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Abstract: This paper is the extension of our previous work entitled "Searching a systematics for nonfactorizable
contributions to B~ and B® hadronic decays". Obtaining the factorizable contributions from the spectator-quark

model for N, =3, a systematics was identified among the isospin reduced amplitudes for the nonfactorizable terms
among B — Dr/D*r/Dp decay modes. This systematics enables us to derive a generic formula to help predict the

branching fractions for B'— decays. Inspired by this observation, we extend our analysis to p-wave meson emitting
decays of B—meson B — PA/PT/PS, particularly B — a;D/nD; [rD' /D3 /nDy, which have similar isospin struc-

tures and make predictions for BO— decays, for which experimental measurements are not yet available.
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I. INTRODUCTION

At present, large amounts of information is available
on the decays of the heavy flavor hadrons, and more
measurements are expected in future experiments. World-
wide, several groups at Fermi lab, Cornell, LHC-CERN,
KEK, DESY, and Beijing Electron Collider, among oth-
ers, have been working to provide wide knowledge of
heavy flavor physics. One of the goals of heavy flavor
hadron physics is also to elucidate the relationship among
the particles of different generations [1].

Heavy, charm, and bottom mesons have revealed
many channels for leptonic, semi-leptonic and hadronic
decays. The b quark is especially interesting in this re-
spect, as it has WW-mediated transitions to both first-gener-
ation (u) and second-generation (c) quarks. The Standard
Model (SM) is reasonably successful in explaining the
leptonic and semileptonic decays, but the issue of weak
hadronic decays is yet to be settled, and these decays
have posed serious problems due to the strong interaction
interference with the weak interactions responsible for
these decays [2—7]. Initially, the weak hadronic decays of
charm and bottom mesons were expected to have less in-
terference due to the strong interactions, as their decay
products carry large momenta. However, their measure-
ments have revealed the contrary. The prominent reason
being that experiments are producing data at the hadronic
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level, whereas the theory (SM) deals with quarks and
leptons. Presently, the problem of Hadronization (forma-
tion of hadrons from quarks), being a low-energy phe-
nomenon, cannot yet be resolved from first principles. In
fact, understanding of the decays becomes more complic-
ated as the produced hadrons in the weak hadronic de-
cays can participate in the Final State Interactions (FSI)
[8—19] caused by the strong interactions at the hadronic
level. Therefore, analysis of weak hadronic decays re-
quires phenomenological treatment, for which symmetry
principles and quark models are often employed to ex-
plore the dynamics involved.

Even the weak interaction vertex itself is also af-
fected through gluon-exchange among the quarks in-
volved. At W-mass scale, hard gluons exchange effects
are calculable using the perturbative QCD. Usually, fac-
torization of weak matrix elements is performed in terms
of certain form-factors and decay constants. Besides these
high-energy gluon exchanges, there exist possible soft
gluon exchanges around the W- vertex, which generate
nonfactorizable contributions in the weak matrix ele-
ments [20—23]. The nonfactorizable terms may appear for
several reasons, including soft gluon exchange and FSI
rescattering effects [20—23]. The rescattering effects on
the outgoing mesons have been studied in detail for bot-
tom meson decays [24—25]. Besides that, flavor SU(3)
symmetry and the Factorization Assisted Topological
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(FAT) approach have been employed for the study of
such nonfactorizable contributions, as they have the ad-
vantage of absorbing various kinds of lump-sum contri-
butions in terms of a few parameters, which can be fixed
empirically [26, 27]. Extensive work has also been con-
ducted to treat nonfactorizable contributions, such as the
QCD factorization approach based on collinear factoriza-
tion theorem [28] and the perturbative QCD factorization
approach [29-30]. Unfortunately, it is not straightfor-
ward to calculate such terms, which are nonperturbative
in nature and require empirical data to investigate their
behaviour.

In the naive factorization scheme, the nonfactorizable
contribution for the decay amplitudes is completely ig-
nored, and the two QCD coefficients a; and a, are fixed
from the experimental data [31-33]. Initially, data on
branching fractions of D — Kn decays seemed to require
a; ~c; =1.26, a; ~ ¢, =-0.51, leading to destructive in-
terference between color-favored (CF) and color-sup-
pressed (CS) processes for D* — Kz, thereby implying
the N, — oo limit [34]. However, later measurement of
B — Dr meson decays did not favor this result empiric-
ally, as these decays require a; ~ 1.03, and a, = 0.23, i.e.,
a positive value of a,, in sharp contrast to the expecta-
tions based on the large N, limit, because the final state
particles leave the interaction region very quickly, allow-
ing little time for final state interactions, and soft-gluon
exchange becomes less important [35]. Thus, B-meson
decays, revealing constructive interference between CF
and CS diagrams for B~ — 7 D°, seem to favor N.=
3(real value).

It has been found experimentally that two-body de-
cays dominate the spectrum. Bottom meson decays to two
s-wave mesons (pseudoscalar and vector mesons) have
been studied reasonably well. Theoretical focus has also,
so far, been on the s-wave meson (B — PP/PV) emitting
decays [1—24]. There exist four L=1 states: scalar
(JP€ = 0*), axial-vectors (JP¢ =1**and 1*7), and tensor
(JP€ =2**) mesons. All these p-wave states and vector
mesons decay to s-wave mesons through strong interac-
tions, so these are called meson resonances. These states
are generally produced either in scattering experiments or
as decay products of heavy flavour mesons. Thus, we in-
vestigated the following decay modes involving one p-
wave meson in the final state:

B— P(0)+5(0"),
B— PO +A(1™),
B PO™)+A (1),
B— PO+ TQ2*).

Branching fractions for some of the decay modes
have been measured experimentally [1]. Kinematically,

these decays are expected to be suppressed; however, the
measured branching fractions of these modes are rather
large. Therefore, it is desirable to study B- meson decays
emitting p-wave mesons, which requires theoretical un-
derstanding.

Our group performed a thorough study of nonfactor-
izable contributions by using isospin analysis for
D — Kr/Kp/K*n decay modes and recognized a system-
atics for the ratio of nonfactorized reduced amplitudes. It
is worth noting that this systematics was also found to be
consistent with p-wave meson emitting decays of charm
mesons: D — Ka, /nK,/nK_,/nKy/Ka, [22]. In our previ-
ous work [36], it was found that the nonfactorizable con-
tributions in the respective 1/2 and 3/2 isospin reduced
amplitudes  for  Cabibo-favored B — xD/pD/nD*
decay modes bear a universal ratio equal to a within the
experimental errors. Extension of this universality to
B — a;D/nD,/nD//nD,/nDy is hoped to yield useful pre-
dictions for their branching fractions. Therefore, in this
paper, we extend our analysis to investigate nonfactoriz-
able terms in the p-wave mesons emitting decays.

The remainder of this paper is organised as follow. In
Section 11, the weak Hamiltonian is expressed as a sum of
two particle-generating factorizable and nonfactorizable
contributions to the hadronic decays of B-mesons. In Sec-
tion III, we introduce the methodology of our approach
by analysing s-wave mesons emitting decays of bottom
mesons. In Section IV, detailed analysis of p-wave meson
emitting decays is presented. Summary and conclusions
are given in the final section.

II. WEAK HAMILTONIAN

To study the two-body hadronic B—decays, we con-
sider the effective weak Hamiltonian [37]

H, = %vc,,v;d ley (du) @) + e @) (@b)] . (1)

where V,; and V., are the Cabibbo—Kobayashi—Maskawa
(CKM) matrix elements [1],

V. =0.975, V., =0.041,
G19> = §1v, (1 —¥s)q, denotes color singlet /=4 Dirac cur-
rent, and the QCD coefficients at the bottom mass scale
are taken as [27, 38]
c; =1.132, c; = —0.287. (2)
In the standard factorization scheme, the current oper-
ators in the weak Hamiltonian are expressed in terms of

the fundamental quark fields. It is appropriate to have the
Hamiltonian in a form such that one of these currents car-
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ries the same quantum numbers as one of the mesons
emitted in the final state of bottom meson decays. Con-
sequently, the hadronic matrix elements of the Hamiltoni-
an operator H,, receive contribution from the operator it-
self and from its Fierz transformation. For instance, sep-
arating the factorizable and nonfactorizable parts of
(du)(ch)using the Fierz identity [39] as

(du)(cb) = %(Eu)(c?b) + % @A) (dA°D) , 3)

where §,4°q» = g1y, (1 —7vs)A%g, represents the color oct-
et current, and performing similar treatment on the other
operator (¢u)(db), the weak Hamiltonian finally becomes

HSF = %Vcb iy |ai(du) @by +c2Hy) 4)
HES = Oy, Ve, [ax @y (db), + 1 Y] 5)
wo \/z cb Vud (42 H H s

for the CF and CS processes, respectively, where

c
a12—012+;7c1 (6)

8
HS = %Z(ma u) (dA°b),

a=1

8
Z (dA“u) (€A b).

I\JM—‘

(7

The subscript H in (4) and (5) indicates the change from
quark current to hadron field operator. Matrix elements of
the first terms in (4) and (5) lead to the factorizable con-
tributions, and the second terms, involving the color oct-
et currents, generate nonfactorizable contributions.

ITI. ANALYSIS OF ss-WAVE MESON EMITTING
DECAYS OF B-MESONS

In this section, we describe our approach by analys-
ing B— PP decay mode. The branching fraction for B-
meson decay into two pseudoscalar mesons is related to
its decay amplitude as follows:

Gr 2

V2

B(B— P\P;) =15 —=VaVyy

)

®)

P 5 2
M‘A (B— P Py)

where 75 denotes the lifetime of B-mesons measured to
be [1]

7,0 =(1.51920.004)x 1072 5,75 = (1.638£0.004) x 10~'% s,

and p is the magnitude of the 3-momentum of the final
state particles in the rest frame of the parent B-meson:

1
p=Ipil=Ip2l = e {[mé —(m +m2)2]
B

1/2

X [my — (m, —mz)z]}

Using the isospin framework, B — nD decay amplitudes
are represented in terms of isospin reduced amplitudes
(A77, A37) and the strong interaction phases (677,
%) in respective Isospin —1/2 and 3/2 final states as fol-
lows:

_ 1
AB’ - 1 D*) = — [ATRe: + V24T,

V3
_ 1
A(B" - n°D°) = — [ V2430 — AThe ]
\/g /
A(B™ — 17 D°) = V3ATDe™ ., 9)

These equations lead to the following relations:

A™D A 0 -+ 2 70 00 2
W:, (B’ - D" +‘A(B —>7rD)’

- 7|A(B -]
AR = \/;|A(B‘ - D%)|. (10)
The experimental values [1]
B(B" > D) =(252+0.13)x 107,
B(B"—>°D") = (2.630.14)x 107,

B(B = D") = (4.68+0.13)x 107,

yield

ATD = £(1.273£0.065) GeV?,ATh = +(1.323£0.018) GeV°.
an

We express decay amplitude as the sum of the factoriz-
able and nonfactorizable parts,

A(B — nD) = A’(B— D)+ A" (B — nD),  (12)
arising from the respective terms of the weak Hamiltoni-
an given in (4) and (5).

Using the factorization scheme, spectator-quark parts
of the decay amplitudes arising from W-emission dia-
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grams are derived for the following classes of B — xD
decays:

AV(B® — 1 D*) = ay f; (my — m3,) FEP (m2)
=(2.180+ 0.099) GeV?, (13)

. 1 =
AT (B - n°D°% = _$a2fD (sz —m,zr) Fg" (m%))

=—(0.111+ 0.021) GeV?, (14)

A'B™ =7 D") = a fr (my =) F3P (m})
+aa fi (i —mz) Fy™ (m )

=(2.339+ 0.103) GeV°. (15)

Numerical inputs for the decay constant

fp =1(0.207£0.009) GeV, f,=(0.131£0.002) GeV, (16)
are taken from the leptonic decays of D and © mesons, re-
spectively [40].

Assuming the nearest pole dominance, the mo-
mentum dependence of the form-factors appearing in the
decay amplitudes given in Egs. (13)—(15) is taken as

Fo(0)

Fy (q2) — 7(1 —qz/m%) s

(17)

where the pole masses m, are given by the lowest lying
meson with the appropriate quantum numbers, i.e.,
JP =0" for F,(0) and 1~ for F,(0). For numerical estim-
ation, we take scalar mesons catrying the quantum num-
ber of the corresponding weak currents, which are
my(0%) =5.78 GeV and m,(0*) = 6.80 GeV [2—-21, 41, 42].
Form-factors F,,(0) at ¢*> =0 are taken from [43] as fol-
lows

FF(0)=(0.27+0.05), FEP(0)=(0.66+0.03). (18)

Exploiting the isospin relations

_ 1 B i
A{/Z(B_”TD) = % { ‘/EAf(BO —a DY) —Af(BO —>7r0DO)} ,

- 1 o =
A} (B—nD) = NG {A7(B">7 D)+ \/EAf(B°_>n°D°()l}9,)

we obtain

Af), = (1.845+0.082) GeV?, A}, =(1.168+0.060) GeV".
(20)

We write the non-factorizable part of the decay amp-
litudes in terms of isospin CG coefficients [21, 22] as
scattering amplitudes for the spurion +B — 7D process:

AY(B'—nD%) = %cz (=D || HE||B)

32 +2 (xD H HFVHB>1/2> ’

AY(B -n'D") = <e (zD | A5||B), ,~(xD| AS||B),,,) .

AIB D) = (D | HS [ BY, . (x| S| B),.

2

where the spurion is a fictitious particle carrying the
quantum numbers of the weak Hamiltonian. At present,
there are no available techniques to calculate these quant-
ities exactly from the theory of strong interactions. There-
fore, subtracting the factorizable part (20) from the exper-
imental decay amplitudes (11), we determine the nonfac-
torizable isospin reduced amplitudes as

A}, =~(0.572+0.105) GeV?, A%/, = —(2.491 +0.062) GeV>.
(22)

By choosing positive and negative values for A77,= and
A3P o0, respectively, from Eq. (11). These bear the fol-
lowing ratio:

A"f
=< 1}2) =0.229+0.042. (23)
An
3/2/ B-nD

Such isospin formalism can easily be extended to B — pD
and B — nD"decays, as the isospin structure of these de-
cay modes is exactly the same as that of B — xD. Follow-
ing the procedure discussed for the B — 7D mode, we
calculate the ratio of non-factorizable isospin parts for
B — pD and B — nD* decay modes, given as follows for
the sake of comparison:

AV, (B> pD) A AV (B— xD") A Al,(B - nD)
3/2(3 - pD) 3/2(B — nD* ) 3/2(3 — 7rD) (24)
0.200+0.096  0.211+0.109  0.229+0.042

Note that the ratios of @ = Al/z/A3/2 for all three decay
modes B — nD/pD/nD* are in consistent agreement with
each other.

In fact, these relations can be expressed in a generic
form as

023105-4



p-wave mesons emitting weak decays of bottom mesons

Chin. Phys. C 49, 023105 (2025)

_ TBO
B_,+By = . By_
.
2
(\/E—Q)AJ;— (1 + \/Ea)Ago
{1+ a+ N } (25)
0,

with @=A1/,/A%,, where the subscripts of branching
fractions B_,, Byg, By denote the charge states of the non-
charm and charm mesons emitted in each case. A7, and
A}, factorizable amplitudes denote the charge state of the
mesons for B°—decays. A,_, the total decay amplitude, is
obtained from the B~— decay as

By

Ag- = - - )
0 75~ X (kinematic factor)

(26)

where the kinematic factors for B — PP and B — PV are
as follows:

_ G ?
kinematic factor for B — PP = |—=V,, Vi L’
\2 8my,
(27)
_ G P p
kinematic factor for B — PV = |—— Ve Vi Lz
\2 8rmy,
(28)

where p is the magnitude of the three-momentum of the
final-state particle in the rest frame of the B-meson, and
mp and m; denote the masses of the B-meson and vector
meson, respectively.

Taking the average value of a = 0.22, the predi-
cted sum of the branching fractions of B°— decays [37] is
given as

B (B° N n—D+) +B (BO - 7TOD0>
= (0.28 +0.02)%
= (0.28+0.01)%

Theo,
Expt; (29)

B(B"—pD*)+B(B - p’D")

=(0.76 £0.13)% Theo,
—(0.79+0.12)% Expt; (30)
B <BO - ﬂ’D**) +B <BO - ﬂOD*O)
=(0.29+0.04)% Theo,
= (030+0.01)% Expt. 31)

All theoretical values match well within experimental er-
rors.

IV. ANALYSIS OF p-WAVE MESON EMITTING
DECAYS OF B-MESONS

In this section, we study the Cabibbo-favored p-wave
meson emitting decays in the channels B — PA/PT/PS
involving b + u— ¢ + d/s transitions. Naively, one may
expect these decays to be kinematically suppressed due to
the large masses of the p-wave resonance. However, it
has been found that their measured branching fractions
compete well with those of the s-wave meson emitting
decays of bottom mesons. On the experimental side,
branching fractions of a few such decays have been meas-
ured, as shown in the Table 1. Among them, B — a,D de-
cays have clean values for their branching fractions,
whereas other branching fractions are measured in the
composite form. From the results of s-wave analysis, we
can extend this isospin formalism to B — a;D/
D, /nD /nD,/nD, decay modes, as the isospin structure
of these decay modes is exactly the same as that of
B — 7D mode.

A. B— PA MODE

1. Axial-Vector meson spectroscopy

Experimentally [1], two types of axial-vector mesons
exist with different charge conjugation properties, i.e.,
3Py (JP€=1"") and 'P, (J7“=1"), which behave well
with respect to the quark model ¢g assignments observed;
strange and charmed states are given by mixture of 3P,
and ! P states. In contrast, hidden-flavor diagonal 3P; and
'P, states have opposite C-parity and therefore cannot
mix. The following non-strange and uncharmed mesons
have been observed (mass in GeV):

For 3P, multiplet:

Table 1.  Experimental data for p-wave meson emitting
decays [1].
Experimental
Channels Branching fraction of decays branching fractions
(1]
BB’ —a;"D") (6.0+£3.3)x1073

) BB~ —a;"D") (4+4)x1073
B—PA

B(B™ -7~ D1(2.420)°) (15+0.6)x1073
B(B~ —n~D{(2427)°) x B(D;(2.427)° 52" D*") (5.0+1.2)x 107~

B B(B™ —n D5(2.462)%) x B(D}(2.462)° -2~ D*) (3.56+0.24)x 10~

BorT B(B™ — 1~ D}(2.462)°) x B(D3(2.462)° -7~ D**) (22 £ 1.1)x 107*

B— PS B(B~—n Dj(2.400)°) x B(D}(2.400)° >~ D*) (6.4+1.4)x 107
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i. Isovector a;(1.230)with the quark content
ud,uii —dd/ V2, and di,:
af,alanda; . (32)

ii. Four isoscalars f;(1.285), f1(1.420), f; (1.512), and
xc1(3.511) have been observed, of which f(1.420) is a
multiquark state in the form of a KKz bound state [44] or
KK* deuteron-state [42].

For ! P, multiplet:

1. Isovector b;(1.229) with flavor content the same as
given in (32):

b, Bandby. (33)

ii. Three isoscalars  £,(1.170), h}(1.380), and
h1(3.526). The C-parity of #';(1.380) and spin and parity
of h.,(3.526) remain to be confirmed.

The proximity of a;(1.230) and fi(1.285), and to a
lesser extent that of 5,(1.229) and £,(1.170), indicate the
ideal mixing for both 1** and 17~ diagonal states.

The states involving a strange quark of A (J7¢ = 1**)
and A’ (J*€ = 1"") multiplets mix to generate the physical
states in the following manner [45—47]:

K1(1270) =Kija siné’l + K4 cos0,
K1(1.400)=K|AC0801—K1A/Sil’191, (34)

where K;, and K;, denote the strange partners of
a1(1.230) and b;(1.229), respectively. The Particle Data
Group [1] assumes that the mixing is maximal, i.e.,
0, = 45°, whereas 7, — K;(1.270)/K,(1.400) + v, data yield
0, =+37° and 0, = +58° [48]. However, the study of
D — K (1.270)xr; K{(1.400)r decays rules out positive
mixing-angle solutions. As D — K;(1.400)z* is largely
suppressed for 6; = —37°, the solution 6, = —-58° [49] is
experimentally favored.

The mixing of charmed (ci and cd) and strange
charmed (c5) state mesons is given in a similar manner:

D1(2420) = DlA Sinng + D1A/ COSHD1 5
D{(2.427) = Dyscos6p, — D4 sinfp,, (35)
and

D,1(2.460) = D5 sinbp,, + Ds14 cosOp

517

231(2535) = DslA COS HD“ - DXIA’ siné’Dvl . (36)

However, in the heavy quark limit, the physical mass
eigenstates with (J© = I7) are P}’* and P}’ rather than
*P, and 'P; states, as the heavy quark spin S, decouples
from the other degrees of freedom, such that S, and the
total angular momentum of the light antiquark are each
good quantum numbers. Therefore, heavy quark sym-
metry leads to

P =5 3ee)
) = \E|‘P1>— \/gmn» (37)

However, beyond the heavy quark limit, there is still a
small mixing between P;’> and P,’* states, denoted by

D, (2.420) = D}"* cosb, + D;'*sin6,,
D'|(2.427) = —=D}*sin6, + D> cos6,, (38)

Likewise, for strange axial-vector charmed mesons,

D,1(2.460) = D!/*cos6; — D?/*sin6s,
D,,(2.535) = D!*sin6; + D!* cos 65, (39)

where the mixing angle 6, = —(5.7 £2.4)° was obtained by
the Belle Collaboration through a detailed B — D*nn ana-
lysis [50, 51], while 6; ~ 7° was obtained from the quark
potential model [49]. We now consider B — a;D and
B — 7D, /xD’, decays in the following subsections.

2. B— a, D decay mode

In this section, we illustrate methodology of our ap-
proach by analysing B — PA decay mode. The branching
fraction for B-mesons decay into pseudoscalar and axial
vector mesons is related to its decay amplitude as fol-
lows:

2 3
L AB - PAPR. (40)

2
8mmy

Gr
7Vc V:
V2

where p is the magnitude of the 3-momentum of the final
state particles in the rest frame of the parent B- meson,
and m, denotes the mass of axial-vector meson.

B(B— PA) =13

1
p=Ipil=1pal = 2 [{m—(mp+ma)’}
X {mZB —(mp —mA)Z} ] 2

Using the isospin framework, B — a;D decay ampli-
tudes are represented in terms of isospin reduced ampli-
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tudes (A{)3, A512), and the strong interaction phases (5713 »
5'31}?) in respective Isospin —1/2 and 3/2 final states are

1 .aD . aD
A(EO - aIDJr) - @ {Agl/é)eu%}z + ZA?}ge"sl}z ] ’
1 is1P . a|D
A(EO - a(l)DO) = ﬁ {‘/EA?'/zDelég}z —A?}fe“sl}z } ,
. aD
A(B™ = a; D) = V3A P @)

These equations lead to the following relations:
AP =[A (B - a D) [+ |4 (B - di0")
sl —af]”
Az = \/%A (B ~aiD)], (42)

and using the experimental value B(B~ — a;"D°) =
(4+4)x 107, we get

A (B —a;D") = (0.25+0.25) GeV>. (43)

The isospin formalism assists us in deriving a generic
relation among the branching fractions of B — a;D de-
cays as follows:

BB’ - a;D*)+B(B" - a°D°)

= %B(B‘ — al_DO){1+ {a
( V2 - a/) AM(B" - a;D%) - (1 + \/§a> A/(B— aYD%)7?
- A(B- > a;DY) } }
(44)

where @ EAT-,’;/AQ,Z =0.22, from the analysis of s-wave

meson emitting decays of B-mesons, inspired by the ana-
lysis of charm meson decays [22], where it has been ob-
served that the p-wave mesons bear the same ratio as that
of D — 7K decay mode.

Now, we obtain factorizable amplitudes for B° de-
cays as

A/ (B® = a;”D*) =2aym,, f, F,*" (m2)

ai

=(0.369+0.016) GeV?, (45)

— 1 _
Af(BO - aIODO) =— $a2ma|fDVOB“‘ (sz)

=—(0.0033 +0.0001) GeV?, (406)

where the decay constants are taken from [42]:

fu =—(0.203£0.018)GeV, fp = (0.207 £0.009) GeV.
(47)

The form-factor Vg™ (m3) is obtained from CLFQM [40]
results with the following ¢ dependence:

Vi (0)

() ()

Ve () = : (48)

where

VE1(0)=0.14+0.01, a = 1.66+0.04, b= 1.11+0.08, (49)

and

FP(0) = F°(0) = (0.67+0.01),

which has already been used in (18). Finally, taking
B(B~ — a; D% = (4+4)x 1073, we predict

B(B® = a; D)+ B(B — aD")
(4.7+0.7)x 107 for B(B~ — a;D°) =4x 107,
(5.6+0.3)x 107 for B(B~ — a; D°) =8x 107,

which are barely touching the experimental value of
B(B" — a;D*) = (6.4+3.3)x1073.

There are several existing model calculations for the
B — A form factors: the ISGW2 model [4], constituent
quark—meson model (CQM) [52], QSR [53], LCSR [54],
and more recently, the pQCD approach [55]. For the sake
of comparison, results for the B — q, transition form
factors are given in Table 2 for these approaches, which
show relatively significant differences because these ap-
proaches differ in their treatment of dynamics of the
form-factors. Specfically, V" =1.20 obtained in the
quark—meson model and 1.01 in the ISGW2 model are
larger than the values obtained by other approaches.

Considering these uncertainties, in Fig. 1, we present
variation of the sum of

Table 2. Form-factor of the B — g, transitions at maximum
recoil (g°=0). The results of CQM and QSR have been res-
caled according to the form-factor definition.

CLFQM ISGW2 CQM QSR LCSR _ pQCD
Boa Bl (52 [53] [54] [55]

Vo 0.14+0.01  1.01 1.20  0.23+0.05 0.30+0.05 0.34+0.07
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Fig. 1.  (color online) Variation of EB(BO —>a|D) with

B(B~ — a;~D°) for different values of form-factor.

Z B (BO - decays) =B(B" - a;D*)+B(B — a!D")

with respect to B(B~ — a,~D°)for different values of form
factor, Vo2 (0)=0.14 and 1.20 (the dashed line corres-
ponds to Vo (0) = 0.14, and the solid line corresponds to
VoP(0) = 1.20), which enhances our prediction by a
factor of 1.19, i.e.,

B(B° — a;D")+ B(B— a’D°) = (5.6 +0.3) x 107,
We also notice that the present data favour B(B~ —
a;D°) being on the higher side. A new measurement of
branching fractions of these decays would clarify the situ-

ation.

3. B — D, (2.420) decay mode

We start by writing the generic formula explicitly for
B~ — 17D, (2.420)°

B(B" - n"D?)+ BB’ — n°D")

= 5 BB - DY) {1+{a

37'3—

(V2-a)A/(B' > 7 D}) - (1+ V2a) A/ (B - n°DY) 2
" A(B = DY) } }

(S1)

nf
We take a= ,],;2 =0.22 from the analysis of s-wave

. 032
meson emitting decays of B-mesons (23).
From the experimental branching B (B~ — n~D{) =
(1.5£0.6)x 1073 , we get

A(B~ — 77 DY) = (0.213 £0.040) GeV?, (52)

Now, we obtain factorizable amplitudes for B°- decays
as follows:

A'B° - D) = 2aymp, f; Vo1 (m2) = 0.332 GeV?,

- 1 -
Af(BO —>7TOD10) = —72&2771D1fD1F‘137r (m%)] )

V2
=0.012 GeV?,
(53)
where the decay constants are given by
Jo, = fD}/z cosé, +fD?/2 sinfy, (54)
and
i 12 = (0.179+£0.035) GeV,
fo” =—-(0.054+0.013)GeV,
f»=(0.131£0.002) GeV, (55)

are taken from [42]. Required B — D, form factor is giv-
en by

Va (m2) = V" () costn+ V" () sinl

s

(56)

B2, B,

The form-factors V (m,r) and V, (m,,) are taken
from CLFQM [40] results with the following ¢* depend-
ence:

BD'?
i) V' (0)
v () = ey (57)
l—al L) —p( L
< a(m%) b(m%) )
- BD3?
V. BD3"? (qz) _ Voot (0) (58)

where

Vo217 (0) = 0.11+0.01,
a=1.08+002, b=008+0.03; (59)

Vo217 (0) = 0.52+0.01,

a=1.14+0.04, b5=0.34+0.02. (60)
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The B — nform factor,

FB(0) = F5" (0) = (0.27 £0.05),

has already been used in (18). For the charm meson mix-
ing angle 6, = —(5.7 £2.4)°, we predict,

>'B (B° - 7rD1) = BB’ - " D})+ B(B* > n°D?)
4.7+1.7)x10* for 9, = -8.1°

= (61)
(4.9+1.7)x 107 for 6, = —3.3°

Here, we also plot variation of the sum of B(B° — 7~ D}")

and B(B" — n°D})) with respect to B(B~ — n~D,°) in Fig.
2, in the light of experimental error in B(B~ — 7~ D,°).

4. B — 1D/ (2.427) decay mode

The generic formula for B~ — 7D’ ;(2.427)° takes the
following form:

B(FB0 - n_D/1+) + B(E0 - nOD’IO)

= 2 BB - D")[1+{a
37'37
(V2-a)A/(B" 7 D)~ (1+ V2a) A/(B > 2°D}) . 2
" A(B-—7r D% } ]
(62)
nf

Here, we also take @ = ,1,;2 =0.22,
3/2
Using experimental branching B (B~ —r~D}(2.427)")
xB (D}(2.427)° — n~D"") given in Table 1, assuming that
the D;® width is saturated by nD* [50] and then using
isospin sum rule,

0.0010

B — xD,(2.420)

— 00008}
)
tl’ 0.0006 +
T
'T A Ann
[ 0.0004 |
=
N 0.0002 +

0.0000 M L L L o -

0.0010 0.0012 0.0014 0.0016 0.0018 T
B(B™ - 77 D,(2.420))

Fig. 2.  (color online) Variation of ZB(BO —>7rD1) with
B(B~ - D).

B (B~ — n D} (2.427)°) x B(D}(2.427)° - n D**) =2/3,
(63)

we obtain B(B~—a D) =(7.5£1.7)x10™, which
yields

AB~ - 1 D,%) =0.213 GeV~. (64)

Now, we obtain factorizable amplitudes for B’-decays,
given by

AI(B° - D)) = 2a,mp, VPP 1" (m2)
=0.106 GeV>.

_ , 1 i
A (B = 7D = = —=2asmyy fry1e P (m2D,3/2 )
1

V2
=-0.029 GeV~. (65)
Here,
fD’l = —fD}/z sin#, +fD?/2 cosby, (66)
BD' 2 BD'? 2 . BD? 2
Vo '(m) ==V, ' (m2)sin6 +Vy ' (m})cos6;. (67)

We use numerical values for the decay constants and
form-factors, as presented in the previous case. Finally,
we predict

> " B(B'>rD))=B(B" - D{")+B(B - 1'D)°)
(8.8+0.4)x 107 for 6, = —8.1°

= (63)
(8.4+0.4)x 107 for 6; = =3.3°

Considering the uncertainty of the experimental
branching B (B~ — n~D/(2.427)°), here, we also plot the

variation of > B (BO - 7rD'1) with respect to B(B~ —
n~DY in Fig. 3.

B. B — nD}; decay mode

Experimentally [1], the tensor meson sixteen-plet
comprises of isovector a,(1.320), strange iso-spinor
K;(1.430), charm triplet D;(2.460), D:,(2.573), and three
isoscalars f,(1.270), f,(1.525), and y.(1P). These states
behave well with respect to quark model assignments. For
B — PT decays, only one mode has been observed [1],
B(B~ — n~D3%(2.460)), and more data are expected to
come in near future.

The generic formula for B — xD*, decays is given by
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BB’ - D)+ BB’ - DY)

= EB(B' - D) [1+{0/
3T37
( «/Z—a) AI(B" > D3)-(1+V2a) A/(B > n°D) . 5
’ A(B-—>nD*) b
(69)

We proceed to calculate various quantities on the right-
hand side. We combine both the results given in Table 1,
ie.,

B(B~ —n~ D;(2.462)%) x B(D;(2.462)° — n~D")
=(3.56+0.24)x 1074, (70)

B(B™ — n D3(2.462)°) x B(D5(2.462)° — 1~ D*")
=(22+1.0)x10™, (71)

to arrive at

B(B™ — m D5(2.462)°) x B(D5(2.462)° » n~D*,n” D)
=(5.7+1.1)x10™.
(72)

Using B(D3(2.462)° — n~D*,n~D**) = 2/3 following

from the isospin symmetry and assuming that the D3’
width is saturated by 7D and nD* [50—59], we get

B(B~ — 1 Dy’(2.462)) = (8.6 +1.7)x107*.  (73)

We use the branching fraction formula

_ Gr ? m%PS 7 2
B(B— PT) =1s|—=VerViu| 752 = |A(B— PT)[",
( ) V2 12nm‘;| ( )
(74)
0.00100 T T
B — D (2.427)

0.00090 F ]
0.00085 —,//-

0.00080 F

> B(B" »aD,(2427))

0.00070

B(B~ > 7 D(2.427))
Fig. 3. Variation of Y~ B (B® - xD}) with B(B~ - =~ D;°).

where p is the magnitude of the three-momentum of the
final-state particle in the rest frame of B-meson and my
and m; denote masses of the B-meson and tensor meson,
respectively.

By using the experimental value (72), we get

AB™ - Dy") = (6.5+0.6) x 107 GeV. (75)

The factorization parts of the weak decay amplitudes for
B — PTdecays are expressed as the product of matrix ele-
ments of weak currents (up to the weak scale factor of
% X CKM elements x QCD factors ):

(PT|H,|B) = (PIJ*|IOXT|Ju|B) + (T|J*|0)P||B).  (76)

The matrix elements (P| J¥|0) and (P | J,|B) are given
below. The hadronic current creating meson from the va-
cuum is given by

(P| J¥|0) = ifp Ps, (77)

where Pp is the four-momentum of the pseudoscalar
meson. However, the matrix elements (7'|J#|0) vanish due
to the tracelessness of the polarization tensor &, of spin 2
meson and the auxiliary condition g*g,, =0 [60]. Thus,
the tensor meson cannot be produced from the V-A
current. Relevant B — T matrix elements are expressed as
follow:

(T (P7)|J,u|B(Pp)) = ihe*"” Pgy (P + Pr)' (Pg— PrY

+ke Py +b, (645" PyPE") [(Pg+ Pr), +b_(Pg—Pr),]
(78)

in the ISGW2 model [5]. The matrix elements simplify to
A(B— PT)=—if,F*" (m}), (79)

where
FI7 () = k() + (i) b (1) + b (1) . (80)

Now, we obtain factorizable amplitude values for B°—de-
cays,

A/(B® = ™ D5Y) = ay fFP (m2)
0.070 for F°> (m2) = 0.52,

= - (81)
0.051 for F*P> (m?) = 0.38,
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using the decay constant values f; = —(0.131 £0.002) GeV,
as already used in the previous sections [40], and the
form factor FB: (m?) =0.52,0.38, taken from the
CLFQM [40] and ISGW models [3]:

D * l Brr
A/(B° = 7°D0) = 5 for P (3, ) =0, (82)

A’ (B° - n°Dy’) becomes zero due to vanishing of the de-
cay constant of the D meson. Finally, using (69) for
a =0.22, we predict

BB’ - n D3+ B(B" - n°Dy’)

(5.720.4)x 10~ for F*2 (m2) = 0.52;
- n (83)
(4.1+0.4)x 107 for F*"2 (m) = 0.38;

for the two choices of FBP2 (m2) =0.52,0.38, respe-
ctively, which may be tested in future experiments. Con-
sidering the ambiguity of the experimental B(B~ —
n~D;(2.460)°), we show the increasing behavior of
S"B(B" — nD,) with respect toB (B~ — 7n~D3’) in Fig. 4
for both choices, shown as dashed and thick lines, re-
spectively.

C. B — D decay mode

The scalar mesons mostly appear as the hadronic res-
onances and have large decay widths. There will exist
several resonances and decay channels within a short
mass interval. The overlaps between resonances and
background make it considerably difficult to resolve the
scalar mesons. The scalar-meson family has been the
most difficult one to identify as a standard sixteen-plet.
Experimentally [1], the following states of scalar meson
sixteen-plet, isovector a,(0.980), strange spinor K;(1.429),
one isoscalar y.o(1P)(3.145),and charm triplet D;(2.400),
D:,(2.480), behave well with respect to quark model as-
signments. For B — PS decays, only one mode has been
observed [1], B(B~ — n~D;°(2.400)), and more data are

0.0010 = T T
B—zD",

0.0008

\

G . —_
00008 T raot 21 g2 _—
/

O, 0y

e

Z B(B

0.0004

0.0002 |

F™%(m})=038

0.0000
0.0000 0.0002 0.0004 0.0006 0.0008 00010 0.0012 0.0014

B(B™ -> 1" + DY)

Fig. 4. (color online) Variation of Z B (BO -7 D;) with
B(B~ — n~ D39 for different values of form-factor.

expected to come in the near future.
Writing the generic formula explicitly for B — nDj,
decays,

BB’ - n D)+ B(B" - n°Dy’)
_ TBO _ — 0
=3B~ D )[1+{e
( \/i—a) Al (B —n Dy")- <1+ \/Ea) A/(B° —'Dy) }2]
+ A(B->n DY) '
(84)

To obtain the branching fraction B (B~ — 7~ D}’) from the
experimental value

B(B~ —n~Dj(2.400)°) x B(D;(2.400)°) — 7~ D*)
=(6.4+14)x107, (85)

given in Table 1, we employ isospin symmetry, which
gives

I (DY — n~D*) 2
I'(DY - n°D%) +T (D > n~D*) 3’

(86)

and realizing the saturation of strong D;’ decays with
D’ — D modes [52], we estimate

B(B™ - 7 D;(2.400)°) = (9.6 +2.1)x 107, (87)

for our analysis. Using this estimate and decay rate for-
mula, similar to that of B — PP,

2

p -

. (88)

G
— Vep V:d

V2

B(B—PS) =15

and we get
A(B~ - 1 D% = (1.06+0.32) X 107 GeV>. (89)

We then obtain factorizable amplitudes for B°—decays,
which are given as
AN(B" - n7Dy") = ay fr(my — m3y. YFPP'0 (m2)
=0.824 GeV?,

- i 1 -
AM(B® - n°Dy*%) = —72612]“0*0(”1% - m,zr)FB (mf)*o )

\/_
=-0.0522 GeV* (90)

Numerical values are calculated using the decay con-
stants [42],
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fr=(0.131£0.002) GeV, fy; = (0.107£0.013) GeV. (91)

and F?2 (m2) from the CLFQM [40] results, i.e.,

- FB2(0
F5% (¢) = O o
2 2
(-a()-+(£) )
a\— 2
mpg mpg
where
F®%(0) = (0.27+0.01),
a=1.08+0.04, b=023+0.02, (93)

and the form-factor F?7(0) = 0.27 +0.05 was already giv-
en in previous sections.
Finally, we predict

> " B(B'—D;) = BB - n D)

+B(B— 72°D}) = (4.8+0.6)x 107, (94)

for @«=022. Here, we also plot the variation of
>.B (BO - ﬂDo*) with respect to B(B~ — n~Dy’) in Fig.
5, which also shows increasing behaviour.

V. SUMMARY AND CONCLUSIONS

In our previous work, we conducted isospin analysis
of CKM-favored two-body weak decays of bottom
mesons B — PP/PV,occurring through W-emission quark
diagrams. Obtaining the factorizable contributions from
the spectator-quark model for N, = 3 (real value), we
have determined nonfactorizable reduced isospin amp-
litudes from the experimental data for these modes. We
have observed that in all the decay modes, the nonfactor-
izable isospin reduced amplitude A'f{g bears the same ra-

tio asAlg% within the experimental errors. In the charm

0.00060 pr— ¥
0000sst B —> 1D,

0.00050 |

» 7D,

0.00045 |

0.00040

0.00035F

> B(F

0.00030

0.00025

0.00020
0.0007

0.0009 0.0010 0.0011

BB —»>x D)

0.0008

Fig. 5. (color online) Variation of ZB(BO —>an) with
B(B~—>x D).

sector, a systematics observed for the charm mesons de-
caying to s-wave mesons has been found to be consistent
with their p-wave meson emitting decays [22]. Encour-
aged by the success for the s-wave emitting decays in the
bottom meson sector [36], we have extended isospin ana-
lysis to the p-wave meson emitting decays in B — PA/
PT/PS channels, particularly for the B — a,D/=xD,/nD)/
nD,/nDy decays, which have the same isospin structure
as that of B — nD/pD/nD* cases.

To include the effects of nonfactorizable contribu-
tions, for these cases, we exploit the generic formula to
predict the sum of the branching fractions of B’— decays
in these channels. As there are large errors involved in
B(B - a;D) = (4+4)x 107 and the form-factor F5(0) is
not uniquely known, looking at these uncertainties, we
plot the variation of Y~ B(B° — deccys) with respect to
B(B~ — a,"D") for extreme values of V3 (0)=0.14 and
1.20, which enhances our prediction by a factor of 1.19.
Our predictions will be tested in future experiments.

We extend our analysis to B — nD,/nD’\/nD,/nD,
decay modes, which have a similar isospin structure, and
make predictions for B°—decays. It is hoped that the pre-
dictions made in this paper will help experimentalists to
identify the p-wave meson emitting decays of the heav-
iest bottom mesons.
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