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DECAY MEASUREMENTS IN EMULSION
ON PARTICLES OF NEGATIVE STRANGENESS

Walter M. Barkas, John N. Dyer, Conrad J. Mason,
Norris A. Nickols, and Frances M. Smith

Lawrence Radiation Laboratory
University of California
Berkeley, California

May 2, 1961

ABSTRACT

We r#port the results of our program of measurement on decay
processes of K mesons, A hyperons, and charged I hyperons. Experi
mental and analytical techniques are outlined. The abundances of the K -meson
decay modes were found to be sz‘ (56.5 £7.3%), K’A' (9.5 £4.3%),
sz- (26.326.6%), v (0 + 2.1%), 7'~ (2.8 £ 2.4%), and Kas" (4.9 £ 3.2%).

The ﬁaean life of the K™ meson is 1zsfg‘;‘.‘} X 10"8 sec. Measurements on

116 A-hyperon decay events in two emulsion stacks determined the A-hyperon
mass to be 1115.36 £0.14 Mev, using 938,213 Mev and 139.59£0.05 Mev for the
proton and pion masses. The Q value derived from these masses is 37.56£0.13
Mev. In an analysis of about 200 hyperfragment decays, no leptonic modes of
bound A hyperons were observed. Some 390 charged ZX-hyperon decay events

0

were studied, The proton range from the mode X' - pt 7 is 1677.523,2y, cor-

responding to a2 momentum of 189.01 £0.20 Mev/c ' The mass of the b

hyperon from this measurement is 1189.33 £0.22 Mev. From the decay mode
+
z

of 184.44 £0.05 Mev/c, and a ' mass of 1188.7580.5¢ Mev. If the mass of

-n+We v+, the =° range is 92.48 £0.49 mm, corresponding to a momentum
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the neutral particle in the proton decay mode is considered unknown, these
measurements imply a mase of 134.021.0 Mev for it, consistent with the

+0 mass of 135.0 £0.05 Mev. Studies of the hyperon mean lives gave, for the

z? hyperon, eiszfg:égxlo‘w sec, and for the X~ hyperon, l.?ng:gg x 10710 gec.
Reasons for experimental biases that have aﬁected some emulsion measurements
are discussed. The dbranching ratio st. (p + 'no) / (au =t decay) was found to

be 0.5020.03. No example of the decay mode - p + Y was found in a sample

of 95 zt - p decay events. No zt leptonic decay events were observed
among 129 at decays, nor any E ieptonlc modes among 67 v~ events. No
up-down decay asytmnetry' wag detected in any mode for charged hyperons

emitted from complex nuclei in association with a charged pion.
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ON PARTICLES OF NEGATIVE 8TRANGENESS

Walter H. Barkas, John N. Dyer.' Conrad J. Mason.x
Norria A. Nickols, and Frances M. Smith

Lawrence Radiation Laboratory
University of California
. Berkeley, California

Ma}' al 1961

I. INTRODUCTION

During the past few years we have exposcd several large emulsion
stacks to K meeons.

Those K~ mesons that do not decay interact with nucleons, producing
either £ or A hyperoms. The hyperons, in turn, decay or interact. Much
valuable information about K mesons and hyperdno can be gained by ob-
serving their decay behavior and their interactions.

This paper {5 mainly devoted to the analysis of measurements we have
taken on decay events of these three typee of particles.

The studies began with the creation of the first copious beam of
negative K mesons, l_ Additional data were collected by using several other

3

beams, to which a number of stacke were exposed. 2. For the analysis, auto-

a. %7 aleo during

matic equipment and data-processing systems were develope
Y this period, the scanners—who deserve much credit—developed skills and
techniques that were essemtial for the more difficult parts of the work.

The data were obtained from the four emuleion stacks listed in Table 1.
Igformation regarding the beam to which erch was exposed is included in the
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Table I. Emulsion stacks used for strange-particle decay measurements

Stack Emulsion Kemeson Stack
type momentum dimensions
(Mev/c) {in.)
‘ 1U G5 | 300 120kpellicles
} 600 p 3x6
2B G.5 300 240 pellicles
600 p . 9x12
2D K5 430 : 108 pellicles
600 p - Ix6
A K.5 | 430 . 216 pellicles
' 600 p 6Xx9

A feature of the 1U and 2B stacks was ﬁhat they were exposed to a
K-meson beam that had been deflected through 180 deg. The stacks were placed
aldng the 180-deg focsl line. Under these conditions, the mesons entering the
stack at & given point all had nearly the same momentum. Mesons of different
momenta, of course, had different radii of curvature, but in a pellicle they
came to rest along a line with little straggling. This fact was utilized té
establish most accurately the velocity of mesons that decayed in flight, the

residual range being the most reliable means for estimating it.

«y

-
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II. MEASUREMENTS

A. Density and Thickness

The density of the emulsion in each stack was determined by weighing
pellicles—or, in some cases, pleces cut from pellicles~in air and in carbon
tetrachloride. Original thicknesses were then calculated from the density,
weight, and area of .each pellicle. These methods are described in more
detail in Refs. 4,5,8, and 9. |

. B. Jonigation

A special microécope with a moto:-driven stage and an electronic
data tabulator was built to aid the ionization measurements in this work.
With one traversal of the track, this device tabulates the blob density,
density of gaps greater than a preset length, and the lacunarity (or linear
transparency). Tl;-us device {8 deécribed more fully in Ref. 8. Decay secondaries

that left the stack or interacted in flight were blob-counted for at least BO counto

- near thelr termination in order to determine their momenta at the decay point.
-A calibration of blob density as a function of residual range was made for

tracks of stopping ¥ mesons. The minimum blob density in each pellicle used

for counting was established from necondar_iea of the identified two-body decays
near their decay point. A dip-angle correction &ao applied to all blob counts.

For particles with velocity parameter £ less than 0.4, lacunarity was
chosen as the measure of ionization. Nearly all the charged hyperons that decayed:in
flight, and some of the decaying K mesons, fell within this velocity region.
Calibration curves were established inthe A and 2B stacks by using K mesons,
protons, and hyperons of known velocity. Appropriate corrections for dipping
tracks were derived and verified. The effects of nonuniformity of development
were eliminated by calibration and by counting track segmente through the whole

pellicle thickness.
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C. Range
All range measurements on tracks whose ranges exceeded 1 mm
were performed on an automated microscope apecifically designed to facilitate

4,6 The ranges were calculated

such measurements in large emulsion pellicles.
from coordinates of points on the tracks that were read out on IBM cards.
Periodicity in microscope lead screws does not permit precise measurements
of ranges lecs than 1 mm--a calibrated reticle was employed ae a substitute.

The method of range rectification was based upon the coniren_tiona adopted
by Barkas et al. to establish the range-energy relation in emnlsian.‘g

Before any measureménts were taken in a particular pellicle, ite
thickness was determined at a standard reference point. Comparison of
this value with the original thickness allows an evaluatiaﬁ of the .ahrinkage
factor to be applied in the aubéequont range calculaiiom.

8ince the range~energy xelatioxi was established for emulsion with the
standard density 3.815 g/cc, corrections were applied to ranges measured in
emuleion of a different density.

The statistical errors predent in the range measurements are range
straggling and measurement error. The magnitude of the former is well known

10, 11 Measurement

for emulsion and hae been evaluated as a function of velocity.
errors are described in subsequent sections of this paper.

Various syetematic errors are inherent in the range calculations, primary
among these being the errors in measured emulsion density and in shrinkage
factors. The uncertainty in density, though small (% 0.1%), is reflected almost
directly into a range uncertainty of the same order of magnitude. An un.

certainty in the shrinkage factor produces a range error difficult to evaluate
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generally because the magnitude of the error is dependent upon the geometry
of the track., On the assumption that the exror in shrinkage factor was equal
to its experimental errcr of £17%, the range orror was calculated explicitly

for each track~no generai evaluation was attempted,

D. Angles

The space angle between the directions of two tracks was computed
from the projected angle between them, and from their dip angiea. Statistical
errora iri projected angle measurements arise from multiple scattering of the
particles, from observer errors, and from granularity. To minimice the
error caused by small-angle icmcringa near the origin of the event, the
shortest length of track consistent with obtaining a reuable. measurement was
used, in lieu of a rigid convention. Using two independent observations of each
event, in A-hyperon deca'y; for example, the projected angle was measured
with an obsexver staﬁda.rd deviation of 0.2 degree. The statistical error on the
dip angle arises chiefly from observer errorse Qnd must be estimated for each
case gince it varies with dip angle. The.on'ly systematic error in the space angle

originates in the shrinkage-factor error of & 1%.
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Hl. K -MESON DECAY

A large sf;ack. the 2B stack, was exposed for the study of K -meson
decay. Along-the-track scarmi'ng provided a sémple of decay events with
minimum bias. Tracks found at the entrance edge of the stack, with the
proper ionirzation and direction for a K~ meson were followed to their termination,

Of the 2582 certified K~ mesons followed in the 2B stack, 2156 came to
‘rest and interacted, and 426 made stars in flight. Of the in-flight events, 48
had one lightly ionizing secondary with no blob or Auger electron, and were
classed am’i decay-like evente; 38 had no visible sscondary, bléb, or electron,
. and were called disappearances in flight. Each of the deeay«!i-ka evéx_:ta whose
secondary could be 2 pion ie 2 possible K -meson interaction in flight, and
each of the disappearances in flight is a possible decaylike event with an undi§~

covered near-minimum secondary.

A. Decay Modes

Because of the momentum gradient and low dispersion of the beam,

there is a well-defined mean stopping line for K~ mesons in the 2B stack.

‘This line was determined graphically by plotting the intex_«'actian point of each
| stopping K" meson on a graph-paper representation of the grid, ten times actual
size, These points lie along a straight line, as shown in Fig. 1. The lines on
either side of the mean stopping line are standard-deviation lines which enclose
68% of the interaction points. The residual range of a decaying K meson is
then the distance along the beam direction from the decay point to the mean
stopping line, with a standard deviation given by the distance from the mean
stopping line to the standard deviation line at that point. This determines the
momenta (with standard deviations less than 10%) for K mesons with residual
ranges greater than 5 mm. Ionization measurements were used to determine

the residual ranges of mesons that decayed within 5 mm of the mean stopping line,
The kinematice of the decay of a charged particle into one charged and

one neutral particle are described by the relativiotic invati_am



)

-10- UCRL-9689

E\E, - F|P,

cos 0=C, G=1/2 (0% + M2 - M Py,
where the subscripte 1,2, and n refer to the primary, the charged secondary,
and the neutral particles, respectively; & is the laboratory-system angle
between their directions; E is the total energy of a particle; P is its
momenm; and ¢ is the given function of the masses of the three particles.

o A program was written for the IBM 650 computer which determines,
from the angle measurements, the space angle and its total error. From
this space angle, the K-meson momentum, and the error on the K-meson
momentum, the computer determines secondary momenta for given decay
modes, together with their total erroxrs, For three-body modes it computes
maximum secondary momenta. The modes consistent with each decay-like
event were found by comparing these secondary momenta with the momentum
computed from the fonization or range measurements on the secondary, for
each poseible particle identity. Only the modes established for K* mesons
were considered, 12,13

Nineteen of the secondaries were identified by terminal behavior or
scatterings in flight. Four of the secondaries left the stack a short distance
from the decay point—with ionization near the plateau<and, therefore, could
have been electrons. All of these were too steep for multiple-scattering
measurements, Many of the events are consistent with more than one mode;
and each event whose secondary could be a pion is possibly a nuclear interaction.
To determine the distribution of the decaylike events among the modes

couuidered-ﬁyz. K. K 3 K 3 7', and nuclear interaction—we derived a

probability m atrix P, of which an element Ptj gives the probability that
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171§

th mode. The P, were determined 2s follows: Momentum probability
4 ij

distributions, Pij (p), were calculated for each possible identity of the ith

the ith event belongs to the jth mode. Then I P,. is the population of the

secondary, and, therefore, mode of the eventefrom the ionization or range
measurements made on cach gecondary and from their associated errors.
The K-meson momentum, the space angle, and their associated errors
provide a second set of probability functions, Fij(p" for the secondary
‘momentum of the ith event, assuming each possible mode. For events whoase
secondaries are identified, there are at most three possible modes, and the
-Pij for these are equal. In this case |

P = inj Fii:ip
ij _ ,
% ey Fyyde

and the Pij for modes with other secondary p@rticleo are set equal to zero.
Secondaries that were not identified left the stack after traveling a
éista;;ce x, withouz undergoing an identifying interaction or decay. The
probability that a pion will survive a distance greater than x without suffering
an identifying interaction or decay is exp(-x/X\ ), where \_ =30 cm is the
pion mean free path in emulsion for interactien or decay. Since the mean free
~ path in emulsion for a muon to scatter more than 7 deg is 186 m, 14 this possi-
 bility is negligible; but ) ' 18 m: .. may be retained as the muon mean free
path for interaction. Finally, an'ele.ctmn is recognized by its characteristic
rate of radiative exicrgy loss. The radiation length in emulsion, X, = 3.0 cm,
was taken here as a mean free path for an identifying energy loss by an electron.

Thus we have characteristic lengths, kj. for each mode., With this information

the complete expression for the Pu is
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exp(-x,/ M) J Py Fyy dp

=

Y g emplex/N) [py Fy dp

..

These F‘j .are presented {n Table 11,

The iategrals in the expression for the Pﬁ were evaluated graphically,
with the ij for two-body decays élotted as normal probability curves and
those of the three-body decays approximated by triangles with maximum
probability at 2/3 the maximum momentum. The spectrum iy used for the

i1

% from nuclear interactions in flight, is that shown in Fig. 2. Eisenberg et al.

have calculated the spectrum of #~ expected from the in-flight interactions, 15

K +4n -9 ¢+ A,
- n 4 20 .

for pion energies up to 100 Mev and for K -meson energies from 5 to 150 Mev,
taking into account scattering of the pion in the nucleus. These curves are
roughly the same and agree with the spectrum of pions observed by Eisenberg
et al. The curve used hers, fig. 2 is their curve for A w-production plotted
against momentum, and is made to decrease linearly to zero at 395 Mev/c, the
maximum pion momentum obtainable at the K -meson ene rgies under consideration.

‘rﬂa spectrum {(Fig. 2) was calculated for all interactions in flight, and
may not be correct for decaylike interactions, as it might be expected that the
pions from them would hﬁv’e scattered less within the nucleus and would leave
the nucleus with greater energy. However, Hisenberg ot al. find that the pions
from events in flight with no stable prongs seem to have the same spectrum as
thoee from all events in flight, which would indicate that they do scatter as much.ls
The decaylike interactions in this study are also consistent with this assumption,

although not enough data have been obtained in either study to determine the pion
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Table II. Probability distribution of decaylike events

Event sz KH3 K“_2 K"?’ Ke3 Interaction
1 1.00
2 1.00
3 1.00
4 v 1.00
5 0.98 0.02
[ 1,00
7 0.71 0.29
8 1.00
9 0.83 0.17

10 1.00

11 . 0.62 0.38

12 0.91 0.09

13 0.93 0.07

14 1.00

15 0.98 0.02

16 0.84 0.16

17 0.89 0.11

18 0.86 0.14

i9 1.00

20 1.00

21 0.91 0.05 0.04

22 0.99 0.01

23 0.75 0.25

24 0.99 0.01

25 0.98 0.02

26 0.93 0.06 0.01

27 0.99 0.01

28 0.88 0.12

29 0.60 0.23 0.17

30 0.99 0.01

31 .0.89 S 0.11

32 0.7‘4 0.10 0.13 0.03

33 0.47 0.45 0.08

34 0.96 0.04

35 0.65 -.10 0.17 0.08

36 0.14 0.52 0.17 0.17

37 0.88 0.01 0.07 0.04

38 0.81 0.12 0.07

39 0.93 0.07

40 0.78 0.22

41 0.19 0.69 0.12

42 0.81 0.14 0.05

43 0.66 0.08 0.06 0.13 0.07

44 0.60 0.17 0.04 0.19

45 0.85 0.05 0.01 0.09

46 0.34 0.49 0.17

47 1.00

48 0.57 0.32 0.11
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spectrum of decaylike interactions. In oi'der that the effect of this spectrum
on the final resulte might be seen, the Pij were determined for an extreme
case~a uniform spectrum from 100 to 400 Mev/c. This yielded a total of
17,53 interactions among the 48 decaylike events, comparsed with 12.78 for the
spectrum used. Eisenberg et al. have analyzed K -meson—nuclear interactions
in flight which have a blob and one plon secondary, and find that 70% do not fit
the kinematics of either of the two«body decay mnées. 16 Nine of the decaylike
events in our study were not consistent with any mode, from which we would
predict a total of 12.9 dacaylike interactions if the ratios are the same for
events with and without blobs. |

The decaylike events are not an unbiased sample, because the secondarico
missed are most probably those of the more lightly jonizing two-body modes.
The efficiency with which the ecanners detected the electrons from muon decays
was determined previously to be higher than 95% in pellicles with a minimum
blab density near that of the highest in the 2B wstack (19 blobs per 100 k).
However, three factors act to leesen the efficiency S.n finding the secondaries from
decaylike events: (a) the scanner knows there is a secondary from the muon
decay, but the K meson in flight may or may not have a secondary, (b) the
decay point of the muon is well defined, whereas that of the K meson in flight
may be several microns from the last blob, and (c) the electron from muon
decay is at plateau ionization, which is approxirmately 15% above minimum,

Oe estimate of a lower limit to the number of missed decay secondaries
may be made from the angular distribution of those detected, Figure 3 shows
the distribution of the cosine of the angle between the K meson and the secondary

in the center-of-mass system for all the probable two-body decays. These,
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of course, would be expected to be isotropic, and decay secondaries missed
would most probably be those of K!l?-} or K“z. because they contribute the
majarity of decays and théir secondaries are lower in ionization. Eight
ﬁeeaya added in the r’egion +0.5 < cos 9 <0 would make this distribution
consistent with uniformity. The secondaries in the region -0.% <cos § < 0.5
are those most likely to be missed because those with cos 0 lesa than -0.5
will be emitted more slowly in the lab system and hence have a higher grain
density, -whereas those with cos @ > 0.5 will tend to be flat,

- Figure 4 shows the dip-angle distribution of those secondaries emitted
with a ¢. m. angle between -60 deg and + 60 deg. Again, within statistice, we
would é;tpect an even distribution from -90 to + 90 deg., Although there are
fewer Qvénta in this group, a definite bias for detecting secondaries with dip
angle.a between +30 and -30 deg is evident. Here too, app.réximately eight additional
events with dip angles steeper than 30 deg would be required for axial symmetry.
As mentioned before, these estimates would be lower limits to the number of
missing decay secondaries, as théy are made with the assumption of 100%
efficiency in detecting secondaries emitted with a c. m. angle greater than
120 deg or less than 60 deg.

An estimate of an upper limit to this number may be made as follows.
Thirteen decaylike nuclear interactibns were found which presumably represent

the reactions

K +n -*Yo—:r .,

Because there are 1.24 times as many neutrons as bound protons in emulsion,

we would expect 11 true disappearances in flight from the reactions

- - yo 0
K+pbound Y +w .,

From the 81 m of K -mecon track followdd, we would expect two

interactions on free hydrogen of the type

T
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e.,.0

K +p=Y 47 ,

and one charge~exchange scattering. This same ratio among the ‘''clean"
interactions with bound protons would predict five true disappearances from
charge-exchange scatterings on bound protons. This predicts: a total of 19

true disappearances or 19 undetected secondaries, Gf the decaylike evente

with secondaries of ionization less than that of 2 pior with a 10-cm range, |

20% are nuclear interactions. This samo ratio among the undetected aeeondaﬂes
would leave a total of 15 undetected decay secondarics.

A third estimate (which is probably not as reliable) can be made by
comparing the precentage of clean z2ero-prong interactions at rest with the
percentage ioi"iacmght interactions. This ratio is 146/2156 = 0.068, which
would predict 25 diaappearancés in flight and 13 undetected secondaries if these
ratios could be expected to be the same. The first two estimates eéem much
more reliable, however, aud their average, 11.523.4, will be used as the best
estimate of the number of undetected decay secondaries. These secondaries
are divided among the decay mades in the same ratio as the analyzed decaylike
evente with ionization less than that of & "10-cm pion:'" 60.7% Kp.Z' 8.9% Kﬂ.
24.8% K _,, and 5.6% Kq3- This gives the following for the total population of

each mode,
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Mode Decaylike Undetected ‘Total
events secondaries

sz 19.40 ' 6.98 | 26.445.1
Kps 3.40 : 1.02 ' 4.442,1
Kz 9.43 2.85 12.343,5
K3 1.33 0.00 1.3%1.2
Ke3 1.66 0.64 | - 2.321.5
All 35.22 11.50 46.726.8

. No 7' mesons were found in this study, although they have of course been

10,17 and are the most easily detected decay mode. The likeli-~

seen by others,
hood of there being n events when none are observed is given by e”™, which
gives a meximum likelihood of zero with an rms spread of 1.0. We have,

ﬁnauj.- the percent abundances:

l(wz‘ . 26- 3%.6
g7 A 2,8¢2.4
7 0.0+2.1

Cnly the statistical errors have been inéluded.
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B. The Lifetime Calculation

The proper time during which a2 K meson could have decayed and
could have been detected was derived fromn its obeerved range by using the

18 For the in-flight events, the residual proper time to

tables of Barkas and Young.
the mean stopping line at the star was subtracted from that at the entrance edge.
From the 2156 K~ amesons that came to rest, the total proper time wae
5.91 xxo°7 sec, and from the 426 in-flight events the total was 4.96)(10'8 sec,
making a grand total of 6.41 X10"7 sec. For the lifetime ea.l_cuhti@n.we
eliminate from consideration the segment of track at the end of its range in
which & K mason, had it decayed, might have been considered to be at rest.
This segment was estimated to be 0.3 mm, and none of the decaylike events
was in this range. We also eliminate from consideration the first mm of track
fromi the pickup line, nincé events in this region were not recorded in the initial
scanning and could not be distinguished from neutron-induced stars with outgoing
prongs. These corrections leave a total proper time of S.Wf)iﬁwuc (46.7 6.8
decays), which yields, for the K" -meson mean lifetime, IBQfgf‘? x10°% gec.
Because secondaries from events near the top and bottom surfaces ‘
are raore lik.e!y to escape detection, tim lifetime ealculéﬁed ﬁth the top and
bottom surfaces of each pellicle excluded is probably lees subject to systematic
error. Only two of the decaylike events lie within 30 p of either surface,
whereas we would expect five from a uniform distribution. Three of the diﬁ-
appearances in flight lie in thie region. Excluding the top and bottom 30 k of
unprocessed émulsion leaves a total proper time of 5.49X 10'7 sec, 33.5 decays
from the decaylike events, and 10.5 decays with undetected éeeondaries, or a

+0.22 -8

total of 44.04£6.6 decays. This yields 1.25_0 ”xm sec for the K -meson

mean lifetime.
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The lifetime value is in excellent agreement with that of the K’ meson,

1.224:&0.0!3)(10'8 sect? (sce also Ref. 20}, The relative abundances are in

12

reasonably good agreement with the values determined by Birge et al. *~ and

13 except for (a) that of the 7~ mode,

by Alexander, Johnson, and O'Ceallaigh,
which {8 considerably lower than the 7' abundance quoted by either group, and
(b) the Klﬁ- abundance, which is higher than either K“; abundance but within

one standard deviation of that quoted by Alexander, Johnson, and O'Ceallaigh.

C. Interpretation

PCT invariance requiree that the particle and antiparticle lifetimes
be identical, 2l but does not by itself reguire equality of the branching ratios
into charge-conjugate decay channels. However, under any of the following
cqnditiona the partial lifetimes of corresponding modes will be identical:
(a) T, or C, is separately conserved, (b) there are no final.gtate interactions
leading to transitions between different decay products, 21 and {c) the decay is

¢2 Luders and Zumino have shown that thé branching ratios for

by Al = 1/2,
the two- and three-~pion modes must be the same for spin-zero k' and ¥~
mesonas, 21 Neglecting weak interactions. the chargei-conju'gate leptonic-mode
abundancés must be ideantical, since there are no final-state interactions. The
distributions of the three-pion mode into 7 and 7' may differ, 2l but not if

the decay ie by Al = 1/2, 22
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IV. A-HYPERON DECAY

In both the 2B and 2D stacks, the events correéponding te A-hyperon
decayé were located by ar¢a-scanning the régian in which the K~ mesona came to
rest. Thirty-five two-prong events, characterized by a 'clean' origin and
secondaries identified as a proton and a ™ meson, were found in the volume
scmed {160 cms) in the 2B stack; for the 2D stack, 92 similar events .were
found in a scanned volume of 50 cms_. The scanning efficiencies for locating
A-like events are markedly dift’arent_for‘ the two stacks. Because of the
relatively large amount of backgroux_id- present in the 22 stack, the average
scanning efficiency is = 15%. On the &tﬁe: hand, this figure is = 41% for the
2D stack. Only those A-like e&enﬁé’-@ﬁose secondaries came to rest were used
in the mags determination. Although it is poesible to &etermine the residual
z;ange of a particle that interacts in flight by means of grain-counting techniques,
t he uncertainty in this quantity {& such ss to preclude obtaining precise results

inra-ntagd.détermination.

A, Mass and ) Value

The equations relating the mass and  wvalue of the A hyperon in the
decay A -=p + w to the energies of the secondaries and to.the space angle

between themn can be written

. M M ‘
MA = Mp {l_‘& (-m——p) ~m‘; + 2 (YPY." -/€YP -1) (Y“ -1) cos % j}} .
M)
Q=M - M+ M), | | (2)

where M‘A’Mp' and M o 3F€ the rest masses of the hyperon, proton, and pion,

respectively; Yo and vy, are the relativistic parameters for the proton and

pion; and ¢ is the space angle.
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By use of Eq. (1) above, the mass and its total statistical error
' (whieli reii:lts from statistical errors in range and angle measuroments) -
were evaluated for each event. |

The weighted meane of the mass values, with the computed statistical
error of each avent used as the weighting facﬁaf, were determined for the two
stacks; the results are: ‘

2B stack: M= 1115.2620.11 Mev (29 events),

2D stack: M= 1115.4240.08 Mev (87 eventa).
" The error quoted {6 the internal ﬁtandard deviation of the mean. The mass-
value ideogram for the £8 -_st#ck is shown in Fig. 5 and that for the 2D stack in
Fig. 6. All events for which mass values differed from the mean by more than
2.5 standard deviations were considered background events. The F3:] azid 2D
stacks contained six and five such e'}ents, respectively—indicated in the
ideograms by the shaded areas.

The internal and external ervors were in very good dg:eement for
the 2B stack. For the 2D stack, the internal error was 0.02 Mev greater than
the external erior; the discrepancy resulted {rom a broadening of the distri-
bution because of the statistical fluctuation in the shrinkage factor, an effect
not considered in the calculation of the total statistical error associated with
each event. The 2B stack events have secondaries that lie predominantly in
the plane of the emulsion, since presence of background hindered the detection
of steep secondaries. Naturally, these "flat" events are less subject to
srrors in shrinkage factore; consequently, the aiorementioned agreement
between internal and external errors for the 2B stack is to be expected if

other undetected sources of error are absent.
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Systematic errors for the mean values cited previously were
evaluated on the following bases: the uncertainty in the mases value of each
event arising from a given syetematic error was chlculated explicitly; the
systematic error in the mean value from this source equals the average of
these mass uncertainties. The systematic errors include uncertainties in
{a) the measured emulsion density, (b) the shrinkage factors, (c) the range-
energy relation, and (d) the rest masaea.of the pion and proton. Table Iil
lists the magnitudes of these errors and, for each stack, the resultant mean
errozs in the mean masgses. The‘ mass uncertainty resulting {from the shrinkage-
factor uncertainty differs for the two stacks because of the aforementioned
difference in the geometries of the events in the stacks.

Prior to calculation of & weighted mean mases for the two stacks, the
systematic and statistical errors in mass associated with 2 stack must be
compounded. These systematic errors, which become randorn in nature when
a number of stacks are involved, are (a) the uncertainty in the emulsion density,
and () the uncertainty in the shrinkage factors. Being now a combination of
statistical, deasity, and shrinkage-factor errors, the total "statistical® un-
certainty in the mean mass for the 23 stack remains » 0,11 Mev, whereas
for the 2D stack its value becomnes £ 0.09 Mev. For these total errors, a |
comparison of the mean mass values for the tweo stacks shows no inconsistency.
A XZ test indicates that one would expect two meagurements to differ by at
least thie amount 28% of the tizxﬁe. Hence, a weighted mean can be obtained;

i:t is M

£H
37.5620.07 Mev.

= 1115,3640.07 Mev, and the Q value derived from thig figure is
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The systematic errors introduced by uncertainties in the range-energy
relation and in the rest masses of the secondaries are combined with the above
errors in the weighted mean mase and in the QQ value to give thé results (for
116 ovents) | |

M, = 1115.3620.14 Mev,

Q = 37.5640.13 Mev.

The values used for the proton and pion rest masses were 938.21340.010
Mav and 139.59£0.05 Mev, respectively. 15

Most of the above computations were performed on the IBM 650
computer,

Three additional sources of srror and their peesible effects on the
mean masse value must be considered: (a) pion inelastic scattering, (b)
distortion of the emulsion, and (c) inner bremsstrahlung in ﬁhe decay.

With regard to (a), the maximum energy loss that a pion could sustain
without detectably altering a mase value would be approximately 2 Mev,
because an event wag considered Sackgmund ii its measured mass differed
from the mean by more than 2.5 ctandard deviations. The probability of such
an enorgy loss is very amall. An undetected scattering, moreover, would have
little effect on the mean mass; in fact, an event whode mass value is one
standard deviation from the mean changes the ZB mean value by only 0.02 Mev
and the 2D mean value by only 0.01 Mev. -

The effects of emulsion distortion~which are not systematic in nature—
are negiigible, gé demonstrated by the agreement of the internal and external

statistical errors for each stack.
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An estimate of the effect of inner bremsstrahlung on the mean mass
can be obtained by utilizing the somicladsical expression for the bremsestrahlung
spectrum applied to the decay pion. 23
photon energy must be limited to 2 Mev; a greater energy would require classifi-

cation of the event as background. However, the average photon energy as

a%m

UCRL-9689

A8 in inelastic pion scattering, the maximum

calculated from the above spectrum with the imposed cutofi of 2 Mev is

only 0.00]1 Mev--an amount which is completely negligible,

Table III. Source and mnagnitude of systematic error and the

resulting mean errors in mean mass

Source

Magnitude of error

Undertainty in mass (Mev)

28 atack 2D ftEckack

{a) Emulsion density

{b) Ehrinkage factors

{c) Range-energy
relation

{d) Rest energies
Proton

Pion

#0,1%
*1,0%
&4, 5%

%0.61 Mev
25,05 Mev

#0.02
25.03
#0.11

20.01
#0.05

#0.01
20,04
20.11

#0.01
%0.05
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B. Search for Leptonic Decay of Bound A

Emulsion is not suitable for studying the neutral decay of A hyperons,
nor is it well adapted to studying leptonic decay of the free A. Such an event
probably could not be distinguiched from background. The presence of hyper-
fragmente among the etar prongs made possible the search for electronic decay
of the bound A, however. No example of an electronic decay was io#nd in some

200 such events axamined.

V. CHARGED Z-HYPERON DECAY

Charged I hyperons were located by following tracks oi_ greater than
twice-minimum ionization, produced by K~ interactions at rest. Inthe A
stack, each track was followed to its termination (intevaction, decay, or exit from
the stack), regardless of the number of prongs constituting fhe parent K~ star.
In the other stacks, however, only the one~ and two-pronged stars were .
completely analyzed-—-tracks from larger stars were followed oal'} .ta the surface
of the pellicle in which they originated. The sample of decays is unbiased, then,
only for the A stack~the remaining events are biased toward these decays which
eccﬁrred near the parent star, The lifetime estimates are therefove based
upon the decays in the A stack alone,

The decay events are listed in Table IV, The nomenclature here follows

the example of Evans et al. 24

0

Thus, RZ ; indicates a decay at rest via the

4

mode £ - pew, F 2“,+ indicates a decay in flight via the mode Ztensw , etc.
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Table IV. Charged Z-hyperon decay events

+ + . + . + - +
stack  RZ, FEY RE, ezt FE_ FZ 1 Total
A 64 43 51 33 26 38 252
2B 16 21 18 10 12 4l 118
U 14 6 emenot Tecordedencennceacennnon 20
Total 94 70 69 43 38 76 390

The identification of the various decay modes is discusaed in the
sections which follow,

A, Masges and O Values

The decay at rest of the =¥ hyperon furnishes sufficient information
fér determining the Q value of the decay and the mase of the hyperon. To
be classed as a decay at rest, an event must satisfy two criteria:

{a) The hyperon track must appear, Ey fonization and scattering, to terminate
at rest. Generally, however, a decay in flight cannot be distinguished from a |
decay at rest by the appearance of the hyperon track unless the residual range
at the decay point is greater than about 200 . Therefore, we also require

{b) the secondary particle must have a range compatible with that expected
for a decay at rest. |

The range of the charged decay product is the:measured quantity
- used to determine the mass and Q value from the decay. The energy and

momentum of the charged decay product are then determined with the 2id of
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the raange-energy rclation., Equal momentum ia assigned to the neutral decay

product, and the mass and Q value are calculated according to the zquations

™ /2
+;P") s (M2 By, (3)

tﬂf.

M z*’

Q

4

My - (M 4 Mo} ’ (4)
where M0 ia the mass of the neutral product, and M and P are the mass

and momentum of the charged product, resgpectively.

(1

1. The Decay Mode 2t p+ 1 gt Rest

_ The normalized mean proton range from 80 decays (50 in A stack,
14 in 1U stack, and 16 in 2D stack) is 1677.5#3.2y. The individual ranges are
weighted by compounding the effects of 1.4% Bohr range straggle, 1%
measurement error, and the shrinkage-factor uncertainty. The laet s ob-
tained directly for each trackv by mlﬁériag the shrinkage factors—by 2% in
the A stack and by 1% in the others—and recalculating the rangee. The
measurements were performed on the automated microscope described in Refs, ¢
and 6, each proton béing measured at least twice. In addition, several protone
were also measured with microscope reticles in order to check for systematic
errors in the automated microscope for these relatively short ranges. No
systematic error was found in this .way. Each range is normalized to the
equivalent range in emulsion of standard density. |

‘The normalized range distribution for the 80 protons is shown in Fig, 7.

The spread of the distribution {s 28j (1.43%)~only elightly larger than the
a;;read predicted by straggling alone. Internal and external estimates of the
error on the mean range both yield #3,21, Using now the range-energy relation, 1
we find that the mean range corresponds to a proton of energy 18.85 £0.04 Mev.
The error here results froxﬁ the range error and an assumed 0.3% systematic

errorx in the range-énergy relation itself.
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The £’ mass was calculated from Eq. (3) by using the following

input data:
Froton range 1677.5 «3.2¢
Proton energy 18.8540.04 Mev,

Proton momentum  189.0120.20 Mev/c,
Proton mass 938.21220.01 Mev,
% mass | 135.0040,05 Mev.
The result of the calculation is

My, = 1189.33£0.22 Mov,

and is taken as our best estimate of the E* mass.

The 2 wvalue for the decay, calculated from Eq, (4), is
Qg = p = 116.1220.22 Mev.

2. The Decay Mode 2 - n 4 u" at Rest

Twenty-one pions from these decays were followed to rest and their
ranges measured, Two of these were in the 2B stack and 19 were in the A
stack. 1In addition, five pions left the A stack with residual ranges lecs than
Smm as determined by lonization measurements, and presumable were positive
pions from decays at rest. These 26 ranges were used to calculate a mean
normalized pion range of 92.4820.49 mum. The error is calculated as for the
proton range, but with 2,69 Bohr range straggling and 1/2% measurement error.
Each range was measured on the automated mic rascépe by two different ob-
Bervers,

The normalized range distribution is shown in Fig. 8. The spread of the
distribution is 2.31 mm (2.5%)~slightly less than predicted by straggle alone,
The internal and external estimates of the error on the mean range are,

respectively, #0.44 mm and 20.49 mm.,
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The energy correaponding to the mean range is 91.7240.44 Mev-—the
error being compounded from the range error and the assumed 1/2% systematic
error in the range-energy relation in this region. The quantities pertinent to
the calculations are:

Fion rangs 92.48 £0.49 mm,

Plon energy 91.7220.44 Mev,

Pion mornentum 184,44 £0.55 Mev/c,

Neutron mass 939,506 £0.01 Mev.
These data yield

My = 1188.7540.54 Mev,

QE;"m = 115.54 20,54 Mev.
This maas value differs from that obtained by using the proton decay mode by
0.58 20.63 Mev. Although the results are consistent, a small error in the
range-energy relation for pions of range about 9 cm may contribute to the
difference.

3. The Mass of the Neutral Particle in the Proton Decay Mode

The mass of the neutral pion can be measursd by combining the
' mass determined from the mode Z* = n + v with the proton energy from
the proton decay mode according to the equation

MG = [(ME - Mp}z - 3?413'1‘#} 1/2 = 134.0 2 1.0 Mev.

This valus agrees with the best value, 135.0020.05 Mev, quoted by Barkas and

Posenfeld. 19 It is the first direct measurement of the mass of the neutral

partner in this decay.
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B, Ze-Hyperon—[ifetime Measurements

h The hyperons located in the A astack were ussd to obtain estimates of
the Z and I~ lifetimes. In this stack, all the star pronge of greater than
about twice~-minimum ionization were followed to their terminations regardless
of the characteristics of the parent K star; we consider the sample of
hyperons thus obtained to be unbiased.

1. The Maximum-Likelihood Method

The maximumme-~likelihood method was used to estimate the lifetimes. 25-28

Two different likelihood functions could be written: one considéxing only those
particles that decayed in flight; and the other coneidering, in addition, those |
that came to rest, 'Typicauy, hyperons produced by XK interactions at rest
in emulsion have moderation times of the same order as théir lifetimes;
therefore, either expression can be used to estimate the lifetimes.

The likeliheod expression used when only decays in Aﬁi‘ght are considered
is M

P(r)= T rexpl-rt))/[1 - exp(-rT))] . (5)
where i

r is the decay rate,

is the flight time for the ith decay,

4
T, is the initial moderation time for the ith particle (the

proper time for the particle to come to rest had it not decayed),
N is the number of decays.

When decays at rest are alao considered, the expression becomes
N N

_F 3
F(r;a‘}i}' r exp(-rt) jjr exp(-rTj) (6)
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where -
r i the decay rate,
t, s the flight time for the ith decay in flight,
'_ T, is the moderation time for the jth decay at rest,
and

N a and NR are the numbers of decays in flight and at rest respectively.
In either expression, the most likely decay rate is defined as that value of r
which makes P{r) & maxirnum. 7The value of the most likely decay rate can be

determined by differentiation, and is
N

¥
T
1 1 A
e LT [?i/e - 1J - ™
i
for decays in {light oanly, or
1.1 [ F pe |
. i e $
‘-i:a e ( L ti + Z 'i“j (8)
. i F i j B

for decays at rest and for decays in flight.

The statistical uncertainty in the value of r is estimated by the Bartlett'S

function,
-rT.
§§ . !
rt.-1 4 4
p I
S(r) = 2 1-e (9)
N, S22 T 2’
F r i, e
L i

[_'i_v_v L ‘l ] e-or’l'i’ <

when only decays in flight are coneidered, and by



-32- | UCE L9689

Ny Ny,
LT Ng | -1/2
st =fl ) G+ ) T- = | w2 (10)

when decays at rest are included.

2. Measurements

_ The data needed to calculats the decay rates are the times which enter’
the foregoing equations. Moderation times are obtained from rdnges with the

aid of the tables of Barkae and Young. 18

For particles that come to rest, the
procedure is ntraigh"tfarward. For decays in ﬂigﬁt. ﬁowéver. the residusl
range at the decay point ruset be detarmined, and added to the measured range
to give the iaitlal potential range, from which the initisl moderation time {s
calculated. The flight time is the difference between the mmai moderation time
and the residual moderation time at the decay point.

The residual ranges of the decays in flight can be determined in two
ways: either from the range and angle of emission of the charged decay
product, or from the lonization of the hyperon., We have used both methods.
Our procedure was to calculate the hyperon vela;city from kinematice, where
peséibl@, estimating the error by compounding the errors in secondary range
and angle of emission. If the error was comparable to that which would be
obtained from ionization mea;mmmenta.‘ ionization was aleo used to ¢stimate
the hyperon vlehcity, and the best value was calculated from the two tachhiques.
In practice, the velocities of those hyperons decaying via bl p + n° were
obtained almost exclusively from kinematics, bﬁt the two techniques were

generally comparable for decays via the pion modes.
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3. The 2" Lifetime Determined by the Proton Decay Mode

.\ totai of 107 &7 decays into pxotéhs were analyzed to calculate the
zt decay rate. Of these, 43 were decaya in flight and 64 were decays at rest.
Gonsiderable care was taken to avoid overlooking those decays which aimulated
proton scatterings without change in ionization; the scanners were instructed to
consider every '?aaatm.ring"‘ a possible 2’2’;’ decay. FKach such event was checked
for compatibility with the decay rmode ot~ p+ we. "The final sample of decays
in flight was checked for observational bias by calculating the decay angles
in the rest system of the hygerw; the ﬂiafﬁhaﬁon of angles was found to be
imzm-pié and therefore no eanecti@ni&r’ misced 'e-vezxté was considered
nweaaarf. o ’ |

The results obtained with these data are shown in Fig. 9, where curve |
 represents thevfm:al samplé of 107 decays and curve 2 represents the 43 decays

in flight. The lifetimes correspondmg to the maximna of these curves are

=0, 85"3}? X 10° w sec ({ight and rest),

7t 0. 86""{? g.‘? x 10719 gec (flight only).

The errors were estimated by using Eqs. (%) and (10). A géaph of Eq. (9)
for these data is included in Fig. 10, | |
4. The Hyperon Lifetimes from the Plon Decay Modes

Several difficulties aot present in the 'pmvioue analysis complicate
the determination of the dcéeay rates in the pion modes, Before the data and
results are de:xscribaé!, we must mention thesg._eonside,raﬁénm {a) The charge

of the hyperon can be determined only if éitiie‘ﬂ:th@w decay pion or the pion
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partner is identified, or if the decay occurs at rest, (b) The T~ interacts
when it comes to rest. {Frequently, however, no star is produced and the event
is not recognized.) (c) The efficiency for detecting decays via the pion mode _
is less than 100%, particularly for decays a—i rest. (d) Ionization measurements
must frequently be relied upon to fix the hyperon velocity at decay. The
residual and flight times are therefore subject to larger errors than in decay
via the prétan mode.

The techniques used to overcome these difficulties are elaborated in |
the following sections. Two separate analyses are preseated, one using only
decays in flight, and the other using aléos the decays and intéractions at rest,

a. The lifetimes from decays in flight.

From a total sample of 94 decays in flight, we identified 26 I~ hyperons
and 33 2 hyperons; the charges of the remaining 35 decays could not be
determined. The data from these events were used to calculate the likeuhoed

function, Eq. (8). The lifetimes dotermined from the resulting curves are

= 0.63%" ‘fgx 10710 gec for 332" wn+ o' in flight,
= 1. 16“ 4;% 16739 goc for 26 Z° - a4+ 1« in flight,
7= 0. 93“‘2 15% 10700 for94z* —n+ ntin g

The lifetimes above are shorter than the currently accepted values~an effect

24,25,29-37

that has been observed by other workers in emulsions. It appears,

however, that a general displacement ioward short lifetimes has occurred—
the mixed lifetime is intermediate betiveegx the zt and " lifetimes, and the

Z7 lifetime is about twice that of the E*. It iz our belief that the statistical
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errors made in the velocity measurements are reflected asymmetrically in
the mean lives. Similar conclueions have been reached by Freden ot al. 29

b. Lifetime estimates with events at rest included

According to Eq. (6), if the sample of particles whooe lifetime is to be
determined includes events at rest, the T, for the decays in flight do not enter
the calculaticns. Because the T, are presumably to blame for the low values
of 7 caleuiated previously, this second analysis was undertaken. The same
decays in flight are used here as were uved previously, but now the values
of T, are not reguired. .

Because thers are decays in flight whose charge ié not known, no
complete éamgle of events can be aelected fox{ either the &' or %~ ca.lculation.
Instead, a joint likelihood function must be construtted which includes particles
of both charges and allowe for two different lifetimes. Such a function can be
constructed, and is given by | |

M, 4 New: i

' 'R 7 F
Pix,y) = ]ji exp(-x'fj) -II exv(-yTK) L“wa@(-%i)

+ (1-P) y expl-yt)], (1)

where % and y are the £? and 2° decay rates, respectively. The firet
product is over the =t decays at rest, the second is over the Z~ interactions
at rest, and the third is over the decays in flight; Pi is defined an the probability

that the ith decay in flight is a AR
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fEquation (11) can be solved to give the most likely decay rates:

Nzﬁ-p N ot N %.'_'%
"y N
i, b 4
§ Z m
X NF’* | 1"@?‘;‘ Pimxp(hxti) + (l—‘?i)y exp(-yti)
(12)
NR. N - Noa
Z Tk 4+ Z tn 2 : .
LLE & (1-Bexp(-yt,) (1-yt,)
y NF’ F | Piﬁﬁp('-mi) + (I'Pih' exp(-yti)
| a3

where N, and NF‘ are the numbers of &ecays in flight of known charge, and

Neos is the number of unknown charge. For N g = 0, the two equations are
independent. | ‘

| Beiore Eqs. {12) and (13) could be 'uaed. the P‘ and total moderation times

had to be calculated. The P are estimated by a otudy of the hyperons of known

charge. We ﬂnd5

Py = 0.27 ifthe Z has emergy > 60 Mev, has no plon partner, and ie

accompanied by a proton of eneifgy > 30 Mev from the K~ star;
P, = 0.79 ifthe I is as above but without a proten of energy > 30 Mev;
P = 1.0 ifthe X has energy > 60 Mev and there is no other star piong;
P e 0.62 ifthe £ has energy ‘<-60 Mev and there is no w partner,

There were no decays of unknown charge accompanied by a2 #» partner.
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The total moderation time for the Z° interactions at rest must be
estimated from the moderation timé of those hyperons which produce
recognizable stare when they interact. The fraction of those which do 80 must

in turn be estimated from a studvy of E~ produced;by K reactions with free protons,or
"collinear eveats. " By combining our data with those reported by the K
collaboration axperiment?s & sample of 95 £~ endings from collinear ew}ents is
obtained. J: 1f we conesider as "vecognizable' a I star which has more than
one prong or which has one prong of > 200 p range, then -we find that there are
30 recognizable stars among the 95 £~ endings. The ratio of all £ endings to
recognizable I~ endings is, therefore, 95/30 = 3.17 # (.48,

In the A stack, there are 40 star pronge which terminate at rest with
the production of a recognizable star, and appear to be £~ hyperons. To check
this identification, the 7 partners were followed when they existed. Only 18 |
of the these K" stars produced a ¥ partner, '15@-.‘:* which were identified as
n' mesons; the remaining three éould not be identified. No % partner that
would signal a hyperfragment rather than a £ wae found. |

The total 2’ moderation time was obtained from the ranges of 51

T ea decays at rest, plus a small correction for the observational

observed T -
loss of such decays. This correction was estimated by siudying the distribution
of decays as a function of depth in émulaion, and also by studying the distribution
| of di_p angles of the emitted pions. We estimate that four f wxt 4n decays

at rest escaped detection.



8, Final Caleculation of the Lifetime

Equations {12) and (13) were solved on an IBM 650 computer using the
best eatimates for the quantities involved, as outlined previously. The most

10 sec and 7 = 1.75%10° 10 sac.

likely lifetimes were found to bev' 7% 0.80 X10”
‘The errors introduced into these values by errorse in the input data
were determined as followe: |
{a) The effect of uncertainties in the total moderation timee was calculated
&ireetiy by altering these times by one standard deviétion. then recalculating the
lifetimes. | _ |
(b) The sensitivity to changes in the F’i was estimated by setting all P
equal to 0.5 and again recalculating the lifetimes.
i‘he statistijstical errors were estimated by plotting Eq. (11), first
as a fuaction ‘ai %, with y fixed at ite inoat likely value, and then as a
function of y, with x fixed. These curves are showa in Fig. 11. The spread
of the curves at 60% height was taken ae the etatistical uncertainty, The
same result was obtained from Eq. (12) when the total aumber of £ ana T”
decays in the unknown group was estimated from the P
The uncertainties introduced are listed below:

Error - art xw“w sec A v x10°19 gec
£~ moderation time & 0.005 ! : £0.19
£* moderation time  #0.02 negligible
P, 0.02 0.02
Statistical : +o.13; «0.10. +0.34, -0.24

The best estimates of the lifetimes, from the pion decay modes, are
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vt = oaofg}‘f x 10-10 sec,

= l.?ng:gg x 10710 goo.

By combining this value for 7" with our value obtained from the proton decay

mode, we have

= omfgég % 10719 gee
as our best estimate of the 2} ssetime.

These values are in good agreement with other published values from
ermulsions and bubble chambers. '” Further, the lifetime of the I is the
same when calculated from either the pion or proton decay mode of this péﬂicle
if events at rest are included. This is et‘-mng evidence that‘t'he low values ob-
tained for decaya in flight via the pion modes result {rom experimental biases
and that it is not necessary to introduce an unknown particle of short lifetime

to explain the result,
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C. 'Brmching Ratios

1. The Branaching Ratio (zt - p +‘1r°) /an zF

As mentioned before, 107 E+ decays into protons have been obgserved

in the A stack, and the efficiency in detecting these has been taken to be 100%.

+

The total number of = decays into m mesons can now be calculated as follows:

(a) There are 51 decays at rest and 33 decays in flight known to be
.‘

zf en+ 1
{b) There are 35 decays in flight into pions of unknown charge. The number
of Zten+ represented by this group is estimated to be 2’:?1 = 17.
{c) It has been eitimated that four decays at rest ~waré mﬁt by failure to

observe the pion.
.{

By combming these numbers, we find that the total numbeyr of E'?” “n+ N ig 105,
‘The branching ratio therefore ia
7/ + - o .
Z wptw . 107 o050 s0.03,
all Z° decays
29, 39

which agrees with recent values from bubble chamber and emulsion groups.

2. The Branching Ratio (E' = p + y)/(E' ~p + 2%

The decay mode 3t - p + ¥ occurring at rest would produce & pi'bton
of 26.5 Mev energy and 3.0 mm raage in emulsion. There is 7o such candidate
among the 95 decays at rest via the proton mode in the A, 2B, and 1U stackas.
There is, however, the posseibility of confusing such a'decay with a decay by the
normal proton mode occurring éugmly in flight; for example, a ' with 100
regidual range will emit & proton of 3.0 mm range if the decay angle is approximately
80 deg. An event such as this would be classed "in flight' on the basis of the

proton range, even though it might not be clear from the hyperon track iteslf
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that the decay 4id not occur at rest. To check this possibility, the proton
ranges from the £ . p decays in flight in the A and 2B stacke have been
plotted in Fig., 12. There is no evidence of grouping around 3 mm, but thexe
are two ranges very close to the expected value from . P + Y. The actual
measured ranges are 3043 p» and 3047 p. Nefther one of these repreeents a
possible case of p AR p + y decay, however; in one céne the hyperon residual
range at the decay point is 2.2 mm, and in the other cass it is 1.3 mm, lonization
?nieammmema and kinematic analysis on Ithev assumption that ‘the decays are via
the normal proton mode give consistent results. Since thess are the only two
‘caaas whose proton range i6 within straggling errore of 3 mm, it is concluded
that thers are no N p+y decays at rest érro‘naously clagsed as
2t - p+ w° decays in flight., | |
An upper limit can be put on the branching ratio on the basis of the

95 decays at rest:

+.
L =Pty o 9 :
=3 o 55 observed.

-pitw

Two other groups have abservad a total of sero L - p + y decaye among

O 29, 40

138 ¥ = p+w  decaye. Quareni et al., however, have reported three

possible Tt - p + vy decays, and estimate the branching ratio to be
approx %4 |
Theoretical predictions for this branching ratio range from 0.01% to

l '0%. qz. 43
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3. The Branching Ratios for Leptonic Decay

A theoretical prediction based on the assumption of a universal

" Fermi interaction was that a few percent of all hyperon de‘cayé should be via
leptonic modes, The following relevant data were gathered by us in the course
of this work:

..
Z" - loptone . 0,

23* i 1!4'

Z" = leptons _

Z -
These ratios alone are sufficient to weaken the above theory, but in the

meantime, much more data have been accumulated, parﬁcﬁlariy by bubble

chamberes, confirming that experimentally the ratios are smaller than expected.

D, Decay Asymmetry '

We have looked for an up-down asymmetry in the Z-hyperon decay

with respect to the Zu prcductian plane. None was found.
For the study we used only two-pronged events of the type K + (p) -

£+ ﬂ:, where the K~ meson had come to rest.
We analyzed 181 stars of this Kind. In 94 the 2 decay was

- 1%, n° and i.n. 87 the deeay‘ was 2?* p+ wo. |

| We defined the unit vector normal to the *“production plane " aa

(pz X Py Y/ ‘ pzx Py ‘ and calculated the cosine of the angle between this normal

“and the direction of the T-.decay secqmdary.
The up-down asymmetry is defined as N_ - N_‘/N* +N_ where N =

number of events with plue cosine and N_- = aumber of events with minus cosine.

Further, we defined an asymmetry index, a, in the distribution function
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(1 + a cos ¢). A calculation to find the m aximum-likelihoed value of : a
was made uesing the actual values of the cosines, The results of our calculations
of the up-down anyrumetries and the most likely values of the asymmetry index

are shown in the table

Type of decay N, -N_ /N *'+ N_ a
+ 0
'=p+n -1/81 ~6.0240.15
4 ¢, 0 ; +0.19
L - 1{ +n , 4/50 0.19 532
P R , -6/44 -0.2340.22

Thus, no asymmetry is i’nd&eated--fcr either & decay mode-in the events
we analyzed. |

Because our observations were made on maétiona in complex nuclei,
in many casés the scattering inside the nucleus may have been sufficient to
cause (pf,z x Py observed © be opposite to (pEX; Py at produ ction” This would
h.a‘m tended to mask any effect that might have been present.
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| 305 c¢m 1
229 cm
Mean Stopping Line
—T—
437 cm -
2.‘26 cm
’VScanning Region——
MU-18384

Fig. 1. Diagram indicating stopping p051tlons for K mesons
in pellicles of the 2B stack.
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Fig. 2. Assumed spectrum of m from K interactions in
flight. '
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Fig. 3. Cosine of c.m. angle for two-body

06 1.0

MU-23887

decays.
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Fig. 4. Dip angle of equatorial two-body decays.
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MU-20890

Fig. 5. Mass value ideogram for the 2B stack. The mean
value, indicated by the arrow, is 1115.26 Mev; the

statistical error in this result is + 0.11 Mev (29 events).

Shaded areas correspond to background events.
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Fig. 6. Mass value ideogram for the 2D stack. The mean

value, indicated by the arrow, is 1115.42 Mev; the
statistical error in this result is * 0.08 Mev (87 events).
Shaded areas correspond to background events.
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Range (Microns)

MU -=-22055

Fig. 7. Proton range ideogram for 80 protons from
=t — p+ m0 decays at rest in the A, 2B, and 1U stacks.
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Fig. 8. Pion range ideogram for 26 pions from =*
decays at rest. All but two of the events are in the A

stack.
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MU -=22065

Fig. 9. The relative likelihood function versus the decay
rate for = decays via the proton mode: (1) 64 decays
at rest and 43 decays in flight, (2) 43 decays in flight
only.
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MU-22066

Fig. 10. Plot of S(r) versus r, the decay rate. The values

of r for which S(r) is 0 give the most likely rates, and the
values of r for which S(r) = = 1.0 indicate the statistical

uncertainty in the most likely rate.
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MU-=-22069

Fig. 11. The joint likelihood function versus the decay rate,
The curve for =~ is plotted with the =% decay rate
held constant at its most likely value, and vice versa.
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Fig. 12. Proton ranges from =t —p + 0 decays in flight

in the A and 2B stacks.





