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We study some rare decays of the Bs meson governed by the quark-level transitions b! s, in the fourth

generation model popularly known as SM4. Recently, it has been shown that SM4, which is a simple

extension of the SM3, can successfully explain several anomalies observed in the CP violation parameters

of B and Bs mesons. We find that in this model, due to the additional contributions coming from the heavy

t0 quark in the loop, the branching ratios and other observables in rare Bs decays deviate significantly from

their SM values. Some of these modes are within the reach of LHCb experiments, and a search for such

channels is strongly argued.
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I. INTRODUCTION

The spectacular performance of the two asymmetric B
factories by Belle and BABAR provided us with a unique
opportunity to understand the origin of CP violation in a
very precise way. Although the results from the B factories
do not provide us with any clear evidence of new physics,
there are a few cases that were observed in the last few
years which have 2�–3� deviations from their correspond-
ing standard model (SM) expectations [1]. For example,
the difference in the direct CP asymmetry parameters
between B� ! �0K� and �B0 ! �þK� is expected to be
negligibly small in the SM, but was found to be nearly
15%. The measurement of mixing-induced CP asymmetry
in several b! s penguin decays is not found to be the
same as that of Bd ! J=cKs. Recently, a very large CP
asymmetry has been observed by the CDF and D0 collab-
orations [2,3] in the tagged analysis of Bs ! J=c� with a
value Sc� 2 ½0:24; 1:36�. Within the SM this asymmetry

is expected to be vanishingly small, which basically comes
from the Bs � �Bs mixing phase. It should be noted that all
these deviations are associated with the flavor changing
neutral current (FCNC) transitions b! s. It is well known
that the FCNC decays are forbidden at the tree level in the
SM and therefore play a very crucial role to look for the
possible existence of new physics (NP).

In this paper we would like to study some rare decays of
the Bs meson involving b! s transitions. The study of the
Bs meson has attracted significant attention in recent times
because a huge number of Bs mesons are expected to be
produced in the currently running LHCb experiment,
which opened up the possibility to study Bs mesons with
high statistical precision. These studies will not only play a
dominant role to corroborate the results of B mesons, but
they will also look for possible hints of new physics.
Here we will consider the decay channels Bs ! ��,
Bs ! ��, Bs ! ��, and Bs ! �þ���, which are highly

suppressed in the SM. We intend to analyze these decay
channels both in the SM and in the fourth quark generation
model [4], usually known as SM4. SM4 is a simple exten-
sion of the standard model with three generations (SM3)
with the additional up-type (t0) and down-type (b0) quarks.
It has been shown in Ref. [5] that the addition of a fourth
family of quarks with mt0 in the range (400–600) GeV
provides a simple explanation for the several deviations
that have been observed involving CP asymmetries in the
B, Bs decays. The implications of the fourth generation in
various B decays are discussed in [6–10]. The experimental
search for fourth generation quarks has also received sig-
nificant attention recently due to the operation of the Large
Hadron Collider. The CMS Collaboration put a lower
bound on the mass of t0 as mt0 * 450 GeV [11] and ex-
cluded the b0-quark mass in the region 255 GeV<mb0 <
361 GeV at 95% C.L. [12].
The paper is organized as follows. In Sec. II we discuss

the nonleptonic decay process Bs ! ��. The radiative
decays Bs ! �� and Bs ! �� are discussed in Secs. III
and IV. The process Bs ! �þ��� is presented in Sec. V,
and Sec. VI contains the conclusions.

II. Bs ! �� PROCESS

In this section we will discuss the nonleptonic decay
mode Bs ! �� which receives a dominant contribution
from electroweak penguins b! sq �q (q ¼ u, d), as the
QCD penguins are Okubo-Zweig-Iizuka suppressed and
the color-suppressed tree contribution b! u �us is doubly
Cabibbo suppressed. Therefore, this process is expected to
be highly suppressed in the SM and hence serves as a
suitable place to search for new physics. This decay
mode has been studied in the SM using the QCD factori-
zation approach [13] and in the model with nonuniversal Z0
bosons [14].
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The relevant effective Hamiltonian describing this pro-
cess is given by [15]

H SM
eff ¼

GFffiffiffi
2
p

�
VubV

�
us

X
i¼1;2

Cið�ÞOi�VtbV
�
ts

X10
i¼3

Cið�ÞOi

�
;

(1)

where Cið�Þ’s are the Wilson coefficients evaluated at the
b-quark mass scale, O1;2 are the tree-level current-current

operators, O3–6 are the QCD penguin operators, and O7–10
are the electroweak penguin operators.

Here we will use the QCD factorization approach to
evaluate the hadronic matrix elements as discussed in
[16]. The matrix elements describing the Bs ! � transition
can be parametrized in terms of various form factors [17] as

h�ðp0; �Þj�s��ð1� �5ÞbjBsðpÞi
¼ �i���ðmBs

þm�ÞA1ðq2Þ þ iðpþ p0Þ�ð�� � qÞ

� A2ðq2Þ
mBs
þm�

þ iq�ð�� � qÞ
2m�

q2
ðA3ðq2Þ

� A0ðq2ÞÞ þ ������
��p�p0�

2Vðq2Þ
mBs
þm�

; (2)

where p and p0 are the momenta of Bs and � mesons, q ¼
p� p0 is the momentum transfer, and A1–3ðq2Þ and Vðq2Þ
are various form factors describing the transition process.
Using the decay constant of the �0 meson as

�
�0ðqÞ

��������
�u���5u� �d���5dffiffiffi

2
p

��������0
�
¼ i

f�ffiffiffi
2
p q�; (3)

one can obtain the transition amplitude for the process

AðBs ! ��Þ ¼ GF

2
f�ð�� � qÞ2m�A0ðq2Þ

�
�
VubV

�
usa2 � 3

2
VtbV

�
tsð�a7 þ a9Þ

�
;

(4)

where 	q ¼ VqbV
�
qs. The parameters ai are related to the

Wilson coefficients Ci, and the corresponding expressions
can be found in Ref. [16].

The corresponding decay width is given as

�ðBs ! ��Þ ¼ jpcmj3
8�m2

�

��������
AðBs ! ��Þ

�� � q
��������

2

; (5)

where pcm is the center of mass momentum of the outgoing
particles.

Now we discuss the CP violating observables for this
process. To obtain these observables, we can symbolically
represent the amplitude (4) as

A ð �Bs ! ��Þ ¼ ð�� � qÞ½	uAu � 	tAt�
¼ �	tAtð�� � qÞ½1� rae�ið�þ
sþ�þ�Þ�; (6)

where a ¼ j	u=	tj,�� is the weak phase of Vub, (�þ 
s)
is the weak phase of 	t, r ¼ jAu=Atj, and � is the relative
strong phase between At and Au. From the above ampli-
tude, the direct and mixing-induced CP asymmetry pa-
rameters can be obtained as

A��¼ 2rasin�sinð
sþ�Þ
1þðraÞ2þ2racos�cosð
sþ�Þ ;

S��¼�2racos�sinð
sþ�ÞþðraÞ2 sinð2
sþ2�Þ
1þðraÞ2þ2racos�cosð
sþ�Þ :

(7)

For numerical evaluation, we use the particle masses,
lifetime of Bs meson from [18]. For the Cabibbo-
Kobayashi-Maskawa (CKM) elements, we use the
Wolfenstein parametrization with the values of the parame-
ters as 	 ¼ 0:2253� 0:0007, A ¼ 0:808þ0:022�0:015, �� ¼
0:132þ0:022�0:014, �� ¼ 0:341� 0:013. The parameters of the

QCD factorization approach and the value of the form

factor used, ABs!�
0 ¼ 0:32� 0:01, are taken from [13].

With these inputs we obtain the branching ratio for this
process as

Br ðBs ! ��Þ ¼ ð1:26� 0:32Þ � 10�7; (8)

which is consistent with the prediction of [13,14].
The CP violating observables are found to be

S�� ¼ �0:23; A�� ¼ 0:1: (9)

Our predicted direct CP asymmetry is lower than the
prediction of [13]. This difference arises mainly because
the subleading power corrections to the color-suppressed
tree amplitude a2 have been included in Ref. [13], which
introduces a large strong phase.
Nowwewill analyze this process in the fourth generation

model. In the presence of a sequential fourth generation,
there will be additional contributions due to the t0 quark in
the loop diagrams. Furthermore, due to the additional fourth
generation there will be mixing between the b0 quark and
the three down-type quarks of the standard model; the
resulting mixing matrix will become a 4� 4 matrix
(VCKM4), and the unitarity condition becomes 	u þ 	c þ
	t þ 	t0 ¼ 0, where 	q ¼ VqbV

�
qs. The parametrization of

this unitary matrix requires six mixing angles and three
phases. The existence of the two extra phases provides the
possibility of an extra source of CP violation [19]. In the
presence of a fourth generation there will be an additional
contribution both to the Bs ! �� decay amplitude and to
the Bs � �Bs mixing phenomenon. However, since the new
physics contribution to the Bs � �Bs mixing amplitude due
to a fourth generation model has been discussed in Ref. [9],
we will simply quote the results from there.
Now we will consider the additional contribution to the

decay amplitude due to the fourth quark generation model.
In this model the new contributions are due to the t0 quark
in the penguin loops. Thus, the modified Hamiltonian
becomes

R. MOHANTA AND A.K. GIRI PHYSICAL REVIEW D 85, 014008 (2012)

014008-2



H eff ¼ GFffiffiffi
2
p

�
	uðC1O1 þ C2O2Þ � 	t

X10
i¼3

CiOi

� 	t0
X10
i¼3

C0iOi

�
; (10)

where C0i’s are the effective Wilson coefficients due to the t0
quark in the loop. To find the new contribution due to the
fourth generation effect, first we have to evaluate the new
Wilson coefficients C0i. The values of these coefficients at
the MW scale can be obtained from the corresponding
contribution from the t quark by replacing the mass of the
t quark by the t0 mass in the Inami-Lim functions [20].
These values can then be evolved to the mb scale using the
renormalization group equation [15]. Thus, the obtained
values of C0i¼7–10ðmbÞ for two representative sets of values,
i.e., mt0 ¼ 400 and 500 GeV, are as presented in Table I.

Thus, in the presence of the fourth generation model,
one can obtain the transition amplitude for the Bs ! ��
process from Eq. (10), which can be symbolically repre-
sented as

Að �Bs ! ��Þ ¼ ð�� � qÞð	uAu � 	tAt � 	t0At0 Þ
� 	tAtð�� � qÞ½1þ raeið
sþ���Þ

þ r0beið�s�
sþ�1Þ�; (11)

where b ¼ j	t0=	tj, r0 ¼ jAt0=Atj, and �1 is the relative
strong phase between At0 and At. From the above ampli-
tude, the CP averaged branching ratio, and direct and
mixing-induced CP asymmetry parameters can be ob-
tained as

Br ¼ BrSMX; A�� ¼ Y

X
; S�� ¼ � Z

X
; (12)

with

X¼1þðraÞ2þðr0bÞ2þ2racos�cosð
sþ�Þ
þ2r0bcos�1 cosð�s�
sÞþ2rr0abcosð�sþ�Þ
�cosð�þ�1Þ;

Y¼2rasin�sinð
sþ�Þþ2r0bsin�1 sinð�s�
sÞ
þ2rr0absinð�sþ�Þsinð�þ�1Þ;

Z¼ sin2
þ2racos�sinð
sþ�þ2
Þ
�2r0bcos�1 sinð�s�
s�2
Þ
þr2a2 sinð2
sþ2�þ2
Þ
�r02b2 sinð2�s�2
s�2
Þ
�2rr0abcosð�þ�1Þsinð�s�2
s���2
Þ: (13)

In Eq. (13), 2
 is the additional contribution to the Bs � �Bs

mixing phase in the fourth generation, and the expression
for it can be found in Ref. [9].
For a numerical evaluation using the values of the new

Wilson coefficients as presented in Table I, we obtain r �
7:79, � � 25:9�, r0 ¼ 3:48ð5:03Þ, and �1 � �0:1�ð�0:1�Þ
for mt0 ¼ 400ð500Þ GeV. For the new CKM elements 	t0 ,
we use the allowed range of j	t0 j ¼ ð0:08–1:4Þ � 10�2
[ð0:06–0:9Þ�10�2] and �s¼ð0!80Þ� [�s ¼ ð0! 80Þ�]

TABLE I. Numerical values of the Wilson coefficients C0i for
mt0 ¼ 400 and 500 GeV.

t0 mass C07 C08 C09 C010
mt0 ¼ 400 GeV 4:453� 10�3 2:115� 10�3 �0:029 0.006

mt0 ¼ 500 GeV 7:311� 10�3 3:199� 10�3 �0:041 0.009
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FIG. 1 (color online). Variation of the CP averaged branching ratio in units of 10�7 (left panel) and the correlation plot between the
mixing-induced CP asymmetry S�� and the direct CP asymmetry parameter A�� (right panel) for the Bs ! �� process. The red/grey

(blue/black) regions correspond to mt0 ¼ 400 GeV (500 GeV).
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for mt0 ¼ 400 GeV [500 GeV], extracted using the avail-
able observables mediated through b! s transitions [5].
Now varying 	0t and �s in their allowed ranges, we show
the variation of the branching ratio in the left panel of
Fig. 1 and the correlation plot between the CP violating
parameters in the right panel. From the figure it can be seen
that the branching ratio is significantly enhanced from its
SM value, and large mixing-induced CP violation (S��)

could be possible for this decay mode in the fourth gen-
eration model. However, the directCP asymmetry does not
deviate much from the corresponding SM value. It should
also be noted that the branching ratio decreases slowly with
the increase of the t0 mass. However, there is no significant
mt0 dependence of the CP violating observables.

III. Bs ! ��

Here we will consider the decay channel Bs ! ��,
which is induced by the quark-level transition �b! �s�.
This mode is the strange counterpart of the B! K��,
which is very clean to analyze. Compared to the Bd system,
the elements of the Bs system are the small mixing phase
�s and the large width difference ��s of the Bs � �Bs

system. The branching ratio of this mode was recently
reported by the Belle Collaboration [21],

Br ðBs ! ��Þ ¼ ð57þ18�15ðstatÞþ12�11ðsystÞÞ � 10�6: (14)

In the standard model the CP averaged branching ratio of
this mode is predicted to be [22]

Br ðBs ! ��Þ ¼ ð39:4� 10:7� 5:3Þ � 10�6: (15)

Although the SM prediction seems to be consistent with
the observed value, the presence of large experimental
uncertainties makes it difficult to infer/rule out the pres-
ence of new physics from this mode.

The transition process b! s� can be described by the
dipole-type effective Hamiltonian, which is given as [23]

H eff ¼ � 4GFffiffiffi
2
p 	tC7ðmbÞO7; (16)

where C7 is the Wilson coefficient and O7 is the electro-
magnetic dipole operator given as

O7 ¼ e

32�2
F��½mb �s�

��ð1þ �5Þbþms �s�
��ð1� �5Þb�:

(17)

The expression for calculating the Wilson coefficient
C7ð�Þ is given in [23].

The matrix elements of the various hadronic currents
between the initial Bs and the final � mesons are parame-
trized in terms of various form factors as [17]

h�ðp0; �j�s���q
�ð1þ �5ÞbjBsi

¼ i������
��p�p0�2T1ðq2Þ þ T2ðq2Þ½���ðm2

Bs
�m2

�Þ
� ð�� � qÞðpþ p0Þ��; (18)

with T1ð0Þ ¼ T2ð0Þ and q ¼ p� p0. With these definitions
of the form factors, one can obtain the corresponding decay
width as

�ðBs ! ��Þ ¼ �G2
F

32�4
jVtbV

�
tsj2jCeff

7 j2m2
bm

3
Bs
jT1ð0Þj2

�
�
1� m2

�

m2
Bs

�
3
: (19)

Using the value of the form factor T1ð0Þ ¼ 0:349� 0:033
[17], C7ðmbÞ ¼ �0:31, and the values of the other parame-
ters as discussed in Sec. II, we obtain the branching ratio as

Br ðBs ! ��Þ ¼ ð39:9� 12:3Þ � 10�6: (20)

As is well known the rare radiative decays of Bmesons are
particularly sensitive to the contributions from new phys-
ics. The V � A structure of the weak interactions can be
tested in FCNC decays of the type b! ðs; dÞ�, since the
emitted photon is predominantly left-handed. The crucial
point is that the leading operator O7 	 �s���F

��bLðRÞ ne-
cessitates a helicity flip on the external quark legs, which
introduces a natural hierarchy between the left- and right-
handed components of the order md;s=mb. However, it is

difficult to measure the helicity of the photon directly. It
was pointed out long ago that the time dependent CP
asymmetry is an indirect measure of the photon helicity
[24], since it is caused by the interference of left- and right-
handed helicity amplitudes. The final state in Bs ! �� is
not a pure CP eigenstate. Rather, in the SM it consists of an
equal mixture of positive and negative eigenvalues. Thus,
due to an almost complete cancellation between positive
and negative CP eigenstates, the asymmetries in b! s�
are very small. They are given by ms=mb, where the quark
masses are current quark masses.
The normalized CP asymmetry for the Bs ! �� is

defined as follows [25]:

ACPðBs ! ��Þ ¼ �ð �Bs ! �s�Þ � �ðBs ! ��Þ
�ð �Bs ! �s�Þ þ �ðBs ! ��Þ ; (21)

where the left- and right-handed photon contributions are
added incoherently, i.e., �ðBs ! ��Þ ¼ �ðBs ! ��LÞ þ
�ðBs ! ��RÞ. It is well known that the neutral mesons
exhibit the time dependent CP asymmetry through mixing,
i.e., if the particle and the antiparticle decay into a common
final state f. In Bs ! �� this amounts to

Bs ! ��LðRÞ  �Bs: (22)

With jq=pj ¼ 1, the CP asymmetry assumes the follow-
ing generic time dependent form:
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ACPðtÞ ¼ S sinð�mstÞ � C cosð�mstÞ
cosh��st

2 �H sinh��st2
: (23)

In terms of the left- and right-handed amplitudes

ALðRÞ ¼AðBs ! ��LðRÞÞ;
�ALðRÞ ¼Að �Bs ! ��LðRÞÞ;

(24)

the form of the observables C, S, and H can be found as

C ¼ ðjALj2 þ jARj2Þ � ðj �ALj2 þ j �ARj2Þ
jALj2 þ jARj2 þ j �ALj2 þ j �ARj2

;

S ¼ 2 Im½qp ð �ALA�
L þ �ARA�

RÞ�
jALj2 þ jARj2 þ j �ALj2 þ j �ARj2

;

H ¼ 2Re½qp ð �ALA�
L þ �ARA�

RÞ�
jALj2 þ jARj2 þ j �ALj2 þ j �ARj2

:

(25)

In the standard model the leading operatorO7 allows the
�BsðBsÞ meson to decay predominantly into a left (right)-
handed photon, whereas the Bsð �BsÞ meson decays into the
left (right)-handed photon suppressed by an ms=mb chi-
rality factor. Because of the interference between mixing
and decay in Bs ! ��, a single weak decay amplitude
proportional to 	t is exactly canceled by the mixing phase,

and hence one can obtain S�� ¼ 0 and H�� ¼ 2ms=mb

[25].
The situation can be significantly modified in certain

models beyond the standard model by new terms in the
decay amplitudes and also by the new contribution to the
Bs � �Bs mixing. In this section we will study the effect of
the fourth quark generation on the various decay observ-
ables. In the presence of the fourth generation, the Wilson
coefficients C7 will be modified due to the new contribu-
tions arising from the virtual t0 quark in the loop. Thus,
these modified coefficients can be represented as

Ctot
7 ð�Þ ¼ C7ð�Þ þ 	t0

	t

C07ð�Þ: (26)

The new coefficients C07 can be calculated at the MW scale
by replacing the t-quark mass by mt0 in the loop functions.
These coefficients are then evolved to the b scale using the
renormalization group equation as discussed in [15]. The
values of the new Wilson coefficients at the mb scale for
mt0 ¼ 400 GeV are given by C07ðmbÞ ¼ �0:375.
Thus, including the new physics contribution due to the

fourth generation effect, the branching ratio can be ob-
tained from Eq. (19) by replacing C7 by Ctot

7 , and the CP
violating parameters are given as

S�� ¼ ms

mb

��C2
7 sin2
þ 2aC7C

0
7 sinð�s � 
s � 2
Þ þ a2C027 sin2ð�s � 
s � 
Þ

C2
7 þ a2C027 þ 2aC7C

0
7 cosð�s � 
sÞ

�
; (27)

H�� ¼ ms

mb

�
C2
7 cos2
þ a2C027 cos2ð�s � 
s � 
Þ þ 2aC7C

0
7 cosð�s � 
s � 2
Þ

C2
7 þ a2C027 þ 2aC7C

0
7 cosð�s � 
sÞ

�
; (28)

where 2
 is the new contribution to the Bs � �Bs

mixing phase due to the fourth generation. Now varying
	t0 in the range ð0:08–1:4Þ � 10�2 and �s in the range
(0�–80�), we show in Fig. 2 the CP averaged branching
ratio (left panel) and the correlation plot between the
CP violating observables (right panel). From the figure
it can be seen that small but nonzero CP violating
observables could be possible in the fourth generation
model, while the branching ratio is still consistent with
the observed value. Furthermore, in this case the
branching ratio also decreases with the increase of t0
mass.

IV. Bs ! ��

Now we will discuss the decay process Bs ! ��. At
the quark level this process is similar to b! s�. Up to
the correction of order 1=M2

W , the effective Hamiltonian
for b! s�� at scales �b ¼ OðmbÞ is identical to the one
for b! s�. The Bs ! �� process has been studied ex-
tensively in the SM and in various new physics scenarios

[26–31]. The present experimental limit on the decay
Bs ! �� is [21]

Br ðBs ! ��Þ 
 8:7� 10�6ð90% C:L:Þ: (29)

We expect, with the continuous accumulation of the
experimental data, that the situation will improve and
the branching ratio will be more precise.
The effective Hamiltonian for this process is given by

Eq. (16). To calculate the decay amplitude for this
process one may follow the procedure discussed in
Ref. [29]. In order to calculate the matrix element of
Eq. (16) for BsðpBÞ ! �ðk1Þ�ðk2Þ, one can work in the
weak binding approximation and assume that both the b
and s quarks are at rest in the Bs meson and that the b
quark carries most of the meson energy and its four
velocity can be treated as equal to that of Bs. Hence one
may write the b-quark momentum as pb ¼ mbv, where
v is the common four velocity of b and Bs. Thus we
have
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pb � k1 ¼ mbv � k1 ¼ 1

2
mbmBs

¼ pb � k2ps � k1
¼ ðp� k1 � k2Þ � k1 ¼ �

mBs

2
ðmBs

�mbÞ
¼ ps � k2: (30)

The amplitude for Bs ! �� can be computed using the
following matrix elements:

h0j�s���5bjBsðpBÞi ¼ ifBs
p�
B ;

h0j�s�5bjBsi ¼ ifBs
MBs

:
(31)

Thus, one can obtain the total amplitude for this process
containing CP even and CP odd parts as

A ðBs ! ��Þ ¼ MþF��F
�� þ iM�F��

~F��; (32)

with

Mþ ¼ � 4
ffiffiffi
2
p

�GF

9�
fBs

mBs
VtbV

�
ts

�
BmbKðm2

bÞ þ
3C7

8 ��

�

(33)

and

M� ¼ 4
ffiffiffi
2
p

�GF

9�
fBs

mBs
VtbV

�
ts

�X
q

mBs
AqJðm2

qÞ

þmbBLðm2
bÞ þ

3C7

8 ��

�
; (34)

where �� ¼ mBs
�mb. The parameters Aq are related to

the Wilson coefficients Ci, which are evaluated at the mb

scale as

Au ¼ ðC3�C5ÞNcþ ðC4�C6Þ;
Ad ¼ 1

4½ðC3�C5ÞNcþ ðC4�C6Þ�;
Ac ¼ ðC1þC3�C5ÞNcþC2þC4�C6;

As ¼ Ab ¼ 1
4½ðC3þC4�C5ÞNcþ ðC3þC4�C6Þ; �

B¼ C¼�1
4ðC6NcþC5Þ:

(35)

The functions Jðm2Þ, Kðm2Þ, and Lðm2Þ are defined as

Jðm2Þ ¼ I11ðm2Þ; Kðm2Þ ¼ 4I11ðm2Þ � I00ðm2Þ;
Lðm2Þ ¼ I00ðm2Þ; (36)

with

Ipqðm2Þ ¼
Z 1

0
dx

Z 1�x

0
dy

xpyq

m2 � 2k1 � k2xy� i�
: (37)

Thus, one can obtain the decay width of Bs ! �� as

�ðBs ! ��Þ ¼ m3
Bs

16�
ðjMþj2 þ jM�j2Þ: (38)

To obtain the numerical results we use the parameters as
presented in Sec. II. Thus, we obtain the branching ratio as

Br ðBs ! ��Þ ¼ ð1:8� 0:4Þ � 10�7; (39)

which is lower than the present experimental upper bound
[21].
In the sequential fourth generation model there exist

additional contributions to b! s� induced by the fourth
generation up-type quarks t0. The new Wilson coefficients
can be obtained from those of their t counterparts by
replacing the mass of the t quark by t0 at the MW scale,
which is then evolved to the mb scale using the renormal-
ization group approach. As discussed in the previous
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section the values of the new Wilson coefficients at the mb

scale for mt0 ¼ 400 GeV are given by C07ðmbÞ ¼ �0:375.
At the scale mb, the modified Wilson coefficient of the
dipole operator becomes

Ctot
7 ðmbÞ ¼ C7ðmbÞ þ

Vt0bV
�
t0s

VtbV
�
ts

C07ðmbÞ: (40)

Now varying 	t0 in the range ð0:08–1:4Þ � 10�2 and �s in
the range (0�–80�), we show in Fig. 3 the branching ratio
for the Bs ! �� process. From the figure we see that the
branching ratio can be enhanced from its SM value, but the
enhancement is not so significant.

V. B0
s ! �þ��� PROCESS

Now let us consider the radiative dileptonic decay
modes Bs ! �þ���, which are also very sensitive to
the existence of new physics beyond the SM. Because of
the presence of the photon in the final state, this decay
mode is free from helicity suppression, but it is further
suppressed by a factor of � with respect to the pure-
leptonic Bs ! �þ�� process. However, in spite of this
� suppression, the radiative leptonic decay Bs ! �þ���
has a comparable decay rate to that of purely leptonic ones.

The effective Hamiltonian describing this process Bs !
�þ�� is [15]

H eff ¼ GF�ffiffiffi
2
p

�
VtbV

�
ts

�
Ceff
9 ð �s��PLbÞð�l��lÞ

þ C10ð�s��PLbÞð�l���5lÞ � 2C7mb

q2

�ð �si���q
�PRbÞð�l��lÞ

�
; (41)

where l is the shorthand notation for �, PL;R ¼ 1
2 ð1� �5Þ,

and q is the momentum transfer. Ci’s are the Wilson
coefficients evaluated at the b-quark mass scale in next-
leading-logarithmic order with the values [32]

Ceff
7 ¼ �0:31; C9 ¼ 4:154; C10 ¼ �4:261:

(42)

The coefficient Ceff
9 has a perturbative part and a resonance

part which come from the long-distance effects due to the
conversion of the real c �c into the lepton pair lþl�. Hence,
Ceff
9 can be written as

Ceff
9 ¼ C9 þ YðsÞ þ Cres

9 ; (43)

where the function YðsÞ denotes the perturbative part
coming from one-loop matrix elements of the four quark
operators and is given in Ref. [23]. The long-distance
resonance effect is given as [33]

Cres
9 ¼

3�

�2
ð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ

� X
J=c ;c 0

�
mVi

�ðVi ! lþl�Þ
m2

Vi
� s� imVi

�Vi

; (44)

where the phenomenological parameter � is taken to be
2.3, so as to reproduce the correct branching ratio BðB!
J=cK� ! K�lþl�Þ ¼ BðB! J=cK�ÞBðJ=c ! lþl�Þ.
In this analysis, we will consider only the contributions
arising from two dominant resonances, i.e., J=c and c 0.
The matrix element for the decay Bs ! �þ��� can be

obtained from that of the Bs ! �þ�� one by attaching the
photon line to any of the charged external fermion lines. In
order to calculate the amplitude, when the photon is radi-
ated from the initial fermions [structure dependent part],
we need to evaluate the matrix elements of the quark
currents present in (41) between the emitted photon and
the initial Bs meson. These matrix elements can be ob-
tained by considering the transition of a Bs meson to a
virtual photon with momentum k. In this case the form
factors depend on two variables, i.e., k2 (the photon vir-
tuality) and the square of momentum transfer q2 ¼ ðpB �
kÞ2. By imposing gauge invariance, one can obtain several
relations among the form factors at k2 ¼ 0. These relations
can be used to reduce the number of independent form
factors for the transition of the Bs meson to a real photon.
Thus, the matrix elements for the Bs ! � transition, in-
duced by vector, axial-vector, tensor, and pseudotensor
currents, can be parametrized as [34]

h�ðk;"Þj�s���5bjBsðpBÞi¼ ie½"��ðpB �kÞ�ð"� �pBÞk��
� FA

mBs

;

h�ðk;"Þj �s��bjBsðpBÞi¼e����
"
��p�

Bk

 FV

mBs

;

h�ðk;"Þj �s���q
��5bjBsðpBÞi¼e½"��ðpB �kÞ

�ð"� �pBÞk��FTA;

h�ðk;"Þj�s���q
�bjBsðpBÞi¼e����
"

��p�
Bk


FTV; (45)
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FIG. 3 (color online). Variation of the branching ratio for the
Bs ! �� process.
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where " and k are the polarization vector and the four-
momentum of the photon, pB is the momentum of the
initial Bs meson, and Fi’s are the various form factors.

Thus, the matrix element describing the structure depen-
dent part takes the form

MSD ¼ �3=2GFffiffiffiffiffiffiffi
2�
p VtbV

�
tsf����
"

��p�
Bk


ðA1
�l��l

þ A2
�l���5lÞ þ ið"��ðk � pBÞ � ð"� � pBÞk�Þ

� ðB1
�l��lþ B2

�l���5lÞg; (46)

where

A1 ¼ 2C7

mb

q2
FTV þ C9

FV

mBs

; A2 ¼ C10

FV

mBs

;

B1 ¼ �2C7

mb

q2
FTA � C9

FA

mBs

; B2 ¼ �C10

FA

mBs

:

(47)

The form factors FV and FA have been calculated within
the dispersion approach [35]. The q2 dependence of the
form factors is given as [34]

FðE�Þ ¼ 

fBs

mBs

�þ E�

; (48)

where E� is the photon energy, which is related to the

momentum transfer q2 as

E� ¼
mBs

2

�
1� q2

m2
Bs

�
: (49)

The values of the parameters 
 and � are given in Table II.
The same ansatz (48) has also been assumed for the form
factors FTA and FTV . We use the decay constant of the Bs

meson, which is evaluated in lattice QCD calculation as
fBs
¼ 232� 10 MeV [36].

When the photon is radiated from the outgoing lepton
pairs, which is known as the internal bremsstrahlung (IB)
part, the matrix element is given as

M IB¼�3=2GFffiffiffiffiffiffiffi
2�
p VtbV

�
tsfBs

m�C10

�
�l

�
"� 6pB

pþ �k�
6pB"

�

p� �k
�
�5l

�
;

(50)

where pþ and p� are the momenta of emitted�þ and��,
respectively. Thus, the total matrix element for the Bs !
lþl�� process is given as

M ¼MSD þMIB: (51)

The differential decay width of the Bs ! �þ��� process,
in the rest frame of the Bs meson, is given as

d�

ds
¼ G2

F�
3

210�4
jVtbV

�
tsj2m3

Bs
�1; (52)

where

�1 ¼ 4

3
m2

Bs
ð1� ŝÞ2vlððŝþ 2rlÞðjA1j2 þ jB1j2Þ

þ ðŝ� 4rlÞðjA2j2 þ jB2j2Þ � 64
f2Bs

m2
Bs

� rl
1� ŝ

C2
10

�
ð4rl � ŝ2 � 1Þ ln1þ vl

1� vl

þ 2ŝvl

�

� 32rlð1� ŝÞ2fBs
ReðC10A

�
1Þ; (53)

with s ¼ q2, ŝ ¼ s=m2
Bs
, rl ¼ m2

�=m
2
Bs
, vl ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4m2
�=q

2
q

. The physical region of s is 4m2
� 
 s 


m2
Bs
.

The forward-backward asymmetry is given as

AFB ¼ 1

�1

�
2m2

Bs
ŝð1� ŝÞ3v2

l ReðA�1B2 þ B�1A2Þ

þ 32fBs
rlð1� ŝÞ2 ln

�
4rl
ŝ

�
ReðC10B

�
2Þ
�
: (54)

We have shown the variation of the differential decay
distribution (52) (in units of 10�7), and the forward-
backward asymmetry (54) for Bs ! �þ��� in Fig. 4.
As discussed earlier in the presence of the fourth gen-

eration, the Wilson coefficients C7;9;10 will be modified due

to the new contributions arising from the virtual t0 quark in
the loop. Thus, these coefficients will be modified as

Ctot
7 ð�Þ ¼ C7ð�Þ þ 	t0

	t

C07ð�Þ;

Ctot
9 ð�Þ ¼ C9ð�Þ þ 	t0

	t

C09ð�Þ;

Ctot
10ð�Þ ¼ C10ð�Þ þ 	t0

	t

C010ð�Þ:

(55)

The new coefficients C07;9;10 can be calculated at the MW

scale by replacing the t-quark mass by m0t in the loop
functions as discussed in [23]. These coefficients are then
evolved to the b scale using the renormalization group
equation. The values of the new Wilson coefficients at
the mb scale for mt0 ¼ 400 GeV are given by C07ðmbÞ ¼
�0:375, C09ðmbÞ ¼ 5:831, and C010 ¼ �17:358.
Thus, one can obtain the differential branching ratio and

the forward-backward asymmetry in SM4 by replacing
C7;9;10 in Eqs. (52) and (54) by Ctot

7;9;10. Using the values

of the 	t0 and �s for mt0 ¼ 400 GeV as discussed earlier,
the differential branching ratio and the forward-backward
asymmetry for Bs ! �þ��� are presented in Fig. 5,
where we have not considered the contributions from

TABLE II. The parameters for Bs ! � form factors.

Parameter FV FTV FA FTA


 (GeV�1) 0.28 0.30 0.26 0.33

� (GeV) 0.04 0.04 0.30 0.30
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intermediate charmonium resonances. From the figure it
can be seen that the differential branching ratio of this
mode is significantly enhanced from its corresponding
SM value, whereas the forward-backward asymmetry is
slightly reduced with respect to its SM value. However, the
zero position of the forward-backward asymmetry remains
unchanged in the fourth quark generation model.

To obtain the branching ratios it is necessary to eliminate
the background due to the resonances J=c ðc 0Þ with
J=c ðc 0Þ ! �þ��. We use the following veto windows
to eliminate these backgrounds,

mJ=c � 0:02<m�þ�� <mJ=c þ 0:02;

mc 0 � 0:02<m�þ�� <mc 0 þ 0:02:

Furthermore, it should be noted that the jMIBj2 has infra-
red singularity due to the emission of a soft photon.

Therefore, to obtain the branching ratio, we impose a cut
on the photon energy, which will correspond to the experi-
mental cut imposed on the minimum energy for the de-
tectable photon. We require the photon energy to be larger
than 25 MeV, i.e., E� � �mBs

=2, which corresponds to

s 
 m2
Bs
ð1� �Þ, and therefore, we set the cut � � 0:01.

Thus, with the above defined veto windows and the infra-
red cutoff parameter, the total branching ratio for the Bs !
�þ��� process is found to be

BrðBs!�þ���Þ¼5:6�10�9: ðSMÞ
<2:2�10�8; ðformt0 ¼400GeVÞ:

(56)

The above branching ratio is comparable to that of the
corresponding pure-leptonic process Bs ! �þ�� whose
predicted branching ratio [5] for mt0 ¼ 400 GeV is
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Br ðBs ! �þ��Þ< 0:8� 10�8: (57)

The LHCb [37] has searched for this process and set the
upper limit as BrðBs ! �þ��Þ< 1:2ð1:5Þ � 10�8 at 90%
(95%) C.L. Therefore, the Bs ! �þ��� decay channel
could also be accessible there, and hopefully it will be
observed soon.

VI. CONCLUSION

In this paper we have studied some rare decays of the
Bs meson in the fourth quark generation model. The large
production of Bs mesons at the LHC opens up the pos-
sibility to study Bs mesons with high statistical precision.
The decay modes considered here are Bs ! ��, Bs !
��, Bs ! ��, and Bs ! �þ���, which are highly
suppressed in the SM as they occurred only through
one-loop diagrams. Therefore, they provide an ideal
testing ground to look for new physics. The fourth
generation model is a very simple extension of the SM

with three generations, and it can easily accommodate

the observed anomalies in the B and Bs CP violation

parameters for mt0 in the range of (400–600) GeV. We

found that in the fourth generation model the branching

ratios for these processes were enhanced from their cor-

responding SM values. However, the mixing-induced CP
asymmetry of the Bs ! �� process was enhanced sig-

nificantly from its SM value. The CP violating observ-

ables in Bs ! �� were found to be small but nonzero.

Some of these branching ratios are within the reach of

LHCb experiments; hence the observation of these modes

will provide us with indirect evidence for the existence of

the fourth quark generation.
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