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Using data from the Fermilab photoproduction experiment E691, we have measured the branching
ratio for the decay Do Kono to be (5.0~0.8~0.9)%%u. We see no evidence for the decay
D K K and s~t a 90% confidence level upper limit of 0.12%. The large K x branching ratio
(relative to K n ) indicates either a lack of color suppression or significant elastic final-state
interactions. The upper limit on the K K mode indicates that final-state interactions mix final states
such as K+K or x+m into the K K less than 27% of the time at the 90% confidence level.
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INTRODUCTION

Final-state interactions in charmed particle weak
decays may seriously complicate the traditional inter-
pretation of experimental results [1-4]. These
interactions can be classified into two types: elastic, which
preserve final-state quark content, and inelastic, which
can change final-state quark content (transforming uuss
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to ddss, for instance). The major mechanisms of D
decays are illustrated in Fig. 1: spectator decays [Figs.
l(a) and l(b)l and W-exchange decays [Figs. 1(c) and
1(d)]. The weak annihilation mechanism does not
contribute to D decays due to the absence of flavor-
changing neutral currents. We present a measurement of
the decay D K x and an upper limit for the decay
D K K whose rates are sensitive to final-state
interactions.

The effect of elastic final-state interactions on D
decays can be explored by comparing the D Korr and
Do K z+ decay rates. Both decays proceed through
Cabibbo-allowed spectator diagrams: K z+ through an
outer W [Fig. 1(a)] and K n through an inner W [Fig.
1 (b)]. The weak parts of the two decays are identical and
the available phase space is almost identical. Any dif-
ference between the branching ratios of these two modes
would be evidence of quark recombination differences.
Simple color suppression arguments [3,4] predict the ratio
of K z to K z+ to be about 0.1. Lipkin [1],Donoghue
[3], and Bauer, Stech, and Wirbel [4] have argued that
elastic finate-state interactions can change the rela-
tive rates of these two decay modes by inducing a phase
shift between their isospin- —,

' and isospin- —', amplitudes.
Another possibility, sometimes called bleaching [5], is
that soft gluons could be exchanged between final-state
quarks to change their color, reducing any color
suppression.

The Cabibbo-suppressed decay D K K is sensitive
to inelastic final-state interactions. This decay cannot
proceed through a spectator amplitude alone; there is no u
quark in the final-state hadrons. Two W-exchange
diagrams [Figs. 1(c) and 1(d)] could contribute, but in
the absence of SU(2)-flavor symmetry breaking, their
amplitudes cancel each other through the Glashow-
Iliopoulos-Maiani (GIM) [2] mechanism. The K K
final state can be produced with inelastic final-state
interactions as illustrated in Fig. 2. The big S represents a
hadronic interaction which changes the dd pair into a uu
pair. If the D K Ko decay proceeds at a rate similar
to other Cabibbo-suppressed decays, inelastic final-state
interactions may be significant. If the rate is well below

U

Ln

FIG. 2. Mechanism to produce the decay D K K from a
spectator decay, using inelastic 6nal-state interactions. The big
S represents a hadronic interaction which changes the uu pair
into a dd pair.

other Cabibbo-suppressed rates, it could be explained by
SU(2)-flavor symmetry breaking. Such symmetry
breaking can occur through differences in the probability
of an ss or dd popping up from the vacuum. It may also
occur through a difference in the helicity suppression of
coupling a W vector boson to an s quark relative to that
for coupling to a d quark in the W-exchange diagrams
shown in Figs. 1(c) and 1(d).

EXPERIMENTAL SETUP

Fermilab experiment E691 was a photoproduction
experiment designed to study the production and decay
properties of charmed particles. Photons with energy
between 80 and 240 GeV interacted in a 5-cm beryllium
target. Reconstructed D 's produced from these inter-
actions generally had momenta between 30 and 120
GeV/c with an average momentum of 60 GeV/c.

Events were detected in the Tagged Photon Spec-
trometer (TPS), an open-geometry, two-magnet
spectrometer. Silicon microstrip detectors (SMD's) and
drift chambers tracked charged particles. Two threshold
Cerenkov counters, divided into a total of 60 cells,
provided particle identification. A segmented liquid
ionization calorimeter (SLIC) was used to measure
electromagnetic showers produced by electrons and
photons. The SLIC resolved shower centroids to about 3
mm and had a fractional energy resolution of about
21%/JF. (GeV). Mass resolutions were typically 8 and
12 MeV/c for Kg's and x 's, respectively. More
complete descriptions of the detector, of our particle
identification and vertexing algorithms, and of related
results are found in Refs. [6-9].

s 'i

(a) (b)

(c)

FIG. l. Feynman diagrams for weak charmed meson decays.
The dots mark the Cabibbo-suppressed vertices. (a) Outer-8'
spectator; (b) inner-W spectator; (c) and (d) are two of the
possible 8'-exchange diagrams. The curly brackets indicate how

quarks combine.

a4- X4i4

The D K x sample was obtained from the decay
chain D*+ D x+, D K x, K Kg x+z
x yy (charge conjugate states are implicitly included).
We required each m ~ pair to form a good downstream
vertex and to have an invariant mass within 17 MeV/c
(2tr) of the Ks mass [10]. The two photons each had
energy &2.0 GeV, satisfied geometric cuts to reduce
backgrounds from beam photons, and satisfied additional
cuts to accept only well-identified photons [10]. The yy
invariant mass was required to lie within 24 MeV/c (2a)
of the x mass.

All possible charged pions were individually combined
with each D candidate. The mass difference h M
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FIG. 3. Kgzo invariant mass histogram. The dashed line

shows the fitted background contribution under the signal.

M(Ksx z+) —M(Kgx ) was required to lie between
0.144 and 0.147 GeV/c, consistent with the hypothesis
D + D x+. This mass diff'erence requirement reduced
combinatorial backgrounds by a factor of 50, while losing
only 25% of the D 's. We also required (cos8, ( &0.7
where 8,m is the angle of the x momentum relative to
the D boost direction in the D rest frame. Our back-
ground tended to peak at cos8, near +1 and we had no
acceptance near —l. Except for acceptance, the signal
should be fiat in cos8, since the Ko and xo are in a rela-
tive s wave.

The Kvoxo invariant mass histogram, displayed in Fig. 3,
was fit to the sum of a Gaussian signal plus an exponential
background. The Gaussian width was fixed to that
calculated from our Monte Carlo simulation and the
central value fixed at the D mass. We find a signal of
119+'15 D Kgmo events. To compute the ratio of
D K ~ to D K x+, we corrected the signal for
the K Kg m+ n branching ratios and for our
reconstruction efficiency of (1.9~0.3)%. We divided by
our acceptance and efficiency corrected D + D x+,
D K z+ signal [9],giving

BD Krr 1.36 ~ 0.23+'0.22
B(D K e+)

Mass(K, Q) (GeV)

FIG. 4. Kgb invariant mass histogram. The dashed line

shows the signal level corresponding to our 90% C.L. upper
limit.

17 MeV/c2 (2o) of the Kg mass. The D —D mass
diA'erence, hN, was required to lie within the range
0.144-0.147 GeV/c . The KsKs invariant mass histo-
gram, shown in Fig. 4, was fit to the sum of a Gaussian
signal plus a linear background. The width was fixed to
that determined from our Monte Carlo simulation. The
central value was fixed to the D mass. There is no
evidence of a signal in the histogram, and we found
0.0~4.5 D K K events. We corrected this result for
the (6.3~0.8)% reconstruction efficiency for this decay
chain and for the K K KsKg and Kg m+x

branchin~ ratios. The K K Kgb branching ratio is
(not 4 ) because the K K must be in an even parity

state, and expanding this state in terms of the weak
eigenstates KP and KL leaves only the combinations Ks Kg
and KLKL [10]. Normalizing to Do K z+, we obtain
the 90% C.L. upper limit

B(D K K )
B(Do-K ~')

Using the Particle Data Group [11]value (3.71+'0.25)%
for B(D K z+), we obtain an 90% C.L. upper limit
of 0.12% for B(D K K ).

(~statistical~systematic, discussed below). Using the
Particle Data Group [11] value of 3.71 +' 0.25% for
B(D —K z+), we obtain B(D K x ) 5.0+ O.S
+ 0.9%.

a4- X4X4

The decay mode D K K was analyzed through the
decay chain D*+ D x+, D K K, K K Kgb,
K& x+~ . The analysis was similar to that for
D K x . Both Kg candidates were required to form
good downstream vertices and have invariant mass within

SYSTEMATIC ERRORS

There are several sources of systematic uncertainty in

these results. For both decay modes the uncertainty in
reconstruction eSciencies found using the Monte Carlo
simulation program in conjunction with correction factors
determined a posteriori dominate the uncertainties. For
most cases, the fractional error due to uncertainty in the
Monte Carlo simulation of charged tracks is less than 5%.
The accuracyof the Kg x+x reconstruction e%ciency
is less well known as the x tracks traverse only the drift
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TABLE I. Absolute D branching ratios (in percent) and ratios of branching ratios, or the corresponding 90% confidence level

upper limits, from other experiments, with the E691 results for comparison. The column labeled Theory I gives predictions including
final-state interactions; the column labeled Theory II gives predictions excluding final-state interactions.

Result
ARGUS

[i3]
CLEO

[i4]
Mark III

[16,17]
E400
[is] E691

Theory I
[2,4]

Theory II
[2,4]

B(D'- Kono)
Do Kotro)

B(D K n+)

2.3 + 0.4+ 0.05 1.9 + 0.4 + 0.4

0.55+' 0.06 ~ 0.07 0.45 ~ 0.10+0.10

5.0 ~ 0.8+ 0.9

1.36+0.23 ~ 0.22

2.4

0.43

0.24

0.1

B(D ~K K)
B(D ~K K)
B(D K+K )

& 0.11

& 0.24

0 1 3+0.07+0.02
~ -0.05 -0.02 & 0.46 0.10+' 0.08

0.20+ 0.15

& 0.12

& 0.27

0.30

0.50

chambers and not the SMD's. However, the per track per
plane efficiencies of the drift chambers in the Monte Carlo
program and in the data, after the tracks are found, agree
at the 1-2% level. We have determined that the sys-
tematic error in the K~ reconstruction efficiency is 9'
[10].

The accuracy of the x yy reconstruction efficiency
(used in the D K tr decay mode) was studied using
the four decay modes of K 's. From isospin, the tro

reconstruction efficiency can be determined relative to the
well understood tr+ efficiency using the relation [12]

N(K"-Ksn') N(K"-K'n')=2
N(K K tr+) N(K Kstr+)

Combining results of such a study with our Monte Carlo
simulation, we have determined a tr reconstruction
efficiency correction factor for which the systematic error
is 12%. We calculated the systematic errors reported for
the ratios of branching ratios as the sums in quadrature of
the uncertainties described above. For the absolute
branching ratios we also added (in quadrature) the
fractional errors in the denominator branching ratios
taken from the Particle Data Group.

than twice as large as the others, all three have compara-
ble fractional errors, both statistical and systematic. All
are marginally consistent with a value around 3%, and all
are consistent with the predictions made by Donoghue [3]
and by Bauer, Stech, and Wirbel [4] when elastic final-
state interactions are included, but lower than the largest
of Lipkin [1]. Since the weak components and available
phase spaces of the two decays are the same, any
diff'erence in the two branching ratios must lie in the
quark recombination process. Two possible explanations
are that any color suppression is reduced by elastic final-
state interactions or that color suppression is reduced by
bleaching.

A comparison of the measurements for D K K
which are sensitive to inelastic final-state interactions
shows that we and the ARGUS [13] Collaboration have
obtained 90% C.L. upper bounds which are about a factor
of 3 below the prediction of Pham [2]. The CLEO [14]
and E400 [15] Collaborations have observations at about
the same level as our upper limit. All the measurements
are consistent with a low level of inelastic final-state
interactions or with SU(2)-flavor symmetry breaking.
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