Eur. Phys. J. Plus  (2022) 137:324 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-022-02501-4 PHYSICAL JOURNAL PLUS

Regular Article

Check for
updates

Nonleptonic weak decays of B, meson involving B(s)1, D)1 mesons

Rohit Dhir'?, Neelesh Sharma'2°

1 Department of Physics and Nanotechnology, SRM Institute of Science and Technology, Kattankulathur 603203, India
2 Paradigm of Science Cultivation and Ingenious, Kangra 176032, India

Received: 24 June 2021 / Accepted: 15 February 2022
© The Author(s), under exclusive licence to Societa Italiana di Fisica and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract We study the two-body weak decays of bottom-charm (B,) and bottom-strange (By) 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
B.— A }/ 2, A?/ % and B, — A }/ 2, A?/ ? transitions in the nonrelativistic quark model framework within the heavy quark symmetry
constraints. The predictions of branching ratios for B, — B()1 P and B.(B;) — D)1 P decays are presented. We find that the

branching ratios of several decays are O(107%) ~ O(1079).

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 B, — DZ‘}*)P transitions, where g = {s, ¢} quarks and DZ“Y*) = {Ds)0, D(s)1, D(5)2} (p—wave) mesons, provides
an opportunity to test HQET and heavy quark symmetry (HQS) in m¢p — oo limit [9-13]. The B, meson decays are of special
interest as compared to the flavor-neutral heavy quarkonium (bb, ¢¢) 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 B, meson properties and its decays [17-29]. It is believed that
the LHCD is expected to produce 5 x 10! events per year [29-31], which is around 10% of the total B meson data. This will provide
a rich amount of information regarding B, meson. At the same time, investigation of the nonleptonic By decays to excited state
mesons provides an excellent opportunity to study D;* resonances, which are of the special interest for their masses being below
the individual D® K thresholds [32]. Furthermore, the nonleptonic decays of B. to orbitally excited p—wave B(f:; mesons can help
to understand the spectroscopy and mixing of B, excitation in light of heavy quark theory [32-40].

The developing theoretical and experimental aspects of the B.(Bs) meson physics motivate us to investigate the weak hadronic
decays of B.(By) 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 B.(By) emitting p—wave mesons [14—
16,41-73]. Semileptonic and nonleptonic decays of B, 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 B; 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 B, — D**/B}* 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 B, meson. In B, 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/mpm, 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 efc. In ISGW II model, the form factors are consistent with the constraints of
heavy quark symmetry breaking at O(1/mg) to give more realistic physical form. We obtain B.(B;) — B{m / D(js)1 transition

form factors in ISGW II model, where j = 1/2, 3/2 represents j — j coupled axial-vector Pl1 /? and Pl3 /% states with heavy quark
spin Sg = 1/2, 3/2, respectively, in the heavy quark symmetry [72]. We calculate the decay amplitudes and predict the branching
ratios of nonleptonic B.(B;) — P A decays using the factorization hypothesis within the constraints of heavy quark symmetry. We
made robust predictions for the decay modes involving Bi/Bs1/D1/Ds1 mesons in the final states. For B, — By)1 transitions, the
mass of spectator b—quark is much larger than that of the decaying ¢ —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/m ¢ corrections in the zero
recoil limit. Thus, we obtain the branching ratios for B, — B(y)1 P decays at maximum momentum transfer. However, we calculate
the B, — D)1 form factors away from the zero recoil but in consistency with ISGW II model in the HQS. For cohesion, we also
calculate the B.(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.,> P; (J'€ = 17H)and ' P; (JPC = 117).
The physical states are expected to be a mixture of 3 P; and ! P; states. However, the nonstrange and uncharmed mesons diagonal
3Py and ! P systems cannot mix due to opposite C-parity. Experimentally [40], there exists 3 P; multiplet with isovector a;(1.230)
! and four isoscalars f;(1.285), f1(1.420), fl’(l.512), and x01(3.511); and ! P, multiplet, isovector b (1.229) and three isoscalars
h1(1.170), h’1 (1.380), and h.1(3.526), where spin and parity of the %.;(3.526) and C-parity of h’1 (1.380) are yet to be confirmed.
Similar to n — n’ mixing, flavor-singlet and flavor-octet axial-vector states can mix.

The strange and charmed axial-vector mesons are most likely a mixture of P;) = A and |' P;) = A’ states, since there is no
quantum number forbidding such mixing. For strange partners of A (JF¢ = 17*)and A’ (JPC = 117) states, i.e., K14 and K o/
mesons:

Ki(1.270) = K 4 sin0; + K4/ cosby,

(M
51(1.400) = KlA COS@l — K]A/ sin@l.

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 #; = —(37 &£ 3)° in our calculations. Similarly, the mixing of charmed and strange charmed states can be
given by

D1(2.427) = Dj4 sin 9D1 + Dy cos 9D1 s
21(2.422) = D]A Cos 9[)1 - DIA’ sin 9D1~ (2)
For the charmed and strange charmed states, in the infinite heavy quark mass limit, the spin of the heavy quark S¢p decouples from

the light quark degrees of freedom [9], such that the heavy quark spin Sy and the total angular momentum of the light antiquark

can be used as good quantum numbers, separately. Therefore, the mass eigenstates > P; and ' P can be conveniently expressed as a

mixture of P13 /% and Pll/ % with JP = 17 states in the heavy quark limit and vice versa, as follows:

(PP»)_ : i <|1+,j >> )
'P1) S ) Nni=n)

Op, = 6; +35.26° . 4)

(S8
I

B B —

The mixing angle 64 from (2) can be defined as,

where 6; is defined in mixing of j = 1/2 and j = 3/2 states. Thus, the states D1(2.427) and D, (2.422) can be identified as Pll/ 2
and P13 / 2, respectively. However, beyond the heavy quark limit, there is a mixing between Pll/ % and Pl3 /2 given by

3/2
1

D1 (2.427) = D;"*sin6, + D|* cos 6y,

' Numerical values given in the bracket represent the masses (in GeV) of the individual mesons.
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3

D,(2.422) = D}* cos 6 — D}/*sin 6. 5)

For the strange charmed axial-vector mesons,
D,1(2.460) = D’!*sin6 + D!!* cos 65,
D,;(2.535) = D}{*cos 6, — D!{*sin 6. (6)

A detailed analysis by Belle [77] yields the mixing angle 8; = —(5.742.9)°, while the quark potential model [32,78,79] determines
6, ~ —7°; however, we use 6, = 61 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) = B,'*sin 65 + B|’* cos 63,

B,(5.726) = B;'* cos 63 — B sin 63, (7
and

By1(5.820) = B!*sin 64 + B/ cos s,

B, (5.830) = B./* cos 64 — B!/* sin 6y, (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 83 = (18.2 +3.5)° and 64 = (4.1 £ 1.5)°. For n
and n’ pseudoscalar states, we use

n(0.547) = %(uﬁ +dd)singp — (s5) cos ¢p,

W(0.958) = L= (uit + dd) cos ¢ + (55) sin g, ®)
where ¢p = Oigear — Opnysical> and Oppysicar = —(14.1 £ 2.8)° [40]. n. is taken as 1.(2.979) = (c0).
3 Methodology
3.1 Weak Hamiltonian
For bottom-changing (Ab = 1) decays, the weak Hamiltonian involves the bottom-changing current,
Ju = (€b)Vep + (ub) Vi, (10)

where (giq;) = qiyu(1 — y5)q; denotes the weak V-A current and V;; are CKM elements [40]. QCD-modified weak Hamiltonian
is then given below [3-5]:

a. for the decays involving b — ¢ transition,

_Ur

Hy, = NG {Vep Viigla1 (©b) (du) + az(db) (cu)] + Vep Viilai (€b)(5¢) + aa(5b)(cc)]
+Vep Visla1 (@b) (Su) + a2 (5b) (€u)] + VeV iglai (€b) (de) + aa(db) (@)1}, an
b. for the decays involving b — u transition,
G — _
Hy, = 7; {Vup Vi la1(@b) (5¢) 4 az(5b) (@e)] + Vip Va1 (@b) (du) + az (db) (u)]
+Vup Vigla1 ub) (5u) + ax(5b) (uu)] + Vip V. yla1 (@b)(de) + a2 (db) (ic)]} (12)
c. for the decays involving the ¢ — s transition,
Hy, = %{Vuchf';[al(ﬂd)GC) + a (uc) 5d)1}. 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 ay, where aj(n) = c1(un) + N%CQ (n), and N, 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 ay, i.e., for the color-suppressed modes, a> (1) = c2(u) + N%Cl ().

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 ap amplitudes interfere.

However, we follow the convention of large N, limit to fix the QCD coefficients a; &~ c¢; and a» =~ ¢3, [1,3,4] and use the
following numerical values:

c1(w) = (1.26 £0.10), c2() = —(0.51 £0.10) at p ~ m>.

c

cr(pn) = (1.12+£0.20), cp(n) = —(0.26 £0.15) at pu =~ mlzj. (14)

We wish to remark here that for the charm-changing (bottom conserving) decays, the phenomenological parameterization of
a; and ap from experimental charm decays suggests that the large N, 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 a; and a (as well as subleading contribution to 1/N, 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 a;’s that are (renormalization) scale and process independent. As we have mentioned earlier, B.(By) 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 formula? for B — P A decays is given by

3
Pe

2

my

|A(B — PA)|?, (15)

I‘(B—)PA):8

where p. is the magnitude of the three-momentum of a final-state particle in the rest frame of B = {B., By} meson and m 4 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 %x CKM elements x QCD factor) as
(PA| Hy |B) ~ (P|J"|0) (Al Jy |B) + (A| J*|0) (P| J,. |B), 16)
(PA| Ho1B) ~ (P17 10) (4| 5 1B) + (4| 57 10 P11 1B). (17)

Using Lorentz invariance, matrix elements of the B — A transitions are given below [72]:
(AV2(P)IVuIB(P)) = illy (qP)e), + ¢, 1 (4P (€™ - Pp)(Pp + Pa)y
+e_1(g*)(" - Pg)(Pp — Pa)ul.
(AV2(Po)|Au|B(Pp)) = =q1(q*)epvpoe™ (P + Pa)’ (Pg — Pa)’.
(AY2(P)IVul B(PR)) = ile3(q7)e), + i3 (D) (e* - Pp)(Pg + Pa)y
+e_3(¢P)(e* - Pp)(Pp — Pa)yl,
(AY2(Pg)|Au|B(Pp)) = ~q3 (@*)epvpo™ (P + Pa)’ (P — Pa)°. (18)

It may be noted that B.(Bs;) — A transition form factors in ISGW II framework can be related to BSW-type form factor [83]
notations, i.e., A, Vj. 12 through the following relations
A@@*) = —q(q*)(mp +ma);
Vig®) = 1(g*)/(mp + m);
Va(q®) = —c1(g°) (mp + ma);

32 1
Vo?(¢?) = o—[mp +ma)Vi(g") = mp — ma)Va(a®) — g*c—(@")]. (19)
(2my)
The decay constants of a pseudoscalar meson and an axial-vector meson state are given by the relations [72],
Ol Ju |P) = —ifpky, (20)

2 The decay width formula is modified when the polarization of axial-vector meson appearing in square of the amplitude as € - p g isreplaced by pc.(mp/m 4).
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01 J,, |Al/2>:8;mA1/zfA1/z, 2D
(O Jy |[AY2) = elm 32 f 32 (22)

Sandwiching the weak Hamiltonian (11), (12), and (13) between the initial and final states, the factorizable decay amplitudes for
various B.(B;) — P A decay modes can be obtained (with common SE xCKM factors) as:

V2
A(B — PA) = —2(s* - pB){alfp[VOBA3/2(m%,)mA3/2 sin® + VEA (m2)m 410 cose]
+a2[FfP(m1243/2)mA3/zfA3/z sin6 + FlBP(mil/z)mAuzfA]/z cos 9] R

A(B = PA) = —2(s* - pB){alfp[VOBA3/2 (m%)m 432 cos & — VEA (m2)m 4112 sin 9]

+ay [F]BP (m1243/2)mA3/z faz2cosf — FIBP (mil/z)mAl/z Sfa12 sin 9] . (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/m ¢ expansion. Moreover, the ISGW II model can be an excellent approximation for the b¢ system. The B, 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,

3p; and ! Py, as the j — j coupled states with sf{‘ = %+ and %+. The form factors Z% s c+%, c_% ,and q% replace the ¢, ¢4, c_, and

3t state with J© = 11 (see equations (B26) and (B27) of ISGW II [72]), and a parallel set Z%, cilc 1, and ¢

q for the s} = L L
state with J© = 17T, then [72]:

2
+

T l
for the s, " = 3

o 2B | 1 ixma @ —1) (0 + 1 mapy A9 o
3 == o 2 - Py 5 24)
2 V3| mg 2B Zmg  2u-mxByy
2 . .
c,3+c_3=— V3ma l—ﬂ—mdﬂB (L—L> F(6+%+L7%) (25)
2703 2Bpimp 3mg 3By \2u-  py ) |7
2 — )i 2 1 1 (c,3—c 3)
coy—c 3 =— Ma_ @ = byix deﬂB (7 B 7) R 6)
2 2 2ﬁﬂBmX mg ﬂBX 2 Mt
S N Y. LI B QLTI @7
2 23| 2 2mgmgmy, | Bprinx >
and
2. 1 3 mgmx (W — 1 1 my B3 1)
0 = \/imBﬂB L3 ymeni@o D L maby (g 28)
2 3 2mg  2my By mg  2u_mxPBgy
2 52 (c,1+c 1)
C+l+c_l:~n1d—'BX2F5 +3 2 (29)
2 2 \/gmquﬁB.BBX
2 2 (c,1—c_1)
c+l—c_l:—\ﬁ~md 1+ mdﬂf F5+2 2 (30)
: : 3mxPp 2mqBpx
. 1 ﬂé]/hB my (q1) (31)
1 = 6 dmgmgmy, | By
where
(3,1, - 12 /- 1/2
Fsz( ) =F5(17~13> (njA> ,
mpg mA
(c,3,1,+¢c 3,1, 5o\ "3/2 s N\ 1/2
. TG g (”i”?) ~A) ’
mpg ma
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Table 1 The parameter 8 for s-wave and p-wave mesons in the ISGW II quark model

Quark content ud us ss cu cs ub sb cc bc
Bs(GeV) 0.41 0.44 0.53 0.45 0.56 0.43 0.54 0.88 0.92
Bp(GeV) 0.28 0.30 0.33 0.33 0.38 0.35 0.41 0.52 0.60
(c,3,1,—¢c_3.1, 7 =172 /5 =172
34 —2 (4 m m
. +3d 3 =FS<~B> (~A> ' 32)
mpg ma

The (= ¢?)dependence is given by:

o—1=-" " (33)
ZmBmA
and
N 5/2 -3
m 1
Fo= (2A) 7 (PPN Ty Ly, 0] (34)
mpg BBA 18
where
B2 3 3mg 1 16 | Ols(MQM)]
= n 9
dmemy 2n_13rhA,812M mpmy 33 —2ny ags(my)
with
1
Bia =5 (Ba +F2), (395)
and

1 1\
pt=|—=+x— .
mg My

m and m denote the sum of the mesons constituent quarks masses and the hyperfine-averaged physical masses, respectively. The
maximum momentum transfer is given by t,, = (mp — m )2, ioum is the quark model scale, while n ¢ is the number of active
flavors. The subscript ¢ depends upon the quark currents, gy,.b and gy, ysb, appearing in different transitions. The values of the
B-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):

my =mg = (0.33 £0.03), my = (0.50 £0.03), m. = (1.67 £0.03), and m; = (5.10 £ 0.03),

to calculate the form factors for B.(By) — B(js)1 / D(js)1 transitions. The obtained form factors are given in Table 2. Following the
procedure given in [48,72], we obtained the B.(B;) — 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 B, and B; mesons for
the various decay modes in CKM-favored and CKM-suppressed modes involving Dgl) and Ds(/l) mesons in the final state. We have
used the following decay constants [40,84,85] For the pseudoscalar mesons: f; = (130.2 £ 0.8) MeV, fx = (155.7 +0.3) MeV,
fp = (212.6£0.7) MeV, fp, = 249.9£0.5MeV, f, = (133.0£0.4) MeV, f,y = (126.040.4) MeV, and f,;, = (398.0%1.0) MeV.
The numerical values of the axial-vector meson decay constants used are [86,87]: fp,, = —(177 & 36) MeV, fD;A = (59.6 £9.6)
MeV, fp,,, = —(159+34) MeV, fD/lA = (42.24+7.4) MeV, and f,,, ~ —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, efc., 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 By — D;/z, D?/z transitions at q2 =0and B; — B(ls/)zl, transitions at q2 = maximum in the ISGW II quark model using
HQS

Transition £ ct c_

ISGW II with HQS Constraints

B, — D![? ~0.27 £0.02 —0.11 +0.01 0.1 £0.01
B, — D) —1.11£0.03 ~0.16£0.01 ~0.091 £ 0.006
Be — D}/ 0.90 £ 0.07 ~0.047 £ 0.001 0.062 = 0.002
B. — D}/ —2.47+0.19 ~0.050 + 0.001 ~0.052 +0.001
B. — DI 0.86 % 0.05 ~0.064 = 0.001 0.082 £ 0.002
B. — DI ~2.60+0.14 —0.080 £ 0.001 ~0.072 £ 0.001
B. — B}/? 54410 0.124 + 0.022 —0.49 +0.06
B.— B"? 1.95 £0.19 0.28 £ 0.04 0.48+0.11
B.— B!? 204+2.6 0.43 £ 0.06 ~1.61£0.15
B. — B)[* 0.6+0.6 0.88+0.11 1.74 +0.26
Table 3 Form factors of B; — P transitions at q2 = 0 in the ISGW II quark model

Transition f+ f-

ISGW IT

By — K 13406 ~1.2£06
By > n 0.47£0.07 —0.41£0.07
By — 0/ 0.72+0.08 ~0.63+0.06
By — Dy 0.73£0.01 ~0.39£0.01
Be— D 0.35+0.10 ~0.32£0.10
B — Dy 0.32+0.02 ~0.28+0.02
Be — ne 0.64+0.01 ~0.38+0.01

Table 4 Branching ratios of B, — P A decays in charm-changing decay modes

Decays

Branching ratios

AC=—-1,A5 =-1
B:r — 7T+B§)1
BL'." — 7T+B?£
Bf — KB
Bf — KB}

AC=—-1,AS=0
Bf — = tBY)

Bg" — 7T+B?/
B;r — J'rOBlJr
OB;L

/

BSL—>71

B — nBf

B — yB}
AC=-1,A5=1

Bf — K*B)

BY — K+BY

Bf — KB

B — kOB

6.9+2.0) x 1072
(1.440.7) x 1073
(3.1£15 x107*
2.0+£1.2) x 107*

(5.8+£2.0) x 107*
(1.0£0.5) x 107
(4.8+24)x 1073
(8.0£4.0) x 107
(3.1+2.8) x 1078
(1.0+0.9) x 1077

(5.5+£2.0) x 1076
(33£1.5) x 107°
(8.2+4.2)x 1077
(5.2+3.1) x 1077
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Table 5 Branching ratios for B; — P A decays in bottom-changing CKM-favored decay mode Ab =1, AC =1, AS§ =0

Decays Branching ratios

R (1.4£0.6) x 1073
R (72+£2.7) x 1073
A (2.3+1.2) x 1073
8" - kDY 0.9+0.5) x 1074
B; — DDy (1.2£0.8) x 1078
B — D’ (4.6 +3.9) x 1074
B — D~ DY (1.04£0.6) x 1074
B — D~ DY (3.7+1.9) x 1076

Table 6 Branching ratios for B; — P A decays in bottom-changing CKM-favored decay mode Ab =1, AC =0, AS = —1

Decays Branching ratios
5, - Dy D} (1.2+0.6) x 1073
8" - by D}/ (1.0£0.4) x 1072
8" - p{ Dy (3.7+2.0) x 1073
8" - p¥py] Q4+1.1)x 1074
B — neDy (13£0.7) x 1073
BZ — neD; (2.8+2.5) x 1074
B — K~ DY (0.8+0.4) x 1078
B — kDY (2.6+1.0) x 1076
B — D (1.5+1.4) x 1072
B — 7D, (7.04£5.0) x 1078
B — 1Dy, (1.0+0.6) x 1072
B: — nD;{ (4.0+3.0) x 1078
B — ' Dy (42+2.8) x 10710
B — ' D] (2.9+25) x 1078

Table 7 Branching ratios for B; — P A decays in bottom-changing CKM-suppressed decay mode Ab =1, AC =1, AS = —1

Decays Branching ratios

8" — Kk~ D} (1.1£0.4) x 1074
8" - k-D} (5.242.0) x 10~4
B;" — nDY (7.0 £5.0) x 1076
5 0 0o -7
By" — DY (3.0£2.0) x 10

5 0 " 10 -5
By" — 1y DS 2.0+ 1.6) x 10

5 0 " p0’ —7
By — n DS (7.0£5.5) x 10

B; — DD, 1.9+ 1.3) x 1077
B — DD} (3.0£2.4) x 107
B — Dy DY (3.8+3.0) x 107©
BS — D;D?' (1.4£1.0) x 1077
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Table 8 Branching ratios for By — P A decays in bottom-changing CKM-suppressed decay mode Ab =1, AC =0, AS =0

Decays Branching ratios

8" > D~ D}, (5.5+£2.5) x 1075
8" - p=D/ @4+1.6) x 1074
8" - piD; (2.6+1.3) x 1074
-0 + = _5
B," > D} D; (1.0 £0.7) x 10

BZ — neDy (8.1£4.0) x 1075
BZ — n¢Dy (1.1£0.8) x 1073
By — n~ DY (1.2+0.7) x 1077
B —» n DY (3.5+1.4) x 1075
By — 7Dy (3.0+1.6) x 1072
B — ﬂOD;’ (1.1+0.8) x 107©
B — nDy (1.740.9) x 1077
BZ — D} (6.0 £4.8) x 1077
B — 1 Dy (0.7 £0.4) x 1079
B —n' D] (3.4+3.0) x 107

Table 9 Branching ratios for B; — P A decays in bottom-changing CKM-doubly-suppressed decay mode Ab =1, AC = —1, AS =0

Decays Branching ratios

B," - K*Dy (1.7+1.4) x 1073
3° - k*+p;’ (6.0£5.0) x 1077
B," - K°DV (1.0£0.6) x 1076
B," - KDY (4.0+2.0) x 108
B — D™ DY (5.0£3.5 x 108
B — D~ DY (3.1+1.2) x 1076
B — DDy (8.0+5.5) x 1077
By — DD} (6.2+5.6) x 1078

Table 10 Branching ratios for B; — P A decays in bottom-changing CKM-doubly-suppressed decay mode Ab =1, AC = —1, AS = —1

Decays Branching ratios

8" - K*D 2.5+1.5) x 1074
B’ - k*+D] (1.7+1.3) x 1073
B," — DY (1.140.5) x 106
B — DY 4.5+ 1.5 x 1078
B — o' DY (3.142.6) x 1076
B — 4y DY (1240.9) x 107
BZ — Dy DY 6.0+ 1.8) x 1077
B — Dy DY (8243.2) x 1073
B; — DD (13+0.3) x 1077
B — D'n] (1.74+1.5) x 106
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OBs

4.1 Bottom-conserving and charm-changing decay modes

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

i

iii.

iv.

The most dominant CKM and color-favored (Class I) decay, BC+ — n*’B;)1 has branching ratio (6.9 & 2.0) x 10~2. However,

the branching ratio of B” — n*B?i decay is smaller, roughly, by an order of magnitude owing to the mixing scheme. Usually,
the ¢ — 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 (B. — 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 mp, 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/m corrections in the zero recoil limit [14]. Therefore, we predict the branching ratios of B, — B(s) P decays at maximum

momentum transfer in heavy quark limit. The color-suppressed (Class II) modes have: B(BC+ - K 0B1+/) =3.1+15 x107*
and B(B} — IEOBIJ“) =(2.0£1.2) x 10~*. The 0, dependence of the branching ratios for these decays is shown in Figs. 1
and 2. The suppressed branching ratio for B;” — K°B|" w.r.t variation of 6 could be attributed mainly to relative negative sign
between Pl3 /% and Pll/ 2 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.

i. Dominant branching ratios of bottom-conserving CKM-suppressed mode (AC = —1, AS = 0) are of 010 ~ O(1075)

for Bf — n+B?(/), and B} — JTOBIJ'_ decays, respectively. While the decays involving n( states, i.e., B —> n(’)B]Jr ' modes,
are highly suppressed. Decays B — 7+ BY /7 * BY come from the color-favored diagrams.

Itis interesting to note that the branching ratios of CKM-doubly-suppressed (AC = —1, AS = 1) ClassIdecays Bf — K+ B?(/)
and B} — KB are of O(10~%) ~ 0(1077).

We wish to point out that for many of the decays, with branching ratios @(107°) 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 B. — PP/PV/VV

decays that are well within the reach of current experiments. Since a large number of B, events are expected from the LHCb; thus,
B. — B}* P decays will have a great potential to be observed. Observation of the bottom-conserving decays provides an ideal test
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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 B, and B, decays in ISGW Il model using the HQS constraints. Aforementioned, in the
nonrelativistic limit, ISGW II model provides an excellent opportunity to study B.(B;) — Dy transitions, where correspondingly
large momentum transfer to the spectator c—quark takes place. It is worth mentioning that ISGW II model incorporates the 1/m o
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 B.(B;) decays. We list our observations as follows:

4.2.1 CKM-favored, AC =1, AS =0and AC =0, AS = —1, modes

i

ii.

iii.

The most dominant decays, ESO — n_D;/, ESO — KOD(I), and ESO — rr_Djl have branching ratios (7.2 & 2.7) x 1073,
2.3+ 1.2) x 1073, and (1.4 £+ 0.6) x 1073, respectively. The éxo — TL’_D;/ decay is color-favored, while ESO — KOD(I)
decay is color-suppressed. As mentioned earlier, the advantage of the nonleptonic B decays is that they are free from neutrino
identification problem, and the products are identified in terms of well-known masses. The B? — D¥*m 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
B decays is 0(10_3) ~ (9(10_4). On the other hand, dominant B, decays, B, — DODf//D_D?/D_DO/, have branching
ratios of O(10™%) ~ O(107°). 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 — DODI’/ / D‘D? / D_D?/ could help to overcome such difficulties.

In (AC =0, AS = —1) mode, dominant B, decays involving Ds(/l) states, i.e., ESO — D;FD;(/) and ESO — Dy Djl(/) have
branching ratios O(1072) ~ ©(10~*). The decays involving Dj 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 B, and
B, weak decays could be ideal way to study their properties.

For B, meson, the B, — 1. Ds_l(/) decays having branching ratios O(1073) ~ ©(10~*) 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/m . However, the experiment in case of
B — D 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 B, — P A decays at large N. = 3, a1 = 1.03 £0.20, and ap = 0.11 £0.10

Decays Branching ratios

By — neDy (1.1£0.6) x 1073
BZ — neDy; (3.6+2.4) x 1074
BZ — neDy (7.7+£3.9) x 107
BZ — neD; (1.540.7) x 10~5
By — D™DY (7.0£3.0) x 1078
B — D~ DY 28+ 1.1) x 1076
B; — DDy (6.5+4.8) x 1077
B — DD’ (1.1£0.5) x 1077
B; — Dy DY (12+1.0) x 1077
B — Dy DY (7.3+2.8) x 1073
B; — DD, (9.3£2.7) x 1076
B — DOD;{ (3.0+1.3) x 107©

Fig. 3 Variation of the branching

ratio of B — nc D} with
respect to aq and ap at mixing
angle Op | = —5.7°. The
intersecting parallel planes
correspond to the theoretical
branching ratios with uncertainties

10.002

0001503
s 1.50‘000

we have also calculated the branching ratios of Class III-type decays for N. = 3, as shown in Table 11. In this case, the sign of a
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.
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 a; and a at mixing angle fp, = —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 a; for B, — n.D; 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 a; for N. = 3. However, Fig. 4 presents a very interesting scenario, where the branching
ratio of B — 1, DS_]/ decay not only favors smaller magnitude of a; but also negative sign for a; ~ 1. One can also notice
large variation in the branching ratio corresponding to a», which indicate that B, — n. D]’ is sensitive to the choice of QCD
coefficients for a fixed mixing angle.

Furthermore, the phenomenological analyses of B — D**m [70,74,88,92] indicate the requirement of, relatively, smaller
magnitude of a1, larger magnitude of a; terms with negative sign for a;/a; to explain the existing experimental data [70,74].
Therefore, analyses and observation of B, — DZ"; P decays can improve our current understanding of such outstanding puzzles.
The rest of B, decays in this mode are suppressed with branching ratios of 01078 ~ 010719y,

4.2.2 CKM-suppressed, AC =1, AS = —1 and AC =0, AS = 0, modes

i

The dominant decays, éso — K_D+(/), éxo — Dj‘Df and ESO — D_Djll have branching ratios (9(10_4). The order

s1

of branching ratios for the rest of decays in the present mode is, O(107>) ~ O(107°). The decays, like 1530 — DY,
ESO — Dj Dy /, ESO — D‘D:r, have branching ratios within the reach of current experiments.
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Fig. 4 Variation of the branching

ratio of B, — 1, D;l/ W%t}? 7
respect to a1 and ap at mixing i
angle Op , = —5.7°. The 0.004

intersecting parallel planes
correspond to the theoretical
branching ratios with uncertainties

B(B -n.D;;
0,002 ~1Pa1)

0.0 10.000

ii. Inthe case of B, decays, branchingratios of B, — nch_(/), B, — DOD;{, B — Dy DY, B- — n_D?/,and B, — nODl_/
are O(107%) ~ O(107%). The Class III B — nch_(/) decays arise from the destructive interference of color-favored and

color-suppressed diagrams. The branching B, — nCDl_’ is enhanced while that of B, — 5D, decay remains unchanged for
the constructive interference at N, = 3 case as shown in Table 11.

4.2.3 CKM-doubly-suppressed, AC = —1, AS = —1 and AC = —1, AS = 0, modes

i. Interestingly, the branching ratio of most dominant color-favored decay, E‘YO — KtD|is 2.5+ 1.5) x 10*. The next order
decays ESO — K™Dy, ESO — K*D;l/, B_s0 — K°DY, and ESO — n(’)ﬁ(l)(/), have branching ratios O(107>) ~ ©(1079).

ii. It is worth noticing that all of the doubly-suppressed B. decays in these modes belong to Class III. The color-favored and
color-suppressed amplitudes interfere constructively to give the branching ratios O(107) ~ O(107°) 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 — DZ?;H 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(B.) —
DE"S*) /B 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 Dy states in covariant light-front quark model in heavy quark
limit. Their results for, ESO — ﬂ_D;E: 3.0 x 1079 ; ESO — n_Djl/ =15x 1073; ESO — K‘D;1 =23x%x107°; ESO —
K Df, =12x10% B" - DD}, =15x10°; B," > D D] =69 x107; B," - D;D}; = 3.0x 1075 ;

ESO — DS D;rl/ =14x1073 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 B.(Bg;) — A/A’ transition form factors in heavy quark symmetry constraints. These form factors are used to
predict the branching ratios of nonleptonic weak B.(By;) — P A decays involving ¢ — 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 B./Bs — Bs1/D;s1 P decays, specifically for the color-favored modes. The bottom-conserving
(B: — 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/m ¢ corrections in the zero recoil limit. Thus, we have predicted the branching ratios of
the B, — B(s)1 P decays at maximum momentum transfer in heavy quark limit. The predicted branching ratios of the dominant
decays are as high as @(1072) ~ O(10~%). Furthermore, these investigations could help us to understand the heavy quark
dynamics of B, BK, and B, spectra, and the By 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(’;’;l widths are very sensitive to their masses, due to their proximity to the
Bn/B*r/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 By 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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Proceeding in similar manner, we have calculated the branching ratio of the bottom-changing decays of B, and B; meson in
heavy quark limit. Aforementioned, the ISGW II model incorporates the 1/m ¢ effects of HQS and HQET giving more reliable
predictions involving orbitally excited states. We have predicted the branching ratios for B.(Bs) — P D)1 decays using the
transition form factors at actual momentum transfer. The predicted branching ratios of several By decays lie in the range of
O(1072) ~ O(10~%). The branching predictions for dominant B, decays are of O(1073) ~ O(1079).

Theoretically, B; — D;*m decays are most interesting for being described by the pion emission diagram. Their branching ratios
are also, O(1073), large enough to be seen by current experiments. The analysis of such decays provides opportunities to probe
the nature of D;l (2535) and Dy1(2460) states and determines the axial-vector meson mixing using these nonleptonic decays.
Similarly, the observation and analyses of B. — DD type decays, whose branching ratios are ®(10™#), can help resolving
ambiguities surrounding D**(j = 1/2, 3/2) states.

We have calculated the branching ratios of Class III type B, decays, both at large N, limit and N, = 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 — D decays favor a positive sign for a;. More serious questions arise from the theoretical
and phenomenological studies of B — D**m decays in heavy quark limit which not only demands a negative sign but also
the larger magnitude for a, to explain the existing experimental data. The study of Class III type B, 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 efc. in the near future, which could help us to provide

deeper insights into the B.(B;) 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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