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The form factors of weak decays of the Bc meson to orbitally excited charmonium, D, Bs, and B

mesons are calculated in the framework of the QCD-motivated relativistic quark model based on the

quasipotential approach. Relativistic effects are systematically taken into account. The form factor

dependence on the momentum transfer is reliably determined in the whole kinematical range. The

form factors are expressed through the overlap integrals of the meson wave functions, which are known

from the previous mass spectra calculations within the same model. On this basis, semileptonic and

nonleptonic Bc decay rates to orbitally excited heavy mesons are calculated. Predictions for the Bc decays

to the orbitally and radially excited 2P and 3S charmonium states are given, which could be used for

clarifying the nature of the recently observed charmoniumlike states above the open charm production

threshold.
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I. INTRODUCTION

The investigation of weak decays of mesons composed
of a heavy quark and antiquark gives a very important
insight in the heavy quark dynamics. The decay properties
of the Bc meson are of special interest, since it is the only
heavy meson consisting of two heavy quarks with different
flavor. This difference of quark flavors forbids annihilation
into gluons. As a result, the excited Bc meson states lying
below the BD meson threshold undergo pionic or radiative
transitions to the pseudoscalar ground state, which is con-
siderably more stable than corresponding charmonium or
bottomonium states and decays only weakly. The CDF
Collaboration reported the discovery of the Bc ground state
in p �p collisions already more than ten years ago [1].
However, until recently its mass was known with a very
large error. Now it is measured with a good precision in the
decay channel Bc ! J=c�. The measured value M

exp
Bc

¼
6275:2� 2:9� 2:5 MeV [2] is in a very good agreement
with the prediction of the relativistic quark modelMtheor

Bc
¼

6270 MeV [3]. More experimental data on masses and
decays of the Bc mesons are expected to come in the
near future from the Tevatron at Fermilab and the Large
Hadron Collider (LHC) at CERN.

The characteristic feature of the Bc meson is that both
quarks forming it are heavy and thus their weak decays
give comparable contributions to the total decay rate.
Therefore, it is necessary to consider both the b quark
transitions b ! c, u with the �c quark being a spectator
and �c quark transitions �c ! �s, �d with the b quark being a
spectator. The former transitions lead to weak decays to
charmonium and D mesons while the latter lead to decays
to Bs and Bmesons. The estimates [4] of the Bc decay rates
indicate that the c quark transitions give the dominant
contribution (� 70%) while the b quark transitions and

weak annihilation contribute about 20% and 10%, respec-
tively. However, from the experimental point of view, the
Bc decays to charmonium are easier to identify. Indeed,
CDF and D0 observed the Bc meson and measured its mass
analyzing its semileptonic and nonleptonic decays Bc !
J=c l� and Bc ! J=c� [1,2,5].
In this paper we extend our previous investigation of Bc

properties [3,6,7] to study exclusive weak semileptonic and
nonleptonic decay channels to orbitally excited heavy
mesons. For the calculations we use the same effective
methods [6,7] developed in the framework of the relativ-
istic quark model based on the quasipotential approach for
the Bc decays to ground and radially excited states of
charmonium, D, Bs, and B mesons. Here weak decays to
orbital excitations of these mesons, governed both by the b
and c quark decays, are considered. The weak decay matrix
elements are parametrized by invariant form factors which
are then expressed through the overlap integrals of the
meson wave functions. The systematic account for the
relativistic effects, including wave function transforma-
tions from the rest to the moving frame and contributions
from the intermediate negative-energy states, allows us to
reliably determine the momentum transfer dependence of
the decay form factors in the whole accessible kinematical
range. The other important advantage of our approach is
that for numerical calculations we use the relativistic wave
functions, obtained in the meson mass spectra calculations,
and not some ad hoc parametrizations, which were widely
used in some previous investigations. The calculated form
factors are then substituted in the expressions for the
differential decay rates.
The important distinction between weak Bc decays,

associated with the b and c quark decays, consists of the
significant difference of the accessible kinimatical ranges.
In the Bc decays to the charmonium and D mesons the
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kinematical range is considerably broader (by about an
order of magnitude) than for decays to Bs and B mesons.
As a result, many weak decays that are kinematically
allowed in the former case are forbidden in the latter one.
The kinematical suppression of semileptonic Bc !
BsðBÞl� decays should be more pronounced for the decays
to excited states than for the ground ones. The nonleptonic
Bc decays to an orbitally excited heavy meson and an
energetic light meson can then be considered on the basis
of the factorization approximation. The obtained predic-
tions for the decay rates are compared with previous cal-
culations, which are based on different relativistic quark
models [8–10], three-point QCD sum rules [11], and light-
cone QCD sum rules [12].

We also consider here weak semileptonic and nonlep-
tonic Bc decays to the highly excited 2P and 3S charmo-
nium states. These states are of special interest since in past
years a number of new charmoniumlike states above the
open charm production threshold have been observed [13].
They include several unexpectedly narrow states, Xð3872Þ,
Xð3940Þ, Yð3940Þ, Zð3930Þ, Yð4260Þ, Zð4430Þ, for which
interpretation is controversial. Some of them could be
candidates for excited charmonia. Therefore, experimental
observation of such states in Bc decays could help to clarify
their real nature.

II. RELATIVISTIC QUARK MODEL

In the quasipotential approach a meson is described as a
bound quark-antiquark state with a wave function satisfy-
ing the quasipotential equation of the Schrödinger type

�
b2ðMÞ
2�R

� p2

2�R

�
�MðpÞ ¼

Z d3q

ð2�Þ3 Vðp;q;MÞ�MðqÞ;
(1)

where the relativistic reduced mass is

�R ¼ E1E2

E1 þ E2

¼ M4 � ðm2
1 �m2

2Þ2
4M3

; (2)

and E1, E2 are the center-of-mass energies on mass shell
given by

E1 ¼ M2 �m2
2 þm2

1

2M
; E2 ¼ M2 �m2

1 þm2
2

2M
: (3)

Here M ¼ E1 þ E2 is the meson mass, m1;2 are the quark

masses, and p is their relative momentum. In the center-of-
mass system the relative momentum squared on mass shell
reads

b2ðMÞ ¼ ½M2 � ðm1 þm2Þ2�½M2 � ðm1 �m2Þ2�
4M2

: (4)

The kernel Vðp;q;MÞ in Eq. (1) is the quasipotential
operator of the quark-antiquark interaction. It is con-
structed with the help of the off-mass-shell scattering
amplitude, projected onto the positive energy states.
Constructing the quasipotential of the quark-antiquark in-
teraction, we have assumed that the effective interaction is
the sum of the usual one-gluon exchange term with the
mixture of long-range vector and scalar linear confining
potentials, where the vector confining potential contains
the Pauli interaction. The quasipotential is then defined by
[3]

Vðp;q;MÞ ¼ �u1ðpÞ �u2ð�pÞV ðp;q;MÞu1ðqÞu2ð�qÞ; (5)

with

V ðp;q;MÞ ¼ 4
3�sD��ðkÞ��

1 �
�
2 þ VV

confðkÞ��
1 �2;�

þ VS
confðkÞ;

where �s is the QCD coupling constant, D�� is the gluon

propagator in the Coulomb gauge

D00ðkÞ ¼ � 4�

k2
; DijðkÞ ¼ � 4�

k2

�
�ij � kikj

k2

�
;

D0i ¼ Di0 ¼ 0;

(6)

and k ¼ p� q. Here �� and uðpÞ are the Dirac matrices

and spinors

u�ðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðpÞ þm

2�ðpÞ

s � 1
�p

�ðpÞ þm

�
	�; (7)

where � and 	� are Pauli matrices and spinors and �ðpÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

p
. The effective long-range vector vertex is given

by

��ðkÞ ¼ �� þ i


2m
���k

�; (8)

where 
 is the Pauli interaction constant characterizing
the long-range anomalous chromomagnetic moment of
quarks. Vector and scalar confining potentials in the non-
relativistic limit reduce to

VVðrÞ ¼ ð1� "ÞðArþ BÞ; VSðrÞ ¼ "ðArþ BÞ; (9)

reproducing

VconfðrÞ ¼ VSðrÞ þ VVðrÞ ¼ Arþ B; (10)

where " is the mixing coefficient.
The expression for the quasipotential of the heavy quar-

konia, expanded in v2=c2 can be found in Ref. [3]. The
quasipotential for the heavy quark interaction with a light
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antiquark without employing the nonrelativistic (v=c) ex-
pansion is given in Ref. [14]. All the parameters of our
model like quark masses, parameters of the linear confin-
ing potential A and B, mixing coefficient " and anomalous
chromomagnetic quark moment 
 are fixed from the analy-
sis of heavy quarkonium masses and radiative decays [3].
The quark masses mb ¼ 4:88 GeV, mc ¼ 1:55 GeV,
ms ¼ 0:5 GeV, mu;d ¼ 0:33 GeV and the parameters of

the linear potential A ¼ 0:18 GeV2 and B ¼ �0:30 GeV
have values inherent for quark models. The value of the
mixing coefficient of vector and scalar confining potentials
" ¼ �1 has been determined from the consideration of the
heavy quark expansion for the semileptonic B ! D decays
[15] and charmonium radiative decays [3]. Finally, the
universal Pauli interaction constant 
 ¼ �1 has been fixed
from the analysis of the fine splitting of heavy quarkonia
3PJ- states [3] and the heavy quark expansion for semi-
leptonic decays of heavy mesons [15] and baryons [16].
Note that the long-range magnetic contribution to the
potential in our model is proportional to (1þ 
) and thus
vanishes for the chosen value of 
 ¼ �1 in accordance
with the flux tube model.

III. MATRIX ELEMENTS OF THE
ELECTROWEAK CURRENT FOR b ! c, u AND

c ! s, d TRANSITIONS

In order to calculate the exclusive semileptonic decay
rate of the Bc meson, it is necessary to determine the
corresponding matrix element of the weak current between
meson states. First we consider the weak Bc decays gov-
erned by the b quark decays. In the quasipotential ap-
proach, the matrix element of the weak current
JW� ¼ �q��ð1� �5Þb, associated with the b ! q (q ¼ c

or u) transition, between a Bc meson with mass MBc
and

momentum pBc
and a final P-wave meson F [F ¼ 	cJ, hc

or Dð�Þ
J ] with mass MF and momentum pF takes the form

[17]

hFðpFÞjJW� jBcðpBc
Þi ¼

Z d3pd3q

ð2�Þ6
��FpF

ðpÞ��ðp;qÞ
��BcpBc

ðqÞ; (11)

where ��ðp;qÞ is the two-particle vertex function and

�MpM
are the meson (M ¼ Bc, F) wave functions pro-

jected onto the positive energy states of quarks and boosted
to the moving reference frame with momentum pM.

The contributions to � come from Figs. 1 and 2. The

contribution �ð2Þ is the consequence of the projection onto
the positive-energy states. Note that the form of the rela-

tivistic corrections emerging from the vertex function �ð2Þ
explicitly depend on the Lorentz structure of the quark-
antiquark interaction. In the leading order of the v2=c2

expansion for Bc and 	J and in the heavy quark limitmc !

1 forDJ only �
ð1Þ contributes, while �ð2Þ contributes at the

subleading order. The vertex functions look like

�ð1Þ
� ðp;qÞ ¼ �uqðpqÞ��ð1� �5ÞubðqbÞð2�Þ3�ðpc � qcÞ;

(12)

and

�ð2Þ
� ðp;qÞ ¼ �uqðpqÞ �ucðpcÞ

�
�1�ð1� �5

1Þ
�ð�Þ

b ðkÞ
�bðkÞ þ �bðpqÞ

� �0
1V ðpc � qcÞ þV ðpc � qcÞ

� �ð�Þ
q ðk0Þ

�qðk0Þ þ �qðqbÞ�
0
1�1�ð1� �5

1Þ
�

� ubðqbÞucðqcÞ; (13)

where the superscripts ‘‘(1)’’ and ‘‘(2)’’ correspond to
Figs. 1 and 2, k ¼ pq ��; k0 ¼ qb þ�;� ¼ pF � pBc

;

�ð�ÞðpÞ ¼ �ðpÞ � ðm�0 þ �0ð�pÞÞ
2�ðpÞ :

Here [17]

pq;c ¼ �q;cðpÞ pF

MF

�X3
i¼1

nðiÞðpFÞpi;

qb;c ¼ �b;cðqÞ
pBc

MBc

�X3
i¼1

nðiÞðpBc
Þqi;

FIG. 1. Lowest order vertex function �ð1Þ contributing to the
current matrix element (11).

FIG. 2. Vertex function �ð2Þ taking the quark interaction into
account. Dashed lines correspond to the effective potential V in
(5). Bold lines denote the negative-energy part of the quark
propagator.
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and nðiÞ are three four-vectors given by

nðiÞ�ðpÞ ¼
�
pi

M
; �ij þ pipj

MðEþMÞ
�
; E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

q
:

The wave function of a final P-wave F meson at rest is
given by

�FðpÞ � �JM
Fð2Sþ1PJÞðpÞ ¼ YJM

S c Fð2Sþ1PJÞðpÞ; (14)

where J and M are the total meson angular momentum
and its projection, while S ¼ 0, 1 is the total spin.
c Fð2Sþ1PJÞðpÞ is the radial part of the wave function, which
has been determined by the numerical solution of Eq. (1) in

[3,14]. The spin-angular momentum part YJM
S has the

following form

YJM
S ¼ X

�1�2

h1M��1��2;S�1þ�2jJMi

�
�
1

2
�1;

1

2
�2jS�1þ�2

�
YM��1��2

1 	1ð�1Þ	2ð�2Þ:
(15)

Here hj1m1; j2m2jJMi are the Clebsch-Gordan coeffi-
cients, Ym

l are spherical harmonics, and 	ð�Þ (where � ¼
�1=2) are spin wave functions,

	ð1=2Þ ¼ 1
0

� �
; 	ð�1=2Þ ¼ 0

1

� �
:

The heavy-light meson states (such as D1, D
0
1 etc.) with

J ¼ L ¼ 1 are mixtures of spin-triplet Fð3P1Þ and spin-
singlet Fð1P1Þ states:

�F1
¼ �Fð1P

1
Þ cos’þ�Fð3P

1
Þ sin’;

�F0
1
¼ ��Fð1P1Þ sin’þ�Fð3P1Þ cos’;

(16)

where ’ is the mixing angle and the primed state has the
heavier mass. Such mixing occurs due to the nondiagonal
spin-orbit and tensor terms in the Q �q quasipotential. The
physical states are obtained by diagonalizing the corre-
sponding mixing terms. The values of the mixing angle ’
were determined in the heavy-light meson mass spectra
calculations [14] and are given in Table I.

It is important to note that the wave functions entering
the weak current matrix element (11) are not in the rest

frame in general. For example, in the Bc meson rest frame
(pBc

¼ 0), the final meson is moving with the recoil mo-

mentum �. The wave function of the moving meson �F�

is connected with the wave function in the rest frame
�F0 � �F by the transformation [17]

�F�ðpÞ ¼ D1=2
q ðRW

L�
ÞD1=2

c ðRW
L�
Þ�F0ðpÞ; (17)

where RW is the Wigner rotation, L� is the Lorentz boost
from the meson rest frame to a moving one, and the

rotation matrixD1=2ðRÞ in spinor representation is given by
1 0
0 1

� �
D1=2

q;c ðRW
L�
Þ ¼ S�1ðpq;cÞSð�ÞSðpÞ; (18)

where

SðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðpÞ þm

2m

s �
1þ �p

�ðpÞ þm

�

is the usual Lorentz transformation matrix of the four-
spinor.
The expressions for the matrix elements of the Bc decays

to the P-wave BsJ and BJ mesons, governed by the c quark
decays, can be obtained from the above expressions by the
interchange of the b and c quarks and for the final active
quarks q ¼ s, d.

IV. FORM FACTORS OF THE SEMILEPTONIC Bc

DECAYS TO THE ORBITALLY EXCITED HEAVY
MESONS

The matrix elements of the weak current JW� ¼ �b��ð1�
�5Þq or �c��ð1� �5Þq for Bc decays to orbitally excited

scalar light mesons (S) can be parametrized by two invari-
ant form factors

hSðpFÞj �q��bjBcðpBc
Þi ¼ 0;

hSðpFÞj �q���5bjBcðpBc
Þi ¼ fþðq2Þðp�

Bc
þ p

�
F Þ

þ f�ðq2Þðp�
Bc

� p�
F Þ;

(19)

where q ¼ pBc
� pF, MS is the scalar meson mass.

The matrix elements of the weak current for Bc decays to
axial vector mesons (AV) can be expressed in terms of four
invariant form factors

hAðpFÞj �q��bjBcðpBc
Þi ¼ ðMBc

þMAÞhV1
ðq2Þ���

þ ½hV2
ðq2Þp�

Bc
þ hV3

ðq2Þp�
F �

� �� � q
MBc

; (20)

hAðpFÞj �q���5bjBcðpBc
Þi ¼ 2ihAðq2Þ

MBc
þMA

��������pBc�pF�;

(21)

TABLE I. Mixing angles ’ for heavy-light mesons (in 	).

State D Ds B Bs

1P 35.5 34.5 35.0 36.0

2P 37.5 37.6 37.3 34.0
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where MA and �� are the mass and polarization vector of
the axial vector meson.

The matrix elements of the weak current forBc decays to
tensor mesons (T) can be decomposed in four Lorentz-
invariant structures

hTðpFÞj �q��bjBcðpBc
Þi ¼ 2itVðq2Þ

MBc
þMT

���������
p�
Bc

MBc

� pBc�pF�; (22)

hTðpFÞj �q���5bjBcðpBc
Þi

¼ ðMBc
þMTÞtA1

ðq2Þ���� pB�

MBc

þ ½tA2
ðq2Þp�

Bc
þ tA3

ðq2Þp�
F ����


p�
Bc
p

Bc

M2
Bc

; (23)

where MT and ��� are the mass and polarization tensor of
the tensor meson.

We previously studied the form factors parametrizing
the matrix elements of vector and axial vector charged and

neutral weak currents for Bc ! �cðJ=c Þ, Bc ! Dð�Þ [6],
Bc ! Bð�Þ

s ðBð�ÞÞ [7], and Bc ! Dð�Þ
s transitions in the

framework of our model. Now we apply the same ap-
proach, described in detail in Refs. [6,7,18], for the calcu-
lation of the form factors for Bc decays to the orbitally
excited heavy mesons. Namely, we calculate exactly the

contribution of the leading vertex function �ð1Þ (12) to the
transition matrix element of the weak current (11) using the
�-function. For the evaluation of the subleading contribu-

tion �ð2Þ for the Bc ! 	JðhcÞ and Bc ! DJ transitions,
governed by b ! c, u transitions, we use expansions in
inverse powers of the heavy b-quark mass from the initial
Bc meson and large recoil energy of the final heavy meson.
Note that the latter contributions turn out to be rather small
numerically. Therefore, we obtain reliable expressions for
the form factors in the whole accessible kinematical range.
It is important to emphasize that in doing these calculations
we consistently take into account all relativistic corrections
including boosts of the meson wave functions from the rest
reference frame to the moving ones, given by Eq. (17). The
obtained expressions for the decay form factors are given
in the appendix (to simplify these expressions the long-
range anomalous chromomagnetic quark moment was ex-
plicitly set as 
 ¼ �1). In the limits of infinitely heavy
quark mass and large energy of the final meson, the form
factors in our model satisfy all heavy quark symmetry
relations [19,20].

As a result, we get the following expressions for the Bc

decay form factors:
(a) Bc ! S transitions (S ¼ 	c0, D0)

f�ðq2Þ ¼ fð1Þ� ðq2Þ þ "fSð2Þ� ðq2Þ þ ð1� "ÞfVð2Þ� ðq2Þ;
(24)

(b) Bc ! AV transition (AV ¼ 	c1, D1ð3P1Þ)
hVi

ðq2Þ ¼ hð1ÞVi
ðq2Þ þ "hSð2ÞVi

ðq2Þ þ ð1� "ÞhVð2ÞVi
ðq2Þ;

ði ¼ 1; 2; 3Þ;
hAðq2Þ ¼ hð1ÞA ðq2Þ þ "hSð2ÞA ðq2Þ þ ð1� "ÞhVð2ÞA ðq2Þ;

(25)

(c) Bc ! AV0 transition1 [AV0 ¼ hc, D1ð1P1Þ]
gVi

ðq2Þ ¼ gð1ÞVi
ðq2Þ þ "gSð2ÞVi

ðq2Þ þ ð1� "ÞgVð2ÞVi
ðq2Þ;

ði ¼ 1; 2; 3Þ;
gAðq2Þ ¼ gð1ÞA ðq2Þ þ "gSð2ÞA ðq2Þ þ ð1� "ÞgVð2ÞA ðq2Þ;

(26)

(d) Bc ! T transition (T ¼ 	c2, D
�
2)

tVðq2Þ ¼ tð1ÞV ðq2Þ þ "tSð2ÞV ðq2Þ þ ð1� "ÞtVð2ÞV ðq2Þ;
tAi

ðq2Þ ¼ tð1ÞAi
ðq2Þ þ "tSð2ÞAi

ðq2Þ þ ð1� "ÞtVð2ÞAi
ðq2Þ;

ði ¼ 1; 2; 3Þ; (27)

where fð1Þ� , fS;Vð2Þ� , hð1ÞVi
, hS;Vð2ÞVi

, hð1ÞA , hS;Vð2ÞA , gð1ÞVi
, gS;Vð2ÞVi

, gð1ÞA ,

gS;Vð2ÞA , tð1ÞV , tS;Vð2ÞV , tð1ÞAi
, and tS;Vð2ÞAi

are given in the appendix.

The superscripts ‘‘(1)’’ and ‘‘(2)’’ correspond to Figs. 1 and
2, S and V correspond to the scalar and vector confining
potentials of the q �q-interaction. The mixing parameter of
scalar and vector confining potentials " is fixed to be�1 in
our model.
In the case of Bc decays to P-wave Bs and B mesons,

governed by the c ! s, d transitions, the accessible kine-
matical range is significantly smaller (by almost a factor of
4) than the one for the decays to the S-wave Bs and B
mesons. Our previous investigation [7] of the latter decays
had shown that intermediate negative-energy states, lead-

ing to the subleading term �ð2Þ, give almost negligible
contributions to decay form factors (see Fig. 3 of
Ref. [7]). Therefore, such contributions can be safely ne-
glected in the present analysis. Thus, for calculations of the
form factors of the Bc ! BsJ and Bc ! BJ weak transi-

tions we use the leading order expressions fð1Þi , hð1Þi , gð1Þi ,

and tð1Þi , given in the appendix, where the b and c quarks are
interchanged.
For numerical calculations of the form factors we use the

quasipotential wave functions of the Bc meson and orbi-
tally excited charmonium andD, Bs, Bmesons obtained in
their mass spectra calculations [3,14]. Our results for the

1The corresponding decay matrix elements are defined by
Eqs. (20) and (21).
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FIG. 3 (color online). Form factors of the Bc decays to the 1P- and 2P -wave charmonium states.
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masses of these mesons are in good agreement with avail-
able experimental data [21]. Therefore, we use the experi-
mental values for the masses of well-established states and
our model predictions for all other masses in the numerical
calculations.

In Fig. 3 we plot form factors of the Bc weak transitions
to the 1P ð	cJ; hcÞ and 2P ð	0

cJ; h
0
cÞ -wave charmonium

states as an example. The remaining plots for the Bc weak
form factors to the P-waveDJ, BsJ, and BJ mesons have an
analogous behavior and are not shown here.

V. SEMILEPTONIC Bc DECAYS TO ORBITALLY
EXCITED HEAVY MESONS

The differential decay rate for the Bc meson decay to
P-wave heavy mesons reads [8]

d�ðBc ! FðS; AV; TÞl ��Þ
dq2

¼ G2
F

ð2�Þ3 jVbfj2 �
1=2ðq2 �m2

l Þ2
24M3

Bc
q2

�
�
HHy

�
1þ m2

l

2q2

�
þ 3m2

l

2q2
HtH

y
t

	
; (28)

where GF is the Fermi constant, Vij are the Cabbibo-

Kobayashi-Maskawa (CKM) matrix elements, � �
�ðM2

Bc
;M2

F; q
2Þ ¼ M4

Bc
þM4

F þ q4 � 2ðM2
Bc
M2

F þ
M2

Fq
2 þM2

Bc
q2Þ, ml is the lepton mass and

HHy � HþH
y
þ þH�Hy� þH0H

y
0 : (29)

Helicity components of the hadronic tensor are expressed
through the invariant form factors.
(a) Bc ! Sð3P0Þ transition

H� ¼ 0; H0 ¼ �1=2

ffiffiffiffiffi
q2

p fþðq2Þ;

Ht ¼ 1ffiffiffiffiffi
q2

p ½ðM2
Bc

�M2
SÞfþðq2Þ þ q2f�ðq2Þ�:

(30)

(b) Bc ! AVð3P1Þ transition

H� ¼ ðMBc
þMAVÞhV1

ðq2Þ � �1=2

MBc
þMAV

hA;

H0 ¼ 1

2MAV

ffiffiffiffiffi
q2

p
�
ðMBc

þMAVÞðM2
Bc

�M2
AV � q2ÞhV1

ðq2Þ þ �

2MBc

½hV2
ðq2Þ þ hV3

ðq2Þ�
�
;

Ht ¼ �1=2

2MAV

ffiffiffiffiffi
q2

p
�
ðMBc

þMAVÞhV1
ðq2Þ þM2

Bc
�M2

AV

2MBc

½hV2
ðq2Þ þ hV3

ðq2Þ� þ q2

2MBc

½hV2
ðq2Þ � hV3

ðq2Þ�
�
:

(31)

(c) Bc ! AV 0ð1P1Þ transition
Hi are obtained from expressions (31) by replacement of form factors hiðq2Þ by giðq2Þ.

(d) Bc ! Tð3P2Þ transition

H� ¼ �1=2

2
ffiffiffi
2

p
MBc

MT

�
ðMBc

þMTÞtA1
ðq2Þ � �1=2

MBc
þMT

tV

	
;

H0 ¼ �1=2

2
ffiffiffi
6

p
MBc

M2
T

ffiffiffiffiffi
q2

p
�
ðMBc

þMTÞðM2
Bc

�M2
T � q2ÞtA1

ðq2Þ þ �

2MBc

½tA2
ðq2Þ þ tA3

ðq2Þ�
�
;

Ht ¼
ffiffiffi
2

3

s
�

4MBc
M2

T

ffiffiffiffiffi
q2

p
�
ðMBc

þMTÞtA1
ðq2Þ þM2

Bc
�M2

T

2MBc

½tA2
ðq2Þ þ tA3

ðq2Þ� þ q2

2MBc

½tA2
ðq2Þ � tA3

ðq2Þ�
�
:

(32)

Here the subscripts �, 0, t denote transverse, longitudinal
and time helicity components, respectively.

Now we substitute the weak decay form factors calcu-
lated in the previous section in the above expressions for
decay rates. The resulting differential distributions for Bc

decays to the 1P ð	J; hcÞ and 2P ð	0
J; h

0
cÞ charmonium

states are plotted in Fig. 4. The difference of the plot shapes
for the corresponding 1P and 2P charmonium states is the
consequence of their different nodal structure. We calcu-
late the total rates of the semileptonic Bc decays to the
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FIG. 4 (color online). Predictions for the differential decay rates of the Bc semileptonic decays to the 1P- and 2P-wave charmonium
states.
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P-wave heavy mesons by integrating the corresponding
differential decay rates over q2. For calculations we use
the following values of the CKM matrix elements: jVcbj ¼
0:041, jVubj ¼ 0:0038, jVcsj ¼ 0:974, jVcdj ¼ 0:223. Our
predictions for the rates of the semileptonic Bc decays to
the P-wave charmonium states are compared with the
previous calculations [8–12] in Table II. The authors of
Refs. [8–10] use different types of relativistic quark mod-
els. Calculations in Ref. [11] are based on the three-point
QCD sum rules, while Ref. [12] employs the light-cone
QCD sum rules. We find that significantly different theo-
retical approaches give values for the Bc ! 	JðhcÞl� de-
cay rates consistent in the order of magnitude, while for the
Bc decays to first radial excitations of the P-wave charmo-
nium (Bc ! 	0

Jðh0cÞl�) our results are almost an order of
magnitude lower than the predictions of the light-cone
QCD sum rules [12], which are the only available ones
at present. The latter decays can play an important role
in studying charmonium states above the open charm
production threshold. Their observation at Tevatron
and LHC can help to clarify the nature of the new charmo-

niumlike states. Our results for the rates of the CKM sup-
pressed semileptonic Bc decays to the P-wave D mesons,
governed by the weak b ! u transitions, are given in
Table III.
In Fig. 5 we plot predicted differential semileptonic

decay rates of the Bc to P-wave Bs meson states, governed
by the c ! s weak transitions. The allowed kinematical
range for these transitions is rather narrow. Therefore semi-
leptonic decays involving the � lepton are forbidden. From
these plots we see that even the account of the rather small
muon mass significantly modifies the differential decay
rates. The corresponding plots for Bc ! BJl� decays
have similar shape and are not shown here. The predicted
values for the rates of the semileptonic Bc decays to the
P-wave Bs and B mesons are given in Tables IV and V.
Note that, notwithstanding the fact that these decay rates
have significantly larger values of the CKM matrix ele-
ments than the rates of Bc decays to charmonium, they
have the same order of magnitude. This is the result of the
above-mentioned strong phase space suppression of the
Bc ! BsJl� decays.

TABLE II. Comparison of our predictions for the rates of the semileptonic Bc decays to the
P-wave charmonium states with previous calculations (in 10�15 GeV).

Decay our [8] [9] [10] [11] [12]

Bc ! 	c0e� 1.27 2.52 1.55 1.69 2:60� 0:73
Bc ! 	c0�� 0.11 0.26 0.19 0.25 0:70� 0:23
Bc ! 	c1e� 1.18 1.40 0.94 2.21 2:09� 0:60
Bc ! 	c1�� 0.13 0.17 0.10 0.35 0:21� 0:06
Bc ! 	c2e� 2.27 2.92 1.89 2.73

Bc ! 	c2�� 0.13 0.20 0.13 0.42

Bc ! hce� 1.38 4.42 2.40 2.51 2:03� 0:57 4:2� 2:1
Bc ! hc�� 0.11 0.38 0.21 0.36 0:20� 0:05 0:53� 0:26
Bc ! 	0

c0e� 0.19 10� 6
Bc ! 	0

c0�� 0.0089 0:39� 0:20
Bc ! 	0

c1e� 0.12 8:6� 4:8
Bc ! 	0

c1�� 0.0056 0:31� 0:18
Bc ! 	0

c2e� 0.048

Bc ! 	0
c2�� 0.0019

Bc ! h0ce� 0.031 0:76� 0:33
Bc ! h0c�� 0.0016 0:028� 0:014

TABLE III. Predictions for the rates of the semileptonic Bc decays to the P-waveDmesons (in
10�15 GeV).

Decay � Decay �

Bc ! D0e� 0.016 Bc ! D0�� 0.0067

Bc ! D1e� 0.016 Bc ! D1�� 0.0056

Bc ! D0
1e� 0.027 Bc ! D0

1�� 0.016

Bc ! D2e� 0.052 Bc ! D2�� 0.019
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VI. NONLEPTONIC DECAYS

In the standard model, nonleptonic Bc decays are de-
scribed by the effective Hamiltonian, obtained by integrat-
ing out the heavy W-boson and top quark.

(a) For the case of the b ! c, u transitions, one gets

Heff ¼ GFffiffiffi
2

p Vcb½c1ð�ÞOcb
1 þ c2ð�ÞOcb

2 �

þGFffiffiffi
2

p Vub½c1ð�ÞOub
1 þ c2ð�ÞOub

2 � þ . . . :

(33)

(b) For the case of the c ! s, d transitions, we have

Heff ¼ GFffiffiffi
2

p Vcs½c1ð�ÞOcs
1 þ c2ð�ÞOcs

2 �

þGFffiffiffi
2

p Vcd½c1ð�ÞOcd
1 þ c2ð�ÞOcd

2 � þ . . . :

(34)

The Wilson coefficients c1;2ð�Þ are evaluated perturba-

tively at the W scale and then are evolved down to the
renormalization scale � 
 mb by the renormalization-
group equations. The ellipsis denote the penguin operators,
the Wilson coefficients of which are numerically much
smaller than c1;2. The local four-quark operators O1 and

O2 are given by
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FIG. 5 (color online). Predictions for the differential decay rates of the Bc semileptonic decays to the P-wave Bs meson states.

TABLE IV. Predictions for the rates of the semileptonic Bc

decays to the P-wave Bs mesons (in 10�15 GeV).

Decay � Decay �

Bc ! Bs0e� 0.96 Bc ! Bs0�� 0.82

Bc ! Bs1e� 0.029 Bc ! Bs1�� 0.026

Bc ! B0
s1e� 0.065 Bc ! B0

s1�� 0.044

Bc ! Bs2e� 0.066 Bc ! Bs2�� 0.031

TABLE V. Predictions for the rates of the semileptonic Bc

decays to the P-wave B mesons (in 10�15 GeV).

Decay � Decay �

Bc ! B0e� 0.089 Bc ! B0�� 0.082

Bc ! B1e� 0.0048 Bc ! B1�� 0.0043

Bc ! B0
1e� 0.010 Bc ! B0

1�� 0.0082

Bc ! B2e� 0.012 Bc ! B2�� 0.0067
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Oqb
1 ¼ ½ð~duÞV�A þ ð~scÞV�A�ð �qbÞV�A;

Oqb
2 ¼ ð �quÞV�Að~dbÞV�A þ ð �qcÞV�Að~sbÞV�A;

q ¼ ðu; cÞ;
(35)

and

Ocq
1 ¼ ð~duÞV�Að �cqÞV�A;

Ocq
2 ¼ ð �cuÞV�Að~dqÞV�A;

q ¼ ðs; dÞ;
(36)

where the rotated antiquark fields are

~d ¼ Vud
�dþ Vus �s; ~s ¼ Vcd

�dþ Vcs �s; (37)

and for the hadronic current the following notation is used

ð �qq0ÞV�A ¼ �q��ð1� �5Þq0 � JW� :

The factorization approach, which is extensively used
for the calculation of two-body nonleptonic decays, such as
Bc ! FM, assumes that the nonleptonic decay amplitude
reduces to the product of a meson transition matrix element
and a decay constant [22]. This assumption in general
cannot be exact. However, it is expected that factorization
can hold for energetic decays, where the final F meson is
heavy and theM meson is light [23]. A justification of this
assumption is usually based on the issue of color trans-
parency [24]. In these decays the final hadrons are pro-
duced in the form of almost pointlike color-singlet objects
with a large relative momentum. And thus the hadroniza-
tion of the decay products occurs after they are too far
separated for strongly interacting with each other. That
provides the possibility to avoid the final state interaction.
A more general treatment of factorization is given in
Refs. [25,26].

Here we first analyze the Bþ
c nonleptonic decays to the

P-wave charmonium and the light �þ, �þ or Kð�Þþ me-
sons, governed by the weak b ! c, u transitions. The
corresponding diagram is shown in Fig. 6(a), where q1 ¼
d, s and q2 ¼ u. Then the decay amplitude can be approxi-
mated by the product of one-particle matrix elements

hF0MþjHeffjBþ
c i ¼ GFffiffiffi

2
p VcbVq1q2a1hFjð �bcÞV�AjBci

� hMjð �q1q2ÞV�Aj0i; (38)

where

a1 ¼ c1ð�Þ þ 1

Nc

c2ð�Þ (39)

and Nc is the number of colors.
Next we consider nonleptonic decays of the Bc meson to

the P-wave Bs or B mesons and the final light Mþ meson,
governed by the weak c ! s, d transitions. Only the pion is
kinematically allowed. The corresponding diagram is
shown in Fig. 6(b). Then in the factorization approximation
the decay amplitude can be expressed through the product
of one-particle matrix elements

hF0MþjHeffjBþ
c i ¼ GFffiffiffi

2
p VcqVq1q2a1hFjð �cqÞV�AjBci

� hMjð �q1q2ÞV�Aj0i: (40)

The matrix element of the weak current JW� between

vacuum and a final pseudoscalar (P) or vector (V) meson is
parametrized by the decay constants fP;V

hPj �q1���5q2j0i ¼ ifPp
�
P ;

hVj �q1��q2j0i ¼ ��MVfV:
(41)

The pseudoscalar fP and vector fV decay constants were
calculated within our model in Ref. [27]. It was shown that
the complete account of relativistic effects is necessary to
get agreement with experiment for decay constants espe-
cially of light mesons. We use the following values of the
decay constants: f� ¼ 0:131 GeV, f� ¼ 0:208 GeV,

fK ¼ 0:160 GeV, and fK� ¼ 0:214 GeV. The relevant
CKM matrix elements are jVudj ¼ 0:975, jVusj ¼ 0:222.
The matrix elements of the weak current between the Bc

meson and the final heavy meson F entering the factorized
nonleptonic decay amplitude (38) are parametrized by the
set of decay form factors defined in Eqs. (24)–(27). Using
the form factors obtained in Sec. IV, we get predictions for
the nonleptonic Bþ

c ! 	JðhcÞ0Mþ decay rates and give
them in Table VI in comparison with other calculations
[8–10,28], which are available for the decays to the 1P

FIG. 6. Quark diagram for the nonleptonic Bþ
c ! F0Mþ decay.
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charmonium states only. Predictions for the energetic non-
leptonic decays to the 2P charmonium states are made for
the first time and their measurement could be important for
the identification of these states. Our results for the non-
leptonic Bþ

c ! BsJM
þ and Bþ

c ! BJM
þ decay rates are

presented in Table VII. Note that in the latter case only
decays involving pions are kinematically allowed.

VII. CONCLUSIONS

We calculated the form factors of the weak Bc decays to
orbitally excited heavy mesons, governed both by the b !
c, u and c ! s, d transitions, in the framework of the QCD-
motivated relativistic quark model based on the quasipo-
tential approach. The momentum dependence of the weak
decay form factors was reliably determined in the whole
accessible kinematical range. This is particularly important
for Bc decays to the P-wave charmonium and D mesons
since they have a rather broad kinematically allowed range
(q2max � 6–15 GeV2). All essential relativistic effects were
taken into account including transformations of the meson

TABLE VI. The rates of the nonleptonic Bc decays to the P-wave charmonium and light
mesons (in 10�15 GeV).

Decay our [8] [9] [10] [28]

Bþ
c ! 	c0�

þ 0:23a21 0:622a21 0:28a21 0:317a21 11a21
Bþ
c ! 	c0�

þ 0:64a21 1:47a21 0:73a21 0:806a21 37a21
Bþ
c ! 	c0K

þ 0:018a21 0:0472a21 0:022a21 0:00235a21
Bþ
c ! 	c0K

�þ 0:045a21 0:0787a21 0:041a21 0:00443a21
Bþ
c ! 	c1�

þ 0:22a21 0:0768a21 0:0015a21 0:0815a21 0:10a21
Bþ
c ! 	c1�

þ 0:16a21 0:326a21 0:11a21 0:331a21 5:2a21
Bþ
c ! 	c1K

þ 0:016a21 0:0057a21 0:00012a21 0:0058a21
Bþ
c ! 	c1K

�þ 0:010a21 0:0201a21 0:0080a21 0:00205a21
Bþ
c ! 	c2�

þ 0:41a21 0:518a21 0:24a21 0:277a21 8:9a21
Bþ
c ! 	c2�

þ 1:18a21 1:33a21 0:71a21 0:579a21 36a21
Bþ
c ! 	c2K

þ 0:031a21 0:0384a21 0:018a21 0:00199a21
Bþ
c ! 	c2K

�þ 0:082a21 0:0732a21 0:041a21 0:00348a21
Bþ
c ! hc�

þ 0:51a21 1:24a21 0:58a21 0:569a21 18a21
Bþ
c ! hc�

þ 1:11a21 2:78a21 1:41a21 1:40a21 60a21
Bþ
c ! hcK

þ 0:039a21 0:0939a21 0:045a21 0:0043a21
Bþ
c ! hcK

�þ 0:077a21 0:146a21 0:078a21 0:0076a21
Bþ
c ! 	0

c0�
þ 0:023a21

Bþ
c ! 	0

c0�
þ 0:080a21

Bþ
c ! 	0

c0K
þ 0:0019a21

Bþ
c ! 	0

c0K
�þ 0:0055a21

Bþ
c ! 	0

c1�
þ 0:011a21

Bþ
c ! 	0

c1�
þ 0:016a21

Bþ
c ! 	0

c1K
þ 0:0095a21

Bþ
c ! 	c1K

�þ 0:0011a21
Bþ
c ! 	0

c2�
þ 8:5� 10�7a21

Bþ
c ! 	0

c2�
þ 0:0022a21

Bþ
c ! 	0

c2K
þ 8:5� 10�6a21

Bþ
c ! 	0

c2K
�þ 0:00015a21

Bþ
c ! h0c�þ 1:0� 10�5a21

Bþ
c ! h0c�þ 0:0051a21

Bþ
c ! h0cKþ 3:4� 10�6a21

Bþ
c ! hcK

�þ 0:00035a21

TABLE VII. The rates of the nonleptonic Bc decays to the
P-wave Bs or B mesons and � meson (in 10�15 GeV).

Decay � Decay �

Bþ
c ! Bs0�

þ 5:82a21 Bþ
c ! B0

0�
þ 0:46a21

Bþ
c ! Bs1�

þ 0:30a21 Bþ
c ! B0

1�
þ 0:041a21

Bþ
c ! B0

s1�
þ 0:31a21 Bþ

c ! B00
1 �

þ 0:061a21
Bþ
c ! Bs2�

þ 0:26a21 Bþ
c ! B0

2�
þ 0:047a21
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wave functions from the rest to the moving reference frame
and contributions from the intermediate negative-energy
states. The resulting form factors are expressed through the
overlap integrals of the meson wave functions. These wave
functions were obtained previously in the meson mass
spectra calculations and are used in the present numerical
evaluations. The influence of mixing effects on the P-wave
heavy-light meson wave functions due to the nondiagonal
spin-orbit and tensor terms in the Q �q quasipotential was
explicitly considered. The reliable determination of the q2

dependence of the from factors in the whole kinematical
range is an important achievement, since in many previous
calculations form factors were determined only at the
single point of either zero (q2 ¼ q2max) or maximum (q2 ¼
0) recoil of the final meson, and then different ad hoc
extrapolations were employed.

The obtained weak form factors were used for the cal-
culation of the semileptonic and nonleptonic Bc decays to
corresponding orbitally excited heavy mesons. For the
nonleptonic decays the factorization approximation was

used. The calculated branching fractions are summarized
in Table VIII. In this table we give our predictions not only
for Bc decays to the first 1P-wave charmonium states
ð	J; hcÞ, but also for their radial excitations (2P-wave
charmonium 	0

J, h
0
c). For completeness, we also present

there our predictions for the semileptonic Bc decays to the
3S charmonium states ðc 00; �00

c Þ which were not given in
our previous study [6]. These decays to highly (both radi-
ally and orbitally) excited charmonium are of special in-
terest, since their observation could help to reveal the
nature of the newly observed charmoniumlike states above
the open charm production threshold.
Summing the corresponding branching fractions in

Table VIII we find that the semileptonic2 and the consid-
ered energetic nonleptonic decays to the 1P charmonium
states contribute about 0.88% and 0.44% of the total rate,

TABLE VIII. Branching fractions (in %) of exclusive Bc decays calculated for the fixed values of the Bc lifetime �Bc
¼ 0:46 ps and

a1 ¼ 1:14 for the b ! c transitions and a1 ¼ 1:20 for the c ! s, d transitions.

Decay Br Decay Br Decay Br

Bc ! 	c0e� 0.087 Bþ
c ! 	c0�

þ 0.021 Bþ
c ! 	0

c0�
þ 0.0020

Bc ! 	c0�� 0.0075 Bþ
c ! 	c0�

þ 0.058 Bþ
c ! 	0

c0�
þ 0.0071

Bc ! 	c1e� 0.082 Bþ
c ! 	c0K

þ 0.0016 Bþ
c ! 	0

c0K
þ 0.000 17

Bc ! 	c1�� 0.0092 Bþ
c ! 	c0K

�þ 0.0040 Bþ
c ! 	0

c0K
�þ 0.000 49

Bc ! 	c2e� 0.16 Bþ
c ! 	c1�

þ 0.020 Bþ
c ! 	0

c1�
þ 0.0010

Bc ! 	c2�� 0.0093 Bþ
c ! 	c1�

þ 0.015 Bþ
c ! 	c1�

þ 0.0014

Bc ! hce� 0.096 Bþ
c ! 	c1K

þ 0.0015 Bþ
c ! 	0

c1K
þ 0.000 086

Bc ! hc�� 0.0077 Bþ
c ! 	c1K

�þ 0.0010 Bþ
c ! 	0

c1K
�þ 0.000 10

Bc ! 	0
c0e� 0.014 Bþ

c ! 	c2�
þ 0.038 Bþ

c ! 	0
c2�

þ 7:7� 10�8

Bc ! 	0
c0�� 0.000 63 Bþ

c ! 	c2�
þ 0.11 Bþ

c ! 	0
c2�

þ 0.000 20

Bc ! 	0
c1e� 0.0085 Bþ

c ! 	c2K
þ 0.0028 Bþ

c ! 	0
c2K

þ 7:8� 10�7

Bc ! 	0
c1�� 0.000 39 Bþ

c ! 	c2K
�þ 0.0074 Bþ

c ! 	0
c2K

�þ 0.000 014

Bc ! 	0
c2e� 0.0033 Bþ

c ! hc�
þ 0.046 Bþ

c ! h0c�þ 9:4� 10�7

Bc ! 	0
c2�� 0.000 13 Bþ

c ! hc�
þ 0.10 Bþ

c ! h0c�þ 0.000 46

Bc ! h0ce� 0.0021 Bþ
c ! hcK

þ 0.0035 Bþ
c ! h0cKþ 3:1� 10�7

Bc ! h0c�� 0.000 11 Bþ
c ! hcK

�þ 0.0070 Bþ
c ! h0cK�þ 0.000 032

Bc ! D0e� 0.0011 Bc ! Bs0e� 0.0066 Bc ! B0e� 0.0061

Bc ! D0�� 0.000 46 Bc ! Bs0�� 0.0057 Bc ! B0�� 0.0056

Bc ! D1e� 0.0011 Bc ! Bs1e� 0.0020 Bc ! B1e� 0.000 33

Bc ! D1�� 0.000 39 Bc ! Bs1�� 0.0018 Bc ! B1�� 0.000 30

Bc ! D0
1e� 0.0019 Bc ! B0

s1e� 0.0045 Bc ! B0
1e� 0.000 72

Bc ! D0
1�� 0.0011 Bc ! B0

s1�� 0.0031 Bc ! B0
1�� 0.000 57

Bc ! D2e� 0.0036 Bc ! Bs2e� 0.0046 Bc ! B2e� 0.000 84

Bc ! D2�� 0.0013 Bc ! Bs2�� 0.0022 Bc ! B2�� 0.000 47

Bc ! �00
ce� 0.000 55 Bþ

c ! Bs0�
þ 0.55 Bþ

c ! B0�
þ 0.043

Bc ! �00
c�� 5:0� 10�7 Bþ

c ! Bs1�
þ 0.028 Bþ

c ! B1�
þ 0.0039

Bc ! c 00e� 0.000 57 Bþ
c ! B0

s1�
þ 0.029 Bþ

c ! B0
0�

þ 0.0058

Bc ! c 00�� 3:6� 10�6 Bþ
c ! Bs2�

þ 0.024 Bþ
c ! B2�

þ 0.0044

2We also take into account semileptonic decays involving the
muon, for which rates are almost equal to the ones with the
electron.
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respectively. The corresponding decays to the 2P charmo-
nium states are significantly suppressed (by an order of
magnitude) mainly due to the presence of the node in the
2P wave function and give about 0.057% and 0.013% of
the total rate. The same pattern was previously observed in
Bc decays to the S-wave charmonia [6], where the rates of
decays to the 2S states were also suppressed by an order of
magnitude compared to decays to the 1S states. For decays
to higher charmonium excitations such suppression should
be even more pronounced. The CKM suppressed semi-
leptonic decays to the DJ mesons contribute about
0.019%. Thus the total contribution of the considered Bc

decays, governed by the b ! c, uweak transitions, is about
1.41%.

The Bc semileptonic decays to orbitally excited BsJ and
BJ mesons, governed by the c ! s, dweak transitions, turn
out to have smaller branching fractions than Bc decays to
orbitally excited charmonium, notwithstanding the signifi-
cantly larger values of the CKM matrix elements, due to
the substantial phase space suppression. Such decays in-
volving the � are kinematically forbidden, while the muon

mass starts to play an important role, reducing branching
fractions by more than 10%. In total, such semileptonic
decays give about 0.045% of the Bc decay rate. On the
other hand, there is no kinematical suppression in the
corresponding nonleptonic decays and they contribute
about 0.69%. Thus, the total contribution of the considered
Bc decays, governed by the c ! s, d weak transitions, is
about 0.73%.
The semileptonic and nonleptonic Bc decays to excited

heavy mesons can be investigated at Tevatron and LHC,
especially in the LHCb experiment, where the Bc mesons
are expected to be copiously produced.
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APPENDIX: FORM FACTORS OF WEAK Bc DECAYS TO ORBITALLY EXCITED HEAVY MESONS

(a) Bc ! Sð3P0Þ transition (S ¼ 	c0, D
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(b) Bc ! AVð3P1Þ transition (AV ¼ 	c1, D1ð3P1Þ)
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where the subscript q ¼ c, u refers to the final active quark, the superscripts ‘‘(1)’’ and ‘‘(2)’’ correspond to Figs. 1 and 2, S
and V correspond to the scalar and vector potentials of the q �q-interaction, and
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q
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