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We extend our recent work and study implications of the standard model with four generations (SM4)

for rare B and K decays. We again take seriously the several 2–3� anomalies seen in B, Bs decays and

interpret them in the context of this simple extension of the SM. SM4 is also of course of considerable

interest for its potential relevance to dynamical electroweak symmetry breaking and to baryogenesis.

Using experimental information from processes such as B ! Xs�, Bd and Bs mixings, indirect

CP-violation from KL ! �� etc. along with oblique corrections, we constrain the relevant parameter

space of the SM4, and find mt0 of about 400–600 GeV with a mixing angle jV�
t0bVt0sj in the range of about

0:05–1:4� 10�2 and with an appreciable CP-odd associated phase, are favored by the current data. Given

the unique role of the CP asymmetry in Bs ! c� due to its gold-plated nature, correlation of that with

many other interesting observables, including the semileptonic asymmetry (ASL) are studied in SM4. We

also identify several processes, such as B ! Xs� ��, KL ! �0� �� etc., that are significantly different in

SM4 from the SM. Experimentally the very distinctive process Bs ! �þ�� is also discussed; the

branching ratio can be larger or smaller than in SM, ð3:2 ! 4:2Þ � 10�9, by a factor of Oð3Þ.
DOI: 10.1103/PhysRevD.82.033009 PACS numbers: 14.40.Nd, 13.20.Eb, 14.65.Jk

I. INTRODUCTION

Though the Cabibbo-Kobayashi-Maskawa (CKM) para-
digm [1,2] of CP violation in the standard model (SM) has
been extremely successful in describing a multitude of
experimental data, in the past few years some indications
of deviations have surfaced, specifically in the flavor sector
[3–7]. An intriguing aspect of these deviations is that so far
they have more prominently, though not exclusively, oc-
curred in CP violating observables only. While many
beyond the standard model (BSM) scenarios can account
for such effects [8–14], a very simple extension of the SM
that can cause these anomalies is the addition of an extra
family as we emphasized in a recent study [15,16]. In this
paper, we will extend our previous work and study the
implications of the standard model with four generations
(SM4) in rare B and K decays.

Although our initial motivation for studying SM4 was
triggered by the deviations in the CP violating observables
in B, Bs decays, we want to stress that actually SM4 is, in
fact, a very simple and interesting extension of the three
generation SM (SM3). The fact that the heavier quarks and
leptons in this family can play a crucial role in dynamical
electroweak-symmetry breaking (DEWSB) as an economi-
cal way to address the hierarchy puzzle renders this ex-
tension of SM3 especially interesting. In addition, whereas,
as is widely recognized SM3 does not have enough CP to
facilitate baryogenesis, that difficulty is readily and sig-
nificantly ameliorated in SM4 [17–19]. Besides, given that
three families exist, it is clearly important to search for the
fourth.

That rare B-decays are particularly sensitive to the
fourth generation was in fact emphasized long ago [20–
24]. The potential role of heavy quarks in DEWSB was
also another reason for the earlier interest [25–29]. LEP/
SLC discovery that a fourth family (essentially) massless
neutrino does not exist was one reason that caused some
pause in the interest on SM4. A decade later discovery of
neutrino oscillations and of neutrino mass managed to
offset to some degree this concern about the 4th family’s
necessarily involving massive neutrino. Electroweak pre-
cision tests provide a very important constraint on the mass
difference of the 4th family isodoublet. In this context the
PDG reviewer’s statement [30] that a degenerate 4th family
is strongly disfavored by electroweak precision (EWP)
tests may have been widely misinterpreted; careful studies
show in fact that while mass difference between the iso-
doublet quarks is constrained to be less than� 75 GeV, an
extra generation of quarks is not excluded by the current
data. In fact, some have also claimed that for certain values
of particle masses the quality of the fit with four gener-
ations is comparable to that of the SM3 [31–34].1

The addition of fourth generation to the SM means that
the quark mixing matrix will now become a 4� 4 matrix
(VCKM4) and the parametrization of this unitary matrix

1After this paper had been submitted for publication, very
recently, authors of Ref. [30] have reported a new analysis
wherein they state that while their reanalysis with the new
data does not exclude the fourth generation, the fit is not as
good as the SM; see Ref. [35]
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requires six real parameters and three phases. The two
extra phases imply the possibility of extra sources of CP
violation [22].

In [15], it was shown that a fourth family of quarks with
mt0 in the range of (400–600) GeV provides a simple
explanation for the several indications of new physics
that have been observed involving CP asymmetries in the
B, Bs decays [3–7]. The built-in hierarchy of VCKM4 is such
that the t0 readily provides a needed perturbation ( � 15%)
to sin2� as measured in B ! cKs and simultaneously is
the dominant source of CP asymmetry in Bs ! c�.

While most of the B, Bs CP-anomalies are easily ac-
commodated and explained by SM4, we note that, in
contrast, EW precision tests constrain the mass-splitting
between t0 and b0 to be small, around 70 GeV [31–33,36];
so for mt0 of Oð500 GeVÞ their masses have to be degen-
erate toOð15%Þ. As far as the lepton sector is concerned, it
is clear that the 4th family lepton has to be quite different
from the previous three families in that the neutral lepton
has to be rather massive, with mass>mZ=2. This may also
be a clue that the underlying nature of the 4th family may
be quite different from the previous three families [37]. At
this stage we would like to mention that the addition of
fourth generation will also change the lepton mixing ma-
trix (PMNS) [38]. The new elements in the PMNS matrix
could be constrained from lepton flavor violation in the
charged and neutral sectors, for example, a more stringent
constraint on first/second generation mixings with the
fourth generation should come from � ! e�. In a similar
way one could constrain third/fourth generation mixings
from � ! �� lepton flavor violating decay. However in
this paper our primary focus is on the quark sector, so in
order to avoid any detailed assumptions about the heavy
lepton masses and their mixing with SM3 lepton genera-
tions, in our numerical analysis we will be neglecting the
off-diagonal terms of the PMNS matrix.

In this paper we extend our previous work [15] on the
implications of SM4, to study the direct CP asymmetry in
B ! Xs�, B ! Xsl

þl� and in Bs ! Xs‘�, forward-
backward (FB) asymmetry in B ! XsðK�Þlþl�, decay
rates of B ! Xs� ��, Bs ! �þ��, �þ��, and KL !
�0� �� and CP violation in B ! �K and B0 ! �0�0

modes. We show that SM4 can ameliorate the difficulty
in understanding the large difference,Oð15%Þ, between the
direct CP asymmetries in neutral B decays to Kþ��
versus that of the charged B-decays to Kþ�0 partly due
to the enhanced isospin violation that SM4 causes in flavor-
changing penguin transitions due to the heavy mt0 [20]
originating from the evasion of the decoupling theorem
and partly if the corresponding strong phase(s) are large in
SM4. The enhanced electroweak penguin amplitude pro-
vides a color-allowed (Z ! �0) contribution which is not
present for �� case. However, we want to emphasize that
the prediction obtained using the QCD factorization ap-
proach [3,39,40] depends on many input parameters there-

fore it has large theoretical uncertainties. Apart from the
SM parameters such as CKM matrix, quark masses, the
strong coupling constant and hadronic parameters there are
large theoretical uncertainties related to the modeling of
power corrections corresponding to weak annihilation ef-
fects and the chirally-enhanced power corrections to hard
spectator scattering. Therefore the numerical results for the
direct CP asymmetries are not reliable.
Several of these observables like FB asymmetry in B !

K�lþl� [41], CP asymmetry in Bs ! c� [42] and the
decay rate of KL ! �0� �� [43] have also been studied
before, as well as many other interesting aspects of SM4
by Hou and collaborators [44–47], see also [48]. However,
their analysis was generally restricted tomt0 of�300 GeV.
On the other hand, our analysis seems to favor mt0 in the
range of (400–600) GeV to explain the observed CP
asymmetries in the B, Bs decays. We note also that recent
analysis by Chanowitz seems to disfavor most of the
parameter space they have used [34] whereas our parame-
ter space is largely unaffected [49].
We identify several processes wherein SM4 causes large

deviations from the expectations of SM3; for example,
B ! Xs� ��, Bs ! �þ��, ASLðBs ! Xs‘�Þ, aCPðB !
�KÞ, aCPðB ! �0�0Þ, KL ! �0� �� and of course
mixing-induced CP in Bs ! c�, etc. These observables
will be measured with higher statistics at the upcoming
high intensity K, B, Bs experiments at CERN,
FERMILAB, JPARC facilities, etc. and, in particular, at
the LHCb experiment and possibly also at the Super-B
factories and hence may provide further indirect evidence
for an additional family of quarks.
The paper is arranged as follows. After the introduction,

we provide constraints on the 4� 4 CKM matrix by in-
corporating oblique corrections along with experimental
data from important observables involving Z, B, and K
decays as well as Bd and Bs mixings, etc. In Sec. III, we
present the estimates of many useful observables in the
SM4. Finally, in Sec. IV, we present our summary.

II. CONSTRAINTS ON THE CKM4 MATRIX
ELEMENTS

In our previous article [15], to find the limits on VCKM4

elements, we concentrated mainly on the constraints that
will come from vertex correction to Z ! b �b, BrðB !
Xs�Þ, BrðB ! Xsl

þl�Þ, Bd � �Bd, and Bs � �Bs mixing,
BrðKþ ! �þ��Þ and indirect CP violation in KL ! ��
described by j	kj. We did not consider 	0=	 as a constraint
because of its large hadronic uncertainties. Chanowitz [34]
has shown that asmt0 becomes very large a more important
constraint is from non–decoupling oblique corrections
rather than the vertex correction to Z ! b �b. In this article
we have extended our analysis by including the constraint
from non–decoupling oblique corrections as well; we note
that for mt0 & 500 GeV our previous constraints are
largely unaffected but for mt0 � 600 GeV the oblique cor-
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rections start to have effect. With the inputs given in Table I
we have made the scan over the entire parameter space by a
flat random number generator and obtained the constraints
on various parameters of the 4� 4 mixing matrix
(Table II). In the following subsections we briefly discuss
the various input parameters used in our analysis.

A. Oblique correction

The Z pole,W mass, and low-energy data can be used to
search for and set limits on deviations from the SM. Most
of the effects on precision measurements can be described
by the three gauge self-energy parameters S, T, and U. We
assume these parameters to be arising from new physics
only, i.e. they are equal to zero exactly in SM, and do not
include any contributions from mt and MH.

The effects of nondegenerate multiplets of chiral fermi-
ons can be described by just three parameters, S, T, and U
at the one-loop level [30,31,56–58]. T is proportional to the
difference between the W and Z self-energies at Q2 ¼ 0,
while S is associated with the difference between the Z
self-energy at Q2 ¼ M2

Z and Q2 ¼ 0 and (SþU) is asso-
ciated with the difference between W self-energy at Q2 ¼
M2

W and Q2 ¼ 0. A nondegenerate SUð2Þ doublet

f1
f2

� �

with masses m1 and m2 respectively yields the contribu-
tions [56]

S ¼ 1

6�
½1� Y lnðm2

1=m
2
2Þ�;

T ¼ 1

16�s2Wc
2
WM

2
Z

�
m2

1 þm2
2 �

2m2
1m

2
2

m2
1 �m2

2

lnðm2
1=m

2
2Þ
�
;

U ¼ 1

6�

�
� 5m4

1 � 22m2
1m

2
2 þ 5m4

2

3ðm2
1 �m2

2Þ2

þm6
1 � 3m4

1m
2
2 � 3m2

1m
4
2 þm6

2

ðm2
1 �m2

2Þ3
lnðm2

1=m
2
2Þ
�
; (1)

where Y is the hypercharge of the doublet. A heavy non-
degenerate doublet of fermions contributes positively to T
as


�
0 � 1 ¼ 1

1� �T
� 1 � �T; (2)

where 
�
0 denotes the low-energy ratio of neutral to

charged current couplings in neutrino interactions.
The parameter U plays a fairly unimportant role, all the

neutral current and low energy observables depend only on
S and T [56]. In addition U is often predicted to be very
small. In most of the models U should differ from zero by
only a percent of T.
Contributions to T and S parameters from fourth family

quarks and leptons, with doublets

t0
b0

� �

and

‘4
�4

� �

respectively, are given by [34]

T4 ¼ 1

8�xWð1� xWÞ ½3ðjVt0b0 j2�mt0b0 þ jVt0bj2�mt0b

þ jVtb0 j2�mtb0 � jVt0bj2�mtb þ jVt0sj2�mt0sÞ
þ �m‘4�4

�; (3)

TABLE I. Inputs that we use in order to constrain the SM4 parameter space, we have
considered the 2� range for Vub.

BK ¼ 0:72� 0:05 [50] fbs
ffiffiffiffiffiffiffiffi
Bbs

p ¼ 0:281� 0:021 GeV [51]

�Ms ¼ ð17:77� 0:12Þ ps�1 [52] �Md ¼ ð0:507� 0:005Þ ps�1


s ¼ 1:2� 0:06 [51] � ¼ ð75:0� 22:0Þ�
j	kj � 103 ¼ 2:32� 0:007 sin2�cKs

¼ 0:672� 0:024
BrðKþ ! �þ��Þ ¼ ð0:147þ0:130

�0:089Þ � 10�9 BrðB ! Xc‘�Þ ¼ ð10:61� 0:17Þ � 10�2

BrðB ! Xs�Þ ¼ ð3:55� 0:25Þ � 10�4 BrðB ! Xs‘
þ‘�Þ ¼ ð0:44� 0:12Þ � 10�6

Rbb ¼ 0:216� 0:001 (High q2 region)

jVubj ¼ ð37:2� 2:7Þ � 10�4 jVcbj ¼ ð40:8� 0:6Þ � 10�3

�c ¼ 1:51� 0:24 [53] �t ¼ 0:5765� 0:0065 [54]

�ct ¼ 0:47� 0:04 [55] mt ¼ 172:5 GeV
T4 ¼ 0:11� 0:14

TABLE II. Allowed ranges for the parameters, �s
t0 (� 10�2)

and phase �0
s (in degree) for different masses mt0 (GeV), that

have been obtained from the fitting with the inputs in Table I and
allowed by the present experimental bound for CP asymmetry in
Bs ! J=c� [15].

mt0 (GeV) 300 400 500 600

�s
t0 (0.09–2.5) (0.08–1.4) (0.06–0.9) (0.05–0.6)

�0
s 0 ! 80 0 ! 80 0 ! 80 0 ! 80

STANDARD MODEL WITH FOUR GENERATIONS: . . . PHYSICAL REVIEW D 82, 033009 (2010)

033009-3



S4 ¼ Nc

6�

�
1� 1

3
ln
m2

t0

m2
b0
þ ln

m2
‘4

m2
�4

�
; (4)

with

�m12 ¼ 1

2M2
Z

�
m2

1 þm2
2 �

2m2
1m

2
2

m2
1 �m2

2

lnðm2
1=m

2
2Þ
�
: (5)

Here Nc ¼ 3 for a quark family and the same formula
with Nc ¼ 1 will be for a 4th generation lepton family.

B. Vertex corrections to Z ! b �b

Including QCD and QED corrections, the Z ! b �b decay
width can be written as [59]

�ðZ ! q �qÞ ¼ Nc

48

�

s2Wc
2
W

mZðjaqj2 þ jvqj2Þ

� ð1þ �ð0Þ
b Þð1þ �q

QEDÞð1þ �q
QCDÞð1þ �q

�Þ
� ð1þ �q

tQCDÞð1þ �qÞ; (6)

where

vq ¼ ð2Iq3 � 4jQqjs2WÞ; aq ¼ 2Iq3 ; (7)

and �’s are various corrections which are discussed below.
In the decay of the Z ! b �b, the top quark mass enters in

the loop correction to the vertex mediated by the W gauge
boson. Because of spontaneous symmetry breaking effects
the top mass cannot be neglected in the calculation. In fact,

there is a top mass dependence that grows like
m2

t

m2
Z

as in

many other one-loop weak processes such as K � �K, B�
�B (�F ¼ 2 mixings), b ! s‘þ‘�, etc. The additional
contribution to the Zb �b vertex, due to nonzero value of
the top quark mass can be written as

�b � 10�2

��
� m2

t

2m2
Z

þ 0:5

�
jVtbj2

þ
�
� m2

t0

2m2
Z

þ 0:5

�
jVt0bj2

�
: (8)

�q
QED gives small final-state QED corrections that de-

pend on the charge of final fermion,

�q
QED ¼ 3�

4�
Q2

q: (9)

It is very small (0.2% for charged leptons, 0.8% for u-type
quarks and 0.02% for d-type quarks).

�QCD gives the QCD corrections common to all quarks

and it is given by

�QCD ¼ �s

�
þ 1:41

�
�s

�

�
2
: (10)

�s is the QCD coupling constant taken at the mZ scale, i.e.
�s ¼ �sðm2

ZÞ ¼ 0:12.

�q
� contains the kinematical effects of the external fer-

mion masses, including some mass-dependent QCD radia-
tive corrections. It is only important for the b-quark (0.5%)
and to a lesser extent for the �-lepton (0.2%) and the c-
quark (0.05%). It is given by

�q
� ¼ 3�2

q

v2
q þ a2q

�
� 1

2
a2q

�
1þ 8�s

3�

�
þ v2

q

�s

�

�
; (11)

where �2
q 	 4 �m2

qðm2
ZÞ=m2

Z.

By taking appropriate branching ratios it is possible to
isolate the large top mass dependent Zb �b vertex �b [59],

Rh 	 �ðZ ! b �bÞ
�ðZ ! hadronsÞ ¼ ð1þ 2=Rs þ 1=Rc þ 1=RuÞ�1;

(12)

where Rq 	 �ðZ!b �bÞ
�ðZ!q �qÞ .

All other corrections cancel exactly in this branching
ratio except the correction to the Zb �b vertex which only
depends on the top quark mass.

C. B ! Xs� decay

Radiative B decays have been a topic of great theoretical
and experimental interest for long. Although the inclusive
radiative decay B ! Xs� is loop suppressed within the
SM, it has a relatively large branching ratio making it
statistically favorable from the experimental point of
view and hence it serves as an important probe to test
SM and its possible extensions. The present world average
of BrðB ! Xs�Þ is ð3:55� 0:25Þ � 10�4 [60], which is in
good agreement with its SM prediction [61,62]. Apart from
the branching ratio of B ! Xs�, direct CP violation in

B ! Xs�, A
B!Xs�
CP can serve as an important observable to

search physics beyond SM; therefore we will also study
this direct CP asymmetry in this paper (see Sec. III A).
The quark level transition b ! s� induces the inclusive

B ! Xs� decay. The effective Hamiltonian for b ! s� can
be written in the following form

H eff ¼ 4GFffiffiffi
2

p V�
tsVtb

X8
i¼1

Cið�ÞQið�Þ; (13)

where the form of operators Oið�Þ and the expressions for
calculating the Wilson coefficients Cið�Þ are given in [63].
The introduction of fourth generation changes the values of
Wilson coefficients C7 and C8 via the virtual exchange of
the t0-quark and can be written as

Ctot
7;8ð�Þ ¼ C7;8ð�Þ þ V�

t0sVt0b

V�
tsVtb

Ct0
7;8ð�Þ: (14)

The values of Ct0
7;8 can be calculated from the expression of

C7;8 by replacing the mass of t-quark by mt0 .

In order to reduce the uncertainties arising from b-quark
mass, we consider the following ratio
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R ¼ BrðB ! Xs�Þ
BrðB ! Xce ��eÞ :

In leading logarithmic approximation this ratio can be
written as [64]

R ¼ jV�
tsVtbj2
jVcbj2

6�jCtot
7 ðmbÞj2

�fðm̂cÞ�ðm̂cÞ : (15)

Here the Wilson coefficient C7 is evaluated at the scale
� ¼ mb. The phase space factor fðm̂cÞ in BrðB ! Xce ��Þ is
given by [65]

fðm̂cÞ ¼ 1� 8m̂2
c þ 8m̂6

c � m̂8
c � 24m̂4

c lnm̂c: (16)

�ðm̂cÞ is the 1-loop QCD correction factor [65]

�ðm̂cÞ ¼ 1� 2�sðmbÞ
3�

��
�2 � 31

4

�
ð1� m̂cÞ2 þ 3

2

�
: (17)

Here m̂c ¼ mc=mb.

D. B ! Xsl
þl� decay

The quark level transition b ! slþl� is responsible for
the inclusive decay B ! Xsl

þl�. We apply the same ap-
proach introduced for b ! s�. The effective Hamiltonian
for the decay b ! slþl� is given by

H eff ¼ 4GFffiffiffi
2

p V�
tsVtb

X10
i¼1

Cið�ÞQið�Þ: (18)

In addition to the operators relevant for b ! s�, there are
two new operators:

Q9 ¼ ð �sbÞV�Að�llÞV; Q10 ¼ ð �sbÞV�Að�llÞV: (19)

The amplitude for the decay B ! Xsl
þl� in SM4 is

given by

M ¼ GF�ffiffiffi
2

p
�
V�
tsVtb

�
Ctot
9 �s��PLb�l��lþ Ctot

10 �s��PLb�l���5l

� 2mb

Ctot
7

q2
�si���q

�PRb�l��l

�
; (20)

where PL;R ¼ ð1
 �5Þ=2 and q is the sum of lþ and l�
momenta. Here the Wilson coefficients are evaluated at
� ¼ mb.

The differential branching ratio is given by

dBrðB ! Xsl
þl�Þ

dz
¼ �2BðB ! Xce ��Þ

4�2fðm̂cÞ�ðm̂cÞ
ð1� zÞ2

�
�
1� 4t2

z

�
1=2 jV�

tbVtsj2
jVcbj2

DðzÞ; (21)

where

DðzÞ ¼ jCtot
9 j2

�
1þ 2t2

z

�
ð1þ 2zÞ þ 4jCtot

7 j2
�
1þ 2t2

z

�

�
�
1þ 2

z

�
þ jCtot

10 j2
�
ð1þ 2zÞ þ 2t2

z
ð1� 4zÞ

�

þ 12ReðCtot
7 Ctot�

9 Þ
�
1þ 2t2

z

�
: (22)

Here z 	 q2=m2
b, t 	 ml=mb, and m̂q ¼ mq=mb for all

quarks q.
In the framework of SM4, the Wilson coefficients Ctot

7 ,
Ctot
9 , and Ctot

10 are given by

Ctot
7;10 ¼ C7;10ðmbÞ þ

V�
t0sVt0b

V�
tsVtb

Ct0
7;10ðmbÞ; (23)

Ctot
9 ¼ C9ðmbÞ þ YðzÞ þ V�

t0sVt0b

V�
tsVtb

Ct0
9 ðmbÞ; (24)

where the function YðzÞ is given in [63].
The measurements of the B ! Xs‘

þ‘� in the two re-
gions, so-called low q2 ðq2 & 6 GeV2Þ and high q2 ðq2 *
14 GeV2Þ, are complementary as they have different sen-
sitivities to the short distance physics. Compared to small
q2, the rate in the large q2 region has a smaller renormal-
ization scale dependence and mc dependence. Although
the rate is smaller at large q2, the experimental efficiency is
better. Large q2 constrains the Xs to have small invariant
mass, mXs

, which suppresses the background from B !
Xc‘

� �� ! Xs‘
þ‘�� ��. To suppress this background at

small q2 region an upper cut onmXs
is required, complicat-

ing the theoretical description due to the dependence of the
measured rate on the shape function, which is absent at
large q2. In the low q2 region the dominant contribution to
Bs ! Xs‘

þ‘� comes from virtual photon and much less
from Z. It is the Z that is very sensitive to mt0 as that
amplitude grow with m2

t0 . The photonic contribution cares

only about the electric charge, modulo logarithmic QCD
corrections. For these reasons we will be using the branch-
ing ratio only in the high q2 region to constrain SM4.
The theoretical calculations shown above for the branch-

ing ratio of B ! Xsl
þl� are rather uncertain in the inter-

mediate q2 region (7 GeV2 < q2 < 12 GeV2) owing to the
vicinity of charmed resonances. The predictions are rela-
tively more robust in the low-q2 (1 GeV2 < q2 < 6 GeV2)
and the high-q2 (14:4 GeV2 < q2 <m2

b) regions.

For mt0 > 300 GeV, BrðB ! Xsl
þl�Þ is completely

dominated by the Wilson coefficient Ctot
10 . Hence in our

numerical analysis, we neglect the small z-dependence in
Ctot
9 .

E. Bq � �Bq mixing

Within SM, Bq � �Bq mixing (q ¼ d, s) proceeds to an

excellent approximation only through the box diagrams
with internal top quark exchanges. In case of four gener-
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ations, there is an additional contribution to Bq � �Bq mix-

ing coming from the virtual exchange of the fourth gen-
eration up quark t0. The mass difference �Mq in SM4 is

given by

�Mq ¼ 2jM12j; (25)

where

M12 ¼ G2
Fm

2
W

12�2
mBq

Bbqf
2
Bq
f�tðVtqV

�
tbÞ2S0ðxtÞ

þ �t0 ðVt0qV
�
t0bÞ2S0ðxt0 Þ þ 2�tt0 ðVtqV

�
tbÞ

� ðVt0qV
�
t0bÞS0ðxt; xt0 Þg; (26)

where xt ¼ m2
t =m

2
W , xt0 ¼ m2

t0=M
2
W and

S0ðxtÞ ¼ 4xt � 11x2t þ x3t
4ð1� xtÞ2

� 3

2

x3t lnxt
ð1� xtÞ3

; (27)

S0ðxt0 Þ ¼ S0ðxt ! xt0 Þ; (28)

S0ðxt; xt0 Þ ¼ xtxt0

�
lnxt0

xt0 � xt

�
1

4
þ 3

2

1

1� xt0
� 3

4

1

ð1� xt0 Þ2
�

� lnxt
xt0 � xt

�
1

4
þ 3

2

1

1� xt
� 3

4

1

ð1� xtÞ2
�

� 3

4

1

ð1� xtÞð1� xt0 Þ
�
: (29)

Here �t is the QCD correction factor and its value is
0:5765� 0:0065 [54]. The QCD correction factor �t0 is
given by [66]

�t0 ¼ ð�sðmtÞÞ6=23
�
�sðmb0 Þ
�sðmtÞ

�
6=21

�
�sðmt0 Þ
�sðmb0 Þ

�
6=19

: (30)

�sð�Þ is the running coupling constant at the scale � at
NLO [67]. Here we assume �t0 ¼ �tt0 for simplicity. The
numerical values of the structure functions S0ðxt0 Þ,
S0ðxt; xt0 Þ and the QCD correction factor �t0 are given in
Tables III and IV respectively for various t0 mass.

F. Indirect CP violation in KL ! ��

Indirect CP violation in KL ! �� is described by the
parameter 	K, the working formula for it is given by [68]

	K ¼ expði�	Þ sin�	ðImMk
12=�Mk þ �Þ; (31)

where � ¼ ImA0

ReA0
with A0 	 AðK ! ð��ÞI¼0Þ and �MK

denoting the KL � KS mass difference. The off-diagonal
element M12 in the neutral K-meson mass matrix repre-

sents K0 � �K0 mixing and is given by

M�
12 ¼

h �K0jH effð�S ¼ 2ÞjK0i
2mK

(32)

The phase �	 is given by

�	 ¼ ð43:51� 0:05Þ� (33)

The second term in Eq. (31) constitutes a Oð5Þ% cor-
rection to 	K. In most of the phenomenological analysis�	

is taken as �=4 and � is taken as zero. However, � � 0 and
�	 < �=4 results in a suppression effect in 	k relative to
the approximate formula with � ¼ 0 and �	 ¼ �=4. In
order to include these corrections we have used the pa-
rametrization

�	 ¼
ffiffiffi
2

p
sin�	 ��	; (34)

where ��	 ¼ 0:94� 0:02 and consequently �	 ¼
0:92� 0:02, ��	 parametrizing the effect of � � 0 [68].
After some calculations it can be shown that [64]

M12 ¼ G2
F

12�2
f2KBKmKM

2
W½��2

c �cS0ðxcÞ þ ��2
t �tS0ðxtÞ

þ 2��
c�

�
t �ctS0ðxc; xtÞ þ ��2

t0 �t0S0ðxt0 Þ
þ 2��

c�
�
t0�ct0S0ðxc; xt0 Þ þ 2��

t �
�
t0�tt0S0ðxt; xt0 Þ�;

(35)

where �i ¼ ��
is�id and xq ¼ ðm2

q=M
2
WÞ for all quarks q.

Inserting (35) and (34) in (31) one finds

	K ¼ G2
F

12�2
ffiffiffi
2

p
�MK

�	f
2
KBKmKM

2
W Im½��2

c �cS0ðxcÞ

þ ��2
t �tS0ðxtÞ þ 2��

c�
�
t �ctS0ðxc; xtÞ þ ��2

t0 �t0S0ðxt0 Þ
þ 2��

c�
�
t0�ct0S0ðxc; xt0 Þ þ 2��

t �
�
t0�tt0S0ðxt; xt0 Þ�; (36)

where fK ¼ 160 MeV. The value for BK has been taken
from Ref. [50], in a recent analysis [69,70] the error has
been reduced to& 4%, however, in our analysis we use the
more conservative value mentioned in Table III from [50].

G. Kþ ! �þ� �� decay

The effective Hamiltonian for Kþ ! �þ� �� can be writ-
ten as

H eff ¼ GFffiffiffi
2

p �

2�sin2�w

X
l¼e;�;�

½V�
csVcdX

l
NL þ V�

tsVtdXðxtÞ

þ V�
t0sVt0dXðxt0 Þ�ð�sdÞV�Að ��l�lÞV�A: (37)

The first term is the contribution from the charm sector.

TABLE III. The structure functions S0ðxt0 Þ and S0ðxt; xt0 Þ.
mt0 (GeV) 400 600

S0ðxt0 Þ 9.225 17.970

S0ðxt; xt0 Þ 4.302 5.225

TABLE IV. The QCD correction factor �t0 .

mt0 (GeV) 400 600

�t0 0.522 0.514
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The function XðxÞ is relevant for the top part,

XðxÞ ¼ X0ðxÞ þ �s

4�
X1ðxÞ; (38)

where xq ¼ ðm2
q=M

2
WÞ for all quarks q. Here X0ðxÞ is the

leading contribution given by

X0ðxÞ ¼ x

8

�
� 2þ x

1� x
þ 3x� 6

ð1� xÞ2 lnx

�
; (39)

and X1ðxÞ is the QCD correction. The expression for X1ðxÞ
is given in [64]. The function X can also be written as

Xðxt=t0 Þ ¼ �X:X0ðxt=t0 Þ; �X ¼ 0:994: (40)

Here �X represents the NLO corrections.
The function Xl

NL is the function corresponding to XðxtÞ
in the charm sector. It results from the NLO calculations
and its explicit form is given in [67,71].

The branching fraction of Kþ ! �þ� �� can be written
as follows

BrðKþ ! �þ� ��Þ ¼ �þ
��

Im�t

�5
XðxtÞ þ Im�t0

�5
Xðxt0 Þ

�
2

þ
�
Re�c

�
P0ðXÞ þ Re�t

�5
XðxtÞ

þ Re�t0

�5
Xðxt0 Þ

�
2
�
; (41)

where

�þ ¼ rKþ
3�2 BrðKþ ! �0eþ�Þ

2�2sin4�W

�8; (42)

P0ðXÞ ¼ 1

�4

�
2

3
Xe
NL þ

1

3
X�
NL

�
; (43)

and rKþ ¼ 0:901 summarizes the isospin breaking correc-
tions in relating the Kþ ! �þ� �� to the well-measured
leading decay Kþ ! �0eþ�.

III. PREDICTIONS IN THE SM4

Figure 1 (left panel) shows the correlations between the
CP asymmetries in Bd ! �Ks and Bs ! c� whereas the
right panel shows the variation Sc� with the new phase

�0
s
2; which has already been shown in our previous article

[15] for mt0 ¼ 400, 500, and 600 GeV; here, we have also
included in the plot mt0 ¼ 300 GeV. This is to clarify the
fact that the present data on CP asymmetries tends to favor
a fourth family of quarks with mt0 in the range (400–
600) GeV. In this article, therefore, we will focus mostly
on mt0 � 400–600 GeV when we provide numerical re-
sults for SM4 for some interesting observables related to B
and K systems which could be tested experimentally.

A. Direct CP asymmetry in B ! Xs�

ACP in B ! Xs� is defined as

AB!Xs�
CP ¼ �ð �B ! Xs�Þ � �ðB ! X�s�Þ

�ð �B ! Xs�Þ þ �ðB ! X�s�Þ
(44)

Within the SM, AB!Xs�
CP is predicted to be less than 1% [73–

75]. The most recent SM prediction is [76] (Here we have
calculated the errors by adding all errors given in the
mentioned reference in quadrature)

A
B!Xs�
CP jE�>1:6 GeV ¼ ð0:44þ0:24

�0:13Þ%: (45)

The current world average of A
B!Xs�
CP is ð�1:2� 2:8Þ%

[60], which is consistent with zero or a very small direct
CP asymmetry as we have in the SM. The present experi-
mental uncertainty is still an order of magnitude greater
than the theoretical error. However, a dramatic improve-
ment in the experimental sensitivity is possible at the
upcoming Super-B factories and sensitivity of about
0.4%–0.5% can be achieved [77].
As the CP asymmetry within the SM is less than 1%,

observation of a sizable CP asymmetry would be a clean
signal of new physics. It is expected that the new physics
models with nonstandard CP-odd phases can enhance

AB!Xs�
CP and hence we study AB!Xs�

CP within the framework

of SM4.
The general expression for the CP asymmetry in B !

Xs� is [74]

AB!Xs�
CP ’ 10�2

jCtot
7 ðmbÞj2

f�1:82 Im½Cnew
7 � þ 1:72 Im½Cnew

8 �

� 4:46 Im½Cnew
8 Cnew�

7 �
þ 3:21 Im½	sð1� 2:18Cnew�

7 � 0:26Cnew�
8 Þ�g;

(46)

where

	s ¼ V�
usVub

V�
tsVtb

; (47)

Here the new physics Wilson coefficients Cnew
7;8 are at scale

MW . In SM4,

Cnew
7;8 ¼ V�

t0sVt0b

V�
tsVtb

Ct0
7;8ðMWÞ: (48)

In Fig. 2 we have shown the correlation between CP
asymmetries in ðB ! Xs�Þ and Bs ! J=c� (Sc�). The

current 2� experimental range for Sc� is given by

½�0:90;�0:17� [78]. The SM value for ACPðB ! Xs�Þ
corresponds to Sc� � 0 or in other words �t0

s � 0. It is

easy to understand the nature of the plot i.e. decrease of
ACPðB ! Xs�Þ with increase of Sc�. From the expression

for ACPðB ! Xs�Þ [Eq. (46)], it is clear that in SM the only
contribution to ACP will come from the first part of the
fourth term. In the presence of new phase and new cou-

2Soon after we posted version 1 of our paper, [72] appeared
which also discusses about the phenomenology of SM4. To
facilitate direct comparison with that work we are adding few
extra figures in this revised version.
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pling, the first two terms and the fourth term will contribute
to ACP. Contribution from the first two terms is always
negative and increases (mod value) with the new physics
coupling [within the new physics (NP) region in which we
are interested] whereas the fourth term is always positive
and it has very small increase with the new physics cou-
pling or phase.

B. CP asymmetry in Bs ! Xs‘�

In this section we shall concentrate on semileptonic CP
asymmetry (ASL) in Bs system.3 In general the CP asym-
metry in semileptonic Bs decays defined as

ASL ¼ �½ �Bphys
s ðtÞ ! ‘þX� � �½Bphys

s ðtÞ ! ‘�X�
�½ �Bphys

s ðtÞ ! ‘þX� þ �½Bphys
s ðtÞ ! ‘�X� ; (49)

depends on the relative phase between the absorptive and
dispersive parts of Bs � �Bs mixing amplitude [79]

ASL ¼ Im

�
�12

M12

�
¼ j�s

12j
jMSM

12 j
sin�s

j�sj ; (50)

with �s ¼ argð�Ms
12

�s
12
Þ, the relative phase between Bs � �Bs

mixing and the corresponding b ! c �cs decays and j�sj
parametrizes the NP effect in Ms

12 [6]. j�12=M12j ¼
Oðm2

b=M
2
WÞ suppresses ASL to the percent level, apart

from this there is a GIM suppression factor m2
c=m

2
b reduc-

ing ASL by another order of magnitude. Because of these
suppression factors it is very small in SM, for Bs system it
is Oð10�5Þ. The GIM suppression is lifted if new physics

contributes to argðM12Þ. Therefore, ASL is very sensitive to
new CP phases [80,81]. The situation where new physics
could enhance ASL by a factor Oð10–100Þ makes this
asymmetry a sensitive probe of new physics.
Recently the search for CP violation in semileptonic Bs

decays achieved a much more improved sensitivity
[82,83]:

ASL ¼ ð2:45� 1:96Þ � 10�2

D0 ¼ ð2:00� 2:79Þ � 10�2 CDF:
(51)

Present world average is given by [84],

ASL ¼ ð�0:37� 0:94Þ � 10�2 HFAG: (52)

In near future more precise measurements can exclude SM
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FIG. 2 (color online). Correlation between CP asymmetry in
B ! Xs� and Sc�, the CP asymmetry in Bs ! J=c�; where

the red and blue regions correspond to mt0 ¼ 400 and 600 GeV
whereas horizontal lines represent the SM limit for CP asym-
metry and the vertical lines represent the 2� limit for CP
asymmetry in Bs ! J=c�.
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whereas the vertical lines (black 1-� and red 2-�) represent that for Sc�; in the right panel the
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3We were about to post a short paper reporting our study of
ASL in SM4 when the paper [72] appeared wherein this topic is
also discussed; consequently we are making a very brief addition
of this in version 2 of our paper. Our results agree with Buras
et al. [72].
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prediction if it is much enhanced then the SM prediction. It
is important to note that the scenarios like SM4 can sig-
nificantly affect Ms

12, but not �
s
12, which is dominated by

the CKM-favored b ! c �cs tree-level decays. The leading
contribution to �s

12 was obtained in [79,85]. At present, �
s
12

is known to next-to-leading-order (NLO) in both ��=mb

[86] and �sðmbÞ [87–89], later in 2006 Nierste and Lenz
[6] have improved the NLO calculation for ��s and up-
dated the value for ��s.

In Fig. 3 the sensitivity of semileptonic CP asymmetry
to SM4 is shown and we note an enhancement by a factor
of 100 from its SM prediction of order 10�5. It could have a
value �0:4% and �0:3% corresponding to maximum val-
ues of Sc� for mt0 ¼ 400 and 600 GeV, respectively.

C. CP asymmetry in B ! Xsl
þl�

It is very useful to consider new physics effects in the
observables which are either zero or highly suppressed in
the SM as they constitute null test of the SM [90]. The
reason is that any finite or large measurement of such an
observable may signal the existence of new physics. The
CP asymmetry in B ! Xsl

þl� is one such observable. In
the SM, the CP asymmetry in B ! Xsl

þl� is �10�3

[91,92]. In the SM, the only source of CP violation is the
unique phase in the CKM quark mixing matrix. However in
many possible extensions of the SM, there can be extra
phases contributing to the CP asymmetry. Hence the CP
asymmetry in B ! Xsl

þl� is sensitive to SM4.
The CP asymmetry in B ! Xsl

þl� is defined as

ACPðzÞ ¼ ðdBr=dzÞ � ðdBr=dzÞ
ðdBr=dzÞ þ ðdBr=dzÞ ¼

DðzÞ �DðzÞ
DðzÞ þDðzÞ ; (53)

where Br and Br represent the branching ratio of �B !
Xsl

þl� and its complex conjugate B ! �Xsl
þl� respec-

tively. dBr=dz is given in Eq. (21). The Wilson coefficients

Ctot
7 , Ctot

9 , and Ctot
10 can be written as

Ctot
7 ¼ C7ðmbÞ þ �s

tt0C
t0
7 ðmbÞ; (54)

Ctot
9 ¼ 
1 þ �s

tu
2 þ �s
tt0C

t0
9 ðmbÞ; (55)

Ctot
10 ¼ C10ðmbÞ þ �s

tt0C
t0
10ðmbÞ; (56)

where

�s
tu ¼ �s

u

�s
t

¼ V�
ubVus

V�
tbVts

; (57)

�s
tt0 ¼

�s
t0

�s
t

¼ V�
t0bVt0s

V�
tbVts

; (58)

so that all three relevant Wilson coefficients are complex in
general. The parameters 
i are given by [63]


1 ¼ C9ðmbÞ þ 0:138!ðzÞ þ gðm̂c; zÞð3C1 þ C2 þ 3C3

þ C4 þ 3C5 þ C6Þ � 1
2gðm̂d; zÞðC3 þ 3C4Þ

� 1
2gðm̂b; zÞð4C3 þ 4C4 þ 3C5 þ C6Þ

þ 2
9ð3C3 þ C4 þ 3C5 þ C6Þ; (59)


2 ¼ ½gðm̂c; zÞ � gðm̂u; zÞ�ð3C1 þ C2Þ: (60)

Here

!ðzÞ ¼ � 2

9
�2 � 4

3
Li2ðzÞ � 2

3
lnz lnð1� zÞ

� 5þ 4z

3ð1þ 2zÞ lnð1� zÞ � 2zð1þ zÞð1� 2zÞ
3ð1� zÞ2ð1þ 2zÞ lnz

þ 5þ 9z� 6z2

6ð1� zÞð1þ 2zÞ ; (61)

with
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FIG. 3 (color online). Left panel shows the semileptonic CP asymmetry ASL as a function of j�s
t0 j whereas in the right panel

correlation between ASL and Sc� is shown; red and blue region corresponds to mt0 ¼ 400 and 600 GeV, respectively, the SM value of

ASL (of order 10�5) is too close to zero to be visible in the plot whereas the SM value for Sc� is �0:04.
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Li 2ðzÞ ¼ �
Z z

0
dt

lnð1� tÞ
t

: (62)

The function gðm̂; zÞ represents the one-loop corrections to
the four-quark operators O1 �O6 and is given by [63]

gðm̂; zÞ ¼ �8

9
ln
mb

�b

� 8

9
lnm̂þ 8

27
þ 4

9
x� 2

9
ð2þ xÞj1

� xj1=2
8>><
>>:

�
ln

��������
ffiffiffiffiffiffiffi
1�x

p þ1ffiffiffiffiffiffiffi
1�x

p �1

���������i�

�
; for x	 4m̂2

z < 1

2arctan 1ffiffiffiffiffiffiffi
x�1

p ; for x	 4m̂2

z > 1;

(63)

For light quarks, we have m̂u ’ m̂d ’ 0. In this limit,

gð0; zÞ ¼ 8

27
� 8

9
ln
mb

�b

� 4

9
lnzþ 4

9
i�: (64)

We compute gðm̂; zÞ at �b ¼ mb.
dBr=dz can be obtained from dBr=dz by making the

following replacements:

Ctot
7 ¼ C7ðmbÞ þ �s

tt0C
t0
7 ðmbÞ ! Ctot

7

¼ C7ðmbÞ þ �s�
tt0C

t0
7 ðmbÞ; (65)

Ctot
9 ¼ 
1 þ �s

tu
2 þ �s
tt0C

t0
9 ðmbÞ ! Ctot

9

¼ 
1 þ �s�
tu
2 þ �s�

tt0C
t0
9 ðmbÞ; (66)

Ctot
10 ¼ C10ðmbÞ þ �s

tt0C
t0
10ðmbÞ ! Ctot

10

¼ C10ðmbÞ þ �s�
tt0C

t0
10ðmbÞ: (67)

Then we get [93]

DðzÞ �DðzÞ ¼ 2

�
1þ 2t2

z

�
½Imð�s

tuÞf2ð1þ 2zÞ Imð
1

�
2Þ

� 12C7 Imð
2Þg
þ Ximfð1þ 2zÞCt0

9 þ 6Ct0
7 g�; (68)

DðzÞ þDðzÞ ¼
�
1þ 2t2

z

�
½ð1þ 2zÞfB1 þ 2Ct0

9 ðj�s
tt0 j2

� Ct0
9 þ XreÞg þ 12fB2 þ 2C7C

t0
9 Reð�s

tt0 Þ

þ Ct0
7 ð2j�s

tt0 j2Ct0
9 þ XreÞg� þ 8

�
1þ 2t2

z

�

�
�
1þ 2

z

�
jCtot

7 j2 þ 2

�
ð1þ 2zÞ

þ 2t2

z
ð1� 4zÞ

�
jCtot

10 j2; (69)

where

Xre ¼ 2fReð�s
tt0 ÞReð
1Þ þ Reð�s

tt0�
s�
tuÞReð
2Þg; (70)

Xim ¼ 2fImð�s
tt0 Þ Imð
1Þ þ Imð�s

tt0�
s�
tuÞ Imð
2Þg; (71)

B1 ¼ 2fj
1j2 þ j�s
tu
2j2 þ 2Reð�s

tuÞReð
1

�
2Þg; (72)

B2 ¼ 2C7fReð
1Þ þ Reð�s
tuÞReð
2Þg; (73)

jCtot
10 j2 ¼ ðC10Þ2 þ j�s

tt0 j2ðCt0
10Þ2 þ 2C10C

t0
10 Reð�s

tt0 Þ; (74)

jCtot
7 j2 ¼ ðC7Þ2 þ j�s

tt0 j2ðCt0
7 Þ2 þ 2C7C

t0
7 Reð�s

tt0 Þ: (75)

From the expression for gðm̂; zÞ it is clear that the strong
phase in gðm̂u=d; zÞ and gðm̂c; zÞ is responsible for CP
asymmetry in B ! Xs‘

þ‘� within the SM. gðm̂u=d; zÞ is
complex in both high and low-q2 region whereas gðm̂c; zÞ
is complex only in the high-q2 region. On the other hand,
gðm̂b; zÞ is always real. The SM CP asymmetry in high-q2

region is almost zero since Imð
2Þ is very small, almost one
order in magnitude relative to its value in low-q2 region,
due to the relative cancellations of strong phases in 
2. In
the presence of new physics, 
2 is unaffected but 
1

increases with the new physics coupling. On the other
hand, we have contributions from the second term of
Eq. (69) as a whole the CP asymmetry will increase with
Sc�, as shown in the Fig. 4.

D. FB asymmetry in B ! Xsl
þl�

The quark level transition b ! slþl� is forbidden at the
tree level within the SM and can occur only via one or more
loops. Hence it has the potential to test higher order cor-
rections to the SM and also to constrain many of its
possible extensions. It gives rise to the inclusive decay
B ! Xsl

þl� which has been experimentally observed
[94,95] with a branching ratio close to its SM predictions,
BrðB!Xs‘

þ‘�Þð1<q2<6GeV2Þ¼ð1:63�0:20Þ�10�6
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FIG. 4 (color online). Correlation between CP asymmetry in
B ! Xs‘

þ‘� (high-q2 region) and Sc�. In the SM both the

values are very small and in the plot they correspond to the point
½�0:04; 0:0�. The red and blue regions correspond to mt0 ¼ 400
and 600 GeV whereas the vertical lines represent 2� experimen-
tal range for Sc�.
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and BrðB!Xs‘
þ‘�Þðq2>14:4GeV2Þ¼ ð3:84�0:75Þ�

10�7 [96–98].
Apart from the branching ratio of semileptonic decay,

there are other observables which are sensitive to new
physics contribution to b ! s transition. One such observ-
able is FB asymmetry of leptons in B ! Xsl

þl�. The FB
asymmetry of leptons in BðpbÞ ! XsðpsÞlþðplþÞl�ðpl�Þ is
obtained by integrating the double differential branching
ratio (d2Br=dzd cos�) with respect to the angular variable
cos� [99]

AFBðzÞ ¼
R
1
0 d cos�

d2Br
dzd cos� �

R
0
�1 d cos�

d2Br
dzd cos�R

1
0 d cos�

d2Br
dzd cos� þ

R
0
�1 d cos�

d2Br
dzd cos�

; (76)

where z 	 q2=m2
b 	 ðplþ þ pl�Þ2=m2

b and � is the angle

between the momentum of the B-meson (or the outgoing
s-quark) and that of lþ in the center of mass frame of the
dileptons lþl�. FB asymmetry measures the difference in
the right-chiral and left-chiral couplings of the leptonic
current. FB asymmetry is driven by the top quark [99] and
hence it is sensitive to the fourth generation up type quark
t0.

Within the framework of SM4, the FB asymmetry in
B ! Xsl

þl� is given by

AFBðzÞ ¼ �3

�
1� 4t2

z

�
1=2 EðzÞ

DðzÞ ; (77)

where

EðzÞ ¼ ReðCtot
9 Ctot�

10 Þzþ 2ReðCtot
7 Ctot�

10 Þ; (78)

and DðzÞ is given in Eq. (22).
The FB asymmetry in B ! Xsl

þl� becomes zero for a
particular value of the dilepton invariant mass. Within SM,
the zero of AFBðq2Þ appears in the low q2 region, suffi-
ciently away from the charm resonance region to allow the
precise prediction of its position in perturbation theory.
The value of the zero of the FB asymmetry is one of the
most precisely calculated observables in flavor physics
with a theoretical error of order 5%. The NNLO prediction
for the zero of FB asymmetry is with mb ¼ 4:8 GeV [100]

ðq2Þ0 ¼ ð3:5� 0:12Þ GeV2: (79)

This zero varies from model to model. Thus it can serve as
an important probe to test SM4 experimentally.

As far as experiments are concerned, this quantity has
not been measured as yet. But estimates show that a
precision of about 5% could be obtained at Super-B facto-
ries [77].

From Fig. 5 one can see that the value of z ¼ q2

m2
b

, for

which AFBðzÞ-asymmetry is zero, could be shifted to a
lower value than its SM value (although it is consistent
with the SM within the uncertainty). For mt0 ¼ 400 and

600 GeV, one could have the value for ðq2Þ0 ranging
between ð3:09 ! 3:57Þ GeV2 for mb ¼ 4:8 GeV.

E. FB asymmetry in B ! K�‘þ‘�

The quark level transition b ! s‘þ‘� is responsible for
the exclusive decay B ! K�‘þ‘�. The exclusive decay
B ! K�‘þ‘� has relatively large theoretical errors as
compared to the inclusive decay b ! s‘þ‘� due to the
uncertainty in the determination of the hadronic form
factors appearing in the transition amplitude B ! K�.
However, the exclusive decays are more readily accessible
in the experiments. Therefore despite the large theoretical
errors, the precise measurement of the exclusive decays
could provide hints for possible deviations from the SM.
The decay B ! K�‘þ‘� has been observed at the BABAR
and Belle experiments [101–103]. Within the present ex-
perimental and theoretical precisions, the measured
branching ratio is in agreement with the SM prediction
[97,104]. However the measurements of the invariant di-
lepton mass is sparse. It is expected that the precise mea-
surements of the Dalitz distributions in B ! K�‘þ‘� is
possible at the LHCb and at the Super B factories. In
particular, the measurement of FB asymmetry in B !
K�‘þ‘� is of great importance. This is because the uncer-
tainty due to the form factors is minimal [105].
Within the SM4, the normalized FB asymmetry in B !

K�‘þ‘� is given by [105]

AFBðzÞ ¼ � G2
F�

2m4
B

28�5ðd�=dzÞ jV
�
tsVtbj2z�

�
1� 4m̂2

l

z

�

�
�
ReðCtot

9 Ctot�
10 ÞVA1 þ m̂b

z
ReðCtot

7 Ctot�
10 Þ

� fVT2ð1� m̂K� Þ þ A1T1ð1þ m̂K� Þg
�
; (80)

where
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� ¼ 1þ m̂4
K� þ z2 � 2z� 2m̂2

K� ð1þ zÞ; (81)

z ¼ q2

m2
B

; (82)

m̂ K� ¼ mK�

mB

: (83)

Here ðd�=dzÞ is the B ! K�‘þ‘� differential decay dis-
tributions and its detailed expression can be seen from
Ref. [105]. The form factors Ai, V, Ti are calculated in
the light cone QCD approach and their values are given in
[105].

The zero of FB asymmetry is determined by the equa-
tion,

Re ðCeff
9 ðz0ÞÞ ¼ �2

m̂b

z0
Ceff
7

1� z0
1þm2

K� � z0
; (84)

where z0 corresponds to the value of z for which FB
asymmetry is zero, within SM the value of ðq2Þ0 for mb ¼
4:8 GeV is given by [105]

ðq2Þ0 ¼ z0M
2
B ¼ 2:88þ0:44

�0:28 GeV2: (85)

From the left panel of Fig. 6, it is clear that within the
uncertainty, the zero of the FB asymmetry in the SM4 is
consistent with the SM prediction.

In Table V we have made a comparative study between
SM, SM4 and experimental ranges for AFBðq2Þ in different
q2 region and one could see that the SM and SM4 pre-
dictions are within the present experimental bound. One
interesting feature of data is that for low q2 (first two bins),
the central value (with appreciable errors) of AFB is posi-
tive whereas SM predicts negative AFB for these bins. Note
also that there are deviations between SM and SM4 pre-
dicted FB asymmetries in some regions of q2, for example,
q2 ðGeV2Þ with values in between ð0:6 ! 1:0Þ, ð6:0 !
8:0Þ, and ð16:5 ! 18:0Þ the lower limit of SM4 predicted

values are lower in magnitude than that for SM predictions;
these differences are more prominent for mt0 ¼ 600 GeV
(see Table V).

F. Bs ! lþl� decay

The purely leptonic decays Bs ! lþl�, where l ¼ e, �,
�, are chirally suppressed within the SM and hence have
appreciably smaller branching ratios as compared to that of
the semileptonic decays. The helicity suppression is more
dominant in the case of Bs ! eþe� and Bs ! �þ��
which have branching ratio of �ð7:7� 0:74Þ � 10�14

and �ð3:35� 0:32Þ � 10�9, respectively [106], within
the SM. However, the suppression is evaded to some extent
in the case of Bs ! �þ�� due to the large m�, which has a
branching ratio of �10�7. These decays are yet to be
observed experimentally. The present upper bound on
Bs ! eþe� and Bs ! �þ�� are [60]

Br ðBs ! eþe�Þ< 0:28� 10�6;

BrðBs ! �þ��Þ< 3:60� 10�8:
(86)

As far as the � channel is concerned, the current experi-
mental information is rather poor. Using the LEP data on
B ! �� decays, the indirect bound on BrðBs ! �þ��Þ is
obtained to be [107]

Br ðBs ! �þ��Þ< 5%: (87)

Though the decay Bs ! �þ�� has relatively larger
branching ratio compared to Bs ! eþe� and Bs !
�þ��, its observation will also be extremely difficult as
the reconstruction of � is a very challenging task. However,
the upcoming experiments at the LHC can reach the SM
sensitivity of Bs ! �þ�� and hence it can serve as an
important probe to test the SM and constrain many new
physics models. The LHCb will be able to probe the SM
predictions for Bs ! �þ�� at 3� with 2 fb�1 of data
[108] whereas the ATLAS and CMS will be able to recon-
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struct the Bs ! �þ�� signal at 3� with 30 fb�1 of data
collection [109].

Here we study the decay Bs ! �þ�� and Bs ! �þ��
in the context of SM4.4 Within the SM4, the branching
ratio of Bs ! lþl� is given by

BrðBs ! lþl�Þ ¼ G2
F�

2mBs
m2

l f
2
Bs
�Bs

16�3
jVtbV

�
tsj2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

l

m2
Bs

vuut jCtot
10 j2: (88)

The branching ratio of Bs ! lþl� can be predicted with
higher accuracy by correlating it with the Bs � �Bs mixing
and then considerable uncertainty due to mixing angle and
fBs

gets removed. We have

Br ðBs ! lþl�Þ ¼ 3�2�Bs
m2

l

8�Bbsm
2
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

l

m2
Bs

vuut jCtot
10 j2

j�0j �Ms;

(89)

where Bbs is the ‘‘bag parameter’’ for Bs mesons for which
the lattice result is given by [110],

Bbs ¼ 1:33� 0:06; (90)

however, in order to be conservative we use the value
1:33� 0:15. In Eq. (89) the parameter �0 is defined as

�0 ¼
�
�tS0ðxtÞ þ �t0

ðVt0sV
�
t0bÞ2

ðVtsV
�
tbÞ2

S0ðxt0 Þ

þ 2�tt0
ðVt0sV

�
t0bÞ

ðVtsV
�
tbÞ

S0ðxt; xt0 Þ
�
: (91)

In Fig. 7 we have shown the correlation between the
branching fraction BrðBs ! ‘þ‘�Þ and CP asymmetry in
Bs ! c�, it is clear that there are possibilities for appre-
ciably different predictions in SM4 compared to SM, en-
hanced or diminished by a factor of Oð3Þ. Note also that
enhanced branching fractions correspond to a large CP
asymmetry in Bs ! c� and smaller branching fractions
correspond to smaller asymmetry. The corresponding

upper limit on the branching fractions are given by,

BrðBs ! �þ��Þ< 8:0� 10�9 mt0 ¼ 400 GeV;

< 1:2� 10�8; mt0 ¼ 600 GeV;

BrðBs ! �þ��Þ< 1:8� 10�6 mt0 ¼ 400 GeV;

< 2:4� 10�6; mt0 ¼ 600 GeV:

(92)

However, when Sc� is close to its SM value, i.e. when the

CP violating phase �s
t0 of Vt0s is close to zero, the branch-

ing fractions reduce from their SM value since jCtot
10 j and �0

in Eq. (91) are reduced from its SM value due to destruc-
tive interference with SM4 counterpart.

G. Branching fraction B ! Xs� ��

The decays B ! Xs� �� are the theoretically cleanest
decays in the field of rare B-decays. They are dominated
by the same Z0-penguin and box diagrams involving top
quark exchanges which we encounter in the case of KL !
�0� ��, since the change of the external quark flavors has no
impact on the mt=t0 dependence, the later is fully described

by the function Xðxt=t0 Þ which includes the NLO correc-

tions. The charm contribution is negligible here. The ef-
fective Hamiltonian for the decay B ! Xs� �� is given by 5

H eff ¼ GFffiffiffi
2

p �

2�sin2�w

ðV�
tbVtsXðxtÞ þ V�

t0sVt0dXðxt0 ÞÞ

� ð �bsÞV�Að ���ÞV�A þ H:c: (93)

with

XðxÞ ¼ x

8

�
2þ x

x� 1
þ 3x� 6

ðx� 1Þ2 lnx

�
: (94)

The calculation of the branching fractions for B ! Xs� ��
can be done in the spectator model corrected for short-
distance QCD effects. Normalizing it to BrðB ! Xc� ��Þ
and summing over three neutrino flavors one finds [64,111]

TABLE V. Values of FB asymmetry in different q2 region.

q2 ðGeV2=c2) AFB

exp SM m0
t ¼ 400 GeV m0

t ¼ 600 GeV
0.6–1.0 0:47þ0:26

�0:33 (� 0:18 ! �0:19) (� 0:13 ! �0:19) (� 0:08 ! �0:19)
1.0–6.0 0:26þ0:28

�0:31 (� 0:2 ! 0:2) (� 0:2 ! 0:2) (� 0:2 ! 0:2)
6.0–8.0 0:45þ0:21

�0:26 (0:19 ! 0:30) (0:17 ! 0:28) (0:11 ! 0:30)
16.5–18.0 0:66þ0:12

�0:16 (0:28 ! 0:49) (0:25 ! 0:45) 0:15 ! 0:47
18.0–19.5 For (q2 > 16) (0:003 ! 0:30) (0:003 ! 0:27) 0:003 ! 0:28

4As mentioned in the introduction, the contribution to these
processes from 4th generation heavy leptons is being neglected
here.

5As mentioned in the introduction, the contribution to these
processes from 4th generation heavy leptons is being neglected
here.
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BrðB ! Xs� ��Þ
BrðB ! Xce ��Þ ¼

3�2

4�2sin4�W

��

fðzÞ�ðzÞ
1

jVcbj2
j�tXðxtÞ

þ �t0Xðxt0 Þj2

¼
~C2 ��

jVcbj2fðzÞ�ðzÞ
; (95)

where

~C 2 ¼ ð ~CSMÞ2
��������1þ

V�
t0bVt0s

V�
tbVts

X0ðxt0 Þ
X0ðxtÞ

��������
2

; (96)

with

ð ~CSMÞ2 ¼ �2

2�2sin4�W

jV�
tbVtsX0ðxtÞj2: (97)

The factor �� represents the QCD correction to the matrix
element of the b ! s� �� transition due to virtual and
bremsstrahlung contributions and is given by the well-
known expression

�� ¼ �ð0Þ ¼ 1þ 2�sðmbÞ
3�

�
25

4
� �2

�
� 0:83: (98)

The SM4 predicted branching fraction (Fig. 8) BrðB !
Xs� ��Þ could be sufficiently larger than its SM limit,
ð3:66 ! 4:01Þ � 10�5 [64] within the uncertainties, for
values of Sc� sufficiently away from its SM predictions.

We are constraining �s
t ¼ VtbV

�
ts using CKM4 unitarity

with �s
t0 ¼ Vt0bV

�
t0s as free parameter, with the change of

phase and amplitude of �s
t0 , j�s

t j increases from its SM

value resulting an overall enhancement of BrðB ! Xs� ��Þ
from its SM prediction. For values of �s

t0 close to 80�, the
terms within modulus in Eq. (96) and (97) have their
maximum values and so the branching fraction is suffi-
ciently larger than its SM prediction and reach its maxi-
mum value 4:8� 10�5. In passing, we note incidentally
that the upper limit that we have obtained for SM4 is
consistent with that obtained in Ref. [112], in models
with minimal flavor violation (MFV), and with the present
experimental bound 6:4� 10�4 [113].

H. Branching fraction Kþ ! �þ� ��

Although we have taken branching fraction for Kþ !
�þ� �� as a constrain to fit VCKM4, in Fig. 9 we show the
effect of SM4; note that in the left panel only the 1� range
for the branching fraction using the constraints given in the
Table I [except BrðKþ ! �þ� ��Þ] is shown.6
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FIG. 7 (color online). Correlation between branching fraction in Bs ! �þ�� (left panel) and Bs ! �þ�� (right panel) with Sc�,
where the red and blue regions correspond to mt0 ¼ 400 and 600 GeV, respectively, the horizontal lines represent the SM limit for
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6The right panel is added in our version 2 to facilitate direct
comparison with [72].
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From Fig. 9 one could see that the BrðKþ ! �þ� ��Þ
could be enhanced to its present experimental upper limit.
In order to understand the nature of the plot one needs to
concentrate on Eq. (41), and it is important to note that
BrðKþ ! �þ� ��Þ is dominated by the second term of the
expression i.e. the term proportional to Reð�qÞ it should
also be noted that the SM and SM4 part for each term has a
relative sign difference. When �ds

t0 is negative [i.e. when

�d
t0 has values in between (0–80)�] and �ds

t0 > 270� the

branching fraction will decrease because of the destructive
interference between SM and SM4 part in the second term
of Eq. (41). For �ds

t0 in between (90–180)� the branching

fraction have values above the SM value it is due to
constructive interference between SM and SM4 in the
second term of Eq. (41).

Present NNLO predictions for branching fraction for
Kþ ! �þ� �� within SM is given by [114]

Br ðKþ ! �þ� ��Þ ¼ ð8:5� 0:7Þ � 10�11; (99)

and the SM4 1� limit on BrðKþ ! �þ� ��Þ is given by

BrðKþ ! �þ� ��Þ ¼ ð4:0 ! 12:0Þ � 10�11;

mt0 ¼ 400 GeV;

BrðKþ ! �þ� ��Þ ¼ ð4:0 ! 13:0Þ � 10�11;

mt0 ¼ 600 GeV: (100)

Again these upper limits are consistent with the 95%
confidence level limit obtained in Ref. [112] calculated
in the MFV model.

I. Branching fraction KL ! �0� ��

The effective Hamiltonian for KL ! �0� �� can be writ-
ten as

H eff ¼ GFffiffiffi
2

p �

2�sin2�w

ðV�
tsVtdXðxtÞ þ V�

t0sVt0dXðxt0 ÞÞ

� ð �sdÞV�Að ���ÞV�A þ H:c: (101)

Within SM KL ! �0� �� decay, proceeds almost entirely
through CP violation, is completely dominated by short-
distance loop diagrams with top quark exchanges, here the
charm contribution can be fully neglected.
The branching fraction of KL ! �0� �� can be written as

follows

Br ðKL ! �0� ��Þ ¼ �L:

��
Im�t

�5
XðxtÞ þ Im�t0

�5
Xðxt0 Þ

�
2
�
;

(102)

with

�L ¼ rKL

rKþ

�ðKLÞ
�ðKþÞ�þ ¼ 1:80� 10�10; (103)

�þ and rKL
¼ 0:944 summarizing isospin breaking correc-

tions in relating KL ! �0� �� to Kþ ! �0eþ�. The current
value of branching fraction for KL ! �0� �� with SM is
given by [114]

Br ðKL ! �0� ��Þ ¼ ð2:76� 0:40Þ � 10�11: (104)

In Fig. 10, the variation of branching fraction BrðKL !
�0� ��Þ with the phase �ds

t0 is shown.7 We note that with the

constraint on BrðKþ ! �þ� ��Þ (Table I), while, in princi-
ple BrðKL ! �0� ��Þ could be enhanced as much as 1:2�
10�9 (right panel Fig. 10), the expected 1� range in SM4
(left panel Fig. 10) is only to 7� 10�11, however, at 95%
CL the value could be enhanced to 8� 10�10. The branch-
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FIG. 9 (color online). Plot between the branching fraction of Kþ ! �þ� �� with �ds
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experimental limit, red and blue region corresponds to mt0 ¼ 400 and 600 GeV, respectively, the green and black horizontal lines
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7The right panel is added in our revised version to facilitate
direct comparison with [72].
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ing fraction has its maximum value when the phase�ds
t0 has

the value �90� and 270� since SM4 contribution picks up
its maximum value at those points [Eq. (102)].

The SM4 1� limit on BrðKL ! �0� ��Þ is given by

BrðKL ! �0� ��Þ ¼ ð1:0 ! 5:2Þ � 10�11;

mt0 ¼ 400 GeV;

BrðKL ! �0� ��Þ ¼ ð1:0 ! 6:2Þ � 10�11;

mt0 ¼ 600 GeV; (105)

the upper limits are consistent with the limit calculated in
Ref. [112].

J. CP violation in B ! �K modes

The observed data from the currently running two asym-
metric B factories are almost consistent with the SM
predictions and till now there is no compelling evidence
for new physics. However, there are some interesting de-
viations from the SM associated with the b ! s transitions,
which provide us with possible indication of new physics.
For example, the mixing induced CP asymmetries in many
b ! s �qq penguin-dominated modes do not seem to agree
with the SM expectations. The measured values in such
modes follow the trend Ss �qq < sin2� [5,60], whereas in the

SM they are expected to be similar [115,116]. In this
context, B ! �K decay modes, which receive dominant
contributions from b ! s mediated QCD penguins in the
SM, provide another testing ground to look for new
physics.

The first one is the difference in direct CP asymmetries
in B� ! �0K� and �B0 ! �þK� modes. These two
modes receive similar dominating contributions from tree
and 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 factori-

zation approach, the difference between these asymmetries
is found to be [3]

�ACP ¼ AK��0 �AK��þ ¼ ð2:5� 1:5Þ% (106)

whereas the corresponding experimental value [60] is

�ACP ¼ ð14:8� 2:8Þ%; (107)

which yields nearly 4� deviation.
The second anomaly is associated with the mixing-

induced CP asymmetry in B0 ! �0K0 mode. The time-
dependent CP asymmetry in this mode is defined as

�ð �B0ðtÞ ! �0KsÞ � �ðB0ðtÞ ! �0KsÞ
�ð �B0ðtÞ ! �0KsÞ þ �ðB0ðtÞ ! �0KsÞ
¼ A�0Ks

cosð�MdtÞ þ S�0Ks
sinð�MdtÞ; (108)

and in the pure QCD penguin limit one expects A�0Ks
� 0

and S�0Ks
� sinð2�Þ. Small nonpenguin contributions do

provide some corrections to these asymmetry parameters
and it has been shown in Refs. [117–119] that these cor-
rections generally tend to increase SK�0 from its pure
penguin limit of ( sin2�) by a modest amount i.e., S�0Ks

�
0:8. Recently, using isospin symmetry it has been shown in
[120–122] that the standard model favors a large S�0Ks

�
0:99.
However, the recent results from Belle [123] and BABAR

[124] are

A�0Ks
¼ 0:14� 0:13� 0:06;

S�0Ks
¼ 0:67� 0:31� 0:08 ðBelleÞ

A�0Ks
¼ �0:13� 0:13� 0:03;

S�0Ks
¼ 0:55� 0:20� 0:03 ðBABARÞ

(109)

with average
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FIG. 10 (color online). The branching fraction of KL ! �0� �� versus �ds
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t0 in SM4, red and blue region corresponds to
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A�0Ks
¼ �0:01� 0:10; S�0Ks

¼ 0:57� 0:17: (110)

As seen from (110), the observed value of S�0Ks
is found to

be smaller than the present world average value of sin2� ¼
0:672� 0:024 measured in b ! c �cs transitions [60] by
nearly 1� and the deviation from the SM expectation given
above is possibly even larger. This deviation which is
opposite to the SM expectation, implies the possible pres-
ence of new physics in the B0 ! K0�0 decay amplitude. In
the SM, this decay mode receives contributions from QCD
penguin (P), electroweak penguin (PEW), and color-
suppressed tree (C) diagrams, which follow the hierarch-
ical pattern P:PEW:C ¼ 1:�:�2, where � � 0:2257 is the
Wolfenstein expansion parameter. Thus, accepting the
above discrepancy seriously one can see that the electro-
weak penguin sector is the best place to search for new
physics.

To account for these discrepancies here we consider the
effect of sequential fourth generation quarks [20,44–47]. In
the SM, the relevant effective Hamiltonian describing the
decay modes B ! �K is given by

H SM
eff ¼ GFffiffiffi

2
p

�
VubV

�
usðC1O1 þ C2O2Þ � VtbV

�
ts

X10
i¼3

CiOi

�
:

(111)

With a sequential fourth generation, the Wilson coeffi-
cients Ci’s will be modified due to the new contributions
from t0 quark in the loop. Furthermore, 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, including the fourth generation and replacing
�t ¼ �ð�u þ �c þ �t0 Þ, the modified Hamiltonian be-
comes

H eff ¼ GFffiffiffi
2

p
�
�uðC1O1 þ C2O2Þ

� �t

X10
i¼3

CiOi � �t0
X10
i¼3

Ct0
i Oi

�

¼ GFffiffiffi
2

p
�
�u

�
C1O1 þ C2O2 þ

X10
i¼3

CiOi

�

þ �c

X10
i¼3

CiOi � �t0
X10
i¼3

�CiOi

�
; (112)

where �Ci’s are the effective (t subtracted) t0
contributions.
Thus, one can obtain the transition amplitudes in the

QCD factorization approach as [39,40]

ffiffiffi
2

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

X
p¼u;c

�p

�
A� �Kð�p

4 þ �p
4;EW þ �p

3 þ �p
3;EWÞ þ

3

2
A �K��

p
3;EW

�

� �t0

�
A� �Kð��4 þ��4;EW þ ��3 þ ��3;EWÞ þ 3

2
A �K���3;EW

�
;

Að �B0 ! �þK�Þ ¼ �uðA� �K�1Þ þ
X

p¼u;c

�pA� �K

�
�p
4 þ �p

4;EW þ �p
3 �

1

2
�p

3;EW

�

� �t0A� �K

�
��4 þ ��4;EW þ ��3 � 1

2
��3;EW

�
;

ffiffiffi
2

p
Að �B0 ! �0 �K0Þ ¼ �uA �K��2 þ

X
p¼u;c

�p

�
A� �K

�
��p

4 þ
1

2
�p
4;EW � �p

3 þ
1

2
�p

3;EW

�
þ 3

2
A �K��

p
3;EW

�

� �t0

�
A� �K

�
���4 þ 1

2
��4;EW � ��3 þ 1

2
��3;EW

�
þ 3

2
A �K���3;EW

�
; (113)

where

A� �K ¼ i
GFffiffiffi
2

p M2
BF

B!�
0 fK and

A �K� ¼ i
GFffiffiffi
2

p M2
BF

B!K
0 f�:

(114)

These amplitudes can be symbolically represented as

Amp ¼ �uAu þ �cAc � �t0At0 : (115)

�’s contain the weak phase information and Ai’s are asso-
ciated with the strong phases. Thus one can explicitly

separate the strong and weak phases and write the ampli-
tudes as

Amp ¼ �cAc½1þ raeið�1��Þ � r0beið�2þ�sÞ�; (116)

where a ¼ j�u=�cj, b ¼ j�t0=�cj,�� is the weak phase of
Vub and �s is the weak phase of �t0 . r ¼ jAu=Acj, r0 ¼
jAt0=Acj, and �1 (�2) is the relative strong phases between
Au and Ac (At0 and Ac). From these amplitudes one can
obtain the direct and mixing induced CP asymmetry pa-
rameters as
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A�K ¼ 2½ra sin�1 sin�þ r0b sin�2 sin�s þ rr0ab sinð�2 � �1Þ sinð�þ�sÞ�
½Rþ 2ra cos�1 cos�� 2r0b cos�2 cos�s � 2rr0ab cosð�2 � �1Þ cosð�þ�sÞ� ;

S�K ¼ X

Rþ 2ra cos�1 cos�� 2r0b cos�2 cos�s � 2rr0ab cosð�2 � �1Þ cosð�þ�sÞ ;
(117)

where R ¼ 1þ ðraÞ2 þ ðr0bÞ2 and
X ¼ sin2�þ 2ra cos�1 sinð2�þ �Þ

� 2r0b cos�2 sinð2���sÞ þ ðraÞ2 sinð2�þ 2�Þ
þ ðr0bÞ2 sinð2�� 2�sÞ � 2rr0ab cosð�2 � �1Þ
� sinð2�þ ���sÞ: (118)

To find out the new contributions due to the fourth
generation effect, first we have to evaluate the new

Wilson coefficients Ct0
i . The values of these coefficients

at the MW scale can be obtained from the corresponding
contributions from the t quark by replacing the mass of t
quark in the Inami-Lim functions [125] by t0 mass. These
values can then be evolved to the mb scale using the
renormalization group equation [67]

~CðmbÞ ¼ U5ðmb;MW;�Þ ~CðMWÞ; (119)

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 [67]. The values of �Ci¼1�10ðmbÞ in the NLO approxi-
mation and the coefficients of the dipole operators Ceff

7� and

Ceff
8g in the LO for different mt0 values are presented in

Table VI.
For numerical evaluation, we use input parameters as

follows. For the form factors and decay constants we use
FB!K
0 ð0Þ ¼ 0:34� 0:05, FB!�

0 ð0Þ ¼ 0:28� 0:05, f� ¼
0:131 GeV, fK ¼ 0:16 GeV and for Gegenbauer moments
we use �B ¼ 350� 150 MeV [40]. We varied the hard
spectator and annihilation phases �A;H in the entire range

i.e., between ½��;��, imposing the constraint that the
corresponding branching ratios should be within the three

sigma experimental range. Also we have included 20%
uncertainty in �QCD i.e., we varied �QCD ¼ 225 MeV
from its nominal value in SM3 [40] by �45 MeV, which
enters in the hard spectator contribution.8 Since �B and
�QCD were previously fixed to 200 MeV and 225 MeV,

respectively, to fit the data interpreted in SM3, it may not
be unreasonable to assume small changes for SM4. For the
CKM matrix elements we use values as given in the
Table III. We have also used the range of �t0 and �s as
obtained from the fit for different mt0 .
Using these values we show the allowed regions in the

�ACP � �t0 plane for different values of mt0 in Fig. 11 and
we note that an enhancement in �ACP upto the current 1�
experimental upper bound ( � 17:6%) is possible for
largeish strong phases, �A;H � ð�45 ! �90Þ�. The cor-

relation plots between mixing induced and direct CP
asymmetry parameters in B0 ! �0K0 modes are shown
in Fig. 12.

K. CP violation in B0 ! �0�0 modes

As discussed earlier there exists several hints for the
possible existence of new physics in the b ! s sector. So
the next obvious question is: Do the b ! d penguin am-
plitudes also have significant new physics contribution?
The present data does not provide any conclusive answer to
it. The obvious example is the B ! �� processes, which
receive dominant contribution from b ! u tree and from
b ! d penguin diagrams. The present data [60] are pre-
sented in Table VII. Thus, it can be seen that the measured
value of BrðB0 ! �0�0Þ is nearly 2 times larger than the
corresponding theoretical predictions [40,126]. Also the
measured values of direct CP asymmetry parameters
A�þ�� and A�0�0 are higher than the corresponding SM
predictions [40]. Thus, the discrepancy between the theo-
retical and the measured quantities imply that there may
also be some new physics effect in the b ! d penguins as
speculated in b ! s penguins.
Let us first write down the most general topological

amplitudes for B ! �� modes asffiffiffi
2

p
AðBþ ! �þ�0Þ ¼ �ðT þ Cþ PewÞ;
AðB0 ! �þ��Þ ¼ �ðT þ PÞ;ffiffiffi
2

p ðB0 ! �0�0Þ ¼ �ðC� ðP� PewÞÞ:
(120)

TABLE VI. Values of the Wilson coefficients �Ci’s at differ-
ent b-mass scale.

mt0 (in GeV) 400 600

�C3ðmbÞ 0.628 1.471

�C4ðmbÞ �0:274 �0:578
�C5ðmbÞ 0.042 0.086

�C6ðmbÞ �0:206 �0:362
�C7ðmbÞ 0.443 1.072

�C8ðmbÞ 0.168 0.407

�C9ðmbÞ �1:926 �4:465
�C10ðmbÞ 0.433 1.005

�Ceff
7�ðmbÞ �5:667 �7:239

�Ceff
8g ðmbÞ �1:452 �1:728

8The corresponding choices in the scenario S4 of [40] are
given by FB!K

0 ð0Þ ¼ 0:31, FB!�
0 ð0Þ ¼ 0:25, f� ¼ 0:131 GeV,

fK ¼ 0:16 GeV, �B ¼ 200 MeV, �A;H ¼ �55�, and �QCD ¼
225 MeV

SONI et al. PHYSICAL REVIEW D 82, 033009 (2010)

033009-18



From the above relations it can be seen that if there will be
additional new contribution to the penguin sector with
other amplitudes as expected in SM4 then that may explain
B ! �� observations.

As discussed earlier, due to the presence of the addi-
tional generation of quarks the unitarity condition becomes

�u þ �c þ �t þ �t0 ¼ 0. Thus, including the new contri-
butions one can symbolically represent these amplitudes as

Amp ¼ �d
uA

d
u þ �d

cA
d
c � �d

t0Anew

¼ �d
uA

d
u½1� r1a1e

ið�d
1
þ�Þ � r01b1e

ið�d
2
þ�dÞ�; (121)

where b1 ¼ j�d
t0=�

d
uj, �d is the weak phase of �0d

t . r
0
1 ¼

jAnew=A
d
uj, and �d

2 is the relative strong phases between

Anew and Ad
u. Thus from the above amplitude one can

obtain the CP averaged branching ratio, direct and mixing
induced CP asymmetry parameters as

Br ¼ jpc:mj�B
8�M2

B

½R1 � 2r1a1 cos�
d
1 cos�� 2r01b1 cos�

d
2 cosð�d þ �Þ þ 2r1r

0
1a1b1 cosð�d

2 � �d
1Þ cos�d�;

A�� ¼ 2½r1a1 sin�d
1 sin�þ r01b1 sin�

d
2 sinð�d þ �Þ þ r1r

0
1a1b1 sinð�d

1 � �d
2Þ sin�d�

½R1 � 2r1a1 cos�
d
1 cos�� 2r01b1 cos�

d
2 cosð�d þ �Þ þ 2r1r

0
1a1b1 cosð�d

2 � �d
1Þ cos�d�

;

S�� ¼ X1

½R1 � 2r1a1 cos�
d
1 cos�� 2r01b1 cos�

d
2 cosð�d þ �Þ þ 2r1r

0
1a1b1 cosð�d

2 � �d
1Þ cos�d�

;

(122)

TABLE VII. Experimental results for B ! �� processes.

Decay mode HFAG average

106 � BrðB0 ! �þ��Þ 5:16� 0:22
106 � BrðB� ! ���0Þ 5:59� 0:41
106 � BrðB0 ! �0�0Þ 1:55� 0:19
S�þ�� �0:65� 0:07
A�þ�� 0:38� 0:06
A���0 0:06� 0:05
A�0�0 0:43þ0:25

�0:24
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FIG. 12 (color online). Correlation plots between the mixing induced CP asymmetry S�0Ks
and the direct CP asymmetry A�0Ks

in
the SM (left panel) and in the fourth generation model (right panel) where the red and blue regions correspond to mt0 ¼ 400 and
600 GeV. The horizontal and vertical lines represent 1� experimental allowed ranges.
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shaded regions correspond to the uncertainties due to hadronic
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where

X1 ¼ �½sinð2�þ 2�Þ � 2r1a1 cos�
d
1 sinð2�þ �Þ

þ 2r01b1 cos�
d
2 sinð�d � ð2�þ �ÞÞ

þ ðr1a1Þ2 sinð2�Þ þ ðr01b1Þ2 sinð2�d � 2�Þ
� 2r1r

0
1a1b1 cosð�d

1 � �d
2Þ sinð�d � 2�Þ�: (123)

and R1 ¼ 1þ ðr1a1Þ2 þ ðr01b1Þ2. Now varying �d
t0 be-

tween 0 and 1:5� 10�4 and �d between (0–360)� we
present the correlation plot between the direct CP asym-
metry parameter and branching ratio in Fig. 13. From the
figure one can see that the observed data could be accom-
modated in the SM with four generations.

IV. SUMMARYAND OUTLOOK

Standard model with four generations should be consid-
ered seriously. We do not have a good understanding of
fermion generations. We have already seen three; why not
the fourth? Electroweak precision tests do not rule out the
existence of a fourth family, though they do require that the
mass difference between the t0 and the b0 be less than about
75 GeV. This degeneracy amounting to Oð10%Þ for �
500 GeV masses does not seem so serious. Of course,
the electroweak precision tests suggest then a possible
heavy Higgs particle but this actually may be hinting at a
very interesting resolution to the hierarchy puzzle. This is
because heavier quarks of the 4th generation can play a
significant role in dynamical electroweak-symmetry break-
ing, i.e. a composite Higgs particle.

Another extremely interesting implication of a 4th fam-
ily is the gigantic improvement over the three generation
case in the context of baryogenesis, as, in particular, em-
phasized by Hou [17].

These two implications of a 4th family are in themselves
so interesting, if not profound, that even though at this time
the repercussions for dark matter and/or unification are not
quite clear, the idea should be given a serious
consideration.
Although one of us (A. S.) had gotten already interested

and involved in the physics of the 4th generation over 20
years ago, our recent interest was instigated by the fact that
this obvious extension of the standard model offers a
simple solution to many of the anomalies that have been
seen in B, Bs decays. For one thing the predicted value of
sin2� in the SM is coming out to be too high from the one
directly measured via the gold-plated cKs mode. Besides,
the value of sin2� measured via many of the penguin-
dominated modes is systematically coming out to be
smaller than the predicted value. Then there is the very
large difference in the direct CP asymmetry between
Kþ�� and Kþ�0 decays of the B0 and Bþ. Finally, there
is the fact that both CDF and D0 find that Bs ! c� decays
are exhibiting Oð2�Þ nonvanishing CP asymmetries
whereas SM predicts vanishing small asymmetry.
The effect seen in Bs ! c� at Fermilab is doubly

significant. First of all two of the anomalies discussed
above that were seen at B-factories taken seriously suggest
a nonstandard CP-odd phase in b ! s transitions. That
then makes it extremely difficult, if not impossible, for
new physics not to show up as well in Bs mixing; thus the
B-factory anomalies basically imply nonstandard CP ef-
fects in mixing induced CP-asymmetry in Bs ! c�. The
second crucial aspect of the CP asymmetry in Bs ! c� is
that it is a gold-plated effect; that is, the fact that in the SM
CP asymmetry in that mode should be vanishingly small is
a very clean prediction with no serious hadronic uncer-
tainty. Therefore, it is extremely important that Fermilab
gives very high priority to confirming or refuting this
effect. In fact very soon the LHCb experiment at CERN
should also be able to study this mode and clarify this issue.
In an earlier paper we had focused on studying the CP

anomalies seen in B, Bs decays in SM4 mentioned above;
we found that the SM4 offers a simple explanation for most
of the anomalies with the heavy quarks of mass around
400–600 GeV. This paper is a follow up wherein we further
explore the implications of SM4 for K and B, Bs decays.
By using a host of measurements in K, B, Bs decays such
as indirect CP violation parameter 	K, K

þ ! �þ� ��, mix-
ing induced CP asymmetry in B ! cKs, BrðB ! Xs�Þ,
semileptonic decays of B etc. along with oblique parame-
ters and BrðZ ! b �bÞ, we first constrained the enlarged 4�
4 CKM-matrix. We then explored the implications of the
SM4 for a variety of processes such as aCPðB ! Xs�Þ,
BrðBs ! �þ��Þ, aCPðB ! Xsl

þl�Þ, ASLðBs ! Xs‘�Þ,
AFBðB ! Xsl

þl�Þ, AFBðB ! K�lþl�Þ, BrðB ! Xs� ��Þ,
CP asymmetries in B ! �0Ks and in B ! �0�0, etc.
We identified many processes wherein SM4 predicts sig-
nificant differences from SM3, e.g. SðBs ! c�Þ,
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FIG. 13 (color online). The correlation plot between the direct
CP asymmetry and the CP-averaged branching ratio for the
B0 ! �0�0 process where the grey region corresponds to the
SM result and the red and blue regions correspond to mt0 ¼ 400
and 600 GeV, respectively. The horizontal and vertical lines
represent the 1-� experimental range of the corresponding
observables.
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aCPðB ! Xs�Þ, aCPðB ! Xsl
þl�Þ, ASLðBs ! Xs‘�Þ,

BrðB ! Xs� ��Þ, BrðBs ! �þ��Þ, BrðKL ! �0� ��Þ, etc.;
thus studies therein should especially provide further
understanding of the parameter space of SM4.

One of the most interesting aspects of the 4th generation
hypothesis is that it is testable relatively easily in the LHC
experiments where in fact it has distinctive signatures [17].
In the coming few years not only should we be able to learn
about the existence or lack thereof of quarks and leptons of
the 4th family, the heavier Higgs that is also favored in the
SM4 scenario should be easier to search for in the LHC
experiments via the gold-plated mode: H ! ZZ. Also the
heavy Higgs has interesting implications for flavor-
diagonal and flavor-changing final states involving t0 and/
or b0 [127]. Therefore, LHC should shed significant light
on the question of SM4 in the next few years.
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Note added in proof.—After our paper was submitted,

the D0 experiment at Fermilab [128,129] announced the
observation of a CP violating dimuon asymmetry, Ab

sl ¼
�0:009 57� 0:002 51� 0:001 46, which apparently devi-
ates from the expectation of the standard model,
Ab
slðSMÞ ¼ ð�2:3þ0:5

�0:6Þ � 10�4, by about 3:2�. The mea-

sured asymmetry is a linear combination of the asymmetry
in Bd and in Bs. Using then the measured asymmetry in Bd

from the B factories [130], the D0 Collaboration shows the
asymmetry in Bs mixing is assl ¼ �0:0146� 0:0075,
where the stated error is obtained by adding in quadrature
statistical and systematic errors. This measurement differs
from the SM prediction of asslðSMÞ ¼ ð2:1� 0:6Þ � 10�5

by about 1:9�. We want to draw attention to the fact that
Fig. 3 in our paper shows that assl in SM4 can reach around

�0:003 and thus can be a lot bigger than in SM3 but still
seems to be somewhat smaller than the central value of the
D0 result.
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