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A search for decays of the form K+ n+ yy was performed for pion kinetic energies between 117 and
127 MeY. A 90%-C.L. upper limit for the branching ratio of 8(K+—z+yy) &1.0X10 6 is set for
direct decays assuming a z+ energy distribution given by phase space. Limits are set for decays of the
type K+ x+X, X yy, where X is any short-lived neutral particle with mass smaller than 100
MeY/c'.

PACS numbers: 13.40.Hq, 13.25.+m, 14.80,6t

In this Letter we report the results of a search for the
rare decay K+ z+ yy from Experiment 787 at
Brookhaven National Laboratory (BNL). This signa-
ture arises from the direct decay process K+ z+ yy as
well as from decays of the form K+ z+X, X yy,
where X is a massive short-lived neutral scalar particle.

Various approaches' have been proposed to describe
the direct K+ x+yy decay. The predicted x+ energy
spectrum is model dependent and, in general, deviates
significantly from that of pure phase space. Standard-
model calculations performed in the framework of chiral
perturbation theory (ChPT) predict branching ratios in

the range of 10 -10 . The previous upper limit of
8(K+ z+ yy) & 8.4X 10 was determined from the
kinematic region 117~ T + ~ 127 MeV, by assuming a
pion phase-space spectrum.

The possibilities for X include a number of exotic
particles postulated by various authors. In addition, a
light Higgs boson decaying via Ho yy could appear in

this channel. The region of sensitivity for the X mass
m~o in this experiment is 0& m~0& 100 MeVjc . The
previous upper limit for decays of this type is 8(K+

z+X, X yy) & 1.4X10 for X lifetimes short-
er than 10 sec over a similar mass region.

Using stopped positive kaons, we searched for a signal
of the type K+ x+

y y in the kinematic region 117
~ T + ~ 127 MeV above the peak from K+ x+z

decay (T,+=108.7 MeV). This region was chosen to
avoid backgrounds from K+ z+x decay that arise
when the pion kinetic energy is reduced due to nuclear
interactions in the stopping target. Potential sources of
background are K+ p+x v, K+ p+ vy with an ac-

cidental photon, and the high-energy tail from K+
x+zn that is due to detector resolution effects.

K+ p+z v and K+ p+ vy events were rejected by
unambiguous identification of the charged pion and by
kinematic constraints placed on the pion and the two
photons. K+ n+rr decays were removed by con-
straining kinematic variables such as the pion range, en-

ergy, and momentum.
The experiment used kaons from the low-energy

separated beam line (LESB I) at the Alternating Gra-
dient Synchrotron (AGS) at BNL. The cylindrically
symmetric detector, whose side and end views are shown
in Fig. 1, was designed primarily to search for the decay
K+ z+ vv and is described elsewhere. Briefly, a
775-MeV/c kaon beam was slowed by a BeO degrader
and stopped in a segmented scintillating fiber target' lo-
cated at the center of the detector. Charged decay prod-
ucts were momentum analyzed in a cylindrical central
drift chamber" placed in a 1-T solenoidal magnetic field
aligned along the detector axis. Once through the drift
chamber they were stopped in a 15-layer scintillator
range stack which surrounded the drift chamber. The
2-m-long plastic scintillators were viewed by phototubes
at each end. These counters were used to measure the
kinetic energy and range. Two layers of multiwire pro-
portional wire chambers (RSPC) were imbedded in the
range stack to provide additional measurements of the
trajectories of charged tracks. Photons were detected in
an electromagnetic calorimeter array consisting of a bar-
rel section surrounding the range stack and a pair of
end-cap sections located upstream and downstream of
the drift chamber. The calorimeters consisted of alter-
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FIG. l. (a) Side and (b) end views of the E787 detector.

nating layers of 1 mm lead and 5 mm scintillator and

covered a solid angle of almost 4z. The barrel and end-

cap arrays had total thickness of 14 and 12 radiation
lengths, respectively. The barrel calorimeter had 48-fold
azimuthal and 4-fold radial segmentation and the end

cap had 24-fold azimuthal segmentation. The energy
resolution of the calorimeters was rJE/E 8/JE % (E in

GeV).
Range-stack scintillators in the pion stopping region

were instrumented with transient digitizers' (TD's),
which recorded phototube outputs every 2 nsec with an
8-bit dynamic range. The TD's covered a time window

of +'5 tusec with respect to the K+ decay time, provid-

ing a complete history of the x+ tu+ e+ decay
chain.

The trigger logic was organized in three levels of in-

creasing complexity and decision time. The level-0 logic
required a charged track to penetrate at least as far as
the ninth layer of the range stack, but no further than
the twelfth layer. This effectively imposed a range cut
and eliminated most K+ p+ v and K+ x+x
events. Level 0 also demanded at least 5 MeV of visible
photon energy in the barrel calorimeter or 10 MeV in the
end-cap calorimeter. Finally, in-flight kaon decays were
eliminated by requiring a decay time at least 2 nsec later
than the kaon stopping time. The level-1 logic refined
the range estimate of level 0 by taking into account the
track angle, determined using the RSPC z information,
and the target path length, determined by counting the

number of struck target elements. Level 1 also required
any additional range-stack energy outside the track to be
less than 12 MeV. This "extra energy cut" eliminated
events with photons showering in the range stack, there-
by simplifying subsequent stages in the trigger and in the
off-line analysis. The level-2 system included a mi-
croprocessor that summed the track energy in the range
stack and in the target, rejecting events with track ener-

gy greater than 142 MeV. Level 2 also used the TD
data from the pion stopping counter to distinguish pions
from muons by looking for evidence of a second pulse
arising from n+ tu+v decay using a relationship be-
tween pulse height and pulse area.

The off-line analysis searched for a charged pion and
two photon clusters consistent with the kinematics of
K+ a+yy. The program required exactly one positive
charged track in the target, in the drift chamber, and in

the range stack together with spatial matching at boun-
daries. To identify a pion, consistency of momentum,
energy, and range with empirically determined expecta-
tions for pions was required. In addition, the TD infor-
mation was used to observe the decay sequence of
z+ tu+ e+ for definite pion identification, as de-
scribed in Ref. 9. Further, in order to eliminate obvious
K+ x+z events, minimum range and energy cuts
were placed on the charged tracks.

The off-line time window for photons was ~8 and
~ 10 nsec with respect to the K+ decay time for the

barrel and end-cap calorimeters, respectively. Adjacent
struck modules were grouped into a single cluster as one
photon shower. The hit position in the plane perpendicu-
lar to the detector axis was determined by the azimuthal
and radial segmentation of the calorimeter modules.
The hit position along the detector axis in the barrel was
calculated from end-to-end time and energy differences.
The location of the photon shower was then obtained by
an energy-weighted average of the hit positions of all
modules belonging to the shower. Events that had fewer
than two photon clusters with energy more than 1 MeV
were rejected.

Remaining events were subjected to a kinematic fit for
consistency with K+ ++yy, including momentum and

energy conservation. For the charged tracks, additional
constraints required that the measured energy, range,
and momentum were consistent with a pion hypothesis.
Events that had a g confidence level [P(g )] greater
than 0.05 were accepted. The fit constraints served to
eliminate K+ p+z v and K+ p+vy events, since
the neutrino in such decays resulted in large missing en-
ergy. The invariant mass of the photon pair (m») was
calculated using the fitted values. The mass resolution
thus obtained was evaluated with photons from x decay
in a clean K+ z+ x sample, yielding a cr =8
MeV/c .

Figure 2 shows a plot of m» vs 1 —P(g ) for the final

sample of events. The vertical band at the x mass is
due to K+ x+x events that leaked through the range
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and energy cuts of the trigger and the off-line analysis.
The events concentrated at low P(g ) near the z mass
are either EC+ p+z v events or EC+ x+x events
that suff'ered from pion scattering in the detector materi-
al or from leaking photons. A final kinematic cut was

used to select a region of 0~ m»(100 MeV/c and

1
—P(g ) ~ 0.95. There are no events found in this re-

gion as shown in Fig. 2, which corresponds to pion kinet-
ic energies from 117 to the end point 127 MeV.

The data of Fig. 2 can be used to set limits on
K+ x+X, X yy. The acceptance was studied us-

ing Monte Carlo simulation and calibration data sets
taken during the run. For example, the acceptance fac-
tors of the extra energy cut and of the kinematic fit were
evaluated by using the data set of EC+ x+x decay.
Table I shows the acceptance factors for K+ x+X,

TABLE I. Acceptance factors for K+ z+X, X yy
and K+~ n+yy.

Category

Solid angle
x+ spectrum
z+ nuclear absorption
n+ decay in-flight
K+ n+ delayed

coincidence
n+ p+ TD tagging
p+ e+ TD tagging
Trigger efficiency
Extra energy cut
z+ reconstruction

y clustering and
kinematic fit

z+X"

0.21+ 0.01
0.88 ~ 0.09
0.55 ~ 0.02
0.92+ 0.02
0.79+ 0.02

0.61+ 0.05
0.79+ 0.02
0.94 w 0.04
0.45 + 0.01
0.60 ~ 0.04
0.61 + 0.02

x'yy

0.21 ~ 0.01
0.074 ~ 0.008
0.55+ 0.02
0.92 ~ 0.02
0.79+ 0.02

0.61 + 0.05
0.79+ 0.02
0.94 ~ 0.04
0.45 + 0.01
0.60+ 0.04
0.69+ 0.02

Net acceptance (5.5 +. 1.0) x 10 ' (5.2 ~ 0.9) x 10

'The case of m~0 50 MeV/c~ and r~0=10 '0 sec is shown.

m (MeV/c j

FIG. 2. Scatter plot of m» vs 1
—P(g') for the final sample

of K+ n+yy type of events.
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FIG. 3. The 90%-confidence-level upper limits for the
branching ratio of K+~ n+X, X ~ yy for diAerent X life-
times (r~o) as a function of mass (m~0). The dashed curve
shows the upper limit for the combined branching ratio for the
Higgs-boson decay K+ x+0, H yy.

X yy, in the case of a m~o of 50 MeV/c and a X
lifetime (r~o) of 10 ' sec. A total of 4.5x10 stopped
kaons was accumulated for the present analysis. The
overall systematic uncertainty in the acceptance is es-
timated to be +'20%. We have checked our methods of
calculating the acceptance by measuring the branching
ratios for K+ p+v and K+ x+z and find con-
sistency with established values.

Upper limits for X for diff'erent lifetimes as a func-
tion of m~0 are shown in Fig. 3. For instance, for X
with m~o of 50 MeV/c and r~o of 10 ' sec, the limit
of 10 is almost a tenfold improvement over previous
results. The limits for long-lived X are higher because
our acceptance falls off as the vertex of the X yy de-
cay is displaced from the K+ decay vertex. For smaller

masses, the sensitivity drops due to merging of the
two photons from the energy-boosted Xo. It is noted
that a search for L with long lifetimes using a K+

z+vv type of analysis has already been reported in

Ref. 9.
A limit can also be placed on a light Higgs boson

(H ) in the minimal standard model in the mass region
of mHO ( 100 MeV/c . Other experiments covering
similar Higgs-boson mass regions have been reported. '

Assuming the mass dependence of the Higgs-boson life-
time given in Ref. 14, the upper limit for the combined
branching ratio 8(K+ rr H, H yy) is shown as
a dashed line in Fig. 3.

For the x+ spectrum from direct IC+ z+yy decay
calculated with a phase-space distribution (assutning a
unit matrix element as in Ref. 7), Table I shows that the
net acceptance is 5.2x10 . Since no events were ob-
served in the signal region, we set a 90%-confidence-level
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upper limit for the branching ratio, 8(K+ n yy)
& 1.0x10 . However, the spectrum is strongly model

dependent and could be quite different from the phase-

space distribution. For instance, by taking the ChPT
distribution assumed in Ref. 5, the net acceptance would

be 3.4x10, resulting in a branching-ratio upper limit

of 1.5x10 . This limit is still 3 orders of magnitude

higher than the ChPT prediction. For the phenomeno-

logical model incorporating broken SU(3) symmetry

whose predictions for K+ tr+yy were not ruled out by

previous experiments, our result sets an upper limit of
2.3x IO which is not consistent with the predicted

range of branching ratios of (6-20) &&10 . Other mod-

els such as the axial-vector-dominance model' and the

pole modes with virtual tr or ri intermediate states have

been ruled out by earlier experiments and are similarly

inconsistent with the present results.
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