line being either neutral or charged.

In the fermion loop contributions, we only consider the top quark loop diagrams because of
the hierarchy in the Yukawa coupling constants. Therefore, when |(,|, (4] and |(.| are in the
same order, the contributions from the fermion loop diagrams are approximately proportional to
|Cul|Ce| sin(8, — 6¢). On the other hand, the contributions from the heavy scalar loop diagrams
are approximately proportional to |\;||(.|sin(67 — 6,).

We next discuss the neutron EDM. By using the QCD sum rule, d,, is given by [296-300]

d, = 0.73dy — 0.18d,, + €(0.20d + 0.10d,,) + 23 x 10~° GeV ew, (6.11)

where ci%d are the chromo EDMs, and w is the Weinberg operator [301,302]. The sign of w has
not been determined yet, because of the theoretical uncertainties [303,304]. In the parameter

'In the strong sector, we have CP odd term

2
95 ~a apv
=0 H 1
Lcpy 392 G, G, (6.10)
which is known as the theta term. This operator induces the neutron EDM, and from the current bound [284],
|6] must be smaller than O(1071°). The problem of the smallness of 6 is known as the strong CP problem. In
this Ph.D thesis, we do not further enter this problem and assume some mechanisms working to suppress this

term, e.g. the Peccei-Quinn mechanism [292,293].

50



6 Review of electroweak baryogenesis

regions which we discuss later, the contributions from the four fermi interaction [305] are
negligibly small [304]. According to the formulae shown in Refs. [83,299, 303, 304, 306, 307],
when mpy, = mpy,, the nEDM is approximately proportional to |(,||Cq|sin(6, — 04).

6.3 Transport equations for electroweak baryogenesis

In this section, according to Refs. [79,308,309], we derive transport equations around the
bubble wall. We discuss so-called semi-classical force method [79,308-312], based on the WKB
approximation. Although the wall velocity v, is an important parameter for the calculation
of the baryon density, we treat it as a free parameter, following to the former discussions
36,37,79, 308, 309] 2.

We start from the relativistic Boltzmann equation for a particle 7

(8t+vgﬁw+F8p)fZ:C[fl,fJ,], (612)

where f is the distribution function, v, and F' are the group velocity and the force acting on
the particle i. The left-hand side of the equation is called Liouvill term L[f;], which denotes
the time evolution of f. On the other hand, the right-hand side is called the collision term,
which expresses particle number changing via scattering or decay processes.

In order to derive v, and F', we see the dispersion relation of the particle in the background
bubble wall. One-dimensional Dirac equation for z axis is given by

(id — MPr — M*Pp)p =0,  M(2) = m(z)e??, (6.13)

where 1) is the wave function of the particle, Pg j, are the chiral projection operator, and m(z)
and 0(z) are the space dependent mass and phase, respectively. Here we consider a single-flavor
case, but we will discuss a multi-flavor case in section 7.3. In this Dirac equation, only the
effects of the bubble wall appearing in the mass term as a background are taken into account,
and all other interactions are neglected. We can boost to the wall frame with (p,,p,) = (0,0).
In this frame, the wave function for the particle with the positive energy w can be written by

—iw Rs
U, =e Wt (L ) ® Xs, (T3xs = SXs), (6.14)

where R, L, are two component spinors, and y, is the eigenstate of the spin in z axis. By
substituting this into the Dirac equation, we have

(w—1s0,)Ls = MR, (w+1is0,)Rs = M"Ls. (6.15)

For L,®, we obtain
(M(w + is@z)ﬁ(w —1s0,) — |M|2) Lys=0. (6.16)

To solve this equation perturbatively, we use the WKB ansatz [308]

LS — weifz PCZ(Z/)dZ/’ (617)

2In order to calculate the wall velocity v,, one has to solve equations of motion of the bubble in the
fluid [313,314]. The wall velocity v,, has been calculated in several models [44,56,315-317]. In the THDMs like
our model, the order of magnitude of v,, agrees with the SM one, and it is evaluated as O(10™!) [44,316].
3Discussions for R, are completely same as for L.
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where p. is the canonical momentum. In this ansatz, the derivative expansion corresponds to
the A expansion. Up to O(h), we obtain
sw —+ po

Per = Do £ ———0 +a + O(h?), (6.18)
2po

where py = vw? — m?, and « is came from the redundancy of the phase in Eq. (6.17). The
upper sign is the result for particle, and the lower one is for anti-particle. By replacing w? —
w? + p? + pf/, we again move back to the non-zero (p,,p,) frame. We obtain the dispersion
relation

w2 = (pcz - Oécp)2 + pi —|—p12/ + m2 + 39/\/(ch - acp)2 + m2, (619)
where we have defined acp = o £ 60'/2. Equivalently, we obtain the energy formula

/

GQJOZ
Ww=wy+ s+ ’
20.}0

(6.20)

where

Wy = \/(pcz - OéCP)2 —i—pg% +p§ +m?, wg, = \/(pcz — OéCP)2 + m2, (6.21)

The WKB wave packet follows the equation of motion

. ow ) Ow
Ug =z = (apcz>z7 Pez = — (&)pcz . (622)

The group velocity is the physical quantity, while the canonical momentum itself is not, because
it depends on the arbitrary phase acp. Therefore, we define physical momentum as

0/
Pz = wvy = (Pe — Qcp) (1 Fs ) : (6.23)

2W0z

By using this momentum, the energy and group velocity can be rewritten as

20/

w F SQEEZ sAFE,
20/
j22 m*6 j22 AFE
== |lts—— )| == (1Fs— 6.24
K E( S2E2EZ) E(:FSE)’ (6:24)
where
m20'
= [p2 4 2 4 2 2 = /2 2 = _
B=\[p+pi+pitm, B=\pEtmd AB=-g (6.25)
Finally, the physical force acting on the WKB packet is obtained by F' = p,, resulting
(mQ)/ (m29/>/ m29/(m2)/ (mZ)/ (m20/)/ AE(m2)’
F=- + =— + 6.26
oF ~ °2BE, T ABE, o8~ \2EE. T 2E? (6.26)

Here we have used the energy conservation law dw/dt = 0.

From the above discussion, we get the group velocity and the semi-classical force, v, =
(0,0,v,), F = (0,0, F). The Liouvill term is

L[f] = (Ugaz + Fapz)f7 (627>
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where we have omitted the subscript 2. The distribution function of the particle in the equilib-
rium with the energy w in the wall frame is given by

B 1
feq o e,B[W(EiSAEﬂLUwPZ)] 4+ 1’

(6.28)

where v = /1 —v2. We assume solutions of the Boltzmann equation are expressed by the
deviation from f.,, and the ansatz is given by

1
f = eB(BLsAE+vwp:)—pu(2)] 4 1 + 5f(z,p),

(6.29)

where pi(2) is the space-dependent chemical potential, and § f(z, p.) denotes deviation from the
kinetic equilibrium, which satisfies

/cz3p 5f =0, (6.30)

from the conservation law of the particle number. Up to the second derivative order, the
distribution function can be expanded as

1
F = fouw k1 0uNE — fous F 45 S0 A+ fosYAE) 41, (6.31)

where fg,, = 1/(e?"E+vwr:) £1) and f}, = dfow/d(vE). The chemical potential and the kinetic
perturbation d f are decomposed by the CP-even and CP-odd parts,

p= He % fo,
5f = 5fe + 5foa (632)

where the upper (lower) sign is for (anti-) particles. We note that the CP-even part is caused
by contributions at the first order derivative expansion, while the CP-odd part is the second
order. In the calculation of the baryon asymmetry, we need the CP-odd solutions, so that we
will evaluate CP violating sources at the second order derivative expansion as the leading order
contributions.

By substituting Egs. (6.31)-(6.32) into the Liouvill term, we get

Lif -7 » m?)’ P m?)’
% = — Ef(l)w//o + rva%fé{lﬂl’bo + Eaz(;fo - %apz(sfo
m26") m?20'(m?) Jow
+ SV <2EE) féw + SW@# (7 (Slw - %) : (6.33)

We have neglected higher order contributions which came from the CP-even part. The terms
in the second line are leading order sources for asymmetry. When the particles are relativistic,
the spin can be decomposed by the helicity as s = h sign(p,). In the following discussions, only
the CP-odd part of u and 0 f appear, so that we will omit the subscript o.

To solve this equation with respect to p and df, we take momentum average. The [th
moment of the kinetic perturbation respect to p,/FE is defined by

w = <<%>15f> - Nil/di‘p (%)lw, (6.34)

where Ny is expressed by massless Fermi-Dirac distribution, Ny = [ d®p fip ,,—. The Oth and
1st order moment equations for the particle ¢ are given by

{ =Dy + oy ; + Youw (M) Quipts — KoiT'i = hiSy;.

L - 6.35
— Do, — Uwull,i + YU (MZ) Qaipti + (m3) Ryuy ; + L tott1,i + vy Ko I'i = hSs;. ( )
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The source term Sj; is defined as
Sii = =y (M20))' Q% + yo,m20i(m?2)'Q), (1=1,2). (6.36)

The symbol I'; ;¢ denotes the total reaction rate of the particle ¢, and T, is the sum of the
reaction rate for inelastic scattering processes including ¢. The definitions of the functions D,
@, R are given in appendix B. In the derivation of Eq. (6.35), we have assumed a factorization
assumption, such that

(X6f) = / dg%f(éf L ]‘\);f oy J dgg l%(sf = [XE] ur, (6.37)
where Ny = f d3p fo. From this factorization rule, we get truncation relation as
p: P
Uy = <E—Z2§f> = [E] U] = —Vplly. (6.38)
For the CP-odd part of the collision terms, we also have used the relation [308]
(Co) = Koliy (%2C0) = ~Tiotini = va (o). (6.39)

where Ky = —Ny/(N,T).

By solving the above transport equations for active particles, the distributions of the chem-
ical potentials are obtained. By using these distributions, the produced baryon number density
normalized by the entropy density can be evaluated as [37,308]

05Ty, /°° 45T g2
= SR d 3 -, 6.40

where pp, is defined as

1
KUBy, = Q(ILLUL + Ky, + ey, =+ sy, + Moy, + :utL)a (641>

The symbol g, is the effective degree of freedom for the entropy. The weak sphaleron rate
in the symmetric phase is denoted by I's,,. By the lattice calculations, I'yp, is evaluated as
Lopn = 1.0 X 107%7" [318]. The function fy,(2) describes the suppression of the weak sphaleron
rate outside the bubble caused by the nonzero VEV. According to Ref. [37], we evaluate fopn
as

24T
Fopn(2) = min{l, F—e*40”n<2>/T}. (6.42)

sph
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Chapter 7

Electroweak baryogenesis in the two
Higgs doublet model

7.1 Electroweak phase transition in the two Higgs dou-
blet model

In this section, we discuss the EWPT in the 2HDM, which is defined in section 4.1. In this
section, just for simplicity of analyses, we consider the alignment limit o; = 0 to avoid mixing
among the neutral scalar bosons.

7.1.1 Effective potential

In this subsection, we derive the effective potential of the 2HDM. We start discussions from
the Higgs basis and consider only the electrically neutral VEVs. The VEVs of the two doublet
fields can be written as

(@) = % (21) (@) = % (802 fwg) , (7.1)

where ¢; € R. We here have eliminated the imaginary part of the neutral component of (®;)
by rephasing ®,. The space dependence of this rephasing angle appears in the CP violating
source term, as we will discuss later.

At the one-loop level, the effective potential at zero temperature is given by

VilLo(1, @2, 08) = Vo + Vi + Ve, (7.2)

where V), V} and Vor are tree-level potential, the Coleman—Weinberg (CW) potential [319] and
the counter term, respectively.
The tree level potential is

1 1
Volpr, @2, ) = = Y71 = 5Y5 (5 + 93) — (Volrepr — Yilrps)n

1 1 1
+ 2101 + = Zo(05 + 93)° + = (Zs + Z4) (03 + 03) 1

8 8 4
+EZR(2_ 2) 2_1212 _|_1 R 3 _1213
445 Yo — ¥3)¥1 5 5P1P2¥3 576 P1P2 9 6P1¥3
1 1
+ 527 0102(05 + 93) — 5 Zreres(5 + 93). (7.3)

If we take the real Z5 basis, ZI = 0.
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We calculate the CW potential, in which the top quarks (¢), the gauge bosons (W,Z, ),
the scalar bosons (H*, Hy 53) and the NG bosons (G*, Gy) give contributions, and obtain

4x3 -4 m? 3 3 ~ 4 mgauge 3
‘/Yl = — Wmt (111 @ — 5) + WTI' {mgauge ln Q2 — 5

2 ~ 4 m?l: 3 1 ~ 4 mrzleu 3
+ 647T2Tr {mi (hl@ — §>:| + 647T2Tr {mneu IHF — 5 s (74)

where m is the field dependent mass, which is given in appendix A. We here adopt the Landau
gauge to calculate the CW potential, and set renormalization scale as () = m.
The counter term Vi is written by

1
Ver = — 555/12%0% — (6Y5 g2 — 6Y5 1 03) 1
1 1
+ 552190‘1‘ + 1523(% + 3)pt
1 1 1 1
+ 50255 — )T — 5075 lieaps + 025 e — S0 Z5 s, (7.5)

We determine these counter terms not to change the vacuum and the curvatures at the vac-
uum from the tree-level potential. At the tree level, due to the stationary condition, ¢ =
(p1,92,03) = (v,0,0) = @uac gives the minimized value of the potential. We impose nine
renormalization conditions,

OViL,

=0, (1=12,3),
aspl P=Pvac
GVt
—= =M, (i,j=1,2,3), 7.6)
agpla%p] P=Puvac ’ ( (

and remaining parameters are renormalized by MS scheme. In the second condition, the mass-
less NG bosons cause IR divergence, so that we take a cutoff myg =1 GeV [320] in numerical
calculation. This problem is sometimes called Goldstone catastrophe [321]. We have checked
the final results are hardly dependent on this cutoff scale. The explicit renormalization condi-
tions are given in appendix A.

We next consider thermal corrections to the effective potential. The effective potential at
finite temperature is given by

VT (@1, 00,005 T) = Villy + V. (7.7)
The thermal correction Vi is given by [277]
_ s Ny = 2 sp+1 ~
Vi = Z(—l) km/o dx z*log (1 + (=1)**exp (—\/1‘2 + B2mz>) , (7.8)
Sk

where 5 = 1/T, s = 0 for bosons and s = 1 for fermions. We employ Parwani resummation
scheme [322] to include leading order corrections from thermal mass.

7.1.2 Electroweak phase transition

By using the effective potential at finite temperature, we can calculate EWPT. The nucleation
temperature of the bubble T), satisfies I'/H* = 1, where H is the Hubble parameter, and T is
the probability of tunneling at the temperature T per unit time and volume, given by [278-280)]

' = A(T) exp (—%) . (7.9)
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Un

broken phase symmetric phase

Figure 7.1

The pre-factor A(T) is roughly evaluated as A(T) ~ T by the dimensional analysis, and Ss is
the three-dimensional Euclidian action. With the assumption of spherical symmetry with the
spatial radius r, we have

3 ~ 2
o0 1 (dg; o~ o
53:471'/0 dmﬂ{zﬁ(dfﬂ) + VI (b1, 62, 05;T) |- (7.10)

=

The quantities ; are the solution of the equation of motions

d2§0i 2 dQDZ . 8‘/6&
dr2  rdr  Op;

with the boundary conditions

dipi

=0. 12
dr r=0 0 (7 )

wi(r =00) =0,

The typical shape of the solution is drawn in figure 7.1. In r — oo, the VEVs are zero
(symmetric phase), while the fields get the VEV in  — 0 (broken phase). The actual bubble is
the spherical, however, the typical scale of particle reactions around the bubble wall for EWBG
is much smaller compared to the radius of the bubble. Therefore, in the following discussions,
we neglect the curvature of the walls and take one-dimensional coordinate along to the radius
of the bubble. We define z = 0 as the center of the bubble, and z = oo (2 = —o0) is the infinite
point outside (inside) the bubble.

We here show numerical evaluations of the electroweak phase transition in the 2HDM. For
simplicity, we consider only the single-step phase transition. For numerical evaluation, we use
CosmoTransitions [323], which is a set of Python modules for calculating the effective potential
and the Euclidean action.

In figure 7.2, we show the behavior of the EWPT for various masses of the additional Higgs
bosons and the decoupling parameter M = /—Y;2. Here, we take the additional Higgs bosons
have the same mass my+ = mpg, = my, = mge. We show the figures for Zy = 0.1 (left) and
Zy = 2.0 (right). Other parameters of the effective potential are set to be |(,| = 0.15,0, =
—2.7,|Z7| = 0.8, arg[Z;] = —0.9.

In the lower gray region, the EWPT is two step or second-order. In the upper gray region,
the nucleation rate per Hubble volume I',,/H* is less than 1. In such a region, the EWPT is
not completed until the present.

In the white regions, the EWPT is first-order, and occurs in a single step. For successful
electroweak baryogenesis, the EWPT has to be strongly first-order, where the sphaleron tran-
sition decouples inside the bubble quickly enough. In figure 7.2, contours for v, /T,, are shown
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Figure 7.2: The behavior of the EWPT for various masses of the additional Higgs bosons and
the decoupling parameter M. The masses of the additional Higgs bosons are assumed to be
degenerated and given by mg. The red dotted lines are contours for v, /T, and the black
dashed lines are 10 X 0,0|max. Other colored lines are contours for L, T,,. In the left (right)
figure, Z5 is set to be 0.1 (2.0).

by the red lines. For a fixed value of M, the heavier mg gives the larger v, /T, because of
the non-decoupling effect of the additional Higgs bosons [23,47]. The minimum value of v, /T,
in the white regions is approximately 1.2, so that we can see that the sphaleron decoupling
condition is satisfied in all the white regions.

Another important parameter for the strength of the EWPT is the wall width of the bubble
L,,. For the stronger phase transition, L,, is smaller. We evaluate L,, by fitting the profile of

the VEV v(z) = \/@? + $3 + ¢3 with the function

Up z
v(z) = 5 (1 tanhL—w) . (7.13)
In figure 7.2, contours for L, T, = 2.0, 3.0, 5.0, and 8.0 are shown in purple, dark blue, dark
green, and yellow lines, respectively. For a fixed value of M, L, T, is smaller for the heavier
additional Higgs bosons.

For producing baryon asymmetry, the phase of the local mass of the top quark is important,
as we will discuss later [308]. It is defined as

Lonass = —my(2)e? @ tp + hec., (7.14)

where m;(z) and 6(z) are the absolute value and the phase of the local mass of the top quark,
respectively. The explicit forms of them will be given in section 7.2, but the spatial variation
of 6(z) provides the source of CP violation. In figure 7.2, contours for the maximal value of
0.0 are shown: 10 X 0,0|max = 0.3, 0.8, 2.0, and 5.0 in GeV~'. We can see that the maximum
value 0,0|max decreases as the decoupling parameter M increases. In addition, it is smaller for
the larger Z,. This behavior can be understood as follows. The parameter M? and Z, is the
coefficient of |®5]? and |®,|? in the scalar potential. The potential is thus higher along to the
directions of py and 3 with larger M? and Z,. As a result, ¢, and @3 as the solutions of
Eq. (7.11) cannot be large enough with large M? and Z,, causing smaller 0.0y
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7 Electroweak baryogenesis in the two Higgs doublet model

7.2 'Top transport scenario

In this section, we discuss the top transport EWBG scenario [36], where the leading CP violating
source is caused by the top quarks, and show the numerical results which are obtained by solving
the transport equations in the 2HDM. As we have discussed in section 6.3, the CP violating
source terms are proportional to the mass of the particle. The top quarks have the largest
coupling to the bubble wall, so that the CP violations of them are typically most important for
the BAU.

In general, what particles become the most important for the EWBG depends on the model,
and its parameters. In the 2HDM, it is determined by the additional Yukawa matrices p/. In
the following, we discuss the scenario in which the top quarks generate the CP asymmetry, so
that we take the Pich-Tuzon parametrization given in Eq. (4.37), and neglect the effects from
Cae in the CP violating source terms.

7.2.1 Transport equation network

In this top transport scenario, we neglect the masses except for the top quarks. The relevant
particles in the transport equations are the (right-) left-handed top quarks denoted by ¢ (¢¢), the
right-handed top quarks denoted by t the left-handed bottom quarks b and the scalar doublets
h. For inelastic scattering processes, we take into account the strong sphaleron process, the
W boson scattering, the top Yukawa interaction, the top helicity flips in the broken phase
and the Higgs number violation. The reaction rates for each inelastic process are denoted by
Lss, Tw, 'y, Ty and T, respectively. We refer to their values in Ref. [309)].

For the light quarks, wy g,dr r,cLRr,5L,r and bg, only relevant scattering process is the
strong sphaleron, so that we obtain

Hup.dp,cr,s. = ~Hugdr.cr,sg = —Hbg- (715)

By using the fact that the baryon number is conserved in this process, we obtain

1 1
up, = 5(1 + 4D0t),ut + 5(1 + 4D0b)ﬂb - 2D0t,utc' (716>

The transport equations for top quarks, the left-handed bottom quarks and the scalar
doublets are given as follows [309];

e Left-handed top quarks (t)

{ —Dyypy + uy + ’YUw(m?)/ta/Lt — Kotrt :__Shh _ (7.17)
— Doty — vyyu, + ’YUw(th),QtQMt + (m%thut + i torttr + 0 Koty = —So;. '
e Left-handed bottom quarks (b)

— Doy, — vty + Do ottty + v KopL'y = 0. '

e Charge conjugation of right-handed singlet top quarks (¢°)

{ —Dygftye + uje + ’YUw(mf)/Q%/itc — Ko Lye :_—Sm _
—DQt,Uz;c - Uwugc -+ vvw(mf)’thutc -+ (mf)'Rtutc -+ Ft7t0tutc —+ UwKOtFtC = —Sgt.
(7.19)
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7 Electroweak baryogenesis in the two Higgs doublet model

e The scalar doublets (h)

— Dty + uf — KopI', = 0,
, , - (7.20)
—Dop iy, — vy, + Ip ottty + Uy Kop ', = 0.
The inelastic reaction rates for each particle is written by [309]
= Ty ((1+ Do) + 1072, + (1 = 9Dy e
+ T (pe — po) + Ty (pe + pree + p) + 200 (e + e ), (7.21)
— T ( (1 9Dor)pte + 10p1, + (14 9 Doy e
+ Pw (o — p) + Ty (o + pue + pn), (7.22)
Ty — ((1 £ 9D0:) itz + 104 + (1 — 9Dqy) Mtc>
+ 20 (e + pe) + Ty (2paee + pe + po + 2418), (7.23)
— 3
Iy, = Z—le(Quh + pe + pp + ZILLtc) + Ty pin. (724)
From the Yukawa interaction in the 2HDM, m; and 6, are derived as
Y7 .
m; = o (¢ ( +[Cul* (92 + 95) + 2/ Cul 1 (02 cos By — 3 81n0u)),
/ yt2|cu| / / / / : / /
b= 53 4 (paor — prps) cos by — (p1ipy — wag) sinby + [Gul(pay — p25)
t
1 / /
(035 — o). (7.25)

+—
©? + 0%+ ¢3

As we have mentioned in section 7.1, we have taken the local z dependent basis of (®s) to
absorb the imaginary part of the neutral component of (®). In this basis, classical Z boson
current appears around the bubble wall, which is caused by the varying phase of the neutral
part of (®q), i.e. ¢y and g [37]. This current makes the mass term of the top quarks around
the bubble via the axial vector interaction, resulting in the finial term in the equation of 6.

7.2.2 Numerical analysis

In this subsection, we show the numerical evaluations for the BAU in the 2HDM.

In figure 7.3, the correlation between |d.|/|d2P|, which is the eEDM normalized by |d&*P| =
1.0 x 1072 ¢ cm, and the absolute value of the normalized baryon density |ng| x 10 is
shown. Input parameters are Z, = 0.1, M = 30 GeV, me = 350 GeV, v, = 0.1, and
we scan the other parameters for the regions of 0, = 6; = [0,27), |C.| = [0,0.6], (4] =
|| = [0,10], |Z7| = [0.5,1.0] and arg[Z;] = [0,27). Black, magenta, and green points are
the cases of 0.1 < |§.] < 0.5, 0.01 < |§.] < 0.1, 0 < |0.] < 0.01, respectively. Here, we have
defined 0, = 6, — 0.. The black dashed line is the ACMEII bound [282], and above this line
is excluded by this bound. Currently, JILA group has been provided approximately one-half
smaller bound [283], as mentioned in section 6.2.1. The vertically parallel pink region explains
the observed BAU from the BBN with 95% C.L. Each point is allowed by the theoretical
and current experimental constraints except for the eEDM data. As we have mentioned in
section 6.2.1, the Barr—Zee type fermion and scalar loop diagrams which contribute to the
eEDM are approximately proportional to |(,||¢|sind. and |(.||A7]sin(6; — 6.), respectively.
Due to the interference of the diagrams contributing to the eEDM, predicted eEDM value
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Figure 7.3: The correlation between |d.|/|d®P| and |ng| x 10!, Input parameters are given
by Ao = 0.1, mg = 350 GeV, M = 30 GeV and v, = 0.1. We scan the other parameters
for the regions of 6, = 6, = [0,27), |C.| = [0,0.6], |C4] = |¢| = [0,10], |A7] = [0.5,1.0] and
6; = [0, 27). Black, magenta and green points are the cases of 0.1 < |6.| < 0.5, 0.01 < |d.| < 0.1
and 0 < |§.] < 0.01, respectively. Here, we have defined 6, = 6, — .. The vertically parallel
pink region explains the observed BAU from the BBN within 95% C.L.

takes a broad range from |d.| = O(1073!)e cm to O(107*")e cm. The eEDM decreases in the
order of black, magenta and green, because of the size of fermion contribution decreasing in
this order, and a lot of magenta and green points can generate sufficient BAU under the eEDM
constraints.

Top (bottom) panel of figure 7.4 shows generated BAU in the case of v, = 0.1 (0.45) in
the following benchmark point, M = 30 GeV, Z, = 0.1, |Z;| = 0.8, arg[Z;] = —0.9, |C.| = |C4| =
|| = 0.18,0, = 0, = —2.7,5. = —0.04. At the point in the gray region in figure 7.4, the EWPT
is two step or second order. The black dashed lines in figure 7.4 are the contour of v, /T, = 1.7
and 2.3. Therefore, the SFOPT for the sphaleron decoupling condition occurs above the gray
region. The black solid line is the contour of L, T, = 4.0. The white region satisfies L., T, < 2,
where the WKB approximation becomes invalid [36]. As shown in figure 7.2, since the invariant
mass parameter M is fixed, increasing the mass of heavy scalars makes the electroweak phase
transition stronger, and makes L, T}, smaller. In the case of v,, = 0.1, the generated BAU
increases as the masses of the additional Higgs bosons increase up to L, 7, = 4.0, and then
turns to decrease. On the other hand, in the case of v, = 0.45, the BAU gets larger as the
phase transition is stronger. In both panels of figure 7.4, the pink regions which are sandwiched
by green and orange regions can explain the observed BAU.

In the blue lines in figure 7.4, various values of the eEDM d./|d®*P| are shown. The line
of d./|d®?| = 0.0 in figure 7.4 is due to the destructive interference between the fermion and
boson type diagram, which is shown in figure 6.3.
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Figure 7.4: Contour of the BAU on the plane of my, and my, = mpy+ in the case of v, =
0.1 (top) and v, = 0.45 (bottom). Input parameters are M = 30 GeV,Z, = 0.1,|Z;| =
0.8,arg[Z;] = —0.9, |G| = |C| = |¢| = 0.18,0, = 0, = —2.7,6. = —0.04. The pink regions
correspond to the observed BAU.

7.2.3 Phenomenological discussions

In this subsection, we discuss phenomenological predictions for future experiments. We here
set benchmark points which are colored with yellow and magenta in each panel of figure 7.4.
We define the upward triangle (downward triangle) point with yellow as BP1la (BP1b), and the
square (diamond) point with magenta as BP2a (BP2b). Magnitudes of the electroweak phase
transitions v, /7T, in the BP1la and the BP1b are relatively stronger than the ones in the BP2a
and the BP2b. Table 7.1 shows the input parameters of the four benchmark points v, mgu,,
mpy, (= my+) and M, as well as v, /T, L,T, and ng in these points are also shown. BP1b and
BP2b, which are the cases of v,, = 0.45, explain the observed BAU.

First, we discuss some testability for the SFOPT. It is known that the loop effects of heavy
Higgs bosons for the SFOPT increase AR which is the deviation of triple Higgs boson coupling
from the SM value [23]. We already have shown the formula of AR at the one-loop level in
Eq. (4.38). In Table 7.1, the values of AR are shown. In the BP1 and BP2, the deviations
of the triple Higgs boson coupling AR become 61% and 44%, respectively. Therefore, these
points would be tested at the HL-LHC or the future updated ILC.
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Vw m, M, H+ M on/Tn | LoTy NB AR oBr(Hy — vy)
—11
BPla | 01 Jo6r Gev | 381 Gev |30 GeV | 2.4 26 |87 16
BP1b | 0.45 91 x 10 0445 1
BP2a | 0.1 | 507 Gev | 302 GeV | 30 GeV | 2.0 g1 |[208x107°T [0
BP2b | 045 © © © ' ' 90 x10 1 ‘

Table 7.1: The input parameters of the four benchmark points vy, mpy,, mp,(= my+) and
M are shown. In addition, v,/T,, L,T, and np in each benchmark point are shown. As
phenomenological predictions, we show the values of AR and oBr(H; — v7) in these benchmark
points. AR is the deviation in the triple Higgs boson coupling. ¢ is the production cross section
of the SM Higgs boson, and Br(H; — v7) is the branching ratio of the decay into a photon
pair.

In addition to the triple Higgs boson coupling, the decay of the Higgs boson into a photon
pair is affected by the non-decoupling effect of the charged Higgs boson [324-331]. From the
latest data at ATLAS Collaboration [332], the observed value of oBr(H; — 77) is given by

oBr(Hy — v7)obs = 127 £ 10 fh, (7.26)

where o is the production cross section of the SM Higgs boson and Br(H; — 77) is the branching
ratio of the decay into di-photon. The theoretical value of ¢Br(H; — ~7) in BP1 and BP2 is
shown in the last column of Table 7.1. In BP1 and BP2, we obtain ¢Br(H; — 7v) = 104£5 fb,
and the uncertainty stems from theoretical errors of the production cross section of the SM
Higgs boson. Unlike the behavior of the non-decoupling effect in AR in Eq. (4.38), the Higgs
di-photon decay depends on a coupling proportional to (m3. — M?)/m?.. This effect does
not decouple and becomes a constant for my+ — 0o. Therefore, the values of oBr(H; — 77)
in the BP1 and BP2 are the same within the range of significant figures. The predictions on
oBr(H; — ~7) in BP1 and BP2 overlap with the observed value within 20 significance. These
benchmark points would be tested by the precision measurement of the Higgs di-photon search
at the future colliders such as the HL-LHC.

Furthermore, the GWs can also be produced from the collision of the bubbles which are
created at the first order phase transition [58-62]. The sources of the GWs are composed
of the contributions from the scalar field Q4(f), the sound waves of the plasma (s (f), and
the magnetohydrodynamics turbulence Qu,(f), where f is the frequency of the GWs. Each
contribution is decided by the wall velocity v,,, the latent heats «, and the time duration B at
the phase transition. These can be defined by

Pvac (Tn) ) <d83)
o= . B=T, =2 , 7.27
Prad(Th) dr T=T, ( )
where,
OAV g T2
vac Tn = -AV +T—— ) ra Tn === 27 7.28
) = (VT ) ) = e (729

where AV is the difference between the values of the effective potential of the true vacuum and
the false vacuum. The total energy density of the GWs is given by

h2QGW<f) = h2Q¢ + thsw + h2Qturb- (729)

In THDMs, the terminal wall velocity does not reach the speed of light [59]. For simplicity, we
assume that the velocity for the numerical analysis of the GWs matches the one used in the
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Figure 7.5: The GW spectra calculated at the benchmark points in Table 7.1. The purple,
orange and red lines are the sensitivity curves of LISA, DECIGO, and BBO. The black solid
and dashed lines are the GW spectra which are produced by the first order phase transition in
these points.

calculations of the BAU. In this scenario, the leading contribution is the sound waves [60], and
the contribution from the scalar field is negligible.!

The GW spectra calculated at the benchmark points in Table 7.1 are shown in figure 7.5.
The purple, orange and red dashed curves are the sensitivity curves of LISA [63], DECIGO [64],
and BBO [65], while the solid curves in each color are the peak-integrated sensitivity curves.
We have taken these curves from Ref. [56]. The solid and dashed black lines in the left panel
of figure 7.5 are the GW spectra at the BP1la and BP2a, respectively, while the ones at the
BP1b and BP2b are shown in the right panel. At BP1, where the EWPT is relatively strong,
both of the peaks reach the peak integrated sensitivity curves of DECIGO and BBO. On the
other hand, at BP2, where the EWP'T is relatively weak, only the one in the BP2b, in which
vy = 0.45 is assumed, reaches DECIGO and BBO.

The parameter in our model (4, which controls the strength of down-type quark couplings
to the additional Higgs bosons, can be constrained by future measurements of B — X v and
AAcp [45]. The observable AAcp is related to CP violation in the process of B — Xyy. It is
defined by [333]

AAcp = Acp(BT — XFv) — Acp(B — X09), (7.30)

where,
F(B* — X;y) — F(BJr — X;W)
I'(B- — X;v)+ (Bt = X}v)’
T(B’ = Xoy) — T(B® — X%)

— : (7.31)
[(B’ = Xo7) + [(B° — X0)

Acp(BY = X)) =

Aop(B® = Xv) =
By using the Wilson coefficients C7 and Cs, AAcp is given by [333]

[\78 C’8

!The contribution from the turbulence is decided by a part of the latent heats ex.,a, where &, is defined by
how the latent heats are transformed into the bulk motion of the plasma fluid. In the following analysis, we set

e = 0.05 [59,61].
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Figure 7.6: The constraints on |(4]-0,; plane at the BP1 from the flavor (left) and nEDM (right)
experiments. The blue (black) shaded regions in the left panel are the excluded regions from
B — Xy (AAcp). The red (gray) regions in the right panel are excluded by the current
nEDM experimental data when the Weinberg operator positively (negatively) contributes to
the nEDM. The dashed lines in each panel are future expected bounds.

where Ag implies uncertainties from the hadronic scale, and it is estimated as 17 MeV < Arg <
190 MeV [333]. In the following analysis, we set A7zg = 89 MeV as the average value [45].
In the SM, AAcp = 0, because both the Wilson coefficients C; and Cy are real, so that it
has a sensitivity to CP violation from new physics. From the current experimental data at
Belle [334], we obtain AAcp = (+3.69 £ 2.65 £ 0.76)%, where the first uncertainty is the
statistical error and the second is the systematical one. At Belle-II [335] with 50 ab™" as the
future flavor experiment, it is expected that the absolute uncertainty is reduced to be 0.3 %.
It is also expected at Belle-IT with 50 ab™! that the relative uncertainty in the measurement of
B — X,v can be reduced to be 3.2 % [335].

As implied in section 6.2.1, the nEDM can be used to constrain (;. The upper bound of the
nEDM is expected to be about one order higher accuracy in future nEDM experiments [336].
However, there are still some uncertainties, especially including the sign of the contribution
from the Weinberg operator.

Figure 7.6 shows that the current and future expected bounds for (;. The input parameters
are the same as the BP1. First, we explain the left panel of figure 7.6. Blue (black) regions are
the excluded regions at 20 level from the current measurement of B — Xy (AAcp), and the
dashed lines are the future excluded bounds at Belle-I1. In the left figure, B — Xy and AAcp
cover the different regions of 6,4, and we find |(4] 2 3 can be excluded at Belle-II.

The nEDM constraints on (4 are shown in the right panel of figure 7.6. Red (gray) regions
are excluded by the current experimental data [284] when the contribution from the Weinberg
operator d,(Cy ) positively (negatively) contributes. The dashed lines are the one order higher
accurate bound expected in future nEDM experiments [336]. In the constructive case, where the
total value of the nEDM is given by the sum of the two loop contribution d5% and the Weinberg
operator contribution d,,(Cy ), the vast region of (; has been already excluded except for 6, ~ 0,
or 0, + 7. In such a case, almost all regions would be excluded by future nEDM experiments.
On the other hand, in the destructive case, where the Weinberg operator negatively contributes
to the nEDM, |(4| 2 3 has already been excluded at 6; = 0, + 7/2, and |(4| = 0.3 is expected
to be excluded in the future. As a result, (; is constrained by the combination of B — X v
and AAcp at the Belle-II and the current nEDM constraint. By future nEDM experiments,
even in the destructive case, the large region of (; can be constrained.
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7.3 'Top-charm transport scenario

In this section, we discuss the top-charm transport scenario, where the FCNC coupling between
the top and charm quarks is switched on. In the previous top-transport scenario, we have
adopted the Pich-Tuzon for the additional Yukawa matrices p/. On the contrary, in this
scenario, we only consider the top-charm sector and parametrize them as

0 0 0
p =10 pec pal, :Od =p°=0. (7.33)
0 pre pu

As we have already mentioned in section 4.1, the p;. coupling can be sizable about O(1) under
the constraints from the flavor experiments.

In the following discussions, we first derive the CP violating source term for the top-charm
transport scenario. We then show the impacts on the BAU of those coupling constants. We
also give phenomenological discussions for flavor physics.

7.3.1 CP violating source with flavor mixing

We consider two flavor (top and charm) system ¢ = (c,¢)”, where the field dependent mass
matrix is given by

£mass = _q_LMQR + h-C-7 (734)
) . .
M(z) = - <yc901 + pcc(_sog ip3)  perlpo 290_3). ) _ (7.35)
V2 Pre(p2 — i03) Y1 + pu(pa — ip3)

The off-diagonal elements of the matrix arise due to the non-zero VEVs ¢, 3 along to the wall.
By the same discussions as the section 6.3, we have

{w2 92— MM 4 is(Ma, M) (w — is@z)}Ls —0. (7.36)

In general, MTM is not diagonalized, so that by using a Unitary matrix U, we take a local
basis MTM to be diagonalized and obtain?

{w2 + 02 —m3 + 2010, + Uy + isA;(w — is0.) + AQ}LE =0, (7.37)
where

U, = U0, UT, Ay =UMO.M MU',

U, = UJUT, Ay = AU,

LP =UL,, mp = UMMUT = diag(m?,m?). (7.38)

If we define 2 x 2 operator as

{w2 + 802 —m7, + 20,0, + Uy + isAs(w — is0,) + Ag}

D.. —D+_)
= , 7.39
i (—D+ D ( )
the equations can be expressed by

D__L?—-D_,L? =0,

2We here have defined mi >m?2.
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D L? —D, LP? =0, (7.40)
or

(D-_Dyy =Dy D)LY +[Dy ,D_]JLP =0,
(DyyD-— =D D, J)LP +[D_y, Dy ]LY =0. (7.41)

We here have omitted the spin index s. The operators D, _ and D_, at least include O(0,)
parts, so that up to O(0,), we have

DiyLE =0. (7.42)

Therefore, up to this order, we just need to solve the Dirac equation for each flavor (%) in
locally diagonalized basis.
By using the WKB ansatz in the wall frame with (p,,p,) = (0,0),

LY = wyetp=dz, (7.43)
we obtain
<w2 —m3 — pi +iply + 2ip+0. + 2ip (Uy) 4+ +is(w + spi)(Al)ii>wi =0, (7.44)
We obtain the dispersion relation,
w? —m3 —pi =Im <2pi(U1)ii + s(w + spi)(Al)ii), (7.45)
and find the correspondence ¢/, = —Im[(A;)++| to the single flavor case. The (Uy)++ contribu-

tions can be absorbed into the definition of agp.

If we assume a hierarchy of the mass matrix in Eq. (7.35) as |Mi1|/|Maa| ~ | Mia|/|Mas| = 9,
we obtain (Ay)yy = (Mg, M, + M3, M) (1+ O(6%)) /m?, where the prime denotes a derivative
of z.. When /2 + 03 < 1, |pee] < y: and |ps| <y, this O(6?) correction is negligibly
small: Oy =~ 0.06 with the bubble profile in the left panel of figure 7.7 and |pe.|, |pe| < 0.1.
Neglecting this correction of at most 0.4%, we obtain the source term of the heavy component
as

Im[(A1) 4] =— o2 {(|Ptc’2 + |pul?) (@3 — @2¢5)
+
+ Ye| Pt ((903@’1 — p1493) €08 Oy + (01005 — Pagp) ) sin Htt) }
P IR 12 5 (P3h — P200), (7.46)
Y1+ P35 + @3
where,
1 .
mi =3 (%2%0% + ([pecl® + [00*) (03 + #3) + 2ue] pie |1 (902 cos Oy + 3 sin Qtt)) (7.47)

The second term of Eq. (7.46), which has no dependence of p;. and py, is stemmed from the
axial vector interaction of charm and top quarks with Z boson [37]. For the transport equations,
we just replace the source terms of the top quarks given in Egs. (7.17)-(7.19) as

Slt — _fVwaIQlSt + fvax(mi)' ?t? (l = 17 2) (748>
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where © = —m3Im(A;);+. The source terms of the light fermion in the local flavor basis are
proportional to m_ ~ 0, so that we neglect it.

We give a comment on the CP violating source terms shown in Eqgs. (7.46)-(7.48). In the
limit of vanishing the top-charm mixing coupling p,. — 0, Eq. (7.48) coincides with the source
terms in the top transport scenario [37,47,48]. The source term with top-charm mixing only
depends on the absolute value of p;. through the CP violating VEV 3. Therefore, the phase
of ps does not affect the BAU up to O(6?), and the |p;.| dependence of the BAU vanishes with
the CP conserving VEV limit ¢3 — 0. These results have been obtained by using the WKB
method in the calculation of the source term of the Boltzmann equation.

Although our analysis of evaluating the BAU is now based on the WKB method, to see
the consistency we also have examined the source terms in the VEV insertion approxima-
tion (VIA) [337], which are based on the closed time path formalism. 3 As shown in appendix C,
the CP violating source terms do not have any p;. dependence for 3 — 0 at the leading order
in the VIA. Even if we consider the case of @3 # 0, |ps| contributes to the CP violating source
terms while the phase does not.

However, these results for the source terms are different from the previous works in Refs. [41,
43], where the source terms are calculated at leading order in the VIA. For example in Ref. [43],
they have assumed that VEVs induced by the CP conserving Higgs potential are real, and the
phase of p;. generates the BAU. However, we have found that if one focuses on only one flavor
in the weak basis as considered in Refs. [41,43], the VIA source terms depend on the rotation
matrices V; or Vg in the flavor space which can be taken to be arbitrary. Namely, the phase
effect of p;. on the CP violating source terms used in those literature is unphysical.

In other words, if we consider contributions from the other flavor in the weak basis in a
consistent way, we could easily see that the effect of the phase of p;. is unphysical. For example,
in Ref. [43], it seems that the authors have not included the source terms of left-handed charm
quarks (second generation) defined in the weak basis.* If one sum up the source terms of both
the top and charm quarks in the weak basis, the source terms have to coincide with the ones
calculated in the mass basis in which independence of the phase of p;. is manifest, as we discuss
in appendix C. In the appendix, we have also explicitly confirmed that the source terms
calculated by the WKB methods are basis independent in the leading order approximation.

7.3.2 Numerical analyses

First, we discuss SFOPT for EWBG. We assume that the bubble wall velocity is constant and
set v, = 0.1 in the following discussions. We neglect the curvature of the wall and define
radius coordinate as z. We take input parameters which are relevant to the phase transition
as me = mpy, = my, = my+ = 350 GeV, M = 20 GeV,Z, = 0.01, |Z;] = 1.0, arg(Z;) =
—24,|pu] = 0.1 and 0 = —0.2, and we numerically obtain the bounce solutions at this
benchmark point. The left panel of figure 7.7 shows the solutions. The center of the bubble
z = 0 is defined by the spatial point maximizing dv(z)/dz, where v(z) = />, ¢?(z). The
black solid and blue dashed lines are CP conserving VEV ¢, and (5, respectively, and the red
dotted line is CP violating VEV 3. At this benchmark point, the ratio of the VEV inside the
wall v,, = v(—o0) and the nucleation temperature T), is v,/T,, = 2.4 with T,, = 84.6 GeV, so
that the sphaleron process inside the wall sufficiently decouples. The wall width L,,, which can
be obtained by fitting v(z) with the function % (1 — tanh ﬁ), satisfies L,, T, = 3.3, so that the

31t has been pointed out that the VIA source terms within leading order in derivative expansion exactly
vanish by performing correct resummation of 1P self energy [338,339].

4In Ref. [41], only left-handed 7 leptons are considered for evaluating the source terms for the lepton flavor
mixing scenario of EWBG. Therefore, the similar problem as the top-charm mixing is seen. If uy in the weak
basis is included in the transport equations, the effect of CP violating phases in the 7-u element of Yukawa
matrix should disappear.
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Figure 7.7: Left: Black solid and blue dashed lines are CP conserving VEVs ¢; and ¢, respec-
tively, and red dotted line is CP violating VEV ¢3, as bounce solutions. Right: black solid line
shows derivative of the phase ' in the benchmark point with |p,| = 1.0 and |py| = 0.1. Blue
dashed (red dotted) and green dashdot lines are the top (top-charm) transport source and the
source from chiral interaction with Z boson and top and charm quarks, respectively.
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Figure 7.8: |pi| and |py| dependence of baryon number density np with 6, = —0.2. Colored
points represent magnitude of 7z, and magenta points satisfy np = (8.65—8.74) x 1071,

derivative expansion in the WKB approximation is still valid [36]. In the following analyses, we
use these bubble profiles for the calculations of BAU related to the top-charm mixing couplings.

In the right panel of figure 7.7, 6 is shown as a function of z by the black solid line, when
we take |pi| = 1.0, |pu| = 0.1 and use the bubble profiles shown in the left panel of figure 7.7.
The blue dashed (red dotted) line is a contribution from top (top-charm) transport scenario
which can be obtained by taking ps. (pr) — 0 in the first term in Eq. (7.46). The green dashdot
line is a contribution from the second term in Eq. (7.46), which is CP violating source caused
by the interaction with Z boson current and top and charm quarks [37].

Finally, we discuss baryogenesis in this scenario. The BAU parameter np = (ngp — ng)/s,
where ng (ng) and s are the (anti-) baryon density and the entropy density, respectively, is
invariant in the adiabatic expanding Universe. By using the source terms in Eq. (7.48) based
on the relativistic semi-classical force mechanism [309], we have calculated the BAU. We have
fixed the phase as 6 = —0.2, and calculated np at many points in the |ps|-|pw| plane. The
result is shown in figure 7.8. The color in the figure corresponds to the magnitude of the BAU,
and the magenta points satisfy the observed value 7z = (8.65—8.74) x 107!, In figure 7.8, the
impact of |p.| to the BAU is shown. It is seen that regions of large |py| and |ps.| generate large
BAU. Even in a small |py/|, the non-zero effect of the top-charm mixing coupling |p.| gives a
sufficient BAU by picking up the contributions from the CP violating VEV ¢fps — @aiph.
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7.3.3 Phenomenological discussions

In this subsection, we discuss specific phenomenological predictions in our scenario of EWBG
with the top-charm mixing.

In general, the top-charm mixing couplings give significant contributions of K meson pro-
cesses via the loop induced penguin or box diagrams. In our model, we consider rare decay
processes K — mvv and KT — 7tvv which are sensitive to additional Yukawa couplings.
These processes are produced by four fermi operators which are induced by penguin diagrams
involving the charged scalar bosons [340, 341].

The observed branching fraction of K™ — 77v7 is given from the data collected from 2016
to 2019 in NA62 experiment at the CERN SPS as [342]

B(KT — ntvp)pxp = (10.6739 4 0.9) x 107, (7.49)

where the first and second uncertainties are statistical and systematical errors, respectively.
O(10)% accuracy is expected by the end of NA62 experiments with the data collected from
2021 [343].

For the process K; — m'vv, KOTO experiment at J-PARK gives an upper bound on this
branching fraction as [344]

B(Kp — m™v0)exp < 3.0 x 1077, (7.50)

at 90% C.L. This upper limit is greater than the Grossman—Nir bound [345]. It is expected
that KOTO step-2, which is an extended version of KOTO expected to be launched from 2029
in the earliest scenario, achieves the accuracy predicted by SM and observes the events with
4.20 significance [346].
We define quantities relevant to these processes [341].
AR =R} -1, AR)=TR) -1, (7.51)

v v

where,

Rt B(K*t — ntup) RO _ B(K; — 7vp)
v B(K+ — W*V?)SM’ v B(K — WOV?)SM.

(7.52)

SM predictions of these processes in our input parameters are B(K+ — 77 vv)gy = 9.3 x 10711
and B(Kp — 7%0)gy = 3.1 x 1071, and these are consistent with the ones shown in Ref. [347]
within 1lo.

The additional Yukawa couplings in our model also affect the direct CP violation € /e in
K, — 27 process [340]. The observed value is given by (€'/€)pxp = (16.6+2.3) x 1074 [348-350].
Lattice results give the SM prediction as (¢//¢)sy = (21.7 £ 8.4) x 107 [341,351,352], while a
result of chiral perturbation gives (¢'/€)sy = (14 +5) x 107* [353].

Relevant parameters about the BAU are |py|, |pic|, and ;. In addition to the input param-
eters of figure 7.8, we take a benchmark point about the other Yukawa parameters for the K
meson observables as|p..| = 0.09, |pet] = 0.05,0.. = 0,0, = —2.8,0;. = —0.2, |pw| = 1.0 x 1073
and (91,1, = 1.5.

In figure 7.9, the green and gray regions are excluded by the data of By — pp and |ek],
respectively. The other flavor constraints are out of this figure, and we have confirmed |p;.| 2 1.5
is excluded by the data of B°-B° mixing. As shown in figure 7.9, B, — uu constrains py > 0.16.
Since B; — pp process mainly depends on pgpy in our setup, this process only sets the upper
bound on |py|. On the other hand, |ex| constrains the lower region of |p.| in this benchmark
point, and |pi.| < 0.25 is excluded with |py| =~ 0.1. This behavior of |ex| constraint in |pg.|-|py|
plane changes with other values of p.. and p. In figure 7.9, predictions of AR} x 10% (blue
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Figure 7.9: Constraints from flavor experiments and predictions on K meson rare decays. Green
and gray regions are excluded regions by the data of B, — uu and e, respectively. Blue dotted
dash and orange dashed lines correspond to AR x 10 and ARY x 102, respectively, which are
defined in the text. Black solid lines are the contour of (€'/€)appy x 10%. Magenta points are
the same as shown in figure 7.8 and satisfy np = (8.65—8.74) x 1071,

dotted dash) and ARY x 10? (orange dash) at the benchmark point are shown. The new physics
contribution of the direct CP violation (€' /€)onpy x 10* (black solid) is also shown in figure 7.9.
We have used formulae shown in Ref. [340] to calculate these processes. The magenta points
are the same as shown in figure 7.8, corresponding to the observed baryon asymmetry. The
processes K — m'vv and K™ — 77v¥ mainly depend on p.py [340], so that only |py| changes
the values in figure 7.9. At the point |py| ~ 0.15, predicted deviations from SM branching
fractions of K — 7%vv and KT — 7w are ARY ~ 2.2% and AR ~ 14%, respectively.
Therefore, the branching fractions are greater than the SM predictions at this point. On the
other hand, for |p;| ~ 0.05, they are about 0.8% and 12%, respectively. The direct CP violation
(€'/€)anpm depends not only on peypy but also on pyepee, so that it changes along |py.| axis. In the
region where the observed BAU can be explained under the experimental constraints, allowed
maximal value of |py| predicts (€//€)oppm ~ 1 x 1074, while it is about 4 x 10~ for |ps| ~ 0.05.
We note that if we set p and pe. to be 0 in figure 7.9, only |pi| = 0.8 is excluded by B — Xy
constraint, almost without depending on |py|. In this case, ARY and AR, are small and less
than 1%.

7.4 Discussions and summary

In this section, we give some discussions about the results shown in the previous sections.

7.4.1 Discussions for top transport scenario

As shown in figure 7.4, successful EWBG can be realized by the masses of the heavy Higgs
bosons becoming around 300-400 GeV. In this mass region, |(,| is constrained from above by
Hy3 — 77 and HE — tb searches as shown in figure 4.1. Thus our model can be tested by
the direct search of the heavy Higgs bosons at the HL-LHC. If the additional scalar masses are
smaller than about 300 GeV, the multi lepton search at the HL-LHC might be used to test our
model [178]. In the analyses, we have assumed the alignment condition «; = 0 to avoid the
mixing among the neutral scalar states. If this alignment condition is slightly broken, decay
branching ratios of the additional Higgs bosons, the vacuum stability, and the perturbative
unitarity condition are changed. As a result, the testability of the model at the HL-LHC and
the future upgraded ILC can be much enhanced [185,354,355].
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The effect of the heavy Higgs bosons appears in the flavor physics, so that the future flavor
experiments such as Belle-1I [335] or LHCb [356] can be used to test the model. As shown in
figure 4.1 and figure 7.6, observables of B — X v, By — puu and AAcp have some sensitivities
about the quantum loop effect of the heavy Higgs bosons or the CP violation in the model.

CP violation in the Higgs potential can be detected by the ILC and the measurements of
the EDM. As we have mentioned in section 7.2, both the upper bounds of the nEDM and the
ACMEII bound for the eEDM in future experiments have about an order higher accuracy than
the current bounds [282,336]. Therefore, for example, by the future ACME experiment [282],
we can exclude many points in figure 7.3. In the case of |(.| > |(,| and 6. = O(1), the CP-
violating phase of (. in the model would be decided at the ILC by the measurement of the
azimuthal angular distribution where a tau pair from decay of the additional neutral bosons
decays into hadrons [357,358].

In section 7.2, we have discussed the triple Higgs coupling, the GWs, and H; — ~7v as
a probe of SFOPTs. The triple Higgs coupling in our model is measured by the process
of di-Higgs production at future colliders [24,224-233]. At the HL- LHC and the ILC with
Vs =500 GeV (1 TeV), this coupling is expected to be measured at the 50% [21] and 27% (10
%) [24,25] accuracy, respectively. BP1 and BP2 in figure 7.4 and Table 7.1, AR = 41% and
66%, respectively, so that the SFOPT in these benchmark points can be tested at these future
colliders.

In Table 7.1, we have shown the branching ratio of H; — 77y in the benchmark points.
In future collider experiments, the measurement of the Higgs di-photon decay would become
more precise. For example in the HL-LHC, the relative uncertainty of the branching ratio of
H; — 77 is expected to be 2.6% [21]. Therefore, our model can also be tested via the precise
measurement of the Higgs di-photon decay.

We have shown the GW spectra at some benchmark points in figure 7.5, while these do
not reach the sensitivity curve of LISA. Nevertheless, we expect that these GW spectra can be
detected at LISA by using the Fisher matrix analysis discussed in Ref. [359]. The possibilities
of detection of the GWs at DECIGO and BBO are also expected to be enhanced by using this
analysis. We can obtain a GW spectrum which has a larger height of the peak by making the
phase transition stronger, however in such a case, the WKB approximation for the BAU is no
longer valid because of decreasing L,,T},.

7.4.2 Discussions for top-charm transport scenario

In section 7.3, we have calculated the source term in the WKB approximation for the top-charm
mixing EWBG. From Eq. (7.46) it has been shown that phases of off-diagonal elements of ad-
ditional Yukawa matrices do not contribute to the source terms up to O(6%). The contributions
to the source terms from the top-charm Yukawa couplings are proportional to the square of the
absolute values of p;. through the CP violating VEV ¢3. On the other hand, in the previous
work for flavor mixing EWBG studied in Refs. [41,43], the phases of the off-diagonal complex
couplings, e.g. p;, Or pi, play an important role in the source terms evaluated in the VIA
method even considering real VEVs. However, we note that this discrepancy does not come
from the difference between WKB and VIA methods [309,360]. As we show in appendix C,
the CP violating source terms calculated at leading order in the VIA in the mass basis do not
depend on py. in the CP conserving limit (@3 — 0). Furthermore, in appendix C, we also
show that the VIA source terms are basis independent. Namely, the source terms calculated
in the weak basis coincide with those in the mass basis. From these considerations, we would
conclude that in Refs. [41,43] the transport equations defined in the mass basis are considered,
but in which the source terms evaluated in the weak basis are used. Therefore, there would
be a mismatch in the transport equations, and the phase effects of the off-diagonal Yukawa
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couplings discussed in Refs. [41,43] may be unphysical.

In figure 7.8, at the points (|pul, |pwc]) = (0,0) and (0.2,1.5), we have obtained np ~
1.8 x 107! and 1.5 x 1071°, respectively. At the former point, only the CP violating VEV 3
which is induced by a complex coupling A7 in the general 2HDM with the Higgs alignment [47,48]
produces the BAU. On the other hand, at the latter one, p;. and p; also contribute to the BAU.
The magnitude depends on 6y, and the maximal BAU np ~ 2.8 x 10719 at the point is given by
0y ~ 1.0 with the other fixed input parameters. In this case, magenta points will be shifted to
left from figure 7.8, and for example, (|py|, |pic|) =~ (0.06,0) and (0.025, 1.5) satisfy the observed
BAU. We note that some 6;; at the point give negative ng.

The rare decay processes of K meson, K+ — ntvv and K — 7v7, are sensitive to puper,
and we have considered a non-zero p. coupling in figure 7.9. In this benchmark point, the
branching fraction of K+ — 7wtvv is up to about 14% larger than the SM value. This is
consistent with the current experimental value in Eq. (7.49) within 1o level. At the future
NAG2 experiment, about 10% precision is expected [343], so that this benchmark point would
be tested. In our benchmark points, K — 7’7 process, which KOTO step-2 [346] experiment
aims to measure, is about up to 2.2% larger than the SM value. If these excesses in the K™
and K rare decays are detected in the future experiments, we can confirm non-zero pypq, and
then it is expected that the scenario of top transport EWBG with py, is realized in our model.
In addition, if we observe these observables with about 1% experimental uncertainties, we can
know from the magenta points in figure 7.9 how |p;.| coupling affects the BAU. However, we
note that these branching fractions vary in p.. In order to know the effect of |p;| to the BAU
with arbitrary p., €x and € /e which contain p,. dependence become important observables.
These results motivate us to improve the accuracies of theoretical predictions and experimental
observations about K meson physics.

The upper bound on |py| is given by the data of By — pp in figure 7.9. The expected
total uncertainty of this process at the LHCb [356] is 4.4% with the integrated luminosity
of 300 fb~! [361]. Also, from our benchmark point if we take p, = 0 without changing other
parameters, the upper bound on |p;| is given by the data of B — X 7. The relative uncertainty
of this measurement is expected to be reduced about 3.2% at the Belle-II [335] with 50 ab~*.
Therefore, B meson physics is equivalently important as K meson physics for testing our
scenario.

The off-diagonal p;. coupling predicts some interesting signals at future high energy collider
experiments. In our benchmark point where the heavy neutral scalar bosons are degenerated,
even at the HL-LHC it is difficult to measure the processes of gc — tHy3 — ttc due to the
interference effect. It is known that if the neutral scalar bosons have a mass difference as
mu, — my, = 30 GeV, the interference effect enhances such processes [208,211]. In the case
that only Hs has the mass of 350 GeV while Hy is much heavier, p;,. 2 0.2 will be excluded
at 20 level by the same-sign top search at the HL-LHC [208,362]. On the other hand, triple
top production processes gc — tHay3 — tit are not disturbed by that interference, so that we
may be able to detect the signals even in the case of my, = my, [213]. About the charged
scalar production induced by ps., the process of pp — H* — bc has a sensitivity for the large
pie coupling [218]. In addition, signatures of cg — HTb — btb may also be tested at the
HL-LHC [208, 363, 364].

In the top-charm transport scenario, we have assumed v,, = 0.1. It is known that large wall
velocity enhances possibilities to observe GWs produced by first order phase transition [58,
60,61, 359, 365] at LISA, DECIGO and BBO. On the other side, the BAU decreases as the
velocity approaches the speed of light [309]. For example, if we set the velocity to 0.45, the
BAU decreases, and all the magenta points shown in figs. 7.8 and 7.9 move to the right. In
this case, some points constrained by the data of By — ppu and |ex|, but the other points, e.g.
(|peel, |pee]) = (0.15,0.8), satisfy np = 8.65—8.74 x 10~ under the experimental constraints.
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The shape of GW spectra predicted at these points is similar to the ones in the top transport
scenario, and we have obtained the energy density of GW at the peak point as h?Qaw (fpear) =
6 x 1074 with fpeak = 0.14 Hz. This point is above the peak integrated sensitivity curves
of DECIGO and BBO shown in Ref. [56], so that the points are testable by the future GWs
observations.

In this scenario, we have neglected (1,1) components of the 3 x 3 matrices p* and p?,
which are relevant parameters to the nEDM. The CP violating phases of the top-charm mixing
couplings can contribute to the nEDM through the Weinberg operator induced by the charm
chromo EDM [366]. Although these phases are not directly connected with the BAU, some
parameter regions may be constrained by the current nEDM bound [284]. In this analysis, we
have set p¢ = 0. If we consider p° to be a non-zero 3 x 3 matrix, especially its (1,1) component
of pee, the eEDM becomes sensitive to the CP violation in our model. Clearly, if accuracies are
substantially improved at future EDM experiments [282,367], wider parameter regions can be
explored.

7.4.3 Short summary of chapter 7

In this chapter, we have discussed EWBG in the 2HDM. We have first reviewed the mechanism
of EWBG and derived the transport equations based on the semi-classical force mechanism.
We also have explained the EDMs as a consequence of the CP violation in the model. We
have discussed the two transport scenarios depending on the additional Yukawa matrices in
the 2HDM. We first have discussed the top-transport scenario, and shown the viable parameter
spaces under the current experimental data. We have discussed how we can test these bench-
mark scenarios at future collider experiments, various flavor experiments and gravitational wave
observations. In particular, the model can be tested by the di-photon decay of the Higgs boson
and the triple Higgs boson coupling due to the non-decoupling effect which causes SFOPT. We
then have investigated the top-charm transport scenario with the quark flavor mixing. We have
derived the CP violating source term for this scenario, and found that CP violating phases of
the off-diagonal element in the source term in the Boltzmann equation are eliminated by the
rephasing. This result is somewhat different from previous works on electroweak baryogenesis
by flavor off-diagonal Yukawa couplings. Instead, we have found that the absolute value of the
top-charm off-diagonal element enhances CP violating phases in the Higgs potential, by which
a sufficient amount of the baryon number can be generated to explain the observed baryon
asymmetry of the Universe. Finally we have discussed characteristic predictions in Kaon rare
decays for this scenario, K+ — 7tvw and K; — 70w,
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Chapter 8

Loop induced HTWTZ vertices as a
probe of CP violation

In this chapter, we discuss loop induced H*WTZ vertices in the general 2HDM with the CP
violation. As we have discussed in chapter 7, the 2HDM is motivated by EWBG, and new
sources of the CP violation can generate the observed BAU. As a consequence of the CP
violation, there are some observables which would be measured by future experiments, such as
the EDMs. We introduce the H¥W¥Z vertices for measuring the CP violation at high energy
experiments.

The custodial symmetry is important to classify extended Higgs models, because violation
of it affects the mass relation between the W and Z boson, i.e. the p parameter. In the 2HDM,
loop corrections from custodial symmetry violation shift the p parameter from unity. This
deviation is parametrized by the T" parameter, defined by ae, T = p — 1. If the scalar potential
respects the custodial symmetry, the correction from the 2HDM is zero.

In addition to this p parameter, the H*W T Z vertices have also been known as a consequence
of the violation of the custodial symmetry. These vertices are absent at the tree level [84].
However, it can be induced by loop effects [85]. These H*WTZ vertices have been analyzed
in the context of the CP conserving 2HDM [85, 354, 368-372|, the Minimal Supersymmetric
Standard Model (MSSM) [368,373,374], and the CP violating MSSM [371,375]. In general,
such a one loop induced vertex is suppressed by the factor 1/167%, so that one might expect
that effects from these vertices are small. In the 2HDM, however, it has been pointed out that
these vertices can be enhanced by non-decoupling quantum effects of particles in the loop [369].
Besides the 2HDM, the feature of the H*WTZ vertices have been studied in the models with
SU(2), triplets [84,115,116,376,377], the three Higgs doublet model [378], and the model with
one colored scalar boson [379]. Through these vertices, at high energy colliders, the charged
scalar bosons can be produced, and they can decay into the W and Z bosons. Phenomenological
impacts of these vertices at the collider experiments have been discussed in Refs. [380-393].
From the current ATLAS [179] and CMS [180] data related to the HX¥W¥Z vertices, some of
the models, e.g., the Georgi-Machacek model [376,377], have been already constrained.

As we have already discussed in section 4.1, the CP violating scalar potential also violates the
custodial symmetry. Therefore, we expect the HEWTZ vertices from the CP violating effects
in the model. In the following sections, we first give a tree-level discussion for the H*WTZ
vertices. We also mention the relation to the p parameter. We then discuss the loop induced
H*WTZ vertices in the 2HDM. We calculate the H*WTZ vertices at the one-loop level, and
we confirm that there are two contributions from the CP conserving and CP violating coupling
constants. We show the relation between these vertices and the violation of the custodial and
CP symmetry. We discuss the decays H* — W*Z via these vertices. We find that these decays
are significantly enhanced by the loop effects of the additional scalar bosons. Finally, we find
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8 Loop induced H*WTZ vertices as a probe of CP violation

that an asymmetry between the decay rates of Ht — W*Z and H~ — W~ Z can be a useful
observable to see the CP violating phases in the model. We also give a short discussion on the
testability of these vertices at current and future high energy collider experiments.

8.1 The tree level H*WTZ vertices and the p parameter

According to Refs. [84,146], we explain the tree-level H¥WTZ vertex and the p parameter in
a scalar gauge theory.

We consider models of multi scalars with arbitrary representations of SU(2), x U(1)y, which
is given by

L= Z ubk) D" + 5 1 5 > (D) " D', (8.1)

where ¢, are SU(2), complex representation with the hypercharge Y, and 7; are SU(2), real
representation with Y = 0. The covariant derivative is given by

D, = 0, —igWiT* —ig'Y'B,,. (8.2)
First, as we have discussed in section 2.5, the p parameter is given by
wa, L (T 1) = Y2l + 5 50 BT+ 1)
= = 8.3
P m? cos? Oy > 2Y 2 ok ]? ’ (8:3)

where T is given by the eigenvalue of T? = T%T* and v, and u; are the VEV of the neutral
component of ¢, and 7;, respectively. From this equation, when 7; has a VEV, p must be
deviated from 1. The condition for p = 1 with the arbitrary VEV is

3 (Tk(Tk 1) - 3Y,3) log]? + % N TUT + Dl = 0. (8.4)
k i
Suppose a model with multi doublet fields with Y = 1/2 (N Higgs doublet model), and we
get p = 1. A model with one Y = 1 triplet and one Y = 0 triplet (the Georgi-Machacek
model [376,377]), up to vy = u;, results p = 1.

Second, the vertex among a negatively charged scalar, the W boson and the Z boson is
obtained by the kinetic term shown above, and we have

£¢—W+Z \/_CWWJFZH{CW(Z (¢ T Vg, — (T Uk ¢k + ZUTTJrul)
k

- Yo (elzu + Trua) |, (85)

where T# = T' £4iT?, which are raising and lowering operators for su(2) algebra. Here we have
treated the VEVs as the vector which satisfies Qui, = Qu; = 0. We note that QT+vk +T Vg
and QT v, = —T} v are shown, so that non-zero terms of ¢, and n; contain electromagnetically
negative singly charged scalars. Without loss of generality, we can choose Y; > 0, so that
TiF vy, # 0. In this formula, the charged NG boson is included.

The NG boson can be identified by seeing the W0OG mixing term, which will be absorbed
into the gauge fixing term. The charged NG boson is given by the combination of those fields
as

G~ = \/ﬁfnw { > ( Ty, — (Tk_vk)Tgbk> + zi:n;‘rTfui}. (8.6)

k

76



8 Loop induced H*WTZ vertices as a probe of CP violation

We here have explicitly shown the real representations, but we can extend the definition of ¢,
in the way of ¢; for {k} = {k} & {i}. Concretely, we can write

1 1
' THu = 3 (nTT+u + uT(T+)T77) =3 (nTT+u — uTTJrn), (8.7)
because of (T*)* = —T* for the real representation. The G~ state is normalized to be unit, so

that we can show G* - G* = 1.
We can rewrite the above formula for the vertex as

\/_mw
g

2

Ly-w+z = \/_c

W*Z“{ Z 2V}, (¢LT+W + (T w) ¢k> } (8.8)

We may derive the conditions for the non-zero tree level H¥W T Z vertex. There are two possible
conditions for vanishing this vertex: Models contain

e 1o Y # 0 representations ¢y getting non-zero VEVs.

e only Y # 0 representations ¢, getting non-zero VEVs, such that Y} are all same and they
satisfy T, v, = 0.
When we prepare representations with different hypercharge, the vertex exists even if 7T} v, = 0.
For example, in model with ¢; ~ (T3,Y) = (1/2,1/2) and ¢ ~ (1,1) representations, we can
check T-v; = T~ vy = 0, but we have the H¥WTZ vertex.

By defining the physical charged scalar bosons which are orthogonal to the NG boson, we
obtain

Ly-wiz = —gmzEH W2, (8.9)

where
£ = {ZM Tu(Ti+ 1) = V) |} - pi (8.10)
We note the W boson mass is given by
miy = 92(; (Tl + 1) = Y2 o + 5 ST+ D). (8.11)

Up to now, the discussion is general for any number of representations, and we can find the
relation between the p parameter and the H*WTZ vertex by seeing these equations.
Third, we see several examples. In models with the SM Higgs (1/2,1/2) plus

¢1N<1/271/2) _>p:17£:()7
m~ (170) _>p7£ 1a€:07
¢y satisfying T(T +1) —3Y? =0 — p=1,£ # 0,
These examples are the two scalar models. When we consider a three or more scalars model,
e.g. the GM model, p =1 can be satisfied, and £ # 0.
Finally, in the 2HDM which we are now focusing on, £ = 0 and p = 1 are clearly shown.
This feature will be changed by quantum corrections [85]. As we have introduced in sections 2.5

and 4.1, the custodial symmetry for the two scalar doublets can be defined. When the custodial
symmetry (see Eq. (4.29)) is preserved in the potential, the leading loop correction to the p
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8 Loop induced H*WTZ vertices as a probe of CP violation

parameter from the 2HDM vanishes: AT = 0 is explicitly shown by Eq. (4.29) at the one-loop
level. As we see in the following sections, when the potential respects the custodial symmetry,
the H*WTZ vertices induced by the potential terms are also zero !. When the custodial
symmetry is violated by the potential, AT could be non-zero, and the H*W¥Z vertices could
be induced. From the relation between the CP violation and the custodial symmetry violation,
we can expect that the H¥WTZ vertices are induced by the CP violating effects. Actually, it
has been known that the CP violating effects in the potential induce non-zero AT, e.g. with
Ri1 ~ Ria =~ Ris ~ 3/+/3, which corresponds to Im[ZZ] # 0 [152]. In the following discussions,
we will see there are CP violating contributions to the HX¥WTZ vertices.

8.2 Loop induced H*WTZ vertices

We define the HE¥WTZ vertices as

Wi
ky M
L
mwgVe = HE-> @ b (8.13)
\
Zy

where ky (k2 and k3) is the incoming (outgoing) momentum. Subsequently, Vj,i can be decom-

posed by
G H
+ + + o
Vi = Figu + m—zkikﬁ + o kRS (8.14)

W w
where €,,,0 (€0123 = 1) is the completely antisymmetric tensor and the external W and Z bosons
satisfy the on-shell conditions for 9,W* = 0 and 9,2" = 0, respectively. We distinguish V;{,
and V, for the discussion of the CP violation. These vertices come from the following effective
operators,

Tros(D,My) | (D*My)], Tr[osM{MaF5 FlV], e Tr[osMIM FLYFI ], (8.15)

and the hermitian conjugate of them, where F}j; and F}” are the field tensors of the W and
Z bosons, respectively. All of these operators violate the custodial SU(2)y symmetry. In the
2HDM, these effective operators do not exist at the tree level, however, when the Lagrangian vio-
lates the custodial symmetry, these are induced by the loop effects. Especially, the first operator
in Eq. (8.15), which corresponds to the Fy term in Eq. (8.14), is the dimension-four operator,
so that non-decoupling quantum effects of the additional scalar bosons are enhanced [369]. On
the other hand, the second and third operators, which are dimension-six, are suppressed by
the quadratic scale of the heavy particles. Therefore, the F. term contribution is important
to discuss the quantum effects of the additional heavy scalar bosons. We note that the third
operator also breaks the parity symmetry which is conserved in the bosonic sector, so that only
the fermion-loop contributions cause non-zero H. .

Although it has also been known that the H*WW ¥y vertices are generated at the loop level
in the 2HDM [368, 370, 394-398], due to the Ward-Takahashi identity p4V,, = 0, the FL term
must vanish. In this sense, a large enhancement by the heavy scalar bosons cannot be expected,

1We note, the Yukawa and U(1)y interactions violate the custodial symmetry, so that corresponding correc-
tions appear in both of them.
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Figure 8.1: The scalar contributions of the decay H™ — GTG° under the condition Zg = 0.
The white (black) dots express the interaction which violates the (twisted) custodial symmetry.

compared with the H¥WTZ vertices. In this chapter, we focus on the HE¥W T Z vertices to see
the quantum effects of the additional scalar bosons.

When mpy+ > my + my, the decays H* — W*Z through these vertices are kinematically
allowed. The decay rates of H¥ — W*Z are given by

B mp Az (1,w, z)

D(HT = W*Z
( — ) 167

(l/\/lLL|2 + |MTT|2>, (8.16)

where w = mj, /m%., z = m%/m?. and A(a,b,c) = (a — b — ¢)® — 4bc. The amplitudes M,
and Mpr are the contributions from the longitudinal and transverse modes of the external
gauge bosons, respectively. These amplitudes are given by

2 A1, w, z 2
|MLL’2:i_Z (1_w_z)Fi+%Gi )
A1 w, z
Mrrl? = (20l + 25 ). (5.17)

8.3 Understanding aspects of the H*W¥Z vertices with
the equivalence theorem

In this section, we discuss the relation among the decays H* — W*Z, the custodial symmetry,
and the CP symmetry in our model. In section 8.4 and appendix E, we will give all diagrams
and the full formulae for Fy, G4+ and Hy in the general 2HDM. However, in order to see
the essence, we here take the heavy mass limit, where my.z/my+ — 0. In this limit, the
longitudinal contribution My is dominant in the decays H* — W*Z. In addition, thanks
to the equivalence theorem [163,399], the calculation of My can be much simpler than the
original calculation by replacing the external gauge bosons to the corresponding NG bosons.
To see the features of these vertices, we here take the Zg = 0 condition just for simplicity.
The diagrams which contribute to I'(HT — GTG?) from the scalar potential are shown in
figure 8.1. Here we have employed the Landau gauge and calculated in the real Z; basis. The
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8 Loop induced H*WTZ vertices as a probe of CP violation

white (black) dots in the figure 8.1 are proportional to Z7 (Z£) or m3,. —m3, (m%. —m3,),
so that they break the (twisted) custodial symmetry, as it can be understood from Eq. (4.29).
At the one-loop level, the amplitudes are given by

+iZk
M<H:t — GiGO) = ].677'2711 (m?{i - m%{g){(m%-lg - m%{g)CO[_k% _k37 m?{ia m?‘lg? m%{z]
+ Bo|—ko; m%li,milg] — Bo[—ki;m3«, m%z]}
i(mQ —m3))3 (m3, —m3, )Co|—ky, —ks; m3e, m%, , my. |
16720 H* Ho Hy H3)%~0 25 3y o+, oy 1O HS
— Bol—ky;m%s,m,] + Bo[—kl;mzi,ng]}, (8.18)

where the By and Cj functions are the scalar Passarino—Veltmann functions [400,401], whose
definitions are summarized in appendix D. We can see the equivalence of the custodial and the
twisted custodial symmetry from Eq. (8.18). When the conditions for the (twisted) custodial
symmetry, ZI = 0 and mi. = my, (ZF = 0 and m3. = mj,), are satisfied, the amplitude
is M(H* — G*G) = 0. Due to the CP violating potential, there are two terms which are
proportional to the real or imaginary part of Z;. In the CP conserving 2HDM, there are
no corresponding coupling constants to ZZ in the Higgs basis. Therefore, the second term in
Eq. (8.18) is the new part from the CP violating potential. We note that, however, the existence
of only the second term does not mean the CP violation in the potential. This is because,
under the Zg = 0 condition, the remaining rephasing invariant is Z:Z2 (see section 4.1), so
that Im[Z?] oc ZEZ1 dependence in the real Z5 basis is needed for the CP violation. Actually,
the loop functions in Eq. (8.18) are always real, so that both squared amplitudes for H* and
H~ take forms as (Z2)2c + (Z1)%¢, where ¢ and ¢ are real constants. As a result, the decays
H* — W#*Z cannot be observable to measure Im[Z2].

Even in the general formulae which are shown in appendix E, this feature is not changed.
However, under the existence of the fermion-loop contributions with the additional Yukawa
matrices p/, an asymmetry between the decay rates of H* — W*Z and H- — W~Z can
appear. This is because the loop functions in those contributions can have imaginary parts,
and Im[Z;p/] related differences appear in these decay rates. In the following sections, we also
give discussions and results for the CP asymmetry in these decays.

We note, unlike AT, the H¥*W ¥ Z vertices are sensitive to the custodial symmetry violation
by non-zero Z; at the one-loop level. This is because, the one-loop formula for AT does not
have any dependence of Z7, so that even if the custodial symmetry is violated by Z; # 0, AT
can be zero by taking mpy, = my+ or mpy, = my=.

8.4 The analyses for the decays H* — W*Z in the gen-
eral two Higgs doublet model

In this section, we discuss the decays H* — W*Z in the general 2HDM. We calculate the
decay in the t’Hooft-Feynman gauge at the one-loop level. The full analytic expressions for
the H*WTZ vertices are given in appendix E. All numerical results which are shown in the
following subsections are given by using these formulae.

In figures 8.2-8.5, all contributions to the decay H* — W*Z are shown. The diagrams
of the decay H~ — W ~Z can be obtained by changing the directions of the arrows for the
charged particles. The boson contributions are shown in figure 8.2 and figure 8.3, where i, j
(= 1,2,3) are the indices of the neutral scalar bosons in the mass eigenstate. The diagrams
given in figure 8.2 and figure 8.3 can be expressed by the C' and B type Passarino—Veltmann
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Figure 8.2: The C' type contributions. The indices ¢ and j run 1, 2,3, which denote the mass
eigenstates of the neutral scalar bosons.

functions, respectively. The fermion contributions are shown in figure 8.4, where I, m (= 1,2, 3)
are the fermion-flavor indices. Only the fermion contributions give the Hy term in Eq. (8.14)
because the SM fermions have the chiral interaction. There are other contributions from the
diagrams of the tadpole and the H™G™~ mixing, which are shown in figure 8.5. These diagrams
are expressed by the Aj scalar one-point function. Analytic expressions for all diagrams are
given in appendix E.

Here we give a comment on a method for renormalization. In our model, the effective
operators which cause the HE¥WTZ vertices are absent at the tree level, so that such a one-
loop-induced vertex must be finite in the renormalizable theory. By summing all of those
contributions, the divergences in each diagram, which are also shown in appendix E, cancel
out. Therefore, a renormalization method to absorb these divergences in these vertices is not
needed. However, once a renormalization scheme is adopted and the counter terms in this
scheme are fixed, they might give finite corrections to these vertices at the one-loop level. We
expect that those corrections are small, and we do not specify the renormalization scheme in
this thesis.

8.4.1 Setup of model parameters

First, in this subsection, we explain a method to determine the input parameters for numerical
analysis. The free independent parameters in our model are Y3, 7y 2345, Z8&, Z, Z8 Z1 and
p’ (f = u,d,e). We take the mixing angles ; and the mass my, (i = 1,2,3) as the input
parameters. Therefore, the related coupling constants Z,, Zy, Zs, Z& and Z! are determined by

M? = R diag(m3;,, m3,, mi,)R. (8.19)

where M? is given in Eq. (4.5). In order to take the real Z; basis, a set of input pa-
rameters (o, g, as, Mg, , Mp,, My,) must satisfy (M?)yz = (M?)3s = 0. First we deter-
mine (ay, g, mp,, mp,, mg,) and then numerically get az = of, which satisfies (M?)y3 =
(M?)3, = 0. In the following numerical studies, we choose «j such that the coupling Zg
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Figure 8.3: The B type contributions.
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Figure 8.4: The fermion contributions. The indices [, m denote the fermion flavors.

satisfies 0 < arg[Zs] < m/2. We also treat my+ and Y3} as the input parameters and fix
—Y? = (20 GeV)2. The coupling constant Z, which is irrelevant to the decays H* — W*Z
at the one-loop level, is set by Z; = 2.

Second, we have the general complex Yukawa matrices p/ in our model. Although the
formulae of the H¥W¥Z vertices with general p/ are shown in appendix E, the contributions
from each flavor give similar results. Under the data from the flavor experiments, p; and py.,
which are (3,3) and (3,2) elements in p*, respectively, are normally allowed to be larger than
the other additional Yukawa coupling constants [139]. In addition, effects from p;. are small
because the contributions to the H*WTZ vertices from p* are approximately proportional to
>tz (VD) im (0T )i f (M) = pief (me) + pif (my), where the function f is expressed by
the loop functions. Therefore, in the following analyses, we only focus on the p;; dependence
as the fermion contributions.

Finally, we consider the experimental and theoretical constraints on the 2HDM, which has
already been discussed in section 4.1. As a conservative bound on the mixing angles «; and the
coupling constant py, we set |a;| < 0.01 and |py| < 0.2 in the following analyses.

8.4.2 Numerical analyses for the decay H™ — W17

In this subsection, we give numerical results for the decay H* — W' Z in our model. As other
decay modes for H*, we consider H* — ff’ and H* — W*H,, if it is kinematically allowed.
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Figure 8.5: The A type contributions.
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Figure 8.6: The decay rate ['(H" — W*Z) as a function of my+. In the left (right) panel, the
mass difference mpy, —mp+ (my, —mpg+) and the coupling constant ZZ (ZF) are switched on.

The solid lines show the results for p;; = 0, and
from non-zero py.
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where T'%, = p*“IVekm, I'f; = —

In figure 8.6, I'(H" — W*Z) is shown as

Vexnmp? and s = —p°

€

a function of mgy+. In the left panel, we take

mp, —mg+ = 200 GeV, mpy, = my+ and ay = as = 0. The results of Z% = 0.1, 1, and 5 are
shown as the blue, orange, and green solid lines, respectively. We note that taking ZZ =5 is
dangerous due to the perturbative unitarity or the BFB conditions, however, it is shown just
for illustration. These solid lines are purely caused by the scalar and gauge contributions, and
the decay rate increases as taking large Zf. This is because, in the left panel, the custodial
symmetry violation in the potential is realized by non-zero ZZ. When the fermion contribution
from py; is switched on, as shown by the dashed (p; = 0.1) and the dotted (py = 0.17) lines,
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Figure 8.7: Left: my, dependence of the total decay rate of H. The blue, orange, and green
lines show the results of Zf = 0.1, 1, and 5, respectively. The result with non-zero py; is shown
as the dashed line. Right: mpy, dependence of the branching ratio of H*. The decay modes
are HT — W*Z (blue), tb (orange), W+ H; (green), WtHy (red), and W+Hjs (purple). In
this parameter set, only the decay modes Ht — W*Z, tb and W' Hy can be significant. The
black dashed line shows the criterion where the maximal s-wave scattering amplitude among
the scalar and the gauge bosons is 0.5.

the decay width is changed. In the right panel of figure 8.6, mpy, — my+ = 200 GeV and
mpy, = my+ are taken. Namely, the masses of Hy and Hj are exchanged from the left panel.
The cyan, red, and purple lines are the results of Z2 = 0.1, 1, and 5, respectively, and the
impacts of setting p;; = —0.1 and 0.17 are shown by the dashed and dotted lines, respectively.
In this right panel, the violation of the twisted custodial symmetry in the potential is realized
by Z2 0. We can see the equivalent results in the left and right panels, which are related to
the violation of the custodial or the twisted custodial symmetry.

In the left panel of figure 8.7, my, dependence of the total decay width of H" is shown. We
have taken my+ = 300 GeV, my, —mpy+ = 10 GeV and a3 = as = 0. In the left panel, the blue,
orange, and green solid lines show the total decay width T with Z£ = 0.1, 1, and 5. Again,
taking Z1 = 5 is dangerous due to the perturbative unitarity or the BFB conditions, however,
the result is shown just for illustration. When mpy, < mg+ — my, the Ht — W Hy decay is
kinematically allowed. On the other hand, in the region mpy, > mpy+ — my, only the decay
mode Ht — WTZ is possible if p; = 0, and it almost disappears at the point my+ = my,,
where the potential recovers the twisted custodial symmetry. As shown in the green dashed
line, when py; is switched on, H™ — tb decay is allowed. In the right panel of figure 8.7, the
branching ratio of H* is shown. In this panel, Z{ = 1 and p;; = 0.1 are taken. The decay
modes are Ht — W*Z (blue), tb (orange), W H; (green), W+ Hy (red), and W+ Hj (purple).
In this parameter set, only H* — W*Z, tb and W' H, can be significant. The black dashed
line shows the perturbative unitarity bound, &yax = Max{ag} = 0.5, where {ag} is a set of the
eigenvalues of s-wave amplitude matrix for the elastic scatterings among the longitudinal modes
of the gauge bosons and the neutral and charged scalar bosons in the high energy limit [167].
The line for {yax = 1 is out of this figure. In the region my, > mpy+ —myy, the dominant decay
modes are H™ — th and HT — W*Z. As the mass difference mpy, — my+ becomes large, the
branching ratio Br(H™ — W*Z) increases.
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Figure 8.8: mpy, dependence of the branching ratio of H™ with the non-zero mixing angle o
(left: mpy+ = 300 GeV, right: my+ = 200 GeV).

In figure 8.8, analyses for the branching ratio with a non-alignment case are shown. In
the left (right) panel, my+ = 300 GeV (mg+ = 200 GeV), my, = my= + 10 GeV, ZL = 1,
pu = 0.1, a3 = 0.01, and oy = 0 are taken. As shown in the left panel, when mgy+ > my +mpy,,
Br(H* — W*Z) is suppressed by the H* — W™ H; decay, which is caused by non-zero Ris.
On the other hand, when mpy+ < my + my,, as shown in the right panel, H* decays into tb
or WtZ, so that Br(H" — W*Z) = O(107?) is realized for &yay < 0.5.

In figure 8.9, the results for py; dependence of the branching ratio are shown. As shown
in the left panel, where my+ = 300 GeV, the dominant decay mode is H™ — W' H; in the
region of py < 0.006, and HY — ¢b becomes dominant as py increases. In the right panel,
where mpy+ = 200 GeV, Ht — W' H; is kinematically forbidden. As a result, in the region of
pu S 0.003, HY — tb is suppressed, and Br(HT — W Z) can be large.

8.4.3 Asymmetry in the decays of H™ - W*Z and H~- — W Z

In the previous subsection, the numerical results for H* decays are shown. The decay H~ —
W~ Z also behaves in a similar way to the decay H™ — W*Z. However, an asymmetry between
them is caused by the interference of the scalar and fermion contributions. In this subsection,
we give numerical results for the CP asymmetry in these decays.

For the discussions of the CP violation, we define

AHF - W*=Z)=T(H" - W*Z)-T(H — W~ Z), (8.21)
and the CP violating quantity [375]
CT(HY 5 W*Z)-T(H — W-Z)

ocp = . 8.22
CTTHY S WHZ)+T(H- — W-2) (8.22)
By definition, the decay rate for H~ is given by
I
IH W 2Z)=—2LT(H" > W*Z). (8.23)
1+ dcp

The behavior of these quantities are shown in figure 8.10, where my+ = 200 GeV, mpy, =
500 GeV, my, = my+ + 10 GeV, py = 0.1, and oy = a3 = 0 are taken. In the left and
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Figure 8.9: py dependence of the branching ratio of H' (left: my+ = 300 GeV, right: my+ =
200 GeV). In this parameter set, the decay modes HT — W*Z tb and W H; are relevant.

right panel, the contour figures of A(H* — W*Z) x 10° and d¢p in the |Z;|-arg[Z;] plane are
shown, respectively. The red shaded regions do not satisfy the BFB conditions. At arg[Z;] =
7/2, A(H* — W*Z) and dcp take the maximal value, while at arg[Z;] = —7/2, they take
the minimal value. This feature can be understood as follows: each decay amplitude can be
approximately written as

M(H = W*Z) = i(pyfr + Z7'(mige —mig ) f2) + (pufr + Zz (mige — mip,) fs),
MH =W Z) = —i(pjfr + Z& (e —my ) fo) + (phfi + Zi(miye —mi) f3),  (8.24)

where fi 93 are mass dependent functions. When mpgy+ > m; + my, the loop functions in f;
have the imaginary parts, so that dcp can be expressed as?

Scp X A(H* = W*Z) oc [ M(HT = WT2Z)|? — |IM(H™ — W~ 2)|?
o ppi 23 (mie — miy,) fsm[f7] + pfy 25 (mfpe — miy,) fIm[fy]. (8.25)

As a result, the dependence of ZI  sin(arg[Z;]) appears in figure 8.10, where non-zero my+ —
mp, and p are taken. Due to the denominator in Eq. (8.22), as | Z;| increases, dcp gets large
at first, but it turns to decrease.

In figure 8.11, the p;; dependence of d¢p is shown. We have set the phase of Z; as arg[Z;] =
7/2. The blue, orange, and green lines show the results of |Z7| = 0.1, 0.5 and 1, respectively.
The point of p;;, where dcp takes a maximal value, depends on the size of Z;. The maximal value
of dcp in this figure is around 0.7, so that I'(H~ — W~ Z) is about 17 % of T'(HT — WT*Z).

At the pp collider like LHC, production cross sections of Ht and H~ via the vector boson
fusion mechanism and the associated production mechanism with neutral scalar bosons are
in general different [186,187,388]. In addition, as we find, the decays of H* — W*Z and
H~ — W~Z can be different by the CP violating phase effect.

2This kind of CP violation is so-called direct CP violation [402].
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Figure 8.10: The contour plots of A(H* — W*Z) x 10° (left) and dcp (right) in |Z;|-arg[Z7]
plane. The red shaded regions do not satisfy the BFB conditions.
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Figure 8.11: The py dependence of dcp with several |Z7| values. |Z;| = 0.1 (blue), |Z7] = 0.5
(orange), and |Z7| = 1 (green).

8.5 Discussions

First, we discuss the signature for the H*WTZ vertices at the hadron colliders. Based on
the analyses in the former sections, we set two benchmark points which are given in table 8.1.
The difference in BP1 and BP2 is the size of py, and the other parameters are the same.
As discussed in section 8.4, for the production of H*, the WZ fusion process (pp(W+Z) —
H*X) and the top-associated process (gb — H™t) are important in the hadron collider. (At
a pp collider, the production cross section for pp(W~Z) — H~X is smaller than that for
pp(W*Z) — H*X [388].) The former production process is loop-induced, and it has been
evaluated in Refs. [372,388,389]. From figure 13 in Ref. [372], the WZ fusion cross section can
be obtained as oz =~ 2|F|* x 10® fb for my+ = 200 GeV at the LHC with /s = 13 TeV.
The latter process depends on py, and its cross section has been evaluated by oy ~ 10% fb
for |pu| ~ 1/8 and my=+ = 200 GeV at the LHC with /s = 13 TeV [100]. Therefore, py
dependence of this cross section can be estimated as o, ~ 64|py|* x 10? fb for my+ = 200
GeV. In figure 8.12, py; dependence of oz x Br(H™ — W*Z) and o4 x Br(HT — W*Z) are
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(in GeV) | my= | mu, | mu, Zy | opu o=
BP1 200 500 | 210 | 1.3¢2% 0.1 0.01
BP2 200 500 | 210 | 1.3¢%% | 0.001 0.01

Table 8.1: Benchmark points for the discussions of collider phenomenology. In BP1 and BP2,
the same parameters are taken except for py,.

11— G(WZ)xBr(H*->W2)
" a(gb)xBr(H*->W2)
0.100;
E—\
g L
"= 0.010
m 3
S
0.001
107 :
104 0001 0010  0.100

Pt

Figure 8.12: p; dependence of the cross section o(pp = HTX — WTZX) in fb. The charged
scalar boson is produced via the WZ fusion process (blue) or the top-associated process (orange).

shown. The point py; = 0.1 (0.001) in figure 8.12 corresponds to BP1 (BP2). The numerical
values of |F|?, Br(H™ — WTZ), and the cross sections at these points are summarized in
table 8.2. For relatively large py, e.g. in BP1, in spite of the suppression of Br(H+t — W*Z),
og % Br has advantage because the top-associated production process is enhanced by py. On
the other hand, in the case of relatively small py, e.g. in BP2, the top-associated production
process and the H* — tb decay are suppressed. As a result, the WZ fusion production process
is important in this case.

From the data collected at the 13 TeV LHC with 139 fb~! [179], an upper bound oy z x Br <
O(10?) fb for my+ = 200 GeV has been obtained, which is much larger than the estimated
value in BP2. However, at the HL-LHC with 3000 fb™', we can expect O(10?) number of this
events in BP2. This signal is also important in the high energy upgrade of the LHC [393].
Even in BP1, in which py is relatively large, the process o4 x Br might be important in the
future hadron colliders because o4, x Br in BP1 is about 5 times larger than oz x Br in BP2.
Consequently, the H*WTZ vertices in our model are expected to be tested at the HL-LHC.

Second, we give discussions for the testability in the lepton collider. For example, in the high
energy ee collider such as the ILC with /s = 500 GeV and 1 TeV [24,25], the pair production
process ete” — HYH™ is important, and its cross section only depends on mg+ [403]. In
addition, single H* production has been discussed in Refs. [384,390,404]. When we consider
mpg+ = 200 GeV, the production cross section of a pair of the charged scalar bosons is given
by o(H"H™) ~ 3.0 x 10 fb (2.0 x 10 fb) at the ILC 500 GeV (1 TeV) [384]. Therefore, in
BP1 (BP2), oc(H"H™) x Br(HT — W*Z) is estimated as ¢ X Br ~ 7.8 x 1072 fb (2.8 x 10 fb)
at the ILC 500 GeV and ¢ x Br ~ 5.2 x 1072 fb (1.9 x 10 fb) at the ILC 1 TeV. This pair
production process is independent of p;, so that numerous events can be expected in BP2, in
which almost all H' decays to the W and Z bosons. More detailed analysis in these hadron
and lepton colliders will be given in the following study [405].

88



8 Loop induced H*WTZ vertices as a probe of CP violation

| | BP1 | BP2
[F]? 28 x107° [ 1.7 x 10
Br(H" > W7¥Z) [ 26x103 | 94x 10 °
owz [fb] 5.6 x 1072 | 3.4 x 1072
owz x Br[fb] | 1.5x 1074 |3.2x 1072
og [fD] 6.4x10 |6.4x1077
og X Br [fb] 1.7x 107! | 6.0 x 107?

Table 8.2: Summary of several values for |F|?, Br(Ht — W*Z) and the cross sections in BP1
and BP2.

Third, our calculation has been done in the Higgs basis, and it can be applied to the
softly-broken Z, symmetric 2HDM by using the basis rotation from the Z, basis to the Higgs
basis [137]. As shown in table 4.1, the CP violating phases do not exist in the Yukawa sector in
the softly-broken Z, symmetric 2HDM, and the p/ coupling constants are not independent of
the parameters in the potential. On the other hand, in the general 2HDM, p/ are the arbitrary
complex matrices, and they can have the CP violating phases, some of which are important
sources to produce the BAU via the mechanism of the electroweak baryogenesis [37-43,45,47—
49]. Due to the independence between p/ and the coupling constants in the potential, it is
possible to consider parameter points, such as BP2, in which Br(H* — W Z) is close to unity.

Finally, in this chapter, we have discussed the relation between the H*WTZ vertices and
the CP violation. As we have mentioned in section 8.3, the decays H* — W*Z cannot be
the observable for Im[ZzZ2], which is the CP violating invariant in the potential. However,
the difference in the decays HT — W*Z and H- — W~Z is sensitive to Im[Z;p/], as we
have discussed in section 8.4. Therefore, as shown in figure 8.10, if we know the phase of p/,
the phase of Z7 can be determined by measuring the difference between I'(Ht — W' Z) and
I'(H- — W~Z). For example, in our model, it has been known that the rephasing invariant
Zsp?_ can be measured by using azimuthal angle dependence of the hadronic decay of the tau
leptons, which are decay products of the pair of Hy and Hj [83,358]. More realistic analyses
for measuring the CP phase via the HX¥W¥Z vertices will be discussed somewhere [405].

8.6 Short summary of chapter 8

In this chapter, we have discussed the H*WTZ vertices in the most general 2HDM with the
CP violation. It has been known that the CP violating potential in the 2HDM violates the
custodial symmetry. The H*WTZ vertices are one of the phenomenological consequences of
the custodial symmetry violation. We have calculated the HX¥WTZ vertices at the one-loop
level with the most general setup, and we have found that there are both contributions from the
CP conserving and CP violating coupling constants. The scalar loop contributions disappear
at the one-loop level when the custodial symmetry is respected in the Higgs potential. We have
discussed the decays H* — W*Z in several parameter sets. We have found that the decay
rates can be significantly enhanced by the loop effects of the additional scalar bosons in the
most general 2HDM with the CP violation. We have also found that the asymmetry between
the decay rates of H" — W*Z and H~ — W~ Z can be an important observable to see the
CP violating phases in the model. Finally, we have given discussions for the testability of these
vertices at current and future high energy collider experiments.
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Chapter 9

Landau pole problem and electroweak
baryogenesis

In this chapter, we discuss ultraviolet (UV) behavior of models for EWBG. In the SM, the
effective Higgs self coupling constant becomes negative at a scale between 10° GeV and the
Planck scale [170,172]. It has been found that the electroweak vacuum is metastable [168-172].
On the other hand, new physics models with multi scalar bosons tend to induce the Landau
pole, in which coupling constants in the model blow up at a scale [158,159,406-414]. If this
scale is much smaller than the Planck scale, perturbative calculation in the model is no longer
valid around the Landau pole, and we should consider a more fundamental theory beyond the
Landau pole.

The reason why the Landau pole easily appears in the multi scalar models is that the beta
function for the scalar boson is positive at the leading order. Furthermore, in some classes of
models for EWBG, e.g. in the 2HDM, the SFOPT for providing out-of-equilibrium situation
around bubble walls is caused by large corrections to the effective potential from relatively large
scalar couplings. If these masses of additional scalar bosons are strongly coupled to the SM
Higgs boson, the vacuum structure is changed by non-decoupling quantum effects. For these
reasons, the typical scale of the Landau pole in the model for EWBG with the non-decoupling
effects has been estimated at much lower than the Plank scale, i.e. TeV scale [37,44,415,416].
In the 2HDM, according to Ref. [37], almost all of the successful parameter regions predict the
Landau pole below 3 TeV, and it might be a reason to consider other mechanisms to cause
SFOPT [75].

The ultraviolet (UV) behavior of those models can be explored based on the analysis using
Renormalization Group Equations (RGEs). The energy dependence of effective coupling con-
stants is determined by the beta function. The modified Minimal Subtraction (MS) scheme [417]
is one of the most famous treatments for renormalization. The beta function obtained by this
scheme is a function of only the coupling constants, and masses and the renormalization scale
do not explicitly appear in the beta function. This Mass-Independent (MI) beta function has
been widely used to study various high energy phenomena.

However, in the analysis with the RGE in the context of EWBG, less care about threshold
correction has been taken. As it will be discussed, the coupling constants defined in MS
scheme are not physical directly, so that we need to match them to the physical observable
with a condition. This condition is so-called matching condition, and some corrections at the
threshold enter into the running of the couplings.

In the following sections, we first revisit to consider the matching condition and the threshold
correction, and we then introduce momentum subtraction scheme to include finite corrections
in counter terms to beta functions. We explain the mass dependence beta function in A\¢*
theory, which is obtained by the application of the momentum subtraction scheme. We apply
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this scheme to a pure scalar toy model, in which we can consider the non-decoupling situation,
deriving the mass dependent beta function. We also apply to more the realistic extended Higgs
model, the Inert doublet model, to estimate the scale of the Landau pole. In the end of this
chapter, discussions and a short summary are given.

9.1 Matching condition and threshold correction

The effective coupling constants in the MI scheme are not directly connected to physical observ-
ables. In addition, in the method using the MI beta function, there is no mechanism to treat the
effect of the appearance of a heavy particle around the scale of that particle’s mass. Therefore,
to calculate running coupling constants from a low energy effective theory to a theory where
heavy particles become active, matching conditions for the coupling constants have to be taken
into account. This is so-called Threshold Correction (TC) [418,419], where the effects of heavy
particles are switched on through the use of a step function in the beta function.

We briefly explain the TC and the beta function in the MS scheme. A bare parameter 6°
is expressed by scale dependent 6(p) and scale independent fog, which are defined in the MS
scheme and the On-Shell (OS) scheme, respectively. We have a relation

00 = 695 — §6°° = () — 6™, (9.1)

where the counter term 6@ (609%) contains only a divergence (a divergence and finite parts).
At a scale p = @, the MS parameter is matched to the observable by using the matching
condition

O = Q) = 0°° + 56MS — 5695 = 95 + Ag, (9.2)

where A6 is a finite correction beyond the one-loop level.

We suppose a U(1) gauge theory where a heavy fermion ¢ with the mass M couple to the
gauge field. We also suppose massless particles also couple to the gauge field. We denote the
contribution to the beta function for the gauge coupling g from the light particles as g%by, and
from 1 as g?b;. The MS beta function is given by 8, = dg/dInu = g*(by + b;). On the other
hand, if we consider the effective field theory [418,419] by integrating out v, we get B;R = by.
By using the matching condition, the gauge coupling is connected to the observable, and we
use g(Qm ~ M) = gups as the tree level condition. Based on this boundary condition, we can
solve the beta function as

1 1 Qm
— = — — bglog —, 9.3
YGobs g(@O) 008 QO ( )
for Qg < p < @, and
1 1 A
e (b4 by ) log —, 9.4
g(A) Gobs < 0 1> & Qm ( )

for Q,, < pu < A. As a result, we have

1 1 Qm QO
= —— — (by + by ) log —— — by log —. 9.5
@) =gy~ () oe T -l )
This result is same as the one using
By = bo + b16(p/M), (9.6)
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where 6(u/M) is the Heaviside step function. If we use the matching condition at the one-loop
level, higher order corrections enter in the discussion.

In discussions of grand unified theories [420-424], it has been shown that the TC of the
heavy particles plays an important role. For example, when we discuss the renormalization
group analysis at the one-loop level, the tree level TC is often used [418], as we have shown.
However, the non-zero probability to find the particle in loop diagrams below that mass scale
is not taken into account. If we choose a different matching scale, a logarithmic difference
arises [425]. Furthermore, additional errors from higher-order loop corrections A# can enter
into the matching conditions when the MI coupling constants are expressed in terms of the
physical observables, as indicated in Refs. [419] and [170,425,426]. Therefore, many efforts
have been made to reduce these uncertainties by taking into account the higher order TCs.

On the contrary, in the momentum subtraction (MOM) renormalization scheme, the cou-
pling constants are directly connected to the physical observables, and the threshold effects are
included in the counter term in a natural way. As a result, in the method using the Mass-
Dependent (MD) beta function, which is obtained by the MOM scheme, the quantum effects
of heavy particles are automatically included. Therefore, the MD beta functions do not suffer
from the uncertainty of the TC. Actually, an analysis in the MOM scheme is more complicated
than one in the MI scheme because finite parts are included in the counter terms. For instance,
in the massless QCD theory, the MS beta function is available at the five-loop level [427-430],
in contrast, the MOM beta function at the four-loop level from the three-loop vertex functions
has been calculated [431]. Nevertheless, the MOM scheme is useful in some cases. As we will
discuss in this chapter, the MOM scheme is advantageous when new particles with multiple
scales appear in a theory, or when coupling constants in the MI scheme may blow up at rela-
tively low energies. This method has been used in early studies [432,433] to discuss the energy
dependence of the effective QCD coupling constant for different numbers of quarks in the theory.
In addition, the electroweak running coupling constants [434] and the vacuum stability [426]
in the SM, the proton decay [435] and unification of the coupling constants [434,436-439] in
grand unified theories, etc., have also been studied using this method. However, it has not yet
been applied to the physics of extended Higgs sectors.

9.2 Mass-dependent beta function

In order to introduce the MD beta function, we first consider the A\¢* scalar theory with mass
m. The Lagrangian is given by

1 1 1
_ 1 pe Loo9.9 4
L= 5 Melo.alo) 5™ ) —4!/\(;5 , (9.7)
The renormalization conditions for the n-point vertex function F((;) o(Ka, m?, \) are given by

2) _o0 910 _ 4 r® _

F¢¢ k2=m2 - O; Ok2 F¢¢ E2=—(Q2 - 17 F¢¢¢¢ ka'kb:7Q25ab+%Q2(176ab) - )\7 (98)
where k, (a = 1,--- ,n) are the external momenta. The equations in the first line are the
conditions for the mass parameter m to be the pole mass and for the wave function to be unity
at k* = —Q* The equation in the second line is the condition that the four-point function
coincides with the tree level value at the symmetric point, where k, - ky, = —Q?0qp + %QQ( 1—6ap)
are satisfied. The UV divergence in the four-point function is renormalized in the MOM scheme.
From these renormalization conditions, at the one-loop level, we obtain the MD beta function

as
5()\’ Q) — 3\ [— 1DQBO< — %QQ,mQ,m2>], (9.9)

m/) 1672
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Figure 9.1: Derivatives with Dg = Q(9/9Q)o of —By/2 (black solid), m*D By (D By = 0B,/ 0k?)
(blue dashed), m2Cy (orange dotted) and m* Dy (green dot-dashed). For Q/m — 0, correspond-
ing to the particle decoupling from diagrams, these functions become 0. For Q/m — oo, only
—DgBy/2 becomes 1 and the other functions become 0.

where By is the Passarino—Veltman two-point scalar function [400,401], which contains an UV
logarithmic divergence. We define Dy = Q(0/0Q))o, where the subscript zero means derivative
for the fixed bare parameters. As a function of @)/m, the quantity —DgB,/2 in Eq. (9.9) is
shown in figure 9.1 as the black solid line. This quantity takes a value between 0 and 1 for
0 < @Q/m < oo, and represents how the particle with mass m contributes to the beta function
at the scale Q). If we take the limit @)/m — oo, Eq. (9.9) coincides with the well-known form
given in the MI scheme (e.g., the MS scheme). In the MS scheme, only the coefficients of
1/e =2/(4 — D) (D is the space-time dimension), in the vertex functions are relevant to the
beta function. In the limit Q/m — oo, By = 2(1/e — log Q) + ¢ is shown with a constant
c. Therefore, the quantity —DgBy/2 becomes unity in this limit, and the MD beta function
coincides with the MS beta function obtained by the coefficients of 1/¢. On the other hand, in
the A\¢* theory, the beta function is 0 for Q/m — 0 because the quantum effect of the particle
to the beta function decouples. In figure 9.1, we also show the lines corresponding to derivatives
with Dg of m*DBy(DBy = 0B,y/0k?) (blue dashed), m*Cy (orange dotted) and m*Dy (green
dot-dashed), where Cy and Dy are the Passarino—Veltman three and four point scalar functions,
respectively.

In the following, we apply the MD beta function to extended Higgs models. We are interested
in the case where additional scalar bosons obtain masses mainly from the electroweak symmetry
breaking. Such a case is relevant for the realization of the SFOPT [51-53]. We then show the
importance of the method using the MD beta function, in which the decoupling mechanism of
heavy particles is naturally equipped.

We here give a comment on the dependence of the renormalization scheme. Although
the explicit form of the vertex functions is different among different renormalization schemes,
physical observables are scheme-independent. However, due to the truncation at a finite order
of perturbative calculation, different results can appear depending on the scheme. For example,
it has been known that the scale dependence of the QCD coupling constant is different between
the MS scheme and the MOM scheme at the two-loop level [440]. By taking into account higher
order corrections from higher loop diagrams, the scheme difference becomes milder [441,442].
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9.3 A toy model: Simplest example of the non-decoupling
case

In this section, we discuss a scalar toy model to explain our method, in which only two com-
plex scalar fields, ¢; and ¢9, are introduced. We impose two global symmetries, U(1); and
U(1)y, with the transformations ¢; — @1 and ¢y — e (05 € R), respectively. The
renormalizable Lagrangian is given by

L= 0,0} ,0" b1 + 00, 0" b2 — 13,01 yb16 — 13,0h y020

1 1
- 5)\1,b‘¢1,b|4 - §>\2,b ¢2,b’4 — A3p|os|* 2], (9.10)

where p7 (i = 1,2) and \; (j = 1,2, 3) are real parameters, and the subscript b represents the
bare parameter. We assume that U(1); is spontaneously broken while U(1), is not: i.e., u? <0
and p3 > 0.

At the tree level, the subscript b can be dropped. We parametrize the field ¢, as

1
=—W+p+in), 9.11
where v is the Vacuum Expectation Value (VEV). The stationary condition gives a relation
among the parameters:

ov —2u3
- =0 & v’ = !
p ’ A1

{P:W7¢2}:0

. (9.12)

By using this tree-level relation, we can change the set of free parameters from (1, p2, A1, A2, A3)
to (v, 2, A1, A2, Ag). Masses of the physical states p, n and ¢ are given by

mi = \v?, m?? =0,
1
miz = 3+ 5)\3@2. (9.13)

The field 7 is the NG boson related to the spontaneous breaking of U(1);.

In the case of p3 > Agv® ~ A\jv*, we have mj, ~ p3 (> m?). The coupling constants A,
are independent of |pg| & my,, and in the low energy region () < my, =~ |ps], the effect of my,
only appears in the internal propagators of the vertex functions for p and n [443]. The finite
correction from ¢, takes a form of some powers of 1/u2 because the internal propagator is given
by 1/ (m?52 — k) ~1/ miQ, where £ is the relevant momentum. As a result, the effective theory
is described by the renormalized Lagrangian in which p and 7 fields participate while ¢9 does
not.

On the contrary, if mfw is mainly given by A3v%*(Z p2), quantum corrections to the low
energy observables do not decouple in the large mass limit. This is what we call the non-
decoupling effect. Non-decoupling quantum effects of ¢ can appear as powerlike or logarithmic
mass contributions [221]. In such a case, A3 is relatively large at low energy scales, so that it
can quickly blow up at high energies. In other words, if we impose the requirement that the
coupling constants do not exceed a critical value (such as 4m) below a cutoff scale A, the
coupling constants are constrained from above as a function of A. Such a theoretical bound is
called the triviality bound [444].
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9 Landau pole problem and electroweak baryogenesis

9.3.1 Renormalization conditions

In the following, we perform a renormalization group analysis with the MD beta function and
give a constraint from the triviality bound at the one-loop level. We define seven renormaliza-
tion constants as

-1 -1
¢1 - Z¢12 ¢1,b7 ¢2 - Z¢22 ¢2,b7
:u% = erllzdnuib’ Mg = Z;;Z@Mg,bv
M =2 75 Mo M= Z5) 23, hon, A3 =23 Zg, Zgy A3y (9.14)

They are determined by seven renormalization conditions.

First, the renormalized VEV is defined as the right-hand side of Eq. (9.12) with the renor-
malized coupling constants, and we define the renormalized shifted fields as ¢; = (v+p+in)/v/2.
The tadpole term for the field p, which is proportional to Z,, — Zy,, appears in the Lagrangian.
We impose a renormalization condition that the left-hand side of Eq. (9.12) is satisfied at the
one-loop level. The tadpole term is eliminated by this condition, and then m,, is kept to be
zero at the one-loop level.

Second, we set the renormalization conditions as

(2) _1® _
Fpp k2:m% Fd)?‘b; k2:m§52 07
0 0
— 1@ - 7 r® _
k2 Fpp ——q>  Ok2 F¢2¢£ R2=—Q2 L (9.15)

where the first and second lines are the pole mass conditions and the wave function renormaliza-
tion conditions, respectively. From the pole mass conditions, we obtain DQm/QJ = Dng52 = 0.
Finally, we impose two conditions for Z,, and Z,, as

¥ =), W = 2\, (9.16)

pp$20} | k=sym. $203620% | k=gym.

where the renormalization point is the symmetric point. At this point, the four-point functions
coincide with the tree-level values. In appendix F, explicit formulae for these vertex functions
are shown at the one-loop level.

9.3.2 Renormalization group equation analysis

With the renormalization conditions imposed above, we derive the RGE for the renormalized
effective action I'. The relation between the renormalized action depending () and the bare
action regularized by dimensional regularization scheme is

L1, 25 13, 115, Aty Aoy A3 Q) = Lo (D1, D3 145 s 13 50 Aps A2 A €), (9.17)

By acting Dg on this equation, we have

Dol = 0
0
< ( -y m — Yy 5 — Vg, My 55~ + > Biar > 0, (9.18)
=12 o amp 8 7=1,2,3 Y
where
Y4 = —DgIngi, v, = —Dgoln mg, Yy, = —Dgln méQ, By, = DgA;. (9.19)
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9 Landau pole problem and electroweak baryogenesis

Here we have changed independent parameters from (ui, p3) to (m2, m3,). We can show 4, =
Ymyg, = 0 by using the renormalization conditions for the tadpole and the mass term. Therefore,
we obtain

(Q—— Z%ﬂ% -+ > ﬁA]aA) (9.20)

1=1,2 71=1,2,3

At the one-loop level, 8y, (j = 1,2,3) are given by

1
6)\1 = 167T2DQ(DBO,CO’ DO terms),
By, = = {)\2 + A2 f9 m, 10X2 fm75 may T Do (D By, Co, Dy terms)},
1
Brg = W{/\l)\?’ 3NN, FANSR o, T AN SR+ Do(DBo, Co, Do temlS)}-
(9.21)
We have defined mass dependent functions
o _ 1 4 9 9 9
9, = —§DQBO< - SQ%m’m ) (9.22)

Each DoD By, DqCo, DoDy terms in each fy; is different, and the full expressions can be
obtained by using the formulae shown in appendix F. As shown in figure 9.1, only the derivative
of By, namely f,g,m, is relevant to the beta functions in the limit @)/m — oo, while the other
functions Dy DBy, DoCy and Dg Dy are not. This is because, in this limit, DBy, Cy and D, are
constants. Although the beta functions 3y, and (5, depend on @Q/m, they coincide with the MI
beta functions in the high energy limit because fgm — las @/m — oco. In the limit Q/m — 0,
the effect from the massive particles decouples, and only the UV divergent diagrams, in which
the NG bosons are involved, contribute to ), and f),. In the numerical analysis below, we
include the contributions from Dy (D By, Cy, Dy terms) in the MD beta functions.

Since we have imposed the tadpole condition in Eq. (9.12) and the on-shell condition for m,,

in Eq. (9.15), B, is asymptotically zero for ¢)/m — oo in this model. On the other hand, Fgﬁ%p
depends on the external momenta, and corrections of O(16 5 log s/ mﬁ) arise at the one-loop
level, where /s is the center-of-mass energy of the scattering pp — pp. In the following, we
do not consider this four point vertex function, and only focus on the energy dependence of
NG =1,2,3).

In order to obtain analytic formulae for the vertex functions, we use FeynCalc [445-447],
FeynArts [448,449] and FeynRules [450,451]. For the numerical value of the Passarino-
Veltmann functions, we use the LoopTools [452] and FeynHelpers packages [453].

In figure 9.2, the scale dependence of A3 and Ay with the MD beta functions are shown as
the blue and orange solid lines, respectively. We take the input parameters as (v, m,,mg,) =
(246, 125,400) GeV. We consider the non-decoupling case with large A3, and we set A\3(Qg) = 5.3
and A2(Qo) = 0.01 as input values at Q = Qp = 90 GeV. The dashed lines are the solutions of
the MI beta functions obtained by the MS scheme.

We define the scale Ay, at which the largest coupling constant in the model becomes 4.
As we can see from figure 9.2, the MI beta functions imply that Ay, is around 3 TeV. With the
MD beta functions, however, we obtain Ay, ~ 60 TeV. This is because the MD beta functions
include the reduction factor ff’%m for the heavy particles. Consequently, the running of the
coupling constants is delayed. Even if Ay is taken to be large at () = @, this behavior of
the delayed running is unchanged. As we see in the next section, the scheme difference of the
running coupling constants is prominent for the non-decoupling case.
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Figure 9.2: Energy dependence of A3 (blue) and Ay (orange) with the MD (solid), MI (dashed)
and TC (dot-dashed) beta functions in the U(1); x U(1); model. With the MD beta functions,
which include a decoupling mechanism of the heavy particles by the factor ff;im, the scale Ay,
shifts to the high energy region, as compared to that found with the MI beta functions.

In figure 9.2, we also show the case with the improved MI beta functions, in which the
TC is added by hand, as dot-dashed lines. As the tree-level TC, the Heaviside step function
0(Q/m) is often used in the beta function to include a contribution from particles with the mass
m [454]. Generalizing this, we define the function 6"(Q/mg,) which takes 1 (0) for @ > nmy,
(Q < nmyg,). The improved MI beta functions of A; are given by

1
B = 1oz (10T +22307),
1
C n
B’ = 152 (10X30" +2X)),
1
B = 5 (0ds +400ds +2D)6"). (9.23)

In figure 9.2, the solutions of the MI beta functions with the TC are shown for n = 10 as
the dot-dashed lines. The value of Ay, obtained by the TC beta function with n = 10 is the
closest to the value found from the MD beta function among n € Z. From figure 9.2, it can be
seen that the delay of the running couplings in @@ < m is realized by using this step function
approximation.

We note that the treatment of the TC with one matching scale contains uncertainty where
we insert the threshold step function [425]. The delayed running in the scheme with the MD
beta function is a model independent result. On the contrary, in the analysis with the TC beta
functions, the optimized value of n chosen to provide same A4, as in the MD beta function
depends on the input parameters or the models. Therefore, for more realistic models in which
multiple heavy particles with different masses are introduced, using the TC beta function
becomes rather complicated. On the other hand, by using our scheme with the MD beta
function, the treatment for such a case becomes much simpler.

97



9 Landau pole problem and electroweak baryogenesis

2(Q9)=0.01, 12(Qp)=30 [GeV]

14

Non perturbn’tive (A=4n)
“ Ag=10" [GeV]
(E 3001
S
= 200}
100k —— Mass dependent \
Mass independent

10* 108 1012 10 10" 10 10"

A4, [GeV] 0 [GeV]

Figure 9.3: Left: Triviality bound for the degenerated masses of the additional scalar bosons mg
in the IDM as a function of A4,. The blue solid and orange dashed lines show the results with
the MD beta function and the MI beta function without the TC, respectively. Right: The
energy dependence of A3 for each fixed value of Ay, i.e., 10* (blue), 107 (orange), 10! (green)
and 10'® GeV (magenta). The solid and dashed lines are obtained by using the MD beta
function and the MI beta function without the TC, respectively. Due to the delayed running
with the reduction factor f<, in the MD beta function, the scheme difference stands out for
the small cutoff scale, namely, Ay, = 10* GeV.

9.4 Application to extended Higgs models

In this section, we apply our method to the extended Higgs model. We consider the IDM [150],
in which an additional SU(2), scalar doublet 7 is added to the SM, which is odd under the
unbroken Z; symmetry. The potential is given by

1 1
V = 13| @ + 3|l + 5)\1|(I)|4 + 5)\2|77|4
A
+ Xl @[2nf? + M@l + 5 (@)% + hc.), (9.24)

where ® corresponds to the SM Higgs doublet. The coupling constants A 23 45 are real. Taking
p3 < 0 and p2 > 0, the electroweak symmetry is spontaneously broken.
We parametrize the fields as

¢ = (\/%(“ +Gh++ zGO)) = (\/Ai([‘[[{:- z'A)) ’ (9.25)

where v (= /—2u}/A\1) is the VEV, h is the SM Higgs boson, H and A are Zs-odd neutral
scalar bosons, and H* are the Zy-odd charged scalar bosons. G* and G° are the NG bosons
absorbed as the longitudinal modes of the weak gauge bosons. Squared masses are given by
mi = Mo?, m¥s = p3 + 3As0% and m3; 4 = mis + (A £ As)v? with the sign +(—) for H(A).

The discussion for the MD beta function is the same as the case of the toy model except for
the following points: (i) Ay and A5 cause a mass difference among the additional neutral scalar
bosons. By performing the renormalization of mpy and my as the pole masses, Dg(Av?) =
Dg(Asv?) = 0 are shown. As a result, 8,,/\ and By, /A5 are equal to (B, /A1. (i) Masses
of the W and Z bosons and the top quark t are renormalized on mass-shell, so that the beta
functions of the gauge coupling constants (g; and ¢o) and the top-Yukawa coupling constant
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(y:) are related to that of A\y; ie., 28, /g1 = 284,/92 = 28y, /yr = B, /A1. (ili) The Slavnov-
Taylor identity [455,456] among the renormalization constants does not hold in the MOM
scheme. This difficulty can be avoided [457] by using the background field method [458-461].
We here choose the Feynman gauge for the internal propagators in the vertex functions. We
construct the model files for FeynRules for the IDM with the background field method based
on Ref. [462].

In the IDM, one-loop effects of additional scalar bosons give positive contributions to the
beta functions of the scalar coupling constants. If they are relatively large at the electroweak
scale, the Landau pole can appear below the Planck scale. Then, mpyg, my, and my+ are
constrained by the triviality bound [158,159,406-414].

In the left panel of figure 9.3, the triviality bound is shown as a function of Ay, for the
degenerated masses (me = my = ma = mpy+). The solid and dashed lines are obtained
by the MD beta function and the MI beta function without the TC, respectively. We take
Ao(Qo) = 0.01 and p2(Qo) = 30 GeV as the input, so that the non-decoupling situation is
realized by a large mg. As shown in figure 9.3, for both the MI and MD beta functions, a
larger mg predicts a lower Ay,. Remarkably, the scheme difference of the upper bound for fixed
Ay, is significant, especially in such a non-decoupling case.

In the right panel of figure 9.3, the energy dependence of A3 is shown for each fixed cutoff
scale Ay, = 10? (blue), 107 (orange), 10! (green) and 10'® GeV (magenta). As we can see from
the blue lines in this figure, when A3(Qp) is large with the fixed relatively small value of p5(Q0)
(= 30 GeV), the scalar coupling constants quickly blow up for the MI beta function without
the TC. However, because the MD beta functions are relatively small in low energy regions due
to the reduction factor fﬁ{’m, a weaker triviality bound is predicted for lower Ay,. As a result,
we can see the conspicuous difference in the lower Ay, region.

We note that in the IDM a similar non-decoupling effect can also be realized when a large
mass difference appears among the additional scalar bosons. Such a large mass difference
affects 35, and ,,, causing these coupling constants to rapidly blow up. Even in this case, Ay,
calculated by the MD beta functions is higher than that calculated by the MI beta functions.
If a mass difference among the additional scalar bosons is large enough that Ay or A5 is nearly
47 at the renormalized point )y, quantum corrections to the related vertex functions become
large. Consequently, perturbative calculation breaks down as external momenta grow.

9.5 Discussions and conclusions

We here give comments on the results.

First, as shown in figs. 9.2 and 9.3, the difference in the triviality bounds found from the
MI and MD beta functions becomes large in the non-decoupling case. This is because the
threshold effects are automatically included in the MD beta function. The importance of the
delayed running of the coupling constants can be understood as follows. The MI beta function
of the scalar field with the coupling A can be written as 8y ~ cA? with a positive constant c. On
the other hand, for the analysis using the MD beta function with the automatically included
delayed running, the initial value of the MD coupling that results in the same A4, as the MI
scheme satisfies the relation,

cA(Qo)? log s

MD_ =
AMQo)™M — \(Qo) = eA(Qo)log 2

(9.26)

where (g is the renormalization scale, and Q1 (> @) is the scale where the running begins in
the analysis based on the MD beta function. The left-hand side describes the difference in the
triviality bound between the renormalization schemes. The right-hand side is the monotonic
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increasing function for the initial value A(Qq) within the perturbative region. Therefore, for the
case of the non-decoupling situation where A\(Q) is relatively large, the difference in the trivi-
ality bound becomes large due to the delayed running in the MD scheme. In this scheme, such
delayed running is automatically included, because the threshold effect appears in the counter
term. We emphasize that both methods are, in principle, equivalent in the end. However, in
the case with multiple new particles, an analysis using the MD beta functions is useful because
complicated treatment of the TCs can be avoided.

In this section, the MD beta functions are evaluated at the one-loop level, but our method
can also be applied to higher loop corrections. From an analysis using the MI beta functions at
the two-loop level, it has been known that A4, can be higher than that of the one-loop level in
the two Higgs doublet model [411]. Traditionally, for the two-loop MI beta function, the one-
loop level TC is used [419]. Recently, however, it has been indicated by J. Braathen et al. [425]
that in the non-decoupling case, an n-loop level TC should be used for an n-loop level beta
function. It is known that Ay, is larger when taking into account a higher order TC, because a
higher order TC tends to make the MI parameters corresponding to physics quantities smaller.
Therefore, it is expected that predictions from the one-loop MI scheme (using one-loop beta
functions with one-loop TCs) will approach the results found from the one-loop MD scheme.
We also expect that these scheme differences can be reduced by taking into account higher
order corrections, as in the case of the QCD coupling constant [441,442].

For the phenomenological aim of evaluating the energy upper bound in models for non-
decoupling physics, e.g., that for EWBG, our one-loop analysis gives a very important insight.
In this chapter, the difference between the MOM scheme and the MI scheme without the TC
is shown to be large at the one-loop level. As a result, the previous argument based on the MI
beta function at the one-loop level [37,44], as we have mentioned before, would be modified.
This modification is the result of our physical MD beta function, in which the threshold effects
are naturally included.

9.6 Short summary of chapter 9

In this chapter, the UV behavior of the effective coupling constants in the extended Higgs models
has been discussed by using RGEs with the MD beta functions. We first have demonstrated
how to evaluate the effective coupling constants in the U(1); x U(1)s model, in which non-
decoupling situation can be considered. We then have applied our method to the IDM. We
have found that A4, evaluated with the MD beta functions is higher than that obtained with
the MI beta functions without the TC, in cases where the non-decoupling effect is important.
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Chapter 10

Grand summary

In this chapter, we summarize this Ph.D thesis.

In chapter 2, we have reviewed the Glashow—Weinberg—Salam theory and the quantum-
chromo-dynamics, which describe the theory of the electroweak and strong interactions. We
also have reviewed experimental results for the Higgs boson, and currently those results are
consistent with the SM. In chapter 3, we have introduced the problems beyond the SM, the
origin of tiny neutrino mass, the relic abundance of the DM, and the baryon asymmetry of the
Universe. These problems cannot be solved in the SM, so that we need new physics beyond
the SM. Once the Higgs sector is extended, those problems can be solved.

In chapter 4, we have defined the extended Higgs models including the 2HDM, which are
motivated to solve those problems. We have started the discussions from the most general
2HDM. We then have explained the softly broken Z, symmetric 2HDM and the Inert doublet
model. We also have discussed the U(1)p_; gauge extended Inert doublet model with the
right-handed neutrinos.

In chapter 5, we have shown the problems of the neutrino mass and the DM can be solved
in the extended Higgs model with the U(1)_;, gauge symmetry. We have not discussed baryo-
genesis in this model, however, as a first step, we have found the available benchmark points
for the neutrino and the DM problems under the current experiments are shown.

In chapter 6, the mechanism of EWBG has been explained and the method to calculate the
BAU have been given. The necessary CP violation for EWBG can be tested by the EDM ex-
periments, and some EWBG models are constrained by the current EDM bounds. In chapter 7,
EWBG in the 2HDM has been discussed. In our model, the severe constraints from the EDM
can be avoided by using destructive interference between the independent CP phases. There are
two scenarios for what particles have the important role of the CP violation around the bubble
wall. We have focused on the top-transport and the top-charm transport scenario in the 2HDM,
and the viable scenarios have been shown. We also have discussed other phenomenology for
future collider and flavor experiments and future space-based gravitational waves observables.

In chapter 8, the HE¥W T Z vertices as a probe of the CP violation in the general 2HDM have
been introduced. We have given the complete formulae of these vertices in the general 2HDM
at the one-loop level, and have found that the asymmetry in the decays Ht — W*Z and
H~ — W~Z is sensitive to the CP phases in the model. This observable would be important
to test the scenario of EWBG in the 2HDM in future collider experiments.

In chapter 9, we have discussed the theoretical problem of EWBG, the Landau pole problem.
We have proposed the appropriate treatment of the renormalization to include the threshold
corrections for analyzing the renormalization group running in the non-decoupling situation.
By taking into account these threshold effects, we have found that these problems can be weaker
than what was considered.

At the end of this Ph.D thesis, we clarify where each chapter stands in the research. In this
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Ph.D thesis, EWBG in the extended Higgs models has mainly been discussed. EWBG is the
testable scenario, so that from now on, it will be more important to study what models are
viable, which parameter space of the model is survived, and how to test such regions. As we have
demonstrated in chapter 7, in spite of the strong constraints from the current experiments, we
still have the possibility to realize EWBG in the extended Higgs models. The EDM observables,
the K and B meson physics, the GW signals, and several collider signatures, such as the triple
Higgs coupling can be a key for testing EWBG. In addition, as one of the nice probes for
the CP violation, we have proposed the HT*WTZ vertices in chapter 8. We expect that this
observable reveal the symmetry structure of the Higgs sector in future collider experiments. We
also note that the Landau pole discussed in chapter 9 can be the probe of the SFOPT needed
by EWBG, as well as the triple Higgs coupling, the Higgs di-photon decay, and the GW signals.
The existence of the Landau pole implying a more fundamental theory would also be tested
by the future high energy experiments. In chapter 5, by the extension of the gauge group, we
have shown the DM and neutrino mass problems can be solved at the TeV scale physics, which
can be reached in the future collider experiments. This implies that the extended Higgs models
have the possibility to solve the problems beyond the SM simultaneously. The extended Higgs
models solving those problems can be a strong candidate for new physics, and such models can
be settled in the future.
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Appendix A

Effective potential in the two Higgs
doublet model

The renormalization conditions for the effective potential are given by

1 1/3
5Z1U2 = ;Vl,sm - Vl,soupu 5Y12 = 5 (;Vl,w - Vl,soum) )
1 1/3
6ZﬁRU2 = ;Vl,m - V1,<P1s02> 5}/32}% = § (;VLW - V1,<P1<P2> )
9 1 9 1 3
0Zprv” = _;Vl#)a + V17901<P3’ 5Y:?.I = 5 _;Vl,wa +W w193 | >
5Z3U2 - - (‘/17902%2 + ‘/i,<p3§03) ) 5Z5RU2 = _(‘/1,4.02902 - ‘/1,903903)’
(SZ5IU2 = 2‘/1#,029037 (A1>

where we have denoted the derivative with respect to the VEVs as 0V, /0p = Vi .
The field dependent mass for the top quark is given by

1 ) .
m; = 3 {(ytgol + | pue|(cos Oy o0 + sin Httgog))z + | puc|* (sin 405 + cos Httgpg)Q} ) (A.2)

For the gauge bosons (W, B,,), the field dependent mass and the thermal corrections are

A PO N S P
- _| 0 d970 0 0 0 2¢°T? 0 0
Mgauge = 0 0 %92¢2 —%‘gg%? + 0 0 29°T? 0 Opll>
0 0 _igg/¢2 Lllg/2¢2 0 0 0 2g/2T2
(A.3)

where ¢? = p? + @2 + 3 and || means the longitudinal mode. For the charged and the neutral
scalar bosons, we have

5 1 1
me+a- = —Y7 + 521%0? + §ZS(S0§ + ©3) + (Zorp2 — Zorps) o1
T2 9 3
— 32,4+ 425+ 27, + 6% + =g* + =¢
+24( 1+443 + 244 + ?Jt+29 ‘1‘29 )
~ 2\ * 1 . 1 * - 1 * 2 ]‘ * 2 2
merg- = —(Y3)" + §Z4801(902 + ip3) + §Z5<P1(902 —ip3) + 2%t 5 7 (03 + ¢3)

T2
+ Q(GZE + 627 4 6y put),

mu+c- = (Mg+-)",
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- 1 1
Myt = —Y5 + §Zz(s0g + @3 + 52380% + (Zrpp2 — Zr1ps) 1
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Appendix B

Thermal integral of the transport

equations

The coefficients in the transport equations are given by

_ /(! _ /(P!
2= () i) o= { (5r) ).
8 _ Sign(pz)pi_l 9 _ Sign(pz)plz_l 1
Q= <T,Ezf6w ; Q = TAETE, Eféw—V 0w | )
Pl
e — 4 /
where
<X)—1/d3 X (B.2)
= Nl p .
From the factorization assumption, we have
1 1 —
<@5fe> = |:2pZE:| Uy = R'Ll,l. (B?))
The explicit formulae of the coefficients for each particle are
e Normalization
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0t Y o pe\/m—i_l 0b Y <() 0h Y C()
No;
“TONT (B-4)
e Top

— Tl [~ IWVE? — 22 — v, E| 1
Ry = dE In X ——,
YNt Jz WVE? —22 +u,EB|  ef+1
4ayT? [~ ., eV
—/ dp p
0 (

6\/p2+x2 + 1)2
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B Thermal integral of the transport equations

D2t = i dw / dy pw,pz ( ¢

T2y ev +1)2’
" ¢;:za (JZ§+U3 ’

2t = 2 27T2 . n 6w+1)3 ’

DwSign pz) e

_1 \/ + 22 (ev +1)%
wSign(p, eV 1 e’ —1
Pusign(p.) {—+7 }
"E P2+ 2% (e” +1)° v

/ E ev +1
/ pw!pz et
VI A+ 2 (e + 1)

w | Dz e¥ 1 eV —1
p!p {_+7 }

Rt (e 17 B et

e Bottom and Higgs

le:—/l]w,
pups €Y
Doy, = d d ~Z
2b / w / Yy ew+1)
- 3( Uy + 208 + (v2, — 1)*tanh ' (vy,))
Dlh_ 2Uw7
3 e} 1 ﬁwﬁZ ev
Dy, = — d d =
Ty w/ly (v —1)2
_2D2b7
1 2
Kuy=-, Ki=-2.
4b 37 4h 3
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Appendix C

Basis independency of source terms

In order to reinforce the discussion in section 7.3, we here show the basis independency of the
source terms in the Boltzmann equation.

First, we show that the VIA source term is same in the weak and mass basis. The kinetic
equation of fermion ¢ is given by [337]

i

T
oX g = — / P / du® Te[27(X, w)G5 (1, X) — B5(X, 0)GF (w, X)
— G (X, w)E5 (w, X) + G (X, w) ] (w, X)|, (C.1)

where Gz’> and EZ’> are Wightman functions and self energies, respectively, following notations
in Ref. [463]. The trace is taken in the spinor space. By definition, the sum of the divergence
of currents of left-handed top and charm quarks is basis independent as

Odly + Ouils = Dyils + Dyl (C.2)

As shown in the following, the right hand side of Eq. (C.1) is also basis independent at the
leading order in VIA.
The relevant lagrangian of the top and charm quarks is given by

£y = = (Yo + V4,08 ), + hc.. (€3

2,ij
The relations between Yukawa matrices in the weak basis Y}*, Y5* and the mass basis Y}, p* are
given by Eq. (2.12). Here we define matrices as
Alu) = Y0 (u) + Y3'vs (u)

= Vit (Ygoi (u) + p"o3 (u)) Vi

= V" B(u)V}, (C.4)
where the space-time dependent VEVs vy (u) = v2(#}) (k = 1,2) are defined in the Higgs
basis.

We calculate the first term in right hand side of Eq. (C.1). At the 2nd order in VIA as

shown in the left panel of figure C.1, the self energy of the left-handed top quarks in the weak
basis is written by

27 (,0) = — (Au(0) G (0, 0) A3 (0) + A (W) (1,0) A3, (0))
= 2 3 (AW (0,0) 43, (0). (C.5)

q=c,t
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C Basis independency of source terms

va(v? vb(u) va(v? vb(u)

v S
N ’ N ’

N !’ N\ g !’ \
tR>CR tR>CR

! / / /
1573 tr Cr, L

Figure C.1: Self energy of left-handed top and charm quarks in the weak basis (a,b =1, 2).

We define a 2 x 2 matrix which has flavor indices as
Grlu,v) = Gy 0 (u,v) = —i{gir(u)qr(v)), (C.6)
and the basis transformation is given by

Gr(u,v) = G(ZRq;R( v) = ViaGo (1, V) Viim; = VAGT(u, v)Va. (C.7)

dkR9mR

Here we have omitted the up-type subscript in the rotation matrix Vz. By using Egs. (C.4)
and (C.7), the self energy can be written by

5 () = = 3 5 (An()G (1, 0) 47, (0)) =

p,q=c,t

1

—5 (VIBu)GR(u,0) Bi(0)Vz),,.  (C8)

tt’

at the level at which we are considering in VIA. We have used the fact that G, . (i # j) first
appear at 2nd order in VIA. Therefore, we find that

57 (X, 0)G, (0, X) = — (V] BX)GR(X, w) B (w)Vi),, G5 (w, X)

|>—ll\3|+—*

3 (VI BOGHX, w) Bl @)V G5 (w, X)),

- —§(V£B(X)G§(X, w) Bt (w) G5 (w, X)V7) (C.9)

t?
where we have also defined the matrix G7 for the left-handed fields, and we have used the
transformation low G5, (u,v) = VG5 (u, v)V.

In the same way, we obtain the contribution from the self energy of the left-handed charm
quarks in the weak basis shown in the right panel of figure C.1 as

52 (X, )G, (0, X) = —%(VLTB(X)G;(X,w)BT(w>G;(w,X)VL)CC, (C.10)

so that the sum of the contributions of the top and charm quarks is given by
1
S5 Gy + 55,054 = —5Tr [VLTBGEBTGEVL}
1
= 5T [BG;BTGE]. (C.11)

The trace is taken in the flavor space. Similarly, we can show that V; and Vi dependencies in
the other terms in Eq. (C.1) disappear. As a result, the right hand side of Eq. (C.1) calculated
in the weak basis coincides with the one in the mass basis. This result is a consequence of
summing up the contribution of the charm quark defined in the weak basis.

When we consider CP conserving Higgs potential and vy, v9 € R, the source term relevant
to pi is given by

SVIA ]ptc / dw / dwORe T[G2 Gf, — G567, H, (C.12)
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C Basis independency of source terms

so that CP violating source term does not appear at the leading order in VIA,* and only CP
conserving source term arises from the kinetic equation. This source just generates scattering
terms for a process t; <> cgr induced by the collision with the bubble wall. However, these
effects are much smaller than the other chirality flip processes due to the smallness of v (< v1).
If we assume CP violating VEV vy € C, arg(vy) causes CP violating source terms, which are
proportional to the absolute value of py..

Second, we show the basis independency of the source term derived by the semi-classical
force mechanism in the WKB approximation. We denote mass matrices which can be obtained
in the weak and mass basis as M’ and M, respectively. From Eq. (2.12), the relation of these
matrices can be written by

ViM'V}E = M. (C.13)
Dirac equations of these bases are given by
(id — M'T P, — M'Pg)y’ =0, (weak basis)
(id — MTP, — M Pg)y = 0, (mass basis) (C.14)

where

Y = (U;LW;R)T = ((VguL)iu (VguR)i)T,
i = (ui, uir)" (C.15)

With the same discussion in Ref. [308], we obtain the equation in the weak basis as
{w2 02— MM 4 is(M'O. MV (w — is@z)}L; — 0, (C.16)
where L, = (¢},t}). The only difference between the two bases is primed or not, so that the

equation in the mass basis can be obtained by omitting the primes. From the weak and mass
basis to the locally diagonalized basis by a unitary matrix U, the respective equations are

{wz + 0% —m/p 4+ 2U,0, + Uy + isA (w — is0,) + A'Q}L?' =0, (weak basis)
{w2 + 82 —m3 + 2U,0, + Uy + isAs(w — is0,) + AQ}LE =0, (mass basis)  (C.17)
where
Ul(’) =Ug,un" Agl) = UMY, MU,
Uy = UVruOt, AY = AV,
LOP =yLo, m{)? = U MO MOTUOT = diag(m?, m"?). (C.18)

The diagonalized mass matrix from the weak basis is written by
m’2 = U'M' MUt = U'viMMTv, U, (C.19)

so that m’32 = m% is concluded by uniqueness of eigenvalue, but U’ VLT = U is not. The relation
between L and L' is given by

LP =UL,=UV, L, =UV,UTLY =QLY. (C.20)

'If we consider 4th order in VIA, the phases of the off-diagonal couplings may appear in the self energy.
However, such contributions are suppressed about O(52).
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C Basis independency of source terms

By using LY’ the equation of the mass basis in Eq. (C.17) can be written by
Q{w? + 02 —m + Q102Q +201(2.Q)0: + 2Q111Q0. +2Q'1(9.Q)
+ Q'LQ 4+ isQTA,Q(w — i50,) + sQTA1(9.Q) + QTAQQ}LSD’ =0. (C.21)

At the leading order in derivative expansion, CP violating source terms arise from the second
term in the second line, so that from Egs. (C.13), (C.18) and (C.20), we obtain

Q'A,Q = Aj. (C.22)
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Appendix D

Definition of the loop functions

We here show the definitions of the Passarino—Veltmann loop functions.

1 dP 1
A 2 — 2e /
oz ol I =1 | e S E

1 dPl {1,1,,1,1,} 1
E— 5 Vk.Q 2:25/ s by bty
T2 Dt0swsw s ] = o i2m)P 2 —m2 +ie (1 + k)2 — mp + ic’
1
To2 Commrlkr, kz; ma, my,mg] =
26/ dPl {1,1,,1,1,} 1 1 1)
P G@m) P —m2 +ie (L4 ky)2 — m2 + e (L + ky + ka)? — m2 + i '

where D = 4 — 2¢. The tensor decompositions are performed as

Bu[k; miv mg] = Blkua

By lk;m2, mp) = Baik,ky, + Baagpu,

Culkr, ko m2,my,mi] = Crikiy + Crakay,

Cruw [k, ko; m?u mg, mi] = Cokiykry + Coskopkoy + Cog(kiukay + koukiy) + Cougpu. (D.2)

We sometimes use momentum squared notation,

Blk; mg,mg] = B[k‘Q; mz, mg]

Clki, koym?Z,mi,m2] = C[ki, k3, (ki + k2)*;m?2, mj, m. (D.3)

cl-
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Appendix E

Analytic formulae for the HTWTZ
vertices in the general two Higgs
doublet model

In this appendix, we give analytic formulae for the diagrams which are shown in figures 8.2-8.5.
First, the C' type contributions are given by

F—O(—Cl)

—21 .
T6m2e (Riz — iRi3)(RisRj2 — RioRy3)(ZsRji + Z# Rjp — ZiR3)Coalmiye, my; m%{j],
w
—Qim%,v ) R ;

x (Cos 4 Ciz)[miy=, m?{i, m%{j]a

2
ﬂ(R’Q — iRi3)(ZsRir + Z1 Rig — Z7 Riz) Coalmiy, miyps, mipe],
1672cyy i
2mi,c ,
- 16:/2;;/ (Riz = iRi3)(ZsRir + Z%%Rz? - Z;Ris)(oza + 012)[771%[2_, qui,m%{i]’
o2y (RisRyz = RiaRya) (5(24 +Z5)Riz = 5(Zs = Zs)Rys + ZGRJ'I)

2 2 2
X 024[mgi,mHi,mH7_],

—2im?
= — "Ry (RisRj2 — RiaRjs)

1671'201/[/

1 1
X <§(Z4 + Z5)Rj2 - 5(24 - Z5>Rj3 + ZGRj1> (C23 + 012)[méi7 m?—lﬂm?{j]?

2 L ‘ 2 2 9
1672y, R (5(24 +Z5)Riz = §(Z4 — Z5)Ris + Z6R¢1> Caoa[mes, mgo, miy |,
_—Zm%{/ ! ! 2 2 9
= R (5% + Z5)Ria — £(Zs — Z5Rig + ZeRar ) (Cag + Cro) s, mi, miy )
1671' Cw 2 2
262W 1 7 ) , ,
16m2cyy Rt (5(24 +Z5)Riz — §(Z4 — Z5)Riz + Z6R¢1> Caoa[miy, , M=, M),
2m2,c 1 i
_ —WQ 2WRZ~1 <—<Z4 + Z5)Riz — (Zs — Z5)Ris + ZﬁRil) (Cas + 012)[777%” mé:ﬁ:, méi :
167 Cw 2 2
20 mi, . . )
1672cyy FR“ (RisRj2 — Ri2R;s)(Rja — iR;s) Caalmiy, mig,, miy |,
_ 2imiy,

2
m .
LRt (RisRjz — Ri2Ryjs) (Rj2 — iRjs)(Cas + Ciz + 2C11 + 2Co)[miy,, myy,, my ],
167 Cw U J
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E Analytic formulae for the H*WTZ vertices in the general two Higgs doublet model

cn _ 20w my .
Ey m 02 —Ri(Riz — ZRi3)Cz4[m%{i,m%{i,mQZ],

cn _ 2mwczw mZ .
G+ m 02 —R,; (RiQ - 2Ri3)(023 - 012)[m§{i, m%{i, m22]7

o8y 2shym? 1 i
O - DU, 1(5(21+ Z)Riz = (24— Z)Rus + ZeRan ) Colmbe, m, miy ),
G =0,

2 1 ]
Ficg) smeR ( (Zs+ Z5)Rio — 3(24 — Z5)Ris + ZGRn)Co[m?q., miy, mis],
16m2eyy 2 2 i
¢ =0,
F(Clo) _ 2 S%Vm%/VR R iR )C 2 2 2
+ - 1672cy 02 i1(Riz — iRi3) 24[mHi7mgi,mW},
10 2m2, s%,m? )
GS— ) 1671'2‘2/‘/[/ WUQ WR (Rz2 - ZRi3)<C23 — Clz)[m%[i, méi’ m%VL
2 cim?
(c1n) _ w T w .
= or2em 02 Ri1(Riz — iRi3) <( — 1)Co + (m3, — mjy,)Cy
— 2]€3 . (kQCH + ]{33012) + m%/VCm + m2ZC'22 + 2]€2 . ]{73023> [m%{” m%,[,, m%,[,],
2m3, chm? ,
G = e~ R (Riz = iR) (401 = 3C12 = Cig) iy iy iy ]
-2 m?
Fe12 = "W R (Riz — iRig) (D = 1)Cou + 4k + k) - kaC
+ 1672cy 02 1(Riz —iRi3) ( ( )Coy + 4(ko + k3) - koCy

+ 2(2]{32 + l{?3) . (1{32011 + ]{?3012) + m%/VCm + m2ZC'22 + 2k‘2 . ]{33023> [m%v, mQZ, mzz],

C12 2m?, m? .
G(+ ) — ]_671-20:/ ,U‘2/VR (RZQ — ZRi3)< — 200 + 2011 — 5012 — 023) [m%/v, mQZ, m%ﬂ],

) — . (E.1)

where ¢y = cos Oy, sy = sin by, cor = cos 20y, and D is the space-time dimension. In these
formulae, we have omitted the summation of the indices for the neutral scalar bosons, and we
have used a shorthand notation for the Cj; functions as

Cij[mz, mg, mi] = Cjj|—ka, —ks; mZ, mg, m?] (E.2)

The divergent parts of the C' type contributions are

2

FJ(rCHCQ)hiv _ _S7WZ7A’
(C4+Cs5) 8124/
F+ |div = _7Z6A7
FJ(rothers CS)ldiv _ 07 (EB)

where we define the divergent quantity A as

2

A = ——— Bylaiv- E.4
16m2cyy ola (E-4)
Second, the B type contributions are
2 s
FPY = — 2 "W(Riy — iRu)(ZsRir + ZERis — ZIRaz) Bo[—kuy miys, mi],

1672 Cw 2
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E Analytic formulae for the H*WTZ vertices in the general two Higgs doublet model

2 82 1 7
FPD = WRl( 74+ Zs\Rig — ~(Z4 — Zs)Rs ZRi)B —kym2e, m?
1672 2 1 2( 4+ Z5)Riz 2( 4 5)Ris + ZsRi1 ) Bo| 17mGi7mH¢]7
2 shm?
(B3) _ whtw . e o2 2
Fy = ontey o Ri1(Riz — 1Rig) Bo[—ka: myy, my |,
B4 2 82 m2 .
F( ) 1672 w M;2 ZR (RZQ — ZRig)Bo[—kg;m%,qui],
2 mi, s? 1
F(BS) Wew Rz Rz . Rz Bn — B )=k 2 2
167T20W 2 m%{:ﬁ: N mIZ/V 1( 2 t 3)( 0 1)[ lvaiumWL
2 m?s? 1
B _ WoW Rio —iRi3)(ZsRi + ZERiy — ZEIR,
* T 16m2ey 2 m%{:ﬁ:_m%/v( 2 = "Rig)(ZsRin + 27" Rz — Z7R3)
X (B() —+ 2B1)[—]€1, m%,i, qui],
2 2 s? 1
FJ(FB7) _ _ My Sy . —Ri
1672cy, 2 My — Miy
1 i
X (5(24 + Z5)Rio — §(Z4 — Z5)Ris + ZGRu) (Bo + 2By)[—ki; m3;,, mg),
2 m s? —1 ~
F(BS) W W Ri1(Rio — iR; 2+(By—2B By) [—ki;mi,,m3
16720y 02 2 m%{i_méi 1( 2 —1 3)(mHi( 0 1)+ 0)[ LMy, My |,
2 s? 1 1 i
F(BQ) W 3 <—(Z4 + Z5)Ri2 — —(Z4 — Z5)Ri3 + ZGRi]_)
1672y 2 mHi Mg \2 2
(ngzﬂ + ZFRiy — ZiRis)v* Bol—ky; miy,, mip],
2 s 1 1 1
F(Blo) W 5 (—(Z4 —|— Z5>R’i2 —_— —(Z4 - Z5)Ri3 + Z6Ri]_)
1672cy 2 mHi Mgs \2 2
X (Z1Ra + ZézRiz - ZéRiB)UQBO[_kIE m%_[i,mé:l:],
GS—B type) _ H—(&-B type) _ 0, (E5)
where By is defined by [372]
Bolk;m2,m2] = (k*Byy + DByy)[k;m2, m2] = Ag[m?2] + m?2By[k; m?, m?]. (E.6)
The divergent parts of the B type contributions are given by
2
gy = Wz,
2
B2) . 5124/
|div — _ZGA7
2
2,2
|d1v 9 U2 mzi —méi 11( 2 7 ZS)mHi )
o= w1 (1(2 L Z)28 4 Lz Zs)ZL + ZyZg ) oA
div — szi_méi 9 4 5) 47 9 4 5 7 346 )
FE0 _ s ! Ay, ST AV B AN
|d1v—7m 5( 1+ Z5)Zg +§( 4= Zs)Zs + 212 JUAA,
Fj_other BS)|diV =0. (E7>

Third, the fermion contributions are given by

+

FED _ 2v/2N,
1672eyv
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E Analytic formulae for the H*WTZ vertices in the general two Higgs doublet model

(k2Cr1 + k3Ch2) + ko - (ko + kS)CO)} T Fizmdz{ — (g% + 9%) (905C°" = 2C24 + ky-

(kQOll + k?golg)) + (g{'l/ - gi) (gag(]aﬁ + (kQ + kg) . (kQOu + k?gClQ))} [mi ,m?ll, mdl]
2\/5 e e e «
szzmez{ — (g% + 99) (9apC™? — 2C4 + ka - (k2C11 + k3Ch2))

(g = 95 (9a5C°7 + (3 + kg) - (kaCry + ksCra)) }10,m2, 2],

qun _ 2V2miy Ne

+ 1672cv <VCKM)lm Lima, (g{df + 9%)(2012 +2C3 + C11 + Cy)

+ Thuma { (g8 + 90)(Cia + 2C53) + (g = g)(Ciz = Cu) } | [m2, 3, o3

2v/2m?
+ 167T c V[; {(gv + gA)(CIQ + 2023) + (g )(012 — C’H)}[O mil,mil],
2\/_m "
HJ(rFl) T CW - (VCKM)lm [szmum (g% + 94)(C11 + Co)

+ qumdl{(g{d/ +¢%3)C1a — (g — g4)(Cra — Cn)}

[ ’121, 7mdl7mdl]

2v/2m2
P e { (g5 + 93)Cro — (65 — 93)(Cro — Oun) }O, 0, 2],
167T cw
2\/§NC u U u U «@
FJ(rm) = —167T20Wv( (]JLKM)lm Flemdl {mim (9v — 94)Co — (g7 + 94) (gagC' P — 20 + (2ky + ks3)-

(koCh1 + k3Cha) + ko - (ko + k’g)Co)} + F;‘ﬂmum{ — (gv + gff;)(gaﬁCaﬂ — 2094 + ko

[ M )

(k2Ch1 + k’3012>) + (9v — 94) (gaﬁcaﬁ + (kg + k3) - (k2Ch1 + kscm))}

2v/2

16m2cyv

El’
a2 _ 2V2miy N,
+ 16m2cyv

Time { = (9% + 94) (9a5C° = 2001 + (ks + ) - (kaCri + ks Chra)

(VCTKM)lm F(Tinlmdl (gv + 94)(2C12 + 2Cs3 4+ C11 + Cp)

[ Mt M)

4 T, (a4 + 65) (Cro +203) + (g8 — g5)(Cr — Cu)}

2v/2m?
+ 1672¢ V[; (gv +94)(2C12 +2Co3 + Chy + CO)[mel’ 0,0},
F 2\/_m u U
H-(‘r 2) _ 167T CWU (VCKM) [— anlmdl (9v + 94)(C11 + Cy)

= Ty, { (g% + 94)Cr = (9 — 94)(Cra = cm}] i 2,2,

2\/_mW Fe

—1 1672y e (gy + ¢1)(Cr1 + Co)[m? , 0, 0],
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F(Fg) _ 2\/§Cch m%v — mQZ
+ 16720 my, —mi.

(Vi) im (FumlmumBl + T ma,(Bo + Bl)) [—k1;m3,m;, ]

2V 2ew m2, — m>
= WL T5me (Bo + Bi)[—kiim?,, 0],
16720 mg, — m3.

(F1) 2V28% N, 1 i y ) L
F+ - 167T2CWU m12/V . m%{:ﬁ: (VCKM)lm (_lem“mmdl + lemummdl)Bo

o+ (~Tfma, + T, ) (Bo + k2 B1) b—kasmd 2, |

Um

2v/2s%, 1 _
- [me, (Bo + kiBy)[—ki;m2 .0
1672cyv myy, —my,. e, (Bo+ K B) [ =i m,, 0]
GS_F?;,FZL) _ HiFB,F4) =0, (ES)

where the summation for the flavor indices [, m is implicit, and C” is the C' type tensor function
which satisfies the relation [464]

ga,acaﬁ[/ﬁ, ka; m mb, ] = k2021 + k2022 + 2k - koCaz + DCoy
= Bylko; mi, m2] + m2Colky, ko m2, mi, m?]. (E.9)

The definition of the coupling constants are given by

T = (0"Verks)ims T = —=(VermpDims  Th = —(0%)im
1 1
9 = §T9f —Qrsty,  gh= §T3f7 (E.10)
where f =u,d,e,v, and T. 3f and @)y are the SU(2), isospin and the electromagnetic charge for
f, respectively. The divergent parts of the fermion contributions are given by

(F type) \/_SW 1 ut 3 d 3
PO = S o (e, + () A
253 1
T V2sly 2 (P )um A, (B.11)
voomy, — miy.

Finally, the A type contributions are given by

2 s? -1 T;
F(Al) _ Z W Rz _ Rz -t
* cw 2 (Riz =i S)m%,i v’

1 1T

2 _ 2 2
Mire — My My, U

2 1 .
F_f_A2) = Jm%,vs%,vé(ng — Z,R/i;g)

) :
F) = é%ﬂl (%(24 + Z5)Riz — %(24 — Z5)Riz + Z(sRu)UZm%{i i — r;g %,

(44) _ iﬁ;r[

+ w2 m%[i mgi H+G—>
GSFA type) _ HJ(FA type) _ 0, (E12)

where we denote the tadpole and the self energy of HTG™ as
T, = , Hp+a- = HY ==~ G~ .
H;

116
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By using the relation between R and M? in Eq. (4.8), the A type contributions can be simplified
as
2 s 1 T;
FA oee) :——W—<— Ris — iRig)—t + 11 7>. E.13
¥ cw 2 mi. —ml, (Riz —i 3)U+ H+G ( )

When we write the tadpole of H; as Ti(p ), where a particle p runs inside the loop, they are given
by

+ 1
T(G ) = (ZlR’il + Zé%RrLQ - ZéRiS)UgAO[m%iL

¢ 16720
0 1 1
T = (2R + Z8Riy — ZRag)o* Aol
+ 1
Tz'(H )= 16720 (ZsRi + Z;%Rz? - Z;RiS)UQAO[mIZ‘Ii]’
TUH) _ 1 AN N V2 A [
i 167r2y< i T Ajig + A5)v O[mHj]’
m \/§Nc 1
7;( 1) — _W (Rﬂ(pu + pl)” — Z’R,Z'g(pu - pL)zz)mule[mil];
\/§Nc 1
Ti(dl) =~ <Ri2(pd + PL)U + iRiz(pa — p};)ll>mdzA0[m?ll]’
e 2 )

We here have defined A\, as

v

H _
Ak =

RiRj1 (Zlel + 372§ R — 3Zé72k3)

N | —

1
+ §Rj2Rk2((Z3 + Zy+ Z5)Ra + Z8Ris — Z1Ri3)
1
- §Rj372k3((23 + Zy— Zs)Ri + ZERin — ZiRi3). (E.15)

We note that the gauge and ghost fields cause the tadpole diagram for H;, however, they do
not give the A type contributions. This is because the scalar-gauge-gauge and the scalar-ghost-
ghost interactions are proportional to R;;, and the A type contributions from these tadpole
are proportional to ) . R;1(Ri2 — iRi3) = 0. The self energies HglG_, where a scalar particle
p runs inside the loop, are given by

M = g2 Al
M, = gy Za Aol
ML) = 270 gl
H;ﬁi)gf = 167r—12vz% ((Z4 + Z5)RiiRio — i(Zs — Z5)Ri1Ris

—f— ZﬁRilRil ‘f‘ Z?(RiQRiQ + RigRi3)>U2A0 [m%l] (E16)

The divergent parts of the A type contributions are given by

2
1
F(Atype) iv:(‘s—VV—an2 —|-Zm2 A
+ ‘d meqi—m%{,(ﬁ w 7 Hi)

117



E Analytic formulae for the H*WTZ vertices in the general two Higgs doublet model

s? 1 v? m2,.
_Wﬁ_< — 277 H* 27126 — 22376 — ZyZig — Laliz — Zg)Zg< — Z5Z;)A
2 my —myy, 2 v2
V253 1
- S 2 (Nc(PL)llmil + Ne(pa)umg, + (Pe)llmgl)A- (E.17)
v My — My

From Egs. (E.3), (E.7), (E.11) and (E.17), all of the divergences are cancel out.

By using the above results, we can derive the coefficients of the tensor decomposition for the
decay H~ — W~ Z. The coefficients F_, G_ and H_ from the A, B and C type contributions
can be obtained by just taking complex conjugate of the coupling constants in front of the loop
functions in the above results. The fermion contributions of F_, G_ and H_ can be obtained
by replacing as

7= (), (f=ude),  (Vie)im = (Vorm)m, (E.18)

lm

and 5 — —i in FJ(rF type)’ G(+F type) and HSFF type)'
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Appendix F

Formulae of the vertex functions for
the mass-dependent beta function in
the toy model

In this appendix, analytic formulae for the vertex functions in the toy model are given at the
one-loop level.
The one-point vertex function of p is given by

1

[y (0) = 1672

p

3 1
(5)\171140[771,2)] + A3v A [mZQ]) + §vm§ (2., — Zy,), (F.1)
where Ay does not have any momentum dependence.
The self energies for p and ¢, fields are given by

1
1672

1
+ \3v? Bo[k?; miQ,miQD + (Zy, — Dk* — 5(3(ZA1 —1)—(Z,, — 1))m§, (F.2)

pr<k2> =

3 9 1
(5)\1140 [m?)] + )\3140[771352] + §>\1m12)30[k2, mi, mi] + 5)\1777%30[]{2, O, O]

and
1
1) = g (2l )+ a5 Bl ) 2 = 1
1
- ((ZMQ - 1):“% + é(Z)\?, - 1))‘3U2>' (FB)

The corresponding two-point vertex function is obtained by
I@(k2) = k> — m? + TI(k?). (F.4)

The four-point vertex functions at the symmetric point are given by

3 1
167T2F;p)¢2¢2 . = —1672 2\, A3 + 5)\1)\330 [, my) + 5\ AsBol0, 0] + 2 As Bo[mg,, m )

+ 23 Bo[m},, m ]+9)\ Asm2Co[m?2, m?, m2] + M Asm’Cy[0, 0, 0] 4 12A5m2Co[m3,, m’, m?]
+ 3X3m>Colm2, m>, m7 | + 4\ A3 QCo[m@,, m3,, m¢2] + \0°Co[m3,, m3,, m)

+ A\ Co[m3,, m2, md, ] + 18X3m3 Do[my,, m>, m>, m’] + 6A3m v*Do[m7,, m>, m3,, m’]

+ 230 4D0[m¢2,m¢2,m§52,mi], (F.5)

119
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and
167r21“;t)¢$¢2¢; o = =321 Zy, Ao + 10A3 Bo[m3,, m3,] + A3 Bo[m?2, m?2] + A3 Bo|0, 0]
+ 120050%Co[m3,, m,, m2] + 4X30°Co[m>, m?2, m3, ] + 4X50" Do[m7,, m,, m>, m>].  (F.06)

Here we have defined shorthand notations as
4
BO[CL7 b] = BO |: - §Q27 a, bi| )
_ 4 2 2
Co[a,b,C] = CO[_ gQ 7_Q 7_Q ;a,b,c},
Dyla, b, c,d] =
4 5 s 4 2 2 2
D0|:_§Q,_Q,_gQ,_Q,_Q,_Q;a,b,C,d}- (F7>

After imposing the seven renormalization conditions given in Egs. (9.12), (9.15) and (9.16),
the MD beta functions are obtained as

B, = Do = MDglog(Z,' Z2 ),
Br, = Doha = \Dglog(Z5, Z3,),
6,\3 = DQ)\g = )\3DQ lOg(Z;;Zd)l Z¢2). (FS)
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