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We investigate the exclusive semileptonic decay modes Do + K,K’ and B0 i D, D’ in a field- 
theoretic framework based on the independent quark model with a scalar-vector-harmonic potential. 
Our predictions for the relevant form factors and their q2 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 Do decays are I?(@ + K’-)/l’(@ + K-) = 0.68 and FL(D” + 
K*-)/l+(D” --t K*-) = 0.52 and those for B0 decays are I?@’ + D’+)/I@’ + D+) = 1.87 and 
rLp + D*+)jrT(Bo + 0’+) = 0.77, respectively. 

PACS number(s): 13.20.Fc, 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 

CP-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 [l-6]. The theoretical analysis of such decays 
usually requires a detailed knowledge of the transition 
form factors with their explicit q2 (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 coi-re- 
spends to QCD in the limit of Aqc~/mq + 0, can relate 
different form factors to a single one called the Isgur- 

Wise function, it is not possible to predict theoretically 
the q2 dependence of this function except through an 
appeal to the nonperturbative technique of lattice QCD 
[Q]. 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 [lo-181 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) [lo], all the weak decay form factors, 
computed with the overlap integral of the nonrelativis- 

tic meson wave functions [ll], have the same exponen- 
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tial q2 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 q2 = qk, and 
then extrapolate them down to q2 = 0 postulating the 
q2 dependence through monopole forms. However the 
calculation of one of the form factors, namely a+, 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 resealing 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 q2 de- 
pendence in the monopole ansatz with the normalization 
at q2 = 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 q2 dependence of the form factors. 
But such relativistic treatments are not totally free from 
objections1 Unlike the quark potential models, the phe- 
nomenology in these cases is yet to be tuned. Second, the 
computation of the form factors normalized at q2 --f 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 [Zl], weak leptonic [22], and 
weak radiative [23] decays as well as in the study of sev- 
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era1 other hadronic phenomena 124-261. We intend here 
to generate the qz 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- 
elusive 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 q2 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 flavored pseudoscalar mesons (Do, go) 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 Q in the parent meson M into a less 
heavy or light quark p 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 q’ 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 1131. 

For the decay process M --t mev, the invariant transi- 
tion matrix element is generally written as 

where GF is the effective Fermi coupling constant and 
VQ, is the CKM parameter. The leptonic and hadronic 
parts of the amplitude here are 

L’ = a,+‘(1 - y& , 

f&t = (+, Sn)lJ,h(O)lW’, SIVI)) > 
(2) 

FIG. 1. The semileptonic decay of a heavy quark Q into a 
lighter quark q and a virtual W which becomes a lepton and 
where J,” = V, - A,. Here we take (M,m) to be the 
mass, (P, k) the four-momentum, and (S,, 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+, ye), the four-momentum transfer 
becomes q = (P - k) = (p + p’). 

It is convenient to describe the kinematics by intro- 
ducing the dimensionless variables y = (q2/M2) and 
z = (P p’/M’). Neglecting the lepton mass, the kine- 
matically allowed limits of y becomes 

The coordinate system fixed here is such that the 
daughter meson momentum is along the negative I axis 
with the charged lepton momentum at an angle 0. to the 
E axis [Fig. 2(a)] in the eu 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 

E,=E”+, 

,=$(1+&Y) I 

with 

Ii1 = KIdi? , (6) 

K=~[(,_$-y)2-,~,]1’2. (7) 

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

(8) 

(9) 

(10) 

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 z depends on the 
value of y 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 
(O- + O-) where the pseudoscalar meson is in the fi- 
nal state, only the hadronic vector current contributes, 
which is expressed as 

(~(kwl,mw~)) = f+(&P + k), 

+f-Mw - k)P (11) 

On the other hand, for transitions of the type (O- + l-) 
where a vector meson is in final state, the corresponding 
matrix elements are given by 

= ig(q2)ep”paE*“(P + k)P(P - k)” , (12) 

(~(k~~*bWW’V)) 

= fb?)$ + a+(q%’ ‘P)P + k)P 

+a-($)(e’ P)(P - k), , (13) 

where E* = (e&Z’) represents the vector meson polariza- 
tion with e’ k = 0. Then in this case the spatial part of 
the hadronic current in the (w) frame can be written as 

i? = 2i&vrg(q2)(~’ x i) 
3 

-f(q”)C* - 2(e* P)a+(q2)k (14) 

One can note here that the form factor a-(4’) does 

not contribute to I?. For the pseudoscalar meson in the 
final state, the hadronic current matrix element in the 
(w) frame also receives no contribution from the form 
factor f-(9”). It is quite convenient to express the in- 
variant transition amplitude M given by Eq. (1) in the 
(eu) center-of-mass frame. In that case the leptonic ten- 
sor L’” = L’L”, which appears in IMI’, can have only 
the spatial component L”j to be the nonvanishing ones 
in the limit of vanishing lepton mars and is given by 

Lij = 4~2~[@ + ei’;Lj _ i7p$ 
(15) 

Here 7 = -l(+l) for the final-state lepton pairs 
e+v,(e-c,) and +z is the unit vector along the charged 
lepton direction in the (w) frame. In this frame the ef- 
fective hadronic tensor in IM1’ would also turn out to be 

spacelike. It is therefore useful to expand i? in terms of 
a helicity basis (effectively of the virtual W) in the form 

H = H+t, + H-@- + +H& , (16) 

$* = $(F? - ig, &)=i. (17) 

The polarization vector E^* with polar and azimuthal 
angle (8*,@) in the vector meson helicity frame 
[Fig. 2(b)], can be Lorentz transformed to the (w) frame 
to be expressed as 

@* = ~ si*0*e”~ ^ 
Jz 

e+ - -$ sin 0*e8O’ & 

Em -- costJ*&o (18) m 

The differential decay width for the exclusive decay 
process (M --t mev) in the parent meson rest &me is 
given by 

fir+4 + mev) = &IMlQII3 , (19) 

where the three-body phase-space volume is represented 

by 

3f dIIg = (2++)(P - k - p - p’)IIf & (20) 
f 

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

d& = &K dydtl2,dii.n , (21) 

where dS& is the solid angle of the electron in the ev 
frame, dQ,,, is the solid angle of the daughter meson in 
the parent meson rest l?ame. This leads to the differential 
decay rate 

where 

dr 
’ KIMI’, 

dydQ,di?i, = 5 (4~)’ 
(22) 

pq = $ IvQ,12LijHiHjt (23) 

Now using the expansion of I? in terms of the h&city 
basis as per Eqs. (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 

For the transition into vector meson final state, the 
contribution of \&,I” in Eq. (24) refers to longitudinal 
polarization mode where as that due to @+I” + I@i-l”] 
refers to the transverse polarization mode. In this case 
the reduced helicity amplitudes R+ and i?o are obtain- 
able in terms of the invariant form factors in the following 
manner: 
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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 

IT* = 0, $3 = -2Sf+(q’) (27) 

Hence in this case, 

Thus the study of the semileptonic decay essentially 
reduces to the study of the detail $ dependence of the 

invariant form factors such as f+(q2), f(q2), g(q2), and 
a+($), 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 des&ibed 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 pseudoscalar 
mesons under investigation here physically occm~ be- 
tween the momentum eigenstates of the participating 
mesons. An exact field theoretic calculation should take 
into account the meson states represented by appropriate 
momentum wave packets reflecting their respective con- 

stituent quark-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 orbit& deriv- 
able in a suitable model, for which one may have to rely 
on certain simplifying assumptions. Defining suitably the 

mesm 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 9’ 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 quark 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 
potential [19-261: 

U(T) = $(l+ yO)(arZ + vo) P-J) 

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 tb be 
residual interactions compared to the dominant confining 
interaction. Although these residual interactions treated 
pertwbatively in the model are crucial in generating 

mass splittings [22,24,25,27], in the hadron spectroscopy, 
their role in the ha&on& 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. In thii pic- 
ture the independent quark Lagrangian density in zeroth 

order is given by 

&)= Q+&(z) [$q, -nl* -+ (30) 

The ensuring Dirac equation with Ei = Ep - Vo/2, 

III; = mp + G/2, A, = (EI, + m;), and R,~ = (cxX,)-‘/~, 
admits static solutions of positive and negative energy in 
zeroth order, which for the ground-state meson can be 
obtained in the form 

The two-component spinors xx and 2~ stand for 

respectively. The reduced radial parts in the upper and 
lower component solutions corresponding to the quark 
flavor 4 are 

(32) 

f,(T) = - (2) (~l~on)2eXP(--T2/2T029) , 

where the normalization factor hl, is given by 

Jv; = 8X,/Ifinlp(3q+m;)] (33) 
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The quark binding energy of zeroth order in the meson 
ground state is derivable from the bound-state condition 

JX,Ia(E;-m;)=y (34) 

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 S, a.5 

x 
J 

~?%dP;s(3~@; +t% - P)GM(p;,pi) 

Xb~,(P;,~1)~~.(P;,~,)lO) , (35) 

where, bh(~l,X1) and 6:,(&,X,) are, respectively, the 

quark and antiquark creation operators. cqyq, (Xl, XZ) 
stands for the appropriate SU(G)-spin-flavor coefficients 

for the meson M(ql, a). A@) represents the overall nor- 
malization factor, which can be expressed in an integral 
form as 

This is obtainable from the meson-state normalization 
considered here in the form as 

(M(P)IM(P’)) = P)(P - P) (37) 

Finally, BM ($1 , 52) provides the effective momentum 
distribution amplitude for the quark and antiquark in- 
side the meson. In an independent particle picture of 
the present model, 8w(&,pi) can be expressed in terms 
of individual momentum distribution amplitudes G,, ($1) 

and c:4,(p‘z) of the quark q1 and antiquark &, respec- 
tively. We follow here the an&z as in [20-221 in a 
straightforward extension of the idea of Margolis and 
Made1 [28] so as to write 

Here G,,@i) can be obtained by a suitable 
momentum-space projection of the bound-quark orbital 

+z’(?J in Eq. (31) corresponding to the lowest eigen- 

mode. If G91(P;;X1,X:) is the amplitude of a bound 

quark in its eigenmode @gi, (?‘J for being found in a state 
of definite momentum $1 and spin projection Xi, then 
where EpI = ,/m and ugl (P;, Xi) is the usual 

lixe Dirac spinor with the normalization 

and 

-p,x)wx) = (P - 4 

On further simplification with ap = l/2?&, 
Gql (p;, X1, A;) reduces to the form 

Gqz (pi) = 2zN; =~-(EP, + Em) 

x =P(-Pt/4%) (43) 

Thus G,, (pi) essentially provides the momentum prob- 

ability amplitude for a quark q1 in its eigenmode @zj, (~3 
to have a definite momentum pi inside the meson. In a 
similar manner-one can obtain the momentum probabil- 
ity amplitude GPz(p32) for an antiquark in its eigenmode 

@iilz(~J to realize that, for like flavors, 

Such an an&z for the effective momentum distribu- 
tion amplitude Pr,&&,&) has provided excellent and 
consistent descriptions for various hadronic phenomena 
[20-221. 

B. Transition matrix for M -+ nzev 

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(Q$) can basically be pictured as the weak trsnsi- 
tion of its constituent quark Q to a less heavy or light 
quark 4 belonging to the daughter meson m(q$); while 
the antiquark q’, 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 + rne~/ in the parent meson rest frame can be 
written effectively as 
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EPI and Ep; here stand for the energy of the non- 
spectator quark of the initial and the final meson with 
the three momenta $iI and p’;, respectively. Now using 
Eqs. (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 S 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 6 
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 6 function 6(E,, - Epl+k -IX, - Eu) from within the 

quark level integral in the form 6(&f-&,-E,-E,) with 
the ansatz that (Epl + I&) and (Epl+k + Epz) in the 6. 
function argument can be equated in an integrated sense 

t_o 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 
multiplying the i&grand in the quark level integration 
by the mismatch factor taken in the form 

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 

S,i = (27r)%@)(P - k - p - p’)(iM) 

1 
x 

JV42E,2E,2&,,2M ’ 
(51) 

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

GF 

M = 3QqLMHp (52) 

with the hadronic amplitude in its appropriate form as 
(53) 
where, 4 = (P - rC) = (p + p’), stands for the four- 

momentum transfer and with I?’ = ~‘(1 - r5): 

(46) 

Using the lepton field expansion, the matrix element of 
the leptonic weak current J;(Q) can be obtained in a 

straightforward manner, so that 
when 

L’ = a.(~,&)I%,(~‘,Sz) (43) 

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 
where the symbolically represented spin-m&Lx element piece is 
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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, 9, 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. (ll)-(13). 

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

and 

On the other hand, for the transition (O- + l-) both 
the vector current VP and the axial-vector current A,, 
contribute giving the spin-matrix elements as 

(Sm. IvolSM) = 0 , 

(56) 

i(Epl + mQ)(:* X L) 

(sm*IvIsM) = J(Ek+,, +m,)(E,, +mQ) 

and 

(En, + mQ)@* g) 

(Sm*‘Ao’SM) = ,/(E~+,,+m,)(E,, +mQ) ’ 

(57) 

+W&%, +mQ) -8/31,., 

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 Eqs. (54) and (55) 
into Eq. (53) and comparing the results with the COT- 
responding expressions obtainable from the form factor 
expansion in Eq. (11) of Sec. II, we find 

(M+&n)f+ + (M-&)f- 

= 
I 

@~c(Pd[(%+k +m,)&, +mQ) +$I > (53) 

f+ - f- = /&=k(E,, +mQ)C(Pl) , (59) 

where 
Then considering the (O- + l-) transitions, we eval- 
uate, with the help of Eqs. (53), (56), and (57), the spa- 
tial components of the hadronic amplitude in parent rest 
frame as 

(m(i,2)lP - iipf(P = 0)) = -[ia(t* x i) -a;*], 

(62) 

where 

A = 
I 

@lc(Pl)(Ep, + mQ) I (63) 

B = 
I 

&%C(P~[(%+~ +m,)(%, +mQ) -p’t/31 

(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. II as 

(m(&El)lQ - &vI(P = 0)) 

= iZMg(Z* x 6) -fC* - (a+ -a-)(2* P): (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 9 and f as 
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f = -23 = - 
J 

&~c(~dI(Ep>+k + m,)(Ep, + mQ) 

--p’t/31 I (67) 

when 

,a+ = 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., 

(m(&Z*(L))JAolM(@ = 0)) and using Eq. (68), we find 
that 

f&) + a+2M2$) = -A@ (69) 

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

tion vector @’ 1s boosted to get a timelike component 

$‘) = -Iii/m with e;(T) = 0. Taking this into account 
and using Eq. (66), we find, from Eq. (69), 

a+=-&(f+2Mmg). (70) 

The invariant form factors (f+, 9, f, and a+) so de- 
rived in the model through the respective expressions in 
Eqs. (61), (66), (67), and (70) are believed to embody 
the appropriate 9’ 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+(q2) on 
the same footing. They are defined as 

w?) = f+ (97 > 

V(q2) = w + +@) , 

(71) 

A1(q2) = W + m)?f@) , 

A&‘) = -(M + m)a+(q’) 

With these form factors we can determine the helic- 
ity amplitudes through Eqs. (27), (25), and (26) 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 Casey of 
semileptonic decays under investigation using Eqs. (24)- 
(28) in Sec. II. The q2 dependence of the form factors 
can also be compared with the predictions according to 
HQET and other models. 
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 + mev becomes quite 
straightforward. We consider here in particular the 
semileptonic decay of heavy-flavored mesons Do and B” 
in their specific exclusive channels such as (i) Do + 
K-e+v,, Do + K*-e+v, and (ii) B” + D’e-oe,, 
Do + D*+e-.ve. Our approach here is not so much as 
to search afresh the appropriate values of the model pa- 
rameters (such as a, V,, mQ, and mp) 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 q2 dependence in the entire kine- 
matic range. Instead, we prefer to take the values of 
the flavor-independent potential parameters (a, Vo) and 
the appropriate quark mass parameters (ma, m,) as ob- 
tained for the present model in its earlier applications 
to several other hadronic phenomena in the mesonic and 
baryonic sectors [20-261. 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 
symmetry. Accordingly, the potential parameters of the 
model are 

(a, Vo) 3 (0.017 166 GeV3, -0.1375 GeV) (72) 

The quark mass m4 and the corresponding quark bind- 
ing energy E, along with relevant model quantities such 
as X, and yoq used in the present calculation are sum- 
marized in Table I. Such a choice of these model pa- 
rameters has successfully explained in the perturb&w 
calculation the ground-state masses of the light mesons 
(p,q K*,K) [24,25,27] and heavy mesons (D*,D;B*,B) 
1221 in good agreement with their experimental values. 
Since the theoretical uncertainty due to the perturb&w 
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 

(V,,,V*,) E (0.975,0.043) (73) 

With these parameters we first of all calculate the 
relevant weak decay form factors f+(q’), g(q’), f(q’), 
TABLE I. The quark mass mp and the corresponding quark binding energy Ep together with X, 
and rnn. 

Quark 
Q 
u 

QP 
(GXV) (GeV)-‘~ 

0.07875 0.47125 0.55000 3.20806 

d 0.07875 0.47125 0.55000 3.20806 

s 0.31575 0.59100 0.90675 2.83114 

; 4.77659 1.492 76 4.76633 1.57951 9.542 2.07227 92 2.08674 1.57185 
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and a+($) corn their respective model expressions in 
Eqs. (61), (66), (67), and (70) of Sec. III. These form 
factors are numerically evaluated by the familiar Gaus- 
sian quadrature technique for any given value of 4’ or 
y = qz/Mz in the entire kinematic range of 0 5 y 5 
(1 - w~/A4)~. Casting them in dimensionless forms as 
given in Eq. (71) we display their q2 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 [S] such as 

h(q2) = V(q’) = A&?) - k(q’) (74) 

Here 

.%b?) = 
-1 

1 h(q’) 
Heavy-quark symmetry also leads to model-independent 
normalization at zero recoil giving the values of these 
form factors at q2 = q;* as [S] 

These symmetry relations are in fact model- 
independent consequences of QCD in the limit of heavy- 
quark mass rnq > &CD; 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 mewn 
contain heavy quark with mass ma and m, > Aqc~, 
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- 

FIG. 3. Variation of the form factors relevant for the decays 
Do --f K’-, K- in the entire kinematic range of y. 
0.0 0.1 0.2 0.3 0.4 
Y 

FIG. 4. Variation of the form factors relevant for the decays 
B0 + D’+, DC 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 t&at the 
q2 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 
[S]. We also obtain the values of the corresponding form 
factors at q2 = q&- in the following manner: 

Fl(q;,) N 1.20(1.13) , 

V(q&,) N 1.45(1.13) , 
(761 

Az(q,&,) N 1.39(1.13) , 

Al(q;,,) N O.SS(O.89) . 

These are in reasonable agreement with the model- 
independent normalization values (in the parentheses) 
at zero recoil following fcom 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 AZ/A1 and V/A1 at 
qz = q$= 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 Fl (q’), 
V(q2), A2(q2), and z&(q2) are not close to one another 
over the entire kinematic range. Finally we obtain the 
form factors at q2 = 0 and compare them with the cor- 
responding values obtained from various other models. 
Tables III and IV provide such comparison in case of 
Do + K-, K*- and L?’ + D+, D*+ transitions, respec- 
tively. 

After displaying the q2 dependence of the relevant form 
factors generated in the present model, we evaluate nu- 
merically the decay rates r(M + mew), the polarization 
ratio l’~/l?~ and the ratio R = r(O- + l-)/l?(O- --f O-) 
for Do + K-,K*- and @’ + D+,D’+ 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 Do + K-, K*- are in good 
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TABLE II. Measurement and predictions on the ratios of the form factors at q2 = q&,, for the 
decay B” + D’ev. The two fits (a) and (b) of [29] correspond to different assumptions for the q2 
dependence of the form factors. 

Ref. ASIA, VI.4 
CLEO II fit (a) 1291 1.02&0.24 1.07f0.57 
CLEO II fit jbj i29j 
(ISGW) [lo] 

0.79zkO.28 1.32iO.62 
1.14 1.27 

(W P31 1.16 1.38 

(BSWl 1151 1.06 1.14 

(KS) [ii] I 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 q2 = 0 in the decay Do --f If-,K*- along 
with those of other quark models and the experiment. 

ForIll (ISGW) (GS) (BSWI (WJ) Present Exwriment 
factor 

V(O) 
AdO) 
AdO) 

F,(O) 

‘[lo] ‘p3j 

1.10 1.46 

0.80 0.74 

0.80 0.55 

0.80 0.70 

‘1151 ’ 
1.27 

0.88 

1.15 

0.75 

‘[17]’ prediction 
0.79 1.32 

0.59 0.77 

0.36 1.48 

0.70 0.80 

161 
l.lOf0.20 
0.56~kO.04 

0.4OztO.08 

0.75f0.03 

‘Thevalue 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 qa = 0 in the decay B” --f D+,D’+ along 
with those of other quark models and the e xperiment. 

Form 
factor 

V(O) 

(ISGW) 

PO1 
Present 

prediction 
1.11 

Experiment 

PI 

A;(b) 0.69 0.65 0.35 0.93 

AZ(O) 0.80 0.69 0.56 1.31 

Fl(O) 0.69 0.67 0.97 

TABLE V. Predictions on the decay width and the polarization ratio in the decays such as 
(Do + K-,K’-) and (go --t D+,D’+). 

(ISGW) (GS) (BSW) PJ) Present Experiment 

PO1 P31 [I51 [17]/ [18] prediction PI 
I-p + K-) 
X(lO’O SC’) 8.50 7.10 7.89 6.72 7.68 

lYD'+K'-) 
8.2i0.4 

X(lO’O s-l) 9.13 9.50 9.03 4.28 5.20 4.6i0.4 
r@"+K*I) 

-Ic* ) 

$y$o$$+ W'F 

1.09 1.21 0.90 1.44 0.52 1.23ztO.13' 

1.07 1.34 1.14 0.64 0.68 0.6Oz!cO.O9+0.07 (CLEO II) 

l-(l?'+D+) 

X(lO’O s-l) 2.05 2.60 1.50 1.63 2.73 1.27f0.33 
l-(B'+D'+) 

X(lO’O s-‘) 4.66 4.90 4.10 4.10 5.10 2.96f0.27 

gzJ r GY+rJ*+ 0.97 2.27 0.88 1.88 1.07 2.67 2.46 1.17 0.77 1.87 1.105f0.74+0.6 2.6+::;f;:o, (CLEO) (CLEO) 

“Reference [3] gives the corresponding experimental value (0.5’::~‘$). 
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agreement with the experiment. Although our predic- 
tion for the polarization ratio l?~c(D” --t K*-)/~T(#’ + 
K*-) is in agreement with the central value of the 

measurement of Mark III Collaboration [3], it is much 
below the more recent and precise experimental limit 

[S]. The present model therefore predicts that in the 
Do + K’-e+u 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 &($) 
which contributes destructively towards the longitudinal 
decay mode. In fact, none of the quark model proposed 
so far except the one due to Jaws [17] has been entirely 
successful in describing all aspects of Do + 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’@’ + D+e-17,) 
and r(@ + D*+cv~) obtained in the present model 
are higher in comparison with the available experimental 
data, the polarization ratio l?L(g” -+ D*+)/rT(@ + 
D*+) and the decay width ratio r(g” + D*+)/r(B” --t 
D+) are found in reasonable agreement with the limits 
of the presently available imprecise data [6]. The ratio 
R = r(g” --t D*+)/r(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. II, 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. 
V. CONCLUSIONS 

We have studied the form factor dependence of the ex- 
elusive 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 
q2 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 Do -+ K-&v 
and Do --f K*-e+v are in very good agreement with 
the data. In the B meson decays we predict the decay 
widths ratio 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 (31, 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 Do 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. 

ACKNOWLEDGMENTS 

One of us (P.C.D.) gratefully acknowledges the support 
of the Department of Education, Government of Orissa, 
India on providing study leave. We are thankful to Pro- 
fessor B. B. Deo for some useful discussions. 
[l] E691 Collaboration, 3. C. Anjos et al., Phys. Rev. Lett. 
62, 722 (1989); 65, 2630 (1990). 

[Z] Mark III Collaboration, J. Alder et al., Phys. Rev. Lett. 
62, 1821 (1989). 

[3] Mark III Collaboration, Z. Bai et al., Phys. Rev. L&t. 
66, 1011 (1991). 

[4] E653 Collaboration, K. Kodama et al., Phys. Rev. Lett. 
66, 1819 (1991). 

[5] ARGUS Collaboration, H. Albrecht et al., Phys. Lett. B 
255, 634 (1991); 219, 121 (1989). 

[6] Particle Data Group, L. Montanet et al., Phys. Rev. D 
so, 1173 (1994). 

[7] N. Isgur and M. Wise, Phys. L&t. B 232, 113 (1990); 
237, 527 (1990); M. B. Wise, in Particle Physics- 
The Factory Era, Proceedings of the Winter Institute, 
Lake Louise, Canada, 1991, edited by B. A. Campbell 
et al. (World Scientific, Singapore, 1991), and references 
therein. 

[S] M. Neubert, Phys. Lett. B 264, 455 (1991); Phys. Rep. 
245, 259 (1994), and references therein. 
[9] M. Cristafulli, G. Martin&, and C. T. Sachrajda, Phys. 

Lett. B 223, 90 (1989); C. Bernard, A. El-Khandra, and 
A. Soni in Lattice ‘88, Proceedings of the International 
Symposium, Batavia, Illinois, edited by A. S. Kronfeld 
and P. B. Mackenzie [Nucl. Phys. B (Proc. Suppl.) 9, 186 
(1989)]; V. Lubies, G. Martin& and C. T. Sachrajds, 
Nucl. Phys. B356, 301 (1991). 

[lo] B. Grinstein, N. Isgur, and M. B. Wise, Phys. Rev. Lett. 
56, 298 (1986); Caltech Report No. CALT-68-1311, 1986 
(unpublished); N. Isgur, D. Scora, B. Grinstein, and M. 
B. Wise, Phys. Rev. D 39, 799 (1989); N. Isgur and D. 
Scora, ibid. 40, 1491 (1989). 

[ll] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985); 
R. Kokoski and N. Isgur, Phys. Rev. D 35, 907 (1987). 

[12] T. Altomari and L. Wolfenstein, Phys. Rev. Lett. 58, 

1583 (1987); Phys. Rev. D 37, 681 (1988). 
[13] J. G. Korner and G. A. Schuler, Maina Report No. MZ- 

TH/88-14, 1988 (unpublished); Phys. Lett. B 226, 185 



3 EXCLUSIVE SEMILEPTONIC DECAY.OF D AND B MESONS.. 1377 
(1989); H. Hagiwara, 4. D. Matin, and M. F. Wade, ibid. 
228, 144 (1989); F. J. Gilman and R. L. Singleton, Jr., 
Phys. Rev. D 41, 142 (1990). 

1141 M. Bauer, B. Stech, and M. Wirbel, 2. Phys. C 29, 637 
(1985). 

[15] M. Bauer and M. Wirbel, 2. Phys. C 42, 671 (1989). 
1161 J. G. Korner and G. A. Schuler, 2. Phys. C 58, 511 

(1988). 
[I’] iWf&ng Jaus, 2. Phys. C 54, 611 (1992). 
(181 Wolfgang Jaw, Phys. Rev. D 41, 3394 (1990). 
[19] N. Batik, P. C. Dash, and A. R. Panda, Phys. Rev. D 

46, 3856 (1992). 
[ZO] N. Batik and P. C. Dash, Phys. Rev. D 49, 299 (1994). 
[Zl] N. Barik, P. C. Dash, and A. R. Panda, Phys. Rev. D 

47, 1001 (1993). 
[22] N. Barik and P. C. Dash, Phys. Rev. D 47, 2788 (1993); 
[23] N. Barik and P. C. Dash, Mod. Phys. Lett. A 10, 103 

(1995). 
[24] N. Barik, B. K. Dash, and P. C. Dash, Pramana J. Phys. 

29, 543 (1987). 
[25] N. Barik and B. K. Dash, Phys. Rev. D 93, 1925 (1986). 
[26] N. Batik, B. K. Dash, and M. Das, Phys. Rev. D 32,1725 

(1985); N. Barik and B. K. Dash, ibid. 34, 2092 (1986); 
34, 2803 (1986). 

[27] B. E. Palladino and P. LeaI Ferriera, IFT Sao Palo Re- 
port No. IFTIP-35188 (unpublished). 

[28] B. MargoIis and R. R. Mendel, Phys. Rev. D 28, 468 
(1983). 

[29] CLEO Collaboration, S. Sanghera et al., Phys. Rev. D 
47, 791 (1993). 


	I. INTRODUCTION
	II. GENERAL FORMALISM AND KINEMATICS
	III. THE INDEPENDENT QUARK MODEL
	IV. RESULTS AND DISCUSSIONS
	V. CONCLUSIONS
	ACKNOWLEDGMENTS

