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The rare decays of the �b baryon governed by the quark level transitions b ! s are investigated in the

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

very simple extension of the standard model, 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 �b decays

deviate significantly from their standard model values. Some of these modes are within the reach of the

LHCb experiment and search for such channels is strongly argued.
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I. INTRODUCTION

The rare decays of B mesons involving flavor changing
neutral current (FCNC) transitions are of great interest to
look for possible hints of new physics beyond the standard
model (SM). In the SM, the FCNC transitions arise only at
one-loop level, thus providing an excellent testing ground
to look for new physics. Therefore, it is very important to
study FCNC processes, both theoretically and experimen-
tally, as these decays can provide a sensitive test for the
investigation of the gauge structure of the SM at the loop
level. Huge experimental data on both exclusive and in-
clusive B meson decays [1] involving b ! s transitions
have been accumulated at the eþe� asymmetric B factories
operating at �ð4SÞ, which motivated extensive theoretical
studies on these mesonic decay modes.

Unlike the mesonic decays, the experimental results
on FCNC mediated �b baryon decays e.g., �b ! ��,
�b ! pK�, �b ! ��, and �b ! �lþl� are rather lim-
ited. At present we have only upper limits on some of these
decay modes [2]. Heavy baryons containing a heavy b
quark will be copiously produced at the LHC. Their
weak decays may provide important clues on flavor chang-
ing currents beyond the SM in a complementary fashion to
the B decays. A particular advantage of the bottom baryon
decays over the B mesons is that these decays are self-
tagging processes which should make their experimental
reconstructions easier.

Another important aspect is that, in the past few years,
we have seen some kind of deviations from the SM results
in the CP violating observables of B and Bs meson decays
involving b ! s transitions [1,3–6]. Several new physics
scenarios are proposed in the literature to account for these
deviations [7]. Therefore, it is quite natural to expect that if
there is some new physics present in the b ! s transitions
of Bmeson decays it must also affect the corresponding�b

transitions. Therefore, the study of the rare �b decays is of
utmost importance to obtain an unambiguous signal of new
physics.

In this paper wewould like to study the rare�b decays in
a model with an extra generation of quarks, usually known
as SM4 [8]. SM4 is a simple extension of the standard
model with three generations (SM3) with the additional up-
type (t0) and down-type (d0) quarks. The model retains all
the properties of SM3. The t0 quark like the other up-type
quarks contributes to the b ! s transition at the loop level.
Because of the additional fourth generation there will be
mixing between the b0 quark, the three down-type quarks of
the standard model, and the resulting mixing matrix will
become a 4� 4 matrix (VCKM4). The parametrization of
this unitary matrix requires six mixing angles and three
phases. The existence of the two extra phases provides the
possibilities of an extra source of CP violation. Another
advantage of this model is that the heavier quarks and
leptons in this family can play a crucial role in dynamical
electroweak symmetry breaking as an economical way to
address the hierarchy problem [9]. The effects of the fourth
generation of quarks in various B decays are extensively
studied in the literature [10]. In Refs. [11,12], it has been
shown that this model can easily explain the observed
anomalies in the B meson sector.
The paper is organized as follows. In Sec. II we discuss

the nonleptonic decay of the �b baryon. The radiative
decay process �b ! �� is discussed in Sec. III. The
results on semileptonic decays are presented in Sec. IV.
Section V contains the summary and conclusion

II. DECAY WIDTH OF �b ! ��0 AND
�b ! pK� MODES

In this section we will discuss the nonleptonic rare �b

decay modes �b ! �� and �b ! pK� induced by the
quark level transition b ! sq �q (q ¼ u, d). The effective
Hamiltonian describing these processes is given by [13]

H eff ¼ GFffiffiffi
2

p
�
VubV

�
us

X
i¼1;2

Cið�ÞOi � VtbV
�
ts

X10
i¼3

Cið�ÞOi

�
;

(1)
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where Cið�Þ’s are the Wilson coefficients evaluated at the
renormalization scale �, O1;2 are the tree level current-

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

Let us first consider the decay process �b ! ��. In the
SM this mode receives contributions from the color-
suppressed tree and the electroweak penguin diagrams
and the amplitude for this process in the factorization
approximation is given as [14]

Að�bðpÞ ! �ðp0Þ�0ðqÞÞ
¼ GFffiffiffi

2
p

�
VubV

�
usa2 � VtbV

�
ts

�
3

2
ða9 � a7Þ

��

� h�ðp0Þjð�s��ð1� �5Þbj�bðpÞi
� h�0ðqÞj �u��ð1� �5Þuj0i; (2)

where ai ¼ Ci þ Ciþ1=NðCi þ Ci�1=NÞ for i ¼ odd
(even). In order to evaluate the matrix elements we use
the following form factors and decay constants. The matrix
elements of the various hadronic currents between initial
�b and the final � baryon are parametrized in terms of
various form factors [15] as

h�ðp0Þj �s��bj�bðpÞi¼ �u�ðp0Þ½g1ðq2Þ��þig2ðq2Þ���q
�

þg3ðq2Þq��u�b
ðpÞ;

h�ðp0Þj�s���5bj�bðpÞi¼ �u�ðp0Þ½G1ðq2Þ��þiG2ðq2Þ���q
�

þG3ðq2Þq���5u�b
ðpÞ; (3)

where gi ðGiÞ’s are the vector (axial vector) form factors
and q is the momentum transfer i.e., q ¼ p� p0. The
matrix element h�ðqÞj �u���5uj0i is related to the pion

decay constant f� as

h�0ðqÞj �u���5uj0i ¼ if�q
�=

ffiffiffi
2

p
: (4)

With these values one can write the transition amplitude for
�b ! �� as

Að�b ! ��0Þ
¼ i

GF

2
f�

�
VubV

�
usa2 � 3

2
VtbV

�
tsða9 � a7Þ

�

� �u�ðp0Þ½ðg1ðq2Þðm�b
�m�Þ þ g3ðq2Þm2

�Þ
þ ðG1ðq2Þðm�b

þm�Þ �G3ðq2Þm2
�Þ�5�u�b

ðpÞ: (5)

The above amplitude can be symbolically written as

A ð�bðp0Þ ! �ðpÞ�0ðqÞÞ ¼ i �u�ðp0ÞðAþ B�5Þu�b
ðpÞ;
(6)

where A and B are given as

A ¼ GF

2
f�

�
VubV

�
usa2 � 3

2
VtbV

�
tsða9 � a7Þ

�

� ðg1ðq2Þðm�b
�m�Þ þ g3ðq2Þm2

�Þ;
B ¼ GF

2
f�

�
VubV

�
usa2 � 3

2
VtbV

�
tsða9 � a7Þ

�

� ðG1ðq2Þðm�b
þm�Þ �G3ðq2Þm2

�Þ: (7)

Thus, one can obtain the decay width for this process
as [16]

� ¼ pc:m:

8�

�ðm�b
þm�Þ2 �m2

�

m2
�b

jAj2

þ ðm�b
�m�Þ2 �m2

�

m2
�b

jBj2
�
; (8)

where pc:m: is the magnitude of the center-of-mass
momentum of the outgoing particles.
For numerical analysis we use the following input

parameters. The masses of the particles, the decay constant
of the pion, and the lifetime of the �b baryon are taken
from [2]. The values of the effective Wilson coefficients
are taken from [14]. The values of the Cabibbo-Kobayashi-
Maskawa (CKM) elements used are jVubj ¼ ð3:93�
0:36Þ � 10�3, jVusj ¼ ð0:2255� 0:0019Þ, jVtbj ¼ 0:999,
jVtsj ¼ ð38:7� 2:3Þ � 10�3 [2], and the weak phase � ¼
ð70þ14

�21Þ� [17].
To evaluate the branching ratio for �b ! �� decay we

need to specify the form factors describing �b ! � tran-
sition. In this analysis we use the values of the factors from
[15] which are evaluated using the light-cone sum rules. In
this approach, the dependence of form factors on the
momentum transfer can be parametrized as

�iðq2Þ ¼ �ið0Þ
1� a1ðq2=m2

�b
Þ þ a2ðq4=m4

�b
Þ ; (9)

where � denotes the form factors g1 and g2. The values
of the parameters �ið0Þ, a1, and a2 have been presented
in Table I. The other form factors can be related to these
two as

g1 ¼ G1; g2 ¼ G2 ¼ g3 ¼ G3: (10)

TABLE I. Numerical values of the form factors g1 and g2 and
the parameters a1 and a2 involved in the double fit (9).

Parameter Twist 3 Up to twist 6

g1ð0Þ 0:14þ0:02
�0:01 0:15þ0:02

�0:02

a1 2:91þ0:10
�0:07 2:94þ0:11

�0:06

a2 2:26þ0:13
�0:08 2:31þ0:14

�0:10

g2ð0Þð10�2 GeV�1Þ �0:47þ0:06
�0:06 1:3þ0:2

�0:4

a1 3:40þ0:06
�0:05 2:91þ0:12

�0:09

a2 2:98þ0:09
�0:08 2:24þ0:17

�0:13
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Thus, we obtain the branching ratio for the �b ! ��
mode in the SM as

Br ð�b ! ��Þ ¼ ð6:4� 2:0Þ � 10�8 ðtwist 3Þ;
Brð�b ! ��Þ ¼ ð7:4� 2:3Þ � 10�8 ðup to twist 6Þ;

(11)

where we have assumed 50% uncertainties due to non-
factorizable contributions. It should be noted that these
values are beyond the reach of the currently running
experiments and hence, observation of this mode will be
a clear signal of new physics.

In the presence of a fourth generation of quarks, there
will be an additional contribution due to the t0 quark in the
electroweak penguin loops. Furthermore, it should be
noted that due to the presence of the t0 quark the unitarity
condition becomes �u þ �c þ �t þ �t0 ¼ 0, where �q ¼
VqbV

�
qs.

Thus, in the presence of the fourth generation of quarks
the amplitude for �b ! �� will become

Að�b ! ��0Þ
¼ i

�
�ua2 � 3

2
�tða9 � a7Þ � 3

2
�t0 ða09 � a07Þ

�

� �u�ðp0ÞðXþ Y�5Þu�b
ðpÞ; (12)

where X and Y are given as

X ¼ GF

2
f�ðg1ðq2Þðm�b

�m�Þ þ g3ðq2Þm2
�Þ;

Y ¼ GF

2
f�ðG1ðq2Þðm�b

þm�Þ �G3ðq2Þm2
�Þ:

(13)

The above amplitude can be represented in a more general
way

Að�bðp0Þ !�ðpÞ�0ðqÞÞ
¼ i½ �u�ðXþ Y�5Þu�b

��ua2ð1þ raexpðið�þ�Þ
� br0 expðið�0 þ	s þ�ÞÞÞ; (14)

where the parameters a, b, r, and r0 and the strong phases �
and �0 are defined as

a ¼ j�t=�uj; b ¼ j�0
t=�uj;

r ¼ 3

2

��������
a9 � a7

a2

��������; r0 ¼ 3

2

��������
a09 � a07

a2

��������
� ¼ arg

�
a9 � a7

a2

�
; �0 ¼ arg

�
a09 � a07

a2

�
: (15)

The weak phases of the CKM elements are used as follows:
ð��Þ is the phase of Vub, � is the phase of Vts, and 	s is

the phase of �t0 . The decay width for this process can be
given by

� ¼ pcm

8�
j�ua2j2

�ðm�b
þm�Þ2 �m2

�

m2
�b

jXj2

þ ðm�b
�m�Þ2 �m2

�

m2
�

jYj2
�
½1þ a2r2 þ b2r02

þ 2ar cosð�þ �Þ � 2br0 cosð	s þ �þ �0Þ
� 2abrr0 cosð	s þ �0 � �Þ�: (16)

For numerical evaluation of the branching ratio we need
to know the values of the new parameters of this model.
We use the allowed range for the new CKM elements
as j�t0 j ¼ ð0:08 ! 1:4Þ � 10�2 and 	s ¼ ð0 ! 80Þ� for
mt0 ¼ 400 GeV, extracted using the available observables
which are mediated through b ! s transitions [11]. To find
out the values of the QCD parameters a09 and a07, we need to
evaluate the new Wilson coefficients C0

7–10 due to the

virtual t0 quark exchange in the loop. The values of these
coefficients at the MW scale can be obtained from the
corresponding contribution due to t-quark exchange by
replacing the mass of the t quark in the Inami-Lim func-
tions [18] by mt0 . These values can then be evolved to the
mb scale using the renormalization group equation as dis-
cussed in [19]. The values of these coefficients for a
representative t0 massmt0 ¼ 400 GeV are listed in Table II.
With these inputs the variation of the branching ratio for

the �b ! �� with j�0
tj is shown in Fig. 1. From the figure

it can be seen that the branching ratio is significantly
enhanced from its corresponding SM value and it could
be easily accessible in the currently running LHCb
experiment.
Now we will discuss the �b decay mode �b ! pK�,

mediated through b ! s transition. In the SM, it receives
contributions from the color allowed tree, QCD as well
as electroweak penguins. Its amplitude in the SM is given
as [14]

Að�b ! pK�Þ ¼ i
GFffiffiffi
2

p fK �upðp0Þ½ð�ua1 � �tða4 þ a10

þ ða6 þ a8ÞR1Þðg1ðm2
KÞðm�b

�m�Þ
þ g3ðm2

KÞm2
KÞ þ ð�ua1 � �tða4 þ a10

� ða6 þ a8ÞR2ÞðG1ðm2
KÞðm�b

þm�Þ
�G3ðm2

KÞm2
KÞ�5�u�b

ðpÞ; (17)

TABLE II. Numerical values of the Wilson coefficients C0
i for

mt0 ¼ 400 GeV.

C0
3 C0

4 C0
5 C0

6

2:06� 10�2 �3:85� 10�2 1:02� 10�2 �4:43� 10�2

C0
7 C0

8 C0
9 C0

10

4:453� 10�3 2:115� 10�3 �0:029 0.006
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where

R1 ¼ 2m2
K

ðmb �muÞðms þmuÞ ;

R2 ¼ 2m2
K

ðmb þmuÞðms þmuÞ :
(18)

From the above amplitude one can obtain the branching
ratio using Eq. (8). Using the input parameters as discussed
earlier in this section and assuming 50% uncertainties due
to nonfactorizable contributions, we obtain the branching
ratio in the SM

Br ð�b ! pK�Þ ¼ 3:5� 10�6; (19)

which is lower than the present experimental value
Brð�b ! pK�Þ ¼ ð5:6� 0:8� 1:5Þ � 10�6 [20]. Here
we have used the form factors for �b ! p transitions
from [21], which are evaluated in the light-front quark
model. The q2 dependence of the form factors is given
by the following three parameters fit as

�iðq2Þ ¼ �ið0Þ
ð1� q2=m2

�b
Þð1� a1ðq2=m2

�b
Þ þ a2ðq4=m4

�b
Þ ;

(20)

where the values of the different fit parameters are listed in
Table III.

As discussed earlier in the presence of a fourth genera-
tion of quarks the amplitude (17) will receive additional
contributions due to the heavy t0 quark in the loop. The
modified amplitude becomes

Að�b ! pK�Þ ¼ i
GFffiffiffi
2

p fK �up½ð�ua1 � �tða4 þ a10

þ ða6 þ a8ÞR1Þ � �0
tða04 þ a010

þ ða06 þ a08ÞR1ÞÞðg1ðm2
KÞðm�b

�m�Þ
þ g3ðm2

KÞm2
KÞ þ ð�ua1 � �tða4 þ a10

� ða6 þ a8ÞR2 � �0
tða04 þ a010

� ða06 þ a08ÞR2ÞÞðG1ðm2
KÞðm�b

þm�Þ
�G3ðm2

KÞm2
KÞ�5�u�b

: (21)

Now using the values of the new Wilson coefficients
C0
3–10 from Table II and varying the new CKM elements

between 0:0008 � j�0
tj � 0:014 and ð0 � 	s � 80Þ�, we

present in Fig. 2 the variation of Brð�b ! pK�Þ with j�0
tj.

From the figure it can be seen that the measured branching
ratio can be easily accommodated in this model.

III. �b ! �� DECAY WIDTH

In this section we will consider the rare radiative decay
�b ! �� which is induced by the quark level transition
b ! s�. The effective Hamiltonian describing �b ! ��
is given as

H eff ¼ � 4GFffiffiffi
2

p �tC7ðmbÞO7; (22)

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�:

(23)

The expression for calculating the Wilson coefficient
C7ð�Þ is given in [22]. The matrix elements of the various
hadronic currents between initial �b and the final �
baryon, which are parametrized in terms of various form
factors as

 0
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FIG. 1 (color online). The branching ratio versus j�0
tj for the

process �b ! ��.

TABLE III. Numerical values of the form factors g1 and g2
and the parameters a1 and a2 for �b ! p transition (20).

� �ð0Þ a b

g1 0.1131 1.70 1.60

g3 0.0356 2.5 2.57

G1 0.1112 1.65 1.60

G3 0.0097 2.8 2.7
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B
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FIG. 2 (color online). The branching ratio versus j�0
tj for the

process �b ! pK�, where the horizontal line represents the
experimental central value.
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h�j�si���q
�bj�bi ¼ �u�½f1��þ if2���q

�þf3q��u�b
;

h�j�si����5q
�bj�bi ¼ �u�½F1���5þ iF2����5q

�

þF3�5q��u�b
: (24)

These form factors are related to the previously defined g1
and g2 through [15]

F1ðq2Þ ¼ f1ðq2Þ ¼ q2g2ðq2Þ ¼ q2G2ðq2Þ;
F2ðq2Þ ¼ f2ðq2Þ ¼ g1ðq2Þ ¼ G1ðq2Þ:

(25)

Thus, one can obtain the decay width of�b ! �� in the
SM as

�ð�b ! ��Þ ¼ 
G2
F

32m3
�b
�4

jVtbV
�
tsj2jC7j2ð1� x2Þ3

� ðm2
b þm2

sÞ½f2ð0Þ�2; (26)

where x ¼ m�=m�b
. Using the input parameters as dis-

cussed in Sec. II we obtain the branching ratio in the SM as

Br ð�b ! ��Þ ¼ ð7:93� 2:31Þ � 10�6; (27)

which is well below the present experimental upper limit
Brð�b ! ��Þ< 1:3� 10�3 [2]. Now we would like to
see the effect of the fourth quark generation on the branch-
ing ratio of �b ! ��. In the presence of the fourth quark
generation of quarks, the Wilson coefficient C7 will be
modified due to the t0 contribution in the loop. Thus the
modified parameter can be given as

Ctot
7 ð�Þ ¼ C7ð�Þ þ Vt0bV

�
t0s

VtbV
�
ts

C0
7ð�Þ; (28)

where C0
7 can be obtained from the expression of C7 by

replacing the mass of the t quark bymt0 . The value ofC
0
7 for

mt0 ¼ 400 GeV is found to be C0
7 ¼ �0:375.

Thus, in SM4 the branching ratio can be given by
Eq. (25) by replacing C7 by C

tot
7 . Now varying �t0 between

0:0008 � j�0
tj � 0:0014 and 	s between (0�–80�) we

show in Fig. 3 the corresponding branching ratio, where
we have included 30% uncertainties due to hadronic form
factors. From the figure it can be seen that the branching

ratio in SM4 has been significantly enhanced from its SM
value and it could be easily accessible in the currently
running experiments.

IV. �b ! �lþl� DECAYS

The decay process �b ! �lþl� is described by the
quark level transition b ! slþl�. These processes are
extensively studied in the literature [23] in various beyond
the standard model scenarios. The effective Hamiltonian
describing these processes can be given as [19]

H eff ¼ GF
ffiffiffi
2

p
�
VtbV

�
ts

�
Ceff
9 ð �s��LbÞð�l��lÞ þ C10ð �s��LbÞ

� ð�l���5lÞ � 2Ceff
7 mb

�
�si���

q�

q2
Rb

�
ð�l��lÞ

�
;

(29)

where q is the momentum transferred to the lepton pair,
given as q ¼ p� þ pþ, where p� and pþ are the momenta
of the leptons l� and lþ, respectively. L; R ¼ ð1� �5Þ=2
and Ci’s are the Wilson coefficients evaluated at the b
quark mass scale. The values of these coefficients in
next-leading-logarithmic (NLL) order are Ceff

7 ¼ �0:31,
C9 ¼ 4:154, and C10 ¼ �4:261 [24].
The coefficient Ceff

9 has a perturbative part and a reso-

nance part which comes from the long distance effects due
to the conversion of the real c �c into the lepton pair lþl�.
Therefore, one can write it as

Ceff
9 ¼ C9 þ YðsÞ þ Cres

9 ; (30)

where s ¼ q2 and the function YðsÞ denotes the perturba-
tive part coming from one-loop matrix elements of the four
quark operators and is given by [19]

YðsÞ ¼ gðmc; sÞð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ
� 1

2gð0; sÞðC3 þ 3C4Þ � 1
2gðmb; sÞð4C3 þ 4C4

þ 3C5 þ C6Þ þ 2
9ð3C3 þ C4 þ 3C5 þ C6Þ; (31)

where

gðmi; sÞ ¼ �8

9
lnðmi=m

pole
b Þ þ 8

27
þ 4

9
yi � 2

9
ð2þ yiÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j1� yij

q �
�ð1� yiÞ

�
ln

�
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� yi
p

1� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yi

p
�
� i�

�

þ�ðyi � 1Þ2arctan 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
yi � 1

p
�
; (32)

with yi ¼ 4m2
i =s. The values of the coefficients Ci’s in

NLL order are taken from [24].
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FIG. 3 (color online). The branching ratio versus j�0
tj for the

process �b ! ��. The gray bands are due to the 30% uncer-
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The long distance resonance effect is given as [25]

Cres
9 ¼ 3�


2
ð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ

� X
Vi¼c ð1SÞ;...;c ð6SÞ

�Vi

mVi
�ðVi ! lþl�Þ

m2
Vi
� s� imVi

�Vi

: (33)

The phenomenological parameter � is taken to be 2.3, so
as to reproduce the correct branching ratio of BrðB !
J=cK�lþl�Þ ¼ BrðB ! J=cK�ÞBrðJ=c ! lþl�Þ.

The matrix elements of the various hadronic currents in
(29) between initial �b and the final� baryon are parame-
trized in terms of various form factors as defined in Eqs. (3)
and (24). Thus, using these matrix elements, the transition
amplitude can be written as

Mð�b ! �lþl�Þ
¼ GF
ffiffiffi

2
p

�
VtbV

�
ts½�l��lf �u�ð��ðA1PR þ B1PLÞ

þ i���q�ðA2PR þ B2PLÞÞu�b
g

þ �l���5lf �u�ð��ðD1PR þ E1PLÞ
þ i���q�ðD2PR þ E2PLÞ
þ q�ðD3PR þ E3PLÞÞu�b

g�; (34)

where the various parameters Ai, Bi and Dj, Ej (i ¼ 1, 2

and j ¼ 1, 2, 3) are defined as

Ai ¼ 1

2
Ceff
9 ðgi �GiÞ � C7mb

q2
ðfi þ FiÞ;

Bi ¼ 1

2
Ceff
9 ðgi þGiÞ � C7mb

q2
ðfi � FiÞ;

Dj ¼ 1

2
C10ðgj �GjÞ;

Ej ¼ 1

2
C10ðgj þGjÞ:

(35)

We will consider here the case when the final � baryon is
unpolarized. The physical observables in this case are the
differential decay rate and the forward-backward (FB) rate
asymmetries. From the transition amplitude (34), one can
obtain the double differential decay rate [26] as

d2�

dŝdz
¼ G2

F

2

212�5
jVtbV

�
tsj2m�b

vl�
1=2ð1; r; ŝÞKðs; zÞ; (36)

where ŝ ¼ s=m2
�b
, z ¼ cos�, the angle between p�b

and

pþ in the center-of-mass frame of the lþl� pair,

vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

l =s
q

, and �ða; b; cÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ c2 � 2ðabþ bcþ caÞp

is the usual triangle
function. The function Kðs; zÞ is given as

K ðs; zÞ ¼ K0ðsÞ þ zK1ðsÞ þ z2K2ðsÞ; (37)

with

K0ðsÞ ¼ 32m2
l m

2
�b
ŝð1þ r� ŝÞðjD3j2 þ jE3j2Þ þ 64m2

l m
3
�b
ð1� r� ŝÞReðD�

1E3 þD3E
�
1Þ

þ 64m2
�b

ffiffiffi
r

p ð6m2
l � ŝm2

�b
ÞReðD�

1E1Þ þ 64m2
l m

3
�b

ffiffiffi
r

p ð2m�b
ŝReðD�

3E3Þ þ ð1� rþ ŝÞReðD�
1D3 þ E�

1E3ÞÞ
þ 32m2

�b
ð2m2

l þm2
�b
ŝÞðð1� rþ ŝÞm�b

ffiffiffi
r

p
ReðA�

1A2 þ B�
1B2Þ �m�b

ð1� r� ŝÞReðA�
1B2 þ A�

2B1Þ
� 2

ffiffiffi
r

p ½ReðA�
1B1Þ þm2

�b
ŝReðA�

2B2Þ�Þ þ 8m2
�b
ð4m2

l ð1þ r� ŝÞ þm2
�b
½ð1� rÞ2 � ŝ2�ÞðjA1j2 þ jB1j2Þ

þ 8m4
�b
ð4m2

l ½�þ ð1þ r� ŝÞŝ� þm2
�b
ŝ½ð1� rÞ2 � ŝ2�ÞðjA2j2 þ jB2j2Þ � 8m2

�b
ð4m2

l ð1þ r� ŝÞ
�m2

�b
½ð1� rÞ2 � ŝ2�ÞðjD1j2 þ jE1j2Þ þ 8m5

�b
ŝv2

l ð�8m�b
ŝ

ffiffiffi
r

p
ReðD�

2E2Þ þ 4ð1� rþ ŝÞ
� ffiffiffi

r
p

ReðD�
1D2 þ E�

1E2Þ � 4ð1� r� ŝÞReðD�
1E2 þD�

2E1Þ þm�b
½ð1� rÞ2 � ŝ2�½jD2j2 þ jE2j2�Þ; (38)

K 1ðsÞ ¼ �16m4
�b
ŝvl

ffiffiffiffi
�

p f2ReðA�
1D1Þ � 2ReðB�

1E1Þ
þ 2m�b

ReðB�
1D2 � B�

2D1 þ A�
2E1 � A�

1E2Þg
þ 32m5

�b
ŝvl

ffiffiffiffi
�

p fm�b
ð1� rÞReðA�

2D2 � B�
2E2Þ

þ ffiffiffi
r

p
ReðA�

2D1 þ A�
1D2 � B�

2E1 � B�
1E2Þg;

(39)

and

K 2ðsÞ ¼ 8m6
�b
v2
l �ŝððjA2j2 þ jB2j2 þ jD2j2 þ jE2j2Þ

� 8m4
�b
v2
l �ðjA1j2 þ jB1j2 þ jD1j2 þ jE1j2Þ:

(40)

The dilepton mass spectrum can be obtained from (36) by
integrating out the angular dependent parameter z which
yields�

d�

ds

�
0
¼ G2

F

2

211�5m�b

jVtbV
�
tsj2vl

ffiffiffiffi
�

p �
K0ðsÞ þ 1

3
K2ðsÞ

�
;

(41)

where � is the shorthand notation for �ð1; r; ŝÞ. The limits
for s are

4m2
l � s � ðm�b

�m�Þ2: (42)

Apart from the branching ratio in semileptonic decay,
there are also other observables which are sensitive to new
physics contributions in b ! s transition. One such
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observable is the forward-backward asymmetry (AFB) of
leptons which is also a very powerful tool for looking for
new physics. The normalized forward-backward asymme-
try is obtained by integrating the double differential decay
width (d2�=dŝdzÞ with respect to the angular variable z

AFBðsÞ ¼
R
1
0
d2�
dŝdz dz�

R
0
�1

d2�
dŝdz dzR

1
0
d2�
dŝdz dzþ

R
0
�1

d2�
dŝdz dz

: (43)

Thus one obtains from (36)

AFBðsÞ ¼ K1ðsÞ
K0ðsÞ þK2ðsÞ=3 : (44)

The FB asymmetry becomes zero for a particular value of
dilepton invariant mass. Within the SM, the zero of AFBðsÞ
appears in the low q2 region, sufficiently away from the
charm resonance region and hence can be predicted pre-
cisely. The position of the zero value of AFB is very
sensitive to the presence of new physics.

For numerical evaluation we use the input parameters as
presented in the previous sections. The quark masses (in
GeV) used are mb ¼ 4:6, mc ¼ 1:5, and 
 ¼ 1=128 and
the weak mixing angle sin2�W ¼ 0:23. The variation of
differential branching ratios (41) and the forward-backward
asymmetries (44) for the processes �b ! ��þ�� and

�b ! �þ� in the standard model are shown in Figs. 4
and 5, respectively.
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

C0
7ð�Þ;

Ctot
9 ð�Þ ¼ C9ð�Þ þ �t0

�t

C0
9ð�Þ;

Ctot
10ð�Þ ¼ C10ð�Þ þ �t0

�t

C0
10ð�Þ:

(45)

The new coefficients C0
7;9;10 can be calculated at the MW

scale by replacing the t-quark mass by m0
t in the loop

functions. These coefficients are then to be evolved to the
b scale using the renormalization group equation as dis-
cussed in [19]. The values of the newWilson coefficients at
the mb scale for mt0 ¼ 400 GeV are given by C0

7ðmbÞ ¼
�0:355, C0

9ðmbÞ ¼ 5:831, and C0
10 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. (41) and (44) by Ctot

7;9;10. Using the values

of the j�0
tj and 	s for mt0 ¼ 400 GeV, differential branch-

ing ratio and the forward-backward asymmetry for
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�b ! ��þ�� are presented in Fig. 6, where we have not
considered the contributions from intermediate charmo-
nium 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 re-
spect to its SM value. However, the zero position of the FB
asymmetry remains unchanged in the fourth quark genera-
tion model. Similarly for the process�b ! �þ� as seen
from Fig. 7, the branching ratio is significantly enhanced
from its SM value, whereas the FB asymmetry remains
almost unaffected in the SM4.

We now proceed to calculate the total decay rates for
�b ! �lþl� for which it is necessary to eliminate the
backgrounds coming from the resonance regions. This
can be done by using the following veto windows so that
the backgrounds coming from the dominant resonances
�b ! �J=c ðc 0Þ with J=c ðc 0Þ ! lþl� can be elimi-
nated,

�b ! ��þ��: mJ=c � 0:02<m�þ�� <mJ=c þ 0:02;

: mc 0 � 0:02<m�þ�� <mc 0 þ 0:02;

�b ! �þ�: mc 0 � 0:02<mþ� <mc 0 þ 0:02:

Using these veto windows we obtain the branching ratios
for semileptonic rare �b decays which are presented in
Table IV. It is seen from the table that the branching ratios
obtained in the fourth quark generation model are reason-
ably enhanced from the corresponding SM values and
could be observed in the LHCb experiment.

V. CONCLUSION

In this paper we have studied several rare decays of
�b baryon, i.e., �b ! ��, �b ! pK�, �b ! ��, and
�b ! �lþl� in the fourth quark generation model. This
model is a very simple extension of the standard model
with three generations and it provides a simple explanation
for several indications of new physics that have been
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TABLE IV. The branching ratios (in units of 10�6) for various
decay processes.

Decay modes BrSM BrSM4

�b ! ��þ�� 13.25 (14:7 ! 53:5)

�b ! �þ� 3.83 (4:3 ! 16:0)
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observed involvingCP asymmetries in the B, Bs decays for
m0

t in the range of (400–600) GeV. We found that in this
model the branching ratios of the various decay modes
considered here (�b ! ��, �b ! pK�, �b ! ��, and
�b ! �lþl�) are significantly enhanced from their corre-
sponding SM values. However the forward-backward
asymmetries in the �b ! �lþl� processes do not differ
much from those of the SM expectations. The zero point of

the FAB for �b ! �lþl� process is also found to be
unaffected in this model.
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