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We have made measurements of decay modes of neutral D mesons into exclusive final states con-
taining photons using data collected with the CLEO detector at the Cornell Electron Storage Ring.
We report observation of D ~K m+~ m+~ (charge conjugates are implicit), and present new

measurements of the branching ratios for D ~K ~+~, D ~K m+m. vr, D ~K m. , K* g, and
D ~K co. Where possible, results are compared with theoretical predictions for two-body D de-

cays.

INTRODUCTION

Among the earliest puzzles in charmed-meson decay
was the observation of a much longer lifetime ( X2.5) for
the D+ relative to the D mesons' together with widely
differing semileptonic branching ratios. In fact, the ratio
of lifetimes is the same as the ratio of semileptonic
branching ratios (such that the semileptonic rates are
equal), indicating that the answer to the lifetime
discrepancy must be sought in studies and theoretical
consideration of the hadronic decays of the D and D+
mesons.

In the model of Bauer, Stech, and Wirbel (BSW), for
example, negative interference between the "external"
and "internal" spectator decays for the D+ is considered
to be the primary reason for the lower hadronic decay
rate for D+'s relative to D 's. The rate for the decay
D ~K m+, believed to occur through external 8'emis-
sion, can be used to fix the amplitude of the external spec-
tator diagram; the decay D —+K ~ correspondingly
defines the amplitude of the internal spectator decay.
The decay D+ ~K m. +, which is accessible through both
diagrams, can be used to determine the interference be-
tween the two diagrams.

43 2836 1991 The American Physical Society



43 STUDY OF D DECAYS INTO FINAL STATES WITH A w OR q 2837

K K

'Fo)$)N
LI

P

along the beam position (z) are achieved by using the
stereo layers and cathode strip readouts in the middle
vertex chamber and the main drift chamber. Taken to-
gether, the system achieves a momentum resolution given
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FIG. 1. D decay diagrams.

DATA SAMPLE AND EVENT SELECTION

The data sample used consists of 102 pb ' of data at
energies just below the Y(4S), 212 pb ' at the Y(4S), and
114 pb

' at the Y(5S) collected with the CLEO detector.
We will briefly describe the detector in its configuration
during the data taking relevant to this analysis:
Charged-particle tracking is performed inside a supercon-
ducting solenoid of radius 1.0 m which produces a 1.0-T
magnetic field. Three nested cylindrical drift chambers
measure momenta and specific ionization for charged
particles. The innermost part of the tracking system is a
three-layer straw tube vertex detector which gives a posi-
tion accuracy of 90 pm in the r /plane. The midd-le ten-
layer vertex chamber measures the position with an accu-
racy of 90 pm in the r /plane and sp-ecific ionization
(dE/dx) to 14%. The main drift chamber contains 51
layers, 11 of which are at stereo angles of 1.9'—3.5' to the
z axis, providing an r-P position accuracy of 110 pm and
dE/dx to 6.5%%uo. Measurements of the track coordinates

It is only within the last several years that sufficient
statistics have been accumulated to test models such as
the BSW model. Evidence for the decays D ~E E
(Ref. 3) and D ~/Its (Ref. 4) indicated that the simplest
picture of D decay, where all diagrams except the spec-
tator are neglected, must be revised to include contribu-
tions from exchange diagrams as well as final-state rescat-
tering. The former decay, predicted to be identically zero
in exact SU(3), has been observed at a branching ratio of
0.1%, suggesting the presence of final-state interactions.
The branching ratio for the decay PE is zero in the
BSW model, in conflict with measurement (=0.85%).
The decays D ~K m and D ~K *

g are, in principle,
very similar to D ~K m, but with different spin and
isospin structures. These modes are also accessible
through the exchange diagram and therefore also give in-
formation on nonspectator effects. Figure 1 illustrates
some of the D decays we are investigating.

where p is in GeV/c. Photons are detected in the barrel
electromagnetic calorimeters, which cover 47% of the
solid angle and have an energy resolution of
crz/E =21%/&E (GeV). The angular resolution of the
calorimeter is approximately 10 mrad.

Hadronic events are selected using criteria which have
been discussed in detai1 elsewhere. Most importantly,
we require three or more tracks emanating from a point
close to the known primary vertex, along with the deposi-
tion of more than 250 MeV of energy in the barrel
shower calorimeter. We require that each particle have a
dE/dx pulse height in the drift chamber which is within
+2.5 standard deviations of the assumed particle identity
(either m., K, or p). Photons are defined as showers with
observed energies in excess of 100 MeV which are con-
tained within the fiducial volume of the barrel calorime-
ter and which are unmatched (within 0.1 rad) to the im-
pact point of charged tracks extrapolated out of the drift
chamber into the barrel calorimeter. If a pair of photons
has a mass within 2o (o.=30 MeV) of 135 MeV, we call
it a m candidate. We then perform a kinematic fit on the
photon pair, constraining the mass to the m mass. Our
m detection efficiency is typically 15% for vr 's from D 's
above x values (x =p /p, „) of 0.5. This detection
efficiency is primarily due to the product of geometric ac-
ceptance ( =50%), loss due to photons merging at high x
values (=50%), and the reconstruction efficiency for
each fiducially contained photon ( =80%). We note that,
for D modes which include the detection of neutrals, the
D mass resolution is substantially degraded by the poor
photon-energy resolution. Whereas D 's detected in all-
charged modes typically have a mass resolution of 30
MeV [full width at half maximum (FWHM)], the in-
clusion of a m. can increase this value by a factor of 3—4,
making the direct observation of the D a formidable
task. We can reduce the background substantially and
improve our sensitivity by requiring the D to come from
a parent D *+ in the decay D *+~D m+. We therefore
plot the difference in mass (hereinafter referred to as
"b,M") between the D and the D*+. The resolution in
hM is typically 2 MeV (FWHM) for the modes of in-
terest. In all that follows, we will require D (defined to
lie within 2cr of the D mass) candidates to be D*+
daughters. We determine hM by combining the candi-
date D with another pion in the same event. The back-
ground is taken into account by considering the D side-
bands (defined as 2.5 4 5crz on—ei.ther side of the D,
where 0 i, depends on the mode we are investigating).
Also critical in suppressing the background is the imposi-
tion of the requirement xz )0.5. This requirement pref-
erentially selects charmed particles, which have hard
fragmentation functions. In Fig. 2, we plot the D candi-
date mass versus AM for four of the D decay modes.
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We use the decay modes into all-charged final states for
purposes of normalization. It is obvious from these plots
that there are signals in all channels. It is also evident
that the peak for the D ~K m+~ mode is substantially
broader (as is AM) than for the all-charged decay modes.

THE DE~~~S Do~K —~+~o ~ND Do~~ o&o

Since we expect the decays D ~K ~+~ and
D ~K ~ to have high signal-to-noise ratios, we can use
these decays to verify that we understand the ~ detec-
tion efficiency by comparing our branching ratios with
previously tabulated results. " In Fig. 3, we display AM
for events fitting D ~Kz~ and the Kz~ invariant mass
for events having .hM consistent with a D originating
from a D*+. In order to determine the number of events
for D ~K m+~ and D K&m. , we fix the means and
widths of the D signals according to values obtained
from studies of Monte Carlo events, and fit the back-
ground according to two estimations of the background
beneath the signal. In one case, we use a simple second-
order polynomial to approximate the background shape
in the AM plot; in the second case, we plot the AM distri-
bution for events in the D sidebands. The discrepancy
between these two algorithms gives us an estimation of
the systematic dependence of our fina1 result on the
fitting technique used. As another check on systematics,
we compare the number of candidate events obtained by
fitting the AM distribution after the D requirement to
the number obtained by fitting the D distribution after
the AM requirement. We attribute a typical systematic
error of 10% arising from whether we fit the AM distri-
bution or the D mass distribution; the remainder of the
systematic error originates in the parametrization of the
background shape, as well as our choice of x cut for the
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FIG. 3. (a) hM for D ~K~~ requiring that the Kz m. invari-
ant mass lie in the D region, and (b) the D invariant mass after
cutting on AM.

mode we are measuring. The number of events for each
of these modes is obtained from the hM plots and are
presented in Table I, along with the relative efficiencies
and the resulting ratios of branching ratios. The branch-
ing ratios for D —+K m. +m and D ~E ~ obtained
from these ratios of branching ratios and Mark III results
for D —+K ~+ and D —+K m+m are given in Table
II. The agreement between our results and previous ex-
perimental results is satisfactory. We have folded into
our systematic uncertainty an error ( =25%%uo of our total
systematic error) which rejects our uncertainty in in-
terference between the K p+, K* ~+, K * m, and non-
resonant K m. +~ final states. This is evaluated by run-
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TABLE I. Summary of D decays.

D modes

K m+m /K
K Q~Q/K Q~+~-

K *QqQ/K-~+
K co/K m+m.

K ++a m+~ /K

Events

1050+48/2724+ 55
104.4+ 15.4/852+ 38
46.5+ 15.0/2724+ 55
39.9+12.2/852+38

158+21/852+ 38
167.4+ 19.0/4210+ 85

Rel. e

0.14+0.01
0.34+0.02

0.034+0.003
0.087+0.01
0.101+0.01
0.072+0.010

Ratio of branching ratios

2.8+0. 14+0.52
0.36+0.04+0.08
0 58 0. 19 Q'28

0.54+0. 14+0.16
1.85+0.26+0.30
0.55+0.07 Q'Q9

ning a Monte Carlo simulation of these decays according
to the parameters measured by the Mark III Collabora-
tion, then observing how our overall result changes with
variations in the measured Dalitz-plot parameters. As
Fig. 4 illustrates qualitatively, our data are consistent
with the expectation that this final state is dominated by
E p+, consistent with the Mark III results. We have
not undertaken a full Dalitz-plot analysis for this decay
owing to our large systematic error in this branching ra-
tio, as well as the poorer signal-to-noise ratio as com-
pared with the Mark III analysis.

THE DECAY D —+K

The decay D —+K *
g has been studied previously. To

date, there are upper limits on this decay from the
ARGUS Collaboration' (2.9% at 90%, confidence level)
and the E691 Collaboration (1.4% at 90% C.L.)." We
select g through the decay mode q~yy, as outlined
above for the m . Our efFiciency for reconstruction of the
g in the decay mode g~m m. +m. is only one-quarter the
efficiency in the yy mode, due to the lower momentum of
the photons from the m. in the former case and greater
likelihood of ~+/y overlap, as well as the relative g
branching ratios into these two decay modes. We there-
fore use only the g —+yy mode to reconstruct candidate
g's. We then combine g candidates with tracks assumed
to be K and m+ to form D candidates. For true
D —+E g decays, the E * must be polarized in the
helicity-zero state. The "polarization angle, " defined as
the angle 0 between the direction of one of the E '
daughters, measured in the E * rest frame, relative to
the direction of the E *,measured in the D frame, must
follow a cos 0 distribution. Accordingly, we require that

~cos8~ )0.4 in order to improve the signal-to-noise ratio.
In Fig. 5, we display the AM's for the D ~E m+g can-
didates as a function of the E m+ mass. 'There is peak-
ing evident in the E mass interval. To determine how
much of the observed peak is due to the two-body decay
E * g, we subtract the AM distribution for the E ' side-
band combinations from the AM distribution for the E *

candidates, normalized to the region outside of the nomi-
nal D"+ D* mass d-ifference (145.45 MeV), and fit the
resulting signal to a Gaussian with the width determined
from Monte Carlo calculations (in this case, 3.2 MeV
FWHM). The number of events remaining after sub-
tracting this background, and the ratio of

B(D ~K * rj) B(D ~K ~+)

are given in Table I, and the corresponding branching ra-
tio for D —+E *

g is given in Table II. As a check, we
show in Fig. 6 the same plot for the case where the E *

g
candidate mass falls into the D sideband region. No
peaking is observed.

The measurement of 2.3+0.7+& &% of the D —+E *
g

branching ratio, given in Table II, is consistent with pre-
dictions of Bauer et al. (3.0%) and of Donoghue'
( ~2.0%) but higher than the quantum chromodynamics
(QCD) sum-rule estimate of Blok et al. (0.3%). ' In-
terest in this decay mode centers around the possibility
that, if the branching ratio for this mode exceeds 2%, it
may be at least partially responsible for the large branch-
ing ratio observed for the decay mode D ~PKs. In such
a scheme, the K *

g state is produced through Fig. 1(a);
since the g contains substantial ss, the g can interact with
the E * through quark exchange to produce the
vector+ pseudoscalar final state PKs.

TABLE II. D decay branching ratios in %.

Mode

K

K co

K Q~+~-~Q

K m m m+m

Previous B

13.3+1~ 2+1.3
1.9+0.4+0.4
3.7+1.2 '

&1.4"
11.5+2.2+2. 8
5.2+0.7+0.6"

This expt.

11.5+0.6+2.4
2.3+0.4+0.5
3.4+0.9+1.0
2.3+0.7+i i

10.8+1.5+1.7
5.0+0.7+i

Q

Prediction'

13.8
2.4
2.7
3.0

Prediction"

15.0
1.5
1.5
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THE DECAYS D ~K m+m wm AND D ~K co

We search for the D in the final states K
and Kz~+~ ~ and, in the latter case, consider substruc-
ture in the ~ m+~ system. The decay K co has already
been observed by both the Mark III and ARGUS Colla-
borations with a sizable branching ratio [(3.2+ l. 3+0.8)%
and (4.2+1.6+0.9)%, respectively]. ' In the context of a
QCD sum-rule calculation, this branching ratio is expect-
ed to be on the order of 0.4%%uo,

' other theoretical predic-
tions for this mode vary between 2.7 (Ref. 2) and 3.0%. '

Figure 7 displays the hM for the D ~Kz~ ~+~ can-
didates, again plotted in separate M(n m+vP) intervals.
Integrating over all ~+~ m masses, we obtain a total
branching ratio of (10.8+1.5+1.7)% for the final state
K ~+a ~, consistent with the Mark III measurement
for this decay [(11.5+2.2+2.8)%]. We notice a clear sig-
nal in the ~ ~ ~ mass region consistent with the co

mass. By subtracting the co sideband contribution
(amounting to 10+10% of our observed signal), we ob-
tain a branching ratio of (3.4+0.9+1.0)% for the
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M(n ~+w ) is (a) less than, (b) consistent with, and (c) and (d)
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D ~E co decay mode, in good agreement with the
ARGUS and Mark III measurements. There is also a
peaking evident at large values of M(m m+m ). Monte
Carlo studies indicate that this peaking is consistent with
Kza& as well as K&~ ~+a. , where the three pions have a
phase-space invariant-mass distribution.

Decays of D mesons into a kaon plus four pions have
already been observed for bob'-the D+ and D, '"' albeit
with poor statistics. The E691 Collaboration" has re-
cently remeasured this branching ratio to be
(5.2+0.7+0.6)%. Figure 8 displays the candidate
K ~+~ ~+~ signal. Because of the larger combinator-
ic background in this case, we have made a cut of
xD )0.6 rather than the usual xD )0.5. We fit this distri-
bution to the sum of a Gaussian signal plus a background
obtained from the AM plot we obtain for events where
the kaon (which tags the flavor of the D /D ) and the
slow pion from D*+~D sr+ have the wrong-sign corre-
lation. We thereby determine the signal size to be
167+19 events. We have examined the possibility that
there is contamination from other sources, such as the
copious D —+K ~+m ~+ decay chains, by running a
Monte Carlo simulation of continuum cc events, where
we exclude the D ~K a+a ~+~ final state, and con-

sider a possible signal arising from real D daughters
paired with random ~ 's in the same event. Such a
Monte Carlo study indicates that this effect accounts for
less than 5% of our observed signal. Normalizing to the
signal we observe in D ~E m+m m. +, we derive an
overall branching ratio of (5.0+0.7+I o)% for the decay
D ~K rr+vr+m n (Table II), consistent with previous
measurements.

CONCLUSIONS

We have investigated D decays to several final states,
comparing with theoretical predictions for two-body de-
cay modes. The decay mode K ~ is observed with a
branching ratio in excess of expectations based on simple
color-matching requirements. It is interesting to note
that, if the exchange diagram and the spectator diagrams
were, in fact, of equal strength, we would expect a
branching ratio for K ~ of 2%, in agreement with our
observation. The QCD sum-rule prediction of 1% is
lower than our finding. We find K ~ at a level roughly
1.5 XE ~, generally consistent with the trend observed
in D decays where VP final states are favored over PP
final states. The decay mode K q is observed with a
branching ratio comparable to K ~ which is consistent
with models suggesting that this mode is feeding into
PKs. Owing to the fact that the rI contains both ss as
well as uu and dd components in its quark wave function,
this mode is accessible to diagrams which lead to both
the K vr as well as the K P final state. The mode
K sr+sr ~+~ is observed with a branching ratio of
=5%, roughly —,

' of the as yet unaccounted for exclusive
D final states. We find, in general, that the BSW model
seems to fit very well to all our observations, supporting
the viability of the hypothesis that destructive interfer-
ence between two D+ decay diagrams is responsible for
the longer lifetime of the D+ relative to the D .
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