UCRL 9835

UNIVERSITY OF
CALIFORNIA

Ernest Of awrence
Radiation
gﬂabomqu

CERN LIBRARIES, GENEVA

RO

CM-P00048296

PION-HYPERON RESONANCES

BERKELEY, CALIFORNIA

Thesis-1961-Wojcicki



UCRL-9835
UC-34 Physics
TID-4500 (16th Ed.)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation, Laboratory
Berkeley, California

Contract No. W-7405-eng-48

PION-HYPERON RESONANCES
Stanley G. Wojcicki

{Thesis)

August 24, 1961



Printed in USA. Price $2.25. Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D.C.



-iii-

PION-HYPERON RESONANCES

Table of Contents

Abstract .
I. Introduction
II. Experimental Procedure
A. Description of the beam
B. Operating Conditions ‘
III. Data Analysis
A. Scanning
B. Sketching and Measuring .
C. Digital-Computer Analysis
IV. Treatment of Experimental Data
A. The Z)+1r,’ Z-w+, and Eo'rro Reactions . _
1. Angular Distributions for K-+p-2i+1r+
2. Separation and Angular Distribution for
Single-V Events
3. Polarization of Charged T and Single-V Events
B. The 2w Reactions
1. The Z+ﬂ’-‘lf0and = v 70 Final States
2. The =%«ts™ Final State .
3. Representation of the Data
C. The Z3w Events
1. The Einxw+w_ Reactions
2. The EiwIwOwO Reactions
3. The = n n #’ Reaction
V. Discussion of Results-

A. Discussion of the Reactions K +p—+ T+
*
B. The T=1 Resonance (Y1 ) .
*
1. Global Symmetry Description of Yl
b3

2. KN Bound-State-Model Description of Yl'
3. The Z2w Experimental Results

vii

10
10

17
23
30
30
31
32
32
36
36
36

39
42
42
45
47



-iv-

Table of Contents (continued)

*
C. The T=0 Resonance (Y, ). . . . . . . . 51
+ ¥ + - -0
1. The T mm™ Events . . . . . . . 52
2. The 20w01r+1r_ Events: Determination of the
Isotopic Spin of the Resonance . . . . 57
3. The Eiw+1r01r0 Reactions e e 63
Discussion of Ei'rr+:rr0 Events in Light of T=0 A
Resonance e e e e e e e 63
5. Mass Discrepancy Ce e e e e 68
D. Influence of Other Possible X-m Resonances . 68
1. The T=2 Global-Symmetry Resonance . 69
2. The 1520-Mev T=0 Resonance e e 71
Acknowledgements e e e e e e e e e e e 73
Appendices
A. Path-Length Determination . . . . . . . 75
B. Study of Measurement Errors . . . . . . 79
C. Determination of the Beam Momentum . . . 89
D. Estimate of Rates for Different Reactions in
Single-V Events e e e e e e 92
E. Study of Ambiguities in Z2w Reactions . . . 94

References S (¢



PION-HYPERON RESONANCES

Stanley G. Wojcicki
(Thesis)

Lawrence Radiation Laboratory
University of California
Berkeley, California

August 24, 1961

ABSTRACT

This report describes the study of 1.15-Bev/c K -meson
interactions in the Berkeley 15-in. hydrogen bubble chamber. The
discussion is limited mainly to some 600 events in which the final
state consists of a ¥ hyperon and one or more pions.

The mechanics of analysis with the PANG, KICK, and
EXAMIN programs are described in the first part of the report. A
detailed discussion is given of the treatment of ambiguities between
the various hypotheses, a problem that becomes quite severe at this
energy.

The discussion of results emphasizes the effect of strong
final-state interactions in the Z-w system. The relationship of the
data to the recently discovered Y1>°< resonance in the A'rrfn'- reac-
tion is discussed, and it is shown that the E/A branching ratio of
Yl* is less than 16%. Evidence is presented for the existence of a
T=0 resonance in the -7 system with a mass of about 1400 Mev.
It is shown that K +p - = + m reactions at this energy seem to pro-
ceed almost entirely from the T=0 initial state, which might be be-
cause the reactions are still dominated by the T=0 resonance in the

K p system at ~1 Bev/c.



I. INTRODUCTION

In the fall of 1958 a high-energy K~ beam was set \J.p1 at the
Berkeley Bevatron to search for the EO hyperon, a neutral counterpart
of = in the strangeness scheme of Gell-Mann and Nishijima. 2 The
hydrogen bubble chamber was used as a detector, because it alone
would permit an unambiguous identification of the production and decay
of the EO. In addition to one example of the: =0 particle, 3 several
thousand K p interactions were observed in the Berkeley 15-in. hy-
drogen bubble chamber. These are of considerable interest in the
study of properties of strange particles, as the only previous investi-
gation of K -nucleon interactions above 400 Mev/c had been limited to
a counter measurement of K total cross sections on hydrogen and
deuterium at 0.9 Bev/c. 4 Since a discussion of the reaction
K +p - A+ 1r+ + m has been published already in reasonable detail,5
this study will be limited mainly to those reactions in which the final
state consists of a £ hyperon and one or more pions. Other A re-
actions will be discussed insofar as they are experimentally connected
with the £ reactions. Part of these data have been published previously
in an abbreviated version. 6 The nonhyperon-producing interactions will
be reported separately. 7

Sections II and I1II deal with the description of the exper-
imental setup and running conditions, and the mechanics of the analysis
of data. A more detailed description of some of the aspects of analysis
is given in the first three appendices.

Section IV deals with the experimental results, with emphasis
on those features of analysis that were specific to a given class of
interactions, namely the resolution of ambiguities and the elimination
of experimental biases. The last section concerns itself with the inter-
pretation of the data in terms of the existing theories and the relation-

ship of the data to other strange-particle phenomena.



II. EXPERIMENTAL PROCEDURE

A. Description of the Beam

The K~ beam used in this experiment was designed by
Eberhard, Good, and Ticho and is described in detail elsewhere.
Accordingly, only a summary will be given here. The schematic di-
agram of the beam setup is shown in Fig. 1.

The K mesons were separated from a much more copious
pion and muon flux by means of two Cork-Wentzel-Lambertson velocity
spectrometers, 8 each forming a separate stage of separatioﬁ. The
crossing E and H fields were set for transmission of K mesons,
which in turn resulted in the deflection of the lighter pions and muons
out of the median plane. At the end of the first stage of separation, a
0.2-in. -wide slit backed up by a uranium collimator was used to stop
the deflected pions. The slit, in turn, served as the source of the K
mesons for the second part of the system. The bending magnet just
before the bubble chamber was used to sweep away the off-momentum
particles that might have gotten through the system up to that point.
Finally, another slit--this one 0.34-in-wide--followed by a lead col-
limator was placed just before the entrance to the chamber to stop the
pions and muons deflected by the second spectrometer.

The final accepted momentum interval was defined by using
the first quadrupole to focus the beam in the horizontal plane at the
second quadrupole. Because of the initial momentum dispersion due
to the Bevatron field, different momenta are focused at different points
along a line normal to the beam direction. Thus a collimator loc;Lted
in the second quadrupole was used to define the momentum bite. The
nominal momentum was 1.15 Bev/c and the momentum interval acceptec

+ 1-1/4%.
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Fig. 1. Schematic diagram of 1.17-Bev/c K -beam.



B. Operating Conditions

During the actual running time of about 6 weeks some 70,000
pictures were taken in the Berkeley 15-in. hydrogen bubble chamber
exposed to the K beam. The total K .flux through the chamber was
about 100,000. The average picture contained about 10 tracks, less
than half of which satisfied beam criteria on direction, position, and
curvature. The majority of the beam tracks were muons, there being
typically one or two kaons and less than one pion in each picture. The
nonbeam tracks were also principally muons, but with a larger admix-
ture of pions than in the proper beam. Because the total K path
length was determined solely by counting K decays (described in detail
in Appendix A) and the reactions we will discuss are characteristic of
K mesons, the knowledge of the exact amount of pion and muon con-

tamination is not ¢sasrttiadsfortittie pnrpeses of oar disoussion:



I11I. DATA ANALYSIS

A. Scanning

All film used was scanned twice:--once immediately after
exposure mainly to search for double VO events (i.e. possible E'.O
productions) and to check on the chamber and beam conditions. How-
ever, all other interactions as well as the decays were also searched
for and recorded. Before the second scan, the film was edited, and
approximately 25% of it was rejected because of poor sensitivity of
the chamber, failure of a camera, or some other conditions that
rendered it below the desired standard. All of the accepted film was
then rescanned. The results of the two scans were subsequently used
to prepare a master list of all the events found for the next stage in
analysis, which is called 'sketching''. Both of the scans were strictly
topological and no effort was made to assign a physical interpretation

to a given event.

B. Sketching and Measuring

The purposes of the sketching stage are basically (a) to
check the scanner's identification of the event; (b) to scan once again
that particular frame for any possible correlated tracks, e.g. V's,
recoil protons, or electron pairs; and (c) to prepare a sketch of the
event for the subsequent measurement. A fiducial boundary was im-
posed at this time, its boundaries determined by the condition that all
of the area under consideration be sufficiently well illuminated and
that all the tracks of the accepted interactions have at least 4 cm of
measurablevlength, regardless of the direction in which they were
emitted. The fiducial volume was defined in terms of a projected area
in one of the four views.

At this energy the same topological configuration can be due

to many types of interaction. For example, a two-prong interaction



with an associated V can be any of the following:

K_+p—*f(0+p+1r-
_KO

Furthermore, each of these reactions can be produced along with ad-
ditional neutral pions. Very often, ionization, subsequent interaction
or decay of one of the secondary tracks, or the fact that the positive
track stops and does not decay can be used to eliminate some of these
hypotheses by inspection. However, this is not always true, and thus
for the sake of simplicity and limiting the number of event types, the
classification of events at this stage was determined strictly by the
topology of the main interaction vertex. Every distinct topological con-
figuration corresponded to a different event type. If a secondary track
interacted or decayed in the chamber {(connected event), then this
vertex was also listed for measurement so that all available information
could be utilized.

In making the sketch, the sketcher assigned an event-type
number to every event and decided which two of the four possible views
should be used to measure each track. The criteria here were good
stereo angle and quality of the film. Stereo angle is the angle made by
the track with the line joining the two cameras used. The maximum
resolution is obtained when the two intersect at right angles. Further-
more, if any track stopped in the chamber, that information was-also
recorded on the sketch card.

The next stage in the data-processing system is the actual
measurement of the event by means of the automatic measuring pro-
jector (Franckenstein) developed at the Lawrence Radiation Laboratory.
For each track, several coordinate points are measured on the film

in the two views chosen and then punched on IBM cards along with the



master information for the whole event (roll and frame number, fidu-
cials on the top glass, event-type number, etc.). If any track stops,
this is also indicated on the IBM cards by means of an appropriate
code word. Connected events, if any, associated with the main vertex

are also measured at this time.

C. Digital-Computer Analysis

The three stages in the digital computer analysis are the
PANG, KICK, and EXAMIN programs. These are interrelated by
means of output binary tapes, which serve as input for the following
program.

The IBM cards with the track coordinates are used as the

9

input for the track-reconstruction 704 program PANG. " This program
uses the two projected views of each track to reconstruct it in space
and calculates the momenta from curvature and range, and azimuth and
dip angles, as well as the uncertainties in these quantities. Some ac-
count is taken of the nonlinear effects in the optics of the bubble chamber
Nonlinear effects means not only higher-order lens corrections, but
also correction for small imperfections in the alignment of the optical
system. This is done by calculating a set of optical parameters by a
least-squares fit to the grid of fiducials on the top glass. The PANG
program calculates statistical errors which include the contribution
due to the multiple Coulomb scattering as well as that due to the meas-
urement uncertainties. The latter, however, are obtained merely by
propagating a certain intrinsic measuring uncertainty on each point,
and take no account of turbulence or imperfections in the optics of the
system, as these depend very much on specific running conditions. It
was necessary, therefore, to modify parts of PANG to take account
of these two effects so as to obtain errors corresponding to the actual
experimental conditions. A full discussion of this study is given in
Appendix B. To summarize the results of this study here, we can say

that the final errors in general are of the right magnitude. However,



there are small systematic shifts in the measured quantities which
are at most equal to one third of the typical quoted errors and which
will cause the observed XZ distributions to be spread out by a factor
of ~ 1.2 over the expected distributions.

The PANG binary tape serves as input for the kinematical
constraints program KICK. 10 At a vertex where the momenta and
angles of all tracks are measured, KICK does a four constraint least-
squares fit in the 3n dimensional space ( h being the number of tracks),
the four constraints being the three equations of conservation of linear
momentum and conservation of energy. The 3n variables are taken to
be the azimuth, tangent of the dip angle, and the curvature of each
track. This choice is dictated because it is in these quantities thatthe
measurement errors come closest to being normally distributed.
Sometimes when some of the input variables are missing, (e. g. the
momentum of the neutral track), the number of constraints is nec-
essarily reduced. The reason for this constraint reduction is that for
each variable that is missing a constraint equation is required ( and
thereby eliminated) to solve for the missing variable in terms of the
known variables. The final fit is obtained when the xz is minimized
with the simultaneous satisfaction of the constraining equations.

The input quantities for each vertex fit are ordinarily PANG-
calculated quantities with the following exceptions. Often an event
type by its nature is a two vertex event, e.g. a two-prong plus a VO,
in which case the V decay is fitted first, and the fitted information on
the neutral replaces the original PANG information in fitting the pri-
mary interaction vertex. Sometimes a secondary interacts or decays
in the chamber (connected event); the second vertex is then fitted first
and the resulting data on the secondary is used for the primary vertex.
If one of the secondaries stops, momentum from range measurement
is used instead of curvature. Finally as the beam momentum is known
much more accurately from Kp_.z study (see Appendix C) than from the
curvature measurement of the track in PANG, the two values are

weighted by the inverse of the square of their errors and then averaged.



This procedure is known as beam averaging and amounts essentially to
the substitution of the nominal beam momentum for the measured value,
since the former is known to a much better accuracy.

As mentioned previously, most of the event types are ambig-
uous, i. e. they allow for more than one interpretation. KEach one of
the hypotheses is then tried in turn and the fitted quantities are then
output for each. Frequently the kinematics of two hypotheses are sim-
ilar enough so that they both give a satisfactory fit. The treatment that
was followed for these ambiguities of necessity depends on the specific
interaction and will be more appropriately discussed in the following
section. We define the satisfactory fit to a given hypothesis as one that
yields a xz for that hypothesis which is smaller than the XZ corre-
sponding to 1% probability of occurrence.

The KICK binary output tape in turn serves as input for the
final step in the data-analysis process, i.e. program EXAMIN. 1 Here
are computed quantities like polarizations, escape probabilities,
center-of-mass (c. m. ) quantities, etc., for each individual event. The
calculations performed by EXAMIN by its very nature are much more
specific to each event type than those of PANG and KICK and so are

better discussed in the following section.
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IV. TREATMENT OF EXPERIMENTAL DATA

In this section we shall discuss the experimental results
with emphasis on the treatment of data.. The following section will
stress the theoretical interpretation of the results discussed below.
The total cross sections for all hyperon producing channels are given
in Table I. The errors quoted show both the purely statistical contri-
butions as well as more realistic estimates; specific experimental un-
certainties and ambiguities contributing to these errors will be dis-

cussed below. We now discuss in turn the Zw, Z2w, and Z3mw reactions.

A. The E+1r-, Z—1r+, and EOTrO Reactions

The experimental problems involved with the study of the
first two reactions (charged X) are relatively minor when compared
with those accompanying the study of the Eowo system. Accordingly

we discuss the charged-hyperon final states first.

1. Angular Distributions for K +p —~ =t

Even though topologically Ztﬂ:{: final states are indistin-
guishable in most cases from the final states containing additional one
or two neutral pions, the kinematics are sufficiently different so that
unambiguous isolation of two-body events is relatively straightforward.
Specifically, out of some 171 events fittiné =tnr” and =7n", only 19
gave also a satisfactory fit to Z2w interpretation. Of these 19, 10 had
a higher xz for the three-body interpretation than for the two-body
interpretation (see Table II for data on XZ distributions of these -19
events). Because the latter is a much more overconstrained hypothesis
(no particles are missing), it seems reasonable to assume that the am-

biguous events are exanples of the two-body reaction.
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Table I. Cross sections for the hyperon producing
interactions at 1.15 Bev/c.

No. events

Reactions observed Cross section (mb)
K +p—- = +1 87 1.420.2

-~ st 84 1.3 £0.2

- 59440 ~ 50 1.2 +£0.3 (£ 0.45)2

- A+ ~90 2.1 +£0.2 (£0.35)2

T ALY 57 1.0 +£0.2 (+0.3)?

-3 A 54 0.8 0.2 {+0.3)2

-2 it 27 1.0 + 0.2P Cg'ga

> At 141 3.1 0.4P \

- A + a'rro'

L0, avO}a;Z ~65 1.5+ 0.2 (+0.35)2

D LA 13 0.18%+ 0.06 (% 0.12)3

TR LS 9 0.12£0.05 (£ 0.08)%

IO LI R - 19 0.19£0.06

T 13 0.12+0.05

- A0 + n: + 1r_+ a"%}a;l 39 11 % O.Zb

- X + 7 + 7+ avw

®The first error quoted is purely statisticai. The error in parentheses
aliows for biases and ambiguities in the anaiysis.

b'I‘he data for V2P reactions come from reference 5.
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Table II. The x2 distributions for the 19 events
giving satisfactory fit to both the Zw and the Z2n hypotheses.

No. of Observed Expected Observed Expected

Interpretation constraints median median average average

* .t 4 3.2 3.4 3.6 4.0

* ot a0 1 2.1 0.4 2.8 1.0
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The procedure followed in fitting all charged ¥ events con-
sists first in using the data on the ¥ track and its charged decay prong
to obtain the fit to the decay vertex. Subsequently (by using the range-
energy relationship for the £ and the value of the magnetic field) the
fitted variables of the Z track are transformed to its production point.
Fits are then attempted to the two- and three-body hypotheses. In
most cases, the X track is so short that its momentum from curvature
is unreliable; in this case no decay fit is possible. However, by using
the measured quantities at the decay vertex along with the constraining
equations of energy and momentum conservation, we can solve for the
momentum of the X. This often results in a two-fold ambiguity, cor-
responding to forward or backward c. m. decay (fourfold for E+ because
of additional protonic decay mode). In these cases several production
fits are made, one to each ¥ momentum. For two-body events, the
final fitted quantities are determined mainly by the angles of the tracks
and v and K momenta, which are known ordinarily to a much higher
precision that the T momentum obtained in the previously described
manner. Thus, even for a widely different input £ momentum, the
final fitted quantities are very similar. For the sake of uniform pro-
cedure, the fit with the lowest xz of the two or four fits was always
used.

In obtaining the angular distributions of these two-body proc-
esses, we must be careful of the following experimental biases:

a. For small decay angles of the X, the likelihood that the
event will be missed is very high. This is especially serious for the
forward-produced Z}+ hyperon decaying via the protonic mode, because
then the angle in the laboratory (lab) system is always less than 9.5
deg. Furthermore, one sees then no sudden change of ionization, as
in low-energy T = m decay. The event thus is very likely to be mis-
classified as two-prong with a small-angle proton scatter, or (if Z+ is
short) two-prong with turbulence close to the vertex.

b. Short 2 hyperonstend to be missed by scanners more

often than the longer ones. This is a bias against backward-produced
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>~ hyperons. As an example, the probability that a backward-produced
E+ will decay in the first millimeter is ~30%. Thusthis can be a
serious bias if not corrected for.

c. At this energy, the escape probability becomes significant,
as a forward produced = has a mean path length of ~6 cm, a relatively
large distance in a 15-in. chamber.

For a bias-free distribution, the following requirements were
imposed on all events:

a. The projected decay angle between the Z and its charged
decay product must be more than 10 deg in at least one of the four views.
This requirement was sufficient insofar as all events were inspected for
kinks in all four views during sketching.

b. The Z must be at least 4 mm long.

c. The X must be produced and decay inside a specified
fiducial volume. This more stringent fiducial volume was somewhat
different from the one used in sketching insofar as it was defined in
terms of volume rather than projected area. However, it was contained
entirely in the previous definition of the fiducial volume. An appropriate
correction was made for this change in computing the path length (see
Appendix A).

All the events were then processed through an EXAMIN pro-
gram which checked to see that all these conditions were satisfied (if
they were not, the event was rejected) and computed the probability that
this given physical configuration would meet all these requirements.

The final probability of detecting an event with a given physical con-

figuration is given by:

P (detection) = [ P(3) - P(1)] P(2),

where P{(3) is the probability of decay within the fiducial volume, P(1)
is the probability of decay in the first 4 mm, and P(2) is the probability
that the largest projected decay angle be greater than 10 deg. Prob-

abilities P(3) and P(2) were calculated by numerical integration over
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(2) the azimuthal angle of the X around the beam track, and (b) the
longitudinal position of the interaction point along the beam track. In
addition, for P(2) integration was performed over (c) polar and az-
imuthal decay angles of the X, Isotropic decay was assumed, because
even large up-down asymmetry would not affect the result.

The quantities kept constant were the angle that the = made with the
beam track, the Z momentum, and the lateral position of the beam
track. This took account of the actual distribution of the beam particles
along a lateral direction.

Each event satisfying all three of the criteria that were im-
posed to assure a bias-free distribution was then weighted by 1/P
{detection). The statistical error associated then with each histogram
interval is the square root of the sum of the squares of the weights.

This method of treating biases is satisfactory as long as there
are no physical states that have very low probability of detection, since
then any one of these low-detection-efficiency (highly weighted) events
can significantly alter the shape of the histogram. This is true of
forward-produced Z+ hyperons decaying by the protonic mode, because
these will give a projected decay angle ordinarily smaller than 10 deg.
For this reason, only pionic decay angles were used for the forward
part of the histogram for =t production, and all the numbers in this
region were multiplied by 2 to take account of this fact (as the rates of
two decay modes of E+ are experimentally known to be equal). As a
check we can compare the weighted frequencies of the two decay modes
for backward 2+ hyperons. The numbers are 39.0+8.8 for proton
decay and 30.2% 7.2 for the 7 decay mode, in reasonable agreement
with the expected 1:1 ratio. After the removal of the forward produced
E+ hyperons which decay into protons, the weights run from about 1.25
to 2.5, and our method of correcting biases is quite satisfactory.

The angular distribution histograms for the ste” and =o'
reactions are shown in Fig. 2. The ordinate is the sum of the weights
for each interval. The errors are statisical only, but they should be
quite realistic as there do not appear to be any unaccounted-for exper-

imental uncertainties. Because of the method used to correct for
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scanning biases, the weighted number of events depends on the ¥
lifetime used in calculating the corrections. However, only the extreme
backward interval is very sensitive to the lifetime of the hyperon. Even
in this worst case, the present uncertainty on the lifetimes of Z+ and
¥~ contribute an additional error of less than 10%, which is small com-

pared with the statisticaX error.

2. Separation and Angular Distribution for Single-V Events

We discuss next the 2013) events. Topologically they consist
of a disappearance of a beam track (zero-prong) associated with a V.
The reactions that éan give this configuration are quite numerous, and
a complete separation is impossible. The possibilities that must be

considered are:

K +p - A +1r0

- Z .+ m
0
- A + aw
0 o}' 22
- Z amw )
- R0+n
- R0+n+‘1r0.

For the last two reactions the V is due to a I? decay rather than a A.
This coupled with some restrictions on the production vertex--i.e. for
every angle of _KO emission there is a maximum momentum kinematically
possible--and the fact that ionization of the tracks is sometimes helpful
in distinguishing between the decay proton of the A and decay wt of the
ﬁ) allows us to separate these events out relatively easily. The sub-
sequent discussion will be restricted accordingly to A and Eo events,
The fitting of the A (as opposed to RO) part of the single-V
event type is as follows: first, a fit is made to the decay hypothesis.
Then, if a satisfactory xz is obtained for the A decay interpretation,
K+p—~ A+ 11'0 production is attempted using the fitted quantities. This
is the only interpretation constrained enough that a fit can be made.
The difficulty associated with determining the rates for dif-

ferent reactions--a process possible only on a statistical basis because
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one cannot assign a definite interpretation to each event--is illustrated
in Table III. For a given beam momentum each reaction has a certain
range of c. m. kinetic energies available to it. The extreme values of
each spectrum are listed in Table III. ]n addition there is a smearing
of about +3 Mev because of a beam momentum spread of ~+20 Mev/c.
We know that the A‘ITO spectrum is a line and the 20“_0 spectrum must
be flat between its two limits (because EO-*A + vy is the decay of
spin-1/2 particle). To see this, we recall that spin-1/2 particles must
decay isotropically in their own rest frame if parity is c_:onserved,. as
in EO—> A + y decay. Furthermore, T, inthe K p c.m. system is

A
linearly related to cos 6 in the ZO rest frame; so the TA spectrum

must be flat. However,AwEe do not know anything about the expected
shape of spectra of other reactions. One possibility is the assumption
that phase-space distribution is followed. We know, however, that
phase space plays almost no role in determining the A nte” spectrum5
and the E:t ﬂ;'n'+1r " spectrum (see discussion of Z¢+ wi+ 1r++ T events
in Section V C). Furthermore, the relative rates of different reactions
are unknown, so even if the hyperon-energy spectra were known for
each reaction, the composite energy spectrum would still be uncertain.
Finally, the typical errors on the c.m. kinetic energy of the A after
fitting its decay, due to both the measurement errors and the uncer-
tainty in the exact velocity of the K p c.m. system because of the
finite beam-momentum spread are anywhere from 3 to 15 Mev. Thus
we can see that aside from any theoretical uncertainties in the spectra,
they all merge together due to experimental errors.

In analyzing the single V events, we must correct for-both
escape of the A from the chamber before decay and also the immediate
decay of the A. If the A decayed immediately, it would be misclas-
sified as two-prong. We used here a similar procedure to that for
charged I hyperons, computing for each event the probability that it
would decay inside the fiducial volume minus the probability that it
would decay in the first 4 mm. The former was calculated in the same

manner as P(3) for the charged X reactions. Each event was then
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Tabie III. Kinematical limits on A kinetic energy

i Kp c.m.
system for different single-V reactions. ’

Finai State TA min( Mev) A max( Mev)
A 1r0 145.3 145.3
Eovo 78.2 1449
Avovro 0 130.6
20 “0“0 0 128.8
Awowowo 0 106.2
ZO 1r01r01r0 0 101.7

2The values quoted are for the nominal beam momentum of 1150 Mev/c
(E = 1863 Mev).
c.m.

bThere is an additional spread of about +3 Mev due to the finite momen-

tum spread-of the beam of +2} Mev/c.
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weighted by the inverse of this difference, the weights running from
about 1.2 to 1.8. Furthermore, the EXAMIN program computed the
c.m. kinetic energy and its error for each event, as well as the c.m.
angle at which the A was emitted. The nominal beam momentum was
used to determine the velocity of the center of mass in each case. The
resultant kinetic-energy spectrum is shown in Fig. 3. A small number
of events in the low-energy region was subtracted to allow for the small
contamination of pion-produced associated productions. The size of
this correction was obtained by using the number of observed double-V
associated productions that satisfied the beam conditions.

We discuss next the procedure for obtaining an estimate of
cross sections and angular distributions for Z}Owo, AWO, and three-and
four-body reactions. One must point out that XZ' for the K +p— A+ o’
hypothesis is not a very satisfactory criterion in separating A1r0 from
Zono events. Using it as a criterion for deciding the probability that

0
a given event is a A-'rro results in a bias towards a forward-peaked AW

angular distribution. Similarly, if we use for our sample of EO“_O
events only those in the appropriate energy range which give a bad x
for the Awo interpretation, a Eono angular distribution results that is
biased towards the backward direction. This is because forward-
produced EO hyperons decay into A hyperonsthatare very energeticinthe
laboratory, and thus the measurements are relatively poor and the
resulting errors quite large. In other words a considerable number of
forward-produced Z hyperons give a quite good xZ for the ATI'O inter -
pretation. On the other hand, backward-produced Zo hyperons tend to
give A hyperons that are slow in the laboratory, and the resultimg fit
is very precise (especially if the proton stops; this happens quite often
for this configuration). Therefore only a very small fraction of back-
ward-produced EO hyperons gives a good {fit to the A1r0 interpretation.
To avoid this difficulty, we determine the total cross section
and the angular distribution for 20170 events by limiting ourselves to
the events with kinetic energy ‘I‘A lyinog 3etween 78.2 and 122.7 Mev,
i.e. only the lower two-thirdsof the T w spectrum. This means that
we are limiting ourselves to those events where the Z‘,o—' A decay angle

£ 0.33. This in no way

in the Eo rest frame satisfies -1.0 < cos OEOA\
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biases our sample, as the decay is completely isotropic and uncorrelated
with the production process. Furthermore the chances that a A‘H’O event

would be so mismeasured as to give T, in this interval are very small.

The extent of this ATTO contamination cé\n be estimated by looking at the
number of events sufficiently farawayon the other side of the line spec-
trum at 145.3 Mev, i.e. with TA> 168 Mev. Ig seems that it is reason-
ably safe to assume that no more than one Am event is included in our
sample.

We assume therefore that the .sample selected contains only
2011'0 and three- and four-body events. However, it should be empha-
sized that this many-body contamination cannot give us a bias as can the
AO“O events, because now we have two canceling effects. Because of
measurements errors, it is equally probable that events with T ,<78.2

A
Mev lie above 78.2 Mev as it is that events with T ,>78.2 Mev fall below

that value. Since the density of events on both sidﬁs of the cutoff is
roughly the same, the two effects will compensate each other. This is
not true if we work close to the A'n'0 spectrum, since there we have a
line spectrum neighboring on the band spectrum, and accordingly den-
sity of events changes suddenly.

We obtain an estimate of the three- and four-body events in
this region by looking at the shape of spectrum from the VO two-prong

events and assuming that the T, spectrum from three- and four-bod)}

single-V events is the same. 'Ij'\hen by counting the number of V events
with TA< 78.2 Mev, we can calculate the number of many-body events

in the band selected. Subtracting this number, and correcting for neutral
decays of the A, as well as for the fact that we are not looking at_the whole
20170 spectrum, we finally get the total number of Z‘,o hyperons produced.
The number of Avroevents is obtained by subtracting the 2011'0 and three-
and four-body events from all single-V events observed. The actual cal-
culations are shown in Appendix D.

It is necessary to emphasize the pitfalls associated with this
procedure. First, the hyperon-energy spectra of individual three- and
four-body reactions need not be the same when the associated pions are
charged as when they are neutral because different combinations of

isotopic spins are involved. Secondly, for the same reason the relative
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total cross sections need not be the same for the neutral pion reactions
as for the charged pion reactions. On the other hand, it must be stated
hat since there seems to be no evidence for any sizable w-7 interaction
in the VO two-prong data--which would be the effect that would most
violently change the hyperon energy spectrum--we may hope that re-
gardless of details, the over-all spectra are reasonably similar. We
feel, however, that the statistical errors on total cross sections and
angular distributions should probably be increased by at least 50% to
account for these uncertainties.

The angular distribution of the secondary A hyperons for the

events in the 78.2-Mev < T ,< 122.7-Mev energy band is shown in Fig. 4.

These are believed to be m{a\inly secondary A hyperons from the reaction
K+p-— % «0. At this energy the angular distribution of the =0 is
reproduced almost completely in the secondary A angular distribution;
certainly the difference is much smaller than the statistical uncertainties.
We must remember that roughly about one-third of these events are
really three- and four-body events. The angular distribution of events
with TA

that this distribution for the three- and four-body reactions does not

< 78.2 Mev is shown in Fig. 5. It seems reasonable to assume

change drastically with the increasing energy of the hyperon, and thus
the histogram in Fig. 5 might be a reasonably good estimate of the many-
body contamination in Fig. 4. No subtraction was attempted because of
the many uncertainties involved, but one might conclude that the angular
distribution is somewhat sharper at the two ends than Fig. 4 indicates.
Figure 6 shows the angular distribution of all events with XZ <2.0 for
A'rro interpretation. As mentioned previously, the actual A1r0 distribution

will be more depopulated in the forward direction.

3. Polarization of Charged T and Single V Events.

We discuss next the study of polarizations of charged Z
hyperons and of A hyperons from the single-V events. In general the
decay distribution of a spin-1/2 particle in its own rest frame is given
by

l+ a P cosf
Z ?

1(8) =
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where a is the decay-asymmetry parameter, lo, |\< 1, P is the

polarization of the hyperon, depending on the production angle and also
obeying l P [ <1, and cosf@ is the angle made by the decay product with
the direction of polarization. Mopore specifically, since the polarization

must be along a direction normal to the production plane, we define

- —> -
_ Py (PgX Py)
cosf = — — ’
] PKX PYI pN

where P ﬁY’ and ﬁN are momenta of the incident K , the visible

hyperon, IZ,nd the decay nucleon, respectively, either in the laboratory
or K pc.m. system,; PN is the magnitude of the momentum of the
nucleon in the hyperon rest frame.
For the processes
K +p - EO + 'n'o
- A+ n'n'0 } n>2,
- 20 + nwo

the maximum polarization may exist along directions other than normal

>

to the plane defined by PK

are invisible, we are restricted of necessity to this plane.

and ﬁA' However, as the other particles

The values of aP for all reactions in question are listed in

Table IV. aP is defined by the expression
aP = 3 Z cosf, + \/ 3'(0'13-)2
"N i i N

The expression for the uncertainty in aP is precise only if the polar-
ization remains the same for all production angles. We know that this
is not true, because the polarization must vanish as sin@ for forward
and backward production directions. However its behavior off the beam
axis will be very sensitive to the partial waves that participate in the

production process and so cannot be predicted exactly. As the data are
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Table IV. Observed values of aP

Production Channel Hyperon decay mode aP

K +p =2 +m st~ at4n 20.1540.27

st a =t —>p+'n'0 -1.02+0.23

R = w1 +n 0.20£0.20

- A + 7 A =p+m 0.09+0.20

-’ZO+11'0, 20»A+y A —»p+m 0.25+0.26
0 g

o Qrar a>2 A —=p+m 0.12£0.26
-2 tarm , T = Aty

clearly insufficient for a partial wave analysis and since presence of D
or F waves would not be surprising, no angle cutoff was imposed and
all events were used in determining aP.

The results on the pionic decay modes of the X hyperons are
consistent with the observed fact that a vanishes for these modes. 2On
the other hand, the protonic mode of E+ for which a is approximately
one exhibits a very large polarization. This distribution of cosf for
the K +p —~ styam, =t p+ r’ events is shown in Fig. 7. No
statistically significant polarization is observed inthe single.V reactions.

With the limited number of events we have here, no detailed
analysis is possible as to the extent to which scanning biases could
affect. these results. We feel, however, that no bias would seriously
up

thus no serious systematic errors are present.

discriminate in favor of vs '""down'' events or vice versa, and
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B. The X2w Reac¢tions

The final states to consider here are Z}+w-1r0, E—TT+TT0, 2017+1r-,

and Zowowov The last reaction is completely indistinguishable from
Awowro and the best we can do is to give an upper limit for the sum of
these two processes. Therefore, we shall limit our discussion to the
first three states. The main experimental difficulty in studying these
reactions is the problem of resolving ambiguities: between the reactions
in question and Zi'rﬁnono for the charged hyperons, and between Eow T
and A1r+1r- for the 20, The problem is much less severe in the former

case; accordingly we shall treat it first.

1. E+1r-1ro and Z-TT+1TO Final States

The main difficulty stems from the fact that one of the outgoing
particles (170) is invisible and the £ momentum is ordinarily known so
poorly (even after it is determined by using the T decay) that the
Ei'rriwo hypothesis is very weakly constrained. This will result in many
Zi1r+1r01ro events giving a satisfactory xz to the single wo interpretation.
The 21r0 hypothesis has too many quantities missing to obtain a kinemat-
ical fit, so one is not able to compare xz distributions for the two inter-
pretations. In other words, if we accept as Z2m events all those re-
actions giving a sufficiently low xz, we are faced with the probability of
including in our sample a reasonable large number of 3w events.

It is necessary therefore to correct the total number of Z2w
events for this Z37 contamination. Furthermore, the misidentified
Z3m events will bias the energy and invariant mass distribution because
in general they will tend to cluster in a specific region of the spec‘tra.,
Accordingly we have used the Z‘,i'n'+1r+w___events to determine which
events should be removed from our Ei-rr+1r0 distributions as being more
likely Z:hﬂ+1r0w0 events. This study is described in detail in Appendix
E. In the following section, all the discussed distributions of Zi*n}n'o
events have been corrected already for this contamination.

The question of experimental detection biases discussed above
for Zw events is not so serious here, because there is now much less
direct correlation between c. m. quantities, e.g. Q value of a given two-

particle system, and the laboratory configuration with which the biases
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are intimately connected. Accordingly, the figures below include all
the events found, without any corrections. For the total cross-section
determination, however, we have again applied the weighting procedure

described previously.

2. The 20n+1r_ Final State

We discuss next the difficulties associated with the study of
Zow+w- events. Topologically, these are a two-prong associated with
a A. The {fit proceeds by first treating A decay and then.using thenew A
quantities as input for the production vertex, where a simultaneous fit
is made to the EO production and a subsequent Z}O decay. The difficulty
lies in the fact that at this energy the kinematics of 20w+1r- are very
much similar to those of Aw+1r-; more specifically, a A1r+'n'- reaction
will very frequently give a reasonably low xz for the 20w+1r' interpre-
tation, since the difference between the two is only a y-ray of energy
around 100 Mev. The pions being quite relativistic, the extra 100 Mev
of momentum and energy can be quite easily absorbed by a small frac-
tional change in the momenta of the pions. On the other hand, we would
expect the opposite not to be true: it is not very easy for a real 201\'+1r-
event to simulate a Aw+1r- reaction. The reason isthat if the y does
not lie along a direction of either one of two pions, real drastic changes
in momenta and angles of all particles are necessary to arrive at final
quantities satisfying the constraining equations of conservation of energy
and momentum. A slightly more general way of saying this would be that
the A1r+1r- reaction being much more constrained (four-constraint fit
since no particles are missing) is much harder to fit accidentally than a
Eow+1r' reaction (two-constraint, two-vertex fit, since we see neither
the Eo nor the y-ray).

The detailed reasoning behind the arrived estimate of the
actual number of Z‘Ow+1r- events is given in Appendix E. It will suffice
here to merely quote our conclusion, namely that roughly 1/3 of all

0 + - - .
Z°m w events will give also a satisfactory fit to ATT+TT interpretation.
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3. Representation of the Data

The energy distribution of the outgoing particles for three-
body final states is best represented in terms of Dalitz plots. 13 If the
correlation with the beamn direction is of no interest, then all the other
physical parameters of the reaction in the c.m. system are determined
if we specify energies of two particles. The data can thus be conveniently
exhibitied in two dimensions, each event represented by a point whose x
and y coordinates are the kinetic energies of two final-state particles.
Furthermore, for each total c. m. energy, a kinematic boundary exists
within which all the events must lie. This representation of the data is
known as a Dalitz plot, since it was first used by Dalitz to study energy
distribution of pions in 7 decay. It has thé property that if the matrix
element for the reaction is constant (i.e., population of final states is
determined solely by phase space), then the region inside the kinematical
limit is uniformly populated. 1

The Dalitz plots for the three reactions discussed above are
shown in Figs. 8,9, and 10. Only unambiguous 3% events have
been plotted, and the events believed to be examples of Z:hw;wo'rro have

been removed from. the Z*Jr-:Fn'O plots.

C. The Z3m Events

. : £ + +
The six possible charge states here are T w w

Zow0n+1r-, and = 01r01r01r0.

T, E*ﬂq:ﬂowo ,

Of these, only the first two are sufficiently
overconstrained to permit a complete analysis. The next three re-
actions, in so far as they can be separated from theisimilar topalogical
configurations can yield us some information, even though the complete
reconstruction of the event is impossible. The last one is completely
hopeless, being lost among other indistinguishable single V events,
and as such will not be discussed any further.

The results of the study of these reactions lend themselves
much better to presentation in the following section; accordingly, here

we only comiment briefly regarding the handling of these data.
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Fig. 8. Dalitz plot for the reaction K + p— E++ 1r-+1r0.

The mass of the (Z-m) system is calculated on the
basis of a nominal beam momentum of 1.15-Bev/c.
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The mass of the (Z-m) system is calculated on the
basis of a nominal beam momentum of 1,150B ev/c.
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1. The = 1r+1r+1r Reactions

We start with these reactions since they are readily distin-
guishable and quite easy to analyze because no particles are missing.
A typical example of a =tr n 't event is shown in Fig. 11. The only
ambiguity present here is the decay mode of Z+, which is either
readily resolvable or else irrelevent to the main vertex fit. The only
other interpretation for these topological configurations is the same
reaction with an extra 7, which however does not seem to be the
case for any of these events. For the purpose of the distributions pres-
ented in Section VC, all the events found were used, because the ques-
tion of experimental scanning biases is of relatively minor importance
here for the same reason as for the three-body events. However, the
total cross sections were again obtained by the method of weighting
each event by the reciprocal of their detection efficiency to take account
of any possible scanning biases.

2. The 21“}"0“0 Reactions

The difficulty associated with separating out these two re-
actions has been discussed above. We would emphasize here that only
a small fraction of the events believed to be examples of Eiw¢w0n0 can
be assigned with certainty to this interpretation. These are the events
that do not fit Z)iw+1r0 hypothesis. The rest of them are more likely
four-body processes rather than three-body because of arguments given
in Appendix E. This conclusion, however, can only be made on statis-
tical basis, and possible large Ziw+1r0 contamination in this group

cannot be excluded.

3. The 201\'+1r—1r0 Reaction

For the EOTYOTT+1T- reaction, the situation is equally difficult.
Topologically these are V0 two-prong events and as such can have many
other interpretations, even after the V has been identified as a A.

More specifically, the possible interpretations are
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Fig. 10. Dalitz plot for the reaction K + p - =04 atin,
The mass of the (Z-1) system is calculated on the
basis of a nominal beam momentum of 1.15-Bev/c.
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ZN-2937

Fig. 11. Typical example of+the reaction K +p— Z+ +m 4+ 1r“+11'+
followed by the decay Z - 7 + .
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K +p - A+ +w
0

—»Z+1r++1r-

—>A+'n'++1r_+1r0

2%t e e

—>A+1r++1r-+1ro+1r0
+

- z‘,o+w +1r'+1r0+1r0,
Furthermore, since the Zow0w+w— interpretation is not overconstrained,
no kinematical fit to it is possible.

However, the events that have very high a priori probability
of being examples of this reaction can be separated out. First we elim-
inate all the events that give a sufficiently low XZ to the first two
hypotheses because these are highly overconstrained and their kinematics
are quite distinct from those of the Eow0w+1r' events. We are left then
with 39 events that must be examples of the last four reactions. Only
one case of A1r+1r_1r+1r- and no cases of E*w+1r+1r-1ro were found, so it
seems safe to assume that the last two reactions would be quite rare.
The A1r+1r-1r0 h ypothesis is sufficiently constrained so that a kinematical
fit is possible; however, a satisfactory xz for this interpretation does
not exclude the possibility that the event is an example of EOTI’O‘IT+1I’-,
since the kinematics of these two reactions are very similar. One would
expect, however, that the Z3mw events would tend to give generally a
higher xz for the A3m interpretation than the genuine A3m events.
Second, using the measured quantities of the two pions and the A data
obtained from fitting its decay, we can calculate the missing masg of the
reaction. This quantity should be always 135 Mev for A3w reactions,
and greater than 135 Mev for 3w reactions. Thus, by imposing some
sort of cutoff on these two variables, we would expect to obtain a group

of events containing a high percentage of examples of 20w0w+1r- reaction.
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V. DISCUSSION OF RESULTS

In this section we discuss our results in light of other
strange-particle phenomena and the existing theories. We deal first
with the reactions K + p— Z + 7 and their possible connection with
the recently observed T=0 resonance in the KN system. Next we
discuss the relationship of the data to the recently discovered T=1
resonance in the A-7 system and the evidence provided by the data
for the existence of a T=0 resonance in the Z-m system. Finally
we say a few words about the influence that other Z-w resonances

might have on the interpretation of the data.

A. Discussion of the Reactions K +p— Z+w

We would like to point out first the evidence that exists for
the predominance of production from the T=0 state. The three cross
sections are equal within statistical errors (Table 1), although the
figure for the 20"0 reaction is not too well determined because of
the previously discussed experimental difficulties. An even stronger
evidence is afforded by the angular distributions of the three reactions.
The distributions for the two charged ¥ hyperons (Fig. 2) are strik-
ingly similar; although not known as precisely, the neutral=hypéron
distribution (Fig. 4) is the same within experimental uncertainties.
Furthermore, if one looks at the structure inside the backward peak,
one sees that in all three reactions it shows sharp peaking towards
cos OKZ = - 1.

We must mention here that this is all circumstantial evidence.
Because of large errors in the Eofro cross section, a T=1 amplitude
equal to about 80% of the T=0 amplitude cannot be excluded. This
would require orthogonality of the two I-spin amplitudes to give equal
cross sections for 2+1r_ and E—w+ reactions. Furthermore, (although
here experimental uncertainties do not allow one to make too strong a
statement ), the similarity of charged and neutral X angular distributior

would have to be a coincidence. Thus, even though it cannot be proven,
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it seems likely that the Zw production at this energy is dominated by
the T=0 amplitude.

We can interpret the data as still being dominated strongly
by the T=0 resonance discovered receptly by Cook et a1,15 in the
1-Bev/c region in the K p interaction. ! It is surprising, though,
that the T=1 Zwm production is so strongly suppressed at this energy,
especially since the Awo cross section seems not too small, i.e. ~
2mb (Table I). If this T=0 resonance manifests itself so strongly in
the Z-m reactions, one might hope to obtain its spin by looking at the
angular distributions involved. Our data clearly show odd powers of
cosf, characteristic of two or more partial-wave interference effects.
This is not surprising since even if the resonant amplitude dominates
completely right at the resonance, we would expect other partial waves
to be relatively more important at this energy.

It is interesting to speculate along with Kerth and Pais
upon the existence of global-symmetry resonances in the pion-hyperon
systems that are analogous of the pion-nucleon resonances at similar
energies (the latter might also not be proper resonanceslé). More
specifically, the question is posed whether the Cook et al. resonance
is related to the third pion-nucleon resonance. If so, one might hope
to find similarities between the pion-hyperon angular distributions and
the pion-nucleon angular distributions atthe resonant energies.
Resolution of this problem obviously needs a detailed investigation of
the angular distribution behavior at several energies in the resonance
region. We merely would like to point out that our data seems to
require higher powers than cosze, and thus predominance of J >-3/2
seems not unreasonable.

Another interesting fact is the existence of complete polar-
ization at this energy. The value of ap of -1.02+0.23 (Table IV) for
the protonic decay mode of E+ was obtained by imposing no cutoff on
the production angle. The polarization thus must persist up to very
small production angles. As the polarization is an interference phenom-

enon between two partial waves, we see that several partial waves
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contribute strongly to the production process, a fact indicated also by
the angular distribution, as we remarked above. Furthermore, if
many different partial waves interfere, we would expect on the basis
of purely statistical arguments that the different interference terms
would come in with different signs, and the over-all effect would vanish.
Large polarization indicates this predominance of two (or at least only
a few) partial waves.

If the three reactions indeed proceed mainly through the T=0
channel, then the EO and £ hyperons should also be 100% polarized.

Unfortunately, it is impossible to check T polarization, since A"

vanishes. However, Z}o polarization can be studied by looking at
up-down asymmetry of the A resulting from EO decay. The sign of
this asymmetry would then yield the relative sign of a, Vs uz+ .
Unfortunately, in addition to the impossibility of isolating the
pure sample of Zo'tro events, two other difficulties exist. Firstly, the
chain of decays EO* A+y, A-~p+m washes out the polarization by
a factor of three (in addition to changing the sign of polarization). 18
Secondly, we do not know precisely the EO production plane. This
plane, however, will be approximated quite closely at our energy by the
K A plane because of the relatively small Q value of EO decay compared
to EO momentum. From Table IV we see that the value of ap of the
Eowo events selected by methods outlined in Section IVA2 is 0.25%0.26.
We feel that no conclusions can be drawn from this result
either about the existence of 20 polarization or relative an,- uz+ sign.

. 0 . . .
Even if we assume 100% X polarization, no conclusive answer as to

the sign of QA" GE+ can be given, because our sample of 20“_0 events

contzins roughly 30% many-body events. Even if these were unpolarized,
they would reduce the polarization of the whole sample to about 0.25. A
small polarization of the opposite sign in many-body events, which is

not excluded by the data (Table IV), would lower the value considerably
and make the experimental result consistent with both a

A
than or less than-zereo;  -A-much-more precise experiment is needed to

/o.z+ greater,

resolve this question.
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%
B. T=1 Resona.rkce(Y1 )

The problem of correct interpretation of the Aw resonance
is still unresolved. As yet there is no conclusive data to distinguish
between the two explanations put forth, i.e. the global-symmetry inter-
pretatiOn19 and the KN bound-state model. 20 We would like next to give

a short background on these two ideas.

s«
1. Global Symmetry Description of Y1

The basis of global symmetry is equality of all pion-baryon
couplings, an equality that is only broken by the weaker K couplings.
Accordingly, as an analogue of the 3/3 resonance in the pion-nucleon
system one expects the existence of a T=1 resonance in the pion-hyperon
system. One can provide a simple argument for the mass and width of
this resonance. 17 One considers the observed isotopic spin T as com-
posed of two spins, I and K, in the manner T=1+ ﬁ, where 1 is the
fundamental spin that specifies the state completely in the global-sym-
metry approximation (i.e., if there were no K couplings) and K is
the isotopic spin due to the K couplings that break this symmetry. A
and the three charge states of the £ in this approximation are composed
of components of the two doublets Y and Z, which are split by K
coupling. Table V shows the 1 and K spin assignments of the stro'ngly
interacting particles.

We write a general phenomenological mass formula for nu-

cleons and X and A hyperons:

M=m(K)) + AT-K,

where m(KZ) is the general hyperon or nucleon mass depending only
the K spin and A is the Z-A mass difference. Then by analogy we

can write the mass for the resonant states:

M=m(K)+ aT-B+p+Q,

where p is the pion mass and Q the resonant energy of the pion-nucleon
system. For T=1, 1=3/2, and K=1/2 we get about 1380 Mev for the mass

of the resonance.
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Table V. Assignments of K and I spin for elementary particles
in the doubletapproximation

Particle Global-symmetry Conventional

description description T Tz I Iz K Kz
ot . 1 1 0
w 0 . 1 0 1 0 0 0
T T -1 -1 0
K' K 1/2 0 1/2

K 1/2 0 1/2
K° K° -1/2 0 -1/2
p p 1/2 1/2 0

N 1/2 1/2 0
n -1/2 -1/2 0
val =* 1 1 1/2 1/2

Y 1/2 1/2
¥° (2°-WNT 1,0 0,0 -1/2 1/2
z° =% mANZ 1,0 0,0 1/2 -1/2

VA 1/2 1/2
yA = 1 -1 -1/2 -1/2
=0 =0 1/2 1/2 0

= 1/2 1/2 0
= = -1/2 -1/2 0
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The width can be obtained from the corresponding width for
the pion-nucleon system by scaling it down by the kinematical factor
(due to different momenta involved in the two cases) and the isotopic-
spin weight factor. The former is the product of available phase space
times the centrifugal barrier-penetration factor. Since Yl* resonance
in this interpretation must have spin 3/2 and even Y1 - A parity (i.e.,
p-wave resonance) in analogy with pion-nucleon 3/3 resonance, the
kinematic factor is just (PA/PN)3° As shown below,the Am system
has an isotopic-spin weight of 2/3, and the contribution of the Zw decay
to the width is negligible. Accordingly the isotopic-spin weight factor
is ~2/3. The estimated width thus turns out to be 23 Mev.

The resonance must also be able to decay into the Zw system
in the T=1 state. To obtain the relative rates, we write down the
resonant state as a linear superposition of the Am and Zm systems in

the ''real world'":

Y1*=AlA1r>+B|21r>

and of the Yw and Zw systems in the doublet approximation of the

""global-symmetry world'':

v, *=c|¥n)+D|zn).

K
Considering now specifically Y * and imposing the restrictions of charge

1
independence (i.e., in the first case we form the T=1 state, and in the

second an 1=3/2 state), we get

A(ATT) + BF(z+n°-z°n+) = c(N1/3Y%  + N2 /370 + (2%,

2
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Substituting for Y and Z

Y+ = Z+,
O. 2-a
Z 2
and 0
Z0 T+ A
= > ,
we obtain the result A = - N2B. The relative rates for the three states

are then:

Art =0 207 - 4001,

To obtain the observed decay rates from this isotopic-spin
weight ratio, we must again compensate for the different momenta in-
volved. Phase space gives us a factor of P /PA, and the p-wave
contributes (P /P ) giving us an over-all (P /P ) of 0.225. Thus
the observed branchmg ratio R for a given charge state of the Zn
system will be about . The same argument can be reproduced fully
for the other three charge states of the Yl*’ with the same results.
Furthermore, by charge independence, the rates for different charge

states of the Zm system will be the same, i.e.:

% S _ - % -
e 52 Y ez v0L st .

% - _ 0 - % - = 1.
v e 5% v a2l v, s 4t

— *
2. The KN Bound-State Model Description of Y1

We turn next to the ideas embodied in the '""bound-state

resonance' model. As a very thorough discussion of this subject has
been given recently by Dalitz, 2l we limit ourselves to a brief summary
of the main conclusions of his paper. Treating the K-N and hyperon-

pion interactions by means of the zero-range approximation, we find
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that if the imaginary part of the scattering length, b, is small and the
real part, a, large and negative, hen the K-N wave function can be
approximated by a bound state. If one neglects the pion-hyperon inter-

b/
action, then the mass of this state M is given by
M= M+ M, - 1/(2p, a°
- MN K - ( P'K a )»

where a is the real part of the scattering length and Mg is the reduced
mass of the K-nucleon system. Furthermore the half width T'/2 is
given by I'/2 = b/p.Ka3. Dalitz uses the data presented by Alvarez at
Kiev22 for a solution (which alone out of the four possible scattering-
length solutions of Dalitz and Tuan20 satisfies the above-mentioned
conditions for the bound state in the T=1 channel) and obtains
M" = 1382420 Mev and T'/2 = 18 Mev.

Recently, a much more precise analysis of the old low-energy
K p data has been performed by Humphrey and Ross. 23 They find that
only two scattering-length solutions satisfy the data, and neither meets
the above requirements for a pion-hyperon resonance in the T=1 channel
below the K p threshold, i.e. large negative real part and small imag-
inary part of the T=1 scattering length (or at least the approximations
made in deducing the existence of resonance are no longer valid with these
solutions). We must point out here, however, that the Dalitz-Tuan the-
oretical arguments as well as the Humphrey-Ross analysis are based on
zero-effective-range theory. The effects of nonzero effective ranges are
being investigated by Ross and Shaw. 24 These could not only affect the
fitted solutions, but also, as Ross and Shaw point out, even if the-inclu-
sion of nonzero effective ranges has little effect on data in physical
regions, it could seriously affect the behavior of the pion-hyperon cross
section below the K-p threshold. Without a further theoretical treatment,
we do not feel justified therefore in saying that the experimental data rules
as a bound-state-model resonance.

*
The bound-state model being the S 1/2 state, the Y

res-
1

sk
onance must have spin one-half, and the Y, -A relative parity is odd or

1
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even depending on whether K-A parity is odd or even, respectively.
The Z-to- A-decay branching ratio of Yl>=< depends strongly on the
experimental value of the /A ratio in the I=1 channel at the K-N
threshold Rt’ on the relative X-A parities, and on the assumptions
that one makes about the behavior of amplitudes for X and A production
below threshold. Assuming that the centrifugal barrier-penetration
factor dominates this behavior and calling the relative orbital momenta
in the X and A channels £y and ¢

Z A
include here both charges of the Z) at the resonance Rr

, we obtain for the X /A ratio (we

24  +1

R AR (ap/ap) A

Rr = Rt(qu/qzt

where %5 is the Z momentum at resonance and A5y at the KN
threshoid. Using the recent value of 0.40+0.03,for Rﬁ, we can obtain
a value as low as 16% (i. e. 8% for each charge) by taking £, =1 and

z
£,=0, i.e., opposite Z-A parity. It should be pointed out that inclu-

sji\on of effective ranges can significantly alter this branching ratio.

The present experimental values for Yl* mass and width are
1385 and 20 to 30 Mev, respectively. 25 The latter is uncertain because
of Bose-statistics effectsz in the A1r+1r- events at low energy, as well
as the conflicting res:lts from the study of the Gzp interaction. 21 The
spin and parity of Y1 are still unknown; it is clear thus that the existing
data agree with global-symmetry prediction, and because of previously
mentioned difficulties we cannot exclude the bound-state model. We may
hope that analysis of 227 data will elucidate the proper interpretation
of Yl*°

3. The XZ2w Experimental Results

Since we know the production rate of Yl*+and Yl*_ from the
study of the A1r+1r_ reaction, > we can obtain the decay branching ratio
R of the resonance by looking at the mass distribution of the positively
and negatively charged (Z-m) systems in our Z2w reactions. On the

three Dalitz plots (Figs. 8,9, and 10), a large Z-A branching ratio
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would exhibit itself as a bunching of events along T * and T - lines
of about 280 Mev. We see that there is no evidence of any enhancement
in this region, and so the branching ratio must be quite low.

To obtain a quantitative lower limit on this ratio, we combine
the events in such a way as to be able to plot composite spectra of the
(Z-m) systems in all three charge states (Figs. 12 and 13a). Now the
Yl*+ and Yl*_ events would show up as events in the (Z)'rr)+ and (W)~
plots (Fig. 12) around a mass value of 1385 Mev. For definiteness we
take all the events with the mass in the 60-Mev band centered at 1385
Mev, assume that they are all Yl*, and compare them with the number
of A1r+1rm events with the (Av+) or (Am ) mass in the same band. This
gives us an upper limit of & on the value R. This limit appears to be
rather unrealistic, since there seems to be no peaking above the phase-
space. curve (see however Sec. VD, 2 for a further discussion of this
point. The value R=0 certainly cannot be excluded by the data.

We should point out here that the difficulty (discussed in
Appendix E and Sec. IVB, 1) associated with distinguishing the Ziwtwo
events from the Etwiwono events does not affect this result because the
mass of the (Ziﬂo) system is determined once one knows the c. m.
momentum of the charged pion, which is ordinarily measured accurately
enough so that the fit will not change the value significantly. For a
(=m) mass low enough to be included in this calculation, the energy of
the pion must be quite high, well above the kinematical limit allowed by
the four-body reaction. In other words the events that are hard to
identify will fall in the region of high TwO and therefore necessarily
low Tﬂ:t. As such, it does not make much difference whether they are
classified as three- or four-body events for the purpose of the above
calculation.

It must be admitted that the events of interest in this calculation
are those most likely to give spurious fits to the Eiw+ reactions, because
these will have relatively high charged-pion energies (and therefore low
neutral-pion energies). However, the 19 events that are ambiguous (see
Table 1I) have a perfectly normal XZ distribution for the two-body hypo-
theses and poor XZ distribution for the three-body hypotheses. This
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coupled with the fact that a four-constraint fit is much more difficult to
fit spuriously than a one-constraint fit leads us to conclude that probably
no more than one or two of these events are indeed examples of the
three-body reaction--certainly not enough to affect our conclusion.

It should be mentioned here that the observed average mass
of the Y;e< as observed through the £-7 decay mode will not necessarily
be identical to that obtained by looking at the A-m mode. This is due to
the difference in the two decay momenta; in other words a Y{g< with a
low mass will probably not decay into a Zw system because of the
smaller phase space and (or) centrifugal-barrier penetration factor.
Thus we would expect to observe that the mass of Yl’I< as observed
through the Zm decay mode would be displaced to higher energies. How-
ever, as this is a strong function of the shape of the resonance curve and
the spin of the excited state (neither one of which is known) and is not a
very large effect, for simplicity we have taken 1385 Mev as the central
value for both decay modes.

The low /A branching ratio of Yl* unfortunately does not
allow us to distinguish between the two theoretical interpretations of the
resonance. The limit is still above the prediction of global symmetry,
and by taking effective ranges into account in the KN bound-state model,
we can reduce R to below the observed value. Bastien et al. 28 have
recently obtained a result also consistent with R=0 by studying Z2w
production by 760-and 850-Mev/c K mesons.

*
C. The T=0 Resonance(YO )

We discuss next the evidence presented by the data regarding
the existence of a T=0 resonance in the (Z-m) system. At the begin-
ning, we must sound a word of caution. The conclusions below are drawn
on the basis of some 40 events, and as such a statistical fluctuation can-
not be excluded. Accordingly, we admit that the data is not conclusive in
establishing the existence of a T=0 resonance. We present it to show
that the data can be explained reasonably well in the framework of this

resonance, and at the same time to outline the method of analysis to be



_52-

followed when more events are availahle. We must also mention that
Bastien et al. have recently reported some evidence supporting the
T=0 resonance hypothesis. 28 Recently Shult and Capps have invoked
a T=0 resonance to explain the observed branching ratios for K~

29

interactions in deuterium.

1. The Eiﬂ+1r+1r_ Events

We start with the discussion of the Ziw-’twﬂr- events in so
far as these are the highest quality data.from the experimental point
of view. To investigate the possibility of strong final-state inter-
actions, we plot the mass spectra of all possible (Z-7) systems in
these reactions. Thus for each event we obtain three mass values--two
for the neutral and one for the doubly charged (Z£-w) systemm. These two
spectra are displayed in Fig. 14. It seems quite clear that the two his-
tograms are significantly different. Furthermore, the doubly charged
system shows no statistically significant departure from phase-space
predictions, and the neutral system exhibits a bunching of events around
1405 Mev.

It is attractive to interpret the data in terms of a resonance
in the (Z-m) system. To explore this possibility in more detail, one
wishes to present the data in a form analogous to that used for study of
the Yl* resonance in the K + P~ A+1r+1r- reaction, i.e. Dalitz plofs.
To do this, we isolate the system consisting of the £ hyperon and the
two pions of unlike charge (that is, of charge different from that of the
Z) and treat them as a three-body final state. In essence this amounts
to the statement that the third pion is relatively "inert" and does not
affect the strang final-state interaction between the Z hyperon and the
other two pions, an assumption that seems to be justified at least to a
certain extent by the phase-space-like distribution of the (Z)-*n'):i:k system.

We can transform now the (Z2w) system under consideration
into its own rest frame and obtain the energy available in that frame.
Furthermore, we can obtain the boundaries of the Dalitz plot corre-
sponding to this particular energy. Insofar the energy distribution of

these particles is governed by the statistical considerations, there is
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an equal a priori probability that the point representing a given event
will fall within any given element of area in the Dalitz plot. The con-
ventional Dalitz plots, however, are not completely suitable for our
representation since, because of various c.m. energies for each event,
there is no constant relation between the kinetic energy of one pion and
the mass of the system consisting of the Z and the other pion. For
this purpose it turns out to be more suitable to label the axes in terms
of the mass squared of the (Z-m) system. This still preserves the
property that every element of area has &qual a priori probability of
being populated, and at the same time permits all the events with the
same mass of the (Z-w) system to fall on the same line.

All the Dalitz-plot envelopes will now be tangent to one of two
sets of orthogonal axes, one set corresponding to the mass of the
(E+-1r_) system squared, the other to that of the (E--w+) system squared.
The minimum-energy envelope (corresponding to an event in which all
three particles move with the same velocity) becomes just a point at the
intersection of the two axes. As the three-body c.m. energy increases,
the ellipse gets larger and moves away from the interaction point.

The final plot will consist of superposition of all envelopes,
each one corresponding to one event. It will now be a three dimensional
figure, and the points with equal a priori density of events will have the
same height. This is achieved by remembering that each ellipse, corre-
sponding to one observed event, must have the same volume. Its height
is therefore given by the inverse of its area. In this way, the exper-
imentally observed energy distribution of the third pion is taken into
account. To illustrate graphically this process of superposition ef en-
velopes corresponding to different events, we show in Fig. 15 the addi-
tion of envelopes for three different events in three dimensions and the
resulting contour map.

The contour map for the actual 32 events together with the
experimental ppints is shown in Fig. 16. Only half of the plot is shown
because of its symmetry around the 45 deg line (i. e. because the two

pions are identical). The events can be seen to fall into two bands, each
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(a)
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Fig. 15. (a) Three-dimensional view of superposition of three
Dalitz envelopes of different c. m. energy to give a com-
posite figure representing phase space for these three events.

(b) Contour map resulting from these three events.
Relative densities are shown for an assumed 4:2:1 ratio of
areas of the three ellipses.
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one centered about 1405 Mev (1.97 X 106 Mevz), accentuating our belief
that the phenomenon observed is due to a resonance in the (Z£-m) system.
Indeed, one can ask what is the probability that 26 events out of 32 fall
in one of the bands with full width of 40 Mev and centered at 1405 Mev,
if phase space is the sole factor governing the reaction. The answer

is that the odds against this are greater than 10" : 1. This exaggerates
the point because of arbitrary selection of the band position, but the
odds are nevertheless impressive.

We should like to dwell here for a moment on the advantage
of this representation over the simple mass-spectrum histograms.
Aside from the fact that this representation allows one to view each
event individually and observe the two-band structure, one also has the
possibility of being able to study the interference effects between the
two amplitudes, which might enable one to deduce properties like spin
and parity of the resonance. It should be emphasized, however, that
these considerations are based on an assumption that needs a deeper
theoretical justification than the crude arguments given above.

We would like to emphasize that if we see here a real effect
(as opposed to a statistical fluctuation) then it must be due to a strong
interaction in the Z-m system and not in the w-m system. This is
because we are dealing with a four-body system, and therefore a given
mass of a dipion system does not determine uniquely the mass of the
other two particles. Furthermore, experimentally the invariant dipion
mass spectra do not show any significant departure from phase space.

2. The 20w0w+1r' Events: Determination of the Isotopic Spin of the
Resonance

The data so far presented are still insufficient to determine
the isotopic spin of the resonance. The assignment of T=0 or T=1
seems most logical in view of the absence of the 1405-Mev peak in the
doubly charged system. However the T=2 assignment cannot be ex-
cluded because of the many amplitudes that can be involved in this
reaction. As an example, if the reaction proceeds dominantly through
the over-all T=1 channel with the two nonresonating pions also in T=1,

then a T=2 resonance could not exhibit itself in the spectrum of the
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doubly charged (Z-m) system. The only unambiguous determination of
the I spin can be obtained through the:study of the K—+p—’20+1r0+1r++1r-
reaction. More specifically, the decay branching ratio p of the res-
onance, defined by

(En)o - 20 + 11’0
(=m0 st 4 (Zm) T 4T

s

is 2, 0, or 1/2 depending on whether the' I spin state is 2, 1, or O,

respectively.
+

In other words, if we assume that all 32 examples of Z*w:F'n' T
reactions proceed by the resonant mode, then we would expect 64 (for
T=2), 0 (for T=1), or 16 (for T=0) examples of the Z‘,O*n'on'+1r- reaction,
with a EO“O mass around 1405 Mev. If we allow for the neutral decay
mode and the typical escape correction of the A, the numbers are
reduced to 33, 0, and 8 events.

The experimental difficulties associated with the study of
this reaction have been discussed in the previous section (Sec. IVC, 3).
However, to obtain some idea of the effect of the postulated resonance
on this reaction, we divide our VO two-prong events that do not fit
Attr” or z0nts" into two groups. The first group includes events
for which (a) xZ for the A1r+1r-1r0 interpretation is greater than 2.0
and (b) the missing mass carried off by the unseen neutrals is greater
than 135 Mev. The second group includes the rest of the events. Thus
the latter group is expected to contain mainly An+1r-1r0, while the former
probably contains mainly examples of Eowo-rr+1r-, A4rm, and 2041. For
each event, we calculate the invariant mass of the .emitted neutral
particles by using only the PANG data for the two charged pions and the
beam momentum (Thus this system includes the A particle in addition
to the unseen neutrals). Thus we need not hypothesize on the identity of
a given event to obtain this quantity. Since the errors will vary quite a
bit from event to event because no kinematical fit is involved (from 15

to 40 Mev), we present the data in both histogram and ideogram form

(Figs. 17 and 18).
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amples of A4w events). (b) The other 26 8vints. The solid
curve is the phase-space curve for the A" ' 7 n reaction
normalized to 26 events,
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that do not fit Am 7 or w mw, The division of the events is
the same as Fig. 17.
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The only safe conclusion that can be drawn from the data is
that the T=2 assignment is excluded. There does seem to be a clus-
tering of nine events in Figs. 17a and 18a around 1390 Mev, and clus-
tering that is absent in Figs. 17b and 18b. In view of this (we ignore
for a moment the discrepancy between 1390 and 1405 Mev), we feel
that the data seem to favor the T=0 isotopic spin assignment. How-
ever, because of scarcity of data, we cannot exclude the possibility
that this clustering of events is due to a statistical fluctuation. Our
belief that the isotopic spin of the resonating system is zero as opposed
to one is accentuated by the fact that a T=1 resonance could decay into
a A-m system. Thus we would see an excess of events in the (Am)
mass spectrum from the A1r+1r-1r0 reaction around 1405 Mev, a fact not
substantiated by the data (Fig. 19). Accordingly, in the following dis-

cussion we assume that the isotopic spin of the resonance is zero.

We must mention one possible objection. If we accept the
statement that the bunching of events in Figs. 17a and 18a is a signif-
icant phenomenon (as opposed to a statistical fluctuation), then two dif-
ferent explanations suggest themselves. The first one is the hypothesis
postulated above, i.e. that the events in Figs. 17a and 18a are mainly
Eo'n'01r+1r- events and we see the effect of a resonance in the Eono
system. The second one is that these are really poorly measured
ATTOT\'+1I’_ events, and we observe the resonance in the A'n'o system (i.e.
the previously discussed Yl*).

We feel that the latter is rather unlikely for the following three
reasons: (a) If we assume that the bunching in Figs. 17a and 18a is real
{and not a statistical accident), then nine out of 13 events in that group
are dominated by the resonance. This would mean that at least a com-
parable fraction, i.e. 18 out of 26 events in Figs. 17b and 18b (since
these then would be presumably better measured A1r01r+1r- events) should
fall around 1390 Mev--a significant departure from phase-space predic-
tion. This requirement is not satisfied by the data (Figs. 17b and 18b).
(b) The events around 1390 Mev in Figs. 17a and 18a move away from
this value when one uses the fitted (to the Aw0w+1r_ interpretation) values

of the A and 1r0 variables to calculate the mass of the neutral system.
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(c) If we assume that all 39 events are examples of the A1r+1r-1r

reaction and calculate the invariant masses of the (A1r+), (A7) and

(ATTO) systems from the fitted values, there seems little evidence for
presence of Yl* in any of these spectra (Fig. 19). In other words,

either Yl* for some reason plays no dominant role in the K—+p—'A+1r++1r-+1r0
process, or its effect is now very obscured because of the interference
phenomena. It appears, therefore, that the observed phenomenon (if it

0

. I . . - 0 +,_- .
is not a statistical accident) is due to the K +p—+Z +m +7 +w reaction.

3. The Etn'+ 1r01r0 Reactions

The T=0 resonance should exhibit itself also in the mass
spectrum of the (Z:tn+) system from the Z:tw+ TTE rrO reactions. Asthere
were 32 Z#'TT+ 1r+ m  events, the number of E:tﬂ’+ 1r-1r0 reactions should
be somewhere between zero and 16, depending on the relative importance
of the T=0 and T=1 channels in the production process. The mass
spectrum for the 22 events of this kind is shown in Fig. 20. Unfortu-
nately, the large errors on some of these events (since here again no
production fit is made) as well as the possibility of Z2w contamination

does not allow us to draw any supporting conclusions either in favor or

against the resonance hypothesis in the (Z-w) system.

4. Discussion of Eiw+1r0 Events in Light of the T=0 Resonance

We must now turn to the two problems that face our inter-
pretation of the data. These are the relative absence of the resonance
effect in the Ein}wo, and the discrepancy in the mass of the resonance
as obtained from its charged and from its neutral decay modes. We dis-
cuss first Z:t'rr+'n'0 events.

The T=0 resonance should exhibit itself as the enhancement of
the 1400-Mev region in the (Ein+) mass speétrum. This is true to a
certain extent (Fig. 13a), but the effect is hardly statistically significant
and not as strong as might be expected from the influence that the res-
onance has on the T m w n  events (Fig. 14). In answer to this objec-
tion, we must first point out that this region of low (Eiﬂ:F) mass has a

large experimental uncertainty because of possible contamination of the
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Z:t"?"O"O events discussed in Section IVC, 3. In other words, due to the
difficulty of correcting for this effect, the number of events in this part
of the spectrum is rather uncertain. Thus the excess of events in this
region could be easily more pronounced if too many events were sub-
tracted out (see Fig. 13b for the spectrum of subtracted events). How-
ever, even after allowance for this effect we must still admit that the
T=0 resonance plays a relatively minor role in the T w 170 events.

The second point we would like to make is that a mechanism
does exist which forbids the resonance in the Zin}_wo events, namely
production through a pure T=0 channel. For the production from the
T=0 channel, the two pions must always be in a T=1 state, and thus
certain stringent restrictions must be met. The wave function can be

written as

¢O=’\/—Z( w—ﬂﬂ)/\/-_Z("TT-“’")*"\FZ (""‘"+")

Thus the three charge states are all characterized by the same produc-
tion amplitudes. This requires not only that the cross sections for these
three charge states be equal, but also that all the other distributions be
the same. Furthermore, the 201:01\'0 reaction should be totally absent,
because two neutral pions cannot be in a T=1 state.

It should be pointed out that this argument of identity of the
three charge states holds only for the T=0 production. For a T=1
channel, the two pions can be in T=0, 1, or 2. Thus we deal now with
three different amplitudes, which would make it quite unlikely that these
would produce the same cross sections and same distributions for all
three charge states.

To test this hypothesis, we note first that the cross sections
for X “_T"O’ Z+1rt1r0, and Zow+1r— are roughly equal (Table I) although
the last one is rather uncertain due to ambiguity with A1r+1r- as outlined
previously (Sec. IVB,2). It is impossible to obtain any estimate of the
number of Eonoﬂo events except for an upper limit of ~1.5 mb (Table 1).
However, many other processes are included in this group, so the limit
is probably unrealistic. Thus the total-cross-section data does not

exclude a hypothesis of production from T=0 only.
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The Dalitz plots for the three reactions (Figs. 8,9, and 10)
are not too different and are reasonably symmetric, so no evidence
against production from the T=0 hypothesis can be drawn from these.

We look next at the angular distributions for the three reactions. The
angular distribution of the three £ hyperons must be the same, and the
angular distributions of the two pions in each reaction must be identical
to each other as well as to the pion distributions in the other two re-
actions. The nine angular distributions are shown in Fig. 21. No ef-
fort was made to assure that these should not have any experimental
biases inherent in them, because the number of events is too small for
any careful analysis. It is felt that no strong biases exist that would
significantly affect the data, at least for the two charged T states.
Slightly more caution is necessary when looking at the Zow+1r- reaction
because a significant number of these events are missing from the spec-
trum presented in Fig. 21. We feel, however, that there is relatively
little correlation between a configuration of the 20w+1'r- system in the

K p c.m. frame and the probability that this event will fit a A1r+1r- hypo-
thesis. Therefore the 20w+1r- angular distribution should also be re-
liable. The distributions appear different, but it would be dangerous to
conclude that this is statistically significant, especially since some
small experimental biases could be present that would affect different
reactions in a different way. Furthermore, it must be remembered
that, by proper choice of phases, even a small T=1 contribution can
significantly affect the distributions observed.

To conclude the discussion regarding the possibility of pro-
duction from a pure T=0 channel, we state that no strong evidence exists
against this hypothesjs, but at the same time there is no strong evidence
for it. o

One more point should be made before leaving the 211\'+w
reactions. We know that the A1r+1r’ reaction seems to be governed al-
most entirely by the le< resonant amplitude, the phase-space factor
being completely irrelevant. It is tempting therefore to ask to what
extent is the phase-space factor relevant in the Ei-rr+1r0 reactions, and

to what extent is it meaningful therefore to speak about departures from
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phase-space predictions. More specifically we ask whether a more
correct view would be to think in term's of several resonant amplitudes
dominating the reaction, which when superimposed might resemble a
phase-space curve. This is a point obviously quite important when
talking about the extent to which the T=‘0 resonance is seen in the

+ 0
Ztv+1r reactions, and we shall return to it later (Sec. VD).

5. Mass Discrepancy

We turn now to the problem of mass discrepancy. As observed
through the charged-Z decay mode, the central value for the mass of the
T=0 resonance is 1405+2.5 Mev, and the half-width after unfolding of
experimental errors is £10 Mev. From the VO two-prong events (Figs.
17a and 18a), if we assume that all nine events around 1390 Mev are
examples of Eowo'rr+1r_ proceeding through the resonant channel, we ob-
tain for the central value 1387+ 5 Mev and a width consgistent with £10 Mev.
Even though on the first glance this might appear as a statistically signi-
ficant mass discrepancy, we feel that it would be dangerous to draw such
a strong conclusion from only nine events. Since the identification of
20“0w+"- events is so difficult, it is not inconceivable that a few examples
of A1r01r+1r' have been included in Figs. 17a and 18a and that they tend to
bring down the central value.

Determination of whether there is a real mass difference will
have to await further data. We merely mention here some of the phenom-
ena that could give a mass shift: electromagnetic mass differences be-

tween the 2_17+

+ - 00
, Z ™, and T 7 systems, interference between the two
+ F + -
resonating amplitudes in the case of Z"m w w reactions, and interference
with the nonresonant amplitude. However, a quantitative discussion of

these points is probably premature at this stage.

D. Influence of Other Possible -7 Resonances

In this section we would like to discuss briefly the effect of
other resonances on our data and to what extent the data support or deny
the production of these resonances by 1.15-Bev/c K~ mesons. We turn
our attention first to the T=2 global-symmetry analogue of the 3/2, 3/2

pion-nucleon resonance in the pion-hyperon system.
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1. The T=2 Global Symmetry Resonance

In connection with the still unresolved status of the Yl%
resonance interpretation, a considerable amount of speculation has
been centered around the question of the T=2 resonance. The existence
of a j=3/2, T=2 resonance in the -7 system would greétly strengthen
our belief in the validity of global symmetry and would provide an in-
direct support for the global symmetry interpretation of Yl*‘ If we use
arguments outlined in Section VB1, the position and width of this res-
onance are 1530 Mev and 70 Mev, respectively.

Accordingly, we consider to what extent our data can provide
evidence for or against the existence of T=2 resonance. The most ob-
vious place to look for it would be in the spectrum of the doubly charged

*ntn” reactions (Fig. 14). Unfortunately, the

Zm system in the Ein
1530-Mev region is at the tail end of the available spectrum, and so it
would be very surprising if this resonance could indeed dominate the
reaction. Therefore, the absence of any clustering of events in this
region hardly can be construedas anything except a purely kinematical
effect. In the Z2m reactions, however, there is ample phase space in
this part of the spectrum, and so one would expect that the investigation
of those reactions might tend to be more fruitful.

Even though no obvious excess of events in this region is pre-
sent, this per se does not constitute any conclusive argument against
the presence of the T=2 resonance. The width of this resonance is such
that the resonant events would be hard to separate out from background,
but in addition the interference effects could be expected to affect the
spectrum considerably, because the two resonant bands would intersect
inside each Dalitz ellipse. Because in this system the resonance would
have to be produced from a T=1 sdtate we can write the wave function
for the final-state consisting of YZ* (resonating X-w in a T=2 state)

and the other

_ 3 o 4 *Q 0 3 *. +
‘*’1'\/;‘(2 T Vg5 Y, " tVig Yo T
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Next we substitute the decay wave function for each charge state of

YZ>=< to obtain
-
Lpl ;\/-2;—0—[(2+1r0) ™ - (Z)O*n'+)1r-:| —-\/—115- L(Z+1r—)n0+2 (Eowo)no +(Z}_Tr+)w0
1
+\/Zi:{(2-no)ﬂ+- (Zov_) w+J ,

where the system in parentheses is the resonating system. Finally,
we collect the terms for each one of the three charge states under

consideration:
E+1r—1r0 »\g(z+1ro) T —\/—i——s(2+w-) a°
Z_w+wo—vg(2-wo)w+ -‘\/-11;(2'1#) _
ZOH+W-N§;—( Zow+) T + %) (Eon_) xt,

Thus the two resonant amplitudes contributing to each re-
action have a definite phase relation with respect to each other and
accordingly will interfere with each other. Specifically, the interfer-
ence effects between the two contributing coherent amplitudes change
sign as we go from the neutral ¥ case to the charged Z .reactions,
though in the latter case the interference is not complete.

We have investigated to what extend the experimental mass
distributions and Dalitz plots are consistent with this resonance. We
have used the treatment introduced by Dalitz and Miller26 to study the
lower energy energy A1r+1r- reaction by writing a phenomenological
matrix element of the form used by these authors that would be dom-
inated by the resonant amplitude and also satisfy the symmetry prop-
erties of the wave function. The Breit-Wigner, one-level formula was
used as appropriate for a resonance which is an analogue of the 3/2,
3/2 pion-nucleon resonance. Even though our statistics are quite
limited, we find it hard to reproduce the distribution of the center parts

of the three Dalitz plots simultaneously by means of only s-and p-wave
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production. It seems that if a T=2 resonance exists, it does not
play any significant role in the Z production at this energy, or else

higher partial waves dominate .

2. The 1520-Mev T=0 Resonance

Recently evidence has been reported for the existence of a

T =0 resonance in the Zm system with the mass of 1520 Mev. 30 We

again ask whether any effect of this resonance is seen in any of our
reactions. Again because of the limited amount of phase space in that
region for the Ziwr+1r+1r_ events, lack of any effect in those reactions
is not surprising (Fig. 14). The resonance, however, should also
appear in the Zi'rr+'rr0 events as a bump in the mass spectrum of (thw;)
(Fig. 13a). At first glance, no obvious excess of events above the
phase space is noticeable, but we would like to explore this possibility
a little further.

As we mentioned before, the A1r+1r- reaction is dominated
exclusively by the Y;g< resonance; the three-body phase space is rather
irrelevant here. Therefore, we do not feel that it is necessarily cor-
rect to compare the Z2m spectra with the phase-space predictions.

We can present an alternative hypothesis, which--at least with our
limited statistics--cannot be easily disproved, a hypothesis that here
also the reactions are dominated entirely by strong fiml-state inter-
actions. More specifically we can say that these reactions proceed
almost exclusively through the T=0 resonances at 1405 and 1520 Mev
and the T=1 Yl* at 1385 Mev. If we look at the mass spectrum of
(Zt-w;) in these terms, we can think of the low-mass events as due to
the 1405-Mev resonance, the center of the spectrum as due to the 1520-
Mev, T= 0 resonance, and the high-mass events as due to projection
onto the ( Eiv+) axis of events with (Ei‘ﬂ’o) mass around 1385 Mev,
namely Yl* everts. This hypothesis would require relative depopula-
tion of the center of the 20w+1r- Dalitz plot. Some events are found
here, indicating that some ''background' must be present, but because
of experimental difficulties associated with this reaction(which were
mentioned before) and the limited statistics, we cannot exclude the pos-

sibility that the same region in the charged = events is considerably
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more populated.

We would like to emphasize the spirit in which we make these
comments. Rather than attempting to prove any hypothesis, a task we
are unable to do with this small amount of data, our primary purpose
is merely to sound a word of caution. For, if indeed the hypothesis of
production mainly through resonant channels is true, then the statement
that the 1405-Mev T =0 resonance is absent in the Z2% reactions
loses most of its validity. Furthermore, the Yl* branching ratio R,
for which we obtained an upper limit of 8% may actually be quite close
to this number, even though at first glance the limit seems unrealisti-
cally high. We want merely to emphasize that the most elementary
treatment of looking at departures from phase space may not be the cor-

rect one.
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APPENDICES

A. Path Length Determination

The amount of K  path length in the experiment was deter-
mined by counting K decays, because at the energy used here the
K mesons are minimum-ionizing and thus indistinguishable from the
lighter particles. The maximum decay angle possible for a 1-Bev
pion (which was the average momentum of the pion contamination) is
3 deg, and thus a wide-angle decay is a unique signature of a K meson.
Before converting the number of K decays to a total path
length, we must apply the following several corrections.

a. Small angle decays. Only decays with opening angles

larger than 4 deg were included, because below that limit, the scanning
efficiency becomes very poor, and one begins to see pion decays. Even
this limit is probably too small. The ability to detect K mesons dip-
ping directly downward at 4 deg becomes marginal, and in the future,

a slightly larger cutoff should be imposed. This 4-deg limit corre-
sponds to a certain forward cone in the K-meson rest frame and a
smaller backward cone (since all visible decay products except electrons
must go forward in the laboratory at this energy). To calculate the size

of this cone, we start with the two simultaneous transcendental equations:

P cos®
P sin ©

i)

YP cos 8 + ne

p sin 8,

where capitals refer to laboratory quantities and small letters to K-
meson rest-frame quantities. Using the small-angle approximation for

cosf and 8ainf, we get for the two predominant decay modes:

-+ cosf 0.941

K,

- cosf 0.928

Kn’Z

in the forward cone. The backward cone gives a completely negligible

contribution.
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We make the approximation that the less frequent decay modes
have, on the average, the same cutoff as the average of these two modes
(except for T decays for which the detection efficiency is 100%). Av-
eraging the cutoffs of all decay modes according to their decay rate, we
get cos 8 = 0.940. Since the K meson is spinless, it must decay iso-
tropically in its rest frame, and so the final correction here is 3.0%.

b. Scanning efficiency. Because all the film was scanned

twice, one can use the first scan to calculate the efficiency of the second
dcan. This procedure assumes that every K decay is equally easy to
find, i.e., that there are no intrinsically '""well-hidden' decays. This

is obviously not completely true, but in view of the 4-deg small-angle
limit and the choice of the fiducial volume at a reasonable distance from
the actual walls of the chamber, it may be hoped that the procedure does
not depart very much from reality. Besides, the scanning-efficiency
correction turns outto be small enough that this is not too important.

The relevant numbers are:

Total number of K decays 3023
Number missed on first scan 533
Number missed on second scan 117.

To obtain the actual number of K decays, we must calculate the scan-
ning efficiency for these events. The scanning efficiency S of the
second scan is given by the fraction of the decays found on the first scan

which were also found during the second scan:

3023 - 533 - 117 _ 2373 _
S= ~uz3 o533 ° Zago - 95-3%

The actual number of K decays is given by

3023 - 117 _ 2906 _ 3049
T 0953 ~ 0.953 ’

The over-all scanning efficiency for K decays is thus 3023/3049 =99.1%.
In the first scan, the scanning efficiency for K decays was much lower

than in the subsequent scan because the emphasis in the former was
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mainly on double V's.

In addition we must apply the following three corrections,
which would have been applied automatically had all K decays been
measured and fitted.

c. Nonbeam decay correction. During the sketching oper-

ation, all interactions or decays produced by tracks within 5 deg to the
beam direction were recorded. In the final analysis, a more stringent
criterion was applied for all accepted interactions by means of EXAMIN
program. Since not all K decays were measured, we used our 71 decays
to determine what fraction of K decays would fail to meet the new cri-
terion. It was found that 16 out of 174 events would not meet this new
beam definition.

d. Low-energy correction. In addition, a certain number of

tracks may meet the beam criterion on direction and yet be below the

nominal beam momentum. Again we use the highly overconstrained 7
decays to determine this number. The correction turns out to be four
out of 158 decays.

This assumes that all categories of events are equally strongly
constrained as T decays. In other words we assume that all interactions
produced by low-momentum K mesons are just as unlikely to give satis-
factory fits when beam-averaged as T decays. This is obviously not
true when we deal with incoming K mesons with momenta only slightly
below the beam momentum (e.g. ~50 Mev/c). However, the main frac-
tion of below-beam-energy K mesons had momentum sufficiently low that
when they were beam-averaged a satisfactory fit could not be obtained,
even for a one-constraint hypothesis .

e. Fiducial-volume correction. During scanning and sketching,

the fiducial volume was defined by means of a projected plane in one view.
For the final analysis, the accepted region was defined in terms of an
actual volume which was contained entirely in the previous definition. We
must therefore correct for the decays satisfying the original fiducial vol-
ume but not the final one. Again using 7 decays, we find this correction
to be three out of 154 events. The over-all correction for these three

factors is then 23 out of 174 events, i.e. 13%.



-78-

Combining all these corrections, we get for the actual num-

ber N of K decays satisfying all beam criteria

0.87 x 3023

N = 53970 %x0991

= 2736.

To determine the path length, we multiply the number of decays by the
decay length of a 1.150-Bev/c K meson. Thus the total path length,
L, in the experiment is given by

1150

L=n7cN-= 497 ><3>(1010><1.224><108

X2736 = ?..34><'1-06 cm.

Finally we calculate the cross section corresponding to the
observation of one interaction. The relationship between the cross
section, o, path length, L, and number of events observed, n, is

given by

n=N0p0L/A,

where p is the density of hydrogen at bubble-chamber operating condi-
tions (0.0586 gm /cm>), ! N, is the Avogadro's number (6.025x 10%3),
and A is the atomic weight of the material used (1.008 for hydrogen).

Thus the cross section corresponding to one event is given by

1.008
(6.025 % 10°)(0.0586)(2.34x 10°)

o =A/N0pL =

= l.22><10_29 crn2 = 12.2 pb.

The statistical uncertainties associated with this calculation
of path length are insignificant, since in each case under consideration
the main uncertainty comes from the statistical error on the number of

interactions observed.
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B. Study of Measurement Errors

This experiment is the first one in which the PANG and
KICK programs were used to study high-energy events. In the preceding
low-energy experiment where the momentum, P, was typically ~200
Mev/c, the uncertainties in the angle and momentum measurements were
dominated in most cases by the multiple Coulomb scattering {the rms.
projected angle due to multiple Coulomb scattering is proportional to
N 'L/ PB, where L is the measured length of the track and B is its
velocity in units of c). The Coulomb contribution to angle errors at
that energy would be typically of the order of 1 deg. Furthermore, the
typical curvatures, K, observed at low momenta in the 15-in. chamber
(~ 12 kgauss H field) were such that typical value of the sagitta, S
{(given by S = KLZ/S) would be in the vicinity of 1 cm. Accordingly, at
low energy the precise knowledge of measurement errors (which are
typically ~ 0.2 deg with the existing measuring equipment and the precise
fit performed by PANG) is not very important; in addition, the effects of
systematic curvature shifts due to turbulence are insignificant, as these
amount to spurious sagittas of the order of a small fraction of a miili-
meter.

In the 1-Bev region, the Coulomb contribution to the angle
errors is of the order of few minutes of arc. Accordingly, the meas-
urement errors, which previously were obscured by much larger Cou-
lomb scattering begin to dominate. Furthermore, the typical sagittae
arenow 1 to 2 mm, and thus small systematic spurious curvature due
to turbulence can affect significantly the measured momenta.

A considerable amount of time was spent therefore in the
early stages of analysis studying the measurement errors and the "'tur-
bulence' in the chamber. We discuss first the latter point. An ideal
but experimentally difficult way to study ''turbulence' would be to pass
high-energy tracks through the chamber at different heights and going
in different directions. In addition the magnetic field shouid be turned
off. Unfortunately, this was impossible because of lack of time during

the exposure, and so a different technique had to be used. In essence,
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it consisted of studying the mean momentum and the momentum spread
of the K beam as obtained from curvature measurements. Tracks

that showed wide-angle decays were selected because this characteristic
identified them surely as K mesons. Furthermore, the momentum as
well as the spread of the K particles could be independently obtained
to a high accuracy by studying Kp.‘2 decays (Appendix C). Specifically,
K mesons that travelled about three-fourths of the length of the chamber
before decaying were chosen so as to minimize measuring errors and
enable one to study the ''turbulence' effects in various parts of the
chamber.

It should be pointed out here that we use the word '"'turbulence"
rather loosely. Without a more detailed study, we can not distinguish
between actual turbulence and effects like optical distortion and system-
atic optical-system imperfections. As a matter of fact, some evidence
exists that not all the effects described below are due to turbulence.

We shall continue, however, to use the word turbulence as a general
term for all of these effects.

Three separate sets of optical correction constants have been
calculated in PANG for the film used in this experiment, the three sets
of rolls being 557 to 598, 600 to 696, and 702 to 786. We will discuss
the turbulence effects for each of these three sets. Some modifications
were introduced in the operation of the chamber between the second and
third sets, and so the ''true turbulence' might easily be different in the
last set of rolls. However, only changes in the optics were made be-
tween the first and second sets, and so the extent to which the meas-
urements discussed below differ for these two sets is a rough measure
of the size of the contribution of optical effects to these errors.

Table VI presents the data on the momentum measurements
of the whole track, from its entrance to the chamber to the point of
decay, as well as the data on the two halves of the track treated as two
separate tracks., From the data, one can draw two conclusions: (a)
there is a systematic spurious curvature which can be thought of as
iong-wavelength turbulence tending to lower the momentum of the neg-
ative tracks moving along the direction of the beam, and (b) the basic

intrinsic measurement uncertainty of each point must be higher than
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Table VI. Results of ''turbulence' study on K decays.

Mean observed

Film Part of momentum:: Observed 0 Expected o
interval track (Mev) (Mev) (Mev)
whole 1136 48 35
557-598 first half 1170 215 120
second half 1079 150 85
whole 1088 70 34
600-696 fi rst half 1110 205 120
second half 1032 145 80
whole 1032 56 32
702-780 first half 1007 215 115

second half 1000 150 75
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the assigned value (possibly due to short-wavelength turbulence), as
exhibited by the above expected momentum spread of the short tracks.
This latter effect would not show up too strongly in the data on whole
tracks, since there the Coulomb-error contribution becomes significant
(the typical Coulomb-to-measurement error ratio for a track going
through the chamber is ~ 1.5).

Unfortunately, it is not practical to remove the systematic
shift in the curvature, because no information is available on the tur-
bulence effects at other depths than at the beam level or along other
directions. One can, however, increase the errors appropriately.

This was done in two ways. Firstly, the basic measurement uncertainty
was increased from 5 to 7 microns to compensate for short-wavelength
turbulence, and secondly, a given spurious curvature corresponding to
the observed systematic shift was folded in with the other measurement
errors. We can look at the second point in the following way. Fora
track of a given length, a spurious curvature K, (momentum P=1/Kcos6)
corresponds to a spurious sagitta 8S proportional to K. Thus the actual
measured sagitta Sm is shifted by &S, and we treat this by assigning to
Sm an additional error &S to be folded in with the other errors. But
Sm is proportional to the actual curvature Km (momentum Pm= I/Km
cosf) and so the fractional error to be added to Sm is just GS/Sm or
Pm/P. Thus we fold into the quoted error, dp/p, an additional con-
tribution equal to Pm/P, where Pm is the measured momentum, and
P the momentum equivalent to the spurious curvature. The actual
values of P are listed in Table VII.

Finally we discuss the analysis of the angle errors. The PANG
optical parameters (which correct for the nonlinear effects in the optics)
represent essentially a best set of corrections to optical imperfections,
but are averaged over a group of rolls over which conditions may fluctuate
to a certain extent. Therefore it seems logical to expect that there is a
certain intrinsic limit on how accurately on the average can an angle be
medasured. A lower limit therefore should be set on the errors. Further-
more, the azimuth measurements will be affected by the systematic tur-

buience shift.
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Table VII. Final-error floors.

Momentum due to

Film interval Axmin A'¢min spurious curvature Measuring
(deg) (deg) (Bev) uncertainty
557-598 0.20 0.15 30 T
600-696 0.20 0.15 15 T
702-780 0.20 0.20 10 T
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To get a rough idea of lower limit on angle errors, we
measured tracks using all possible view combinations and compared
the differences between various measurements with the quoted meas-
urement errors. The quoted errors were seen to be on the average
too small, as the difference between different values almost always
exceeded the quoted errors, sometimes by a factor of three or four.
Thus an estimate was obtained of how large an error must be added to
the quoted one to obtain reasonable values. ]n addition, the size of the
systematic momentum shifts due to turbilence was used to obtain the
size of the contribution to azimuth errors from this source.

However both this study as well as the investigation of tur-
bulence could only indicate the rough size and kind of corrections that
were necessary because the data are so limited. For this reason, the
final values of all parameters were established by looking at distributions

2

of x 7 and "'pull'" quantities for decays. The ''pull'"' quantities are
parameters calculated in the KICK program, which give a measure of
how far a given measured quantity had to be pulled to give a satisfactory
fit. They take into account both the size of the error and the sensitivity
of kinematics to that quantity. Their average value should be zero, and
they should be Gaussian distributed with a half-width of one. Quantita-

tively a pull quantity in a varijable x is defined aslo

meas. fitted
x - X

X = - .
pull (xMeas. xﬁtted) rms

The error floors and turbulence corrections were varied until
xz and pull quantities had proper distributions. The advantages of
using T decays for error-floor study are their unambiguous interpre-
tation and absence of any high-energy tracks (except incident K which
is beam-averaged) that would be greatly affected by the systematic tur-
bulence shift. All the distributions therefore may be expected to show
proper behavior if the errors are adjusted correctly. The XZ distri-
butions and the distributions of the nine pull quantities are shown in
Figs. 22 through 25.
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It can be seen that, if not absolutely correct, the errors represent a
very good approximation. The worst systematic shifts seem to be in
dip angles. However, the actual shift of the mean of about 1/3 corre-
sponds to a systematic error of less than 1/10 deg, and as such does
not represent a serious problem. The final values for the error floors

are listed in Table VII.

C. Determination of the Beam Momentum

The beam was designed for the nominal momentum of 1.173
Bev/c at the target inside the Bevatron. The collimator in the second
quadrupole was set to accept a band with a full width of 2.5%. For anal-
ysis it is important to determine the exact value of beam momentum in
the bubble chamber as well as its spread, since the curvature meas-
urement is not only relatively inaccurate at high energy but also is sub-
ject to systematic errors due to turbulence and optical imperfections
(Appendix B).

For these reasons it is desirable to use a class of interactions
or decays of beam particles to determine their momentum by applying
the constraints of energy and momentum. Thus the measurement of the
momentum and angle of emission of the muon in K— p +v decay deter-
mines uniquely the momentum of the K mesons. The difficulties with
this method are the large measurement uncertainty of the p momentum,
as well as the impossibility of identifying the K decay as proceeding by
this mode. Both of these are overcome if the muon stops in the chamber,
since its range then determines the momentum very accurately, and the
characteristic subsequent p-e decay identifies the secondary as a sure .

Fortunately the beam momentum in this experiment is in the
energy range where a reasonably large fraction of Kp.z decays will give
a stopping muon. A muon from a Kp.2 decay mode of a K meson of
momentum 1101 Mev/c, which goes directly backward in the K rest
frame will come out at rest in ¥he laboratory system. At our energy,
roughly 1.5% of all K decays will give a sufficiently slow muon that

will come to rest in the chamber.
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The advantages of this method for determination of the beam
momentum are its great accuracy, complete lack of significant biases,
and negligible contamination. If we consider first the accuracy of the
method, the K momentum, PK, depends solely on the momentum of
the muon, Pp, and its angle of emission, er.’ These two quantities
can be determined to a fraction of an Mev/c and a fraction of a degree
respectively. The sensitivity of PK to these two quantities over the

range of kinematics under consideration is as follows:

dPK

dp
1)

1]

0 to 25

5to 15 Mev/c deg.

K with muon range and 9K|.L is illustrated in

Fig. 26. Thus for each individual decay, the momentum can be deter-

The exact variation of P

mined to a few Mev/c.

As for biases, the method is obviously completely independent
of scanning efficiency or of any scanning biases. There are two small
systematic errors that, however, turn out to be insignificant. First, the
probability of decay goes as l/PK, and thus the lower-momentum beam
tracks will tend to decay more often, and the mean value will be shifted
downward. Secondly the probability that a beam track will give a stop-
ping muon also has a weak dependence on PK, in the direction that a
higher-momentum track is less likely to produce a stopping muon sec-
ondary, resulting again in a lower observed mean value. For small
momentum spread, like in our case, these two effects are rather insig-
nificant (they shift the observed mean downward by less than 1 Mev/c).
No correction was therefore made for these two effects.

The only possible source of contamination are Kp3 decays,
but these are expected to be few and also easily identifiable, since they
would presumably give anomalously large PK. Most of the KH.3 muon

spectrum can not produce a muon so slow in the lab that it could stop in



BKP_ ( deg)

-91-

MU -24720

as a function of range and

Fig. 26. Curves of constant P
angle of the muon from Kp. decay.
2
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the chamber. Howewer, even if the muon spectrum was a delta function
at the most favorable momentum, we would still expect only two or
three Kp3 decays because of a much rarer decay rate for this mode.
Actually one decay out of 47 was observed which could be safely ascribed
to Kp3 mode.

Altogether 46 Kp,z decays were found with a stopping muon,
three of which were distinctly below the nominal beam momentum (i.e.
the K meson probably scattered before entering the chamber). The
mean value of the beam momentum based on these 43 events is 11503
Mev/c, (i.e. standard error on the mean value of *0.3%) with the width
after unfolding of experimental uncertainties of 21 Mev/c. It should
be pointed out that the mean value agrees very well with the beam design
value, as the expected energy loss due to ionization in the walls of the

chamber is about 20 Mev/c.

D. Estimate of Rates for Different Reactions in Single-V Events

We assume:

(a) The hyperon spectra from the single-V reactions are
identical to their V0 two-prong counterparts, e.g. the energy spectra
of the A from the An’owo and ATT+1T- reactions are the same.
(b) The relative rates for single V reactions are the
same as their VO two-prong counterparts, e.g. 0(A1r01r0)/ U(A'rr+1r-)
= 0 (2%7%°) /o(20% ).
(c) By taking a sample of events with 78.2 Mev <TA< 122.7
Mev we are sufficiently far away from the Aﬂ'o peak so that no Aw
events are included in the selected sample.
We work with the equivalent number of events, i.e. each event
has been multiplied by the inverse of its probability of detection.
We have 62.4+9.5 events in the selected TA interval, i.e. 78.2
Mew £ TA £ 122.7 Mev. We want to estimate next what fraction of ghese
are three-and four-body events. Accordingly, we treat first all V  two
prong events as if they were single V's; that is we just use the decay
fit of the A to obtain its c. m. energy and its probability of detection.

From the resulting energy spectrum of the A's we see that 23.1% of all
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V0 two-prong events with TA < 122.7 Mev lie in the selected energy
interval. Furthermore, we have 70.1 single VO events with TA< 78.2
Mev. Some of these, however, are ZO“O events which fall under 78.2
Mev because of measurement errors. On the basis of an average error
or 8.0 Mev, we estimate that 2.8 events below 78.2 Mev are 2011'0
events.

There are (70.1-2.8)/(1-0.231) = 87.5 many-body events with
TA< 122.7 Mev. This yields 87.5 - (70.1 - 2.8) = 20.2 many-body events
in the selected energy interval. Therefore there are 62.4 - 20.2+2.8=45.0
20"0 events in the sample selected. Correcting for the fact that we look
at only 2/3 of the ZO“_O spectrum, we obtain 45.0x3/2 = 67.5 Z)O'n'o events.

To obtain the total number of many-body events, we correct
for the few VO two-prong events that lie above 122.7 Mev. This yields
1.02X 87.5= 89.2 many-body events. The number of An'o events is then
obtained by subtracting these two from the total number of single V's
observed. This yields 271.7 - 67.5 - 89.2 = 115.0 A1r0 events.

Finally we must correct for the fact that even though some of
these events satisfy the beam criteria as far as their direction is con-
cerned, they are below the nominal beam momentum. Because these
events are not fitted at the production vertex, we have to make this cor-
rection on statistical bases. From Appendix A, the fraction of low-
energy events is four out of 158, and thus we multiply our results by
96.5%.

To correct for the neutral decay of the A, we divide the num-
bers by 0.64%+ 0.03. 32 Finally, to obtain the total cross sections, we
use the conversion factor of 12.2 pb for each equivalent event observed.

The computed cross sections in millibarns with their statistical errors

are accordingly:

A1r0 - 2.1%0.2
}30170 -+1.2+£0.3
Aa1r0

0

of ~ 1.5+0.2 fora>2
2 am

To allow for the uncertainties inherent in this separation, we feel that -

the errors should be increased by about 50%.
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E. Study of Ambiguities in the Z2m Reactions

1. The Z+1r_1r0 and E-TT+TTO Reactions

+ + 00
We are interested in estimating the fraction of Z v 7w

events that will give a satisfactory fit to the Eiﬂ¥ﬂ0 hypothesis. In
addition we want to know whether these events can be separated out on
statistical grounds from the genuine examples of Zi'n'+11'0 events. We
can obtain some information on these points by fitting the Z:k-rr+-n'+1r_
events to the Z2m hypothesis. This is done by taking the I track
and each one of the three pions in turn and trying to fit it as a Z2mw,
We can also calculate the missing mass for each pair of tracks. The
results on a sample of X37 events are given in Table Vlli and Figs. 27
and 28. We can draw two conclusions: (a) the probability that a Z3w
event will fit 2w is quite high (~65%) and (b) most of the 31 events
will give a reasonably high missing mass. Specifically, 80% of the
fitting events will give a missing mass greater than 270 Mev. Except
for smearing due to measurement errors, this quantity should be always
greater than 270 Mev.

To purify our sample of Z2m events, we reject all the events
with a missing mass greater than 270 Mev as those most likely be Z3w
events. This results in the removal of 17 out of 128 events. To these

17, we must add the five events that did not {it the Zi‘n'+1ro hypothesis.

We call all of these 22 events examples of Zi'n'+1r01ro. Thus 77% (17 out

of 22) of these Ei 1r+11'0170 events gave a satisfactory xZ to E:t'n':Fn'o, as
opposed to 65% for the Zivr+1r+1r- events. This leads us to believe that
the size of the correction is reasonable--if anything, slightly too large--
and the remaining group of Eiv+1r0 is relatively free from contamination.
We have tacitly assumed here that all the internal distributions are the
same for the Ziw+1r+1r- as for the Ziw;wono processes. However, very
drastic and unrealistic differences would be required to significantly

alter this result, so the assumption seems justified.

2. The Zoﬁ+n_ Reactions

We.discuss in the next few paragraphs the arguments used to

0 - -
estimate the total number of Z -n'+1r events. First, those EOTT+1T
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Table VIII. Results of fitting Z3m events to the Z2w hypothesis

Serjal number Z charge XZ for Z2w hypothesisa Missing mass Error in
{Mev) missing mass
(Mev)
0.34 305 b 224
563 239 + 0.16 imaginary,
0.01 imaginary
0.56 293 86
570 068 + 0.23 303 203
0.23 307 208
rejectz
594 023 + reject
28.5 378 21
3.30 396 75
684 330 + 0.68 302 128
18.3 395 28
3.669 419 100
739 066 + 0.74 329 160
26.5 343 13
745 155 + 11.9 319 27
23.8 326 13
7.97 479 51
755 231 + 4.98 451 67
0.53 323 169
1.32 325 77
645 155 - 15.6 405 41
7.00 390 16
26.19 386 22
677 111 - 14.9 365 23
1.85 350 43
682 076 - 3.10 383 37
3.85 372 12
0.89 308 146
723 046 - 0.05 209 281
0.17 imaginary
5.44 422 39
742 017 - 8.14 445 29
0.31 281 174
rejeCtC
751 269 - 0.21 267 182
1.11 347 81

The <x2> for a genuine Z2w event is 1.0, The 1% x2 cutoff is 6.6.

Missing mass is imaginary when the magnitude of the missing momentum exceeds the
missing energy.

Reject in the ¥~ column refers either to a case in which constraints cannot be
satisfied by KICK method or, after the first iteration, Y is greater than 500.

. 2 : :
Sometimes only two X values are given for an event. This corresponds to a
condition in which one pion momentum is measured so poorly that its value is rejected,
and the Z27 hypothesis is no longer overconstrained.
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Fig, 27. The xz distribution for the Z:tn'+ 1r+1r- events when
they are fitted to the 2w hypothesis,
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Fig. 28. Missing-mass distribution for the Ziv¥w+1r- events
obtained from the measured quantities of the ¥ track and
one of the three pions. The events with MM < 0 represent
the cases when missing momentum is greater than the
missing energy,
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events misidentified as A wh should give a worse )(2 distribution
for the A'rr+1r_ interpretation than the genuine A1r+'rr—. A similar state-
ment can be made for the A1r+1r- events misidentified as = 'n'+17_.
Some of the parameters that give a measure of how good are the fits to
different hypotheses are listed in Table IX. We conclude that as far
as the XZ distribution is concerned, the:assumption that majority of
ambiguous events are An+1r_ seems to he pretty good. As a matter
of fact, the unambiguous A1r+1r- events seem to give on the average a
higher xz than the ambiguous events. This is probably because the
errors on long, well-measurable tracks are probably underestimated,
since it is these events that would be least likely to give a good xz to
a spurious interpretation.

Another argument can be based on an analysis of VO two-
prong events without using the data on the V. We calculate xz for the
ArTn” and 200tn interpretations for all vO two-prong events. Now,
since both reactions have only one constraint, the probability for a

spurious fit is the same in both cases. If we define:

P = probability that a Anmw event will give a better xz fit to a
20 mrw interpretation than to a Amnw, or the probability that
Eomr event will give a better xz fit to a Amw interpretation
than to a = mm '

= actual number of Eomr events

= actual number of Aww events

number of events with a lower XZ value for }"..Omr interpretation

= number of events with a lower xZ value for Amw interpretation,

;>z MZ !>z Mz
1!

we have the two equations

My = PN, +(1 - P) Ny, = 57

and

M, = PNo+ (1 - P)N, = 104,

The third equation, Ny + NA= Mg + MA = 161, is just a linear com-

bination of these two and contributes nothing new.



Table IX. x Distributions for the ambiguous snd unambiguous V 2P events. “

e
0+ - . . . + - . . )
Z'm m interpretation (two constraints) Am v interpretation (four constrants)
No.of Median Expected Average Expected No.of Median Expected Average Expected
events median average events median average
Unambiguous 27 1.5 1.4 1.8 2.0 47 5.8 3.4 6.2 4.0
Ambiguous 87 3.0 1.4 3.4 2.0 87 4.0 3.4 4.7 4.0

-66—

- events that are four-constraint cases for Avr+1r- interpretation and two constraints for

a. Opgly, e
Z w7 interpretation are included.
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We want to estimate the valye of parameter P. We know
that physically P must range from zero, corresponding to zero
measurement errors or completely different kinematics, to 1/2,
corresponding to very large errors or identical kinematics. However,
a more stringent statement can be made. We can obtain a lower limit
for P by looking at our 27 ''sure Zomr events and seeing what
fraction of them gives a lower XZ value for a Amm interpretation than
for a Zmm interpretation in this one-constraint fit. This is a lower
limit for P since, if this is a biased sample of Z‘,Omr events, it is
biased in such a way that these are less likely to give a good fit to
Awn interpretation than an average X wm event. This lower limit
on P turns out to be 26% and gives us an upper limit on the fraction
of Z‘,Omr events in the group of ambiguous events. Using this value
for P, we get 32%x13 for the maximum number of Z}Omr events in
the whole film sample, which means a very small but statistically
rather uncertain contamination (i.e. < 5+ 13 events).

We can obtain some lower limit on the number of Z‘,Omr
events by looking at the distribution of the y ray in the Eo rest
frame. A forward vy ray will have more energy in the laboratory
system, and so it will be more difficult to absorb it by changing the
momenta of the two pions. We would expect, therefore, that events
with forward vy rays would be very unlikely to fit the A ww inter-
pretation. This coupled with the fact that the ZO, being a spin-1/2
particle, must decay isotropically allows us to obtain a lower limit
on the number of Zomr events. The experimental numbers for the
y-ray distribution for the 27 '""sure" Zomr events is 20 forwardand
seven backward vy rays. If we assume 100% efficiency for distin-
guishing Zomr events with forward vy rays, this corresponds to a
lower limit on the number of Eomr's of 40+9 events (i.e. contam-
ination greater than 13x+9 events). Even though these are rough
estimates based on very limited statistics, they do indicate that there

are 10 to 15 Eonn’ events in the ambiguous group, since both the
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lower and upper limits are roughly the same. For the purposes of
future discussion, we assume then that one-third of all Eo ™ events

will give a satisfactory fit to a Awm interpretation.



10.

-102 -

REFERENCES AND FOOTNOTES

P. Eberhard, M. L. Good, and H. K. Ticho, Rev. Sci. Instr,. 3_1_,
1054 (1960). '

M. Gell-Mann, Suppl. Nuovo cimento 4, 848 (1956); K. Nishijima,
Progr. Theoret. Phys. (Japan) 13, 285 (1955).

L. W. Alvarez, P. Eberhard, M. L. Good, W. Graziano, H. K.
Ticho, and S. Wojcicki, Phys. Rev. Letters 2, 215 (1959).

B. Cork, G. Lambertson, O. Piccioni, and W. Wenzel, Phys. Rev.
106, 167 (1957).

M. Alston, L. W. Alvarez, P. Eberhard, M. L. Good, W. Gra-
ziano, H. K. Ticho, and S. Wojcicki, Phys. Rev. Letters E, 520
(1960).

M. Alston, L. W. Alvarez, P. Eberhard, M. L. Good, W. Gra-
ziano, H. K. Ticho, and S. Wojcicki, Phys. Rev. Letters é, 698
(1961).

These interactions are currently being studied by Mr. William
Graziano of this Laboratory.

C. Coombes, B. Cork, W. Galbraith, G. Lambertson, and W,
Wenzel, Phys. Rev. _l_l_g_, 1303 (1958).

W. Humphrey, A Description of the PANG program, Alvarez
Group Memo 111, September 18, 1959, and Memo 115, October 25,
1959 (unpublished); A. H. Rosenfeld, '"'Digital-Computer Analysis
of Data from Hydrogen Bubble Chambers at Berkeley", in Pro-
ceedings of the International Conference on High-Energy Accel-
erators and Instrumentation, CERN, 1959 (CERN, Geneva, 1959),
A. H. Rosenfeld and J. N. Snyder, Digital-Computer Analysis of
Data from Bubble Chambers, IV. The Kinematic Analysis of
Complete Events, UCRL-9098, February 16, 1960 (to be published
in Rev. Sci. Instr.); J. P. Berge, F. T. Solmitz, and H. Taft,

Digital Computer Analysis of Data from Bubble Chambers, III.
The Kinematical Analysis of Interaction Vertices, UCRL-9097,
March 15, 1960 (also Rev. Sci. Instr. 32, 538 (1961).



11.

12.

13.
14.

15.

16.

17.

18.
19.

21.

-103-

The EXAMIN program used in this experiment has been written
mainly by Mr. William Graziano, with some subroutines written

by Dr. George Kalbfleisch, Mr. Dave Johnson, and this author.

A slightly different form of the EXAMIN system has been described

by Mr. Dave Johnson in Alvarez Group Memo 271, March, 1961
(unpublished).

R. Cool, B, Cork, J. Cronin, and W. Wenzel, Phys. Rev. 11_4,
912 (1959); P. Franzini, A. Garfinkel, J. Keren, A. Michelini,
R. Plano, A. Prodell, M., Schwartz, J. Steinberger, and S. E.
Wolf, Bull. Am. Phys. Soc., Ser. II, 5, 224 (1960).

R. H. Dalitz, Phys. Rev. 94, 1046 (1954).

For a general proof of this point see M. Gell-Mann and A. H.
Rosenfeld, Ann. Revs. of Nuclear Sci. 7, 407 (1957).

V. Cook, B. Cork, T. F. Hoang, D. Keefe, L. T. Kerth, W. A.
Wenzel, and T. T. Zipf, K -p and K -n Cross Sections in the
Momentum Range 1 to 4 Bev/c, UCRL-9386, January 4, 1961.
At present, it is not clear whether this K-N resonance as well
as the higher pion-nucleon resonances are genuine dynamical
effects or just kinematical manifestations of other phenomena.
The data on w-p angular distributions in the region of these
resonances indicates the presence of more than just one partial
wave; see C. D. Wood et al., Phys. Rev. Letters 6, 481 (1961).
L. T. Kerth and A. Pais, On the Gentle Art of Hunting Bumps,
UCRL-9706, May 19, 1961.

R. Gatto, Phys. Rev. 109, 610(L)(1958).

M. Gell-Mann, Phys. Rev. 106, 1297 (1957); P. Amati, A.
Stanghellini, and B. Vitale, Nuovo cimento 1_3, 1143 (1959) and
Phys. Rev. Letters 5, 524 (1960).

R. H. Dalitz and S. F. Tuan, Ann. Phys. 10, 307 (1960); R. H.
Dalitz and S. F. Tuan, Phys. Rev. Letters 2, 425 (1959).

R. H Dalitz, Phys. Rev. Letters é, 239 (1961).



22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

-104-

L. W. Alvarez, in Ninth International Annual Conference on
High-Energy Physics, Kiev, 1959 [Academy of Sciences (IUPAP),
Moscow, Russia, 1960], 2 vols; The Interactions of Strange
Particles, UCRL-9354, August 11, 1960 (unpublished).

W. E. Humphrey, Hyperon Production by. K Mesons Incident on
Hydrogen (thesis), UCRL-9752, Juae 12, 1961 (unpublished); R.
Ross, Elastic and Charge-Exchange Scattering of K~ Mesons in
Hydrogen (thesis), UCRL-9749, June 21, 1961 (unpublished).

M. Ross and G. Shaw, Ann. Phys. 9, 391 (1960), Ann. Phys. 13,
147 (1961), and Phys. Rev. Letters 5, 578 (1960).

For a review of data on Yr through December, 1961, see M. H.
Alston, and M. Ferro-Luzzi, Revs. Modern Phys. (to be published)
and Pion-Hyperon Resonances, UCRL-9587, March 7, 1961.

R. H. Dalitz and Donald H. Miller, Phys. Rev. Letters 10, 562
(1961).

H. J. Martin, L. B. Leipuner, W. Chinowsky, F. T. Shively,

and R. K. Adair, Phys. Rev. Letters é_, 283 (1961).

P. Bastien, M. Ferro-Luzzi, and A. H. Rosenfeld, Phys. Rev.
Letters 6, 702 (1961).

R. L. Schult and R. H. Capps, Phys. Rev. 122, 1659 (1961).

R. Tripp, M. Ferro-Luzzi, and M. Watson, Bull. Am. Phys. Soc.
Series II, 4, 350 (1961).

G. Clark and W. F. Diehl, Range-Energy Relation for Liquid Hydrogen
Bubble Chambers, UCRL-3789, May 1957.

G. A. Snow and M. M. Shapiro, Revs. Modern Phys. 33, 231 (1961).



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



