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Branching ratios of B, meson decaying to vector and axial-vector mesons
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We investigate the weak decays of B, mesons in Cabibbo-Kobayashi-Maskawa-favored and
-suppressed modes. We present a detailed analysis of the B. meson decaying to a vector meson (V)
and an axial-vector meson (A) in the final state. We also give the form factors involving the B, — A
transition in the Isgur-Scora-Grinstein-Wise II framework and, consequently, predict the branching ratios

of B, — VA and AA decays.
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I. INTRODUCTION

The B, meson was first discovered by the CDF collabo-
ration at Fermilab [1] in 1998. At present, a more precise
measurement of its mass and lifetime is available from the
Particle Data Group [2], i.e., M B, = 6.277 = 0.006 GeV
and 75 = (0.453 % 0.042) X 1072 s. It is believed that
LHC-b is expected to produce 5 X 10'" events per year
[3-6], which is around 10% of the total B meson data.
This will provide a rich amount of information regarding
the B, meson.

The B, meson is a unique Standard Model particle,
being a quark-antiquark bound state (bc) consisting of
two heavy quarks of different flavors, and is therefore
flavor asymmetric. The study of the B, meson is of special
interest as compared to the flavor-neutral heavy quark-
onium (bb, c¢) states; while the former only decays via
weak interactions, the latter predominantly decays via
strong interactions and/or electromagnetic interactions.
The decay processes of the B, meson can be divided into
three categories: (i) decay of the b quark with a ¢ quark
being a spectator, (ii) decay of the ¢ quark with a b quark
being a spectator, and (iii) the relatively suppressed anni-
hilation of b and ¢, which is ignored in the present work.
One can find several theoretical works based on a variety of
quark models [7-18] for the semileptonic and nonleptonic
decays of B, emitting s-wave mesons, pseudoscalar (P)
mesons, and vector (V) mesons. Relatively less attention
has been paid to the p-wave meson-emitting weak decays
of the B. meson [19-25]. In the recent past, several rela-
tivistic and nonrelativistic quark models [13,15,19-22]
have been used by employing the factorization approach
to calculate the branching ratios (BRs) of the B, meson
decaying to a p-wave charmonium (c¢) in the final state.
Most recently, the Salpeter method [24] and the Improved
Bethe-Salpeter Approach [25] were used to probe non-
leptonic decays of the B. meson. On the experimental
side, more measurements regarding the B. meson will be
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available soon at the Large Hadron Collider (LHC),
LHC-b, and Super-B experiments. The high-precision
instrumentation at these experiments may provide precise
measurement of BRs of the order of (107¢), which makes
the study of B, meson decays more interesting. The devel-
oping theoretical and experimental aspects of B, meson
physics motivate us to investigate weak hadronic decays
of B. mesons emitting vector and axial-vector (A) mesons
in the final state. We employ the improved Isgur-Scora-
Grinstein-Wise quark model (known as the ISGW 1I
Model) [26,27] to obtain B, — A transition form factors.
Using the factorization approach, we calculate the decay
amplitudes and predict the branching ratios of B, —
VA/AA decays. For the B. — V transition form factors
we rely on our previous work [18], which was based on
flavor-dependence effects in the Bauer-Stech-Wirbel
(BSW) model framework [28].

The presentation of the paper is as follows. We discuss
the mass spectrum and the methodology in Secs. II and 11,
respectively. Decay constants are discussed in Sec. IV. We
present the B, — A transition form factors in the ISGW II
Model and give a brief account of B, — V transition form
factors in Sec. V. Consequently, the branching ratios
are estimated. Results and discussions are presented
in Sec. VI, and last Sec. VII contains a summary and
conclusions.

II. MASS SPECTRUM

Two types of axial-vector mesons exist, *P, (JPC =
1**) and 'P,; (JP€ =17"), with respect to the quark
model gg assignments. These states can exhibit two kinds
of mixing behavior: mixing between 3P, or P, states
themselves, and mixing among 3P, or 'P, states. The
following non-strange and uncharmed mesons states have
been observed experimentally [2]:

(a) 3P1 multiplet consists of an isovector a;(1.230) and
four isoscalars: f(1.285), f1(1.420), f1(1.512), and
Xc1(3.511).

(b) 'P, multiplet consists of an isovector b;(1.229)
and three isoscalars: h(1.170), h{(1.380), and
h.(3.526), where the spin and parity of the
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h.1(3.526) and the C-parity of 4/ (1.380) have yet to
be confirmed.’
In the present work, we use the following mixing
scheme for the isoscalar (17 ") mesons:

£1(1.285) = iz(uu + dd) cos, + (s3)sing 4,

NG

f1(1.512) = \/Li(uﬁ + dd)sing, — (s5) cosa, (1)

x.1(3.511) = (cc).

Likewise, mixing for isoscalar (17 ~) mesons is given by

1 _
h(1.170) = E(uﬁ + dd)cosep 4 + (s5) sing 4/,
1

ﬁ(uﬁ + dd) sing 4 — (s5) cose a, 2)

h!(1.380) =

hey(3.526) = (cé),
with
¢ awy = O(ideal) — 6,4 (physical).

It has been observed that f,(1.285)— 4/ qrm,
f1(1.512)= KK, h;(1.170)— p7r, and h} — KK*/KK*,
predominantly, which seems to favor the ideal mixing for
both 1** and 17~ nonets, i.e.,

ba = by =0°. 3)

The hidden-flavor diagonal 3P, and 'P, states have
opposite C-parity, and therefore cannot mix. However,
there is no restriction on such mixing in strange and
charmed states, which are most likely a mixture of 3Pl
and 'P, states. States involving strange partners of
A(JP€ =1%") and A'(JPC = 177) states, i.e., K4 and
K, mesons mix to generate the physical states in the
following manner:

K1(1270) = KIA SinHK + KIA’ COSeK,

4
51(1400) = KlA COSQK - KIA/ sin@K.

Numerous analyses based on phenomenological studies
indicate that the mixing angle 6 of strange axial-vector
meson states lies in the vicinity of ~35° and ~55°; see
Ref. [29] for details. Experimental information based on
T — K;(1.270)/K,(1.400) + v, data yields Oy = *37°
and 0 = *58° [30]. However, the negative mixing-angle
solutions are favored by D — K;(1.270)7/K;(1.400)7
decays and experimental measurements of the ratio of
K,y production in B decays [31]. Following the discus-
sions given in Ref. [29], which states that a mixing angle
Ok ~ 35° is preferred over ~55°, we use Ox = —37°
in our numerical calculations. This is based on the

"Here quantities in the brackets indicate their respective
masses (in GeV).
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observation that the choice of angle for f-f’ and h-h'
mixing schemes (which are close to ideal mixing) are
intimately related to the choice of the mixing angle .

In general, mixing of charmed and strange charmed
states is given by

D,(2.427) = Dy, sinfp, + Dy, cosfp,,

(&)
21(2422) = DlA COSeDl - DIA/ Sil’leDl,

and
DY1(2460) = DSIA sinHD“ + DslA’ COSQDS],

(6)
Qvl(2535) = DSlA C()Sng‘_I

- DslA/ SinﬁD‘_] .

As pointed out in Ref. [31], for heavy mesons the heavy-
quark spin S, and the total angular momentum of the light
antiquark can be used separately as good quantum num-
bers. In the heavy-quark limit, the physical mass eigen-

states P?/ % and P}/ % with J® = 17 can be expressed as a
combination of the 3P, and ! P, states as

1 2

1/2

|P1/ > = _\/;PP]) +\/;|3P1>,
2 1

|P?/2> = \/;|]P1> + \/;|3P1>-

Thus, the states D,(2.427) and D;(2.422) can be identified
as P}/ % and P?/ 2, respectively. However, beyond the heavy-

)

quark limit, there is a mixing between P}/ * and P?/ 2
given by

D,(2.427) = D)% cosB, + D?/*sind,,

(®)
D,(2.422) = —D}/z sinf, + D?/z cosbs.
Similarly, for strange charmed axial-vector mesons,
Dy;(2.460) = D!/*cosf; + D?/*sin6s, o

D,1(2.535) = —D!/*sinf; + D?/* cosbs.

A detailed analysis by Belle [32] yields the mixing angle
0, = (=57 = 2.4)°, while the quark potential model
[33,34] yields 65 = 7°.

For w and ¢ vector meson states, we consider ideal
mixing, i.e., o = 715(”[’ + dd) and ¢ = 715(s§) [2].

1. METHODOLOGY

A. Weak Hamiltonian

The QCD-modified weak Hamiltonian [35] generating
the B, decay involving the b — c¢ transition in Cabibbo-
Kobayashi-Maskawa (CKM)-enhanced modes (Ab =1,
AC=1, AS=0;, Ab=1, AC=0, AS=-1) is
given by
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HAb=1 =%{vcbv;;d[cl ()(Eb)(du) + c(w)(@u)(db)]

+ Ve Visle1(w)(@b)(5c) + ca(u)(Ec)(5D)]

+ Ve Visle () (@b)(5u) + o (1) (Cu)(3b)]

+ Ve Viglei(m)(@b)(de) + ey (u)(Ec)(db)]}, (10)
and CKM-suppressed (Ab = 1,AC = 1,AS = —1;Ab =

LAC=1,AS=1Ab=1,AC=—-1,AS=—-1;Ab=
I, AC = —1,AS = 0) b — u transitions are given by

f;/g{VubVZ‘fs[Cl(M)(ﬁb)(EC) + e (u)(5b)(iic)]

+ Vi Vigle () (@b)(du) + co(p)(db)(au)]

+ Vi Vislen(w)(@b)(5u) + (1) (5b)(itu) ]

+ Vi Viglei(w)(@b)(de) + cy(u)(@c)(db)1h,
(In

where gq = gy, (1 — s5)gq, Gp is the Fermi constant and
V;; are the CKM matrix elements; ¢; and c; are the standard
perturbative QCD coefficients, usually taken as . =~ m?.In
addition to the bottom-changing decays, the bottom-
conserving decay channel is also available for the B, meson,
where the charm quark decays to an s or a d quark. However,
in the case of B, — VA/AA decays, these modes are kine-
matically forbidden.

HvAvh:l —

B. Decay amplitudes

In the generalized factorization hypothesis the decay
amplitudes can be expressed as a product of the matrix

elements of weak currents (up to the weak-scale factor of

% X CKM elements X QCD factor), given by

(MA|H,,|B.)~(M|J*|0XA|J,,|B.) +(AlJ*|0XM|J ,|B.),
(MA'|H,,|B.)~ (M|J#|OXA|J ,|B.) +(A'IT#IOXMIJ .| B..),
(12)

where M = V or A. Using Lorentz invariance, the had-
ronic transition matrix elements [26-28] for the relevant
weak current between meson states can be expressed as

(V(ky)|A 10y =&, fymy,

2
k B kg ))=—i—
V( v,8)|VM| o B()> lch"‘mv

X eﬂmﬁs*”kgckgVB"V(qz),
(V(ky,e)|A,|B (kg ))=(mp_+ mv)sj;A?”V(flz) —(&"-kg,)
A7V ()

X(kB(.+k)ym +m
B, 14

_sz chq,u,
q

X[AFV () —AgV(gD)]  (13)
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where g = (kg — ky) ., V<" (0) = V§<¥(0), and

B,V mg +my gy mp — My py
Ay (g%) = WAI (¢%) — TAz (%)

14
(14)
Similarly, for axial-vector meson states,
<A(kAr 8)|A,u,|0> = SZmAfA’

(15)
(Al(ky, €)|AL10) = g my far,

(A(ky, eIV, |B (kg )) = lg}, + c (e - kg ) (kg + kp),
+c (" kg ) kg, — ka)p,
(A(ky, €)|A,|B (kg )) = iq'€,,0p€™ (kg + ky)®
X (kp, — ka)P,
(Al(kyr, &)V, B (kg ) = rey, + s, (" - kg )kp, + ka),
+s5 (- ch)(kB{,. - kA’)p,;
(A'(ky, €)|A LB (kg ) = iveE,,qpe™ kg, + ka)®
X (kp, — ka)P, (16)

where q,, = (kg — ka),-

It may be noted that the B, — A/A’ transition form
factors in the ISGW II framework are related to the BSW-
type form factor notations [28], i.e., A, V| ; are as follows:

A(g?) = —q'(¢*)(mp, + my),
Vi(g?) = (gD /(mp_+ my),
Va(g?) = —ci(gH)(mp, + my),

Volg?) = QTIA)umB[ + Vi)

- (mBC - mA)Vz(qz) - qzc_(qz)].

Sandwiching the weak Hamiltonian (10) and (11)
between the initial and final states, the decay amplitudes
for various B, — MA decay modes (M = V or A) can be
obtained for the following three categories [28]:

(1) Class I transitions consist those decays which are

caused by color-favored diagrams. The decay
amplitudes are proportional to a;, where a,(u) =

a7)

c () + NL c»(u), and N, is the number of colors.

(2) Class II transitions consist of those decays which are
caused by color-suppressed diagrams. The decay am-
plitude in this class is proportional to a,, i.e., for the
color-suppressed modes a,(u) = c,(u) + N%cl(,u,).

(3) Class III transitions consist of those decays which
are caused by the interference of color-singlet and
color-neutral currents, and consist of both color-
favored and color-suppressed diagrams, i.e., the
amplitudes a; and a, interfere.

For numerical calculations, we follow the convention of

taking N. = 3 to fix the QCD coefficients a; and a,, where
we use [35]
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ci(p) = 112,

A detailed analysis regarding N, counting and the role
of color-octet current operators is available in Ref. [34].
It may be noted that N, the number of color degrees of
freedom, may be treated as a phenomenological parameter
in weak meson decays, which account for nonfactorizable
contributions. It implies that the effective expansion para-
meter is something like 1/(47)N,, 1/N? ..., or nonleading
1/N, terms are suppressed for the some reason [35].
In order to study the variation in decay rates and branching
ratios, we effectively vary the parameter N, from 3 to 10.
The obtained results are thus presented as an average
with uncertainties between branching ratios at N, = 3 to
N, = 10, taking into account the constructive interference
observed for B meson decays involving both the color-
favored and color-suppressed diagrams [35]. We take the
ratio a,/a; to be positive in the present calculations.

cy(p) = —0.26 at u =~ m3.

C. Decay widths

Like vector mesons (V), axial-vector mesons (A) also
carry spin degrees of freedom; therefore, the decay rate
[31] of B, — VA is composed of three independent helicity
amplitudes Hy, H,, and H_, which is given by

De
2
8mmy

I'(B.—MA)= (IHolP+|H P+ [H-(?),  (18)

where p. is the magnitude of the three-momentum of a
final-state particle in the rest frame of the B, meson, and
M =V or A. The helicity amplitudes Hy, H, and H_;
are defined in terms of the coefficients a, b, and ¢ as
follows:

Hey=a*cx*—1)"2 Hy= —ax — b(x* — 1),

(19)
where
m2 — m2 — m2
PG Y 20)
ZmAmM
such that
A(B — MA)
= ey, Ea,lag"” + bkgﬁk};{_ +ice""*Pky  kypl
(20

The coefficients a, b, and ¢ describe the s-, d-, and
p-wave contributions, respectively. m;, and m, denotes
masses of respective mesons.

IV. DECAY CONSTANTS

The decay constants for axial-vector mesons are defined
by the matrix elements given in the previous section. It may
be pointed out that the axial-vector meson states are

PHYSICAL REVIEW D 87, 034004 (2013)

represented by a 3 X 3 matrix and they transform under
the charge conjugation [30] as

MEGP)) — MLCP)),
(a=1,273).

MZ(IPI) - _MZ(1P1),
(22)

Since the weak axial-vector current transfers as (A M)Z —
(A,,)} under charge conjugation, the decay constant of the
1P1 meson should vanish in the SU(3) flavor limit [30].
Experimental information based on 7 decays gives a decay
constant of fg (1270)=0.175%=0.019GeV [20,31], while
the decay constant for K;(1.400) can be obtained from the
relation fx (1.400)/f, (1.270) =cotfy, i.e., fx (1.400) =
(—0.232 = 0.025) GeV for 8y = —37° (the value used in
the present work [31]). In the case of non-strange axial-
vector mesons, Nardulli and Pham [36] used the mixing
angle for strange axial-vector mesons and SU(3) symmetry
to determine f, = 0.223 GeV for g = —58°. Since a,
and f; lie in the same nonet we assume f; =~ f, under
SU(3) symmetry. Due to charge conjugation invariance,
the decay constants for 'P, non-strange neutral mesons
p9(1.235), h;(1.170), and h{(1.380) vanish. Also, owing
to G-parity conservation in the isospin limit, the decay
constant f;, = 0.

For the decay constants of charmed and strange-
charmed states, we use fp = —0.127 GeV, fD'm =
0.045 GeV, fp, = —0.121 GeV, fp =0.038 GeV,
and f, =~ —0.160 GeV [34,37].

On the other hand, the decay constants for vector mesons
are relatively trivial: we use f, = 0.221 GeV, fx =
0.220 GeV, fp- = 0.245 GeV, fp: = 0.273 GeV, f, =
0.195 GeV, f, =0.229 GeV, and f;/, = 0.411 GeV
[2,15,31,37] in numerical calculations.

V. FORM FACTORS

In this section, we give a short description of how to
calculate B, — A and B. — V transition form factors.

A. B, — A/A’ transition form factors

We use the ISGW II Model [27] to calculate B — A/A’
transition form factors. The ISGW model is a nonrelativ-
istic constituent quark model [26], which obtains an expo-
nential ¢ dependence of the form factors. It employ
variational solutions of the Schrddinger equation based
on the harmonic oscillator wave functions, using the
Coulomb and linear potentials. In general, the form factors
evaluated are considered reliable at g> = g2, with the
maximum momentum transfer being (mz — my)>. The
reason for this is that the form factor’s ¢> dependence in
the ISGW model is proportional to e~ @»~4"), and hence
the form factor decreases exponentially as a function of
(g2, — g?). This has been improved in the ISGW II model
[27] in which the form factor has a more realistic behavior
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at large (g2, — g%), which is expressed in terms of a certain
polynomial term. In addition to this, the ISGW II model
incorporates a number of improvements, such as the
heavy-quark symmetry constraints, the heavy-quark-
symmetry-breaking color-magnetic interaction, relativistic
corrections, etc.

The form factors have the following simplified expres-
sions in the ISGW II model for B, — A/A’ transitions
caused by a b — c¢ quark transition [26,27]:

1 malo — 1
,:m&&{__+@ﬂg¢_l
M- BBL.

(5 +o mcﬁ%}C ):IF(Z)
om,  2p By a1
my B,
2mA,U«7,8%3€A
iy (c?) +2  mBy )F@ﬂ'—)
2mBL.,331. 3 zmA:U*—:B%}CA ’

m, 5+ @ )
A Q——yﬂ, (23)
2mpBp, \ 6m, >

X

1y
+c_=— 1
e 2’"13(,33r (

)F(C‘+ +co)

o
+
o
!
I

m 1 7
. B, BB, [_ " mz; (& — 1)2]F§r)’
B

V2 My 3B .
: m. B3
sy 5. = Nn/"c ( Bl; )F(s++s,)’
\/EmB(.IBBC 2IU“+IBBCA

222
mCBBC

1 (4 )
S, —s§s_ = - —
! \/E,BBC 3 2mA:Uv+,812;CA

)F(S+_S’),

m v — 1
- [ BCBB(. + (w )mc :Ing), (24)
4\/§mcﬁ1A 6\/5’71,4,3&.
where
1 1\-1
pe= (o) 25)
m. my
the #(= ¢?) dependence is given by
t, — 1t
O—1=-") (26)
2mB('mA
and
e \1/2/m.\1/2
FO = F = F5<—B) (@) :
mpg. A
Fgc++c,) _ ng++s,) _ F5<@>*3/2<@)1/2,
mpg my
_ _ (27)
Fgc+—c,) _ th—s,) _ F5<@>71/2<$)71/z,
mBC my
/ m —1/2 (1 -1/2
F@) = FY = F5<—B> (@) .
mBC my
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The function F5 is given by

Fs= (ﬁ“ )1/2<M)5/2[1 + %xz(tm —~ z)]_3, (28)

g Bs.a
with
»_ 3 3m?
4mbmc 2n_’chn_/lAﬁ%CA
4o 1_ ( 16 )ln[aS(MQM)], (29)
g s \33 — 2n; ag(m,)
and
1
Bia =5 (B3, + BY). (30)

m is the sum of the meson’s constituent quarks masses, 771 is
the hyperfine-averaged physical masses, n, is the number
of active flavors (which is taken to be five in the present
case), 1, = (mp_— my)? is the maximum momentum
transfer, and wqy is the quark-model scale. The values
of the parameter § for different s-wave and p-wave me-
sons [26,27] are given in Table I. We use the following
quark masses to calculate the form factors for B, — A/A’
transitions, which are given in Tables II and III:

m, =my; =031 %004  m, =049 = 0.04,
m.=17+0.04, and m, = 5.0 0.04.

It may be pointed out that the form factors are sensitive to
the choice of quark masses. The variation in quark masses,
particularly in light-quark sector, may lead to uncertainties
in the form factors; therefore, we allowed a certain range
based on the literature [38]. These uncertainties in the form
factors are shown in Tables II and III.

B. B, — V transition form factors

For B, — V transition form factors we use our previous
work [18]—which was based on the BSW framework
[28]—in which one of the authors investigated the possible
flavor dependence in B, — P/V form factors and conse-
quently in B, — PP/PV decay widths. It may be noted
that in the BSW model [28] the form factors depend upon
the average transverse quark momentum inside a meson w,
which is fixed in the model to 0.40 GeV. However, it has
been pointed out that w—being a dimensional quantity—
may show flavor dependence. Therefore, it may not be
justified to take the same w for all the mesons. Following

TABLE I. The values of the parameter B for s-wave and
p-wave mesons in the ISGW II quark model.

Quark content wud wus s§5 ci ¢§ ub sb ¢¢ bé

Bs (GeV) 041 044 053 045 056 043 054 0.88 092
B, (GeV) 028 030 033 033 038 035 041 052 0.60
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TABLE II.

PHYSICAL REVIEW D 87, 034004 (2013)

B, — A transition form factors calculated at g2, in ISGW II quark model are given in ISGW-model-type (upper) and
BSW-model-type notations (lower), respectively.

Modes

Transition

l

/

Cy c_ q
Ab=1,AC=0,AS=—1 B.— D, —3.52910.3% —0.048 £ 0.001  —0.006 = 0.00 —0.074 = 0.002
B.— Dy, —2.860 = 0.258  —0.061 =0.001  —0.006 = 0.001  —0.095 + 0.002
Ab=1,AC=1,A8=0 B, — xe(cd)  —1182+0.038  —0.103+0.003  —0.006 =0.001  —0.130 = 0.003
Ab=1,AC=0,AS = —1 B.— a —-0.243+0.008  —0.036 = 0.001 0.015=0.001  —0.074 = 0.002
B, — f —0.242£0.008  —0.036 = 0.001 0.015+0.001  —0.074 = 0.002
B — f] —-0.3630.010  —0.049 = 0.002 0.018 = 0.001  —0.095 = 0.002
Modes Transition A Vi V, Vo
Ab=1,AC=0,AS=—1 B.— D, 0.646 = 0.15 —0.4067583 0.421+0.004 — 108150332
B — Dy, 0.829 = 0.020 —-0.326 £0.029  0.535 = 0.011 —1.00 = 0.044
Ab=1,AC=1,A5=0 B, — Xci(cC) 1.273 = 0.030 —0.120 % 0.005 1.008 = 0.032 —0.572 =+ 0.007
Ab=1,AC=0,AS = —1 B.— a 0.553 = 0.013 —0.032 = 0.001 0.270 = 0.010 —0.495 = 0.009
B.— f 0.558 = 0.013 —0.032 =+ 0.001 0.272 = 0.009 —0.476 = 0.009
B — f! 0.733 = 0.017 —0.047 = 0.001 0.378 = 0.013 —0.626 = 0.011

the analysis described in Ref. [18], we estimate w for
different mesons from |(0)|%, ie., the square of the
wave function at the origin obtained from the hyperfine-
splitting term for the meson masses, which in turn fixes the
quark masses (in GeV) to be m, = m,; = 0.31 £ 0.04,
mg = 0.49 = 0.04, m,=1.7+0.04, and m, = 5.0 £ 0.04
for a,(m;) = 0.19, a,(m.) = 0.25, and a, = 0.48 (for
light flavors u, d, and s). In addition, a variation in a
may lead to an uncertainty in quark masses [38] and
consequently in the form factors. For further details we
refer the interested reader to Ref. [18]. We find that all of
the form factors get significantly enhanced due to the flavor
dependence of w. The obtained form factors along with the
corresponding uncertainties due to the variation in the
quark masses are shown in Table IV.

It may also be noted that consistency with the heavy-
quark symmetry (HQS) requires certain form factors—
such as F}, Ay, A,, and V—to have a dipole g*> dependence
[28]. Therefore, we use the following ¢> dependence for
the different form factors:

Ap(0) A(0)
A 2) — 0 , A 2y — 1 —,
o(q) 0 5,—2)2 1(q%) (- )
A,(0) V(0)
As(g?) = 2 V(g?) = i

with appropriate pole masses m;.

TABLE IlII. B, — A’ transition form factors calculated at g2, in ISGW II quark model are given in ISGW-model-type (upper) and
BSW-model-type notations (lower), respectively.
Modes Transition r St S_ v
Ab=1,AC=0,AS=—1 B— D, 2.825103% 0.083 = 0.000 —0.0559:9% 0.057+3:0%
B.— Dy, 2.464 = 0.193 0.102 = 0.001 —0.060 = 0.002 0.046 = 0.003
Ab=1,AC=1,A8=0 B, — h.(c?) 1.674 £ 0.044 0.143 £ 0.004 —0.039 = 0.001 0.019 = 0.001
Ab=1,AC=0,AS = —1 B, — b 0.344 £ 0.007 0.053 £ 0.001 —0.028 = 0.001 0.010 = 0.000
B.— h 0.337 £ 0.007 0.054 = 0.001 —0.029 = 0.000 0.011 £ 0.001
B — I} 0.512 £0.010 0.074 £ 0.002 —0.037 = 0.001 0.014 = 0.001
Modes Transition A Vi V, Vo
Ab=1,AC=0,AS=—1 B.— D, —0.49870.97 0.32410042 —0.722 = 0.005 0.987+0.%¢7
B, — Dy —0.407 = 0.033 0.280 = 0.022 —0.898 + 0.009 0.995 £ 0.025
Ab=1,AC=1,A8=0 B. — h,(c?) —0.183 = 0.004 0.171 £ 0.003 —1.401 = 0.032 0.742 £ 0.008
Ab=1,AC=0,AS= -1 B.— b, —0.079 = 0.002 0.046 = 0.001 —0.401 = 0.008 0.677 = 0.010
B.— h —0.080 = 0.002 0.045 = 0.001 —0.402 + 0.008 0.702 = 0.010
B; — I} —0.105 = 0.002 0.067 = 0.001 —0.566 = 0.012 0.866 = 0.012
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TABLE IV. B, — V transition form factors at g> = 0 using flavor-dependent w in the BSW model [34].
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Modes Transition \% A A, Ay
Ab=1,AC=0,AS = -1 B, — D* 0.161 = 0.014 0.094 = 0.009 0.108 = 0.012 0.079 = 0.008
B, — D; 0.284 = 0.09 0.171 = 0.008 0.193 = 0.010 0.150 = 0.008
Ab=1,AC=1,AS=0 B, — J/(cc) 0.919 = 0.002 0.624 = 0.008 0.741 = 0.020 0.564 = 0.001
Ab=1,AC=0,AS = —1 B.—p 0.369 = 0.023 0.577 = 0.042 0.624 = 0.046 0.410 = 0.028
B.— w 0.272 = 0.020 0.424 = 0.036 0.460 = 0.040 0.296 = 0.024
B,.— ¢ 0.150 £ 0.017 0.217 = 0.026 0.245 = 0.029 0.144 = 0.017

VI. RESULTS AND DISCUSSION

Using the decay constants and form factors described in

Secs.

IV and V, respectively, we predict the branching

ratios of B, — VA and B, — AA decays in CKM-favored
and CKM-suppressed modes.

A. B, — V A decays

The branching ratios for B, decaying to a vector and an
axial-vector meson in the final state for CKM-favored and

CKM-

suppressed modes are given in column 2 of Tables V,

VI, VII, VIII, IX, and X. We also give the helicity ampli-
tudes of the corresponding decay channels in columns 3, 4,
and 5 of the respective Tables V, VI, VII, VII, IX, and X.
We made the following observations.

)]

1. For CKM-favored modes

The branching ratios for dominant decays in the
Cabibbo-enhanced (Ab =1, AC=1, AS=0)

mode are: Br(B, — J/ya;) =414 % 0.26 =
0.05X 1073, Br(B. — p~ xo) = 1.47 £0.15 =
0.01 X 1073, and Br(B — p h,) = 1.24 *

0.08 = 0.01 X 107 3. The next-order branching ratio
is Br(B; — D*Dy) =292 +0.841232 X 1073,
We wish to remark here that the first quoted uncer-
tainty in the branching ratios is due to the effective
variation of the parameter N,, and the second un-
certainty is caused by the variation of the quark

2

3)

“4)

&)

masses in the form factors. The same has been
followed throughout the presentation of results,
including Tables V, VI, VII, VIII, IX, and X. The
branching ratios of the remaining decays are of
order of magnitude (107°-1077), except for the
B. — J/ by decay, which is O(107%).

The dominant decay channels in the Cabibbo-
favored (Ab =1, AC=0, AS = —1) mode are
those which consist of one ¢c-meson in the final
state, i.e., Br(Bf — J/¢D;)=235+025%
0.01 X 1073, Br(B, — D x.1) = 1.08 = 0.08 +
0.01 X 1073, Br(B; — D" h,) =8.11 = 0.48 +
0.12x 1074, and Br(B — J/¢yD;;) = 6.33%
0.49 = 0.06 X 10™*. The rest of the decay modes
remain suppressed, with branching ratios of
01077 ~ 1071,

It may be noted that the branching ratios for
B.— VA decays are higher for axial-vectors
ACP,) in the final state as compared to the A('P1)
with the same quark content, except for strange
axial-meson-emitting decays, which are roughly of
the same order.

We find that the longitudinal helicity amplitudes are
higher in magnitude for all of the decay modes.

2. For CKM-suppressed modes

It is interesting to note that the branching ratios
for the CKM-suppressed mode (Ab =1, AC =1,

TABLE V. Branching ratios and helicity amplitudes of B, — VA decays for the CKM-favored (Ab = 1, AC = 0, AS = —1) mode.

Helicity amplitudes

Decays Branching ratios |Hyl |H | |H_|

B.J/ a7 4.14 026 + 0.05 X 1073 1.66 = 0.05 = 0.01 X 107! 3.68 = 0.11 = 0.08 X 1072 1.04 = 0.03 = 0.01 X 107!
BZJ/ by 290+ 0.18 +0.04 X 107% 438 +0.13+0.02X 107* 9.77 *0.33 £0.23 X 107> 2.74 =0.07 = 0.03 X 10™*
B, > p xq 147+015+0.01X1073 1.16=0.04+0.01 X 107! 270 =0.08 = 0.01 X 1072 3.83 *0.12*+0.31 X 1073
B — p h, 124%+0.08*+001X1073 1.12+0.04 +0.01 X 107! 1.05+0.03 £0.03 X 1072 5.10*0.15*0.17 X 1073
B = DDy 2.92+0.847932 1075 1.52*0.2273 X 1072 5.64 *0.8370%) X 1073 2.67 = 0.307040 x 1073
B = DDy 243+0.707044 X 107° 438 £0.647041 X 1073 1.52+0.22*+0.02X107%  0.91 £0.1472% x 1073
B, = D*" DY 1.19+034=0.16 X 107% 1.96£0.29 =0.16 X 1073 1.35*0.20 £ 0.28 X 10™* 2.67 =0.39 £ 0.22 X 1073
B, = D" DY 3711060511077 1.09*+0.16+0.93 X 1073 743 *1.09*1.55X107° 1.49*0.22=x0.12X 1073
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Branching ratios and helicity amplitudes of B, — VA decays for the CKM-favored (Ab =1, AC=0,

Helicity amplitudes
|H.|

|H_|

TABLE VL

AS = —1) mode.

Decays Branching ratios |Ho|

BZJ/y D 2.35+0.25+0.01 X 1073 1.26 =0.18 =0.01 X 107!
B.J/y D 6.33 +0.49 = 0.06 X 10™* 6.18 = 0.25 = 0.02 X 1072
B — D"y, 1.08+0.08+0.01 X103 9.85+0.20 +0.02 X 1072
B, — D*" h, 811*048*+0.12X10"* 1.02+0.03+0.05X 107!
B — KDY 529x031712x1077 204 £0.067979 X 1073
B = KDY  6.08*037F3 X107  6.92+0.20%074 x 107*
B; — DKy 3.92+0.23+0.73X 1078 457=0.13+0.45%x 107*
B — DK, 629*036*1.17x107% 566+ 0.14 = 0.55 X 10~*
B — D a) 1.43%+041%+0.08x107° 0.89*0.13 £0.31 X 1077
B, — D:"f, 144 +041+0.08X107° 0.89+0.13 +0.31 X 1073
B; — ¢D 6.61 +1.90 +0.30 X 107° 227 +0.33 = 0.06 X 10™*
B — ¢D;, 479*1.38+020% 10710 6.08 =0.90 +0.16 X 1073
B — p°D;,  6.65*1.94*+0.30x107° 2.27 +0.33 +0.06 X 10~*
B — p°D;; 500 1.44 020X 10710 6.22+0.91 £0.15X 1077
B — wD;; 415 119*0.18X 107" 567 £0.83 £0.15X 1077
B - wD;; 3.12%x090=*0.12Xx 107" 1.55%=0.23 £0.04 X 1073

7.06 = 0.49 + 0.02 X 1072
3.73 £ 0.19 = 0.05 X 1072
8.05 = 0.25 = 0.03 X 1072
3.97 =0.11 = 0.09 X 1072
3.10 £ 0.095037 x 107*
8.57 =0.26 = 0.40 X 1073
1.82 £ 0.05 = 0.39 X 107>
2.72 = 0.08 = 0.51 X 1073
5.36 £ 0.78 = 0.54 X 107°
5.55+0.81 = 0.54 X 107>
3.73 £0.55 £ 0.10 X 1073
1.32 +0.19 £ 0.15 X 1073
2.79 = 0.41 = 0.10 X 1073
1.00 £ 0.15 = 0.02 X 1073
7.08 = 1.04 = 0.25 X 107°
2.53 £0.37 = 0.04 X 107°

1.04 = 0.05 = 0.00 X 107!
6.57 = 0.22 += 0.02 X 1072
3.10 = 1.40 = 0.92 X 1072
2.61 = 0.08 + 0.07 X 1072
1.04 £ 0.03*941 X 107*
5.12 % 0.1575:38 X 1073
3.12 £ 0.09 = 0.29 X 10™*
419 £0.12 £ 0.39 X 1074
5.58 £0.82 = 0.21 X 1073
5.79 £ 0.85 + 0.21 X 107>
0.95 £ 0.14 £ 0.07 X 1073
3.68 = 0.54 = 0.47 X 107°
7.02 +1.03 + 0.72 X 107°
2.79 £ 0.41 = 0.47 X 107°
1.78 £ 0.26 £ 0.18 X 107°
7.08 £ 1.04 = 1.10 X 1077

2

TABLE VII.

AS =

AS = —1) are of the order (10~*~10">). The domi-
nant decays are: Br(B; — J/YK;)=236=*
0.14 = 0.03 X 1074, Br(B; — J/YyK;) =
1.49 + 0.09 = 0.02 X 1074, Br(B, — K* o) =
7.07 = 0.43 + 0.0.04 X 1077, and Br(B, —
K* hy) = 6.18 = 0.37 = 0.06 X 10-5. The next-
order decay has Br(B — D*D;)) =2.21=*
0.63 + 0.12 X 1075, Branching ratios of the other
decay modes are of O(1077-107%).

Only four decay channels have branching ratios of
O(1074-107°) in the CKM-suppressed (Ab =1,
AC=1,AS = 1) mode, i.e.,Br(B; — J/¢Dy) =
1.39 + 0.14 = 0.03 X 1074, Br(B; — D* y.) =
495+ 0.33 = 0.03 X 1075, Br(B; — D* h,,) =
3.88 £0.23 £0.04 X 1075, Br(B;—J/¢D;)=

—1) mode.

3

“

Branching ratios and helicity amplitudes of B.— VA

3.45+0.28+0.03% 1073, and Br(B; — p~ DY) =
1.01 = 0.0573% X 107°. However, the branching
ratios for B, — p~ D} and B, — D*a; decays
are of @(107%); these may also be of experimental
interest in the near future.

In the (Ab =1, AC= —1, AS = —1) mode, the
branching ratios for the (B — D~ D%), (B —
D;~ DY), and (B — D;;D™) decays are 2.01 +
0.137041 X 107°, 171 £0.12*43 X 107°, and
1.42 £ 0.22 = 0.10 X 1079, respectively. However,
the branching ratios for the (Ab =1, AC = —1,
AS = 0) mode remain highly suppressed.
Branching ratios for decays involving ACGP,) me-
sons in the final state are higher than their A('P))
partners for the same flavor content. However, for

decays for the CKM-suppressed (Ab =1, AC =0,

Helicity amplitudes

Decays

Branching ratios

|H|

|H. |

|H_|

B J/ YK

B J/WKT

Br_ - K*_Xcl
B — K" h,
B; — DD
Bc_ — DV()QS—l
B, — D; DY
B, — D;” DY

1.49 = 0.09 £ 0.02 X 1074
236 £ 0.14 = 0.03 X 1074
7.07 = 0.43 +£0.04 X 1075
6.18 = 0.37 £ 0.06 X 1075
2.21+0.63 £0.12 X 107°
1.27 = 0.37 £ 0.05 X 1077
1.98 = 0.57 = 0.12 X 1077
6.17 = 1.77 £0.38 X 1078

3.12 = 0.09 £ 0.02 X 1072
3.81 £0.07 £ 0.02 X 1072
2.59 = 0.08 = 0.01 X 1072
2.50 + 0.07 = 0.01 X 1072
425 +0.62 +0.13 X 1073
0.96 = 0.14 = 0.03 X 1073
8.42 + 1.23 = 0.30 X 10~*
470 = 0.69 = 0.17 X 10~*

7.22+0.23 £0.17 X 1073
1.00 = 0.04 + 0.02 X 1072
7.10 = 0.21 = 0.00 X 1073
2.79 + 0.08 + 0.08 X 1073
1.50 = 0.22 = 0.06 X 1073
5.12+0.76 £ 0.07 X 1074
1.03 £0.15+0.10 X 1074
5.73 +0.84 + 0.58 X 1073

2.03 = 0.06 = 0.02 X 1072
2.72 +0.08 £ 0.02 X 1072
1.01 = 0.03 = 0.06 X 1073
1.37 = 0.06 = 0.04 X 1073
425 +0.62 = 0.45 X 1074
1.34 = 0.20 = 0.26 X 1074
1.07 £0.16 = 0.04 X 1073
5.98 = 0.88 =0.22 X 1074
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Branching ratios and helicity amplitudes of B.— VA decays for the CKM-suppressed (Ab =1, AC =1,

| Hol

Helicity amplitudes
|H.|

|H_|

TABLE VIIL

AS = —1) mode.

Decays Branching ratios
B_J/yDy 1.39 £ 0.14 = 0.03 X 107
B;J/¢Dy 3.45 +0.28 = 0.03 X 1073
B, — D* "y, 495+0.33+0.03X107°
B — D*"h, 3.88%0.23%+0.04X 1077
B; — p DY 1.01 = 0.057939 X 1073
B; — p D) 1.19 £ 0.0712% x 107°
B; — D%y 1.09 £0.07 £ 0.20 X 107°
B — Dby 7.38 £0.44 = 1.40 X 10712
B: — p°Dy 7.71 £ 2234130 x 1078
B; — p°D; 8.78 = 2.537586 x 1070
B: — ¢Dy 7.84 226135 X 1078
B; — ¢D; 8.78 = 2.5374:30 X 1077
B = D" a% 816*234+1.14x107°
B — D" f, 823%x236%1.15%x107°
B — oDy 4.86 + 1407930 x 107°
B; — wDy 5.68 = 1.647 1% x 10710

3.00 = 0.18 = 0.04 X 1072
1.42 = 0.06 = 0.01 X 1072
2.13 = 0.07 = 0.01 X 1072
2.19 £ 0.07 = 0.00 X 1072
8.92 +0.277292 x 1073
3.06 = 0.107033 X 1073
2.43+0.07 £0.22 X 1073
6.42 = 0.18 = 0.63 X 107°
7.73 = 1131073 x 1074
2,65+ 0.397040 X 1074
7.77 = 1143570 X 1074
2.60 +0.38702% x 1074
2.09 = 0.31 = 0.19 X 10~*
2.07+0.30£0.18 X 107*
1.94 +0.291930 x 1074
6.62 = 0.981070 X 1073

1.64 = 0.10 = 0.02 X 1072
7.64 +0.38 = 0.10 X 1073
1.60 *+ 0.05 = 0.00 X 102
7.68 £0.22 +0.19 X 1073
1.17 £ 0.041043 x 1073
3.21 £ 0.09 = 0.06 X 1074
9.34 +0.28 +2.03 X 107°
2.47 £0.07 £0.49 X 1077
1.01 = 0.155949 x 10~
2.79 £ 0.41 = 0.05 X 107>
1.36 = 0.207945 x 10~
3.74 = 0.55 = 0.05 X 1073
8.03 = 1.18 = 1.50 X 107°
828 + 1.21 = 1.55 X 107°
2.56 = 0.381231 X 1073
7.08 = 1.04 = 0.12 X 1077

2.77 £0.11 £0.01 X 1072
1.49 + 0.05 = 0.00 X 1072
3.01 = 1.65 = 0.13 X 107*
4.87 =0.15+0.13 X 1073
3.89 = 0.111980 x 1074
1.93 £ 0.06193) x 107*
1.60 = 0.05 = 0.15 X 1073
4.22 = 0.12 = 0.40 X 107°
4.58 = 0.6712% x 1073
1.67 = 0.25%237 X 1073
6.57 * 4.5870:87 x 1073
2.24 £0.3370$ x 1073
1.37 £ 0.20 £ 0.01 X 107*
142021 £0.11 X 107*
8.34 = 1.037130 x 107¢
4.23 £ 0.6275% X 107°

TABLE IX. Branching ratios and helicity amplitudes of B.— VA decays for the CKM-suppressed (Ab =1, AC = —1,

AS = 0) mode.

Helicity amplitudes
Decays Branching ratios |H,| |H, | |H_|
B — DDV 813051708 x 1077 257 £0.08%920 x 1073  9.39*0.29758 x 107* 3.98 £0.185039 x 107*
B — D*" DY  7.01 20487 31 X 1078 7.49 £0.26708) X 107*  2.55*£0.08 0.04 X 107*  1.80 = 0.087033 x 107*
B —» DDy 7.09 0997939 X 1078 638 £ 0.55702 x 107* 137 £ 0177395 x 107  4.88x0.19 =0.35 x 107*
B = DDy 1570177592 x 1077 277 0237510 X 107% 434 +0.497033 X 107> 2.67£0.10 = 0.19 X 10~*

TABLE X. Branching ratios and helicity amplitudes of B, — VA decays for the CKM-suppressed (Ab = 1, AC = —1, AS = —1)

mode.

Decays

Branching ratios

|H,|

Helicity amplitudes
|H. |

|H_|

B — Dy~ DY
B; — D;” DY
B; — DD,

2.01 £ 0.131%:4 x 1073
171 £0.12%537 X 107°
1.42 = 0.22 £ 0.10 X 107°

1.28 +0.040: 03 x 1072
3.68 = 0.137043 X 1073
2.99 +0.28 £ 0.09 X 1073

4.94 £ 0155933 X 1073
1.34 £ 0.04 £ 0.02 X 1073
6.76 = 0.89 * 0.02 X 10~*

2.25 % 0.127933 x 1072
9.85 £ 0.25702) x 107*
2.00 £ 0.08 £ 0.15 X 1073

B; = D*D;; 3.02=031+039%x1077 1.19=0.08*0.18 X 107 267 =0.31 £0.17 X 107 1.19 =0.02 = 0.04 X 1073

decays involving K; and K1 the branching ratios are
of the same order.

(5) The longitudinal helicity amplitudes for the CKM-
suppressed decays show the same trend as that

observed in CKM-favored modes.

Tables

034004-9

B. B, — A A decays

The calculated branching ratios for B, decaying to

X1, XII, XIII,

two axial-vector mesons in the final state for CKM-favored
and CKM-suppressed modes are given in column 2 of
X1V, XV,

and XVI. The
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TABLE XI. Branching ratios and helicity amplitudes of B, — AA decays for the CKM-favored (Ab = 1, AC = 1, AS = 0) mode.
Helicity amplitudes
Decays Branching ratios |Hyl |H | |H_|
B = xaa; 181 =0.11x0.01X107* 2.15+0.06=0.17 X 107* 6.20 £0.19 =0.52 X 1073 4.36 £ 0.13 = 0.02 X 102
B = by x,q 126=0.07=001x107° 561 *0.17=0.45X 1077 1.64£0.05=0.13X 107> 1.15=0.03 = 0.00 X 10~*
By — hga; 136008 =0.10X107* 332=0.10=0.19 X 1072 857 =0.25+0.29 X 107 1.72 = 0.05 = 0.05 X 1072
BZ — hgby 952 +0.58 =0.67 X 10710 877 +£0.26 = 0.50 X 107> 2.27 =0.07 = 0.08 X 107> 4.55+0.14 = 0.13 X 107>
B — DDV  3.10=0.90%28! x 107° 4.18 £ 0.61%072 x 1073 1.33+£0.19708 x 1073 3.50 = 0.50%93! x 1073
B — DID;  1.00 =0.307023 X 107 23320347030 X 1073 742 1.09 = 0.10 X 107*  1.95 = 0.28¥92} x 1073
B; —»D;DY  3.66 = 1.0159%0 x 1077 1.60 = 0.23*004 X 1073 553 20911038 X 107*  0.94 = 0.147305 x 1073
B —» D;yD?  1.14 033508 x 1077 0.89 £ 0.13728 x 107 3.08 £ 045701 X 107* 520 £ 0.767%3 x 107*
TABLE XII. Branching ratios and helicity amplitudes of B, — AA decays for the CKM-favored (Ab =1, AC=0, AS = —1)
mode.
Helicity amplitudes
Decays Branching ratios |Hy| |H, | |H_|
B: = hy Dy 3.15%0.19*+0.18 X 107° 559 *0.17 =£0.79 X 1073 1.40 = 0.46 = 0.03 X 1072 1.96 = 0.06 = 0.04 X 1072
B: = xaD; 122+0.15+0.05X107* 1.66 = 0.15+0.15X 1072 2.91 £0.71 = 1.11 X 107> 4.51 =0.27 = 0.05 X 1072
B = D xe 288x0.27+0.06X107° 828=0.54+0.58x 1073 2.98+0.72=0.10 X 1073 2.31 £0.11 £0.01 X 1072
B = h,D;; 117 =0.07£0.06 X 107° 4.89 =0.15+0.44 X 1073 8.93 £0.27 £0.21 X 1073 1.21 £ 0.04 = 0.02 X 102
B — K;D)  1.90 +0.127379 x 1077 1.16 £0.03793¢ x 1073 1.73£0.057333 X 10™* 510 £ 0.157033 x 107*
B — DK, 130 £0.08%923 x 1078 3.08 £0.09702¢ X 107* 618 £0.197139 X 107*  1.04 £ 0.04 = 0.02 X 107*
B —» DVK; 122007708 x 1077 935x028"13 X 107%  1.25+0.04792 x107* 370 £0.117342 x 1074
B; —» DVK;  2.00=0.10703% x 1078 378 £0.127032 x 107* 839 x0.257020 X 1075  1.41 =0.05 = 0.03 X 10~*
B; = D;a% 284=0.82%0.09% 10710 457+0.68+0.10X 1075 4.51 = 0.66 = 0.75 X 107 1.62 = 0.24 = 0.02 X 1077
B; = D f1 275%0.79 £0.90 X 10710 4.49 +0.66 = 0.10 X 1075 4.71 = 0.70 = 0.75 X 107® 1.65 = 0.25 = 0.03 X 1073
B = Dja) 1.02%029+0.16 X 107° 7.88* 1.16 =0.90 X 107° 1.15=0.17 £0.12 X 107> 4.54 = 0.67 = 0.16 X 107>
B =D, f; 1.02*£029+0.16X107° 7.83*1.16*+0.90 X 107> 1.20=0.18 £0.13 X 107> 4.71 £0.69 = 0.16 X 107>

corresponding helicity amplitudes of the decay channels
are presented in columns 3, 4, and 5 of Tables XI, XII, XIII,
XIV, XV, and XVI. The uncertainties in the obtained
results caused by N, variation and quark mass variation
in the form factors, respectively, are also given in
Tables XI, XII, XIII, XIV, XV, and XVI. We made the
following observations.

1. For CKM-favored modes

(1) The branching ratios for B. — AA decays are
smaller than those for B, — VA decays by an order
of magnitude in corresponding CKM modes.

(2) The dominant decays in the Cabibbo-enhanced
(Ab =1, AC =1, AS = 0) mode have branching
ratios Br(B; — x.ja;)=1.81+0.11£0.01 X 1074
and Br(B; —h.a;)=1.36+0.08=0.10X10"*.
The branching ratios of the B, — DID? and
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B; — Dy DY decays are of the order of 107, The
order of magnitude for the branching ratios of the
remaining decays range from (10~7)—(10"1) in this
mode.

In e-favored (Ab =1, AC =0, AS = —1) mode,
the dominant decay channels are Br(B; —
Dixer) = 1.22£0.15+0.05X 107, Br(B; —
haD;) =3.15*£0.19+0.18 X 107, Br(B, —
D x.1)=2.88+0.27+0.06X107°, and Br(B; —
heD;)=1.77%0.0720.06 X107, The remain-
ing decay modes are suppressed, with branching
ratios of O(1077-10"11).

In the present analysis, we observe that the magni-
tudes of the longitudinal helicity amplitudes are
higher for all of the decay modes except for decays
involving a ¢¢ meson in the final state. In such
decays the transverse helicity amplitude H_ has a
larger magnitude.
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TABLE XIII.

AS = —1) mode.
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Branching ratios and helicity amplitudes of B, — AA decays for the CKM-suppressed (Ab =1, AC =1,

Decays

Branching ratios

|H,

Helicity amplitudes
|H. |

|H_|

B: — K| Xei
B — xa Ky
o — hy Ky
B, — h. Ky
B — Dy DY
. = DD
B; — D, DY
. = D;D}

1.18 = 0.07 £ 0.01 X 1073
6.76 £ 0.40 = 0.04 X 107°
4.99 +0.30 + 0.34 X 10°
6.63 = 0.40 = 0.45 X 107°
2.95* 105732 x 1077
4.57 + 1.32 = 0.60 X 1078
2.85+0.82+0.11 X 1078
8.92 =258 = 0.30 X 107°

3.27 = 0.10 = 0.03 X 10~*
9.26 £ 0.28 = 1.70 X 107>
6.31 £0.19 + 0.36 X 1073
6.91 £0.21 +0.44 X 1073
7.67 = 1.14703% x 1074
4.28 +0.63 + 0.50 X 10~*
4.46 + 0.66 * 0.15 X 1074
2.49 +0.37 = 0.08 X 10~*

1.61 = 0.05 = 0.14 X 1073
1.21 +0.04 = 0.10 X 1073
1.73 = 0.05 £ 0.05 X 1073
2.36 = 0.07 = 0.08 X 1073
2.75 £ 0.417039 x 1074
1.52 2022+ 0.16 X 107*
7.80 = 1.45 = 1.60 X 1073
4.34 = 0.64 = 0.90 X 1073

1.14 = 0.03 = 0.00 X 1072
8.48 + 0.26 = 0.01 X 1073
3.42+£0.10 £0.10 X 1073
459 +0.13 £0.13 X 1073
0.91 +0.1353% x 1072
5.11 £0.75 +0.19 X 107*
3.07 £ 0.45 = 1.04 X 10™*
1.71 £0.25 = 0.02 X 107

TABLE XIV. Branching ratios and helicity amplitudes of B.— AA decays for the CKM-suppressed (Ab =1, AC =0,

AS = 0) mode.

Decays

Branching ratios

|Hy

Helicity amplitudes
|H |

|H-|

B: — Dy xe
B: — xaDy
c = h,yDy
¢ = haDy
B; — DYy
B: — by DY
B, — Q?af
B; — D%y
.~ Dia}
B. — Dy fy
. = Dya}

B; — Dy f

1.60 = 0.15 = 0.04 X 107°
7.48 £0.92 = 0.50 X 107°
1.79 £ 0.11 £ 0.01 X 107°
559 +0.33 032X 1077
3.41 £0.20%439. x 107°
2.38 £0.1470% x 1071
3.38 £ 0.217038 x 1077
2,47 £ 0.0470H x 10712
2,61 £0.757980 x 1073
2,60 £ 0.757980 x 107#
2.60 = 0.75%957 X 107°
2.50 = 0.721057 x 1070

1.78 £0.13 £ 0.20 X 1073
4.43 £ 0.66 = 0.46 X 1073
1.12 £ 0.03 £ 0.20 X 1073
6.04 £0.19 = 1.10 X 107*
4.96 = 0.14752¢ x 1073
1.35 £ 0.0479%5 X 1073
1.57 £ 0.0550.33 x 1073
4.15 £ 0.13%33¢ x 107°
4.29 £ 0.64757 x 1074
4.27 £ 0.63757 x 1074
1.36 = 0.207009 x 1074
1.33 £ 0.197012 x 107*

4.08 +2.66 *+ 0.95 X 1073
5.87 = 0.67 = 0.36 X 107
3.26 = 0.09 = 0.08 X 1073
1.81 £ 0.05 = 0.04 X 1073
6.35 £0.20/23 x 1074
1.68 = 0.057233 X 1076
3.12 £ 0.097078 x 107*
8.25 £ 0.2571 3 x 1077
551 = 0.81728 X 1073
5.74 + 0.841095 X 1073
2.70 +0.3979% x 1073

2.79 * 0417993 X 1073

5.28 = 0.22 = 0.02 X 1073
1.52 £ 0.49 = 0.02 X 102
4.61 =0.10 £ 0.11 X 1073
2.60 = 0.08 = 0.06 X 1073
1.89 = 0.067923 x 1073
4.95 = 0.10%93% x 107°
5.22 £ 0.15500 x 107*
1.38 = 0.04 = 0.03 X 1076
1.62 + 0224317 x 107*
1.70 = 0.25%917 x 1074
4.53 = 0.67 £ 0.08 X 1072
4.63 + 0.68 = 0.08 X 107>

TABLE XV. Branching ratios and helicity amplitudes of B.— AA decays for the CKM-suppressed (Ab =1, AC = —1,

AS = 0) mode.

Decays

Branching ratios

|H,

Helicity amplitudes
|H. |

|H_|

B; — DDy
B, — D/ D}
B — DDy
B: — DDy

1.00 = 0.30%937 x 1077
3.00 £ 0.23% 1% x 1078
1.42 = 0.147972 X 1078
3.91 £0.35507¢ x 107°

7.80 = 0.331136 x 107
4.20 £ 0.167578 x 107*
212 +£0.157)33 x 1074
1.66 = 0.075015 X 1074

248 £0.10%93 x 107*
1.34 = 0.057238 x 107
1.08 + 0.067035 x 10~*
5.75 £ 0.251 146 x 1073

6.51 = 0.287074 x 1074
3.41 £0.12703% x 1074
1.95 £ 0.10500% x 107
9.69 + 0.417020 X 1073

2. For CKM-suppressed modes

ey

In the CKM-suppressed mode (Ab =1, AC =1,

AS = —1) the highest order of magnitude for

the branching ratios

of dominant decays is
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~(1075-107%), i.e., Br(B; =y, 1 K; )=1.18+0.07 =

0.01x1073,
0.04 X 1079, Br(B,
0.45%X107%, and

Br(B, — x.K;) =676 £0.40 =
—h, K;{)=6.63+0.40*
Br(B; — h,K;)=4.99

0.30 = 0.34 X 107®. The next-order decays have
branching ratios of the order @(10~7-1078).
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TABLE XVI. Branching ratios and helicity amplitudes of B.— AA decays for the CKM-suppressed (Ab =1, AC = —1,
AS = —1) mode.
Helicity amplitudes

Decays Branching ratios [Ho| |H., | |H_|
B; — D DY 1.76 £ 0.157933 X 107¢ 3130137337 X 1073 996 £ 0.127183 x 107 2.75 £ 0.127538 x 1073
B; — DD 2.47 £ 0.241033 X 1077 1.28 £ 0.055003 X 1073 443 £0.20559 X 107* 855 £ 0.50%031 x 107*
B — D, DY  639=*050"2% x 1077 1920087933 x 1073 6.29 £ 0.22F 19 x 107* 1.65 = 0.067218 x 1073
B —» D, DY  828+0.747}4x107% 770 £ 0357970 x 107* 259 =0.1070% X 107* 475+ 0.22759% x 1074

TABLE XVII. Comparison of branching ratios with available theoretical works.
Decays This work Ref. [25] Ref. [23] Ref. [13] Ref. [15]
B, — xap~ 1.47 = 0.03 = 0.01 X 1073 2,19 X 1074 1.4 X 107* 2.86 X 1074 9.64 X 107
B. — hap~ 1.24 = 0.08 = 0.01 X 1073 2.19 X 1073 9.73 X 107* 2.44 X 1073 1.24 X 1073
B, — xa K™~ 7.07 £0.43 £ 0.04 X 1073 1.58 X 1073 8.77 X 1076 1.75 X 1073 7.01 X 107°
B; — h, K™~ 6.18 = 0.37 = 0.06 X 107> 1.23 X 107 6.75 X 107> 1.28 X 107* 6.84 X 107

(2) Similar to the (AC = 1, AS = —1) mode, the domi-
nant decay channels have branching ratios of
0O(107°) in the CKM-suppressed (Ab =1, AC =
1, AS = 1) mode, i.e., Br(B, — Dy x.1) = 7.48 =
0.92 +0.50 X 1079, Br(B; —Dla;)=3.41=%
0.20%39x107°, Br(B; — Dj x.1) = 1.60 =
0.15+0.04 X 107, and Br(B; — Dy h.) =
1.79 £ 0.11 £ 0.01 X 107%. However, branching
ratios for B, — a; D) and B; — Dj h., decays
are of O(1077).

(3) Decay channels in the CKM-suppressed (Ab = 1,
AC= -1, AS=—-1) and (Ab=1, AC= —1,
AS = 0) modes remain highly suppressed, with
Br(B; — D;;D!) = 1.76 = 0.1510:33 X 107°. The
B —» DD, and B — D,;;DY decays have
branching ratios O(1077).

(4) As noticed in the previous case, the longitudinal
helicity amplitudes have larger magnitudes in com-
parison to the transverse components for most of the
decay channels. However, decay channels involving
a c¢¢ meson in the final state show a transverse
H_-component dominance.

It may also be noted that the effective variation in N,
leads to the change in amplitude and, hence, the branching
ratios of these decays. The branching ratios of color-
favored class I decays show a ~6% variation in the central
value and color-suppressed class II decays show a variation
of ~30%. However, class III decays involving both color-
favored and color-suppressed diagrams show a variation
from 7% to 15%.

We wish to emphasize that with remarkable improve-
ments in experiments and sophisticated instrumentation,
branching ratios of the order of (107°) could be measured
precisely [39] at the LHC, LHC-b, and Super-B factories in

the near future. Therefore, these results may provide the
necessary information for the phenomenological study of
B_. meson physics.

Since there is no experimental information available
at present for such decays, we compare our results with
other theoretical works (see Table XVII). There are several
theoretical models—such as the Bethe-Salpeter approach
[25], the relativistic quark model [13,23], the nonrelativ-
istic quark model [15], etc.—which give their predictions
for B, — VA decays with charmonium in the final state.
We find that the results given by these different models are
comparable, with some exceptions. In Table XVII, the
listed branching ratios are obtained by using a; = 1.12
in the referred models. It may be noted that H. F. Fu et al.
[24] also predicted the branching ratios of a few decay
modes, namely B —hD*~ /x D"~ /J/yD;/J/yDy.
Their predictions are lager than our results by an order
magnitude, except for B, — y.; D", which is comparable
to our prediction. In addition to these, H.F. Fu ef al. [24]
predicted the branching ratios of B — D ¢°/
D, ¢°/D; K** decays based on contributions from pen-
guin diagrams, which we ignore in the present analysis. We
wish to remark here that for B, — AA decays, theoretical
predictions for only four decay channels are available for
comparison, i.e., B = h. D, /haD;/xc1Dy/xaDy
[24]. In addition, the branching ratios predicted in the
present work are small compared to the results given by
Ref. [24].

VII. SUMMARY AND CONCLUSIONS

In the present work we have calculated B, — A transi-
tion form factors using the ISGW II model framework.
Consequently, we have predicted the branching ratios of
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B, — VA/AA decays. We have used flavor-dependent
B, — V transition form factors in the BSW Model frame-
work. Also, we have calculated the helicity components
corresponding to different polarization amplitudes in B, —
VA/AA decays. We draw the following conclusions:

(1) In the case of the B, — VA mode, CKM-enhanced
(Ab =1, AC =1, AS = 0) dominant decays are
B; - J/l//a;’ B; - pchl’ and B; - pihcl’
while the dominant decays in (Ab =1, AC =0,
AS=-—1) are B. — Dy xa, B — Di he,
B; — J/yDg, and B, — J/yD;,. Their branch-
ing ratios range from 1073-10711

(2) Branching ratios of CKM-enhanced modes in the case
of B. — AA decays are smaller by an order of mag-
nitude compared to those in B, — VA decays. The
dominant decays are B, — x.1a, , B, — h.a; ,and
B, — D, x.1- The branching ratios range from
107410710,

(3) In CKM-suppressed modes, the branching ratios are
smaller by an order of magnitude for both B, — VA
and B, — AA decays. The branching ratios for the
dominant decays B, — J/¢yK;, B — J/ YK,
and B, — J/ D7 are of order of magnitude (10™4).

PHYSICAL REVIEW D 87, 034004 (2013)

(4) In general, branching ratios of B, — VA decays
involving axial-vector mesons A(P,) in the final
state are larger compared to the decays involving
axial-vector mesons A('P,) in the final state.

(5) For most of the decays, the magnitude of the
helicity component of the longitudinal polarization
amplitude is larger compared to the transverse
amplitudes. However, in B, — AA decays the
transverse-polarization-amplitude-dominance has
been observed for channels involving a ¢¢ meson
in the final state.

Since LHC and LHC-b are expected to accumulate
data for more than 10'° B, events per year, we hope
that predicted BRs will soon be measured in these
experiments.
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