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Abstract

Although the standard model in particle physics is a successful theory, it does not include
the origins of some observed phenomena, for example, the baryon asymmetry of the
universe, neutrino oscillations, and the existence of dark matter. Therefore, it is inevitable
that physics beyond the standard model exists. In the standard model, the Higgs sector
is assumed to be the minimal one without any theoretical principle. Then, it would be
natural to consider that a non-minimal Higgs sector is realized in the physics beyond the
standard model.

Several models including extended Higgs sectors have been studied. In some of them,
the extended Higgs sector provides the origin of the unexplained phenomena. For example,
electroweak baryogenesis, a mechanism for the production of the baryon asymmetry, can
occur in some extended Higgs sectors with CP violation. The neutrino mass, which causes
neutrino oscillations, can be generated by the quantum effects of additional scalar bosons.
Furthermore, if a new scalar boson is electrically neutral and stable, it can be a candidate
for dark matter.

Such models predict new particles whose mass scale is from the electroweak scale to the
TeV scale. These are expected to be thoroughly tested in current and future experiments
in the next few decades. Therefore, at the current stage of particle physics, they are quite
interesting and important studies to examine the models with extended Higgs sector which
includes the origins of the unexplained phenomena and to investigate how to test them
by using various current and future experiments. In this doctoral thesis, I introduce two
of our works based on this philosophy.

The first work is on electroweak baryogenesis in the two Higgs doublet model. In this
model, the Higgs sector is extended by the second Higgs doublet. For successful elec-
troweak baryogenesis, large enough CP violation and the strongly 1st order electroweak
phase transition are essential, which are missing in the standard model. In the two Higgs
doublet model, new CP-violating sources are supplied in the Higgs potential and the
Yukawa interactions. In addition, the strongly 1st order phase transition can be realized
by the non-decoupling effect of the additional scalar bosons.

Electroweak baryogenesis in the two Higgs doublet model has been investigated so far
in some literature. However, it has been forced into a difficult situation as the experimental
accuracy is improved. For example, the CP violation in the model is severely constrained
by the measurements of the electric dipole moments. In addition, it has been revealed
that the discovered Higgs boson behaves like the standard model one by the experimental
result at the LHC so far.

In such a situation, a new scenario in the two Higgs doublet model was proposed. In
this scenario, Yukawa interactions are assumed to be aligned to avoid dangerous flavor-
changing neutral currents. To explain the observed nature of the Higgs boson, an align-
ment in the Higgs potential is also assumed so that coupling constants of the lightest Higgs
boson coincide with those of the standard model Higgs boson at the tree level. Even under
these simplifications, there are CP-violating phases in both the Higgs potential and the
Yukawa interactions. By using the destructive interference between these CP-violating
phases, it is possible to make the electric dipole moments small. Then, the severe ex-
perimental constraint on the electric dipole moments can be avoided while keeping each



CP-violating phase is large.
We investigate electroweak baryogenesis in this scenario. We find some benchmark

scenarios where the observed baryon asymmetry can be reproduced under constraints
from current experiments such as collider experiments, flavor experiments, and the mea-
surements of the electric dipole moments. In these benchmark scenarios, the masses of
the new scalar bosons are 300–400 GeV. They are expected to be directly produced in
future high-energy colliders. In addition, in the benchmark scenarios, the prediction for
the triple Higgs boson coupling is 35–55 % larger than the standard model prediction.
This sizable deviation is expected to be detected in future Higgs precision measurements.
We also discuss the verification of the scenarios by using other future experiments.

Next, we examine a TeV-scale extension of the two Higgs doublet model which can
explain the origin of neutrino mass and the existence of dark matter in addition to the
observed baryon asymmetry. In this model, a new Z2 symmetry is imposed. The Higgs
sector and the Yukawa interactions are further extended by new Z2-odd particles: an
isospin singlet charged scalar boson, a gauge singlet real scalar boson, and gauge singlet
Majorana fermions.

New CP-violating sources are provided in the Higgs potential and the Yukawa interac-
tions. The non-decoupling effect of the additional scalar bosons can make the electroweak
phase transition strongly 1st order. Thus, baryon asymmetry can be produced by elec-
troweak baryogenesis. Majorana-type masses of neutrinos are generated by the three-loop
Feynman diagrams constituted by the additional scalar bosons and Majorana fermions.
Furthermore, the real scalar boson or the lightest Majorana fermion can be the dark
matter candidate.

As in the first work, we focus on the scenario, where the Higgs potential and the
Yukawa interactions of the Higgs doublets are assumed to be aligned to explain the current
experimental data. The severe constraints from the measurements of the electric dipole
moments can be avoided by the destructive interference between the CP-violating phases
in the Higgs potential and those in the Yukawa interactions.

We find a benchmark scenario in the model where all three phenomena can be simulta-
neously explained under the current experimental constraints such as collider experiments,
flavor experiments, the measurements of the electric dipole moments, the direct search
for dark matter, and the search for lepton flavor violation. The results of some numerical
evaluations are shown. We also discuss the verification of the benchmark scenario by
using various future experiments.
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Chapter 1

Introduction

The Standard Model (SM) in particle physics is a successful theory, which can explain
many results in various experiments so far such as collider experiments, flavor experiments,
and cosmological observations [1]. On the other hand, several phenomena have been
observed that cannot be explained in the SM. For example, the Baryon Asymmetry of
the Universe (BAU) [2, 3], neutrino oscillations [4–10], and the existence of Dark Matter
(DM) [3]. Therefore, the SM is inherently an incomplete theory despite its success. There
is no doubt about the existence of physics beyond the SM. Then, it is one of the most
important issues in current particle physics to find out the nature of this new physics and
to investigate how this is verified in current and future experiments.

The Higgs sector of the SM is the minimal one, where one isospin doublet scalar
field, the Higgs doublet, is introduced [11, 12]. This is just a hypothesis, and there is
no theoretical principle to guarantee its minimality. Although the Higgs sector has been
partly revealed by the discovery of the Higgs boson in 2012 at the Large Hadron Collider
(LHC) [13,14], the full structure of it is still unknown. There is thus still room to consider
extensions of the Higgs sector by introducing new scalar bosons. Then, it would be
natural to consider new models including extended Higgs sectors which have mechanisms
to explain the observed mysterious phenomena such as the BAU, neutrino oscillation, and
DM. In this thesis, we call such models extended Higgs models. Various extended Higgs
models have been studied from this point of view. In the following, I introduce some
examples.

The first example is extended Higgs models for the BAU. The evidence of nonzero
BAU is given by the measurements of the cosmic abundance of light elements (deuteriums,
heliums, and lithiums) [2] and the Cosmic Microwave Background (CMB) observation [3].
Considering cosmic inflation [15, 16], which is believed to have occurred in the early
universe, the most plausible scenario to explain the observed BAU should be baryogenesis,
where baryon number is produced in the baryon-symmetric universe after inflation. To
realize baryogenesis, the three conditions which are known as Sakharov conditions have
to be satisfied [17]; i) the existence of a baryon number violating process, ii) C and CP
violation, and iii) departure from thermal equilibrium. Various mechanism to satisfy these
conditions have been proposed so far, for example, GUT baryogenesis [18, 19], Affleck-
Dine mechanism [20], Electroweak Baryogenesis (EWBG) [21], Leptogenesis [22], and so
on.
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3 CHAPTER 1. INTRODUCTION

Among these mechanisms, EWBG is especially important at the present stage of
particle physics. In the scenario of EWBG, the baryon asymmetry is generated during
the Electroweak Phase Transition (EWPT). Thus, it largely depends on the physics of the
EWPT whether the observed baryon asymmetry can be reproduced in this scenario. The
physics of the EWPT is expected to be thoroughly verified by using various experiments
in the next few decades. Therefore, EWBG can be experimentally confirmed or excluded
in the near future.

In the scenario of EWBG, the Sakharov conditions are satisfied as follows. The baryon
number is violated in the weak Sphaleron transition at high temperatures [23]. C is broken
by the electroweak gauge interactions. The source of CP violation is provided in the Higgs
potential and/or Yukawa interactions. Departure from thermal equilibrium is realized by
the strongly 1st order EWPT. By experiments so far, it has been revealed that EWBG
cannot work in the SM because of two problems. First, the CP violation in the SM is not
large enough for EWBG [24,25]. Second, the EWPT in the SM is not strongly 1st order
but the crossover transition [26–29]. Therefore, the extended Higgs sector including the
source of CP violation is necessary for successful EWBG.

Many extended Higgs models for EWBG have been investigated so far. For example,
EWPT and EWBG in the extended Higgs models with the isospin singlet with Y = 0,
the isospin doublet with Y = 1/2, and the isospin triplet with Y = 0, where Y denotes
hypercharge are studied in Refs. [30–42], Refs. [43–58], and Refs. [59,60], respectively.

Second, some extended Higgs models can explain the origin of tiny neutrino mass,
which induces neutrino oscillations. To explain the observed neutrino oscillation data, at
least two neutrinos must have tiny masses without degeneracy [4–10]. On the other hand,
neutrinos are massless fermions in the SM since there are no right-handed neutrinos. In
the case that right-handed neutrinos are added into the SM, neutrino mass is generated
by the Vacuum Expectation Value (VEV) of the Higgs doublet. However, in this case,
Yukawa couplings have to be unnaturally small. Therefore, a new mechanism to explain
tiny neutrino masses is needed.

The most well-known one is the seesaw mechanism, in which Majorana-type masses of
neutrinos are generated at tree level. There are three kinds of seesaw mechanisms, type-
I, II, and III. In type-I seesaw mechanisms [61, 62], right-handed neutrinos with heavy
Majorana mass are added into the SM. Then, neutrino mass is inversely proportional to
the heavy neutrino mass. If the masses of heavy neutrinos are around the GUT scale
(∼ 1015 GeV), tiny neutrino mass can be explained while keeping O(1) Yukawa coupling.
In type-II [62,63] and type-III [64] seesaw mechanisms, an isospin triplet scalar and isospin
triplet fermions are added into the SM, respectively. If the masses of these new particles
are around the GUT scale, tiny neutrino mass can be explained naturally.1 Although the
seesaw mechanism can naturally explain tiny neutrino mass, it is almost impossible to
verify them experimentally because the scale of new particles is much higher than the
scale of current collider experiments.

On the other hand, a different type model for neutrino mass was proposed by Zee [69].
In this model, the isospin singlet charged scalar boson and the second Higgs doublet are

1In type-II seesaw mechanism, tiny neutrino mass can also be explained by assuming a small scalar
coupling. Then, the mass of the additional scalar bosons can be around the electroweak scale. Such a
scenario is studied in Refs. [65–68].
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added into the SM. Majorana neutrino mass is generated by a 1-loop Feynman diagram
constituted by the additional scalar bosons. Then, the loop suppression factor and new
coupling constants make neutrino mass small naturally. The mass scale of new particles
is around the TeV scale. Therefore, it is expected that the additional scalar bosons can
be tested in future experiments. Following this model, various models where Majorana
neutrino masses are generated by the quantum effect of additional scalar bosons have
been proposed so far [70–76]. Such models are often called radiative seesaw models.

Some radiative seesaw models can also explain the existence of DM by imposing a new
Z2 symmetry to stabilize the lightest Z2-odd particle. Such a model was first proposed
by Krauss, Nasri, and Trodden [74]. In this model, a Z2-even singly charged scalar and
a Z2-odd one are added into the Higgs sector. In addition, Z2-odd Majorana fermions
are introduced. Majorana masses of these fermions provide the source of lepton number
violation. Majorana neutrino mass is generated at the three-loop level. Furthermore,
the lightest Majorana fermion is stable due to Z2 symmetry. It can be the dark matter
candidate. Various radiative seesaw models including the dark matter candidate have
been proposed so far [73, 75,76].

The extended Higgs models for Dirac neutrino masses have been also studied. In such
models, although right-handed neutrinos are introduced to the SM, Yukawa interactions
between right-handed neutrinos and the SM Higgs doublet are prohibited by the additional
Z2 or U(1) symmetry. In the model proposed by Ref. [77], Dirac neutrino masses are
generated at the tree level by the VEV of the additional isospin doublet scalar field.
Assuming that this VEV is small enough, the generated Dirac neutrino mass can be as
small as observed while keeping O(1) Yukawa couplings. Radiative seesaw models for the
Dirac neutrino mass have been also studied so far [78–82]. In some of them [79–82], the
DM candidate is included.

Finally, extended Higgs models are also investigated to explain the existence of DM.
There are three simple cases for scalar DM; the gauge singlet DM [83–89], DM from
an isospin doublet [90–94], and that from an isospin triplet with Y = 0 [95–97]. As
mentioned above, they are also discussed with the BAU and/or neutrino mass. For
example, EWBG in the Z2-odd singlet scalar extension is discussed in Refs. [39–42]. The
singlet scalar DM is included in some radiative seesaw models [75, 81]. The strongly
1st order EWPT caused by the doublet DM is discussed in Refs. [56–58]. Some radiative
seesaw models [73,76,79,80,82] include such a DM candidate. The EWPT with an isospin
triplet DM is investigated in Ref. [59].

As shown in the examples above, extended Higgs sectors are deeply related to the
origin of unexplained phenomena, the BAU, neutrino mass, and DM. In addition, these
extended Higgs models are expected to be tested by using current and future experiments.
Consequently, it is an important and interesting work in current particle physics to con-
sider such extended Higgs models and investigate how to verify them experimentally.

In this doctoral thesis, I introduce two of my works about extended Higgs models
including the origin of unexplained phenomena. First, we evaluate the BAU gener-
ated via EWBG in a particular scenario of the CP-violating Two Higgs Doublet Model
(THDM) [55]. In this scenario, we assume an alignment in the Yukawa interactions [98] to
avoid dangerous Flavor Changing Neutral Currents (FCNCs). In addition, to satisfy the
current constraints on the Higgs couplings at the LHC [99,100], we impose the assumption
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of the alignment in the Higgs potential [101] by which the lightest Higgs boson behaves
like the SM one.

In Ref. [102], it has been shown that almost all parameter regions of the model can
be tested by using the synergy of the direct search at the HL-LHC and the precision
measurements of the Higgs boson couplings at the ILC with

√
s = 250 GeV together with

discussions on perturbative unitarity and vacuum stability if this alignment is slightly
broken. On the other hand, the alignment is kept exactly at the tree level, there are
some regions that cannot be fully explored by the synergy of the HL-LHC and the ILC
with

√
s = 250 GeV. Therefore, in the near future, the scenario with the alignment in

the Higgs potential would be more important as experimental data are accumulated at
collider experiments.

There are some references where the same scenario of the THDM is investigated.
Constraints on the model from the Electric Dipole Moment (EDM) measurements have
been studied in Ref. [101]. Collider phenomenology at hadron colliders and lepton colliders
have been discussed in Ref. [103] and Ref. [104], respectively. On the other hand, we
investigate whether the observed BAU can be reproduced via EWBG in the model under
current experimental constraints.

We consider the charge transport scenario of top quarks, where the main source of
CP violation is given by the Yukawa interactions between the top quark and the Higgs
bosons [45,46]. The severe constraints from the electron EDM (eEDM) can be avoided by
the destructive interference of the CP-violating phase in the Yukawa interaction and that
in the Higgs potential [101]. The WKB method [105–109] is used to evaluate the BAU.

We provide benchmark scenarios of the model where the observed BAU can be re-
produced with avoiding the theoretical bound from perturbative unitarity and vacuum
stability and experimental constraints from the currently available data from EDM mea-
surements, collider experiments, and flavor experiments.

Second, we study the TeV-scale extension of the model studied in the first one [110].
In this model, tiny neutrino mass and DM can also be explained in addition to the BAU.
The model includes the additional Z2 symmetry. Some Z2-odd particles, charged scalar
boson, real scalar boson, and Majorana fermions, are added. The real scalar boson or the
lightest Majorana fermion can be the DM candidate. In addition, Majorana-type masses
of neutrinos are generated at the three-loop level by a new Yukawa interaction and new
scalar couplings.

The original idea of the model was proposed in Ref. [75]. However, in Ref. [75], CP
violation in the Higgs potential is neglected for the sake of simplicity. Therefore, they
only showed that the strongly 1st order EWPT can be realized while explaining data of
neutrino oscillation and DM relic abundance under some experimental constraints at the
time. We take into account the CP violation to investigate EWBG in the model. In
addition, to avoid the severe constraints from the EDM measurements, we extend the
original model in Ref. [75] according to the idea proposed in Ref. [101].

We show a benchmark scenario of the model where all the three problems can be
explained simultaneously under various theoretically and experimentally constraints such
as collider experiments, flavor experiments, the electric dipole measurements, the direct
search of DM, and cosmological observables. Phenomenological consequences for the
model are also discussed.
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The paper of the first work is available on the arXiv and has been accepted by
JHEP [55]. The second one is a work in progress and the paper is in preparation [110].

This thesis is organized as follows. In Chap. 2, some basic facts of the SM are shortly
reviewed. In Chap. 3, the phenomena which cannot be explained in the SM, the BAU,
neutrino oscillation, and DM are discussed. Chap. 4 and Chap. 5 are based on my
works. In Chap. 4, EWBG is studied in the CP-violating THDM where both the Yukawa
interactions and the Higgs potential of the model are aligned. In Chap. 5, the extension
of the model studied in Chap. 4 is discussed. The summary of this thesis is provided In
Chap. 6.



Chapter 2

Review of the standard model in
particle physics

In this chapter, I review the SM in particle physics. In particular, I mainly discuss the
electroweak interaction and the Higgs sector, which is known as the Glashow-Weinberg-
Salam theory [11,12,111]. In the first section, I introduce the gauge groups and the fields
in the model. In the second section, we discuss the mass generation for the gauge bosons
by the Higgs mechanism [112–114], which is induced by the VEV of a scalar field. In
the third section, I review that in the SM, the masses of fermions are also provided by
the VEV of a scalar field. In the fourth section, we investigate the gauge interaction of
fermions in the SM. In the last section, we discuss the CKM matrix and CPV phase.

2.1 Components of the Standard Model

　
The SM is described by a gauge theory that contains SU(3)C ×SU(2)L×U(1)Y gauge

symmetries. The gauge group SU(3)C provides color symmetry, and the gauge boson for
the symmetry is gluon Ga

µ (a =1–8) which mediates the strong interaction. On the other
hand, SU(2)L×U(1)Y provides electroweak symmetry which is partly broken by the VEV
of a scalar field as discussed in the next section. Symmetry represented by SU(2)L is
called the isospin symmetry. The gauge bosons for SU(2)L and U(1)Y gauge symmetries
are denoted by W a

µ (a =1–3) and Bµ, respectively.

Matter contents in the SM and their quantum numbers are shown in Table 2.1. Num-
bers in boldface mean a representation of each gauge group: 3 is a triplet, 2 is a doublet,
and 1 is a singlet. The quantum number for U(1)Y symmetry is called hypercharge. The
index i (=1–3) represents a flavor (generation) of fermions. The subscript L (R) for each
fermion means that the fermion has left-handed (right-handed) chirality.

The fermion fields in the SM can be divided into two categories. One is fermions which
are triplets of SU(3)C , and the other is color singlet fermions. A fermion in the former is
called quark, and one in the latter is called lepton. Quarks interact with gluons, on the
other hand, leptons do not.

There are two kinds of isospin doublet fermions in the SM: Q′
iL and L′

iL (i =1–3).

7



2.1. COMPONENTS OF THE STANDARD MODEL 8

They are parametrized as follows;

Q′
iL =

u′iL
d′iL

 , L′
iL =

ν ′iL
ℓ′iL

 . (2.1.1)

All other fermions in the SM are isospin singlets.
A kinetic term for the fermion f is given by

Lfkin = ifγµDµf, (2.1.2)

where Dµ is a covariant derivative for f and is given by

Dµ = ∂µ − igCGµ − igLWµ − igY Y Bµ. (2.1.3)

The symbols Gµ and Wµ are defined as

Gµ =
8∑

a=1

Ga
µT

a, Wµ =
3∑

a=1

W a
µ τ

a, (2.1.4)

where T a and τa are generators for SU(3)C and SU(2)L group, respectively. For example,
the generator T a for color triplets is given by λa/2, where λa (a =1–8) is Gell-Mann
matrix, and the generator τa for isospin doublets is given by σa/2, where σa (a =1–3) is
Pauli matrix. The symbol Y in Eq. (2.1.3) means the hypercharge of the fermion f . In
addition, the coupling constants for interaction with gauge bosons Gµ, Wµ, and Bµ are
denoted by gC , gL, and gY , respectively in Eq. (2.1.3).

In the SM, there is only one scalar field ϕ, which is a color singlet and an isospin
doublet whose hypercharge is Y = 1

2
. This scalar field is called the Higgs field. Its kinetic

term is given by
Lϕkin = |Dµϕ|2, (2.1.5)

where Dµ is a covariant derivative defined in Eq. (2.1.3). By substituting the quantum
numbers of ϕ, the covariant derivative for ϕ is given by

Dµ = ∂µ −
1

2

gLW
3
µ + gYBµ gL(W

1
µ − iW 2

µ)

gL(W
1
µ + iW 2

µ) −gLW 3
µ + gYBµ

 . (2.1.6)

Q′
iL u′iR d′iR L′

iL ℓ′iR ϕ

Spin 1
2

+1
2

+1
2

+1
2

+1
2

0

SU(3)C 3 3 3 1 1 1

SU(2)L 2 1 1 2 1 2

U(1)Y +1
6

+2
3

−1
3

−1
2

−1 +1
2

Table 2.1: Matter contents in the SM and their quantum numbers.
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Before closing this section, we note that in the SM, the mass terms for gauge bosons
and fermion are not allowed by the gauge symmetries. For example, the mass terms for
gauge bosons W a

µ have the following form.

LWmass =
1

2

3∑
a=1

W a
µW

aµ. (2.1.7)

Obviously, these are not invariant under SU(2)L×U(1)Y gauge transformations. The mass
terms for fermions are also forbidden because the left-handed fermions and right-handed
fermions have different quantum numbers. However, we know that fermions and weak
gauge bosons are massive particles from experimental results so far.1 This contradiction
can be solved by the VEV of the Higgs field as explained in the next section.

2.2 Higgs mechanism and masses of gauge bosons

2.2.1 Spontaneous symmetry breaking

In the SM, the Higgs potential is given by

V = µ2|ϕ|2 + λ|ϕ|4. (2.2.1)

This can be rewritten as follow;

V = λ
(
|ϕ|2 + µ2

2λ

)2
, (2.2.2)

where we neglect the constant term. The coupling constant λ has to be positive for the
vacuum stability. Then, the shape of the Higgs potential changes by whether µ2 is positive
or negative.

In the case that µ2 is positive, the point |ϕ|2 = 0 is a stationary point. On the other
hand, in the case that µ2 is negative, the stationary point is not the origin but the point
where the following condition is satisfied;

|ϕ|2 = −µ
2

2λ
. (2.2.3)

In other words, at the vacuum, the Higgs field has a nonzero VEV in the case that µ2 < 0.
In the following, we focus on this case.

Since the stationary condition is an invariant of SU(2)L × U(1)Y symmetry, it leads
to a degenerated vacuum. In the case that ϕ obtains a nonzero VEV, it is convenient to
introduce a new scalar field that represents a deviation from a vacuum for perturbative
calculations. To do this, we need to choose one point satisfying Eq. (2.2.3) as the origin of
perturbations from the degenerated vacuum. This choice breaks SU(2)L×U(1)Y symme-
try, while SU(3)C symmetry remains unbroken because the Higgs field is a color singlet.
Such a phenomenon where a choice of vacuum breaks symmetry is called spontaneous
symmetry breaking.

1As discussed later, the lightest neutrinos can be a massless particle.
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To study this phenomenon furthermore, we parametrize the Higgs field ϕ as

ϕ =

 G+

1√
2
(v + h+ iG0)

 , (2.2.4)

where v is VEV and satisfies the condition,

v2 = −µ
2

λ
. (2.2.5)

Since the Higgs potential is invariant of SU(2)L × U(1)Y transformations, we can choose
this parametrization without loss of generality. By substituting Eq. (2.2.4) into Eq. (2.2.2),
the Higgs potential is given by

V = 4λv2h2 + 4vλ
(
h3 + h(G0)2 + h|G+|2

)
+ λ
(
h4 + (G0)4 + |G+|4 + 2h2(G0)2 + 2h2|G+|2 + 2(G0)2|G+|2

)
. (2.2.6)

This form of the potential no longer has SU(2)L × U(1)Y symmetry.
From Eq. (2.2.6), we can see that the real scalar field h acquires a mass mh = 2

√
λv,

while other scalar field G0 and G± are massless scalar bosons. These massless modes are
known as Nambu-Goldstone modes (NG modes) [115–117], which accompany spontaneous
symmetry breaking of continuous symmetries.

In relativistic systems, the number of NG modes coincides with the number of broken
generators of symmetry [118].2 In the case of the SM, there are three NG modes, while
the number of generators of SU(2)L × U(1)Y group is four. Therefore, there is unbroken
U(1) symmetry after ϕ obtain the VEV.

The generator for the unbroken U(1) symmetry is given by Q = τ 3 + Y . By this U(1)
rotation, the Higgs field transforms as follows;

ϕ→ eiθ(
σ3

2
+Y )ϕ =

 eiθG+

1√
2
(v + h+ iG0)

 , (2.2.7)

where θ is an arbitrary angle. Since the lower element of ϕ does not change, the VEV
v is an invariant of this transformation and does not break the U(1) symmetry. In the
SM, this residual U(1) symmetry is identified as the electromagnetic symmetry, and the
generator Q is the electric charge.

To summarize the results so far, in the SM, SU(2)L×U(1)Y symmetry is spontaneously
broken into the electromagnetic symmetry U(1)em by the VEV of the Higgs field. It leads
to one massive mode and three massless modes. The massive scalar boson h is called the
Higgs boson, and it was discovered in ATLAS [13] and CMS [14] experiments at the LHC
in 2012.

If SU(2)L × U(1)Y symmetry is a global symmetry, three NG modes G0 and G± are
physical massless modes. However, in the case of gauge symmetry, they are not physical
modes and are absorbed into the longitudinal modes of gauge bosons. In the next section,
we discuss this issue.

2In non-relativistic systems, the number of NG modes is not necessarily the same as that of broken
generators [119,120].
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2.2.2 Higgs mechanism

In this section, we discuss the consequences of the VEV of the Higgs field on the gauge
sector. By substituting the VEV ⟨ϕ⟩ = 1√

2
(0, v)T into the kinetic term of the Higgs field

in Eq. (2.1.5), we obtain the following;

Lϕkin =
1

8
(0, v)

gLW
3
µ + gYBµ gL(W

1
µ − iW 2

µ)

gL(W
1
µ + iW 2

µ) −gLW 3
µ + gYBµ

20

v


= m2

WW
+
µ W

−µ +
1

2
m2
ZZµZ

µ, (2.2.8)

where W±
µ , Zµ, mW , and mZ are defined as

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), Zµ = cos θwW

3
µ − sin θwBµ, (2.2.9)

mW =
1

2
vgL, mZ =

1

2
vgZ . (2.2.10)

The angle θw in Eq. (2.2.9) is defined to satisfy the equation,

tan θw =
gY
gL
. (2.2.11)

The coupling constant gZ in Eq. (2.2.10) is defined as gZ =
√
g2L + g2Y .

From Eq. (2.2.8), we can see that by the VEV v, the masses of gauge bosons W±
µ

and Zµ are generated. This is an important result of the spontaneous breaking of gauge
symmetry. This mechanism of the mass generation for gauge bosons is called Higgs
mechanism [112–114]. In the Higgs mechanism, gauge bosons corresponding to broken
generators of gauge symmetry acquire masses proportional to the VEV.

A gauge boson for an unbroken generator remains massless mode. In the SM, the
unbroken generator is Q = τ 3 + Y . Therefore, the massless gauge boson is given by

Aµ = sin θwW
3
µ + cos θwBµ. (2.2.12)

This is orthogonal to Zµ;Zµ
Aµ

 =

cos θw − sin θw

sin θw cos θw

W 3
µ

Bµ

 . (2.2.13)

As mentioned in the previous section, the residual U(1) symmetry is identified as the
electromagnetic symmetry. Thus, the massless gauge boson Aµ represents the photon.

By the Higgs mechanism, three gauge bosons W±
µ and Zµ acquire masses. The de-

gree of freedom of massive gauge bosons is three, one longitudinal component and two
transverse components. On the other hand, that of massless gauge bosons is two, only
transverse components. The increased degree of freedom is provided by NG modes. The
NG modes G± and G0 are absorbed into the longitudinal components of W±

µ and Zµ,
respectively [121].
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2.3 Masses of fermions

In this section, we discuss masses of fermions in the SM. As mentioned above, in the
SM, since the left-handed fermions and the right-handed fermions have different quantum
numbers, mass terms for the fermions are forbidden. This problem is also solved by the
VEV of the Higgs field.

In the SM, the following Yukawa interactions exist;

LY = −
3∑

i,j=1

{
(y′u)ijQ

′
iLϕ̃u

′
jR + (y′d)ijQ

′
iLϕd

′
jR + (y′ℓ)ijL

′
iLϕℓ

′
jR.
}
+ h.c., (2.3.1)

where the field ϕ̃ = iσ2ϕ∗ is an isospin doublet whose hypercharge is Y = −1/2. By sub-
stituting the VEV ⟨ϕ⟩ = 1√

2
(0, v)T into the Yukawa interactions, we obtain the following;

Lfmass = − v√
2

3∑
i,j=1

{
(y′u)iju

′
iLu

′
jR + (y′d)ijd

′
iLd

′
jR + (y′ℓ)ijℓ

′
iLℓ

′
jR.
}
+ h.c. (2.3.2)

These are mass terms for the SM fermions. We note that neutrinos νiL (i = 1, 2, 3) cannot
acquire mass terms because right-handed neutrinos are not included in the SM.

To diagonalize the mass matrices, we use biunitary transformations [122], by which
any n×n matrix X can be diagonalized by two appropriate unitary matrices U and V so
that all diagonal elements of V †XU are non-negative valued. We transform the fermions
as follows;

f ′
iL → fiL =

3∑
j=1

(V †
f )ijf

′
jL, f ′

iR → fiR =
3∑
j=1

(U †
f )ijf

′
jR, (2.3.3)

where f = u, d, ℓ, and matrices Uf and Vf are 3 × 3 unitary matrices. After these
transformations, the mass terms for the SM fermions are given by

Lfmass = − 1√
2

3∑
i=1

{
(yu)iuiLuiR + (yd)idiLdiR + (yℓ)iℓiLℓiR.

}
+ h.c., (2.3.4)

where matrices yf (f = u, d, ℓ) are defined as yf = V †
f y

′
fUf , and the diagonal elements of

yf are positive valued.
Then, Dirac fermions defined as

fi = fiL + fiR, (f = u, d, ℓ), (2.3.5)

are mass eigenstates, and mass eigenvalue for fi is given by mfi = v(yf )i/
√
2.

2.4 Gauge interactions of fermions

In this section, we investigate the consequences of the redefinition of the fermions in
Eq. (2.3.3) on the gauge interactions. Before the redefinition, all gauge interactions are
diagonal for the fermion flavors. After the redefinition, the interaction with Aµ and Zµ
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remain flavor-diagonal. On the other hand, the interactions betweenW± and the redefined
fermions are given by

LfW± =
gL√
2
W+
µ

3∑
i,j=1

(
ν ′iγ

µPL(Vℓ)ijℓj + uiγ
µPL(V

†
uVd)ijdj

)
+ h.c. (2.4.1)

The matrices Vℓ and V
†
uVd are generally non-diagonal matrices and seem to induce flavor

violations. However, the charged current for leptons can be flavor diagonal by using the
following unitary transformation;

ν ′iL → νiL =
3∑
j=1

(V †
ℓ )ijνjL. (2.4.2)

This transformation is allowed because neutrinos are massless fermions in the SM. There-
fore, lepton flavors are conserved in the SM.

In the case of quarks, since both up-type quarks and down-type quarks are massive
fermions, the charged currents for quarks cannot be diagonalized for flavors. The unitary
matrix V = V †

uVd, which induces quark flavor violations, is called the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [123,124].

We summarize the gauge interactions of the fermions in the SM. They are given by

Lfgauge = eAµJ
µ
EM + gL

{
(W+

µ J
+µ
W + h.c.) + ZµJ

µ
Z

}
, (2.4.3)

where e = gL sin θw. The currents JµEM, J
+µ
W , and JµZ are defined as

JµEM =
3∑
i=1

(
−ℓiγµℓi +

2

3
uiγ

µui −
1

3
diγ

µdi

)
, (2.4.4)

J+µ
W =

1√
2

3∑
i=1

(
νiγ

µPLℓi +
3∑
j=1

uiγ
µPLVijdj

)
, (2.4.5)

JµZ =
1

cos θw

3∑
i=1

(
− sin2 θwJ

µ
EM +

1

2
(νiγ

µPLνi − ℓiγ
µPLℓi)

+
1

2
(uiγ

µPLui − diγ
µPLdi)

)
, (2.4.6)

where PL = (1− γ5)/2 is a chirality projection operator for the left-handed chirality.
In the SM, all the neutral currents conserve lepton and quark flavors. The flavor-

changing processes occur only by the charged currents. This is an important feature of
the SM; there is no Flavor Changing Neutral Current (FCNC) at the tree level.

FCNCs can be generated by 1-loop diagrams in the SM. Contributions from these
diagrams are proportional to a difference between squared masses of quarks. If masses of
quarks degenerate, FCNCs vanish because of the unitarity of the CKM matrix. Therefore,
FCNCs in the SM are strongly suppressed. This mechanism to suppress FCNCs is known
as Glashow-Iliopoulos-Maiani (GIM) mechanism [125]. This suppression has a good agree-
ment with experimental results. In fact, experiments so far have shown that the branching
ratios of processes with FCNCs are very small, for example, Br(D0 → µ−µ+) < 6.2×10−9

and Br(B0 → µ−µ+) = 1.6× 10−10.
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2.5 The CKM matrix and CP-violation

In this section, we discuss the CPV phase in the CKM matrix. For a general discussion,
we assume that the number of the quark flavor is N . Then, the CKM matrix is a N ×N
matrix and has N2 real parameters. On the other hand, a N ×N real orthogonal matrix
has N(N − 1)/2 real parameters. Thus, the CKM matrix has N(N + 1)/2 phases.

Not all phases in the CKM matrix are physical. Some of them can be canceled by an
appropriate redefinition of the phases of quark fields. However, if at least one phase is
reft after the rephasing, it provides a source of CP violation.

In the case that we redefine uiL and diL (i = 1–N) as

uiL → eiθuiuiL, diL → eiθdidiL, (2.5.1)

the charged current of quarks transforms as follows;

LfW± ∝
N∑

i,j=1

W+
µ uiLγ

µVijdjL →
N∑

i,j=1

W+
µ uiLγ

µ(ei(θdj−θui )Vij)djL (2.5.2)

We can see that 2N − 1 phases can be canceled by rephasing the quark fields. Therefore,
the number of the CPV phases in the CKM matrix is given by

N(N + 1)

2
− (2N − 1) =

(N − 1)(N − 2)

2
. (2.5.3)

If the number of quark flavors is one or two, there is no CPV phase in the CKM
matrix. In the SM (N = 3), there is one CPV phase, Kobayashi-Maskawa (KM) phase.
Historically, the third quark flavor was proposed by Kobayashi and Masukawa [124] to
explain the CP violation observed in the decay of K meson KL → π−π+.

The CKM matrix is represented by three rotation angles and the KM phase. The
standard parametrization of it is given by

V =


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδ

0 1 0

−s13 0 c13




c12 s12 0

−s12 c12 0

0 0 1



=


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 , (2.5.4)

where cij and sij (i, j = 1, 2, 3) is defined as

cij = cos θij, sij = sin θij. (2.5.5)

The KM phase is denoted by δ. The Majorana CPV phases is denoted by α1 and α2, and
in the case of Dirac neutrinos, they equals to 0.
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An important quantity when discussing CP violation in CKM matrices is the Jarlskog
invariant [126]. To discuss it, we consider the quark mass matrix shown in Eq. (2.3.2);

Lqmass = −
3∑
i=1

{
(m′

u)iju
′
iLu

′
jR + (m′

d)ijd
′
iLd

′
jR + h.c.

}
, (2.5.6)

where m′
q (q = u, d) is defined as m′

q = y′qv/
√
2. By an appropriate unitary rotation of

the right-handed quarks, the mass matrix m′
q can be a positive semidefinite hermitian

matrix [127]. Let denote these matrices as Hu and Hd, respectively. The mass matrices
Hu and Hd are diagonalized as follows;

Hu = U †muU, Hd = U ′†mdU
′, (2.5.7)

where U and U ′ are unitary matrices, and mu and md are diagonal mass matrices. In this
basis, the CKM matrix is given by V = UU ′†.

We define a hermitian matrix C as [Hu, Hd] = iC. If C = 0, Hu and Hd are com-
mutative, i.e. they are simultaneously diagonalized. By using equation U ′ = V †U , C is
represented by

C = −iU †[mu, V mdV
†]U. (2.5.8)

Therefore, the determinant of C can be represented by using only the experimental ob-
servables: the elements of the CKM matrix and the masses of quarks. The determinant
of C is calculated as

detC =det
(
−i[Hu, Hd]

)
=− 2(mt −mc)(mt −mu)(mc −mu)(mb −ms)(mb −md)(ms −md)J, (2.5.9)

where J is the Jarlskog invariant defined as

Im[VijVklV
∗
ilV

∗
kj] = J

∑
m,n

ϵikmϵjln. (2.5.10)

In the CP-conserving case, J vanish. As discussed above, by the rotation uiL → eiθuiuiL,
diL → eiθdidiL, the element of the CKM matrix is transformed as

Vij → ei(θdj−θui )Vij. (2.5.11)

Therefore, the Jarlskog invariant J is the CP-violating parameter in the CKM matrix,
which is the invariant of the phase definition of the CKM matrix.

More generally, we consider the function of the Hu and Hd;

f(Hu) =
∞∑
n=1

anH
n
u , g(Hd) =

∞∑
m=1

bmH
m
d . (2.5.12)

We define the matrix C(f, g) as [f(Hu), g(Hd)] = iC(f, g). Since Hu and Hd are the
hermitian matrices, the determinant of C(f, g) is simply calculated as

detC(f, g) = −2F [f(Hu)]G[g(Hd)]J, (2.5.13)

where F and G are defined as

F [f(Hu)] =
(
f(mt)− f(mc)

)(
f(mt)− f(mu)

)(
f(mc)− f(mu)

)
, (2.5.14)

G[g(Hd)] =
(
g(mb)− g(ms)

)(
g(mb)− g(md)

)(
g(ms)− g(md)

)
. (2.5.15)

Even in this case, the determinant of C(f, g) is proportional to the Jarlskog invariant J .



Chapter 3

Review of problems in the Standard
Model and new physics

In this chapter, I review some phenomena which cannot be explained in the SM. In the first
section, I discuss the problem of the BAU. In the second section, I review the problem
of neutrino mass. In the last section, I discuss the problem of DM. In each section, I
introduce some examples of new physics to explain these phenomena.

3.1 Baryon asymmetry of the universe

The evidence of the BAU is given by two kinds of experiments. First, from the observation
of the cosmic abundance of the light elements (deuteriums, heliums, and lithiums) and
the theory of the Big Bang Nucleosynthesis (BBN), the baryon-to-photon ratio ηB, which
is the ratio of the current baryon number density to the photon density. The latest 95 %
confidence interval of ηB is observed as [2]

5.8× 10−10 ≤ ηB ≤ 6.5× 10−10 (BBN). (3.1.1)

Second, from the observation of the CMB by Planck [3], the baryon density parameter is
observed as Ωbh

2 = 0.0224± 0.0001. This is translated into the 95 % confidence interval
of ηB as

6.04× 10−10 ≤ ηB ≤ 6.20× 10−10 (CMB). (3.1.2)

Considering the inflation, which is believed to have occurred in the early universe, it
is a plausible scenario that the observed baryon asymmetry has been created after the
inflation. This scenario is called baryogenesis. To generate the baryon asymmetry, the
following three conditions, which is called the Sakharov condition, have to be satisfied [17]:

(1) The existence of a baryon number violating process.

(2) Violation of C and CP symmetry.

(3) Departure from thermal equilibrium.

16
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The necessity of the first condition is obvious. Let A + B → X + Y be a process
that violates the baryon number conservation by n. If C symmetry is respected, the C
conjugate of the process (AC + BC → XC + Y C), where the superscript C means the
charge conjugation, occurs at the same probability as the process A+ B → X + Y . The
process AC+BC → XC+Y C violates the baryon number conservation by −n. Therefore,
in total, no baryon number asymmetry is created. The violation of CP symmetry is
needed for the same reason. In addition, if the system is in thermal equilibrium, even
in the case that C and CP symmetry are violated, a particle and its anti-particle have
the same equilibrium distribution. Consequently, all three conditions are necessary to
generate baryon asymmetry.

Many scenarios satisfying the Sakharov conditions are proposed so far, for example,
GUT baryogenesis [18, 19], Affleck-Dine mechanism [20], EWBG [21], Leptogenesis [22],
and so on. Among these mechanisms, the scenario of EWBG has high testability because
the EWBG is physics at the electroweak scale. Thus, EWBG can be experimentally tested
by using various experiments in the next few decades such as colliders, flavor experiments,
and cosmological observations. Therefore, investigating EWBG is especially important at
the present stage of particle physics. From this point of view, we focus on EWBG in the
following of this section.

3.1.1 Electroweak baryogenesis

In this section, we outline the scenario of EWBG. In the EWBG, the Sakharov conditions
are satisfied as follows;

(1) The sphaleron transition at high temperature [23].

(2) C: SU(2)× U(1) gauge interactions,
CP : The CP-violating phase in the Higgs potential and/or the Yukawa interactions.

(3) The 1st order electroweak phase transition.

The sphaleron transition is a non-perturbative process where the baryon number B and
lepton number L are not conserved, while the number of B−L is conserved. The classical
vacua of the gauge sector are infinitely degenerated, and each vacuum is labeled by an
integer called Chern-Simons number NCS. The sphaleron transition is the transition be-
tween vacua with different Chern-Simons numbers. The change of Chern-Simons number
is accompanied by that of B+L; ∆NCS = ∆(B+L). This transition rate is exponentially
small at zero temperature;

Γws ∝ e
− 4π

αW ∼ 10−165, (3.1.3)

where αw is coupling constants for the weak interaction, αw = g2L/4π. Thus, the sphaleron
transition is highly suppressed in the zero-temperature, and the baryon number is con-
served at low energies in the SM. However, at high temperatures, this process occurs
frequently enough and be in equilibrium [23].

If the electroweak phase transition is 1st order, bubbles of the true vacuum are created.
The space is divided into the symmetric phase and the broken phase. The created bubble
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expands and collides with each other. After some time, the true vacuum covers the entire
space.

When the bubble expands, the equilibrium state of particles in the bubble and that
out of the bubble is different because the mass of the particles depends on the VEV of
the Higgs doublet. Therefore, around the bubble wall, the particles are far from thermal
equilibrium. The expanding bubble wall causes non-equilibrium states.

The baryon asymmetry is created via the expanding bubble wall in the so-called charge
transport scenario [128]. If there are CP-violation in the interaction between the bubble
walls and the particles, the rate of reflection for particles is different from that for anti-
particles. Then, the current of hypercharge is generated around the bubble wall. Around
the bubble wall, the hypercharge is accumulated in the broken phase, and the opposite
sign hypercharge is accumulated in the symmetric phase. It is important to note that
no baryon asymmetry is created at this stage because the interaction between the bubble
wall and the particles are baryon number conserving.

The accumulated hypercharge generates the chemical potential for the Chern-Simons
number. This chemical potential µCS causes the difference between the rates with in-
creasing NCS (Γ+) and those with decreasing NCS (Γ−) [129];

Γ+

Γ−
≃ exp

(
−µCS

2T

)
. (3.1.4)

This difference translates the accumulated hypercharge into the baryon asymmetry.
To avoid washing out the generated baryon asymmetry in the bubbles, the rate of the

sphaleron transition in the broken phase has to decouple rapidly. This condition can be
represented by

Γbr
sph < H(Tn), (3.1.5)

where Γbr
sph is the rate of the sphaleron transition at the broken phase, and H(Tn) is

the Hubble parameter at T = Tn. The temperature Tn is the nucleation temperature, at
which one bubble of true vacuum is expected to be produced per one Hubble volume. This
condition is roughly evaluated as vn/Tn ≳ 1 [21], where vn is the VEV at T = Tn. The
condition in Eq. (3.1.5) is called the sphaleron decoupling condition, and the electroweak
phase transition satisfying this condition is said to be strongly 1st order. Consequently,
the electroweak phase transition has to be strongly 1st order to generate the baryon
asymmetry by EWBG.

If EWBG goes well in the SM, it is interesting and economic. However, it has been
revealed that EWBG cannot be realized in the SM. There are two problems. One is
the smallness of the CP-violation in the CKM matrix. The EWBG in the SM has been
investigated in Refs. [24, 25, 130]. In these references, the strongly 1st order EWPT is
assumed to occur. In Ref [25], the authors give a conservative upper bound on the
magnitude of the baryon-to-entropy ratio as∣∣∣nB

s

∣∣∣ < 10−26. (3.1.6)

The observed value is nB/s ∼ 10−11.1 Consequently, CP-violation in the SM is too small
to provide enough CPV source for successful EWBG.

1Assuming the standard cosmology, the baryon-to-entropy ratio and the baryon-to-photon ratio ηB
are related as ηB ≃ 7.04× nB/s.
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The second problem is the fact that the electroweak phase transition is not strongly
1st order in the SM [26–29]. By lattice calculations [28, 29], it is known that the Higgs
boson has to be lighter than 80 GeV to realize the strongly 1st order electroweak phase
transition in the SM. However, the observed Higgs boson mass is about 125 GeV. Then,
the electroweak phase transition in the SM is a crossover transition, and departure from
the thermal equilibrium cannot be satisfied.

As a result, EWBG cannot occur in the SM. Therefore, we need new physics to explain
the observed baryon asymmetry. To make the successful EWBG, an extension of the Higgs
sector is essential. In addition, to supply enough CPV, new physics have to contain a new
CP-violating source.

3.1.2 Electroweak phase transition

As discussed in the above section, the strongly 1st order EWPT is required for EWBG.
However, it cannot occur in the SM because the Higgs boson is too heavy. In this section,
we discuss the EWPT and how strongly 1st order EWPT can be caused by the effects of
new physics.

In the SM, the Higgs doublet acquires the VEV v = 246 GeV, and the electroweak
symmetry is spontaneously broken. However, by the thermal effect, the electroweak sym-
metry can be restored [131–134]. In such a scenario, in the early universe with higher
temperatures than the electroweak scale (T > TEW ∼ 100 GeV), the state with ⟨ϕh⟩ = 0
is the ground state, where ϕh is the Higgs doublet, and the electroweak symmetry is
maintained. As the universe expands and the temperature cools, the energy of the state
with the nonzero VEV decreases. At a certain temperature T = Tc ∼ TEW , the energy
of the state with the nonzero VEV degenerates with that of the state with ⟨ϕh⟩ = 0.
This temperature Tc is called the critical temperature. At lower temperatures T < Tc,
the state with the nonzero VEV is the ground state, and the electroweak symmetry is
spontaneously broken. Therefore, the state of the medium changes from the symmetric
phase into the broken phase as the universe cools. This transition phenomenon is called
the EWPT, and it is believed to have occurred in the early universe.2

In the following, we discuss the phase transition induced by the VEV of the scalar
field. Although the number of scalar fields which acquire the VEV can be more than one,
in the following, we consider the case that only one scalar field ϕ acquires the VEV as in
the SM for the sake of simplicity. The physics of the phase transition is investigated by
using the Helmholtz free energy F . Assuming that the VEV is spatially uniform, the free
energy F is proportional to the spatial volume Ω. Let Veff be the free energy density;
Veff = F/Ω. Then, Veff is the function of the temperature T and the uniform VEV
φ = ⟨ϕ⟩T . The function Veff (T, φ) is called the effective potential.

In thermal equilibrium, the free energy is the minimum. Therefore, the VEV at
temperature T is the configuration that minimizes the effective potential Veff . From this
point of view, the effective potential at zero temperature and that at high temperature
(T > TEW ) is given by Fig. 3.1.

2It is possible to consider the scenario where the electroweak symmetry is not restored even at high
temperatures [133]. Models for such a scenario are studied in Refs. [135–138].
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Figure 3.1: The effective potential at T > TEW (left) and T = 0 (right).

There are two main types of phase transitions; 2nd order phase transition and 1st order
phase transition. The difference between them is the behavior of the transition from the
symmetric phase (the left figure of Fig. 3.1) and the broken phase (the right one). In the
2nd order phase transition, the effective potential Veff changes with temperature as shown
in the left figure of Fig. 3.2. The VEV changes slowly and homogeneously. On the other
hand, the 1st order phase transition leads to the rapid change of the phase. The effective
potential in the 1st order phase transition is shown in the right figure of Fig. 3.2. At the
critical temperature T = Tc, there are two minima of the effective potential, and there
is a barrier between the two configurations. At lower temperature T < Tc, the broken
phase is the ground state and thermodynamically favorable. However, the transition
to the broken phase is disturbed by the barrier and does not proceed homogeneously.
Consequently, supercooling occurs, and a bubble of the true vacuum is locally generated.
The 1st order phase transition proceeds via this nucleation and the expansion of the
bubbles.

Figure 3.2: The behavior of the effective potential. The left (right) figure is for the 2nd
(1st) order phase transition.
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The behavior of the generated bubbles in the 1st order phase transition can be roughly
understood by the following discussion. We consider the bubble nucleation at temperature
T . The effective potential is defined as Veff (T, 0) = 0, and we define Vmin = Veff (T, ⟨ϕ⟩) <
0. Since the inside of the bubble is the broken phase, the gain of the free energy relative
to the symmetric phase is given by

∆F = −4

3
πR3|Vmin|, (3.1.7)

where R is a radius of the bubble. On the other hand, since the configuration of ϕ has
to be continuous, the effect of the surface tension increases the free energy. This effect is
proportional to the surface area of the bubble. Thus, the total ∆F is given by

∆F = 4πR2σ − 4

3
πR3|Vmin|, (3.1.8)

where σ is surface tension per unit area. The differential of ∆F by R is calculated as

(∆F )′ =
∂∆F

∂R
= 8πRσ − 4πR2|Vmin| = 8πR

(
σ − R

2
|Vmin|

)
. (3.1.9)

Therefore, if the radius of the bubble is smaller than Rc ≡ 2σ/|Vmin|, (∆F )′ is positive.
The smaller R is thermodynamically favorable, and the generated bubble collapses due to
surface tension. On the other hand, if the radius of the bubble is bigger than Rc, (∆F )

′

is negative. The bigger R is thermodynamically favorable, and the generated bubble
expands.

For EWBG, the 1st order phase transition is more important. We focus on this in the
following. As discussed above, the barrier of the effective potential between the broken
phase and the symmetric phase is needed to realize the 1st order phase transition. To
discuss how this barrier is generated by the thermal effect, we consider the one-loop
effective potential in SM-like models where the VEV of the Higgs doublet breaks the
symmetry. Other particle contents are not fixed. It can be only the SM particles, or there
can be additional particles. However, only the Higgs doublet acquire the VEV, and other
scalar bosons do not (if they exist).

The tree-level Higgs potential is given by

V = −µ2|ϕ|2 + λ|ϕ|4. (3.1.10)

At zero temperature, the vacuum expectation value v satisfies the following stationary
condition;

µ2 = λv2. (3.1.11)

The variable of the effective potential is defined as ⟨ϕ⟩ = (0, v/
√
2)T. Neglecting the

constant term, the tree level effective potential is given by

V tree
eff =

λ

4
(φ2 − v2)2. (3.1.12)

The one-loop effective potential is given by [132]

V 1−loop
eff =

λ

4
(φ2 − v2)2 − δµ2φ2 + δλφ4 +

∑
i=bosons

giIBi
+

∑
i=fermions

giIFi
, (3.1.13)
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where δµ2 and δλ are counterterms, and gi is the degree of freedom of each particle. The
loop effect functions IB and IF are defined as

IBi
=

∫
d3k

(2π)3

{Ei
2

+
1

β
log(1− e−βEi)

}
, (3.1.14)

IFi
= −

∫
d3k

(2π)3

{Ei
2

+
1

β
log(1 + e−βEi)

}
, (3.1.15)

where Ei =
√
k2 + m̃2

i and m̃i(φ) is the field dependent mass of the particle i. The dif-
ference between IBi

and IFi
are caused by the statistical property of bosons and fermions.

The first term of IBi
and IFi

are the quantum effect at T = 0.
To consider the thermal effect, we neglect the β independent terms;

V β
eff =

∑
i=bosons

giI
β
Bi

+
∑

i=fermions

giI
β
Fi
, (3.1.16)

where

IβBi
=

1

β

∫
d3k

(2π)3
log(1− e−βEi), IβFi

= − 1

β

∫
d3k

(2π)3
1

β
log(1 + e−βEi). (3.1.17)

We consider the case of high temperaturemi/T ≪ 1. Then, the thermal effect can be
expanded as follows [30,139];

V β
eff =

T 2

24

( ∑
bosons

gim̃
2
i +

1

2

∑
fermions

gim̃
2
i

)
.− T

12π

∑
bosons

gim̃
3
i +O

(
m̃4
i log(βm̃i)

)
. (3.1.18)

Generally, the field-dependent mass m̃2
i is given by

m̃2
i =

λi
2
φ2 + µ2

i , (3.1.19)

where m2
i is the mass of particle i, µ2

i is the invariant mass operator in Lagrangian, and
the λi is the coupling between the particle i and the Higgs doublet. Then, the quadratic
term of φ2 comes from the first term of Eq. (3.1.18);

V β
eff ∋

T 2

24

φ2

v2

( ∑
bosons

giλi +
1

2

∑
fermions

giλi

)
. (3.1.20)

This is the positive contribution and overcomes the tree level negative term −µ2 at a
certain temperature. Consequently, the quadratic term of the effective potential is given
by

Veff ∋ D(T 2 − T 2
0 )φ

2, (3.1.21)

where

D =
∑
bosons

giλi +
1

2

∑
fermions

giλi. (3.1.22)
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At the temperature T = T0, the thermal effect overcomes the tree-level potential. At
higher temperature T > T0, the quadratic term of the effective potential is positive.

The behavior of the second term in Eq. (3.1.18) is important for the 1st order phase
transition. In the case that m2

i ≃ µ2
i , m̃

3
i can be approximated by

m̃3
i ≃ µ3

i +
3

2
λiµiφ

2 +O(φ4). (3.1.23)

Then, the effective potential is constituted by the quadratic term, the quartic term, and
the higher term. Then, there is no barrier between the two phases. On the other hand,
in the case that m2

i ≫ µ2
i , the second term in Eq. (3.1.18) can be approximated by

V β
eff ∋ − T

12π

φ3

v3

∑
bosons

gim
3
i

(
1− µ2

i

m2
i

) 3
2
. (3.1.24)

Therefore, the cubic term in the effective potential is generated by the thermal effect of
bosons in the case that m2

i ≫ µ2
i . In such a case, the effective potential is given by

Veff = D(T 2 − T 2
0 )φ

2 − TEφ3 + λTφ
4, (3.1.25)

where λT is the quartic coupling at temperature T , and the coefficient E is defined as

E =
1

12πv3

∑
bosons

gim
3
i

(
1− µ2

i

m2
i

) 3
2
. (3.1.26)

For successful EWBG, the strongly 1st order EWPT is required. We consider condi-
tions for D, E, and λT to realize the strongly 1st order EWPT. At the critical temperature
Tc, two minima of the effective potential degenerate. One minimum is given by φ = 0.
We define the other minimum as φ = φc. The following equation is derived as a condition
for the point φ = φc to give the local minimum;

∂Veff
∂φ

∣∣∣∣
φ=φc

= 2D(T 2
c − T 2

0 )φc − 3TcEφ
2
c + 4λTφ

4
c = 0. (3.1.27)

Since the two minima degenerate, we obtain the condition,

Veff (Tc, φc) = 4D(T 2
c − T 2

0 )φ
2
c − 4TcEφ

3
c + 4λTφ

4
c = 0. (3.1.28)

By using these equations, the following relation is provided;

φc
Tc

=
E

2λT
. (3.1.29)

The sphaleron decoupling condition is given by φn/Tn > 1, where Tn is the nucleation
temperature and φn is the VEV at T = Tn. Since the nucleation temperature and the
critical temperature are close in most cases, the sphaleron decoupling condition is roughly
evaluated as

φc
Tc

=
E

2λT
> 1. (3.1.30)
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Therefore, for the strongly 1st order phase transition, the large E is required.
An important property of the cubic term is that heavier mi induces the larger E.

This is because we consider the case that m2
i ≫ µ2

i . In this case, the heavier particle
means the stronger coupling between the particle and the Higgs doublet. The effect
of bosons does not decouple even in the heavier mass region. Such an effect is called
the non-decoupling effect. Consequently, the non-decoupling effect of bosons induces the
strongly 1st order phase transition. In the SM, there are gauge bosons and the Higgs
bosons. However, it is known that the EWPT in the SM is not 1st order but a cross-over
transition [28,29]. Therefore, to realize the strongly 1st order EWPT, the non-decoupling
effect of the additional scalar bosons is necessary.

Before closing this section, we discuss the important consequences of the non-decoupling
effect of the additional scalar bosons. It is known that the non-decoupling effect induces
a sizable deviation of the triple Higgs boson coupling from the SM prediction [140–142].
To investigate them, we consider the zero temperature effective potential;

V T=0
eff =

λ

4
(φ2 − v2)2 − δµ2φ2 + δλφ4 +

∑
i=Scalars

gi

∫
d3k

(2π)3
Ei
2
. (3.1.31)

We consider only the quantum effect of the additional scalar bosons because only the
thermal effect by them is important. By using MS scheme, the integral is evaluated as∫

d3k

(2π)3
Ei
2

=
m̃4
i

64π2
log

(
m̃2
i

Q2

)
, (3.1.32)

where Q is the renormalization scale. To determine the counterterms δµ2 and δλ, we
impose the following renormalization conditions;

∂V T=0
eff

∂φ

∣∣∣∣∣
φ=v

= 0,
∂2V T=0

eff

∂φ2

∣∣∣∣∣
φ=v

= 2λv2. (3.1.33)

The first and second equations fix the vacuum and the mass of the Higgs boson at one-loop
level, respectively. Then, the contribution of the additional scalar bosons to the triple
Higgs boson coupling is calculated as

∆λhhh =
1

3!

∂3V T=0
eff

∂φ3

∣∣∣∣∣
φ=v

=
∑

Scalars

gi
24π2v3

(m2
i − µ2

i )
3

m2
i

. (3.1.34)

The normalized deviation from the SM prediction is evaluated as [140,141]

∆R =
∆λhhh
λSMhhh

=
∑

Scalars

gim
4
i

12π2v2m2
h

(
1− µ2

i

m2
i

)3

. (3.1.35)

Therefore, in the case that m2
i ≫ µ2

i , the effect of the additional scalar bosons does not
decouple even in the heavy mass region. As a result, if the strongly 1st order EWPT is
realized by the non-decoupling effect of the additional scalar bosons, ∆R is expected to
be much larger than the SM prediction [143]. This is one of the effective ways to test the
strongly 1st order EWPT.
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3.1.3 WKB method for the charge transport scenario

In this section, I review the WKB method to calculate the charge accumulation in the
charge transport scenario [105–109]. This approximation is valid in the case that the bub-
ble wall width Lw is larger than the typical interaction length of particles. At temperature
T , the interaction length ℓ is roughly estimated as ℓ 1/T . Therefore, the WKB method
is applicable in the case of LwT > 1.

WKB approximation and CP-violating force

When the bubble expands in the universe, the VEV of the Higgs doublet is not uniform
in the entire space. At a point that is far from the vacuum bubble, the VEV remains
zero although it is not thermodynamically stable. On the other hand, at the center of
the bubble, the Higgs doublet acquires the nonzero VEV which minimizes the effective
potential. In addition, at a point near the bubble wall, the VEV is different from that
in the symmetric phase and from that in the broken phase because the configuration of
the Higgs doublet is continuous. Therefore, the effect of the bubble generated in the 1st
order EWPT can be described as the local VEV of the Higgs doublet. (See Fig. 3.3.)

Figure 3.3: The definition of the coordinate z in the wall frame (left) and the loccal VEV
as a function of z (right).

The SM particles acquire mass due to the Higgs mechanism. The local VEV means
that the mass of the SM particles changes spatially. Therefore, the interaction between
the expanding bubble wall and the particles can be described as the local mass of the
particles.

To consider motions of the particles when the strongly 1st order EWPT occurs, we
consider the Dirac equation for fermion ψ which has the local mass. By solving the
Dirac equation by using the WKB approximation, the force acting on the particles from
the bubble wall is derived. We consider the problem in the wall frame, which is the
coordinate where the radial direction of the bubble of true vacuum is set to be z axis,
and the bubble wall is stationary at z = 0 (See Fig. 3.3.) The negative direction of z is
defined as pointing toward the center of the bubble.
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The local mass is generally complex-valued. The mass term of the fermion ψ is given
by

Lψ-mass =−M(z)ψPRψ +M(z)∗ψPLψ

=Re[M(z)]ψψ + iIm[M(z)]ψγ5ψ. (3.1.36)

Since ψγ5ψ has odd-parity under the P and CP transformation, the imaginary part of
the local mass is the source of P and CP violation.

The Dirac equation for ψ is given by

(iγµ∂µ −M(z)PR −M∗(z)PL)ψ = 0, (3.1.37)

where M(z) is the local mass of the fermion ψ. The wave function of the positive energy
state is given by

ψs = e−iω

Ls
Rs

⊗ χs, σ3χs = sχs (3.1.38)

where s is spin along z axis, and ω is the energy of ψ. By substituting ψs into the Dirac
equation, we obtain the following two equations;

(ω − is∂z)Ls =MRs, (3.1.39)

(ω + is∂z)Rs =M∗Ls. (3.1.40)

By combing these equations to erase Rs, the equation for Ls is given by(
(ω + is∂z)

1

M
(ω − is∂z)−M∗

)
Ls = 0. (3.1.41)

We assume that the mass term varies enough gradually along z. Then, the solution
for Ls under the WKB approximation is given by

Ls = ωei
∫ z pcz(z′)dz′ . (3.1.42)

By substituting this formula into Eq. (3.1.41), the equations for ω and pcz are given as
follows; 

ω2 −m2 − p2cz + (sω + pcz)θ
′ − m′

m
ω′

ω
+ ω′′

ω
= 0,

2pczω
′ + p′czω − m′

m
(sω + pcz)ω − θ′ω′ = 0,

(3.1.43)

where the subscript ′ means the derivative by z, and the functionsm(z) and θ(z) is defined
as

m(z) = |M(z)|, θ(z) = argM(z). (3.1.44)

Then, the solution for pcz up to the linear order of derivatives is calculated as

pcz = p0z ±
sω + p0z
2p0z

θ′ + α′(z), (3.1.45)
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where α(z) is an arbitrary function, and p0z is the solution at leading order and is given
by

p0z = sign(p0z)
√
ω2 −m2. (3.1.46)

The sign of the second term of the right-hand side of Eq. (3.1.45) is + (−) for the particle
(anti-particle). The energy of ψ is given by

ω =
√
(pcz − αCP)2 +m2 ∓ sθ′

2
. (3.1.47)

This is the dispersion relation in the frame where the particle ψ does not have momen-
tum in the direction parallel to the bubble wall. Boosting into the frame where ψ has
momentum in x and y direction, the dispersion relation is given by

ω = ω0 ∓
sθ′

2

ω0z

ω0

, (3.1.48)

where ω0 and ω0z is defined as

ω0 =
√
p2x + p2x + (pcz − αCP)2 +m2,

ω0z =
√

(pcz − αCP)2 +m2.
(3.1.49)

As suggested in Ref. [107, 144], the momentum pcz is the canonical momentum, not
physical momentum because it includes the derivative of an arbitrary function. On the
other hand, px and py are physical momenta because the morion in x and y direction is
the same as that of free particles. The physical momentum in z direction pz is calculated
as pz = ωvgz, where vgz = ∂ω/∂pcz is a group velocity.

By using only physical quantity, the energy and the group velocity of the particle are
represented as

E = E0 ∓∆E, (3.1.50)

vgz =
pz
E0

(
1± sθ′

2

m2

E2
0E0z

)
, (3.1.51)

where E is the energy ω which is represented by using pz, and E0, E0z, and ∆E0 is defined
as follows;

∆E = − sm2θ′

2E0E0z

, (3.1.52)

E0 =
√
p2x + p2y + p2z +m2, (3.1.53)

E0z =
√
p2z +m2. (3.1.54)

Now, we are ready to find the forces acting on the particles. The force in z direction
Fz is given by

Fz =
dpz
dt

= ωv̇gz = ω

{
vgz

(
∂vgz
∂z

)
pcz

−
(
∂ω

∂z

)
pcz

(
∂vgz
∂pcz

)
z

}
, (3.1.55)
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where we use the energy conservation ω̇ = 0 and the canonical equations of motion. By
substituting formulae for ω and vgz, we obtain the following formula;

Fz = −(m2)′

2E0

± s(m2θ′)′

2E0E0z

∓ sm2θ′(m2)′

4E3
0E0z

. (3.1.56)

The sign of the second and third terms in the right-hand side of Eq. (3.1.56) change
depending on whether the force act on the particle or the anti-particle. Therefore, they
are CP-violating forces;

F��CP
z = ±s(m

2θ′)′

2E0E0z

∓ sm2θ′(m2)′

4E3
0E0z

. (3.1.57)

This CP-violating force causes the difference between the motion of the particle and that
of the anti-particle. The sign of CP-violating force F��CP

z is changed by changing the helicity
of ψ. It is because CP-violation and P-violation have the same origin, the imaginary part
of the local mass.

Transport equation

In the above, we have derived the CP-violating force caused by the local mass. This
induces the difference between the motion of the particle and that of its anti-particle
around the bubble wall. This difference generates the current of the hypercharge, and
the hypercharge is accumulated around the bubble wall. This charge accumulation is
described by the chemical potential of the particle. Here, by using the Boltzmann equation
and the CP-violating force, we derive a transport equation for the chemical potential. By
solving this equation, we can obtain the distribution of the charge accumulation.

The Boltzmann equation in the wall frame for the distribution function fi(x,p) of the
particle labeled by i is given by

L[fi] ≡
(
vgz

∂

∂z
+ Fiz

∂

∂piz

)
= C[fi], (3.1.58)

where L[fi] and C[fi] are the Liouville operator and the collision term for fi, respectively.
The force in the z direction Fiz includes both of the CP-even and CP-odd terms.

In the following, we assume that the state of fermion represented by the wave function
in Eq. (3.1.42) behaves like a particle that has a kinetic momentum (px, py, pz) for the
interactions whose mean free path Γ−1 is less than the bubble wall width Lw. In other
words, we assume that momenta are conserved in the scattering processes among the
WKB states caused by interactions with Γ−1 ≪ Lw, and the state behaves like a free
particle at infinity. Therefore, in the calculation of the collision term in the Boltzmann
equation, the usual Feynman rules can be used for the scattering among the WKB states.

Under this assumption, the thermal equilibrium distribution function in the wall frame
of the WKB state is given by

f eq
i (x,p) =

1

eβγw(E0i±∆Ei+vwpiz) + 1
, (3.1.59)
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where vw is the wall velocity in the frame where the entire plasma is stationary. We
parametrized the deviations from the thermal equilibrium as follows;

fi(x,p) =
1

eβ[γw(E0i±∆Ei+vwpiz)−µi(x)] + 1
+ δfi(x), (3.1.60)

where the function δfi(x) is imposed not to affect the local number density of the particle
i, i.e. ∫

d3pδfi = 0. (3.1.61)

The chemical potential µi and the function δfi are parametrized as follows;

µi = µi,1e + µi,2o + µi,2e, δfi = δfi,1e + δfi,2o + δfi,2e, (3.1.62)

where the index 1 (2) shows the order of the perturbation, and CP-even (CP-odd) parts
of each quantity have the index e (o). The CP-violating effect appears only in the second
order of the perturbation. Then, the distribution function is expanded as

fi ≃ fi0,vw + f ′
i0,vw(γw∆Ei − µi,1e − µi,2o − µi,2e)

+
1

2
f ′′
i0,vw(γ

2
w(∆E)

2 − 2γw∆Eµ
2
i,1e) + δfi,1e + δfi,2o + δfi,2e, (3.1.63)

where fi0,vw is the unperturbed distribution function defined as

fi0,vw =
1

eβγw(Ei0+vwpiz) + 1
. (3.1.64)

By substituting Eq. (3.1.63) and the classical force in Eq. (3.1.56) into the Boltzmann
equation, the CP-odd part of the Liouville operator is given by

1

2
(L[fi]− L[fi]) = vωfi0,vw

( s(m2θ′)′

2Ei0Ei0z
− sθ′m2(m2)′

4E3
i0Ei0z

)
+ vωf

′′
i0,vω

(sθ′m2(m2)′

4E2
i0Ei0z

)

+
(m2)′µio
2Ei0γw

vwf
′′
i0,vω − pizµ

′
io

Ei0γw
f ′
i0,vw +

piz
Ei0

(∂zδfio)

− (m2)′

2Ei0
(∂pizδfio), (3.1.65)

where µio (δfio) is the CP-odd part of µi (δfi), and the function fi0,vω is the unperturbed
distribution function. In Eq. (3.1.65), we neglect the terms which is proportional to the
CP-even part of µi or δfi because their effect on the baryon asymmetry is negligibly
small [108]. The complete formula including the CP-even parts is shown in Ref. [45,108].

For simplicity, we assume that the wall velocity is enough small, and we expand fi0,vω
up to the linear order of vω;

fi0,vω = fi0 + vωpizf
′
i0 +O(v2w), (3.1.66)
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where fi0 and f ′
i0 are defined as

fi0 =
1

eβEi0 + 1
, f ′

i0 =
dfi0
dEi0

. (3.1.67)

In addition, we integrate Eq. (3.1.65) by three-momentum pi. Then, we obtain

1

2

〈
L[fi]− L[f i]

〉
= µiovw(m

2)′
〈

1

2Ei0
f ′′
i0

〉
− µ′

iovω

〈
p2iz
Ei0

f ′′
i0

〉

+

〈
piz
Ei0

(∂zδfio)

〉
− (m2)′

〈
1

2Ei0
(∂pizδfio)

〉
, (3.1.68)

where the bracket ⟨· · · ⟩ is defined as

⟨X⟩ =

∫
d3piX∫

d3pi f
′
i0(mi = 0)

. (3.1.69)

To perform the integrals including δfio, we factorize it by using the plasma velocity ui
defined as

ui =

〈
piz
Ei0

δfio

〉
. (3.1.70)

In the other words, we evaluated the integral ⟨Xδfio⟩ as another integral ui ⟨XEi0/piz⟩.3
Finally, we obtain the following result;

1

2

〈
L[fi]− L[f i]

〉
= vwKi1µ

′
io + vw(m

2)′Ki2µio + u′i, (3.1.71)

where Ki1 and Ki2 is given by [45,108]

Ki1 = ⟨f ′
i0⟩ , Ki2 =

〈
1

2Ei0
f ′′
i0

〉
. (3.1.72)

In the same way, we can obtain the following equation;

1

2

〈
piz
Ei0

(
L[fi0]− L[f i0]

)〉
=λivw(m

2θ′)′Ki8 − λivwθ
′m2(m2)′Ki9

− µ′
ioKi4 + vw(m

2)′uiK̃i6 − vwu
′
i, (3.1.73)

where λi is the helicity of the particle i. The functions Ki4, K̃i6, Ki8, and Ki9 are defined
in Ref. [45, 108] as

Ki4 =

〈
p2iz
E2
i0

f ′
i0

〉
, K̃i6 =

[
1

2Ei0
f ′
i0

]
, Ki8 =

〈
|piz|f ′

i0

2E2
i0Ei0z

〉
,

Ki9 =

〈
|piz|

4E3
i0Ei0z

(
f ′
i0

Ei0
− f ′′

i0

)〉
,

(3.1.74)

3By this factorization, integrands of some integrals have the singularity at the origin because of pz in
the denominator. In this case, we have to evaluate the integrals as Cauchy’s principal values [109].
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where the bracket [· · · ] is given by

[X] =

∫
d3piX∫

d3pi fi0,vw

. (3.1.75)

The integration of the collision term corresponding to Eqs. (3.1.71) and (3.1.73) is
calculated in [107]. The results are given by

1

2

〈
C[fi]− C[fi]

〉
= βKi0

∑
σ∈inela

Γσ
∑
j

sσj µjo,

1

2

〈
piz
Ei0

(C[fi]− C[fi])

〉
= Γtotui + vwβKi0

∑
σ∈inela

Γσ
∑
j

sσj µjo,,

(3.1.76)

where Γσ is the thermally averaged reaction rate for an inelastic scattering σ, and
∑

σ∈inela
means the sum for inelastic scattering processes σ. The symbol sσj is defined as sσj = 1
(sσj = −1) for j in the initial (final) state of the process σ. The thermally averaged total
reaction rate is denoted by Γtot in Eq. (3.1.76). The function Ki0 in Eq. (3.1.76) is defined
as

Ki0 = −⟨fi0⟩ . (3.1.77)

Finally, By substituting Eqs. (3.1.71), (3.1.73), and (3.1.76) into the Boltzmann equa-
tion, we obtain the following two transport equations [45,108];

u′i + vwKi1µ
′
io + vw(m

2)′Ki2µio − βKi0

∑
σ∈inela Γσ

∑
j s

σ
j µj0 = 0

−µ′
ioKi4 − vwu

′
i + vw(m

2)′K̃i6ui

+Γtotui + vwβKi0

∑
σ∈inela Γσ

∑
j s

σ
j µjo = Si.

(3.1.78)

The source term Si is defined as

Si = λivwθ
′m2(m2)′Ki9 − λivw(m

2θ′)′Ki8. (3.1.79)

In deriving Eq. (3.1.78), we have expanded fi0,vw at linear order of vw for simplicity.
The transport equation at full order of vw is investigated in Ref. [109]. According their
results, an effect of the higher-order terms on the baryon asymmetry is negligibly small
for vw less than 0.01. On the other hand, at vw = 0.1, the effect of them can be estimated
about 10–20 %, and the baryon asymmetry decreases due to the higher-order effect. As vw
increases, the higher-order effects become larger. At vw ≃ 0.4, the higher-order correction
is about 50 %, and approximation would not be applicable.

The formula for baryon asymmetry

By solving the above transport equations, the distributions of the chemical potentials
are obtained. These are the distributions of the charge accumulation. However, at this
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stage, the baryon number asymmetry has not been produced yet because the interaction
between the bubble wall and the particle is baryon number conserving.

The accumulated charge for the left-handed fermions provides the chemical potential
of the Chern-Simons number NCS. This chemical potential µCS causes the difference
between the rates with increasing NCS (Γ+) and those with decreasing NCS (Γ−) [129];

Γ+

Γ−
≃ exp

(
−µCS

2T

)
, (3.1.80)

where β = 1/T is the inverse temperature. Since the change of the Chern-Simons number
NCS is the same as that of the B + L, i.e. ∆NCS = ∆(B + L), the difference between
Γ+ and Γ− produces baryon number asymmetry. Therefore, the accumulated charge
described by the chemical potential provides the source of baryon asymmetry.

The change in the baryon number is described by the following differential equa-
tion [107];

∂nB
∂t

=
3Γsph
2

(
µqLT

2 − 15

2
nB

)
. (3.1.81)

The chemical potential µqL is defined as

µqL =
3

2
(µuL + µdL + µcL + µsL + µtL + µbL), (3.1.82)

where each chemical potential is given by solving the transport equations. The symbol
Γsph is the rate of the sphaleron transition in the symmetric phase. By lattice simulation,
it is evaluated as Γws = 1.0 × 10−6T [145]. The first term of the right-hand side of the
differential equation is the source term given by the charge accumulation. The second
term represents the effect of the wash-out.

By solving the differential equation in the wall frame, the baryon asymmetry is given
by

nB
s

=
405Γsph
4π2g∗vwT

∫ ∞

0

dz µBL
e−νz, (3.1.83)

where µBL
= µqL/3 and g∗ = 106.75 is the effective degree of freedom for entropy density

at the EWPT. The symbolν is defined as

ν =
45Γsph
4vw

. (3.1.84)

The baryon-to-entropy ratio is determined by the chemical potential µBL
and the dimen-

sionless parameter A defined as

A =
Γsph
vwT

. (3.1.85)

Then baryon asymmetry is given by

nB
s

=
405A

4π2g∗

∫ ∞

0

dẑ
(µBL

T

)
e−

45
4
Aẑ, (3.1.86)

where ẑ = zT . In the limit of A → 0 and A → ∞, baryon asymmetry vanishes. This
behavior can be interpreted as follows. The mean free path of the particle is roughly
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estimated as ℓ ∼ 1/T . Therefore, the charge accumulation is distributed in the z ≲ 1/T .
(See Fig. 3.4). The time it takes for the plasma in z ≲ 1/T to go inside the bubble
is ℓ/vw ∼ 1/(vwT ). Therefore, the dimensionless quantity A represents what times the
sphaleron transition has occurred before the plasma in z ≲ ℓ enters the bubble. If A is
too small, the accumulated charge is rarely converted to the baryon asymmetry. Thus,
nB/s vanishes in the limit of A → 0. On the other hand, in the limit of A → ∞, the
sphaleron transition occurs too frequently, and the baryon asymmetry vanishes due to the
wash-out effect.

Figure 3.4: The charge accumulation out of the bubble. The circle with a solid line is the
bubble wall. The gray region represents the accumulated charge out of the bubble. The
width of the gray region is roughly estimated as ℓ ∼ 1/T .

3.2 Neutrino masses

By neutrino oscillation experiments so far, it has been shown that neutrinos have very
small masses [4–6]. However, the origin of these tiny neutrino masses is still unknown. In
this section, we discuss neutrino masses and their consequences. In addition, I introduce
some new physics models for neutrino masses.

3.2.1 Neutrino masses and PMNS matrix

Neutrinos can have two kinds of mass terms. One is Dirac masses, which is constituted
by left-handed fermion and right-handed fermion same with the other SM fermions. The
other is Majorana masses, which contain only left-handed fermions (or only right-handed
fermions). They are given by

Dirac mass (m′
ν)ijνiLνjR + h.c.

Marjoana mass
1

2
(M ′

ν)ijν
c
ijνjL + h.c..

(3.2.1)
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To compose Dirac masses, it is necessary to introduce right-handed fermions to the
SM. In the case that neutrinos have Dirac masses, neutrinos are Dirac fermions;

νi = νiL + νiR. (3.2.2)

On the other hand, in the case of Majorana masses, neutrinos are Majorana fermions;

νi = νiL + νciL. (3.2.3)

Majorana mass term is not invariant under a U(1) rotation

νiL → eiθνiL. (3.2.4)

This means that the number of neutrinos is not conserved. This is why the other SM
fermions, which have electromagnetic charges, cannot have Majorana masses.

The Dirac mass matrixm′
ν is not generally diagonal to flavor. As mentioned in Sec. 2.3,

it can be diagonalized by a bi-unitary transformation;

νiL → νaL =
3∑
i=1

(U †
ν)aiνiL, (3.2.5)

νiR → νaR =
3∑
i=1

(V †
ν )aiνiL, (3.2.6)

where Uν and Vν are appropriate unitary matrices, and then,

m′
ν → mν = U †

νmνVν = diag(mν1 ,mν2 ,mν3). (3.2.7)

The Majorana mass matrix M ′
ν is also not diagonal to flavor generally. However, it is

a symmetric matrix. Then, it can be transformed into a diagonal matrix whose elements
are non-negative valued by using an appropriate unitary matrix Ũν as follows [122].

νiL → νaL =
∑3

i=1(Ũ
†
ν)aiνiL,

M ′
ν →Mν = ŨT

ν M
′
νŨ = diag(Mν1 ,Mν2 ,Mν3).

(3.2.8)

An important point is that regardless of which type of masses neutrinos have, flavor
eigenstates of neutrinos and mass eigenstates of them are related by a unitary matrix. This
unitary matrix is called by Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [146,147].
In the following, the PMNS matrix is denoted by U , and flavor (mass) eigenstates of
neutrinos are labeled by i, j, ... (a, b, ...);

νℓ =
3∑

a=1

Uℓaνa. (3.2.9)

Since the PMNS matrix is unitary, its elements are generally complex numbers. As in
the case of the CKM matrix, not all of these phases are not physical, and some of them
are canceled by rephasing of leptons.
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In the case that neutrinos are Dirac fermions, the PMNS matrix includes (N−1)(N−
2)/2 CPV phases, where N is the number of lepton flavors, as discussed in the case of
the CKM matrix. Thus, with three lepton flavors, the PMNS matrix has one CPV phase.
This CPV phase is sometimes called the Dirac CPV phase.

In the case that neutrinos are Majorana fermions, we cannot change the phase of
neutrinos because the Majorana mass terms are not invariant under the U(1) rotation
in Eq. (3.2.4). Therefore, only N phases in the PMNS matrix are canceled by rephasing
charged leptons. Then, the number of CPV phases in the PMNS matrix is N(N − 1)/2,
and it is three in the case of N = 3. The additional two phases are sometimes called
Majorana CPV phases.

The PMNS matrix is parameterized as follows;

U =


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδ

0 1 0

−s13 0 c13




c12 s12 0

−s12 c12 0

0 0 1



eiα1 0 0

0 eiα2 0

0 0 1

 , (3.2.10)

where cij and sij (i, j = 1, 2, 3) is defined as

cij = cos θij, sij = sin θij. (3.2.11)

The Dirac CPV phase is denoted by δ. The Majorana CPV phases is denoted by α1 and
α2, and in the case of Dirac neutrinos, they equals to 0.

3.2.2 Phenomena induced by neutrino masses

In this section, I introduce some phenomena induced by neutrino masses.

Neutrino oscillation

Neutrino oscillation is a phenomenon where a flavor of neutrinos can change to another
flavor, i.e.

⟨νj|νi(t)⟩ ̸= 0, i ̸= j. (3.2.12)

Here, I explain that neutrino masses induce this phenomenon. Discussion in this section
is common to Dirac neutrinos and Majorana neutrinos.

We consider a neutrino which is a flavor eigenstate labeled by i at the initial time
t = 0. The amplitude to detect it as a different flavor eigenstate labeled by j at the time
t is given by

⟨νj|νi(t)⟩ = ⟨νj| e−iHt |νi⟩ , (3.2.13)

where H is a Hamiltonian for neutrinos. In the case that the neutrino propagates as a
free particle, then

|νi(t)⟩ =
3∑

a=1

Uiae
−iEat |νa⟩ , (3.2.14)
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where Ek =
√
|p|2 +m2

νa is an energy of the neutrino, and p is a three-momentum of it.
Then, the amplitude is calculated as

⟨νj|νi(t)⟩ =
3∑

a=1

UiaU
∗
jae

−iEat. (3.2.15)

The probability of the transition νi → νj is given by

Pνi→νj =
3∑

a,b=1

|UiaU∗
jaU

∗
ibUjb| cot

(
(Ea − Eb)t− φij;ab

)
, (3.2.16)

where φij;ab = arg(UiaUjaU
∗
ibUjb). By using the fact that neutrino masses are very small,

the leading term of Pνi→νj is given by

Pνi→νj ≃
3∑

a,b=1

|UiaU∗
jaU

∗
ibUjb| cos

(
|p|x
2

∆m2
ab − φij;ab

)
, (3.2.17)

where ∆m2
ab = m2

νa−m
2
νb
. In addition, in Eq. (3.2.17), we replace time t with a propagation

distance x because neutrinos fly at almost the speed of light.
From Eq. (3.2.17), we can see that the probability of the process νi → νj is nonzero

in the case that neutrinos are massive and not all their masses degenerate. Furthermore,
it oscillates as a function of the propagation distance x.

In experiments, the distance from the source of neutrinos to detectors x and the
energy of neutrino beams |p| are fixed. Then, by measuring the probability Pνi→νj , we
can obtain information on the difference of squared masses ∆m2

ab and the elements of the
unitary matrix U . By fitting the combined data of results at various neutrino oscillation
experiments, the following results are obtained [1].

∆m2
21 = (7.53± 0.18)× 10−5 eV2,

∆m2
32 = (2.453± 0.033)× 10−3, (Normal ordering),

∆m2
32 = (−2.536± 0.034)× 10−3, (Inverted ordering),

sin2 θ12 = 0.307± 0.013,

sin2 θ23 = 0.546± 0.021, (Normal ordering),

sin2 θ23 = 0.539± 0.022, (Inverted ordering),

sin3 θ13 = (2.20± 0.07)× 10−2,

δ = 1.36+0.20
−0.16π rad.

(3.2.18)

The mass hierarchy between ν2 and ν3 is still not known. On the other hand, it is known
that ν2 is heavier than ν1. The case that mν1 < mν2 < mν3 (mν3 < mν1 < mν2) is called
the normal ordering (the inverted ordering). In Eq. (3.2.18), fitting values of ∆m23 and θ23
are different in the case of normal or inverted ordering. It is known that the probability
of neutrino oscillations does not depend on the Majorana phases α1 and α2. Thus, they
have not been measured yet.
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Lapton flavor violation

Here, we discuss the effect of neutrino masses on the charged weak current. After the
unitary transformation of neutrinos from flavor eigenstates to mass eigenstates, the inter-
action between W± and leptons are given by

Lf ∋ gL√
2

3∑
i,a=1

(
νaγ

µU∗
ℓaPLℓiW

+µ + ℓaγ
µUℓaPLνaW

−µ). (3.2.19)

These interactions induce Lepton Flavor Violation (LFV).
For example, the process µ→ eγ is generated via 1-loop diagrams [148]. The branching

ratio for this process is given as follows

Br(µ→ eγ) =
3

32

α

π

∣∣∣∣∣
3∑

a=1

U∗
2aU1a

m2
νa

m2
W

∣∣∣∣∣
2

∼ 10−42. (3.2.20)

In the case of mνa = 0 (a = 1, 2, 3), the branching ratio of µ → eγ vanishes because the
lepton flavor is conserved. Thus, the branching ratio for µ→ eγ via the PMNS matrix is
so tiny.

The current upper limit of the process is given by Br(µ → eγ) ≲ 4.2 × 10−13. It is
hopeless to measure the effect of neutrino masses in the current or near-future experiments.
However, in some physics beyond the SM, there is another source of LFV, and larger LFV
is expected. The observation of LFV processes such as µ → eγ strongly constrains such
new physics models.

Lepton number violation

As discussed in Sec. 3.2.1, the Majorana masses of neutrinos induce the conservation
of the number of neutrinos. It causes the Lepton Number Violation (LNV). The lepton
number is conserved in the SM and the case of Dirac neutrinos. Therefore, an observation
of the LNV can be direct evidence of the Majorana nature of neutrinos.

The most effective way to verify the LNV is to observe neutrinoless double beta decay
(0νββ). The most stringent limit on the half-life of the process is given by the KamLAND-
Zen experiment as follows [149];

T1/2 > 1.07× 1026 years. (3.2.21)

. In this case that 0νββ is induced by the Majorana neutrino mass Mν , the (1, 1) element
of Mν is constrained by KamLand-Zen results as

|(Mν)11| < (61− 165) meV. (3.2.22)

3.2.3 Seesaw mechanism

In the above, we have discussed the consequences of neutrino masses. From the results of
neutrino oscillation experiments so far, it is unquestionable that neutrinos have masses.
Then, what is the origin of the neutrino masses?
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If neutrinos acquire masses from the VEV of the Higgs field in the same way as the
other SM fermions, we have to introduce the right-handed neutrinos to the SM. Then,
Dirac neutrino masses are given by

mν =
yN√
2
v, (3.2.23)

where yN is the coupling constant of Yukawa interaction among left-handed lepton dou-
blet, the Higgs field, and the right-handed neutrino. The VEV v is measured as 246 GeV.
On the other hand, it is known that neutrino masses are about O(0.1)–O(0.01) eV. Then,
to obtain the correct neutrino masses, we have to assume unnaturally small Yukawa cou-
pling yN ≃ 10−(12–13).

One of the more natural ways to explain tiny neutrino masses is given by seesaw
mechanisms. In the mechanisms, physics at a high-energy scale provides the source of
LNV, and it induces tiny neutrino masse at low energies. There are three types of seesaw
mechanisms. In the following, they are explained in order.

Type-I seesaw mechanism

In the Type-I seesaw mechanism, right-handed neutrinos NaR (a = 1, 2, 3) are introduced
to the SM. They have the following Majorana masses;

LNmass = −1

2

3∑
a=1

MNaN
c
aRNaR, (3.2.24)

where we fix the basis of the right-handed neutrinos so that the mass matrix for them is
diagonal. The right-handed neutrinos have Yukawa interaction as follows;

LType-I
Y = −

3∑
i,a=1

(yN)iaLiLϕ̃NaR + h.c. (3.2.25)

After the Higgs field obtains the VEV, the left-handed and right-handed neutrinos
acquire the following neutrino mass matrix;

LN -ν
mass = −1

2
ν

 0 mν

mT
ν MN

ν + h.c., (3.2.26)

where ν, ν, and mν are defined as

ν = (νc1L, ν
c
2L, ν

c
3L, N1R, N2R, N3R)

T, (3.2.27)

ν = (νc1L, ν
c
2L, ν

c
3L, N1R, N2R, N3R), (3.2.28)

mν =
v√
2
yν . (3.2.29)

Under the assumption that v ≪MNa , Majorana mass matrix for light neutrinos are given
by

Mν = −v
2

2
y∗NM

−1
N y†N +O

(
v2

M2
Na

)
. (3.2.30)



39 CHAPTER 3

Thus, in the case that v/MNa ≃ 10−(12-13), it is expected to obtain the correct neutrino
masses with O(1) Yukawa couplings. Then, the scale of MNa is about that of Grand
Unified Theory (GUT);

MNa ≃ 1015 GeV. (3.2.31)

Type-II seesaw mechanism

In the Type-II seesaw mechanism, an isospin triplet scalar field ∆ whose hypercharge is
1 is introduced to the SM. The triplet scalar field ∆ is parametrized as follows;

∆ =
1√
2

 ∆+
√
2∆++

√
2∆0 −∆+

 . (3.2.32)

The scalar potential is given by

V = −µ2|ϕ|2 + λ|ϕ|4 +m2
∆Tr[∆

†∆]− σ
(
ϕ†∆ϕc

)
+ · · · , (3.2.33)

where quartic couplings including ∆ are omitted. The coupling σ can be a real number
by rephasing of ∆.

Substituting the VEV of the Higgs field, the scalar potential is

V = −σv2Re[∆0] +m2
∆|∆0|2 + · · · (3.2.34)

Then, the field ∆0 acquire the following VEV;

v∆ ≡
〈
∆0
〉
≃ σv2

2m2
∆

, (3.2.35)

where we assume that m∆ > v and σ ≫ ⟨∆0⟩.
The triplet scalar field ∆ interacts with lepton doublet via the Yukawa interaction

LType-II
Y =

3∑
i,j=1

(Y∆)ijLciL∆LjL + h.c. (3.2.36)

By substituting the VEV of ∆0, Majorana neutrino masses are given by

Mν =
σv2

m2
∆

Y∆. (3.2.37)

If σv/m2
∆ is about 10−(12-13), it is expected that correct neutrino masses are realized with

O(1) Yukawa couplings.
If we assume that σ ≃ m∆, the scale of m∆ is about GUT scale. On the other hand,

if we assume that smaller σ and smaller Yukawa couplings (but not unnaturally small),
the scale of M∆ can be the same order as v. Then, it would be expected to discover the
additional scalar bosons ∆++, ∆+ and ∆0 at current or near-future collider experiments.
By this phenomenological motivation, the scenario with m∆ ≃ v has been investigated
well [65–68].
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Finally, we comment about a constrain on the VEV of ∆. The VEV of the triplet
scalar v∆ violates the custodial symmetry [150–156] in the scalar potential. Then, the ρ
parameter is given by

ρ =
1 + 2x2

1 + 4x2
, (3.2.38)

where x = v∆/v. With the assumption that x≪ 1, ρ is approximated by ρ ≃ 1−2x2. The
current constraint on ρ−1 from new physics contribution is given by δρnew = 0.05±0.06 [1].
Then, the upper limit on x is evaluated as x ≲ 0.3 with 95 % C.L. Consequently, the
VEV v∆ is limited by about 70 GeV.

Type-III seesaw mechanism

In the Type-III seesaw mechanism, right-handed triplet fermions ΣaR (a = 1, 2, 3) whose
hypercharge is 0 are introduced to the SM. The triplet field is parameterized as

ΣaR =
1√
2

 Σ0
aR

√
2Σ+

aR
√
2Σ−

aR −Σ0
aR

 . (3.2.39)

These fermions have Majorana masses;

LΣ
mass =

3∑
a=1

−1

2
MΣaTr

[
Σc
aRΣaR

]
+ h.c.

=
1

2

3∑
a=1

MΣa

(
Σ0c
aRΣ

0
aR + h.c.

)
(3.2.40)

The triplet fields interact with the lepton doublet and the Higgs field as follows;

LType-III
Y = −

3∑
i,a=1

(YΣ)aiϕ̃
†Σc

aRLiL + h.c. (3.2.41)

After the Higgs field obtain the VEV, the mass matrix for left-handed neutrinos νiL and
right-handed triplet field Σ0

aR are given by

LΣ-ν
mass = −1

2
ν̃

 0 m̃ν

m̃T
ν MΣ

 ν̃ + h.c., (3.2.42)

where ν̃, ν̃, and m̃ν are defined as

ν̃ =
(
ν1L, ν2L, ν3L,Σ

0c
1R,Σ

0c
2R,Σ

0c
3R

)T
, (3.2.43)

ν̃ =
(
ν1L, ν2L, ν3L,Σ0c

1R,Σ
0c
1R,Σ

0c
1R

)
, (3.2.44)

m̃ν =
v

2
YΣ. (3.2.45)
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Under the assumption that v ≪MΣa ≪ v, Majorana mass matrix for light neutrinos are
given by

Mν = −v
2

4
Y T
Σ M

−1
Σ YΣ +O

(
v2

M2
Σa

)
. (3.2.46)

Thus, in the case that v/MΣa ≃ 10−(12-13), it is expected to obtain the correct neutrino
masses with O(1) Yukawa couplings, and the scale of MΣa is about the GUT scale.

In the Type-III seesaw mechanism, the left-handed charged lepton ℓiL are mixed with
the singly charged fermion from the triplet Σ+

aR;

LType-III
Y ∋ − v√

2

3∑
i,a=1

(YΣ)aiΣ
+
aRℓjR + h.c. (3.2.47)

3.2.4 Radiative seesaw models

In the seesaw mechanisms, the typical scale of new physics is around the GUT scale.
Thus, it is almost impossible to test them directly in future experiments. This difficulty
is resolved by considering neutrino mass generation via loop diagrams. Then, the scale of
new physics can be lowered by the loop suppression factor of the diagrams. Such models
are often called radiative seesaw models. In this section, I introduce some radiative seesaw
models.

Zee model

The first radiative seesaw model was proposed by A. Zee in 1980 [69]. The phenomenology
of this model is investigated in Refs. [157,158]. In this model, the additional Higgs doublet
ϕ2 and the singlet charged scalar boson S± are added into the SM. To avoid the dangerous
FCNCs, the softly broken Z2 symmetry is imposed where ϕ2 has odd parity and other
scalar bosons have even parity.

The scalar potential of the model is given by

VZee =− µ2
1|ϕ1|2 − µ2

2|ϕ2|2 − (µ2
12ϕ

†
1ϕ2 + h.c.) + µ2

s|S+|2

+
1

2
λ1|ϕ1|4 +

1

2
λ2|ϕ2|4 + λ3|ϕ1|2|ϕ2|2 + λ4|ϕ†

1ϕ2|2 +
1

2

(
λ5(ϕ

†
1ϕ2)

2 + h.c.
)

− σ
(
ϕ̃†
1ϕ2S

− + h.c.
)
+ λ1s|ϕ1|2|S+|2 + λ2s|ϕ2|2|S+|2 + 1

2
λs|S+|4. (3.2.48)

The interactions µ2
12ϕ

†
1ϕ2 and σϕ̃†

1ϕ2S
− softly break Z2 symmetry.

Both the Higgs doublets acquire the VEVs;

⟨ϕa⟩ =
1√
2

 0

va

 , (a = 1, 2). (3.2.49)

The VEVs satisfy the condition v =
√
v21 + v22 = 246 GeV. Let the Higgs doublets be

represented by ϕa = (ϕ+
a , ϕ

0
a)

T. Then, each element of the Higgs doublets and S+ is
represented by using the mass eigenstates of the CP-even Higgs bosons h and H, the
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CP-odd Higgs boson A, the charged Higgs bosons S+
1 and S+

2 , and the NG bosons G0 and
G+ as follows;

ϕ0
1 =

1√
2

(
v cos β +H cosα− h sinα + i(G0 cos β − A sin β)

)
,

ϕ+
1 = G+ cos β − (S+

1 cosχ− S+
2 sinχ) sin β,

ϕ0
2 =

1√
2

(
v sin β +H cosχ+ h cosα + i(G0 sin β − A cos β)

)
,

ϕ+
2 = G+ sin β + (S+

1 cosχ− S+
2 sinχ) cos β,

S+ = S+
1 sinχ+ S+

2 cosχ.

(3.2.50)

The mixing angles α, β, and χ are defined as

tan 2α =
(M2 − λ345v

2) tan 2β

M2 − (λ1 cos2 β − λ2 sin
2 β)v2/ cos 2β

,

tan β =
v2
v1
,

tan 2χ =
−
√
2σv

M2 − µ2
s − (λ4 + λ5 + λ1s cos2 β + λ2s sin

2 β)v2/2
,

(3.2.51)

where M2 = µ2
12/(sin β cos β) and λ345 = λ3 + λ4 + λ5.

The Yukawa interactions in the model are classified into four types Type-I, II, X, and
Y depending on the Z2 parities of the fermions [159–161]. The Z2 parities of the fermions
in each Type Yukawa interaction are shown in Table 3.1. In the following, we consider
the case that all right-handed fermions have odd parity and all left-handed fermions have
even parity. Then, all the SM fermions couples to only ϕ2, and ϕ1 does not interact with
the SM fermions at tree level;

LZee
ϕff −

3∑
i,j=1

{
(y′u)ijQ

′
iLϕ̃2u

′
jR + (y′d)ijQ

′
iLϕ2d

′
jR + (y′ℓ)ijL

′
iLϕ2ℓ

′
jR.
}
+ h.c. (3.2.52)

In addition to these interactions, the left-handed lepton doublet interacts with the charged
scalar boson S+;

LZee
SLL =

3∑
i,j=1

(Ys)ijLiLL̃jLS
− + h.c., (3.2.53)

uiR diR ℓiR

Type-I − − −

Type-II − + +

Type-X − − +

Type-Y − + −

Table 3.1: Z2-parity of the SM fermions. All the left-handed fermions are Z2-even.
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where L̃jL ≡ iσ2L
c
jL. The matrix Ys is a complex anti-symmetric matrix and includes

three complex phases. These phases can be 0 by rephasing the leptons. Thus, Ys is a real
anti-symmetric matrix.

νL νLℓR ℓL

H+ S+

v

v

Figure 3.5: The Feynman diagram for neutrino mass in Zee model

The Majorana neutrino mass is generated via the 1-loop diagram shown in Fig. 3.5.
It can be evaluated as

(mν)ij =
1

16π2
(Ys)ij(m

2
ℓi
−m2

ℓj
)σ cot β

1

m2
S1

−m2
S2

log

(
m2
S1

m2
S2

)
. (3.2.54)

Ma model (Scotogenic model)

Here, I introduce the model proposed E. Ma [73] as one example of radiative seesaw
models including the DM candidate. This model is called Ma model or Scotogenic model.
In this model, Z2 symmetry is imposed, and Z2-odd fields, an isospin doublet η and three
right-handed Majorana neutrinos NaR (a = 1–3) are introduced.4

The scalar potential is given by

VMa =− µ2
1|ϕ|2 + µ2

2|η|2

+ λ1|ϕ|4 + λ2|η|4 + λ3|ϕ|2|η|2 + λ4|ϕ†η|2 + λ5
(
(ϕ†η)2 + h.c.

)
. (3.2.55)

The coupling constant λ5 is generally a complex number. However, it can be real by
rephasing η. Therefore, there is no CP-violating phase in the Higgs potential.

Since the vacuum is assumed to respect Z2 symmetry, only the Higgs doublet ϕ acquire
the VEV;

⟨ϕ⟩ = 1√
2

0

v

 (3.2.56)

Then, the stationary condition is given by

µ2
1 = λ1v

2. (3.2.57)

4To explain neutrino oscillation data, at least two right-handed neutrinos are needed [162].
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The additional scalar bosons come from the inert doublet η;

η =

 H±

1√
2
(H + iA)

 . (3.2.58)

Their masses are given by

mH± = µ2
2 +

λ3
2
v2, (3.2.59)

m2
H = µ2

2 +
1

2
(λ3 + λ4 + λ5)v

2, (3.2.60)

m2
A = µ2

2 +
1

2
(λ3 + λ4 − λ5)v

2. (3.2.61)

Since there is no CP-violation in the Higgs potential, the CP-even scalar boson H and
the CP-odd scalar boson A are not mixed at tree level.

In addition to the SM Yukawa interactions, the model has a new Yukawa interaction;

LLNη = (Yη)iaLiLη̃NaR + h.c. (3.2.62)

Then, Majorana neutrino mass is generated at the one-loop level via the Feynman diagram
shown in Fig. 3.6. The formula for neutrino mass is given by

(mν)ij =
1

16π2

∑
a

(Yη)
∗
ia(Yη)

∗
jaMNa

{ m2
H

m2
H −M2

Na

log

(
m2
H

M2
Na

)
− m2

A

m2
A −M2

Na

log

(
m2
A

M2
Na

)}
,

(3.2.63)
where MNa is Majorana mass of Na.

νL νLNR NR

H(A) H(A)

v v

Figure 3.6: The Feynman diagram for neutrino mass in Ma model. The symbol ⊗ repre-
sents Majorana mass for NaR.

3.3 Dark matter

DM is first proposed by Fritz Zwicky to explain the motion of galaxies in a galaxy cluster
in 1933 [163]. Since then, the existence of DM has been supported by various experimental
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results, for example, the observation of the CMB, the weak gravitational lensing, and so
on. DM also plays an essentially important role in the theory of structure formation in
the universe.

By the latest Planck data [3], it has been found that DM makes up about 27 % of
the current universe. Thus, DM should be stable and electrically neutral. However, other
natures of DM have not been revealed yet. In other words, we know hardly anything
about what DM is.

The attractive scenario in particle physics is that DM is an elementary particle. In
the SM, neutrinos are stable and electrically neutral. Thus, they were considered to be
DM candidates. However, it has been revealed that if neutrinos are a major component of
DM, it is not possible to explain the formation of the observed structure in the universe
such as galaxies, galaxy clusters, and so on. Consequently, the existence of DM cannot
be explained in the SM. A new particle is needed to explain the existence of DM.

3.3.1 Freeze-out mechanism

One of the most plausible scenarios to explain the relic abundance of DM in the universe
is the scenario utilizing the freeze-out mechanism. In this scenario, we consider a particle
that is stable and electrically neutral as DM. This particle does not decay, while a pair of
them can annihilate into lighter particles, in particular into the SM fermions. In the early
universe, the particles are in thermal equilibrium with other particles. As the universe
is cooled down, at some time, the reaction rate of the pair annihilation becomes smaller
than the expansion rate of the universe, i.e. the annihilation process freezes out. Then,
the density of the particle is also frozen, and it is the observed relic density.

The number density of the DM particle satisfies the Boltzmann equation [164],

dnα
dt

+ 3
ȧ

a
nα = 2

∫
gα

(2π)3
d3pα
2Eα

C[fα], (3.3.1)

where α is a label for the kind of particles and nα, Eα, and pα is the number density, the
energy, and the three-momentum of the DM particle α. The scale factor is denoted by a
in Eq. (3.3.1), and ȧ is a time derivative of it. The symbol C[fα] is the scattering term for
the distribution function of the DM particle fα. For the process αβ ↔ ij, the Boltzmann
equation is given by

dnα
dt

+ 3
ȧ

a
nα = −⟨σv⟩

(
nαnβ − neq

α n
eq
β

)
, (3.3.2)

where ⟨σv⟩ is a thermal averaged scattering cross section for the process αα → ij defined
as follows;

⟨σv⟩ =

∫
dneq

α dneq
β σv∫

dneq
α dneq

β

, (3.3.3)

where neq
α (neq

β ) is the thermal equilibrium distribution of the particle α (β). The symbol
σ is the scattering cross section of the process αβ → ij, and v is the M�oller velocity []. In
deriving Eq. (3.3.2), we assume C and CP symmetry in the process αβ → ij.
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In the case of β is an anti-particle of α, we can set n
(eq)
α = n

(eq)
β , and we obtain

dnα
dt

+ 3
ȧ

a
nα = −⟨σv⟩

(
n2
α − (neq

α )
2
)
, (3.3.4)

In the case that α is identical to β, the symmetry factor 1/2 is needed on the right-hand
side of the equation. However, this factor is canceled by factor 2 caused by the fact that
the number of created or annihilated α is twice as much as that in the case of α ̸= β.
Therefore, Eq. (3.3.4) can be used in the case of α = β.

Since the entropy in a Hubble volume is conserved, the following equation is derived
from Eq. (3.3.4) by using the assumption that the number density of α freezes out at
radiation-dominated era;

dYα
dx

= − s

xH
⟨σv⟩

(
Y 2
α − (Y eq

α )2
)
, (3.3.5)

where Y
(eq)
α = n

(eq)
α /s and s is the entropy density. The variable x is defined as x = mα/T ,

where mα is mass of the particle α and T is temperature. The symbol H is the Hubble
parameter; H = ȧ/a.

In the case of ⟨σv⟩ is proportional to x−n, where n is any non-negative integer, we
can approximately solve the above equation. By using this approximated solution, the
density parameter for the DM particle α is given by

Ωα0h
2 = 1.04× 109 ×

( mpl

GeV

)−1
(

⟨σv⟩
GeV−2

)−1

× 1
√
g∗
(n+ 1)xn+1

f , (3.3.6)

where mpl ≃ 1.2× 1019 GeV is the Planck mass, and g∗ ≃ 106.75 is the effective degree of
freedom for the energy (entropy) density in the radiation-dominated era. The freeze-out
temperature xf can be approximately evaluated as [164]

xf = log
[
0.038(n+ 1)

gα√
g∗
mplmα ⟨σv⟩ |x=1

]
−
(
n+

1

2

)
log

[
log
[
0.038(n+ 1)

gα√
g∗
mplmα ⟨σv⟩ |x=1

]]
, (3.3.7)

where gα is the degree of freedom of the DM particle α. The cosmological parameter for
DM is observed by Planck collaboration as [3]

ΩDM0h
2 = 0.120± 0.001 (3.3.8)



Chapter 4

Electroweak baryogenesis in the
aligned two Higgs doublet model

In this chapter, I introduce one of our work [55]. In this work, we investigate electroweak
baryogenesis in the CP-violating two Higgs doublet model. In this model, the additional
CP-violating sources for baryogenesis are supplied by the Yukawa interactions and the
Higgs potential. We consider the scenario where severe constraints from the current
electric dipole measurements can be avoided by destructive interference between CP-
violating phases in the Yukawa interactions and the Higgs potential [101]. We show
that the observed baryon asymmetry can be obtained under various experimental and
theoretical constraints, and the typical mass scale of the additional Higgs bosons is 300–
400 GeV. We also discuss how to test this scenario at various future experiments.

4.1 Lagrangian of the model

In this model, there are two isospin doublets ϕ1 and ϕ2 whose hypercharge is 1/2. The
fermion contents and gauge symmetries are the same as those in the SM. The scalar
potential is given by

VTHDM = −µ′ 2
1 |ϕ1|2 − µ′ 2

2 |ϕ2|2 −
{
µ′ 2
12ϕ

†
1ϕ2 + h.c.

}
+
λ′1
2
|ϕ1|4 +

λ′2
2
|ϕ2|4 + λ′3|ϕ1|2|ϕ2|2 + λ′4|ϕ

†
1ϕ2|2

+
{λ′5

2
(ϕ†

1ϕ2)
2 + λ′6|ϕ1|2(ϕ†

1ϕ2) + λ′7|ϕ2|2(ϕ†
1ϕ2) + h.c.

}
. (4.1.1)

In general, the coupling constants µ′2
12, λ5, λ6, and λ7 are complex valued.

Both doublets can acquire the VEVs, and each VEV is defined as

⟨ϕα⟩ =
1√
2

 0

vα

 , α = 1, 2, (4.1.2)

where vα are complex numbers generally. By an appropriate U(2) transformation between
the doublets ϕ1 and ϕ2, we can always move on the so-called Higgs basis, where only one of

47
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the doublets obtain the real-valued VEV [165]. Such a unitary transformation is generally
given by Φ1

Φ2

 =
1

v

 v∗1 v∗2

−v2eiϕ v1e
iϕ

ϕ1

ϕ2

 , (4.1.3)

where v =
√
|v1|2 + |v2|2 = 246 GeV is the total electroweak symmetry breaking VEV.

In this basis, only Φ1 obtains the VEV;

⟨Φ1⟩ =
1√
2

0

v

 , ⟨Φ2⟩ =

0

0

 . (4.1.4)

The angle in Eq. (A.1) is an arbitrary phase and means the degree of freedom of choosing
the phase of Φ2. In the following, we discuss consider the issue on this basis.

The Higgs potential in the Higgs basis is given by

VTHDM = −µ2
1|Φ1|2 − µ2

2|Φ2|2 −
{
µ2
12Φ

†
1Φ2 + h.c.

}
+
λ1
2
|Φ1|4 +

λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†

1Φ2|2

+
{λ5

2
(Φ†

1Φ2)
2 + λ6|Φ1|2(Φ†

1Φ2) + λ7|Φ2|2(Φ†
1Φ2) + h.c.

}
(4.1.5)

The relations between coupling constants in the Higgs potential and those in Eq. (4.1.1)
are shown in Appendix A. The coupling constants µ2

12, λ5, λ6, and λ7 can be complex
number. By rephrasing Φ2, one of their phases can be zero. Therefore, there are three
CP-violating couplings in the Higgs potential.

The elements of each doublet are parametrized as follows;

Φ1 =

 G+

1√
2
(v + h1 + iG0)

 , Φ1 =

 H+

1√
2
(h2 + ih3)

 . (4.1.6)

By substituting Eq. (4.1.6) into the Higgs potential, we obtain the following stationary
conditions;

µ2
1 = −1

2
λ1v

2, µ2
12 = −1

2
λ6v

2. (4.1.7)

The phase of µ2
12 and that of λ6 are related by the second equation. Thus, the number of

independent CP-violating phases is two in the Higgs potential.
By using the stationary conditions, the mass terms for the Higgs bosons are given by

Lmass = m2
H±|H±|2 + 1

2

3∑
α,β=1

hα(M
2
h)αβhβ. (4.1.8)

The mass for the charged Higgs boson H± is given by

m2
H± =M2 +

1

2
λ3v

2, (4.1.9)



49 CHAPTER 4

where M2 = −µ2
2. The other charged scalar boson G± do not have the mass term, and it

is the NG boson.
The neutral scalar bosons are mixed by the mass matrix M2

h defined as

M2
h = v2


λ1 Re[λ6] −Im[λ6]

Re[λ6]
M2

v2
+

1

2
(λ3 + λ4 +Re[λ5]) −1

2
Im[λ5]

−Im[λ6] −1

2
Im[λ5]

M2

v2
+

1

2
(λ3 + λ4 − Re[λ5])

 .

(4.1.10)
The mixings among the neutral scalar states are caused by λ6 and Im[λ5]. As mentioned
above, Im[λ5] can be zero by an appropriating rephasing of Φ2. In this case, only λ6 is
the source of the mixings. For simplicity, we consider this case, and λ5 is a real number
in the following.

The mass eigenstates of the Z2-even neutral scalar states (H1, H2, H3) are defined by
using a real 3× 3 orthogonal matrix R as

Hα =
3∑

β=1

Rαβhβ, (4.1.11)

where the matrix R diagonalizes the mass matrixM2
h as RTM2

hR = diag(m2
H1
,m2

H2
,m2

H3
).

The non-diagonal elements R21 and R31 induce the deviations of the Higgs boson couplings
from the SM ones at tree level. To avoid them, we assume that λ6 = 0 for simplicity [101].
Then, µ2

12 is also 0 by the stationary condition in Eq. (5.1.4).
Under this assumption, the matrix R is an identity matrix (Rαβ = δαβ), and the

neutral Higgs bosons are aligned. The masses of H1, H2, and H3 is given by

m2
H1

= λ1v
2, (4.1.12)

m2
H2

=M2 +
1

2
v2(λ3 + λ4 + λ5), (4.1.13)

m2
H3

=M2 +
1

2
v2(λ3 + λ4 − λ5). (4.1.14)

Then, the scalar boson H1 (= h1) is the SM Higgs boson whose mass is mH1
= 125 GeV.

By using Eqs. (4.1.13) and (4.1.14), we can obtain the relations between the scalar coupling
and the mass of the additional Higgs bosons.

λ3 =
2

v2
(m2

H± −M2), (4.1.15)

λ4 =
1

v2
(m2

H2
+m2

H3
− 2m2

H±), (4.1.16)

λ5 =
1

v2
(m2

H2
−m2

H3
). (4.1.17)

As a result, the real free parameters in the Higgs potential are M2(= −µ2
2), mH± , mH2

,
mH3

, λ2, |λ7|, and θ7(= arg[λ7]). The angle θ7 ∈ [0, 2π) is the CP-violating parameter in
the Higgs potential.
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The Yukawa interactions in the model are given by

LY = −
2∑

α=1

3∑
i,j=1

{
(ya′u )ijQ

′
iLΦ̃au

′
jR + (ya′d )ijQ

′
iLΦad

′
jR + (ya′ℓ )ijL

′
iLΦaℓjR

}
+ h.c. (4.1.18)

The VEV ⟨Φ1⟩ generates the mass matrices of the SM fermions;

m′
f =

v√
2
(y1′f ), f = u, d, ℓ, (4.1.19)

which are not generally diagonal matrices. To diagonalize m′
f , we redefine the fermions

by unitary matrices as in the SM;

L′
iL =

3∑
j=1

(Vℓ)ijLjL, ℓ′iR =
3∑
j=1

(Uℓ)ijℓjR, (4.1.20)

q′iL =
3∑
j=1

(Vq)ijqjL, q′iR =
3∑
j=1

(Uq)ijqjR, for q = u, d, (4.1.21)

where matrices Vf and Uf (f = u, d, ℓ) are unitary matrices that diagonalize the Yukawa
couplings as

(V †
f y

1′
f Uf )ij = (y1f )iδij. (4.1.22)

Then, the up-type quarks (u1, u2, u3) = (u, c, t), the down-type quarks (d1, d2, d3) =
(d, s, b), and the charged leptons (ℓ1, ℓ2, ℓ3) = (e, µ, τ) are mass eigenstates. The neu-
trinos (ν1, ν2, ν3) = (νe, νµ, ντ ) are massless fermions.

In general, the matrices y1′f and y2′f are independent of each other, and y2′f is not
diagonalized by the redefinitions of the fermions in Eqs. (4.1.20) and (4.1.21). Then, the
Yukawa interactions between the additional neutral scalar state (H2 and H3) and the SM
fermions are given by

LY ∋ − 1√
2

3∑
i,j=1

{
(y2u)ijuiLuiR(H2 − iH3) + (y2d)ijdiLdiR(H2 + iH3)

+ (y2ℓ )ijℓiLℓiR(H2 + iH3)

}
+ h.c., (4.1.23)

where
(y2f )ij ≡ (V †

f y
2′
f Uf )ij, f = u, d, ℓ. (4.1.24)

The non-diagonal elements of y2f cause the dangerous FCNCs at tree level. To avoid
them, we simply assume the Yukawa alignment condition proposed in Ref. [98], where the
Yukawa matrices y1′f and y2′f are proportional to each other;

y2′u = ζ∗uy
1′
u , y2′d = ζdy

1′
d , y2′ℓ = ζℓy

1′
ℓ , (4.1.25)

where ζf (f = u, d, ℓ) is a complex number. Then, the matrices y1′f and y2′f can be simul-
taneously diagonalized by the redefinitions of the fermions in Eqs. (4.1.20) and (4.1.21).
In the Yukawa interactions, there are three CP-violating phases θf = arg[ζf ] (f = u, d, e).
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The Yukawa interactions between the charged Higgs boson H± and the SM fermions
are given by

LY ∋ −
√
2

v
H+

3∑
i,j=1

{
uiVij(ζdmdj

PR − ζumui
PL)dj + ζℓmℓi

δijνiPRℓj

}
, (4.1.26)

where the matrix V is the CKM matrix, and mf is the mass of fermion f . The neutral
Higgs bosons (H1, H2, and H3) interact with the SM fermions as follows;

LY ∋ −
3∑
i=1

∑
f=u,d,ℓ

mfi

v

{
H1fifi +

3∑
α=2

Hαfi(κ
α
S,f + καP,fγ5)fi

}
. (4.1.27)

The coefficients of the scalar and pseudo-scalar couplings for H2 and H3 are defined as

κ2S,f = Re[ζf ], κ3S,f = −Im[ζf ], κ2P,f = i(−1)f Im[ζf ], κ3P,f = i(−1)f Re[ζf ], (4.1.28)

where

(−1)f =

 1 (f = d, ℓ),

−1 (f = u).
(4.1.29)

4.2 Constraints on the model

In this section, we discuss some experimental and theoretical constraints on the model. In
the following, we consider the case that |ζu| = |ζd| = |ζℓ|. Then, the Yukawa interactions
in the model are the same as those in Type-I THDM [159–161] except for the CP-violating
phases.

First, we consider constraints from the direct searches for the charged Higgs boson
according to Refs [102, 166, 167]. At the LEP experiment, the charged Higgs boson is
produced by e+e− → H+H−. By assuming that two decay channels H± → cs and
H± → τν exhaust the H± decay width, the lower bound on mH± is given by 80 GeV at
95 % C.L., which is almost independent of the values of ζf (f = u, d, ℓ) [168].1 On the
other hand, at the LHC experiment, the main production channel for H± depends on its
mass. If H± is lighter than top quarks, they are produced mainly via the top quark decay
t→ H±b [169]. In this case, by using the latest CMS results [170], the upper bound on |ζf |
is given by about 0.07 (0.27) for mH± = 80 GeV (160 GeV). If the decay t→ H±b are not
kinematically allowed, the main production channel of H± is the associated production
with the bottom quark gg → H±tb (gb → tH±) [169]. In this case, by using the latest
data at the ATLAS experiment [171], the upper bound on |ζf | is given by about 0.5 (0.6)
for mH± = 200 GeV (400 GeV).

Second, we consider constraints from the direct searches for the additional neutral
Higgs bosons according to Refs. [102, 167]. As shown in Eq. (4.1.27), the couplings

1For small ζf couplings, the decays H± → W±∗H2,3 can be dominant if the masses of H2,3 are enough
small. The lower bound on mH± from the search for these decay channels is investigated in Ref. [168].
It slightly changed by the value of |ζf | and is about from 70 to 90 GeV.
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between the SM and the additional neutral Higgs bosons depend on the CP-violating
phases of ζf couplings. Here, we neglect the effects of CP violation for simplicity. At
the LHC, H2,3 are dominantly produced via the top quark loop unless the value of |ζf | is
too small [169].2 In the case that masses of the additional Higgs bosons are degenerate,
the branching ratios of H2,3 → tt are almost 100 % regardless of the value of |ζf | if they
are kinematically allowed [102]. Then, by using the latest data at the ATLAS experi-
ment [172], the constraints on |ζf | from the search for H2,3 → tt is given as |ζf | ≲ 0.67 for
mH2,3 = 400 GeV [102, 167]. If mH2,3 < 2mt, the strong constraint is given by the search
for H2,3 → ττ [102,167]. By camparing the latest results at the ATLAS experiment [173]
and the results in Refs. [102,167], the upper bound on |ζf | can be estimated to be about
0.35 for mH2,3 = 200 GeV.

Third, we consider constraints from the flavor experiments. These constraints for softly
Z2 symmetric THDMs are investigated in Refs. [167,174,175]. According to Ref. [175], in
the case that |ζu| = |ζd| = |ζe|, the current stringent constraint is given by the searches for
B0 → µ+µ− [176, 177]. The upper bound on |ζf | is about 0.33 (0.5) for mH± = 100 GeV
(400 GeV) at 95 % C.L. [175].

Fourth, we consider the constraints from the experiments for EDM measurements.
The EDM of a fermion f (df ) is defined as

LEDM = −df
2
fσµν(iγ5)fFµν . (4.2.1)

From the latest results of the electron EDM (eEDM) measurement at the ACME exper-
iments [178], the constraint on de is given by |dd + kCs| < 1.1 × 10−29 e cm, where Cs is
the coefficient of the interaction between electrons and nucleons; Cs(eiγ5e)(NN), and the
constant k is about O(10−15) GeV2 e cm. As discussed in Refs. [101,179,180], the second
term is typically two orders smaller than the current constraint in the parameter region
that we discussed later. Therefore, we require that |de| < 1.0× 10−29 e cm as the current
constraint from ACME experiment [178].

1 1

Figure 4.1: Barr-Zee type diagrams with fermion loop (left) and with scalar loop (right).

In the model, de is generated via 2-loop Barr-Zee type diagrams [181]. The 1-loop
diagrams via the Yukawa interaction with the additional Higgs bosons are negligibly
small because of the electron mass suppression [179]. There are two kinds of Barr-Zee
type diagrams shown in Fig. 4.1. One is the diagrams including a fermion loop (left

2If we consider the case that |ζd| is much larger than |ζu|, for example MSSM with large tanβ,
the bottom associated production gg → H2,3bb is also important [169]. However, in the case that
|ζu| = |ζd| = |ζℓ|, it is about two orders smaller than the top quark loop contribution [102].
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figure), and the other is those including a scalar loop (right figure). In the case that
|ζu| = |ζd| = |ζe|, the top quark loop gives the largest contribution in the diagrams with
a fermion loop. Then, the contribution from fermion loop diagrams are approximately
proportional to sin(θu−θe). On the other hand, the scalar loop diagrams are proportional
to sin(θ7−θe). Therefore, by using the destructive interference between θu−θe and θ7−θe,
the current eEDM constraint can be avoided without assuming very small CP-violating
phases [101].

The latest constraints from the measurement of the neutron EDM (nEDM) is given
by the NEDM collaboration as |dn| < 1.8× 10−26 e cm at 90 % C.L. [182]. According to
Refs. [183–186], dn can be evaluated as follows by using the QCD sum rule;

dn = 0.79dd − 0.20du + e(0.59dCd + 0.30dCu )/gC , (4.2.2)

where gC is the gauge coupling constant for the strong interaction, and dCq (q = u, d)
is chromo EDM. Other operators such as Weinberg operator [187, 188] and four Fermi
interactions [189] also contribute to the nEDM. In the parameter region that we discussed
later, the contribution from the four Fermi interactions is negligibly small [179]. Thus, in
the following, we consider only the contributions from dn and the Weinberg operator.

Fifth, we consider the oblique parameters S, T, and U [190]. Here, the T parameter
is discussed in particular. In the scalar potential where the alignment for neutral Higgs
bosons is assumed, λ4 − λ5 and Im[λ7] violate the custodial symmetry [150–156] and
induce the deviation of the T parameter from the SM prediction. At the one-loop level,
Im[λ7] does not contribute to the T parameter [152,154]. Thus, the contribution to the T
parameter from the additional Higgs bosons is proportional to λ4−λ5 at the 1-loop level.
By using mass formulae in Eqs. (4.1.9) and (4.1.14), we obtain the equation

λ4 − λ5 =
2(m2

H3
−m2

H±)

v2
. (4.2.3)

Consequently, it is found that in the case that mH3 = mH± , the additional Higgs bosons
do not contribute to the T parameter at the one-loop level.

Finally, the extended Higgs sector in the model is constrained theoretically by the
perturbative unitarity [191–194] and the vacuum stability [195–197]. In our analysis, we
use conditions for these constraints in Refs. [194] and [197].

4.3 The effective potential

In this section, we consider the effective potential for neutral elements of the isospin
doublets Φ1 and Φ2 at the one-loop level. By choosing an appropriate gauge, the classical
fields can be parametrized as

Φ1 =
1√
2

 0

φ1

 , Φ2 =
1√
2

 0

φ2 + iφ3

 . (4.3.1)
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By substituting these classical fields into the Higgs potential, we can obtain the tree-level
effective potential V0 as follows.

V0(φ1, φ2, φ3) =
µ2
1

2
φ2
1 +

µ2
2

2
(φ2

2 + φ2
3) +

λ1
8
φ4
1 +

λ2
8
(φ4

2 + 2φ2
2φ

2
3 + φ4

3)

+
1

4
(λ3 + λ4 + λ5)φ

2
1φ

2
2 +

1

4
(λ3 + λ4 − λ5)φ

2
1φ

2
3

+
1

2
Re[λ7]φ1φ2(φ

2
2 + φ2

3)−
1

2
Im[λ7]φ1φ3(φ

2
2 + φ2

3), (4.3.2)

where we use the Higgs alignment assumption λ6 = 0 at tree level and the tree level
stationary conditions in Eq. (5.1.4).

The one-loop level effective potential is given by

V1 = V0 + VCW + Vc.t., (4.3.3)

where VCW is the Coleman-Weinberg potential [198], and Vc.t. is the counterterms. We
evaluate the one-loop diagrams in the Landau gauge. Then, the Coleman-Weinberg po-
tential is given by

VCW =
∑
α

(−1)sα
nα
64π2

m̃4
α

[
log

m̃2
α

Q2
− 3

2

]
, (4.3.4)

where Q is the renormalization scale, and the index α represents the kinds of particles in
the loop diagrams; α = t, W±, Z, γ, G±, G0, H±, H1, H2, and H3. The field-dependent
masses for the particle α are denoted by m̃2

α. Formulae for m̃2
α are shown in Appendix C.

The symbol nα and (−1)sα in Eq. (5.5.4) are the degrees of freedom and the statistical
factor for particle α, respectively. The statistical factor is defined as

(−1)sα =

 1 (α is a boson),

−1 (α is a fermion).
(4.3.5)

In Eq. (5.5.4), the contributions from the fermions except for the top quark are not
included because their contributions are negligibly small.

To determine the counterterms, we impose the following renormalization conditions
at the vacuum at zero temperature;

∂V1
∂φi

= 0 (i = 1, 2, 3), (4.3.6)

∂2V1
∂φi∂φj

= (M2
h)ij (i, j = 1, 2, 3), (4.3.7)

where M2
h is the mass matrix for the neutral Higgs bosons defined in Eq. (4.1.10). The

second derivatives in the conditions include IR divergences caused by the NG bosons.
To avoid them, we replace the NG boson mass at the vacuum with the IR cutoff scalar
1 GeV [199]. The first (second) renormalization condition provides three (six) independent
equations. By using these equations, counterterms for µ2

1, µ
2
3, λ1, λ3, λ4, λ5, and λ6 are

determined. We use the MS scheme to fix the counterterms for µ2
2, λ2, and λ7.
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At finite temperature, the effective potential is given by

Veff(φi, T ) = V1 + VT . (4.3.8)

where VT is the thermal effects at the one-loop level with daisy resummations. For the
resummations, we employ the Parwani scheme [200]. Then, the thermal correction at the
one-loop level is given as follows [132,200];

VT =
∑
α

(−1)α
nk

2π2β4

∫ ∞

0

dx log
(
1− (−1)sk exp(−

√
x2 + β2(m̃β

α)2)
)
, (4.3.9)

where (m̃β
α)

2 is the field-dependent masses including thermal corrections if α is the gauge
bosons or the scalar bosons. For the top quark, it is the same as m̃2

t . The formulae for
(m̃β

α)
2 for each particle are shown in Appendix C.

In the model, the strongly 1st order EWPT can be realized by the non-decoupling
effects of the additional scalar bosons. In such a case, the Higgs triple coupling can deviate
sizably from the prediction in the SM [140, 141, 143]. By using the effective potential at
zero temperature, this deviation in the model is evaluated as

∆R ≡λhhh − λSMhhh
λSMhhh

=
1

12π2v2m2
H1

{2(m2
H± − µ2

2)
3

m2
H±

+
(m2

H2
− µ2

2)
3

m2
H2

+
(m2

H3
− µ2

2)
3

m2
H3

}
. (4.3.10)

4.4 Electroweak baryogenesis

In this section, we provide the transport equations and the formulae to evaluate the
generated baryon asymmetry. The charge transport mechanism by the top quarks in
the THDMs is investigated in Refs. [45, 46]. We consider the same situation in these
references. We discuss the issue in the wall frame, where the bubble wall is stationary.
The radial direction of the bubble is denoted by the z-axis. The bubble wall is fixed at
z = 0, and the negative direction of z is the inside of the bubble (the broken phase).

Since we consider the case that the main source of CP violation is provided by top
quarks via the charge transport mechanism, the effects of leptons are expected to be small
and are neglected. We consider the transport equations for only quarks and the Higgs.
In deriving the transport equation, we use the WKB approximation method [105–109].
In the transport equation, we consider only the baryon number conserving processes; the
strong sphaleron process [201,202], the W scattering, the top Yukawa interaction, the top
helicity flips, and the Higgs number violation, and the thermally averaged reaction rate
for each process is denoted by Γss, ΓW , Γy, Γm, and Γh, respectively. In addition, we
neglect the masses of the quarks except for the top quark and the Higgs.

Then, the transport equations for the quarks in the first and second generations and
the right-handed bottom quarks can be solved analytically [107]. Their chemical potentials
can be represented by using those of the top quark and the left-handed bottom quark.
By using these solutions, the transport equations for the left-handed top quark (t), the
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charge conjugation of the right-handed top quark (tc), the left-handed bottom quark (b),
and the Higgs (h) is given as follows [45,108,109];

• Left-handed top quarks (t)

vwK1,tµ
′
t + vwK2,t(M

2
t )

′µt + u′t −K0,tΓt = 0, (4.4.1)

−K4,tµ
′
t − vwu

′
t + vwK̃6,t(M

2
t )

′ut + Γttotut + vwK0,tΓt = −St. (4.4.2)

• Charge conjugation of right-hand top quarks (tc)

vwK1,tµ
′
tc + vwK2,t(M

2
t )

′µtc + u′tc −K0,tΓtc = 0, (4.4.3)

−K4,tµ
′
tc − vwu

′
tc + vwK̃6,t(M

2
t )

′utc + Γttotutc + vwK0,tΓtc = −St. (4.4.4)

• left-hand bottom quarks (b)

vwK1,bµ
′
b + u′b −K0,bΓb = 0, (4.4.5)

−K4,bµ
′
b − vwu

′
b + Γbtotub + vwK0,bΓb = 0, (4.4.6)

• Higgs (h)

vwK1,hµ
′
h + u′h −K0,hΓh = 0, (4.4.7)

−K4,hµ
′
h − vwu

′
h + Γhtotuh + vwK0,hΓh = 0, (4.4.8)

where St in Eqs. (4.4.2) and (4.4.4) is defined as

St = −vwK8,t(M
2
t θ

′
t)

′ + vwK9,tθ
′M2

t (M
2
t )

′, (4.4.9)

where the functions Mt and θt are the absolute value and the phase of the localized top
masses. The localized top masses can be calculated by using the solutions of the bounce
equations for φ1, φ2, and φ3. Let φ̂i(z) (i = 1, 2, 3) be these solutions. Then, Mt(z) and
θ(z) are evaluated as [46]

Mt(z) =
mt

v

(
φ̂2
1 + 2|ζu|φ̂1φ̂H cos(θH + θu) + |ζu|2φ̂2

H

)1/2
, (4.4.10)

∂zθt(z) = − φ̂2
H

φ̂2
1 + φ̂2

H

∂zθH + ∂zTan
−1

(
φ̂H |ζu| sin(θH + θu)

φ̂1 + φ̂H |ζu| cos(θH + θu)

)
, (4.4.11)

where φ̂H(z) =
√
φ̂2
2 + φ̂2

3 and θH(z) = Tan−1(φ̂3/φ̂2).

We explain the definitions of undefined parameters in Eqs. (4.4.1)-(4.4.9) in order.
The symbol µi (ui) for i = t, tc, b, and h is CP-odd parts of the local chemical potential
(the plasma velocity) of the particle i, which is a function of the radial coordinate z. The
prime in the equations denotes the derivative by z. For the definitions of the functions
Ka,i (a = 0–9, i = t, b, h), see Sec. 3.1.3 of this thesis. The symbol Γitot is the thermally
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averaged total reaction rate for the particle i, and Γi denotes the effect from the inelastic
scatterings for i which is given by

Γt = Γss

(
(1 + 9K1,t)µtL + (1 + 9K1,b)µb + (1− 9K1,t)µtc

)
+ ΓW (µt − µb) + Γy(µt + µh + µtc) + Γm(µt + µtc), (4.4.12)

Γtc = Γss

(
(1−K1,t)µtc + (1 + 9K1,t)µt + (1 + 9K1,b)µb

)
+ Γm(µtc + µt) + Γy(2µtc + µt + µb + 2µh), (4.4.13)

Γb = Γss
(
(1 + 9K1,t)µt + (1 + 9K1,b)µb+ (1− 9K1,t)µtc

)
+ ΓW (µb − µt) + Γy(µb + µh + µtc), (4.4.14)

Γh = Γy(2µh + µt + µb + 2µtc) + Γhµh. (4.4.15)

By solving the above transport equations with the boundary conditions µi(z = ±∞) =
0 (i = t, tc, b, h), the distribution of the CP-odd chemical potential can be obtained. Then,
the baryon asymmetry ηB ≡ nB/s, where nB is the baryon number density and s is the
entropy density, can be evaluated by the following formula [46,107];

ηB =
405Γsph

4π2vwg∗T

∫ ∞

0

dz µBL
fsph exp

(
−45Γsphz

4vw

)
, (4.4.16)

where g∗ = 106.75 is the effective degree of freedom for the entropy density at the elec-
troweak phase transition. The symbol Γsph denotes the rate of the weak sphaleron. The
integrand µBL

is defined by using the solution of the transport equations as follows:

µBL
=

1

2
(1 + 4K1,t)µt +

1

2
(1 + 4K1,b)µb − 2K1,tµtc . (4.4.17)

In addition, the function fsph(z) is given by

fsph = min
(
1,

2.4T

Γsph

e−40v(z)/T
)
, (4.4.18)

where v(z) =
√
φ̂2
1(z) + φ̂2

2(z) + φ̂2
3(z). This function represents the the suppression of

the weak sphaleron rate for z > 0 caused by the non-zero VEVs [46].

4.5 Numerical evaluations

In this section, we show the results of numerical evaluations for the EWPT and EWBG.
In the evaluations, we use the values shown in Table 4.1, which are the SM parameters at
the scale of the mass of the Z boson. Some quantities about the EWPT such as nucleation
temperature Tn are evaluated by using CosmoTransitions [203], which is a set of python
modules.

As discussed in Sec. 3.1.1, for successful electroweak baryogenesis, the condition vn/Tn ≳
1, where vn is the total electroweak symmetry breaking VEV at the nucleation tempera-
ture, i.e.,

vn =

√
⟨Φ1⟩2 + ⟨Φ2⟩2

∣∣∣∣
T=Tn

. (4.5.1)
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In the model, this condition can be satisfied due to the non-decoupling effects of the
additional scalar bosons H±, H2, and H3. In such a case, a sizable deviation of the triple
Higgs boson coupling from the SM prediction (∆R) is expected [140,141,143]. In Fig. 4.2,
vn/Tn and ∆R are shown for some values of the additional Higgs bosons masses. Input
parameters for Fig. 4.2 are as follows;

M = 30 GeV, λ2 = 0.1, |λ7| = 0.8, θ7 = 0.9,

|ζe| = |ζu| = |ζd| = 0.14, θu = θd = 2.8, δ ≡ θu − θe = 0.05.
(4.5.2)

We have used CosmoTransitions to evaluate vn/Tn, and ∆R is calculated by using Eq. (4.3.10).
We have checked that all the theoretical and experimental constraints in Sec. 4.2 are sat-

Figure 4.2: Contour plots of vn/Tn (red lines) and ∆R (black lines). The input parameters
are shown in Eq. (4.5.2).

mu = 1.29× 10−3, mc = 0.619, mt = 171.7, mW = 80.379

md = 2.93× 10−3, ms = 0.055, mb = 2.89, mZ = 91.1876

me = 4.87× 10−4, mµ = 0.103, mτ = 1.746. (in GeV)

α = 1/127.955, αS = 0.1179.

Table 4.1: The input parameters of the SM parameters [191]. The masses of fermions and
gauge bosons are given in GeV. The coupling constants α and αS are the fine structure
constant of QED and QCD, respectively.
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isfied for all the regions in Fig. 4.2.
In the gray region in Fig. 4.2, the EWPT is the two-step one or the 2nd order one.

It is found that in the region where the 1st order phase transition occurs, vn/Tn is large
enough for successful EWBG. In such a parameter region, ∆R is expected to be about
30–80 %. Since the invariant mass M is fixed, the non-decoupling effect is enhanced
in the heavy mass region. Therefore, vn/Tn and ∆R increase as the additional Higgs
boson is heavier. In Fig. 4.3, produced baryon asymmetry via EWBG is shown. The

Figure 4.3: The generated baryon asymmetry is shown. Input parameters are shown in
Eq. (4.5.2). On the point in the pink regions, the observed baryon asymmetry can be
obtained.

input parameters are in Eq. (4.5.2). In solving the transport equations, we assum that
vw = 0.1 and use the following values for the reaction rates; Γss = 4.9×10−4T [204], ΓW =
Γhtot [45, 108], Γy = 4.2× 10−3T [205], Γm = M2

t /(63T ) [205], and Γh = m̂2
W/(50T ) [205],

where m̂W is the localized W boson mass defined as m̂2
W (z) = g2L(φ̂

2
1 + φ̂2

2 + φ̂2
3)/4. The

thermally averaged total reaction rates are evaluated as Γitot = K4,i/(K1,iDi), where Di is
the diffusion coefficient for the particle i and is given by [107,205]

Dt = Db ≡ Dq =
6

T
, Dh =

20

T
. (4.5.3)

The gray region in Fig 4.3 is the same as that in Fig. 4.2. The black line in the figure is
the contour for LwTn = 4.0, where Lw is the width of the bubble wall. It is determined by
fitting the solutions of the bounce equation v(z) ≡

√
φ̂2
1 + φ̂2

2 + φ̂2
3 with vn

2
(1− tanh z

Lw
).

In the region below the line for LwTn = 4.0, the produced baryon asymmetry increases
as the additional Higgs boson is heavier. It is because the EWPT is stronger in the
heavier mass region as shown in Fig. 4.2. On the other hand, in the region above the
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line LwTn = 4.0, the produced baryon asymmetry decreases as the masses of the Higgs
bosons increase. This is due to the fact that LwTn is smaller as the phase transition is
stronger. This behavior is discussed in Ref. [206]. In addition, for too small LwTn, the
WKB approximation method is not an appropriate [105–107].

In the two pink regions in Fig. 4.3, the observed baryon asymmetry can be explained
within 95 % C.L. In these regions, the sizable ∆R is expected (30–50 %). It would be
tested at future collider experiments such as HL-LHC [207], the upgraded ILC [208,209],
and CLIC [210]. In the orange and red regions, the produced baryon asymmetry is larger
than the observed one.

The blue dotted lines in Fig. 4.3 are contour plots for the eEDM de/|dexpe | = 0,±0.1,
and ±0.2, where |dexpe | = 1.0×10−29 (e cm) is the current upper limit given by the ACME
result [178]. On the line de/|dexpe | = 0, fermion loop diagrams and scalar loop diagrams
shown Fig. 4.1 cancel each other due to the destructive interference between CP-violating
phases [104]. The contour for the current upper limit de/|dexpe | = ±1.0 is outside the
figure. Therefore, it is found that in all the pink regions, the observed baryon asymmetry
can be reproduced under the current severe constraint from the eEDM measurements.
At future eEDM experiments, the one-order magnitude improvement of the upper limit
on de is expected [178]. Then, the region except for one sandwiched between the lines
de/|dexpe = ±0.1 will be excluded. Therefore, almost all the lower pink regions would be
tested by the future eEDM measurements.

In the mass region in Fig. 4.3, the nEDM is about four orders smaller than the current
upper limit. It is because we assume that θu = θd, and the leading contribution to nEDM
is proportional to sin(θu−θd) as discussed in Sec. 4.2. If we consider the case that θd ̸= θu,
the nEDM can be enhanced. In such a case, the nEDM is about one order smaller than the
current upper limit. In the future, the one-order magnitude improvement of the nEDM
measurement is expected [211]. Thus, some parameter regions in Fig. 4.3 would be tested
by future nEDM measurements in the case that θu ̸= θd.

In Fig. 4.4, the eEDM and the baryon asymmetry are shown for various values of λ7.
In the upper, the lower left, and the lower right figures, we assume that δ(≡ θu− θe) = 0,
0.05, and −0.05, respectively. In addition, we assume the following input parameters;

mH2 = mH3 = mH± = 330 GeV, M = 30 GeV, λ2 = 0.1,

|ζu| = |ζd| = |ζe| = 0.15, θu = θd = 1.2.
(4.5.4)

In the black regions in Fig. 4.4, the EWBG occurs in multiple steps. Such regions are
neglected for the sake of simplicity. In the pink regions, the observed baryon asymmetry
can be reproduced within 95 % C.L. The typical value of vn/Tn in these regions are about
2.0. Since we fixed the value of ζu, the pink regions in the three figures are almost the
same.

The blue lines in Fig. 4.4 are contour plot for the eEDM de/|dexpe | = 0 and ±0.1. The
yellow regions are excluded by the ACME result [178]. In the upper figure (δ = 0), the
top quark loop diagrams vanish because sin δ = 0. Then, the eEDM is generated via
only the scalar loop diagrams at two-loop levels. Therefore, de equals to zero on the line
θ7 − θe = 0 and π. In this case, almost all regions for the correct baryon asymmetry are
excluded by the current eEDM data and will be completely excluded by the one-order
magnitude improvement in the near future [178].
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Figure 4.4: Dependence on λ7 of the eEDM and that of the baryon asymmetry for δ = 0
(upper), δ = 0.05 (lower left) and δ = −0.05 (lower right). Input parameters are shown
in Eq. (4.5.4). On the points in the pink regions, the observed baryon asymmetry can be
obtained.

In the lower-left figure (δ = 0.05), the excluded yellow regions are drastically changed
because the top quark loop diagrams give large contributions to the eEDM. Even in this
case, there is a line on which de at two-loop level vanish due to the destructive interference
between the CP-violating phases in the region |λ7| ≳ 0.8. In the pink region between the
lines θ7 = ±1, the observed baryon asymmetry can be reproduced under the current eEDM
constraint. By the one-order magnitude improvement of the eEDM measurements, the
wide part of this pink region will be tested.

In the case that δ = −0.05 (lower right figure), the sign of the top quark loop diagram
is opposite from that in the lower left figure (δ = 0.05). The allowed region is thus shifted
by π in the direction of θ7 from that in the figure for δ = 0.05. Then, the pink region
between the lines θ7 = ±1 is excluded by the current ACME result. On the other hand,
in the other two pink regions, the eEDM constraint is avoided, and we can obtain the
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observed baryon asymmetry within 95 % C.L. The wide part of these pink regions will be
tested by the one-order magnitude improvement.

4.6 Discussions and predictions

In this section, we comment on the evaluation of the baryon asymmetry. The testability
of the model in future experiments is also discussed in the latter of this section.

Comments on the evaluation of the baryon asymmetry

In the above analyses, we assume that |ζu| = |ζd| = |ζe| for the sake of simplicity. In this
case, the top quarks couple most strongly to the Higgs boson among the SM fermions,
and the main source of the CP violation is supplied by the charged transport mechanism
by the top quarks. If we relax the condition |ζu| = |ζd| = |ζe|, the main source of the CP
violation can be changed. For example, if we consider the case that |ζu| ≪ |ζe|, the tau
leptons can provide a larger CP violation effect than the top quarks [212–214]. Similarly,
in the case that |ζu| ≪ |ζd|, the bottom quarks can play an essential role for EWBG [53].
These situations are also interesting, and they will be investigated elsewhere [215].

In addition, we can consider relaxing the assumption of the Yukawa alignment [98].
Then, the additional Higgs bosons have the flavor non-diagonal Yukawa interactions.
These flavor non-diagonal interactions are strongly constrained by the current flavor ex-
periments. Even in such a case, some of the non-diagonal interactions can be an important
piece of the source of CP violation. For example, the effect of t-c (τ -ν) mixing coupling
in EWBG is investigated in Ref. [52] (Refs. [50, 51]). This extension of the Yukawa in-
teractions can also be considered in our model. The effects of the flavor non-diagonal
interactions in our model will be investigated in the future [215].

In our evaluation of the baryon asymmetry, we have considered the issue at the linear
order of vw. In Ref. [109], it is investigated how the neglected higher-order terms change
the result. According to this reference, in the case that vw = 0.1, it is expected that the
produced baryon asymmetry is reduced by 10–20 %. Thus, if we take into account the
relativistic effect of the bubble wall velocity, the regions for overproduction in Fig. 4.3
and Fig. 4.4 would be suitable to reproduce the observed baryon asymmetry.

While we have used the WKB approximation method in deriving the transport equa-
tions, there is another method to evaluate the baryon asymmetry produced by EWBG,
the VEV Insertion Approximation (VIA) [216]. In Refs. [54,109,206], these two methods
are compared, and they have found that the produced baryon asymmetry evaluated by
the VIA method is orders of magnitude larger than that evaluated by using the WKB
approximation. Therefore, in the case that the VIA is used to evaluate the baryon asym-
metry in our model, the regions for the successful baryogenesis in Fig. 4.3 and Fig. 4.4
are drastically changed. Even in such a case, by taking |ζu| and |λ7| to be smaller with
keeping the destructive interference, it would be able to reproduce the observed baryon
asymmetry by taking under the current eEDM constraint.
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Testability of the model at future experiments

Next, we discuss the testability of the model at various future experiments. In our model,
new scalar bosons H±, H2,3 are included. As shown in Fig. 4.3, the observed baryon
asymmetry is reproduced by the effects of the additional Higgs bosons whose masses are
300–400 GeV. These additional Higgs bosons would be tested at the HL-LHC [102].

According to Ref. [102], in the case that |ζu| = |ζd| = |ζe|, the pseudo scalar Higgs
boson H3 whose mass is in 200 GeV ≲ mH3 ≲ 350 GeV is expected to be tested by
searching for H3 → ττ at the HL-LHC with the integrated luminosity L = 3000 fb−1

unless |ζu| is smaller than about 0.17. Heavier H3 can be tested by searching for H3 → tt.
The testable mass region depends on the value of |ζu|. In the case that |ζu| = 0.33 (0.5),
H3 which is lighter than about 600 GeV (800 GeV) can be tested at the HL-LHC with
L = 3000 fb−1 [102]. The searching for the signal from H± → tb is also an important test
of our model. At the HL-LHC with L = 3000 fb−1, H± which is lighter than 600 GeV
(800 GeV) is expected to be tested in the case that |ζu| = 0.33 (0.5) [102].

The testability of the additional Higgs bosons at the HL-LHC strongly depends on
the values of ζf couplings. For example, in the case that |ζu| = 1/|ζd| = 1/|ζe|, where the
model has the same Yukawa structure as that in Type-II THDM [159–161], the bottom
associated production of H2,3 are enhanced in small |ζu| regions. Thus, H3 which is lighter
than about 500 GeV can be tested by combing the searches for H3 → ττ and H3 → tt
regardless of the value of |ζu| [102]. The charged Higgs boson is also thoroughly tested by
using the searches for H± → tb and H± → τν at the HL-LHC [102].

Recently, the test of the additional Higgs boson in our model at hadron colliders has
been studied in Ref. [103]. The authors have considered the case that decaysH2,3 → tt and
H± → tb are kinematically prohibited and have investigated the following pair production
of the additional Higgs bosons with the CP-conserving Yukawa interactions; pp→ H2H3,
pp → H2H

±, pp → H3H
±, and pp → H+H−. They have found that in such a case,

the additional Higgs bosons are strongly constrained by using the search for multi-lepton
final states. For example, in the case that (mH2 ,mH3 ,mH±) = (230, 280, 280) GeV and
ζu = 0.1, ζe is expected to be tested at the HL-LHC up to ζe = 0.15 (1.8) for ζd = 0.1
(1.0).

In the above analyses, we assume the alignment in the Higgs potential (λ6 = 0). If we
consider the case that this alignment is broken, the decays of the additional Higgs boson
into a pair of gauge bosons and a pair of a gauge boson and the SM Higgs boson are
generated at tree-level. Therefore, even in the case that the deviation from the alignment
is slight, the branching ratios of the additional Higgs bosons drastically change. Then,
the testability of the model can be greatly enhanced [102].

The additional Higgs bosons can also be tested at future flavor experiments such as
Belle-II [217] and LHCb [218] by observing the processes like B → Xsγ, B

0 → µ+µ−, and

the B0-B
0
mixing. Furthermore, the future flavor experiments are expected to be also

effective to test the CP-violating phases of ζu, ζd, and ζe. For example, by searching for
the asymmetry between the CP violation in B− → X−

s γ and that in B0 → X0
sγ, these

phases would be tested [53,219,220].

The CP-violating phases in the model can be also tested by future EDM measurements
as discussed in Sec. 4.5. In next-generation experiments for both the eEDM and the
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nEDM, the upper limits are expected to be improved by a one-order magnitude [178,211].
These improvements are expected to be effective to explore the regions for successful
EWBG in Fig. 4.3 and 4.4.

Furthermore, the CP-violating phase of ζe can be tested at future lepton colliders
by observing the azimuthal angle distribution of the hadronic decays of the tau leptons
from the decay of H2, H3 [104, 221]. In Ref. [104], this testability in our model has been
investigated. The authors have found that it would be possible to distinguish the CP-
violating case (sin θe ̸= 0) and the CP-conserving case by looking at the azimuthal angle
distribution at the future upgraded ILC with L = 3000 fb−1 unless the additional Higgs
bosons are too heavy and θe is too small. This test would be particularly effective in the
case that |ζe| ≫ |ζu|, |ζd| and θe = O(1).

In the model, the strongly 1st order phase transition is caused by the non-decoupling
effect of the additional Higgs bosons. This non-decoupling effect can be tested by the
measurements of the triple Higgs bosons coupling [140,141,143] via the di-Higgs produc-
tion at future high-energy colliders [208,222–229]. At the HL-HLC and the upgraded ILC
with

√
s = 500 GeV (1 TeV), the triple Higgs boson coupling is expected to be measured

with the accuracies 50 % [207, 208] and 27 % (10 %) [209]. As discussed in Sec. 4.5, in
the regions for the successful EWBG in Figs. 4.3 and 4.4, ∆R is about 30–50 %. These
deviations would be tested at the HL-LHC and the future upgraded ILC.

Finally, GW can be produced by the 1st order EWPT in extended Higgs sectors [230–
232]. They would be detectable at future space-based GW detectors such as LISA [233],
DECIGO [234], and BBO [235]. This testability of our model will be investigated else-
where [215].

4.7 Summary of Chapter 4

In this chapter, I have introduced one of my works in Ref. [55]. In this work, we have
investigated EWBG in the CP-violating two Higgs doublet model, where the Yukawa
interactions are aligned to avoid the FCNCs, and coupling constants of the lightest Higgs
boson coincide with those in the SM at tree level. In the analyses, we have focused on
the parameter regions where the severe constraints from the current eEDM measurement
can be satisfied by the destructive interferences between the CP-violating phases in the
Yukawa interactions and that in the Higgs potential. We have some benchmark scenarios
where the observed baryon number asymmetry can be reproduced under the various
experimental and theoretical constraints. These benchmark scenarios can be tested by
various future experiments. The typical value of the additional Higgs bosons is 300–
400 GeV for the successful EWBG. These would be tested at the HL-LHC and flavor
experiments such as Belle-II and LHCb. The CP-violating phases which are essential to
the successful EWBG would be tested by future EDM measurements, flavor experiments,
and linear colliders. In addition, the strongly 1st order EWPT in the model can be
tested by measuring the triple Higgs boson coupling. The typical value in the benchmark
scenarios is 35–55 %. This would be tested by the HL-LHC and the future upgraded ILC.
In addition, the strongly 1st order EWPT in the model might be able to be tested by
observing the GWs. This possibility will be investigated in the future.



Chapter 5

The model for tiny neutrino masses,
dark matter and baryon asymmetry
of the universe

In this chapter, I introduce another of my work [110]. In this work, we investigate a new
model which can explain tiny neutrino masses, DM, and the BAU. This model includes
two isospin doublets. Thus, the Higgs potential in this model is an extension of that in
the THDMs discussed in Chapter 4.

The original idea of the model was proposed by Aoki, Kanemura, and Seto in 2009 [75]
(in the following, this reference is denoted by AKS09). However, in AKS09, the authors
neglected CP violation for the sake of simplicity. They only showed that the strongly 1st
order EWPT can be realized while explaining data of neutrino oscillation and DM relic
abundance under some experimental constraints at the time.

We take into account the CP violation to investigate EWBG in the model. In addition,
to avoid the severe constraints from the EDM measurements, we extend the original model
in AKS09 according to the idea proposed in Ref. [101], which is discussed in the previous
chapter. We show a benchmark scenario where neutrino masses, DM, and the BAU can
be explained simultaneously with satisfying constraints from current experiments. We
also discuss how to test these benchmark scenarios at the near-future experiments.

5.1 The model

5.1.1 Lagrangian of the model

In Table 5.1, fermion and scalar fields in the model are shown. In addition to the fields in
the SM, there are three gauge-singlet right-handed fermions NaR (a = 1, 2, 3) and three
kinds of scalar fields, the isospin doublet Φ2, the singly charged isospin singlet S±, and
the gauge singlet real scalar η. We impose a new exact Z2 symmetry on the model. The
fields N ′

aR, S
±, and η have odd-parity under Z2 transformation. The Z2-odd fermions

65
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NaR (a = 1, 2, 3) have Majorana-type masses,

LNmass = −1

2

3∑
a=1

(MNa)N
c
aRNaR + h.c., (5.1.1)

where we define the basis of NaR so that the mass matrix is diagonal.
We assume that the isospin doublets are in the Higgs basis discussed in Sec. 4.1. Then,

the Higgs potential in the model is given by

V = −µ2
1|Φ1|2 − µ2

2|Φ2|2 −
{
µ2
12Φ

†
1Φ2 + h.c.

}
+ µ2

s|S+|2 +
µ2
η

2
η2

+
λ1
2
|Φ1|4 +

λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†

1Φ2|2

+
{λ5

2
(Φ†

1Φ2)
2 + λ6|Φ1|2(Φ†

1Φ2) + λ7|Φ2|2(Φ†
1Φ2) + h.c.

}
+ ρ1|Φ1|2|S+|2 + ρ2|Φ2|2|S+|2 +

{
ρ12(Φ

†
1Φ2)|S+|2 + h.c.

}
+
σ1
2
|Φ1|2η2 +

σ2
2
|Φ2|2η2 +

{σ12
2
(Φ†

1Φ2)η
2 + h.c.

}
+
{ 2∑
α,β=1

κ(ϵαβΦ̃
†
αΦβ)S

−η + h.c.
}
+
λs
4
|S+|4 + λη

4!
η4 +

ξ

2
|S+|2η2. (5.1.2)

The relations between the coupling constants in the Higgs basis and those in any other
basis are shown in Appendix A. In general, the coupling constants µ2

12, λ5, λ6, λ7, ρ12,
σ12, and κ are complex number. As discussed in Sec. 4.1, one of µ2

12, λ5, λ6, λ7 can be a
real parameter by rephasing Φ2 appropriately. In addition, rephasing of S± can remove
the phase of κ. As a result, there are five CP-violating couplings in the Higgs potential.

Since we consider the case that Z2 symmetry is not broken at the vacuum, only isospin
doublets Φ1 and Φ2 can acquire the VEVs. Since we consider the issues in the Higgs basis,
the elements of Φ1 and Φ2 are parametrized as follows;

Φ1 =

 G+

1√
2

(
v + h1 + iG0

)
 , Φ2 =

 H+

1√
2

(
h2 + ih3

)
 . (5.1.3)

Fermion fields Scalar fields

Q′
iL u′iR d′iR L′

iL ℓ′iR NaR Φ1 Φ2 S+ η

SU(3)C 3 3 3 1 1 1 1 1 1 1

SU(2)L 2 1 1 2 1 1 2 2 1 1

U(1)Y 1/6 2/3 −1/3 −1/2 −1 0 +1/2 +1/2 +1 0

Z2 + − + −

Table 5.1: Table of the fields in the model and quantum numbers for them.
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By substituting Eq. (5.1.3) into the Higgs potential, we obtain the same stationary con-
ditions as those in the THDM.

µ2
1 =

1

2
λ1v

2, µ2
12 =

1

2
λ6v

2. (5.1.4)

The phase of µ2
12 and that of λ6 relate to each other by the second stationary condition.

Thus, there are four independent CPV phases in the Higgs potential.

By using the stationary conditions, we obtain the following mass terms for the scalar
bosons;

Lsmass = m2
H±|H+|2 +m2

S|S+|2 + 1

2

3∑
α,β=1

hα(M
2
h)αβhβ +

1

2
m2
ηη

2. (5.1.5)

The scalar bosons G± and G0 do not have mass terms, and they are the NG bosons.
The charged scalar bosons (H± and S±) and the real scar boson (η) are mass eigenstates
without mixing, and their masses are given by

m2
H± =M2 +

1

2
λ3v

2, (5.1.6)

m2
S = µ2

s +
1

2
ρ1v

2, (5.1.7)

m2
η = µ2

η +
1

2
σ1v

2, (5.1.8)

where M2 = −µ2
2. The neutral Higgs bosons are mixed by the mass matrix defined as

M2
h = v2


λ1 Re[λ6] −Im[λ6]

Re[λ6]
M2

v2
+

1

2
(λ3 + λ4 +Re[λ5]) −1

2
Im[λ5]

−Im[λ6] −1

2
Im[λ5]

M2

v2
+

1

2
(λ3 + λ4 − Re[λ5])

 . (5.1.9)

This is the same as that in Sec. 4.1. For the sake of simplicity, we choose the phase of Φ2

so that λ5 is a real number. Then, mixings among the neutral Higgs bosons caused by
only one CP-violating parameter λ6.

As discussed in Sec. 4.1, nonzero λ6 induce the deviations of the Higgs boson couplings
from the SM ones at tree level. To avoid them, we simply assume the alignment in the
Higgs potential, i.e. λ6 = 0 [101]. Then, the mass matrix M2

h is a diagonal matrix, and
the masses of the neutral Higgs bosons are given by

m2
H1

= λ1v
2, (5.1.10)

m2
H2

=M2 +
1

2
v2(λ3 + λ4 + λ5), (5.1.11)

m2
H3

=M2 +
1

2
v2(λ3 + λ4 − λ5). (5.1.12)
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They are the same formulae in the THDM discussed in Sec. 4.1. We also obtain the same
relations between the scalar couplings and masses of the additional Higgs bosons;

λ3 =
2

v2
(m2

H± − µ2
2), (5.1.13)

λ4 =
1

v2
(m2

H2
+m2

H3
− 2m2

H±), (5.1.14)

λ5 =
1

v2
(m2

H2
−m2

H3
). (5.1.15)

By the alignment assumption in the Higgs potential, the CP-violating parameters λ6
and µ2

12 are set to be zero. As a result, there are three CP-violating phases in the Higgs
potential θ7 = arg[λ7], θρ = arg[ρ12], and θσ = arg[σ12].

The Yukawa interactions in the model are given by

LY =−
2∑

α=1

3∑
i,j=1

{
(ya′u )ijQ

′
iLΦ̃au

′
jR + (ya′d )ijQ

′
iLΦad

′
jR + (ya′ℓ )ijLiLΦaℓ

′
jR

}

−
3∑

ia=1

(Y ′
N)aiN

c
aRℓ

′
iRS

+ + h.c.. (5.1.16)

First, we discuss the Yukawa interactions between the Higgs doublets Φα (α = 1, 2) and
the SM fermions, which are the same as those in the THDM discussed in Chap. 4. The
VEV of Φ1 generates the mass matrices of the SM fermions;

m′
f =

v√
2
(y1′f ), f = u, d, ℓ, (5.1.17)

which are not generally diagonal matrices. To diagonalize m′
f , we redefine the fermions

by unitary matrices as in the SM;

L′
iL =

3∑
j=1

(Vℓ)ijLjL, ℓ′iR =
3∑
j=1

(Uℓ)ijℓjR, (5.1.18)

q′iL =
3∑
j=1

(Vq)ijqjL, q′iR =
3∑
j=1

(Uq)ijqjR, for q = u, d, (5.1.19)

where matrices Vf and Uf (f = u, d, ℓ) are unitary matrices that diagonalize the Yukawa
couplings as

(V †
f y

1′
f Uf )ij = (y1f )iδij. (5.1.20)

Then, the up-type quarks (u1, u2, u3) = (u, c, t), the down-type quarks (d1, d2, d3) =
(d, s, b), and the charged leptons (ℓ1, ℓ2, ℓ3) = (e, µ, τ) are mass eigenstates. The neu-
trinos (ν1, ν2, ν3) = (νe, νµ, ντ ) are massless fermions.

As discussed in Sec. 4.1, if y1
′

f and y2′f cannot be diagonalized simultaneously, the
flavor-changing neutral currents are induced at the tree level. To avoid them, we assume
the following conditions;

y2
′

u = ζ∗uy
1′

u , y2
′

d = ζdy
1′

d , y2
′

ℓ = VℓζℓV
†
ℓ y

1′

ℓ , (5.1.21)
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where ζu and ζd are complex numbers, whereas ζℓ is a complex diagonal matrix defined
as

ζℓ =


ζe 0 0

0 ζµ 0

0 0 ζτ

 , (ζe, ζµ, ζτ ∈ C). (5.1.22)

Under this assumption, y2′ℓ is diagonalized as follows;

y2′ℓ → V †
ℓ y

2′
ℓ Uℓ = (V †

ℓ Vℓ)ζℓ(V
†
ℓ y

1′
ℓ Uℓ) = ζℓy

1
ℓ

=

√
2

v
diag(ζeme, ζµmµ, ζτmτ ). (5.1.23)

In the case that ζe = ζµ = ζτ , the assumption in Eq. (5.1.21) is the same as the Yukawa
alignment condition proposed by Pich and Tuzon [98]. Consequently, there are five
CP-violating phases in the Yukawa interactions between the Higgs bosons and the SM
fermions: θu = arg[ζu], θd = arg[ζd], θe = arg[ζe], θµ = arg[ζµ], and θτ = arg[ζτ ]. In the
following of this chapter, we call Eq. (5.1.21) the Yukawa alignment condition, not only
the case that ζe = ζµ = ζτ .

By using the Yukawa alignment condition, the Yukawa interactions between the Higgs
bosons and the SM fermions are given as follows;

LY ∋ −
√
2

v
H+

3∑
i,j=1

{
uiVij(ζdmdj

PR − ζumui
PL)dj + ζℓimℓi

δijνiPRℓj

}

−
3∑
i=1

∑
f=u,d,ℓ

3∑
α=1

mfi

v
fi(κ

α
S,fi

+ καP,fiγ5)fiHα, (5.1.24)

where (ζℓ1 , ζℓ2 , ζℓ3) = (ζe, ζµ, ζτ ). The coefficients for the scalar coupling καS,fi are defined
as

κ1S,ui = 1, κ1S,di = 1, κ1S,ℓi = 1,

κ2S,ui = Re[ζu], κ2S,di = Re[ζd], κ2S,ℓi = Re[ζℓi ],

κ3S,ui = −Im[ζu], κ3S,dii = −Im[ζd], κS,ℓi = −Im[ζℓi ].

(5.1.25)

The coefficients for the pseudo-scalar coupling καP,fi are defined as

κ1P,ui = 0, κ1P,di = 0, κ1P,ℓi = 0,

κ2P,ui = −iIm[ζu], κ2P,di = iIm[ζd], κ2P,ℓi = iIm[ζℓi ],

κ3P,ui = −iRe[ζu], κ3P,di = iRe[ζd], κ3P,ℓi = iRe[ζℓi ].

(5.1.26)

Next, we discuss the Yukawa interactions between S± and the charged leptons in
the second row of Eq.(5.1.16). In the mass eigenstate basis of the right-handed charged
leptons, we define the new Yukawa coupling matrix YN as follows;

LY ∋ −(YN)aiN c
aRℓiRS

+ + h.c. (5.1.27)
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The relation between Y ′
N and YN is given by (YN)ij = (Y ′

NUℓ)ij, where Uℓ is the unitary
matrix defined in Eq.(4.1.20).

5.1.2 Constraints on the model

In this section, we discuss some experimental and theoretical constraints on the model.
The part in common with the THDM is omitted, which has been discussed in Chapter 4.

First, we consider the constraints from collider experiments. For the constraints on
H±, H2,3, see discussion in Sec. 4.2. The Z2-odd charged scalar boson S± and Majorana
fermions Na (a = 1, 2, 3) interact with right-handed charged leptons via the Yukawa in-
teraction in Eq. (5.1.27). Therefore, at hadron colliders, a pair of S+S− is generated via
gauge interaction, and they decay into Majorana fermions and the charged leptons if the
lightest Majorana fermion is lighter than S±. In the case that the produced Majorana
fermion (or decay products of this Majorana fermion) is detected as the missing momen-
tums, the final state of this process is two charged leptons and missing momentums. The
new physics search by exploring this process is well investigated. According to the latest
results at the ATLAS experiment [236–238], assuming that S± decays into a lepton and
Na with a 100 % branching ratio, the lower bound on mS is given by about 700 GeV
for the massless Majorana fermion. In the case that mass of the Majorana fermion is
100 GeV (200 GeV), the mass regions 100 ≲ mS ≲ 140 GeV and 160 ≲ mS ≲ 700 GeV
(200 ≲ mS ≲ 220 GeV and 260 GeV ≲ mS ≲ 700 GeV) are excluded.

Processes Upper limits

µ→ eγ 4.2× 10−13 [239]

τ → eγ 3.3× 10−8 [240]

τ → µγ 4.4× 10−8 [240]

Processes Upper limits

µ→ 3e 1.0× 10−12 [241]

τ → 3e 2.7× 10−8 [242]

τ → 3µ 2.1× 10−8 [242]

Processes Upper limits

τ → eµe 1.8× 10−8 [242]

τ → µµe 1.7× 10−8 [242]

τ → eeµ 1.5× 10−8 [242]

τ → eµµ 2.7× 10−8 [242]

Table 5.2: The current upper limits on the branching ratios for the lepton flavor violating
processes

Second, we consider the constraint from flavor experiments. For the constraints on
H±, H2,3, see discussion in Sec. 4.2. The Yukawa interaction in Eq. (5.1.27) provides
the source of Lepton Flavor Violation (LFV). Therefore, the masses of S± and Na and
the Yukawa coupling constants (YN)aℓ are constrained by the searches for lepton flavor
violating processes. In this thesis, we consider two kinds of the lepton flavor violating
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decays, ℓi → ℓjγ and ℓi → ℓjℓkℓm (i, j, k,m = 1, 2, 3). Current upper limits on the
branching ratio for these processes are shown in Table 5.2. In particular, µ → eγ and
µ → 3e give the severe constraint. Although other lepton flavor violating processes are
explored [243–245], their constraints are expected to be weaker than those of ℓi → ℓjγ
and ℓi → ℓjℓkℓm in our model [246].

e e

H2,3

S+

Figure 5.1: A Barr-Zee type diagram including the S± loop.

Third, we consider the constraint from the EDM measurements. The contribution
to the eEDM and nEDM from the additional Higgs bosons are discussed in Sec. 4.2.
In addition to these contributions, there are Barr-Zee type diagrams that include a S±

loop shown in Fig. 5.1. These diagrams are proportional to sin(θf − θρ), where f is the
fermion in the external line. We impose the eEDM and nEDM in the model to satisfy
|de| < 1.0× 10−29 em [178] and |dn| < 1.8× 10−26 e cm [182], respectively.

Finally, the extended Higgs sector in the model is constrained theoretically by the
vacuum stability. Conditions for the Higgs potential to be bounded from below are given
by Ref. [247]. In our analyses, we employ these conditions.

5.2 Neutrino masses

In this section, the formulae for neutrino masses are provided. In the model, Majorana-
type masses of neutrinos are generated via 3-loop Feynman diagrams shown in Fig. 5.2.
By using the approximation that the charged leptons in the internal lines are thought to
be massless, the mass matrix is calculated as

(Mν)ij = 4

(
1

16π2

)3

κ2(ζ∗ℓimℓi)(ζ
∗
ℓj
mℓj)

3∑
a=1

(YN)ajMNa(YN)ai

(
F1a + F2a

)
. (5.2.1)
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νL νL

η

S+ S+

NaR
ℓR ℓR

H+ H+

NaR
ℓR ℓR

νL νL

η
H+ H+

S+ S+

v v v v

Figure 5.2: Feynman diagrams for neutrino masses. Red lines are Z2-odd fields. The
symbol ⊗ means the Majorana masses of NaR.

The loop functions Fka (k = 1, 2) are given by

Fka =

∫ 1

0

d̃4x

∫ ∞

0

du

∫ ∞

0

dv
2
√
uv

(u+m2
H+)(v +m2

H+)

1

B3
k

(√
A2
k −B2

k +
A2
k√

A2
k −B2

k

− 2Ak

)
,

(5.2.2)
where the integral

∫
d̃4x is defined as∫

d̃4x ≡
∫ 1

0

dx

∫ 1

0

dy

∫ 1

0

dz

∫ 1

0

dω δ(1− x− y − z − ω), (5.2.3)

and Ak and Bk are provided as A1 = (y + z)m2
S + xM2

Na
+ ωm2

η + (y + ω)(x+ z)u+ (x+ y)(z + ω)v,

B1 = 2(yz − xω)
√
uv,

(5.2.4)

 A2 = (y + z)m2
S + xM2

Na
+ ωm2

η + y(1− y)u+ z(1− z)v,

B2 = 2yz
√
uv.

(5.2.5)

The loop functions F1a and F2a in Eq. (5.2.1) correspond to the left diagram and the right
one in Fig. 5.2, respectively. The detailed calculation of the loop functions is shown in
Appendix B.

The function Ak defined in Eqs. (5.2.4) and (5.2.5) are nonzero in all domain of the
integrals in Eq. (5.2.2). On the other hand, Bk can be 0 on some points in the domain.
As Bk goes to 0, the integrand in Eq. (5.2.2) converges to 0;

lim
Bk→0

1

B3
k

(√
A2
k −B2

k +
A2
k√

A2
k −B2

k

− 2Ak

)
= 0, (5.2.6)

although each term in the above equation does not converge to 0 as Bk → 0. This
cancellation leads to a serious deterioration of the accuracy in the numerical evaluation of
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the loop functions. Therefore, in the domain where Bk is close to 0, the linear expanded
formula Bk/(4A

3
k) should be used alternatively.

The loop function F1a can also be represented in a different formula [75]. This formula
is given by

F1a =
1

m4
H+

1

M2
Na

−m2
η

×
∫ ∞

0

dx x

(
M2

Na

x+M2
Na

−
m2
η

x+m2
η

)(
B1(mH+ ,mS;−x)−B1(0,mS;−x)

)2
,

(5.2.7)

where the function B1 is the coefficient function for 1-loop integrals in the Passarino-
Veltman reduction formula [248]. The formula in Eq. (5.2.7) can be understood by the
topological property of the left figure in Fig. 5.2 that the diagram can be separated into
the two one-loop diagrams by cutting the internal lines of NaR and η. The derivation of
Eq. (5.2.7) is shown in Appendix B.

Before closing this section, we give comments about the discrepancy between the
results in the above and that in AKS09. The loop function F1a in Eqs. (5.2.2) and (5.2.7)
is the same as that in AKS09. On the other hand, the loop function F2a is different. In
AKS09, F1a and F2a have the same formula. Therefore, the entire contribution of the loop
diagrams is twice as much as F1a. However, using the formulae in Eq. (5.2.2), the value
of F2a is typically one order smaller than F1a. Then, the entire contribution of the loop
diagrams is approximately the same as F1a. Consequently, the formula of neutrino mass
matrix in the above gives about a half value of that in AKS09.

5.3 Lepton Flavor Violating processes

As in the previous section, the Yukawa interactions between S± and charged leptons
are indispensable to generate neutrino masses. On the other hand, they lead to LFV
processes, which are strongly constrained by experiments. We consider two kinds of LFV
decay processes ℓi → ℓjγ and ℓi → ℓjℓkℓm.

ℓi ℓjNa

S+

γ

Figure 5.3: The Feynman diagram for ℓi → ℓjγ

First, the process ℓi → ℓjγ are generated via 1-loop diagram shown in Fig. 5.3. The
ratio of Br(ℓi → ℓjγ) to Br(ℓi → ℓjνℓiνℓj), where Br(X) means the branching ratio of the
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process X, is given by

Br(ℓi → ℓjγ)

Br(ℓi → ℓjνℓiνℓj)
=

3α

64πG2
F

1

m4
S

∣∣∣∑
a

(YN)
∗
aj(YN)aif1(ra)

∣∣∣2, (5.3.1)

where ra =M2
Na
/m2

S and the function f1(x) is defined as

f1(x) =
1− 6x+ 3x2 + 2x3 − 6x2 log x

6(−1 + x)4
. (5.3.2)

In Eq. (5.3.1), we neglect the mass of the charged lepton in the final state.
Second, the process ℓi → ℓjℓkℓm is generated via two kinds of box diagrams shown in

Fig. 5.4.1 The ratio of Br(ℓi → ℓjℓkℓm) to Br(ℓi → ℓjνℓiνℓj) is as follows;

Br(ℓi → ℓjℓkℓm)

Br(ℓi → ℓjνℓiνℓj)
=

S

16G2
F

(
1

16π2

)2 ∣∣Aijkm +Bijkm

∣∣2, (5.3.3)

where Aijkm and Bijkm are contributions from the left diagram in Fig. 5.4 and the right
one, respectively. They are given by

Aijkm =
∑
a,b

(YN)ai(YN)
∗
aj(YN)

∗
bk(YN)bm

1

m2
S

f2(ra)− f2(rb)

ra − rb
+ (j ↔ k), (5.3.4)

Bijkm =
∑
a,b

(YN)ai(YN)
∗
bj(YN)

∗
bk(YN)am

√
rarb
m2
S

f3(ra)− f3(rb)

ra − rb
+ (j ↔ k), (5.3.5)

where the functions f2(x) and f3(x) are defined as

f2(x) =
1

2

{ x2

(1− x)2
log x+

1

1− x

}
, (5.3.6)

f3(x) =
1

2

{ x

(1− x)2
log x+

1

1− x

}
. (5.3.7)

The symbol S in Eq. (5.3.3) is a symmetry factor defined as follows;

S =

 2 (j ̸= k),

1 (j = k).
(5.3.8)

5.4 Dark matter

In the model, Z2 symmetry is imposed and we assume that the vacuum respect this
symmetry. Then, the lightest Z2-odd particle is stable. If it is a neutral particle, it is
a candidate of DM. There are two kinds of Z2-odd neutral particles in the model, the
Majorana fermions Na and the real scalar η. We consider the case that η is the lightest
Z2-odd particle.

1The photon penguin diagrams also contribute to the process ℓi → ℓjℓkℓm. In the case of large
Yukawa couplings, the contribution from the box diagrams is dominant. In the benchmark scenario,
which is discussed later, the Yukawa couplings between S± and electrons are large. Thus, we consider
only the contribution from the box diagrams.
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ℓi ℓjNa

Nb

S+ S+

ℓk ℓm

ℓi

ℓj

Na

Nb

S+ S+

ℓk

ℓm

Figure 5.4: Feynman diagrams for ℓi → ℓjℓkℓm. The symbol ⊗ represents Majorana mass
of Na.

5.4.1 Relic abundance

In this section, we give some formulae for the relic abundance of η via the freeze-out
mechanism. We consider only the following DM annihilations processes;

ηη → fifi, ηη → W+W−, ηη → ZZ, (5.4.1)

where f (= u, d, e) represents a kind of fermions and i (= 1, 2, 3) is the flavor index. We
do not consider the DM annihilation into photons ηη → γγ and that into gluons ηη → gg
because it occurs at the loop level. In addition, we neglect DM annihilations into the
scalar boson pairs and those into three or higher body systems.

First, we investigate the annihilation processes into the SM fermions ηη → fifi. These
processes are mediated by H1, H2, and H3. The three-point interactions between a pair
of η and the neutral Higgs bosons are given by

LηηH = −
3∑

α=1

v

2
ληηαη

2Hα, (5.4.2)

where coupling constants ληηα are defined as

ληη1 = σ1, ληη2 = Re[σ12], ληη3 = Im[σ12]. (5.4.3)

Then, the scattering cross section for ηη → fifi is given by

σfifi =
N f
cm

2
fi

8πs

√
s− 4m2

fi

s− 4m2
η

(
(s− 4m2

fi
)

∣∣∣∣ 3∑
α=1

ληηακ
α
S,fi

s−m2
Hα

+ imHαΓHα

∣∣∣∣2
+ s

∣∣∣∣ 3∑
α=1

ληηακ
α
P,fi

s−m2
Hα

+ imHαΓHα

∣∣∣∣2
)
, (5.4.4)

where s is one of the Mandelstam variables, and N f
c is a color factor of the fermion fi. The

coupling constants καS,fi and κ
α
P,fi

are defined in Eqs. (5.1.25) and (5.1.26), respectively.
The decay width for Hα is denoted by ΓHα in Eq. (5.4.4).
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At the leading order of the relative velocity v, the thermally averaged cross section [249,
250] for ηη → fifi is given by

〈
σfifiv

〉
≃
Ncm

2
fi

64πm4
η

√
1−

m2
fi

m2
η

{(
1− 4

m2
fi

m2
η

) ∣∣∣∣ 3∑
α=1

ληηακ
α
S,f

1−R2
α + iRαRΓα

∣∣∣∣2
+

∣∣∣∣ 3∑
α=1

ληηακ
α
P,f

1−R2
α + iRαRΓα

∣∣∣∣2
}
, (5.4.5)

where we define the following;

Rα =
mHα

2mη

, RΓα =
ΓHα

2mη

; α = 1, 2, 3. (5.4.6)

Second, we consider the annihilation processes into the electroweak gauge bosons.
The processes ηη → W+W− and ηη → ZZ occur at tree level mediated by the SM Higgs
boson H1. Since we assume the alignment condition in the Higgs potential (λ6 = 0), the
additional Higgs bosons do not contribute to this process at the tree level.

The scattering cross section for ηη → V V (V = W± or Z) is given by

σV V =
σ2
1SV
32πs

√
s− 4m2

V

s− 4m2
η

1

(s−m2
H1
)2 +m2

H1
Γ2
h1

(
(s− 2m2

V )
2 + 8m4

V

)
, (5.4.7)

where mV is the mass of the gauge boson V and SV is a symmetry factor defined as

SV ≡

 2 (V = W±),

1 (V = Z).
(5.4.8)

At the leading order of v, the thermally averaged cross section for ηη → V V is given by

〈
σV V v

〉
≃ σ2

1SV
64πm2

η

√
1− m2

V

m2
η

1

(1−R2
1)

2 +R2
1R

2
Γ1

{(
1− m2

V

2m2
η

)2

+
m4
V

2m4
η

}
. (5.4.9)

By using the above thermally averaged cross sections, the relic abundance η is approx-
imately evaluated by

Ωη0h
2 = 1.04× 109 × xf√

g∗

( mpl

GeV

)−1
(
⟨σallv⟩
GeV−2

)−1

, (5.4.10)

where mpl is the Planck mass, and g∗ ≃ 106.75 is the effective degree of freedom in the
radiation dominated era [249, 250]. The symbol ⟨σallv⟩ in Eq. (5.4.10) is the sum of the
thermally averaged cross sections of all processes in Eq. (5.4.1);

⟨σallv⟩ = ⟨σWWv⟩+ ⟨σZZv⟩+
∑

f=u,d,e

3∑
i=1

〈
σfifiv

〉
(5.4.11)

The freeze-out temperature xf in Eq. (5.4.10) is approximately evaluated as follows [164]

xf = log
[
0.038

mη√
g∗
mpl ⟨σallv⟩

]
− 1

2
log

[
log
[
0.038

mη√
g∗
mpl ⟨σallv⟩

]]
. (5.4.12)
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5.4.2 Direct detection

In this section, the formula for the scattering cross section of the DM scattering ηN → ηN
is provided, where N is the proton (N = p) or the neutron (N = n). This scattering
occurs via the t-channel diagrams mediated by the neutral Higgs bosons H1, H2, and H3.
Here, we neglect contributions from H2 and H3 for the sake of simplicity.

The effective coupling of the interaction between H1 and nucleons N is given by

gN =
1

v

∑
q

⟨N |mqqq|N⟩ , (5.4.13)

where
∑

q means the sum for quarks. According to Refs. [251], gN is evaluated as

gN ≃ 1.1× 10−3. (5.4.14)

Since the typical momentum exchange between DM and the nucleon is O(100 MeV),
we neglect it in the calculation of the scattering cross section. Then, the cross section
σηN is given by

σηN ≃ σ2
1g

2
N

16πm4
H1

v2m2
N

(mη +mN)2
. (5.4.15)

5.5 Baryon asymmetry of the universe

In this section, some formulae necessary to calculate the baryon asymmetry generated
via electroweak baryogenesis are provided. First, we investigate the effective potential
of the model. The formulae for the one-loop level effective potential at zero and finite
temperatures are shown. The formula for the one-loop correction on the Higgs triple
coupling is also shown.

Second, we investigate EWBG in the model via the charge transport mechanisms by
top quarks. The transport equations and the formula for the generated baryon asymmetry
via the sphaleron transition are shown.

5.5.1 The effective potential

We consider the effective potential for neutral elements of the doublets Φ1 and Φ2. By
choosing an appropriate gauge, the classical fields can be parametrized as

Φ1 =
1√
2

 0

φ1

 , Φ2 =
1√
2

 0

φ2 + iφ3

 . (5.5.1)
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By substituting these classical fields into the Higgs potential, we can obtain the tree-level
effective potential V0 as follows.

V0(φ1, φ2, φ3) =
µ2
1

2
φ2
1 +

µ2
2

2
(φ2

2 + φ2
3) +

λ1
8
φ4
1 +

λ2
8
(φ4

2 + 2φ2
2φ

2
3 + φ4

3)

+
1

4
(λ3 + λ4 + λ5)φ

2
1φ

2
2 +

1

4
(λ3 + λ4 − λ5)φ

2
1φ

2
3

+
1

2
Re[λ7]φ1φ2(φ

2
2 + φ2

3)−
1

2
Im[λ7]φ1φ3(φ

2
2 + φ2

3), (5.5.2)

where we use the Higgs alignment assumption λ6 = 0 at tree level and the tree level
stationary conditions in Eq. (5.1.4).

The 1-loop level effective potential is given by

V1 = V0 + VCW + Vc.t., (5.5.3)

where VCW is the Coleman-Weinberg potential [198], and Vc.t. is the counterterms. The
Coleman-Weinberg potential in Landau gauge is given by

VCW =
∑
α

(−1)sα
nα
64π2

m̃4
α

[
log

m̃2
α

Q2
− 3

2

]
, (5.5.4)

where Q is the renormalization scale, and the index α represents the kinds of particles
in the loop diagrams; α = t, W±, Z, γ, G±, G0, H±, H1, H2, H3, S

±, and η. The
field-dependent masses for the particle α are denoted by m̃2

α. Formulae for m̃2
α are shown

in Appendix C. The symbol nα and (−1)sα in Eq. (5.5.4) are the degrees of freedom and
the statistical factor for particle α, respectively. The statistical factor is defined as

(−1)sα =

 1 (α is a boson),

−1 (α is a fermion).
(5.5.5)

In Eq. (5.5.4), the contributions from the SM fermions except for the top quark are
not included because their contributions are negligibly small. On the other hand, the
Majorana fermions Na does not contribute to the effective potential at the one-loop level.

To determine the counterterms, we impose the following renormalization conditions
at the point φ1 = v, φ2,3 = 0;

∂V1
∂φi

= 0 (i = 1, 2, 3), (5.5.6)

∂2V1
∂φi∂φj

= (M2
h)ij (i, j = 1, 2, 3), (5.5.7)

where M2
h is the mass matrix for the neutral Higgs bosons defined in Eq. (5.1.9). The

second derivatives in the conditions have IR divergences caused by the NG bosons. To
avoid them, we replace the NG boson mass at the vacuum with the IR cutoff scalar
1 GeV [199].
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The first (second) renormalization condition provides three (six) independent equa-
tions. By using these equations, counterterms for µ2

1, µ
2
3, λ1, λ3, λ4, λ5, and λ6 are

determined. We use the MS scheme to fix the counterterms for µ2
2, λ2, and λ7. The

counterterms for other scalar couplings do not contribute to the effective potential at the
one-loop level.

At finite temperature, the effective potential is given by

Veff(φi, T ) = V1 + VT . (5.5.8)

where VT is the thermal effects at the one-loop level with daisy resummation. For the
resummation, we employ the Parwani scheme [200]. Then, the thermal correction at the
one-loop level is given as follows [132];

VT =
∑
α

(−1)α
nk

2π2β4

∫ ∞

0

dx log
(
1− (−1)sk exp(−

√
x2 + β2(m̃β

α)2)
)
, (5.5.9)

where (m̃β
α)

2 is the field-dependent masses including thermal corrections if α is the gauge
bosons or the scalar bosons. For the top quark, it is the same as m̃2

t . The formulae for
(m̃β

α)
2 for each particle are shown in Appendix C.

In the model, the strongly 1st order EWPT can be realized by the non-decoupling
effects of the additional scalar bosons. In such a case, the Higgs triple coupling can deviate
sizably from the prediction in the SM [140, 141, 143]. By using the effective potential at
zero temperature, this deviation in the model is evaluated as

∆R ≡ λhhh − λSMhhh
λSMhhh

=
1

12π2v2m2
H1

{2(m2
H± − µ2

2)
3

m2
H±

+
(m2

H2
− µ2

2)
3

m2
H2

+
(m2

H3
− µ2

2)
3

m2
H3

+
2(m2

S − µ2
S)

3

m2
S

+
(m2

η − µ2
η)

3

m2
η

}
. (5.5.10)

5.5.2 Electroweak baryogenesis

Here, we investigate EWBG via the charge transport mechanism by top quarks based on
discussions in Refs. [45,46,108]. We discuss the issue in the wall frame, where the bubble
wall is stationary. The radial direction of the bubble is denoted by the z-axis. The bubble
wall is fixed at z = 0, and the negative direction of z is the inside of the bubble (the
broken phase).

The transport equation

The transport equations in the wall frame are given as follows [45,108]
u′i + vwKi1µ

′
io + vw(m

2)′Ki2µio − βKi0

∑
σ∈inela Γσ

∑
j s

σ
j µj0 = 0

−µ′
ioKi4 − vwu

′
i + vw(m

2)′K̃i6ui

+Γtotui + vwβKi0

∑
σ∈inela Γσ

∑
j s

σ
j µjo = Si,

(5.5.11)
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where µi and ui are the chemical potential and the plasma velocity of the particle i,
respectively. The definitions of other quantities in Eq. (5.5.11) are shown in Sec. (3.1.3).

The transport equation for each species is a pair of first-order differential equations.
These can be transformed into the following single second-order differential equation by
removing ui. At the linear order of vw, this differential equation is given by

DiJiAξ′′i +
(
DiJ ′

iA + vωJi1
)
ξ′i + vωa

′
iJi2ξi − Ji0

∑
σ

γσ
∑
j

sσj ξj = −DiJiS, (5.5.12)

where we define the following dimensionless quantities;

ξi ≡ βµi2, ai ≡ β2m2
i , γtot ≡ βΓ tot, γσ ≡ βΓσ,

Ji0 ≡ βKi0, Ji1 ≡ Ki1, Ji2 ≡ β−2Ki2, Ji3 ≡ Ki4, (5.5.13)

Ji4 ≡ β−2K̃i6, Ji5 ≡ β−2Ki8, Ji6 ≡ β−2m2
iKi9,

and the functions JiA and JiS is given by

JiA = Ji1
(
1− vωDi

a′iJi1Ji4
Ji3

)
, JiS =

Ji1Si
Ji3

, (5.5.14)

The symbolDi in Eq. (5.5.12) is a diemensionless diffusion coefficient normalized β defined
as

Di =
Ji3

Ji1γtot
. (5.5.15)

The quantities with the superscript ′ represent derivatives by z of them. The formulae
for each J function are given by

Ji0 =
6

π2

∫ ∞

0

dx
x2

eϵi + 1
, Ji1 =

6

π2

∫ ∞

0

dx
x2eϵi

(eϵi + 1)2
, Ji2 = − 3

π2

∫ ∞

0

dx
eϵi

(eϵi + 1)2
,

Ji3 =
2

π2

∫ ∞

0

dx
x4

ϵ2i

eϵi

(eϵi + 1)2
, Ji4 = −1

2

∫ ∞

0

dx
1

eϵi + 1∫ ∞

0

dx
x2

eϵi + 1

, (5.5.16)

Ji5 =
3

π2

∫ ∞

√
ai

dx
ex

(ex + 1)2

(
1−

√
ai
x

)
, Ji6 =

3

2π2
a

3
2
i

∫ ∞

√
ai

dx
1

ϵ3i

ex

(ex + 1)2
,

where ϵi =
√
x2 + ai. The derivation of these formulae are shown in Appendix D.

We consider only the transport equations of quarks and Higgs. We assume that the
impacts of other species are enough small. Following discussions in Refs. [45, 108], the
following baron number conserved processes are considered as inelastic processes in the
transport equations; the top Yukawa interaction, the strong sphaleron [201,202], the top
helicity flips, and the Higgs number violation.
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In this case, the transport equations for light quarks (quarks in the first and second
generations and right-handed bottom quarks) can be solved analytically [107]. The dimen-
sionless chemical potential ξqL (ξqR) for a left-handed (right-handed) light quark can be
represented by using those of top quarks and left-handed bottom quarks as follows [107];

ξqL = −ξqR = Jb1ξbL + Jt1(ξtL + ξtR). (5.5.17)

By using this formula, the transport equations for the chemical potentials of left-handed
top quarks (ξtL), right-handed top quarks (ξtR), left-handed bottom quarks (ξbL), and
Higgs doublet (h) are given by

DqJtAξ′′tL +
(
DqJ ′

tA + vωJt1
)
ξ′tL + vωa

′
tJt2ξtL − Jt0γtL = −DqJ ′

tS,

DqJtAξ′′tR +
(
DqJ ′

tA + vωJt1
)
ξ′tR + vωa

′
tJt2ξtR − Jt0γtR = DqJ ′

tS,

Dqξ
′′
bL

+ vωξ
′
bL

− J0γbL = 0,

Dhξ
′′
h + vωξ

′
h − J0γh = 0,

(5.5.18)

where we neglect the masses of the bottom quarks and the Higgs because their effect is
negligibly small [45, 108]. The function J0 is Ji0 for massless particles i. The symbol Dq

and Dh denote the dimensionless diffusion coefficient for quarks and that for the Higgs,
respectively.

In Eq. (5.5.18), the effects of inelastic scattering processes for each species are repre-
sented by γtL , γtR , γbL , and γh. They are defined as;

γtL = γm(ξtL − ξtR) + γW (ξtL − ξbL) + γy(ξtL + ξh − ξtR)

+ γss
{
(1 + 9Jt1)ξtL + 10ξbL − (1− 9Jt1)ξtR

}
, (5.5.19)

γtR = γm(ξtR − ξtL) + γy(2ξtR − ξtL − ξbL − 2ξh)

+ γss
{
(1− 9Jt1)ξtR − (1 + 9Jt1)ξtL − 10ξbL

}
, (5.5.20)

γbL =γW (ξbL − ξtL) + γy(ξbL + ξh − ξtR)

+ γss
{
(1 + 9J1t)ξtL + 10ξbL − (1− 9J1t)ξtR

}
, (5.5.21)

γh = γy(2ξh + ξtL + ξbL − 2ξtR) + γhξh, (5.5.22)

where γy, γss, γm, and γh are thermally averaged reaction rates normalized by T of the
top Yukawa interaction, the strong sphaleron, the top helicity flips, and the Higgs number
violation, respectively.

The baryon number density

By solving the above transport equation, the distributions of the chemical potentials
around the bubble wall are obtained. By using these chemical potentials, we can evaluate
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the baryon asymmetry as follows [45,107,108];

nB
s

=
405Γs

sph

4π2g∗sT

∫ ∞

0

dz fsph(z)ξBL
e−νz, (5.5.23)

where s and g∗s are the entropy density and the effective degree of freedom for the entropy
density, respectively, and ξBL

and ν are defined as

ξBL
=

1

2

{
(1 + 4Jt1)ξtL + 5ξbL + 4Jt1ξtR

}
, (5.5.24)

ν =
3Γs

sphA

2vw
=

45Γs
sph

4vw
. (5.5.25)

The symbol Γs
sph denotes the weak sphaleron rate in the symmetric phase. The function

fsph(z) in Eq. (5.5.23) represents the correction for the weak sphaleron rate caused by the
nonzero VEV v(z) in z > 0. According to Ref. [46], it can be evaluated as

fsph(z) = min

{
1,

2.4T

Γs
sph

e−40v(z)/T

}
. (5.5.26)

5.6 Benchmark scenario

In this section, I introduce a benchmark scenario of the model where baryon asymmetry,
neutrino masses, and DM can be explained simultaneously under the constraints of the
current experiments. The prediction of this benchmark scenario and some discussions are
also provided.

5.6.1 Numerical evaluations in the benchmark scenario

In the benchmark scenario, we assume the following input parameters.

Masses of particles

mH1 = 125 GeV, mH2 = 420 GeV, mH3 = mH± = 250 GeV,

mS = 400 GeV, mη = 63 GeV,

(MN1 ,MN2 ,MN3) = (2000, 2500, 3000) GeV.

(5.6.1)

The Higgs potential

v = 246 GeV, M2(≡ −µ2
2) = (50 GeV)2, µ2

S = (320 GeV)2,

λ2 = 0.1, |λ7| = 0.8, |ρ12| = 0.1, ρ2 = 0.1,

σ1 = |σ12| = 1.1× 10−3, σ2 = 0.1, λs = 0.1, ξ = 0.1, κ = 1.0,

θ7 = 0.779, θρ = 0.20, θσ = 0.

(5.6.2)
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The Yukawa interactions

|ζe| = 80, |ζµ| = 0.5, |ζτ | = |ζu| = |ζd| = 0.246,

θu = −2.9 θd = 0.0, θe = θρ = 0.20,

YN =


−0.0622− 0.0638i 1.38− 0.762i 0.417− 0.0432i

−0.383 + 1.49i 2.01− 0.703i 0.267 + 0.270i

−0.404− 0.105i −0.108− 0.166i 0.188− 0.275i

 .

(5.6.3)

The remaining parameters in the Higgs potential are determined by the input parameters
as follows;

λ1 ≃ 0.258, λ3 ≃ 1.98, λ4 = λ5 ≃ 1.88, ρ1 ≃ 1.90, µ2
η ≃ (62.8 GeV)2. (5.6.4)

By using the neutrino mass formula in Eq. (5.2.1), the neutrino mass and the PMNS
matrix elements in the benchmark scenario are calculated as

(mν1 ,mν2 ,mν3) = (2.3, 9.0, 50) meV, (5.6.5)

sin2 θ12 = 0.304, sin2 θ13 = 2.20× 10−2, sin2 θ23 = 0.543, (5.6.6)

δ = −1.90, α1 = 1.89, α2 = 0.325, (5.6.7)

where θij (i, j = 1, 2, 3), δ, α1, and α2 are the parameters in the PMNS matrix in
Eq. (3.2.10). These values are consistent with the current neutrino oscillation data for
the normal ordering mass hierarchy [1]. In addition, the sum of the neutrino masses are
evaluated as

3∑
i=1

mνi = 62 meV. (5.6.8)

This is smaller than the upper limit from the latest Planck data [3];
∑
mνi < 102 meV.

The branching ratios for the lepton flavor violating processes in the benchmark scenario
are shown in Table 5.3. It is found that all the processes satisfy the current upper limit.

Next, we consider the eEDM in the benchmark scenario. In the benchmark scenario,
we assume that θe = θρ for simplicity. Then, the contribution from the S± loop diagram
shown in Fig. 5.1 vanish. The severe constraint from the eEDM measurement is avoided
by the destructive interference between the top quark loop diagrams and the scalar loop
diagrams including H2,3 and H±. This is the same situation as the model discussed in
Chapter 4. The prediction of de in the benchmark scenario is given by

de = −1.6× 10−30 e cm. (5.6.9)

This is the one-order magnitude smaller than the current upper limit.
In the benchmark scenario, the lightest Z2-odd particle is the real singlet scalar boson

η. Thus, η is the DM particle in the benchmark scenario. With the input parameters
shown in Eqs. (5.6.1)–(5.6.3), the relic abundance of η is calculated as

Ωηh
2 = 0.12. (5.6.10)
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Processes BR Upper limits

µ→ eγ 7.18× 10−16 4.2× 10−13

τ → eγ 2.37× 10−12 3.3× 10−8

τ → µγ 1.31× 10−11 4.4× 10−8

Processes BR Upper limits

µ→ 3e 1.35× 10−15 1.0× 10−12

τ → 3e 1.68× 10−11 2.7× 10−8

τ → 3µ 5.14× 10−15 2.1× 10−8

Processes BR Upper limits

τ → eµe 4.11× 10−10 1.8× 10−8

τ → µµe 2.60× 10−13 1.7× 10−8

τ → eeµ 7.17× 10−14 1.5× 10−8

τ → eµµ 7.63× 10−13 2.7× 10−8

Table 5.3: Branching ratios for the lepton flavor violating processes in the benchmark
scenario and the current upper limit on them

Thus, in the benchmark scenario, the observed relic density of DM can be explained [3].
On the other hand, by using Eq. (5.4.15), the scattering cross section for ηN → ηN is
evaluated as

σηN ≃ 2.3× 10−48 cm2. (5.6.11)

The current upper limit for σηN is given by the XENON1T experiment [252]. In the case
that the mass of DM particle is 63 GeV, the upper limit is about 10−27 cm2. Therefore,
the benchmark scenario can explain the DM relic density under the constraints from the
DM direct search.

Finally, we consider EWBG in the benchmark scenario. In Fig. 5.5, the ∆R in
Eq. (5.5.10) and vn/Tn for various values of mH2 , mH3 = mH± are shown. In the evalu-
ation of Tn and vn, we have used CosmoTransitions [203]. The values of the parameters
except for mH2 , mH3 , and mH± are the same as those in the benchmark scenario. Since
we fix the value of the invariant mass parameterM2, the non-decoupling effect of H2, H3,
and H± is stronger as the masses of them increase. Thus, in Fig. 5.5, we can see that the
EWPT is stronger in the heavier mass regions.

The blue point in Fig. 5.5 corresponds to the benchmark scenario. On this point, the
nucleation temperature is evaluated as Tn = 100 GeV, and vn/Tn is given by vn/Tn = 1.74.
Therefore, the strongly 1st order EWPT can be realized in the benchmark scenario. In
addition, the prediction for ∆R in the benchmark scenario is ∆R = 38 %. This deviation
is expected to be verified in the future upgraded ILC with

√
s = 500 GeV and 1 TeV.

In Fig. 5.6, we show the distribution of the dimensionless chemical potentials ξi (i =
tL, t

c
R, bL, ϕ) which is given by solving the transport equations in Eq. (5.5.18). The

horizontal axis in Fig. 5.6 is the radial coordinate perpendicular to the bubble wall which
is normalized by Tn. The positive (negative) direction of the horizontal axis is the broken
(symmetric) phase. We can see that the left-handed and right-handed top quarks provide
large contributions. The chemical potentials of the bottom quark and the Higgs are
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Figure 5.5: The ∆R in Eq. (5.5.10) and vn/Tn in the model. The values of parameters
except for mH2 , mH3 , and mH± is the same as those in the benchmark scenario. The blue
point represents the benchmark scenario (mH2 = 420 GeV, mH3 = mH± = 250 GeV).

negligibly small.
The chemical potentials for the left-handed fermions in z > 0 can be converted into the

baryon asymmetry by the weak Sphaleron transition. By using the formula in Eq. (5.5.23),
the produced baryon asymmetry in the benchmark scenario is evaluated as

nB
s

= 8.65× 10−11, (5.6.12)

where nB is the number density of baryon and s is the entropy density.
The observed quantity for the baryon asymmetry is the baryon-to-photon ratio ηB,

which is the ratio of the number density of the baryon and that of the photon. In the
standard cosmology, ηB can be evaluated as ηB ≃ 7.04× (nB/s). By using this equation,
ηB in the benchmark scenario is given by

ηB ≃ 7.04× nB
s

= 6.1× 10−10. (5.6.13)

The 95 % C.L. interval of ηB is provided by the observations related to BBN [?] as well
as the latest Planck data [3] as follows;

5.8× 10−10 ≤ ηB ≤ 6.5× 10−10 (BBN),

6.04× 10−10 ≤ ηB ≤ 6.20× 10−10 (Planck).
(5.6.14)

Therefore, in the benchmark scenario, the observed baryon asymmetry can be explained
within 95 % C.L. As a result, the baryon asymmetry, neutrino mass, and DM relic den-
sity can be explained simultaneously in the benchmark scenario under the experimental
constraints discussed in Sec. 5.1.2.
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Figure 5.6: The distribution of the chemical potential in the benchmark scenario. The
bubble wall is at the origin.

5.6.2 Predictions

In this section, we discuss distinctive predictions of the benchmark scenario. First, we
consider the future direct searches of the additional Higgs bosons at the HL-LHC. In the
benchmark scenario, ζ couplings are set to be

|ζu| = |ζd| = |ζτ | = 0.246, |ζµ| = 0.5, |ζe| = 80. (5.6.15)

Although, |ζe| and |ζµ| is larger than the other ζ couplings, the hierarchy of the lepton’s
Yukawa couplings is given by

mτ |ζτ | : mµ|ζµ| : me|ζe| ≃ 1 : 0.12 : 0.092. (5.6.16)

Therefore, the decays of the additional Higgs bosons are almost the same as those in
the Type-I THDM, where all ζ couplings are real and have the same value. Then, the
charged Higgs boson in the benchmark scenario is produced via the process gg → H±tb
and decays into tb at almost 100 %. The expected upper limit on |ζu| from the search
for this process at the HL-HLC with the integrated luminosity L = 3000 fb−1 is given by
|ζu| ≲ 0.2 at 95 % C.L. [102]. Thus, the signal of this process in the benchmark scenario
is expected to be detected at the HL-LHC.

The additional neutral scalars can be also produced at the HL-LHC. The dominated
single production channel is the gluon fusion process gg → H2,3 [169]. In the benchmark
scenario, H2 decays into a pair of top quarks at almost 100 %. On the other hand, H3 → tt
is kinematically prohibited, thus H3 decays into bb, gg, and ττ . Therefore, the signal of
the process gg → H2 → tt and gg → H3 → ττ would be detected at the HL-LHC [102].2

2In Ref. [102], the CP-conserving case is investigated, and the expected upper limit on |ζu| from the
search for these signals at the Hl-LHC is provided. In our benchmark scenario, ζu has the CP-violating
phase, and it would be affect the production cross sections of H2 and H3.
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Next, we discuss the future direct search for S±. At the hadron collider, a pair of
S+S− is produced by qq → Z∗/γ∗ → S+S−. Since S± is lighter than the Majorana
fermions, the final states of it has to include DM particle η. The main decay mode is
S± → H±η via the scalar coupling κ(Φ̃†

1Φ2)S
−η. The charged Higgs boson decays into tb

at almost 100 %. The DM particle η is stable, and it is missing energy at the detector.
Therefore, the signal of the production of S+S− pair is pp→ S+S− → 2t2b��E → 4b2j��E or
pp→ S+S− → 2t2b��E → 4b2ℓ��E in the benchmark scenario. At the HL-LHC, this channel
would be useful to search for S± in the benchmark scenario.

The charged scalar S± is also produced at e+-e− colliders if it is kinematically allowed.
In addition to the s-channel diagram e+e− → Z∗/γ∗ → S+S−, there is t-channel diagram
e+e− → S+S− via the Yukawa interaction YN . For S± in the benchmark scenario, the
t-channel diagram gives the leading contribution, and the production cross section can
reach about 100 fb for mS = 400 GeV at

√
s = 1 TeV in the case of O(1) Yukawa

couplings [75]. Therefore, it would be possible to explore S± at the future upgraded ILC
with the beam energy higher than 800 GeV.

The Yukawa interaction among S±, Na, and charged leptons induce the lepton flavor
violating processes. At the future experiments, the upper limits for these processes are
expected to be improved by one or a few order. In Table 5.4, we show the benchmark
scenario’s prediction and the expected upper limit for these processes are shown. In

Processes Benchmark scenario Expected limits Experiments

µ→ eγ 7.18× 10−16 6× 10−14 MEG-II [253]

τ → eγ 2.37× 10−12 3× 10−9 Belle-II [217]

τ → µγ 1.31× 10−11 1× 10−9 Belle-II [217]

µ→ 3e 1.35× 10−15 1× 10−16 Mu3e [254,255]

τ → 3e 1.68× 10−11 4× 10−10 Belle-II [217]

τ → 3µ 5.14× 10−15 3× 10−10 Belle-II [217]

τ → eµe 4.11× 10−10 3× 10−10 Belle-II [217]

τ → µµe 2.60× 10−13 3× 10−10 Belle-II [217]

τ → eeµ 7.17× 10−14 1× 10−10 Belle-II [217]

τ → eµµ 7.63× 10−13 4× 10−10 Belle-II [217]

Table 5.4: Predictions in the benchmark scenario and the expected upper limit at 90 %
C.L. for each lepton flavor violating process.

the MEG-II experiment, the upper limit on µ → eγ is expected to be improved up to
6×10−14 [253]. However, in the benchmark scenario, the branching ratio for it is predicted
to be two orders smaller than the expected upper limit at the MEG-II experiment. The
Mu3e experiment is planned to run in two phases. In phase I, the Mu3e experiment aims
to measure or exclude the branching ratio for µ→ 3e up to 2× 10−15 [254,255]. In phase
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II, the upper limit for µ → 3e is expected to be improved up to 1 × 10−16 [254, 255]. In
phase II, the prediction for the process in the benchmark scenario would be confirmed
or excluded. The expected upper limits on other processes are given by the Belle-II
experiment. The value in Table 5.4 assumes the integrated luminosity L = 50 ab−1.
In the benchmark scenario, the prediction for τ → eµe would be tested at the Belle-II
experiment with L = 50 ab−1.

The structure of the Yukawa coupling YN will also be explored by future neutrino
oscillation experiments. At the future T2K experiment using Hyper-Kamiokande [256],
some PMNS matrix parameters are expected to be measured with higher accuracy. This
improvement would provide more precise information on the structure of YN . In particular,
the precision measurement of the Dirac phase of the PMNS matrix would give a hint of
the CP-violating structure of YN .

In the benchmark scenario, the eEDM is predicted to be de = −1.6×10−30 e cm. This
is a one-order magnitude smaller than the current upper limit and would be tested by
the future one-order improvement of the eEDM measurement [178]. In addition, the CP-
violation in the model would be tested at future flavor experiments such as Belle-II [217]
and LHCb [218] by searching for the asymmetry between the CP violation in B− → X−

s γ
and that in B0 → X0

sγ [53, 219, 220]. Furthermore, it would be possible to measure
the CP-violating phase of ζe at future lepton colliders by looking at the azimuthal angle
distribution of the hadronic decays of the tau leptons from the decay of H2, H3 [104,221].

The scattering cross section of the process ηN → ηN is predicted to be σηN =
2.3 × 10−48 cm2 in the benchmark scenario, which is about one-order smaller than the
current upper limit from the XENON experiment [252]. The signal of this DM scatter-
ing would be detected at the future LZ experiment [257]. Furthermore, the DARWIN
experiment [258] aims to explore the entire accessible WIMP parameter space. The DM
η would be thoroughly tested by these future experiments.

The strongly 1st order EWPT can be tested by the future Higgs precision measure-
ments. The non-decoupling effect of the additional scalar bosons leads to a sizable
∆R [140, 141, 143]. This deviation can be measured in the precision measurement of
the di-Higgs production at future high-energy colliders [208, 222–229]. At the HL-HLC
and the upgraded ILC with

√
s = 500 GeV (1 TeV), the triple Higgs boson coupling is

expected to be measured with the accuracies 50 % [207, 208] and 27 % (10 %) [209]. In
the benchmark scenario, the Higgs triple coupling is predicted to be deviated by 38 %
from the SM prediction. This prediction would be verified at the future upgraded ILC.

Finally, GW can be produced by the 1st order EWPT in extended Higgs sectors [230–
232]. They would be detectable at future space-based GW detectors such as LISA [233],
DECIGO [234], and BBO [235].

5.7 Summary of Chapter 5

In this chapter, I introduce one of my works [110]. In this work, we investigate a new
model which can explain tiny neutrino masses, DM, and the BAU simultaneously. In
the model, Majorana masses of neutrinos are generated by three-loop diagrams. The
DM candidate is Z2-odd real scalar boson or the lightest Majorana fermion. The EWPT
in the model can be the strongly 1st order phase transition due to the non-decoupling
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effect of the additional scalar bosons. Then, the baryon asymmetry of the universe is
produced via EWBG. I have introduced the benchmark scenario of the model, where all
three problems can be explained under the current constraints from various experimental
data. In particular, the severe constraint from the eEDM measurement is avoided by
the destructive interference between the CP-violating phases in the Higgs potential and
the Yukawa interaction. In the benchmark scenario, the masses of new scalar bosons are
mH3 = mH± = 250 GeV, mH2 = 420 GeV, mS = 400 GeV, and mη = 63 GeV. They
would be produced and tested at future collider experiments. The lepton flavor violating
coupling YN would be explored by future flavor experiments and neutrino oscillation ex-
periments. The CP violation in the model would be verified by the eEDM measurements,
the flavor experiments, and the lepton colliders. The DM nature would be tested at fu-
ture DM direct detection experiments. In addition, the strongly 1st order EWPT can be
tested by the measurements of the Higgs triple coupling and future GW observations.



Chapter 6

Grand Summary

In this chapter, we summarize this doctoral thesis. In Chap. 2, some basic facts of the SM
have been shortly reviewed. In the SM, the mass terms of gauge bosons are prohibited
by gauge symmetry. In addition, the fermions cannot also have mass terms since the left-
handed fermions and right-handed fermions have different quantum numbers. We have
shown that in the SM, the mass of the gauge bosons and the fermions are provided by the
VEV of the isospin doublet scalar field, the Higgs doublet. We have also shown that the
CP violation is caused by the phase of the CKM matrix. For this phase to be a physical
CP-violating phase, the number of fermion flavors must be three or larger.

In Chap. 3, we have discussed some phenomena which cannot be explained in the
SM. First, we have discussed the BAU and EWBG [21]. To produce the BAU, the
Sakharov conditions [17] have to be satisfied. In the SM, they are not satisfied since CP-
violation is too small and the EWPT is not the strongly 1st order. Therefore, for successful
EWBG, the extended Higgs sector including a new CP-violating source is needed. The
WKB method [105–109], which is one of the approximation methods to evaluate the BAU
generated by EWBG, has been reviewed.

Second, we have discussed neutrino oscillations and neutrino mass. To explain the
observed neutrino oscillation data, at least two neutrinos have to be massive particles.
However, in the SM, all of them are massless fermions. Therefore, new physics is needed
to explain neutrino mass. Since the neutrinos are electrically neutral, they can have two
types of mass terms; Dirac-type mass and Majorana-type mass. Neutrino mass induces
the LFV via the PMNS matrix regardless of which type of mass term neutrinos have.
This causes the neutrino oscillation, and other lepton flavor violating processes such as
µ → eγ. However, the branching ratio of µ → eγ via neutrino mass is much smaller
than the current experimental upper limit. Thus, it would be difficult to detect the effect
of neutrino mass by measuring µ → eγ. If neutrinos are Majorana fermions, lepton
number conservation is broken. This nature of Majorana neutrinos can be tested by the
observation of 0νββ. Type-I, II, III seesaw mechanisms have been introduced as examples
of new physics to explain neutrino mass.

Third, we have discussed the DM. The freeze-out mechanism which is one of the
scenarios to obtain the observed relic density of DM has been reviewed. Some formulae
to evaluate DM relic abundance are provided.

In Chap. 4, I have introduced one of my works [55]. We have investigated EWBG in
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the CP-violating two Higgs doublet model, where the Yukawa interactions are aligned to
avoid the FCNCs, and coupling constants of the lightest Higgs boson coincide with those in
the SM at tree level. In the analyses, we have focused on the parameter regions where the
severe constraints from the current eEDM measurement can be satisfied by the destructive
interferences between the CP-violating phases in the Yukawa interactions and that in the
Higgs potential. We have some benchmark scenarios where the observed baryon number
asymmetry can be reproduced under the various experimental and theoretical constraints.
These benchmark scenarios can be tested by various future experiments. The typical value
of the additional Higgs bosons is 300–400 GeV for the successful EWBG. These would
be tested at the HL-LHC and flavor experiments such as Belle-II and LHCb. The CP-
violating phases which are essential to the successful EWBG would be tested by future
EDM measurements, flavor experiments, and linear colliders. In addition, the strongly 1st
order EWPT in the model can be tested by measuring the triple Higgs boson coupling.
The typical value in the benchmark scenarios is 35–55 %. This would be tested by the
HL-LHC and the future upgraded ILC. In addition, the strongly 1st order EWPT in
the model might be able to be tested by observing the GWs. This possibility will be
investigated in the future.

In Chap. 5, I have introduced an extension of the model studied in Chap. 4 [110].
In this model, the BAU, neutrino mass, and DM can be explained simultaneously by
the extended Higgs sector and right-handed neutrinos. The EWPT in the model can be
the strongly 1st order phase transition due to the non-decoupling effect of the additional
scalar bosons. Then, the baryon asymmetry of the universe is produced via EWBG.
Majorana masses of neutrinos are generated by three-loop diagrams. The DM candidate
is Z2-odd real scalar boson or the lightest Majorana fermion. I have introduced the
benchmark scenario of the model, where all three problems can be explained under the
current constraints from various experimental data. In particular, the severe constraint
from the eEDM measurement is avoided by the destructive interference between the CP-
violating phases in the Higgs potential and the Yukawa interaction. In the benchmark
scenario, the masses of new scalar bosons are mH3 = mH± = 250 GeV, mH2 = 420 GeV,
mS = 400 GeV, and mη = 63 GeV. They would be produced and tested at future collider
experiments. The lepton flavor violating coupling YN would be explored by future flavor
experiments and neutrino oscillation experiments. The CP violation in the model would
be verified by the eEDM measurements, the flavor experiments, and the lepton colliders.
The DM nature would be tested at future DM direct detection experiments. In addition,
the strongly 1st order EWPT can be tested by the measurements of the Higgs triple
coupling and future GW observations.



Appendix A

Relations among scalar coupling
constants in two bases

In this Appendix, the relations among the scalar couplings in the Higgs basis and those
in any other basis. The Higgs doublets in the Higgs basis are denoted by (Φ1,Φ2), and
those in any other basis are denoted by (ϕ1, ϕ2). The relation of them is given by

Φ1

Φ2

 =
1

v

 v∗1 v∗2

−v2eiϕ v1e
iϕ

ϕ1

ϕ2

 , (A.1)

where v1 and v2 are the VEVs of ϕ1 and ϕ2, respectively. Then, the VEV of Φ1 is
given by v =

√
v21 + v22. The VEVs v1 and v2 are generally complex number, and the

arguments of them are denoted by θ1 and θ2, respectively. The phase ϕ is an arbitrary
phase corresponding to the degree of freedom of rephasing Φ2.

By using this relation, we can obtain the following relations for the scalar couplings
in the THDM discussed in Chap. 4.

µ2
1 = µ′2

1 c
2
β + µ′2

2 s
2
β + 2Re[µ′2

12e
−iθ12 ]cβsβ, (A.2)

µ2
2 = µ′2

2 s
2
β + µ′2

2 c
2
β − 2Re[µ′2

12e
−iθ12 ]cβsβ, (A.3)

µ2
12 = e−i(θ1+θ2+ϕ)

(
−µ′2

1 cβsβ + µ′2
2 cβsβ +Re[µ′2

12e
−iθ12 ](c2β − s2β) + iIm[µ′2

12e
−iθ12 ]

)
, (A.4)

λ1 = λ′1c
4
β + λ′2s

4
β + 2λ′345c

2
βs

2
β + 4

(
Re[λ′6e

−iθ12 ]c2β +Re[λ′7e
−iθ12 ]s2β

)
cβsβ, (A.5)

λ2 = λ′1s
4
β + λ′2c

4
β + 2λ′345c

2
βs

2
β − 4

(
Re[λ′6e

−iθ12 ]s2β +Re[λ′7e
−iθ12 ]c2β

)
cβsβ, (A.6)

λ3 = λ′3 + (λ′1 + λ′2 − 2λ′345)c
2
βs

2
β − 2

(
Re[λ′6e

−iθ12 ]− Re[λ′7e
−iθ12 ]

)
(c2β − s2β)cβsβ, (A.7)

λ4 = λ′4 + (λ′1 + λ′2 − 2λ′345)c
2
βs

2
β − 2

(
Re[λ′6e

−iθ12 ]− Re[λ′7e
−iθ12 ]

)
(c2β − s2β)cβsβ. (A.8)
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λ5 = e−2i(θ1+θ2+ϕ)
{
Re[λ′5e

−2iθ12 ] + (λ′1 + λ′2 − 2λ′345)c
2
βs

2
β

− 2
(
Re[λ′6e

−iθ12 ]− Re[λ′7e
−iθ12 ]

)
(c2β − s2β)cβsβ + iIm[λ′5e

−2iθ12 ](c2β − s2β)

− 2i
(
Im[λ′6e

−iθ12 ]− Im[λ′7e
−iθ12 ]

)
cβsβ

}
, (A.9)

λ6 = e−i(θ1+θ2+ϕ)
{
−
(
λ′1c

2
β − λ′2s

2
β − λ′345(c

2
β − s2β)

)
cβsβ

+Re[λ′6e
−iθ12 ]c2β(c

2
β − 3s2β)− Re[λ′7e

−iθ12 ]s2β(s
2
β − 3c2β)

+ iIm[λ′5e
−2iθ12 ]cβsβ + iIm[λ′6e

−iθ12 ]s2β + iIm[λ′7e
−iθ12 ]c2β

}
, (A.10)

λ7 = e−i(θ1+θ2+ϕ)
{
−
(
λ′1s

2
β − λ′2c

2
β + λ′345(c

2
β − s2β)

)
cβsβ

− Re[λ′6e
−iθ12 ]s2β(s

2
β − 3c2β) + Re[λ′7e

−iθ12 ]c2β(c
2
β − 3s2β)

− iIm[λ′5e
−2iθ12 ]cβsβ + iIm[λ′6e

−iθ12 ]s2β + iIm[λ′7e
−iθ12 ]c2β

}
. (A.11)

These results are consistent with those in Ref. [101], in which the phase ϕ is fixed at
ϕ = −θ1 + θ2.

In the same way, the coupling relations for the model discussed in Chap. 5 are founded.
They are given by Eqs. (A.2)-(A.11) and the following equations;

ρ1 = ρ′1c
2
β + ρ′2s

2
β + 2cβsβRe[ρ

′
12e

−iθ12 ], (A.12)

ρ2 = ρ′1s
2
β + ρ′2c

2
β − 2cβsβRe[ρ

′
12e

−iθ12 ], (A.13)

ρ12 = e−i(θ1+θ2)
{
(ρ′2 − ρ′1)cβsβ +Re[ρ′12e

−iθ12 ](c2β − s2β) + iIm[ρ′12e
−iθ12 ]

}
, (A.14)

σ1 = σ′
1c

2
β + σ′

2s
2
β + 2cβsβRe[σ

′
12e

−iθ12 ], (A.15)

σ2 = σ′
1s

2
β + σ′

2c
2
β − 2cβsβRe[σ

′
12e

−iθ12 ], (A.16)

σ12 = e−i(θ1+θ2+ϕ)
{
(σ′

2 − σ′
1)cβsβ +Re[σ′

12e
−iθ12 ](c2β − s2β) + iIm[σ′

12e
−iθ12 ]

}
, (A.17)

κ = (detUH)
∗κ′ = e−iϕκ′. (A.18)

The rest of the scalar couplings (λs, λη, and ξ) do not change by selecting the basis.



Appendix B

The loop functions in the formula for
the neutrino mass matrix

In this Appendix, the calculations of the loop functions in the formula for the neutrino
mass matrix in Sec. 5.2. The amputated correlation function corresponding to the left
diagram in Fig. 5.2 is calculated as

iΣ1
ij = −4i

(
1

16π2

)3

(κζ∗ℓ )
2mℓimℓj

3∑
a=1

(YN)ajMNa(YN)aiF1a, (B.1)

where the momentum of the external neutrinos is 0. By using an approximation where
masses of the charged leptons in the internal lines are neglected, the loop function F1 is
given by

F1a =(16π2)3
1

i

∫
d4p

(2π)4

∫
d4q

(2π)4

∫
d4k

(2π)4
1

p2
1

q2
1

p2 −m2
H±

1

q2 −m2
H±

× 1

k2 −m2
η

1

k2 −M2
Na

1

(k − p)2 −m2
S

1

(k − q)2 −m2
S
�q�p. (B.2)

The integral by kµ can be performed by using Feynman parametrization as follows;∫
d4k

(2π)4
1

k2 −m2
η

1

k2 −M2
Na

1

(k − p)2 −m2
S

1

(k − q)2 −m2
S

=

∫ 1

0

d̃4x

∫
d4k

(2π)4
3!

(k2 −D)4
=

i

16π2

∫ 1

0

d̃4x
1

D2
, (B.3)

where the integral
∫ 1

0
d̃4x is defined as∫ 1

0

d̃4x ≡
∫ 1

0

dx

∫ 1

0

dy

∫ 1

0

dz

∫ 1

0

dω δ(1− x− y − z − ω), (B.4)

and D is given by

D = xM2
Na

+ (y + z)m2
S + ωm2

η − y(1− y)p2 − z(1− z)q2 + 2yzp · q. (B.5)
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Since the integrand is symmetric with respect to the interchange pµ ↔ qµ, the gamma
matrices �q�p can be replaced with q · p = qµp

µ. Now, we use Wick rotations for pµ and qµ

and define the momentums P µ and Qµ in four-dimensional Euclidean space as

P 0 = −ip0, , P k = pk, Q0 = −iq0, Qk = qk, (k = 1, 2, 3). (B.6)

Then, the loop function F1a is given by

F1a =
1

π4

∫ 1

0

d̃4x

∫
d4P

∫
d4Q

1

P 2

1

Q2

1

P 2 +m2
H±

1

Q2 +m2
H±

× P ·Q
(xM2

Na
+ (y + z)m2

S + ωm2
η + y(1− y)P 2 + z(1− z)Q2 − 2yzP ·Q)2

. (B.7)

We define the 0th axis in the P µ coordinate as the direction of the vector Qµ and
rewrite Eq. (B.7) in the following polar coordinate;

P 0 = Pr cos θ cosϕ,

P 1 = Pr cos θ sinϕ,

P 2 = Pr sin θ cosχ,

P 3 = Pr sin θ sinχ.


0 ≤ Pr ≤ ∞,

0 ≤ θ ≤ π/2,

0 ≤ ϕ ≤ 2π,

0 ≤ χ ≤ 2π.

 (B.8)

Then, the integrals by P µ and Qµ can be written as∫
d4P

∫
d4Q =

π2

2

∫ ∞

0

du

∫ ∞

0

dv

∫ 2π

0

dϕ

∫ 2π

0

dχ

∫ 1

0

dt uvt, (B.9)

where u ≡ P 2, v ≡ Q2, and t ≡ cos θ. The loop function F1a is given by

F1a =
1

π

∫ 1

0

d̃4x

∫ ∞

0

du

∫ ∞

0

dv

∫ 2π

0

dϕ

∫ 1

0

dt
1

u+m2
H±

1

v +m2
H±

√
uvt2 cosϕ

(A1 −B1t cosϕ)2
,

(B.10)
where

A1 = xM2
Na

+ (y + z)m2
S + ωm2

η + y(1− y)u+ z(1− z)v, (B.11)

B1 = 2yz
√
uv. (B.12)

In all domains of the integrals, the function A1 is always positive, and the following
inequality is satisfied;

0 ≤ |B1|t
A1

< 1. (B.13)

Then, the integral by ϕ can be performed by using the residue theorem, and we obtain
the following result;

F1a = 2

∫ 1

0

d̃4x

∫ ∞

0

du

∫ ∞

0

dv
1

u+m2
H±

1

v +m2
H±

√
uv
B1

A3
1

∫ 1

0

dt
t3(

1− B2
1t

2

A2
1

)3/2 . (B.14)
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The integral by t can be easily calculated by changing the integral variable into s ≡ t2.
Consequently, we obtain the formula for the loop function F1a as follows;

F1a =

∫ 1

0

d̃4x

∫ ∞

0

du

∫ ∞

0

dv
2
√
uv

(u+m2
H±)(v +m2

H±)

1

B3
1

(√
A2

1 −B2
1 +

A2
1√

A2
1 −B2

1

− 2A1

)
.

(B.15)
This formula is the same as that in Eq. (5.2.2) in Sec. 5.2. The loop function F2a can be
calculated in the same way.

Next, we derive the simple formula for F1a in Eq. (5.2.7) in Sec. 5.2. First, we change
the integral variables in Eq. (B.2) as follows;

F1a = (16π2)3
1

i

∫
d4p

(2π)4

∫
d4q

(2π)4

∫
d4k

(2π)4
1
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k2 −m2
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1
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(p+ k)2 −m2
S

(q · k), (B.16)

where the gamma matrices �q��k is replaced into q · k since the integrand is symmetric with
respect to q ↔ k.

Then F1a can be calculated as follows;

F1a =
(16π2)3

im4
H+

∫
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im4
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2)−B1(0,mS; p
2)
)2
, (B.17)

where B1 is the Passarino-Veltman function for 1-loop integrals [248]. By using the Wick
rotation, we obtain the follwing result;

F1a =
1

m4
H±

1

M2
Na

−m2
η

×
∫ ∞

0

dxx

(
M2

Na

x+M2
Na

−
m2
η

x+m2
η

)(
B1(mH+ ,mS;−x)−B1(0,mS;−x)

)2
. (B.18)

This formula is the same as that in Eq. (5.2.7).



Appendix C

Formulae for the field-dependent
masses

In this appendix, we show the formulae for the field-dependent masses which is necessary
to evaluate the effective potential shown in Sec. 5.5.1. We show (m̃β

α)
2 for each particle,

which includes the thermal corrections if α is the gauge bosons or the scalar bosons. The
field-dependent masses at zero-temperature m̃2

α can be obtained by taking T = 0 in the
formulae for (m̃β

α)
2. For the top quark, (mβ

α)
2 and m̃2

α is the same.
We define the classical field for the Higgs doublets as follows;

Φ1 =
1√
2

 0

φ1

 , Φ2 =
1√
2

 0

φ2 + iφ3

 . (C.1)

In the following results, we assume the alignment in the Higgs potential; λ6 = µ2
3 = 0. In

addition, we consider the case that λ5 is a real number by an appropriate rephasing of
Φ2.

First, the field-dependent masses for G± and H± are given by the eigenvalues of a
2× 2 hermitian matrix M̃2

±. Each element of M̃2
± is given by

(M̃2
±)G+G− = µ2

1 +
λ1
2
φ2
1 +

λ3
2
(φ2

2 + φ2
3)

+
T 2

24

(
6λ1 + 4λ3 + 2λ4 + 2ρ1 + σ1 + 6y2t +

9g2L
2

+
3g2Y
2

)
, (C.2)

(M̃2
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±)
∗
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1

2
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i

2
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λ∗7
2
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2 + φ2
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T 2

24

(
6λ∗7 + 2ρ12 + σ12 + 6y2t ζ

∗
u

)
, (C.3)

(M̃2
±)H+H− = µ2

2 +
λ2
2
(φ2

2 + φ2
3) +

λ3
2
φ2
1 +Re[λ7]φ1φ2 − Im[λ7]φ1φ3

+
T 2

24

(
6λ2 + 4λ3 + 2λ4 + 2ρ2 + σ2 + 6y2t |ζu|2 +

9g2L
2

+
3g2Y
2

)
, (C.4)

where yt is defined as yt =
√
2mt/v.
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Second, the field-dependent masses for the neutral scalar bosons H1, H2, H3, and G
0

are given by the eigenvalues of a 4× 4 real symmetric matrix M̃2
0 . Each element of M̃2

0 is
given by

(M̃2
0 )G0G0 = µ2
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2
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0 = λ5φ2φ3, (C.9)
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2 + 3φ2

3) + Re[λ7]φ2φ3

+
T 2

24

(
−6Im[λ7]− 2Im[ρ12]− Im[σ12] + 6y2t Im[ζu]

)
, (C.13)

(M̃2
0 )H2H3

= (M̃2
0 )H3H2

= λ2φ2φ3 +Re[λ7]φ1φ3 − Im[λ7]φ1φ2. (C.14)
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Third, the field-dependent masses for the Z2-odd scalar bosons S± and η are given by

(m̃β
S)

2 = µ2
S +

ρ1
2
φ2
1 +

ρ2
2
(φ2

2 + φ2
3) + Re[ρ12]φ1φ2 − Im[ρ12]φ1φ3 +

T 2

6
(ρ1 + ρ2 + 6g2Y ),

(C.15)

(m̃β
η )

2 = µ2
η +

σ1
2
φ2
1 +

σ2
2
(φ2

2 + φ2
3) + Re[σ12]φ1φ2 − Im[σ12]φ1φ3 +

T 2

6
(σ1 + σ2). (C.16)

Fourth, we consider the field-dependent masses for the gauge bosons. The field-
dependent masses for the gauge bosons W a

µ (a = 1, 2, 3) and Bµ are given by a 2 × 2

real symmetric matrix (M̃2
V ) whose elements are defined as follows;

(M̃2
V )W a

µW
b
ν
=
(g2L
4
φ2 + 2g2LT

2δµ,||

)
δa,bδµ,ν , (C.17)

(M̃2
V )W 3

µBν
=

1

4
gLgY φ

2δµ,ν , (C.18)

(M̃2
V )BµBν

=
(g2Y
4
φ2 +

8

3
g2Y T

2δµ,||

)
δµ,ν , (C.19)

where φ2 is the total VEV; φ2 = φ2
1 + φ2

2 + φ2
3. The symbol δµ,|| means that only

the longitudinal components of the gauge bosons receive the thermal corrections at this
order [259].

Finally, we consider the field-dependent masses of the top quark. We do not consider
the thermal resummation for the top quark since thermal fermion loops do not have
the infrared problems caused by zero modes of Matsubara frequency [132]. Then, the
field-dependent masses of the top quark is given by

(m̃β
t )

2 = m̃2
t =

m2
t

v2

{(
φ1 + φ2|ζu| cos θu − φ3|ζu| sin θu

)2
+
(
φ2|ζu| sin θu + φ3|ζu| cos θu

)2}
. (C.20)



Appendix D

Formulae for the J functions in the
transport equation

In this appendix, we show the details of the derivation of the integral expressions for the
J functions shown in Eq. (5.5.18). First, we consider the normalization factor N0, which
is the denominator of the right-hand side of Eq. (3.1.69);

N0 ≡
∫

d3p f ′
0+(m = 0) = −β

∫
d3p

eβ|p|

(eβ|p| + 1)2
. (D.1)

By using polar coordinate and changing the integral variable to the dimensionless variable
x = β|p|, it is calculated as

N0 = −4πβ−2

∫ ∞

0

dx
x2ex

(ex + 1)2
= −2π3

3
β−2. (D.2)

Next, we consider the function Ji0;

Ji0 = − β

Ni0

∫
d3p

1

eβ
√

p2+m2
i + 1

=
6β3

π2

∫ ∞

0

dp
p2

eβ
√
p2+m2

i + 1
. (D.3)

By using the integral variable x = β|p|, we obtain the following integral representation
for Ji0;

Ji0 =
6

π2

∫ ∞

0

dx
x2

eϵi + 1
, (D.4)

where ϵi ≡
√
x2 + ai and ai = β2m2

i . This is the formula in Eq. (5.5.16). The formulae
for Ji1-Ji4 can be obtain in the same way.

To derive the formulae for Ji5 and Ji6, a little more complicated calculation is needed.
Here, we show only the calculation of Ji5, and Ji6 can be obtained in the same way. The
function Ji5 is defined as

Ji5 =
β−2

N0

∫
d3p

|piz|f ′
i0

2E2
i0Ei0z

= − 3

4π3

∫
d3p

|piz|f ′
i0

(p2
i +m2

i )
√
p2iz +m2

i

. (D.5)

For the massless particle (m2
i = 0), this integral is easily calculated;

Ji5(m2
i = 0) =

3

4π2

∫
d3p

p2
i

βe|pi|

(e|pi| + 1)2
=

3

π2

∫ ∞

0

dx
ex

(ex + 1)2
=

3

2π2
. (D.6)
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Therefore, in the following, we consider the case that
√
ai ̸= 0.

We define dimensionless integral variables (x1, x2, x3) = (pix, piy, piz). By using the
two dimensional polar coordinate x1 = r cos θ and x2 = r sin θ, Ji5 is represented by

Ji5 = − 3

2π2

∫ ∞

0

dr

∫ ∞

−∞
dx3

r|x3|
(r2 + x23 + ai)

√
x23 + ai

∂fi0
∂ϵi

. (D.7)

By changing the integral variable r to ϵi =
√
r2 + x23 + ai, Ji5 is calculated as follows;

Ji5 =− 3

2π2

∫ ∞

−∞
dx3

|x3|√
x23 + ai

∫ ∞

ϵiz

dϵi
ϵi

∂fi0
∂ϵi

=− 3

π2

∫ ∞

0

dx3
∂ϵiz
∂x3

∫ ∞

ϵiz

dϵi
ϵi

∂fi0
∂ϵi

=− 3

π2

{[
ϵiz

∫ ∞

ϵiz

dϵi
ϵi

∂fi0
∂ϵi

]x3=∞

x3=0
+

∫ ∞

0

dx3
x3
ϵiz

∂fi0
∂ϵi

∣∣∣∣
ϵi=ϵiz

}

=− 3

π2

{
−
√
ai

∫ ∞

√
ai

dϵi
ϵi

∂fi0
∂ϵi

+

∫ ∞

√
ai

dϵi
∂fi0
∂ϵi

}

=
3

π2

∫ ∞

√
ai

dx
ex

(ex + 1)2

(
1−

√
ai
x

)
, (D.8)

where ϵiz =
√
x23 + ai. In the transformation from the second line to the third line, the

partial integration for x3 is used. This is the formula in Eq. (5.5.16). In the limit that
ai → 0, this formula reproduce the result for massless particle in Eq. (D.7).
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