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ABSTRACT

The decay of the lambda hyperon into a neutral pion and a neutron
has long been suspected and indeed has been indirectly observed elec-
tronically and in a bubble chamber. For' about half of such neutral de-
cays that occur in a xenon bubble chamber both gamma rays from the de-
cay of the neutral pion convert into electron-positron palrs.  This high
conversion probability makes possible a rather clear-cut identification
of such events.

In an exposure of The University of Michigan xenon bubble chamber
to a beam of negative pions of about one billion electron volts kinetic
energy, thirty-two events of the above described type were found in as-
sociation with charged decays of the neutral theta meson in pilctures of
high visibility. On the basis of these events and ninety-six events of
the charged-pionic decay mode of the lambda, with the same conditions as
were applied to the neutral events, the rate of neutral decay to all pi-
onic decays for the lambda hyperon is 0.35 + 0.05. The ratio of the
neutral mode asymmetry parameter to the charged mode asymmetry parameter
is found to be 1.16 + 0.97, and the mass (in terms of its energy equiv-
alent) of the neutral pion from the lambda decay is found to be 126 + 7
million electron volts.

ix
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DEFINITIONS OF COMMON OR IMPORTANT SYMBOLS

Mass of the A, w°, neutron in Mev.
Momentum of the A in Mev/c.
Distance of decay of A from point of production in cm.

V-shaped bubble-track configurations which could be due to the
decay of a neutral particle into two charged particles.

"Coplanarity angle," the angle between the plane of the V and
the line Joining its apex to the presumed origin.

The angle between the two legs of & V.
The angle between leg 1, 2 of a V and the line joining the apex
and the presumed origin. ("z" or "p" can be substituted for "1"

or "2" to indicate knowledge of type of particle involved.)

Angle in the CM made by leg 1, 2 of a V and the line of flight
of the particle which decayed into the V.

The range of leg 1, 2 in the xenon chamber.

The distance of closest approach between two gamma rays as

" predicted from the electron pairs which they produce.

The distance one must move the 2nd point of the direction
measurement of the kUB electron pair in order that the gamma
ray k appears to come from an arbitrary point of origin.

"Production angle,"” the angle the line of flight of a particle
makes with the direction of the beam track from which it was
produced.

Used to indicate the category of events which satisfy criteria
A, Band C, D given in chapter 4, or the number in the category
ABC, ABD.

The correction factor in the kP bias enumerated in chapter 4

used in computing the neutral branching ratio.

xi



DEFINITIONS OF COMMON OR IMPORTANT SYMBOLS (concluded)

CM

The ratio of the rate of A — =n° + n to the rate of
A — n~ + D. :

The neutral branching ratio defined as R/1 + R. The angle
between the directions of two associated gamms rays as
determined by their electron pairs.

The laboratory coordinate system.

Root mean square.

The center-of-mass coordinate system.

xii



I. INTRODUCTION

Since the first convincing proof for the existence of the A hyperon
wes presented In 1951 (1), much work has been dome to determine its physical
properties, the latest values for which are given in Table I. Although for
several years the only observations of the particle were thiough the decay
mode, A —> 1 + p, it was expected that the mode, A —>=x° + n, should also
oceur, | |

The first‘attempts éo observe this mode were done with counters using an
"extended source" technique (1). This method involves measuring the apparent
gsize of a gamma source consisting of a target in a beam of protons. Since the
lifetime of the =° meson is less than 10'15 seconds, the n°'s produced directly
will not increase the apparent size of the source. However, if relatively long-
lived particles, say of lifetimes of the order of 10-10 seconds, which decay into
gexmas either directly or through & x° intermediary, are prodnced, the apparenﬁ
size of the source as observed with counter-telescopes will appear to lncrease
to & size depending on the velocity distributions and lifetimes of the parent
particles. Moreover, as one lowers the energy of the proton beem below the
thresholds for production of the parent particles, one should observe a
diseppearance of the extended gsource. This method indeed yielded strong, but
indirect, evidence for the existence of the neutral mode of the A.

Next Eisler et al (2) in a propane bubble chamber looked for electron pairs

in assoclation with K{ mesons from the reaction
2 +p—>A+K°.

They found 5 such gemma-produced pairs, which, making use of the production
kinematics and the measured momentum of the K{, they were able to show were.
consistent with coming from the decay of the x° from A —> n° + n, but not

=1~



-2 -

consistent with a scheme such as A —_ single gemma + neutron.

In 1955 Donald Glaser pointéd’out the usefulness of & heavy-liquid bubble
chamber for the study of particle decay modes involving gamma rays (3), and
in.l956 the operation of the first liquid xenon chamber was reported by the
Michigan bubble chamber group (4). Shortly after, work was begun on a 2l-liter
chamber which was completed in the‘Spfing of 1958 and takgn to the Bevatron at
Berkeley. During the summer of 1958 an exposure was made to 1 mesons of about
1.1 Bev kinetic energy and sbout 160,000 pictures were teken (5). The study of

the neutral pilonic decay mode of the A as observed in these pictures is the

subject of this thesis.



Table 1. The Physical Properties of the A.

s

Mass 1115.38 - 0.13 Mev  (6)
Spin = 1/2 (7)
Mean Life = (2.505 - .086) x 10" %econds (8)

Decay modes:

i

L

A > + proton

A =>1° + neutron

A > nucleon + lepton + newtrino (9)
Picnic charged mode branching ratio:

wAsn +p )

w(A = all modes)

Agymmetry parameter of charged mode, absolute value:

IO(.| Domtou ()

Ratio of asymmetry parameters of two pionic modes:
o -q10t 7 (12)
Properties determined in this thesis:
Neutral pionic branching ratio:
w(A>7° + n)

=.35 % .05
w(A>x° +n) + w(A n” + p)
QP (charged mode) =32t 1
d°§ (neutral mode) = .37 T8
O[oneu"tral N
s =1.16 T .97
Q/_charged

+.48

Mean Life (from charged mode) = ( 2.77 _ 3y ) X 10"10

Mess of the n° from the A decay = 126 16 Mev

= .627 ¥ .031 (10)

page 17

page 50
page 51
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II. EXPERIMENTAL ARRANGEMENT

The Bubble Chamber Exposure

A schematic diagram of the xemon bubble chamber as it was during the
summeyr of 1958 when this experiment was done can be seen in FPig. 1. Table 2
gummarizes the important properties of the chamber.

In late June, 1958, the xenon bubble chamber was placed in & concrete block
house on the Bevatron floor at Berkeley. Using a bending magnet and a gquadrupole
focussing magnet & =~ beﬁﬁ passing through a 52 target being used by Cool et al
(13) was made to pass through the center of the bubble chember. Since the Cool
experiment was 8 counter experiment which required the beam to be spread over
a time interval of about one hundred milliseconds in order to avoid "pileup”,
and since for uniform bubble size in a bubble chamber the beam should be less
than a millisecond in duration, it was convenient to use fhe "Rapid Beam Ejector”
RBE, modelled after‘a design by Dr. David Rahm of Brookhaven, by means of which
sbout five percent of the total = beam could be delayed and formed into a
spike about fifteen milliseconds after the main beam had pessed through the
apparatus. The timing of the expansion of the bubble chamber was adjusted so
that the chamber waé sensitive only to the particles occurring in the spike. A
schematic diagram of the electronics associated with the chamber and a profile
Qf the pressure pulse during an expansion of the chamber can be seen in Fig. 2.

The beam intensity at the chamber was monitored,bybmeans of a plastic‘
scintillator placed in front of the beam window of the bubble chamber and gated
with a two millisecond gate centered on the RBE pulse, and the counts displayed
on a gcaler. The signal from the counter was also displayed in the control room
of the Bevatron where by use of the "beam shaper" and much patience the operating
crew was able to clean up the stray beam particles occurring in the sensitive

region of the pressure pulse, thus improving greatly the quality of the pictures

L -
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Table 2. Bubble Chanber Properties

Chenber Dimensions
Active volume: 10" deep; 12" dlameter; 21 liters
Glass windows: 5" thick; 15" diameter
Distance between ceamers lenses: 14 3/8"
Distance from lens of camers to center of the chember: 26"
Cylinder dismeter: 3.9940 = .0005"
Piston travel distance: 3 31/32"
Displacement: 0.82 liters

Expansion System
Diaphragm: Raybestus-Menhattan 2-ply nylon in buna "n" 683, 1/8" thick
Supporting fluid: Dow-Corning "200" Silicone 0il |
Barksdale valves: 4 of them, inside diameter 3/L4"
Compressor pressure: 420-430 p.s.i.g.
Free volume: 2.7-3.0%
Pressure pickupé: SIM PZ-14, Kistler Instrument Co. (Quartz~piezoelectric)

Cooling System
Coolant: 50-50 mixture of ethylene glycol and water :
Refrigerator: 2-ton G.E. designed by Mr. Hugh J. Scullen of Detroit

Optical System

Light source: General Electric FT 230 (operating voltage abbut 1500 volts
d.c. and capacitance of about 45 microfarads)

Duration of light pulse: 100 microseconds

Light delay after beam: about 1.5 milliseconds

Chember illumination opties: dark field

Collimation lens: 18" focal length; 12" diameter

Mirrors: front-silvered

Cemera: F stop f/U5

Film: Kodak Linagraph Panchromatic 70 mm. (blue-gray acetate with
resolving power of 70 lines per mm.)

Xenon Parameters at Operating Conditions

T = (-21.5 ¥ 0.1)°C

Density = 2.17 grams/cm.3

Vapor pressure = 370 p.s.i.g.

Radiation length = 3.9 cm.
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from this run. By monitoring the beam in this way the nunmber of unuszble
plctures due to too many tracks (sixteen or more) was kept at a minimum.

The light was fired by a pulse delayed about 1.5 milliseconds after the RBE.
The light was monitored with a phototube in order that its intensity could be
kept constant. The duration of the light flash was about 100 useconds. We
found that the number of tracks could also be monitored visually by looking
throvugh & peephole that had been built into the chamber in order to observe
the xenon level.

The tempersture of the aluminum bedy of the bubble chamber was regulated
to -(21.5 M 0.1) degrees centigrade and since the operaticn and timing wers
rather precise one expects that there were no apprecisble fluctuaticns in the
density of the xenon from picture to plcture.

As the sxperiment progressed it was found that the xenon gradually became
eloudy due to opague residue from the rubber diaphragm. The xenon was removed
and replaced twice during the run; this process involves distillation which
leaves much of the residue in the sterage tanks.

The kinetic energy of the beam was set by the Cool experiment and was about
1.0 Bev for the first 60,000 frames and 1.1 Bev for the rest until 160,000,
except for frames between the numbers 104,037 and 106,606 for which the besm
energy dropped to 0.8 Bev for a background check for Cool. During the run about
1000 frames of K+ mesons were also taken; thesé will not be discussed in this
paper. We did not independently messure the momentum of the beam during the

experiment. The purity of the beam was not measured.

Dats Handling
After the film was developed by the photographic lab at the Lawrence
Radiation Leboratory it was cut up into 100 foot rolls of 40O frames each and

sent to the High Energy Lab at the University of Michigan for scanning, measuring



and analysis.

The scanning of the pictures was done in a quonset nut located on East
University in four specially constructed scanning booths. The scanning
booths were constructed so that the two views of each frame could be projected
completely independent of each other onto a white table top in front of the
observer. The images were a little larger than life size. Because of this
independent motion of the two views of the same exposure one could easily
determine the parallax of & point in the chamber and'fhus roughly determine
its position quite easily. We found that a good scanner could look through
about 100 frames an hour{,.Sketches were made of all events that were
of interest. A more detailed discussion of the scanning as it is related
to this thesis will be given in the next chapter.

After the scanning of & roll was completed, the roll with its sketches
of interesting events was returned to room 3071 Randall Laborstory where the
events noted as being of interest were projected on one of the two "Green
Screens” (precision measuring devices, so called because of the green coating
on the projection glass), and if the event was deemed "real” by the measurer,
the event was measured. The definition of "real" varied as the measuring
progressed due to experience as noted in the next chapter. An event was real
as far as this thesis is concerned if it did not clearly violate any of the

criteria for scenners and measurers as. given in the next chapter.

The Measuring Devices

The Green Screens were equipped with two sets of interchangeable lenses,
one set giving a magnification of about 1.75 life size and the other set giviné
a magnification of about 4 times life size. The Green Screens enabled one to
get a much better look at the events noted by the scanners, and events found

to be not real were rejected at this stage.
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The two Green Screens differed in particulars but their main feabures
were the same. A coding system was set up so ﬁhat each point of any
particular event could be designated by a three-digit guﬂb@ro The stages
were digitized so that their positions could be punched directly on IBM cards.
In order to measure the spatial coordinates of & particular point in the
chaniber, one moved the stage of the Green Screen so that the image of the
point in the view was centered on a fiducial crosshailr on the screen; then
one set the points codsd designation on a dial and pushed the read-out bubton,
which automstically recorded both the coordinates of the stage and the poiat
designation. Repetitlon of this procedure for the other stereo view of the
point completed the messurement. In this manner an event could be measured
in about 15 minutes (about 16 points). Checks were frequently made for

sncoder arrors.

Computations

The wethod of handling the data cards evolved considersbly during the
course of analysis of these plctures, going from & rather cumbersoms procedure
using the IBM 650 to a very convenlent one using the IBM 704 that was installed

on the Michigan Campus in the Fall of 1959. The final IBM program, developed
by Mr. Richard Hartung, computed first the spatisl coordinates of the measured
points in the bubble chamber and then all the geometrical propertiss of the
array of points as called for by their code numbers.

The next step was the analysis of the measurements and the computed
quantities. By means of range-energy curves and kinematics graphs the events
were checked for consistency and identified and classified. Details of this
~ process as related to the subject of this thesis will also be given in the
next chapter.

Finglly, if any questions remained sbout the classification of & particular
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event, it was rescanned on a GreenVScreen, and perhaps remeasured.
At this point the date was available for various studies of which this

thesis is but one of four.



III. DATA ANALYSIS

Date selection and assumptions:
The principal quantity to be determined about the neutral mode of

the A in this thesis is ‘the neutral pionic branching ratio defined as

B = WA =2x° + n)
AT WA +n) + WA=~ + D)

vhere W(x) is the rate of process Xx.
In determining this ratio we elect to use those A'g from the

reaction

% + xenon nmucleus = A + K° + residuals

or

% + xenon nucleus —>)° + K° + residuals

(Lo —> X + 1)
for which the K° decays into two charged pions, i.e.
KTOL gt g

By restricting ourselves to the event-types described above we ignore a
large fraction of the A's in the xenon chamber for which the charged Kj"
wode doss not cccur. The reasons for masking this restriction are

i. To avoid possible scanning bias due to the quite different

appearances of the two A modes

A—>x° +n (two electron pairs)

and

A—>x +p (a "V")
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ii. To positively idehtify the A, especially the neutral mode.
We assume that electron pairs from converted gemme rays point to
the position of the A decay, i.e. the "z°" occurring in the neutral mode
of the A decay is the same one as observed in the reaction n +p~>=x° +n

(x~ sbsorption of hydrogen) and thus has a lifetime of about 10’16 seconds (14).

Scanning: Definitions

"V's“ are defined as bubble-track configurations in which there is a
discontinuity (known as the apex) in direction or bubble density.

"Legs of the V" are defined as the continuous segments of the V
separated by thehdiscontinuity.

"W origins" are defined to be beam-pion interactions such that the
lines joining the interactions and the V-discontinuity pass between the two
legs of the V in both stereo views.

"Associated electron pairs" are electron pairs that are consistent with
hgving been produced by gemma réys which do not appear to come from beam

or secondary interactions which are not V origins, but which occur in frames

containing V's.

Instructions to scanners:

Scanners were instructed to look for V's with origins and to leck for
associated pairs; They were instructed to traée on a sheet of paper one
view of any such event and to record a) the view (top or bottom camera),
b) the frame number, ¢) the apparent bubble density of all tracks partici-
pating in the event (light, medium, or heavy), d) the apparent fate of each
particle participating in the event (stops, interacts, or leaves the chamber),
e) the number of beam tracks in the framei(lightly ionizing tracks less than

15° in direction from the "y-axis" defined below), f) the scanner's initials.
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Bubble chamber coordinate system:

As seen in Fig. 1 the active volume of the chamber is a cylinder 10"
long and 12" in diameter, bounded on the ends by two large cylindricsl
windows, The window through which the cameras "look" we call the "front"
window and the window through which the illumination system shines we call
the "back" window. Both front and back windows are scribed with grid marks
(see Fig. 3) in a square array with spacing of 2 cm. and parallel to the
stereo axis (the line joining the two camera lenses), Tﬁe centsr grld mark
of the front window ﬁe take as the origin of a right-handed Cartesian
coordinate system with the x axis running parallel to the plane of the
front window and perpendicular to the stereo axis and with the same sense
and approximate direction of the = beam. The z axis is taken as normal
to the front window with sense such that the z coordinste Iinecresses as

one goes from front to back.

Measuring:

The measuring and analysis was done in two parts. The first part (I)
consisted of the pictures up to frame mumber 86,000 and the second paxrt (II)
dealt with the pictures from 86,000 to 140,000, Part I wes done first and
the procedure was a little more involved and ususlly more tedious than
that, of part II for which we were able to take advantage of the experience
gained in part I. The results of part I have already been reported (5B).

For part I each event with one or two V's with or without associated
electron pairs was measured. For part II only those events having either
two V's or one V and two or more associated electron pairs were measured
although all events found by the scanners were carefully checked to insure

that nothing had been missed. (Gamma pairs can easily be overloocked.)
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A typical double V event (charged lembda and K{ decays) and a rather
good single Ki with associated gamme pairs can be seen in Fig. 3 and Fig. 5.
Fig. 4 shows the points that were measured on the neutral event shown in
Fig{ 5. The center grid mark (1) and the four corner grid merks |
(13, 14, 15, 16) were routinely measured to determine the absolute positions:

of the other points, to check oh film shrinkage, and to check for rotation
of the two views with respect to each other. Then all possible origins (2)
for the V's were measured, and a second point (3) taken along the track to
determine the beam direction. The apex point (4) was measured and points
at appropriate points along each leg (5, 6, 7, 8), including the point at
vhich the leg either stops or leaves the chamber. Each electron pair was
measured at its apex (9, 11) and usually near the point where the two
electron tracks appear to separate (10, 12). (One can show that the optimum
point to measure for determination of the direction of the pair is near the
separation point, although electron paeirs at this energy, 20 to 200 Mev,
suffer from rather violent statistical fluctuations.) The quantities
pertaining to this paper computed by our final program are given in Table 3.

| Examination of the computed spatial coordinates of several duplicate
measurements of typical points in the chamber show that the RMS error in
determining the location of points in the chamber is gbcut .03 em. For 22
duplicate measurements the avérage difference in the x and y coordinates was

about .0l cm. and in the z, .02 cm.

The analysis of V's
The pertinent informetion for the identification and classification of
V's is the coplanarity of the V with respect to the origin, S , the opening

angle, ©, the angles of the two legs with respect to the line of flight of
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Typical Double V Event.

Fig. 3.
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Fig. 4. Points Measured in Figure 5.
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Fig. 5. Single K} with Two Assoclated Gammae Rays.
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Table 3. The Computed Results of a Measurement of the
Event Shown in Figure L

Spatial Coordinates (all measurements are in cm. unless otherwise

indicated)
Point b4 y z Point X ¥y z
1 0.00 0.00 0,00 7 - 8,26 3.69 8.60
2 -9.26 3.82 8.05 8 9.17 3.75 2k.96
3 -10.53 3.76 8.02 9 - 4,28 L4,20 11.22
L - 8,80 3.67 17.84 10 - 3.95 4,36 11.33
5 - 8,21 3,10 6.36 11 - 5.54 2.76 11.15
6 - 6,10 0.62 0,09 12 - 5.23 2,25 11.52
Origin Data

Distance between 3 and 2 = 1.3
Direction cosines of the beam = 0,9988, 0,0447, 0.0177

V Data

Leg One: Range = 8.76 = 1.69 + T.07
Chord (distance between L4 and 6) = 8.8
Angle between two segments of leg one = 3.4°
Direction cosines of leg one = 0.3534, -0.3359, -0.8731

Leg Two: Range = 24.85 = 0.93 + 23.91
Chord = 24.8

Angle = 11.3°
Direction cosines of leg two = 0.5820, 0.0266, 0.8128

Opening Angle (angle between the two legs of the V), © = 120.9°
Errors in © due to motion of the dependent coordinates by 100 microns:

4) 3.9°, 1.6°, 1.0°
5) 1.5°, 0.3°, 0.7°
7) 2.3°, 1.1°, 1.6°

V Origin Data

Direction cosines of the V = 0.8733, -0.2957, -0.3872
Decay Length = 0.53

Potential path = 15,61

Production angle = 31.5°

Direction cosines of normal to the production plane =
~0.0230, 0.7687, -0.6391



Teble 3. V Origin Date (con't)

Angle between leg one and the V direction, 0, = 79.3°
Errors in ©, due to motion of the coordinates by 100 microns:

2) 2.5°, 0.5°, h.7°
L) 0.3°, 1.1°, 6.8°
7) 2.3°, 1.9°, 1.6°

Coplanarity angle, § = L4.2°
Errors in & due to motion of coordinates by 100 microns:
2) 1.4°, 5,0°, 1.1°
L) 2.5°, 9.2°, 2.3°
5) 0,5°, 1.8°, 0.5°
7) 0.7°, 2.2°, 0.6°

Gamme. Ray Data
Distance one must move coordinates of 12) if gamme one were to
come from origin = 0.22, 0.36, 0.07

Distance one must move coordinates of 10) if gemme two were to
come from origin = -0.01, -0.13, 0.09

Length of nose of gamme one (distance between 11 and 12) = 0.7L
Length of nose of gamma two (distance between 9 and 10) = 0.37
Coordinates of best origin point : -5.95, 3.43, 10.66

Distance of closest approach of the projected paths of the gammas
= 0,006

Conversion length of gamme one = 0.92

Conversion length of gamma two = 1.92

Amounts one must add to coordinates of 12) if gemma one were to
come from best origin point:
0.000, 0.000, 0.000

Amounts one must add to coordinates of 10) if gamma two were to
come from best origin point:
.001, .000, .00L

Production angle of parent = 38.0°
Decay length = L.23
Angle between gammas = 75.9°

i
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the V from the origin, ©, and 92, and the distances the two legs go

1
in the chamber, R, and R,. If a track does not leave the chamber it

1 2

is not always clear whether it stops or interacts, although bubble
density is a clue. This ambiguity must always be kept in mind. One
starts by meking a reasonable assumption about the fate of each leg.

1) If both legs stop in the chamber the V cannot be a Ki’_ (except
under rare cirénmstances)o Then assuming the V is a lambda one uses
the two ranges Rl and R’2 to determine the predicted opening angle, O,
for which there are in general two possibilities depending on which leg
is chosen as the proton. By comparing © as predicted and © as megsured
one then tentatively decides if the V is a lanbda and which leg is the
proton. If the V is consistent with being & lambda then the predicted
opening engle, ©, and the range of the proton or the range of the pion are
used  to prediet  the angle between the line of flight of the V and
the proton or pion, QP or © x If the predicted angles, OP and OK, are
consistent with their coun'berpai'ts 5 01 and 02, and the coplanarity angle,
S, is consistent with being zero, then the V is identified as being a
real A to origin. If © is consistent, but S and Ol and 92 are not, then
the V is identified as a possible scattered A. The predicted angles,
Qp and @ﬂ , are used to determine the momentum and the center of mass
decay angle for the A. If © is not eonsis_ten‘lﬁ, but 5 is consistent
with being zero, one side may not have actually stopped, and one proceeds
to 2). |

2) If one side stéps, say leg 1, and S is consistent with being zero,
one uses Rl and @ to predict Ol under the assumptions that a) the V is

a K°, b) the V is a A with leg 1 as proton and c) the V is a A with leg 1

l’
as pion. If none of these assumptions gives a prediction for @l that
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is consistent with its measured value, the one proceeds to 3). If

one or more of these assumptions give a consistent value for Ql then

one uses 0, = (0 - @,) to predict a range for leg 2. If this predicted

renge is significantly less than the measured lower limit on the range

‘then one proceeds to 3). If not, one may be able to decide further

between the assumptions a), b) or ¢) if there were any ambiguity.

One then uses the predicted angles Gl and 02 to determine the momentum

and the center of mass decay angle. It is not always possible to

differentiate by the ebove means between a lambda and a Kz, however, and

further information must be used such as bubble density and the identity of

the other particle in the picture if there is another particle associated.
3) If neither side stops and the coplanarity is consistent with

zero, then one uses the two angles, Ol and 92, to predict the ranges of

the two legs. By comparing the predicted ranges with the lower limits on

the ranges as measured, Rl and BQ, one can eliminate bogus V's and usually

differentiate between A's and K°l”s, although this is not always possible,

If the ranges are consistent with the measurements, one uses the two angles

to determine the momentum and the CM decay angle.

The analysis and computations of associated pairs

As described above each electron pair believed to be associated with
8 suspected K"l and one or more other such pairs was messured at two points,
one being the apex and the other point the most representative in the
opinion of the measurer of the most likely direction of the gamma ray. As
pointed out above usually the second point is chosen where the two electron
tracks of the pair appear to diverge from each other, although there are

meny exceptions for the cases when the energy is very unequally divided
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between the two electrons or when, as in the case of pairs nearly
perpendicular to the beam direction (x-axis), it is more important
that one be assured he is measuring corresponding points. (The
difference between the x coordinates of two points is practically
constant for the tw_o stereo views, but the y difference is not.)

Then from the positions and directions of any two electron pairs
. one computes the most likely point of origin of their two parent gamma

rays, this point being defined as the point for which the quantity

2 2

Q=a)+ 85

is minimized where Akis the distance one must move the second point of
the measurement of the kth gamma ray in order that the projected path
of the gemma ray pass through the hypothesized point of origin.

From the best meeting point one calculates the production angle of
the A, assuming it is from the same origin as the K{, and also its decay
distance, LA'

One can estimate a lower limit on the energy of each pair by
measuring the total length of the electron paths of each pair. This
was done by tracing the paths on both views with a "verstmeter", & small
roller device used to measure distances on maps, and using & scaling
factc:r given by the calculated distance between two measured points and
the same distance as measured with the verstmeter. The energy loss per
centimeter by minimm ionizing particles is sbout 2.T79 Mev in the bubble

chamber., This was taken to be the energy loss of the electrons,

neglécting such effects as relativistic rise.



IV. NEUTRAL PIONIC BRANCHING RATIO OF THE A
Definitions of the problem
As described in the preceeding chapter the rough data for the
calculation of the branching ratio, BA’ consists of all events of

the type
% + xenon mucleus —>A + K° + residuals
or
—>7° + K° + residuals

where 2° —> ¥ + A (lifetime 1077 seconds)

for which the A decayseither as

i. A‘—">:n:"+p+

ii. A—>x° +n

and the K° appears &s & K:‘E and decays as

K{m@f +

Operationally we can define the two categories as

i.) A V with an origin that satisfies the kinematics conditions
on Ki’_——> 7 + 1~ (see analysis of V's, page 15) and ancther V which
satisfies the kinematics conditions on the decay A— a2~ + p and vhich
could have been produced at the same interaction from which the K?Z
appears to come.

ii.) A V with an origin that satisfies the kinematics conditions
on Kj‘: — x[+ + 1, and at least two associated electron pairs.

From these two categories of rough data two final data categories

- 2
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were chosen according to the criteria stated below. We shall denote
these two final categories as ABC (corresponding to i) and ABD
(corresponding to ii). The criteria were chosen to insure high scanning
efficiency and to cuf down on background events.

Before the numbers of events found to be in the two categories ABC
and ABD can be compared several corrections must be made. These
corrections are listed below with their corresponding correction factors,
0. It is important to ‘note at this point that no biases affecting the
branching ratio are introduced by the criteria on K;_ gince the K]°_ is
simply used as a "signature" for the presence of a A,

We define the ratio of neutral to charged events to be

_ WA =>x° +n)
WA —= = + p)

R

and experimentally
_ qlce-c 3ABID

- ch0506ABC

where ABD and ABC are taken to stand for the number of events found in
the correspbnding categories, and where
0y is the correction for the fact that not all occurrences of
neutral decay have both gammes converting in the chamber.

gy is the correction for events that satiéfy ABD but are really

cagses in which only one gamma from the n° converts, the other

gamma. coming from the decay of a L°.

0, is the correction for background in the ABD category.

3
o), is the correction for the bias introduced by restriction 03
below (cutoff).

65 is the correction for the bias introduced by restriction C’5
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below (one-legged V's).
9 is the correction for the relative scanning efficiency for the
ABC events compared to the ABD events.

The branching ratio as defined above then will be given by

Criteria
A. General
1. The picture must have less than 16 beam tracks. A beam track is
defined as any lightly ionized track entering the cheamber at a
projected angle on either view less than 15° with respect to the
x (beam) axis.

2. The picture must have no background of bubbles or electron showers

vhich could possibly cbscure an electron pair, or less likely, & V.

3. The picture may not be torn, badly developed or damaged in amy wey.

4. The presumed origin for the associated particles satisfying the
criteria below must not have a prong that leaves the chamber.
(This requirement was used in part II to eliminate many useless

measurements of bogus V's but very few good ones. )

B, Restrictions on the Kz

1., There must be a V'in the picture that fits the kinematics curves

for the two-body decay of the K{ within the expected errors, and

for which the predicted renges are in sgreement with their observed

bubble densities.
2. The measured coplanarity S of the V from the first measurement

must be less than or equal to five degrees, independent of the
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estimated errors involved. (Since Ki with wide opening angles
have in general larger errors than Ki with small opening angles,
wide-angle Kifare discriminated against here. This discrimination
is desirsble here becsuse the wide angle V's are difficult to
recognize and hence their detection depends on the detection of
the lambda.)

3. The decay distance must be at least 5 millimeters.

L. The aspex of the V must fall within the fiducial volume defined

2 2)

o
by R < 11 centimeters (R = x° + y°); 2 ecm. £ 24 2b cm,

C. Requirements on the charged mode

1. In addtion to the Ki there mist be a V in the picture that fits
the kinematics curves of the lesmbda within the expected errors and
for which the hubble densities are consistent with the pr@diated
ranges.

‘2. The V, although it may have scattered, must be consistent with
having been produced at the same origin as the V satisfying
criteria B sbove,

3. The d@eay distance must be at least 5 millimeters.
L, The apex must fall within the fiducial volume defined in B3 above.

5. Both legs of the V must be greater than 2 millimeters in length.

D. Requirements on the neutral mode
1. There must be at least two electron pairs in the picture that are
consistent with having been produced by gemmas having & common origin.
2. Neither of the psirs must appear to have come from an interaction,
excluding the production reaction.

3. EBach pair must have at least 3 centimeters of electron track.
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4. The apex of each pair must fall inside the fiducial volume defined

in B3 above.

Uncorrected results:

Events satisfying ABC in part I, 51. In part II, L5.

Events satisfying ABD in part I, 15, In part II, 20.

Events satisfying ABCD in part I, 1. In part II, O.

The distributicn in § for the Ki“s in the ABC and ABD cstegories and
for the A's in the ABC category can be seen in Fiéa 6. The difference
between the measured opening angle, ©, and th@ predicted opening angle, ©°,
(vased on the ranges of the two legs) for all ABC A's for which both legs
stop in the chamber without suffering any apparent inelastic collisions
cen be seen in Fig. 7. (Of the 96 ABC A's, 51 have both legs stop, 33 have

only one leg stop, and 12 have neither leg stop.) Other properties of interest

of ABC and ABD events are tebulated in Appendix E.

Corrections
A. The neutral mode

1. The conversion probability for both gemmas from the n° is the
largest correction made and was based on a Monte Carlo calculstion. In
effect this calculation computed the average probability for conversion for
8 sample of n°‘s having the same moments and positions as a group of n ‘s
from lambdas occurring in double V events. The events chosen were required
to pass A3 and Ak, and B and C, except C3 and C5. The caleulation wes
performed on the IBM TOL,

The input datas for each event were i) the size of the fiducial volume
as defined in B4, 1i) the location of the lambda apex, iii) the energy of
the pion ag obtained from its measured or calculated renge, iv) the direction

cosines of the pion. The calculstion went as follows: The pion was allowed
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to decay using five different sets of center-of-mass decay angles based on

10 random nmubers generated by a computer subroutine. For each of the
resulting hypothetical gemms rays a potential path was computed and the
probability that the gamms would convert within the potential path was
computed using a relation between mean conversion distence and energy
discussed below. Then using the results for the five trials the probabilities
of one and two geammes converting in the chamber were computed. The average
conversion probability for the sample was then obtained.

The results of this calculetion gave the following vwhere the errors quoted

are statistical:

Probebility that both gammas convert (denote P(2))

Part T  P(2) = .48 % .02

ji]

Paxt II  P(2) = .51 T .02

Probability that only cne of the gammass convert (denote P(1))

i

Part T P(1) = .43 % o1

Part II  P(1) = .40 T .01

i

The correction factor, 035 defined on page for conversion probebility is

then

%zamafmm

The reletion between mean conversion length, A in centimeters, and the

gamma energy, Eg in Mev, used in the Monte Carlo calculation was

157.2  170.0

2
Eg Eg

A =509 +

This formula wae got by empirically fitting the results of & numerical
integration on the Bethe-Heitler formule with corrections for screening, use

of the Born approximation, end production in the electron's field (15).
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The density of xenon was taken to be 2,167 gmu/cmﬁo The results which

the formuls is taken to represent are below.

Eg {Mev) A (em.)
10 19.10
30 9.868
50 8.165
70 T.391

100 6.826
200 6.042
500 5.627
o0 5.090

One can show from the calculated energy distribution for converted
gamma pairs by the Monte Carlo method given in Fig. 8 that the use of the
ebove empirically fit formula gives an estimate of the conversion efficiency

which is about 1% too high. This effect has been neglected.

2. Correction for .° events. Certain of the events satisfying
criteria ABD were not really cases in which both gemmss from the =°
converted, but rather cases in which only one gamma from the n° converted
and the gamma from a Z° also converted. Since garmas from 2° oceur in
about 10% of the double V events, 10% of the cases where only one gamms
-from the A converts sppesr as 2-gamme events. In some cases these events
are consistent with identification as bona fide neutral decsy events,
i.e. they satisfy D.

The correction for this effect was made as follows. All events that
satisfied ABD and whieh had three associated gamma rsy pairs were
examined carefully. Let us denote the three pairs as a, b, and c. If
all three of combinations &b, ac, and bc could be mistaken for gammas

from the lambda then the event is assigned the mumber 1. If only two of
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the combinations could be misteken for the gammas from the lambda
then the event is assigned the mumber 1/2. If only ome of the
combinations could be real, then the event is not counted. Then one
expects that the number of hogus two-gamms events in the sample will
be the sum of the assigned numbers multiplied by the ratio of the
probability of one gamma converting to the probability for two gammes
converting.

In part I two such three gamms events were found each with weight
1. In part IT two such events were found, each with weight 1/20 The

total correction will then be
- 92’!' oho - .
2x :E§*+ &= 2.6 events.

The correction factor then for ABD events will be

where the error is statistical.
3. Background. In the 96 events satisfying ABC, one event was
found that also satisfied criteria D. This means that the background

of events satisfying D is about 1%, or

03 = .99 T o1,

k., Correction for electron pairs for which the electron track
length is less than 3 cm., i.e. those that fail D3.

R.R. Wilson (16) has made some Monte Carlo calculations on the
range and straggling of electrons in lead. His results were stated in
terms of radiation lengths and should apply in general. He finds the

following equations describe his results



..,35..
R(E):lrlnzln(m/alna-el)

where R(E) is the range in centimeters of an electron of energy E
in Mev, lr is the radiation length in centimeters, P is the energy
lost by an electron going one radiation length (minimum ionizing)
in Mev., For xenon 1 = 3.9 cm. and B = 10.88 Mev. |

The percentage straggling (RMS) is given by S/R(E) where
S/R(E) = (1 - BR(E)/LE) (1n 2 1 /R(E))Y/?

These results do not take into account multiple scattering.

As an estimate of the ranges of electrons occurring in pairs in
the xenon chamber we took the aversge range of the two extremes, namely
when the energy of the gamma is equally divided between the two electrons
and when one electron takes all the energy of the gamma. The probability
for any perticular ratio of energies is roughly independent of the ratio.

That is we took as the range of the pair

_ R(E) + 2r(E/2)

Rpair 2

where E is the energy of the gamms producing the pair. The straggling

was taken as

_(8(2)2 + ka(z/2)2)H/2
2

pair

The results of this are



Ep&ir | Rp&ir spair % less than 3 cm.
20 MEV 4,03 cm, 1.20 em. 20.0
30 5,14 1.62 9.0
L0 5.99 1.96 6.5
50 6.69 2.25 5.0
60 7.28 2,50 L.5
80 8.21 2.88 3.5

100 9,06 3,20 3.0

120 9.65 3.42 2.5

160 10.67 3.80 2.0

200 11.61 k.09 2.0

From the energy distribution of Monte Carlo gemmes given in Fig, 8,
one finds thet about 30§% of the games would be less than 3 cm. in
length. This result should be regarded as an upper limit becsuss it
neglects secondary electrons, which in practice cannot be separated
from the primayies. No correction was wade therefore for pairs falling
below 3 em. in length. This requirement was responsible for the rejection
of at leaatimne event which setisfied the ABD conditions otherwise. The
measured length of the rejected electron psir was 1.2 cm. This
requirement of minimum track length was useful in that it eliminsted the
necessity for congidering the numerous short backgrowsd electron tracks

that oceur in the xsnon chamber.

B. The charged mode

1. Correction for lambdas decaying less than 5 mm. from their origins.
There is no restriction corresponding to the 5 mm. decay length cut-off
(C3) for the charged mode placed on the neutral mode. In order to correct
for this we mist calculate the ratio of decays occurring from O to 5 mm.

compared to the number occurring from 5 mm. to the potential paths. We
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take the probability for decay at a distance x from the origin in an

interval dx as
P(x)ax = (1/A) exp (-x/A) dx
where A is the mean decay lepngth and is glven by
A\ = pre/m

where p is the momentum of the lambda in Mév/c, m is the rest energy in
Mev {1115.2), T is the lifetime in seconds (2.50 x lOmlO) and ¢ is the
velocity of light in cm./sec.

Then for N events found to fit the criteris one expects the number
missed from O to 5 mm. will be n where

S 7/ 90 = G W W

vhere li is the potential path of the lambda in event i.
The quantity n/N wes computed using the 84 ABC events with origins

inside the fiducial volume (see page 27 ) and was found to be

4

n/N = 214 = ,0l1, where the error is statistical.

The correction for ABC events is then

6, = 1.21k = ,011.
2. Correction for one legged A's. One legged A's are those
cagses of the charged mode in which one of the two legs is too short
to be seen. Because one legged events might be overlooked and, if
found, are difficult to identify positively, the requirement that both

legs have ranges longer than 2 mm. (C5) was imposed on the ABC events
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and a correction made for those failing this requirement:
let Ep, E; and P* be the total energy in the LAB, total energy
in the A CM and momentum in the A CM, respectively, of the proton, and

Eﬁ P E;g and P¥ be the corresponding quantities for the n. Then

E
p

]

¥ (E% + P coe %)
and

E
T

il

X (E; = BP* cos %)

where B = v/e where v is the velocity of the A and
‘ 2y=1/2
¥ -a-Y

and 6% is the angle between the proton and the A line-of-flight in the
A CM,

Putting in numerdical values and letting the energies of the n and p
corresponding to range of 2 mm. be Eﬂ(a mm. ) and E p( 2 mm. ) respectively
one can show that it is possible for Ep 4 Ep( 2 mm. ) only for the A
momentum, P,, less than 308 Mev/c and EK< Eﬁ(z m. ) for 400< PA< 1200

Mev/c.,
let us designate the % of A's with both legs greater than 2 mm. by

F(PA), a function of the A momentum. Then for
PA< 67 Mev/e, F(B,) = 0.
For

67< B, (308 Mev/c,

_ 1 - cos ©* (2 mm.,)
F(By) = 5
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vwhere

° “’g *
EP(Qm) EP

pE=

and EP(E m.) = 951.2 Mev; BX = 943.5; P* = 9.4 Mev/c.

cos @*(2 mm.) =

For 308 <PA<hoo Mev/c, F(P,) = 1005,
For koo'?, <1200 Mev/e,

, 1 + cos ©*(2 m.)
F(E,) = 2

where
DJE; - E“(e mn. )

BJP*

cos 0*{(2 mm.) =

vhere EX = 171.7 Mev; E (2 mn.) = 146 Mev; P* = 99.4 Mev/ec.
For P, " 1200 Mev/e, F(P,) = 100%.

A plot of F(PA) as & function of P, is given in Fig. 9.

The correction factor then, as defined on page is

N
05 = 1/N iél 1/F(R),)

th

where P,. is the momentum of the i A,

Al
Using 94 ABC events (the two A's that clearly scattered were omitted)

05 = 1.069 t .0l1, where the error is statistical.

C. Scanning efficiency
1. The direct method for determining scanning efficiency is to
gscan some number of frames twice, say by scanners 1 and 2.

let n, be the mmber of events found by both scanners, n, b’éf‘ghe

3

number found by 1 alone and n, be the number found be scanner 2 alone.

Then the "true" number of events in the sample should be
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Dy +n, + ng

S R =) R

vhere x is the scanning efficiency of 1 and y is the scanning

efficiency of 2, and assuming x and y are independent.

So
., +n
X = N T and y = n3 f 2o
N
N
Solving for N weiget
v (n3 + n2) (n.3 + nl)
The results of rescanning
cr?terlg satisfied n3 n,, n; X v N
AEC 5 0 1| 1 5
Part I ABD 2 0 |s5/6| 1 6
AB cnly 4 o | ©
Part IT. ABC 1h 0 0 1 1 ;4
e ARD 6 0 0 1 1 6
ABC 19 0 0 1 1 19
TOTAL AR only and ABD 12 {1 | o l2/13] 1 |13

From this data we estimate the relative scanning efficiency for

ABD events compared to ABC events is 0.96 : 0.07.
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2. Another estimate of the relative scanning efficiency of the
ABD events compared to ABC events can be made by agsuning
i. The gamme rays do not aid in the finding of ARD events.
ii. After an event has been located by the scanner he does
not look for additional V's inkthe picture.
iiio The messuring snd additional film-handling always turn up
all Vis on frames désignatad by the scanners as contalning
events of interest.
Then the relative scanning efficiency can be cbitained from the
number of events in the ABC category that were originally identified as
AC events, i.e. the Ki was not seen by the scanner. There were two such

events out of the 51 in part I and 2 out of 45 in part II. The relative

scamning efficiency is therefore on this basis 92/96 or
0.96 T 0.0z,

Since this estimete makes some unjustified assumptions ebout the
psychology of scanning, it should be taken only with reservations.

3. One expects that the major scaming biasges, if there are auny,
ghould appear vhen distributions of the events in the varisbles that
influence;thﬁ visibility of theevents are studiedm One might expect
thet the two most accessible variables to affect the scanning efficiency
would be

1. The number of beam tracks per picture, since the amount of

background in the picture should be roughly proportional to
the number of beam tracks, and

ii. The center-of-mass decay angle of the Ki, since the opening
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angle of the Ki as well as the distribution of momenta between :
the two legs should affect the visibility of the Ki and,these
two ch&racteriatics depend on the center-of-mass decay angle.
The decay of the Ki should be isotropic in the center-of -mass
decay angle since the Ki has no spin.
Iet us see then if any useful information can be cbtained from
looking at the distributions in these two varigbles.
i, The muber of tracks per picture.
Let us take the relative scamning efficiency for ABD events with
respect to ABC events as béing linearly dependent ch the number of tracks

per picture, and being unity when there are no beam tracks per picture.

That is, we take
e(x) = 1 ~ ax

vhere e(x) is the relative scanning efficiency as & function of X%,
the number of tracks per picture. The average scanning efficiency

" for ABD events compared to ABC events is then

Xo - X
8 = ==
KoX = X%

|

- - 2
where %o is the average of x over the ABD semple and X and X~ are over
the ABC sample. These tvo distributions are shown in Fig. 10,

We find
+
Gx S lnlS fad 00550

This method is therefore much too inasccurate to be of use.

ii. The center-of-mass decay angle.

Let the cosine of this angle be given by y. Assume that the
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dependence on y of the scanning efficiency is given by

e(x) = 1 -by?

b is then given by

The distribution of y in the two categories is given in Fig. 1l. We

find

cy = elyﬁ = 1,24, vhere the statistical error due to §L

alone is M 0.24. Thus this method also is too imprecise to be of use.
Conclusion: The relative scanning efficiency will be taken as that

given'by the direct rescan, namely

+
0 = 0.96 ~ 0.07

Regults of the calculations:

As tHe result of the foregoing considerations we have the following

values for the constituents of the equation

_ %1% amp
9,959 ABC

3

ABD/ABC = 35/96 = .364 * 072

0, = 2,02 Tl o) = 1.2k Ton

6y = 93 T 0 = 1.069 T
+ +

oy = .99 T .01 og= .96 .07



So
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]
{

W
=
1+
o
o

and

= .35

It is of interest to compare this nmumber with (10)

wA2x +p) - +
w(A-> all modes) 627 - 031,

The fraction of A's decaying via pionic modes is then

(1 +R) ﬁgﬁiﬁlfmﬁie@ = .966 £ 089,




V. OTHER PROPERTIES OF THE A

A. The Asymmetry Parameter of the A.

In the A CM the angular distribution of the n is given by ( see

Appendix A — ¥*
et A) 4l L [;lfo(,PCOS.g_]
dQ T un
¥ _
vhere S is the angle between the pion and the direction of polarization

of the A, ? is the average polarizatibn of thé‘,‘ A ( averaged over all

production angles), and q is given by ( see A@pendix A)
" 2 Re S§¥P
| *§ + pXP

where S and P are the amplitudes of the L = 0 and L = 1 orbital angular

momentum states occurring in the pionic decay of the A. These two states
have even and odd parity, respectively. 0( therefore arises from the inter-

ference of two states of opposite parity.

The charged mode.

‘Because the A CM decay angle,e: of the = can be determined
for the ché.rged mode of the A ( see page ), it is possible to
obtain the distribution of the m in the A CM from the observed dis-
tribution ih the LAB. Since we assume parity conservation in the
production of the A ( see Appendix A ), the polarization of the A
is taken normal to the production plane. In this case g#is related
simply to the g in LAB by the formula ) Y2

% smb
COSS = Cos g Sin G4
where€ is the LAB angle between the direction of polarization and

the = line-ofaflight,eﬂ is the LAB angle between the A line-of-

- 48 .
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- *
flight and that of the = , and@ is the CM angle between the A line-of-
flight and that of the x~ ( or the proton).

The statistical estimate ofO(P is got by using the distribution

function 1
f(x,a)= _ (1+ax)
2

5 *
where we set a =dP and x = coss . From f(x,a) we construct the

Bartlett "S-function" (17) which is given below

S(a)= AQ ZN Ln,f(xv‘,
where )
Ao = «m[ f f—(x, (,f(w (LX]

X, is the value of cosf.‘sor the r event, and N is the number of

events in the sample. For our case we may write therefore

¥
c(a) = — (2a3 ) Zcosgv
+a \ 7
VN M fa(2%)-20- 1 & T vacosSy
The most likely value of a ( call it a,) and the standard deviations
on the plus and minus sides of a,, Aa+ and Aa , can be found from a
graphical solution of +the equations
S( a,) =0
and, ‘ + Aa,
S( a, *y. 11
- ba_
A semple of A's was chosen from parts I and IT to satisfy the

following criteria:

1. The measurements of the A be in reasoneble agreement with the

kinematics graphs for the charged decay.
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2, “The coplanarity of the A, 6 ; be no greater than 7°.

3. The decay length of the A, PA’ be no less than 5 mm.

L. No origin prongs leave the visible volume of the chamber.
5. A possible Ki charged decay occur in the picture which is
consigtent with having been produced with the A.

Any biases that may occur in the above sample are not expected

to affect the measurement of the asymmetry. 222 events satisfied the

above criteria and gave-a result of

oFP=+3%.0
The chance that an unpolarized sample give rise to this result

is about 0.3%.

The neutral mode.

The most precise methed for determining the asymmetry of the
neutral mode is by looking at the distribution of the bisector in
the CM of the angle between the two gammas from the =x°, as discussed
in Appendix B. Since the individual momenta of neutral events cannot
be determined, the sample was assumed mono-energetic and transformed
into the CM for several different values of the A momentum, ?A’

The sample was chosen to satisfy the criteria

1. No origin prongs leave the visible volume of the chamber.

2. A possible Ki charged decay be associated with the event

and be consistent with coming from the origin.

3. There be two gamma-produced electron pairs which are clearly

agsociated with the event and vwhose directions are measurable.

Seventy-one events fell in the sample ( from both parts ) and
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as shown below the dependence of the result on ?A was slight ( for

the charged mode the average ?A is about 500 Mﬁv/c )

P, ( Mev/c ) a/4 wyo P
0 +.25 T 19
300 st g
100 2T
500 T
600 2k T 19
700 2371 .18
The factor Vi is a "washout factor" calculated in Appendix B where
we show
vy = 0.82
Therefore

df: #3775 .28
As shown in Appendix A the ratio of asymmetry parsmeters for the
two modes is of particular interest. Our result is not very meaningful,
however. We find
%_: .16 T 97 |
This quantity has been measured much more precisely by Cronin et

al (12) using counters and was found to be

Olo +
= ln 0 - 9 o
//// +1.1 27



- 52 -

B. The lifetime of the A.

If the moments and potential paths of & sample of A's is known in
addition to their decay distances it is possible to estimete the life-
time. If in addition to requirements ABC in Chapter IV we require
that

1. ‘the origin be inside the fiducial volume éf the two V's ( see

page 27),

2. the A charged mode be unscattered outside the nucleus,
we are left with a relatively unbiased sample from which a lifetime
estimate can be obtained.

Using the Bartlett "S-function" corrected for skewness(lY) we
find for the 84 ABC A's that satisfy the above conditions

A Mean Life = ( 2.77 fgﬁ ) x :Lo‘:LO seconds
vhere the errors are stendard deviations. The 5 mm. cut-off on the
A decey distance ( criterion C3 on page 27) has been taken intc account.

Since the moments of the neutral mode events cannot be determined
no lifetime can be obtained directly for this mode. One can, however,
compare the decay length distributions of the two samples, ABC and
ABD, which are given in Fig.1p . The following biases should be kept in
mind: |

1. The charged mode A's have a 5 mm. cut-off.

2. The distribution of neutral decays should be distorted by the

expected dependence of conversion probability on the position in

the chamber and the momentum of the A.

3. Measuring error should tend to increase the apparent decay
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lengths of the neutral decays. An estimate of the size of the errors
, éxPected in determining the origin of the two associated gamma rays
can be got from the distribution of the distance of closest approach,
A, for the extensions of the measured paths of two associated gammas,
as seen in Fig.l2,

As a parameter for comparing the two distributions let us choose
the average decay length, ﬁA, for each distribution. For the 32

neutral events ( ABD) for which %A could be determined we find

-

;A neutral
Instead of comparing this directly with the average of the ABC

=2.39 % .35 cm.

events let us rather consider an adjusted average defined in the

following manner:

oo 1
Ly charged, adjusted E.miigg%E;gi

7
where I 1is a weighted average of the ABC A's run in the Monte Carlo

calculations described on page 28 and is given by .

L = & wlk
i=1 1A / h¥ wi
i=1

where Wi is an integer from O to 5 and is the number of times out

of five passes the event was found by the Monte Carlo calculation

to have both gammes convert. The term .21x.25 is the correction for

the 21% of the ABC type A's that would be expected to decay less than

5 mm. from the origin ( see page 27). The factor 1.2l in the denominator

is the proper normalization factor.
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One finds
L\ charged, adjusted = 3-% T .25 em.

This result neglects effects due to measuring errors. The chance that
these two measurements of what we presume is the same quantity differ
by .70 cm or more is about one in ten. We can therefore state that
the two average decay lengths are not inconsistent with & common lifetime
for the events satisfying C and those satisfying D.

It is reassuring to note that the average potential path for the
ABC A's is 13.02 © .52 cm., and that if the neutral decays were random
in the chanmber we would expect the average "decay length" to be more

like half the average potential path, rather then the much smaller

number we have stated above.
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C. The mass of the x° from the A.

As shown in Appendix C it is possible to measure the mass of the
7° from the A decay by looking at the distribution o.f the opening
angle, x s between the two gamma rays 'from the n° and the distribution

of the momentum, PA’ of the A population as got from the charged mode

events.
We see in fact from equations C 1.9 and C 1.11 that 5
L\ )
%
o=m (1+2 2 P 2
Mn A mz) = (M — +My
) /mno

2 Ty 1 ‘
where ’P:i 3/2 Co'tl 7((2 "" B\L / ’"\K'
™ LW, P/
' | + 3 ’\/'ﬂ‘/(\?'

where P*¥ is the momentum of the =° in the CM of the A and is, of

W

course, & function of the x° mass.

As an unbiased sample we choose the events used in the Monte
Carlo calculation. The momentum distribution of this sample can
be seen in Fig. 13.

We find

e

o= (3.237.23)x 10° (vev/ec)®

The sample of n°'s we choose to be 30 of the 35 ABD events
for which both gamme rays produced well-defined and meagureable

electron pairs. The distribution forx for these events is given

in Fig. 13. We find

cot A /2) = .97 T .1k
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This number must be corrected for skewness due to the error
in determining % as explained in Appendix C2. Using an average

square error ( in radians )

e—

y
€ = .038
as got from 21 pairs of gamms pairs that were measured twice in part

I ( see Fig.l3 ), we find

29 ;. +
cot X /2 corrected -89 - .13

where cotk)L /2 was taken as 1.51 as calculated from the 30 ABD events

and was not corrected for skewness.

Inserting these numbers into the equations on the preceding page

we find
M, = 126 T 6 Mev
where the error is one standard deviation.

This number should be teken as evidence that the neutral mode of

the A decay is indeed

A9 n° + neutron.



Appendix A. The Pionic decay of the A, V-A theory, and the AI=1/2 rule

Al. Channels for the decay
If the spin of the A is l/ 2 and the final states are not required

to be eigenstates of the parity operator, one can describe the final

states of the A by four complex numbers

Sl=|Sl eizl
S —-)S eif 3
Al.1 ) ) 5
P1=,P1 G101
P3='P3 31831

vwhere S and P correspond respectively to L = O and L = 1, where L
is the orbital angular momentum of the pion-nucleon system, and
where the subscripts 1 and 3 correspond respectively to the two iso-
topic spin states, I = 1/2 and I = 3/2, possible for a pion-nucleon
system in general.

If the decay is invariant under time reversal, it can be
shown (18) that the relative phases, S , are just those expected
from n-N scattering at the energy in the CM given by the Q value
(about 40 Mev).

The experimental values for these phase shifts are (19)

gl.—=+8°
53““0
Al.2
‘ $11=0
831“0

Thus the amplitudes are real to within one percent. We shall

_59-
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neglect the imaginary parts.

A2, Charge distribution
With the help of the Clebsch-Gordan coefficients we can
relate the two charge states (n~ + p+ denote "-" and n° + n°

denote "0") to the isotopic spin states.
A2.1 %’ - ,\[I ( S) 4 % 53
© 3 f)| f%S
and {
S J} Sl N F 35
A2.2 P B P 3 P3

|
Then the ratio of neutral to charged mode is given by

2 oA
A2.3 R = So_ + FO_L
S: +P
or 2 )
o (et 2k y) (YT
2(1+ 2" +L«ﬁ()<+£13) + (x2+3127")
where
_ 5 R R T
X —zs; ) %3 —iﬁ_ an Z= ‘_TEF‘

|
A.3 The angular distributions

Assuming parity is conserved in the A production process
the A can have no component of polarizatién on the production
plene. Let us define "up" as the direction of the production
plane normal (the vector product of & unit vector in the beam
direction with a unit vector in‘the A direction).

The wave function for the A with spin up may be written



- bl -
wr = S#Y +P(FLY-T3pY)
and with spin "down" N
A3.2 .\Pdow: Sﬁ YZ +P(“/;'3/f Y}O.p \/%O( \{u )

where o( and B are the spin functions for the nuclear spin up and
down, respectively, S and P are elther SO, Po or S_, P_, and the

Y's are the first four spherical hermonics:
|

Y; T (L;FL) Yy

M7= (3) s "
Ylilz (égfc)lé'sm fs*er T

A3.3

where S* and yL* are polar and azimuthal angles of the decay p‘ién

in the CM system of the A as shown in Fig. 1k,

A 2

Beam X A T Seom A decay

—

Beam
[

(= pvoduc’ﬁom anqle)




- 62 -

The engular distribution of the decay pion from A's with

spin up will be

x a, ot ¥
A3.k4 ,IPuP ’II)U\,P= —"L}‘%‘P (l'l‘O(COSg )

or

A3o5

(é{) o+’
d<z), spmup 41

where we have defined
X
LRe S p

A3.6 0‘, = 57- _'_Pl

Likewise

(il_ _ |——0LCOS§*

d A Spim dou)n— 4

Now if we define the fraction of A's with spin up to be Fup

A3.7

and the fraction down to be

Faom =+ ™ Fup

averaged over all production angles (W, see Fig. 1L4), then the

average polaerization will be

A3.8 P = Fu.p - F&O‘vm

and therefore for the total sample we will have

- dT L = +*
43.9 PV Lm('Jr oL cos \

For the charge mode we find

A3.10 o <27 2 +42 (x+Yy) T XY
) 2( 14 2%) +242 (x4 21‘3> P (x*+2'Y)
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anavfor the neutral mode

| -2 (X+y) +A¥xy

A3.11 Oy =

|+ B =23 (xr 2y 2 (XY E)

where x, ¥y, z are as defined above.

Ak, Predictions of the |AI | = 1/2 Rule

Gell-Msnn asnd Pais (20) have suggested that there may be
a selection rule that the total isotopic spin chenges by 1/2 in
the decay of a'str&nge particle. For the case of the lambda this

meens x =y = 0,

Then
R =1/2
A1 and
Sy - RE
0 Ao = | + 2%

Tt is importent to point out, however, that R = 1/2 and

>
CMO/CM_,“ 1 are not sufficient conditions that th@BAIi“ 1/2 gmle

hold.
Let us consider the gquantities
o (1+2%) -242 (x+i‘g) +2(x2+£2qz)
2(1+2%) +2+2 (X t2'y) + (¥ 4y 2")
and
oo\ - l -\Y2 X "‘{z +’;1><
Ak.3 R(_&:) == \r 4 %

2 +{2 % +\(25 XY

Equation A4.2 can be written

 Due ) 2 [y (B[R0
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vhich one can see is a two-parameter family of ellipaesﬂin the
x-y plene. If R = 1/2 and 22 = 1 (parity non-conservation is

maximum) we have

(x-z)"+ (W-ﬁ)l = 4

A5

Equation A4.3 can be written

PH )] _
AL.6 [X+L(y+ 2.*(2 ") - (X ‘3) (\J 2/)2,
which is a oneuparan;eter family of hyperbolae on the x-y plane.

If r = 1/2
2
w1 (X+y *Zfz)l‘(x‘g) =

From Fig. 15 we see that, if o%(_ =1 and R = 1/2, we have
. >
restricted ourselves to the region x =y = 0 (’!31! = 1/2) or

X=y= 2-{;’; If 2;2 differs from 1, the circle will become an
ellipse with axes parallel to the x-y axés and still pa.ssing through

’chepoints:czy=0andx=y=2{_2—.

'3/“

-

43
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A5. Predictions of the V-A Theory
Okubo, Marshak, end Sudarshen (21) have stated that extension
of the V-A theory to the A decay gives rather uniquely for the weak

Interaction producing the decay
os Wy 6% 8 ()R Byl )
+ H.C.

where G is the universal weak~-coupling constant,’\PP, ’v)n’ ’\DA are
the wave functions for the proton, neutron, and A, and the 6,’3
are the well-known Dirac K 's.

Using the Born approximation the above authors show that thelr

postulated H_ (A5.1) gives

A5.2 x=y=2]2

Thus we see from Fig, 15 that V-A theory in lowest
approximations also predicts R = 1/2 and d%( = 1.

However the above authors also show that higher approximations
lead to slightly different predictions from those of the Born
approximation, and, although present experimental results are too
imprecise to decide between the V-A theory and the 'lea 1/2 rule,
guch a decision in pri_nciple coizld bé mede on the basis of precisely
determined values for R and d%(_.

It is amusing to note then that there i1s at present no good
reagon for preferring elther one of the two intersection points

of the curves in Fig. 15 as indicating roughly the relative

-> »
abundances of ‘ I \z 3/2 to “I = 1/2 participating in the A decay.
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A6, Phase space correction

Because of the difference in the masses of the decay products
for the two pionic decay modes of the A one expects that there
should be slightly different»amounts of phase space available to
the two modes. Indeed this is so; assuming for instance that the

-
\AI\ = 1/2 rule is correct we find that

R = .3390 instead of 1/3



Appendix B. The Determination of the Asymmetry Parameter of the
Neutral Mode
BO. As shown in appendix A the engular distribution of the x°

in the A CM is given by

) ¥
BO.1 ST%L* = if”n(‘f o(OFCOSZ )

vhere &a@j" - d*{fé d Cos 3*

We shall approach the problem of determining o| P first by
looking at the distribution of the gammas and second by ic»oking
at the distribution of the bisector of the angle between the gammas.

Unless otherwise indiceted the asterisk will denote the A CM.

Bl. Angular distribution of the gammas

In the following we shall show that the form of the
distribution for gemmas from the A is the same ss that for the
n°, with the asymmetric term being multiplied by a "washout" factor
which we shall calculate,

Let us first consider the general case of a distribution on
the unit sphere given by Fo( S)»’where Sis the polar angle and
there is no dependence on the aﬁimuthal e.ngle?] o R’ow let us
introduce a disordering proclefa;s D(@#); vhich is the pmbability
that ‘a point on %hé unit sphere will be \movedk to a peint within an
ares sinzadgid"l. , & distance ¢ away, i.e. a point at g, ‘Q

J

will be moved to 5 s nﬂwhere

BL.L (0§ ¢: cos { ¢os gl"‘ Sth S 21605(‘7“‘71)

- 67 =
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D(#) is independent of § and "] .

Then the diaorclered distribution can be written

ne F(30)= ffD(?f) (5')sm5'ds dy

where D(@) has the condi*bion that
T

T o I {
O 0O
Expand D(@) in texms of the Legendre polynomials

BL.4 D(¢)= 2 b PCCOS¢)

n=0
and use the addition theorem

P (cos;b) = B, (cosg)P (Cosg)
+2 Z (n-m: hlnhibiay iy (cosg)? (casg)cogm(v)yl

m=| (’n+’m

Expeand Fof g) in the Legendre polynomials

B1.6 F(g)— Z(,Ln (Co5g)

Then using the orbhogonality relations we get

BL.7 F(g 2r 2 Q“b“ P.“(COSS)

n=6 2N+l

Now we must find D(@#) for the case of gammas from the A. In

Bl.5

the CM of the A the n° has a unique veloeity, so D(f) is just the
probability that a gemma will come off at an angle ¢ f‘rom the line
of flight of the n°. Let us denote the velocity of the 7° in units
of the speed of light as B.

" let P be the momentum of the gamma and @ be the angle with

réspect to the line of flight of the n° in the CM of the n°. Let
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P* and $* be the corresponding quantities in the CM of the A.

2,-1/2

Then if 6’ = (1 = B%) we have from the Lorentz transformstion

P cosyﬂ ¥ 0 O PEJ P@5¢

P¥ sm g o | O Psm ¢
B1.8 0 1o O 1 O 0

. P¥ i 0 0 Y c P

Then we find

B1.9 cos;ﬁ = ,__,M
| - /5005

7_ Ay X
mo  SmPIP ///3605?“) snf"df

or

Now the gamms distribution is isotropic in the n° C/M

if the n° has no spin, i.e.

dlg 1
Bl.1ll1 ,J??’ = Y
Therefore (Bl

dT Ll |- = D( ¥
B1.12 4q (]—(&COS 9{&‘)1’ ¢ )

Now we expand D{(@#*) in the Legendre polynomials with interest

only in the first two texms
B1.13 D(¢*):%L( |+3V\/’%COS¢*+’~")

Inserting this expansion into equation Bl.7 we find

= ¥
BL.1k4 %—% = 'jﬁ[ | + WK O(OP COS gx ]
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where the "washout" factor WK is given by

B1.15 WK: %%1(%(%)*%%1)

e

For B = 0.61, we find W{; = 0.43.

B2. Angular distribution of the bisector of the angle between the

garmas

Analogously to Bl we find for the distribution of the bisector

-’
of the angle between the two gemmas, B, to be

_ L (1-pY) cosé
D(¢) T Sv9~‘¢(|_(31w§7¢)3/z ‘Qﬂ’¢ég

DIF)=0 fn $>Th

where § is defined by Fig. 16.

B2.1

]

Figure 16

Expanding D(@) in Legendre polynomials

e e L 11w eosd b ]

|
where ) S\ deX 3
23 Wy = “‘{5) (|_X1)I/,_(,_Fl)(z) 2%
0




- 71 -

Then

dT  _ = [ 1+ W d P cos *
B2k dLg LF"'( g Yol gB)

For B = 0.61, V(”’B = 0.82.

B3. We can now decide which of these two approaches yield the
most information. Let us look for example at the fractional
error in determining the average' value of cos S*o One can show
A CoS ¥ A2
NI 1A
Cos § ¥ A*N
viiere A = WP and N is the number of events. Taking as &

B3.1

reasonsble value forolF as 1/2 one can see the bisector method

is more accurate by a factor of about+4 2. It is clear that the
latter method should provide more information since it takes into
account the correlations of the gammas in pairs, whereas the former

method treats all gemmas independently.

B4. The above distributions are given for the A CM and the
distributions in the LAB are in general moxe cdmplica;ted éince
the Lorentz transformation is not inciependent of 2 and TR o
Moreover, since in the xenon chamber one cannot infer the momentum
of the A from the gamms rays alone, because their energies cannot
be determined, one camnot transform into the A CM.

The projections of four-vectors onto the plane perpendicular
to the line-of-flight are however inverient under Lorentz trensforme-
tions of the vectors in the direction of the line-of-flight. Let
us choose a new coordinate system sc that the new azimuthal angle,

’? , lies in this plene as shown in Fig. 17



0ld system -

New system
Figure 17

Then still infthe CM we can write
dL . 1 T~ o PCOS 9‘)
Bl.1 ﬂg( y3 ] ( | + I Wy Ao P .4)3(
and |

dI L T p *
Bl.2 df,YBx = ln('+ qwédoPCOS IPB)

In the first case since the gammas are four vectors we can

write also for the LAB

8.3 d\}’g:y m[ 1+ 3 T o(Pcos‘P )

For the bisectors no such simple relation exists. Indeed
if A*, u*,))* are the direction cosines of a gemma in the CM on

the x', y', end z' axes, respectively, then

)*+?\

p.y  COS \J(

'\/()\ +A* +(/u| %3

| The direction cosines transform as
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e (V) (1Y)
wy M= (f*/g)/(l‘{”)
(y~p)/(l» 22

B5, Error in azimuthal distribution
Suppose we wish to determine A = %Wgﬁ from N evente say in

formala BL.3 above, then the "S ﬁmcmon" (17) is

cos VP:
. AA :
B5.1 é(A § l*ACOSq)L'

1 -
YRS Q@ﬂ”ﬂ” ] *
B5.2 v Lan ] |+ A cos ¥

where

_ -z
‘«m[ A< |

/\\ﬁA




Appendix C. The Mass of the =n° from the Decay of the A

Cl. Derivation

By application of the Lorentz transformation to a n° whose
momentum and mass are designated by P o 8nd M o, respectively,

one can show that
x Peo -
cL.1 cot 2 - sm
M °

whereX is the angle between the gemmas from the decay of the =°

in IAB and Ot is the n° CM decay angle, as shown in Fig. 18.

5,
g no / [ 0
Y S / N .’t
T CM 7( LAB
X; Kz

Figure 18

Application of the Lorentz transformation to the A decay gives

o (o5 G = G (P05 + £ E7)

cl.2 . o X o ' 6.)(

o Slm = m 0

ﬁ_, S Qno P*s it

where B is the velocity in units of the speed of light of the A in
~ 2,-1/2 o

the LAB and [, = (1 - B,°)™/". o ,and 6% are the angles the x

makes with the A line of flight in LAB and A CM, respectively, as

shown in Fig. 19.
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ACM A LAB 7
Figure 19

Then 21*7_‘ ¥ ¥ ¥ 1¥2_2*2¥2
s - K;\ [[3 +3&P E cosén,,—E\P sm@r‘o%t‘ J

One can easily show that equation BO.l can be written in
the coordinate system in which 6% is the polar angle and "#’ * is

the azimuthal angle as

4L
JasbFdV* = el vtP os ¥sm e

Integrating over‘fl * we get

) * -
d cos Go A
Since the =n° is presumed spinless we have also
dT 1
C1.6 _— =
d cos & 2

Eliminating P:t° from equations Cl.1l and Cl.3 and averaging

over d , 6% and BA we getb

——

L)

2 NS
o %cotlf= 7‘\}0[ ﬁ\K+ ]+g\/\
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Noting that
c1.8 ‘I;: Rﬁ/\ M/\ and E/\:&AM/\

where PA’ EA and MA are the momentpm, energy, and mass,

respectively,of the A; we find then

P¥2 %k Cotz-—)z-(— - PAZ/M/Z\V

c—

C1.9 mz - —
o R/ m
Finally using the fact that I,

I L ]
o M= (PPEEME) T (PF e M)

(Note that P¥ is & function of Mﬂ.,o)
we can express the mass of the n° in terms of measurable

quantities * 2 | /2_
an Mg = M1+ == Knl)) ( PM )

MN is the neutron mass.

C2. Skewness correction for cotax /2
In calculating the average value of cot )C, / 2a correction
must be made for the error in measuring X let us suppose the

error in measuring} is 6 s then

c2.1 %measured = }// t 6

To second order in €

Coch( U) = cot 5 X GCOfY CS(”L){J,-e (L{Hou/
+ ¥ co#y)

c2.2



Avereging over all measurements we expect

2.3 E= 0

and

cot’ y+@_€2( BA/C_(EIW_>

2

n———

ca.k Cotzlzé ,_\_/
| + €*
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Fig. 20. Photograph of "Complete" Neutral Decay.



Appendix D. Search for "Complete" Neutral Decay of the A

No clear cut cases of interactions in the xenon chanber of
the neutron from the decay of the A were found in pictures
containing a charged Ki mode and two associated gamés (ABD
events), although each picture was carefully scanned. However
one event was discovered, more or less by accident, of the AD
type for which the neutron apparently interacted and the K{
decayed neutrally. This was frame number 115,441, shown in Fig. 2£0.

The interpretation of this event is shown in Fig. 21.

>R
I

‘6

\7

Figure 21

where the stations denote the following occurrences

1. n° (1.1 Bev) + xe -=» .° + K° + residual mucleus
PRI K + A°
2. G' converts
. Ki -> 1° + 1° (3 of the 4 resulting gammas convert)
A° -=» 1° +n
. and 6. The two gammas from the A convert

. N+ xe =-» p + residual nucleus
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From measurements of the positions of points 1, 4, 5, 6
and T, and g;yen the masses of the A and the neutron, one can
compute the mess of the 7°. This is possible because the direction
of the #° can be determined by the intersection of the plane
defined by 4, 5, and 6 with the plane defined by 1, 4, and 7. That
is the intersection of the decay plane of the n° with the decey
plene of the A.

One cen show:

(B2-4AC) 2 - B 1"
"ot [ 24

Dl.l

where

A = (a2 + 1)b° - &

B = h(a2 + l)Mi - 2C e®

. sim,z(‘;b.f‘t;)
7 [(sind,rsm$)* - sm?(¢+4.)]

b? - .:i!iizééﬁ. (1}3

Sun leYL
2 .
¢ = 2, 2z SVT\éan' + 69 - I

and where ¢l, ¢2, o, and 0 are defined in Fig. 22.

Figure 22
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The two stereo views of this event were measured five
times, giving ° mass values of 128, 108, 148, 116, and 133
Mev,

The average of these values is 127 T 6 Mev. Systematic

errors were not taken into acecount.



Appendix E. LISTS OF EVENTS USED IN THE BRANCHING RATIO

ABC events, Part I.

X

Frame PA L.A. | wA GP,A PK; LKe UJK? 915 Kol
4348 220  3.9%  3L.1 61 420 3.7+  52.3 27
9029 605 10.50 344 112 620  4.90  26.5 61
9655 290 6,01  93.1 = 128 4o 1,01 18.0 86
10121 260 scattered 41 320 1.1k 147.7 67
10655 1040 L4k 10,4 75 180  0.95 30.k4 58
11832 430  3.65 5.9 57 225  1.32 101.4 55
12662 400 4.8k - 5h.k 15 250  0.9%  67.9 59
13422 450 k.15  Lhh.2 130 500 1.36  25.1 39
15401 540 8,80 - 17.1 136 220 3.1 80.2 43
17538 . 365 6,41 12.7 127 360  1.k45 50.8 iy
19737 540  0.68  30.9 110 310 1.51  65.9 85
21006 410 1,98  63.1 84 430  0.53 5.1 72
22215 250  0.9% 8.7 56 385 0.69  T2.4 72
22533 650  0.86  18.4 35 320 6.09 20.9 7
. 23364 b0 3.Th 50.h4 104 780  0.59  32.1 51
23432 520 2.2k 24,1 64 310 0.57  66.8 70
26311 450  0.92  86.6 115 340 3,01 9.k 76
27324 500  1.9%  25.8 86 215  0.57  70.2 86
28556 590  2.64  L40.3 150 koo  0.64%  Th.6 70
29333 980 3.20 40. 4 29 200 0.83 39.6 80
39660 180. 0.75  20.9 73 780 2,09 k.5 57
39882 770 3.45  48.5 116 300  0.69  31.7 89
39898 240 1.7  61.0 97 230 0.75 123.7 75
41301 570 3.05  32.8 68 190 1.91 112.h4 75
42184 480 2.35 31.7 32 510 1.51  6l.2 80
43055 610 1.98  28.4 Lo k7o L4.78  13.2 83
50456 300 2,40  68.3 12k 550  1.97  19.6 73
51870 460 2.66 23.7 104 430 3,55 32.1 39
51975 590  2.70  2l.1 T1 160 1,58 97.3 88
53658 415 scattered 71 260 2.83 22.2 73
55906 355  1.09 18,5 = 116 460  1.hh  63.k4 83
57303 610  k4.39 31.k4 iTy) 580 5.94  15.6 85
50541 840  3.87  18.h 93 410 0.95 50,0 55
5057 250  3.23  6l.9 80 280  3.10 146.9 63
60879 870  T7.98  10.9 5k k10  0.78  33.7 25
61458 590  3.2% 28,0 85 580 10.17  2k.9 78
62253 230 0.61L 92,5 = 67 340  1.1%  30.k4 89
64511 510  1.60  19.7 36 580 1.1k 12.2 48
66501 520 2,11 12,7 88 650 0.96  18.5 66
67634 600 5.16  48.6 88 200 1.06  T78.1 T3
68417 540 2.45 © TT.5 102 650 1.kl 47.9 73
71029 490  0.90  65.1 31 460  1.14% 82,k 83
71469 275  1.76  43.6 110 260  1.8%  91.0 61
74985 550  1.21  1k4,0. 100 580 2,75  1hk.7 90
75718 640 1.69 7.3 8L 270 1.58  27.5 62
77638 1090  3.91  32.5 52 500  1.23  36.3 87
81591 230 1.16 33.3 108 750 3.71  16.3 33
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>
Frame PA LA w A 6 p,A PK° I‘K" Y, x°
82767 700  5.85 9.4 165 190 0.50  89.9
83416 460 2,38 9.3 57 380 k.27 127.1
84008 - 340  3.58 1LkB.k 102 500 2,02 22,9
1.83 k0.7 99 W60  2.92  27.7

84126 L8O



- 8L -

ABC events, Part II.

o o o (-3 -3 E- o o
OV ONE Ul —3 00 00 WO W1 U1~ OO o Oh

A , §
Potential d otential

Frame By L\ pan o A B,,a P IyoPetn Wy
088319 750 1.3l 15.21 5.5 98 T20 1.62 15.13 2.9
088508 740 9.08 11.56 9.8 69 180 2.91 11.72 78.9
088509 250 3,90 21.88 12.4 85 300 2.85 23.56 10.6
088601 500 2.79 19.07 62.3 87 280 1.32 1l.h0 70.5
089321 250 2,65 16.33 164.2 35 330 0.70 T.74 50.8
08979k 750 6.34 8.16 23.1 120 240 4,97 5.77 108.%
092872 1100 13,37 18.73 11.2 107 270 1.17 21.82 Lk4,0
096876 270 2,90 10.53 66.7 108 8k 5.30 13.9% 8.
097063 390 1.43 12:07  27.2 112 760 3.5k 11.37 18
097840 550, L.kl 16,38 60.8 105 360 6.5L 11.37 LS.
099001 500 “{1.26 21.34 83.3 83 150 1.59 23.72 12h.
099655 800 5.71 20,71 20.1 16 640 0.73 22.25 30
101202 810 8.k2 16.76 40,3 43 270 2,50 14.05 k1,
102465 370 467 13.92 T5.6 F6 505 1.hL - T.67 35
103873 660 5.15 26,71 28.2 42 L4k 3,31 24,05 12
10777+ 490 6,15 20.05 47.0 135 520 12.37 18.97 L9
108103 560 L.48 18,56 11.9 56 390 0.70 9.11 86
108567 190 1.75 9.60 32.8 69 200 1.39 15.76 89
108839 Lo 1.25 15.93 8.2 78 53 1,03 16.82 9,
110004 590 1.43 5,00 29.0 136 680 3.16 L,54 2k,
110852 890 10,23 16.52 22,2 78 570 1.32 16.8F 23

- 111916 375 0.71 16.63 67.h 69 Llo 2,02 16,05 52,
112059 680 2,41 8.72 9.0 87 450 3.60 8.77 27

- 112110 250 1.64 12,14 T71.1 L5 270 3.06 11.39 L5,
112647 280 2,23 14,10 50.2 112 470 5,26 11.17 63
113887 500 1.12 2,13 25.2 95 T30 1.39 1.94 1k,
114503 660 T.64 15.49 29.3 105 T30 5.25 21.26 L42.2
115971 530 T.53 19.0% 41.6 102 k460 2,16 15.68 43,8
116580 560 0.55 13.82 L4o.6 116 620 k4,55 17.13 38.1
116779 280 k4,02 4.78 L44.3 87 670 2,890 5.60 24,2
1187¥2 260 5.69  7.99 L43.0 124 530 L.4T 9.46" 65.9
120258 520 1.80 15.60 29.4 46 634 1,08 11.99 26.9
121400 420 . 1,43 8.26 73.9 85 290 3.43 14.83 L40.7
122063 570  1.47 11.7L 33.8 77 T20 1,07 15.11 30.2
124106 200 1.10 17.13 31.6 45 210 1.74 8.67 107.3
128182 880 1,18 10.11 17.1 47 hko 3,22 11.43 39.2
128540 200 0.79 16.84 37.k. 84 810 0.85 13.99 37+3
129043 1110 1,50 23.44% 7.7 62 210 5.59 16.85 67.k
129228 340 3.76  6.35 51.8 67 650 1.3l 5.77 37.3
129707 650 2,50 11.68 53.2 110 550 2.28 T.40 39.k
13072k 630 2,20 1l.1% 29.9 - 128 U465 2,56 15.26 10L.k4
134718 350 2,97 9.96 150.6. 145 T00 4,06 13.76 26.5
1364518 620 6,91 13.14 29,4 T2 320 L.,12 17.35 22.2
137873 740 9.29 19.27 11.5 70 280 2.80 6,52 113.3
139599 485 L.67 15.65 L46.5 73 690 0.86 16.09 1k.6
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ABD events, ?arts I and II.

€
Prame  PBeo Lo WG 4 X D D L L, L W,
9707 520 2.97 L5 L7 1.36 86 1.19 3.97 2k.4 k.6 k46 24
19742 430 3.91 63 82 0.50 103 1.78 1.83 16.2 13.2 1.1k 126
23397 690 2,21 10 61 0.8 77 2.3% 3.99 9.9 14.9 0.81 59
36076 340 3.96 66 47 1.07 128 11.66 1.05 12.4 9.7 2,16 T4
LO2T0 £°630 1.1 6 T7 0.19 163 0.66 1.25 6.7 13.7 6.80 78
54649 650 1,06 20 80 0,13 T6 6.07 8.21 12.7 17.6 6.88 15
59899 310 0.54% 50 T& 0,02 90 9.95 6.40 11.0 8.5 L.59 49
63285 430 3.47 T3 L1 0.09 147 1.01 0,19 13.8 7.0 3.70 100
65970 500 1.21 37 46 1.22 86 5.35 5.76 8.1 8.2 3.77 85
67994 210 1.07 33 66 0,60 141 1.77 10.77 6.5 6.0 0.85 L1
722hk2 220 1.25 16 43 0.61 69 3.98 L4.78 10.9 8.5 1.87 10
TH291 _ 195 0.53 67 40 0.32 106 12.19 0.7h 10.9 L9 1,10 87
» T664 2°630 0,81 46 34  1.92 130 5.57 13.90 7.8 k.3 3.93 Th
77818 170 1.36 155 52 0.33 69 2,60 0,77 18.9 15.5 2.25 T2
83858 380 2,14 L4h 77T 0.32 T2 0.54 10.82 1hk.k 16.9 0.61 9
* 87048 44O 1,51 50 48 Dalitz pr. 4.7 O  13.4 9.6 5.52 L2
8846T 300 2.79 Th TT 0.01 T9 0.55 3.31 8.5 19.6 0.79 49
89784 450 3.65 45 67 1.16 130 9.35 0.07 8.7 13.3 1l.hbo 67
93400 710 3.45 35 27 0.42 109 7.32 4.55 13.8 7.9 1.54 52
94908 240 1.67 97 52 0.31 100 1.21 §x05 5.1 20,1 0.2k 62
99237 °450 5.57 125559 0.05 90 1.28 T.54 13.7 11.9 1.17 36
101239 390 1.h0 13% 88 0.43 148 5,12 5.45 11.3 6.0 T.43 30
103521 420 1.56 64 48 0.38 125 3.06 1.63 11.2 19.0 0.99 43

105243 380 2.48 165 28 0.65 130 6.49 0.62 8.6 55.0 2,03 38
* 108197 2°260 2.7L 55 65 3 gammas: cannot pair up

108619 310 4,03 121 48 0.6 80 3.66 2.50 1k.7 17.5 1.02 80

111093 390 0.65 69 T9 0.02 90 L4.59 5.10 11.6 15.3 0.96 27

% 115228 820 1.49 16 86 one gamma ill-defined 14.0 H#.8 1.49 40
116671 300 1..I10-62 15 1.13 111 0.79 13.k9 17.8 21.0 2.40 81
127291 790 3.35 2 66 0,04 94 1,51 3.54 11.3 18.9 0.48 111
128568 500 1.42 70 T2 0.1% 59 L,73 8.63 26.4 6.4 0,83 TO
129418 300 0.96 60 59 0.23 130 2.57 1l.72 20.8 10.6 1.98 101
131526 640 0.94 44 88 0,01 69 6.38 5.71 7.2 8.2 3.67 30
135797 330 1.35 18 66 0.23 87 2.85 5.18 17.3 13.3 1l.h4 102

* 136620 Y730 0,88 86 53 2.19 91 2,41 10,11 7.7 1k.T7 3.29 78

% = Not used for ;° mass determination

2° = Three assoclated gammas, believed to be a case of a neutrally
decaying L°.
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