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We investigate the exclusive rare semileptonic decays Bc → Dð�Þ
s ðll; νν̄Þ induced by neutral current

transition b → sðll; νν̄Þ in the presence of nonuniversal Z0, scalar and vector leptoquark new physics
models. We constrain the new physics parameter space by using the latest experimental measurements of
RKð�Þ , P0

5, BðBs → ϕμþμ−Þ and BðBs → μþμ−Þ. Throughout the analysis, we choose to work with the
particular new physics scenario Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ where both Z0, S31=3, and U

3
−2=3 leptoquarks satisfy

the condition. Using these new coupling parameters, we scrutinize the several physical observables such as
differential branching fraction, the forward backward asymmetry, the lepton polarization asymmetry, the
angular observable P0

5, and the lepton flavor universal sensitive observables, including the ratio of

branching ratio R
Dð�Þ

s
and the few Q parameters in the Bc → Dð�Þ

s μþμ− and Bc → Dð�Þ
s νν̄ decay processes.

DOI: 10.1103/PhysRevD.105.115022

I. INTRODUCTION

The hint of new physics (NP) in the form of new
interactions, which demands an extension of the standard
model (SM) of particle physics are witnessed not only in
the flavor changing neutral current decays of rare beauty
particles of the form b → slþl− but also in the flavor
changing charged current decays proceeding via b → clν
quark level transitions. The rare weak decays of several
composite beauty mesons such as Bd, Bs, and Bc, which are
forbidden at the tree level in SM, appear to follow loop or
box level diagrams. Theoretically, the radiative and semi-
leptonic decays of B → Kð�Þ and Bs → ϕ processes have
received greater attention and are studied extensively both
within the SM and beyond. The sensitivity of new physics
possibilities in these decays requires very good knowledge
of the hadronic form factors, more specifically for B → V
transitions. It requires information from both the light cone
sum rule (LCSR) and lattice QCD (LQCD) methods to
compute the form factors, respectively, at low and high q2

regions, which eventually confine the whole kinematic
region [1]. Currently, we do have the very precise

calculations of the form factors that have very accurate
SM predictions of the differential branching fractions and
various angular observables in b → slþl− decays.
Similarly, the family of neutral decays proceeding via
b → sνν̄ transitions equally provide the interesting oppor-
tunity in probing new physics signatures to that of
b → slþl− transitions. However, so far no experiments
have directly addressed any anomalies except the upper
bounds of the branching fractions of B → Kð�Þνν̄ decay
processes. In principle, under the SUð2ÞL gauge symmetry,
both the charged leptons and neutral leptons are treated
equally, and hence, one can extract a close relation between
both b → slþl− and b → sνν̄ decays in beyond the SM
scenarios. In addition, the decays with νν̄ final state are well
motivated for several interesting features since these decays
are considered to be theoretically cleaner as they do not
suffer from hadronic uncertainties beyond the form fac-
tors such as the nonfactorizable corrections and photonic
penguin contributions.
Experimentally, several measurements in b → slþl−

transitions, such as RK�¼BðB→K�μþμ−Þ=BðB→K�eþe−Þ
from LHCb [2,3] and Belle [4] at q2 ∈ ½0.045; 1.1� and q2 ∈
½1.1; 6.0� show 2.1–2.4σ deviation from the SM expectations
[5,6]. Similarly, the angular observable P0

5 in B → K�μþμ−

from in the bins q2 ∈ ½4.0; 6.0�, [4.3, 6.0] and [4.0, 8.0] from
ATLAS [7], LHCb [8,9], CMS [10], Belle [11], respectively,
deviate at 3.3σ, 1σ, and 2.1σ from the SM expectations
[12–14]. The recent updates in the measurements of RK ¼
BðB → Kμþμ−Þ=BðB → Keþe−Þ [15,16] in q2 ∈ ½1.0; 6.0�
and the branching fraction of BðBs → ϕμþμ−Þ [17–19] in
q2 ∈ ½1.1; 6.0� region from LHCb still indicate 3.1σ in RK
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[5,6] and 3.6σ in BðBs → ϕμþμ−Þ [1,20] from the SM
expectations. Similarly, the measurements pertaining to b →
sνν̄ transitions, the upper bound measured by the Belle
Collaboration in the branching fraction of B → Kð�Þνν̄
decays areBðB → Kνν̄Þ < 1.6 × 10−5 andBðB → K�νν̄Þ <
2.7 × 10−5 [21], respectively. There also exist the BABAR
measurement on BðB → K�νν̄Þ < 4 × 10−5 [22]. Very
recently, the Belle II updated the upper bound of BðB →
Kνν̄Þ < 4.1 × 10−5 in 2021 [23].
There exist several other decay channels similar to the

B → Kð�Þ and Bs → ϕ undergoing b → slþl− quark level
transitions [23–39]. If any new physics present in B → Kð�Þ
and Bs → ϕ decays can in principle be reflected in several
other decays as well. In that sense, we choose to study the

explicit rare decays Bc → Dð�Þ
s μþμ− and Bc → Dð�Þ

s νν̄,
which undergo similar b → s neutral transition. The par-

ticular decay modes Bc → Dð�Þ
s μþμ− have been studied

previously in SM using various form factors that include
relativistic quark model (RQM) [40], the light front and
constituent quark model [41,42], the three point QCD sum
rules approach [43], the covariant quarkmodel [44], and very
recently, using the lattice QCD form factors only for
Bc → Ds transitions [45]. In addition, as far as beyond
SM analysis are concerned, these decays have also been
analyzed within model independent and dependent new
physics as well. The model independent study within the
effective field theory approach was done in Ref. [46] under
various 1D and 2D NP scenarios. In Ref. [47], the decay
mode was studied within a nonuniversal Z0 model with the
NP contribution coming fromonly the right-handed currents.
Similarly, the contribution ofZ0 was analyzed by considering
the UTfit inputs of left-handed coupling of Z0 boson and the
different values of new weak phase angle in the Ref. [48].

Similarly, the SM results pertaining to the Bc → Dð�Þ
s νν̄

decays have been addressed in Refs. [40,42,49].
Even from the experimental point of view after the

discovery of Bc meson at CDF via Bc → J=Ψlν [50], the
study of Bc decays were found to be very interesting. Unlike
the weak decays of other B mesons, the Bc mesons are
interesting as it is composed of both heavyb andc quarks that
allows a broader kinematic range, which eventually involve
large number of decays. In addition, the upcoming LHC run
can produce around 108–1010 Bc mesons [51–55], which
offer very rich laboratory for the associated Bc weak decays.
At LHC with a luminosity 1034 cm−2 s−1, one could expect
around2 × 1010Bc events per year [56,57].Hence, exploring

the new physics in Bc → Dð�Þ
s μþμ− decays are experimen-

tally well motivated at the LHCb experiments.
For the experimental scope of the Bc → Dð�Þ

s νν̄ channels
concerns, as we know, they are experimentally challenging
because of the dineutrinos in the final state, which leave no
information in the detector. However, recently, Belle II at
SuperKEK uses a novel and independent inclusive tagging

approach and measures the upper limit of the branching
fraction of B → Kνν̄ decays [58]. This novel method has
benefited with larger signal efficiency of about 4%, at the
cost of higher background level [58]. Since Belle and
Belle II mainly work at ϒð4SÞ and ϒð5SÞ resonances, no
Bc mesons are produced. Hence, study of Bc → Dð�Þ

s νν̄
channels would be difficult at the Belle II experiment.
Moreover, as there are more number of Bc mesons
produced at LHC, it can, in principle, be feasible to predict

an upper limit of the branching fraction of Bc → Dð�Þ
s νν̄

decays in their future prospects.
In this context, we study the implication of the latest

b → slþl− data on the Bc → Dð�Þ
s μþμ− and Bc → Dð�Þ

s νν̄
decay processes under the model dependent analysis. We
choose in particular, the specific models such as Z0 and the
various scalar and vector leptoquarks (LQs), which satisfy
Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ new physics scenario. Among
various LQs, we opt for the specific LQs in such a way
that they should have combined NP effects in the form of
Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ both in b → slþl− and b → sνν̄
decays. Hence, the main aim of this work is to extract
the common new physics that appear simultaneously in
b → slþl− and b → sνν̄ decays.
The layout of the present paper is as follows. In Sec. II, we

add a theoretical framework that includes a brief discussion
of effectiveHamiltonian for b → slþl− andb → sνν̄ parton
level transition. In addition to this, we also present the
differential decay distributions and other q2 dependent

observables ofBc → Dð�Þ
s μþμ− andBc → Dð�Þ

s νν̄ processes.
In the context of new physics, we deal with the contributions
arising due to the exchange ofLQ andZ0 particles in Sec. III.
In Sec. IV,we report anddiscuss our numerical analysis in the
SM and in the presence of NP contributions. Finally, we end
with our conclusion in Sec. V.

II. THEORETICAL FRAMEWORK

A. Effective Hamiltonian

The effective Hamiltonian responsible for b → sll
parton level transition in the presence of NP vector operator
can be represented as [59]

Heff¼−
αGFffiffiffi
2

p
π
VtbV�

ts

�
2
Ceff
7

q2
½s̄σμνqνðmsPLþmbPRÞb�ðl̄γμlÞ

þCeff
9 ðs̄γμPLbÞðl̄γμlÞþC10ðs̄γμPLbÞðl̄γμγ5lÞ

þCll
9 ðNPÞðs̄γμPLbÞðl̄γμlÞ

þCll
10 ðNPÞs̄γμPLbl̄γμγ5l

�
; ð1Þ

where GF is the Fermi coupling constant, α is the fine
structure constant, Vij is the CKM matrix element, and
Ceff
7 ; Ceff

9 , and C10 are the relevant Wilson coefficients
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(WC) evaluated at μ ¼ mpole
b scale [59]. The Wilson

coefficients Cll
9 ðNPÞ and Cll

10 ðNPÞ are the effective cou-
pling constants associated with the corresponding NP
operators. The effective Hamiltonian describing b → sνν̄
decay processes is given by [60]

Hνν̄
eff ¼

GFα

2
ffiffiffi
2

p
π
VtbV�

tsCνν
L O

νν
L : ð2Þ

Here, the effective four fermion operator Oνν
L ¼

ðs̄γμPLbÞðν̄γμð1 − γ5ÞνÞ and the associated coupling
strength Cνν

L ¼ XðxtÞ=s2W , which includes the Inami—
Lim function XðxtÞ given in Ref. [61]. In principle, several
Lorentz structures in the form of chiral operators can be
possible in the NP scenario, such as vector, axial vector,
scalar, pseudoscalar, and tensor. However, among all the
operators scalar, pseudoscalar, and tensor are severely
constrained by Bs → μμ and b → sγ measurements [62].
Therefore, we consider the vector and axial vector con-
tributions only. In our analysis, among possible NP
operators we consider only the left chiral Oll

9 ðNPÞ and
Oll

10 ðNPÞ contributions and the associated Wilson coeffi-
cients are assumed to be real. The effective Wilson
coefficients Ceff

7 and Ceff
9 are defined as [63]

Ceff
7 ¼ C7 −

C5

3
− C6

Ceff
9 ¼ C9ðμÞ þ hðm̂c; ŝÞC0

−
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; ð3Þ

where ŝ ¼ q2=m2
b, m̂c ¼ mc=mb, and C0 ¼ 3C1 þ C2 þ

3C3 þ C4 þ 3C5 þ C6.

hðz; ŝÞ ¼ −
8

9
ln
mb

μ
−
8

9
ln zþ 8

27
þ 4

9
x−

2

9
ð2þ xÞj1− xj1=2

×

8<
:

ln
��� ffiffiffiffiffiffi

1−x
p þ1ffiffiffiffiffiffi
1−x

p
−1

���− iπ; for x≡ 4z2
ŝ < 1

2 arctan 1ffiffiffiffiffiffi
x−1

p ; for x≡ 4z2
ŝ > 1

ð4Þ

and

hð0; ŝÞ ¼ −
8

9
ln
mb

μ
−
4

9
ln ŝþ 8

27
þ 4

9
iπ: ð5Þ

Here, we have included the short distance perturbative
contributions to Ceff

9 . The measurements of the B →
ðKð�Þ;ϕÞll processes induced by b → sll quark level
transition, in principle, include the available vector

resonances. These regions arise in the dimuon invariant
mass resonance mμμ around ϕð1020Þ; J=ψð3096Þ, and
ψ2Sð3686Þ along with broad charmonium states
ψð3770Þ;ψð4040Þ;ψð4160Þ, and ψð4415Þ. The amplitudes
in these regions though are dominated but have a large
theoretical uncertainty. However, this is performed with a
model describing these vector resonances as a sum of the
relativistic Breit-Wigner amplitudes. The explicit expres-
sions of the cc̄ resonance part reads

YBWðq2Þ ¼
3π

α2
X

Vi¼J=ψ ;ψ 0

ΓðVi → lþl−ÞMVi

M2
Vi
− q2 − iMVi

ΓVi

; ð6Þ

where MVi
ðJ=ψ ;ψ 0Þ is the mass of the vector resonance

and ΓVi
is the total decay width of the vector mesons.

Moreover, in our study, we have taken care by avoiding all
the cc̄ resonances appearing at respective q2 regions.
Hence, our all predictions concerned to b → sμþμ− decay
observables are done in the q2 regions [0.1–0.98] and
½1.1–6� GeV2. On the other hand, the case with b → sνν̄
quark level transitions are quite different. In principle,
b → sνν̄ decays are free from various hadronic uncertain-
ties beyond the form factors, such as the nonfactorizable
corrections and photonic penguin contributions. In particu-
lar, the vector charmonium states including ϕð1020Þ;
J=ψð3096Þ, and ψ2Sð3686Þ etc. do not contribute to any
dineutrino states in the concerned decays of b → sνν̄
channels. Hence, one can access the whole q2 region in

the prediction of various observables in Bc → Dð�Þ
s νν̄

decays. Hence, the b → sνν̄ decay channels are treated
as theoretically cleaner than the b → sll decay processes.
Apart from this, additionally we do not even include any
nonlocal effects in our analysis, which are important below
the charmonium contributions that have been studied in
detail in Refs. [64–67]. In principle, these hadronic non
local effects are generally neglected in the study of the
lepton flavor universality violation (LFUV) in various
b → sll decays. In addition, the factorizable effects
arising due to the spectator scattering may not affect
severely to the LFU ratios, and hence, these effects are
neglected in our present analysis [68,69].

B. Differential decay distribution and q2 observables

in Bc → Dð�Þ
s μ+ μ−

In analogy with B → Klþl− decay mode, it is useful to
note that the rare semileptonic Bc → Dslþl− process is
also mediated through b → slþl− transition in the parton
level. In the standard model, we present the formula of q2

dependent differential branching ratio which is given as
follows [70]:

dBR
dq2

¼ τBc

ℏ

�
2al þ

2

3
cl

�
; ð7Þ
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where the parameters al and cl are given by

al ¼ G2
Fα

2
EWjVtbV�

tsj2
29π5m3

Bc

βl
ffiffiffi
λ

p �
q2jFPj2

þ λ

4
ðjFAj2 þ jFV j2Þ þ 4m2

lm
2
Bc
jFAj2

þ 2mlðm2
Bc

−m2
Ds

þ q2ÞReðFPF�
AÞ
�
; ð8Þ

cl ¼ −
G2

Fα
2
EWjVtbV�

tsj2
29π5m3

Bc

βl
ffiffiffi
λ

p λβ2l
4

ðjFAj2 þ jFV j2Þ: ð9Þ

Here, the kinematical factor λ and the mass correction
factor βl in the above equations are given by

λ ¼ q4 þm4
Bc

þm4
Ds

− 2ðm2
Bc
m2

Ds
þm2

Bc
q2 þm2

Ds
q2Þ;

βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l=q
2

q
: ð10Þ

However, the explicit expressions of the form factors such
as FP, FV and FA are given as follows:

FP ¼ −mlC10

�
fþ −

m2
Bc

−m2
Ds

q2
ðf0 − fþÞ

�
; ð11Þ

FV ¼ Ceff
9 fþ þ 2mb

mBc
þmDs

Ceff
7 fT; ð12Þ

FA ¼ C10fþ: ð13Þ

We employ the Wilson coefficients at the renormalization
scale μ ¼ 4.8 GeV as reported in Ref. [70].
Similarly, the transition amplitude for Bc → D�

slþl−

decay channel can be obtained from the effective
Hamiltonian given in the Eq. (1). The q2 dependent
differential branching ratio for Bc → D�

slþl− process is
given as [71]

dBR=dq2 ¼ dΓ=dq2

ΓTotal
¼ τBc

ℏ
1

4
½3Ic1 þ 6Is1 − Ic2 − 2Is2�; ð14Þ

where the q2 dependent angular coefficients are given in
Appendix B and the corresponding SM WCs at the
renormalization scale μ ¼ 4.8 GeV are taken from [63].
In addition to this, we also define other prominent
observables such as the forward-backward asymmetry
AFB, the longitudinal polarization fraction FL, and the
angular observable P0

5, which are given by [12]

FLðq2Þ ¼
3Ic1 − Ic2

3Ic1 þ 6Is1 − Ic2 − 2Is2
;

AFBðq2Þ ¼
3I6

3Ic1 þ 6Is1 − Ic2 − 2Is2
;

hP0
5i ¼

R
bin dq

2I5

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−
R
bin dq

2Ic2
R
bin dq

2Is2

q : ð15Þ

To confirm the existence of the lepton universality
violation, one can construct additional observables asso-
ciated with the two different families of lepton pair which
are quite sensitive to shed light into the windows of NP. The
explicit expressions are given as below [13,72],

hQFL
i ¼ hFμ

Li − hFe
Li; hQAFB

i ¼ hAμ
FBi − hAe

FBi;
hQ0

5i ¼ hP0μ
5 i − hP0e

5 i: ð16Þ

Also we define the ratio of the branching ratios of μ to e

transition in Bc → Dð�Þ
s lþl− decay modes as follows:

R
Dð�Þ

s
ðq2Þ ¼ BRðBc → Dð�Þ

s μþμ−Þ
BRðBc → Dð�Þ

s eþe−Þ
: ð17Þ

C. Differential decay distribution in Bc → Dð�Þ
s νν̄

The explicit study of Bc → Dð�Þ
s νν̄ processes involved

with b → sνν̄ transitions are also quite important to search
for NP beyond the SM as they are associated to b → slþl−

parton level by SUð2ÞL symmetry group. From the effective
Hamiltonian given in Eq. (2), the differential decay rate for

Bc → Dð�Þ
s νν̄ decay channel is given by [35,73]

dBRðBc → Dsνν̄ÞSM
dq2

¼ τBc
3jNj2 X

2
t

s4w
ρDs

ðq2Þ; ð18Þ

dBRðBc → D�
sνν̄ÞSM

dq2

¼ τBc
3jNj2 X

2
t

s4w
½ρA1

ðq2Þ þ ρA12
ðq2Þ þ ρVðq2Þ�; ð19Þ

where the factor 3 comes from the sum over neutrino
flavors, and

N ¼ VtbV�
ts
GFα

16π2

ffiffiffiffiffiffiffiffi
mBc

3π

r
ð20Þ

is the normalization factor. The relevant rescaled form
factors ρi given in the above equations are given below,
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ρDs
ðq2Þ ¼ λ3=2Ds

ðq2Þ
m4

Bc

½fDsþ ðq2Þ�2;

ρVðq2Þ ¼
2q2λ3=2Ds

� ðq2Þ
ðmBc

þmDs
� Þ2m4

Bc

½Vðq2Þ�2;

ρA1
ðq2Þ ¼ 2q2λ1=2Ds

� ðq2ÞðmB þmDs
�Þ2

m4
Bc

½A1ðq2Þ�2;

ρA12
ðq2Þ ¼ 64m2

Ds
�λ1=2Ds

� ðq2Þ
m2

Bc

½A12ðq2Þ�2: ð21Þ

The parameter λ is already defined for Bc → Ds transition
in Eq. (10) and the pseudoscalar Ds is replaced by the
vector meson D�

s in Bc → D�
s decays.

III. NEW PHYSICS ANALYSIS IN THE
SCENARIO Cμμ

9 ðNPÞ= −Cμμ
10ðNPÞ

Assuming the NP exist only in the context of μ mode in
b → slþl− transition, it will contribute to more number of
Lorentz structures. The new physics scenarios for the
parton level b → sμþμ− transition that account for NP
contributions are given as [28,71]

ðIÞ∶ Cμμ
9 ðNPÞ < 0;

ðIIÞ∶ Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ< 0;

ðIIIÞ∶ Cμμ
9 ðNPÞ ¼ −C0μμ

9 ðNPÞ< 0;

ðIVÞ∶ Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ ¼ C0μμ
9 ðNPÞ ¼ C0μμ

10 ðNPÞ < 0;

ð22Þ

where the unprimed couplings differ from the primed
Wilson coefficients by their corresponding chiral operator
as discussed in the previous section. Keeping in mind, as
from the Ref. [74], only three out of ten leptoquarks, such
as S3, U1, and U3 can explain the b → sμþμ− data as they
have good fits under certain scenario. Among S3, U3, and
U1 leptoquarks, the U1 leptoquark has no contribution to
the couplings corresponding to the NP operator responsible
for b → sνν̄ processes, whereas other two LQs are differ-
entiated with a definite contributions to it. Hence, the effect
from U1 LQ is not taken into account in the present
analysis. It is important to say that the remaining S3 and U3

LQs do not satisfy the scenarios I and III. On the other
hand, in Ref. [75], it is also reported that Z0 can contribute
to both scenario I and II, whereas a vast majority of this
model use the scenario II. Hence, the feasible environment
to study both LQs and Z0 simultaneously will be the
scenario II∶ Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ. Many works have

been studied in these scenarios in LQs [76–84] and in
the presence of Z0 [76,85–90]. Therefore, the purpose of
this work is to concentrate on the scenario II: Cμμ

9 ðNPÞ ¼
−Cμμ

10ðNPÞ [75].

A. Leptoquark contribution

There are ten different leptoquark multiplets under the
SM gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞY in the pres-
ence of dimension ≤ 4 operators [91] in which five
multiplets include scalar (spin 0) and other halves are
vectorial (spin 1) in nature under the Lorentz transforma-
tion. Among all, both the scalar triplet S3 (Y ¼ 1=3) and
vector isotriplet U3 (Y ¼ −2=3) can explain the b →
sμþμ− and b → sνν̄ processes simultaneously. The relevant
Lagrangian is given as follows [74]:

LS ¼ y0lql̄
c
Liτ2τ⃗qLS

3
1=3 þ H:c:;

LV ¼ g0lql̄Lγμτ⃗qLU3
−2=3 þ H:c:; ð23Þ

where the fermion currents in the above Lagrangian include
the SUð2ÞL quark and lepton doublets “qL” and “lL,”
respectively, and τ represent the Pauli matrices. Most
importantly, the parameters y0lq and g0lq are the quark—
lepton couplings associated with the corresponding lepto-

quarks. In particular, for this analysis, y0μbðsÞlq is the coupling
of the leptoquark S31=3 to the left-handed μ or νμ and a left-

handed fermion field b (s). Similarly, g0μbðsÞlq is the coupling
correspond to the leptoquark U3

−2=3. On the other hand, for

the parton level b → sνν̄ transitions, both S31=3 and U3
−2=3

LQs contribute differently as reported in Table I. Hence, the
Wilson coefficient Cνν

L associated with b → sνν̄ can be
obtained by replacing Cνν

L → Cνν
L þ Cνν

L ðNPÞ. In our paper,
we consider the couplings y0μblq ðy0μslq Þ� and g0μblq ðg0μslq Þ� as real
for the S31=3 andU

3
−2=3 LQs respectively with the assumption

of same mass for both the leptoquarks. The tree level
Feynman diagram for these processes (left panel) mediated
via LQ is shown in Fig. 1.

B. Nonuniversal Z0 contribution

The extension of SM by an extra minimal Uð1Þ0 gauge
symmetry produces a neutral gauge boson the so-called Z0
boson. It is the most obvious candidate that represents
b → sμþμ− in the NP scenario. However the main attrac-
tion of this model includes the flavor changing neutral
current (FCNC) transition in the presence of new nonuni-
versal gauge boson Z0 [92–94], which can contribute at tree

TABLE I. Contributions of the LQs–S31=3; U3
−2=3, and Z0

to the Wilson coefficients. The normalization RðMÞ≡
π=ð ffiffiffi

2
p

αGFVtbV�
tsðMLQðMZ0 ÞÞ2 and MLQ ¼ MZ0 ¼ 1 TeV.

NP model Cμμ
9 ðNPÞ Cμμ

10ðNPÞ Cνν
L ðNPÞ

S31=3 Ry0μblq ðy0μslq Þ� −Ry0μblq ðy0μslq Þ� 1
2
Ry0μblq ðy0μslq Þ�

U3
−2=3 −Rg0μblq ðg0μslq Þ� Rg0μblq ðg0μslq Þ� −2Rg0μblq ðg0μslq Þ�

Z0 −MgbsL gμμL MgbsL gμμL −MgbsL gνν̄L
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level given in Fig. 1 (right panel). After integrating out the
heavy Z0 the effective Lagrangian for 4 fermion operator is
given as

Leff
Z0 ¼ −

1

2M2
Z0
J0μJμ0; ð24Þ

where the new current is given as

Jμ0 ¼ −gμμLLL̄γμPLLþ gμμLðRÞμ̄γ
μPLðRÞμ

þ gijL ψ̄ iγ
μPLψ j þ H:c:; ð25Þ

where i and j are family index, PLðRÞ is the projection

operator of left (right) chiral fermions and gijL denote the left
chiral coupling of Z0 gauge boson. Now relevant interaction
Lagrangian is given as

Leff
Z0 ¼ −

gbsL
m2

Z0
ðs̄γμbÞðμ̄γμðgμμL PL þ gμμR PRÞμÞ: ð26Þ

Now, the modified Wilson coefficients in the presence of
Z0 model can be written as [25]

Cμμ
9 ðNPÞ ¼ −

�
πffiffiffi

2
p

GFαVtbV�
ts

�
gbsL ðgμμL Þ
m2

Z0
;

Cμμ
10ðNPÞ ¼

�
πffiffiffi

2
p

GFαVtbV�
ts

�
gbsL ðgμμL Þ
m2

Z0
; ð27Þ

where gbsL is the coupling when b quark couple to s quark
and gμμL is the μþ − μ− coupling in the presence of new
boson Z0, and we have assumed gμμR ¼ 0. Similarly for the
b → sνν̄ transition, the NP contribution arising due to Z0 is
Cνν
L ðNPÞ ¼ Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ [73]. From the neutrino

trident production, gμμL ¼ 0.5 has been considered in our
paper [25,74,75]. The new parameter gbsL is taken to be real
in our analysis.

IV. NUMERICAL ANALYSIS AND DISCUSSIONS

A. Input parameters

In this section, we report all the necessary input
parameters used for our computational analysis. We con-
sider the masses of mesons, quarks, Fermi coupling
constant in the unit of GeV, and lifetime of Bc meson in
the unit of second, CKM matrix element, and fine structure
constant from Ref. [95]. We have adopted the lattice QCD
method [45] and the relativistic quark model [40] based on
quasipotential approach for the form factors of Bc → Ds
and Bc → D�

s transitions, respectively.
The form of the form factors for Bc → Ds transition in

lattice QCD are given as follows:

fðq2Þ ¼ Pðq2Þ−1
XNn

n¼0

cðnÞẑðn;NnÞ; ð28Þ

where Nn ¼ 3 and the q2 dependent pole factor Pðq2Þ ¼
1 − q2=M2

res (Mres ¼ 5.711 (f0) [96], 5.4158 (fþ;T) [95]).
Using the Bourreley-Caprini-Lellouch (BCL) parametriza-
tion [97], the expressions of ẑn;Nn

0;þ;T are given as

ẑn;Nn
0 ¼ zn; ẑn;Nn

þ;T ¼ zn −
nð−1ÞNnþ1−n

Nn þ 1
zNnþ1: ð29Þ

Here, zðq2Þ is defined as

zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð30Þ

where t0 ¼ 0 and tþ ¼ ðmBð0−Þ þMKð0−ÞÞ2 with the masses
MBð0−Þ ¼ 5.27964 and MKð0−Þ ¼ 0.497611. The form fac-
tor coefficients cðnÞ are reported in Table II. For our error
analysis, we employ 10% uncertainty in the form factor
coefficients cðnÞ. For all the omitted details, we refer to [45].
Similarly, the form factors for Bc → D�

s transition are
defined as

Fðq2Þ¼

8>>>>><
>>>>>:

Fð0Þ
ð1− q2

M2Þ
�
1−σ1

q2

M2
B�s
þσ2

q4

M4
B�s

	 ; for F¼fV;A0;T1g

Fð0Þ�
1−σ1

q2

M2
B�s
þσ2

q4

M4
B�s

	 ; for F¼fA1;A2;T2;T3g:

ð31Þ

TABLE II. The lattice QCD form factor coefficients cðnÞ for Bc → Ds transition [45] and the relativistic quark model form factors at
q2 ¼ 0 and the corresponding fitted parameters σ1 and σ2 for Bc → D�

s transition [40].

Bc → Ds cð0Þ cð1Þ cð2Þ cð3Þ Bc → D�
s V A0 A1 A2 T1 T2 T3

f0 0.217 −0.220 1.300 −0.508 Fð0Þ 0.182 0.070 0.089 0.110 0.085 0.085 0.051
fþ 0.217 −0.559 5.149 −0.217 σ1 2.133 1.561 2.479 2.833 1.540 2.577 2.783
fT 0.299 −1.501 3.579 −0.348 σ2 1.183 0.192 1.686 2.167 0.248 1.859 2.170

FIG. 1. The tree level contribution of the LQs and the Z0 for
Bc → Dð�Þ

s ðμþμ−; νν̄Þ.
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Here,M ¼ MBs
forA0ðq2Þ, whereasM ¼ MB�

s
is considered

for all other form factors. We useMB�
s
¼ 5.4254 GeV from

the Ref. [95]. The related form factor input parameters for
Bc → D�

s are reported in the Table II. Similarly, we employ
10% uncertainty in the zero recoil momentum functionFð0Þ
for our theoretical error in Bc → D�

s form factors.

B. Fit results

To obtain the NP parameter space in the presence of Z0

and LQs, we perform a naive χ2 analysis with the available
b → sll experimental data. In the fit, we consider
specifically the LHCb measurements of five different
observables, such as RK, RK� , P0

5, BRðBs → ϕμμÞ, and
BRðBs → μþμ−Þ. Our fit include the latest measurements
of RK, BRðBs → ϕμμÞ, and BRðBs → μþμ−Þ as reported
from LHCb in 2021. For our theoretical computation of the
underlying observables, we refer to the lattice QCD form
factors [70] for RK and the form factors obtained from the
combined analysis of LCSRþ LQCD for B → K� and
Bs → ϕ decay processes [1]. We define the χ2 as

χ2ðCNP
i Þ ¼

X
i

ðOth
i ðCμμ

9;10ðNPÞÞ −Oexp
i Þ2

ðΔOexp
i Þ2 þ ðΔOsm

i Þ2 ; ð32Þ

where Oth
i represent the theoretical expressions, including

the NP contributions and Oexp
i are the experimental central

values. The denominator includes 1σ uncertainties asso-
ciated with the theoretical and experimental results. From
our analysis, we obtain the best fit values and the
corresponding 1σ range of the NP coupling strengths
associated with Z0, S31=3, and U3

−2=3 LQs, respectively, as
shown in Table III. The best fit points for the NP couplings
of Z0 and LQs are obtained by minimizing the χ2 variable.
Similarly, to obtain the allowed 1σ range of each NP
coupling, we impose χ2 ≤ 9.488 constraint corresponding
to 95% C.L. The minimum and maximum value of the 1σ
range are given in Table III.

C. Interpretation of Bc → Dð�Þ
s ðμ+ μ− ;νν̄Þ decays

in the standard model and beyond

1. Bc → Dð�Þ
s μ+ μ− decays

We perform NP studies of Bc → Dð�Þ
s μþμ− decays in the

presence of Z0, S31=3, and U3
−2=3 LQs, which satisfy the

Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ new physics scenario. Although
the NP coupling strengths associated with the Z0, S31=3, and
U3

−2=3 LQs are different from each other, the contribution
from the Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ new Wilson coefficients

in b → slþl− decays are same. Hence, we expect similar
NP signature from Z0, S31=3, and U3

−2=3 LQs in the under-

lying Bc → Dð�Þ
s μþμ− decays. We study various observ-

ables such as the differential branching ratio, the forward
backward asymmetry, the lepton polarization fraction, the
LFU sensitive observables, including the ratio of the
branching ratio R

Dð�Þ
s
, and the difference of the observables

associated withQ parameters, such asQFL
,QAFB

, andQ0
5 in

the presence of SM as well as new physics. In Table IV, we
report the central values and the corresponding standard
deviation for all the observables in both SM and Z0=LQ
new physics. Similarly in Figs. 2 and 3, we display the
corresponding q2 distribution plots as well as q2 integrated
bin wise plots for Bc → Dsμ

þμ− and Bc → D�
sμ

þμ−
processes, respectively. For the binned plots, we choose
different bin sizes that are compatible with the LHCb
experiments starting from [0.1, 0.98], [1.1, 2.5], [2.5, 4.0],
[4.0, 6.0], and also [1.1, 6.0]. Similarly, for the q2

distribution plots, we display the central lines and the
corresponding 1σ error band for both SM and Z0=LQ new
physics scenarios. The central lines are obtained by con-
sidering only the central values of all the input parameters,
and the corresponding 1σ error bands are obtained by
varying the form factors and the CKM matrix element
within 1σ. In SM, we obtain the branching fraction to be

Oð10−7Þ for Bc → Dð�Þ
s μþμ− decay channels. The detailed

observations of our study are as follows:
(i) The q2 dependency of the differential branching

fraction for Bc → Dð�Þ
s μþμ− decays are shown in the

top—left panel of Figs. 2 and 3, respectively. We
notice that the differential branching ratio is reduced
in the presence of Z0=LQ new physics and the NP
central line lies away from the SM uncertainty band
for Bc → Dsμ

þμ− decay. Although the Z0=LQ new
physics contribution in Bc → D�

sμ
þμ− decay devi-

ates from the SM central curve, it cannot be
distinguished beyond the SM uncertainty; however,
slight more deviation can be found at q2 > 4 GeV2.
Moreover, partial overlapping of the SM and NP
uncertainties can be noticed over the q2. Similarly, in
the top—right panel of Fig. 2 and bottom middle
panel Fig. 3, we display the corresponding
binned plots, respectively, for both the decay modes.
We observe that for Bc → Dsμ

þμ− decay in the
all the bins the new physics contribution stand
at >1σ away from the SM. For the decay
Bc → D�

sμ
þμ−, however, the NP central values

differ from the SM, but no such significant obser-
vations can be made.

TABLE III. The best-fit values and the corresponding 1σ ranges
of the NP couplings associated with Z0 and LQ models.

Values Best fits 1σ range

NP models

Z0∶ gμμbs × 10−3 1.74 [0.11, 3.60]

S31=3∶ y0μblq ðy0μslq Þ� × 10−4 −8.70 [−15.50, −4.50]
U3

−2=3∶ g0μblq ðg0μslq Þ� × 10−4 8.70 [4.50, 15.50]
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(ii) The ratio of branching ratio R
Dð�Þ

s
ðq2Þ is constant

over the range q2 ∈ ½0.1; 6.0� and is approximately
equal to ∼1. The uncertainties associated with this
observable are almost zero both in SM as well as in

the presence of NP contribution. The NP contribu-
tion from Z0=LQ is easily distinguishable from the
SM contribution beyond the uncertainties at more
than 5σ as shown in Figs. 2 and 3, respectively, for

TABLE IV. The SM central value and the corresponding 1σ standard deviation of various physical observables in SM and in the

presence of Z0=LQs for Bc → Dð�Þ
s μþμ− decays.

Observable [0.10, 0.98] [1.1, 2.5] [2.5, 4.0] [4.0, 6.0] [1.1, 6.0]

Bc → Dsμ
þμ−

BR × 10−7
SM 0.039� 0.007 0.072� 0.014 0.085� 0.015 0.126� 0.024 0.284� 0.052

LQ=Z0 0.028� 0.005 0.053� 0.011 0.063� 0.013 0.095� 0.014 0.212� 0.036

hRμe
Ds
i SM 0.993� 0.025 1.001� 0.006 1.001� 0.004 1.001� 0.002 1.001� 0.003

LQ=Z0 0.720� 0.020 0.737� 0.005 0.745� 0.004 0.753� 0.003 0.746� 0.003

Bc → D�
sμ

þμ−

BR × 10−7
SM 0.018� 0.003 0.017� 0.007 0.029� 0.009 0.070� 0.024 0.116� 0.031

LQ=Z0 0.017� 0.002 0.013� 0.005 0.022� 0.008 0.053� 0.013 0.088� 0.028

hFLi SM 0.332� 0.122 0.707� 0.111 0.586� 0.129 0.454� 0.101 0.525� 0.093
LQ=Z0 0.270� 0.099 0.682� 0.113 0.593� 0.095 0.461� 0.082 0.528� 0.101

hAFBi SM 0.163� 0.026 0.077� 0.060 −0.193� 0.054 −0.361� 0.064 −0.254� 0.051
LQ=Z0 0.159� 0.017 0.137� 0.085 −0.151� 0.037 −0.341� 0.049 −0.220� 0.045

hP0
5i

SM 0.528� 0.082 −0.477� 0.124 −0.869� 0.100 −0.936� 0.085 −0.842� 0.094
LQ=Z0 0.573� 0.085 −0.337� 0.134 −0.825� 0.084 −0.924� 0.087 −0.803� 0.070

hRμe
D�

s
i SM 0.979� 0.011 0.988� 0.005 0.990� 0.001 0.993� 0.000 0.992� 0.001

LQ=Z0 0.924� 0.042 0.783� 0.020 0.752� 0.004 0.753� 0.004 0.757� 0.003
hQFL

i LQ=Z0 −0.057� 0.027 −0.018� 0.009 0.010� 0.001 0.008� 0.001 0.006� 0.001
hQAFB

i LQ=Z0 −0.023� 0.012 0.058� 0.015 0.043� 0.017 0.020� 0.007 0.0.034� 0.010
hQ0

5i LQ=Z0 0.073� 0.009 0.132� 0.016 0.038� 0.015 0.008� 0.006 0.032� 0.009

FIG. 2. The q2 dependency and the bin wise distribution of the branching ratio and the ratio of branching ratio in Bc → Dsμ
þμ−

decays in SM and in the presence of Z0=LQs.
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both the decays. However, the claim of 5σ deviation
is observed only by considering the best fit points of
Z0=LQ coupling strength and neglecting the corre-
sponding experimental error of the measurement.

(iii) The q2 distribution of the forward backward asym-
metry AFBðq2Þ have a zero crossing at ∼2.2 GeV2 in
SM, which is different from the Z0=LQ new physics
contribution crossing nearly at ∼2.5 GeV2 as shown

FIG. 3. The q2 dependency and the bin wise distribution of various observables, such as the differential branching fraction, the ratio of
branching ratio R

Dð�Þ
s
, the forward backward asymmetry, the lepton polarization asymmetries, the angular observable P0

5, and the Q

parameters for Bc → D�
sμ

þμ− decays in SM and in the presence of Z0=LQs.
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in Fig. 3. Although there is overlapping between SM
Z0=LQ error bands, the new zero crossing point from
Z0=LQ NP is clearly distinguishable beyond the
respective uncertainties. Similarly, in the binned
plots, we observe that except for the bin
[0.1,0.98], the AFB values are shifted to higher
values as compared to the SM estimations due to
the Z0=LQ new physics contribution. However, in
fact, in all q2 bins, the Z0=LQ new physics spans less
than 1σ deviation from the SM.
The Z0=LQ new physics contribution in the

longitudinal polarization fraction FLðq2Þ has shifted
from the SM for q2 < 2 GeV2, while in the rest of q2

region the NP contributions coincides with the SM
contribution. No important observations can be
drawn from FLðq2Þ.
For the angular observable P0

5ðq2Þ, in the region
q2 ∈ ½1.1; 2.5�, the Z0=LQ new physics contribution
can be clearly distinguished from the SM; however,
it lies within the SM error band. Moreover, the error
band corresponding to Z0=LQ NP almost overlaps
with SM error band and cannot be distinguishable
beyond the SM uncertainty. We do observe the zero
crossing for P0

5ðq2Þ. In SM, we get the zero crossing
at ∼1.2 GeV2, which is different from the Z0=LQ
new physics contribution observed at ∼1.4 GeV2.
However, the zero crossing corresponding to Z0=LQ
NP cannot be clearly distinguished as it lies near the
overlapping region of both the uncertainties.

(iv) The observables hQFLi, hQAFB
i and hQ0

5i are purely
sensitive to test the lepton flavor universality viola-
tion. The NP contribution in the Q observables can
be clearly visualized. This is because of the reason
that all Q’s are zeros in SM, and hence, any nonzero
contribution due the NP obviously justifies the
beyond SM effects. From the Fig. 3, for hQFLi,
we see that the uncertainties associated with the
Z0=LQ new physics contribution in the lower q2 bins
such as [0.1, 0.98] and [1.1, 2.5] are huge, and
hence, the deviation reduces nearly to 2σ whereas,
for q2 > 2.5 GeV2, the Z0=LQ new physics contri-
butions are clearly distinguishable at more than 5σ.
In the case of hQAFB

i, the first three bins [0.1, 0.98],
[1.1,2.5], and [2.5, 4.0] however show up to a 3σ
deviation from the SM; the last bin [4.0, 6.0] is quite
interesting with > 3σ deviation. Similarly, for hQ0

5i,
except for the bin [4.0, 6.0], the rest of the bins are
significantly distinguishable at more than 5σ from
the SM predictions. In all the cases, we have
neglected the experimental error.

2. Bc → Dð�Þ
s νν̄ decays

We know that the neutral semileptonic decays with the
neutrinos in the final states are interesting due to the reduced

hadronic uncertainties beyond the form factors. In fact, the
SUð2ÞL gauge symmetry that treats the charged leptons
ðμþμ−Þ and neutral leptons ðνν̄Þ to be analogous invites one
to examine the b → sνν̄ decays in the presence of various
beyond the SM scenarios with the implications of available
b → slþl− experimental data. Since we are interested to
find out the combined new physics solution which appears

both in b → sðlþl−; νν̄Þ decays, we study Bc → Dð�Þ
s νν̄

decays in SM and also in the presence of Z0, S31=3, andU
3
−2=3

LQs, which satisfy the Cμμ
9 ðNPÞ ¼ −Cμμ

10ðNPÞ scenario in
b → slþl− decays. This particular Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ

scenario under similarZ0=LQmodels has been discussed for

theBc → Dð�Þ
s μþμ− decays in the previous section. The new

physics contribution to the left-handed WC Cνν
L associated

with the operator Oνν
L in b → sνν̄ decays are related to the

corresponding semileptonic WCs, such as Cμμ
9 ðNPÞ and

Cμμ
10ðNPÞ. This contribution is different for Z0, S31=3, and

U3
−2=3 LQs as mentioned in Table I. Since we look for the

new physics effects associated with left-handed neutrinos,
the longitudinal polarization fraction appearing in
Bc → D�

sνν̄ decays have no effects beyond the SM; how-
ever, we only report the SM values for FL in Table VI. We
give predictions for the differential branching fraction in

Bc → Dð�Þ
s νν̄ decays both in SM and in the presence of

several NP models. We obtain the branching fraction for the
underlying decays in SM of the Oð10−6Þ. In Table V, we
report the corresponding branching ratios integrated over
different q2 bins in SM and in various NP scenarios.
Similarly, in Fig. 4, we display the q2 dependency of the
differential branching ratio in SM, Z0, S31=3, and U

3
−2=3 LQs.

In the figures, we display the central lines and the corre-
sponding 1σ uncertainty bands, respectively, for SM and
different NP contributions. The corresponding central lines
are obtained by considering the central values of each input
parameters, and the corresponding 1σ uncertainty band is
obtained by varying the form factors and CKM matrix
element within 1σ. For the different NP models that are
constrained by the latest b → slþl− data, we modify the
SM WC Cνν

L in b → sνν̄ decays accordingly as reported in
Table IV. The detailed observations of our study are as
follows:

(i) The q2 dependency of Bc → Dð�Þ
s νν̄ decays for the

whole kinematic range are displayed in the left panel
of Fig. 4. We observe from the plots that the differ-
ential branching ratios are enhanced for all the NP
contributions, and very interestingly, the U3

−2=3 LQ
show significant deviation from the SM curve and lie
away from the SM error band. This is because of the
reason that the Cνν

L ðNPÞ—the left-handed new phys-
ics WC in b → sνν̄ decays for U3

−2=3 LQ is rescaled
to 2 times the Cμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ contribution;

i.e., Cνν
L ðNPÞ¼2Cμμ

9 ðNPÞ¼−2Cμμ
10ðNPÞ. Similarly,
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for the S31=3 LQ, the Cνν
L ðNPÞ ¼ ð1=2ÞCμμ

9 ðNPÞ ¼
−ð1=2ÞCμμ

10ðNPÞ. On the other hand, for the Z0

contribution, it is simply Cνν
L ðNPÞ ¼ Cμμ

9 ðNPÞ ¼
−Cμμ

10ðNPÞ without any enhancement or reduction.
To this end,we see that theS31=3 LQ lie close to theSM,
whereas Z0 contribution lie at the 1σ boundary of the
SM error band. Moreover, the error band of our
feasible NP model associated with U3

−2=3 LQ has
distinguishable contributions beyond the uncertain-
ties as compared to other NPmodels, such asS31=3 LQ,
and Z0. Similarly, on the right panel of Fig. 4, we
display the bin wise distribution of the branching
ratios only up to q2 ¼ 6 GeV2 with the similar bin
sizes as reported earlier. In Table V, we also have
additional bin predictions that are not shown in figure.
In all the bins, we do expect> 1σ deviation forU3

−2=3
LQ, almost 1σ deviation forZ0, and< 1σ for S31=3 LQ.

(ii) The interesting fact about the new physics contri-
bution in the longitudinal polarization fraction of

Bc → D�
sνν̄ decay is that it is sensitive only to the

right-handed currents. Since in our analysis, the new
physics arising from Z0, S31=3, andU

3
−2=3 LQs include

only the left-handed contributions, the polarization
fraction will not exhibit any additional new physics
effects. This is because of the reason that when we
define FL as

FL ¼ FSM
L

jCνν
L j2 þ jCνν

R j2 − 2Cνν
L C

νν
R

jCνν
L j2 þ jCνν

R j2 − κCνν
L C

νν
R
; ð33Þ

where the Cνν
LðRÞ are the Wilson coefficients asso-

ciated with left- (right-)handed operators in b → sνν̄
decays, and κ is a form factor dependent parameter
[35,73]. In the above equation for Cνν

R ¼ 0, we
obtain FL ¼ FSM

L , and hence, any new contribution
inCνν

L will be canceled. Therefore, in this section, we
report only the SM predictions for the FL. The q2

dependency of the longitudinal polarization fraction
FLðq2Þ for Bc → D�

sνν̄ decay in the whole kinematic

FIG. 4. The q2 dependency and bin wise distribution of the branching ratios of Bc → Dsνν̄ (first row) and Bc → D�
sνν̄ (second row)

decays in the whole kinematic range in SM and in the presence of Z0, S31=3, and U3
−2=3 LQs. Similarly, the q2 dependency of the lepton

polarization fraction of Bc → D�
sνν̄ decays in SM is shown in the third row.
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range is displayed in the third row of Fig. 4. In the
figure, we have shown only the central curve and the
corresponding 1σ error band for SM. Similarly, in
the Table VI, we report the SM mean and the
corresponding standard deviation in various bins
including from zero to maximum q2 for which we
obtain FL ¼ 0.301� 0.040.

V. CONCLUSION

With the experimental data associated with b → slþl−

neutral current transition reported in the semileptonic B →
ðK;K�Þμþμ− and Bs → ϕμþμ− and also purely leptonic

Bs → μþμ− decay processes, we scrutinize the Bc →

Dð�Þ
s μþμ− and Bc → Dð�Þ

s νν̄ decays in the SM followed by
the effects in the presence of leptoquark and Z0 new physics
models. Throughout the analysis, we have concentrated on
the particular new physics scenarioCμμ

9 ðNPÞ ¼ −Cμμ
10ðNPÞ,

where both the leptoquark and Z0 models satisfy the
particular condition. We obtain the Z0 and LQ coupling
strengths by fitting the five LHCb experimental data asso-
ciatedwith b → slþl− decays, includingRKð�Þ ,P0

5,BðBs →
ϕμþμ−Þ and BðBs → μþμ−Þ. Notably, we include the latest
updates of RK , BðBs → ϕμþμ−Þ and BðBs → μþμ−Þ in our
fit analysis. Interestingly, the newphysics analysis pertaining
to the Bc → Ds decay observables by using the lattice QCD
form factor results are reported for the first time.
In the decays involving the charged leptons as a final

state, we have performed a detailed study of various
observables such as the differential branching fraction,
the forward-backward asymmetry, the lepton polarization
asymmetry, the angular observable P0

5, and the ratio of

branching ratios for Bc → Dð�Þ
s μþμ− decays in SM and in

the presence of Z0=LQ new physics. Simultaneously, the
similar new physics contributions from Z0 and LQs have

been inspected in the branching ratios of Bc → Dð�Þ
s νν̄

decay processes. We observe from our analysis that the
branching ratio is reduced due to Z0=LQ in the decays,
which include the charged leptons as a final state, whereas
in the processes involving neutrinos in the final state, the
branching ratio is increased for Z0, S31=3, and U

3
−2=3 LQs. In

fact, more significant deviation from the SM is found for

TABLE V. The branching ratios of Bc → Dð�Þ
s νν̄ decays in different q2 bins in SM and in the presence of Z0, S31=3, and U3

−2=3 LQs.

q2 bin SM LQ–S3 LQ–U3 Z0

BRðBc → Dsνν̄Þ × 10−6

[0.1–0.98] 0.038� 0.007 0.041� 0.008 0.052� 0.010 0.044� 0.009
[1.1–2.5] 0.061� 0.012 0.066� 0.012 0.083� 0.015 0.071� 0.013
[2.5–4.0] 0.066� 0.012 0.072� 0.013 0.091� 0.017 0.078� 0.014
[4.0–6.0] 0.091� 0.016 0.099� 0.017 0.124� 0.021 0.107� 0.019
[6.0–8.0] 0.094� 0.015 0.102� 0.016 0.129� 0.020 0.111� 0.017
[11–12.5] 0.072� 0.010 0.078� 0.010 0.099� 0.013 0.085� 0.011
½15–q2max� 0.070� 0.008 0.076� 0.009 0.096� 0.012 0.082� 0.010
[1.1–6.0] 0.219� 0.040 0.238� 0.044 0.299� 0.057 0.257� 0.048
½0–q2max� 0.758� 0.118 0.824� 0.130 1.038� 0.165 0.893� 0.145

BRðBc → D�
sνν̄Þ × 10−6

[0.1–0.98] 0.004� 0.002 0.005� 0.002 0.006� 0.003 0.005� 0.002
[1.1–2.5] 0.013� 0.004 0.014� 0.004 0.017� 0.005 0.015� 0.004
[2.5–4.0] 0.022� 0.005 0.024� 0.008 0.031� 0.006 0.026� 0.006
[4.0–6.0] 0.051� 0.015 0.055� 0.011 0.070� 0.011 0.060� 0.010
[6.0–8.0] 0.0087� 0.020 0.094� 0.021 0.119� 0.018 0.102� 0.022
[11–12.5] 0.201� 0.045 0.218� 0.032 0.275� 0.034 0.236� 0.040
½15–q2max� 0.481� 0.085 0.523� 0.092 0.659� 0.089 0.566� 0.100
[1.1–6.0] 0.087� 0.022 0.094� 0.025 0.119� 0.021 0.102� 0.020
½0–q2max� 1.602� 0.313 1.741� 0.304 2.193� 0.285 1.886� 0.321

TABLE VI. The lepton polarization fraction of Bc → D�
sνν̄

decays in different q2 bins in SM.

q2 bin SM

FLðBc → D�
sνν̄Þ

[0.1–0.98] 0.825� 0.074
[1.1–2.5] 0.603� 0.097
[2.5–4.0] 0.475� 0.105
[4.0–6.0] 0.389� 0.078
[6.0–8.0] 0.333� 0.064
[11–12.5] 0.277� 0.040
½15–q2max� 0.301� 0.011
[1.1–6.0] 0.444� 0.101
½0–q2max� 0.301� 0.040
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U3
−2=3, particularly in Bc → Dð�Þ

s νν̄ decays. Moreover, the
zero crossing of the forward-backward asymmetry in Bc →
D�

sμ
þμ− process is shifted to higher q2 value in the

presence of Z0=LQ new physics. Similarly, the LFUV
sensitive observables, including R

Dð�Þ
s
and the Q parameters,

have significant deviations at more than 5σ from the SM in
most of the q2 bins. However, the claim of 5σ deviation can
be made only with reference to the best fit point and
neglecting the experimental error of the measurement. In
addition, it is important to note that the NP contributions

from Z0, S31=3, andU
3
−2=3 LQs in Bc → Dð�Þ

s μþμ− decays are

indistinguishable, whereas in the Bc → Dð�Þ
s νν̄ case, all the

three new physics contributions are clearly distinguished

from one another. Having said that, the decay modes Bc →

Dð�Þ
s ðμþμ−; νν̄Þ mediated by b → sðlþl−; νν̄Þ transition

have received very less attention than the current ongoing
study in BðsÞ → ðK;K�;ϕÞlþl− processes. Hence, the

combined study of particular decays Bc → Dð�Þ
s μþμ− and

Bc → Dð�Þ
s νν̄ will certainly help us in identifying the

possible new physics signatures in both b → slþl− and
b → sνν̄ decays. Moreover, the improved estimations of the
various form factors corresponding to the Bc → Ds and
Bc → D�

s transitions will be crucial in the near future to
understand the nature of NP. In addition to this, more data
samples from the experiments are also required to visualize

various observables in the Bc → Dð�Þ
s ðlþl−; νν̄Þ decay

processes, and in particular, the more experimental studies
pertaining to b → sνν̄ decays can assist to identify the
various new physics Lorentz structures.
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APPENDIX A: FORM FACTORS
FOR Bc → Dð�Þ

s llðl= e;μÞ
The hadronic matrix elements for the exclusive Bc → Ds

transition in terms of form factors is given by [45]

Jμ ¼hDsjs̄γμbjBci

¼ fþðq2Þ
�
pμ
Bc
þpμ

Ds
−
M2

Bc
−M2

Ds

q2
qμ
�

þf0ðq2Þ
M2

Bc
−M2

Ds

q2
qμ;

JTμ ¼hDsjs̄σμνqνbjBci

¼ ifTðq2Þ
MBc

þMDs

½q2ðpμ
Bc
þpμ

Ds
− ðM2

Bc
−M2

Ds
Þqμ�; ðA1Þ

where q ¼ pBc
− pDs

and the form factors given above the
expression satisfy the following relations:

fþð0Þ ¼ f0;

f0ðq2Þ ¼ fþðq2Þ þ
q2

m2
Bc

−m2
Ds

f−ðq2Þ: ðA2Þ

Similarly, for the Bc → D�
s transition, the hadronic matrix

elements can be given in terms of the form factors as [40]

hD�
s js̄γμbjBci ¼

2iVðq2Þ
MBc

þMD�
s

ϵμνρσϵ�νpBcρ
pD�

s σ
;

hD�
s js̄γμγ5bjBci ¼ 2MD�

s
A0ðq2Þ

ϵ� · q
q2

qμ þ ðMBc
þMD�

s
ÞA1ðq2Þ

�
ϵ�μ −

ϵ� · q
q2

qμ
�

− A2ðq2Þ
ϵ� · q

MBc
þMD�

s

�
pμ
Bc

þ pμ
D�

s
−
M2

Bc
−M2

D�
s

q2
qμ
�
;

hD�
s js̄iσμνqνbjBci ¼ 2T1ðq2Þϵμνρσϵ�νpBcρ

pD�
s σ
;

hD�
s js̄iσμνγ5qνbjBci ¼ T2ðq2Þ½ðM2

Bc
−M2

D�
s
Þϵ�μ − ðϵ� · qÞðpμ

Bc
þ pμ

D�
s
Þ�

þ T3ðq2Þðϵ� · qÞ
�
qμ −

q2

M2
Bc

−M2
D�

s

ðpμ
Bc

þ pμ
D�

s
Þ
�
; ðA3Þ

where qμ ¼ ðpμ
B − pμ

Ds
Þ is the four momentum transfer and ϵμ is polarization vector of the D�

s meson.
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APPENDIX B: ANGULAR COEFFICIENTS

The q2 dependent angular coefficients required for Bc → D�
sllðl ¼ μÞ processes are given as follows:

Ic1 ¼ ðjAL0j2 þ jAR0j2Þ þ 8
m2

l

q2
Re½AL0A�

R0� þ 4
m2

l

q2
jAtj2;

Ic2 ¼ −β2l ðjAL0j2 þ jAR0j2Þ;

Is1 ¼
3

4
½jAL⊥j2 þ jALkj2 þ jAR⊥j2 þ jARkj2�

�
1 −

4m2
l

3q2

�
þ 4m2

l

q2
Re½AL⊥A�

R⊥ þ ALkA�
Rk�;

Is2 ¼
1

4
β2l ½jAL⊥j2 þ jALkj2 þ jAR⊥j2 þ jARkj2�;

I3 ¼
1

2
β2l ½jAL⊥j2 − jALkj2 þ jAR⊥j2 − jARkj2�;

I4 ¼
1ffiffiffi
2

p β2l ½ReðAL0A�
LkÞ þ ReðAR0A�

RkÞ�;

I5 ¼
ffiffiffi
2

p
βl½ReðAL0A�

L⊥Þ − ReðAR0A�
R⊥Þ�;

I6 ¼ 2βl½ReðALkA�
L⊥Þ − ReðARkA�

R⊥Þ�;
I7 ¼

ffiffiffi
2

p
βl½ImðAL0A�

LkÞ − ImðAR0A�
RkÞ�;

I8 ¼
1ffiffiffi
2

p β2l ½ImðAL0A�
L⊥Þ þ ImðAR0A�

R⊥Þ�;

I9 ¼ β2l ½ImðALkA�
L⊥Þ þ ImðARkA�

R⊥Þ�; ðB1Þ

where βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l=q
2

q
. According to Ref. [69], the transversity amplitude in terms of form factors and Wilson

coefficients are given as

AL0 ¼ N
1

2mD�
s

ffiffiffiffiffi
q2

p


ðCeff

9 − C10Þ
�
ðm2

Bs
−m2

D�
s
− q2ÞðmBs

þmD�
s
ÞA1 −

λ

mBs
þmD�

s

A2

�

þ 2mbCeff
7

�
ðm2

Bs
þ 3m2

D�
s
− q2ÞT2 −

λ

m2
Bs
−m2

D�
s

T3

��
;

AL⊥ ¼ −N
ffiffiffi
2

p �
ðCeff

9 − C10Þ
ffiffiffi
λ

p

mBs
þmD�

s

V þ
ffiffiffi
λ

p
2mbCeff

7

q2
T1

�
;

ALk ¼ N
ffiffiffi
2

p �
ðCeff

9 − C10ÞðmBs
þmD�

s
ÞA1 þ

2mbCeff
7 ðm2

Bs
−m2

D�
s
Þ

q2
T2

�
;

ALt ¼ NðCeff
9 − C10Þ

ffiffiffi
λ

p
ffiffiffiffiffi
q2

p A0; ðB2Þ

where λ ¼ ðm4
Bc

þm4
Ds

þ q4 − 2ðm2
Bc
m2

Ds
þm2

Ds
q2 þ q2m2

Bc
Þ and N, the normalization constant, which is defined as

N ¼
�

G2
Fα

2
em

3 · 210π5m3
Bs

jVtbV�
tsj2q2

ffiffiffi
λ

p �
1 −

4m2
l

q2

�
1=2

�
1=2

: ðB3Þ

The right chiral component ARi of the transversity amplitudes can be obtained by replacing ALi by
ALijC10→−C10

ði ¼ 0; k;⊥; tÞ.
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