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The results of a complete analysis of photographs obtained by the Columbia
36-in. magnet cloud chamber in neutral beams of the Brookhaven Cosmotron
are presented. A ‘‘short-distance’’ exposure yielded 152 events giving un-
ambiguous proof of the existence of long-lived neutral V-particles, most
naturally interpreted as examples of K.° disintegrations. In a subsequent
“‘long-distance’” run, 34 events were found, giving a lifetime for K. of 8.1_, (732
X 1078 sec. Decay modes identified were: =%e™ plus a neutral; =*u™ plus
a neutral and #*z~ plus a neutral. These are most economically interpreted
as the neutral counterparts of K+ decay, i.e., »*e™, 7tu™r, and #* 7 z°. In this
case, the first two constitute the bulk of the eventq, the 7Y mode being <159,
of the total sample. No evidence is found for 2-body disintegrations. Finallyv,
the recent literature on the subject of K is briefly reviewed.

I. HISTORICAL INTRODUCTION

Among the known elementary particles, the K" is unique. It and its antipar-
ticle, though not identical, are indistinguishable by ohservation of their decay.
The consequences of this novel situation were first explored by Pais and Gell-
Mann (7). Essential to their argument was the 1ssumption of rigorous charge
con]ugatlon invariance in the decay process. Since the K’ and its charge conjugate
RK° are not eigenstates of the charge conjugntion operator, linear combinations
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were introduced, for which charge conjugation quantum numbers are defined.
It was suggested that the ¢, , ¥, fields rather than the K°, K° correspond to ob-
served neutral K particles with definite lifetime. The fields ¢; and ¢. do not have
a defined strangeness. Production of K° or K° would then be described as crea-
tion with equal probability and prescribed relative phase of either K’ or K3,
the quanta of the y, , ¥ fields. The permitted decay modes for K;" and K, are
quite different. Since the two-pion state has definite charge conjugation quantum
number, only one of the mixed states ¥, or ¥. can undergo the observed decay into
7" and 7. The other particle must decay into other states, for instance = +
7w+ v, of opposite behavior under charge conjugation. For this particle the de-
cay into two pions is forbidden. Simple considerations lead to the conclusion that
the coupling to such possible states should be much weaker, and the lifetime
much longer than the ~1071 sec observed for decay into two 7 mesons. In sum,
the existence of a neutral K meson was predicted to be produced in equal abun-
dance with the known K., sharing its static properties, but whose decay rate
was much slower and decay modes anomalous (i.e., =7% 4+ 7). On the basis
of these considerations the experimental search for a long-lived neutral K-meson
was undertaken.

The later discovery that parity and charge conjugation were not conserved in
r — u and 8 decay (2) and the consequent strong suspicion that these conserva-
tion laws were also invalid in the K° decay, rendered the arguments in the form
given by Pais and Gell-Mann invalid. As was shown by Lee, Oechme, and Yang
(3) however, this particle mixture description of the neutral K meson follows
rather from more general quantum mechanical considerations. The conservation
laws serve fo fix the amplitude and relative phase of the two components of the
mixture. We may consider the situation by noting that the reactions

K +P->N+K >N+ + 7 4+ 214 Mev],
Kt4+ No>P+ K -P+[r" 4+ 7 + 214 Mev]

are both known (4, §) to occur. There is ample evidence for the assignment of
opposite strangeness to K™ and K~ and to the conservation of strangeness in
these strong reactions. In both reactions the subsequent decays of the neutral
K-mesons are identical. It follows that each neutral K must be described as a
mixture of K° and the charge conjugate K°, whose strangeness is uniquely de-
fined only at the time of production. The two mixtures would not in general
have the same mean lives. Without appealing to the conservation laws the ampli-
tudes of the K° and K° fields and their relative phase in the mixtures X,® and
K.’ cannot be uniquely determined and the relative decay rates cannot be speci-
fied. There are however, two possible situations where a large difference in life-
time would be predicted and indeed the observable consequences would be very
similar to those discussed by Pais and Gell-Mann. First, if time reversal is rigor-
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ously conserved in the decay the arguments above carry through with the charge
conjugation operator everywhere replaced by the mixed parity (CP) operator
(6, 7). Further, if for some extraneous reason, such as the availability of phase
space, those matrix elements which couple to a particular final state (e.g.,
" 4+ =) were dominant, the situation would be essentially independent. of
whether any of the conservation laws, charge conjugation, parity or time rever-
sal, were valid (3). Again one would predict the existence of a neutral K meson
of long lifetime with decay into #* + # essentially forbidden.

The significance of the existence of fwo final decay states, 7~ + = and 7° + =,
with comparable rates (8) has recently been emphasized by Weinberg (9). Lack-
ing some special phase relation between these two modes, a large difference in
the decay rates of the two mixtures would not be expected. Time reversal in-
variance would fix the relative phase in just such a way, as is mentioned above,
With this view, observation of a long-lived neutral K meson for which 2 pion
decay is forbidden would be evidence for time reversal invariance in the decay
interaction.'

At the time these ideas were first introduced, relevant data were very meager.
Both in the cosmic ray experiments [see data reviewed by Thompson (10)] and
the early work on strange particle production in complex nuclei (12) at the Brook-
haven Cosmotron the observed ratio of A° to 6° decays was roughly 3 to 1, even
with possible A’, K* production eliminated (12). An abundance of possibilities
was available to explain this deviation from the value unity predicted by as-
sociated production theories. It could not be inferred that a long-lived and there-
fore undetectable K° was produced in association with a A” in some fraction of
the events. Some examples of anomalous K° meson decays had been observed
but it was not then clear that these were not alternate decays of the short-
lived K,".

An experimental program to detect and identify long-lived neutral K particles
and investigate the characteristics of their decay was then undertaken. The
results, indicating the existence of such particles and describing some properties
have been reported in part earlier (14). We present here a final summary of the
results in greater detail.

II. EXPERIMENTAL ARRANGEMENT

A. GEOMETRY

The detector, the Columbia 36-in. diameter expansion cloud chamber, was
exposed to the secondary neutral radiation produced by 3-Bev protons in a copper

* Recent experimental results indicate the selection rule AT = !4 in the K? decay may be
valid. This would also fix the relative phase of the two modes and account for a large dif-
ference in lifetime. In such case no evidence for time reversal invariance is obtained (11).

? Cosmic-ray data are summarized in Ballam et al. (13). However, see also other works
cited in Ref. 13.
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target. Discrimination against well-known V° decays is assured with the target
to chamber distance long compared to the mean flight pathsof the known particles
produced at this energy. Exposures were made at two distances so that the K
lifetime could be determined from a comparison of the yields. To maximize the
yield in the short-distance run, the target to chamber distance was the minimum
obtainable with the arrangement used.

The distances from the target to the cloud chamber entrance wall were 16-ft.
and 70-ft., corresponding to mean flight times 2 X 107° sec and 8.4 X 10° sec.
A plan view of the arrangements is shown in Fig. 1. For the short distance run
the 3-Bev proton beam was extracted from the Cosmotron, focussed by a pair of
12-in. diameter quadrupole magnets, deflected twice in magnets of 18-in. by
36-in. pole area and deposited on a copper target 114 X 6-in. in cross section and
4-in. long. A beam at 68° to the direction of incident protons, of solid angle 0.002
stearad, was defined by the 114 in. X 5-in. aperture in the 4-ft. thick lead shield-
ing wall. Charged particles were eliminated from this secondary beam by the
combination of the collimating slit and the following 4 X 10° gauss-in sweeping
field. Since the target is also an intense source of high energy gamma rays, a 1.5-in.
thick lead filter was interposed at the collimator entrance.

An increase in target to chamber distance, required for purposes of lifetime
measurement, could not be conveniently provided using this general arrange-
ment and keeping the 68° viewing angle constant. Instead, the longer distance
was achieved by placing a target in a curved sector of the Cosmotron at an azi-
muth such that the flight path to the chamber made an angle of 68° & 1° to the
circulating beam. With this arrangement the Cosmotron guide field removed

\CLOUD CHAMBER

3.0 BEV PROTON BEAM

SWEEPING
MAGNET

COPPER TARGET

(SMHORT DISTANCE RUN)

3.0 BEV PROTON BEAM
COSMOTRON
EXPERIMENTAL SET UP

F1c. 1. Experimental arrangement, showing disposition of the beams in both the long
and short distance exposures.
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charged particles from the secondary beam. The direction was defined by an
8-ft. long, 114-in. by 7-in. aperture iron collimator inserted into the main shield-
ing wall. The collimator slit limited the beam to ~3-in. by 18-in. at the chamber
entrance. A 4 X 10° gauss-in. magnet following the collimator removed charged
particles produced by the beam after leaving the Cosmotron magnetic field.
At some 20-ft. from the chamber an 8-ft. thick concrete wall was erected to shield
from general background radiation. The aperture here, 18-in. X 18-in. was large
enough to prevent the production of secondaries by the neutral beam particles.
Again a 114-in. thick lead absorber located near the Cosmotron vacuum chamber
removed y-rays.

B. Beam MONITORING

At the target position the external proton beam envelope was roughly circular
in cross section with 214-in. diameter at half maximum intensity. The shape and
location of the beam was determined from induced activity distributions in Al
foils periodically exposed to the full proton beam. Standard radiochemical
techniques were used.” With 10" protons per millisecond in such an area, elec-
tronic counting techniques cannot be used. Relative intensities were determined
from the time-integrated voltage output pulse from a 2-in. diameter, 2-in. thick
water Cerenkov counter in the proton beam. This counter served also to monitor
the beam position and to time the cloud chamber cycle. The Cerenkov counter
was calibrated by comparison of the time average output pulse height with the
induced radioactivity in a 0.016-in. copper foil exposed during a part of the run.
In particular the 8 decay rate of Mn” produced during the bombardment was
measured. This method suffers from several sources of inaccuracy. The cross
section for production of Mn” by 3-Bev protons is known to =10% (15). Fluctu-
ations in the position and shape of the beam, due to variations in magnet cur-
rents change the correspondence between counter output and foil radioactivity;
the influence of secondary particles scattered from the target into the foil is not
understood. We estimate then the average proton beam on the target to have
heen 6 4 2 X 10" protons per pulse. This intensity was limited by the number of
neutron recoils and slow electrons in the chamber.

Induction pickup electrodes measured the circulating beam intensity, during
the long distance exposure, to an estimated accuracy 20 %. The internal copper
target was 1-in. vertically by 14-in. horizontally and 2-in. along the beam direc-
tion. As is usual a thin copper projecting lip on the target served to damp beta-
tron oscillations and accelerate the inward motion of the beam. The presence
of the lip does not affect the correspondence between circulating intensity and
number of protons on the target, but increases the effective target length. The

3 We are indebted to G. Friedlander, J. Cumming, and others of the Brookhaven National
Laboratoriex Chemistry Department for these measurements.
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transverse dimensions of the target are sufficiently large to permit the assump-
tion that all circulating protons strike the target. In the long distance exposure
we estimate then an average intensity 11 & 3 X 10° protons per pulse. For equal
intensity of neutrons traversing the cloud chamber in the two exposures, taking
account of the solid angles and target thicknesses, one would have expected a
ratio of beam intensities 0.10, consistent with the observed 0.06.

C. Croup CHAMBER AND PHOTOGRAPH ANALYSIS

Decays of V particles were observed in a conventionally designed expansion
cloud chamber 36-in. in diameter and illuminated over an 8-in. depth. It is op-
erated at an 80-sec repetition rate. The chamber is in a magnetic field of 10,000
gauss, uniform to +2% over the illuminated volume. Details of the chamber
operation have been published elsewhere (16). To minimize the number of neu-
tron interactions the chamber was operated at a pressure of 0.81 atmos helium
plus 0.20 atmos argon, the lightest gas mixture usable, consistent with good
chamber operation. Further, the lucite entrance wall of the chamber was re-
duced to 1{g-in. thickness over an area of 3-in. X 18-in. These measures were
designed to reduce the already small density of the large detector volume. As a
result readable photographs were obtained with an estimated flux of ~10* neu-
trons per pulse. At this rate, an average of two neutron stars in the gas per pic-
ture was observed. The background limiting the usable proton beam intensity
to ~1% of that available consisted of 50-100 protons ejected from the chamber
wall by the beam neutrons.

Photographs were taken in three cameras arranged with their lens axes parallel
and in a line. For scanning and measurement each of the three views is projected
at half scale. A representative picture is shown in Fig. 2. Techniques of searching
for possible V particle decays included: following all tracks of negatively charged
particles to possible intersection with a positive track; area scanning to find such
vertices; following all tracks of near minimum ionization to a possible vertex.
All such vertices are recorded as are evident neutron induced stars of two or
more prongs.

In each of the three views the radius of curvature of each track of a “V” is
measured by fitting to a template. For very short tracks, the coordinates of the
droplets were measured directly on the film using a traveling stage microscope.
A least squares fit was made to a parabola (17) to determine the radius of curva-
ture. Dip angles and the projected angles with respect to the incoming beam
direction are measured in the reprojected image. The direction of the beam in
the cloud chamber fiduciary system was determined from measurements on in-
coming charged particles in pictures obtained with the sweeping magnet and
cloud chamber magnet turned off. Corrections for conical reprojection were made
with the series expansion discussed by Sargent ef al. (18).
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Fia. 2. An example of a K, decay, showing most of the chamber volume. The point of
decay of the K. is indicated by the arrowhead.

Momenta were generally in the range 50 Mev/c — 300 Mevie and were
measured with an estimated accuracy, on the average +10%. Angles were
measured to an accuracy 413° in the horizontal plane and 4+3° in the vertical
plane.

To determine masses of the decay products, where identifications could suc-
cessfully be made, ionizations greater than minimum were determined by photo-
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Fia. 3.§Ionization calibration curve. The points on the curve indicate the density o
nearby proton tracks of known ionization. The vertical dashed lines represent the ioniza
tion of the negative secondary if it is a =, u or electron. The shaded region shows the un-
certainty in the absorption measurement.

metric analysis using techniques similar to those described by Caldwell and
Pal (19). A fine slit 1 ecm long is oriented along the track and driven across the
track by a synchronous motor which is also coupled to a galvanometer. The
slit is then translated parallel to the track and the traversal repeated for as
long as the track is in view. The ratio of peak density to background density
is averaged for the track and the log of the result is entered on a calibration
plot obtained by repeating this procedure for all the protons in the same photo-
graph which pass near the event of interest, within &5 cm of the height of the
event and which have dip angles of less than 20°. An uncertainty is assigned to
each result which is based on the average deviation of the various readings from
the mean. Mass identification is said to be made when the result is established
to a confidence level ~80%, treating the uncertainties as standard deviations.
In practice only tracks with momenta <100 Mev/c were identified. Figures
3 and 4 illustrate the identification of secondaries by this technique.

III. RESULTS—SHORT DISTANCE EXPOSURE

A total of 6500 pictures was taken in the short distance run. These yielded
152 examples of V° decays. Among the charged secondaries pions, muons and
electrons, were identified, but no K-mass or heavier particles were found. All
the events but one were noncoplanar with the line-of-flight to target or showed
nonzero transverse momentum. The distribution of vertices was uniform over
the chamber, indicating a lifetime >>10"" sec. In the same sample, we found
9369 neutron induced stars of >2 prongs in the gas, 586 electron-positron pairs
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Fie. 4. An ionization measurement showing an identified negative muon.

(by definition: ~0° opening angle between minimum ionizing tracks) and 402
events which were consistent with r-u decay kinematics.

IV. BACKGROUND

Since our major effort was toward the establishment of the existence of a
long-lived K’ particle, we will here consider in some detail the possibility that
the observed events are rather background events which simulate K° particle
decays.

The major background effects which could simulate V particle decays are
meson pair production in the cloud chamber gas, pion scattering, electron pairs
from internal or external conversion of ¥ rays and electron radiative scattering.

A. Mgrson Pair PropucTION

In the collisions of a 3-Bev proton with a target neutron of 25-Mev Fermi
energy, neutrons at 68° to the proton direction have a maximum energy of
470 Mev. Double meson production at this energy is essentially nonexistent.
In fact, however, a small fraction of the neutrons in the beam were of greater
energy. The energy spectrum of protons ejected from the chamber wall in a
direction parallel to the incident neutrons is shown in [ig. 5. The threshold
energy for production of pion pairs by nucleons on complex nuclei is ~360 Mev.
The proton spectrum (Fig. 5) indicates that the neutron energy distribution
was approximately uniform from this threshold energy to ~900 Mev.

Of 9369 stars observed, 15 had a negative = meson prong. To permit an esti-
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F1e. 5. The lower histogram is the spectrum of protons ejected from the entrance wall
by neutrons in the direction of the incoming K, beam. The upper histogram shows the in-
coming neutron energy spectrum obtained from the proton spectrum by use of the N-P
cross section.

mate of the double meson production, we assume these are examples of single
meson production and that they are produced by neutrons of energy greater
than the double meson production threshold. Further, we assume the energy
dependence of the cross section on complex nuclei to be the same as that in free
nucleon-nucleon interactions over the corresponding energy range, 600 Mev
to 1300 Mev. Note that charge symmetry requires equal cross sections for the
reactionsN +N -7 + N +Pand P + P >« + N + Pandfor =™ =~ pro-
duction. For incident proton energies in the range 600 Mev—-1000 Mev the
experimental data are consistent with zero cross section for double meson pro-
duction in P-P collisions.* The average cross section for single #* production
over this energy range is 18 mb (20). Above 1-Bev bombarding energy the ="
production cross section is ~25 mb, the #* 7 cross section is ~5 mb . The
inelastic N-P cross section shows approximately the same energy dependence,
and is roughly 60% of the P-P inelastic cross section.” Wallenmeyer (22) ob-
served, in N-P collisions below 1-Bev incident energy, a =" 4+ = to single =~
production ratio ~0.2. Above 1-Bev double meson production dominates, with
the ratio of single to double production

oxpt towe " iowet T = 46:14:62.

4 A summary of available data on meson production in P-P collisions is given by Lock
(20).
5 These data are summarized by Riddiford (21).
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For our purposes the =~ #° production is included with the single =~ production.
An overestimate of the absolute cross section for double production results
from our neglect of 7° creation. In N-P collisions below 1 Bev then

- +

oxp = 8mb, ovp = 2mb
and above 1 Bev

_ e b

one’ + oxp | oy © = 9mb.
The cross sections for single meson and pair creation in N-N collisions are those
given above for P-P interactions. With the assumed uniform neutron energy
distribution, the ratio of #* + 7~ to # production in the neutron interactions
in the cloud chamber gas is

Nt + 7)) _
N T

+ (ony™ ")z 1 Bev]} + {$7[(ows" ) <1 Bev + (onn” )< Bev]
+ 34[(onp" )>1Bev + (oyp” " )>1Bev 4 (gyy” )>1Bev]] = 0.23.

Any reabsorption of pions within the nucleus would lead to a smaller ratio.
In our sample of neutron stars there should have been less than 4 cases of pro-
duction of a pair of charged pions. One such star was indeed found. Difficulty
in distinguishing positive pions from protons precludes the possibility of an
estimate of the total pion pair production. To simulate a V° decay, however,
the nucleon recoil prongs would have to be invisible, i.e., proton energies < 1
Mev. We conclude then that neutron-produced pion pairs at most constitute
1% of those V’s interpreted as K’ decays.

(46(one™ " Vet Bev + 351(one™ ™ Vo1 v

B. ProN ScaTTERING

Some fraction of the pions produced in a backward direction by neutrons
in the rear wall of the chamber will scatter in the gas without a visible recoil,
producing spurious V° decays. The flux of pions is determined from the number
of # — u decays, those being consistent with the pion decay kinematics. The
average pion energy was 65 Mev, the total path length was 59 g/em® of He
plus 132 g/em’ Argon. Fowler et al. (23) measure a mean free path in helium of
the order of 50 g/cm® for pions of this energy. Thus one scattering from helium
is expected. In argon the interaction cross section is geometric and again one
scattering is expected. The flux count must be multiplied by a correction factor,
estimated to be 2-3, to take into account the inefficiency in detecting m-u decays
at small angles. We estimate then 4-5 pion scatters to have occurred. This
number is greatly reduced when one considers that the recoil must not be vis-
ible. Pion scatters then do not contribute significantly to the K, decay events.
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This conclusion is reinforced by kinematical considerations. On the assump-
tion that each V° is an elastic pion scattering, we have determined the mass
of the recoil particle. In each case this mass was less than the nucleon mass.
None of the events can then be an elastic scattering. It is known that at these
energies greater than 50 % of pion interactions with nuclei are elastic. It is then
unlikely that there is any contamination of pion scatters in the sample of V°
decays.

C. ALTERNATE MoDE oF 7° DBcAY

Electron-positron pairs produced in the internal conversion of #° decay y-rays
have larger mean opening angle than those externally converted. These were
therefore considered the more serious possible contribution to spurious V° de-
cays. Note that to be confused with a genuine decay it is necessary that the
7 be produced in the gas without visible nuclear recoil.

The arguments detailed in (A} above apply here also. Rates of neutral pion
production (20) in N-N collisions are smaller than charged pion rates by factors
of 3—-10 over the energy range considered here. It can be shown, using require-
ments of charge independence, and measured cross sections (20-22) for other
pion production reactions, that =" production cross sections in N-P collisions
are larger, by 10 mb on the average, than the charged pion production cross
sections. In fact, the 7’ creation accounts for greater than 60% of the inelastic
cross section. Let us assume that «’s are produced in all inelastic N-P inter-
actions, with average cross section 10 mbn; in N-N collisions with 3-mb cross
section. Negative pion production cross sections, with these assumptions are
~20 mb. The ratio of #°/# production in complex nuclei is then ~0.7. Ac-
companying the 15 observed = productions should be ~10 z”s. Only one =’
in 80 decays via the e*e”y mode. This makes it extremely improbable that any
of the presumed K, decays are such electron-positron pairs.

Kinematic arguments are applied here also. Each event was assumed to be
an electron-positron pair and an apparent @ value calculated in the usual way.’
The observed distribution is shown in Fig. 6. Any V with a @ value greater
than the =° mass, 135 Mev, cannot have been a n’-decay product. In this way,
all but 30 events are shown to be something other than z'-decay pairs.

D. ELecrroN PAlrs

The events classified as unstable particle decays all had apparent @ values
greater than 20 Mev, on the assumption that they are rather electron pairs.
The distribution in Q value, calculated by Borsellino (25) shows a @~ depend-
ence for values greater than ~2 Mev and is approximately independent of the

¢ Peyrou (24) pointed out that consideration of the apparent @ value is most convenient
to discuss these electron pairs.
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F16. 6. The distribution of apparent Q.. value, on the assumption that each event is
an electron-positron pair.

v-ray energy. The probability that an electron-pair have @ > 20 Mev is <1%,
and <0.1% will have @ > 60 Mev. As seen in Fig. 6, two events had 20 <
@ < 40 Mev and one had 40 < @ < 60. This is to be compared with 586 events,
with ~0° opening angle, which were classified as converted v-rays. At most
the three events indicated could represent an electron pair contamination in
the Ky’ sample.

E. BREMSSTRAHLUNG

Backward-going electrons can result from internally or externally converted
photons from decay of neutral pions produced in the cloud chamber wall. From
arguments above (A, C) it is estimated that this flux can at most amount to a
few percent of the charged pion background. It was concluded in (B) that only
4-5 pion scatters could have occurred. It is then clear already that scattered
electron contamination is negligible.

Detailed angular distributions of electron radiative scattering have been
given by MeCormick et al. (26). The largest opening angle of any of the events
here was 145°, with the distribution shown in Fig. 7. This fact eliminates the
possibility of any of the V° events being 7 decays, since the maximum angle
in this case is ~20° for all but extremely low energy pions. The probability
that an electron be deflected through greater than 30° is less than 1% at an
electron energy of the order of 100 Mev. It is unlikely that any of the events
is the result of electron bremsstrahlung.
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F1a. 7. The distribution in opening angle for all events observed in the short-distance
exposure.

NUMBER OF EVENTS

Consideration of these most likely sources of background leads to the con-
servative conclusion that all but perhaps three or four of the V events observed
and classified as unstable particle decays are genuine examples of such decays.

It seems natural and economical to assign this neutral unstable particle to
the K2 level in the Gell-Mann, Nishijima scheme, especially in view of the
bubble chamber observations that just half of the 6”s produced in = + P
collisions are accompanied by observed K, disintegrations (27).

V. ANALYSIS OF EVENTS—PROPERTIES OF THE K,°

A. Mass

It is not in general possible to uniquely determine the mass of the parent
particle from the measurements of the secondary tracks. Kinematic analysis
yields a mass determination only in the case of two body decay. We resort to
less direct arguments to establish limits on the mass of the particles observed.

In Fig. 8 we plot the distribution of transverse momentum of the positive,
negative and neutral (only one is assumed) decay products. The transverse
momenta of the charged particles are directly measured, that of the neutral
particle inferred from transverse momentum balance. This distribution is of
course independent of any secondary mass assignments. The measured maxi-
mum transverse momentum is 230 = 20 Mev, determined by folding momen-
tum resolution into a linear spectrum near the upper end point. The decay
product of mass my , from the decay of a particle of mass M will have a maximum
transverse momentum
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[M2 — (mu + ms + m3)2]1/2m12 — (m — mo — m3)2|1,’2

P = 2N '

where ms and ms; are the masses of the other secondaries. Solving for A as a
function of my , my , ms, we find the limits

460 < M < 630 Mevy

consistent with the 6, mass of 494 Mev.
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F1c. 8. Transverse momenta of the positive, negative and neutral secondaries of the
short-distance events. The arrows show maximum values for the decay modes indicated.
The inset compares the distribution near the end point with a resolution-folded linear cut-
off at 230 Mev/c.

The possibility that these could be decays of hyperons via the modes N +
u= + e or N + ¢ 4 ¢ was also considered. It should be noted first that no
examples of a corresponding decay into a proton plus two leptons were observed.
Jach event was analysed on the assumption of such decay schemes. In no case
was the apparent Q value consistent with the known A” or =’ mass, and these
data do not justify the assumption of a new hyperon.

B. DeEcay MobEs

All the events reported here are kinematically consistent with the decay of a
K-mass particle into one or more possible three body final states. Guided by the
known decay schemes of the K* we assume that only the corresponding modes
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7547y, 7°¢"v and 7 x =" are permitted. The three pion mode is considered more
probably than the =z y for theoretical reasons given by Dalitz (28).

It is possible to kinematically distinguish among these possibilities in some
cases, even though the K’ velocity is unknown. Since it may be of general
interest, we shall discuss in some detail the kinematics of the three body decays.

The measured quantities are the secondary momenta P*, P~ the opening
angle # and the angles of the secondary momenta to the primary line of flight
8" and §. With these we calculate the total visible momentum Pz and its angle
to the beam direction 8r. A particular set of secondary masses m, , m_, mg is
assigned. It is convenient to define a fictitious mass

MT — (ET2 . PT2)1/2,

where Er = total visible energy. The apparent Q value for the particular decay
scheme is

Qm+m— = MT - (m+ + m_),
which must be less than the true @ value
Q=MK'_ (m++m_+mo).

For any given event, those secondary mass assignments which lead to apparent
@) values greater than the true @ value are eliminated as possibilities.
The energy of the neutral secondary in the rest system is uniquely determined

_ MK2 + ’mo2 - MT2

E
’ oM«
as 1s its angle, in the rest system, to the K° line of flight
. P T sin B 7
sin 3y = 2

In general it cannot be determined whether the neutral particle goes forward
or back in the center-of-mass system. Thus the energy of the parent K meson
has two possible values.

The magnitude of the neutral secondary momentum in the rest system, P
is independent, of the angle 8. Another kinematic criterion is thus provided
by the requirement that there be zero momentum in the center of mass. Those
decay mode assignments which do not satisfy the requirement,

PTSinﬁrSPo

are eliminated from consideration in each case. Further, if the measurements
yield Py < P, then Py < Py and P, must then be forward. In such cases the
ambiguity in the energy of the K’ is removed.
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A further kinematic criterion is that the transverse momentum of each of the
decay products be less than the maximum center of mass momentum for that
particular mode.

Applying these criteria, we find of the 152 (short distance) events 10 events
consistent only with #7¢ », 5 cases of = ¢*y and 12 satisfying either ='¢ » or
7 ¢ v. Further the low Q value for the = 7 7" mode allows us to rule out all
but 23 cases as possible 7° events.

Unique identifications were also obtained with ionization and momentum
measurements of the secondary tracks. See Figs. 3 and 4. In four cases hoth
secondary masses were identified, one each of 7 7¢”, 7 ¢™, #7u ", and « u*. Others
for which one secondary was identified included 4 examples of #¥¢™, 1 or 7 ¢,
9of #7u”, and 1 of 7 w”. The jonization-identified = ¢~ cases were kinematically
consistent only with this decay scheme, as was one case of 7 ¢”. In one of these
the electron was accompanied by a =7 — " decay. Two examples of the r°
mode (r 7 ) have been previously reported (14).

In total, of the sample of 152 K, decays, we identify 10 ='¢ », 6 ety 12
re¥v, 10 770 v, 2 7 w7y, and 2 777 #". Here the neutral particle is assigned
on the basis of the known K decay modes.

Further identification of single secondaries were: 5 7 and 3 = from ioniza-
tion measurements; 1 7' — " and 1 7~ — u~ decay. These identifications are
summarized in Table 1. Strong bias operates in the identifications of the #’s,
s, and ¢’s. Consequently very little is known of the ratio of wuv to mey except
that both are prominent. Also the 7 mode is present to <15 %.

No decays were found which did not fit one of the assumed modes n¢Ty,
77wy, or = o', Of course nothing can be said about the existence of such
modes as u'¢~ 4 neutral, ete. Observation of five 7 — u decays among the V°
secondaries is consistent with ~100 charged pions among the decay products.

The total number of events observed in both runs was 186. Of these, only
two had zero total transverse momentum within the errors. One of thesc is
noncoplanar with the K, line of flight and the other has a very low €J.. value.
Thus none of the 186 events can be a two body decay of the Ky’ and we can

TABLE I

SuMMARY OF IDENTIFIED DECAY SCHEMES

wtey ety e " uty sk et

Both secondaries identified by ionization 1 1 1 1
Lepton only identified by ionization 3
Ionization identification plus » — u decay 1 2
Kinematical determination 5
0

Total 1
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set an upper limit <0.6 % on the reactions
il
K —<et ¢
wh T
andon K’ = 7" + 7.
The absence of two body leptonic modes is consistent with the predictions
of the universal Fermi interaction since these modes cannot be directly gener-
ated by the currents which account for 8 decay and u decay. The absence of

the two pion final state is consistent with the predictions of time reversal in-
variance as discussed earlier.

VI. LIFETIME

A. ExpPERIMENTAL RESULTS

The uniform distribution of decay points of the 152 K,”s served to put a
lower limit in the mean life > 4 X 107" sec. Analysis of anomalous V° decays
observed in cosmic ray experiments gave lifetime estimates 7 > 6 X 107° sec.
from Kadyk et al. (29), and from the Ecole Polytechnique group: r < 1077
sec (30). Lack of anomalous K° decays near production points in bubble cham-
bers had served to set a limit 7 > 3 X 107 sec (8). The time of flight of the K’
in a typical detector is then small compared to the mean life. In this case, the
lifetime is best determined by comparing the yields with the detector at differ-
ent distances from the production target, corresponding to times of flight to
the detector differing by a time at least of the same order as the lifetime.

The mean times of flight to the chamber in the two exposures were 2 X 1078
sec and 8.4 X 107° sec. As discussed above, proton flux determinations are
intrinsically inaccurate and difficult to interpret because of the differences in
the geometry of the two arrangements. To normalize the K, flux in the two
exposures we used the observed number of neutron induced stars in the cloud
chamber gas. The energies of neutrons emitted near 68° are quite sensitive to
the angle of emission. To check that the production angle of the K>’ beam was
the same in each run, and to be certain that the neutron background came
directly from the target, three independent determinations of the neutron
energy spectra were made.

(1) The distribution in number of star prongs in the two runs is compared
in Fig. 9.

(2) The momentum spectra of protons ejected in the forward direction (£5°)
from the lucite entrance window are compared in Fig. 10.

(3) The momentum distribution of the star prongs is compared in Fig, 11.
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Fi1a. 9. Prong distributions of neutron indueed stars in the cloud chamber gas.

The results of the first two checks indicate identical spectra of neutrons in-
cident upon the chamber. The small discrepancy in percentage of two-prong
stars is precisely accounted for by the slightly higher fraction in the long dis-
tance run of argon in the He-A mixture of the cloud chamber gas. The third
comparison is made to insure that the neutrons inducing the stars come directly
from the target in both runs. A contamination of stars produced by neutrons
diffusing through shielding walls could confuse the relative flux determination.
The results show no evidence for this effect which would predict a larger number
of low energy prongs in the short distance exposure.

In the short-distance exposure, we counted 152 K,'-decays and 9369 neutron
stars of two or more prongs; in the long-distance exposure 34 K,'-decays were
found in 4887 neutron stars. The ratio of the yields in the two exposures is then:
R = 043 & 0.08. A correction must be made for the slightly higher proportion
of Argon in the second run, giving rise to an increased cross-section for star
production.
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Fig. 10. Momentum distributions of protons ejected from the entrance wall by neutrons.

To compute a lifetime, two additional factors must be considered: (1) the
relative scanning efficiency, and (2) the velocity distribution of K -particles.
Second, third, and, in a fraction of the data, fourth scanning indicate a scanning
efficiency in the first run of (85 = 10) % the efficiency in the second run. Some
additional checks were made. The events and stars occurring in the central 5
cm of the 20-cm chamber depth were selected. In this region the illumination
is >70% of the peak illumination. This restriction leads to a ratio: B = 0.45
and indicates that a lower efficiency in observing “faint” events is not a serious
source of error. Also, normalization made on stars of 3 or more prongs gives a
similarly consistent result. Combining the relative scanning efficiency of 0.85
+ 0.10, we then have:

R = 0.41 =+ 0.10. Y]

This ratio is given as a function of 7, the mean life of the K, by:

PG exp 1-tuBm)/71(1 - exp [6t(6y) /1) d(6)

R (2)

[P(6v) exp 1= ta(gn)/1L — exp (AEY)/A1} d(By)

where P(8y) is the momentum distribution; £.(8y), ¢s(8y) are the flight times
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for the long and the short distance runs respectively for a Ky of momentum
Mpyc and At(By) is the time to traverse the cloud chamber. In Fig. 12 we have
plotted the relation between R and 7 as given by Eq. (2), using an intermediate
and two extreme shapes for P(8y). These were computed by Sternheimer for
associated production of YK pairs in a complex nucleus by incident 3.0-Bev
protons. At large laboratory angles, the velocity spectra are quite insensitive
to details of the transition matrix element. Applying Eq. (1) to Fig. 4 and using
the P(8v) given by phase space and Fermi momentum distribution of the target
nucleons leads to the result:’

r = 81537 % 107° see. (3)

The sensitivity of the result to the velocity distribution can be obtained from
Fig. 12. Curves @ and ¢ represent the extreme spectra calculated by Sternheimer,
curve b is the spectrum used above. The identified events permit an evaluation
of the K° velocity in many cases. A distribution consisting of 30 such events

7 This result is in agreement with a more preliminary value given by Bardon et al. (14).
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Fia. 12. Dependence of the K,° lifetime on the ratio, B, of the yields in the two expo-
gures. Curve a is computed with a K, energy spectrum derived from an energy-dependent
matrix element of the form v2 — 1, Gaussian momentum distribution of the target nucleons
and isotropie angular distribution in the center-of-mass system. Curve b is obtained from
an energy-independent matrix element, Fermi momentum distribution and isotropic angu-
lar distribution. Curve ¢ from energy-independent matrix element, Gaussian momentum
distribution and cos f angular dependence.

(also including those K2s in which the double valued velocities differ by little)
is in good agreement with Sternheimer’s distributions. Clearly this distribution
may contain serious bias.

B. ComparisoN wiTH Kt DEcay

A phenomenological estimate of the K, lifetime can-be obtained from the
known data on K7 lifetime (31) and branching ratios (32, 33) by application
of charge independence and the AT = 14 selection rule. (I' = total isotopic
spin). The K5 decay rate is

R(Kzo) = 71—_ = R(1r+u_v) + R(7r+e_v) + R(vr_y+v)
+ R(7r_6+v) -+ R(7r+1r_7r°) + R(7r01r07r0 .

We assume that the partial ratio for the K’ leptonic modes are the same as
the corresponding K7 rates. For the partial rates of the decays involving three
pions, the isotopic spin formalism and charge independence, together with the
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AT = 13 selection rule, is used to obtain a relation between the partial rates
for decay of K* mesons and their counterparts in the decay of the neutral K
mesons (34).

Then we obtain the lifetime:

- —8
r~35 X 10 " sec.

Similar results have been obtained by Gell-Mann, and Okun using a specific
model for the K meson decay interactions and by Marshak et al. (:35).

SUMMARY AND REVIEW

The basic conclusions drawn from the Gell-Mann and Pais particle mixture
theory are:

(1) Those K”s produced in strong reactions, e.g., = + N — ¥ + K, with
positive strangeness, have equal probability of decaying via a *‘fast” K;’ mode
or a slow K>’ mode. In a typical experiment (bubble chamber ohservation of
x — N collisions) where the observation time is ~5 X 107" sec, essentially all
the K" decays take place within the chamber while none of the K, decays are
observed. Thus one-half the hyperons produced in association with a A" will
be accompanied by observable K,° decays (including here K," — 2z°).

(2) The K,' modes should be characterized by a unique lifetime, presumably
>107" sec, and decay modes different from K,’. Thus, if a K® beam is observed
at times long compared to the K’ lifetime, only anomalous (not. two pion) final
states should be observed.

The confirmation of prediction (1) has been given by Eisler et al. (27). Fur-
ther, two cases of associated production of a hyperon and K.’ have now been
observed (36).

The present paper described the work done to test prediction (2). In this
experiment the decay of the long-lived neutral K meson was detected in such
circnmstances as to give an unambiguous proof of the existence of this particle.
Its decay modes were studied and the lifetime determined.

Following the Gell-Mann and Pais proposal, further consequences of the
particle mixture theory were discussed by a number of authors (37-42). The
important consequences of these considerations are briefly summarized:

(3) The strong interactions of the K’ should be characteristic of both positive
and negative strangeness (with equal probability). In particular particles in a
K," beam should be capable of regenerating K, events by nuclear collisions
(Pais-Piceioni effect) or interacting to produce hyperons.

(4) During the lifetime of the particles, there is an interference between the
component Ko and Ky states. This produces an oscillation in probability ampli-
tude with frequency Am/# where Am is the K,' — K.’ mass difference. Thus,
the decay rate into any mode shared by K, and K.’ is not simply & sum of
exponentials.
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Evidenee for (3) comes from emulsion exposures to neutral beams (43, 44)
from a propane bubble chamber exposure (45), from electronic study of K)
interactions (46) and from the present experiment [see Lande, Lederman, and
Chinowsky (74)]. No observations of (4) have yet been made.®

Experimental possibilities are still far from being exhausted. Study of the
details of the three body leptonic modes offers new tools for the study of the
weak interactions from determination of angular and momentum distributions
and polarizations (48). No experiments have yet clearly demonstrated the
interference effects or the K,° regeneration. In fact, no one result can be said
to have demonstrated the necessity of the K° particle mixture, although it is at
present the only theory sufficient to explain all the observations.

The authors wish to acknowledge the collaboration of Prof. John Tinlot and
Dr. Morton Fuchs in the collection and analysis of the photographs. Major
contributions to scanning (see Fig. 2) were made by Mr. G. Impeduglia and
Miss Julia Thatcher.

RecEIVED: August 1, 1958
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