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ASYMMETRY PARAMETERS TN %~ - ne™V AND %' — py
Lawrence Kenneth Gershwin

Lawrence Radiation Laboratory .
University of California
Berkeley, California

Jﬁne 2, 1969 |

- ABSTRACT

An experiment was performed in the Lawrence Radiation Laborstory

25-inch hvdrogen bubble chambe?. 1.3 x 106 pictures were taken of

the interactions of a K beam ranging in momentum from 270 to L70 Mev /e,

with‘mOSt of the pictures taken in the vicinity of 390 MeV/c, where

¥* B . . . .
- the Yo(1520) resonance is formed. The interference of the resonant

amplitude with those of the predominantly S-wave background produces
polarized %'s in the reactions‘K-p —;Z—ﬂ+ ana Kpos . From &
sample of 85,000 £~ - nn~ decays and 57,000 =t - pr” decays we have
found 53 examples of b ~*ne-7; 8 of 5~ —>ng’;,,and 61 of»Z+ - PY .
The leptonic'z~ décays wefe analyzed to measure the cbrrélation.

between the 5 polarization and the direction of the charged lepton,

~ as described by the lépton distribution (1 + PZ cos 6). The

asymmetry pérameter a for the electron events ﬁas found. to be

@ = -0.26 ¥ 0.37. The asymmetfy parameter is related to gA/gv,

the ratio of the aXial-vector ﬁo vector weak éoupling constants.

We found gz Jg.. = 0.16 © 0.19 fér the electron e?ents The sign con-
€ Ep/ 8y © 2 0.18 T Lron : :

vention is such that gA/gV = =1.2 for n-pe v.. Assuming y-e univer-
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e = +0.20 . .. ny
sal;ty, we found gA/gV = 0,19 2 0.17 for the comblned.electron and
muon events. A comparison with Cabibbo's theory of semi#leptonic o : LM

decays sﬁowed‘reasonable agreemen£ with théfprédiéiion,of the
théofy when a fit was cérried out to preséntly'pﬁblished data for
A baryén leptonic decays. v |

 For the-6l'z+ - py events, WE»measured the asymmetryvparaméter
expressing.the correlation of the 2+ polarization with fhe direction
of the proton, obtaining o = -1.03 i 8:22. The branchiné ratio
(Z+ —;pyj / (Z+ —Qpno)_= (2.76 # 0.51) ilefi was measured; using-
31°0f the & é»ﬁy events. Ve find both the branching ratio and
‘asymmetfy,parameter to be in égreement with some theoret1081 ca1cﬁ;

lations, although the asymmetryvparametér is two standard deviations

from the value @ = O predicted by SU(3) infarianCef.




I. TINTRODUCTION

There has beén theofeticai iﬁtefestl’2 ih fare baryon decays,
particﬁlarly ihe lgptonié decays, for,a long time. The leptdnic'
decays offered the pbssibilityjof studying the hadronic part of the
wéak'curreht directly, whereas the more éopious non-leptonic decays
invdlved the hadronic part of the current interacting withvitselff

Thévexperimental study of'fare 2 decays has beéome possible only

in the last five years, as a result of the tremendous increase in the

;capabilities of bubble chamberlexperiments. This increase hés come .

about pfimarily because of the development of'highASpeed computers

and precision measuring machines. The development of rapid precision

’meaSuringvmachines, such as the Spiral Reader in the Alvarez group

at the Lawrence Radiation Laboratory, has greatly enhanced the pro-

ductivity of experiments, as it has become possible to measure

several hundred thousand events from a single experiment.
Previously,5-6 the analysis of rare I decéys has been confired

to experiments in which a K~ beam stopped in the bubble éhamber, giving

‘rise to largé numbers of XL's. 'These experiments,; although they pro-

!

vided goéd information on the rates of thé rare decays, were limited
in that the X's were unpéla?izéd due to their arising from an inter-
action at rest. Correlations with the Y polarization are necessary
in the study of the detailed ngture of the decay .

An earlier’.experiment7 ipdicated that the region about XK~ mémentum'
of 400 MeV/c was an excellent ﬁlacé to producé polarized Z's, in thét

- ' % ) . B
the X p system resonates with the YO(1520), The interference of
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thisﬁfesohént D-wave amplitude with the pfedominantly S-wave back-
groﬁnd is responsiblé for»large z polarizétions.

This eiperiment-was begﬁn in 1965, along.with a similér'eXperi~‘
» meh£ performed at Brookhavén; with the,primafy iﬁtention Qf producing
lérge numbers of polarized I's through the reactions‘K-p'~;Z~ﬁ+
and ¥ p ;9i+ﬂ- in the viecinity of 390 MéV/c, and studying thé polar-
izétion cdfrelétions for the large number of non-lgptonic é decays.
The ahalysis of thesevand other reaction qhahnels_was carried'oﬁtiwith
-the aid of.the.SpiraivReader measﬁring'machihe,'as well as with &
vslowér Pranckenstein meaéuring machine developed earlie; in the
group. A number of rare I decays were found by this”exéeriment in
the course of the measuring'process; Welhévé éhosén here to-analyze_
the asymmetry.parameters for thevcorreiation'between-the % polerization
and ihe charged decayvparticie.directioﬁ; for the 1eptopic decay
s —ane;V and thé veak electromagnetié decay 5 —>p7; Previous
_experimental work on'both of these decays has heen confined to
measuréments of the branching ratios.

In Section IT we briefly discuss the'béam and bégin the discus-
'sioh of thé scanning ahd méasuring proceduré, as it apﬁlied to X
events. The femainder bfAthe thesis'isldevpted to a étuéy first of
“the b leptonic décays and then of the Z+‘—;p7 decays.

~In Séction IIT we disguss the experimental enalysis- of s
leptonic decays. . We show the techniques used to isoiate the three-
body ¥  decays and the means used to identify the negative décéy“
" particle. We find 53 examples of:Z- —»ne Vv and 8 ofvi';—anp'v.

The asymmetry parameter of the electron events is found to be

2




a = -0. ?6 0.37.

In Sectlon'IV we discussffirst the development, bqth theoretical
and experimental, of the understanding 6f the ieﬁtonic decays of
baryons{ stérting with the univérsélfFermi inferactfon and the

_cohserved~vector current hypotheses ?roposed before theré was any
eyper1mental know]edge about hyperon leptonic decays. A discussion
of the successive generations of experiments is given. .We then

" present our determination of gA/g§, thevratio of the weak coupljng

coﬁstants for thé éxial—vector'and veétor weak currents, bvvmeans

' of its relat:on to . We find for our 53 %~ - ne v decays,.

+ 0.19 A . o L
best va]1e of gA/gv = 0,16 - 0. 18' Ausumlng u=-e universality, we
: + 0.20
find for the 61 I leptonic decayr the value g[x/gV = 0. 19 - 017"

vTho sign conventlon is .such that gA/g iq -1.2 for n - pe v.

'Flnally, we dloCUoS Cabibbo's theory of seml-leptonic decays and

find that our value of gA/gV is in reasonable agreement W1th the
preductlons of the theory when a fit to all of the current]y published
datalls carrled out. In Sectlon V we brlefly reoap1tulate the
f1nd1ng° of our experiment on Z leptonlc decays

In uectlon'VI we presept the experimental analysis of the
Z+ - py decays. A brief discussion of the.previous experimental
‘work ié given. We then show the techniques employed in this ekperi;

L+ ’ .
ment to isolate 61 5 — py events. The asymmetry parameter is found

R ) . + [
"to be a = -1.03“; g'gg. We then give the procedure by which we
. L S \ +: o ’
were able to obtain the branching ratio (& —py) / (X - pr ), using

L+ 3 ' P L3
%1 % - pr events. We find a branching ratio of (2.76 * 0.51) x 10 3.

In Section VII we discuss the Various theoretical caleulations
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that have been made which relate to Z+ -py. In'pafticular, we
_érésent an SU(3) fesult that a.= o, uﬁder the,gssﬁmptions of SU(3)
‘invariapéglof the matrix'element and a U-spiﬁ.éinélet_ﬁatufe.of -
the 7. .We'find.our'measﬁredvvalueS~§f fhe aéymmétry parameter and
branching‘ratio to.be in agreement with soﬁe-§f the theoretiéal
vélueé; aithbugh'oﬁr ﬁeasurement of a differs from the SU(3) result

‘byvtwo Standard deviations.

In Section VITI we_diScuSS briefly our findings for these rare

" 2 deéays. v




" II. GENERAL EXPERIMENTAL METHOD -

A. Beem

A sefarated K~ beamvéf momenfum hQO Mev/c'designed by Dr. Joseph
J. Murray was used to achieve a K : ﬁf'ratiojéf'B: 1 at the bubble
chamber entry window, starting from an unSeparated ratio 6f 1: S0,000.>
This was aéﬁieved in.a short beam of length ﬁO feet by means of a new

septum separator. More details sre given in Ref. O.
B. Scanning

1.3 x 106 pictﬁresxweré takeh in-the La#rence Radiation Laboratory
25-incﬁ hydrogen bubble chamber, with K~ momenta from 270 to 470 MeV/c.
The filﬁ‘was écanned topologically for all events of interest to the
entire experiment. About 375,000 two-veriex'events and 185,000 one-
vertex events.were found in the scan. A two-vertex event is the vro-
duction and ‘decay of a strange particle.;

The two topologieé of interest to thié part of the exveriment are
shown in Fig; 1. The reactions ere

(1) X p ;az-n+, % decays, and
(2) x'p —>Z+n%, 5 - p + neutral.

An example of X v *az-n+,»2- >ne v wiih a low momentum e is
shown in Fig. 2, and an exémple of K p —>Z+ﬁ-,_2+ - py with a converting
¥ is shown in Fig. 3. Thé ivage of dark tracks on a light bagkgréund
is the same as that viewed by the scanners on the scanning table.

The scanners were required to recofd ali Z; or_Z+ events if

1) +the event wes withinva’defined fidvcial voipme

2) the I decay vertex was recognizaeble in at least two views .



a) o b)

- XBL 696-778

! . +
Fig. 1. The topolcgies for a) I decay and b) £ - p decay.
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An example of the decay Z

Fig. 2.
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An\'exarnple of the decay 2+"’"py}

Fig. 3,

where the y converts.

LY
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3) the T wasvgreater than 0.5 mm. in projection in at least two

vievs (corresponding to 0.75 mm. in spacé) » |

'Since both thé Z+.and p'in Z+ - p + neutral are heavily ionizing
due to the low momeﬁtum of.the'tracks,'and sincé the p tends to be in
the same direction as the 2+ because of the Lorentz transformation,“it
is more difficult to distinguish a’décay.vertex than for s decay or
Z+ —>n+ + neutral; |
| In principle one could have special scanning criteria to identify
¥” —» ne v decays in which the electron could be identified because of
its light ionization. These criteria were not imposed,'becausé.they
would have slowed the scanning considerably. The scanners were re-
quested to flag such events if they recognized the electroh by‘its ,
low momentum and minimum ionization, but the efficiency for;this was
rather poor because of the low stress placed upon'this instructibn.
Of the 5% electron events, only & were flagged as such by the scanners.

Scanners were required to distinguiéh between the decays
z+ —apv4 neutral and Z+ —>x+ + neutral; If the positive decay particle,
stopped in the chamber, it was identifiable, because n+'decays via
ﬁ+ ~>uf ~>e+, while p doés nothing. TIf the pértiéle left the chamber,
the scanners were supposéd to distinguish between n+ and p on the basis
of ionization, since the éroton is heévily ionizing while the n+ is
considerably lighter. This distinction could 5e made with good ef-
ficiency for tracks that were flat in the chamber, but with decreasing

efficiency es the dip angle increased. Even so, misidentification for

large dip angles was only about 10%.

- o )
~No attempt was made in the scanning to differentiate £ - pYy
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ffom Z+;a pﬂo; The proceaure fo; identifyiné é&eﬁtsiof both of the
rare decay ﬁodés, Zf-a'né;v and 5 *9IV; Was £o-mé;suré all of the "
AZ-'and'Z+ events within a defined fiducial volume and to separate the
rare decayskdn the basis:pf‘kiﬁematics. This procgdure fit in‘well

with our general measuring scheme, since it was necessary to measure

all the = events in order to determine the ¥ polarizations accurately.
C. Meesuring

,fﬁe events were measured either on é Franckenstein méasufing
machine ér on a Spiral Reader. .Over'hO0,0Qdéevents of aii fyﬁes weré
measured in this experiment, with about 60% bn the Spi;a1 Reader.
The number of méasurements waé even greater;lsincgia cohsiderable

number of remeasurements were made of failing events. The scanning '

and measuring totals for our event typves are given below,

i

Event Type §E§E§E§ . Measured Passed the meesuring
3y 85,589 79,646 78,013
= o 57,116 . L8,2h7 C o b7,3h3

D. Computer Analysis

The measuréments were processed thrbughvthe filter programrPOOHl.O ' A

for'tﬁe Spiral Reader and PANAL or MOTIF for the Franckenstein. POOHV
filters the points tsken by the Spiral Reader,'constfﬁcting matching
tracks in the three views. PANAL and MGTIF simply put the points re-
- corded on the Franckenstein into a forﬁ:useable by the geometry pro-

gram. Al) measurements were then processed by the program SICUX, con-
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. ! l . .
-sisting of two parts: TVGP l, which performs three-dimensional track
-reconstruction for thé measured tracks according to their various mass

: : 2 . : :
hypotheses, and SQUAWl , Which does a xg‘fitrto the specific reaction.

hypotheses, using conservation of energy and momentum .
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ITT. EXPERTVENWTAL ANALYSIS CF % LEPTONIC DECAYS

A. ‘Kinematic Reconstruction

£~ events which were passed by the geometric reconstruction pro-

gram TVGP were submitted té SQUAV for kinematical fitting.' All events -

were fitted to the hypotheses
(1) X'» faz—n+, 2 Snr and

- - - -
(2) Kp-»sxx°, 87 »nr.

Reaction 2 occurs only about 1% of the time, since the center of mass -

'energy'is barel& above threshold for thé reaction. No attempt was mede
later to_identify'ieptonic décays from ZYS ?roduCGd in this three-body
pfodubtion sta%e. Fvents which failed to fit either of these hypo-
thesos ‘with a confldﬂnce level greater than 10 -2 wvere Titted to

(3) K p —aK-p, K~ decays.-

This reaction is topologically equivélent to the Z-.reacﬁion, but the
ionizafion of the vositive productlon particle generally differentiates
the two. The scanners were supposed to distinguish events of reaction
3 by ionization, and thus not identify them as £~ decays, but this vas
not always possible, especially if the posiiive particle had a large
dip angle. §&72 eVentS originally called %~ decays fit only reaction 3.

Evénts failing to fit reactions 1 or 2 were 2lso fit to the
production hypotﬁgéis alone,
(L) Kposx.
An event vhich fit this hypothesis vas considered to be a three-body

candidate and was fitted to

P

P
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{u" } '+ missing mass.
. TR

These hypotheses will almost always fit if reaction 4 was successful,

since they'afe eSsentially a calculation of the missing mass recoiling

. against the negative decay particle. It'isbpossible to get a fit to

only one or two_éfAthe missing mass hypotheses if the negative track

- cannot be successfully reconstructed to the specific mass required,

because of a mismatch between the curvature as megsured and that
expected from the rahge—momentum relation.‘

_YA subsﬁantiél number of remeasuremenfs ﬁefe_made in order to
achieve fhe,high passing rate that we desired..‘Ali evénts'whichvfailed
to fit the ordinary two- or three-body Z; prodﬁétioh hypotheses 1 or 2
were remeasured at least once. Eventé which fit‘reactions 1 or 2,»but

with a confidence level < .01 were remeasured on the Franckenstein’

“after most events had been successfully measured. At the end of the

éxperiment, all events which had not yei passed were remeasured on the
Franckenstein.v In additipn to measuring thevX~ eventS‘within‘the
measuring fidﬁcial volume, we measured once ﬁény of the events which
lay outside the volume. 'Six electron events were found as a result 5f.
measuring outside the volume. The remeasﬁfing procedure'§a§ quite
fruitful in.finding b leptonic decays, since éeveral events with low
energy electrons (< 1OOVMeV/c) were found which had pfeviousiy-féiled
on the Spiral Readerrbecause the eiectron track wés light in ioniza-
tion and too highly curved f§r~proper digitization. In all. about

half of the electron eVentsvwere successfully.identified as 8 result
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of their Spiral Reader measurement, although more than half the &~

‘bevents'were measured on the Spiral Reader. ' . _ _ S

B. Procurement of Three-Body Candidates , ‘ _ - w

Thére QérévllOQ missing mass fits. The missing ﬁass distribution
for the n fit, reactién‘Y, is shown in Fig. 4. Many of those events
with very low missing mass (< SSO'MEV/éE wefe.Spiral Reader méasure—
ments, where a nearby beam track was 1mproperly flltered as if it were
the negat:ve decay track, while the real negative decay track was lOuT.
.The h50 events for which the mlssing mass is greater than the mass of
the neutron were 1n1t1ally con51dered candldates for. three-body decays..
Slnce only those events failing the usual decay hypothes1s were fitted
to the missing mass hypothesis, there is an enormous dep]etlon of
-events in the region of the neutron mass,'ghO'MeV/c .
© The three-body decays of the £~ are listed below, along with the -

13

compiled world averages -~ for the branching ratios to the two-body
decay and the maximum £~ rest frame (RF) momenta for the hegative

decay particles.

Decay = Branching ratio ' q (MeV/e)
T ' : o TmEx T
L oz
L =-nev (1.08 £ 0.05) x 107" . - 230.
zf'—»nuf? ' (0.48 *+ 0.06) x 107 210
T -an”y - (1.1 % 0.2) x 10 - ‘ 193

for q < 166 MeV/c

The negative decay particles have labératory momenta that are
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3" - + nissing mass fit.
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gquite low (< 300 MeV/c), and the % 's travel quite slowly (maxiﬁum
8=0.5), so_that the caleulation of the rest frame momentum from the
laboratbry momentum of the negative deczy particle dozs not depend

, or e . The variation

_very heavily on whether the particle is a n , p
'in.rest frame momentum is always less;than 25 MeV/c, and usually much
less., Thﬁs it is>ap§arent that electron,évents with rest frane
momentum from 170 to 230 Meﬁ/c ﬁill ofteh fit the tﬁo—bodyAdecay.

 The phase sbace for the decay is low in this region,.and the labor-

atory momentum is generaliy too high.to distirguish the electron 5y
ionization. 'Thus,VWe did not consider events with RF‘momeﬁtum above

170 MéV/c as leptonic candidates. |

A sct of criteria wvas deﬁeloﬁed to apply to tﬁe events which
successfully fit the two-body decéy in ordérvto procure additionai
three-body candidates. 68 events were found which satisfied the

: followingicriteria:” :
| 1) two-body decay fit with 107 < confidence level < .O5A

2) vmeasuréd'mCmentum of the aecay track'co_respoﬁded to a x
RF momentun < 170 MeV/c

3). measured-ﬁoﬁentum of the decay track was greater.than tvwo
standard deviations.from the. fitted momentum for the two¥body decay

L) fmeasured.length'of decayv track > 10 en.

5) - dip ahgle ofhdecéy tréck < 60° unlessbmeasured momentum - vas
less than 100 MeV/c

Two cof these eyents eventuslly proved to be electron events, both

with low momentum électrons_with div angleé between 60° and 70°. 23
' reméined es tﬁree-bodj,‘non—electron decaysvafte; remeasureﬁgnt,

vhile the rest wer2 bad measurenents.




™
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C. FExamination end Remeasuring of Three-Body Candidates

The three-body cendidates vere ell examined'Onvthe scanﬁing table
to determine‘whethér thé event was measuredvpropefly and to make 2
preliminary identification of the mass of the negative decsy particle
by ionizatiom. There weré several séurces of bad meesurement:

1) Most commonly, there was a small angle scattering or decay of

the negative decay perticle which was overlooked by the measurer. If

the direction of the scattering or decay was such as to make the
measured track more curved, the consequent lower measured momentum

corresponded to & missing mass greater than the mass of the neutron.

'The event might then have eppeared among the three-body candidates

’

if the change in momentum vwas severe enough.

2) If the Spiral Reader was not celibrated properly, there may
hzve been bad digitization of points, or the filter ?rogram POOH may
not have reconstructed the tracks properly.

3) If the‘fiducial marks were measured badly, the tracks did not
have the correct mcmentum after reconstruction by TVGP.

L) Some events were 4ifficult to measure Eecause Qf ovérlying
beem tracks or other obscurities.

Those events wnich appeared, on Tirst inspection, to have been
measurad proverly, or which, even though badly measu:ed{ might still
have been three-body decays, were remeesured on the Frarnckenstein at.
least ornce with instructions to measure carefully and to wa{ch for
small-angle scatierings 6r decays. About 720 remeasurements were

made in all, some2 b2irg several peasurerents of the same event with

diffarant inctruciions. Remeesuring ramoved some events which hzd
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been measured badly preﬁiously and fit the two-body decay wnllvupon
remeasurement. The remaining candidateé were re-examined on the
scanning table to look for kinks in the tracks and to make sure that

+the remeasurement was satisfactory.

'D. Three-Body Decay Criteria

Several cuts were‘apﬁlied to thé samﬁle of remainiﬁg’three-body

candidates to rémove ﬁossible sources of%confamination.. The number
of two-body decayé removed.byrsuccessivé applicaﬁioh of the cuts is
indicated by the numbers in parentheses, if the cut wasiapplicable.
Events were eliminated ifs

1) the &~ lengtﬁ was less than 1 mm. - This was done-to insure that
the event was Wéll measurable and was in fact a 5 decay and not a’
decey of a very short K° or Z+, or a two—ﬁrong event; (1993 événﬁs)

2) vthgvfittedrzf momentum at the decay vertex was less than 80 MéV/c,
corresponding to a residﬁal range of less than 0.7 mm. ‘This was done
because a & which comes to rest usually interacts with a proton, pro-
ducingfeither a Zo'or aA. If ax° produced in this way decays via 1
z° —>Ae+e- with a subsequent neutral decay of the A and an invisible
ef, the event compietely simulates a o leptonic decgy. Mlso, contri-
butions to the radiative decay §ample wouid come from Z-'capture in
which the resuitant A goes less than 1 mm., decays via A —aﬁ-p, andv
the proton is too short to be visible. (763 events)

}) the diﬁlangle of the negativé decay particle was greater than
60°, unless the measuréd.moﬁentug vas less than lOO MeV/c and the
track was clearly an eiectron by ionization, in which cese the'liﬁit

was set at 70°., This was dons for several reasons: such tracks

v




cannot be identifiedlwell Ey ioniiation’criteria; tﬁey can be diffi-
cult to measure if they are faint, and they can be difficult to
meésure properly‘because small-angle scatterings or»deéays are harder
to detect. TFive events Wefe~refained‘as electronvevents whére the
dip angle was between 60° and 70° with a measured momentum less
than 100 MéV/c.‘ (8881:events)
hy the RF momentum.of the negative decay particle as’'a T ﬁas

greater thah>170 MeV/c. Tﬁis cut was applied to defiﬂé.a sample of
eventé which had a reasonsble efficiency for»being fbund as three-
body evenﬁs. |

After imposition qf thésé ¢uts,vl72 three-body events and

64,935 two-body events remained.

E} Identification of Electron Events

A progrezm was written which calculated the bubble density rela-

tive to that of minimum ionization for the beginning and end of each

track in each view, according to its particular mass hypothesis. This

program took into account ﬁhe poéitions of the cameras and the angles
of the tracks, as well 8s tﬁeif momenta. This procedure provided threse
different sets of jonizations for the negative décay particle, corre-
sponding to its being a n-, u_, or e . From visual insvection on the
scanning table, and utilizing the predicted bubblé densities for ths
negative decay particle in comparisonvvith those_for the K and T+,

a teﬁtative mnass identification could be made for most three-body

events. -For events with negative decay particle laboratory momentunm

less then 14O MeV/c;,we considered this method to be sufficient to
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identify electrors with a2 high dOéree of confldﬁnce, 51nce, relative
to minimum ;onlzlng, the e is 1.0, the*u is 1.6, end the n is 2. O.
Also, both tﬁe u; and'n"‘are increasing in ionization as they
travérse the.chamber;, | |

For neéativé‘detay particleé ofAmomentum > 140 MeV/c, a method
of bubble-gap meésuring was employed if thevtrack seemed to be suf-
ficiently lightly ionizing Fo be an electrod. The mean'gap length
is inversely p?oportional to the bubble density;lh Thus, measuring
the lengﬁhs'of the bubble gaps for both the eleétron-candidatevand
the © or K~ 1éads‘to a determination of the candidate's bubble
den51ty. B , the square of the veloc1tV,'1s 1nversély proportlonal
to. the bubble den81ty, s0 6 , ‘and consequently the mass, is thereby
determined. 13 evenis vere gap measured on the Franckenstein measur-
ing machine, witﬁ resultant 82;5 shown in Fig. 5. The events are
plotted for the average laboratory ﬁomentvm. Théfstatisti¢al error -
is the combined error fqr the two tracks measured. The evenfévplotted
with squares are considered to be electronlevents,.while the others
ere either undetermined or are p or x events. The event at 143 MeV/é

. . |
ge error because the 1 was short and had few gavs; it was

'J

h2s a
.considersd to be zn electron event becuuee the electron treck was
unusﬁallyrlong and did not darken at =211 in its treversel of the
‘chamber. .The solid curves represent the 62 curves for ﬂ—,vp-, apd e

as a function of momentum. As is evident, the resolution by this

method is not very good,vbut it is helpful in providing a quantitative

estimate of the ionization for events which appear to have minimum-

ionizing decay particles from v1su¢1 JNShectlo . The visual insvpection

My
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¥iz. 5. The experimental values of 8 of the negative decay particle
determined for 13 events by means of gap-length measuring. The
7 events with squares were considered to be electron events:
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is valuable in that one can estimate the'relative darkness of the
‘bubbles end can see whethef'the ionization appears to be increasing

2,15 have  found

as thé partiqlé traverses’the éhqmber. Other authors
the - gap-measuring téchhique toAbé more suéceésful. The number of |
meésurable geps per track_ih this experiment wés qﬁiﬁe'smali, from
50-100 on a miﬁimum-ionizing track and ébnsiderébly‘fewer on a
'non;minimum'track such»as.the‘nf-or K. _This,occurred because the
film wasvtaken with a high Bubble density and'fairLy'iarge bubbles.in
'ordef to facilitate itS‘measurement:on thé Spiral'Reéder. Thé sensi;
" tivity was also hiéh;-hﬁt therevstillrreméinéd a considerabie‘differ—
eﬁce in the darkness of tracks.
Two réstriétions were placed on evehts ultimgtely included in

the eléétrdh sﬁmplef B |

1) wo éventrwith a negéti?e decay particie Withllaboratqry
mdméntum‘> iSO_MeV/c was included because of the difficulty in
 séparating such aﬁ event from a radiaﬁive décay'by iénization. With
optimm £ilm conditions it is ﬁossible to extend identification fast
this,momentﬁm, ﬁut our conditions were not Sptimum“' | |

2) Eventsvfbr which the electron RF mbmentum was greater than
150 MeV/c were eliminated from the electron sample, since the
- efficiency for detecting and idenfifying spch events is low. 5Thé
1aboratofy homeptum is of'ten too high to identif&.the varticle by‘
ionization. Also, the a priori @fobability of such an event being
a radiative decay becomes increésingly greater than that for it fo be
an electron decéy, as the RF_ﬁomentum.iﬁcreases. This can be seen

in Fig. 6, where the momentum distribution of =, n, and e are
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Fig. 6. The phase space curves for the zest frame momentum of the
negative decay pesrticle, for £~ —>ne v, nu v, and nx 7, based
upon the branchlng ratlos of Sec. IIIB. :
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. shown on the basis of'the phase space and the branching ratios of
Sec. IITB. The cutoff of 150 MeV/c was arrlved at by assumlng that
the ion1zatlon determinatlon of the partlcle by gap measurlng and
visual examination carried a weight of at least‘5: l as a conservative
estimate,'whereas the a priori probability:of e-: ﬁ'vat 150 Mev/c
isaMmtl:B. | | | |

| The laboratory momentum spectruﬁ of the 55 1dent1f1ed electron
events is dlsplayed in Fig. 7. The RF momentum spectrum is dmsplayed
ih fig v8 The curve is the phase space dlstrlbutlon based upon a |

_'branchlng ratlo of 1.08 x 10 -3

to the 6&,955 two-body‘decays which
satisfy the‘criteria of Sec. IiID.' There are five events in the
histograms with large eiectron dip‘angle-ﬁhieh did not satisfy these

criteria. The electrons seem to have been identified with good

efficiency up to 120 MeV/c.

" F. TIdentification of Muon Events

} ThelRF momentum spectrum of the 8 identified'muoh events is
displayed'iﬁ‘Fig. 9.. Five of the muoﬁs were identifiable beeause
they decayed.to;electrons. The other three are oonsidered to beb
maons because they had at . least fiae times the = priort probability'
of being muons rathev than pions (RF momentum < 70 MaV/c) FUrthermore, |
thev appeared to be muons rather than pions from 1on1zation, 51nce
they had laboratory momenta in a fairly sensitive reglon for dis- -
tlngulshlng-u from < by 1onlzation. Tt was necessary to restrlct _
the RF momentum to be 1ess than lOO MeV/c to av01d including muons

,resultlng from the colllnear decay of plons from two-body s decavs
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"~ Fig. 8. The rest frame momentum distribution of the electron for
. the 53 £~ - ne v events, The curve is the,phase space curve
based upon a branching ratio of 1.08 x 10~ and the 64,935 events
" of 7 - nx which satisfied the same cuts imposed on the leptonic
events. ’
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Fig. 9. The_zest framé momentum distribution of the muon for the
8 % ->np v events. The curve is the phase space curve based

upon_a branching ratio of 0.48 x 10—3 and the 64,935 events -
.of £ - nn which satisfied the same cuts imposed on the leptonic

events.



-28~

G. Remaining Three-Body Events

_.Several cuts in addition ﬁo those of Sec. IIID were applied to
fhé femaihing three~-body événts éﬁd the two-bbdy events in 6rd¢r to
 define é sémple of events*for_the.purpbse of comparing the speétrum
of remaining three-Body évents to that expected from the radiative-
decay phase space. The humﬁeré in barentheses aré_thé number of
two-body‘events removed by sucéessivé'application'of these cuté.'

1) A réétricfed fiducial volume was defined which.ﬁas epproximately
the same as_the-étandard measuring volume . Sinée %" events which |
vere ﬁot in thelstandafdimeasuying volume Were ﬁeééured in order to.
oﬁtgin‘additionallélectron'¢Ven£s,'this cut remo&ed a conéidérable
number of éﬁents.' (10,054 events)

é) The beam track dip'anéle was required to.bev-;06h radians <

‘dip‘angle < .052 radigns. Sdme eventé with a largé measured beam
track dip were Bad'measurements in which paﬁt of a different beam
track was méasured in one view, while oﬁhers ardse from K 's which
scattered before entering the‘chamber and conéeéuently had momenta
differing somewhat from the beam-averaged momenta derived from the

:measurements.of K™ w5 (t) decays. The two electron events'withf
larée beam track dip angle weré both inspected tq make sure that the
'fittéd, measured, and‘beam-averaged momenta all weré in good
agreement. (2326 events) | | |

3) The_negative decay track was required to be greater‘than

"10 em. in length in order’td provide é'feaéonablé moméntum measurement,

unless it came to rest in less than lb em. - (2332 events)
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~decay spectrum is indicated by the curve, and is based upon the
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87 of the remaining'three—bbdy decays and SO,éEB of the two-body

decays survived these cuts.

These cuts, including a’#trict 60° dipvangle cut for the electron
tracks, when applied to the electron sample gave 40 events, whose
RF momentum distribution is shown in Fig. 10. The solid curve is
the:phase space distribution based upoh the 50,223 two-body decay;.
The agreement is quite good up ?o 140 MevV /e, | ‘

The RF momentun spectrum for the 87 three-body events not identi-

fied 25 either electrons or muons is shown in Fig. 11. The radiative

" branching ratio of 1.1 x 107 for q < 166 MeV/c. There ere seversl

sources of events contributing to tﬁe remaining three-body decays,
with the number, if known,vindicated in pérentheses:

1) x ‘events ﬁhiéh were identified because the x  annihilated
in flight or at rest (8 events)

2) events which vere definitely non-electron events by ionization
but which héd regative decay particle RF momentunm toovgreat to be
included in the\muon sample (53 events)

3} events where the negative decsy psrticle had labvoratory
momentum > 180 MeV/c znd thus were not determinsble by.ioniza-
tion (22 events)

4) events which appeared to bg electron events by ionization,

but where the negative deczy particle had RF momentum > 150 HeV/c

{1 event) .

5) events which could not e identified oy ionization, but where

the negative deczy varticle had laboratory momentum < 180 veV/e (3 events)

cQ
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Fig. 10. The rest freme mementum distribution of the eleciron for
the L0 & -sne v events satisfying the restrictive three-body
criteria of Sze. ITIG. The curve is the phazé spzace curve based

upon a branching rztio of 1.08 x lO-3 2nd the. 50,223 events of
¥, -»nn which satisfied these criteria.
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Fig. 11. The rest frame momentum distribution of the pion for the
three-body T decays which were non-leptonic or non-identifiable.
The curve is the phase space curve for £ _— nx y from Ref. 16,
based upon a branching ratio of 1.1 x 10—3 for g, < 166 MeV/c

and the 50,223 events of 5  — ngx_ which satisfied the criteri=z
of Sec. ITIG.
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' 6) events whlch may have been two-body decays’ where the negatlve
'decay partlcle had an unldentlfled scatterlng or decay, or excessive e o

multiple Coulomb scattering

Thefe seems fo be some excess Kf: ;en£é‘above the radietive‘decay
» curve.” Some of fhese are undoubfeéi;Tmuon{events, since we identified
'Only muons below RF momentum 80 MeV/c. 'it eppears that we had‘éood
success in flndlng three-body events for RF momentum.< 1(0 MeV/c

with the teﬁhannes thnt we employed.Ae;>

H. Electron Asyﬁﬁeffy,Parameter'
The electron astmetry'distribﬁtieh is
A - A ‘ : ' o
Mg =l1+aPpra, . (3.1

where f;-is.ﬁhe b pelarization‘vecﬁof epd a'is_phe gnit ﬁeetor,of '
the electron RF ﬁementﬁﬁ " Such a cofrelétion-ihvolving 8 pseﬁdoscaler
quantlty may be expected to be non-zero because the decay is weak

and thus does not necessarlly conserve parltv.

| _ ' The polarization of the & arises from the interference,between
the amplitudes of the D-wave, YZ(1520) resbnance occurfing-near

390 MeV/c K~ ﬁomentvm and the preddminantiyts-wave backgrouhd. fre~
'liminafy polarization date and asymmetnyparameters for Z,ﬁdﬁ-leptoﬁic
decays from this experiment were preseﬁ;ea'in Ref. 17. Most of the
events occurred quite near the resonént>momentum, since,we wére intent *
on producing the highest possible i'polarizations. The i %olarlzatlons

cannot be determined well directly 1n ‘the.non- leptonlc decav Z -,

'because the decay asymmetry parameter a for this decay LS nearly zero,
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o = ;O;O%lbi_o.oié,g LA fit to the data for all reaction channels
in the e;periﬁent, involVing essentialiy all the ﬁeasured eveﬁts,
determinéd the magnitude and:phase bf all the‘partial wave amplitudes
céntributing to the reactions. These pértial Qaves were particularly
Weil_determined for the reactions,K-p —92-n+>anaikﬂp —>Z+ﬂ—;‘since
approximately lh0,000.events weré_used to determine angular distri-
butions, and the 2+Apolarizationsvwefe weli determined through the
vlarge asymmetry parameter, @ = -0.999 * 0,022, for the decay 5w —>pﬁd.
'Sinée the partial wave amplitudes £it. the angular distributions for |
bo@hrz- and‘i+.and the polarizations in Zf'—apno quite well, the
predicted pélarizatioﬁs for &~ shéuid be Qﬁite reliable.

A makimum likelihood fiﬁ1of the 53 electron events to the
' distributién ianq. 3.1 waé carried out,-using the_polérizatibns‘
' caiculatea from the mﬁlti—chanﬁel partial wave analyéis. The

likelihood function is defined by

1

5Z?@1) - ‘r_r'~(1i+ a.Pz‘ cos ei) , (3.2)

where PF is the =~ polafization along the normal direction

- - - -

A e F -+ L A
n=Kxt/|Kxt]|, and cos ® = n

A
ﬂq.
The'logarifhm;oftois plotted in Fig. 12 as a function of the

asymmetry parameter @. We find
a = -0.26 + .37 ,

where the standard deviation points are determined by the Values of

a for which‘]fxafdecreases by 0.5..
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Fig. 12. The logarithm of the likelihood function, as a funétion

of o, for the 53 57 5 ne”V decays. « =

' -0.26 £ 0.37.
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All relevant data for each of the 53 electron events is listed
iﬁ Table Ia, and for each of the 8 muen_events, in Table Tb. The
average polarization for the electfen events was 0.58.

' We estimate that there are 1.4 events of the type Kp =2 7,

£” - Ae™V, A - °n vhich are present in the electron sample. We

do not feel that these represent any serious source of error in

" our determination of Q.

There are three experlmental biases occurrlng 1n the dlstributlon
deflned by Eq. 3. l. Because of,poorer scennlng eff1c1ency, we may

be m1581ng events where the e~ is emittedbalong the direction of the

.Z-,-because the decay vertex may not haﬁe been distinguishable.

Because we have not been able to identify as electron'evente those

events for which the laboratory electron momentum was grester than

180:Mev/c, we have a bias against detecting events for which the e~
was emitted in.a forward direetion, AlSo, webere missing all events
with electron dip angles > 70°, and some with angles > 60°. None

of these biases should have any effect on our determination of &

by a maximum likelihood techﬁique. This is because these effects

are functions of cos2 e, and not of cos 6, and censeeﬁently~contribute
terms independent of o whenfhn&iis evalueted for different valﬁes
of @. The first effect is also negligible,'since it occurs fer
values Qf cos e:z 0, so that such events cerry no weight when‘the
legarithm is evaluated.

The value of @ that we have measured does not depend sens1t1ve1y

on the fact that we have cut the RF momentum spectrum of the electron

“at 150 Mev/c, a is, in fact, somewhat dependent,on the RF momentum,
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 Table I. Data for the £ leptonic decays.

TD is the identification number, K is the K~ laboratory momentum,

K - m 1is the center of mass production cosine, e lab and e RF are

the electron laboratory and rest frame momenta, e dip is the eleqﬁron

dip .angle, Pz and cos © are the &  polarization and the correlation

angle as defined in Eq. 3.2.

76.4

7.

069 .

ID- K K.z elsb eRF edip . P_. - cos ©
a) Electrons
LO120737  391.8 . .536  73.0. . 82.3  57.5  -.978  .790
LOL70R83 . 376.7 © -.W73  162.h  132.9 - 2.5 534 =3k
40210916 © 387.7 W17, 79.2  69.5 1h.6  -.77L .50
40651039 372,7 .32 115.8  131.3  29.3  -.356  -.769
LOT11156  394.0  -.250  137.6  107.6. 57.1 = .593  .797
40810155  380.8  .685  SL.8 k6.7  59.2  -.922  -.h39
ko911350 = 37h.L 790 136.9 139.8  -12.0  -.875  -.837
40971200 ©  391.0  -.125 45.8 53.1 9.0, 305 -.831
41221306 369.6 M8 172.3 1423 17.1  -.298 - -.631
- b1k90691 © 37H.5 785 95.h 75.2  26.7 . .769 . .39k
51950109  378.1  -.376  62.6 843 27.7 k72 b3S
h20205%2  387.5 212 136.0  121.6 28.2  -.398  .835
k2230062 393.0  .305 k6.1 45.8 U433  -.e0 Lhgy
L2kEIU65 © 390.1  -.013  76.0 k.7  55.3 . .05%  .650
42551730 365.9 133 101.0 - 101.9  25.3 012 -.132
42580012  388.8 613  81.0  80.8 10.6 - -.988 .87z
b2601533 . 377.7  -.055  112.1 - 119.h  53.3 . .131  -.677
42891728  392.2 310 1644 129.3 25,9 -1l T3
42900779  38%.6  -.219  69.5  97.5  10.0 379 .011
k3h10775  326.7  -.650  102.6  113.7  28.7 .  .122 :518
. 43810285  347.5  -.922  105.4  8h2  Sh.k 233 -.065
hhieok77 . 358.8 | -.396 3.7 67.2.A \h2.3\ 2ht -.955
Lh170177 379.6 . -.005 . 7 69.9 770




‘Table I. (continued)

ID K K-« e lab e RF e din P, cos ©
LL3hOMGE  357.5 .806 113.5 110k 31.k -.312 -7
435076 389.7  -.738  161.8  138.6  35.5 887 -.8%2

44h11187  391.9 -.765 115.1 103.0 55.1 871 - 637
bhlk71266  385.5  -.113 57.3 45.0  28.0  .238  -.51k

| LhhooRe8 370.6 179 6h.2 60.0  65.9  -.063 020
4880592 b19.7  -.80L  145.5  119.6  13.8 661 .688
'_vu5o50817'. 397.3 - 946 136.9 107.7 . 25.5 A5 37k
145380087 3.4 - .731 108.1  C 95.0  52.3 -.9k2 .523
4sk20117 u09.7 oo 129.4 112.0 39.5  -.780 -.603
45h21481  Lko1.5  .b39  105.4  100.8 5.6  -.97h  -.518
45Lh0T728 409.7 -.629 67.9 99.3 12.3 .9i9 221
45500815  382.2 .700 95.% 78.9  65.1  -.962 .086
45521425  b1h.5 ;@b 100.5 - 105.8  28.1  -.290 gl
558059k 398.5 - .851 . 161.2  145.0. h3.0  -.6h0 418
45600342 | 39R2.6  -.676 - 34.7 20,0  3%3.2 .908 111
45651171 LO1.7 -.366  111.5 102.3 16.8 .893 180
15871351  396.0  -.283 53.6 62.3  23.L .688 210
4592135L . 383.1 678 39.4L 35,9 20.2  -.958 729

- L5960211 409.4 581 126.9 118.6°  29.4 -.817 .698
46380029 L035.0  -.636  65.2 . 86.7 48.9 .92  -.581
BELTOL3L  hob.2  -.81h 56.4 63.7  68.3 .620 .612

| B6501660  389.7 -.812 k7.7 56.3- 2.7 .8l 25
L6680L32  385.7 453 63.8 - 73.4 37.7  -.767  .590
LETHOSST  B16.6 -.837 46.9 29.h - 20.k 615 .011
16770888 3%2.h 39k 75.2  85.1 374 -.85  -.4og
46960072  L408.3 839 67.8 664 60.1  -.505 969
W735037k  333.h =376 85.2 . 95.6  46.9  .1bs .B19
L7691373  439.5 .930 118.5  112.0 10.2  -.176  -.433
48160664  392.  -.721  b2.0  58.2  27.6 .89k . .300
48200679  387.7  -.062  88.5 883  25.7  .156  -.310




. k3690418 367.7 -
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Table T. (continued)

-~

. + ’ .
ID : K K- -=x pu lab uRF. - pdip - P cos 6

. D) Muons

, 4117030& 37h.9 e 52.5  29.1 6.6 - .ok1 117
601 - 67.8  2k.6 6.0 k61 -.066
44830950 365.5  -.630  88.6 ~ 51.3 - ho.l .39 799
45161349  L00.k4 590 73.9 29.3 3.7 .51 Lhe6
4560851 h07.3  -.306  109.0  63.9  39.6 - .888  -.667
46310585  405.0 776 75.9  79.h  35.7 785 -.708
k7511430 - b37.5  -.987 78.3 . 6l.2 22.8 152 .328
48270821 - 398.4 L65° 1011 69.9 - 7.5 -.985 287

i
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aS'will be discussed in Sec, IVB. Since wevhéve détected more than
'2/3 of the'spectrum, and since the momentum dependence of & is not
&ery.great, we believe that’our ﬁeasuréd value of a closely approxi-
métes'that which'woulq-ﬁe measu}ed if we had detected the entire
elecﬁfoh spectrﬁﬁ.

':The determination of @ is dependent on a good knowiedgerof the
N leafizafions. The great amount of data so constrains the ampli-
' tudes that, even when ve parameterize the amplitudes in a different
. way,%the ave;age polariiation of 6.58 changes by bnly-l% and &
changes by 0.0l. The greatest difference in the polarization fof-
an iﬁdiyiduai event for the twé parameteriiations was 0.08, but moét
of fﬁé différences were considerably smaliér. Even an overallvlb%
.:éﬁange in.thé poiérizationJWOuld changé a by aﬁ insignificant_amount

in éomparisbn.with the statistical error.
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TV. BARYON LEPTONIC DECAYS AND gA/gV

A. Théoretical,Descfiption and Ekpérimental History -

1. Neutron Beta Decay
Neutron beta decay n - pe v is well known to be described by

the Hamiltonian

w o n J/5 T oM :
q = GnA/§ I, M (4.1)

where 5= ¥ o k.2)
where | To= 7, (& §A75) i , ( 2f
- S w_o§ oM R "

and R A=y (1 + 75) WV,‘ _ (h.é)

" The product qngv haé been méésufed byflpoking at the décgy,rate
: for thé pﬁre Ferﬁi.(veétor)ldécay of'a nucleus. The ratio gA/gV
has been determiﬁed oy lboking_at-thelrate fér‘neﬁtrbn decay and
. also by lobking at the asymmetry of'the_eleétrbn with rgspect ﬁo
ghé-neutron polarization, as we have dohe in correlating the electron
with the &~ polarization. The angular distfibutibn of eleétrons |

from polarized neutrons is given by
A : - A '
(q) =1+ P -pq, S (k.k)
where ?; is the neutron polarization vector, Bq is the electron
velocity, and.a'is'given by18

2 ' ¥* . )
n=-2 |8y *+PReleys,) (.5)
) 2
L RN L

The measurements are consistent with time-reversal invariance,




B

~ 1=

implying that & and gy are real. The measurementl9 of

a = -0.111 + 0,018, which gives the solution‘gA/gV = «-1,25 * 0.05,

is consistent with previous information on }gA/gvl from the rate.
A recent experimenteo measuring the neutron lifetime is in statistical

disagreement with the original determination of'the lifetime, and

more in accord with the measurement of gA/gV from the asymmetry

paraméter.

2. Universal Fermi Interaction and Conserved Vector Current

>Ifywas noticed by Feyrmen and Gell-Mann® in 1958 that the

“coupling constants for muon beta decay and nuclear beta decay

were very similar. Muon decay was found to be represented by

a Hamiltonian
- - N, " |
H= G A2V, 7, (l Py ¥ Ve B g) v, (56

while neutron beta decay had the Hamiltonian described by Egs. h,1-4.3,
with & = ; and 8y = -1.15 at that time. G_u and Gn were nearly

equal. They proposed that the near equality of Gu and Gn and the

~equality of the coefficients of 7u arose from two hypotheses: a

universal Fermi interaction (UFI), which made the G's the same and

the bafe céuplings ideﬁtical, and a conserved vector current (CVC),

" which made the coefficients of the 7u terms equal to 1.

UFT implied that eny beta decay could be described by a Hemil-
tonian similar to that of the muon, with factors of (1 + 75) appearing
before every annihilation'operator. The remarkable fact that, after

renormalization by the: strong interactions, the vector'current still

~.
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hadvcoéfficient equal to one, was explained by CVC. A parallel was
dféwn withiélectromaghetism, where the electric charge is ﬁot renorm-
alized by tﬁe strong intéractiéns. The vector éurrent for beta‘dééay,
which behaves like the isospin-raising operator T , was fdentified
as_a‘ﬁember of the3same'isospih multipiet as ‘the électromagnetic
current, whichbbeﬁéves like 13. The vector current. for beta deéay
with emission of a positron is associated with the third member of
the isospin trlplet With this ideniification of‘ﬁhe ﬁeék veétor
. current with the electromagnetlc current the conservatlon of the
- electrémagnetlcvcurrent 1mplies the_conservatlon of the weak vectqr
~current fér‘nuclear beta decay. | |

CVC hed Qqnsiderablé success in its predictions fofvweak leptonic
decays. It'predicted successfully the‘réte for ni ->noeiv from the .
breéenéévof.thevméson field termé in the'eléctromagnetié»currént;
A weak magnetism térm was prédictéd, in4analogy with the énoﬁalous
vmagnetic momént‘term forvthe eiectromagnetic curreﬁf. ‘The wesk
maghetism-terﬁ:was found inAnuclear 5eta decay aﬁd'wag in.agreément
with the predlctlon.

UFI implied that A and 3~ leptonlc decays existed with the
-seme coupling as neutron beta decay. ThlS assumption 1mp11ed that
A 1epton1c decay should occur in 1.6% of the A decays, and Z lentonlc
decay, in 5. 6% of tho L7 decays.

These ﬁredictions were not borne‘out by experiment. The first
A leptonic decays were found in 1958 21, while three experiments22
each found a single event of £~ — ne v in 1961. The rates,appeared

to be an ordervof‘magnitude lower than the UFI prediction.




43

%, Leptonic Decay Experiments end Cabibbo's Theory

The next generation of experlments was completed between 1963

»and 1965, before this experlment was begun. These experiments suc-

ceeded in measuring the rates for A - pe v, b —9ne v s —»Ae v,

and Z > he v, and g / for A - pe V. The latter was determined by
» A By

angular correlations among the decay partlcles and by measurement of

@ and application of Eq. 4.5. The results are summarized in Teble TT,

'where'oniy'the-major experiments are listed. The idea of an UFI for

' leptonic decays had failed, since the decey_rates for the strangeness-

' changihg decavs3were too low.

' A great step in understandlng the leptonlc decays was made by

Cabibbo8 in 1963, when he suggested that the various baryon leptonic

- decays can~be related to each other through SU(S) symmetry. He madev

the folioﬁiﬁg assumptiens:

1) The ﬁeak current of the hadroﬁs, J“, transforms as an octet
representation_of the group'SU(B);_ This assumptionvlimits the theory
fromicqnsidering AS = -AQ deceys; Sueh as Z+ —ane+v, and AS = Q‘decays,
such as = - ne v. | | |

'2) AThe»vector.eurrenf, V#, is in the same octet represeﬁtation as
the e;ectrdmegnetic current. This assumption is analogous to the-
conserved vector current'theory, iﬁ that in the presence of SU(3)

symmetry, the conservation of the electromagnetic current implies .

the conservetien of 2ll members of the vector current octet.

5) 3, cos e (vg(.o) + 2Dy reime v Waa Myl

where Vu(l) (A“(l)) is the vector (axial-vector) current for decays
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Table IT. Second generation of -leptonic decay experiments.

Decay -  Events " Year Branching Ratio | Reference
A o pe Vv 150 1963 '(8'_.2 £1.2) x 10’1* 23 i
20 . 196& (15.5 + 3.h4)- 2h
102 1965 (7.8 * 1.2) 25
o 40y, . 3
L one v 9 1964 (1.0 _ 4i3) x 10 L
16 196k (1.h +0.3) 5
16 1964 (1.2 % 0.4) 26
31 © 1964 (1.4 £ 0.3) | "3
5" s AeV 11 196k . (7.5 % 2.8) x 107 3
5 o aety Lo 198k (3.3 £1.7) x 107 R
'Decay : Events Year ‘ gA/g§ , Beferegce‘ |
A —»pe’V 22 196k ~1.03 ”: g'gg ol
59 1965 |gy/eyl > 0.7 27
| 102 1965 |ey/ey| > 0.6 25
1965 -L.1<g,/8, <O 28
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of AS

The assumption of ‘different strengths cos 6 and sin © for the
strangeness-conservlng'and strangeness-changlngxdecays is a departure
from UFI, Eut ﬁFI is almost preserved for‘ASv= 0 decays by the theory.
The'angie 6 is expected to be small, since the rates for AS = |
deca&s are small compared to the UFI.rates. The use of an angle
is'suggestive, in that were there not a rotation by © in SU(B)
space; the current Ju would have the’same strength forvsﬁtangeness-
conserving decays as the coupling for muon decay. The factOrvof
cos © for AS =0 decaye explained the smell lack of equaiityifor the
vector coupllngs for neutron beta decay and muon beta. decay- a fact
whlch had been dlsturbing, in light of the success of CVC. :

The appylcatlon of the theory to baryon leptoplc decays in
Cabiﬁﬁo!s original paper led to a euccessfu; fit to the data avail-
able at the time, with 6 = 0.26, assuming the same angle for both
vector and axial-vectorvcurrente. vThe data iﬂcluded preliminary
reéultS'frcﬁ some of the exﬁeriments listed in Table II. Cabibbo
‘also included some information on K and. x leptonic decays,vvhich
should also be related by the theory. |

Wlllls et al.3, with the completien of theif experiment on Z
leptonic decays in 196h made a new, somewhat more sophlstlcated flt
to the data for leptqnic decays. They found two fits to the date,
because of:the-felatively largevexperimental errors at that time.
 The two fits predicted IgA/gVI ~ 0.3 for ©° —>he—7, with a-pesitive
51gn for one flt and a negatlve 51gn for the other. The determinaé.

tion of this number was thus considered an 1mportant step in testing
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the validity of the theory. and in choos1ng the correct solution.
Subsequent to the beglnnlng of this experiment, several new
experiments have measured the branchlng ratios and gA/gV for various
decays. These results are summarized in Table IIT, along with the-
value of gA/gV for ¥” ~ne Vv that we publlshed in 1968 59 Tﬁe
'measurement of the 5T s Ae v branchlng ratlo by Barash et al. 33
succeeded 1n establlshlng that only one p0351ble solution to the"
fit was consistent with the data, the one predlctlng the p031t1ve

.sign for g / for £~ —ne™v.
A8y -

B. Determination of.gAlgv for =~ Leptonic Decay

‘One can obtaln an expre351on for the asymmetry parameter in
terms of gA/gV for e baryon leptonic decay B —>Be v by the procedure

of multlplylng the square of the matrix element by the phase space

- factors, 1ntegrat1ng over all variables except the electron dlrectlon,

_and summlng over the final splns.- In thls way one obtains the expres—
51on given in Eq. 4. 5, if One uses the forms for the Hamiltonian and
the currents given by Egs. k4. l-h j, and if one neglects recoil effects
associated with the finite momentum of the electron. Thls procedure,
while good to a high degree ofvaccuracy for neutronlbeta‘decay_because
of the small'ﬁass differeuce between the neutron and the proton, is
.not 80 accurate for the case of hyperon leptonic decay;

B Harringtonhe'and,’more recently, Beuder et al.u5 and Linkeu5'
have performed the calculations to obtain the electron dlstrlbut1on

for polarlzed hyperon leptonic decay. The- expres31on for T is gen-
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Third generation of leptonic decsy experiments.

_'Deéay Eveﬁts . Year Branching Ratio Reference
A —pe v 99 1969 (874 * 1.0). x 10'h ’ 29
% -nev 180 1968 (1.11 * 0.09) x 107 30
1968. (1.11 £ 0.11) 31
1968 (1.11 % 0.15) 32
331 1969 (1.02 +0.08) 15
Z“_—eAeT;; "‘,'35 1967 - (6.h+1.2) x 107 3%
| 31 1969 (5.2 + 0.9) 3l
31 1969 (6.9 * 1.2) 35
+ + » ' -5 .
T =hAe v 6 1967 (2.0 £ 0.8) x 10 3%
5 1969 (1.6 £ 0.7) 3k
10 1969 (2.9 £1.0) 35
-, - - + 0.90 =3
= -Ae v b 1968 (1.15 0,55) x 10 36
. ' + 0.18 .
1k 1968 (0.61 | 50) 37
Decgy Events Year gA/gv , Reference
T | , + 0.20
A ->pe v - 30 1968 . . -0.23 - 0.33 38
" : _ 0.18
159 1969 |&y/ay| = O 68 7 o1 29
57 e’V 57 1968  0.05 T 8‘22 39
Lo 1969 IgA/gV| =0.3.% 0.3 4o
+ 0.26
33 1969 |ey/ey| = 037 _ 4 5]
* + : . :
5 s he v 45 1967 |ey /8, = 0.31 % 0.30 33
2 1% g\,/_gA = 0.7+ 0.4 3k
81 1969 gv/gA = 0.22 * 0.28

35
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- erslized to account for the momentum of the leptohs:

I, = vy 1 F) 7, Y (fe/mB’) IR (f5/mB./) 9;4 o

N _ (4.8)
” : ;+, 2 / 4 v e /m 7 q: 7 :
tey vt (Bp/mpf) 0 75 al ¢ »(ga/mB ) st vyl
. - . . . I = : - .- / . - .
where, in our goﬁatlon,vgv fl and &y gl, my is the mass.of
the parent baryon, and q“ is the sum‘bf the lepton moments. The f?

term is the Weak magnetism term, f, is induced scalar, &5 is axisl

5
.weak ﬁéghetism; and ngis induced pseudoscalar.

| After performingvthe requisite integratjonsland-sums 6ver finél.l
spihs, the authors obtain identical expressions fbr.thevelectrbn-
. momentﬁm distribution (valid also forzbaryoh muonic decay if muon
Quantities are used. instead of electron qﬁantities):f |

| B X2 (1 - x )2
(1 + ¢ - 21~'<x)3

I(x,cos O) « (a(x) + b(x) B PB’.cos e) , (h.9);

where. .

' . max
x = E,/E,

» B, is the electron energy, Ezmax; the maximum energy ;
PB’ is the polarizéﬁion“of the parent baryon;
G'is'the angle between the polarization'and the electron momentum;

€

i

(mz/mB’)e, m, is the mass of the electron;

max/' ’

R =E

]

2 ;'.énd
. - ’ B ¥*
a{x) and b(x) are energy-dependent sums of terms in Re(fifj ),
. % . % ' o oS
Re(f'igj ), and Re(gigj ), with 1,j = 1,2,3.

- The asymmetry parameter is thus given by

o =6 b(x) _/‘a.(4x") . o (L.lo) "




- ‘ Wl
to the other terms. In a classification due to Weinberg,‘i f

8y and.gé are first-class currents and f

N To

so that ¢ is dependent onvthe electron enefgy as well as on the vaiues
of the fiAand 8- g=1 for.essentially the entire spectrum for elec-
trons, although it is relevant for muonic deéay. |

If one'assumesAtimelreversal invariance, which seems to hold in
neutron decay, then thé fi and gi are real. The terms igvolving’f

3
and g5 are assumed to be zero, since they are of order € with respect

l) f?)

and g2 are second-class

5

currents. The assumption is generally made on theoretical grounds

that the second-class currents are absent. Because of the statistidal

-limitations of our data, we shall take g?‘= 0, rather than leaving

it as a free parameter. The resulting expressions for a(x) and

" b(x) afe tabulated inlAppendix A. The quantity'Rp in the appendix

is defined by RP = mB/mB/. A similar number of terms of order e
exist which have not been listed in the appendix, since their Qalue
is completely negligible for electronic decay and is about 1% for
muonic decays.' We'have assumed that the’fi'and gi,have no momentum
dependence. _The terms‘tabuléted are exact to the extent thét terms
6f order € can be neglected.

" In Fig. 13 we have drawm two Curves: the relatién bet%een.
o and gA/gV in Eq k.5 for neutron decay is denoted by the dotted
curve, and @ as given by b(x)/a(x) for an electron of RF momentum
90 MeV/c, our average momentum, is denoted by the SOlld curve. A
value of fg/gv = -1‘bg was aséumed and is explainéd in the next
paragraph. The two curves are.vef& similar, so that Eq.”h.5, the

neutron relation, is a very”good approximation to 0 decay as well.
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With f2 = 0, the solid curve would come below the dotted curve, and
there would be a greater absolute difference than is the case here.
Our_measured value a. = -0.26 ivO.BT ig indicated by the data point.

A maximum likelihood fit to the electron distribution was

carried out for our 53 electron events, with

, S@(gA/gv) = Ill' (1 + B (b(x;)/ a(x;)) By, 6. (4.11)

The likelihood function was much'less_sensitive to the value of
. \ Lais \f
fg/gv than to gA/gv, but the two guantities were correlated. We
thus decided to fix f, by its value as predicted by CVC and SU(3),
at fz/gV = -1.02. Other authors, in trying to account for the
, : ' L3 !
SU(3) breaking, have calculated values of -1.1k 5 end —LBO.‘5

The 1ogarithm of the likelihood function is shown in Fig. 1k,

for -1 < gp/gv <1. We'find, for the 53 electron events, the values

and . ‘ gA/gv = «1,7, with large errors.

VChenging fz/gv'by +1 resulted in a change of * 0.08 in gA/gv.

D

 The likelihood function was also evaluated for the 8 muon
events, using the expressions given in Appendix A. These expressioﬁs
are good to ébout‘l% for muons. WeAfind that the likelihood function
is too broad to make a determination of_gA/gV; Note that the muons
are poorer than the electrons in determining gA/gV from & because of
the factor of £ in the asymmetry;'whiéh is-1 for electréns but averages 

0.35 for the 8 ruous.
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Fig. 1k. The logarithm of the likelihood function, as a function

of gA/gV, for the 53 £ —»ne v decays- gA/gV = 0.16 " 8‘12 ' ‘ _ .

is the prlmary solutlon.
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» L
preliminary meacurnwgnts of |gA/ ! of O 3 + 0.3 0 and 0.37 - 0.19

If we sssune p-€ universality, we can combine:the 53 electrons
and 8 muons to ddopTﬁLPP an over?ll gA/r for ¥  leptonic decay.
The logarithm of the likelihood quCLWOn is shown in an 15 for

-1 < gA &y < 1l. Ve find
. y = G

and o gA/gV = -2.0, with large errors.
Ve have chosen the first value as our primarv velue, since the fits

to Cabibbo's theory predict gA/gV ~ 0.3, In addltlon, there are two

+ 0.26 hl

obtained by observing the momentum,of the neutron through its inter-
action ﬁith a proton in the bubble chsmber. These experimentsIWere
performod with unpclarized z ‘s, so that they are unable to measure
the sign of. gA/gv

Assuming that |gA/gV| = 0. %, we have succeeded in measuring the
sign to be positive'rather than negaulve-to nearly two standard

deviations, as given by the likelihood function.

c. TFit to Cehlobo 5 Thoo“y

Saveral authors have fit the svailable dﬂta for leptonic dccaf“
. ' b 5 ,)45—,-4-8 ‘ . . .
to Cabibbo's theory. We shall present here our fit to the
currently nubllsnhd d?ta, 1nclud1ng th 1s experiment.
The hadronlc matrix element for a barvon'leptonic décay

’
B —Be v, (B | 7’u - gA75) |B ) , is represented in terms of

&y
SU(3) symmetry by the coupling of the baryon octet to itself by

means of & vector octet of currents and an axial-vector octet of
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)

" Pig. 15. The logarithm of the likelihood

of SA‘/€V’ for the 61 £~ leptonic dscays.

is the primary solution.

XBL 696-780

-

unction, as a function

,/“ L= O. + 0.20 .
/8y = 019 | 547
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currehts. The expression'for the _cur‘rent‘Ju was given in Eq. 4.7.
Cabibbo assumed‘the angle 6 to be the same for both véctor and axial-
vector currents, which it would have to bévin order té satisfy thé_
current commutation relations exaétly. ~.Some of the authérs who fit
the-dapa.do not impose this condition,ibeéause the strong inferactions
aré:eipeéted to renormalize © for the axial-vector current. Never;
thelesg, the value‘obtained‘for GA is approximately equal to that of
§,, 50 that we will sssume throughout that there is but one angle ©.
Tt is ﬁoséible to couple three ocﬁets to form an Su(3) invariant
in two ways: a symmetric (D) coupling, and an antisymmetriC'(F)
cpﬁpling. In terms of the D and F couplings one can write the

product of the couplings, K, as |
K =D te(B {7,8}) + F tr(B [7,8] ) , - (k.12)

ﬁhere D and F are constants, tr stands fdr the trace of the encloéed
expression; andlﬁ, J, and B are.the 525 matrices.represéntihg the
anti-baryoﬁ'octet, weak currenﬁ octet, and baryon octet; respectively.
We have suppressed spatial indicesf_ It‘ié éonvenient as & mnemonic
device to represent J by the meson octet; since the strangeness and:

isospin quantum numbers are the same. In Appendix B we give the'

‘matrices B, B, and J.

The SU(3) coefficient, either K cos 6 or K sin 6, is listed

below for the leptonic decays ﬁhich have been observed.
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becey | SU(3)_Coefficient
n —»fe”? | | (F + D) cos ©
A ~>pe'7 - -1/\/6 (3F + D) sin 6
5 —-ne v (-F + b) sin ©
VZf.—§Ae-; : | 3  ‘ A9673 D cos ©-
‘ zf ;aAe+v V | _ : JE?E_D eos.e
= :Ae-;. - | 1//5 (3F - ‘D)_ si‘n ef

The values of D and F for the. coupllng of the vector current

are dlfferent from those for the axial-vector current however, the g

expres31ons for the SU(}) coefflclents are the same. In our notation,

gv equals the vector SU(B) coefflcient whlle 8y equals the negative
of the ax1al-vector su(3) coefflcient. We would have, in general,

five independent parameters in the theory’ 0, DV’ V’ DA’ and‘F

CVC says, however, that FV = 1 and DV = 0, since the coupling K is

also responsible for electromagnetlsm under the assumptlons of the -

© Cabibbo theory. TIf I were not zero, the electric charges of the
proton end neutron would ccme'out wrohg. Another'wayvof seeing'

that I = 0 is that only D coupling‘connects = to A, but the vecter
current doeS'net contribute to this decay except in the weak ﬁagnetiemf
‘termhg. We shall'ﬁenceforth use fhe notation D = DA end F = FA;

‘these and © are the parameters that we wish to determine. -

The decay rates are evaluated by integrating the square of the
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imatrix element over the phase space and performing the appropriate

' )
spin summations. Bender et 2&;-3

have performed these integrations
for all baryon leptonic decays, for all the f, and &; eouplings.‘
The weak magnetism-(fg).and axial weak magnetism (gé) terms are not
entirely negllglble, but we shall nevertheless neglect them in the

expre551ons used to fit the data, since the experlmental errors are

" 8till larger than these terms. The f terms increase the calculated

A rate by about 1% and decrease the calculated Z ‘on rate by about
2%, whereas the experlmental errors are 11% and 6%, respectlvely.v

The contributions to neutron decay and Z- —>A decay are much smaller.

" The gg'tefms have not been determined, but they are expected to be

~ small because & is a second-class current term.

The branching ratio for & leptonic decay is the product of

its decay rate and the lifetime of the parent’baryon. The ratio

gA/gV is the negative of the ratic of the respective SU(E) coefficients.

The expreSsions fof tde decay rates calculated By Bender et al. and
the experimental lifetimes'used'are‘listed iniTable IV. The A and =~
lifetimes are the compiled values from Ref. 13, while the s and Z+
lifetimes are the preiiminary values determined by this experimeht.9
The % lifetime differs from the compiled value of Ref. 13, but it
is in agreement with severel receﬁtly‘ﬁeasured.valdee;?ol The errors
on the lifetimes are.not used in the fit;
A XQ minimization was performed for the best velues of the-

parameters 8, D, and ¥, using the expreSS1ons 'in Teble Va fitted to -

the data in Table Vb. The data was complled only from.publlshed |

._experlments Using the first 8 data p01nts, we obtain a £it whlch



-58-

Téble IV. Calculated rates and experimental lifetimes for decays

used in the fit to the Cabibbo theory of semi-leptonic decays.

 Decay. ' : ' - Rate (sec-l)

— . 4,2 2
n—-peV 1.89 x 107" (gg + 3.00 g,)
A >pe v C1.51k x 107 (gi + 2}98 gi)

2 ene™V 9.00 x 107 <g$,+ 2.95vgi)
- — - R 5 2
T o pe v o 3.66 x 10 (3.00 gA)
5y 2.21 x 10° (3.00 gi)
== o reV o 3.19 x 107'(g$ + 2.98 gi)"
, ' o s -10 ‘
Particle A Lifetime x 10 (sec)
A . S 251 £0.03
= - 1.6 £ 0.03
+ o '
g . . N 0.771 + 0.01%

T - 1.6+ 0.0
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_Table Va. Expressions used in the fit to the Cabibbo theory.

.iDecay ’ | Branéhing Ratio'
~— "3 .2 . 2
A->pe v. 5.70 x 10~ sin” © (1 +2.98 (F + D/3)7)
- - 2 .2 Y 2
LS —ne v 1.313 x 10 © sin” 6 (1 +2.95 (F - D)7)
5T o Ae TV ' 1.068 x lO"lL cos® 6‘(D2)
5 ety . 3.408 x 1077 cos? & (D°)
N =3 i 2 ‘ 2
=T shev E T.9% x 10 7 sin” € (1 + 2.98 (F. - p/3)7)
' o - -1y
Decay : : : Rate (sec )
n ->pe v . 1.89x 107 cos? o (1 +3.00 (F + D)%)
Decay 4 : _ gA/g_V
n-pe v _ - : o -(F + D)
A->pe v o -(F + D/3)

2 -ne v ., D-~-TF
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Data used in the fit to the Cabibbo theory.

019 o7

Table Vb.

Decay "Branching Ratio Reference
A —ope v (0.80 + 0.09) 1::'10.-3 ' 51
- ne-; (1.08 + 0.06) x J.O_3 52
T o Ae v (6.04 % 0.60) x 1077 . 53
;* ety (2.11 + 0.45) x 1077 53
= — + 0.90,. -3
=T s AeV (1.15 7 5755) x 10” 36

Decay Lifetime (sec) Reference -
nS>peV (0.932 % 0.014) x 10° 20

_Decay g A/ gv | Refe»'re'nce
n-pe Vv -1.25 * 0.0k 5l
: ‘ T

S e - + 0.23 o

-1.1k4
'A—apev ‘114_0.53 .55
£ onev *+0.20 This work
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+ 0.20
- 0.17

i« in'reasonable agreement with the prediction. The best-fit

predicts gA/gV = 0.35 for &~ —ne v. Our value of 0.19

values for all 9 data points are 6 = .246, D = .815, and F = .L75.
The X2 was 8.65, g1v1ng a confldence level of 20%

In Fig. 16 we have plotted the data in D-F space, for 6 = .2L6,
using the eXpressions and data of Table V. The daﬁa are represented
by straight lines with error bars. The data are numbered in the order
in which they appear in Table V. .The best~-fit point is indicated.

" The dgta should all intgrsect at a single point if the experimental
valuésiwere pérfectly determined and the theory were exactly'correct.

29

Recenﬁ ﬁnpublished data for gA/gV for A -»pe-; and for the branching

ratio of I~ - e v >1 would make the fit considerably better if
iﬁclﬁded, while another unpublished result for gA/gV for A > pe v 58
is in disagreemént with the other measured values and with the
best-fit value Note that the measurement of the neutron lifetimeeo
determines a value of gA/gV for n - pe "V of -1.29, whereas the authors
claim a value of -1.2% % 0.0l when they combine their data with

" nuclear bhysics data onvolh; The fit by Eisele et g;.hg to the

- leptonic deéay Aata predicts a value for the neutron lifetime many
standard géviations too high, so that the situstion with regerd to
the déta for neutron decéy is not very'satisfacto:y. HOWeﬁér; as
seen by the resulis of our fit, if one ignores the nuclear physicé

. results for gA/gv, there is a consistent solution to all of the

baryon leptonic decay deata.
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Fig. 16. The leptonic decay data of Table Vb, plotted in D-F
space, for © = 0.246. The best-fit point D = 0.815, F = 0.475 .
is indicated. The data are numbered in the order in which they
appear in Table Vb. ’
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V. CONCLUSTONS

Ve have determined values of @ = -0.26 % 0.37 and

| .+ 0.19 - - e -
gA/gV 0.16 _ '1g for the decay ;_ a}ne V. Inclodlng the muon

. : + o , |
events, we found gA/gV = 0.19: 8 i? - A £it to the published datsa

with Cablbbo s theory indicated that our measurement was in reason-

able agreement with the value predlcted from the fit. We have-

‘made a determination of the 51gn for gA/g,V to be p051t1ve by nearly

:two standard deviations.

.It will be worthwhile to perform'further experiments on baryon

‘leptonic decays in thé future in order to determine the ways in

- which Cabibbo's theory. may have to be modified to account for

decuplet and - 27-plet currents. AS = -A Q decays and A S 2
decays, 1f thev are found will have to be incorporated into the
theory as well‘ In the meantime, Cablbbo s theory continues to

provide an excellent understanding of baryon leptonic decays.
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VI. EXPERIMENTAL ANALYSIS OF 3 - py

A. Previous Experimental Results

The firsflexampleS'of the decay Z+ - py Wwere found in 1959 in
56 '

an emulsion experiment” , and a handful of others were reported in

o7

the six following years. These early examples indicated a branching

ratio to the decay £ ->pr° of less than 1%. Tn 1965 Bazin et a1.’
succeeded in obtaining 2h x — py events from a large stopping K
. : . ,
experiment in a hydrogen bubble chamber, using only those I —p

- decays with a stopping proton. They found. a branching ratio

(= o) /(5 5er®) = (3.7 % 0.8) x 107,

B. Experimentél Technique

The experlmental problems in trying to detect events of such a
rare decay mode s&s Z —>p7 are considerable. The proton momentum .
in the rest frame of the 5 is. 189 MeV/c for £ - pr° and 22h 6 MeV/c 'n
for Z = PpY, SO that unless the proton kinematical varlables are very
well determlned, it }s_difflcult to separate the Z - pY decay from
the more-copious Z+ —9pn° decays. ABazin et al. used only events with .
" stopping protons in determining the branching ratio. 'For such events;
the proton momentum is determlned from range and is thus very accurately
known, so that the two decay modes are completely separable in all but
a small fraction of the events. Of the b7,605 Z - p + neutral fits :
_ that we'considered, 15,610 had stopping protons.
We discovered that We could use some events with protons which

left the chamber as’ Well Generally such events present cons1derable
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resolution difficulty because the proton momentum is determined from

- the curvature measurement, and the associated error in momentum is

determined by the multiple Coulomb scattering, which is rather large
for low momentum protons. (Our meximum proton laboratory momentum -

+ o
is about 700 MeV/c.) The Z -» py decay, however, releases more

¢ ’ v v + A
- momentum to the proton than does the & —apno decay, so- that it is

possinle for'the laboratory angle between the proton and the Z+

in a 2+ - py decay to exceed the maximum possible angle for a

.53+' ;pn" decay. "I"his situa.tionb.occurs for some of those ‘events'
wmth negative'decay‘cosines, where a,partial cancellation'oceufe in

the longitudinal momentum between the backward proton momentum along '

 the Z direction and the forward momentum obtained from the Lorentz
"V.tran.,formatlon from the Z rest frame to the laboratory The transvefse |
_ proton momentum can be greater for the 7y decay, and the reaultant

».longltudlnal momentum after the Lorentz transformation can be smallef,‘

»so that gfeater laboratory decay‘angles can be attained. Events with

euchfa‘eharactefietic angle are said to lie in fhe-Jacobian peak.
Since the leboratory angles are Qery well determined; in generai,
such Z+‘->p§ events ere'completely resolvable when the laboratory
decay angie exceeds the maximum possible engle»in the Z+ -;pﬁ° decay
by more than a degree or so, in splte of the fact that the multlple
Coulomb scatterlng may have been considerable.

A smaller contributlon to the Z —9p7.sample came from events
wlfh a leav1ng or c'ca’r,’c,erlng proton in which the proton length was

too great for the proton to be coming from a Z —9pﬂ decay.
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; ' o + » -
‘We found, in measuring the ¥ -»py decay asymmetry parameter,
‘that we were able to use 61 events ﬁhich satisfied one of these three’
. + i )
criteria, none of which fit the X ~)pﬁo decgy with a confidence

level > 10'5

. 3l‘had stopping protons, 24 had décay angles too
v'great for no deéay, and 6 had leaving or scattering protons'whcse .
length was too great for ﬁoidecay. _In determining‘the branéhing ratio
(Z+ —;py)_/ (Z+ }apno), we used a morevrestrigted.éamplé‘of 31 eveﬁts;
in order to make the analysis straightforward and to obtaiﬁba cleanly
separated 'y peak in the missing mass distribution for &

+ .. ]
Y -»p + missing mass fit.

C. Kinematic Reconstruction

Thé‘géﬁeral scannihg and méasuring procedﬁre for Z evénts has”
alreédy béen discussed in Sec. iI; The scahners differentiated
between the Zﬁ — p and the Z+ —>n+ decays, so that we had only a
sméll‘number of.misidentified.evenfs to éonténd ﬁith in analyzing
‘the Z+ — p decays. Z+ =’ decﬁys were kinematically reconstructed
under two Separatevprocedures:v‘the first,_ﬁo study the ofdinary
decay & - px°, and the second, to study 5 - pr.
| Under the first reéénsﬁfuétion procédure, events which passed
- TVGP, the gédmétrical reconétruction program, were fitted by SQUAW
to several hypotheses. - All.events were fitted to'

| (1) K_P_-5Z+n;, 2+ —anﬂ+, | ‘ | ' ~
(2) K'p —>Z+n-no, = —>nﬁ+,
(37 Kpozin, & —pr°, and

(L) Kposan, s - r°.
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Reactions 2 and 4 occur only s&bout 1% of the time, since the

‘center of mass energy is barely sbove threshold for the reaction.

No attempt was made later to identify X —9p7 decays from three-body

production events, If an event failed to fit any of reactnons 1-b

-5

with a confidence level > 10 , it was fitted to

(5) K'p~KD, PP~ PP,

- where the p-p scattering resulted in a very short (invisible) proton,

and to
(6) Kpozn.
Events fitting reactidn 6 and évents f§i1ing all éf reactions
1-6 were rémeasufed at leéstAonce in the course of‘the genersal
experiment remeasuring"précedures. At é laté stage in the experiment,
2 remeasurlng on the Franckenstein was carrled out for events which
had . been successfully fit prev1ously,-but for Whlch the measurement

was deemed unsuitable. There were four classes of-events in this

. category:

a) Tf the event fit reaction 5, but not reaction 6, it was s

looked at by a scanner to determine by ionization of the negative

' production particle if it was really a K p scatter which had been

+ .
misidentified as a ¥ event; it was remeasured if it actually was

. | .

8 ¥ event.

‘ » L : ,

b) An event.called & -»p which fit either reaction 1 or 2, but
failed both reactions 3 and h, was remeasured if the decay particle's
dip angle was less than 50° and a scanner concluded that it had been
identified properlv as Z - p but for some reason falled to flt

8 Z —apn decay ' Events fitting the ﬁ hypothe51s with a confl-
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dence level greatér‘than three fimes that of.the p. hypothesis were
also lookgd at and remeasured.

c) A1l evénts which fit e s — px° hypothesis with confidenée
level < .01 vere remeasured. Many of these ﬁéd a low confidence
level because of a poor measuremept.
| ‘d), Tt was discovered that some events with Stppping pfotons had
not_béep flaggéd&ag such vhen measured on the Spiral Reader because
of an‘efror‘on the part of the measurer,. Cénsequently thé‘proton
moméntum wvas ﬁerivéd from curvature instead of range, resulﬁing in
a poorer determination of the‘moméntum. Such events vere remeasured.

At the end 6f the experimént, all events.which had not yet had
a sﬁccessful fit were remeasufed on the Franckenstein,

These procedﬁres determined how many timeé, and under what
conditioné, events identified as Z+ - D degayslby a scannef_weré
measured. vThé‘secoﬁﬁ recdnstructioﬁ procedure wvas performed to analyZe
the = - DY e&énté. Ailfthe measurements‘a§ obtained from PANAL

and POOH ﬁefé used to refit all Z+ =P eﬁents. . After being processed
by TVGP, ﬁhe events weré fitted to the three hypotﬁeses
(7) X'p f92+ﬂ—,AZ+,—>pﬁo,
(8) K—ﬁ —)Z+ﬁ-, st - py , and
(9). K-ﬁ f92+ﬂ-, Z+»—¥p + missing mass.

Of the 47,605 events which fit some hypotﬁesis with a coﬁfidehcg
level > 10-5, h5,98h.fit.reaction 7, 27,787 f£it reaction 8, and
k6,0 fit‘réaction 9. Most of the events should fit reaction 7,

’ sinée almost allef them ére in fact $+ —Spno decays. They shoﬁld

also fit reaction 9, since there is no constraint on the mass of the
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'ﬁeutral decay particle. _Those events not fitting reaction 9 were
‘almost all events for which no momentum measurement of the ﬁroton

was made because the pfoton scattered near the decay vertex. Reaction
9 is underconstrained in such a case. Almostvall of the events fitting
reaction 8 are Zf-—*pnq events with leaving protons. The multiple
Coulomb scattering of the proton is large enough SO that the event

can Fit 5 - py as vell as 5 fapno, although the confidence level

for the 1~ fiﬁ is usvally much greater than that for ﬁhe y fit.

Thé missing mass fit is essentiallyva fit té the fro&uétion
vertgx énd‘a balculation oflthé mass recoiling againSt the meaéured |
proton. The distribﬁtion of the-(missing mass)2 (MMSQ) f&r-the
events fitting ﬁhé missing mass hypothesis is sﬁoﬁn in Fig. 17.

The histogram is madg in units of MMSQ because it.is this guantityv
whiéh is:linearly related to thé measured moﬁentﬁm‘of the proton. 
The scale is such that mio = 1 and mi = 0. The e&ents’in the tail
regions,las indicatéd‘by the dashed'lines,'have'beenbmultiplied by

10 in oraer to diéplay them better. Clearlyvthefe is no recognizablé
signal of‘y events above thé large number ofrr'to events in the region
of MMSQ = O. o

In order to determine the branching ratio‘with,g relativei&
siméle analysis, Ve imposéd a fairly strict set of cuts QnAthe
data in order tp_produce a cleanly separaﬁed y peak. However,
the e&ents used to determine the asymmétfy parameter & correlating
the ﬁroton direction to the Z+ polafizatiqn vere obtainéd ffom'a
less sﬁri¢t set of conditidns; since ﬁé'weré able'to'ﬁse.those

events which unambiguously fit £ -— py, with characteristics described .

[

/
i

1
;
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in Sec. VIB, while neglecting both ¥ and ﬁo events which had

_+ ,
ambiguous fits. There were 253 events which fit ¥ - py, but not
+
% —apno. " Initially, before the remeasuring procedure described

above, there were somewhat more, which were also considered.

. ’ ,
D. L - py Asymmetry Parameter

1. Exemination and Remeasuring of Candidates
All events fitting only the ¥ hy?othesi#, as well as all other

events_with MMSQ < O.5vmio, were originally considered as candidateé.
The'erfor in the missing mass squared ‘DMMSQ,  was calculated by
SQUAW by propagatlng the measurement errors for all of the tracks.
Those events which fit the n decay were retained as candidates only
if their MMSQ was more than three standard dev1at;ons from mio,'
although ho events fitting the “o decay with a confidence level > lO'5
. after remeasurement were»fetained as Y decéysf
| Those eveﬁts which seemed to'be Candidatés fof the degaﬁ Z+ - pYy
‘were carefully examined on thé scanning table in order to eliminate
£hose”events ﬁhich.had been poorly measured and those which were
not,iin'fact, z+ -apndecays.‘ Most sources of bgd meaéuréménts are
the sémé és"those mentioned in Sec. ITIC for L leptonic decays.
.In addltlon there were some others:

1) Due to the heavy 1on1zat10n of both &' and p, the decay
vertex was‘sometlmes measured poorly because of difficulty in
iocating the vertex. |

2) Evenﬁs for which the dip angle_ﬁf thé'beam‘tréckIVas greater

than ~ 3° wére often events for which the beam track waS‘mismeasured.'
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MMSQ was rather sensitive to this problem, and events which seemed _
”fﬁto be good ¥ candidates unambiguously fit 7° when the beam track
,-ﬁas.measured properly in a remeasurement.

3)- Some events had no visible 3, while others had a I which
scattered. |

. Events which were not Z+ - D deceys ﬁefe,most’often Z+ —9ﬁ+
, decays_which had been misidentified either by mistake oh becaﬁse
.of dlfflculty in determlnlng the 1onlzat10n of the decay partlcle.
_Some K P elastlc scatters were also found although most of these
-whlch fit Z =P decays had a hlgh missing mass.

' Those events which stlll seemed to be 7 candldates after exam-
inatlon-on.the scanning table were remeasured at least once on the
Franckensteln,.w1th considerable attentlon given to p0551b1e klnks

in the proton from a small angle scatterlng About 750 remeasurements..
tere made in all, some representlng the ‘same event measured several
) tlmes. This number also included events not y candidates which were
; remeasuredifor the’branching ratio bart of the exﬁeriment.‘ Those‘
eients stili'hemaining as candidates were re-examined on the scanning
table and pefheps'remeasured with different criteris.
A set of criteria was deﬁeloped in deciding whether to retain an
event as a v4 decay.' An event was considered a E+ - py decay if:

1) .it was resclvable from Z+ —»pno by either the range or decay
angle of the proton. If the proton stopped, the two decay'modes were
completely resolvable hecause the proton homentum was 50 well deter-
mined from the measurement_of theArange, except in a few.cases in

which the proton was so short or had such a large dip angle that the
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range was ‘not very well‘known. For leaving or scattering §rotons,
wé'requifed that‘either the 1aboratory'decay'angle or the'lengthv
of thé ﬁroton Be gfeéter than that possible for Z+ —;pno decay.
The events with étoppingfpfotons or with leaving protoos for which
the laboratory‘decay anglé was ﬁoo large had MMSQ more than 3.5
stahdard_devigt;ons from mio‘ _However,‘the errof is skewed, in

the éense that the error more properly applies to lowering MMSQ

than to ralslng it in the case of the leaving protons. The error

for leav1ng and scattering protons is dominated by the uncertalnty

in the_proton s measured momentum, although 7 events w1th too gresat

a 1aboratory decay angle are separated from the no events by the

" angle, which has & small error, and not the momentum. Similarly,

events with too great a proton length are many standard de#iations

in the meesured length from being.no events, whereas ﬁMMSQ,'thg'

missing mass squared error, could be comparable to mio. L
2) the event was well measured, in the sense that the measured

quantities were reproduceable upon remeasurement. This requlrement

" 'has ‘previously been discussed. :Thevmain problem was to make certain

that there was not a sméll scatter in the proton trackAthat was being

overlooked in the measﬁrement. The tracks were carefully examinéd
for soch scatterS'énd;.in some casos, the frack was meaoufed several
times with different,lengtho in an attempt to see if the measured
qoantltles were cons1 tent.

3) the fitted beem momentum without beam averaging agreed with
that obtainéd from'beom averagihg. _Théreiwere 5 events.ﬁhich did

not have avnovfit when beam:éveraging was used whichohaq good ko
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,fiﬁe, with & lower beam momentum, without beam averaging. These
'meVents had rether short besm tracks and may‘ﬁave resulted ‘from a K~
’v;yhiéh scattered and thereby lost momentum before entering the chamber.;
:}If fhe beam tracknwas éhort, and conEequently the measured momentum.
had & large error, the beam-averaged mementum determinedfthe fitted
.mementﬁm elmost cOmpletely. These 5 events were hofAeeﬂeidered‘as ¥
events because of the p0551bllity that they were really non—beam events.

3#) the confldence level for the 7 th was ~greater than .01.

”l, 5) . the proton was dlstlngulshable from a ﬂ either by its stopping
in the chamber or by its greatef ionizatiop.' The iny'difficultylin_
identification by ionization arose ffom eteeply-diﬁping tracks. Tf

‘ the track ]eft the'chamber, it was considered ueidentifiable if the

'ld1p angle was greater than 60°.

o) the Z length wvas - greater than O. 5 mm. and the productlon and

:decay vertlces were clearly dlstlngulshable

7) the event was inconsistent with a Stoppigg Zf decaying via
 2+.4¥pﬁ°. When the fitted 5" momentum at decay ﬁas less than 80 MeV/c,

‘tgere were many eﬁents’which appeared‘tb be,y.events whieh in reality
were novevents withve stopping Z+. Theée eventS‘generally‘did'not fit
2+ —>pﬂ unless thp Z ‘was spe01fically required to be stopplng When
the fitting was done by SQUAW. There_were, in fact, two events
which we determined to be Z —9?7 decays with a stoppiﬁg Z+.

‘There were 61 events which satisfied these requirements, all of
which fit only Z+ ->Dpy. ThevMMSQ_dietribﬁtion of 59 of these events

is shown in Fig. 18f The other two did'nbt‘have missing mess fite,

but were still considered to be y events. One of them had a short,,
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Fig. 18. The MMSQ distribution for 59 of the 61 ¥ - py events

used in determining . The other two did not have missing
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76~

vscattering protoﬁ with no_measufgdﬂmomentﬁm possible, but whose
:fiéngth'was still too great to be from a x° event. The other had =n
almost stopping'2+ which the fitting progra@ apparently could not
_ héndle properly in_doing the missihg mass fit, but which hed a good

¥ fit; with a stopping proton.

2. vMeasurement‘of the Asymmetry Parameter
The proton asymmetry distribution is.

1@ =1+a® -q, o (6.1)

+ A :
-Where 5; is the © polerization and q is the unit vector of the. -~

proton'mqmentum in the rest frame of the ¥ .

; The Z% polérization was obtained by the same mulﬁi-channgl
partial wavé analysié discﬁssed'in Séc.(iIIH for £~ leﬁtonic degays.
The polarization of the Z+ can actually be mgasuredvquitevwell by |
observing . the deéay aéymmetry'in s —Qpﬁd, since the asymmetry
.parameter ié a = -0.999 #;0.022,9' The values of tﬁe pblafization.:
obﬁaingd from the multi-éhanﬁel anéLySis agree with tﬁe'measured
values. | |

A maximum likelihood fit'for & was performed for the 61 Zf - pY

events with the likelihood function

61. v :
L (@) = TT@+ap;, cose),  (6.2)
_ i=1 . i
. + U ' LA S
where Py is the & polarization along the production normal n defined
O S - - o ' : S

' - - - - ' AN A
by n= Kxx /V!K'x x|, and cos © =n .+ Q.
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The logarithm aﬁ?gis plotted in Fig. 19 as a function of the

parameter &, We find

+ O. 2
@=-1.05 0.22 ¥

The standard.deviatioﬁ is the'change in O necessary to decrease

'1113€tw'0;5 from its maximum value. The phyéical limit on @ is

o) =1, so that the most iikely physical value is @ = -1.

- Data for each of the 61 Z+ - py events are listed in Table VI,
albng:with the characteristic of each event wh;ch enabled‘it to be
ideniified as Z+ - pr. 31 eVenté had stopping protons, 24 had
laboratory decay angles too large for Z+_;>pﬁo, and 6 had'iéaving
or écattering protons fof which'thevproton length wés to§ great for
Z+ ;>pxo, The average polarization was 0.37. ‘
| Becauée of the criteria.fhét we used in obtaining the Z+I—ap7 _
events, we‘estimate there-to bé less‘than.one:event of Z+ —)pﬂo
as contamination. I - pr° hasv'oc = -0.999 * 0;022, vwhich is nearly
equal to our méasﬁred value for ¥ —py. If there were a small
contamination of Z+ —)pﬁ? décays in the Z+ —>py‘§émple, the‘éentral
value of & thus deterﬁipedlwould be propOrﬁional fo the amount of
cdntamination-of Z+ -apn05 ifa =20 for Z+ 4>p7,:ahd would be>.
unaffected if a = -1 fof Z+ - py. ©Since the statistical error is
inversely pfoportional to the square root of the:numbeé of e&ents, it

would be relatively unaffected by a small qontamination. We emphasize,

‘ +
. however, that we believe that we have a pure sample of ¥ - py decays.
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" Table VI. Data for the I - py events.

ID is the identificatioﬁvnumber,vK is the K~ laboratory momentum,
K- ﬁ' is the center of mass froduction cosine; MMSQ and DMMSQ are
the missing maés squared.gnd the‘error in the missing mass squared,
in units bf mio PZ and‘cos é are tﬁe 2+ polarizétion and the corre-

lat1on angle as deflned in Eq 6.2, and fhe comments, which are

listed at the end of the table, relate the spe01a] property of the

event that enabled it to be 1dent;f1ed as‘Z - PY.

ID K K- x  MMSQ DMMSQ - 'PZ cos 6 Comment
LOL3OMOL  393.2  -.923 .08l a91- Ak 35k a
LOS50267  359.8  -.23%2  -.0i2 .123  .810 323 b
40551131 387.3  -.911  -.080 .206 273 486 a
LogkoL6S 3B .966 . .25  .050  .085 388

" L0990670 | 379.5 . .822 .10k o077 052 - =788 b
L10L1690 3843 - .T76 -.806  1.690 149 127 4
L1061689  393.1  -.375 . .149 205 510 .607 a
41101201 398.k 788 .059 - .k80 W78 -.16k e
41220849 " 359.6 . .L63 152 106 =067  ~.671 b

11380855  394.8 . .686 . M6T . -.659 f
41390178 = 382.6  -.557 '-.131 115 LTS - .286 b

L1400521  367.9 898~ .508  1.188 --.055  .909 4
41500157  367.4 U7 Lo0k2 L1090 -.083 13 D
12021056  376.3 735 .097  .086  -.0b3  -.4g3 b
LP251618  372.7  -.969 -.211 135 - .20k -3 b
42261208  389.1  -.252  -.18%  .120  .8l7  -.169 b
42270122 373.0 . -.622 -.005 277 850 -.983 &
42310335  38%.9  .%6 . 109 829 g
L2350261 398,k -.718  .097 = .153 . .192  -.081  a
42360318  366.1 - -.9%21  -1.331  2.580 - .50k - -.887  h

b

Lokho33k  376.6  -.288 .105  .120  .969  -.h82
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(continued)
™ K K:aT  MMsQ  DMSQ P cos © Comment
42580478 390.5  -.T36 221 .18 379 =357 b
L2660545  365.7 -.895 -.088 .118 572 -.305 b .
43081293 360.7 .21k -.188  2.080  .273  -.667 h
 L3330201 293.0  -.793 A75 0 .151 Jo7 -.882  a
I3460989  322.h  -.730 L093 L2000 595 -.763  a
43400838  320.3  -.23hk  -.295 - .129 .60l  -.589 b
L36TISTL  333.7 531 . L036 u13e 167 .25 b
k250199 - 38h.2  -.T65 155 .15 W51 -.076 b
BLL308k7  365.7 875 .083 061 -.080 . .651 b
h531302 368.1 .905 . -.02h .070 -.050 -.508 b
LUS56156h  383.%  -.680  -.0kk 206 617 -.M1
- Lkéookor  387.3 -.952  -.06k .116 202 =158 b
 hhe128h 371.8 -.61h ~.003 .222 .865 b7 A
| 485090k h09.7 - -.96L -.306 215 .2k 553 b
14880200  388.0 .28 . -.0u6 060 .160 - -.517° b
Lhgplkor - hik.2 730 .016 078 ST18 179 b
 u451h0848 - 405.9  -.b31 -.039 .201 030 bb5 e
k5270102 385.9  -.BL7 - =.009 157 .19 750 &
45370595 390.k .867 -.010 080 . .28 -.551 b
L5410089  kOk.6  -.996  .eeb 131 .06 -.027 @
LS51568  389.h°  -.686  -.067 - .182  .bk7 086 a
45600521 -~ 403.9  -.57%  -.080  .233 .075 832 a
45881000« kO7.2  -.605  -.bk 169  .020 146 b
45950298 - 400.1 - .952 -.009 .0%30 o6k . .976" c |
45970273 391k -.818  .128 1% 299 .02 a
46010575  388.6  -.582  -.110 .163 .548 237 b
46281550  L05.2 343 -.058 11 L45 - .199 b
b6hiolh2  b11.8 .809 150 - .0BL . .666 . -.651 b
u6MkO9E8  h09.8  .TW8 385 .506 709, -.9%2 4
k6530501  403.3 915 . .07l 148 107 a
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Table VI. (continued)

ID ® K- m . MMSQ O mmMsq P cos © Comment
L6710 %99k -.957 .097 188 .080  -.82L @
LE751008  418.2 Wbe6 T 12 :.113 969  -.257 b
6961555  389.1 .86 - .225  .667 .26  -.568 e
L7020435  394.0 . -,513 .12 .80 - 3% 809 s
k7581302 b32.6 611 .13k .07k 956 =382 b

CL7750018  429.9  -.078 - -.080 155 556 .135 b
L7880112  388.8  -.50k  -.228 . .272  .53%  .663 a
L8011519  398.8  -.730 -.010 263,180  -.850 =
LBOGOIL6  hOL.L  -.960 - .005 = .19 065 415 a
48130377  L08.9  -.902 = -.289  .2kp 036 359 a

Comments

a. iaboratory decéy-angle too large fbf = —>pﬁo

b. proﬁon stops | | |

c. .Z+ stops,.proton stops

d. pfoton'sc8£ters,'pfoton length'too.great for %' - pr°
e. ﬁroton léaVes; ?rdton léngth too great_for 5 —>pno’

o . .
f. proton scatters, proton length too great for & —>pno, no missing
mass it because proton too short for measurement of the momentum

N .
g. X =almost stops, proton stops, no missing nass fit

h. proton scatters, laboratory decay angle too large for T .—apno v
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"_There are ﬁwo expériméntal biases to the distribution in Eq. 6.1.
- It was generally difficuit.tO'separate eVents for which the pfoton o i
‘decayed forward from the Z+ iﬁ the rest fréme of thé 2+, 'Also,‘
events with large proton dip anglesvgenerally were not detectébl?.
.ASVWES discussgd in Sec. ITIIH for &~ leptbnic decays, biases such as
these are even iﬁ,cds ©, and thus do not affect'the determination of
the asymmetry ﬁafameter by a maximum'likelihood technique,

As was discussed above, the meésured Z+‘polarizations agréed
' wifh those obtained from théipartiél ﬁave'analyéis,Vsovthat erfofs
in our knowledge of the polarizations were quite small. Consequently,
érrors in the asymmetry parameter due fb errors in the polarizations

should be quite small in comparison with the statistical error.

N , , .
E. X - py Branching Ratio

1. Branching Retio Criteria

A simple and straightforward determination of the Z+ 4¥p7

-branching ratib was made by applying cuts to ‘all>2+‘—wp decsays
" independent of thé identity of the decay neutral. A well reéolved
sample was obtained'with completely separated y and gé peaks in the
" MMSQ disﬁfibﬁtioh for the missing mass fits. The criteria used in
,the‘branching fatio analysis.were nore restrictive'than thogé fér
the asymmetry parameter determination. Additional évents could be
uged for the asymmetry parameter beCause they had configurations .

which precluded their being X —apno decays.
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We used the same criteria as described in Sec. VIB in deter-
mining an event t§ be a Z+'e>p7 decay; namely, that the event was
resql&ed either by a rahge measurement of the proton or by the labor-
atory decay angle being'toé great for a Z+ ->pﬁo decay. We did not
_rely on the proton moméﬁtum determinatioﬁ from the curvature measure-
ment in re_sol';ring the &' —py events. ALl of the 51 &' - py events
~ uéed'in the branching ratio measurement were,included‘in the 61,
:evenfé'for thejasymmefryfparameief.

The“analysis.is discussed.ih.terms §f the variasbles MMSQ and
. DMMSQ, sincé DMMSQ ié a measure of the resolution Ofithe event.
'Fof the initial analysis an& cuté,-we ﬁere mainly concerned with
-elimingting a iarge fraction of the events with iarge DMMSQ in
order to facilitate the later'analysis and with eliminating events
ﬁith lower scanning efficiency. DMMSQ was most sensitive to the
measurgmen£ errors for the proton'track, for leaving protdns.
Events with stopping protons were almoét always'resolvabie, with
émali DMMéQ. As a working.definition of fesolvability of an event,
~we found that it was deéirable to have at least a four standard

deviation separation between the ¥ and ﬂo fits, or DMMSQ <'O.25:mio.
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The procedure used in determining the cuts necessary to achieve
the required resolution was to investigate the relation between DMMSQ
and'varioﬁs varigables such as position of the event in the chamber,
decay angle, and Z+ momentum.v Most of'ﬁhevvariables involved were
vnot relevant to the identityvof the neutral, sO that the branching -
ratio was nearly the raﬁio of ¥ events to &o events which survived
, the cuts imposed. |
| A Series of scatter plots was made of DMMSQ vs. anofher variéble.
i An example is shown in Fig. 20 of DMMSQ vs. y, the position of tﬁe
event in the bubble chamber along the entering beam direction; bMMSQ
increases for‘eveﬁts‘toward ﬁhé back of the chamber, because a
v leaving proton traveled a shorter distaﬁce before leaving and |
¢onsequenfly héd a iarger error in the measured_mOméntum,-and more
events had leaving protons than in the center Qf the chamber. A
cutvon thié variable was necessary in order to obtain a high enough
potential protdn:leﬁgth so that & large ﬁumbervof'events would have
haQVStopping protons regardless of whether thé decay neutral was a
7 or a no, and could .thus be used in the branghing,ratio measurement.
'Such events were one class of events that we used in the branching
ratio méasurement, the othér bging.events for which the y eveﬁts
were resolvable because they.ﬁere'at large laboratory deééy éngles.l

A,first series of cuts was applied to the'missihg mass fits aé..

a result of analyzing the scatter ﬁlots end noticing other features
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Fig. 20. DMMSQ, the missing mass squared error, in units

of rn?‘no, vs. y, the position in the chamber along the
entering beam direction. " The events with y < -20 and

y > 12 were eliminated.
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of the data:

‘1) A fiducial volume considerably stricter than the measuring
volume was imposed to eliminate glllevents wiﬁh y > 12 cm,, approxi-
mately the last guarter of ﬁhe bubble chamber, evenfs at the front
of the chémbér with y < -20 ém., and events near the walls on the sides.

2) The length of the'z+vwas requifed to Be gréater than 1 mm.
in order to aésure thét the event was in fact a &' decay and that
the scanning efficiency was reasonably high. |

| 3) The édnfidence level for the miséihgvmésé fiﬁ'wés required to
bé greater than .01. This cut eliminated most of_thé poorly measured
eventé and most of the K p elastic scatters. |

h)l The méaSuged dip angle of the beaﬁ;track, Ao wésrrequired o e
-.06k rad. < KK < .O52:rad. Some events with a large dip angle - |
were bad measﬁrements,_where part of a different beam track was
measured in‘one‘view. Others were non-beam'events, as discussed
.before.

5)' The measured laboratory'di§ angle of the proton was reqﬁired
to be less than 45°. The scannihg efficiency'for idehtifying prbtons
as the decay product of the E+ bécame increasingly poér as tﬁe
proton»dip angle increased. In addition, DMMSQ incfeased with
larger dip angle because the proton leﬁgtﬁ for protons leaving
through the top or bottom bf the chamber beéamg correspondingly
shorter. This cut affected y and no events differently, and it

was corrected for, as will be discussed later.
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After these cuts were imposed, 30,806 évents femained. A
-histogram of MMSQ for these events is shown in Fig. 21. 'There‘is
étill'nO'indication of a peak at MMSQ = O, although the resolutioﬁ
.hés improved. »A.comparison wi££ Fig. 17 shows thét the pfoportion |
ofvevents in the low MMSQ region has decreased by about a fécfér of
tWo; |

Tt was found that the aﬁpropriate éafiables to consider in-
aChieving‘a éepa?atioﬁ of the y and x° peaks were Py, the momentum
of‘thé Z+, and (Et§3§F , the cosiné of the angie‘between the laborstory
,.Z+ direction and the direction of the prdth in the rest frame of the
‘Z+._‘Becausé'the'2+‘is polérized pérpeﬁdicuiarly to its direction, .
the decay distribution is uncorrelated with the'direction of the Z+. -
Conséquently, apart from éxperimentai biases, events should be |
‘uniformly distributed in (£:3) |

A series of scattef plots was made of MMSQ and DMMSQ vs.
(EiiﬁRF'fdr sevérél'interyals of Py An example is shown in Fig. 22,
wh‘ere DMMSQ vs. (33)RF is shown for 400 < Py, < 500 MeV/c. . The pibt
containé about 6000 events. DMMSQ is well below 0.25 m o for almost
all backward decays (_(Eiiﬁ < 0), whlle it increases and gets
quite lérge for'positiVe (fﬁfﬁ . This effect occurred‘because
the: laboratory angles for backward decgys were larger and the labora-
vtory momenta were lower The effect of the Lorentz transformatlon, |
which tends to wash out the difference between the ¥ and no decays for
évents with small laborafory decay angles, has less effect for evénts.
with:large laborafory decéy angles. Since the 1aborator& momenta were

lower, most of the events with stopping protons occurred for
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events in the tail regions indicated by the dashed lines have
‘been multiplied by 10 in order to display them better
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rest fram‘e, for the 6000 missing mass events with 400 <p'2"
<500 MeV/c satisfying the first set of selection criteria.

The vertical band consists of events with stopping protons,

while the diagonal band consists of events with leaving protons.
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negative decay cosines.

A scatter plot of (5555RF vs. Py is shown in Fig. 25. The

distfiﬁution of events in‘(fibeF is uniférm, except for a depletion

for forward angles because of poor scanning efficiency for small

1aboratory dec2v angles, and for backward angles st lower momenta
because of poor scanning efficiency for short, low momentum protons.
A series of cuts was made in these two variables, based upon

the-information learned erm the other scatter plots and after

"~ considerable experimentation. The cut was applied on the values

of the variables for,the'appropriate fitted decay rather than for
the missing mass fit. 1Thué, the variables were defined by the y decay

for events eventﬁélly Jjudged to be y decays, and by the no decay for

-.no'decays, The nmissing mass fit variables Wére used fof‘the'small

number of events not fitting the nodecay which were not 'y decays
eii_her’.‘ The scatter plot in Fig. eu’ shoﬁ,fhe result of apﬁlyiné
these cuts, with 117775 events remaining after the cuts. The cuts
are describ;d below: _ o

1) ‘EventsAin region 1 were excluded because §2'<.125 MeV/c at
decay. This was done in order to eliminate lbw momentum>2's which
either stopped or had a.rather large uncertainty in_momentum at
decay because they were iosing momentum rapidly.

2) Events in region 2 were exéluded because the momentum of

the proton from eifher a v decay or a no decay with the given pZ

and RF decay angle would have been less than 150 MéV/c,.corresponding

- to a rangé < 1.2 cm. The scanning efficiency was 1oﬁer7when the

proton was_shdrt, although the efficiency'was about uniform for



-90-

soassasalasassansslasssssssaloscasacaslasasssaanlosas

IEAEAMARALS RAALAALAASBAAAAALALIRAAAAAS AL ARLIAA 0L AdAd

K
-0.2¢ 3
P . b
-
p - b
1 <
o -
-0.4¢F. 3
3 . 3
p
] E
. b
- b
3
-0.6F ‘
< L
9 <
S L
S -
3
p 4
:
3
-0.8%
4 <
1 <
]
] 3
3

Py (MeV/ec)
. . XBL 697-874

Fig. 23. ps, the l;boratory-momentum of the Z+, vs. (Z'ERF’
for the 30, 806 missing mass events satisfying the first set of

selection criteria. '




-91.

1.0 T * T M AAASAASA RS IS AAd RS AAREE RA

ansaalansaassanisnsasnssaniasansansss

i

VB aAAAAAA LG AL asaas A AAAasAs o AARAsssasaadsssdlds RARAALAAL] RAASAAAAS Addid \AASAALAS ALY
lasasasssalasassa

NAAAAL S

-1 o AAAAAAAA]AAAAAAIIA[AAAAAAAADlAAAlAALAllAAAAAAAAA'AALAA?AIA‘AAAAALLA
D

100 200 500 400 B0O 600 700

O

XBL 697-875

Fig. 24. ps vs. (3-'1)’)RF for the 11,775 events satisfying all the
branching ratio criteria. The regions 1-4 that have been removed
are explainéd in the text. A contour of a nearly straight line can

' be drawn from the region of accepted events at the upper left to the
region at the lower right. Events to the 1éft of the contour have
protons which always stop for both y and_TTO decays. Events to the
right are resolvable because of the large decay angles for the y
decays, or, in a small region, because the y events have a proton

range too great for protons from a w° decay.
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proton length §.1 em.  TIn additionm, DMMSQ increased considérab;y as
,Vthé proton became very_short becauée of the corresponding increase in’
’uncertainty in the proton vafiables; |

3) The‘scanning efficiency was lower for small labératory.anglé
between the 2+ and p. A minimum of 15° between the tﬁo tracks was
required, cbrrespdnding to a laboratory gosine < 0.966; The events
in region 3 were excluded because either the ¥ deqay'orbthe ﬁo decéy
with‘the givenipZ andvRF decay angle wOuld havevrésulted,in a.
lsboratory cosine > 0.966.4

h’ If was found that évents Were.completely resolvablevfér the
region -0.8 < (EiﬁﬁRF'< -0.1. In-addition; the prdton.always stopped
for both decay moaes in the two small regiohs af thé'uppef left and ‘
' 1ower;right of fig. éhi The'evenfs in region 4 wefe not in any of
these regions and were éxcluded.

a) Stopping proton regions. As a resultvof‘the'fiducial_volume

defiﬁed, it was determined that éll protonévhad a potential length of‘
at least 10 cm#»before léaving'the stdpping volume of'the chambef.v
The two smallvr§éions in the figure outside the range -0.8 to,-dil
were included because £hé proton for bofh decay modes would haﬁe had
a'range <.lQ cm.‘for the gi#en pz and‘RF deéay anglg, and thus'wquld

- have stopped.

b) -0.8< (Eiisqf < -0.1 - There are two kinds of evénts'in‘
~this region. For higher Dy this. is the'region of the Jacobian
peak, where the maximum laboratory deday angle is achieved. The

events in this region of the Jacobian peak have laboratory decay angles

A
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greater than those possible for anyino event at the same value of Py

- since the transverse momentum of the proton for the v decay can be

~up to 35.6 MeV/c greater than that for the n- decay. (The proton RF
momentum is 189 MeV/c for the 7 dééay and 22&;6 MeV/c for the 7y
 decay.) We have already discussed the resolution of such Z+ >p
ldécays in Sec. VIB and in thevanalysisjof the asymmetry parameter.

The Jacobian peak‘for the ﬂ? decay occurs for laboratory angles

. which-are possible for the ¥ decay to‘attain,.when (2153RF is positive |
"~ for the 7 decay The corrésponding iaboratory momeﬁta différ great]y
for the same laboratory angle, so that such x° events are hlghly
resolvable, If any of these b _events were really 7 events, they
would be outside the region fhét we use for thé!branchiﬁg ratio,

51nce (Z —SRF >0 1f they are con51dered as ¥ events, so that we are
not missing 7y events in the region that we are u51ng becau50 they
ﬂppeared to‘be %° decays. .For lower pz; where the Jacobian peak is

not present'of where some of the ¥ events WOuldAoccur‘at léboratbry
angles which are phy;ical for the ﬁo decay, the events_ére resolvable
.BepauSe the protbns from_thé ﬂo decay always stop, and the profons from
the'y decay eithef always stop or have a length too great to be from
the ﬁo decay;

_A histogram of MMSQ is shown in Fig. 25 for the 11,775 evént5~lying
withiﬁ the region defined in Fig. 2h; .Here-thé events with low and
hngh MMSQ are multiplied by 50 to show the structure. The V4 evenﬁs are
-'dlscernlble around MMSQ =0, but the v and ﬂ peaks are not cleanLy
resolved‘ The asvmmetry of the 7° peak resulted from a shlft in the v
,ﬂ peak of about 0.01 m o for events w1th stopping protons, probably

from a qmall error in the range -momentum relatlon The effect is . more
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pronounced in fig, 25 than in previous histograms_becéuée of the greater

percentage of event; with stopping protons in this histogram.
Careful examination and remeasurement of the events in the 7

region zllowed us té resolve the ¥ and ﬂovpeaks‘cleanly. The

details are explained in the next section.

2. Evéiuation of the Branching Ratio

The events inbthe low and high MMSQ regions of Fié. 25 indicated
by the dashed lines were looked at in detail and were carefully
femeaéured, About 750 remeasurements werevmade‘in all, including
those évents remeasﬁfed for the asymmetry parameter determination.

It became clear that there-were some events appearing in the low
and high MMSQ regions because the protén‘scattéred'instead of'stoppiﬁg
and vas consequenily neasured for only a fraction of the leﬁgth. Such
events were not resolvable sinéé thé proton moméntum was determined
from curvature rather than range. In addition, there WQre.events
which had been.badly reasured, in that a small-angle ﬁroton scattering,
visible as a small kink in the proton track, ‘hed been neglected by the
measurer. All events whére the proton scattéred, resulting in either
a visible pfotpn racoil or a kink in tﬁe proton, and whiéh 1ayAin,
the low or high }2/3Q regiorns, ware removed fré@ the MMSQ distribution.
These events were 2lmost all %° events, alﬁhough éonceivably<a srall
nﬁmber of y events could nave been removed in this way. An appropriage
correcction was made for the y events in which the proton scattered,
and is discussed below. : ) v -

After remeasurement and careful examination of events on the



‘ scanniﬁg table; those eventsvwhich were bad measuvremsnts, proton-
’seettering evenﬁs, non;beam,events, and non«'zf -» P events, were
removed. o
For the low MMSQ region, those events removed were distributed
in the following way: |
! 1) decay was 55 s (31 events)
" 2) proton scattered, measured properiy’(26_events)
3)‘_proton scattered, measured badly (7 events)
) non—oeam events (3 evenﬁe)
5) other bad measurements, primarily'eventsvﬁhere the proton,
althoUgh stoppinp in the chamber, had not been flagged.as such by
the measurer (7 events) |

A hlstogram of the remalnlng events for the ]ow and hlgh MWSQ

regions, and those in the =° peak, is shown in Fig. 26. The y peak

is cleanly separated from ﬁhé no peak, with no ﬂ? events below
.MMSQ = O 55 m o. The'number of.evente below MMSQ = 6425 mio is 31,
all of whlch have only ¥ flts and are well resolved. The B-events
between 0.3%35 miO'and 0.45 mio are all considered to be n° events..

The event at -0.97 mio was badly measured and really lies in the

vy peak. None of the events in the ¥ peak fit a n decay when the fit

owathout beam.averaglng was done. Two events which had had a-good'
_ﬁ fit without beam averaging were congldered non-beam events and
were removed. We believe that both of these are n_ events. The
event with MMSQ = 2.83 mgo is.presumebly an-exaﬁple of fhe decay

Ef —»pm v, w1th a large 7 energy. There was one event of the tvpe

Z ~ pe e at low MMSQ, but it did not survive the cuts 1mposed‘
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Fig. 26. The MMSQ distribution for the events used to determine the

+ : , .

% - py branching ratio, after examination and remeasurement of the
events in the tail regions indicated by the dasged lines in Fig. 25.-
- The 31 events below 0.25 are con31dered to be ¥ - py decays, the '

event at 2. 83 is probably s -apn 7.
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for the branchlng ratio. A scatter plot of pz vs. (?’;ﬁ for the 31
~X¥ ~ p7 events is shown»ln Flg» 27. The distribution of ¥ ovents
‘seems to be in accord with: that for no events, as seen in Fig. 2k,
wlth,most events occurrlng’at high valges of_pz.
“The number of 4 eveﬁts_for thé branching ratio wés 31 anq the
numbér'of x° events was 11,670. Those e&ents in the low and high
MMSQ régidns which were determined to be n° events were coﬁéideiédi
as_éuch’iﬁ evaluating tﬁesbfanchiﬁg_ratib; Two weights had ﬁo be
a@plied to-ﬁhe e&ents in order té'evaluéte ﬁhe branching‘ratié}

First, a we1pht was calculated for both the 7 and n events to

accounf for thoue events 1ost by the restr]ctlon that the proton dlp

‘angle be less than h5 . Thls vas done for each-event by assuming an’- '

371mufha1 dlqtrlbutlon about the Z dlrectlon of 1 +« P cos © in
the rest frame of the Z , and, using the Z polarlzatlon for the.l
event and‘thefapprpprlate o, calculatlng the pfqbability of the
laboratorv‘proﬁonfdib'ahgle béing léss ﬁhan.hﬁé. The wéight apblied
to the event was the 1nverse of this probabllnt,.. The‘weight
averaged 1 1k for both the 7 and the ﬁ events, so that there was

no dlscernlble dlfference in detectlon efflclency because of thlS> 

cut. There were no weights larger than 2.25. The events removed

from the 7 region because of P-P scatterlng were accounted for by using

the low-energy p-p scatterlng cross sectlons. The ﬁ _events were
not weighted for scattering, Becausé it was dssumed.tﬁat almost all
V'of the'n ‘events Wlth a proton scatter were already 1ncluded among -
the ﬂo évents. The average value of this welght for the 7 events

was 1.04.
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The weighted numbér.of 7'erents was 36.85, with a staﬁiétingl
error;of>6.76, while the‘veighted ﬁumber.of né erents was 13;3h8;-
.. The brahching‘rgtio wési
G /‘(2+'f>§ﬂé)'=,(2-76'f 0.51) x 107,

We feel that we have consldered all of thé qysuematic errors
~in obtainlng the branching ratio in thls manner We heve chosen |
only reglons of the variables pz and.(f?-3 where both the y and
fivno scannlng and detectlon efflcienc1es are. high The relatlve
PfflClenCIBS at any point of the scatter plot rpglons Which we have
; used should not dlffer by more than a few percent in the worst
cases, s0 that we have assumed’them to'be negligible. BeCause of
‘the.complete separatién of thé'§'ahd ﬂo reaks in Fig. 26, we have
‘ noé-had to subtract an& backgroﬁh& no events’from our ¥y events.
A comparlson with the hlgh MMSQ reglon, where there is no decay
rcomparable to Z -apy, is helpful in 1llustrat1ng that a negllglble
number of ﬂ events appear in the extreme ta;l regions-of the ﬂ
peakf | : |

| The previoué,resﬁlt 6f'Bézin’§E gi.6 islabout one standard
deyiatioplhighér than our~result,‘so that the“éxperiments can be

considered in agreement.
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VII. THEORETICAL RESULTS FOR XL - py

'The‘theoreﬁicai anaiysis ef ﬁeak electromagnetic decays such as
Z+ —;py was stimulated considerably byvthe~measurement by Bazin et al.
© of the branching ratio for & - py, but the lack of experimental data
for other decays has prevented experiﬁental confirmation of any‘of‘
the caicuiations. This experiment is able to comment on some of tﬁese
calculations in light of our measurement of the asymmetryﬂparameter,
and branchlng ratio for Z —apy.

.Early_wqu‘by Behrends2 showed that the most general effectlve
;lLagrangianvfor Z+ - py is
Feer B () gy T -

"+ Hermitian conjugate ,

whereveb;.= 1/2.‘[7 ,.7 ]. A is‘the electromagnetic fieid, q”
'1s the proton four momentum, and a and b are parlty conserv:ng (p.C.)
and parwty~v1olat1ng (P V ) amplltudes, respectlvely We use the
conventions for the ¥ matrices'of Gasiorowic258,.in which 7h_is |
Hermitian;,the.yi‘ere ahti-ﬁer@iﬁian,.and 75'is Hermitian. Other
'ferms of cQupling which one‘mighf consider on the basis of Lorentz
invariance reduce-to-Eq. Tol when gauge invariance and momeﬁtum'
conservatioh are applied. From this effective Lagrangian 1t follows '

that the decav rate w is. glven by

2 2 S
o = (12 * o1™) [ my - m _ | (7.2)

81 m
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and the decay asymmetry of the proton is

A L
I(q) =1+a§’2'

A : ,
g qu L o : (7-3)

. "+ oA . .
vhere ?Z: is the Z polarization, q is the unit vector of the proton

momentum in the rest frame of the £ , and

a =2 he(_a* b) o . (7VJ+)

' 2 . ,2
1al® + Iyl

Several ','au‘ohc}xxc;(jg"61 ‘ha\r;e sfﬁow'n that CP invarianée and SU(3)
, invéiianée of the ampii‘bude implies that b = O for 5 ->i)7,, 50 that
.tﬁe asymmetry parfametér’d = 0. ..We' pi'esent here a calculation, |
showing thaf_c with ﬁhe assumpt‘ioﬁ t‘h;at the photon isv 8 U-spin singlet,
U-Spin invariance of Sfo iinﬁlies, that a = 0. | | |

o Assuming that thé e}fi‘vec*l:vivéf T..agrangian is éiven by Eq.v'i.l,'we '

write out i:he Herm_itian conjugate term explicitly and find that

= kv
Eeeff‘:-P (a + b 75) U quv qviAu 5o+

S (7.5)
LIS Y o a’l aM g
+>:.(§,-p_75),u oy d AP

- The éperators U' and its Hermitian conjugate U~ are the U-spin
raisin.g and lbwering Qperators R Vrespéctively,i and haw/"e been iﬁSertezi ’
in anticipét_ionAof' ‘the U-spin pfopertieé of the weak interacticn

part of éff' ~The negative 51gn for b comes frovmv conmﬁting the
", from 7, P throﬁg’h the 75 f,o form 'f* |

We assume that SC; ﬁ._ is & U-'svpin scalar; this as‘sumption i‘s, a

special case of the assumption that éﬁ. is an SU(3) invariant,
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..which.is_not necéssary hére. Z+ and p are assumed to be the members
v'of a‘U—spin doublet,vwhich is true in the case that_they'are ﬁembers
of the usual baryon octet, so that U= 1/2 and U, = 1/2 for p, -1/2
for,Z'. We assume that the photon is a U~-spin singlet, whnch will
 be discussed.below. Then the decay Z - py is a pure AU =1
transition, with A U:.= +1, so that the intéraction Hamiltonian '
contains the U-spin rais1ng operator, U . |

Performlng a 180° rotatlon in U-spln space, wWe obtaln

L=t N e Vol
| Sﬁéff =z (a+by) U 0, a A p+
' o (7.6)
L=, % * + v oyt
+p(a =D 75) U Guv q A" % ,

since 7 27, U CiU , and A“’—»Ap under a U-spln rotatlon of 180°.
-Fknjaf to be a U-spin lnvariant He eff . Identlfylng terms,
we find a = a* and b = —b , 80 that a is purely real énd b is
purely imaginary. Frdm‘Eq.r7.h, wé find thatva = 0, Thé éssumption :
of CP-invafiance requires a{and»b both to be réal, so that combiﬁing'
U-spin and CP in#ariance, we would ébtain b = 0. However, CP' |
invariance is not nécessary to obtain ¢ = 0, Our value.
is in two standard deviation disagreement with this
bresult. | |

As is discussed by Gasiordwiczss,'the assumption thét.U = 0 for
the photon ié motivated by the Gell-Mann-Nishijima formulae

Q = 13 +Y/2 , L . (7'7)

relating the electric charge to the third component of the isotopic
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” spin and the hypercharge. The formula is valid for all known
strongly 1nteract1ng partlcles. Eq. T.7 is the chafgebrelation

obtained from the ‘relation for the current densxtles o »
ol J3 + i//g 2, L (7.8)

" where Jﬁ and Jﬁ.are»SU(B) generating currents. Thefpartiéular
Aeomﬁiﬁation'of currents.in‘Eq. 7.8 is a UQS§in'singlet, solthat
tﬁe photon has a U-spin singlet character. It is possible ﬁo have
‘an additionalvcurrent in'Eq, 7.8 wﬁich is hot'a'ﬁ—epin einglet, '.g
'fout this current, when,infegrated,fwould not contribute to Eq. 7.7
fo%-eny known pafticle. Sﬁoh a current would thus'not have anv

apparent phy81cal manlfestatlon, so that it is reasonable to assume

that it is not present in Eq 7.8. The Su(3) magnetlc moment :

relations_and electromagnetlc mass differences, which are'satlsfied‘;
qgite'well,_afe conseéuences of the eleoﬁromagnetfc current>having
U = 0. Some,reletionslamong photoprodoction amplifudes are”obtainedg
by:Hareri62; using this assumption, | |

60,61,63,64 65

Several éu‘dhors ‘have made dynamlcal calculatlons
to obtain predlctlons for the branching ratlo and asymmetry parameter,
‘making use of CP ;nvarlance. Graham and Pakvasa6o performed a pole—{

model calculétion in which they used both baryoh and meson poles to

: 4 : ' ' AR
obtain relations among the P.C. and P.V. amplitudes for B -» Bx.

The weak and strong vertices are described by effective Hamilfonians?

that are members of SU(S) octets. Data for the non- leptonlc decays
were used to obtain values for the parameters in the relatlons. o

They applied the pole model with only baryon poles to B - By,
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using_the same weak vertex couplihgs and an SU(3) electnomagnetic
coupling at the second vertex. They‘aseumed that the y does not
couple directlv to the'weak uertex. In this way, they obtained
relations between the amplltudes for B —&By and B - Bn. They -
: found that the P.C. amplltudes dominate the 7 decays, and assumlng
pot =;gp , they obtalned for R, the branching rat101(2~ - PY) / (Z —apno),
R =2.8x10" and o ;‘05061, indicating a small SU(3) violation for
“the matrix elenent. Our measured value of R is in excellent agreement
with the calculation, but our value‘of a'isinot‘ |

| Tanaka6l assumed that the wesk vertex in B —>B7 1nvolves the
AQ = 0, AS=1 component of the weak hadronlc current, J6.+ igl.
He used SU(B) 1nvar1ance to find the P.V amplltudes for all decays
vto bevO. Using current'commutatlon relat}ons and the Z _—ap vertex
calculated with a pole model, he calculated the P.C.,amplinude for-
Z+ -'py from the S-Wave amplltude of Z —>pn . The branching ratio
R came out too low by an order of magnitude assumlng that “y =1

P
‘or u51ng the. present experlmental values.

Mani gﬁ 55.65

used a model of lehlglma where the current is
vassumednto be,nert_of the known weak hadronic current octet- as was
done by Tanaka, but overall SU(B) invariance was not required. They
.used a pole model with the weak vertex described: by the weak hadronlc'
current and the electromagnetic vertex SU(3) invariant. Again, the

V4 wee_assumed not to couple directly to the weak uernex, They found
that the P.C. amplituae venished in the limit ugt = u_ , so thet

only the P V term survlved ‘This feSult is in serious contrediction

with the %U(3) result that the P.V terms vanished when CP invariance
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was assumed. They obtain R = 3.6 x‘lO-5 and @ = 0, both of which .

-are about'two sténdard deviations from -our measured values.
' Papaibannou@ used unsubtracted dispersion relations and.,,related

' . + : :
Z+ - py to ordinary ¥ decays and pion photoproduction. He obtained

3

R=1.k %107 and o = 0.2, both of which are more than two standard

deviations from our results.

65

. ’
Ahmed

7 . : ' )
related B. - By to B -}Bnoy by current algebra tech-

' / : . -

niques and expanded B '—>Bﬂoy in powers of photon momentum, obtaining
. . ’ Y, o . . ‘+ .

=By and B - Bn . The rate for Z - py

2 relatidn between B
depends sensitiﬁely on a parameter for the ordinary hyperon'hon-i

. : ’ ‘ +
leptonic decays. Norvmalizing to the S-wave amplitude for Z —)pﬁo,

he found R = 1.2 x 107

and Q = -0.6, but the predicted P-wave
amplitudes:for thé non—léptonic decayé come out too small, Also; R

is threé sténdard deviationé froﬁ Qﬁr_value, althéﬁgh a is in_reasonf
able égfeemeﬁt. By changing the parameter to get reasonable agreement
with both the‘s-wave and.PQWave amplitudes for nonfléptonic‘deca&s,v

¥ and O = ~O.6, both of which are in reason-

.he obtained R = é.3 x 10°
able agreeﬁent with our valueé, The‘motivation for choosing the &aluev'
of thévnoﬁ4leptonic pafameter in the second case was to obtain closer |
_ agreement with'thé R of Bazin et al., but theltheoretiéal justification
'is'not cleéf, This model appears to incorporate a substantial
violation of SU(3) becausé 6f the large asyﬁmetry parameter obtained.
The possibility of a large CP violatioﬁ for weak electfomagnetic
decays has been pursugd by several authérs.66f6$ Our measqred values.

A + ‘ . , Ll L
for R and.q for L - py do not rule out large CP violation. ~With SU(3)

. . o
non-invariance also, it is possible to obtain a value of o = -0.4. !
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" VITI. DISCUSSTON

'~ We have performed the first measurements of the asymmetry para-
: ' l:'... -.—— + -
meter & for the decays L —-»ne v and Z - py. Our result for L s ne” v,
= -O 26 t O 37, is in accord with the predlctlon of a fit to Cabibbo's

theory:of semi~leptonic decays, when it is expressed in terms of the .

+ 0.20 - — : ' - +
gA/gv = 0.19 _ 0,17 Our result for the decay I ~>p7?
a =-1,03 + 0.52 disagrees by two standard deviations from the value

of 0 predicted by SU(B) invariance of the matrix elemént.‘ We have

also meaqured the branching ratlo (Z -py) / (Z - Pt )

' (? ]6 O 51) x 10 5, whlch is in accord W1th fhe prev:ous experimental’

result. .

Further work On‘the‘asymmetry pafameteré for thésé decays,
with considerable improvement in the statistics, should be doneiin
the future, although the experimentél te¢hhiques will be quite

difficult, since the decays are so rare.
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APPENDIX A. - ASYMMETRY PARAMETER COEFFICIENTS FOR £~ — ne v

fhe éxpreééiqns used in relating the asymmetry parameter to gA/gv
for £ —ne v are tabulated below. The data were fitted to the distri-
butiqn 1 +a Py cos O, vhere av=lB b(x)/é(x), x is the ratio of the
~electron energy to its makimﬁﬁ value gnd B is the elecirén velocity.
f[(e R, ~R) 1+

and that

M

From the table belOw,ioné seesrthat~a(x)

+ (-6 + 2Rp.+ 2/3 R) Rx + 16/3 ] + g

o

T |
2 . 2 o
 b(x) =.f1‘[ (-1+ R+ 1/3 R) 1 +_(8/3 - 2R+ 2/3 R):Rx - 8/3 R°x ] +

g? ~+e .« The form factors fi and g; are defined in Sec. IVB,

max, B
R = E_ /m , and Rp = mn/mz.

Term - 1 - Rx R%x?  | ;35x3
T @
fi 2-R, -R -6 + 2R +.2/3 R | . 16/3
gi 2+R - R -6‘-.2RP +2/3R 16/3
flg 2R L+ L/3R - -16/3 .
fg oR® ; _uR(l + 2/5 R + R/5) b+ 8/3 Rp, B -8/3
fifg N 2R(1 - Rp) -h/ij(s - Rp)_ L 8/3 (1 + Rp)
. fegl ‘ -2R(; + Rp) b(1 + Rp)(l + R/3) -16/3'(; + Rp)
f s R,*+B/> 8/5-2R +2/5R -8/3
gi -1 - Rp ¥ R/5 8/3 + 2Rp * 2/5 R . '-8/3 
18y 2*2/BR 325+ L/3R - 32/3
fg - -2/3 S 45 R(L# QRP -R) 8/3 (-1 - R, + 2R)
£.f, -2R+2/3 RR b3 Rp + 5R + R R -8/3 (1 + 2R )

8 2/3 R(é *R) b3 05 +2Rp +R - RPR) 8/3 gg + R))
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" APPENDIX B. SU(3) MATRICES

' The 3x3 matrices B, B, and J used in determining the SU(3)

coefficientsvfor baryon leptonic decays are shown below. -

;__°_+-_g_ = =
Vo 6
| ¥ a7
VA
P n 2 A
V6
2%+ A =" p
> 6
B = = 2+ A n
V2 Ve |
o = -
\ Ve
Ei + 1 n+ K+.
Va V6 |
J = " =0+ K°
V2 V6
K k° 20
NG
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