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A search for the decays K*¥ — ntvw and KT — #ntX?, where X° is any weakly interacting
neutral particle or system of neutral particles with 150 < Mxo < 250 MeV/ ¢?, was performed in
the pion kinematic region below the Kr2 (K* — 7+7°) peak. An upper limit on B(K* — n+uD)
is set at 1.7 x 1078 (90% C.L.) and B(K+ — xtX?) is restricted to the 10™7 level or lower. Limits
are also set for the production of K+ — « ¥ through scalar or tensor interactions at 1.8 x 1078

and 1.0 x 1078 (90% C.L.), respectively.
PACS number(s): 13.20.Eb, 14.80.Gt, 14.80.Pb

The first-order forbidden flavor-changing neutral cur-
rent process K+ — ¥ is allowed at second order in
the standard model of weak interactions due to the in-
complete cancellation of diagrams with internal loops in-
volving quarks of unequal masses. The hadronic contri-
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bution to this decay can be reliably determined through
its isospin conjugate decay mode K+ — m%etw,, and
long distance effects have been shown to be negligible [1].
Thus, K+ — ntvr is highly sensitive to the parameters
of the Cabibbo-Kobayashi-Maskawa quark mixing ma-
trix, and may provide an unambiguous determination of
|Vza|, once the mass of the top quark is known. The pre-
dicted branching ratio [2] from the standard model is in
the range B(Kt — ntvp) = (Kt — otuD) /T(KT —
all) =(0.6-6)x 10710, Observation of this decay mode in
excess of the predicted rate would suggest the existence
of new phenomena [3].

Results have been reported [4] from our study of K+ —
#+U7 in the kinematic region above the K+ — #+a0
(Kr2) peak (region 1). The n* from Kj; decay has a
kinetic energy, momentum, and range in plastic scintil-
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FIG. 1. Charged-track momentum distribution of the top
seven decay modes of the K+. The branching ratio for each
mode is indicated in parentheses. The dashed line shows the
K+ — 7t uD spectrum.

lator of 108 MeV, 205 MeV/¢, and 30 cm, respectively.
In this paper, we report our first results of a search in
the region below the K, o peak (region 2). Although re-
gion 2 is susceptible to additional background sources, it
has larger potential acceptance than region 1 since the
available phase space is more than twice as large and the
loss of pions due to nuclear interactions in the detector is
smaller at lower pion energies. A measurement in region
2 would help to determine the spectrum of K+ — 7tuv
and region 2 has better sensitivity than region 1 to cer-
tain kinds of new physics, such as new tensor or scalar in-
teractions, and production of massive, weakly interacting
neutral particles (150 < Mxo < 250 MeV/c?) [5]. For ex-
ample, the production cross section of Majorons [6] is en-
hanced in the kinematic region below the K, peak. The
previous experimental upper limit on the K+ — xtuw
branching ratio using region 2 was 9.4 x 10~7 (90% C.L.)
[7].

The momentum distribution of charged particles in K+
decays at rest is shown in Fig. 1 for the seven most prob-
able branches, along with K+ — ntuvv. After K+ —
pty, (Ku2) and K+ — etwy, decays are eliminated by
kinematics, all the remaining single charged-track decay
modes contain photons, except for K+ — ntvo. Effi-
ciency for detecting photons is limited by photonuclear
interactions and constrains the extent to which the copi-
ous background process K, can be rejected. Therefore
our search for KT — ntu7 has excluded the kinematic
region of the Ko monochromatic peak. The remaining
phase space of interest is divided into region 1, between
the KT — n+#x0 and K+ — pty, peaks, and region 2,
between the K+ — 7w+ 7° peak and the end point of the
Kt — wtn%7® spectrum. In region 2, the only back-
ground processes from kaon decays 1nv01v1ng charged pi-
ons are K™ — 7+ 7%, the rare and as yet unseen decay
[8] K* — wtyy, and those Ky decays in which the
7t loses some of its energy through nuclear interactions
in the detector material. The latter can be rejected by
detecting the interaction products or a kink in the 7+
track. Generally, backgrounds in region 2 can be dealt
with via photon vetoing, kinematic analysis, and particle
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"FIG. 2. Schematic side view showing the cross section of
the upper half of the E787 detector.

identification using the decay chain 7+ — u*y, followed
by p* — et 7, (r — p — e).

The experiment was performed at the Alternating Gra-
dient Synchrotron (AGS) at Brookhaven National Lab-
oratory. Details of the detector, shown schematically in
Fig. 2, are described elsewhere [9]. An 800 MeV/c K+
beam passed through a BeO degrader and a beam counter
system, and stopped in a finely segmented target of plas-
tic scintillating fibers. Typically 2 x 10° kaons per 1.4-s
AGS pulse stopped in the target, which was surrounded
by a cylindrical drift chamber providing an average total
momentum resolution in the 1-T axial magnetic field of
3% at 200 MeV/e for charged decay products from the
target. The fiducial region of about 27 sr was defined by
plastic scintillation trigger counters (I and T counters)
located at the inner and outer radii of the drift cham-
ber. Pions stopped in a cylindrical array of plastic scin-
tillation counters (range stack), where kinetic energy and
range were measured. The range stack was divided in 24
azimuthal sectors and 14 radial layers. The first three
layers (A, B, and C counters, in order of increasing ra-
dius) were 7.6, 5.7, and 3.8 cm thick, respectively; the
remaining layers were 1.9 cm thick. Phototube signals
from the range stack counters were recorded with 500-
MHz transient digitizers (TD’s) to detect the m — p — e
decay chain. The path of the 7+ was almost entirely in
active material, which facilitated the measurement of the
n+ kinetic energy and detection of nuclear interactions.
To veto events with photons, the outermost part of the
detector, covering nearly 4 sr, consisted of a 12-14 radi-
ation length lead-plastic scintillator sandwich calorimeter
[10].

A multilevel trigger was used to select K+ — ntup
candidates. The incoming K+ was identified by a hit in
a Cerenkov counter and its decay was signaled by a de-
layed coincidence between an I counter and the Cerenkov
counter. Charged particles were required to trigger the
T and A counters of a range stack sector and to stop
at a radial depth between 7.6 and 19 cm from the T
counter, in order to eliminate long-range K2 and short-
range K¥ — 7w decays. Vetoing events W1th photon
hits in the calorimeter suppressed K g, Kt — o ;1.+V ,
and K+ — n%%wv, decays. The main backgrounds sur-
viving at this stage were K+ — ptwv,v decays in which
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the photon was undetected, and K+ — #atxta~ de-
cays in which a pion interacted in the first 7.6 ¢m of
the range stack producing a secondary product that ex-
tended the track beyond 7.6 cm. At the next trigger level,
K+ — pwtata~ decays were suppressed by rejecting ex-
tra tracks using the number of hit elements in the target.
A photon cut in the range stack outside the charged-
track region was also applied. At the third trigger level,
Kt — pty,y and Kt — atrtzr~ decays were further
suppressed by a fast algorithm requiring evidence for a
7w+ — pty, decay in the TD data of the outermost hit
range-stack layer. The final trigger rate was a few Hz. A
total of 5.3 x 100 stopped K*’s were accumulated.

In the initial stage of off-line analysis, & single charged
track was required in the target, drift chamber, and range
stack. Cuts on extra activity in coincidence with the
charged track were applied in the target, range stack, and
lead-scintillator sandwich counters to eliminate events
with photons as well as additional tracks. Tight con-
straints were applied to the energy deposition pattern of
the outgoing track in the target. This was especially im-
portant to suppress K o events with 71 nuclear interac-
tions. The TD pulse shapes from both ends of the range-
stack stopping counter were examined by a detailed fit
for a second pulse consistent with a 4-MeV muon from
the 7t — pty, decay. An electron signal from the sub-
sequent pu+ — ety,.7, decay originating from the stop-
ping region was also required. This tagging eliminated
lepton tracks as well as pions undergoing nuclear absorp-
tion. The kinematic consistency among the momentum,
kinetic energy, and range also served to suppress these
backgrounds. Events with beam pions that scattered into
the range stack and kaon in-flight decays were suppressed
by requiring a delayed coincidence in the segmented tar-
get between the signals identified as K+ and nt. Beam
pions were also suppressed by detecting extra activity in
a Cerenkov counter and in a plastic scintillation counter
(B4) in front of the target at the time of the track in the
range stack.

In the final stage of analysis, several additional types
of backgrounds were identified and suppressed. The most
prominent was due to K, o decay with the % interact-
ing in the target elements assigned to the K™, hiding
the extra energy. In particular, if the initial 7+ direction
was along the beam axis, photons had a greater probabil-
ity of escaping detection through the beam hole. Those
events were suppressed by a cut on extra energy in ac-
tive elements along the beam axis at the time of the 7.
To detect extra energy in the K+ elements in the tar-
get, a cut based on consistency between the range of
the K+ in the target as determined by finding the de-
cay vertex using the drift chamber track, and the ranges
inferred by the energy loss of the K+ in the B4 counter
and in the target, was applied. Remaining background
from K+ — p*u,v decays was eliminated by tighter con-
straints on m — u tagging determined from a study of
this mode using a calibration data sample. The third
source of background identified was due to Ko decays
where the m* scattered in an end plate of the drift cham-
ber; these were eliminated by applying cuts on the track

position at the outer wall of the drift chamber as mea-
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TABLE 1. Acceptance factors. Each table entry repre-
sents the acceptance from a number of related cuts.

Category Acceptance
Solid angle 0.36
xt Spectrum 0.30
=% nuclear absorption 0.75
7t decay in flight 0.92
K* — 7% delayed coincidence 0.71
Trigger efficiency 0.61
Offline reconstruction 0.62
at — ut TD tagging ) 050
pt — et TD tagging 0.75
7 kinematic consistency 0.84
Extra activity in the target 0.70
Accidental vetoes 0.59

Net acceptance 0.0026

sured in the drift chamber and the range-stack counters.
Each cut was obtained by independent background study
rather than by reference to individusal candidate events.
The expected background from all the sources mentioned
was approximately one event or less for the entire data
sample.
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FIG. 3. (a) Momentum vs kinetic energy for events satis-

fying the selection criteria (see text) and (b) having, in addi-
tion, measured range R, < 27 cm. The dashed rectangle in-
dicates the search region for K* — 7+, The dotted curves
on the projection axes indicate the standard model spectrum
for this process, folded with experimental resolution and ac-

ceptance.
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Acceptance for K+ — 777 was measured using sam-
ples of K2 and Ko events, and events where beam pi-
ons scattered into the range stack, which were collected
simultaneously with the K+ — ntuD data. A Monte
Carlo simulation was used to determine the geometrical
acceptance and the loss of 7+’s due to nuclear absorption
and in-flight decay. The kaon flux was determined from
the number of K3 decays observed. This number was
consistent with the measured number of stopped K1's
in the target, confirming the validity of the geometric ac-
ceptance in the Monte Carlo simulation. To test the nu-
clear absorption and in-flight decay simulation, the K o
branching ratio was measured. The value obtained was
0.215 £ 0.005, where the error is statistical, and is con-
sistent with the established value [11] of 0.2117 £0.0016.
Acceptance factors for groups of cuts are summarized in
TableI. Background rejection in region 2 required tighter
cuts than in region 1 [4], resulting in a slightly smaller
net acceptance of 0.0026. The statistical uncertainty is
less than 2.5% for all items in Table I; the estimated total
uncertainty is 10%.

Figure 3(a) shows the charged-track momentum versus
kinetic energy for events satisfying the selection criteria
above; Fig. 3(b) shows the same distribution with the
additional requirement that the measured range be less
than 27 cm. The dashed rectangle indicates the search
region for KT — ntuvw (Tp+ < 100 MeV, P+ < 192
MeV/c, and R,+ < 27 cm). There are no events in the
search region. In both Figs. 3(a) and 3(b), events outside
of the search region are consistent with K2 decays in
which the photons were not observed.

Based on no observed events after energy, momentum,
and range cuts, we obtain a 90% confidence level up-
per limit of B(K+ — m+uvp) < 1.7 x 1078, assuming a
standard model spectrum. This is a factor of 55 improve-
ment on the previous search [7] in this kinematic region.
As reported in Ref. [4], combining this result with the
limit in region 1, a 90% confidence level upper limit of
B(Kt — ntup) < 5.2 x 107° is obtained.

Branching ratio upper limits (90% C.L.} can be ex-
tracted for some physics processes beyond the standard
model. A Monte Carlo simulation of these processes pro-
vided the necessary corrections to the acceptance. For
the production of K+ — ntuv¥ through a scalar or ten-
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FIG. 4. 90% C.L. upper limit for B(K* — 77X°) as a
function of Mo, the mass of the recoiling system, along with
previous results from this experiment. The dashed, dotted,
and full lines are from Ref. [4], Ref. [12], and this analysis,
respectively. The dashed-dotted line shows the previous result
from Ref. [13].

sor interaction, the limits are 1.8 x 10~8 and 1.0 x 10~8,
respectively, for region 1 and region 2 combined. Region
2 has an order of magnitude more sensitivity than region
1 for these processes and therefore is the main contribu-
tor to these limits. This measurement is also sensitive to
K+ — X0 where X is a hypothetical weakly inter-
acting particle (or system of particles). Figure 4 shows
limits on B(K+ — n*tX0%) together with the previous
limits from Ref. [4], assuming X° has infinite lifetime. In
the region of Mxo ~ Mo, the limit is derived from our
reported limit on the process #° — v¥ [12]. Also shown
is the previous result covering the range 0 < Mxo < 250
MeV/c? [13].
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