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We study the rare semileptonic decays of Bc mesons within the effective field theoretical framework
of covariant confined quark model. The transition form factors corresponding to Bþ

c → Dð�Þþ and

Bþ
c → Dð�Þþ

s are computed in the entire q2 range. Using form factors, we compute the branching fractions
and compare them with the available theoretical results. We also compute various physical observables
such as forward-backward asymmetry, longitudinal and transverse polarizations, as well as clean angular
observables.
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I. INTRODUCTION

Bc meson is an interesting meson having both heavy
quarks with different flavor and the mass below BD̄
threshold. Sometimes it is also considered to be in the
heavy quarkonia sector, however unlike charmonia and
bottomonia Bc meson can decay through the weak inter-
actions only. This can also be justified by the lifetime of
the Bc meson and consequently, it serves as one of the best
candidate for the hunt of new physics beyond the standard
model. Semileptonic decay of B meson corresponding
to the transition b → clνl is explored in great depth by
experimental facilities worldwide and it is observed that
their results are deviating from the standard model pre-
dictions [1–7]. LHCb has also reported semileptonic decay
of Bc meson and ratio of branching fractions RðJ=ψÞ¼
BðBc→J=ψτþντÞ=BðBc→J=ψμþνμÞ¼0.71�0.17ðstatÞ �
0.18ðsystÞÞ [8]. Following this observation, HPQCD
collaboration performed the computation of observables

corresponding to the lepton flavor universality violation
from lattice QCD and determined the ratio RðJ=ψÞ ¼
0.2582ð38Þ which is found to be smaller than LHCb
measurement at 1.8σ [9].
However, rare semileptonic decays are yet to be fully

explored by the experimental side. In the past, several
anomalies have been reported in B → Kð�Þll correspond-
ing to the b → sll channel. Several experimental facilities
worldwide including LHCb, Belle, BABAR have provided
information regarding this channels in great detail [10–12].
Further, Bs → ϕll has also been observed by some
of these collaborations. The key observations include
the ratio RKð�Þ ¼BðB→Kð�Þμþμ−Þ=BðB→Kð�Þeþe−Þ and
some other observables viz. forward-backward asymmetry,
polarization and different angular observables that are
deviating by 2 − 3σ from the standard model predictions
[13–26]. These observations essentially lead to the search
for the new physics beyond standard model which
are discussed in the literature using the framework of light
cone sum rules [27,28], effective theories [29–35] and
several other theoretical approaches. In recent experimental
developments, simultaneous measurements of RK and RK�

in low and central q2 range corresponding to q2 ∈ ½0.1;
1.1� GeV2=c4 and q2 ∈ ½1.1; 6� GeV2=c4 show very good
agreement with standard model predictions at 0.2σ
by LHCb collaboration [36,37].
On the same lines, b → dll can also be a potential mode

for the search of new physics. For the transition corre-
sponding to the b → d, LHCb and Belle collaborations
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have provided some important data for the channels
B → ðρ;ω; π; ηÞlþl− and B0

s → K̄�0μþμ− [38–40].
Further, LHCb collaboration has also provided the
relative ratios for b → d=b → s transition in the channels
BðBþ → πþμþμ−Þ=BðBþ → Kþμþμ−Þ and BðB0

s →
K̄�0μþμ−Þ=BðB̄0 → K̄�0μþμ−Þ [41,42]. Several anomalies
regarding these studies are reported in the book [43] and in
the review article [44] including references therein.
All these anomalies can also be tested in the rare

semileptonic decay of Bc meson where the decay channels

Bþ
c → Dð�Þþlþl− and Bþ

c → Dð�Þþ
s lþl− can also prove to

be promising candidates for the search toward any new
physics beyond the standard model. These modes are yet to
be identified precisely by the experimental facilities as well
as by the lattice simulations. Less availability of data on
rare semileptonic branching fractions might be due to the
difficulty in probing them in presence of background data
of other simultaneous prominent decays. Also, Bc mesons
are produced less frequently in comparison to other bottom
mesons and so the higher excited states are not very well
observed yet. Very recently, LHCb collaboration has also
set an upper limit for fc=fu × BðBþ

c → Dþ
s μ

þμ−Þ at con-
fidence level of 95% where fc and fu are fragmentation
fractions of a B meson with a c and u quark respectively in
proton-proton collisions [45]. Whereas on the theoretical
front, semileptonic as well as rare semileptonic decays are
explored using various approaches as follows. Geng et al.,
studied rare semileptonic decays using light front quark
model and constituent quark model [46]. Azizi et al.,
also studied these channels using the three point QCD sum
rules [47,48]. Faessler et al., also studied the exclusive
rare decays Bc → Dð�Þll using the relativistic quark
model [49]. Choi studied the transition form factors and
different physical observables using the light front quark
model [50]. These rare decays are studied using the
perturbative QCD approach [51] as well as using the
framework of single universal extra dimension [52].
Rare semileptonic decays of B and Bc mesons are also
studied using the relativistic quark model RQM [53]. The

transition form factors computed in the relativistic quark
model [53] are also employed for study of rare semileptonic
decays with non universal Z0 effect [54] as well as using
two Higgs doublet model [55]. Further, these form factors
are also employed for the search of new physics in terms of
different observables [56–58].
In the present work, we study the rare semileptonic

decays for the channels Bþ
c → Dð�Þþ

ðsÞ lþl− for l ¼ e, μ, τ

and ν which are essentially the transitions corresponding to
b → dðsÞlþl−. The necessary transition form factors
are computed in the entire range of momentum transfer
squared by employing the covariant confined quark model
(CCQM) with built-in infrared confinement leading
to computation of branching fractions. We also compute
some more physical observables such as forward-backward
asymmetry, longitudinal and transverse polarizations
as well as different other angular observables. We also
compare our findings with the available experimental data
and theoretical predictions. In the past, we have success-
fully employed CCQM for predicting various transitions
for charm as well as bottom hadrons which shows the
ingenuity and reliability of the model [59–65].
This paper is organized in the following way: After the

brief introduction to the subject with the recent literature
reports in Sec. I, we introduce theoretical model, i.e.,
covariant confined quark model (CCQM) in Sec. II. In this
section, we provide the Wilson coefficients and transition
form factors and the relations of various observables such
as branching fractions, forward-backward asymmetry, longi-
tudinal and transverse polarizations, and angular observ-
ables. Then in Sec. IV, we list all the numerical results along
with the comparison with other theoretical approaches.
Finally, we summarize the present work in Sec. V.

II. THEORETICAL FRAMEWORK

Within the standard model (SM), the effective
Hamiltonian for the b → qlþl− decay can be written in
terms of the following operators [66–68]

HSM
eff ¼ −

4GFffiffiffi
2

p V�
tqVtb

�X10
i¼1

CiðμÞOiðμÞ þ
V�
ubVuq

V�
tbVtq

X2
i¼1

CiðμÞ½OiðμÞ −Ou
i ðμÞ�

�
; ð1Þ

where q ¼ d for b → dlþl− and q ¼ s for b → slþl−.
In the above equation, Ci are the Wilson coefficients and the set of local operators Oi obtained within the SM for

b → slþl− as well for b → dlþl− transition using a standard procedure [67,68]. These operators include current-current
operators (O1;2), QCD penguin operators (O3−6), dipole operators (O7;8) and electroweak semileptonic penguin operators
(O9;10). Within the SM, these operators Oi and Ou

i defined as

Ou
1 ¼ ðq̄a1γμPLua2Þðūa2γμPLba1Þ; Ou

2 ¼ ðq̄γμPLuÞðūγμPLbÞ;
O1 ¼ ðq̄a1γμPLca2Þðc̄a2γμPLba1Þ; O2 ¼ ðq̄γμPLcÞðc̄γμPLbÞ;
O3 ¼ ðq̄γμPLbÞ

X
q0
ðq̄0γμPLq0Þ; O4 ¼ ðq̄a1γμPLba2Þ

X
q0
ðq̄0a2γμPLq0a1Þ;
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O5 ¼ ðq̄γμPLbÞ
X
q0
ðq̄0γμPRq0Þ; O6 ¼ ðq̄a1γμPLba2Þ

X
q0
ðq̄0a2γμPRq0a1Þ;

O7 ¼
e

16π2
m̄bðq̄σμνPRbÞFμν; O8 ¼

g
16π2

m̄bðq̄a1σμνPRTa1a2ba2ÞGμν;

O9 ¼
e2

16π2
ðq̄γμPLbÞðlγμlÞ; O10 ¼

e2

16π2
ðq̄γμPLbÞðlγμγ5lÞ; ð2Þ

Here,Gμν is the gluon field strength, Fμν is the photon field strength, a1;2 denote the color indices, Ta1;a2 are the SU(3) color
generators, PL;R are the chirality projection operator and μ is the renormalization scale. Matrix element for the channels

Bc → Dð�Þ
ðsÞl

þl− can be written as [66,67]

MðBc → Dð�Þ
ðsÞl

þl−Þ ¼ GFαffiffiffi
2

p
π
V�
tqVtb

n
Ceff
9 hDð�Þ

ðsÞ jq̄γμPLbjBciðlγμlÞ þ C10hDð�Þ
ðsÞ jq̄γμPLbjBciðlγμγ5lÞ

−
2m̄b

q2
Ceff
7 hDð�Þ

ðsÞ jq̄iσμνqνPRbjBciðlγμlÞ
o
; ð3Þ

Here Ceff
9 ðμÞ contains the corrections to the four-quark operators O1−6 and Ou

1;2 in Eq. (1) in the form of [69–77]

Ceff
9 ðμÞ ¼ ξ1 þ λ�qξ2; ð4Þ

with

ξ1 ¼ C9 þ C0heffðm̂c; ŝÞ −
1

2
hð1; ŝÞð4C3 þ 4C4 þ 3C5 þ C6Þ −

1

2
hð0; ŝÞðC3 þ 3C4Þ þ

2

9
ð3C3 þ C4 þ 3C5 þ C6Þ ð5Þ

ξ2 ¼ ½heffðm̂c; ŝÞ − heffðm̂u; ŝÞ�ð3C1 þ C2Þ ð6Þ

where C0 ≡ 3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6 and λd ¼ ðV�
ubVudÞ=ðV�

tbVtdÞ for the transition corresponding to the
b → dlþl− and λs ¼ ðV�

ubVusÞ=ðV�
tbVtsÞ for the transition corresponding to the b → slþl−. Further, the quark-loop

contribution is given by

hðm̂q; ŝÞ ¼ −
8

9
ln m̂q þ

8

27
þ 4

9
x −

2

9
ð2þ xÞj1 − xj1=2

8<
:

ðln
��� ffiffiffiffiffiffi

1−x
p þ1ffiffiffiffiffiffi
1−x

p
−1

��� − iπÞ; for x≡ 4m̂2
q

ŝ < 1;

2 arctan 1ffiffiffiffiffiffi
x−1

p ; for x≡ 4m̂2
q

ŝ > 1;

and

hð0; ŝÞ ¼ 8

27
−
4

9
ln ŝþ 4

9
iπ;

and the functions,

heffðm̂c; ŝÞ ¼ hðm̂c; ŝÞ þ
3π

α2C0

X
V¼J=ψ ;ψð2SÞ;…

mVBðV → lþl−ÞΓV

m2
V − q2 − imVΓV

; ð7Þ

heffðm̂u; ŝÞ ¼ hðm̂u; ŝÞ þ
3π

α2C0

X
V¼ρ0;ω;ϕ

mVBðV → lþl−ÞΓV

m2
V − q2 − imVΓV

ð8Þ

where m̂q ¼ m̄q=m1, ŝ ¼ q2=m2
1 and α is the coupling

constant considered at Z-boson mass. The nonresonant
contribution is computed by ignoring the terms containing
the vector resonances in Eqs. (7) and (8). The masses, total
decay widths and dilepton branching fractions of vector
mesons are taken from the PDG book [78]. For the present

computations, we consider the next-to-next leading order
Wilson coefficients from the Ref. [79] which are essentially
evaluated at renormalization scale μ ¼ 2MW and they are
computed by renormalization group equation to the had-
ronic scale μb ¼ 4.8 GeV. The values of input parameters
and Wilson coefficients are tabulated in Table I.
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The transition form factors corresponding to the channels

Bþ
c → Dð�Þþ

ðsÞ lþl− are computed in the effective field theo-

retical framework of CCQM [63,80–85]. The effective
Lagrangian for the interaction between meson and constitu-
ent quark can be written in the most common form as

Lint ¼ gMMðxÞ
Z

dx1

Z
dx2FMðx; x1; x2Þq̄2ðx2ÞΓMq1ðx1Þ

þ H:c: ð9Þ

Here, ΓM is the Dirac matrix and can take the values
according to the type of meson based on the spin. FM is
the vertex function which describes the effective finite size
of the meson given by

FMðx;x1;x2Þ¼ δðx−w1x1−w2x2ÞΦMððx1−x2Þ2Þ: ð10Þ

Here, ΦM is the correlation function for the constituents
with masses mq1;2 and mass ratios wi ¼ mqi=ðmq1 þmq2Þ.
Next, we consider the vertex function to be of the form of
simple Gaussian function with the effective finite size of the
meson (ΛM). The vertex function takes the form

Φ̃Mð−k2Þ ¼ ek
2=Λ2

M ð11Þ

Here, quark masses (m1;2) and size parameters (ΛM) are the
model parameters and are listed in Table II. A key feature of
choosing thevertex function to have theGaussian form is that
it willmake the analytical computation easier. gM in Eq. (9) is
the coupling constant which characterizes the interaction
strength between quarks and themeson. In order to justify the
fact that quarks are confined within the hadrons, we use
compositeness condition [86,87] for determination of

coupling constants. It is given by setting the renormalization
constant (ZM) to be equal to zero as,

ZM ¼ 1 −
3g2M
4π2

Π̃0
Mðm2

MÞ ¼ 0: ð12Þ

Here, Π̃M is the meson mass operator given in Fig. 1
defined as

Π̃Mðp2Þ ¼ Ncg2M

Z
d4k

ð2πÞ4i Φ̃
2
Mð−k2Þtr½ΓMS1ðkþ w1pÞ

× ΓMS2ðk − w2pÞ�: ð13Þ

Here, Nc ¼ 3 is the number of colors and S1;2 are the
free quark propagators that can be written in the form
of Fock-Schwinger representation as it provides the addi-
tional advantages for the computation of loop integration.All
the necessary analytical computation including trace evalu-
ation, loop integration were performed using the FORM

FIG. 1. Feynman diagram for meson mass operator.

TABLE II. Quark masses, meson size parameters, and infrared cutoff parameter (all in GeV).

ΛBc
ΛD ΛD� ΛDs

ΛD�
s

2.728� 0.001 1.600� 0.027 1.529� 0.009 1.748� 0.035 1.556� 0.014

mu=d ms mc mb λ

0.241 0.428 1.67 5.05 0.181

TABLE I. Values of the input parameters [78] and Wilson coefficients [79].

mW sin2 θW αðMZÞ m̄c m̄b m̄t

80.41 GeV 0.2313 1=128.94 1.27 GeV 4.68 GeV 173.3 GeV

C1 C2 C3 C4 C5 C6 Ceff
7 C9 C10

−0.2632 1.0111 −0.0055 −0.0806 0.0004 0.0009 −0.2923 4.0749 −4.3085
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language. At the end, a universal infrared confinement
parameter λ ¼ 0.181 GeV is introduced in order to avoid
inclusion of divergences in the quark loop diagrams. Next,
we define the CCQM model parameters such as quark
masses (mq) and size parameters ΛM. In present work, we
have utilized the updated least square fit method reported in
the past CCQM Refs. [63,88–90]. In these references, the
model parameters are determined by fitting the computed
observables such as leptonic decay widths, electromagnetic
transition widths and meson masses with the experimental
data or lattice simulations and the differences are considered

as the absolute uncertainty in the respective size parameters.
It is important to note here that the maximum uncertainty
is found to be less than 10% for the computed form factors at
the maximum q2 range. Further, these uncertainties in the
form factors are then transported for the branching fraction
computations and other physical observables.
With the optimized model parameters and coupling

constants, we compute the transition form factors in the
whole q2 range. The transition form factors for the channels

Bþ
c → Dð�Þþ

ðsÞ can be written as

hDðsÞðp2Þjq̄OμbjBcðp1Þi ¼ NcgBc
gDðsÞ

Z
d4k

ð2πÞ4i ϕ̃Bc
ð−ðkþ w13p1Þ2Þϕ̃DðsÞ ð−ðkþ w23p2Þ2Þ

× tr½OμS1ðkþ p1Þγ5S3ðkÞγ5S2ðkþ p2Þ�
¼ Fþðq2ÞPμ þ F−ðq2Þqμ;

hDðsÞðp2Þjq̄σμνð1 − γ5ÞbjBcðp1Þi ¼ NcgBc
gDðsÞ

Z
d4k

ð2πÞ4i ϕ̃Bc
ð−ðkþ w13p1Þ2Þϕ̃DðsÞ ð−ðkþ w23p2Þ2Þ

× tr½σμνð1 − γ5ÞS1ðkþ p1Þγ5S3ðkÞγ5S2ðkþ p2Þ�

¼ iFTðq2Þ
m1 þm2

ðPμqν − Pνqμ þ iεμνPqÞ: ð14Þ

hD�
ðsÞðp2; ϵÞjq̄OμbjBcðp1Þi ¼ NcgBc

gD�
ðsÞ

Z
d4k

ð2πÞ4i ϕ̃Bc
ð−ðkþ w13p1Þ2Þϕ̃D�

ðsÞ
ð−ðkþ w23p2Þ2Þ

× tr½OμS1ðkþ p1Þγ5S3ðkÞ=ϵ†νS2ðkþ p2Þ�

¼ ϵ†ν
m1 þm2

½−gμνP · qA0ðq2Þ þ PμPνAþðq2Þ þ qμPνA−ðq2Þ þ iεμναβPαqβVðq2Þ�;

hD�
ðsÞðp2; ϵÞjq̄σμνqνð1þ γ5ÞbjBcðp1Þi ¼ NcgBc

gD�
ðsÞ

Z
d4k

ð2πÞ4i ϕ̃Bc
ð−ðkþ w13p1Þ2Þϕ̃D�

ðsÞ
ð−ðkþ w23p2Þ2Þ

× tr½σμνqνð1þ γ5ÞS1ðkþ p1Þγ5S3ðkÞ=ϵ†νS2ðkþ p2Þ�
¼ ϵ†ν½−ðgμν − qμqν=q2ÞP · qa0ðq2Þ þ iεμναβPαqβgðq2Þ
þ ðPμPν − qμPνP · q=q2Þaþðq2Þ�: ð15Þ

Here, P is the total momentum of the parent and daughter
mesons and q is the momentum transfer between them.
Polarization vector of the daughter meson is defined in such
a way that ϵ†ν · p2 ¼ 0. p2

1 ¼ m2
Bc
, p2

2 ¼ m2

Dð�Þ
ðsÞ
. With all the

necessary inputs, the form factors are computed by solving
the multidimensional integral using Mathematica in the
entire range of momentum transfer squared. We plot the
form factors in Eqs. (14) and (15) in Fig. 2 and also
represent them in the double pole approximation as

Fðq2Þ ¼ Fð0Þ
1 − a

�
q2

m2
1

�
þ b

�
q2

m2
1

�
2

ð16Þ

The form factors at the maximum recoil Fð0Þ and double
pole parameters a and b are listed in Table III. It is
important to note here that the uncertainty in the
form factors for q2 ¼ 0 to q2 ¼ q2max are computed employ-
ing the model parameters. Further, uncertainty in the
double pole parameters are extracted by performing least

DECAY Bþ
c → Dð�Þþ

ðsÞ lþl− … PHYS. REV. D 110, 096003 (2024)

096003-5



FIG. 2. Form factors.
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square fit with χ2 to be minimum by employing Minuit

algorithm [91]. We also provide the covariance matrix for
the coefficients Fð0Þ, a and b in Tables X–XIII in the
Appendix for all the transitions considered here.

III. BRANCHING FRACTIONS AND OTHER
PHYSICAL OBSERVABLES

Having determined form factors and Wilson coefficients,
we compute the differential decay rates for rare semi-
leptonic decays using the relation [49]

dΓðBc → Dð�Þ
ðsÞl

þl−Þ
dq2

¼ G2
F

ð2πÞ3
�
αV�

tbVtq

2π

	
2 jp2jq2βl

12m2
1

Htot:

ð17Þ

Here, βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l=q
2

q
and jp2j ¼ λ1=2ðm2

1; m
2
2; q

2Þ=
ð2m1Þ is the momentum of the daughter meson in the rest
frame of Bc meson with λðx; y; zÞ to be the Källen function.
Further m1 ¼ mBc

and m2 ¼ mD�
ðsÞ
. Htot is the amplitude

given here in terms of the helicity amplitudes

Htot ¼
1

2
ðH11

U þH22
U þH11

L þH22
L Þ

þ
�
2m2

l

q2

	�
1

2
H11

U −H22
U þ 1

2
H11

L −H22
L þ 3

2
H22

S

	
:

ð18Þ

The helicity amplitudes here are presented in terms
of helicity form factors via the relations for the channels
Bc → DðsÞ as [49,61]

Hii
U ¼ 0; Hii

L ¼ jHi
0j2; Hii

S ¼ jHi
t0j2: ð19Þ

with i ¼ 1, 2 and these helicity form factors are related to
the invariant form factors via

Hi
0 ¼

2m1jp2jffiffiffiffiffi
q2

p F iþ;

Hi
t0 ¼

1ffiffiffiffiffi
q2

p ððm2
1 −m2

2ÞF iþ þ q2F i
−Þ: ð20Þ

The invariant form factors F iþ− for i ¼ 1, 2 are related to
the form factors in Eq. (14) as

F 1þ ¼ Ceff
9 Fþ þ Ceff

7 FT
2m̄b

m1 þm2

;

F 1
− ¼ Ceff

9 F− − Ceff
7 FT

2m̄b

m1 þm2

m2
1 −m2

2

q2
;

F 2þ ¼ C10Fþ; F 2
− ¼ C10F−: ð21Þ

Similarly, helicity amplitudes are presented in terms
of helicity form factors via relations for the channels
Bc → D�

ðsÞ as [49,61]

Hii
U ¼ jHi

þ1þ1j2 þ jHi
−1−1j2;

Hii
L ¼ jHi

00j2; Hii
S ¼ jHi

t0j2; ð22Þ

TABLE III. Form factors and double pole parameters appeared in Eq. (16).

F Fð0Þ a b F Fð0Þ a b

FBc→D
þ 0.188� 0.003 2.344� 0.012 1.422� 0.027 FBc→D

− −ð0.161� 0.002Þ 2.417� 0.011 1.512� 0.026

FBc→D
T

0.274� 0.004 2.282� 0.012 1.319� 0.028 FBc→D
0

0.187� 0.004 1.487� 0.045 0.458� 0.112

ABc→D�
0

0.278� 0.002 1.447� 0.010 0.171� 0.026 ABc→D�
þ 0.152� 0.001 2.155� 0.007 1.089� 0.017

ABc→D�
− −ð0.237� 0.002Þ 2.409� 0.006 1.459� 0.015 VBc→D�

0.232� 0.002 2.392� 0.006 1.421� 0.015

aBc→D�
0

0.143� 0.001 1.532� 0.010 0.294� 0.025 aBc→D�
þ 0.143� 0.009 2.147� 0.007 1.090� 0.018

gBc→D�
0.144� 0.001 2.472� 0.006 1.554� 0.014

FBc→Dsþ 0.256� 0.004 2.204� 0.019 1.253� 0.046 FBc→Ds− −ð0.203� 0.004Þ 2.265� 0.019 1.325� 0.045

FBc→Ds
T

0.363� 0.006 2.152� 0.019 1.167� 0.047 FBc→Ds
0

0.255� 0.006 1.376� 0.057 0.333� 0.149

ABc→D�
s

0
0.367� 0.003 1.444� 0.016 0.179� 0.041 ABc→D�

sþ 0.191� 0.002 2.116� 0.011 1.049� 0.029

ABc→D�
s− −ð0.294� 0.003Þ 2.347� 0.010 1.388� 0.026 VBc→D�

s 0.284� 0.002 2.327� 0.010 1.347� 0.026

aBc→D�
s

0
0.181� 0.002 1.527� 0.015 0.295� 0.039 aBc→D�

sþ 0.181� 0.002 2.111� 0.011 1.057� 0.029

gBc→D�
s 0.181� 0.002 2.397� 0.010 1.464� 0.025
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and these helicity form factors are related to the invariant
form factors via

Hi
t0 ¼

1

m1 þm2

m1jp2j
m2

ffiffiffiffiffi
q2

p ðPqð−Ai
0 þ AiþÞ þ q2Ai

−Þ;

Hi
�1�1 ¼

1

m1 þm2

ð−PqAi
0 � 2m1jp2jViÞ;

Hi
00 ¼

1

m1 þm2

1

2m2

ffiffiffiffiffi
q2

p
× ð−Pqðm2

1 −m2
2 − q2ÞAi

0 þ 4m2
1jp2j2AiþÞ: ð23Þ

The invariant form factors Ai and Vi (i ¼ 1, 2) are related to
the form factors in Eq. (15) as

Vð1Þ ¼Ceff
9 VþCeff

7 g
2m̄bðm1þm2Þ

q2
;

Að1Þ
0 ¼Ceff

9 A0þCeff
7 a0

2m̄bðm1þm2Þ
q2

;

Að1Þ
þ ¼Ceff

9 AþþCeff
7 aþ

2m̄bðm1þm2Þ
q2

;

Að1Þ
− ¼Ceff

9 A−þCeff
7 ða0−aþÞ

2m̄bðm1þm2Þ
q2

Pq
q2

;

Vð2Þ ¼C10V; Að2Þ
0 ¼C10A0; Að2Þ

� ¼C10A�: ð24Þ

Using above relations, we plot differential branching
fractions Eq. (17) in Fig. 6 while computed branching
fractions are listed in Table IV. We have computed
branching fractions corresponding to the dimuon channels
also and compared our findings with the results of other
reported theoretical results.
The differential decay width for the transition Bc →

Dð�Þ
ðsÞνν̄ can be written as [49,61]

dΓðBþ
c → Dð�Þþ

ðsÞ νν̄Þ
dq2

¼ G2
F

ð2πÞ3
�
αV�

tbVtq

2π

	
2


DνðxtÞ
sin2θW

�
2

×
jp2jq2
4m2

1

ðHU þHLÞ; ð25Þ

where xt ¼ m2
t =m2

W and the function DνðxtÞ can be written
up to NLO correction as [92–95]

DνðxÞ ¼ D0ðxÞ þ
αs
4π

D1ðxÞ ð26Þ

with

D0ðxÞ ¼
x
8

�
2þ x
x − 1

þ 3x − 6

ðx − 1Þ2 ln x
	

ð27Þ

TABLE IV. Branching fractions of Bþ
c → Dð�Þþ

ðsÞ lþl− for l ¼ e, μ, and τ.

Channel Without resonances With resonances LFQM [46] CQM [46] pQCD [51] RQM [53]

109BðBþ
c → Dþeþe−Þ 3.457� 0.125 2.665� 0.065 4.100 4.000 � � � � � �

109BðBþ
c → Dþμþμ−Þ 3.449� 0.125 2.659� 0.065 4.100 4.000 3.790 3.700

109BðBþ
c → Dþτþτ−Þ 0.730� 0.070 0.503� 0.056 1.300 1.200 1.030 1.500

108BðBþ
c → Dþνþν−Þ 1.386� 0.048 � � � 2.770 2.740 3.130 2.160

109BðBþ
c → D�þeþe−Þ 7.031� 0.215 4.983� 0.095 10.100 7.900 � � � � � �

109BðBþ
c → D�þμþμ−Þ 5.934� 0.161 3.894� 0.070 10.100 7.900 12.100 8.100

109BðBþ
c → D�þτþτ−Þ 0.718� 0.025 0.518� 0.019 1.800 1.400 1.600 1.900

108BðBþ
c → D�þνþν−Þ 2.572� 0.089 � � � 7.640 5.990 11.000 5.120

107BðBþ
c → D�þγÞ 1.235� 0.017 � � � � � � � � � � � � � � �

107BðBþ
c → Dþ

s eþe−Þ 1.243� 0.055 0.797� 0.024 1.360 1.330 � � � � � �
107BðBþ

c → Dþ
s μ

þμ−Þ 1.239� 0.055 0.793� 0.024 1.360 1.330 1.560 1.160

107BðBþ
c → Dþ

s τ
þτ−Þ 0.207� 0.024 0.136� 0.018 0.340 0.370 0.380 0.330

107BðBþ
c → Dþ

s ν
þν−Þ 4.979� 0.210 � � � 9.200 9.200 0.129 6.500

107BðBþ
c → D�þ

s eþe−Þ 2.311� 0.104 1.558� 0.055 4.090 2.810 � � � � � �
107BðBþ

c → D�þ
s μþμ−Þ 1.913� 0.070 1.162� 0.028 4.090 2.810 4.400 2.120

107BðBþ
c → D�þ

s τþτ−Þ 0.173� 0.008 0.144� 0.007 0.510 0.410 0.520 0.350

107BðBþ
c → D�þ

s νþν−Þ 8.340� 0.393 � � � 31.200 21.200 40.400 13.500

106BðBþ
c → D�þ

s γÞ 4.454� 0.098 � � � � � � � � � � � � � � �
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D1ðxÞ ¼ −
29x − x2 − 4x3

3ð1 − xÞ2 −
xþ 9x2 − x3 − x4

ð1 − xÞ3 ln x

þ 8xþ 4x2 þ x3 − x4

2ð1 − xÞ3 ln2 x −
4x − x3

ð1 − xÞ2
Z

x

1

dt
ln t
1 − t

þ 8x
∂D0ðxÞ
∂x

ln

�
μ2b
m2

W

	
: ð28Þ

As in the previous case, the helicity amplitudes are related
to helicity form factors for the channels Bþ

c → Dþ
ðsÞνν̄

as [49,61]

HL ¼ jH0j2; HU ¼ 0 ð29Þ

with

H0 ¼
2m1jp2jffiffiffiffiffi

q2
p Fþ: ð30Þ

instead for the channels Bþ
c → D�þ

ðsÞνν̄ as [49,61]

HU ¼ jHþ1þ1j2 þ jH−1−1j2; HL ¼ jH00j2; ð31Þ

with

H�1�1 ¼
1

m1 þm2

ð−PqA0 � 2m1jp2jVÞ;

H00 ¼
1

m1 þm2

1

2m2

ffiffiffiffiffi
q2

p ð−Pqðm2
1 −m2

2 − q2ÞA0

þ 4m2
1jp2j2AþÞ: ð32Þ

The numerical results on the branching fractions are listed
in Table IV in comparison with the results of other
theoretical approaches.
We further compute other physical observables such as

forward-backward asymmetry, longitudinal and transverse
polarizations and other clean observables. These lepton
flavor dependent angular observables are related with the
helicity amplitudes as well as corresponding form factors.
Experimental measurements of these observables have
played critical role in search for new physics beyond
the SM for the transition b → sll corresponding to the
channel B → K�ll by LHCb [19,96] and Belle collabo-
rations [97]. Angular analysis are also observed for the
channel Bs → ϕμþμ− and Λ0

b → Λμþμ− by LHCb collabo-
ration [98,99]. However, in other channels, these observ-
ables are yet to be identified. Many of these experimental
measurements seem to deviate from the SM predictions and
explained using new physics scenario [100–106]. Similar
behavior is expected in case of b → dll transitions. These
observables could be helpful in studying the effects of CP
violation. Very recently in Ref. [107], these angular
observables are computed using the covariant light front

quark model where transition form factors are obtained
using modified Godfrey-Isgur model for the channel
Bc → D�

sll. The same observables are also studied for
the channels B̄s → K�ll and B̄ → ρll using light cone
sum rule approach [108]. Recently, some of us have studied
these observables in the b → dlþl− [61] transition. They
are described in terms of four-fold angular distribution and
expressed explicitly in terms of helicity form factors. The
detailed description and computation techniques of these
observables can be found in the Refs. [109,110]. Relation
for these observables reads as
(1) Forward-backward asymmetry

AFB ¼ 1

dΓ=dq2


Z
1

0

−
Z

0

−1

�
d cos θ

d2Γ
dq2d cos θ

¼ −
3

4
βl

H12
P

Htot
. ð33Þ

(2) Longitudinal and transverse polarization fractions

FL¼
1

2
β2l

H11
L þH22

L

Htot
; FT ¼

1

2
β2l

H11
U þH22

U

Htot
. ð34Þ

(3) Clean observables

hP1ibin ¼ −2
R
bin dq

2β2l½H11
T þH22

T �R
bin dq

2β2l½H11
U þH22

U � ;

hP2ibin ¼ −
R
bin dq

2βlH12
PR

bin dq
2β2l½H11

U þH22
U � ;

hP3ibin ¼ −
R
bin dq

2β2l½H11
IT þH22

IT �R
bin dq

2β2l½H11
U þH22

U � ;

hP0
4ibin ¼ 2

R
bin dq

2β2l½H11
I þH22

I �
Nbin

;

hP0
5ibin ¼ −2

R
bin dq

2βl½H12
A þH21

A �
Nbin

;

hP0
6ibin ¼ −2

R
bin dq

2βl½H12
II þH21

II �
Nbin

;

hP0
8ibin ¼ 2

R
bin dq

2β2l½H11
IA þH22

IA�
Nbin

. ð35Þ

with the normalization factor Nbin defined as

N bin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
bin

dq2β2l½H11
U þH22

U � ·
Z
bin

dq2β2l½H11
L þH22

L �
s

:

ð36Þ

For computation of expectation value of these observables
over bins, we need to multiply them by the phase space
factor jp2jq2βl in corresponding numerator and denomi-
nator separately. The angle appearing in the relation of
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forward-backward asymmetry is the polar angle between
the momentum of parent meson and the momentum
transfer. Further, bins are corresponding to the momentum
transfer squared ranges [1.1, 6.0], [6.0, 8.0], [11.0, 12.5],
and [15.0, 17.0] GeV2.

IV. RESULTS AND DISCUSSION

Using covariant confined quark model, we compute the
transition form factors using the model parameters in
Table II and we plot them in terms of q2 in Fig. 2.
We also compare our form factors with the results of
various other theoretical prediction such as relativistic
constituent quark model (RQM) [49], constituent quark
model (CQM) [46], QCD sum rules (QCDSR) [48], light
front quark model (LFQM) [50], relativistic quark model
(RQM) [53], perturbative QCD (pQCD) [51]. However, in
order to have the comparison, we need to transform our
form factors Eqs. (14) and (15) with those using BSW form
factors [111]. The transformed form factors are denoted
using primed symbols.

F0
0 ¼ Fþ þ q2

m2
1 −m2

2

F−; ð37Þ

A0 ¼
m1 þm2

m1 −m2

A0
1; Aþ ¼ A0

2;

A− ¼ 2m2ðm1 þm2Þ
q2

ðA0
3 − A0

0Þ; V ¼ V 0;

a0 ¼ T 0
2; g ¼ T 0

1; aþ ¼ T 0
2 þ

q2

m2
1 −m2

2

T 0
3: ð38Þ

These form factors also satisfy the constraints

A0
0ð0Þ¼A0

3ð0Þ
2m2A0

3ðq2Þ¼ðm1þm2ÞA0
1ðq2Þ−ðm1−m2ÞA0

2ðq2Þ: ð39Þ

For the subsequent section, we remove the prime from the
form factors in order to avoid confusion. The graphical
comparison between the results can be found in Figs. 3–5.
It is observed that our results of the form factors for the

FIG. 3. Form factor comparison for Bc → D (left) and Bc → Ds (right) in comparison with relativistic constituent quark model [49],
constituent quark model [46], light front quark model [50], relativistic quark model [53] and perturbative QCD [51].
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FIG. 4. Form factor comparison for Bc → D� (left) and Bc → D�
s (right) in comparison with relativistic constituent quark model [49],

relativistic quark model [53], perturbative QCD [51], and covariant light front quark model [107].
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transition Bc → D are very similar to the pQCD, LFQM,
CQM, and RCQM predictions. Whereas, our results are
significantly higher with respect to RQM in almost entire
q2 range. For Bc → Ds transition also, our results are in
good agreement with the LFQM and CQM predictions.
Similarly for Bc → D�

ðsÞ transitions, our form factors are

compatible with the RQM and pQCD predictions for the
range q2 → q2max, whereas our results are substantially
lower for low q2. The differences in the predictions are
mainly attributed to the different methodology employed
for the computation of the transition form factors. Using
numerical form factors, we have computed branching

fractions of rare semileptonic decays using Eq. (17)
and in Fig. 6, we plot differential branching fractions.
In Table IV, we provide the branching fractions by
numerically integrating area under the differential branch-
ing fraction curve in Fig. 6. In the differential branching
fraction plots, the peaks near to q2 ¼ m2

J=ψ and q2 ¼ m2
ψð2SÞ

correspond to the charm resonances, whereas in the
low q2 range (in the case of Bc → Dð�Þ transition), they
correspond to the light vector resonances appearing in
the effective Wilson coefficients. In Table IV, we provide
our results considering both with resonance and without
resonance contributions. It is important to note here that in

Present Present

PresentPresent

Present Present

0.8

0.6

0.4

0.8

1.4

0.6

0.4

0.8

0.6

0.4

FIG. 5. Form factor comparison for Bc → D� (left) and Bc → D�
s (right) in comparison with relativistic constituent quark model [49],

relativistic quark model [53], perturbative QCD [51], and covariant light front quark model [107].

IVANOV, PANDYA, SANTORELLI, and SONI PHYS. REV. D 110, 096003 (2024)

096003-12



computations of branching fractions, we exclude the
experimentally vetoed q2 range corresponding to the charm
resonances. If we include these range, our results are
enhanced by an order of magnitude or more. This is also
observed in our recent studies [61] as well as in Ref. [112].
We also compare our results with theoretical predictions
from different quark models, perturbative QCD and QCD
sum rule approaches. Note that for the transitions corre-
sponding to channels b → slþl−, we do not include the
contribution from the light vector resonances because of
the CKM suppression (of the order of λ2 in Wolfenstein
representation); thus we neglect the effects of the second
term in effective Hamiltonian equation (1). It is observed
that our predictions for the nonresonant branching fractions
for some channels are in good agreement with the other
theoretical predictions. However, if we include the resonant
contributions, our predictions are comparatively lower
than the other theoretical approaches. In all the literature
mentioned here, the contributions from the light vector
resonances are not included for the transition correspond-
ing to b → dlþl−. It is to be noted that for the transitions
studied here, experimental data as well as lattice simulation
results are not available to the best of our knowledge and
understanding, and hence it is not logical to comment on

the comparison or credibility of the results from the other
theoretical approaches including current study.
In order to explore further effects of leptons in the

final state, we study various observables such as forward-
backward asymmetry, longitudinal and transverse polar-
izations, and angular observables using the relations
Eqs. (33) and (35). These observables are plotted in the
Fig. 7–9 and their expectation values in the whole q2 range
are given in Table V. In these plots, we include the effects of
both nonresonant and resonant contributions, where the
peaks correspond to charmonia and light vector resonances.
We also compute the expectation values of these observ-
ables in the different q2 bins corresponding to the exclusion
of contributions from vector resonances. Very recently,
Li have studied the branching fractions and other observ-
ables for the channel Bc → D�

slþl− in the framework
of covariant light front quark model (CLFQM) [107].
The authors have computed the transition form factors
using the modified Isgur-Wise function. We compare
our results of the observables with CLFQM results in
Tables VI–IX and it is observed that many of our results
are not in agreement with the CLFQM results. The
differences are mainly arising due to their inclusion
of the contribution of light vector resonances [107].
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FIG. 6. Differential branching fractions (green and blue plots correspond to the inclusion of vector resonance whereas red and black
plots are without the same (NR).).
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The light vector resonances have been excluded earlier
also for the transition corresponding to the quark channel
b → slþl− employing CCQM [90,110]. To the best of
our knowledge and understanding, these observables are
yet to be studied using any other theoretical approaches
and further these channels are also yet to be explored by

the worldwide experimental facilities. These observables
are dependent on the lepton flavors and thus serve as very
important probe for the search of new physics beyond the
standard model and therefore some insights from the very
recent run from the LHCb collaborations as well as from
other B factories are expected.
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FIG. 7. Forward-backward asymmetry, longitudinal and transverse polarization fractions (Green and Blue plots correspond to the
inclusion of vector resonance whereas Red and Black plots are without the same (NR).).
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FIG. 8. Clean observables P1;2;3 in whole q2 range (green and blue plots correspond to the inclusion of vector resonance whereas red
and black plots are without the same (NR).).
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FIG. 9. Clean observables P4;5;8 in whole q2 range (green and blue plots correspond to the inclusion of vector resonance whereas red
and black plots are without the same (NR).).
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TABLE V. q2- averages of polarization observables over the whole allowed kinematic region for Bþ
c → D�þlþl− and

Bþ
c → D�þ

s lþl−.

Observable
Bþ
c → D�þlþl− Bþ

c → D�þ
s lþl−

eþe− μþμ− τþτ− eþe− μþμ− τþτ−

−hAFBi 0.805� 0.018 0.805� 0.018 0.188� 0.008 0.657� 0.021 0.657� 0.021 0.134� 0.008
hFLi 1.028� 0.035 1.215� 0.034 0.095� 0.005 1.003� 0.063 1.199� 0.047 0.080� 0.006
hFTi 1.936� 0.040 1.710� 0.038 0.200� 0.010 1.958� 0.063 1.718� 0.053 0.163� 0.011
−hP1i 1.274� 0.045 1.403� 0.045 0.778� 0.041 1.490� 0.067 1.644� 0.068 0.856� 0.062
−hP2i 0.819� 0.016 0.937� 0.017 0.627� 0.026 0.676� 0.020 0.705� 0.021 0.548� 0.032
104 × hP3i 5.696� 0.752 5.255� 1.376 4.907� 0.464 26.815� 0.772 42.481� 1.791 4.707� 0.221
hP0

4i 2.992� 3.729 3.299� 0.082 1.333� 0.061 3.005� 6.552 3.338� 0.116 1.362� 0.086
−hP0

5i 1.428� 0.030 1.627� 0.032 0.950� 0.036 1.112� 0.034 1.242� 0.037 0.810� 0.042
102 × hP0

8i 3.554� 0.194 5.052� 0.208 −0.106� 0.007 −1.923� 0.137 2.491� 0.098 0.087� 0.008

TABLE VI. Angular observables in bins for the channel Bþ
c → D�þ.

Observable Bin eþe− μþμ− τþτ−

B × 109 [1.1, 6.0] 0.845� 0.026 0.840� 0.025
[6.0, 8.0] 0.521� 0.011 0.519� 0.011

[11.0, 12.5] 0.681� 0.015 0.680� 0.015
[15.0, 17.0] 1.025� 0.032 1.023� 0.032 0.367� 0.013

−hAFBi [1.1, 6.0] 0.087� 0.004 0.087� 0.004
[6.0, 8.0] 0.317� 0.009 0.316� 0.009

[11.0, 12.5] 0.421� 0.011 0.421� 0.011
[15.0, 17.0] 0.353� 0.014 0.353� 0.014 0.203� 0.009

hFLi [1.1, 6.0] 0.685� 0.034 0.672� 0.034
[6.0, 8.0] 0.485� 0.019 0.482� 0.019

[11.0, 12.5] 0.353� 0.013 0.352� 0.013
[15.0, 17.0] 0.321� 0.016 0.321� 0.016 0.086� 0.004

hFTi [1.1, 6.0] 0.315� 0.010 0.311� 0.010
[6.0, 8.0] 0.515� 0.013 0.513� 0.013

[11.0, 12.5] 0.647� 0.018 0.645� 0.018
[15.0, 17.0] 0.679� 0.029 0.678� 0.029 0.181� 0.008

TABLE VII. Same as Table VI.

Observable Bin eþe− μþμ− τþτ−

−hP1i [1.1, 6.0] 0.241� 0.013 0.242� 0.013
[6.0, 8.0] 0.315� 0.015 0.315� 0.015

[11.0, 12.5] 0.441� 0.019 0.441� 0.019
[15.0, 17.0] 0.705� 0.035 0.705� 0.035 0.716� 0.036

−hP2i [1.1, 6.0] 0.184� 0.008 0.186� 0.008
[6.0, 8.0] 0.410� 0.009 0.412� 0.009

[11.0, 12.5] 0.434� 0.010 0.435� 0.010
[15.0, 17.0] 0.347� 0.013 0.347� 0.013 0.746� 0.029

hP3i × 104 [1.1, 6.0] −ð0.058� 1.772Þ 0.028� 1.771
[6.0, 8.0] 9.206� 0.141 9.209� 0.141

[11.0, 12.5] 9.752� 0.165 9.752� 0.165
[15.0, 17.0] 5.854� 0.169 5.854� 0.168 5.730� 0.168

hP0
4i [1.1, 6.0] 0.878� 0.031 0.881� 0.031

[6.0, 8.0] 1.131� 0.034 1.131� 0.034

(Table continued)
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TABLE VII. (Continued)

Observable Bin eþe− μþμ− τþτ−

[11.0, 12.5] 1.199� 0.038 1.199� 0.038
[15.0, 17.0] 1.306� 0.056 1.306� 0.056 1.310� 0.057

−hP0
5i [1.1, 6.0] 0.570� 0.022 0.576� 0.022

[6.0, 8.0] 0.770� 0.021 0.772� 0.021
[11.0, 12.5] 0.731� 0.020 0.732� 0.020
[15.0, 17.0] 0.533� 0.019 0.533� 0.019 1.144� 0.041

hP0
8i × 10−3 [1.1, 6.0] 1.695� 0.455 1.592� 0.453

[6.0, 8.0] −ð5.412� 0.242Þ −ð5.414� 0.242Þ
[11.0, 12.5] −ð4.106� 0.134Þ −ð4.106� 0.134Þ
[15.0, 17.0] −ð1.385� 0.085Þ −ð1.385� 0.085Þ −ð1.327� 0.084Þ

TABLE VIII. Angular observables in bins for the channel Bþ
c → D�þ

s .

Observable Bin eþe− [107] μþμ− [107] τþτ− [107]

109 × B [1.1, 6.0] 26.998� 0.917 6.240 26.827� 0.915 6.220
[6.0, 8.0] 14.930� 0.376 3.560 14.854� 0.375 3.550

[11.0, 12.5] 25.582� 0.754 2.830 25.518� 0.752 2.830
[15.0, 17.0] 34.543� 1.647 2.560 34.478� 1.644 2.560 13.483� 0.685 0.980

−hAFBi [1.1, 6.0] 0.002� 0.004 0.061 0.003� 0.004 0.061
[6.0, 8.0] 0.178� 0.007 0.243 0.178� 0.007 0.242

[11.0, 12.5] 0.386� 0.014 0.340 0.385� 0.014 0.339
[15.0, 17.0] 0.270� 0.016 0.254 0.270� 0.016 0.254 0.138� 0.009 0.143

hFLi [1.1, 6.0] 0.651� 0.038 0.815 0.640� 0.037 0.817
[6.0, 8.0] 0.483� 0.021 0.637 0.481� 0.022 0.638

[11.0, 12.5] 0.366� 0.019 0.446 0.365� 0.018 0.446
[15.0, 17.0] 0.331� 0.024 0.352 0.330� 0.024 0.352 0.079� 0.006 0.410

hFTi [1.1, 6.0] 0.349� 0.013 0.185 0.344� 0.013 0.183
[6.0, 8.0] 0.517� 0.015 0.363 0.515� 0.015 0.362

[11.0, 12.5] 0.634� 0.024 0.554 0.632� 0.024 0.554
[15.0, 17.0] 0.669� 0.044 0.648 0.667� 0.044 0.648 0.159� 0.011 0.590

TABLE IX. Same as Table VIII.

Observable Bin eþe− [107] μþμ− [107] τþτ− [107]

−hP1i [1.1, 6.0] 0.282� 0.015 0.281 0.284� 0.015 0.281
[6.0, 8.0] 0.399� 0.017 0.408 0.399� 0.017 0.408

[11.0, 12.5] 0.557� 0.027 0.543 0.557� 0.027 0.543
[15.0, 17.0] 0.834� 0.059 0.822 0.834� 0.059 0.822 0.845� 0.060 0.826

−hP2i [1.1, 6.0] 0.003� 0.008 0.125 0.005� 0.008 0.125
[6.0, 8.0] 0.229� 0.008 0.446 0.230� 0.008 0.446

[11.0, 12.5] 0.406� 0.013 0.409 0.406� 0.013 0.409
[15.0, 17.0] 0.269� 0.059 0.262 0.270� 0.015 0.262 0.579� 0.034 0.269

104 × hP3i [1.1, 6.0] 35.666� 2.953 1.840 35.587� 2.947 1.840
[6.0, 8.0] 25.421� 1.062 0.070 25.423� 1.061 0.070

[11.0, 12.5] 12.046� 0.288 24.210 12.047� 0.288 24.210
[15.0, 17.0] 5.114� 0.230 34.420 5.113� 0.230 34.420 4.944� 0.228 20.080

hP0
4i [1.1, 6.0] 0.882� 0.037 0.908 0.885� 0.037 0.898

[6.0, 8.0] 1.160� 0.040 1.177 1.160� 0.040 1.169
[11.0, 12.5] 1.247� 0.052 1.240 1.247� 0.052 1.236
[15.0, 17.0] 1.354� 0.084 1.350 1.354� 0.084 1.347 1.358� 0.085 0.561

(Table continued)
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V. SUMMARY AND CONCLUSION

In this article, we systematically study the rare semi-
leptonic decay of Bc meson within the framework of
covariant confined quark model. We have considered the

channels Bþ
c → Dþð�Þlþl− and Bþ

c → Dþð�Þ
s lþl− for all

the lepton flavors. The necessary transition form factors are
computed in the whole range of momentum transfer
squared and compared with different theoretical
approaches. Our results of the form factors are compatible
with the other quark models. Using these form factors
and Wilson coefficients, we have computed the rare semi-
leptonic branching fractions and compared our results with
other approaches. We have also computed various observ-
ables such as forward-backward asymmetry, longitudinal
and transverse polarizations, and angular observables. In
present work, the computation of effective Wilson coef-
ficients includes the contribution of charm resonances
as well as light vector resonances in the case of

Bþ
c → Dþð�Þlþl−. For Bþ

c → Dþð�Þ
s lþl−, we only include

the contribution of charm vector resonances. It is observed
that our predictions are systematically lower than those
reported in literature and the main reason for these
differences are the inclusion of the contribution of light

vector resonances in definition of effective Wilson coef-
ficients as well as the choice of the numerical values of the
Wilson coefficients.
To conclude, we have provided the complete description

of rare semileptonic decays of Bc mesons in the framework
of CCQM along with the different physical observables
which would play an important role for the identification of
these observables for future experimental facilities and also
to look for the test of new physics beyond standard model,
if any.
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APPENDIX: COVARIANCE AMONG FORM
FACTOR PARAMETERS

Within the framework of CCQM, the theoretical
uncertainties are directly tied to the uncertainties in
the free parameters of the model. To provide the reader
with a practical way to utilise our model, we fit the
behavior of the form factors as a function of q2 using

TABLE X. Covariance matrix for Bþ
c → Dþ form factors and associated parameters (×10−3).

Fþ F− FT F0

Fð0Þ a b Fð0Þ a b Fð0Þ a b Fð0Þ a b

Fþ Fð0Þ 0.009 0.036 0.081 −0.006 0.033 0.078 0.012 0.036 0.084 0.012 0.135 0.336
a 0.144 0.324 −0.024 0.132 0.312 0.048 0.144 0.336 0.048 0.540 1.344
b 0.729 −0.054 0.297 0.702 0.108 0.324 0.756 0.108 1.215 3.024

F− Fð0Þ 0.004 −0.022 −0.052 −0.008 −0.024 −0.056 −0.008 −0.090 −0.224
a 0.121 0.286 0.044 0.132 0.308 0.044 0.495 1.232
b 0.676 0.104 0.312 0.728 0.104 1.170 2.912

FT Fð0Þ 0.016 0.048 0.112 0.016 0.180 0.448
a 0.144 0.336 0.048 0.540 1.344
b 0.784 0.112 1.260 3.136

F0 Fð0Þ 0.016 0.180 0.448
a 2.025 5.040
b 12.544

TABLE IX. (Continued)

Observable Bin eþe− [107] μþμ− [107] τþτ− [107]

−hP0
5i [1.1, 6.0] 0.315� 0.023 0.540 0.319� 0.023 0.534

[6.0, 8.0] 0.507� 0.019 0.766 0.508� 0.019 0.761
[11.0, 12.5] 0.654� 0.023 0.664 0.656� 0.023 0.662
[15.0, 17.0] 0.399� 0.020 0.390 0.399� 0.020 0.390 0.855� 0.044 0.163

−103 × hP0
8i [1.1, 6.0] 22.160� 0.980 1.196 22.052� 0.975 1.164

[6.0, 8.0] 11.841� 0.473 0.029 11.842� 0.473 0.029
[11.0, 12.5] 3.866� 0.206 7.054 3.866� 0.206 7.030
[15.0, 17.0] 0.970� 0.088 6.147 0.970� 0.088 6.137 0.921� 0.085 1.467
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the double-pole parametrization which is characterized
by three parameters [namely Fð0Þ, a and b], has been
fitted using a standard chi-squared minimization
procedure. Here, we present the covariance matrices
for all the transition form factors for the channels

Bþ
c → Dþ

ðsÞ as well as for the channels Bþ
c → D�þ

ðsÞ .
They demonstrate the covariance among the parameters
corresponding to all form factors entering the same
decay channel. All the matrices are listed in
Tables X–XIII.

TABLE XI. Covariance matrix for Bþ
c → Dþ

s form factors and associated parameters (×10−3).

Fþ F− FT F0

Fð0Þ a b Fð0Þ a b Fð0Þ a b Fð0Þ a b

Fþ Fð0Þ 0.016 −0.076 −0.184 −0.016 0.038 −0.180 −0.024 −0.076 0.188 −0.024 −0.228 −0.596
a 0.361 0.874 0.076 −0.180 0.855 0.114 0.361 −0.893 0.114 1.083 2.831
b 2.116 0.184 −0.437 2.070 0.276 0.874 −2.162 0.276 2.622 6.853

F− Fð0Þ 0.016 −0.038 0.180 0.024 0.076 −0.188 0.024 0.228 0.596
a 0.361 −0.427 −0.057 −0.180 0.446 −0.057 −0.541 −1.415
b 2.025 0.270 0.855 −2.115 0.270 2.565 6.705

FT Fð0Þ 0.036 0.114 −0.282 0.036 0.342 0.894
a 0.361 −0.893 0.114 1.083 2.831
b 2.209 −0.282 −2.679 −7.003

F0 Fð0Þ 0.036 0.342 0.894
a 3.249 8.493
b 22.201
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