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Abstract We study the two-body weak decays of bottom-charm (Bc) and bottom-strange (Bs) mesons decay to a pseudoscalar
meson (P) and an axial-vector meson (A) in CKM-favored and CKM-suppressed modes. We have obtained the form factors involving
Bc → A1/2

1 , A3/2
1 and Bs → A1/2

1 , A3/2
1 transitions in the nonrelativistic quark model framework within the heavy quark symmetry

constraints. The predictions of branching ratios for Bc → B(s)1P and Bc(Bs) → D(s)1P decays are presented. We find that the
branching ratios of several decays are O(10−2) ∼ O(10−5).

1 Introduction

Investigation of the two-body nonleptonic weak decays of bottom mesons can serve as an important tool to study the electroweak
physics, hadronic structure, and physics beyond the standard model (SM). Another interesting aspect of such studies is to explore the
heavy flavor dynamics (that involves nonperturbative quantum chromodynamics (QCD)) to construe electroweak and new physics
from heavy quark decays [1–7]. Furthermore, the decays of heavy mesons provide a great opportunity to explore the exotic hadronic
states beyond the naive quark model [8]. It is well known that the phenomenology involving heavy quark effective theory (HQET)
along with the factorization hypothesis has been successfully employed to study the heavy meson decays [5–7]. The analysis of
decays involving Bq → D∗∗

(s)P transitions, where q ≡ {s, c} quarks and D∗∗
(s) ≡ {D(s)0, D(s)1, D(s)2} (p−wave) mesons, provides

an opportunity to test HQET and heavy quark symmetry (HQS) in mQ → ∞ limit [9–13]. The Bc meson decays are of special
interest as compared to the flavor-neutral heavy quarkonium (bb̄, cc̄) states, as it only decays via weak interactions, while the later
predominantly decays via strong and/or electromagnetic interactions [14–16].

On the experimental side, a lot of progress has been made in the Bc meson properties and its decays [17–29]. It is believed that
the LHCb is expected to produce 5×1010 events per year [29–31], which is around 10% of the total B meson data. This will provide
a rich amount of information regarding Bc meson. At the same time, investigation of the nonleptonic Bs decays to excited state
mesons provides an excellent opportunity to study D∗∗

s resonances, which are of the special interest for their masses being below
the individual D(∗)K thresholds [32]. Furthermore, the nonleptonic decays of Bc to orbitally excited p−wave B∗∗

(s) mesons can help
to understand the spectroscopy and mixing of B(s) excitation in light of heavy quark theory [32–40].

The developing theoretical and experimental aspects of the Bc(Bs) meson physics motivate us to investigate the weak hadronic
decays of Bc(Bs) meson emitting a pseudoscalar (P) and an axial-vector (A) mesons in the final state. One can find several theoretical
works based on the variety of quark models for the semileptonic and nonleptonic decays of Bc(Bs) emitting p−wave mesons [14–
16,41–73]. Semileptonic and nonleptonic decays of Bc into the p−wave and d−wave charmonium states are investigated in the
perturbative QCD, the instantaneous Bethe–Salpeter and covariant light-front model frameworks, recently [57–61,63–65]. Similarly,
the semileptonic and nonleptonic decays of the Bs meson into orbitally excited p−wave mesons have also been analyzed using
the covariant light-front model and perturbative QCD framework [68,69]. Furthermore, in few of the approaches based on QCD
sum rules and covariant light-front model, the HQET effects have been studied for the Bc → D∗∗/B∗∗

s transition form factors
[62–64,67].

In the present work, we aim to employ the nonrelativistic quark model framework in heavy quark limit. The HQET provides an
important tool to describe the spectroscopy and weak decays of hadrons involving heavy quark. Since, the mass of b−quark is much
heavier than the QCD scale, the dynamics becomes much simpler in the light of heavy quark symmetries [5,7]. The HQET provides
symmetry relations for the heavy meson decays; however, to incorporate HQET effects one needs a reliable model. Furthermore, one
should be careful in implying the HQET for a system of two heavy quarks, such as Bc meson. In Bc meson, both b− and c−quarks
move around each other in a bound state. The kinetic-energy term, which is kept in the Lagrangian even at leading order, is different
for both the quarks, thus breaking the flavor symmetry explicitly [14]. However, the heavy quark spin symmetry still remains,
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because the spin–spin interaction between the quarks being proportional to 1/mbmc is expected to be small [14–16]. We employ
the modified Isgur–Scora–Grinstein–Wise quark model (known as ISGW II quark model) [71,72] that not only satisfies HQET
but also includes heavy quark symmetry constraints on the relations between the form factors, heavy-quark-symmetry-breaking,
color magnetic interactions, relativistic corrections etc. In ISGW II model, the form factors are consistent with the constraints of
heavy quark symmetry breaking at O(1/mQ) to give more realistic physical form. We obtain Bc(Bs) → B j

(s)1/D
j
(s)1 transition

form factors in ISGW II model, where j = 1/2, 3/2 represents j − j coupled axial-vector P1/2
1 and P3/2

1 states with heavy quark
spin SQ = 1/2, 3/2, respectively, in the heavy quark symmetry [72]. We calculate the decay amplitudes and predict the branching
ratios of nonleptonic Bc(Bs) → PA decays using the factorization hypothesis within the constraints of heavy quark symmetry. We
made robust predictions for the decay modes involving B1/Bs1/D1/Ds1 mesons in the final states. For Bc → B(s)1 transitions, the
mass of spectator b−quark is much larger than that of the decaying c−quark; the whole momentum is carried by the b−quark. Such
decays are governed by the soft mechanism; therefore, the form factors in such case are insensitive to 1/mQ corrections in the zero
recoil limit. Thus, we obtain the branching ratios for Bc → B(s)1P decays at maximum momentum transfer. However, we calculate
the Bc → D(s)1 form factors away from the zero recoil but in consistency with ISGW II model in the HQS. For cohesion, we also
calculate the Bc(Bs) → P transition form factors in ISGW II model framework [72].

The presentation of article goes as follows. We discuss the mass spectroscopy and mixing scheme in Sect. 2. Weak Hamiltonian,
decay amplitudes, and form factors are discussed in Sect. 3. Numerical results and discussions are presented in Sect. 4, and last
section contains summary and conclusions.

2 Mixing schemes

In the quark model, axial-vector mesons can exist in two types of spectroscopic states, i.e., 3P1 (J PC = 1++) and 1P1 (J PC = 1+−).
The physical states are expected to be a mixture of 3P1 and 1P1 states. However, the nonstrange and uncharmed mesons diagonal
3P1 and 1P1 systems cannot mix due to opposite C-parity. Experimentally [40], there exists 3P1 multiplet with isovector a1(1.230)
1 and four isoscalars f1(1.285), f1(1.420), f ′

1(1.512), and χc1(3.511); and 1P1 multiplet, isovector b1(1.229) and three isoscalars
h1(1.170), h′

1(1.380), and hc1(3.526), where spin and parity of the hc1(3.526) and C-parity of h′
1(1.380) are yet to be confirmed.

Similar to η − η′ mixing, flavor-singlet and flavor-octet axial-vector states can mix.
The strange and charmed axial-vector mesons are most likely a mixture of |3P1〉 ≡ A and |1P1〉 ≡ A′ states, since there is no

quantum number forbidding such mixing. For strange partners of A (J PC = 1++) and A′ (J PC = 1+−) states, i.e., K1A and K1A′
mesons:

K1(1.270) = K1A sin θ1 + K1A′ cos θ1,

K 1(1.400) = K1A cos θ1 − K1A′ sin θ1.
(1)

The mixing of these states is not well determined due to the poor experimental data [40,70,74]. Nevertheless, several phenomeno-
logical and theoretical analyses [75,76] show that the mixing angles ±37◦, ± 58◦ are possible; however, value ∼ 37◦ is preferred
over ∼ 58◦. Thus, we use θ1 = −(37 ± 3)◦ in our calculations. Similarly, the mixing of charmed and strange charmed states can be
given by

D1(2.427) = D1A sin θD1 + D1A′ cos θD1 ,

D1(2.422) = D1A cos θD1 − D1A′ sin θD1 . (2)

For the charmed and strange charmed states, in the infinite heavy quark mass limit, the spin of the heavy quark SQ decouples from
the light quark degrees of freedom [9], such that the heavy quark spin SQ and the total angular momentum of the light antiquark
can be used as good quantum numbers, separately. Therefore, the mass eigenstates 3P1 and 1P1 can be conveniently expressed as a
mixture of P3/2

1 and P1/2
1 with J P = 1+ states in the heavy quark limit and vice versa, as follows:

( |3P1〉
|1P1〉

)
=

⎛
⎜⎝

√
2
3

√
1
3

−
√

1
3

√
2
3

⎞
⎟⎠

( |1+, j = 1
2 〉

|1+, j = 3
2 〉

)
. (3)

The mixing angle θA from (2) can be defined as,

θD1 = θi + 35.26◦ . (4)

where θi is defined in mixing of j = 1/2 and j = 3/2 states. Thus, the states D1(2.427) and D1(2.422) can be identified as P1/2
1

and P3/2
1 , respectively. However, beyond the heavy quark limit, there is a mixing between P1/2

1 and P3/2
1 given by

D1(2.427) = D3/2
1 sin θ1 + D1/2

1 cos θ1,

1 Numerical values given in the bracket represent the masses (in GeV) of the individual mesons.
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D1(2.422) = D3/2
1 cos θ1 − D1/2

1 sin θ1. (5)

For the strange charmed axial-vector mesons,

Ds1(2.460) = D3/2
s1 sin θ2 + D1/2

s1 cos θ2,

Ds1(2.535) = D3/2
s1 cos θ2 − D1/2

s1 sin θ2. (6)

A detailed analysis by Belle [77] yields the mixing angle θ1 = −(5.7±2.9)◦, while the quark potential model [32,78,79] determines
θ2 ≈ −7◦; however, we use θ2 = θ1 in our calculations.

Since the quark model analysis has been quite successful in explaining the mixing of strange and charmed states. Therefore, for
b-flavored mesons we use the following:

B1(5.710) = B3/2
1 sin θ3 + B1/2

1 cos θ3,

B1(5.726) = B3/2
1 cos θ3 − B1/2

1 sin θ3, (7)

and

Bs1(5.820) = B3/2
s1 sin θ4 + B1/2

s1 cos θ4,

Bs1(5.830) = B3/2
s1 cos θ4 − B1/2

s1 sin θ4, (8)

For the bottom states, we have taken masses from the review of particle physics [40]. Here also, in the light of review of literature
that suggest wide range of mixing angles [32] and recent calculations [80], we use θ3 = (18.2 ± 3.5)◦ and θ4 = (4.1 ± 1.5)◦. For η

and η′ pseudoscalar states, we use

η(0.547) = 1√
2
(uu + dd) sin φP − (ss) cos φP ,

η′(0.958) = 1√
2
(uu + dd) cos φP + (ss) sin φP ,

(9)

where φP = θideal − θphysical , and θphysical = −(14.1 ± 2.8)◦ [40]. ηc is taken as ηc(2.979) = (cc̄).

3 Methodology

3.1 Weak Hamiltonian

For bottom-changing (�b = 1) decays, the weak Hamiltonian involves the bottom-changing current,

Jμ = (c̄b)Vcb + (ūb)Vub, (10)

where (q̄i q j ) ≡ q̄iγμ(1 − γ5)q j denotes the weak V-A current and Vi j are CKM elements [40]. QCD-modified weak Hamiltonian
is then given below [3–5]:

a. for the decays involving b → c transition,

HW = GF√
2

{
VcbV

∗
ud [a1(cb)(du) + a2(db)(cu)] + VcbV

∗
cs[a1(cb)(sc) + a2(sb)(cc)]

+VcbV
∗
us[a1(cb)(su) + a2(sb)(cu)] + VcbV

∗
cd [a1(cb)(dc) + a2(db)(cc)]

}
, (11)

b. for the decays involving b → u transition,

HW = GF√
2

{
VubV

∗
cs[a1(ub)(sc) + a2(sb)(uc)] + VubV

∗
ud [a1(ub)(du) + a2(db)(uu)]

+VubV
∗
us[a1(ub)(su) + a2(sb)(uu)] + VubV

∗
cd [a1(ub)(dc) + a2(db)(uc)]

}
(12)

c. for the decays involving the c → s transition,

HW = GF√
2

{
VudV

∗
cs[a1(ud)(sc) + a2(uc)(sd)]}. (13)

By factorizing matrix elements of the four-quark operator contained in the effective Hamiltonian (11), (12), and (13), one can
distinguish three classes of decays [1,3,4]:

1. The first class (Class I) contains those decays which can be generated from the color singlet current and the decay amplitudes
are proportional to a1, where a1(μ) = c1(μ) + 1

Nc
c2(μ), and Nc is the number of colors.
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2. The second class (Class II) of transitions consist of those decays, which can be generated from the neutral current. The decay
amplitude in this class is proportional to a2, i.e., for the color-suppressed modes, a2(μ) = c2(μ) + 1

Nc
c1(μ).

3. The third class (Class III) of decay modes can be generated from the interference of color singlet and color neutral currents,
i.e., the a1 and a2 amplitudes interfere.

However, we follow the convention of large Nc limit to fix the QCD coefficients a1 ≈ c1 and a2 ≈ c2, [1,3,4] and use the
following numerical values:

c1(μ) = (1.26 ± 0.10), c2(μ) = −(0.51 ± 0.10) at μ ≈ m2
c .

c1(μ) = (1.12 ± 0.20), c2(μ) = −(0.26 ± 0.15) at μ ≈ m2
b. (14)

We wish to remark here that for the charm-changing (bottom conserving) decays, the phenomenological parameterization of
a1 and a2 from experimental charm decays suggests that the large Nc limit can be considered as theoretical benchmark for charm
meson decays [81]. However, for bottom-changing decays phenomenological analyses [82] suggest a varying magnitude of Wilson
coefficients a1 and a2 (as well as subleading contribution to 1/Nc term), which can be included by allowing certain range in
these coefficients as in (14). It may be noted that the decay amplitudes can be expressed as factorizable contributions multiplied
by corresponding ai ’s that are (renormalization) scale and process independent. As we have mentioned earlier, Bc(Bs) decays
either proceed only via tree diagrams or are tree-dominated; therefore, we neglect the expected small nonfactorizable and penguin
contributions in our formalism.

3.2 Decay amplitudes

The decay rate formula2 for B → PA decays is given by

�(B → PA) = p3
c

8πm2
A

|A(B → PA)|2 , (15)

where pc is the magnitude of the three-momentum of a final-state particle in the rest frame of B ≡ {Bc, Bs} meson and mA denotes
the mass of axial-vector meson.

The factorization scheme expresses the decay amplitudes as a product of the matrix elements of weak currents (up to the weak
scale factor of GF√

2
× CKM elements × QCD factor) as

〈PA| Hw |B〉 ∼ 〈P| Jμ |0〉 〈A| Jμ |B〉 + 〈A| Jμ |0〉 〈P| Jμ |B〉 , (16)〈
PA

′ ∣∣∣ Hw |B〉 ∼ 〈P| Jμ |0〉
〈
A

′ ∣∣∣ Jμ |B〉 +
〈
A

′ ∣∣∣ Jμ |0〉 〈P| Jμ |B〉 . (17)

Using Lorentz invariance, matrix elements of the B → A transitions are given below [72]:

〈A1/2(PA)|Vμ|B(PB)〉 = i[
 1
2
(q2)ε∗

μ + c+ 1
2
(q2)(ε∗ · PB)(PB + PA)μ

+c− 1
2
(q2)(ε∗ · PB)(PB − PA)μ],

〈A1/2(PA)|Aμ|B(PB)〉 = −q 1
2
(q2)εμνρσ ε∗ν(PB + PA)ρ(PB − PA)σ ,

〈A3/2(PA)|Vμ|B(PB)〉 = i[
 3
2
(q2)ε∗

μ + c+ 3
2
(q2)(ε∗ · PB)(PB + PA)μ

+c− 3
2
(q2)(ε∗ · PB)(PB − PA)μ],

〈A3/2(PA)|Aμ|B(PB)〉 = −q 3
2
(q2)εμνρσ ε∗ν(PB + PA)ρ(PB − PA)σ . (18)

It may be noted that Bc(Bs) → A transition form factors in ISGW II framework can be related to BSW-type form factor [83]
notations, i.e., A, V0,1,2 through the following relations

A(q2) = −q(q2)(mB + mA);
V1(q

2) = l(q2)/(mB + mA);
V2(q

2) = −c+(q2)(mB + mA);
V 3/2

0 (q2) = 1

(2mA)
[(mB + mA)V1(q

2) − (mB − mA)V2(q
2) − q2c−(q2)]. (19)

The decay constants of a pseudoscalar meson and an axial-vector meson state are given by the relations [72],

〈0| Jμ |P〉 = −i fPkμ, (20)

2 The decay width formula is modified when the polarization of axial-vector meson appearing in square of the amplitude as ε · pB is replaced by pc(mB/mA).
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〈0| Jμ
∣∣A1/2〉 = ε∗

μmA1/2 f A1/2 , (21)

〈0| Jμ
∣∣A3/2〉 = ε∗

μmA3/2 f A3/2 . (22)

Sandwiching the weak Hamiltonian (11), (12), and (13) between the initial and final states, the factorizable decay amplitudes for
various Bc(Bs) → PA decay modes can be obtained (with common GF√

2
×CKM factors) as:

A(B → PA) = −2(ε∗ · pB)

{
a1 fP

[
V BA3/2

0 (m2
P )mA3/2 sin θ + V BA1/2

0 (m2
P )mA1/2 cos θ

]

+a2

[
FBP

1 (m2
A3/2)mA3/2 f A3/2 sin θ + FBP

1 (m2
A1/2)mA1/2 f A1/2 cos θ

]}
,

A(B → PA′) = −2(ε∗ · pB)

{
a1 fP

[
V BA3/2

0 (m2
P )mA3/2 cos θ − V BA1/2

0 (m2
P )mA1/2 sin θ

]

+a2

[
FBP

1 (m2
A3/2)mA3/2 f A3/2 cos θ − FBP

1 (m2
A1/2)mA1/2 f A1/2 sin θ

]}
. (23)

3.3 Form factors in the heavy quark symmetry

The ISGW II quark model incorporates HQS constraints and employs HQET for the systematical treatment of the perturbative QCD
corrections and 1/mQ expansion. Moreover, the ISGW II model can be an excellent approximation for the bc̄ system. The Bc meson
can reasonably be treated as nonrelativistic system, and the matrix elements can be accurately determined by simple wave function
overlap integrals. Aforementioned, for excited p-wave heavy quark systems, heavy quark symmetry yields the spin parity states,
3P1 and 1P1, as the j − j coupled states with sπ



 = 3
2

+
and 1

2
+

. The form factors 
 3
2
, c+ 3

2
, c− 3

2
, and q 3

2
replace the 
, c+, c−, and

q for the sπ



 = 3
2

+
state with J P = 1+ (see equations (B26) and (B27) of ISGW II [72]), and a parallel set 
 1

2
, c+ 1

2
, c− 1

2
, and q 1

2

for the sπ



 = 1
2

+
state with J P = 1+, then [72]:


 3
2

= − 2m̃BβB√
3

{
1

mq
+ m̃Xmd(w̃ − 1)

2β2
B

(
w̃ + 1

2mq
− mdβ

2
B

2μ−m̃Xβ2
BX

)}
F

(
 3
2
)

5 (24)

c+ 3
2

+ c− 3
2

= −
√

3md

2βBm̃B

[
1 − md

3mq
− mdβ

2
B

3β2
BX

(
1

2μ−
− 1

μ+

)]
F

(c+ 3
2
+c− 3

2
)

5 (25)

c+ 3
2

− c− 3
2

= − md

2
√

3βBm̃X

[
(2 − w̃)m̃X

mq
+ mdβ

2
B

β2
BX

(
1

2μ−
− 1

μ+

)]
F

(c+ 3
2
−c− 3

2
)

5 (26)

q 3
2

= − 1

2
√

3

{
1 + w̃

2
+ β2

Bm̃B

2mdmqmb

}
md

βbm̃X
F

(q 3
2
)

5 (27)

and


 1
2

=
√

2

3
m̃BβB

{
1

2mq
− 3

2mb
+ mdm̃X (w̃ − 1)

β2
B

[
1

mq
− mdβ

2
B

2μ−m̃Xβ2
BX

]}
F

(
 1
2
)

5 (28)

c+ 1
2

+ c− 1
2

= m2
dβ

2
X√

6m̃BmqβBβ2
BX

F
(c+ 1

2
+c− 1

2
)

5 (29)

c+ 1
2

− c− 1
2

= −
√

2

3

md

m̃XβB

[
1 + mdβ

2
X

2mqβ
2
BX

]
F

(c+ 1
2
−c− 1

2
)

5 (30)

q 1
2

=
√

1

6

{
1 − β2

Bm̃B

4mdmqmb

}
md

βBm̃X
F

(q 1
2
)

5 . (31)

where

F
(l 3

2 ( 1
2 )

)

5 = F5

(
m̄B

m̃B

)1/2 (
m̄ A

m̃ A

)1/2

,

F
(c+ 3

2 ( 1
2 )

+ c− 3
2 ( 1

2 )
)

5 = F5

(
m̄B

m̃B

)−3/2 (
m̄ A

m̃ A

)1/2

,
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Table 1 The parameter β for s-wave and p-wave mesons in the ISGW II quark model

Quark content ud̄ us̄ ss̄ cū cs̄ ub̄ sb̄ cc̄ bc̄

βs (GeV) 0.41 0.44 0.53 0.45 0.56 0.43 0.54 0.88 0.92

βp(GeV) 0.28 0.30 0.33 0.33 0.38 0.35 0.41 0.52 0.60

F
(c+ 3

2 ( 1
2 )

− c− 3
2 ( 1

2 )
)

5 = F5

(
m̄B

m̃B

)−1/2 (
m̄ A

m̃ A

)−1/2

. (32)

The t (≡ q2)dependence is given by:

ω̃ − 1 = tm − t

2m̄Bm̄ A
, (33)

and

F5 =
(
m̃ A

m̃B

)1/2 (
βBβA

BBA

)5/2 [
1 + 1

18
h2(tm − t)

]−3

, (34)

where

h2 = 3

4mcmq
+ 3m2

d

2m̄Bm̄ Aβ2
BA

+ 1

m̄Bm̄ A
(

16

33 − 2n f
) ln[αS(μQM )

αS(mq)
],

with

β2
BA = 1

2

(
β2
B + β2

A

)
, (35)

and

μ± =
(

1

mq
± 1

mb

)−1

.

m̃ and m̄ denote the sum of the mesons constituent quarks masses and the hyperfine-averaged physical masses, respectively. The
maximum momentum transfer is given by tm = (mB − mA)2, μQM is the quark model scale, while n f is the number of active
flavors. The subscript q depends upon the quark currents, q̄γμb and q̄γμγ5b, appearing in different transitions. The values of the
β-parameter used for different s-wave and p-wave mesons are given in Table 1. It is well known that the ISGW model, like most of
the theoretical models, suffers from typical uncertainties associated with quark model parameters, mainly quark masses. The form
factors are sensitive to the quark mass variation; therefore, we allow variation in quark masses yielding uncertainties in the form
factors. We use the following constituent quark masses (in GeV):

mu = md = (0.33 ± 0.03), ms = (0.50 ± 0.03), mc = (1.67 ± 0.03), and mb = (5.10 ± 0.03),

to calculate the form factors for Bc(Bs) → B j
(s)1/D

j
(s)1 transitions. The obtained form factors are given in Table 2. Following the

procedure given in [48,72], we obtained the Bc(Bs) → P form factors in ISGW II as shown in Table 3.

4 Numerical results and discussions

In the present work, we have obtained the branching ratios (which are expected to be tree-dominated) of Bc and Bs mesons for

the various decay modes in CKM-favored and CKM-suppressed modes involving D(′)
1 and D(′)

s1 mesons in the final state. We have
used the following decay constants [40,84,85] For the pseudoscalar mesons: fπ = (130.2 ± 0.8) MeV, fK = (155.7 ± 0.3) MeV,
fD = (212.6±0.7) MeV, fDs = 249.9±0.5 MeV, fη = (133.0±0.4) MeV, fη′ = (126.0±0.4) MeV, and fηc = (398.0±1.0) MeV.
The numerical values of the axial-vector meson decay constants used are [86,87]: fD1A = −(177 ± 36) MeV, fD′

1A
= (59.6 ± 9.6)

MeV, fDs1A = −(159±34) MeV, fD′
s1A

= (42.2±7.4) MeV, and fχc1 ≈ −207 MeV. Taking in to account all the uncertainties from

quark-masses, CKM factors (we use numerical values from [40]), mixing angles, form factors, decay constants, etc., we obtained
the results for charm-changing and bottom-conserving modes based on the heavy quark symmetry constraints using the ISGW II
quark model as shown in Table 4. The calculated branching ratios for CKM-favored and CKM-suppressed bottom-changing modes
are given in Tables 5, 6, 7, 8, 9, and 10. The following are our observations.
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Table 2 Form factors of Bq → D1/2
1 , D3/2

1 transitions at q2 = 0 and Bc → B1/2
(s)1, B3/2

(s)1 transitions at q2 = maximum in the ISGW II quark model using
HQS

Transition 
 c+ c−

ISGW II with HQS Constraints

Bs → D1/2
s1 −0.27 ± 0.02 −0.11 ± 0.01 0.11 ± 0.01

Bs → D3/2
s1 −1.11 ± 0.03 −0.16 ± 0.01 −0.091 ± 0.006

Bc → D1/2
1 0.90 ± 0.07 −0.047 ± 0.001 0.062 ± 0.002

Bc → D3/2
1 −2.47 ± 0.19 −0.050 ± 0.001 −0.052 ± 0.001

Bc → D1/2
s1 0.86 ± 0.05 −0.064 ± 0.001 0.082 ± 0.002

Bc → D3/2
s1 −2.60 ± 0.14 −0.080 ± 0.001 −0.072 ± 0.001

Bc → B1/2
1 5.4 ± 1.0 0.124 ± 0.022 −0.49 ± 0.06

Bc → B3/2
1 1.95 ± 0.19 0.28 ± 0.04 0.48 ± 0.11

Bc → B1/2
s1 20.4 ± 2.6 0.43 ± 0.06 −1.61 ± 0.15

Bc → B3/2
s1 0.6 ± 0.6 0.88 ± 0.11 1.74 ± 0.26

Table 3 Form factors of Bq → P transitions at q2 = 0 in the ISGW II quark model

Transition f+ f−

ISGW II

Bs → K 1.3 ± 0.6 −1.2 ± 0.6

Bs → η 0.47 ± 0.07 −0.41 ± 0.07

Bs → η′ 0.72 ± 0.08 −0.63 ± 0.06

Bs → Ds 0.73 ± 0.01 −0.39 ± 0.01

Bc → D 0.35 ± 0.10 −0.32 ± 0.10

Bc → Ds 0.32 ± 0.02 −0.28 ± 0.02

Bc → ηc 0.64 ± 0.01 −0.38 ± 0.01

Table 4 Branching ratios of Bc → PA decays in charm-changing decay modes

Decays Branching ratios

�C = −1,�S = −1

B+
c → π+B0

s1 (6.9 ± 2.0) × 10−2

B+
c → π+B0′

s1 (1.4 ± 0.7) × 10−3

B+
c → K̄ 0B+

1 (3.1 ± 1.5) × 10−4

B+
c → K̄ 0B+′

1 (2.0 ± 1.2) × 10−4

�C = −1,�S = 0

B+
c → π+B0

1 (5.8 ± 2.0) × 10−4

B+
c → π+B0′

1 (1.0 ± 0.5) × 10−4

B+
c → π0B+

1 (4.8 ± 2.4) × 10−5

B+
c → π0B+′

1 (8.0 ± 4.0) × 10−6

B+
c → ηB+

1 (3.1 ± 2.8) × 10−8

B+
c → ηB+′

1 (1.0 ± 0.9) × 10−7

�C = −1,�S = 1

B+
c → K+B0

1 (5.5 ± 2.0) × 10−6

B+
c → K+B0′

1 (3.3 ± 1.5) × 10−6

B+
c → K 0B+

1 (8.2 ± 4.2) × 10−7

B+
c → K 0B+′

1 (5.2 ± 3.1) × 10−7
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Table 5 Branching ratios for Bq → PA decays in bottom-changing CKM-favored decay mode �b = 1,�C = 1, �S = 0

Decays Branching ratios

B̄s
0 → π−D+

s1 (1.4 ± 0.6) × 10−3

B̄s
0 → π−D+′

s1 (7.2 ± 2.7) × 10−3

B̄s
0 → K 0D0

1 (2.3 ± 1.2) × 10−3

B̄s
0 → K 0D0′

1 (0.9 ± 0.5) × 10−4

B−
c → D0D−

1 (1.2 ± 0.8) × 10−8

B−
c → D0D−′

1 (4.6 ± 3.9) × 10−4

B−
c → D−D0

1 (1.0 ± 0.6) × 10−4

B−
c → D−D0′

1 (3.7 ± 1.9) × 10−6

Table 6 Branching ratios for Bq → PA decays in bottom-changing CKM-favored decay mode �b = 1,�C = 0, �S = −1

Decays Branching ratios

B̄s
0 → D−

s D+
s1 (1.2 ± 0.6) × 10−3

B̄s
0 → D−

s D+′
s1 (1.0 ± 0.4) × 10−2

B̄s
0 → D+

s D−
s1 (3.7 ± 2.0) × 10−3

B̄s
0 → D+

s D−′
s1 (2.4 ± 1.1) × 10−4

B−
c → ηcD

−
s1 (1.3 ± 0.7) × 10−3

B−
c → ηcD

−′
s1 (2.8 ± 2.5) × 10−4

B−
c → K− D̄0

1 (0.8 ± 0.4) × 10−8

B−
c → K− D̄0′

1 (2.6 ± 1.0) × 10−6

B−
c → π0D−

s1 (1.5 ± 1.4) × 10−9

B−
c → π0D−′

s1 (7.0 ± 5.0) × 10−8

B−
c → ηD−

s1 (1.0 ± 0.6) × 10−9

B−
c → ηD−′

s1 (4.0 ± 3.0) × 10−8

B−
c → η

′
D−
s1 (4.2 ± 2.8) × 10−10

B−
c → η

′
D−′
s1 (2.9 ± 2.5) × 10−8

Table 7 Branching ratios for Bq → PA decays in bottom-changing CKM-suppressed decay mode �b = 1,�C = 1,�S = −1

Decays Branching ratios

B̄s
0 → K−D+

s1 (1.1 ± 0.4) × 10−4

B̄s
0 → K−D+′

s1 (5.2 ± 2.0) × 10−4

B̄s
0 → ηD0

1 (7.0 ± 5.0) × 10−6

B̄s
0 → ηD0′

1 (3.0 ± 2.0) × 10−7

B̄s
0 → η

′
D0

1 (2.0 ± 1.6) × 10−5

B̄s
0 → η

′
D0′

1 (7.0 ± 5.5) × 10−7

B−
c → D0D−

s1 (1.9 ± 1.3) × 10−7

B−
c → D0D−′

s1 (3.0 ± 2.4) × 10−5

B−
c → D−

s D0
1 (3.8 ± 3.0) × 10−6

B−
c → D−

s D0′
1 (1.4 ± 1.0) × 10−7
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Table 8 Branching ratios for Bq → PA decays in bottom-changing CKM-suppressed decay mode �b = 1,�C = 0, �S = 0

Decays Branching ratios

B̄s
0 → D−D+

s1 (5.5 ± 2.5) × 10−5

B̄s
0 → D−D+′

s1 (4.4 ± 1.6) × 10−4

B̄s
0 → D+

s D−
1 (2.6 ± 1.3) × 10−4

B̄s
0 → D+

s D−′
1 (1.0 ± 0.7) × 10−5

B−
c → ηcD

−
1 (8.1 ± 4.0) × 10−5

B−
c → ηcD

−′
1 (1.1 ± 0.8) × 10−5

B−
c → π− D̄0

1 (1.2 ± 0.7) × 10−7

B−
c → π− D̄0′

1 (3.5 ± 1.4) × 10−5

B−
c → π0D−

1 (3.0 ± 1.6) × 10−9

B−
c → π0D−′

1 (1.1 ± 0.8) × 10−6

B−
c → ηD−

1 (1.7 ± 0.9) × 10−9

B−
c → ηD−′

1 (6.0 ± 4.8) × 10−7

B−
c → η

′
D−

1 (0.7 ± 0.4) × 10−9

B−
c → η

′
D−′

1 (3.4 ± 3.0) × 10−7

Table 9 Branching ratios for Bq → PA decays in bottom-changing CKM-doubly-suppressed decay mode �b = 1,�C = −1,�S = 0

Decays Branching ratios

B̄s
0 → K+D−

1 (1.7 ± 1.4) × 10−5

B̄s
0 → K+D−′

1 (6.0 ± 5.0) × 10−7

B̄s
0 → K 0 D̄0

1 (1.0 ± 0.6) × 10−6

B̄s
0 → K 0 D̄0′

1 (4.0 ± 2.0) × 10−8

B−
c → D− D̄0

1 (5.0 ± 3.5) × 10−8

B−
c → D− D̄0′

1 (3.1 ± 1.2) × 10−6

B−
c → D̄0D−

1 (8.0 ± 5.5) × 10−7

B−
c → D̄0D−′

1 (6.2 ± 5.6) × 10−8

Table 10 Branching ratios for Bq → PA decays in bottom-changing CKM-doubly-suppressed decay mode �b = 1, �C = −1,�S = −1

Decays Branching ratios

B̄s
0 → K+D−

s1 (2.5 ± 1.5) × 10−4

B̄s
0 → K+D−′

s1 (1.7 ± 1.3) × 10−5

B̄s
0 → ηD̄0

1 (1.1 ± 0.5) × 10−6

B̄s
0 → ηD̄0′

1 (4.5 ± 1.5) × 10−8

B̄s
0 → η

′
D̄0

1 (3.1 ± 2.6) × 10−6

B̄s
0 → η

′
D̄0′

1 (1.2 ± 0.9) × 10−7

B−
c → D−

s D̄0
1 (6.0 ± 1.8) × 10−7

B−
c → D−

s D̄0′
1 (8.2 ± 3.2) × 10−5

B−
c → D̄0D−

s1 (1.3 ± 0.3) × 10−5

B−
c → D̄0D−′

s1 (1.7 ± 1.5) × 10−6
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Fig. 1 Dependence of the
branching ratios on mixing angle
θBs . Theoretical branching ratios
are shown as dashed lines: orange
and gray for B+

c → π+B0
s1 and

B+
c → π+B0′

s1 , respectively

4.1 Bottom-conserving and charm-changing decay modes

In this subsection, we give the results for Bc meson decaying to B1 and Bs1 mesons; the form factors used to calculate the branching
ratios are given in Table 4. We list our major findings as:

i. The most dominant CKM and color-favored (Class I) decay, B+
c → π+B0

s1 has branching ratio (6.9 ± 2.0) × 10−2. However,

the branching ratio of B+
c → π+B0′

s1 decay is smaller, roughly, by an order of magnitude owing to the mixing scheme. Usually,
the c → d/s decays are expected to be kinematically suppressed; however, the large CKM factor enhance the branching ratios
of these decays. We wish to point out that for bottom-conserving (Bc → B(s)) decays, the mass of the spectator b−quark is
much greater than that of the decaying c−quark, the energy released in the decay process is much smaller than mb, and the
whole momentum is carried by the b−quark. Thus, the transition form factors in such case are best understood at maximum
momentum transfer between initial and final states. Further, it is well established that form factors in such case are insensitive to
1/mQ corrections in the zero recoil limit [14]. Therefore, we predict the branching ratios of Bc → B(s)P decays at maximum

momentum transfer in heavy quark limit. The color-suppressed (Class II) modes have: B(B+
c → K̄ 0B+′

1 ) = (3.1 ± 1.5) × 10−4

and B(B+
c → K̄ 0B+

1 ) = (2.0 ± 1.2) × 10−4. The θB(s) dependence of the branching ratios for these decays is shown in Figs. 1
and 2. The suppressed branching ratio for B+

c → K̄ 0B+
1 w.r.t variation of θ could be attributed mainly to relative negative sign

between P3/2
1 and P1/2

1 amplitudes, smaller form factors and color suppression. Thus, the observation of such decays can be
useful to understand the mixing of heavy flavor axial-vector mesons in HQS and fix the relative signs and magnitudes of the
form factors involved. It may be noted that the large uncertainties, nearly O(50%), appearing in the branching ratios for some
of the decay modes are mainly propagating from the form factors, QCD coefficients and mixing angles.

ii. Dominant branching ratios of bottom-conserving CKM-suppressed mode (�C = −1, �S = 0) are of O(10−4) ∼ O(10−5)

for B+
c → π+B0(′)

1 , and B+
c → π0B+

1 decays, respectively. While the decays involving η(′) states, i.e., B+
c → η(′)B+′

1 modes,
are highly suppressed. Decays B+

c → π+B0′
1 /π+B0

1 come from the color-favored diagrams.

iii. It is interesting to note that the branching ratios of CKM-doubly-suppressed (�C = −1, �S = 1) Class I decays B+
c → K+B0(′)

1

and B+
c → K 0B+′

1 are of O(10−6) ∼ O(10−7).
iv. We wish to point out that for many of the decays, with branching ratios O(10−6) or less, the uncertainties appear to be large

and are also sensitive to the choice of phenomenological parameters, like QCD coefficients, mixing angles, etc. We also noted
that the uncertainties as large as 80% (seen in many decays) can reduce to less than 50% once we ignore the uncertainties in
such parameters. Moreover, color-suppressed decay modes, being smaller in magnitude, are very sensitive to variation of the
phenomenological parameters that lead to larger uncertainties. Therefore, we believe that such predictions of the branching
ratios shall be seen as probable range.

It can be seen that many of the bottom-conserving decay modes have branching ratios comparable to Bc → PP/PV/VV
decays that are well within the reach of current experiments. Since a large number of Bc events are expected from the LHCb; thus,
Bc → B∗∗

s P decays will have a great potential to be observed. Observation of the bottom-conserving decays provides an ideal test
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Fig. 2 Dependence of the
branching ratios on mixing angle
θB . Theoretical branching ratios
are shown as dashed lines: orange
and gray for B+

c → K̄ 0B+
1 and

B+
c → K̄ 0B+′

1 , respectively

for heavy quark theory and will further elucidate outstanding problems of the heavy quark states. Moreover, the study of excited
heavy quark states has already attracted extensive experimental effort in order to understand their spectroscopy and decays.

4.2 Bottom-changing decay modes

In bottom-changing decays, we have analyzed Bs and Bc decays in ISGW II model using the HQS constraints. Aforementioned, in the
nonrelativistic limit, ISGW II model provides an excellent opportunity to study Bc(Bs) → D(s) transitions, where correspondingly
large momentum transfer to the spectator c−quark takes place. It is worth mentioning that ISGW II model incorporates the 1/mQ

effects of HQS and HQET, resulting in more realistic form factors. Using the calculated form factors (as given in Tables 2 and 3),
we obtain the branching ratios of Bc(Bs) decays. We list our observations as follows:

4.2.1 CKM-favored, �C = 1, �S = 0 and �C = 0, �S = −1, modes

i. The most dominant decays, B̄s
0 → π−D+′

s1 , B̄s
0 → K 0D0

1 , and B̄s
0 → π−D+

s1 have branching ratios (7.2 ± 2.7) × 10−3,

(2.3 ± 1.2) × 10−3, and (1.4 ± 0.6) × 10−3, respectively. The B̄s
0 → π−D+′

s1 decay is color-favored, while B̄s
0 → K 0D0

1
decay is color-suppressed. As mentioned earlier, the advantage of the nonleptonic Bs decays is that they are free from neutrino
identification problem, and the products are identified in terms of well-known masses. The B0

s → D∗∗
s π decays are of great

interest for being described by the pion-emission diagram only [12,32,73,79]. Moreover, the study of these decays would provide
us an opportunity to understand the problem of smaller values of j = 1/2 form factors. Furthermore, these investigations can
allow us to confirm the observations made in the respective nonstrange modes. The order of branching ratios for the CKM-favored
Bs decays is O(10−3) ∼ O(10−4). On the other hand, dominant Bc decays, B−

c → D0D−′
1 /D−D0

1/D−D0′
1 , have branching

ratios of O(10−4) ∼ O(10−6). Here again, the uncertainties for some of the decays are as large as 60%, which can attributed
mainly to uncertainties in form factors, mixing angles and QCD coefficients. It is well known that the broad resonances arising
in D∗∗ are always difficult to analyze, since the broadness of D∗∗( j = 1/2) states is considered to be the source of these
difficulties. However, the narrow D∗∗( j = 3/2) states do not pose any serious problems [32,73,79,88]. Thus, the analyses of
B−
c → D0D−′

1 /D−D0
1/D−D0′

1 could help to overcome such difficulties.

ii. In (�C = 0, �S = −1) mode, dominant Bs decays involving D(′)
s1 states, i.e., B̄s

0 → D+
s D−(′)

s1 and B̄s
0 → D−

s D+(′)
s1 have

branching ratios O(10−2) ∼ O(10−4). The decays involving Ds states (as the final product) are of immense importance for the
verification of their properties via the analysis of their weak decays [89–91]. Thus, the production of these states from Bc and
Bs weak decays could be ideal way to study their properties.

iii. For Bc meson, the B−
c → ηcD

−(′)
s1 decays having branching ratios O(10−3) ∼ O(10−4) present an interesting opportunity to

study Class III-type decays. These decays receive contribution from both the color-favored and color-suppressed diagrams, which
interfere destructively to give smaller branching ratios. Further, it is worth remarking here that in heavy quark limit [3,5,88], the
contributions from color-suppressed amplitudes are further suppressed by a factor of 1/mQ . However, the experiment in case of
B → Dπ decays favors large contribution from the color-suppressed amplitude, which indicate the importance of nonfactorizable
contributions [4]. Therefore, to highlight the significance of interference between color-favored and color-suppressed diagrams,
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Table 11 Branching ratios for Bc → PA decays at large Nc = 3, a1 = 1.03 ± 0.20, and a2 = 0.11 ± 0.10

Decays Branching ratios

B−
c → ηcD

−
s1 (1.1 ± 0.6) × 10−3

B−
c → ηcD

−′
s1 (3.6 ± 2.4) × 10−4

B−
c → ηcD

−
1 (7.7 ± 3.9) × 10−5

B−
c → ηcD

−′
1 (1.5 ± 0.7) × 10−5

B−
c → D− D̄0

1 (7.0 ± 3.0) × 10−8

B−
c → D− D̄0′

1 (2.8 ± 1.1) × 10−6

B−
c → D̄0D−

1 (6.5 ± 4.8) × 10−7

B−
c → D̄0D−′

1 (1.1 ± 0.5) × 10−7

B−
c → D−

s D̄0
1 (1.2 ± 1.0) × 10−7

B−
c → D−

s D̄0′
1 (7.3 ± 2.8) × 10−5

B−
c → D̄0D−

s1 (9.3 ± 2.7) × 10−6

B−
c → D̄0D−′

s1 (3.0 ± 1.3) × 10−6

Fig. 3 Variation of the branching
ratio of B−

c → ηcD
−
s1 with

respect to a1 and a2 at mixing
angle θDs1 = −5.7◦. The
intersecting parallel planes
correspond to the theoretical
branching ratios with uncertainties

we have also calculated the branching ratios of Class III-type decays for Nc = 3, as shown in Table 11. In this case, the sign of a2

has become positive, which results in constructive interference between color-favored and color-suppressed decay amplitudes;
thus, branching ratios of decays involving A/A′ are expected to enhance (decrease) corresponding to the sign of mixing angles.

iv In order to highlight the importance of color-favored and color-suppressed amplitudes and their mutual interference, we plot
branching ratios of these decays with respect to a1 and a2 at mixing angle θDs1 = −5.7◦ as shown in Figs. 3 and 4. The
intersecting parallel planes mark the upper and lower bounds of theoretical branching ratio about the central value. Figure 3
shows the dominance of color-favored amplitude corresponding to a1 for B−

c → ηcD
−
s1 decay and is roughly independent of

color-suppressed amplitude. This can also be confirmed from the value of branching ratio for the constructive interference,
which is reduced owing to smaller a1 for Nc = 3. However, Fig. 4 presents a very interesting scenario, where the branching
ratio of B−

c → ηcD
−′
s1 decay not only favors smaller magnitude of a2 but also negative sign for a1 ∼ 1. One can also notice

large variation in the branching ratio corresponding to a2, which indicate that B−
c → ηcD

−′
s1 is sensitive to the choice of QCD

coefficients for a fixed mixing angle.
Furthermore, the phenomenological analyses of B → D∗∗π [70,74,88,92] indicate the requirement of, relatively, smaller
magnitude of a1, larger magnitude of a2 terms with negative sign for a1/a2 to explain the existing experimental data [70,74].
Therefore, analyses and observation of Bc → D∗∗

(s)P decays can improve our current understanding of such outstanding puzzles.

The rest of Bc decays in this mode are suppressed with branching ratios of O(10−8) ∼ O(10−10).

4.2.2 CKM-suppressed, �C = 1,�S = −1 and �C = 0,�S = 0, modes

i. The dominant decays, B̄s
0 → K−D+(′)

s1 , B̄s
0 → D+

s D−
1 and B̄s

0 → D−D+′
s1 have branching ratios O(10−4). The order

of branching ratios for the rest of decays in the present mode is, O(10−5) ∼ O(10−9). The decays, like B̄s
0 → η(′)D0

1 ,

B̄s
0 → D+

s D−′
1 , B̄s

0 → D−D+
s1, have branching ratios within the reach of current experiments.
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Fig. 4 Variation of the branching
ratio of B−

c → ηcD
−′
s1 with

respect to a1 and a2 at mixing
angle θDs1 = −5.7◦. The
intersecting parallel planes
correspond to the theoretical
branching ratios with uncertainties

ii. In the case of Bc decays, branching ratios of B−
c → ηcD

−(′)
1 , B−

c → D0D−′
s1 , B−

c → D−
s D0

1 , B−
c → π− D̄0′

1 , and B−
c → π0D−′

1

are O(10−5) ∼ O(10−6). The Class III B−
c → ηcD

−(′)
1 decays arise from the destructive interference of color-favored and

color-suppressed diagrams. The branching B−
c → ηcD

−′
1 is enhanced while that of B−

c → ηcD
−
1 decay remains unchanged for

the constructive interference at Nc = 3 case as shown in Table 11.

4.2.3 CKM-doubly-suppressed, �C = −1,�S = −1 and �C = −1,�S = 0, modes

i. Interestingly, the branching ratio of most dominant color-favored decay, B̄s
0 → K+D−

s1 is (2.5 ± 1.5) × 10−4. The next order

decays B̄s
0 → K+D−

1 , B̄s
0 → K+D−′

s1 , B̄s
0 → K 0 D̄0

1 , and B̄s
0 → η(′) D̄0(′)

1 , have branching ratios O(10−5) ∼ O(10−6).
ii. It is worth noticing that all of the doubly-suppressed Bc decays in these modes belong to Class III. The color-favored and

color-suppressed amplitudes interfere constructively to give the branching ratios O(10−5) ∼ O(10−6) for some of the modes.
Here again, the positive sign of the color-suppressed amplitude results in to constructive interference (see Table 11). Since the
sign of color-suppressed diagrams is well-known puzzle in nonleptonic B → D∗∗

(s)π decays [12,89,92], observation of these
modes can help to fix the sign and magnitude of the color-suppressed diagrams.

Although the axial-vector meson emitting decays have been studied in past, the heavy quark analysis has been ignored. Recently,
the heavy quark symmetry and HQET effects have been studied on the form factors and semileptonic decays involving Bs(Bc) →
D∗∗

(s)/B
∗∗
s transitions [62–64,67]. However, less attention has been paid to study the nonleptonic decays to the best of our knowledge.

Gang Li et al. [67] has studied the nonleptonic decays involving Ds1 states in covariant light-front quark model in heavy quark

limit. Their results for, B̄s
0 → π−D+

s1= 3.0 × 10−5 ; B̄s
0 → π−D+′

s1 = 1.5 × 10−3; B̄s
0 → K−D+

s1 = 2.3 × 10−6 ; B̄s
0 →

K−D+′
s1 = 1.2 × 10−4; B̄s

0 → D−D+
s1 = 1.5 × 10−6 ; B̄s

0 → D−D+′
s1 = 6.9 × 10−5; B̄s

0 → D−
s D+

s1 = 3.0 × 10−5 ;

B̄s
0 → D−

s D+′
s1 = 1.4 × 10−3 compare well with our analysis.

5 Summary and conclusions

In this paper, we have studied the hadronic weak decays of bottom-charm and bottom-strange mesons emitting a pseudoscalar
and an axial-vector mesons. We analyzed the charm and bottom axial-vector meson-emitting decays in ISGW II quark model and
determined the Bc(Bs) → A/A′ transition form factors in heavy quark symmetry constraints. These form factors are used to
predict the branching ratios of nonleptonic weak Bc(Bs) → PA decays involving c → s/d , b → c/s and b → u transitions in
CKM-favored and CKM-suppressed modes. We draw the following observations:

1. The ISGW II model, in the light of heavy quark symmetry with the factorization hypothesis, can provide reliable predictions
for the branching ratios of Bc/Bs → Bs1/Ds1P decays, specifically for the color-favored modes. The bottom-conserving
(Bc → B(s)1) decays provide a peculiar case of heavy-to-heavy transitions where the whole momentum is carried by the heavy
b−quark. The transition form factors in such case are best understood at maximum momentum transfer between the initial and
final state, which are insensitive to 1/mQ corrections in the zero recoil limit. Thus, we have predicted the branching ratios of
the Bc → B(s)1P decays at maximum momentum transfer in heavy quark limit. The predicted branching ratios of the dominant
decays are as high as O(10−2) ∼ O(10−4). Furthermore, these investigations could help us to understand the heavy quark
dynamics of Bπ , BK , and Bsπ spectra, and the B∗∗

s π states are of particular interest as they are expected to be a crucial product
of the exotic hadrons [32–36]. It may be noted that the B∗∗

(s)1 widths are very sensitive to their masses, due to their proximity to the
Bπ/B∗π/BK/B∗K thresholds [37–39]. Precise measurement of these rates can resolve the fundamental problems concerning
the nature of these states. Such decays are of immense importance to describe the heavy quark dynamics as well as physics
beyond the standard model. Since the HQET helps to predict the properties of excited B and Bs mesons, thus, the observation
of these heavy-to-heavy decay modes provides a vital test for the validity of heavy quark theory.
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2. Proceeding in similar manner, we have calculated the branching ratio of the bottom-changing decays of Bc and Bs meson in
heavy quark limit. Aforementioned, the ISGW II model incorporates the 1/mQ effects of HQS and HQET giving more reliable
predictions involving orbitally excited states. We have predicted the branching ratios for Bc(Bs) → PD(s)1 decays using the
transition form factors at actual momentum transfer. The predicted branching ratios of several Bs decays lie in the range of
O(10−2) ∼ O(10−4). The branching predictions for dominant Bc decays are of O(10−3) ∼ O(10−5).

3. Theoretically, Bs → D∗∗
s π decays are most interesting for being described by the pion emission diagram. Their branching ratios

are also, O(10−3), large enough to be seen by current experiments. The analysis of such decays provides opportunities to probe
the nature of D

′
s1(2535) and Ds1(2460) states and determines the axial-vector meson mixing using these nonleptonic decays.

Similarly, the observation and analyses of Bc → DD1 type decays, whose branching ratios are O(10−4), can help resolving
ambiguities surrounding D∗∗( j = 1/2, 3/2) states.

4. We have calculated the branching ratios of Class III type Bc decays, both at large Nc limit and Nc = 3. The study of branching
ratios of Class III type decays is important to fix the sign and magnitude of the color-suppressed amplitudes. It is well-known
fact that the experimental data of B → Dπ decays favor a positive sign for a2. More serious questions arise from the theoretical
and phenomenological studies of B → D∗∗π decays in heavy quark limit which not only demands a negative sign but also
the larger magnitude for a2 to explain the existing experimental data. The study of Class III type Bc decays can not only help
resolving such discrepancies but can also shed some light on the importance of nonfactorizable contributions in nonleptonic
decays involving p−wave mesons.

We are expecting more experimental values from the LHCb and B factories etc. in the near future, which could help us to provide
deeper insights into the Bc(Bs) meson properties and their decays. Therefore, the experimental observation of such decays will help
the heavy quark theory to assess underlying discrepancies of heavy flavor dynamics.
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