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We investigate the exclusive semileptonic decay modes D® — K, K* and B® = D, D* in a field-
theoretic framework based on the independent guark model with a scalar-vector-harmonic potential.
Our predictions for the relevant form factors and their ¢ dependence are in reasonable agreement
with the expectations of HQET and those of several other models. We predict that the decay width
ratio and the polarization ratio for D° decays are T{(D® = K"~ }/T(D* — K~) = 0.68 and [' (D" —
K*7)/Tp(D® = K*~) = 0.52 and those for B° decays are ['{B® — D**)/T(B° —» D*) = 1.87 and
I'L{B® — D*t)/Tr(B° = D) = 0.77, respectively.

PACS number(s): 13.20.F¢, 12.39.Ki, 12.39.Pn, 13.20.Jf

I. INTRODUCTION

The study of the semileptonic decay of hadrons has
been of great interest to particle physics since it helps not
only in probing the quark structure of hadrons but also
in providing means to measure the Cabbibo-Kobayashi-
Maskawa (CKM) parameters necessary to realize the
C P-violating effects within the minimal standard model
picture. In particular, the semileptonic decays of heavy
flavored mesons such as D and B have received consid-
erable attention in recent years due to the emergence
of new theoretical ideas such as heavy-quark symmetries
leading to many interesting model-independent predic-
tions in this sector. Significant progress has also been
made through the ongoing efforts to acquire relatively
more precise experimental data for these semileptonic
processes [1-6]. The theoretical analysis of such decays
usually requires a detailed knowledge of the transition
form factors with their explicit ¢? (four-momentum trans-
fer squared) dependence. The form factors which are
in fact the manifestations of QCD bound-state charac-
ters of the hadrons involved in the process are yet to be
solved theoretically from the first principle. Although the
heavy-quark effective theory (HQET) [7,8}, which corre-
sponds to QCD in the limit of Agep/mg — 0, can relate
different form factors to a single one called the Isgur-
Wise function, it is not possible to predict theoretically
the ¢ dependence of this function except through an
appeal to the nonperturbative technique of lattice QCD
[9]. Therefore the weak decay form factors required to
describe the semileptonic decays are usually obtained by
various phenomenological bound-state models.

So far there have been many such models [10-18] giving
wide ranging predictions on the exclusive semileptonic
decays of heavy flavored mesons. In the nonrelativis-
tic constituent quark model of Isgur, Scora, Grinstein,
and Wise (ISGW) [10], all the weak decay form factors,
computed with the overlap integral of the nonrelativis-
tic meson wave functions [11], have the same exponen-
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tial ¢° dependence, which is not entirely compatible with
the predictions of the heavy-quark symmetry. Altomari
and Wolfenstein (AW) [12], in a similar nonrelativistic
approach, determine the form factors at ¢ = ¢Z,, and
then extrapolate them down to g% = 0 postulating the
g% dependence through monopole forms. However the
calculation of one of the form factors, namely o, is con-
sidered by them to be less trustworthy because of the
exclusion of the significant effects due to the quadratic
and higher-order terms involving the daughter meson mo-
mentum. Gilman and Singleton {GS) [13] use a modified
quark model based on an approach similar to [12] and
suggest rescaling the form factors in order to fit the avail-
able data. In a relativistic calculation of Bauer, Stech,
and Wirbel (BSW), the form factors having the g% de-
pendence in the monopole ansatz with the normalization
at ¢> = 0 are computed from the overlap integrals of
light-cone wave functions [14,15]. As an extension of this
work, Korner and Schuler (KS) {16] adopt a monopole or
dipole ansatz for the ¢% dependence of the form factors.
But such relativistic treatments are not totally free from
objections. Unlike the quark potential models, the phe-
nemenology in these cases is yet to be tuned. Second, the
computation of the form factors normalized at ¢ — 0,
requires the knowledge of the infinite momentum frame
wave functions near the end points where they are usually
small or least understood. Therefore it appears that a
completely consistent calculation of the weak decay form
factors in the framework of constituent quark model has
not been accomplished yet. This may be mainly due to
the fact that in the calculation of the hadronic matrix el-
ement, the truly relativistic bound-state character of the
relevant hadrons has not been adequately represented.
We therefore consider it worthwhile to investigate the
semileptonic decay of heavy flavored mesons (D and B)
in a relativistic independent quark model whose predic-
tive power have been successfully demonstrated in the
radiative [19,20], leptonic [21], weak leptonic [22], and
weak radiative [23] decays as well as in the study of sev-
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eral other hadronic phenomena [24-26]. We intend here
to generate the ¢® dependence of the relevant form fac-
tors directly from the model without taking resort to any
kind of pole ansatz. The model parameters being fixed
in its earlier applications, the result of the present in-
vestigation would be the model predictions assessing its
further credibility in yet another testing ground of the
semileptonic decays.

This paper is organized in the following manner. First
of all, in Sec. II we provide a brief outline of the gen-
eral formalism adopted here for the analysis of the ex-
clusive semileptonic decay of heavy flavored mesons. In
Sec. III, we describe the model conventions and realize
the invariant transition matrix element as well as the rel-
evant form factors with their appropriate ¢ dependence
directly from the model. Section IV embodies our re-
sults and discussions and Sec. V provides the summary
conclusions.

II. GENERAL FORMALISM AND KINEMATICS

We are interested in the exclusive semileptonic decay of
heavy favored pseudoscalar mesons (D% B?) into pseu-
doscalar (K, D) and vector (K*, D*} mesons. Such a pro-
cess as depicted in Fig. 1 is picturized through the decay
of the heavy quark @ in the parent meson M into a less
heavy or light quark g in the daughter meson m along
with the virtual W boson which ultimately decays into
a charged lepton and its neutrino, where the constituent
antiquark ¢ remains as the spectator. The detail for-
malism with the kinematics describing these processes is
a standard exercise and has been derived and reported

elsewhere [12,13]. However, for the sake of completeness-

we repeat here a brief outline of the general formalism
adopted here as per [13].

For the decay process M — mev, the invariant tran51—
tion matrix element is generally written as

Gp
73

where G is the effective Fermi coupling constant and
Vqq is the CKM parameter. The leptonic and hadromc
parts of the amplitude here are

M= quL Hpt ) (1)

LF = a,y*(1 = ys)ve

p = (m(k, S ) IR (O)M(P, Su))

FIG. 1. The semileptonic decay of a heavy quark @ into a
lighter quark ¢ and a virfual W which becomes a lepton and
neutrino.
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where J& =V, — A,. Here we take (M,m) to be the
mass, (P, k) the four-momentum, and (Sas, Sm) the spin
projection of the parent (M) and the daughter (m) me-
son, respectively. Taking (p,p’) to be the four-momenta
of the lepton pair {e*,1,.), the four-momentum transfer
becomes g = (P ~ k) = (p -+ p).

It is convenient to describe the kinematics by intro-
ducing the dimensionless variables y = (¢?/M?) and
z = (P-p'/M?). Neglecting the lepton mass, the kine-
matically allowed limits of ¥ becomes

m

o<y (1-2). (3)

The coordinate system fixed here is such that the
daughter meson momentum is along the negative z axis
with the charged lepton momentum at an angle 8, to the
z axis [Fig. 2(a})] in the ev frame. The y axis is oriented
perpendicular to the plane containing the final momenta.
In the ev center-of-mass frame the kinematic quantities
such as the energy momentum of the lepton pairs and
the daughter meson are given, respectively, by

Ee = Eu 9 Y, (4)
M m? .
Em=%(1+m”“y) ’ (5)
k| = K/ /3, (6)
with
1/2
M 2 2 m2

Such quantities in the parent meson rest frame are ob-
tained as

. K M m?
EezMw=ECOSHe 4 (1_W+y) ] (8)

-~ M m2
B~ (1433 0) o)

k| =K . (1oj

{b)

FIG. 2. Coordinate system for the semileptonic decay of a
heavy meson: (a) the decaying virtual W and (b) the decaying
final vector meson.
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The kinematically allowed range for = depends on the
value of ¥ and can be determined from Eq. (8).

The hadronic matrix element in Eq. (2) is convention-
ally expressed in terms of the Lorentz-invariant form
factors. For the semileptonic transition of the type
(0~ — 07) where the pseudoscalar meson is in the fi-
nal state, only the hadronic vector current contributes,
which is expressed as

() [V (O MP)) = F(g®)(P + B)a
AP -R), . (1)

On the other hand, for transitions of the type (0~ — 17)
where a vector meson is in final state, the corresponding
matrix elements are given by

(m{k, )|V (0)|M(P))
= i9(¢")euupoc™ (P + k) (P~ k)° , (12)
{m(k, ") Au(0})| M (P))

= f(d)e) + as (@) (" - P)(P +E)u
+a_(g’)(e* - P)(P ~k)u, (13)

where ¢* = (¢}, €*) represents the vector meson polariza-
tion with €* - & = 0. Then in this case the spatial part of
the hadronic current in the {ev) frame can be written as

H = 2/fMg(g*)(¢* x k)
—F(g®)e" —2(e” - Pay (P)E . (14)

One can note here that the form factor a_{g?) does
not contribute to H. For the pseudoscalar meson in the
final state, the hadronic current matrix element in the
(ev) frame also receives no contribution from the form
factor f_(g?). It is quite convenient to express the in-
variant transition amplitude M given by Eq. (1) in the
{(ev) center-of-mass frame. In that case the leptonic ten-
sor L#¥ = L*L¥, which appears in |[M|?, can have only
the spatial component L¥ to be the nonvanishing ones
in the limit of vanishing lepton mass and is given by

LH = aM*y[69 4+ 207 — ined'al] . (15)

Here n = —1{+1) for the final-state lepton pairs
etv.(e"7) and # is the unit vector along the charged
lepton direction in the (ev) frame. In this frame the ef-
fective hadronic tensor in |AM|? would also turn out to be
spacelike. It is therefore useful to expand H in terms of
a helicity basis (effectively of the virtual W) in the form

H= H é,+H_é_+ +Hyéo , (16)
where
by = (78— if), o=2 (17)
+ = \/ﬁ y 4 0 — .

The polarization vector €* with polar and azimuthal
angle (#*,¢*) in the vector meson helicity frame
[Fig. 2(b)], can be Lorentz transformed to the (ev) frame
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to be expressed as

1 - i .
& = mmsin@ et 8, — ——sin@*e " é_
+ \/g

V2

_Em cosf*éy . (18)
m

The differential decay width for the exclusive decay
process (M — mev) in the parent meson rest frame is
given by

1
dl'(M — mev) = W|M|2dﬂ3 ) (19)
where the three-body phase-space volume is represented
by

d3ks

(271")46(4 (P k—p—p )H.f V32E (20)

with. the product symbol referring to the final particle
momenta. The three-body phase-volume dIlz can be con-
veniently split into Lorentz-invariant pieces so as to take
a particularly simple form

dll; = ——— K dydQ.dS,, , (21)

(4 s

where df), is the solid angle of the electron in the ev
frame, d€l,, is the solid angle of the daughter meson in
the parent meson rest frame. This leads to the differential
decay rate

dr
dydSedQnm

1
= M, (22)

(4 )

where

2

gt = EE o P (23)
Now using the expansion of H in terms of the helicity

basis as per Egs. (14), (16), and (18), integrating over

all angles and finally summing over the daughter meson

polarization, one can obtain the differential decay rate in

the general form as

dl  Gp?|Vo,|?KM?%y ,

\H_|* + | Hol"] . (24)

For the transition into vector meson final state, the
contribution of |Hy|? in Eq. (24) refers to longltudlnal
polarization mode where as that due to [|Hy|2 + [H-|?]
refers to the transverse polarization mode. In this case
the reduced helicity amplitudes H+ and H, are obtain-
able in terms of the invariant form factors in the following
manner:

H. = [f(¢*) F 2MKg(d%)] ,

Hy = % [(1 - A";—zz —y)'f(qz) +4Kza+(q2)} ,

(25)

(26)
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However in case of the transition into a pseudoscalar
meson final state; one can realize the appropriate expres-
sion for the decay rate by effectively identifying

Hy=0, Hy= —2% £o(d) - (27)

Hence in this case,

dl'  Gr*[Vo |*K3*M*?
ol T ner. oy

Thus the study of the semileptonic decay essentially
reduces to the study of the detail g dependence of the
invariant form factors such as f1(g%), f(4?), 9(¢?), and
a4 (%), which we intend to extract from the explicit eval-
uation of the hadronic current matrix elements in an ap-
propriate constituent quark model of relativistic indepen-
dent quarks. We may point out here that the same exer-
cise as has been described so far basing on the formalism
of [13] can as well be performed on the basis of a different
approach as per {12].

III. THE INDEPENDENT QUARK MODEL
AND WEAK DECAY FORM FACTORS

The semileptonic decay of heavy flavored psendoscalar
mesons under investigation here physically occurs be-
tween the momentum eigenstates of the participating
mesons. An exact fleld theoretic calculation should take
into account the meson states represented by appropriate
momentum wave packets reflecting their respective con-
stituent guark-antiquark momentum distribution. The
bound quark and antiquark inside the meson are in def-
inite energy states having no definite momenta. Never-
theless, it is possible to find out a momentum probability
amplitude for the constituent quark and antiquark inside
the meson by suitable momentum-space projection of the
corresponding bound quark or antiquark orbitals deriv-
able in a suitable model, for which one may have to rely
on certain simplifying assumptions. Defining suitably the
meson states in the model, it can be possible to calculate
the transition amplitude and hence the relevant hadronic
matrix element corresponding to the diagram as shown in
Fig. 1 describing the semileptonic decay processes. From
the explicit calculation of the hadronic current matrix
elements one can identify the invariant weak decay form
factors with their appropriate g2 dependence so- as to
be compared with the predictions based on heavy quark
symmetry. The form factors can ultimately be utilized
to compute the decay rates. In view of this we deem it
essential to present briefly the outline and conventions of
the constituent quark model adopted here.

A. The independent guark model

In the present model a meson, in general, is pictured
as a color-singlet assembly of a quark and an antiquark
independently confined by an effective flavor-independent
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potential [19-26]:
U(r) = 31+ (ar* + Vo) . (29)

This potential form is taken in the model as a phe-
nomenological representation of the confining interaction
which is expected to be generated by a nonperturbative
multigluon mechanism. The quark-gluon interaction at
the short distance originating from one-gluon-exchange
and quark-pion interaction required in the nonstrange
sector to preserve chiral symmetry are presumed to be
residual interactions compared to the dominant confining
interaction. Although these residual interactions treated
perturbatively in the model are crucial in generating
mass splittings [22,24,25,27], in the hadron spectroscopy,
their role in the hadronic decay processes are considered
less significant. Therefore, to a first approximation, it is
believed that the zeroth-order quark dynamics inside the
meson core, generated by the confining part of the inter-
action which is phenomenologically represented by U(r)
in the Eq. (29) can provide an adequate description for
the semileptonic decay of D and B mesons. Tn this pic-
ture the independent quark Lagrangian density in zeroth
order is given by

¢ PR -
La(@) = Yo(@) | 570p —mg = U(r)| ¥o(z) . (30)
The ensuring Dirac equation with E} = E; — V4/2,
m), = mg + Vo/2, Ay = (E} + m}), and rog = (arg) 14,
admits static solutions of positive and negative energy in
zeroth order, which for the ground-state meson can be
obtained in the form

B L[ igg(r)/r
2 =73 (a-ffq(r)/r ) X

- e (30 )%

The two-component spinors x and ¥, stand for

w=(1). w=()
w=(8): w=(0)

respectively. The reduced radial parts in the upper and
lower component solutions corresponding to the quark

2

and

" flavor ¢ are

9a(r) = No(r/rog) exp(—r?/2r,) ,
(32)

folr) = - ( Ny ) (r/r0q)? expl—r*/2r%,)

AqT'ag
where the normalization factor Ay is given by

N7 = 8)y/[V7rog(3E, +my)] - (33)
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The quark binding energy of zeroth order in the meson
ground state is derivable from the bound-state condition

Vel olE

Thus knowing the quark-antiquark eigenmodes in the
ground state of the mesons, it is possible to obtain their
corresponding momentum distribution amplitude. Here
we represent a meson state with momentum P and spin
projection Syr as

—ml)=3. (34)

|M(P, Sy)) =

1
—— 2 ()
N(P) A1 AzE€ESar
x f dB1d525) (3 + Fo — PYGas (P, )
XbL (ﬁl’ Al)i‘:’;z (23‘2: A2)|0> ’ (35)

where, b} (#1,1) and 5:;2 (P2, Az) are, respectively, the
quark and antiquark creation operators. (M (A1,)z)
stands for the appropriate SU(6)-spin-flavor coefficients
for the meson M{gy,dz2). N(P) represents the overall nor-
malization factor, which can be expressed in an integral
form as
N(B) = [ dpigacn, B - )P (36)
This is obtainable from the meson-state normalization
considered here in the form as
(M(P)\M(P')) =6 (P - F). (37)
Finally, Ga(P1,P2) provides the effective momentum
distribution amplitude for the quark and antiguark in-
side the meson. In an independent particle picture of
the present model, Gas(P1,52) can be expressed in terms
of individual momentum distribution amplitudes G, (F1)
and Gg,(P2) of the quark ¢, and antiquark a2, respec-
tively. We follow here the ansatz as in [20-22] in a

straightforward extension of the idea of Margolis and
Mendel [28] so as to write

Gt (1, 52) = 1/ Gq, (P1) G, (P2) - (38)

Here Gg,(f1) can be obtained by a suitable
momentum-space projection of the bound-quark orbital

@gi') (7) in Eq. (31) corresponding to the lowest eigen-
mode. If Gy (P1;A1,A]) is the amplitude of a bound
quark in its eigenmode @g:;l (7} for being found in a state
of definite momentum g and spin projection A}, then

GQ!. (ﬁls A15 X;.)

Hfu k) j a2} (7) exp(~ifi - 7) , (39)
P1
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where Ep, = /(7% +m2) and ug (#1, A1) is the usual
free Dirac spinor with the normalization

u;(ﬁa ’\l)uq(ﬁ, ’\2) = 2Ep£h)\z = U;(f’;’\l)vq(fi ’\2) ’
(40)

ﬁq(ﬁ’Al)uq(ﬁ: A2) = zmq‘SA1A: = ﬁq(ﬁy’\l)vq(ﬁa '\2) )
and
> g, A8 (B, A) = (B +myg)
A
(41)
D ug(F,0)5,(8,2) = (§—my) -
A
On further simplification with o = 1/2r3,
G g, (B1, A1, A}) reduces to the form
Gq1(ﬁ1;A11X,1) = th (ﬁl)‘shli 3 (42)
where
.
Gy (#1) = — (Ep, +mg, )/ Ep, (Ep, + qu)
2c 41)‘111
x exp(—p?/daq,) . (43)

Thus Gy, (1) essentially provides the momentum prob-

ability amplitude for a quark ¢ in its eigenmode plt @ A1 ()
to have a definite momentum # inside the meson. In a
similar manner one can obtain the momentum probabil-
ity amplitude G, (p2) for an antiquark in its eigenmode

3t (7) to realize that, for like flavors,

gahe
Gy, (2) = G, (P2} -

Such an ansatz for the effective momentum distribu-

tion amplitude Gpr(P1,72) has provided excellent and
consistent descriptions for various badronic phenomena

[20-22].

(44)

B. Transition matrix for M — mev

As discussed in Sec. II, the exclusive semileptonic pro-
cesses are usually described by the invariant transition
matrix expressed at the mesonic level in its familiar form
as given in Eq. (1}. Such a decay for a parent meson
M(QF'} can basically be pictured as the weak transi-
tion of its constituent quark ¢} to a less heavy or light
quark ¢ belonging to the daughter meson m(gq'); while
the antiquark ¢', being common to both the participating

' mesons, remains as a mere spectator (Fig. 1). Then start-

ing with such a basic weak transition at the constituent
level, one can realize, on the basis of the model dynamics,
the invariant transition matrix M at the mesonic level.

The S-matrix element corresponding to the diagram
depicted in Fig. 1 which describes the semileptonic decay
process M — mev in the parent meson rest frame can he
written effectively as
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Spi = iFYRe /d4m1d4x2d4qexp[(—iq(mz —z1)]

T e

x{e(B, 61)0(F", 82)m(k, Sm)} + Jf (w2) 2 (1) ¢+ IM(P = 0, Sn))

where, ¢ = (P — k) = (p + »'), stands for the four-
momentum transfer and with T* = 4#(1 — *):

SIM@e) ¢ = P (@) Tl (2a)
(46)

: Jﬁ(ml) D= @é_)(ml)I‘“wg')(:cz) .

Using the lepton field expansion, the matrix element of
the leptonic weak current Jf'(z2) can be obtained in a
straightforward manner, so that

|

(45)

[
1

vV?22E.2E,

(e(ﬁ, JI)V(F, 52)IJIM(.’EZ)|U) = ei(?-l-P')mzL#

(47)
when
Lt = ﬁe(ﬁ) JI)I‘#'UU(ZE’.” 52) . (48)

Similarly, taking into account the appropriate momen-
tum wave packets as given in Eq. (35) for the initial and
final meson states and the usual quark field expansions
in the hadronic weak current, we can obtain

- . . - S o T2 oy ikm
(m(F, Sl Tb )M (P = 0,5y0)) = [ PP )OwC i, i)
. V VN (0) N (R)2B 1, 2,

{Sm 7.0 Se) (49)

where the symbolically represented spin-matrix element piece is

(Smldu@IS2r) = Y

AL AR €S AL ALES,,

Ep, and Ep; here stand for the energy of the non-
spectator quark of the initial and the final meson with
the three momenta p7 and §7, respectively. Now using
Eqgs. (47)~(50) in Eq. (45), one expects to obtain the
S-matrix element in the standard form with the energy-
momentum conservation explicitly depicted by an appro-
priate four-momentum ¢ function at the mesonic level.
But such a realization at the composite level starting
from a picture at the constituent quark level has never
been so straightforward. This is because of the fact that
although three-momentum conservation is automatically
guaranteed at the mesonic level through appropriate &
function, the same is not so transparent in case of energy
conservation. The energy conservation at the mesonic
level can however be realized by extracting out the en-
ergy é function §(E,, — Ep 4x — E.— E,) from within the
quark level integral in the form (M ~E,—E, —E,) with
the ansatz that (E,, + E,,) and (E,, i1 + Ep,) in the 4-
function argument can be equated in an integrated sense
to the parent meson mass M and daughter meson energy
E,,,, respectively. However, there may be some mismatch
in this respect since the constituent level dynamics con-
sidered here is in zeroth order only which alone cannot
ensure the complete bound-state character with the total
mass energy of the mesons. Hence it requires appropriate
corrective measures which is ad hoc introduced here by
J

EnM

Ccﬂfc}’(’\l’)\ﬁ :;;'(’\rlaXz)ﬁq(E‘*‘ﬁl:)"l)r‘qu(ﬁla)\l) .

d51Gnt (B1, —B1)Gm(E + P, —51)

(50)

multiplying the integrand in the quark level integration
by the mismatch factor taken in the form

- 1/2
( M ) 1/2 Em
(Em + Epz) (E}h 4k + Epz

Finally we also ensure the appropriate phase space at
the mesonic level with the covariant normalization of the
meson states so as to realize the S-matrix element in its
standard form as

Sp; = (2m)*6 (P — k — p ~ p)(iM)

1

X _ , 51
VV42E.2E 2E, 2M (1)

where P = (M,0,0,0). The invariant transition matrix
element is then obtained in its familiar form as

M = G—;VQ,;L"HF

7 (52)

with the hadronic amplitude in its appropriate form as

(53)

H, =
\/ N (0) N

(E) \/Ep1+kEp1 (Em +k Epz)(Em + Epz)

(Sm|TulSn) -
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Thus with the transition matrix element realized in the
familiar form with explicit expression for the hadronic
amplitude derived from the present model, the general
formalism as described in Sec. II can now be followed to
describe the semileptonic processes.

C. Weak decay form factors

It has been shown in Sec. II that in the (ev) center-
of-mass frame; the leptonic amplitude being spacelike,
the correspondingly relevant spacelike components of the
hadronic amplitudes are expressed in terms of the weak
decay form factors. The transition form factors being
Lorentz invariant can be calculated in any suitable frame.
‘We choose here the parent meson rest frame for the sake
of convenience to calculate the relevant form factors (f,
f, g, and a;). This essentially involves the calculation of
the hadronic amplitude from Eq. (53) and then compar-
ing the result with the corresponding quantity evaluated
through the form factor expansion method using appro-
priate Eqs. (11)-(13).

For the transition (0~ -+ 0~), the only contributing
hadronic vector current yields the relevant spin-matrix
elements

[(Epy+x + my) (B, +mq) + 73]
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the vector current V), and the axial-vector current A,
contribute giving the spin-matrix elements as

{Sm=~|Vo|Sam) =10,
(56)
% _ i(Bp +mo)(&* x k)
(Sme|V|Su) = T
and
- (Ep, + mg)(é* - k)
(Sm=|Ao|Snr) = N A s
(57)
(Smee | &) Sng) = [(Brtp, +mg)(Ep, +mg) —F1/3] o

\/(Ek-i-m + mg)(Ep, +mg)

Here we have identified the spin-matrix elements with
terms which give nonvanishing contribution to the inte-
gral defining the hadronic amplitude.

Now substituting the expressions in Eqgs. (54) and (55)
into Eq. (53) and comparing the results with the cor-
responding expressions obtainable from the form factor
expansion in Eq. (11) of Sec. I, we find

(M + B} fy + (M — Bn)f-

(SmlVo|Sar) = (54)
\/(Epl'}'k_ + mq)(Em + mq)
. = [ GACE) B+ ma) (B + Q) + 73], (58)
T2 _ (EP1 + mQ)E
SmlV 150} = v Boiie + mg) (B + mq) | O fe-tos /dﬁl(Epi tme)Cie) 9
On the other hand, for the transition (0~ — 17) both  where
J
o) = ME,, Gat (B, —P1)Gm (K + P, =) (60)
,) = .
ﬁM(D)Nm(E) \/EerkEm (Bpy+ +mg)(Ep, + mQ)(Epy+k + Ep, ) Ep, + Ep,)
From Egs. (58) and (59), the form factor f. is found to be
1 ) ) .
Fo= g5z [ CE) B, +m) Epuss +mq + M ~ ) 457 (61)

Then considering the (0~ — 17) transitions, we eval-
uate, with the help of Egs. (53), (56), and (57}, the spa-
tial components of the hadronic amplitude in parent rest
frame as

{(m(k,&*)|V — A M(P = 0)) = —[1A(&* x k) — Be*],
(62)

where

A= f (1) (Byy +m) (69)

B= / 10 (P (Bpy 4k + M) (B, +ma) = 52/3] .
(64)

The same can however be expressed in terms of the
invariant form factors using the expansions given in
Eqs. (12) and (13) of Sec. IT as

(m(k,&)|V — A|M(P = 0))

= i2Mg(&* x k) — f&* — (aq —a_)(&* - P)k . (65)

Then from the term by term comparison of Eq. (62)
with Eq. (65); we can identify the appropriate expressions
standing for the invariant form factors g and f as

g=———=

1 w
onf = “aaf | BrCE(Es +me) . (66)



f=-B=- [ (P (Epr 4 + mg) (B, + M)
~5%/3], (67)
when

Gy =a_ . . (68)

Finally from the calculation of the matrix element of
the timelike component of the axial-vector current in the
parent meson rest frame corresponding to the longitu-
dinal spin polarization of the final vector meson, i.e.,
(El(k,é*(L))iAdM(ﬁ = 0)} and using Eq. {68), we find
that

Fe oM™ < — AR . (69)

Since we have taken the spin-quantization axis op-
posite to the boost direction, the longitudinal polariza-

tion vector e;(L) is boosted to get a timelike component

e;(L) = —|k|/m with E;(T) = 0. Taking this into account
and using Eq. (66), we find, from Eq. (69),
1

The invariant form factors (fy, g, f, and ay.) so de-
rived in the model through the respective expressions in
Egs. (61), (66), (67}, and (70) are believed to embody
the appropriate ¢ dependence. These form factors can
also be written in the dimensionless forms as often cited
in the literature to treat all of them including f(¢?) on
the same footing. They are defined as

Fi(q®) = f+ (%),
V(d®) = (M +m)g(¢?)
(71)
Ai(g®) = (M +m)" f(¢?) ,
A3(¢) = —(M + m)ai(q®) .

With these form factors we can determine the helic-
ity amplitudes through Eqs. (27), (25), and (28) for the
pseudoscalar and vector meson final states, respectively.
Then it is straightforward to calculate the decay widths
as well as the polarization ratios for the specific cases of
semileptonic decays under investigation using Eqgs. (24)~
(28) in Sec. II. The g® dependence of the form factors
can also be compared with the predictions according to
HQET and other models.
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IV. RESULTS AND DISCUSSIONS

Having derived in the present model the expressions
for the weak decay form factors which parametrize the
hadronic matrix elements of weak currents between the
two participating meson states; a detailed study of
the semileptonic transition M — mer becomes quite
straightforward. We consider here in particular the
semileptonic. decay of heavy-flavored mesons D° and B°
in their specific exclusive channels such as (i) D? —
K- ety,, D° - K*etv, and (ii) B® — Dte b,
B® = D*te~p,. Our approach here is not so much as
to search afresh the appropriate values of the model pa-
rameters (such as a, Vo, mg, and my) to realize a rea-
sonable fit for the experimentally available data; on the
basis of which one can extract the relevant weak decay
form factors with their ¢* dependence in the entire kine-
matic range. Instead, we prefer to take the values of
the flavor-independent potential parameters (e, Vo) and
the appropriate quark mass parameters (mg,mgq) as ob-

‘tained for the present model in its earlier applications

to several other hadronic phenomena in the mesonic and
baryonic sectors [20-26]. This approach would then pro-
vide the detailed predictions of the model which can be
compared with the outcomes of other similar models as
well as with the expectations based on the heavy-quark
symumetry. Accordingly, the potential parameters of the
model are

(a, Vo) = (0.017166 GeV>,—0.1375 GeV) . (72)

The quark mass mg and the corresponding quark bind-
ing energy E, along with relevant model quantities such
as Ay and 7oy used in the present calculation are sum-
marized in Table I. Such a choice of these model pa-
rameters has successfully explained in the perturbative
calculation the ground-state masses of the light mesons
(p,m; K*, K) [24,25,27] and heavy mesons (D*, D; B*, B)
{22] in good agreement with their experimental values.
Since the theoretical uncertainty due to the perturbative
approach cannot be overlooked here, we would prefer to
use in our calculation the observed meson masses for the
participating mesons. Finally the CKM parameters rel-
evant for the D and B decays under consideration are
taken here as :

(Vess Vo) = (0.975,0.043) . (73)

With these parameters we first of all calculate the
relevant weak decay form factors fi(g%), 9{q?%), f{g?),

TABLE L. The quark mass m, and the corresponding quark binding energy F, together with A,

and roq.

Quark Mg E, Aq Toq
q {GeV) (GeV) (GeV) (GeV) .
U 0.07875 0.471 25 0.550 00 3.208 06
d 0.07875 047125 0.55000 3.20806
8 0.31575 0.59100 0.906 75 2.83114
c 1.49276 1.57951 2.07227 2.086 74
b 4.776 59 4.766 33 9.54292 1.57186
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and a;(g®) from their respective model expressions in
Egs. (61), (66), (67), and (70) of Sec. IIL. These form
factors are numerically evaluated by the familiar Gaus-
sian quadrature technique for any given value of ¢® or
y = ¢*/M? in the entire kinematic range of 0 < y <
(1 — m/M)?. Casting them in dimensionless forms as
given in Eq. (71) we display their g? dependence as ob-
tained in the present model for D and B decays sepa-
rately in Figs. 3 and 4, respectively. According to HQET
these form factors over the entire kinematic range of their
variables are expected to satisfy the heavy-quark symme-
try relations [8] such as

R 2 V() = Aole) = Aalg?) . (14)

Here

A(e?) = [1 - @,f—m)z]_lm(q”) -

Heavy-quark symmetry also leads to model-independent
normalization at zero recoil giving the values of these
form factors at g° = g2, as [8]

M+m
Fl(qzzax)ﬁ—azl\/ﬁa

M4+ m*
V(qrznax) = AZ(sznax) >~ m )
- 2V Mm*
T M+me

(75)

Al(sznax)

These symmetry relations are in fact model-
independent consequences of QCD in the lEmit of heavy-
quark mass mg > Agep; which can be used as the
benchmarks to test the consistency of our model cal-
culation. The form factors for B — D, D* transitions,
where both the parent as well as the daughter meson
contain heavy quark with mass m; and m. > Aqcp,
are expected to reasonably obey the asymptotic QCD
predictions. However the same cannot be true in case
of D — K, K* transitions since the underlying assump-

0.8 frwmm—me-mmm =
Y
""" A
c4f ———
[ -
0.0 A n i Adokd o L FEPEPUPEP I ] i
0.0 ol 0.2 03 0.4 05 086

FIG. 3. Variation of the form factors relevant for the decays
D® — K", K~ in the entire kinematic range of y.
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FIG. 4. Variation of the form factors relevant for the decays
B° - D"+, D* in the entire kinematic range of y.

tion requiring s quark to be very heavy is certainly not
a good approximation. In Fig. 4, we observe that the
g* dependence of the form factors in case of B — D, D*
transitions shows moderate deviations from the heavy-
quark symmetry relations given by Eq. (74) which are
also compatible with outcomes of various other models
[8]. We also obtain the values of the corresponding form
factors at ¢ = g2, in the following manner:

Fi{g?,,) ~1.20(1.13)

V{g2,,) ~ 1.45(1.13) ,
(76)
Aa(gl ) =~ 1.39(1.13)

As{g2,,) ~ 0.88(0.89) .

These are in reasonable agreement with the model-
independent normalization values {in the parentheses)
at zero recoil following from the heavy-quark symmetry.
Thus we find here that in B-meson semileptonic decays
the HQET predictions are realized quite reasonably and
precisely. We calculate the ratios A4;/4, and V/4, at
¢ = g2, and present in Table II a comparison of these
quantities with those obtained in various other models
[6]. But in the case of D — K, K* transitions it is not
surprising to find from Fig. 3 that the form factors F, (¢?),
V(g?), A2(g?), and A,(g?) are not close to one another
over the entire kinematic range. Finally we obtain the
form factors at ¢ = 0 and compare them with the cor-
responding values obtained from various other models.
Tables III and IV provide such comparison in case of
D® » K—,K* and B® » D%, D** transitions, respec-
tively. _

After displaying the ¢? dependence of the relevant form
factors generated in the present model, we evaluate nu-
merically the decay rates I'(M — mewr), the polarization
ratio I'z /Ty and the ratio R =T'(0~ — 17)/'(0~ — 07)
for D° - K—,K* and B® — D*,D*t transitions.
These results are listed in Table V in comparison with
the predictions of some other models and the available
experimental data. We observe that the decay rates and
the ratio R for the decays D° — K~,K*~ are in good
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TABLE II. Measurement and predictions on the ratios of the form factors at g2 = ¢2,,, for the

decay B® — D"ev. The two fits (a) and (b) of [29] correspond to different assumptions for the ¢°
dependence of the form factors.

Ref, AQ/A]_ V/A]_
CLEO II fit (a} [29] 1.0240.24 1.07+0.57
CLEO II fit (b} [29] _ 0.79:£0.28 1.32+0.62
(ISGW) [10] 1.14 1.27
(GS) [13] _ 1.16 1.38
(BSW) [15] 1.06 1.14
(KS) [16] 1.39 1.54
HQET based [7] 1.26 1.26
HQET based [8] 1.14 1.74
Present prediction 1.58 1.65

TABLE III. The predictions for the form factors at ¢ = 0 in the decay D° — K ';,K “~ along
with those of other quark models and the experiment.

Form (ISGW) (GS) (BSW) = (WD) Present Experiment
factor [10] [13] f15] [17] prediction _[e®

V{0) 1.10 1.46 1.27 0.79 1.32 1.1040.20
A;(0) 0.80 0.74 0.88 0.59 0.77 0.56+0.04
A2(0) 0.80 0.55 1.15 0.36 1.48 0.4020.08
F1(0) 0.80 0.70 0.75 0.70 0.80 0.7520.03

“The value of the form factors quoted above is the average of the result of E691, E687, ad E653.

TABLE IV. The predictions for the form factors at ¢°> = 0 in the decay B® — D*,D*" along
with those of other quark models and the experiment.

Form (ISGW) (GS) {(BSW) (WI) Present Experiment
factor [10] [13] [15] [18] prediction [6]
V10 0.95 0.71 0.69 111

A,(0) 0.69 0.65 0.35 0.93

Az(0) 0.80 0.69 0.56 1.31

Fi(0) 0.69 0.67 0.97

TABLE V. Predictions on the decay width and the polarization ratio in the decays such as
(D° -+ K~,K*7) and (B° — D, D).

(ISGW) (GS) (BsSW) (W) Present Experiment
[10] (13]  [15] (17]/ [18] prediction [6]
T(D" =K )
x(10'° s71) 8.50 7.16  7.89 6.72 7.68 8.240.4
D" = K*)
x(10% 571) 913 950  9.03 4.28 5.20 4.60.4
Dok D) 1.09 121 0.90 1.44 0.52 1.23+0.13
0 -—
Bty 107 134 114 0.64 0.68  0.600.09+0.07 (CLEO II)
I(B° — D*)
x(10'% s71) 2.05 260  1.50 1.63 2.73 1.274:0.33
I'(B° ~» D)
x (101 s™1) 466 490 410 4.10 5.10 2.96::0.27
rp{B°-p*t+
Fﬁf;(?ﬂ:—p:,% 0.97 088  1.07 117 0.77 1.1050.74+0.6 (CLEO)
s 2.27 188 267 2.46 1.87 2.673375% (CLEO)

*Reference [3] gives the corresponding experimental value (0.5+3:3+1-9).
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agreement with the experiment. Although our predic-
tion for the polarization ratio I',(D° — K*~)/Tp(D° -
K*~) is in agreement with the central value of the
measurement of Mark IIT Collaboration [3], it is much
below the more recent and precise experimental limit
[6]. The present model therefore predicts that in the
D° — K*~e*tv semileptonic transition, the daughter me-
son K*™ is found to have its spin polarization predomi-
nantly transverse in nature, which is contrary to the cur-
rent belief. The low polarization ratio here, in the present
model, may be due to a relatively high value of A;(¢?)
which contributes destructively towards the longitudinal
decay mode. In fact, none of the quark model proposed
so far except the one due to Jauss [17] has been entirely
successful in describing all aspects of D® — K, K*~
transitions in perfect agreement with the available exper-

imental data. In the case of B® — D+, D** transitions,

we find that, although the decay rates I'(B° — D*e~5,)
and I'(B® — D**e~7,.) obtained in the present model
are higher in comparison with the available experimental
data, the polarization ratio T'z(B® — D*+)/T'p(B° —
D**+) and the decay width ratio I'(B® — D*¥)/T(B° —
D) are found in reasonable agreement with the limits
of the presently available imprecise data [6]. The ratio
R=T(B®— D**}/T(B® — D*) = 1.87 is also not very
different from the asymptotic QCD prediction around a
value 2-3 following from the heavy-quark symmetry.

For a consistency check on the reliability of our calcu-
lation based on the general formalism [13] described in
Sec. I, we have repeated the same calculation using a dif-
ferent but straightforward formalism as per [12] and have
reproduced the above results. Thus we find that there ex-
ists some discrepancy between the present prediction and
currently available experimental data. Nevertheless, we
must remind ourselves that we have not made any at-
tempt in the present calculation for readjusting the rel-
evant model parameters in order to fit the experimental
data. The experimental uncertainties in this sector are
also too large at present to allow a stringent test.
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V. CONCLUSIONS

We have studied the form factor dependence of the ex-
clusive semileptonic decays of D and B mesons in the
independent quark model. The possibility of disagree-
ment of most of the quark models from the experiment
in the charm meson decays is that the calculation of the
form factors in those models is based on the assumptions
which cannot be totally relied upon. The distinction of
the present calculation is that the relevant form factors
are here uniquely and unambiguously determined by the
underlying relativistic quark dynamics without any spe-
cific end-point normalization to start with. The explicit
q° dependence of the form factors is also derived from
the model without assuming it to be monopole or dipole
type.

Our prediction for the decay widths and the decay
width ratio R relevant for the transitions D% — K~etv
and D° — K*~etv are in very good agreement with
the data. In the B meson decays we predict the decay
widths ratioc R and the polarization ratio to be compa-
rable to the data at the present level of experimental
uncertainty. The polarization of K*~, though found out
to be comparable to the measurement of the Mark Col-
laboration {3], is certainly below the current experimen-
tal limit. The precise prediction on the decay widths of
B mesons and the polarization of K*~ in the D°® decay
would depend upon the close interplay between the future
experiment and the developing phenomenology in these
sectors. Thus within the working approximation adopted
here, the present model provides a simple framework to
explain reasonably the exclusive semileptonic decays of
D and B mesons. :
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