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Search for the Rare Decays KL = pe and KL = ee
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0 rformed at the KEK 12-GeV Proton Syn-A search for the rare decays KI pe and KI. ee was per orme

chrotron. No event was observe d in the fiducial region for the decay Ki pe. There was one event in

d ca K ee, which was indistinguishable from the backgroun . e ppthe fiducial region for the ecay t ee, w ic wa
' ' '

n . e
limits on the branching ratios at 90% confidence level were B&KI pe & . x a

ee) & 1.6X10

PACS numbers: 13.20.Eb

The decay KI pe is a lepton-flavor-changing process
that is forbidden by the standard model with massless
neutrinos. Even in the minimal extension model which
introduces an experimentally allowed finite neutrino mass
and mixing among leptons like among quarks, the process
is highly suppressed [1] due to the smallness of the neu-
trino mass. Therefore, the decay Kl pe provides a
gooood means to search for new interactions, ], such as
the left-right symmetric model, new interactions among
generations, and the technicolor model. The decay
KI ee is allowed by the standard model, but it is muc
more suppressed than the decay KI pp due to the
muon-electron mass difference. The branching ratio of

—12the decay Kt ee is predicted to be (3-5) &10 [3 .
The sensitivity of this experiment for the decays Kt pe
and Kq ee is about 4x 10 ' ' and better than those pre-
viously achieved [4-7].

The experiment was carried out using the KO beam line

of the KEK 12-GeV Proton Synchrotron (PS). A neutral
beam was taken at 0 with respect to the primary proton
beam for the first three quarters of the running period,
and at 2 for the last quarter period. The beam was col-
limated into a cone (154 @sr) by two brass collimators
having a half-cone angle of 7 mrad. The average intensi-
ty of the primary proton beam impinging on a 120-mm-
long copper target was about 1.2x10' protons per pulse
(ppp) for the 0' production and 2.0X10 ppp for the 2
production. A 10-m-long vacuum chamber was located
at 10.5 m from the target and was evacuated to better
than 0.4 Torr. Figure 1 shows a plan view of the detector
system whose major features were described elsewhere
[7]. A beam pipe which was connected to the vacuum
h mber was placed along the central line of the double-

harm detector for transmitting the neutral beam. Eac
arm of the detector consisted of five drift chambers
8'1-8'5, two dipole magnets, two hodoscopes H1 and
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FIG. 1. Plan view of the detector system.
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H2, a gas Cherenkov counter, an electromagnetic shower
counter, and a muon identifier. To reduce the material in
the upstream part of the detector up to W5, two exit win-
dows of the vacuum chamber were made of thin film
(50-pm-thick polyester film supported by 60-mg/cm car-
bon cloth) and helium bags were placed between drift
chambers. Each drift chamber had four sense-wire
planes X, X', Y, and Y', where the 4" and Y' planes were
staggered by a half cell size with respect to the L and Y
planes, respectively. The two identical dipole magnets
were equally excited to have an integrated field strength
of 0.79 Tm in each arm. It corresponded to a trans-
verse-momentum kick of 238 MeV/c, so that the accep-
tance for three-body decays such as the K/3 decays could
be efficiently reduced, while maintaining relatively large
acceptances for the two-body decays by requiring that the
particles should be parallel to the Kl direction at the
hodoscopes. The radiator of the gas Cherenkov counter
was air at atmospheric pressure whose threshold momen-
tum for muons was 4.5 GeV/c. The electromagnetic
shower counter was made of ten alternate layers of 6-
mm-thick plastic scintillators and 8-mm-thick lead sheets.
The muon identifier consisted of four iron blocks with
thicknesses of 10, 50, 30, and 30 cm, each of which was
followed by a scintillator hodoscope.

The basic trigger was a coincidence between an Hl
counter and the corresponding H2 counter in both arms.
For the KI. pe, ee, and pp [8] triggers, additional
lepton-identifier signals for muons and/or electrons were
required. The muon signal was made by a matrix coin-
cidence between counters in the first two hodoscopes of
the muon identifier, which corresponded to the require-
ment that the momentum of the muon should be above
1.0 GeV/c. For the electron a signal corresponding to
more than one photoelectron in the gas Cherenkov
counter and a signal corresponding to the electron energy
above 500 MeV in the electromagnetic shower counter
were required. For the 2 production run the require-
ment of the electromagnetic shower counter was removed.
The trigger for the decay Kl z+z was made only by
the hodoscopes without particle identification. Since the
pions from the decay KI" z+z were bent slightly in-

ward, the H1-H2 coincidence requirement mentioned
above was relaxed so that either the coincidence between
an H1 counter and the corresponding H2 counter or the
adjacent one on the beam pipe side was required. This
trigger was prescaled typically by a factor of 500. No
veto was required for any of the triggers. The four decay
modes, KI pe, ee, pp, and z+z, were simultaneously
triggered and tagged. The total trigger rate was less than
100 per beam pulse. The dead time due to the inhibition
of the trigger was around 5% of the data-taking time.

In the oA'-line analysis track candidates were selected
from the hit positions in the drift chambers and the H1
and H2 hodoscopes in each arm. After fitting hit posi-
tions of each track candidate to a bent line, the most
probable track candidate was selected. A magnetic-field

map extending from Wl to W5 in each arm was used for
fitting hit positions of the track candidate to a smooth
track by the spline method. The track g was calculated
using an error matrix for the spectrometer in each arm to
check the track fitting quality. For the error matrix the
position resolution of the drift chambers (about 300 pm)
and the contribution from multiple Coulomb scattering
were taken into account. A nearly Hat probability distri-
bution of the track g was obtained. All tracks with re-
duced g (g /degree of freedom) of greater than 4 were
rejected. Furthermore, the momenta of a track measured
in the upstream and downstream halves of the spectrome-
ter were checked for consistency to reject a particle which
had decayed in Aight during the passage through the
spectrometer. The cut ()p„—p~+ (pd

—p()/p (0.06 was
used for this check, where p„pd, and p are the momenta
measured in the upstream (Wl —W3) and downstream
(W3-W5) halves of the spectrometer and in the whole
spectrometer (Wl-W5), respectively. The loss of the
genuine track by this cut was estimated to be 7% by a
Monte Carlo calculation. Only the tracks which survived
these cuts were used in the subsequent analysis. The
tracks in both arms were extrapolated in the upstream
direction and the point of their closest approach was
defined as the decay vertex. The angle 0 between the
target-to-vertex direction and the vector sum of the two-
track momenta was calculated.

In order to reject the background unassociated with the
Kl decays, the following cuts were applied to the recon-
structed events: (1) The distance between two tracks at
the decay vertex had to be less than 1.5 cm; (2) the ver-
tex point had to lie within the vacuum chamber and
within a beam cone of less than 250 psr; (3) the momen-
tum of each track had to be less than 4.5 GeV/c; and (4)
the ratio of the momentum of one track to that of the
other had to be within the range between 3 and 3. These
cuts were loose enough to pass more than 99% of the
genuine events, and their eAect on the relative efficiency
of the leptonic modes to the z+z mode was negligibly
small, as indicated by a Monte Carlo calculation.

For the purpose of particle identification of the tracks,
they were extrapolated in the downstream direction to
search for hits in the particle-identification counters. The
responses of these counters to pions, muons, and electrons
were calibrated by using well-identified particles from
samples of the K/3 decays in the x+x triggered data.
The muon requirement was based on the range-momen-
tum relation using the four layers of hodoscopes in the
muon identifier. For an electron a signal of at least two
photoelectrons in the gas Cherenkov counter and the en-
ergy deposit in the electromagnetic shower counter of
more than 0.7 times its momentum were required. Muon
identification was made by the presence of a proper signal
in the muon identifier and the absence of a proper elec-
tron signal in both the electromagnetic shower counter
and the gas Cherenkov counter. Electron identification
was made by the presence of a proper signal in both the
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electromagnetic shower counter and the gas Cherenkov
counter and the absence of a proper muon signal in the
muon identifier. The pion was identified by the absence
of a proper signal in both the gas Cherenkov counter and
the muon identifier. The eSciency of the muon identifier
and that of the electromagnetic shower counter were
determined as a function of particle momentum, and that
of the gas Cherenkov counter was determined as a func-
tion of the hit position. The average particle-identifica-
tion eSciencies for x+n, pe, and ee modes were
0.937+ 0.003, 0.744 ~ 0.005, and 0.730 ~ 0.004, respec-
tively.

Figure 2(a) shows a scatter plot of the effective mass
(M +„-) vs 8 for the z+7r events. The fiducial region
was defined as 493 & M, + —&502 MeV/c and 0 &3
mrad; the acceptable mass and angular ranges were
about 3 times their resolutions. The number of KI

++x events was determined by subtracting the num-

ber of background events from the number of events in

the fiducial region. It was 6.37X 10 after correcting for
the prescaling factor. The relative acceptances of the
same fiducial region for the pe and ee modes with respect
to the z+ rr mode were 0.939 ~ 0.009 and 0.940
+0.009, respectively. The average loss due to nuclear
interaction in the detector for the decay KJ z+x was
0.057~0.006. The correction for a different dead-time
eA'ect on the z+x mode from the leptonic modes was
(1.3+'0.3)%. By using the Kl. n+rr branching ratio
[4] of (2.03~0.04) X 10, the single-event sensitivity
was calculated to be (4.08+ 0.12) &&10 " for the decay
Kl. pe and (4.16+ 0.13)X 10 '' for the decay KI

ee. The errors are systematic.
Figure 2(b) shows a scatter plot of the effective mass

(M„,) vs 0 for the pe events. No event is seen in the
fiducial region. Thus the upper limit of the Kl pe
branching ratio at 90% confidence level which corre-
sponded to the presence of 2.3 events was determined to
be 9.4x10 '' with a systematic error of 3%. The num-

ber of background events in the fiducial region expected
from the main background source, which is the decay
Kl nev whose pion has decayed into a muon in the
spectrometer and from another source, the double
misidentification (rr e and e p), for the decay KL,

zev, is negligibly small.
There is one event in the fiducial region in the ee plot

as shown in Fig. 2(c). Figure 3(a) shows a plot of M„vs
p, over an extended mass region, where p, is the trans-
verse momentum of the ee system with respect to the
target-to-vertex direction. There are several high mass
events above a cluster of Kl xev events whose pion is
misidentified as an electron. Figure 3(b) shows a scatter
plot of ee events expected from a Monte Carlo calculation
which included the decays Kl. rrev, KL eey [9], and
KL eeee [10] as the background sources for ee events at
a 10 times greater sensitivity of this experiment. The
general shape of the Monte Carlo-generated event distri-
bution is quite similar to Fig. 3(a), and the high mass
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FIG. 2. (a) The z+x effective mass vs 62 plot based on a
representative sample of l000 events; (b) the pe effective mass
vs 0' plot; and (c) the ee effective mass vs 0' plot. Boxes in-

dicate the boundary of the fiducial region, 493 & M & 502
MeV/c and 8 & 3 mrad .
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FIG. 3. (a) The ee effective mass vs p, plot. (b) The ee
effective mass vs pi plot by a Monte Carlo calculation; contri-
bution from the decays Kt trev (Q), Kt eel (+), and
Kt eeee (0).

events in the actual data seem to come mainly from the
decays KI eey and KI eeee, the latter decay mode
being mostly responsible for the events in the M„)485
MeV/c region. The decay Kt eeee is theoretically
predicted [10],and two events have been observed recent-
ly [11]. The one event in the fiducial region is at the tail
end of the background distribution and cannot be dis-
tinguished from it at the level of one-event sensitivity.
Therefore, the upper limit of the KI ee branching ratio
at 90% confidence level which corresponded to the pres-
ence of 3.9 events was determined to be 1.6& 10
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