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The recent observation of the mass difference in the Bs system seems to be not in complete agreement

with the corresponding standard model value. We consider the model with an extra vectorlike down quark

to explain this discrepancy and obtain the constraints on the new physics parameters. Thereafter, we show

that with these new constraints this model can successfully explain other observed deviations associated

with b ! s transitions, namely, Bs ! c�, B ! K�, and B ! �Ks.
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I. INTRODUCTION

The results of the currently running two asymmetric B
factories confirmed the fact that the phenomenon of CP
violation in the standard model (SM) is due to the complex
phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix [1]. The observed data are almost in the line
of the SM expectations and there is no clear indication of
new physics so far. However, there are some interesting
deviations from that of the SM expectations which could
provide us an indirect signal of new physics. Here we are
concentrating on few such deviations which are associated
with the CP violation parameters of flavor-changing neu-
tral current (FCNC) mediated b ! s transitions. A partial
list includes:

(i) The observed mass difference measured between
heavy and light Bs mesons [2] seems to be incon-
sistent with its SM value with a deviation of few
sigma.

(ii) The observed discrepancy between the measured
S�Ks

and ScKs
[3] already gave an indication of the

possible existence of NP in the B ! �Ks decay
amplitude. Within the SM, these CP symmetries
are expected to be the same with a deviation of about
5% [4].

(iii) The recent observation of a very large Sc� by the
CDF collaboration [5] is in contrast to its expected
SM value, i.e., Sc� � 0. This may be considered as a

clear signal of new physics in the b ! s transitions.
(iv) There appears to be some disagreement between the

direct CP asymmetry parameters of B� ! �0K�
and that of the �B0 ! �þK�. �ACPðK�Þ, which is
the difference of these two parameters, is found to be
around 15% [3], whereas the SM expectation is
vanishingly small. This constitutes what is called
the �K puzzle in the literature and is believed to
be an indication of the existence of new physics.

(v) The Bs ! �þ�� problem has been widely dis-
cussed in the literature. The SM value is quite small
(we have only the upper limit for the branching ratio)
and it is a very clean mode so if we have any smoking

gun signal of new physics elsewhere in b ! s tran-
sitions it is quite likely that it could also be found in
this mode. Therefore, Bs ! �þ�� is a golden mode
to detect new physics.

In this paper, we would like to see the effect of the extra
vectorlike down quark [6] in explaining the above men-
tioned observed discrepancies. It is a simple model beyond
the standard model with an enlarged matter sector due to an
additional vectorlike down quark D4. Isosinglet quarks
appear in many extensions of the SM like the low energy
limit of the E6 grand unified theory models [7]. The mixing
of this singlet type down quark with the three SM down
type quarks provides a framework to study the deviations
of the unitarity constraint of the 3� 3 CKM matrix. To be
more explicit, the presence of an additional down quark
implies a 4� 4 matrix Vi� (i ¼ u, c, t, 4, � ¼ d, s, b, b0)
would diagonalize the down quark mass matrix. Because
of this, some new features appear in the low energy phe-
nomenology. The charged currents are unchanged except
that the VCKM is now the 3� 4 upper submatrix of V.
However, the distinctive feature of this model is that the
FCNC interaction enters at tree level in the neutral current
Lagrangian of the left-handed down quarks as [6]

L Z ¼ g

2 cos�W
½ �uLi��uLi � �dL�U���

�dL�

� 2sin2�WJ
�
em�Z�; (1)

with

U�� ¼ X
i¼u;c;t

Vy
�iVi� ¼ ��� � V�

4�V4�; (2)

where U is the neutral current mixing matrix for the down
sector, which is given above. As V is not unitary,U � 1. In
particular the nondiagonal elements do not vanish

U�� ¼ �V�
4�V4� � 0 for � � �: (3)

Since the various U�� are nonvanishing they would signal

new physics and the presence of FCNC at the tree level,
which can substantially modify the predictions of SM for
the FCNC processes. Of course, these low energy cou-
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plings are severely restricted by the low energy results
available on different FCNC processes, i.e., BrðKL !
� ��ÞSD, BrðKþ ! �þ	 �	Þ, 
K, �MK, �MBd

, �MBs
,

BrðB ! Xd;sl
þl�Þ etc. [8] Nevertheless, it is well-known

that even fulfilling these strong constraints there could still
be large effects on B factory experiments on CP violation.
The implications of the FCNC mediated Z boson effect has
been extensively studied in the context of b physics [9–11].

II. Bs � �Bs MIXING

Wewill first concentrate on the mass difference between
the neutral Bs meson mass eigenstates (�Ms) that charac-
terizes the Bs � �Bs mixing phenomena. In the SM, Bs �
�Bs mixing occurs at the one-loop level by flavor-changing
weak interaction box diagrams and hence is very sensitive
to new physics effects.

In the SM, the effective Hamiltonian describing the
�B ¼ 2 transition, induced by the box diagram, is given
by [12]

H eff ¼ G2
F

16�2
�2
t M

2
WS0ðxtÞ�tð �sbÞV�Að�sbÞV�A (4)

where �t ¼ VtbV
�
ts, �t is the QCD correction factor and

S0ðxtÞ is the loop function

S0ðxtÞ ¼ 4xt � 11x2t þ x3t
4ð1� xtÞ2

� 3

2

logxtx
3
t

ð1� xtÞ3
; (5)

with xt ¼ m2
t =M

2
W . Thus, the Bs � �Bs mixing amplitude in

the SM can be written as

MSM
12 ¼ 1

2MBs

h �BsjH eff jBsi

¼ G2
F

12�2
M2

W�
2
t �tBsf

2
Bs
MBs

S0ðxtÞ; (6)

where the vacuum insertion method has been used to
evaluate the matrix element

h �Bsjð �sbÞV�Að�sbÞV�AjBsi ¼ 8
3Bsf

2
Bs
M2

Bs
: (7)

The corresponding mass difference is related to the mixing
amplitude through �Ms ¼ 2jM12j.

Recently, Lenz and Nierste [13] updated the theoretical
estimation of the Bs mass difference in the SM, with the
value ð�MBs

ÞSM ¼ ð19:30� 6:68Þ ps�1 (for Set-I parame-

ters) and ð�MBs
ÞSM ¼ ð20:31� 3:25Þ ps�1 (Set-II).

The CDF [2] and D0 [14] collaborations have also
recently reported new results for the Bs � �Bs mass differ-
ence

�MBs
¼ ð17:77� 0:10� 0:07Þ ps�1 ðCDFÞ

17 ps�1 < �MBs
< 21 ps�1 90%C:L:ðD0Þ: (8)

Although the experimental results appear to be consis-
tent with the standard model prediction, but they do not
completely exclude the possible new physics effects in

�B ¼ 2 transitions. In the literature, there have already
been many discussions both in model independent [15–17]
and model dependent ways [18] regarding the implications
of these new measurements. In this work, we would like to
see the effect of the extended isosiglet down quark model
on the mass difference of the Bs system and its possible
implications for the other b ! s transition processes.
In the model with an extra vectorlike down quark there

will be two additional contributions to the Bs � �Bs mixing
amplitude. The first one is induced by a tree level FCNC
mediated Z boson, with two nonstandard (flavor-changing)
Z� b� s couplings as shown in Fig. 1(a) and the second
contribution contains one nonstandard Z� b� s coupling
and one SM loop-induced Z� b� s coupling as depicted
in Fig. 1(b). With these new contributions, the mass dif-
ference between BH

s and BL
s deviates significantly from its

SM value.
To evaluate these two additional contributions, one can

write from Eq. (1) the effective FCNC mediated
Lagrangian for Zbs interaction as

L Z
FCNC ¼ � g

2 cos�W
Usb �sL�

�bLZ�: (9)

This gives the effective Hamiltonian induced by the tree
level FCNC mediated Z boson (Fig. 1(a)) as

H Z
eff ¼

GFffiffiffi
2

p U2
sb�Zð �sL��bLÞð�sL��bLÞ; (10)

where �Z ¼ ð�sðmZÞÞ6=23 is the QCD correction factor.
Using the matrix elements as defined in Eq. (7), we obtain

MZ
12 ¼

GF

3
ffiffiffi
2

p U2
sb�ZBsf

2
Bs
MBs

: (11)

The effective Hamiltonian induced by the SM penguin at
one vertex and Z mediated FCNC coupling on the other
(Fig. 1(b)) is given as

H SMþZ
eff ¼ G2

F

4�2
�t�ZtM

2
WUsbC0ðxtÞð�sbÞV�Að �sbÞV�A

(12)

where �Zt is the QCD correction factor and

C0ðxtÞ ¼ xt
8

�
xt � 6

xt � 1
þ 3xt þ 2

ðxt � 1Þ2 logxt

�
: (13)

FIG. 1. Feynman diagrams for Bs � �Bs mixing in the model
with an extra vectorlike down quark, where the blob represents
the tree level flavor-changing vertex.
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This gives

MSMþZ
12 ¼ G2

F

3�2
�tUsb�ZtM

2
WC0ðxtÞBsf

2
Bs
MBs

: (14)

Thus, the mass difference �Ms in this model can be given
as

�Ms ¼ 2jMSM
12 þMZ

12 þMSMþZ
12 j

¼ �MSM
s

��������1þ a

�
Usb

�t

�
þ b

�
Usb

�t

�
2
�������� (15)

with

a ¼ 4
C0ðxtÞ
S0ðxtÞ ; b ¼ 2

ffiffiffi
2

p
�2

GFM
2
WS0ðxtÞ

; (16)

where we have assumed�t � �Z � �Zt. The couplingUsb

characterizing the Z� b� s strength is in general com-
plex and can be parametrized as Usb ¼ jUsbjei�s , where
�s is the new weak phase. The constraints on these pa-
rameters can be obtained using the recent measurement on
�Ms.

Since VtbV
�
ts ¼ �jVtbVtsjei�s , we parametrize

Usb

VtbV
�
ts

¼ �
��������

Usb

VtbVts

��������eið�s��sÞ � �xeið�s��sÞ: (17)

For numerical evaluation, we use the CKM elements as
jVtbj ¼ 0:999 176þ0:000 031

�0:000 044, jVtsj ¼ 0:039 72þ0:001 15
�0:000 77 [19],

�s ¼ �1:1�, the masses ofW boson and t quark asMW ¼
80:4 GeV, mt ¼ 168 GeV. For �Ms, we use the CDF
result [2] �Ms ¼ 17:77� 0:12 ps�1 and for �MSM

s ¼
19:30� 6:68 ps�1 [13], which yields �Ms=�M

SM
s ¼

0:92� 0:32. Varying ð�Ms=�M
SM
s Þwithin its 1� 
 range

the allowed parameter space in the �s � jUsbj plane is
shown in Fig. 5. From the figure it can be seen that for
higher value of jUsbj the phase �s is very tightly con-
strained. However, for jUsbj 	 0:0015 there is no con-
straint on the new weak phase �s, i.e., the whole range
0� 2� is allowed. The constraint on jUsbj obtained from

B ! Xsl
þl�, i.e., jUsbj 	 0:002, [8] is consistent with the

constraint obtained from Bs � �Bs mixing. We now use the
allowed values of jUsbj (i.e., we use jUsbj 	 0:002 so that
constraints coming from both the observables will be
satisfied) and �s to study some anomalies associated
with b ! s transitions. In particular, we would like to see
whether the constraints obtained above in the extended
isosinglet down quark model, consistent with Bs � �Bs

mixing, can also explain the discrepancies in the modes
Bs ! c�, Bs ! �þ��, B ! �K, and B ! �Ks.

III. MIXING INDUCED CP ASYMMETRY IN
Bs ! J=c�ðSc�Þ

We now consider the effect of the isosinglet down quark
on the mixing induced CP asymmetry in Bs ! J=c�
mode. Recently a very largish CP asymmetry has been
measured by the CDF collaboration [5] in the tagged
analysis of Bs ! J=c� with value Sc� 2 [0.23, 0.97].

Within the SM, this asymmetry is expected to be vanish-
ingly small, which comes basically from the Bs � �Bs

mixing phase. Since this mode receives dominant contri-
bution from b ! c �cs tree level transition, the NP contri-
bution to its decay amplitude is naively expected to be
negligible. Therefore, the observed large CP asymmetry is
believed to be originating from the new CP violating phase
in Bs � �Bs mixing.
Now parametrizing the new physics contribution to the

Bs � �Bs mixing amplitude as

M12 ¼ MSM
12 þMZ

12 þMSMþZ
12 ¼ MSM

12 CBs
e2i�s ; (18)

one can obtain

Sc� ¼ ��c� sinð2�s þ 2�sÞ; (19)

where �s is the phase of Vts ¼ �jVtsje�i�s and �c� is the

CP parity of the c� final state. Taking �c� ¼ þ1 and

�s � �1:1� we obtain the mixing induced CP asymmetry
as

Sc� ¼ sinð2j�sj � 2�sÞ: (20)

Now substituting the expressions for MSM
12 , MZ

12, and

MSMþZ
12 from Equations (6), (11), and (14) in Eq. (18),

we obtain the new CP-odd phase of Bs � �Bs mixing as

2�s¼arctan

� �axsinð�sþj�sjÞþbx2 sinð2�sþ2j�sjÞ
1�axcosð�sþj�sjÞþbx2cosð2�sþ2j�sjÞ

�
;

(21)

where a, b, and x are defined in Eqs. (16) and (17),
respectively. In Fig. 3, we show the variation of Sc� (20)

with the new weak phase �s for two representative values
of jUsbj. From the figure it can be seen that the observed
largish Sc� can be explained in the model with an extra

vectorlike down quark for jUsbj 
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IV. Bs ! �þ��

Now let us consider the FCNC mediated leptonic tran-
sition Bs ! �þ��. This decay mode has attracted a lot of
attention recently since it is very sensitive to the structure
of the SM and potential source of new physics beyond the
SM. Furthermore, this process is very clean and the only
nonperturbative quantity involved is the decay constant of
the Bs meson which can be reliably calculated by the well-
known nonperturbative methods such as QCD sum rules,
lattice gauge theory, etc. Therefore, it provides a good
hunting ground to look for new physics. The recent up-
dated branching ratio BrðBs ! �þ��Þ ¼ ð3:35�
0:32Þ � 10�9 in the SM [16] is well below the present
experimental upper limit [3]

Br ðBs ! �þ��Þ< 4:7� 10�8: (22)

This decay has been analyzed in many beyond the SM
scenarios in a number of papers [20]. Let us start by
recalling the result for Bs ! �þ�� in the standard model.
The effective Hamiltonian describing this process is

H eff ¼ GFffiffiffi
2

p �

�
VtbV

�
ts

�
C9ð�s��PLbÞð �����Þ

þ C10ð �s��PLbÞð �����5�Þ � 2C7mb

q2

�ð�si
�	q
	PRbÞð �����Þ

�
; (23)

where 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-to-leading-logarithmic order with val-
ues [21]

C7 ¼ �0:308; C9 ¼ 4:154; C10 ¼ �4:261:

(24)

To evaluate the transition amplitude one can generally
adopt the vacuum insertion method, where the form factors
of the various currents are defined as follows

h0j�s���5bjB0
si ¼ ifBs

p
�
B ; h0j�s�5bjB0

si ¼ ifBs
mBs

;

h0j�s
�	PRbjB0
si ¼ 0: (25)

Since p
�
B ¼ p

�
þ þ p��, the contribution from theC9 term in

Eq. (23) will vanish upon contraction with the lepton bi-
linear,C7 will also give zero by (25), and the remainingC10

term will get a factor of 2m�.

Thus, the transition amplitude for the process is given as

M ðBs ! �þ��Þ ¼ i
GFffiffiffi
2

p �

�
VtbV

�
tsfBs

C10m�ð ���5�Þ;
(26)

and the corresponding branching ratio is given as

BrðBs ! �þ��Þ ¼ G2
F�Bs

16�3
�2f2Bs

mBs
m2

�jVtbV
�
tsj2C2

10

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

�

m2
Bs

vuut : (27)

Helicity suppression is reflected by the presence of m2
� in

(27) which gives a very small branching ratio of ð3:35�
0:32Þ � 10�9 for �þ�� [16].
Now let us analyze the decay modes Bs ! �þ�� in the

model with the Z mediated FCNC occurring at the tree
level. The effective Hamiltonian for Bs ! �þ�� is given
as

H eff ¼ GFffiffiffi
2

p Usb½ �s��ð1� �5Þb�½ ��ðC�
V��

� C�
A���5Þ��; (28)

where C
�
V and C

�
A are the vector and axial vector Z�þ��

couplings, which are given as

C
�
V ¼ �1

2 þ 2sin2�W; C
�
A ¼ �1

2: (29)

Since, the structure of the effective Hamiltonian (28) in this
model is the same form as that of the SM, like�ðV � AÞ�
ðV � AÞ form, therefore its effect on the various decay
observables can be encoded by replacing the SM Wilson
coefficients C9 and C10 by

Ceff
9 ¼ C9 þ 2�

�

UsbC
�
V

VtbV
�
ts

; Ceff
10 ¼ C10 � 2�

�

UsbC
�
A

VtbV
�
ts

:

(30)

Thus, one can obtain the branching ratio including the
NP contributions by substituting Ceff

10 from (30) in (27).

Now varying the value jUsbj between 0 and 1:5� 10�3 and
the phase �s between ð0� � 360�Þ the branching ratio for
Bs ! �þ�� is shown in Fig. 4. From the figure one can
conclude that the branching ratio of Bs ! �þ�� in this
model can be significantly enhanced from its SM value.
Observation of this mode in the upcoming experiments will
provide additional constraints on the new physics
parameters.

30 60 90 120 150 180
φs

-0.4

-0.2

0

0.2

0.4

S ψ
φ

FIG. 3. Variation of Sc� with the new weak phase �s where
the solid and dotted lines are for jUsbj ¼ 0:002 and 0.0015,
respectively. The horizontal line represents the lower limit of the
experimental value.
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V. �ACPðK�Þ PUZZLE
The �ACPðK�Þ puzzle refers to the difference in direct

CP asymmetries in B� ! �0K� and �B0 ! �þK� modes.
These two modes receive similar dominating contributions
from tree and QCD penguin diagrams and hence one would
naively expect that these two channels will have the same
direct CP asymmetries, i.e., A�0K� ¼ A�þK� . In the
QCD factorization approach, the difference between these
asymmetries is found to be [22]

�ACP ¼ AK��0 �AK��þ ¼ ð2:5� 1:5Þ% (31)

whereas the corresponding experimental value is [3]

�ACP ¼ ð14:8� 2:8Þ%; (32)

which yields nearly 4
 deviation.
In the SM, the relevant effective Hamiltonian describing

the decay modes B� ! �0K� and �B0 ! �þK� is given
by

H SM
eff ¼ GFffiffiffi

2
p

�
VubV

�
usðC1O1 þ C2O2Þ � VtbV

�
ts

X10
i¼3

CiOi

�
;

(33)

where Ci’s are the Wilson coefficients evaluated at the b
quark mass scale and Oi’s are the four-quark current
operators.

Thus, one can obtain the transition amplitudes in the
QCD factorization approach as [23], where the CKM
unitarity �u þ �c þ �t ¼ 0 has been used
ffiffiffi
2

p
AðB� ! �0K�Þ ¼ �uðA� �Kð�1 þ �2Þ þ A �K��2Þ

þ X
q¼u;c

�q

�
A� �Kð�q

4 þ �q
4;EW þ �q

3

þ �q
3;EWÞ þ

3

2
A �K��

q
3;EW

�
(34)

and

Að �B0 ! �þK�Þ ¼ �uðA� �K�1Þ þ
X

q¼u;c

�qA� �K

�
�q
4 þ �q

4;EW

þ �q
3 �

1

2
�q

3;EW

�
; (35)

where

A� �K ¼ i
GFffiffiffi
2

p M2
BF

B!�
0 ð0ÞfK and

A �K� ¼ i
GFffiffiffi
2

p M2
BF

B!K
0 ð0Þf�:

(36)

The parameters �i’s and �i’s are related to the Wilson
coefficients Ci’s and the corresponding expressions can be
found in [23].
To account for this discrepancy here we consider the

effect of the extra isosinglet down quark. As discussed
earlier, in this model the Z mediated FCNC interaction is
introduced at the tree level as shown in Eq. (9). Because of
the new interactions the effective Hamiltonian describing
the b ! s�ss process receives the additional contribution
given as [10],

H Z
eff ¼ �GFffiffiffi

2
p ½ ~C3O3 þ ~C7O7 þ ~C9O9�; (37)

where the four-quark operators O3, O7, and O9 have the
same structure as the SM QCD and electroweak penguin

operators and the new Wilson coefficients ~Ci’s at the MZ

scale are given by

~C 3ðMZÞ ¼ 1
6Usb; ~C7ðMZÞ ¼ 2

3Usbsin
2�W;

~C9ðMZÞ ¼ �2
3Usbð1� sin2�WÞ:

(38)

These new Wilson coefficients will be evolved from the
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MZ scale to the mb scale using the renormalization group
equation given in [24], as

~C iðmbÞ ¼ U5ðmb;MW;�Þ ~CðMWÞ; (39)

where ~C is the 10� 1 column vector of the Wilson coef-
ficients and U5 is the five flavor 10� 10 evolution matrix.

The explicit forms of ~CðMWÞ andU5ðmb;MW;�Þ are given
in [24], as described earlier. Because of the renormaliza-
tion group evolution these three Wilson coefficients gen-

erate a new set of Wilson coefficients ~Ciði ¼ 3; 
 
 
 ; 10Þ at
the low energy regime (i.e., at themb scale) as presented in
Table I, where we have used sin2�W ¼ 0:231.

As discussed earlier, due to the presence of the addi-
tional isosinglet down quark the unitarity condition be-
comes �u þ �c þ �t ¼ Usb. Thus, replacing
�t ¼ Usb � ð�u þ �cÞ, one can write the transition ampli-
tudes including the new contributions asffiffiffi
2

p
AðB� ! �0K�Þ ¼ �uðA� �Kð�1 þ �2Þ þ A �K��2Þ

þ X
q¼u;c

�q

�
A� �Kð�q

4 þ �q
4;EW þ �q

3

þ �q
3;EWÞ þ

3

2
A �K��

q
3;EW

�

�Usb

�
A� �Kð��4 þ��4;EW þ ��3

þ ��3;EWÞ þ 3

2
A �K���3;EW

�
(40)

and

Að �B0 ! �þK�Þ ¼ �uðA� �K�1Þ þ
X

q¼u;c

�qA� �K

�
�q
4 þ �q

4;EW

þ �q
3 �

1

2
�q

3;EW

�
�UsbA� �K

�
��4

þ��4;EW þ��3 � 1

2
��3;EW

�
; (41)

where ��i’s and ��i’s are related to the modified Wilson

coefficients �Ci ¼ ~CiðmbÞ þ Ct
iðmbÞ, where Ct

iðmbÞ’s are
the values of the Wilson coefficients at the mb scale due to
the t quark exchange.
Thus, including the new contributions, one can symboli-

cally represent these amplitudes as

Amp ¼ �uAu þ �cAc �UsbAnew: (42)

�’s and Ubs contain the weak phase information and Ai’s
are associated with the strong phases. Thus one can ex-
plicitly separate the strong and weak phases and write the
amplitudes as

Amp ¼ �cAc½1þ raeið�1��Þ � r0beið�2þ�sÞ�; (43)

where a ¼ j�u=�cj, b ¼ jUsb=�cj, �� is the weak phase
of Vub, and�s is the weak phase ofUsb. r ¼ jAu=Acj, r0 ¼
jAnew=Acj, and �1 (�2) are the relative strong phases be-
tween Au and Ac (Anew and Ac). Thus from the above
amplitudes one can obtain the direct CP asymmetry pa-
rameter as

ACP ¼ 2½ra sin�1 sin�þ r0b sin�2 sin�s þ rr0ab sinð�2 � �1Þ sinð�þ�sÞ�
½Rþ 2ðra cos�1 cos�� 2r0b cos�s cos�2 � 2rr0ab cosð�þ�sÞ cosð�2 � �1ÞÞ� (44)

where R ¼ 1þ ðraÞ2 þ ðr0bÞ2.
For numerical evaluation, we use input parameters as

given in the S4 scenario of the QCD factorization ap-
proach. For the CKM matrix elements, we use the values
from [25], extracted from direct measurements and � ¼
ð67þ32

�25Þ� [19]. The particle masses are taken from [25]. We

vary the jUbsj in the range 0 	 jUsbj 	 0:002 and the
corresponding phase between 30� 	 �s 	 150� and the
allowed region in the �ACP and jUsbj plane is shown in
Fig. 2. From the figure it can be seen that the observed
�ACP can be accommodated in the vectorlike down quark
model.

VI. S�Ks

Next we consider the decay mode �B0 ! �K0. In the
SM, it proceeds through the quark level transition b ! s�ss
and hence the mixing induced CP asymmetry in this mode
(S�K) is expected to give the same value as that of the B !
J=cKs with an uncertainty of around 5%. However, the
present world average of this parameter is S�K ¼ 0:44þ0:17

�0:18

[3], which has nearly a 2:4
 deviation from the corre-
sponding ScKs

, with S�Ks
< ScKs

. We would like to see

whether the model with an extra vectorlike down quark can
account for this discrepancy.

TABLE I. Values of the new Wilson coefficients at the mb scale.

~C3
~C4

~C5
~C6

~C7
~C8

~C9
~C10

0:19Usb �0:066Usb 0:009Usb �0:031Usb 0:145Usb 0:053Usb �0:566Usb 0:127Usb
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In this model, one can write the amplitude for this
process, analogous to B ! �K processes, as

Að �B0 ! �K0�Þ ¼ A �K�

� X
q¼u;c

�q

�
�q
3 þ �q

4 þ �q
3

� 1

2
ð�q

3;EW þ �q
4;EW þ �q

3;EWÞ
�

�Usb

�
��3 þ��4 þ ��3 � 1

2
ð��3;EW

þ��4;EW þ��3;EWÞ
��

; (45)

with A �K0� ¼ �2m�ð
� 
 pBÞFB!Kþ ð0Þf�, which again can

be expressed as

Að �B0 ! �K0�Þ ¼ �uA
0
u þ �cA

0
c �UsbA

0
new

¼ �cA
0
c½1þ r1e

ið���Þ � r01be
i�sei�

0 �; (46)

where

r1 ¼ jA0
u=A

0
cj; � ¼ ArgðA0

u=A
0
cÞ;

r01 ¼ jA0
new=A

0
cj; �0 ¼ ArgðA0

new=A
0
cÞ:

(47)

Thus, one can obtain the expression for mixing the induced
CP asymmetry parameter as

S�K ¼ X

R0 þ 2r1a cos� cos�� 2r01b cos�0 cos�s � 2r1r
0
1ab cosð�� �0Þ cosð�þ�sÞ ; (48)

where R0 ¼ 1þ ðr1aÞ2 þ ðr01bÞ2 and
X ¼ sin2�þ 2r1a cos� sinð2�þ �Þ

� 2r01b cos�
0 sinð2���sÞ þ ðr1aÞ2 sinð2�þ 2�Þ

þ ðr01bÞ2 sinð2�� 2�sÞ � 2r1r
0
1ab cosð�� �0Þ

� sinð2�þ ���sÞ: (49)

For numerical evaluation, we use the input parameters as
given in the S4 scenario of QCD factorization. Using the
CKM elements, as discussed earlier, along with � ¼
ð21:1� 0:9Þ� [3], the variation of S�K with�s for different

values of jUsbj is shown in Fig. 6. From the figure it can be
seen that the experimental value of S�K can be accommo-

dated in this model.

VII. SUMMARYAND CONCLUSION

Recent results of Bs � �Bs mixing have created a lot of
attention in B decays and furthermore it is also claimed in
the literature that it could be the first evidence of physics
beyond the SM in the b sector. Of course, there are many

candidates beyond the SM scenarios which can explain
such a discrepancy, but here wewill employ the model with
an extended isosinglet down quark to study the same and
explore whether other seemingly problematic deviations in
the b ! s sector, as indicated by the data at present, can
also be explained simultaneously.
A minimal extension of the SMwith only the addition of

an extra isosinglet down quark in a vectorlike representa-
tion of the SM gauge group that induces FCNC couplings
in the Z boson couplings. These models naturally arise for
instance as the low energy limit of an E6 grand unified
theory. From the phenomenological point of view models
with isosinglet quarks provide the simplest self-consistent
framework to study deviations of 3� 3 unitarity of the
CKM matrix as well as flavor-changing neutral currents at
the tree level.
As stated earlier, we impose the extended isosinglet

down quark model to explain the deviation of Bs � �Bs

mixing from that of the SM expectation and obtained the
constraints on the parameters of the new physics model and
checked whether these severely constrained parameters
still can explain other b ! s processes, which appear to
be not in agreement with the SM expectations.
Recently, CDF observed that the mixing induced pa-

rameter (Sc�) for the decay mode Bs ! c� appears to

be not in agreement with the SM expectation. In the SM,
the value of Bs ! c� is vanishingly small but the experi-
ment has found a rather large value which might be an
indication of new physics. We applied the constraints of the
new physics model, obtained from the Bs � �Bs mixing, to
see whether one can explain the same. It can be seen from
Fig. 3 that one can explain the discrepancy in the NP model
under consideration.
Next we consider the decay mode Bs ! �þ��, which

is believed to be a very clean mode and only the upper limit
(< 4:7� 10�8) on its branching ratio has been obtained so
far which is much larger than the SM value. We used the
constraints of the isosinglet down quark model and see that

60 120 180 240 300 360
φ s

0

0.2

0.4

0.6

0.8

1

S
φ K

FIG. 6. The variation of S�K (in the S4 scenario) with the new
weak phase �s, where the dot-dashed, short-dashed, and solid
curves are for jUsbj ¼ 0:001, 0.0015, and 0.002. The horizontal
band corresponds to experimental allowed 1
 range.
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(Fig. 4) a huge enhancement can be possible due to its
effect and can reach the upper limit obtained by the
experiment.

Thereafter, we consider the �K puzzle, which is basi-
cally the difference of direct CP asymmetry parameters,
represented by �ACPðK�Þ, of the modes B� ! �0K� and
�B0 ! �þK�. In the SM the value of �ACPðK�Þ is ex-
pected to be close to zero whereas the experimental value is

found to be around 15%. Invoking the new physics con-
straints, obtained before, we have shown that the observed
asymmetry can be obtained in this scenario.

Finally, we consider the long standing problem of S�Ks

corresponding to the decay mode B ! �Ks, which has
about a 2.5 sigma deviation from that of the ScKs

. This

large deviation is believed to be due to the beyond the SM

physics. We employed the NP model under consideration
and found that it can easily explain such a discrepancy
(Fig. 6).

To conclude, in this paper we employed the model with
an extended isosinglet down quark to constrain the parame-

ters of the model using the Bs � �Bs mixing result.
Thereafter, we checked whether deviations in other b !
s modes, namely, Bs ! c�, Bs ! �þ��, B ! �K, and
B ! �Ks can also be understood in this model and found
that the new physics parameters allowed by the Bs � �Bs

mixing result can explain these discrepancies successfully.
With more data in the future we will have a better under-
standing of these problems and possibly we shall be able to
ascertain the nature of the new physics or else rule out
some of the existing beyond the SM scenarios, which
appear to be allowed at present.
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