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We investigate the phenomenology of a model based on the SU(3). x SU(3)r x
U(1)x gauge theory, the so-called 331 model. In particular, we focus on the Higgs
sector of the model which is composed of three SU(3)y, triplet Higgs fields, and this
corresponds to the minimal form to realize phenomenologically acceptable scenario.
After the spontaneous symmetry breaking SU(3)r x U(1l)x — SU(2)r x U(1)y,
our Higgs sector effectively becomes that with two SU(2);, doublet scalar fields, in
which the first and the second generation quarks couple to the different Higgs doublet
from that couples to the third generation quarks. This structure causes the flavour
changing neutral current mediated by Higgs bosons at the tree level. By taking an
alignment limit of the mass matrix for the CP-even Higgs bosons, which is naturally
realized in the case with the breaking scale of SU(3)r, xU(1)x to be much larger than
that of SU(2)r x U(1)y, we can avoid current constraints from flavour experiments
such as the B°-BY mixing even for the Higgs bosons masses being O(100) GeV.
In this allowed parameter space, we clarify that a characteristic deviation in quark
Yukawa couplings of the standard model-like Higgs boson is predicted, which has a
different pattern from that seen in two Higgs doublet models with a softly-broken Z5
symmetry. We also find that the flavour violating decay modes of the extra Higgs
boson, e.g., H/A — tc and H* — ts can be dominant, and they yield the important

signature to distinguish our model from the two Higgs doublet models.



I. INTRODUCTION

The structure of the electroweak symmetry breaking SU(2), x U(1)y — U(1)em has been
precisely tested by various collider experiments such as the LEP and SLC. Furthermore,
the discovery of the Higgs boson at the CERN LHC supports the existence of an SU(2),
doublet scalar field which is required to realize the spontaneous breakdown of the electroweak
symmetry in the minimal way. However, these facts do not necessarily mean that the
SU(2), x U(1)y gauge symmetry describes the most fundamental theory. For example,
models based on a larger gauge group containing the SU(2); x U(1)y subgroup can also
explain the current experimental results.

Among various possibilities for the extension of the electroweak symmetry, the choice of
the SU(3), x U(1)x group gives us an interesting consequence that the color triplet and
the three generations for each type of fermions are related with each other due to the gauge
anomaly cancellation [1, 2], while these two matters are irrelevant in the Standard Model
(SM). So far, a variety of models based on SU(3). x SU(3), x U(1)x, the so-called 331
models, have been discussed, where there are various ways to identify the electric charge )
due to the rank two nature of the SU(3) group and various embedding schemes of the SM
fermions. We can classify these 331 models as listed in Table 1.

In this paper, we study the phenomenology of a 331 model especially focusing on the
Higgs sector. In our model, the Higgs sector is composed of three SU(3), triplet scalar
fields, which corresponds to the minimal choice to realize phenomenologically acceptable
scenario'. After the breaking of SU(3); x U(1)x into SU(2); x U(1)y, our model can
effectively be regarded as the two Higgs doublet model (THDM) as it has been shown in
Ref. [5].

The characteristic property of the Higgs sector is particularly seen in the structure of the

Yukawa interactions, where the first and the second generation quarks couple to the different
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! In fact, two SU(3), triplets are enough to break the SU(3), x U(1)x symmetry into U(1)em, and such a
model has been discussed in Ref. [3]. However in this configuration, the lightest up-type and down-type

quarks become massless [4], so that it is difficult to reproduce the current data from flavour experiments.



Higgs doublet from that couples to the third generation quarks. Although this inevitably
causes the flavour changing neutral current (FCNC) mediated by Higgs bosons at the tree
level, and it forces to set masses of the Higgs bosons to be typically O(10) TeV or larger.
However, we find that we can avoid the current bound from flavour experiments even if we
take masses of the Higgs bosons to be of the order of 100 GeV by taking an alignment limit
of the mass matrix of the CP-even Higgs bosons, which is naturally obtained in the limit
where the breaking scale of SU(3), x U(1)x — SU(2)L x U(1)y to be infinity.

In the allowed parameter regions, we first discuss the deviation in the SM-like Higgs
boson couplings from the SM predictions. We clarify that our model predicts a characteristic
pattern of the deviation in the quark Yukawa couplings which has a dependence on the quark
flavour. This nature cannot be seen in THDMs with a softly-broken Z, symmetry. Next, we
discuss the decay and production of the extra Higgs bosons at the LHC. We find that the
flavour violating decay modes of the extra CP-even H and CP-odd A and singly-charged
H?* Higgs bosons can be dominant, e.g., H/A — tc and H* — ts. Collider signatures from
these decay modes provide us with an important tool to distinguish our model from the
THDMs in addition to the deviation in the SM-like Higgs boson couplings.

This paper is organized as follows. In Sec. II, we define our minimal 331 model. We
first present the particle content and the charge assignment. We then construct the ki-
netic Lagrangian for the scalar fields, the Higgs potential and the Yukawa Lagrangian. In
Sec. 11, we take into account the current constraints on the parameter space from the LEP-
IT experiments and flavour data. In Sec. IV, we discuss the Higgs phenomenology, i.e., the
deviation in the SM-like Higgs boson couplings and the decay and production of the extra
Higgs bosons. Conclusions are given in Sec. V. In Appendices, we present the explicit ana-
lytic formulae for the Gauge-Gauge-Scalar type interaction terms (App. A), the Higgs boson
couplings to the SM fermions (App. B), and the decay rate of the Higgs bosons (App. C).

II. MODEL
A. Particle contents

We discuss a model based on the gauge group SU(3). x SU(3) x U(1)x. In this frame-

work, there are several ways to identify the electric charge @), because of the existence of



& Lepton triplet Refs.

+1/v3] (3*,-1/3) ~ (e7,v, N) |[1, 2, 6]
+v3 (3%,0) ~ (e, v, et) [7, 8]
—1/V/3| (3*,-2/3) ~ (e~,v, E7) 9]
0 |(8%,—1/2) ~ (e",v, /)| [10]

—V/3 (3,0) ~ (v,e",e™) [11-17]
—1/V3| (3,-1/3) ~ (v,e”,N) |[18-28]

TABLE I: Variations of the 331 model classified by £ and the embedding of lepton fields in the
(SU(3),U(1)x) multiplet, where £ determines the relation between the electric charge @ and the

SU(3) Cartan generators given in Egs. (II.1) and (II.2).

two Cartan matrices of the SU(3) group. Without loss of generality, ) is defined as
Q=T3+Ts+ X, (IL.1)

where X is the U(1)y charge, and T3 and Ty are the diagonal Gell-Mann matrices with the
normalization of tr(7T°T°) = §9°/2:
Ty — Sdiag(1,~1,0), Ty — —diag(1,1,~2). (11.2)
2 23
From Eq. (IL.1), @ is determined by specifying £ and X. When the SM left-handed lepton
fields are embedded into the first and second components of a triplet or an anti-triplet

representation of SU(3)y, we have the following equations:
€ = V/3(1 + 2X) if lepton triplet is 3%, & = —v/3(1 4 2X) if lepton triplet is 3.  (IL.3)

In our model, we choose & = 1/4/3 and assign the left-handed leptons to be anti-triplet,
which corresponds to the case listed in the first row of Table I.

The particle content is given in Table II. In addition to the SU(3). x SU(3), x U(1)x
gauge symmetry, we introduce a softly-broken discrete Z, symmetry which is required to

avoid the mixing between SM quarks and exotic quarks.



Fermion Fields Scalar Fields

Q} Q} (uk,Ugr) (dy,Dr,Sr) L ep|®1 @2 ¢
SU3).| 3 3 3 3 1 1|1 1

SU3),| 3 3 1 1 3* 1|3 3 3

Ulx |0 +1/3 +2/3 -1/3  —1/3 —1|2/3 —1/3 —1/3

Zy |+ 4+ (+-) (+--) + |+ + -

TABLE II: Particle content and its charge assignment under the SU(3). x SU(3)r x U(1)x symme-

try. The indices ¢ and a represent the flavour of fermions which run over 1-3 and 1-2, respectively.

The fermion fields are parameterized as

ur, crL br, el
Qi — dr 7 Q% = sp | Q‘z = tr , LiL = Vi , (Z = 1—3), (11.4)
Dy, ST UL (NR)°

where Dy, and Sp, (Up) are the left-handed exotic down (up)-type quarks with the electric
charge of —1/3 (2/3). Similarly, Dg and Sg (Ug) are the right-handed exotic down (up)-type
quarks.

The scalar fields are parameterized by

o by N3
(I)l = Qﬁ_ ) (I>2 = Cbg y P = 773(,] ) (115)
m 75 4

where the neutral components are expressed by

hi +iay +v ho + ias + v hs + ias, +u

0 1 1 1,0 2 2 2,0 3 3

S e =21"2"2 =3 I1.6
¢1 \/5 ¢2 \/5 ¢3 \/5 ( )
0_Mrat ¥ o Tgst Z.7713. (I1.7)

T2 Ta 13 \/5

In Eq. (IL.6), vy, v and u are the vacuum expectation values (VEVs) for ®;, ®5 and ¢,
respectively. Under vy, v9 < u, v1 and vy determine the masses of the SM weak gauge bosons,
while u does the masses of extra gauge bosons. We will discuss the gauge boson masses in

the next subsection. We note that the spontaneous symmetry breaking of SU(3), x U(1)x



occurs by the following steps:

SU(3)L X U(l)X — SU(Q)L X U(l)y — U(l)em, (118)

u V1,02

where the hypercharge Y after the first step of the symmetry breaking is defined by X +1/6,
X —1/6 and X for the (originally) SU(3)y, triplet, anti-triplet and singlet fields, respectively.

B. Kinetic terms

The kinetic term for the three SU(3)y triplet scalar fields are given by
Lyin = |Duq)1‘2 + |Duq)2‘2 + ‘Du90|27 (IL.9)
where D,, is the covariant derivative. For a 3* field with a U(1)y charge X, D, is given by
D, =0, —ig(=T")A} —igx X B,, (a=1-23). (I1.10)

The eight SU(3); gauge bosons are expressed by the 3 x 3 matrix form as

1 AL+ AL VWSR2
A= AT = o | VAW, AL 4 AR AG —iA] | (IL.11)
VAW AS AT -2
where

1 1
WE=— —
V2 V2

There are totally nine gauge bosons in this model, and they can be classified into 2 pairs of

(A, FiAY), W =—F—(A, FiA)). (I11.12)

massive charged gauge bosons expressed in Eq. (I1.12), and one (four) massless (massive)
neutral gauge boson, where the massless gauge boson corresponds to the photon associated
with the unbroken U(1)ey, symmetry.

The squared masses of the charged gauge bosons W= and W'* are given by

g’ g’
miy, = ZU2’ miy, = Z(U2 cos® B+ u?), (IT.13)

where v = \/v} +v3 = (V2Gr)"Y? ~ 246 GeV with G being the Fermi constant, and
tan § = vy /v;. From the above formulae, we identify W to be the SM W boson with the
mass of about 80 GeV, and W’ to be the extra charged gauge boson. In the following, we

use the shorthand notation for an arbitrary angle 4, i.e., sy = sinf, ¢y = cosf and ty = tan6.



For the neutral gauge bosons, it is convenient to define a basis where the photon state

A, is separated from the other states as

Al @S:@sl @ngﬂ $ 00 A
Ay 35331 5C3 —? 00 zZv
Bil =1 e —ssm 0 00| | 2%, (I1.14)
Al 0 0 0 10|y
Al 0o 0o 0 01) \v

with cg31 = cos 331 and ss3; = sinfsg; and tan 633 = 2¢,/(v/3g). The mass matrix for the

neutral gauge bosons in the basis shown in the right hand side of Eq. (I1.14) is given as

0 0 0 0 0
02(1+3c%)+u2 vzs%—uz
g2 0 2302331 ) V3es31 0 0
M?\f = Z 0 \/3’2331 u? + '1128% 0 0 . (1115)
0 0 0 u? + 025% 0
0 0 0 0 u? + v*s3

As we see Eqs. (I1.14) and (I1.15), the Z, and ZL states are still not the mass eigenstates.

We can define the mass eigenstates by introducing the mixing angle 6, as

Z Z cosf) —sin6
_ | =R(0z) , with R(0) = . (I1.16)
A4 A4 sinf cos#

The mixing angle 6 is given by

2(M3)2s 23331 (v — u?)

tan20, = = . I1.17
7 (MR )22 — (MRy)ss 4v2eq + (u? +v2s3) (1 — 3c3y) ( )
Thus, the squared masses of all the neutral gauge bosons are expressed as
1
my g = 5 [(M?v)zz + (M3)ss F \/[(M?v)m — (M3)ss]” + 4(M3)3 | (I1.18)
e
m%,l = m%,Q = Z( 24 U2826>' (I1.19)
Under v?/u? < 1, m%, m%, and the mixing angle 0 are expanded by the series of v?/u? as
2 9 2 vt
= Ol — 11.20
i 1+30§31U + <u4)’ ( )
2,2 2 4
2 _ gu 2 4 2 2\Y v

3 (1—3c%,)? o2 v?
07 = - B~ +0(—). 11.22
CS0r =\ TH3d, 21132, )@ o\ (1L.22)



In the limit of u — oo, the expression of m% should be identical to the corresponding one

in the SM, which allows us to identify the weak mixing angle 0y, in the SM as

1
cos Oy = 3V 1+ 3¢y, (I1.23)

Using this expression, we reproduce mz = gv/(2cos 0y ). The electroweak rho parameter is

given to be unity in this limit:

2
My

Ptree =

—— = 1. I1.24
m? cos? Oy (IL.24)

In App. A, we present the Gauge-Gauge-Scalar type interactions in the mass eigenstates

of the Higgs bosons.

C. Higgs Potential

The most general potential under the SU(3), x U(1)x X Z, invariance is given by
V (@1, 0, ) =m0 2 4+ mEaf? + 2]+ (m, Bl — peanc® DI + hc)
1 1 1
+ §>\|%0|4 + §>\1|®1|4 + §>\2|®2|4 + A [ D17 Ds]* + Ay |B] Do ?

+01[@1 [ + 02| @Yo + 1| B2l o]” + pa| DY + %[ﬂ3(®£¢)2 +heel,
(I1.25)
where the p and m%w terms are the soft breaking terms of the Z, symmetry. For the pu
term, A, B and C' (= 1-3) are the indices of the SU(3), fundamental space, and €4p¢ is the
complete anti-symmetric tensor with €153 = +1. In the above potential, the p, m%w and ps
parameters are complex in general, while all the others are real. In the following, we take

all the parameters to be real for simplicity.

The tadpole terms for the neutral scalar states are given by

Ix = X o’ for X =h,, ay, Ngros NMgss Ni2s i3 (a = 1>2a3)> (1126)
where
v 2 2 2 2.2 2 V2
Ty, = 505(27711 + v e +v7s5A3 — utoy + V2tgpu), (I1.27)
v 2
Ty, = 555(27713 + U2826)‘2 + 122026)\3 —u?py + %uu), (I1.28)
2 2
Th, = g(2mi + X+ v’shpy + vk — V2 c3Sgp), (I1.29)
Tﬁm = mggouv Typs = mggpvsﬁ7 (I1.30)



and all the other tadpoles are zero. By imposing the tadpole conditions Ty = 0 for all X
under the assumption that all the VEVs vy, v, and u are non-zero, we can eliminate the

parameters m7, m3, m;, and mj,, where the tadpole conditions from 7,

e and T, give only

one independent condition, i.e., m%w = 0. Consequently, the Higgs potential is described
by 14 independent parameters, i.e., 5 (dimensionful parameters) plus 3 (VEVs) plus 10
(dimensionless parameters) minus 4 (independent tadpole conditions).

In the following, we discuss the masses of the Higgs bosons. In our model, there are
totally 3 x 3 x 2 = 18 scalar states, namely, four pairs of singly-charged states, five CP-odd
states and five CP-even states. Among them, two pairs of singly-charged, three CP-odd
states and one CP-even states correspond to the Nambu-Goldstone (NG) bosons which are
absorbed into the longitudinal components of two pairs of charged gauge bosons (W and
W’) and four neutral gauge bosons (Z, Z’, Y7 and Y3). Therefore, we have two pairs of
singly-charged Higgs bosons, one CP-odd and three CP-even Higgs bosons as the physical
states. It is important to mention here that the scalar states ¢, 5 (¢f2) do not mix with
n35 (n3). This is because a kind of parity is remained after the SU(3),, breaking which is
different from the Z, parity that is imposed to the Lagrangian. In addition, as we see in
Sec. I1 D, these 7 fields do not couple to the SM fermions. Therefore, the lightest neutral
scalar component could be a candidate of dark matter. In this paper, we do not discuss the
property of dark matter in detail, which is not the main target.

We first discuss the masses for the parity even states under the residual symmetry. The

mass eigenstates can be defined by

gbi ot ay G21 hy H,y
o | TECO | || = Boa | G | | e [ =R f (103D
? as A hg H3

where R(0) is defined in Eq. (I1.16). R,qq and R are the orthogonal 3 x 3 matrix, and the

explicit form of the former one is given as

_ni n2 _ _ S8
\/5(05_"57) \/5(06 Sy) JI+3E

_ ni __n2 B
ne n2 . ty
V2© Vi irae
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where tany = veg/u, and ny and ny are the normalization factors:
ny = (1+cgs,) ™2, ng=(1—cgs,) /2 (I1.33)

The rotation matrix of the CP-even states R is generally expressed by three mixing angles.
In Eq. (IL.31), G* and G'* (G, and G,) are the NG bosons which are absorbed into the
longitudinal components of W and W', respectively (the linear combinations of Z and Z’),
while H*, A and H,, (o = 1-3) are the physical singly-charged, the CP-odd and the CP-even
Higgs bosons, respectively. The squared masses of H* and A are expressed by

2
i = S M md = M2 (14 83), (11.34)

where tand = vsg/u, and M? = pu/(v/2s5cs). The squared masses of H, are calculated

from the 3 x 3 mass matrix M% in the basis of (hy, ho, h3):

v2)\10% + Mzs% (v* A3 — M?)sgcg v(uoics — %55)
MI%I = (UZ)\?, — M2)8505 ’02)\28% + M2c% v(upisg — %05) : (I1.35)

2
v(uoies — J5sp) vlupiss — J5ep) WA+ spes

Using R, the mass eigenvalues are expressed by
R" M}, R = diag(m3,, m3,, my,). (11.36)

We here define an alignment limit of the mass matrix for the CP-even Higgs states M

as follows

=0, (11.37)

ual—itg u,ol—L:O
V2 tﬁ\/§
Under this alignment, the mass matrix M% becomes the block-diagonalized form with the

2 x 2 and 1 x 1 submatrices, and we obtain the following expression:

R(B)" (M)2xaR(8) = M, (I1.38)

where
(Mg)n = Uz()\lc% + )\28% + 2)\38%6%), (I1.39)
(M7)22 = v2(A1 + Ao — 2X3)s5¢5 + M, (I1.40)

(M) = _U2(>\10% + )\25% — A3C23)85C3. (I1.41)
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We then obtain the analytic expressions for the mass eigenvalues and mixing angles as

follows:
miy, = (M) cs o + (M55 o — 2(Mf)1285-aCs-a (11.42)
mf% = (ME)HS%_Q + (Mﬁ)mc%_a + Q(Mg)lgsg_aCB_a, (1143)
my, = uPA + vasch, (I1.44)

V2u

where the mixing angle f — « is expressed by

2(Mi)he
tan2(f — a) = . I1.45
( ) (Mif)22 — (M) ([1.45)
The rotation matrix R is then expressed as
Co —Sq 0
R=\|s, ¢, 0]. (I1.46)
0 0 1

In the following, we use the two symbols for the two CP-even states, namely (H;, Hs) and
(H, h), and we identify h as the Higgs boson discovered at the LHC with the mass of about
125 GeV, ie., my ~ 125 GeV. We note that the alignment limit is naturally realized by
taking the limit of v?/u* — 0. In this limit, the mass matrix given in Eq. (I1.35) can be

expressed by the block diagonal form after taking an appropriate orthogonal transformation

(ME)n +OW?*) (Mg)i2 + O(v?) 0
MI21 — (MIZJ)21 + O(UZ) (Mir)m + O(UZ) 0 g (IL.47)
0 0 (MF)ss + O(v?)

where (M%),;; are the matrix elements given in (I1.35). Because the order v? corrections in

the above expression can be absorbed by the reparametrization of the A parameters such as

A1, A2, Az and A, we obtain the essentially same result as given in Eqgs. (I1.38)-(11.44).
Next, let us discuss the masses for the parity odd states. The mass eigenstates of them

are defined as

= G+ GY G
") = R(—) A" =re [T TP =R [ )L anas)

Ufc n Uip) N NR1 R
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where G'*, Gy, and Gy, are the NG bosons absorbed into the longitudinal components of

W', Y7 and Ys3. The squared masses are given by

2 2 2 2
mii == (02 + %@) . oml = u <p2 Fopsz+ Q) . (I1.49)

20’27 1,r 2—C§ utg

It is important to mention here that in the limit of v?/u? — 0, in which the alignment
limit is naturally realized as explained in the above, H*, A, H and h are remained in the
low energy spectrum, but Hz, n*, n; and 1, are decoupled from the theory. As a result, our

model effectively becomes the THDM.

D. Yukawa Lagrangian

The Yukawa Lagrangians for the lepton (£} ) and quark (£y)) sector are given by

1 - NN
—L] = §(YL>”(L’L)A(LJL )5(P}) e + (Y)Y (L) ®rel, + hoc, (11.50)
— LY = (Vo) QI 0t uly + (Vi)' Q3 ®ouly + YyQ3 oUp + hoc.

+ (Yo)' Q&1 diy + (Yao) " Qi didy + (YD) Qi* D + hec., (IL51)

where D=! = Dp and D¥=? = Sg, and the Y7, coupling is the anti-symmetric 3 x 3 matrix.
This term gives the mixing among the component fields of Ly, i.e., v;,-Ni (see Eq. (I1.4)).
Because of the anti-symmetric structure of Y7, it is not sufficient to reproduce the current
neutrino oscillation data. However, as discussed in Ref. [6], if we introduce additional SU(3),
singlet neutral fermions, one-loop induced Majorana neutrino masses appear, and then the
neutrino data can be reproduced. In this paper, we do not discuss the neutrino sector, and
we take Y7 negligibly small.

The mass matrices for the charged leptons (M,), the up-type quarks (M,) and the
down-type quarks (M) are respectively given by the 3 x 3,4 x 4 and 5 x 5 form as

— LM = By M Ep + UMy Ug + DL MyDp + he., (I1.52)

where EL,R = (e, 1, T)L.Rs U*LR = (u,c,t,U)p g and ﬁLR = (d,s,b,D,S)p g. The form of
M, is the same as in the SM, i.e., M, = v;Y./+/2. On the other hand, M, and M, take
the block-diagonalized form due to the Z, symmetry, where the first 3 x 3 part corresponds
to the mass matrix for the SM quarks, and the latter part does to that for the exotic quarks
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(1 x 1 for up-type and 2 x 2 for down-type exotic quarks). Namely,

Y*dSM 0 0
Mu = diag(vl’ Y1, V2, u) YUSM 0 ) d — diag(,UQ?,UQa Y1, 4, U) 0 Yll Y12 )
\/5 0 Yy \/§ D21 22
0 Y5 Yj
(I1.53)
where
Y v vy Yy Y5 Yy
YuSM = | Y3 YE YR YdSM = | Yh YR YR |- (IL.54)
Yulz Yu22 Yu32 Ydll Yd21 Yd31

The 3 x 3 part of the mass matrices for the up-type quarks and the down-type quarks can
be diagonalized by the biunitary transformation of SM quark fields: ¢, — (V/)T¢q; and
qr — Vrqg (¢ = d,u), where V! , are the unitary matrices. We then obtan the diagonalized

quark mass matrices as M8 = VM, (V4)T, where

M — diag(vy, vy, v2) diag(ve, vo, v1)
' V2 V2
In this notation, the Cabibbo-Kobayashi-Maskawa (CKM) matrix Vegy is given by
ViV
The interaction terms for the SM quarks (£3") and those for the SM leptons (£1*) with

YoM My = YoM (I1.55)

a Higgs boson are expressed in their mass eigenbasis as

in 1 - ii o1 T ij g
DS [d’L (C9) i, + ui, (T0)7 uﬁ} ¢+ h.c.
¢=H1,H2,H3,A

+ % [uZL (DHFY9 @i, 4 i, (DH 1) dJL] H* +h.c. (I1.56)
i e g R o . t 2 el T
L = m el en E “H, +i 0 Al + v2m vi el H 4+ hee, (IL.57)
v v

a1y ©B \/ 1+ s5t2

where I'? and Ffi (¢ = u,d) are the 3 x 3 form of the dimensionful couplings. All the
analytic expressions of them are given in App. B. It is important to mention here that the
Fg’ couplings generally contain non-zero off-diagonal elements, so that the tree level FCNCs
appear via the Higgs boson mediations. We will see in Sec. IV that by taking the alignment
limit and sin(f — ) = 1, FZ become diagonal, and thus the tree level FCNCs mediated by h
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FIG. 1: Deviation in the cross section of eTe™ — p*u~ process as a function of u at the center
of mass energy of 200 GeV. The horizontal dotted line shows the upper bound on the deviation at
95% CL.

disappear. On the other hand, I" f and I’ qA have non-zero off-diagonal elements even in this
limit. As a result, H and A contribute to FCNC processes. We will discuss the constraint

on the parameter space from neutral meson mixings such as B°-B° in Sec. III-B.

III. CONSTRAINTS

In this section, we discuss constraints on the parameter space from experimental data.
We first take into account the constraint from the LEP-II experiments, and then we consider

that from flavour experiments.

A. LEP-II

The ete™ — ff processes have been precisely measured at the LEP-II experiments by
the center of mass energy of around 200 GeV, which derives a strong bound on the VEV
u describing the breaking scale of SU(3), x U(1)x — SU(2), x U(1)y. In Ref. [29], the
deviations in this cross section from the SM prediction are given at the center of mass energy

to be between 189 GeV and 209 GeV. Among the various final states, the pu*p~ channel is
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most accurately measured whose one standard deviation has been given to be 0.01%.

In our model, the cross section of the ete™ — ff process can be deviated from the
SM prediction by the following sources, (i) the deviation in the Z-f-f coupling, (ii) the
contribution from the Z’ boson exchange, and (iii) the interference effects between the Z
and 7 contributions and the Z’ contribution. In order to calculate the cross section, we

extract the ffV, vertex (V, = A,, Z, and 7, and f being the SM fermion) as
Lipv =eQrfy"fA,+ g, f7" (Iy — Qpsin®bw) fZ,
A tan 92_]?’}/” ([f — Qf SiIl2 ew) fZ;/n (IIIl)
where Iy = +1/2(—1/2) for f =u(d,e), and

" 29 0 29
€ = ——(@S331 = gsinbyy, = ———cosbty =
5 gs331 =g W, 9z e Z Teos2 Oy — 1

We note that in the limit of v?/u?> — 0, we reproduce the SM f-f-Z, coupling, i.e., g, —
g/ cosly by using Egs. (I1.22) and (I1.23). From Eq. (III.1), the deviation in the cross

cosfy. (111.2)

section depends on the angle 6, which is determined by u and tan 8 as shown in Eq. (IL.17).
In Fig. 1, we plot the prediction of the deviation in the cross section of ete™ — ptpu~

represented by Ao as a function of u. We define Ao as
A0 = 0331 Model — OSM, (II1.3)

where 0331 Model (0sm) is the cross section of eTe™ — ™ in our model (SM). The horizontal
line represents the 95% CL upper limit on the deviation for the cross section. Although the
tan 8 dependence on Ao is negligibly small when v? /u? < 1, we take tan 8 = 1 in this plot.
We use CalCHEP [30] for the numerical evaluation of the cross section. By looking at the

cross point of two curves, we obtain the lower limit of u = 17 TeV at 95% CL.

B. FCNC

As we mentioned in Sec. II-D, there appear the flavour violating Yukawa couplings at
the tree level. Therefore, we expect to get a severe constraint on parameters from data at
flavour experiments.

In this subsection, we calculate the contributions to the mixing in neutral mesons such

as K9-K° via the neutral Higgs boson mediations. The relevant effective Hamiltonian Hg
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to these processes is given by

Her =) ;04 (i) = (L. R), (T11.4)
1]
where ¢;; and O;; are the Wilson coefficients and dimension 6 operators, respectively. For

the case of the K and K° mixing as an example, these operators are expressed by
O;j = (d*P;s*)(d° P;s”), (I11.5)

where a and (3 are the color indices, and P r are the left- and right-handed projection

operator. The matrix element of O;; for the K and K state is given by [31]

_ _ 5 m 2
(K°|OpL|K?) = (K°|Ogp|K°) = o1 <WKmd) M, (I1L.6)
0 0 0 0 1 1 My ? 2
(KP|OLr|K”) = (K7|ORpr| K™) = 11 S M i (ITL.7)

where mg4, m, and my are the masses of the down quark, the strange quark and the K
meson, respectively, and fx is the decay constant of the K meson. The K°-K° mixing

parameter Am is calculated by using the above parameters as:

Amg = 2Re(K°|H 4| K")

1 My ? Y My ? 9
_ il < _ = S S . IIT.
{CLR 6 * (ms + md) ] 12(CLL + CRR) (ms + md) micfi ( 8)

Similarly, we obtain the predictions for the other meson mixings, namely, the B%-B° mix-

ing Amp and the D%-D° mixing Amp are respectively obtained by the replacement of
(mg, fi,ms) — (mp, fp,mp) and (mg, fx,ms) — (mp, fp,Me).

Let us express the coefficients ¢;; in terms of the Lagrangian parameters. These are
expressed for the K°-K° mixing:

(53 () ()21 (T9)
Crr = Z 5 > Crr = Z 3712 CLr = CRL = Z M’ (IIL.9)

2
mauv
b=h,H,A ¢

()3 ()t (C5)a (I9)
o=y S = Y S =y = Y LB (I0L10)

2
m:v
¢p=h,H,A ¢
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and for the D% D° mixing:

(T9)7 (T9)3 (19)12(T)n
L = Z mugvé27 CRR = Z #ﬁ, CLr = CRL = Z W- (IIL.11)
b=h,H,A ¢ é=h,H,A ¢ b=h,H,A ¢

In order to evaluate Amyg, Ampg and Amp numerically, we use the following input values

given in MeV as [32, 33]:

myg = 497.611, Amy = 3.484 x 10712 f,. = 156.3, m,(m,) = 95,
my, = 1864.84, Amp = 6.25 x 1072, f,, = 212.6, m.(m.) = 1275,
mp = 5279.61, Amp = 3.356 x 107*°, fp = 190.5, my,(m,) = 4180, (I11.12)

As a numerical example to reproduce the observed CKM matrix and quark masses, we adopt

the following inputs:

1.83 x 107* 6.76 x 1074 —0.0133 0 —9.27 x10™° 1.74 x 1073
M, (M,)! .
—mZ 6.76 x 107* 2.54 x 1073 —0.0500 | +7 | 9.27 x 107° 0 —3.98 x 1074 |,
—0.0133 —0.0500  0.997 —1.74 x 1073 3.98 x 1074 0
4.91 x107° 5.26 x 107* —5.58 x 1073 0 —3.85 x 107% 4.07 x 1073
%}\?)T =] 5.26x107* 9.43 x 1073  —0.0937 +i] 3.85 x 1074 0 1.04 x 107°
—5.58 x 1073 —0.0937 0.991 —4.07 x 1073 —1.04 x 107° 0
0.975  —0.223 1.86 x 1073 2.83x 1076 1.24 x 107® —1.79 x 1073
Vi = 0.222 0.974 0.0518 +1| —1.03 x 107% 2.35 x 107° 0 )
—0.01340 —0.0501  0.999 —1.74 x 1073 3.98 x 1073 0
1.00 2.56 x 1073 5.87 x 1073 0 0 4.11 x 1073
Vi =1-310x10"3  0.996 0.0941 —i[3.87x107* 9.91 x 1077 0 ;
—5.61 x 1073 —0.0942 0.996 4.09 x 1073 1.05 x 107 0
(IT1.13)

where M, (¢ = u,d) are the quark mass matrices defined in Eq. (I1.55). One can obtain
VM, M (Vi) = diag(m2, m2, m) and VMMVt = diag(m3, m?2, m}).

In Fig. 2, we show the allowed parameter region from the meson mixing data Amy,
Amp and Amp. In these plot, we take tan = 3 (left), 10 (center) and 30 (right). The
value of sin( — «) is taken to be 1 (upper panels), 0.97 (center panels) and 0.94 (lower

panels), and the sign of cos(f — «) is taken to be positive. We confirm that the case with
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FIG. 2: Constraint from the neutral meson mixings on the parameter space of ma-mpy in the
alignment limit defined in Eq. (I1.37) with sin(5 —«) = 1 (upper panels), sin(8—a«a) = 0.97 (middle
panels) and sin(f — a) = 0.94 (bottom panels). The sign of cos(f — «) is taken to be positive. The
left, center and right panel show the case for tan 8 = 3, 10 and 30, respectively. The black and red

shaded regions are excluded by Amp and Amp), respectively.

cos(f — a) < 0 is almost the same as that with cos(f — «) > 0. The black and red shaded
regions are respectively excluded by Amp and Amp, where in these regions, the predictions
for Amp and Amp exceed the measured values given in Eq. (II1.12). We note that Amy
does not exclude the parameter space shown in this figure. As we can see that Ampg gives
the strongest constraint, and the excluded region becomes wider when the value of tan (8
increases. However, in the case of sin(5 — «) = 1, the region with m , ~ m, is allowed even

for the case with small masses and large tan 3, because the cancellation happens between
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the contributions from A and H. Similar cancellation also happens for sin(f —a) # 1 among
h, H and A, but it does in the different regions from m, ~ my, and the allowed region
becomes smaller as the deviation in sin(f — «) from unity becomes larger.

Finally, we briefly comment on flavour constraints related to the charged Higgs boson
mediation such as b — s7v [34, 35], B — 7v [36], and the leptonic tau decay [37] processes.
Because the third generation fermion couplings to H* have the similar structure as those
in the type-II THDM, we expect that the similar bound on the mass of H* and tan 3 is
obtained. For example, from the b — sy data, we obtain the lower bound on mpy= at 95%
CL to be about 480 GeV [35] in the type-II THDM with tan 8 2 1. The B — 7v data also
constrains especially a large tan S region. For example, tan 5 2 30 (45) with my+ = 300
(500) GeV is excluded at 95% CL [38]. The comprehensive study on the constraint from
the flavour experiments have been done in Refs. [38-40] in a Z; symmetric version of the

THDMs.

IV. HIGGS PHENOMENOLOGY

In this section, we discuss the phenomenology of Higgs bosons. We take the limit of
v?/u?® — 0, where the extra gauge bosons and exotic quarks are decoupled from the theory,
and the scalar sector effectively becomes the THDM, i.e., we have h, H, A and HT as the
physical degrees of freedom as mentioned in Sec. II-C. In this case, the alignment limit of
the mass matrix of the CP-even Higgs bosons is naturally realized as seen in Eq. (11.47), so
that we can safely take the masses of the Higgs bosons to be O(100) GeV without conflicting
with the flavour constraints as we discussed in Sec. I11-B.

We first consider the phenomenology regarding to the SM-like Higgs boson A, and then
that to the extra Higgs bosons H, A and H*. The relevant trilinear Higgs boson couplings
are given as follows

2 2
2myy,

Lini = —(th_a + HCg_a)W:W_M + %(hSB_a + HCB_Q)ZMZM
v v
V2

1 1
+ ;q_LFZQRh“‘ ;q_LFfQRH‘l' - ar T dp +@(F5i)TdL] H' +h.c.

e : 2me _
+ mTéLeR(ghh + £HH + ZtgA) + \/;m I/LeRH+ -+ h.C., (IVl)
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where

Tl = Viidiag(Gr, G, &) (VE) MG™8, T = V' diag(én, &, Gn) (V) M, (IV.2)
L = Vidiag(Car, Car, €n) (VE) MG, Ty = Vi diag(Er, €, Car) (V) TMRE, - (IV.3)

with
Cq 1 Sa
Ch=—"=5at+Coa & =——=550a—tsCsa (IV.4)
53 tg cs
Sa 1 Co,
(h=""="5gatCa Er=—"=—lg55 o+ Cha (IV.5)
sg g cs

In Eq. (IV.1), we omitted the flavour index for the Yukawa interaction. We can see that when
we take sin(5—a) = 1, all the coupling constants of h become the same as the corresponding
SM Higgs boson couplings. On the other hand, the HVV (V = W, Z) couplings vanish in
this limit, but the Yukawa couplings for H do not. Thus, H has a fermiophilic nature in

this case as it is also seen in A.

A. Phenomenology for the SM-like Higgs boson

We focus on the deviation in the h couplings from the SM prediction. In extended Higgs
sectors, in general, the h couplings deviate from the SM predictions, because of the mixing
between h and extra Higgs bosons, and also the mixing among VEVs of Higgs multiplets.
The important point is that the pattern of the deviation strongly depends on the structure
of the Higgs sector. Therefore, we can determine the structure of the Higgs sector by
identifying the pattern of deviation in the h couplings measured at collider experiments.
Precise measurements of the h couplings will be done at future collider experiments such as
High-Luminosity LHC [41, 42] and the International Linear Collider (ILC) [43]. In Refs. [44],
the deviations in the Higgs boson couplings have been discussed at the tree level in various
extended Higgs sectors such as THDMs and models with extra isospin singlets, triplets and
septets which satisfy the electroweak p parameter being unity at the tree level. It has been
clarified that these models can be discriminated by using the deviations in AV V and hff
couplings. Radiative corrections to the h couplings have also been studied in THDMs [45],
a model with a singlet [46] and that with a triplet [47].

In our model, the h couplings deviate from the SM prediction in the case of sin(f — «) #

1 at the tree level which corresponds to the case with a non-zero deviation in the hV'V
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Type |kyi Kgi Kei Ky

type-1 | ¢, Cn Cp sin

(

type-I1| ¢, &, & sin(

type-X| ¢n Cn & sin(f —a
(

type-Y | Cn &n Cp osin

TABLE III: The scaling factors in the THDMs with a softly-broken Zs symmetry.

couplings as it is seen in Eq. (IV.1). The pattern of the deviation in the Yukawa couplings
for the third generation lepton (quarks) is exactly (almost) the same as that in the type-II
THDM at the tree level. However, the difference in the prediction from the type-II THDM
appears in the correlation between the deviation in the A coupling with the second and the
third generation quarks. In fact, it is seen in Eq. (IV.2) that the (3,3) and (2,2) element of
the coupling matrix I' Z are almost? determined by the different valuable &, or (;, defined in
Eq. (IV.4).

In order to see the correlation between the second and the third quark Yukawa coupling

of h, we define the scaling factor as

Re[C?Lgl- Model] Re[c331 Model]

— I — hVV

K9S RS T = paeny e V=W Z (IV.6)
hfifi hVV

where ), and 3, (¢ Vo9 and GiMo) are the Afif* and hVV coupling in the SM
(our model), respectively. To clearly show the flavour dependence, we keep the flavour index

i in the above expressions. From Eq. (IV.1), these scaling factors are calculated as

Fh Iz Fh iy .
Rqgi = ( d) , Ryi = %, Rei = gh, I<LV = sm(ﬁ — Oé). (IV?)

Mqi m

It is important to comment on the scaling factors in the THDMs with a softly-broken Z,
symmetry, where the type-II THDM is the one which has the same structure of the Yukawa
interaction as that of the minimal supersymmetric SM. In addition to the type-II model, we
can define the other three independent types of the THDMs, the so-called type-I, type-X
and type-Y [48]. The scaling factors for the Yukawa couplings are flavour universal in the

THDMs, and these formulae are given in Table III.

2 The meaning of almost here is that, for instance, the (3,3) element of I‘Z is not exactly determined by &,

i.e., the (;, dependence also enters, due to the small off-diagonal elements of VLd.
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FIG. 3: Predictions for the scaling factor of the Yukawa couplings in our model and the THDMs

with a softly-broken Z5 symmetry. The upper (lower)-left and upper (lower)-right panel show the

prediction on the ky-rs and kp-k. plane with cos(f — a) < 0 (cos(8 — ) > 0), respectively. The

solid, dashed and dotted curve in each panel show the case with sin(8 — «) = 0.995, 0.99 and 0.98,

respectively. The value of tan § is varied from 1 to 10, and the each dot on the curves shows the

prediction with a specific value of tan 3.

In Fig. 3, we show the correlation of the scaling factors , and k4 (left panel), and ; and

K¢ (right panel) in our model and in the THDMs. The upper and lower panels respectively

show the case of cos(f — a) < 0 and cos(8 — a) > 0. In each panel, the dots on the curves

show the prediction in the different value of tan 3, where the interval of each dot corresponds
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to the one value difference in tan 5. The solid, dashed and dotted curves show the case for
sin(f —a) = 0.995, 0.99 and 0.98, respectively, where these correspond to the case with 0.5,
1 and 2% deviation in the AV'V couplings. For the predictions in the THDMs, we slightly
shift the three curves from their original locations in order to clearly show the three cases.
We can clearly see that the predictions in our model and in the THDMs are given in the
different region on the both ky-ks and the k;-k. plane. Therefore, we can distinguish our
model from the THDMs from the precise measurement of the Yukawa couplings as long
as Ky # 1is given. We note that the four types of the THDMs are also distinguished by

looking at the correlation among ry, k. and s, as shown in Ref. [44].

B. Phenomenology for the extra Higgs bosons

We discuss the phenomenology of the extra Higgs bosons in this subsection, i.e., we first
calculate the decay branching fractions and then evaluate the production cross sections at
the LHC.

Basically, the decay property of H, A and H* is similar to the corresponding extra Higgs
boson in the THDMs in the context that they mainly decay into a fermion pair when we
take sin(f — ) = 1. If there is a non-zero mass difference among the extra Higgs bosons,
the decay associated with a weak boson can also be dominant such as H* — AW=*/HW=
if mpg+ > m, e The most important decay property in our model is seen in the flavour
violating decay modes of the extra Higgs bosons which are naturally suppressed in the
THDMs. When sin( — «) # 1 is given, the fermiophilic nature of H is lost, and then
the decay modes with the W*W~ and ZZ become important. Besides, the H — hh
decay mode also opens, because the Hhh coupling is proportional to cos(f — «) as given in
Eq. (C.5). These features with sin(/5 — «) # 1 are also seen in the THDMs. From the above
discussion, the characteristic decay mode, i.e., the flavour violating processes, is clearly seen
in sin(f — a) ~ 1.

In the following, we numerically show the decay branching fractions of H, A and H* in
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FIG. 4: Decay branching fractions of A as a function of tan 5. We take m4 = myg = mg+ = 300

(500) GeV for the left (right) panel.

the case of sin(f — a) = 1. In this analysis, we use the following SM input parameter [32]:

my = 173.21 GeV, my, = 3.0 GeV, 1m, = 0.677 GeV, 1, = 0.0934 GeV,
my = 91.1876 GeV, my = 80.385 GeV, Gp = 1.1663787 x 107> GeV 2,
mp = 125 GeV, m, = 1.77684 GeV, a, = 0.1185. (IV.8)

The running quark masses my, m. and mg are taken at the my scale [49]. We use the same
values of the quark mixing matrix elements as given in Eq. (III.13). We note that for the
neutral Higgs decays, the decay rates of A/H — g;q; and A/H — G;q; (i # j) are summed.
All the relevant formulae of the decay rates of the Higgs bosons are presented in App. C.

In Figs. 4 and 5, we show the decay branching fractions of A and H as a function of
tan 3, respectively. The left (right) panel shows the case for my = my = my+ = 300
(500) GeV. For the left case, we see that the tc¢ and bb modes are dominant in the wide
range of tan 3, where the former and latter mode have the branching fraction of about 80%
and about 20%, respectively. Except for the small difference in the A — gg and H — gg
modes, the branching fractions of A and H are almost the same. For the 500 GeV case
shown in the right panel, the ¢¢ channel is kinematically allowed and this can be dominant
in the small tan 8 region. However, when tan S 2 4, the main decay mode is replaced by
the t¢ mode. We here comment on the one-loop induced decay modes of A/H — ~v and
A/H — Z~. Typically, the branching fractions of these modes are the order of 10741075

when my = m, = 300 GeV. Smaller values of the branching fractions are obtained when
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FIG. 5: Decay branching fractions of H as a function of tan 5. We take m4 = myg = mg+ = 300

(500) GeV for the left (right) panel.
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FIG. 6: Decay branching fractions of H* as a function of tan 3. We take m4 = my = my+ = 300

(500) GeV for the left (right) panel.

tan 5 and/or the masses of A and H increase.

In Fig. 6, we show the decay branching fractions of H* as a function of tan 8. Similar to
the case for the neutral Higgs bosons, we take ma = my = my+ = 300 (500) GeV for the
left (right) panel. We see that the main decay mode is changed from the tb mode to the t5
mode at tan § ~ 5 for the both 300 GeV and 500 GeV case. These flavour violating decays
A/H — tc and H* — ts cannot be dominant in the four types of THDMs, so that these
decay processes can be useful to identify our model.

Finally, we calculate the production cross sections of the extra Higgs bosons at the LHC.

The neutral Higgs bosons A and H are mainly produced via the gluon fusion mechanism:
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FIG. 7: (Left) Production cross section of the gluon fusion process for H (black) and A (red) as a
function of tan 5. (Right) Production cross section of the bottom quark associated process for H
or A as a function of tan 3. For the both panels, the solid (dashed) curves show the case for the

mass of A or H to be 300 (500) GeV, and the collision energy is taken to be 13 TeV.

g9 — A/H. The production cross section is calculated by

I'(A/H — gg)
L(hsm — g9)
where hgyr is the SM Higgs boson. The analytic expression for the decay rate I'(A/H — gg)

o(gg — AJ/H) = 0(99 — hsm) X

(IV.9)

into the two gluons is given in Eq. (C.6). o(gg — hsm) is the gluon fusion cross section
for hgm, where the mass of hgy is taken here to be the same as that of A or H. We
quote the value of o(gg — hgy) at the next-to-next-to leading order in QCD from [50].
In addition to the gluon fusion process, the bottom quark associated production of A and
H: gg — bbA/bbH can also be important. This cross section is proportional to |(F?/ 15
which is roughly determined by (mj x tan 3)? when sin(3 — ) = 1. Therefore, for the large
tan [ region, this production mechanism becomes important.

In Fig. 7, we plot the production cross section for A and H as a function of tan (8
from the gluon fusion (left) and the bottom quark associated process (right) at the center
of mass energy of 13 TeV. We use CalcHEP [30] for the calculation of the bottom quark
associated process, and apply to CTEQ6L [51] for the parton distribution functions (PDFs).
We separately show the gluon fusion cross section for A and H, but we do not for the
bottom quark associated process, since the cross section of gg — bbA and gg — bbH are
almost the same in this configuration. For each process, we show the case with the masses

of A and H to be 300 GeV (solid curve) and 500 GeV (dashed curve). We see that for the
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FIG. 8: Cross section for the gb — tH~ process as a function of tan 5 at the collision energy of 13

TeV. The solid (dahsed) curves show the case for myg+ = 300 (500) GeV.

low tan 8 region, the gluon fusion process gives the much larger cross section as compared
to the bottom quark associated process, e.g., at tan § ~ 1, the cross section is about 30 pb
(10 pb) and 1 pb (0.5 pb) for A (H) at m4(m,) = 300 and 500 GeV, respectively. However,
this becomes small as tan [ increases, and at around tan g = 10, it takes the minimal value
to be about 1 pb (10 fb) for the case with m,4 and my being 300 (500) GeV. This is simply
because the reduction of the top Yukawa coupling (F;4 / H)gg whose magnitude is roughly
determined by m; x cot . For tan 8 2 10, the bottom quark associated process gives the
larger cross section as compared to the gluon fusion process.

Finally, we discuss the production of H* at the LHC. The main production mode has
been known to be the gluon-bottom fusion process, i.e., gb — H~t [52, 53] when the mass of
charged Higgs bosons is larger than the top quark mass. We calculate the production cross
section by using CalcHEP with CTEQ6L for PDF's as it was done in the calculation of the cross
section of the bottom quark associated production. In Fig. 8, we show the cross section of
the gb — H ™t process as a function of tan 3 in the case of my+ = 300 GeV (solid curve)
and 500 GeV (dashed curve). Similar to the gluon fusion process, the cross section becomes

minimum at around tan S = 10, while it gives large values at the low and high tan g case,

e.g., we obtain 0.9 (0.2) pb at tan 3 ~ 1 for my+ = 300 (500) GeV, and 0.7 (0.15) pb at
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tan 8 ~ 50 for mpy+ = 300 and (500) GeV.
In fact, these results of the cross section of A, H and H* are almost the same as those of
the corresponding Higgs bosons in the type-II THDM. However, we expect that our model

is distinguishable by using the signature of the flavour violating decays of the Higgs bosons.

V. CONCLUSIONS

We have discussed the phenomenology of the model based on the SU(3).xSU(3),xU(1)x
gauge theory with the minimal form of the Higgs sector which is composed of the three
SU(3) triplet scalar fields. We have shown that our Higgs sector effectively becomes
THDMs after the spontaneous symmetry breaking SU(3), x U(1)x — SU(2)L x U(1)y.
One of the most important features in our effective THDM originating from the 331 model
is seen in the structure of the quark Yukawa interactions, in which the first and the sec-
ond generation quarks couple to the different Higgs doublet from that couples to the third
generation quarks. This flavour dependent structure inevitably causes FCNC’s at the tree
level via the Higgs boson mediations. In order to avoid the constraint from the flavour
experiments, we have taken the alignment limit on the mass matrix of the CP-even Higgs
bosons, which is naturally realized in the limit of v?/u? — 0. Under the alignment limit, we
have shown that the Higgs boson masses of O(100) GeV are consistent with the considered
K%-K° B°-B° and D°-D° mixings. In this allowed parameter space, we have considered the
deviation in the SM-like Higgs boson couplings from the SM predictions. We have found
that in the case of sin(f — «) # 1, our predictions on the ky-ks and K4k, plane appear in
the region different from that in the THDMs with a softly-broken Z; symmetry. We can
thus distinguish our model from the THDMs by looking at the deviations in these quark
Yukawa couplings. We have also investigated the properties of the extra Higgs bosons, i.e.,
the decays and productions at the LHC. We have found that the flavour violating Higgs
boson decay modes, e.g., H/A — tc and H* — ts are dominant in the wide region of the
parameter space. These flavour violating decays of the extra Higgs bosons can be useful to
identify our model, and to discriminate our model from the THDMs in addition to using

the deviation of the SM-like Higgs boson couplings.
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Appendix A: Higgs boson couplings to weak bosons

We give the expressions for the Higgs boson couplings with weak gauge bosons. The

Higgs-Gauge-Gauge type interaction terms are extracted by

Ling = Z (csRia + 55 R20)Hy W+W “4— Z (cgvRin + uR30)Hy W”’W'

a=1-3

w

a=1—

Z [CBCZRloc 4 (CZ _I_ 363318Z _I_ 2\/7028Z) RQQ,

=)
1\91\3@’\3

3033
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2
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v S
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6c331 g

2

g . |
+ L vesg W, (Y]~ zY;‘)] +hee, (A1)

Y C3Sp <\/§SZ + 3CZ0331) H+W;Z/u

(331

where ¢, = cosf; and s, = sinf;. Notice here that there appears the H*WTZ coupling,
which vanishes in THDMs at the tree level [54-58]. Therefore, to measure this vertex is
useful to discriminate our model from THDMs. The feasibility study of this vertex has been

discussed at the LHC [59] and at the ILC [60]. In our model, however, we find that the
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coefficient of this vertex is only proportional to v?/u? (plus the order v*/u* correction) after
taking the series expansion of the mixing angle 6, under v?/u* < 1, so that the magnitude

of this vertex is negligibly small.

Appendix B: Higgs boson couplings to fermions

The dimensionful 3 x 3 couplings I'Y and ')/ * given in Eq. (IL.56) are expressed as

Ry Roa Rig o
ri = Vidiog (72, 22, e ) vyiaggs, (B.1a)
R o R R a ;
e = V'diag < = = 2 ) (Vi) Mo, (B.1b)
1 .
M= L Vidiag ( ) () b, (B.10)
1 + 36t2 tﬁ
M= ——Vidiag < —tg, — ) (V9T M diee, (B.1d)
1 + 36t2
I = Vidiag (t ,tﬁ) v Mg, (B.1e)
' = vidiag (tﬁ,tﬁ, ) (V)T pdieg (B.1f)

Notice here that in the above expressions, if the diag(z,y, z) part is proportional to the
3 x 3 identity matrix, we then obtain the same form of the Yukawa interaction as that in
a Zy symmetric version of THDMs (see, e.g., [48]), where the V} dependence disappears in
the neutral Higgs boson couplings, and the CKM matrix Veky appears in the charged Higgs
boson couplings. Consequently, the flavour violating quark Yukawa couplings to neutral
Higgs boson do not appear at the tree level in the THDMs. However, this is not the case
in our model, because at least the diag(z,y, z) part for A is not proportional to the identity
matrix. As a result, the flavour violating couplings to the neutral Higgs bosons inevitably
appear at the tree level, which is one of the most important consequences of the structure

of our Yukawa interaction.

Appendix C: Decay rates of the Higgs bosons

We present the analytic expressions for the decay rates of the extra Higgs bosons which

are used to calculate the decay branching fractions as shown in Sec. IV-B.
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The decay rates for the neutral Higgs bosons ¢ = A, H, h with a fermion pair in the final

state are given as

w¢%q@>=N3;%{u—x >Q@$M+@®;?waﬁm—@$;3
- 2%% (I = |0 = ) ]2, e2), ()
D(6 = 47) = Neg 5 {(1 — 22?) [Re(F¢) +Im(I'9)?]
~ 202 [Re(T§)? ~ Tm(T9)?] }A(2), (C2)
D(p — €707) = o—Lomi 5 7 («), (C3)

where the two body phase space function A(x,y) is given by Az, y) = 1 + 2% + y* — 22 —

2y — 2zy, and f(x \/ Az, z) = /1 — 422 In the above expressions, we also introduced
T, = Mg/My, Dy = 3( ) for ¢ = H(A), and the color factor N.. For the expression of
¢ — ¢;q; mode given in Eq. (C.1), the flavour index must not be identical, i.e., i # j. If the
mass of H is larger than 2 x my, ~ 250 GeV, the H — hh decay channel also opens, and its

decay rate is given by

1 |>\Hhh‘2 4m2
H H

where Ay, is the coefficient of the Hhh vertex in the Lagrangian. In the limit of v/u — 0,

we have

Cp—q S2a
Py ——Z {mi +m% —m3 + 3(m3, — mi)—2 ] . (C.5)
v 528

The decay rate of the one-loop induced ¢ — gg mode is given by

2

2
V2G pa? m¢ Im(T'0)
) (2 d) )
Lo = 99) = ~ 5 Z Fmg)| + 3= A= Fmy)| | (©6)
where the loop functions are given by
4m? 4m?
FY (m) —%2 i(l @)C(()Om(ﬁ,mmm)],
Mg 6
F3'(m) = —4m*Cy (0,0, m%, m,m,m), (C.7)

with Cj being the Passarino-Veltman three point scalar function [61].
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Finally, the decay rates for the charged Higgs boson H* into a pair of fermion is given
by
)
2
) Peeeag). ()

D(H* = (Fv) = %m? £2(1 -2, (C.9)

2 + +.,
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- mmg+ *
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2
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where y, = mg/m ..
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