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Measurements of the branching ratios of ten Cabibbo-suppressed hadronic weak decays of the
D+ and D are presented from data collected with the Mark III detector at SPEAR. In addition to
the previously observed channels D E K+ and 7r 7r+, we report new measurements of
Do vr sr+pro and 7r m+n sr+, and D+ K~K+, 7ro7r+, K (892)K+, rf&7r+, K K+7r+, and
~- m+vr+.
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We present measurements of Cabibbo-suppressed
hadronic weak decays of the D+ and Do Measure-.
ments of D+ and D semileptonic branching frac-
tions, ' as well as direct decay-length measurements,
indicate a substantial difference between D+ and D
lifetimes, suggesting the presence of distinct nonlep-
tonic processes which enhance the D and suppress the
D+ width. Thus, a further understanding of the D-
decay mechanism requires a systematic study of the
hadronic decays. The measurements we report address
three aspects of these decays: the contribution of
Cabibbo-suppressed decays to the total widths of the
D+ and Do, the importance of interference between
final-state amplitudes in D+ decays, and the presence
of nonperturbative effects in both D+ and D decays.

The data (9.2 pb ') were collected near the peak of
the Q(3770) resonance with the Mark III detectors at
the e+ e storage ring SPEAR. The analyses of the
Cabibbo-favored D decay to K 7r+, and the
suppressed decays to m m+ and K K+, proceed as
follows: All charged tracks used to reconstruct a chan-
nel are required to originate within a fiducial volume
of radius 30 mm and length 160 mm centered on the
interaction point, and to lie within the region covered
by the time-of-flight (TOF) system, ~

cosH
~

~ 0.76
(where H is the polar angle). The two-body decays of
the D produce at least one track with a large momen-
tum ( —1 GeV/c), for which 7r/K misidentification
becomes significant. We therefore employ a technique
which separates the signal and misidentification peaks
within a single plot by taking advantage of the thresh-

old production of the D D pairs. At threshold, the
invariant mass of pairs of tracks arising from real
K 7r+ decays is insensitive to the interchange of the
m and K particle assignments, while a single misidenti-
fication results in a narrow reflection peak separated by
+0.120 GeV/c2 from the Do mass. Hence, for each

channel, pairs of oppositely charged tracks are arbi-
trarily assigned both 7t. and K identities, as long as nei-
ther track has a normalized TOF weight exceeding
70'/o for the alternate assignment. As D 's produced at
the Q(3770) have a unique momentum (PD=0.276
GeV/c), we require that all pairs of tracks satisfy
~Pv„„PD ~

~ 0.050—GeV/c, further reducing combina-
torial background. Pairs satisfying all other cuts, but
having momenta such that 0.060 ~

~ P„„,—PD ~~ 0.110 GeV/c, provide a sample representative of
the background shape through the signal region.

The signals at 1.864 GeV/c are shown in Fig. 1,
along with well-separated reflection peaks arising from
particle misidentification. The number of signal and
background events is determined by a maximum-
likelihood fit. The mass and width obtained from the
dominant K ~+ channel are used in the fits for the
suppressed channels K K+ and m- ~+. An addition-
al Gaussian is introduced to account for each reflection
peak. The background shape (dashed curve) is
derived from the adjacent momentum bands; the mag-
nitude is allowed to vary in the fit. In the regions
where both signals and reflections are absent, the
background curve so derived is seen to provide an ex-
cellent representation of the data. We find 39 +12
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FIG. 1. Invariant mass for K K+, K vs+, and m m+,
Here and throughout this paper, we adopt the convention
that reference to a particle state also implies reference to its
charge conjugate.

7r m+, 1091 +36 K m+, and 118 +15 K K+
events.

The relative acceptance is determined by a Monte
Carlo simulation of DD production and decay, and
detector response. After corrections we find

= 0.122 + 0.018 + 0.012,r(D'- K-~+

= Q.033 + 0.01Q + 0.006,r(D'- K-~+)
where the errors are statistical and systematic, respec-
tively. By normalizing the suppressed decays to a simi-
lar allowed mode, we cancel many systematic uncer-

tainties. The residual error arises almost equally from
uncertainties in the background shape, the fitting pro-
cedure, and the acceptance correction.

The same technique is employed to analyze the de-
cays D+ E vr + and E E+, where the E is identi-
fied through the Kq ~+~ decay. Fits to the
resulting mass plots (Fig. 2) yield 141 +13 Kso7r+ and
31 +8 KsoK+ events. Correcting for relative efficien-
cy, we obtain

r D+-K'K+ = 0.317 + 0.086 + 0.048.r(D+- K'~+)
The analyses of the decays D+ m 7r+7r+ and

K K+ m+ proceed as in the two-body cases. In the
7r+7r+ analysis, a cut on the mass of each vr+m

combination is imposed to eliminate feed-down from
the Cabibbo-allowed channel D+ Ks 7r+ where
Ezo m+m . Fits to the resulting three-body com-
binations (Fig. 3) yield 57 +21 m m+7r+, 1037 +36
K 7r+7r+, and 78 + 13 K K+7r+ events. The
pseudoscalar-vector components [pm+ and
K" (892)K+] of the K K+m+ final state are isolated
from the nonresonant component by additional cuts on
the K+ K mass for the $m + decay, and on the
K m+ mass for the E' E+ decays. In the latter, a
cut on the decay angular distribution is also made to
further reduce overlap with the nonresonant
K K+ m. + component. Figure 3 also shows the
K K+m+ mass after these cuts. There are 22+5
@m + events and 19 + 5 K'OK+ events at the D+
mass. We estimate by Monte Carlo methods that
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FIG. 3. Invariant mass for vr vr+m+, K 7T+7I+, and
IC K+7r+. K K+7r+ events remaining after (a) K' and
(b) @ cuts.

1.() + ().4 and 5.0 + 2.0 events from nonresonant
K+m+ contaminate the $7r+ and K* K+ signals,

respectively. Correcting for this overlap and the
overall detection efficiency we find

= 0.042 + 0.016 + 0.01Q,
I (D+ —K-~+~+)

nonrt:s."'"""= 0.059+ 0.026 + 0.009,I.(D+ —K-~+~+)
I D+- —= 0.084 + 0.021 + 0.011,r (D+ —K- ~+~+ )

= 0.048 + Q.021 + 0.011.
I (D+ —K ~+~+)

The decays D+
D m vr+m sr+ are subject to large combinatorial
backgrounds when analyzed by the previous technique.
We therefore select events in which one D meson has
been identified in a Cabibbo-allowed decay mode
(1729 + 20 D+ D and 3762 + 42 D D events), and
evaluate only combinations of the charged tracks and
photons belonging to the recoiling D.9 For the modes
m m+ and ~ m+mo, appropriate combinations are fit-
ted under the two constraints of beam energy and ~
mass, while for ~ 7t. +sr ~+, only the former con-
straint is used. To reject background further, a cut on
total momentum ( +0.08Q GeV/c) is imposed in each
event. Background from the Cabibbo-allowed mode
K ~+~ is eliminated by TOF cuts, and that from
K m and K vr+m, where K~ sr+sr, by cuts on
the m+7r mass (0.498 +0.030 GeV/c2). One event
of mass 1.869 GeVl c, consistent with the decay
D+ 7ro7r+, is observed in the range 1.8 to 1.9

0 l
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Moss (GeV/C2)

l.90

FIG. 4. Mass distribution using the beam energy con-
straint, for m m+~0 and ~ —~+~ —~+

GeVlc, yielding an upper limit (including systematic
errors) of 4.2 events at 90/o confidence level, or a
branching ratio B(D+ m m. +) ~ 0.53%. Using the
branching ratio B(D+ ~ K m. +) =2.5%, ' we obtain

r(D+- ~'~') ( 0.21 at 90o/o confidence level.
I D+ Km+

Fitting to ~ ~+~ and ~ ~+ m ~+ with the expect-
ed mass resolution and a flat background (Fig. 4), we
find 10+3 and 9+3 events, or branching ratios
B(Do 7r 7r+7r ) = (1.1+0 4+0 2)ol and B(D

rr 7r+m rr+) = (1.5 +0.6+0.2)%. The ten
events in the ~ ~+~ mode are consistent with the
decayD ~pm.

These measurements provide new insights into the
mechanism of nonleptonic D decays. Exact SU(3)
symmetry predicts the equality of I (Do m rr+)
and I (Da K K+ )." The inequality previously ob-
served' is confirmed here with improved precision.
Several distinct effects could contribute to this ine-
quality. The long B-meson lifetime rules out signifi-
cant contributions from the other quark sectors. '

Quark-mass effects are likely to be small. ' Final-state
interactions breaking SU(3) symmetry could, howev-
er, account for the difference. ' If the observed in-
equality is taken to reflect the scale of SU(3)—
nonconserving effects, then our observation of the
large ratio I (D+ K K+)/I (D+ K 7r+) and the
smaller ratio I (D+ 7r sr+)/I (D+ K m. +) sug-
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gests that destructive interference between two-body
D+-decay amplitudes may contribute significantly to
the difference in D+ and D lifetimes. ' Such in-
terference is possible in the amplitudes for both
D+ A sr+ and D+ m 7r+, but not in that for
D+ K K+. The magnitudes of the observed ratios
could then be attributed to an effective enhancement
of the part of the charm-changing weak Hamiltonian
that transforms as a 20-piet. '6

Previous measurements" have shown that the de-
cay Do Ko7ro, which was expected to suffer strong
color suppression in the presence of hard-gluon correc-
tions to the weak Hamiltonian, ' proceeds at a rate
comparable to Do E 7r+. The decay D+ @7r+,
also expected to be color suppressed in this picture, ts

is found to proceed at a rate comparable to other
Cabibbo-suppressed D+ decays. This suggests that
color suppression is inoperative in the D+ system as
well, and hence that nonperturbative effects, '9 which
could modify the color structure in both Do and D+
decays and thereby alter the total widths, may play a
significant role.
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