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I. INTRODUCTION

In 1947 a new class of elementary particles was discovered,
the so called strange particles. These particles are elementary in
the sense that they are not composites of other particles in any known
way, and they are particles in the sense of having the properties of
unique mass and charge. Previously all elementary particles (with the
exception of the»massless photon and neutrino) were uniquely character-
ized by their rest mass and their charge. This is probably true of
strange particles also. There are two categories of strange particles,
the K-mesons with rest masses of about 965 electron masses, and the
hyperons with rest masses between 2200 and 2600 electron masses. These
new particles possess all three charge states, plus, minus and neutral.

8 o 10710

They are all unstable with lifetimes in the range of 10”
seconds. The name "strange particles" has been applied to them primarily
because of their anomalously long lifetimes. To understand why their
lifetimes are considered anomalous, we must first examine the characteristics
of particle interactions.

Particle interactions can be divided into three classes based
upon their "strength". The Yukawa or nuclear interaction is the strong
interaction which holds the nucleus together and is responsible for pion
production. It is also called a "fast" reaction since the processes
associated with it take place on a time scale of about lO'23 seconds.
Next is the electromagnetic interaction which is something like lO"2

times weeker., It is characterized by a time scale of about 10'21 seconds

and is responsible for photon emission and forces involving electric charges.
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Finally there is the Fermi type interaction which is some lO'l)1L times
weaker than the strong interaction and characterized by a time scale of
gbout 1077 seconds. It is responsible for beta-decay and the decay of
pions and muons. The production of strange particles belongs to the
class of strong interactions while their decay belongs to the class

of weak interaction. But according to one of our most fundamental ideas,
a particle made in a strong interaction should decay that way. From this
paradox the name "strange" particles originated.

An "explanation" of this paradox was proposed by Pais(z). The
idea, known as associated production, was that the strong interactions
which produce strange particles work only on more than one strange par-
ticle at a time and thus strange particles are made in groups of two or
more. Once separated after production the strange particles live a long
time before decaying into conventional particles via the weak interaction.
The next step was the introduction of a conservation law by Gell—Mann(3)
and Nishijima to account for associated production. They extended the
concept of isotopic spin, so successfully used in formulating the charge
independent nature of nuclear interactions, to strange particles. The strange
particles were arranged in charge multiplets and assigned valuaes of total
isotopic spin (T) and Z - component of isotopic spin (T,). These quantities
are supposed to be conserved in strong interactions. Then a new intrinsic
property, called strangeness, was assinged to every elementary particle,
The ordinary particles were assigned a strangeness quantum number, S, of
zero. The strange particles were assigned various values of S = + 1 and
S = -2 and it was proposed that the total strangeness be conserved in

strong and electromagnetic interactions. According to their scheme all



the hyperons (A and L) except the cascade particles (Z) have 8 = -1.
The cascade particles have S = -2. The K" and K° (6° and 1°) mesons
have S = +1 while the K~ and K° (anti K° particle) have S = -1. The
o + ° - .

R° forms a charge singlet, the z s Y, and L form a charge triplet and
the =~ and =° form a charge doublet. The K meson pairs (K+, K°) and
(K', K°) each form charge doublets. It was further proposed that the
strangeness quantum number was related to the charge (Q), baryon number

(M) and Z-component of isotopic spin (T,), by
Q = T, +M2+85/2

The conservation of @, T, and M then implies the conservation of S in
any reaction. These ldeas have proved remarkably successful and there
are no known cases of strong or zlectromagnetic interactions where
strangeness conservation has been viclated. The long lifetime of strange
particles is then accounted for by the fact that strangeness is not con-
served in their decay, i.e., in weak interactions.

The associated prodiction hypothesis was first experimentally
supported by Shutt, et al.(S) and by Walker and Shephard(6) using a hydro-.
gen diffusion cloud chamber and pion beams of 1 Bev and 1.4 Bev kinetic
energy. The strange particle reactions which conserve strangeness at
these pion energies are

1. " +p—-> A° +96°
2. x4po L +6°
3. n-+p-)z‘+K+
Twelve cases consistent with these reactions were found. A similar experi-

ment by Budde, et al.(7) using a 6 inch propane bubble chamber and a 1.3 Bev



pion beam supported the above results and gave some additional information

on the production and decay process. However, much more detailed information

on these reactions and the intrinsic properties of these particles was
needed. In an effort to obtain more information we have exposed a 12
inch propane bubble chamber to a 1.1 Bev x~ meson beam at the Brookhaven
Cosmotron. Over 30,000 pictures were taken and a total of 150 events
consistent with the above reactions were found.

The results of our experiment concerning the third reaction
have been reported elsewhere as have the results on the first two re-
actions for those cases in which both the A° and ©° decay in the chamber(B).
Hence only the first two reactions will be considered here, and our results
consist of only those cases where either the A° or 6° are seen to decay
in the chamber, but not both. However, for completeness, the previously
reported cases where both the A° and ©° decay in the chamber will be
included in this thesis. We give the angular distributions and cross
sections for the production of A°, ©°, and Zo particles on free protons
(i.e., hydrogen events), and the lifetimes and decay angular distribu-
tions of these particles. The probability of neutral decay and results
.concerning conservation of parity (in A° decay) and the intrinsic spins
of these particles are also presented. In addition the conservation of
isotopic spin in L hyperon production and isotdpic spin selection rules

in A® and ° decay is discussed.



II. EXPERIMENTAL ARRANGEMENT

2.1 The Pion Beam

To study the strange particle reactions previously described
i was necessary to take our large propane bubble chamber to the Brook-
haven Netionel Laboratory where a high energy x meson beam is available.
A floor plan of the experimental arrangement is sbown in Figure 1. The
Brookhaven Cosmotron produces s circulating beam of 3 Bev protons.
This proton beam was allowed to strike a graphite target placed in the
field-free south straight section of the Cosmotron. The high energy
protons interacting with the grpahite produced an energy spectrum of
1 mesons in all directions. The negatively charged n mesons were bent
out of the machine by the Cosmotron magnetic field and a slit was made
in the shielding wall at the appropriate place to pass pions whose momen-
tum was 1.231 Bev/C (1.1 Bev kinetic energy).* To provide a precise
momentum analysis the pion beam was then deflected by a steering magnet
through a collimating slit in a shielding blockhouse wall and into our
propzne bubble chamber. The deflection by the steering magnet of 1.231
Bev/C pions was determined by the hot wire method and the momentum resolﬁ-
tion of this pion beam was determined by a method described in reference 8.
We found that half the beam fell in a momentum interval of + 2% from the

mean value. It was also estimated that sbout 8% of the beam particles

entering tne chember were u~ mesons (see Chapter V).

* 'We wish to thank R. M. Sternheimer of the Brookhaven National Labor-
atory for calculating the pion trajectory through the Cosmotron field.

-5-
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2.2 The Propane Bubble Chamber

A detailed description of the operation of a propane bubble
chamber similar to ours has been given in reference 9. A description
of the bubble chamber used in this experiment has also been presented

(8)

elsewhere The sensitive volume of our chamber was a rectangular
region 5 x 5 x 12 inches with the beam traversing the long dimension.

A schematic drawing of the chamber is given in Figures 2 and 3. The
chamber was operated at a temperature of 51.900 and at a pressure of
375-400 psi. The oven surrounding the chamber contained heaters and
fans to circulate the heated air. Temperature was controlled by means
of a thermistor. Compressed air applied to a diaphragm in contact with
the propane provided the needed pressure on the liquid and expansion
was obtained by a 3/& inch Barksdale valve actuating a large poppet
valve. Two 70 mm cameras with matched lens were rigidly mounted on a
steel I-beam frame and provided with pressure film holders and a
vacuum film backing to insure uniform stereo photography of the chamber
(Figure 4). The use of a Fresnel lens and a line source of light with
a flash duration of about 40 microseconds gave excellent illumination
throughout the whole chamber for bright field photography. Finally to
provide an accurate method of converting measurements made on the
stereographic negatives to real space coordinates, a rectangular array
of fiducial marks was deposited on the inner surface of the front and
back glass windows. The fiducial marks were spaced 1.000 + 0.002 cm.

from each other.
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III. REDUCTION OF FIIM DATA

3.1 Scanning
As a result of previous experiments (Chapter I), the strange
particle productions we could expect to find using the s~ meson beam
described were:
1. " +p->A° +0°
2. n +7p —>Z° + 9%
3. n°+p oL +K
The third reaction has been discussed elsewhere<8) and will not be
considered in this thesis. The normal charged decay modes of the neutral
strange particles produced in reactions one and two are
A° -1 + D,
8° -~ + nT,
T A° 4 y.

10

The normal lifetime of the A° and 6° is about 10—~ seconds, and the N

el seconds. There was also a possibility that the A° and ©°

about 10~
particles could decay by a long lived or neutral mode which wonld not
in general be visible in our chamber. (The alternate decay modes are
discussed in Chapter V.) The decay of the A° and 0° particles would

appear on our sterographic negatives as V shaped tracks, each leg of

the V being a charged secondary resulting from the decay of the neutral

strange particle primary. Since the Zo decays with such a short lifetiine,

PR
e

Y, - ©° events would look the same as A° - ©° events to our scanners.
Hence to find V° events our scanners were instructed to scan along each

incoming pion beam track. If a pion track appeared to end inside the

=1L~



chamber with no visible interaction, a search was made for associated V -
shaped tracks which opened away from the ending pion and where a line
Joining the ending pion and the vertex of the V passed inside the V.
This insured the possibility of conserving momentum in the dgcay process.
Approximately 30,000 pictures with an average of about 16 pion
tracks per picture were scanned in this manner by the three scanners
under our supervision. Each scanner averaged 200 pictures a day and
possible events were found at a rate of about one in every fourth picture.
Possible events were then examined by us and about a third of them re-
Jected. Events were rejected for such things as a very short recoil
track off the ending pion track, confusion of electron pairs with de-
cayingvo'sor on the basis of bubble density. The remaining possible

VPevents were then subjected to a detailed analysis.

3.2 Measurement and Computation

Since the final determination of V° events was primarily based
upon satisfying kinematical requirements, it was necessary to determine
the real space production and decay angles of events found in the scan-
ning. To accomplish this, measurements were made on the stereographic
pair of film negatives of selected points on each event (Figure 6). The
measurements were made using a traveling microscope arrangement which
read to the nearest 0.001 inch. The results of the measurements were
punched on IBM cards for processing by an IBM 650 computer. A typical
event required two IBM cards of input data.

To obtain the relevant production and decay angles it was first

necessary to compute the real space coordinates of the selected points on
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Figure 5. Stereo Camera-Bubble Chamber System.
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each event. We define a coordinate system on the stereographic pair of
film negatives as shown in Figure 5, where the origins on the film are
determined by the intersection of the optic axes of the lens with the
film. Similarly we define a real space coordinate system, XYZ, whose
origin is tie intersection of the plane of the inner surface of the

front glass (the XY plane) with the optic axis of the bottom camera

lens. The Y-axis is in the upward direction parallel to the line of
centers of the two lens, the X-axis is along the beam direction, and

the Z-axis is perpendicular to the front window pointing into the chamber.
Note that this is a left-handed coordinate system. The formulas relating
a point on the stereo pair of film negatives (x, y, x', y') to a point

in the real space of the bubble chamber (XYZ) are

X = x/v-(8+ T4+ Uz),
Y = y/v (s +7Td+Uz),
7 oW - y/v(s + Td) - y'/v'(S' + T'd)

y/vU + y'/v!Ul

where S and S' are respectively the distances from the bottom and top
camera lens to the front glass window, v and v' are the distances from
he two lens to the film, d is the thickness of the front glass window,
and 2W is the distance between the optic axes of the two camera lens,
Figure 5. In Figure 5 the X, Y, Z axes have been translated to the film
plane to show their orientation relative to the xy and x'y' axes. The
quantities T and U are

[nf (% + 1) - a°]72

[ni (0f + 1) - oﬁ]'%

n

T(a)

U(@)
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and T' = T(a'), U' = U(a') where

02 _ X2+x2 01‘2 _ X»2+x|2
2

v ’ v'2
The quantities n; and n, are respectively the index of refraction of
the glass and propane. These formulas are exact for a pin hole camera
when lens aberrations are negligible and the film planes are parallel
to each other and to the front glass window. Since Q@ and Q' are small
quantities for our chember (maximum value of about 1/3), T, T', U and
U' are almost constant and to first order in @ and @'
l/nl s

l/n2

T(a) = T'(a')

]

1}
1]

u(a) ur(a)
We found that consistent with our measurement accuracy and the require-

ments of our experiment we could assume T and U constant and simplify

the stereo formulas by introducing new "constants"

S+Td _ S'+T'd
P = = s
v v

After introducing three additional constants (G, Xo) yb) to account
for changing the origin to a convenient fiducial mark at the center

of the front glass, the stereo formulas simplify to

X = x(P+ @) +x& ,
Y = y(P+Q2) + 3,2

. Py +y
G+ Q(y+y') ’

where the coordinates are now measured with respect to the new origin.



-17-

The constants P, Q and G are evaluated using the fiducial marks on the
glass windows. These stereo formulas although approximate, proved to

be completely adequate for our experiment.

3.3 Errors

The stereo formulas were used in an IBM 650 computer to
calculate the real space coordinates of selected points on each event
(Figure 6). It was expected that the calculated points would have an
average error in X and Y of about 0.0l cm and in Z of about 0.0l cm.
Repeated measurements confirmed this. From the selected points on each
event the production (9123) and decay (9234 and 9235) angles, and the
coplanarity angle between the line-of-flight of the neutral strange
particle and the plane of the V were calculated. In addition the lengths
of all line segments and the direction cosines of the ending pion beam
track were calculated.

Since the production, decay and coplanarity angles were used
to determine whether an event was real or not, it was important to know
the expected angular errors in each event calculated. First of all by
analyzing a large number of elastic scatterings it was determined that
there was in general negligible systematic angular error. (For example,
a systematic error in the stero formulas for some region of tne chamber
would cause a systematic angular error in that region.) To obtain an
idea of the non-systematic angular errors involvel in our experiment we
note that an epproxime.e anguler error, 80, of production and decay angles

is given by

1 1 l/2
%6 & (p +F> A radians,
D R~



where f; and fp are the track lengths of the two lines making the angle

0, and A is a suitable coordinate error (taken to be 0.1 cm). We see

that for a short track length, less than one or two centimeters, the
angular error can be very large. This is also true for coplanarity
errors. Consequently, it was necessary to measure events that had short
track lengths many times in order to obtain reliable angular information.
After measuring numerous events we concluded that we could expect angular
and coplanerity errors of about one degrec after repeated measurements

of short track lengith V°'s or if the track lengths involved were greater
than 3 centimeters. Hence, for the indentification of events (Chapter IV),

about one degree was taken as our basic angular acceptance region.



IV. IDENTIFICATION OF EVENIS

k,1 General Procedure

The identification of events was based primarily upon the
production and decay process satisfying the relativistic kinematical
relationships, i.e., the conservation of relativistic energy and mcmentum.
We are concerned here with the identification of events where only one
of the neutral strange particles produced decays in the chamber. In the
production process the struck proton is one of the hydrogen atoms in pro-
pane and therefore is considered to be at rest. We define the laboratory
production angle, as the angle between the incident pion and line-of-
flight of the V°, i.e., the line between the ending pion track and the
vertex of the decay V. Given the masses of the four particles, the
incident pion energy and the production angle, the kinematical relations
determine the momentum of the strange particle produced. Similarly given
the decay angles (the angles between the line-of-flight and the two legs
of the decay V) and the mass of the V°, the kinematical relations determine
the momentum of the V° which decayed. For hydrogen events the production
end decay momentum must be equal within error limits. The exception to
this is those cases of L - 8° hydrogen production where only the A° decays
in the chember. Since the A° is produced by the decay of the Zo, its pro-
duction momentum is not determined by the apparent production angle. Hence
this class of events could not be distinguished from carbon production of
V° particles.

The following general procedure was used in identifying all events.

1. Each event was first checked for coplanarity, i.e., the line-of-flight

-19-
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of the V° must lie in the plane of the decay V within prescribed error
limits. The error limits depended upon tae length of tracks involved
and the difficulty of the measurement, e.g., if part of the event was
obscured by other tracks it sometimes was difficult to make accurate
measurements. Since carbon V° events would also be coplanar, the
coplanarity requirement only eliminated the extraneous background of
V's. The extraneous V's were due to two pronged neutron stars from
pion charge exchange scatterings in the propane and the neutron back-
ground at the Cosmotron, and to V°® particles produced in the walls and
windows of the chamber. Electron-positron pairs due to gemma ray
conversion in the chamber also contributed to the V background. Of
the over 500 V events measured, about 200 were coplanar within 3.5
degrees. The distribution of the coplanarity angle for hydrogen V°
events is shown in Figure 7. Note the tremendous peaking of events
for coplanarity angles less than one degree.

2. Those events which satisfied the coplanarity requirement
were further analyzed on the basis of relativistic kinematical restrictions.
Using the known mssses of the particles involved, the pion beam energy of 1.1
Bev and conservation of relativistic energy and momentum, curves were drawn
to give the momentum of the V° particles for all possible values of their
production and decay angles. Each event was then successively assumed to
be a A° from a A°-6° production, a 6° from a A°-6° production and a 6°
from a Zo-e° production. (As was mentioned previously it was not possible
to distinguish A°'s produced by decaying 2 s from carbon events.) For

all three cases, the production momentum of the V° and the decay momentum
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of the V° were found and compared. If for any of the three cases the
production and decay momenta wsre equal within prescribed limits, the
event was classified as a possible hydrogen V° event. For each event
the angular error limits had to be translated into momentum error limits
before a comparison could be made. To satisfy the kinematical requirements
an event had to have a production and decay momentum balance equivalent to
about one degree angular error (Section 3.3). Events with high expected
angular errors had to be measured many times before finslly being accepted
or rejected. All real events were measured at least twice.

3. The bubble densities of both secondaries from the decaying

(10) tpat the bubble

V° were then examined. It had been shown previously
density of a particle track varies inversely as the square of its velocity.
From the decay kinematics it was possible to calculate the velocity of

the secondaries and thus check bubble densities. This criterion was used

in only a quelitative way and bubble densities were classitied as heavy,
heavy medium, light medium and light. The standard was the incident

(minimum ionizing) pion beam track which wes classified as light. Those
tracks with no bubble separation were classified heavy. As an aid in
classifying bubble densities and to check on the validity of this requirement,
we examined the bubble densities of the secondaries from a number of double
V°® events, i.e., events where both the A° and 6° decay in the chamber. In
these cases the kinematics are over determined and V° identification is
positive. From these events we found that qualitative bubble densities

could consistently be used to classify particle energies if account was

taken of dipping tracks and the large bubble sizes of some tracks. Bubble
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densities pfbved to be a useful method of distinguishing events which
agreed kinematically as both A° and ©° events and for rejecting V's
which accidently satisfied the kinematics for hydrogen V°® events (Sec-
tion 4.4). A total of 17 events which satisfied the kinematical re-
quirements were rejected on the basis of bubble density.

4, TFinally the ranges of both secondaries from the decaying
V° were examined. The range of each secondary in propane is determined
by its kinetic energy. For secondaries stopping in the chamber, the
kinetic energy calculated from their range must agree with the kinetic
energy calculated from the decay kinematics. For particles leaving the
chamber, a check was made to see if their kinetic energy, calculated from
the decay kinematics, was sufficient for this. A total of T events which
satisfied the kinematical requirements were rejected on the basis of

incorrect range. Some of these also had puor bubble density agreement.

L .2 JIdentification of A° Events

The identification of A° events proceeded as outlined above.
In Figure 8 the A° production momentum is given in terms of its produc-
tion angle, ©. The curves for a + 5% change in pion beam momentum are
also shown. Except for the tail of the curve, small errors in production
angle or beam momentum change tae production momentum very little. Hence
the A° production mcmentum obtained from this curve is usually very reliable.
The fact chat the production momentum was a double valued function of the
production angle caused little difficulty since bubble density alone weas
sufficient to distinguish between high and low momenta A° particles.

However, the identification of A°® particles whose decay angles were small
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presented some difficuity. In Figure 9 the A° decay momentum is given

in terms of the decay angles. For small decay angles and high momenta

A° particles, angular errors as small one or two degrees cause large
momentum errors. In this region where decay momentum was such a sensitive
functioﬁ of decay angles, events had to be measured many times before
finally being accepted. Also small decay angle A°'s could sometimes be
confused with high energy electron-positron pairs.

There were 29 cases identified as n~ + p - A° + ©° where the
A° decayed in the chamber. In three of these cases, the secondary pro-
ton stopped in the chamber and in two of these cases the secondary pion
stopped in the chamber and did not decay. Since the stopping of a
secondary in the chamber over determines the kinematics, identification
of these events can be considered positive. In the remaining cases both
secondaries escaped and identification of these events was based on the
kinematics and bubble density.

Two other cases of single A° decays were identified but upon
re-scanning all the single A° events, an associated 6° was found for two
events. The re-scanning was simplified since once a single A° event is
identified, the line-of-flight of the associated missing 6° is determined.
Hence all identified events (both A° and ©°) could be re-scanned along
the expected line-of-flight for the associated V°® with practically 100%

efficiency.

4,3 Identification of ©° Events

There are two categories of single 6° events, those produced

with an associated A° and those produced with an associated Eo. The
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production kinematics are different for these two categories since the
mass of the A° and Y are different. For the most part, 6° production
momenta obtained from production angles are quite reliable, since small
changes in production angle and beam momentum cause oOnly small changes in
production momentum (Figures 10 and 11). As in the case of A® decay, the
8° decay momentum is more sensitive to small angular errors than the pro-
duction momentum (Figure 12). However, there are no highly sensitive
regions and in general the 6° events were easier to identify than the

A° events.

There were 19 cases identified as n~ + p »A° + 6°, and 11
cases identified as n~ + p —;Zo + 6°, where in all cases only the 6°
decayed in the chamber. There were three events where the secondary
7~ meson stopped in the chamber and two events where the secondary at
meson stopped in the chamber and the identification of these events can
be considered positive. There was one case where the y-ray from tae Zo

decay converted into =n electron-positron pair in the chamber.

L, 4 Carbon Contamination

Since the propsne in the chember is composed of both hydrogen
and carbon (C3Hg) it is possible that some of the V° productions identified
as hydrogen events could have becn produced on carbon protons. A kinematical
study of this possibility indicated that the primary contribution of false
hydrogen events would come from carbon protons of low Fermi momentum since
these could kinematically agree, within measurement error, with hydrogen
events. To estimate the number of such events we have examined all V events

found by the scanners which were coplanar within 3° with the "line-of-flight"
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from & prongless ending pion beam track. The non-coplanarity of real
hydrogen events was always less than this (Figure 7), but frequently
only after the average of a number of measurements were taken and the
carbon V°'s generally have been measured only once. There was a total
of almost 200 coplanar V's, about half of them real hydrogen events
and the remainder formed the background of carbon V°'s. The background
also contained hydrogen Zo—e° productions where only the A° from the N
decayed in the chamber since these events could not be distinguished
from carbon events.

To determine the number of carbon V°'s erroneously identified
as a hydrogen A® productions we have treated each background V as a
possible hydrogen A® event. The production and decay angles and the
hydrogen kinematical curves were used for each of the background events
to determine a "production and decay momentum". Each such event then
determined a point on a "production momentum" versus "decay momentum"
plot. This plot is shown in Figure 13. The real hydrogen A° events
(also shown in Figure 13) fall within a band of + 100 mev/c about the
45° line, where the production momentum equals the decay momentum. Some
events which fell within this band were rejected because of range and/or
bubble density or because their angular disagreement was greater than
that allowed by our acceptance criterion. (It must be remembered that
hydrogen event identification was based upon kinematical angular agreement
within one degree, and momentum errors are not a linear function of
angular errors.) Since the background of events is a smoothly varying

distribution, it is possible to estimate the number of carbon events
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contained in the hydrogen events acceptance region by examining ths
density of background points near this region. By extrapolation, we
estimate (after subtracting background V's with poor bubble density
or range), a carbon contamination in A°-6° production of 23 + 8% in the
identification of single A° decays. Note that the density of background
events approximately follows the density of hydrogen A° events, i.e.,
the momentum regions which contain a large number of A° events also
contain a large carbon background. Hence it was not necessary to estimate
different carbon contaminations for different A° momenta.

Similar plots were made for single 6° decays from A°-6° produc-
tions (Figure 14) and L'-6° productions (Figure 15). Again by extra-
polation we estimate a carbon contamination in single 8° decays of 15 + 8%

for A°-9° productions and 27 + 15% for L -° productions.

L.5 Scanning Efficiency

The total of about 31,000 pictures was scanned by three girls.
To determine their efliciency for finding V°® events, 1000 typical pictures
previously scanned by one of the girls were selected for re-scanning by
the other two girls.

The V's found by the scanners in the 1000 pictures can be
divided into three categories: 1. V's that looked possible, i.e., that
passed our fine scanning. 2. Only those V's which were coplanar with
the line-of-flight. 3. Only those V's which turned out to be real
hydrogen V° events. All three of these categories were considered for
calculating scanning bias. The first category has the statistical

advantage of having the greatest number of V events. It has the
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disadvantage of containing a large number of V's which are not V° events
and thus could be a biased sample. It must be remembered that we ars
interested in the scanuing efficiency for finding V° events, not V-shaped
events. The second category has the advantage of containing almost solely
V° events (although a large fraction of them are carbon V° events) and is
still a large enough sample of events to be meaningful. The third
category, while containing only hydrogen V°® events, has the disadvantage
of being a very small sample. Consequently, since we could conceive of
no significant difference between the scanning efficiencies for carbon
and hydrogen V° events, we chose the second cetegory of events for
calculating scanning efficiencies.

We designate the original scanner of the 1000 pictures by A
and the two re-scanners by B and C. If n is the total number of coplanar
events in the sample of pictures and T, 1s the scanning efficiency of A,
then the number of coplanar events that A finds (nA) is

nA = T,n.

Similar expressions hold for scanners B and G. Also, we have the relations

! = T
nABC ATBTCn s
and
! -
nBc TBTCn ,

for respectively the number of events that scanners A, B and C found in
common (nABC)) and the number of events that scanners B and C found in
common (néc). Generally, scanning efficiencies are then found using

Ta = ™apc/n'gg )
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with similar expressions for TB and TC. The results obtained using these
expressions are only correct under the following very restrictive con-
ditions. 1. The scanning efficiency for all events is the same. This,
of course, is not entirely correct. Some events are difficull to see

and some are easy. This method does not take into account systematic
scanning biases which discriminate against certain kinds of events.

2. The scanning efficiencies (TB and TC) of the re-scanners for this
sample of pictures are typical of their scanning efficiencies in general.

Neither of these conditions was fulfilled in our experiment.

It will be shown below that there were systematic scanning biases present.
Further, although the re-scanners were instructed toc scan the sample
picture in their usual way, both of them markedly improved their scanning
efficiencies for this sample. Actually one of them (who hates to be
second best at anything) scanned all the pictures at 100% efficiency

if the method given above were applied. This, of course, is absurd.
Consequently, a new method of finding scanning efficiencies has been
developed which gives correct results even though the second condition
above is not satisfied, gives appreciably better statistics and is much
less sensitive to systematic scanning biases.

First of all we show that correct relative scanning efficiencies
can be found even though the above conditions are not satisfied. Consider
all the pictures that hve been scanned, Qot Jjust the re-scanned sample.
Iet N be the total number of pions entering the chamber and n the actual
total number of events in the pictures. (Carbon events can also be used.)

A certain fraction of the pictures have been scanned by A, another fraction



by B, and the remainder by C. For the fraction of pictures scanned by
A, let NA be the number of pions, n, be the actuel number of events,
and n, be the number of events found by A. Let Ng, Ng, np,, etc. be

defined in an analogous way. Then since

Moo My
n N

and

with similar expression for ng and né,

which express the relative scanning efficiencies of A, B and C with known

we have the following proportions

quantities:

T,:T T RA. BB RO
Ny Mg Mg

The overall scanning efficiency, T, is just the weighted average:
Na Np Ng

T = ﬁ- TA + ﬁ— TB + i— TC

We can easily show that these expressions for relative scanning efficiencies
are independent of systematic scanning bias. Suppose, for example, there

were two classes of events with scanning efficiencies T,,, Tpos Tpys Tgos

T TCE‘ Then the number of events that A finds is

cL’
1 — 1 ] —_ —
nyo= omay tRgo = Tyymyy +Tonys = Tp(ng +ony0)
TpnNy
= TAnA = N )

where now T, is the weighted average of TAl and TAE’

A AL A

n n
T ”ﬂT+ﬁT2
Do 0
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This exprsssion can be generalized to include any number of systematic
scanning efficiencies. Since similar relations hold for TB and TC’ the
expressions for relative scanning efficiencies are unchanged even when
systematic scanning biases @zre present. Note also that since all of the
pictures are included in this method, a statistically large sample is
obtained. Hence, if we can determine the correct absolute scanning
efficiency of one of the scanners from the re-scanned pictures, then
the others can be found using the above proportions.

Consider now the sample of picturss originally scanned by A
and re-scanned by B and C. Again suppose there are two classes of
events with scanning efficiencies TAl’ TAQ’ TBl’ etc., where TB and TC
now refer to the efficiencies of B and C during the re-scan. If we

define
f1 = TpiTey, fo = Tpoloe

then the expression used before to find TA is now

nigc  Tarfim + Tpofomp 2

ge fim + fomp

Ty

i.e., in general this expression does not give TA when scanning biases

are present., Only under the exceptional circumstances that fl = f2 does

this expression give the correct value of TA,

n n
1 2

Trq + T
+ n, Al ny + n, A2

Ty

1
Hence, this method can give a serious error in the value obtained for TA.

A much better way of obtaining a value for T, is to instruct

the scanners %o re-scan the sample pictures very carefully, especially for



types of events sucpected of being missed and then combine the results

of the re-scanners to make them into a single scanner. Then the events
found by A in common with B or C are used to calculate Tj. This has the
effect of increasing the scanning efficiency for "hard" events proportion-
ally more than for the "easy" events and makes the new values of f; and f,
more nearly equal. For example, hy combining the results of two re-
scanners, B and C, f; and f2 in the expression for TA become the scanning

efficiencies for the combined re-scanning (f; and fé), i.e.,

f' = 7 + T -T T f' = T +T -T T
1 Bl ClL Bl ClL 7 T2 B2 ce B2 C2

For cases of interest fi is approximately equal to fé. (Those kinds of
events where the scanning efficiency is very low must always be treated
separately, see below.) A typical example might be Ty = Tgp = 0.90 and
Tgo = Tgp = 0.60, then f; = 0.8l and f, = 0.36, in very poor agreement,
while fi =0.97 and £} = 0.83, in much better agreement. Remember that
TB and TC are the re-scan efficiencies and should generally be consider-
ably better than the original scanning efficiencies (see below).

Using this method, the absolute scanning efficiency of A was
found to be Ty = 0.71. This result is independent of appreciable systenm-
atic scanning biases since one of the scanners re-scanned at essentially
100% efficiency. Using the proportions developed for relative scanning
efficiencies we found TB = 0.80 and TC = 0.55. The weighted average of

these three efficiencies gave for the overall scanning efficiency,

T =0.68 + 0.10.
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4.6 Systematic Scanning Biases

The results of Section 4.5 include only those systematic biases
which have appreciable scanning efficiencies, at least in re-scanning.
Those kinds of events which have very small scanning efficiencies must
be treated separately. We consider them here.

One systematic scanning bias appears to be introduced by the
position of the event in the chamber. Histograms were made of the dis-
tribution in the chamber of about 150 coplanar events. The ending pion
beam track and vertex of the V were used to define the position of an
event and separate plots were made for each of these points. The dis-
tribution of events in chamber width and depth were uniform. However,
the distribution of events along tne length of the chamber had some
unusual characteristics. In Figure 16 the distribution of the ending
pion beam track versus its X position is shown. The chamber extends
in length to X = + 15 cm. and beam tracks enter at X = -15 cm. The
missing events near the incident end of the chamber indicates that
tracks near the ends of the chamber should be at least 3 cm. long to
be seen with appreciable probability. This is a systematic bias which
discriminates against those events which occur near the beginning of the
chamber, The decre:se in the number of events near the far end of the
chamber is probably the superposition of a number of effects: 1. Scanning
difficulty on short track length V's due to decays near the end of the
chamber. 2. Events becoming obscured because of reflected light off tae
back window edges and frame, and by tne increased background of tracks
due to pion interactions with the propane. 3. Decay of V°'s outside of

the end of the chamber. 4. Attenuation of the beam due to pion interactions
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with the propane. The last two effects uare treated separately (Chapter V).
The first two effects certainly contribute to a systematic scanning bias.

In Figure 16 we also show the distribution of events found
in the re-scanned pictures. It appears to be quite uniform in the
region X = -14 cm. to X = + 12 cm., indicating that in the careful
re-scan of pictures tais systematic scanning bias has almost disappeared
since the deficiency of events in the last three centimeters can be
accounted for to sufficient accuracy by effects(B) and(h), above. Thus
the scanning efficiency calculation of Section 4.5 is applicable to the
region of the chamber between X = -1k cm. and X = +15 cm., and our chamber
is considered to be only 29 cm. long when making cross section calculations.

For compsrison, the scanning efficiency can be calculated for
the region of the chember between X = -1 cm. and X = +12 cm. using the
uniform part of the distribution between X = -12 cm. and X = +8 cm.

This leads to a scanning efficiency of 0.75 as compsred to 0.68 calculated
in Section 4.5. The closensss of agreement of these two results indicates
that a major part of scanning inefficiency is due to the position of an
event in the chamber.

Another possible systematic scanning bias could have been in-
troduced by the decay of V°'s very close to their origin. These msy appear
to be a two pronged star or a scattering rather than an ending pion and a
V. However, a histogram made of the distribution of "decay" lengths of

fifty events indicated that this introduced negligible bias (Section 5.4).






V. EXPERIMENTAL RESULIS

5.1 The Production of V° Particles

A total of 91 V° events were found where in each case the
struck proton was free (hydrogen events). Thirty-two of these are
double V° events, most of which have been reported elsewhere<8).

Since they are necessary for our analysis we include them here.
Specifically we found:

1. 29 cases of n~ + p =»A° + 0° where the A° decayed

in the chanber,

2. 19 cases of x~ + p =+A° + ©° where the 6° decayed

in the chamber,

3. 11 cases of i~ + P —>Z° + 0° where the 9° decayed

in the chamber,

L. 17 cases of = + p »A° + 0° where both the A° and 6°

decayed in the chamber,

5. 15 cases of n~ + p —;ZO + 6° where both the A° and ©°

decayed in the chamter.
As mentioned previously, it was not possible to distinguish =™ + p —»ZO + 0°
hydrogen reactions from carbon reactions when only the A° decayed in the
chamber since the intermediate decay of Z°—> A° + y made it impossible
to assign an unambiguous production momentum to the A°. In the Appendix
a list of all the events, with their production and decay angles is given.
To calculate the total cross sections for A° - 8° and L' - 6°

productions on free protons from the above data a number of factors must

k5.
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be considered. The two quantities "mesasured” in this experiment which
go into the cross sections are the number of events and the number of
pion beam tracks. We consider first corrections taat must be applied
to the number of events.
1. Approximately 75% of our pictures were of uniform
quality and we use only these in calculating cruss sections.
We considered the other 25% of our pictures to be of lower
qualiny because the bubble sizes are small enough to meke
scanning difficult. In the pictures of uniform quality
we found from A° - ©° productions, 26 single A° events,
17 single ©° events and 15 double A° - 6° events; from
ZO - 6° productions, we found 11 single ©° events and 1k
double I - 0° events.
2. In Section 4.4 we estimated a carbon contamination in
A° - 9° production of about 23% in the identification of
single A° events and 15% in the identification of single
6° events. For L - @° production we estimated z carbon
contamination of about 27% in the identification of single
0° events. In reference 8 the carbon contamination in
double V° events was estimated to be about 6% for double
A° - 8° events and about 25% for double ZO - 8° events.
3. In Section 4.5 we estimated a scanning efficiency of
68% for finding single V° events. A scanning efficiency of about

80% was estimated for finding double V° events<8).
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L. 1In Chapter IV we noted that their had been some
experimental and theoretical evidence indicating the
existence of neutral and long lived V° decay mcdes.
In Section 5.4 it will be shown that our data (as well
as data from other experiments similar to ours) does
indeed indicate that an appreciable fraction of V°
particles decay be either a long lived or neutral mode.
Since these types of V° events will not be seesn in our
chamber, it is necessary to take account of them when
calculating total cross sections. Consider only the
pictures of uniform quality and let N, ., NA and Ne be
respectively the number of events after correction for
scanning bias and carbon contamination where both the
A° and 6° decayed in the chember, where only the A° decayed
in the chamber, and where only the 8° decayed in the chamber.
Also let P,o be the probability of A° - 9° production by the
interaction of a pion with a free proton, Nn be the number
of pion tracks, Q) and Ob be respectively the probabilities
hat the A° and ©° decay by their normal lived charged mdle,
and finally let P be the probability that a V°, decaying by
its normal charged mode, decays before leaving the chamber.
With these definitions we have

Npg

2
Nﬂoc AaeP

Ppre

To show the explicit dependence of PAG on the number of single
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V° events, we substitute the formulas for &, and ab developed

in Section 5.4 and obtain
NpNg

NAQ + NA + N@ + NAG

N

Pro =
i
The cross section for A° - 6° production by pions on free

protons is then

Pro

o(ae) = -

where W is the density of free protons (hydrogen atoms)

and L is the length of the chamber. A similar expression

holds for & - ° production.

We next consider the corrections applied to the total length
of pion track, NKL. To determine the number of pions entering the
chamber the scanners counted beam tracks on every tenth picture. To
this number we applied the following corrections:

1. From data taken with counters during an experiment

using a meson beam similar to ours(ll’lg)

, we estimate
a u- meson and electron contamination in our beam of
about 8%. This number was substantiated by examining
about 200 pictures for beam particle interactions of
any kind in the liquid. This determines the total beam
interaction cross section. Since the total pion cross
section for carbon and hydrugen at this energy is known(lg)

an estimete can be made of the u~ meson and electron contamina-

tion of the beam by comparing the two values.
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2. From the published data on meson total. cross sections

with protons and carbon &t this energy(lg)

, we applied a

beam attenuation factor of about 12% due to non-strange

particle %~ meson interactions in the liquid.

3. Because of the finite width of our collimators and

meson scattering off the shielding, magnet pole pieces,

etc., we expected that a fraction of the pions entering

the chamber would sppear to the scanners to be beam particles
but would have the wrong momentum. As long as the indicent

pion angle with respect to the chamber was not large enough

to be detectable by eye, the pions would be countel as beam
psrticles. Since the V° events produced by "off beam" pions
would not kinematically check out as real events, a low value

of the cross section is obtained by counting them as beam
particles. To correct for this, a histogram was made of the
distribution of the direction cosine with respect to the

Y-axis of 117 tracks which appeared to be beam tracks (Figure 17).
With respect to the (X,Y,Z) coordinate system defined in Section
3.2, a "perfect" beam particle would have direction cosines of
(1,0,0). The distribution is approximately normel, with about
19% of the pions having their direction cosine outside the
interval + 0.012. Also shown in Figure 17 is the distribution
of 117 pions which caused hydrogen V° events. This distribution
is appreciably nearrower, with only about 6% of the pions having

their direction cosine outside the interval + 0.012. Taking
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into account the p~ mesons and electrons contained in

the former distribution, we estimate that about 11% of
the pion tracks counted were not beam tracks.

L. TIn Section 4.6 we noted that the scanning efficiency
for beam ‘racks less than 1 cm. long was essentially zero.
Consequently we used a chamber length of 29 cm. (instead

of 30 cm.) when calculating the total length of pion track.

After applying these corrections we found the following values
in millibarns for total cruss sections for producing (A°6°) particles

and (Z°G°) particles by 1.1 Bev n~ mesons on free protons,

I

Tno 0.28 + 0.0k mb.,

%

The errors are standard deviations. They are primarily due to the

0.16 + 0.04 mb.

uncertainty in the number of events becauce of statistical fluctuations
in a sample of this size, and the uncertainiy in the values of scanning
efficiency and carbon contamination.

In Figure 18 the angular distribution of *+e hyperons (A' or Z°)
in the center-of-mass system of production is shown. For comparison the
angular distribution of the %" and LY hyperons produ:ed at the same pion

(8,11),

energy are also given The A° distribution has a pronounced peak
in the backward hemisphere. The r° hyperon also tends to go off in the
backward hemisphere but is less peaked tnan the A® distribution. In

contrast, the %" and ¥ distributions are peaked in the forward hemisphere.

Comparison of the L hyperon production angular distributions using the
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results of references 8 and 11 seemed to contradict the hypothesis of charge

(13).

independence in the production process However, the addition of the

o
L events given here indicates that the magnitude of the discrepancy is

not as great as was given previously(ll).

5.2 The Decay of V° Particles

It has been pointed out by lee et al.(lu), Morpurgo(l5), Adair(l6),
and others that an examination of the angular distributions of the decay
of V° particles may yield information on their intrinsic parities and
spins. To examine these angular distributions we use a coordinate system,
defined in the rest system of the decaying particle, which is the same as

used by Morpugo<l5)

and is shown in Figure 19. The latitude angle
6 (0 <6 <) and the azimuthel argle ¢ (0 < ¢ < 2x) are the center-
of-mass angles of the n~ in the A° decay. However, for the 9° decay
the latitude angle 6 (0 < 6 < n/2) and the azimuthal angle ¢ (0 < ¢ < =x)
are the center-of-mass angles of either x meson, since in general we
cannot tell them apart. Note that the angle ¢ gives the angle between
the production and decay planes. In Figures 20 t rough 22 the angular
distributions of decay, I(G) and I(p) are plotted for both the A° and
0° particles.

We first examine the question of parity conservation in the
A° decay. If parity is not conserved in the A° decay there is no effect
in the I(0) distribution, but there can be an up-down asymmetry in the
I(@) distribution if the A® is polarized in production. At this high
energy it is expected that several orbital angular momentum states will

enter into the production and the polarization will in general be a
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LINE OF FLIGHT
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DECAY PLANE

xz = PRODUCTION PLANE

Figure 19. Coordinate System Used in Describing
Strange Particle Decays.
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function of the production angle. Since examining the decay distribution
at all production angles can only reduce asymmetries due to parity non-
conservation, any significant up-down asymmetry found in the I(p) dis-
tribution will definitely indicate parity violation in A° decay. The
distribution I(@) for A° decays is presented in Figur= 20. We note

that there is an up-down asymmetry of 29 up and 15 down. The statistical
probability that this asymmetry could have resulted from an isotropic
distribution is about 5% and thus not highly significant. In order to
increase tae number of events and thus make a more rigorous test of
parity conservation, our data have been combined with that of groups

at Columbia, Bologna, and Pisa(lY) who have done similar experiments

but at different pion energies. From the combined data we definitcely
conclude that parity is not conserved in A°® decay. This result has

(18)

also been obtained by a Bevatron group of Crawford, et al. Parity
non-conservation has also been detected in other weak decays such as
the n and p meson decay and in T - © decay (if we assume the T and ©
are the same particle). However one is puzzled by the absence of any
significant indication of parity non-conservation in X hyperon decay<l7’18),
which presumably is in the same class of weak decays as the A° hyperon
decay. A possible explanation of the experimental results is that the
z hypsron is not polarized in production and thus parity non-conservation
in its decay cannot be observed.

We next investigate the intrinsic spins of the A° and 6°

particles by examining the experimental decay distributions I(@) and

I(p) for the A° (Figure 21) and the 6° (Figure 22). To bring out any
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snisotropy we have folded these distributions so that @ and ¢ run from

0 to n/2. As noted previously the polarization of the A° (and e° if

its spin is not zero) will in general be a function of the production
angle so that considering decays at all production angles can only re-
duce the effect of higher order spins and thus any significant deviation
of I(e) or I(p) from isotropy will indicate higher order spins. Examina-
tion of Figures 21 and 22 shows no significant deviation from isotropy.
For the A° decays from A° - 6° production events, the experimental I(e)
and I(@) distributions have respectively a 0.10 and 0.20 chi-square
probability of arising from an isotropic distribution. For the 9° decays
from A° - 8° production events the experimental I(8) and I(p) distributions
have respectively a 0.20 and 0.35 chi-square probability of arising from
an isotropic distribution. Thus, our results are consistent with spin
1/2 for the A° and spin zero for the 8°. Again in order to increase the
number of events our data have been combined with that of groups at
Columbia, Bologna, and Pisa. The results, obtained by using the method

(16), indicate that the spin of the A° is l/2<l9), but are not

o)
yet complete for the G°(“O).

of Adair

In the analysis of A° parity and A®° and 6° spins from their
o
decay distribution we have not included those A°'s and ©°'s from L -¢@°

productions since the production process may be different and the A° is

produced by the decay of a Zo.

5.3 Long Lived and Neutral Decay Modes

The analysis of the experimental data (the kinematical relations

used) has been based upon the assumption of associated production of Ve
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particles, i.e., for every A° (or Zo) found there is an associated 8°
produced even if its decay is not seen and vice versa. This experiment
does not confirm the hypothesis of associated productionof strange
particles but only concerné itself wita those V°® productions which are
associated. Since our chamber is large compared to the mean decay
length of the A° and 6° it is unlikely taat all “he unseen V° particles
associated vwish those detected, decay outside the chamber by their
normal charged mode. It has been theoretically postulated by Gell-Mann
and Pais(el) and experimentally supported by Lande et al.(gz) that half
of the 8°'s produced should decay by a long lived mode. No such theoretical
prediction has been made for the A°. Using our data we calculated the
probabilities @y and O that the A® and © decay by their normal lived
charged mode.

Let NAQ; NA, and NG be respectively the number of aydrogen events
(i.e., after correction for carbon contamination and scanning efficiency)
found where both the A° and 6° decayed in the chamber, where only the A°
decayed in the chember, and where only the 9° decayed in the chamber,
Tet Py and Py be rdspectively the probebility that a A° or °, decaying
by its normal charged mode, decays before leaving the chamber. The likeli-
hood function (L) for obtaining tie events found (both single and double V°'s)
can be obtained as follows. The probebility of obtaining a double V°® event
is

W(Ae) = OpOgPpPg |

and the probability of obtaining a single V° event is
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W(A) = OpPp (l - O‘gPQ) )
W(e) = agPg (1 - o\Py)

However, since we are looking for any of these three possibilitles the

likelihood of obtuining a double V°® event in our experiment is
g p

W(A9) ;
L(se) = w(Ae) + W(A) + W(e)
= aA %PAPG )

APy + Py - Q0P pPy

and the corrvesponding expressions for A° and 6° events. The likelihood
of obtaining NAg events, N, events and Ne events is then simply the
product of these independent likelihoods. This is called the likelihood

function, L.

[0y ,P o MA® [P, (1-0gBg) IMA [agPg (1-0yP, ) TN

L =
[@\Py + OgPg - OmabPAPe](NAQ * N+ o)

The most likely values of aA and ab are the values which maximize the

likelihood function,

g, _ Mo + Mo NoPa  (Nag + Np + Wg)(Pp + OQgPpPo)
% U 1-Py 0Py + OgFg - YOgPFg

Xy, a -Q a -
9 o 1=k HEx * %Fg - HR%EF,

Solving these equations simultaneously for @, and &  we obtain

A ©
aA = ——Nﬁ‘_e__ & )
Nao 1
% = e—— _

Npg + Ny Py
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Approximately 75% of our pictures were of uniform quality and
we used these to calculate Y and Qb. In this group of pictures we
found the following numbers for A° - ©° production on hydrogen: 16 events
where both the A° and 6° decayed in the chamber, 26 events where only
the A° decayed in the chamber, and 17 events where only the 6° decayed
inside the chamber. Correcting these numbers for scanning efficiency
and carbon contamination gives Ny = 18.75, Ny =21.32 and Ny = 30.15.

The average probability (PA or P.) that a V° decay in the chamber was

o)
found to be 0.83. With these values we obtained

o = 0.57 +0.10,
'ag = 0.46 + 0.10.

The errors are standard deviations and are primarily due to the statistical
uncertainty in the number of events and uncertainties in the value of
scanning efficiency and carbon contamination. These results are consistent

with Plano, et.al(£3), who obtained values of Q

, = 0.68 +0.05 and a =

e
0.4 + 0.05.

The value of Oy obtained is in very good agreement with the
predictions of Gell-Mann end Pias(gl) that 50% of the 0°'s decay by a
long lived mode (eg's) if we assume that a small fraction of the short
lived 0°'s (ei's) decay by an uncharged mode. However, since the strange-
ness scheme of Gell-Mann(3) and Nishijima(u) is characterized by the
isotopic spin selection rule AT, = + 1/2 for strange particle decay, it
has been further proposed that these decays be characterized by the
stronger selection rule AT = + 1/2, Under this assumption one would

expect that l/3 of the ei's would decey by the uncharged mode. This is

somewhat in disagreement with the experimental results. This rule also
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predicts that 2/3 of the A°'s should decay by the charged mode. This

is in much better agreement with the experimental results.

5.4 Lifetimes of the A° and 6° Particles

The lifetimes of the A° and ©° particles can be calculated
using the maximum likelihood method of Bartlett(gg). Letting t; Dbe the
time elapsed before decay for the 1%h event (either A° or &°), T; be the
potential time, i.e., the time each particle cou.d have lived before
escaping from the chamber, and T be the unknown lifetime of the particle,

the likelihood of a V° decaying at time ti in a potential time Ti is

P:?..ii_/_T_l
l-e -Ti/T T

The likelihood (L) of obtaining n V°'s decaying at times t1, t2....tn is

then the product of these independent probabilities,

n 'ti/T
L{r) = I < -2
i=l l-eTi/+ T

The most likely value of the lifetime is the value of T which maximizes
the likelihood function. A° and 6° events are treated separately but
no distinction is made between double and single V° events. Numerical
tables prepared by Bartlett were used to simplify the calculation of
the lifetimes. Based upon 61 cases of A® decay and 62 cases of 8°

decay, we found

o= 0.807023  x 10710 sec.,
o -0.15
T, = 2.08+8'§§ X lO-lo sec.

The errors correspond to an approximate 68% confidence limit. Potential



6L

times were calculated up to 0.5 cm. of the ch=smber walls since it is
probable that decays occurring closer to the walls than this would go
unrecognized. No correction was made for decays occurring close to

the origin (where scanning efficiency might be poor), since the dis-
tribution of "decay lengths" for V shaped objects (Figure 23) indicated
no significant bias. This distribution was based upon a sample of

fifty V shaped events whose "decay lengths" were under two centimeters.

5.5 Summary of Results

The properties of V° particles produced by 1.1 Bev n~ mesons
on protons at rest (hydrogen events) have been studied using a 12 inch
propane bubble chamber. We found the following reactions occurred

"+ p A +06°
o+ D 22 +0e° ,

with cross sections (in milibarns) of

n

o(Ae)

a(2s)

0.28 + 0.0k mb,

0.16 + 0.04 mb.
In the center of mass system of production, the angular distribution
of the hyperons was peaked in the backward hemisphere. The penk was
more pronounced for the A° then for the Zo. Combining our results
with data on L~ and L' production at this same energy, we found that
there was some indication that isotopic spin conservation may be violated
in the Z-—hyperon production process.

The decay angular distributions in the center of mass system
of the A° and 6° were examined for any indication of higher order spins

and parity non-conservation. Our data were consistent with spin 1/2 for
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the A° and spin zero for the 6°. It gave some indication of parity
non-conservation in A° decay (about 5% significance). The limited
amcunt of data obtained prevented more definite conclusions. However,
our data combined with that of groups at Columbia, Bologrna and Pisa
definitely showed that the spin of the A° is 1/2 and that parity is
not congerved in its decay. Results concerning the ©° spin are not
yet complete.

From the number of events where a 6° is seen to decay without
an associated A°, and the number of events where both the A° and 6° are
seen to décay we concluded that the probability that the A° decay by
its normal charged mode () is @ = 0.57 # 0.10. Similarly, from tae
number of events where a A° is seen to decay without an associated 9°,
and the number of events where both the A° and 6° are seen to decay we
concluded that the probability that the 6° decay by its normal charged
mode (Qb) is Qg = 0.46 + 0.10. These results are consistent for A°
decay with the selection rule that the total isotopic spin change by
1/2, but are somewhat inconsistent with this rule for 6° decay.

Finally we found that the lifetimes 7, and 7g of the A® and 6°
particles are

RITS -
T = 2.08+o -0.31 x 10 10 seconds =nd

+0.2 -10
9 = 0.8l 3 ~0.15 x 10 seconds.

The errors correspond to an approximate 68% confidence limit.
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These results wers based upon 29 cases of the reaction
1" + p o> A° + 9° wher:s the 4° was seen to decay by its normal charged
mode (A° -~ + p), 19 cases of the reaction n~ + p > A° + 6° where
the 6° was seen to decay by its normal charged mode (8° -»n~ + x¥),
and 11 rases of the reaction n~ + p —>Z° + ©° where the 9° was seen
to decay by its normal charged mode. In addition we included for
completeness in our analysis 17 cases of the reaction n~ + p =-A° + 6°
and 15 cases of the reaction n~ + p 5%+ ©° where both the A° and 9°
decayed in the chamber. These later cases were previously reported on

and are not part of our work.






given below.

The production and decay angles for all single ¥

APPENDIX

LIST OF DATA

Single A° Events From A° - 9° Productions

Event

14236
15291
15416
15611
15767
17979
19860
20319
22544
2k121
24570
26803
26885
28231
28304
30172
31316
31335
32084
33081
3k217
34239
35972
36274
37708
39087
12911
16436
19808

Pro. Angle (deg.)

Decay Angle © (deg.)

70

events is

The angles are defined in Section 5.1 and Section 5.2.

Decay Angle o (deg.)

139
155
100
92
113
125
0
133
5
115
108
157
143
30
58
111
3
90
149
39
58
91
174
152
111
145
163
38
125
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62
152
90
135
123
124

A
<

72
48
38
72

116

123
52
L9

11k
68
61

119

163
90

100
79
52
99
56

148
69

1h42

317
7
88
275
33
70
112
35
1k2
143
2k3
118
97
67
155
195
226
141
5
121
100
80
266
140
317
63
124
263
3k
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Single 9° Events From A° - @° Productions

Event

14664
19028
20044
21131
22278
23078
24712
25754
26999
27368
28476
33002
34866
36393
37613
37739
39078
13159
16102

Pro. Angle (deg.)

17k
156
134
Lo
82
88
131
145
139
146
157
118
{
161
125
100
88
113
1h47

Decay Angle 6 (deg.)

Decay Angle o(deg.)

78
9
88
62
18
36
Th
25
15

5
35
28

Single 6° Events From J, - @° Productions

Decay Angle 6 (deg.)

Event Pro. Angle (deg,)
19264 132
19707 122
19816 122
22335 140
28519 100
29613 60
29955 152
30496 110
31634 8
33098 52
38544 60

33
2
70
60
14
29
19
17
88
17
51

135
115
184

54
136
312
181
290
153
154
227
313
167

36
339

17

83
203
175

Decay Angle ¢(deg.)

&
175
3
78
171
4o
I
32
10
134
93
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