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Abstract. We discuss the time-dependent CP asymmetry of the decay B → φKS in an extension of the
standard model with both a two Higgs doublet and additional fourth-generation quarks. We show that,
although the standard model with a two Higgs doublet and the standard model with fourth-generation
quarks alone are not likely to largely change the effective sin 2β from the decay B → φKS, the model with
both an additional Higgs doublet and fourth-generation quarks can easily account for the possible large
negative value of sin 2β without conflicting with other experimental constraints. In this model, additional
large CP violating effects may arise from the flavor-changing Yukawa interactions between neutral Higgs
bosons and the heavy fourth-generation down type quark, which can modify the QCD penguin contributions.
With the constraints obtained from b → ss̄s processes such as B → Xsγ and ∆mB0

s
, this model can lead

to an effective sin 2β as large as −0.4 in the CP asymmetry of B → φKS.

1 Introduction

With the successful running of two B factories in KEK
and SLAC, precise measurements of the time-dependent
CP asymmetries as well as the direct CP asymmetries in
rare B decays become available. Among those interesting
decay modes, the most important one, the CP asymmetry
ofB → J/ψKS, has been successfully measured, and a very
good agreement with the standard model (SM) prediction
on sin 2β was found.

However, the recent Belle results on sin 2β from
B → φKS, although with significant errors, have indicated
that the value of sin 2β from different decay modes could
be significantly different. The most recent measurements
give [1, 2]

sin 2β = 0.47 ± 0.34+0.08
−0.06 (Babar),

sin 2β = −0.96 ± 0.5+0.09
−0.11 (Belle). (1)

Of course, it is too early to draw any robust conclusion
from the current preliminary data. Nevertheless, it opens
a possibility that large new physics effects may show up
in the b → sss processes, which has already triggered a
large amount of theoretical efforts in examining the pos-
sible new physics contributions from various models. Be-
sides the models related to supersymmetry which are the
most promising ones, there are also a large class of mod-
els based on simple extensions of the matter contents of
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the SM, such as the standard models with a two Higgs
doublet (S2HDM) [3–18] and the standard model with
fourth-generation fermions (SM4) [19–23] etc. However,
the most recent studies have pointed out that the contri-
butions from the above mentioned two types of models to
B → φKS are in general not large enough to account for
a large negative value of sin 2β in B → φKS (for example
sin 2β ≈ −0.5) [21,24–26].

In this paper, we show that although due to the con-
straints from other experiments such as b → sγ and ∆mB

etc., the general S2HDM and the SM4 alone are not likely
to largely change the effective sin 2β in B → φKS, a model
with both an additional Higgs doublet and 4th-generation
quarks (denoted by S2HDM4) can significantly change the
value of sin 2β without contradicting other experimental
constraints. In this model, new large CP violating contri-
butions may arise from the flavor-changing Yukawa inter-
actions between the neutral Higgs boson and the fourth-
generation down type quark b′ (with mb′ � mb), which
changes the Wilson coefficients for QCD penguin operators
and results in a large modification of effective sin 2β. This
mechanism is different from the case in the S2HDM in which
the dominant contribution comes from changing the Wil-
son coefficients of the electro(chromo)-magnetic operators.
The latter is subjected to a rather strong constraint from
b → sγ and therefore cannot give enough contributions.

Let us begin with some model independent discussions.
The definition of the effective sin 2β in B → φKS is

sin 2βeff = Im
[
e2iβ Ā

A
]
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Fig. 1. The value of sin 2βeff as a function of r. The solid,
dashed and dotted curves correspond to θ = π/2, π/3 and
π/6 respectively

= Im
[
e2iβ ĀSM(1 + re−iθ)

ASM(1 + re+iθ)

]
, (2)

where β is the SM value with sin 2β = 0.715+0.055
−0.045 [27].

ĀSM(ASM) is the SM value of the decay amplitude of
B

0
(B0) → φKS. Here the two parameters r and θ param-

eterize the relative size and the additional CP violating
phase of the new physics contributions. To get an idea of
how sin 2βeff is changed with the new physics contribution,
we take some typical values of the phase θ, calculate the
values of sin 2βeff , and show them in Fig. 1.

As shown in the figure, to explain the possibly large
negative sin 2βeff , for instance, close to −0.5, in the case
that θ is maximum (π/2), the value of r should be close to
unity. For smaller θ such as π/3 and π/6, the value of rmust
be even larger. Therefore, to generate a large negative value
of sin 2βeff in the range of −0.5 ∼ −1.0, the magnitude of
the new physics contributions must be of the same order
of magnitude as the one in the SM.

However, the new physics contributions must be con-
strained by other experiments, especially by the b → s
transition related processes. The strictest constraint comes
from the radiative decay of B → Xsγ. The current data of
Br(B → Xsγ;Eγ > 1.6GeV) = (3.28+0.41

−0.36) × 10−4 [28–31]
are well reproduced in the framework of the next-to-leading
order calculations in the SM (see e.g. [32,33]). Thus, if the
new physics contribution carries no new phase, there is
very little room for the new physics parameters. But in
the case that new phases are present, the parameter space
could be enlarged. This is because the data of B → Xsγ
only constrains the absolute values of the Wilson coefficient
C7γ ; if the new physics contribution does not change the
absolute value of C7γ , there will not be a serious problem.
Thus the following relation must be satisfied for any new
physics model:

|C7γ | =
∣∣CSM

7γ + CNEW
7γ

∣∣ �∣∣CSM
7γ

∣∣ , (3)

with CSM
7γ and CNEW

7γ being the effective Wilson coefficient
evaluated at the low energy scale (µ ≈ mb) from SM and
new physics models respectively. In this case, the absolute
value ofCNEW

7γ could vary largely from close to zero to about
−2CSM

7γ , which seems large enough for explaining the CP
asymmetry in B → φKS. However, it follows from (3) that
the data on B → Xsγ do strongly constrain the form of
CNEW

7γ ; namely, the new physics must interfere in such a way
that the total effect is roughly equivalent to adding a phase
factor toCSM

7γ , i.eC7γ � |CSM
7γ |eiθ. Let us take an illustrative

example in which the new physics contribution is purely
electro(chromo)-magnetic and satisfy C7γ = |CSM

7γ |eiθ and
alsoC8g = |CSM

8g |eiθ at the scale ofmW . Varying the value of
θ from0 to 2π and then running down to the low energy scale
of µ � mb through the renormalization group equation, one
finds that the value of sin 2βeff in the decay B → φKS only
changes from 0.5 to 0.8. This naive discussion shows that
if the dominant contribution from a new physics model is
coming from CNEW

7γ(8g), the change to sin 2βeff from the its
SM value is limited. Unfortunately, the S2HDM belongs to
this class of models. A recent analysis has confirmed that,
within S2HDM, the value of sin 2βeff can reach zero but is
not likely to be largely negative [24–26].

For the model of SM4, there are additional up (t′)
and down (b′) type quarks. The new phases may come
from the extended Cabbibo–Kobayashi–Maskawa (CKM)
matrix which is a four by four matrix in this model and
contains undetermined matrix elements Vt′q, Vqb′ etc. To
avoid the precise data of electro-weak (EW) processes, the
mass of b′ (t′) has to be pushed to greater than ∼200 GeV
(∼ 300 GeV). However, a phenomenological study showed
that with the constraint of B → Xsγ and B0

s −B0
s mix-

ings being considered, its contribution to the CP violation
of B → φKS is not large enough either [21]. Thus, if the
large negative value of sin 2βeff in the decay B → φKS is
confirmed by future experiments, the above mentioned two
models (i.e. S2HDM and SM4) will not be favored.

2 The model of S2HDM4

There are several directions in constructing models be-
yond the SM, such as enlarging the gauge groups to SU(5),
SU(10) and E6 etc., introducing new symmetries like var-
ious SUSY models, and expanding the matter contents,
i.e., taking more fermions and Higgs bosons. The models
of the last type can be regarded as simple extensions of
the SM which keep the same gauge structure but still have
rich sources of new contributions. The typical ones are the
above mentioned S2HDM and SM4.

In this paper we would like to take a step further to
consider a model with both a two Higgs doublet and fourth-
generation quarks (S2HDM4). In this model, there are
new Yukawa interactions between Higgs bosons and heavy
fourth-generations quarks. Since in general the Yukawa in-
teraction is expected to be proportional to the coupled
quark mass, the new Yukawa couplings are much stronger
than that in the S2HDM and SM4. Unlike in the case of
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S2HDM, where the b quark contribution to the QCD pen-
guin diagram through neutral Higgs boson loop is strongly
suppressed by the small b quark mass, the same diagram
with an intermediate b′ quark may significantly contribute
to the related processes [34]. This new feature only ex-
ists in this combined model and is of particular interest in
studying the CP violation of B → φKS and other penguin
dominant processes.

The Lagrangian for the S2HDM4 is given by

LY = ψ̄LY
U
1 φ̃1uR + ψ̄LY

D
1 φ1dR + ψ̄LY

U
2 φ̃2uR

+ψ̄LY
D
2 φ2dR + H.c. (4)

with the extended quark content of uL,R = (u, c, t, t′)L,R
and dL,R = (d, s, b, b′)L,R. The Yukawa coupling matrices
Y

U(D)
i are 4-dimensional matrices accordingly. The two

Higgs fields φ1, φ2 have vacuum expectation values (VEVs)
of v1eiδ1 and v2eiδ2 respectively, with

√|v1|2 + |v1|2 = v =
246 GeV. The relative phase δ = δ1−δ2 between two VEVs
is physical and provides a new source ofCP violation [3–5].
In the mass eigenstates, the three physical Higgs bosons
are denoted by H0, A0 and H± respectively. Due to the
non-zero phase δ, all the Yukawa couplings become complex
numbers in the physical mass basis, even if they are all real
in the flavor basis. For simplicity, throughout this paper,
we assume that the CKM matrix elements associated with
t′, i.e. Vt′q, are small enough to be ignored, and we will
only focus on the neutral Higgs boson contributions.

In the mass basis, the Yukawa interactions between
neutral Higgs bosons and quarks have the following gen-
eral form:

LY = ηq
ij q̄iLqjRφ+ H.c., (5)

with φ = H0 or A0. The Yukawa coupling ηq
ij is usually

parameterized as

ηq
ij =

√
mqimqj

v
ξqiqj

. (6)

In the Chen–Sher ansatz [35] motivated by a Fritzsch type
of Yukawa coupling matrix the values of all ξqiqj s are of
the same order of magnitude. However, from other contexts
of the coupling matrix the relations among the ξqiqj are
different [36–38]. In the general case, they should be taken
as free parameters to be determined or constrained by
the experiments.

The effective Hamiltonian for ∆B = 1 charmless B
decays reads

Heff

=
GF√

2

[
VubV

∗
us(C

u
1Q

u
1 + Cu

2Q
u
2 ) + VcbV

∗
cs(C

c
1Q

c
1 + Cc

2Q
c
2)

−VtbV
∗
ts

(
10∑

i=3

CiQi + C7γQ7γ + C8gQ8g

)]
, (7)

where the operator basis Qi can be found in [39]. In this
model, the relevant Wilson coefficients at the scale of mW

from this model is given by

C1(MW ) =
11
2
αs(MW )

4π
,

C2(MW ) = 1 − 11
6
αs(MW )

4π
− 35

18
αEM

4π
,

C3(MW ) = −αs(MW )
24π

×
(
Ẽ0(xt) + |ξtt|2EIII

0 (y)

+
mb′

√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′EIII

0 (y′)
)
,

+
αEM

6π
1

sin2 θW
(2B0(xt) + C0(xt)),

C4(MW ) =
αs(MW )

8π

×
(
Ẽ0(xt) + |ξtt|2EIII

0 (y)

+
mb′

√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′EIII

0 (y′)
)
,

C5(MW ) = −αs(MW )
24π

×
(
Ẽ0(xt) + |ξtt|2EIII

0 (y)

+
mb′

√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′EIII

0 (y′)
)
,

C6(MW ) =
αs(MW )

8π

×
(
Ẽ0(xt) + |ξtt|2EIII

0 (y)

+
mb′

√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′EIII

0 (y′)
)
,

C7γ(MW ) =
A(xt)

2

− 1
2

(
A(y)|ξt|2 +A(y′)

mb′
√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′

)
,

+B(y)|ξtξb|eiθ −B(y′)
mb′

√
mbms

2VtbV
∗
tsmtmb

ξb′bξsb′ ,

C8g(MW ) = −D(xt)
2

− 1
2

(
D(y)|ξt|2 +D(y′)

mb′
√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′

)
,

+(y)|ξtξb|eiθ − E(y′)
mb′

√
mbms

2VtbV
∗
tsmtmb

ξb′bξ
∗
sb′ , (8)

with αs(mW ) and αEM being the strong and electro-mag-
netic couplings at the scale mW . The mass ratios xt, y
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and y′ are defined by xt = m2
t/m

2
W , y = m2

t/m
2
H± and

y′ = m2
b′/m2

H0 respectively. The loop integration functions
are standard and can be found in [6,40–42]. Here we have
ignored the coefficients for the electro-weak penguin dia-
grams since their effects are less significant in the decay of
B → φKS.

Note that the new contributions to QCD and electro-
(chromo)-magnetic operators depend on different param-
eter sets. In the QCD penguin sector, the contribution
depends on ξ∗

bb′ξsb′ where in the electro(chromo)-magnetic
sector it depends on both ξb′bξsb′ and ξ∗

bb′ξsb′ . It is conve-
nient to define two weak phases θ1 and θ2 with

ξ∗
bb′ξsb′ = |ξbb′ξsb′ |eiθ1 and ξb′bξsb′ = |ξb′bξsb′ |eiθ2 . (9)

Since in general ξb′b and ξ∗
bb′ are complex numbers and

ξb′b �= ξ∗
bb′ , the two phases are not necessarily equivalent.

The presence of two independent phases rather than one
is particular for this model, which gives different contribu-
tions to the QCD penguin and electro(chromo)-magnetic
Wilson coefficients.The interference between themenlarges
the allowed parameter space.

Note that the Wilson coefficient for QCD penguins may
be complex numbers which provides additional sources of
CP violation. To make a comparison, let us denote the
Wilson coefficients in the SM by CSM

i . Taking ξb′b = ξsb′ =
0.8, θ1 = 0.5, θ2 = −1.2 and mH0 = mb′ = 200 GeV as
an example, in the range of 40 < ξbb′ < 60, the ratio of
C3/C

SM
3 (C4/C

SM
4 ) has an imaginary part between −0.27

and −0.4 (−0.6 and −0.8). These large imaginary parts
play an important role in CP violation.

3 Constraints from B → Xsγ
and B0

s -B̄
0
s mixing

Before making any predictions, one first needs to know how
the new parameters in this model are constrained by other
experiments. For the process we are concerned with, the
strictest constraints come from b → ss̄s processes such as
B → Xsγ and B0

s–B̄0
s mixing, etc.

The expression forB → Xsγ normalized toB → Xceν̄e

reads

Br(B → Xsγ)
Br(B → Xceν̄e)

=
6|VtbV

∗
ts|2αEM

π|Vcb|2f(mc/mb)
|C7γ(µ)|2, (10)

with f(z) = 1 − 8z2 − 24z4 ln z + 8z6 − z8 and Br(B →
Xceν̄e) = 10.45%. The low energy scaleµ is set tomb. Using
the Wilson coefficients at the scale mW and running down
to the mb scale through renormalization group equations,
we obtain the predictions for Br(B → Xsγ). For simplicity,
we focus on the case in which the b′ contribution dominates
through the H0 loop; namely, we push the masses of the
charged Higgs bosons H± and the other pseudo-scalar bo-
son A0 to very high values, (mH± ,mA0 > 500 GeV), and
ignore their contributions. We take the following typical
values of the couplings:

|ξbb′ | = 50, |ξb′b| = 0.8, |ξsb′ | = 0.8,

2θ
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Fig. 2. The branching ratio of B → Xsγ as a functions of
θ2 in the model of S2HDM4 . The solid, dashed and dotted
curves correspond to θ1 = 1.5, 1.0 and 0.5 respectively. The
other parameters are taken from (11)

and

mH0 = m′
b = 200 GeV, (11)

and give in Fig. 2 the value of Br(B → Xsγ) as a function
of θ1 with different values of θ2.

From the figure, one finds that two separated ranges
for the parameters θ1 and θ2 are allowed by the data:

−1.4 � θ2 � −1.2 and 0.4 � θ2 � 0.7

for

0.5 � θ1 � 1.5. (12)

Note that we do not make a scan for the full parameter
space; nevertheless, the above obtained range is already
enough for our purpose. Among the two allowed ranges,
the one with −1.4 � θ2 � −1.2 is of particular interest. It
will be seen below that in this range, the contribution to the
CP asymmetry in B → φKS could be significant. In Fig. 3,
we also give the allowed range of θ1 with different values of
θ2. One finds that the allowed range for θ1 is larger than for
θ2. In this figure, the interference between the two phases
θ1 and θ2 is manifest. For θ2 in the range of (−1.0,−0.8),
the allowed value for θ1 is a narrow window around zero.
But for θ2 in the range of (−1.4,−1.2), the allowed range
for θ1 could be between 0.5 and 2.0. Compared with the
S2HDM in which only one phase appears, this interference
effect for two phases enlarges the parameter space under
the constraint of B → Xsγ. Thus large contributions to
the other processes are possible in this model.

The other b → ss̄s process which could impose a strong
constraint is the mass difference of the neutral B0

s me-
son. The measurements from LEP give a lower bound of
∆mBs > 14.9 ps−1. In this model, the b′ contributes to
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Fig. 3.The branching ratio of B → Xsγ as a function of θ1 in the
model of S2HDM4. The solid, dashed, dotted and dot-dashed
curves correspond to θ2 = 1.4, 1.2, 1.0 and 0.8 respectively. The
other parameters are taken from (11)

∆mBs
only through box diagrams. The box diagram con-

tribution to ∆mBs is given by [40–43]

∆mBs
=
G2

F

6π2 (fBs

√
BBs

)2mBs
m2

t |Vts|2

×
{
ηttB

WW(xt) +
1
4
ηHH
tt yt|ξtt|4BHH

V (yt)

+2ηHW
tt yt|ξtt|2BHW

V (yt, yw) (13)

+
1
4
ηHH
tt y′

(
mb′

√
mbms

2VtbV
∗
tsm

2
t

ξ∗
bb′ξsb′

)2

BHH
V (y′)

}
,

where GF = 1.16 × 10−5 GeV−2 is the Fermi constant.
fBs

and BBs
are the decay constant and bag parameter

for B0
s . In the numerical calculations, we take the value

of fBs

√
BBs

= 0.23 GeV. The ηij are the QCD correc-
tion factors. The loop integration functions ofBHH,WW,HW

(V )
can be found in [41–43]. The mass ratios are defined as
yt = m2

t/m
2
H± , yw = m2

t/m
2
W and y′ = m2

b′/m2
H0 respec-

tively. Note that in the mass difference of the B0
s mesons,

the contribution from S2HDM4 only depends on the pa-
rameter ξ∗

bb′ξsb′ . So, only the phase θ1 will be present in
the expression.

Using the above obtained typical parameters in (11),
the contribution to ∆mBs is calculated and plotted as a
function of θ1 in Fig. 4. The figure shows that the current
data of ∆mBs do not impose a strong constraint on the
value of θ1.

The neutron electric dipole moment (EDM) is expected
to give strong constraints on the new physics. In the SM, the
neutron EDM is zero even at two-loop level. The current ex-
perimental upper limit gives EDM < 1.1× 10−25 ecm [44].
In general, the new physics contributes to the neutron EDM
through one loop diagrams. In the presence of new scalars,
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Fig. 4. The B0
s meson mass difference ∆B0

s as a function of θ1 in
the model of S2HDM4. Other parameters are taken from (11).
The shadowed region is excluded by the data of ∆B0

s

additional significant contributions may arise, for exam-
ple from the Weinberg gluonic operator [45] and also the
two-loop Barr–Zee type diagrams [46,47], etc.

However, we note that all the above three types of
mechanisms are not related to b → s flavor-changing tran-
sitions and therefore will involve different parameters in
this model. For the one-loop diagrams, the neutral EDM
is mostly related to ξu(d) and ξt(b′) through u(d)-quark
EDM. For the Weinberg three gluonic operator, the dom-
inant contribution is from an internal b′ loop. Thus it is
related to ξb′b′ . Similarly, for the two-loop Barr–Zee dia-
gram, the b′-quark loop will play the most important role
and the couplings involve only ξu(d), ξb′b′ etc.

Thus the neutron EDM will impose strong constraints
on other parameters in this model and has less signifi-
cance in the current study of the decay B → φKS. This
is significantly different from the S2HDM case in which
the t-quark always dominates the loop contribution and
the couplings ξtt and ξbb are subject to a strong constraint
from neutron EDM.

Other constraints may come from K0–K0 and B0
d–B0

d
mixings. But those processes contain additional free pa-
rameters such as the Yukawa coupling of ξb′d and ξsb′ ; the
constraints from those processes are much weaker.

4 CP asymmetry in B → φKS

Now we are in the position to discuss CP asymmetry in
B → φKS. The decay amplitude for B̄ → φK̄0 reads

A(B̄0
d → φK̄0) (14)

= −GF√
2
V ∗

tsVtb

(
a3 + a4 + a5 − 1

2
(a7 + a9 + a10)

)
X,

with X being a factor related to the hadronic matrix ele-
ments. In the naive factorization approach X = 2fφmφ(ε ·
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curves corresponds to θ2 = −1.4, −1.2, −1.0, −0.8 respectively

pB)F1(mφ), where ε, pB , F1 are the polarization vector of
φ, the momentum ofBmeson and form factor, respectively.
The coefficients ai are defined through the effective Wilson
coefficients Ceff

i s as follows:

a2i−1 = Ceff
2i−1 +

1
Nc

Ceff
2i , a2i = Ceff

2i +
1
Nc

Ceff
2i−1, (15)

Since the heavy particles such asH±,0, A0 and b′ have been
integrated out below the scale of mW , the procedures to
obtain the effective Wilson coefficients Ceff

i are exactly the
same as in SM and can be found in [48] .

Using the above obtained parameters allowed by the
current data, the predictions for the time-dependent CP
asymmetry for B → φKS are shown in Fig. 5

In the figure, we give the value of sin 2βeff as a function
of θ1 with different values of θ2 = 1.4, 1.2, 1.0 and 0.8.
Comparing with the constraints obtained from B → Xsγ
and B0

s–B̄0
s mixings, one sees that in the allowed range

of −1.4 < θ2 < −1.2 and 0.5 < θ1 < 1.5, the predicted
sin 2βeff can reach −0.4.

It is evident that the large negative value of sin 2βeff is
a consequence of the interference effects between θ1 and θ2
and therefore is particular for this model. For a zero value
of θ1, there is no new phase in the QCD penguin sector.
From Fig. 3, the allowed range for θ2 is −1.0 ≤ θ2 ≤ −0.8.
Then it follows from Fig. 5, that in this range the predicted
sin 2βeff is at around zero. But for θ1 ≈ 0.5, the allowed
range for θ2 is changed into −1.4 ≤ θ2 ≤ −1.2 and the
predictions for sin 2βeff are much lower in the range of
(−0.4,−0.25).

5 Conclusions

In conclusion, we have discussed the CP asymmetry of
decay B → φKS, in the model of S2HDM4 which contains

both an additional Higgs doublet and fourth-generation
quarks. In this model, since the fourth-generation b′ quark
is much heavier than the b quark, the Yukawa interactions
between a neutral Higgs boson and b′ are greatly enhanced.
This results in a significant modification of the QCD pen-
guin diagrams. We have obtained the allowed range of the
parameters from the process of B → Xsγ and ∆mBs

.
Due to the more complicated phase effects, in this model
the constraints from those process are weaker than that
in S2HDM and SM4. The effective sin 2βeff in the decay
B → φKS is predicted with the constrained parameters.
We have found that this model can easily account for the
possible large negative value of sin 2β without conflicting
with other experimental constraints.

In this paper we focus on the case in which H0 dom-
inates. It is straightforward to find that the contribution
from the other pseudo-scalar A0 follows the same pattern.
In the case of small mixing among the neutral scalars, the
Yukawa couplings for H0 and A0 are directly related [12].
We find that for mA0 ≈ 200 GeV 	 mH0 its contribu-
tion to the decay amplitude of B → φKS is similar to the
case of the H0 dominance discussed above. For the case
that mA0 is close to mH0 , the contribution from them are
comparable, and the interference between the two could
be important.

Since this model contributes new phases to QCD pen-
guin diagrams, it remains to be seen if it has sizable ef-
fects on other penguin dominant processes, such as in the
hadronic charmless B decays. Similarly, it is expected that
in this model there are also significant contributions to the
electro-weak penguin diagrams which deserve a further in-
vestigation (for recent discussions on EW penguin effects
onB → φK see, e.g., [49–51].) It is well known that the EW
penguin plays an important role in rare B decays. The cur-
rent data on B → ππ, πK have indicated some deviations
from results based on the SM [52–57]. It is of interest to
further investigate the new physics contributions to those
decay modes within this model.
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