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A search for the rare decay mode KL x yy was performed using a data set from Fermilab experi-
ment E-731. The decay is of interest in the context of chiral perturbation theory and for its contribution
to the decay KL tr e+e . The result is 8(KL tr yy) (2.7x10 (90% confidence level) which is
nearly a two-order-of-magnitude improvement over the previous best limit.

PACS numbers: 13.20.Eb, 13.40.Hq

The as yet unobserved decay Kt x yy is of current
interest for at least three reasons. First, it provides an
opportunity to test the standard model in the context of
chiral symmetry: At the one-loop level in chiral pertur-
bation theory, ' the decay has a branching ratio of
6.8 && 10 with a characteristic 7 y invariant-mass (m»)
distribution having a peak at about 325 MeV. Second,
this decay provides a CP-conserving intermediate state
for the KL z e+e decay which has been the subject
of recent experimental and theoretical attention as a
possible avenue for the observation of direct CP noncon-
servation; its magnitude will greatly aAect the interpreta-
tion of the results of such experimental eA'orts. Third,
this mode could be a background to the Ki 2z decay
for precision experiments measuring e'/e, especially if
its branching ratio were at the level of the current lim-
it ' 2 4x10

The principal background for this mode is the
KI 3~ decay occurring 3 x 10 times more frequently
than the signal. The challenge in observing such a signal
at the predicted level is the effective rejection of the 3z
decays; in addition, the understanding of the residual
background after the necessarily stringent analysis cuts
allows better sensitivity. ' '

This experiment, E-731 at Fermilab, collected data
with the primary goal of determining e'/e. The search
reported here is based upon an analysis of a subset of the
data that was particularly suited for this analysis. Some

characteristics of the detector have been described previ-
ously; ' here, we summarize the essential features
relevant to the decay mode in question. Energies and po-
sitions of photons were measured with an 804-block
lead-glass array having transverse block dimensions of
5.82X5.82 cm . The energy resolution for photons was
given approximately by rsF/E =(2.5+5.0/JE )% (E in

GeV) and the corresponding tr mass resolution was
about 3 MeV. Events with the desired number of elec-
tromagnetic showers were selected on line by a trigger
processor' which counted clusters in the lead-glass ar-
ray. Eleven planes of photon-veto counters situated be-
tween 75 m upstream and 2 m downstream of the lead
glass were employed to reject the background arising
from KI 3z decays where one or two photons miss
the lead-glass calorimeter. A drift-chamber system was
used to reject KI decays with charged particles in the
final state.

Candidates for the KL z yy decay were required to
have exactly four clusters in the lead-glass array and to-
tal energy between 40 and 150 GeV. The decay vertex
was determined with the measured cluster energies and
positions by assuming that the invariant mass of the four
photons was that of the neutral kaon. To determine the
pairing of the photons, the pair with invariant mass
closest to that of the neutral pion (m 0) was chosen as
the candidate tt; this pair is labeled (12) and it was re-
quired that

~
m ~2

—m o
~
( 5 MeV. Up to this point the
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events either when photons are undetected or when they
overlap in the lead glass so that they are unresolvable as
separate clusters. The veto counters were effective in

detecting photons escaping from the fiducial volume of
the detector and events with substantial energy deposit in

these counters were rejected from the sample. In addi-
tion, the transverse center of energy of the four photons
was required to be in the KL beam region (11.2X11.2
cm ). ' The number of events with unresolved overlap-

ping clusters was substantially reduced by rejecting those
with cluster shapes inconsistent with that of a single pho-
ton. The 3z background was further reduced by consid-
ering only decays in the upstream 14-m region of the de-
cay volume ending 57 m upstream of the glass array:
The reconstructed decay vertex in events with missing
photons is artificially shifted downstream; also, photons
are more likely to overlap when the decay occurs near
the lead-glass array. The selection of this region of the
decay region was made on the basis of a Monte Carlo
study to optimize the experimental sensitivity in the pres-
ence of this background. These criteria provide a rejec-
tion factor for 3n decays relative to z yy decays of
about 10 .

Figure 1(a) shows the ) ) effective mass for the "non
z " photon pair. A characteristic feature in this distri-
bution is a prominent "double fusion" peak appearing at
about m»=270 MeV which arises when two x 's in
KL~ 3x decays are superimposed: Each photon from
one z overlaps with a photon from the other x with an
invariant-mass threshold of twice the z mass. The solid
curve indicates the KL x yy signal shape predicted by
chiral perturbation theory;' (60.0+'1.2)% of the rr yy
events have m» greater than 300 MeV and we have
chosen this region for our search to have good discrim-
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. O2—FlG. l. (a) yy invariant mass for Kr, zr yy decay events.
The histograms are the candidate events and the solid curve
represents the distribution predicted by chiral perturbation
theory for a branching ratio of 10 . The arrow indicates the
position of the cut (300 MeV). (b) yy invariant mass for data
and background Monte Carlo simulation. The dots correspond
to the data [the same as in (a) with coarser binning]; the shad-
ed histogram corresponds to the KL 2~ contribution to the
background; the unshaded histogram corresponds to the sum of
the backgrounds from KL 2x and from KL 3z decays.
The background Monte Carlo simulation (twice the statistics
as the data) is absolutely normalized.
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FIG. 2. Acceptance vs the yy invariant mass for KL ~ yy
decays. The dip around 135 MeV is due to the cut that ex-
cludes yy masses near the x mass.

29

cuts were also satisfied by 2z decays which would usual-

ly have both pair masses, mt2 and m34 consistent with
m 0. The rejection of the 2z decays was done in two
steps. First, it was required that

~
m 34 m 0

~
& 12

MeV; this resulted in a suppression of a factor of about
25. Second, some 2z events with their photons paired
as (13)(24) or (14)(23) would still remain; if either of
these alternative pairings was consistent with the 2z hy-
pothesis, the event was also discarded. This latter re-
quirement provided an additional rejection factor of
about 40.

Kg 3z decays can become background four-cluster
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FIG. 3. The decay-vertex distribution, in meters from the
KI. production target, for Kt. ~ yy candidates and back-
ground Monte Carlo events with m»& 300 MeV. The dots
correspond to the data, while the histogram corresponds to the
sum of the backgrounds from KL 2n and from KL 3+
decays. The background Monte Carlo simulation is absolutely
normalized. The arrow indicates the position of the cut (124
m).

ination against background. The acceptance is relatively
flat for m» above 160 MeV, as shown in Fig. 2. Figure
1(b) shows the Monte Carlo predictions of the back-
grounds to z yy decay coming from the 3z and 2n
modes. The Monte Carlo distributions are normalized
by means of a sample of fully reconstructed Kz 2n
decays observed simultaneously. The contribution from
accidental clusters is found to be negligible. Figure 3
shows agreement in the reconstructed vertex distribu-
tions for the signal and expected background events with
rn» & 300 MeV, including the region downstream of the
fiducial cut.

For the high-mass sample (m») 300 MeV), we have
24 candidate events with a predicted background of 20.8
events (18.2 from 3tr 's and 2.6 from 2' 's). From stud-
ies of the 3z background in this mode and in the
Kz 2n mode, we assign a 20% error to the estimate of
the background in the high-mass regien which is a com-
bination of the statistical error in the Monte Carlo simu-
lation (15%) and our estimate of the systematic error
(12%). The systematic uncertainty comes largely from
lack of precise knowledge of the e%ciencies of the
photon-veto planes. The 90%-confidence-allowed signal
is 13.9 events, calculated with the maximum-likelihood
method. The z yy acceptance is 2.4% and the normali-
zation is provided by 11.1&10 Kz 2' decays ob-
served simultaneously and selected with similar criteria
as the z yy candidates ~here appropriate, including
photon-veto, cluster-shape, decay-region, and total-
energy cuts. The corresponding acceptance for
Kz 2n is 5.8%. Using world average values' for the
Kz 2x and for Kz 3~ branching ratios we con-

elude that 8(Ez tr"yy) &2.7X10 (90% confidence
level). We have assumed that the m» spectrum follows
that predicted in chiral perturbation theory; if instead a
uniform phase space for the decay is assumed, the limit
becomes 4.4&&10 (90% confidence level) where the
whole mass range except the region of the double fusion
peak (264-292 MeV) is used.

Our result is nearly a factor of 90 improvement over
the current experimental limit ' which was also calcu-
lated using a distribution in m» similarly peaked at high
values. It is consistent with the predictions of chiral per-
turbation theory although another factor of about 4 in
sensitivity would be required to confirm the prediction.
The CP-conserving contribution to Kz z e+e has
now been better constrained and we have shown that this
decay should not be a serious background to the
Kz 2z mode.

We are happy to acknowledge A. Pich, 3. Rosner, and
P. Ko for useful theoretical discussions. The contribu-
tions of T. Barker, J. Enagonio, S. Somalwar, and R.
Tschirhart to this eAort are greatly appreciated. This
work was supported in part by the Department of Ener-
gy, the National Science Foundation, and the French
Atomic Energy Commission. Two of us (G D G . a.nd.
Y.W.W. ) thank the DOE for work support.

~'~Present address: SLAC, Stanford, CA 94305.
'G. Ecker, A. Pich, and E. De Rafael, Phys. Lett. B 189, 363

(1987).
~Alternative theoretical approaches to this decay, predicting

similar branching ratios, have also been considered: One of
them assumed a n+z z intermediate state where the charged
pions annihilate to two photons: P. Ko and 3. Rosner, Enrico
Fermi Institute Report No. EFI 89-13, 1989 (to be published);
L. M. Sehgal, Phys. Rev. D 6, 367 (1972). Another applied
the vector-dominance model: T. Morozumi and H. Iwasaki,
KEK Report No. KEK-TH-206, 1988 (unpublished).

3L. K. Gibbons et al. , Phys. Rev. Lett. 61, 2661 (1988).
4G. D. Barr et a/. , Phys. Lett. B 214, 303 (1988).
sE. Jastrzembski et al. , Phys. Rev. Lett. 61, 2300 (1988).
See, for example, C. O. Dib, I. Dunietz, and F. Gilman,

Phys. Rev. D 39, 2639 (1989), and references therein.
7M. Woods et al. , Phys. Rev. Lett. 60, 1695 (1988).
sH. Burkhardt et al. , Phys. Lett. B 206, 169 (1988).
M. Banner, 3. W. Cronin, J. K. Liu, and 3. E. Pilcher, Phys.

Rev. 1SS, 2033 (1969).
' Particle Data Group, G. P. Yost et al. , Phys. Lett. B 204, 1

(19SS).
' 'We point out that quantitative understanding of the back-

ground in the ~ yy mode will also give increased confidence in
the background estimate in the better constrained n ~ mode.

'2H. Sanders, V. Papadimitriou, J. Ting, Y. W. Wah, and E.
Weatherhead, IEEE Trans. Nucl. Sci. 36, 358 (1988).

' The regenerated Kz beam is not used in this analysis.


