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We have measured the three form factors governing the decay D *— K *% *v,, observed in Fermilab
photoproduction experiment E691, using the complete decay distribution of the data. The results are
A:(0) =0.46 = 0.05 +0.05, 4,(0)=0.0+0.2+0.1, and ¥(0) =09+ 0.3 £ 0.1 for the two axial-vector
and the vector form factors, respectively. The K *° mesons have a ratio of longitudinal to transverse po-
larization of 1.8 8§+ 0.3. These results are significantly different from values predicted by a number of

different models.

PACS numbers: 13.20.Fc, 14.40.Jz

The heavy-quark decays which are easiest to interpret
are the semileptonic decays of heavy mesons. In these
decays the effects of the strong interaction are complete-
ly contained in the form factors which characterize the
formation of the final-state meson. The goal is to
separate such effects from the weak interaction, de-
scribed by the element of the quark mixing matrix
(Kobayashi-Maskawa mixing matrix).

For example, to extract the mixing matrix elements
for b-quark decay, V., and V,;, one must rely on theo-
retical models of the form factors, of which there are
now a large number.'™ A good test of these models lies
in measuring the predicted form factors in charmed
meson decay. For these decays the weak matrix element
is well known, under the assumption of three-generation
unitarity. In addition, Isgur and Wise® have recently
published a method of determining the bottom form fac-
tors directly from measured charmed form factors,
without reference to particular model calculations. In
the present paper we present the first measurement of
the three form factors in the decay Dt — K*% *v,.

We observed the exclusive semileptonic decay D™

dr 3 MK*

— K*% *v. in the Fermilab photoproduction experi-
ment E691. In an earlier paper® we published a mea-
surement of the decay rate, along with an analysis of the
K*° polarization. The discrepancy between these results
and all of the existing theoretical models stimulated
many papers trying to understand the results.””® To get
to the source of the problem, it is necessary to extract the
form factors directly using the complete angular distri-
bution for this same data sample.

We analyze the decay D+ — K*% *v, (and its charge
conjugate) in which the K *° decays to K "z *. This de-
cay rate depends on five variables, of which only two
were used for the previous analysis: (1) the mass of the
K~z system, Mg,; (2) the squared mass of the e Tv,
system, 1; (3) the strong-decay angle 6., which is the an-
gle, in the frame of K*°, between the K ~ and the direc-
tion opposite that of the D *; (4) the weak-decay angle
6., which is the angle between the e * and the direction
opposite that of the D in the e *v, frame; and (5) the
axial angle y between the planes of the etv, and the
K % systems in the D * rest frame. In terms of these
variables the differential decay rate is’

M -T (M)

5 =GVl
dM g, dtdcosb,. dcosb, dy

Kt

2047)° M3My, (MR, —M2)>+MR.T>(Mk,)

X {[(1+cos6, )| H+ ()| >+ (1 —cos8,) | H — (1)]?]sin?6, +4sin6, cos 26, |Ho(1)|?
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where M« i1s the central mass of the [?*0, V., is the Kobayashi-Maskawa element, and K is the momentum of the K*°

in the rest frame of the D*. We have included the mass dependence of the K *° width I'(Mx,), which is proportional to
the third power of the momentum of its decay particles. In the above formula, the helicity amplitudes of the K *° are

_ MpK
H+O)=WMp+Mi)A,@) F2—————V
+ M) k) A1 (1) Mo+ Mo (1)
and
1 R s M3K?>
Ho()=———— | (M3 — M}, — +Mi)A (D) —d————A4,
o(t) ZMK”\/[_ ( D K t)(M[) /\) ((!) Mp+ Mr, _(I)

expressed in terms of the two axial-vector form factors 4,(zr) and A4,(z), and the vector form factor ¥ (z), which
parametrize the hadronic current of the matrix element:

245(1) 2V ()

(K*(pz,f)[HulD(pln =(MD+M/(,,)A|(I)6: - Mo+ Mr. € "DiIPlu —fmprne*\.p,{pg

(We have neglected a fourth form factor in the zero- |

lepton-mass limit.) were weighted to produce a distribution given by the
We assume a single-pole dominance for the form fac- differential decay rate shown above, for given values of

tors such that A4,,(t1)=4,,0)/(1—1/M3) and V(1) R, and Ry. These events, having passed through recon-
=1(0)/(1 —1/M}), where M 4=2.5 GeV and M, =2.1 struction and analysis programs, were then compared
GeV represent the masses of the lowest-mass c5 states directly to the data to extract a likelihood. This pro-
with JP=1% and 1 7. The results are not very sensitive cedure was repeated until the values of R, and Ry which
to the assumed ¢ dependence because the range of 1 is maximized the likelihood were found. For each data
only about 1 GeVZ2 Thus the decay rate distribution is point, the likelihood was calculated by summing the
determined entirely by the three parameters A4;(0), weights of the Monte Carlo events within a region of
A,(0), and ¥(0). that data point and dividing by the volume of the region.

The relative magnitudes of these form factors, or of The volume of each region was chosen to be small
the helicity amplitudes, can be measured by comparing enough so that the nonlinear dependence of the likeli-
the angular and ¢ distribution of the data to that of the hood within the volume was small. The systematic error
decay-rate formula. For example, the longitudinal part due to this was estimated by varying the volume size.
(involving |Ho|?) is dominant where cos@, is large and ¢ The volume was chosen to be large enough, however, so
is small. Away from this region the transverse terms that the number of Monte Carlo events within the
dominate. Furthermore, the sign of cosf, separates the volume was sufficient to determine the likelihood. This
H+ and H - amplitudes. The relative magnitudes of the systematic error, due to the Monte Carlo statistics, was

form factors then follow from those of the helicity ampli- estimated by varying the number of Monte Carlo events
tudes. Since the form factor 4, is common to all three used.

helicity amplitudes, we measure the ratios R,=A4,(0)/ We used 9000 accepted (10° generated) Monte Carlo
A,(0) and Ry =V(0)/4,(0) from the angular distribu- events to make a four-dimensional fit in cos8,, cosé,, ¥,

tion of the data. The value of 4,(0) is thus a function of and ¢ space to 204 data events which were within the
these ratios, the branching ratio, and the value of the My, range of [0.8408,0.9434] GeV, and which passed

Kobayashi-Maskawa matrix element V. loose cuts as described in our previous paper.6 Of the
The determination of the form-factor ratios from the 204 data events, 21 were assumed to be nonresonant
angular distribution of the data is complicated by the an- K ~n* and true background events. This number came

gular dependence of the detector efficiency and the from our fit of the K “z* mass distribution to be de-

smearing caused by limited resolution and a quadratic scribed below. The angular distribution of these 21
ambiguity in the undetected neutrino momentum. The events was chosen to be consistent with that of the

major effect of the acceptance is due to the requirement wrong-sign data.®
that the electron laboratory energy be greater than 12 The results of our measurement are
GeV, which causes a low efficiency for decays with low ¢ R-=0.0+05+02 R,=20+0.6%+0.3,

and cosf, near —1. A Monte Carlo simulation of the
experiment, in which the generated events are processed
through the same reconstruction and analysis programs
as the real data, models this efficiency, as well as the

with correlation coefficient pg, g, = —0.23. With these
values we calculate the ratio of longitudinal to transverse
widths to be

SKt|Ho()|dr

effects of the quadratic ambiguity of the unobserved neu- I /Ty=18%8+03=

trino. ) JKH (D> +|H ()| d:
Monte Carlo events were generated according to phase and 5

space, including the Breit-Wigner form of the K *° reso- r4/I-=0.15%3%2+0.0 :M )

nance. To measure R, and Ry, the Monte Carlo events N JKt|H - |dt
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FIG. 1. Projection of the data (dots with errors) and Monte
Carlo (solid histogram) events onto cosf.. The distributions
are strongly affected by the low acceptance near cosf, = — 1.

Our previous value of I';/T'+ =2.4%}{ was found using
only the cosf. distribution of the data. The errors on the
new result are smaller by a factor of 2. This gain in pre-
cision comes about mainly from adding ¢ to the fit. Fig-
ures 1-3 compare the data and Monte Carlo distribu-
tions over various slices through the four-dimensional
space. In all cases the data and Monte Carlo events fol-
low each other quite well. The systematic error due to
the statistics of the Monte Carlo simulation, as well as
the error due to the nonlinearities of the Monte Carlo
distribution across the region in which the likelihood is
calculated, contributes a significant part of the total sys-
tematic error. The other main source is the uncertainty
in the background distribution.

Having obtained the form-factor ratios, we reanalyzed
the branching ratio. Our previous measurement of the
branching ratio used a value for |H+|/|H -] derived
from a model' and the value of I'; /T derived from the
observed cosf. dependence. The effective form-factor
ratios implicit in these values are different from those we
have measured, which affects the estimate of the
efficiency used to obtain the branching ratio. We also in-
cluded the mass dependence of the K*° width in the
Breit-Wigner form, which increases the K*° mass distri-
bution in the high-mass region. The effects of these two
changes (about 10% each) tended to cancel, so that our
new result of B(DY— K*%*y,)=(4.4+04+08)%
differs from our previous result by only 0.1%. Here, the
error on the Mark III value of B(D*— K “ztzt),
with which we normalize our branching-ratio number, is
treated as systematic.

We calculate 4,(0) by equating the total decay rate
of this mode to the measured branching ratio divided by
the lifetime of the D*. We use the measured values of
the form-factor ratios, the branching ratio, and the life-
time'? 75, =1.090 £ 0.030 = 0.025 ps, all obtained from
the E691 experiment. With V., =0.975 we find

A,(0)=0.46+0.05%0.05, 4,(0)=0.0x02%£0.1,
V(0)=09x03=%0.1.
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FIG. 2. Projection of the data (dots with errors) and Monte
Carlo (solid histogram) events onto cosf, for (a) t/fmu > 0.5
and (b) 1/tms <0.5.

The error for 4,(0) is divided evenly between the errors
in R> and Ry, and the error in the branching ratio. Only
the uncertainty of R> and Ry, contributes significantly to
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FIG. 3. Projection of the data (dots with errors) and Monte
Carlo (solid histogram) events onto /1 ma for (a) |cos8.| > 0.5
and (b) |cos6, | <0.5.
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TABLE I. Measured values from this analysis (E691) com-
pared to predictions of various models [Isgur and Scora (IS,
Ref. 8), Bauer and Wirbel (BW, Ref. 9), Gilman and
Singleton (GS, Ref. 7), and Korner and Shuler (KS, Ref. 4)].

E691 IS BW GS KS
A,(0) 0.46 +0.05+0.05 0.8 0.9 0.8 1.0
A-(0) 0.0+0.2%+0.1 0.8 1.2 0.6 1.0
v(0) 09+03%+0.1 1.1 1.3 1.5 1.0
Ai(tn) 0.54+0.06 +0.06 1.0 1.1 0.9 1.2
Ax(tr) 0.0+0.2+0.1 1.0 1.4 0.7 1.2
V(ty) 1.2+04+0.1 1.4 1.7 1.9 1.3
r/Tr 1.8288+0.3 1.1 0.9 1.2 1.2

the errors of 4,(0) and ¥ (0).

The only assumption that is made in measuring the
form factors is the dependence on ¢. Because of the lim-
ited range of ¢ (1y/MZ2=0.2, where ty is the maximum
value of 1), the results are only sensitive to the slope of
the form factor near 1 =0, and only mildly sensitive to
that. In some models, other forms for the ¢ dependence
were used, but they are effectively equivalent at the
present level of the measurement. The only quantitative
information on the ¢ dependence of charm form factors
comes in the D°— K "¢ Tv, mode, in which we mea-
sured it directly.!" That result can be expressed as f(r)
=f,()(1+St), where f, is the simple pole form with
the vector mass and S is a measure of the correction to
the slope, which we measured to be 0.00 = 0.07. A simi-
lar uncertainty in the pole form used for the present
analysis would cause an additional error of +0.015 in
A(0), £0.04 in 4,(0), and £0.02 in V(0). When
these errors are added in quadrature to other systematic
errors, the total systematic error does not change at the
level of precision quoted; those systematic errors are in
turn smaller than the statistical errors. Thus there is no
significant change in the form factors unless the ¢ de-
pendence is both outside the range of models and in
complete disagreement with that measured in D°
— K "etv,.

Table I shows the comparison between our measured
values of the form factors and those of four models, eval-
uated at =0 and t=t,. Two of the models (KS and
BW) explicitly calculate the form factors at 1 =0, while
the other two calculate at t=1r,. We have used the
same pole-dominated form with which our form factors
were measured to extrapolate the models to other values
of t. The measured 4,(0) is consistent with zero, which
leads to a higher value of I'; /T'7 than predicted. In addi-
tion, the measured value of A4,(0) is significantly smaller
than predictions, which results in a lower branching ra-

tio. All of the models fail to describe the data. As a re-
sult, they are also suspect for other exclusive decays into
light mesons, such as B— pev. In spectator models of
charm hadronic decays, the decays of D mesons into two
vector mesons (D— K*p, D;— ¢p, etc.) are governed
by the same form factors measured here.'> It is worth
noting that measurements of some of these decays also
indicate smaller form factors. '
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