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We calculate the branching ratios for B! �b1; h1�� at next-to-leading order (NLO) of �s where b1 and
h1 are the corresponding orbitally excited axial vector mesons of � and ! respectively. Using the SU�3�
symmetry for the form factors, the branching ratio for B! �b1; h1�� is expressed in terms of the
branching ratio of the B! K1� and it is found to be B�B! b1�� � 0:53� 10�6 and B�B! h1�� �
0:51� 10�6. We also calculate direct CP-asymmetry for these decays and find that its typical values lies
around 11% and is negative like � and ! in the standard model. The predicted value of CP-asymmetry, in
confirmity with the observations made in the literature, is scale dependent which has also been discussed
in detail.
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I. INTRODUCTION

The Flavor-Changing-Neutral-Current (FCNC) pro-
cesses which cause b! s� and b! d� decays may con-
tain new physics (NP) effects through penguin amplitudes.
As the SM effects represent the background when we
search for NP effects, we shall compute these effects. In
doing so, we can understand the sensitivity of each NP
search.

The first experimental evidence of this FCNC transition
process in B decay was observed about a decade ago,
where the inclusive process b! s� and exclusive process
B! K�� were detected, and their branching ratios were
measured [1,2]. On the other hand, the expected branching
ratio for b! d� is suppressed by O�10�2� with respect to
the b! s�, because of the Cabbibo-Kobayashi-
Masukawa quark mixing matrix factor (CKM). The world
average for b! d penguin decays are given as follows: [3]
 

B�B! �0�� � �0:38� 0:18� � 10�6

B�B! !�� � �0:54�0:23
�0:21� � 10�6

B�B� ! ���� � �0:68�0:36
�0:31� � 10�6:

(1)

Theoretically, B! ��;!�� are widely studied both
within and beyond the SM [4,5]. Now after the first mea-
surement of BELLE for the decay B! K1�, where K1 are
the higher resonances of kaon [6], these higher states
become a subject of topical interest for the theoreticians.
These decays have been studied widely in the literature [7–
10]. Recently, the leading-twist LCDAs as well as the first
few Gegenbauer moments of 11P1 mesons, b1�1235� and
h1�1170�, which are the axial vector states of the � and !
mesons have been studied [11]. It is pointed out that these
LCDAs are not only important to explore the tensor-type
new-physics in B decays but also for B! 11P1� studies.

In this paper the branching ratios for B! �b1; h1�� at
NLO of �s are calculated using the LEET approach
[12,13]. We follow the same frame work as was done by
Ali et al. [14] for B! ��;!��, because B! �b1; h1��
shares many things with it. The only difference is the DA
for the daughter meson. As b1 and h1 are axial vectors and
are distinguished from vectors by the �5 in the gamma
structure of DA and some non perturbative parameters. But
the presence of �5 does not alter the calculation, give the
same result for the perturbative part. The higher twist terms
are also included through the Gegenbauer moments in the
Gegenbauer expansion.

At next-to-leading order of �s, B! ��;!�� and B!
�b1; h1�� are characterized by the weak form factor and
decay constant, plugged by the common perturbative and
kinematical factors. With B�B! ��;!��� at hand, we can
say that the future experiment will check the structure for
B! �b1; h1��.

The paper is organized as follows. In Sec. II we will
discuss the theoretical frame work for B! 11P1� decays
whereas the Sec. III deals with the calculation of hard-
spectator contributions to the said decays. By using the
analytical results derived in this section we will calculate
the branching ratio and discuss its dependence on the form
factor, the only unknown quantity in our calculation, in the
same section. In Sec. IV we will describe how one can
calculate the CP-asymmetry for these decays and we also
discuss its dependence on different scales. We will sum-
marize our results at the end.

II. THEORETICAL FRAMEWORK FOR THE
B! 11P1� DECAYS

The effective Hamiltoinan for the radiative b! d�
decays (equivalently B! b1� and B! h1� decays) is
obtained from the standard model (SM) by integrating
out the heavy degrees of freedom (the top quark and*Electronic address: jamil@ncp.edu.pk
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W�-bosons). The resulting expression at the scale � �
O�mb�, where mb is the b-quark mass, is given by
 

H b!d
eff �

GF���
2
p fVubV

�
ud	C

�u�
1 ���O

�u�
1 ����C

�u�
2 ���O

�u�
2 ���


�VcbV�cd	C
�c�
1 ���O

�c�
1 ����C

�c�
2 ���O

�c�
2 ���


�VtbV�td	C
eff
7 ���O7����Ceff

8 ���O8���
� . . .g;

(2)

where GF is the Fermi coupling constant and only the
dominant terms are shown. The operators O�q�1 and O�q�2 ,
(q � u, c), are the standard four-fermion operators and O7

and O8 are the electromagnetic and chromomagnetic pen-
guin operators, respectively. Their explict expressions are
 

O�q�1 � �
�d����1� �5�q��� �q����1� �5�b��;

O�q�2 � �
�d����1� �5�q��� �q����1� �5�b��;

(3)

 

O7 �
emb

8�2 �
�d�����1� �5�b��F��;

O8 �
gsmb

8�2 �
�d�����1� �5�Ta��b��G

a
��:

(4)

Here, e and gs are the electric and color charges, F�� and
Ga
�� are the electromagnetic and gluonic field strength

tensors, respectively, Ta�� are the color SU�Nc� group
generators, and the quark color indices � and � and
gluonic color index a are written explicitly. Note that in
the operators O7 and O8 the d-quark mass contributions
are negligible and therefore omitted. The coefficients
C�q�1 ��� and C�q�2 ��� in Eq. (2) are the usual Wilson coef-
ficients corresponding to the operators O�q�1 and O�q�2 , while
the coefficients Ceff

7 ��� and Ceff
8 ��� include also the effects

of the QCD penguin four-fermion operators which are
assumed to be present in the effective Hamiltonian (2)
and denoted by ellipses there. For details and numerical
values of these coefficients, see Ref. [15] and also refer-
ences therein. We use the standard Bjorken-Drell conven-
tion [16] for the metric and the Dirac matrices; in particular
�5 � i�0�1�2�3, and the totally antisymmetric Levi-
Civita tensor "���� is defined as "0123 � �1. A point to
note is that the three CKM factors shown in H b!d

eff are of
the same order of magnitude and, hence, the matrix ele-
ments in the decays b! d� and B! �b1; h1�� have non-
trivial dependence on the CKM parameters. This is
contarary to the case of b! s� decay (equivalently the
B! K1� decays), where among the three CKM factors
VqbV�qd ! VqbV�qs (q � u, c, t) appearing in the effective
Hamiltonian H b!s

eff , the combination VubV�us is CKM sup-
pressed, the corresponding contributions to the decay am-
plitude can be safely neglected.

What we need to calculate are the matrix elements
h11P1�jH

b!d
eff jBi, where H b!d

eff is given in Eq. (2). At
leading order in �s, this involves only the operators O7,

O�u�1 and O�u�2 . The contribution from O7 is termed as the
long-distance contribution characterized by the top quark
induced amplitude, where O�u�1 and O�u�2 corresponds to the
short-distance contributions and it includes the penguin
amplitude for the u and c quark intermediate states and
also the so-called weak annihilation and W-exchange con-
tributions. There is also some contribution from annihila-
tion penguin diagrams, which, however, are small. The
branching ratio has negligible dependence on these anni-
hilation topologies but these are important if one wants to
calculate the CP-asymmetry.

At next-to-leading order of�s there are the contributions
from the operators O2 and O8 along with that of the O7 in
B! 11P1� decay. Each operator has its vertex contribu-
tion and hard-spectator contribution terms which we cal-
culate explicitly. The detailed calculation of these hard-
spectator contributions is given in [10,17] and the refer-
ences there in.

III. MATRIX ELEMENTS AT NEXT-TO-LEADING
ORDER OF O��s�

A. Hard-spectator contribution

The Hard-spectator contribution is well described by the
convolution between the hard kernel Tk and the light-cone
distribution amplitudes of the involved mesons, �B and
�11P1

and can be written as �B � Tk ��11P1
. The corre-

sponding decay amplitude can be calculated in the form of
convolution formula, whose leading term can be expressed
as [17]

 �M�HSA� �
4��sCF
Nc

Z 1

0
du

Z 1
0
dl�M

�B�
jk M

�11P1�

li T ijkl;

(5)

where Nc is the number of colors, CF � �N2
c � 1�=�2Nc� is

the Casimir operator eigenvalue in the fundamental repre-
sentation of the color SU�Nc� group. The leading-twist
two-particle light-cone projection operators M�B�jk and

M
�11P1�

li of B and 11P1 mesons in the momentum represen-
tation are:
 

M�B�jk � �
ifBM

4

�
1� v6

2

�
	�B�� �l��n6 �

�	�B�� �l��
�
n6 � � l��

�
?

@
@l�?

��
�5

�
jk

��������l��l�=2�n�

;

(6)

 

M
�11P1�

li � �
i
4

�
f
�11P1�

? �"6 �p6 ��5	
�11P1�

? �u�

� f
�11P1�

k

�
p6
m
E
�v"��

�
�5	

�11P1�

k
�u�
�
li
; (7)

where fB is the B-meson decay constant, f
�11P1�

k
and f

�11P1�

?
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are the longitudinal and transverse 11P1-meson decay
constants, respectively, and "� is the 11P1-meson polar-
ization vector. These projectors include also the leading-
twist distribution amplitudes 	�B�� �l�� and 	�B�� �l�� of the

B-meson and 	
�11P1�

k
�u� and 	

�11P1�

? �u� of the 11P1-meson.
T ijkl is the hard-scattering amplitude. The Kinematical
relations used to calculate the hard-spectator contributions
are summarized as:
 

p�b ’ mbv
�; l� �

l�
2
n�� � l

�
? �

l�
2
n��

k�1 ’ uEn
�
� � k

�
? �O�k

2
?�;

k�2 ’ �uEn�� � k
�
? �O�k

2
?�; v2 � 1;

v� � �n�� � n
�
��=2 E ’ M=2

q� � !n�� ! � M=2

To calculate T ijkl let us consider the contribution from all
the possible diagrams as done for the B! V� [17].

1. Spectator corrections due to the electromagnetic dipole
operator O7

The corresponding diagrams are presented in Fig. 1 and
the explicit expression is given by
 

T �1�
ijkl � �i

GF���
2
p V�tdVtbC

eff
7 ���

emb���

4�2

	��
kl
�l� k2�

2

�

�
�q�e���1� �5�

p6 b � l6 � k6 2 �mb

�pb � l� k2�
2 �m2

b

��

� ��
k6 1 � k6 2 � l6

�k1 � k2 � l�2
�q�e���1� �5�

�
ij

(8)

where the short-hand notation is used for �q�e�� �
���q�e

�
�.

2. Spectator corrections due to the chromomagnetic di-
pole operator O8

The corresponding diagrams are presented in Fig. 2. The
first two diagrams [Fig. 2(a)] show the corrections for the
case when the photon is emitted from the flavor changing
quark line and the result is

 

T �2a�
ijkl � �i

GF���
2
p V�tdVtbC

eff
8 ���

emb���

4�2 	��
kl
�l� k2��

�l� k2�
2

�

�
e6 �

p6 b � l6 � k6 2

�pb � l� k2�
2 ����1� �5�

� ����1� �5�
k6 1 � k6 2 � l6 �mb

�k1 � k2 � l�
2 �m2

b

e�
�
ij

(9)

Figure 2(b) contains the diagrams with the photon emission
from the spectator quark which results into the following
hard-scattering amplitude:
 

T �2b�
ijkl � i

GF���
2
p V�tdVtbC

eff
8 ���

eQd	u
mb���

4�2 	����1� �5�
ij

�
�pb � k1��

�pb � k1�
2

�
��

p6 b � l6 � k6 1

�pb � l� k1�
2 e6
�

� e6 �
k6 1 � k6 2 � p6 b
�k1 � k2 � pb�

2 ��

�
kl

(10)

where Qd	u
 is the charge of the spectator quark.

3. Spectator corrections involving the penguin-type dia-
grams and the operator O2

The corresponding diagrams are shown in Figs. 3–5.
The hard-spectator contribution corresponding to the dia-

 

FIG. 1. Feynman diagrams contributing to the spectator cor-
rections involving the O7 operator in the decay B! 11P1�. The
curly (dashed) line here and in subsequent figures represents a
gluon (photon).

 

FIG. 2. Feynman diagrams contributing to the spectator cor-
rections involving the O8 operator in the decay B! 11P1�.
Row a: Photon is emitted from flavor changing quark line.
Row b: Photon radiation off the spectator quark line.
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grams in Fig. 3(a) is
 

T �3a�
ijkl �

GF���
2
p

e

24�2

X
f�u;c

V�fdVfbC
�f�
2 ����F1�z

�f�
1 �	��
kl

�

��
�� �

�k2 � l���k6 2 � l6 �

�k2 � l�2

�
�1� �5�

�
k6 1 � k6 2 � l6 �mb

�k1 � k2 � l�2 �m2
b

e6 � � e6 �
p6 b � l6 � k6 2

�pb � l� k2�
2

�

�
�� �

�k2 � l���k6 2 � l6 �

�k2 � l�
2

�
�1� �5�

�
ij

(11)

and from the diagrams in Fig. 3(b), where the photon is
emitted from the spectator quark line yield:

 

T �3b�
ijkl �

GF���
2
p

eQd	u


24�2

X
f�u;c

V�fdVfbC
�f�
2 ����F1�z

�f�
0 �

�

�
e6 �

k6 1 � k6 2 � p6 b
�k1 � k2 � pb�

2 ��

� ��
p6 b � l6 � k6 1

�pb � l� k1�
2 e6
�

�
kl

�

��
�� �

�pb � k1��
�pb � k1�

2 �p6 b � k6 1�

�
�1� �5�

�
ij

(12)

The contributions from the diagrams in Fig. 4 can be
written as

 

T �4�
ijkl � �

GF���
2
p

e

6�2

	��
kl
�k2 � l�

2�q	k2 � l
�

X
f�u;c

V�fdVfbC
�f�
2 ���	f	q�E�k2 � l; e�; q� � �q	k2 � l
�E��; e�; q�

� �e�	k2 � l
�E�q; �; k2 � l� � �q	k2 � l
�E�e
�; �; k2 � l�
�i5�z

�f�
0 ; z�f�1 ; 0�

� 	�k2 � l�
2E��; e�; q� � �k2 � l��E�e

�; k2 � l; q�
�i25�z
�f�
0 ; z�f�1 ; 0�g�1� �5�
ij (13)

 

FIG. 3. Feynman diagrams contributing to the spectator cor-
rections involving the O2 operator in the decay B! 11P1�.
Row a: Photon is emitted from flavor changing quark line.
Row b: Photon radiation off the spectator quark line.

 

FIG. 5. Feynman diagrams contributing to the spectator cor-
rections in B! 11P1� decays involving the O2 operator for the
case when only the photon is emitted from the internal (loop)
quark line in the bd� vertex.

 

FIG. 4. Feynman diagrams contributing to the spectator cor-
rections in B! 11P1� decays involving the O2 operator for the
case when both the photon and the virtual gluon are emitted from
the internal (loop) quark line.
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where

 E��; �; �� �
1

2
������� � ������� � �i"�����

��5:

(14)

and the form of �F1�z
�f�
1 �, �F1�z

�f�
0 �, �i5�z

�f�
0 ; z�f�1 ; 0� and

�i25�z
�f�
0 ; z�f�1 ; 0� along with the detailed discussion is given

in [17].
Finally, there are the diagrams where the photon is

emitted from the internal quark line due to the effective
b! d� interaction and a gluon is exchanged between the
spectator quark and the b- or d quark as shown in Fig. 5.
For on shell photon such kind of diagrams do not contrib-
ute and hence the contribution comes from the Fig. 5. is
zero.

Using Eqs. (6) and (7) along with the hard-scattering
matrix derived in the Eqs. (8)–(13) we can write from
Eq. (5) as
 

�M
�11P1�
sp �

GF���
2
p

e�sCF
4�Nc

fBf
�11P1�

? M	�e�"��

� i eps�e�; "�; n�; v�

X5

k�1

�H
�11P1�

k ; (15)

where eps�a; b; c; d� � "����a�b�c�d� and the upper in-
dex 11P1 characterizes the final axial meson. The dimen-

sionless functions �H
�11P1�

k (k � 1, 2, 3, 4, 5) describe the
contributions of the sets of Feynman diagrams presented in
Figs. 1–5, respectively. In the leading order of the inverse
B-meson mass (
�QCD=M), the result reads as follows:

 

�H
�11P1�

1 ��� ’ V�tdVtbC
eff
7 ���mb���	hl

�1
� i�h �u

�1i
�11P1�

? ���

� hl�1
� i�h �u

�2i
�11P1�

? ���
; (16)

 �H
�11P1�

2 ��� ’
1

3
V�tdVtbC

eff
8 ���mb���hl�1

� i�hu
�1i
�11P1�

? ���;

(17)

 �H
�11P1�

3 ��� ’ 0; (18)

 

�H
�11P1�

4 ��� ’
1

3
C2���Mhl

�1
� i�	V

�
tdVtbh �u

�1i
�11P1�

? ���

� V�cdVcbh
�11P1��z;��
; (19)

 �H
�11P1�

5 ��� ’ 0; (20)

where z � m2
c=m

2
b and the short-hand notation used are for

the integrals over the mesons distribution functions:
 

hlN�i� �
Z 1

0
dl�l

N
�	

�B�
� �l��;

hfi
�11P1�

?;k ��� �
Z 1

0
duf�u�	

�11P1�

?;k �u;��;
(21)

with:

 h�1
1P1��z;�� �

	
�i5�z

�c�
0 ; 0; 0� � 1

�u



�11P1�

?
: (22)

Using the above Equations one can write Eq. (15) as

 

�Msp �
GF���

2
p V�tpVtb

�sCF
4�

e

4�2 �F
�11P1�

? ���	�pP��e�"�� � i eps�e�; "�; p; P�


�

�
Ceff

7 ��� �
1

3
Ceff

8 ���
hu�1i

�11P1�

?

h �u�1i
�11P1�

?

�
1

3
C2���

�
1�

V�cdVcb
V�tdVtb

h�1
1P1��z;��

h �u�1i
�11P1�

? ���

��
; (23)

where

 �F
�11P1�

? ��� �
8�2fBf

�11P1�

? ���

NcM
B;�
h �u�1i

�11P1�

? ���; (24)

is the dimensionless quantity. 
�1
B;� � hl

�1
� i� is the first

negative moment of the B-meson distribution function
	�B�� �l�� and its scale dependence is worked out at next-
to-leading order and the value obtained is 
�1

B;��1 GeV� �
�2:15� 0:50� GeV [18]. At the scale�sp �

��������������
�b�H

p
of the

hard-spectator corrections, and for the central values of the
parameters are shown in Table I.

The analytical expression for the function h�z; �� for the
vector meson is given in [17] and for the axial mesons is
given in [10]. Here we will give some steps which are used
to calculate these functions.

One can write the leading-twist distribution amplitude

	
�11P1�

? �u;�� as

 	
�11P1�

? �u;�� � 6u �u
�

1�
X1
n�1

a
�11P1�

?n ���C3=2
n �u� �u�

�
;

(25)

where C3=2
n �u� �u� are the Gegenbauer polynomials

[C3=2
1 �u� �u� � 3�u� �u�, C3=2

2 �u� �u� � 3	5�u� �u�2 �

1
=2, etc.] and a
�11P1�

?n ��� are the corresponding
Gegenbauer moments. These moments are scale dependent
and so should be evaluated at the scale �; their scale
dependence is governed by [19]:
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a
�11P1�

?n ��� �
�
�s��

2�

�s��2
0�

�
�n=�0

a
�11P1�

?n ��0�;

�n � 4CF

�Xn
k�1

1

k
�

n
n� 1

�
;

(26)

where �0 � �11Nc � 2nf�=3 and �n is the one-loop
anomalous dimension with CF � �N2

c � 1�=�2Nc� � 4=3.
In the limit �! 1 the Gegenbauer moments vanish,

a
�11P1�

?n ��� ! 0, and the leading-twist transverse distribu-
tion amplitude has its asymptotic form:

 	
�11P1�

? �u;�� ! 	�as�
? �u� � 6u �u: (27)

A simple model of the transverse distribution which in-

cludes contributions from the first a
�11P1�

?1 ��� and the sec-

ond a
�11P1�

?2 ��� Gegenbauer moments only is used here in

the analysis. In this approach the quantities hu�1i
�11P1�

? and

h �u�1i
�11P1�

? are:

 

hu�1i
�11P1�

? � 3	1� a
�11P1�

?1 ��� � a
�11P1�

?2 ���
;

h �u�1i
�11P1�

? � 3	1� a
�11P1�

?1 ��� � a
�11P1�

?2 ���
;
(28)

and depend on the scale � due to the coefficients

a
�11P1�

?n ���. The LCDA for b1 and h1 meson has recently
been calculated in [11]. The transverse decay constant of
these mesons as well as the first few Gagenbaur moments
of leading-twist LCDA are calculated by using QCD sum
rule technique. The value of the these Gengenbauer mo-
ments are summarized in Table I. The function h�1

1P1��z; ��
introduced in Eq. (23) can be presented as an expansion on
the Gegenbauer moments [10]:

 

h�1
1P1��z;�� � h0�z� � a

�11P1�

?1 ���h1�z� � a
�11P1�

?2 ���h2�z�

� 	1� 3a
�11P1�

?1 ��� � 6a
�11P1�

?2 ���


� h��i5 � 1�= �ui�0�? � 6	a
�11P1�

?1 ���

� 5a
�11P1�

?2 ���
h�i5 � 1i�0�? � 30a
�11P1�

?2 ���

� h �u��i5 � 1�i�0�? ; (29)

where another short-hand notation is introduced for the
integral:

 hf�u�i�0�? �
Z 1

0
duf�u�	�as�

? �u�: (30)

The detail of relevant functions as well as the analytical
form of the h��i5 � 1�= �ui�0�? , h�i5 � 1i�0�? and h �u��i5 �

1�i�0�? is given [17].
The amplitude (15) is proportional to the tensor decay

constant f
�11P1�

? of the axial meson which is a scale depen-
dent parameter. Their values at an arbitrary scale � can be
obtained with the help of the evolution equation [19]:

 f
�11P1�

? ��� �
�
�s��2�

�s��2
0�

�
4=�3�0�

f
�11P1�

? ��0�: (31)

with the value of f
�11P1�

? ��0� for b1 and h1 is given in the
Table I.

4. Branching ratios

The branching ratio of the B! �b1; h1� decay corrected
to O��s� can be written as follows [10]:

TABLE I. Input quantities and their values used in the theoretical analysis.

Parameters Values Parameters Values

MW 80.423 GeV MZ 91.1876 GeV
MB 5.279 GeV mb1

1.229
GF 1:166� 10�5 GeV mh1

1.170
�s (MZ) 0.1172 � 1=137:036
mt;pole 178 GeV �h 0.5 GeV
jVtbVtd� j 5� 10�3 mb;pole 4.27 GeV
fB 200 MeV

���
z
p
� mc=mb 0.29

a�b1�
?1 �1 GeV� 0 a�b1�

?2 �1 GeV� 0.1

a�h1�
?1 �1 GeV� 0 a�h1�

?2 �1 GeV� 0.35

f�b1�
? 180 MeV f�h1�

? 200 MeV

�1
B;� �2:15� 0:50� GeV�1 �B;��1 GeV� 1:4� 0:4
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Bth�B! 11P1�� � �B�th�B! 11P1��

� �B
G2
F�jVtbV

�
tdj

2

32�4 m2
b;poleM

3	�
�11P1�

? 
2

�

�
1�

m2
�11P1�

M2

�
3
jC�0�eff

7 � A�1����j2

(32)

where GF is the Fermi coupling constant, � � ��0� �
1=137 is the fine-structure constant, mb;pole is the pole
b-quark mass, M and m�11P1�

are the B- and axial vector-
meson masses, and �B is the lifetime of the B- or
B�-meson. The value of these constants is used from
[10,14] and are collected in Table I, for the numerical

analysis. For this study, we consider �
�11P1�

? as a free
parameter and we will extract its value from the current
experimental data on B! K1� decays because K1 is also
an axial vector meson. This is in anology with the calcu-
lation done for the branching ratio of B! ��;!�� in terms
of the branching ratio of B! K�� by Ali et al. [14].

The function A�1� in Eq. (32) can be decomposed into the
following three components:

 A�1���� � A�1�C7
��� � A�1�ver��� � A

�1�11P1
sp ��sp�: (33)

Here, A�1�C7
and A�1�ver are the O��s� (i.e. NLO) corrections

due to the Wilson coefficient Ceff
7 and in the b! d�

vertex, respectively, and A
�1�11P1
sp is the O��s� hard-

spectator corrections to the B! 11P1� amplitude and
their explicit expressions are as follows:

 A�1�C7
��� �

�s���
4�

C�1�eff
7 ���; (34)

 

A�1�ver��� �
�s���

4�

�
32

81
	13C�0�2 ��� � 27C�0�eff

7 ���

� 9C�0�eff
8 ���
 ln

mb

�
�

20

3
C�0�eff

7 ���

�
4

27
�33� 2�2 � 6�i�C�0�eff

8 ���

� r2�z�C
�0�
2 ���

�
; (35)

 

A
�1�11P1
sp ��sp� �

�s��sp�

4�

2�F
�11P1�

? ��sp�

9��1
1P1�
?

�

�
3C�0�eff

7 ��sp��C
�0�eff
8 ��sp�

�

�
1�

6a
�11P1�

?1 ��sp�

h �u�1i
�11P1�

? ��sp�

�

�C�0�2 ��sp�

�
1�

V�cdVcb
V�tdVtb

h�1
1P1��z;�sp�

h �u�1i
�11P1�

? ��sp�

��
:

(36)

Actually C�1�eff
7 ��� and A�1�ver��� are process independent

and encodes the QCD effects only, where as A�1�sp ��sp�

contains the key information about the out going mesons.

The factor
6a
�11P

1
�

?1
��sp�

h �u�1i
�11P

1
�

?
��sp�

appear in the Eq. (34) is arising due

to the Gegenbauer moments. This term is zero for the case
we are discussing here because the first Gegenbauer mo-
ment is zero.

We now proceed to calculate numerically the branching
ratios for the B! b1� and B! h1� decays. The theoreti-
cal ratios involving the decay widths on the r.h.s. of these
equations can be written in the form:

 

Rth�b1�=K1�� �
Bth�B! b1��
Bth�B! K1��

�
1

2

��������VtdVts
��������

2 �M2
B �m

2
b1
�3

�M2
B �m

2
K1
�3

� 
2	1� �R�b1=K1�
; (37)

 

Rth�h1�=K1�� �
�Bth�B! h1��
�Bth�B! K1��

�
1

2

��������VtdVts
��������

2 �M2
B �m

2
h1
�3

�M2
B �m

2
K1
�3

� 
2	1� �R�h1=K1�
; (38)

where mb1
and mh1

are the masses of the b1- and
h1-mesons, 
 is the ratio of the transition form factors,
which we have assumed to be the same for the b0

1- and
h1-mesons. To get the theoretical branching ratios for the
decays B! b1� and B! h1�, the ratios (37) and (38)
should be multiplied with the corresponding experimental
branching ratio of the B! K1� decay.

It is well known that in vector-meson case the theoretical
uncertainty in the evaluation of the Rth���=K��� and
Rth�!�=K��� ratios is dominated by the imprecise knowl-
edge of 
 � �T�1 �0�= �TK

�

1 �0� characterizing the SU�3� break-
ing effects in the QCD transition form factors. In the
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SU�3�-symmetry limit, �T�1 �0� � �TK
�

1 �0�, yielding 
 � 1.
We make use of the SU�3� symmetry to relate the form
factors of B! b1� and B! h1� with that of B! K1�
decay which is the only unknown parameter involved in the
calculation of branching ratio for these decays. We use this
symmetry because there is no experimental limit on the
branching ratio of these decays. It is reasonable to use

�
11P1

? �0� � �K1

? �0� because SU�3� symmetry is good for
the form factors irrespective of the fact that it is not exact

for the masses. Thus in present analysis we use �
11P1

? �0� �
0:32 together with the values of the other input parameters
entering in the calculation of the B! �b1; h1�� decay
amplitudes and these are given in Table I.

The individual branching ratios Bth�B! b1�� and
Bth�B! h1�� and their ratios Rth�b1�=K1�� and
Rth�h1�=K1�� with respect to the corresponding B!
K1� branching ratios are calculated and the corresponding
values are:

 B th	B! b1�
 � 0:53� 10�6 (39)

 B th	B! h1�
 � 0:51� 10�6 (40)

 R th	b1�=K1�
 � 0:0123 (41)

 R th	h1�=K1�
 � 0:0121 (42)

To calculate these values we have used the experimental
value of the branching ratio of B! K1�. One can easily
see that there is very small difference between B! b1�
and B! h1� branching fractions, and this is due to the
slight change in the hadronic parameters of these decays.
We will comment on these hadronic parameters in the next
section where we will calculate the CP-asymmetry for
these decays.

The SU�3�-breaking effects in � and K� form factors
have been evaluated within several approaches, including

the LCSR and Lattice QCD. In the earlier calculations of
the ratios for B! �� and B! K�� [17,20], the following
ranges were used: 
 � 0:76� 0:06 [17] and 
 � 0:76�
0:10 [20], based on the LCSR approach [21–25] which
indicate substantial SU�3� breaking in the B! K� form
factors. There also exists an improved Lattice estimate of
this quantity, 
 � 0:9� 0:1 [26]. To incorporate the SU�3�
symmetry for these axial meson decays we have plotted the
branching ratios of B! �b1; h1�� decay with the LEET
form factor which is presented in Fig. 6. The solid and
dashed line show the dependence of the branching ratio of

B! b1� and B! h1� on the LEET form factor �
11P1

? �0�
respectively. The graph shows that in the range 0:76 � 
 �
0:9 the value of the branching ratio (in the units of 10�6) is
0:4 � �B! 11P1�� � 0:7.

IV. CP-VIOLATING ASYMMETRIES

In the last section we have calculated the branching
ratio for B! 11P1� decays. We now present the
effect of including hard-spectator corrections on the
CP-asymmetries in the decay rates. It is pointed out in
the literature that it is unlikely that the annihilation topol-
ogy would give considerable contributions [9], but
these are important if one wants to calculate the
CP-asymmetries. As weak annihilation is a power correc-
tion, we will content ourselves to lowest order result
(O��0

s�) for our estimate of CP-asymmetry. One may
expect that power corrections, as they come with large
Wilson coefficients C1;2 �C1 � 3C7� are important, but
infact they are not since these are CKM suppressed and
thus these contributions are expected to be very small for
the decays under consideration. The amplitude for charged
B meson decay in terms of weak annihilation A, charmed
penguin Pc, gluonic penguin M and short-distance ampli-
tude Pt can be written as [following the notation of [27,28]]
 

A�B� ! b�1 �� � 
�d�t p
�
1�


�d�u


�d�t

a
p

�

� 
�d�t p
�
1� �Ae

i	A

�d�u


�d�t

�

where 
�d�q � VqbV
�
qd, a � A� Pc and p � Pt �M� Pc.

As it is known [27]

 Pc ’ 0:2A; A ’ 0:3Pt

i.e. we can safely neglect charmed penguin Pc and gluonic
penguin M (also is of the order of Pc) amplitudes relative
to the short-distance amplitude Pt and weak annihilation
amplitude A. Similarly,

 A�B0 ! b0
1�� � 
�d�t p

where �Aei	A � a=p, 	A is the strong interaction phase
which disappears in O��s� in the chiral limit. Hence we

 

FIG. 6. Branching ratio (� 106) for B! 11P1� decay vs
LEET form factor; Solid line shows the value for b1 meson
and the dashed line is for h1 meson.
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will set it equal to zero in the subsequent calculation.
Following the same lines as for the charged B meson the
ratio of the branching ratios for charged to neutral Bmeson
decays can be written as

 

B�B� ! b�1 ��

B�B0 ! b0
1��

’

��������1� �Ae
i	A

VubV�ud
VtbV�td

��������
2

(43)

Before we go for the numerical values of CP-asymmetry,
let us discuss the difference in the hadronic parameters
involving the b1 and h1 mesons. As these are the axial
vector states of �0 and ! mesons so these are also the
maximally mixed superpositions of the �uu and �dd quark
states: jb1i � �j �ddi � j �uui�=

���
2
p

and jh1i � �j �ddi �
j �uui�=

���
2
p

. Neglecting the W-exchange contributions in
the decays, the radiative decay widths are determined by
the penguin amplitudes which involve only the j �ddi com-
ponents of these mesons, leading to identical branching
ratios (modulo a tiny phase space difference). The
W-exchange diagrams from the O�u�1 and O�u�2 operators
(in our approach, we are systematically neglecting the
contributions from the penguin operators O3; . . . ;O6) yield
contributions equal in magnitude but opposite in signs [for
detailed calculation please see [14,27]]. If we use the
notations and expressions given in Ref. [27], the LCSR
results are: ��b1�

A � ���h1�
A � 0:07. The smallness of these

numbers reflects both the color-suppressed nature of the
W-exchange amplitudes in B0

d ! �b1; h1�� decays, and the
observation that the leading contributions in the weak
annihilation and W-exchange amplitudes arise from the
radiation off the d-quark in the B0

d-meson, which is sup-
pressed due to the electric charge. Let us defines

 

VubV
�
ud

VtbV�td
� �

��������VubV
�
ud

VtbV
�
td

��������ei� � F1 � iF2 (44)

where � is the unitarity-triangle phase.
Ignoring the hard-spectator corrections, but including

the annihilation contribution, the result was given in [17]
 

Bth�B� ! b�1 �� � �B�th�B� ! b�1 ��

� �B�
G2
F�jVtbV

�
tdj

2

32�4 m2
b;poleM

3

�
1�

m2
b1

M2

�
3

�	��b1�
? �0�


2f�C�0�eff
7 �A�1�R �

2

��F2
1�F

2
2��A

u
R�L

u
R�

2

� 2F1	C
�0�eff
7 �AuR�L

u
R��A

�1�
R L

u
R


� 2F2	C
�0�eff
7 AuI �A

�1�
I L

u
R
g; (45)

with LuR � �AC
�0�eff
7 and A�1� is same as defined in (33). The

contribution from the u quark penguin can be written as

 Au��� �
�s���

4�
C�0�2 ���	r2�z� � r2�0�


�
�s��sp�

18�
C�0�2 ��sp�

�F�b1�
? ��sp�

��b1�
? �0�

h�b1��z; �sp�

h �u�1i
�b1�
? ��sp�

:

(46)

The direct CP-violating asymmetries in the decay rates for

TABLE II.

Scale Adir
CP (B0

d ! b1�) Adir
CP (B0

d ! h1�)

� � mb �11% �13%
� � mb=2 �25:5% �25:5%
� � 2mb �7% �9%

 

FIG. 7. CP-asymmetry (�ACP%) vs the Unitarity-triangle phase � is plotted at different scales. Solid line is for b1 meson and
dashed line is for h1 meson. Figs. 7(a)–7(c) and shows the corresponding value of CP-asymmetry at the scale � � mb, mb=2 and 2mb
respectively.

BRANCHING RATIO AND CP ASYMMETRY FOR . . . PHYSICAL REVIEW D 75, 034004 (2007)

034004-9



B0
d ! �b1; h1�� decays are defined as follows:

 

Adir
CP�b1�� �

B� �B0
d ! b1�� �B�B0

d ! b1��

B� �B0
d ! b1�� �B�B0

d ! b1��
;

Adir
CP�h1�� �

B� �B0
d ! h1�� �B�B0

d ! h1��

B� �B0
d ! h1�� �B�B0

d ! h1��
:

(47)

Now by substituting the values of branching ratios cal-
culated in Eq. (45) into the Eq. (47), the calculated values
of the CP-asymmetry for the above mentioned decays are
summarized in Table II. The CP-asymmetry receives con-
tributions from the hard-spectator corrections which tend
to decrease its value estimated from the vertex corrections
alone. The dependence of the direct CP-asymmetry on the
CKM unitarity-triangle angle � is presented in the Fig. 7 at
different scales. It should be noted that the predicted direct
CP-asymmetries are rather sizable (of order 11%) and is
negative like � and ! meson case. It is quite unfortunate
that the predicited value of CP-asymmetry is sensitive to
both the choice of the scale as well as the quark mass ratio
z � m2

c=m2
b used in the calculation. In Table II we have

calculated the dependence of CP-asymmetry on different
scales. One can eaisly see that this asymmetry decreases
with the increase of scale �. This shows that the typical
value lies around 11%, but the uncertainty is rather large
and this increases to 25% at the scale � � 2mb.

V. SUMMARY

We have calculated the branching ratios for B! 11P1�
decays at NLO of �s. These 11P1 are b1 and h1 mesons

which are the corresponding orbitally excited axial vector
mesons of � and ! respectively. Using the SU�3� symme-
try for the form factor, the branching ratio for B0

d !
�b1; h1�� is expressed in terms of the branching ratio of
the B0

d ! K1� and it is found to be B�B0
d ! b1�� �

0:53� 10�6 and B�B0
d ! h1�� � 0:51� 10�6. Then we

have plotted the branching ratio with the LEET form factor
which is the only unknown parameter involved in the
calculation. It is shown that the corresponding to the range
of SU�3� symmetry breaking parameter 
 , 0:76 � 
 � 0:9
the value of the branching ratio (106) is 0:4 � �B0

d !
11P1�� � 0:7. Therefore in future when we have the ex-
perimental data on these decays we will be able to extract
the value of form factor. Further we have also calculated
direct CP-asymmetry for these decays and find, in con-
firmity with the observations made in the literature, that
this value is highly sensitive to the scale chosen. The
typical value of CP-asymmetry is 11% and is negative
like � and ! in the standard model. Thus the measurement
of CP-asymmetry will either overconstrain the angle � of
the unitarity triangle, or they may lead to the discovery of
physics beyond the SM in the radiative b! d� decays.
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