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We have obtained a sample of 1743 reconstructed 0 ~AK events produced by protons on a
Be target at production angles of 5.0 and 7.5 mrad. The fL lifetime, based on a subset of 1096
events, was measured to be v.(Q ) =(0.811+0.037) &(10 ' sec, where the uncertainty is statistical
and the systematic uncertainty is estimated to be small. The helicity of the daughter A yielded the
product of asymmtery parameters a~a& ———0.022+0.051 which, in turn, yields

aq ———0.034+0.079. The average daughter-A polarization in the decay region was measured to be

PA =0.12+0.08 approximately perpendicular to the charged-hyperon beam line. The 0 polariza-
tion in the same region, i.e., after the precession magnet, depends on the sign of y&, which is un-

known at present. The two possibilities are P& ——P& if y&=+1 and P& ————,PA if y&, = —l. The

magnitude of the polarization vector is only 1.5 standard deviations different from zero, and this
prevented a meaningful measurement of the 0 magnetic moment. If the broken-SU(6) prediction
for the moment, p(Q )= —1.83@&, is assumed to be true, then the precession of the 0 in the
magnetic field is small and the values of P& above are also true at the production target. If this po-
larization is different from zero and correct in sign, then it cannot be simultaneously reconciled with

theoretical predictions for the sign of y& and for the sign of the production polarization. On the
other hand, if the polarization is zero no inconsistency exists.

I. INTRODUCTION

We have collected a sample of 1743 0 hyperons pro-
duced by 400-GeV protons in the reaction
p+Be~Q +X. This paper describes an analysis of
these data to study the production polarization and decay
of the 0

The data were obtained in a series of charged-hyperon
measurements' performed at Fermilab. The 0 events
were collected in the same data runs with a large sample
of:- events. ' The experimental procedures and equip-
ment were identical for the two samples. Section II will
describe briefly these aspects of the measurement. The
geometric and kinematic reconstruction for the two sam-
ples was quite similar, and Sec. III deals mainly with
those aspects of the reconstruction unique to the 0
The lifetime exhibited by this sample of 0 s is con-
sistent with the published results of other workers, and
this is discussed in Sec. IV. The first measurement of the
polarization of inclusively produced 0 is presented in
Sec. V, along with an analysis of the helicity of the
daughter A which confirms existing results for the asym-
metry parameter in the decay.

The experimental setup was designed for measure-
ments of the magnetic moments of other hyperons by the

precession of their polarization vectors in a magnetic
field. Thus, it had the potential of measuring the 0
magnetic moment. Since the 0 polarization vector
difFers from zero by only 1.5 standard deviations, no
significant measurement of pz is claimed. In order to
preclude any overinterpretation of the polarization data,
a full discussion of this topic is presented in Sec. V.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

Figure 1 shows plan and elevation views of the ap-
paratus used to collect the data for this experiment. It
has been described in other publications, ' and in even
more detail in Refs. 5 —8. The experiment was performed
in the M2 hyperon beam of the Meson Laboratory at Fer-
milab. The hyperon-beam channel and detection ap-
paratus were arranged to collect samples of 0, and:"
through the decay processes

and

~AX, A~pm (2.1)

~Am. , A~pm

Because the proton is the most massive of the final-state
particles, it usually carries most of the momentum of the
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FIG. 1. (a) Plan and (b) elevation views of the spectrometer
with a typical event topology shown. MI-M3 are dipole mag-
nets, Si -S3 are scintillation counters, and Ci -C8 are multiwire

proportional chambers.

parent hyperon. Thus, each of these decay sequences has
the distinctive property of having a high-momentum pos-
itive particle emerging from a negatively charged beam.

The hyperons were produced by 400-GeV/c protons
incident on a Be target, 0.635 cm diameter by 15.3 cm
long. The angle at which the proton beam struck the
production target in the vertical plane could be set to any
value from —10 to +10 mrad by varying currents in
beam transport magnets. For this experiment data were
taken at +5.0 and +7.5 mrad. The beam position and in-
tensity at the production target were monitored by a set
of ion chambers positioned just upstream of the produc-
tion target.

A secondary charged beam was formed and momen-
tum was selected by a magnetic channel M2, which was
operated at a field integral of —6.60+0.01 Trn, i.e., a
vertically downward field, for most of the data collected.
The production target, the 4-mm-diameter limiting aper-
ture of the channe1, and the exit aperture of the channel
defined a circular arc through the magnet with a bend of
10 mrad for the central ray. This orbit corresponded to a
momentum of 198 GeV/c. Details of the channel accep-
tance as a function of momentum are presented in Ref. 7.

About 20%%uo of the data were taken at a field integral of
—5. 13+0.01 T m, corresponding to a central momentum
of 154 GeV/c (Table I).

The beam channel was followed by a 12-m-long decay
volume of which 8.5 m were in vacuum, and a conven-
tional spectrometer consisting of a magnet M3 and eight
multiwire proportional chambers (MWPC's) (C~ —Cs).
M3 was operated at a field corresponding to a transverse
bending power of 0.95 GeV/c. Prompt signals were
available from the MWPC's for use in the trigger elec-
tronics. In particular, Cz and Cs (downstream of the
spectrometer magnet) had separate signals from the left
and right halves to distinguish particles of negative (sub-
script X) and positive (subscript P) electrical charge, re-
spectively.

Several scintillation counters (S,—S3) were used in the
detector. S, signaled a particle emerging from the beam
channel into the decay volume. S2 contained a hole large
enough to pass beam particles, and served to veto halo
particles. S3 was placed downstream of Cs in the accep-
tance window for high-momentum particles of either
sign. It was struck by beam particles, e.g. , m. ,which did
not decay, and the high-momentum decay products, e.g.,
protons, m and K

The trigger consisted of the following combination of
signals from MWPC's and scintillators:

T =S) S2 S3 C7N C7p'C8p .

This trigger selected events with at least one positive and
one negative particle. For some runs, the veto counter S2
was not used. The geometry of S3 favored events where
the positive particle had reasonably high momentum.
This signature was appropriate for both:" and 0
hypemns. As detailed in Sec. III A, approximately 9% of
these triggers reconstructed as three-track events. This
relatively loose trigger was chosen to minimize the possi-
bility of trigger-induced biases in the asymmetry mea-
surements. The trigger rate, and resulting dead time, was
not a major factor in the data collection rate which was
limited by the charged-particle flux, mainly m, through
the upstream MWPC's. An auxiliary trigger,

m =S).S2 S3,

designed to detect particles in the negative beam, was di-
vided by a factor of 512 (or 1024 for some runs) and
mixed in with the main event trigger for normalization.

TABLE I. Summary of data tapes.

Data

Set Trigger

B.dl

(T m) + 5.0 —5.0 +7.5

Number of data tapes
at production angle

(mrad)
—7.5

Si-S3 C7N Cjp CSP
Si.S2.S3 C7N C7p C8p
Si 'S2 S3 7N 7p 'CBp

Si -S2.S3 'C7N 'Cjp 'C8p

—6.60
—6.60
—5.13
—5.13

15
19
6

16
21

6
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The data-acquisition system was CAMAC based and
interfaced to a PDP-11/45 computer which recorded
data on magnetic tape. The online programs monitored
the performance of the detector, but did no event recon-
struction. In a typical run, this system collected events at
the rate of about 200 triggers per 1-sec beam spill with
2&10 protons on target, and required about 1.5 h to
write a magnetic tape of about 75000 events. A total of
approximately 6250000 triggers were recorded on 91
data tapes (Table I).

III. EVENT RECONSTRUCTION
AND IDENTIFICATION

The reconstruction program was designed to search for
events with the topological patterns of the decay process-
es in Eqs. (2.1) and (2.2), i.e., two negatively charged
tracks, one positively charged track and two vertices.
The coordinate system used in the reconstruction had the
z axis along the charged-beam direction as it emerged
from the magnetic channel. The y axis was vertically up-
ward, and the x axis was horizontal, completing a right-
handed system.

A. Processing of raw event data

Wire hits from the MWPC's were converted to x-y po-
sitions in each of the chamber planes. The first-level data
filtering was based on the hit patterns in C3 —C8. Ap-
proximately 62% of the triggers lacked the hit topology
essential for three tracks and were rejected at this level.
The next step was to search for three tracks in the verti-
cal, nonbend view (y-z plane), based on best fits to
straight lines. About 22% more of the triggers failed at
this stage. In the third step, upstream track segments in

C3 C5 were linked to downstream track segments in

C4 —C8 at the bend plane of M3. Roughly 7% failed the
matching criteria required at this stage. The remaining
-9% of the events constitute the three-track sample.

For each three-track event, a tentative A vertex was
chosen as the closest approach of the positive track to the
lower-momentum negative track, and the 0 (or = )

vertex as the closest approach of the reconstructed A tra-
jectory to the remaining negative track. If the A vertex
was found to be upstream of the 0 vertex, the negative
tracks were interchanged and the vertices recalculated.
This effect is seen in the =, where greater statistics per-
mit more detailed studies, and in the Monte Carlo events.
It depends on momentum in two ways which tend to can-
cel, viz. , higher momenta have smaller opening angles
which enhance the effect, but also have greater distances
between vertices which diminishes the effect. On a long-
distance scale, this is very similar to the well-known situ-
ation encountered in searching for secondary vertices due
to the decay of heavy-quark states. The probability of
confusion is roughly the transverse spatial resolution,
1 —2 mm, divided by c~=79 mm for the A. Only events
with the A vertex downstream of the 0 vertex were re-
tained.

A geometric 7, based on the track parameters,
chamber hits, and vertices was computed, typically based

B. External Monte Carlo simulation

The performance of the reconstruction programs was
studied with a sample of events generated by a Monte
Carlo program which simulated the experiment as closely
as possible. In order to distinguish this from a hybrid
Monte Carlo procedure built into the polarization
analysis programs, we will refer to this as the external
Monte Carlo simulation. The program generated events
with distributions and cuts appropriate to (1) the ob-
served proton beam-spot size at the production target
and the length of the target, (2) passage of the parent par-
ticle (0 ) through the beam-channel apertures, (3) ex-
ponential decay with proper time from production of the
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FIG. 2. The geometric g distribution for three-track events
with positive vertex separation. Typically, there were 28 de-
grees of freedom for these events.

on 28 degrees of freedom. Roughly 9% of the three-track
events had 7 &100 and were eliminated at this stage.
The geometric 7 distribution of the remaining events is
shown in Fig. 2.

For the remaining events, the field strength of M3 and
the slopes of the tracks were used to compute the three-
mornenta of the tracks. The momentum vectors, in turn,
were used to compute the invariant mass of the candidate
A under the hypothesis that the positive and negative
tracks were a proton and a ~, respectively. The result-
ing invariant-mass distribution is shown in Fig. 3. The
events were also subjected to a kinematic 7 fit, with the
A mass as a constraint. This kinematic 7 distribution is
shown in Fig. 4.

The 377337 three-track events which passed all the
above criteria were recorded on data summary tapes.
The results of the first-level analysis (geometric P, vertex
positions, the charged-particle momentum vectors, the
reconstructed A mass, the fitted A momentum vector,
and kinematic X ) were passed on to the later analysis
procedure.
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FIG. 3. The p-~ invariant-mass distribution for events with
geometric g & 100 and positive vertex separation.

ed on tape for analysis by the standard reconstruction
programs. The generated quantities, such as positions,
momenta, and decay angles, of each event were also
recorded for comparison with the results of the recon-
struction programs. The characteristics of the Monte
Carlo events matched those of the data quite well in all
measurable quantities studied such as spatial distribu-
tions, number of wires per hit, hits found per track, 7 for
the geometric fits, and so on.

The reconstruction efficiency was determined to be
77% for the Monte Carlo events. 8% failed because of
too-many or too-few wire hits. Another 10% failed be-
cause of the small opening angle(s) between two or more
tracks, which resulted in misidentification of upstream
and downstream track segments at the band vertex. The
remaining 5% of losses were three-track events with wire
hits assigned to the wrong track, which usually gave a
geometric 7 g 100.

The same Monte Carlo procedures were used to
study various sources of background::" ~Am.

K —+~ m. m, 0 ~:- ~, and Q

observed 0 ~AK events, including decays within the
beam channel, (4) subsequent decays of daughter parti-
cles, A~per, (5) passage of all decay products through
appropriate apertures in the apparatus, including the
beam channel, trigger counters and MWPC's, and the
spectrometer magnet, (6) measured inefficiencies, double-
wire hit distributions of the MWPC's, and random noise
hits unconnected with the event, (7) multiple Coulomb
scattering for charged particles, (8) measured spatial field
inhomogeneities and random fluctuations of the field with
time (up to 0.5%) for the spectrometer magnet, M3, (9)
polarizations and decay asymmetries of the parent 0
and daughter A, and (10) experimental trigger require-
ments. The responses of the simulated detector for
events generated according to these criteria were record-

C. Reconstruction and identification of Q

Events on the data summary tapes were subjected to
kinematic reconstruction under each of the two hy-
potheses 0 ~AK and:" ~Acr, using the fitted A
momentum vectors. In addition, the decay angles in the
rest frame of the reconstructed parent 0 were comput-
ed. These calculations completed the set of quantities
used to reduce backgrounds, identify 0, and extract the
various physics results. At this point, the numbers of the
three dominant event populations were approximately
374 000:- ~A m. , 3000 0 & AK, and 300
0 ~:- m . We estimate the sum of contributions from
other decays with the correct topology to be less than
300. The cuts used to extract a clean sample of
0 ~AK are summarized in Table II and are discussed
in detail in the paragraphs below.

6 x IO
1. Mass cut to select A
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The pm invariant mass for each event was required to
be within +7.5 MeV/c ( -3cr ) of the A mass. Although
this cut was strongly correlated with the kinematic 7 cut
previously applied in the analysis of raw data tapes, some
remaining events with large reconstruction uncertainties
were cut by the mass requirement. Figure 5 shows the
AK invariant-mass spectrum after this cut. There is a
significant 0 signal on top of a large background.

2. Mass cut to eliminate =

IO I5

Kinematic X

l

20

FIG. 4. The kinematic g distribution for p-m constrained
to fit the A mass. This fit has one degree of freedom.

The Am invariant mass was required to be greater
than 1.345 GeV/c . This cut eliminated most of the

~A~ which dominated the sample. The mass spec-
trum for this hypothesis and the cut position are shown
in Fig. 6. Figure 7 shows the AK invariant-mass spec-
trum for the events remaining after this cut. The 0 sig-
nal is now dominant, but there is sti11 a significant back-
ground.
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TABLE II. Effect of cuts on full data sample and Monte Carlo 0 and:-

Cut

Real
events

left

Fraction of Monte Carlo events left

Other

Before cuts
(1) 1.108 (M(pn) (1.123 GeV
(2) M(Am)&1. 345 GeV
(3) Decay vertex Z&0
(4) cos0«0.4
(5) Production target
(6) Decay angles
(7) Final mass cut

377 337
340 153

16 940
6 390
3 961
2 812
2 340
1 743

1.00
0.925
0.020
0.016
0.008
0.004
0.001
0.00007

1.00
0.924
0.920
0.679
0.374
0.348
0.342
0.111

1.00
0.922
0.794
0.634
0.628
0.616
0.602
0.556

1.00

-0

Estimated number of events
Before cuts
After cuts

374 000
26

300
32

3 000
1 685

300
0

3. Decay vertex cut

The 0 decay vertex was required to be downstream
of the exit aperture of the beam channel in order to en-
sure that all particles in the sample passed through the
full length of the magnetic field.

4. Angular cut in the " rest frame

Monte Carlo studies indicated that the above cuts re-
duced to negligible amounts the backgrounds from
K ~tr+n vr and 0 ~= tr decays, but that 68% of
the background from 0 ~:" tr remained. It was es-
tablished that, in the rest frame computed under the~Am hypothesis, the 0 ~Aj' events were re-
stricted to the region —1 & cosL9~ g —0.4, where t9& is the
angle between the c.m. A momentum and the laboratory
z axis. Although their distribution peaked at cosOA = —1,
the 0 ~:"m events covered the full range in cosOA,
and 37%%uo survived the cut requiring cos6I„& —0.4.

5. Target-pointing cut

The reconstructed momentum of the 0 was projected
back through the magnetic field of the beam channel to
its entrance where the production target was located.
The projected position was required to be within 1 cm of
the target center. This slightly reduced the 0
background to about 36% of its original level, and also
reduced collimator-produced events. (Figure 3.18 of Ref.
6 shows the target-pointing distribution. )

6. Cuts on 0 c.m. decay angles

Under the hypothesis 0 ~AE the c.m. decay an-
gles Htt and Px were computed, where 6rx is the angle be-
tween the E momentum and the z axis, and Px is the
azimuthal angle of the E momentum in the x-y plane.
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passed the first of the cuts described in the text, i.e., a mass cut
to select daughter A' s. Subsequently, events below the arrow
were cut to eliminate = from the sample.
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Here, the c.m. coordinate axes are parallel to the lab
axes. A scatter plot of the two-dimensional distribution
of events remaining at this stage is shown in Fig. 8.
Monte Carlo studies showed that the events clustered in
the vicinity of Pz ——0, cos8a ———1 were = ~Am de-
cays in the collimator channel. These events were elimee

inated by a cut along the contour shown in Fig. 8
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remaining after the cut above is shown in Fig. 9. Note
that a semilogarithmic plot is needed to provide a
significant display of the small remaining background.
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The mass distribution has a full width at half maximum
(FWHM) of 5.8 MeV/c . Cuts were made at +10
MeV/c about the 0 mass (1.6725 GeV/c ), leaving
1743 events. The distribution of these events among the
various running conditions is shown in Table III.

D. Backgrounds and efficiency

In order to estimate background, an analytic curve
consisting of a linear part, a Gaussian and a Lorentzian
with the same width was fitted to the experimental mass
distribution (Fig. 9) from 1.63 to 1.73 GeV/c . The back-
ground was estimated from the linear part of the fit to be
58+8 events, or 3.3% of the sample. Based on Monte
Carlo studies, roughly half this is due to 0
The remainder are most likely poorly reconstructed~Am events.

Monte Carlo studies indicate that 44.4% of the
0 ~AX events were lost by the cuts described in this
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FIG. 9. The AE invariant-mass spectrum for events which
passed all cuts described in the text except the final mass cut.
The arrows indicate the position of the mass cut. In this final

mass plot, the vertical scale is logarithmic in order to give a
clearer picture of the remaining background.

~ ~
~ ~

—I.O—
1 60 —80

I

Oo

~ ~

I I

80
I

l 60

TABLE III. Number of events in final sample under various
running conditions.
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FIG0 8. A scatter plot of the angular distribution of the K

in the 0 rest frame for events which satisfied cuts up to the
fourth described in the text.

JB.dl (Tm)
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—5.13
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651
128
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section. Table II gives a summary of the event status and
the good event and background losses at each stage of the
cuts.

K. Comparison between Monte Carlo and real events

The final sample of events was compared with the
external Monte Carlo events in a number of distributions.
These included geometric and kinematic 7 distributions,
proton, pion, and kaon momentum distributions, pm
and AE mass distributions, and the 0 momentum dis-
tribution. Agreement was excellent in all cases. Figure 9
is an example. (The other distributions can be found in

Figs. 3.13—3.20 of Ref. 7.)

IV. LIFETIME

In principle, the lifetime of an unstable particle in
Aight can be measured by using the exponential decay
law

The population of individual bins is low, and a least-

squares minimization of X, which assumes Gaussian dis-
tribution of errors, is not appropriate. Instead, we use a
maximum-likelihood calculation with a Poisson error dis-
tribution. " The MC distribution can be used to form an
estimate A, k of the expected population of a given bin by

—(zk m /p. w)k

=m Cjk Jk J —(zk m/p 7.0)k j 0

Pjk P„(A——jk ) =
)
"Jk

Jk

1rjk
(4.6)

The likelihood function can now be formed by taking the
product over all bins of these Poisson probabilities, which
are, through k k, functions of C and ~:

where C and ~ are parameters to be determined in a fit.
In a given bin, the observed number of events, r k, occurs
with a probability given by

N( ) N(0) Nkz P'7 (4.1) L'(C, r}=Q (P „),
jk

where N(z) is the number of particles which survive to a
distance z from a given reference point, z=0, and m, p,
and ~ are the mass, momentum, and lifetime of the parti-
cle. In practice, beams of particles are produced with a
range of momenta and detected by devices with imperfect
acceptance. Equation (4.1) must be modified to represent
the observed distribution

or, more conveniently,

L (C, , r)= —21n(L') = g [ln(Pjk )]
jl

= —2 g rjkln(A, ,k ) —g A,jk +const .
jk jk

(4.7)

Njt (p, z) =e(p, z)Njt (p, 0)e (4.2)

where e(p, z) is the apparatus acceptance. For this
analysis, the reference point was z=O m, i.e., a point at
the exit of the beam channel, Mz.

The product e(p, z)N&(p, O) was determined by a
Monte Carlo (MC) calculation in which events were gen-
erated with approximately the correct momentum spec-
trurn at the production target and with a generating 0
lifetime ~o yielding

—(mz/p~0)
N~c(ro p z) =e(p, z)N&c(p, O)e (4.3)

We assume that the MC program correctly represented
the detector acceptance in Eq. (4.3). Further, we assume
that, when the real and MC data are binned, the two
momentum spectra are related by

Mc(p, O) =C Nz (p, O), (4.4)

where C are parameters (one for each momentum bin j)
to be determined by the fit. The C reconcile both the
slight difference in the shape of the momentum spectra
and the much larger size (typically 15 times) of the MC
samples.

The other parameter varied was cr, where c is the ve-
locity of light. Various MC, sets were generated with
values of c~o between 2.25 and 3.50 cm. The A lifetime
used was ex~ =7.89 (Refs. 9 and 10). We collect real and
MC events into 5-GeV momentum bins and 0.5-m decay
vertex position bins with the following notation:
rjk =N~(pj»k ) and mjk =NMc(pj zk) ~ammed in each
bin.

Minimizing this function is equivalent to maximizing the
likelihood function. Had we started with Gaussian in-
stead of Poisson probabilities, L (C, ,r) (except for an ad-
ditive constant) would be X; and we assume that a one-
standard-deviation change in a fitted parameter will raise
its value by one unit, as is the case with 7 . This has been
confirmed by comparison with an actual 7 calculation.

Three independent MC sets with c~o——3.50 cm, a
fourth with c~o=2.25 cm, and a fifth with c~o ——2.35 cm
yielded c~ within a fraction of a standard deviation of
each other. We conclude that the procedure is insensitive
to the choice of c~o. In all these MC sets, a realistic
momentum spectrum was used, yielding very little varia-
tion in the fitted values of C over the entire momentum
range. A sixth MC sample was generated with c~0=2.35
cm, but with a drastically altered momentum spectrum.
In this case, the C. varied by a factor of 15 (0.3 at 130
GeV to 0.02 at 260 GeV), and the fitted lifetime was one
standard deviation higher than our fina1 answer. We be-
lieve this to be a systematic shift arising from the obvious
invalidity (in this case} of our assumption that the C, are
constant across the 5-GeV bin width. The corresponding
shift for the fit used for our final result is estimated less
than 0.2 standard deviation. The studies of the stability
of the answer with variation of cuts in momentum and z
position was done with the MC set which had c70=2.25
cm. (See Table IV.) For this reason, our final answer was
done with the same set. However, spot checks on cut
variation were done with other MC sets to ensure that
the conclusions were insensitive to the choice of the MC
set.

The results of the analysis are presented in Table IV
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TABLE IV. Lifetime fits for various conditions.

Mass
interval

(GeV/c )

1.630-1.710
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662-1.682
1.662- 1.682
1.662-1.682

Momentum
interval
(GeV/e)

130-260
100-290
130-180
180-200
197-300
130-260
130-260
130-260
130-260
130-260
130-260
130-260

Decay
vertex

position'

1.0 m —3.4ZD
1.0 m —3.4ZD
1.0 m —3.4ZD
1.0 m —3.4ZD
1.0 m —3.4ZD
0.0 m —3.4ZD
0.5 m-3.4ZD

0.75 m —3.4ZD
2.0 m —3.4ZD
1.0 m —3.0ZD
1.0 m —4.0ZD
1.0 m —3.4ZD

Nn

1 209
1 141

446
302
348

1 630
1 354
1 214

724
1 075
1 109
1 096

NMc
b

17 796
17 539
6 445
4 844
5 620

26 992
21 620
19 167
10952
16 680
17 092
16909

CV

(cm)

2.465+0.108
2.398+0.106
2.425+0.165
2.434+0.213
2.441+0.209
2.564+0.090
2.505+0.099
2.494+0.106
2.445+0.152
2.410+0.120
2.385+0.097
2.432+0.112d

'Number of events satisfying cuts.
Number of Monte Carlo events satisfying cuts.

'Downstream boundary was the smaller of 12.0 rn or the given number of decay lengths, ZD.
Fit chosen for final result.

and in Figs. 10 and 11 which show the comparison be-
tween MC and real distributions for the 0 and
daughter-A decay vertices, respectively.

Errors in the magnetic field of M3 directly aft'ect the
lifetime. The current was monitored for stability at the
beginning and end of each run (data tape) throughout the
experiment. It fluctuated less than 0.5% about the nomi-
nal setting. The dominant spatial nonuniformity was a
sextupole component, determined by two methods which

agreed: a field map and analysis of trajectories through
the magnet. The largest deviation from the nominal field
was about 1%, and the average less than 0.25%. Its mag-
nitude and stability were verified by the tape-to-tape
agreement between known particle masses and the mass
peaks for A, 0, and:" which are also affected by field
errors. We estimate the systematic uncertainty in the
lifetime due to magnetic field errors to be less than 0.5%,
negligible compared to the statistical uncertainty. This
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FIG. 10. The decay-vertex distribution of the fL compared
with the Monte Carlo calculation using c~=2.36 crn. The ar-
rows show the region used in the fit. The downstream bound-
ary, which varied with momentum, was the smaller of 3.4 decay
lengths or 12.0 m.
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FIG. 11. The distribution of daughter-A decay vertices com-
pared with the Monte Carlo calculation using e~z ——2.36 cm and
c~A =7.89 cm. Only the events which fell between the arrows in
Fig. 10 were used for this histogram.
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was verified by Monte Carlo studies of field errors.
The stability of the answer was studied by analyzing

the data with different bounds on the decay region,
different bin widths, different mass cuts and different
momentum intervals. A sampling of these studies is
given in Table IV. The z interval from 0 to 0.5 m con-
tained the beam-channel exit and the thickest in-beam
detector, both potential background sources. The uncer-
tainty in z was about 0.25 rn. The fitted value of c~
showed a drop of about 0.1 cm as the cut on the start of
the decay region was varied from 0 to 1.0 rn and was
stable thereafter. The final value selected was 1.0 m.
Similarly, the downstream boundary on the decay region
was varied from 3.0 to 12.0 m. the region of stability
varied with momentum in a manner consistent with a
fixed number of decay lengths, zD (assuming ca=2.467
cm). The downstreain cut chosen for the full data sample
was 3.4zD or 12.0 m, whichever was smaller. The lifetime
was analyzed for the full data sample, and for each of
three momentum bins containing roughly one-third the
total number of events, with a spread of about one-half
standard deviation in the results. The size of mass cut
was also varied to study the effects of backgrounds and
no significant effect was observed. Doubling the bin
widths in both p and z produced no change. In summary,
these studies showed no evidence for significant systemat-
ic errors.

Our final result for the lifetime is cr=2.432+0.112)
cm, or r=(0.811+0.037)X10 ' sec, where the uncer-
tainty is purely statistical, and systematic uncertainties
are estimated to be small.

The most accurate measurements of the 0 lifetime
are r=(0.822+0.028) X 10 ' sec based on 2437 events'
and r=(0.823+0.015)X 10 ' sec based on 9875 events. '

Our result is consistent with c~=2.467 cm, correspond-
ing to the weighted mean of these two experiments. The
weighted average of all three measurements is
r=(0.821+0.012)X10 ' sec.

V. POLARIZATION AND DECAY ASYMMETRY

Since, in all respects, the 0 fits perfectly into an s-
wave SU(3) decuplet, we assume that the spin is —,

' (Ref.
14). Thus, the 0 can have vector polarization and
alignment as well as higher-order tensor polarizations. If
it is produced with a nonzero production angle by strong
interactions, its polarization vector must be normal to the
production plane. Independent of the value of the spin,
the precession of the polarization vector in a magnetic
field is described by the Bargmann-Michel-Telegdi (BMT)
equations, ' the same as for the spin- —,

' hyperons.
The weak decay 0 ~ABC proceeds to the final states

of orbital angular momentum L= 1,2 through the ampli-
tudes AL. The asymmetry parameters in the decay pro-
cess can be written as

2Re(A «i 32) 21m(A «&A&)

I ~i I'+1~2 I'
I
~i I'+1~2 I'

We assume that P=O, consistent with T invariance and
no final-state interactions.

Final-state interactions (FSI's) can influence our results
in three ways. First, they can change the value of a, but
our task is to measure the experimental value, not unfold
the contribution from FSI's. Values of

~
P

~

as large as
0.2 leave our results unchanged. Second, FSI's can give P
a value different from zero which, in turn, might distort
our measurement of a. The P term produces a com-
ponent of the daughter-A polarization which behaves as
P(AXP„), perpendicular to the a term, which is aA. If
we assume P as large as 0.2, and Pn ——0.12, then this pro-
duces a polarization component of 0.024. However, our
analysis tends to average this component to zero over the
full solid angle. The same is true for its contribution to
the polarization measurement. Third, a large value of P
can diminish the value of y, and invalidate our assump-
tion below that

~ y =1 in the polarization analysis. A
value of P as large as 0.2 reduces

~ y ~

to 0.98, producing
a negligible effect on our polarization.

In this analysis the polarization (with respect to fixed
laboratory coordinates) and the helicity of the daughter
A are used to determine the vector polarization of the
0 and the value of the a parameter. The relationships
among the decay parameters, the 0 polarizations, and
the various measurable distributions are discussed by
Byers and Fenster, ' Ueda and Okubo, ' and Luk. In
the following sections we discuss only the expressions
needed for the present analysis.

A. Daughter-A polarization

For A~pm decay, the angular distribution of the
proton in the A rest system is given by

dn

dQ
1

(1+&~P~ p» (5.2)

deal

= —,'(1+a„P„ncos8),
d(cosO}

(5.3)

where n is an arbitrarily chosen unit vector and
cos0=n. p. By choosing n=x, y, and z parallel to the
fixed laboratory axes, the A polarization can be deter-
mined, and by choosing n=A parallel to the A rnomen-
tum direction in the 0 rest frame, the A helicity can be
determined.

In practice, Eq. (5.2) is modified by the acceptance of
the apparatus. These effects can be corrected by a hybrid
Monte Carlo technique. ' In addition, biases in the po-
larization due to acceptance can be canceled by periodi-
cally reversing the production angle.

B. Decay parameter analysis

where 0 and p are the solid angle and the direction of
the proton in the A rest frame and az is the A asymmetry
parameter. Since Eq. (5.2) is independent of azimuthal
angle, it can be rewritten as

~2+p2+y2
I
~ I'+

I

~ I'

(5.1) The measurement of the helicitp of the A in the Q
rest frame is done by letting n=A in Eq. (5.3}. This is
best understood by a Lorentz transformation from the



28 K. B. LUK et al. 38

0 rest frame along the A momentum direction A into
the A rest frame. In this system, —A is the direction of
the 0 momentum. (See Fig. 12.) The distribution of
the proton with respect to A is given by

I 20—

dn = —,'(1+aAancos0) .
d cos8

(5.4)

This expression results from substituting aA=P~. A into
Eq. (5.3). This is possible because the effects of possible
0 polarization (a fixed direction in the laboratory) and
alignment on the daughter-A polarization tend to average
to zero because of the symmetry of the apparatus and the
random orientation (relative to Pn) of A (Ref. 7).

Data taken at +5 and +7.5 mrad were combined to
form a full sample of 1743 events. The distribution in
cos8 is shown in Fig. 13 along with a Monte Carlo calcu-
lation for comparison. The result of the helicity analysis
1s

—1.0
I

—0.5
I

0.0
I

0.5

~ MONTE CARLO
0 DATA

o,'zaz ———0.022+0.051 .

This can be divided by aA =0.642+0.013 to yield

az ———0.034+0.079 .

(5.5)

(5.6)

A Rest Frame

Systematic effects were studied by dividing the data
into three roughly equally populated momentum bins and
repeating the analysis for each bin. The results in each
bin were within one standard deviation of the above re-
sult. Also, Monte Carlo studies indicated that the bias in
the helicity introduced by the apparatus acceptance,
reconstruction and software cuts was less than 0.01. The
effects of background were studied by widening the ac-
cepted interval of AK invariant masses. The result was
unchanged within statistical uncertainty. If all the back-
ground is due to =, the effect would be to change a~a&
by —0.003, which is negligible. Therefore, it is estimated
that systematic effects are small compared to the statisti-

cos 8
FIG. 13. The distribution of directions of daughter proton

from A decay relative to the helicity direction defined in the text
and Fig. 12. In the Monte Carlo calculation a&aA is assumed to
be —0.022. The acceptance of the apparatus and analysis pro-
grams (including cuts) as a function of the helicity angle (not
plotted and corresponding to azaA ——0) is nearly indistinguish-
able from the Monte Carlo results shown.

cal uncertainty.
The result obtained here is completely consistent with

the value reported in Ref. 13 ( —0.025+0.028).

C. Vector polarization

Since a& is small, the angular distribution of the
daughter-A momentum vector is insensitive to the vector
polarization of the Q . However, the polarization of the
A with respect to fixed laboratory axes, n =x,y, z, can be
used to determine the 0 polarization. When the joint
probability distribution for the decay chain is integrated
over the A angular distribution, the angular distribution
of the daughter proton is given by

!

I

I

p

P

dN
dO

T

4~ 2 J+11+ [1+(2J+1)yn]Pn p . (5.7)

A comparison between this expression and Eq. (5.2)
yields the average A polarization

1 ~1+(2J +1))'nlPn .
2 J+1 (5.8)

This expression involves none of the multipole moments
except the vector polarization of the Q . It is a generali-
zation of the expression used to measure the polarization
of the spin- —,

' " hyperons, ' and was derived in Ref. 7.
From the small value of an and Eq. (5.1), we can con-
clude

~ yn ~

=1. Using J = —,', Eq. (5.8) becomes

FIG. 12. Definition of unit vectors in the A rest frame for the
determination of az. The helicity direction A is antiparallel to
the 0 momentum vector in this system.

Pn ifrn=&
—0.6P~ if y~ ———1 . (5.9)
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Thus, even though a quadratic ambiguity remains, the A
polarization is either parallel or antiparallel to the 0
polarization.

If, in Eq. (5.3), we let n =x,y, z, the components of the
A polarization along each of the three spatial axes can be
determined. This was done in a manner similar to that
described in Ref. 4, viz. , the use of hybrid Monte Carlo
techniques, ' and bias-canceling reversals of the 0 pro-
duction angle. The components of the A polarization
measured in this analysis are listed in Table V. The
values of P„(and, thus, Pn ) are consistent with zero as
expected from parity conservation in the strong produc-
tion process.

Parity conservation permits polarization along the x
axis at the production target. Subsequent precession in
the magnetic field of M2 can convert this to a combina-
tion of P, and P, in the decay region where the 0 are
detected.

The value of aA and the components of a~P„ in Table
V can be used to obtain the magnitudes

~
P„~

=0.12+0.08 at —6.60 Tm and
~
PA

~

=0.13+0.17 at
—5.13 T m.

The magnitude of the polarization is statistically con-
sistent with zero. However, if we take the difference from
zero seriously, then in both cases its direction is approxi-
mately parallel to +x, and it is instructive to attempt to
calculate the 0 production polarization and magnetic
moment.

D. Precession of the polarization vector

As the 0 's pass through M2, their spin vectors in the
horizontal plane precess, relative to the direction of their
momentum vectors, by an amount

T

4p„,=(q/M„c P) ——1 fB dl

then 4 „„.is the change in the direction of polarization
from production to the decay volume. The latter direc-
tion is either parallel or antiparallel to P~, and the form-
er is either parallel or antiparallel to x at the production
target. (See Fig. 14.) In addition to these ambiguities,
the polarization vector can precess either clockwise or
anticlockwise by amounts which are known only modulo
2m rad. In principal, all the ambiguities (except the two-
fold ambiguity from the unknown sign of yn) can be
resolved with sufficiently precise measurements at two
values of f8 dl. This is illustrated for the four lowest-

order ambiguities in Fig. 15.
The components P„and P, in Table V for each of the

two values of J 8 dl were used in a least-squares fit to
two parameters: the magnitude of aAP~, proportional to
the production polarization, and (g/2 —1). The data are
not sufficiently precise to resolve the ambiguities. Mini-
ma in 7 are found at intervals of —180' in the precession
angles. The four lowest-order minima are presented in
Table VI.

Figure 16 displays the contour plot of 7 for the two
fitted variables and provides the information needed to
assess the statistical significance of the data. The minima
are connected by a "valley" which follows an approxi-
mately sinusoidal contour in this space. For any given
value of (g/2 —1) the lowest point in the "valley" has a
7 which differs from the minimum by no more than -3.
Thus, no value of (g/2 —1) can be excluded at the 90%
confidence level. Large values of the polarization are
definitely excluded, while zero is not. This situation
is well described by a„P„=+(0.08+0.05), or P„
=+(0.12+0.07), where the direction is approximately
+x. This is the limit of what we can report purely on the
basis of experimental evidence. In the following section,
we attempt to draw further inferences by incorporating
theoretical models.

=(—0. 179 rad/T m) ——1 fB dl,
2

(5.10)

where q and M& are the charge and mass of the 0
P= 1, and g is the gyromagnetic ratio, which, for the II
is related to the magnetic moment by the equation

E. Discussion

It is instructive to examine these polarization results in
the light of theoretical and phenomenological expecta-
tions. Three areas of concern are discussed: the magnet-

pn= —,'(g/2)(q/M„c) . (5.1 1)
M2 HYPERON

BEAM CHANNELIf the 0 sample in this experiment were polarized,
e«

TABLE V. Measured components of daughter-A polariza-
tion. PRODUCTlO

TARGET

Angle

(mrad)

5.0

5.0 and 7.5

B dl

(T m)

—6.60

—5.13

Polarization

x 0.077+0.055
y —0.002+0.050
z —0.016%0.057

x 0.065+0. 105

y 0.004+0. 102
z —0.054+0. 121

FIG. 14. The precession of the Q spin polarization relative
to momentum in the field of M2. For this discussion, the coor-
dinate system changes orientation along the Q trajectory
through M2 so that z remains along the 0 momentum and x
remains horizontal.
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+2
0.2

O. I

0.0

-O. I

+2 +2 -0.2

-6.0 -4.0 —2.0 0.0
g/2 —1

2.0 4.0

FIG. 16. Contours of X' plotted as functions of (g/2 —1) and
aAI'j, . Each contour is labeled with the amount by which 7
differs from its minimum value. Thus, 1.0 corresponds to lo (1
standard deviation), 2.5 corresponds to —1.6a, 4.0 to 2o, and
so on.

FIG. 15. The four lowest-order precession ambiguities shown
for a polarization which has precessed through —6.60 Tm
(solid-line vector) and through —5.13 Tm (dashed-line vector).
The numbers labeling each diagram correspond, in order, to the
solutions in Table VI.

ic moment, the 0 decay process, and the production po-
larization.

The simple broken-SU(6) quark model provides a
reasonable framework for understanding baryon magnet-
ic moments. It can account for the seven measured static
moments and the X -A transition moment to an accuracy
of about 0.2 nuclear magnetons (pz) (Ref. 20). For the
0 the theoretical prediction is

Pn=3Ps =3PA= —1 83PN (5.12)

This favors the second solution in Table VI.
Models for 0 decay ' predict that the processes

0 ~AX, 0 ~:" ~, and 0 ~:" ~ proceed al-
most entirely through the parity-conserving part of the
weak interactions, leading to the prediction a&=0. The
result presented here and those of Ref. 13 are consistent
with the prediction, but they cannot distinguish between
a reaction which is parity conserving (p wave, y„=+1),
in agreement with the prediction, or parity changing (d
wave, yn ———1), in complete opposition to the predic-
tion. However, there is no experimental evidence which

contradicts the theory. Thus, in the second solution of
Table VI, this theoretical consideration favors y„=+1,
and Pz ——0. 12+0.08, if the polarization is really different
from zero.

A specific mechanism for this effect has been proposed
by the Lund group, in which the orbital and spin angu-
lar momenta of sea quarks compensate each other around
the production point. This yields a spin-momentum
correlation. Given the negative polarization of inclusive-
ly produced A (Ref. 25) the simple model accounts
correctly for the signs of the other hyperon polarizations
and suggests a negative polarization for inclusively pro-
duced 0

A different model for inclusive polarization has been
developed by DeGrand and Miettinen. This model
includes effects of leading partons from the incident-beam
particle. It has the feature that, when the projectile and
produced particle share no valence quarks, the polariza-
tion of the produced particle is zero. This prediction is
supported in the case of A production, which has been
found to be consistent with zero. It makes a definite
prediction that Pz ——0. Within 1.5 standard deviations,
this is consistent with the data presented here, and it
avoids the possible discrepancy which arises in the previ-
ous paragraphs.

TABLE VI. Precession fits to polarization components. For all four solutions, J' & 0.5. The quoted standard deviations are for an
increase AY =+1. The uncertainties on (g/2 —1) are non-Gaussian and a11 solutions merge within 2 standard deviations
(AX'=+4). The uncertainties on the polarization are roughly Gaussian.

g/2 —1

Pn
(nuclear magnetons)

~si
rex=+1

~n
Xn= —1

4p„, (deg)
—6.60 T m —5.13 T m

2.97+0.63
0.25+0.58

—2.51+0.56
—5.28+0.59

—6.6+1.0
—2.1+1.0

2.5+0.9
7.1+1.0

—0.11+0.08
0.12+0.08

—0.12+0.08
0.12+0.08

0.18+0.13
—0.20+0.13

—0.21 = —0.13
—0.20+0.13

201.1

16.6
—170.1

—357.6

156.3
12.9

—132.2
—278.0
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VI. SUMMARY

A sample of 1743 0 hyperon produced by 400-GeV
protons has been analyzed to yield several results. The

lifetime was measured from a subsample of 1096
events to be

r(Q ) = (0.811+0.037) &( 10 ' sec,

in good agreement with previous measurements. ' '
A measurement of the helicity of the daugther A in the

decay 0 ~AK yields the product

+Au& ———0.022+0.051,

which, using aA ——0.642+0.013 (Ref. 9), yields

a& ———0.034+0.079,

also in good agreement with a previous measurement. '

The results of an analysis of the daughter-A polariza-
tion with respect to fixed laboratory coordinates are
presented in Table V. The length of the A polarization
vector is

~
PA

~

=0.12+0.08. This is not sufficiently
different from zero to place a significant constraint on the

0 magnetic moment. If p(Q )= —1.83ptt then an

analysis of the precession in the magnetic field of the
beam channel yields a value for the polarization of the
parent 0 at the production target of

Pn ——+0.12+0.08 (if y„=+1)
or

Ptt ———0.20+0. 13 (if yti= —1)

in the parity-allowed direction. If the 1.5 standard devia-
tions difference from zero is real, then each of the two
possible values of the polarization results in some
discrepancy with theory as discussed in Sec. VE. No
discrepancy exists if the polarization is zero.
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