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Abstract. We study the differential branching ratio, the branching ratio and the forward–backward asym-
metry for exclusive Bs → φ�+�− decay in the two Higgs doublet model. We analyze the dependences of
these quantities on the model parameters and show that these observables are highly sensitive to new
physics and hence may provide a powerful probe of the SM and beyond.

1 Introduction

The analysis of flavor-changing neutral current (FCNC)
decays is one of the most promising research areas in par-
ticle physics from both the theoretical and the experimen-
tal side. The rare B-meson decays induced by the FCNC
b → s transition have received special attention since their
investigation opens up the possibility of a more precise
determination of the fundamental parameters of the stan-
dard model (SM), such as the elements of the Cabibbo–
Kobayashi–Maskawa (CKM) matrix, the leptonic decay
constants etc. In addition, the studies on the rare B-meson
decays open a window to investigate the physics beyond
the SM, such as the two Higgs doublet model (2HDM), the
minimal supersymmetric extension of the SM (MSSM) [1],
etc.; to test these models and make estimates about their
free parameters.

The difficulties present in the experimental investiga-
tion of the inclusive decays stimulate the study of exclusive
decays. There exist now upper limits on the branching ra-
tios of B0 → K0∗µ+µ− and B+ → K+µ+µ−, given by
the CDF collaboration [2]:

BR(B0 → K0∗µ+µ−) < 4.0 × 10−6,

BR(B+ → K+µ+µ−) < 5.2 × 10−6.

With these measured upper limits and also the recent
measurement of the branching ratio of B → K�+�− with
� = e, µ,

BR(B → K�+�−) = (0.75+0.25
−0.21 ± 0.09) × 10−6

at KEK [3], the processes B → (K,K∗)�+�− have received
great interest so that their theoretical calculation has been
the subject of many investigations in the SM and beyond
[4–18]. Along this line, the exclusive decays induced by the
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b → s�+�− transition, like Bs → φ�+�−, become also at-
tractive since the SM predicts a relatively larger branching
ratio, which is measurable in the near future. On the other
hand, the theoretical analysis of exclusive decays is more
complicated and contains substantial uncertainties due to
the hadronic form factors, which need non-perturbative
methods for their calculations. One of the methods that
can be used to calculate the hadronic matrix elements is
the three parameter fit of the light-cone QCD sum rule.
In [19], the form factors for b → s�+�− induced exclusive
Bs → φ�+�− decay have been calculated in the frame-
work of this method. More recently, this process has also
been investigated in a different context, namely using a
so-called constituent quark–meson model (CQM) based
on quark–meson interactions [20].

In this paper we investigate the exclusive Bs → φ�+�−
decay in the framework of the 2HDM. The transitions
where B-meson decays into a vector meson, like K∗ [4–
18] and ρ [21–26], have been extensively studied in the
literature both in the SM and beyond. We calculate the
dependence of the branching ratio (BR) and the forward–
backward asymmetry (AFB) of the exclusive Bs → φ�+�−
decay on the model parameters in the model I, II and
III versions of the 2HDM and show that for some values
of these parameters especially model III gives significant
contributions to the BR and AFB.

This paper is organized as follows: In Sect. 2, after we
present the theoretical framework of the 2HDMs and the
leading order QCD corrected effective Hamiltonian for the
process b → s�+�−, we calculate the differential BR and
the AFB of the exclusive Bs → φ�+�− decay. Section 3 is
devoted to the numerical analysis and the discussions.

2 The theoretical framework

Before presenting the details of our calculations, we would
like to summarize the main essential points of the 2HDM,
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which is one of the most popular extensions of the SM. The
2HDM has two complex Higgs doublets instead of only
one in the SM. In general, the 2HDM possesses tree-level
FCNCs that can be avoided by imposing an ad hoc dis-
crete symmetry [27]. As a result, there appear two differ-
ent choices, namely model I and II, depending on whether
up-type and down-type quarks couple to the same or two
different Higgs doublets, respectively. Model II has been
more attractive since its Higgs sector is the same as the
Higgs sector in the supersymmetric models. The physical
content of the Higgs sector includes three neutral Higgs
bosons, H0, h0 and A0, and a pair of charged Higgs bosons
H±. In these models the interaction vertices of the Higgs
bosons and fermions depend on the ratio tanβ = v1/v2,
where v1 and v2 are the vacuum expectation values of the
first and the second Higgs doublet respectively, and it is
a free parameter in the model. The constraints on tanβ
are usually obtained from B–B̄, K–K̄ mixing, the b → sγ
decay width and semileptonic decay b → cτ ν̄ and is given
by [28]

0.7 ≤ tanβ ≤ 0.52
( mH±

1 GeV

)
, (1)

and the lower bound mH± ≥ 200 GeV has also been given
in [28].

In a more general 2HDM, namely model III [29,30],
no discrete symmetry is imposed and there appear FCNC
naturally at the tree level. We note that in model III,
FCNC receiving contributions from the first two gener-
ations are highly suppressed, which is confirmed by low
energy experiments. As for those involving the third gen-
eration, it is possible to impose some restrictions on them
with the existing experimental results. Since the popular
models I and II are special cases of the more general model
III, we will give here the details of model III only.

The Yukawa Lagrangian in this general case is written

LY = ηUijQ̄iLψ̃1UjR + ηDij Q̄iLψ1DjR + ξU†
ij Q̄iLψ̃2UjR

+ ξDij Q̄iLψ2DjR + h.c., (2)

where i, j are family indices of quarks, L and R denote
chiral projections 1/2(1 ∓ γ5), ψm for m = 1, 2, are the
two scalar doublets, QiL are quark doublets, UjR, DjR

are the corresponding quark singlets, ηU,Dij and ξU,Dij are
the matrices of the Yukawa couplings. We can choose two
scalar doublets ϕ1 and ϕ2 in the following form:

ϕ1 =
1√
2

[(
0

v +H0

)
+

(√
2χ+

iχ0

)]
;

ϕ2 =
1√
2

( √
2H+

H1 + iH2

)
, (3)

with the vacuum expectation values,

〈ϕ1〉 =
1√
2

(
0
v

)
; 〈ϕ2〉 = 0, (4)

so that the first doublet ψ1 is the same as the one in the
SM, while the second doublet contains all the new parti-
cles. Further, we take H1 and H2 as the mass eigenstates
h0 and A0, respectively.

After the rotation that diagonalizes the quark mass
eigenstates, the part of the Lagrangian that is responsible
for the FCNC at the tree level looks like

LY,FC = −H†Ū [VCKMξ
D
NR− ξU†

N VCKML]D, (5)

where U(D) represents the mass eigenstates of up- (down-)
type quarks. In this work, we adopt the following redefi-
nition of the Yukawa couplings:

ξU,DN =

√
4GF√

2
ξ̄U,DN,ij . (6)

The next step is to calculate the matrix elements for
the inclusive b → s�+�− decay in model III including
the QCD corrections. For this, the effective Hamiltonian
method provides a powerful framework. The procedure is
to match the full theory with the effective theory, which
is obtained by integrating out the heavy degrees of free-
dom, i.e., t quark, W±, H±, h0 and H0 in our case, at
the high scale of µ = mW , and then calculate the Wilson
coefficients at the lower scale µ ∼ O(mb) using the renor-
malization group equations. Following these steps, one can
obtain the effective Hamiltonian governing the b → s�+�−
transitions, in model III in terms of a set of operators

Heff =
4GF√

2
VtbV

∗
ts

{
10∑
i=1

Ci(µ)Oi(µ)

}
. (7)

Here,O1 andO2 are the current–current operators,O3, . . . ,
O6 are usually named the QCD penguin operators, O7 and
O8 are the magnetic penguin operators and O9 and O10 are
the semileptonic electroweak penguin operators. Ci(µ) are
Wilson coefficients renormalized at the scale µ. The oper-
ator basis in the 2HDM for our process can be found in
[31,32].

Denoting the Wilson coefficients for the relevant pro-
cess in the SM with CSM

i (mW ) and the additional charged
Higgs contributions with CHi (mW ), we have the initial val-
ues given by [31,33]

CSM
1,3,...6(mW ) = 0,

CSM
2 (mW ) = 1,

CSM
7 (mW ) =

3x3
t − 2x2

t

4(xt − 1)4
lnxt +

−8x3
t − 5x2

t + 7xt
24(xt − 1)3

,

CSM
8 (mW ) = − 3x2

t

4(xt − 1)4
lnxt +

−x3
t + 5x2

t + 2xt
8(xt − 1)3

,

CSM
9 (mW ) = − 1

sin2 θW
B(xt)

+
1 − 4 sin2 θW

sin2 θW
C(xt) −D(xt) +

4
9
,

CSM
10 (mW ) =

1
sin2 θW

(B(xt) − C(xt)),
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and

CH1,...,6(mW ) = 0,

CH7 (mW ) = Y 2F1(yt) +XY F2(yt),

CH8 (mW ) = Y 2G1(yt) +XYG2(yt),

CH9 (mW ) = Y 2H1(yt),

CH10(mW ) = Y 2L1(yt), (8)

where

xt =
m2
t

m2
W

, yt =
m2
t

m2
H±

,

X =
1
mb

(
ξ̄DN,bb + ξ̄DN,db

Vtd
Vtb

)
,

Y =
1
mt

(
ξ̄UN,tt + ξ̄UN,tc

V ∗
cd

V ∗
td

)
. (9)

Note that the results for model I and II can be obtained
from model III by the following substitutions:

Y → cotβ, XY → − cot2 β for model I,
Y → cotβ, XY → 1 for model II.

The explicit forms of the functions F1(2)(yt), G1(2)(yt),
H1(yt) and L1(yt) in (8) are given by

F1(yt) =
yt(7 − 5yt − 8y2

t )
72(yt − 1)3

+
y2
t (3yt − 2)

12(yt − 1)4
ln yt,

F2(yt) =
yt(5yt − 3)
12(yt − 1)2

+
yt(−3yt + 2)
6(yt − 1)3

ln yt,

G1(yt) =
yt(−y2

t + 5yt + 2)
24(yt − 1)3

+
−y2

t

4(yt − 1)4
ln yt,

G2(yt) =
yt(yt − 3)
4(yt − 1)2

+
yt

2(yt − 1)3
ln yt,

H1(yt) =
1 − 4 sin2 θW

sin2 θW

xyt
8

[
1

yt − 1
− 1

(yt − 1)2
ln yt

]

− yt

[
47y2

t − 79yt + 38
108(yt − 1)3

− 3y3
t − 6yt + 4

18(yt − 1)4
ln yt

]
,

L1(yt) =
1

sin2 θW

xyt
8

[
− 1
yt − 1

+
1

(yt − 1)2
ln yt

]
. (10)

Finally, the initial values of the coefficients in model III
are

C2HDM
i (mW ) = CSM

i (mW ) + CHi (mW ). (11)

Using these initial values, we can calculate the coefficients
C2HDM
i (µ) at any lower scale in the effective theory with

five quarks, namely u, c, d, s, b, similar to the SM case [31–
34].

The Wilson coefficients playing the essential role in this
process are C2HDM

7 (µ), C2HDM
9 (µ), C2HDM

10 (µ). For com-
pleteness, we also give their explicit expressions:

Ceff
7 (µ) = C2HDM

7 (µ) +Qd(C2HDM
5 (µ) +NcC

2HDM
6 (µ)),

where the leading order QCD corrected Wilson coefficient
CLO,2HDM

7 (µ) is given by [34,31,32]

CLO,2HDM
7 (µ) = η16/23C2HDM

7 (mW )

+ (8/3)(η14/23 − η16/23)C2HDM
8 (mW )

+ C2HDM
2 (mW )

8∑
i=1

hiη
ai , (12)

and η = αs(mW )/αs(µ), hi and ai are the numbers which
appear during the evaluation [34].

Ceff
9 (µ) contains a perturbative part and a part coming

from LD effects due to conversion of the real c̄c into a
lepton pair �+�−:

Ceff
9 (µ) = Cpert

9 (µ) + Yreson(s), (13)

where

Cpert
9 (µ) = C2HDM

9 (µ)
+ h(z, s)[3C1(µ) + C2(µ) + 3C3(µ) + C4(µ)
+ 3C5(µ) + C6(µ)]

− 1
2
h(1, s) (4C3(µ) + 4C4(µ) + 3C5(µ) + C6(µ))

− 1
2
h(0, s) [C3(µ) + 3C4(µ)]

+
2
9

(3C3(µ) + C4(µ) + 3C5(µ) + C6(µ)) , (14)

and z = mc/mb. The functions h(z, s) arise from the one
loop contributions of the four quark operators O1,...,O6
and their explicit forms can be found in [32,34]

It is possible to parameterize the resonance c̄c contri-
bution Yreson(s) in (13) using a Breit–Wigner shape with
normalizations fixed by data which is given by [35]

Yreson(s) = − 3
α2

em
κ
∑
Vi=ψi

πΓ (Vi → �+�−)mVi

q2 −mVi + imViΓVi

×
[
(3C1(µ) + C2(µ) + 3C3(µ) + C4(µ)

+ 3C5(µ) + C6(µ))
]
. (15)

The phenomenological parameter κ in (15) is taken as 2.3
so as to reproduce the correct value of the branching ratio
BR(B → J/ψX → X��̄) = BR(B → J/ψX)BR(J/ψ →
X��̄).

Neglecting the mass of the s quark, the effective short
distance Hamiltonian for the b → s�+�− decay leads to
the QCD corrected matrix element:

M =
GFα

2
√

2π
VtbV

∗
ts

{
Ceff

9 (mb)s̄γµ(1 − γ5)b�̄γµ�

+ C10(mb)s̄γµ(1 − γ5)b�̄γµγ5�

− 2Ceff
7 (mb)

mb

q2
s̄iσµνqν(1 + γ5)b�̄γµ�

}
, (16)

where q is the momentum transfer.
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2.1 The exclusive Bs → φ�+�− decay in the 2HDM

In this section we calculate the BR and the AFB of the
Bs → φ�+�− decay. In order to find these physically mea-
surable quantities at the hadronic level, we need the fol-
lowing matrix elements: 〈φ(pφ, ε)|s̄γµ(1−γ5)b|B(pB)〉 and
〈φ(pφ, ε)|s̄iσµνqν(1 + γ5)b|B(pB)〉, which can be parame-
terized in terms of form factors. Using the parameteriza-
tion of the form factors as in [12], we get the following
expression for the matrix element of the Bs → φ�+�− de-
cay:

MB→φ =
GFα

2
√

2π
VtbV

∗
ts

{
�̄γµ�

[
2Aεµνλσε∗νpλφp

σ
B + iBε∗

µ

− iC(pB + pφ)µ(ε∗q) − iD(ε∗q)qµ
]

+ �̄γµγ5�
[
2Eεµνλσε∗νpλφp

σ
B + iFε∗

µ

− iG(ε∗q)(pB + pφ) − iH(ε∗q)qµ
]}
, (17)

where

A = Ceff
9

V

mB +mφ
+ 4

mb

q2
Ceff

7 T1,

B = (mB +mφ)
(
Ceff

9 A1 +
4mb

q2
(mB −mφ)Ceff

7 T2

)
,

C = Ceff
9

A2

mB +mφ
+ 4

mb

q2
Ceff

7

(
T2 +

q2

m2
B −m2

φ

T3

)
,

D = 2Ceff
9
mφ

q2
(A3 −A0) − 4Ceff

7
mb

q2
T3,

E = C10
V

mB +mφ
,

F = C10(mB +mφ)A1,

G = C10
A2

mB +mφ
,

H = 2C10
mφ

q2
(A3 −A0). (18)

Here A0, A1, A2, A3, V , T1, T2 and T3 are the relevant
form factors.

The matrix element in (17) leads to the following dif-
ferential decay rate [17]

dΓ
ds

=
α2G2

FmB

212π5 |VtbV ∗
ts|2
√
λφv∆φ, (19)

where

∆φ =
8
3
λφm

6
Bs((3 − v2)|A|2 + 2v2|E|2)

+
1
rφ
λφm

4
B

[
1
3
λφm

2
B(3 − v2)|C|2 +m2

Bs
2(1 − v2)|H|2

+
2
3
[(3 − v2)Wφ − 3s(1 − v2)]Re[FG∗]

− 2s(1 − v2)Re[FH∗]

+ 2m2
Bs(1 − rφ)(1 − v2)Re[GH∗]

+
2
3
(3 − v2)WφRe[BC∗]

]

+
1

3rφ
m2
B

[
(λφ + 12rφs)(3 − v2)|B|2

+ λφm
4
B [λφ(3 − v2) − 3s(s− 2rφ − 2)(1 − v2)]|G|2

+ (λφ(3 − v2) + 24rφsv2)|F |2
]
, (20)

where s = q2/m2
B , rφ = m2

φ/m
2
B , v = (1 − (4t2/s))1/2,

t = ml/mB , λφ = r2φ + (s − 1)2 − 2rφ(s + 1) and Wφ =
−1 + rφ + s. Here, z = cos θ, where θ is the angle between
the three-momentum of the �− lepton and that of the Bs-
meson in the center of mass frame of the dileptons �+�−.

The AFB is another observable that can give more pre-
cise information at the hadronic level. We write its defini-
tion as given by

AFB(s) =

∫ 1
0 dz

dΓ
dz

−
∫ 0

−1
dz

dΓ
dz

∫ 1
0 dz

dΓ
dz

+
∫ 0

−1
dz

dΓ
dz

, (21)

where Γ is the total decay rate. The AFB for the Bs →
φ�+�− decay is calculated to be

AFB =
∫

ds8m4
Bλφv

2s(Re[BE∗] + Re[AF ∗])
/∫

ds
√
λφv∆φ. (22)

3 Numerical results and discussion

In this section we present the numerical analysis of the
exclusive Bs → φ�+�− decay in the 2HDMs. The input
parameters we used in this analysis are as follows:

mBs = 5.28 GeV, mb = 4.8 GeV,
mc = 1.4 GeV, mµ = 0.105 GeV, mτ = 1.77 GeV,
mφ = 1.02 GeV, mH± = 400 GeV, |VtbV ∗

ts| = 0.04,

α−1 = 129, GF = 1.17 × 10−5 GeV−2,

τBs = 1.54 × 10−12 s. (23)

The masses of the charged Higgs, mH± , the Yukawa
couplings (ξU,Dij ) and the ratio of the vacuum expectation
values of the two Higgs doublets, tanβ, remain as free
parameters of the model. The restrictions on mH± , and
tanβ have been already discussed in Sect. 2. For Yukawa
couplings, we use the restrictions coming from CLEO data
[36],

BR(B → Xsγ) = (3.15 ± 0.35 ± 0.32)10−4, (24)

B0–B̄0 mixing [33], the ρ parameter [30], and the neutron
electric-dipole moment [37], which yields ξ̄DN,ib ∼ 0 and
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Table 1. The values of the parameters in (26) for the var-
ious form factors of the transition B → φ calculated in the
light-cone QCD sum rule approach (QCDSR) [19] and using a
constituent quark–meson model (CQM) [20]

QCDSR CQM
F (0) aF bF F (0) aF bF

AB→φ
1 0.30 0.87 −0.06 0.59 −0.11 0.49

AB→φ
2 0.26 1.55 0.51 0.73 0.78 −0.52

V B→φ 0.43 1.75 0.74 0.20 0.65 0.96
TB→φ

1 0.35 1.82 0.83 0.21 0.78 0.07
TB→φ

2 0.35 0.70 −0.32 0.21 0.85 12.9
TB→φ

3 0.26 1.52 0.38 0.18 0.62 −0.88

ξ̄DN,ij ∼ 0, where the indices i, j denote d and s quarks,
and ξ̄UN,tc << ξ̄UN,tt. Therefore, we take into account only
the Yukawa couplings of the b and t quarks, ξ̄UN,tt, ξ̄

D
N,bb.

There is also a restriction on the Wilson coefficient Ceff
7

from the BR of B → Xsγ in (24) as follows [33]:

0.257 ≤ |Ceff
7 | ≤ 0.439. (25)

In our numerical calculations for Bs → φ�+�− decay,
we use a three parameter fit of the light-cone QCD sum
rule [19] which can be written in the following form:

F (q2) =
F (0)

1 − aF q2/m2
B + bF (q2/m2

B)2
, (26)

where the values of the parameters F (0), aF and bF are
given in Table 1. This table also contains the values of
these parameters as calculated in the CQM [20], which we
use to calculate the SM predictions for the BR in Table 2.
The form factors A0 and A3 in (26) can be found from the
following parameterization:

A0 = A3 − T3q
2

mφmb
,

A3 =
mB +mφ

2mφ
A1 − mB −mφ

2mφ
A2. (27)

We note that there are five possible resonances in the
cc̄ system that can contribute to the decay under consid-
eration and to calculate them, we need to divide the inte-
gration region for q2 into three parts for � = e, µ so that
we have 4m2

� ≤ q2 ≤ (mψ1 − 0.02)2 and (mψ1 + 0.02)2 ≤
q2 ≤ (mψ2 −0.02)2 and (mψ2 +0.02)2 ≤ q2 ≤ (mB−mφ)2,
while for � = τ it takes the form given by 4m2

τ ≤ q2 ≤
(mψ2 −0.02)2 and (mψ2 +0.02)2 ≤ q2 ≤ (mB−mφ)2. Here,
mψ1 and mψ2 are the masses of the first and the second
resonances, respectively. The SM predictions for the in-
tegrated branching ratios for � = e, µ, τ are presented in
Table 2 for distinct q2 regions and also the total contribu-
tions.

In the following, we give the results of our calcula-
tions on the dependences of the differential branching ra-
tio (dBR/dq2) and AFB(q2) of the Bs → φµ+µ− decay

tan β

10
6
×

B
R

(B
→

φ
µ

+
µ
−
)

2018161412108642

2.2

2.15

2.1

2.05

2

1.95

1.9

1.85

Fig. 1. The dependence of the BR of the Bs → φµ+µ− decay
on tan β. Here the solid (dashed) curve represents the model
I (II) contribution, while the small dashed straight line is for
the SM case

on the four-momentum transfer q2, and also dependences
of BR and AFB on the model parameters. The results are
presented by a series of graphs, which are plotted for � = µ
and for the case of the ratio |rtb| ≡ |ξ̄DN,tt/ξ̄DN,bb| < 1. We
do not present the results for the rtb > 1 case, since BR
for the rtb > 1 case indicates one to two orders of magni-
tude enhancement with respect to the SM results, which
seems to conflict with the experimental data given by the
BELLE collaboration [39] for the inclusive B → Xs�

+�−
decays:

BR(B → Xs�
+�−) = (7.1 ± 1.6+1.4

−1.2) × 10−6. (28)

In Fig. 1, we plot the dependence of the BR of the Bs →
φµ+µ− decay on tanβ by taking mH± = 400 GeV. Here
the solid (dashed) curve represents the model I (II) pre-
diction for the BR and the small dashed straight line is for
the SM result. We see that BR decreases with increasing
values of tanβ. For 1 � tanβ � 4, it is possible to enhance
the BR 15(13)%−2(1.5)% in model I (II) compared to its
value in the SM. However the larger values of tanβ have
been favored by the recent experimental results [38]. We
can therefore conclude that the charged Higgs boson con-
tributions calculated in the context of the model I and
II versions of the 2HDM are not very sizable, i.e., when
tanβ � 5 it almost coincides with the SM result in model
I, while in model II, its value remains slightly below the
SM one.

We have the following prescription for the graphs we
give in between Figs. 2–6: the regions between the solid
curves represent the Ceff

7 > 0 case, the regions between
the dashed curves represent the Ceff

7 < 0 case, and the
small dashed curves are for the SM predictions.

The dependence of the dBR/dq2 on q2 is given in Fig. 2
in model III, including the long distance contributions. We
see that dBR/dq2 almost coincides with the SM result for
Ceff

7 < 0, while for the Ceff
7 > 0 cases it is considerably

enhanced.
The dependence of the BR on one of the free param-

eters of model III, ξ̄DN,bb/mb is shown in Fig. 3. It is seen
from this figure that BR is not very much sensitive to
ξ̄DN,bb/mb, especially for large values of this parameter. We
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Table 2. The SM predictions for the integrated branching ratios for � = e, µ, τ of the Bs → φ�+�− decay for distinct
q2 regions and also the total contributions. Here, QCDSR (CQM) stands for the results calculated with the form
factors of [19] ([20])

Short distance 4m2
l ≤ q2 ≤ (mψ1 + 0.02)2 ≤ q2 (mψ2 + 0.02)2 ≤ q2 Short+Long

� contribution (mψ1 − 0.02)2 ≤ (mψ2 − 0.02)2 ≤ (mB − mφ)2 distance contribution
to the BR to the BR

e (QCDSR) 2.01 × 10−6 1.50 × 10−6 4.75 × 10−7 3.70 × 10−7 2.35 × 10−6

(CQM) 1.87 × 10−6 1.59 × 10−6 3.10 × 10−7 1.80 × 10−7 2.08 × 10−6

µ (QCDSR) 1.65 × 10−6 1.00 × 10−6 4.74 × 10−7 3.69 × 10−7 1.91 × 10−6

(CQM) 1.25 × 10−6 0.96 × 10−7 3.07 × 10−7 1.08 × 10−7 1.45 × 10−6

τ (QCDSR) 1.38 × 10−7 3.01 × 10−8 9.47 × 10−8 1.25 × 10−7

(CQM) 2.28 × 10−7 3.42 × 10−8 1.75 × 10−7 2.09 × 10−7

������ ��

��
�
�

�
�
�
��
�

�
�
�
�
�

�	
�
��

���������������

�

�

�

	

�

�

�

Fig. 2. The dependence of dBR/dq2 on q2. Here the region
between the solid curves represents dBR/dq2 for Ceff

7 > 0,
while the one between the dashed curves is for Ceff

7 < 0. The
SM prediction is represented by the small dashed curve. Here
we take ξ̄DN,bb = 40mb
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Fig. 3. The dependence of the BR on ξ̄DN,bb/mb. Here the BR
is restricted to the region between the solid (dashed) curves for
Ceff

7 > 0 (Ceff
7 < 0). The small dashed straight line represents

the SM prediction

note that the SM and model III average results for BR
when Ceff

7 > 0 (Ceff
7 < 0) are 1.91 × 10−6 and 4.00 × 10−6

(1.91 × 10−6).
The dependence of the BR on the charged Higgs mass

mH± is presented in Fig. 4. The BR decreases as mH±
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Fig. 4. The dependence of the BR on mH± for ξ̄DN,bb = 40mb.
Here the BR is restricted to the region between the solid
(dashed) curves for Ceff

7 > 0 (Ceff
7 < 0). The small dashed

straight line represents the SM prediction

������ ��

�
�
�

��
�

�
�
�
�
�

��
�
�
�

���������������

���

���

�

	���

	���

Fig. 5. The dependence of AFB(q2) on q2. Here the region
between the solid curves represents the AFB(q2) for Ceff

7 > 0,
while the one between the dashed curves is for AFB(q2) for
Ceff

7 < 0. The SM prediction is represented by the small dashed
curve. Here we take ξ̄DN,bb = 40mb

increases, except for the Ceff
7 < 0 case, which is insensitive

to mH± and very close to the SM prediction in magnitude.
We present the dependence of the AFB(q2) on q2 for

the Bs → φµ+µ− decay in Fig. 5. Here, the AFB(q2) is
enhanced for Ceff

7 > 0 while it almost coincides with the
SM prediction for Ceff

7 > 0.
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Fig. 6. The dependence of AFB on ξ̄DN,bb. Here AFB is restricted
to the region between the solid (dashed) curves for Ceff

7 > 0
(Ceff

7 < 0). The small dashed straight line represents the SM
prediction

In Fig. 6, the dependence of AFB on ξ̄DN,bb/mb is rep-
resented. We observe that AFB is not very sensitive to
ξ̄DN,bb/mb, especially for large values of this parameter. The
SM and model III average results for AFB when Ceff

7 > 0
(Ceff

7 < 0) are −0.23 and −0.31 (−0.21).
In conclusion, we have investigated the physical ob-

servables BR and AFB related to the exclusive Bs →
φ�+�− decay in the model I, II and III versions of the
2HDM. We have found that these observables are highly
sensitive to new physics and hence provide a powerful
probe of the SM.
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