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We investigate the exclusive semileptonic decays of (B,Bs ;D,Ds) mesons into less heavy as well as light
mesons in a field-theoretic framework based on the independent quark model with a confining potential in
scalar-vector-harmonic form. With the recoil effect properly taken into account, the present model describes
consistently the semileptonic decays of charmed andb-flavored mesons, agreeing well with the experimental
data. The transition form factors in the heavy to heavy decays, in particular, comply with the heavy quark
symmetry relations expected from HQET. The CKM parameters extracted in this formalism are close to the
existing data. The model prediction also satisfies the Isgur-Wise relation connecting the form factors of the
semileptonic (B→ren) and that of rare radiative decay (B→rg). @S0556-2821~97!03719-3#

PACS number~s!: 13.20.Fc, 13.20.Jf

I. INTRODUCTION

The semileptonic decays of charmed andb-flavored me-
sons are important sources of information on the fundamen-
tal parameters of the weak interaction, namely, the Cabibbo-
Kobayashi-Maskawa~CKM! matrix elements which are
required to realize theCP-violating effects within the mini-
mal standard model picture. This is because the hadronic
matrix element in such decays involves only a single quark
current and hence can be calculated with greater reliability
than those of the nonleptonic decays. The semileptonic decay
amplitudes are given by the product of leptonic and hadronic
V2A current. The corresponding matrix elements for theD-
andB-meson decays are determined by considering the con-
finement effects that describe the initial and final meson
bound states. This can provide valuable direct information
about the internal structure of the system containing a heavy
and a light quark. Semileptonic decays can also provide im-
portant clues for the estimation of prominent nonleptonic
decays of heavy mesons.

Some exclusive channels of the semileptonic decays ofD
and B mesons have been identified and measured@1–6#.
With the ongoing efforts in the charm and bottom sectors,
more and more precise experimental data on these and other
unidentified channels are expected in the near future. For
theoretical analysis of these decays, one requires knowledge
of the relevant transition form factors in terms of which the
weak current matrix elements are represented in a Lorentz-
covariant way. Although the form factors are manifestation
of nonperturbative QCD processes, they cannot be reliably
calculated from the QCD Lagrangian and therefore one is
usually forced to rely on different phenomenological models
@7–15#. Some of the nonrelativistic phenomenological mod-
els which are frequently cited in the literature include the
constituent quark model of Isgur, Scora, Grinstein, and Wise
~ISGW! @8# based on the nonrelativistic meson wave func-
tion @9#, that of Altomari and Wolfenstein~AW! @10#, and
the modified quark model of Gilman and Singleton~GS!
@11#. Among the relativistic constituent quark models which

are often referred to are the Bauer-Stech-Wirbel model
~BSW! @12# based on the light cone wave function, its exten-
sion by Korner and Schuler~KS! @13# and W. Jaus~WJ!
@14#, and the constituent quark model of Faustov, Galkin,
and Mishurov@15# based on the quasipotential approach in
quantum field theory. All the constituent quark models in-
cluding those referred to above essentially attempt to deter-
mine the invariant transition form factors and theirq2 ~four-
momentum transfer squared! dependence in the monopole or
dipole ansatz with an end-point normalization either atq250
or q25qmax

2 . While most of these models provide more or
less a consistent picture of all the aspects ofB-meson semi-
leptonic decays, they fail to describe the charmed meson
decays. These models predict almost equal decay rates for
the transitions,D→Ken and D→K* en. They also find a
comparable population of the transverse and longitudinal po-
larization states of the finalK* in D→K* en transition. On
the other hand, the experiments@2,3# show that the rate for
D→Ken is about twice that forD→K* en with theK* pro-
duced dominantly in a longitudinally polarized state. The
predictions of all the quark models cited above except the
@WJ# model have not been so consistent with the experimen-
tal data in all aspects ofD- and B-meson semileptonic de-
cays taken together. It therefore appears that a completely
consistent analysis of the weak decay form factors within the
framework of the relativistic constituent quark model has not
so far been accomplished. This may be mainly due to the fact
that, in all these models, a truly relativistic bound-state char-
acter of the participating mesons has not been adequately
reflected while calculating the hadronic matrix element.

Of course, in recent years, a new theoretical approach
known as heavy quark effective theory~HQET! has emerged
for analyzing so-called heavy-light hadrons with one of the
constituent quarks belonging to the heavy flavor sector. A
number of separate ideas underlying HQET have been pub-
lished in several papers including some basic ones@16,17#.
The two pioneering works by Isgur and Wise@18#, which are
most frequently cited in particle physics in recent years, have
in fact, played a major role in synthesizing and extending the
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development of HQET. An extensive review of the history of
HQET development is given by Neubert@19#. Georgi @16#
and Grinstein@16# first applied HQET and the operator prod-
uct expansion to the problem of semileptonicB decays and
found that the lowest order term in a (1/mb) expansion cor-
responds to the result from a free-quark-decay model, assum-
ing that mb is suitably defined. Furthermore, they showed
that there are no nonperturbative QCD corrections of order
LQCD/mb . Thus one can write

G~B→X!5G~b→x!1O~1/mb
2!.

Bigi et al. @20–22# argued thatO(1/mb
2) corrections are

likely to be small with a natural scale set by (1 GeV2)/mb
2

and a significant enhancement of the nonleptonic rate would,
therefore, have to come from perturbative corrections. Their
estimation of the perturbative corrections using heavy quark
expansion yielded aB-semileptonic branching fraction close
to the range of the experimental data@6#. Recently much
attention have been devoted to applying heavy quark expan-
sion @23–25# to analyze the lepton-energy spectrum, in par-
ticular, to the so-called problematic end-point region. Using
heavy quark expansion Shifmanet al. @26# predicted the
semileptonic decay rate from which the theoretical uncer-
tainty in the value of the CKM parameteruVcbu was found to
be 5% or less. The literature on semileptonic decays is enor-
mous. A very extensive review on these decays has been
given by Richman and Burchet@27#, which briefly describes
the analysis of semileptonic decays by all the available phe-
nomenological models as well as that of various model-
independent approaches including HQET.

Although HQET in the limit of LQCD/mQ→0 appears
aesthetically neat and sound, simplifying the problem to a
considerable extent by relating each of the relevant form fac-
tors to a single one called the Isgur-Wise functionj, it is not
possible to predict theoretically theq2 dependence of such a
unique function in a straightforward way except through an
appeal to nonperturbative lattice QCD@28#. In the absence of
any theoretically well-motivated and straightforward ap-
proach, one is inclined to resort to taking a suitable phenom-
enological approach which adequately reflects the bound-
state character of the participating hadrons with the
relativistic constituent quarks confined within. Scora@29#
improved the~ISGW! model @8# by taking into account the
constraints imposed by HQET, relativistic correction factors,
hyperfine distortions of the wave functions, and form factors
with more realistic high-recoil behavior. Such a phenomeno-
logical model, to be known as the~ISGW2! model @30#,
yielded more reliable predictions in various sectors than the
~ISGW! model@8# consistent with the experimental data. As
an alternative suitable scheme, we had employed the relativ-
istic independent quark model based on an average confining
potential in the scalar-vector harmonic form@31–38#

U(r )5 1
2 (11g0)(ar21V0) ~where a and V0 are potential

parameters of this model! to investigate the exclusive semi-
leptonic decays ofD andB mesons in our earlier work@32#.
The predictive power of such a model has been tested earlier
in describing the static hadronic properties in the mesonic
and baryonic sectors@32# as well as in the radiative@33,34#,
weak radiative@35#, leptonic @36#, weak leptonic@37#, and
rare radiative@38# decays of light and heavy mesons.

In our earlier analysis of the exclusive semileptonic de-
cays ofD andB mesons@32#, we had derived the transition
form factors and theirq2 dependence in their kinematic
range from underlying constituent-quark dynamics without
resorting to any kind of pole ansatz as considered in other
quark models. Contrary to the failure of the quark models
@8–13#, we predicted that the decay widths of (D→K,K* )
as well as R5G(D→K* en)/G(D→Ken) are in good
agreement with the experimental data. The polarization of
K* was found to be dominantly in a transverse state contrary
to the experimental data@6#. Nevertheless, our prediction for
K* polarization was certainly comparable to the measure-
ment of the Mark Collaboration@3#. Thus the model analysis
@32# projected a wholesome picture of theD-meson semilep-
tonic decay into the strange mesons (D→K,K* ). However
the story was different inB-meson semileptonic transitions
to charmed mesons (B→D,D* ). Though the polarization
ratio GL(B→D* )/GT(B→D* ) was found to lie within the
range having large experimental uncertainty@6#, the decay
widths forB→D,D* transitions were largely overestimated.
This apparent failure in theB sector has been closely inves-
tigated and has been found to be entirely due to the simpli-
fying assumption adopted in the numerical evaluation of the
integral for the hadronic matrix element in the model. The
relevant hadronic matrix element expressed as an integral at
the constituent-quark level involves in its integrand the mo-

mentum squared (pW 11kW )2 of the nonspectator quark of the

daughter meson which is recoiling with momentumkW in the
parent meson rest frame. Since all possible directions of the

quark momentumpW 1 and the recoil momentumkW are ulti-
mately being taken into account through the integrations
leading to the decay widths, we considered

(pW 11kW )2.(upW 1u21ukW u2) to be a good simplifying approxi-
mation. But on closer scrutiny we find that such an approxi-
mation is justified only in the case of transitions involving
not too large recoil momentum as in case of radiative@34# as
well as semileptonic transitions such as (D→K,K* ) @32#.

Therefore we consider it worthwhile to reinvestigate the
exclusive semileptonic transitions of charmed andb-flavored
mesons without resorting to any such simplifying assumption
in evaluating the relevant hadronic matrix elements. We
would also extend our calculation to study the semileptonic
transitions of (D,Ds ;B,Bs) mesons into other light meson
channels involving (p,h,h8) and (r,v,f), which are im-
portant for estimating the CKM parameters such asVcd ,Vub ,
etc.

The paper is organized in the following manner. The gen-
eral formalism for the semileptonic decay is briefly described
in Sec. II. Section III provides the model framework and
calculation of the transition form factors and theirq2 depen-
dence in the kinematic range. Our numerical results for the
form factors, decay widths, ratio of decay widths, ratio of
polarization states, etc., are presented in Sec. IV. There we
discuss theq2 dependence of the form factors in relation to
the expectation of HQET, extraction of the CKM parameters,
and the relation between the form factors of the semileptonic
and rare radiativeB decays. Section V contains our conclu-
sion.
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II. GENERAL FORMALISM AND KINEMATICS

For the description of the exclusive semileptonic transi-
tions of mesons such asM→men, the general formalism
with the appropriate kinematics has been derived and re-
ported elsewhere@11,32#. Nevertheless, for completeness
only we present here a brief outline of the same.

The S-matrix element describing the processM→men is
given in the familiar form

Sf i5~2p!4d~4!~P2k2p2p8!

3~ iMf i !
1

AV42Ee2En2EM2Em

, ~1!

where the transition matrix element is

Mf i5
GF

A2
VQqL

mHm . ~2!

Here the leptonic and hadronic amplitudes are defined, re-
spectively, as

Lm5 ū e~pW ,d1!gm~12g5!vn~pW 8,d2!, ~3!

Hm5^m~k!uJm
h ~0!uM ~P!&. ~4!

The kinematics is conveniently described by introducing the
dimensionless variable y5q2/M2, where the four-
momentum transferq5P2k5p1p8. In the limit of vanish-
ing lepton mass, the kinematically allowed limit ofy be-
comes

0<y<S 12
m

M D 2

. ~5!

The coordinate system chosen here is such that the daughter
meson momentumkW is along the negativeZ axis with the
charged lepton momentumpW at an angleue to the Z axis
@Fig. 1~a!# in the en center-of-mass frame. TheY axis is
oriented perpendicular to the plane containing the final mo-

menta. The kinematic quantities such as the energy momen-
tum of the daughter meson and lepton in the parent meson
rest frame are given, respectively, by

Ẽm5
1

2
M F11

m2

M2 2yG ,
u k̃ u5K5

1

2
M F S 12

m2

M2 2yD 2

24
m2

M2 yG1/2

,

Ẽe5
1

2
Kcosue1

1

4
M S 12

m2

M2 1yD . ~6!

Such quantities in theen center-of-mass frame are obtained
as

Em5
M

2Ay
F11

m2

M2 2yG ,
ukW u5K/Ay,

Ee5En5
M

2
Ay. ~7!

With the hadronic weak currentJm
h 5(Vm2Am), the hadronic

amplitude in Eq.~4! is conventionally expressed in terms of
the Lorentz-invariant form factors. For the semileptonic tran-
sitions of the type (02→02), where a pseudoscalar meson is
in the final state, only the hadronic vector current contrib-
utes, which is expressed as

^m~k!uVm~0!uM ~P!&5 f 1~q2!~P1k!m1 f 2~q2!~P2k!m .

~8!

On the other hand, for transitions of the type (02→12) with
a vector meson in the final state, the corresponding expres-
sions are

^m~k,e* !uVm~0!uM ~P!&5 ig~q2!emnrse* n~P1k!r

3~P2k!s, ~9!

^m~k,e* !uAm~0!uM ~P!&5 f ~q2!em* 1a1~q2!~e* •P!

3~P1k!m2a2~q2!

3~e* •P!~P2k!m . ~10!

Heree* [(e0* ,eW* ), with e* •k50, represents the vector me-
son polarization. It can be shown as in Refs.@11,32# that in
theen frame, the leptonic tensorLmn5LmLn of the invariant
transition amplitude squareduMu2 provides a nonvanishing
spatial contribution in the limit of vanishing lepton mass.
Therefore the effective hadronic amplitude turns out to be
spacelike and can be expressed in the (en) center-of-mass
frame as follows. For (02→02) transitions one obtains,
from Eq. ~8!,

HW 5~PW 1kW ! f 1~q2!, ~11!

and for (02→12) transitions, one finds, from Eqs.~9! and
~10!,

FIG. 1. Coordinate system for the semileptonic decay of a heavy
meson:~a! the decaying virtualW and~b! the decaying final vector
meson.
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HW 52iAyMg~q2!~eW* 3kW !2 f ~q2!eW* 22a1~q2!~e* •P!kW .
~12!

One can note here that in theen center-of-mass frame the
form factorsf 2(q2) anda2(q2) do not contribute toHW for
the (02→02) and (02→12) transitions, respectively. It is
useful to expandHW in terms of the helicity basis~effectively
of the virtualW) in the form

HW 5H1ê11H2ê21H0ê0 , ~13!

where

ê65
1

A2
~7 x̂2 i ŷ !, ê05 ẑ. ~14!

The polarization vectorê* with the polar and azimuthal
angle (u* ,f* ) in the vector meson helicity frame@Fig.
1~b!#, can be Lorentz transformed to the (en) center-of-mass
frame so as to be expressed as

ê* 5
1

A2
sinu* eif* ê12

1

A2
sinu* e2 if* ê22

Em

m
cosu* ê0 .

~15!

Now using the expansion as per Eqs.~13!, ~14!, and ~15!,
integrating over polar and azimuthal angles, and finally sum-
ming over the daughter meson polarization, the differential
decay rate in the parent meson rest frame can be obtained
from the general expression

dG~M→men!5
1

2M
uMu2~2p!4d~4!~P2k2p2p8!

3)
f

d3kf

~2p!32Ef
~16!

in the form

dG

dy
5

GF
2uVQqu2KM2y

96p3 @ uH̄1u21uH̄2u21uH̄0u2#, ~17!

where the reduced helicity amplitudes (H̄1 ,H̄2 ,H̄0) are ob-
tained in terms of the invariant form factors in the following
manner: for (02→02) transitions

H̄650, H̄0522
K

Ay
f 1~q2! ~18!

and for (02→12) transitions

H̄65@ f ~q2!72MKg~q2!#, ~19!

H̄05
M

2mAy
F S 12

m2

M2 2yD f ~q2!14K2a1~q2!G . ~20!

The contribution ofuH̄0u2 and that of (uH̄1u21uH̄2u2) in Eq.
~17! provides, respectively, the longitudinal and transverse
polarization modes.

Thus realizing the transition form factors
@ f 1(q2), f (q2), g(q2), anda1(q2)# from within the dynami-
cal scheme of the suitable phenomenological model, it is
possible to predict the longitudinal and transverse widths and
hence the decay widths as well as the ratio of the decay
widths and polarization, etc., using the expressions in Eqs.
~17!–~20!.

III. MODEL FRAMEWORK
AND WEAK DECAY FORM FACTORS

As discussed in Sec. II, exclusive semileptonic transitions
are usually described by the invariant transition matrix ex-
pressed at the mesonic level in its familiar form of Eq.~1!.
However, at the constituent level, transitions of this type are
basically pictured as the weak decay of the heavy quarkQ of
the parent meson to a less heavy or light quarkq belonging
to the daughter meson via the emission of a virtualW boson
which subsequently disintegrates into a charged lepton and
its neutrino ~Fig. 2!. The antiquark here remains as mere
spectator. In fact, the decay of the meson physically occurs
between the momentum eigenstates of the participating me-
sons. Therefore, in a field-theoretic calculation, one should
take into account the meson states by the appropriate mo-
mentum wave packets, which, in the present model, is taken
in the general form@32,34,36–38#

uM ~PW ,SM !&5
1

AN~PW !
(

l1l2PSM

zq1q2

M ~l1 ,l2!E dpW 1dpW 2

3d~3!~pW 11pW 22PW !GM~pW 1 ,pW 2!

3b̂q1

† ~pW 1 ,l1! b̂̃ q2

† ~pW 2 ,l2!u0&. ~21!

With the normalization defined as

^M ~PW !uM ~PW 8!&5d~3!~PW 2PW 8!, ~22!

the overall normalization factor is obtained in an integral
form as

N~PW !5E dpW 1uGM~pW 1 ,PW 2pW 1!u2. ~23!

FIG. 2. The semileptonic decay of a heavy quarkQ into a
lighter quarkq and a virtualW which become a lepton and neu-
trino.
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Hereb̂q1

† and b̂̃ q2

† stand for the quark and antiquark creation

operators.GM(pW 1 ,pW 2) represents the effective momentum
distribution amplitude for the quark-antiquark pair inside the
meson bound state, which is taken as@32,34,36–39#

GM~pW 1 ,PW 2pW 1!5AGq1
~pW 1!G̃q2

~PW 2pW 1!. ~24!

Here Gq(pW ) refers to the momentum probability amplitude
for the constituent quarkq to have momentumpW inside the
meson in its lowest eigenmode. Although the bound quark-
antiquark pairs inside the meson are in definite energy states
without having a definite momentum of their own, it is pos-
sible to find out their momentum probability amplitudes by
taking a suitable momentum-space projection of the corre-
sponding orbitalsfql

(1)(rW) or fql
(2)(rW) derivable from the

model @31–38# as

Gq~pW !5
ipNq

2aqlq
A~Ep1mq!/Ep~Ep1Eq!exp~2pW 2/4aq!.

~25!

Finally zq1q2

M (l1 ,l2) stands for the spin-flavor coefficients

which may include appropriate mixing angles when neces-
sary, corresponding to the parent and the daughter meson. It
is worthwhile to mention the mixing angle convention fol-
lowed here while describing the transition involving pseudo-
scalar mesons (h,h8) and the vector mesons (f,v). If we
define pure strange and pure nonstrange components of the
vector (f,v) and pseudoscalar (h,h8) mesons as

~fs,hs![2~s s̄!

and

~vns,hns![
1

A2
~u ū1d d̄!,

then the flavor contents of physicalf and v can be ex-
pressed in terms ofdV5@arcsin(1/A3)2uV# as

S f

v
D 5S cosdV sindV

2sindV cosdV
D S fs

vns
D . ~26!

Similarly the flavor contents of physical (h,h8) can be ex-
pressed in terms ofdP5@arcsin(1/A3)2uP# as

S h

h8
D 5S cosdP sindP

2sindP cosdP
D S hs

hns8
D , ~27!

where uV539° and uP52(10.1)° stand for the mixing
angle as required by the quadratic mass formula@40# in the
vector and pseudoscalar meson sector, respectively, yielding
the mixing angle deviation from the ideal one to be used here
as @33,34#

dV523.7°,

dP545°. ~28!

Thus starting from the constituent level dynamics repre-

sented byGM(pW 1 ,pW 2) through the relevant momentum prob-

ability amplitudesGq1
(pW 1) and G̃q2

(pW 2) and specifying the

appropriate spin-flavor coefficients that include the relevant
mixing angles when necessary, one can define the momen-
tum wave packet through Eq.~21! corresponding to the par-
ent as well as daughter mesons. Then it is straightforward to
calculate theS-matrix element corresponding to the diagram
in Fig. 2 for the semileptonic transitionM→men as in Refs.
@32,38#.

It may be mentioned here that starting from constituent
level dynamics, the energy-momentum conservation as de-
picted through thed function of Eq. ~1! at the composite
level is not realizable in a straightforward manner. Although
three-momentum conservation is automatically guaranteed
here at the mesonic level in terms of the constituent quark-
antiquark momenta, it is not so transparent in the case of
energy conservation. This is due to the fact that the constitu-
ent level dynamics considered here in zeroth order only can-
not ensure the complete bound-state character effecting the
total mass energy of the participating mesons. In order to
realize appropriate energy conservation at the mesonic level,
we extract out the energy delta function
d(Ep1

2Ek1p1
2Ee2En) from within the quark level inte-

gral of the hadronic amplitude in the form
d(M2Ẽm2Ee2En) with an ansatz that (Ep1

1Ep2
) and

(Ek1p1
1Ep2

) in the d function argument can effectively be

equated in an integrated sense to the parent meson massM

and the daughter meson energyẼm , respectively. To com-
pensate any possible mismatch arising out of such an ansatz,
we incorporate anad hocmismatch factor in the form

A M

Ep1
1Ep2

A Ẽm

Ek1p1
1Ep2

into the quark level integral defining the hadronic amplitude.
Finally we ensure an appropriate phase-space factor at the
mesonic level, incorporating the covariant normalization of
meson states to realize theS matrix in the standard form of
Eq. ~1!, where the hadronic amplitudeHm is obtained in the
parent meson rest frame withP[(M ,0,0,0) as@32,38#

Hm5
MẼm

ANM~0!Nm~kW !

3E dpW 1GM~pW 1 ,2pW 1!Gm~kW1pW 1 ,2pW 1!

AEp11kEp1
~Ep11k1Ep2

!~Ep1
1Ep2

!
^SmuGmuSM&.

~29!

Here^SmuGmuSM& with Gm5gm(12g5) represents symboli-
cally the appropriate spin-matrix element for the process
M→men in the form
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^SmuGmuSM&5 (
l1 ,l2PSM ;l18 ,l28PSm

zQ q̄8
M

~l1 ,l2!

3zq q̄8
m

~l18 ,l28! ū q~kW1pW 1 ,l18!GmuQ~pW 1 ,l1!.

~30!

As in Ref.@32# we calculate the spin-matrix elements for the
(02→02) and (02→12)-transitions corresponding to the
vector and axial vector currents separately and obtain the
expressions for respective hadronic matrix elements using
Eqs. ~29! and ~30!. A term-by-term comparison of the ex-
pressions for hadronic matrix elements so obtained with
those from the form factor expansions in Eqs.~8!, ~9!, and
~10! provides transition form factors in the form@32#

f 15
1

2ME dpW 1C~p1!@~Ep1
1mQ!~Ep11k1mq1M2Ẽm!

1pW 1
2#,

g52
1

2ME dpW 1C~p1!~Ep1
1mQ!,

f 52E dpW 1C~p1!@~Ep11k1mq!~Ep1
1mQ!2pW 1

2/3#,

a152
1

2M2 ~ f 12Mmg!, ~31!

with

C~p1!5
MẼm

ANM~0!Nm~kW !

GM~pW 1 ,2pW 1!Gm~kW1pW 1 ,2pW 1!

AEp11kEp1
~Ep11k1mq!~Ep1

1mQ!~Ep11k1Ep2
!~Ep1

1Ep2
!
. ~32!

The transition form factors in Eq.~31!, in fact, embody the
appropriateq2 dependence. They can also be written in the
dimensionless forms as often cited in the literature to treat all
of them in the same footing as

F1~q2!5 f 1~q2!,

V~q2!5~M1m!g~q2!,

A1~q2!5~M1m!21f ~q2!,

A2~q2!52~M1m!a1~q2!. ~33!

It is to be noted here thatEp1
andEk1p1

stand for the energy
of the nonspectator quarks belonging to the parent and

daughter mesons, respectively, such thatEp1
5ApW 1

21mQ
2 and

Ek1p1
5A(kW1pW 1)21mq

2. In Ref. @32# we had taken

(kW1pW 1)2.kW21pW 1
2, considering it to be a good approxima-

tion since all possible directions of the quark momentumpW 1

and the recoil momentumkW are ultimately considered
through the integrations leading to the decay widths. In do-
ing so we had ignored the angular-dependent factor of 2k•

W pW 1
not only from the algebraic terms in the integrand involving
Ek1p1

but also from the exponential function

exp@2(kW1pW1)
2/4aq# in Gq(kW1pW 1) pertaining to the nonspec-

tator quark of the daughter meson. Eventually the quark level
integrals of the form factors in Eqs.~31! and~33! turn out to
be Gaussian, which could be calculated@32# using the famil-
iar Gaussian quadrature technique. In fact, such a simplify-
ing assumption seems to be all the more inappropriate in the
transitions involving large momentum transfer yielding to
the large recoil momentum of the daughter meson. Therefore
in the present calculation we do not resort to such a simpli-
fying assumption. Instead we take the squared momentum of
the quark of the daughter meson as such with

(kW1pW 1)25kW21pW 1
212k•

W pW 1 and perform the quark level inte-
gration appropriately for the transition form factors in Eq.
~31! or ~33!. Then we can determine the reduced helicity
amplitudes of Eqs.~18!, ~19!, and ~20! and hence estimate
the decay widths and polarization modes as well as the cor-
responding ratios for specific channels of the semileptonic
transitions using Eq.~17!. The q2 dependence of the form
factors can also be studied and compared with the expecta-
tion of HQET and predictions of other models.

IV. RESULTS AND DISCUSSION

We estimate the semileptonic decays of heavy flavored
mesons (D,Ds ;B,Bs) in specific exclusive channels such as

B→~D,D* ;p,r!,

Bs→~Ds ,Ds* ;K,K* !,

D→~K,K* ;p,r;h,h8;f,v!,

Ds→~K,K* ;h,h8;f,v!.

The parameters primarily required for the estimation are the
flavor-independent potential parameters (a,V0) and the
quark masses (mQ ,mq). We take the values of the param-
eters as those obtained for the present model in its earlier
applications to several hadronic phenomena in the mesonic
and baryonic sectors@31,32,34–38#. Accordingly we take the
potential parameters as

~a,V0![~0.017166 GeV3, 20.1375 GeV! ~34!

and the quark masses and the corresponding quark binding
energies in GeV as

mu50.07875, Eu50.47125,
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md50.07875,Ed50.47125,

ms50.31575,Es50.59100,

mc51.49276,Ec51.57951,

mb54.77659,Eb54.76633. ~35!

The relevant CKM parameters are taken to be the central
values of Ref.@6# as

Vcb50.041, Vcs51.01,

Vub50.0032,Vcd50.224. ~36!

The meson masses used here are the experimentally observed
ones. With all these model parameters having been fixed
earlier in the present model, we perform, in a way, a
parameter-free calculation. We first evaluate numerically the
transition form factors in Eq.~31! from which we predict the
values of the decay widthsG(M→men), the polarization
ratios GL(02→12)/GT(02→12), and the ratios of the de-
cay widths for theD→K,K* andB→D,D* transitions us-
ing Eq. ~17!. The results are summarized in Table I in com-
parison with the predictions of our earlier calculation@32#
and those of other models along with the experimental data.
We find that the present predictions onD→K,K* transitions
remain almost unaffected whereas those on theB→D,D*
transitions get a significant improvement over what we ob-
tained in Ref. @32#, providing, in both cases, very good
agreement with the experimental data. This is because of the
fact that a relatively small recoil momentum involved in
D→K,K* transitions is found to have a marginal effect only
on the evaluation of the integrals defining the transition form

factors in Eq.~31!. On the other hand, the recoil momentum
involved in B→D,D* transitions is, in fact, very large
which provides a significant damping effect in the evaluation
of the integrals of Eq.~31!, yielding to the predictions con-
siderably suppressed compared to the overestimated values
of Ref. @32# to be in close agreement with the experiment.
On closer scrutiny we find that the suppression in the predic-
tion for the transition form factors and hence for the decay
widths is mainly due to the exponential factor
exp@22kW•pW1/4aq# that appears in the momentum probability
amplitude Gq(kW1pW 1) of the nonspectator quark of the
daughter meson. This vindicates our earlier contention that
the simplifying assumption taken in Ref.@32# that ignores
the angular dependence arising out ofk̂•pW 1 throughout the
calculation is more or less justified in the study of the tran-
sitions of the typeD→K,K* involving not too large recoil
momentum. But it is certainly not justified in studying the
B→D,D* type transitions with large recoil momentum. It is
not strange to find here the ratios of decay widths,
G(02→12)/G(02→02), in both the sectors to be close
to the central values of the corresponding experimental
data. Our prediction ofG(B→D* )/G(B→D)52.56 remains
well within the asymptotic QCD prediction~2-3! from
HQET. It may be mentioned here that most of the quark
models including@8,11,12# fail to analyze the transition
D0→K* en and reproduce the experimental data for
G(D0→K* en) as well as G(D0→K* en)/G(D0→Ken).
By incorporating various relativistic corrections originally
ignored in the ISGW model@8#, an ISGW2 model@30#
calculation of the transition form factors yielded
G(D0→K* 2en)/G(D0→K2en)50.54 which is compa-
rable to the presently predicted value in agreement with the
experimental data.

TABLE I. Decay width, polarization ratio, and decay width ratio in (D0→K2,K* 2) and

( B̄0→D1,D* 1) transitions.

Physical ~ISGW! a ~GS! ~BSW! ~WJ! Previous Present Experiment
quantity @8# @11# @12# @14# prediction@32# prediction @6#

G(D0→K2)
3(1010 s21) 8.50 7.10 7.89 6.72 7.68 7.97 8.260.4
G(D0→K* 2)
3(1010 s21) 9.13 9.50 9.03 4.28 5.20 5.23 4.660.4

GL~D
0→K*2!

GT~D
0→K*2!

1.09 1.21 0.90 1.44 0.52 0.44 1.2360.13

G~D0→K*2!

G~D0→K2!

1.07 1.34 1.14 0.64 0.68 0.66 0.6060.0960.07

G( B̄0→D1)
3(1010 s21) 2.05 2.60 1.50 1.63 2.73 0.98 1.2760.33

G( B̄0→D* 1)
3(1010 s21) 4.66 4.90 4.10 4.10 5.10 2.52 2.9660.27

GL~B̄
0→D*1!

GT~B̄
0→D*1!

0.97 0.88 1.07 1.17 0.77 0.64 1.10560.7460.6

G~B̄0→D*1!

G~B̄0→D1!

2.27 1.88 2.67 2.46 1.87 2.56 2.620.820.8
11.111.0

aThe ISGW2 model@30# predictsG(D0→K* 2)/G(D0→K2)50.54.
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The daughter mesonsK* in D→K* andD* in B→D*
transitions are found to have their spin polarization predomi-
nantly transverse in nature contrary to predictions of most
other quark models. Our prediction on the polarization ratio
GL(D→K* )/GT(D→K* ) is close to the measurement of the
Mark III Collaboration@3#. However, the more precise mea-
surements@6# of the CLEO Collaboration correspond to the
predominance of longitudinally polarized states forK* as
well as D* . We can see no mechanism within the present
model that would give such a strong enhancement of the
longitudinal component as the CLEO results imply. Altomari
and Wolfenstein~AW! @10# have pointed out that the polar-
ization is sensitive to the value of thea1 ~and hence ofA2)
form factor which contributes to the longitudinal component
GL only. By including the recoil effect appropriately without
taking any simplifying assumption, we have a fairly reliable
estimation of the transition form factors includingA2. A rela-
tively higher value ofA2 so obtained, in fact, contributes
destructively towards the longitudinal decay mode, yielding
to the low value of the polarization ratio consistently in both
the sectors. For a consistency check, we have also repro-
duced the results listed in Table I using a different but
straightforward formalism developed in Ref.@10#.

We then study theq2 dependence of the form factors in
Eq. ~31! for B→D,D* andD→K,K* transitions which are
shown in Figs. 3 and 4, respectively. According to HQET,

the form factors are expected to satisfy the heavy quark sym-
metry relations@19# in the entire kinematic range following

F1~q2!.V~q2!.A2~q2!.Ã1~q2!, ~37!

where

Ã1~q2!5F12
q2

~M1m!2G21

A1~q2!. ~38!

Heavy quark symmetry also leads to model-independent nor-
malization at zero recoil, yielding the form factors at
q2→qmax

2 @19# as

F1~qmax
2 !.

~M1m!

2AMm
,

V~qmax
2 !.A2~qmax

2 !.
~M1m* !

2AMm*
,

A1~qmax
2 !.

2AMm*

~M1m* !
. ~39!

The symmetry relations in Eqs.~37!–~39! are, in fact, model-
independent consequences of QCD in the limit of heavy
quark massmQ@LQCD, which can be checked from the
model calculation so as to test the applicability of the model
in the study of the semileptonic decay of heavy mesons. In
the B→D,D* transitions involving both the participating
quarks to be heavy (mc andmb@LQCD), the form factors are
expected to obey the asymptotic QCD predictions. But the
same is not expected from the form factors in theD→K,K*
transitions~as evident in Fig. 4!, since the underlying as-
sumption in HQET requiring thes quark to be very heavy is
certainly not a good approximation. In Fig. 3 we observe that
the q2 dependence of theB→D,D* transition form factors
shows only a marginal deviation from the heavy quark sym-
metry relation in Eqs.~37!–~39! comparing well with the
expectation of HQET as well as the result of the HQET-
based calculation@19#. Here we obtain a closer agreement
with the heavy quark symmetry relation than what was
achieved in the previous calculation@32#. It may be pointed
out here that the relation forq2 dependence of the transition
(B→D,D* ) form factors assumed in the many other quark
model calculations@8,12,13# is not generally in accord with
the heavy quark symmetry relation@19#. We also obtained
the values of the form factors atq25qmax

2 as

F1~qmax
2 !.1.20~1.13!,

V~qmax
2 !.1.45 ~1.13!,

A2~qmax
2 !.1.39~1.13!,

A1~qmax
2 !.0.88~0.89!, ~40!

in reasonable agreement with the model-independent nor-
malization at zero recoil~in parentheses! expected from
heavy quark symmetry.

We also evaluate the form factors atq2→0. The results
are listed in Tables II and III forB→D,D* andD→K,K*

FIG. 3. Variation of the form factors relevant for the decays

B̄0→D* 1,D1 in the entire kinematic range ofy.

FIG. 4. Variation of the form factors relevant for the decays
D0→K* 2,K2 in the entire kinematic range ofy.
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transitions, respectively. We observe that the values obtained
in the present calculation are closer to the predictions of
other standard models than those in our previous calculation
@32#, where they were found to be mostly overestimated.

We have extended the calculation to study the semilep-
tonic decays of (B,Bs ;D,Ds) mesons into other channels
involving (p,h,h8,K,Ds) and (r,f,v,K* ,Ds* ) mesons.
This is achieved by a suitable replacement of the quarks,
mesons, and other relevant parameters including the CKM
parameters. The predictions on the decay widths, polariza-
tion ratios, and the branching ratios of the above kinemati-
cally allowed channels are provided in Table IV in compari-
son with the available experimental data. We find that the
present predictions in most of the transitions involving not
too high momentum transfer more or less agree with the
available data. The results for the decays ofD1 andDs

1 to
(h,h8) are compatible with theh-h8 mixing angle
up.210° as required by the quadratic mass formula. How-
ever, if one takesup.220° as obtained from the measure-
ment of Gn(2g), which is also close to the mixing angle
predicted by linear mass formula, results for the partial decay
widths and corresponding branching ratios change to

G~D1→hen!51.753109 s21,

B~D1→hen!51.8531023,

G~D1→h8en!50.413109 s21,

B~D1→h8en!50.4331023,

G~Ds
1→hen!52.9531010 s21,

B~Ds
1→hen!51.3831022,

G~Ds
1→h8en!53.1031010 s21,

B~Ds
1→h8en!51.4431022.

It is observed that the predictions forDs
1→(h,h8) with

up.220° are no longer within the range of presently avail-
able imprecise data. However, the above cited results to-
gether with those in Table IV withup5210° provide a
range of variation of predictions for these decay modes. The
q2 involved in the transitionB→pen and B→ren are, in
fact, very large since the initial meson is heavy and daughter
meson is light. In general, the larger the value ofq2, the
larger will be the variation in the form factors and less reli-
able is the prediction over the full range. The model predic-
tions for these decay modes are not considered very reliable.
Therefore it is not surprising to find various model predic-
tions on B(B→pen) to vary by an order of magnitude.
Present predictions for (B→pen) and (B→ren) are found
to be within the limits of large experimental uncertainty.

One can also extract the CKM parameters from within the
dynamical scheme of the model, taking the experimental data
on the branching ratio and the lifetime as inputs. The appro-
priate expression forVQq is

uVQqu2.S Bexpt~M→men!

tM
D S h

2p D S 1

G̃~M→men!
D ,

~41!

where the reduced partial decay width is given by

G̃~M→men!5
G~M→men!

uVQqu2 . ~42!

We calculateG̃(M→men) from the model and evaluate the
CKM parameters using Eq.~41!. The results are listed in
Table V and are found to be in agreement with the estimated
values as per Ref.@6#.

Finally we use the presently predicted value of the form
factorV andA1 to test the HQET relations@41# between the
form factors of the semileptonic and rare radiativeB decays.
Isgur and Wise@41# have shown that in the limit of infinitely
heavyb-quark mass, an exact relation connects the form fac-

TABLE II. Transition form factors atq250 in the decayB̄0→D1,D* 1 along with other model predic-
tions.

Form ~ISGW! ~GS! ~BSW! ~WJ! Previous Present Experiment
factor @8# @11# @12# @14# prediction@32# prediction @6#

V(0) 0.95 0.71 0.69 1.11 0.57
A1~0! 0.69 0.65 0.35 0.93 0.44
A2~0! 0.80 0.69 0.56 1.31 0.63
F1~0! 0.69 0.67 0.97 0.46

TABLE III. Transition form factors atq250 in the decayD0→K2,K* 2 along with the predictions of
other models and the experiment.

Form ~ISGW! ~GS! ~BSW! ~WJ! Previous Present Experiment
factor @8# @11# @12# @14# prediction@32# prediction @6#

V(0) 1.10 1.46 1.27 0.79 1.32 1.43 1.060.2
A1~0! 0.80 0.74 0.88 0.59 0.77 0.69 0.5560.03
A2~0! 0.80 0.55 1.15 0.36 1.48 1.47 0.4060.08
F1~0! 0.80 0.70 0.75 0.70 0.80 0.73 0.7560.03
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tors V and A1 of the (B→ren) transition with the rare ra-
diative decay form factorF of B→rg defined by

^r~pr ,e* !u ū esmnqnPRbuB~0!&5 i emntse* npB
t pr

sF~q2!

1@em* ~MB
22M r

2!~e* •q!~pB1pr!#G~q2!. ~43!

This relation is valid forq2 values sufficiently close to
qmax

2 5(MB2Mr)
2 and reads

F~q2!5
~q21MB

22M r
2!

2MB

V~q2!

~MB1M r!
1

~MB1M r!

2MB
A1~q2!.

~44!

It has been argued in@42# that in these processes the soft
contributions dominate over the hard perturbative ones and
thus the Isgur-Wise relation in Eq.~44! could be extended to
whole kinematic range ofq2. From Eq.~43! we estimate the
rare radiative decay form factorF(q2→0) for B→rg in the
present model and find

F~0!B→rg50.049. ~45!

Using Eq.~44! as well as the values of the form factorsV(0)
andA1(0) we again find that

F~0!B→rg50.048, ~46!

TABLE IV. Decay width, polarization ratio, and branching ratio ofM→men transitions along with the
experimental data.

Physical Decay width Polarization Branching Experiment
process G(M→men) ratio ratio B(M→men)

M→men (s21)
GL~0

2→12!

GT~0
2→12!

B(M→men) @6#

B̄0→p2e1n 4.533107 0.7131024 (1.3460.3560.28)31024

B̄0→r2e1n 1.353108 0.42 2.1031024 (2.2860.3660.5920.46
1.00 )31024

B̄s→Ds
2e1n 8.613109 1.3931022

B̄s→Ds
2* e1n 2.2631010 0.61 3.6431022

B̄s→K2e1n 4.363107 7.0131025

B̄s→K2* e1n 1.153108 0.30 1.8531024

D0→p2e1n 0.6231010 2.5731023 (3.821.0
11.2)31023

D0→r2e1n 3.373109 0.18 1.4031022

D1→he1n 1.303109 1.3831023

D1→h8e1n 0.623109 0.6631023

D1→fe1n 0.333107 0.15 0.03531022 ,2.0931022

D1→ve1n 1.663109 0.17 0.1831022

D1→K̄0e1n 8.0931010 8.5531022 (6.760.8)31022

D1→K̄0* e1n 5.2931010 0.44 5.9431022 (4.860.4)31022

Ds
1→he1n 4.4931010 2.1031022 (2.560.7)31022

Ds
1→h8e1n 2.3131010 1.0831022 (0.8760.34)31022

Ds
1→fe1n 4.6231010 0.41 2.1531022 (1.960.5)31022

Ds
1→ve1n 0.373109 0.47 0.01731022

Ds
1→K̄0e1n 6.143109 2.8731023

Ds
1→K̄0* e1n 3.013109 0.15 1.4131023

TABLE V. CKM parameters along with the corresponding values estimated as per@6#.

CKM Process Present Estimated
parameters from which prediction VQq

VQq extracted VQq @6#

Vcb B̄0→D1* e2n 0.04460.002 0.04160.003

Vcb B̄0→D1e2n 0.04660.006 0.04160.003

Vub B̄0→r2e1n (0.33460.069)31022 (0.32860.112)31022a

Vub B̄0→p2e1n (0.44160.101)31022 (0.32860.112)31022a

Vcs D0→K2* e1n 0.97260.081 1.0160.18
Vcs D0→K2e1n 1.0660.029 1.0160.18
Vcd D0→p2e1n 0.27320.041

10.042 0.22460.016

aVub is evaluated from the estimated values ofVub /Vcb andVcb as per Ref.@6#.
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which is in accord with Eq.~45!.

V. CONCLUSION

We reinvestigateB→D,D* andD→K,K* semileptonic
transitions in the relativistic independent quark model based
on a confining potential in the scalar-vector-harmonic form.
We find that with the recoil effect taken appropriately into
consideration in the numerical integration involved without
resorting to any simplifying assumption, the model calcula-
tion provides a satisfactory description of the semileptonic
transitions discussed here. We extend a similar calculation to
the semileptonic transitions of (D,Ds ;B,Bs) mesons into
various other kinematically allowed channels and our predic-
tions are found to agree reasonably with the available experi-
mental data. The model predictions in those sectors where

there exist no experimental data stand to guide future experi-
ments in the corresponding sectors. Our results in the heavy
to heavy transitions compare well with the expectation of the
heavy quark symmetry relations of HQET. The CKM param-
eters extracted from the model calculation are close to the
estimated values as per Ref.@6#. Finally we consider the
Isgur-Wise relation between the form factors of the semilep-
tonic and rare radiativeB-meson decays in the limit of infi-
nitely heavyb-quark mass. It is found that our prediction is
quite in conformity with this relation.
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