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We study the semileptonic transitions B, — 1., J/V, D, D*, B, B*, B, B in the leading order in the
framework of a relativistic independent quark model based on a confining potential in the equally mixed
scalar-vector harmonic form. We compute relevant weak form factors as overlap integrals of the meson-
wave functions obtained in the relativistic independent quark model in the whole accessible kinematical
range. We predict that the semileptonic transitions of the B. meson are mostly dominated by two Cabibbo-
Kobayashi-Maskawa (CKM)-favored modes, B, — B,(Bj)ev, contributing about 77% of the total decay
width, and its decays to vector meson final states take place in the predominantly transverse mode. Our
predicted values for the total decay rates, branching ratios, polarization ratios, the forward-backward
asymmetry factor, etc., are broadly in agreement with other model predictions.
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I. INTRODUCTION

Ever since the discovery of B, meson by the Collider
Detector at Fermilab (CDF) Collaborations [1] in 1998 in
the semileptonic decay mode B, — J/ + [ + v;, a great
deal of attention has been paid to the production mecha-
nism, spectroscopy, and decay properties of B, meson.
The observed values of the B.-meson mass and lifetime
are  Mp = 6.40 = 0.39 = 0.13 GeV and Tp, =
0.467013(stat) = 0.03(syst) ps. Observations of B, —
J/¢ + u + X and its reported preliminary evidence also
point towards these values as Mjp =5.95%011 *
0.34 GeV and 75 = 0.45f8:%(2) * 0.12 ps [2]. Much larger
samples of B, mesons and more information on their decay
properties are expected from the current run II at Tevatron
[3] and the ongoing experiments at the CERN LHC [4].
The dedicated detectors BTeV and LHCB which are espe-
cially designed to analyze B physics are expected to pro-
vide an essential increase in the statistics up to 10'° B,
events per year.

The study of the B, meson is in fact of great theoretical
interest due to its special features. The characteristic fea-
ture of the B. meson is that it is the only quark-antiquark
lowest bound-state system composed of heavy quarks (b¢)
of different flavors. Both the constituent quarks being
heavy, B. -meson weak decays can be viewed at the con-
stituent level via (i) b decay, (ii) ¢ decay, and also (iii) an
annihilation channel providing comparable contributions
to the total decay rate. The transitions (i) with spectator ¢
induce the semileptonic decays to charmonium and
D-meson states, while the transitions (ii) with spectator b
induce the semileptonic decays to B,- and B-meson states.
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The estimates of the B.-decay rates indicate that the ¢
decay modes provide the dominant 70% contribution while
the b decay modes contribute about 20% to the total decay
rate. The weak annihilation channels contribute a minimal
10% only [4]. The four-momentum transfer squared ““g>”
which provides the kinematic range for the semileptonic
B -decay modes varies in wide ranges. It varies from ¢ =
0 to g2, = 10 GeV? for the decays to charmonium and
from g% = 0 to g2, = 18 GeV? for decays to D mesons
pertaining to transition (i). However, the allowed kinematic
range is rather much smaller which is from ¢> =0 to
g%.x = 1 GeV? only for decays to B and B, mesons per-
taining to transition (ii). As a result, in the B.-meson rest
frame, the maximum recoil momentum of the final char-
monium and D mesons is of the same order of magnitude
as their masses, while for B,- and B-meson final states it is
considerably smaller than the meson masses. The signifi-
cant kinematic difference between the b-quark and
c-antiquark decay modes makes it worthwhile to consider
the transitions (i) and (ii) separately while investigating the
exclusive semileptonic B, -meson decays.

B_.-meson decays have been widely studied in the litera-
ture after the pioneering paper written by Bjorken in 1986
[5]. In early works based on potential models [6—13],
various techniques were used to yield close estimates for
the B.-meson semileptonic decays. Subsequently, these
decays were studied in the context of other different mod-
els such as the relativistic constituent quark models
[14,15], the nonrelativistic constituent quark model [16],
the instantaneous nonrelativistic approach to the Bethe-
Salpeter equation [17], the three-point sum rules of QCD
and nonrelativistic QCD [18], the light cone QCD sum rule
[19], application of the heavy quark symmetry (HQS)
relation [20,21] to the quark model and the model [22]
based on the Isgur, Scora, Grinstein, and Wise wave func-
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tion, etc. Surprisingly enough, Bjorken’s [5] early esti-
mates of the total widths and branching fractions, etc.,
are found more or less in agreement with the predictions
of most of the studies [6-21] made over the years.

The semileptonic decay amplitudes, as usual, find co-
variant expansion in terms of some weak decay form
factors. The relevant form factors can be represented as
overlap integrals of the participating hadron wave func-
tions defined in the framework of any suitable model,
which then enables one to find the ¢g*> dependence of the
form factors. A reliable analysis of the form factors is,
therefore, possible if one can determine their ¢> depen-
dence in the allowed kinematic range. In most of the
studies [6-21] cited above, the relevant form factors and
their q2 dependence are, however, determined with an end
point normalization at either g> = 0 or g> = g2, and then
extrapolated to the entire kinematic range using some
phenomenological monopole/dipole/Gaussian  ansatz.
This might have allowed possible uncertainties into these
theoretical calculations.

However, the model we would like to adopt here is a
relativistic independent quark model (RIQM) [23-25]
based on an average confining potential in equally mixed
scalar-vector harmonic form. In earlier applications of this
model, we have reproduced hadronic static properties [23]
like hyperfine mass splitting, an electromagnetic form
factor, and charge radii of light mesons and weak leptonic
decay constants. We have also described satisfactorily a
wide ranging hadronic phenomena including the decays of
hadrons [24,25] such as leptonic, weak leptonic, semilep-
tonic, radiative, weak radiative, rare radiative, and radia-
tive leptonic decays, etc. In this paper, we would like to
extend the applicability of this model to study both the
b-quark and c-antiquark decay modes of the B, meson in
its semileptonic decays. We would calculate the overlap
integrals representing the weak form factors in the frame-
work of the RIQM and determine their ¢> dependence in
the entire kinematical range as is done in Ref. [15] without
resorting to any kind of phenomenological ansatz for end
point normalization, thereby avoiding extrapolation and
thus reducing any possible uncertainties in this respect in
the calculation.

The paper is organized as follows. In Sec. II we provide
the general formalism and the kinematics for B.-meson
semileptonic decays. Section III briefly describes the
framework of the underlying RIQM [22-24]. The model
expressions for the relevant form factors and their ¢>
dependence in the allowed kinematic range are described
in Sec. IV. We discuss our numerical results in Sec. V, and
finally in Sec. VI, we briefly summarize our results.

II. GENERAL FORMALISM AND KINEMATICS

The invariant transition matrix element for the exclusive
semileptonic decays M — mev is written as [26]
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Gr
= ﬁqu/l/‘hﬂ, ()
where Gy is the effective Fermi-coupling constant, V, is
the Cabibbo-Kobayashi-Maskawa (CKM) parameter, and
[* and h,, respectively, are the leptonic and hadronic

M

:U“’
amplitudes expressed as
"= Ue(ﬁl’ 81)7”(1 - YS)VV(ﬁZ 82)! (2)

Here JZ =V, — A, is the vector-axial vector current. We
take here (M, m) to be the mass, (p, k) the four momentum,
and (Sy, S,) the spin projection of the parent (M)
and daughter (m) meson, respectively. ¢ = (p — k) =
(p; + py) is the four-momentum transfer, and (p,, p,)
are the four momenta of the lepton pair. We introduce
here a pair of dimensionless variables (y, x) scaled to the
parent meson mass as y = (¢>/M?) and x = (p.p,/M?)
for the sake of convenience to describe the kinematics of
the decay process. In the vanishing lepton mass limit, the
kinematically allowed range of y is

= < —_ ﬂ 2
O0=y= (1 M) . (€]

We also consider two frames of reference: (i) the parent
meson rest frame and (ii) the ev center-of-mass frame. The
coordinate system chosen here is such that the daughter
meson momentum X is along the negative Z axis with the
charged lepton momentum p,; subtending an angle 6, to
the Z axis [Fig. 1(a)] in the ev center-of-mass frame. The Y
axis is oriented perpendicular to the plane containing the
final particles’ momenta.

In the decay process, the physical quantities of interest
associated with the final state particles are their energy and
momentum, which can be calculated in both of the frames
considered here. In the ev center-of-mass frame, they are

M
E, = E, =?\/i ©)
M m?
E, ‘z—ﬁ(‘ —W—y), ©)
|k| = K/\/y, @)
M m? 2 m2 /2
(SO RE

In the parent meson rest frame, however, the quantities are

. K M 2
El:Mx:ECOSH‘)—FZ(I_i_’_y)’ (9)
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FIG. 1.
frame.

. M 2
E, = ?(1 +——y), (10)

k| = K. (11)

The hadronic amplitudes corresponding to vector and
axial vector currents conventionally find covariant expan-
sion in terms of some Lorentz invariant form factors. For
(0™ — 07)-type transitions these amplitudes are written in
the form

(mB)|V,(OIM(p))y = f+(@)p + k), + f-(@)p = k),
(12)

and for (0~ — 17)-type transitions these are

(m(k, €)|V,(0)|M(p))
=ig(q?) €prpor € (p+K)F(p— k)7, (13)

(m(k, €)]A,,0)|M(p))
= f(g*)€;, + a(¢*)(".p)(p + k),
—a_(g?)(e".p)p — k). (14)

Here € = (e, €), with €".k = 0, represents the vector
meson polarization.

The differential decay rate is written in the generic form

1

__ 2
2EM5]Z | M1, (15)

162,A

where the three-body phase space factor is
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Coordinate system for the semileptonic decay of meson M. (a) The ev center-of-mass frame. (b) The vector meson helicity

Bk Bp,
(2m)32E,, (2m)32E,

dll; = Qm)*6“W(p — p, — pa — k)

&’ p,

Qm)2E, (16)

and the invariant transition amplitude squared is given by

GZ
6% M2 = TFIqu/IzLWHW. (17)
1 ZvA

We write LF7 = 3 5 5 (I# 171) representing a sum over the
lepton spin indices (6, §,) and also H,, = Z,\(huh;r,)
representing a sum over the daughter meson (vector) po-
larization index ““A.”

It is often convenient to consider | M|? in the ev center-
of-mass frame in which the timelike part L% of leptonic
tensor L#“ obtained from the trace calculation in the form

L#o = 8[(p'pg — p1-p2g™ + p5pY) + ie**Pp ,pag]
(18)

is zero in the vanishing lepton mass limit. With the only
nonvanishing spacelike term L%, the product L*H ,, in
Eq. (17) is reduced to the form LY H;;. Then, integrating
the L part of |2 M|? over the lepton phase space, one gets
in the ev center-of-mass frame

&p, dPp,y . dr ..
__Ll/§(4) — — — k) =— 2511’
/ T (p=pi=p2=k) =3¢
(19)

which reduces the effective hadronic part H;; to H;;. With
this consideration, the expression of the differential decay
rate (15), in the ev center-of-mass frame, is transformed to
the form
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1 1 G Pk 47
= W E > |VQq|2 2E, quHii- (20)

It is worthwhile to note here that the hadronic amplitude
“h;” can be expressed, in this frame, in the simple and
convenient form as the terms involving the form factors
f-(g?) and a_(g?) in Egs. (12) and (14) do not contribute
to 1 pertaining to transitions of the type (0~ — 07) and
(0~ — 17), respectively. For (0~ — 07 )-type transitions,
one obtains the &; from Eq. (12) in terms of a single form
factor f,(q%) as

h=p+Kf (g, 1)

Similarly, for transitions of the type (07 — 17), it is
straightforward to find from Eqgs. (13) and (14) that

= 2i\/iMg(q?)(&" X k) — f(g2)& — 2(e".p)a, (¢OE.
(22)

For the calculation of physical quantities, it is more con-
venient to use helicity amplitudes, which are linearly re-
lated to the invariant form factors [27]. We, therefore,
expand h in terms of a helicity basis (effectively of the
virtual W) as

h=H e, +H _e_+ H,e, (23)

with
ey =z (24)

The polarization vector €* with the polar and azimuthal
angle (0%, ") in the vector meson helicity frame
[Fig. 1(b)] can be Lorentz-transformed to the (ev) center-
of-mass frame to be obtained in the form

1 . L
& = —sinf e’ e,

V2

1 L E

— —sin@*e " e_ — ™ cosh*é,.
2 m

(25)

Then expanding 4; in terms of the helicity basis (23) and

(24) and using the Lorentz-transformed form of &é* (25),

one can obtain the helicity amplitudes - and FH, from
Eq. (22) as

Moo= vy (26)

H = cosh*H,, (27)

where H. and H, are reduced helicity amplitudes. For
(0" — 17)-type semileptonic transitions, these reduced
helicity amplitudes are obtained in terms of the invariant
form factors f(g?), g(¢*), and a_ (g?) as follows:

H. =[f(¢*) ¥ 2MKg(q*)], (28)
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M m?
Hy=——|(1-——— %) + 4K? 2]. 29
0= a1~ i ) F 4@ | 09

Now H;; = Y )‘hihj in Eq. (20) can be expressed in terms
of reduced helicity amplitudes (28) and (29), then inte-
grated over the polar and azimuthal angles (6%, ¢*), and
finally summed over the daughter meson (vector) polariza-
tion states to yield an invariant expression for the differ-
ential decay rate. Once obtained in an invariant form, it is
then convenient to cast in any frame (here the parent meson
rest frame) so as to get the final expression of the differ-
ential decay rate as
T LGV, PAPKG I P + |H P + HP]
d_y - 96773 F qq’ y + - 0 .
(30)

Here the contribution of the |H,|? term to the differential
decay rate (30) refers to the longitudinal mode, and that of
the combined term [|H |*> + |H_|?] refers to the trans-
verse polarization mode for the semileptonic transitions
of the type (0~ — 17). However, in case of (0~ — 07 )-
type transitions, one can realize the corresponding expres-
sions by appropriately identifying

K
H. =0, Hy=—2— 2), 31

which leads to the differential decay rate in parent meson
rest frame as

dU'  G}|V, PK*M?

d_y Y £+ (g% (32)

Thus the study of exclusive semileptonic decays such as
M — mev is essentially reduced to the evaluation of rele-
vant form factors f(q?), g(q%), a.(¢*), and f.(g?) and
their ¢g> dependence over the allowed kinematic range. We
would like to do so by calculating the hadronic matrix
elements in the framework of the RIQM described in the
following section.

ITII. TRANSITION MATRIX ELEMENT AND WEAK
DECAY FORM FACTORS

The semileptonic decays of the B, meson composed of
two heavy constituents (b, ¢) are described at the constitu-
ent level via two types of Feynman diagrams [Figs. 2(a)
and 2(b)]. Here Fig. 2(a) represents its constituent b-quark
decay [b — (c, u)W] to a less heavy c or a light u quark
with the antiquark constituent ¢ remaining a mere specta-
tor. In the process, the daughter quark (c, u) and the spec-
tator ¢ hadronize to the charmonium (., J/ ) or (D, D*)
meson states. The emitted W boson ultimately disinte-
grates to the lepton pair (e, v,). The other diagram
[Fig. 2(b)] represents its constituent antiquark ¢ decay
[¢ — (5, d)W] to the light flavored antiquark (5 or d) with
the b quark playing the spectator. In the process, the
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(b) '

FIG. 2. Semileptonic decay: M — mev,.

daughter (5 or d) and spectator b hadronize to (B,, B¥) or
(Bg, B};) meson states, and the emitted W boson decays to
the lepton pair (e, v,). In fact, decay occurs physically
between momentum eigenstates of the participating had-
rons. Therefore, in a field theoretic calculation of the decay
process, the meson state is to be represented by an appro-
priate momentum wave packet reflecting the momentum
and spin distribution between the constituent quark and
antiquark inside the meson core. Thus, starting with the
basic weak transition at the constituent level, one needs to
realize the invariant transition matrix element “M” at the
mesonic level on the basis of a suitable constituent quark
model.

A. Transition matrix for M — mev

The S-matrix element for the semileptonic transition
M — mev corresponding to the diagrams depicted in
Figs. 2(a) and 2(b) can be written in the general form

Spi = O, [d4x1d4x2d461€ 2 =x)(e(py, 8))
2wt
X v(p,, 52)"1(/6, ST} ()8 (xy): M (P, Sy,
(33)
where ¢g=p—k=p, + p, stands for the four-
momentum transfer and, with I'* = y#(1 — s),
) = ) ()TE g (),
1 (2 v b)) ek’ 2 (34)

Jh): = I )T, i ()

|M(p, S,)) and |m(k, S,,)) represent the parent and daugh-
ter meson state, respectively. In the present model, the
momentum wave packet description of the meson corre-
sponding to a definite momentum (p) and spin (S,,) state is
taken in the general form [24,25]

M, Sy)) = M (A ) [ Pp, P,

LY ¢
VN (D) A esy,
X 8(3)(ﬁq1 + ﬁqz - ﬁ)GM(ﬁq]’ ﬁqz)

A At
X bl (g, A)by, By, A2)I0), (35)

where I;JILI (Pg,» A1) and l;;rz(f),h, A,) are, respectively, the
quark and antiquark creation operator. ) - (A, A,) stands
for the SU(6)-spin flavor coefficients for the meson state.
Ny(p) is the meson normalization realized from
M(P)IM(p'))y = 8% (p — p’) in the integral form

Ny(p) = j &P Gu(Pon b — Bl (36)

Finally, Gy/(p,,, P — Pg,)» Which represents the effective
momentum distribution function for the quark ¢; and
antiquark g,, is taken in the form [24,25]

) =Gy, ($y)Gp,(B — By)- BT)

Here G, (p,,) and qu(ﬁ — Pyg,) refer to the momentum
probability amplitude of the bound quark ¢; with momen-
tum p,, and of the antiquark g, with momentum p — p,, ,
respectively. The bound quark and antiquark inside the
meson core are, in fact, in the definite energy states with
no definite momenta of their own. However, it is possible
to obtain their momentum probability amplitudes via suit-
able momentum space projection of the corresponding
quark-antiquark eigenmodes derivable from the model.
The model expression for G, (p,,) derived from the eigen-

mode ¢ "\ (7) [24.25] is

GM(ﬁqll ﬁ - ﬁql

. TN, B o)T1/2
Gy, (Py) = 212 0, I:ZZ] ((Iqu))] [Ey,(By,) + Ey ]
X exp(— 4[?%). (38)

q1

A similar expression for qu (P — Pg,) is realized from the
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eigenmode ¢£1;)/\2(7") [24,25] so as to get for like flavors

qu(ﬁ - ﬁql) = ng(ﬁ - l_;ql)~ (39)

Here E, (p,) = [P, + m3,. €4,(,) = E,(By) + my,.

and (.7\f E,, w,, a,) are the model quantities as defined
in Refs. [24, 25]

‘We may point out here that the bound-state picture of the
meson that one can construct in a definite momentum and
spin state as in Eq. (35) is not relativistically covariant.
This is in fact true with almost all of the potential models
describing mesons as bound states of valence quarks and
antiquarks interacting via some instantaneous potential.
However, such models are often required to derive the
mesonic level decay amplitudes starting with the
Feynman amplitudes at the constituent quark level. A
problem that one usually encounters here is that, although
three-momentum conservation at the composite level of
the meson has been ensured through 8(3)(13(]l + Py, — P)
in the expression for the meson state |M(p,Sy)) in
Eq. (35), the energy conservation Ey = E, (p, )+
E, (p,,) in such a definite momentum state cannot be
specified so explicitly. This is indeed a pathological prob-
lem common to all such models attempting to explain the
hadron decays in terms of constituent level dynamics in
zeroth order. However, it is quite reassuring to note
here that the effective momentum profile function
Gu(pgy,» Py,)» defined through Egs. (35)-(37) in this
model, somehow ensures the energy conservation in an
|

d3ﬁquM(l_5qj’ ﬁ - ﬁqj)Gm(ﬁqj +k— ]-i ﬁ - ﬁq,)e
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average sense, satisfying E, = (M(p, Syl[E, (B, )+
E, (Pg,)]IM(p, Sy)). This has been shown in our earlier
work [25] in the case of the meson state: |B,(p, Sg)) and
|B.(p, Sp,)) in the context of the radiative leptonic decays
of the B, and B, meson, respectively. Thus, while repre-
senting a meson state as an appropriate wave packet of the
constituent quark and antiquark, the bound-state character
of the meson is thought to be embedded in the dynamical
quantity Gy (p,,, P — P,,) in Eq. (35).

With this phenomenological picture showing dynamics
of the constituent particles inside the bound-state systems
of participating mesons, one can derive the decay ampli-
tudes in terms of model quantities.

Now using the usual lepton field expansion, we obtain
the matrix element of the leptonic weak current Jj"(x,) in
the simple form

ei(Pl +p2)x2

J2m)2E,2E,

(e(P1, 81)v(Pa, 82)I (x2)0) = 1%, (40)

where
1# = U, (py, 6)T*V, (), ). (41)

Next using the usual quark field expansion in the hadronic
weak current and appropriate momentum wave packets
corresponding to the parent and daughter meson states
|M(p, Sy)) and |m(k, S,,)), respectively, the hadronic ma-
trix element is obtained in the form

—ilpy; —pq})xl

(SulJ(O)Sy).  (42)

(S, GG Sy = [

Here E, (p,) and E (pq + k — p) stand for the energy of
the nonspectator quark or antiquark of the parent and
daughter meson, respectively. (S,, |J |S,,) represents sym-
bolically the spin matrix elements of the vector-axial vec-
tor current. For the transitions involving constituent quark
q, decay [Fig. 2(a)], it is obtained in the form

<Sm|-] (0)|SM> = Z q1, qz()llJ )\2)§m (Al’ A2)
ALAL A,

X [Ty (F + By — B A1 = 75)
X Uql(ﬁq]: /\l)] (43)

The hadronic amplitude for the transition involving the
antiquark g, decay [Fig. 2(b)] can be obtained in the
similar form (4). However, the relevant spin matrix element
is obtained here by replacmg the free particle spinors
as Uql(pql,)l )— Vg (k+ Py, — P»A5) and U, ](pql

k - p) A/) qz(qu: /\2)

VTN (BIN L (K12E, (5, )2E By, + K — )

|
Here the free particle spinors U, (p,,A;) and

qu (f)q/_, /\j) are taken as

x(V)
Uy (By, Aj)=,/e (m)(#/\/(/\)),
Vq/.(lsq,/’ Aj) = Véq, (pq, (—‘_ ﬁq"‘ /\7()\))

with
x=—xh=(o) xw=x0=(})

Using the matrix elements of the leptonic and hadronic
weak currents as shown in Egs. (40) and (42), respectively,
one would expect to obtain from Eq. (33) the expression of
the S-matrix element for the decay process M — mev in
the standard form with an appropriate four-momentum &
function at the mesonic level. However, as described
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above, starting with the constituent level picture, the real-
ization of the energy-momentum conservation through a
four-momentum delta function explicitly at the mesonic
level has not been straightforward. This is because of the
fact that, although three-momentum conservation is auto-
matically guaranteed at the mesonic level through the wave
packet description (35), the same is not so transparent in
the case of energy conservation. However, as shown in our
earlier work [25], it is possible to ensure the energy con-
servation here in an average sense through the momentum
profile functions Gy(p,,, p,,) and Gm(ﬁq/](z), Py, in the
parent and daughter meson state, respectively. Taking into
account the energy conservation constraints E =

Eq](l_sql) + qu(ﬁ - ﬁql) and Em(k) = Eq;(z)(ﬁlh(z) +k—
p) + qum(f) — Pg,,,) along with the three-momentum
conservation p = p, + p,, and k= faqlm) + Dgy,, €N-

sured by an appropriate three-momenta delta function in
the meson wave packets, we write p = p, + p,, and k =
|

PHYSICAL REVIEW D 80, 074005 (2009)

P, + Pgy,,- Then it is possible to pull out 6(4)(17,]1(2) -

pq’lm — D1
form 6 (p — k — p; — p,) which ensures the required

four-momentum conservation in the decay process. Then
one can write

— p,) from the quark level integral of Sy, in the

= Q2m)*6W(p —k — p; — p)(—iMy,)

1 1
. 45
: NQm)2E,, " f (\/(27r)32Ef) )

We may point out here that the meson normalization factor
1/\2Ey2E,, does not appear automatically in the kine-
matic expression of S;. In order to cast it in the standard
form, we include this factor by adequately compensating
the same in the numerator. The compensating factor
V2E2E,, is then pushed inside the quark level integral as

VPLEG(Py) + Ep(B = By L By, + K = B)+ Epy (5= By)) =

under the same assumption with which it was pulled out of
the integral as described above. With this, the S-matrix
element is realized in the standard form from which the
invariant transition amplitude M, is extracted as

My = hy, (46)

\/— q,q’l

where the invariant hadronic amplitude £,
tained in the form

is finally ob-

1 R(pg,)

= deﬁqj pq,/ -
VNM(ﬁ)Nm(k) \/Eq,,-(ﬁq.,)E%(ﬁq,- tk—p)
X Gu(Pgy b= Pg)GulByg, Tk — . P — By,)
X A8, |, (0)[Syy)- 47)

B. Weak decay form factors

As discussed earlier in Sec. II, the hadronic amplitudes
for the decay process find covariant expansion in terms of
the weak form factors (12)—(14) in terms of which the
decay rate and polarization fractions, etc., have been ex-
pressed as shown in Egs. (30)-(32). The form factors,
being Lorentz invariant quantities, can be calculated in

any suitable frame. For the sake of convenience, we choose
|

2R(p,)

|
here the parent meson rest frame for the same. We compare
the model expressions for hadronic amplitudes with corre-
sponding expressions from the covariant expansion in
Egs. (12)—(14) in the parent meson rest frame so as to
obtain the weak decay form factors in the following
manner.

First we calculate the spin matrix elements from Eq. (43)
using usual spin algebra. For the (0 — 07) transitions
where only vector current contributes, we get

) (B +Ke (B )+ 2
<Sm(k>lvo|SM(0)>=[E‘“(pq’ 0Py p‘“], (48)

ey Py + Deg (B,)

€., (B,

(S (V1S (0)) = =
Eq//.(ﬁqj + k)eqj(ﬁql-)

ki (49)

Here, for the sake of brevity, we also write €, (p, ) =
E, (pq)-i-m ander(pq +k) = E, (pq +k)+m,
Now substltutlng the results of Eqs (48) and (49) in
Eq. (47) in the parent meson rest frame and then comparing
with the corresponding expressions from Eq. (12), we get

the relevant form factor f,(g?) for the (0~ — 07 )-type
transition in the form

1o = 57 [ By e (o e By, + B+ M = B} + 731 (50)

where
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Clp,) =

GM(ﬁqJJ _ﬁqj)Gm(ﬁqj + ]_(), _ﬁqj)‘J[qu(ﬁqj) + qu][Eq}(ﬁqj + ]g) + Eq}]

(D

However, for the (0 — 17)-type transitions where both
the vector and axial vector currents contribute, the spin
matrix elements are obtained separately in the form

(S,(k, €)[V,lS,(0)) = 0, (52)

(S, (K €)|V;]S,,(0)) = i€, (Py,)

e, (Bo)eq By + F)

(53)
7oA qu(‘b)‘b') A T
(Su(k, €)|Ag]S),(0)) = — (&),
Veo, (Bo)ey (By, + 0
(54)

Ley (o) e Py, + B = /3]

(S,u(k, €)1A;1S4(0)) = =
Ve, (By)eg (By, + 1)

(55)

A term by term comparison of the results in Egs. (53) and
(55) with the corresponding expressions obtained from the
form factor expansions in Eqgs. (13) and (14) gives the
relevant form factors “g(¢?)”” and *“f(g?)” in the form

A

1 R N -
80 = =3 = = [ APaCBo ) By 56)

1) = = [[dp, o ey (Bo)ey By, + B = 53,/30
(57)

In the present model we also get a. (¢%) = a_(g?).

Now, in order to find the model expressions of the form
factor “a,(q?),” we calculate the timelike part of the
hadronic amplitude (47) due to the axial vector current
corresponding to the longitudinal spin polarization of
the daughter meson m(k, &*). From the amplitude
(m(k, &L)|Ao|M(p = 0)) and equality condition a, (¢%) =
a_(q%), we get

[f(¢g%) + 2M2a, (¢*)]est = — Alkl. (58)

Note that the spin quantization axis is taken here opposite
to the boost direction. As a result, the longitudinal polar-

ization vector EZ(L) is boosted yielding the timelike com-

ponent GZ(L) = - Imﬂ with e;m = (. By substituting this
and A = —2Mg(g?) (56) in Eq. (58), it is straightforward
to find

AN ON(KE, (5y)E, (B, + Key (By)ey (B, + K)

ar(g?) = = 515 1F@) + Mm@} (59)

The model expressions for the form factors £, (g?), g(g?),
f(g?), and a.(g?) in Egs. (50), (56), (57), and (59) are
believed to embody their ¢g*> dependence in the allowed
kinematic range. These form factors can also be expressed
in the dimensionless form as cited in the literature to treat
them on equal footing as

Fi(q*) = [+ (%),

V(g*) = (M + m)g(q?), (60)
A(q?) = M + m)~' f(g?),

Ay(g?) = —(M + m)a.(q?).

With the relevant weak decay form factors expressed in the
general form (50), (56), (57), and (59) in terms of the
model quantities, it is straightforward to study their g>
dependence and to evaluate numerically the decay rates
and branching ratios for different semileptonic B, decays
using Egs. (30) and (32). This is done in the following
section by appropriate replacement of the flavor degrees of
freedom and other related quantities relevant for specific
decay modes.

IV. NUMERICAL RESULTS AND DISCUSSION

We must point out at the outset that, for the numerical
calculation in the model adopted here, we use the model
parameters and model quantities obtained earlier in its
applications to several hadronic phenomena in the light
as well as heavy flavor sectors [23-25]. Hence we take the
constituent quark masses “m,,” corresponding binding
energies “E,,” and flavor independent potential parame-
ters (a, V) as follows:

(mu = Mg, N, M, mb)

= (0.07875,0.31575, 1.49276, 4.776 59) GeV,
(Eu = Edr E‘w Ew Eb)

= (0.47125,0.591 00, 1.579 51, 4.766 33) GeV,
(a, Vy) = (0.017 166 GeV?, —0.1375 GeV). (61)

For related CKM parameters and B, meson lifetime, we
take their central values from the Particle Data Group [28]
as

(Vyer Vi) = (0.0412, 0.00393),

(62)
(Vs Veg) = (1.04,0.23),

7, = 0.46 ps.
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2.5
T | T | T | T

Form factors

FIG. 3. Form factors of B, — 7., J/V.

The physical mass of the participating mesons are taken
according to the recorded values from Ref. [28] as

My, = 6.276 GeV,
(M, My;,) = (2.9803,3.096916) GeV,
(MDU, MD*U) = (1864 84, 2007) GCV, (63)
(Mo, M) = (53666, 5.4131) GeV,
(Mo, M) = (5.2795, 5.325) GeV.

With these inputs, we first calculate the weak form
factors £ (¢%), g(¢*), f(¢*), and a.(¢*) using Egs. (50),
(56), (57), and (59), respectively, from which the g¢> de-
pendence of the equivalent dimensionless form factors F,
V, A, and A, are studied in the allowed kinematical range.
Our results for the CKM-enhanced: B, — 7.(J/¥) and
B, — B,(B;)—as well as the CKM-suppressed: B, —
D(D*) and B, — B(B*)—transitions are depicted in

7 T T T T

Tl

|

6 - —

> i<

[§1

Form factors
T

FIG. 4. Form factors of B, — D, D".
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F T T T T T T T T ]
18 — . Fl _|
15 - - & -
L A, 4
E 12 |
131
S o J
E 9 e -
=~ [ _v_.,u—-f‘";—ﬂ_ﬂ’_ -
6 p=T _|
3 = ]
/ -
0””1””1””1"’” ””” T [ |
0 0.2 0.4 0.6 0.8

FIG. 5. Form factors of B, — By, Bj.

Figs. 3-6. The different behavior (rate of growing with
g?) of the form factors here is attributed to the properties of
the final meson-wave functions and the momentum trans-
fer involved in the decay processes. One may naively
expect these form factors to satisfy the HQS relations as
an outcome of the heavy quark effective theory

Fi(g%) = V(g?) = Ay(¢*) = A, (¢?), (64)
where
- 2 —1
K =1 s | e

Our predictions, however, indicate that all of the form
factors do not simultaneously satisfy the HQS rela-
tion (64). Only V(g?) and A,(¢*) somehow show equality
(64) in the allowed physical region, whereas A,(¢?) and
F,(g%) do not. This corroborates the well known fact that

20 T T ‘ T T T

Form factors
S
[
\
\
\
\
\
|

FIG. 6. Form factors of B, — B, B*.
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TABLE I. Predicted values of the form factors of weak B, r ‘ I ' I ! I i B
decays.

15 — D ]
Transition Fi(q?) V(g?) A(g?) Ay(q?) -~ D*
BC - 77((-,/\1,) . Y -
=0 0.304 0.481 0.260 0.527 g ol ]
P =GP 1.459 2.121 0.938 2.093 3
Bc — D(D*) > | ]
> =0 0.017 0.034 0.009 0.019 =
7 = Gmax 3715 6.541 0.615 2.627 s _
B, — B.(B)) \/
=0 0.021 6.138 0.552 6.251 - 1
4* = G 1.649 10.003 0.818 10.046
B, — B(B*) 0 I | | | | | |
7 =0 1005 7082 0393 6681 0 > 10 15 20
4 = G 2.014 14.614 0.688 13.574 o GeV?

FIG. 8. Differential decay rate of B, — D(D*) in 1072 GeV.

the heavy flavor symmetry cannot be strictly used for
hadrons containing two heavy quarks [14,27]. Since in ¢ —
5, d induced transitions the momentum transfer is mar-
ginal, the effect on the g dependence is rather mild as
shown in their near flat behavior. The sizable effect on g> — B,
dependence of the form factors related to B, — 1.(J/¥) e :
and B. — D(D") semileptonic decay modes as shown in
the rising slope of the curve is due to significant momen-

2

" |
tum transfer involved in the decay processes. As expected, §
the effect is most pronounced in the case of B, — D(D*) " B

semileptonic decay modes as the recoil momentum of the
final charmed meson states is highest among all of the
channels considered here. Our predicted values of the
form factors at the maximum and zero recoil point for .
both the b — ¢, u and ¢ — 5, d induced B, transitions are 3 X E
listed in Table I which are comparable to those of Ref. [15]. 0 : * : * : * : *

. . . . 0 0.2 0.4 0.6 0.8
The differential decay rates j—; for semileptonic B, A
q GeV

decay modes, calculated in the present model using
FIG. 9. Differential decay rate of B, — B(B%) in 1072 GeV.

8 T T J
— N, //
6 — ---- Iy S, — 0.08
= S/ .
4= - g
o ,/ C
z | | <= 0.06
5
2 — — |- -
i | 004 e I
0 b= | 1 [ T
0 5 10 L | L | L | | | I
q’GeV’ 0 0.2 0.4 0.6 038 1
q2 GeV’
FIG. 7. Differential decay rate of B,— n.(J/¥) in
10712 GeV. FIG. 10. Differential decay rate of B, — B(B*) in 10~ 2 GeV.
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TABLE II. Predicted semileptonic B,-decay rates “I" (in 10~!> GeV) and branching ratios “Br” in comparison with other model
predictions.
Quark level Composite level T’ r r r r r r r r r r r Predicted
Transition Transition [8] [91 [10] [12] [13] [14] [15] [16] [18] [20] [21] Our result Br (in %)
b—c B, —mn.e v 11.1 142 68 86 831 1070 59 695 11 831 21 5.49 0.383
B —J/We v 302 344 194 172 203 3028 17.7 219 28 203 216 13.21 0.923
b—u B, = D% v 0049 0.094 -- 0.085 0.051 0.019 0.059 0.085 0.005  0.057 0.004
B, = D% v 0192 0269 -- 0.204 0.055 0.11 0.27 0204 0.12 0.103 0.007
c—5 B, =Bl v 143 266 123 15 268 1609 12 59 1175 11.1 54.81 3.830
. B, = B% v 504 440 190 34 346 3466 25 65 3256 335 32.68 2.283
c—d B = B% v 114 230 --- --- 190 1.03 06 49 059 090 4.66 0.326
B, = BY% v 353 332 234 0921 1.7 85 244 28 2.04 0.143
Egs. (30) and (32), are plotted in the allowed physical model results [13,14,20,21]. However, for CKM-

range. The results are shown in Figs. 7-10. We calculate
the total decay rates and branching ratios by integrating the
corresponding differential decay rates over the allowed ¢°
range. Our results are reported in Table II in comparison
with the predictions of other approaches based on quark
models [8-10,12-16], QCD sum rules [18], and the appli-
cation of the HQS relation [20,21] to the quark model. In
analyzing our results (Table II) for the » — ¢, u induced
transitions, we find that our predicted values for the CKM-
favored decays to the charmonium ground states are
almost 2 times smaller than those of the QCD sum rule
[18] and quark models [8,9] but comparable those of
Refs. [10,12,13,15,20,21]. The ratio of B, — J/rev to
B. — m.ev decay rates is found close to most of predic-
tions in the literature.

Note that a peculiar role is played by the B, — J/ev
mode due to the possible clear signature represented by
three charged leptons from the same decay vertex, two of
them coming from J/ . This signature has been exploited
to identify the B, meson at the Tevatron [1] and will be
mainly employed at the future colliders [21,29]. We predict
that the decay width T'(B.— J/¢erv)=13.21 X
10715 GeV with an upper bound of 13.47 X 10~1° GeV.
For the CKM-suppressed modes B, — D(D")ev, our re-
sults more or less agree with those of Refs. [15,18,21].
Similarly analyzing our results for the ¢ — 5, d induced
transitions, we find that our predictions for the CKM-
favored B. — Biev modes are suppressed compared to
those of Refs. [8,9,18] but are in agreement with quark

TABLE III. Predicted values of the semileptonic B. decay
rates ;74 _ (in 1071 GeV), polarization ratios @, and
forward-backward asymmetry Agg.

Transition r, Iy a r, . Ag
B — J/We v 4276 8931 —0.0424 1.678 7.253 0.316
B; = D% v 0010 0.093 —0.783 0.004 0.089 0.624
B, — B% v 7350 25326 —0.419 2.629 22.697 0.461
B, = BY% v 0192 1853 —0.793 0.042 1.811 0.649

suppressed B, — B*ev modes, our predictions more or
less agree with that of Refs. [13,15] and the ones based
on the application of the HQS relation [20,21] to the quark
model.

From our predictions shown in Table II, we conclude
that the semileptonic B, transitions are mostly dominated
by two CKM-favored modes B, — B, (B})ev, contributing
about 77% of the total decay width, in spite of the small
phase space available for the decay processes. The other
two CKM-favored channels B, — 7.(J/)ev contribute
about 17%, and the remaining four CKM-suppressed semi-
leptonic decay modes contribute hardly 6% of the total
width. For the sake of completeness, we also predict sepa-
rately the longitudinal and transverse polarization states

with helicity A = %1, the polarization ratio a = 2t — 1,

and the forward-backward asymmetry factor Agg =% X
(%). Our results shown in Table III indicate that the
semileptonic B, transitions to vector meson final states
take place in the predominantly transverse mode in agree-
ment with the quark model predictions [15].

V. SUMMARY AND CONCLUSION

In this paper, we considered the weak semileptonic B,
decays to n., J/V; D, D* and B, B:; B B* meson ground
states associated with b — ¢, u and ¢ — §, d quark transi-
tions, respectively, in the framework of the relativistic
independent quark model based on the confining potential
in equally mixed scalar-vector harmonic form. The weak
decay form factors taken as overlap integrals of the meson-
wave functions derived from present model dynamics were
calculated explicitly in the whole kinematic range. The B,
decay widths, branching ratios, longitudinal and horizontal
polarization, and the polarization ratios, etc., were pre-
dicted in general agreement with other model predictions.
From the results shown in Table II, it is concluded that the
semileptonic B, decays pertaining to transitions of type (i)
and (ii) are mostly dominated by two CKM-enhanced ¢ —
5 induced transitions B, — B,ev and B. — Bev, respec-
tively, representing nearly 77% of the total width. The
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CKM-favored b — ¢ induced transitions B, — n.ev and
B, — J/Wev contribute about 17%, and the remaining
four CKM-suppressed channels considered here contribute
hardly 6% of the total width. It is also observed that the
semileptonic B, decays to vector (J/V, D¥, Bi, B*) meson
ground states are mediated in predominantly transverse
mode, as in other quark model calculations, yielding to
the predicted values of the polarization ratio “a” and
forward-backward asymmetry factor “Apg” as reported
here. Besides giving new hints to analyze other decay
processes such as the flavor changing radiative, nonlep-

PHYSICAL REVIEW D 80, 074005 (2009)

tonic, and CP-violating B, decays, our predictions in this
sector can be useful to identify the B, channels character-
ized by a clear experimental signature, a large branching
ratio, and a visible CP asymmetry in the future accelerator
experiments. With possible reliable data on the B_.-decay
rates expected from the ongoing experiments at the LHC,
one can extract the CKM parameters quq} that would

represent an important consistency check of the standard
model.
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