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NONLEPTONIC DECAY.OF SIGMA HYPERONS
Roger Odell.Bangefter
Lawrence Radiation Laboratory
- University of California

Berkeley, California

- July 7, 1969 .
ABSTRACT

In this dissertation we presént measurements of the decay

. ‘ ' - - ot o . +
parameters O_, ay and &, for & -nmw , 2 - pr, and ot o nrw . We

have also measured the decay parameters'Q; and &, for £~ - nm and
P nv+. The usual decay parameters Q, B, and y are related to ® by
oL : 1 i '
the equations B = (1 = &)2 sin ® and y = (1 - a2)2 cos 9.
N + , v- iv-r .

Polarized ¥ are produced by the reaction K p - % W+ in the
Lawrence Radiation Iaboratory's 25-inch hydrogen bubble chamber. The .
average momentum of the incident K~ beam is 385 MeV/c. The measure-
ments ‘of & are performed by observing the up-down asymmetry in the X

decay distributions and the measurements of ® are made by observing -

~the left-right asymmetry in the np interactions of those décayzneutrOHS

that subsequently scattered on the hydrogen in the bubble chamber.
We obtain.@_ = -0.071 % 0.012, Ofy = -0.999 * 0.022, ., /at, =
-0.062 + 0,016, ®_ = 14 * 19 deg, and ®, = 143 * 29 dég. These results -

AN

are in agreement with the IAII = 1/2 rule.
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T. INTRODUCTION

"Happy is the man that findeth w1sdom, and the man that
getteth understanding.-
For the merchandise of it is better than the merchandlse
of s1lver, and the gain thereof than fine gold."
Proverbs 3 13-1h
Since their discovery in the*early 1950%s the-nonleptonic % decays
+ o+ : .
27 - nT and st o pwo have been vigorously studied both experimentally

and theoretically. Unfortunately, we are not yet in a position where

wisdom and'understanding can be said to chsracterize the state'of our

'knowledge. In an effort to ameliorate this situatiOn.We present new -

experlmental data constituting a significant statistical 1mprovement
over prev1ous results. Our data are relevant to a number of theoretical

suggestions.b

As early as 195k Gell-Mann and Paisl noted that the decays .of all

the recently-dlscovered hyperons seemed to obey a |AI|~ 1/2 rule. This

' irule has subsequently been shown to be satisfied at least approx1mately

by all strangeness changing weak processes. However,‘the dynamical
reasonsvforfthe existence of this rule in nonleptonic processes are

obscure. One of the major purposes of this‘dissertation is to examine

‘the |AT| = 1/2 rule in light of our new'data.

We will also briefly discuss the relationship of our data to time
reversal invariance and the current algebra results ofvSugawara_and»
Suzuki.®

By way of further introduction we give a brief exposition of non- - -

leptonic 5 decay phenomenology, a survey of the current experimental

v31tuation, and a dlscuss10n of the history and motlvation of our experi-.

1‘,



ment.
e . JP +
Both the initial state £ and final state nucleon have = 1/2
while the pion has JP =0, . Thus oniy svand P 6rbitalxstates>are_
allbwed, and nonleptonic T decay‘can'be:cdmpletély parametérized in
. terms of two complex numbers s and p representlng the amplltudes for
the two orbital states. In terms of the Paull spln formallsm the decay
matrix element is written as

-'- — A
T=1Uy (s +p g*q) Uy

where § is a unit vectof alohg>the direétion of the décaj ﬁucleon in the,b
5 rest frame. v

For convenience, rather'than s ahd, D, ndniéptOnic hyﬁeron decays}
are conventionally parameterized ih termé of_theif decay réﬁés r and;

the three parameters a, B, and y defined as

Q
i

e ls7p) o @

2, j2
5|7 + Is]

5|2+ |p|®
| a2 _ (a2 | | S =
y= el - lolo | @)
1% + |p] - o -

o2 2 2. ' :
Since O + B~ + 9" = 1 it is further convenlent to introduce an

additional parameter ¢ defined by

2,1/2

B.= (1 -a) sin é,.

.7 = (1 - a ) 1/2 cos @

&

Q‘_
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v Aleo the likelihood functiou for ¢ is mare nearly Gaussian fhan that for
VB>or 7. A.subscript +, -, or O will be used on all parametefs'to indi-
“cate fhe'charge<of the decay pibn.
Table I is a summary of the prev1ous experimental 1nformat10n.3
, Published data that are a subset of the data presented in this dlsserta—'

tion have been excluded from this summary. The branching ratio is

‘denoted by - b.

¢ ' ' - _Table I
Reaction .« : 0 I%otal' : S
- - ‘ ' : 04 0n0 10
_ L ->nm -.106+.039 -227430°  (.60L4t Oll)xlO sec  1..00°
S pr -.829%.135 (1.235%.020)x10" ./sec' 0.528+.015

. . + . ’ ' . ) .
2% om0 fog=-.0228.059  180°430°  (1.235%.020)x10"/sec. 0.472+.015 -

- The decay distribution in the X rest frame is given by the familiar

expression .

i (cos 8)d (cos 68) = 1/2 (1 + dPZ cos é) d (coe é). (%)

—

where Py is the polarization of the I and cos 6 = Py g .
The polariiationiof"the nucleon is given by .
Py { [a+(1-7)Pz «q ] q + 7P2+ B(PZX Q)} /(1*x32 a) . (5)
In 1963 Watson, Ferro-Lu221, and Tfr'lppl‘L publlshed the results of
“ ) » their hydrogen bubble chamber experlment ‘on the K p 1nteract10n between
250 and 513 MeV/c. They showed that in the vicinity of 390,MeV/c the;.

. - + . . . . -
reactions K'p » & ﬂ?vare_a copious source (~ 20 mb) of highly polarized

!
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Py hyperons. Furthermore.PZ can- be accurately éalculated on the basis of
avreliable partial—wave analysis. Itvwas sOonvrecognized fhat it would
be possible to do a hydrogen bubble chamber experlment to measure a 5
04, and ¢4 In each case @ can be determlned by measuring dlstrlbutlen'
(4). Apart from measured kinematicalaquantities; I% is dependent on
a,'ﬁi, and‘®. Since both o and PZ can be determined 1ndependently of -
(5), P becomes & functlon of the 31ngle unknown parameter 0. The
polarlzatlon.Pn, and hence Q, is measured by observing the left—right'
asymmetry'in tne_np'interactions.of those decay.nentronS'that subse-
quently'seattef on‘%he hydrogen in_the bnbbievchamber.: FigureIl illus-'
'tratesgthe cemplete seqpenee pfrreactienS'fof_a 7 event.

No accnrate'measurement'df o, is-pOSSible in such an eXPeriment
since the-pp interaction provides very pooreanalysis of.§£;

Our eiperiment was proposed"in»May.l964. During the period from

August 1965 to September 1967, we obtained about 1.3 x 100 pictures

'using the Iawrence'Radiation Laboratory‘s 25-inch hydrogen bubble chambef.:

_ There are approx1mately 6 K~ per frame yleldlng 60 000 Z events and
80 o0oo =* events. The average K~ momentum is about 385 MeV/c.<

In Section II we discuss the de81gn and construction of our experl-
ment; Sectlon IIT treatS'the part1al-Wave‘analys1s and the deﬁerminae.
tion of Py. Sections IV and V explain the measurement of & and ®.
Finally in Section VI we discuss the theoreticaI implications ef our'd

experlment, partlcularly'lts relevance to the |AII 1/2 rule.
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Figl- ‘ 1. ‘Typical 2. event with np sqattering'a



. IT. BEAM DESIGN

A. Design Requirements

In June of 1964 ve began the difficult task of actually building
a %00 MeV/c K~ beam.. It seens that thefe.is a conspiracy'in_naturevtof
prevent one from building such a beamuat the Bevatron; In the fifst'
V place K"p?oduction'at_this momentum is nery low. This is true both
_absolutely and also in comparison to cther particles., 'The producﬁion‘
‘rate for background particles (mostly electrons and'piOns)_is about
tnree_orders of magnitnde_larger fhan Ki nroduction; In addition K-".-
decay losses amonnt to about lO%'per foot. Tne background, nowever, e
decays relatively echly causing the'ratic'of K~ to backénound to deteri-
orate‘ranidly as the beam is made longer. On the other hand a high
backgronnd normally reqﬁires mnlti-stage‘electrostatic'separation, which
in tnnn requires a long beam. And finally; alfhdﬁgn the pions'decaj
slowly,.fhe& do decay fapidly enough to badly contaminate the beam with‘
vmuons.k N |

As afspecifickeiamile of these difficulties, the»Alvarez'gfoup’had
previously performed a 450 MeV/c K-'exPeniment-at.the Bevatron. The
beam was located in the T6° ayes of Quad ITT and was 39 feet in length.
It had an angular acceptance of about 5 mllllsteradlan, a momentum
acceptance of * 2% and a transm1ss1on eff1c1ency for K of ‘roughly
25%. This beam yielded approx1mately .25 X per. lO protons, A'singiev
stage coaxial separators was used g1v1ng a background to K~ ratlo of -

65 1.

As a further example, a study has been made which“shows that a

I
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compact optical syétem could be used with two short conventional separa-

tors fo achieve a hO-foot'beam. Unfortunately the background would

~still be an order of magnitndé'larger than the K~ intensity.

$ince’the 76° Quad III location of the Bevatron was already
equipped with the vacuum channel suitable for the extraction of low
momentum’pafticles, we chose this area as the site for our beam. We

adopted the criterion of 10 K tracks per frame as our design goal. For

. reasons of compatability with othér experiments, and in order to mini-

mize radioactivation of the Bevatron, it is undesirable to use more than

‘ . 12 , ‘ :
- about 10 protons per pulse. The maximum angular and momentum accep- .

tance‘of the‘beam is iargely determined by the size of the vacuum
channel. Assuming then the same acceptance and transmission efficiency
as the previous Alvarez gronp experiment;'one sées_by‘comparison that
the_beam cannot be made much longer than about 4O féet and still yield:
én adéquatévK'.flux; With conventionai techniques our bgam is impos-
sinie.‘ |

Taking into account both production and decay rates and assuming a

‘beam length of 4O feet the ratio of background to K~ at the bubble cham-

ber would be 50 000:1. What is needed.tnen is a short separator‘capanie
of rejections of better tnan 105:1;' In should be designed in such a.way
that it'removes the background as early in the beam as possible fo pré—

vent p contamination from'v,décéy, nAcnordingly Joseﬁh J; Mnrray pfopesed‘-‘
a'scheme'forbsuch a separator, a so-called septum separater, which, in

its present form is more of a filter than a separator.
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.B;:‘Septum Separator
The operation of‘the separator‘can be understood by reference to .
Figure 2. The solid lines represent the paths of X~ particles and the
dashed lines the paths of T and e~ particles.L The deflection of a par-
ticle in an electric field goes as l/(momentum xiVelocity); Thus the
pions and electrons are deflected iess than the K; particles and strike
the uranium bars U at p or the stainless steel electrodes at q.'A

This entire ‘sequence occurs again in the last two sets of electrodes so-

we’effeotively have two~-stage separation. Our calculetions and experi—b

ments 1nd1cate that partlcles represented by the dotted lines can
scatter off of the electrodes with little energy loss. In this way
large numbers of_pions and electronsvcould propagate through the system.
They are obstructed by the uranium bars Ui, Those pibﬁs and eiectrons
which just greze'the edge at point:’p (or miss it entireiy) will be '
found*preferentielly in the position ocenpied by the uranium bars Ué.
These bars materially lower the background without affecting K trans—?
 mission. Note that the vertical scale in. Figure 2 has been greatly
,.magnified. Figure 3 is a photograph of one of the four sets of elec-
trodes actually nsed.in the experiment.

Since the effective gap for.K' transmission is'only about

.050 inches and the length of the separator is about 80 1nches, the

~ beam must be parallel to better than 050/80 625 milliradian: ‘and must

also be aimed parallel to the axis of the separator with this order of
precision. These requirements demanded some special attention'asvis
discussed in the next section. It should be noted that the .050-inch

effective gap results in a maximum transmission efficiency of 25% since

R
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XBB 695-3010

Fig. 3. Photograph of one of the four sets of stainless steel
electrodes used in the septum separator.



-11-

.050 inches is l/h of the thickness of a gap-electrode combination.
- In contrast to conventional separators, another pecullar character-

istic of the septum separator is the fact that the hlgh voltage is not

" critical. Satlsfactory transm1351on‘and_separatlon is. achieved within

+ 2% of nominal. Figure 4 illustrates this. -

C. Beam Optics

v_Since it requires a 4 or 5% momentum spread-to get adequate K~
flux, itpwould.be desirable‘to have a;position—momentum correlation at
the bubble chamber.: Optlmlzlng this correlatlon was one of the maJor ”
crlterla used in de51gn1ng the beam optlcs.

Flgure 5 shows the optlcal system used. The target is a piece of
phosphor bronze 4 x 1/8 x 1/16 inches. The magnet VSl is a small hand-
wound vertiecal steering magnet which ailows one to control the angle at
Whlch the partlcles ‘enter the separator and thus.allows one to satlsfy"
the .625 mr crlterlon dlscussed above. Quadrupoles Q- and Qp are
adJusted to make the beam parallel vertlcally and. to brlng it to a horl-

zontal focus at Fh The focus at Fhl gives a position-mementum corre-

' latlon and the momentum acceptance can thus be adgusted by changlng the

width of colllmator 2. Thls focus is also 1mportant to keep the beam
together horlzontally, 31nce it tends to spread ow1ng to the dlspers1on

in the Bevatron fleld. The fleld gradients of quadrupoles Q3 and Q4

and the focal effects ova~ are_chosen such that the beam focuses

"The focal effects of M are adjusted by installing iron shims on the

pole pieces.
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Transmission

100 1 T I '|"I'l"|||*| T T 1 ITII -
B ' >4x10*_
- . 410 MeV/c ¢
- 1r'0nd~
| =
0 =
_ N
\
- \ -
\

Ao
Voltage for
p transmission

|

‘O|-'lll"|ll||.vlllbll'll|lll|‘ll|-| |[|
' 12 16 200 24 28 32 36
- Kilovolts

XBL 695-543

Fig. 4. Relative transmission of septum separator as a function
of voltage at 410 MeV/c. The dashed lines are an estimated
decomposition into the different components of the beam.
There is a suggestion of a P peak at 18 kilovolts which is
the proper voltage for D transmission. Measurements with
the bubble chamber indicate that the P flux is roughly two
orders of magnitude lower than the K flux.
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vertlcally at F (at the front edge of colllmator 3) and horlzontally
in the neighborhood of Fh2° | We have also adJusted Q3, Qh’ and M +to
give the desired (actually the best possible in view of the constraints)
position-momentum correlation at the bubble.chamber. of course the |
_‘primary purpose of M is momentum analysis;'the'background which is
degraded inemomentumlin the'separator is swept aside by M. Magnet VSvE
allows us to steer vertlcally so that the K~ beam passes through colli-
mator 3 which measures only: l/h 1nch vertlcally.

Several speclal problems were encountered. As'eXplained above it

was necessary to have the beam parallel vertlcally to less than .625 mr. -

It was found that bad aberratlons in the frlnge field: of the Bevatron
made this 1mposs1ble. As a consequence the beam exit pipe througb the
BeVatron magnetvyokes was shielded with an iron pipe of 3/8-inch wall.
thickness,b This decreases the acceptance>of the'system and increases’
the‘number of protons reduired:for a given X~ flun.
The'position-momentum,correlation was somewhathworse than desiredrb
It was_hoped that we would be ablelto establish momentum to about
+ 1/2% but unav01dable effects such as finite target size and phys1cal
constralnts on bubble chamber location resulted in a compromlse of this
goal o slightly more than * 1% under optimum conditions.-
The total performance oflthe,beam was satisfactory, The'K--po-
background'ratio was roughly.3fd. Figure 6is a typical photograph

showing & production and decay.

s

~
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Typical bubble chamber photograph showing Z production and

decay.



-16~
III. DETERMINATION OF Py

As noted above, Watson, Ferro-Lutzi‘and Tripp have shown that the
%'s produced by the K'p interaction around 390 MeV/o are highly
polarized; The polarization is primariiy due to the'interference'of :
‘the resonant D3/2 (YZ (1520) ) amplitu@e with the large.nonresonant'

s wave. Reliable determination of the polarization is-the most criti-
cal aspect of our experiment.

Since O‘o’lS nearly -1, the bt polarlzatlon is readlly measurable
through the up—down asymmetry given by (h) In contrast O_is very:
small and the Z polarlzatlon cannot be measured well but must be. cal—
culated using a model of the.production process." In this‘sense the
polarizations for Z+iare coneiderablylless ﬁodel;dependeot tﬁan'thoee
for X7, Névertﬁeless.in both caeee ao accurate determination_of'the
'production amplitades is essentiai. In order toiestablish these ampli-
tudes, we have performed a prellmlnary multl channel partlal -wave

analysis w1th about 1ko OOO charged % events. “The X~ momentum distribu-

tions forvthese events are shown in FigurevT.- The'polarizatiOQS‘opta%ned:

L34

from our analy51s are shown in Flgure 8 The sign convention is such .
'that '
Py = Pyo(K x W)/]K x T R . - T (6)
where R and' 7 are along the incident K 'and the production .

_ The measured points - Ps (We discuss theseoin-Sectioh Iv) are -shown =

superimposed on the curves of Figure 8a. It is evident that ao is

nearly equal to -1, that the fits are good, and that the =% polarizationo'

is well determined, particularly in the'neighborhood of 385 MeV/c wherev
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the vast majority of events lié.

| Tt is élso possible to crudely confirm the éélculated = polafiza-
tions in conjuhction with tﬁe méasurements'of o, and o_. We.distuss
tﬁis in Sections;IV and V.

We emphasize that despite the lack of any dynainical'theory of the

vstrohg interactions the calculated polarizations should be quite.

reliable. The major assumptions are‘unitarity, isospin conservation,

a Breit5Wigner form»for.the resonant amplitude, and smooth énergy depén-j
dence.for the nonresonant amplitudes;. Furthermore the momentum is low

so only a few partial waves are significant. The resonant amtlitude -
interferéé with'the nonresonant amplitudes in Such.a.way as to produce
sbectaéﬁlarly-rapid variatibns in the angularvdistributions. This condi-
tioh allots a precise determination éf the”paramétefé of the resonance.

We have fitted our data to two diffefent models consistent with

the above assumptions: (a) that used by Watson, Ferro-Iuzzi, and
" Tripp which parameterizes the nonresonant amplitudes in terms of constant

‘scattering lengths and (b) “the K matrix formalism of Ross and Sh'za.w6 as

used for example by Kim.7 The two models give véry'éimilarvresults
fér the calculated polarizatioﬁs.' For our analysis we use the values
éiven by the K matrix formaiism.

Ihe’model-dependent uncertainties in the polarizatioﬁs are almost
certainly sﬁaller than the statisticai uncettainty invdur méasurement

of ®. However the statistical uncertainties in our measurements of O

are sufficiently small that we have limited the analysis to the momentum

region between 360 and 420 MeV/c, thereby considerably lessening the

model-depehdént nature of the parameterization.

Y
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'IV. MEASUREMENT OF THE ! PARAMETERS
There are two principal pfoblems'invelvedAin-the determinaﬁieﬁ of
fhe d paremeters. .The first'resultsvfrem possible”biases introduced in
scanning-and meesuring_the data and the_second results'from contamina-
tion of the.true SempleIOf evente'ey eVents.having similar topology;
We discuss scanning'and measuring biases in Seetion IV-A, centaminetion

in IV-B, and the actual determination of the ¢ parameters in IV-C.

A. Scanning and Measuring Biases

Each of the 1.3 x 100 bubbieiehambef expansions of our exferimenﬁ
- was photegraphed from three angles. All.three vieﬁs are used'for botﬂ
- scanning and meeeufing. The lecation of the tﬁree camerae.relative te
“the Eubble chamber is shewn in Figure'9;' The beam enters paraliel’to
the x-y plane and is orlented approximately along the y-axis as is
shown in Flgure 6. | The magnetlc fleld (~ 19 kllogauss) of the bubble
chamber is parallel to the z-axis.

| About 30% of our film has been scanned.twiee. Compefieon of the -
first.and second scansfgives a scanning efficiency 6f'roughly 85%,
(somewhat less for Z+ - ﬂgp){ _ Altogether the scannefs ﬁeve found
_ﬁomemmRSWtMr%ﬂmpr+Zwﬂ2 evn@) uémo
examples of K p‘—> =t 3 =t q° P (Z ),. and 55 000 examples bf

kp » =t 7 2t o gt n (Zi).

These events have been measured on the Spiral Reader and Francken-

stein measuring'machines. Geometrical reconstruction and'kinematical 
fitting are performed using TVGP8 and SQUAW9, the standard programs in-

use by the Alvarez group. Our I events have been remeasured until less
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. Fig. 9. Diagram of the 25-inéh bubble chamber'shOWing’the
location of the cameras. _ g '
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thanIE% fail kinemaficél analysis,_

Since our detection efficiency (combined scanning aﬁd measuring'
efficiency) is less thén 100%, equation (h) does not~répresenf‘the S n
observed dlstrlbutlon of events and may. requlre alteratlon to glve an | i
unblased estlmate of Q. |

In general the'detecfion effic1encyA‘e: could‘be a function of a
large number of pérqmeters such as. the 1ength$ of all'tfacks,_the aﬁgies' o i
between traéks,-and the position of the evenf in the bubble chamber. - ‘ i
‘For ouf>purposés we find it cbnﬁenient tO‘represeht “e. as a function
of the a21muthal productlon angle of the X relatlve t0 the beam dlrec-.
tlon @ , cos 8 = Py » d, and a set of paraméters  v répresenting‘all
, pther‘relevant variablgs. The ang;e @P ;s dgfined suéh that @
‘when the ¥ is produced in the x-y plane moving to the fight'of the'beém
direction. Quantitatively ¢p is given b&

o, = st [(Rx2) ¢ (Rx B/ IRx2 Kx3])]

where the notatlon is self explanétory, the observed dlétrlbutlon of ..v

events in cos 6 is glven by : , S o ' B - -

I'(GPZ, cos 9) - (l+aPZcos Q)U[ (cos Q,QP,Y)Q(y)R(¢p)d¢de '

jkl«%PZcos G)e(cos 6 ¢b,y)Q(y)R(¢b)d¢bdy d(cos 9)

where Q(y) is the probability density of the total unbiased sample of
events in the parameters y, and R(¢p) is the probability‘density of the
sample in ¢p., Since all valués_of»Qp are equally likely R(@D) =1 :'1 ; )

and I' may be written as
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I'(aPz, cos 6) =‘(l«1PZcos 6) N(cos 6)/D(aPs)
where

N(eos 8) = [e(cos 8, @y, ¥) Aly)aogdy
and

Do) = [(140Bseos 0)e(cos 6,7,,¥) Aly)avyay dlcos 6) .

' Because of . the location of . the cameras, the detectlon efflclency,v

- 'to a’ very good: appxox1matlon, must be dependent only on the progectlon

S ‘of the event onto the x- plane of Figure 9. Any event has a progectlon

~identical to the projectlon of its mirror image in the x-y plane so
that under such a reflection e is unchanged. This is expressed by
the equation
e -Ccos 8, -wp, y) é'e(cos 9’<@p, y) . , o (7)
By maklng the substltutlons cos 8 ~ —cos 6 and. ¢p v—¢b one ean

‘ eas1ly shOW‘that

 /ees.6:e(cos'Q; @b,y)d&bdtcos 6)'%_0.
-éQ fhaﬁ b is independeﬁt Of sz. ' Simiiariy onekcen.show that
‘N(-cos 6) = N(coe 9) o that T may'bevwritﬁen:asf

I'(dPg;.cos Q) ; Cbmﬂicos G)ef(eOS'G) -;v E | _..'(8)

where f(cos 6) = N(cos 6)/D is an even functlon of cos 6. . We'emphaQ
size that the only assumptlon in the derivation of (8) is the equallty
"of e for an event and its mlrror image in the x-y plane. Examlnatlon

of Figure 9 shows that this condition may not be adequately satisfied
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for events 0ccurring close to the edges of the visible volume éf thé
 bubble chamber since fracks inclined ﬁpward.may be slightly‘longef than
tracks having an equal downwardvinclination. To minimize'these‘edge
- effects, we have adoptéd avfiducial volume that excludes those events
occurring within 6 em of the edgeS'of fhe»Visible volume of the bubble
chamber. | | | |

One also ekpects the detection‘efficiéndy”fof an evéﬁt'to'be
nearly equal to that of its mirfor image’in that.-plane wﬁich containsl 
the beam track aﬁd is perpendicular-to the x-y plane. vUnderJthis B

reflection all projected lengths are unchanged as are the magnitudes'bf

the projected angles. This is illustratednﬁy Figure 10a and 10b and is

expressed by
e(-cos.0, T-0,,y) = e(cos 6, ®,y) o (9)

where y is now allowed to speéify somewhat feweriparameters'than Was>
the-éase in equation’("()° Condition (9) also leads to result (8)

If both (T) and (9) are satisfied it follows that

elcos o, 0, +Tyy) = e(c'os o 8 ). (10

This. s1mply expresses the fact’ that the detectlon eff1c1ency 1s,

unchanged under a rotation of T about the beam dlrectlon. Equatlon

(10) is sufficient to provide some information about the observed dis-i

tribution of ¢,. This distribution is given by

R'(Qp) =1 /~<l«1P:cos-6)e(c0s-é,¢b;y)Q(y)dy d(cos ) .
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Fig. 10. Event configurations expected to have nearly equal
detection efficiencies. B
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From (lO) it foliows“immediately that o S o v
R’(CP) R'(9, +'rr) S (1) -

This distribuﬁion is}sﬁoﬁn,invFigure 11 f6£ all three event types.
Note that (11) impiies that phe‘ﬁﬁmbeffdf events in‘whigh the T goes
up (n,) should be equal to the humbéf of events iﬁ.which the'Z.goés
down,(nd). Similarly the numbef of eVents'in.whiéhythe 2. goes to'thg
right (nr>.5hould be eéual to the,number of e&eﬁts in ﬁhiéh thé 2 goes
to thé left (ny). | | |

| In analogy'with'¢b7we.éan define an ééimuthai‘decay'anglé ¢H
giﬁéﬁ by

o= st [Gxd) - Gaf Bl D]

where ¥ is along the- dlrectlon of the v151ble decay product.’ Equa-

.tlon (lO) may now be rewritten as
e(Qq+ T, Pp+ T,¥) = e(9g, Pp,y).

‘It then follows that equation (11) and the subsequent statements about
_the up-down and‘left-fighf symmetries of @p aré also applicabie_to‘¢ﬁ .
The distributions'bf ®g are shown in Figuré 12. .Thevquantities.

(nﬁ- nd)/(nu+ ng) and_(nz-‘nr)/(ﬁ1+ nr)  for both production and decay:

vertices are given ianable II;
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Table II.
Event Type (n,~ ng)/(ny+ nd) -~ (np- n.)/(ny+ n.) -
bl .0052 + 0041 ~ -.0058 & .00L1
Production  Zb -.007TL *+ 0051 -.0070 * 0051
Vertex 4 , S
Sy -.0112 * 0049 .0012 * .00k9
Total ~  -.003L £ .0027 -.00k0 * .0027
- .0l0L # .00Ml - .00lk + .00kl
Decay ] 0014 * 0051 .0031 * L0051
Vertex L4 : ‘ ' o -
7 L0084 * ,00L9 -.0136 + 0049
Total L0072 = 0027  ~ -.0027 % .0027

In addition to the symmetrieévdiscussed above, one also éxpeéts g
thé configurations shown'in Figures 10c and 10d to have detection effi-
ciencies roﬁghly equal to those of the cohfigurations ovaigures 10a,

vand 10b;( These additional equalitiesbexPlain fhe appreximate.h-fold
symmetry exhibited by the distfibutions of ¢§ aﬁa ¢H ; .As e#pected
- the minimé in these distribﬁtioﬁs occﬁr when the prodﬁction 6r‘decay
plané is parallel to thevcémera axes. |

For an unbiased sample, 5. 3 »as'e§aluated in the 2 resf frame
should be uniformly diétribdted between -1 and 1. ﬁhé experimental
distributions are shown in Figure 13.- Depletion occurs fdr'»k
Tev~1 (and also &+ v ~ -1 in the case of Zg).‘ This éorresponds to
small values of the angle d in Figure lO} Such 2, decays are'clearly?:”
difficuit to detect., .The situafion is much ﬁorsé for the Z; Qecay

i .
|
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since a given laboratory angle corresponds to a 1arger éenter-of—mass
angle than is the case for the Y_ and Zi.decay_modes. Furthermore, the
ionization of a 2 and proton afe more'nearlyvequal than the ionization.
df a Zand a pioﬁ S0 thét track darkness cannot be used to idéntify<the
deca&.ﬁertex. | |

Fortunatgly those decays for which.g- 3'2 £ 1 must have émall
values of ?ﬁ- ﬁ and therefdre éontfibute Qery little»to the_measurement
of .

‘In conclusion, the tdtél detection losses are small'(w lS%)_and‘
are particularlj'small fbf those events which contribute most heavily'
to fhe measufement of ¢, It iS‘a.priori'éxtremély unlikély that the
losses that do occur‘coqld in.any_way bias a,. and.the distributiohs of

@p'and g are consistent with this expectation.

B, Contamination of Saﬁple
There are two types of contamination iﬁ‘our data. The first type
results from non-sigma eVents_which are tobologically similar to the .

true events. The second type is far more serious and results from

'ambiguities betWeen'Z;iand Z: events.

A Z: event may'bevsimulated by fhe sequence of reactions
Kfp - K p; pp - pp, where one of the . scattered profons is toé short to
be visible, Since the iomization of the K~ is typically several times
that of a T , most of these K;p events can be properly idenfified by
the scanneré, Alsé, thé,two—event ﬁypes are kinematicaily rather
different. : |

AllzeventS‘identified as K p - K_pvby the' scanners have been fitted
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to both K p = K p and the z;‘hypothesis with zero-length z;' Of L2 000
events only 1600 give acceptable fits to Z:‘,‘ Closer examination shows
that roughly 1206 of these ére Z; while 400 are K_p'scéttériﬁgé{ Since
 the visible proton loses very little energy in a éméil;angle PP sgattér-
ing, these K'p eveﬁts are very similaf‘to those simulating~fihite-léngth
Z events. In facﬁvit should be somewhat more diffiéﬁlt to-obtain an
édequate fif to the finite—length 2, hypothesis becausé_of the additioﬁal

constraints imposed by measuring the fake_Z. We would thus expect that

_less than 1% of those K'p scatterings called Z: by the gcanners will = |
| actually fit the Z;ihypothesis; This estimate couid be-sqméwhat low - !
because those K p eventS‘thét are ambiguousvwith Z: have a prbtoh.momen— -
tum of about 300 MeV/c vhere the.pp crosé'Section,is relatively high.

Roughly 1% of thg events called Z: by the scaﬁners fitronly fhe K'p

hypothesis. ' Since this must reprééent nearly thé entire sample of ' | .
misassigned évents, we estimate the total contaminatioﬁ to be abouti Yo o . ;
.01%. Furthefmore,,the small angle PP scaftérings.must have small.
values ofiﬁi- a sO that théy contﬁibute reiatiVely little to the
meaéurement of a. Even ifbour estimate'of contamination is én order of .
maénitude low, the bias ﬁould ﬁot_be serious. |

The T events can be simulated by K-é - Kp followéd'by

FK_ - § or K - W—Wp' Ihere‘are many such events.but néarly all.are
rejected byathe scanners;_ Slightly over 1% of the events called iy

fit §nly the K_f_hypothesié.' Agéih thevsituation is kinematically
quite unambiguous and tﬁis must represent nearly the eﬁtire sample

of' misidentified K p events. We conclude that the contamination is
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‘considerably less than l%.' Even a contamination of 2 or 3% would be

- relatively innocuous since a_ asfdétermined by the K'p events must be

2610 which, according to.lable I;‘is nearly correct.

The Z: events should be free of non-eigma contamination.

As noted above, the most difficult contamination problem results
from the ambiguity between Z;:and Zi. There are three'categories.of
information which allow ue to dietinguish these decay modes:

1. Kinematics ._ |

Only about 19% of all =¥ decays fit both z: and z:.
2. Ionization Information

"Thé momentum of the pion_or'proton isttypically several hundred
MeV/c so that the proton ionizes much more heavily than the pion.
Information about the ionization is obtained in the-following ways:

(a) For those events in which the charged decay product makes an

angle of less than 50 ‘with respect to the X-y plane (dip angle A), the

scanners are able to distinguish Z+ and ZO with better than 95% relia-

bility. All tracks having |x| > 50Q appeartrathen dark and it is more
difficult to distinguish differences in ionization. The scannefs are
able to 'distinguish such tracks with better than 75% reliability.

(t) The range of a_proton'is much. smaller than that‘of a pion_
having equal momentum and many pfotons stop in the bubble chambef.
This stopping proton information alone is‘eufficient.to reduce the
ambiguities from 19% to T%.

(c) “The range 1nformatlon is also used in anothep way.> If the

fitted momentum of the proton hypothesis gives a range significantly

- smaller than the measured length of the track, the proton hypothesis
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may be rejected.
(d) Because.oflité greater energy loss; the,radiﬁs.of curvature of
a proton decreases more rapidly than that of a pion.'_In éome cases
Athis difference gives an unambiguous méssbdetormination in the process
of geometrioal'track reconotruction.' In all cases, TVGP COmputés a -
“track X2 for both mass hypotheses.
(e)‘ About half of our evenfs were measured on thé Spifai Reader.
The Spiral Reader automatically moasuros'track darkness and this infor-
matlon is used to calculate a X2 for each mass hypothe31s.
3. A.Prlorl Probablllty
Although'both 2: and Z:’events are uhiformly'disfributed.iﬁ g- v
in the T rest’frame,-the laboratory distributions are Quite dissimilar.
, An a- prlorl probablllty for each hypothe81s may be assigned. on the'v
ba51s of Z VG as measured in the laboratory,
,Those events‘that,are unamblguously‘fitted by,éQUAW are ohecked f'
: for‘oohsisténcy,wit@ thebrapgo-momentum,conditiohs of;éb and 2c. If‘
. consistentz theoe-eﬁents are,conéidered_to be truxy unambiéuous.
For fﬁe ambiguous evénﬁs it is désirable-to obtain a number repre~
senting in some sense the simultaneous goodness of fit;£o all of the

above categories of information. If we denote a given mass hypothe51s

by the discrete varlable m - and the kinematic varlables of an event byv

€ the probablllty density in € is*given by
, . - ,
o3 X°(& ;m)

P(€;m) :
' det E(m)

where E(m) is the error matrix used in constructing X,  The matrix E
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is dependent on m becéuse the erfors.assigned to thé measured quanti-
ties of bubble chamber tracks are largely determined by Coulomb scatter-
ing. Given £ we canvregérd P( é.gm) as a iikeliﬁood function for the
* determination of m. Ve thus interpret P( £ sm)/P( € ,mp) as the
probability ratio for Z relatlve to Z

It is possible to assign a probabilify ratio to each of the other
tyﬁés:of.information available. The pfoduct of these ratios expresses
the combined probability fatio r for the two mass hypotheses. Details
of the probability assignmentsvare giyen’ih Appendix A. In some cases
rather}Crude estimates are emplbyed'tb assign these probabilities. "In
ény cése; our goal is only to find some recipe that effectively sepa-
.rates the two mass hypotheses. To evaluate the effectiveness éf the
_sepération,‘897 z:_events (r < 1) were very'éafefully examined on the
scanning projector.‘ There are no céSes in which définité misaSSignﬁent
has oécurred-but there are three events about ﬁhich,we are.unable to
make a‘meaningful decision. We also examined 1032 Z: efents_(r S 1).
Among these we find three misgssigned Z: evenfs and seveﬁ'events about
~ which we are unable to make a decision.

Those Z+ events having values of r elose to unlty have about
the same welght in the determlnatlon of a .as those with large values
of . Wé choose_to cgrrect @, for 0.3% dontamingtion and leave o

~unchanged.

C. Measurement of O

We measure OPy for all three event types by/the method of moments.

The first moment'of equation (8) is given by
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1l

{cos 6> / cos 8 (l-iOCPZcos_‘ 8) f(cos 6) d‘(cos 9).'
_ -1

1l

| 1 ‘ o
Py / cos? @ f(cos 6) d(cos 8) .

The second moment is given by

i

'<0052 8> = / cos® 6(14Pscos ) f£(cos 6) d(cos 6)
1 v .
= 'c052‘6 f(cos 6) d(cos 8) -
Ja -
so that -

| o N N |
aP = <(cos 6>/ -(cvzos.r2 8> = Zcos 6 / 'Zc:os2 6
| S i=1 i=l

where N is the total number of events. The statistical unc'ertéinty vi_hl

 .061’Z is_ given by*
S(GPZ) &= [ ZCOSgei (l - aPZ cos 91)2 Jl/2 / 2008291

" The meaéured ..values of Oc_Pi- and O Py+ é.fe ﬁsed as input da.t'a "
'f‘br the mu.l'___t“i.'.channel partial-wavé‘an‘a"lysis 'ééscﬁ"oed inSec*t;ion‘ fIIf. .
The vélﬁes :(')f Oc_v and dé are deterﬁiﬁéd _éimultaneouély ;J’ith Py by 5(2.
minimization. This method of determining o has the virtue that statis-.

tical uncertainties in Py are automatically reflected in tﬁe uncertainty

assigned to Oé The measu'redrva:.lues of :_—Ot(j)PZ+ together with the curves’

In performing our analysis: we used an incorrect formula for calculat-
ing the uncertainty in OPy. ' This has resulted in a -negligi'b:le ( =5%)
overestimation of the unceftainty in Oto.' We are indebted to. Prof. |

George H. Trilling for bringing this to our attention.
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of Py+ have already been shown in Figure 8a. The measured values of
a_PZ--together with the fitted curves are shown in Figure 1k. The
values of %2 for both Q_Ps~ and aoP2+ are good, being M4 in both

* .
cases Tor 60 data points. The values of O are

o

!

-0.071 £ 0.012 ,

%

n

-0.999 * 0.022 .

) Theée'values are_obtained from‘about 51 000 Z_ events and 32 000 Z;
" events héViné beam momenfa betﬁeen 360 and 420 MéV/c;'v

Tﬁe éuoted uncertainties are statistical only, however sincerthe
paftial-wave anélysié is preliminary, we have examined the correlétions
A:bf do with possible systematic and model-dependent biases. We beiieve
these possiﬁle biases havé less than a l% effect on 0, and we neglect'
them. We recpgnize that this constituteé the weakest point of our
ékpefiment;'however a_more,détailed partial-wave analysis is in progress
agd Wiil‘Eebreporfed in the future. | |

Tt is possible to'présent the infbrmation in Figu;e'lh in a wéy

that crudely confirms the calculéted-Values of £~ polarization (P ‘

calc)

‘shown in Figure 8b.

The sample of %~ events is divided into four bins aécording to -

* . : ‘ . : ST
The number of degrees of freedom 1s somewhat fewer than 60 since the

measured values of 0P contribute to the determination of & and the I
production amplitudes. For the compléte partial;wave analysis, we

obtain X¢ = 209 for 215 degrees of freedom.



Fig. 14. Measured values
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of o _Py- together with fitted curves.
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I The first bin contains those evénts having -1 < Pcalé < -;5,

the second bin contains those events -having -.5>< Peale

< 0, and so oﬁ.
- For éach:bin we measure Q_Py-. The measured values are sﬁéwn‘inv |
Figﬁre lSIas-a function of‘gcalc. 'The‘points have:been pldtted ét the
.- mean value of Pcalc for ééch bin., If the calculated polarizations are
COrfeCt; fhé?measuréd Véluesiof-a_ftf shéuld'lie én'a straight line wiﬁh
' slope C. - The linéfsEOWﬂ is the best least squares fit to our data
aﬁd'h.as a slope of -..076. The_f dafa clearly pi'ovide some _cc;nfirmatior'i
. of thé-gross features_éf the'curves in Figure 8b.

| ‘:In the éase of a+ we'can éliminate all modei-dependence by measur-
ing’d+/ad;. For this'deférmination, we use all of our data in the
‘momentum region ffom~300 to 460 MeV/c.»jThe ratiq;3.= a+/ao is given
by minimizing o o | | | o

X?»(R? =z% [ |

R(oPs), - (o2s?), | °

‘(déPz-i;) ]i + la(q+PZ+) ]i .

We obtain -

o +/ozo

This result has been corrected for 0.3% contamination. The minimum

0,062 % 0,016 .

value of X2 is 133 for l59_degfees.of fr¢édom; 5The measurement ‘is
”based'on 38lOQO Z; eyehts and 42 000 ZI events%

| AsSuming the X folarizatiéﬁs to be known ékactly, we’havé aléq '
‘measured O'- and x4 by the,ﬁéthod of maximﬁm.likelihood. bTﬁé logarithm;

~of tlie likelihood function as obtained from (8) is given by
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Fig. 15. Measured values of a_PZ- as a fungtion of

calculated =~ polarization.
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maﬁ(a) = Z ln [ 1 —i-,'.Ol‘(.PZCOS 8)y .

1=1

The term N In f(cos 6) has been dropped since it is independent of O..

The curves of In L (o) are shown in Figure 16. The values of O

obtained from these curves are

o

]

~0.072 £ 0.012

-and

i

o, 0.069 * 0.017 .

These valﬁes‘of & are ibaéed on the vsample of events between -36Q.and

koo MeV/c and again we have corrected + for 0.3% contamination.
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V. MEASUREMENT OF THE @IPARAMETERS
. As explained in Section I, we measure ¢ by obsérving the angular
distributioﬂ ofvnp scatterings produced by the reactionS»Zi - Win;

np - np. The probability density for the'np regcetion is given by
(P, - 8)at = 1/2(1 + AP, - 8)at’ E o (12)

whéré g is the unit nbrmél to the‘np scatferingrpléne and‘A is the

np scattering asymmétr&. The azimuthal scéttefing angle é'isvgiven_ﬁy
¢ = cos'l(§;'§/|§;l)- We use the vélués of A defermined by Arndt
and MacGregof.lO_ Thesé are shown in Figdre iT. .The vector ?; appeér—

ing in (12) is the polarization of the neutron as observed in that re$t

frame of the neutron obtained by a direct LOrentZ_transfofmation from"

thevcénfer of mass of the np system, while'ﬁh as giv¢n>by (5) is mea~ .
éuféd.in that rest.fréme of the neﬁtrbn obtainéd'by a Lorentz‘transfor;;
métion along  4§ from that % rest framev(ZRF)'in which § and-ﬁg_are.
méaéuréd. ' The pqlarization-ﬁg as given by (6) iévpbffect in either

the ZRF obtained by a,direct Lorentz transfofmation:ffom the labora-

' tory (ZRFlab) or the SRF obtained by a trapéformation from the K p

center of mass system. -

. Because of the curvature of the 2 in thé-ﬁagnetic fieldvof;the

‘bubble chamber ZRFiab rotates. Furthermore bothlﬁg and ?; precess.

- Owing to_the short = mean life thése effects result in a negligible

change in‘ﬁé,.but for a low momentum néutron f;vpanvchangé by‘more

- than a radian.

For simplicity in writing equations we will continue to use the: -

- nonrelativistic notation. In particular we make no distinction
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between.§£ in (5) and f; in (12). However, in performing all calcula-
tions we employ the following procedure:

the polarization E; in (5) is generalized to a 4-vectOr.ll We
transform this h-vector.to ZRFlab.and from ZRFlab_to the laboratory.

In the laboratory the precession of Pn is easily calculated owing to

the simple form of the electromagnetic field strength tensor. The

remaining transformation to the.frame appropriate to (12) is unnecessary

—

since P_ - § would be unchanged.

A. Identlflcatlon ‘of Events

The relatlvely low XK~ yleld of the Bevatron and rapld decay of a )
low momentum K~ beam necessitated pla01ng the bubble chamber very close
to the Bevatron thus precludlng the use of adequate shleldlng agalnst
background, In partlcular,a hlgh background flux of fast neutrons pro-
duced aboutZEO np scatterings per frame, making it imnossible to select
the real eventsdsimply by scanning.‘ |

| Invorder to seiect those scatterings resulting‘from 2% decay,'we

first measured and analyzed about 20 000 events of the type =t ot

'vand 52. OOO events of the type £ nrT . Ve reJected those events

'hav1ng a neutron momentum less than 275 MeV/c. At these low momenta

A 1s very small and the events would not s1gn1flcantly contribute to -
our»results. Elimination of the low momentum neutrons reduced the

total sampievto aboutbh3 000 events. Ihe results of the analysis of :
these 43 000 events were’ used to predlct the dlrectlon of the neutrons
on the scannlng projector in three dlfferent v1ews.' We then scanned -

for np scatterings that occurred within * 3° of the predicted direction
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in ell three'Views.*

The.scanning was performed re@idlyiﬁy-using asspeciel device
designed and Built-for this“eiperiment.~'An'image'of Figure‘lS.was bro;
jected onto the screen of the scanning projector in such a way that the
apex of the. "V" could be superlmposed on the decay vertex by moving a
>51ngle handle. The orlentatlon of the "V";ln-the protractor was'con-"
trolled by a lafgeikneb ﬁouﬁted on'the seaﬁning projectof..“

The scanners were requested to record only those events in whlch
the progected length of the proton (on the scanning projector with a
magnification of 2/3) was at least . 2mm in one view and not less than
‘Imm . in any view. Both scanning eff;01ency and measuring accuracy are ‘

poor‘for'very‘short protons; we therefore increased the above lengths

"to bmm and 2mm respectively for those events actually used in the deter-

miration of ®.

The above selection procedure was vefy effecfive. From a totel of .
43 000 x 20 = 860 000 np scatterings pnly'a;oprpximately 4300 events
satisfying tﬁe seanning‘criteria were found. ‘The recoil prptons were
measured and fhe‘results of these measurements were merged with ‘the
»original measurements of Z produdfion and decay. The resultlng data |
‘were subgected to a seven—constralnt (7¢) three-vertex fit. In-some

cases, which constitute h% of the fitted evenits, the mementum of the

In almost all cases the dlrectlon of the neutron can be predlcted to
better than 1°, In those cases in whlch it cannot, the +3° scanning

criterion was extended to *3 std, dev.
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recoil proton cannoﬁ be measured with sufficient accuracy to provide_'

any real constraint. These events ﬁere fitted ﬁsing only 6 constraints.

We obtain a final sample of ‘1385 % events and 560‘Z+‘eVents,‘ The dis-
tributions of these events in kinetic energy and scattering angle are

shown in Figure 19. The contours are curves of equal A.

B.. Estlmatlon of Background

The orlglnal fit to 2 productlon and decay is hC end as noted,
this fit determlnes both -the dlrectlon’and momentum of the neutron.
Two of the three additional constralnts 1mposed by measuring the i
np scatterlng can be regarded as comdng from the measurement of the
position of the np interaction p01nt; Slnce the position of‘the
Pag nW‘vertex is knowh; this'is'equivalent tO'measuringvthe pﬁe angles
specifying the direction of +the neufronf |

The neutron momentum end_measuremeﬁﬁ of the np,scatﬁering angle e
determine thevpreton‘momeh£ﬁ@; Measurementvof this mgmentum prevides_
the third edditional'constraint. , : ‘ =

wé esfimate'(see Appendix B)'that'the accdracy wefh'which'thé
direction of the'neutrdn is known is aloﬁe sufficienf to reduce' back-
groﬁnd eontamination to 10%; In order to 1nvest1gate the ellmlnatlon.

of background effected by all three constraints, we subtract X2 for -

the 4C fit (Xu) from X° for the final‘7C~(6C)'fit."It can be shown

* ' . L
The length of the £ is typically too short to permit a useful momentum

measurement; otherwise the fit to & production and decay would be 5C.-
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(see Appendix c) that this difference is distributed és'xg (Xg).' Ihe'.
exﬁerimental Xetdistributions'together with.the expected distributione
are shown in'Figure 2Q;. Thejexperimental dietfibutionsvare?too narrow
indicating a slight everestimation ef'uncertainties. Aftef'eXamining
these curves we deCided'to.reject those events falling in‘the‘shaded

. areas of Figure 20.

t Thé'X2 distributiqn'for"n degrees of freedom is given by
oo -xg/é 5 n/o-1_2 ' -
wn(x,)dx «x e’ (x™) ax - , - (13)

If the background ie random rather than Gaussian, the X2 distribution

for background events by comparison with (13) is given by

V.Jn(x?)dtx2 x (CWelye )
" The backgfound‘is of c¢ourse not truly rendom, but has sbme @rObability
density function of finite width; An analy31s of the dlstrlbutlons of‘
" ‘the background events, 1nclud1ng the effects of the +3° SCannlng cri-
terlon, 1nd1cates that the dev1at10ns from (14) for (X - Xh) < 20 or
for (X6 - Xh) < 20 are very small.-

- We obtain -an upper llmlt on contaﬁlnatlon of 2. 9% by normaliz1ng
(14) to the shaded areas in Flgure 20 assumlng that all events in these
areas are background. This should be a cons1derable overestlmatlon for..
two reasons: The number of. true events falllng 1n thle reglon is pre-
dicted by (13) to be about 2% of the total. Allow1ng for the over-

.estimation of errors one expects this te be redueed to 1/2 -'l%. In
. addition the X2 distributions for bubble chanber experiments, iﬁ our
' 2

experience, always have considerably more genuine events with large X
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" As final check on the effect of background the unshaded areas in .

Figure 20 were both extended to X° = 16. According to (1) this doubles

the background in the sampie, but results in'a shift in ®, and ®_ of
less than38% of the statistical uncertainty. We conclude that the

.7

effects of background are truly negligible.

C. Investigation of Biases

In addition to‘contamination, the opposite problem of less of real

events could also produceva‘braset.. ' B

vOne expects thesthree major-sources of.loss to be:
1. Bad measurements | | |
2. Scanning inefficiency
3. .Loss Of.protons that leave,the bubble-chanber close to the_point of

vinteraction; N | | |
The’problem ofvbad meaSurements was considerably'mitigated byvcarefully

1nspect1ng, and- remeasurlng, 1f necessary, all those events in whlch the

recoil proton could not be successfully reconstructed from the orlglnal ]

‘ measurements; Altogether, 18% of’ the_orlglnal M3OO events were
remeasured. |

| Scanning efficiency and loss of'particles that leave the bubble-
chamber shortly after scatterlng should both be prlmarlly functlons of
the progected 1ength of the rec01l proton. In_order to_lnvestlgate
these effects, 16% of our fllm was, rescanned. : Scanning efficiencies;
based on the two scans snow a strlklng def1c1ency of short-protons.'

However, since scauners on both scans tend to miss the same events and
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because of insnfficient‘data, efficiencies based on this method are
not reliable. |

Since np cross sections and polarizations ere well known, we
decided to obtain detection efficiencies by'comparing~the ontcome of
‘the. actual experiment with the results of a Monte Carlc simulation.

.Ene neutron from each‘cf the 43 OOO_originel ) deceys was'prcpa—
gated through the bubblerchamber ten timesxproducing‘abOut 33 000 fake
Vnp scatterings distributed acccrding_to,fhe known crcss section. The
_differential.crOSs‘ééction‘dependé onjﬁh, whicn in ﬁnrn is a function .
of ® and Pﬁ. . Ihe‘Monte Céflc simulation was performed for‘Severel
exfreme combinations of ® and Ps. Fortunately all simulations‘giveu
essentially the same detection efficiencies. o

The detection efficiency .e is given by
= 10(number of true eVents)/(number of Monte Carlo events).

Note,that'thie is ‘an overall detecticn efficiency andtinCludes.iosses .
dne to all»effects. wé find e to be a fnnctionfcf twe parameters.
 Ihe first;'as expected, is the projeCted lengtn. Sincé“the scanners ‘
scanned in only one v1ew unless an: event was .found, the prOJected
length was taken to be the length in thls view. Addltlonally, we' find
" that those protons.Which dip steepiy in the chamber are preferentially 
‘missed. This is presumably because the photographlc perspectlve is
such that these tracks appear cons1derably dlfferent in the three v1ewe
and are not recognlzed as the same event by the scanners.‘ The detec-'
tion efficiency as a function of projected length for those'proﬁons

with dip angles N less than and greater than 45° i shown in Figure 21.
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The curves are freehand and reflect the belief that the detection effi-
ciency as a function of projeCted length should increase monotonically':‘
and then plateau.

D. Maximum Likelihood Determination of &

The probaﬁility densiﬁy (12) must now be altered to include the
effects of detecﬁion efficiency. We represént .e as a functioﬁ of ¢ and
a set of péfameters N descfibing-éll otﬁer relevaﬁt'aspecﬁs of:a pérﬁi~

'culér event. Lef_Q(y) be the probability density fof y. Then (12)
becomes | ‘. _ ‘ | o o
[ apy @) cost] fettmatay
w(e, gt = / '

‘ - — dg - (15)
{1+ apn(e)cos ¢ e(t,y)at)atay -
We form the likelihood function 56(@) using'equétion'(l5);

Neglecting terms independent éf ®, 1n_az(®) is given by

1n L(9) =Zln[1+APn(@)cos§] - N ln[[lﬁ’&.P.n((D)»cosg‘ e‘(g',y)Q'(y)'dgdy‘

The~sum éxtends o?er_the.tétal number of events N. , This sum is jusf‘the

usﬁal éxpreésion for 1n aC(®)lWhilevthe éecond térm containS'all correc-

tions. | |
: Uéing (5) we rewrite:fhe integral in the éécond term as

][[1 '+ AP (@)coscb]v'e(géy)g(y)dg dy .

o (@ )88
= oea =— | e(&yaly)at ay

} + Pz.q ) N |
| L 0-F L DED] Lo :
+ cos @ A e |(1-0" ) e (¢, y)Q(y)dt dy
, L‘_ 1 +_OéPZ - q : AR R

. Pv‘ﬁzxa.gr ZL N
+ sin @ A ] - = (1-a7)%e(t,y)aly)de dy
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1

where the integrals on the right-hand side'of'thefequatiOn_are'now inde-

pendent of 0. Denoting these'intégrals by Iy, I, énd-I3'thé expfessidn

for lnaﬁ(Q)‘becomes'

lnx(CD) = Zln _[-1 + APn(CP)gqs 8 ] - N J_n(Il‘-i-' I cos @ :+ Igsin D).

(16) -

1 Igvand I3 .

~were calculated using the 33 000 Monte Carlo events-described\aboﬁe.

. Since an analytic expressidn for Q(y).is unknown, I

’The intégrandstif Il,.Ig.énd I3 dependhon A,_a,»PZ’ q’;é-f, e-.and Q-
Of these A, o, Pﬁ’ q . and _Q.'are specified.byveaCh Monte Carlo event;
For each event'a‘numeriéai'integrétion over é was performed.by varyiﬁg
{ between O and 27. | For each value»of‘ g vthe pfojgcﬁed'léngth and
the:dib of the recoil ﬁfoton werenéalculated,and e Was‘obtained from.
the cﬁrves éf Figure 21.‘ Sinée thé_Mbﬁte Carlo events are distfibuted
‘as Q(y), Il,vIg and I3 arevapprOXimated by summing the numerical inte-
grations\ovgrvall evenﬁs. Ihese:sums afé normalized by iniding_by the
total number‘bf Monté‘Carlé'eventé; ' ‘
' vTﬁé;iOgarithms of thevcbrfected 1ikelihqod fuﬁdtionsvas'given By

(16) are shown in Figure 22. From thesé likelihood functions we obtain

0. = 1% & 199,

o, 1439 £ 29°,

W

These values are practically unchanged for any reaéonable valués of

4

&_ and Q.
In view of the uncertainty in the detection'efficiency e, one -

may question the entire correction procedure.  However, ® is quite
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Fig. 22. Logarithm of likelihood functions used to determine
®_-and ¢ . The errors are determined by the points at
which 1n J{(®) decreases by 0.5. | ‘
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insensitive to the corrections that have been applied.. The uncorrected

values are

LS
]

148° + 28°,

" We were originally led to étudy the correctionsvbecauserwifhout‘them :
the foilowing consistency‘CheCK gave rather poor results.

~ Given @ (the s1gn of y) it is p0831ble to regard (15) as a func-

tion of " PZ, thus giving an addltlonal check on the e polarlzatlon. As'

‘before, the sample is ‘broken up 1ntolfou:'bins-according to predicted
_pblarizatioh;: We‘obtein_Pg fof each bin, again using the maximum- |
likelihdod.method. The apprbpriete eofreCtion.integfeis‘fofleach bin.
were evaluatediby usiné the same method ae ﬁsed in the'measurement Qf
6. Figure 23 exhibits the results ﬁith and;without«tﬁe corrections;

‘ Wlthout the corrections the X confideéence level 1s about ll% while

with correctlons 1t is 67%. The correctlons‘are only weakly dependent“

on the exact. form of the detectlon eff1c1ency functlons. Desplte the

. hlgh confldence level for thls con31stency check we cannot rule out

‘the p0551b111ty of .some . re31dual blas in our- data, however, because of -

 the'1nsens1t1v1ty of  © to the correctlons that have been'made.any

‘residual bias should be negligible.

-
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VI. THEORETICAL ANALYSIS AND CONCLUSIONS
Despite some formidable theoretical difficulties it is generally
assumed that the completely hadronic weak 1nteractlons can be descrlbed

by a current current type Hamiltoniah density give by '

where J transforms llke a member of an SU(3) octet. _Since H is a
symmetrlc form,‘lt contalns only the symmetrlc representatlons occurrlng
_1n8®8 'I'hesearel 8,and27 _ - |

Although the three nonleptonlc Z decays all have ]AI[ 1/2 7the_
1sotop1c splns cah guite clearly be comblned to give IAEI 1/2 3/2
: and 5/2. . Both ]AII 1/2 and -IAI] = 3/2 can be accommodated in a
Hamiltonian transforming'as 8 @ 27; however IAII = 5/2 cannot. Thus -
1f one believes the octet current hypothe31s, there is reason’ to -

- expect IAI[ = 5/2 to be absent. The most economical way to explain'
the absence of 1&&[ 3/2 i. e., the IAII 1/2 rule, is to assume that
the’ entire 27 is absent (or at least that the 8 1s strongly enhanced |
relatlve to the 27) There is no completely satlsfactory explanatlon
“of why this shouldvbe so, and the extent to Whlchslt is true merits
further'lnvestigation.

Assuming léll 5/2 is absent we calculate the consequences of a.
Hamiltonian having both IAII = 1/2 and IAEI 3/2 contrlbutlons. Thus,
since AT, = —1/2 the Hamiltonian has parts transforming as |1/2,: l/2>
and |3/2,-1/2> .  The notation is IT, > .

Applying standard Condon and Shortley Clebsch-Gordan coefficients,




-61~

one obtains the following isotopic decompositions of the TN final states:

anl = a2, 3]
ol = V2/3 <3/2, 1/2| -3 <1/2,1/2|

_<v+nl

Vi3 <3/2, /2| +V2/3 <1/2,1/2|

Using these decompositions and the Wigner—Eckart.thedreml3 we wyite’

the three nonléptonic decay.amplitudes as

A_‘ = A13,; Ve/s hszy B | | C(17a)
= VB /s e b5 Agy/ls - VE (e anfe)s ()
A, = A13.‘/3. 4 2JI6 Ag3/15 + 2 (A + A3l/é)/3 | | B (17c)
A;; denotes a reduced m:a;trs.x element where i =..2.|AI|, and.' I

Since All and’ABl appear'gnly in the combination All +VA31/2,,it is"
impossible to distinguish the two experimenﬁally..llt is SOmefimes con-
v Vehient to éémbinefeQuatibns (17) to give

CVEaA +A -A = 37258 L . 8)
Equations (17) and (18) hold for both s and P amplitudes. Further-
more, as we later éxplain, s and p are expected to be nearly real.
We can therefore, to a good‘approximation, write (18) as a real vector
" equation in a spacevwhefe>_s‘ is the abscissa and P is the ordinate
Ve Ay + B - = 3V2[5h33 . . 0 (19)
If only lAIl = 1/2 terms are present, then

V2 B +E, -A = 0 - . | (20)
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and, as 1is well known, the three nonleptonic decay amplitudes form a "
closed triangle in s-p space;

Several aSsumptionsbare hecessary to compare the above expressioﬁs
with expérimental daﬁa. The first problemlencountefed involves the
~exact form of the decay matrix . element.A We have previously written -
this matrlx element as T=s + p o q~, OneAccuid equally well write
T=s +p'T T where q is nc:longer a uﬁit vector. »This is of no con-
'sequence.when discussing the decay'cf a single charge'state; however,-
when comﬁarihg va?ious charge states toleach other, it can make a consi-
vderable difference. For example, the reactlon zt - ot has Iql 185
MeV/c while &~ - o7 has | | 193 MeV/c, resultlng in about a L%

‘ difference in P and p .

It is’of_coursebpoesible,'and generali&'desirable, to use a

covarlant formulatlon of hyperon decay, but agaln the ch01ce of matrix _

element is not unique. For example, one can wrlte elther

=]
1l

or

HZ
il

- ' ' A : Do ‘
Uy (&'~ B'75)7\Usk o | (22)

vhere k" is the 4-momentum of the pion. In writing all covariant

equaticns, ﬁe'will use the conventicns'cf BGOrken and Drell. 1k We Wiii

also let M, m, and p be the masses of. Z, N, and ﬂ'respectlvely.
Agaln when d1scuss1ng a 51ngle charge state, 1t 1s 1rrelevant 1f
we choose (21) or (22), since by use of the Dirac equatlon (22) can be'

expressed as

ﬁN'(A-B75)U2 - | | (2l5 .
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- - pr— ' ) X

T = [UN A'(M-m) - B’(M+m)75 { Us .
This is equivalent to (21) with A = A (M-m) and B = B' (M+m).,
Similarly,'all more complicated matrix elements can be shown to reduce
to (21). This must be so since the decay'is‘completely specified by
two parameters.b Furthermore, A.and B (or A' and Br) are simply prdpor_
tional to  s and p respecfively.

If we.define

' 2 2
1 _g+(M+m -
Cp = B~ 72
and ]
s : 2 2
Cp = (M-m)2~ Mz ,
(M)

then the decay rate times fhé branching ratio is given by’
- , 2. 2 o
b = Ci(]A]% + c,[B[7) - . (23)

and the decay parameterS‘arejgiven by'

o 2NCp Re(A™B) R o ' (2ha)
|a]?+ co[B[%
o z_enxfcg Im(A B) _ | _ )
-~ |a]® 4 cylB]2
e 2 -
. AlS - ¢, |B
, o A7 - ¢ [B] (2ke)

' 2 2
|al= + ¢y [B]T

We have defiﬁed Cy and Cp and thus A and B to be consistent with a

15

sunmary by J. Peter Berge™ ™ .that has been widely quoted in the litera- .



~6l-

ture. _
If one replaces Cy and102 by Cl' = Cl(M-ﬁ)Z eﬁd
¢, = [(mm)/(um) | 2, equations (23) ana (2k) also hold for A"
and B', | | |
Anether prebleﬁ complicating the comparisoﬁ Qf_differentveharge
states comes from the nature of AAand B.j The quantities A and B‘(oruAf‘
and B') are really form'facters and may.depend oh mbmentum trahsfer;
which is different for different eharge states. vIn absence of an

adequate theory, we neglect this dependence.t

Since the weak interaetioh'is'tﬁought to be of the current-current

form,'(22) may seem more'fundameﬁtal than (21). However,vuntil we have
a theory which spe01f1es how to correct for the lack of exact symmetry
- among various charge states, there is really no reason to prefer (22)
or some other interaction over (21). We will give results for both
(él) and (22) and ignore the.nonreiativistie parameters;'.Ali;df?ourv
 coﬁments about isospih, particularly equations (i?) through (20),are
ofveourse valid for A and B (orﬁA' and B') as well‘asj s"end' . |

In the derivation of equatlons (17) through (20) we referred only
‘to symmetrles of the weak Hamlltonlan° Uhfortunately, both strong and
electrdmagnetic;interactiohs influence the phy31cally measuredvdecay
parameters. |

The electromagnetie radiative corrections:have'been calculatedA

by C. Jarlskog.l6

Although this,calculatien is dependent on an unknown
cutoff parameter, it seems certain that the corrections to both A and
B are considerably less than 1% for all three decay modes. We therefore

neglect ‘these effects.
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If'one writes the S-matrix as S = 142iT, unitarity implies that
-i(T—T*) = gqqﬁ, If oneuessumes time reversal invariance, then
Tap = Togs thus Im(T ) = Z T, Tnb . .Let.’b‘ be an initial % state '
and a Dbe a spec;flc‘lsotopie_spin state of the NT system. If one

evaluates the matrix elements at the 5 decay energy, the strong process‘

" Nm - N7 is overWhelmingly dominant and one may write

Im(iéb)_= TooTop = b | Tob | e—iév : L (25)

 where 8 is the appropriate Nm phase shift. - Since Im(Tgb) is real, the

: phase of Tay, is given by & (modulo 7). Also then the relative phase’

of A and B is glven by A= Bp - 65 (agaln modulo W)
In prlnClple, one can measure O and B and determine
Av= tan'l(B/a) thus previding a test of time reversal invariance. Com-

blnlng our measurements of a and ® with those in Iable I, we obtaln

+ ll3
30 35

large to prov1de a test of time reversal invariance.

deg and A 8 f §O2 deg. The uncertainties are too

For our purposes, we assume equation_(ES) is egact; This assump-
tion should be very good. The only processes in uhich a Violation of -
CP (or T from the CPT theorem) invariance Has been established are
decays of neutral K mesons. In'these‘decays the CP noninvapiant ampli-
tudes are of the order ef lOf3eas large as the CP conserving amplitudes.
Perhaps ﬁore relevaht to X decay is-the measurement of A for other
hyperon decays. In_particular A for A decay has been‘measured to be1

(=7.5 + 3.9) degrees5 in excellent agreement with equation (25).
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We note in paesing that all Nm phase ehifﬁs at X decay energies
are small Justlfylng our earlier comment about the nearly real nature '
of the decay amplltudes

.Subject to the uncertaintieg and reservations stéted,‘we are_noﬁ _
in.a position to express»the.measufed paramefers in terms ofdtheoreticai
amplitudes; .Thefe'are eight statistieally-independept measured guahpie
ties: O_, O, /A, r;,,f}otal==1},+»r;:, b;=»_r;/110£é1,'®+, and o,

The parameter‘a_'is given by

. 2VCs Re  (A13- ¢E7§l”A33)(Bl3;d§ﬁgz; _B33)‘ei(§31- 83)
(13- VoI5 833)° + o3 (Byg- V2/5 Bgg)®

R

(26a) o

The TN phase shifts are denoted by 621 I and A__LJ and B j nowvfepfesent

purely real quantities. Similarly, one may write | |
| _eclf [003(513 53)(J” A13/3+af A33/15)<\[2813/3+4f5333/15)
- cos(all-a3)(f Al3/3+u\/“ 5 433/15) V2/3)(B11+831/2)
- ‘:‘_’S(531.'51')(\/5_/3)(1‘*11“*31/2)(\/‘5 313/3+4v/§'333/15)
g +.cos(511—81)(2/§)(A11+A3l/2)(§ll+B3l/2) | /ro 5 (e6w)
o, = 20;:V&i;'[cos(613-83)(A13/3f2V/i6-A33/1§5(B13/3+2\/16—ﬁé3/i5)
+ ces(Sli-83)(Al3/3+2\/I6-A33/1S)(é/3)(Bli+B3l/2) = |
¥ cos(831-§l)(2/3)(A11+A31/2)(B13/3+2Vfia_B3$/15)

+ cos(817-07)(4/9)(Ayy + A31/2)(Byy + Byr/2) | /Ty L (26e)

2Cy vra; COS(53i - S3)(A13 - v&gﬁgv A33)(Bl3 f _V57§-B33)/rld
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t? c1 ['(Al3 -V2/5 A33)2. + Cé‘ (Bl3.-\/57§333)_2 ] ;o (26a)

o= 4 [ (/2 Ai3/3 + 55 a33/15)° + (2/9)(Ay + A31/2)2
- 2 conlog-61)(VE hua/384 /5 Agz/15)( VB3 hazshgy/e)]
w0 [ (VB By3/3 + 15 B33/15) + (2/9)(3yy + B3y/2)°
-2 cos(aﬂ—sll):( Jz 1'313./3 +4\/5B33/15 )( \/5/3)(B11+B31/2,)] } ;
' o ’ ' - (26e)

- cH{ [(aag/3 + 210 agg/15)° + (49X + Agy/2)°

+ 2 cos(83~sl)(Ai3/3 + 2\/I6iA33/15)(2/3)(A11 + A31/2)J

+¢3 | (B1g/3 + 210 B33/15)% + (_1*/9')(Bii + Bél/g)? |

+ 2»cos.(.631-6111)(Bl3/v3 +2,/10 B33/15)(2/3)(B11+B3l/2)] } )

(26r) |
o. = tan™t (B I/ T.) , . ) e
and
oy =ten™t (B, T/ T,) . - . '(265)

The expressions for B. and 6+‘are obtainéa by-m%kiﬁg the.replaéement
cos - sin in (26a) and (26c). The expreésions for T. and T, are
obtained by making the réplacemént Cé > -Cp in (26d) and (26r).

If we assume the N pﬁase shiftg are precisely knowﬁ, equations
(26) caﬁ be used‘td express_the eight méasured quantities in terms of l

six unknown amplitudes (All + A31/2 1s regarded as a single parameter);‘ 
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We will perform a X2.mihimization to obtain the best~fitted values of
the amplitudes.
Table TIT is a compilation of the data in Table'I; together with

our new data.

. Table III

Reaction a _ ) @ ) l_‘total - b
=T om” -.orh:.01l (b 16)° (.604:.011)x10'%sec. 1.00.
+ o ' e 10
=% pr® -.995t.022 © (1.235%.020)x10"/sec 0.528%,015

2% o fa =-.059t.005  (161¢21)° (1.235%.020)x10"%/sec 0.472¢.015

The TN phase shifts are given by

O ) (o] (o] "__7. o
’61-_-_-_9 . 811=O . 53'—:—12 531—’3

Thé'fdmiliar AB trangle representation of the data is shown in -
Figure 2&. |

Equations (26g) and (26h) and the measurements of 9, are egtremely
important in eliminating the so-called "Whiéh»is.whiéh”jambiguity; It
has been‘knowntfor many years that ¢_ = o, = 0. Thus fhese decajs are
nearly'pure s—waﬁe or pure p-wave. Assuming -the IAI[ = l/EIrule
(eguation (20) ), %hevknoWn c parameters and'decaytrétes demand that
if 7 - nv—vis‘mostly.s—wave, st o mrt must:be ﬁéstl& p-wavevand vice
versa. Withéut a measurement of ¢, or @; there is no direct wéle

of determining which is which.

' . . ‘ 2 S
In two very influential papers Sugawara and Suzuki used the



v

B X 10% (sec™'?)

(10 A) x 10° (sec™?)

Fig. 2b. The AI = 1/2 triangle in A-B space. Only the real.
L - .. - ... parts of the amplitudes are shown. . The elipses-indicate
' . the uncertainty in the amplitudes. o ¥

© XBL 697-866
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" algebra of‘cﬁrrenté_to theoretically predict'that A, = 0. Ihe'measure-

ments of ¢, have provided striking confirmation of this prediction, but .

unfortunately the eXperimental_uncertaintiesfin”®i'are~étill so .large

that these"measufémehts'contribute praétiCaliy‘nofhing to the precision‘

.ﬁith‘whiéh one can determine thé A and B amplitﬁdéé.

Since ?o has not'been measured, there could still be dne_remaining
'aﬁbiéuity_in thevsolution of.equétioné‘(26) cérrespénding to 75 > dl
and 70‘< 0. We find O, ~ -1 so‘that,yo'z‘o and thé tﬁo solutions are .
essentiall& the éame; |

Using the data iﬁ Table III; ﬁé have perférmed)sik different fits
to eqﬁations (26). The results are tabﬁ;ated'in Table IV. . ‘.

Invfits‘l and 2, wé havelsetiA33f= 333-= 0 gnd'aésumed'the'sign:
of 7, which'resulted_in.the‘loﬁest XE;‘ If one aléo assumes thaﬁ '
A3y = B3i = 0, thesgvtwo'fiﬁs afe teSﬁs of the |AT| = i/2 rule éﬁd"
Vindicate ﬁhat to;the accurécy af fhe préééntidata.there is no néed ﬁo.
invoke IA;[ = 3/2,‘ . N - |

1  Sinde A-and:B‘gre ver&'insenéitive té'oUr'measﬁred vaiuéquf ®i,
fitsj3'through?6_involyé no real_éonsfraints and are to be regarded
:simply‘as‘éqiﬁtioné of equations (26).‘ These;so1ﬁtions indicate'
. clearly the extent to which the ]AII-%‘3/2Aam§litudés gfe'kﬁown.

~In addition to the above fitsiwe have performeéd a fit similar to
fit 3 but negleqting the measurements of @i, From this fit we'find )
ihé>expected values of %+ to, be givén by ®4'= -O.?Ovand ®+.§”l65.70;
These values are to be éontrésted with the éxpeCtéd_values.®; = 0°
‘and ®+ = 1800 ébtained by ﬁeglecting final state interactioﬁs. Note

that B, > @,. This condition results from the fact that the real parts
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..fother. T

-of'tne two3isotopic-spinﬁanplitudes'that makefup”A+.nearl§'cancel'each

All flts were performed u51ng the program MINFUN 197,

A -'y.
' an estlmate of the error matrlx for the fltted parameters.' The fltted

. parameters are rather strongly correlated and we glve the error : ﬁ
2 In concluSiOn,ewetnote'tnatisince}a .~ ;l .a snall nncertalnty‘ln
' fa lreeultsbln a very large'uncertalnty in the)angular‘orrentatlon of.the
-Z = pr° amplltude 1n the AB plane.: On the other hand an accurate
.f;;measurement of 70 would pre01sely and unlquely determlne thetorrenta- i
tlon of thls amplltude.ﬁ It 1s ev1dent from the AB trlangle that such |
t;a measurement would greatly 1mprove our knowledge of the IAII rf3/2 8
v'v“iamplltuaes.,r: R L -

- whlch prov1des“ G T AR
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The rows and

276357

Table V. Error matrlces for = decay amplltudes
: columns are ordered as Ajp + A3l/2 Byp + B3l/2 A3,
B13s A33, B33
EéRdR MATRIX FOR FIT i
000516 4001947  =aNNN127  =eNNNANG
4001947 1.103307 ~e001153 ;.000110
~e0N0127  =4001153 .000275 -eN00N34
~e000AN9  =eNNALIN  =uN0AN3L  4N10370
FRROR MATRIX FOR FIT .
$0N8169 ".003450  é.ﬂOlééOZ_-;O00011
'_.003450_. 022480 _;.001069- =¢N00009
*.ﬁﬂiSQO:'-.001°69 004191 =e00NNKS
Q.onhn11_i—conoh09 ~.000069 103274
| ERROR MATRIX FOR FIT':
VADATAN  WAGA101 =a0N3030  —u022127 —uNN4T78  =4n35134
 ;544101 .5?0674";.629775 ~.219495 5.646951 ~e348532
Su003030 ~,029775. .002248  L015120  .003244 1024091
S0022127 =,219495  ,015129  .181389  .023909 4276857
~eN0GTTB  =,046951 4003244 '.023909 4005354 },6379ii,
-eN35136° =4348532 024091 5 ;037911'. V448495




‘Continped.

=~ Th-

-e¢01NNBS

40NB4B3

Table V.
FRROR MATRIX FOR FIT &
eN64297 4069453 =4040214 _e.d32952"5.063330 e.oséés§
(069453 100198 =4046857 4.038388 ~e073844 -,oelszé
~e040214  =4046857. 4030246 4022375 4043142  ,036011
~0N32952 =,N38888  ,022575 ,633503 135666 .n50809
~a063380  -,073844 4043142  ,035666 4071589 4056604
‘ ~g552386_2—.O61822 ¢036011  .050809 4056604 -_Joszvza'
ERROR MATRIX FOR FIT 5
+001624 4013699 =.000883 =,003648 ‘-.001383 -4s005871
¢N13699 ¢231052 =4009139 =~4041170 -,014304 ';.n66259 |
-.005883’ Ze009139 4000791 .002546 000942 004159
~e003648  ~4041170  o002546 (057696 4004010 4081342
—u001383 -4014304 .000942_-‘;064010 001714  40N64OS
}{005871 -e066259 4004159 J081342 © \006403 .146506
ERROR MATRIX FOR-FIT
«022628 .021351'_-0011954-'~;004682"4.018698 =4DAT571
4021351 4045245 -4014384 ~u006260 =4022468 ~4010089
—e011954 =,014384 4011172 4003371 -~ 4913007 .opsssé
~e004682 =40N6240  40N3371 }010480’ ¢105294 4014393
018698 -0022468 4013007 4005294 4023929 008483
C—uDN7571 (005556 .014393 V25470
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APPENDICES

A. Resolution of the =} - =1 Ambiguity

The logariﬁhm‘of the probability ratio v = (probability of ZI )/ .

+ .
(probability of Zo_) is given by

T
log(r) = 25 logp;
i=1 =
‘The ratios pi are determinéd by the 7 types of mass dependent ihforma—
tion described in Section IV-B.
The'quantity logél is determined by kinematical fitting and>is
given by ‘
— e [ oy(m )0y (m )o (m )
12 -2 A k
logp, = .217 [X (mp)-X (mw)] + log ¢ P L
T o (g ) oy (muey ) 0y ()

Note that .217 =.%1og(e); Thevfﬁll efrof matrix E is not availabie |

in TVGP output so that [ det E(mp)/det E(mﬁ)_] %A hag beeﬂ approximaféd.

ﬁsing‘oniy_the diaéonal elemehts of E. These diagonél el;menps are
givenAby*q%a ‘ ihe.subscripts b, A énd: k- refer‘tovthe azimqth, dip‘

- and momentum of the, charged deéay particle.

The value of logpo is determined by.

( -l.l,_ Ik] 5,50? aﬁd sganned aS'Z:'
logpy = { - b, A] > 50° and scanned as ZZ"
4, |N] = 50° and scanned as Z: :

A lel, Ik’ > 50° and scanned as ZI .

Note'that these values of logp2 somewhat underestimate the reliébility '

of our scanners as given in Section IV.
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The determination of logp3vis to some extent arbitrary and
reflects our belief that less than .1% of those tracks that stop in the
bubble - chamber and give satisfactory fits to the Z;'hypothesis are in
fact Zi events. We‘have set /

-3 for a stopping.decay track :

logp3>= . ,
O for a nonstopping decay track.

The exact value of logpQ is relatively'unimportant for our purposes.

_we require only that |logp3| be large enough to effectlvely place events

with stopping protons in the unamblguous category.
We define a X2 such that

Ve

X2 = (pg - p,)/(5p,)?

where Pf is the fitted momentum of the proton from the Z hypothes1s and 

_ opf is the assoc1ated uncertalnty.v The quantlty pz is the momentum

correspondlng to a. proton range’ equal to the measured length of the

visible decayvproduct. Since no correspondlng X2 is avallable'for the

pion hypothe31s we approx1mate it by its average value of 1 so”that'

‘ .217(x - 1), pf < p,Z and x >
logpu = .
0 otherw1se.'

I Pf7> Pz' ’ X2 has no meanlng since the visible decay track may. be

short 31mply because the partlcle leaves the bubble chamber. The con-

- 2
dltlon X" > 1 insures’ that logph > 0. This is proper since the function

of loapl is to dlscrlmlnate against those fits to the Zo hypothesis
that are not self-con51stent.

Rather than attempt to 1nterpret the track X descrlbed in
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Sectlon IV in a theoretlcal way, we have formed the quantlty
A =X (mp) - X2 (m;) and compared its distribution for tracks known to
‘be protons with its dlstrlbutlon for tracks known to be plons. Frmn

these distributions we obtain

( -0.3, A < =50
loéps ={ 0 , eSQ £ A = 10
1 ,.10 < A = 20
, 1.5; 20 < A s ko
L'2,vl+o<A .

The'diétribution of A for ambiguous tracks oould bé somewhat different

than the distributioﬁ for unambiguous tracks. To aliow for this'posoi—
bility we have made ]logpsl consistentlyrsmaller thén the values
obtained directly from the distfibutions..

The.values of X2 obtained from the Spiral Readeromeééurémeots ofof
bubble density are khown to be rather unreliable, and we have coﬁse—
bquently weighted this informétidn Vefy lightiy. wé define
x = .109 | X2(mp).— ()| and set |

-1, x < -1

IA

logpé = <. ‘x,—l x <1

1, 1 <x .

The value ofvllogp6|'has been limited to 1 since Spiral Reader informa-

tion is less reliable than scanning information. For example if a
“track is crossed by other tracks in the bubble chamber; the Spiral

Reader bubble density will be anomalously high.’
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Finally if I (Z . V) and I (Z . v) are respectlvely the laboratory

~

distributions of F - v for: Z and Z decays, 1ogp,r is given by

log(IW/I ), < log(IW/I ).

lng7 =
' =1, log(IW/I ) < -1.

We have demanqed'that logo7» e -l'to eliminate the well khown
"Jacoblan-peak" singularity; | - N .

If we also assign:a value of log(r) to the kinematically unambiguoust
-events we can directly calcﬁlatettheyambiguity cohtamination in our |
samples. For unambiguoos events wevlet log(r)c= logp, + logp2 where
logpé is defined abovevand | | |

‘ -31if klnematlcally unamblguous Z

logp, =

4+ 4+ 0+

3 if klnematlcally unamblguous Z

For our experiment'we have'adjusted theetarious cohstants'inFSQﬁAW éo'
that those mass hypotheses . that are regected are nearly always- more ..
~than a factor of 103 less probable than the hypotheses that we accept.
However, as in the case of logp3 ‘the exact value of logp is relatlvely
onlmportant. | |

. To the extent to which r is‘helieVahle the fractional'contamiha-
tion of the_Z; sample ofhevents ls giveh-by

N

O

B : l.‘
Co = — 1

o Ny 4 1+ L
1 ‘ I’i"

e
]

where NO is the number of events ha&ing r < l. Similarly the
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: contamihationiof“the 2 'events 1s glven by f{ieje

,f‘l“

~where N, is the number of ‘events having r >'l. . We find -

o

Slnce we belleve that we have systematlcally underestlmated

- .-h.' oy . .
- i s - - o e e [

|log(r I these shouLd represent upper bounds on contamlnatlon. These C

‘9bounds are cons1stent w1th the amblgulty sean descrlbed in Sectlon IVg -
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B. Monte Carlo Simulation of np Scattering Background

Using Monte Carlo techniques, we have performed a célculation toi
determine the extent to which background‘is eliminated by the two con-
straints coming from fhe measurement of the @osition of the np ecatter—
ing vertex.

- The scanning projector was used tovcrudely measure ‘the ceerdinates
of about 150 background ecatterings. As expected, we found £heee scat-
terings to be quite uniformly distributed in %he bubble chamber.

For eaeh of.the‘hB 000 events originally scanned for recoils, we
generated 10 fake randomly-distributed np scatfering Verfiees. We
calculated Xg for each vertex ﬁsing the fitted neutron aﬁgles:and uncer-"
tainties. For this ealculation the position of each fake vertex was.
assigned an uncertainty cor?esponding to typical meaSurementvuncertain-'
ties. This uncerﬁainty_is ebout .015 em in x and y and about .05 em |
in z. -

Figure 25 is the %2 distribution for all fakeveQents.' The”shaded.
area corresponds to those events satisfying the scanning crlter;a.
Except for the effect of the scanning_criteria the distributiqn is flat
as pfedicted‘by eqpation (lh).-‘AlSo as asserted in Section V-B, signi-
ficant‘deviations frem (14) occﬁr only for X? } 20. Thie is essen-
tlally because the width of the distribution of p01nts selected by the
scanning crlterla is much w1der than. the uncertalnty in neutron direc-
tion. The distributions of all ‘the parameters (momentum and anéles)
of the background protqng are much wider-than thevmeesured uﬁCertain-

ties in these parameters. One therefore eXpects (lh)'to'be valid for



-
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_ (Xi - Xi)_< 20 as well as (Xg -_Xi) < 20.

In thé shaded area of Figure 25 there;aré i2b.eventsvhavihg
X2 < 10. The Monte'Carlo'caléulatiénvexﬁlainéd in‘Seétion-V—C shéws‘
that we should expeéf 3300Vreal events..'Since there'are‘about:20
fathér thanﬂlO recoils.per.fféme.the backgfbﬁnd‘shbuid'bé“_:v
éh0/3300 = 7;3%. We émbhasiéé‘again that‘fhis‘calculationjnegleéts
the additional powefful.consfraint imposed by momentum énd energy con-

servation'at the np vertex.
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C. A Theorem onstﬁe Distribution of Xi - Xg'

In wbrking.with multivertex fits to bubble chamber events it may
sometimes be desirable to determine the effects of one particular
vertex (or other subset of data) on the total goodness of fit. TFor

example_oné may be certain of the interpretation given to some vertices

‘but may be troubled with émbiguities or»background at other vertices.

’Thebpurpose of this appendix is to show that if one first applies an
n-constraint fit to some subset of the data and then an m-cohstraint
fi% to the entire set of data, then Xi - Xi is distributed’as Xif .
Beforé formally stating and proving this theorgm, we briefly
review the general X2 minimizatibn'pfoblem. | |
- Let { be the set of n measured ﬁarameters, énd let & be thé v
set of r parameters to be determined by minimizingﬁxg. Also let E
be the error matrix for ¢ . As usuval we assume.that there is some
liﬁear transformation.fepresented by a matrix T such'thatv {t> = fa.
. Thgn we have |

X2 = (¢ - ga)t .E—l( t - o).

The matrix E (and thus E_l) is symmetric and canvtherefore be diagonal~

_iied'with an orthogonal matrix R. We rewrite X2 as follows:

X2

hl!

(¢ - f@)TRiRE"lRfR‘( L - fa)

(é' _ :f,a)T(E')-l('é' - f"(x) .

Since E' (and thus E'"1) is positive definite one can -define a matrix N

such that N€ = (E')'l. The éxpression for X2 then becomes



5

‘where P = (1 - g6"g"). Note that P

xr\) N
i

(¢ -ga)f m( ¢ - r'a)
(& -e)f(t - g)

ntn

11

where §

N‘Q’, g = N£', and n = gj— gx. Ve have thus reduced X%

~to a simple sum of squares.

Iet ¢ be the values of @ which minimize'Xe. By differentiating

' X2 with respect to O one obtains

)]

e (& -ef)=0.

If we define G = g+g then o G'lg+§ and X? ét its minimum value is

‘given by

X3 = £f (1 e le) (1 - a0 leh)E

]

271 - go~eT)T(1 - go~1gt )y

Pt and also that

P2

1l

(1 - ecteN)(a -_nglg*)

1- 2gG_lg+ + gG’lngG'lgf

]

1-g61gh =0

so that P is a projection operator. Since P is. symmetric it‘cah be
diagonalized by an orthogonal transformation. Furthermore since it is

a projection operator all the eigenvalues are either O'oril ahd,

20

x%‘: n+Pﬁ can be.represénted és a sum of squares. It is‘weli known

et 2 s ' . . . . ' s
that Xg is a quadratic form in n-r dimensions. Thus the rank of P is n-r.



-86-

Theorem: Let gl_and &y be respectively the ng measured parameters,

and the ry parameters to be determined thrpugh X2 minimization. ¢ Let.
' gz and Q, be ny and rp additional independent parameters to be added

for a second X2 minimization process. If the minimum X2 for the first

2

step‘is Xg-and for the second step XE, then the difference X2 - Xl

1 1ls

distributed as'X? for no - rp degrees of freedom.

Proof: As usual Xi = anPlnl and X° = nTPn. ~ It is convenient to

increase the dimentionality of Pl so that it operates on the full space

1 and to then consider thebquadfatic form nT(P - Pi)n. We extend

-1

P, = (1 - glGilgi) by adding enough zeroes to 1, 85 and'Gl to

increase the size of these matrices to dimensionality nxn, rxn, and

XY respeétively where n = n, +n, and r = v, + The. For éxample

-1

i
T

1
1 .
_ ‘ (n;xn;)| 0 :
1= <(nlxnl)> - ! ! nl
‘ ' 0 0 '

which is an nxn projection operator.

The matrix g for X2 is of the form -

81 0

g2

Notice that <§Z:> may depend on &y but <£;> is independent of e
Evidently one may write gl'=’Pnlg, ngI = giTgl,.and Gl_l
2 2
1

Gy = Ppy-

2 . )
W‘ 3 > ] - = - - = - -
e note that (P Pl) P® - PP, - PP +P ? + P, - PP, - PP,

| 5 -
If PPy + PqP = 2Py then (P - P;) =P.- Py and P - Py is a projection

e
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operator. Actually 1t is sufflclent to show that PPl = Pl since then

t tot
PPl =Py =P; =P P =PP.

We proceed. as follows:

FPy

-

-1ty -1t
(1 - 867 WPy - 81617 7ey )

oLt ALt -1 4
Pp - 8¢ 7gPy; + 86 78 g6y g

Pl-- gG lg P + gG lP

nlgl

= Pl.
Thus P-P;is a projection operator so that n+(P—Pl)n can be represented
as a sum of squares. It then follows that n*(P- -P1)n is dlstrlbuted as'

X for some as yet undetermined number of degrees of freedom. However,

<x =8> = OB . 2> =np 4y - (n +r)--'(n - )

2
= n2 - r2 s0 M (P Pl)n must be distributed as X~ for no - ro degrees of

freedom.
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D. Preliminary Measurements of Decay Rates

The l968{mea$urement of Z'blifetime‘ f_':,(l.38 * ,07) x lO-io sec
performed by Whiteside and.Gollubgl is.inconsistent with brevious meas—
urements and has been excluded from the summarieslgiren in Tables 1 and
IIT. 1In order to resolve this»inconsistency'we have obtained prelimi-

nary values of T_and T, from our data. We find

' (1.460 + .OET)XlO_leec' or. f‘ = (.685 i‘.Ol3)xlOlO/sec.

'r_:: L=
_ : - - \ 1 .
T, = (.771 = .014)x10 los__ec or T, = (1.297  Jo2k)x10 O/sec.‘

Our value of T;siS in good agreemenﬁ with that of Whiteside and Gollub
and is in serious disagreement with. the Value used in Table i.

We have corrected our data for scanning biases. and for the finite
size of the bubble chamber. Ve have'used only those events in uhich

the momentum of the Z is greater than 200 MeV/c and the absolute value

of its dip less than 30 . We have also excluded those events having .
co l(Z . v) > 0.9 as measured in the PN rest frame. The value of T;
was obtained using only'2+ events. In both cases the quoted uncerev
taihty allows for‘a,possible 1% s&stemaﬁic bias.

| In addition to our results fwo;preiimiuary measurememts-of T
:were presehted at the A@ril l§69 meeting’of the American Physical
Society in Washington, D.C. These results are\ | |

1.43 x lO-lose 22

-
]

and

-
!

= (1.54 = .06) x 107 0sec.?3



Vi rates is shown in Flg. 26 Note that our values of r‘ andl‘ IV

i -._89-‘

 We have recalculated the results of Tables IV and A2 us1ng our

'prellmlnary values of 'IL. and l f’ . The results are glven 1n

+

IableS’IV and V' . Ihe IAII = 1/2 trlangle obtalned by us1ng our decay

t

+

.:>l glve a better flt to the [AI] l/2frule than_the_Values of‘Table I.
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Table V'. Error matrices for I decay amplifudes. The:rows and
‘;olumis arg ordered as All + A31/2, Byq + B3l/2’ Al3’
13> #33» ~33°
ERROR MATRIX FOR FIT 7
«0N0549 4002233 =,N00151 =,000015
;anzaa 0136699 . =,0N1378 =4N00411
-e0N0151 =4001378  ,000323 =4000N35
=e007015  =,001411 =,000035  ,011730
FRROR MATRIX FOR FIT
¢ONBT19  ,NN3979 =,002250 =4N0NN2?
e 003979 4029675 =,002369 =4000071
~e002250  =a0N2369 004862 .-.ooon7n
~e0NNN22  =4NNNOT1 -.005070' ;002572
| FRROR MATRIX FOR FIT
eN01368 4010111 —.606710 ~e002246 =4N01107 =.0N3628
W01N111 0215936 -.006854 -,026446 —.0105541 — 042737
~N0NTIN  =42N6854 .nqn712 4001673 4000762 40N2773
~e002246  ~,026446  4NN1673  ,051396 4002608 « 069870
-eNN1107  -4N10654 00N762 .AN2608 WN01468. eNN4161
'—.”03628 =e042737 4002773 069871 004161 4124140
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' Teble V'. Continued.
FRROR MATRIX FOR FIT 10
026363 024465 =4014398 ~,006806 =.022524 =,010954
(N24465  L054096 =u016519 —.008930 =4225795 ~.014372
-eN14398  -.N16519 (013273 .004893 4015502 ,008009
4706806  =.018930  .N04893  ,013569 4007680 4019135
~4022524  =4025795 4015502 007580 eN28468  4N12258
=eN10954  =,014373 4008009 019135 = 4012258 033179
ERROR MATRIX FOR FIT 11
002277 4019964 ~4001308 =un07275 =4n02054 -.011638
0019964 4321968 =u013254 =,080739 =2020795 -.129148
—.ND1308  —4N13254 001100 004977  4A01375  +AAB039
~e007275  =4080739 004977  ,089223 .067853“..129846
=e002054  =4020795 4001375 007853 002439 4012502
~0011638 ~-,129148  .008039  .129846 012502 4218195
FRROR MATRIX FOR EIT 12 |
$034984  ,035892 -,019971 —-,012683 ~4031355 4020302 ;
u035892 4069230 -.023830 44.016656“;.037382' ~ 026667
~eN19971 =,023830 4016814  .008593 021109 .014054
~0012683 -,016656 4008693  ,018781  .013716  .027230
031355 =4037382 4021109 013716 4037359 4021847
=a020302  ~4026662 014056 027239 4021847 4045900




"B X 10% (sec™?)

(10 A) X 10® (sec™?®)"

XBL 697—865

Fig. 26. The AI =‘1/2 triangle obtained by.using the new
decay rates. ' ' :
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resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




-

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY

UNIVERSITY OF CALIFORNIA
BERKEILEY, CALIFORNIA 94720





