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ABSTRACT

‘Lembda hyperons weré produced by stopping K' mesons in the

Berkeley 30-inch heavy-liquid bubble chamber filled with a 76% CF. Br =~

, 3
2&% C3H8 mixture by weighf. A total of 230 000 useful pictures was

taken and scanned for decays of the type A »p + e~ + v and for the

normal decey mode A »p + n~. There were 192 000 A decays in the film,
Three methods for identifying AB decays were used. ?he most successful
method of détermining the branching ratio r = (A —»p + e‘i +v)/ |

(A -p +x7) + (A->n+ 7°)] made use of the AB decays with electron
tracks that either stopped in fhe chamber or had high curvature., The
remeining B—deséy candidaﬁes were selected by kinematics or by & rays.
The best value obtained is r = (0.82 + 0.13) x 1075.

The form‘of the AB deceay inigraction was studie@ by measuring the
distributions of proton transverse momentum and of thé angle between
the proton and electron projécted onvthe plane normal to the A direction,.
Measurement errors and selection biases were folded intovfhe theoretical -

distributions for different forms of the interaction. Cbmparison of

' the modified theoretical distributions with the experimental data shows

that a pure tensor interaction is ruled out with 99% confidence.
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 Assuming the interaction to be only V and A, IC / CVI >0.5 with 99% -

confidence._ Both V-A and pure axial vector interactions are c0mpatible';‘j~ ~-

© with the data.
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I. INTRODUCTION .

~ The twofold purpose of this experiment ﬁas to measure the branching‘
ratio for lembda p-decay (A —p + e~ + v) and to investigate the form -

.

of the decay interaction.
A value for the branching ratio was first predicted by Feynman and

hypothésis of "universality" stated that all weak interactions involving

four fermions should have the same strength as well as the same form.

Experiments on muon decay, nuclear P-decay, and p capture seem to con-

. firm the idea of "universality" if small deviations from theory are _
. 8

attributed to renormalization effects of the strong interactions.

Neglecting renormalization, Feynman and Gell-Mann calculated the
. FEarly experiments on

branching ratio for Ay decay to be 16 x 1073,
hyperon p-decay soon indicated that the prediction was about an order
L

of magnitude too high? A more recent experiment by Aubert'et al.
gives a value of (3.0ti'g) x 1073 for the branching ratio. The deter-
mination of the branching ratio in the present experiment, which has

2 gives a value of (0.82 + 0.13) x 10'3.

been published previously,
The discrepancy between the predicted branching ratio and the

experimeﬁtallj found values has been commonly atiributed to renormal-
ization effects, which cannot be calculated because of the lack of

an adequate theory for strong interactions. However, it 1s possible

that the V-A form of interaction does not apply to hyperon PB-decay or

that the cocept of "universal strength" needs modification.

Recently, Cabibbo6 has proposed a theory.df leptonic decays of

strange particles based on the octet version of unitary symmetry for

Gell-Mann on the basis of a proposed universal V-A 1nteraction:!"2 Their. -
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| lead to a definite prediction of the ratio‘lxl = ICA]/IC

-2

strong'interactioﬁs end the V-A theory fo? wegk interactions. He uses
a modifie@ form of‘"ﬁniversality" that introduces into the'theory>a
parameter which must be determined by experiment. Sékurai7 has inter-
preted recent experimental data and recalculated the value of the
parameter previously evaluated by Cabibbo. He uses this parameterﬁgb
relate the Ag decay rate to the‘ratio |x| of the axial vector to,vectbr
coupling constants. A determination of the branching ratio will then
ol

A theory'by.Cornwall and Singh8 also relates the AB rate to the
ratio |x|, but‘with a different expression. An experimentgl determina- )11
tion of both the Ag decaytpranching ratié, r, and the ratio [x| is
necessary to test these different th?oretical proposals.

Using the branching ratio found in the present.experiment, r =
(0.82 £ 0.13) x 10”3, one obtains from Cabibbo's theory.a value |x| =
0.94 % 0.12,‘i.ee nearly an equal mixture of V and A. Using the same.
value for the branching ratio in the theory of Cornwall and Singh, one
obﬁains the value ]x] = 0.06 igzé% , 1.e nearly pure vector.

Baglin et al.9 have recently studied a sample of 92 AB decays and
concluded that a pure vector interaction is very unlikely. Their
result 1s consistent with the prediction of Cabibbo's theory, but
inconsistent with that from the theory of Cornwall and Singh.

The present experiment was done in collaboration with the high-

energy physics group at University College London and several indivi-

p]

duals contributed to the analysis of the branching ratio? For complete- .aj:"
ness, all phases of the analysis are réported; although the independent-- S

work of the present author concerned mainly the determination of the




B

i

. CETAZLENS T DRV w o Bee et

s

-3-

branching ratio from the A decays.identified by kinematics, and the L

B

study of the form of the interaction.
The first part of this paper describes three methods for identifying

lambda beta-decays The branching ratio 1s calculated separately from j‘

the events found by each method. The second part describes the stnay

of the form of the interaction using the proton momentum spectrum and

angular correlations in the laboratory system.
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'II. EXPERIMENTAL PROCEDURE = -
A. Exposure - -

~

'  :Approximately 300‘000 A hyperons were produced ih‘thé Berkeley

' The chamber was in a 13 KG magnetic field and was filled with a mixture L

| E.of524% C3H8--76% CF3Br by weight. This mixture was a compromise

between avmedium in wvhich accurate momentum measurements could be
_made,'and one in which electroné could be easily identified. The
~ composition of the mixture was checked by measuring its density. ,This__ii_Jfﬁf;
was done by removing a small sample of tﬁe liquid at'opéréting condi-
tions, measuring the densify in the gaseous phase, and allowing for

the ratio of expansion. A check on the density was made by using it

as a freé parameter in the range-energy relations and constraining

‘the A mass to 1115.36 MeV. For this a sample of A - p + n~ decays

in which both secondaries stopped were used. The properties of the .

chamber liquid are summarized as follows:

Properties of the C Hg--CF.Br Mixture
3-8 3

Percéntage composition 2L C3H8--76% CF3Br |

Operating temperature 37° ¢C

Operating preéssure 4 - 283 lb/igg o -
Density (at operating conditions) 0.89 gfce - s -
Radiation length : " 22.5cm o R

The K~ beam, designed by Murray et al.}l had a momentum of 800
'MeV/c. This momentum was reduced so that the K 's would stop in the: '

chamber and produce a maximum number of hyperons. The A's, produced

\

by the interaction K~ (at rest) + nucleon —A + fraéments, had relatively.?f pf“‘
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low momenta and therefore gave easily identifiable decay products.
The momentum of the K~ mesons was first reduced to 550 MeV/c by

c0ppér absorber placed directly before the chamber. It was further

.reduced to 4ho MeV/c by a one-inch copper plate inside the chamber,

five inches from the entrancé; Two-thirds of the X mesons intéraé%ed

at rest and most of the others interacted in flight.

To allow good ioniiation measurements, the chamber was'Operated
S0 thét miniﬁum ionizihg tracks had 7 to 10 bubbles per cm. However,
electfons could not be distinguished from'pions by ilonization because
of the relativistic rise in electron-track bubble density. Gap-length
measurements yielded 1.2 to 1.3 x minimum ionization for 100 MeV/c
electrons. This is indistinguishable from the 1.3 to 1.5 for pions
between 140 and 200 Mev/c, the most probable momentum range for those
pions that did not stop in the chamber.

A total of 230 000 useful pictures was obtained with an average

of about three X's per picture.
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. as well as for the A

. opening angle. Events selected by criterion (a) will be called "Rma

- ray events" and "kinematic events", respectively. -

-6~

B. Scenning Procedure

All of the film was scanned for the normal decay mode, A —p + n',-- :
g decay mode, A —p + e” + V. Both types of events ;f

were required to have a visible production origin. ' —

Normal A deceys were identified by comparing’scanftable measure-

.. ments of momenta, angles, and ionization with kinematic curves. Each ,

" event was recorded, but only those with a negative track longer than

15 cm and leaving the chamber were measured on a "Pranckenstein” or a
digitized microscope. The measured events, which represented about
2% of those recorded, were processed by the FOG-CLOUDY-FAIR data

reduction programs:}‘2 Eveﬁts which turned out to be inconsistent with

“the assumption of a normal A decay were examined further as possiblé

A, decays.

p

Lambda beta-decays were recognized at the scan-table either by

S the electron track characteristics of high curvature and large &

rays or by the special kinematics of the decay. They were selectedfv-

~

by one of the following criteria: (a) The vector R from the point

ofvdecay to a point along the negative track passed through a maximum

value (Fig. 1); (b) the negative track was longer than 15 cm, left
the chamber, and had a  ray greater than 1 cm, as measured in a scan- Lf;_ };j
table projection; (c) the negative track left the chamber and was_too-:(igf{;glﬁ?‘

long for a A mesonic-decay as calculated from the proton momentum and(tfff”

events". Eighty percent of these had electroné_that stopped in the

chember. Those selected by criterion (b) and (c) will be called "8

i

x Coas .,.Jw."
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All events interprefed as a-decays,at the scan-table were measured-w. 

- and rejected if found inconsistent with this interpretation; Measure-

ments of the electron momenta were sufficiently uncertain so that the

:test was primarily on the transverse momenta of the protons.

To determine the scanning efficiency for the normal A decays,‘ib%

~ of the film was séanned a second time. By comparing the two indepen-

.dent scans, and assuming that all events were found with the same

o prdbability, the.efficiency was calculated to be 0.89 £ 0.0l. However,

_if certain decay configurations were often missed, the calculated

efficiency would be too high. The most difficult configurations to

.identify were ones with aivery short proton or with the pion and

proton colinear. If these were consistently missed, the bias would
be at most 3%. To check that the scanners were not accepting a large
percentage of background events, the second scanner noted questionable

events which were found in the first scan. Examination of these events

revealed that, on the average, 2.5% of the events accepted as normal

A decays were spurlous events. .This estimate agreed with the percentage
of events failing the constraints program from a random sample of about
1 000 events identified as normel A decays..

About 50%.of the film was rescanned Just for the R ox tyPe of

P-decay. To determine the efficiency of the second scan, each scanner

was glven film containing events found by others in the first scan.

The average efficiency of both scans was 0.87 £ 0.05.

The scanning efficiency for P-decays withls rays was determined
by rescanning film that contained many of the events identified by & _’
rays on the first scan. The average efficiency for 3 ray events was

found to be 0.67 * 0.15
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The efficiency for recognizing AB decays by kinematics was deter-:'}f""" N
>~‘-> mined in a similar way This efficiency was found to be O. 90 * O 07

The first two columns of Table I list the number of events found ::5 .

in each category and the corresponding scanning efficiencies. The
three groups of events were kept distinct and analyzed separately )

throughout the experiment. .
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C. Background.

There were several sources of background to the A, events. Some

p
ﬁere large»and difficult to estimate, but these could be ¢liminated
by further acceptance criteria. The remaining soufces of background
could be calculated and subtracted. Some sources of.background
simﬁlated all three types of P-decays, whefeés others affected only
6ne type. .A

‘A fraction of'the AB decays have a very short protoh track. ’
These can be simulated by ésymmetric electron pairs in which the posi-: :

tron is too short to be distiﬁguished from a proton. This background

 was eliminated by acce tiné only A, decays in which the proton track
. 1Y 8

was longer than 2 mm.

Lambd; beta decays can also be simulated by events caused by
a neutron striking a carbon nucleus which subsequently emits a proton
and thenla-decays. The highest energy electron from such a process
is 13.6 MeV from the decay of an exited state of Bl?. Electrons with

this energ&,have a maximum range of 8.5 cm. These events were excluded

. by accepting only those PB-decays with electrons longer than 9 cmf

The fraction of real AB decays excluded by the selection criteria

on the proton- and electron-track lehgths, is 0.10 * 0.03. To calcﬁlate'

this, the measured A-momentum spectrum (Fig. 2) was used in a relativistic -

- three-body phase-space calculation. The 3% error reflects the uncer-

tainty in the A-momentum spectrum and in the C. M. electron momentum

spectrum.

The next few sources of background which were considered turned

out to be unimportant in this experiment. Some of the Ag decays

T
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vvemitted protons which left the chamber. ,It is possible that this type _”f :.1p,?

of event could be simulated by a K2 decay, or by ap” entering the
chember through the_tOp or bottom glass and emitting an electron near 
a K interaction. TFifteen events had protons leaving the chambér,‘
'?'but each could bhe idénnified as a P-decay by the ionization of the
,positive track.
Another pbésible background could come from neutron stars con-

‘ sisting of a proton and a n° which emits an asymmetric Dalitz pair -
in which the positron is not seene The visible proton and electron

" tracks would appear to come from a A decay. The chance of a positron

p
from the Dalltz pair being less than 0.3 MeV and, " hence, passing

unseen is about 4 x 10 3; adding to this a 1 x 1073 chance that the

 '_ positron will annihilate in the first millimeter,‘gives the total

chance of missing the positron as 5 x 1073, One in 80 x°'s emit a

Dalitz pair,'so the probability that such a neutron star will simulate -

a AB decay is 6 x 10™°. A search for elentron pairs pointing back
" to proton recoils led to an estimated total of 200 neutron stars
emitting n° mesons. This background, therefore, would be only one
event in abouﬁ 1oh AB decays.
A y ray from the type of neutron star just mentioned could.pro-

duce a Compton electron near its origin. Such an event would be:

- similar to a AB decay. Observation of Compton electrons pointing

back to proton recoils provided an estimate of 1% for this background.'L

Two percent of the pions from normal lambdae decay emit muons in g

o flight and two-thirds of these muons emit electrons after coming to

.rest. Such events may have the general appeafance of a AB decay,

»

'
A
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“but the dark track of the stopping muon always contrasts sharply with_-_:

b . the light track of the electron. Usually there is also a kink between

‘f . these events from.AB decays. There are‘some"cases‘where the pion in
flight emits the muon in the opposite direction so that the p has no
 detectable rénge in the chamber. The decay electron would then

'appear}to be a continuvation of the plon track. Only slow pions can

emit muons nearly at rest in the lab system. These pions have an

ionization of.at least 2.5 times minimum for a distance of 1 cm before‘

the decay point, and the change in ionizatibn after that point can
; R  be easily seen. "\
A further Conceivabléncontamination from these A decays with a
n-p-e sequence is the case where the lines of flight of the x and p
are 0pposi£e to that of the prpton. If the n and, hence, the p had

-very low momentum £heir tracks could appear to be part of the proton
track, so that only the proton and the decay electron would be re-

" cognized. For one of these events to cause confusion the. n must make ’
an angle greater than 170° with the proton and have a momentum less
than 45 MeV/c. With these limits, this background is calcﬁlated to

" be much less than one event in the film,

The sources of background outlined so far are expected to gilve

less than two spurious events in the experiment.

The main source of background for the 8 ray events was caused  ,'“

originating near a n track may appear to be a 5 ray on an electron.

¥

§ ' track. To cause'confusion, the Compton electron must begin within"'

t

the muon and electron tracks, and one has no trouble in distinguishingt,]ﬂv‘ -

by the stray Compton electrons in the chamber. Such a Compton electfon-'f'ft'f5



. some effective volume around the x,track¢  The size of this volume

o

v'was.estimated by studying thersubjéctive»acceptance criteria for.

15 cm and leaving the chamber was found to be 0.6 cm§ which is 1.6 x -

" these pions has a simulated & ray is about 1 in 1 800. This resultv_
.. agrees with that found by scanning for simulated 5 rays on stopping e

) pions; K mesons, and protons, where ® rays of 1 cm are impossible.

" the it left the chamber. In such a case the total length of the

. this contamination, stricter acceptance criteria were adopted for

- the kinematic events. These criteria, described later, selected a

-12-

& rays. The average effective volume for pions with lengths exceeding

'10-5_the total volume of the chamber. An average of 35 Compton

electrons were found per picture, so the probébility that one of

The background was calculated to contribute 17% of the events identi-v.;?f
fied by the 3 ray method.;
’ The major background for the kinematic ' events came from mesonic

A decays in which the x emitted a p in the forward direction and

'j.negative track may be longer than the permitted x range. To estimate

thiskbéckground, a Monte Carlo program was written to simulate A{x —u)
events which satisfied the scanning criteria for kinematic AB decays. :3{

The results revealed a large background that depended strongly on

_subjective scanning criteria. Due to the difficulty in calculating - pg

background-free sample of kinematic AB decays and allowed a simple _‘”f} 7p‘:"';

estimate of the excluded fraction.
A background still remeined due to neutron stars that Produced Q?_qu:?ﬁ'w

a proton and n~ simulating the AB kinematics. Film was ngnned '“':?f;{n;:;i;

for neutron stars of this type that were not ;ssociated with acceptable i ? ;??1 ’

-
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i

origins. A lifetime cutoff was used to select these events. Geometric:

;f o . factors were then used to determine the background of neutron stars

-~ that would simuléte'Aé's by occuriﬁg near a X~ interacfion. This wvas
found to be 1.7 events, i.e. 10% of the number of events in the

- category.

i



‘have differeht detection efficiencies, the branching ratio has beégi'w‘
'calculated separately inveach case. Our general procedure was to
' apply corrections to the number of events observed, for scanning

‘efficiency,'for the selection bias introduced by the minimum track

- number of AB decays to the number of A mesonic decays. Assuming

that two-thirds of the A mesonic decays go via the charged mode,

r : ~14-
" III. DETERMINATION OF THE BETA,DECAY BERANCHING RATIO

A. intréductionff_; 

o Becéuée,thé_threé,independent means forlidentifying AB decays © . -

L _lengﬁh‘requirements, and for the effects of.background. The detec-. .
': tion efficiency of the chamber was then calculated for the three
‘categories, and the total number of f-decays was determined from thé :‘?

. observed number.

The branching ratio, r, is defined here as the ratio of the
13
the total number of A mesonic decays in the experiment was found fd -
be 322 000 £ 10 000. The error includes the statistical error, the

error in scanning efficiency, and the maximum effect of the scanning

biases mentioned on p. 6.
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" "B. Branching'Ratio‘From;Rmax Events - . - . .

decays that exhibit the R

"To determine the fraction of all A x '

B
_property in the qhémber (described on p. 5), a Monte Carlo program,

wlon

written by D. J. Miller}4 was used to simulate the formation of

- eléctron tracké from AB decays. The program inltlated electrons
from the co-ordinates of a random sample of 208 normal A decays
. found in the chamber. The direction of the e~ was chosen at random,
which was justified by the observation that the pions from normal
A decays showed no detectable correlations with any direction in the
‘chambei. ‘'The initial energy of each electron was chosen from an
.energy spectrum (Fig. 3) éerived by folding the A-momentum distri-
bution of Fig. 2 into a phase-space electron-énergy spectrum in the
center-of-mass system. Six tracks of different energles and direc-.
ﬁions were Initiated from each origin.
The fracks were generated in consecutiﬁe segments of 0.9 cm,
. and four effects werebsimulated in each segment. First an energy loss
due to collision was evaluated,’taking into account the energy at |
the beginning of the segment. Next, the magnétic bending éo;responding
to the momentum and dip angle was caléulated. Finally, randomvchoices'
were made of both multiple scattering and Bremsstrahlﬁng energy.loss.
At the endvof each segment a new energy, position and’direction were
- computed and a further segment begun. This process continued until
either (1) the energy dropped below 1.5 MeV and the particle was
considered to have stopped, or (2) the track passed through Roox’

~The final energy of electrons, the detection<efficiency as a function

of dip angle and of initial electron momeﬁtum,and the total track



- scattering theory is that described by Barkas and Rosenfeld.

' restriction on the electron dip angle. It was observed that (62 6)% v'ee.h

‘The radiation loss ‘was calculated from Heitler 8 analytic formula

'-i:the 1nitial direction of the electron, and the value of R

-16-

lengths were compiled and printed. .‘y74;”' L
The theory used for colllsion loss was that of Sternheimer%sv .
16

using the exact-cross-sections given by Koch»and Motz:,l'7 end the multiple ff}.g{7;'\

18

The program was checked against the behavior of a sample of

"eelectrons with a known energy spectrum, provided by 4 mesons that _

3stopped in the chsmber and decayed. The co-ordinates of the origin, 'j;?;uz_” Sy

ax (1f

existlng) were recorded for 170 of these p~ decays without any

~of the electrons went through a maximum radius vector. The program

’predicted:(65.5 * 2.5)% using the same origins and an electron spectruh vﬁ

given by the two component neutrino theory (p = 0.75)% The observed

and calculated mean values of R were 6.80 cm and 6.95 cm respectively,>

© and the shapes of the distributions of R ax Vere found to agree well.

“’nf'multiple scattering. In every case the effect on the detection

This confirmation of the accuracy of the program for electrons
of energy less than 50 MeV was satisfactory from the point of view
of its applicatlon to the generally higher energy electrons from AB'
decay since the main uncertainty was due to Heitler's approximation .
for Bremsstrahlung below 40 MeV. In addition, runs of the program
were made with smasll changes in the values of the radiation loss,

collision loss,‘and_magnetic field. Also, runs were made without

efficiencylwas small..

The detection efficiency for Rﬁax events having negative secondaries?fﬁﬁ;”‘

-




N

-17-

with dip angle < 30°, was found %o be .0.60 £ 0.02. The error arises

~ from the stgtistics on the number of A decay oiigins fed into the

prograﬁ. The dip angle requirement was found to be necessary in

practice because steeply dipping electrons that pass through Rmax

can be confused with stopping pions. The requirement removes nalf

of the total number of AB decays from consideration by excluding half.

. of the total soiid angle. '

The number of events détected by the Rmax criterion and satisfying-‘

the dip angle requirement was 62 and the scanning efficiency for

- these events was 0.87 + 0.05. The correction of 0.10 * 0.03 had

to be applied for eventskexcluded by the requirement that the range
of the proton should be > 2 mm and that of the electron > 9 cm. The

Monte Carlo Program described here was used to obtain the part of

~ this correction due to electron tracks being too short. This contri-

bution amounted to 4%. When these various factors were taken into

account, the nu@ber of leptonlc decays was estimated to be 62 / (0.60
x b.so x 0.87 x 0.90) = 264 + ho.‘ Dividing this by the total number
of A decays, 322 000 # 10 000, the branching ratio becomes r = (0.82

+ 0.13) x 1073,
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i;lva % ray of the observed length.

'ireqﬁired to have negativé~tra¢ks longer than 15 cm. Twel#e events

': cutoff of 1 cm'wés_chosen because only 1.5% of the pions from'normgl'%f
. A decay have enough velocity to produce such abd ray. For each &
.~ ray event the proton momentum and the opening angle were used to

- -calculate the pion momentum corresponding to mesonic A decay. Events f?i_

:Jof this tyjé were found. The total number of AB's was deduced from_';ff"y

'-thesevevents by assigning to each a welghting factor equal to the
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v ‘ffy: Cl~'Brénching'Ratio From & Rays =

_ '«.Evénts ﬁith-hegétive secondaries leaving the chamber and having

S;réys greaﬁer than 1 cm were recorded as possible AB dGCays;3 The R

~ were .rejected for which'this pion momentum was sufficient to produce = S

_To insure reasonable -scanning efficiency, the & ray events were .

!

”f inverse of the probabilify that its electron should have produced

- a & ray of the required length. The weighting factor is [1 -exp (-IVA)]fl,7fﬁb;"

. to measure thé length in space. Thus, A in the éxpression for the

weighting factor does not have its conventional meaning. Its value

"R events (with no electron dip angle cutoff) which happened to
“have d rays. There were 29 Rmax events with & rays and their weighting‘ ’

;,factorsipredicted there should bé altogether 69 * lﬁ Rmax events.

where £ is the electrons's path length and A is the mean free ;pa'l:h'x

for producing these & rays.

~

In practice it was necessary to use the horizontal projection

‘of the & ray, since multiple scattering makes it practically impossible . - =

was determined by scanning for & rays on high-energy electron pairs.

The weighting factor method was checked by applying it to the -

max
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There were. actually 79 Rmax events, which‘is very consistent with the ';v..ﬂ:

prediction. =

A background of 2.1 events due to stray Compton electrons, esti-

mated on’'p. 11, was subtracted from the 12 observed events leaving-

9.9 ® ray events. These had an average weighting factor of 2.5 which .

_’the chamber before passing  through R have 8 rays. The Monte Carlo
- program for simulating electron tracks has computed that (18 * L)%
o of'AB decays will have such a length of negative track. Allowing,

- further, for 6% of all events lost because the proton range was less

than 2 mm and for the ocanning efficiency of O 67 . 0.15, the observed

& ray events represent (h.h + l.s)%vof all decays, The branching ratio -

from the 6”ray events is then r = (0.70 £ 0.31) x,lO-3.

1};_1mplies that ho% of the decays with tracks longer than 15 cm and leaving

e =



e L

length of at least 15 em. For a normal A decay to have & 15 cm

~ negative track it must emit a pion with a lab momentum of at least '

" direction. Therefore, events with configurations that would accompany‘;.i'fz

n momenta of less than 100 MeV/c, but have haeve negative tracks greatef,_?;’

' o -20~

'D. Branching Ratio From Kinematics

Some of the A decays that cannot be detected by the R ax or 5. ) v_"vy‘_

B

. ray methods can be ldentified by kinematlcs. The problem is to eliminate

' the background coming mainly from normal A decays in which the negative

secondary leaves the chamber. The A,, being a three-body decay with

5)
one invisible decay product, differs from the two-body decay in that

- the two visible tracks will not in general balance transverse momentum

or lie in the same plane with the A line-of-flight. However, these

differences cannot be used with confidence to separate AB decays from

: mésonic A decays, mainly because‘some A's scatter before decaying.

v
1

For scattered A's with no visible recoil the measured line-of-flight ﬁh'.t.5  
is wrong, and the two~body kinematics appears to be inappropriate.

This is the reason for adopting the requirement that the negative

track length be greater than that calculated for a normal A decay

using the proton momentum and opening angle. This criterion does
not depend on the A line-of- flight measurement.
To eliminate the further background of A(rx —p) decays, one must

determine the maximum negative track length ([; + jL) from such a

" decay, and require the kinematic events to have & yet longer negative

- track. First, all candldates were required to have a negative track

100 Mev/c and this pion must immediately emit a u in the forwerd

then 15 cm, are clearly not A(x - ) decays. Separation of the
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‘accepted as A

+ . _21_ .

background-was.donevby‘plotting all prospective kinematic events on- .

: ; a diagram similar to Fig. L. In'tﬁis plbt:the 6péning angle 1s on
:the ordinate aﬁd:the proton ﬁomentum oﬁ the abscisa. The line is
the curve:of'cbnStant pion momentum equal.to'lOO MeV/c for normal -

| A decay.i All Al =) evenﬁs with negative tracks longer than 15 EB-‘ w' ;.\ 

fell'below the line, and the events falling in the region above were

decays.'

B . : )
Monte Carlo B-decays were likewise plotted and 0.47 * 0.0k of

~ them fell in the background-free region. It has been estimated

previously that 0.18 £ 0.4 of all AB decayé have an,électron.lengthA“
of 15 cm and leave the chgmber before goling through Rmax’ The correc-
tion for the prd%on lengthAgutoff of 2 mm is much less than one event
in. the background-free region. Seventeen events were found with a
scanning efficiency of 0.90 £ 0.07. A 10% neutron staﬁ background
had to be subtracted, leaving an eqpivaleht‘of 15.3 events. These
represent.(7.6 + 2.7)% of the total numier of Ag decays in the film. -

From kinematic events the branching ratio is r = (0.62 * 0.22)rx'10'3.“

~
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~ E. Discussion Of.Bfanching Ratio

" The qﬁotéd branching ratios depend on our assumption of the N
shape of the laboratory electron momentum spectrum'because the detec-

- tion efficiency is not the same for all momenta. The electron momentum

'distribution used (Fig. 3) was obtained by folding the lambda momentum‘f;f:~ﬁﬁ

. distribution (Fig. 2) into a three-body Lorentz-invariant phase-space

| calculation. The total detection efficiency_determined from this
-~ @istribution differs by less than 1% from ﬁhat determined from the
véctor, axial vectér, scalar, or tensor interactions (assuming no
"induced" for factors). Theréfore, the branching ratios we obtain

x - .
will remain within the qﬁoted errors for any of the above spectra.‘
The branching ratios obtained by the Rmax and the 8_ray and
- kinematic methods are in good agreement, e&en though the shapes of
their defection-efficiency curves (Fig. 5) are différent. However, .

‘due to the largé errors on the & ray and kinematic ratios, litple can‘-
' bé Inferred about the validity of the assumed'eiectron momentum |

spectrun, except that it is consistent with the results, and very

large deviations from it are unlikely.
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' IV. FORM OF THE LAMEDA EETA DECAY INTERACTIONS

A. Introduction -

 The second purpose of the experiment was to study the form of

- the A decay interaction. The analysis has been confined to quantities

p

measured directly in the laboratory system.. Information obtained

from quantities calculated in the A rest system is being studied at’
University College London and will be reported elsewhere,

| 'To determine the C.M. quantities, one must first measure the A
direction, the proton momentum, and the electron momentum. Assuming

no measurement error, one can then calculate the momentum of the

~neutrino in the laboratory and perform the Lorentz transformation to

“the A rest system. However, there are generally two distinct solutions

for the neutrino momentum and no way of choosing which one is correct.

Moreover, when measurement errors are present, there may be no possible

 solution for the neutrino, -and it becomes necessary to adjust the

measured quantities (in a least squares fashion) in order to obtain

an.approximate solution. This would be necessary if, for irnstance,

the electron or proton transverse momentum were measured to be greater. -

than the theoretical maximum of 163 MeV/c. Forty- to fifty-percent

~ of the decays must be adjusted for the C.M. analysis:

The problems Just mentioned are not encountered in the present

aﬁalysis, which involves only the proton transverse momentum (Pt)

and the projected angle ¢ between the proton and the electron in the

_plane perpendicular to the A direction (Fig. 6). As will be shown

later, these quantities are sensitive to the form of the interaction;"“



~

_no'procedureffoerfittingV is necessary.

" was to compute tpe theoretical distributions_bf.Pt‘and ¢ for ée#eial
jjinteractiohébénd then tbimodify them by folding'in'measufeméntver;6f§. 
‘and»gelections biéées° Finally the expeiimehtal.resulté weré compared'

?,'with the modified theoretical distributions ih‘an atfémpt to detérminé;iw

' the most probable form of the interaction.

2k

. and- they contain no aﬁbiguities_dué to.the two solutions. Furthermore,wﬁ,;f;-fl-

The general;procedﬁre for determining the form of the'coupling  o
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" B. . Possible Forms Of The Interaction’

The number of A, decays in this experiment is ihsufficient for

B

a'detaiied study of the weak interaction. Therefore, in.the considera-v f 

-.tion of the different possible interactions, the contributions of..-.

the "induced" form factors have been neglected. The expressions for

these interactions have been worked out in a convenient form by Eﬂ

L. Egardt%9

-The S-matrix element for the weak interaction is written:
G Y mom m : o
S=—(2x)"8 (P, -P_ -P -P )zt S _ .M (1)
3 V3 Ai b e v EA Ep-Ee Ev _ T
where G is the weak coupling constant and M is the matrix element for

the particular couplings given below.

Vector and axial vector coupling:
M=u (R)7, (Cp+7sg Cpu(®) - u(p) 7, @+75) v () (2)

CV and CA are, respectively, the vector and axial vector form

factors and are assumed to be constants,

~

Scalar-pseudoscalar -coupling:
M= (R) (L4 7g) u (B E (7)) (14 75) v (2) B
Tensor coupling:

M= (P£>'°gv (1 +'75),P (?,) ; a (Pe) d;?f(i ; 75)”Y_(Pv) :(;5-_ffﬂ

o =5 (7. 7, -7 7')
wy 21 Mp v v



B

The deéayiréﬁ¢,is giVénfby:1"*Qﬁk; §7€??f 5ﬁffi} .

r (B, E,) & a5, = l6l® (2x) b s, (5) R
“ and the expressions for'IMI2 are given below in terms of the proﬁon SR
~.:and elecfroh éhérgy;in the A rest system. T
Vector and axial vector coupling:
Mm% e - (@ +"_x2) Ei +AE_ + B - o 6)
"' vwhere _
| | .2 2 2 2 . 2y, \2 |
A= —iz [(1+ x%) (2m:A +m) + 2x\»(m‘.A f_mp)l -(1 f x) E, :
cemd S | e
| B.= - 5.( x) E + E—- [(l + x) (3m + m + o )+—B(l x7)] Ep,. 
and vhere x = C,/C, is the ratio of the axial vector to the vector
coupling constant.
Scalar coupling:
e B o 2 2 2 VI
IMIT &, (mA+mp-me) -Ep : o (7)_ 
Tensor coupling: _
2 .2 1,2 20 e
MI% e ~ - 4E] - 2B [2Ep-@\- (2mA+me)] R ,(8)'
2 B o 2 2 H
- E7 4+ —= m- + + m - m + m_+ m
. _To determine the coupling, it is clear»that’one must choose

independent variables which are‘sensitive to changes in .the matrix '
element and which can be accurately measured. On bdfh counts the

electron energy 1is a poor choice. The phase-space factor dominates'



. these small differences in spéctra with the present techniques.
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20

- the shapé df the électron spectrum® and the measurement errors are B
“typically +ko%. :Figure 7 shows the‘predicfed Eeisﬁectrum for vector "':
vand‘Scalar, which are the extreme cases; those for tensor and mixtures -

© of V and A lie in between. One is clearly unable to distinguish

| Egardt has pointed‘out“that, in the A rest frame, the distribu- ,Y l

tion of the proton momentum and the angle between proton and electron

are dependent on the type of coupling. This can be seen from the

- curves in Fig. 8 and Fig. 9. The projections of these two quantities
on the A transverse plane (Fig. 13) retain much of the sensitivity

to the interaction and cgn be measured directly in the laboratory

system. Therefore, these are the variébles which have been chosen

for studying the decay interaction.
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.C. Selection And Measurement Of Events

To study the form of the interaction, only the Rﬁa#_eveﬁts have

..ﬁeenvused;lincluding those with electroﬁ dips greater thén,3of, ThéT;f ?C€£}§i;_
‘dip angle cutoff was necessary in measuring the branéhing ratio ._ .. .
v becau;evin some cases steep'eiectrons are. confused ﬁith pions. How;v f f tVﬂﬁ:
| ever, most of,the "steep events" could be‘clearly identified as Aa

B decays; the questionable ones were all eliminated by the/additional =

criteria (imposed for other reasons) which will be described in this .~
section.

Beta decays identified by kinematics were not used bécause the_

\

>seiection criterion impoéed-on the proton momentum and opening angle

 introduced a large bias. The ® ray events, which were found with

relatively low ébanning efficiency, were also excluded from the

- analysis. Although they contain no apparant bias, the advantage of

using events all selected on the same basis was considered sufficient
reason to leave out these 12 events. The initial sample of Rmax
events, including all electron dip angles, consisted of 79 events.

" A-study of the measurement errors has shown the need for further

restrictions on the beta decays to insure reliable measurements. It

" has also provided the necessary information for simulating these

errors with Monte Carlo programs which were used In the later analysis. -

First, the microscope setting error was determined on the Rmax

events. This was done by carefully measuring each event twice and

" taking the deviation of corresponding measurements. The r.m.s.

setting error on these events was found to be 130“, which isl30%_

_smaller than that of normally measured lambdas. Because of the
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_'similarify}bétween the two. types of'events,vthis_difference was attri- -~
buted to the specisl handling of thevABidécays.-:

The r.m.s. errors for dip angle ¢ and asimuthal angle B are

calculated in-the FOG program by the following‘eXPressions: "

8, (P2 + m2) Lo é3 sinh a % | o ’ RO
o = 2 7~ F 5 ] &g g 9)
(P sina) P L,
8, (P2 + m?) LB g %” :
9 = | 72 5 ot “5] %
L (P sina)” sin & Lg
‘The constants are defined by: o
Toay = (55/Xo) x J.'Oz;.(XO is the radiation length) _  ' - (10)
a, = 2e2'x J.O)+
3. z
2 _ ...
a), = 2ex x 10

ag = ag = 107 (nay be adjusted empirically),

where e, is the setting error in the horizontal plane and e, is the

corresponding error in the vertical direction. Ra and L, are the

B _
lengths of track used in calculating @ and B, réspectively;-they are'vf
chosen so that dx and df will be minimal. In'expresSions‘(9) aﬁd
(10) the first term is the multiple scattering error and the second. .

"term 1is the measurement error, The multiple scatterding term is, of -
course, drépped in the qalculation_of dx and 48 of the A line-of-

Cflignt. . | |

Measuremenf errors are comparitively large for short tracks. '
~ With the use of eq. (9) tﬁe error &0 has been pldttéd.(fig. 10) as ‘_f,

a function of length for a) the proton tfack,‘and b) the A line-of;f:“!li .

flight. Curve a) was calculated by varying the momentum, P, and

ot
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usingithé corresponding‘protonvrange-fgr %x‘. Curve b) shows the error-ffy.w;"

 in o from microscope setting errors at the production end decay origin.it?;igﬁ'ér

'If»thesekcurves are a true representation‘of the errors for

- short tracks, it appears necessary to introduce a minimum length

.crlterlon, for both the proton and A, to insure reliable measurements. rf

. This is all the more necessary because very short tracks can be con-

'_fusing toutnenmeasurer.and it is expected tnat the formulae under- '*f:f E
estimate the errors in‘these cases. Therefore, each p-decay was

"‘requirea to have a protcn track length Cfp) and a A line-of-flighti

' e L/ ) at least 0.5 cm.

Multiple scattering prevented accurate momentum measurements by

curvature. -In partlcular, “the proton momentum had a typical error

'5 of >100% when measured by curvature, but an error of only 3% when

measured by range. Since it was important to measure this momentum

accurately for determining Pt’ all events were required to have
stOpping protons. .
The criteria of stopping protons and'minimum track lengths

reduced the original sample of 79 to 50 events.
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- D. Simulation OFf A, Decays
B . P

, The méasuremeht errors and selection biases_had to be folded

~ into the,theoretigal distributions of Pt and ¢ before these distribu-

tions could be compared to the data. This was ‘done by a computer

program which generated lambda beta decays'according to a given

theory, and then altered them by simulating experimental conditions. .

The following is a brief description of the program.

- The program generated B-decays using the data from a random :

sample of 770 A's found in the chamber. The A momentum, direction,

‘and the coordinates of the decay point were read into the program,

which then generated a iarge number of P-decays from each lambda.

Decays were initiated in the C.M. system by choosing random

~values for the kinetic energy of the proton and electron. Following
the two random choices of energy, the neutrino energy was calculated -
from total energy conservation and the three corresponding C.M.

momenta were determined.

Momentum conservation then determined the relative C.M. angles
provided the three momenta formed the sides of a closed triangle.

A test was made to see if any one of the three momenta was greater'

“than the sum of the other two; if so, the decay was rejected and é
new decay Initiated.
Once the triangle test was passed and the relative C.M. angles_,x ,g ;1 *v'

were computed, the matrix element subroutines were "called" by the

main program. There were four of these subroutinés;_twb'represented N
mixtures of V and A (one went from V to V-A, and the other from V-A

to A); the other two_represented the scalar and tehsor interactions.



,'ﬁQ"of the proton and electron energies as in eqS- (6) to (8) and. were

"fiijnormalized'to have a maximum value of unity, Each subroutine made
'd.?‘a;"pass"'or "failf‘decision which was weighted by the probability ff

d‘dﬁg'for'the particular.energies to occur. To do this, the value of-tﬁé“

. matrix element was calculated and then & random value was chosen -
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‘QThese subroutines contained the matrix elements expressed in terms ;"f"~“

o

r;gbetween 0 and l If ‘the random value was greater than the calculated .

ffvalue, the decision was "fail”; otherwise itfwas pass..t Altogetherd-fk"’h":\

‘"9there were nine different 1nteractions used by the program For

. each decay they_were called" in succession and the pass;g_fail";f,ﬂ*»“

.";_'"f il" the decay was rejected, but if any one was pass , the event; f}p;”d.

electrons.

decisions were recorded.; At this point if all'nine decisions'uere ;ﬁ

.'was continued.

The next step was to give the C.M. decay plane a random;orienta-‘j}ft»v“:“'

tion .in space and to transform the decay tovthe laboratory system v.
using the momentum and direction of one of the measured A's. The
chamber geometry was then introduced and the event was given the
decay point coordinates of this A. v N
The effect of the non-uniform detection efficiency for Bmax»;ﬁ

events was next introduced into the progrem. A "detection" sub- g*;

~ routine, containing the efficienéy curve (Fig. 5) in»termsﬂof labora-vﬁ”*w-fVi ;

N tory electron energy, made a "pass" or "fail" decision. The events ﬂﬂ*-'"

that passed contained our experimental bias against high energy

Using range-energy relations, the program computed the end

point of the proton track (assuming a straight line), and rejected




was recorded. There were, of course, nine groups

was not recorded in a group whose matrix element’

"fail" decision. -

in Fig. 11 and Fig. 12. First, 12 OOO B-decays wére -enera €

succession: electron energy bias, stopping proton

track length cutoffs, multiple scattering and me‘
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The bias in electron energy, though large, had no significant

~ effect on the distribution of P,. Minimun track-length cutoffs

o

- caused the largest change in the mean of the.Pt—SPectrum, but multipl
scattering and measurement errors also tehded’t§=shift the mean up-
ﬁard as well as to broaden the distribution. ;As'g result of all_”m
five éxperimentél effects, the mean of the P£-spé¢trum was increased
by 6 MeV/c. The distribution of ¢ was measuréably'affected by the

B electron energy bilas, but all of thé other.effects caused little
chaﬁge. |

Distributions of Pt‘and ¢ for V-A, V and A, fof,scalar-pseudo—
scalar, and for tensor are shown (Fig. 13). Tﬁe P -spectrum for V-A
is seen to be more easily>distinguishéd fiom the pure vector fhan
from the pure axial vectér Pt-5pectrum. It can also be seen that
the tensor interaction gives a Pt-disﬁribution similaxr to that of
the V-0.7A interaction.

The V+A interaction (not shown) produces a Pt-spectfum id@ntica;'
to that of the V-A interaction. In principle, the distribution of ¢
‘is affected by changing the relative sign of V and A, bﬁt the effect
of this change was barely noticeable with samples of 1000 Monte Carlo"
events. Thus, the V+A interaction was not separately considered.

The similarity of the d;stfibutions from different interactions
‘makes it impossible to single out a unique form of the interaction
using only 50 experimental events. However, we were able to show

that some of the forms are improbable.



. decays, i.e. the stopping proton .and minimum length requirements.
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. E. Study Of Systemstic Measurement Error

’The'prOCedure of measuring Pt and @ has_been examined for any

* significant systematic errors. To do this, a random sample of normal < ¢

A decays.was,selected by criteria similar to those used for the AB“

'f: From these events, the distributions of proton transverse-momentum

”vand Qpﬂ (the angle between the proton and pion in the plane trans-

verse to the A direction) were compared to those generated by a

B Monte Carlo program. This program was & modification of the one used

- for generating the P-decays. It produced A pionic decays and appliediA _

1

the appropriate cutoffs ‘and measurement errors.
There were 5k measured A decays after the cutoffs and 1200

Monte Carlo events. The mean value of Pt for the former was 86.7
2

compared to a mean of 86.2 for the latter, and the X~ fit of the two

P, distributions (Fig. 1) gave a probability of 30% for obtaining
a worse fit. The mean value of Qpﬂ for the measured sample was 163.;
compared to a mean of 163.4 for the Monte Carlo sample, anq.fhe e
fit of the two distributions gave a probability ofv86%.for obtaining' ui. 
a worse fit. w

Since the B-decays and the pionic decays were measured in the

b

. same way, the close fit of these normal A decay distributions to

the theoretical distributions demonstrates that there was no detectable

bias in the measurement of-Pt and 0. .
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J 3*"F;:?Experimental’Results=??¢5 -

The dlstributions of P and ) for the 50 R i events'are-shoﬁnf

"in Fig 15 and Fig. 16 These histograms were compared with the “f

:'7a_3theoretical distributlons of P and ¢ by calculating the X proba- ’?55”“""“

:l{:bllltles for each distributlon us1ng 3 degrees of freedom._ The

" pared to the various theoretical values in Table 'II., Again, P

 values of. x2; ~along w1th their percentiles, are given in Table II.-;E;
Fig AT shows the curve of the likelihood ratios for the differenti?
:'interactlons With resPect to pure vector.r The best fit to the P :
':jdata is given by pure axial vector and, about equally, by pure scalar.,
szhe o) data, on the other hand favor an equal mixture of V. and A.
:-vHowever, the generally greater likelihood ratios for the P curvev :;_T

'?‘vlndlcates that_Pt_is more sensitive to the'form of the 1nteract10n'§:,-

'hthan is é. ‘The mean values of Pt_and ¢ from the:data'are,also;com-;;:; o
"t
'i'with a mean value of 86 * 6 MeV/c, favors scalar and'¢; with a mean‘ﬁi,ﬂﬁd*:t
h ~value of 128° %7°, favors V-A.
To obtain the combined result fromvPt and @ and to show that

~ the separate results are not_incompatible,7the'fifty Rmax events
';f were plotted on a scatter diagram.(Fig. 18) with ¢ along the ordinate

and Ptvalong’the'abscissa. With the two variables thus correlated
;one'can'determine the most probable form of the interaction and also |
_vdetermine whether the'configuration of points on:the scatter_diagrambf;}:
is a likely result from such an ihteraction. - . .“”

The problem was 31mplified by dividing the scatter diagram into B

. 25 equal boxes, each 40 MeV/c by 36°. Similarly, the theoretical __fi' e

- distributions became two dimensional histograms.leor a given form

!
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- of the interaction each event has a probability gi'of felling into .

box 1. If N, events fall into box l, N, events into boxve, etc.,'-

1 2

'ithé likelihood for a particular expérimental result, N,, N2. .

N25, is given by:

) ' - o . P ' o
GZ? = Il g?i R : ~ vhere _ZE? gy = 1.
‘ i=1 _ - i=1
The gi's were determined for nine different forms of the decay inter-
action: V, V-1/3A, V-2/3A, V-A, V-3/24, V-3A, A, scalar, and tensor.
To do this,'approximately 20 000 Monte Carlo events were generated
from each interaction and plotted on the scatter diagrams. The

number of events falliné in each box was divided by the total number

. to obtain the normalized gi's.

The likelihood of the experimental result was calculated for
each of the nine interactions relative to pure vector. In Fig. 19
a continuous curve is drawn through these values from V through A,

end values for scalar and tensor are also shown. The ratio of the

" ordinates of any two points gives the relative likelihood of the

two corresponding interactions.

The curve rises sharply in going from vector to V-A; it then

levels off in going from V-A to axial vector. The likelihood ratio

between V-A and pure vector favors V-A by ~10° to one. Between V-A
and pure axial vector the ratio is only two to oné in favor of_axial
vector. Scalar:has the same likelihood as pure axial vector, but
tensor is lbwer by a factor of LO.

It:is interesting to see how the statistical fluctuations

associated with 50 events are reflected in the likelihood curves. -
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To show this, 200 Monte Car;or”experimepts" of 50 events each were
run for three interactions: A, V-A, avr.deV—O.33A; and their likelihood
‘ curves wefe calculated. Five typical curves for each interaction
are shown in Figs. 20 through 22; the top end bottom curves are the.
These dotted curves show the average sensitivity of 50 events for -
diétinguishing the interaction and they indiéate the expected shape
Zwr a likelihood curve. The other curves show the type of variation
ﬁhaf can bevexpected.
The shapes of the likelihood curves for V-A and‘A are similar
.téﬂeach qther but diffegent from those for V-0;33A. ‘The curve of
N the actual experiment fiﬁs consistently into either the axial vector
set or the V-A set, although the likelihood ratio between A and V
is larger than the expected value. This ratio gs one standafd devia-
tion higher than that expected from a pufe axial vector interaétion
and two standard deviations higher than that expeéted from a V-A
interaction. It is higher than the expected A/V likelihood ratio
from a V-0.33A interaction by three standard deviations. This
~indicates that our experimental result is not improbable for the
more likely ihteractions V-A and A. Tt also indicates that the
V-0.33A interaction is unlikely. ’ |
The chi-square method was used to determine the absolute goodness
of fit of thg data to the severél theoretical distributions. For
"tﬁis, each of the two-dimensional plots of P, vs. ¢ was.divided,iﬁto
four areas containing approximately the same numﬁer’of events and

the total number was normalized to 50.
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The values of x2 and the corresponding percentileslare giveh in
' Table IV. Pure tensor is.ruled out with 99% confidence. Further,
- 1f the interaction 1s confined to mixtures of V and A, the results

rule out mixtures with lCAI/ICVI <0.5 with 99% confidence.
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V. CONCLUSION -« - .

The %hree determinations of the branching'ratio aré.shown bélow:

(a):,Bfanphing Ratio from Roox Y(O.82It Q.l3) x lOf3; L -

~(v) Branching Ratio from Sirays f(O.7O + 0.31) x 10-3’“_;‘v'

i

" (c) Branching Ratio from kinematics = (0.62 + 0.22) 3710”3-_: {f;ndﬁ.
. . Events used to determiﬁe (a) are separaté from those used to_b :f": :
' determine (b) and (c). Although the three methods semple different '

- .‘parts of the electron energy sPectrum; all three values agree within S

by

the errors. The confirmation of the branching ratio from Rmax

. the ® ray and kinematic methods, in spite of much larger uncertainties;ﬂvﬁ'

'ié valuable since the oniy common -link in determining the ratios is
the Monte Carlo Calculation of detection efficiencies.

| The Rmax‘events provide the best value for the branching ratio;
lThe 15% error quoted contaips both the statistical uncertainty and.

the errors on the scanning efficlencies. Formerly the best estimate v- S

of the ratio was that of Aubert et al.? who found (3.0ti’g) x 1073,
' . The value found in the present work is clearly in disagreement with - : -

. the prediction of 16 x lO"3 made by Feynman and Gell-Mann%

In the study of the form of the interaction, the "induced" formr
faqtors have been neglected. . Thé xa probabilities show that the
puré tensor interaction can be ruled out with 99% confidence. If
the interaction is V and A only, then the ratio |x| = |CA]/|CV| ’
>0.5 with 99% confidence. The interactions scalar, V-A, and pure
axial vector are consistent with the data. |

This result is compatible with the result of Baglin étval. and _' ‘ :' ., ;

with the prediction of Cabibbofs theory. It is incompatible with
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- theories that _predi;ct a predominantly, vector interaction,. such as o

~ the theory of Cormwall and Singh.
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' APPENDIX .

’ The presenﬁJéxperiment has been cénfinédvto-measuring the distri-
.:bﬁtions P, end ¢, defined in Fig. 6,'using only SO.events. The .
| likelihood curve in Fig. 2la shows the expected result for an experi- -
ment involving‘50 Aa'decays assumiﬁg the intéraction is V-A. This
curve inaicates that on the average it is difficult to diétinguish )
. V-A from puré A with 50 events.

: in Fig. 23 the.expected likelihood functions for results of
100, 200, 300, 406, and 500 events are plotted, assqming a V-A
interaction. Even with 500 events,.theraverage likelihood ratio
is only about 200 to oné‘between V-A and A, and less between any
two intermediate mixtures of V and A. |

The conclusion is that using the present method a sharp deter;‘ B

mination of the form of the interaction can hardly be achieved even

by increasing the number of events by an order of magnitude.
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Table I. Numbers of events and branching ratios.

Category

Mesonic decay

R
max

30°gdip angleyp-30°

Delta rays

Kinematic events

Estimated

No. Scanning Cutoff Detection Total Branching
observed efficiency  background correction efficiency ratio
(%) (% observed) (%) (%)
192,000 891 <2 o 100£2 322,000¢ 10, 000
62 8715 <3 90 32 602 264140 (0.82_+d.13)x10'3 -
50i0b ‘ o ‘ :
12 © 67£15 17 ghs2¢ 7.1x1.5 224£100 (O.70£0.33)x10'3
17 907 10 . ypehd 18+4 200£80  (0.62£0.25)x10°3

*Events are not included in these cutegories if they satisfy the Rma condition.

A "lb >2 mn and £, 29 em

X

bDip angle between +30°

o
lpzé‘mm

da

Above line in Fig. 3
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Tab;é 1I. X2 é;-oba'bilities for di fféren_t forn.ls of" the interavction;v f“foni Ptand~b d°ta sépax_'zﬁteliyi. : :.i.:'.f.r-.fj';

Form of interaction Vector V-.33A V-.67A vV-A V-1.5A V-3A A_xial Vcctor‘ ‘Sca_la‘r Tensor
 of ét distributions ) 6.7 6.1 | 8.5 s 58 2. 8 , 23 . 0.2 | " 10.1_'
Pterccpt.il.e ﬁ;om P, . <«<14 klf 'lu,z, 15% 58,9 .l;3¢-' _ 50(_,{” o - 985:3. ‘ '2%

X" of ¢» distributions k3 500 0.25 0.07 0.2'1; S 0.5k 075 l;°9 . 'vo.rg“,».,
_Pe‘rcent;il‘e.iv‘-;‘om ‘0 o i : 23% - 391» 91% >99% - 9773 91% . 86% : 23% ; 9'(?‘”

-Lﬁ-'



Table JI1. Mean values of theoretical distributions of P

" and ,¢' R

Form 6f intefaction

V-1.5A

Tensor -

V. V-.33A V-.67A V-A V-3A Axial Vector Scalar
Mean value of P, (MeV/c) -
from modified = _ _ : :
theoretical distributions 112 108 102 99 97 95 93 85 103 -
Mean P, from _éXperixﬁent ------------------------------------------------------------- - 8616
Mean value of o (deg.)
from modified : : ' : ~ o S o
_ theoretical distributions 141 137 132 128 126 124 123 116 132

Meen ¢ from experiment = e;ecemememmcacecsccomenane - 128+

. ’

5 !

s i
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Table IV. 12 percentiles for combined distributions of Pt and 9.

e e Lo SR ET Y S o werany

Form of interaction =~ v V-.33A V-.67A V-A V-1.5A  V-3A A
Value of x° . 7.0 171 9.1 6.7 5.3 . k6 ko2

Percentile o «<1% <<% . 3% 84  15% 219  2hd

~Scalar  Tensor

3.8 "11.0

f éa% SEST RS

-6'%'(-
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MUB-2727

- Fig. 1 Example of an Rmax event. The radius veétqr R from the point -~

of decay to a point on the electron track passes through a

maximum value.

“
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' _ Fig2 Histogram of A momentum in the labératory system.
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Fig. 3 Laboratory-system electron-momentum spectrum obtained by
folding the A-momentum distribution (Fig. 2) into a three-body

Lorentz-invariant phase-space'calculation.
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Fig. 4 Opening angle between charged tracks vs. proton’momentum;'

Background from mesonic A decays falls below line.
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| o
| R
20F ! max.
. } ' Kinematics
L Sroys
O = 40 8 120 160 200 240.

Initial electron momentum (MeV/c)

MU.29418

identification. Dashed vertical line defines a 9-cm cutoff

~ used for R ., €Vents. Total curve is slightly lower than the
sum of the other three curves due to a lo%‘overlap of kine-

matic and & ray events. A 100% scanning efficiency is assumed

for all curves.

'Electron-detection efficiency curves for the three methods of o

by
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- MUB=2723
Fig. 6 Proton transverse momentum and angle ¢ between proton and
electron in A transverse plene, A is shown traveling along

positi've, Z axis before decay. The x',y' plane corresponds

to the A transverse plane.
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Fig. T Electroh énergy spectrum in C.M. system for vector and scalar
| interactions. Energy spectra for other forms of the inter-

action are intermediate.
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momenta, for five different forms of the ihteréction.
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Fig. 10 Mean error in dip angle « for (a) proton tracks as a function
of range, and (b) A line-of-flight as a function of length.

& is measured from the vertical axis in the chamber. o
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Fig. 11 .(é, b) Proton transverse momentum (Pt)‘diétribution from Ag
decay with V-A interaction. In (a) are shown the pure
theorétical distribution.and'that remaining after applying
'proton and Avlength cutoffs and chamber volume effects. In
(b) are shown the seame curve as above‘and that resulting

after applying multiple scattering and measurement errors.

1



@

8
e
v
=
=A
oS> 4
) _—
)]
=
=
p—
< >
0
Fig. 12

61-

O | 40 . 80 120 160

O (deg) -
. MUB-274 4

Distribution of angle between proton and electron projected
on A tfansverse plane. Solid line is theoretical V-A curve.
Broken line shows distributlon after.folding'iﬁ electron
energy bias (Fig. 5). @ Other experimental effects do not
alter the distribution.
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transverse plane) for 50 R Ag decays. V-A curve has

experimental effects folded in.



-70=

,Log,o Z (Y) 7 Z(—I) | ﬁ.‘

Scalar

Y C ': Lv ).

Tensor

. MUB-2748

v,[ F1g. 17 - Likelihood curves for Ptvgn¢'o d#tafv;:*;i ¢‘
Y=g - ag) /Gy F g




g (deg.)

180

144

108

72

36

i . Te . o
. . oo .
.
° ¢ ¢ .
L ]
] .
L ]
e o
.
.
. U . T,_.
. .
.
.
° .
° [ ]
o P I “
) * L4
.
* -
t
A
L)
‘e
.
°
1 1 1

40 80 léO
- R (Mev/c)

>

160 200

~

MUB—-2726

Fig. 18 Scatter ai o vs.
g _ lagram of & vs Pt for 50 Rmax AB decays.



~72-

FPig. 19

i ¥ i 1
—— T T T N
. \
\
AN
\ B
\ i
\
N
\
A\
A Y
\,
4
i
l = .
A Scalar Tensor -
Y
MUB-2750

Likelihood curve from combined Pt and ¢ data.

Y = (Io,)l = I l) / (Icyh +1cl)




-73-

13 R 1 I L i
(b) |
4 L -
= . - -
[}
N .
3 60 - -
S .
z i
° T - 7
& 2
- - £ -
3
=
i -
-f 1 ] 1 *1 . !
-1 0 ! 8
Vv V-A A
Y Log,o Likelihood Ratio A/V
MUB-274 3

Fig. 20 (a) Likelihood curves from Monte Carlo experiments using a
',pure axial vector matrix element; experimental data shown
for comparison. | : _

" (D) Distribution of 1og, 1ikelihood ratio A/V from all 200
Monte Carlo experiments.
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