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We present a detailed analysis of the B, form factors in the Bauer-Stech-Wirbel framework, by
investigating the effects of the flavor dependence on the average transverse quark momentum inside a
meson. Branching ratios of two-body decays of B. mesons to pseudoscalar and vector mesons are

predicted.
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I. INTRODUCTION

The discovery of the B. meson by the collider detector at
Fermilab (CDF) [1] opens up some interesting investiga-
tions concerning the structure of strong and weak interac-
tions. The properties of the B. meson are of special interest
[2], since it is the only heavy meson consisting of two
heavy quarks with different flavors. This difference of
quarks flavor forbids annihilation into gluons. A peculiar-
ity of the B, decays, with respect to the decays of the B and
B, mesons, is that both the quarks may be involved in their
weak decay. There are quite a few theoretical works study-
ing various leptonic, semileptonic, and hadronic decay
channels of B, mesons in different models [3—14]. Their
estimates of B, decay rates indicate that the ¢ quarks give a
dominant contribution as compared to b-quark decays.
From an experimental point of view, the study of weak
decays of B, mesons is quite important for the determina-
tion of Cabibbo-Kobayashi-Maskawa (CKM) elements.
More detailed information about their decay properties
are expected in the near future at the LHC and in other
experiments.

In our recent work [14], we have investigated the effects
of flavor dependence on B, — P form factors, caused by
possible variation of the average transverse quark momen-
tum (w) in a meson. Employing the Bauer-Stech-Wirbel
(BSW) framework [15], we then predicted the branching
ratios of a B, meson decaying into two pseudoscalar
mesons. In the present paper, we extend our analysis to
investigate such effects on the form factors involving B, —
V transitions. We also calculate the branching ratios of a B,
meson decaying into a pseudoscalar (P) meson and a
vector (V) meson. We observe that the branching ratios
of B, decays get enhanced for both the bottom changing
and bottom conserving decay modes of the B, meson,
when such flavor dependent effects are included.

The present paper is organized as follows: In Sec. 11, we
give the methodology. Section IIl deals with B, form
factors in the BSW model. We study the effects of the
flavor dependence of w on B. — V form factors in Sec. IV.
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Finally, the branching ratios of B, — PV decays are pre-
dicted. Section V contains a summary and conclusions.
II. METHODOLOGY

The decay rate is given by
3

I'(B.— PV) = |A(B, — PV)P, (D

2
8mmy,
where in the three-momentum k of the final state particle in
the rest frame of B, is given by

1

k= 2mp {[m%?c — (mp + mv)z][m%( — (mp — my)* P2

2

A. Weak Hamiltonian

The QCD modified weak Hamiltonian generating [16]
the b-quark decays in CKM enhanced modes (Ab = 1,
AC=1,AS=0, Ab=1,AC=0, AS = —1) is given
by

ap=1 _ GF x =1\ =\ (]

Hy™h = E{Vcbvud[cl(u)(cb)(du) + 2 () (Cu)(db)]

+ Ve Vesler(m)(@b)(5¢) + eo(p)(@e)5D)11 - (3)

where gq = qy,(1 — v¥s)q, Gp is the Fermi constant, V;;
are the CKM matrix elements, and c¢; and ¢, are the
standard perturbative QCD coefficients.

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.
The weak Hamiltonian generating the c-quark decays in
the CKM enhanced mode (Ab = 0, AC = —1,AS = —1)
is given by

Ac=—1 _—_ GF * . - - _
Hy =1 = =V, Vile (w)(@d)(5c) + cp(p)ic)(3d)]

V2
“

One naively expects this channel to be suppressed kine-
matically due to the small phase space available. However,
the kinematic suppression is well compensated by the
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CKM element V., which is larger than V_, appearing in
the bottom changing decays [13]. In fact, we shall show
later that bottom conserving decay modes are more promi-
nent than the bottom changing ones.

B. Factorization scheme

In the standard factorization scheme, the decay ampli-
tude is obtained by sandwiching the QCD modified weak
Hamiltonian which is given below:

A(B, — PV) = (PlJ#|0XVI|J]IB.) + (VIJ#|0XPIJLIB.),
&)
where the weak current J,, is given by

d/
Sy = ey, - 75)(8’), (6)
b!

and d', s', b' are a mixture of the d, s, and b quarks, as
given by the CKM matrix [17].
Matrix elements of the currents are defined [15] as

2

_ % 2

VW ulBe) = e B P PYV()
" i{SZ(mB. +my)A(g?) — e
¢ mBC + my

g

q
X (Pg + Py),Ax(q%) — qzzquﬂfh(qz)}

*

.& -
+ l7q2quMAo(6]2)y (7)

2 2

m m
(PUIB) = (P, + Po =" ) Fil?)
N

2 02
mg —m

+—4?—£mfdfl ®)

(PlJ,10) = =ifpP,, ()]

<V|J#|0> = 6:LkaVmVr

where &, denotes the polarization vector of the outgoing
vector meson, g, = (Pg — Pp),, Fi(0) = F0),
A3(0) = Ay(0), and

(10)

mp +m mp —m
As(d) = 22— A (d) - —Taygd). (1)

2mV 2mV
There are three types of B, decays:
(i) those caused by a color-favored diagram,
(i1) those caused by a color-suppressed diagram, and
(ii1) those caused by both color-favored and color-
suppressed diagrams.

In general, the color-favored decay amplitude A(B, — PV)
can be expressed as
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V2

X 2mva1{(C. G. coeff. )vaf‘P(m%/)
+ (C.G. coeff.) fpAge” (m3)},

A(B. — PV) = X (CKM factors)

(12)
where [15] a;(u) = ¢;(u) + 3 c,(w), and N, is the num-
ber of colors. For the color-suppressed modes, the QCD
factor a, is replaced by a, which is given as a,(u) =

ca(p) + 5-c1(w). However, we follow the convention of

the large N, limit to fix the QCD coefficients a; = ¢ and
a, = c¢,, where [16]

C](/.L) = 126,
() = 1.12,

To evaluate the factorization amplitudes (9) and (10), we
use the following decay constants [5,8,17]:

fr=0131GeV,  fx=0.160 GeV,
fp=0208GeV,  fp =0273GeV,
fr, = 0.400 GeV,

() = —0.51 at uw =~ m?, a3)
cr(p) = —0.26 at u = m3.

and
f, = 0.221 GeV,
fpe = 0.245 GeV,
fiy = 0411 GeV.

It has been pointed out in the BSW2 model [18] that
consistency with the heavy quark symmetry requires cer-
tain form factors such as F; and A, to have dipole g¢>
dependence, i.e.

Fi(q?) = F1(0)/(1 — ¢*/m?)*> and
Ao(q?) = Ap(0)/(1 — ¢*/m})*.

Therefore, in this work we have determined the amplitudes
using the dipole ¢ dependence for these form factors.

Fre = 0.220 GeV,

fpe = 0273 GeV,  (14)

III. FORM FACTORS IN THE BSW MODEL

We employ the BSW model for evaluating the meson
form factors. In this model, the initial and final state
mesons are given by the relativistic bound states of a quark
¢, and an antiquark in the infinite momentum frame [15],

P, m, j, jz) = \/5(277)3/22 fd3l71d3l7253(P —Pp1—P)
515,

.. s+ s+
X Y% (prr, x, 51, s2)a)" (p1)by? (p2)]0),
(15)

where P, = (Py, 0,0, P) with P — oo, x denotes the frac-
tion of the longitudinal momentum carried by the non-
spectator quark ¢;, and pyp denotes its transverse
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TABLE 1. Form factors of the B. — P transition (errors shown here are due to uncertainty in mg: — mp ).
Modes Transition This work
F f"P(O) (w = 0.40 GeV) F f"P(O) (using flavor dependent w)

Ab=0,AC=—-1,A8=—1 B.— B, 0.35 0.557592

B.— B 0.28 0.41755%
Ab=1,AC=0,AS = —1 B.—D 0.015 0.075:0:5¢

B.— D 0.021 0.157901
Ab=1,AC=1,A5=0 B. — 1.(c¢) 0.19 0.58+002
momentum: ¥, (pr, %) = N,Wx(1 = x) exp(—p}/20?)

x = piz/P, Pir = (P1w P1y)-

Though B, — PV decays involve F,(g?) and A(g?) only,
we calculate all the form factors appearing in the expres-
sions (7) and (8) so that we can later investigate their flavor
dependence.

By expressing the current J, in terms of the annihilation
and creation operators, the form factors are given by the
following integrals:

FYP(0) = FP(0)
1 .
= jdsz/() (Vp(pr, V)V (P, X))dx,
A5V (0) = AZY(0)

1 k
= [ Ppy [0 dx(V 0 (pr, o)Wy (pr, 1)),

(16)
V(0) = ML (17)
mBC - My
and
_ Mg T My,
A(0) = —————1, (18)
mBC + my
where
Ldx . .
1= \/Ejdszf() 7(11’\/1' '(pr. x)lffy)lpBC(PT’ x)),
(19)

and mg, gy and m,, y) denote masses of the nonspectator
quarks participating in the quark decay process. The meson
wave function is given by

" ( L _mg - méz)z), 0)

>< —_
xp ( 202\* "2 2m?

where m denotes the meson mass, m; denotes the ith quark
mass, N,, is the normalization factor, and w is the average
transverse quark momentum, (p3) = w.

The form factors are sensitive to the choice of w, which
is treated as a free parameter. In the BSW model [15], the
form factors are calculated by taking @ = 0.40 GeV for all
the mesons, and m, = m,; = 0.35 GeV, m, = 0.55 GeV,
m. = 1.7 GeV, and m;, = 4.9 GeV. The B.— P form
factors thus obtained are given in column 3 of Table I,
and B, — V form factors are given in Table II. Using these
form factors, we obtain the branching ratios for various B..
decays, with 75. = 0.46 ps as given in column 2 of
Table III. We make the following observations:

(1) Naively, one may expect the bottom conserving
modes to be kinematically suppressed. However,
the large CKM mixing angle for bottom conserving
modes overcomes this suppression. We find that the
bottom conserving and charm changing modes are
dominant: B(B} — 7" B:°) = 1.91%, B(B —
Bp™) =2.75%, B(B — BTK*°) = 0.38%, and
B(B} — K°B**) = 0.38%. Among the bottom
changing  decays, B(B. — n.D;”) = 0.04%,
BB. — D;J/¢)=0.03%, and BB, —
1n.p") = 0.04% modes dominate, but are small
compared to the bottom conserving modes.

(2) Because there is less overlap of the initial and final
state wave functions for w = 0.40 GeV, as shown in
Fig. 1, bottom changing modes are further sup-
pressed due to the small values of the corresponding
form factors.

TABLE II. Form factors of the B, — V transition (w = 0.40 GeV).
Modes Transition V(0) Ay(0) A,(0) A5(0)
Ab=0,AC=—-1,AS=—1 B, — B; 2.45 0.37 0.40 0.68
B. — B* 2.23 0.31 0.31 0.35
Ab=1,AC=0,AS = —1 B.— D* 0.025 0.016 0.015 0.013
B, — Dj 0.032 0.022 0.020 0.019
Ab=1,AC=1,AS=0 B, — J/(cc) 0.24 0.17 0.17 0.17

034004-3



ROHIT DHIR AND R.C. VERMA

PHYSICAL REVIEW D 79, 034004 (2009)

TABLE III. Branching ratios (in T’;;:ilgs) %) of B, — PV decays (errors shown here are due to uncertainty in mg: — mp ).
Decays This work [4] [5] [6] [7] [8] [9]

Branching ratio (%) Branching ratio (%)
(w = 0.40 GeV) (using flavor dependent w)

Ab=0,AC=—-1,AS=—1

Bf —» 7B 1.91 4.37+037 733 178 395 573 2.37 1.39
Bf — Bp™* 2.75 7.0025:%9 810  1.55 1222 4.97 2.60 435
Bf — B*K* 0.38 0.72108% 1.14 023 e 1.24 0.29 0.85
Bf — K°B** 0.38 0.80%51% 423 028 .- 1.33 0.23 0.44
Ab=1,AC=1,A5=0
B — D°D*” 269X 107 6.577131 x 1074 850X 1073 -+ 6.89 X 1073 3.1 X 1073 1.50 X 1073 1.36 X 1073
B, —» D D  353Xx107° 8.347132 x 107* 001 -+ 614X107%3.3X 1073 6.60 X 1073 3.60 X 1073
B: — n.p” 0.04 0.391201 041 020 007 0.48 043 0.33
B — 7w J/y 0.01 0.137001 013 006 013 0.17 0.17 0.11
Ab=1,AC=0,AS = —1
B; — n.D}” 0.04 0.31:901 022 - 0.48 0.03 0.33 0.20
B: — Dy J/ 0.03 0.28001 013 --- 0.33 0.03 0.31 0.13
0.5 mensionality arguments:
S 04 N
1 SB. .n*‘g [P0 = . 21
g o3 /O I
g 0.2 / ."II | | (0)|? is obtained from the hyperfine splitting term for the
- . I, '.l meson masses [19],
“ o1l O/ \ 9
S [FOF =~ (my — mp), (22)
00 02 04 06 08 10 2a,m
E - Energy

FIG. 1 (color online). Overlap of wave functions for B, — D*
decays at wp, = wp. = 0.40 GeV.

(3) Besides B, — 1.D;~ and B, — D;J/ decays,
various decays such as B, — K D*, B, —
n'Di~, B, - D°K*~, B, — D; p°, B, — D; w,
B, — D; ¢, B, — 7°D*", and B, — nD’ are
also permitted by the selection rule Ab = 1, AC =
0, AS = —1. However, their branching ratios are
heavily suppressed as they occur through the CKM
suppressed weak process involving b — u
transitions.

IV. EFFECTS OF FLAVOR DEPENDENCE ON B, —
V/P FORM FACTORS

In the previous work [14], we have investigated the
possible flavor dependence in B, — P form factors and
consequently in B, — PP decay widths. We wish to point
out that the parameter w, which is a dimensional quantity,
may show flavor dependence. Therefore, it may not be
justified to take the same w for all the mesons. Following
the analysis described in [14], we estimate w for different
mesons from |¥(0)|?, i.e. the square of the wave function at
the origin, using the following relation based on the di-

where my and mp, respectively, denote the masses of
vector and pseudoscalar mesons composed of i and j
quarks. The meson masses fix quark masses (in GeV) to
be m, = my; = 0.31, my, = 0.49, m. = 1.7, and m;, = 5.0
for a,(m,)=0.19, a,m,) = 0.25, and a, = 0.48 (for
light flavors u, d, and s).

Except for B}, all the meson masses required are avail-
able experimentally. Theoretical estimates for the hyper-
fine splitting mp- — mp_obtained in different quark models
[20,21] range from 65 to 90 MeV. For the present work, we
take mg: — mp_ = 73 = 15 MeV obtained in [20], which
has been quite successful in giving charmonium and bot-
tomonium mass spectra. Calculated numerical values of
|'¥(0)|? are listed in column 2 of Table V. Variation in wp_
with hyperfine splitting mg- — mp_is shown in Fig. 2. We
use the well-measured form factor [22] FPX(0) = 0.78 =
0.04 to determine w, = 0.43 GeV, which in turn yields w
for other mesons given in column 3 of Table II. The form
factors obtained for B, — P transitions are given in col-
umn 4 of Table I, and for B, — V transitions are given in
Table IV. We find that all the form factors get significantly
enhanced due to the large overlap of B, and the final state
meson as shown in Fig. 3. In Figs. 4 and 5, we show the
dependence of various B, — B* and B, — D#* form factors
on wp and wg in the range 0 to 1, where wp is for the final
state meson.
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TABLE IV. Form factors of the B, — V transition using flavor dependent w (errors shown here are due to uncertainty in mg: — mp ).

Modes Transition V(0) Ay(0) A,(0) A5(0)

— — _ — R* +0.08 +0.02 +0.01 +0.04
Ab =0 aC= L as = B b st e ety i
Ab=1,AC=0,A8 = —1I B, — D" 0.16°003 0.081"607 0.005 013 0.11°001

’ ’ c 1 Y=0.02 . —0.08 . —0.015 1 1=0.02
B.— D; 0.295.63 0.16 7001 0.185.6) 0.2070,63
Ab=1,AC=1,A5=0 B.— J/{(cc) 0.91%204 0.58+ 001 0.63+003 0.74+905

A. Numerical branching ratios

Using the flavor dependent form factors, we finally
predict the branching ratios, which are given in column 3
of Table III. We observe the following:

(1) The branching ratios get enhanced significantly for
both bottom changing and for bottom conserving
modes. However, the bottom conserving and charm
changing modes still remain dominant with
B(Bf — 7" Bi%) = 4.371031%, B(B; — Blp™) =
7.0079%%, B(BS — K°B*") = 0.807399%, and
B(Bf — BTK*0) = 0.721013%.

TABLE V. |¥(0)|?> and w for vector and pseudoscalar mesons
(errors shown here are due to uncertainty in mg: — mg ).

Meson [P (0)]? (in GeV?) Parameter w (in GeV)
p(m) 0.011 0.33
K*(K) 0.011 0.33
D*(D) 0.026 0.43
D*(D,) 0.041 0.51
7/ w(n,) 0.115 0.71
B*(B) 0.033 0.47
BX(B,) 0.053 0.55
B, 0.2815077 0.967 008
i e
Iryf---"-"-"—=-"—="="="="="=-"=-"=-=-3 i
100 e |
"""""" // '
|
| 1
] I I
0.75 - | |
w* | |
= | |
| |
1 | |
0.50 | [
] : |
T T T T 1 I T 1 T 1 T I T T 1 T II I T 1 T T I T |I T T T I
0 20 40 60 80 100
mo.—m, —=
Blf Bﬂ

FIG. 2 (color online).
mB: - mB( .

Variation in wp_with hyperfine splitting

2

3

In

Among the bottom changing modes, higher branch-
ing ratios are B(B, — D;J/¥) = 0.287001%,
B(B; — n.D:7) = 0.311391%, B(B, —
7 J/ ) = 0.13700U%, and B(B; — n.p7) =
0.397001%. For the sake of comparison, we list
results of other models in Table III for branching
ratios of B, mesons.

It may be noted that the decay widths of B, —
n.D;~ and B, — D;J/y involve contributions
from both the color-favored and the color-
suppressed diagrams. In B meson decays, the ex-
perimental data favor constructive interference [16],
in contrast to the charm meson sector, between the
color-favored and color-suppressed diagrams,
thereby yielding a; = 1.10 =2 0.08 and a, =
0.20 £ 0.02. Taking a; = 1.10 and a, = 0.20 for
the constructive interference case, we obtain larger
values, B(B; — D;J/¢) =0.497003%  and
B(B; — n.D}7) = 0.51703% in comparison to
0.287051% and 0.317331%, respectively, which
were obtained for the destructive interference.

V. SUMMARY AND CONCLUSIONS
this paper, we have employed the BSW relativistic

quark model to study the hadronic weak decays of a B,
meson decaying into a pseudoscalar and a vector meson in
the CKM enhanced mode. We have also investigated the
flavor dependence of w and, hence, consequently, of the
form factors and the branching ratios for bottom changing

05,
0.4}
03}
02t/

Normalized—s [y|*

01}

04 06
E - Energy

00 02 0.8

FIG. 3 (color online). Overlap of wave functions for B, — D*
decays at wg = 0.96 GeV and wp. = 0.43 GeV.
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FIG. 4 (color online). Variation of B, — D* form factors V(0), A,(0), A,(0), and A,(0) with @’s for initial and final state mesons.

compared to those of the bottom conserving transi-
tions. As a result, bottom changing decays get sup-
pressed in comparison to bottom conserving decays.
Initially, form factors for both the modes are ob-
tained by taking the usual value of w = 0.40 GeV for
all the mesons. For bottom conserving and charm
changing modes, their form factors yield B(B} —
7 B¥Y) = 1.91%, BB — B% ") =2.75%,

as well as bottom conserving decay modes. We draw the
following conclusions.
(1) One naively expects the bottom conserving modes
to be kinematically suppressed; however, the large 2)
CKM angle involved overly compensates the sup-
pression. Because there is less overlap of the initial
and final state wave functions, the form factors
involving the bottom changing transitions are small

V(0)
Aq(D)

A (D)
Ao(0)

FIG. 5 (color online). Variation of B, — B* form factors V(0), A(0), A;(0), and A,(0) with w’s for initial and final state mesons.
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3)

(1]

(2]

(3]

(4]
[5]

B(B — BTK*®) = 0.38%, and B(B} — K°B**)=
0.38%. Among the bottom changing decays, the
dominant branching ratios are B(B, — D; J/ ) =
0.03%, B(B; — m.D;”) = 0.04%, and B(B; —
n.p”) = 0.04%.

We then investigate the effects of the possible flavor
dependence of w. Determining |¥(0)|> from the
meson masses to fix w for each meson, we calculate
various form factors for B, transitions which get
significantly enhanced for bottom changing as well
as for bottom conserving transitions. However, bot-
tom conserving decays remain dominant with
higher  branching ratios: B(B} — 7w B¥)=
4.37*031%, B(B; — BYp*)=1.00"0% %, B(B} —
K°B*") = 0.8070%%, and B(B} — BTK*) =
0.72+5 13%, while branching ratios of bottom chang-
ing modes are also increased to B(B, — D, J/ ) =

“)

PHYSICAL REVIEW D 79, 034004 (2009)

0.2870:01 %, B(B; — n.D;7) = 0.315301%,
BB, — 7w J/¢) =0.137001%, and B(B, —
n.p”) = 0.397301%. Errors in the predictions are
due to the uncertainty in the theoretical estimate of
the hyperfine splitting mp: — mp_= 73 = 15 MeV.
Taking into account the constructive interference
observed for B meson decays involving both the
color-favored and color-suppressed diagrams [15],
we find that B(B, — D;J/y) and B(B, —
n.D;”) get further enhanced to 0.49%9%2% and
0.517093%, respectively. From the experimental
point of view, measurements of these branching
ratios present an interesting test for the interference
between color-favored and color-suppressed pro-
cesses in B, meson decays.
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