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Abstract

We calculate radiative corrections to a full set of coupling constants for the 125 GeV Higgs boson at the
one-loop level in two Higgs doublet models with four types of Yukawa interaction under the softly-broken
discrete Z, symmetry. The renormalization calculations are performed in the on-shell scheme, in which
the gauge dependence in the mixing parameter which appears in the previous calculation is consistently
avoided. We first show the details of our renormalization scheme, and present the complete set of the ana-
lytic formulae of the renormalized couplings. We then numerically demonstrate how the inner parameters of
the model can be extracted by the future precision measurements of these couplings at the high luminosity
LHC and the International Linear Collider.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The LHC Run-I has confirmed the existence of a Higgs boson (%) [1,2], whose properties
are in agreement with those of the standard model (SM) within the uncertainties of the current
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data [3-8]. Thanks to the discovery of the Higgs boson, the SM was established as an effective
theory to describe physics at the scale of electroweak symmetry breaking. In spite of the success
of the SM, there are many motivations to consider new physics beyond the SM such as to solve
the gauge hierarchy problem and to explain phenomena like neutrino oscillation, dark matter
and baryon asymmetry of the Universe. There have been various new physics models proposed,
some of which predict new particles at the electroweak to TeV scales. However, currently none
of such new particles has been discovered yet. Their discovery is one of the main tasks of the
LHC Run-II, which will start its operation in 2015.

Even though the Higgs boson shows SM like properties, the Higgs sector can be extended
from the minimal form with only an isospin doublet field. Indeed, there is no theoretical reason
for the hypothesis of the minimal structure for the Higgs sector. Thus there are possibilities for
extended Higgs sectors such as those with additional iso-singlets, doublets, and/or triplets. These
extended Higgs sectors can also be consistent with all the current LHC data in some portions of
their parameter space.

Extended Higgs sectors are often introduced in various new physics models. For example,
the Minimal Supersymmetric SM (MSSM) requires the Higgs sector with two doublet fields [9,
10]. Multi Higgs structures are also studied in the context of additional CP violating phases [11]
and also realization of the strong first order phase transition [12], both of which are required for
successful electroweak baryogenesis [13]. Models with the Type-II seesaw scenario are moti-
vated to generate tiny neutrino masses by introducing a triplet field [14]. An additional singlet
is required in the Higgs sector of the models with spontaneous breakdown of the U(1)p_p,
symmetry [15—-17], which may be related to the mechanism of neutrino mass generation [18].
Introduction of an additional unbroken symmetry into an extended Higgs sector, such as a dis-
crete Zp symmetry [19,20] or a global U(1) symmetry [21], can provide candidates of dark
matter. Under the Z; or the global U (1) symmetry, if some of the scalar fields are assigned to
be odd or to be charged, respectively, they cannot decay into a pair of SM particles so that the
lightest one is stable. Such an unbroken symmetry can also be embedded into models with a
radiative generation of neutrino masses [18,22-27], where the existence of tiny neutrino masses
and dark matter can be explained by the same origin of the symmetry. Therefore, a characteristic
Higgs sector appears in each new physics model.

There are several important properties which characterize the structure of the Higgs sector.
First of all, it is important to know the number of scalar multiplets and their representations. Sec-
ond, does it respect new symmetries (global or discrete/exact or softly-broken)? Third, the mass
of the second Higgs boson generally contains information of the new scale which does not appear
in the SM. Fourth, the strength of the coupling constants among extra Higgs bosons provides in-
formation of the dynamics of the Higgs potential which is essentially important to understand
nature of electroweak symmetry breaking. Finally, the decoupling property [28] of extra Higgs
bosons is closely connected to physics beyond the SM. Therefore, by future measurements of
these properties, the Higgs sector can be reconstructed, and the direction of new physics beyond
the SM can be determined.

The direct search of extra Higgs bosons can provide a clear evidence to a non-minimal Higgs
sector. The current data accumulated from previous collider experiments such as LEP [29,30]
and Tevatron [31-36] have already given lower bounds for masses of the extra Higgs bosons. At
the LHC Run-I, in spite of the discovery of a Higgs boson with the mass of 125 GeV, no extra
Higgs boson has been found, and the parameter space for additional light Higgs bosons has been
constrained to the considerable extent in regions with relatively smaller masses of the extra Higgs
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bosons [37-49]. At the LHC Run-II, with the energy of 13—14 TeV and the integrated luminosity
of 300 fb~!, wider regions of masses of the extra Higgs bosons will be surveyed.

In addition to direct searches, new physics models beyond the SM have also been indirectly in-
vestigated by utilizing precision measurements of various physics observables such as the oblique
parameters at LEP/SLC experiments [50]. Flavor experiments have also been used to constrain
the mass of charged Higgs bosons which appears in extended Higgs sectors [51,52]. Now that the
measured couplings of the Higgs boson & with the SM particles are consistent with the predic-
tions in the SM within the uncertainties, it is time to consider fingerprinting of extended Higgs
sectors [53,54] by calculating radiative corrections to the predictions of those observables which
will be measured with more precision at future experiments such as the LHC Run-II, the high
luminosity (HL)-LHC [55-57] with the integrated luminosity of 3000 fb—! and future lepton
colliders like the International Linear Collider (ILC) [58,59]. In new physics models with ex-
tended Higgs sectors, the coupling constants of . with the SM particles are generally predicted
with deviations from the SM predictions due to field mixing and loop contributions of non-SM
particles. Although no deviation has been found up to now in the Higgs boson couplings within
the uncertainty of the current data, a deviation could be found in future experiments where more
precise measurements will be attained. We then are able to indirectly obtain information of the
second Higgs boson from these deviations. Furthermore, a pattern of these deviations strongly
depends on the structure of the Higgs sector, so that by comparing theoretical predictions of the
Higgs couplings in various new physics models with future experimental data the shape of the
Higgs sector can be determined indirectly. In order to compare the theory predictions to future
precision data at the HL-LHC and also the ILC, where coupling constants are expected to be
measured typically by a few percent or better accuracy, evaluations of the Higgs boson couplings
including radiative corrections are inevitable.

There are many studies for radiative corrections in extended Higgs sectors in the literature.
Radiative corrections to the electroweak gauge boson two point functions (oblique corrections)
have been studied in extended Higgs sectors in Refs. [60—63]. Loop induced vertices hgg [64],
hyy [65-70] and hZy [67,69-72] have been evaluated in extended Higgs sectors. Those to
the Higgs boson couplings have been investigated in the two Higgs doublet model (THDM) in
Refs. [73-76] and in the Higgs triplet model in Refs. [77,78].

In this paper, we study electroweak radiative corrections to the coupling constants of the
125 GeV Higgs boson £ in the THDM [79] with the softly-broken Z, symmetry [80]. Under
the Z, symmetry, four types of Yukawa interactions [81-84] are possible depending on the as-
signment of the Z, charges into quarks and leptons. We investigate radiative corrections to the
full set of Higgs boson couplings (hWW, hZZ, htt, hbb, htt, hhh, hyy, hZy and hgg) at
the one-loop level in all types of the THDMs. We employ an improved on-shell renormalization
scheme in our renormalization calculation where the gauge dependence in the calculation of the
mixing angle in the previous studies is eliminated.' We then evaluate deviations in these cou-
pling constants from the SM predictions under the constraint of current experimental data and
theoretical bounds such as vacuum stability and perturbative unitarity.

Furthermore, we investigate how we can extract information of the inner parameters such as
the mass of the second Higgs boson and mixing angles when the scale factors xy are experimen-
tally determined with the expected uncertainties at the HL-LHC and the ILC, where kx are the
ratios of the measured couplings 2 X X from the SM predictions. Evaluating «y at the one-loop

1 According to Ref. [85], the gauge dependence exists in a renormalization of a mixing angle.
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Table 1
Charge assignment of the softly-broken Z; symmetry and the mixing factors in Yukawa interactions given in Eq. (8).
Zj charge Mixing factor
ha h) oL Ly UR dg €R &u &4 &e
Type-1 + - + + - - - cotf cotf cotf
Type-I1 + - + + - + + cot B —tan g —tanp
Type-X + - + + - - + cotf cotf —tan
Type-Y + - + + - + - cotf —tan B cotp

level in the THDMs, we discuss the possibility to measure properties of the Higgs sector using
the future precision data by fingerprinting, and finally we determine the structure of the Higgs
sector.

This paper is organized as follows. In Section 2, we define the Lagrangian of THDMs, and give
formulae for the Higgs boson masses and the Higgs boson couplings at the tree level. After that,
we discuss constraints from vacuum stability and perturbative unitarity as the theoretical bounds.
We then discuss the bounds from the electroweak oblique parameters, flavor experiments, direct
searches of extra Higgs bosons at the LHC and the measurements of Higgs boson couplings at the
LHC Run-I. In addition, we shortly summarize future prospects for extra Higgs boson searches
and precision measurements of the Higgs boson % at the LHC Run-II, the HL-LHC and the ILC.
In Section 3, we explain renormalization in the electroweak sector, the Yukawa sector, and the
Higgs sector in the THDMs. We also discuss the modified renormalization scheme. In Section 4,
we give formulae of renormalized Higgs couplings and loop induced decay rates. We numeri-
cally estimate decoupling properties and non-decoupling effects of our one-loop calculations in
the section. In Section 5, we demonstrate how we can extract inner parameters by using future
precision data. Discussions and conclusions are given in Section 6.

2. Two Higgs doublet models
2.1. Lagrangian

In this section, we define the Lagrangian in the THDM with the softly-broken Z, symmetry,
where the Higgs sector is composed of two isospin doublet scalar fields ®; and ®,. The charge
assignment for the Z, symmetry is shown in Table 1. The following Lagrangian is modified from
the SM:

Ltapm = Lkin + Ly — V, (D

where Lyin, Ly and V are respectively the kinetic Lagrangian, the Yukawa Lagrangian and the
scalar potential. Throughout the paper, we assume the CP invariance in the Higgs sector.
First, the kinetic Lagrangian is given by

Liin = D@1 + Dy @2, @
where D), is the covariant derivative:

i i

D, =09, — 2gr“W§ — 2g’BM, 3)

with W;j (a =1-3) and B, being the SU(2); and U(1)y gauge bosons, respectively. The two
doublet fields can be parameterized as
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w;' .
o= %(Ui‘i‘hi“f‘iZi) - =12, S

where v and vy are the vacuum expectation values (VEVs) for &1 and ®,, which satisfy v =

,/v% + v% = (ﬁGF)_l/z. The ratio of the two VEVs is defined as tan 8 = vp/vq. The mass
eigenstates for the scalar bosons are obtained by the following orthogonal transformations as

wit G* e G h H
()=ror(52). (2)=ro (%) ()=r (7).

. cosf —siné
with R(9) = < sinf cos6 ) ’ ©)
where G* and G are the Nambu—Goldstone bosons absorbed by the longitudinal component of
W and Z, respectively. The mixing angle o is expressed in terms of the mass matrix elements
for the CP-even scalar states as shown in Egs. (18),(19),(21). As the physical degrees of freedom,
we have a pair of singly-charged Higgs boson H*, a CP-odd Higgs boson A and two CP-even
Higgs bosons 4 and H. We define / as the observed Higgs boson with the mass of about 125 GeV.

In terms of the mass eigenbasis of the Higgs fields, the interaction terms among the Higgs

bosons and the weak gauge bosons are given by

m2 m2
Liin = [$in(8 — a)h + cos(B — a)H](TW WHW 4 Z—ZZ“ZM)
+ 8610V (3 P12 — 10" D) Vi + 84100 vi V2 D102 V] Vo, (6)

where coefficients of the Scalar-Scalar-Gauge vertex g¢,¢,v and those of the Scalar—Scalar—
Gauge—Gauge vertex g¢,¢,v, v, are listed in Appendix A.

Next, we discuss the Yukawa Lagrangian. The most general form under the Z, symmetry is
given by

—Ly =Y, Q1io2®yur + YaQ Padr + YL Peeg +hoc., (7

where @, 4 . are either ®; or ®,. Depending on the Z, charge assignment, there are four types
of Yukawa interactions [81,82], which we call as Type-I, Type-II, Type-X and Type-Y [84]. The
interaction terms are expressed in terms of the mass eigenstates of the Higgs bosons as

_pint _ Z ? (g{ffh.g_g};ffH —2i1féff7/5fA>

f=u.d,e
V2 P + = +
+ T [Vudu (ma§q PR —my§y PL)d H™ + m.§,vPreH +hC] ) (3)
where Ehf and & {1 are defined by
& =sin(B — ) + &5 cos(B — ), ©)

£l =cos(B —a) — £ sin(B — a), (10)

and &y in each type of Yukawa interactions are given in Table 1. In Eq. (8), I represents the
third component of the isospin of a fermion f;i.e., Iy =+1/2 (=1/2) for f =u (d, e).
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The Higgs potential under the softly-broken Z, symmetry and the CP invariance is given by
V =m}|®;? + m3|®2]> — m3(®] Dy + hoc.)

1 1 4 1
+ 50111 4+ 5A2|<1>z|4 + 431D 12 @2 % 4 da| D] Do + Exs[(dﬁ@z)z +hel.

an
The tadpole terms for &1 and A, are respectively calculated as
d = —m? + M?sin? —U—2 2 X sin?
= 1 in“ 8 (A1 cos” B+ Asin” B), (12)
vcos B 2
T 2 -
,2 =—m%+Mzcosz,B— U—(Azsin2ﬁ+kcoszﬁ), (13)
vsin B 2
where A = A3 + A4 + A5, and M describes the soft breaking scale of the Z, symmetry:
2
m
M}=—3 (14)
sin B cos B

We note that M2 can be taken to be both positive and negative values. By requiring the tree level
tadpole conditions; i.e., 71 = T» =0, m% and m% can be eliminated in the Higgs potential.
The squared masses of H* and A are calculated as

2
v
mzi=M2—7(>L4+x5), m% = M?> —v%)s. (15)
Those for the CP-even Higgs bosons and the mixing angle « are given by
m3, = cos*(a — B)YM?, + sin’(a — B)M3, + sin2(a — B)M?,, (16)
m3 =sin®*(a — B)M3, + cos* (@ — B)M3, — sin2(a — B)M?,, 17)
tan2(a — B) 2Miy (18)
an Z(o¢ — = =7
2 27
Mll - M22

where M 12] (i, j =1, 2) are the mass matrix elements for the CP-even scalar states in the basis of

(h1, h2)R(B):

2
M121 :vz(klcos4ﬁ+kz sin4/3)+ %)_»sinZZ,B, (19)
M3, = M? 4 v?sin® Bcos? B(A1 + Ay — 21), (20)
v? v? -
Mlz2 =5 sin28(—Aq cos’ B+ A sin? B) + 5 sin2f cos28A. (21)

Thus, ten parameters in the potential (vy 2, m%_3 and A1—s) can be described by the eight
physical parameters mj,, mpy, ma, mg=, o, B, v and M 2 and two tadpoles 71 and T, which are
taken to be zero at the tree level. The quartic couplings A1—As in the potential are then rewritten
in terms of the physical parameters as

A2 = (m? tan? B+ m?2) sin?(B — &) + (m3; + m> tan? B) cos* (8 — )
+2(m% —m3)sin(B — a) cos(B — «) tan f — M tan’ B,
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A2 = (m? cot® B+ m?)sin?(B — &) + (m3; + m? cot? B) cos* (8 — )
—2(m?% —m3)sin(B — &) cos(f — ) tan B — M? cot® B,
2302 = (m3; — m3)[cos? (B — ) — sin®(B — «) 4 (tan B — cot B) sin(B — ) cos(B — )]

+2my. — M2,
Mot =M+ mj —2m7,.,
asv? =M% —m?. (22)

We here define the so-called scaling factors to describe deviations in the Higgs boson cou-
plings from the SM prediction as follows:

gTHDM y,THDM )LTHDM
y="MV forv=2Z, W, k= g = T (23)
Ehvy Yhff X

where gil‘\,ﬂv, y,?%[c and Aith are the hVV, hf f and hhh coupling constants in the SM, respec-

tively, and those with THDM in the superscript are corresponding predictions in the THDM. The
scaling factors for loop induced couplings can also be defined by

2= ['(h — y¥)THDM 2 = I'(h — Zy)tHDM 2 ['(h — gg)THDM
YT Th—yysm =~ Y Th—Zy)sm =~ ¢ Th—gedsm

where I'(h — XY)sm and I'(h — XY)Tupm are respectively the decay rates of the h — XY
mode in the SM and in the THDM. At the tree level, the scaling factors are given by

(24)

ky =sin(f — o), (25)
ip =& =sin(f —a) + &5 cos(B — a), (26)
. 2AM* —mj) 2
Kk =sin(f —a) — — sin(B — «) cos“(B — «)
ny,
M? — m% 3
— T cos” (B —a)(cot B —tan ). 27
h

We can see that all the scaling factors become unity when sin(8 — «) = 1 is taken, so that we
call this limit as the SM-like limit [86].
It is convenient to introduce a parameter x defined as

xs%—(ﬂ—a), (28)

where x — 0 corresponds to the SM-like limit. We note that in the MSSM, the sign of x is deter-
mined to be negative due to supersymmetric relations [ 10]. Because the current LHC data suggest
that the observed Higgs boson is SM-like, the case with |x| <« 1 describes such a situation. In
this case, we obtain

x2
ky=1— 5+ O(x?), (29)
x2
kp=ltErx ="+ O, (30)

3 2M?
=1+ (— — —2) 2+ 0ud. (31)
2 ml
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Fig. 1. Tree level predictions on the Axg—Akp (left panel) and Axkg—Aky (right panel) plane in the four types of
Yukawa interactions. The black, blue and red curves respectively show the case of |x| = 0.20 [sin(f — «) =~ 0.98],
|x] =0.14 [sin(B — @) >~ 0.99] and |x| = 0.028 [sin(B — o) =~ 0.996]. The sign of x is taken to be negative in the upper
figures and positive in the lower figures. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

As it has already been pointed out in Ref. [53], looking at the correlation between « ¢ and « ¢/
(f # f7) is quite useful to distinguish the four types of Yukawa interactions.

In Fig. 1, we show the tree level predictions on the Axg—Axp plane (left panels) and
Axp—Axy plane (right panels) in the four types of Yukawa interactions, where Axy = «kyxy — 1.
The subscripts E, D and U respectively represent the flavor independent charged leptons, down-
type quarks and up-type quarks. In this plot, we take |x| = 0.2, 0.14 and 0.028, and the sign of x
is set to be negative (positive) for upper (lower) panels. As it can be seen, the predictions for the
four types of Yukawa interactions appear in different quadrants of the Axg—Axp plane. There-
fore, at least from the tree level result, we can discriminate the type of Yukawa interaction in the
THDM by looking at the measured values of Axg and Axp.

In Ref. [76], one-loop corrected Yukawa couplings have been calculated in the four types of
Yukawa interactions in the THDM. It has been clarified that the predictions in the four types
of Yukawa interactions are well separated on the Axg—Akp plane at the one-loop level even
if we scan the inner parameters under the constraints from perturbative unitarity and vacuum
stability.
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Fig. 2. The upper limit on the mass of additional Higgs bosons mq (=mpy+ =m4 =mp) as a function of sin(f — «)
for each fixed value of tan B in the case of cos(f —a) < 0. The left regions from each curve are allowed by the constraints
of vacuum stability and unitarity.

2.2. Vacuum stability and perturbative unitarity

A set of quartic coupling constants in the Higgs potential A1—X5 is constrained by taking into
account vacuum stability and perturbative unitarity as follows.

First, we require that the Higgs potential is bounded from below in any direction with a large
scalar field value. The sufficient condition to keep such a stability of the vacuum is given by [19,
87,88]

A >0, A>0, +/AA2+ A3+ MIN(, Ag + A5, 24 — A5) > 0. (32)

Second, the perturbative unitarity bound [89-92] is given by requiring that all the independent
eigenvalues of the 7 matrix ag 4 (i =1-6) for the S-wave amplitude of the elastic scatterings of
2-body boson states are satisfied as

0 1
la; 4| < x (33)

where each of ag 4 is given by [90-92]

=— _3()\1 +A2) £ /9()»1 —A)2+4Q2x3 + )»4)2] , (34)

a ’
LT

ag,:l: = 3om (M +r2) £/ (A1 —22)% + 4)&} , (35)
LT

a3, = Eo. (M +22) £/ (A1 —22)? + 4/\2} , (36)

1
@) o= 17— (3 + 2k £ 3hs), (37)

1
a5 .= 17— (3 %), (38)

1
ag, = e Gaths). (39)
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In Fig. 2, we show the allowed parameter region on the m¢—sin(8 — «) plane (me =mpy+ =
m4 = mpy) from the constraints of vacuum stability and unitarity. It is seen that a large mass of
additional Higgs bosons is allowed in a case with sin(8 — «) ~ 1. As another view of this figure,
we can extract the scale of the mass of the second Higgs boson from the precise measurement of
ky using Eq. (27). For example, if 1% deviation in the 2V V coupling is found at future collider
experiments, then the second Higgs boson should exist below about 800 GeV.

2.3. The oblique parameters

The S, T and U parameters proposed by Peskin and Takeuchi [93] are modified in the THDM
from those predicted in the SM due to the additional Higgs boson loop contributions and modified
values of the SM-like Higgs boson coupling constants [60]. We define the differences of S, T and
U parameters as AS = StupMm — Ssm, AT = Ttupm — Tsm and AU = Utapm — Usm. These
are calculated in terms of x defined in Eq. (28) as

AS = FL(m%: L nm?
=1 5(mzva,mA)_§ nmiy

my my myg mpyg mz
1 myg+ my
AT = ——— 1 F5(0; my, 2 F ,—
4ne2v2{ 5O ma.mpge) +my A(mH mH)
ma mpy+ my+ m my m
+x [mHFA< —A T >+m%FA< 4 ,—A)—I-m%vFA (—H,—h>
my mpyg mp  my my  mwy
e (2,20 4 G (2 ﬂ>_4mZZGA(’"_H’ﬂ)]}
mz mz my mwy myz mz
+ 0, (41)
1 mag mg 1 5 5
AU = Fy (2, 2y o — F{(m%:ma,
47T= A my+ mpg+ 3 Mg smz:ima, my)
() (2 gy ()
myg mpy mpy  mp my - mp myg mpyg
my m my m
+G’( iy h) G’A( mu. h)]}+(’)(x3) (42)
myz mgz my mwy

where F5’ (m%,; mi,my) =|[Fs (m%/; mi,mp) — Fs5(0; mq, mz)]/m%,. The loop functions are given
by

1

Fs(pPmom) = [ dx[@x = ot = md) 4 pP@x = 17| n s, 43)
0

2 2
X
Fa(xy,x0) = —(x1 —x3) + — = Inxj — —2-Inx;3, (44)
1— x1 1 5
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2 2
1+x 1+ x2
Galxy,x3)==1In T L Inx?— 2l)c2 45
alx1, x2) 3 x% 20—x2) YT D) 25 (45)
1262 —xH(1 —x3x3)  xf(x}—3) xrx2-3)
FAGr,x) = 5 | =5 S5 - iR Flnxf + 22 nxg |, (46)
31 —xp) (l—x) (I—x7) (I —x3)
1—x*4+2x2Inx? 1 —x%+2x2Inx?
Glprixg) =2 | —— LR ST TR T (47
(1-x?) (1—x3)
where
Ap=—x(1=x)p>+xm?+ (1 —x)m3. (48)
In the case of p> =0, the F5 function is expressed by
1 2m2 m2
F5(0; my,ma) = = (m} +m3) + T (49)

m? 1 —m3 ml
which gives zero in the case of m| = m». Therefore, it is seen that AT becomes zero when x =0
and mg =mpyg+ orx =0 and my = mpg= is taken.

2.4. Flavor constraints

The mass of H¥ can be constrained from various B physics processes, because contribu-
tions from the SM W-boson mediation are replaced by H*. In most of the cases, the constraint
from the b — sy process provides the most stringent lower limit on m g+ [51,52]. In Ref. [52],
the branching ratio of B — X,y has been calculated at the next-to-next-to-leading order in the
Type-I and Type-Il THDMs. A lower bound has been found to be m y+ = 380 GeV at 95% con-
fidence level (CL) in the Type-IIl THDM with tan 8 = 2. A stronger bound for m g+ is obtained
for smaller values of tan 8. On the other hand, in the Type-I THDM, the bound from b — sy
is important in the case with low tan 8; e.g., my= < 200 (800) GeV is excluded at 95% CL in
the case of tan 8 = 2 (1). When we consider the case with tan 8 2 2.5, the bound on m = is
weaker than the lower bound from the direct search at LEP, namely, about 80 GeV [94]. The
similar bounds as those given in the Type-II and Type-I THDMs can be obtained in the Type-Y
and Type-X THDMs, respectively, because of the same structure of quark Yukawa interactions.

For a large tan 8 case, bounds from B — tv [95,96], T — puvv [96,97] and the muon anoma-
lous magnetic moment [98,99] can be more important as compared to the bound from b — sy in
the Type-Il THDM. For example, the lower limit on m g+ to be about 400 GeV is given at 95%
CL in the case of tan 8 2 50 in the Type-II THDM [96].

For a small tan 8 case, the B’—B° mixing is getting important to obtain a severe constraint
on m =+ in the THDMs. In the case of tan 8 = 1, mpy+ < 500 GeV is excluded at 95% CL in all
the types of THDMs [100]. This gives the stronger (weaker) bound than that from b — sy in the
Type-II and Type-Y (Type-I and Type-X) THDMs.

2.5. Direct searches for additional Higgs bosons at the LHC (7-8 TeV)

The neutral Higgs bosons in the MSSM have been searched in the T+~ decay mode in the
gluon fusion and bottom quark associated productions [37,38] using data with 7 TeV and 8 TeV
of the collision energy and 4.9 fb~! and 19.7 fb~! of the integrated luminosity, respectively.
Because the production cross section of the CP-odd Higgs boson from the bottom quark asso-
ciated production is proportional to tan® 8, high-tan 8 regions can be excluded by this process.
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For example, tan 8 2 10 and tan 8 2 40 have been excluded at 95% CL for the fixed value of the
mass of the CP-odd Higgs boson to be 300 GeV and 800 GeV, respectively [38]. We can obtain
a similar bound on tan 8 for a fixed value of m 4 in the Type-Il THDM, because the structure of
the Yukawa interaction is the same as that in the MSSM. Although the Hf f coupling constant
can be different in the Type-II THDM and the MSSM, we can achieve a similar value by taking
sin( — a) >~ 1, especially for the case with a rather large mass of the CP-odd Higgs boson in the
MSSM.

When sin(8 — ) # 1 is given, H — WTW™/ZZ decays can open in addition to the decay
modes into a fermion pair. The search for the H — WW — evpv signal has been performed [39]
in the range of 135 GeV < mpy < 300 GeV using data with 8 TeV of the collision energy and
13 fb~! of the integrated luminosity. The bound is presented in the my—cosa plane for each
fixed value of tan 8 in the Type-I and Type-II THDMs. In the Type-I THDM with tan 8 > 1, the
strongest lower limit on m g is given to be about 220 GeV at 95% CL. On the other hand, in the
Type-II THDM, similar bounds have been given as in the Type-I THDM. However, for a case
with large tan 8, the excluded regions are shrinked due to an enhancement of fermionic decay
modes such as H — bb.

In Ref. [40], H — hh and A — Zh decays have been searched in the THDMs with data of
the collision energy to be 8 TeV and the integrated luminosity to be 19.5 fb~!. Multi-lepton and
di-photon final states have been used for this search. The upper limit on the cross section times
branching ratio has been presented for each of the processes gg — H — hh and gg — A — Zh;
e.g., the upper limit of 8 (4) pb is given for the case of myg = 260 (360) GeV in the H — hh
decay, while that of 1.6 (1.0) pb is given for the case of mpy = 260 (360) GeV in the H — Zh
decay. These bounds can be translated into the excluded regions on the cos(8 — «)—tan 8 plane
for given values of m gy depending on the type of Yukawa interaction.

2.6. Measurements of the Higgs boson couplings at LHC (7-8 TeV), and future collider
experiments

Both the ATLAS and CMS Collaborations have provided scaling factors for the Higgs boson
couplings extracted from combined data of Higgs boson searches with /s =7 and 8 TeV and
25 fb~! of the integrated luminosity [3—7]. Under assumptions of the universal scaling factors
for fermions and vector bosons; i.e., kr = k;y = k) = k7 and ky = kw = kz, current data gives

ky =1.15+£0.08, «r=0.9970%  ATLAS [4], (50)
ky =1.01£0.07, «p=087113, CMS[7], (51)

from the two parameters («r and «y ) fit analysis based on Ref. [101]. The scaling factors for the
loop induced Higgs boson couplings «, and «, have also been measured under the assumptions
of KF =Ky = 1,

ke = 1087013, &, = 119703, ATLAS [4], (52)
kg =0.89T010, Kk, =1.147013, CMS[7], (53)

from the two parameters (k; and k) fit analysis based on Ref. [101]. We can see that all the SM
predictions (ky = 1) are included within the 2-0 uncertainty of the measured scaling factors,
where the current 1-o uncertainties of the scaling factors are typically of O(10%).

These scaling factors are expected to be measured more precisely at future collider experi-
ments such as the HL-LHC and the ILC. In Table 2, expected accuracies of the measurement
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Table 2
Expected precision on the Higgs boson couplings and total width at the 1-o level from a constrained 7-parameter fit
quoted from Tables 1-20 in Ref. [102].

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up

/s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000

J Ldt (fb~ 1y 300/expt  3000/expt 2504500 115041600 25045004 1000 1150 + 1600 + 2500
Ky 5-7% 2-5% 8.3% 4.4% 3.8% 2.3%

Kg 6-8% 3-5% 2.0% 1.1% 1.1% 0.67%

Kw 4-6% 2-5% 0.39% 0.21% 0.21% 0.2%

Kz 4-6% 2-4% 0.49% 0.24% 0.50% 0.3%

KE 6-8% 2-5% 1.9% 0.98% 1.3% 0.72%

Kp =Kp 10-13%  4-7% 0.93% 0.60% 0.51% 0.4%

Ky =kt 14-15%  7-10% 2.5% 1.3% 1.3% 0.9%

for the scaling factors are listed at the LHC and at the ILC with several collision energies and
integrated luminosities.

3. Renormalization

We discuss the renormalization of the Higgs boson couplings, i.e., hZZ, h(WW, hf f and hhh
at the one-loop level. In previous works, each part of the renormalized Higgs boson couplings
has been calculated. The one-loop corrected 2ZZ and hhh couplings have been evaluated in
Ref. [75] in the Type-II THDM, and the Af f couplings have been calculated in Ref. [76] in the
four types of THDMs.

We perform renormalization calculations based on the on-shell scheme which has been ap-
plied in Ref. [75].” However, it has been pointed out that there remains gauge dependence in the
determination of the counter term of 8 in Ref. [85]. We thus construct a new renormalization
scheme for B to get rid of the gauge dependence. As pointed out later in the paper, the gauge
dependence is not completely removed, but shifted to a sector which does not contribute to the
investigated couplings.

First, we prepare a set of independent counter terms by shifting all the relevant bare parameters
in the Lagrangian. We then give the renormalized one- and two-point functions which are written
in terms of the contributions from 1PI diagrams and counter terms. After that, we set the same
number of renormalization conditions as the number of independent counter terms to determine
them.

3.1. Parameter shift and renormalized functions

We first perform the parameter shift of the electroweak sector and Yukawa sector as the fol-
lowing
m%/ — m%, ~|—8m%, V=W,Z), dem—> dem + 0em,
mp—mp+my, Tio— 8T,
2

my —mg +my, a—a+da, f—>B+B. M>—> M +5M?, (54)

2 For the determination of the counter term for M2, the minimal subtraction scheme has been applied.
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where ¢ = H*, A, H and h. The wave functions for the SM gauge bosons B,, and W} and the
SM left (right) handed fermions vr;, (¥g) are shifted as

1 1
B, — <1+58ZB) By, Wﬁ—) (1+§5ZW> wé

1
VL/R = (1 + 582{/R> YL/R- (55)

We can then write down the renormalized two point functions for each particle. In the fol-
lowing, xy(p?) and I ;P; (p?) respectively denote the renormalized two point functions and
the 1PI diagram contributions for fields X and ¥ with the external momentum p,,. The analytic
formulae for the 1PI diagram contributions are given in Appendix C. For the gauge boson two
point functions W W™, ZZ, yy and the Z—y mixing, we have

Mww (p?) = My (p°) — dmy +8Zw (p* — miy), (56)
f22(p%) = NZ7(p%) = m7 +6Z2(p* = m3), (57)
M,y (p") = L5 () + p*5Z,, (58)
1 8s2
Mz, (p") =N} (p*) =827, ( P* = Sm7y ) —my-—" (59)
2 ZSWCW

where

(5Zz> _ <ch S%v> (52w> Bsiy _ ciy (dmy _ dmiy

8z, swoew/\8Zs )" 2 s \mk o omd )’
827, = cwsw(8Zw —8Zp) = L‘”z(azz —8Z,). (60)
C
w

The renormalized fermion two point function is expressed by the following two parts:

My (p*) = v (PP + T pra (PP, ©61)
where

. dm

Myrv(p?) =p [ lfl}IV(PZ) +8Zf] +my [HIPI (rh — 32{; - —mff} ,

f7.a(0) = =pys | ML 07 +62] (62)
with

f f f f
8Z 8Z 8Zy — 87
azéziL; Boszj=—t 0 (63)

In Eq. (62), 1'[1 A% Hl)}? 4 and l'[lfl;I g are the vector, axial vector and scalar parts of the 1PI
diagram contributions at the one-loop level, respectively.
For the scalar sector, we first define shifts in the weak eigenbasis of the scalar fields:

m\ s (M) (@) .5 (a) (wi)_ 5 (w
<h2>_)zeven(h2>a (22)_>ZOdd<Zz>’ <w2i —>Zy wzi ) (64)

where Zeven, Zodd and Zi are arbitrary real 2 x 2 matrices. We then express shifts of the scalar
fields in the mass eigenbasis as
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0 0
(’Z) s R(—3) Zeyen (f) (i ) — R(~58)Zoaa (Cj‘ ) ,
+ +
<f1i>—>R( 3,3)zi(G ) (65)

where we introduce Zeyen = R(—oz)ZevenR(oz) and Zogq/+ = R(—,B)Zodd/iR(ﬂ). We define the
matrix elements of them as follows:

<1+%ZH 3Cun ) (1+%ZG 8CGa )

Zeven= 1 s Zodd= 1 s

8Chy 1+§Zh 8Cac 1—|—§ZA
l—I—lZ + 6Cqo+y-

Zy = 246 oA . (66)
SCHJFG* 1+§ZH:E

We note that in Ref. [75], the above matrices are chosen to be a symmetric form; i.e., 6Cgj =
6Chy, 6Cga = 8Cag and §Cg+py- = 6Cy+g-. In this paper, we do not take the symmetric
form, and we use the additional degrees of freedom to remove the gauge dependence in the
renormalization of §8 as it will be discussed in Section 3.4. Finally, we can express the shifts of
the scalar fields by

<H> . ( 14562y scHh+3a> (H)
h 8Chp — a1+ 182, h )’

<Go> R <l+%BZGo 8CGa +5,3> <G0>

A 8Cag—8B 1+38Z4 )\ A )’
+ 1 +
()= G 2002 ) ()
2 H

For the scalar sector, we have the renormalized one-point function for 4 and H as

Ty =08Ty + TP, Ty =68Ty + T, (68)

where

8Ty 6Ty
(1) ()

The renormalized two-point functions are expressed as

(i (pD) = AR + [ (0 = m}szy — sm} | (70)
i (0% = T (%) + [ (07 = w38 Z — smiy | an
flaa(p?) = A (D) + [ (0% = 5824 — 6m3 | (72)
(- () = L (02 + [ (0 = w0082 — iy ] 73)

and those of the scalar mixings are given by

M (p?) =T (0D + p2(8Chu + 8Chp) + m2 (S — 8Cpy) — m% (Sa + 8Cpp), (74)
A (p?) =T (p?) + p*(8Cac +8CGa) +mi (88 — 8Cac), (75)
Mpeg-(p )—HIPIG (p?) + P> (8Ch+G- +8CG+- )+mHi(5ﬂ —38Cg+g-),  (76)

where



S. Kanemura et al. / Nuclear Physics B 896 (2015) 80-137 95

25T, 28T
lPI(p )_HIPI( 2)+s 1+ca 27 77
/311 s,gv
lPI( ) = lPI( 2)+ 2‘STl +5§5T2 (78)
p cgv spv
25T1 5T2
AP (p?) = P (p?) 4+ 2L 4 S22 (79)
ﬁv Sﬁv
25T1 623T2
APl 2 = P 80
- =T, (p )+Cﬁv+sﬂv (80)
ST, ST
P (p?) = L (p?) — suca (—‘ - —2) , 81)
Cﬁv s,g;v
n2eH=nfe»H + - [sin(ﬁ—mTH—cos(ﬂ—a)Th], (82)
1.,
O - (pH) =T - (p?) + = [sm(ﬂ—a)TH—cosw—a)Th]. (83)

3.2. Renormalization conditions in the electroweak gauge sector

The renormalization of the electroweak parameters can be done in the same way as in the SM,
because the number of parameters to describe the electroweak observables are the same in the
THDM. This nature is also applied to models based on the SU (2);, x U(1)y gauge symmetry
with p = 1 at the tree level.

We apply the electroweak on-shell scheme based on Ref. [103] to our model. There are five
counter terms in the electroweak sector; i.e., Sm%[,, szz, S8em, 6Zw and 8Zp. Therefore, we
need the following five renormalization conditions to determine them:

Re [lww(m3,) =0, Rellzz(m%)=0, (&
d - 2 a

an(l’)pzzozo’ Mz, (0) =0, ®
£re(q2 =0, p1 = po =m,) =iey,, (86)

where f‘}:ee is the renormalized photon—electron—positron vertex. From the above conditions, we
obtain

8m?%, = RellIFh (m3,), sm% =Rell 1 (m%),

5 25y M7 (0)
em _ m!PMloy - 2W _Er (87)
Oem cw my
2 Ss2
82y, =—TLPN0Y, 8Z7, =——T1}H0)+ —& 2w (88)
m?, swew’

3 When we discuss models without p = 1 at the tree level such as models with isospin triplet scalar fields, one additional
input parameter is required to express the electroweak sector. Therefore, we need an additional renormalization condition
to determine the extra counter term associated with the parameter. In the model with a ¥ = 0 Higgs triplet field, the
renormalization of electroweak parameters has been discussed in Refs. [61,62]. Furthermore, in the model witha ¥ =1
Higgs triplet field, that has also been discussed in Refs. [63,78].
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where I'IIPI 0) = d HIPI( 2) . The other counter terms are also determined by
2(c? —s2 HIPI(O) ¢k, — s, 852
87y = — HlPI(O) (e — siw) S w - w 2W’ (89)
cwsw my Cw o Sw
2ey T17(0) 653
87w = —TP0) — = L | W (90)
mz Sw
2 1PI 1PI (.2
Sy _ |:H 2(m%) HWW(mW):| 1)
2 2 2 2 :
Swoo Sw mz My
The counter term for the VEV §v is also obtained through the tree level relation:
2 2
my, s
V2= DWW (92)
7T 0em
as
s 1152 — 2 mIPL (2 l—[lPI m 2 lPI(O)
_Uz_[W2 W WW§ 2 27(2 2 Py + = sw 11 — . (93)
v 2 S iy Swo Mz cw mz
We here note that the fermion-loop contribution to HIPI(O)’ is given by
a :
M0 =) SN QF(A = Inm3), (94)
f

where Q ¢ is the electric charge of a fermion f, ch is the color factor: ch =3 (1) for f being
quarks (leptons), and A is the divergent part of the loop integral as defined in Eq. (B.23) in
Appendix B. In order to avoid to input the light quark masses, we can use the following relation
obtained from Eqgs. (58) and (88)

i) = — [M8n2) — 11, 02)] = — M 2) + Ao, 95)
nz my

where Acwen, is the shift of the structure constant that we can quote the experimental value. In the
right hand side of the above equation, the light fermion mass dependence in HIPI (m Z) /m> ~ is of

order m? / mzz, so that we can neglect it.
3.3. Renormalization conditions in the Yukawa sector

In the Yukawa sector, there are three counter terms ém ¢, §Z ‘J; and §Z f: . To determine them,
we impose the following three conditions for the fermion two point functions [76]:

~ d

M spv(m%) =0, =0, A(p> =0, (96)
we obtain

5mf U 1PI

1yl 2,
my S, vm%) + T s (m)

VA U 2| d 7P 2 d P!
87y = —TI7y (m}) - me[dz 1V Pt g irs(P
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57/ — _iP! (m ) +2 d P! ( 2) (97)
a="Mgzalmy mfd 2 1A prem?

3.4. Renormalization conditions in the Higgs potential

There are totally 21 counter terms in the Higgs potential, namely, the counter terms for two
tadpoles 6T and § Ty, four mass parameters 3mi (¢ = H*, A, H and h), two mixing angles
da and 8B, four wave function factors § Z,, six wave function mixing factors §C;;, and M 24

First, we impose two tadpole conditions at the one-loop level, i.e.,

Ty =Ty =0. (98)
We then obtain
8Ty = —TpP, 8Ty =T (99)
Second, eight on-shell conditions for the two-point functions:
My (m2) =0, (100)
d -
ﬁﬂwp(pz)bz:m% =0, foro=H?*, A, Handh, (101)
which determine the following eight counter terms
528T1 28T
sm} =TI (m3) 4 L 4 22 (102)
cpv SgU
28T s28T»
sm2, = TP 2y 4 SOl | e ’ 103
my HH M) cpv Spv (103)
\PI 25T1 C%(STZ
smy =T (m3) + — + —, (104)
cgv Sgv
2 2
5T1 ot ¥ b)
sm%. =P " 105
MhE = TH™ (mHi)—i_ cgv + Sgv ( )
and
87, = —in”’l( 2y (106)
¢ dp mé.

Three counter terms o, BC nu and §Cpyy, related to the mixing between the CP-even scalar
states are determined by imposing the following three conditions

Hpn(my) = un(m3y) =0,  §Chy =8Cpy =8Cj. (107)
They give

1 5Ty ST
So=— [ T (m?) + T (m3,) — 254ca <—1 - —2” , (108)

2(mH h) cgyv  Sgv

1
5Ch=———— [n}j’,ﬁ(mﬁ) - H}L}’,ﬁ(mi,)] . (109)
2(my —my)

4 In addition to them, there are two more counter terms 8ZG+ and §Z GO- However, they do not enter the following
discussion.
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Three counter terms 88, 6Cac and §Cg 4 related to the mixing between the CP-odd scalar
states are determined by three conditions. Similar to the CP-even sector, we first impose the
following two conditions as

M46(0) = [Tag(m%) =0. (110)
We then obtain
1 1 -
5B —8Cac =——5T14G(0), 88 +8Coa=——TG0m3%). (111)
mA nmy

In order to determine three counter terms, we need to impose one more renormalization condition
in addition to that given in Eq. (110). This third condition can be used to remove the gauge
dependence in §8 which was already mentioned in the beginning of this section. To define such a
condition, we separate I1 i\% (p?) into the gauge dependent (G.D.) part and the gauge independent
(G.L) part as

I (D) = T (0D 6. + AR (D 6 - (112)

Then, we imposed the third condition as

1
5/3:—2—21'1”"( m)|gy- (113)

Using Eq. (111), the remaining two counter terms are also determined:

| (- .

5Cac =5~ [ni,"g(mf,)\G_L —211;"(1;(0)\6]3.], (114)
my
1

8CGA:—2—2[ AL 0n%)| gy + 2005 0m A)|GD] (115)
My

We note that in l:[}fcl; (0) only the G.D. part is survived; i.e., 1:1}4% 0 = 121}4% (0)|G.D.' As it can
be seen in Eqs. (114) and (115), there still remains the gauge dependence in §C4¢ and §Cg 4.
However, they do not appear in the following calculations for the renormalization of the Higgs
boson couplings. Instead of applying the above renormalization scheme for §8, we can apply
the MS scheme in which the gauge dependence can also be removed at the one-loop level as
discussed in Ref. [85]. In the following discussion, we apply the renormalized tan 8 determined
by Eq. (113).

The above A—G° mixing can be replaced by the mixing between A and the physical Z boson
by the help of the Ward-Takahashi identity; i.e., the condition I Ag(mi) = 0 is equivalent to
that of vanishing renormalized A—Z mixing; i.e., f ZA (mz‘) = (0, which can be defined in the
following way. The Z—A mixing is obtained from the kinetic term:

Liin=mz@,G)Z" + -+ > mz (3B +8Cca) 0, ANZ  + - (116)
The renormalized Z—A mixing 121’2 4 =—ipH 174(p?) is then expressed by
f24(P?) =mz (8B +8CGa) + ML (PP, (117)

where p* is the incoming momentum of A. The 1PI diagram contribution to the Z—A mixing
MFL(p?) is given in Appendices A-C. Because of the relation TTIFL (m?%)/m? = L m?%) /m 7,
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Table 3
The counter term for the mixing factors in Yukawa interactions.

s&l s&f 8&¢
Type-I —i—z(cotﬁéﬂ + tan o) —%(cotﬂ&ﬂ + tanadar) —%(cotﬂ&ﬂ + tanadar)
Type-11 —?—;(cotﬂéﬁ + tan ) —f—;(tanﬂéﬁ + cotadar) —ﬁ—;’s(tanﬂéﬁ + cotada)
Type-X —§—g(c0t,38/3 + tan ) —?—Z(cotﬂﬁﬁ + tanadar) —%(tanﬁSﬂ + cotada)
Type-Y —?—;(cotﬁéﬂ + tan ) —%(tanﬁéﬂ + cotada) —?—g(cotﬂziﬂ + tanadar)

the condition [T AG (mi) = 0 can be replaced by Mz (mi) = 0. Therefore, Eq. (113) is rewritten
as

1
8 =——T 1 mY)]s, - 118
B 2my ZA(mA)|G.I. (118)
We note that the numerical difference between in our scheme and in the previous scheme applied
in Ref. [75] is negligibly small as long as we discuss the case with sin(8 —«) ~ 1 or x < 1.
Two counter terms §Cy+g- and §Cg+py- for the mixing between the singly-charged scalar
states are determined by requiring the vanishment of the mixing between G* and H* at p*> =0
and p> =m?2, .

H*'
M p+6-(0) = My G- (me) =0. (119)
We obtain
1 - 1 -
8Chig- =08 — ——Ti5 (0), 8Cgry-=—8p— ——T 15 (mys).  (120)
mHi mHi

Until here, we did not discuss the determination of § M2. As adopted in Ref. [75], we apply the
minimal subtraction scheme for § M2, where it is determined so as to absorb only the divergent
part in the hhh vertex at the one-loop level, that is

sm? 1 f 252 2 2 2
W:m[zzf Nemy§y +4M™ —2miys —my
sin2o 5 5 5 5
Sinzﬂ(mH—mh)—3(2mW+mZ)]A. (121)

4. One-loop corrected Higgs boson couplings
4.1. Analytic expressions

In the previous section, all the counter terms are determined by the set of renormalization
conditions. Now, we can evaluate the one-loop corrected Higgs boson couplings htWW, hZZ,
hf f and hhh. In addition to the above couplings, we also give formulae for the loop induced
decay rates h — yy,h — Zy and h — gg.
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The renormalized V'V, hf f and hhh vertices are expressed as

Ti v (p3 p3, g% = Thuee 4 8Th L + T (ph, p3. 42, (122)
A i i j, 1PI

e (01, P2 a®) =T + 8T + Ty (p1, p3. 42, (123)
Cinn(p?, p3,q%) =T 4 8Thn 4+ Tobt (p3, p3, 42), (124)

where F;lrffx, 6Ipxx and I }l[)}lx are the contributions from the tree level, the counter terms and

the 1PI diagrams for the h X X vertices, respectively. In the above expressions, p; and p; (¢ =
p1+ p2) are the incoming momenta of particle X (outgoing momentum for ).
For the hV'V and hf f vertices, the indices i and j label the following form factors:

Mn v

S ~ S PP S PlpD2

Uy =Thyyve™ + Ty = 22 +ilhyye? p2_<77 (125)
my my

f‘hff = ﬁgff + st‘;f}f +Iﬁlf‘;\l/flf +ﬁ2f‘;‘,/f2f

+ PrysUige + BavsOife + B1baligs + PrpaysC 7. (126)
The tree-level contributions are given as
1,tree Zm%, : tree my . f tree
Fh’\/V = T sin(f — &), Fhff = _Té‘_h s Dupn = —6Anmn,
Dy =T =T =0 (j#S). (127)

The counter-term contributions are

) 2m3, | sm?, 1 Sv
8Ty = —2|sin(B —a) | —5= +8Zy + =8Zy — — | +cos(B —a)(3 +3Cy) |,
v 2 2 v

my
S Mf f 8mf Sv f 1 5§hf EIJ_;
Sljpp=——"8 | — —— +38Zy +58Zp + — t —f(SCh +8a) |,
v my v 2 Eh £
3
SChnn =6 [Mhhh + ESZh + Apnn (da + SCh)} ,
STy =8Thyy =805 =0, (j#5), (128)

where

Sv
SAhhh = —Aphn— +

2 2
5 »sin2p cos“(B —a)cos(a + B)6M

1 2
~ g [cos(Bar — B) + 3cos(a + B)] dmj,

+ % cos(B — ) |:3

sin 2«
sin2p

(my — M?) + Mﬂ Sa
+ —————cos(B — a)[(4 + 4 cos 2a cos 28 — 2sin 20 sin2B)m;,

4vsin-28
— (5 —cos4B +4cos2acos2p — 2sin 2w sin 2ﬁ)M2]8/3. (129)

The counter terms 85,{ ' appearing in the Yukawa couplings are expressed in terms of §8 and d«
as listed in Table 3. We define the renormalized scaling factors in the following way:
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1 2 2 2
A Lypyy(my, my, g°)THDM

! , (130a)
F;llvv(m%/,m%»qz)SM
s 2 2 2
I?f _ Fhff(mf,mf,q )THDM (130b)
Do p(m%, m%, qHsm
Lo (m?,m?, ¢*) DM
Ry = (130¢)

A 2 2
Lhnn(my, my, g*)sm

The momentum g2 is fixed to be (my + mp)?, m%l and (2my)? for Ry, & + and &y, respectively,
in the following discussion.

The deviations in the renormalized Higgs boson couplings are approximately expressed by
keeping the non-decoupling effects of extra Higgs bosons and top and bottom masses dependence
(mg >~ mpy is assumed) as

2
1 11 m2 M?
ARy ~——x? — ——— Z co—g (1 ——2) , (131)
2 167 6<I>=A,H,Hi v my,
ARy >~ ARy + &, x, (132)
Ake >~ Aky + &, x, (133)
R R 1 4mt2 M? mt2 mt2
AK},:AKV+$dX——2$u$d—2 1—T+T 1+4+1In P
167 v Mye  Mps My
11, m}
RT=E R iy (139
O=A,H H* o
R R 1 1 m? mZm?
ARy > ARy + &, x — Tk 53 Z . t2 +,§3 2b2t ’ (135)
T o=Amn* VMo Uiy
3
. 3 2M? 1 4 m¥ MZ\
Adep > (5 - ) X 62 > ) 75 (1 T (136)
my 16 d=A,H, H* Myv Mo

where ¢ =2 (1) for ® = H*¥(H, A). We can see that there appears the term mé/vz(l - M?/
m%b)2 in Aky which comes from the counter term §Zp; i.e., the derivative of the & two point
function given in Eq. (106). When we consider the case with M? < v2, this term gives the
quadratic power like dependence of the mass of additional Higgs bosons. This corresponds to
the case where the masses of the additional Higgs bosons, which is expressed schematically
as m%b = A;v> + M?, mostly come from the Higgs VEV v. In such a situation, it is known
that the decoupling theorem does not work. On the other hand, if we consider the case of
M? > v?, the amount of AR 7 is reduced as 1/ m%b according to the decoupling theorem. The
same contribution from §Z;, is also seen in Ak r (f =7,c,b,t) through the term AKky. Notice
here that there are additional terms proportional to the top or bottom quark masses in Ak, and
Ak;. Apart from Aky and Ak, let us discuss the expression of Akj,. There appears the term

mfb / (m%vz) (1 - M?/ m?l,)3 which comes from the additional Higgs boson loop contributions to
the 1PI hhh diagrams. When we consider the non-decoupling case; i.e., M? < v2, it gives the
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quartic power like dependence of mg¢. Similar to the case in Aky, this effect is decoupled by
1/m% when M? > v? is taken.
Similarly, the decay rates of 1 — yy and h — gg are expressed in terms of x (x < 1) as

F(h— )NGFa mz 1 1 M?
" a8y |3 m3,.
2
f )C2 x2
+Y QN (Itépx =) p+ (=)l . (137)
G
2
F(h— ggy~ ZE%™ |57 4 ——1 : (138)
8¢ 64f : Z &g x = S)IF

where Ir and Iy are the loop functions. The exact expressions for the decay rates for h — yy,
h — Zy and h — gg are given in Egs. (C.58), (C.59) and (C.60) in Appendix C, respectively. In
Eq. (137), the firstterm in I"(h — y ) proportional to (1 — M2/m +) is the charged Higgs boson
loop contribution. When we take the limit of M2 — 0, this term approaches to the constant —1 /3.
This can also be understood as the consequence of the non-decoupling effect of the charged Higgs
boson loop contribution, but it is not like the quartic (quadratic) power like dependence as seen
in Ak, (Aky and A/%f).

4.2. Numerical evaluations

In the following, we show numerical results for the Higgs boson couplings at the one-loop
level. We use the following inputs [94]:

mz =91.1875 GeV, G =1.16639 x 107> GeV 2,

ozl = 137.035989, Adem = 0.06635,

m; = 173.07 GeV, my, = 4.66 GeV, m. = 1.275 GeV, m; = 1.77684 GeV,

my = 126 GeV. (139)

We first show the case of the SM-like limit x = 0. In this case, the deviations in the Higgs
boson couplings purely comes from the additional Higgs boson loop effects. We note that the
tan 8 dependence in the renormalized scaling factors appears only in k . We take all the masses
of additional Higgs bosons to be the same; i.e., my+ =my4 =mpy (=mq) for simplicity.

In Fig. 3, we show the decoupling behavior of additional Higgs boson loop contributions
to the Higgs boson couplings. The upper-left, upper-right, lower-left and lower-right panels re-
spectively show Aky, Akp, A/c)% 1Zy and Aky, as a function of m¢ for several fixed values of

Va2 (= ,/mé — M?) in the case of tan 8 = 1. We can see that all the deviations approach to
zero in the large mass region due to the decoupling theorem [28].

In Fig. 4, we show the deviation in the Higgs boson couplings Aky (upper-left), Ake s (upper-
right), AK}% /2y (lower-left) and Akj (lower-right) as a function of mge. We take M 2 =0 and
tan 8 = 1 for all panels. In this case, the magnitude of deviations increase when mg¢ becomes
larger due to the non-decoupling effect of the extra Higgs boson loops except for AK)% 1Zy
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Fig. 3. Deviations in the scaling factors for AV V (upper-left), hbb (upper-right), hyy/hZy (bottom-left) and hhh
(bottom-right) at the one-loop level as a function of me(=mpy+ =my =mp) in the case of sin(f — o) =1 and

tan 8 = 1. The black, blue and red curves respectively show the cases of v Av2 (= ,/ m%b — M?2) = 150,300 and 400 GeV.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. Determination of inner parameters from the Higgs boson coupling measurements

In this section, we investigate how we can fingerprint the THDMs using the one-loop cor-
rected Higgs boson couplings and also future precision measurements of these couplings at the
HL-LHC and the ILC. We carefully see how the tree level analysis for the model discrimination
discussed in Section 2 or in Ref. [53] can be improved by the analysis with radiative corrections.
Furthermore, we demonstrate how the inner parameters such as x, tan 8 and masses of additional
Higgs bosons can be extracted from the measurement of the couplings for the Higgs boson 4. In
our analysis below, we assume that the deviations in scale factors of the Higgs boson couplings
are measured as expected in Table 4. We also assume that the SM values of these coupling con-
stants are well predicted without large uncertainties which mainly come from QCD corrections.”

5 According to Refs. [104,105], the current uncertainty of the bottom Yukawa coupling hbb due to the QCD corrections
is 0.77% in the SM. This uncertainty could be reduced in future studies using the lattice calculation up to 0.10% [105]
which is better than the expected accuracy of the measurement of the 2bb coupling at the ILC1000-up as listed in Table 2
(0.4%).
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Fig. 4. Deviations in the scaling factors for hV'V (upper-left), if f (upper-right), hyy/hZy (bottom-left) and hhh
(bottom-right) at the one-loop level as a function of m¢ (=m g+ =m4 =my) in the case of M2 =0, sin(B—a) =1
andtang = 1.

Table 4
Benchmark sets for the central values of measured scaling factors for the 2V V, hbb and htt couplings. The expected
1-o uncertainties for each scaling factor at the HL-LHC and the ILC 500 are shown in Eq. (140).

Set A Set B Set C Set D SetE
Aky —2% —2% —2% —1% —0.4%
Akr +18% +10% +5% +18% +18%
Akp +18% +10% +5% +18% +18%

Let us suppose that Aky, Ax; and Ak are measured at the HL-LHC and the ILC500. We
consider five benchmark sets for the central values of (Axy, Ak, Akp) as listed in Table 4. Set A
is the typical case where Yukawa couplings deviate from the SM values rather significantly (18%)
with a relatively large deviation in the 2 V'V couplings (—2%). Set B and Set C correspond to the
cases with smaller deviations in Yukawa couplings with the same deviation in gauge couplings
as Set A. Set D and Set E do to the cases with smaller deviations in gauge couplings with fixing
the same deviation in Yukawa couplings as Set A. According to Table 2, the 1-o uncertainty for
these scaling factors are given as
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[0 (ky), o (kp), o (ke)] = [2%, 4%, 2%], for HL-LHC,
[0 (kv), 0 (kp), 0 (ke)] = [0.4%, 0.9%, 1.9%], for ILC500. (140)

From the tree level analysis in Fig. 1, these benchmark sets indicate that the Higgs sector is the
THDM with the Type-II (Type-I) Yukawa interaction assuming x >~ cos(8 —«) < 0 (x > 0). In
order to further discriminate Type-I or Type-II, we need additional information to determine the
sign of x such as the measurement of Ak., namely, if Ak, is given to be a negative (positive)
value, then we can completely determine the Yukawa interaction to be Type-II (Type-I). In the
following, we consider the case of Ak, < 0, so that we assume the case of the Type-II THDM.

For all Set A to Set E, we survey parameter regions in which values of «’s are predicted
around the central values within the 1-o uncertainty expressed in Eq. (140) by scanning the
inner parameters x, tan 8, mqe (= mpy= =ms =mpy) and M? in the Type-Il THDM. We also
take into account the constraints from vacuum stability and perturbative unitarity in order to
constrain the parameter space. The scanned regions for tan 8 and m¢ are taken as tan 8 > 1 and
me > 300 GeV, respectively. Values of the other parameters M 2 and x are scanned over ranges
which are enough wide to obtain the maximally allowed parameter spaces.

In Fig. 5, we show the allowed parameter regions on the x—tan 8, x—m ¢, me—¢ and mge—tan
planes from the left to right panels, where we define

c=1-M*/m5%, ine=mel. (141)

The parameters x and mg¢ give deviations of the Higgs boson couplings by the mixing effect
and the loop effect, respectively. Notice that the scale of mg¢ corresponds to the mass of the
extra Higgs boson when M? = 0. The physics meaning of ¢ is to measure the magnitude of
non-decouplingness of the loop effects of extra Higgs bosons. If ¢ is unity, we have M? =0,
while if ¢ < 1 with nonzero value of M? (> 0), the mass of the extra Higgs bosons partially
comes from M? so that the non-decouplingness is smaller. The central values of Ak’s are chosen
from Sets A, B, C, D and E from the upper to bottom panels. The blue and red points correspond
to the region within the 1-o uncertainty at the HL-LHC and ILC500, respectively, from the
central value in Table 4.

For Set A in Fig. 5, let us first explain the behavior of the red points on the x—tan 8 plane. In
this case, —2.4% < Aky < —1.6% is allowed at the ILC500, which can be explained by taking
—0.22 < x < —0.18 at the tree level from the expression of Aky ~ —x2/2. At the same time,
both Ak; and Akj, are approximately given by —x tan § in the Type-II THDM at the tree level,
so that tan 8 is determined by a fixed value of x from tan 8 ~ — Ak /x, which is around unity
if we take the central value of Axy and Ak . In fact, by looking at the top-left panel in Fig. 5,
the above mentioned values of x and tan 8 are allowed. However, the actual allowed region of
x including radiative corrections is about from —0.22 to —0.12 which is wider than the allowed
region estimated at the tree level. This can be understood by taking into account the additional
Higgs boson loop contributions to «y at the one-loop level. The approximate formula for Acy
is given in Eq. (131), where the second term in the right hand side corresponds to the one-loop
contribution. The point here is that the sign of one-loop effect is negative, and it is proportional
to the factor ¢2. Therefore, the allowed region above x ~ —0.18 is explained from the one-loop
contribution with a non-zero value of ¢. On the other hand, the one-loop correction to k; is
given by the same form as for xy as given in Eq. (132), so that the difference Ak; — Aky is
approximately given by the same form —xtan 8 as that given at the tree level. Now from the
measurement, since the difference is determined with the uncertainty, —x tan 8 is also fixed at
the one-loop level. We thus can understand the shape of the allowed region of this plot. Although
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Fig. 5. Scatter plots for Sets A, B, C, D and E from upper to bottom panels. The cyan and red points satisfy the benchmark
sets within the 1-o uncertainty at the HL-LHC and ILC500 given in Eq. (140), respectively. For the panels shown in the
second and the third columns, the vertical axis m¢ and ¢ are respectively defined by m¢p = me(1 — M 2 / mé) and

t=1- M? / m%b. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

for Ak the top quark, the bottom quark and H¥ loop diagrams give an additional contribution
as shown in Eq. (134), this is not so significant in the scanned regions. As a consequence for
Set A, when the measurement at the ILC500 is assumed, the allowed value of x and tan 8 can be
determined to be about from —0.22 to —0.12 and from 1 to 2, respectively. On the other hand
at the HL-LHC, Axy = 0 is included within the 1-o uncertainty. Thus, x ~ 0 is still allowed,
so that the value of tan 8 is not determined at all because of the relation tan 8 ~ — Ak /x. In
addition, we can only extract the lower limit of x to be about —0.22.
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Next, we discuss the behavior of the second panel for Set A in Fig. 5. As we mentioned
in the above, the vertical axis m¢ measures the size of one-loop contribution to the deviation
in the Higgs boson couplings. At the ILC500, in the region with x >~ —0.20, the value of m¢
is determined to be a smaller value, but m¢ 2 0 is not included because of the constraint from
vacuum stability. This can be understood that the deviation from the tree level mixing is dominant
in this case. On the other hand, when the value of x approaches to zero, a sizable value of m¢
is extracted, in which the deviation driven by the one-loop contribution becomes more important
to compensate the reduced contribution from the tree level mixing. In addition, the upper limit
of mg to be about 450 GeV is determined by the constraint from perturbative unitarity. At the
HL-LHC, although the blue plots are spread over the region with x >~ 0 as we observed in the
x—tan 8 plot, the upper and lower limit of mg¢ is given by the constraint from unitarity and
vacuum stability, respectively.

The third panel for Set A in Fig. 5 shows the allowed region on the m¢—¢ plane, where ¢ is the
parameter indicating the non-decouplingness of the extra Higgs bosons. For Set A, the allowed
regions for ILC500 are shown by the red points while those for HL-LHC by the blue points.
There are upper and lower bounds for ¢ for each value of m¢. They are crossed at around m¢ =
850 GeV which corresponds to the upper bound of the mass of extra Higgs boson. The region
of ¢ is from 0.2 to 1.4 at me = 300 GeV. The region of ¢ > 1 corresponds to M? < 0, where
non-decoupling effects are effectively large. The exclusion of ¢ < 0.2 means that there must
be some non-decoupling loop effects of extra Higgs bosons in order to explain this benchmark
point. At the HL-LHC, the similar behavior can be observed. However, ¢ = 0 is still allowed, so
that we cannot say something about the non-decoupling effect.

The last panel for Set A in Fig. 5 shows the allowed regions on the mg—tan 8 plane. At the
ILC500, tan 8 can be determined to be less than 2, and the upper bound of the mass of the extra
Higgs bosons are obtained to be less 850 GeV, while at the HL-LHC, tan 8 is undetermined and
only the upper bound of the mass of the extra Higgs bosons is obtained.

The panels shown in the second and third rows in Fig. 5 display the allowed parameter regions
for Set B and Set C, respectively, where the central value of Ak; (= Akyp) is taken to be smaller
than that of Set A, while Axy is taken to be the same. By looking at the panels for the x—tan 8
plane, we can see that a smaller value of |x| is preferred as compared to the case for Set A.
Furthermore, a smaller value of tan § is favored in addition to a smaller value of |x| as seen in
the result at the ILC500. These tendencies can be understood in such a way that the deviations
in Yukawa couplings are proportional to —x tan 8 at the tree level. Because of the smaller value
of |x[, the deviation in xy cannot be explained only from the tree level contribution, so that the
one-loop effect is necessary to compensate the tree level contribution. That is the reason why the
red points in the second and the third panels for Set B and Set C are given in the upper region
which does not include m ¢ =~ 0 and ¢ =~ 0. Therefore, the non-decoupling effect can be extracted
at the ILC500 for these two benchmark sets. From the results of ILC500, the upper limit on m¢
is extracted to be about 950 GeV and 800 GeV for Set B and Set C, respectively.

The panels shown in the fourth and fifth rows in Fig. 5 display the allowed parameter regions
for Set D and Set E, respectively, where the central value of Axy is taken to be smaller than that
of Set A, while Ax; (= Akyp) is taken to be the same. From the red points in the left panels, it is
seen that the values of smaller |x| and larger tan 8 are allowed, which can be explained by the tree
level formulae of Axy = —x?2 /2 and Ak, = —xtan 8. For Set E unlike the other benchmark
sets, values of x and tan 8 are not well determined even at the ILC500, because Axy =~ 0 is
included within the 1-o uncertainty of ILC500. The extraction for mg, ¢ and m¢ is done from
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Fig. 6. Scatter plots for Set A with the additional constraint from «;, = 0.98, 1.00 and 1.02 for upper, center and bottom
panels. The 1-o uncertainty of k), is assumed to be 2% as expected at the HL-LHC. The cyan and red points satisfy
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to the web version of this article.)

the ILC500 as 50 < mg <300 GeV, 0.1 <S¢ < 1.1GeV and mg < 850 GeV for Set D and
0<mgp <200GeV,0<¢ <0.7GeV and mg < 800 GeV for Set E.

Up to now, we have discussed the extraction of the inner parameters from the three experi-
mental inputs; i.e., Axy, Ak, and Akp. In Fig. 6, we show how the extraction can be improved
by adding information of «, in addition to the above three inputs. The panels shown in the first
row are the same as those shown in the first row in Fig. 5, which are displayed in order to com-
pare the results with «,,. The panels displayed in the second, third and fourth rows respectively
show the allowed region for Set A with the central value of «, of 0.98, 1.00 and 1.02 within
the 1-o uncertainty of +2% as expected at the HL-LHC (see Table 2). Because the accuracy
of the measurement of «,, at the ILC500 is not better than that of the best value at the HL-
LHC, 2%, we also use 2% for the analysis at the ILC500. As we see Eq. (137), the H * loop
contribution to the decay rate of the 4 — yy mode gives a different dependence of the non-
decouplingness from that in Aky and Ak, which is not proportional to r24, but proportional
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Fig. 7. Scatter plots for Set D with the additional constraint from «;, = 0.98, 1.00 and 1.02 for upper, center and bottom
panels. The 1-o uncertainty of k), is assumed to be 2% as expected at the HL-LHC. The cyan and red points satisfy
the benchmark sets within the 1-sigma uncertainty at the HL-LHC and ILC500 given in Eq. (140), respectively. For
the panels shown in the second and the third columns, the vertical axis m¢ and ¢ are respectively defined by mg =
me(l—M 2 / m%b) and¢=1-— M? / m%b. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

to ¢, so that the non-decouplingness ¢ can be expected to be extracted more precisely depending
on the measured value of k). In fact, we can observe that ¢ is determined more precisely to be
05<¢<1.0,025<¢ <1.1and 0.2 < ¢ <0.5 at the ILC500 for the cases with the central
value of k), =0.98, k,, =1.00 and «,, = 1.02, respectively, as compared to the case without k,,
(0.2 < ¢ < 1.2). The determination of m¢ is also improved, because m¢ is given as a func-
tion of ¢. We note that smaller values of ¢ and mg¢ are favored in the case of the larger central
value of «,,, because the H * loop effect gives a destructive contribution to the W boson loop
contribution.

In Fig. 7, we also show the allowed parameter region with additional information of «, for
Set D. Similar to the results in the previous figure, { and m¢ are well extracted as compared
to the case without «,, displayed in the first row in Fig. 7. For example, ¢ is determined to be
035¢508,0.1 $¢50.6and 0.1 S¢S 0.6 for the cases with the central value of k), = 0.98,
ky =1.00 and «,, = 1.02, respectively.
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6. Discussions and conclusions

We have calculated radiative corrections to a full set of coupling constants for the Higgs bo-
son h at the one-loop level in the THDMs with the four types of Yukawa interactions under the
softly-broken discrete Z, symmetry. These couplings are evaluated in the on-shell scheme, in
which the gauge dependence in the mixing parameter which appears in the previous calculation
is consistently avoided. We have shown the details of our one-loop calculations, and have pre-
sented the complete set of the analytic formulae of the renormalized couplings. We then have
numerically demonstrated how the inner parameters of the THDM can be extracted by the future
precision measurements of these couplings at the HL-LHC and the ILC.

We have found that the inner parameters of the THDM can be determined to a considerable
extent as long as «y will be measured with the deviation about 1%. The extraction of the inner
parameters using the ILC500 is much better than that using the HL-LHC. That is mainly due to
the good accuracy of the 7V V coupling measurement at the ILC500 whose uncertainty is ex-
pected to be less than 1%. Although we have only demonstrated the results for Set A to Set E
assuming the true Higgs sector is of the Type-Il THDM, the similar analysis can be performed
straightforwardly in the other types of THDM or the other extended Higgs sectors, and the ex-
traction of inner parameters is expected to be attained as well in these models. Our study given
in this paper shows that the numerical evaluation of the Higgs boson couplings at the one-loop
level in extended Higgs sectors is essentially important to indirectly determine the structure of
the Higgs sector by using the future precision data. In addition, it also shows that in addition to
the HL-LHC where especially ky y can be measured precisely future lepton colliders such as the
ILC are absolutely necessary for our purpose of determining the structure of the Higgs sector
from the measurement of the coupling constants of the discovered Higgs boson /4.

Although we have discussed fingerprinting by using «v, k¢, k» and «,,, the information of
ke, k; and kp, is also important to determine the Higgs sector more deeply. In particular, the
measurement of the top Yukawa coupling is important not only to determine the nature of the
top quark, the heaviest matter particle, but also to test the new physics scenarios based on the
composite models. The measurement of the hhh coupling is essentially important not only to
determine the nature of the Higgs potential but also to test, for instance, the new physics models
with strongly first order phase transition. Although at the HL-LHC the cross section of the double
Higgs production process is expected to be measured at a few times 10% it seems to be hopeless
to extract the information of the ~hh coupling sufficiently accurately. On the other hand, at the
ILC with /s = 1 TeV the hhh coupling can be measured with the 13% accuracy [59,106], which
is sufficient precision to test the strong first order phase transition which is required for successful
electroweak baryogenesis.

We conclude that the combination of the future data for all kinds of the couplings for the
Higgs boson & and their theory predictions with radiative corrections in various extended Higgs
sectors is a promising way to determine the structure of the Higgs sector and further to access
new physics beyond the SM, even if a new particle was not directly discovered in the future
experiments.
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Appendix A. Higgs boson couplings

From the Higgs kinetic term, we obtain the two types of the trilinear couplings; i.e., Gauge—
Gauge—Scalar (see Table 5), Gauge—Scalar—Scalar, and quartic Gauge—Gauge—Scalar—Scalar
type couplings. These couplings can be expressed as

L=+8gsv, 18" $ Vi, Vas + 86167 (0 $162 — $19" )V,
+ 8prpavi V28" P12 V1 Vay + - (A1)

The coefficients g4v,v,, ¢4,V and g¢,¢,v, v, are listed in Table 6, where we use gz = g/cw in
this table and below. Throughout appendix, we use the shortened notation of the mixing angles,
Sg—q =sin(B —a) and cg_y = cos(f — ).

From the Higgs potential, we obtain the scalar trilinear and the scalar quartic couplings. When
we use the following notation for these couplings

L= 42404 D1Dj Pk + X160 01D Prr + - - (A2)
These coefficients are given by
_1 2_ 5.2 _ 2 2 2
AH+H-h = 5 M~ = 2mye —my)sg—q +2(M~ —mj) cot2Bcpq |, (A.3)
1
hann =5 [(2M2 —2mE —m2)sp_q +2(M* — mﬁ)cotzﬂcﬁ_a] : (A4)
v
SB—
AHHR = gva [(2M2 —2my; —mp)sg_, +2BM* —2my —mj) cot2Bsp_uCpa
—(4M?* —2m3, — mﬁ)cé,a], (A.5)
mi M — m% 2 M? — m% 3
WITES —ZS;;_Q + Tsﬁ—acﬁ_a + Tcﬁ*“ (cot B —tan f), (A.6)
A s (A7)
= ——S58—q> .
GGh 2 B—a

1
AgEGFy = —;(mﬁ — M3 )Ch—a, (A.8)
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Table 6
The Scalar—Scalar—Gauge and Scalar—Scalar—Gauge—Gauge type vertices and those coefficients.
Vertices 8p1¢V Vertices 8p1, V1 V2 Vertices 8p1, V1 V2
+ : 8 2
hG=WFE Fi3h-o  hhWEWy g G*GOWFz, it
+ g 2
HG=WF FI5C-o  HHWIW, & HEAWFzZ, — +i%Zs,
0+ g _ 2
G G=W] -5 AAWFW; & GTHWFZ, —8822 cq
+ -8 _ 2
hH=WF Fiscpa  GOGOWIwW, & HEhWFz,  —8Zs%cp 4
+ .2 - - 2
HH*W] tifspo  GTGTWIW, & GThWFZ, —882.52 5p_o
2
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— . 8
GtG~zy i cow hhZyuZ, &z HEAWTA, 5%
+g— i 87 82 0 e
HTH™Z, i cow HHZ,Z, ¥ GEGO'wFa, %
0 g 2
hGOZy —4sp-a  AAZ,Z, & HERWFA,  $epq
8z 2
hAZy ~T-e G9%0z,7, £ GEHWTA,  $cpa
0 _&z 2
HG Zy T GtGmz,7, %3, GYG=AuZy  egzeaw
8z 2
HAZy 25 HYH= 2,7, &3y HYH A Z,  egzceow
+G6- ; -
GTG™ Ay ie GtG~AuA, & GERWT A, % 5p—a
HYH™A, ie HTH AL A, &2 HEHWTA, — LS
15 2
AAGH = —;(mh —My)Ch—q, (A9)
1 2 2 2 2 2
Ag+H-H = -3 2(M* —my)cot2Bsg—q + Cmyz +my —2M)cp—q |, (A.10)
han = — 2(M? —m3) cot2Bsg—o + 2m> 4+ m2, —2M?) (A.11)
AAH = 2 'y ) €O SB—a m'4 my C—a |» .
1
2 2 3 2 2 2 2
AHHH = _Z[Z(M —my) cotZﬂsﬂ_a —2(M~* — mH)c,gfasﬂ_a + ch,g,a],
(A.12)
my
AGGH = — = Ch—a> (A.13)
2v
N LI S Al4
HEGFH = v(mH —Mys)Sp—a> (A.14)
acH = 2 —m?) (A.15)
AGH = v myg —Myg)Sp—a, .
Cp— . .
Ay = ——P= [(zmﬁ +m% — 3M%) sin2a + M> sm2ﬁ] : (A.16)
2vusin2p
) 2
)‘HiG?:AZi;(mA —mys). (A.17)

The four point couplings are given by

1
AH+H-AG = —;()»H+H—Hsﬁ—a — AH+H-hCh—a)s (A.18)
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1

AG+G—AG = _;()\GJrG*HS/S—a — AG+G—hCB—a), (A.19)
1

AAAAG = _;()\AAHSﬁ—a — AAARCB—a)s (A.20)
1

AAGGG = —;(KGGHSﬂ—a —AGGhCh—a)- (A.21)

Appendix B. Loop functions

The Passarino—Veltman functions [ 107] are quite useful to systematically express the one-loop
functions. First, we define A, B and C functions:

" Ay =ptp [ 4K (B.1)
——A(m) = —_— .
log2 M=K 2P N,

i B dPk [1, k", k*kV]

[Bo, B*, B*"1(p3; my, ma) = u*=P : (B.2)

1672
i
167

@Qm)P NN,
4—D dPk [1,k*, k"kY]
Q2m)P  NiNyN;3
(B.3)

5[Co, C*, C*™1(pt. p3. (p1 + p2)*s m1, ma, m3) =

where D =4 — 2¢, and u is a dimensionful parameter to keep the mass dimension four in the
k-integral. The propagators are defined by
Ni=k>—mi+ie, Na=(k+p)>—mi+ie, N3=(k+pi+p)®—mj+ie.
(B.4)

The vector and the tensor functions for B and C are expressed in terms of the following scalar
functions:

B* = p/'By, (B.5)
B™ = pi' p\ By + g"" B, (B.6)
Ct=p{Ci+p5C, (B.7)
C* = p\' pYCa1 + P pyCoz + (P Py + P} P5)Caz + g Coa. (B.8)

By counting the mass dimension of the above functions, we can find that the divergent part is
contained in A, By, B, B21, B2y and Ca4. All the scalar functions are expressed by the divergent
part and finite part as

A(m) = m? (A +1- lnm2> , (B.9)
1
B():A—/dxlnAB, (B.10)
0
1
A
Blz—z+[dx(1—x)lnAB, (B.11)

0
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1
A 2
By = 3 dx(1 —x)“InAp, (B.12)
0
1 2 1 2 W
2 2 P 2 2 P
By = 7 <ml +m5 — ?> A+ p (’"1 +m5 — ?> E/dxABInAB, (B.13)
0
1 1
y
Coz—/dx/dy—, (B.14)
Ac
0 0
1 1 !
Ci _—/dx/dym, (B.15)
0
: 1
Cio=— /dxf y(y_ o= b (B.16)
0
1 1 ! 2
o1 :—/dx/dyw, (B.17)
Ac
0 0
1 1 . 5
C22=—/dx ay2d =" (B.18)
Ac
0 0
1 1 ! !
Crs :_/dx gy ==y (B.19)
Ac
0 0
1 1
A1
Cyp = i E/dx/dyylnAc, (B.20)
0 0
where
AB=—x(1—x)p2+xm%+(1—x)m%, (B.21)
Ac =y (pr1x + p)? + ylx(p2 — ¢* +m2 —m3) + m3 —m3 — pHl+m2, (B.22)
and the divergent part A is given by
1
A=——yp+Indn +Inp?, (B.23)
€
with yg being the Euler constant. It is convenient to define the following functions [108]:
By(p*, m1, my) = Ba1(p*, m1, m), (B.24)
B3(p*,m1,my) = —Bi(p*,m1,ma) — By1(p*, m1, my), (B.25)
Ba(p*, mi1, ma) = —m3Bi(p*, ma, my) —m3B1(p*, my, m), (B.26)

Bs(p?,my,my) = A(my) + A(ma) — 4By (p*, my, my). (B.27)
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Appendix C. 1PI diagrams

In this section, we give the analytic expressions for the 1PI diagram contributions to one, two
and three point functions by using the Passarino—Veltman functions defined in the previous sec-
tion. We calculate 1PI diagrams in the 't Hooft—Feynman gauge in which the masses of Nambu-
Goldstone bosons m g+ and m o and those of Fadeev—Popov ghosts m+ and m_, are the same as
corresponding masses of the gauge bosons; i.e., mgx =m .+ =mwy and mgo =m, =mz. 1PI
diagrams with bosonic external lines are separately calculated by the fermion-loop and boson-
loop contributions. We denote the fermionic- and bosonic-loop contributions by the subscript of
F and B, respectively. Throughout this section, we use the shortened notation of the Passarino—
Veltman functions [107] as

AX) = 2A(mx) (C.1H
167
Biiij(p* X, Y) = @B,-, ij(p%mx, my), (C.2)
i
Ci.ij(X,¥,2) = - —Ciij (P, p3, (p1 + p2)2smx,my,mz). (C.3)

C.1. One-point functions

The 1PI tadpole diagrams for 2 and H are calculated by

2

4m
== TfoE,‘fA(f), (C.4)
7
2
Ty r=-— Z—foE[,A(f), (C.5)
7

3
T3 =5pa [3ngA(W) +8zmzA(Z) — 2gm3y gzmé]
— A+ -nAHE) = AaanACA) — g an ACH) = 30mn A(h)
— hG+G-nA(GE) = Agogo, A(GY), (C.6)
3
TlP}g =Chu |:3ngA(W) + EgzmzA(Z) — ng%)v — gzm%:|
— At AHE) = 2aan AA) = 3Ayun AH) — AgnnAh)
— rg+o-nAGE) = Agogoy A(GY). (C.7)

C.2. Two-point functions

The 1PI diagram contributions to the scalar boson two point functions are calculated as

2 arf

4m< N¢
lPI(pZ) Z f2

f

2
&)? [A(f) + (2m§ - ”7) Bo(p*: f. f)} : (C.8)
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2 arf

4m> N/ 2
My (P r ==Y jz A% [A(f) - (2m§ -~ %) Bo(p*; f. f)] : (C.9)
f
1P, 2 4m§fN"f fef 2 P 2,
M (P == — 58 & | AU+ (2mF = = ) B £, )| (C.10)
f
1P, 2 4m%”NCf 2 P2 2
MGPr==3 — 5§ [A(f)—TBo(p  f. f)], (C.11)
f
4m2 N/ 2
MG (P F = — ; 1{2 Ef [A(f) - %Bo(pz; 1. f)] : (C.12)
i (pH)s
2
= g?sin?(B — o) 3m?, — pH) Bo(p%; W, W) + % [4 —sin?(B — a)] AW)

g2 g2
+ 72 sin?(B — a)(3m% — p?)Bo(p*; Z, Z) + TZ [4 —sin?(8 — a)] A(Z)

2
— & cos?(B — ) [2A(W) — AGH) + @ =y + 29D Bo(p: W, 1)

2
_ %Z cos> (B — a) [ZA(Z) — A(A) + @m% — m? +2p)) Bo(p%; Z, A)]
1
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— 20+ - nn ACHE) = 22 A ann A(A) = 20 i ACH) — 12010 A (h)

— 2hG+G-mnA(GE) — 24 gogop, A(GY)

+ A3y gy Bo(ps HS H) + 4G4 -, Bo(p?; G*, G

+ 2034 g Bo(p*s H, G*)

+ 20345 Bo(p%: A, A) + 222050, Bo(p*: G°. G) + 12 0, Bo(p*: A, G°)

+ 203 yn Bo(p%; H, H) 4 1833, Bo(p*; b, h) + 433, Bo(p*; h, H), (C.13)
M (P75

2
= g% cos’(B — ) 3my — p))Bo(p: W. W) + - [4 = cos’ (B — ) JA(W)
2 I

+ 72 cos?(B — a)(3m% — pHBo(p*: Z, Z) + TZ [4 —cos?(B — a)] A(Z)

2
— & sind(B — @) [24W) = ACH®) + @y = midy +2p7) Bo(p W, H)

2
_ %Z sin?(8 — ) [2A(Z) — A(A) + @m% — m2 +2p*) Bo(p*: Z, A)]

1
— [cosz(ﬂ —a)+ 5] (2g2m%V + g%mzz),
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— 20 - up AHT) = 20aan 0 A(A) — 120w ACH) — 20 i A(h)

— 2hG+G-nuAGE) = 21 gogo g A(GY)

+ Ape - Bo(p®s HE HE) + 0G4 gy Bo(p*: G*, G™)

+ 2221 -y Bo(p?s HE, GF) + 203 4y Bo(p%; A, A)

+ 20500y Bo(p?: G°. G°) + 32, o, Bo(p*: A, G¥)

+ 1832,y Bo(p%: H, H) 4+ 222, Bo(p?: h, h) + 422,11, Bo(p?: h, H), (C.14)

M (P*) 5
=S88—aCh—a
g2
x {g2<3m%v — P Bo(p% W W) = £ A)

g g2
2Z (3mz PHBo(p* Z,2) — TZA(Z>
2
+ %[M(W) — A(HF) + 2m3 — m3y +2p%) Bo(p®; W, H)]

2
g
+ TZ[2A(Z) — A(A) + 2m% —m% +2pP)Bo(p*; Z, A)] — 2g*m3, + g%mzz)}

— At - n AGHE) = haamnA(A) = 3Agwun ACH) — 3hgnnn A(h)
—Agr-anAGE) = Agogoua A(GY)
A A Bo(p*; H*, H* % G G*
+Ag+g-nrig+a-gBo(p™s HS, HY) + Ag+g-nrg+6-uBo(p™; G, GT)
+ 2A+G-nhu+G-nBo(p* HE, G¥)
+ 20 aanraan Bo(p?; A, A) + 22, 60gorgogoy Bo(p*; G°, G°)
+ 2 agonragor Bo(p*s A, G®) + 6An pnimwu Bo(p*s H, H)
+ 6Annnk tnn Bo(p®s by h) + 4hpnnhwnn Bo(p*s H, h), (C.15)

il (p?)p =282 A(W) + g2 A(Z) — —(2g W+ 8zm3)

2
- % [ZA(W) — ACHE) + @m%e — m2, +2p7) Bo(p*: W, Hi)]

g42 cos?(B — a) [ZA(Z) A(h) + @m2 —m +2pP) Bo(p%: Z, h)]
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— 20+ - Aa ACHT) = 12244 4A A(A) = 20 aar g ACH) — 2h g ann A(h)
—2hG+G-AaA(GE) = 22 4400 A(G)

+2\Ag+G-al*Bo(p*s HS, G¥) + 435 4, Bo(p*: A, h)

+ 423 0 Bo(p%s A, H) + 22 o, Bo(p?: b, G°)

+ 12 oy Bo(p*: H, G, (C.16)
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H,I4P(I;(PZ)B =SB—alCh—a
2
x {%Z [2A(Z) — ACH) + @m?, —m% +2p*) Bo(p%: Z. H)]

2
_ %Z[zA(Z) — A(h) + @m? — m% +2p") Bo(p%: Z, h)]}

— At a0 AHE) =34 4 4460 A(A) = A ygo g g AH) — hpagopn A(h)
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The Z—A mixing is given by

2

2m
Mza(p)r =Y —tmzNLEs Bo(w™ f. ). (C.18)
f
2
Mza(p?)B
2AMAAH 2AAAR
=mz[ Sp—a(2B) + Bo)(p%: A, H) — Cp—a(2B1 + Bo)(p*: A, h)

)»AGH AAGH

cs—a(2B1 4 Bo)(p*; GO, H) — sp—«(2B1 + Bo)(p?; G, h)

2 2

8 8
— 2L sp-acp-a(Br = Bo)(p%: H. 2) + Lsg-acho(Bi = BO(p:h. 2) |, (C19)

The G.I. part appearing in Eq. (118) is given by
Mza(p*)|gy =Nza(p)F

2mz
+ T[)»AAHSﬂ—a@Bl + Bo)(p%; A, H)

— haancs-a(2B1+ Bo)(p% A . (€.20)
The 1PI diagram contributions to the gauge boson two point functions are calculated as
M (pDr =Y N (2085 = B4) (0% 1. 11, (€21
5f
N pHr =Y 803N, p*Bs(p% f. £). (C.22)
f
NP e =Y egzN 202211 0 — 453,09 Bs |02 £. 1), (C23)
f
nzz(p*)r
=Y N/ [2p2(4s‘v‘v QF —4sy, Qsly+217)B; — 21,%sz0] (P £ . (C24)

f
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1 1.
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1
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. 1
+sin®(8 — @) <m%v30 + ZBS) (p* h, W)
2 2 1 2
+cos™ (B —a) | my By + ZBs (p~s H,W)
1
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2
+ 253 | Bs + @mnfy — 4p?) Bo | (p%: 0. W) — 3 pz}, (C.25)

2
n‘PI(p )8 = €*Bs(p?; HE, HF) — &% p? [1233 +5Bo(p>, W, W) + —] , (C.26)

gz 11
ny)(p* Vg = 5L > 2 Bs(p%; Hi,Hi)—egzpz(IOBﬁL?Bo-l- )(p W, W)

S
- —V;n;‘;%pz)g, (C.27)
1 1.
N2 (p*)s =g : ZBs(pz; H* H*) + 1 sin?(8 — a)Bs(p*; H, A)
1 2 2
+ 7 58 (B—a)Bs(p~; h, A)
+sin2(8 — 2 l 2.
sin“(8 — o) mZBo—|-4B5 (p~3h,Z)
2 2 1 2
+cos“(f —a) mZB°+ZBS (p™3H,Z)
23 2
+[@mly = S pHBo —9p7Bs [ (p% W W) - §p2}

2
_ —HlPI( 2) W HlPI(pZ)B, (C28)
cw W

where the fermion-loop contributions are the same as those in the SM.
The fermion two point functions can be decomposed into the following three parts

i (p?) = p1EL, () — pysTUE L (pD) + m T G (pP). (C.29)
Each part is calculated as

i (ph) = =2 Q5 2B1 + D(p*; f.v) — g7 (w7 +a7)2B1 + D(p*; f. Z)

Mgrv(p 7{eb1 pngffl Pt

g2
-2 B+ D(p%; f/, W)
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2
m
— @B £+ €2 B £ )
+E1 B £ A) + BipY 1.6
m%p + m%c,

242 2 &2
_myspEmy gy

Bi(p*: f'.G¥) = Bi(p*: f', HY),

2
M4 (p?) = =285 vsar QB+ D(p% £.2) = - @B+ V(% £ W)

2 2 242 2 &2
me —m>, mEs —m% &%
+ LB 1 6+ B ),
My (p?) = =22 Q5 2By — D(p* f.y) — 285 (v} —a})2Bo — D(p*: £. Z)

2
m
+ L[ &2 Botp™ £+ &) Bo(p™: £ H)

— &1 Bo(ps £, 4) = Bo(p*: £.G°)]

2
m,
- 2—U§ [Bo(l?z; f1.GF) + &€ Bo(p?: f, Hi)] » (C.30)

where vy and ay are the coefficients of the vector coupling and axial vector coupling of Zf f
vertex given as
1 1
vy = 2f 5507, af=7f. (C.31)

C.3. Three-point functions

In this subsection, we give analytic expressions for the 1PI diagram contributions to the three
point functions. The assignment for external momentum is taken in such a way that p; and (p2)
is the incoming momentum of 2 (h), V (V) and f (f) for the hhh, hV'V and hf f vertices,
respectively, and ¢ = p; + p» is the outgoing momentum of % for all the above vertices.

First, the 1PI diagrams for the hhh coupling is calculated as

1Pl szft‘N‘f fy3 2 2 2
hhh(pl P2 q )F_—Z 3 (Eh) I:BO(Plafvf)‘f‘BO(szfsf)+BO(C] )
:
+@m} = g%+ pr- pCol. £ ), (€32)

Lah(PL. P3. 998

3
= £mysi_a[16CoW. W, W) = Co(c*, e, )]
3

g
- S mwsp- o[ SBa CRM (GE W W) + G Y (= W W) |

3
8
+52ms; W [16C0(Z. 2, 2) ~ Coez. ez, ¢2)]



S. Kanemura et al. / Nuclear Physics B 896 (2015) 80-137 121

_g%mz
4
82 2 + =+
+?,\G+thsﬂ_ac,§’,f,§(w,c; ,G%)
2

8
+ 7)\.].1+H—hC%7aC]‘l/}f}f(W, Hi, Hi)

2
8
+ 7AH+ths,s_acﬁ_a[C,,V,§2(W, GE, HE) + /55w, HE, G*))
2

2
8 8
+ TZAGoGohsg,aC,Y,f,f(z, G° G% + TZ,\AAhc}%,,ac,f,f,f(z, A, A)

$p-a| $3-a i (G, 2. D)ch_o CII (A, 2. 2)]

2

g
+ TZ)\AGohsﬁ,ac,g,a[C,f,f}f(z, A, G +Cl(Z,G0 A

+2¢°mwsg_olBo(p. W. W) + Bo(p3. W. W) + Bo(g*, W, W)] = 3¢’ mwsp_q
+gymzsp—alBo(p}. Z, Z) + Bo(p3. Z. Z) + Bo(q*, Z, Z)] — %gémzsﬂfa

+ 20w+ - Bo(pt. HE HE) + Bo(p3, H, H) + Bo(g*, H*, HF)]
+206+6- kg ra- [Bo(pi. G*. GF) + Bo(p3. G*. GF) + Bo(q*. G*, GF)]
+ 4y G-nimrG-nnl Bo(pl. HE. GF) + Bo(p3. H*. G*) + Bo(g*, H*, G¥)]
+4haanraann[Bo(pi. A, A) + Bo(p3. A, A) + Bo(q*, A, A)]

+ 4)‘G0G0h)‘G°G°hh [BO(P%» GO’ GO) + BO(P% G07 GO) + Bo(qzv GO’ GO)]

+ 20 4g0n* agonn [ Bo(p?, A, G%) + Bo(p3, A, G°) + Bo(q?, A, GY)]
+4hmunruunmBo(pt. H, H) + Bo(p3. H, H) + Bo(q*, H, H)]

+ 12 gmnrannn[Bo(pT. b H) + Bo(p3. h. H) + Bo(g”, h, H)]

+ 720 m i [Bo(p?, h, B) + Bo(p3, h, h) + Bo(q?, h, h)]

— 203 -y Co(HE, HE, HF) — 203, ., Co(G*, GF, G*)

— 812040, Co(G’. G°, G%)

— 8234, Co(A, A, A) — 813, ,,Co(H, H, H) — 21613, Co(h, h, h)

— 2kt H-nAis - [Co(GE, HE, HE) + Co(HE, G*, H) + Co(H*, H*, GF)]
—2hG+G-nhips -y [Co(HE, G, GF) + Co(G*, HE, W) + Co(G*, G*, HH)]

— 2haanr3 o, [Co(GO, A, A) + Co(A, G°, A) + Co(A, A, G%)]

— 2260Gon Ao, [Co(A, G°, G%) + Co(GY, A, G°) + Co(G°, G°, A)]

— 8A A3 Coth, H, H) + Co(H, H, h) + Co(H, h, H)]

— 240 A3 Colh, by H) + Co(H, b, h) + Co(h, H, h)], (C.33)

where

(X, Y,2) = I:P%CZI + p3Ca +2p1 p2Ca3 +4Cay

1
-3 (g + p1)(p1Ci1 + p2C12) +QP1C0](X, Y,Z7)
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+ I:p%CZI + P%CZZ +2p1p2Ca3 +4Coa

1
3 + (Bp1— p2)(p1Ci1 + p2Cr12) +2p1(p1 — pz)Co](Z, X, Y)

+ I:p%CZI + P%C22 +2p1p2Ca3 +4Coa

1
3 + Bp1 +4p2)(p1Ci1 + p2Cr12) +2q(q + Pz)Co](Y, Z,X),

Cin(X. Y. Z)= [P%CZI + p3Co +2p1paCas +4Cos

1
3 + (4p1+2p2)(p1Ci1 + p2Ci2) +4py 'qu](X, Y,Z)

+ | PTCat + p3C +2p1 p2Cas + 4Ca4

1
= 5 +2p2(piCui + p2C12) = pr(pr + 22)Co](Z, X ¥)
+ I:P%CZI + p3Cx0 +2p1 paCas +4Co4

1
— 3= 2p(piCii+ p2C) —q(pi — PG |(V.Z.X).  (C34)

The hf f vertex can be decomposed into the following 8 form factors

}11]12;(171’ P2, q )— Fhff + VSFhff +ﬁ]Fhff +ﬁ2Fhff +ﬁ1y5Fhff

+152V5Fhff +151152Fhff +151152V5Fhff- (C.35)

Each form factor can be calculated by

me\—1
(5L) £y = —2680%0} —ahrsp-aCo(Z. £.2)

- 45{[€2Q§[M?Co + pi(Cii+ Ca) + p3(Cr2 + Cx)
+ p1 - p2(2C3 — Co) +4Cos — 11(f, v, /)
+87(v; —ap)m5Co+ pi(Cii + Ca1) + p3(Ci2 + C)

+ p1- p2(2Ca3 — Co) +4Co4 — 11(f, Z, f)]
+& "Z—?[(é{ VCEE(foh, )+ GIDXCEE (. H. )
— OG0 )~ EC (A )]
s Z?[ R G ) + & OIS HE, )]

2
m
— {6 M Coth. £.1)+ 2] A nCo(H. £. H)

+ 28] el Al Co(h, f, H) + Co(H, f, )]
— 226060, Co(G®, f. G®) = 26714anCo(A, [, A)
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—&rhagonlCo(A, £, G+ Co(G. £, A1}

2m?,
+ —L{rgr6-nCo(GE, £, G + &8 phps -y CotH:, [, H)

1
+ ShurgnEr +EICOGE, £ H) + Cott®, f'. 641

2
8 VFS /o~ SFV o~k g1
- Sspa[CIF W 6H + Ol G5 W]
2

8
—Sgpep-d CUF V. o HE Ol E W) |
2
8
— SZpo[CHF (2. £.GO+ Ol (G 1.2)]
2

8
~Zsrepo|CIF 2 £ M)+ YA £ 2)], (C.36)

2
—1 m=,
(%) Rl =hwen—L € — EPICOGE, £, H) = CotH*, £, G¥)]

2
- s [cton r.6h - el at fw)]
2

8
—Sgycp-d| CUF V. B — i E W) |
— g5vrlrsp-o| CHIN(Z. 1.G%) = CFEV (GO, 1. 2)

ARG [Chvf? (Z, £, A) = Coff (A, f, Z)], (C.37)

2m?
Fup = Tfs,{ [g%(v} +a3)(Co+2C1)(f. Z. f) +€*QF(Co+2C11)(f. v, f)]

Zm?/ f / /
+g XE;, (Co+2C1D(f, W, )
4
—sp-a8yv(} +a3)(Co+ Ci)(Z, f, Z) — sﬁfa%uco +CiDW, f/, W)

4

m
+&] L&D Co+ 2000 (ke )+ EDACo+ 20 (£ H. )
+(Co+2C1(£.G" ) +E}(Co+2C1)(f. 4. )]

2

m=, /

+ L5 [on} + mhco+ 2000 G5 )
+ On3E} +mE3)(Co+ 20 (f HE, 1]

mz-
— —H{6&) 2 (Co+ L. £ + 26/ haran(Co + Cr1)(H. £, H)

+ 28] &L A mnnl(Co+ Ci1)(H, £, h) + (Co+ C11)(h, f, H)]
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+246060,(Co + C11)(G°, £, G%) + 263 haan(Co+ C)(A, £, A)
+&rAacnl(Co+ (A, £,G") + (Co+Ci(G°, £. A1)

)»G+G h

(m5 +m%)(Co+ C11)(GE, f,GF)

)»H+H h

(m3E7 +m7E7)(Co+ Cr)(H™, f', HY)

_ )»H+G h

(m%&s +m%Em(Co+ C11)(G*, £/, HF)
+(co+cu)(Hi,f,Gi>]

2
m2,
2 4£ I:Sﬁfot(ZCO‘I‘Cll)(W’ f,G%)

+5p-a(—Co+ C11)(GZ, f/, W)

—Epcp-a2Co+ Cr)W, f/ HF) —&pepo(—Co+ Cr1)(H*, f, W)]
mZ
— 855 [ 5p-a2Co+ CI(Z. £.G") 4 5p-a(~Co+ )G £.2)

—&rcp-aCo+C11)(Z, fL A) =&pcpa(=Co+ Cr1)(A, f, Z)], (C.38)

2m>
Ey = —Lel [5 0} +ah(Co+200)(1. 2. )+ Q3Co+2C0) (v, )]
m2,
+ 58] Cor2c( W )

4

8
— $p-a8 V() +a)C0(Z, £, Z) = $p-avCr2(W, [, W)

4
m
+€hfv—{[($;{)2(Co +2C)(fih, )+ (gl{;)z(co +2C)(f H, f)

+(Co+2C)(f. G, ) +E}(Co+2C)(f A f)]

2
+ 5 [} +miaco+ 20 G )

+ (mfl»%‘% + maf/éj%/)(co +2C)(f, HE, f/)]

2
m<
— —L{6@D P Crath, £ 1) + 26 hnnnCra(H, £, H)
v
+ 28] €} 0 [ Cra(H, f.h) + Cia(h, f. H)]
+ 226060, C12(GY, £, G*) + 26 haanCia(A, f, A)
+ 26340l C12(G°, £, A) + Cia(A, £, GO

)»G+G h

(m% +m%)C12(G*, f',GF)
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B )»H+H h

(m3E7 +m7E7)Cra(HT, ', H)

A
— HHES m%gy + m2 £ ) [Cra(GEL f HF) + Cra(HE, [, GF))

g mf
4
—&7:6p-aCo+ Ci)W, [/ HE) = p1g-a(=Co+ Ci)(HE, [/, W)

[Sﬁ «(2Co + C1)(W, f'. GE) + s5—a(—Co + C12)(GE, £/, W)

2 1,2
g m
— 22 L[5 (2C0 + Ci2)(Z. £.G") +5p-0(Ci2 = CO(G". £. 2)

+&rcp-a(2Co+ Cr2)(Z, f, A) +Ecp—a(Cra — Co)(A, f, Z)], (C.39)

2

2 ME et 2MF g ' '
_4ngfafT€h (CO+2C1])(f,Z, f)_g %éh (C0+2C11)(f7W’f)

4
+ 255 agbvapv(Co+ CIZ. f. Z) + s,s_a%v(co + O, £ W)

L&l [ o —m3(co+ 2000065, 1)
+ (n3e} —m£3)(Co+2C1)(f HE, 1]

AG+G-
— 2EER m? — m?)(Co+ Cl)(GE, £, GF)
v

_ )»H+H h

(m3E7 —m3E3)(Co+ CL)(HE, ', H*)

)‘HGh

(m%&r —m%Em(Co+ C11)(G*, f/, HF)

+(C0+C11)(Hi,f,Gi)]
g2 my

+Z / [Sﬂ «2Co+ C1D(W, £/, GF) + 5p_0(—Co + C11)(GE, £/, W)

— &7/¢p-a2Co+ CLOW, £, HE) =& pcp—a(—Co+ Cr)(HE, £, W)]

2 m?‘ 0 0
+gzlfva[Sﬂ—a(2Co +Ci)(Z, f,G) +sg_a(—=Co+C11)(G", f,Z)

+&rcp—a2Co+ Cr11)(Z, [, A) +Epcp—a(—Co+ C11)(A, f, Z)], (C.40)

2

f.2 nmy f' ng” ’ ’
—4&; gzvrar——(Co+2C)(f. Z, f) =&, 87— (Co+2C1)(f", W, )
v 2v

4
+285_agbvravCi(Z, f.2) + sﬁ_a%vclz(w, 7w

2
+ & L[ on} —mhoco+ 208 G5 )

+ m}} —m%E2)(Co+ 200)(f HE, 1]
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AG+G—h
T =m3)Cia(G f GF)
v

)»H+H h

(m3E7 —m7E7)Cra(H™, f', H)

_ )»H+G h

(m3€ —m3EIC12(G™, f', HS) + Ca(H™, f',GH)]

2
gsz

Ta

—&pepa(2Co+ Cr2)(W, f', HE) — & prep_a(—Co + Cro)(HT, f, W)]

[$6-a2Co + LYW, ', GF) + 550 (~Co + C12)(GF, /W)

2, M 0 0
+ 51 vr—L[sp-0@Co+ CX(Z. £.G%) 4 5p-a(=Co + C12) (G £.2)

+E/¢p-02C0+ C)(Z, £, A) +E7cp-a(—Co+Cr)(A, 1. 2)],

— (€11 = C)(£. 6", ) = E(Cr = Ci) (. A, )]
2m 2
-5 L[ ccu-cor6t )

+E/6(Cii = C)(f HE, f)]

g2
= & sp-a—2C0 —201 + Cy(W. £, 6
+sp-a(=Co — C11 +2C12)(G™, [, W)
+&fcpoa(=2Co = 2C11 + Cr)(W, f', HY)
+&7¢p-a(—Co— Cri +2C) (HE, £/, W)]

2
g
- %[s,g,a(—ZCO —2C11 +C1)(Z, f, GY)

+5p-a(—Co— C11 +2C12)(G°, £, Z)

+Ercpo(=2C)—2C11 +C12)(Z, f, A)

FEpcp_a(—Co— Ci1 +2C1)(A, f, Z)],
2

8"
Fify = & ss-2Co+ 200 = COW. 7. GH)

— 5p—a(Co+ C11 —2C12)(G*, f/, W)
—Ercpa(—2Co —2C11 + Cra)(W, £/, HF)

—&5¢p-a(Co+Cr1 = 2C)(HE, 1, W)
— g1 v[sp-a(=2Co = 2C11 + Ci2)(Z, £.G°)
+58-a(Co+ C11 —2C12)(G, £, Z)

m’
Fiyr =& —| @(Cii = Cd(foh ) + E)X(Cr = C) (£ H. )

(C41)

(C.42)
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+&rcp_a(=2Co—2C11 +C12)(Z, f, A)
+&7¢p-a(Co+ Cii = 2C12)(A, £, 2)],
where
Citf (X,Y,2)
= [m%Co+ p3(C11 + C21) + p3(C12 + C2)
F2p1-pa(Cio+ o) 4 4CuIX, Y, ) — 5.
Ciif (XY, Z)
=[p1(2Co +3C11 + Ca1) + p32C12 + Cn)
+2p1 - p2(2Co +2C11 + Cra + Co3) +4Cu)(X, Y, Z) —
Ciff (X, Y, Z)
= [p}(Ca1 — Co) + p3(Ca2 — C12)

1
+2p1 - pa(C3 — Cr2) +4C41(X, Y, Z) — 7

127

(C.43)

(C.44)

The 1PI diagram contributions to the form factors of the #ZZ and hW W vertices which are

defined in Eq. (125) are calculated as

rl1PI
U2z (Plypz q F

—Z 16mfmZNf{

+ @m’ = pt = PHCo(f. £, ) =8Cu(f. . )]

% +a})[Bo(rh, £, 1)+ B3, £, £)+2Bo(a’, . f)

— (v} - a})[Bo(p%, £ 1)+ Bo(pi, f, ) + (4m% — g»)Co(f, f. f)] } (C45)

21PI
hZZ (P] Pz q )

__ZSZm mZNf[

+ (W} = a})(Cra = 0| £ 1),

(v} +a7)(4Co3 +3C12 + C11 + Co)

3. 1P
U2z (Plvpz q F

_ Z 64mfm N/

pLIPL
hWW(pl Pz q F

_24’"W’” f[

ff

vrap(Cii+ Ciz + Co)(f, £, f),

Bo(p3, f, )+ Bo(g*, . ) + = Bo(m £ fh

(C.46)

(C47)
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1
—4Cu (Pt 3. 47 [ S )+ 5@+ 2mY = pi = PGS 1. f)}

+(myp < myp), (C.48)

2Pt
hWW(pl P3.a)r
—4me§pNLf ,
=—— 5 @ +3Cn+Cu+tCo)(f. f.1)+ s omp), (C.49)

3 1P1
hWW(pl,pz ) F

—4mwmfNC:f

=T(Cu+C12+Co)(f,f/,f)+(i’nf<—>mf/), (C.50)

1 1P1
U2z (Pl’Pz q M
_ 4 + +
=285 g+G-nmiy sy Co(G*, W, GF)
+ g¥mwsp—a | 265 CIVY LW, W, W) = 26}, Can(c®, %, )

4
+ 53 CovY (GE, W, W) +53,C05 (W, W, Gi)—z Wom3sp—oCo(W, GE, W)

W
2
S
~ (€ = s FCuW. G*.GH) + Co(G*. G* W)
w

3
+ %Zmzsﬂ_a{ —2m? [séfaCO(Z, h, Z) +c3_oCo(Z, H, Z)]

+55_o[C24(G°, h, Z) + Cou(Z, 1, G)] + c§_o [C24(A, h, Z) + Co4(Z, h, A)
+Cu(G H. 2) + Coa(Z, H, G*) = Caa(A, H, Z) = Cu(Z. H. 1] |
+285m3 | 30an5h - Coth, Z, ) + hnninch o ColH, Z, H)

+ hannSp-ap-alColH. Z, 1) + Co(h, Z, H)]|

—285(cyy — 53 [har6-#Caa(G*=, GF, GF) + Aoy Coa(HE, HE, HE)]
— 26%5% o[ 30 Coah, GO, ) + dptan Caa(H, A, H)

+2661C24(G°, b, G°) + 2 paanCaa(A, H, A)]

- 28%0?170( [3)»hth24(h, A, h) + A anCaa(H, GO, H) + AaanCaa(A, h, A)
+r66nCa4(G°, H, GO)]

— 285 58—aCp—armnn[Caa(h, GO, H) + Co4(H, G, )
— Co(h, A, H) — Co4(H, A, h)]
—28%58-aCp-arach[Caa(A, h, G®) + C24(G. h, A)
— Co4(A, H,G% — C24(G°, H, A)]
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2

8
+ fwm,(c%v —s3)?Bo(g%, G+, G*)
2

8

+ fkﬁw—h(c%v —s3)?Bo(g?, HE, HY)
g2

+ TZAGGhBO(qzy G°, GY%

g% 2 g% 2 38% 2
+ T)LAAhBO(f] LA A) + TXHHhBo(q ,H, H)+ T)thhBO(CI Jh,h)

4
S
— &' mwsp-alBo(p3. W, G¥) + Bo(pt, G=, W)
w
g3
- szzsﬂ—a[Bo(P%, h, Z) + Bo(p3, h, Z)]

—6g cwmwsﬂ aBo(q W, W)+4g cwmwsﬁ s (C.51)

2,1PI
(gZm%)~ thz (P, 3. M

=2gmwcyysp—aCiy v (W, W, W) = 2gclymwsp_aCiaa(cE, c*, c®)
+ gmwst el sp-alCovys (GE, W, W) + CVS (W, W, GF)]

— gmw(ck, — s3)sH[C3N(GE, GE, W) + €3S, (W, G, GF)]
n g—zmz[c,fésm(z, 1, G% + CYSS,.(GO, h, 2)]

Z
+ L mzsy_alCIYa (2.1, GO+ G2 (GO h. 2)

+ %mzsﬁ_acﬁ_a[cﬁsvz(z, h,A)+ Cl35,(Z, H,G%) — C)35,,(Z, H, A)

+ 32 (ALh, Z) + CY (GO H, Z2) — CSY L (AL H, 2)]

—2(cyy — si)? [rora-nC1223(GF, G, GF) + g - Crans (HT, H, H)]
- 255 4 [3)»hth1223 (h, G%, h) + 2 nCia23(H, A, H)

+166nC1223(G°, h, G%) + A aanCi223 (A, H, A)]

— 254 [3?»hth1223(h, A, h) +hrnCias(H, G, H)

+ AaanC1223(A, h, A) + AgGnCi223(G°, H, GO)]

— 258—aCharunn[Ci203(h, G°, H) + C1203(H, G°, h)

—Ci3(h, A, H) — Ci223(H, A, h)]

— 25p—aCp—aracnlCr223(A, b, G°)

+ C1223(G% h, A) — C1o23(A, H, G%) — C1223(G°, H, A)]. (C.52)

sy (Pt p3.qM)s = (C.53)
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[LIPI
Cyww (P1- P3-aP)B

=g mwsp-alChyvi(Z, W, Z) + ciy CV V1 (W, Z, W) + 53, Cy Y (W, y, W)

+ 2 + + 2 + +
—Coyl(cz,c™,cz) —cyyColc™,cz,c™) — sy Coalc™, ¢y, )]
3

8
_TmWSWSﬁ oz[Chvm(G:t,Z, W) — hvv1(G:t v, W)

+ Cvv i (W, Z,G*) = Cyy (W, y, GH)]

4
s
—g3m%‘, ZVSﬂ «Co(Z, G* ,Z)— g3m%ng_aCo(W,h,W)

— ngsﬂ_acﬂ_aCO(W, H, W)

4
S
+ gchWm%V)‘GJfG*hCO(Gi, Z,G¥) + symiyrgro-nCo(GF,y, GF)
W

+ 68 Mnnmiys5_oy Colh, W, h) + 28 pnmyych_oy Co(H, W, H)

+ 282 unnm¥ycg—asp—alColh, W, H) + Co(H, W, h)]
3

+ Smwspoa]sFoalC(W.h GF) + Coy(G*. 1 W)]

+Ch_olCoa(W, H, GT) + C24(G™, H, W) + Coa(W, h, HF) + Coa(H*, h, W)
— Cu(W, H, H*) = Cog(H*, H. W)
g3 s2
+ ijCTWs,s_a[cm(Go, G*.2)+ Cu(Z,G*,G)]
w
— 816+ 6-1Ca(GF, GO, GH) + Ay oy Cou(HE, A, H)
+2661Ca4(G, G, GO+ 2an Coa (A, HE, 4)
2.2 + +
— 85F o[ 60 Casth, G=, ) + 2 Coa(H. HE, H)
+ AG*G*hC24(Gi, h, Gi) + )»H+H—hC24(Hi, H, Hi):l
2.2 + +
—8Chq [6Khth24(h, H*, h) + 20 pnnCou(H, G™, H)
+ hg+G-nCaa(GE, H, GF) + hpps -, Coa(HE, Hi)]
— &% M+ G-nSp—aCp-alCoa(GE, h, HE) + Cou(H* b, G¥)
— Cu(G*, H, H*) — Cou(H*, H,G¥)]
—28°Arnnsp-acp-alCaa(h, G*, H) + Coa(H, G*. )
— Caa(h, H*, H) — Coa(H, H*, )]
— gmwsp-a[3Bo(a>, W. W) +3B0(4*, 2, 2) — 4]
2 2

2
8 8 38
+ 5 hara-nBo@®, G, GF) + <hganBolg®, G, G) + = hwnn Bo(g®, b, h)
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2 2 2
8 8 8
+ TAH+H*hBO(C]2a H* HE) + T)MAAhBO(q2, A A)+ TAHHhBO(qz’ H,H)

3
— S mwsp-a| Bo(pl. W. ) + Bo(p3. W.h)

4
N
+ - [Bo(p1. Z.G¥) + Bo(p3, Z, G
w
+ sy Bo(p. 7. G5 + Bo(pl, 7. 691, (C54)

2,1P1
&*mi) T (P2, P2 aDe

= gMWSpa [chwz(z, W.Z) + & CVY (W, Z W)+ s3,CV VY (W, y, W)

— Cis(cz, €5, ¢z) — ¢y Craaa(c™, ez, ¢) — 53, Crans(c*, ¢y, Ci)]

— Sshmws-alCRVY2(GE 2 W) = CIVL(GE v W)

+ Oy (W, Z,GF) = (W, v, GH)]

+ %mwsg_a (IR (W. 1, GF) + CiY 2G5 W)

+ Smwspoach (Y3820, H, G+ Ol W. b ) — OIS (W, 1, 1)
+CSSY(GE H, W)+ SV (HE b, W) — CSSY(HE H, W)]

2
gs
+ 5 s o[ (Z, 65,60 + Cfa(6". 6%, 2)|
w

- [)»G+thC1223(Gi, G, GF) + A+ y-nCr3(H*, A, HF)
+2x66rC1223(G%, GF, G%) + 20 aan C1223(A, HT, A)]
—Sfa [6)~hhh Ci223(h, G*, h) + 2ApunCioo3(H, H, H)

+ 4G+G-1C1223(GF, h, GF) + A+ -, Croo3(H*, H, Hi)]
- 0,23_0, [6)thhC1223 (h, HE, 1) 4+ 24 g unC1223(H, G*, H)

F Ag+6-1C1a03(GE, H, GE) + h g -1 Craos (HE, I, Hi)]

— Au+G-hSB—aCh—alC1223 (GE,h, HE) + Cros(HE, b, G7F)

— C1223(G*, H, H®) — Cio03(H*, H, GF)]

— 2hHnnSp—aChalCi223(h, G=, H) + Ci203(H, GE, h)

— Cioo3(h, HE, H) — C1o03(H, HE, h)], (C.55)

Chww (P1. p3, 478 =0, (C.56)

where
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CVV (X, Y, Z)
= [18C24 + p}(2C21 +3C11 + Co) + p3(2Cx0 + C12)
+p1 - p2(4C3+3C12+ C11 —4Cp)| (X, Y, Z) — 3,
Civy1 (X, Y, 2)
= [3C24 + p}(Car = Co) + P3(C22 = 2C12 + C)

+2p1 - p2(C3 — C1) | (X, Y, Z) — 3
Civvi(X.Y. 2)
= [3C24 + p3(Ca1 +4C11 +4Co) + p3(Cp +2C12)

+2pi - pa(Ca3 +2C12 + C1i +2C) | (X, Y, Z) — x
VY (X, Y, Z) = (10C23 +9C12 + C11 +5Co) (X, Y, Z),
f\‘%z(x Y,Z)=(4C1 —3C12— C23) (X, Y, 2),
CIV2 (X, Y, Z) = (2C11 — 5C12 — 2Co — C23) (X, Y, Z),
Cia (X, Y, Z) = (Co3 + Crp +2C11 +2C0) (X, Y, 2),
(XY, Z) = (Co3 — C2)(X. Y, Z),
Ci3(X,Y, 2)=(C2+ C3)(X, Y, Z).

C.4. Decay rates for loop induced processes

The decay rates for the loop induced processes are given by

\/EGFot2 m3 Aavm-n o |2
P> yy) =m0y 1y + 3 03N g 1p — 2 |
256w 7 v
3
2G 2 3 2
r(hﬁzy)zm 1"z
12873 m%l
Ag+ gz 2
X |sg—aJv +ZQchfvaF — HTH_( w SZW)JS‘ )
f
\/EGFO[%’}’ZS
P(h— gg) = 51| Y 1|
The loop functions are defined as
D) 2
Is = —[1+2mHiC0(O 0, mh,mHi my+,myg=+)],
m;

2 2
Ie= =" 1 (2m2 =) 00,0, m2
F = 2 mf 2 0( ’ 1mh7mf7mfsmf) )
m,

(C.57)

(C.58)

(C.59)

(C.60)

(C.61)

(C.62)
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2 2
2my, mj, ) 5 )
Iy = 2 6+m2 + (12my, — 6mj)Co(0, 0, my, mw, mw, mw) |, (C.63)
h W
and
2my 2 mj, 2 mj,
JV:W{ Cw 5"‘2—2 — Sy 1+—2 5
wew (mj, —m3) msy, m3,
2 mzz 2 2
X 1+2mWC0+m2 m2 (Bo(mh,mw,mw)—Bo(mz,mW,mW))
My
— 63y (mj;, —m%)Co + 257, (m); — m%)Co}, (C.64)
8m?2 1
r= _swcw(mzf— m%) [1 + 5(4m2f = miy +mZ)Co(O, m, mij,my,my,m )
h z
mZZ 2 2
b (Bolom omp) = Bo(mm )| (C69)
h—mz
207 2 2 2
Is = ﬁ{l +2my s Co(0,m7z, mj, mpy=, my+, my=+)
e(mjy —mz)
mZZ 2 2
D [ BoGn} mpmp=) = Bon mpge, my=) | | (C.66)
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