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A precision measurement of the A lifetime 7A and the branching ratio R =(A p& )/(A all)
has been carried out. The results are 7 = (2.54+0.04) &&10 sec and 8 =0.646+0.008. The
errors include both the statistical errors and our estimate of the systematic errors.

I. INTRODUCTION

The decay branching ratio of the A'- hyperon has
often been cited as part of the evidence for the
phenomenological selection rule ~EI~ = —,

' for non-
leptonic weak decays of baryons. This rule pre-
dicts, on the basis of isospin analysis of the initial
and final states, that the value of R = (A'- pv )/
[(A'- pw-)+(A'-nv') j is -', . Taking into account
the difference in the available phase space for the-
two modes, the ratio is modified to 0.659. Radia-
tive corrections' further modify this ratio to 0.674.
An examination of the available data for this
branching ratio, however, revealed that the most
accurate results differed from each other by more
than 2 standard deviations. "

This paper describes an experiment carried out
to determine the A lifetime 7 and the branching
ratio R to an accuracy of about 1%. An effort has
been made to minimize the sources of systematic
errors. Using 20000 pictures of the Brookhaven
National Laboratory 30-in. hydrogen bubble cham-
ber exposed to a beam of stopping K mesons, we
collected a sample of more than 10000 A'-produc-
ing events. Subjecting this sample to the analysis
described in the following sections, we obtained a
mean life of v=(2.54+0.04)x10 "sec, and a
branching ratio of R =0.646+ 0.008.

II. EXPERIMENTAL METHOD

A. TheE Beam

The low-energy separated beam' at BNL's Al-
ternating Gradient Synchrotron was used in con-
junction with the 30-in. hydrogen bubble chamber

to obtain approximately 550000 pictures of stop-
ping K P reactions. These pictures were used for
another -experiment described elsewhere. ' For the
present study, we used 20000 pictures from this
exposure.

The beam consisted of two electrostatic separa-
tors which were tuned to 750-MeV/c K mesons
with a momentum dispersion hp/P- 1%. Before
their entrance into the bubble chamber, the
K mesons were slowed down to -250 MeV/c by
6 in. of copper. A beam flux of approximately ten
stopping K mesons per picture was obtained, with
about an equal number of m traversing the cham-
ber. Since pions lose less energy in the copper
degrader than charged K mesons, they entered the
bubble chamber with a momentum of -600 MeV/c.

B. Scanning and Measuring

The A hyperons were produced in the reactions

K P-A'm',

It is kinematically possible to produce an addition-
al neutral pion in reaction (1), but such reactions
are severely inhibited by the limited phase space.
Inasmuch as the Z decays electromagnetically
into A'y, we can consider both reactions (1) and

(2) as A'-producing reactions.
When reaction (1) or (2) produced a Ao which de-

cayed into nm', a zero-prong event was observed.
If, on the other hand, the A' decayed into Pw

within the chamber, a zero-prong-plus-vee event
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mould be observed. Scanners mere instructed to
search for zero-prong events with and without as-
sociated vees.

In order to achieve a high scanning efficiency,
we restricted the scanning volume for zero-prong
events to the central 20-cmx 20-cm region of the
chamber (the chamber diameter is -V5 cm). For
each zero-prong event found within this volume,
vees mere searched for within a small circle of
6-em radius centered at the zero-prong vertex.
This procedure of scanning first for zero-prong
events and subsequently for associated vees was
strictly adhered to, so that the scan was accom-
pbshed within the limited scanning volume with a
minimum of bias with regard to the existence or
nonexistence of a vee. The scan mas performed
on image-plane digitizing machines which pro™
jected approximately life-size pictures.

When a complete frame had been scanned, the
events selected were measured by the scanner.
Tracks were measured in all three viems as 5-,
3-, or 2-point tracks depending on their projected
lengths. The zero-prong events and vees within a
frame mere measured mithout requiring the scan-
ner to associate them into events. Due to the lom

Q values in the production reactions (l) and (2),
the A emitted usua11. y had low momentum so that
the decay products also had small laboratory mo-
menta. Consequently, most of the protons from the
A-Pg- decay stopped in the bubble chamber, and
a rather accurate proton momentum could be ob-
tained from the range. Scanners were instructed
to examine the positive decay tracks and set a
special code if such tracks did not terminate with-
in the bubble chamber.

All 20000 pictures were subjected to two identi-
cal, independent scans in this manner, and the
over-aD scanning effieieney achieved was better
than 99%. All zero-prong events found were then
examined on a large magnification machine. The
purpose of this study was to obtain an independent
evaluation of the "quabty" of the zero-prong events.
This special scan eliminated zero-prong events
caused by "late beam tracks, " which appeared
"-faint" in the pictures because of their smaller
bubbles. These events were eliminated in order
to obtain a more uniform scanning efficiency,
since a "late" zero-prong event without a vee would
be more likely missed than a "late" zero-prong
event with vee. This scan also eliminated zero-
prong events if their bubble densities were incon-
sistent with those expected of stopping K mesons.
This was to discard zero-prong events produced by
in-flight m mesons. Stopping K mesons leave
tracks with very high bubble densities, while
600-MeV/c s mesons leave tracks which are min-
imum ionizing. The distinction between the tmo is

very clear and unambiguous on the scan table.

C. Analysis of Events

A total of -14000 events were measured. All
events, including stopping K tracks with no as-
sociated vee, were processed through the geomet-
ric reconstruction program TVGI . Stopping K
tracks which did not pass the "beam criteria" in
azimuth and dip angles, or were out of the fiducial
volume, were eliminated. Events with vees were
subjected to kinematic fitting, using the program
SQUA%', to the two possible interpretations
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FIG. 1. The A mass reconstructed from the mea-
sured momenta and angles of the decay P and m .

Events that made kinematic fits with good X2 con-
fidence to the A or Ko interpretations were accepted
as such. The distribution in the A mass, recon-
structed from the measurements of the proton and
the m, is shown in Fig. 1. The A momentum dis-
tribution is shown in Fig. 2. The peak at -255-
MeV/c is due to the two-body reaction (1); the
events below 250 MeV/c are from reaction (2).
There mere no ambiguities betmeen A and K de-
cays at these lorn energies. There mere inly a to-
tal of 31 Ko fits in the whole experiment. Vees
mhieh made no satisfactory fit were remeasured
and examined by a physicist, who either accepted
the event as a good A decay or discarded it if the
vee mas either an e'e pair, a scattered A, or
from some alternative origin. Thus all events were
positively disposed of, and no A- P+ m decays
mere lost due to possible inefficiencies in the re-
construction on fitting programs.
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All of the A-P+w events were subjected to the
following selection criteria:

(a) The path length of the A is less than 5.0 cm.
(b) The path length of the A, projected on the

front glass of the chamber, is larger than 0.2 cm.
(c) The projected length of the A-decay products,

P or w, is larger than 0.2 cm.
(d) ~

sink
~

& 0.9, where X is the dip angle of the

A tot@ of 4572 A decays passed these criteria.
For each event, a weight was computed, equal to
the reciprocal of the probability of having detected
the event with the criteria above.

D. Background Events

The total number of zero-prong events processed
is basically the total number of A"s produced by
K mesons in the experiment. There were two
sources of zero-prong events, however, which did
not produce A"s. These were in-flight n interac-
tions at -600 MeV/c, and interactions of stopped
w mesons. These backgrounds amounted to less
than a few percent of the zero-prong events. The
in-flight w interactions were eliminated by exam-
ining the beam-track bubble density (in the special
scan mentioned above). Stopping X 's are very
dense, while 600-MeV/c w 's are close to minimum

ionizing; the distinction between the two is quite
clear.

The stopping-w events can be eliminated by re-
quiring agreement between momentum from the
measured curvature of the beam track and momen-
tum from range, assuming the track to be a stop-
ping K ." Figure 3 shows that this agreement is
good for the stopping K 's and bad for stopping
w-'s. The two are quite well separated by a cut in

(P,„„„„-P,, )/5P = -3.0, where 5P is the error
in the momentum from curvature. The stopping
pions in this figure are not the zero-prong events,
but a sample of pions undergoing m- p, -e decay,

measured for the purpose of this comparison. For
purposes of illustration, the number of stopping
pions relative to the stopping K 's in this figure is
much larger than is actually the case for stopping
m 's producing zero-prong events.

About 5% of the zero-prong events are K inter-
actions in flight. In principle these are not a prob-
lem since they produce A's like the stopping K 's.
However, the in-Qight K 's can produce Ko's by
the charge-exchange reaction

KP Kn. (3)

This reaction is below threshold for stopping K 's.
The number of K 's produced can be calculated
from the number of K,- m'w decays which are
identified from the kinematic fitting. It is, how-
ever, desirable to minimize this correction. This
can be done by the range-curvature comparison.
For in-flight events, the momentum from curva-
ture exceeds the momentum from "range"; these
events are responsible for the tail on the upper
end of Fig. 3. A cut at 3.0 removes most of the
in-flight K interactions, reducing the K' produc-
tion to 0.5% of the A production.

Photons converting into e'e in the liquid hydro-
gen were not a background faking A- p+w decays,
since at these energies the proton from A decay
was below 300 MeV/c and very heavily ionizing,
while the electron pairs were minimum ionizing.
The e'e pairs were discarded on the scan table
unambiguously.

FIG. 3. DI.stribution in (P~»,~~-Pra„g/M' for zero-curvature rang
prong events, where P~»ture is the momentum calculated
from curvature and Pr~geis the momentum from range,
assuming the track to be a stopping E' . 6P is the error
on P~vature. The shaded events are not zero-prong events
but a sample of stopping &'s which undergo ~ pv,
p evv decay in the chamber, measured to check our
ability to identify stopping &'s by the range-curvature
comparison.
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E. Scanning Losses

The entire film used in this experiment was
scanned twice, with great emphasis placed on high
efficiency. Comparison of the two scans showed
that the combined efficiency of the two scans was
99.9%, i.e. , only 1 out of 1000 vees was lost as a
result of random scanning losses by both scanners.
This, however, does not include systematic losses
due to poor film quality, faint tracks, or systemat-
ic losses dependent on the topology of the events.
The first one of these was eliminated by (a) select-
ing 20000 pictures of the best quality out of p, much
larger exposure, and (b} a third scan through the
film where faint tracks (tracks entering the cham-
ber late} were removed from the sample, as were
pictures with poor optical quality.

Systematic losses dependent on the topology of the
A decay were studied by comparing various distri-
butions of the observed events with a complete
Monte Carlo simulation of the experiment. As ex-
pected, events were lost, or found with decreased
efficiency, in the following cases:

(a) A decays too far from the K stop (more than
6 cm),

(b) A decays very close to the K stop (within
0.1 cm or so),

(c) the proton from the A decay being invisible
or shorter than -0.1 cm,

(d) the A having a large dip angle, i.e. , heading
directly toward or away from the cameras.

These regions of decreased scanning efficiency
were eliminated altogether by the selection crite-
ria imposed on all the events (see Sec. IIC). The
loss of events due to these selection criteria was
corrected for by weighting the remaining events
by the inverse of the probability of surviving these
cuts. There were no significant losses of events
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FIG. 5. Distribution in the projected length of the pro-
ton from A decay. The curve is the result from the
Monte Carlo calculation.

outside of the regions removed by these criteria,
as is demonstrated by the good agreement of the
distribution of observed events with the Monte
Carlo events in the A length (Fig. 4), proton length
(Fig. 5), and the A dip angle (Fig. 6).

One other possible systematic loss might occur
when the opening angle of the vee (angle between
P and v ) is close to 0' or to 180'. Figure 7 shows
the comparison of the distribution in the opening
angle between observed and Monte Carlo events.
No loss is apparent at 0', but there seems to be a
loss near 180'. A correction of 94+ 22 events was
made, based on this distribution, to account for
this loss.
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III. RESULTS

A The Ao Lifetime

The sample of 4572 A' decays that survived the
selection criteria described above was used to de-
termine the A' lifetime. A maximum-likelihood
analysis was performed. The likelihood function
Z(~) was calculated:

4»' (I/~)e~(-t;/~)
~, exp(-t; "/ )-exp(-t, '"/ ) '

where
7. is the mean life of the A' at rest,
t& is the observed proper time of the ith event,
t~" is the minimum proper time consistent with

observation of the ith event,
t, '" is the maximum proper time consistent with

observation of the ith event.
The result of this analysis was

r=(2.54+0.04)x10 ' sec.

Detection biases dependent on the decay configura-
tion of the A' do not affect this lifetime determina-
tion. But biases dependent on the distance of the
decay point from the K stop would affect the above
result. The comparison with Monte Carlo events,
Fig. 4, gives us confidence that we have no such
biases beyond the 0.2-cm minimum projected
length cut. A further check of this was done by
repeating the maximum-likelihood analysis with

larger minimum-projected-length cuts. The life-
time did not vary appreciably for length cuts up to
1.0 cm, as is shown in Fig. 8. This indicates that
there are no significant losses of A's beyond our
minimum-projected-length cut of 0.2 cm.

The only other factors which might affect the
lifetime determination are errors in the measure-
ment of the Ao momentum and the A' decay length
for individual events. These effects were studied

FIG. 8. Result of the A lifetime determination
for various A projected length cuts.

in a Monte Carlo program by smearing the momen-
tum and decay length of each event by our known
momentum and length measurement errors. The
lifetime changed by less than 0.01&& 10 ' sec as
these quantities were smeared by several times
our known errors. Systematic errors in the mea-
surement of the momenta are less than a fraction
of a percent, since the optical constants and the
magnetic field in the chamber have been very care-
fully calibrated, using the monochromatic pions
from a large sample of K +P- Z'+m' events. This
sensitivity of the lifetime to the momentum and the
length errors, although quite negligible, has been
folded into the error on the lifetime given above.

B. The A Branching Ratio

The branching ratio R was calculated from the
4572 A-Pz- decays that passed the selection
criteria of Sec. IIC, and a total of 10066 K stops
which survived the quality checks arid the range-
curvature agreements described above.

A number of corrections have to be applied to
these numbers to obtain the branching ratio:

(a) A weight, equal to the reciprocal of the de-
tection probability, was calculated to correct for
the losses due to the four selection criteria. The
sum of the weights for the 4572 observed decays
was 7167, or an average weight of 7167/4572
=1.567. The error on this average weight, includ-
ing the systematic uncertainty in the A lifetime
and the measurement error on the A decay length,
as evaluated by the Monte Carlo program, is
+ 0.006. This error, combined with the statistical
error on the number of A decays, gives an error
of +83 on the 7167 A decays. Note that the statis-
tical error is not the square root of the number of
events, but is given by binomial statistics.

(b) The scanning efficiency, not including sys-
tematic losses, is 99.9%, as discussed in Sec. IIE.
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The correction for random scanning losses is thus
7+ 7 events.

(c) A correction is necessary for the loss of vees
with opening angle near 180 . This correction
amounts to 94+ 22 events, as discussed in Sec. II E.
We apply the average weight appropriate for these
events, since Fig. 7 is a distribution of unweighted
events, to get (94+ 22)xi.744=164+ 38 events

(d) The final correction to the number of A-Pv
decays is due to the fact that if the A scatters in
the liquid hydrogen before its decay, the event
will not make a kinematic fit to a A- pm decay
with the A coming directly from the K stop. These
events were part of the sample of vees which
made poor or no kinematic fits that were examined
by physicists. If a proton recoil from the A-p
scatter mas visible, or the A did not point to the
K stop, the vee was discarded. The A-P scatter-
ing cross section and angular distribution are
fairly well known' in this energy region. A
Monte Carlo program was written, using this in-
formation, to calculate this correction to be 41+ 9
events. The error is mostly due to the uncertainty
in knowing exactly how many of the small-angle A

'scatters fit with good X' as a A coming directly
from the K stop.

(e) Whenever a A- pv decay occurs so close to
the K stop that no gap is visible, the event looks
like a two-prong K scatter, and both the vee and
the K stop are discarded on the scanning table.
If a vee has been measured, but is within 0.2 cm
of the K stop (as projected on the film plane),
both the vee and the K stop are discarded accord-
ing to the selection criterion (b) of Sec. IIC. (The
other three selection criteria discard only vees,
but retain the K stop. ) A correction has to be
therefore made to the total number of K stops for
A decays within a projected 0.2 cm. The size of
this correction was calculated using the sample of
observed A decays. Each event was rotated by 90'
around the beam direction, and the probability of
that A, with its particular momentum and direction,
decaying within a projected 0.2 cm of the K stop
was computed. The net correction, which is this
probability multiplied by the weight for each event
[computed before rotating the events, as in (a)
above], summed over all of the events in the sam-
ple, mas 1497+35 K stops to be added to the sam-
ple. The error of +35 is the systematic error only,
due to the uncertainty in the A lifetime and the
measurement error of the A-decay length. The
statistical error on this correction is correlated
with the total number of A decays, and mas prop-
erly taken into account in calculating the error on
the branching ratio.

(f) A very small fraction of the zero-prong events
are in-flight K 's producing F"s in the reaction

K p-K'n. If the K' decayed into m'm, the vee mas

measured and identified as such in the kinematic
fitting. There were 31 such events. The number
of those events when the K does not decay in the
chamber or decays into m'm' must be subtracted
from the total number of zero-prong events. This
correction was calculated by weighting the 31 ob-
served K'- m'w events for detection efficiency
and using the ratio (K - w'v )/(K - all), which is
sufficiently well knomn for this purpose. The re-
sult was a correction of -135+27 zero-prong
events.

The branching ratio R =(A-Pv )/(A-all) is thus

(7167~83)+(7+7)+(164~ 38)+(41+9)
10066+ (1497a 35) —(135+ 27)

= 0.646 + 0.008.

The error on the final ratio was calculated taking
the correlations between some of the corrections
properly into account, and includes both statistical
and systematic errors.

IV. CONCLUSIONS

The result obtained for the A mean life, r = (2.54
+ 0.04) x 10 "sec, is in good agreement with the
average of previous measurements. '

The tmo previous measurements of the branching
ratio R which had the smallest error were 0.643
+ 0.016,' and 0.685 + 0.017,' not in very good agree-
ment with each other. The result of this experi-
ment, 0.646+0.008, favors the first of these re-
sults.

The EI = —,
' rule in A decay predicts a value

R = 3 . This is modified to 0.659 when the phase-
space correction due to the n-p and m'-m' mass
differences is taken into account. The radiative
corrections to this branching ratio have been cal-
culated by Belavin and Narodetsky. ' Their result
raises the branching ratio to 0.674, including the
phase-space correction. Without the radiative
corrections, our result is not in serious disagree-
ment with the EI= ~ rule. With the radiative cor-
rections, however, the disagreement approaches
3—,
' standard deviations. There are, however, some

uncertainties in the radiative corrections, and it
is not clear horn seriously this disagreement with
the QI = —,

' rule should be taken.
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Total and differential elastic cross-section data are presented at eight incident 7r+ momenta:
1.28, 1.34, 1.40, 1.43, 1.55, 1.68, 1.77, and 1.84 GeV/c. These data were obtained from a
hydrogen-bubble-chamber exposure at the Bevatron, and contain more than 65000 events.
This represents more than 12 times the world's data hitherto available in this energy region.

I. INTRODUCTION

We present total and differential cross sections
for m'P elastic scattering at eight incident g' mo-
menta: 1.28, 1.34, 1.40, 1.43, 1.55, 1.68, 1.77,
and 1.84 GeV/c. These data, byproducts of an ex-
tensive investigation of inelastic m'p scattering,
represent more than 1.5 times the world's differ-
ential cross-section data, up to now, in this ener-
gy region. ' ' They result from the measurement of
about 230000 "two-prong" interactions in the
Lawrence Radiation Laboratory 72- and 25-in. bub-
ble chambers. The range in the cosine of the pro-
duction angle covered- by the data is -1.0& cos8*

& 0.98 at the six higher momenta, and -1.0& cos8*
'& 0.96 at the two lower momenta, where 0* is the
angle in the c.m. system between the pion in the
final state and the beam direction.

II. EXPERIMENTAL PROCEDURE

A. Beam

The m' beam used for the three momenta in the
72-in. chamber (1.34, 1.43, and 1.68 GeV/c) had

a single stage of separation with two vertical slits,
the second being used to clean up the beam close
to the bubble chamber. The momentum bite of the
beam was & + 1%%uo. The proton contamination of the


