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In this paper we study the semileptonic decays of Bþ
c → Dð�Þ

ðsÞðlþνl; lþl−; νν̄Þ (here l stands for e, μ, or τ).
After evaluating the Bþ

c → ðDðsÞ; D�
ðsÞÞ transition form factors F0;þ;Tðq2Þ and Vðq2Þ, A0;1;2ðq2Þ, T1;2;3ðq2Þ

by employing the perturbative QCD factorization approach, we calculate the branching ratios for all these
semileptonic decays. Our predictions for the values of the Bþ

c → DðsÞ and Bþ
c → D�

ðsÞ transition form

factors are consistent with those obtained by using other methods. The branching ratios of the decay modes
with ν̄ν are almost an order of magnitude larger than the corresponding decays with lþl− after the
summation over the three neutrino generations. The branching ratios for the decays with b → d transitions
are much smaller than those decays with the b → s transitions, due to the Cabibbo-Kobayashi-Maskawa
suppression. We define ratios RD and RD� for the branching ratios with the τ lepton versus μ, e lepton final
states to cancel the uncertainties of the form factors, which could possibly be tested in the near future.
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I. INTRODUCTION

The Bc meson is a pseudoscalar ground state of b and c
quarks, and thus the electromagnetic interaction cannot
transform theBc meson into other hadrons containing b and
c quarks. The two different quark flavors forbid the meson
from being annihilated into gluons, and the fact that it is
below the B −D threshold makes the Bc meson stable with
regards to the strong interaction. The Bc meson can only
decay through weak interactions, so it is an ideal system to
study weak decays of heavy quarks. Either of the heavy
quarks (b or c) can decay individually, which makes it
different from the Bu;d or Bs meson. The phase space in the
c → s transition is smaller than that in the b → c transition,
but the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment jVcsj ∼ 1 is much larger than the CKMmatrix element
jVcbj ∼ 0.04. Thus the c-quark decays provide the dominant
contribution (about 70%) to the decaywidth of theBc meson
[1]. Because themass of aBcB̄c pair exceeds the threshold of
ϒð4SÞ, the Bc meson cannot be produced at the B factories.
Thus—compared with the Bu;d or Bs meson—Bc-meson
decays have received much less experimental attention.
However, at LHC experiments around 5 × 1010 Bc events
per year are expected [1,2] due to the relatively large
production cross section, which provides a very good
platform to study various Bc-meson decay modes.
Because there is only one hadronic final product, the

Bc-meson semileptonic decays among the abundant decay

modes are relatively clean in the theoretical treatment.
These semileptonic decays provide good opportunities to
measure not only the CKM matrix elements, such as jVcbj,
jVubj, and jVcdj, but also the form factors of the Bc-to-
bottom and Bc-to-charm meson transitions. The rare semi-
leptonic decays governed by the flavor-changing neutral
currents are forbidden at tree level in the standard model
(SM). Those decays—which are very sensitive to the
contributions of new intermediate particles or interactions—
are especially interesting. There are various approaches for
working on the semileptonic Bc decays. In Ref. [3], for
example, Dhir and Verma presented a detailed analysis of
the exclusive semileptonic Bc decays in the Bauer-Stech-
Wirbel framework. The authors of Refs. [4–6] studied the
semileptonic Bc decays in the relativistic and/or constituent
quark model. In Refs. [7,8], Bc → D�

slþl− decays were
studied in the SM with the fourth-generation and super-
symmetric models. The three-point QCD sum rules
approach was adopted to investigate Bþ

c → D�þ
ðsÞl

þl− in
Ref. [9] and Bþ

c → Dþ
ðsÞðlþl−; ν̄νÞ in Ref. [10].

In this paper, we will study the semileptonic decays of

Bþ
c → Dð�Þ

ðsÞðlþνl; lþl−; νν̄Þ (here l stands for the leptons e,

μ, or τ) in the perturbative QCD (pQCD) approach [11].
These semileptonic decays are governed by the form
factors. At the maximum recoil region, the final-state
meson is collinear with a large momentum. The spectator
c quark in the Bc meson thus needs a hard gluon to kick it
from almost zero momentum to a collinear state. However,
when doing integrations of the momentum fractions of
valence quarks, an endpoint singularity occurs. A natural*wangwf@ihep.ac.cn
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way to kill this singularity is to pick up the neglected
transverse momentum in the collinear factorization. With
the additional transverse momentum scale kT [12], double
logarithms appear in the calculation. We have to use the
renormalization group equation to perform the resumma-
tion (resulting in the so-called Sudakov form factors [13]).
and make the perturbative calculation of the hard ampli-
tudes (form factors) infrared safe. The pQCD approach is
widely adopted to calculate the transition form factors of
the Bu;d and Bs mesons [14–16]. Furthermore, various Bc
decay modes have also been studied in Refs. [17,18] in the
pQCD approach.
The structure of this paper is as follows. After this

Introduction, we collect the distribution amplitudes of the

Bc, Dð�Þ, and Dð�Þ
s mesons in Sec. II. Based on the kT

factorization formalism, we calculate and present the

expressions for theBc → ðDð�Þ; Dð�Þ
s Þ transition form factors

in the large recoil regions in Sec. III. The numerical results
and relevant discussions are given in Sec. IV, and Sec. V
contains a short summary.

II. KINEMATICS AND THE WAVE FUNCTIONS

The lowest-order diagrams for Bþ
c → ðDð�Þ; Dð�Þ

s Þ tran-
sitions are displayed in Fig. 1, whereM stands for a Dð�Þ or
Dð�Þ

s meson and ⊗ is the weak vertex for the leptonic pairs
to come out. In the rest frame of the Bc meson—wheremBc

is the mass of the Bc meson andm is the mass of theDðsÞ or

D�
ðsÞ meson—the momenta of the Bc and Dð�Þ

ðsÞ mesons are

defined in the light-cone coordinates as [18,19]

p1 ¼
mBcffiffiffi
2

p ð1; 1; 0⊥Þ; p2 ¼
mBcffiffiffi
2

p ðrηþ; rη−; 0⊥Þ; ð1Þ

with r ¼ m=mBc
and η� ¼ η�

ffiffiffiffiffiffiffiffiffiffiffiffi
η2 − 1

p
. As for the η in

η�, the expression

η ¼ 1

2r

�
1þ r2 −

q2

m2
Bc

�
ð2Þ

can be evaluated with q2 ¼ ðp1 − p2Þ2 which is the
invariant mass of the lepton pairs. The momenta of

the spectator quarks in the Bc and Dð�Þ
ðsÞ mesons are

parametrized as

k1 ¼
�
x1

mBcffiffiffi
2

p ; x1
mBcffiffiffi
2

p ; k1⊥
�
;

k2 ¼
�
x2

mBcffiffiffi
2

p rηþ; x2
mBcffiffiffi
2

p rη−; k2⊥
�
: ð3Þ

We define the polarization vector ϵ of the D�
ðsÞ mesons as

ϵL ¼ 1ffiffiffi
2

p ðηþ;−η−; 0⊥Þ; ϵT ¼ ð0; 0; 1Þ; ð4Þ

where ϵL and ϵT denote the longitudinal and transverse
polarization of the D�

ðsÞ mesons, respectively.
In this work, we use the same distribution amplitude for

the Bc meson as that used in Refs. [18,20–22],

ΦBc
ðxÞ ¼ iffiffiffiffiffiffiffiffi

2Nc
p ½ðpþmBc

Þγ5ϕBc
ðxÞ�αβ; ð5Þ

with

ϕBc
ðxÞ ¼ fBc

2
ffiffiffiffiffiffiffiffi
2Nc

p δðx −mc=mBc
Þ exp½−ω2

Bc
b2=2�; ð6Þ

wheremc is the mass of the c quark. Because the Bc meson
consists of two heavy quarks b and c (just like a heavy
quarkonium), the nonrelativistic QCD framework can be
applied, which means the leading-order wave function
should be just the zero-point wave function shown
in Eq. (6).

For the Dð�Þ
ðsÞ mesons, up to twist-3 accuracy, the

two-parton light-cone distribution amplitudes are defined
as [19,23]

hDðsÞðpÞjqαðzÞc̄βð0Þj0i

¼ iffiffiffiffiffiffiffiffiffi
2NC

p
Z

1

0

dxeixp·z½γ5ðpþmÞϕDðsÞ ðx; bÞ�αβ;

hD�
ðsÞðpÞjqαðzÞc̄βð0Þj0i

¼ −
1ffiffiffiffiffiffiffiffiffi
2NC

p
Z

1

0

dxeixp·z½ϵLðpþmÞϕD�
ðsÞ
ðx; bÞ

þ ϵTðpþmÞϕD�
ðsÞ
ðx; bÞ�αβ; ð7Þ

where

Z
1

0

dxϕDðsÞ ðx; 0Þ ¼
fDðsÞ

2
ffiffiffiffiffiffiffiffi
2Nc

p ;

Z
1

0

dxϕD�
ðsÞ
ðx; 0Þ ¼

fD�
ðsÞ

2
ffiffiffiffiffiffiffiffi
2Nc

p ð8Þ

are the normalization conditions. We adopt fD ¼ 206.7�
8.9 MeV and fDs

¼ 260.0� 5.6 MeV (from the Particle
Data Group [24]) as the experimental averages for D and
Ds mesons, respectively. For theD� orD�

s meson, we adopt

(a) (b)

FIG. 1. The leading-order Feynman diagrams for the transition
of Bþ

c → ðDð�Þ; Dð�Þ
s Þ, where M stands for a Dð�Þ or Dð�Þ

s meson,
and ⊗ is the weak vertex.
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the same decay constant and distribution amplitude for the
longitudinal and transverse components. Since there is no
experimental data, we use fD� ¼ 270 MeV and fD�

s
¼

310 MeV for the D� and D�
s mesons (given the results in

Refs. [25]) and assume a 10% uncertainty. The distribution
amplitude for the DðsÞ meson is

ϕDðsÞ ¼
1

2
ffiffiffiffiffiffiffiffiffi
2NC

p fDðsÞ6xð1 − xÞ½1þ CDðsÞ ð1 − 2xÞ�

× exp

�
−
ω2
DðsÞb

2

2

�
; ð9Þ

which is a kT-dependent form, with CD ¼ 0.5, ωD ¼ 0.1
and CDs

¼ 0.4, ωDs
¼ 0.2 for the D and Ds mesons,

respectively [23]. In this work, we also adopt the same
distribution amplitude for both the vector meson D�

ðsÞ and
pseudoscalar meson DðsÞ because of their small mass
difference [23].

III. FORM FACTORS OF SEMILEPTONIC
DECAYS

The form factors Fþðq2Þ, F0ðq2Þ for the Bc to pseudo-
scalar meson DðsÞ transition induced by the vector current
can be defined as [26,27]

hDðsÞðp2Þjq̄ð0Þγμbð0ÞjBcðp1Þi

¼
�
ðp1 þ p2Þμ −

m2
Bc

−m2

q2
qμ

�
Fþðq2Þ

þm2
Bc

−m2

q2
qμF0ðq2Þ; ð10Þ

where q ¼ p1 − p2 is the momentum of the lepton pairs. In
order to cancel the poles at q2 ¼ 0, Fþð0Þ should be equal

to F0ð0Þ. For the sake of convenience, we define the
auxiliary form factors f1ðq2Þ and f2ðq2Þ,

hDðsÞðp2Þjq̄ð0Þγμbð0ÞjBcðp1Þi ¼ f1ðq2Þp1μ þ f2ðq2Þp2μ:

ð11Þ

In terms of f1ðq2Þ and f2ðq2Þ, the form factors Fþðq2Þ and
F0ðq2Þ are

Fþðq2Þ ¼
1

2
½f1ðq2Þ þ f2ðq2Þ�;

F0ðq2Þ ¼
1

2
f1ðq2Þ

�
1þ q2

m2
Bc

−m2

�

þ 1

2
f2ðq2Þ

�
1 −

q2

m2
Bc

−m2

�
: ð12Þ

The form factor FTðq2Þ for the Bc → DðsÞ transition
induced by the tensor current can be defined as [27]

hDðsÞðp2Þjq̄ð0Þσμνbð0ÞjBcðp1Þi¼i½p2μqν−qμp2ν�
2FTðq2Þ
mBc

þm
:

ð13Þ

There are seven form factors—Vðq2Þ, A0;1;2ðq2Þ, and
T1;2;3ðq2Þ—that are needed for the Bc → D�

ðsÞ transition in
this work. The form factors Vðq2Þ and A0;1;2ðq2Þ are
defined by [27–29]

hD�
ðsÞðp2Þjq̄ð0Þγμbð0ÞjBcðp1Þi ¼ ϵμναβϵ

ν�pα
1p

β
2

2Vðq2Þ
mBc

þm
;

ð14Þ

hD�
ðsÞðp2Þjq̄ð0Þγμγ5bð0ÞjBcðp1Þi ¼ i

�
ϵ�μ −

ϵ� · q
q2

qμ

�
ðmBc

þmÞA1ðq2Þ − i

�
ðp1 þ p2Þμ −

m2
Bc

−m2

q2
qμ

�
ðϵ� · qÞ A2ðq2Þ

mBc
þm

þ i
2mðϵ� · qÞ

q2
qμA0ðq2Þ; ð15Þ

where ϵ� is the polarization vector of the D�
ðsÞ meson. The form factors T1;2;3 are defined by [27,30]

hD�
ðsÞðp2Þjq̄ð0Þσμνqνð1þ γ5Þbð0ÞjBcðp1Þi ¼ iϵμναβϵ�νpα

1p
β
22T1ðq2Þ þ ½ϵ�μðm2

Bc
−m2Þ − ðϵ� · qÞðp1 þ p2Þμ�T2ðq2Þ

þ ðϵ� · qÞ
�
qμ −

q2

m2
Bc

−m2
ðp1 þ p2Þμ

�
T3ðq2Þ; ð16Þ

where T1ð0Þ ¼ T2ð0Þ is implied by the identity

σμνγ5 ¼ −
i
2
ϵμναβσ

αβ: ð17Þ
In the transverse configuration b space, and by including the Sudakov form factors and the threshold resummation

effects, we obtain the Bc → DðsÞ form factors f1ðq2Þ, f2ðq2Þ, and FTðq2Þ as follows:
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f1ðq2Þ ¼ 16πm2
Bc
rCF

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕDðsÞ ðx2; b2Þf½1 − rx2� · h1ðx1; x2; b1; b2Þ · αsðt1Þ exp ½−Sabðt1Þ�

− ½rþ 2x1ð1 − ηÞ� · h2ðx1; x2; b1; b2Þ · αsðt2Þ exp ½−Sabðt2Þ�g; ð18Þ

f2ðq2Þ¼16πm2
Bc
CF

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕDðsÞ ðx2;b2Þf½1−2rx2ð1−ηÞ� ·h1ðx1;x2;b1;b2Þ ·αsðt1Þexp ½−Sabðt1Þ�

þ½2r−x1� ·h2ðx1;x2;b1;b2Þ ·αsðt2Þexp½−Sabðt2Þ�g; ð19Þ

FTðq2Þ ¼ 8πm2
Bc
CFð1þ rÞ

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕDðsÞ ðx2;b2Þf½1− rx2� ·h1ðx1; x2;b1;b2Þ ·αsðt1Þexp ½−Sabðt1Þ�

þ ½2r− x1� ·h2ðx1; x2;b1;b2Þ ·αsðt2Þexp ½−Sabðt2Þ�g; ð20Þ

where CF ¼ 4=3 is the color factor. The functions h1 and h2, the scales t1 and t2, and the Sudakov factors Sab are the
same as those given in Refs. [18,19].
The expressions for the form factors Vðq2Þ, A0;1;2ðq2Þ, and T1;2;3ðq2Þ for the Bc → D�

ðsÞ transition in the pQCD approach
are

Vðq2Þ ¼ 8πm2
Bc
CFð1þ rÞ

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕT
D�

ðsÞ
ðx2; b2Þf½1− rx2� · h1ðx1; x2; b1; b2Þ · αsðt1Þ exp ½−Sabðt1Þ�

þ r · h2ðx1; x2; b1; b2Þ · αsðt2Þ exp ½−Sabðt2Þ�g; ð21Þ

A0ðq2Þ ¼ 8πm2
Bc
CF

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕL
D�

ðsÞ
ðx2; b2Þf½1 − rx2ðr − 2ηÞ þ rð1 − 2x2Þ�

× h1ðx1; x2; b1; b2Þ · αsðt1Þ exp ½−Sabðt1Þ� þ ½r2 þ x1ð1 − 2rηÞ� · h2ðx1; x2; b1; b2Þ · αsðt2Þ exp ½−Sabðt2Þ�g; ð22Þ

A1ðq2Þ ¼ 16πm2
Bc
CF

r
1þ r

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕT
D�

ðsÞ
ðx2; b2Þ

× f½1þ rx2η − 2rx2 þ η� · h1ðx1; x2; b1; b2Þ · αsðt1Þ exp½−Sabðt1Þ�
þ ½rη − x1� · h2ðx1; x2; b1; b2Þ · αsðt2Þ exp½−Sabðt2Þ�g; ð23Þ

A2ðq2Þ¼
ð1þ rÞ2ðη− rÞ
2rðη2−1Þ ·A1ðq2Þ−8πm2

Bc
CF

1þ r
η2−1

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1Þ

×ϕL
D�

ðsÞ
ðx2;b2Þ ·f½ηð1− r2x2Þ− rx2ð1−2η2−2rÞþð1−rÞ− rηð1þ2x2Þ�

×h1ðx1;x2;b1;b2Þ ·αsðt1Þexp ½−Sabðt1Þ�þ ½rð1−x1þ2x1η2Þ−ηðr2þx1Þ�h2ðx1;x2;b1;b2Þ ·αsðt2Þexp ½−Sabðt2Þ�g;
ð24Þ

T1ðq2Þ ¼ 8πm2
Bc
CF

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕT
D�

ðsÞ
ðx2; b2Þ

× f½1þ rð1 − x2ð2þ r − 2ηÞÞ� · h1ðx1; x2; b1; b2Þ · αsðt1Þ exp ½−Sabðt1Þ�
þ r½1 − x1� · h2ðx1; x2; b1; b2Þ · αsðt2Þ exp ½−Sabðt2Þ�g; ð25Þ

T2ðq2Þ¼ 16πm2
Bc
CF

r
1− r2

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕT
D�

ðsÞ
ðx2;b2Þf½ð1− rÞð1þηÞþ2rx2ðr−ηÞþ rx2ð2η2− rη−1Þ�

×h1ðx1;x2;b1;b2Þ ·αsðt1Þexp ½−Sabðt1Þ� þ ½rð1þx1Þη− r2−x1� ·h2ðx1;x2;b1;b2Þ ·αsðt2Þexp ½−Sabðt2Þ�g; ð26Þ
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T3ðq2Þ¼
rþη

r
·

1− r2

2ðη2−1Þ ·T2ðq2Þ−
1− r2

ðη2−1Þ8πm
2
Bc
CF

Z
dx1dx2

Z
b1db1b2db2ϕBc

ðx1ÞϕL
D�

ðsÞ
ðx2;b2Þ

×f½1þ rx2ðη−2Þþη� ·h1ðx1;x2;b1;b2Þ ·αsðt1Þexp ½−Sabðt1Þ�þ ½x1η− r� ·h2ðx1;x2;b1;b2Þ ·αsðt2Þexp ½−Sabðt2Þ�g:
ð27Þ

One should note that the expressions for the form factors
f1;2ðq2Þ, FTðq2Þ, Vðq2Þ, A0;1;2ðq2Þ, and T1;2;3ðq2Þ given
in Eqs. (18)–(27) are the results at leading order of the
pQCD approach. The next-to-leading-order contributions
to the form factors of B → ðπ; K; ηð0ÞÞ transitions given in
Refs. [14,15,31] are not available here because of the large
mass of the c quark and the ðDðsÞ; D�

ðsÞÞ mesons.
One should note that the pQCD predictions for the

considered form factors are reliable only for small values of
q2. For the form factors in the large-q2 region, one has to
make an extrapolation from the low-q2 region to large-q2

region. In this work we make the extrapolation by using the
formula from Refs. [18,32],

Fðq2Þ ¼ Fð0Þ · exp ½a · q2 þ b · ðq2Þ2�; ð28Þ
where F stands for the form factors F0;þ;T , V, A0;1;2, and
T1;2;3, and a; b are constants that are to be determined by
the fitting procedure.
The B−

c → D̄0l−ν̄l and B−
c → D̄�0l−ν̄l decays are from

the quark-level b → ul−ν̄ charged-current transition. The
effective Hamiltonian for such a transition is [33]

Heffðb → ul−ν̄lÞ ¼
GFffiffiffi
2

p Vubūγμð1 − γ5Þb · l̄γμð1 − γ5Þνl;

ð29Þ
where GF ¼ 1.16637 × 10−5 GeV−2 is the Fermi coupling
constant and Vub is one of the CKM matrix elements.

With the form factors calculated in Eqs. (18), (19), and
(21)–(24), one can easily get the differential decay width
expression for B−

c → D̄0l−ν̄l and B−
c → D̄�0l−ν̄l.

The flavor-changing neutral-current one-loop decay

modes, such as Bc → Dð�Þlþl− and Bc → Dð�Þ
s lþl−, are

transitions of b → dlþl− and b → slþl− at the quark level,
respectively. The effective Hamiltonians and the corre-
sponding differential decay widths are more complicated;
we refer the reader to Refs. [14,30,34–36].
The effective Hamiltonian for the decay modes Bc →

Dð�Þ
s νν̄ is [33]

Heffðb → sνν̄Þ ¼ GFffiffiffi
2

p αem
2πsin2ðθWÞ

VtbV�
tsηXXðxtÞ

× ½s̄γμð1 − γ5Þb�½ν̄γμð1 − γ5Þν�; ð30Þ

where θW is the Weinberg angle with sin2ðθWÞ ¼ 0.231
[24], Vtb and Vts are CKM matrix elements, and αem ≈
1=137 is the fine-structure constant. The function XðxtÞ
can be found in Ref. [33], while ηX ≈ 1 is the QCD
radiative correction factor [33]. As for the decay modes
Bc → Dð�Þνν̄, their effective Hamiltonian can be obtained
by the simple replacement s → d in Eq. (30). The corre-
sponding differential decay widths for Bc → DðsÞνν̄ are the
same as those for B → πðKÞνν̄ in Ref. [14], except with the
replacements mB → mBc

and mP → m. The differential
decay width for the decay modes Bc → D�

sνν̄ is [37]

dΓðBc → D�
sνν̄Þ

dq2
¼ G2

Fα
2
em

210π5m3
Bc

·

���� XðxtÞ
sin2ðθwÞ

����
2

· η2X · jVtbV�
tsj2λ1

2

�
8λq2

V2

ðmBc
þmÞ2

þ 1

m2

�
λ2

A2
2

ðmBc
þmÞ2 þ ðmBc

þmÞ2ðλþ 12m2q2Þ · A2
1 − 2λðm2

Bc
−m2 − q2Þ · Re½A�

1A2�
�	

; ð31Þ

where V, A1, and A2 are the form factors of the Bc → D�
s transition, and the phase-space factor

λ ¼ ðm2
Bc

þm2 − q2Þ2 − 4m2
Bc
m2: ð32Þ

IV. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical calculations we adopt the following input parameters [24]:

mB−
c
¼ 6.277 GeV; mD̄0 ¼ 1.865 GeV; mD− ¼ 1.870 GeV;

mD̄�0 ¼ 2.007 GeV; mD�− ¼ 2.010 GeV; mD−
s
¼ 1.969 GeV;

mD̄�−
s
¼ 2.112 GeV; mτ ¼ 1.777 GeV; mc ¼ 1.275� 0.025 GeV;

τBc
¼ ð0.45� 0.04Þ ps: ð33Þ
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For the CKM matrix element Vub we adopt the value used
in Refs. [14,38], and we use jVtbj ¼ 0.999, jVtsj ¼ 0.0404,
and jVtd=Vtsj ¼ 0.211 [24] in this work. As for the decay
constant of the Bc meson, we adopt 0.489 GeV [39] as its
central value, and give it an uncertainty of 0.050 GeV.
The numerical values of the Bc → D and Bc → Ds

transition form factors F0;þ;T at q2 ¼ 0 and their fitted
parameters a; b are listed in Table I. The numerical values
of the form factors V, A0;1;2, and T1;2;3 at q2 ¼ 0 for the
Bc → D� and Bc → D�

s transitions are listed in Table II.
The first error of the pQCD predictions for the form
factors in Table I and Table II is induced by the Bc-meson
wave-function parameter ωBc

¼ 1.0� 0.1; the second error
comes from the uncertainty of the decay constant fBc

; the
third error comes from the uncertainty of the decay

constants of the Dð�Þ
ðsÞ mesons; the fourth error in Tables I

and II comes from the uncertainty of theDð�Þ
ðsÞ wave function

CDð�Þ ¼ 0.5� 0.1 or C
Dð�Þ

s
¼ 0.4� 0.1; and the fifth error

comes frommc ¼ 1.275� 0.025 GeV. The errors from the
uncertainty of ωDð�Þ ¼ 0.10� 0.02 or ω

Dð�Þ
s

¼ 0.20� 0.04

are very small and have been neglected.
Unlike the form factors at maximum recoil, the extrapo-

lation parameters a, b of the form factors are less sensitive

to the decay constant and wave function of the Dð�Þ
ðsÞ meson.

In Tables I and II, we only show uncertainties for the
parameters a and b from the Bc-meson wave-function
parameter ωBc

, and from the quark-mass uncertainty
mc ¼ 1.275� 0.025 GeV. As a comparison, we also
present some results obtained by other authors based on
different methods in Table III. It is easy to see that our
results are consistent with the results in the literature.
With the form factors given, it is straightforward to

calculate the branching ratios for all the considered semi-
leptonic decays by performing the numerical integration
over the whole range of q2. For the b → u charged-current
process, with l ¼ ðe; μÞ, the decay rates are the following:

TABLE I. The pQCD predictions for the form factors F0, Fþ, and FT at q2 ¼ 0, and the parametrization constants
a and b for Bc → D and Bc → Ds transitions.

Fð0Þ a b

FBc→D
0 0.19� 0.02� 0.02� 0.01� 0.01� 0.01 0.038� 0.001� 0.000 0.0013� 0.0001

FBc→D
þ 0.19� 0.02� 0.02� 0.01� 0.01� 0.01 0.059� 0.001� 0.001 0.0020� 0.0001

FBc→D
T 0.20� 0.02� 0.02� 0.01� 0.01� 0.01 0.070� 0.001� 0.001 0.0021þ0.0000

−0.0001

FBc→Ds
0 0.27� 0.03� 0.03� 0.02� 0.01� 0.01 0.039� 0.002� 0.001 0.0015þ0.0001

−0.0000

FBc→Dsþ 0.27� 0.03� 0.03� 0.02� 0.01� 0.01 0.061� 0.002� 0.001 0.0023þ0.0001
−0.0000

FBc→Ds
T 0.28� 0.03� 0.03� 0.02� 0.01� 0.01 0.073� 0.002� 0.001 0.0025þ0.0000

−0.0001

TABLE II. The pQCD predictions for form factors A0;1;2, V, and T1;2;3 at q2 ¼ 0, and the parametrization
constants a and b for Bc → D� and Bc → D�

s transitions.

Fð0Þ a b

ABc→D�
0 0.17� 0.02� 0.02� 0.02� 0.01� 0.00 0.063� 0.001� 0.001 0.0024� 0.0000� 0.0000

ABc→D�
1 0.18� 0.02� 0.02� 0.02� 0.01� 0.01 0.043� 0.001� 0.001 0.0018� 0.0001� 0.0001

ABc→D�
2 0.20� 0.02� 0.02� 0.02� 0.01� 0.01 0.067� 0.001� 0.001 0.0026� 0.0001� 0.0001

VBc→D�
0.25� 0.03� 0.03� 0.03� 0.01� 0.01 0.073� 0.002� 0.001 0.0029� 0.0001� 0.0001

TBc→D�
1 0.22� 0.02� 0.02� 0.02� 0.01� 0.01 0.063� 0.001� 0.001 0.0027� 0.0001� 0.0001

TBc→D�
2 0.22� 0.02� 0.02� 0.02� 0.01� 0.01 0.038� 0.001� 0.001 0.0017� 0.0001� 0.0001

TBc→D�
3 0.20� 0.02� 0.02� 0.02� 0.01� 0.01 0.077� 0.002� 0.001 0.0049� 0.0001� 0.0001

ABc→D�
s

0 0.21� 0.02� 0.02� 0.02� 0.01� 0.01 0.064� 0.001� 0.001 0.0031� 0.0002� 0.0001

ABc→D�
s

1 0.23� 0.02� 0.02� 0.02� 0.01� 0.01 0.044� 0.002� 0.001 0.0022� 0.0002� 0.0001

ABc→D�
s

2 0.25� 0.03� 0.03� 0.03� 0.01� 0.01 0.069� 0.002� 0.001 0.0035� 0.0002þ0.0002
−0.0001

VBc→D�
s 0.33� 0.03� 0.03� 0.03� 0.02� 0.01 0.075� 0.002� 0.001 0.0039� 0.0002� 0.0001

TBc→D�
s

1 0.28� 0.03� 0.03� 0.03� 0.02� 0.01 0.064� 0.001� 0.001 0.0035� 0.0002� 0.0001

TBc→D�
s

2 0.28� 0.03� 0.03� 0.03� 0.02� 0.01 0.039� 0.001� 0.001 0.0023� 0.0002� 0.0001

TBc→D�
s

3 0.27� 0.03� 0.03� 0.03� 0.02� 0.01 0.082� 0.002� 0.001 0.0068� 0.0002� 0.0002
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BrðB−
c → D̄0l−ν̄lÞ ¼ ð3.15þ0.97

−0.72ðωBc
Þþ0.68
−0.61ðfBc

Þþ0.29
−0.27ðmcÞþ0.31

−0.29ðCDÞþ0.28
−0.27ðfDÞ � 0.28ðτBc

ÞÞ × 10−5;

BrðB−
c → D̄0τ−ν̄τÞ ¼ ð2.16þ0.72

−0.52ðωBc
Þþ0.46
−0.42ðfBc

Þþ0.22
−0.19ðmcÞþ0.20

−0.19ðCDÞþ0.19
−0.18ðfDÞ � 0.19ðτBc

ÞÞ × 10−5;

BrðB−
c → D̄�0l−ν̄lÞ ¼ ð1.09þ0.34

−0.26ðωBc
Þþ0.23
−0.21ðfBc

Þþ0.13
−0.11ðmcÞ � 0.10ðCD� Þþ0.23

−0.21ðfD� Þ � 0.10ðτBc
ÞÞ × 10−4;

BrðB−
c → D̄�0τ−ν̄τÞ ¼ ð0.64þ0.20

−0.16ðωBc
Þþ0.14
−0.12ðfBc

Þþ0.08
−0.07ðmcÞþ0.06

−0.05ðCD� Þþ0.13
−0.12ðfD�Þ � 0.06ðτBc

ÞÞ × 10−4; ð34Þ

where the errors come from the uncertainties of
ωBc

¼1.0�0.1, fBc
¼0.489�0.050GeV, mc¼ð1.275�

0.025ÞGeV, CDð�Þ ¼ 0.5� 0.1, fD ¼ ð206.7� 8.9Þ MeV
or fD� ¼ ð270� 27Þ MeV, and τBc

¼ ð0.45� 0.04Þ ps,
respectively.
For the flavor-changing neutral-current processes, after

performing the numerical integration over the whole range
of 4m2

l ≤ q2 ≤ ðmBc
−mÞ2, we get the pQCD predictions

for the branching ratios of the considered decay modes,
which are listed in Table IV. The errors of the pQCD
predictions in Table IV come from the uncertainties
ofωBc

,mc,CDð�Þ orCDð�Þ
s
, fDð�Þ or fDð�Þ

s
, and τBc

, respectively.

From the pQCD predictions for the form factors F0;þ;T in
Table I, the form factors V, A0;1;2, and T1;2;3 in Table II, and
the pQCD predictions for the branching ratios as listed in
Eq. (34) and in Table IV, we have the following points:

(i) All the form factors for the transitions Bc → Dð�Þ
s are

larger than the corresponding values for the tran-
sitions Bc → Dð�Þ at q2 ¼ 0, which characterizes the
SU(3)-breaking effect.

(ii) By definition, F0ð0Þ is equal to Fþð0Þ for the Bc →
D or Bc → Ds transition, but they have different q2

dependencies due to the different parameters ða; bÞ.
T1ð0Þ is equal to T2ð0Þ for the Bc → D� or Bc → D�

s

TABLE III. Comparison of Bc → Dð�Þ
ðsÞ transition form factors at q2 ¼ 0 evaluated in this paper with other methods.

Bc → Dð�Þ Fþð0Þ ¼ F0ð0Þ FTð0Þ A0ð0Þ A1ð0Þ A2ð0Þ Vð0Þ T1ð0Þ ¼ T2ð0Þ T3ð0Þ
pQCD 0.19 0.20 0.17 0.18 0.20 0.25 0.22 0.20
Ref. [32] 0.16 – 0.09 0.08 0.07 0.13 – –
Ref. [40] 0.14 – 0.14 0.17 0.19 0.18 – –
Ref. [41] 0.189 – 0.284 0.146 0.158 0.296 – –
Ref. [42] 0.35 – 0.05 0.32 0.57 0.57 – –
Ref. [43] 0.32 – 0.35 0.43 0.51 1.66 – –
Ref. [44] 0.075 – 0.081 0.095 0.11 0.16 – –
Bc → Dð�Þ

s Fþð0Þ ¼ F0ð0Þ FTð0Þ A0ð0Þ A1ð0Þ A2ð0Þ Vð0Þ T1ð0Þ ¼ T2ð0Þ T3ð0Þ
pQCD 0.27 0.28 0.21 0.23 0.25 0.33 0.28 0.27
Ref. [32] 0.28 – 0.17 0.14 0.12 0.23 – –
Ref. [43] 0.45 – 0.47 0.56 0.65 2.02 – –
Ref. [44] 0.15 – 0.16 0.18 0.20 0.29 – –

TABLE IV. The pQCD predictions for the branching ratios of the considered decays (l ¼ e; μ).

Decay modes pQCD predictions

BrðB−
c → D−lþl−Þ ð3.79þ1.16

−0.86 ðωBc
Þþ0.81
−0.74 ðfBc

Þþ0.35
−0.32 ðmcÞþ0.37

−0.35 ðCDÞþ0.33
−0.32 ðfDÞ � 0.34ðτBc

ÞÞ × 10−9

BrðB−
c → D−τþτ−Þ ð1.03þ0.38

−0.27 ðωBc
Þþ0.22
−0.20 ðfBc

Þþ0.12
−0.10 ðmcÞþ0.09

−0.08 ðCDÞ � 0.09ðfDÞ � 0.09ðτBc
ÞÞ × 10−9

BrðB−
c → D−ν̄νÞ ð3.13þ0.96

−0.71 ðωBc
Þþ0.67
−0.61 ðfBc

Þþ0.30
−0.26 ðmcÞþ0.31

−0.29 ðCDÞþ0.28
−0.26 ðfDÞ � 0.28ðτBc

ÞÞ × 10−8

BrðB−
c → D−

s lþl−Þ ð1.56þ0.46
−0.36 ðωBc

Þþ0.33
−0.30 ðfBc

Þþ0.17
−0.15 ðmcÞþ0.13

−0.12 ðCDs
Þ � 0.07ðfDs

Þ � 0.14ðτBc
ÞÞ × 10−7

BrðB−
c → D−

s τ
þτ−Þ ð0.38þ0.13

−0.10 ðωBc
Þþ0.08
−0.07 ðfBc

Þþ0.05
−0.04 ðmcÞ � 0.03ðCDs

Þ � 0.02ðfDs
Þ � 0.03ðτBc

ÞÞ × 10−7

BrðB−
c → D−

s ν̄νÞ ð1.29þ0.39
−0.30 ðωBc

Þþ0.28
−0.25 ðfBc

Þþ0.14
−0.12 ðmcÞþ0.11

−0.10 ðCDs
Þ � 0.06ðfDs

Þ � 0.11ðτBc
ÞÞ × 10−6

BrðB−
c → D�−lþl−Þ ð1.21þ0.36

−0.28 ðωBc
Þþ0.26
−0.23 ðfBc

Þþ0.14
−0.12 ðmcÞ � 0.11ðCD� Þþ0.25

−0.23 ðfD� Þ � 0.11ðτBc
ÞÞ × 10−8

BrðB−
c → D�−τþτ−Þ ð0.16þ0.05

−0.04 ðωBc
Þ � 0.03ðfBc

Þ � 0.02ðmcÞ � 0.01ðCD� Þ�0.03ðfD� Þ � 0.01ðτBc
ÞÞ × 10−8

BrðB−
c → D�−ν̄νÞ ð1.10þ0.34

−0.26 ðωBc
Þþ0.24
−0.21 ðfBc

Þþ0.13
−0.11 ðmcÞ � 0.10ðCD� Þþ0.23

−0.21 ðfD� Þ � 0.10ðτBc
ÞÞ × 10−7

BrðB−
c → D�−

s lþl−Þ ð4.40þ1.40
−1.05 ðωBc

Þþ0.95
−0.85 ðfBc

Þþ0.72
−0.57 ðmcÞþ0.32

−0.31 ðCD�
s
Þþ0.92
−0.84 ðfD�

s
Þ � 0.39ðτBc

ÞÞ × 10−7

BrðB−
c → D�−

s τþτ−Þ ð0.52þ0.18
−0.13 ðωBc

Þþ0.11
−0.10 ðfBc

Þþ0.10
−0.08 ðmcÞ � 0.03ðCD�

s
Þþ0.11
−0.10 ðfD�

s
Þ � 0.05ðτBc

ÞÞ × 10−7

BrðB−
c → D�−

s ν̄νÞ ð4.04þ1.30
−0.97 ðωBc

Þþ0.87
−0.78 ðfBc

Þþ0.68
−0.53 ðmcÞþ0.29

−0.28 ðCD�
s
Þþ0.85
−0.77 ðfD�

s
Þ � 0.36ðτBc

ÞÞ × 10−6
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transition [by Eq. (17)]—as shown in Table II—
although their expressions are different in Eqs. (25)
and (26).

(iii) Because of the phase-space suppression, the branch-
ing ratios of the decay modes with a τ in the final
product are smaller than decay modes with an
electron or muon in the final product for the
charged-current process. For the flavor-changing
neutral-current processes with two τ’s in the final
product, the branching ratios are much smaller than
the corresponding decays with electron or muon
pairs in the final product.

(iv) The branching ratios of the decay modes with ν̄ν
are almost an order of magnitude larger than the
corresponding decays with lþl− after the summation
over the three neutrino generations. Because of the
strong suppression of the CKM factor jVtd=Vtsj2 ¼
j0.211j2 [24], the branching ratios for the decay
modes with b → d transitions are much smaller than
those with b → s transitions.

In order to reduce the theoretical uncertainty of the form-
factor calculations, we define two ratios RD and RD� among
the branching ratios for the charged-current processes,

RD¼BrðB−
c → D̄0τ−ν̄τÞ

BrðB−
c → D̄0l−νlÞ

¼0.69�0.01ðωBc
Þþ0.01
−0.00ðmcÞ; ð35Þ

RD� ¼BrðB−
c → D̄�0τ−ν̄τÞ

BrðB−
c → D̄�0l−νlÞ

¼ 0.59þ0.00
−0.01ðωBc

Þþ0.00
−0.01ðmcÞ; ð36Þ

with l ¼ ðe; μÞ. These two relations will be tested by
experiments.

V. SUMMARY

In this paper we studied the Bc → ðDðsÞ; D�
ðsÞÞ transition

form factors F0;þ;Tðq2Þ and Vðq2Þ, A0;1;2ðq2Þ, T1;2;3ðq2Þ in

the pQCD factorization approach based on kT factorization.
The pQCD predictions for the values of the Bc → DðsÞ and
Bc → D�

ðsÞ transition form factors agree with those obtained

using other methods. Utilizing these form factors, we
calculated the branching ratios for all of the semileptonic

decays of Bþ
c → Dð�Þ

ðsÞðlþνl; lþl−; νν̄Þ. Because of the phase-
space suppression, the production ratios of the decay modes
with a τ lepton in the final product are smaller than the
corresponding decays with an electron or muon in the final
product. The branching ratios of the decay modes with ν̄ν
are almost an order of magnitude larger than the corre-
sponding decays with lþl− after the summation over the
three neutrino generations. The branching ratios for the
decays with b → d transitions are much smaller than those
with b → s transitions.
In order to reduce the theoretical uncertainty of the

pQCD predictions, we defined two ratios RD and RD�

among the branching ratios for the charged-current proc-
esses. The pQCD predictions are

RD ¼ BrðB−
c → D̄0τ−ν̄τÞ

BrðB−
c → D̄0l−νlÞ

≈ 0.7; ð37Þ

RD� ¼ BrðB−
c → D̄�0τ−ν̄τÞ

BrðB−
c → D̄�0l−νlÞ

≈ 0.6; ð38Þ

with l ¼ ðe; μÞ. It would be possible to test these predic-
tions at the LHCb and the forthcoming Super B
experiments.
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