
PARTICLES AND FIELDS

THIRD SERIES, VOLUME 44, NUMBER 3 1 AUGUST 1991

RAPID COMMUNICATIONS

Rapid Communications are intended for important new results which deserve accelerated publication, and are therefore given
priority in editorial processing and production A. Rapid Communication in Physical Review D should be no longer than Pve
printed pages and must be accompanied by an abstract Page. proofs are sent to authors, but because of the accelerated schedule,
publication is generally not delayed for receipt of corrections unless requested by the author

Measurement of the branching ratio of the decay It I. = x yy

V. Papadimitriou, A. Barker, R. A. Briere, L. K. Gibbons, G. Makoff, J. R. Patterson, S. Somalwar,
Y. W. Wah, B. Winstein, R. Winston, M. Woods, ~ and H. Yamamoto

The Enrico Fermi Institute and the Department of Physics, The University of Chicago, Chicago, Illinois 60637

E. C. Swallow
Department of Physics, Elmhurst College, Elmhurst, Illinois 60126

and The Enrico Fermi Institute, The University of ChicagoChica, golllinoi, s 60637

G. J. Bock, R. Coleman, J. Enagonio, Y. B. Hsiung, E. Ramberg, K. Stanfield, R. Tschirhart, and T. Yamanaka
Fermi National Accelerator Laboratory, Batavia, Illinois 60510

G. D. Gollin, ~ M. Karlsson, ** and J. K. Okamitsu~~
Department of Physics, Princeton University, Princeton, 1Vew Jersey 08544

P. Debu, B. Peyaud, R. Turlay, and B. Vallage
Department de Physique des Particules Elementaires, Centre d'Etudes Nucleaires de Saclay,

F 91191 Gif s-ur Yvette CE-DE-X, France
(Received 19 February 1991)

Using the complete Fermilab E731 data set, we find I (Kz, tt yy, m» ~ 0.280 GeV)/
I (Kg. all) =(1.86~0.60+ 0.60) &&10 6, in good agreement with a recent report of the first observa-
tion of this decay. For the low yy mass region we find I (KL tt yy, m» & 0.264 GeV)/
1(Kt all) &5.1X IO ' (90% confidence).

The decay Kt. tr yy is of current interest [1-6]
within the context of both chiral perturbation theory and
the vector-meson-dominance model, and also for its con-
tribution to the decay ECI z e+e as a CP-conserving
intermediate state. Predictions for its branching ratio
vary from 6.3X10 to 6.2X10, and predicted yy mass
distributions differ markedly. At the one-loop level in
chiral perturbation theory [1], the branching ratio is es-
timated to be 6.8 x 10 with a characteristic yy in-
variant-mass distribution (m») peaking at about 0.325
GeV.

Earlier we reported [7] an upper limit for the branching
ratio of this decay of 2.7 && 10 (90% confidence) assum-
ing the yy invariant-mass distribution expected by chiral

perturbation theory. That result was based on a subset of
our data; here we report results from the entire data sam-
ple which therefore supersede the earlier results. In the
meantime, CERN experiment NA31 has recently report-
ed [8] an observation of the decay: They have found a sig-
nal primarily at high yy invariant mass and a branching
ratio significantly greater than that predicted by chiral
perturbation theory. They find

I (KL tr yy, m»~ 0 280 GeV).

The primary goal of experiment E731 is the determina-
tion of the CP-violation parameter '/e [9]. The charac-
teristics of the detector and the event reconstruction have
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been described in detail elsewhere [7,10]; here we summa-
rize the essential features of the analysis and its dif-
ferences from that used in our previous publication. En-
ergies and positions of photons were measured with an
804-block lead-glass calorimeter. Candidates for the
KL x yy decay were required to have exactly four elec-
tromagnetic showers (clusters) in the lead glass, each with
an energy of at least 1 GeV, and total energy between 40
and 150 GeV. The decay vertex was determined from the
measured cluster energies and positions by assuming that
the invariant mass of the four photons was that of the neu-
tral kaon. The two photons, labeled (12), with invariant
mass closest to the nominal neutral-pion mass (m„o) were
taken to be the decay products of the candidate n . The
z mass resolution was about 3 MeV and it was required
that ~m~q

—m, o~ ~ 5 MeV.
Background rejection is critical since the signal is poor-

ly constrained. The rejection of the KL 2x back-
ground was done in two steps. First, it was required that
the mass of the non-x pair (m~~ or m34) diA'er from m 0

by at least 14 MeV. Second, the candidate event was
reconstructed as a KL 2x decay by constraining the in-
variant masses of each pair of photons to the nominal z
mass, and if it satisfied the criteria described in Refs. [7]
and [10], it was rejected as a mispaired 2x decay.
KL 3z decays, which are the dominant remainirig
background, can masquerade as four-cluster events either
when photons escape the detector or when multiple pho-
tons fuse in the lead glass to form a single cluster. This
background was considerably reduced (1) by using the
many photon veto counters for the detection of escaping
photons, (2) by requiring that the transverse center of en-
ergy of the four photons be in the KL beam region, and (3)
by considering only decays in the upstream part of the de-
cay region, starting at 110 m and ending at 128 m from
the target. The selection of the downstream edge of this
decay region was made on the basis of a Monte Carlo
study to maximize the sensitivity to a signal in the pres-
ence of known amounts of 3x and 2x backgrounds; the
data themselves were not used. In fact, the sensitivity is
relatively independent on the position of the downstream
edge. The background with overlapping clusters was sub-
stantially reduced by rejecting events with cluster shapes
inconsistent with that of a single photon. Additional
suppression of the 3x background came from kinemati-
cally rejecting events with two superimposed m (double
fusion events) where each photon from one x overlaps
with a photon from the other z so that m»& 2m 0. For
this background, these fused clusters are the yy pair about
70% of the time according to the Monte Carlo simula-
tions; in addition, the energies of the photons which fuse
tend to be high. By analyzing each candidate event as
though these clusters are so fused, the individual photon
energies could be kinematically determined. A cut on a
combination of these energies reduced the background by
about 28% while reducing the expected signal by about
6.5% (see Ref. [10]). The drift-chamber spectrometer
and four scintillation hodoscopes were used to reject KL
decays with charged particles in the final state (e.g. , EL~ x+n x ) or events with photon conversions. The con-
tribution from accidental clusters in our data sample is
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FIG. 1. Data-Monte Carlo comparison of the yy mass distri-
bution for n yy candidates and background events based on the
full data set. The normalization is absolute. The error bars cor-
respond to the data, the shaded histogram to the 2x back-
ground Monte Carlo simulation, and the dashed histogram to
the sum of the 3n and 2z background Monte Carlo simula-
tions.

found to be negligible. Finally, we rejected events with
photons projecting outside the holes of the lead-mask pho-
ton veto which is located at about 122 m from the target
and is one of our defining apertures.

Figure 1 shows the comparison of data and background
Monte Carlo simulation for the yy eA'ective mass. A
characteristic feature in this distribution is the prominent
double fusion peak appearing at about m»=0. 270 GeV.
The background coming from the 3x and 2x modes is
absolutely normalized to the data by means of a sample of
fully reconstructed KL 2z decays observed simultane-
ously and selected with criteria similar to those used for
the z yy candidates. Although for low yy mass the
data-Monte Carlo agreement is good within statistics, at
high masses there is a significant excess of data. The
background in the high-mass region consists predominant-
ly of events where both y's are fused clusters. The Monte
Carlo simulation correctly reproduces the prominent dou-
ble fusion peak, which is important in establishing that the
excess at higher values is indeed a signal. Figure 2 shows
the comparison of data and background Monte Carlo
simulation for the reconstructed z decay vertex distribu-
tions with m»~ 0.280 GeV, including the region down-
stream of the fiducial cut. The data excess is uniformly
distributed over the decay region as is expected for a sig-
nal.

In Fig. 3 we show the data-Monte Carlo comparison
for the m ~2 distribution for m»~ 0.280 GeV. The excess
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FIG. 2. Data-Monte Carlo comparison for the z decay vertex
distribution for n yy candidates and background events with
m»~ 0.280 GeV. The normalization is absolute. The error
bars correspond to the data, the shaded histogram to the 2z
background Monte Carlo simulation, and the dashed histogram
to the sum of the 3n and 2x background Monte Carlo simula-
tions. The arrow indicates the position of the cut.

over the background Monte Carlo simulation is peaked at
the nominal z mass with a width consistent with the pre-
diction of a x yy Monte Carlo simulation. (It should be
noted that the background also peaks near, but not at, the
nominal neutral-pion mass. This happens because the
background often has a true x but, because of the over-
laps of the other two clusters, its mass is somewhat shifted
and broadened due to the nonlinearity in the lead-glass
response. ) The n yy signal is normalized at a branching
ratio 1.86x10 (see below). The agreement is good and
gives additional confidence that the excess of data at high
m» is x yy signal.

For the high-mass sample (m»~ 0.280 GeV) we have
232 candidate events from which 104 come from a data
set with a 0.09-radiation-length lead sheet inserted in the
beams 137.8 m from the target. The eAect of the lead
sheet is that it will sometimes convert one (or more) of the
photons causing both signal and background events to be
lost. The Monte Carlo simulation properly accounts for
this and the total predicted background is (171.9 ~ 11.5)
events (150.7 from 3x 's and 21.2 from 2x 's). Based on
background studies and many comparisons of data with
Monte Carlo distributions, we assign an 11% systematic
error to the estimate of the background in the high mass
region. There are three sources to this systematic uncer-
tainty which are added in quadrature. The first is due to
imperfect knowledge of the efficiencies of the photon
vetoes (exclusive of the lead mask, itself a photon veto dis-
cussed later) and this is estimated to result in 5% uncer-
tainty. The second arises from possible errors in the un-
derstanding of the photon energy resolution and this is es-
timated to result in a 3% uncertainty. The third, which is
the largest, is associated with the discarding of a few
remaining events with photons projecting outside the
aperture of the lead mask. These events are not well
simulated and this is estimated to result in a 9% uncer-
tainty. The x yy acceptance is 3.4% (4.4%) for data with
(without) the lead sheet inserted and the normalization is
provided by 45000 Ki 2~ decays taken simultaneous-

FIG. 3. Data-Monte Carlo comparison for the m~2 (x can-
didate) distribution for n yy candidates and background events
including n yy signal Monte Carlo simulation, for m»~ 0.280
GeV. The error bars correspond to the data; the diagonally
shaded histogram to the sum of the 3z and 2n background
Monte Carlo simulations; the horizontally shaded histogram to
the x yy signal normalized with the branching ratio of
1.86 X 10, and the dashed histogram to the sum of the back-
ground and the signal. The normalization is absolute.

ly. Using the world average value [11] for the KL~ 2zo
branching ratio we conclude that

I (KL x yy, m»~ 0.280 GeV)
I (Kl.

all�

)
= (1.86 ~ 0.60+ 0.60) x10

where the first error is statistical and the second is sys-
tematic. If we assume the m» distribution predicted by
chiral perturbation theory we then have

I Kxyy = (2.2 ~ 0.7 + 0.7) x 10
I (KL all)

We have also looked for a signal at lower yy masses.
Our acceptance for masses below the double fusion peak is
smooth and averages [7,10] about 5%, except for the nar-
row region excluded around the nominal x mass. For the
region m»&0. 264 GeV we have 367~ 19.2 data events
and 377.5 4- 18.4 expected background events. This gives

1(K& x yy, m»(0. 264 GeV)
& 5.1x10

I (KL all)

(90% confidence)

where we have used a phase-space distribution for m» and
have included a 15% systematic error on the background
prediction.

We thus confirm both the substantial branching ratio
and the peaking at high mass first reported by the NA31
group. Our analysis uses less stringent kinematic cuts so
that our acceptance is smooth and substantial over the en-
tire mass region, leading to a limit at lower mass values.
The central value for the branching ratio is a factor of
three higher than the chiral perturbation theory predic-
tion. More statistics and better background rejection will
be necessary for additional studies of this decay mode.
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