Lawrence Berkeley National Laboratory
Recent Work

Title
HYPERON PRODUCTION BY K- MESONS INCIDENT ON HYDROGEN

Permalink
https://escholarship.org/uc/item/Owp3z72d

Author
Humphrey, William E.

Publication Date
1961-06-12

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0wp3z72d
https://escholarship.org
http://www.cdlib.org/

 UCRL 9752

 UNIVERSITY OF
- CALIFORNIA

o Ernest O awronce

HYPERON PRODUCTION BY K~ MESONS
INCIDENT ON HYDROGEN
o ~

TWO-WEEK LOAN COPY

This is a Library Circulatr’ng Copy
- which may be borrowed for two weeks.
N » - For a personal retention copy, call
] o Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




N L A '
\) v v ‘ ™

L

e

TECHNICAL INFORMATION DIVISION
Lawrence Radiation Laboratory

Berkeley

D‘VL}\ON
ﬁ\l"f‘P“L\“O\l o
| AWRENCE RADIATION ABORA‘\:O «
UNIVERSITY OF CAL\FS‘T:
Assigned to  RERKELEY, CALFOR

e

‘/\ _/ Route to | Noted

) oy b. Aﬁ

f/ s /o€ >y "?7,;,

(7 /ﬂ_‘ ’ 5,

A C_Aﬂvmmw

/. ///7 /

5%%'-42/%‘7

Please return this document to the
Information Division. Do not send
it to the next person on the list.

Please do not remove this page..

RL-254-1



, UCRL-9752
‘ _ - UC-34 Physics
' : TID-4500 (16th Ed)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48

HYPERON PRODUCTION BY K~ MESONS
INCIDENT ON HYDROGEN

William E. Humphrey
(Ph.D. Thesis)

June 12, 1961



s g

e
©

"

&
A

.

-iii-

HYPERON PRODUCTION BY K~ MESONS
INCIDENT ON HYDROGEN

Contents
Abstract ‘ .
I. Introduction ’
I1. Experimental Arrangement

III. Data Processing

A,
B.

Scanning

Event Analysis

IV. Analysis and Results

A. Nature of the Data
1. Events Analyzed -
2. Corrections Applied to Data .
B... Hyperon Decay‘
1. Angular Distributions for Hyperon 'Décay
2. Hyperon Lifetimes
VC. Hyperon Prodx_iction B
1. Pathlength and Energy-Dependence of Crosé Sections.
2. Branching Ratios V
3. Scattering-Length Parameters
; V. . Conclusions )
A. Decay Rates and the AI= 1/2 Rule
B. Hyperon Spins | -
C. Pro'dﬁctiori Ratios for K Interactions At Rest
D. Hyperon Production by In-Flight K -p Interactions .
- E. Current Extensions of the Anallysis'
Acknowledgments
_‘Appen'di'cie.s
l AL Data-Processing Prégrams
’ 1. PANG
2. YKICK

3. EXAMIN:

10
11

15
22

29
32
32

44
46
48
49

- 50

51

52
52
53
55



5.

‘MERGEUN

S -lv-

PATH

B. Maximum- leehhood Estlmate of the "

1.

2.

Number of Interac twons per Momentum Interval
Foxm Jldtlon of'the leehhood Problem
The leehhood Solutions '

C. Determination of K -Nucleon Scattermg Amphtudes

1.
2.

References

Parametr1zat1on of Low- Energy K -p Interactmns

Fitting the Data

55.

55

56

56

61

68
76

85
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William E. Humphrey

Lawrence Radiation Lbaboratory
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June 12, 1961

ABSTRACT

A study is pbresented of product{on and 'decay properties of =

. and A hyperons produced by K interactions in a hydrogen bubble

chamber. Approximately 90 % of the ihYperons were produced by Ki—p
interactions at rest, and the remaining 10% were prodUéed by K~
mesons with laboratory momentum < 275 Mev/c.

The observed hyperon decay rates from this experiment yield

the hyperon mean life times:

T - =(1.58+ 0.06) XlO,—10 sec,
Tt =(0.765+£0.04) X 10710 sec,
“and - 'TA :(2.69i0.11)X10_10 sec. R

" The observed branching ratios for =% and A decay are

(=t ntim) /L= vt en)+ (= 10 4p)] = 0.490£0.024,

and  (A— 1 4p)/[(A> 1" +p)+(A—~ n0+n)]= 0.643£0.016.

The K -p interactions occurring at.rest yield h'yperdn production

rates in the ratio

s .zt 2% A- 0447 0.208: 0.281: 0.064.

The iﬁ—flight K -p interactions appear to be dominated by the hyperon
production process. The absorption cross section is nearly g‘e.ometric‘

for s-wave interactions throughout the observed laboratory momentum

" range between 75 Mev/c and 275 Mev/c. Angular distributions for the

hyperon production processes are all quite consistent with isotropy.



C-vi-.

An s- ~wave zero—effect1ve range ana1y81s of the K ' -p elast1cy
.charge exchange and absorpt1on processes has been carried out. The
scattemng 1engths whlch best fit the: data of this experlment are:
AO =-0.220+ 2. 7421 for the 1sotop1c spln 0 channel and Al_— 0. 019 +0. 3841

for the 1sot0p1c spln 1 Channel
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I. INTRODUCTION

© This work deals with the i’ntera‘ctibn of K mesons with protons

7
i

' fvo,.r K~ momenta less than 275 Mev/c. At such e.ner'gi,es, the following
interactions can take place:
K~ +p=>Z + TI'+,
\ _ *’ZO+HQ, , o \
"’Z++YTT_,

\ ->A_+Tro, . ‘

- A+ Z'n'o;

?,K_ +p,
- | ' v . -\’Ko-lfn,
> +2m
] K mesons that interact at rest can give rise to the first five
interactions. ~The first four interéctions listed have been carefully
analyzed in an effort to understand the energ;‘r dependence of the hyperon
production process. |
The results of the analysis of the K -proton elastic and charge-
exchange scatt'ering are presented in a separate paper. ! They are here
cpmbined with the hyperon production analysis to obtain a description
of the iow—energy interactions in terms of six parameters, using the
formalism of Dalitz and Tuvén. 2 In connection with this parameterization,
at-regfttiintera_ctions of K mesons were assurnéé to occur from s-
orbitals in accordance with the arguments of Day, Snow,' and Sucher.
Other results.presented in this paper are angular distributions at pro-
duction and decay, and hyperon lifetimes. _
A large protion of the data included in’this work has been re-
ported in the form of preliminary results presented at the 1959 Kiev
Conference oh .High Energy Physics by Luis W. Alvare'z.4 '

\
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A recent summa‘ry of data relevent to K~ meson physics is:

Freden, Gilbert and White, Phys. Rev. 118, 564 (196030 Theoretical

discussions pertaining to K~ interactions -are: Jackson and Wyld,
Nuovo cimento X, 1_3_,_ 85 (1959)., and Dalitz and Tuan, Ann. Phys.,
10,307 (1960). ’ ' -

k)
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1I. EXPERIMENT AL ARRANGEMENT

The K mesons, emitted at 0 deg from a copper target in the
bevatron, were guided by the bevatron fiéld into the following beam
optics (see Fig. 1): ‘

(a) C-magnet Ml (removes momentum dispersion from beam),

(b) Single-element quadrupole Ql (focuses in horizontal plane),

(c) Murray coaxial velocity spectrometer, '

(d) Collimator Cl, - ‘ |

(e) Double-element quadrﬁpole Q2,

(f) Collimator C2, and '

(g) Copper absorber,.

The resulting beam entered the 15-inch Alvarez hydfogen bubble
chamber. The chamber has a 10-in. depth and a usable region about
12 inches in diameter. It is located between a pair of coils and rests
on-an iron pole piecé. The magnetic field in the chamber varlies_from
about 9 to 12 kilogauss. The chambef is photographed from four 1enseé
on a square above the chamber. The magnefic field axis and camera .

axes are all vertical. The expansion system is of the gas-expansion

‘type.

Although the expérimental arrangement is discussed in detail
elsewhere,s’ the spectrometer deserves special mention, because
without the enriched K beam that it produced, the experiment could
not have been aftempted. The spectrometer used had cylindrical sym-
metry about the beam direction. It consisted of a central conducting
rod éiﬁ,rrying a high current, and a coaxial cylinder around the‘:‘ rod which
was at high potential. This configuration produces a radial electric
field and an azimuthal magnetic field. In this way, a'radial deflection
of beam particles took place according to the particle velocity. Since

the beam had already been momentum-analyzed, only particles of a

_given mass would have the correct velocity to be guided through the

collimator Cl by the coaxial spectrometer. When the spectrometer

'was set to accept particles with K mass, the properties of the beam
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(a) Beam momentum befofe absorber

(b) 'K~ momentum in chamber

(c) K in chamber per 1010 protons at target
(d) K~ pér bubble chamber exposure

(e) Background tracks per K~

(.f) Nature of background

(g) Background with and without specffometer ;

450%23 Mev/c

0.to 300 Mev/c

1/4

~1/4
100

~85% w, ~15%

/700"

Of the film analyzed,. 38 rolls were taken with sufficient absorber

to give a mean momentum of zero at the center of the chamber, and

145 rolls were taken with an absorber thickness producing a meéan mo-

mentum of 180 Mév/c at the center of the chamber.
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I11. DATA PROCESSING

-A. Scanning ‘ _ (s

A set of four stereo photographs was taken for each bubble °
chamber expansion.. Approximatély 45,000 such stereo sets were ex- .
amined in accordance with the scanning method described below.

Each picture was scanned in at least two of the four views avail-
able. Detection of interactions was accomplished by temporarily masking
from view all of the bubble chamber photograph except about a quarter
of it at the end of the chamber through which the beam entered. From
the portioﬁs of tracks visible at the beam entrance, it was possible to
identify the K mesons by inspecticn on the basis of the gap density
along the track, and by curvature. Background tracks with few gaps
between bubbles {like the gap density of K~ tracks) were of such low
momentum that the traéks could be rejected by reason of their high -
curvature. The number of K candidates in a photograph was recorded
© and the.n' the mask was removed to reveal the full picture. Each VK
candidate was then traced through the picture until the K either inter-
iactedg decayed9 left the chamber, or was rejected as background.
Finally, the result of the track scan was recorded. Any events found
. during the scan of the incident tracks (mask in place) were recordgdg
but were not used in the anaiysis. The track-following method allowed
event detection in such a way that the configuration of an interaction had
‘no influence on whether or not ;an event was discovered by the scanner.

Careful second scans show that less than 4% of the K tracks were

PR
AT
W

n_l_—x:séed, with this scanning technique.

ii _Specia'l emphasis in scanning was pllaced on the detecticn of neu-
tral particles from K:p interactions. When a K track terminated in
the chamber volume, a search was made of all four views of the chamber
to de.tect any pair of charged particles (these pairs form a "V which
points in the general direction of the interaction) that might represent
the decay of a neutral. Since in some cases it is possible for one'of the )
tracks forming the "V'" to be very short, single tracks pecinting to the

“end of the K  track were also recorded.
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Fig. 2. The appearance of the interactions studied is well
represented by this photograph of a pair of K -p inter-
actions yielding a A (upper left) and a = hyperon (los
right). The ratio of K to background tracks is unusuaily
high in this particular picture (roll 105, frame 160).



8- -

~ .

K interactions were provisionally identified at the séanning stage. o
This was possible because of the simple characteristic topology of the
possible interactions {see Fig. 2). Sigma interactions were distinguished
by the decay of the sigma within about 1 cm of the production vertex '
(sigmas pro‘dticed by K interacti—o'r‘vls at rest have a range of about
1.1 cm). Protons from st decay stop in the chamber about 73% of
- the time, and these stopping tracks could be posiﬁvely‘hienﬁfiéd as
‘protons. Protons not stopping could usually be distinguished from pions
by ionization. —KO decays could usually be distinguished from A decays
by the larger opening ahgle of the f{o RAYALS .

Abcut 13%>0fthe‘hypéron productions could beinterpreted several
ways avnd wererecorded in _'a_ppr'opriate/ classes. the/ principle ambiguity
was between =t and T, where the = was very short or the Z de-
cayea collinearly. There were also events that could be eiﬂlér a short
Z)+ decaying into a proton or a short A. In the case of > production,
it was \élso frequently possible for the scanner tc Selecf ih—\flight inter-
actions from the 90 % ”background”,ofat-restjnteracﬁons. ;At%rest
'inféracﬁdns produce a Z and 7 collinearly, hence, noﬂcolﬁnear events
signify in-flight interactions. An interaction at 50 Mev/c can produce
a 15 degvnonCoMineany'behneeﬁthe producfhn1'n and the . Such a
1>avrge angle is usually very easy to detect. ' ‘

The events analyzed in this g\’_xperiment have been restricted to
'a“central‘v‘olurr'le of the chamber defined by certain fiducials etched in
theAtop glass of the chamber, as seen in one of the views. The vclume
was chosen in such a way that events in the region were well illuminated,
and particles leaving the interaction vertex were visible over a long
enough distance to be measurable. At the scanning stage, events out-
.side of the boundary were recorded, since the final selection with re-
spect to the fiducial volume was done during the computer analysis of

i K \
each event, : ‘



-

B. Event Analysis

- Each event identified as a hypérbﬁ production in the scanning

operation has gone through one or more of the following svtages:

(a) Sketching—The event is carefully examined and instructions
for measuring it are entered onto a card bearingl\a. sketch of the event.

(b) Me-asurinng projection microscope digitizes, in cartesian
coordiﬁates, the location of 2 to 10 points along particle tracks in '\the
stereo photographs. These‘[.)olints are punched into IBM cards, together
with identifying information and measu\rerhents of certain fiducials lo-
cated on‘the bubble chamber window. \ |

N (c) Event computations— A series of IBM 704 programs are used

to reconstruct the event in space and determine its kinematic parameters
at interaction or decay vertices (s‘ee Appendix A).

- (d) Remeasﬁrement—Events can fail to be processed throﬁgh.
Stage (c) for a large number of reasons ranging from measﬁring—machine
failure to human errors. It is often necessary to reprocess events.
several times before obtaihing acceptable measurements.

(e) Hand analysis—In the »sa.rn\ple of events processed, there

.were a few events having kinematic or spatial configurations that made

them difficult to a'naly'ze‘ through the normal channels described above.
In these cases, the analysis was done partially by hand and the results
punched on IBM cards for handling at Stage (f). About 6% of the events
were analyzed in this way. _ \

(f) Expéfiment computations — At this stage all the events proc-

essed in the previous stage are examined as a whole, and the parameters.

" of interest in the experiment are determined through a series of IBM

704 programs which use the accumulated information of both machine
and hand analysis of individual events. These calculations wili be de-

scribed in more detail in the following section.
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IV. ANALYSIS AND RESULTS

“AL Nature of the Data

1. ’-EQents Analyzed

All sigmas unambiguouslyidentified as either =  production
followed by decay into a T , or -Z_+ production followed by decay into a
proton or 'IT+, were kinemaﬁically analyzed. There were 1488 such =
and 732 such Z)+ events irn' the a-cceptan‘ce volume for interactions. The
acceptance volume also contained 204 = -p interactions and 32 ambigu=
ous Z+ decays that were used for corrections. There were about 314 -
events in the fiducial volume which were ambiguous between X and
Z+ interpretations and about 110 events ambiguous between Z)+ and
A interactions. These ambiguous classes consist of events which have:
‘very short hyperons, so that the production and decay particles could
n.c‘>t be distinguished by inspection, and such events were used only to‘
check that the final estimate for the cross ‘secvtionsv was consistent with
the number of events in the ambiguous classes. - .

Of the 2194 sigma events kinematic‘a‘ll}‘r anlayzed, only those for
which the = hyperon had a length greater than 0.1 cm and made an angle
with respect to the incident K~ of more than 20 deg were accepted in
the final analysis. o

All K~ interactions producing a lambda that decayed into a 7
and p, or m_ and zero-lehgth P were kinematically analyzed. _Thefe
were 951 such events in the interaction volume. As in the analysis of
the = hypercns, the ambiguous events (thosé that could be either Z+ _
or A production followed by decay} were not used in the analysis except
as a consistency check for the final answers. Lambdas shorter than
0.1 cm were not anAalyze_d; lambda decays outside the interaction volume
were also rejected. _

. Only K interactions that occurred in a central volume of the
bubble chamber were analyzed. This volume was defined in terms of a
b-oundaLry marked by fiducials on the top 'gl.ass of the chamber, as seen
in one of the camera views. The volume was chosen to exclude inter-

actions that occurred near the edge of the visible part of the bubble
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chamber or in the region used in thé scanning procedure to identify in-
coming K tracks. Tests were made in the KICK pro.gram (before the ‘
kinematic analysis) to reject events occurring outside the fiducial volume.
The final tally of accepted events for the classes processed showed that
25% of the Z+ and =° events were rejected, a‘nd-ZZ% of the A events
were rejéc.ted._ A total number of 10,874 K tracks passed through the
fiducial \}olume The ﬁathlerigth in the fiducial volume for z1l the K
tracks was measured, and the momenturn distribution for K mesons
at the entrance plane to the f1duc1a1 volume -was used to establish the
amount of pathlength in the various momentum intervals. Any K path-
length, or any interaction following a visible K -p elastlc scatter, was
excluded from the aﬁalysis'

Table I summarizes the number of hyperons at various stages in-

‘the analysis.

2. Corrections Apphed to Data

The 0.1-cm cutoff on the hyperon length and the 20 deg K-hyperon

i-ahgle cutoff served two purposes.\ First, it made analysis of the poorly-

determined and hard-to-measure events unnecessary; and secondly, it
eliminated nearly all the events in the ambiguous classes from consider-
ation. In order to compe'nsate for the events culled from the s'a}nple,
the probability for obsérving eaEh event was calculated on the basis of
the selectioncriteria, the momentum of the hyperon, and the hyperon
lifetime. - For the = pa\rticl‘es the avccept\ance probability for each event

accepted was given by

AZ: ‘.expll_ t-(:/T? .cos Gf z-cos Qb:
-where t. = time required for the = to travel the cutoff distance of
B 0.1 cm,
7 = lifetime of i,
Gf = forward’ cu£off angle in the'c. m.” system, and
Gb‘ = backward cutoff angle in the c. m. system.
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T‘able‘_"I‘ .

Number of events at various stages of the analysis

Events found durlng
scan and checked

Events in f1duc1al
volume not preceded

by Kp scatters

No. of events accep-

"~ ted for complete analysis

Final estimates (after
apportioning ambiguous -
events) for events in
fiducial volume not pre-

ceded by Kp scatters

=7

2260

1547 -

1212

1700

.

Z‘o_r Z‘,-+ = Z+ or - A. A
419 1011 146 1229
~2882 709  ~101° 871
not not o
analyzed 579 analyzed 799
- 859 - 903

2 These numbers were estimated from the numbers of the nrst row
and the known rejection ratio for similar events. :
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the sum
N
T L 1
‘ ‘1=1 Ax
i ' L -
where | AZ = AE for ith ?tllled eyent,
NT = estimated number before cullihg, and
N = number analyzed after culling.

- The ratio NT/N was c,alcula'ted separately for events in various
momentum intervals, in order to allow correction of the cross section
as a function of momentum. Corre‘cfions for culled A hyperons were
carried out in much the same way as for the = analysis, except that
an escape correction was included for each event since only A decays
within the interaction volume were considered. As a consequence, the

acceptance probability for each A event was computed as

-exp [t, 1‘,
| e/

time required for the A to travel the cutoff distance

A.A exp {;tc/*r

where =~ ~t =
c
of 0.1 cm,
te = time required to escape through the nearest boundary
plane of the interaction volume, and
7 = lifetime of A.

The estimate of the unculled number of events then proceeded
as in the T analysis. _ |

Additional corrections were found to be'necéssary in the hyperon
analysis. Careful examination of the ambiguous - élasses revealed
that there were some 3 events fhat were actually longer than 0.1 cm
(;”:md should have been included in theénalysis), but the = was hard to
identify because the m decayed almost collinearly with respect tlo the =
This effect was taken into account by calculating the estimated number
of X particles Baving the above properties. The number of events was .

calculated to be 20 Z+ and 30 = events, which should have been included
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\

in the'éna.lSrz'é,d sample. The cro’s‘s‘ sections were corrected for these
e?énts by an over-all scaling factor. These additional events were
p"redo“minant'ly' short (i.e., just greater thén 0.1 cm); hence,. their prin-
ciple effect was to modify the lifetime estimates slightly, necessitating |
a lifetime correction. A similar caic-ulation was made for the ambiguous
A class, and the additional nﬁm‘ber of A events which should have

‘been analyzed was estimated to be ten. Thé A cross-_s‘e(v:tion was cor-

rected fo}r these events.
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B. Hyperon Decay

1. Angular Distributions for Hyperon Decay

‘The cosine of the angle between the sigma and its decay pion’ |

(in the rest.f‘r'ame of the 23)' has been calculated for the unambiguous \
sigma decays.. The cosine of the angle between the decay pion and the
normal to the production plane was also calculated. The cosine dis-
tributions from both calculations are shewn in Figs. 3 through 6.
Ambiguous events between Z and = contr1bute a correction of about
30 events for 7 and 20 events for Z in the region | cos 6 ol >0.8.
‘This correctlon is represernted by the shaded regicns in the flgures

Not included in these figures are 26 Zv events and 66 = events that
"were hand analyzed onl‘y at the production vertex. No particular bias ‘
is expected from/ these events, '

The cos1ne of the angle between the lambda and its decay pion
(in the rest frame of the A) is shown for . direct A productlon and also |
for- A's . from ' ZO decay in Fig. 7. The events for these plots were
selected to include only events from K interactions having measured
momenta less than 75 Mev/c, because such events, represent the at-
rest 'Kv interactions:fo'r which the kinematics are well enough deter-
mined to give a reliable separation between direct and indirect A pro-
ductioh_. Fourteen events, hand analyzed only at the production vertex,
have not been included in'these‘vfigures.- No appreciable bias is expected
from the_se events. There is less than 5% contamination by events which
“are not from K -p at-rest interactions.
The energy distribution for A hyperons produced by at-rest

K -p interactions is given in Fig. 8. The EO*Y + A’ energy spectrum
can be interpreted as a cosine distribution for the A with respect to
the ZO ‘direction in the 2!0 centrer—of-mass syste_m,_ as is seen from
. the relation - '

E = - cos 6+yE

AKP ™~ "Ppz AZ

'

where’ - Py lambda mornentum in the' = c.m. system

(a constant),
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Fig. 3. Distribution of the cosine of the angle between the =
hyperon and its decay pion in the rest frame of the: = .
The shaded areas represent corrections added to the ob- v
served distribution.
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K +p—~n t427, To>w 4n;
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The shaded areas represent correctmns added to-
the observed distribution.
(a) In- -flight K~ P 1nteract1ons,
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(b) At-rest K™ -p interactions, ,
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(b) At-rest K™ -p interactions, '
K~ +p—~1r +=t, Z}+-1To+p



-19f.

&

ST T T T T LT T T
| 4 (a) i N
12 |
10| R I
i § 8 . ' e
- ' —-‘_—
ICEIPY ' o
D 4'f - . ,. —
7. 8 2 ' / e
° okttt
> T
t o 1
e ™
. & olH——+———t——+
N (9) —
= A
! 2-— ' ' : : —
oL L=l b1t 11
-0 0 | 1.0
| Py- x Pl | Pyl
MU -24013

Fig. 6. Distribution of the cosine of the éngle between the
direction of motion of the decay pion and the normal to

& ' ‘  the productmn plane in the X rest frame. The shaded
areas represent corrections added to the observed d1s-
tr1but10n :

(a) K~ tp—>T_ +2 ,Z)—>1r +n.
(b)) K +p—=m’ +>: , Sheatyn
(c) K~ +p-°'ﬂ‘ “+zt 2"->n0+p'.
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(b) At-rest K~ interactions,
K +p—=n04+30, z°»y+A A—T"+p.
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EAZ} = lambda energy in the =% ¢.m. system (a constant), [

v =1+n°, and

’

) "in the KP center-of-mass {a constant).

All of the above distributions are consistent with isotropy.

2. Hyperon Llfetlmes

The lifetime of the sigmas was determined by u31ng the maximum-
likelihood method. "All events with £ <0.1 cm long,or a Z- K angle
<20 deg, were not included in the analysis. Only sigmas pfdduced by
K- interactions at rest were used for lifetime estimates because the
= momentum is well determined for these events. Sigmas that decayed
in the last 0.2 cm of their rahgé were considered to have 1ivéd a time
exceeding that required to reach the 0.2 cm cutoff (this cutoff is to
simplify the problem of separating Z "~ events that decay with the p
at rest}. | _ :

The prc_)bability. f'd_r"Qbéer‘ving‘a giVen evvent in 'ea‘ch of the two

classes is then:

4P, exp [ )\t] o
(a) 1 o= fort €t. <t_, or
dt.,1 : exp [ xt(] c 1 m .
-exp [—)\tm]
(b) P, = for t, >t R
- i m

\

1 exp [—}\tC\]
where t, = observed time for the ith event,
t = time to travel 0.1 cm from production point,

tm = time to travel within 0.2 cm of end of range, and

A = mean life.

This probability is normalized to give unit probability for ob-
sei‘ving sigmas with a length exceeding 0.1 cm. This corresponds to
the assertion that once the length is measured to exceed 0.1 cm, the .
integral of the probability for this sample must integrate to unity

beyond 0.1 cm.
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As a consistency check, two.different likelihood functions, L1

and L?:" were considered. First we form the product of the lik(elihood

function for each event and take the log, to .give

- N N Ny o7 N, ¥
‘InL =ln T P,= Y InP = D) ﬂln)\—)\tiﬂ\tc} oy NE_-ME [ S
i=1 ' i1 =1 L | K=1 ™

7

" and the maximum of this function is located at

r ) )
: N, N, . g |
1/x\= 1/N1 Z (ti—,t_c_)+ }: (tm_tc)' ,

© =l K=1 J

with 6)\2 = - (d2-' In Ll/d)\z)—1 :(Nl/)\z)_1 , where
N = decay rate,
N, = nur’nbef of events with t <t. <t , and
1 C i m )
N, = number of events with t. >t -‘
2 ] i m

Secondly, as a consistency check, the lifetime was determined

négiecting the events with t. >t . In this case, one has
_ i m '

\

X exp {-)\ti} ‘I ‘
Pi: : v , tc<ti<tm;
exp [-_)\tc] -exp [—)\tm]
1 )
L, = ?:1. {,ln)\—)_\ti -ln[exp (—)\tC] -exp [—)\tmljk;
ci=1 _ : ,
and one has L, a maximum at
\ : N, t (exp [’)‘tmT' ) -t (exp'[-)\t ] )
1/x = YN, ) £+ LI 2 :
v f_ - L e -
_ j=1 » exp L )\tc_i exp [ Mm]
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e e Bt b )
: i=1 (exp [')‘tc] -exp [-xtm}) ,

N was found (using the L2 formulation) by iteration, because the re-

lation for \ is a transcehdental one. In the case of A vdecay, where
the A may decay_outéide the chamber, the second formulation (LZ) is
the only applicable one. For the lambdas, t. was defined as for the‘
sigmas, but trn was taken as the time for the lambda to reach the \
nearest boundary of the interaction volume.
As mentionéd in Sec. IV-A-2 (Nature: of the Data), a correction

\:;vas applied to the Z lifetimes to account for events in the ambiguous
catagories which really should have been included in the lifetime calcu-
lation, because their 1engtﬁ exceeded 0.1 cm. The number of such events
. was estimated as 20 for-Z+, and 30 for & . The model used to calculate
the number of events was also used to calculate the amount of-time they
contribute to the lifetime calculation, and these numbers were inserted
in the previous eq_ua’tions to obtain the corrected lifetimes. A small
correction was applied to the = lifetime to account for the = -p
interactions in flight. The corrections decreased both the 2+ and T
lifetime by (5.01><\10-'10 sec. The results of the lifetime calculations are
shown in Table II. The best lifetime esfimates from fhis experiment are
plotted against the observed decay fréqueﬁci_es in Figs,.‘) through 11.,

‘ The branching ratio Between neutral and charged A decay wa.s"
determined by counting the number of K tracks that stopped in the
fiducial volume of the chamber with no visible hyperon decay. This

number was corrected for neutral RO deca.ys and A decays outside of

the chamber (a correction of 54 évents). The ratio obtained was

A charged _ 903

A total 1405

The branching ratio between neutron and proton decay modes of -

= 0.64+0.01.

‘ Z+ hypervons. was found to be
: E+ neutron _° 308
E+ total 628

= 0.49%0.02.
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.As a consistency check,r two different likelihood functions, L1
and’Lé, were considered. First we form the product of the likelihood

function for each event and take the log, to give

. N N gil ro m’gf» )
InL,=ln ~*T P.= Y InP =~ <1n~x—)\t;+)\t } + ANt =Nt P,
-1 RS BELEE = B €5 DA TS <2 B
and the maximum of"this function is located at . |
7 3 r . ! . \ )
| N1 N2 - g
1/\= I/Nl Z _(Ei—tc)+ z (tn’i_tc)' ’
' - 1g=1 ' K=1 J
\ ' . b
with 65\2 = - (d2 1n‘L1/d)\2)-‘1 =(N1/‘X2)_1 , where
SN d:e'cay r;ate,
N, = numbei‘ of events witht <t, <t and>
1 - o v c i m :
| N, = number of events with t, >t
2 : i m

Secondly, as a consistency check, the lifetime was determined

neglecting the events with t. >t . In this case, one has
17 'm . o

A e‘xpv[—)\ti} .
P, = — , t <t. <t ;
1 exp [-)\tc] -exp [-)\tm} cor.m
gl { : : ‘ : ‘P ‘ .
L2 = i»:1 ln)\-}\ti -ln exp [-xtC] - exp [—)\thJ?,

and one has L, a r‘naﬁ;imum at
. Nll. \ tm(exp [—);tm] )-tc.(evxp [—)\t ] ) o
1/\ = l/N1 ) t, +. — < .
. i
_ =1 exp |-\t
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\ i=1 (exp [-MC] ‘?XP['.Mm}). =

A\ was found (using the L, formulation) by iteration, because the re-
lation for \ is a transcendental one. In.the case of A decay, where
‘the A may decay outside thfe chamber, the second formulation (LZ.) is
the only applicable ocne. For the lambdas, t. was defined as for the
sigmas, but t,, was taken as the time for the lambda’to reach the
nearest boundary of the interaction volume.

Aé mentioned in Sec. IV-A-2 {(Nature of the Data), a correction
was applied to the = lifetimes to account forv events in the ambiguous‘
catagories which really shouid .have been included in the lifetime calcu-
lation, because their length exceeded 0.1 cm. The number of sﬁqh events
was estimated as.Zb for ~Z‘,+, and 30 for £ . . The model used to calculate
the number of events was also used to calculate the amount of time they
contribute to the lifetime calculation, and these numbers were inserted
in the previous equations to obtain the corrected lifetimes. A small
correction was applied to the X lifetime to account for the - > -p
interactions in flight. The corrections decreased both the Z:+ and =
lifetime by 0.0.1><10-10 sec. The results of the lifetime calculations are
shown in Table II. The best lifetime estimates from this experiment are
plotted égainst the observed decay frequen.cies in Figs. 9 through 11.

The branching ratio between neutral and charged A decay was
determined by coﬁnting the number of K tracks that stopped in the
fiducial volume of the chamber with no visible hyperon decay. This
number was corrected for neutral Ro decays and A decays outside of

the chamber (a correction of 54 events). The ratio obtained was

A charged _ 903 _ ¢
Atotal  ~ 1405 - 0-64%0.0L.

The branching ratio between neutron and proton decay modes of

= hyperons was found to be | ‘
Z)+ neutron _° 308

- E+ total 628

= 0.49 io.oz.
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There were 17 events arhbiguous between proton and heutron decay
modes, divided equally between the two modes for the purpose of cal-
culating the branching ratio. The error in the branching ratio includes
a contribution for these ambiguous events. |

| These bran(I:hing ratios are in excellent agreement with the

AI=1/2 rule.8

Table II

Summary of lifetime calculations

i

Times .
(10-1.0 sec units) )R _ Z+ A
te ' ' - 0.226 0.216 : ‘event-
o ‘ + - dependent
t | '~ 2.553 -~ 3.024 event-
m : ’ dependent
N, 940 445 799
N, 268 11
Ll lifetime : _
calculation - = 1.58+0.06 - 0.765+0.04
L2 lifetime : . '
~calculation 1.63£0.13 0.755+0.05 2.69+0.11

Best lifetime v - i .
estimate 1:58:i:0.06 " 0.765£0.04 ,2.69#0.1‘1
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- C.. Hyperon Production

1. Pathlength and Energy-Dependence of Cross Sections

The energy spread of the beam entering the bubble chamber was
such that K~ interactions occurred at momenta ranging from about 300
Mev/c to 0 Mev/c. About 90% of the hyperon interactions occurred
at rest. Although the energy;spread allows investigation of the en-

tire low-energy region as a whole, thereare also complications con-

. nected with the wide range of interaction energ1es The cross section

is deflned in terms of the relat1on

\

nz oy {o ‘NO/A o

where p NO/A = number of protons per unit volume, -
p = density of hydrogen liquid (0.0586 g/cm3),9 |

No = Avogadro's number, '

A0 atomic weight of hydrogen,

o = cross section,
£

= length of observed K~ track length, and

n = number of interactions observed.

" However, since the cross section and the observed pathlength vary as

a function of the momentum interval being cons1dered two basic tasks

must be completed before the cross section can be deteri‘nined in several

" momentum intervals.

The first task is the estimation of the pathlength observed in
the various rrio_m_enturn intervals from 0 to 300 M.ev/c. All the K
tracks that ént’ered the interaction volume were measured, and the
length of path and momentum at an entrance plane were calculated.

In the case of the interactions that were fitted, the momentum at the

. - entrance plane wasvery well known from the kinerhatic fit of the inter-

action. However, the rest of the K tracks depended for their momentum
measurement on the observed curvature of the track in the magnetic
field of the bubble chamber. These curvature measurements typically

had 6% to 10% uncertainties.
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The momentum distribution at the en'crance'plane to the inter-
action volume has a predommance of tracks in a relat1ve1y narrow
region of the momentum spectrum con81dered (about 200 to 250 Mev/c).
As a consequence, the momentum measurement errors tend to smear
"out the peak in the momentum distribution. It was necessardy to recover
the original distribution by unfolding the observed distfibution. To do
this, the following matrix relationship was used:

Ly = (Tl

vector representing the true number of tracks in each of

where LT

12 momentum intervals at the entrance plane,

LO: vector representing the ocbserved number of tracks in each

of 12 momentum intervals at the entrance plane,

Tji = represents'a mafri.x element indicating the percentage of
‘ events in the ith true interval that would be observed in the
Jth observed interval, on the basis of the typical error for
events in the ith interval. ' |

After solving for L a range-momentum table was used to

establish how much pathlength wa’s contributed in the various momentum
intervals By tracks distributedaccording te the vector LTa This un-
folding procedure was applied to events from each of four thicknesses
of copper absorber used in this experiment, and these pafhlengths were
accumulated, along with the pathlength for the interactions, to give the
pa_thlength per momentum interval displayed in Fig. 12. This path-
length includes onlﬂy K track length in the interaction volume not pre-
ceded by a v131b1e K-P scatter.

The. second task, before the cross sections can be computed, is
to estimate the true number of interactions in the various momentum
intervals on the basis of the observed momentum dietribution, This
procedure is complic‘ated by the fact that the low-energy interactions
are plagued by a ""background" of stopping interactions. Moreover, the
precision with which the momentum of the K is determined varies over -~

a factor of 10, according to the configuration of the individual events..
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Therefore, a maximum-likelihcod estimate was made for the true

rhomentum distrib.ution using the observed error for each event (see

Appendix B). . : . \
' Errofs were propagated to the cross section estimates from

both the matrix-inversioﬁ technique and the maximum-likelihood method.

The estimates for the cross sections are shown in Figs. 13 and 14 and

summarized in Tables III, IVSA’ and V. For each charged X event

giving an in-flight fit, the laboratory momentum and c. m. cosine have

been plotted on a scatter’ diagrafn - (Figs. 15-and 16).

2. Branching Ratios

The branching fatio between = and Z)J.r production falls out as

a consequen.ce of the cross-section analysis. The measurement of the

A to Z‘,O ratio is not so simple. The most reliable value is the one
obtained for A production by K interactions at rest, where the separation
between direct.and indirect A's can almost be done by inspection (see
"Fig. 8.). Four of the events, with an energy near 35 Mev, are inter-
preted as K +p—vy+ A, which implies a bra}lching ratio for this process
of about 0.8% of the total A producfion‘. There is a cl.uster'of events at |
40 Mev, two of which havev energies that are well-determined aﬁd within
errors of each other. These‘ events are interpreted as in—flighf K inter-
actions. The A/(ZO+A) separation was done by the maximum-likeli-
hood method for K interactions, both at-rest and in-flight. A plot of the
likelihood function for the :at—re.st ‘events is shown in Fig. 17, and the -
in-flight ratios are indicated in Fig.-18. Seven évents‘ with energies in
excess of 3 standard deviat‘ionsi from either the A or the = 0 sp-ectrum
were not included in the likelihood calculations. The production branch-

ing ratios are summarized in Table VI.

3. Scattering-Length Parametérs

‘The theory of low-energy (s-wave) K -p interactions presented
by Dalitz and Tuan has been used to fit all the interactionprocesses
observed in this experiment, including the K-p elastic - and charge-
exchange cross sec’tions.,Z Two distinct soluticns were found using this:

formulation, . and for each, the optimum value of six parameters used in
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fitted momenta which are at least three standard devia-.
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Fig. 18. Branching ratio A /(A+Z0) presented as a function
of the K- momentum in the laboratory. The solid curve
represents the theoretical prediction for the better of the
two scattering length solutions (solution I).
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the theory have been determined by minirhiz'ing the difference between
theoretical and observed cross SeCtlonS (usmg ‘the - least- squares_
method). The XZ function included cross sections in 57 momentum
and angle intervals, and 7 branching ratios (see Appendlx C) - The

solutions and their xz are listed in Table XI.
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V. CONCLUSIONS

A. Decay Rates and the AI=1/2 Rule

The AI:I'/Z rule makes a definite prediction for the ratio of the
decay matrix elements for A—wrn0 +n and m +p decay. 8 The prediction
is: '

.Sz+p

=2/3,

2 2 2
(s_“4p_ B +(s,"+p40)

where ‘s and p_ are s- and p-wave amplitudes for the m +p decay
mode, and SH and Py ‘are s- and p-wave amplitudes for the Tr0+n

decay mode. The experimental branching ratio from this experiment is

5 {m ’:'+~P)_ = .0.643.£0.016,
(r"+n)+(m +p)

which, after taking account of phase space for the two decay modes,

~

yiélds the value

S +p

= 0.650+£0.016
2 2 2 : UEE
(s_"+p_T)+(sy tpy ) :

Another intefesting {but less constraining) prediction following
fi'om the AI=1/2 rule coﬁcerris the relative size of the amplitudes for
the three decay modes’ of charged = hyperons. If the s and p ampli-
tudes for a single decay mode are represented as a two-dimensional

- vector, then the AI=1/2 rule predicts the following vector relationship:

N 2 0+A+=A_ g

where .KO corresponds to Z+—> rroiPp ,

—

.+.
A+ corresponds to = —>1T+ +n, and
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- ' - S
A_ corresponds to T -7 +n .

. The dveca'y rates for the three decay modes have been determined in this

experiment to be:

R, = (0.666 :t0s047}>§1010/se¢,

" R, =(0.641%0.046) %10'%/sec, and

"R =(0.63420.025)X10"%/sec.

Therefore, the amplitudes (including the phase space correction) have

relative sizes

0.544 +£0.019 ,

|20l

.'_A 0.540:|‘=o.019‘, and

IA l o 527 +0.010 .

The resultlng vector tr1ang1e has an angle between A aﬁd K+ of

924 +4.8 deg. Measurements of the decay assymmetries for Z+ decay
reveal that‘ the vector K’O must have appreciable components of both

s- end 1;6wav-e.amplitudee, while ’Aj; must be 'an almost pure s or

p wave. Z decay suggests that A is also almost pure s or p . :
wave. 1 ﬁence the vector triangle has the remarkable propert{r that it
appears to be nearly a right t.riangle with-its legs about 1 deg from the

s and p axes. Theoretical significance has been attéch‘ed t‘olthis striking
ahgnment of the trlangle in a paper by A. Pais, 2 in wh1ch the suggestlon _
is made that the weak as well as the strong 1nteract1ons might be coupled
through a doublet approx1mat1on model of the elementary particles.

The experimental results are certainly very consistent with the
predictions.'of the 'AI=1/.2 rule; however, only the magnitudes of the
decay amplitudeé are observable in this experiment and not the phases.
It has been pointed out that appropriate rﬁixtures of Al=1/2 and AI=3/2
can g1ve rise to the same physical consequences as the Al= 1/2 rule,

but with certain phases shifted by 180 deg 13
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B. Hyperon S_}v'_;)insi "

The spin of the hyperons has been determined by previous
14,15,16

experiments; however, furth_ef evidence is available from this
experiment, subject to two assumptions. First, it is assumed that the
K meson has spin zero. 15 Secondly,‘ K interactions that occur at rest
are assumed to take plac‘e from s orbits in accordance with 'tvhe calcu-
lations of Day, Snow, and Sucher. 3 If we make these assurn.ptionsy it
is clear thaf the angular momentum of the initial sfate is J=1/2. There-
fore, the maximum angular momentum component along the direction
of the = can not exceed l/Zv, by conservation ofv the component of J
projected élong the Z‘, This means that if the X hyperon spin is
greater than 1/2, certain spin states with angular momentum component
in excess of 1/2 along thé % direction are forbidden. As a result, only
spin 1/2 can give an isotrvopic distribution. 16 Sbin 3/2 gives a distribu-
tion 6f the form 1+3 cos>0. | |

' The Z+ and 3 decay distributions for K interactions at rest
have been fitted to distributions of the form N ial +a, COSQ+Q3 cb'sze.
The results shown in Table VII provide strong evidence that both Z
and Z+ ~are spin 1/2 particles. The same afggmentv applies to the
‘directly produced A hyperons; the result recorded in Table VII strongly
indicates isotropy, hence spin 1/2 for the A. |

.The ZO_ spin can be established with certainty under the rather

tenuous assumption of odd EO -A pari'ty. 17 In this case, it is .possible
to show that the £°- A distribution is isotropic for spin 1/2 and is
(1+40.6 cosZG) for spin 3/2. Again, isotropy is highly favored, as can
be seen from Table VII. | ' |
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C. Production Ratios for K~ Interactions at Rest

!

The number of Z+ and = hyperons produced at rest is readily
available from Table VI. The number of ZO and A hyperon‘s can be
calculated u51ng Table VI and the A/(Z + ) ratio of 0. 186 +0.017. The
numbers obtained in this way yield the ratio =" Z Z : A=1553:722 :

977: 223. The reaction amplitudes can then be calculated and resoclved
into I-spin-0 and I-spin-1 channels for ¥ production. The results can
be expressed in terms of the ratio of I-spin-0 and I-spin-1 amplitudés

for the X mode and their felative phase, plus the ratio of the A I-spin-1
amplitude to the ¥ I-spin-1 amplitude (see Appendix C}j. These quantities

(after phase-space corrections) have been determined to be:

) A'Zl l o
1 =0.37+£0.06,

AZ |
! 0 i

_ +0.14
co»sd;zozl— 0‘".70_0‘10 ;

and I

Pz,
. —— =1.57+0.23 .
! A )
By ’

The scattering-length analysis (see Appendix C) predicts at-rest prop-
"erties for the K -p system, and these pre’d‘ictions_ have been entered
in the first row of Tables XIV and XVI for the two solutions found by

a fit to all the data of this experiment.



D. | Hyperon Production by In-Fliéht K p Ihteréctioos

Interactions of the K -p system at low €nergies provide a con-
trast to the. more conventional low-energy interactions of pions and
-nucleons. In the case of the K -p system, there are several absorption
channels -availalole, and interactions through the’s.e .channels ‘are so
strong that they dominate the behavior of the interactions even in the
elastic chénhels. Both of the scattering-length solutions that have been
found to fit the data of this experiment reveal the same general property
~of having almost pure imagina'ry scattering lengths as a result of the
strong absorption. . In fact, the most striking difference between the
two solutione is the beHavior of the phase between the I-spin-0 and I-
. spin-1 absorption amplitudes, and its influence on the Z-/E+ ratio
| (see Tables XIV and XVI). The better of the two solutions tends to
predlct z /Z =1 and slowly varying, while the other solution predicts
= /E =1 and rapidly falling.

No attempt has been made to correct for p-wave effects because
the magnitude of the p-wave contribution is not known. The angular
distributions for K -p iﬁteractions,are quite consistent with isotropy,

- and the s-wave theory seems to fit quite well; therefore, the data of

this experiment are probabhly not ‘syufficiently deﬁn@tive to justify a fit
with more parametersﬁ using a non-zero effective-range theory. Further
data soon will be available from a recent K -p experiment now in the

process of being analyzed.



E. Current Extensions of the Analysis

Several variations of the scatterlng length analys1s are being
vcurrently used to refit the data The separate = and Z are being i
combined into a s1ngle (=" +ZI ) cross section in order to minimize the
effects of phase shifts from the plon hyperon channels as a function of
energy. (Z +3>7) is independent of the phase ¢ between the I-spin-0
and I-spin-1 X channels. Also, a fit to the data will be attempted
without using the higher energy interactions. An attempt will be made
to subfract out p-wave interactions in order to investigate the«depenaence
of the parameters on the p-wave contamination. The six-dimensional
XZ space will be investigated from starting points other than the Dalitz
starting values used in this report

- A similar scattering length ana1y51s of a recent K -p experiment
(in the same bubble chamber) is under way. The separated beam used
in the new experiment is much richer in K 's, and has a much smaller
number of background tracks. 'Experien_cé with the bubble chamber has
also led to improvements in the quality of the bubble chamber photo-
graphs\. The number of events available for anlaysis will be about three

times the number reported in this experiment.
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APPENDICES

-

A. DATA-PROCESSING PROGRAMS

Analysis of the 15-inch bubble chamber'fiim was accomplished
with the aid of a series of 704 programs, principally PANG, KICK,
EXAMIN, MERGE, and PATH. -

1. PANG

Program PANG is designed to analyze tracks in the 15-inch
hydrogen bubble chamber.,18 The analysis includes spatial reconstruc-
tion of points measured élong the track (from the most suitable two of
the four views for the track under consideration), and a least-squares
fitting of these points with a space curve. The program reconstvru(':ts
points in spa.c,e, taking into account such optical properties of the chamber
as the index of refraction df the liquid hydrogen, deflections of several |
-\g\lass windows, the effect of several mirrors, and lens distortion. " The
curve, which is fitted to the reconstructed track points,’ includevs' terms
that modify its shape to account for vgriati(‘)ns of the magnetic field
along the track, and change of curvature resulting from energy loss of
the particle. Momentum, position, and angles at each end of each
track aré calculated.. A.lso; errors for most of these quantities are
computed, including the effect of Coulomb scattering. o

| ‘The input information is originally in the form of IBM cards.
The input cards include "master cards' containing film measurements
of fiducials in the chamber and certain other information pertaining to
the event being considered. The rest of the cards are ''track cards, "
each containing film positions of points along a track as mea/lsured on a
digitized projection microscope.

The output is of three types. One type is the ""on-line printout,”"
in which.error indications are pririted out via the on-line IBM printer
each time a defect is detected ‘in the: input’ information. There is
also an off—liné printout; after the results of the calculations of an event

are written on a tape, the tape is ""printed' on a high-speed printer.
: P P P g P P
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N

The third output is a tape containing information correspondlng to that
on the off-line prmter tape, but in binary form more suitable for use
by subsequent programs. '

V The runnlng time per track is one or two seconds, and the time

for a typical event in th1s experlment is about six seconds

2. KICK
< . The KICK program is designed to extract, from the track in-
formatlon of PANG, the best values of the parameters descr1b1ng an
interaction or decay vertex. 19 If it is possible to measure the direc-
tion and momentum of all the part1c1es at a vertex, then the kinematics .
of the vertex are overdetermined. The measured values of angles and
momentum for each track must be adjusted to be consistent with the four
constraints of energy- .momentum conservation. If the direction or
' - momentum of a particle cannot be measured (for example, a momentum
measurement may not: be available for a short track), one or more of
(the constraints may be used to calculate the missing quantities, and
the measured values are then adjusted to satisfy the constraints still
rema1n1ng The KICK program handles five constraint classes corre-
sponding to the number of mis sing variables at the vertex (the fifth
class is merely a calculation using the four equations of constra1nt to
calculate four missing variables).
A leasf—squares criterion was used to adjust the measurement
- values. The PANG program generally computes three variables for
~each track the momentum, and two angles in terms of spherical co-
ord1nates The errors in these quantities are also computed by PANG.

The adjusted variables are found by minimizing the follow1ng equat1on

- subject to the equations of constraint, F)\(Xi) =0, and \=1,C,

where x, =-adjusted variable,
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x, = measured varia‘b.le_, :
Gij_l = 6xim 6xjm = erfo_r matrix,'
: N = number of m;easured variables,
£ F)\(X1) = energy-moméntum qonsérvation, and
C = 4-(number of missing variables).

- The chi-square function should be distributed as a XZ distri-
bution with the number of degrees of freedom equal to C. In actuality',‘
the XZ distribution for the events analyzed in this experiment deviates
. somewhat fror'nvthe expected distributiocn. A study of this problem
seems to indicate"that fhe errors computed in PANG are about 15% too -
small, and that the error disfributioﬁé of the variables measured by
_ PANG have a small non-gaussian tail, which probably reflects the effects
of small-angle single scatters and turbulence of the liquid hydrogen in
the chambevr; There is also weak evidence from the data that the mo-
mentﬁm estimates from -curvature may be too small by about 3 %; how-
ever, _this does not have any significant effect on the answers, and a
correction has not been included in the analysis (well-determined events
seem to depend principally on the angular measurements). Mbre de-
tailed discussion of the XZ distribution is.available in Re.ff 1.

The KICK program computes as output the adjusted values for
* momentum and vangles at the‘ve;rtex considered (as well as a complete
error matrix), the value of XZ, and certain information abouf the
direction and'magni'tude of the adjustments to the PANG measured
values (for studies of systematic errors in the PANG estimates). The
input to KICK is the binary tape produced by PANG, and the output is =
another binary tape. The running time is about the same as PANG,

i.e., about 6 seconds per event. .
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3. EXAMIN

The EXAMIN program processes the binary tape from KICK. _
The KICK output for an event is examined to see if the event has been
fitted successfully (i.e., ‘has an acceptable XZ),, and successful vfits -
are used to compute the final physical paramefers describing the event.
There are usually about 50 such Itaarameters per event, and these are
written on a binary tape tc be mergedﬂinto-a library-of events. Un-
successful fits are rejected and information that might be useful for
reprocessing the event is printed out. Pathlength for the interactions

is also computed at this poirnt..

4. MERGE

The MERGE program acc’umulates‘thle results of the accepted-
: f1ts in such a ‘way that an up-to-date sample of events is always available
on a binary tape for summary calculations based on the whole exper1ment
"The program also keeps track of the location of results for. events at
each stage of computation; it records which events have been rejected

and why, and in general handles the bookkeep1ng chores.

5. PATH

PATH is a special program that processes the ?ANG output for
the K~ tracks that went through the chamber, and calcula:tes the 1ength
of K track in the fiducial volume and the K~ momentum at an entrance
- plane in the chamber. This pathlength information, togefher with the
pathlength information for the events (calculated 1n EXAMIN) determines

the pathlength used to establish the cross sections.
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B. Maximum-Likelihood Estimate

of the Number of Interactions per Momentum Interval

In the analysls of th1s experlment 1t was always necessary to .
consider two types of interactions; those arising from the. dlserete set
of stopped K mesons and those created by K-p interactions over a
continuum of K momenta. Any individual event cannot be classified
'unamb1guously as one or the other; however a11 the events in the ex-
per1ment taken together can be used to estimate the distribution of events
in the two classes. To this end, the number of events in each of several
momentum intervals was estimated according to the maximum- 11ke11hood
method. 20

An attempt was made to fit all the hyperon productions as ih-

' nght interactions; however, the kinematics program frequehtly only °

| gave a fit with zero K momentum. Hence, the measurements of the
events also can be divided into two classes corresponding to at-rest fits

and in—fllight'fits The contr1but1ons to the 11ke11hood calculations were

‘différent for each class.

1. Formulation of the Likelihood Problem

The likelihood function is defined as the ’orobability of observing
an experimental measurement as a function of the set of parameters
a’i_ to be est_i\tnated. The set of parameters that provides the highest
probability of observing the experimental results is taken as the best
estimate of the parameters. In this particular case, the problem is
-one of determlnlng the best estimates for the true number of events
expected in several momentum intervals. This task is confounded in
two ways: first, there is the usual problem of statistieal fluctuation;
that is, even if one knows the number of events expected, there is a
statistical uncertainty in the number observed. Secondly, the momentum .
of a particle can not be measured with infinite precision, and therefore,
an: event taking place at one momentum will have another observed mo- .

mentum, and will possibly be includéd ih another momentum interval, .
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More v§pecifiéally, the probability of Qbserving a certain number
of events in a set of momentum intervals is really a compound pfobabil-
ity having two important factorsr.b First there is fhe pfobébility that there
will be an event in the fru.e momentum intervél p, pt+dp. Secondly,
there is the probability that, given such an event, the event should be
measured ("observed') in the momentum int[erval Py Py +dp'o.' . This
combined probability can be written as /

a*p = [Pt »(p)dp] [\PQ (p,p,)dp /

where 'P,C = a theoretical expression for the probabi._lity of an event
at true momentum p, a function of one or more parameters
a., and '
: i) . : - L
Po = the probability that p should be observed'as-»po., One
can then sum over all true p to give the total probability of observing

any event in the interval P, P,tP, 28

P = [’[Pt(p) Po(p,p-o)dp] dp,

" In the particular case beiﬁg considered, there is (in addition to
the continuum of probabilities represented by Pt) a discrete probability
representing the probability of an event occurring at rest.

For interactions that give in-flight fits, the differential pro‘b—»
ability dP for observing an interactiohlat obsérved K-momentum pc;

is then given by:

vdpo NT l o dp

dP(a,) -1 [ ® dn(a,) f
= ' C(p) P_(p, Ap, p)dp + Ny C{OIP (0, Ap,p )

In the case of the at-rest fits, the probability.of seeing an inter-

action is given by



sa.

_ 1 J ~dn(e,) -1 o

= — ——— - d
P(ai?'. "N - dp cle) ‘lk‘l . , Po(p?Ap, p0~)'po dp
T 0 . P, ,
min
+ Ng C(0) ll~ / P (p;op, po)dpo} '
’ pm1n ' ‘ J
dn(ai) . .
where X5 = number of events per momentum interval as a function

' dn(ou). ' dy
of the parameters a L ola,,p) ——
3 iy Tﬁ“'— iv dp | ]

C(p) = probability of passing acceptance criteria on hyperon

length and orientation, assuming a true momentum p,

4?0’(p,Ap, po)= probability tlixat% an event at true momentum p should
be observed between momentum P, and Pt dpo, given

measurement error Ap,

'p_min = measured momentum, below which an event is considered
to fit an at-rest'interaction, and
N = estimate of the true number of at-rest interactions.

R
The true total number of acceptable eyents is then

NT = NR C(0) + | —5 C(p)dp.

The probability expressed in this vway is normalized to unity
. when one in’ﬁegrates over all observed K-momeynta' P, for in;flight fits,
and adds in the probability of observing an at-rest fit.
o The log of the likélihood function is formed by summing the log
of the probability for each event:
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: ;1 : 2 4P (o))

where N1 = number of at-rest fits, and

2

N, = number of in-flight fits.
The estimated values of the a, areb_'then taken as the values that max-

" imize the funct’ion In L.

dn(a.) A ,
In practice, dpl was parameterized by assigning a parameter
to each momentum interval considered, so that
48 _ 4. in the ith interval.
dp i — . . .

For the Tinteractions, Po(p, Ap, p‘o) was taken as-

. ; _ \
F e | 2]
exp | - ,1/2‘:: R

: : P

P (p,p_,ApP) = —— L]
o o » ’\/ZTTAp P J B

where Py Ap are the observed momentum and its error estimate.

The X acceptance-criterion C was

C(p.) = exp [_tc/v'] (cogﬁf—cos Ob)/Z ,
where tc = time of flight for first 0.1 cr\‘n,'

Bf = forward cutoff angle (20 deg) in the K-p c. m. systemv.'

6, = backward cutoff angle (20 deg) in the K-p‘_c. m. system.

The A énalysis was more difficult because the K inom,enturﬁ
error distribution is skew. The actually observed quantity is the
curvature ko of the K'track at the center of the track; the momentum at
the end of the track is found by.computing‘ the momentum p at the center

of the track (p « l/ko), and determining the momentum loss to the end

of the track. Therefore, ko and Ak (the 'curvatu;'e and its error
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estimate) were taken as-the observed quantities, and the probability of

observing an event was expressed in terms of them:

. 1 . o) _ko 5
© °  J27 Ak L Ak |

where k(p) = curvature corresponding to a momentum p at the inter-

action end of the track, A
and C(p) was taken as (exp [ntc/*r] -exp [-tm/r] ) , p
where 'tc = time of flight for first 0.1 cm,

tm = time of flight to nearest interaction bouhdary, and

T lambda lifetime.
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2. The Likelihood Solutions .-\’

_ The likelihood wé_s formulated with NT constrained to be the
observed number of events, making NRC§O') a dependent variable de-
fined by the equation for NT’ The likelihood was also formed with a
Poisson distribution for the total number of accepted events, and with

NR taken as a parafnete'r. The estimates for the central values of the

parameters were the same with both methods; however, the variance

matrix estimated for t‘he‘p‘arafheters on the basis of the formula

2 -1
(Vij) P gTinﬁ‘j-: (5 6o
was somewhat different. For NT 'fixed,.‘the character of the matrix
V was that of a multinomial distribution with appreciable correlations
between all parametérs. The Poisson formulation gave the more ac-
cep.table errors, which,we‘re‘used in the further analysis to determine
the scatterin‘g. length paramefers (Appéndix C). - '

The raw data, the maxim_um‘—likelihoo'd estimates, and the var-

iance matrices for hyperon production as a function momentum, are

displayed in Tables VIII, IX and X. The corrections to the raw data,
and the correlation vterms between the at-rest group and the low-mo-
mentum int.ervals, indicate the extent of the correction for the at-rest
vs in-flight ambiguity. Thesel correiation terms also indicate the
momentum resolution for {néflight events of this experiment; in par.tic—
ular, the off-di'agonal elements do not become small for the X events
unless the momentum intervals are lﬁmpéd into 50 Mev/c intervals.

If intervals are combined into larger intervals, a new va‘riance matrix

is easily computéd by merely adding together appropriate elements of

the variance matrix V. As an example, consider the followin)g case:
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Worvuree _ (T .
/6n1'5n1 _6n1 6n2 | 6n1 6n3 \
e \
6n2 6n1 6n2, 6n2 | E)n2 6n3 .
n,,n,n,,... | T """ TT— —— ST T T T =T
1°72° 73 . T
. 6n3 E)nl 6n3 6n2 _ [ 6r.13 6n3 ..
\ . : ,
If we define N = 'n1+n2, then clearly
SNO6N = 6n16n1+6n16n2+6n26n1+6n26n2' E 7‘
and -

6N6n\3= 6n1 6n3 + 6n2 6§3

and in general

&8N bén.= 6n 6n.’.+ 6n.,6n,
J 177 277

This mei'ging process can be répeated with the new set of variables,
(N, N, Dgy ) and so forth, until the desired set of intervals is ob-
tained. The same procedure may be used to estimate the error as-
- sociated with the av.erage of a cross section over several momentum

intervals.
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C. Determination of K™ — Nucleon Scattering Amplitudes

1. Parametrization of Low-Energy K -p Interactions

Making the assumption of charge ‘in_dep.endence, »it\ is possible to
describe the.K_—'p éystem and its interactions in terms of isotopic Spiﬁ—o
and spin-1 components. The interaction amplitudes for these two iso~
Atopic spin channels may then be expressed in terms of an s-wave phase-
shift analyéis to give . ‘

exp[2i6.] -1 expl2i6.] -1]°
pletdg ‘ L Ll

_ 2
Oy = (/) 21 B
s 1,2
o, exp[2160] + ex_p[2.161].r—2
= (Tr‘/4k )| — : - : ,
o ‘ e 4] 2
L2 exp(2i 60] -1 exp[2161] -1 ,
'Gce—(ﬂ/ ) 21 "_, 21
5 exp[Zi.so] - exp[2161] . _ '
:(‘n‘/4k ) - 1 . 9 :
S N 12y
UQ-(Tr/k )(l-lgxp 216O l ),
and '
0, :(Tr/k'z)(l-l epoiGll Z),
where 01 = elastic scattering cross section ,
Tce = charge exchange cross section ,
00 = absorption in I-spin O channel,
and- , .
Ch = absorption in I-spin 1 channel ,
k = wavenumber in c.m. sySte_m. (i.e., kz(p'/v197.2)fermi"1,
where p is momentum in Mev/c) ,
&, = complex phase shift for the I- spin-0 channel ,
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61 = cofnplex .phase shift for the I-spin-1 channel.

An effective range expansion gives
- _ 5 o

k cot &, = 1./A0f 1/2 Rk ‘+

kcots, = 1/A +1/2R k" +...

The effective range has been taken as zero (R6=R1t0), leaving only two
gomplex scattering»l»eﬁgths AO and Al to represent the K -p system at

low energies. In terms of these scattering lengths the cross sections are

. Ag+A -2kAAL (2
Tel = |TT-1RA J(I-IKA ) &
o 0 |
R Ag- A 2
ce | (I-KA(IikA) |
_ 0 i ‘
_2m ImA - |: 1 2 _
% T& "o T-TKA, ’
and ° v , ) ) :
o, = L ImA. L : ’
1~k I| TiKA :

Since there are four independent parameters (the components of
Ay and Al) and four observable cross sections, it would seem that a
measurement of the cross sections at a single energy should provide
enough information tb_determine A.O f\nd 'A.l. Unfortunatély, this is not
the case. There exist four sets of phase shifts capable of producing a

given set of cross sections at one energy. To see this, consider the

following representation of the phase shi'ftszz'l _ .
N expl 21 60] o ' . expl2i 61]
Let V= —1————— in the complex plane, and V| = ————

in the complex plane.

Then, if one knows % and 01,



\ o :

and o
o . alkz'
Vl i— 1‘ 9
and from o , and o s
el ce
/ 2
- - ot J4k Gel
y0+v1+h%= .
and - /
. 4k~ o
VO - Vl i - '\/ L ’

where n is a unit vector along 'the imaginary aﬁis,

These four conditions are illustrated diagramatically in Fig. 19,
and it is apparent that a reflection through the real axis or a reflection
through the vector 70 +Vl produces new and equally suitable solutions.
These four solutions are designated a+, ‘b+, a and b as indicated in
the ﬁéure. The +. and - refér to symmetry about the real axis, and
the a and b refer to symmetry about \7’0+’§-”1 .o

The large mass difference between the K% n and K -p system
(5.2 Mev).,fvanduthe Coulomb interactién, .‘rnake it necessary to breal; the
strict assur_nption of charge independence. The zero-effective -:i‘ange
formalism has been extended to include these.»effects.z’,z.z vThe four -
~ fold ambiguitylin the scatte‘ring lengths persists in the ,modified theory.
The mass‘difference and, most of all, the Coulomb effects, give rise
to the followirig more complicated expressions for the cross sections:

'

doel (cscz’ 6/2) exp [(Zi/kB), In sin 6/2] Cz(x-iko(xz’—yz)) 2

o _ ' s , -
g 2BK® D -
do Czk 2
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Imaginary
oxis

MU -24025 -

Fig. 19. The source of the 4-fold ambiguity in the scattering

‘length theory is indicated diagramatically. The conven- . -

tional identification (at, bt, a”, b”) of each solution is

indicated. N
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2 P 2
o 4nC°L A | (1-ikgA )
0 " D ’
and '
: 2 . 2
. . 4m.C°1_A| | (1-ikgAg) | ©
1~ Tk ‘.D

Also, we have D=(1-?xk0)(1-ixc2k(1—i>\))+czk0k(1-ix)y2

"~ where 6 = K_~K_ scattering angle in the center—of-mass system,

B = ‘Fuz/p.ez, the Bohr radius of the K -p system,

CZ: (2 Tr/kB)/(i— exp[-.ZTr/kB] ), the Coulomb penetration factor,

. kO: wave number in I_{Q-fn system, taken positive imagihary
below threshold; ' '

x :_1/2(A1+A0) ,

y = 1/2{A; -4,

sin  kRv dv] 9
Vv

: : (1

AR -(z/csz) [1n(ZR/B)+g— J

S 0

R = 1f,, range of 1'1uclear=»interactiony
g = Re U(i/kB)+ In(kB)+ 2(0.5772),

and . , S
g =(d/dz) In T(Z) . ,

ri

The functions j [(sinz’kRv)/v ] dv, and RexL were evaluated by series

expansions as follows:

n+l

| .
. 2 _ m 2n

-. [ 51ndRv dv = 1/2 Z (ZkR) (“1)

0 n=1 2n(2n')
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and , ‘ o

1n(1/kB)+‘v(kI132)2.+ (kl%%ff (1‘235)26 | with kBél/s ,
Reg = 100 .
- = 1/n 4 o501x107%|-0.5772, with
' (kB) n=1 mn“+(1/kB)2 :
" KB>1/5.

These functions are plotted in Figs. 20 and 21. The fkunction' A is
plotted for 2 values of R (0.5 and 1.0 fermi) in Fig. 22.

Now consider the final states of the two I-spin absorption

channels:
o= 30200,
0
and
o, = [0(,Z‘+11_)+'0(E—'T’r+)-ZU(ZJQTrO)] +0(ATTO)'

Let the I-spin-1 and I-spin-0 matrix elements for the = channels

be M1 and MO' Let the I-spin-1 matrix elements for the A channel

béN-I. Let these elements be normalliz_‘ed..SO\ that
o (.,‘ P
o(Z'w )= MO/»\/3 -Ml/«/z[ ,

o(z’n*)v = MO/@+M1/VT\Z,

G(Z)Oﬂo).z -MO/\/‘?]‘Z ,
o(AT0) = NINZ,

and S | n
gy = ‘MOlZ’ 01=\M1‘2'+ Nl‘z

At this point, two new para'me.t-ers are introduced. Although o) and

o, are already determined by A_ and A it is still necessary to

1 0 1’
specify the phase between MO and M1 as well as the relative magnitude

of M1 and Nl,‘ These parameters are defined in terms of the following‘
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sin 2 KRu
2

0.0 05 IO 15 20 25

B  MU-24026

4

. 1‘ " 210 - K
Fig. 20. The function JO .sm lchu du plotted as a function of kR.
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AT T T T T T T T T T T T

Re W (i/kB)

Asymptotes = O.577§ :

L

k (fermi™")

MU=-24027

Fig 21, The funct1on Re\p(1/kB) plotted as a functlon of k.
(B = 83 6f,) .
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Alk)

ﬁ
. 1L I I
| k(fermi=!) |
| MU—24028

Fig. 22. Coulomb corrections are largely represented by the
behavior of the function \. Here \ is plotted as a funct1on
of k for R=1.0 f. and R=0.5 {.
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equations: . ‘
€=(TATTO)/O‘ =IN\Z/(}MviZ+iNl2)
o(= " \Mol /34423 | My M| C°S¢+‘M1'2/2

o= n(? \Mol /3 - «/2/3! MO‘ tMl cos¢+ iMll /2

where now

2
MO = UO_ s
5 o
M1 —-0'1(1—6) .
and
2 _
le -0'1(‘6).

The assumption is made that the final state intefactions (Zmand
A w) do not vary rapidly with energy, and that the small varlatlon in
phase space with changmg K -p energy may be neglected. With these
assumptions, it can be shown that ¢ becomes a constant2 and the energy
dependence of ¢ is governed by the known behavior of the I-spin-0 and

I-spin-1 amphtudes accord1ng to the relation

where ¢(ET) is the phase for K -p interactions at the’ I_{O-n threshold.
There is another ambiguity introduced by the ’dnce‘rtai-nty of the sign

of ¢ at a single energy, i.e., cos¢ = cos-¢. ¢(E. ) may be derived

)
T
from the ratio y= = /2 for sigmas produced by K 1nteract1ons at

‘rest. The Yy is a more convenient parameter than ¢( in the sense

T)9
that it is a well-known experimental-number and is less coupled to the
other parameters during the fitting procedure.

The six parameters represented by A and y constitute

g 0’ Al’ €
a description of the K -p interactions of this experiment, subject to

the assumptions made above. More detailed investigation of these as-
sumptions have been made by Dalitz and Tuan, 2 as well as Jackson, -

Ravenhall, and Wyld usmg the K-matrix reaction theory.
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2. Fitting the Data I o o L et

The thveoretical description of the K_—p Sy‘stem. at low energies
must be in :‘agreementlwith two types of experimental data. About 90%
of the hyperons are produced by K~ mesons which interact at rest.

. These events provide statistically well determined preduction ratios
between all the hyperbn channels at zero energy in the K -p systern,v-
The remaining 10% of the hyperon-s are produced by K mesons inter-
acting in fl;lg'ht, and it is these events, taken with the K -p elaétic and
chargenexchéngé scattering, which estéblish the energy 'dependence'of
the K -p interactions. 4 '

The phe‘novmevnological theory presented in the previous section '
was fitted to 64 pieces of experimental data. In order to estima:te the
'values of the six parameters which best describe the observed data, a
XZ estimator was formédg with a éontribution to the XZ from each of
the 64 measurements listed in Table XI. The values 6f the 'gﬁarameteré
giving a minirnu/m in the XZ were taken as th_é best estimates for the

parameters.

More specifically, the. XZ was of the form

where xc1 = calculated value of cbservable data,

xo1 = experimental value of observable daté,

Ax, = error estimate,
yJ = a vector difference between calculated and observed values
" for a set of correlated observables,
and G} = error matrix {variance matrix) for a set of correlated

observables.

T

The solution was defined as that set of parameters such that

3y %
X =0, withi=1,6
9 a. :

i . : ' . e
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- where a, are the six parameters of the theory. ’ _ I

The minimum in the XZ function was found by numerically

evaluating'the first and second derivatives of the function with respect - -

.

to each variable, and then moving the one variable which predicted the
greatest reduction in the chi square. In some 'cas,es, an alternate pro-
cedure was used to locate the minimum in the chi squa're, making use of

‘a quadradic expansion of the form

‘ 6 6. v
2 . _C. e - . C
x = i >j-:1 (a=i a, )Dij(aj aj )+ 12";1 (ak Ay )Ek+ F -

where a, = value of parameters at point of expansion;

Dijv = matrix (symrhetric) evaluatéd'by computing XZ for sets
of a, in the nieghborhood of c,ic,
V'Ek = Vector evaluated by computing XZ for sets of a; in the
' C

neighborhood of a;”
and : ' '
F = XZ at o,ic

Then, differentiating, one obtaihs

' =2D (a, -a. J+E =0,
ba, fJ(aJ %3 ITE,
or ,
£ C B -1 .
a. -a, )=-1/2D, E s
( J . ) / J4 £
where : ) aj* is the new estimate of the parameters at the XZ

minimum. This procedure was ljepéated several times until the par;am.—
eters no.longer moved signiﬁcantly.

The starting values chosen for the parameters were the estimates
recently calculated by Dalitz for the a+, a , b+ and b- solutions. 23 o
The a+ and b~ starting 'val.ues led to the same minimum, and the a- and
bt starting values led to a‘second lower minimum. Both of the possible "

phases for '¢_ were followed for each of the four starting points. Quite

. . Lo
_ ) N .
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® G

small steps were taken in seeking the minimum,. in order that other

minima would not be skipped over. The startiné values and the solutioné

derived from them are presented in Table XII. | o <
The values of the parameters giving the lowest XZ, the matrix

D, and the variance matrix for these paramet-er:s, are given in Tables

XIII and XV. The matrix D allows predictions of the change in XZ

which are good to about 30% for variations of’par'a.meters within a

range of 1 or 2 standard deviations of the values at the minimum. The

){2 space appears to be skew for several of the parameters.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 con-
tained in this report, or thdt the use of any information, appartatus, method,
or pfocess 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 information, apparatus, method or pr_bcess dis-
closed in this report. ' '

As used in the above, "person acting on behalf of the Commission "
includes any employee or contractor.of the commission, or employeé¢ 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 Commis-
sion, or'his employment; with such contractor. \ ’






