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We investigate the exclusive semileptonic decaysBB(;D,D;) 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 laffidvored 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— pev) and that of rare radiative deca{ py). [S0556-282197)03719-3

PACS numbds): 13.20.Fc, 13.20.Jf

I. INTRODUCTION are often referred to are the Bauer-Stech-Wirbel model
(BSW) [12] based on the light cone wave function, its exten-
The semileptonic decays of charmed dnflavored me-  sion by Korner and SchulefKS) [13] and W. JausWJ)
sons are important sources of information on the fundamerl14], and the constituent quark model of Faustov, Galkin,
tal parameters of the weak interaction, namely, the Cabibbcand Mishurov[15] based on the quasipotential approach in
Kobayashi-Maskawa(CKM) matrix elements which are quantum field theory. All the constituent quark models in-
required to realize th€ P-violating effects within the mini- ~ cluding those referred to above essentially attempt to deter-
mal standard model picture. This is because the hadroni@ine the invariant transition form factors and thefr (four-
matrix element in such decays involves only a single quarknomentum transfer squanedependence in the monopole or
current and hence can be calculated with greater reliabilitgipole ansatz with an end-point normalization eitheqt 0
than those of the nonleptonic decays. The semileptonic decay 9°=g4.y. While most of these models provide more or
amplitudes are given by the product of leptonic and hadronidess a consistent picture of all the aspect8aheson semi-
V—A current. The corresponding matrix elements forEhe leptonic decays, they fail to describe the charmed meson
andB-meson decays are determined by considering the cordecays. These models predict almost equal decay rates for
finement effects that describe the initial and final mesorthe transitionsD—Kev and D—K*ev. They also find a
bound states. This can provide valuable direct informatiorcomparable population of the transverse and longitudinal po-
about the internal structure of the system containing a heavlarization states of the find{* in D—K* ew transition. On
and a light quark. Semileptonic decays can also provide imthe other hand, the experimens3] show that the rate for
portant clues for the estimation of prominent nonleptonicD— Kew is about twice that foD — K* er with the K* pro-
decays of heavy mesons. duced dominantly in a longitudinally polarized state. The
Some exclusive channels of the semileptonic decay3 of predictions of all the quark models cited above except the
and B mesons have been identified and measyrkedo]. [WJ] model have not been so consistent with the experimen-
With the ongoing efforts in the charm and bottom sectorsfal data in all aspects db- and B-meson semileptonic de-
more and more precise experimental data on these and othesys taken together. It therefore appears that a completely
unidentified channels are expected in the near future. Faronsistent analysis of the weak decay form factors within the
theoretical analysis of these decays, one requires knowledgeamework of the relativistic constituent quark model has not
of the relevant transition form factors in terms of which the so far been accomplished. This may be mainly due to the fact
weak current matrix elements are represented in a Lorentzhat, in all these models, a truly relativistic bound-state char-
covariant way. Although the form factors are manifestationacter of the participating mesons has not been adequately
of nonperturbative QCD processes, they cannot be reliablyeflected while calculating the hadronic matrix element.
calculated from the QCD Lagrangian and therefore one is Of course, in recent years, a new theoretical approach
usually forced to rely on different phenomenological modelsknown as heavy quark effective thediyQET) has emerged
[7-15. Some of the nonrelativistic phenomenological mod-for analyzing so-called heavy-light hadrons with one of the
els which are frequently cited in the literature include theconstituent quarks belonging to the heavy flavor sector. A
constituent quark model of Isgur, Scora, Grinstein, and Wiseumber of separate ideas underlying HQET have been pub-
(ISGW) [8] based on the nonrelativistic meson wave func-lished in several papers including some basic diés17.
tion [9], that of Altomari and WolfensteigAW) [10], and  The two pioneering works by Isgur and Wigk8], which are
the modified quark model of Gilman and Singleté@S) most frequently cited in particle physics in recent years, have
[11]. Among the relativistic constituent quark models whichin fact, played a major role in synthesizing and extending the
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development of HQET. An extensive review of the history of In our earlier analysis of the exclusive semileptonic de-
HQET development is given by Neubdft9]. Georgi[16] cays ofD andB mesong32], we had derived the transition
and Grinsteir{ 16] first applied HQET and the operator prod- form factors and theirg®> dependence in their kinematic
uct expansion to the problem of semileptoBicdecays and range from underlying constituent-quark dynamics without
found that the lowest order term in a (i) expansion cor- resorting to any kind of pole ansatz as considered in other
responds to the result from a free-quark-decay model, assurguark models. Contrary to the failure of the quark models
ing that m, is suitably defined. Furthermore, they showed[g_lg], we predicted that the decay widths dd{K,K*)

that there are no nonperturpative QCD corrections of ordes well as R=T'(D—K*ev)/[(D—Kev) are in good
Aqcp/My - Thus one can write agreement with the experimental data. The polarization of
K* was found to be dominantly in a transverse state contrary
to the experimental daf®]. Nevertheless, our prediction for
K* polarization was certainly comparable to the measure-
likely to be small with a natural scale set by (1 Gzexmg ment of the Mark Collaboratiof8]. Thus the model analysis

and a significant enhancement of the nonleptonic rate would 32 Projected a wholesome picture of themeson semilep-
therefore, have to come from perturbative corrections. Theifonic decay into the strange mesori3-¢ K,K*). However
estimation of the perturbative corrections using heavy quarkhe story was different iB-meson semileptonic transitions
expansion yielded B-semileptonic branching fraction close to charmed mesonsB{—D,D*). Though the polarization
to the range of the experimental dd@]. Recently much ratio I' (B—D*)/I't(B—D*) was found to lie within the
attention have been devoted to applying heavy quark expariange having large experimental uncertaif@y, the decay
sion[23-29 to analyze the lepton-energy spectrum, in par-widths forB—D,D* transitions were largely overestimated.
ticular, to the so-called problematic end-point region. UsingThis apparent failure in thB sector has been closely inves-
heavy quark expansion Shifmaet al. [26] predicted the tigated and has been found to be entirely due to the simpli-
semileptonic decay rate from which the theoretical uncerfying assumption adopted in the numerical evaluation of the
tainty in the value of the CKM parametg¥,,| was found to  integral for the hadronic matrix element in the model. The
be 5% or less. The literature on semileptonic decays is enokelevant hadronic matrix element expressed as an integral at
mous. A very extensive review on these decays has beefie constituent-quark level involves in its integrand the mo-
given by R|chman qnd Bur_chéZ?], which briefly de§cr|bes mentum squaredﬁ(lJrIZ)2 of the nonspectator quark of the
the analysis of semileptonic decays by all the available phe- e i : S
nomenological models as well as that of various modeldaughter meson which is recoiling with momentknn the
independent approaches including HQET. parent meson rest frame. Since all possible directions of the

Although HQET in the limit of Agcp/me—0 appears quark momenturrﬁ1 and the recoil momenturk are ulti-
aesthetically neat and sound, simplifying the problem to amately being taken into account through the integrations
considerable extent by relating each of the relevant form facleading to the decay widths, we considered
torsto a single one called _the Isgur-Wise functigrt is not (51+E)2=(|51|2+||2|2) to be a good simplifying approxi-
possible to predict theoretically thg® dependence of such a yation. But on closer scrutiny we find that such an approxi-
unique function in a strmghtfprward ay except through @Mmation is justified only in the case of transitions involving
gﬂpe?rlmé?)rr;ct)iggﬁrtu\:\?;ﬂ\rfolt?\gi ng].sl?r;?eh?fgfv?/gﬁg 2]: _not too large recoil momentum as in case of radiafB4 as

y y 9 P well as semileptonic transitions such &3-GK,K*) [32].

proach, one is inclined to resort to taking a sitable phenom- Therefore we consider it worthwhile to reinvestigate the

enological approach which adequately reflects the bound-

state character of the participating hadrons with theexclusive semileptonic transitions of charmed arftavored

relativistic constituent quarks confined within. Scdg] ~ MesSONs without resorting to any such simplifying assumption
improved the(ISGW) model[8] by taking into account the N evaluating the relevant ha(_JIronlc matrix eleme_nts. We
constraints imposed by HQET, relativistic correction factors Would also extend our calculation to study the semileptonic
hyperfine distortions of the wave functions, and form factorstransitions of D,Ds;B,Bs) mesons into other light meson
with more realistic high-recoil behavior. Such a phenomenochannels involving f,7,7") and (p,»,¢), which are im-
logical model, to be known as théSGW2 model [30], portant for estimating the CKM parameters suchas V,p,
yielded more reliable predictions in various sectors than thetc.

(ISGW) model[8] consistent with the experimental data. As  The paper is organized in the following manner. The gen-
an alternative suitable scheme, we had employed the relativeral formalism for the semileptonic decay is briefly described
istic independent quark model based on an average confinirig Sec. Il. Section lll provides the model framework and
potential in the scalar-vector harmonic forf81-3§8  calculation of the transition form factors and thefr depen-
U(r)=%(1++9%(ar?+V,) (wherea andV, are potential dence in the kinematic range. Our numerical results for the
parameters of this modelo investigate the exclusive semi- form factors, decay widths, ratio of decay widths, ratio of
leptonic decays ob andB mesons in our earlier worl32].  polarization states, etc., are presented in Sec. IV. There we
The predictive power of such a model has been tested earligliscuss they? dependence of the form factors in relation to
in describing the static hadronic properties in the mesoni¢he expectation of HQET, extraction of the CKM parameters,
and baryonic sectol82] as well as in the radiativE83,34,  and the relation between the form factors of the semileptonic
weak radiative[35], leptonic[36], weak leptonid37], and  and rare radiativd® decays. Section V contains our conclu-
rare radiativg 38] decays of light and heavy mesons. sion.

I'(B—X)=I(b—x)+0(1/md).

Bigi et al. [20—-27 argued thatO(1/m,?) corrections are
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Ak menta. The kinematic quantities such as the energy momen-
yi A .
oA tum of the daughter meson and lepton in the parent meson
[ & rest frame are given, respectively, by
é m w ’ V- Se
ol e A
—= =2 _ 1 m2
M EmZEM 1+W—y},
(a)

<

_ 1 m2 2 m2 1/2
|k|:K:§M 1-—-y _4Wy )

J057 7 A ~ 1 1 m?
w m |/,—/ o* oo s Ee=§Kcos99+ ZM 1——M2 +y
- = = -2

. (6)

M
Such quantities in thev center-of-mass frame are obtained
(b) as
FIG. 1. Coordinate system for the semileptonic decay of a heavy M m?
meson:(a) the decaying virtuaw and(b) the decaying final vector Em:_\/— 1+ M2~ Y
meson. 2Vy
Il. GENERAL FORMALISM AND KINEMATICS ||2| =K/ \/§,

For the description of the exclusive semileptonic transi- M
tions of mesons such d¢l—mev, the general formalism E.= EV=7\/§. (7)
with the appropriate kinematics has been derived and re-
ported elsewherd11,32. Nevertheless, for completeness
only we present here a brief outline of the same.

The S-matrix element describing the procdds—mev is
given in the familiar form

With the hadronic weak curredﬂz (V,—A,), 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 (0—07), where a pseudoscalar meson is

Si=(2m* 6 (P—k—p—p') in the final state, only the hadronic vector current contrib-
utes, which is expressed as

X (1 My : 1 (M(K)|V,(0)IM(P))=f ,(g®)(P+K),+f_(q*)(P—K),.
( “)W“zEezE,,zEMZEm ® # ’ " ‘9
where the transition matrix element is On the other hand, for transitions of the type (817) with
a vector meson in the final state, the corresponding expres-
Ge sions are
Mfi:EVQqLMHM' (2) )
(m(k, €|V, (0)[M(P))=ig(a?) €1ypr€* "(P+K)?
Here the leptonic and hadronic amplitudes are defined, re- X(P—-k)7, 9)
spectively, as
. o - (m(k,e*)|AL(0)[M(P))=f(a®) €} +a.(a?)(e*-P)
LM:ue(pial)yM(l_y )Uv(p,152)1 (3) 2
X(P+k),—a_(q°)
- h
H,=(m(k)|J,(0)[M(P)). 4 X (€*-P)(P—k),,. (10)

The kinematics is conveniently described by introducing thqﬂeree*
dimensionless variabley=q%/M?, where the four-
momentum transfe=P —k=p+p’. In the limit of vanish-
ing lepton mass, the kinematically allowed limit gf be-
comes

=(&; ,€*), with €* - k=0, represents the vector me-
son polarization. It can be shown as in R¢fkl,32 that in
theev frame, the leptonic tensdr*”=L#L" of the invariant
transition amplitude squardo\V1|? provides a nonvanishing
spatial contribution in the limit of vanishing lepton mass.
m>2 Therefore the effective hadronic amplitude turns out to be

v

osys (5) spacelike and can be expressed in tee)(center-of-mass

frame as follows. For (0—07) transitions one obtains,

The coordinate system chosen here is such that the daughtfé?m Eq.(8),
meson momentunk is along the negative& axis with the I:|=(I5+I2)f+(q2), (11)

charged lepton momenturﬁ at an angled, to the Z axis
[Fig. 1(@)] in the ev center-of-mass frame. The axis is and for (0O —17) transitions, one finds, from Eq&9) and
oriented perpendicular to the plane containing the final mo{10),
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H=2iJyMg(g?)(e* xk) —f(g?) ¥ —2a, (q?)(e* - P)k.
(12)
One can note here that in thee center-of-mass frame the
form factorsf_(g?) anda_(qg?) do not contribute tdi for
the (0C—07) and (0O —17) transitions, respectively. It is
useful to expandFI in terms of the helicity basiteffectively M é
of the virtualW) in the form

H=H,e,+H_e_+Hge,, (13

where
~ 1~ o~ . s FIG. 2. The semileptonic decay of a heavy qu&kinto a
ei:ﬁ(J“X_'y)' €o=2. (14) lighter quarkg and a virtualw which become a lepton and neu-

trino.

The polarization vectore* with the polar and azimuthal
angle (*,¢*) in the vector meson helicity framgFig.
1(b)], can be Lorentz transformed to thex) center-of-mass
frame so as to be expressed as

Thus realizing the transiton form  factors

[f.(9%), f(g?),9(q?), anda, (g?)] from within the dynami-

cal scheme of the suitable phenomenological model, it is
possible to predict the longitudinal and transverse widths and
1 1 E hence the decay widths as well as the ratio of the decay
e* =—sing*e' ¢ e, — —sind*e ¢ e_ — —coh* e, . widths and polarization, etc., using the expressions in Egs.

V2 2 m (17—(20).
(15
ll. MODEL FRAMEWORK

Now using the expansion as per Eq$3), (14), and (15),
AND WEAK DECAY FORM FACTORS

integrating over polar and azimuthal angles, and finally sum-
ming over the daughter meson polarization, the differential As discussed in Sec. II, exclusive semileptonic transitions
decay rate in the parent meson rest frame can be obtainege ysually described by the invariant transition matrix ex-

from the general expression pressed at the mesonic level in its familiar form of Eg).
1 However, at the constituent level, transitions of this type are

dl(M—mev)= =— | M|2(2m)* 6 (P—k—p—p’) basically pictured as the weak decay qf the heavy q@d{

2M the parent meson to a less heavy or light quatelonging

to the daughter meson via the emission of a virttiaboson

3
H d—lgf (16) which subsequently disintegrates into a charged lepton and
f (2m)°2E; its neutrino (Fig. 2). The antiquark here remains as mere
_ spectator. In fact, the decay of the meson physically occurs
in the form between the momentum eigenstates of the participating me-

sons. Therefore, in a field-theoretic calculation, one should

[[HL|2+|H_|2+|Ho2], (17) take into account the meson s_tates by the approprl.ate mo-
mentum wave packets, which, in the present model, is taken
in the general fornj32,34,36—38

dl'  Gg?[Voql’KM?y
dy 9673

where the reduced helicity amplituddﬂ_( H_ ,H_O) are ob-

tained in terms of trle invari.a.nt form factors in the following . 1 " .
manner: for (0 —07) transitions IM(P,Sy))= W)‘l)‘ZEESM §q1q2(7\1,)\2)J’ dp,dp;
H. =0, Hy= —z%n(qz) (18) X 8% (p1+pa—P)Gu(P1,P2)
XbY (P1.A0)B ¢ (2.02)]0). (21)

and for (0O —17) transitions

— _ With the normalization defined as
H.=[f(g?)*2MKg(a?)], (19

M (M(P)IM(P"))=56®(P—P"), (22

H S
° 2m\/§

The contribution ofH,|2 and that of {H_. |2+ |H_|?) in Eq.
(17) provides, respectively, the longitudinal and transverse
polarization modes.

m? )
1- ——y|f(g®)+4K?%a, (g?)|. (20
H Vi (@ +@)]. (20 the overall normalization factor is obtained in an integral

form as

N<ﬁ>=fd61|gM<5l,ﬁ—Bl>|2. 23
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Herebg_ andb 4, Stand for the quark and antiquark creation

operators.Gy(p;,p,) represents the effective momentum
distribution amplitude for the quark-antiquark pair inside the?

meson bound state, which is taken[38,34,36—39

Gu(P1.P—P1) =Gy (P (P—P1). (24

Here Gq(|5) refers to the momentum probability amplitude

for the constituent quarl to have momentunﬁi inside the

meson in its lowest eigenmode. Although the bound quark
antiquark pairs inside the meson are in definite energy stat
without having a definite momentum of their own, it is pos-
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Thus starting from the constituent level dynamics repre-
sented byGy(p;,P,) through the relevant momentum prob-
bility amplitudequl(ﬁl) and éqz(ﬁz) and specifying the
appropriate spin-flavor coefficients that include the relevant
mixing angles when necessary, one can define the momen-
tum wave packet through E¢R1) 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 transitiod —mevr as in Refs.
[32,38.

It may be mentioned here that starting from constituent

S i )
Efevel dynamics, the energy-momentum conservation as de-

sible to find out their momentum probability amplitudes by Picted through thes function of Eq.(1) at the composite

sponding orbitalsg{)(r) or ¢$,)(r) derivable from the
model[31-39 as

- mM -
Gqy(p)= Tq)\‘;\/(Eﬁ Mg)/Ep(Ep+ Eq)exp( — p2/day).
(29)

Finally gg"lqz()\l,)\z) stands for the spin-flavor coefficients

which may include appropriate mixing angles when neces-
sary, corresponding to the parent and the daughter meson. |
is worthwhile to mention the mixing angle convention fol-

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
5§EP1_ Ex+p,~Ee~ E,) from within the quark level inte-
gral of the hadronic amplitude in the form

lowed here while describing the transition involving pseudo-8(M —En—E—E,) with an ansatz that By, +Ep,) and

scalar mesonsz{, ') and the vector mesonsp(w). If we

(Ex+ p, T Epz) in the § function argument can effectively be

define pure strange and pure nonstrange components of tBguated in an integrated sense to the parent meson Mhass

vector (¢,w) and pseudoscalam( ') mesons as

(s, 7)=—(sS)

and

! (uu+dd)
—(uu ,
2

%

then the flavor contents of physicgl and w can be ex-
pressed in terms of,=[arcsin(143)— 6] as

¢ bs
w Wng
Similarly the flavor contents of physical)(z') can be ex-
pressed in terms ofp=[arcsin(14/3)— 6p] as

eI ity
7' 77r,13'

COSSp
where 6,=39° and #p=—(10.1)° stand for the mixing
angle as required by the quadratic mass fornfd@ in the

(@nss Mg =

. (26)

CoSdy  Sindy
—sindy CoSdy

COSOp

(27)

—sindp

vector and pseudoscalar meson sector, respectively, yielding
the mixing angle deviation from the ideal one to be used here

as[33,34
5V: —-3.7° y

Sp=45°. (29)

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

[ M [ E,
Ep, +Ep, V Exip, T Ep,

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 tiematrix in the standard form of
Eq. (1), where the hadronic amplitude, is obtained in the
parent meson rest frame with=(M,0,0,0) aq32,3§

ME,,
* INW(ONR(K)
dﬁlgM(ﬁlr_ 51)gm(|2+ 511_ 51)
\/Epl+kEpl(Epl+k+ Ep,)(Ep, +Ep,)

I

(Smll | Sw)-

(29

Here(Sy|T",|Su) with T',= v,(1— »°) represents symboli-
cally the appropriate spin-matrix element for the process
M —mev in the form
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1 . —
(SmlT.ISw) = 2 ey f+:mf dpsC(PDI(Ep, + M) (Ep, 11+ Mg+ M ~Epp)
Al,}\zeSM;}\l,}\zeSm
m .\ N DL e ’ g +52]
X&aqr (A1 A ) Ug(K+ P, AT Ug(Pr.hy). 1
(30)

1 -
g9=- mf dp;C(p1)(Ep, +Mg),
As in Ref.[32] we calculate the spin-matrix elements for the
(0”"—07) and (0 —17)-transitions corresponding to the R .
vector and axial vector currents separately and obtain the fz—f dp1C(PLL(Ep, + 1+ Mg) (Ep, +mMq) — pi/3],
expressions for respective hadronic matrix elements using
Egs. (29) and (30). A term-by-term comparison of the ex-

pressions for hadronic matrix elements so obtained with as=—5yz(f+2Mmg), (32)
those from the form factor expansions in E@), (9), and
(10) provides transition form factors in the forf82] with
|
ME Gw(P1,— P1)Grm(K+ Py, — P1)
C(pl): m MIM1 1/Ym 1 1 (32)

\/NM(O)Nm(IZ) \/Ep1+kEpl(Epl+k+ Mq) (Ep, + M) (Ep, +k+ Ep,)(Ep, +Ep) .

The transition form factors in Eq31), in fact, embody the = (k+p,)2=Kk?+ p2+ 2k- p, and perform the quark level inte-

appropriateq® dependence. They can also be written in thegration appropriately for the transition form factors in Eq.
dimensionless forms as often cited in the literature to treat a|?31) or (33). Then we can determine the reduced helicity

of them in the same footing as amplitudes of Eqs(18), (19), and (20) and hence estimate
F(a®)=f . (2 the decay widths and polarization modes as well as the cor-
1) =1..(a%), responding ratios for specific channels of the semileptonic

transitions using Eq(17). The g2 dependence of the form
factors can also be studied and compared with the expecta-
tion of HQET and predictions of other models.

V(g% =(M+m)g(g?),
Al(g®)=(M+m)~ (g,
Az(q2)= —(M+ m)a+(q2)_ (33 IV. RESULTS AND DISCUSSION
We estimate the semileptonic decays of heavy flavored

Itis to be noted here thﬁpl andEk“’l _stand for the energy mesons D,Dg;B,B,) in specific exclusive channels such as
of the nonspectator quarks belonging to the parent and

daughter mesons, respectively, such Bat= ypi+m3 and B—(D,D*;m,p),
Ef“)i: \/(|E+ 5i)2+ m;. In Ref [32] we had taken B (D, Dt K. K*).
(k+p1)?=k?+ p?, considering it to be a good approxima-

tion since all possible directions of the quark momenﬁqn D—(K,K*;m,p;n,7;d,0),
and the recoil momentunk are ultimately considered

through the integrations leading to the decay widths. In do- Ds—(K,K*;7,7"; ¢, ).

ing so we had ignored the angular-dependent fact0|k_552
not only from the algebraic terms in the integrand involving
Ex+p, but also from the exponential function

The parameters primarily required for the estimation are the
flavor-independent potential parametera,\(;) and the
. ) S o quark massesnfg,m;). We take the values of the param-
exd —(k+py)T4aq] in G4(k+p;) pertaining to the nonspec- eters as those obtained for the present model in its earlier
tator quark of the daughter meson. Eventually the quark levedpplications to several hadronic phenomena in the mesonic

integrals of the form factors in Eq&31) and(33) turn outto  and baryonic sectof@1,32,34—38 Accordingly we take the
be Gaussian, which could be calculaté@] using the famil-  potential parameters as

iar Gaussian quadrature technique. In fact, such a simplify-

ing assumption seems to be all the more inappropriate in the (a,V)=(0.017166 GeV, —0.1375 GeV (34
transitions involving large momentum transfer yielding to

the large recoil momentum of the daughter meson. Thereforand the quark masses and the corresponding quark binding
in the present calculation we do not resort to such a simplienergies in GeV as

fying assumption. Instead we take the squared momentum of

the quark of the daughter meson as such with m,=0.07875, E,=0.47125,
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TABLE |. Decay width, polarization ratio, and decay width ratio iIDY%—K~,K*~) and
(B’—=D™*,D**) transitions.

Physical isGw? (G (BSW (W) Previous Present Experiment
guantity [8] [11] [12] [14]  prediction[32] prediction [6]
Ir'(p%°—K")

X (109 s™1) 8.50 710 789 6.72 7.68 7.97 &D.4
Ir'(D%—K*")

X (10 s71) 9.13 950 9.03 4.28 5.20 5.23 40.4

L (D°—K*") 1.09 121 090 144 0.52 0.44 128.13
I'{(D°—K*")

[(D°—K* ") 1.07 134 114 064 0.68 0.66 0:60.09+0.07
['(D°—K™)

r(B°>-D™")

X (1019s71) 2.05 260 150 1.63 2.73 0.98 120.33
[(B°>-D*™*)

X (109 s71) 4.66 490 410 4.10 5.10 2.52 2:96.27

I (B7—D* %) 0.97 0.88 1.07 117 0.77 0.64 1.108.74+0.6
I'7(B%-D*")

(B%-D**) 2.27 1.88 267 246 1.87 2.56 2655 63
r(B°—D")

@The ISGW2 mode[30] predictsI'(D°—K* ~)/T'(D°—K~)=0.54.

my=0.07875,E4=0.47125, factors in Eq.(31). On the other hand, the recoil momentum
involved in B—D,D* transitions is, in fact, very large
m,=0.31575,E,=0.59100, which provides a significant damping effect in the evaluation
of the integrals of Eq(31), yielding to the predictions con-
m.=1.49276,E.=1.57951, siderably suppressed compared to the overestimated values
of Ref.[32] to be in close agreement with the experiment.
m,=4.77659,E,=4.76633. (35 On closer scrutiny we find that the suppression in the predic-

tion for the transition form factors and hence for the decay
The relevant CKM parameters are taken to be the centralidths is mainly due to the exponential factor

values of Ref[6] as exp[—ZIZo 51/4aq] that appears in the momentum probability

Vep=0.041, V. .=1.01, amplitude Gq(IZ+ p,) of the nonspectator quark of the
daughter meson. This vindicates our earlier contention that
V,5=0.0032, V.4=0.224. (36) the simplifying assumption taken in Rdf32] that ignores

the angular dependence arising outkop, throughout the
The meson masses used here are the experimentally obsenaalculation is more or less justified in the study of the tran-
ones. With all these model parameters having been fixeditions of the typeD —K,K* involving not too large recoil
earlier in the present model, we perform, in a way, amomentum. But it is certainly not justified in studying the
parameter-free calculation. We first evaluate numerically th&— D,D* type transitions with large recoil momentum. It is
transition form factors in Eq:31) from which we predict the not strange to find here the ratios of decay widths,
values of the decay widthE(M —mev), the polarization I'(0”—17)/I'(0”—07), in both the sectors to be close
ratiosI' (0~ —17)/T+(0”—17), and the ratios of the de- to the central values of the corresponding experimental
cay widths for theD —K,K* andB—D,D* transitions us- data. Our prediction of (B—D*)/I'(B— D)= 2.56 remains
ing Eq.(17). The results are summarized in Table | in com-well within the asymptotic QCD predictior(2-3) from
parison with the predictions of our earlier calculati82] HQET. It may be mentioned here that most of the quark
and those of other models along with the experimental datanodels including[8,11,13 fail to analyze the transition
We find that the present predictions Br—K,K* transitions D°—K*ev and reproduce the experimental data for
remain almost unaffected whereas those onBheD,D* I'(D°—K*ev) as well asI'(D°—K*ev)/T'(D°—Kev).
transitions get a significant improvement over what we ob-By incorporating various relativistic corrections originally
tained in Ref.[32], providing, in both cases, very good ignored in the ISGW mode[8], an ISGW2 model[30]
agreement with the experimental data. This is because of thglculation of the transition form factors yielded
fact that a relatively small recoil momentum involved in I'(D°—K* “ev)/T'(D°—K er)=0.54 which is compa-
D—K,K* transitions is found to have a marginal effect only rable to the presently predicted value in agreement with the
on the evaluation of the integrals defining the transition formexperimental data.
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the form factors are expected to satisfy the heavy quark sym-
metry relationd19] in the entire kinematic range following

F1(9?)=V(9?) =A%) =A.(g?), (37)
v where
5
- _ q° 1
E Ai(g?) = 1_(|\/I+—m)2 A(g?). (39

Heavy quark symmetry also leads to model-independent nor-
malization at zero recoil, yielding the form factors at
0~ Opax [19] @S

02

y—»—

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

B°—D**,D* in the entire kinematic range of

The daughter meson§* in D—K* andD* in B—D*

transitions are found to have their spin polarization predomi-

) :(M+m)
qma ZM'
(M+m*)

2 /Mm* '

Fa(

V(0200 =A2(Urad =

nantly transverse in nature contrary to predictions of most

other quark models. Our prediction on the polarization ratio

I' (D—K*)/T'+(D—K*) is close to the measurement of the
Mark 11l Collaboration[3]. However, the more precise mea-
surement$6] of the CLEO Collaboration correspond to the
predominance of longitudinally polarized states #®f as
well asD*. We can see no mechanism within the presen
model that would give such a strong enhancement of th
longitudinal component as the CLEO results imply. Altomari
and WolfensteinfAW) [10] have pointed out that the polar-
ization is sensitive to the value of tlee. (and hence oA,)
form factor which contributes to the longitudinal component
I', only. By including the recoil effect appropriately without
taking any simplifying assumption, we have a fairly reliable
estimation of the transition form factors includiAg. A rela-
tively higher value ofA, so obtained, in fact, contributes
destructively towards the longitudinal decay mode, yieldin
to the low value of the polarization ratio consistently in both
the sectors. For a consistency check, we have also repr

straightforward formalism developed in R¢L0].

We then study the? dependence of the form factors in
Eqg. (31 for B—D,D* andD—K,K* transitions which are
shown in Figs. 3 and 4, respectively. According to HQET,

e+ ——

0.8

Form factors

0.4

0.0 +
0.2 04 0.5

FIG. 4. Variation of the form factors relevant for the decays
D°—K*~,K™ in the entire kinematic range of

%
fn

duced the results listed in Table | using a different but

2\ M m*

Al(qrznax) z(

M+me); @9

The symmetry relations in Eq&7)—(39) are, in fact, model-

g]dependent consequences of QCD in the limit of heavy

uark massmg>Aqcp, Which can be checked from the

fhodel 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 heavynf. andmy> A ocp), the form factors are
expected to obey the asymptotic QCD predictions. But the
same is not expected from the form factors in e K,K*
transitions(as evident in Fig. % since the underlying as-
sumption in HQET requiring the quark to be very heavy is
certainly not a good approximation. In Fig. 3 we observe that
he g2 dependence of thB—D,D* transition form factors
shows only a marginal deviation from the heavy quark sym-
etry relation in Eqs(37)—(39) comparing well with the
expectation of HQET as well as the result of the HQET-
based calculatiof19]. Here we obtain a closer agreement
with the heavy quark symmetry relation than what was
achieved in the previous calculatip®2]. It may be pointed
out here that the relation faf* dependence of the transition
(B—D,D*) form factors assumed in the many other quark
model calculation$8,12,13 is not generally in accord with
the heavy quark symmetry relatidd9]. We also obtained
the values of the form factors gf= g2, as

F1(92,,0=1.20(1.13,
V(Gna)=1.45(1.13,
A(0h0=1.39(1.13,

A1(05a) =0.88(0.89), (40)

in reasonable agreement with the model-independent nor-
malization at zero recoilin parenthesgsexpected from
heavy quark symmetry.

We also evaluate the form factors gt— 0. The results
are listed in Tables Il and Ill foB—D,D* andD—K,K*
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TABLE |I. Transition form factors at>=0 in the deca@HDﬁD* * along with other model predic-

tions.

Form (ISGW) (GY (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

A4(0) 0.69 0.65 0.35 0.93 0.44

A,(0) 0.80 0.69 0.56 1.31 0.63

F1(0) 0.69 0.67 0.97 0.46

transitions, respectively. We observe that the values obtaineldl is observed that the predictions f@; —(#,7') with
in the present calculation are closer to the predictions of,~—20° are no longer within the range of presently avail-
other standard models than those in our previous calculatioable imprecise data. However, the above cited results to-
[32], where they were found to be mostly overestimated. gether with those in Table IV withg,= —10° provide a

We have extended the calculation to study the semileprange of variation of predictions for these decay modes. The
tonic decays of B,Bg;D,Ds) mesons into other channels g2 involved in the transitiorB— mev and B— pev are, in
involving (,7,7',K,Dg) and (p,¢,0,K*,D%) mesons. fact, very large since the initial meson is heavy and daughter
This is achieved by a suitable replacement of the quarksneson is light. In general, the larger the valueqdf the
mesons, and other relevant parameters including the CKNarger will be the variation in the form factors and less reli-
parameters. The predictions on the decay widths, polarizaable is the prediction over the full range. The model predic-
tion ratios, and the branching ratios of the above kinematitions for these decay modes are not considered very reliable.
cally allowed channels are provided in Table IV in compari- Therefore it is not surprising to find various model predic-
son with the available experimental data. We find that theions on B(B— wev) to vary by an order of magnitude.
present predictions in most of the transitions involving notPresent predictions folB— wev) and B— pev) are found
too high momentum transfer more or less agree with theo be within the limits of large experimental uncertainty.
available data. The results for the decay<Ddf andD_ to One can also extract the CKM parameters from within the
(n,m’') are compatible with then-%’ mixing angle dynamical scheme of the model, taking the experimental data
6,=—10° as required by the quadratic mass formula. How-on the branching ratio and the lifetime as inputs. The appro-
ever, if one takeg,=—20° as obtained from the measure- priate expression fovy is
ment of I',(27y), which is also close to the mixing angle
predicted by linear mass formula, results for the partial decay v, |2:( Bexpt(M—>meV)) (L)
widths and corresponding branching ratios change to Qq ™

)
'(M—mev) ,
(41)

2

(D" —per)=1.75x10° s 1,
where the reduced partial decay width is given by
B(D*— ner)=1.85<10"3,
~ I'(M—mev)
I'(D"—7'er)=041x10° s, F(Mﬂme’/):mf- (42

+ ’ _ —3 ~
B(D"—n'er)=0.43x10"", We calculatel’ (M —mev) from the model and evaluate the

CKM parameters using Eq41). The results are listed in
Table V and are found to be in agreement with the estimated
values as per Refb].

(DS — nev)=2.95<10° s,

B(Dg — 7er)=1.38<10"?, Finally we use the presently predicted value of the form
N , 0.1 factorV andA; to test the HQET relationg}l] between the
I'(DS—7n'er)=3.10x10°s ™, form factors of the semileptonic and rare radiat®eecays.
Isgur and Wis¢41] have shown that in the limit of infinitely

B(Dg —7'ev)=1.44x10"2 heavyb-quark mass, an exact relation connects the form fac-

TABLE IlI. Transition form factors ag?=0 in the decayD?—K~,K* ~ along with the predictions of
other models and the experiment.

Form (ISGW) (GY (BSW) (WJ) Previous Present Experiment
factor [8] [17] [12] [14] prediction[32] prediction [6]

V(0) 1.10 1.46 1.27 0.79 1.32 1.43 *0.2
A4(0) 0.80 0.74 0.88 0.59 0.77 0.69 055.03
A,(0) 0.80 0.55 1.15 0.36 1.48 1.47 040.08

F1(0) 0.80 0.70 0.75 0.70 0.80 0.73 0%98.03
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TABLE IV. Decay width, polarization ratio, and branching ratioMf—meuv transitions along with the
experimental data.

Physical Decay width Polarization Branching Experiment
process I'(M—mev) ratio ratio B(M—mev)
M—mev (sh M B(M—mev) (6]

0" —17)
B ety 4.53x 10 0.71x 1074 (1.34+0.35-0.28)x 10" *
B p ety 1.35x 1¢° 0.42 210104 (2.28+0.36+0.59' 239 x 10~*
B.—D_e'w 8.61x 10° 1.39x10° 2
B.—D_*e"r 2.26x 10%° 0.61 3.64 102
B.—K ety 4.36x 10 7.01x10°°
B.—oK *e'v 1.15<10° 0.30 1.8 10°*
D°—m ety 0.62x10% 2571072 (3.8"19)x10°3
D—p etv 3.37x10° 0.18 1.40<10°2
D*—nety 1.30x10° 1.38x10°3
Dt—y'etw 0.62x10° 0.66x10°2
D*—getv 0.33x 10’ 0.15 0.035% 102 <2.09x10°2
Dt —we'v 1.66x10° 0.17 0.1810 2
D" K%ty 8.09x 10'° 8.55x 10?2 (6.7+0.8)x 10 2
Dt =K%%e"p 5.29x 10" 0.44 5.9410 2 (4.8£0.4)x 102
DI —netv 4.49x 10'° 2.10x10°? (2.5£0.7)x 102
Di—7p'etv 2.31x 10% 1.08x 10 2 (0.87+0.34)x 102
DI —¢e’v 4.62x10'° 0.41 2.15¢10 2 (1.9+0.5)x 10 2
D —wetv 0.37x10° 0.47 0.01%10°?
DI K%'y 6.14x 10° 2.87x10°3
DI —K%e*y 3.01x10° 0.15 1.41x 108

torsV andA; of the (B— pev) transition with the rare ra- It has been argued i¥2] that in these processes the soft

diative decay form factoF of B— p+y defined by contributions dominate over the hard perturbative ones and
L thus the Isgur-Wise relation in E(44) could be extended to
(p(P,.€*)|Ue0,,q"PrbIB(0))=i€,,,€* "PEPIF(q?) whole kinematic range aj?. From Eq.(43) we estimate the

.2 - ) rare radiative decay form factér(q’>—0) for B—py in the
+le, (Mg=Mp)(e*-a)(pg+p,)]1G(a%). (43 present model and find

This relation is valid forg? values sufficiently close to F(0)B~rr=0.049. (45)
92a—(Mg—M,)? and reads
Using Eq.(44) as well as the values of the form factaré0)
2, M2 2
(Q*+Mg—M;)  V(g?) +(MB+MP)A (@P) andA,;(0) we again find that
2Mg (Mg+M,) 2Mg BT

F(a?)=
(44) F(0)B~?r7=0.048, (46)

TABLE V. CKM parameters along with the corresponding values estimated d€per

CKM Process Present Estimated
parameters from which prediction Vaq

Vaq extracted Vaq [6]

Veb BID* *e v 0.044+0.002 0.0410.003

Ve B'~D*e » 0.046+0.006 0.0410.003

Vb BY—p ety (0.334£0.069)x 102 (0.328£0.112)x 1022
Vb B ety (0.441+0.101)x 102 (0.328+0.112)x 10™ 22
Ves D—K *e'y 0.972+0.081 1.010.18

Ves D'—K e'v 1.06+0.029 1.030.18

Ved D—m ety 0.273' 55 0.224+0.016

&), is evaluated from the estimated valueslaf,/V,, andV,, as per Ref[6].
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which is in accord with Eq(45). there exist no experimental data stand to guide future experi-
ments in the corresponding sectors. Our results in the heavy
V. CONCLUSION to heavy transitions compare well with the expectation of the

. ] ] ] heavy quark symmetry relations of HQET. The CKM param-

We reinvestigat8—D,D* andD—K,K* semileptonic  eters extracted from the model calculation are close to the
transitions in the relativistic independent quark model base@stimated values as per R¢6]. Finally we consider the
on a confining potential in the scalar-vector-harmonic form.jsqyr-wise relation between the form factors of the semilep-
We find that with the recoil effect taken appropriately into tonjc and rare radiativ8-meson decays in the limit of infi-
consideration in the numerical integration involved withoutpjtely heavyb-quark mass. It is found that our prediction is
resorting to any simplifying assumption, the model calcula-qyite in conformity with this relation.
tion provides a satisfactory description of the semileptonic
transitions discussed here. We extend a similar calculation to
the semileptonic transitions ofd(,Dy;B,Bs) mesons into
various other kinematically allowed channels and our predic- The authors gratefully acknowledge the computational
tions are found to agree reasonably with the available experand library facilities provided by the Institute of Physics,
mental data. The model predictions in those sectors wherBhubaneswar, India.
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