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reported here is predominantly an gm' effect. '

An r)w' final state would have 72% of its signal in
the neutral spectrum, yet we observe only 27+ 16
and 27+ 16 events above background in the neu-
tral spectrum for the M'(940) and the 6', while
we would expect 481+111 and 553+113, respec-
tively, based on the observed enhancements in
the two-charge spectrum.

Regarding m'n m' effects, we note that at least
part of the M'(940) enhancement involves two
charged particles and at least one neutral and
is consistent with m'~ n' or m'm y final states. "

The original CERN missing-mass experiment"
reported a mass and width of 962+ 5 MeV and I
~ 5 MeV for an enhancement referred to as the 5 .
We suggest that the 5 observed in the present ex-
periment is the neutral member of an isotopic
multiplet of which the 6 is the singly charged
negative member. "

We have observed three distinct mesons, name-
ly, the well-known rj'(958) and the previously un-
observed 6' and M'(940). Both the ()' and the
M'(940) appear predominantly in final states that
have two charged particles, and a substantial
fraction of the M'(940) appears in a final state
which has two charged particles and at least one
neutral particle. Neither of these mesons decays
predominantly to gn . We associate the 0' report-
ed here with the I~ 1 0 effect observed previous-
ly 14
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A search has been made for the rare decay mode E+- s+yy using a heavy-liquid bubble
chamber. No events were found. A test was made of the Fujii model which uses an off-
mass-shell extrapolation of the &&2 amplitude to make predictions for this decay. The
experimental upper limit on the branching ratio is reported to be 2.2&& 10, and this re-
sult is consistent with the Fujii model. This result is inconsistent with the branching
ratio predicted by the Fujii model.

This paper presents the relevant details and
the results of an experimental bubble-chamber
search for the decay E'-p'yy. This experiment
is the first one to search for this decay in the
lower end of the pion spectrum. This region is

important as several theoretical models of the
decay have predicted that the majority of these
decays will have pions with a kinetic energy be-
low 60 MeV.

The decay E'-z'yy is expected to exist as a

523



Voz, vMz 28, NvMssR 8 PHYSICAL REVIEW LETTERS 21 FmsRvwav 1972

result of first-order weak and second-oxder elec-
tromagnetic interactions. In principle, the decay
could proceed either by inner bremsstrahlung or
else by direct emission of photons. However,
several authors' have pointed out that the inner
bremsstrahlung terms must vanish as a x'esult of
gauge invariance and the pseudoscalar nature of
the mesons. Various theoretical models have
been used to estimate the contribution to the di-
rect K'-g'yy amplitude from different inter-
mediate states. Fujii' considers the contribution
from a g' intermediate state with the p' off the
mass shell. In this model the K'-g'yy amplitude
is an extrapolation of the K„amplitude. The
extrapolation is linear in the difference of the
squared mass of the off-mass-shell go in K'
-g'yy decay and the squared maes of the on-
mass-shell g' in the K„decay. The proportion-
al1ty CODstRnt 1D the extl apolation 18 5, Rnd Fujii
estimates lel=20 from a consideration of the de-
cays K,o- p'z and K'- p'z . Using this value
for e and the differential decay rate for K'-g'yy
appropriate to this model, ' one obtains a total
branching ratio of 8 &&10 ' for K'-p'yy. In this
model the g' spectrum has a shaxp peak in the
K 2 region and a large bump for low-energy posi-
tive pions. At the 10 ' level there are two con-
tributions to the direct amplitude. One contribu-
tion 18 from the K decRy into thl ee plons 1D

which two of the pions are virtual and in which
these two virtual pions annihilate to produce two
y's. Secondly, there is a contribution from the
K' decay into a positive pion and a virtual q par-
ticle in which the g decays into two y's. Vanya-
shin4 considers both of these contributions, and
he writes a genex al matrix element for the decay
and shows that the pion spectrum is peaked for
low pion energies while the photon spectrum wiB
peak at high-energy photons. When specifically
considering these two contributions, he concludes
that they are about equal and that there is no in-
terferenee between them. He pxedicts a total
bx anehing ratio of 2&&10 6. Fildt, Petersson,
and Pilkuhn' obtain a branching ratio of 1.5&10 '
with the kinetic energy of the w' less than 70
MeV using just the g-pole model.

Chen et al. ' did a counter experiment search-
ing for K+-g'yy in which the pion kinetic ener-
gy was between 60 and 90 MeV. In Fujii's model
their result is that lel&30, and hence they do not
x'ule out his prediction. Klems, Hildebrand, and
Steining' report a total-branching-ratio upper
limit of 4.5 && 10 ' at the 90%%uo confidence level as-
suming a phase-space model. As their counter

setup was sensltlve to plons Rbove the K~2 region
(pion kinetic energy range 117 to 127 MeV), they
were unable to cheek Fujii'8 model.

The present experiment searched for the decay
in the Michigan 40-in. bubble chamber filled with
heavy Freon. The short radiation length of heavy
Freon meant there was an 84%%uo chance for a y to
convert in the chamber. The K' particles in the
28' beam at the Argonne zero gradient synchxo-
tron were degraded so that three to seven K'
particles stopped in the chamber per bubble-
chamber picture. The decay was searched for
over most of its spectrum as the experiment was
sensitive in the pion kinetic energy range from 6
to 102 MeV and from 114 MeV to the maximum
kinetic limit of 127 MeV. No events were found.
In tex'ms of Fujii's parameter e, the result is
that lel&11; and, thus, this experiment is incon-
sistent with Fujii's pr ediction. This experiment
is still an order of magnitude away from testing
the g -pole or g- p annihilation models. Assuming
a phase-space model, the result is an upper lim-
it OD the totRl branch1ng x'Rtlo of 3.5 ~10 Rt the
90% confidence level.

The decay E'-z'yy was searched for as fol-
lows. The scanners searched for a stopped K'
decay with two y pointing to the origin. The see-
ondRry was required to stop and decay in a p-p, -
e chain, to have no large-angle scatters, and to
have a projected range on the sean table outside
of the K„region. Pion identification was pro-
vided by the observation of the muon as a very
short track (p, pip) in the w-p, -e decay chain.
From a study of the pion endings in v decays, it
was determined that 53/0 of all pions have a vis-
ible p pip. In contrast, less than 1% of all muon
secondaries will have a fake p pip, and thus, the
pion identification is quite clean. Secondaries
with strong interactions (large-angle scatters)
were discarded in order to insure an accurate
measurement of the pion's momentum from the
range of the secondary. A total of 542100 stopped
K"8 in the fiducial volume were scanned. We
successfully processed 4100 events (first mea-
sured and then analyzed by the programs sHAPE,
SQUAW, ABHOW, and INDIAN); 2200 of these
events were discarded in the program INDIAN as
the reconstructed secondary xange was in the
K,2 x'egion. We used the program SQUAW to fit
each event to the four-constraint E'-p'yy hy-
pothesis using all measured variables plus the
two-constraint hypothesis ignoring the measured
y energies. Three cuts were applied to a11 fits.
The first cut accepted only those fits with a g'
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probability for the K+-wry fit greater than 0.01.
The second cut was based on the fact that the
pion's momentum could be measured by range
quite well and any fits in which the fit pion mo-
mentum differed by more than 10.5 MeV from the
measured momentum were rejected. Finally,
any fits with a fit pion momentum in the K„, re-
gion from 197 to 211 MeV/c were discarded.
There were 47 events in which either the four-
constraint or two-constraint fit, or both, passed
the above cuts; and these events were then care-
fully edited on the scan table by a physicist. Only
six events satisfied the criteria to be a two y-z
event.

A background study was made to see what types
of background are expected at this level. It was
found that one of the six events could only be
interpreted as an example of K'-z'yy or else as
an example of K'-m'z'y where one of the p y s
had failed to convert. Since the radiative K„,
branching ratio is at the 10 level, it was im-
portant to determine whether it could reasonably
be background for K' p yy at the 10 ' level. A
model of radiative K„faking K' z yy was con-
structed based on the measurement errors in
this experiment and a consideration of 21 radia-
tive K„events with 3 converted y's found in
another part of the experiment. The model pre-
dicted that an experiment of this type had a 30%
chance of having a radiative K„, event that would
pass editing and all three cuts and hence be back-
ground for K'-p'yy. Estimates were made of
the number of events expected from other sourc-
es of background, and it was found reasonable to
interpret these six events as three v' decays in
which only two y's converted in the chamber, one
Kp 3 decay in which the muon had a fake p. pip,
one K„decay in flight, and one radiative K„
decay in which one of the three y's failed to con-
vert.

A real K'-z'yy decay is coplanar. That is,
the momenta of the pion and the two y's are con-
strained to lie in a plane. No such constraint
applies to the background decays and hence the
background only accidentally approximates co-
planarity. Thus, in order to separate out the
background decays mentioned above from any
real signal, one can use a more stringent co-
planarity constraint than that provided by the
rather loose y' cut on the overall fit. To mea-
sure how well a given event fits this criterion,
we define a box product B by

~ (p, xp„) p„
Ip,+ lip~, lip~, l

dF/dT~+ ~p~+q /(ps~ —g ) ~

where q is the invariant mass of the two y rays.
For phase space the spectrum is

dF/dT~+ = AP„+,
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FIG. 1. Coplanarity cut applied to K+—r+yy candi-
dates, The box product is calculated from measured
~+ and y angles. The crosses correspond to six g+

r+yy candidates. The open histogram corresponds
to coplanax' Jl „2 decays.
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where all momenta are measured momenta. The
range of the box product is —1 to + 1 and a real
event will have a box product consistent with
zero. Thus, the final cut rejected events with
the absolute value of the box product greater than
0.140. Figure 1 shows the box products for the
six remaining events along with the box product
for a sample of K„,decays calculated from the
pion and two y momenta. All six remaining can-
didates were eliminated by this cut.

This null result will be discussed in terms of
Fujii's model, the g-pole model of FKldt, Peters-
son, and Pilkuhn, and phase space. For each
model a total detection efficiency was calculated,
considering the following corrections. Losses
due to the pion having a strong interaction, or
the pion leaving the chamber, or the pion being
discarded by the range cuts used to eliminate
K„decays are all functions of the pion momen-
tum. Thus, the differential pion spectrum for
each model was used to calculate the total per-
cent lost as a result of these causes. For the
Fujii model, we used the differential pion spec-
trum as calculated by Chen et al. ' FKldt, Peters-
son, and Pilkuhn' give the differential pion spec-
trum for the g-pole model as
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a limit on e of lel&11. Finding a single event in
this experiment would have corresponded to !el
= 7. Thus, this experiment is inconsistent with
Fujii's expectation of l~l= 20. For the g-pole
model the result is

I"(K'-7I'yy, T + &70 MeV)-- &2.1x10 '
I'(K'- all)

at the 90'$ confidence level. This is to be com-
pared with the value found by FKldt, Petersson,
and Pilkuhn of 1.5x10 '. Finally, assuming
phase space, the limit on the branching ratio
over the entire spectrum is

FIG. 2. Pion spectrum for E.+-&+yy. The solid line
corresponds to the theoretical distribution assuming a
phase-space model for the decay. The dashed line
shows the expected spectrum after experimental effi-
ciencies are folded in.

where X is a constant. Figure 2 shows the phase-
space spectrum along with the expected experi-
mental spectrum due to the above losses. Also
considered were the probability of seeing a p. pip,
the probability of two y's converting, and losses
due to.scanning inefficiencies. Losses due to the
cuts applied to the events were determined by
applying the cuts to a sample of K„decays treat-
ed as examples of K+-7T+yy, and it was found
that 93/o of the events passed all the cuts. The
total detection efficiencies were 19.5% 20.3',
and 12.2/o for the Fujii model, q-pole model,
and phase-space model, respectively.

In the Fujii model the branching-ratio upper
limit is

I'(K'-II'vy, T + &102 M V)-'-- -~-—————&2 2x10I'(K'- all)

at the 90/o confidence level. This corresponds to

I'(Z'-v'yy)/r(ff'"- all) &3.5x10 '

at the 90gc confidence level.
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