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Six rare stopped-K decays have been studied in the 40-inch heavy-liquid bubble chamber
at Argonne National Laboratory. The chamber was filled with CF3Br. Twenty-two radiative

K~) events with three converted y rays were analyzed. The experiment was sensitive to
positive pions with kinetic energy 55 to 102 MeV. The strengths (y and P) of the direct pro-
cesses in the decay were determined to be y= —0.02'0'43, P =0.0+ 0.3, and the branching ratio
is (1.5+0 8) x 10 for 55 &T + & 80 MeV, These results are consistent with assuming the decay
is dominated by internal bremsstrahlung. No events were found in the search for X+ p+7roay,

and the upper limit on the branching ratio is reported as 6.1&& 10 5 for y energies greater
than 30 MeV. No examples of the K+ x+yy decay mode were found. The experiment was
sensitive to pions with kinetic energy 6 to 102 and 114 to 127 MeV. The null result allowed
us to discard several theoretical models which made branching-ratio predictions for this de-
cay. Assuming a phase-space model for the pion spectrum, the upper limit is 3.5& 10
The upper limit on the neutral current decay K x vr is reported as 5.7X 10 5 assuming a
vector interaction. The decay K+ m 7t e+ v was observed for the first time. Two events
were found in which all four converted y's were seen. These two events give a branching
ratio of (1.8+t048}&& 10 5 for this decay. The form factor ft for the decay is

~ f&~ =0.97+0 ts.
These results are in good agreement with b.I =2 rule predictions. Seventeen K e'7t vy

events were observed. The branching ratio is reported as I"(h. e+z vy)/I'g e x v)
= (0.48+ 0.20) && 10 2 for Ey & 30 MeV and cos8, y

& 0.9.

I. INTRODUCTION

This paper presents the final results and details
of a bubble-chamber study of six of the rare decay
modes of the E+ meson. Preliminary results have
been published previously. ' The decays studied
(listed in order reported on in this paper) were

K+- s's e'v(K, 4, ), and K'-e's'vy. The experi-
ment was done in a heavy-liquid bubble chamber
in which the y conversion efficiency was high.
Thus, rare E' decays that had w" s or y's as
final-state products were chosen to be studied

(or, as in the case of K+- s+vv, those decays in
which the absence of y's was important).

The physics involved was the study of basic
weak-interaction assumptions, the determination
of form factors, and the testing of theoretical
models. Thus, for example, the search for
K' m'vv tested the validity of the no-neutral-cur
rent rule, the radiative K„study determined the
form factors y and P, and the search for It "-w+yy

was able to test and discard several theoretical
models.

The experiment has had several significant re-
sults. The decay K'- m'm'e'v was observed for
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the first time. The first study of radiative K»
was made. The entire pion spectrum (except for
the K„region) for the decays K'- w'yy and
K - m vv was studied. The study of the lower
end of the pion spectrum is particularly impor-
tant in K' - m'yy because many theoretical models
predict that most events will occur in this region.
Finally, results consistent with other recent ex-
periments on radiative K„, and radiative K,3 were
obtained.

Section II of this paper discusses the experimen-
tal procedures common to the entire experiment.
Sections III through VIII each present the details
of the study of one of the six decay modes.

K

(a) 0 y~

II. EXPERIMENTAL PROCEDURES

A. Beam and Bubble Chamber

This experiment was originally proposed in
February, 1966, and the film was obtained in four
separate runs at Argonne National Laboratory over
a period of three years. The K particles were
transported at 800-850 MeV/c by the 28' separated
beam at the Zero Gradient Synchrotron (ZGS). The
beam was degraded to approximately 500 MeV/c
before entering the chamber in order to ensure
that the K' particles would stop in the chamber.
The pion contamination of the beam was about 20/o,
and about 20/o of the K' particles decay in flight.
For the first runs there was an average of seven
beam tracks per picture, and for later runs the
intensity was increased to 12 beam tracks per
picture.

The Michigan 40-inch heavy-liquid bubble cham-
ber was filled with heavy freon (CF,Br). Heavy
freon was chosen for its short radiation length.
Its 11 cm radiation length meant that most of the
y's from K' decays would convert in the chamber.
The chamber was in a 46-ko magnetic field. For
economy reasons the bubble-chamber cameras
were switched during the experiment. The first
40/& of the K' decays studied is on VO-mm film,
while the rest is on 35-mm film.

B. Scanmng

Figure 1 shows the scanning topologies for rare
events. The following definitions and instructions
were used by the scanners throughout the experi-
ment to classify events. Only stopped-K' decays
in an appropriate fiducial volume were considered.
A stopped K was identified primarily by its ion-
ization. The last few centimeters were required
to be mostly solid, that is, so that individual
bubbles could not be made out. Secondaries were
classified as follows:

The secondary stops and decays with a visible

(c) 5y~ or (d) 5 ye

(e) 4 ye
FIG. l. Scanning topologies for rare events. Also

included is the 7 decay used for normalization. The
topologies are for the following decays: (a) K+ —x+ vv,
(b)K+ —vr+yy, {c)K+—~+7(. y and K+ —p+m vy, (d)K+—e+7t.ovy, (e) K+ —zoxoe+v, (f) K+ —7(.+z+z .

p, pip. A p, pip is the very short (less than one
mm) muon track in the w-p, -e decay chain. It is
so called because it appears as a little pip between
the pion and electron tracks. Also, to be classi-
fied as a m, the secondary must not scatter or in-
teract.

p. The secondary stops and decays, but no p, pip
is visible. Note that this definition includes most
real muon secondaries plus the pion secondaries
in which the p. pip is obscured.

e. The secondary is an electron and is identified
by one or more of the following features: curva-
ture, bremsstrahlung, knockon electrons, the lack
of a secondary decay point, and/or the typical
curling up of the track at the end of the secondary
due to the magnetic field.

X (Kinking). The secondary either has a large-
angle scatter (greater than about 25'), interacts,
or ends in a charge exchange. Most of these
events are pions with a strong interaction, al-
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though some are muons with large-angle Coulomb
scatters. The fate of the original secondary after
the scatter or interaction was not considered by
the scanners.

I. (Leaving). The secondary leaves the chamber.
T. A stopped-E' decay with three charged secon-

daries; generally this event is E'- m+m m .
In addition to classifying the secondaries, the

scanners also counted the number of y rays point-
ing to the decay origin. No distinction was made
among electron pairs, Compton electrons, and
Dalitz pairs, and all are called y rays. In this
chamber with heavy freon, there is a large prob-
ability that an energetic electron (50 to 200
MeV/c) will lose a large portion of its energy
(greater than 40 MeV/c) to a single photon, and
then that this photon mill convert in the chamber.
Hence, a distinction was made between primary
y's and bremsstrahlung y's. Primary y's (y's
coming directly from the decay origin) were de-
fined for the scanners as y's that did point to the
origin but did not point as bremsstrahlung off of
any electron track. The number of primary y 's
associated with any origin was noted by the scan-
ners. Bremsstrahlung y's were defined as y's
that pointed along a path tangential to an electron
track. Bremsstrahlung is easily identifiable by
the fact that it follows another y or an electron
secondary around in all views, always remaining
in the same relative position. Bremsstrahlung y's
were considered as such regardless of whether
they also pointed directly to the origin. Thus, the
scanners did not include bremsstrahlung in the
count of y rays associated with an event. It is
necessary to eliminate bremsstrahlung y 's in
order to reduce the enormous background for the
rare decays. Except in the case of radiative E„
decay (treated separately), very few real events
are lost by assuming that if a y can be considered
bremsstrahlung, then it is bremsstrahlung.

Several different sets of scan instructions were
used. In a typical scan the scanners would be in-
structed to look for a certain subset of events.
&generally a template giving the projected range of
the secondary on the scan table mas used to select
events. In this way secondaries from ordinary
decays with a fixed range, such as K„and K»,
or with a limited range, such as the m' from v'
decay, could be quickly eliminated. The events
selected were written down on a scan sheet, and
then sketches were made. These sketches were
used for future measuring and editing.

During most of the scans the scanners were
forced to self-cheek their scanning efficiency by
filling out a scan check sheet. Typically this sheet
was filled out every other day, and it contained
the totals of all classes of events found by the

scanner since the last scan check. These totals
were compared mith standards previously set up
and, if a scanner failed to achieve a certain stan-
dard, she was instructed to rescan her previous
frames in such a way so as to improve her per-
formance. Alternatively she was given a
"correction sheet" to be used in scanning for the
next scan check. The correction sheet closely
monitored the event type she was having trouble
with, and generally ensured that her future scan-
ning would pass the standard for that event.

C. Event Measurement and Analysis

The events mere measured by an image-plane
digitizer. The entire event was measured in three
viems, and typically five points per track were re-
corded for electrons and beam tracks, while 10
to 15 points per track mere used for pion and muon
secondaries. The program CAMAS was used to
obtain the optical transformations from measuring
table space to ideal film plane space. Geometry
reconstruction was done by SHAPE. The electron
energy wa.s obtained from curvature using the
Behr -Mittner method, with a modification a,s
suggested by Harvey Ring. ' Pion and muon mo-
menta were obtained from range measurements.
Typical errors in the reconstructed variables are
20% to 30%%uo for y energy, 2/o for pion and muon
momenta, two to three degrees for track azimuths,
and five degrees for dip. SQUAW was used for
kinematic fitting, and it gives a X' for each fit hy-
pothesis along with the fitted variables. The data
from SHAPE and SQUAW were analyzed using the
program ARROW and INDIAN.

D. Total Stopped-E' Decays

For the pion and muon decays the number of
stopped-& decays in the fiducial volume was used
to determine the number of total E' decays in the
scan. For the first part of the film & decays were
counted in every frame, while later they were
counted only every fiftieth frame. A rescan deter-
mined the 7' scanning efficiency to be 98.5%%uo. A
total of 134645 frames were scanned for pion and
muon decays, and the 7 count for these frames
gave a total of 542 100 stopped-K' decays. As the
scan for E'- n'v7t was stopped early, this decay
mas scanned for in 367 500 stopped-K' decays.
The error in the K+ count is + 4 je.

E. Electron Identification and Normalization
for Electron Events

Electron secondaries are identified on the scan
table by their curvature, by the fact that when they
stop there are no decay products, and often by the
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presence of converted e'e pairs due to brems-
strahlung. They are distinguished from pion and
muon secondaries because the ionization of a pion
or muon track will definitely darken as the particle
stops, and after the particle stops a decay-product
particle mill emerge, generally in a nem direction.
Hence, the pion and muon secondaries usually have
a definite kink at their decay point. In the case of
a pion track, one gets a p, pip at the end, with the
dark short muon track and then the minimum-ion-
izing electron track. A muon will of course decay
directly into a minimum-ionizing electron. Thus,
an electron track is distinguishable from those of
pions and muons by the fact that it remains mini-
mum-ionizing until the very end, at which point it
is obviously an electron track due to its small ra-
dius of curvature. Also, mith the exception of
bremsstrahlung, an electron track should not have
large -angle kinks. Bremsstrahlung scatters are
usually distinguishable from a stopped-secondary
decay by the fact that there is no noticeabje change
in ionization from bremsstrahlung. Bremsstrah-
lung scatters are also usually forward, and one
often sees the converted-bremsstrahlung e'e
pair.

Not all electron tracks are easily identifiable on
the scan table, however. Steep electron tracks are
usually not picked up by the scanners. The curva-
ture of a steep track is not very helpful for iden-
tification (note that a track going straight up or
down along the magnetic field lines is not deQected
by the magnetic field), and also the ionization is
hard to judge since most steep tracks appear dark.
Thus, it is difficult, if not impossible, toseparate
steep electron tracks from steep pion and muon
tracks. About 20%%uo of all electron events are lost
because the tracks are s'.eep and unidentifiable.
Further hindering electron identification is the
fact that a pion or muon track can have some
electron characteristics if the n-p. -e or p, -e decay
chain has no large-angle kinks and if ionization
information is poor.

The branching ratio of the rare electron decays
is calculated relative to the K„branching ratio.
The number of K„decays mas obtained in the
following manner. In the electron scans all elec-
tron secondaries regardless of number of associ-
ated y's were marked down. A total of 157890
frames containing 27506 electrons were scanned.
As mentioned above there can be an ambiguity
between electron secondaries and pion or muon
secondaries. Both the rare electron candidates
and a sample of the above 27506 secondaries were
edited by a physicist in order to remove events in
which this ambiguity could not be resolved. It was
found that 83%%uo (22952) of the secondaries marked
down by the scanners were valid electron secon-

daries. Only 6~/0 of these valid electrons were
borderline cases, in which the secondary was
most likely an electron, even though it has some
pion or muon characteristics. In the K, 4~ experi-
ment it was found necessary to be absolutely cer-
tain of the electron identification and so for that
experiment the editing mas made stringent enough
to exclude the 6% of borderline cases. The valid
electron secondaries mere assumed to come from

3 de cays, and the total val id ele ctr on se con-
daries mere used in calculating electron branching
ratios. The error in the number of valid electrons
is 2.4%%uo. From the 7 count for the pion and muon
decays, it mas found that the valid electrons rep-
resented 70%%uo of the K, , decays expected in the
film.

F. Pion Identification by p Pips

Three of the decays studied have a charged-pion
secondary. For two of these decays, K —m vv

and K'- m yy, it is necessary to identify the pion
on the scan table in order to separate the desired
decays from the background with muon secon-
daries. Pion identification mas provided by obser-
vation of the p pip in the m-p -e decay chain.
There are several problems in using this method
of pion identification. In heavy freon the muon
from a stopped-pion decay will decay after travel-
ing less than 1 mm. Further hindering the de-
tection of p. pips is the fact that all tracks appear
somewhat wobbly due to multiple scattering. Also
the chamber is far from clean and extra bubbles
appear throughout the chamber. All of these con-
ditions mean that it is very hard to say what is and
what is not a p, pip. Depending on the criteria
used, the percentage of p. pips seen in a given
sample of pions can vary from 35%%uo to 75%%uo. After
studying both real g pips from pions and fake p,

pips from muons, the following criteria were cho-
sen. First, the p pip must be definitely seen in at
least two of the four 70-mm view's. In the 35-mm
film, because it only has three views, this require-
ment was relaxed so that a p pip must definitely
be seen in at least one view plus "probably" be
seen in a second view. Second, the editor must be
able to follow the w-p. -e chain. This eliminates
any dark blobs that might be p, pips. The breaks
between w-p. and p. -e must be seen. Generally,
this means the presence of tmo kinks, each greater
than 25'. Virtually all the muons from m decays
stop before decaying, and on our scanning tables,
a p pip will appear to be about one millimeter long.
Hence, any prospective p. pips greater than one
and a half millimeters mere discarded.

The percentage of pions having a p, pip as defined
above was determined by looking at endings of the
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two positively charged pion secondaries in w de-
cays. The endings were classified into five cate-
gories. Pion secondaries less than 2 mm long
were called "collinear" and discarded because
the length of the pion was comparable to or less
than the length of the p, pip being searched for.
Also discarded were endings that could not be
seen because they became entangled in other parts
of the & decay. These categories had to be dis-
carded to eliminate problems common to & decay
endings but virtually nonexistent for the decays
being studied. Finally, any pions ending in a
strong interaction were discarded because nuclear
interactions are treated separately Abo. ut 10% of
the endings were discarded in these three catego-
ries. The remaining endings were classified by a
physicist as either having a p, pip or not. s's from
all parts of the film were looked at, and the test-
ing was spread out over the entire three-year
period in which editing was done. To test the
editor's consistency, some of the & endings looked
at early in the experiment were classified a sec-
ond time by the editor. In most cases the agree-
ment on individual endings was exact. The result
was that (53.1+ 3.4)% of the pion endings were
edited as having a p, pip.

The scanner's efficiencies for selecting those
events that the editor labeled as having a p, pip
were determined by having the scanners also look
at & endings. The scanning efficiency for p, pips
varied between (71.3 and 88.6%) (plus or minus 5%)
depending on the film and the scan.

One of the problems hindering pion identification
is that muon secondaries can fake a p. pip in sev-
eral ways. There is a small chance that the p, will
scatter electromagnetically at the end of its range.
The electron from the p, decay can have a kink near
the origin, usually due to bremsstrahlung. If one
has a loose definition of p. pips, then just the rel-
atively poor track quality produced in heavy freon
will cause one to see p, pips where there is really
nothing more than a widening of the track. X»
decays provide a clean sample of muon secon-
daries, and from a study of K» ending it was de-
termined that 1~/0 of muon endings will be edited as
having a fake p pip. At this low level there was no
trouble with fake p. pips.

prong star, or that ended in charge exchange.
Also, the editor classified events having a definite
and drastic change in ionization as having a strong
interaction, even if no change in direction was
apparent.

To determine the percentage of real events lost
by discarding strong-interaction events, pions
from E„decays were studied. A physicist very
carefully scanned 225 frames of 70-mm film. This
short scan was used to determine several param-
eters. In this scan 70 events with a strong inter-
action were found in a sample of 174 X„decays.
Thus, (40.2+ 4.8)% of the pion secondaries from
stopped-E, decays have a strong interaction.

In order to determine the percentage of secon-
daries having a strong interaction as a function of
the secondaries' range, the distribution of strong
interactions along the length of the 70 K„, secon-
daries was obtained. Figure 2 shows this distri-
bution, and Fig. 3 shows the percentage of pion
secondaries having a strong interaction as a func-
tion of range as calculated from the distribution in
Fig. 2. The dashed part of the curve above the E„
range is an extrapolation out to the maximum range
possible for a pion secondary.

H. Leaving Tracks

All events with secondaries leaving the chamber
were discarded from further consideration. The
percentage of Z,2 and E» events that leave was
experimentally determined from the physicist
scan. For the E„events the sample used was
composed of the E,2 secondaries that did not have
a strong interaction. Thus, the result is applic-
able to muons as well as to pions. The results
are that (39.1+2.9)%%up (181 out of 463) of the X»
decays leave the chamber and that (11.5+ 3.3)%
(12 out of 104) of the noninteracting K„decays

20—

l5—

R l0—

G. Pions and Strong Interactions

Pions with strong interactions were discarded
since the pion's range is usually changed by an
interaction and thus the momentum by range is
invalid. A strong -interaction event was labeled
K (kink) by the scanners and was defined as a sec-
ondary that had a single large-angle scatter (gen-
erally greater than 25'), or that ended in a multi-

l

0 4.8
I I I I

9.6 l4.4 l9.2 24.0 28.4

RANGE (cm)

FIG. 2. 70K„& pion secondaries with a strong inter-
action. The abscissa is the distance along the pion from
the E+ decay origin to the strong interaction.
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FIG. 3. Percentage of ~ secondaries having a strong
interaction as a function of range.

IO 20 30 40 50
RANGE (cm)

FIG. 5. Percentage of secondaries leaving chamber
as a function of range. is a data point from the K&&
events and. + is a data point from the K~& events.

leave. In order to determine the percentage leav-
ing for ranges other than 28.9 cm (K„) and 51.2
cm (K»), the distance traveled before leaving the
chamber was measured for a sample of leaving
events. The results are shown in Fig. 4. Figure 5
shows the results of using the data of Fig. 4 to cal-
culate the percentage of leaving tracks as a func-
tion of range. The solid line is a fit by hand made
to follow the K„data for shorter ranges and the
E» data at the longer ranges.

l2—

I I I I I I

0 l4.4 28.8 0 I2.8 25.6 MA 5I,2
RANGE (cm)

FIG. 4. Distance secondary travels before leaving
chamber. (a) 12 X„2 events that leave chamber, (b)
5O Z» events.

I. Range Cuts

At several stages throughout the experiment the
common K„, K», and &' decays were discarded
by making range cuts (on pion and muon secon-
daries). The effect of these cuts on the spectrum
of rare decays being searched for must be consid-
ered. The first cut was made by the scanners by
measuring the projected range of the pion or muon
secondary being considered. All views were looked
at, and the view in which the projected range was
longest was used. The range of the n' in K„,
decays is 28.9 cm, and all events with projected
ranges between 24.8 cm and 33.0 cm were discard-
ed. This cut eliminated approximately 85% of the
K„,decays remaining after eliminating leaving
and strongly interacting tracks. The K» range is
51.2 cm and 89%% of the nonleaving K» decays were
eliminated by discarding all events with a project-
ed range greater than 44.3 cm. Finally, the max-
imum range of the charged pion in a 7' decay is
9.6 cm, and so most three y 7' decays were sep-
arated from three y radiative decays by eliminat-
ing three y events with a projected range less than
7.4 cm. Note that this 7' cut was not applied to
Oy or 2y events. After this first stage, most re-
maining K„,and K&, decays are steep events that
have relatively short projected ranges.

The second series of range cuts was made
between scanning and measuring. The measuring
tables can be used on line with a simple two-view
reconstruction program to obtain an estimate of
the range, dip, and depth of a single track. This
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80—
I-

60—z
K
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4J
a. e0—

20—

10 20

RANGE (cm)

50 40

FIG. 6. Percentage of secondaries passing range
cutoffs as a function of range. Below 14 cm of range,
the solid line is for 3y events and the dashed line is
for Qy and 2y events.

program, RANGER, gives the range to within 1&q,
and for approximately one half of the experiment
RANGER measurements were made on all of the
pion and muon events selected by the scanners.
Events between 26.0 and 32.0 cm, events greater
than 46.0 cm, and three y events less than 8.5 cm
were then eliminated. In this way most of the K„'s
E;»'s, and 7 "s that survived the projected range
cut were discarded. This step was dropped when
it was decided to do no editing of the events before
the full measurement.

The final cut was made after the entire event
was measured and reconstructed using the program
SHAPE. All remaining events with ranges between
26.0 and 31.0 cm, ranges greater than 44.0 cm, or
three y events with ranges less than 10.9 cm were
discarded. Also, since very short pion tracks are
not unambiguously identifiable as pions, a cutoff
at 0.2 cm was made for pion tracks associated
with Oy's or 2y's. Actually, only the final series
of cuts is needed to virtually eliminate all stopped,
nonleaving, noninteracting K„, K», and r' decays
as a source of background. The first two cruder
cuts are used to speed up the scanning and to re-
duce the amount of measuring.

To study the effect of these cuts on the rare
decays, a sample of K„, and K» decays was mea-
sured using all three methods: projected range,
RANGER, and full event measurement. The range
distributions obtained for these fixed momenta
decays were then scaled to other ranges and used
to determine the percentage of events surviving
all three cuts as a function of range. The results
are presented in Fig. 6. The vertical lines in the
figure are due to the relatively sharp final cut.
The rounding off of the corners is almost entirely
due to the projected range cut, as it is the least
accurate.

J. Scanners' Pion and Muon Detection Efficiency

The scanners' efficiency for finding and properly
marking down an event that has a pion or muon
secondary with a range from a couple of millime-
ters to 45 cm (excluding K» secondaries) was
determined to be (80+ 10)/o. Events lost due to one
of the following scanner errors were considered:
missing the event entirely, incorrect measurement
of projected range, incorrect labeling of a Secon-
dary as having a strong interaction or as leaving,
and finally labeling a pion or muon secondary as
an electron. All of these errors cause the event
to be lost from further consideration and hence
they are treated together. Notice that this effi-
ciency does not consider y numbering errors or
p, pip labeling errors as they are treated separate-
ly.

K. y Detection Probability

The y detection probability is defined as the
product of the y conversion probability and the
scanner's y efficiency. The y conversion proba-
bility is the probability that a y will convert into
an e'e pair or produce a Compton electron before
leaving the chamber. For any individual y it is a
function of the liquid in the chamber, the distance
traveled in the chamber, and the energy of the y.
For this experiment the liquid is fixed and the y
conversion probability was averaged over all of
the possible distances traveled. The energy depen-
dence was specifically considered. The scanner's
y efficiency is the probability that a scanner will
find and assign to the correct decay origin a y
that has converted in the chamber. Thus, the y
detection probability is the probability that a y
(or a set of y's, such as the two y's from a single
m decay) will convert in the chamber and will be
correctly labeled by the scanner.

The y conversion probabilities were determined
experimentally by studying some of the ordinary
X+ decays. The results of the physicist scan, in
which all converted y's were carefully assigned to
the proper origin, were used. The 2y conversion
probability (chance that both y's from a single II'

will convert) was determined to be (70.6+ 4)%.
Most of these y's come from K„decays with m'

momentum equal to 205 MeV/c. Thus, this figure
is valid for a m with momentum of approximately
200 MeV/c. The 4y conversion probability is need-
ed for the study of K'- n'm'e'v. The average m'

momentum in this decay is assumed to lie between
the m' momentum for decays with a single m' and
the average no momentum in the decay K - @+m m .
Thus, the K,4 4y conversion probability is expect-
ed to lie between 49.8% (square of the single w'
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FIG. 7. (a) The fitted energy of the noneonverting y
for 28 .K„2 events with only one y pointing to the decay
origin. (b) y detection probability as a function of y
energy. The dashed line indicates the cut at 30 MeV.

conversion) and 35.7% (experimental value found
for the four y's from v' decays). A value of (43
a 5)/o is assumed.

The scanning efficiency for finding both y's from
a n' decay was found to be (84.5+ 2.2)%. The scan-
ning efficiency for finding three y's must consider
an additional psychological factor. The radiative
decays with three y's are all very similar to com-
mon decays that have only two y's. It is found that
the scanning efficiency for the third (usually small)
y is much lower than the efficiency for finding the
first two. A rescan of some of the Sy radiative
K„events showed that the scanning efficiency
for finding all three converted y's is only (33+ 12)/o.
This low efficiency indicates the scanners miss a
large number of radiative events merely because
they are conditioned to see two y's instead of three.
The above efficiencies are for a single scan. In
most cases the scanning efficiency was increased
appropriately to account for rescans. In the case
of radiative E„and K„ the scanning efficiency
was assumed to be 100%because a physicist checked
events with one y less than the event topology
being searched for. This check picked up y's that
had been previously missed by the scanner.

The energy dependence of the conversion proba-
bility was determined by looking at the energy
distribution of unconverted y's from K„decays.
A sample of E„decays with only one y was mea-
sured and fitted to K„. The fitted energies of
the missing y's for those events having a X' less
than 3.5 to the two-constraint fit are shown in
Fig. 7(a). Note that more low-energy y's were

missed than high-energy y's. The Barschall-
Powell theorem says that the y's from a K„, m"

will have a flat energy distribution in the labora-
tory frame from 20 MeV to 225 MeV. Thus,
Fig. 7(a) shows the skewing due to the energy
dependence of the detection probability. Figure
7(b) shows the resulting single-y detection proba-
bility as a function of y energy. It was calculated
using the information in Fig. 7(a) along with in-
formation on conversion probabilities and scanning
efficiencies. For simplicity, the energy depen-
dence of missing a y because the scanner fails to
see it was assumed to be the same as that for
failing to convert.

The information in this section was used to cal-
culate the y detection probability for each par-
ticular rare event. The energy dependence was
accounted for by using the theoretical y spectrum
for each event and in some cases the m' momentum
spectrum. Thus, for example, in K'- m'm'y

decays the radiative y detection probability has
the energy dependence shown in Fig. 7(b), while
the ii' (2y) detection probability is assumed to
vary as follows: for ii"s up to 100 MeV/c it is
assumed to be 50~/o, and from 100 to 200 MeV/c
it increases linearly up to 66/o.

III EXPERIMENTAL STUDY OF E' ~ z'no

A. Theoretica1 Review

The observation of a large direct emission pro-
cess in the decay K'-m'm'y would have several
interesting theoretical consequences, which war-
rant the experimental search for this process.
Perhaps the most important among these conse-
quences is the usefulness of the may decay for in-
vestigating CI' and T viol, ation, which depends
directly on the existence of an appreciable direct
emission amplitude. ' ' Furthermore, the electro-
magnetic contribution to the breaking of the 4T
=

& rule for K-mm decays is likely related to the
relative size of the direct and internal brems-
strahlung amplitudes in K -nmy decay. '

Theoretically, the decay E'-m'm'y can proceed
by either internal bremsstrahlung or else by some
direct-emission process. Assuming that only the
lowest-order multipoles contribute to the direct
process, the differential decay rate can be written
ass ~ 10

= ~(&w2) 0(in+». i+y'I'll+ &'4i),
GENT&+ Bcose

T,+= m+ kinetic energy,

cos8 = angle between m+ and extra y (non-ii ),
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u(K„,) =K„, branching ration = 0.2092,

p is the phase-space factor, I, is the internal
bremsstrahlung contribution, I~ and I„, are the
E1 and M1 direct emission contributions, and I. t

is the contribution from the interference between
internal bremsstrahlung and the E1 term. y and P
are form factors giving the strength of the E1 and
M1 terms.

The purpose of an experiment is the determina-
tion of y and p. These parameters can be obtained
from a study of the pion spectrum and its correla-
tion with the eos8 spectrum. The total branching
ratio is also a function of y and P. There are
several theoretical calculations" of y and P. These
range from 0.04 to 0.45 for the absolute value of y
and from zero to one for the absolute value of P.

B. Selection of E'~ n'n' p Events

The scanners searched for a stopped-K' decay
with three y's pointing to the origin. The secondary
was required to have no large-angle scatters as
well as a range below the K„, region and above the
v' region. The secondary was classified as either
a 1' (no 1' pip) or a w (with a visible p pip). A
total of 542 100 stopped-K' decavs were scanned.
Four hundred and eighty candidates were measured,
and after reconstruction and fitting, the following
three cuts were applied to the candidates. Only
events with a fit giving a X' probability greater
than 0.001 were accepted. Second, the difference
between the measured m momentum as determined
from range and the fitted m' momentum was re-
quired to be less than 10.5 MeV/c, and third the
fitted pion kinetic energy had to be in the range of
55 to 102 MeV. This cut on the fitted energy range
corresponds to the cuts applied to the measured
range of the secondary. Events surviving these
cuts were carefully edited by a physicist in order
to determine if the event satisfied the scanning
criteria. 23 radiative K~, events were left for
analysis.

In order to determine cosa, the decision as to
which of the three y's was the extra (non-rP) y must
be made. In some cases only one permutation
made a successful K+-n'm'y fit. Many events had
two choices, however, and for some events all
three y's worked. The y which gave the lowest
average g' for the K -n'm y fit when it was used
as the extra y was chosen as the extra y. Unfor-
tunately, there were six events in which two or
three y's gave comparable (within 30$) g"s despite
repeated measurement. In some of these cases it
became evident that a clear-cut resolution of the
ambiguity mas beyond the experimental accuracy.
Unfortunately, this ambiguity has a significant
effect on the analysis of y and P. As is discussed

C. Background Discussion

It is expected that the events picked up in this
experiment are relatively clean of background.
The following three types of background will be
discussed: 2y events with an accidental third y,
in flight K+-m n m deca,ys in which only three y's
convert, and other rare K' decays. An accidental
y ean have its true origin either outside or inside
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FIG. 8. Experimental spectra for 22 K+ x+xoy

events. The solid lines give expected experimental
spectra for internal bremsstrahlung alone. (a) Kinetic
energy of positive pion (T~+), (b) cosine of the angle
between the positive pion and the extra (non-7t' ) y (cos8),
(c) energy of the extra y (E&).

later, the effects of possible incorrect y assign-
ment will be included in the errors.

Since the scanning efficiency for y's drops off
rapidly for low-energy y's, a cutoff on y energies
was applied, and events were accepted only if the
fitted energy for the extra y was greater than
30 MeV. Figure 8 gives the experimental T„+,
cos8, and energy of the extra y spectra for the
final sample of twenty-two events. The solid
curves are the expected experimental spectra
assuming y= P = 0 (internal bremsstrahlung only).
In calculating the expected experimental spectra,
the following experimental efficiencies (as dis-
cussed in Sec. II) were considered: the efficiencies
for finding the n' as a function of pion kinetic en-
ergy considering losses due to strong interactions,
leaving secondaries, and range cuts; the y detec-
tion probability for the extra y as a function of its
energy; and the y detection probability for the two
y's from the w' as a function of the m' momentum.



1316 D. LJUNG AND D. C LINE

the bubble chamber. Background due to a 2y decay
such as E» plus an accidental y originating within
the chamber is eliminated by rather harsh editing
of the y's. For all events the entire bubble cham-
ber was searched for alternate origins for the
three y's pointing to a possible E'-m'm'y decay
vertex. In all cases where a possible alternate
origin existed, the y was associated with the origin
to which it best pointed. If it pointed approximately
as well to both origins and if it was reasonable to
assume that the y came from the alternate origin,
it was assigned there. From a consideration of
the number of ambiguous cases encountered in ed-
iting, it is expected that no more than 5 to 10%%uo of
the real events will be discarded by this require-
ment on the y's. An estimate of the number of
background events due to accidentals originating
outside of the chamber was made in the following
manner. In a short scan by a physicist the number
of y's with no apparent bubble chamber origin was
counted. This number was used in a calculation of
the number of accidental y's that would actually
point to an origin and would cause a fake event to
survive all cuts. The result was that less than
one event was expected as background due to acci-
dental y's originating from outside the chamber.
Thus, accidental y's are not expected to produce
background for radiative E„. The editing was the
same for the other rare decays and so the result
also applies to them.

Conceivably a 7' decay could be picked up if the
E' decayed in flight and the positive pion second-
ary went forward so that its range would be greater
than the ordinary stopped-v' decay limit. Appar-
ently the chance that such a decay will indeed fit
the E+-n+m y hypothesis is small, since all of the
22 events were fitted to the three-vertex two-con-
straint T'-in-flight hypothesis and none of the
events fit. This hypothesis gave acceptable fits
when applied to events that were clearly examples
of 7'-in-flight decays. To check for contamination
from stopped-7' decays, those events near the v'

end of the spectrum were fitted to the stopped-v'
hypothesis. None had acceptable fits. The only
remaining way for a 7' decay to become background
is for an in-flight-7' decay to have some accident
(like a w' scatter at the decay origin) such that it
fails the 7'-in-flight hypothesis but passes the
radiative K„hypothesis . This background is
negligible just from simple calculations of the
total number of in-flight-v' decays one expects
in the film plus some simple assumptions as to
how often an undetected accident occurs.

Since the secondary is not required to have a
p. pip and hence is not positively identified as a
pion, there is a chance that a radiative E» decay
could be accepted as a K'-m'm y decay. However,

this background is expected to be small for the
following reasons. In general, one would not ex-
pect a real radiative E» decay, which is four-
body and hence not coplanar, to be able to fit as a
radiative E„decay, which is three-body and co-
planar. Also the branching ratio for radiative E»
is expected to be an order of magnitude lower than
radiative E„. Five of the 22 radiative K„, events
do not have an identifiable p. pip; one would expect,
however, at least that many in an experiment of
this type due to the radiative E„events alone.
Finally, for the branching-ratio calculation, only
those events with p, pips are used, and hence
virtually any chance of this type of background is
eliminated. Rare electron decays with three or
more y's, such as radiative K„or g4 can be
el.iminated as a source of background simply be-
cause at this level the confusion between pion and
electron secondaries is small. In conclusion, it
is expected that the sample of radiative K„, events
has no more than one background event from all
sources.

D. CalcuIation of y and P

The experimental values of pion kinetic energy
and cos8 were used in a maximum-likelihood anal-
ysis in order to determine y and P. To study the
effect of events with an ambiguity in the choice of
the extra y, many different runs of the likelihood
program were made, each with a different possible
set of choices of cose for the ambiguous events.
It was found that the calculated value of y varied
from +0.15 to -0.45. Some of the ambiguous
events had little effect on y regardless of which y
was chosen as the extra one, while others caused
drastic changes. Figure 9 shows the changes in
the likelihood function (assuming P to equal zero}
due to different choices for the extra y for the
event causing the largest fluctuations in the likeli-
hood function. All three y's could be considered
the extra y for this event. Note the shifting in the
relative importance of the two main peaks Bt 0.0
and —0.4 as the extra y is changed. Since no par-
ticular set of extra y's was definitely favored over
another, the maximum-likelihood results are a
range for y and P. The range is such that it in-
cludes all the values calculated from various
reasonable permutetions of the experimental data.
Thus,

—0.45 & y & + 0.15 (assuming P = 0),
~ P[ & 0.3 (assuming y= 0) .

A Monte Carlo study was done to determine the
effect of ambiguous events and other experimental
errors on the determination of y. When ambiguous
events were added to randomly generated radiative
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FlG. 9. Effect on likelihood function of a single
ambiguous event. All three y's for this event can be
considered the extra y. The three different curves each
correspond to a different choice for the extra y.

E„,events, it was found that the maximum-likeli-
hood program often gave results with a double
peak much like the actual experimental data. Thus,
the importance of reducing this ambiguity in future
experiments that attempt to determine y and P is
established. " The Monte Carlo study also showed
that errors in the determination of experimental
efficiencies on the order of the errors quoted in
Sec. II only cause shifts in y of a couple of hun-
dredths.

E. E'~ g'noy Branching Ratio

Since the branching ratio is a function of y and P,
its experimental determination can be used to im-
prove the determination of y and P. The calculation
of the branching ratio used only those events with
a g pip found in a section of film in which all 2y
pion events (as well as 3y events) were analyzed
for radiative E„events. .,.These two y events were
edited by a physicist who looked for any third y's
that may have been missed by the scanners. This
film was also rescanned and the combined scanning
efficiency for finding three converted y's was as-
sumed to be 100%. The branching ratio was cal-
culated for three pion kinetic energy ranges and the
results are given below (note the ranges overlap).
In each range the total experimental efficiency for
finding E'- m' m'y events was calculated. For effi-
ciencies due to losses that depend on the pion ki-
netic energy (such as losses due to strong inter-
actions, range cuts, and leaving tracks), the in-
ternal bremsstrahlung spectrum was assumed.
A 10'%%up loss was assumed due to editing and process-

ing events. The resulting total efficiencies were
18.0%, 13.9%, and 6.0% for the respective ranges:

Pion kinetic- Experimental
energy range branching ratio

(~.,)
Theoretical

branching ratio
for internal

bremsstrahlung

55-80 MeV

55-90 MeV

(1 5+1.1) g 10-4

(2.6+")x10 4

55-102 Me V (6.8",,') 0&10

1.39 x10-4

2.72 x10-4

6.87xIO~ .

IV. SEARCH FOR RADIATIVE E„3 DECAYS

A. Theoretical Review

Fisehbach and Smith" have theoretically studied
the decay K'- p, 'm vy including both internal-
bremsstrahlung contributions and structure-depen-
dent terms. Theoretically, with a large number
of these decays the K„ form factors could be de-
termined. Experimentally, however, it would be
difficult to extract this informatio~ as the struc-
ture-dependent terms are expected to be small and

The quoted errors (68% confidence level) are due
largely to the Poisson distribution for the number
of events, but they also include all the errors in
the various experimental efficiencies. Note the
excellent agreement between the experimental
values and those predicted assuming only internal
bremsstrahlung (y = P = 0). The branching ratio was
used to calculate y and P, and the results were
combined with the results of the maximum-likeli-
hood analysis of the T,+, cos(9 spectra. The final
experimental determination of y and P from this
experiment is

0 02+-o'4s ~

P= 0.0+0.3 .
Several other experiments have determined y

and P. The statistics and results of most of these
studies are similar to those of this experiment,
with the exception of a recent high-statistics re-
sult of Abrams et a/." Excluding the Abrams
result, the experimental data can be combined by
multiplying all the likelihood functions together.
A "floor" on each separate experiment of 1'%%uo of
that experiment's maximum likelihood is assumed,
so that a minimum of one experiment does not
completely overwhelm all other data at that point.
The results for y and P are shown in Fig. 10.
From this figure one obtains approximately

y= 0.1+0.1,
( p ( 0 15+0.10
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FIG. 10. Product of all experimental likelihood func-
tions for determination of y and P.

also the decay is hard to identify positively. As-
suming reasonable values for the form factors
the prediction of Fischba. ch and Smith for the
branching ratio is

I'(K'- p'w'vy, E~ &30 MeV)
I'(K'- p, 'm'v)

be positively identified as being a pion. Only six
events remained after editing.

All six of the remaining events also survived
cuts similar to the above except applied to the
decay" K+ -n'm y. Thus, the remaining back-
ground was due to radiative K„decays, and a
study was made of how to separate radiative K„
events from radiative K» events. In the radiative
K„experiment, seventeen other events were found
that were K'- m' m'y candidates. These 17 events
were definitely radiative K„events and not radia-
tive K» events because the secondary decayed
with a visible n- p, -e decay chain. However, when
the w- p, -e decay chain was neglected on these
events and they were analyzed as radiative K»
decays, it was found that they fitted both radia. -
tive decays equally well. In general, these fake
radiative K» fits reconstructed a low-energy neu-
trino that tended to go along the muon direction.
This is what would be expected from conservation
of energy and momentum. Thus, it was found that
all radiative K„events can be expected to fit
radiative K». However, the reverse would not be
expected to be true. A real radiative K» event is
a four-body decay and usually would not fit a three-
body coplanar decay such as radiative K„,. Thus,
the final cut was to eliminate any events which
passed the radiative K„, cuts. There were no
K'- p, 'm'vy candidates left.

C. Upper Limit on E' ~ p'm vy Branching Ratio

B. Selection of Candidates and Background Discussion

The events selected for the radiative K„,experi-
ment were also considered as radiative K» candi-
dates. Also events with ranges above the K„,
region were considered. After geometric recon-
struction and kinematic fitting, several cuts were
applied to these candidates. In order to be kept as
a candidate an event was required to have a X'

probability for the two-constraint two-vertex fit
to Kp 3 + y greater than 0.001. Also the fitted muon

momentum was required to be either. between 113.5
MeV/c and 168.5 MeV/c or between 182.7 MeV/c
and up to the kinematic limit of 215 MeV/c. This
cut along with the range cuts eliminated the
common T' and K„decays. Finally, since mo-
mentum by range could be measured quite accurate-
ly, the measured and fitted muon momentum had
to agree within 10.5 MeV/c.

97 events survived these cuts and were edited
by a physicist on the scan table. Primarily this
editing was done to eliminate ordinary 2y decays
that had been incorrectly assigned a third y. Also
at this time, secondaries that decayed in a visible
p- p.-e decay chain were eliminated as they could

In order to set an upper limit on the branching
ratio, the efficiency for finding radiative K»
events was determined. The mQon spectrum for
K+- p+ m'vy was assumed to be the same as for
K'- p, 'm'v and it was found that 51% of all real
events would be accepted by the cuts on the muon
momentum. The experimental efficiencies dis-
cussed in Sec. II were applied. For the extra y
detection efficiency the y spectrum of Fischbach
and Smith was used with an energy cutoff of 30
MeV on the extra y. A study of how often lower-
constraint fits such as radiative K» would fake a
fit to a higher-constraint fit such as radiative K„
indicated that only 5% of the real events would be
lost due to discarding events that passed the radi-
ative K„, cuts. The total efficiency was 7% and
thus,

I'(K'- g'm'vy, E, &30 MeV)
r(K'-all)

at the 90% confidence level. Finding a single event
in this experiment would have corresponded to a
branching ratio of 2.7 x10 ', which would have been
compared with the Fischbach and Smith branching
ratio" of 2.2 X10 '. Thus, the experimenta, l result
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is consistent with assuming that there are no un-
usually large structure-dependent terms.

V. SEARCH FOR K' ~ m'7p

A. Theoretical Review
K K'

Observation of the decay K+-w+yy would be of
theoretical interest because it might shed some
light on the mechanism responsible for the break-
ing of the 4I = —,

' rule in the ordinary K„decay.
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
below 60 MeV.

The decay K+-m+yy is expected to exist as a
result of first-order weak and second-order elec-
tromagnetic interactions. In principle the decay
could proceed either by inner bremsstrahlung or
else by direct emission of photons. However, it
has been pointed out that the inner bremsstrahlung
terms must vanish due to gauge invariance and
the pseudoscalar nature of the mesons. " Various
theoretical models have been used to estimate the
contribution to the direct K+-m+yy amplitude from
different intermediate states. Figure 11 gives the
diagrams for some of these processes. These
models will be briefly discussed in order of de-
creasing predicted total branching ratios.

The largest contribution to the amplitude is ob-
tained by using a 0' meson as an intermediate state
[see Fig. 11(a)]. Lapidus" uses the assumed
o particle (mass = 400 MeV, width = 100 MeV)
and predicts a branching ratio of 4x10 ' with the
w' spectrum peaking for low-energy pions. Oppo
and Oneda" mention the possibility that an as-
sumed e (mass = 700 MeV) could enhance the
K+- z'yy rate. Unfortunately for, these models,
there is no evidence that the 0 exists, and the e
resonance that was found has features considerably
different from those considered by Oppo and Oneda.
For example, the e decays exclusively into the mn

mode.
The axial-vector-dominance model uses a 1'

meson as an intermediate state [Fig. 11(c)]. Inte-
mann has predicted a branching ratio between 1.4
F10 ' and 2.1&10~using this model. "

The next largest contribution comes from a con-
sideration of the K, amplitude with the m' off the
mass shell [see Fig. 11(a), m pole model)]. Lapi-
dus" and Vanyashin, » using the usual weak-inter-
action couplings, conclude that this contribution is
negligibly small. Lapidus notes that there is less
than a 10 ' probability of observing a m more than
2 MeV off the mass shell. However, Fujii" uses
a model in which this amplitude is linear in the

K' K'

(c)

K' P K'

FIG. 11. Diagrams for the direct process K' —7t'yy.

(a) Single-particle intermediate state: 0+ resonant
state (X& =0+); ~ -pole model (X&

——~ ); rj-pole model

(X~ =q ). (b) Annihilation of virtual ~-x pair. (c) Axial-
vector-dominance model (X2 =A

&
or B+, X3 =X&).

Vector-dominance model (X2 = p', Xl =K*+). (d) Four-
particle vertex.

squared momenta of the pions. In this model the
amplitude varies with an adjustable parameter c,
and Fujii estimates

~ e~ = 20 from a consideration
of the decays K',- m'n and K'-m'n'. Using this
value" for e and the differential decay rate for
K'-m+yy appropriate to this model, ' one obtains
a total branching ratio of 8&10 ' for K+-m'yy. In
this model the n' spectrum has a sharp peak in
the K„region and a large bump for low-energy
pions. An unattractive feature of this model is
that it is equivalent to using derivative couplings
for weak interactions.

Moshe and Singer" have considered the four-
particle vertices' diagrams shown in Fig. 11(d).
With SU(3)-breaking effects, they predict a rate in
the range 0.6x10 '-2 x10 '. Their pion spectrum
is nearly constant.

At the 10 ' level there are two possible contribu-
tions to the direct amplitude. Vanyashin" con-
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siders both virtual m-m annihilation' and the
q-pole model as shown in Figs. 11(b) and 11(a).
First he writes a general matrix element for the
decay and shows that the pion spectrum is peaked
for low-pion energies, while the photon spectrum
will peak at high-energy photons. When specifi-
cally considering the above two diagrams, he con-
cludes that their contributions are about equal,
and that there is no interference between them.
He predicts a total branching ratio of 2 x10 '.
Fgdt et al."obtain a, branching ratio of 1.5 x10 '
with the kinetic energy of the n+ less than 70 MeV
using just the g-pole model. In a variation of the
q-pole model, Brown et al."consider radiative
corrections to g-m mixing and obtain a branching
ratio of 3.4x10 4.

Finally, down several more orders of magnitude
the vector-meson-dominance graphs [ Fig. 11(c)]
are estim. a.ted to be a.t the 3 x10 ' to 4.6 x10-"
level 17 21

8, Experimental Review

Chen et al."did a, counter experiment searching
for K'-z+yy in which the pion kinetic energy was
between 60 and 90 MeV. Assuming the decay pro-
ceeds by a o-meson intermediate state [Fig. 11(a)j,
they placed an upper limit of 3.3 x10~ on the tota, l
branching ratio. Thus, their result is inconsistent
with the Lapidus model. In the Fujii model, their
result is that

~
e

~
& 30, and hence they do not rule

out his prediction. Assuming a phase-space model
for the pion spectrum, they quote an upper limit
of 1.1x10 ' for the total branching level at the 90/p
confidence level. Klems et al.' report a total
branching-ratio upper limit of 4.5x10 at the 90/0
confidence level, assuming a phase-space model.
As their counter setup was sensitive to pions above
the K„, region (pion kinetic-energy range 117
MeV —127 MeV), they were unable to check the
Fujii model.

C. Selection of K+ ~ n'yp Candidates

The scanners searched for a stopped-K decay
with two y's pointing to the origin. The secondary
was required to stop and decay in a z- p, -e chain,
to have no large-angle scatters, and to have a.

range outside of the K„, region. Pion identification
was provided by the observation of the muon (p pip)
in the m- p.-e'decay chain. 1900 events were fitted
to the four-constraint K+-m+yy hypothesis, using
all measured variables plus the two-constraint
hypothesis, ignoring the measured y energies.
Three cuts were applied to all fits. The first cut
accepted only those fits with a X' probability for
the K+m yy fit greater than 0.01. The second cut
discarded any fits in which the fitted pion momen-
tum differed by more than 10.5 MeV from the
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FIG. 12. y distribution for four-constraint fit to
K+ —7i'yy. The histogram outlined by a solid line
represents 96 E~& events. X represents one of 47
E+ m+yy candidates that survive cuts 1-3. ~ represents
one of six of these 47 candidates that survive editing.

measured momentum. Finally, any fits with a fit-
ted pion momentum in the K„, region from 197
MeV/c to 211 MeV/c were discarded. There were
47 events in which either the 4C fit or the 2C fit,
or both, passed the above cuts. Figure 12 shows
the X' distribution for the 4C fit for these events.
Also shown is the X' distribution obtained from
fitting K„, events to the 4C K'-m+yy hypothesis
(that is, a one-vertex fit neglecting the m'). Ex-
cept for an overabundance of events in the tail,
the K„X' distribution is what one would expect for
a 4C fit.

The remaining 47 candidates were carefully
edited on a scan table by a physicist. The purpose
here was to see if the events really satisfied the
criteria to be a 2yw event. 23 events were dis-
carded for not having a, p. pip. They were mostly
K» decays. Two events were discarded because
they had a, large-angle scatter, and hence they
were examples of K„, decays whose range had been
shortened by a strong interaction. Most of the re-
maining events that were discarded had three y's
pointing and presumably were T' decays. A total
of six events survived editing. Figure 12 also
shows the X"s for these events. Note that the X'

distribution for these events shows no improvement
over that for the 47 events, and also that it does
not fit the expected 4C X' distribution. Thus, some,
if not all, of these events are expected to be back-
ground

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 be interpreted
as an example of K+-m+yy or else as an example
of K'-m'w y, where one of the m y's had failed to
convert. Since the radiative K„branching ratio is
at the 10 ' level, it was important to determine
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whether it could reasonably be background for
K'-m'yy at the 10 ' level. A model of radiative
K„ faking K+-m'yy was constructed based on the
measurement errors in this experiment, and a
consideration of the 21 radiative K„events with
three converted y's found in the radiative K„,
study. The model predicted that an experiment
of this type had a 30/0 chance of having a radiative
K„event with only two converted y's that would
pass editing and cuts one through three, and hence
be background for K+-z+yy. Estimates were made
of the number of events expected from other
sources of background, and it was found reason-
able to interpret these six events as three 7' de-
cays in which only two y's converted in the cham-
ber, one K» decay in which the muon has a fake
LIJ. pip, one K„decay in flight, and one radiative
K„, decay in which one of the three y's failed to
convert.

A real K'-n'yy decay is coplanar. That is, the
momenta of the pion and the two y's are constrained
to lie in a plane. No such constraint applies to the
background decays, and hence the background only
accidentally approximates coplanarity. Thus, in
order to separate out the background decays men-
tioned above from any real signal, one can use a
more stringent coplanarity constraint than that
provided by the rather loose X' cut on the over-all
fit. To measure how well a given event fits this
criteria, define the box product:

Boxproduct= 'P" P"' P"(,x ) ~

IP. I Ip„I Ipy, I

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 ab-
solute value of the box product greater than 0.140.
Figure 13 shows the box products for the six re-
maining events along with the box product for a
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FIG. 13. Coplanarity cut applied to K+ —m'yy candi-
dates. The box product is calculated from measured
Vt+ and y angles. X represents one of six E;+—m+yy

candidates. The histogram outlined by a solid line rep-
resents coplanar % ~2 decays.

sample of K„decays calculated from the pion and
two y momenta. All six remaining candidates
were eliminated by this cut.

D. E' ~ m'yy Results

This null result mill be discussed in terms of
several of the theoretical models. For all models
the total detection efficiency is calculated as fol-
lows":

E,.» =~, xN, xN, xN, x~, xN, ,

where

jr, n (T~+) xn (T~+) xn (T„+)(dI'/dT +)dT +

Jr, (dI'/dT, +)dT, +

m„n„and n, are the efficiencies considering
losses due to strong interactions, leaving second-
aries and range cuts as discussed in Sees. IIG,
DH, and III (see Figs. 3, 5, and 6); (dl'/dT, +) is
the differential pion spectrum for the model being
considered and the integration is over the pion
kinetic energy range being considered.

In actual practice N, is found by numerical inte-
gration as n„n„and n are not expressed analyt-
ically.

N, = the chance a pion secondary will be edited by
a physicist as having a p. pip. It is equal to 0.531
as discussed in Sec. II F; N, = the p. pip scanning
efficiency as discussed in Sec. IIF (equal to 0.844,
0.713, or 0.886 depending on the scan); N~ = y de-
tection probability for finding two y's. As dis-
cussed in Sec. IIK this is the product of the y con-
version probability and the scanner's y efficiency.
Since the number is dependent on y energy, it
varies slightly depending on the model being con-
sidered (0.64 for phase space, 0.656 for Fujii and
g-pole models); N, =0.8, the scanners' pion-event
detection efficiency as discussed in See. II J; N6
= the efficiencies considering losses due to the cut
applied to the candidates. This also includes losses
due to failure of event to reconstruct even after
three measurements; E„» is calculated separately
for each of the scans and an appropriate average
is found. Then with no events the upper limit on
the branching ratio is

2.3
branching ratio &

(average E„„„)x(total K' scanned)

at the 90/0 confidence level.
For K'-m'yy, N, was determined to be 0.93 by

applying the four cuts to a sample of K„, decays.
The X' cut was found to be the only cut that dis-
carded any sizable fraction of events.

For the Fujii model, the differential pion spec-
trum as calculated by Chen et al. '4 was used in the
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calculation of N, . N, was found to be close to 84/0
for T„+&102 MeV and for all

~
e

~
& 50 except for e

very near zero. Figure 14 shows the theoretical
pion spectrum for the Fujii model, and the dashed
line shows the effect of N, on the spectrum for
a=+11. The average E„„,was 19.5/0, and the
result is

I'(K'-m'yy, T,+&102 MeV)
I'(K'- a,ll)

at the 90% confidence level assuming the Fujii
model.

This corresponds to a limit on e of I e)&11.
Finding a single event in this experiment would
have corresponded to

~
e(=7. Thus, this experi-

ment is inconsistent with Fujii's expectation of
j e/=20.

A constant pion spectrum was assumed in order
to calculate the upper limit in the model of Moshe
and Singer. The result is

'(K'-"yy)&2 9x10-
I (K+-all)

over the entire spectrum at the 90% confidence
level. This upper limit is just above their pre-
dicted range.

To compare our results with the g-~le model,
the form of the differential pion spectrum as
given by FKldt et a/. "is used:

(K+-z+yy, T, +&70 MeV)
r(K'-ail}

Our result with N, = 0.859 and average E„„&——20.3%
ls

1(K'-~'yy, T„.& 70 MeV),
I"(K'-all)

at the 90/o confidence level. Thus, we are an order
of magnitude away from testing the g-pole model.
However, this result also applies to the modified
q-pole model of Brown et al. , and clearly their
prediction of 3.4 &&10 ' is inconsistent with this
experiment.

Finally, Fig. 15(b) shows the pion spectrum ob-
tained from using a phase-space model with

dF
=Ap

A. = constant.
N, is 0.552 over the entire spectrum and its effect
is shown in Fig. 15(b) as the dashed line. The
average E„„,is 12.2% and our result is

1(K'-w'yy)
I (K'- all)

over the entire spectrum at the 90/0 confidence
level. When combined with the result of Klems
et al. ,

' one obtains a world upper limit of 2 x10 '.

dI' P,+ g4

dT, + (m„' —q')' '

where q is the invariant mass of the two y's. Fig-
ure 15(a) shows the pion spectrum obtained. For
the branching ratio they obtain

t6
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FIG. 14. Theoretical pion spectrum for K' —x+yy
using the Fujii model. The different spectra are for the
values of e given on the figure. The dashed line shows
the experimental spectrum for & =11.
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FIG. 15. Theoretical pion spectra for K+ n'yy. The
dashed lines show the spectra with experimental effici-
encies folded in. (a) g-pole model. (b) Phase space.
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The pion spectrum of the axial-vector-dominance
model is similar to phase space, and thus our
result is inconsistent with this model's prediction
of (1.4 —2.1)x10 ~.

In conclusion, the results of this experiment are
inconsistent with the predictions made by the Fujii
m'-pole model, the modified g-pole model of Brown
et al. , and the axial-vector-dominance model of
Intemann. The next logical experiment to search
for K'-m'yy would be one designed to reach the
10 ' level. At this level the q-pole and m-w anni-
hilation models as well as the prediction of Moshe
and Singer ean be tested. A feature of many of the
theoretical models for the direct process is the
peaking of the pion spectrum at the low-energy
end. Thus, a future experiment should search in
the region below the K„and ideally should include
the v' region.

VI. SEARCH FOR SEMILEPTONIC NEUTRAL
CURRENTS: E+ ~ x'vv

A. Theoretical and Experimental Review

In the study of weak-interaction physics neutral
currents pose an important and as yet unsolved
problem. Exper imentally, semileptonic interac-
tions involving neutral currents have not been ob-
served, but theoretically, it is difficult to imagine
why they do not exist. In first-order weak-inter-
action theory the decay K'-z+ vv would be due to
the coupling of a neutral hadronic current and a
neutral leptonic curr ent. Experimental studies
of interactions involving e'e or p, 'p pairs have
failed to observe neutral currents. Prior to any

systematic experimental studies of interactions
involving neutrino pairs, Weiner" and Oakes"
suggested models in which only neutral leptonic
currents involving neutrinos exist. Oakes" pre-
dicted a branching ratio for K+-p+vv of 1.8x10 '.
Thus, despite the experimental difficulties, it was
important to search for an interaction involving
neutrino pairs, such as K'-w' vv, before the pos-
sibility of neutral currents appearing in first order
could be ruled out.

Experimentally, Cline' obtained an upper limit
of 7.6x10~ for this decay with pion kinetic energy
in the range 55-98 MeV. Preliminary results on
the present experiment' were an upper limit of
1.0x10 4 over the entire spectrum. In a counter
experiment, Klems et al."definitely eliminated
the chance that neutral currents would be observed
as a first-order phenomena. They established an
upper limit of less than 7.5x10 ' over the entire
vector spectrum by looking in the regions 60& T„+
&100 MeV, 117& T,+&127 MeV.

Renormalizable theories" of weak interactions

and theories of CP violation"'" predict that
K'-m'vv will appear at about the 10 ' level. Aside
from the predictions of these rather complicated
theories, the decay is expected to occur as a
second-order weak interaction. In order to avoid
infinities, a cutoff must be made when doing the
second-order calculation. Using a cutoff of 300
BeV, Segre" obtains a branching ratio of 2 &&10 '.
%illey" uses the limit on K~- p,

'
p, to obtain a

limit of 4x10 "for K -g'vv. Singh and%olfen-
stein" predict a second-order branching ratio of
6x10 ". Theoretically, K+-w' vv offers a good
chance to study second-order effects as second
order is not competing with first order plus elec-
tomagnetic effects as in K+-m+e+e . If branching
ratios at this level could be studied, one might
observe nonlocal effects in weak interactions. "

B. Experimental Search

The decay K+-m' vv is undereonstrained as only
the incoming K' and the outgoing n' can be observed.
Kinematically one can determine the momentum
of the pion (P,+) from its ra.nge and the angle be-
tween the incident K' direction and the outgoing
m+ direction (8~,). Also, an upper limit on the K+

momentum can be set. Stopping-K' decays are
separated from in-flight decays by observing the
ionization of the last few centimeters of K' flight.
Studies of in-flight K„, decays indicated that K+

decays in flight with K' momentum greater than

200 MeV/c have noticeably lighter ionization for
the K track. However, below that momentum the
K ionization of an in-flight decay is indistinguish-
able on the scan table from the K' ionization of a
stopped decay. Thus, an upper limit of 200 MeV/c
can be set for the K' momentum. The search for
this decay relies on the fact that for K' decays
with an identified pion secondary, one can use the
above information to eliminate kinematically any
events that might be background. Fortunately,
one can make cuts that eliminate all background
down to the 10 ' level and still leave "search
areas" in which only K'-m' vv decays are expected.
The details are as follows.

Positive pion identification is provided by ob-
servation of the pion's decay into a muon, which
then decays into an electron. In order to obtain
an accurate measurement of the pion's momentum

by range, the scanners were instructed to accept
only pion secondaries without kinks (strong inter-
actions). The background level due to the ordinary
K' decays with one or more m" s in the final state
(K, , T', K»} is suppressed (approximately 10 ')
by accepting only decays that have no y's pointing
to the decay origin. Also, ordinary two-body
decays with a fixed secondary range (K„, and K»}
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were suppressed at the scan table by the use of a
projected range template. The scanners found 419
Oy n events.

These events were measured and any remaining
stopped-K„or K» decays were eliminated by
discarding pion secondaries with a momentum by
range between 196.2 and 212.3 MeV/c, or greater
than 238.7 MeV/c. After this cut there were 143
remaining events, and these were edited by a
physicist to make certain that they fitted the scan-
ning criteria. Events were discarded for having
a y pointing, for having a kink, for not having an
acceptable p. pip and so on. Only 11 events re-
mained and their P,+ and 8«are plotted on Fig.
16. The final cut was to eliminate all events with

P,+ and 8~, in the kinematic regions allowed to
the following in-flight decays:

K'. I@,-w'w'(K„),
K hl flight l ~ (Kii 2)

with pr+&20O MeV/c at time of decay. In the case
of in-flight K„decays, this cut basically means
one eliminates forward K+ decays with secondary
ranges greater than the stopped K„range and back-
ward decays with short ranges. The cut on K»
decays is required since a small fraction of muon
secondaries can have a fake p. pip. Thus, a back-
ward in-flight K» decay with a fake p, pip can ap-
pear as background to K'-m' vv. The kinematic
regions eliminated are indicated in Fig. 16 by
hatched areas. Note 10 of the candidates are elim-

180

inated by the K, cut, and one is discarded by the

K» cut. No K'- m' vv candidates remained.

C. Upper Limit on E'~ 7t'vv Branching Ratio

One can make crude estimates of the best re-
sults obtainable in a bubble chamber experiment
of this type. K~, and K» background is eliminated
as described above. Another possible source of
background is a radiative K» decay in which the

y escapes detection and the muon has a fake p. pip.
Calculations indicated that this background is an
order of magnitude below the level of this experi-
ment. Ordinary 7' decays in which all four y's
leave the chamber before conversion have a very
low rate due to the large size of the chamber Bs
compared with the short radiation length. Also,
the above two sources of background can be elim-
inated by kinematic cuts if necessary. However,
the ordinary K» decay with a fake y. pip and two
missing y's is background at about the 10 ' level.
Since the K&, muon spectrum completely overlaps
the K -m vv pion spectrum, this background cannot
be eliminated kinematically. Thus, this method
can only be pushed to about 10 ' level.

The upper limit on the K'-n' vv branching ratio
actually reached in this experiment was determined
by calculating the detection efficiency for finding
real events. Considered in the calculation was the
probability of observing a p, pip, the efficiency for
finding the secondaries, losses due to strong inter-
actions, losses due to secondaries leaving the
chamber, losses due to the various range cuts, and
losses due to the cuts on in-flight decays. Included
in the range losses was a very small loss due to
the fact that short pions (&2 mm) cannot be iden-
tified. The calculation was done separately for
each of the following assumed first-order pion
spectra":

DEGREES SEARCH
AREA

0 40 80 120 160 200 227

P + MeV/c

Assumed first-
order interaction

vector

tensor

scalar

dr/dT, +

Pr+'

FIG. 16. Scatter plot of 7t+ momentum determined by
range and the angle between the outgoing Tf+ and the
incident K'. Events in the shaded bands have been
eliminated. Below 41 MeV/c the pion cannot be identified
and pions from stopped K~& decays are expected to fall
in the band 196 to 212 MeV/c. The hatched regions are
accessible to in-Qight K~~ decays (//) and inflight Kpp
decays (gg) (K' momentum less than 200 MeV/c). The
two "search areas" are expected to be free of back-
gl ound.

where: p, + = pion momentum,
T„+=pion kinetic energy, and
T~ = maximum kinetic energy allowable for

K'-fl'vv (127 MeV). Figure 17 shows these spec-
tra. The over-all efficiencies are 11.0, 20.1, and
27.3 $ for vector, tensor, and scalar interactions,
respectively.

A total of 367500 stopped K' were scanned. Thus,
the upper limits determined by this experiment
are
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V)
I-
z

& =~ (P, +P ) +~ (P, -P )
K K

30 60

T + (Mev)

90 l27

x(P, +P )8(P, P)„-
where f, , f, , f, , and f, are dimensionless form
factors. In this paper we shall consider E,4 de-
cays (decay I3) . In this case f, and f, are zero
due to Bose statistics and the &I =2 rule, 4' and the
following relationships are obtained 4'.

r(a) =-,'r(A) —,'r(c)
FIG. 17. Theoretical pion spectrum for K' —7t.+vv

assuming vector, tensor, or scalar first-order inter-
action. The dashed line shows the expected experimental
spectrum for the vector interaction.

I'(K'- v' vv)

)
&5.7x10 ' (vector),

and41

r(a) = e
I f, I'+ e

I f, I
'-+y

I y, I I y. I;
a = 1.59 &&10' sec ',
c=2.50&10 'sec ',
f =2.93x10 'sec '.

(2)

& 3.1x10 ' (tensor),

&2.3 x10 ' (scalar) .

All limits are at the 90%%ue confidence level.
The vector result is to be compared with our

preliminary results of & 1.0x10~. In conclusion,
no evidence for neutral currents involving neutrino
pairs was found. This experiment is the only one
to study the pion spectrum below 60 MeV kinetic
energy, however, the results of the counter exper-
iments" put more stringent limits on this decay
mode.

VII OBSERVAT ION OF IC

A. Theoretical Review

Consider the decays:

K' -m'm e'v (K,4)(A),

K' -m'w'e 'v (K„,)(B),
K -mon e'v (C).

Several theoretical models have been used to cal-
culate the &,4 form factors. " In general, the the-
ories agree well enough among themselves so
that a low statistics K,4. experiment would not be
able to differentiate among them. However, all of
the models predict that f, and f, for the K„decay
are of order unity. Thus, from Eq. (2) above, the
major contribution to the rate is due to f„and so
an experimental rate determination can be used to
calculate f, . Another result of the &I =-, rule is
that f, for decay A is equal to f, for decay B, and
hence this can be experimentally checked. An-
other similarity of the various models is that
I"(C) is small and thus r(E)/r(A) only varies from
0.39 to 0.47 [consider Eq. (1)] . In conclusion, a
low-statistics &,4 experiment can be used to de-
termine the rate and f, . Any deviation from the
expected results wouM indicate a deviation from
the &I = 2 rule. Previously, the only experimen-
tal result on E,4. was given by Romano et al.44:

& 1.8 x 10 ' (90/g confidence level) .I' K'-all

The matrix element for these decays is given
by 40, 41

x[vr~(1+y)e|& v~ I
~~~+ ~~ I

K &.

4~ is the hadron vector-current and 4"„is the ax-
ial-vector current, which are given by invariance
considerations as

B. Selection of Events and Background Discussion

The decay mode ~' -7t'~'e'v was searched for
by having scanners look for electron secondaries
with four converted y's pointing to the decay ori-
gin. y's that could reasonably be interpreted as
bremsstrahlung were discarded by scanners.
674200 stopped-K' in the fiducial volume were
scanned, and 148 candidates were found and mea-
sured. These events were fitted to the three-ver-
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tex three-constraint fit for E,4 and only events
with a y' probability of greater than 0.001 were
accepted (cut number 1).

A cut was also applied to the data to eliminate
events where one y could have come from brems-
strahlung of the electron secondary. This cut
amounted to eliminating any event where any of
the four y's had a measured angle relative to the
electron direction of less than 15' (cut number 2).

48 events survived these two cuts and were ed-
ited by a physicist to see if the events were really
four y electron events. In this editing the second-
ary was checked very carefully to make certain it
was an electron. Only secondaries in which there
was no possible confusion among electron, pion,
or muon secondaries were kept. Nine events were
left after editing. The discarded events were
made up of four y pion events and electron events
in which the scanner had included bremsstrahlung
or a y from another alternate origin as one of the
four y's. Seven of the nine remaining events have
a measured electron momentum less than 60
MeV/c. These events could be examples of col-
linear 7 ' decays. This is the ordinary decay
K'-m'n m in which the m' carries off only a small
amount of momentum. Then, if the m' and p,

'
from the ~-p;e decay chain are not observed, one
has an event that appears to have an electron sec-
ondary. However, the maximum electron momen-
tum from a w-p. -e chain is 53 MeV/c. The events
with small electron momentum were fitted to the
three-vertex three-constraint 7' hypothesis, as-
suming no knowledge of the &' secondary. Most of
these events had a low y' fit to this collinear T'

hypothesis, with a reconstructed m' of momentum
less than 40 MeV/c. Thus, these events were
most likely examples of collinear T' decays that
faked &~. . There was one event with a measured
electron momentum of 63 MeV/c, and this is just
above the T' region. This event was measured
four times and each time the collinear 7' fit re-
constructed a w' with a momentum of 94+8 MeV/c.
A pion with this momentum has a range of 3.5 cm
and would definitely be seen on the scanning table,
and hence, the collinear T' background is ruled
out for this event. Thus, collinear &' events were
eliminated by discarding any events with measured
electron momentum less than 60 MeV/c (cut num-
ber 3). Two candidates are left after this cut.

A T' decay can also be background if it has an
energetic r' and if the entire ~'-p, '-e' decay
chain fakes the appearance of an electron. Hope-
fully all of this background was eliminated at the
editing stage, but to check for it, the two remain-
ing candidates, along with the events satisfying
cuts one through three but discarded earlier be-
cause they had a secondary that could be inter-

preted either as an electron or as a pion on the
scan table, were all remeasured several times,
assuming the secondary to be a pion. These
events were fitted to the three-vertex six-con-
straint T' hypothesis. In general, one would not
expect a real ~„decay to fit 7' as &„ is a four-
body decay, while &' is a coplanar three-body de-
c3y. The results of this T' fit were that both re-
m3ining &„. candidates failed to reconstruct as a

while all the events with ambiguous second-
aries had reasonable 7' fits. Thus, the necessity
of accepting only good electron secondaries is es-
tablished.

7' and &„.decays are the only expected E' de-
c3ys with four converted y's, and &' background
has been. eliminated as stated above. Thus, any
other background must involve an accidental y or
a bremsstrahlung y. The two remaining candi-
dates were carefully edited, and it was found that
all y's point well and have no alternate origins
anywhere in the chamber. Furthermore, for both
events all the y's convert within 15 cm of the de-
cay origin. This reduces the likelihood that any
of the y's are accidental as in general the farther
a y is from an origin, the harder it is to tell that
it only points to that origin. Bremsstrahlung has
been eliminated by editing and by cut 2, and it is
noted that for the two candidates all 0,

&
are great-

er than 30' and all 8& z (angles between any pair of
two y's) are greater than 50'. Any other types of
background, such as that caused by various in-
flight decays, or that caused by E decays, are
extremely unlikely and can be ruled out.

Thus, all background has been ruled out and two
E,4. events remain. For one of the events, only
one possible combination of y's making m 's had a
&,4 fit, while the other event had two combina-
tions. In the ambiguous case, information on the
opening angles for the r' decays did not favor one
combination over the other; however, the y en-
ergies as estimated on the scan table matched up
best with the fitted energies for the lower g' fit.
Thus, the combination with the lowest X' was
chosen. The fitted variables for the two &„.
events are given in Table I, and Fig. 18 shows
one of the events.

C. E,4, Branching Ratio and Discussion of Results

The &,4. branching ratio as compared with &„
was calculated. The 4 y detection efficiency as
discussed in Sec. IIK was used. Also considered
was a 5% loss due to cuts 1 and 2, a 6% loss due
to the editing criteria for good electrons (see Sec.
II E), and a 40 +5% loss due to cut 3. The loss
due to discarding low-energy electrons was cal-
culated from the electron spectrum obtained in a
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TABLE I. Fitted variables for two K 4i decays.

1.3

5.3

e+
vr'

7r'

e+
m'

184+3
40 +25
55+9

309+ 25
283 +5
255+8
116+1
339 + 13

X

for
Event Ke4i Azimuth

number fit Particle (deg)

-52+ 3
29~23
72+17
9+21

26+ 8
-41+9
—2+3
21+ 18

137+ 13
54+ 21
77~6
57+20
61+15
74+ 13

149+ 14
78~ 13

Dip Momentum
(deg) (MeV/c)

These results are in good agreement with the
& I = 2 rule predictions. The value for the magni-
tude of f, agrees with the value of 1.19+0.13 ob-
tained by Berends et al."from an analysis of &~
data. The experimental &,4 branching ratio is
reported" as (3.3 +0.3) &&10.' and in a recent ex-
periment ' as (4.11+0.38)&&10 '. Hence, the K,~.
branching ratio is compatible with the &I = ~ pre-
diction given by Eq. (1) above, if one assumes a
small rate for &'-m'7t e'v.

VIII. EXPERIMENTAL STUDY OF E'~ e'm vy

A. Theoretical and Experimental Review

E,4 experiment. " The total detection efficiency
was 23/o and 22 952 valid K„were found (see Sec.
II E), giving a rate for the two K„events of

r(K'-m'm'e '
v)

~ (K, , o
)

= 3.8 x 10

This implies a branching ratio of"

The errors were calculated using the Poisson
distribution.

Using Eq. (2) above and assuming only f, con-
tributes, one obtains

y3

y I

FIG. 18. Sketch of K«. event number 1. y1 and y2
are from the decay of one xo, and y3 and y4 from the
other x . Note the 6 rays or bremsstrahlung attached
to the electron secondary.

Theoretically, the decay K' -e'm'vy has been
discussed by Fischbach and Smith. " This decay
is expected to be dominated by the internal brems-
strahlung contribution, and the interesting struc-
ture-dependent terms are expected to contribute
less than 1% to the branching ratio. Doncel" has
pointed out one of the experimental difficulties in
detecting radiative &„. An experiment must be
able to separate internal bremsstrahlung events
from external bremsstrahlung off the secondary
electron. Doncel suggests a cut on the angle be-
tween the y's direction and the direction of the
secondary electron (8,&). Thus, he calculates the
theoretical branching ratio (using essentially the
model described by Fischbach and Smith) as a
function of 8,

&
and &z (Ez is the cutoff on low-en-

ergy y' s). The first experimental result was re-
ported by Romano et al." In a bubble chamber
filled with freon they observed l3 events, " and

they give the experimental branching ratio for
several values of the Ez cutoff. The value that can
be compared with the result of this experiment is

I' K'
= (0.53 +0.22)X10 '

I'(K' -e'm'v)

for Ez& 30 MeV and 0.6& cos8, &&0.9. Their re-
sults as well as the results of this experiment are
consistent with the theoretical predictions.

B. Selection of Events

The scanners searched for stopped-&' decays
with an electron secondary and three associated
y's. The scanning was done at the same time as
the scan for &,4. events. A total of 666 candidates
were measured, and then had several cuts applied
to them. A X' cut at the 0.001 probability level
was made on the two-constraint radiative &„fit.
Due to the low scanning efficiency for low-energy
y's, all events with any y having a measured ener-
gy less than 30 MeV were discarded. Cuts were
made to eliminate background due to bremsstrah-
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lung y's. These cuts are necessary because the
common &„decay can appear to be a 3 y event
due to bremsstraMung either off the electron sec-
ondary or else from the converted electron pairs.
Since bremsstrahlung is peaked sharply forward,
it can be eliminated by applying a cut to 8

&
and

6&z (the angle between any pair of y's) . To de-
termine the cutoff on 8» a sample of electron
events with y's that could be considered as either
pointing directly to the &' decay origin or as
bremsstrahlung from the first centimenter of
electron track was measured. A cutoff for events
with a cos8& 0.9 was chosen since it eliminated
this bremsstrahlung and also allowed direct com-
parison with the results of Romano et al. The cut-
off on 8& &

can be more stringent and all events
with any 8&z &10' were discarded. Another source
of background is a 7' decay with a short undetec-
table m'. The electron from the ~-p, -e decay chain
can cause this to be scanned as an electron event.
Since the kinematic upper limit for these electrons
is 53 MeV, this background is eliminated by dis-
carding all events with measured electron energy
less than 60 MeV.

The remaining events were carefully edited by a
physicist. Background from &„decays with an
accidental y was eliminated by checking carefully
for alternate origins in a bubble chamber. Also,
the secondary electron was checked carefully to
make certain it was an electron. In this way
pions from &' decays that were incorrectly
scanned as electrons were eliminated. It was
found necessary to make a further cut to eliminate
bremsstrahlung from the electron secondary. The
electron can have bremsstrahlung at any point
along its path as it spirals in the magnetic field.
BremsstraMung from the first part of the track is
eliminated by the cut on 8 &. However, consider
the case of bremsstrahlung from the secondary
after the secondary's direction has changed sig-
nificantly from its original direction. If the
bremsstrahlung y converts far enough away from
the secondary then it may appear to point equally
well as a direct y from the origin or as brems-
strahlung off the secondary. Thus, events satis-
fying the following two criteria were discarded:
First, the measured angles of the event must be
consistent with a y being tangent to the secondary
at some point along the secondary's spiraling path.
Second, on the scan table the y must point both as
bremsstrahlung and as a direct y from the origin.
A test for the necessity of this cut can be made in
the following manner. First, select all candidates
without using the cut. Next, calculate the number
of events that would be discarded by applying this
cut. Finally, imagine the path the secondary
electron would have taken had the magnetic field

IO-

8-

6-

-.6 -.2 + 2

COS Hey

+6 +)

FIG. 19. cose,
y

for the three y's in 17.radiative Kg3
events. Shading indicates the spectrum for the single
y in each event vrith the largest cos8, y.

been reversed, and again look at the sample of
events and see how many events would have been
discarded by an application of this cut. The direc-
tion of external bremsstrahlung y's of course de-
pends on the direction of the magnetic field, while
the direction of y's coming from the decay origin
does not. Thus, the fact that an excess of y's was
found tangent to the real path of the secondary as
compared with the imaginary path means that this
cut is needed to eliminate external bremsstrah-
lung. This method can also be used to estimate
the number of real events discarded by the cut.

After editing, 17 events remained. The only re-
maining source of background is &,4 decays in
which only three of the four y's convert. From a
consideration of the number of 4 y &,4. events
found in this experiment (two) plus the chance that
a &,4 event would survive the radiative &, cuts,
it was determined that there are 1 +1 events due
to K,4. background in the 17 events. However, no
cut could be made to eliminate this background.

As in the radiative &„, experiment, an attempt
was made to select the extra (the radiative or non-
m') z in these 17 events by considering the y' 's for
the fits. However, it was found that the events
were not constrained. enough to allow an unambig-
uous choice. Figure 19 shows the spectrum for
cos 8+ y

conside ring all the y' s. It is the spectrum
one would expect for radiative K„events. " In
particular, note the clustering in the forward di-
rection due to the internal bremsstrahlung y's.
The shaded portion of Fig. 19 shows the spectrum
obtained by selecting the single y with the largest
cos8,

&
from each event. Although the separation

from the rest of the y's is not entirely clean, the
typical internal bremsstrahlung shape of the
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shaded spectrum suggests that these y's are the
extra y's.

C. Radiative E,3 Branching Ratio

18 events (17 minus one background) were used
to calculate a branching ratio relative to &„de-
cays. The y spectrum from Doncel's paper with
a 30-MeV cutoff was used in calculating the extra
y conversion probability. The loss due to the cut-
off on electron energy was calculated to be 12%
from a consideration of the &„electron spectrum
along with a correction for the difference in spec-.
tra between &„and radiative &„." Editing
losses, along with losses due to the g' cut and the

8&z cut were 9%%uo. Thus, the experimental branch-
ing ratio is

I" Z'
= (0.48 + 0.20) x 10 '

l (K' -e ' sou)

for E & 30 MeV and cos6 && 0.9. In order to com-
pare directly with the result of Romano et al. , the
branching ratio was also recalculated using their

cos 8,
&

spread. &,4 background in this region was
calculated to be 0.75 event from a consideration
of the 4 y &„ sample:

rz' '; '~) = (0.22"")x 10-'I'(K'-e's v)

for E~& 30 MeV and 0.6& cos & ~& 0.9. Theoretical-
ly, these two rates are 0.53x10 ' and 0.29x10-',
respectively. " Thus, the model of Fischbach and
Smith agrees with the data. However, as their
model is dominated by the internal bremsstrah-
lung contribution, this experiment is not sensitive
enough to check the small structure-dependent
terms in their model.
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