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The Brookhaven Alternating Gradient Synchrotron polarized proton beam incident on a berylli-
um target was used for inclusive A production at beam momenta of 13.3 and 18.5 GeV/c. The beam
polarization was transverse to the beam direction with magnitude 0.63 at 13.3 GeV/c and 0.40 at
18.5 GeV/c. The A polarization was measured and found to be in agreement with results from ear-
lier experiments which used unpolarized proton beams. Analyzing power Az and spin transfer D»
of the A's were both measured and compared with a hyperon-polarization model in which the po-
larization arises from a Thomas-precession effect. There is good agreement with its predictions:
AN ——0 and D~~ =0. In particular, our measurement of (Dnz) = —0.009+0.015 supports the idea
that the valence quarks carry all of the hadron spin, since this assumption is implicit in the model s
use of SU(6) wave functions to form final-state hadrons from beam fragments and sea quarks. The
presence of substantial Ks samples at both beam momenta and A's at 18.5 GeV/c prompted a mea-
surement of their analyzing powers, which yielded A&(Es) = —0.094+0.012 at 13.3 GeV/c beam
momentum and —0.076+0.015 at 18.5 GeV/c, and A&(A) =0.0320. 10.

INTRODUCTION

The measurement of a significant polarization in in-

clusive A (1116 MeV/c } production using a 300-GeV/c
unpolarized proton beam on a beryllium target' rekindled
interest in spin as a factor influencing the outcome of
high-energy reactions. Previous expectations were that
spin effects would die out at higher energies, since the
large multiplicity of final states makes it unlikely to have
the coherent interference between amplitudes that leads
to polarization effects. The A polarization was observed
along the direction normal to the production plane
defined by pi,„)&p~. This is the only axis along which
polarization is permitted since the A is produced by the

strong interaction in which parity is conserved. Data
taken at different beam energies show that the polariza-
tion has the following characteristics: (a) It is roughly in-
dependent of center-of-mass energy; (b) it increases
monotonically with both Feynman x (xF ) and transverse
momentum (pr ), saturating at a value pr- I GeV/c; and
(c} it is only weakly dependent on target type, decreasing
with increasing atomic weight.

Since perturbative @CD is not expected to be applic-
able in this region of energy and transverse momentum,
we discuss phenomenological models which use static
quark wave functions. In the naive quark model the A is
composed of a single quark of each of the flavors u, d,
and s. The SU(6) wave function always has the ud quark
system in a spin-singlet state. As a consequence the A
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polarization is the same as that of the s quark. Hence,
the s quark is either produced polarized or else acquires it
during recombination with the incident baryon fragment.
Andersson, Gustafson, and Ingelman (Lund model) and
DeGrand and Miettinen (DM) both venture semiclassi-
cal arguments for the A polarization but offer differing
mechanisms by which the s quark is polarized. In both
models the incident beam proton is treated as a (ud) di-
quark system plus a single u quark. The diquark contin-
ues forward with its flavor and spin state unchanged and
picks up an s quark from the sea to form the final state A.

In the Lund model, a color dipole field confined to one
dimension stretches between the diquark D and the cen-
tral collision region C (Fig. 1). Angular and transverse
momentum are assumed to be locally conserved in this
field. In the ss pair formed in the field the two quarks
have equal and opposite transverse momenta kT with
respect to the axis CD, which results in an orbital angular
momentum m. To compensate for this the spins of the ss
pair are oriented in the opposite direction. Thus, there is
a correlation established between the direction of kr of
the s quark and its spin. The polarization arises from a
"trigger-bias" effect; i.e., we ask for events of a certain pz
and since the cross section of the diquark falls with pr it
is more probable that the kr of the s quark contributes to
total pT (as in Fig. 1) than detracts from it. This model
does not allow for the polarizing of beam valence quarks
during the interaction, e.g., as in K p ~A+X, in which
the A's are observed to have a large polarization. 5

In the DM model polarization originates from Thomas
precession, the result of this being that sea quarks which
are accelerated in the transition from the sea to the final
state preferentially recombine with their spins down with
respect to pb„Xpz while valence quarks from the in-
cident baryon (which are decelerated} tend to have their
spins up. In addition to proposing a polarization mecha-
nism, DM also provide a general framework for comput-
ing polarization observables in terms of polarization
eff'ects at the quark level, using SU(6) wave functions.
This framework is only applicable for the forward-
scattering region, since it assumes that the final-state par-
ticle receives as many valence quarks as possible from the

beam particle. The model is not limited to A production
and makes predictions for all of the —,

'+ octet baryons.
Subsequent polarization measurements of inclusive X+
(Ref. 6), X (Ref. 7), X (Ref. 8},:- (Ref. 9), and:- (Ref.
10) production showed good general agreement with the
model. The DM framework also allows one to make pre-

dictions for spin observables other than P, viz. , analyzing
power AN and depolarization DNN which require polar-
ized beams. Measurements of these parameters, particu-
larly DzN for which the prediction is parameter-free, pro-
vide crucial tests of the model and its assumption that the
process can be treated at the quark level. A more de-
tailed discussion of the model is presented in Sec. III C.

We measured P, A z, and Dzz for the reaction

p+ Be~A+X at beam momenta of 13.3 and 18.5
GeV/c, collecting 321000 and 243000 A' s, respectively,
observed through their dominant decay mode A~pm
The Brookhaven Multiparticle Spectrometer (MPS} was
used to trace the tracks of the A decay products. The A

polarization was extracted by measuring the asymmetry
in the angular distribution resulting from the parity-
violating weak decay. The angular distribution of the de-

cay proton in the A rest frame is given by

=N (1+aP„cos8' ),
d (cos8 )

where P„ is the magnitude of A polarization and 8 is
the angle between the polarization axis and the decay
proton momentum in the A rest frame. The parameter a
is a measure of the interference between s and p waves of
the final state and has been measured to be 0.645+0.017
(Ref. 11}.We follow the usual set of conventions' to de-
scribe the polarization parameters (Fig. 2) described by L
along the direction of motion of the particle, N normal to
the scattering plane in a direction pb, Xp~, and S in the

A A
scattering plane defined by S=NXL. (Lower-case p is
used to indicate momenta. } P„ is measured with respect
to N. Aiv is proportional to the left-right production
asymmetry about the beam polarization vector. Depolar-
ization DzN is a measure of N component polarization
transfer from the incident beam particle to the forward
scattered A.

In Sec. II we describe the experimental setup, viz. , po-
larized beam, the spectrometer and associated detectors,
the trigger, and the measurement of beam polarization.
Section III covers the data analysis, event reconstruction,
acceptance correction, evaluation of spin parameters, and
a comparison of A data to theory. Section IV describes
the It.'z and A analysis.

PT a

BEAM

FIG. 1. Polarization mechanism of the Lund model. C
denotes collision region. D denotes scattered diquark. The pro-
duced qq pair have equal and opposite transverse rnomenta +kT
which generate an orbital angular momentum m.

FIG. 2. Spin-parameter subscript definitions according to the
Ann Arbor spin-parameter convention, showing an interaction
a +b ~c +d in the laboratory frame. N points out of the page.
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II. EXPERIMENTAL PROCEDURE

The experiment was conducted at the Brookhaven Al-
ternating Gradient Synchrotron (AGS). Preliminary re-

sults from this run are presented in Ref. 13.

a polarized target. There was a forward arm and recoil
arm on each side to detect the forward and recoil parti-
cles, each arm being a magnetic spectrometer. The main
ring polarimeter and the polarimeter belonging to our ex-

periment were calibrated against this polarimeter.

A. Acceleration of polarized protons

Polarized protons were produced in a 25-pA H ion
source, preaccelerated to 200 MeV in the Linac and then
injected into the AGS main ring. ' During acceleration
the protons experienced the usual effects of the vertical
magnetic fields, which caused them to precess about the
vertical axis with frequency co =Gyro, . Here
6 =(g —2)/2 which is 1.79 for the proton, y is the
Lorentz energy factor defined by (beam energy)/(proton
mass} and co, is the cyclotron frequency. This precession
did not change the projection S, of the spin vector on the
vertical axis and so the polarization was not affected.
However, the horizontal focusing fields did tend to
deflect the polarization away from the vertical. The pro-
ton "sees" these fields at frequencies AH„=(kP+v}co,
(Ref. 15), where K =1,2, 3, . . . , P reflects the symmetry
of the accelerator and depends on the number of magnets
in the ring, and v is the betatron tune of the accelerator.
Normally the deflection to the spin tends to be canceled
out in successive orbits since the proton's spin precession
about the vertical axis causes it to be more or less ran-
domly aligned each time it encounters a horizontal field.
However, when the resonance condition Np NHF occurs,
i.e., Gy =(kP+v), the deflections add constructively and
the beam is depolarized in a short time. About 40 such
depolarizing resonances had to be passed when accelerat-
ing the beam up to 18.5 GeV/c. This problem was coun-
tered by use of 10 fast-pulsed quadrupole and 95 dipole
magnets installed in the ring specifically for this purpose.
Pulsing the quadrupoles changed the focusing fields
which shifted the betatron tune. By doing this just as the
beam energy reached a resonance value the resonance
condition was changed and so no depolarization oc-
curred.

Polarization of the injected, accelerated, and extracted
beams was monitored by 3 polarimeters in the 200-MeV
Linac, the main ring and the neighboring extracted beam
line, respectively. A fourth polarimeter was situated just
upstream of our experiment (see Sec. II C) but this was
not used by the AGS for polarization monitoring. The
200-MeV polarimeter' was placed between the Linac
and the main ring and consisted of two independent po-
larimeters each having a left and a right arm. Polariza-
tion was extracted by measuring the left-right asymmetry
of scattering from a carbon string in the beam line. Typi-
cal beam polarization at this stage was -75%. The po-
larimeter in the main ring was used only during the setup
of the polarized beam, at which time the pulsed quadru-
pole timings and strengths had to be fixed so as to neu-
tralize the depolarizing resonances. The University of
Michigan polarimeter' in the adjacent beam line was an
absolute polarimeter in the sense that it was not calibrat-
ed against any other polarimeter but rather by the use of

I meter MPS

PI p

S2 S3 S4 S5

Be TARGET

FIG. 3. Plan view of the experimental setup.

B. Experimental apparatus and trigger

The experiment was performed with typical beam in-

tensities of 1.8&&10' protons/pulse (800 msec) in the
AGS ring and (2.5 —3.0) X 10 protons/pulse incident on
our target. The target was a beryllium cylinder 4 cm long
and 4 cm in diameter, providing a compact source of A' s.
Using an equivalent LH2 target would have greatly com-
plicated the establishment of the A decay volume.
Another reason for using beryllium was to facilitate com-
parison with existing P„data' (unpolarized beam), since
many previous experiments used Be targets. Our main
detector was the Brookhaven Multiparticle Spectrometer
(MPS) (Ref. 18) which has an array of 52 wire-chamber
planes inside a C magnet 457 cm long by 183 cm wide,
with a 122-cm gap between the horizontal pole faces (Fig.
3). A homogeneous 5-kG magnetic field was maintained
between the pole faces in the upward vertical direction
bending positive particles towards the right. The beam
height was midway between the pole faces, so that the
whole experimental arrangement was symmetric about
the horizontal plane. In order to reject A's with pT &0.5
GeV/c, below which polarization has been observed to be
small, the beam and the target were offset horizontally by
134.5 cm with respect to the MPS central axis. This re-
moved A's produced with a scattering angle & 5.5' in the
laboratory from the MPS acceptance. Another reason
for this offset was to avoid having the beam pass through
the live area of the wire chambers. A polarimeter view-

ing the target to measure the beam polarization will be
described in Sec. II C. Scintillators S2 (1.4 cm diam) and
S3 (veto counter with a 1.4-cm diam-aperture) immediate-

ly upstream of the target ensured that the interaction was
caused by a beam particle, and also vetoed interactions
caused by the beam halo. The count of S2.S3 was used
to define the beam rate. The A decay volume was defined

by scintillators S4 and S5 placed between the target and
the MPS. A produced A would pass through S4 (veto)
but decay upstream of S5. The A decay products (p, tr )

were then required to register at least a double minimum
ionizing pulse height in S5. This region was far enough
from the spectrometer magnet for us to ignore the mag-
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netic field, and no correction for precession of the A spin
was necessary. A three-coordinate proportional wire
chamber (PWC} Rl was placed downstream of S5 to aid
in vertex reconstruction by providing hit coordinates as
close as possible to the decay region.

Multiplicity information (number of clusters) from the
PWC's (Pl,P2,P3) could be read out by hardware and
was used in the second stage of the trigger. Immediately
downstream of the MPS magnet were the Cherenkov
counter C7 and scintillator hodoscope H7, both
subdivided into matching segments. This made it
possible for triggering purposes to detect
coincidences/anticoincidences between the two detectors
in any particular segment. C7 was set to a threshold of
Py =15 which corresponded to a proton of 14.1 GeV/c
or a pion of 2. 1 GeV/c. The A trigger used only scintilla-
tor pulse heights, PWC multiplicity information, and a
C7 H7 anticoincidence requirement. Track reconstruc-
tion was provided by the PWC's (Pl,P2,P3) and drift
chambers (Dl to D7) located inside the MPS magnet but
no track information was used in the trigger, so as to
minimize any influence it might have on the A polariza-
tion measurement. A summary of this simple trigger fol-
lows.

(i) A's were constrained to decay between S4 and S5.
(ii) The minimum multiplicity requirements of 2, 2, and

1 on P1, P2, and P3, respectively, ensured that the rela-
tively low momentum n. (1—1.5 GeV/c) passed through
at least three drift chambers and two PWC's, and they
also enhanced collection of forward-scattered (xF &0) A' s
by triggering on high-momentum protons (note:
p~ =p «„„)that traversed the entire magnet length. An
upper limit of 5 was put on the multiplicities of P1, P2,
P3 to reject events containing photon showers, as it was
impossible to isolate and reconstruct tracks from these
events.

(iii) The C7 H7 anticoincidence suppressed pions from
events with Kz decay which could otherwise have met all
trigger requirements.

Data acquisition was performed with the MPS's CA-
MAC and FASTBUS (Ref. 19) systems and written to
tape by a VAX 11/750 at a rate of =35 triggers/spill.
The use of the Online Data Facility's (OLDF) VAX 8600
enabled us to monitor constantly wire-chamber hit pat-
terns, analog-to-digital-converter (ADC) spectra, beam
and trigger rates, and also to reconstruct events and cal-
culate physical observables. Approximately 5% of all
recorded events were monitored in this fashion.

C. The beam-polarization measurement

The transverse vertical component of beam polariza-
tion was measured at 13.3 GeV/c by a polarimeter con-
sisting of a pair of three scintillator telescopes in the hor-
izontal plane viewing the beryllium target. During the
18.5 GeV/c run the Be target was left alone but the po-
larimeter was moved further upstream and instead
viewed a polyethylene target, which because of its larger
analyzing power allowed for a more accurate measure-
rnent of polarization. Two vertical arms were added to
the polarimeter to also measure the horizontal transverse
component of polarization which occurred as a result of

where

1 1 —r
analyzing power 1+r ' (2)

' 1/2
L R+
R L+ (3)

This method has the advantage that it is independent
(to first order) of differences in efficiency, solid angle, and
errors in alignment between the two polarirneter arms.
However, Pz cannot be obtained separately for "spin-up"
spills and "spin-down" spills, instead we have to average
the two and assume Ps(up}= —Ps(down). Information
from the 200-MeV polarimeter in the I inac showed that
there was not much variation between the two. In any
case AN and Dzz are independent to first order of a
difference between the magnitudes of spin-up and spin-
down beam polarization. Averaged over all runs the
vertical component of beam polarization at 13.3 (18.5)
GeV/c was 0.63 (0.36), and the transverse horizontal
component (x) measured at 18.5 GeV/c was 0.18.

III. DATA ANALYSIS

A. Event selection

The data analysis was done using the mainframe CDC
7600 at the Brookhaven Central Scientific Computing Fa-
cility (CSCF), where decoding, tracking, and vertex
reconstruction was performed. During this first pass
through the data all events with at least one vertex
formed by a pair of oppositely charged particles were
written to output summary tape. The background con-
tamination of this sample came from three major sources.

(a) Interactions which occurred far enough down-
strearn of the Be target that the veto counter S4 could no
longer eclipse S5. These were removed by (i) applying
cuts requiring the vertex to be within the fiducial decay
volume defined by S4 and S5 and (ii) target pointing cuts
requiring the vector p „,„,=gpd, „h„„to project back to
the target. Figure 4 shows the invariant-mass distribu-
tion of events passing these vertex and target cuts, calcu-
lated under the hypothesis A~p~ . The mean and full

vertical bends in the extracted beam line. The polarime-
ter measured the left versus right asymmetry of elastic
scattering of the beam particle by detecting the recoil
particle. We required a coincidence between the three
scintillators in an arm, with minimum-ionizing thresh-
olds in the first two scintillators and a large signal from
the third, indicating that the particle had stopped on it.
The absolute polarimeter in the next beam line was used
for calibration from which we determined the analyzing
power of our polarimeter at 13.3 (18.5) GeV/c to be
0.009 0020.000 25 (0.0124+0.0048 }.

The sign of the beam polarization was reversed for
each spill so as to make measurements of A~ and D~z
more independent of systematic influences. At the end of
a run, four scalers were obtained, one for each arm (L or
R} and for each sign (+ or —) of beam polarization.
Polarization was calculated using
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FIG. 4. Invariant mass (m„) of the A data after cuts, using

the Apm hypothesis.

width at half maximum (FWHM) of this m A distribution
were 1115.6 and 4.7 MeV/c, respectively, and the back-
ground under the peak was estimated to be 0.5%.

(b) Weakly decaying particles with cr comparable to
that of the A, mainly Ez. Figure 5 shows the same event
sample as in Fig. 4 but with invariant mass mz calculat-

ed under the Ez~m+~ hypothesis. The majority of A
events have mx & 400 MeV/c and so do not appear on

the plot. The A/Ks ambiguous events were resolved in
favor of A since (i) no evidence of a Ks peak remains
when a cut of 1110 & mA & 1122 MeV/c is applied (dot-
ted line in Fig. 5) and (ii) Ks s are suppressed by the
C7 H7 trigger requirement.

(c) A events in which the invariant mass fell outside the
peak. This occurred whenever one of the decay particle
momenta was incorrectly determined, usually because of
missing hits in the upstream wire chambers. The result-
ing m „was within 100 MeV/c from the true value.

Another source of contamination which appeared
within the A invariant-mass peak rather than the back-
ground came from A's produced by the decay of X and

The majority of these are from X ~Ay, since =
production is only —1% of inclusive A production. '

The ratio of production of X to prompt A in

B. Calculation of P, Az, and D&z

Polarization P is obtained from the cos8" distribution
where 8* is the angle (in the A rest frame) between the
decay proton momentum vector and the polarization axis
defined by pb )&ph. For a data sample free of any ac-
ceptance bias the expected distribution is of the form

f (cos8')= —(1+aP„cos8'),
2

(4)

where N is the total number of events, a=0.64520.017,
and PA is the magnitude of the polarization. Given such
a distribution

N2 —N)
P a N2+N1

(5)

where

N, = f f'( cos8' )d (cos8' )—1

and

(6)

p+ Be~X +X and p+ Be~A+X at 28.5 GeV/c has
been measured as a function ofpT. Weighting this data
with our observed pT distribution we estimate the ratio
between X and directly produced A to be 0.386+0.041.
It is unfortunate that we cannot isolate the A's from X
decay, since some of the X polarization is carried over to
the A. This will be discussed later in more detail.

A total of 321 000 (243 000) events at 13.3 (18.5) GeV/c
passed vertex and target cuts, as well as an invariant-
mass cut of 1110 & m„& 1122 MeV/c and were taken
to be bonafide A' s. The trigger condition favored for-
ward produced A [(xF ) =0.27 (0.18)] of moderately high

pT [(pT ) =0.9 (1.0) GeV/c] at 13.3 (18.5) GeV/c. Mean
A energy in the laboratory was 6.0 (6.7) GeV. The kine-
matic range in xF and pT over which events were collect-
ed is shown in Fig. 6. The region was subdivided into 10
bins and the polarization parameters P, Az, and Dz~
were calculated for each bin.
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FIG. 5. Invariant mass (mz ) of the A data using the

K& ~m+~ hypothesis, both before and after a cut on m A.

FIG. 6. Acceptance domain of A data after all cuts, as a
function ofpT and xF, and indicating the limits of acceptance.
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FIG. 7. cosO* distribution of data and Monte Carlo events in

different kinematic regions.

N2 ——f f (cos8')d (cos8') . (7)

The ideal distribution f (cos8') can be influenced by a
number of factors. Some of these bias the data if the ap-
paratus is asymmetric about the horizontal plane. Since
we measure PA by comparing decay protons above versus
those below the decay plane (which is close to the hor-
izontal plane) we could obtain a false value of polariza-
tion. In particular, this problem could be caused by
asymmetric detector efficiencies (not only for the spec-
trometer but also other parts like C7 and H7) or by the
beam not being incident horizontally at the midplane of
the MPS. From our data we determined that the beam
was incident 0.5 cm above the midplane. The possible
consequences of this were studied by first generating
Monte Carlo events symmetrically about the midplane
and then generating the same events with the mean in-
teraction position raised by 0.5 cm. This was checked for
three kinematic regions over the range xF 0.0-0.45. No
significant change in P„was seen between the two cases,
implying that the polarization was insensitive to such a
small effect.

Asymmetries caused by detector eSciencies would be
reflected in the distribution of the azimuthal angle Ij(I of
the A's p T vector about the beam axis. [Note:
tan(P)=p /p„. ] For a perfectly symmetric sample we
should have (II})=0. In our data the value of (II}) fluc-
tuated about zero for the different pT and xF bins.
Reproducing these values with the Monte Carlo events
once again made no change in P„. Therefore, we can
safely say that the data is free of significant asymmetries
about the midplane.

There is, however, another effect which changes the
value of PA even for symmetric detectors. The event
losses appear in the cos8'=0 region for high-xF events

[Fig. 7(a), upper plot] or the cos8' =+1 region for low-xF
events [Fig. 7(b), lower plot]. Monte Carlo-generated
events were used to reproduce and understand the source
of these losses. The Monte Carlo program generated A' s

according to input pT and xF distributions similar to
those seen in the data and tracked the A decay products
through the MPS magnetic field. The trigger require-
ments were the same as those imposed on the data. The
causes for these losses can be understood by first consid-
ering those A's that are produced in the horizontal plane.
Since the detector size and position limits the momentum

p~ to have +3.5 elevation with respect to the horizontal
plane in the laboratory frame we can say that all A's are
in this plane. Then an event with cos8'=1( —1) would
have the decay proton emitted vertically upward (down-
ward) in the laboratory frame and the n emitted verti-
cally downward (upward), whereas a cos8 =0 event
would have a horizontal decay. A's with high xF and low

pz have small production angles and so pass close to the
edges of the wire chambers. For these events a "horizon-
tal" decay often results in one daughter particle being
lost in a chamber frame or failing to reconstruct due to a
lack of hits. In contrast with this, low-xz regions (for
which the decay event from the slow A have a wider
opening angle in the laboratory) suff'er greater event
losses at cos8'= + 1 ( —1) caused by the upper (lower)
edges of the wire chambers. The similarity between the
Monte Carlo event and data distributions in Fig. 7(a}
shows that the Monte Carlo program accounts for event
losses fairly accurately. Taking the true Pz to be given
by Eq. (5}we see that a symmetric acceptance loss would
decrease N, and N2 by about the same amount. There-
fore, the numerator in Eq. (5) is unchanged but the
denominator has been decreased. This is corrected by
determining the efficiency E(cos8') from the Monte Car-
lo events, and then correcting the data by the same
amount. In order to average out any bin-to-bin statistical
fluctuations in the cos8 distribution of the Monte Carlo
events, E (cos8' ) is parametrized as

E(x)=a +bx'+cx +dx

where x =E(cos8'). (Only even terms of x are included
since the detector is symmetric. ) The parameters a, b, c,
and d are then adjusted to give a best fit to E (cos8' } and
the resulting function is then used to correct P„. After
the correction we found that this effect altered the true
P„by less than 3% for all kinematic regions. This was
either smaller or roughly equal to the statistical error on
Pz, and so the plotted data have not been corrected. In
the low-xF kinematic regions the agreement between
Monte Carlo program and data was not very good. Here
the efficiency for accepting an event was much lower
( = —,', ) than for the higher-xF regions. The measured P„
was not corrected for those cosO' distributions since we
could not expect to reproduce the original distribution
given only 1 event out of 20 or 30. Since the efficiency
affects spin-up and spin-down beam events equally this
does not affect our measurements of AN and DzN. We
also add that the uncorrected PA data agrees well with
data for other experiments. Additional information re-
garding the analysis and Monte Carlo corrections can be
found in Ref. 23.

The final values of PA as a function of xF are shown in
Fig. 8 and summarized in Table I. The sign of PA is neg-



38 SPIN-PARAMETER MEASUREMENTS IN A AND Ks PRODUCTION 735

ative with respect to pb„xph and the magnitude in-

creases monotonically with xF up to P„=30% at

xF ——0.5. These results are in excellent agreement with
those of earlier unpolarized-beam p+ Be~A+X experi-
ments some of which are shown in the figure.

Analyzing power A~, the ratio of the left-right scatter-
ing asymmetry and the beam polarization, is given by

1 N (P) N"—(P)
(9)

P,cosg N'(P)+N" (y)

where icos/=Pa NA is the effective component of the
beam polarization relative to the A scattering plane,
where tanP=p lp„. Since left scatters for spin-up beam

are equivalent to right scatters for spin down, and the
MPS only accepts left scatters, we can rewrite the previ-
ous equation as

1 N+(P) N-(P)
icos/ N+(y)+N (y—)

(10)

N+ and N are the numbers of A's produced with beam
up and down, respectively. They have been normalized
to the slightly different up and down beam Auxes, and
dead-time corrections have also been made even though
the beam intensities are eq'ual up to one part in 10 . A
weighted sum of A~(P) is taken over the various bins of
P to get Az. The resulting value of Az is independent of

TABLE I. A spin observables at 13.3- and 18.5-6eV/c incident momentum.

XF

—1.0 to 0.0

—1.0 to 0.0

0.0 to 0.2

0.0 to 0.2

0.0 to 0.2

0.2 to 0.35

0.2 to 0.35

0.35 to 0.45

0.35 to 0.45

0.45 to 1.00

(xF)

—0.08

—0.05

0.09

0.12

0.13

0.26

0.28

0.39

0.40

0.51

pT (GeV/cj

0.0 to 0.8

0.8 to 3.0

0.0 to 0.8

0.8 to 1.2

1.2 to 3.0

0.0 to 1.2

1.2 to 3.0

0.0 to 1.2

1.2 to 3.0

all pT

(PT)
(Gev/ci

18.5 GeV/c
0.62

0.98

0.68

0.96

1.36

0.99

1.38

1.10

1.39

1.43

0.008
+0.025
—0.005
+0.033
—0.032
%0.016
—0.039
+0.013
—0.028
+0.028
—0.101
+0.013
—0.123
+0.021
—0.145
+0.031
—0.139
+0.027
—0.300
+0.032

—0.013
+0.023
—0.011
+0.030
—0.009
+0.015
—0.022
+0.012
—0.015
+0.025
—0.023
+0.012
—0.042
+0.019
—0.010
+0.028

0.038
+0.024

0.005
+0.029

DNN

—0.038
+0.088
+ 0.027
+0.117
—0.041
+0.040
—0.009
+0.033
—0.042
+0.073
—0.012
%0.029

0.039
+0.051
—0.092
+0.067

0.097
%0.062
—0.014
20.069

—1.0 to 0.0

—1.0 to 0.0

0.0 to 0.2

0.0 to 0.2

0.0 to 0.2

0.2 to 0.35

0.2 to 0.35

0.35 to 0.45

0.35 to Q.45

0.45 to 1.00

—0.08

—0.05

0.12

0.12

0.14

0.27

0.28

0.40

0.4Q

0.53

0.0 to 0.8

0.8 to 3.0

0.0 to 0.8

0.8 to 1.2

1.2 to 3.0

0.0 to 1.2

1.2 to 3.0

Q.O to 1.2

1.2 to 3.0

all pr

13.3 GeV/c
0.61

0.94

0.67

0.95

1.32

0.87

1.34

0.95

1.35

1.12

—0.078
+0.029

0.024
+0.051
—0.028
+0.015
—0.036
+0.016
—0.095
+0.052
—0.087
+0.010
—0.077
+0.030
—0.159
+0.014
—0.173
+0.033
—0.218
+0.014

—0.010
+0.015
—0.072
+0.026
—0.032
+0.007
—0.021
+0.008

0.022
+0.027
—0.021
+0.005

0.007
+0.015
—0.014
+0.007

0.009
+0.017
—0.011
+0.007

—0.028
20.066
—0.005
20.125
—0.045
+0.023
—0.009
+0.027

0.018
+0.088
—0.006
+0.013
—0.025
+0.044
—0.024
+0.018

0.001
+0.045
—0.027
%0.017
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FIG. 8. A polarization as a function of xF. For clarity in

viewing, data points with 0.8 (pT & 1.2 GeV/c have been shifted
to the left by xF ——0.02.

xF (Fig. 9), but shows a slight pr dependence (Fig. 10)
which approaches the theoretical prediction of DM at
higher pT.

We also measured A&, the analyzing power for the
component of beam polarization in the scattering plane.
Since A production is by the strong interaction in which
parity is conserved, this is expected to be zero. We ob-
served Az ———0.003+0.005, a value that is consistent
with zero.

Depolarization (DJv~) is a measure of the transfer of
polarization during the transition, in this case between
the N components of beam and A polarization. A depo-
larization of zero indicates that the spin of the final state
A is independent of the initial proton polarization, while

FIG. 10. A analyzing power as a function of pT only. The
dashed line at AN ——0.06 is the DM prediction corrected for the
presence of A from X decay.

N*(8') =
dQ

(1+aP„cos8')E(8') .

Then using

da
dQ

'0

(1+P~ A~)
d CT

(12}

and

PA +P~DN~
PA =

1+P~ AN
(13}

a value of one implies maximum polarization transfer.
The following method used to calculate DNN gives a re-
sult independent of the detector efficiency E(8'), since
eSciency does not change between "spin-up" and "spin-
down" beams. We start with a modified form of Eq. (1):

0.1—

0.0 —.

I I I

I

I I I I

I

I

18.5 GeV/c

I I I

I

I

~0.54P,
0.8 ~ Pv

~ 1.2 4 P

( 0.8
& 1.2
& 2.0

both of which can be derived from Eqs. (19)—(21), we get
'0

N*(8'}= (1+Ps A~)E(8')

—0.1— (PA + PsDN~ )a cos8"

1+P~ A~
X 1+ (14)

13.3 GeV//c (Key given above)
The superscript zero indicates measurements made with
an unpolarized beam. E(8') and do/dQ cancel out
when we calculate

0.0—

—0.1—

I

0.0
I

0.2

XF

I

0.4 0.6

N+ (8' ) N(8' )—
N+(8')+ N (8')—
Pg AN+PgDNNa cose*

1+aP„cose'

(15)

(16)

FIG. 9. Analyzing power of A data as a function of xF. For
clarity in viewing, data points with 0.8(pT &1.2 GeV/c have
been shifted to the left by xF ——0.02. The dashed line at
A& ——0.06 is the DM prediction corrected for the presence of A
from X decay.

from which Dzz can be extracted. The data is divided
into 50 bins of cos8 between —1 and + 1. B;(8*)and
consequently (DIES&}; are calculated independently for
each bin i=1,50. DzN is finally obtained by taking the
mean of the (D~z }; weighting by the number of events in
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each bin. The final results for DzN as a function of xF
are shown in Fig. 11 and Table I. There is no significant
deviation from zero implying that the spin of the A is not
dependent on the spin of the incident proton.

The measurement of a nonzero beam polarization in
the horizontal transverse direction raised concern that
A's might be produced asymmetrically about the hor-
izontal plane and that this would lead to a false polariza-
tion measurement. However, Monte Carlo events gen-
erated with an asymmetry 0.0036 (using P~=0.18 and

A~ =0.02) showed no change in A polarization.
We also measured Dss (by the same method used for

Dzz) and found it to be —0.020+0.016.

0.2

0.1

0.0
A~ -O. 1

R
(3 -o.2

0.2

o
Q

A o.o

—0. 1

18.5 GeV/c (Key given below)

13.3 GeV/c

I ~ t i i I i s i s I

+ 0.5 & P~ ( 0.8
~ 0.8 6 P, & 1.2
~ 1.2 ~ P~ & 2.0

I I I

i
I I I I

]
I I I 1

I

f

C. Comparison with theory —0.2 0.0
s s I i i s i I i i s & I

0.2 0.4 0.8

XF
The DM model provides a comprehensive set of pre-

dictions for hyperon-polarization parameters and is in
fairly good agreement with existing data taken with un-
polarized beams. It has perfect success at predicting the
sign of the polarization and can accommodate the ob-
served magnitudes with perhaps a few discrepancies. The
model classifies production processes into two types ac-
cording to whether the final-state particle is composed of
(a} two valence quarks (diquark) from the beam particle
and a single quark from the sea ( VVS recombination, e.g. ,
p ~A or p ~X ) or (b) a single valence quark from the
beam particle and a diquark from the sea ( VSS recom-
bination, e.g., p~= }. [Produced particles which have
no quarks in common with the beam particle are predict-
ed (and observed) to show no polarization eff'ects. ] It is
assumed that the quark or diquark transferred from the
beam particle to the final-state particle preserves its spin
state in the process. Also, the transition matrix element
(f I

T
I
i ) is assumed to factorize into two subampli-

tudes for valence-diquark (or -quark) transfer and sea-
quark (or -diquark) production for VVS (or VSS) process-
es. These are shown in Fig. 12. Spin dependence is in-
corporated into the theory by a simple parametrization of
these amplitudes (see Fig. 12) involving small positive pa-
rameters e, e', 5, and 5'. The signs are assigned such that
it is more probable for a sea quark (or diquark) to recom-
bine with spin down than with spin up, and vice versa for
valence quarks (or diquarks}. The quark spins are recom-

FIG. 11. Depolarization (DzN ) of A data as a function of xF.
For clarity in viewing, data points with 0.8(pT &1.2 GeV/c
have been shifted to the left by xF ——0.02. The dashed line at

D» ———0.062 is the DM prediction corrected for the presence
of A from X decay.

bined into hadrons according to static SU(6) wave func-
tions.

This framework allows one to make predictions
without necessarily adopting any particular mechanism
for producing the polarization effects at the quark level.
Note that DM themselves do not differentiate between e
and e' or between 5 and 5'. We have made this generali-
zation because there does not seem to be any a priori
reason for the subamplitudes of processes (a) and (d) and
processes (b) and (c) to have identical spin asymmetries.
In fact, comparison of p~A and Ii: ~A data suggests
that e' is significantly larger than e.

The calculation of spin observables in the DM frame-
work is best illustrated by an example. Consider the
transition amplitude for the process p 1 ~:- 1 . The
transferred d quark can have either spin up or spin down
depending on whether the ss diquark is produced in an
S,M=1,0 or S,M=1, 1 state. [The ss diquark does not
occur in S,M=O, O in the = SU(6) wave function. ]
Therefore, we get

(:- 1 I
T

I p 7) =C[:- 1 =d 1(ss),0]C[p 7 =d t(uu), 0]B't A', o+C[:" 1 =d1(ss)„]C[p1 =d $(uu)„]B')A'„

=(-,')( ——,')B't A io+

where C[:- 1 =d t(ss), 0] is proportional to the overlap
between the = 1 SU(6) wave function and a state
Idt'(ss), o). The transition rate IVI, ——

I (f I

T Ii)
I

(f, i=spins of the final, initial baryons) is calculated as-
suming that amplitudes representing different spin
configurations at the quark/diquark level will add in-
coherently. Hence, for p 1'~:- t we find

davit = —,',
I
B't

I
'I A'~o I'+ —,',

I
B'i I'I A ii I'

= —,', A 'B'[( I+e')+4(1 —e')(1 —5')] . (18)

The other 8'I s are calculated similarly, and the polar-
ization observables are given by
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(a) VVS process

Process

sea quark

production

IAmplitudeP

IB+ ~B(1-E)

IBiP ~B(1+@)

(b)VVS process
valence diquark

of spin (SP4)

transfer

IAiMP ~ A(1 + M5)

IAor)I2 ~ A

(c) VSS process

sea diquark

of spin (S,M)

production

IA'lsttl ~ A (1 M5')

IA'00P ~ A'

(&)VSS process

va)ence quark

transfer

IB'tP ~ B'(1 + t')

IB'gP ~ B'(1 - e')

P= (Wtt+Wti) —(Wii+ Wit)
W))+ W))+ W))+ W))

( Wt t+ Wit )—( Wii+ Wti )
~N

W))+ W))+ W))+ W))
(20)

FIG. 12. Association between the various quark
transfer/production processes and their corresponding ampli-
tudes in the DeGrand and Miettinen model.

sumption that one can describe the process at the quark
level. A list of predictions for various inclusive processes
appears in Table II, adapted from a table in Ref. 4.
Several asymmetries for pseudoscalar-meson production
processes, which involve only the B,B' subamplitudes as
in (a) and (d) of Fig. 12 have been included. As noted by
DM in Ref. 4, these predictions are in fair agreement
with experimental data on P if e=e'=5=5'=0. 15—0.3.
(References to these measurements are given in the Table
II.) However, the large polarizations observed for
E ~A and K+~A suggest that e' may be a factor of 2
or 3 larger than e. This possibility is compatible with the
p~X, p~=, and p~= data if one takes 5'=0.

Turning now to the p~A process measured in the
present experiment we note that the DM model predicts
2~=0 and D~~=0. This is easily understood since the
ud diquark transferred from the proton is always in a
spin-0 state; therefore, the A has no memory of the pro-
ton spin. However, this simple prediction is slightly
modified by two complications: (a) some A's may be pro-
duced by a subdominant VSS process, and (b) some A' s
arise indirectly, from X decay.

(a) If we perform the DM calculations allowing both
VVS and VSS processes to contribute to A production,
we still find DNz ——0. A nonzero asymmetry

(22)

D= (W»+ W„)—(W»+ W„)
W))+ W))+ W)g+ W))

(21)

The parameters e, e', 5, 5' can be functions of xF and pr.
Nevertheless, there is still considerable predictive power
in the model. In particular, because W& &

——W& &
(e~—e, 5~ —5) and W& &

—
W& &(e~ —e, 5~ —5), the

DNN predicted by the model is parameter-free. This pro-
vides a test of the use of SU(6) wave functions and the as-

does arise from the subdominant VSS terms. Using data
on the production ratio of X+ ( VVS) to X ( VSS) we can
estimate that A'B'iAB =0.08 at xF-0.5 giving an A~
of less than 1%. We can, therefore, ignore this effect.

(b) Since the experiment does not distinguish direct A' s
from those arising from X decay, we have to take this
into account in the theoretical prediction. If the produc-
tion ratio of X 's to direct A's is denoted by n then the
predicted asymmetry is

TABLE II. Spin-observable predictions using method of Degrand and Miettinen (Ref. 4).

Reaction DNN Reference

p~A
p ~X+

XO

~p
p —+

p m+ or K+

p m or Ko

K ~A
K+~A
K X, X, or X+

K

—e+ —51 2
3 3

1~+ 25
3 3

-'e' —-'5'
3 6

3 3
2——e ——53 3

——e ——51 r 2
3 3

3 6

——'5'
——'5'

—', (@+5)
2 (a+5)

——e ——53 18
1 r 2——e ——5
3 9

—', (e+e')
——'(e+ e')

3

2
9

2
9

1, 2, and 17

6

10

28

27 and 28

5

29

24

30
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A~ = AN(X ) = —(@+5) .
n+1 n+1 3

(23} IV. Ks AND A

Also, because in X ~A decay the A acquires ——,
' of the

polarization of the X, the depolarization parameter is
given by

n

n+1
—1 o —2 n

3
DNw(X }=

9 n+1 (24)

since DtvN(X ) =—', . The observed value for polarization is

also altered to

p Obs 1

1+n
n

n+1 (25)

The experimentally observed value for n is 0.386+0.041
(Ref. 22) and so we expect DNz- —0.06 and A&-0.06
(for @=5=0.15). These corrections to the predicted AN
and DNz values are shown by the dashed lines in Figs.
9-11. There is fair agreement between experiment and
theory except that at lower pT values A~ seems to be
slightly negative instead of slightly positive as expected.
When substituting n in our expression for P'„' we get
P'„'=0.72P~ —0.09P 0. The second term is small since

Pzo ——0.28+0.13 (Ref. 7). Therefore, the main effect is

the dilution of the true polarization by the less polarized
A's from X decay.

A. Ks

Although the experiment was conceived primarily for
the detection of A' s, the Ks's (discarded as background
earlier) proved numerous enough to enable a measure-
ment of Az in their production. They were isolated by
(a) application of vertex and target cuts and (b) removal
of all events with 1104 MeV/c &m„& 1128 MeV/c .
These conditions yielded 17000 (33000) events with 483
MeV/c &mx & 513 MeV/c at 13.3 (18.5) GeV/c

S
roughly between xF —0.5 —0.5 and with p&-1 GeV/c
(Fig. 13). The observed slope of the cose' distribution
for the Kz decay products is consistent with zero as it
should be since the Kz is a spinless particle. Our results
for Az as a function ofpT are shown in Fig. 14 and listed
in Table III. When averaged over all pT we measured
( A ) = —0.094+0.012 ( —0.076+0.015) for the 13.3
(18.5) GeV/c sample.

To calculate the expected Az for K& production we
must allow for the fact that the Ks can be produced ei-
ther as Ko or as K 0, or it can arise as a decay product of
K + (892 MeV/c ) or K ' (892 MeV/c ). Since K'
production is a factor of 5 less than K'+ at 18 GeV/c
(Ref. 25), we may ignore K' and K ', contributions.
Thus, we have

A~(K )+ AN(K )n, + AN(K +)—', n2+ AN(K ') ,'n3—
AN(K, )=

2 11+ni+ —np+ 3n3
(26)

where n, , n2, n3 are, respectively, the production ratios of
K, E +, and K ' relative to direct K 's. The factors

3

and —,
' included above correspond to the branching ratios

pfor K + ~K m+ and K '~K m, respectively. The DM
model gives AN(K )= ——,'(e+e'), from Table II, and

A~(K ) =0, since the K has no quarks in common with

the proton. Calculating Az(K +) and Az(K ') in the
DM model we find

o (K + )/o (direct K ) has been measured to be =—,
' for pp

interactions at 18 GeV/c (Ref. 25). The relative detector
0

eSciency between K and K + must also be taken into
account, since the pion from K +~K ~+ can pass
through S4 and thus, veto the trigger. This efficiency was
determined by requiring Monte Carlo-generated K and

3000 ~ &

I
s r i i

I
~ ~ I

I
I I

I
I I ~ ~

I
1 I

A~(K +)= —2e+ ', e', — — (27)

(28)

2500

0

it) 2000

18.5 GeV/c
13 3 GeV/c

The production ratio ni =cr(K }/cr(K )
—cannot be

directly obtained from available experimental data.
However, we can relate it to o (K )/o (K+ ) which has
been measured to be =—,

' at 24 GeV/c incident beam
ynomentum as follows: In the DM picture of fast-
forward meson production o (K ) should be one-half
o(K+) since the incident proton contains two u quarks
but only one d quark. Assuming that cr(K )=o(K )

since both are produced purely from sea quarks, we con-
clude that ni cr(K )/o——(K )=2m(K )/o(K+)= —', .
Next, for our calculation of n 2 we note that

it)
g, 1500

+ 1000
0)

0
500

I
i I

I
I
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I

I
I

I
I

I

500

MeV/c

FIG. 13. Invariant mass of purified Es sample under the hy-

pothesis Ks~m+m .
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FIG. 14. Analyzing power of Kz and A. The dashed line at
AN ———0.7 is the DM prediction for A& of K&.

FIG. 15. Invariant mass of purified A sample in pm+ hy-
pothesis.

K + events to satisfy the trigger conditions in the detec-
tor. We found that the n+vet.oed the trigger 20% of the
time, giving a relative efficiency 0.8. This gave

nz
—=(0.8)o(K +)/o(direct) K )=—,'(0.8)=—', .

Finally since o(K )/o(K +) is —,
' in the DM model just

as for the K to K+ ratio mentioned above, we expect

n1= —,'o(K +)lo(direct K )= —,'. Combining all this in-

forrnation we obtain

A~ ——0. 19'—0.09'' . (29)

For reasonable values of E, E (e.g., @=0 15, e'=3. e would
give Az- —7%) this prediction accords quite well with
the observed asymmetry shown in Fig. 14.

Our values of A~ contrast rather sharply with an ear-
lier measurement of A ~ = —0.52+0.12 (Ref. 27), in
which 346 events were obtained from using 6 GeV/c po-
larized protons (v s =3.627 GeV) incident on a hydrogen
target. The observed difference could be due to (i) de-
crease of Az with beam energy, a phenomenon which has

been seen in other reactions, or (ii) the influence on A1v of
the larger fraction of K 's and K"s in our data which
tend to reduce the magnitude of the asymmetry, as dis-
cussed above. At 6 GeV/c K and K' production are
suppressed by the close proximity to (mass-energy)
threshold for even the lowest-energy exclusive states.

B. A

A small sample of A's was also obtained in this experi-
ment. These were isolated by (a) requiring the magnitude
of momentum to be greater for the negative decay parti-
cle than for the positive particle which is, true for all A
with pl,»300 MeV/c, (b) imposing vertex and target
cuts, and (c) discarding events with 483 MeV/c
& ms & 513 MeV/c . A was measured only for the 18.5

S

GeV/c (Fig. 15) sample which had 807 A's with 1113
MeV/c & m

A & 1119 MeV/c . Our statistics were

insufficient at 13.3 GeV/c. The value of A~ =0.03+0.10
(Fig. 14) is consistent with the DM prediction of zero.

TABLE III. Analyzing power of Kz at 13.3 and 18.5 GeV/c.

XF

—0.70 to —0.06
—0.06 to 0.12
0.12 to 0.60

(xF &

—0.22
0.03
0.23

—0.16
0.02
0.0

pT (GeV/c)

18.5 GeV/c

0.3 to 0.8
0.8 to 1.1
1.1 to 1.8

(p, &

(Gev/ci

0.82
0.97
1.08
0.68
0.94
1.28

A

—0.088+0.026
—0.053+0.026
—0.090+0.027
—0.053+0.029
—0.086+0.022
—0.087+0.030

—0.70 to —0.06
—0.06 to 0.14
0.14 to 0.70

—0.21
0.04
0.29

—0.08
0.11
0.06

13.3 GeV/c

0.3 to 0.8
0.8 to 1.06
1.06 to 1.6

0.72
0.88
0.96
0.67
0.92
1.20

—0.091+0.021
—0.064+0.021
—0.120+0.020
—0.088+0.018
—0.098+0.019
—0.099+0.029
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V. SUMMARY AND CONCLUSIONS

We have used the Brookhaven polarized proton beam
to study inclusive production of A particles at moderate
pz. . The measurement of I'~ showed good agreement
with data taken in other experiments that used unpolar-
ized beam. A& and D&N were both found to be approxi-
mately zero, in reasonable agreement with the DeGrand
and Miettinen (DM) model of hyperon polarization. The
value obtained for A~ is slightly lower than what we ex-

pect from DM but approaches the prediction at the
highest pz. . Our value of Dz~-0 supports the picture of
the beam proton contributing only a spinless (ud) quark
pair to the A regardless of the beam polarization. The
DM model seems to overestimate the magnitude of D~~
slightly, predicting D~~= —0.06 when the effect of A' s

arising from X decay is included. There is a hint that
the model may not be correct; therefore, a comparison
between theory and experiment for a large nonzero DzN
measurement (e.g., X+ or X production) would perhaps
shed light on the situation.

The measurement of A~ for Kz gives 3~=0.1, in-

dependent of xF. The DM model agrees we11 with this in
the forward xF region when we account for Kz's arising
from K, I(, and the decays of E"s. In the backward-
scattered region, however, the DM model predicts zero
since the target is unpolarized. Further experiments in

hyperon polarization with polarized beams should play
an important part in determining the role of valence
quarks as spin carriers in hadrons.
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