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The branching ratio for the process K+ m++ v+ v is shown by a counter —spark-chamber ex-
periment to be less than 1.4 && 10 6 of all decay modes, assuming a pion energy spectrum. like
that ofK+ x +e++v. The apparatus was sensitive to pions in the kinetic-energy range 117-
127 MeV. For the same energy interval a limit of 5&10 5 is established for the process
K+ x++y+y, assuming a phase-space model for the decay. A limit of 4 x 10 is established
for the process K+ x++y.

I. INTRODUCTION

In earlier publications" we have given prelimi-
nary results of an experiment to search for the de-
cay processes K'- m 'vv and K- n'ny. We now

present the final results and a detailed account of
the work.

A. E ~x+v+P

We have examined a sample of K' decays at rest
for examples of

by looking for K-decay pions with an energy greater
than those produced by K'- m' n'. We have ob-
served no examples of the reaction. The apparatus
was calibrated using pions from K'- m'm'. Since
we observe only a part of the possible spectrum of
n' energies in K'- 71' vP, the upper limit on the
branching ratio which is to be inferred from our
measurement depends on the assumed shape of the
pion spectrum (see Sec. III C). If we assume a
first-order current-current interaction with con-
stant form factors, then the three possible forms
for the interaction and the corresponding limits
(90%%up confidence) for the branching ratio
I'(K'- v' vv)/I'(K'- all) are vector (1.4 x 10 '),
scalar (2.6x 10 '), and tensor (1.0x 10 ').

In an earlier experiment Camerini et al. estab-
lished the limit 1.0x 10 4 for the K'- n'vv decay
mode. Their apparatus was sensitive to n' in the
energy ranges 0-105 and 114-.127 MeV, which cov-
ered a sufficiently large fraction of the spectrum
so that the result was insensitive to the form as-
sumed for the interaction. An experiment to search
for reaction (1) has also been proposed by Galak-
tionov and Shabalin. 4

Reaction (1) belongs to a class of reactions which

(Jo+So)q, (2)

where (J, +S,) is a neutral hadronic current con-
sisting of a a S = 0 part (J,) and a ~A S~ = 1 part (S,),
and q is a neutral leptonic current. Experimentally
it has been known for some time" "(see Table I)
that if such a term exists it is suppressed relative
to the known terms involving charged currents.
The present upper limitsl2 18 on KL0 s- p. 'p. -

and
K~ - e'e are sufficiently low to exclude a term of
the form (2) from any first-order theory, if one
assumes that the matrix elements (I'l ~q ~0) and

(v, v, (q ~
0) (I = p, , e) are of comparable magnitude

(a type of lepton universality). Oakes" has shown,
however, that if (l ' l ( q [ 0) = 0 but (P, v, ( q ( 0) 0 0,
it is still possible to construct a theory in which
the Hamiltonian contains a term of the form (2),
and which is not contradicted by any of the exper-
iments in Table I. His theory predicts"

I'(K' - v ' vP)/I'(K' -all) = 1.8 x 10-'

for a vector iriteraction. This is contradicted by
the present experimental result.

Our result and the experiments in Table I thus
indicate that a term of the form (2) should not be
included in a first-order theory of weak inter-
actions. Since it is known that in order to account
for the empirical ~b, I

~

= —,
' rule in strangeness-

changing nonleptonic weak decays one must include
neutral hadronic currents in the Hamiltonian, "one
may take the viewpoint that the term (2) is absent
because neutral leptonic currents are forbidden.
This hypothesis might be tested by looking for neu-
tral currents in purely leptonic interactions, such

should occur if neutral leptonic and hadronic cur-
rents simultaneously participate in weak inter-
actions. These reactions would result if there were
a term in the weak Hamiltonian of the form
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TABLE I. Experimental limits on semileptonic delays
involving neutral currents.

Reaction Branching ratio ~ Reference

Z'- m+7(-'e'e-

p e

K' —e'e-
L

K& @+p,

K p p

v +p~ v +p

e+ d p+n+ ve

&2.5 x].0-6

&4,4 xlp 6

&4 xlp '

&2.4 x 10-6
&3 xlp 6

&8 x 10

&1 x lp 4

&9 xlp 6

&8 xlp 6

&1.9xlp '

&1.6xlp 4

&1.8xlp '
&1.5 x 10
&1.9 x 10

&2 x 10-4
&1.6xlp 6

&2.1x 10 7

x]0 8

&1.9 x 10 ~

&7.3 x lo-~
&7.3 x 10 5

&9.7 xlp 5

&1.0 x 10-'
&1.4 xlp 6

&0.030(v&+n p +p)

& 60cr(v~+ d n+n+ e+)

lpb
12
11
13

14
12
15
13

14
12
15
16
13

17
12
18 c

3
This work~

19 d

20b

Relative to all decay modes. Confidence level 90%
except as noted.

The authors do not state the confidence level. We in-
fer it to be 63%.

Confidence level 63%.
The authors do not state the confidence level. We in-

fer it to be 90%.
~See Table III.

as v„+e - v„+e . Alternatively, one might take
the absence of (2) to mean that all neutral currents
should be left out of the theory. In this case the
nonleptonic ~n. I

~

= —,
' rule must be considered a dy-

namical effect caused by the strong interactions'
rather than a basic property of weak interactions.
This viewpoint has the unattractive feature that
each nonleptonic decay which obeys the ~S I

~
=-,'

rule must then have a separate explanation. At pres-
sent one cannot decide between these two viewpoints.

Reaction (1) can also occur as a result of second
or higher-order weak interactions. If the weak
interaction has no characteristic mass (such as the
mass of an intermediate boson), then on purely di-
mensional grounds one might estimate that the rates
of second-order weak interactions are suppressed
relative to kinematically similar first-order inter-

actions by a factor -(GMz')'. This results in an

expected branching ratio of the order of 10 "for
reaction (1). A simple second-order application
of weak-interaction theory as it is now known leads
to a divergent result for the K'- m'vv decay rate,
and various theoretical studies" of higher-order
weak processes have indicated that the rates for
some of these processes may be enhanced above
the values expected on dimensional grounds. The
interpretation of our results for a second-order
theory then hinges on the w' spectrum which the
theory predicts for (1)."

We note that if a "neutral current" reaction in-
volving charged leptons, such as K~ - p,

'
p, , were

observed to occur with a small branching ratio
below the present empirical limits, it could be
interpreted as resulting either from a second-
order weak interaction or from a first-order weak
interaction together with an electromagnetic inter-
action. For K~ —p.

'
p, , the dimensional argument

given above leads to an estimate of -10 "for the
branching ratio by second-order weak processes,
while a weak-electromagnetic model" for the de-
cay predicts a branching ratio of order 10 '. If
K~o - p, 'p, were observed to occur with a branching
ratio larger than 10 ", one would be inclined to
interpret it as a weak-electromagnetic interaction
rather than a purely weak one, and the same is true
of all other K decay modes which involve charged
lepton-antilepton pairs. Thus the only K decay
modes in which one might unambiguously observe
a second-order weak decay are K'- m'vv,
K —7I vv, and K'- w'vv. Of these, K' —n'vv
appears to be the most accessible.

B. E'~m'+ ny

In conjunction with our search for reaction (1), we
have also searched for K' decays into m' and y
rays. We have observed no examples of this class
of reactions.

The simplest such process which is allowed by
angular-momentum conservation is K' - w'yy. A
previous search for this process has been reported
by Chen et al." Using an apparatus which was sen-
sitive to pions of kinetic energy 60 to 90 MeV (ki-
nematic limit = 127 MeV), they set an upper limit
of 1.1x 10 ' for the branching ratio into this decay
mode. Our apparatus was sensitive to pions above
approximately 117 MeV. Assuming a phase-space
model for the decay, i.e.,

dl" (K+ - v+ yy)/d T» = AP»,

where T„andP, are the kinetic energy and momen-
tum of the pion and A. is a constant, we obtain a
limit of 5 && 10 ' on the branching ratio.

The significance of this search has been dis-
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cussedbyChen et al." Briefly, they pointoutthata
limit of K' - m'yy may be interpreted as a limit on
the off-mass-shell behavior of the K' - m'm' am-
plitude. It has been suggested that the ~aI ~

= —,
' law

may be an exact selection rule for weak interac-
tions, and that K'- m'w' may occur because the

mass difference prevents the &'m' from
being in a pure T=2 state. If we imagine that the
two y rays from the process K - m'yy come from
a virtual n' intermediate state, then for our energy
range the m'-(yy) mass difference is much greater
than the &'-r mass difference. According to this
picture the rate for K' - m'yy may be greatly en-
hanced" ", however, the only specific model" so
far proposed for this mechanism predicts a rate in
the region above T, = 117 MeV, which is far below
our experimental sensitivity. The vector-meson-
dominant model"'-' and the q-pole model" also
predict branching ratios much lower than the limit
which we have been able to set in this experiment.

We can also set limits on the processes K'- n'ny
for n& 2, but since the phase-space spectrum is
dI'/dT, = XP„(T„—T„)"' [where T„=maximum
energy of w'], our experiment becomes less sen-
sitive as n increases. For n= 3,

I'(K'- w'+3y)/I'(K'-all)& 3x 10-'

(90% confidence level).
Selleri has proposed a model" in which the K'

has spin- —,
' and the strangeness-changing weak in-

teractions violate angular -momentum conservation.
His model would allow the process

K+ ++

mS.
717
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(ii) e'e pairs, (iii) vP pairs, and (iv) combinations
of (i}, (ii), and/or (iii). Since none of these sys-
tems involves strongly interacting particles, we
expect the first-order reactions to predominate.
These are K' - w'e'e (branching ratio& 4 x 10 ';
see Table I},K' - v'yy (branching ratio& 1.1
x 10 ~)" and reaction (1). (The process K' - w'y
is discussed in Sec. IB and Ref. 36.)

If we require a high-energy m' and also require
that no y rays or charged particles be produced
going into the hemisphere opposite the m', then
we limit the possible reactions to K' - m'vv and
higher-order interactions (e.g., K' - v'vPy) Con.-
versely, the absence of such a high-energy n' is
sufficient to exclude K'- m'vv.

It was necessary, therefore, to identify pions
from K' decay with high reliability, to accurately
measure their energy, and to detect with high ef-
ficiency associated charged particles and y rays
going into the opposite hemisphere. The apparatus
which we designed to meet these requirements is
shown in Fig. 1.

He predicts a branching ratio into this mode of
2x 10 4. Since in this case all of the m' would be
produced above 117 MeV, we would be especially
sensitive to this decay. We can place an upper
limit (90%%up confidence level) on the branching ratio
into this decay mode of

XC2

V
Pb-gloss C

0 lo

XCl

V'

Pb- gloss C

I I

20 30 cm
I (K 7l' 'r)

4 10I'(K —all)

The previous upper limit" on this branching ratio
was 1.5 x 10 4.

II. THE EXPERIMENT

A. Principle of the Experiment

The experiment depends on the fact that no ob-
served decay mode of the K' at rest produces n'
with an energy above that of the m' from K'- m'm

(109 MeV). Kinematically the K' may decay into a
m' with energy up to 127MeV, but to do so it must
produce the m' in conjunction with a system with a
rest mass smaller than that of the m'. The only
possibilities for such a system are (i) y rays,

FIG. 1. Apparatus: Kaons stopping in theK-stop
counters KS1 andKS2 are selected from the incoming
beam by signals KC1, K1, KC2, K2, K3, KS1 and/or
KS2, K4, K5 from theK telescope, whereK2 and K3
have pulse heights & 1.5&& (pion pulse height). The thresh-
old Cerenkov counters are triggered by beam pions but
not by beam kaons. Decay particles which stop in the
decay counters ~4—m7 are selected by 7r telescope signals
m1, mC, x2, x3, x8, KC1, KC2, K4, K5, where x1 is
delayed &6 nsec after K3. The xC counter is triggered
by muons fromK+ p. +v, but not by pions or muons
which stop in the decay counters. Events which emit y's
into the opposite hemisphere are eliminated by y de-
tector signals ~1 and/or yC2. Pions are distinguished
from stopping muons by scope displays of the x p, e
decay pulses in the decay counters. Removable absorb-
er plates in the ~ detector allow selection of the decay-
particle energy interval {see Fig. 4).
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B. Description of the Apparatus

The K' were brought to rest in two small scin-
tillation counters, and the decay pions (and muons)
were observed by a m' detector placed perpendicu-
lar to the K' beam (see Fig. 1). A large lead-glass
Cerenkov counter on the opposite side of the beam
detected y rays and fast charged particles. The w'

detector consisted of a stack of spark chambers
separated by brass and aluminum absorber plates
of adjustable thickness, and followed by a stack of
four scintillation counters ("decay" counters). The
absorbers were normally adjusted so that m' of 115
to 145 MeV were brought to rest in the decay coun-
ters. Pions were identified by displaying the out-
puts of the four decay counters on two four-beam
oscilloscopes and observing the m'- p. '- e' decay
sequence. One oscilloscope ("fast") had a15-nsec/
cm sweep speed and was used to detect the m' —p,

'
v

decay (-1.7 cm/v, ). The other ("slow" ) had a 0.37-
p sec/cm sweep speed and was used to detect the
p, '- e'vv decay (-6 cm/T„).

The triggering logic, consisting of the K tele-
scope, the w telescope, and the y detector (see
Fig. 1), selected events for which (i) a K' stopped
in one of the "K-stop" counters, (ii) a charged par-
ticle later entered the w' detector and stopped in
the decay counters, and (iii) no charged particles
or y rays were emitted in the opposite direction.

Whenever the triggering logic selected an event,
the oscilloscopes were triggered, the spark cham-
bers were pulsed (after a 3.3-psec delay, to avoid
interference with the oscilloscopes), and both spark
chambers and oscilloscopes were photographed.
The oscilloscope photographs were then scanned
for events which exhibited the m' - p. '- e' decay
sequence. When such an event was found, it was
possible to measure the range of the "7t'" with
good accuracy by following its path through the ab-
sorbers by means of the spark chambers and mea-
suring the n' pulse height in the counter register-
ing the w'- p. +-e' decay.

The transmission of n' through the absorbers
was measured by removing the y detector from the
triggering logic and measuring the I'(K'- w' w')/
I'(K' - j,'v) branching ratio. The transmission de-
termined in this way required only a small correc-
tion to be applicable to the search for reaction (1).

The beam, produced by the LRL Bevatron, con-
sisted of n', K', and P with an initial momentum
of 500 MeV/c. The amount of absorber necessary
to stop the K' was sufficient to completely elimi-
nate protons from the beam. It was therefore only
necessary for the K telescope to identify K' and
insure that they had stopped in one of the K-stop
counters, and to suppress scattered and transmitted

This was accomplished with the following
signal:

K' =Kl, K2, K3, (KSI and/or KS2), K4, K5, KCI, KC2,

where the bar indicates an anticoincidence. The
K1, K2, K3 triple coincidence defined the incident
K beam and discriminated in favor of K+ on the
basis of ionization [(dE/dx)» & 1 5(dE/dx), .] . The
pulse heights in KS1 and KS2 indicated in which of
these counters the K' stop occurred. Transmitted
m' were suppressed by K4. Pions which scattered
in the K-stop counters were rejected by K5, KC1,
KC2, and by a timing requirement to be described
below. The K5 requirement also rejected K' which
scattered and stopped in the face of the y detector.

The n telescope selected from the K' decay pro-
ducts those charged particles which emerged from
the absorber stack with low velocity and stopped in
the decay counters. This was indicated by a "stop"
signal:

STOP= 7t1, m2, m3, K4, ES, KC1, KC2, 7t'C, m8.

The mC requirement selected particles which
emerged from the absorber plates travelling slowly,
and served mainly to veto e' from K'- m'e'v and
p.
' from K'- p. 'v. The n8 requirement then in-

sured that the particle stopped in the decay coun-

I

ters. The KC1, KC2 requirement rejected beam
w' which scattered into the w detector after a K'
had stopped in one of the K-stop counters. Lead
shielding placed around the beam upstream of the
apparatus insured that all beam particles passed
through KC1. The requirements K4, K5 suppressed
decays with associated charged particles (e.g.,K'- K' by charge exchange in a K-stop counter,
followed by K~0- w'e v; see Sec. IIIA2). The ab-
sorber thickness used during the experiment was
always much more than sufficient to stop m' from
K - n'w'7t' before they reached m2.

Since the experiment depends upon searching for
n' emitted with too high an energy to be consistent
with K'- m'm', it is essential that the K' decay
at rest. In order to ensure this, the m telescope
and the K telescope were operated in delayed coin-
cidence in the following manner. The time of the K'
signal was determined by the time the stopping K'
passed through K3, and the time of the STOP sig-
nal was determined by the time the decay product
passed through w1. The K' signal was used to form
a gate, KD+, which was opened 6 nsec after the K'
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signal and had a duration of 48 nsec. The K~ gate
was then placed in coincidence with the w telescope.
This requirement also suppressed scattered beam
n'.

The triggering system as a whole was operated
in either of two ways. The first way required that
the decay product stop in the decay counters, but
placed no restrictions on associated y rays [i.e.,
it selected "K' -X'+ (neutral system)" events,
where the X' stops in the decay counters]. This
was used, for example, to measure K'- m'm'.
We denote it by KX':

KX' = (Kv, STOP).

The second way required in addition that no y rays
be detected by yC1 or yC2. This was the trigger-
ing mode used in searching for reaction (1). We
denote it by KX'y'.

KX+y=(Kn, STOP, yC1, yC2}.

The counters yC1 and yC2 each consisted of a block
of lead glass 12 in. (-15 radiation lengths) thick,
viewed by a 60AVP photomultiplier tube. The in-
efficiency of these two counters was measured
using the m y rays from K' - ~ '

m and was found
to be (6+1)x 10 '.

The outputs of the decay counters were displayed
on both the fast and slow oscilloscopes. Since the

monoenergetic lL(.
' produced in w'- p,

' decay travels
only about 1.6 mm in scintillator, few such decays
will produce muons which leave the counter in which
they originate. The electron produced in lU,

' decay,
however, may have up to 52 MeV kinetic energy,
and will usually leave the counter in which it orig-
inates. In order to improve m' —p,

' identification
for the special cases where the muon either de-
cayed in n4 producing an electron which went back
through m3, or decayed in n7 producing an electron
which went forward through m8, pulses were dis-
played on the slow oscilloscope whenever a particle
pa.ssed through m3 or w8 (see Fig. 3}. A scintillation
counter KO was placed over the hole in the shield-
ing through which the beam entered the experimen-
tal area. Any pulse in the slow oscilloscope which
occurred in coincidence with a pulse from this
counter (see Fig. 3) was assumed to be due to a
scattered beam particle. The output of this count-
er was also used to monitor the instantaneous beam
intensity and, by pulse height, to distinguish events
for which two beam particles entered simultaneous-
ly.

C. Scanning and Measurement

1. Appearance and Identification of Events

Figures 2 and 3 show an example of a m' - p, '- e'
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FIG. 2. A ~+ p+ e+ event from E m+z decay; Two views of the pion track traversing the spark gaps. The right-
hand view looks directly at the downstream side of the apparatus; the left-hand view shows the bottom by means of a
mirror. Note that the track appears to intersect theE-stop counters in both views. The row of labeled lights just below
the event number contains coded information from the triggering system as explained in Sec. IIB.
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7r7--
7rs--
776--

KO (delayed)- ——-ll
7r5--
KO--

m4-
7r3--

I p.sec

25 nsec
l

FIG. 3. A x p,
+ e+ event fromK+ x+m decay:

Four-beam scope displays of the K, m, p, and e pulses
from counters KO and x3-m8. (Lower display —fast
scope; upper right —slow scope. ) The inset (upper left)
shows how coincident pulses in all the counters would
appear in the slow scope. (Pulses fromXO, m3, and vr8

are inverted and have fixed height. ) The entry of theK+
is marked by (prompt and delayed) pulsps from KO. The
pion "track, " composed of pulses in x3, m.4, x5, and x6
(pion stops in x6), is seen at t =0. The m+ p,

+ decay is
indicated (on fast scope) by a pulse at t =37 nsec in x6,
where the pulse height corresponds to the expected 4
MeV of the p, +. The p. + e+ decay is indicated (on slow
scope) by an e+ "track" at t =1.6p, sec.

decay, where the m' was produced by K' - n'~ .
Figure 3 shows the characteristic signature of a
pion. The signature begins with a sequence of
pulses in the successive counters n3, m4, m5, and
v6 (a "track") indicating the decay pion. This is
followed by a single pulse of appropriate height,
appearing in the fast scope in the counter m6 where
the pion "track" ends indicating a n' - p.

' decay.
Finally we see a "track" (v6, vV, and v8) in the
slow oscilloscope indicating the p.

' —e' decay. Had
the entering particle been a stopping'p, ' (e.g. , from
K'- w'p. 'v}, the appearance of the oscilloscopes
would have been unchanged except that the fast os-
cilloscope would have shown only the entering track
without the subsequent pulse in m6.

After identifying the particle stopping in the decay
counters, the scanner turns from the oscilloscope
display to the spark-chamber display. For the
event of Figs. 2 and 3 the digitized information in
the spark-chamber display (see Fig. 2) indicates
that the heavily ionizing K' stopped in KS1 and the

lightly ionizing m' produced by its decay passed
through KS2, that there were no beam particles
coincident with the K', that associated y rays were
detected, and that the K' lifetime is reasonable
(-12 nsec). We therefore conclude that it is an ex-
ample of a K' decaying into a n' with associated
high-energy y rays. The additional knowledge that
the triggering system was being operated in the
KX' mode (see Sec. II B) when the picture was
taken, and the subsequent measurement of the 7t

'
range, then indicates that the K' decay was K'-
tt' n'. Had the oscilloscope picture indicated that
the stopping particle was a p,

' rather than a m',
we would have concluded that the decay was (prob-
ably) E'- van. 'v or K'- p, 'vy.

2. Scanning Procedure and Cmites a

The films showing the oscilloscope and spark-
chamber pictures (see Fig. 2 and 3}were displayed
on a pair of Recordak film viewers. Each frame
of the oscilloscope film was scanned. When an
event of interest was located, the spark-chamber
film was then examined and the event recorded if
it satisfied the scanning criteria.

An event was called a 71 ', e decay if it had the
w' - p,

' - e' signature as described above, with the
following qualifications: (i) an e which left a pulse
in only a single counter was accepted only if it de-
posited more than 4.5 MeV in that counter, as mea-
sured by the pulse height; (ii) an e which occurred
in coincidence with a KO pulse was rejected; (iii)
the e was required to occur before the spark cham-
bers were fired (3.3 p, sec); (iv) the p, pulse was
required to occur in the same counter in which the
n stopped, and the e was required to originate in
this counter; and (v) the p, pulse was accepted only
if it was clearly resolved from the pulse made by
the stopping m. All potential mp decay pulses were
measured and recorded regardless of pulse height.
It was necessary, however, to set an arbitrary
lower limit on pulse height in order to distinguish
true pulses from tiny irregularities in the oscil-
loscope traces. This lower limit was taken to be
slightly more than one-half the thickness of the
trace. If an event satisfied the above criteria with
the exception that there was no evidence of a 7' de-
cay pulse in the fast scope, it was termed a p, e de-
cay .

Events termed eye or p, e decays were recorded
only if the corresponding spark chamber pictures
satisfied three additional criteria: (i) the KSI and
KS2 lights had to indicate that a K' had stopped in
the K stop counters; (ii) the track of the particle
which stopped in the decay counters had to be clear-
ly identifiable and measurable in the spark cham-
bers; and (iii) the idealized track fit to the spark-
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chamber track (as described below) had to inter-
sect the K-stop counter in which the K' decay had
occurred About 10%%ug of all "vpe decays" were re-
jected by these additional criteria.

Condition (ii} rejected the same fraction (-4%) of
decays for wp, e from K'- w'm' and for p. e from
K' - p.

' v. This ensured that (ii) induced no ab-
sorber dependence into our detection efficiency (see
Sec. IID}.

Events which qualified as aye decays occurred
about once in a thousand pictures during the search
for K'- m'vv, while about one-third of the pictures
contained p, e decays. The other two-thirds of the
pictures were either of particles which stopped in
n3 or of particles which stopped in the decay coun-
ters and showed no evidence of a decay (stopping
e', very long-lived p. ', and particles which scat-
tered out the sides of the decay counters). In cal-
ibration film (K' - v' v' and K' —p,

'
v) an event

appeared in about every fifth picture.

3. Measurement of Ranges

The range of a K' decay particle was determined
from the location of the stopping K', the location
of the stopping 7t or p, , and the track direction as
shown by the spark-chamber photographs. Scat-
tering in the absorber was taken into account by
breaking the track into two straight-line segments
whenever it was difficult to fit the spark-chamber
tracks with a single straight line. .With this pro-
cedure it was possible to obtain satisfactory fits
for all but about 4% of the events.

We checked the validity of our method by observ-
ing the range distributions of the m' and p,

' from
the monoenergetic decays K'- w'm' and K'- p, 'v.
In Fig. 4(b) these distributions are shown together
with the calculated range distributions for these
decays. The calculated distributions include the
effects of straggling and multiple scattering. The
agreement between the observed and calculated dis-
tributions indicate that the approximations which
we used were entirely satisfactory.

This check establishes that on the average our
range measurement yields a correct result. For
individual events we know in which of the K-stop
counters the particle originated, but we do not
know the position of the event within the counter;
hence the range which we assign to the event may
be in error by as much as 1.2 g/cm'. We allowed
for this uncertainty in choosing the range criterion
by which we distinguished "K'- n'vv" events fromK'- v'v' (see Sec. III).

D. Detection Efficiency

The quantity measured in this experiment is the
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FIG. 4. Hange distributions in search forK+ x+vv:
(a) "Ideal" spectraE(r) forK+ decays into (i) x+x, (ii)
m+vv (vector), and (iii) p+v with straggling and small-
angle multiple scattering taken into account. Dashed
curves show detector efficiencies for absorber thick-
nesses used to detect (I) K+ m+x, (IOK+ x+vv, and
(III) K+ p. +v (curve II is weighted sum of curves cor-
responding to two nearly equal thicknesses). (b) Ex-
pected event distributions for x+m andy, +v and corre-
sponding observed distributions (histograms). The
curves are normalized to the observed number of events.
(c) Expected ~+7t and m+vv range distributions for ab-
sorber corresponding to curve II, Fig. 4(a), and observed
distributions for events satisfying final selection criteria
(Sec. III B). t.1 and/or 2 required in coincidence for
x+~0 (open histogram) and in anticoincidence for "7t+vv"
(shaded histogram)].
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ratio I'(K' - w
' vv)/I'(K' - w

' w'), and the known"
branching ratio of K'- m'm' is then used to calcu-
late I"(K'- w'vv)/I'(K'-all). It is therefore not

necessary to calculate the absolute m' detection
efficiency. We need only consider those effects
which influence the relative detection efficiency for
w' from K'- m'vv and from K'- p'm'. These
effects are (i}the dependence of detection efficiency
on w' range for a given absorber thickness (Sec.
IID 1), (ii) the dependence of the w' transmission
on the absorber thickness (Sec. IID 2), and (iii) the
dependence of the scanning efficiency on absorber
thickness due to the resultant change in event rate
(Sec. IID 3).

Efficiency us w' Range

Since the pions from K'-7j'vv are not mono-
energetic, it is necessary to determine the vari-
ation of the detector efficiency with the residual
range of the pions emerging from the absorber.
Prior to the experiment we verified that the out-
puts of the decay counters did not significantly de-
pend on the location at which energy was deposited
in the counters. Hence we computed the variation
of efficiency with particle range as a purely geo-
metric quantity.

We have checked our calculation empirically by
measuring the m' rates from K+- m'p' for three
different absorber thicknesses. As an additional
check we have measured the ratio of the p,

' rate
from K'- p, 'vy to that from K'- p, 'v, where the
p,
' from K'- p. 'vy were taken from the same

range interval in which we searched for K'- w' vv.
This measurement agrees with the calculated value
(see Sec. II E) and provides a direct check on our
geometrical calculation.

this figure with the value which could be inferred
from our measurement of the ratio I'(K'- w' wo)/
I"(K' - p, 'v) (see Sec. II E).

Scanning Effi ciency

We expect that the scanning efficiency will be
different for K' - n'~' and K' - m'vv, since n p, e
events occur on, the film at different rates for the
two measurements (-1 event/5 pictures for w'w'

and —1 event/1000 pictures for w' vv). Conversely,
we expect the scanning efficiencies to be comparable
for K'- w'w' and K'- p, 'v (-3p, eevents/5 pic-
tures).

The possibility of a correlation between range
and scanning efficiency for a given absorber thick-
ness was experimentally ruled out by establishing
that scanners found K' - n' m' events with equal
efficiency in each of the four decay counters.

All K'- n'vv film was triple scanned, and the
Derenzo-Hildebrand technique" was used to esti-
mate the scanning efficiency S,+,&, We obtained a
value of 0.98+ 0.02 for three scans. The normal
Geiger-Werner technique4' was also applied to the
first two scans. Three new events were found in
the third scan, as compared with 72 in the first
two scans. Had we used the Geiger-Werner pro-
cedure alone, we would have underestimated the
number of events in the film by -6%%uo, which is
smaller than our statistical error (-10%%uo). We
therefore concluded that a fourth scan was unneces-
sary.

The efficiencies found for the K' - m'n' film
(10% triple scanned, 90%%uo double scanned) and for
the K'- p'v film (5(P/~ double scanned, 5¹ single
scanned) were S,+ „o=0.99+ 0.01 and S„+,= 0.98
+ 0.02.

2. Absorption of w'

Approximately 39%%uo of the w' which originate
in the K-stop counters are absorbed before they
reach the decay counters. However, it is not nec-
essary to make a direct calculation of this entire
correction, since we measure only the ratio
I"(K'- w'vv)/I'(K'- w'w'). The transmission,
T, 0, of n' for the absorber configuration used
to stop pions from K' - w'n' is already contained
in the measured rate for that reaction. We need
only calculate the ratio T,+„,/T, +„0,which is just
the transmission through the extra absorber (11.2
g/cm') added for detection of K'- w'vv. This cal-
culation was made using inelastic m' nuclear cross
sections calculated by Bertini. " %'e obtained the
value T„+„,/T„+„0=0.94+0-.01.

We checked our method of making this calculation
by also calculating T,+ „0=0.69+ 0.02 and comparing

E. Method of Calculating Branching Ratio

We calculated the branching ratio from the equa-
tion

1(K'- w'vv) (w'vv/K') e +„0T,+,o S„+,o

I'(K'-all) (w'w /K') e,+„-, T„+;,S„+„-, ,

F(K' - w'w')
F(K+ all) (3)

Here (w' vv/K') is the number of w'vv events found
divided by the corresponding number of K' signals,
and (w' w'/K') is the corresponding ratio for w'wo

events. The scanning and selection criteria im-
posed were identical for the samples of m'vv and
n'n events. For m'vv events the triggering mode
was KX'y (see Sec. II 8), and the absorber was
that corresponding to curve II in Fig. 4(a}; for w'wo

the triggering mode was KX', and the absorber
was that corresponding to curve I in Fig. 4(a). The
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quantities 6 + p Rnd 6 + —Rre the geometrlcRl ef-
fective detection efficiencies for K' - 7t'm and
K'- w'vv, respectively (see Sec. IID1). Note
that e,+,—, contains the effects of a range selection
criterion (see Sec. III 8) and assumptions about the
shape of the pion spectrum (Sec. III C). The ratio
T„+„0/T,+„,is t-he correction for w' absorption
(see Sec. IID2), and S,+,0 and 8 + „-,are the scan-
ning efficiencies fop K'- p'wp and K'-7t'vv, re-
spectively (see Sec. IID3).

We checked this calculation in two ways. First,
we measured the ~' rate from K'- m'm' and the
p,
' rate from K'- p, 'v. We then calculated the

relative branching ratio I'(K' - w' w')/1 (K- p'v)
using the formula

I'(K' - w'm') (mw'/K') &p+ v 1 Sp+v 1
I'(K+ V, +v) (p, +v/K+) &g+ 0 T + o S„+p C

The quantity C, (0.65+ 0.06) is the fraction of ir'-
p. 'v decays for which the stopping ~' pulse and the
n- p. decay pulse were sufficiently resolved. This
was determined empirically from the pion-lifetime
distribution for K' - m'm' events. The effective-
detection efficiencies were e„+„p=0.054 and e„+,
= 0.046. The scanning-efficiency correction S„,„/
8,+,p was 0.98+ 0.02. The calculated pion trans-
mission was T + p = 0.69+ 0.02. From the mea-
sured event rates, (V,

' v/K') = (1.20+ 0.09)x 10-'
and (w' w'/K') = (2.10+ 0.12)x 10 ', we obtained a
value of 0.33+0.05 for the relative branching ratio.
A second measurement, made with slightly differ-
ent apparatus geometry and with minor changes in
the electronics, gave an identical result. The
weighted average of these two measurements is
0.33 + 0.03, which is in good agreement with the
accepted value, "0.33.

As a second check we measured the event rate of
p,
' from K'- p, 'vy relative to the rate for K'-p. 'v.

The measured ratio, (1.16+ 0.17)x 10 ', was found
to be in good agreement with the expected ratio,
(1.08+ 0.05) x 10 '. The expected ratio was obtained

by folding the calculated efficiency into the spec-
trum [I'(K+- p+v)] 'dI'(K+- p+vy)/dT from a cal-
culation by Cabibbo, "taking straggling and multiple
scattering into account. It was necessary to reduce
the ratio obtained in this way by a small amount

(12%}to account for events for which the y ray was
vetoed by the yC counters. This was done using
the known" angular distribution of the y rays. The
error quoted for the predicted ratio is an estimate
of the uncertainty in this correction.

m. RESULTS

The results are presented in Tables III and IV.
The limits shown in these tables diffex somewhat
from those in the preliminary publications" be-

2. Misidentified Events

About 3 of all the pictures taken during the search
for K F vv contained stopping p (from K
r'p. 'v and K'- V, 'vy). The most likely source of
accidental background consisted of mistaking one
of these p, e decays for a, mp, e decay because of an
accidental pulse in a decay counter (e.g., made by
a Compton electron from an accidental y). We mea-
sured the frequency with which these misidentifica-
tlons occurred by scRnning 60000 pictures of stop-

'E 50—
I I I I I I I I I

K~vr vi
KINEMATIC

LIMIT

I—

IO—

rl 4 nM~ n I nl
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FIG. 5. Range distribution of events found by scanners
during search for X ~ F vv with no cuts on xp pulse
height or on ~ or p, lifetimes. The arrow indicates the
kinematic limit for K+~ 7t+vv (including straggling). We
would not expect events from%+ m+7io above 50 gjcm2
I:see Fig. 4(c)].

cause of an improved calculation of the detection
efficiencies. The limit for K'- w'vv (vector), for
example, has been raised from 1.2x10 ' to
1.4x10 '. The previous calculation did not prop-
erly allow for distortions in the assumed spectra
due to straggling.

Figure 5 shows the range distribution of all 7tLLL, e
events found by the scanners during the search for
K'- m'vv. Those events with a range of at least
50 g/cm' in Cu were termed "K'- w' vv" events.
Since the range distribution extends well above the
kinematic upper limit for K'- m'vv, it is clear
that at least some of the events are not examples
of this decay. We must therefore inquire, what
are the possible sources of background, and what
experimental cuts can we make to reduce this back-
ground.

A. Sources of Background

Background events in the sample of "K'- m vv"

may be included either through misidentifying muons
as pions or by observing pions from some source
other than reaction (1}.
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ping p.
' from K'- jL(.

'v for "mp, e" events. Here the
measured range of the stopping particle (A & 70
g/cm') was well above the maximum range possible
for a w' produced by a decaying K', while the
large branching ratio of the p, 'v decay mode made
the probability of a scattered beam m' negligible.
These pictures were taken at the maximum beam
intensity and with the same apparatus geometry
used in searching for reaction (1). The sample of
spurious mp. e was then used to predict the expected
background from misidentified p,

' as a function of
the experimental cuts (see Sec. III B). The known

spectrum of the stopping muons was taken into
account. We verified that these events resulted
from an accidental process associated with the beam
by repeating the measurement for 23 500 pictures
taken with the beam intensity reduced by a factor
of ten. No mp. e events were found in these pictures.

2. Other Sources of w+

There are two known sources of n' other than
K' decays. One is m' which scatter out of the beam
(see Sec. IIIA 2a). The other is K~o - w'e v, where
the K' is made from a K' by charge exchange in
one of the K-stop counters. We estimate that this
source of background is negligible (see Sec. IIIA 2b).
Since our experiment sets only an upper limit on
the branching ratio for K'- m'vv, our result does
not depend on this estimate.

(a) Scattered beam w'. Our triggering criteria
were such that the following conditions would be
required in order for a scattered 7t

' to be mistaken
for a K' decay product: A K' must stop in one of
the K-stop counters and decay in such a way that
none of its decay products is detected by our count-
ers. A 7t

' must then enter the apparatus between
6 and 54 nsec later, undergo an inelastic nuclear
scatter in one of the K-stop counters, and stop in
one of the decay counters.

In the course of the experiment several minor
changes were made in the apparatus to improve
our identification of scattered m'. During the por-
tion of the run for which this identification was
most reliable, one scattered m' was observed in
6.4x 10' K' signals (about —,

' of the total for the
experiment). This event was the basis for our es-
timate of the background of scattered r' for the
whole run, which was 1.8 events for the set of
event-selection criteria to be adopted in the next
section.
(b} Pious from K~o - w'e v. Pions produced by

K~- m'e v have a range spectrum like that as-
sumed for K'- m'vv. No such events were ob-
served. Because of our timing requirement on K-
decay products, only very low-energy K' would
remain in the region of the K-stop counters until

our w detector became sensitive (6 nsec after the
K' stop). In addition, the K4 and K5 counters
would veto a large fraction of the e produced in

Ki ~ 7l' e V.

It is difficult to estimate the effect of the timing
requirement. To satisfy the requirement the Ko
would have to be produced with energy less than
600 keV, and the cross section for a K' of energy

I
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FIG. 6. Characteristics of "K+ m+vv" events (shaded
histograms) compared with those of K+ 7t+m events
(open histograms). (a) Muon pulse-height distributions.
(b) Pion lifetime distributions. (c) Kaon lifetime dis-
tributions.
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E striking a carbon nucleus to produce such a K'
is unknown. We have estimated this cross section
by assuming that the carbon nucleus was composed
of six deuterons, each of which acted independently.
The measured K'd charge-exchange cross section4'
was then linearly extrapolated to the energy for
which the K' would be produced with 600 keV, and
six times this cross section was used in our esti-
mate. On the basis of these assumptions and taking
into account the suppression of e, we have con-
cluded that the probability of such a background was
negligible.

B. Event Selection Criteria and Final Sample

We may reduce the background by imposing ap-
propriate selection criteria on events which satisfy
the scanning criteria. We select events on the basis
of p, pulse height, m lifetime, and K lifetime. The
first two of these criteria suppress background
events from misidentified p, e's, since the acciden-
tal "np. decay" pulses will not have height or time
distributions like those for K'- m' —p'- e'. The
third criterion reduces the background from scat-
tered beam pions.

In Fig. 6 the measured p. -pulse-height, 7t-life-
time, and K-lifetime distributions are shown for
K'- v'w' events (open histograms) and for the
initial sample of "K'- w' vp" events (shaded his-
tograms). The final selection criteria chosen are
also indicated in this figure. The criteria were
chosen to maximize our sensitivity to K'- m'-
IL(.
'- e' decays, as empirically determined from

the K'- m'm events, over the background esti-
mated from independent measurements, as de-
scribed in Secs. IIIA1 and IIIA2a above. We

stress that this choice was made independently of
the "K'- n'vv" sample. It is evident that the elim-
ination of very small "p." pulses is the most im-
portant selection criterion. For K'- p'p' events
the measured 7t' lifetime is 26.3*1.3 nsec, in good
agreement with the accepted value, 26.3~.06 nsec.

It is important to establish that our result does
not depend on the way in which we chose our event
selection criteria. Table II shows the number of
"K'- g' vv" events found and the expected number
of background events from misidentified p, e's and
scattered-beam pions for a wide variety of selec-
tion criteria. We see from this table that the sig-
nal is consistent with the expected background in all
cases, and that the sole effect of our selection cri-
teria is to maximize our experimental sensitivity.
The excess of estimated background over events is
presumably due to statistical fluctuations. (The
background estimate is based on a sample of 4 to
7 events, depending on the selection criteria. )
Note that the various background estimates are
not independent.

In Fig. 4(c) the range distribution of those npe,
events in the initial sample (Fig. 5) which satis-
fied our event selection criteria (shaded histogram)
is compared with the observed K'- m'. n' range
distribution (open histogram), with the expected
range distribution for K' - n'~, and with the ex-
pected range distribution for K'- m'vv. We con-
clude from this that we have observed no examples
of reaction (I).

C. Interpretation of Result

1. First-Order Theories

In order to egress our result as an upper limit

TABLE II. Accepted "K+ x+ vv" candidates and expected background for various selection criteria.

m lifetime c

Selection criteria
p decay pulse height

Lower limit Upper limit K lifetime ~

"K+ n+ vv"
events

Expected
background

none ~

0.3
0,3
0.3
0.3
0.5
0.5
0.5
0.5
0.5 '

none
none
1.7
1.7
1.7
1.5
1.5
1.5
1.5

5d

none
none
none
none
&2T7I.

none

&2T71,

none
none
none

~K

K
none
none

+K
&37K
& 27'K d

7.4
7.4
7.4
5.5
3.7
5.6
4 3
2.4
3,4
2.4

Imposed in addition to the scanning and analysis criteria, which include a lower limit on z p decay pulse height
(see Secs. II C 2 and IID 3).

Measured in units of mean x p decay pulse height.
Measured from the experimental threshold.
These are the selection criteria adopted (see Sec. IIIB).
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on the branching ratio I'(K'- w'vv)/I"(K' - all),
using Eg. (3), we must make assumptions about the
shape of the m' spectrum in order to calculate the
effective detection efficiency, c,+„-,. For a first-
order theory with constant form factors there are
three possible spectral shapes. " These are listed
in Table III with the corresponding detection ef-
ficiencies and branching ratio limits. %'e have
taken as the 90%%uo confidence limit the branching
ratio which we would compute had we found 2.3
events. The values appearing in the table were
calculated from Eg. (3) using the following numer-
ical values for the various terms: (m' vp/K')
= 1.47 x 10 ' (assuming 2.8 events); (~' w'/K')
= (1.26 + 0.06) x 10 ' (identical selection criteria
were applied to both "K' —~'vv" and K'- m'm'

events); T„+,0/T„+;,= 1.06+0.01; e„+,0=0.054;.

S, ,o/S, +„—,= 1.02+0.02; I'(K+- w'm )/(K'-all)
= 0.21.

Type of
dX fll st-Ordel I'(E+ 7r+vv) ~

assumed
de interaction e~+ ~

—„~ I (K+ all)

p.'
P ~'(Tu —T ~)

vector
tensor
scR1Rr

0.0103 &1.4 &10 6

0,0014 &1,0 x 10
0.00059 &2.6 &&10-5

'These pumbers differ from the preliminary results
(Ref. 1). The earlier values for the detection efficiency
did not properly allow for distortions in the assumed
spectra due to straggling.

TABLE III. Effective detection efficiency e„+~(R~
& 50 g cm-2) and resultant branching ratio (90% G.L.) for
several assumed x+ spectra. P and T~ are the momen-
tum and kinetic energy, respectively, of the g+. T&
=127 MeV is the kinematic upper limit for E+ sr+ vv.
The spectra v(rere normalized to have unit area between
0 and T&.

Othe~ Theories

For theories which pregict the occurrence of
reaction (1) as a higher-order weak process, or
for first-order theories with rapidly-varying form
factors, the n' energy spectrum may differ con-
siderably from those in Table III. We therefore
present the following prescription for obtaining the
upper limit to be inferred from our result for any
given spectrum. In Fig. 7 we display the differen-
tial detection efficiency H(T) as a function of T„
where H(T) is defined by
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H(T)Z(T)dT
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FIG. 7. K+~ x+vv differential detection efficiency:
The function H{T) for E+ x+vv as described in Sec.
III C 2.
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FIG. 8. Range distributions in search for E+~ m+ny.
(R) CalculRted dlstrlbutlo118 for X decRys 1nto (1) x 'F

v

and (ii) 7(+yy (phase space), vrith straggling and small-
angle multiple scattering taken into account. Bashed
curves I and II shoe& detector efficiencies for different
absorber thicknesses. (b) Expected vr+xo and "m+yy"
distributions (curves) for absorber corresponding to
curve II, Fig. 4(a), together vrith observed distribution
(histogram) of events found during search for E+ x+ny
{no "&+ny" events above r+m curve).
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[The effects of straggling, multiple scattering, and
range selection (R ) 50 g/cm') are contained in
H(T). ] The function F(T) is the pion energy spec-
trum from K' —w' vv, normalized such that

127 MeV

F(T)dT = 1.
&a

From H(T) the corresponding relative detection
efficiency e,+ „—„/e,+,0 can be obtained for any
given m' spectrum, and the corresponding upper
limit to be inferred from our experiment can then
be calculated from Eg. (3) and the numerical values
given in Sec. IIIC1.

D. E'~m'+ ny

We searched for K'- m' ny in the same way as
for K'- m'vv, except that the triggering mode'was
KX' instead of KX'y (see Sec. II B). Just as with
K' - m' vv, we would classify any n' found with
range above 50 g/cm' as a "K' - m'ny" event Fig. .
8(b) shows the sample of all events which satisfied
the scan cuts; since this sample contains no "K'-
n'ny" events, no further selection criteria were
necessary. The estimated background was O. V

events. The number of stopping K' in this experi-
ment was 9 x 10', or about ~~ the number in the
search for K'- n'vv. The measured event rates
were (r'ny/K') = 2.49 x 10 ' (assuming 2.3 events}
and (w'w'/K') =1.68x 10 '. The scanning efficiency
was S,+„y=0.99+0.01 and the correction for m' ab-
sorption was T,+,0/T, +„z= 1.17 + 0.01. The branch-
ing ratio was computed using Eg. (3) and the numer-
ical values for I'(K'- v'v') and e,+,, given in Sec.
III C 1.

In all cases except n = 1, for which our result is
independent of model, we have assumed a constant
matrix element (i.e., a "phase-space" model},
which gives the spectrum

dI'(K+ w+ny)/dT„= AP (T„—T )"

where A. is constant. For n=2 e„+yy=4.5x 10 ',
and we compute

((4.5+0.03) x10 '

at the 90/0 confidence level. The branching ratios
corresponding to other values of n are displayed
in Table IV.

The differential detection efficiency I(T) for
K'- w'ny (see Fig. 9) is defined such that

z5s Me, V

I(T)F(T)dT
~m+ mo "ZZ&MeV

for any assumed v' spectrum F(T), which is nor-
malized to have unit integral between 0 and the
K'- n'ny kinematic limit. From this and the nu-
merical values given above, it is possible to infer
an upper limit on the K'- m'ny branching ratio
from our result for ariy given theoretical model.
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TABLE IV. Effective detection efficiency and resultant
upper limit (90% confidence level) on the branching ratio
K+ g+ny for several values of n. For n &1 we assume a
phase space model for the decay, i.e., dK/dT~ = Ap„
x(T~-T~)", where p and T are the momentum and

kinetic energy of the z+, Tz =127 MeV is the kinematic
upper limit for K+ sly, and A, is a constant.

0.5—

Reaction Branching ratio

0.054
0.0045
0.00059

(4x10 6

(5 x1p-5
&3 x lp-4

~The branching ratio for n=2 differs somewhat from
that given in the preliminary publication ((4 x10 ~; see
Ref. 2). The earlier value was based on a calculation
of the detection efficiency which did not properly allow
for distortion of the assumed spectrum due to straggling.
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FIG. 9. K+ x+ny differential detection efficiency:
the function: I (T) for E+ 7t'+ny as described in Sec.
III D.
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The interaction of high-energy muon neutrinos produced in the atmosphere by primary cos-
mic rays has been observed deep underground (8.74&&10 g cm std. rock) in the rock sur-
rounding a large-area (160 m ) liquid-scintillation-detector hodoscope. A series of argu-
ments is given to separate the residual atmospheric muons which reached the detector from
those produced by neutrino interactions in the surrounding rock. These arguments are based
on the widely differing angular distributions and mean energies of the two sources. The ob-.

servation of four events arising from the decay of muons stopping in the detector suggests
that the energy of neutrino-induced muons is 2 GeV. Operation of the system over a three-
year period yielded a total of 39 which we identify as neutrino-produced muons. Of these,
35 were in the aperture chosen for the observation of neutrino-induced muons, yielding a
total rate of (6.5+1.1) &&10 7 sec ~. In a companion paper, this result is compared with
rates predicted using various theoretical models of the neutrino-nucleon interaction. This
comparison selects the most appropriate model and leads to an underground neutrino-induced
muon flux. In the present paper the simplifying approximation of an isotropic neutrino distri-
bution leads directly to a flux of (3.7+0.6)&&10 cm sec ~sr

I. INTRODUCTION

High-energy neutrinos resulting from the inter-
action of primary cosmic rays with the earth's at-
mosphere have long been considered a possible tool
for the investigation of the weak interaction. ' '
Interest in such experiments was heightened with

the discovery of the accelerator-produced, muon-
associated neutrino in 1962.' In undertaking the
present experiment, it was anticipated that the
higher-energy neutrinos available in the secondary
cosmic rays might cast light on the question of the
existence of a mediating vector boson for the weak
interaction as well as reveal something of the char-
acter of the interaction cross section for neutrinos
with energies in excess of those available at ac-
celerators. In addition to these definable goals was
the hope that a more sensitive search for cosmic-

ray neutrinos might yield information as to hith-
erto unsuspected sources or interactions.

Assuming a cross section in the vicinity of 10 "
cm'/nucleon, and calculations of the atmospheric
neutrino spectrum and flux based on measurements
of atmospheric muons produced in the decay pro-
cesses associated with these neutrinos, it was es-
timated by various authors' ' that a detector of ef-
fective mass measuring a few thousand tons would

be required to yield a signal of several events per
year. Since the neutrino interaction was signaled
by a muon, it was immediately evident that, unless
special steps were taken, such a large detector
would be flooded with a background arising from
atmospheric muons which was some 10' times as
intense as the expected signal. Two variants to
reduce the background below that expected at sea
level were the use of a moderate depth in conjunc-




