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A new experiment has been carried out to measure the branching ratios for E+ decay in emulsion un, der
improved conditions. The mesons were brought to rest in a 14-cc volume within a large stack of nuc]ear-
research emulsion. The stack was designed so that the secondaries of the longest range could be followed to
rest if they were emitted within certain cones. Some 700 such E+ decays were chosen as the sample. The
principal method for identifying the secondaries was by following the tracks to rest, thus avoiding many
sources of systematic error. Ionization measurements were used to resolve ambiguities. The over-all scanning
eKciency was found to be higher than 95'P0. The observed branching ratios for the E„2,E„3,E q, ~, ~', and E,3

modes are (61.8&2.9), (5.4&0.9), (19.3+1.6), (6.0+0.4), (2.3&0.6), and (5.3&0.9)%, respectively.
These results tend to reconcile the discrepancies between emulsion measurements and heavy-liquid-
chamber data.

I. INTRODUCTION

'HE branching ratios for the decay modes of the
E+ meson have been measured several times in

the past dozen years by different research groups. ' '
Discrepancies exist not only between data obtained by
use of different kinds of detectors, but also between
data obtained from similar detectors under diferent
experimental conditions. The diR'erence between the
Ees/E s ratio obtained from the xenon bubble cham-
ber'' and from some of the early emulsion measure-
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ments'' has appeared so great that it even has been
put forward as evidence for a "shadow universe. "7

To carry out our measurement of the branching ratios
we have gone back, with improved techniques, to
nuclear research emulsion. Track-following was em-
ployed on a scale never before undertaken. Stack size
was the greatest ever used for this purpose. Better blob
density was achieved and more uniform development
was accomplished than in previous experiments. In
addition, several new methods were introduced for the
reduction of bias and for the calculation of scanning
eKciencies.

It is appropriate, before describing our experiment,
to review some of the previous experiments.

The two experiments performed by the Birge
group' and Alexander et a/. ' have been cited'' as
providing the most precise emulsion data for the E+
branching ratios. In Birge's pioneering experiment the
sample size was moderate (149 E„sand 77 E s being
found for the major modes), and different batches of
samples were used to determine different decay modes.
Track-following, the most direct method, was employed
in identifying 97 events, and blob counting at the E+
decay point was used to determine 185 events. The
stack. and the sample used by Alexander ef ul. were
larger, but the identi6cation of secondaries was based
almost entirely upon blob counting and scattering meas-

' Allen E. Everett, Phys. Rev. Letters 14, 615 (1965}.
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FIG. i. Schematic diagram of
exposure arrangement. P =proton
beam (6.25 BeV); T=copper
target; 3f1=bending magnet
SS=static mass selector; Q= mag-
netic quadrupole; M& =bending
magnet 2; S=slit; SC=scintilla-
tion counter; Cu=copper modera-
tor (12 cm); D=D-stack (15 cm
thick).

L

urements. (Blob counting as an identification method is
discussed later. ) The scanning efficiencies for these two
experiments were found to be the same: 100% for 7.

and 85% for lightly ionizing tracks.
The next two experiments to be reviewed were carried

out by Roe et ul. ' and Shaklee et u/. ' with a 30-cm xenon
bubble chamber. Since faster scanning is possible with
bubble-chamber pictures than with emulsion plates,
these two groups were able to select larger samples,
which accordingly reduced the statistical Quctuations of
their branching ratios (6300 Z+ mesons for Roe and
10500 for Shaklee). Two characteristics of the xenon
bubble chamber utilized by them to separate the E+
decay modes were: (a) high effLciency for conversion
of y rays from ~' into electron pairs, and (b) ease of
recognition of electrons. However, there are ambiguities
between E», ~', and E„2.For this reason Roe et al. used
a kinematic test to separate E 2 from other modes.
Because of measurement errors and multiple scattering
of the secondary, it was found' that a true two-y E 2

did not have a 100% probability of passing the test,
while some of the E» and ~' events passed the test.
The average scanning efficiencies in Roe's experiment
were (85&2)% for electron pairs and (89+2.5)% for
electron recognition.

In Shaklee's experiment, the kinematic test was also
used but with bias corrections based on Monte Carlo
calculations; this led to a lower rate for E» and a
higher rate for Z 2(see Table X). The experimental
ratios of E„3and E„2found by Shaklee do not agree
well with those of Roe. We are inclined to believe that
the loss of some true E 2 events in Shaklee's experiment,
when they failed the kinematic test, may have been
compensated for by some E», E,3, or v' events that
passed the test. In reviewing Shaklee's experiment, two

points should be mentioned: (a) the E„2branching ratio
was not measured directly, but evaluated by subtracting
from 1.0 the sum of those measured for the other decay
modes, (b) the probability that a r' would be mistaken
for E„wasfound to be (7+2)%.

On the basis of review of the previous experiments,
the current measurement was planned to obtain clear-
cut track identification and as large a sample size as
feasible. Ke were able to find 4000 E+ decays in a scan
volume of 0.13 cm', to choose as our sample some 700
events satisfying certain geometric criteria, and to
determine the decay modes with little ambiguity.
Generally speaking, the results of our experiment agree
better with the bubble chamber data than with the
early emulsion measurements. We believe that syste-
matic errors are largely eliminated in our experiment,
owing to the ease of decay mode identification when the
tracks are followed to rest. High statistical accuracy,
however, especially for the minor modes, would have
required an excessive eBort.

II. EXPERIMENTAL PROCEDURE

A. Exyosure

The D stack contains 250 Ilford E-5 emulsion
pellicles, each 600 microns thick and 9)&14 in. in area.
The size of the stack was chosen so that when E+ mesons
come to rest and decay in the rniddle of the stack the
secondaries (x+ or p+) within certain cones can be
followed from decay point to termination.

The stack was exposed to the E+-meson beam at
Berkeley. The relative positions of the various com-
ponents during the exposure are shown schematically
in Fig. 1. The stack was placed so that the E+ beam
was perpendicular to the surface of the pellicles and
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TABLE I. Ranges of secondaries of nonrare decay modes of I~+.

Decay
modes

Ep2

IC„3
E2

1-'

E/3

0
(MeV)

388.1
253.1
219.2
75.0
84.2

358.3

T or Tmax
(K.E. in MeV)

152.5
134.1
108.6
48.1
53.2

227.9

««max
(range in cm
in standard
emulsion)

21
18
12
3.5

12a

& Electron range is poorly defined (see Ref. 8) because the straggling is
large.

entered at the top of the stack (i.e., Plate No. D-250).
The exposure area was about 5.3X2.5 cm', and more
than 10' mesons were admitted during an exposure
period of 30 h. The majority of the decays were found to
have occurred in 20 consecutive plates (Plates D-126
through D-145). Therefore, we estimate that 10' in-

coming E+ mesons stopped in a selected volume of
14 cm'.

B. Scanning Technique

As the erst step in scanning, every track that entered
the stack from the upper hemisphere and stopped in the
scan volume was recorded during the first area scan
whether or not a secondary was found associated with

it. Any event whose primary looked like a possible E+,
but for which no secondary had been found during

two separate searches, was labeled no-visible-secondary

or "NVS." These events, which provided one of the
bases for evaluating the over-all scanning e%ciency,
have been searched repeatedly for secondaries by
different scanners.

It is evident that a E+ track that stops near the top
or bottom of the pellicle may not have an observable

secondary if the secondary is directed towards the

nearby surface. Thus, one criterion for a selected event

was the incident E+ particles must stop within the

middle two-thirds of the s dimension (the depth) of the

pellicle.
Since secondaries of the decay modes E„~,E„3,and

E & may not stop in the stack unless they are emitted
within certain cones, two angular intervals have been

specified (as a second criterion) for the selection of

events. Any secondary lying within these cones could

be followed at least 14 cm, which is greater than the

range of the secondary of E 2. Although theEp2 and

E„3secondaries lying in these cones sometimes do not

stop in the stack, the division of events between these

two classes can be carried out (see Sec. IIC). The

ranges of the secondaries from nonrare decay modes of
E+ are listed in Table I.'

The first criterion was required for all stopping E+
masons; in addition, mesons having but one secondary

' Martin J. Berger and Stephen M. Seltzer, Natl. Acad. Sci.—
Natl. Res. Council, Publ. 1133, 205 (1964).

were required to emit that secondary into one of the
prescribed cones.

TABLE II. Decay-mode classification for DIF events.

No. of
events Identity

4 E„(unambiguous)
3 E (probable)

2 E o

1 E,(probable)

Not a J + decay

Method

Range measure-
ment and
ionization

Range measure-
ment and
ionization

Range measure-
ment, ionization,
and scattering
behavior

Recheck. of the
primary

Remarks

To be treated in
Sec. IIC(e).
(Two were fol-
lowed to 12 cm
in the second
following. )

One interaction
at D =5.68 and
the other at
6.03 cm. (Both
were included
in SIF.)

The primary was
apfroma~
decay and the
secondary was
an e.

C. Identification of Decay Modes

The ionizing secondaries from all decay modes of the
E+ meson can be only pions, muons, or positrons. The
most direct way to diQerentiate between these particles
in emulsion is to follow the tracks to their endings and
observe terminal behavior. In standard emulsion a p,

particle from pion decay at rest has a characteristic
range of about 600 microns, and it decays into an
electron (referring to e or e+) and neutrinos. Some posi-
trons disappear through annihilation in liight, and their
paths at low energy appear characteristically tortuous.
%e know that the ranges of the E ~ and E„~charged
secondaries are unique (21 cm for p and 12 cm for ~)
because these are two-body decays. Since the range of
the p, for E» decay can vary from 0 to 18 cm, the separa-
tion of E„3and E„2should present no difhculties if all
secondaries are followed to rest. An analogous state-
ment is applicable to the E ~ and r' modes, since the
maximum range of the x+ from ~' decay is 4 cm. The
r decay mode yields three above-minimum prongs and
cannot be confused with any other common mode.
From the above analysis, we may conclude that the
branching ratios of the nonrare decay modes of E+
could be determined easily if all charged secondaries
could be followed to their endings. However, in practice
not all secondaries could be followed to their endings in
spite of the proper design of the stack and the appro-
priate choice of the cones. Hence, ionization measure-
ments and special analyses were also used when
necessary to aid in identifying decay modes.

Our process of identification, using various methods,
was as follows.
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Tax,E III. Decay modes of SIF events.

No. of
events Identity

17 J2
21

2

Method

Range meas-
ment

Ionization

Ionization

Remarks

Star at D&5 cm

Star at D(5 cm

Star at D&5 cm

In the 6rst stage more than 300 of the one-prong
events were followed either to their endings or as far as
possible. The remainder of the one-prong events were
followed only up to 12.5 cm. From the range considera-
tions (see Table I) we know that any event with a
secondary range greater than. 12.5 cm could be only
E» or II:». The 314 events belonging to this category
were labeled 12-cm events. These are treated under E„
events in Sec. IIC.

When the first phase of track following was completed,
we found that approximately 90 events had secondaries
which could not be followed for 12.5 cm or to their
endings. These secondaries were lost or went out of the
stack in less than 12 cm (because of changes in their
path directions), disappeared in flight (DIF), or pro-
duced stars in flight (SIF).The DIF events, SIF events,
lost or out-of-stack (LOS) events, and E,3 events are
treated in the following subsections: (a), (b), (c), and
(d), respectively. Also given in subsec. (b) is a brief
discussion of the use of ionization measurements.

(a) DIF Events

There were 11 events in this category as a result of
the first track-following. The primaries and secondaries
of these 11 apparent DIF events have been rechecked
with great care by different scanners. As a result only
one of them remains in the DIF category. The secondary
of the remaining DIF event has been refollowed and its
scattering behavior indicates it is probably an e+.
Ionization measurements and further following resolved
the rest of the events. The classification of the original
DIF events is shown in Table II.

Appendix I. Blob counts were compared with these
curves in order to eGect the unambiguous resolution of
all 23 SIF events which had stars at a&5 cm. The
disposition of the 40 SIF events is given in Table III.

(c) LOS Events (Lost or ONt of S-ta-ck Events)

Thirty-Ave tracks belonged to this class. Although the
lost events have been rechecked very carefully there
remain some whose secondaries still cannot be followed
12.5 cm or to their endings. Their identities have been
determined as shown in Table IV.

(d) E,3 Everits

There are two possible reasons why an event originally
classified as E,3 may not be a true E,z'. (i) the primary
is a ti, or (ii) an error made during the first track-follow-
ing led from the true secondary track to an e+ track.
In order to minimize the possibility of making errors in
the identiacation of these events, two steps have been
taken —all primaries were followed back, and all
secondaries were independently refollowed.

Although the exposure was arranged so that only the
E+ component of the beam would stop in the stack,
E decays occurred upbeam from the scan volume. In
this case, the secondary usually would be ti or v. (which
in turn decays into p). Therefore, we should not be
surprised if some p, —+ e events were mistaken for E~ e
events. For this reason all the primaries of the 62 events
originally classed asE, 3 were studied. The result showed
that 12 of these were p, —+ e decays.

The second possibility for error stems from the fact
that in all nonrare E+ decay modes except E» and v,
at least one of the secondaries is a x' which decays into
either two photons, or one photon and one Dalitz pair,
or two Dalitz pairs. In other words, since about 30m"s
are produced per 100K+ decays, there are about 60
photons per 100 E+ decays. Assuming that the average
energy of the photons from m' decay is about 100 MeV
(67.5 MeV in v' rest frame), we calculate tha, t the corre-
sponding mean free path for pair production in emulsion
by these photons is approximately 5 cm.' This means

(b) SIF Events

This category contained 40 interactions of which 17
had stars at D) 5 cm (D= the distance from E+ decay
point). Among all secondaries of E+ decay the pion is
the only particle that is strongly interacting and capable
of producing a star in Qight. Therefore this category can
contain only %+2 and ~' events but not v decays since
the latter are three-prong events. Furthermore, as the
maximum range of a x+ from v' decay is 4 cm, only 23
SIF events can be candidates for both E 2 and 7'. The
ionization method was used to resolve these events.
We obtained calibration curves (see Fig. 5, Appendix I),
which relate blob density (in blobs/100 ti) to residual
range, according to the procedures e1abor ate d in

TAmE IV. Decay modes for LOS events.

No of
events Identity Method Remarks

7 K 2 (unambiguous) Ionization, range
and observation
behavior at end

1 E„2(probable)

20 E'„(unambiguous)

6 E„(probable)

Unresolved

Ionization and
range

Treated in
Sec. IIC(e)

9%'alter H. Barkas, Nuclear Research Emulsions (Academic
Press Inc. , New York, to be published), Vol. II, Chap. 5.
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TABLE V. Disposition of events originally dassiied as E,3.

No. of
events Identity Method Remarks

that almost all photons from s' decay convert into
electron pairs in the stack. Therefore, for every 100 E+
decays in the stack, about 120 e+ tracks are produced.
Almost all of these e+ tracks point generally back toward
the scan volume, which is very small compared with the
whole stack. It is therefore estimated (details given in
Appendix II) that, given a follow-through error, one

has a probability of at least 40% of being ied to an
electron (or positron) track. This reasoning demon-

strated the necessity of refollowing all secondaries of the
remaining E.3 events. Accomplishment of this task
revealed that 14 of the original E,s events were, in

fact, so classjL6ed because of errors in the first follow

through. The disposition of all events originally classi-

6ed as Z,3 is shown in Table V.

(e) I „EeeyIts

There are 359 E„events, of which 314 are 12-cm

events and 45 originally labeled IOS, DIP, or E„
events. The secondary of each of these has not been
followed to rest but was idcntihed as a y from either a
range measurement or a combined range and ionization
measurement. %e still, however, needed to determine

how many of them belong to the E„3mode. This was
accomplished by use of the known energy spectrum'~"
of the X„3and the number of E„3events in which the
p+ was observed to decay at rest. Since ranges were
measured directly, we have converted the energy
spectrum to a range spectrum by use of Fig. 4 for the
muons from E„3decay. A histogram of this range spec-
'tluI11 ls shown 111Flg. 2. SQIIlc 10%of th1s al'ca hcs above
12.5 cm. From the number of E„3events found with
E.&12.5 cm, we deduce that three additional E„3
tracks were in the 12- to 18-cm interval.

D. Determination of Scanning EfBciency

All track endings found during the original scan and
classi6ed as possible E's werc searched for a secondary
on at least two diferent occasions by the original
scanner, provided no secondary was scen during thc
first search. The events for which no visible secondaries
were found in any of these searches werc labeled no-
visible-secondary (NVS) events. These have subse-
quently been investigated with great care in order to
provide one of the two pieces of information upon which
the evaluation of our scanning efEciency is based. The
treatment of the NVS events is discussed in subsec.
(a) below. In subsec. (b) we discuss the efiiciency
program. This furnished the second basis for eSciency
evaluation.

Following and refol-
lowing both pri-
xnary and secondary

Following and refol"
lowing both pra-
mary and secondary

Refollowing and sub-
sequent zomzation
measurements

p ~ e Following back
primary

To be treated in
Sec. IIC(e). (AH
were followed to
12 cm in the
second following. )

One was included in
SIF (D&5 cm)
and the other in
LOS events.

(+) &VS EveyIts I'yogyIJyN-

Those NVS endings contained within the middle 3
of the s' dimension in their respective pelliclcs were again
searched for secondaries. If no secondary was found to
be associated with an ending, then the primary was

'0N. Brene, L. Egardt, and B. Qvist, Nucl. Phys. 22, 553
(1961).

»John L. Brown, John A. Kadyk, George H. Trilling, Remy
Y. Van de Walle, Bryon P. Roe, and Daniel Sinclair, Phys. Rev.
Letters 8, 450 (1962).

~ U. Camerini, R. L. Hantman, R. H. March, D. Murphree,
G. Gidal, G. E. Kalmus, W. M. Powell, R. T. Pu, C. L. Sandier,
S. Natali, and M. Villani, Phys. Rev. Letters I4, 989 (1965).
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followed back to see if it belonged to the incoming E+
beam. Finally, each residual NVS event whose primary
did belong to the beam was subjected to yet another
rigorous search for a secondary.

The results of this program are listed below:

1. 1070 NVS events were found to be contained in the
middle -', of their respective pellicle depths.

2. Secondaries were ultimately observed for 382 out
of the original 1070 NVS events.

3. The primaries of 684 of the original NVS events do
not belong to the E+ beam.

4. Their remain only four endings whose primary
appears to belong to the incoming E+ beam but for
which no secondary was found.

From this result we conclude that virtually all the
E+ secondaries have been observed. All events with
secondaries in the cones found during the course of the
NUS event program have been followed through and
included in our sample.

(b) Egcielcy Reseal Program

Some appropriately chosen parts of the original scan
area have been rescanned independently by diGerent
scanners who were instructed to record every track
ending coming from the upper hemisphere and lying
in the middle 3 of the pellicle depth. The results were
compared with the original scans to determine which
endings in the same area were found in common, in
the original scan only, or in the eKciency rescan only.
The original scanning eSciency eo is calculated in a
conventional way. I.et us assume that

E~="true" number of E+ decays occurring in a scan
area,

ED=number of E+ decays found during original scan
in that area,

N„=number of E+ decays found during rescan in the
area,

and

TABLE VI. Results of efljciency rescan.

Plate
number

D-132
D-134
D-136
D-138
D-140

E,
137
229
377
217
268

Ep

140
237
393
224
282

143
234
414
227
279

Original scan
eKciency

0.958
0.979
0.910
0.956
0.961

determined from a partial rescan area, we may assume
that eKciency to be applicable to the entire plate be-
cause the original scan for each plate was carried out
entirely by one particular scanner. Furthermore, the
rescan area was distributed evenly over the entire
original scan area. By counting the E+ decays foug, d in
the middle -', of each plate during the original scan, we
are able to determine the over-all efficiency e for this
experiment. In Table VII we list all the relevant
quantities.

A. Branching Ratios of the X+ Decays

(a) Observed Bralckir1g Ratios

The selection of each one-prong event was based on
the emission direction of the secondary. However, this
criterion cannot be applied directly to the v events,
since these are three-prong events. By assuming that E+
decays isotropically, we can write

+1e/+1T +3p/+1T p

TABLE VII. Determination of over-all efBciency
for the experiments

III. RESULTS

Two sections follow. In the first section we estimate
the "true" branching ratios with efficiency correction.
In the second section we make general remarks on this
experiment and compare our results with those obtained
by other groups and with some predicted values.

E,=number of E+ decays found in common.

Then the original and rescan eKciencies for each
plate are given by

whence

e p Np/1VT- —

P„=iV„/XT,

XT EPX,/E. . ——

From Eqs. (1) and (2) we can easily calculate pp. The
results are listed in Table UI.

The total area covered in the original scan was 338
mm2, and that covered in the eSciency rescan was 96
mm'. Although each individual plate efficiency was

Plate
number

D-132
D-134
D-136
D-138
D-140

Three-prong
One-prong events

events (r mode)

348 19
1248 72
1019 58
558 48
641 47

0.958
0.979
0.910
0.956
0.961

383.1
1348.3
1183.5
633.9
716.7

QE~ =Ey~+Ss„=3814+244=4058,
Q (E,/e~) =4266,

p=Z&;/Q(s/p) =095(

~ Notations: Ns =number of possible K+ decays found in the middle gof the depth in plate number j. e over-all scanning ef6ciency for the ex-
periment. ¹p=total number of one-prong events found in the middle
$ (includes Dalitz-pair events). ¹~=total number of three-prong eventsfound in the middle II.
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TABLE VIII. One-prong events within the cones.

Eps
EIt3

E2
T'

Eee
Misc.

71 356 427
35 3 38
88 8 19 19 134
15 2 17

1 36 37
27a+1b

NIg= Q N;=681

One-prong events but not X+ decay. Included in ¹cbecause the values
of N& listed in Table VIII refer to number of one-prong events found in the
first area scan. Some of these are p-e decays, etc. , rather than Z+ decays.

& Unresolved event.

where

XjT ——total number of one-prong events found in the
middle -'„

%~,——number of one-prong events lying within the
cones,

E3,——number of three-prong events to be associated
with the cones (namely, number of r events to
be used in this branching ratio experiment),

S3T = total number of three-prong events found in the
middle -', .

To solve Eq. (3), we list the experimental data con-

cerning the one-prong events in Table UIII. By com-

bining the information listed in Tables VII and VIII,
we are able to solve Eq. (3) for E3, (or X,). We find

Event type
Scatter-

LOS ing at N;
Decay or SIP end of (No.

Decay at 12-cm (D(S (D)5 follow- of
mode rest events cm) cm) DIP through events)

(b) Corrected Brattching Ratios

Two items need to be considered in making correc-
tions to the branching ratios listed in Table IX. The
erst one is related to the partial e%ciencies for finding
examples of different E+ decay modes. The second one
involves possible errors in following secondaries. It
is convenient to deal with the second item first because
the discussion requires only two short paragraphs.

In Appendix II, we have estimated that the prob-
ability of a follow-through error, if any, leading to an
e+ track as opposed to a tr or p track was at least 40%.
For this reason, we had all the original E,3 events
refollowed independently.

This demonstrated that fourteen of these events were
not E,3. The maximum number of possible errors in the
first following is then estimated to be 14/0.4=35. In
other words, there could remain possibly 21 events in
which the original track was lost and another picked
up. However, the new tracks will be found in the correct
m./p ratio so that no net error is made, especially since
21 is a small number compared with the whole sample.

The difference in the partial eKciencies for different
E+ decay modes stems from the fact that each mode has
a diferent energy spectrum, which in turn leads to
different spectra as functions of blob density. We esti-
mate that a x track with kinetic energy less than 25 MeV
(correspon. ding to ionization greater than 38.6 blobs/100
microns in the D stack) can probably not be missed.
In other words, we assume any secondary with ioniza-
tion equal to or larger than 38.6 blobs/100 microns can
be observed with eKciency 100/o. For any secondary
with ionization lower than 38.6 blobs/100 microns the
efficiency will decrease with no definite relationship
known to us. As the simplest approximation, we assume
that the relationship is linear, i.e., the efficiency e; can
be expressed as a linear function of blob density 8,,

Xa.=244X (681/3814) =43.6, (4)
e;=1—m(B25 —B,) for B;(B„ (6)

or
S,=43.6. (5)

TABLE IX. Uncorrected branching ratios.

With E, evaluated, we can calculate the uncorrected
branching ratios. These are listed in Table IX.

for 8~+825 )

where m is to be determined, J3; refers to a particular
blob density corresponding to E;, and 8» represents
the blob density corresponding to a 25-MeV pion. The
quantity e; is defined by

E;/e; =cV,

Decay
IQode

E„2
E„3
E 2

T

Kes

N;
(No, of events)

427.1
37.9

1.34
43.6
17
37

Q fir, =696.6

(branching ratio
In %)
61.31
5.44

19.24
6.26
2.44
5.31

Q r;=100.00%
e„2——1—m(BM —B„m)= 1—21.44m,

e 2=1—m(Bga —B s) =1—18.45m.

(8)

where E,=observed number of events belonging to the
ith decay mode and E ="true" number of events
belonging to the ith mode.

Since the X» and E 2 secondaries have unique ener-
gies, we can apply Eq. (6) directly to these two modes to
obtain Lsee Appendix I for the values of B„2and B.2]
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B25

Bmin

dg &max dg
[1 ~(B»—B)] dB+ dB, (10)

dB B dB

&e3=

Bmax dE
[1—m, (Bss—B)] dB,

B dBmin

The E„3,E,3, and r' modes have continuous spectra.
Thus, for these modes we must define their mean
efficiencies:

Birge
Decay et al.'
mode (1956)

Emulsion
Alexander

et al.b

(1957)

This
experi-
ment

Xenon bubble chamber
Roe Shaklee

et al.' et al. d

(1961) (1964)

58.5W3.0
E'„3 2.8~1.0
I 2 27.7+2.7

5.6~0.4
2.1a0.5

Is„3.2+1.3

56.9a2.6
5.9w1.3

23.2~2.2

6.8+0.4
2.2~0.4
5.1+1.3

61.8a2.9
5.4+0.9

19.3~1.6
6.0a0.4
2.3~0.6
5.3+0.9

64.2~1.3
4.8&0.6

18.6+0.9
5.7%0.3
1.7+0.2
5.0+0.5

63.0&0.8
3.0&0.5

22.4+0.8
S.ia0.2

1.8~0.2
4.7&0.3

TABLE Xl. Branching ratios ('%%uo) in E+ decay
measured by different groups.

min

dE ~ dE
[1—rn(Bss —B)j dB+ dB, (12)

dB B25 dB
Reference 3. b Reference 4. o Reference 1. d Reference 2.

By using the definition of the over-all scanning effi-

ciency e for the experiment [see Table VII], we may
relate e to the various c; as follows:

+ + +&.+ + (14)
&p2 &p3 &r' &e3

The corrected branching ratios are then defined by

r =S (+AT). (15)

To solve Eq. (14) for the parameter m, we Grst have
to calculate &~3, e,3, and e,. Note that

(16)

where T refers to the kinetic energy. Equation (16)
can be evaluated for E» by use of the energy spec-
trum'~" and Figs. 2, 4, and 5. Expression (16) can

TABLE X. Partial eKciencies and corrected branching ratios.

where (dE/dB) dB =normalized number of events whose
secondaries have a blob density lying between 8 and
B+dB at the E+ decay point.

Since the eKciency for a three-prong event was found
to be approximately 100'Po, we thus can write down the
following equation:

be evaluated similarly for r' by use of the x+ energy
spectrum"" and Figs. 4 and 5. But e,3 is obtained in
Appendix II. The results of the calculations are given
in Table X.

3. Discussion of Results

(u) Comments

Our conclusions can be summarized as follows:

(i) Since the majority of the events in this experi-
ment were identified by track-following, practically no
ambiguity exists between E„andE events, between
E„2and E„3events, or between v' and E 2 events.

(ii) Since both the over-all and partial efficiencies
were found to be high (see Tables VII and X), only a
very few E+ primaries and secondaries within the scan
volume were not observed.

(iii) Although the estimate made in Appendix II of
the total number of e+ tracks produced around the scan
volume was a rough approximation, it has provided a
rational basis for the calculation of possible errors in
track following. This estimate, combined with the
careful treatment of the original E,3 events, has led to
the conclusion that our branching ratios refl.ect no
significant errors due to mistakes in track following.

(iv) We believe the most important conclusion of
this experiment is that there remain no significant and

TABx,E XII. Comparison of the data with some predicted values.

Decay
mode

Efs 2

%Is3

J 2

T'

+e3

Partial
eKciency

(%)
94,46
96.39
95.03

100.00
99.34
94.62

E;"
("true" number)

452.15+21.26
39.32& 6.27

141.01+11.88
43.60~ 2.79
17.11~ 4.14
39.10& 6.25

(corrected
branching

ratio in 'Pp)

61.75+2.90
5.37w0.86

19.26+1.62
5.95+0.38
2.34+0.57
5.34+0.85

Branching
ratios

Measured
value

Predicted
value

Underlying
theory

E„a/E,I 1.00+0.23

0.39~0.10

0.64

0.325

P-wave E-g
resonanceb

~I= $ rule'

a References 2 and 1$. b Reference 16. o Reference 17.

0.618+0.029 0.677+0.011 Universality'

0.69 S-wave Z~
resonanceb

g i7 =732.29 P» =100.00

' ANs' = (Ns')1/3 for all decay modes except ~; &N&' = (Ns 'total) '/ (681/
3814) Lsee Eq. (4) j.

~3 George E. Kalmus, Anne Kernan, Robert T. Pu, Wilson M.
Powell, and Richard Dowd, Phys Rev. Letters 13, 99 (1964).

~4 Douglas E. Greiner, Ph.D. thesis, Lawrence Radiation
Laboratory Report No. UCRL-16058, 1965 (unpublished).
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unreconciled differences between the bubble chamber
and emulsion results.

(b) Comparison

Ke list five sets of branching ratios measured by
different groups in Table XI.

There are a number of theoretical predictions re-

garding the rates for various E+ decay modes. Table
XII contains comparisons of some of our results with
predicted values. ""
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blob per 100 microns, and variations from one plate to
another were even smaller, Figure 3 depicts the varia-
tion of blob density with pellicle depth. The upper curve
refers to ~+ at the E 2 decay point, and the lower curve
to p+ at the E„2decay point.

(b) Kinetic Energy as a Function of Residual Range R

Since the residual range R (rather than kinetic
energy T or velocity P) is measured directly in emulsion,
it is convenient to express kinetic energy as a function
of E."This is shown in Fig. 4.

The exact value of the mean excitation energy I for
standard emulsion is at present uncertain. The old
figure' "of 331 eV was employed in the calculation of
ionization, although there is recent evidence" that the
best value of I is somewhat lower. The range and energy-
loss rate are, however, insensitive to I, and use of the

APPENDIX I: CALIBRATION FOR IONIZATION
MEASUREMENTS 300

The calibration of ionization in terms of blob density
was carried out for different depths in a plate, different
plates in the stack, different particles, and different
energies.

(a) Btob Density with Respect to Diferent
Depths and DQ'erent Ptates

The secondaries of ten known E 2 and ten known

E» were so chosen that their origins were distributed
over ten plates: from D-132 to D-141. The ionization
along each secondary from the point of its origin was
measured in terms of blob densities for a path length
of about 2 mm. The blob densities were first averaged
over the three portions of each plate (i.e., upper, middle,
and lower portions) and then over the entire depth of
each plate. Since the secondaries of the E7r2 and E»
modes have unique energies and the loss of energy at
such energies along a path of 2 mm in standard emul-

sion is negligible, the secondaries of each category can
be considered as two monoenergetic entities which
should yield two constant ionizations in a 2-mm path.
Our results demonstrated that the variations with

respect to depth in each plate were all smaller than ~1

22 I
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Ioo
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R (ctn }

I
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PIG. 4.Kinetic energy as function of residual range for m and if', .

oM value may be justified by noting that the ranges
thus calculated agree well with the ranges of the E 2

and E„2secondaries, which were measured incidental
to this experiment.
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I

200

Bp, =17.20 e O. le

400 600

The blob densities of secondary tracks at different
E's from known E» and E 2 events have been meas-

Pro. 3. Blob den- (c) Btob Density 8 as a Function of Residual Range R
sity as function of
pellicle depth {Z=O
at bottom).

"Masao Sugawara (Purdue University, Lafayette, Indiana,
private communication)."H. Chew, Phys. Rev. Letters 8, 297 (1962).

"R.H. Dalitz, Proc. Phys. Soc. (London) A69, 527 (1956),

"Walter H. Barkas, Nssclear Researcy Erasststorss (Academic
Press Inc. , New York, 1963), Vol. I, Chap. 9.

» W. H. Barkas, P. H. Barrett, P. Ciier, H. H. Heckman, F. M.
Smith, and H. K. Ticho, Nuovo Cimento 8, 185 (1958).

"Walter H. Barkas and Martin J. Berger, Natl. Acad. Sci.—
Natl. Res. Council Publ. 1DB, 103 (1964).
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tion of the e+ tracks in order to evaluate the number of
possible errors in track following. A rough approxi-
mation is carried out below.

FIG. 5. Blob den-
sity as function of
residual range of p
and r,
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ured. The experimental data are plotted in Fig. 5 vrith
an empirical calibration curve drawn to 6t them. This
curve has been used as the basis for identifying second-
aries by means of ionization measurements in this
experiment.

(a) Meal Blob DerIsity of the e+ Tracks for E.3 Events

APPENDIX II' ELECTRONS IN THE
EXPEMMENT

In this Appendix we elaborate the evaluation of two
Important qualltltlcs Iclatcd 'to tile clcctl'011s (e ) 111

this experiment. One is the mean blob density of the
e+ tracks for E,3 events, and the other is the number of
e+ tracks produced around the scan volume in the
stack.

I (R') = 100[4r '(1 e""—')+4r '(1—e—"'~' ")
+2r' s(1—e n~' ')+gr, "(1—e ~'~' ')

2ri + r/I

(from 2s+) (from 1m+)

(A2)

The increment of the e+ track between E' and
R'+dR' is (du, /dR')dR'. Since the e+ tracks cannot
travel indefinitely in emulsion, we have to make cor-
rections for this eGect. For simplicity, let us suppose
all e+ tracks produced from all the modes had a unique
range of 4.5 cm. Then we 6nd the total number of e+
tracks at diferent E to be

(i) 3Aae erIergy, meal free Path for the Photoes awd
e+ in dkgerent decay modes F.rom the energy spectra of
diGerent decay modes, we are able to list the mean
energy of the xo and the related mean energies for
photons and for electron pairs in Table XIII.

(ii) Number of e+ tracks Per NO E+ mesoIss at dif
ferelt R As the scan volume is small compared with the
whole stack, it can be considered a point source of all
secondaries. Then, the number of e+ tracks produced
from all the Inodes at a distance R' from the scan
volume can be expressed by

The partial e%ciency for 6nding a E,3 was de6ned
by Eq. (11). This can be simplified by normalizing
dX/dB to unity into the form

where

B
dingE.(R)= H[(R'+4.5)—R] dR',

0 dE.
(A3)

dE
e,s= 1—mBse+ B dB,

&min

where ns is to be determined.
By the defInition of (died/B)dB, we can interpret

the integral as follows:

dS
B dB= B(mean bl—ob density for the

+Inln e+ tracks in E,s events).

The value of 8 can be determined by measuring the
blob density of each e+ track at the E+ decay point
for E,3 events and taking the average of the measure-
ments. As the result of our blob counting for the IC,3

events, we have obtained

B=b17.81/(100 microns) . (A1)

By substituting Eq. (A1) and the value of Bms

(i.e., 38.6 blobs per 100 microns) into Eq. (11), we
obtain the relation between m and e,3.

(b) Average Ratio betIoeeN e+ aIId (z+II)
Tracks Around the Scae Volume

As the final products of all decay modes of E+ mesons
are e+ and v, it is essential to know the spatial distribu-

TABLE XlII. Mean energy, mean free path, and
approximate range of 7 and e+.

Decay mode

EIJ,3 ~ pX' V

m'~ 2y —+ 4e

X,g —+ err'v
m.0 ~ 4e

X g —++++0
~0 —+ 4e
~+~ p,+~e+

v' —+ x+vPH
w'm0 ~ Se

e

EOI E
{mean energy)

(Mev)
~a & e

220 ii0 55

240 120 60

245 123 62

&x
I'mean free
path of y)

I'cm)

5.00

It',
I',approximate
lange of e )

(cm)

4.9

4.9

3.8

&[(R'+4.5)—Rj=1 «R& (R'+4.S) cm,
=0 at R&(R'+4.5) cm.

(A4)

After performing the numerical integration of (A3)
we obtain E.(R) as a function of R. This is plotted. jn
Fig. 6.

(iii) Number of s+ arId tI+ tracks at dhgererIt R' porn
al/ modes. By neglecting the small contribution due to
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For a spatial distribution of p, tracks, we include all
p, tracks for both E„2and E» up to 12.5 cm. We may
thus write down 1V„(1I!)as

1V„(R)=r„'+r„'=61.8+5.4=67.2. (A'7)

The distributions N and E„arealso plotted in Fig. 6.

(iv) Average rat~a between 1V, and (1V +1V„).
From Fig. 6 we can evaluate the average ratio be-

tween 1V, and (1V +1V„)over a distance from It.=0 to
E.=12.5 cm. We G.nd

12.5 cm

[1V.(1I'.)+1V„(1I'.)]
.l2.5 cm

dR. =0.36. (A8)

This underestimates the probability that a follow-
through error will lead to an e+ track because it does
not take into account the fact that the total track den-

r and r', we can estimate 1V (It) from E2by c'onsider-

ing the fact that a m track with 23 blobs per 100 microns
or of a residual range =4.3 cm (i.e., 1.5 minimum
ionization) is so heavily ionizing that an error involved
in following such a track is very improbable. In other
words, we would include a x track from E 2 for only
7.7 cm. We thus obtain

1V.(Z) =r.,'a[7.7 Z] = 1—9.3a[7.7 Z], —(A5)

where
H[7 7 R]=.1—at 1!(I7.7 cm,

=0 at R&7.7 cm.

sity decreases approximately as 1/R'. Thus, the
probability for making a follow-through error is con-
siderably greater for small values of E, where
1V,/(1V +1V„)=1.Our experience in refollowing the
events originally classified as E,3 confirms this expecta-
tion that most errors should occur for values of E. less
than =7 cm. Furthermore, the inclusion of all x+
from E 2 decay is unrealistic, because any error that
led to such a track would most probably have been
detected as an apparent E 2 with unreasonable pion
range. Three such errors were, in fact, found and cor-
rected during the original following. We believe that
there is a probability of at least 40'Po that a given follow-

through error will lead to an e+ track.

APPENDIX III: m DECAYS IN FLIGHT

", =2.55)&10 ' sec (mean life of 7r+)"

By approximating E 2= j.34, we obtain

1VeI= 134(1—e '"'"")= 2.28. (A10)

"Walter H. Barkas and D. M. Young, University of Cali-
fornia Radiation Laboratory Report No. UCRL-2579, 1954
I,'unpublished).

"Arthur H. Rosenfeld, Angela Barbaro-Galtieri, Walter H.
Sari.as, Pierre L. Bastien, Janos Kirz, and Matts Roos, Rev.
Mod. Phys, 36, 977 (1964).

The possible number of x decays in Right among
E 2 events in this experiment is evaluated here. The
result shows that we may expect two or three z decays
in Right. Because of the negligible effect of this number
on our branching ratios, no particular effort was
needed to search for such events. The evaluation is
described below

let Edq =—No. of 7r's decaying in Right in a total of
Ã 2 events. By definition, X«can be related to E» by

1VeI=1V.2(1—e ") (A9)

where 1Vm2 —=No. of E 2 (includes both m decaying at
rest and in Right),

t= (nt /rn~) X2.84)&10 ' sec (moderation time for a
108.6-MeV ~ from E„2),'"


