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We analyze charm meson semileptonic decays using the measured Ifatibs and I' . /"~ from
D—K* and the branching ratios f@ —K* andD — K. First we introduce the light vector mesons in a model
which combines the heavy quark effective Lagrangian and the chiral perturbation approach. We propose a
method which predicts the behavior of the form factors. Using the available experimental data we determine
the values of some model parameters and reproduce the observed branching ratibg—fdp,
D—(n+7%'), andD—m. We make predictions for the yet unmeasured branching ratios and polarization
observables.S0556-282(96)04509-7

PACS numbsdrs): 13.20.Fc, 12.39.Fe, 12.39.Hg

[. INTRODUCTION that the form factors for axial currents exhibit a rather flat
g° dependence.

There exist several theoretical calculations aiming to de- For these reasons, we will modify the Lagrangian for
scribeD—VIv (V is a light vector mesoror D—Ply (P is  heavy and light pseudoscalar and vector mesons given by the
a light pseudoscalar mespsemileptonic decays: relativistic HQET and chiral symmetry7]. Apart from the zero-recoil
or nonrelativistic quark modelg1-4], lattice calculations Point we will still use the same Feynman rules for the verti-
[5], QCD sum ruleg6], and a few attempts to use the heavy C€S in our processes, buF write down the complete propagator
quark effective theoryHQET) [7—9]. On the experimental also for heavy_ mesons, instead of using thg HQET propaga-
side the following quantities regarding semileptonic charmi©'- In the region where the heavy meson is nearly on-shell
meson decays have been measured: the branching rati§f€ region where HQET is applicabighe two prescriptions

4 %0 . almost perfectly overlap, but due to a Feynman rule prescrip-
ﬁ I Ty, and01“+/l“i for P —K Oand Ehe bianc_h(;ng tion for the calculation of the form factors, there are no in-
ratios .»# for D°—-K*~, DJ—®, D*-K~, D"—K"

" , o \ 0 consistencies aj>=0. At the same time this gives a natural
Dg—(n+7'), D°—m", andD" —=" [10]. The purpose explanation of the pole-type form factors in the whajé
of this paper is to accommodate these available experimentghnge and an entirely consistent picture. It enables us to de-
data within a combination of HQET and the chiral perturba-termine which form factors have a pole-type or a constant
tion theory (CHPT) description of the light meson sector. behavior, confirming the results of the QCD sum rules analy-
Within this framework the HQET is valid at small recoil sis[6].
momentum[11,12] (a zero recoil momentum is realized In order to show that such a simple prescription works,
when the final and decaying meson states have the sanvee Wwill calculate the decay widths in all measured charm
velocitieg. HQET can give definite predictions for heavy to meson semileptonic decays. The model parameters will then
light (D—V or D— P) semileptonic decays in the kinematic be determined by the experimental data. These parameters
region with large momentum transfer to the lepton pair, i.e.are also important in the study of more complicated decays.
largeq?. Unfortunately, it cannot predict thg? dependence The paper is organized as follows. In Sec. 1l we will first
of the form factors. write down the already known Lagrangian for heavy and
The experimental data for the semileptonic decaydight pseudoscalar and vector mesons, given by the require-
DK™ [13], D" —K°[14], andD* —K*°[15,16 are un- Mments of HQET and chiral symmetry. In Sec. Ill we will
fortunately not good enough to clearly determine ¢iede- ~ €Xplain the behavior of the form factors in decéys-V and
pendence of the form factors. Experimentally what is knownP—P. The free model parameters will then be determined
apart from the branching ratios, are the form factors at on®y comparing our approach with experiment. Finally, a short
kinematical pointassuminga pole-type behavior for all the summary of the results will be given in Sec. IV.
form factors. The same assumption is used also in many
theoretical calculations, for example fith,8]. This assump- Il. THE HQET AND CHPT LAGRANGIAN
tion seems reasonable, but within HQET the kinematic con-
straint on the form factors @=0 cannot be satisfied unless
a special relation is imposed between the pole masses and We incorporate in our Lagrangian both the heavy flavor
residues. Moreover, it was shown using QCD sum rjiilids SU(2) symmetry[11,17 with the SU3), X SU(3)g chiral

A. Strong interactions
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symmetry, spontaneously broken to the diagonal33\, =1(1+4)(D%,y*—D,ys), (6)
[20] which can be used for the description of heavy and light .

pseudoscalar and vector mesons. A similar Lagrangian, butherea=1,2,3 is the S\(8), index of the light flavors, and

without the light vector octet, was first introduced by Wise D}, and D, annihilate a spin 1 and spin 0 heavy meson
[12], Burdman and Donoghugl8], and Yanetal. [19]. It ¢q, of veIOC|tyv respectively. They have a mass dimension
was then generalized with the inclusion of light vector me-3/2 instead of the usual 1, so that the Lagrangian is explicitly

sons in[7,9,21]. . mass independent in the heavy quark limjt— . Defining
The light degrees of freedom are described by the33

Hermitian matrices

Ha=7"H1y’=(D; y*+Dlye)s (1+¥), (D)
0
T at K+ we can write the leading order strong Lagrangian as
V2 6 3 _
‘:%even: ’—%;Iight'i' [ Tr[HaU M( o+ 7/M) Ha]
= - 778 KO ) T
\/— \/— [ +ig T Hpy, vs(.7*)paHal
- " 2w +18 T Hpv (7%~ p*)paHal
e o
+ 47211 (HpHaHaHp). ®
and This Lagrangian contains two unknown parametgrand
0 B, which are not determined by symmetry arguments, and
p,tw o K*+ must be determined empirically. This is the most general
even-parity Lagrangian in leading order of the heavy quar
2 # " ity L ian in leadi der of the h k
0 mass (g—c0) and chiral symmetry limit fi,—0 and the
Pu= —pyto, %0 2 minimal number of derivatives
—r_ = K
Pu 2 ® We will also need the odd-parity Lagrangian for the
. —5 heavy meson sector. The lowest order contribution to this
Ky K*", @, Lagrangian is given by
for the pseudoscalar and vector mesons, respectively. The Log=iN Tr[Ha(,_WFw(;))abH_b] 9

mass eigenstates are defined By 7gco0hp— 7,Sinde and

7' = 7gSiNfp+ 170C0hp, Where fp=(—20=5)° [10] is the  The parametex is free, but we know that this term is of the

7-n' mixing angle. The matrice¢l) and (2) are usually  order 1A , with A, being the chiral perturbation theory scale
expressed through the combinations [22].

(il
u=ex T

, 3) B. Weak interactions

For the semileptonic decays the weak Lagrangian is given

wheref is the pseudoscalar decay constant, and at the quark level by the current-current Fermi interaction
~ Oy s (Ac=As=1)=— %[(EQ“(?C) 1, (10
Pu= | Ep,u, ) (4) \/E m

whereg,,=5.9 is given by the values of the vector massesWhere Ge is the Fermi constant, fy,)"=ny"(1

5
(we consider only the case of exact vector dominance; seg ¥ )¥2: @nds’=s cogc+dsinfc, fc being the Cabibbo
[21]). angle (sif-~0.222).

Introducing the vector and axial currents’,= At the meson level we assume that the weak current trans-
(uTﬂ U+ ud u*) and .7,= 2(u*a u-ug UT) and the forms as (3,1g) under chiral SIB), X SU(3)g and is linear
gauge field tensoF (p)= (; p,—d,p +[p p,] the light in the heavy meson field. The most general current can then

pv nFv vE por Py :
meson part of the strong Lagrangian can be written as D€ Written as

£2 i J,=(D**A,,+DB)u". (12)
Lign=— (A ) +2 tf (7, —p,)*1}
The leading order in the W expansion is obtained by de-
1 manding that the operatoA;andB do not act as derivatives
zgztr[FW(P)F“”(p)] (3 on the heavy meson fieldd andD* [23]. We can generally
expandA,,, andB, in powers of the operators

Both the heavy pseudoscalar and the heavy vector mesons . y_ - _ ~2) ~(3) )
are incorporated in the X4 matrix On == s OF=Ay, OF=3,+7,, (12)
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which are, together with the quark mass matrix insertion, the J4=LiaTi y*(1— ys)Hpu} ]
basic operators in our model with the correct transformation .
properties. Using the standafchiral) power counting rules +aTr ysHp(p*— W“)bcula]

[24], it is easily shown that the operatd&2) count as order
O(E), having each one derivative or ofight) vector field,
while the mass matrix is of higher orded( E?). Expanding

A andB to OrderO(E), i.e., to the linear order in powers of wherea= fD\/m_D [12] The a4 term was first considered in
the operator¢12), we get, recalling that ,D*#=0, where  [7]. We also include ther, term, as we must, since it is of
v is the heavy meson four-velocity, the same order in the ¥ and chiral expansion as the term
proportional toa;. We will also see that the term propor-
tional to «, is very important for the phenomenology of the

+ o T Y YsHpv o(pO— 7 )pll ]+ - -+, (15)

A’”‘ZAg’”‘-F [ Blyig’”‘v“—k Bzyig“”‘v”—k Bsji e“)‘“ﬁvﬁ](}g)

+... (13 semileptonic decays and that it cannot be neglected. In the
next section we will determine;; and a, from the experi-
é)‘=Cv)‘+[D1ig)‘“+D2iv)‘v“]z’(i)+ . (14) mental data on semileptonia meson decays.
fl ) T a "

It is clear that such an expansion ischiral expansion,
i.e., in powers of energ¥, and neechot be a heavy quark
expansion in powers of M, as it is sometimes assumed  The description of semileptonic decays is known near the
[25]. The curren(11) together with(13) and(14) is the most  zero-recoil point, but for the calculation of the branching
general one in our model to ord&(M°) in the heavy quark ratios we need to extrapolate the form factors to different
expansion and to ord@(E®) andO(E) in the chiral expan-  kinematical regions, defined by the square of the transfer
sion. momentumg?. This has been done using the QCD sum-rule

The O(E®) coefficients,A and C, can be expressed in analysig6], quark model§1—4], and lattice calculations].
terms of the heavy meson pseudoscalar and vector decayithin a Lagrangian approach this is more difficult, since the
constantsfp and fp, , which are equal in the heavy quark form of the interactions is known only in the heavy meson
limit [11], while no such relations exist between the coeffi-mass limit near zero recoil. Therefore it was assumedjn
cientsB; (13 andD;  (14). However, due to the relation and[8], that all form factors are pole-type functions qf,
Of)uf=—oﬁf)u*, only the operatorQL” andoif) are im-  but with different pole masses. With the known values of
portant at orde©O(E). form factors in the zero-recoil limit, given by the HQET, the

In our calculation of thdd meson semileptonic decays to form factors in the whole kinematic region then seem to be
leading order in both M and the chiral expansion we will determined. However, this prescription possesses some
need only the current proportional B, DP, or D* at order  shortcomings, which can be seen as follows: the:V and
O(E% and the current proportional BV at orderO(E). H— P current matrix elements can be quite generally param-
Consequently, we can rewrite E@.1) with (13) and(14) as  etrized as

Ill. FORM FACTORS FOR D—V/P

’ 2V(q2) vafB _* ’ RS 2mv 2 ; * 6*.q 2

(V(e,p )|(V—A)“|H(D)>=—mf“ €, PP g€ 'Q?Q#Ao(q ) +i(my+my) T gF A(9°)
SRLLAL I PSR e 20 PR 16

my+ my PTP ). Tqﬂ 2(q
|
and my + My my—my
Ao(0)+ WAKO)— 2—vaz(0):0 , (19
, i
(P(PHI(V=A) H(p))=|(p+P"),— 7 dy F1(0)=F¢(0). (19)
mZ—m3
><Fl(q2)+L2_PqM|:O(q2), But these equations canpot be satiszfied by calculating the

q form factors at zero recoil whem?= g2 = (My—Myp))?

(170 and then extrapolating them ¢g=0 assuming a simple pole
q? dependence, unless a relation between the model param-
eters is imposed. It is unreasonable to assume such a relation,
whereq=p—p’ is the exchanged momentum. In order thatsince the pole masses are taken from the measured lowest-
these matrix elements are finite @t=0, the form factors lying resonances with the correct quantum numbers and,
must satisfy the relations therefore, are not free parameters.
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TABLE I. The pole masses and decay constants in GeV. TABLE Il. The pole mesons and the constamtg, for the
D—V Cabibbo allowed and Cabibbo suppressed semileptonic de-
H my fu P mp fp \% my, cays.
D 187 024005 = 0.14 0.13 p 077 4 v H* H' Koy
Dy 197 0.220.05 K 0.50 0.16 K* 0.89
D* 201 024005 75 055 0130008 « 078 D° K*~ D" Dy costc
D! 211 027005 5 096 0110007 & 102 D K*© D¢” D¢ cosfe
DJ @ D" DJ code
D° p~ D** D* sinde
The problem, therefore, is how to extrapolate the ampli? " p° D** D” L ing
tude from the zero recoil point to the rest of the allowed e
kinematical region. We shall make a very simple, physically_ . © D*+ D+
motivated, assumption: the vertices do not change signifi- 1 infe
cantly, while the propagators of the off-shell heavy mesons Jf
are given by the full propagators pA—m?) instead of the p+ K0 D*+ D+ SiNfe
HQET propagators 1/(2v - k). With these assumptions we °
are able to incorporate the following featurés:almost ex-
actly the_HQET prediction at the maximug?; (i) a natura_l 1 ) 1 (my\"? g2 Jmy
explanation for the pole-type form factors when appropriate; K—Ao(q )= mol ma Tmszﬁ— my &1
(i) predictions of flatg? behavior for the form factord\; HY Vi TH q HY v
and Az, which has been confirmed in the QCD sum-rule 1 q2+mf|—m\2,) Jma oy
analysis of[6]. + = > as|—=, (21
Our approach is different than if7,8], where a pole 2 M My V2
dominance prescription for thg’ dependence of the form
factors was assumed, as in the data analysis of the semilep- LA (q2)=[— 2\my u 9v 22)
tonic D°— K~ [13], D" —KO [14], andD " —K*° [15,16. Ky  * my+my 2’
In contrast, we calculate the form factors directly from our
Lagrangian. For the strongly off-shell charm meson propa- A(g?) = my+my, Ov 5
gator we take the complete expressiongf/ m3) rather Koy 2(99)= maz 2 (23)

than the heavy meson limit 1/(2,vk), wherek=q—mpuv
is the residual momenturfassuming for the moment the where the pole mesons and the corresponding constants
degeneracy of th® —D* systen). The difference between K, are given in Table Il. It is convenient to introduce the
the two approaches aﬁnax is less than 25%. Also, in our helicity amplitudes for the decay —VI" v, as in[6]:
approach the pole structure 1/‘6112/sz) of certain dia-
grams is a direct consequence of theor D* full propaga-
tors. From the other side, not all diagrams have intermediate
D or D* mesons and then suchcg dependence is absent.
Consequently, we have a very simple way to determine if a my+my )
particular form factor has a pole-type behavior, a constant Ho(y)=+ —\/—[mH(l_y)_mV]Al(y)
behavior, or some combination. 2Mymyy
Finally, we include SB) symmetry breaking by using 2mH|§)’(y)|2
the physical masses and decay constants shown in Table I. -
The decay constants foy and ' were taken fronj26], for My(My+my)\y
D, from [27], while for the otheD’s theoretical predictions

2mH|r7<y>|V

H.(y)=+(my+my)A(y)=+ Mg+ my

(y), (29

Ax(Y), (29

were used?28]. where
q2
Y=—"7, (26)
A. DecaysD— VI, my
There are three possible Cabibbo allowed semileptonigng
decays D°—K*~, D*—K*° andDs*— ®) and four pos-
sible Cabibbo suppressed semileptonic decayS—p, —~ 12 [mﬁ(l—y)wLm\z,]2 )
D*—p% D" —w, andD{ —K*%) of the charmed mesons p')I*= 4m3, —My. (27)
of the typeD—VIvy,. The relevant form factors defined in
(16), calculated in our model, are In order to compare with experiment, we calculate the
decay rates for polarized final light vector mesons:
1 ) My | Y2 mMyrs gy
K_HVV(Q )=|2(my+my) My 92— m? frrs E1 GZmZ (Ym — )
H 50 Ta=9677 |, WP’ WIIHI, (28
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TABLE Ill. Four possible solutions for the model parameters as  TABLE IV. The branching ratios and polarization ratios for the

determined by thé)+~>FO|+V| data. D—V semileptonic decays. The quoted errors take into account
only the experimental uncertainties in the input parameters, but not
N [GeVvTY] a; [GevY¥? a, [GeVY?] the validity of the model, as discussed in the text. Where available,
the experimental data is quoted in brackets.
Set1l —0.34+0.07 —0.14+0.01 —0.83+0.04
Set 2 —0.34+0.07 —0.14+0.01 —0.10+0.03 Decay 2 [%] NI N
Set 3 —0.74+0.14 —0.064+0.007 —0.60=0.03 o o
Set4  -074:0.14 -0064:0007 +0.18:003 D —K 1.9+0.2 123-0.13  0.16-0.04
(2.0:0.4)
D;—)cb 1.7+0.1 1.2:0.1 0.16£0.04
wherea=+,—,0 and (1.88+0.29) (0.6-0.2)
) D%—p~ 0.17+0.02 1.4:0.2 0.15-0.10
m + 0
yom ( - m_v) _ (29 D'or 0.22+0.02 1402  0.15:0.10
H (<0.37)
Df—w 0.21+0.02 1.4£0.2 0.16£0.10
The transverse, longitudinal, and total decay rates are thgg:_,k+0 0.17+0.02 1.3-0.2 0.15-0.10
trivially given by
Fr=T. +I, (30 are small, the errors were calculated with the linear formula
I =r (31) _5Xf=(¢9f/ax)5x and errors .from different sources summed
L= o in quadrature. The correlations of the errors Xgra;, and
I=T+T, . 32) a, were taken into account assuming that the errors in the

experimental inputs were not correlated. Of course, the
We must fit three parameters (a;, a,) using the three quoted errors do not include any systematic error related to
measured  values ['/T ,=0.048-0.004, T /T;=1.23 the validity of the model. In fact, it has to be expected that

+013, and T',/T_=0.16+0.04 for the process corrections due to the limitations of the chiral oml/ex-
% L ) pansions would change the results. Expecially the,dor-

rections could be important, sinee; is far from being infi-

nite. We estimate that the combined error due tm 1and
CHPT corrections is of the order 30%, which dominates the
errors due to the experimental uncertainties in the input pa-
Fameters. A more precise determination of this error would
however involve an explicit calculation, which is beyond the
purpose of this paper. For this reason one should not take the
quoted errors in the tables too seriously, since they were
calculatedassuminghe validity of the model.

D*—K*% "y, taken from the Particle Data Group average
of data from different experimen{sl0]. Unfortunately we
are not able to determine the paramegesinceAy(q?) can-
not be observed.

Our model parameters appear linearly in the form factor
(200—(23) and hence in the helicity amplitud€®4), (25), s
the polarized decay rate®8) are quadratic functions of
them. For this reason there are eight sets of solutions for th
three parameters\(«,,«,). It was found from the analysis
of the strong decay®* — D= and electromagnetic decays
D* — Dy [21] that the parametex has the same sign as the
parameten’, which describes the contribution of the mag- B. DecaysD—Ply,
netic moment of the heawgharm quark. In the heavy quark
limit we have\' = —1/(6m;). Assuming that the finite mass
effects are not so large as to change the sign, we find th
A<0. Therefore only four solutions remain. They are shown
in Table Ill. The errors in Table Il were calculated from the
experimental errors and the uncertainty in the value of !

There are four Cabibbo allowed semileptonic decays

°-K~, D*—=K°% DJ—#, and DJ—7') and five
abibbo suppressed semileptonic decay®°- 7,
D*—a% D*—5, D*— 7', andDJ —K?O) of the charmed
esons of the typ®—Ply,.

foe, (Table ). In our approach the form factors are given by

With these experimentally determined values of the [—
model parameters it is then straightforward to calculate the ——F(g%)=— _+ng,* w (33
branching ratios and polarization variables for the other HP 9 My«
semileptonic decays of the tygg@— V. The results change
only slightly with different choices for the possible solutions
in Table IIl. For this reason we will quote only the predic- 1 (9¥)=— f__,_gf o/ M {1 2 mH’* )
tions for set 2. The choice of this set comes out naturally, if KH Fo H Hr*\ 2

we assume that the experimental form factorgat 0 are
numerically correct, even if they are obtained assuming an
incorrectq® dependence. We must however stress that there
is really no need for such an assumption; in principle, we
could have any of the four possible sets of solutions in Table

[ll. The results for set 2 are shown in Table IV. We see that +2ng,*( 1
these results are in agreement with the known experimental

data. Since the experimental errors in the input parameters (34

Vel

H'* ) er* \/mHer*

H mp mH/*

fu
?‘Fngr*
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TABLE V. The pole mesons and the constamg, for the TABLE VI. The branching ratios for th&®— P semileptonic
D— P Cabibbo allowed and Cabibbo suppressed semileptonic dedecays, where?; and .%, refer to the two possible solutions
cays. Then-n' mixing angle isfp ands=singp, c=cos9p, While g=0.08+0.09 andg=—0.90+0.19, respectively. The quoted er-

0c is the Cabibbo angle. rors take into account only the experimental uncertainties in the
input parameters, but not the validity of the model, as discussed in
H P H'* Kup the text.
D° K™~ D" (1/f) costc Decay By By Expt.
Dt KO D:* (1/f ) coshe —
1 DT—K?° 9.4£0.5 9.4:0.5 6.7+0.8
DS »n  DiF ﬁ[(l—Scz)/f,,—Ssc/f,ﬂ]cosﬁc D — 7 33 2+2
D —7' 1.6x0.7 0.9:0.5
1 DI —(n+7') 4+3 3+3 7.4+3.2
Dy 7 DXt =[-5sdf,+(1-58)/f, ]codc DO 0.47+0.05 0.5:0.5 0.39°9%3
V8 D*—x0 0.59+0.06 0.72£0.6 0.570.22
+
DO T D** (1/fﬁ)sinﬁc D+—>7] 0.18+0.05 0.x-0.2
1 D"— g’ 0.021+0.005 0.03*0.01
Dt 70 D*+ - \/__(1/f )Sinfe DI—K° 0.4+0.2 0.2£0.3
2 .
D+ 7 D*+ 1 . ] ]
_[(1+C2)/fﬂ+sdf”,]s|n.9c We have calculated the branching ratios for the other
V8 D— P semileptonic decays, assuming both solutionsgfor
1 which give similar results. These results are summarized in
D" 7' D** \/—g[sdf,,+(1+sz)/f,,,]sinac Table VI.
+ 0 * + i
D, K D (1/f¢)sinGc V. SUMMARY

We have proposed a method to include the light vector
where the pole masses and the const#qis are given in - meson resonances in the weak currents using HQET and
Table V. We shall neglect the lepton mass, so the form factocHPT. With the use of the weak and strong Lagrangian, we
Fo, which is proportional tag*, does not contribute to the have analyzed the matrix elements of the weak currents for
decay width. The calculation of the decay rate is very similafne decay® *— K|+ v, andD°—K I+, . Instead of the

to the vector case. After a trivial integration we obtain propagators used in HQET we have used the full propagators
’ > for the intermediate heavy meson states. In this way we ob-

[‘P:GFmeyE]d L 57 P ( )2 (35) tain a pole-type behavior of the form factors for the matrix
2472 |, YIFAW)FR (Y element of the vector currents, and a constant behavior of the

form factors in the case of matrix elements of the axial cur-
where, similarly as in29), rent. The unknown parameteks «;, and a, were deter-
mined using the experimental measurements Il ,
I' /T1, andl', /T _ for D" —K*°, giving the four possible
solutions quoted in Table lll. From the?(D°—K 1" v))
data the couplingg, defined in the strong Lagrangian for
The dimensionless integration varialgléas been introduced heavy mesons, was determined as well, but an ambiguity
with the same definitiori26) as in the vector case and the gives two possible solutions: g=0.08+£0.09 and
three-momentum of the light pseudoscalar meson is given bg=—0.90+0.19. We calculated the measured Cabibbo al-
(27) with my, replaced bymp: lowed semileptonic decaysD*—K° DI —(n+7'),
D%—K*~, andDJ —®, and the Cabibbo suppressed de-
caysD%— 7, andD* — «0. The calculated branching ra-
tios are in agreement with the experimental results. We have
also predicted the other semileptonic decays that have not yet

Using the best known experimental branching ratio—been observed.

A D°—K ™ 1"1]=(3.68:0.21)% [10], we get two solu-

(36)

[mi(1-y)+ma]®
am?,

Ip"P(y)|?= m2. 37)
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