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Abstract

We investigate the extended Higgs models especially focusing on the following three topics, the
physics of the discovered Higgs boson, that of additional Higgs bosons, and the global symmetry
of the Higgs sector. The discovered Higgs boson is a probe of new physics, and detailed studies
of its nature are one of the central interests of current and future high energy physics. The
Higgs strahlung process from an electron-positron collision is the dominant production process
at the early stage of the future lepton colliders such as the International Linear Collider (ILC),
and the production cross section will be measured with a few percent accuracies. We study the
higher-order corrections for the Higgs strahlung process in various extended Higgs models. We
find that the extended Higgs models can be classified by measuring the pattern of deviations
from the standard model (SM) prediction in the cross section times decay branching ratio. The
direct search of additional Higgs bosons is also the key program especially at the current Large
Hadron Collider (LHC) experiment and its luminosity upgraded operation (HL-LHC). We find
that indirect and direct studies play a complementary role. If the couplings of the discovered
Higgs boson are slightly different from those in the SM, the decay modes into the discovered
Higgs boson are quite useful to search additional Higgs bosons at the HL-LHC. On the other
hand, theoretical arguments such as perturbative unitarity and vacuum stability put an upper
bound for the typical mass scale of additional Higgs bosons if deviations are measured at the
ILC. Thus, the synergy between indirect and direct searches enables us to explore the wide range
of the parameter space of the extended Higgs models. The decay patterns of additional Higgs
bosons are drastically changed depending on the size of deviations in the discovered Higgs boson
couplings. We find that the Higgs-to-Higgs decays are sensitive to the radiative corrections.
Therefore, it is important to include the higher-order corrections for the direct searches of
additional Higgs bosons. Finally, we propose a new scenario, where the current experimental
data are explained as a consequence of the global symmetry of the Higgs potential at a high
energy scale. We find that there are characteristic predictions on the mass spectrum of the
additional Higgs bosons and on the coupling constants of the discovered Higgs boson. These
features can be tested at the collider experiments such as the HL-LHC and the ILC.
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Chapter 1

Introduction and summary

1.1 Introduction

The standard model (SM) of particle physics successfully describes the nature of fundamen-
tal particles. The way of the three known interactions, strong, weak and electromagnetic
interactions, are determined by a gauge principle [1,2], which imposes the invariance of the
theory under local gauge transformations. The strong interaction is described by Quantum
Chromodynamics (QCD) [3-6], while the Glashow-Weinberg-Salam (GWS) model [7-9] of the
electroweak interactions provides a unified description for the weak and electromagnetic inter-
actions. The masses of fundamental particles, especially of gauge bosons, are prohibited by
the gauge symmetry, while the observed particles are massive. The Higgs mechanism [10-14]
successfully provides the masses of particles based on the spontaneous breaking down of the
gauge symmetry triggered by a fundamental scalar field.

The SM has been tested in detail especially at the collider experiments. The large electron-
positron (LEP) collider [15] revealed the non-abelian structure of the weak interaction. It
also tested the quantum corrections of the top quark and the Higgs boson even before their
discoveries through the precision study of weak gauge bosons. The hadron collider such as the
Tevatron and the Large Hadron Collider (LHC) discovered the top quark [16,17] and the Higgs
boson [18,19] with the masses consistent with the results of the electroweak precision tests at
the LEP. Since the discovery of the Higgs boson, it has turned out that its properties are in
agreement with those in the SM within theoretical and experimental uncertainties [20,21].

Despite the success of the SM, we are convinced that the SM is not a fundamental theory
because of the following reasons. First of all, the SM does not contain gravity. Second, there are
phenomena that cannot be explained within the SM, such as the existence of dark matter [22],
baryon asymmetry of the universe [22,23] and tiny but non-zero neutrino masses [24-26]. Third,
there are conceptual problems in the SM such as the hierarchy problem [27-29], the strong CP
problem [30], no unified description for the gauge group [31] and the flavor structure [32] and
so on. Therefore, the SM must be replaced by a more fundamental theory.

In seeking a more fundamental theory, one may realize that the structure of the Higgs
sector, which determines the concrete realization of the Higgs mechanism, is still a mystery
while the Higgs boson was found. There is no theoretical principle to insist on the minimal
structure of the Higgs sector as introduced in the SM. We can construct models with extended
Higgs sectors, that are consistent with current experimental data. In addition, new physics
models with non-minimal Higgs sectors can solve the above-mentioned problems in the SM.
Determination of the structure of the Higgs sector is one of the central interests of current and
future high-energy physics. By unraveling the nature of the Higgs sector, we can narrow down
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the scenario of new physics.

The clear evidence of extended Higgs sectors is a discovery of additional Higgs bosons. Its
properties such as the mass, the electric charge and the parity give important information about
the Higgs sector. Various efforts have been devoted to discovering such new particles in a wide
variety of search channels. Although no observation of such new particles has been reported,
leading to constraints on parameters of extended Higgs models, there are various scenarios that
have not been explored yet. Therefore, the direct search of new particles is one of the key
programs especially at the LHC as well as at its luminosity upgraded operation (HL-LHC).

In addition to the direct search, we can indirectly explore the extended Higgs sector. Even
before the discoveries of the top quark and the Higgs boson, we had a rough estimation for
their masses by studying their indirect effects on the electroweak observables. In addition, even
before the discovery of the SM-like Higgs boson, the extended Higgs sector is also constrained
by electroweak precision measurements and various flavor measurements. The electroweak
precision measurements, especially the measurement of the electroweak rho parameter, tell us
the information about the multiplet structure of the Higgs fields. On the other hand, flavor
measurements, especially the suppression of the flavor-changing neutral current (FCNC), give
information about the structure of the Yukawa interactions. Thus, the indirect study of new
particles is a powerful way to explore new physics models.

The discovery of the SM-like Higgs boson has opened a new window. The evidence of
extended Higgs sectors indirectly appears in the properties of the SM-like Higgs boson, since
they might be changed from that in the SM. Thus, the studies of the various Higgs observables
such as the decay branching ratios, total width and production cross sections tell us important
hints for extended Higgs sectors. If the deviations from the SM predictions are observed, one
can theoretically deduce an upper limit on the typical mass scale of additional Higgs bosons,
and this would set the next target of the energy scale at hadron colliders. Therefore, the
discovered Higgs boson is a probe of new physics. The detailed studies of the SM-like Higgs
boson are also one of the key programs at current and future collider experiments.

At the LHC, the Higgs boson couplings have been measured with typically order ten percent
accuracy [20,21], and they have been in agreement with those in the SM up to now. This leads
us to study the so-called Higgs alignment scenario [33] in extended Higgs models, where SM-
like Higgs boson couplings take their SM values. In most of the extended Higgs models, such
SM-like scenario can be realized by following two ways. The first one is the alignment due to
the decoupling of additional Higgs bosons. In the decoupling scenario, a new scale introduced
in extended Higgs models is much larger than the TeV scale, and their indirect effects decouple
from observables at the electroweak scale [34]. The second one is the alignment of the SM-like
Higgs boson couplings without decoupling. In this scenario, inner parameters of extended Higgs
models, especially mixing among the SM-like Higgs boson and additional Higgs bosons, take
the values so that the SM-like Higgs boson couplings take their SM values.

The accuracy of Higgs measurements will be improved at the HL-LHC and further signif-
icantly at future lepton colliders such as the International Linear Collider (ILC) [35-38], the
Future Circular Collider (FCC-ee) [39] and the Circular Electron Positron Collider (CEPC) [40].
Since a few percent accuracies are typically expected in these future experiments, theoretical
predictions at the lowest order of perturbation are not enough, and inclusion of the higher-order
corrections due to the quantum effects is important. In addition, the current SM-like situation
makes the study of the higher-order corrections further important because these corrections
would give different predictions from the SM even if the SM-like Higgs boson couplings are
aligned at the lowest order.

It should be emphasized that there is a complementarity between direct and indirect searches,



and it enables us to study the extended Higgs sector in detail at future collider experiments.
The direct search of additional Higgs bosons gives a lower bound for the mass scale of the ad-
ditional Higgs bosons. On the other hand, if the couplings of the SM-like Higgs boson slightly
deviate from those in the SM, the indirect search gives an upper bound for the mass scale of
the additional Higgs bosons. As we discuss in this thesis, decays of additional Higgs bosons
into the SM-like Higgs boson can be a dominant decay process in the approximate alignment
scenario, and such Higgs-to-Higgs decays are quite useful for the direct search of additional
Higgs bosons. Thus, we can explore the extended Higgs sector, especially in the approximately
SM-like scenario by utilizing the synergy between the direct search of Higgs-to-Higgs decay at
future hadron colliders and the indirect search at future lepton colliders.

In this thesis, we show that higher-order corrections play an important role not only in the
physics of the discovered Higgs boson but also in that of additional Higgs bosons. In order to
open the Higgs-to-Higgs decay modes, the SM-like Higgs boson couplings should deviate from
their SM value at the lowest order. Therefore, the Higgs-to-Higgs decays are suppressed at the
tree level in the alignment scenario. Since the size of the lowest-order contribution is relatively
small, the size of higher-order corrections might be the same magnitude. Thus, the inclusion
of the higher-order corrections is important, especially for the Higgs-to-Higgs decays in the
approximate alignment scenario.

From a theoretical viewpoint, it is important to investigate the origin of Higgs alignment.
The Higgs alignment would indicate the nature of the Higgs sector, as the electroweak rho
parameter and suppression of the FCNCs shed light on the structure of the extended Higgs sec-
tor. Global symmetry is one of the promising ways to naturally understand these observations.
In this thesis, we propose a new scenario where both the electroweak rho parameter and the
Higgs alignment by a global symmetry of the Higgs potential at a higher scale. We have the
characteristic predictions on the mass spectrum of the additional Higgs bosons and the SM-like
Higgs boson couplings, and this scenario can be tested at future collider experiments. Since the
structure of the Higgs potential would be determined by the dynamics of more fundamental
theory, we can shed light on the nature of new physics by reconstructing the shape of the Higgs
potential.

1.2 Summary of the author’s work
We present the following results in this thesis.

(I) Cross section for the Higgs strahlung process from electron-positron collisions
including the full next-to-leading order electroweak corrections in various
extended Higgs models. [in Chapter 6]

We evaluate the production cross section for ete™ — hZ process with arbitrary sets of
electron and Z boson polarization including the full next-to-leading order electroweak
corrections in various extended Higgs models, such as the Higgs singlet model (HSM), the
inert doublet model (IDM) and the two Higgs doublet model (2HDM). We find that the
various extended Higgs models can be discriminated by precisely analyzing the deviation
in the cross section times branching ratio.

(II) The synergy between direct searches for additional Higgs bosons at the hadron

colliders and precision measurements of the SM-like Higgs boson properties
at future electron-positron colliders. [in Chapter 7]
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In the 2HDM, we concretely show that most of the parameter space can be explored by
the direct searches of the additional Higgs bosons and also by the theoretical constraints
if the future collider experiments measure the deviations in the coupling constants of the
SM-like Higgs boson.

(III) Decay branching ratios of charged Higgs bosons including NLO EW correc-
tions, as well as QCD corrections. [in Chapter §]

We evaluate the decay branching ratios of charged Higgs bosons including NLO EW
corrections, as well as QCD corrections in the 2HDMs.

(IV) Decay branching ratios of CP-odd Higgs boson including NLO EW correc-
tions, as well as QCD corrections. [in Chapter 9]

We evaluate the decay branching ratios of CP-odd Higgs boson including NLO EW
corrections, as well as QCD corrections in the 2HDMs.

(V) New scenario for the SM-like Higgs couplings originated from the global
symmetry of the Higgs potential at a high energy scale. [in Chapter 10]

We propose a new scenario of the 2HDM, where the current experimental data for the
electroweak rho parameter and those for the Higgs boson couplings can be simultaneously
explained. We find that there are characteristic predictions on the mass spectrum of the
additional Higgs bosons and on the couplings of the SM-like Higgs boson, which make it
possible to test this scenario at the current and future collider experiments.

These results are based on the following author’s work in collaboration with Prof. Shinya
Kanemura, Prof. Kentarou Mawatari, Prof. Kei Yagyu, Prof. Mariko Kikuchi and Dr. Kodai
Sakurai.

[41] M. Aiko, S. Kanemura and K. Mawatari. ”Next-to-leading-order corrections to the Higgs
strahlung process from electron-positron collisions in extended Higgs models”, Eur. Phys.
J. C, Vol. 81, No. 11, p. 1000, 2021.

[42] M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, K. Sakurai and K. Yagyu, ”Probing
extended Higgs sectors by the synergy between direct searches at the LHC and precision
tests at future lepton colliders”, Nucl. Phys. B, Vol. 966, p. 115375, 2021.

[43] M. Aiko, S. Kanemura and K. Sakurai, ”Radiative corrections to decays of charged Higgs
bosons in two Higgs doublet models”, Nucl. Phys. B, Vol. 973, p. 115581, 2021.

[44] M. Aiko and S. Kanemura, ”New scenario for aligned Higgs couplings originated from the
twisted custodial symmetry at high energies”, JHEP, Vol. 02, p. 046, 2021.

1.3 Organization

This thesis is organized as follows. In Chapter 2 and 3, we review the SM and the extended
Higgs models. In Chapter 4, we review the gauge independent renormalization of the SM and
the extended Higgs models. In Chapter 5, we review the decays of the discovered Higgs boson
including the higher-order corrections. In Chapter 6, we study the Higgs strahlung produc-
tion process at electron-proton colliders including the quantum corrections. In Chapter 7, we
study the synergy between direct searches for additional Higgs bosons at the hadron colliders
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and precision measurements of the SM-like Higgs boson properties at future electron-positron
colliders. In Chapter 8 and 9, we study the radiative corrections for the decays of additional
Higgs bosons and discuss their impacts motivated by the study in Chapter 7. In Chapter 10, we
propose the scenario where the current experimental constraints are explained as a consequence
of the global symmetry structure of the Higgs potential. We conclude this thesis in Chapter 11.
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Chapter 2

Review of the standard model

In this chapter, we review the SM. The SM is based on the two pillars. The first one is the
gauge principle [1] which determines the structure of the gauge interactions. The second one
is the Higgs mechanism [10-14] by which the SM particles acquire their mass through the
spontaneous breaking down of the gauge symmetry.

We follow the sign notation in H-COUP program [45,46] which corresponds to n =1’ =7, =
-1, nz =ng =ny = +1 and ng = +1 in Ref. [47].

2.1 Particle contents

In this section, we list the particle contents of the SM and their representation under the gauge
group G = SU(3), x SU(2), x U(1)y.

2.1.1 Quarks and Leptons

| SUB)c | SU@2)L | Uy
Q'] 3 2 1/6
ub, |3 1 2/3
d.| 3 1 ~1/3
L 1 2 ~1/2
A 1 1 ~1

Table 2.1: Representation of fermion fields under the SM gauge symmetry. Index ¢ represents
the generation of quarks and leptons. 3 and 2 are fundamental representation of SU(3). and
SU(2)y, respectively. Index R represents the right-handed fermions, while @) and L corresponds
to left-handed quarks and leptons, respectively.

There are six flavors of quarks and leptons in the SM. Based on the SU(2), multiplet struc-
ture, we classify the quarks and leptons into three generations. The transformation properties
of fermion multiplets are summarized in Table. 2.1.

The left-handed quarks Q' = (u’,d"")t are the fundamental representation of SU(3). and
SU(2)L gauge symmetry.

o= (3), @), (),



The right-handed quarks u’% and d% are also the fundamental representation of SU(3). but
singlet of SU(2).

All of the leptons are singlet under the SU(3).. The left-handed leptons L = (v}, (/)T are
the fundamental representation of SU(2)y,

o), v ), e

while right-handed leptons £, are singlet.

2.1.2 Gauge bosons

| SUB)e | SU@)r | UMy
G: | 8 1 0
Wil 3 0
B,| 1 1 0

Table 2.2: Representation of gauge fields under the SM gauge symmetry. SU(3). index a =
1,2,---8, and SU(2); index i = 1,2,3. 8 and 3 are adjoint representation of SU(3). and
SU(2)r, respectively.

There are three kinds of gauge fields in the SM. The transformation properties of gauge
fields are summarized in Table. 2.2.

2.1.3 Higgs boson

| SUB)c | SU@2)r | Uy
1 2 1/2
1 2 —1/2

o
(I)c

Table 2.3: Representation of Higgs fields under the SM gauge symmetry. ¢ is charge conjuga-
tion of .

There is one Higgs doublet field in the SM. The transformation properties of Higgs fields
are summarized in Table. 2.3. The charge conjugation of Higgs field ®¢ is defined as

D¢ = iy d*. (2.3)

®¢ behaves as a doublet under the SU(2),, transformation, while it has opposite hypercharge
as .

16



2.2 Classical Lagrangian of the SM

The classical Lagrangian of the standard model is given by

Lon = — Z G2, G — Z W, Wen — 1B ,B"

+qQ (le)@z + aiRuzD)uR + dp(iD)dyy + L' (D)L + Cp(iD) L,

A
+ (D, @) D'd + 12 dTD — 5(@*@)2
. [yy@iug@c +YIQd® + YIT H® + hec.|. (2.4)

The field strength tensors Gy, Wi, By, are defined as

G, = 0,G% — 0,G + g, [ GG
W, =9, Wy — 9,W + ge™WIWe,
BS, = 0,B% — 0,B:,

where f%¢ and €%¢ are the structure constants of SU(3). and SU(2)r, respectively. The co-
variant derivative is defined as

D, = 0, —ig, TG}, — igr"W, —ig'Y By, (2.8)

where T = \%/2 are SU(3). generators with the Gell-Mann matrices A%, while 7° = ¢?/2 are
SU(2) generators with the Pauli matrices o°.

2.2.1 Higgs mechanism
In the SM, the Higgs potential is given by

A
V(®) = —p20Td + 5(@@)2, (2.9)
where 4?2 and \ are real parameter, and )\ is positive due to the stability of the Higgs potential.

If 12 is positive, the Higgs potential has a non-trivial minimum, and SU(2), x U(1)y gauge
symmetry spontaneously breaks down into U(1)en,. We parametrize ® as

¢ = (\%(v +Gh++ iGO))’ (2.10)

where v is vacuum expectation value (VEV), and G* and G° are the Nambu-Goldstone (NG)
bosons [48,49]. The stationary condition, OV (®)/0h|y = 0, leads to

1
p = §Av2, (2.11)

and the mass of the Higgs boson h is given by

m; = \v? (2.12)



We obtain the mass terms of the gauge bosons from the kinetic term of the Higgs field

02 2 / 3
9 99"\ (W
Liiees > (% ) Wew =+ 5 (W Bi) (gg’ 9’2) < B ) 219
where we have defined charged weak bosons W# as
W, = (W1 TiW?). (2.14)

Sl

We define mass eigenstates Z, and A, as

()= G o

with the shorthand notation for the trigonometric functions as sy = sinfy, and ¢y = cos Oyy.
The weak mixing angle fy, is defined by tanfy = ¢'/g. The masses of the gauge bosons are
given by
1
MW = 59V, Mz = 597V, My = 0, (2.16)
with gz = g/cw.
We obtain the mass terms of the quarks and leptons from the Yukawa interaction terms

EYukawa Z fL ( Y” ) f}]% + h.c. (217)
f=u,d,e

Since any n-dimensional square complex matrix can be diagonalized by a bi-unitary transfor-
mation, we can define the mass eigenstate of the quarks and leptons as,

uh = U™ = Uil )j, (2.18)
d, = D7di™  di, = Dl (2.19)
ef = Efe™, e = E%e&’") , (2.20)
such that
diag(ma, me, mi) = = (UL "YU, (2.21)
diag(ma, ms, my) = %(D})Zkyj@g, (2.22)
diag(me, my, m;) = —(EL) Y EY. (2.23)

ﬁ
2.2.2 Weak and electromagnetic currents

We obtain the fermion’s electromagnetic, weak-charged and weak-neutral currents from the
kinetic terms of the fermions. In the mass eigenstate, they are given by

Loelt A, + % [JAWF + e + g2T42,, (2.24)
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with e = gsy = ¢'ew. The electromagnetic current is given by

Th=06, S QpF Mg, (2.25)

f=u,d,e

where the electromagnetic charge @) is determined by the Nishijima-Gell-Mann’s formula [50-
52],

Q=717+ Y. (2.26)
The weak-charged current is defined by
JU = VA ik P A 4 5 iy Pre™ (2.27)
with Cabibbo-Kobayashi-Maskawa (CKM) matrix [53, 54]
Véiu = (U DY (2.28)

Since there is no mass term for the neutrinos, we have rotated the left-handed neutrinos so that
the leptonic charged current becomes flavor diagonal. The weak-neutral current is given by

Th=0; Y T wp — apy®) (2.29)
f=u,d,e
with
_ls 52 _1s 2.30
Vf = 2Tf QfSW, af = 2Tf. ( . )

Since the weak-neutral current is flavor diagonal, it conserves all quark flavors in the SM [55].

2.2.3 Higgs boson couplings

The interaction terms of the Higgs boson and the weak gauge bosons are given by

m2 m2
LD TWgWthW; + 2—59“”}12“2#. (2.31)

Since the Higgs boson is neutral under the SU(3). color and the U(1)ey, charge, there is no
tree-level interaction with the gluon and the photon. The interaction terms of the Higgs boson
and the fermions are given by

Lyuama D — > %ffh. (2.32)

f:u7d7e

Since the mass matrices and the Yukawa interaction terms are diagonalized simultaneously, the
interactions of the Higgs boson and fermions conserve the quark flavors in the SM.

The Higgs boson couplings to gauge bosons and fermions are proportional to their mass.
Thus, its couplings to the weak gauge bosons, top and bottom quark, and tau lepton are
relevant for the Higgs physics.
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2.3 Quantization of the standard model

2.3.1 Gauge fixing in the R; gauge

We need to make the gauge fixing following the Faddeev-Popov prescription [56] in order to
quantize the standard model. In the R, gauge [57], the gauge fixing terms are given by

1 1 1
Lop = ——F2— F,F_ — ~F2

. SF% = 5F4 (2.33)

where

(&)~ PomGe, (
(Ew) " 2O"WE T i(6w) Pmn G, (
(€2) 20" 2, — (€2)'*m2G, (2.36
(€a)7 20" A, (

Fe
G’
i

In the R, gauge, the mixing terms between the gauge bosons and the NG bosons cancel out.
We choose the gauge parameters as

S =E&w =8 =81=¢, (2.38)

and adopt the 't Hooft-Feynman gauge [58] where £ = 1.

2.3.2 Fadeev-Popov Ghost

In order to restore the unitarity, the Fadeev-Popov ghosts [56] must be introduced as

O(0F,
£ghost Z w* (aBbG) '
a,b=1
_O(6F.) _ O0(0Fz) _ O(0Fa)]
— . : Z 2‘
+z gA{CJF aOéZ e dat tez oot e dat ’ (2.39)

where w® denote the SU(3). ghosts, and ¢, cz and ¢4 are electroweak ghosts. We have defined
the gauge parameters 8% by the SU(3). transformation

U, = exp(—igsT*5"). (2.40)
In addition, We have defined the gauge parameters a®, o, a? as
ot = i(041 T ia?) (2.41)
\/5 )
ayz = alew — atsw, (2.42)
aq = sy + ooy (2.43)

by the SU(2), and U(1)y transformation

U = exp(—igr'a’), i=1,2,3, (2.44)
Uy = exp(—ig'Ya?). (2.45)
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2.4 Higgs sector in the SM

In this section, we discuss theoretical and experimental features of the Higgs sector in the SM.

2.4.1 Custodial symmetry

The Higgs potential in the SM given in Eq. (2.9) respects not only the local SU(2) x U(1)y
gauge symmetry but also global O(4) symmetry. In the symmetric phase, we parametrize ® as

_ L (i +ig
(o) v

Since the Higgs potential consists of |®|° = 3. ¢?/2, this is invariant under the global SO(4)
transformation of ¢;

oi — 03505, 0404 = ik (2.47)

In the broken phase, the VEV of ¢3 breaks the global SO(4) symmetry into SO(3) symmetry
leading to three NG bosons.

The SO(4) and SO(3) groups are homomorphic to SU(2) x SU(2) and SU(2) groups,
respectively. Therefore, we can regard the breaking pattern of the global symmetry as SU(2) x
SU(2) symmetry into SU(2) symmetry. We call the unbroken SO(4) ~ SU(2), x SU(2)g
symmetry as custodial symmetry, while this terminology is originally introduced for the residual
SU(2)y symmetry [59]. One can study this global symmetry structure by introducing a bi-
doublet field,

M = (3¢, ). (2.48)
The bi-doublet field transforms under the SU(2);, x U(1)y transformation as,

SU2)L : M — 9@y, (2.49)
Ul)y : M — Me™9Yaa@es, (2.50)

and Tr (M M ) = 2\@\2 is gauge invariant. The Higgs potential is written by
1w A
V(@)= Tr(MTM) + 3 Te*(MTM), (2.51)
and it is invariant under the global SU(2), x SU(2)g transformation of the bi-doublet field,
M — U MU}, (2.52)

From Eq. (2.50), we can see that global U(1)y is a subgroup of global SU(2)g.
In the broken phase, the bi-doublet field becomes,

(M) = % (é (1)> (2.53)

and this breaks both SU(2), and SU(2)g,

U (M) # (M), (M)Uf# (M). (2.54)
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However, (M) leaves the unbroken subgroup SU(2)y, which is corresponding to simultaneous
transformation of SU(2), and SU(2)g with Uy

Uy (MU}, = (M) . (2.55)

Thus the VEV of the bi-doublet filed breaks global SU(2); x SU(2)g symmetry into SU(2)y.
The custodial symmetry is not the global symmetry of the whole SM Lagrangian. The
covariant derivative of the bi-doublet field is written by

DM = 8,M — igW,7"M +ig'Y B,Mos. (2.56)

Since U}; does not commute with o3, the hypercharge interaction breaks the custodial symmetry.
In order to study the Yukawa interaction terms, we introduce the left-handed doublet Q% = Q'
and the right-handed doublet Q% = (u’,d")%. The Yukawa interaction terms for quarks are
written by

PN SN .
Ly D —5 (V! + Y )QLMQy — 5 (V) = Y )Qp MoyQr,. (2.57)

Thus, the custodial symmetry is broken by the second term, which is proportional to the mass
difference between up and down-type quarks after the symmetry breaking. Since there is no
right-handed neutrino, the Yukawa interaction terms for leptons maximally break the custodial
symietry.

2.4.2 Perturbative unitarity

The perturbative unitarity bound [60,61] gives the upper limit on the mass of the Higgs boson
in the SM. From Eq. (2.12), we can see that a heavier Higgs boson leads to a larger Higgs
quartic coupling. This indicates that there is an upper bound for the mass of the Higgs boson
above which the perturbative expansion for the Higgs quartic coupling is not verified.

Unitarity condition

The breakdown of the perturbative expansion violates the unitarity of the S matrix, STS = 1.
In order to isolate the interaction, we parametrize the S matrix as S = 1 + ¢7T" and obtain

T'T = —i(T = T7). (2.58)

For the initial state |i) = |k, ko, --) and the final state |f) = [p1,p2, ), the scattering
amplitude satisfies the unitarity condition,

M= f) = M(f — i)} = Z/dan*q L X)M(i = X), (2.59)

where we used the completeness relationship

1= § <11 / éﬂ%@%ﬂ) 1X) (X (2.60)

with an intermediate state |X) = |q1, g2, - - ). The scattering amplitude is defined by

1T 1) = (2m)0* (3 ki = Y pi)iMGi = /), (2.61)
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and the phase space integral is defined by

/ dlly = (H / ;1;”3 22 ) (2m)46 (Z ki — Zq) (2.62)

For the two-body to two-body scattering, we can define the partial wave amplitude a; as

M(i = f) =167 Y (2] + 1)a,P;(cosb), (2.63)
j=0
with the Legendre polynomials P;(cos#). This gives the unitarity bound for the partial wave
amplitude

2—2
CLJ -

S = L (2:64)

n>2

in a reprisentation where the elastic scattering amplitudes are diagonal. Thus, the two-body
elastic scattering amplitudes lie on a circle of radius 7;/2 cenreted at (0,1/2) in the complex
plane, with

1/2
(1—42] 2=n ) . (2.65)

n>2

Lee-Quigg-Thacker bound

The high-energy region where /s > my, the longitudinal polarization vector of massive gauge
boson V' behaves as

p* myy
H=——4+0(—|. 2.66
=2 o) (2.66)
Therefore, it is expected that the amplitudes of four longitudinal gauge bosons scattering behave
as
E\' EN?

M = A(—) —I—B(—) +C. (2.67)

my mys

Therefore, they potentially break the unitarity bound at a high-energy limit. However, one
can show that the coefficients A and B become zero after summing over the relevant Feynman
diagrams. Thus, the unitarity bound constrains the magnitude of C', and it gives the upper
bound for the mass of the Higgs boson, which is the so-called Lee-Quigg- Thacker bound [60,61].

Instead of evaluating the scattering amplitudes of longitudinal gauge bosons, we use the
equivalence theorem. This theorem states that the longitudinal gauge bosons can be replaced
by the corresponding NG bosons in the high-energy limit,

m
MW, Z) ~ M(GF,G%) + 0 =X ).

NG
In the high-energy limit with s > m;, contact interaction diagrams are only relevant. The
partial wave amplitudes are given by

(2.68)

300 0 \if| s(hh + G°GY))
yo— Gemp 010 0] F[G G*——hh+G0G0> (2.60)
" o8m/2|0 010 L |hh — GOGY) ' '
0001 IhGO)
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Figure 2.1: RG evolution of A coupling varying m; and a,. We have reproduced Fig.1 in

Ref. [62].

Form the largest eigenvalue, we obtain the upper bound for the mass of the Higgs boson as

Ar\/2
my, < 2 500 GeV. (2.70)
3G,

The observed Higgs boson mass my, ~ 125 GeV satisfies the Lee-Quigg-Thacker bound, and we
can verify the perturbative calculation within the SM.

2.4.3 Vacuum stability

At LO, the parameters of the Higgs potential in the SM should satisfy the following conditions,
2>0, A>0. (2.71)

The first condition is necessary to make the origin of the potential to be unstable and to occur
the spontaneous breaking down of the gauge symmetry. The second condition guarantees that
the Higgs potential is bounded from below with large field values.

However, the value of the coupling constant is scale-dependent. Therefore, one needs to
study the scale dependence of the parameters of the Higgs potential by using the renormalization
equation in order to investigate the potential structure at a large energy scale. Fig. 2.1 shows
the scale dependence of A(u). We have reproduced Fig. 1 in Ref. [62] by using the one-loop
beta functions and obtained consistent results. We vary the value of the input parameters m;
and o, between the £30. Black line in both Fig.2.1 shows the evolution of the A\ for central
value of m; and ;. The blue and red band show 3¢ width of m; and «, respectively. The value
of \ close to zero and breaks vacuum stability around 10° GeV when we use central value of
m; and «g. However, the value of the vacuum stability breaking scale is highly dependent on
the value of the input parameter m,, and it can be varied between 10® and 10'¢ GeV.
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2.4.4 Flavor changing neutral current and GIM mechanism

As we have discussed in Subsecs. 2.2.2 and 2.2.3, both of the weak-neutral current and the
Yukawa interaction conserve the quark flavors in the SM. Therefore, there is no flavor-changing
neutral current (FCNC) in the SM.

FCNC processes such as K — K° mixing occur through the charged-current loop diagram.
However, one-loop amplitudes are suppressed not only by the loop factor 1/47 but also by
the mass-squared differences among the virtual quarks such as (m? —m?2)/v?. This is because
the mass differences of quarks are the only sources for the flavor violation in the SM since the
weak-charged current also conserves the quark flavor if the masses of the quarks are degenerate.
Thus, FCNC processes in the SM are highly suppressed as a consequence of the quark flavor
structure, and this is the so-called GIM mechanism [55].

2.4.5 Electroweak precision test

The electroweak S, T and U parameters [63,64] parametrize the radiative corrections appearing
in the two-point functions of weak gauge bosons. Since these parameters are independent of
external particles in the process, they are so-called oblique parameters. These parameters
are useful to study new particles because they can capture the non-decoupling effects of new
particles.

The two-point functions of gauge bosons are composed of the transverse and longitudinal
parts,

4.9 quqv
Hﬁf@:( g+ 24 )Hé3<q2>+;—2H23<q2>7 (2.72)

where AB = vy, Zv, ZZ, WW. The transverse part can be parametrized as

HW( %) = (), (2.73)
7(¢*) = g7 |2 (¢) - s, 11F%(4%)|. (2.74)
5% (¢) = g3 |15 (0) — 255, T0(6%) + sty 192 (a?)] (2.75)
7" (¢%) = ¢°TI7 (¢*) (2.76)

The S,T and U parameters are defined by
S = 167 Re [H;%(m%) - H:}?Z(O)} , (2.77)

44/2
T = \;;GF Re [I133(0) — 11 (0)], (2.78)
U = 167 Re [I134(0) — 1131, (0)], (2.79)
with
HAB 2\ HAB 2

2 2
q= —my
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Figure 2.2: Constraints in the oblique parameters S and T fixing U = 0 (blue contour). The
masses of Higgs boson and top quark are m, = 125 GeV and m; = 172.5 GeV, respectively.
Individual constraints are also shown from the asymmetry and direct sin®#%; measurements
(yellow), the Z partial and total widths (green) and W mass and width (red). This figure is
taken from Ref. [65].

In terms of the two-point functions of v, Z and W bosons, S, T and U parameters are given by

4s%, ¢, m?% cwSw m? m%, | .
'HWW(O) HZZ(O)
aT = —Re ::n%v - fn% ] : (2.82)
O [ () —IV(0) , TEZ(m3) — 7 (0)
453, I mi, w m2,
077" (my) 5 I3 (m3)
— QSWCWm—QZ — SWm—2Z . (283)

These parameters have been studied by the electroweak precision tests at LEP/SLC ex-
periments, and they provided the information of masses of top quark and Higgs boson even
before their discovery. Fig. 2.2 taken from Ref. [65] shows that the global fit for S and T'the
parameter. We can see that the SM predictions for S and T" parameter with observed Higgs
boson and top quark masses, m; = 125 GeV and m; = 172.5 GeV, are consistent with the
current experimental data at 95% CL.

2.4.6 Decay of Higgs boson

The Higgs couplings to gauge bosons and fermions are proportional to their masses. Therefore,
the Higgs boson tends to decay into heavy particles if such decay modes are kinematically al-
lowed. We here qualitatively discuss the decay property of the Higgs boson, while the theoretical
calculations including the higher-order corrections are discussed in Chapter 5.

The theoretical predictions for the Higgs branching ratio including the electroweak and
QCD higher-order corrections have been performed [67]. We quote the recommended value
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Figure 2.3: The theoretical predictions for the Higgs branching ratio including the electroweak
and QCD higher-order corrections. This figure is taken from Ref. [66].

bb TT L cc g9 vy Zy WW Z7
582% 6.27% 0.0218% 2.89% 8.19% 0.227% 0.153% 21.4% 2.62%

Table 2.4: The theoretical predictions for the branching ratios of the Higgs boson with m;, = 125
GeV. The predicted total width is 4.09 MeV. These values are taken from Ref. [66]. We omit
the estimated errors for simplicity.

for the Higgs branching ratio provided by the LHC Higgs Cross section Working Group [67].
These results have been evaluated by using the programs HDECAY [68, 69] and PROPHECYAF
[70]. HDECAY evaluates the partial decay width for the Higgs two-body decays into a pair of
fermions h — ff and on-shell gauge boson pair h — V'V, as well as the loop-induced processes
h — ~vv, Zv, gg. On the other hand, PROPHECY4F evaluates those for the Higgs off-shell four-
body decays h — V*V* — 4f.

Fig. 2.3 taken from Ref. [66] shows the theoretical predictions for the branching ratio of
the Higgs boson including the higher-order corrections as a function of its mass. The bands
for each line show the respective uncertainties estimated by considering both the theoretical
and the parametric uncertainties. The former comes from the experimental error for input
parameters, while the latter comes from missing the higher-order corrections. The detail of the
higher-order calculations and estimation of uncertainties are explained in Ref. [67]. We also list
the predicted values for the Higgs branching ratio with the discovered mass m;, = 125 GeV in
Table 2.4. These values are taken from Ref. [66].
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Chapter 3

Review of the extended Higgs models

In this chapter, we review extended Higgs models. Before moving on to the descriptions of
each extended Higgs model, we give the motivations for studying the extended Higgs sectors.
We also discuss the electroweak rho parameter in the extended Higgs models and introduce the
HSM, the 2HDM and the IDM.

Unraveling the structure of the Higgs sector is one of the promising ways to approach a
more fundamental theory. While the SM-like Higgs boson was found, the structure of the Higgs
sector is still a mystery. There is no theoretical principle to insist on the minimal structure
of the Higgs sector as introduced in the SM. In addition, non-minimal Higgs sectors are often
introduced in various new physics models, which can solve problems beyond the SM. Therefore,
the determination of the Higgs sector is one of the important tasks to narrow down a scenario
of new physics.

Although there are various ways to extend the Higgs sector in general, the electroweak rho
parameter constrains the possible multiplet structure of the extended Higgs models. The rho
parameter is defined by

(3.1)

It is unity at the tree level in the SM. On the other hand, it deviates from unity in extended
Higgs models in general. The rho parameter at the tree level is given by

_ 2i[T(Ti+ 1) — YPJo?
Ptree = 2 ZZ Y;Qviz )
in the model with an arbitrary number of scalar fields ¢; with a hypercharge Y;, an isospin 7;
and a VEV v;. Since the observed value of the rho parameter is close to unity, the extended
Higgs models in which the rho parameter becomes unity at the tree level are promising.
There are two ways to make the rho parameter unity at the tree level. The first way is
introducing the Higgs multiplets which satisfy

T(T; +1) — 3Y? = 0. (3.3)

In such models, the rho parameter becomes unity independently of the value of Higgs VEVs.
The HSM and 2HDM belong to this class. The second way is assuming an alignment among
the Higgs VEVs. The Georgi-Machacek (GM) model [71], in which we introduce the additional
real and complex triplet fields with Y; = 0 and Y; = 1, belongs to this class. We note that the
rho parameter does not change if additional Higgs multiplets do not develop the VEVs, such
as the IDM.

In this thesis, we study the HSM, the 2HDM and the IDM in detail as a representative of
the extended Higgs models.

(3.2)
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3.1 Higgs singlet model

In the HSM, we have one isospin doublet scalar field ® with the hypercharge Y = 1/2 and one
real singlet field S with Y = 0. The Lagrangian of the HSM is given by

Lusm = Ly + (0,9)? — Vasm (@, S), (3.4)

where Lgy is the Lagrangian of the SM without the Higgs potential. The most general Higgs
potential is given by

Vism (@, ) = m2|®)* + N ®[* + 15| P>S + Aos|P|*S?
+tsS + m%bﬂ + M553 + )\554, (35)

where all the parameters are real.
We parametrize these scalar fields as

a+
v= (%(v+¢+z‘(}°))’ S=usts (3.6)
where v is the VEV of the doublet field which is related to the Fermi constant by v =
(V2GF)~'/2, while vg is the VEV of the singlet field. The component fields G* and G° in
the doublet field correspond to the NG bosons. We can take any value of vg without changing
physical results [72].
The tadpole terms for ¢ and s are given by

T, = v[mfb + Mv? + vg(Nosvs + ,uq>s)}, (3.7)
1
Te =1, + 5#@51)2 + vg [)\@SU2 + 2m§ + 3usvs + 4)\31)%] . (38)

By imposing the stational conditions T = Ts = 0, m?{, and tg are written as,

ma = —\* — vs(Aosvs + faos), (3.9)
tg = —%/@502 — Vg [)\q>51)2 +2m% + 3usvs + 4/\51)?9] ) (3.10)
After solving the tadpole conditions, the mass matrix of the neutral scalar fields are given
by
£5-5(5.9) (Mlzl Ml?) (8) (3.11)
2 Miy My ) \¢
where
MP = M? + Mpsv?, My, =2\0%, M7, = (20asvs + fias)v, (3.12)
with
M? = 2m% + vg(6us + 12A5v5). (3.13)

The mass eigenstates of the neutral scalar fields are defined by introducing the mixing angle

(;’>:R(a)(g> with R(H):(SZ _cje> (3.14)
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We define the domain of a as —7/2 < a < 7/2. The squared masses of neutral Higgs bosons
and mixing angle are given by

mH = M2+ M2,s2 + M0, (3.15)
mh = M121 Sa M2220§ - M12252a> (3.16)
2M?
tan2q = — 12— (3.17)
Mg, — M3,

We identify h as the discovered Higgs boson with a mass of 125 GeV.
We can replace the parameters A, m% and pgs with m?,, m? and « by using Egs. (3.15)-(3.17)

as
A= ;(mhc +m3s2), (3.18)
m = mgci + misi . %AMU? — 3ug(ps + 2\gvs), (3.19)
Hos = (i _2:1%‘)52“ — 2\sUs. (3.20)

We choose the following five parameters to be the free input parameters in the HSM:

mpy, >\<I>Sa Hs, )\Sy Ca, (321)

and the two parameters m;, and v are fixed by experiments. If the Higgs potential respects an
exact discrete Z, symmetry, the tg, us and pes terms are forbidden. This corresponds to the
case with a = 0 and pg — 0.

The kinetic terms of scalar fields are given by

LM — D@+ 2 (a S)?, (3.22)

where D, is the covariant derivative for the Higgs doublet. The gauge-gauge-scalar type inter-
action terms are given by

— _ gzm
LEM S gmyy (ca W, W h + s, Wi W H) + ZQ 2 (cal Z"h + 542, 2" H). (3.23)
The Yukawa interaction terms are the same as those in the SM and given by
LM =y, Q, Dup — YiQ, ®dy — Y. Ldeg + hec.. (3.24)
The interaction terms for A and H with fermions are given by
LISV 5 D (caffh+ saf fH). 3.25
fzu;lev(cffﬂff) (3.25)

We note that the SM-like Higgs boson couplings with the SM particles are universally suppressed
by ¢, as compared to those SM values.

The parameters in the Higgs potential are constrained by perturbative unitarity, vacuum
stability and the conditions to avoid wrong vacua. For the perturbative unitarity bound, there
are four independent eigenvalues given in Refs. [73,74].

1
“(1),1 167r (3>\ +6As £ \/ 3N —6As5)? + 4)@5) (3.26)
0 _ ,\ 3.27
as S ( )
1
[ Y 2
a3 = g _Aes (3.28)
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The necessary and sufficient conditions to satisfy vacuum stability are given by [75]

Ap > 0, )\S >0, 2v )\cp)\s + dag > 0. (329)

For the conditions to avoid wrong vacua can be found in Refs. [72,76,77].

3.2 Two Higgs doublet model

In the 2HDM, we have two isospin doublet scalar fields ®; and ®, with the hypercharge Y = 1/2.
The Lagrangian of the 2HDM is given by

Lompy = Lo + LEPM(D ) dy) + L£2HPM(D), §y) — Varpm (P, D), (3.30)

where Lgy is the Lagrangian of the SM without the Higgs fields.

In the most general 2HDM, flavor-changing neutral currents (FCNCs) appear at tree level,
and it is severely constrained by experiments. In order to avoid such FCNCs, we introduce
a discrete Zs symmetry, where two doublets transform as ®; — ®; and &y — —P, [78,79].
One can introduce the soft breaking term of the Z; symmetry in the Higgs potential without
spoiling the desirable property of the flavor sector.

The most general Higgs potential under the softly-broken Z; symmetry is given by

Vorpm (@1, @) = m%|®1|2 + m§|<1>2|2 —mj <CI>ICI>2 + h-C.>

2

1 1
+ 5A1|<1>1|4 + 5A2|<1>214 + A3 Dy [*| D] + Ay | DI D,

+ %Ag) [(@I%)Q + h.c} . (3.31)

Although m2 and \; are generally complex, we take them to be real and consider the CP-
conserving case for simplicity.
We parametrize the doublet fields as

w |
o, = (J%(vﬁhi“zi)), (i=1,2), (3.32)

where vy and vy are the VEVs of two doublets with v = /v? + v3. We define the ration of
VEVs as tan 8 = vy /v;.
The tadpole terms for h; and hy are given by

2

Tl = vcp {—m% + MZS% - %()\10?5 -+ )\3458%):| s (333)
2

TQ = USg |:—m§ + MZC% — %(/\25% + )\3450?3):| s (334)

where A3s5 = A3 + Ay + A5. The dimensionful parameter M? = m2/ (spcp) describes the softly-
breaking scale of the Zy symmetry. Since we are considering the charge-conserving vacuum,
there are no terms linear in the charged fields w;". In addition, there are no terms linear in the
CP-odd fields z; due to the CP-conservation in the Higgs potential. By imposing the stationary
conditions 71 = Ty = 0, m? and m3 are written as,
02
m% = M2S% — E()\lc% + )\3458%), (335)

2
v
mg = M2Cé — E()\QS% + )\3450%). (336)
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After solving the stationary conditions, the mass matrices of the Higgs fields are given by

Varow O = (e o) M2(™M) 4 2y o) a2 () 4 (o wy) 2 wy (3.37)
2HDM 9 1 2 h h2 9 1 2 z 29 1 2 w wg— ) .
where
m U2 +)\10 —m2 +)\3451)1?J2 T/U 0
M2 _ 129 1 12 1 1 3.38
" ( M2y + Asast1vs miy ik + Aav3 Lo n/w) (3:38)

: 2 - T /v 0
M= (M2 Y2 U 1/ 3.39
: (UIUZ AL v? * 0 Ty/vy )’ ( )
1/ m} A+ As v2 —vv L(T/v 0
v o2 (vlvg 2 —vivy V¥ * 2\ 0 Ty/vg)’ (3.40)

Since M, and M, have the same structure, we can diagonalize them by using the same
angle 3, while we need to introduce another angle a to diagonalize CP even states. The mass
eigenstates of the Higgs fields are defined as

(Z;i) = R(B) (Zi) (Z) = R(B) (io), (Z;) = R(a) (1;[ ) (3.41)

where H* and A are the charged and CP-odd Higgs bosons respectively, while H and h are
the CP-even Higgs bosons. We define the domain of 5 to be 0 < g < 7/2. We identify h as
the discovered Higgs boson with a mass of 125 GeV. The squared masses of the charged and
CP-odd Higgs bosons are given by

1
m%li = ]\42 — 5()\4 + )\5)1]2, mi = ]\42 — )\51)2. (342)

The squared masses of the neutral Higgs bosons and the mixing angle 8 — « are given by

= M7\ ch g + Mys5_o — Missa(5-a), (3.43)
my = M12155 a M22C,8— + Mfy82(6-a), (3.44)
2M?
tan2(8 —a) = ————2 (3.45)
My — M3,

where ij (i,7 = 1,2) are the squared mass matrix elements for the CP-even scalar states in
the Higgs basis [80] (hq, ho) R(5):

1
M121 = (Alcé + )\25%)1)2 + 5)\3451)2835, (346)
1
M3, = M? + é_l()\l + A2 — 2Xa45)0%53, (3.47)
1
M122 = —50\102 - >\25% - )\34502,3)?12525- (3.48)

We define the domain of 8 — a to be 0 < 8 — o < 7 so that sg_, is always positive and cg_,
has the opposite sign from MZ, [81]. The eight parameters in the Higgs potential are expressed
by the following six input parameters:

my, ma, mge, M?* tanf, sz, (3.49)
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Z5 charge Mixing factor
¢, & Qp Lp ur dr er| G Cd Ce
Type-1 + - + 4+ - — —lcotf cotp cot 3
Type-II + - + 4+ - 4+ + |cotf —tanf —tanp
Type-X (lepton specific) | + — + + — — + |cotf cotff —tanp
Type-Y (flipped) + - + 4+ - 4+ —|cotf —tanf cotf

Table 3.1: Charge assignment of the softly-broken Z; symmetry and the mixing factors in
Yukawa interactions.

and the two parameters my and v are fixed by experiments. In addition, we have a degree of
freedom of the sign of cg_,.
The kinetic terms of the Higgs doublets are given by

LUPM = | D@ [* + | D, ®ol*. (3.50)

In the mass eigenbasis of the Higgs bosons, the gauge-gauge-scalar type interaction terms are
given by

L2PM S gy (s5_aWIW ™ h 4 co oWiWHH) + Y222 (0 7,700 + 5o Z, 2" H).
(3.51)
The Yukawa interaction terms under the Zs symmetry are given by
LM — Y 0, Dup — YiQ, Padr — YLy Peer + hec., (3.52)

where @, 4. are either ®; or ®,. As in Table 3.1, there are four types of Yukawa interactions
according to the Zy charge assignment [82,83]. The interaction terms for the physical Higgs
bosons with the fermions are given by

LM _ Z % [(sg-a + Creg—a) [fh + (Co—a — Cpspoa) S H — 2i1;Cs frys fA]

f=u,d,e
V20 n I —
+ — [Vaati(myCu P — malyPr)dH — mc(.vPreH" + h.c.], (3.53)
v

with Iy = 1/2 (=1/2) for f = u (d,e) and V,4 is the Cabbibo-Kobayashi-Maskawa matrix
element.

The parameters in the Higgs potential are constrained by perturbative unitarity, vacuum
stability and the condition to avoid wrong vacua. For the perturbative unitarity bound, there
are twelve independent eigenvalues of the s-wave amplitude matrix [84-87].

1 -

ayy = 39x B+ A) £ VI — A2)? +4(2X3 + A4)2], (3.54)
LT

a’g,i = 32_71' ()\1 + /\2) :l: \/()\1 — )\2)2 + 4)\421:| y (355)

@y = = |+ Aa) £ /(0 = Aa)? + 412 (3.56)

BE T 321 | K

1

a47i = 16_7T<)\3 + 2)\4 + 3)\5), (357)
1

050 = 75~ (N3 £ M), (3.58)
1

ag,s = 16_7r<)\3 £ As). (3.59)
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The vacuum stability bound is sufficiently and necessarily satisfied by imposing the following
conditions [88-92]

)\1 > 0, )\2 > O, \/ )\1)\2 + )\3 + MIN(O, A+ )\5, /\4 — /\5) > 0. (360)

In addition, the wrong vacua can be avoided by taking M? > 0 [93]. We thus only take the
positive value of M? in the following discussion.

3.3 Inert doublet model

The contents of the Higgs bosons in the IDM are the same as those in the 2HDM. In the IDM,
we assume an exact Z, symmetry and prohibit the m3 term in the Higgs potential which softly
breaks the Z; symmetry in the 2HDM. We also assume that the second Higgs doublet ®, does
not develop the VEV to avoid the spontaneous breaking down of the Z; symmetry.

We parametrize the doublets as

+ +
b1 = (\%(v +Gh + iG0)>’ b2 = <¢L§(1§{+ @A))' (3.61)
The squared masses of the Higgs bosons are given by
mp = Ao, (3.62)
M = M2+ L0+ A+ A, (3.63)
m% = M? + %()\3 + Ay — Xs)0?, (3.64)
mye = M? + %Agv{ (3.65)

where M? = m3. We note that in addition to the absence of the m3 term, there is no tadpole
condition for H. Therefore, the mass formulae for the scalar bosons are different from those
in the 2HDM. We choose the following five parameters to be the free input parameters in the
IDM:

my, ma, myge, M)\, (3.66)

and the two parameters my; and v are fixed by experiments.

The parameters in the Higgs potential are constrained by perturbative unitarity, vacuum
stability and the condition to guarantee the inert vacuum. The same conditions for perturbative
unitarity and vacuum stability in the 2HDM can be applied to the IDM, because these bounds
are given in terms of the scalar quartic couplings. In addition, there is the condition to guarantee
the inert vacuum with ((®%), (®9)) = (v/+/2,0) [94],

m%<1\42
VA VA

Since the tadpole condition makes m? negative, and the vacuum stability condition constraints
A1 and )y to be positive, the condition given in Eq. (3.67) is satisfied by taking M? > 0. We
refer to this condition as the one to avoid wrong vacua, according to the other two models
discussed above.

Finally, we summarize the scaling factors for the SM-like Higgs boson couplings to the weak
bosons ky and the fermions k¢ in Table 3.2.

(3.67)
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HSM 2HDMs IDM
Ky Co, 58—q 1
Kf Ca  SB—a +CfCa—qa 1

Table 3.2: Scaling factors for the SM-like Higgs boson couplings in the extended Higgs models.
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Chapter 4

Renormalization

In this chapter, we review the renormalization of the ultraviolet (UV) divergences in higher-
order calculations.

Before moving to the detail of the renormalization scheme, we give a qualitative discussion
here. We separate the parameters in the bare Lagrangian into the renormalized parameters
and counterterms

9B = Z49 = g+ dg. (4.1)

The finite renormalized parameters are fixed by a set of renormalization conditions, and coun-
terterms absorb the UV divergences in higher-order corrections. In addition, we redefine the
bare fields in terms of the renormalized fields.

¢ = 2%, (4.2)
Expanding the renormalization constant as

Z;=1+67; (4.3)
the Lagrangian is split into a renomalized and counterterm part

E((bOagO) = ‘C((b’g) + 5[’(¢7g7 6Z¢7 5g)7 (44)

which results for all Green functions to be finite at a given order.

4.1 Renormalization of the standard model

In this section, we review the renormalization scheme for the EWSM which has been developed
in Refs. [95,96]. We choose the particle masses and the fine-structure constant as the physical
parameters. The weak-mixing angle y, is defined in terms of the masses of the weak gauge
bosons

miy

(4.5)

2 — P
Soy = 1 m2Z

We separate the bare parameters in the symmetric Lagrangian into the physical parameters
and the counterterms. For gauge sector,

B = (ZW)1/2W57 By = (Zp)'*B,, (4.6)
98 = Zy(Zw) g, g = Zy(Zp) .
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For matter sector

s = (2 )2yl (4.8)
’LO'B - (Zw')l/wa_’ (O' =+, _) .
Yios = (Za) 2" yso. (4.10)
For Higgs sector
Op = (Zo)?®, vp = (Zo)*(v — o0), (4.11)
ph = (Ze) ' (1* = 0p%), A= (Za) 2 ZoN (4.12)

4.1.1 Gauge sector

The counterterms of mass eigenstates of gauge bosons are given by

1
Wi = (1 + 5<SZW> W, (4.13)
1 1 ds7
( Zyo ) _ L+g0dz = 3 <5227 - w—Ww) ( Zn ) (4.14)
where
5ZZ . C%/V SW (5ZW
( 6Z., ) N ( sk, 0Zg )’ (4.15)
5ZZ'y = 6Z7Z = ;VV&((SZZ 527) = SWCW((SZW - 5ZB), (416)
iy — Sty
(SZgg/ = Sch(dz — 5Z ) (417)
02, =07, + Maz (4.18)
CwSw
§Zw =07, + 57,4, (4.19)
Sw
2 2 2
Osw _ w (57”22 57"2W> = 3077, — 202y, (4.20)
CWwSwW SW my muy,

Two point function of gauge bosons are expressed by the sum of longitudinal polarization
part and transverse polarization part:

y L q'q q“q”
I, (%) = ( g +q—) 1y )+ Lt (). (4.21)

At the tree level, in 't Hooft-Feynman gauge, 1%, and I1&,, are given by

? —1

7. — me., - - 4.22
Vv q2 _ m%/7 Vv q2 %/7 ( )
At the one-loop level, the vector boson propagators II*” (V =, Z, W) are given by
v —ig"”
I (¢%) = = : (4.23)
¢* —mi + vy (q?)
y w1, = 1
H%V(QQ) e —’Lg“ ?(—sz)f_—w s (424)
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where the renormalized two point functions Ilyy are written as

) = TP () — omly + 62w (® — miy).
) = WGH) — om + 624(q” — m),
) = IINP) + 62,0

1 552
z,(¢*) =1, N¢*) — 622, (q2 - §m22) —my—"

25WcW.

We impose the following five renormalization conditions,

Rellyw (mfy) =0, Rellzz(m}) =0, (4.25)
d - ~
WHW(CF) L 0, IL,2(0) =0, (4.26)
q =
Pgey(qQ = 07p1 = p2 = me) = 2'67”, (427)

where Ff;e,y is the renormalized photon-electron-positron vertex. By these renormalization con-

dition, five independent counter terms, dm3,, dm%, 02,0727, 0Cten, are fixed as

smi, = Relliiy, (m3y),  om% = Relly}(m%), (4.28)
62, = — iH“’I(q ) 67,7 = _lnlf’l(o) + Osiy (4.29)
K dg? 20 i m2~ 7 swew '

de 1 d = WHlPI(O)
— =33 TP (g?) , (4.30)
€ q q2:0 CW mZ

The other counterterms are determined as

ds¥, _ {Reﬂlzpzl(mz) B ReHIl,II,){I,V(mW)} (4.31)
cwSw  Sw m? mé, ’
d 2e2, — T1LPI 0 2 g2 8g2
67, = — _2H1PI( 2) _ (civ — siv) ’YZ2< )+ Cw — Sw 95w 7 (4.32)
dq 42=0 CwSWw ms, cwSw  Swew
d 20 TEVH0) o 082
02w = — ﬁﬂlpl((f) — SRt W (4.33)
42=0 SW mZ SWwW SWCw
By the tree-level relation,
2 2
2 _ MwoSwo
= 4.34
“0 Temo ’ ( )

we obtain the counterterm dv as

bu 1 [sh — ch Relil (mdy) |y Relli(md,) _ dIP(g)
v 2 s3, mi, s3 m?% dg?

1P]
N 2sy 1157 (0) .

Cw mQZ

q*>=0

(4.35)

In this renormalization scheme, the residue of the gauge boson two-point function is not

unity. Therefore, we need to add the extra term dIlyy (¢2)

W=+ and Z boson.

to the each external
\%
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4.1.2 Fermion sector
The counterterms of the fermions in the mass eigenstate are given by,
Ler Lor
mpo =my+0my, thor =L + §5ZL1/)L, Yor = YR+ 55231/)37 (4.36)
and for ¢ = 9y, + Vg,
Liss !
vo =+ 5 (62 — 6250 ) v, (4.37)
with
Loy f F_ Loy f
02y = 502 +025), 07y = 5(02;, = 0Zp). (4.38)
Two point functions of fermion fields are composed of vector, axial and scalar parts,
I (0°) = pHGRy — pstlypa + my Il (4.39)

At the one loop level, self energies H}?ﬁ,, H}?L‘ and H}?’IS enter the fermion fields propagator

SI as follows,

{ PP ~ 1
1) = o [ i+ )| (1.40)

where the renormalized self energies of fermions are given by

-~ om
Ty = p (UE0P) +020) + ms (17507) - 62 - 24, (1.41)

= —pPs (H}?,IA(IJQ) + 5Z£> : (4.42)
We impose the following renormalization conditions,

N d ~
Uypv(m}) =0, —Ilsv(p?)

7 = 0. (4.43)

pQ:m? dp

By these renormalization conditions, three independent counterterms, dmy, 5Z‘f, and 5Z£ are
determined as

omy = my [T (mG) + s (m3)], (4.44)
d d
0z = 1l (m}) — 2m} | - STUT (") + 25 rs () ! (4.45)
p p2:m3, p p?= 3:
d
02 = —I1EL, (m3) + 2m? d—]ﬂHﬁ}A(pz) (4.46)
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4.1.3 Higgs sector
We shift bare Higgs mass, bare Higgs field and tadpole parameter as follows.
mi, =mj +0m3,, ho=h+ %6Zh,, Tho = Ti, + 0T}, (4.47)
At the one-loop level, the tadpole term is
iTy = iTy + i(T" + 0T5,). (4.48)
We renormalize bare parameters such that the tadpole vanishes order by order,
T, =0, TH'+6T,=0. (4.49)

The renormalized self energy is defined by

= 0T,
W (%) = IR ") + (07 — mi)0 2 — i, + == (4.50)
We impose the following renormalization conditions,
= dIL (p?)
p?=m?

By these renormalization conditions, two independent counter terms dm? and 07, are fixed as

5T dﬁlPI 2
omi = I (m?2) + Th 52, = — % (4.52)

2
p2=m3

4.2 Renormalization of the extended Higgs models

4.2.1 Higgs singlet models

In the Higgs singlet model, we have the seven free parameters. We shift the bare parameters
as

My =My, + 6m;,  mi, =mi +omi, ap=a+daq,
Aps0 = Aes + 0Aas,  Aso = As +0As, fuso = pus + Ops. (4.53)
The CP-even scalar fields are shifted as
Hy, o 1—|—%5ZH 0CLy + o« H (4 54)
ho o (SCHh —d« 1+ %5Zh h )’ '
where 6CLy = 0Cqyp. The tadpole terms are shifted as

Tho =Th + 0T, Tho =Ty + 1w, (4.55)

@) — R(a) (?Z ) (4.56)

where 7}, and Ty are given by



At the one-loop level, the renormalized one-point functions are
Tp =Ty + TP + 6T, Ty =Ty+ T + 6Ty
We determine the counterterms such that the tadpole vanishes order by order,

T, =0, T+ 6T, =0,
Ty =0, TF'+ 6Ty =0.

At the one-loop level, the renormalized two-point functions are given by

M (p?) = (p* — m})(1 + 023) — omi + "5T¢+H1PI()

Whn (p?) = (p* — m3)0Cn + (P> — m%)6Chn + (m} — m¥y)da
Ca3a5T¢ + HlPI( 2)’

ﬁHH(p2> (p _mH)(1+5ZH) 5mH a5T¢+H1PI( )

We impose the following renormalization conditions,

M(m2) =0, Iyp(m?) =0,
HhH(mi) = 0, HhH(m%,) = O,

()| _, dlan(?)
dp” T T

p2 =my pT=my

=0

By these renormalization conditions, the counterterms are determined as

2 2
omi = “0T, + IG5 (i), omy = 20T, + T, (m}),
0Chg = 0Cyy, = 2(m 5 5 o ) [Hflf;}( h) - H,lﬁ}(m%)],
my
S — QSaCaT + HlPI + HlPI :
@
dH,?;I(p > dﬁ}}}(p?)
0z, = — dp? e , 02y =— dp? o

(4.57)

(4.60)

(4.61)

(4.62)

(4.66)

(4.67)

(4.68)

(4.69)

We cannot determine the dug and dAgs in terms of the one- and two-point functions.
They are determined such that the UV divergences in the renormalized hhh and Hhh vertices

disappear. The counterterms for the renormalized hhh and Hhh vertices are given by

6thh = Si(;,us — UCaSié)\cps,

5FHhh = _300432(5/15 - Z(Sa - 383a>(5)\q)5.
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They are determined as

52 2N]m3 2¢3 3
0lhnn = — 7573 [Z ” L hosca — U_3<2m%/V +mz) — ;/\¢’Sca(2ml2/l/ +mi)
ma m3
+ 4—h)\<1>5(110a + C3a> + —HA@scasi + 41])\(1)3(3)\5 + A@S)Ca — 36/15)\550( Adiva
v v
(4.72)
Sa Ngm?‘ Ci(CQa —3) 4 4
Ol gpn = T6:2 [Z ” Aos(1 4+ 3caa) — T(Qmw +my)
3 3m? 3m?
— _/\<I>S<1 + 302(1)(2771%/[/ —|— ’ITL2Z) —|— ﬂ/\@gci(g + CQa) — mH )\@SSi
2v 2v v
+ 21)/\@5(3/\5 + /\<DS)(1 + 362a) — 108#3/\56,18& Adiv- (473)
4.2.2 Two-Higgs doublet model
In the 2HDM, we have the seven free parameters. We shift the bare parameters as
mio = mi + (Smi, ap=a+da, Bo=pB+68, M= M +5M (4.74)
where ¢ = h, H, A, H*. The scalar fields are shifted as
Hy\  (1+36Zy 6Cy+ 6\ (H (4.75)
ho)  \0C,—da 1+36Z,)\ h)’ '
Gg o 1—{—%5ZG0 3C 4+ 6B\ (G (4.76)
Ay)  \6C,—6p 1+%(5ZA A '
Ga: 1+ %5ZG:N: 0Ch+ + 6B\ (GF (4.77)
Hy) \6Cu: —68 1+416Zys J\H*) '
The tadpole terms are shifted as
Tho =Ty + Ty, Thyo=Tyxg+ 6Ty, (4.78)
where T}, and Ty are given by
T\ T
(1) - (%) o
At the one-loop level, the renormalized one-point functions are
Ty =Ty + TP + 6Ty, Ty =Ty +TF + 6Ty, (4.80)
We determine the counterterms such that the tadpole vanishes order by order,
T, =0, TF'+6T, =0, (4.81)
Ty =0, T '+6Ty =0. (4.82)
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At the one-loop level, the renormalized two-point functions are given by

(") = " = mi) (1 +62Zy) — dmj, + 15" (p°),

(p°) = (P = miy) (1 + 0Zx) — dmi; + Ty (°),
aa(p®) = (p* = m3A) (14 6Za) — 6m’ + HlPI( %),

(r°) = (

= (P = mi) (1 + 6 Zy+) — dmipe + Uty (97),

where

- 20Ty 2T
I (p?) = I (p?) + 22— + = =2,

0/3 v 85 v
~ 2 5T, s2 0T
ILPL (2} — TILPL 2y o Sa 001 | Sa 022
() HH(p)+CB " +85 o
s30T, % 0T
I (p?) = I () + 2 — + 2 =2,
Cﬂ v Sg v
5 s30Ty % 0T
ML () = - ) + 200 4 0T

cg v Sz U
Those for the scalar mixings are given by

ar (p?) = T3 (0%) + 20%6C), + mi (8o — 6Cy) — my (e + 6Cy),
aco(p?) = Mg (p?) + 2p*6Ca + m% (38 — 6Ca),

M- (0?) = Tl o (97) + 2p*0C s + m}y (08 — 6Ci),
where
T (p*) = T () = saca (51 - 51)

cgU  SgU
A7) = R 07) + + (55-aTh — ca-aTh),
G- (%) = Tk (0) + 3 (55-aTis = cs-aTh).
We impose the following renormalization conditions,

0 ds(p)

a0 =0, for ¢=h,H A H*

Igp(m3) =

pr=mj

By these renormalization conditions, the counterterms are determined as
2 _ [{PI/, 2

dITg;' (p*)

02 =~ —5

p?=m}

(4.88)
(4.89)

(4.90)

(4.91)
(4.92)
(4.93)

(4.94)

(4.95)

(4.96)

(4.97)

(4.98)

(4.99)

For the mixing between the CP-even scalars, we impose the following renormalization con-

ditions,
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The counterterms da and 6C}, are determined as

b0 = s | W)+ ) 250 (21— 222 | (a.101)
1

5C, = ——— TP m2) — I (2], 1102

h Q(m%{_mi)[ Hn (M) 1 ()] ( )

For the mixing between the CP-odd scalars, we impose the following renormalization con-
ditions,

ﬁAGO (0) = ﬁAgo(mi) =0. (4103)

The counterterms 03 and 6C'y are determined as

1 ~ ~
56 = —m [Hfgo (mZA) + Hfgo (0):| s (4104)
1 ~ ~
50,4 = —m [H}fgo (mZA) — HlA}go (O):| . (4105)

For the mixing between the charged scalars, we impose the following renormalization con-
dition,

46— (0) = 0. (4.106)

The counterterm 6C'y+ is determined as

1

6Cy+ = 6f + mTﬁ}}ilG, (0). (4.107)

H*
Since 0 has already been fixed, we cannot fix the mixing between the charged scalars so that
it disappears with p? = m%{i. Therefore, we need to take into account the finite contribution
of T+ (mp+).
We cannot determine the §M? in terms of the one- and two-point functions. We determine
it so that the UV divergences in the renormalized hhh vertex disappear.

5M2: 1 ZZNgm?CJ%+4M2—2m?{i—mi+sﬂm%{—m%_32m%[,—|—m22 A
M? 1672 V2 V2 So4 v2 V2 div:
(4.108)
4.2.3 Inert doublet model
We shift the bare parameters as
miy =mg+0om3,  MF =M +0M?*, Ay =X+, (4.109)

where ¢ = h, H, A, H*. Since the Z, symmetry prohibits the scalar mixings, the scalar fields
are shifted as

Po = (1 + %5Z¢) . (4.110)
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The tadpole term is shifted as
Tho = Th + 0T},
At the one-loop level, the renormalized one-point functions are
Ty = Tp, + TN + 6T,
We determine the counterterms such that the tadpole vanishes order by order,
T, =0, TF' 46T, =0.
At the one-loop level, the renormalized two-point functions are given by
Moo (%) = (0" = m3) (L + 6Z5) — dm + U (")

We impose the following renormalization conditions,

ds(p)

Myg(m2) =0
sp(my) =0, 0

=0.

2 02
pr=my

By these renormalization conditions, the counterterms are determined as

5mi = Hé)gl(mi),

(4.111)

(4.112)

(4.113)

(4.114)

(4.115)

(4.116)

(4.117)

We cannot determine the §M? and 6\, in terms of the one- and two-point functions. We
determine them so that the UV divergences in the renormalized hAA and hhHH vertices

disappear, respectively.
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Chapter 5

One-loop calculations for decays of the
SM-like Higgs boson

In this chapter, we review the decay rates of the SM-like Higgs boson for various decay modes.
In Sec. 5.1, we list the analytic expressions of the form factors for vertex functions of the SM-
like Higgs boson. The decay rates including NLO EW corrections, as well as QCD corrections
up to NNLO, are given in terms of the form factors. In Sec. 5.2, the numerical evaluations are
shown for the decay branching ratios of the SM-like Higgs boson obtained by using the H-COUP
program [45,46]. This chapter is the review of Refs. [97,98].

5.1 Decay rates with higher order corrections

In this section, we discuss the decay rates with NLO EW corrections for the decays of the SM-
like Higgs boson. For the decay into a pair of quarks h — g, the QCD corrections up to NNLO
are presented. For the loop-induced decay processes h — gg, v, Z7, the QCD corrections up
to NLO are presented.

5.1.1 Form factors for vertex functions
We define renormalized vertex functions that are relevant for the decays of the SM-like Higgs
boson. NLO EW corrections are expressed in terms of the form factors of the vertex functions.
hff vertex
The renormalized hf f vertex can be decomposed as [99]
Pugs (ot 03 0°) = Uiy + 9500 + 1T + 1, T 5
- p175f£;f + p275f£;f’ ™ ppoFfo T p1p275f5}}_’ (5.1)

where p;(py) denotes the incoming four-momentum of the fermion (anti-fermion), and ¢ is the
outgoing four-momentum of the SM-like Higgs boson (see Fig. 5.1). The following relations
hold for the on-shell fermions; i.e., p? = p3 = mfc,

P TPT EN% [V =A ~a
Fhff - Fhff - 0’ Fh}f = _Fh?]ﬁ Fh}f = _Fh]%f (52)
The renormalized form factors are composed of the tree-level and the one-loop part as
8 X tree X,loo
Ffjff:rhf} + 2% (X =8, P Vi, Vo, Ay, Ao, T, PT), (5.3)
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Figure 5.1: Momentum assignment for the renormalized hff and hVV vertices.

where the one-loop part is further decomposed into the contributions from 1PI diagrams and
the counterterms,

JJoo s
Coir” =Tajr +0Thgr (5.4)
The tree-level coupling for hf f vertice is given by,
S,tree m X tree
i = —Tfnf, Thte =0 (X #08). (5.5)

The analytic expressions for the 1PI contributions are presented in Ref. [74] for the HSM,
Ref. [100] for the 2HDMs and Ref. [101] for the IDM.

hVV vertex
The renormalized hV'V vertex is defined by

= = PPy = - wpo P1pP20

Chvy (P1,p2,9) = guVF}LVV + 7,'1122 F%LVV + 1e? n/;z UF%VV (P15, ¢°), (5.6)
v v

where pi and ph are incoming four-momenta of the weak bosons, and ¢* is the outgoing four-

momentum of the Higgs boson (see Fig. 5.1). We can further decompose these vertices into the

tree-level and one-loop level contributions

- i,tree i,l00 . i,l00 i,1PT 7 .

Dy = Dovv + Ty, with Tpo? = Thpy + 0000y, (0=1,2,3). (5.7)
The tree-level couplings are given by,

Fl,tree Zm%/ FQ,tree FS,tree
v T T Ky, wyv = vy = 0. (5.8)

The form factor f?zzz is non-zero only when the SM-like Higgs boson is a CP-mixed state.
Therefore this form factor vanishes in the model with CP conservation in the Higgs sector. The
analytic expressions for the 1PI diagrams and counterterms are presented in Ref. [74] for the
HSM, Ref. [100] for the 2HDMs and Ref. [101] for the IDM.

Similarly, the loop-induced hVV’ vertex is defined by

(N

r & b3 ¢ . o P1pP20
D (03,05, 4%) = " T + %Fiw' + ie"” %szw- (5.9)

For the on-shell photon and gluon with a four-momentum p, the Ward-Takahashi identity

holds, piuf",f;v, = 0, and we have

T (5.10)
hVV qg _ p% _ p% IA%%
The analytic expressions for the 1PI diagrams are presented in Refs. [98,102].
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Zff vertex

The renormalized Z f f vertex can be decomposed in the massless limit of external fermions as
L 70 0 p2) = 92" [Fgff - 75F’§ff] (P}, 05, %), (5.11)
where py (py) is the incoming four-momentum of the fermion (anti-fermion), and p, is the

outgoing four-momentum of the Z boson. We can further decompose these vertices into the
tree-level and one-loop level contributions

i _ (0 i,(1) i,(1) i,1PI C_
Ffo Ffo+Ffo, with Ffo Lyer +6Ffo, (1=V,A). (5.12)
The tree-level contribution is given by
vio) _ Iy 2 a0 _ 1y

In the massless limit of external fermions, expressions of these vertices in the HSM, the 2HDMSs
and the IDM are the same as those in the SM. Analytic expressions for the 1PI diagrams and
counterterms are presented in Appendix B in Ref. [98].

5.1.2 Decay rates of h — ff
The decay rate for the h — ff (f # t) process is given by

D(h = fF) =Trolh = [)[1+ Ay + Moy |, (5.14)
where I'ro is the decay rate at LO expressed as
m ree
Teo(h— /) = NI T35 6% (5.15)

with 5 = (1 —4m?/m%)1/2. Aﬁw and AgCD denote the EW and QCD corrections, respectively.
For the leptonic decay, f = £, we use the lepton pole mass in Ff}f}ee, while for the light quarks,

f = q(#1t), we use the MS mass 1m, (1 = my).
The EW correction is decomposed into weak and QED corrections as

Aéw = Afeak + AQED (5.16)

Here, the weak correction denotes loop contributions except for photon and gluon loops. The
QED correction is composed of the contributions of virtual-photon loops and those from the
real-photon emissions. The expression for A . 1s given by

2 51 Vil m; 1
Aaeak = treeR { {Fhf‘;Op + merh}fmp }21 1— m_g FZ};OP (m?c, m?) mh) — Ar.
hff h
(5.17)
For the leptonic decays, the QED correction in the on-shell scheme is given by [103-105]

(3 + 3482 — 138%) log Lg + 8%2(752 — 1)1, (5.18)

em 1
Aé}ED = QTQ? [BAQED(B> + 16ﬁ3
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with

Aqen(B) = (1+ 5% {4@(1;?) + 2Li2(—%) — 3log iglog 1i6
4
—210g1jglogﬁ} —3510g1_62 — 46 1og p. (5.19)

For the hadronic decays, the QED correction in the MS scheme [106] with the renormaliza-
tion scale p is given by

Q 17 3 2
Az Qempa (20 S0 1) 2
QED T Qq(él +2 Ogm%) (5.20)

The QCD correction in the MS scheme [106] is given by
Abep = Agg + A (5.21)

The quark-mass independent part A, is given by

1 2 ?
A, = 2We, ({ + 2 log “—) + <M> (35.94 — 1.36N), (5.22)

7r 2 °m? T

with Cr = 4/3. The quark-mass dependent part A, is given by

2 2 ~ 2
as(p) 2. mp 1.,y
Ap = —— 1.57 — —log — + = log” — |. 5.23

" < T >( SOgm%+90g m? ( )

5.1.3 Decay rates of h - ZZ2* — Zff
The decay rate for the h — ZZ* — Zff process is given by

U(h— Zff)=Tro(h— Zff)[1+ Afw + Adcn] - (5.24)

In the following, we neglect the masses of final-state fermions. The decay rate at LO is given
by

3 (mp—mz)*
Luo(h = Z11) = | MEI ds, (5.25)
0

with the Mandelstam variable s = (p; +p7)®. The squared tree-level amplitude [MF|* is given
by

rec |2
9%|Fl1{;§e vit+ai Aag, ) + 12357, \L/2
256m3m3 (v5 — x7)? 3ry

|M_§|2 = (xz,xs), (5.26)

with 2, = m%/m3, rs = s/m} and A(z,y) = (1 — x — y)* — 4ay.
The EW correction is composed of the weak and QED corrections,

Afw = Ao + AgED- (5.27)
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Figure 5.2: Diagrams contributing to the h — ZZ* — Zff (h — WW* — Wff') mode
at NLO. Each diagram denotes the contributions from AVV vertex corrections (a), oblique
corrections (b), V f f vertex corrections (c), hf f vertex corrections (d) and box corrections (e).

The weak correction AZ_, is given by
2 (mp—mz)? Fl,loop ;\ \ FQ,loop
M= s [MFP Re | B2 4 LDV (i
T 1,tree Fl,tree
Lo Jo hzz Tz hzz
vQrew Sw S — m3 I - I?
i USSR | L+ M) | ()
vp T ay 5 U2z Uzz
V,loo A,loo A ~
" Re[vel'zyr" + L7710, 0, 5) _ Rellgz(s)  vrQrsyew Rellg,(s)
v +aj s —m?% v} +a} s
1 (mh_mZ)2 Umax P
+m ; ds/u | duRe (T};; + Bz)
— 2Ar — Rell,,(m%), (5.28)

with

o y) = :;: yA Mzy)

(x,y) + 12zy

The first and second lines denote the contributions from the diagram (a) in Fig. 5.2. The third
line denotes the contributions from diagrams (b) and (c). In the fourth line, the T}/, and
By terms represent the contribution from the hff vertex corrections and the box diagrams
shown as the diagrams (d) and (e) in Fig. 5.2, respectively. Both T}%;; and Bz depend on the
Mandelstam variable u = (pz + p f)z in loop functions. The integration range of u is given by

(5.29)

2

Umax,min — %[1 + Ty — Ts + )\1/2(1327 xs)] (530)
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The fifth line denotes the finite contributions originated from the replacement of VEV and the
wave function renormalization of the external Z boson.

The QED and QCD corrections only enter the Z f f vertex correction depicted in the diagram
(c) in Fig. 5.2. They are given by [107]

3em

Bas (1)
A’ ’

4

Adep = Q7 Aéep = Cr (5.31)

Although diagrams (d) and (e) also receive both QED and QCD corrections, they vanish in the
massless limit for the external fermions.

5.1.4 Decay rates of h — WW* — W ff'

The decay rate for the h — WW* — W f f' process is given by
T(h— W[f)=Trolh = Wf)[1+ Ay + Adcp]- (5.32)

In the following, we neglect the masses of final-state fermions. The decay rate at LO is given
by

2

_ (mp—mw)
I'oh — WEf) = / |IMY 12 ds, (5.33)
0

with the Mandelstam variable s = (py+ps)?. The squared tree-level amplitude |[M{"|? is given
by

ree 2
92}1_‘};{;/‘4/‘ )\(:EW7 xs) + 121’1/{/555 )\1/2
512m3m3  3aw(xs — xw)?

|M§V|2 = (xw, ), (5.34)

with zyw = mé,/m2, zs = s/mj3.
The EW correction Al is given by

mp,— 2 1,loo 3 2,100
AW 1 (mn=mw) d3|MW|2 Re 2FhWI/II; Mrw, ) FhWWI; (m2 ,3,m2)
EW T 0 1,tree 1,tree w h
Lo Jo yww Tw  Ipww
2Re Iy (s)
V1 Al ww
+ 2Re[lyp® + Ty 771(0, 0, 8) — 2 }
w

1 (mh—mw)2 Umax _
+ 57— [/ ds/ du (T,?;erBW)JrF(h—)Wff”y)]
LO 0

Umin

— 2Ar — Rellyy (M%), (5.35)

Differently from the h — Zff mode, we cannot separate the weak and QED corrections
because virtual photons appear together with virtual W bosons in vertex corrections. The IR
divergences are cancelled by adding the real photon emissions I'(h — W f f'7).

The QCD correction is the same as that given in Eq. (5.31) because the gluon loop correc-
tions only appear in the W f f’ vertex similar to the h — Zff decay [108].

52



5.1.5 Decay rates of h — vy, Zv, gg
The decay rate for the h — V)V’ process is given by

~ 2
Fl

A4 (ml227 m%’v ml%)

FLo(h — VV,) =

2 2
AL/2 (m—‘; m"’) . (5.36)

STmy, mi’ mi

For h — gg decay, the QCD corrected decay rate in the MS scheme is given by [109]

as(p) (95 7 33— 2Ny,
I'(h— gg) =Tro(h = gg) |1+ =2 (22 — Ny + ———Tlog —; .
(h = gg9) =Tro(h gg){ +— ( 1 et og wz )| (5.37)

in the heavy top limit m; — oo.

For h — ~v and h — Z~, we take into account the NLO QCD correction only for the
top-loop contributions because those for the other quarks loops are negligible. In the heavy top
limit, the QCD correction in the MS scheme is given by [109]

. A as(p
F}LV')/(Wﬁ/? 07 mi)t — F}ﬂ%{(m%}v 07 mi)t [1 - %} ) (V =7 Z), (538)

where f,llv,y(m%, 0,m3); is the top-quark loop contribution to the renormalized hyy and hZvy
vertices.

5.2 Numerical results

In this section, we discuss the predictions for the branching ratios of the SM-like Higgs boson
at NLO in the HSM, the IDM and the four types of 2HDM. The deviation in the branching
ratios from those SM predictions is parametrized by

BRNP(h — XY)

Apxy = BRew(h = XV) 1. (5.39)
We can expand Apxy up to NLO as
Apxy ~ Al'xy — AT, (5.40)
where
ATy = ES;ZEZ : ?}2 1, (5.41)
AT = E:::; ~ 1. (5.42)

Thus, the qualitative behavior of Auxy can be understood by analyzing Al'xy and A@.

5.2.1 Deviation in partial decay widths

Fig. 5.3 shows the correlation between between AI'., and AI'y, in the HSM and the 2HDMs.
The colored regions correspond to the predictions in these models; i.e., yellow, red, blue, green
and purple correspond to the HSM, Type-I, II, X and Y 2HDMSs, respectively. The contrast
of the colors represents the mass scales of the additional Higgs bosons. The left (right) panel
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Figure 5.3: Correlation between AI';; and ATy, in the HSM (yellow) and the Type-I (red),
Type-11 (blue), Type-X (green), Type-Y (purple) 2HDMs. The left (right) panel shows the
case for cg_, < 0(> 0) in the 2HDMs. The ranges of the parameters are described in the text.
The tree-level predictions with tan 8 = 1 and 3 in the 2HDMs are also presented by gray and
black lines, respectively.
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Figure 5.5: Correlation between A", and ATz« in the HSM (yellow), the Type-T and Y (red)
and Type-II and X (blue) 2HDMs. The ranges of the scanned parameters are the same as in
those of Fig. 5.3.

shows the results with cs_o, < 0 (cg—o > 0) in the 2HDMs, while the results in the HSM are
the same both in the left and right panels. The tree-level predictions with tan § = 1(3) in the
2HDMs are shown by gray (black) lines with dots denoting sz_, = 1, 0.995, 0.99, 0.98, 0.95
from the origin.

The patterns of the deviations are mainly determined by the mixing on the tree-level cou-
plings [110]. In the HSM, the decay widths are monotonically decreasing from the SM pre-
dictions both for the 77 and bb modes as the mixing angle ¢, is decreasing from the SM limit
(co = 1). On the other hand, those in each type of the 2HDM show characteristic patterns
due to the Yukawa structures. The size of the mixing parameters is constrained by theoretical
constraints such as perturbative unitarity and vacuum stability. The darker-colored regions
include the lighter-colored regions. Therefore, we can set the upper bound of the additional
Higgs boson masses when a deviation is observed.

Fig. 5.4 shows the correlation the correlation between between AL, and Al'... At the tree
level, the results in the Type-I (Type-1I) 2HDM coincide with those in the Type-Y (Type-
X) 2HDM, because the Yukawa structures for up-type quarks and leptons are the same. In
contrast to the case in Fig. 5.3, the predictions in the Type-1I and Y 2HDM spread out since
the Yukawa structures between up-type quarks and leptons are different. From the correlations
among the three different fermionic decay modes of the Higgs boson shown in Figs. 5.3 and 5.4,
we can identify a type of the 2HDM independently of the model parameters when a deviation
is observed in experiments.

Fig. 5.5 shows the correlation the correlation between between AI',, and AI'zz«. Similar to
the discussion in Fig. 5.3, patterns of the deviations can be mainly determined by the mixing in
the tree-level Higgs couplings. The HSM can be distinguished from the 2HDMs if the deviation
ARyzz~ is larger than a few percent. On the other hand, the results in the Type-I (Type-II)
2HDM coincide with those in the Type-Y (Type-X) 2HDM at the tree level, as the Yukawa
structures for leptons are the same. An important remark on the 2HDMs is the difference of
the magnitude of the deviations between h — ff and h — VV* [100]. The 5% deviation for
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Figure 5.6: Deviation in the total width from the SM prediction as a function of ¢, (left) and
my (right) in the HSM with ug = 0 and Ag = 0.1. The values of ¢,, my and M? are scanned
within 0.95 < ¢4 < 1, 300 < mg < 5000 GeV and 0 < M? < m?,, respectively.

the coupling in the gauge sector (i.e. sz_, = 0.95) gives rise to ARzz« ~ —10% — —15%, while
ARy ~ £60% or more. We also remark that the dependence on the extra Higgs boson masses
are different between the HSM and the 2HDMs. The deviations in the HSM can be larger than
those in the 2HDMs for my > 1 TeV [111,112].

5.2.2 Deviation in the total decay width

Higgs singlet model

We first discuss the total width of the SM-like Higgs boson. Fig. 5.6 shows the deviation
in the total width from the SM prediction in the HSM. The dependences on ¢, and my are
then displayed in the left and right panels, respectively. At LO, the deviation in the width is
determined by s?, and it corresponds to the upper edge of the distribution in the left panel.
The loop effects reduce the width by at most about 2% level. In the right panel, it is seen that
the magnitude of deviations becomes smaller for larger mass regions because the large mixing is
excluded by the theoretical bounds. The precision measurement of the total width is important
to identify the HSM since the branching ratios of the SM-like Higgs boson are almost the same

as those in the SM due to nearly universal suppression of the partial decay rates.

Two Higgs doublet model

Fig. 5.7 shows the deviation in the total width as a function of tan 8 in four types of the 2HDMs
with s = 0.99 and ¢5_, < 0 (> 0) in the left (right) panel. The values of mg and M? are
scanned within 300 < me < 1000 GeV and 0 < M? < mé, respectively.

In the case with cs_, < 0 (the left panel), the width becomes larger as tan 8 increases except
for the Type-1 2HDM. This is because some of the partial widths have a tan § enhancement,
e.g., the h — bb (h — 77) mode in the Type-II and Type-Y (Type-II and Type-X) 2HDMs.
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Figure 5.7: Deviation in the total width from the SM prediction in four types of the 2HDMs
with sg_, = 0.99 as a function of tan . The left (right) panel shows the case of cg_, < 0 (> 0).
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Figure 5.8: Deviation in the total width from the SM prediction in the IDM with Ay = 0.1.
The value M? is scanned for the case with my = mpy= shown by dots. The black curve shows
the case for myg = 63 GeV.

In the Type-I 2HDM on the contrary, the total width approaches s%_QFSM, at the large tan 3
region. The region with tan § = 11 is eliminated by the theoretical constraints.

In the case with cs_, > 0 (the right panel), the total width has the minimal value at
tan 8 ~ 7 in the Type-II, Type-X and Type-Y 2HDMs, due to the cancellation between the
Sg—q term and the cg_, term in K¢, see Table 7.3. This behavior is remarkably observed in the
Type-11 and Type-Y 2HDMs, because the h — bb mode, which is the biggest partial width of
h in the SM. We can also see that the deviation in the total width becomes zero at tan § ~ 14,
as we have /i?c ~ 1 for all the types of Yukawa interaction. In the Type-I 2HDM, the width
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Figure 5.9: Correlation between A, and Apyy, in the Type-1 (red), Type-1I (blue), Type-X
(green), Type-Y (magenta) 2HDMs, the HSM (orange) and the IDM (black). The left (right)
panel shows the case with Apyw = 0+£2% (0+£4%). In the 2HDMs, we scan 1.5 < tan 5 < 10,
0 < M? <m2 and 300 (600) < mg < 1000 GeV for (darker) colored points. In the HSM, we
scan 300 < my < 5000 GeV and 0 < M? < m?,, while in the IDM we fix my to be 63 GeV
and scan 100 < my (= mpy=+) < 1000 GeV.

approaches to the SM value at a large value of tan 8 as in the case with cg_, < 0.

Inert doublet model

Fig. 5.8 shows the total width in the IDM as a function of mpy+ with my = mpg+. The
following two cases, (i) my is fixed to 63 GeV and (ii) my = mpy=, are studied. Case (i)
is motivated by the scenario where the dark matter abundance is explained by the thermal
freeze-out mechanism [113,114], where H can be a dark matter candidate. In the IDM, the
total width does not change from the SM value at the tree level, so any deviation is purely due
to loop effects. In case (i), the total width monotonically decreases and the deviation is larger
as mpy+ is getting larger. The black curve is truncated at around mgy+ = 700 GeV, because
of the unitarity constraint. In the case (ii), the maximal deviation is given at M? = 0 for
mp+ < 600 GeV. On the other hand, the unitarity constrains the minimal value of M? above
mpy+ =~ 600 GeV, and possible deviations become smaller.

5.2.3 Deviation in branching ratios

The branching ratios of the SM-like Higgs boson will be measured with a few percent accuracies
at future collider experiments such as ILC.

First, we discuss the case where the central value of Auyw is consistent with zero at the
20 level. The left (right) panel of Fig. 5.9 shows the correlation between A, and Appy (Afiee)
in the HSM, four types of the 2HDMs and the IDM. The error for Auyw is taken to consider
about 20 level region at ILC250 [36]. Parameters of each model are scanned as it is described
in the caption. We see that the predictions in the HSM and the IDM are given almost at the
origin of this plane. This is because the partial decay rates are almost universally suppressed
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Figure 5.11: Same as Fig. 5.9, but for the case with Auyw to be —5 + 4%.

in these models. On the other hand, the predictions in the 2HDMSs are spread out in different
directions depending on the type of Yukawa interactions.

Next, we discuss the case where the central value of Auyyw is found to be nonzero, and
Apyww = 0 is excluded at the 20 level. In this case, the HSM and the IDM are excluded since
predictions for Apuwyw in these models are almost zero. On the other hand, the 2HDMs can
explain such a deviation.

The left panel of Fig. 5.10 shows the correlation between Ap,. and Apyy, in the 2HDMs with
Apww = +5.0 £4.0%. The predictions appear in the regions with Ay, < 0 independently of
the types of 2HDMs. This is because the positive value of Apuyw requires the reduction of the
other decay rates, especially the h — bb mode since the partial width of h — WW* decreases
by the tree-level mixing and the one-loop effects. From the sign of Au,,, we can distinguish
Type-1 and IT 2HDMs from Type-X and Y 2HDMs. In order to distinguish Type-I and II, or
Type-X and Y, Ap,, is useful. The right panel of Fig. 5.10 shows the correlation between Ag,,
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and Apg.. The predictions in the four types of 2HDMs are clearly separated from one another,
and we can distinguish the four types of 2HDMs when the deviations are measured.

The left panel of Fig. 5.11 shows the correlation between Ap,, and Ay, in the 2HDMs
with Apyww = —5.0 &£ 4.0%. The predictions in different types of 2HDMs are overlapped.
This is because the negative value of Auyw can be realized by either decreasing the partial
width of the h — WW* mode or increasing the other partial widths. Therefore, the sign of
Ay, can take both positive and negative. The right panel of Fig. 5.11 shows the correlation
between Apu,, and Ap... The predictions in the four types of 2HDMs are separated from one
another except for the case in the Type-X 2HDM with lighter additional Higgs bosons. Thus,
the correlation between A, and Ay, helps for further discrimination of the models.
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Chapter 6

Higgs strahlung process in
electron—positron colliders

The ete™ — hZ process is the dominant production process at the early stage of the future
lepton colliders such as the ILC, and the production cross section will be measured with a few
percent accuracies. Thus, it is important to perform the theoretical calculation compatible
with future precision measurements by including the higher-order corrections. In this chapter,
we discuss the cross section for the Higgs strahlung process ete™ — hZ with arbitrary sets of
electron and Z boson polarization at the full next-to-leading order. We systematically perform
the complete one-loop calculations to the helicity amplitudes in the HSM, IDM, and 2HDMs
based on the on-shell renormalization scheme. We present the full analytic results, as well as
numerical evaluations. We find that the extended Higgs models can be classified by measuring
the pattern of deviations from the SM prediction in the cross section times decay branching
ratio.

6.1 Electroweak corrections to the process e"e” — hZ

In this section, we define the notation for the process ete™ — hZ and discuss the helicity
amplitudes based on the form-factor decomposition. We list relevant renormalized quantities
for this process and give the formulae of form factors including the one-loop corrections. The
differential cross section with arbitrary sets of electron and Z boson polarization is also pre-
sented.

6.1.1 Helicity amplitudes and cross section

The process
e (Pe, 0c) + € (pe, 08) — hky) + Z(kz, \) (6.1)

is depicted in Fig. 6.1. The momenta and helicities of the incoming electron and positron are
denoted by (pe, 0e) and (pe, 0z), respectively. Correspondingly, (kz, \) is used for the outgoing
Z boson, and ky, is the momentum of the outgoing Higgs boson. The signs ‘+” and ‘—’ of the
variables o, and o; refer to helicities +1/2 and —1/2, respectively. The helicity A takes ‘+’ or
‘0’. In the following discussion, we neglect the mass of the electron whenever it is possible.
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e (pe; 0e) Z(kz,\)

e (Pe,0e) h(kn)

Figure 6.1: The process ete™ — hZ with momentum and helicity assignments. The momenta
pe and pg are incoming, while k;, and k; are outgoing.

The Mandelstam variables are given by

s = (pe +pé)2 = (kZ + kh>27
t = (pe — kz)* = (pe — kn)?,
u = (pe —kz)* = (pe — kz)?,

and they satisfy s +¢+u = m% + m3. In the center-of-mass (CM) frame of the e*e™ collision,
the momenta of each external particle are

P = “;(1,0,0,1), (6.5)
o= V21,00, 1), (6:6)
2 _ 2
kg:\/?g(l-kw,ﬁsinao,ﬁcose), (6.7)
2 2
ket \/75 (1 - w, —Bsinb,0,—f cosé’), (6.8)
s
where [ is defined by
_ |kZ| o 1 2 2
B =2 = Vs — (mz + ma)lls — (mz — ma)?) (6.9)

with the beam energy E = V/s/2. We use the scattering angle 6 between e~ and Z boson;
Pe * kz = cos § where the hat indicates the unit vector. The scattering angle 6 is related to ¢
and u via

1

t= §(m22+mi—s)+gﬁcosﬁ, (6.10)
1

u= §(m2z+m,21—3)—§ﬁcosﬁ. (6.11)

The helicity amplitudes for ete™ — hZ vanish for o, = o, in the limit m, — 0 due to the
chirality conservation. Therefore, we use 0 = 0, = —o¢ for the non-vanishing amplitudes. The
helicity amplitude M, (s, t) can be decomposed into a set of basic matrix elements M; 51 (s, )
and corresponding form factors F; ,(s,t) as [115]

3

Mox(s,t) =Y Fig(s, ) Miga(s, ). (6.12)

i=1
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The basic matrix elements are given by
Miorn = Jou(Pes e) 17" (s, t)e, (kz, A), (6.13)

where e*#(kz, A) is the polarization vector for Z boson, and j¥(p., p) is the fermion current of
the initial electron and positron,

1
eM(ky,+) = E[Q Fcosb,i,£sinb), (6.14)
e (kz,0) = Vs |8, asinf, 0, acos ], (6.15)
2mZ
35 (Des pe) = 0(pe)V" Pou(pe) = /5[0, 1,04, 0], (6.16)

with the chirality projection operator P, = (1 + 075)/2 and o = 1+ (m% — mj)/s. The three
basis tensor T} are defined by

" = g™, TV =k(pe + pe)’, T8 = kly(pe — pe)”. (6.17)

In the CM frame, the first elements of basic matrix M, become

M or = 0\/5(1 + o cosf) = 0\/2_3d}f7i(9), (6.18)

S ino S
Ssmmov =o
2fmZ \/imz

where df%, . (0) is the Wigner’s d function. The second elements My, are

My o0 =— d},vo(ﬁ), (6.19)

Mzt =0, (6.20)
8252 8252

My o= — 0=0——d.(0). 6.21

200 = =g S0 = 05—y (0) (6:21)

The third elements Ms, are

Ms oy = i% gsnﬂ 0= isﬁ\/gdgvo(e), (6.22)
P . s?af3
M3 50 = s cosfsinf = _W [dg’l(Q) — dg’_l(é’)]. (6.23)

The six physical helicity amplitudes are given in terms of the form factors F;, by

Moi(s,t) = \/§|:F1’U(S, t) £ %(a Fcosb)Fs (s, t)} (o £ cosh), (6.24)
s 532 saf )
Moo(s,t) = — alFy,(s,t) + —F,(s,t) — —— cosOF3 ,(s,t)| sinb. (6.25)
2my ’ 2 - 2 ’

We denote the tree- and one-loop contributions to the helicity amplitude as

3

M (s.4) =" FO (s, ) My, (6.26)
=1
3
M (5,1) = Z Fi(,tly)(sa )M ox- (6.27)
i=1
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Figure 6.2: Tree-level diagram for the process ee™ — hZ.

The helicity-dependent differential cross section at NLO in EW is given by

do s 0 0 1)x
oo t) = = {MB (5. 0) + 2Rel MO (5, )M (s, )] }. (6.28)
The helicity-dependent cross section (o, A; s) can be obtained by integrating Eq. (6.28) over
the solid angle.

In a realistic setup, one needs to introduce the degree of polarization of initial electron P,
and positron P,. We use the convention where a purely left-handed (right-handed) electron

corresponds to P, = —1 (+1). The polarized differential cross section is given by
do 1 do
qq P Pe Xisit) = ; T+ o)1= oP) o (0, A, t). (6.29)

The unpolarized cross section o(\;s) corresponds to P, = P; = 0. (P., P;) = (¥0.8,£0.3) is
planned polarization at the ILC [36].

The polarized cross section can be rewritten in terms of the helicity-dependent cross section
as [116]

o(P., Pz, \;s) = L (1-=P)1+ Pro(—,\;s) + %(1 + P)(1— P)o(+,)\;s)

4
=0(A;s)(1 = P.P:)(1 — PegArr), (6.30)

where the effective polarization P.g and the left-right asymmetry Apr are defined as

P.—P;
Po—=_—°S_"°¢ 31
T 1-prp’ (6.31)
—\rs) — \:
Argr = o(=,Ais) = ol Ais) (6.32)

o(—, As)+o(+, A s)

By using Eq. (6.30), one can easily evaluate the effect of the beam polarization from the helicity-
dependent cross sections. Therefore, in the following discussion, we focus on the unpolarized
and helicity-dependent cross section to exhibit analytical behaviors.

6.1.2 Tree-level contribution to the helicity amplitudes

At LO, only one diagram of Fig. 6.2 is relevant since the electron-Higgs coupling is proportional
to me, and it is negligible. The contribution of the tree-level diagram to the form factors is
expressed as

p _ 928 Wy o0) 6.33
o T g _ 290fi ) (6.33)
Z
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Figure 6.3: (Left) Helicity-dependent cross sections of ete”™ — hZ at LO in the SM as a
function of the CM energy. The red lines show the results for the left-handed electron and the
right-handed positron, while the blue lines show those for the right-handed electron and the left-
handed positron. The solid (dashed) lines show the results for the transversely (longitudinally)
polarized Z bosons. The black solid line corresponds to that for the unpolarized cross section
where the polarization of Z boson is also summed. (Right) Helicity-dependent differential cross
sections of efe™ — hZ at LO in the SM as a function of cosf at /s = 250 GeV. The line
colors and styles are the same as those of the left figure.

with the tree-level hZ Z coupling Ffll’gg = 2Kkzm% /v. The scaling factor r is given in Table 3.2.
If there is no mixing between CP-even scalars, the cross section in the extended Higgs models
is the same as that in the SM at LO. The couplings g+ are defined by

1
gy =Sy, g = -5t Sty (6.34)

The coefficients fi(o) are
=1 5" =5"=o (6.35)
The lowest order differential cross section is given by

2s]dy . (0)]° (A=),

- ) 200 (6.36)
64m2s! 7 A (0) 2 (A=0). '
2m2Z ‘ 070 ‘

In the left panel of Fig. 6.3, we show the helicity-dependent cross sections at LO as a function
of the CM energy. In the numerical evaluation, we take G as an input given in Appendix A
and use the tree-level relation v = (v/2Gp)~'/2. The solid and dashed lines correspond to the
transversely (A = %) and the longitudinally (A = 0) polarized Z bosons, respectively. The cross
sections peak just above the threshold /s = myz + m; and monotonically decrease at higher
energies. For energies well above the threshold, the longitudinally polarized Z boson dominates
the cross section. This is due to the factor s/m% originated from the longitudinal polarization
vector defined in Eq. (6.15). The cross section for the left-handed electron is larger than that
for the right-handed electron because the left-handed electron more strongly couples to the Z
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(d)

Figure 6.4: NLO corrections for eTe™ — hZ; (a) Gauge boson self-energy, (b) Zee vertex, (c)
hZZ and hZ~ vertices, (d-e) heé vertex, (f) Box diagrams.

boson than the right-handed electron (g_/gy)? ~ 1.8. At /s = 250 GeV, the unpolarized
cross section is 242 fb, and the polarized cross section is 379 fb with (P., P:) = (—0.8,0.3).
Therefore, the beam polarization significantly changes the size of the cross section. We note
that the predicted value of the LO cross section highly depends on the input schemes.

The angular distributions of the LO cross section at /s = 250 GeV are given in the right
panel of Fig. 6.3. They are determined by d}n 4(0). The cross section for the transversely polar-
ized Z boson is proportional to 1 4 cos? #, and it takes maximal value in the forward-backward
direction. On the other hand, that for the longitudinally polarized Z boson is proportional
to 1 — cos? 6, and it vanishes in the forward-backward direction and takes maximal value at
cosf = 0.

6.1.3 One-loop contributions to the form factors

As shown in Fig. 6.4, the one-loop contributions to the form factors FZ(? consist of (a) the Z
boson self-energy and the Zv mixing, (b) the Zee vertex correction, (c) the hZZ and hZ~y
vertex corrections, (d-e) the heé vertex correction and (f) the box diagrams. In addition,
the renormalization factors of the weak gauge bosons are not to be unity in our renormaliza-
tion scheme [95,96]. Therefore, we have the term — Re{Il;,(m%)}/2 from the wave function
renormalization of the on-shell Z boson. Furthermore, the EW correction to the Fermi decay
constant Ar appears when one replaces the VEV in the tree-level amplitude with G, since the
tree-level relation between these two parameters is no longer valid at the one-loop level. This
replacement corresponds to the resummation of universal higher-order leading corrections such

as large logarithms from light fermion masses [117]. The one-loop contributions to the form
factors Fz(? are given by
F~(1) _ FZZ + FZ’Y + FZeé + FhZZ + FhZ’Y + Fheé + FBox
+ FL2% + FA, (6.37)

where the terms in the first line correspond to the contributions from the diagrams in Fig. 6.4,
while the terms in the second line come from the renormalization procedure. For the compu-
tation of these EW corrections, we adopt the modified on-shell renormalization scheme defined
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in Ref. [112]. In the on-shell renormalization scheme, all the counterterms in the amplitude
of ete™ — hZ are determined in terms of the one-particle irreducible (1PI) diagrams for one-
and two-point functions of Higgs bosons, gauge bosons and fermions by imposing a set of the
renormalization conditions. Adding these counterterms, one can obtain the ultra-violet (UV)
finite one-loop corrected vertices.

In the wide range of extended Higgs models, there are mixings among Higgs bosons, and the
gauge dependence appears in the renormalization of these mixing angles. We apply the pinch
technique to remove the gauge dependence in the renormalized vertex functions [112,118,119].

Apart from the UV divergences, there are infrared (IR) divergences when we calculate
virtual photon loop contributions. In the calculation of individual photon loop contributions,
we regularize them with a finite photon mass p. The photon mass dependences in the one-
loop calculation are exactly canceled by adding contributions of real photon emissions. The
analytic expression of the real photon contribution with the soft-photon approximation is given
by [115,117,120],

4AE2 2 1 2 2 2
dogos = daLO{—g {111 5 (1 +1In %) + = 1n? e +1In e + W—} }, (6.38)
s L s 2 s s 3

with the photon energy cutoff AE. The dependence of AFE vanishes in the inclusive cross
section where one also includes the contribution of hard photon emissions [117]. The inclusive
cross section still depends on In(m?/s), and this logarithmic term potentially takes a large
value. This dependence can also be eliminated by introducing the electron structure functions
as discussed in Ref. [121]. However, the treatment of hard photon emission highly depends
on the experimental setup. The hard photon changes the kinematics of the process, and these
effects would be eliminated by applying appropriate experimental cuts. In addition, if one
considers the scenario with xk; ~ 1, these effects in extended Higgs models are almost the same
as in the SM. Therefore, we do not consider the electromagnetic effects when we focus on the
difference between the predictions in the extended models and those in the SM.

In the one-loop calculation, we choose the fine structure constant aey,, the Fermi constant G
and the Z boson mass my as the input EW parameters. In addition to these EW parameters,
we also use the shift of the fine structure constant Aa,y,, the strong coupling constant «, and
the masses of the fermions and the discovered Higgs boson as the input parameters. The values
of these SM input parameters are given in Appendix A. We use the input parameters given in
Egs. (3.21), (3.49) and (3.66) in the HSM, the 2HDMs and the IDM, respectively.

Expression of form factors including one-loop corrections

We list the one-loop contributions to the form factors in terms of the renormalized quantities.
The one-loop propagator corrections appear in the sum in Eq. (6.37) as the term

1,(0)
SE _ 9zL'y
Y s —mi

17, (s) 117 (s)

g
s —m?%

o (6.39)

(2

- QeSWCW

with the renormalized self-energies ﬁ‘r‘cv,(s) of the neutral vector bosons. The renormalized Zee
corrections appear as

i b .
Fﬁfe _ 9z hZQZ { [Fgeé - Urgeé} (mg,mg, S)}fi(O)' (6.40)
' 5—my,
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The renormalized hZV (V = Z, «y) corrections appear as

IV = 2, 70(6) + Z Quswen 1" (5), (6.41)
Z
with
FW(s) =T} yp(m%, s,m3), (6.42)
z01 N
1 0(8) = =5 Th gy (mi, 5, m3), (6.43)
Z
W (s) =T} (m%, s,m3), (6.44)
1 RSN
f;( )(8) = _WFiZy(mzZ7 S7m%)‘ (645)
h

The renormalized heé corrections appear as
Flet = —g290{ [Thke + 0T ) (.0.m3) = [T + 0Tz umd) 0 (6.46)

The 1/t and 1/u terms originated from the fermion propagator are canceled by the vertex
corrections [115]. However, the renormalized vertices depend on ¢ and u, and they cause non-
trivial cos § dependence.

There are the five W boson mediated and one Z boson mediated box diagrams in the
massless limit of the electron. The amplitudes of the W boson mediated diagrams can be
written as

ME, = = Vs, ZC’“F’“ §,)Mion, (k=1,2,---,5), (6.47)
with
Ffi(s,t) = F*(s,t), (6.48)
Fi(s,1) = 5 [FE(s,0) + F (s, 1), (6.49)
F¥(s,t) = %[Fek(s,t) — F¥(s,1)]. (6.50)

The amplitude of the Z boson mediated diagram has a different structure from others, and it
can be written as

M6, = - 6 > Zg§c6F6(s HMi.or, (6.51)
with
F(s,t) = F%(s,t), (6.52)
FS(s,t) = %[Ff(s, t)+ F2(s,1)], (6.53)
FS(s, 1) %[Ff(s, £) — FS(s,)]. (6.54)
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The expressions of C* and FF(s,t) are given in Appendix B in Ref. [41]. We define B;,(s,t)
by

k ok 316 176
Bi(s,t) = 16 = [5(,_ ’;C FF(s,t) 4+ g>COFS (s, t)] (6.55)
Finally, the form factors at one-loop level are given by
3T
an 9z 1,(0) 117 ,(s) E51% PA 2 2 (0) Z(1)
F;,O’ - S — mQZ {FhZZ [_QUW + |:FZeé - UFZeé] <m67 me, S) fz + g(ffi (S)
Q| o5 6)
[ hZZS : 2 f f’y ( )
mz
—W%Hﬂa+dﬁ4mam% 32+ 0Tz ] (0,umi) £
0y T
+ Bio(s,t) + %2 h2Z g, {—— Re{Il%,,(m3)} — Ar} (6.56)
s—my 2

6.2 Numerical results

In this section, we begin with an analysis of the behavior of the NLO weak corrections to the
cross section of the ete™ — hZ process in the SM. We then analyze the deviations from the
SM values at NLO in the HSM, the IDM and the 2HDMs.

We have newly implemented the formulae of FZ(? into the H-COUP program [45, 46], and
enabled to evaluate the cross section of ete”™ — hZ including the higher-order corrections.
In order to compare our results in the SM with the previous works [115,122-124], we extend
the H-COUP program and take my, as an input instead of Gr. With this extension, we have
confirmed that our results are in agreement with the previous results. In the following, we show
the results obtained in the scheme where ae,(0), Gr and my are input parameters.

In order to study the theoretical behavior of the one-loop corrections, we parametrize the
differential cross section as

do = dO'LO(l =+ 5weak + 5em)7 (657)

where dyeax and dqy, denote the relative weak and electromagnetAic corrections, respectively.

As we will see below, the NP effects mainly come from T} ,, vertex, and that appear
independently of 0 and A. Therefore, we show the results of the unpolarized cross section
where the polarization of the Z boson is also summed. In order to analyze the NP effects in

each renormalized quantity, we introduce Ziw,
A = AL — ABN (X = ZZ, 7, Zee, hZZ, hZy, hee, Box, I, Ar),  (6.58)

with AW = oy /o10. We evaluate oy by substituting

3
=S FE Mo (6.59)
=1

into ./\/l((fl/\)(s, t) in Eq. (6.28), where F;¥ is defined in Eq. (6.37). We also evaluate the ratios of
the total cross sections to exhibit the deviations from the predictions in the SM,

ARM = TN (6.60)

OsMm
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Figure 6.5: (Left) Weak corrections to the helicity-dependent cross sections in the SM. The red
lines show the results for the left-handed electron and the right-handed positron, while the blue
lines show those for the right-handed electron and the left-handed positron. The solid (dashed)
lines show the results for the transversely (longitudinally) polarized Z bosons. The black solid
line corresponds to that for the unpolarized cross section where the polarization of Z boson is
also summed. (Right) Weak corrections to the helicity-dependent differential cross sections in
the SM at /s = 250 GeV. The line colors and styles are the same as those of the left figure.

6.2.1 Standard Model

In the left panel of Fig. 6.5, we show the weak one-loop corrections to the helicity-dependent
cross sections as a function of the CM energy. The weak corrections to the cross section for
the right-handed electron are positive, and they increase the cross section by about 10%. On
the other hand, those for the left-handed electron are negative, and the size of these correc-
tions strongly depends on the CM energy. The reason for this difference comes from negative
contributions from the box diagrams. Among the six box diagrams, the five W boson medi-
ated diagrams only contribute to the helicity amplitudes for the left-handed electron. They
give negative contributions to the helicity-dependent cross sections for the left-handed electron.
In addition, their effects become relevant at higher energies and give large negative correc-
tions. The peak around /s ~ 350 GeV corresponds to the threshold at 2m; in the top-loop
contributions. We note that the NNLO electroweak-QCD corrections have been estimated in
Refs. [123,124], and the magnitude is about a percent.

In the right panel of Fig. 6.5, we show the weak one-loop corrections to the differential cross
sections as a function of the CM energy. From Eq. (6.55), we can see that only the hee vertex
and box corrections cause different cos 6 dependence from those at LO. At /s = 250 GeV, this
effect is not so large, and the angular distribution of the Z boson is almost determined by the
d}L ,(0) functions. At higher energies, the angular distribution of the Z boson is significantly
modified through the box contributions [115]. However, the size of the cross sections decreases
in such a higher energy region.

6.2.2 Higgs singlet model

First, we consider the Zy symmetric scenario in the HSM where ¢, = 1 and pg = 0. There
remain three input parameters, myg, Aps and A\g. In the following analysis, we impose pertur-
bative unitarity, vacuum stability, avoiding wrong vacua, and the constraints on the .S and T’
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Figure 6.6: NP effects in the EW corrections as a function of the mass of the additional

Higgs boson in the Zy symmetric HSM at /s = 250 GeV. The left panel shows AI;:(W with
As = 1. The right panel shows AR"? with A\g = 0.1 (red), 1 (blue) and 2 (green). The solid
and dashed curves denote the case with the maximal and minimal values of M?, respectively.
Perturbative unitarity, vacuum stability, avoiding wrong vacua, and the constraints on the S
and 71" parameters are imposed.

parameters. In order to analyze the theoretical behavior, we here do not impose the constraints
from the direct searches of the additional Higgs boson and the Higgs coupling measurements.
In addition, we impose M? > 0 as in the case of the IDM and the 2HDMs.

In the left panel of Fig. 6.6, we show Ziw defined in Eq. (6.58) as a function of the mass of
the additional Higgs boson in the Zy symmetric HSM at /s = 250 GeV. We here take A\g = 1

and scan Agg for |Aes| < 4m. In the Z symmetric HSM, only ZE;VZ takes non-zero value.
Furthermore, among the components of the renormalized hZZ vertex in Eq. (?7), the wave
function renormalization factor of the SM-like Higgs boson 07, only gives the NP effects. 7,

is defined by the two-point function of the SM-like Higgs boson IT}}1(p?) as

d
0Zn = =1 (*)

1 (6.61)

a2
p2=m3

As the NP contributions, there are two H propagated diagrams in IT1}}!(p?). One of them is
proportional to Ap,gg, while the other is proportional to )\%L - However, the former does not
contribute to 7, because the loop function A(my) does not depend on the external momentum
p?. Therefore, only the latter contributes to the helicity amplitude as the NP effect,

A2 d
HSM SM __ hHH 2.2 2
02y, " =02y = — 1672 dp? Bo(p™; miy, my) pQZm%, (6.62)
with \pgg = —Aesv. We note that this difference does not directly depend on Ag, but it

indirectly determines the possible size of the NP effects through the perturbative unitarity and
vacuum stability bounds.

The magnitude of Z],f;vz becomes larger when the mass of the extra Higgs boson is taken to
be larger up to around 700 GeV. This peak corresponds to the point where the minimum value
of M? = m? — Apsv? changes from zero to non-zero due to the perturbative unitarity bound.
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Figure 6.7: NP effects in the EW corrections as a function of the mass of the additional Higgs
boson in the HSM with ¢, = 0.99 and ug = 0 at /s = 250 GeV. The left panel shows Z];:(W with
As = 1. The right panel shows AR"? with A\g = 0.1 (red), 1 (blue) and 2 (green). The solid
and dashed curves denote the case with the maximal and minimal values of M?, respectively.
The black dashed line shows the size of the LO deviation due to the mixing of the CP-even
states. Perturbative unitarity, vacuum stability, avoiding wrong vacua, and the constraints on
the S and T parameters are imposed.

At this point, Ags takes the maximal value, and it triggers a sizable effect. In the case of larger

values of my, the magnitude of ZS;VZ monotonically decreases because perturbative unitarity
constrains the size of A\gg. In such a large mass region, my is approximately equal to M, and
the additional Higgs boson almost decouples following the decoupling theorem [34].

We can also see the relatively large NP effects when the mass of the additional Higgs boson is
below 200 GeV. In this region, Aeg takes a negative value satisfying the vacuum stability bound
thanks to the sizable Ag. While the sign of \gg is flipped, only |/\(I,S|2 appears in Eq. (6.62).

Therefore, Ah;vz is negative independently of the sign of Agg.

In the right panel of Fig. 6.6, we show the predictions of AR" in Eq. (6.60) as a function
of the mass of the additional Higgs boson in the Z5 symmetric HSM at /s = 250 GeV. We
here take A\g to 0.1,1 and 2 and scan Agg for |Aps| < 47. In the Z; symmetric HSM, the Z,
symmetry prohibits the mixing of the CP-even states, and AR"? = (0 at LO. The behavior of
AR" is only determined by §7;,, and almost the same as that of Z],;:;VZ. The possible magnitude
of AR" indirectly depends on the value of \g through the conditions of perturbative unitarity
and vacuum stability. For mpy > 200 GeV, the possible magnitude of AR" decreases as
Ag becomes large. On the other hand, for my < 200 GeV, the possible magnitude of AR
increases as Ag becomes large because a large negative value of A\gg is allowed under the vacuum
stability bound.

We here mention the scenario where g softly breaks the Z, symmetry. We note that AR
does not directly depend on pg, and the behavior of AR" is the same as that in the Z
symmetric HSM. However, pg indirectly affects the possible size of the NP effects through the
conditions for avoiding wrong vacua. For example, the region where mpy < 300 GeV is excluded
if pg = 100 GeV.

Next, we consider the scenario with the mixing of the CP-even states. In the left panel of
Fig. 6.7, we show Ziw as a function of the mass of the additional Higgs boson with ¢, = 0.99
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Figure 6.8: NP effects in the EW corrections as a function of the masses of the additional
Higgs bosons in the IDM at /s = 250 GeV. We take my = my = mpy+. The left panel

shows Ziw with Ay = 1. The right panel shows AR" with Ay = 0.1 (red), 1 (blue) and 5
(green). The solid and dashed curves denote the case with the maximal and minimal value of
M?, respectively. Perturbative unitarity and vacuum stability bounds and the constraints on
the S and T parameters are imposed.

and pg = 0 at /s = 250 GeV. We here take Ag = 1 and scan A\gg for [Ags| < 47. We note that
not only the renormalized hZZ vertex but also the other renormalized quantities differ from

the SM values unlike the case in the Z; symmetric HSM. However, the magnitude of ZS;VZ is

larger than that of the others. For my < 700 GeV, ngz takes a negative value, while it takes
a positive value for my > 700 GeV. In order to realize the finite mixing of the CP-even states
with a large mass of the additional Higgs boson, the Higgs quartic couplings should take large
values, and it triggers a so-called non-decoupling effect.

In the right panel of Fig. 6.7, we show the predictions of AR" as a function of the mass
of the additional Higgs boson with ¢, = 0.99 and pus = 0 at /s = 250 GeV. We here take
As to 0.1,1 and 2 and scan Agg for |Apg| < 4m. If there is the mixing of the CP-even states,
the LO cross section decreases from its SM value. When ¢, = 0.99, the size of deviation is
ARM = —s%2 ~ —0.02 at LO. We can see that the magnitude of one-loop effects is comparable
with that of the LO contribution, and the NP effects sizably change the predictions for ARM.
The behavior of AR is almost the same as that of ngz For mpy < 500 GeV, ZS;VZ increases
the magnitude of AR" while it decreases the magnitude of AR" for my > 500 GeV. For
mpy > 1000 GeV, the possible magnitude of AR"? decreases as A\g becomes large. On the other
hand, for myg < 500 GeV, it increases as Ag becomes large.

6.2.3 Inert doublet model

In the IDM, the Z, symmetry prohibits the mixing of the CP-even states, and AR" = 0 at
LO, similarly to the case in the Zs symmetric HSM. In the following analysis, we assume that
the additional Higgs bosons are degenerate in their mass, m¢ = my = mgy+ = my. There
remain two input parameters, A\, and M?2. We impose perturbative unitarity, vacuum stability,
avoiding wrong vacua, and the constraints on the S and T parameters. In order to analyze
the theoretical behavior, we here do not impose the constraints from the direct searches of the
additional Higgs boson, the Higgs coupling measurements and the dark matter experiments.
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In the left panel of Fig. 6.8, we show Ziw as a function of the mass of the additional Higgs
bosons in the IDM at /s = 250 GeV. We here take Ay = 1 and scan M? for 0 < M? < (3 TeV)?.
We note that not only the renormalized hZZ vertex but also the other renormalized quantities
differ from the SM values unlike in the Z5 symmetric HSM. This is because the additional Higgs

bosons are charged under the SM gauge group. However, the magnitude of ZE;VZ is larger than

that of the others in most cases. In the IDM, there are two main contributions to ZEZVZ The
first one is A7 44 terms originated from §7, similarly to the case in the Z symmetric HSM.
In addition, there are 1PI diagram contributions proportional to A\,ee, where the additional
Higgs bosons propagate internal lines. The couplings A\,ee are proportional to (m2 — M?)/v,
and large corrections appear when one consider the sizable differences between mg and M. In
general, 07, governs the magnitude of ZE;VZ, and its behavior is almost the same as that in the
Zy symmetric HSM. The maximal deviation in the IDM is larger than that in the Z; symmetric
HSM because we have more than one additional Higgs boson running in the loop in the IDM.
It monotonically decreases when mg > 600 GeV following the decoupling theorem.

We can also see the sizable NP effects when mg is below 200 GeV, similarly to the case
in the HSM. In addition, ngz can be positive if mg is lighter than about 150 GeV. This
is because of the contributions from 1PI diagrams. While 67, gives negative contributions
to Z],?;VZ, 1PI diagrams for the hZZ vertex give positive contributions. As we have already
mentioned, §Z; generally gives larger contributions than 1PI diagram contributions. However,
if \poo is not so large, 1PI diagram contributions can overcome the contribution of §7, and
there are parameter points, where Z],?;VZ is positive.

In the right panel of Fig. 6.8, we show the predictions of AR" as a function of the mass of
the additional Higgs bosons in the IDM at /s = 250 GeV. We here take Ay to 0.1,1 and 5 and

scan M?2 for 0 < M? < (3TeV)2. The behavior of AR is almost the same as that of Ay yy.
The possible magnitude of AR" indirectly depends on the value of A, through the conditions
of perturbative unitarity and vacuum stability. For me > 200 GeV, the possible magnitude
of AR" decreases as Ay becomes large. On the other hand, for mg < 200 GeV, the possible

magnitude of AR" increases as Ay becomes large, similarly to the case in the Z, symmetric
HSM.

6.2.4 'Two Higgs doublet model

First, we consider the alignment limit with ss_, = 1, where AR = ( at LO. We also assume
that the additional Higgs bosons are degenerate in their mass, me¢ = my = my+ = ma.
There remain two input parameters, tan 3 and M?2. We impose perturbative unitarity, vacuum
stability, avoiding wrong vacua, and the constraints on the S and T parameters. In order to
analyze the theoretical behavior, we here do not impose the constraints from the direct searches
of the additional Higgs boson, the Higgs coupling measurements and the flavor measurements.

We analyze all the four types of 2HDMs, and it turns out that predictions for Ziw and
AR" are almost the same. This is because differences among the four types of 2HDMs appear
through the down-type quark and lepton Yukawa interactions with the SM-like Higgs boson.
As we will see later, the magnitude of ZE;VZ is larger than that of the others in the 2HDMs,

similarly to the case in the HSM and the IDM. In Ah?/Z, the top-quark contributions dominate
fermionic contributions, and there is no sizable difference among the four types of 2HDMs.
Therefore, we show the predictions for AR" in the Type-I 2HDM as a representative in the
following.

In the left panel of Fig. 6.9, we show Ziw as a function of the mass of the additional Higgs
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Figure 6.9: NP effects in the EW corrections as a function of masses of the additional Higgs
bosons in the Type-I 2HDM with sg_, = 1 at /s = 250 GeV. We take my = ma = mpg+. The

left panel shows Ziw with tan 8 = 1.5. The right panel shows AR" with tan 8 = 1.5 (red),
3 (blue) and 5 (green). The solid and dashed curves denote the case with the maximal and
minimal value of M2, respectively. Perturbative unitarity and vacuum stability bounds and the
constraints on the S and T' parameters are imposed.

bosons in the Type-I 2HDM with sz, = 1 at /s = 250 GeV. We here take tan 5 = 1.5 and
scan M? for 0 < M? < (3TeV)?. We note that not only the renormalized hZ Z vertex but also
the other renormalized quantities differ from the SM values because the additional Higgs bosons
interact with the gauge bosons, the quarks and the leptons. Qualitative behaviors of Ziw are
almost the same as those in the Zy symmetric HSM and the IDM except for me < 200 GeV.
The magnitude of Zg;vz is larger than that of the others in most of the parameter space. It
monotonically decreases when mg > 450 GeV following the decoupling theorem.

There is no sizable negative correction below 200 GeV unlike in the Z; symmetric HSM and
the IDM. This is because the Higgs quartic couplings in the 2HDMs are more constrained by
vacuum stability than Ag in the HSM and A in the IDM. If mg is lighter than about 150 GeV,
Ziw can be positive due to the 1PI diagram contributions, similarly to the case in the IDM.

In the right panel of Fig. 6.9, we show the predictions of AR as a function of the mass
of the additional Higgs bosons in the Type-I 2HDM at /s = 250 GeV. We here take tan 8 to
1.5,3 and 5 and scan M? for 0 < M? < (3TeV)?. The behavior of AR is almost the same

as that of ZS;VZ The possible magnitude of AR"” decreases as tan S becomes large due to the
perturbative unitarity and vacuum stability bounds.
Next, we consider the scenario with the mixing of the CP-even states. In the top (bottom)

left panel of Fig. 6.10, we show Z];(W as a function of the mass of the additional Higgs bosons
in the Type-I 2HDM with sg_o = 0.99 and cg_o < 0 (cg_o > 0) at /s = 250GeV. We here
take tan 8 = 1.5 and scan M2 for 0 < M? < (3TeV)2. The magnitude of A, is larger than
that of the others independently of the sign of cg_,. In addition, ZE;VZ takes a negative value
except for the my < 300 GeV with cs_, < 0 unlike in the HSM. We can see the non-decoupling
effect in a large mass region of the additional Higgs bosons because they cannot decouple while
keeping the finite mixing of the CP-even states, similarly to the case in the HSM. The maximal
value of mg is about 900 GeV for sg_, = 0.99 with cg_, < 0, while it is about 600 GeV with
cg—q > 0 for tan B = 1.5.
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In the top (bottom) right panel of Fig. 6.10, we show AR" as a function of the mass of
the additional Higgs bosons in the Type-I 2HDM with sz_, = 0.99 and cs_, < 0 (cs_o > 0)
at /s = 250 GeV. We here take tan 8 to 1.5, 3 and 5 and scan M? for 0 < M? < (3TeV)?2
The LO cross section decreases from its SM value due to the mixing of the CP-even states.
When sg_, = 0.99, the size of deviation is AR = —c%fa ~ —(0.02 at LO. We can see that
the magnitude of one-loop effects is comparable with that of the LO contribution, and the NP
effects sizably change the predictions for AR". The behavior of AR" is almost the same as

that of ZE;VZ In the both signs of cs_q, ngz generally increases the magnitude of }ARhZ ’
except for the region with relatively lighter mass of the additional Higgs bosons. The possible
magnitude of AR" decreases as tan 3 becomes large due to the perturbative unitarity and
vacuum stability bounds.

Finally, we mention the corrections to the angular distribution of the Z boson. As we have
mentioned, the heé vertex and box contributions cause non-trivial cos# dependence. In the
limit of the massless electron, only mixing of CP-even states modifies the hee vertex and box
contributions. However, as we can see from Figs. 6.7 and 6.10, these effects are rather small
at /s = 250 GeV. Therefore, the angular distribution of Z bosons is almost the same as the
predictions in the SM.
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Figure 6.10: NP effects in the EW corrections as a function of masses of the additional Higgs
bosons in the Type-I 2HDM with sg_, = 0.99 at /s = 250 GeV. We take mg = ma = mpy=+.

The top left panel shows Ziw with tan 8 = 1.5 and cg_,, < 0. The top right panel shows AR"
with tan 8 = 1.5 (red), 3 (blue) and 5 (green) and cg_, < 0. The bottom panels correspond
to the case with cg_, > 0. The solid and dashed curves denote the case with the maximal and
minimal value of M2, respectively. The black dashed line shows the size of the LO deviation
due to the mixing. Perturbative unitarity and vacuum stability bounds and the constraints on
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olefe” —=Zh) h—b h—cc h—1T h—>WW* h—=ZZ* h—yy
2% 1.3% 8.3% 3.2% 4.6% 18% 34%

Table 6.1: Expected 1o accuracy for the SM-like Higgs boson measurements at the ILC. We
quote the values at /s = 250 GeV with 250fb™"! for (P,, P.) = (—0.8,40.3) in Table VI in
Ref. [35]. Except for o(ete” — Zh), the numbers correspond to the accuracy of o(ete™ —
hZ) x BR(h — XY).

6.2.5 Correlation in the cross section times decay branching ratios

In this subsection, we analyze the correlation in the cross section times decay branching ratios
of the SM-like Higgs boson in the HSM, the IDM and the four types of 2HDMs.

At future collider experiments such as the ILC, the cross section of ete™ — hZ can be
measured without depending on the decay of the SM-like Higgs boson by utilizing the recoil
mass technique [35,125]. This makes it possible to measure the decay branching ratios of the
SM-like Higgs boson independently of the cross section. However, the cross section times decay
branching ratios of the SM-like Higgs boson can be measured more precisely. In Table 6.1,
we summarize the expected accuracy of the cross section times decay branching ratios of the
SM-like Higgs boson at the ILC at /s = 250 GeV with 250fb™" for (P,, P;) = (—0.8,40.3).
The values in Table 6.1 are taken from Table VI in [35].

In the following, we analyze the predictions for o(ete™ — hZ) x BR(h — XY) at one-loop
level, where X and Y denote decay products of the SM-like Higgs boson. In order to discuss
deviations from predictions in the SM, we evaluate the ratio of the total cross section times the
decay branching ratios

Tem — hZ)BRNP(h — XY)
ARMZ, — NPl 1 6.63
XY gom(ete = hZ)BRgu(h — XY) (6.63)

where we assume the beam polarization (P,, P;) = (—0.8,+0.3). In the evaluation of the decay
branching ratios of the SM-like Higgs boson with the one-loop EW and QCD corrections, we
use the H-COUP program [45,46]. Although the magnitude of AR, depends on the treatment
of the QED corrections, we do not consider these corrections and discuss the pattern of the
deviations in the correlation of o(ete™ — hZ) x BR(h — XY). The QED corrections in the
cross section universally change the magnitude of o(ete™ — hZ) x BR(h — XY). Therefore,
the pattern of the deviations is not changed even if we include the QED corrections following
a realistic experimental setup.

We scan the input parameters in each model in the following way. In the HSM, there are
five input parameters as given in Eq. (3.21). We here use M? as an input parameter instead of
Aos. The mass of the additional Higgs boson H is scanned as

400 GeV < my < 2000 GeV, (6.64)
while ¢, and M? are scanned as
0.95<co<1, 0<M?< (my+250 GeV)2 (6.65)
We here take ps = 0 and Ag = 0.1 for simplicity.

In the 2HDMs, we have six input parameters given in Eq. (3.49). We assume that the
additional Higgs bosons are degenerate in their mass as in the previous subsection. In this
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Ry Rr KJ’Y Hg kz kw
1.03701 1057018 1.05£0.09 0.997011 1.114£0.08 1.05+0.09

Table 6.2: Current measurements kyy factors at 1o accuracy. We quote the values in Table XI
in [127]. We assume that there is no decay mode where the SM-like Higgs boson decays into
additional Higgs bosons.

scenario, the constraint of the T" parameter is satisfied independently of the type of the 2HDMs.
The degenerate mass me(= my+ = my = my) is scanned as

400 GeV < mg < 2000 GeV  for the Type-I and X 2HDMs, (6.66)
800 GeV < mg < 2000 GeV  for the Type-1I and Y 2HDMs. (6.67)

The lower bound of mg in the Type-I and Type-X 2HDMs comes from the direct search for
A — 77 at the LHC [42]. In the Type-I1 2HDM, the parameter regions with tan 5 2 2 are
not excluded. However, we take the above parameter regions for simplicity. In the Type-
IT and Type-Y 2HDMs, the lower bound comes from the flavor experiments, especially from
Bs — Xy [126]. In addition, we scan the other parameters as

098 <s54<1, 2<tanfB <10, 0< M?< (mg+ 250 GeV)?. (6.68)

The lower bound of tan § comes from the flavor experiments. We analyze both the positive
and negative signs of cg_,.

In the IDM, we have five input parameters given in Eq. (3.66). We take my = 63 GeV which
is favored by dark matter constraints. In order to satisfy the constraint on the 7' parameter,
we assume that H* and A are degenerate in mass. The degenerate mass mpy+(= my,), M? and
Ao are scanned as

100 GeV < mpy+ < 1000 GeV, (6.69)
0 < M? < (mg + 250 GeV)?, (6.70)
0 < g < 4m. (6.71)

Over the above parameter spaces, we impose the constraints discussed in Chapter. 3 such
as perturbative unitarity, vacuum stability, avoiding wrong vacua, and the constraints on the
S and T parameters. In addition, we take into account the current data of the signal strengths
of the discovered Higgs boson at the LHC. We evaluate the decay rates of the SM-like Higgs
boson with higher-order corrections by using the H-COUP program [45,46]. We define the scaling
factor kxy = /T vy /TM .y at the one-loop level, and remove the parameter points, where
kxy deviates from the observed data at 95% C.L.. In Table 6.2, we summarize the current
measurements of kxy factors at 1o accuracy. The values in Table 6.2 are taken from Table XI
in Ref. [127]. We assume that there is no decay mode where the SM-like Higgs boson decays
into additional Higgs bosons.

In the Type-II, X and Y 2HDMSs, we have parameter points where Yukawa coupling con-
stants take the negative sign with a large value of tan 8 and cs_, > 0. These parameter points
show the sizable deviation both in the Higgs branching ratio and cross section. However,
we simply omit such particular parameter points in the following analysis in order to extract
general features in the 2HDMs.

Before moving on to the numerical results, we discuss the general property of AR, . The
ratio of the total cross section times the decay branching ratio AR%%, can be rewritten as

ARY, = AR?" + ARxy + AR?"ARyy, (6.72)
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Figure 6.11: Correlation between AR!? and AR!? in the HSM (orange), the IDM (grey) and
the Type-I (red), Type-II (blue), Type-X (green), Type-Y (purple) 2HDMs. The left panel
shows the results with cs_, < 0 in the 2HDMs, and the right panel shows those with cs_, > 0.
The ranges of the parameters are explained in the text. The lighter color corresponds to the
lighter mass scale of the additional Higgs bosons, mg > 400, 800, 1200 and 1600 GeV in order.

with AR?" defined in Eq. (6.60) and ARyy defined as

BRNp(h — XY)

ARyxy =
T BRgw(h — XY)

~ 1 (6.73)

The order of loop expansion of AR?"ARxy is O(h?), and it is sub-leading. Therefore, the
qualitative behavior of AR%%, can be understood by independently analyzing AR?" and ARxy.

The behavior of ARxy has been studied in Ref. [98] by using the H-COUP program [45,46].
For later convenience, we briefly summarize the behavior of ARxy in the HSM, the IDM and
the four types of 2HDMs. First, in the HSM, the decay branching ratios of h are almost the
same as those in the SM predictions, because the partial decay widths are universally suppressed
by the radiative corrections and the mixing of the CP-even states. In our study, both AR, .
and ARy, are at most 0.5%.

The same argument has been claimed for the IDM in Ref. [98]. However, we find that the
parameter regions where both ARy, and AR, take a few percent deviations. This difference
comes from the large value of Ao. In Ref. [98], A; has been fixed to 0.1. However, the magnitude
of A9 indirectly controls the possible size of other Higgs quartic couplings especially through
the vacuum stability bound given in Eq. (3.60). We have obtained the almost same results as
those in Ref. [98] when we impose Ay < 0.1.

In the 2HDMs, the predictions to AR,, and ARy, spread out into different directions ac-
cording to the type of the Yukawa interactions and the sign of cg_,. The possible magnitudes
of the deviations in the Type-II, X and Y 2HDMs are rather large compared to the Type-I
2HDM, the HSM and the IDM. They can reach several tens of percent, and especially AR, .
reaches a hundred percent in the Type-X 2HDM.

In Fig. 6.11, we show the correlations between AR" and AR in the HSM, the IDM
and the four types of 2HDMs. We take the color codes where orange, grey, red, blue, green
and purple correspond to the HSM, the IDM and the Type-I, II, X, Y 2HDMs, respectively.
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Figure 6.12: Correlation between AR"? and AR"?. Color codes and the ranges of the param-
eters are the same as in those of Fig. 6.11.

The lighter color corresponds to the lighter mass scale of the additional Higgs bosons, me >
400, 800, 1200 and 1600 GeV in order. In the left (right) panel, we show the results with
Cg—a < 0 (cg—a > 0). The results in the HSM and the IDM are the same both in the left and
right panels.

As discussed in Eq. (6.72), AR, can be rewritten as the sum of AR?" and ARyy, and
AR?" takes a negative value in most cases. In the Type-1I, X and Y 2HDMs, the typical size
of ARyy is larger than AR?". Therefore, the pattern of the deviation is mainly determined
by ARxy, and it is consistent with previous analysis in Ref. [98]. In these models, the possible
sizes of the deviations are large enough to be detected at the ILC if mg is about one TeV or
less.

In the HSM, the Type-I 2HDM and the IDM, we can see sizable deviations both in AR
and AR, and they reach about 10%. Both AR"” and AR} take larger values than those
in AR,, and ARy,. This is because the typical size of AR?" is larger than ARxy in these
models, and ARyy also takes a negative value in the HSM, the Type-I1 2HDM with cg_, < 0
and the IDM. In the Type-I 2HDM with cg_, > 0, ARxy takes a positive value. However, the
typical size of ARy is smaller than AR"? and AR%Z" takes a negative value in most of the
parameter regions. In the Type-I 2HDM, AR%% quickly decouples. This is because a non-zero
Cp_o Tealizes the maximal deviation in AR" | especially at LO. If mg is large, the possible
value of cs_, is constrained mainly by perturbative unitarity. On the contrary, in the other
types of 2HDMs with cg_, > 0, the decoupling behavior is not clearly seen. This is because
taking the inner parameter tan 3 large keeps the magnitude of the deviation to be large even
in the case of large mg. On the other hand, constraints from the Higgs signal strength in the
HSM are weaker than those in the 2HDMs, and the deviation in ¢, realizes the sizable ARZ%,
even if mg is larger than 1 TeV. In the IDM, the decoupling limit cannot be applied because we
fix my = 63 GeV. Therefore, we have a sizable deviation although there is no mixing between
the CP-even states.

In Fig. 6.12, we show the correlations between AR and AR in the HSM, the IDM and
the four types of 2HDMs. The color codes and gradations are the same as those in Fig. 6.11.
In the left (right) panel, we show the results with ¢g_, < 0 (¢s_q > 0). The results in the HSM
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Figure 6.13: Correlation between AR"? and AR},,. Color codes and the ranges of the pa-
rameters are the same as in those of Fig. 6.11.

and the IDM are the same both in the left and right panels.

The qualitative behavior of the deviations in each model is the same as in Fig. 6.11. In the
Type-II, X and Y 2HDMs, the typical size of ARxy is larger than AR?" and the pattern of the
deviation is mainly determined by ARyy. On the other hand, we also have sizable deviations
in the HSM, the Type-I 2HDM and the IDM, and they reach about 10%. In the Type-I 2HDM
with cg_, > 0, ARxy takes a positive value. However, the typical size of ARxy is smaller
than AR" | and ARZ" takes a negative value in most of the parameter regions.

If cs_, is negative, the directions of the deviations in AR and AR are the same in
the HSM, the IDM and the Type-I and Y 2HDMs. However, this overlap can be partially
resolved by looking at the correlation between AR and AR where the Type-Y 2HDM
shows a different correlation with others. On the other hand, if cg_, is positive, the directions
of the deviations in AR"? and AR} are the same in the HSM, the IDM and the Type-I and
I1 2HDMs. This overlap can also be resolved by looking at the correlation between AR and
AR where the Type-II 2HDM shows a different correlation with others.

In order to discriminate the Type-I 2HDM from the HSM and the IDM, we can use the
correlation between AR and AR!,,. In Fig. 6.13, we show the correlations between AR"?
and AR, in the HSM, the IDM and the four types of 2HDMs. The color codes and gradations
are the same as those in Fig. 6.11. In the left (right) panel, we show the results with csz_, < 0
(¢g—a > 0). The results in the HSM and the IDM are the same both in the left and right
panels. Especially in the case of cg_, < 0, AR, takes a positive value in the Type-I 2HDM,
while it takes a negative value in the HSM and the IDM. Even in the case of cg_, > 0, there is
a stronger correlation between AR and AR, in the HSM and the IDM than those in the
Type-1 2HDM.

Finally, we discuss the discrimination between the HSM and the IDM. The deviation AR’%Z
might be useful to discriminate these models because it is mainly affected by the contribution
of the charged Higgs bosons. The behaviors of AR and AR% show a different correlation
between the HSM and the IDM. However, the possible size of AR% is at most 20%, and it is
rather challenging to discriminate them with 95% C.L. at the ILC. The large uncertainty in
AR! at the ILC mainly comes from the low statistics [35], and this would be improved by
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performing the combined study with the measurements at the ILC and the HL-LHC [128].
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Chapter 7

Synergy between direct searches at the
LHC and precision tests at future
lepton colliders

In this chapter, we discuss the complementarity between direct searches for additional Higgs
bosons at the (HL-)LHC and precision measurements of the Higgs boson properties at future
electron-positron colliders such as the ILC. The direct search of additional Higgs bosons gives
a lower bound for the mass scale of the additional Higgs bosons. On the other hand, if the
couplings of the SM-like Higgs boson slightly deviate from those in the SM, the indirect search
gives an upper bound for the mass scale of the additional Higgs bosons through the theoretical
constraints. The decays of additional Higgs bosons into the SM-like Higgs boson can be a
dominant decay process in the approximate alignment scenario, and such Higgs-to-Higgs decays
are quite useful for the direct search of additional Higgs bosons. In the 2HDM, we concretely
show that most of the parameter space can be explored by utilizing the synergy between the
direct search of Higgs-to-Higgs decay at future hadron colliders and the indirect search at future
lepton colliders.

7.1 Decays of the Higgs bosons

In this section, we give the analytic expressions for the decay rates of the Higgs bosons including
higher-order corrections in QCD. In addition, some numerical results for the decays of the Higgs
bosons are shown.

7.1.1 QCD corrections to the neutral Higgs decays

In the following, we describe how to include QCD corrections for processes of the neutral Higgs
bosons ¢ (= h, H, A) in our calculations. For the decay rates of h, we adopt the formulae of
incorporating those QCD corrections in H-COUP v2 [46].

The decay rate into a pair of light quarks (¢ # t) including next-to-next-to-leading order
(NNLO) QCD corrections in the MS scheme is given by [106,129-132]

I'(¢ — qq) = To(¢ — q)(1 + AY), (7.1)

87



where

7.2
4 m¢> T t-loop? ( )

2 2
AY = %7(:‘)017 <1_7 L3 “_> + (O‘S(“)) (35.94 — 1.36N,) + A?

with the color factor Cr = 4/3. The last term At loop 1ndicates top-quark loop contributions,
which calculated in the case with m, > m, and p =m, as

H 2 2 72
2 m 1., ma(p)
AH — Ry M 157 — Zn—H2 4 Zp%2 ¢ 3
t-loop K ( T o7 3t m? + g ! m2 )’ (7.3)
A 2 9 —2

1, mg(p)
A4 _ M M 383 —1 ma Zp?2 V) 74
t-loop K ( T . m? + 6 m3 (7:4)

In the LO decay rate I'y, mass parameters arising from Yukawa couplings are replaced by
the running masses m,(p). Thereby, large logarithmic corrections induced by the light quark
masses are resummed [133].

For the top pair, the QCD correction factor Af’ depends on the CP property of the Higgs
boson. We obtain the decay rate at the NLO in the on-shell scheme as

[(¢ — tf) = To(¢ — th)(1 + A7), (7.5)

where [134, 135]

o Oés(:u’) L(ﬁt) 1

Al = - CF[ T, (3+34@t —135t)lnpt+8ﬁt (782 — )}, (7.6)
o g :U’) L(ﬁt) 1

o=l OF[ ) g9+ 28 + 38+ 7 @)], (v

with 8, = AV2(mi/m?, m?/m3) and p; = (1 — 3,)/(1+ f;), where the function X is defined by
Mz,y) =1+ 22 + 92 — 22 — 2y — 2xy. (7.8)

The function L(f,) is given by

. 2
L(B:) = (14 B2) |4Liy(p;) + 2Lia(— pt)—l—Slnptln 177, +2Inp;In

4
- 3ﬁt hl 4515 In 6157 (79)
— 37
where Li, is the dilog function. In the chiral limit 5, — 1, we obtain
9 3. m?
AS — as (1) 2% t 1
! s Cr 4 2 m¢ (7.10)

Contributions of the top quark mass in the NLO QCD corrections are significant near the
threshold region. On the other hand, dominant contributions in mg > m; can be the loga-
rithmic contribution, In (m? / mé), which appears in the QCD corrections in the MS scheme. In
order to take into account both of the effects, we use interpolation for the corrections to ¢ — tt
as discussed in Ref. [68].
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For the decays into an off-shell gauge boson ¢ — VV* and ¢ — ¢V* (V =W, Z), the QCD
correction can enter in the V* — ¢¢ part. This effect can be included by [136]

F(¢ - VVT— VQQ) = Fo(qb - VVT— chj)(l + AQCD), (711)
I'(¢p = ¢'V* = ¢'qq) = To(¢p = ¢'V* = ¢'qq)(1 + Aqep), (7.12)
where
L Bag(p)
AQCD =Cp i (7.13)

The fermion loop contribution to the decay rate of ¢ — vy receives QCD corrections. At
the NLO, the QCD correction can be implemented by the following replacement of the quark
loop function [?(Tq) in the MS scheme [137,138]

I?(Tq) — I?ﬁq) [1 + OZ:E_M) 04 ) (7.14)
where ]ﬁi(Tq) is defined in Appendix B, and the factor Cy is determined by the scale y and the
mass ratio 7, = mg) / (4m2). In our computation, we adopt the analytic expression of C¢ given
in Ref. [139], in which Cy is written in terms of the polylog functions, up to the Liy function.

It has been known that the factor Cy becomes the simple form in the large top mass limit,
7, — 0, as [137,138, 140]

Cy=-1, C,=0. (7.15)

On the other hand, in the large Higgs mass limit or equivalently the massless fermion limit,
the factor Cy is common to the case for the CP-even and CP-odd Higgs boson [138]:

2

1 2 m m 1
RelpC, = T In?(47,) — 7% — 3 n(d7) +2In ﬁ} , ImI%C, = 3 [g In(47,) + 2} . (7.16)
q

For H/A — Z~ decays, we calculate them at the LO.
For the ¢ — gg decays, we take into account the decay rate corrected up to NNLO expressed
as,

I'(¢ = g9) = To(¢ — g9) (7.17)

ozs(u) (1) Oés(ﬂ) ? (2)
1+ E¢> + E¢>
T T

For the NLO QCD corrections to the ¢ — gg decays, there are contributions from virtual gluon
loops and those from real emissions of a gluon (¢ — ggg) and a gluon splitting into quark pair

(¢ — 949q). Eél) in Eq. (7.17) can be decomposed as [138],

Eél) _ E;firt(mt N OO) + E;eal(mt — OO) + AE¢ (718)

The first and second terms respectively denote the contribution from virtual gluon loops and
that from real gluon emissions in the large top-quark mass limit. These are expressed by

11 33 —-2N 2
— + fln'u

Evirt — 1
T (my — 00) 5 5 mT (7.19)
: 33 —2N 2
ENrt (my — 00) =64+ —L1n 'M—Q, (7.20)
6 m4
real real 73 7
Ex*(my — o00) = EY (mt%oo)zz—éN ) (7.21)
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The last term AFEj vanishes in the large top-quark mass limit, which can be decomposed into
the following three parts:

AEy = AEJ™ + AEY" + N;AES". (7.22)

Similar to the ¢ — vy decays, we adopt the analytic expression for the virtual correction AEgirt
given in Ref. [139]. Those for the real emissions AE?? and Aquq are given in Ref. [138], which
are expressed in the form with a double integral with respect to phase space variables. According
to Ref. [138], the factor AEj is dominantly determined by the contribution from the virtual
gluon loop AE}™, so that in our computation we neglect the contributions from AES and
AEiq‘j. From Eq. (7.21), E, is given to be about 18 at y = my and Ny = 5, and it gives
sizable correction to the decay rate; e.g., ~ 70% for m, = 100 GeV. For NNLO contributions;
ie., Ef), we incorporate those in the limit with m; > m, and setting as u = m,, which are
expressed as [141, 142]

= e B - B - g
+Nf( g HC( )+—C(3)—§ ng—é>+i\f? <%—ég(2)), (7.23)
B = 20 - B - B+, (<12 4 Yo+ e -m %)
N2 (;?é %) | (7.24)

7.1.2 QCD corrections to the charged Higgs decays

The QCD corrections to charged Higgs decays into light quarks are presented in the MS scheme.
The expression can be written in the same way with the neutral Higgs boson decays as

D(H* = q¢') = Do(H* — q')(1 + A7), (7.25)

where the A * is given by Eq. (7.2) but without the last term Af loop- For the the decays into
quarks including the top quark, we apply the QCD correction in the on-shell scheme. It is given

in [135,143]

, 3GFm
F(Hi—>qq) %W&q' )‘1/2[(1_:%_#61’) {m?,C,f (1+C sl >A+>

2 2
+ mq/Cq/ (]_ + CF

=0a) } - 4¢qumqf<chf] , (7.26)

where g = mZ/m3., Ngg = (1 — pig — pigr)> — 2ptqfty- The QCD corrections A;“q, and A_, are
expressed by

93— 2+ 2y 3 _ A + 5
Ar =0 Ho t 200 )t (G Mf/g Ha')Aag + Slalty | wrgy+ By, (7.27)
4 4 Ha 2, ( — g — )
;7 — )\ / 2 1 /
A, mgy P ey Pa oy Ay 22 WM M) 1y iy + By, (7.28)
2 Hq' 2)\qq,

90



where z, = 2p,/(1— g — iy +)\;§,2 ). A function B, is given in Ref. [135]. In these expressions,
quark pole masses are used. Similar to ¢ — ¢, we incorporate the corrections with interpolation
to consider the effect of the top quark mass and the logarithmic corrections due to light down-
type quark masses.

For the off-shell decays into a neutral Higgs boson and a W boson, H* — ¢W*, the QCD
correction can be applied as similar to ¢ — ¢'V*. It can be written as

D(H* = oW = ¢qq') = To(H* = ¢W*" — 6qq')(1 + Aqcn), (7.29)

where the QCD correction factor is given in Eq. (7.13). For loop induced decay processes of the
charged Higgs bosons, H* — W*V (V = Z, ~), which have been studied in Refs. [144-147],
we calculate them at the LO.

7.1.3 Total decay widths and decay branching ratios

We here discuss total widths and branching ratios for the neutral Higgs bosons and the charged
Higgs bosons in four types of the 2HDMs in order for later discussion about direct searches of
heavy Higgs bosons. We describe the behavior of the total widths and the branching ratios in
cases with the alignment limit, sg_, = 1 and without taking the alignment limit, sg_, = 0.995.
In the QCD correction functions Cy and Egirt, polylog functions appear. We use CHAPLIN [148]
for the numerical evaluation of such polylog functions. We have confirmed that our numerical
results for the total widths and the branching ratios are consistent with 2HDMC [149].

We here show the case that masses of the additional Higgs bosons as well as M are degen-
erate; i.e., me = my = ma = my+ and M = mg. While the mg is set to be me = 200 GeV
or 800 GeV, tan 3 is scanned in the following range, 0.5 < tan 8 < 50. We note that, without
depending on tan 3, results with me = 200 GeV for Type-II and Type-X are already excluded
by the constraint from the flavor physics (also, for Type-I and Type-Y in lower tan § regions,
tan 5 < 2) [126,150]. Nevertheless, we show them in order to compare results among four types
of the 2HDM. For the SM parameters, we use the following values of the MS quark masses at
a scale of each pole mass;

my(my) = 4.18 GeV  [151], m.(m.) = 1.28 GeV [151], mm(m,) = 162.3 GeV [152].
(7.30)

For the mass of the strange quark we use the running mass at u = 2 GeV [153], m4(2 GeV) =
0.097 GeV. In the derivation, the running strong coupling is evaluated with the following values
of Agty [151],

Adep =89 MeV,  Alop =210 MeV,  Agep =292 MeV,  Adep =332 MeV,  (7.31)

for Ny= 6, 5, 4, and 3, respectively. The input value of the CKM matrix elements and the total
width for the weak gauge bosons as well as the top quark are taken as [151],

Vip = 0.999172, Vis = 0.3978, Ve = 0.04053, (7.32)
'y = 2.085 GeV, 'y =2.4952 GeV, I, =1.42 GeV. (7.33)

The former is relevant for the charged Higgs decays into quarks, H* — tb, H* — ts and
H* — ¢b. The latter is used in the computation of the Higgs boson decays into off-shell
particles.

Before we show numerical behaviors of the total widths and the branching ratios, we mention
the loop-induced decays of the charged Higgs bosons. The branching ratio of H* — W*Z
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Figure 7.1: Total widths of h, H, A and H* as a function of tan 3 in Type-I, Type-1I, Type-X
and Type-Y of the 2HDM from the left panels to the right panels. Solid lines and dashed lines
show results of mge = M = 200 GeV and mge = M = 800 GeV, respectively. In the top panels,
58—q is set to be 1. In the middle and bottom panels, sg_, is set to be 0.995 with cg_, < 0 and
cg—q > 0, respectively.

can be enhanced when the mass difference between H* and A is taken to some extent [145].
Whereas, in the following numerical results, where the additional Higgs bosons are degenerate,
the branching ratio of H* — W*Z is at most O(107*) in the present parameter choices.
Furthermore, the branching ratio of H* — W=+~ is smaller than that of H* — W*Z.

The following numerical results for the total widths and the branching ratios are similar to
those given in Ref. [110], where the systematic studies have been done. Nevertheless, we here
show them because there are some developments from the previous study. Main difference from
Ref. [110] is that we compute the decay processes including higher-order QCD corrections. Also,
we incorporate the above mentioned decay processes for the charged Higgs bosons, H* — W*Z
and H* — W*~, in the evaluation of the total width.

In Fig. 7.1, we show the total decay widths for the neutral Higgs bosons and the charged
Higgs bosons as a function of tan 3 in the cases of me = M = 200 GeV and m¢ = M = 800 GeV.
Different values of sg_, are taken in each panel, namely sz_, = 1 in the top panels, sz_, = 0.995
with cg_o < 0 in the middle panels, and sg_, = 0.995 with cs3_, > 0 in the bottom panels.
For the h decays, in the alignment limit sz_, = 1, the couplings with fermions and weak gauge
bosons coincide with those in the SM at tree level, so that the total decay width does not
depend on tan 3. On the contrary, when tan 3 increases at sz_, = 0.995 with cs_, < 0, the
total width also increases due to the effect of tan 3 enhancement on h — bb (b — 77) in Type-II
and Type-Y (Type-X). For the heavy Higgs bosons H, A and H*, the total widths vary in the
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Figure 7.2: Decay branching ratios for h, H, A and H* as a function of tan 3 in the case of
me = M = 200 GeV and sg_, = 1. Results for Type-I, Type-II, Type-X and Type-Y of the
2HDM are shown from the left panels to the right panels.

both cases of sg_, = 1 and sg_, # 1. While those in Type-I monotonically decrease except for
H with a mass of 800 GeV, there appears the dip at a certain value of tan 5 for each additional
Higgs boson in Type-II, X and Y.

In Fig. 7.2, we show tan 8 dependence of the decay branching ratios for the neutral Higgs
bosons and the charged Higgs bosons in the alignment limit, sg_, = 1, with m¢ = M =
200 GeV. For the SM-like Higgs boson decays, there is no tan 5 dependence of all the decay
modes, since all the scaling factors % are unity when sg_,, = 1. We note that, in addition, the
squared scaling factors of the fermion couplings for H and A are common and simply expressed
by (s parameters; i.e., |Ii§c{ 2= |/i? *=(} at s5_o = 1. In the case with mg = M = 200 GeV,
the decay mode into a pair of the top quarks does not open for the H(A) decays. Hence,
for tan 3 > 1, the main decay mode of H is H — bb except for Type-X, as similar to the
SM-like Higgs boson decays. For Type-X, the main decay mode is H — 77 due to the tan 8

enhancement for the leptonic decays, which also causes H — pji with about 0.3% for tan 8 2 4.
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Figure 7.3: Decay branching ratios for h, H, A and H* as a function of tan 3 in the case of
me = M = 800 GeV and sg_, = 1. Results for Type-I, Type-II, Type-X and Type-Y of the
2HDM are shown from the left panels to the right panels.

For decays of A, one can see that the behavior of the branching ratios for decays into
fermions is similar to those of H for all types of the 2HDM because of [xf/|* = [£#[?. The
difference from H decays appears in the decay into gg. Namely, BR(A — gg) is relatively
larger than BR(H — g¢g). This mainly comes from the fact that the NLO QCD correction is
more significant than H — gg, although the expressions at the LLO are also different between

H and A.

Apart from the neutral Higgs bosons, decays including a top quark exist for the charged
Higgs bosons. While the decay into tb is the main decay mode for Type-I and Type-Y, the decay
into 7v can be dominant in high tan g regions for Type-X. For Type-II both of the bottom
Yukawa and the tau Yukawa coupling are enhanced by tan 5. As a consequence, the branching
ratio BR(H* — 7v) approaches to BR(H* — tb) in high tan 3 regions, in which effect of the
top Yukawa coupling is negligible.
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Figure 7.4: Decay branching ratios for h, H, A and H* as a function of tan 3 in the case of
me = M = 200 GeV and sg_, = 0.995. Solid lines show results of cg_, < 0 and dotted lines
are those of cs_, > 0. Results for Type-I, Type-II, Type-X and Type-Y of the 2HDM are
shown from the left panels to the right panels.

In Fig. 7.3, the branching ratios in the case of sg_, = 1 and me = M = 800 GeV are shown
as a function of tan 8. For h decays, the behavior does not change much from the case with
me = M = 200 GeV since the decay rates do not depend on the mass of the additional Higgs
bosons at tree level. Main difference from Fig. 8.4 is appearance of the decays into ¢t in H and
A. Tt dominates the branching ratios of H and A for Type-I with any value of tan 5. On the
other hands, for Type-II, Type-X and Type-Y, H — tt and A — tt can be dominant only for
tan 8 < 10 since the decay rate is proportional to cot? 5.

Next, we move on cases without taking the alignment limit, sg_, # 1. In these cases, the
branching ratios of fermionic decay modes of H and h vary with a sign of c¢g_,. Furthermore, for
decays of heavy Higgs bosons, additional decay modes, such as H — VV (V =W, Z) H — hh,
A — Zh and H* — W*h, shall appear. Therefore, their decay patterns can drastically change
from the case of the alignment limit.
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Figure 7.5: Decay branching ratios for h, H, A and H* as a function of tan 3 in the case of
me = M = 800 GeV and sg_, = 0.995. Solid lines show results of cg_, < 0 and dotted lines
are those of cs_, > 0. Results for Type-I, Type-II, Type-X and Type-Y of the 2HDM are
shown from the left panels to the right panels.

In Fig. 7.4, we show tan 8 dependence of the branching ratios for h, H, A and H™ in the case
with sg_, = 0.995 and me = M = 200 GeV. For decays of h and H, predictions in the cases
with cg_q < 0 and cg_, > 0 are separately plotted by solid lines and dotted lines, respectively.
Regarding the decay of h one can see clear tan § dependence for all the decay modes. In
particular, the branching ratio for h — bb remarkably increases by tan 3. For the CP-even
Higgs boson H, decays into the on-shell weak gauge bosons H — ZZ and H — W*W~, which
are proportional to m?; as seen in Eq. (B.4) of Appendix B, can dominate. Whereas, the decay
into bb (77) overcomes them for large tan 3 in Type-II and Type-Y (Type-X). Similarly, decays
into a scalar boson and an off-shell vector boson A — hZ* and H* — hW** can be sizable in
Type-I for large tan 5.

In Fig. 7.5, the branching ratios in the case with sg_, = 0.995 and me = M = 800 GeV
are also shown. While H — tf and A — tf can be the main decay mode as similar to Fig. 7.3,
for decays of H, H — hh can be dominant due to the large scalar coupling Agp,. Apart from
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Constrained quantity Applicable mass region Reference

7(®) x BR(¢ — 77) 200 < mg < 2000 GeV___ Fig. 7(a) in [172]
o(¢(bb)) x BR(¢p — 77) 200 < mg < 2000 GeV Fig. 7(b) in [172]
7(5(bb)) x BR(¢ — bb) 150 < mg < 1400 GeV _ Fig. 8 in [173)
7(9) x BR(¢ — 1) 100 < mg < 5000 GeV _ Fig. 14 in [174]
o(H) x BR(H — hh) x BR(h — 0b) 260 < me < 2000 GeV __ Fig. 9(a) in [175]
o(H) x BR(H — WW) 200 < mg < 2000 GeV_ Fig. 5 in [176]
o(H) x BR(H — 22) 200 < mg < 2000 GeV___ Fig. 6 in [177]
o(A) x BR(A — Zh) x BR(h > bb) 200 < mg < 2000 GeV __ Fig. 6(a) in [179]
7(A(10)) x BRA = Z7) x BR{h = 1) 200 < mq < 2000 GeV__Fig. 6(b) in [I75]
o(tH*) x BR(H* — tb) 200 < me < 2000 GeV Fig. 8 in [179]
o(tH*) x BR(H* — Tv) 200 < mg < 2000 GeV Fig. 8(a) in [180]

Table 7.1: List of constraints used in this study from direct searches for heavy Higgs bosons at
the 13 TeV LHC.

this, one can see that the branching ratio for H — ¢t and H — hh are close to 0 at tan 3 ~ 10
and tan 3 ~ 16, respectively, when cg_, > 0. This is because the scaling factor 7 and the
scalar coupling Agp, vanish at those values of tan 5. We note that the value of Ay, depends
on the value of M. Therefore, the decay width for H — hh can change if we consider the
non-degenerate case; i.e., me # M.

The branching ratios including QCD corrections are discussed in the above paragraphs. On
the other hands, there are a lots of studies on EW corrections to decays of the SM-like Higgs
boson [97-100,112,121,154-160,160,161] and additional Higgs bosons [119,162-164]. NLO EW
corrections to b — ff can be evaluated by utilizing H-COUP v2 [46]. Also, in the program,
those to h — VV* — V ff are calculated. In 2HDECAY [165], NLO corrections to on-shell
two-body decays of h, H, A, and H* are evaluated. In addition, NLO EW corrections to
h/H — V®V®) — 4f are calculated in Prophecy4f [70].

7.2 Direct searches at the LHC

In this section, we present current constraints on the parameter space in the 2HDMs from direct
searches for heavy Higgs bosons with the LHC Run-II data.

Let us briefly summarize the procedure how we obtain the constraints on the parameters
in the 2HDMs from model-independent analyses for heavy Higgs boson searches at the LHC.
First, we compute production cross sections of heavy neutral Higgs bosons, ¢ = H and A, in the
2HDMs for the gluon-fusion process (pp — ¢) and for the bottom-quark associated (or bottom-
quark annihilate) process (pp — ¢(bb)) at the NNLO in QCD by using Sushi-1.7.0 [166,167)].
For the charged Higgs boson production pp — tH*, we use the values given at the NLO
QCD by the Higgs cross section working group (HXSWG) [66], based on Refs. [168-171].
Second, we calculate decay branching ratios of the Higgs bosons in the 2HDMs, including
higher-order QCD corrections, as described in Sec. 7.1. Finally, we compute the production
cross sections times the branching ratios for each parameter point for each search channel at
the LHC listed in Table 7.1, and compared with the upper limits at 95% CL with 36 fb~! data
to obtain the constraints. Here, as in Sec. 7.1, we assume the common heavy Higgs boson
masses my = my = my+ (= mg) and also M = mg. Because we are interested in the near
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Figure 7.6: Production cross sections for the CP-even heavy Higgs boson H at the 13 TeV
LHC on the mg—tan 3 plane. Panels in two columns from the left (right) show the production
via the gluon fusion (the bottom-quark associated) in the Type-I and Type-II 2HDMs, where
the value of sg_, is set to be 1, 0.995, 0.99 and 0.98 with cg_, < 0 from the top to the bottom
panels. The cross sections are shown with different colors from blue to red, corresponding to
from 1075 pb to 10% pb.

alignment scenario, we consider the value of sg_, as 1, 0.995, 0.99 and 0.98 both for cz_, < 0
and cz_, > 0. We note that we use the expected upper limits, not the observed ones, from the
LHC analyses in order for the HL-LHC projection. Although we use the ATLAS data, listed in
Table 7.1, the similar limits have been reported by the CMS experiment [181-186]. We also note
that, although new analyses with full Run-1T data (139 fb~!) are available for some channels;
e.g., » — 7T [187], we use the upper limit with 36 fb~! data for a fair comparison with the other
channels. Similar phenomenological studies have been done earlier in; e.g., Refs. [188,189].

7.2.1 Production cross sections for the additional Higgs bosons

Before we discuss current constraints on the parameter space from direct searches, we present
production rates for the heavy Higgs bosons at the 13 TeV LHC. Figure 7.6 shows cross sections
for the CP-even heavy Higgs boson H via the gluon fusion process (left two columns) and via
the bottom-quark associated process (right two columns) on the mg—tan 3 plane. We only
show the cases in the Type-I and Type-II 2HDMs since the lepton sector is irrelevant for the
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Figure 7.7: Production cross sections for the CP-even heavy Higgs boson H at the 13 TeV
LHC on the mg—tan 3 plane. Panels in two columns from the left (right) show the production
via the gluon fusion (the bottom-quark associated) in the Type-I and Type-II 2HDMs, where
the value of sg_, is set to be 1, 0.995, 0.99 and 0.98 with cg_, > 0 from the top to the bottom
panels. The cross sections are shown with different colors from blue to red, corresponding to
from 1075 pb to 10% pb.

productions, namely, the productions in Type-X and Type-Y are the same as in Type-I and
Type-II, respectively. The value of sg_,, is set to be 1, 0.995, 0.99, and 0.98 with cg_, < 0 from
the top to the bottom panels.

For the gluon-fusion process, shown in the left two columns in Fig. 7.6, the Higgs bosons
are produced via quark loops. Therefore, the difference of the Yukawa sector between Type-I
and Type-II leads to significantly different dependence on the model parameters. In Type-I,
where the top-quark loop is entirely dominant, the larger tan g is, the smaller the cross section
is for a fixed mass. Omne can also see the threshold enhancement of the top-quark loop at
me ~ 2my. In Type-II, the top-quark loop is dominant for small tan 5, while the production
via the bottom-quark loop becomes dominant for large tan § because of the bottom-Yukawa
enhancement. The sg_, dependence of the cross sections is very small for small tan 5. In the
large tan [ region, on the other hand, the cross sections for a fixed mass tend to be larger
as Sp_o deviates from the alignment limit. The production via the bottom-quark associated
process, shown in the right two columns in Fig. 7.6, is entirely subdominant in Type-I, while
that becomes dominant for large tan 8 in Type-II.
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Figure 7.8: Production cross sections for the CP-odd Higgs boson A at the 13 TeV LHC on
the me—tan 8 plane. Panels from the left to the right show the production via the gluon fusion
in the Type-I and Type-II 2HDMs, and via the bottom-quark associated process in the Type-I
and Type-II 2HDMs, respectively.
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Figure 7.9: Production cross sections for the charged Higgs boson H* at the 13 TeV LHC on
the mge—tan § plane in the Type-I (left) and Type-II (right) 2HDMs.

In Fig. 7.7, similar to Fig. 7.6, but for cg_, > 0, we show the production rates. In this
case, except for the b-associate process in Type-II, the cross sections show a peculiar tan 3
dependence since the top and the bottom Yukawa in Type-I and the top Yukawa in Type-II,
vanishes for a certain sg_, and tan j3; e.g., tan 8 ~ 10 for the sg_, = 0.995 case.

Figure 7.8 presents production rates for the CP-odd Higgs boson A. The production pro-
cesses are same as those for H, shown in Figs. 7.6 and 7.7, namely the gluon fusion process (left
two columns) and the bottom-quark associated process (right two columns). Different from
the CP-even Higgs bosons, the production rates only depend on tan 5 because of the Yukawa
structure. The global parameter dependence of the cross sections via the gluon fusion is similar
to that for H with sgz_, = 1, but the production rate for A is slightly larger than that for H
at each point on the me—tan 8 plane. The parameter dependence of the cross sections via the
bottom-quark annihilation is as same as for A with sg_, = 1.

In Fig. 7.9, at the LHC charged Higgs bosons H* are mainly produced in association with
a top quark via gb — tH* for mpy+ > m,, whose cross sections are shown. Similar to the
productions for A, the cross section only depends on tan 3. For a fixed mass, in Type-I, the
larger tan 3 is, the smaller the production rate is. In Type-II, on the other hand, up to tan 5 ~ 7,
the larger tan (3 is, the smaller the production rate is, similar to the Type-I case. However, for
tan 8 2 7, the production rate becomes larger for larger tan 5 due to tan 8 enhancement of the
bottom-Yukawa coupling.

We here mention other heavy Higgs boson productions. Although we assume mpy+ = mpgy
in this study, if the H/A — HTWT decay is kinematically allowed, the production via gg —
H — H*WT can be comparable with that via gb — tH* [190-193]. Heavy Higgs bosons are
also produced in electroweak processes such as HA, H*h/H/A, and HTH~ [194,195], as well
as in loop induced processes such as HEWTF [196] and H*H~ [197].
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7.2.2 Constraints from the direct searches
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Figure 7.10: Regions on the mg—tan 3 plane excluded at 95% CL in the Type-I, Type-II, Type-
X and Type-Y 2HDMs (from the left to the right panels) via direct searches for heavy Higgs
bosons with the 36 fb~! LHC Run-II data. The value of sg_,, is set to be 1, 0.995, 0.99 and
0.98 with cg_o < 0 from the top to the bottom panels.

Now, let us turn to discuss constraints on the parameter space in each 2HDM from direct
searches for heavy Higgs bosons with the LHC Run-II data.

In Fig. 7.10, we show exclusion regions at 95% CL on the mg-tan 8 plane in the Type-I,
Type-11, Type-X and Type-Y 2HDMs (from the left to the right panels) via various direct
searches for heavy Higgs bosons with the 36 fb~! LHC Run-II data listed in Table 7.1. The
value of sg_, is set to be 1, 0.995, 0.99 and 0.98 with cg_, < 0 from the top to the bottom
panels. The shaded regions with dotted, solid, and dashed border lines denote the exclusion
regions for H, A, and H¥, respectively.

Each exclusion region is understood by each production rate, shown in Figs. 7.6-7.9, times
each branching ratio, depicted in Figs. 7.2-7.5. We highlight several points for A, H and H*
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in order.
Regarding to the CP-odd Higgs boson A;

For large tan 3, exclusion regions only appear in the Type-II and the Type-Y 2HDMs, in
which the production via the bottom-quark loop as well as the bottom-quark associated
production becomes dominant.

The A — 77 channel is significant only for m4 < 2m, or for large tan § in Type-II. We
note that, although the branching ratio of the A — 77 decay is even dominant for large
tan 8 in Type-X, the production rate is too small to be constrained.! For m 4 > 2m,, the
A — tt channel becomes relevant in the small tan 3 region in all the types.?

Since the A — Zh decay only occurs for the non-alignment case, the exclusion regions
are remarkably different between for the alignment case and for the non-alignment case.
The region of the exclusion from the A — Zh channel becomes larger from sz_, = 0.995
to 0.98, since the decay rate for A — Zh is proportional to c%_a.

Regarding the CP-even heavier Higgs boson H;

The production rate via the gluon fusion for the heavier CP-even Higgs boson H is smaller
than that for the A production, as mentioned above. Moreover, in the non-alignment case,
the fermionic branching ratios of H for low tan 3 is smaller than those for A due to the
decays into a pair of the weak gauge bosons, which are forbidden for A. Therefore, the
constraints are slightly weaker than the A case, and we do not present the exclusions
explicitly for the H — 77, H(bb) — 77, H(bb) — bb and H — tt channels.

For my > 2mw,z and/or my > 2my, the peculiar decay modes for H are H — WW,
H — ZZ and H — hh for the non-alignment case and give rise to the relatively large
exclusions. The region of the constraint from H — WW is similar to H — ZZ, but
smaller, so we do not show it explicitly.

We note that, as mentioned in Sec. 7.1, the H — hh decay depends on M?. For a non-
degenerate case M # mg, the exclusion region from the H — hh channel can be different
that for the degenerate case.

Regarding to the charged Higgs boson H=;

For the near alignment scenario, in the low tan 3 region (tan 8 < 5), the H* — tb decay is
dominant for all the types, therefore the exclusions of the low-mass and low-tan 8 region
from the H* — tb channel are almost same for all the panels.

In the large tan 3 region, the constraint from the H* — 7v channel can be significant
only in Type-II. Although the branching ratio of the H* — 7v is even dominant for large
tan § in Type-X, the constraint is insignificant due to the small production rate.

We note that, as mentioned in Sec. 3.2, in Type-II and Type-Y there is an independent
constrain from flavor observables on the mass of charged Higgs bosons, my+ = 800 GeV.

'Four-7 final states from the pp — H A process in Type-X can be relevant [198].
2Because there is no specific analysis for the spin-0 resonance in the ¢ final state in the LHC Run-II, we use
the limit for Z’ [174], which is valid from the Run-I 8 TeV analysis [199].
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Figure 7.11: Regions on the mg—tan 8 plane excluded at 95% CL in the Type-I, Type-II, Type-
X and Type-Y 2HDMs (from the left to the right panels) via direct searches for heavy Higgs
bosons with the 36 fb~! LHC Run-II data. The value of sz_, is set to be 1, 0.995, 0.99 and
0.98 with cg_o > 0 from the top to the bottom panels.

Figure 7.11 shows the same as in Fig. 7.10, but for the cg_, > 0 case. The global picture
of the exclusion regions is same as for the cg_, < 0 case. A remarkable difference is that the
constraints for H in the non-alignment case are much weaker for around tan 5 ~ 7 — 10 due to
the strong suppression of the production rates. Although (A — Zh) does not depend on the
sign of cg_,, the exclusion regions for cg_, > 0 in Type-II and Y are smaller than those for
cs_o < 0. This is because the analysis includes the h — bb decay, whose branching ratio has a
singular behavior for cg_, > 0; see Figs. 7.3 and 7.5.

Before closing this section, we briefly discuss the signal strength for the discovered Higgs
boson measured at the LHC Run-II experiment, which provides independent constraints on the
parameter space from those given by the direct searches discussed in this section. Measure-
ments of the signal strength set constraints on the Higgs boson couplings; i.e., the x values
defined in Sec. 3.2, which can be translated into those on sgz_, and tan /3. In Table 7.2, we
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58—a H Type-1 \ Type-I1 \ Type-X \ Type-Y

0.995 | £5 > 054 (t3 > 0.54) | — (057 <13<16) ] 043 <15 <41 (042<is<42)| — ()
0.990 || t5 > 0.86 (t5 > 0.86) . 071<t5<20(0.72<t5<25)| —()
0.980 | 5> 1.3 (t; > 1.3) ) 0O )

Table 7.2: 95% CL allowed range of tan 8 for the case with cg_, < 0 (cg—_o > 0) from the signal
strength of the discovered Higgs boson at the LHC [127]. The hyphen denotes no allowed
region.

summarize the 95% CL allowed range of tan 5 in the 2HDMs with fixed values of sg_,. The
k values are extracted from Ref. [127], which are presented in Table 7.3 as a reference. We
see that except for the Type-I 2HDM it gives severe constraints on tan /3, because k; and/or
k. can significantly differ from unity in the Type-II, Type-X and Type-Y 2HDMs even for the
approximate alignment case.

7.3 Combined results of direct searches at the HL-LHC
and precision tests at the ILC

Now, let us turn to investigate how the current parameter space in the 2HDMs discussed in the
previous section can be explored further in future experiments, especially by direct searches for
heavy Higgs bosons at the HL-LHC as well as by precision measurements of the Higgs boson
couplings at the ILC. We note that complementarity for direct searches for heavy Higgs bosons
between at the LHC and the ILC500 was discussed for the 2HDMs in Ref. [200].

In order to obtain the sensitivity projection to the HL-LHC with 3000 fb~! of integrated
luminosity, we rescale the current expected sensitivity by 1/3000/36 ~ 9.1. We also perform a
further rescaling of the sensitivity from /s = 13 TeV to /s = 14 TeV by taking into account
the ratio of the signal cross sections, o(me)141ev/0(Me)131ev. Here, we assume that signal and
background increase by the same amount from 13 TeV to 14 TeV, which can be conservative
particularly for the high-mass region. Detailed projection with systematic uncertainties for the
¢ — 77 channel was performed in the report for the HL-LHC [201], where one can see the
higher sensitivity for me 2 1200 GeV.

In addition, from precision measurements of the 125 GeV Higgs boson couplings, we can
further constrain the parameter space in the 2HDMs. In Table 7.3, we summarize the current
measurements of the k values at the LHC Run-II and the expected 1o accuracies of their
measurements at the HL-LHC and at the ILC. As we can see, the current uncertainties of the
measured £ values are not small, 10% and 10-20% level for ky and k¢, respectively. However,
these uncertainties can be reduced significantly at those future collider experiments; e.g., k, is
expected to be measured with a few percent at the HL-LHC and less than 1% at the ILC. As we
explained in Sec. 3.2, if a nonzero deviation in a Higgs boson coupling is confirmed, an upper
limit on the mass of the additional Higgs bosons can be given because the decoupling limit is
no longer realized. In the following discussion, we numerically derive the upper limit on the
common mass of the additional Higgs bosons me by imposing the bounds from perturbative
unitarity and vacuum stability, which are discussed in Sec. 3.2. We will see that the upper limit
appears for the non-alignment case sg_, # 1, depending on the value of tan 3.

In Fig. 7.12, we show regions on the mg—tan 8 plane expected to be excluded at 95% CL
in the Type-I, Type-II, Type-X and Type-Y 2HDMs (from the left to the right panels) via
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[ Current (ATLAS, CMS) | HL-LHC (ATLAS, CMS) ILC250 ILC500 (lo [%))

Ky | (1.11£0.08,1.00 £ 0.11) (2.6, 2.4) 0.38 0.30
ky || (1.0540.09, —1.137715) (3.1, 2.6) 1.8 0.40
Ky (1.0379 12, 1.17793) (6.2, 6.0) 1.8 0.60
K, (1.09701%,0.98 + 0.14) (6.3, 5.5) - 6

K, (- ) - ) 2.4 1.2
k. || (1.057018,1.02 £0.17) (3.7, 2.8) 1.9 0.80
Ky (-, 0.8075%) (7.7, 6.7) 5.6 5.1
Ky (0.997015, 1.187919) (4.2, 4.0) 2.2 0.97
ky || (1.05£0.09,1.07701) (3.7, 2.9) 1.1 1.0
Kn (- ) (12.7, ) 16 16

K () (- ) - 27

Table 7.3: Summary for the current measurements and expected 1o accuracies of the s values.
For the current measurements, we refer to the values, assuming that the branching ratio of the
decay into BSM particles is zero, which are given by the ATLAS experiments with 80 fb~! [127]
and the CMS experiments with 35.9 fb=! [20]. For the HL-LHC, we refer to the expected
accuracies given in Ref. [201] using systematic uncertainties at the Run-II experiment. For the
ILC250, we refer to the expected accuracies given by the ILC with 250 GeV and 2000 fb~! [36].
For the ILC500, the expected accuracies are based on the results of the ILC250 combining the
simulations at /s = 350 GeV with 200 fb~! and those at /s = 500 GeV with 4000 fb~! [36].

direct searches for heavy Higgs bosons at the HL-LHC and via precision measurements of the
Higgs boson couplings at the ILC. The search channels we consider are same as for the current
constraints in Figs. 7.10 and 7.11. The value of sg_, is set to be 1, 0.995, 0.99 and 0.98 with
cg—a < 0 from the top to the bottom panels. The shaded regions with solid, dotted, and dashed
border lines denote the exclusion regions for A, H, and H*, respectively.

The global picture of the exclusion regions from the direct searches is similar to the current
exclusions, but much wider parameter regions are excluded. Especially, for the non-alignment
case Sg_o # 1, the large portion in this parameter space is excluded via the A — Zh and
H — hh channels, which set the lower-mass limit with a given tan 8. We note again that the
exclusion region from the H — hh channel can be different for the M # mg case.

Black shaded regions are the regions excluded from the constraints of perturbative unitarity
and/or vacuum stability. Here, we assume the precision at the ILC250, and the Higgs boson
couplings with weak bosons deviate with 1o (20) level, which corresponds to black solid (dashed)
curves, as

Kl = [0.995,0.99,0.98] + 0.0038 (0.0076). (7.34)

For these constraints, we scan the value of M? with M? > 0, so that the black shaded region
indicates that there is no value of M? which simultaneously satisfies the unitarity and the
vacuum stability bounds. In the above sense, the black region can be regarded as a conservative
excluded region. Interestingly, it is seen that a non-zero deviation for the 125 GeV Higgs
couplings from the SM prediction sets an upper limit of the heavy Higgs masses. For sg_, =
0.995, the alignment limit is included by the 20 error, so that the dashed curve does not appear.
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Figure 7.12: Regions on the mg—tan 8 plane expected to be excluded at 95% CL in the Type-I,
Type-11, Type-X and Type-Y 2HDMs (from the left to the right panels) via direct searches
for heavy Higgs bosons at the HL-LHC and via precision measurements of the Higgs boson
couplings at the ILC. The value of sg_, is set to be 1, 0.995, 0.99 and 0.98 with cs_, < 0 from
the top to the bottom panels.

Details of the behavior of the upper limit from precision measurements on mg, shown in
Fig. 7.12, are following, where explicit formulae of the constraints are given in Sec. 3.2. For
Cs—a < 0, the third condition of the vacuum stability bound given in Eq. (3.60) sets an upper
limit on M which is slightly smaller than mg almost without depending on the value of tan f;
e.g., M 2 680, 730 and 780 GeV being excluded for z = —0.1 and mg = 800, 900 and 1000
GeV, respectively, where x = 7/2 — (8 — a). The important point here is that the required
value of m% — M?(> 0) gets larger for a larger value of mg. Whereas, the unitarity bound
excludes a larger difference between M? and m3, which makes magnitudes of the A parameters
larger. Therefore, for a fixed value of sg_,, and tan 8 we can find a critical value of m3, above
which the solution of the value of M? to satisfy both unitarity and vacuum stability bounds
vanishes. Such an upper limit on me becomes stronger when the value of tan 8 differs from
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unity because the \; or A\ parameter becomes significant so that the unitarity bound sets more
severe constraint on |M? —m2|. We here emphasize that the entire parameter space we consider
is explored by combining the constraints from the direct searches at the HL-LHC and from the
precision measurements of the 125 GeV Higgs boson couplings at the ILC.

Figure 7.13 shows the same as in Fig. 7.12, but for the cg_, > 0 case. Because of the
singular behaviors of the production cross section for H and of the branching ratios for h
around tan  ~ 7 — 10, shown in Figs. 7.7 and 7.3, a narrow parameter region in the Type-II
and the Type-Y models remains without any constraints from the direct searches even for low
me. Similar to Fig. 7.12, there appears an upper limit on mg by the constraints of unitarity
and vacuum stability in Fig. 7.13. A remarkable difference, however, arises from the vacuum
stability bound as compared with the case for cg_, < 0. In this case with a low tan 3 region,
the condition Ay > 0 sets an upper limit on M? for a fixed value of m3 with M?* < m3. This
upper limit on M? gets milder when tan 3 becomes larger. When tan 3 exceeds a certain value,
the upper limit on M? is almost fixed to be m% due to the condition A\; > 0 instead of Ay > 0.
Such a non-trivial tan § dependence on the vacuum stability bound provides two peaks of the
upper limit on me as seen in Fig. 7.13. As a result, some small parameter regions remain
uncovered by both the HL-LHC and the ILC250.

We here give a comment on the case, where the degeneracy between the common mass of the
additional Higgs bosons me¢ and M is relaxed. In the above analysis, we have set M = mg in
the analysis of the exclusion region by the direct searches for simplicity. As we have mentioned
in Sec. 7.1, the decay width for H — hh depends on the value of M, and the exclusion region
for H might change if we consider the case of M # mg. We note, however, that most of the
parameter regions excluded by H — hh are also excluded by the A — Zh decay mode, which
does not depend on the value of M. Therefore, our main conclusion does not change even if we
relax the degeneracy among me and M.

To summarize, the entire parameter space in the 2HDMs can be explored by the synergy
between the direct searches at the HL-LHC and the precision measurements of the 125 GeV
Higgs boson couplings at the ILC. In other words, if we observed any deviations for the Higgs
boson couplings at the ILC, we would be able to find additional Higgs bosons at the HL-LHC,
or reject a certain type of new physics models. In order to quantify the above statement, we
have also checked the 5o discovery sensitivity by naive rescaling. We find that the discovery
regions are certainly smaller than the 95% CL excluded region shown in Figs. 7.12 and 7.13.
Consequently, for cg_, < 0, we find that most of the parameter space is covered by the direct
searches at the HL-LHC and the precision tests at the ILC250. For cs_, > 0, on the other
hand, some parameter regions appear, which requires more data and/or more precision to be
explored.
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Figure 7.13: Regions on the mg—tan 8 plane expected to be excluded at 95% CL in the Type-I,
Type-11, Type-X and Type-Y 2HDMs (from the left to the right panels) via direct searches
for heavy Higgs bosons at the HL-LHC and via precision measurements of the Higgs boson
couplings at the ILC. The value of s3_, is set to be 1, 0.995, 0.99 and 0.98 with cg_, > 0 from
the top to the bottom panels.
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Chapter 8

One-loop calculations for decays of the
charged Higgs bosons

In this chapter, we discuss the decay rates of charged Higgs bosons for various decay modes in
the 2HDMs. Decay branching ratios of charged Higgs bosons are evaluated including NLO EW
corrections, as well as QCD corrections up to NNLO. We have newly implemented them into the
H-COUP program [45,46]. We comprehensively study the impacts of the NLO EW corrections
to the branching ratios in approximate alignment scenarios. We find that the H* — W*h
decay modes can be dominant decay modes even in the case where deviation in hZZ couplings
is quite small and cannot be detected at the ILC. Thus, we can extract the information on the
mixing angle by studying the H* — W*h decay modes at future collider experiments.

8.1 Decay rates with higher order corrections

In this section, we explain calculations of the decay rates with NLO EW corrections for two-
body decay of the charged Higgs bosons, i.e., H¥ — ff and H* — W*¢ (¢ = h, H, A).
For the decay into a pair of quarks H* — ¢¢’, QCD corrections up to NNLO are presented.
Formulae for the loop-induced decay processes H¥ — WV (V = Z,~) are given at LO.

For the computations of the NLO EW corrections to the charged Higgs boson decays, we
adopt the improved on-shell renormalization scheme [112]. While we do not give all descriptions
for the renormalization scheme in this paper, we here highlight the main points, for details see
Ref. [112]. In the Higgs sector, there are six free parameters given in Eq. (3.49). Together
with the wave function renormalization constants, the masses of the additional Higgs bosons
and the mixing angles are renormalized by the on-shell conditions for the Higgs bosons in the
mass eigenstates. However, the gauge dependence appears in the renormalization of mixing
angles [202], which are resolved by applying the pinch technique [112,119]. The remaining
parameter in the Higgs sector, M?, is renormalized by the minimal subtraction [156]. On the
other hand, the renormalization of the gauge sector and the fermion sector are performed by
using on-shell conditions [96]. In our calculation for H* — ¢¢’, we do not take into account
contributions arising by quark mixing at one-loop level, which is always suppressed by the CKM
matrix element. Hence renormalization of the CKM matrix does not have to be carried out.

While the UV divergences are correctly removed by virtue of the mentioned above renormal-
ization, IR divergences appear in one-loop diagrams containing a virtual photon, which cancel
with those of real photon emission diagrams. We regularize them by introducing a small photon
mass p, and numerically confirm that IR divergences are canceled out when virtual corrections
and real emissions are summed up.
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Figure 8.1: Momentum assignment for the renormalized H* f f’ vertex.

8.1.1 Form factors for vertex functions of charged Higgs bosons

Before we give formulae for decay rates with higher corrections, we first define renormalized
vertex functions of the charged Higgs bosons. All NLO EW corrections are expressed in terms
of the form factors of the vertex functions.

H*ff vertex

In the computations of the charged Higgs boson decays into two fermions H* — ff’, the
renormalized H* ff’ vertex functions are needed. In general, the vertex functions can be
expressed as [99]

. . . . N
rspp = Ve + 050k gp + P Ui+ Pyl g
PAL A2 AT APT
Pl Pyl pp T PPl mepp PPyl s (8.1)
where p; and py denote incoming momenta of a fermion f’ and the SU(2) partner f, and ¢ is

the outgoing momentum of the charged Higgs bosons (see Fig. 8.1). The renormalized form
factors can be commonly written by the tree-level part and the one-loop part as

Dherp =This + THiFh,  (X=S, P, V1, V2, Al, A2, T, PT), (8.2)
where the one-loop parts are further divided into contributions from 1PI diagrams and coun-
terterms, i.e., Fﬁ’f]?ﬁ = Fﬁ’in;;, + 00 s~ The 1PI diagrams contributions I gi?}, are given in

Appendix B.2. in Ref. [43].
The tree-level couplings for H* f f’ vertices are given by,

V ’ V /
Stree ff Ptree __ If
FHiff’ —:t—\/iv(mef—mf/Cf/), FHiff’ —:F\/Ev(mef—me/Cf/), (83)
IR =0 (X #8,P). (8.4)

The counterterms for H= f f’ vertices are presented by

1
S/P

110



Wi

Figure 8.2: Momentum assignment for the renormalized H™W ~#¢ vertex.
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renormalization 5212(/2, the electroweak VEV v, and the mixing angle 5 are presented in

Appendix C of Ref. [112]. The wave function renormalization constants of the charged Higgs
bosons are expressed by

where concrete expressions for the counterterms for fermion masses om the wave function

d
0Zys = = <5 (0°)

, (8.8)

1
§Cpe = 6B + —— (H}}?G (0) 4 80— (8.9)

M.
where 1PI diagram contributions to two point functions for the charged Higgs boson and H™-
G~ mixing, I1}7} ;- (¢*) and 1T}, (¢?) are given in Appendix B.1. in Ref. [43]. Those to the
one-point functions T and T}F! are presented in Appendix C of Ref. [100]. The pinch term
for the mixing angle in the Feynman gauge 65°7T is given by

1
2m?

07" = ——5 ([0 (m%) + 10 (0)) - (8.10)

The last term in Egs. (8.6) and (8.7) corresponds to a subtraction term due to the following
reason. The pinch terms for the mixing angle are only required for the counterterms arising
from the shift of the couplings, and, for those arising from the shift of scalar fields, we use the
counterterm ¢ without the pinch terms.

H*W¥¢ vertex

For calculations of charged Higgs boson decays into a vector boson and a scalar boson H* —
W=¢ (¢ = h, H, A), renormalization of HXW¥¢ vertex are needed. the vertex functions can
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be commonly expressed as
f%iww(p%,pg, )= (m+ Q)”inww, (8.11)

where p' and pl denote the incoming momenta of a scalar boson ¢ and a W¥ bosons, respec-
tively. A momentum ¢* denotes the outgoing one of the charged Higgs boson (see Fig. 8.2).
Since we here assume that the external gauge bosons are on-shell, the term proportional to
p2 = q — p1 vanishes due to the orthogonality of the polarization vector. Similar to the H* f f/
vertex, the renormalized form factor can be decomposed as

inWId) = z(iteW:Fqﬁ + Fl}OIinW¥¢ (812)
with T+ 6 = ~igpHEWF. The one-loop part FE‘;"W; s 18 schematically expressed in terms of

1PI diagram I'};t - » and the counterterm 0T j= g4+ as

TpFyro = Ditwee + 0T mweg. (8.13)

The 1PI diagram contributions to these vertex functions are given in Appendix B.2. in Ref. [43].
The counterterms are expressed as

mw

om¥, v 1
Ol gewsn = :FTCE—a[ v ——

2m3,
+tan(f — a)(08°T — 6aPT 4+ §Cu+ — 5Ch)] , (8.14)
my Im? ov 1
ol ey = :|2785,a [QTTL;WV/ - 7 + §<5ZW + 02+ + 5ZH)
+ cot(8 — @) (88T + 6aPT — 6Ce — 50,0} , (8.15)
mw 1Om? v 1
ST psw=a = +im " [ ng — =+ (02w + 02 + 624)|. (8.16)

where the daPT denotes the pinch term contribution to do. In the Feynman gauge, it is
expressed by
1
2

baft = — —
2(m3 — m;)

(I3, (i) + Mg (m3;)) (8.17)

Inclusion of the terms with da®’ and §3°" has the same reason with the one presented in
Sec. 8.1.1. We again refer Appendix C of Ref. [112] for concrete expressions to the W= boson
mass counterterm dmyy and the wave function renormalization constants for the W* boson
dZw and the Higgs bosons 0C, 0Z4 (¢ = h, H, A).

HX*VWT vertex

For computations of loop induced charged Higgs decays, i.e., H* — ZW* and H* — YW,
H*VWT (V = Z,v) vertex appears. The renormalized tensor vertex functions can be expressed
by [144,145]

Tevws = 9 Theywe + D05 T yws + iG“Vpaplpp2oF?ﬁiVW1> (8.18)

where p| denotes an incoming momentum for a W* boson and p} is that of a Z boson or a
photon, and ¢ is the outgoing momentum of the charged Higgs bosons (see Fig. 8.3). In this
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Figure 8.3: Momentum assignment for the renormalized HTV*W ™" vertex.

expression, relations for on-shell vector bosons, €,(p1)p) = €,(p2)py = 0, have been applied.
Since H*ZW ™ and H*WT vertices do not exist at the tree level, form factors are written by
the loop contributions,

F’;;Iivw$ - FZI_IJ:OEO‘I;W¢ — F;;—lf‘l/qu: + 5F§{iVW¥' (819)
The 1PI diagram contributions are given in Appendix B.2. in Ref. [43]. While there is no

tree-level contributions, counterterms are introduced from G*yW T vertices though the mixing
with charged Higgs bosons. It is expressed by

ST y=yws = garwrv (0Ca+ - + 00), 51%’?;‘/“,; =0, (8.20)

where the tree-level couplings for NG boson are ggw+, = egv/2 and gotwrz = —g9z0shy, /2.

8.1.2 Decay rates of H* — ff'

The decay rates for charged Higgs boson decays into a pair of fermions with NLO EW corrections
and QCD corrections can be written as

- NIy« |Vip | 1
D= — f ) = YemueVir] A?(uf,uf/)[(l—uf—uff){m?/C?/<1+A%§D+AE¥)

Smv?

+D(H® = ff), (8.21)

with pis0) = mfe(/) /m?. and the color factor N/ = 3 (1) for quarks (leptons). The kinematical
factor A(z,y) is defined by

Mz,y) = (1 — 2 —1y)* — 4ay. (8.22)

Factors ASSY and AR (XX = LL, RR, RL) denote QCD correction parts and EW correction
parts, respectively. In this expression, the real photon emission contribution is included, by
which the IR divergences are removed. The analytic formula is given in Appendix C. in Ref. [43].
The LO decay rate I'(H* — ff')Lo is easily obtained by omitting all NLO contributions,

ALPEV 5 0 and T(HE — ffy) — 0.
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The EW corrections parts are written by

2 2 ReﬂH+G* (m2 i)
AEW — Re GS,loop, + GP,loop/ . H . AT’, 893
20 2 Relly+q-(m?.)
EW S,loop P,loop H+G HE
= —Re G T G 1) — T - AT’, 824
LL \/§mf Vi ( HEff HEff ) (s qu . ( )
ARY = — . [mefRe G, + Goh) — mpCpRe(GREP, — GE®, }
1 1Y Relly+g-(m?2
) (_ * _) Hirro (M) _ p. (8.25)
Cr Cpr M.

where functions G%lﬁ;?, and G?f;’?, are expressed in terms of form factors for the H* f f’ vertex
as

2
m- e ¢
G, =T, 4 mp Ty — m D20 e (11— —— — =L ) T (8.26)

Myt Myt

2
GRleor = TRl Tiplleoe p paZloo 42 (1 - WT:;* + =L ) rhloer - (8.27)
H* H*
with my = my + myp and m_ = my — mp. The last term in Eqgs. (8.23)-(8.25), Ar, denotes
the one-loop weak corrections to the muon decay, which is introduced due to resummation of
universal leading higher-order corrections, such as large logarithms from light fermion masses
and contributions with the squared mass of the top quark [108,203]. The contributions to the
renormalized self-energy 4o come from HW~ and H*G~ mixings, which are derived by
using the Slavnov-Taylor identity [204].
Expressions for the QCD correction parts are different depending on the final state fermions.
For the decays into a pair of light quarks, we apply the QCD corrections at NNLO in the
MS scheme [106,129-132]. The correction factors are expressed by a common factor, i.e.,

QCD _ AQCD _ AQCD _ A H*.
ARR _ALL _ARL _Aq )

gt os(mpye) 23 as(mp=)\’
A = SRR T 4 (SR (35.94 - L36NG), (8.28)
T

where o, (mpy+) denotes the strong coupling constant at the scale of my=+, Cr is the color factor
Cr = 4/3, and N; is the active flavor number. In the MS scheme, the light quark masses in
LO parts of Eq. (8.21), which comes from the Yukawa couplings of H*, are replaced by the
corresponding running masses, m,»— M, (my=). Thereby, large logarithm contributions at
the higher-order are absorbed by the quark masses [133,205-207]. On the other hand, for
the decay into quarks including the top quark, we apply both QCD corrections in the on-shell
scheme and those of MS scheme and interpolate them following Ref. [68]. The reason is that the
contributions of the top quark mass in the on-shell scheme are significant in the case of lighter
charged Higgs bosons, my+ ~ my; + mp (D = b, s,d), whereas the logarithm contributions
log(m?/m?.) can dominate in case of my= > m; +mp. The QCD correction factors at NLO
in the on-shell scheme are given by [135,143]

A%gD _ CF@S(M)A*

qq’’

QCD OéS(M) QCD __ Oés(,u)
ARR = CFTA;,, A = CFTA;q,

(8.29)
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where

(3 — pp — pug)Nppr + Dpigpip

93— 2up+ 2y
Afp=7+ MT T e - Inzpzp + Byp,  (8.30)
= App+2(1 = g — g
I el U N TR o ) Vg + By, (8.31)
2 fy 2\

with xp = 2us /(1 — py — pp + )\%3) The function By is given in Ref. [135]. When we apply
the OS QCD corrections, quark pole masses are used in the LO parts.

8.1.3 Decay rates of H* — W*¢

We describe the one-loop corrected decay rates for the charged Higgs boson decay into the W+
bosons and scalar bosons H* — W*¢ (¢ = h, H, A), with NLO EW corrections. They can be
expressed by [119,208-210]

[(H® = W*¢) =T(H" - W*¢)*0(1+ AJY) + T(HT — WFgn). (8.32)

The LO decay rate I'(H* — W*¢)LO is written by

3

m 3
DU = W) = e A s i) gl (8.33)
w

with g = m3/m7. and pw = mgy,/m3.. The NLO correction AFW is expressed by

tr loop ~
2Re (FHefWﬂF¢FHiW¥¢> o 9oGEW Relly+g-(m3.)

EwW _
A - 2

E — Ar — Relljyy, (my), (8.34)

2
T tree JoHTWT M+

HEWF¢

where the tree-level couplings with the charged NG bosons are given by
mw mw
Inerws = T = S8-as Ipgrws = T 7C8-ar  JacEwF = 0. (8.35)

The term Il (m%,) arises because we do not impose that the residue of renormalized TW*
bosons propagator is unity.

8.1.4 Decay rates of H* — W*V

We present the loop induced decay rates for charged Higgs boson, H* — W*Z and H* —
W#y. Using the form factors in Eq. (8.18), the decay rate for H*¥ — W*Z are expressed
as [144,145]

1

DU = W2) = g A3 (i) (1M + M) (8.36)
4
m
Mg |* = 2T el + =352 G 12) [T =l (8.37)
2 mj'l_[:t 1 mQHi 2 2
Merl” = 5" | (U= uw — pz) Ve gws + A (uw, p2) Tigegw=| - (8:38)
whtttz
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where pw = mi,/m%. and py = m%/m2.. For H¥ — W*y, using the Ward identity,
F}{iwﬂ =—m -pQF%,iVWI, one can obtain

ms3 m2 3
T(H* —» Wy) = 2= (1 %) (T + T w=]?) - (8.39)
321w My s

Since there is no contribution from the longitudinal part in the process, this formula only
involves the transverse part of gauge bosons in the final states.

8.2 Theoretical behaviors of charged Higgs boson decays
with NLO corrections

8.2.1 Impact of NLO EW corrections to the decay rates

In this section, we examine the impact of NLO EW corrections on the decay rates of the charged
Higgs boson in Type-I and Type-II. We here omit to show the results for Type-X and Type-Y,
because they are very similar to those of Type-I or Type-II. In the next subsection and next
section, we compare the results for all types of the Yukawa interactions. We use the following
quantities to describe the magnitudes of NLO EW corrections,

FNLO EW(H+ N XY)
IO(H+ — XY)

where ITNMO EW(H+ 5 XY) corresponds to the decay rates without QCD corrections. For
the calculation of decay rates at LO I'*©, we employ the quark running masses not the pole
masses. We evaluate this quantity in both the alignment scenario, sg_, = 1, and a nearly
alignment scenario, sg_, = 0.99. For each scenario, tan 3 is taken to be the following three
values, tanf = 1,5, and 10. The dimensionful parameter M is scanned in the region of
0 < M < 1500 GeV. In this analysis, we impose the theoretical constraints discussed in
Sec. 7?7, i.e., the perturbative unitarity and the vacuum stability. On the other hand, we here
do not take into account the constraint from the flavor physics in order to compare the difference
of Agw among all the types, while the mass of charged Higgs boson is strictly constrained by
By — X7, especially for Type-1I and Type-X. All results with the constraints including the
flavor experiments are presented in the next section.

In Fig. 8.4, we show the EW corrections to various charged Higgs boson decays as a function
of degenerated mass of the additional Higgs bosons, me = mpy+ = my = m4 in the alignment
limit, sg_, = 1 with the different values of tan 3, tan 8 = 1 (red), 3 (blue), and 10 (green).
The solid (dashed) lines correspond to the results with a maximum (minimum) value of M
satisfying the theoretical constraints, M,.x (Mmin). In this case, charged Higgs decays into a
pair of fermions are dominant. For the results of H* — tb with tan 8 = 1, one can see that
there are kinks at me ~ m; + my, 2m; and 600 GeV. The first one comes from the threshold
of the (¢,b) loop diagram in the H*-H~ self-energy. The second one comes from the threshold
of the top loop diagram in the A-G° mixing self-energy, which appears in the counterterms for
the H* f f’ vertex. The third kink corresponds to the points where the values of M change
from zero to non-zero due to the perturbative unitarity. At this point, the scalar couplings
Au+m-¢ (¢ = h,H, A) are maximized under the constraint from the perturbative unitarity.
Non-decoupling effects of h, H and A loops in the Ht-H~ self-energy are then dominant, and
Agpw(H* — tb) can be almost 10% for all the types of 2HDMs. On the other hand, even if mg
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Figure 8.4: Magnitudes of NLO corrections to the decay widths for charged Higgs bosons in
the alignment limit sz_, = 1 with tan 8 = 1 (red), 3 (blue), 10 (green). We consider masses of
additional Higgs bosons are degenerate, me = my+ = ms = mpy. The dimensionful parameter
Mpax (Mpin) is the maximum (minimum) value of M under the theoretical constraints.

is sufficiently large, the EW corrections do not decouple. Namely, the decoupling theorem [34]
is not applicable in this case, and non-decoupling effects are significant.

For the results with tan 8 = 3, and 10, the possible values of M are almost constants due
to the strict theoretical constraints, i.e. M ~ mg. While for Type-I, one do not see large
difference between tan$ = 3, and tan § = 10, for Type-II, the corrections can be sizable in
the case of tan 3 = 10, e.g., Agw(HT — tb) ~ —25 % at mge = 2 TeV. We find that these
behaviors can be explained by large negative contributions from the tensor form factors I'L . £
and Fgﬁ 2 which give the contributions proportional to the square of the charged Higgs boson
mass in the decay rate (see Egs. (8.26) and (8.27)).

For other decay modes, one can see the similar behaviors described above. On the other
hand, the remarkable thing is that the correction Agpw(H™ — ¢3) can be over —100% at
me = 600GeV. We note that Agpw(H™ — ¢5) tends to be larger than the other decay modes
for the following reason. The decay rate with NLO EW corrections I'(H* — ¢5) is evaluated
by using the pole masses for the charm quark and the strange quark while the LO decay rates
are evaluated with the running masses at the scale of 4 = my+. Consequently, the difference
between the pole masses and the running masses enhances Agw(H™ — ¢5) 1.

1For instance, the ratios of the running masses and pole masses are estimated as m./m.(mpy+) =
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Figure 8.5: Magnitudes of NLO corrections to the decay widths for charged Higgs bosons in
the case of sg_o = 0.99 with cg_, < 0. The masses of the additional Higgs bosons are degen-
erate, me = my+ = ma = my. The dimensionful parameter M. (Mupin) is the maximum
(minimum) value of M under the theoretical constraints.

In Fig. 8.5, the results in the nearly alignment scenario, sg_, = 0.99 with cg_, < 0, are
shown as a function of the degenerate mass mg. In the non-alignment case, an upper bound
of me is given for each value of tan 8 because of the theoretical constraints. However, the
maximum magnitudes of NLO EW corrections for the case of tan 5 = 1 are almost unchanged
from the scenario of the alignment limit. Apart from that, the charged Higgs bosons can
decay into W*h in the nearly alignment scenario. For this decay mode, peaks appear at
my= ~ my, + my, which correspond to the thresholds of 1PI diagrams in the HTW ~h vertex
function such as (W, H*/G* k) and the (h,h/H, W) loop diagrams. The maximum value of
the corrections is 26% in the case of tan 8 = 1 for all the types of 2HDMs.

In the Fig. 8.6, we also show the results with sg_, = 0.99 and c3_, > 0. The remarkable
difference from the results with cs_, < 0 is that the allowed regions for tan 5 = 10 are broader
than those for tan 8 = 3. Hence, compared with cs_, < 0, the corrections Agyw for tan 8 = 10
can be larger. In addition, for Ht — Wh, direction of the threshold peak at my ~ my, + my
is opposite from cz_, < 0 because the contributions from the H+*W™h vertex function depends

1.67 GeV/0.609 GeV = 2.74, ms/ms(my+) = 0.1 GeV/0.0491 GeV = 2.03. Magnitude of Agpw(HT — ¢5) is
enlarged by these factors. The discussion does not depend on sg_,, so that the same holds in Fig. 8.5 and 8.6.
Namely Agw(H™ — ¢8) can also be over -100% in case of sg_o = 0.99.
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Figure 8.6: Magnitudes of NLO corrections to the decay widths for charged Higgs bosons in
the case of sg_o = 0.99 with cg_, > 0. The masses of the additional Higgs bosons are degen-
erate, me = my+ = ma = my. The dimensionful parameter M. (Mupin) is the maximum
(minimum) value of M under the theoretical constraints.

on the tree-level coupling gnpy+w- (see Eq. (8.34)). On the other hand, one can see that the
sign of Agw(H™ — WTh) in the region mg = 500 with tan 8 = 1 are positive in the both
cases of cg_o < 0 and cg_, > 0. The dominant contributions in this region mainly come from
non-decoupling effects of additional Higgs bosons, i.e., pure scalar loop diagrams in 6C}, and
0C'y+, which are proportional to the square of the scalar couplings /\¢¢¢j¢k/\¢i/¢>j/¢k/- Among
them, there are contributions that are not proportional to cs_,, so that they do not depend on

the sign of cs_q.

8.2.2 Branching ratios

In this subsection, we describe behaviors of the branching ratios with the NLO EW corrections
as well as the QCD corrections. Similar to the previous section, we evaluate them in both the
alignment scenario and the nearly alignment scenario under the theoretical constraints and the
S, T parameters. We here consider the following three cases with a different mass spectrum of
the additional Higgs bosons:

Case 1: A relatively small mass of H*, my+ = 160 GeV, and degenerate masses of H and A with
H*, my = my = my=. In this case, the on-shell decay H+ — tb does not open.
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Case 2: A relatively large mass of H*, my+ = 600 GeV, and degenerate masses of H and A with
Hi, myg =MmMag = Mg+.

Case 3: A relatively large mass of H*, my+ = 600 GeV, degenerate masses of A with H¥,
my = mpy+, and lighter mass of H, my = 300 GeV. In this case, the on-shell decay
H* — W*H is kinematically allowed.

Whereas masses of the additional Higgs bosons are fixed for each case, M and tan 8 are com-
monly scanned in the following regions of 0 < M < 1500 GeV and 0.5 < tan 8 < 50. Taking
into account the flavor constraints for Type-II and Type-Y, the mass of charged Higgs boson
in each case would be too light. However, we dare to show the results for not only Type-I and
Type-X but also Type-1I and Type-Y for the comparison. For Case 2 and Case 3, we checked
that behaviors of the charged Higgs bosons are similar if we change the mass of charged Higgs
boson from mg+ = 600 GeV to mg+ = 800 GeV.

In Fig. 8.7, we show the results in Case 1 for the alignment scenario, sz_, = 1, and the
nearly alignment scenarios, sg_, = 0.99 with cg_, < 0 and cz_, > 0 from top panels to bottom
panels. For the results of Type-I in sz_, = 1, all decay modes into quarks and leptons are
proportional to 1/tan® 3. Hence, except for HT — W™, the branching ratios are almost
constants without depending on tan 8. As the results, the decay HT — ¢*b dominates in the
whole region of tan . On the other hand, one can see that the branching ratio of H* — yW™+
can be much varied by the scale of M. This is due to contributions from the (H, H*, HF)
diagrams in the form factor F%ﬁ W We note that another pure scalar loop diagram disappears
in the alignment limit. In the case of M =M, (black dashed line) and tan 8 > 1, the relevant
scalar coupling for this diagram, Agy+g- g can be sizable. Hence, the decay Ht — W™ is
enhanced. For the results of Type-II and Type-X, the main decay mode becomes H* — 7tv
in the large tan g regions, since the tau Yukawa coupling is enhanced.

For the results of the nearly alignment scenario sg_, = 0.99, behaviors of the charged Higgs
boson decays are similar to those of the alignment scenario, while the value of the tan( is
bounded at tan § ~ 10 because of the theoretical constraints. In these scenarios, the decay into
H*™ — Wh opens. The branching ratio can exceed 3% when tan 8 = 10 in Type-I.

In Fig. 8.8, we show the results in Case 2 for the alignment scenario and the nearly alignment
scenario from the top panels to the bottom panels. Here we take the value of sg_, in the nearly
alignment scenario as sg_, = 0.995 in light of the severe theoretical constraints. In the bottom
panels, the violet regions correspond to the ones excluded by the theoretical constraints. In
Case 2, the on-shell decay into tb opens and it is the dominant decay mode in the alignment
scenario expect for Type-X. However, the situation can be changed in the nearly alignment
scenario with cs_,, > 0. Namely, the additional decay mode H* — W*h can overcome H* — tb
in Type- [ and Type-X. Another remarkable behavior for Case 2 is that the EW corrections to
the decay into ¢s can be considerably large at tan § ~ 1 because of the non-decoupling effects of
the additional Higgs bosons as already seen in Fig. 8.4, while the magnitudes of the branching
ratios are below 1074

In Fig 8.9, the results of Case 3 are shown in the scenarios of sg_, = 1 and sg_, = 0.995.
The feature of these scenarios is that the decay into W H opens. The decay rate can be
significant since it is proportional to the cube of m ;.. In addition, the corresponding tree-
level coupling is proportional to sg_,, so that this decay mode appears even in the alignment
scenario. Remarkably, if tan 8 2 1, the decay into HT — W' H dominates the branching ratios
in both the alignment and nearly alignment scenarios for all the types of 2HDMs.
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Figure 8.7: Decay branching ratios for charged Higgs bosons as a function of tan in the
alignment limit sg_, = 1 (top panels) and in the nearly alignment scenarios sz_, = 0.99 with
Cg—a < 0 (middle panels) and c¢z_, > 0 (bottom panels), where the NLO EW and NNLO QCD
corrections are included if they are applicable. Masses of the charged Higgs boson as well as
the neutral Higgs bosons are taken to be degenerate, i.e., myg+ = my = my = 160GeV. Each
decay mode is specified by color as given in the legend. Solid (dashed) lines correspond to the
results with M = M. (Mpin). The dimensionful parameter M. (Mpin) is the maximum
(minimum) value of M under the theoretical constraints. The gray region shows predictions on
BR(H™ — W~) in the region My, < M < M.
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Figure 8.8: Decay branching ratios for charged Higgs bosons as a function of tan in the
alignment limit sg_, = 1 (top panels) and in the nearly alignment scenarios sz_, = 0.995 with
Cg—a < 0 (middle panels) and cz_, > 0 (bottom panels), where the NLO EW and the NNLO
QCD corrections are included if they are applicable. The masses of the charged Higgs boson as
well as the neutral Higgs bosons are taken to be degenerate, i.e., myg+ = my = my = 600GeV.
Each decay mode is specified by color as given in the legend. Solid (dashed) lines correspond to
the results with M = Mypax (Mmin). The dimensionful parameter Max (Mpin) is the maximum
(minimum) value of M under the theoretical constraints. The violet region corresponds to the
one excluded by the theoretical constraints.

122



Type-l Type-li Type-X Type-Y

~~ My =my=600 GeV] [~ . e~ o —
\ my=300 GeV \\ \ \
1
§‘° Spa=1 E \ \ ts ——
ETE\ 102 : L cb —
n
% [ cs
0 493 E
N N v —
10 1 10 1 10 1 10 1 10 uv
10° T - — c hw ——
A mH+=r%1A=é00 GeV \\ A A
r \\ m=300 GeV r \ F \\ \\ HW
Q10" N\(85.4=0.995, Gy <0 \ \, \
= \ \\_—-/ ~ \ [ \\_ e
;fé w2 Vealil Vil Vil
~ —1 <l
z | [ = [ P [
5. ye -
\ A\

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

N Tmrenbodody |1 KT T X
— vV 1 1 L
o m}=300 Ge ] \ \ 7

N 83.4=0.995, ;.50 E X i E [

N

| X TN \ i

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
tang tang tanp tanp

Figure 8.9: Decay branching ratios for charged Higgs bosons as a function of tan 8 in the
alignment limit sg_, = 1 (top panels) and in the nearly alignment scenarios sz_, = 0.995 with
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Figure 8.10: Decay branching ratios for the charged Higgs bosons as a function of Ak (= kz—1)
in Scenario A, where colored points denote different values of tan 3. Predictions on Type-I
(Type-X) are shown in the first and third columns (the second and fourth columns).

8.3 Phenomenological impact of the charged Higgs bo-
son decays

8.3.1 Decay pattern of the charged Higgs bosons in the nearly align-
ment regions

In this subsection, we discuss whether or not four types of 2HDMs can be discriminated by
looking at decay patterns of the charged Higgs bosons, and also whether or not information of
the inner parameters can be extracted. As already studied, the discrimination of 2HDMs can
be accomplished by patterns of the deviations from the SM predictions for the couplings [100,
110, 112] and/or the branching ratios [97,98] of the discovered Higgs boson if the deviations
are actually found in the future collider experiments. In particular, four types of 2HDMs can
be clearly separated by a correlation of the hbb coupling and the hr7 coupling [100, 110, 112].
However, current experimental data from the LHC Run II favor the alignment regions, and
such a desired situation would not be necessarily realized in the future. Hence, it would be
worth investigating the impacts of discovery of the charged Higgs bosons for a test of 2HDMs
especially in the case that the significant deviations in the A couplings are not detected in the
future collider experiments.
To this end, we consider two distinct scenarios for the mass of the charged Higgs boson,

(Scenario A) :  mpy+ = 400 GeV (8.41)
(Scenario B) :  mp+ = 1000 GeV, (8.42)

For Scenario A, Type IT and Y are already excluded by the flavor constraint (see, e.g, Ref. [65]),
so that we compare the difference of the branching ratios between Type-I and Type-X. For
Scenario B, all the types of 2HDMs are not excluded by the flavor constraints. In order to avoid
constraint from the T parameter, we set the mass of the CP-odd Higgs boson as m4 = mpy+.
Whereas, the mass of the heavier CP-even Higgs boson is taken in the following range for each
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Figure 8.11: Decay branching ratios for the charged Higgs bosons as a function of Ak (= kz—1)
in Scenario B, where colored points denote different values of tan 5. Predictions on Type-I, II,
X and Y are shown from the left panels to the right panels.

scenario,

250 GeV < mpy < 800 GeV  for Scenario A, (8.43)
800 GeV < mpy < 1200 GeV  for Scenario B. (8.44)

For the lower bound of Scenario A, we take into account the constraint from the direct search for
H — ZZ*, by which mg < 250 GeV and tan 8 < 6 (5) are excluded in the case of sz_, = 0.995
with cs_ < 0 for Type-I (X) [42]. The remaining parameters are scanned for both the scenarios
as

0.995 < sp_o <1, 2<tanff <10, 0< M < mpg=+ 500GeV, (8.45)

considering both cases of cs_, < 0 and cs_, > 0. The lower bound of tan 8 comes from the
consideration of the constraint from B; — uu for Scenario A [65] and H — hh in the case
of sg_q = 0.995 with cg_, < 0 for Scenario B [42]. With these scan regions, we impose the
theoretical constraints and the S, T parameters in the same way as Sec. 8.2. Furthermore, we
exclude parameter points that are not consistent with the current data of the Higgs signal
strength at the LHC in Ref. [21]. We calculate the decay rates for A with NLO EW and
NNLO QCD corrections by utilizing H-COUP v2 [46] and evaluate the scaling factors kx =
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Figure 8.12: Correlation between BR(HT — 77v) and BR(H* — c¢b) for Scenario B in four
types of 2HDMSs. Colored dots correspond to different values of tan 3, myg — mpg=, and cg_, in
the left top panel, the right top panel and the bottom panel, respectively.

/IT2HDM TSM  for each parameter point. We then remove parameter points if the calculated
scaling factors deviate from the values presented in Table 11 (a) of Ref. [21] at 95 % CL.

While the alignment limit is defined by sg_, = 1 at tree level, this might not be valid beyond
tree level. At loop levels, the quantum corrections by additional Higgs bosons can give non-zero
contributions to I'yyy+ even in sg_, = 1. Hence, we use the scaling factor xz and define the
alignment limit as kz = 1 at loop levels. At the ILC 250, expected 1o (2 o) accuracies of Kz
is 0.38% (0.76%) [36]. Thus, we mainly discuss the behavior of the branching ratios of H™* for
each type of 2HDMs within Akz(= kz — 1) < 0.76%, assuming situations that the deviations
in the h couplings are not found.

In Fig. 8.10, we present the branching ratios at NLO in Type-I (top panels) and Type-X
(bottom panels) for Scenario A as a function of Akz, where the color points denote values of
tan 3. For BR(H* — tb), one can see that the size of the branching ratio can reach almost
100% without depending on Akxy as well as types of 2HDMs. The reason is that such sizable
BR(H™ — tb) is realized in the low tan 3 region, where the top Yukawa coupling in the H*tb
vertex dominates for HT — tb. Thus, the difference between Type-I and Type-X does not
appear. For BR(H" — 71v), the prediction of Type-X is obviously larger than that of Type-I
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because of the tan 3 enhancement for the 7 Yukawa coupling in the H .7 vertex for Type-X.
Namely, in Scenario A, Type-X can be identified if BR(H™ — 77v) is sizable for the discovered
charged Higgs bosons. On the other hand, characteristic predictions of Type-I can be obtained
in Ht — W*h. The branching ratio BR(H* — WT*h) in Type-I can exceed 20%, while
the prediction of Type-X is maximally around 11%. Hence, a large BR(HT — W™h) is a
clear signature in identifying Type-I. An intriguing point is that this signature can be mostly
realized in the regions of Axyz < 0.76%. If the deviation in the hZZ coupling is Aky < —1%,
BR(H" — Wh) is less than 5% in both Type-I and Type-X. One can also see that these
signatures of Type-I and Type-X contain information on the inner parameters of 2HDMs.
Sizable values of BR(HT — 7v) in Type-X and BR(Ht — W™h) in Type-I are caused in
the large tan § region. Therefore, information on tan S can be extracted once these branching
ratios are determined.

In addition, we comment on behavior of the branching ratio for H* — W+ H. This decay
mode kinematically opens when the heavier CP-even Higgs boson is lighter than the charged
Higgs bosons. The maximal size of BR(HT — W+®) H) can reach almost 90% in both Type-I
and Type-X. As can be seen by comparing values of tan 8 and Akz, parameter points with
huge values of BR(H™ — W+®) H) correspond to those with suppressed BR(H™ — tb).

In Fig. 8.11, the branching ratios at NLO in Type-I, II, X and Y for Scenario B are shown
as a function of Ary from left to right panels. Behavior of the BR(H* — tb) are similar to
Scenario A, namely, the size of the branching ratio can be huge in the low tan S region for
all types of 2HDMs. Behavior of the BR(H" — W*H) also does not almost change from
Scenario A. In addition, for identification of Type-I and Type-X, one can rely on the processes
H* — W'hand H* — 71v as same as Scenario A. In Scenario B, BR(HT — Wh) of Type-I
can be considerably enhanced unlike other types of 2HDMs. The size of BR(H™ — 77v) can
reach 30% only in Type-X. An interesting feature of Scenario B is that a sizable BR(HT —
Wh) is only realized in the case of cs_, > 0 differently from Scenario A%. Hence, not only
the size of tan 5 but also the sign of ¢s_, can be extracted from the size of BR(H™ — WTh).
We note that all points with BR(HT — W*h) > 10% correspond to cz_, > 0 for all types of
2HDMs.

From the decay modes H* — tb, H* — 7tv, HT — W*h and Ht* — W*H, it would
be difficult to separate Type-II and Type-Y. However, this can be performed by looking at
the decay process H* — cb as shown in Fig. 8.12%. For Type-II and Type-Y, BR(HT — cb)
can be larger than 0.1% and one can distinguish these types from Type-I and Type-X by
this decay mode. Furthermore, Type-II and Type-Y can be discriminated from the size of
BR(H* — 71v). Asseen from the left top panel of the Fig. 8.12, enhancement of BR(H* — cb)
and/or BR(H'T — 77v) is controlled by a value of tan 8 inType-II, Type-X and Type-Y. From
the right top panel of the figure, one can also see that there is a correlation between the
branching ratios and the mass difference my — mpy=+, in particular for Type-X and Type-Y.
The reason for this can be understood as follows. When the mass difference is negatively
large, BR(H™ — W™'H) becomes sizable without depending on the types of 2HDMs. This
then reduces the size of BR(H* — ¢b) and BR(H™ — 7%v). We have studied on theoretical
possibilities that Type II and Type X are separated from the other types of the 2HDMs by
correlation between BR(H* — ¢b) and BR(H* — 77v). The predictions for BR(H* — ¢b) in

2The branching ratio BR(H™ — W¥h) can be enhanced in large tan 3 regions, which does not occur in case
of cg_q < 0 for Scenario B due to the theoretical constraints. The similar behavior can be seen in Figs. 8.8 and
8.9.

3For the evaluation of I'(Ht — ¢b), we only include QCD corrections. The EW corrections to this process
are not implemented.
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Figure 8.13: The total decay width of the charged Higgs bosons as a function of the mass
difference my — mpg+ in Scenario A for Type-I and Type-X. The colored dots correspond to
different values of tan f3.
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Figure 8.14: The total decay width of the charged Higgs bosons as a function of the mass
difference my — mpy=+ in Scenario B for Type-I, II, X and Y. The colored dots correspond to
different values of tan .

Type II and Type Y, which are maximally 0.1%, are not large. Phenomenological studies on
expectation whether such a small branching ratio is measured at future colliders is beyond the
scope of this paper.

We give a comment on the results in another case of the degenerated mass of the additional
Higgs bosons, i.e., my+ = my, where the T parameter constraint is satisfied when sg_, >~ 1.
We have performed the same analysis in this case, and obtained qualitatively similar results
for magnitudes of the branching ratios while the allowed parameter regions after imposing the
constraints from theoretical bounds and the electroweak oblique parameters are more strict
than the case of myg+ = my4.

Before we close this subsection, we mention the deviations in the h couplings for Scenario A
and for Scenario B. For both the scenarios all types of 2HDMs can be identified by looking at
the branching ratios of the charged Higgs bosons even in the case of Axz < 0.76%, where the
deviation in the hZZ coupling cannot be detected at the ILC [36]. At the same time, even in
this case, the deviations in other A couplings like the Yukawa interactions can be sizable enough
to be detected at the ILC 250 GeV [36]. Namely, the deviations Ak, and Ak, for Type-11, Ak,
for Type-X, and Ak, for Type-Y can still deviate significantly enough to be detected at the
ILC 250 GeV. Therefore, a combination of the charged Higgs boson decays and the h decays
make it possible to identify details of 2HDMs.
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8.3.2 Impact of one-loop corrections to the branching ratios

We next investigate the impact of NLO EW corrections on the branching ratios of H*. In
particular, we discuss how the size of the corrections changes depending on the mass difference
between the charged Higgs bosons and the additional neutral Higgs bosons. Focusing on Sce-
nario A and Scenario B, we consider the case where the masses of CP-odd Higgs boson and
that of the charged Higgs bosons are degenerate, m4 = mpy+. As pointed out in Ref. [211], in
this case, the custodial symmetry is restored in the Higgs potential, so that the constraint from
the T parameter is satisfied. We then scan my in the regions given in Egs. (8.43) and (8.44).
The other parameters are scanned as given in Eq. (9.57) for both scenarios. In the following
discussions, we introduce a quantity to describe magnitudes of the NLO EW corrections to the
branching ratios, i.e.,

BRMO EW g+ 5 XY)
BR*(H+ — XY)

AR (HT — XY) = —1, (8.46)
where BRYMC EW [+ — XV) denotes the branching ratios with NLO EW corrections. In
the evaluation of the branching ratio at LO BR'O(H+ — X Y'), the quark running masses are
applied for the decays into quarks. We also describes the NLO EW corrections for the total
decay width, which is defined by

NLO EW
Agw (total width) = H;T —1, (8.47)
H+

with the total decay width for H* at NLO EW (LO) being TFL° BW (T'LO). By definition, ABR,
can be reduced as ABR +1 = (Agw — 1)/(Agw(total width) — 1). Namely, it is controlled by
the correction factor for the total decay width Agw(total width) and the one for partial decay
In Fig. 8.13, we present the correction factor for the total width in Scenario A as a function

of the mass difference for the additional Higgs bosons. The color dots denote the values of
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Figure 8.16: Decay branching ratios of the charged Higgs bosons as a function of the mass
difference my — mpyg+ in Scenario B for Type-I, I, X and Y. The colored dots correspond to
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tan 5. Behavior of the corrections for Type-I (left panel) and the one for Type-X (right panel)
is similar with each other in the regions tan /5 < 4, while these are different in tan 2 6.
When myg — my+ ~ —80 GeV, there appear thresholds, in which H* — W' H opens and the
correction Apy (total width) reaches —7%.

In Fig. 8.14, the results in Scenario B are shown for all types of 2HDMs. Similar to Scenario
A behavior for tan § < 4 does not change match for all the types. Clear difference among the
types of 2HDMs arises for tan 5 = 4. For Type-I, the allowed region of the mass difference
mpy — my+ is wider than the other types of 2HDMs. Consequently, the correction can be
positive when myg — mpy+ = 30 GeV. On the other hand, for Type-II and Type-Y, the bulk
of points with tan 5 2 5 shows large negative corrections, compared with those for tan g < 4.
This is because the bottom Yukawa coupling in Htb vertex is enhanced by large tan 3. The
correction can reach —20 (—25) % when my — my+ ~ —80GeV for Type-II (Type-Y) due to
the effect of the threshold of the mode H* — W1 H. For Type-X, the predictions in the high
tan 3 region almost do not deviate from those in the low tan g region.

We now move on discussions of the correction factor for the branching ratios. In Fig. 8.15,
Agw’s for the decays H — tb, HY — 7w, H* — W*h, H" — W*H are shown. For H —
tb, The kink when my —mp+ ~ 80 GeV appears as with the correction for the total width (see
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Fig. 8.13). The correction of the branching ratio distribute in narrow range, —2.75% (—1.9) <
ABR (H* — th) < +1.25 (+2.3)%, for Type-I (Type-X). This can be understood as follows. A
value of the correction factor for the partial width Agw (H — tb) is close to Agw (total width)
in the bulk of parameter points. Thereby, they are canceled with each other in the definition of
ABR . On the other hand, behavior of ABX (HT — WTH) is different from that of ABR (H* —
tb). We note that Agy (HT — W*H) is relatively small, i.e., =2.5% S Agw S 0%, for both
Type-I and Type-X 4, so that ABY (HT — WTH) is domlnated by the Apy (total width). In
fact, behavior of AEW is reversal of Agw (total width).

One can also see that the size of the correction for Ht — W™'h can be remarkably large.
In the low tan 3 region, AR} (HT — WTh) can exceed +100% We note that cz_, is close
to 0, |cs_a| < 2.5 x 1072, for all the parameter points with ABR (H+ — W+h) > +100%.
addition, the one-loop amphtude of HT — W™h contains terms to be independent of cg_,. The
counterterms 0C}j, and dC'y+ induce such terms, which can be enhanced by the non-decoupling
effect of the additional Higgs bosons in case of M ~ v . In this case, the one-loop amplitude
can overcome the tree-level amplitude, and gives ABY (HT — W*h) 2 100%. Furthermore,
we found that in some parameter points ABY (H+ — W*h) can be smaller than —100%. The
origin is considered due to the fact that terms of the squared one-loop amplitude are truncated
in the calculation of the NLO corrections. The effect of the squared one-loop amplitude is
discussed in the Sec.8.3.3.

In Fig. 8.16, we show the results for the correction factors of the charged Higgs bosons in
Scenario B for all types of 2HDMs. For Ht — tb, the same picture described in the results for
Scenario A holds for the low tan 8 region. When tan § ~ 2-3, the correction factor is close to
zero, —2.5% < ABR (H+ — tb) < +1.5% for all types of 2HDMs. For high tan 8 values the
size of the correction can be much large. In Type-I, ABR (H* — b) can exceed 12% near the
threshold region my — mpy+ ~ —80 GeV, while AR} (HJr — tb) can be negative in the case of
my—my+ 2 50 GeV due the effect of Agy (total w1dth). In Type-ITand Y, ABR (H* — tb) can
be negatively large and can reach —15.5% due to the tan 8 enhancement of the bottom Yukawa
coupling in the H*tb vertex for Agw(H* — tb), which can be seen in Fig. 8.6. For H* — 7+v,
one can see that behavior of ABY with the low tan 3 value is similar without depending on
the type of 2HDMs, but the difference can appear in the high tan 8 region. For H* — W H,
we note that the correction factor for the partial width Apw(Ht — W™ H) monotonically
decreases as the mass difference my — mpg+ becomes negatively large, e.g., Agw ~ —8%
(—4%) when mpyg — mg+ =200 GeV (100 GeV) for all types of 2HDMs. When the on-shell
decay H™ — W H is kinematically allowed, the correction ABR (H+ — WTH) is determined
by summation of Agw(total width) and AEW(H = W+H ). The maximum value of the
ABY(HY — WTH) is +13% and +9% for Type-I and Type-X, respectively, while that of
Type-II and Type-Y is +22%.

Finally, we comment on the results in the other case of the degenerate mass of the additional
Higgs bosons, i.e., mg = my+. We find that for Scenario A the correction factor of the total
decay width Agw/(total width) shows a cusp structure at m4 = 2m,, which is realized by
the threshold of the top loop diagrams in 63, so that behavior is changed from the case the
ma4 = mg+. However, the maximum and minimum values of Agw (total width) are similar to
the results of m4 = my=. Behavior of the ABY, for the processes discussed above is somewhat
different from the case of my4 = mpy+, while Values of ARY distribute i 1n the similar region to
the case of m4 = mpy+. For Scenario B, we also note that the size of ABR for all the processes

4We have calculated the NLO EW corrections to the on-shell two-body decay of H+ — W+ H. In the range
of my < myg —mp+ < 0 GeV, where the off-shell decay H™ — W*H happens, the NLO EW corrections have
not been implemented.
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Figure 8.17: The decay branching ratio for H* — WTh for Scenario A of Type-I in the
alignment limit, sg_, = 1, as a function of the mass difference my — mpy+, where the squared
one-loop amplitude for H* — W*h is included in the evaluation. The colored dots correspond
to different values of M.

in the case of mg = mpy+ tend to be smaller than that of the case m4 = mpy+ except for Type-
I. For Type-I, the maximum value of ARV (HT — tb) and AN (HT — 71v) is +12.7% and
+2.6%, respectively, while the one for AR (H+ — WTh) is similar to the case of m4 = my-=.

8.3.3 Effect of the squared one-loop amplitude to H™ — W™'h

Before we close this section, we discuss the effect of the squared one-loop amplitude for H* —
W*h. The squared amplitude for this process can be expressed by

MO > WHR)E = Crayey (1T w-al? + 2055 - ReT i+ [Ty, )

2
g loo loo
= Chriwen <Zc?3a + geg_oRel g0, + |FH+pW_h|2) , (8.48)

where Cpiym = My /miy AN(pn, pw).  The first (second) term corresponds to LO (NLO)
contributions to I'(H* — Wh). We have involved up to the second term in above discussions.
The third term |Fif}ipw, 4|7 is the same order as contributions from the tree-level amplitude
times two-loop amplitude, namely NNLO contributions. It is notable that this term contains

contributions that are not proportional to cs_,. Hence, the term \Flljipw, h\2 does not disappear

even in the alignment limit. The term |T'0% |2 can be identified as a leading contribution
if one assumes c5_, to be tiny and expands the squared amplitude |[M(H* — WTh)|? into a
power series of cg_,. We notice from naive order estimation that the term \Flgipw, L7 can be
comparable with the first and second terms in Eq. (8.48) under the situation where |cs_o| < 0.1

and M < v. Therefore, the third term of Eq. (8.48) could be significant in the alignment regions.
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To discuss the effect of |F1[?[?rpw,h\2 in the region of 0.995< s3_, < 1 is beyond the scope of

this paper. If sg_, # 1, the third term |[' IIL}CJ’FPW, h\2 contains the IR divergence and evaluation
of real photon emissions at NNLO are required in order to obtain the IR finite result for
['(HY — WT'h). As long as the case of the alignment limit sz, = 1, the third term is
IR finite. In addition, contributions to the squared amplitude from the tree-level amplitude
times two-loop amplitude vanish in the alignment limit. Therefore, we only discuss two-loop
corrections due to the third term in Eq. (8.48) to the branching ratio for H™ — W™h only in
the case of sz_, = 1, and how this is important.

In Fig. 8.17, we show the branching ratio for H* — W™h including the squared term
|Ff,iphw_ |? for Scenario A of Type-I in the alignment limit ss_, = 1 as a function of the mass
difference my —mpy=+. The other parameters tan 8 and M are scanned as in Eq. (9.57). One can
see that the branching ratio can be 0.1% at most. The intriguing point is that the branching
ratio is maximized when the soft-breaking parameter M is small. We have also calculated the
branching ratio in Scenario A for Type-X and Scenario B for all types of 2HDMs. For Scenario
A of Type-X, we have got the almost same results with Type-I. On the other hand, for Scenario
B, the soft-breaking parameter M cannot be small under the theoretical consistencies such as
the perturbative unitarity and the vacuum stability. Hence, the branching ratios are small, as
compared to Scenario A. We find that the maximum value of the branching ratio is 0.004% in
Scenario B for all types of 2HDMs. In short, the non-decoupling effect of the additional Higgs
bosons enhances the decay H — W*h through the contribution from the term of |ngphw_ %,
and the branching ratio can be 0.1% when mpg+ = 400 GeV.
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Chapter 9

One-loop calculations for decays of the
CP-odd Higgs boson

In this chapter, we discuss the decay rates of the CP-odd Higgs boson for various decay modes
in the 2HDMs. Decay branching ratios of the CP-odd Higgs boson are evaluated including
NLO EW corrections, as well as QCD corrections up to NNLO. We have newly implemented
them into the H-COUP program [45,46]. We comprehensively study the impacts of the NLO
EW corrections to the branching ratios in approximate alignment scenarios. We find that
the A — Zh decay modes can be dominant decay modes even in the case where deviation
in hZZ couplings is quite small and cannot be detected at the ILC. Thus, we can extract
the information on the mixing angle by studying the A — Zh decay mode at future collider
experiments. In addition, we find that the types of 2HDMs can be classified by studying the
decay pattern of the CP-odd Higgs boson even in the alignment scenario. In the alignment
scenario, it is difficult to distinguish the types of 2HDMs from the precision measurement of the
SM-like Higgs boson. Thus, the study of the CP-odd Higgs boson is quite useful to investigate
not only the approximate but also the exact alignment scenario.

9.1 Decay rates with higher-order corrections

9.1.1 Form factors for vertex functions of CP-odd Higgs boson
Aff vertex

The renormalized Af f vertex functions can be expressed as

i~ (2 2 2N 1S P "V N nA nA
FAff<p17p2>q )= FAff+ 75FAff_'_plFAlff’—i_%F;ff_‘_pl%FA}f+p275FAjff

T NPT
+p1p2FAff+p1p275FAff’ (9.1)

where p; (p2) is the incoming four-momentum of the fermion (anti-fermion), and ¢* (= p; + p2)
is the outgoing four-momentum of the CP-odd Higgs boson (see Fig. 9.1). The renormalized
form factors are composed of the tree-level part and the one-loop part as

I X tree X, loo o
Fi{ff - FAftf +FAff' p’ (X - S? P7 ‘/17 ‘/27 A17 A27 T; PT), (92)

where the one-loop parts are further decomposed into contributions from 1PI diagrams and
counterterms,

X,loop _ TX,1PI X
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Figure 9.1: Momentum assignment for the renormalized Aff vertex.

X,1PI
Aff
The tree-level couplings for Af f vertices are given by

The 1PI diagrams contributions I are given in Appendix.

P tree . mef X tree
FA;f :me, FAftf =0, (X#P). (9.4)

The counterterms for Aff vertices are given by

om o 0z oC 1

P T Ptree f f A A PT
5FAff_FAff {m—f—?_Cf5ﬁ+5ZV+T+<—f—<§+Cf)5ﬁ }, (9.5)
oT,7 =0, (X #P). (9.6)

The contributions of AZ and AG° mixing vanish due to the on-shell condition. The ampi-
tudes of AZ and AG® mixing are given by

- — 1 — ree
Mupix = — [HAG(m,%l) - mZHAZ(m,ZA)] mu(—pzﬁi’;f 50(=p1)
ﬁAG(m2 ) ~ ree
= _—Cfm?: U(_p2)ri’;f Vsv(—p1); (9.7)

where we have used the Slavnov-Taylor identity for AZ and AG® mixing in the last equality

2
~ ms -~
I 4c0(m?) + zm—fZ“HAZ(mi) = 0. (9.8)

Since II aco(m?%) = 0 by the on-shell renormalization condition, the contributions of AZ and
AGY mixing vanish in the decay amplitude.

When we neglect the effects of the CP violation, on-shell amplitudes are CP invariant. The
renormalized Aff vertex functions satisfy the following relations

_ " PAL A

"nS 1T %]
Dasp=T 0, T arp Uapp=Laip @

2 2
AfF Aff = AfF =D = mf)' (9.9)

AV ¢ vertex

The the renormalized AV ¢ vertex functions (V, ¢) = (Z, h/H) can be expressed as

fiw)(Ptha q) = (p1 + Q)”wa)(pf,pg, 7°), (9.10)

where p; and py denote the incoming four-momentum of the scalar boson ¢ and the gauge boson
V, respectively. The momentum ¢ (= p; + p2) is the outgoing four-momentum of the CP-odd
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Figure 9.2: Momentum assignment for the renormalized AV ¢ vertex.

Higgs boson (see Fig. 9.2). Since we here assume that the external gauge boson is on-shell, the
term proportional to p, vanishes due to the orthogonality of the polarization vector.
For the A — W*HT decays, we use the renormalized H*WT A vertex function,

A A

FZWiH:F (p17p27 Q) = Fl[iriwiA(CZavapl)
= —(q+ p)"Treweald®, 3. p1), (9.11)

where p; and p, denote the incoming four-momentum of the charged Higgs bosons H* and the
gauge boson W+, respectively. The momentum ¢ (= p; + p») is the outgoing four-momentum of
the CP-odd Higgs boson. The additional minus sign is needed due to the change of momentum
assignment.

The renormalized form factors are composed of the tree-level part and the one-loop part as

Pave = T4, + Tk, (9.12)

where the one-loop parts are further decomposed into contributions from 1PI diagrams and
counterterms,
1 1PI
vy = Dave + 0l avy. (9.13)
The 1PI diagrams contributions I'}ji}, are given in Appendix.
The tree-level couplings for AV ¢ vertices are given by

. .
[A%n = —ighaz = ZTZC,Bfm (9.14)
, m
T = —i9maz = —ZTZS,Bfm (9.15)
ree . .Mmw
aWwens = —i X (—gag=w=) = i (9.16)

The counterterms for AV ¢ vertices are given by

omz v 1

Ol azn = Pgezeh [W - 7 + 5((5Zh + 624 + 5ZZ)
Z

+tan (8 — a)(6C4 — 6C, — 68" T + (5aPT)} , (9.17)

om% v 1

(SFAZH:FZGZGH{ 3 —7+§((SZH+5ZA+(5ZZ)

2ms,
— cot (ﬁ—a)(5C’A+5C’h—(55PT+5o¢PT)], (9.18)
om? ) 1
5FAW3FH:‘: = FZ%IHi |:L12/V — —/U + —(5ZH:I: —f- 5ZA —|— 5ZW):| . (919)
2miy, v 2

137



9.1.2 Decay rates of A — ff

The decay rates of the CP-odd Higgs boson into a pair of fermions with NLO EW and QCD
corrections are given by

T(A—ff) :FLO(A—>JCJF)<17LA W+AQCD> +T(A— ffv), (9.20)

with the decay rate at LO

\/_G m m? m2
Fuo(d = £7) = NZGE g2 (20 ) (9.21)

where N/ is the color factor.
The EW correction Aéw is given by

V2

f o Pjtree ~Ploop* |
M = G e ThreG | - ar, (9.22)
with
Ploop __ 1~P,loop Aj,loop Az loop 2 2 2 PT loop
Garr =Vagr (F asr T Uags ) (6" = pi =Py —mp)ly
3m>
Ploop Aj,loop 2 . f PT loop
=D5F = 2mgl s —i—mA(l _m124>FAff : (9.23)

where we have used the relations in Eq. (9.9) in the last equality. The NLO EW corrections
include the IR divergences, and we regulate them by introducing the finite photon mass. In
order to remove the photon mass dependence, we add the decay rates of real photon emmision
A — ffv. The analytic expression of I'(A — ffv) is given in Appendix ??.

For the decays into a pair of light quarks, we apply the QCD corrections at NNLO in the
MS scheme. The QCD correction is given by

Alep = Dgg + D (9.24)

The correction A, in the limit of massless quarks is given by

Calw),, (173 4
Aqq_ - CF(4 —|—21Hm124

(1) \ 7 [10801 39 65 19 1
() [ 59 (559 % (5 - %),

~ O‘S;“)CF <% ;1 Z—i) + <O‘S7(T’“‘>) (35.94 — 1.36N;) (9.25)

The correction A, includes logarithms of the light-quark and top-quark masses. It is given by

Ay = (O‘S(“)> (3 83 + In i+—1 2 mg) (9.26)

™ m4y 6 m}

For the decay into the top-quark pair, the effects of the top-quark mass in the QCD correc-
tions are significant near the threshold region. On the other hand, dominant contributions in
ma > my is the logarithmic contribution, which appears in the MS scheme. In order to take
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into account both of the effects, we use interpolation for the corrections to A — ¢t as discussed
in Ref. []. The QCD correction in the on-shell scheme is given by

LB)
By 167

with 3, = AY2(m?2/m?, m?/m?%) and p, = (1 — B,)/(1+ ;). The function L(f,) is given by

Afep = O‘si“) Cp { (19 + 282 + 38 ) Inp, + 2(7 — Bf)} , (9.27)

L(B) = (1 + ?) [4Liz(pt) + 2Liy(—pt) + 31In p; In % +2Inp;In ﬁt}

- 3/875 In ]_—L/B? - 4-/875 In Bt, (928)

where Lis(x) is the dilog function.

9.1.3 Decay rates of A — V¢

The decay rate for the CP-odd Higgs boson decays into a Z boson and a h boson with NLO
EW corrections is given by

5 .
T(A — Zh) = Tro(A — Zh) |1+ GF”;,{& Re (rge;;ﬁ;;;) — Ar —Re H’ZZ(mQZ)] , (9.29)
Z~B—«
where
\/éGme)Z‘C2 m2 m?2
Tio(A — Zh) = Bays/2( Th 77 .
Lo(A = Zh) 167 m?’ mA (9-30)

The decay rate for the CP-odd Higgs boson decays into a Z boson and a H boson with
NLO EW corrections is given by

V2

D(A = ZH) =Tuo(A = ZH) |1+ o 5 Re (Fi{%l“ﬁ}‘}j) ~ Ar—Re ﬂ’ZZ(mQZ)] ,
Z°B—a
(9.31)
where
\/§G’Fm?452 m2, m>
Tio(A — ZH) = frays/2( ZH 07 ) 9.32
Lo(A = ) 167 m%’ m? ( )

The decay rate for the CP-odd Higgs boson decays into a W* boson and a H* boson with
NLO EW corrections is given by

V2

D(A— WEHT) = [1o(A - WEHT) [1+ =~ Re (r;;“g;_mrj;gim)

FMyy,
— Ar — Relllyy (m2) | +T(A = HEWTy), (9.33)
where
Io(A— WEHT) = %w? (”;zgi 7 ”T:L_%V) (9.34)
A A

The decay rates for A — H¥W ¥+ is given in Appendix ?7?.
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9.1.4 Decay rates of loop-induced decays A — v, Z7, gg
The decay rate of the CP-odd Higgs boson into a pair of photons is given by

2
T(A— vy) = Croenma > NIQik T (7y) (9.35)
128\/571’3 - cWfhvFLR\Uf)] .
where /{? = —2il;(; and 7; = m%/(4m7). The loop function I2(7;) is given by
]ﬁ(Tf) = —4m§00(0,0,mi;mf,mf,mf)
2
= —f(7y), (9.36)
Tf
with
arcsin®(y/7) (1 <1),
f(r) = 1{1 1+vVI—71 r > 1) (9.37)
——|In—————in T .
7 Y p—

The quark-loop contributions receive QCD corrections. At the NLO, the QCD correction can
be obtained in the MS scheme by replacing the quark-loop function I4(7,),

T (ry) = IA (%) {1 + O‘Sfr“) (o{‘m) + Ci(r) In 4;;;:2)} . (9.38)

The analytic expressions for QCD corrections are given by

6(1+ 6?) . . 128 . :
I7CP = — TEHET) [721414(0) + 96Liy(—0) — ?[ng(é’) — Liz(—6)]In@
2 1 1 2
+ —8L12(0) In? 64 + —6Li2(—9) In?0 + —In*6 + §g2 In?6 + 3—§3 In 6+ 12¢,
3 3 18 3 3
0 56 . 64 . . 32,
+ IR [ - ?ng(Q) - ?ng(—ﬁ) + 16Liz(0) In 6 + §L12(—0) In6
20 8 8
+ gln(l —0)In* 0 — nglne—i— 30
20(1+6) 4
——=1n"0 9.39
3163 (9:39)
2
TGyt = ~[f(r) = 7f(7)], (9.40)
with
Vi—71-1
0=0(r) = o (9.41)
N
The decay rate of the CP-odd Higgs boson into a Z boson and a photon is given by
2
\/§Gpoz§mm§4 m22 ’ A f.. 1A
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where

Jﬁ = — C’O(O,mQZ,mi;mf,mf,mf). (9.43)

The decay rate of the CP-odd Higgs boson into a pair of gluon is given by

(1) (1) as(1)\? o)
1+ D e

I'(A = gg) =T1o(A = g9) .

, (9.44)

where the decay rate at LO is given by

2

2G 2,,3
V2Grpaim}y 7 (9.45)

Z ﬁqAIJé(Tq)
q

with the loop function I2(7) defined in Eq. (9.36).
The NLO QCD correction ES) is given by

97 7 1 1 12 .
V=20 IN, (— — - f) In-— + AEY, (9.46)
AT TG 2 3 m? 4

where AES) is the corrections which vanishes in the heavy top-mass limit (2m; > ma). AES)
is composed of the virtural corrections, real gluon emmision and light-quark splitting diagrams,

AEY = AEA, + AEA + N;AEA . (9.47)
We do not implement AE;;Q and AE;}NT The analytic expression for virtual corrections is given
by
AFEL, = ca(r,) — 6, (9.48)
where
o a1 (B ) + B () ) 010
Cp =— e .
Zq /i?]?(TQ)
with
IABA = a_oe 48H (1,0, —1,—;60) +4In (1 — 0) In® § — 24(,Liy(0) — 24 In (1 — §) In 6
220 128 64
= 72(3In (1 = 0) = ==Lis(0) — —-Tia(—0) + 68Lio(0) In 0 + —~Lir(~0) In6
94 16 124
+ ?ln(l —0)In? 0% — S Gl + —G+ 31n20]

240(5 + 76?) 2460(5 + 116%) .
B R A e R

80(23 +416%) 1. .
3(1—0)3(1+6) Liz(6) + ng(—ﬁ)} Ing
46(5 + 2392) 320(1 + 92)

— Liy(#)In? 6 —

3(1—0)3(1+0) Lis(—6)1n” 0

3(1—03(1+90)
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0(5-136%) 4, 2000-170°) = 46(11 —436°)
) R T () R (R R
249(1-36%) 202 +116)
(1 _9)3(1+9)§"4+ 3(1— 0)3 In”6, (9.50)
IABf = 1) ~ 7 (). 051

The NNLO QCD correction Ef) in the heavy top-mass limit is given by

51950 363 495 473 11 m?
i
96 8 2
2
wa( 21 Cz 05 T3y T ey 2
206 6 3 12 m2
363 11 1 02
D0 N+ =N 2 L 52
* ( 16 4 12 ) g (9:52)

9.2 NLO EW corrections

9.2.1 Branching ratio

In this subsection, we examine the decay branching ratios of the CP-odd Higgs boson including
the higher-order corrections in the four types of 2HDMs. The qualitative behavior does not
change from those in LO while the size of higher-order corrections can reach several dozens
of percent. Therefore, we discuss their behavior and summarize the dominant decay modes
in each type of 2HDMs at first. Since BR(A — Zh) can become negative near sg_, = 1, we
include the contribution of the square of NLO amplitude. We discuss this point at the end of
this subsection. The magnitude of the higher-order corrections will be examined in the next
subsection.

Fig. 9.3 shows the BR(A — XY) including the higher-order corrections as a function of
tan 8. We have assumed the masses of additional Higgs bosons are degenerate and me = 300
GeV, where the CP-odd Higgs boson cannot decay into a pair of top-quarks. However, the
magnitude of the three-body decay width of A — #t* is not negotiable, and we include it at LO.
We have scanned M under the theoretical constraints and S, T" parameters, and M,z (Mpnin)
denotes the maximum (minimum) value of M. In order to discuss the theoretical behavior of
NLO EW corrections, we dare to omit the constraint from the direct and indirect search and
flavor experiment. The results in the Type-I, I, X and Y 2HDMs are shown from the first to
fourth columns in order. The results in the alignment limit are shown in the first row, while
those in the approximate alignment scenario with cg_, < 0 and cg_, > Oare shown in the
second and third row, respectively.

In the alignment limit, the CP-odd Higgs boson mainly decays into a pair of fermions and
gluons. In the Type-I1 2HDM, x; = cot § and the partial decay widths of A — f f monotonically
decrease as tan [ increases. In addition, the loop-induced A — gg decay also monotonically de-
creases since the fermion loops, especially the top-quark loop, give the dominant contributions.
Thus, the decay branching ratios are almost constant in the Type-I 2HDM. On the other hand,
there is tan 8 enhancement in either or both decays into a pair of down-type quarks and leptons
in the other types of 2HDMs. In the Type-II 2HDM, both A — bb and A — 77 decays can be
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Figure 9.3: BR(A — XY) as a function of tan 8 in the alignment limit sz_, = 1 (first row)
and in the approximate alignment case sg_, = 0.995 with c¢s_, < 0 (second row) and cz_, > 0
(third row) including the higher-order EW and QCD corrections. Masses of the additional
Higgs bosons are degenerate and taken as mg = 300 GeV. Each decay mode is specified by
color as given in the legend. Solid and dashed lines correspond to the results with M = M.,
and My, respectively, where M.y (Mpin) is the maximum (minimum) value of M under the
theoretical constraints.

dominant with large tan 3, while the A — 77 decay and the A — bb decay can be dominant in
the Type-X and Y, respectively.

In the approximate alignment case, the CP-odd Higgs boson can decay into the Z boson and
the SM-like Higgs boson. Since the tree-level hAZ vertex is independent of tan 3, the partial
decay width of A — hZ is almost constant in all types of 2HDMs. In the Type-I 2HDM, the
other decay modes are monotonically decreased as tan f becomes large, and A — Zh is the
dominant decay mode despite the tree-level vertex being small in the approximate alignment
case. In the other types of 2HDMs, the A — bb or A — 77 decays are enhanced with large tan 3,
but the size of the decay branching ratio of A — Zh is still several percent with tan 8 = 10.

Fig. 9.4 shows the BR(A — XY) with me = 600 GeV, where the CP-odd Higgs boson
can decay into a pair of top-quarks. While the A — ¢t decay mode monotonically decreases
as tan 8 becomes large, it is the dominant decay mode for all of the types of 2HDMs due to
the large Yukawa coupling of the top quark. In the alignment limit, the CP-odd Higgs boson
mainly decays into a pair of fermions. In the Type-I 2HDM, the A — ¢t decay is dominant,
and the decay branching ratios are almost constant as similar to the case with me = 300 GeV.
In the Type-1I 2HDM, both A — bb and A — 77 decays are enhanced with large tan 3, and
they are competitive with the A — ¢t decay. In the Type-X and Y 2HDM, the A — 77 decay
and the A — bb decay is enhanced, respectively and they are also competitive with the A — ¢t
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Figure 9.4: BR(A — XYVY) as a function of tan 5 in the alignment limit sz, = 1 (first row)
and in the approximate alignment case sg_, = 0.995 with c¢s_, < 0 (second row) and cz_, > 0
(third row) including the higher-order EW and QCD corrections. Masses of the additional
Higgs bosons are degenerate and taken as mg = 600 GeV. Each decay mode is specified by
color as given in the legend. Solid and dashed lines correspond to the results with M = M.«
and My, respectively, where M.y (Mpin) is the maximum (minimum) value of M under the
theoretical constraints. The shaded regions are excluded by the theoretical constraints.

decay.

In the approximate alignment case with sz_, = 0.995 and m¢ = 600 GeV, the unitarity and
vacuum stability bounds exclude the shaded regions. In the case with cg_, < 0, the A — tt
decay is dominant in all of 2HDMSs since the possible value of the tan 8 is not enough large. On
the other hand, in the case with cg_, < 0, there are parameter regions with large tan 3, where
A — Zh also becomes the dominant decay mode.

As we have mentioned, the partial decay width and the decay branching ratio for A — Zh
can be negative if we truncate the perturbation up to NLO. Fig. 9.5 shows the BR(A — Zh)
including the higher-order corrections with tan =2 (red), 3 (blue), 5 (green). We assume the
masses of additional Higgs bosons are degenerate and mg = 300 GeV. The left and right panels
correspond to the results in the Type-I and Type-1I 2HDMs, respectively. We can see that NLO
EW corrections modify the BR(A — Zh) sizably especially with small tan 3. Since we have
truncated the square of NLO amplitude, which corresponds to the two-loop order, the decay
branching ratio becomes negative near sz_, ~ 1. The LO amplitude is proportional to cs_q,
and it vanishes with the alignment limit. This is because the unphysical result near sg_, ~ 1,
where the LO contribution is smaller than the NLO corrections.

This problem can be solved by including the square of NLO amplitude. For the A — Zh
decay, we have no infrared divergence in the NLO amplitude, and we can safely include the
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Figure 9.5: BR(A — Zh) including the higher-order corrections with mge = 300 GeV, and
tan §=2 (red), 3 (blue), 5 (green). The figures in the left column show the results with NLO
EW corrections, while those in the right column show the results with partial NNLO EW
corrections. The first (second) row shows the results in the Type-I (Type-I1I) 2HDM. We
take masses of additional Higgs bosons are degenerate. M, 4. (M) denotes the maximum
(minimum) value of M satisfying the theoretical constraints and S, 7" parameters.

square of NLO amplitude. The plots in the second row of Fig. 9.5 show the BR(A — Zh)
including the partial NNLO corrections. We can see that the decay branching ratio takes
positive values even at sz_, >~ 1, and it gives a physically meaningful result.

Since the square of NLO amplitude corresponds to the NNLO, we should include the contri-
bution from the LO amplitude times two-loop amplitude. In the alignment limit, this contribu-
tion vanishes due to the multiplication of the LO amplitude, and we expect that the two-loop
diagram contribution is sub-leading even in the approximate alignment case up to NNLO.

9.2.2 Total decay width

In this subsection, we discuss the total decay width of the CP-odd Higgs boson including the
higher-order corrections in the four types of 2HDMs. As similar to the decay branching ratio,
the qualitative behavior does not change from those in LO.

Fig. 9.6 shows the total decay width of the CP-odd Higgs boson including the higher-order
corrections as a function of tan 8. We have assumed the masses of additional Higgs bosons are
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Figure 9.6: BR(A — Zh) including the higher-order corrections with mge = 300 GeV, and
tan f=2 (red), 3 (blue), 5 (green). The figures in the left column show the results with NLO
EW corrections, while those in the right column show the results with partial NNLO EW
corrections. The first (second) row shows the results in the Type-I (Type-I1I) 2HDM. We
take masses of additional Higgs bosons are degenerate. M4 (Mpnin) denotes the maximum
(minimum) value of M satisfying the theoretical constraints and S, 7" parameters.

degenerate, and the red and blue lines correspond to mge = 300 and 600 GeV, respectively. As
similar to the Figs. 9.3 and 9.4, we have scanned M under the theoretical constraints and S, T’
parameters.

In the Type-I 2HDM with the alignment limit, the total decay width monotonically decreases
as tan 3 becomes large because the partial decay widths of A — ff and A — gg are proportional
to cot? 3. On the other hand, the total decay width increases as tan 3 becomes large since either
or both A — bb and A — 77 decays are enhanced in the other types of 2HDMs, especially with
me = 300 GeV. Above the top-quark thresholds, the A — tt decay becomes the dominant decay
mode, and we cannot see the sizable enhancement in the total decay width below tan § = 10.

In the Type-I 2HDM with the approximate alignment, the total decay width behaves as
almost constant, since the dominant A — Zh decay process is independent of tan 5 at the LO.
In the other types of 2HDMs, the A — bb or A — 77 decays are enhanced as tan S becomes
large, and they increase the total decay width. Above the top-quark thresholds, the A — ¢t
decay becomes the dominant decay mode, and the behaviors are almost the same as those in
the alignment limit. Since the unitarity and vacuum stability bounds exclude the parameter
regions as shown in Fig. 9.4, the lines with mg = 600 GeV are terminated in a middle way.
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Figure 9.7: Size of NLO EW corrections to the partial decay widths of the CP-odd Higgs boson
with sg_, = 1 and tan =1 (red), 3 (blue), 10 (green). Masses of additional Higgs bosons are
degenerate, mg¢ = my+ = my = my. Mpaz(Mpin) denotes the maximum (minimum) value of
M satistying the theoretical constraints and S, T" parameters.

9.2.3 Impact of NLO EW corrections to the decay rates

In this subsection, we examine the impact of NLO EW corrections on the decay rates of the CP-
odd Higgs boson in the Type-I and Type-I1 2HDMs. We do not show the results in the Type-X
and Type-Y 2HDMs since they are almost similar to those in the Type-I or Type-I1 2HDMs.
We introduce the following quantity to describe the magnitudes of NLO EW corrections.

FNLO EW(A — XY) B
Tro(A — XY) ’

where I'npo gw(A — XY') corresponds to the decay rates without QCD corrections. For the
calculation of decay rates at LO I'™°, we employ the quark pole masses, not the running masses.
We evaluate Agw(A — XY) in both the alignment limit, and the approximately alignment
scenario, sg_, = 0.995. For each scenario, we take tan 8 as tan 8 = 1,3, and 10. We scan M
in the region of 0 < M < 1500 GeV.

Fig. 9.7 shows the NLO EW corrections to the partial decay widths of the CP-odd Higgs
boson as a function of the masses of additional Higgs bosons with sg_, = 1. The red, blue, and
green colored regions correspond to tan f=1, 3, and 10, respectively. We assume the masses of
additional Higgs bosons are degenerate. The solid and dashed lines correspond to the results
with maximum and minimum values of M under the constraints, respectively.

The behavior of the NLO EW corrections on the A — f f decays is almost the same except
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for the A — tt decay. For the decay into light fermions, there is the threshold effect of top-quark
loop diagrams in the two-point function of the neutral Higgs bosons. On the other hand, the
1PI diagrams in Att vertex also show characteristic behavior at me ~ 2m; and this cause the
different behavior on the A — ¢t decay. We note that the NLO EW corrections do not decouple
even if mg is sufficiently large since the decoupling theorem [34] is not applicable.

In the case with tan f = 1, there is additional kinks at me ~ 600 GeV. This corresponds to
the points where the values of M change from zero to non-zero due to the perturbative unitarity.
At this point, the scalar couplings take maximal value under the constraints especially from
perturbative unitarity, and the non-decoupling effects of Higgs boson’s loops become dominant.
The magnitude of the non-decoupling effects reaches 20% for A — bb and A — 77, while it is
below 5% for A — tt.

For the case with tan 8 = 3 and 10, M is almost degenerate with mge due to the strict theo-
retical constraints. However, we have several percent deviations, and the corrections, especially
on A — bb and A — 77, become large when the additional Higgs bosons become heavy. We
can also see the sizable negative corrections on the total decay width in the Type-II 2HDM,
which mainly come from the A — bb and 77 decays.

Fig. 9.8 shows the results with sz_, = 0.995 and c3_, < 0 as a function of mg. Since
the deviation from the alignment limit is small, the qualitative behavior of the NLO EW
corrections on the A — f f decays is almost unchanged. The main differences between the case
with sg_o, = 1 and sg_, # 1 are upper bound on the masses of the additional Higgs bosons and
the A — Zh decay. Since we cannot take the decoupling limit keeping sz_, # 1, the masses
of the additional Higgs bosons should be below 1 TeV with sg_, = 0.995 and tan 8 = 1 under
the theoretical constraints, especially perturbative unitarity.

In the A — Zh decay, there are two kinks at mg ~ 200 GeV and 350 GeV. The first one
corresponds to the threshold effect of Zh, and the second one corresponds to those of top-quark.
Near the top-quark threshold, the magnitude of the NLO EW correction is above 50%, while
it decreases as mg becomes large. The behavior of the NLO EW correction to the total decay
width is mainly determined by the A — tt and A — Zh decays. When tan 3 ~ 1, the A — tt
decay is the main decay mode, and it determines the shape of the NLO EW correction above
the top-quark threshold. Below the top-quark threshold with tang ~ 1, the A — Zh decay
is the main decay mode, and NLO EW correction increases the total decay width about 10%.
When tan g > 1, the A — tt decay is suppressed, and the A — Zh decay is dominant, while
A — bb and A — 77 also contribute in the Type-II, X and Y 2HDMs.

Fig. 9.9 shows the results with sg_, = 0.995 and c3_, > 0 as a function of mg. The main
differences between the case with cz_, > 0 are the possible value of tan 5 and the sign of the
NLO EW corrections to the A — Zh decay. The allowed regions for tan 8 = 10 are broader
than those for tan 5 = 3, and the corrections Agw for tan 5 = 10 can be larger compared
with cg_, < 0. In addition, the sign of the NLO EW corrections to the A — Zh decay is
opposite to those with cs_, < 0, and higher-order corrections decrease the partial decay width.
The behavior of the NLO EW correction to the total decay width is mainly determined by the
A — tt and A — Zh decays as similar to the case with cz_, < 0.

9.3 Decay pattern of the CP-odd Higgs boson in the
approximate alignment scenario

In this section, we discuss the decay pattern of the CP-odd Higgs boson in the approximate
alignment scenario under the current experimental constraints. In addition to the theoretical
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Figure 9.8: Size of NLO corrections for the decay widths of the CP-odd Higgs boson with
Sg—a = 0.995, cs_o < 0 and tan =1 (red), 3 (blue), 10 (green).

constraints and the S, T parameters, we take into account the constraint from the direct search
for the additional Higgs bosons decay into a pair of fermions, Higgs signal strength, and flavor
experiments. Although there are constraints from the direct search for A — Zh and H — hh
decays at the LHC, they are quite sensitive to the value of sg_, and the excluded region would
be changed when we include the higher-order corrections. Therefore, we dare to omit the
constraint from the Higgs-to-Higgs decay modes in this thesis. We will study how the higher-
order corrections modify the constraint from the direct search for the additional Higgs bosons
elsewhere.
We consider two distinct scenarios for the mass of the CP-odd Higgs boson,

Scenario A: my = 300 GeV, (9.54)
Scenario B:  my4 = 800 GeV, (9.55)

For scenario A, the Type IT and Y 2HDMs are already excluded by the flavor constraints (see,
e.g, Ref. [65]). They impose my+ > 800 GeV, and a large mass difference between A and H*
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Figure 9.9: Size of NLO corrections for the decay widths of the CP-odd Higgs boson with
Sg—a = 0.995, ¢s_o > 0 and tan =1 (red), 3 (blue), 10 (green).

leads breakdown of perturbative unitarity. For scenario B, we examine all the types of 2HDMs.

In order to avoid constraint from the 7" parameter, we assume the mass of the CP-odd and
charged Higgs bosons are degenerate as my = mpy+. If the CP-even or charged Higgs bosons
are lighter than the CP-odd Higgs boson, the A — ZH or A — W*HT decays are open. The
tree-level AHZ and AHTWT vertices do not vanish even in the alignment limit, and these
decay modes can be dominant if there is a sizable mass difference. They drastically change the
decay pattern of the CP-odd Higgs boson, and we also need to take into account the constraints
from the additional Higgs-to-Higgs decay searches. Therefore, we focus on the scenario where
the CP-odd Higgs boson is the lightest additional Higgs boson and clarify the phenomenological
impact of a small deviation from the alignment limit.

The mass of the heavier CP-even Higgs bosons are scanned as following in both of the
scenario,

my < mpg < my + 500 GeV. (9.56)
The remaining parameters are scanned for both the scenarios as
0.995 < sp_o <1, 2<tanf <10, 0< M <my +500GeV, (9.57)

considering both cases of cz_, < 0 and cg_, > 0. For the lower bound of tan 3, we take into
account the constraint from By — pp for scenario A [65]. In addition, tan f < 2 is excluded
by the direct search for the A — tt and H* — tb decay mode.

We exclude the parameter points that are not consistent with the current measurement of
the Higgs signal strength at the LHC in Ref. [21]. We evaluate the decay rates for h including
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Figure 9.10: Decay branching ratios for the CP-odd Higgs boson as a function of Axz(= kz—1)
in scenario A. The color differences correspond to the value of tan 3. Predictions on the Type-I
(Type-X) are shown in the first and third columns (the second and fourth columns).

the NLO EW and NNLO QCD corrections by using H-COUP v2 [46]. We define the scaling
factors at the one-loop level,

T2HDM(h - XY)
e \/ TSV = XY) (9-58)

We remove the parameter point, where the scaling factors for XY = bb, 77, v, g9, ZZ* deviate
from the values presented in Table 11 (a) of Ref. [21] at 95 % CL.

Fig. 9.10 shows the branching ratios of the CP-odd Higgs boson including the NLO EW
corrections in Type-I and Type-X 2HDMs for scenario A as a function of Axy. The color
differences correspond to the value of tan 5. For BR(A — ¢t*), the size of the branching ratio
reaches about 10% with small tan 8 despite the phase space suppression of the three-body decay.
Since the tree-level top Yukawa coupling is proportional to cot 5, BR(A — tt*) becomes small
with large tan 3, especially in the Type-X 2HDM. In the Type-1 2HDM with the alignment limit,
the LO amplitude of A — Zh vanishes, and other decay modes also monotonically decrease as
tan 5 becomes large. Therefore, BR(A — tt*) can be about 10% even with large tan 8 near
Akz = 0. Since the tree-level bottom Yukawa coupling is also proportional to cot S both in
the Type-I and X 2HDMs, BR(A — bb) shows almost the same behavior as in BR(A — t*).

For BR(A — 77), the size of the branching ratio reaches a few percent in the Type-1 2HDM,
while that in the Type-X 2HDM reaches almost 100% with large tan 8 and Akyz ~ 0. Since
the tree-level tau Yukawa coupling is proportional to tan £ in the Type-X 2HDM, BR(A — 77)
enhances with large tan /3, while both BR(A — tt*) and BR(A — bb) are suppressed. In
addition, BR(A — Zh) is also suppressed due to the small tree-level coupling. Therefore,
BR(A — 77) can be dominant in the near alignment limit with large tan .

For BR(A — Zh), the size of the branching ratio reaches almost 100% percent both in the
Type-1 and X 2HDM, especially in the region with Axz # 0. We note that BR(A — Zh) can
reach about 100% even with Axz < 0.6, where we cannot observe the deviation in the hZZ
coupling at the ILC. In this sense, the A — Zh decay is useful to investigate whether sz_, =1
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Figure 9.11: Decay branching ratios for the CP-odd Higgs boson as a function of Axz(= kz—1)
in scenario B. The color differences correspond to the value of tan 5. Predictions on the Type-I,
IT, X and Y are shown from the left to right pannels in order.

or not.

Fig. 9.11 shows the branching ratios of the CP-odd Higgs boson including the NLO EW
corrections in the Type-I, II, X, and Type-X 2HDMs for scenario B as a function of Axz;. The
color codes are the same as those in Fig. 9.10. In the Type-11, X, and Y 2HDMs, |Axz| 2 10%
is excluded by the constraint from the Higgs signal measurements. In the Type-I 2HDM, we
can take large tan § with sizable Axz, while such parameter regions are already excluded in
the Type-II, X, and Y 2HDMs.

For BR(A — tt), the size of the branching ratio reaches about 100% with small tan § inde-
pendently of the types of 2HDMs. When tan § becomes large, the A — tt decay is suppressed
by cot 5. However, the size of the branching ratio is several dozens percent even with tan 8 = 10
for all types of the 2HDMs.

For BR(A — bb), the size of the branching ratio is below a per-mill order in the Type-I and
X 2HDMs, while that in the Type-X 2HDM reaches almost 60% with large tan 8 and Ary ~ 0.
Since the tree-level bottom Yukawa coupling is proportional to tan 8 in the Type-II and Y
2HDMs, BR(A — bb) enhances with large tan .

For BR(A — 77), the size of the branching ratio is below a per-mill order in the Type-
I and Y 2HDMs, while that in the Type-II and X 2HDMs reaches almost 10% and 30%,
respectively, with large tan 8 and Axyz ~ 0. This is because the tree-level tau Yukawa coupling
is proportional to tan 5 in the Type-IT and X 2HDMs. In the Type-I1 2HDM, both BR(A — bb)
and BR(A — 77) are enhanced, while only BR(A — 77) is enhanced in the Type-X 2HDM.

For BR(A — Zh), the size of the branching ratio reaches almost 100% percent in the Type-I
2HDM, especially in the region with Ary # 0. In the Type-11, X, and Y 2HDMs, BR(A — Zh)
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reaches several dozen percent even with Ak < 0.6. Therefore, the A — Zh decay is still useful
to investigate the approximate alignment case with relatively heavy additional Higgs bosons.

Fig. 9.11 shows the correlation between BR(A — 77) and BR(A — bb) in the Type-I, II,
X and Y 2HDMs for scenario B. As we have seen, the decay pattern of the CP-odd Higgs
boson mainly depends on the value of tan 8. In the Type-I 2HDM, both BR(A — 77) and
BR(A — bb) become small, while both of them can take several dozen percent in the Type-
IT 2HDM. In the Type-X and Y 2HDM, only BR(A — 77) and BR(A — bb) becomes large,
respectively. Therefore, we can distinguish the types of the Yukawa interactions by examing the
decay pattern of the CP-odd Higgs boson. We would like to emphasize that discrimination via
CP-odd Higgs measurements can work even in the approximate alignment case, as Fig. 9.11.
Thus, in the case with no deviation in the SM-like Higgs boson couplings, the study of the
CP-odd Higgs boson becomes important to reveal the nature of the 2HDMs.
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Chapter 10

Higgs alignment from the twisted
custodial symmetry at higher energy

In this chapter, we propose a new scenario of the 2HDM, where the current experimental data
for the electroweak rho parameter and those for the Higgs boson couplings can be simultaneously
explained as a consequence of the global symmetry in the Higgs potential at a high energy scale.
In this scenario, the 2HDM is supposed to be a low energy effective theory up to a high energy
scale A, above which a fundamental theory should appear. We assume that the Higgs potential
respects a global symmetry at A, which is to be given as a consequence of the global symmetry
structure of the fundamental theory. By the analysis using one-loop renormalization group
equations, we find that the above experimental data can be explained in a natural way even
when the masses of the extra Higgs bosons are near the electroweak scale. In this scenario, we
have the characteristic predictions on the mass spectrum of the additional Higgs bosons and the
SM-like Higgs boson couplings, and this scenario can be tested at future collider experiments.

10.1 Two Higgs doublet models and the twisted custo-
dial symmetry

In this section, we discuss the twisted custodial symmetry in the 2HDM.

10.1.1 2HDMs with the softly-broken Z,; symmetry

In the softly-broken Z, symmetric scenario, the Higgs potential is given by
V (1, Do) = m3 ®]d; + m2,dhds — (mi, @10y + hec.)
1 1
+ 5)\1(@@1)2 + 5)\2(‘1’5‘1’2)2 + Ag(D] 1) (DIDy) + Ay (0] D,) (D5 Dy)
1
2

where m?2,, m3, and \;_4 are real parameters while m?2, and s are complex in general. In the
following, we analyze CP conserving Higgs sector. This additional assumption is required when
we consider the custodial symmetric Higgs sector as we discuss later.

It is useful to work in the Higgs basis [80] to study the SM like limit in the 2HDM;

Hy '\ _ cos S sinf o
(H;)_<—Sinﬂ cosﬁ><c1>;>’ (10.2)
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where the mixing angle is defined by tan 8 = ve/v; (0 < < 7/2), and v; (i = 1,2) are the
vacuum expectation values (VEVSs) of the neutral component of doublets in the Z, basis given
in Eq. (10.1); (®?%|®%) = v;/v/2. In the Higgs basis, only one of the Higgs doublets, H;, has the
VEV, v = \/v} + 03 = (v/2GF)Y/? ~ 246 GeV where G is Fermi constant. We parameterize
the doublets by

G H*

In this basis, the Higgs potential can be expressed as
V(Hy, Hy) = YPH{Hy + Y7 H Hy — Y (H{ Hy + H}H))
1 1
+ §Zl(HIHl)2 + §ZQ(H§H2)2 + Zs(H{ Hy)(H} Hy) + Z4(H{ Hp)(HJ Hy)

1
n {525(11}112)2 + [ZGHIH1 + Z7H§H2] HiH, + h.c.} , (10.4)

2.

;; and A;. The stationary conditions are given by

where Y;? and Z; are functions of m

1 1
Y2 = —Ezﬂﬂ, Yy = 526& (10.5)

We note that not all of the parameters in the Higgs basis are independent in the softly-broken
Z5 conserving scenario.
The mass matrices of charged state and CP-odd state are diagonalized in the Higgs basis,

1 1

mps = Y2+ 5231;2 = M? — 5()\4 + As)v?, (10.6)
1

ma :}32+§(Z3+Z4—Z5)U2 :M2—>\5’U2, (107)

where we have introduced softly Zy breaking scale M = mjs/+/sin §cos f. The mass matrix
for the CP-even states is not diagonarazed in the Higgs basis,

1 hl _1 Z1U2 Z(;'U2 hl
3 Chima )t () =5 () (7o By Y1) o

and we need further rotation to obtain CP-even mass eigenstates h and H,

()= (i ) (). 0o

The squared masses of the CP-even Higgs bosons and the mixing angle 5 — « are given by

m3; = cos® (B — a) M3, +sin? (8 — a) M3, —sin2(f — a) M3, (10.10)

m; = sin® (B — @) M3, + cos® (B — a) M3, +sin 2(3 — a) M, (10.11)
—2M3,

20— a) = —5——5. 10.12

tan2(f — «) M, — M, (10.12)

We use the convention where sin (5 — «) is always positive, i.e., 0 < f—a < 7, and cos (§ — «)
has the opposite sign from Zs [81]. In this paper, we identify h as the discovered Higgs boson
h(125), and all additional scalar bosons are assumed to be heavier than h(125).
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10.1.2 Alignment limit

In the mass eigenstate, the interaction terms among the gauge bosons and the CP-even scalars
are given by,

2 2
Lint = [sin (8 — a)h + cos (8 — a)H] (nz]—WWJ““W; + %Z“Z,O . (10.13)

The Yukawa interaction terms among the fermions and the CP-even scalars are given by
= — DLl fin+ T rH) 10.14
Eznt f;le v ghff +£Hff ) ( O )

where

¢l =sin (B —a) + & cos (B — a), (10.15)
&fy = cos (B —a) = & sin (8 — ), (10.16)

and &; is the Type dependent parameter given in Table 3.1. When sin (5 — a) = 1, the couplings
of h with various SM particles become SM like. We call this SM-like limit, sin (8 — «) = 1, as
the alignment limit in this paper.

The alignment limit can be achieved in different two ways [33,156,212]; (i) decoupling of
additional Higgs bosons, and (ii) alignment without decoupling.

In the scenario (i), we take the decoupling limit: M? > f(\;)v?. Then, we have

—2760?
tan2(f — a) ~ ]\;:

where we have used that Zg does not depend on the M. Eq. (10.17) implies sin (6 — o) = 1,
and the couplings of h become SM like. In this scenario, masses of the additional Higgs bosons
are close to M, and they are decoupled from the electroweak physics.

In scenario (ii), the off-diagonal component of the mass matrix for CP-even state is equal
to zero;

~ 0, (10.17)

1
Zg = —3 sin 28 A1 cos® 8 — Aasin® B — Agy5 cos 23] = 0, (10.18)

where we have used abbreviation Agys = A3 + Ay + A5. In this scenario, the additional Higgs
bosons need not be decoupled, and masses of these particles can be taken around the electroweak
scale. Therefore, this scenario is testable in current and future experiments [110,200]. The
simple realization of the condition in Eq. (10.18) is taking the natural alignment conditions [213],

/\1 = )\2 = )\345, (1019)

where the alignment is realized independently of the value of tan3. We will see that the
conditions in Eq. (10.19) are derived from the twisted custodial symmetry [214].

10.1.3 The oblique parameters

The effect of new physics on the electroweak precision observables can be parameterized in
terms of the oblique parameters, S, T and U [63,64]. In the 2HDM, the oblique parameters are
modified from those in the SM due to the additional Higgs boson loop contritions and modified
SM-like Higgs boson couplings.
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Among these oblique parameters, the T parameter is related to the rho parameter as p =
1+ aenT, and it is sensitive for the mass squared differences of the Higgs bosons. When we
decompose the T parameter into the SM contribution Tsy; and the new physics effects AT, AT
is given by [215-218]

1

1672 (v, V2

AT { P+ s [P ) = Pl )]

G [P, miye) = F(md, m3)| + 3¢, [Fmdy, m%) — F(m3, mé,)]

+ 3530 [Fmi, m3) = F(mi,miy)| = 8[Fmd_m3) = F(mi_ miy)] } (10.20)
where we have used abbreviation of sz_, = sin (8 — «) and ¢g_, = cos (8 — a). The function
F(z,y) is defined by
Tr+y Ty T

In — 10.21
- (10.21)

F(z,y) =

and F(z,z) = 0. If one of the following relations (A, B or C) is satisfied, the loop corrections
due to the additional Higgs bosons are canceled, and AT becomes small;

(A): ma =mpgs, (10.22)
(B): mpg =mpy+ and sin(f —a) =1, (10.23)
(C): my =mpy+ and cos(f —a) = 1. (10.24)

The possible value of AT is strictly constrained by the electroweak precision data [65,219],
and we expect that one of the above conditions is realized at the electroweak scale at least
approximately. We will see that those conditions can be derived as a consequence of the
custodial symmetry in the Higgs potential, and we can understand the smallness of AT in
terms of the global symmetry structure of the Higgs potential.

10.1.4 Twisted custodial symmetry in the 2HDMs

We introduce bi-doublet fields [59] to study the structure of the Higgs potential especially for
the SU(2), x SU(2)g global symmetry.

where oy is the second matrix of the Pauli matrices o, (¢ = 1,2,3). These bi-doublet fields
transform under the local gauge transformation as follows,

SU2)r : M; — exp{ligag(x)7,]} M;, U(l)y : M; — M;exp{[—ig'Y ay(x)os]},  (10.26)
where 7, = 0,/2. We note that we may also use the following bi-doublets,
M; P = M; exp{[—ixos]} = Mdiag(e™™,eX), with 0 < y < 27. (10.27)

to construct the gauge-invariant Higgs potential since the U(1)y transformation of bi-doublet
fields commutes with P.

In the Higgs basis, we defined H; such that the VEV of this field is real and positive.
Therefore we consider M; and M) = M,P as building blocks of the Higgs potential. The
SU(2)r, x SU(2)g transformation of M; and M is given by

M, — LMR', M} — LM}R', (10.28)
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where L € SU(2)r, R € SU(2)r. We can construct four SU(2);, x U(1)y invariants as

Te(M] M) = 2|H, |, (10.29)
Tr(M'IMS) = 2|H, (10.30)
Tr(M]M}) = eXH|H, + e X H} H,, (10.31)
Tr(M] M}os) = eXH] Hy — e X HJ Hj, (10.32)

where Tr(M] M), Te(M'SM}) and Tr(M] M) are hermitian and SU(2), x SU(2)g invariant.
On the other hand, Tr(M]Mjos) is anti-hermitian and does not respect SU(2), x SU(2)x
symmetry.

The Higgs potential can be rewritten in terms of these invariants as

1 1 |
V(My, M) = §Y12Tr(MfMl) + §Y22Tr(M’§M£) — Re(Yie ™) Tr(M{Mj)
1 1
+ =2, T (M M) + 322 T2 (M5 ML) + 1 Zs Tr( M M,)Tr(M'3M})

+ ~[Zy + Re(Zse 2)| Te?(M] M)

| — =] —0o|

[Re(Zge™X) Tr(M] M,) + Re(Zze~™) Tr(M'S MS)| Tr(M] M)

1 ,
- 12— Re(Zse 2| Tr? (M Mjos)

T3

— i Im(Y2e ™) Tr(M] M}os)
+ %Im(Z5e_2iX) Te(MI M) Te(M] Mios)
+ %[Im(zﬁe—iX) Tr(M{M,) + Im(Zze™™) Te(M'S M) Tre(M{ Mios).  (10.33)

As we mentioned, Zg and Z; are expressed in terms of the other Z;_5 and tan 8 in the softly-
broken Z, scenario.
If we assume the global SU(2);, x SU(2)g symmetry, we obtain

Im(Yie ™X) = Im(Zse *X) = Im(Zge ™) = Im(Zze” ™) = 0, (10.34)
Zy = Re(Zse2X). (10.35)
In order to satisfy Eqgs. (10.34) and (10.35), CP invariance is required in the Higgs potential

[220]. When the Higgs potential is CP invariant, ;> and Z; are real, and we have
Zy= Uy for x=0,m, (10.36)

or

Zy=—Zs and Yi=Z4=2;=0 for x=m/2, 31/2. (10.37)

where we have used Eq. (10.34) to derive the second conditions of Eq. (10.37). These conditions
can be expressed in terms of the parameters in Eq. (10.1), respectively,
A = A5, for y=0,m, (10.38)
or

)\4 = —)\5, )\1 = )\2 = )\3 for X = 71'/2, 37'('/2 (1039)

The former case shown in Eq. (10.38) corresponds to the usual realization of the custodial
symmetry (ms = mpy+) introduced in Ref. [211], and the latter case in Eq. (10.39) is so-called
the twisted custodial symmetry [214].
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In the twisted-custodial symmetric scenario, the Higgs potential is given by

1
V(Hy, Hy) = Y2HIH, + Y?HIH, + 5ZS([ﬂH1 + HIH,)? — Z,g(H{Hy, — HYHy)?,  (10.40)

where we have introduced Zg = 21 = Zy = Z3 and Z,5 = Z4 = —Z5. Masses of the physical
Higgs bosons are expressed by

m; = Zgv®. (10.41)

1
mi. =m% = M? =Y, + 5251;2. (10.42)
m% = M? + Zv% (10.43)

We note that all scalars are simultaneously diagonalized in the Higgs basis, and we do not need
additional rotation for the CP even states (sin (8 — «) = 1). As we discussed in the previous
subsection, AT becomes small when A is degenerate with H* or when H is degenerate with
H?* in the alignment limit. These conditions are naturally realized when the Higgs potential
respects the custodial symmetry.

As it is pointed out in Ref. [220], the CP quantum numbers of H and A cannot be determined
only from the Higgs potential when Zg = Z; = 0. If neutral Higgs-fermion interactions are CP
conserving, as the case we are considering, we can determine such that H is the CP-even and
A is the CP-odd. In the scenario of the twisted custodial symmetry defined in Eq. (10.37),
H?* is degenerated with the CP-even scalar H and this scenario is different from Case II in
Ref. [211] where H should be regarded as the CP-odd state. Therefore, we can treat tan /3 as
a free parameter differently from Case II where tan § = 1 is required.

As it is well known that Yukawa coupling constants and the U(1)y gauge coupling ¢’ violate
the custodial symmetry, so that this global symmetry is not the symmetry of the whole 2HDM
Lagrangian. Therefore, the relations among the Higgs quartic couplings given in Eq. (10.39)
are broken under the renormalization group evolution. Although we can explain the observed
data of AT and aligned Higgs boson couplings by the twisted custodial symmetry in the Higgs
potential, those violations indicate the peculiarity of the scenario where Higgs potential exactly
respects twisted custodial symmetry at the electroweak scale. In the following section, we
investigate the possibility of the approximate realization of the twisted-custodial symmetry at
the electroweak scale, starting from a twisted-custodial symmetric theory at high scale A.

10.2 Boundary conditions and other setup for our sce-
nario

In this section, we discuss constraints on S and 7" parameters and the Higgs boson couplings
in the twisted-custodial symmetric scenario at a high energy scale A. We use the one-loop RG
equations in the following analysis.

10.2.1 Boundary conditions at A

There are works in which several authors investigate the validity of the 2HDM up to higher
energy scale and bounds of scalar masses thorough the RG evolution of the Higgs quartic
couplings [91,92,221]. After the Higgs boson discovery, the possible cutoff scale is examined
under the current experimental data [222-224]. In these works, experimental constraints on the
oblique parameters and the SM like Higgs boson couplings are satisfied as the initial conditions
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of the RG evolution at the electroweak scale. We can study the structure of the Higgs potential
along this line by assuming a global symmetry is exactly realized at the electroweak scale.
However, such a scenario is not plausible unless the global symmetry is the symmetry of the
whole theory, because the Higgs potential no longer respects the global symmetry at any other
scale.

In this paper, we investigate the possible explanation for the observed data at and below the
electroweak scale in terms of the global symmetry of the Higgs potential at some higher scale
A above which a fundamental theory should appear. Below A, the twisted-custodial symmetric
2HDM appears as the low energy effective theory. Following this scenario, we impose the
condition of Eq. (10.39) at the scale A

M(A) = —As(A), A(A) = Aa(A) = Ag(A). (10.44)

As we discussed, the twisted custodial symmetry in the Higgs potential is broken under the
RG evolution from A to the electroweak scale due to the correction of ¢ and y;, so that we can
expect that Eq. (10.44) are not satisfied at the electroweak scale.

10.2.2 Theoretical and experimental bounds

We numerically generate the parameter sets under the boundary condition in Eq. (10.44). We
also impose the following theoretical conditions at and below A. First, we require (a) vacuum
stability conditions [88-90,92,225]. Second, we require (b) perturbative unitarity bound [84-87].
Finally, we also require (c) absence of the Landau pole.

Ai(p) < 8m, Yi(p) < 4. (10.45)

To evaluate the \;(u),(mz < p < A) from X\;(A), we need to know the value of the gauge
couplings ¢;(A) and Yukawa couplings y;(A). At the one-loop level, the beta functions of g; are
independent of both \; and y;, and ¢;(A) can be evaluated from the inputs g;(mz). Furthermore,
the beta functions of y; are independent of \;, so that we can evaluate y;(A) from the inputs
values of my and tan 8 at the electroweak scale. For given values of A\;(A), y;(A) and g¢;(A),
we calculate \;(p),y;(p) and g¢;(u) iteratively by using RG equations and confirm that the
conditions (a), (b) and (c) are satisfied at each step until the electroweak scale.

To translate A\;(myz) into masses of the Higgs bosons and the mixing angle 8 — «, we need
to know the value of M. We scan M between [0, 1000] GeV, and check if the parameter sets
satisfy (d) the global minimum condition [93,226];

D = m%,(m?, — k?m2,) (9 - k;) >0, (10.46)

U1

where k = {/A1/A\y. We extract parameters that reproduce the mass of the discovered Higgs
boson my, ~ 125 GeV. We allow the 5% error on the deduced value of m,, instead of imposing
a more strict constraint because our numerical analysis is done at the one-loop order.

We evaluate S and T parameters and confirm whether the predicted values are satisfied by
the current experimental data, i.e. S = 0.02 & 0.10,7 = 0.07 £ 0.12 and the 92% correlation
among them [219]. We require the agreement between the prediction and observed data to be
at the 20 level [227].

The mixing between h(125) and H, cos (S — «), is evaluated from \;(myz), M and tan .
We check whether the predicted value of cos (f — «) satisfies the current experimental bound
at the 20 level [20,228].
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Figure 10.1: (Left) The values of A4y and A5 at electroweak scale for tan 5 = 5 in Type I. (Right)
The possible values of Z; and A\, at electroweak scale. The points in different color correspond
to the different scale A. Dashed line shows the values of Z; which explains m; = 125 6 GeV
in the alignment limit.

10.2.3 Violation of the twisted custodial symmetry at the electroweak
scale

In the twisted custodial scenario, the smallness of the AT parameter and the SM like Higgs
boson couplings are realized by the condition of Eq. (10.39). However, this condition is violated
at the electroweak scale even if the Higgs potential respects the twisted custodial symmetry at
a higher scale A. In this subsection, we analyze the violation of the condition of Eq. (10.39)
under the current experimental data.

In the following discussion, we show the results in the case of tan = 5 in Type-I as a
representative. We have checked that the results for Type-X and Type-Y are similar for those
for Type-I and Type-II, respectively. Furthermore, the major difference between Type-I and
Type-II comes from the b — sy constraint on the charged Higgs boson in Type-II: my+ 2 580
GeV [150]. As we will see later, H* and H are almost degenerate and they are lighter than
A in our scenario. This implies that all of the additional Higgs bosons are heavier than 580
GeV, and it will be turned out that these are enough heavy to realize the alignment limit in
the twisted-custodial symmetric scenario at a high energy scale. We have also checked that the
behavior of \; couplings are almost same for various tan  except for the tan ~ 1. We will
discuss about the case of tan § ~ 1 later.

The left panel of Fig. 10.1 shows the possible values of A\y(my) and As(mz). We can see that
this scenario can be valid up to A = 10'® GeV, and a part of the twisted-custodial condition in
Eq. (10.39), As(mz) = —A5(mz), is approximately valid independently of the values of A. The
sign of A\y(my) tends to be positive, and it converges to be a finite value around 0.25 if we take
A to a very high scale.

The stability of Ay + A5 = 0 can be understood by the form of the beta function,

d(XAg + As5)

Type I : 1672
ype m dlnp

= 2()\1 -+ )\2 -+ 4)\3 -+ 2)\4 + 4/\5)()\4 -+ )\5) — 3(392 -+ gl2)<)\4 + )\5)
+2(3y7 + 3y, +y2) (A + Xs) + 399" (10.47)

As we have already mentioned, ¢’ and y; break the twisted custodial symmetry. Even if \;+ X5 =
0 at initial point, Ay + A5 is generated via the g%¢” term. However, this violating effect is
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Figure 10.2: (Left) The values of Ay — A1 and Ag — A3 at electroweak scale for tan § = 5 in Type
I. The dashed line show the parameter points where A\; = Ay. (Right) The decoupling behavior
in the high scale twisted custodial symmetric scenario. The points in different color correspond
to the different scale A and

negligible. In Type-IT and Y, we also have the y?y? contribution to Ay + A5. However, this
effect is also negligible, and Ay + A5 = 0 is approximately valid at the electroweak scale.

The right panel of Fig. 10.1 shows the predicted value of Z;(my). As we have discussed,
Ai(mz) tends to be positive and looks to converge to a small region. This behavior can be
understood by looking at the predicted value of Z;(mz). In the alignment limit, the mass of
h(125) is given by

m; = Zw? = [\ cos? B+ Aysin B + 2)sy5 sin? B cos? B|v?
~ [A; cos? B4 Aysin® B + 2)3sin? 3 cos® Blv?, (10.48)

where we have used Ay + A5 ~ 0 in the last equality. To reproduce m;, ~ 125 GeV, Z; should
be m3? /v? ~ 0.26 in the alignment limit. However, the vacuum stability condition

AV AMA A3 F A — A5 2 AV A A+ Az + 20 > 0, (1049)

sets the minimum value of Z; as

AR (\/)\_10082 8 — \/)\_Qsin2 B)? + 2(v/ A A2 + A3) sin® B cos? B
> (\/)\_10082 B — v/ Assin? B)? — 4y sin® B cos® 3. (10.50)

This condition excludes Z;(myz) ~ 0.26 for almost all values of negative \y(mz) in the alignment
limit. Even positive A4, possible parameters with Z; ~ 0.26 are limited when A is very high
scale. This is why Ay(myz) takes some fixed values with m; ~ 125 GeV in the approximately
alignment limit.

The left panel of Fig. 10.2 shows the possible values of A\ — A3 and A\ — A3 at the electroweak
scale. As we can see both A\; — A3 and Ay — A3 take non-zero values, so that \; # A3 and
A2 # A3. Furthermore, most of the parameter points are away from the dotted line which
indicates Ay = Ao, so that the second condition \; = Ay = A3 is violated at the electroweak
scale. This violation generates the off-diagonal component of the mass matrix for the CP-even
scalars, and it predicts deviations in the couplings of h(125) with various SM particles from
those in the SM.
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Figure 10.3: Possible mass differences among the additional Higgs bosons. Left figure shows M
independent mass squared differences. Right figure shows mass differences among A and H*.

The right panel of Fig. 10.2 shows the decoupling behavior in this scenario. We can see
my+ 2 300 GeV is enough to achieve the alignment limit. Although Zg is generated via RG
running, its value is not so large compared with the possible values which are allowed at the
electroweak scale under the theoretical constraints.

As we have discussed in this section, we can explain the smallness of the AT parameter and
the SM-like Higgs boson couplings without decoupling of the additional Higgs bosons by the
twisted custodial symmetry of the Higgs potential at scale A. In the Type-II scenario, same
argument is valid, however my+ < 580 GeV is excluded by the constraint of b — s [150].

10.3 Predictions from the boundary conditions

10.3.1 Mass spectrum of additional Higgs bosons

In this section, we analyze the prediction on the mass spectrum of additional Higgs bosons in
the twisted-custodial symmetric scenario at a high energy scale. In the alignment limit, masses
of the additional Higgs bosons are given in terms of the parameters in the Z, basis,

1
m%] = M? -+ Z(}\l + Aoy — 2/\345)1}2 sin? Qﬁ, (1051)
1
m2. = M? — 5()\4 + As)v?, (10.52)
m% = M? — M2 (10.53)

Left panel of Fig. 10.3 shows the predicted mass squared differences in this scenario. We
can see that A is heavier than H*, while H is approximately degenerate with H* in the almost
parameter spaces. To understand the prediction of the mass spectrum, we simplify the mass
difference of the additional Higgs bosons using the condition Ay + A5 ~ 0 which is valid even at
the electroweak scale as shown in the left panel of Fig. 10.2,

2 2 2 2 2
My — Mye My — My _ 9 1
—’02 = )\4, —1)2 = ()\1 + )\2 2)\3) cot 6 (—1 n C0t2 ﬂ) . (1054)

The positivity and convergence behavior of the squared mass difference among A and H* are
the consequence of the prediction on Ay(mz) which has been discussed in the previous section.
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Figure 10.4: Predictions on the scaling factors of the SM-like Higgs boson in 2HDMs. The
left figure shows the predicted values of k4 and k.. The right figure shows those of x, and xq.
tan 8 = 1,1.5,2,3 and 5 are chosen as representatives

Since A\; — A3 and A\ — A3 take non-zero values as shown in Fig. 10.2, the mass squared difference
between H and H* is not zero. However, this difference becomes small if tan 3 is not close to
unity because A\; — A3 and Ay — A3 are O(107!) and cot? 3 suppresses the possible mass squared
difference. Therefore, the following mass spectrum is predicted in this scenario,

ma 2 My >~ M=+, (10.55)

The mass squared difference among A and H* converges to a definite value if A is as large as
the Planck scale.

Right panel of Fig. 10.3 shows the behavior of the mass difference Am = m4 — mpy+, where
Am can be written as

)\4'112
M?2

Am ~ M [ 1+ - 1] . (p=my) (10.56)

If we take decoupling limit M — oo, Am is close to zero as depicted in the right panel of
Fig. 10.3. We note that mass squared differences Eq. (10.54) are M independent quantity,
while Am is M dependent quantity. If we determine Am and masses of H and H*, we can
determine A4 and it imposes the upper bound of A.

We mention here the case of tan 3 ~ 1. In this parameter region, there is no cot? 8 suppres-
sion, and myg — mpy+ can take about 50 GeV as the maximum value. However, these low tan
regions are constrained by the b — sv experiments, and my+ = 600GeV even in the Type-I
and X [188].

10.3.2 The deviations in the Higgs boson couplings

In this subsection, we discuss the deviation in the SM-like Higgs boson couplings with gauge
bosons, quarks and leptons. It is convenient to define the scaling factors by normalizing the
coupling constant of the SM Higgs boson,

2 2
_ My vir+upy— o Yz Z me—
Eint = th ( v W MWM + %Z#ZH) — fudefﬂlthff. (1057)
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From Eqs (10.13) and (10.14), k factors are given at the tree level by

ky =sin (B — ), kr =& =sin (8 —a)+ & cos (6 — ). (10.58)

As we have seen in Sec. 3, the alignment limit is approximately realized at the electroweak
scale, and this implies that ky is necessarily close to the SM value in our scenario. For example,
| cos (B — a)| < 0.03 when tan § = 10 and my+ > 300 GeV in Type-1, and it corresponds to
ky > 0.9995. Tt is difficult to measure this O(1072)% deviation even in the future precision
measurement at the HL-LHC and the ILC. However, ¢ can be more deviated from SM values,
because the deviations are enhanced by tan 5 except for Type-I. Furthermore, the direction of
modifications for k4 and k. are highly different in four types of Yukawa interactions, and we
can discriminate the type of 2HDMs through the precise measurement of x; [110].

The left panel of Fig. 10.4 shows predicted values of k. and k4 for each type of 2HDMs.
We have plotted the predicted points for tan 8 = 1,1.5,2,3,5 with 600GeV < M < 700 GeV.
For illustration purposes, we slightly shift lines along with x, = &, in order to show tan 3
dependence in Type-I and II. As we can see, A can be taken to the Planck scale if tan g > 1.5.
When tan 3 = 1, we cannot take A to be Planck scale and its maximal value is around 10*
GeV. This is because the square of the top Yukawa coupling becomes larger than 47 during RG
evolution when tan 8 = 1, and there is no solution above p = 10'* GeV independently of the
values of \;(A). In Type-II, both of k4 and k. deviates from SM values because §; = £, = — tan (8
enhances its deviation. In Type-X (Y), the modification of k. (k4) is enhanced respectively,
while kg4 (k.) closes to SM value when we take larger tan 3 because its deviation proportional
to cot 8. In Type-I, both of k4 and k. close to SM values when we take large tan j.

The right panel of Fig. 10.4 shows the predicted values of x,, and k4. We slightly shift lines
along with x, = k, in order to show tan 8 dependence in Type-I as in the left panel. Although
the predicted values of cos (8 — «) depend on the type of 2HDM, we only show the results
in Type-I and II, because the scaling factors k, and k. are same in Type-I (II) and X (Y),
and difference of predicted values between Type-I (II) and X (Y) which comes from 7 Yukawa
couplings in the beta functions are almost negligible. The modification of k, is proportional to
cot B independently of the types of 2HDM, and it closes to the SM value when we take large
tan 8. In Type-II and Y, the modification of k4 is enhanced through tan 8, while x4 also closes
to SM value by cot 8 suppression in Type-I and X.

The possible deviations of x; are determined from the value of cos (5 — «) for fixed tan f3,
and it is generated from the violating effect of the twisted custodial symmetry during RG
evolution. Therefore modifications of the scaling factors become large when we take A to a
higher scale, and we can expect about 5% deviations of k4 and k., when A is Planck scale. We
note that these several percent deviations in the scaling factors can be tested at the future
HL-LHC and ILC experiments, and we can investigate not only the possible scale A but also
the type of Yukawa interactions in 2HDMs through the precise measurement of r.

Finally, we would like to mention the difference between our results and previous works.
The discrimination of extended Higgs models thorough the precise measurement of SM-like
Higgs boson couplings is studied at the tree level [110] and the one-loop level [97,98]. In these
works, the masses of additional Higgs bosons, M and mixing angles are free parameters, and
they scanned parameters that satisfy the theoretical and experimental constraint. However,
these values are predicted by the values of A\; at A in our scenario, and the modifications of & ¢
are related to the possible scale A. Therefore, we can utilize the precision measurement of the
SM-like Higgs boson couplings not only to discriminate the types of the Yukawa interactions
but also to investigate the new physics scale A, where global symmetry in the Higgs potential
is restored and a fundamental theory should appear.
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Chapter 11

Conclusion and discussion

In this thesis, we have comprehensively investigated the extended Higgs models. We have
studied three main topics, the physics of the discovered Higgs boson, that of additional Higgs
bosons and the global symmetry of the extended Higgs model.

In Chap. 6, we have discussed the physics of the discovered Higgs boson, especially its
production cross section at electron-positron colliders. The discovery of the SM-like Higgs
boson has opened a new window to indirectly explore a theory beyond the SM. The deviations
from its SM predictions in the various Higgs observables such as the decay branching ratio, total
width and production cross section tell us pieces of information of new physics models. After
reviewing the renormalization procedure in the extended Higgs models and their applications
to the SM-Higgs boson decay, we have discussed the production cross sections for the Higgs
strahlung process at electron-proton colliders including the higher-order corrections. Most of the
future lepton collider experiments are planned to operate at the center of beam energy around
250 GeV, where the production cross section of this process takes the maximal value. We have
analyzed the deviation in the total cross section from its SM prediction in the various extended
Higgs models. We have also examined the deviation in the cross section times branching ratio,
and it is found that we can distinguish the various extended Higgs models by future precision
measurements.

In Chaps. 7, 8 and 9, we have discussed the physics of additional Higgs bosons. The direct
search of new particles is also the key program to study new physics models, and the LHC and
HL-LHC will make remarkable progress in this direction. In Chaps. 7, we have pointed out that
the indirect and direct studies play a complementary role. It is shown that the synergy between
them enables us to explore the wide range of the parameter space of the 2HDM. Motivated by
this investigation, we discuss the radiative corrections for the decays of additional Higgs bosons.
We have found that the Higgs to Higgs decay process is sensitive to the radiative corrections,
and including these effects are important to study the additional Higgs bosons.

In Chap. 10, we have discussed the structure of new physics, especially focusing on the global
symmetry of the Higgs potential. The global symmetry whether it is exact or approximate is
useful to understand the experimental data. We have proposed the scenario where the current
experimental constraints are explained as a consequence of the global symmetry structure of the
Higgs potential. In this scenario, the Higgs potential respects the global symmetry at a higher
scale, but it is broken by the radiative corrections under the renormalization group running.
While the Higgs potential respects the global symmetry no longer respects the global symmetry
at the electroweak scale, we can explain the current experimental data without decoupling the
additional Higgs bosons.

From the series of these studies, we have found that the nature of the Higgs sector can be
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widely investigated by combining the precision measurement of the SM-like Higgs boson and
the direct search of the additional Higgs bosons. In both of study, radiative corrections play
an important role. Therefore, it is important to perform the theoretical calculation compatible
with precision measurements in future collider experiments.
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Appendix A

Input parameters

In this Appendix, we summarize the input parameters.

A.1 Lepton masses

The lepton masses are

me = 0.510998918 x 1073 GeV,
m,, = 0.105658367 GeV,
m, = 1.77686 GeV.

A.2 Electroweak parameters

The fine structure constant is
ol = 137.035999139.
The Fermi constant is
Gr = 1.1663787 x 107° GeV 2.
The mass of the Z boson is

myz = 91.1876 GeV.

A.3 QCD parameters

A.3.1 Strong coupling constant

as(myz) = 0.1181.

A.3.2 Quark masses

my = 173.1 GeV,
my = 4.78 GeV,
m. = 1.27 GeV.
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A.4 Higgs boson mass
The mass of the discovered Higgs boson is

my, = 125.1 GeV. (A.11)
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Appendix B

Decay rates at the leading order

We present the analytic expressions of the decay rates of the Higgs boson at the LO. In order
to specify the LO formula, the subscript 0 is put in the decay rate, I'y.

B.0.1 Decays of the neutral Higgs bosons
We define ¢ = h, H or A and H = h or H. The decay rates into a fermion pair are given by

To(¢p = ff) = ﬁGFmg—:ﬁW?Fch/\qs (Z—; %) ; (B.1)
where N/ =1 (3) for f being a lepton (quark) and
Anr(,y) = NP2 (2,y), Aala,y) = A (a,y), (B.2)
with
Mz,y) = (1 — 2 —1y)* — 2. (B.3)

The decay rates into a pair of on-shell weak bosons (V' = W, Z) are given by

m3 3 4 2 1 2 2
Lo(¢p = VV) = V2Gr—2-(k5)? ( m4V _ m—g + —) A/2 (% m—Z) : (B.4)

4oy my, mg

where ¢y =1 (2) for V=W (Z). When one of the weak bosons is off-shell, we obtain

Fofo - W) = S (e (), (B.5)
Lo(¢p — Z22%) = %(H?;FF (Z—i) (7 — %s%v + %g%) : (B.6)
where
F(z) = —|1 — 27| (%xz - g + %) +3(1 — 62% + 42)| log 7|
+ 30— izz i iOx‘l) cos ! (%) : (B.7)
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The loop induced decay rates are given by

2

V2G a2 m3 )
_ em'""¢ | ¢ 1o P2 AT f TP HTH=¢ 1¢
Lo(¢ = y7) = T Hv[w+zf€fochF—TIs ; (B.8)
f
3 2
\/§GF062 m3 m> A _
_ em''¢ z b 19 ) f. 70 H+H-¢ 970w 14
(B.9)
2
V2G paim?
_ s o} ko)
where
¢ 2mgy mi 2 2 2
Iy = —5~ |6+ —5~ + (12my; — 6my)Co(0, 0, m3; my, mw, mw) | , (B.11)
m; miy,
8m? 2
[;ri = ——2f {1 + (2771? - %> Co(O,O,m%;mf,mf,mf)} , (B.12)
m3, 2
I = —4m?cC’0(O, 0,m%;myp,my,my), (B.13)
202
15 = g 1Lt 2migs Col0, 0, g e s ) (B.14)
2m? m2 m?
J¢ — W 2 5 @ 2 1 ¢
W swew (mg — my) { {CW N 2m3, wt T 2m3,
x |1+ 2m3,Co(0, mQZ,mZ; Mg, Mg, my)
my 2 2
+ m2 — m2 [Bo(m¢5mW7mW> — Bo(mz: mw, my )]
o z
— 6012,1,(m§> —m%)Co(0, m7%, mz; my, my,my)
+25%ﬁ/(mi—WQZ)CO(O,WZZ,mi;mf,mf,mf)}, (B.15)
J?‘l _ Sm? 1 1 4 2 2 2 C 0 2 2.
F — _chw(mg_[ — m2Z) + 5( mf — My +mZ) 0( ,mZ,mH,mf,mf,mf)
m2
+ mZ —m _Zm% [Bo(mig; my,my) — Bo(mi;my, mf)]]7 (B.16)
A 4m7 2 2
Jp =— Co(0, mz, miy;myp,my,my), (B.17)
SwCw
¢ 2v° 2 2 2
Jg = m 1+ 2my. Co(0, mz, mg; mpy=, my+, mp=)
my 2 2
+ ——2—5 [Bo(m3; mpy=, my=) — Bo(mz; my=, my=)| ¢, (B.18)

where Cjy and By are the Passarino-Veltman functions [229].
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The decay rates into a scalar and an on-shell weak boson is given by

|g ’V| 3 m m /
To(p = ¢'V) = eeVE Doz (T 2o )
160 myi, my - my

(B.19)

where the scalar-scalar-gauge couplings are given in Appendix of Ref. [100]. When the weak

boson is off-shell, the decay rate is given by

2 9
17 * My My,
= B.2
2 9
" My m 40 , 160
Lo(¢p = ¢'Z%) = 3931940 2] 256 3 (m_d;’ m—?) (7 -3 W+ 75%) ; (B.21)
¢ ¢

where the function G(x,y) is given as

1
G(x,y) = @{2(—1 +2)’ =9 (~-1+a?)y+6(-1+x)y
14z — ~1
+6(14+2—1y)yv/—Az,y) |[tan™ iz + tan~* rrty
—3[14 (z— y)* — 2y] ylogx}. (B.22)
Finally, the decay rates into two lighter scalar bosons are given by
Ao | m2, m2,
T "6 = (14 Surn | 9P’ P A\1/2 d’ ¢ . B.23
An example of this type of the decay is H — hh.
B.0.2 Decays of the charged Higgs bosons
Decays of the charged Higgs bosons into two on-shell fermions are given by
Po(H® — £f7) = SETIE i 12 (—m?‘ my )
‘ Wor ¢ d My miy
m2 m2, 22,
(1 a mzf - mzf ) {mf”cf” + m?ﬁ} + 4%@@’]’ (B.24)
H* H* H*

where a factor Cy is Cp = |Vi4|* (1) for the decay into the up-type quark and the down-type
The decay into an off-shell top quark and an on-shell

quark (the lepton and the neutrino).
down-type quark, H* — t*qq — W¥bgy (qq = d, s,b), is expressed by

3V Vs ms m2  m?
To(H: —» Wrhgy) = ———4 2L 2H ¢ W B.25
o™ = 1) 2567r3mHi C mi. my. )’ ( )
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with

H(w,y) = o |20 (400 = Dy + 8} logy
+2(z — 1) {(Bz — 1)2® — 3(z + 1)zy® + 4y° } log i : ;
— 2y — 1) {(6z — 5)2% — 4(z — 2)% + (3z — 2xy} ] (B.26)

where the mass of down-type quark is neglected.
The on-shell decays into a neutral Higgs boson and a W boson are expressed by

m> s [ M2 m2
To(H* W) = —H* 2)\3 ¢ Tw B.27

where the coupling g+, for each neutral Higgs boson is given in Appendix of Ref. [100]. The
decays into a neutral Higgs boson and an off-shell W boson is given by

2
mg+

m m2
Fo(Hi — ngi*) =9 2|gHi¢W|2G (m2¢ W ) . (B28)

- g )
12873 Y My

For the loop induced decay rates, H¥ — W*Z and H* — W*~, the concrete expressions
of fermion loop contributions and boson loop contributions are given in Refs. [144,146] and
Refs. [145,146], respectively.
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