
VOLUME 76, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 3 JUNE 1996

Y. Zou

4

First Evidence for the DecayKL ! e1e2m1m2

P. Gu, P. Haas, W. P. Hogan, S. K. Kim, J. N. Matthews, S. S. Myung, S. Schnetzer,* G. B. Thomson, and
Rutgers University, Piscataway, New Jersey 08855

K. Arisaka, D. Roberts, W. Slater, M. B. Spencer, and M. Weaver
University of California at Los Angeles, Los Angeles, California 90024

R. A. Briere, E. Cheu, D. A. Harris, P. Krolak, K. S. McFarland, A. Roodman, B. Schwingenheuer,
S. V. Somalwar, Y. W. Wah, B. Winstein, and R. Winston

The Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637

A. R. Barker
University of Colorado, Boulder, Colorado 80309

E. C. Swallow
Elmhurst College, Elmhurst, Illinois 60126

and The Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637

G. J. Bock, R. Coleman, M. Crisler, J. Enagonio, R. Ford, Y. B. Hsiung, D. A. Jensen,
V. R. O’Dell, E. Ramberg, and R. Tschirhart

Fermi National Accelerator Laboratory, Batavia, Illinois 60510

E. M. Collins and G. D. Gollin
University of Illinois, Urbana, Illinois 61801

T. Nakaya and T. Yamanaka
Department of Physics, Osaka University, Toyonaka, Osaka, 560 Japan

(Received 20 February 1996)

We present the first evidence for the decayKL ! e1e2m1m2 based on the observation of one
event with an estimated background of0.06710.057

20.025 event. We determine the branching ratio to be
BsKL ! e1e2m1m2d ­ s2.916.7

22.4d 3 1029. In addition, we set a 90% confidence upper limit on the
combined branching ratio for the lepton flavor violating decaysKL ! e7e7m6m6 to be BsKL !

e7e7m6m6d , 6.1 3 1029 assuming a uniform phase space distribution. [S0031-9007(96)00301-8]

PACS numbers: 13.20.Eb, 13.40.Hq, 14.40.Aq
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We present the first evidence for the decayKL !

e1e2m1m2. This decay is expected to proceed prima
ily via a two-photon intermediate stateKL ! gpgp !

e1e2m1m2 [1–4]. Because one of the virtual photon
must have an invariant mass greater than2mm, the decay
is sensitive to the structure of theKLgpgp form factor.
This form factor must be known accurately in order
extract the contribution of second-order weak proces
to the decayKL ! m1m2, which is sensitive to the
Cabibbo-Kobayashi-Maskawa elementVtd [5–10]. Pre-
dictions for theKL ! e1e2m1m2 branching ratio are
8.0 3 10210 for a calculation based on a constant for
factor [1] and2.3 3 1029 for a calculation based on the
vector meson dominance model [2]. The previous expe
mental 90% confidence upper limit on the branching ra
is 4.9 3 1026 [11].

This measurement was carried out as part of the Fer
lab experiment E799 which has previously reported pre
sion measurements of the related processesKL ! ggp !
312 0031-9007y96y76(23)y4312(4)$10.00
s
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m1m2g [12] and KL ! gpgp ! e1e2e1e2 [13]. A
detailed description of the E799 detector can be fou
elsewhere [14]. TwoKL beams were produced by
800 GeV protons striking a Be target. A 70 m long va
uum decay volume began 90 m downstream of the targ
Decay products of theKL’s were detected by a spectrome
ter located downstream of the decay volume. The me
energy of the kaons whose decays were accepted by
trigger described below was about 80 GeV. The sp
trometer included four drift chambers and a magnet
analyzing the momentum and trajectories of charged p
ticles. The momentum resolution is given bysspypd2 ­
s5 3 1023d2 1 h1.4 3 1024spfGeVycgdj2. A lead glass
calorimeter was used to measure the energies and p
tions of electrons and photons. The average energy re
lution for accepted electrons was 4.4%. Two beam ho
were symmetrically located above and below the cen
of the lead glass array. Seven planes of veto coun
at various locations in the detector were used to det
© 1996 The American Physical Society
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decay products outside the chamber and calorimeter
ceptances. Two scintillator hodoscopes, used to trig
on charged particles, were located before the calorime
Downstream of the calorimeter was a lead wall 0.73
teraction length thick. A scintillation counter hodosco
located just downstream of the lead wall was used to v
events with showers from charged pions hadronically
teracting in the lead glass or lead wall. Finally, a mu
trigger plane consisting of 16 vertically oriented, nonov
lapping scintillation counters was located just downstre
of a 3 m steel muon filter.

The trigger for theKL ! e1e2m1m2 events required
at least two hits in each of the two trigger hodoscop
in each of the drift chamber planes, and in nonadjac
counters in the muon trigger plane, and at least 6 GeV
energy deposit in the calorimeter. In addition, the v
counters were used to reject events with charged part
escaping the detector fiducial region. Events were a
rejected if the total energy deposit in the hadron veto
doscope located behind the lead wall was greater than
equivalent to three traversing minimum ionizing particl

CandidateKL ! e1e2m1m2 events were required t
have two positively and two negatively charged trac
The four charged particles were required to be consis
with two electrons and two muons, where electro
were identified by0.8 , Eyp , 1.2, and muons were
identified by E , 3 GeV and p . 7 GeVyc where p
is the track momentum andE is the energy of the
calorimeter cluster associated with the track. Both
electron and muon pairs were required to consist
opposite sign tracks. At most, one of the four partic
was allowed to pass through one of the lead glass b
holes. In this case, no identification based on the sho
energy of the particle could be made for this track. T
reconstructed decay vertex was required to be within
fiducial decay volume. A track separation cut requir
that tracks not share hits in both the horizontal and vert
views of the most upstream drift chamber in order
reject events in which a photon converted in the vacu
window immediately upstream of this chamber.

In Fig. 1, we show theP2
t vs Meemm distribution of

Monte CarloKL ! e1e2m1m2 events that passed th
above (first stage) cuts, whereMeemm is the reconstructed
invariant mass andPt is the component of the recon
structedKL momentum perpendicular to a vector pointi
from the production target to the reconstructed decay
tex. The Monte Carlo generator included radiative corr
tions [15] with a low energy photon cutoff of 0.25 Me
in the KL center of mass. Radiative effects accou
for the scatter of events at largeP2

t and low Meemm.
We define the signal region forKL ! e1e2m1m2 to
be P2

t , 5.0 3 1024 sGeVycd2, and 0.475 , Meemm ,

0.515 GeVyc2. The signal region acceptance is94.2% for
the Monte CarloKL ! e1e2m1m2 events that passed th
first stage cuts. We show the corresponding distribu
for the data in Fig. 2.
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FIG. 1. The P2
t vs Meemm distribution for the Monte Carlo

KL ! e1e2m1m2 events after the first stage cuts describ
in the text. The Monte Carlo generator included radiat
corrections with a low energy photon cutoff of 0.25 MeV
the KL center of mass. The box is the signal region.

In searching for rare events, it is important to carefu
choose cuts in an unbiased fashion. In this analysis,
blanked out the signal region and selected cuts to re
events outside of the signal region as described be
Once the signal region was examined, no further chan
to the cuts were made. The events in Fig. 2 withMeemm ,

0.500 GeVyc2 are predominantlyKL ! p1p2p0 decays
with the p0 undergoing Dalitz decay,KL ! p1p2p

0
D

where p
0
D representsp0 ! e1e2g, and in which both

charged pions were misidentified as muons due to deca
flight or accidental activity in the muon counters. The
events were reduced by requiring that there be no e
clusters in the calorimeter that were not associated w
the charged tracks. In addition, to reduce events wit
pion decay in flight, the position difference between t
upstream and downstream track segments at the midp
of the magnet for muon candidate tracks was required
be less than 2 mm in the horizontal view (magnet match
cut). This cut rejected those events with tracks for wh
the momentum was poorly determined and which cou
therefore, have a large error in the determined invar
mass. The events in Fig. 2 withMeemm . 0.500 GeVyc2

are predominantly events with two decays consisting
combinations ofKL ! pen and KL ! pmn occurring
within the sameø2 ns beam RF bucket and for whic
r-
-

t

n
FIG. 2. The P2

t vs Meemm distribution for candidateKL !
e1e2m1m2 decays after the first stage cuts. The box is
signal region.
4313
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the pions were misidentified. These events were lar
rejected by requiring that thex2 of the fitted decay verte
reconstructed by extrapolation of the four tracks be
than 50 for 5 degrees of freedom. This cut accepted90.6%
of the Monte CarloKL ! e1e2m1m2 events.

The background due to events with two simultane
Kl3 decays was estimated as follows. Since these ev
have a fairly flatx2 distribution for the vertex recon
struction, they were selected from the events that pa
the first stage cuts by requiringx2 . 500. Of these,
two events fall within the signal mass range. Req
ing Meemm . 0.500 GeVyc2 removesKL ! p1p2p

0
D

events and yields a clean sample of events with two
multaneousKl3 decays. Of these events, 10% fall with
the P2

t signal range. Finally, an extrapolation of a line
fit to thex2 distribution indicates that 3.8% would satis
the x2 , 50 cut. This background is then estimated
2 events3 0.10 3 0.038 ­ 0.00810.010

20.005 event.
In order to estimate the background fromKL !

p1p2p
0
D, we extrapolated the data into the sign

region using an exponential fit to the data in the ra
0.385 , Meemm , 0.475 GeVyc2. In order to enhanc
the statistical accuracy of the fit, we removed the mag
matching, the muon cluster energy, and the muon
mentum cuts which increased the number of events
factor of 2.0. The exponential fit to the data is sho
in Fig. 3. For comparison, Monte CarloKL ! p1p2p

0
D

events are also shown. The fitted exponential slopes
272.4 6 14.5 sGeVyc2d21 for the data and268.0 6

2.8 sGeVyc2d21 for the Monte Carlo events. Extrapola
ing the fit for the data into the signal region and taking i
account the factor of 2 rejection from the combined m
net matching, muon momentum, and muon cluster en
cuts, the background is estimated to be0.02110.043

20.015 event.
Another source of background is from radiativeKe3

with internal photon conversionKL ! p6e7nsg ! eed
and from KL ! p6e7np

0
D with the charged pion an

one of the electrons misidentified as muons. A sam
of these events can be selected by choosing events
the
to

h
lting

is
FIG. 3. The Meemm distributions for 0.385 , Meemm ,

0.475 MeVyc2. The histogram is the data. The points are
KL ! p1p2p

0
D Monte Carlo events. The exponential fit

the data is shown.
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like-sign ee and mm pairs after applying the first stag
cuts and thex2 , 50 cut. There are 10 of these even
Of these 10 events, 2 are in theP2

t signal range, 3 are in
theMeemm signal range, 2 pass the extra cluster cut, an
passes the combined magnet matching, muon momen
and muon shower energy cuts. We expect twice
many unlike sign pair events due to combinatorics. T
background is then estimated as10 3 0.2 3 0.3 3 0.2 3

0.1 3 2 ­ 0.02410.052
20.020 event.

We also considered background fromKL ! m1m2g

decays [12] with conversion of the photon in the vacuu
window. The number of events expected is 1.4 witho
the track separation cut. The track separation cut ba
on hit sharing in the most upstream drift chamber redu
this background to0.014 6 0.004 events while accepting
85% of Monte CarloKL ! e1e2m1m2 events. Possi-
ble background from the hyperon decayJ0 ! Lp

0
D !

pp2e1e2g could be completely rejected by requirin
that the reconstructed energy be less than 200 GeV
to the short proper lifetime of the hyperon.

After all the cuts, the 216 events shown in Fig.
remain. One event is left in the signal region with
expected combined background of0.06710.057

20.025 event. For
this event, the particle associated with them2 passed
through one of the beam holes in the lead glass. T
track projects onto one of the hit muon trigger counte
The eemm, ee and mm invariant masses for this even
are0.494, 0.103, and0.300 GeVyc2, respectively. These
along with the value ofP2

t for this event are compare
with Monte Carlo distributions in Fig. 5 where the Mon
Carlo decays were generated using a constantKLgpgp

form factor. The probability of a Monte Carlo eve
having an ee invariant mass or amm invariant mass
greater than that of the observed event are 8%
25%, respectively. If the particle that passed through
beam hole is assigned the electron mass and the o
identified muon is assigned the pion mass, the resul
peee invariant mass is0.543 GeVyc2. The probability
of this event being eitherKL ! pensg ! eed or KL !

penp
0
D is, therefore, extremely small. Similarly, if bot

identified muons are assigned the pion mass, the resu
ppee mass is 0.576 GeVyc2 so that the probability
FIG. 4. The P2
t vs Meemm distribution for candidateKL !

e1e2m1m2 decays after all of the analysis cuts. The box
the signal region.
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FIG. 5. The distributions ofMeemm, P2
t , Mee, and Mmm for

accepted Monte CarloKL ! e1e2m1m2 events, where the
arrows indicate the locations of the observed event.

of the event beingKL ! p1p2p
0
D is also extremely

small. The probability ofKL ! m1m2g with photon
conversion in the vacuum window having anee mass
greater than that of the observed event is 0.2%.

The four-track decay modeKL ! p1p2p
0
D was used

for normalization. The trigger was the same as for
signal mode except that there were no requirements o
ther the muon trigger or hadron veto hodoscopes. Mo
Carlo simulations based on input from muon calibrat
runs as well as minimum bias trigger data were used
determine the efficiency of the muon trigger hodosco
requirement for thoseKL ! e1e2m1m2 decays that sat
isfied the other trigger requirements. Similar Monte Ca
studies that included event-by-event overlay of measu
beam-related accidental activity showed thats44 6 4d%
of KL ! e1e2m1m2 decays were lost due to the hadr
veto counter requirement [16].

Since both the signal and the normalization modes c
sisted of four-track events, uncertainties due to track
tended to cancel in the ratio of their acceptances. C
similar to those used in the signal mode were applied.
addition, one extra cluster in the calorimeter not ass
ated with a charged track was required due to the pho
in thep0 ! eeg decay andMe1e2g was required to be in
the range of0.120 and0.150 GeVyc2. Monte Carlo study
showed that1.3% of the reconstructedKL ! p1p2p

0
D

decays are fromKL ! p1p2p0 with external photon
conversion. Other backgrounds were negligible.

We have observed oneKL ! e1e2m1m2 candidate
event with an estimated background of0.06710.057

20.025 events.
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A 0.067 event background has about a 7% probab
of yielding one or more observed events. Based on
number of acceptedKL ! p1p2p

0
D decays (233 6 15),

the KL ! p1p2p
0
D acceptance of s1.78 6 0.05d%

with prescale factor of 3600, theKL ! e1e2m1m2

acceptance ofs1.1 6 0.1d%, and the one candidat
KL ! e1e2m1m2 decay, the branching ratio ofKL !
e1e2m1m2 is calculated to beBsKL ! e1e2m1m2d ­
s2.916.7

22.4d 3 1029. This is consistent with both the vecto
meson dominance model and the constant form fa
predictions.

In addition, we searched for the lepton number viol
ing decaysKL ! e7e7m6m6 by removing the require-
ment that the electron and muon pairs consist of oppo
sign leptons. Assuming that the final state particles
uniformly distributed in phase space, the acceptance
these events iss1.2 6 0.1d%. No events were seen, lead
ing to a 90% confidence level upper limit of6.1 3 1029

on the combinedKL ! e7e7m6m6 branching ratio.
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