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We report measurements of the decays D+ ~K m+, D+ ~K K+, and D,+ ~K K+ from Fer-
milab photoproduction experiment E691. The relative branching fractions obtained are
8(D+~K m+)/8(D+~K m+m+)=0. 274+0.030+0.Q31, B(D —+K K+)/8(D ~K m+)

=0.271+0.065+0039, and B(D,+ 1|.' K+ )/B {D,+ 4)m+ ) = 1.15+0.31+0.19.

Two-body pseudoscalar-pseudoscalar decays of
charmed mesons have been treated in detail in theory. '

We report observations of the decays D +~K ~+,
D+ ~E E+, and D,+ —+K K+, where the charge-
conjugate states are implicitly included. These decays are
observed in Fermilab experiment E691 using a high-
precision vertex detector, and, together with the decay
A,+~Am. + seen in the same experiment, represent the
first cases where silicon-microstrip vertex techniques
have been successfully applied to single-charged-track
charm-decay vertices.

The data on two-body decays are in qualitative agree-
ment with a pattern in which Cabibbo-allowed D+ de-
cays are suppressed by interference effects, since there are
two d quarks in the decay and therefore two amplitudes
which produce the same final state. Perturbative QCD,
at the quark level, predicts that the interference is des-
tructive, and possibly large enough to explain the large
D+-D lifetime difference. In the absence of interference
effects the ratio of branching ratios of D+~K K+ to
D+ ~K ~+ would be expected to be roughly given by
tan 0&, where Oc is the Cabibbo angle. The interference
picture predicts a substantially larger ratio, because there
is no interference in D+ ~K K+. The D, ~K K+ de-
cay is important in that it is the only pseudoscalar-
pseudoscalar D,+ decay which has been convincingly ob-
served to date.

The charmed-meson signals discussed in this paper
were extracted from 10 data events accumulated for the
experiment. The two magnet spectrometer had good ac-
ceptance and provided precision vertexing using high-

resolution silicon-microstrip detectors (SMD s). It had
good particle identification using gas threshold Cheren-
kov counters, electromagnetic and hadronic calorimeters,
and muon detectors, and good momentum resolution us-

ing a system of 35 drift-chamber planes. The detector is
discussed in detail elsewhere. ' The data were produced
by directing a bremsstrahlung photon beam with energies
of 70-260 GeV onto a 5-cm beryllium target, and events
with total transverse energy greater than 2.2 GeV were
selected. The transverse energy requirement rejected
70% of the background hadronic interactions while ac-
cepting 80% of the charm events.

The K sample was observed in the Kz ~sr+~ decay
channel. The candidate pion tracks in the K& decay were
restricted to the set of tracks found only in the drift
chambers since the ~+a. combinations containing SMD
tracks contributed only -20% of the reconstructed Ks's
and generated most of the neutral-particle background.
The K& sample used in the analyses (see Fig. 1) was
selected by requiring that the decay position of the neu-
tral vertex be greater than 5 cm downstream of the tar-
get, by requiring that the distance of closest approach of
the decay products be less than 0.5 cm, and by applying a
Cherenkov probability cut on the pions which eliminated
candidates that had been positively identified as a kaon or
a proton. A similar cut was applied to the bachelor pion
in the K ~+ decay candidates. The Cherenkov cut ap-
plied to the bachelor K+ in the K K+ combinations ex-
cluded track candidates with large pion probabilities.

The angle between the bachelor track and the charm
momentum vector in the center of mass of the charmed-
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FIG. 2. The vector distance between the production vertex
and the impact point of the bachelor track is shown (D „,).
The x-y laboratory plane is perpendicular to the beam direction,
contains the production vertex, and is intersected by the charm
decay plane as shown. The vector D;„is decomposed into two
parts: one parallel and one perpendicular to this line of inter-
section.

FIG. 1. Invariant ~+a mass spectrum. The signal was fit to
a Gaussian plus a linear background giving 12700+160 events,
for -0.5% of our data sample. Only m+~ combinations be-

tween 0.486 and 0.510 were used in the analyses.

particle candidate (8, m ) was then restricted such that
—7. &cos(9, ) &0.7, for all decay modes. This cut is
effective because the charmed rnesons decay isotropically
in their center of mass while the background peaks in the
forward and background directions. In the D+ ~E m+

channel, this cut eliminated -40% of the background
while reducing the acceptance by less than 10%.

'

The isolation of clean signals in these charm decays is
made possible by the use of the high-precision vertex
detector. In this experiment transverse vertex position
resolutions for vertices involving two or more charged
tracks were typically 20-30 pm, much smaller than typi-
cal decay-track impact parameters of about cv., where v is
the charmed-particle lifetime. The charm decays studied
here contained only a single charged track, and as a
consequence the vertex isolation procedure is more com-
plicated. In all cases, to avoid biases, the cuts were
defined by comparing Monte Carlo —simulated charm

events with background events from the experiment. The
cuts were chosen to give the maximum ratio of signal
from the Monte Carlo events to the square root of the
background.

The set of SMD tracks, excluding the bachelor track,
was used to form the production vertex. All vertices gen-
erated from this set of tracks with y /NDF &3 were
deemed candidates for production vertices. The non-
SMD tracks, and in particular, the Kz-decay products,
were not used in this track set because the position errors
assigned to these tracks were much worse than those as-
signed to SMD tracks. Shown in Fig. 2 is an x-y plane,
perpendicular to the photon beam direction, which con-
tains a candidate production vertex. Also shown in this
figure is the vector (D;„)from the candidate production
vertex to the impact point of the bachelor track in this
plane, as well as the line of intersection of this plane with
the charm decay plane. The charm decay plane was
defined using the momentum of the K& and the rnomen-
tum and position of the bachelor track. D;„was decom-
posed into two components, one contained in the decay
plane, the other perpendicular to it. The candidate pro-

E691

TABLE I. Ratios of D-meson branching ratios.

Others

B(D+—+K m+)

B(D+
B(D+-+K E+)
B(D+~K m+)

B(D,+~K E+)
8(D,+~Pm+)

0.274+0.030+0.031

0.271+0.06520.039

1.15+0.31+0.19

0.348+0.033+0.037 (Ref. 9)

0.317+0.086+0.048 (Ref. 9)

0.93+0.25+0. 10 (Ref. 8) 0.92+0.3220.20 (Ref. 9) 0.99+0.17+0.10 (Ref. 10)
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FIG. 3. Invariant K sr+ mass spectrum.
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FIG. 4. Invariant K K mass spectrum.

duction vertex associated with the smallest perpendicular
component was then chosen as the production vertex for
the event since, in the ideal case, the production vertex is
contained in the charm decay plane.

Good events have a small transverse component of
(D;„),and a large component in the decay plane since
the bachelor decay track does not come from the produc-
tion vertex. The transverse component was required to
be less than 80 pm for the E m+ combinations and less
than 100 pm for the I( E+ combinations. The com-
ponent contained in the charm decay plane had to be
greater than 120 pm for the K m+ and greater than 80
pm for the E K+ combinations since, for charm decays,
the bachelor track originates downstream of the produc-
tion vertex. The cuts were tighter for K m+ due to the
larger combinatorial factor.

We were able, at this point, to calculate a well-defined
secondary vertex position. Attaching the charm rnomen-
tum vector to the production vertex, we computed the
distance of closest approach between this new vector and
the bachelor track. This gave us the decay distance as
well. We then required that the decay distance be at least
80. downstream of the production vertex for the E m. +

combinations and at least 60 downstream for the K I( +

combinations, where o. is the combination in quadrature

of the errors on the production and secondary vertices.
The secondary vertex error was parametrized as the in-
verse of the opening angle of the charmed-decay products
times a constant (chosen by Monte Carlo studies).

The K m. + invariant-mass distribution is shown in Fig.
3. The signal is fit to a Gaussian plus a linear back-
ground, with the width fixed to 13.6 MeV/c, as predict-
ed by the Monte Carlo simulation. This fit gives 264+25
events with a mass of 1.869+0.002 GeV/c . The recon-
struction efficiency for this decay mode is 5.3%, as
determined by Monte Carlo simulation and by an evalu-
ation of the neutral-kaon detection efticiency using data.
With this signal, we obtain a relative branching ratio
of B(D+~K n+ )IB(D+ ~K m+m'+) =0.274%0.030
+0.031 which agrees with the Mark III measurement
given in Table I. Taking the Mark III value for
B(D+~K n.+n.+)= 00 19+ 0013+0.004 (Ref. 9) we
obtain B (D+ ~K m+ ) =0.025+0.00420.003, where the
statistical and systematic errors have been separately
combined in quadrature. The absolute branching frac-
tions are compared with the theoretical predictions in
Table II.

The K I( + invariant-mass distribution is shown in
Fig. 4. The spectrum is fit to the sum of two Gaussians
plus a quadratic background terxn. The mass and width

TABLE II. Absolute branching fractions: experiment and theory.

a(D+-K 0~+)
8(D ~K K+)

E691

0.025+0.004+0.003
0.0068+0.0020+0.0013

Theory

0.036 (Ref. 1), 0.02S (Ref. 2)
0.012 (Ref. 1), 0.005 (Ref. 2)
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of the erst Gaussian were set to 1.869 GeV/c and 11.3
MeV/c, while the mass and width of the second Gauss-
ian were set to 1.968 GeV/c and 12.7 MeV/c . The
widths were taken from the Monte Carlo simulation as
before. The fit with this function gives 69+15 events at
1.869 GeV/c and 68+16 events at 1.968 GeV/c . Be-
cause of the difference in the D+ and D,+ lifetimes, the
reconstruction efficiencies for these two decays were
5. 1%%uo and 2.4%, respectively. The branching ratio ob-
tained for the D+ decay was 8 (D + ~K IC+ ) /8 (D +

~K on+ ) =0.271+0.065+0.039 (Table I). Taking
the value for 8(D+~E n+) derived above, we obtain
8 (D+ K K+ ) =0.0068+0.0020+0.0013.

The D,+ decay yields the branching ratio 8 (D,+

~K K+)/B(D,+~tttn+) = 1.15+0.31+0.19. This
measurement agrees with the results given in Table I.
The systematic error assigned to the measurements of the
D+~K m+ and D,+~K K+ decay modes is dominat-
ed by the uncertainty in the detection efficiency for the
neutral-strange particles. This efficiency was determined
from a careful study of the data and has an error of 9%.
This uncertainty cancels out of the systematic error in

the measurement of 8(D+~IC K+)/8(D ~I7 m. +).
In summary, we have measured signals of 11.5o. in

the decay mode D+~K m. +, of 4.2o. in the decay
mode D+ ~K K+, and of 4.4cr in the decay
mode D,+ ~K K+. The value observed for the
relative branching fraction 8 (D +~K E+ ) /8 (D +

~E on+)( =0.271+0.065+0.039) supports the hy-
pothesis that interference is an important effect in D+ de-
cays. Given that the decay D+~K K+ is Cabibbo
suppressed, we expect this ratio to be of order
tan (8& }(-0.05 } in the absence of interference (or other)
effects.
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