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A study of the inclusive polarization of A hyperons produced by 400-GeV/c protons incident on
nuclear targets has been performed at Fermilab. The polarization P of the A has been mapped over
a large range of x+ and pT to good precision for pT up to 3.8 GeV/c. The magnitude of the polariza-
tion at fixed xF rises with pT to a plateau at about 1 GeV/c, and the size of the plateau increases
monotonically with xF. The A were found to be unpolarized for pT & 2.4 GeV/c. A target-nucleus
dependence for the A polarization has been observed.

I. INTRODUCTION

The polarization of hyperons produced by protons is
one of the most universal regularities observed in the
strong interactions. Inclusive A polarization has been ob-
served in the range from 12 to 2000 GeV (equivalent pro-
ton energy on fixed targets) (Refs. 1—7). Polarization of
roughly the same magnitude is observed in the produc-
tion by protons of every other hyperon in the fundamen-
tal baryon octet. ' Attempts to integrate the remark-
ably large hyperon polarization into fundamental theories
of strong interactions (@CD) have not met with outstand-
ing success, possibly because of the low transverse
momentum, pT, of the final-state hyperons. This experi-
ment maps the kinematic behavior of the A polarization
and extends it to a region of pT where hard-scattering
effects are significant.

The discovery of A polarization from 300-GeV/c in-
clusive proton-nucleon reactions" played a major role
in the development of a successful program of hyperon
physics at Fermilab. For a review see Ref. 16. Use of the
phenomenon led directly to the measurements of the
magnetic moments of the A (Ref. 17):- (Ref. 8), :-
(Ref. 12), X+ (Refs. 10 and 18), X (Refs. 11, 13, and 14),
and 0 (Ref. 19) hyperons. A beam of polarized hype-

rons was used in a study of X P decay ' ' which
resolved an outstanding discrepancy between previous
data and Cabibbo theory.

To date, the polarization measurements for A are the
most extensive, and a more detailed description of this
phenomenon has gradually emerged as data have been
added over a wider range of kinematic variables with
several production target materials. The initial observa-
tion of A polarization, " taken at relatively small pro-
duction angles, covered only low transverse momentum
(pT ~ 1 GeV/c ), and showed a monotonic increase of po-
larization with pT. It did not cover a suKciently broad
range of Feynman x (xF =pL /p*, „, the ratio of the c.m.
longitudinal momentum to its maximum possible value)
at any given pT to reveal a significant x~ dependence. No
statistically significant dependence of polarization on tar-
get material was reported.

In subsequent experiments including larger production
angles, the A polarization was measured over the range
0. 15 &xF &0.8 and 0.2&pT &1.5 GeV/c with targets of
Be, Cu and Pb targets, ' and with hydrogen. " These
measurements suggested that the polarization increased
with xF as well as pT (Ref. 23). From the results of Ref.
24 there was reason to suspect that the polarization Aat-
tened above pT=1 CseV/c instead of continuing to grow
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monotonically. Studies of A polarization produced on
several nuclear targets showed a slightly larger polariza-
tion from Be and H than from heavy nuclei such as Cu,
W, and Pb (Refs. 6 and 24—26).

Presented here are the results of an experiment which
measured the detailed behavior of the inclusive A polar-
ization with respect to the kinematic variables xF and pT.
A total of 7.6X10 A —+p~ reconstructed over the
range 0.2&xF &0.8 and 0.8&pT &3.8 GeV/c were used
in the polarization analysis. Results from the present ex-
periment strongly confirm the dependence of the polar-
ization of xF, pT, and target material suggested by previ-
ous experiments. (See Sec. V.) The polarization is found
to have a remarkably simple behavior which is well de-
scribed by the product of two factors. One, a function of
pT alone, increases in magnitude monotonically from
pT=0 to a plateau at pT =1 CreV/c. The other, a nearly
linear function of x~ alone, extrapolates to zero polariza-
tion at xF=O. Also obtained were 0.8X10 A~pm+.
These were subjected to a similar study and the polariza-
tion was found to be consistent with zero in the region
0 15&xF &0.29 and 0.6&pT &2.3 GeV/c.

II. APPARATUS AND PROCEDURES

The experiment was performed at Fermilab in the M2
beam line with protons at 400 GeV steered at various an-
gles onto a production target. Since the production of
hyperons falls as the production angle increases, the Aux
of incident protons on target was increased to compen-
sate partially for this eA'ect. Intensities between 10 and
5 X 10' protons per second were used.

The 400-GeV/c proton beam was transported to the
experimental area by a magnetic beam transport system.
The directions of the incident proton beam, k;„, and the
outgoing hyperon beam, k,„„defined the production
plane at the production target, with the normal
n =k;„Xk,„,/~k;„X k,„,~. The production angle was
defined as positive when n pointed vertically upwards.
The coordinate system used in this report has the z axis
pointing downstream along the centroid of the neutral
beam, i.e., z=k,„„yvertically upward, and x horizontal,
completing a right-handed coordinate system.

Production at nonzero angles was controlled by an
angle-varying-bend (AVB) system of five 6-m-long dipole
magnets, shown in Fig. 1. Each magnet had a maximum
field integral of 11 T m. A motorized system was used to
displace the magnet string into an arc in the horizontal
plane so that angles as large as 25 milliradians (mrad)
could be achieved. A precision position encoder was
used to ensure reproducibility of the production angle
throughout the experiment. The production angle was
reversed every few hours to cancel systematic errors.
Data were taken at nominal incident angles of +6, +7,
+10, +12, +20, and +24 mrad in the x-z plane.

With the AVB system o6; the proton beam could be
steered onto the production target and (with the target
removed and Ml field off) through the neutral beam colli-
mator to establish a zero-production-angle reference axis
in our detector.

The primary determination of the production angles
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FICz. 1. A system of five Fermilab B1 dipole magnets was
designed to transport a 400-CxeV/c proton beam to the experi-
mental target at angles 0~ as large as +25 mrad.

came from the known field integrals of the AVB magnets
and the direction of the neutral beam relative to the
zero-production-angle reference axis. The value of the
angle for each AVB setting was checked by the measured
positions of the beam centroid as it passed through two
segmented-wire ion chambers (SWIC's) with 1-mm wire
spacing. The SWIC's (not shown in Fig. 1) were placed 4
m apart just upstream of the production target and gave
measurements of the production angle to about 0.1 mrad.

Cylindrical targets were mounted in a vertical position-
ing device, 2 m downstream of the final beam transport
element. Virtually all of the polarization data were taken
with a beryllium target with a 9.6-mm diameter and a
thickness of 15.00 cm, i.e., 0.497 collision lengths (L„»).
Additional data were taken with 12.6-mm-diameter
copper and lead targets with lengths of 4.64
em=0. 486L„&& and 4.84 cm =0.4731 „&&, respectively.
The target positioning device also included an empty slot
for measuring the background from nontarget-produced
events.

The neutral hyperon beam was formed by a brass and
tungsten collimating channel with a 4-mm-diameter
defining aperture located at the midpoint of a 5.3-m-
long-magnet, M1. The Geld in M1 was horizontal with a
field integral of 12.0 T m. This deAected the proton beam
by 4.8 mm in the y-z plane at the entrance to the defining
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T1=S).S2 C)x.C)y C5x~. C5xL C5y (2)

where x (y ) refers to any vertical (horizontal) wire in the
specified chamber, and R (I. ) designates any wire to the
right (left) side of a trigger boundary. The trigger bound-
ary in C5 was located at the center of the chamber. This
trigger had a high ()90%) efficiency for A~pm with
decay vertices between S, and S2.

A second trigger T2 was designated to favor high-
momentum A's and to suppress the acceptance for low-
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FIG. 2. The plan view of the spectrometer with all relevant
detectors and magnets is shown. C& —C6 are multiwire propor-
tional chambers and S& —S2 are scintillation counters. The
tracks of a typical high-momentum A are also shown. Note that
the proton and pion pass through electronically segmented sec-
tions of C5 and C6 which are required for a "T2" trigger.

aperture so that only a neutral beam entered the spec-
trometer. This magnetic field also precessed the spin vec-
tor of the A through an angle

P=(18.30 deg/Tm)(pA/p&) fB dl,

where p~ is the magnetic moment of the A and p& is the
nuclear magneton. The collimator aperture was filled
with helium gas to minimize interactions.

The layout of the spectrometer is shown in Fig. 2. It
used multiwire proportional chambers (MWPC's)
( C, —C6 ), scintillation counters (S, —S2 ), and a supercon-
ducting dipole analyzing magnet Mz. The field in M2
was vertical and had a bending power equivalent to a
momentum transfer of 0.95 GeV/c. This apparatus has
been described extensively elsewhere. ' Further details
specific to this experiment can be found in Ref. 28.

Scintillation counters were used in conjunction with
prompt outputs from some of the MWPC's to trigger the
data-acquisition electronics. Several triggers were used
simultaneously to enhance the collection of high-pT
events and to reduce possible systematic errors in the
determination of the spectrometer's acceptance. The
least restrictive trigger T1 was a simple "V topology, " to
recognize the charged decay mode of neutral particles.
The requirements for T1 were: a neutral particle entering
the evacuated decay region, and both positive and nega-
tive decay products emerging from the analysis magnet.
Symbolically, T1 is designated by the coincidence of the
signals:

momentum A's and other particles by selectively trigger-
ing on the high-momentum daughter protons which
passed through C6„+. Since the neutral beam channel ac-
cepted particles over the entire momentum range of the
production spectrum, and the A production spectrum de-
creases rapidly in pT, without some selectivity in the
trigger relatively low momentum A's would have saturat-
ed the live time of the data-acquisition system. This
selectivity was provided by taking fast output signals
from two selected groups of vertical wires in C6. (See
Fig. 2.) In C6 the boundaries C6x~ and C6„I near the
beam line were displaced to x = —2. 8 cm and x =+2.0
cm, respectively, to prevent triggers from the charged
products of neutral-particle interactions downstream of
M2. The other boundaries were chosen to restrict the
momentum spectrum.

A third trigger T3 performed a similar function for A
using C6 L. T3 was not symmetric with T2. Instead, the
boundaries of C6„L were chosen to accept p 's from low
momentum A's and to exclude the highest momentum

from A decay. Symbolically,

alld

T2 =T1-C6~~ (3)

T3=Tl C (4)

At SO GeV, the yield of T2 to T1 triggers was suppressed
by a factor of -SO. Above 100 GeV the difference in
yield between T1 and T2 triggers was negligible. The
final trigger was

T= —,', T1+T2+ 4 T3,

where —,', T1 and —,'T3 indicate that the raw triggers were
prescaled by factors of 32 and 4, respectively.

The overall acceptances of the apparatus for A —+p~
A —+p ~+, and K& —+~+~ are shown in Fig. 3. The ac-
ceptance was defined as the probability that the parent
particle decayed between S, and C„and that its
daughter particles passed through all the spectrometer
apertures and satisfied the trigger requirements above (T2
for A; T3 for A and Ks ). In principle, the acceptance is a
function of all five variables of the neutral beam phase
space: the magnitude of the momentum p, the transverse
position (x,y ) evaluated at some suitable z position along
the beam line, and the transverse angles of the momen-
tum vector (P„,P ). We can ignore x and y because the
beam channel collimator was stable in time and nearly
pointlike compared to all relevant dimensions of the spec-
trometer. Since the production angle 0 was controlled
by steering the proton beam in the horizontal plane, the
measured distribution in P~ was found to be insensitive to
0 . Further, the vertical apertures of the spectrometer
were fairly far from and symmetric relative to the pro-
jected size of the neutral beam. Variation of cuts inside
these apertures did not change the results. However,
variations in the P„distribution were significant because
the trigger boundaries of T2 were fairly close to the pro-
jected neutral beam line. This distribution did vary with
0 because of the fairly strong 0 dependence of the pro-
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FIG. 3. The acceptance of the apparatus for A~p~
A —+pm+, and Kz —+++~ . The dominant eftect is the probabil-
ity that the particle decays within the fiducial volume. Also in-
cluded are the geometric efficiency of the spectrometer and
triggers boundaries of —,'z T1+T2 for A and T3 for A and Ko.
The variation in acceptance with the sign of the production an-

gle {described in the text) is shown for +10 mrad.

III. EVENT SEI.ECTION

In event selection and all subsequent analysis, the pro-
cedures, the computer programs, and the calibration con-
stants were identical for positive and negative production
angles in order to avoid introducing effects which would
produce biases in the polarization calculation.

Triggers were analyzed off-line for a V topology, i.e., a
positive and negative track originating from a common
vertex within the fiducial boundaries of the decay
volume. For production angles less than 10 mrad, at

duction cross sections, and the fact that the angle sub-
tended by the collimator, +0.8 mrad, was a significant
fraction of the smaller 0 .

The acceptance for T1 was insensitive to these effects
and was determined by a Monte Carlo calculation. Com-
parison of the raw momentum distributions at positive
and negative values of the same 0 gave further evidence
that the T1 acceptance was independent of 0 . The ac-
ceptances for T2 and T3 were determined from the exper-
imentally determined ratios to T1. The acceptance for
T3 was independent of 0, but that for T2 showed a
significant variation with the sign of 0 for its lower
values at momenta below 150 GeV. This is illustrated for
+10 mrad in Fig. 3.

In the polarization analysis, it was assumed that the
electronic efficiency of the triggers was, on average, the
same for the total samples of data taken at positive and
negative values of each production angle. Thus, it can-
celed in the analysis described in Sec. IV. In order to
minimize the effects of time variations of this efficiency,
the production angles were reversed at intervals of
several hours over the duration of the run.

least 60% of the raw triggers satisfied this criterion. This
decreased at larger production angles to 26% at 20 mrad.
The major effect was the decrease in the rates of A, A,
and Kz relative to backgrounds from neutron and gamma
interactions in the apparatus.

For reconstructed tracks, the momenta of the two par-
ticles were calculated as well as the (pn ), (7r+~ ), and
(per+) invariant masses. For each event an uncertainty
in the mass, 0. , was determined based on uncertainties
in the momentum determination of the charged tracks
and the reconstructed vertex. An event was identified as
a A, A, or K& if the reconstructed mass was & 3o. away
from the known mass. If the event was identified as a A
it was kept in the sample as a A regardless of the other
mass hypotheses. If the event satisfied both A and Kz hy-
potheses it was rejected from both these categories.

Events were required to pass two additional cuts.
First, the reconstructed vertex was required to be, within
uncertainties determined for each event, between the lo-
cation of S& and C&. Second, the momentum vector of
the neutral parent was required to project back to within
a radius of 6.4 mm of the center of the 4.8-mm-radius
production target. The purpose of this requirement was
to reduce the contamination in the sample of the
daughter A's resulting from the decay = ~A~, as well
as nontarget produced A' s. Residual backgrounds from
these sources were estimated by interpolation from the
measured numbers of A's outside the 6.4-mm target cut.
An additional background arises from Kz~m+m de-
cays with ambiguous invariant masses, i.e., the daughter
tracks also satisfy the hypothesis A —+pm . Residual K&
backgrounds were estimated by interpolating the distri-
bution of unambiguous K&'s inside the A mass cut. Both
of these backgrounds vary with the A momentum. At 6
mrad, the worst case, this is illustrated as follows: the "
background decreased from 1.5% at @&=85 GeV/c to
0.5%%uo at 125 GeV/c. The background from Ks decreased
from 1.3% at pA =85 GeV/c to 0.8%%uo at 165 GeV/c. At
these levels no corrections were necessary at any produc-
tion angle.

The efficiency of the software for reconstructing
events, under ideal circumstances, i.e., the "perfect"
Monte Carlo simulation, was 98.5% averaged over
momentum. The actual efficiency was reduced by effects
such as dead time, multiple Coulomb scattering,
daughter-pion decays in Aight, detector inefficiencies, and
field irregularities in the analysis magnet. Experimental
measurements and Monte Carlo studies with all known
properties of the detector, including rate-dependent
inefticiencies, have been used to understand these effects.
(See Ref. 28 for details. ) Under low-Aux (small-9 ) condi-
tions, the reconstruction efficiency rose sharply from
77% for 60-GeV, A's to a peak of 94% at 100 GeV and
declines gradually to about 88% at 300 GeV. Under
higher-Aux conditions the efficiency was lower, e.g. , by
about 8% at 20 mrad.

These rather detailed studies give us some confidence
that we understand the behavior of the apparatus and
reconstruction programs when the production angle is re-
versed. There may be systematic uncertainties in our es-
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timates of the acceptance and reconstruction eKciency of
order a few percent with an even small uncertainty in the
dependence on 0 . These effects contribute mainly to a
quantity called a bias (Sec. IV), and their contribution to
the systematic uncertainty in the polarization is negligi-
ble compared to statistical uncertainties. This is support-
ed by the checks on systematic effects described in Sec.
VII.

IV. POLARIZATION ANALYSIS: METHOD

R„+=B„+P„,
R„++R„8„= (7)

R„+—R„P„=

A first-pass analysis with the method above yielded the
three components of the polarization downstream of the
magnetic beam channel for each momentum bin and pro-
duction angle. P was consistent with zero as expected
from parity conservation in the production process and
the fact that the precession of the spin in the beam chan-
nel occurs in the y-z plane. The values of P and P, were
used to compute the polarization vector at the produc-
tion target by using a precession angle P+, which can be
calculated from sign and magnitude of the precession
field integral and the known magnetic moment of the A

The polarization of the A (A) was determined from the
asymmetry in the distribution of the decay proton (an-
tiproton). In the parent center of mass this is given by

dN/d cos8; = 2 (cos8; )(1+aAP; cos8; ),
where i =x,y, z. The number of events in each bin of
cosO, is expected to be a linear function of cosO;, with a
slope given by a,„P;, modified by A(cos8;), the accep-
tance of the apparatus and software. This modified func-
tion of cosO,. is fit to each set of data where a data set is
defined by a production angle. Each sign of the angle is
fit independently. The technique used to fit the data, the
hybrid Monte Carlo method, has been described else-
where.

The fits of the angular distributions of the daughter
protons in the A rest system yield asymmetries which are
the sum of the real polarization as well as systematic
biases arising from such things as reconstruction
inefficiencies that are not simulated by the hybrid Monte
Carlo method. Reversal of the production angle changes
the sign of the real polarization, while apparatus or
software induced asymmetries are unaffected. Hence,
subtraction of the asymmetries taken at equal and oppo-
site production angles yield a bias-free polarization mea-
surement, while the sum of the asymmetries gives a mea-
surement of the bias. This can be summarized in the fol-
lowing equations in which R„+ represent the raw mea-
sured asymmetries at positive and negative production
angles in the direction u =x,y, z; B„represents the ap-
paratus and analysis bias, and P„represents the polariza-
tion

V. POLARIZATION RESULTS: A

Tables I—III give the values of the polarization Py at
the production target. Figure 4 shows the subset for A
production from Be. The data were obtained from the
measured P~ in the decay volume and the known preces-
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FIG. 4. The A polarization is shown as a function of xF for
all production angles. Over this range of production angles and
within experimental uncertainties, the polarization is angle (or

pT ) independent.

(Ref. 17). The production polarization was found to be
consistent with no z component as required by parity
conservation.

A second-pass analysis did a simultaneous fit to the
data imposing the constraints of parity conservation at
production, and precession in the y-z plane by the angle,
P+, for all momenta and production angles. The parame-
ters of the fitting procedure were B; and B„, the
momentum-dependent biases, P; the momentum-
dependent production polarization, assumed along the y
axis, J B d/ in Eq. (1) for P+, which was allowed to vary
because, in this experiment, it had a measurement accu-
racy and setting precision of about 1% which is less pre-
cise than that for Refs. 17 and 18. The value of (pA/p~)
used for this analysis was —0.6138. These parameters
were varied to minimize the function

[R~,~I,
—(B~;+P;costi& )]x'= g

i,j,k ~yij k

[R„k—(B„+"P;sinpk )]Z/J Zl

i,j,k ~zij k

The indices i,j,k correspond, respectively, to the
momentum bin, the two signs of the production angle
and the two signs of the precession field. This procedure
was carried out for individual magnitudes of the produc-
tion angle and yielded values for the fB dl consistent
with the measurement accuracy and setting precision of
l%%uo.
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sion in M1 as discussed in Sec. IV. Results are given for
Be, Cu, and Pb as functions of production angle 0 and
the bin-averaged momentum, pA (Ref. 30). The corre-
sponding average values of xF and pT are also given.
Note that 0 is not the nominal production angle, but
rather an average value computed for each momentum
bin from the reconstructed distributions at the produc-
tion target.

The data show that at pT = 1 GeV/c the monotonic in-
crease with pT ends and the polarization reaches a pla-

pA
(GeV/c )

116.0
176.1

90.9
109.5
128.7
148.8

Op

(mrad)

7.42
7.13

pT
(GeV/c )

0.861
1.256

0.284
0.437

Py
at production

—0.078+0.022
—0.090+0.040

9.96
9.76
9.67
9.60

0.905
1.069
1.245
1.428

0.220
0.268
0.317
0.368

0.021+0.042
—0.050+0.029
—0.074+0.031
—0.061+0.040

TABLE II. A polarization in p+Cu —+A+X.

pw
(GeV/c )

TABLE I.

Op

(mr ad)
pT

(GeV/c)
Py

at production

A polarization in p+Be—+A+X.

90.8
108.6
128.5
148.6
168.4

11.92
11.85
11.70
11.66
11.59

1.082
1.287
1 ~ 503
1.733
1.952

0.220
0.265
0.316
0.367
0.417

—0.063+0.022
—0.037+0.022
—0.096+0.026
—0.172+0.042
—0.089+0.064

101.3
134.3
163.5
193.0
222.5

252. 1

281.9
311.8

99.6
133.7
162.9
192.5
221.8
251.4

72.9
91.0

109.7
129.1
148.7
168.6
188.5
208.5

6.13
6.00
5.84
5.73
5.63
5.54
5.42
5.43

7.51
7.35
7.15
7.05
6.98
6.92

10.12
9.99
9.79
9.70
9.63
9.59
9.54
9.50

0.621
0.806
0.955
1.106
1.253
1.397
1.528
1.693

0.748
0.983
1.165
1.357
1.548
1.740

0.738
0.909
1.074
1.252
1.432
1.617
1.798
1.981

0.247
0.331
0.405
0.479
0.553
0.628
0.702
0.777

0.242
0.329
0.403
0.478
0.552
0.626

0.173
0.220
0.268
0.318
0.367
0.418
0.468
0.518

—0.063+0.004
—0.090+0.004
—0.124+0.005
—0.179+0.007
—0.222+0.011
—0.250+0.019
—0.248+0.034
—0.326+0.068

—0.049+0.006
—0.080+0.007
—0.127+0.009
—0.193+0.014
—0.155+0.024
—0.210+0.049

—0.,033+0.018
—0.062+0.007
—0.072+0.006
—0.091+0.006
—0.113+0.009
—0.159+0.013
—0.146+0.020
—0.131+0.033

90.4
108.3
128.2

20.32
20.25
20.18

1.837
2.193
2.587

0.219
0.265
0.315

—0.039+0.016
—0.076+0.013
—0.038+0.022

teau in the kinematic range covered by the data. The
eFect is easily seen in Figs. 5(a)—5(d) where the polariza-
tion is plotted as a function of pT for subsets of the data
in limited ranges of xz. The kinematic behavior of the
production can be described by the function

c 2

P =(C,xF+C2x„)(1—e '
) . (9)

TABLE III. A polarization in p+ Pb~A+X.

This function was used to At the data from this experi-
ment and yielded a reasonable result with y /ND„
=65.0/37 and C3= —4.7+1.0 (GeV/c) from a stan-
dard fitting program, where XD„ is the number of de-
grees of freedom. However, there is relatively little data
at low pT, and y is a highly asymmetric function of C3,
e.g. , y (C3= —100.0)=69.1, little dift'erent from the

95.2
109.5
128.7
148.4
168.3
188.2
208.1

94.9
104.6
114.5
124.5
134.4
144.4
154.3
164.4
182.0

95.2
112.0

11.93
11.87
11.77
11.72
11.65
11.60
11.58
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minimum, while g (Cz = —2. 17)= 105 (an increase of
one umt per data point) and increases dramatically for
smaller negative values of C&. This is easily understood.
For large, negative C~ the pT dependence in Eq. (9) at
fiixed x„ is constant and agrees reasonably well with the
data, most of which are in the plateau region. (See Fig.
4.) For small, negative C~, the pT dependence behaves
like pT at fixed xF and fits the data poorly.

In order to constrain the fit better at low pT, we added
data from Refs. 3 and 23. Both these experiments were
performed with 400-GeV protons on a Be target. C,
changed by 7%, Cz by 18% (in the direction to compen-
sate for the change in C, ) and C& by 4%. The depen-
dence of y on the parameters was nearly symmetric.
The results of this fit are C, = —0.268+0.003,
C2= —0.338+0.015, and Cz= —4. 5+0.6 (GeV/c)
with y /NDF =109.4/69. The form of Eq. (9) is clearly
not uniquely determined by the data but it represents the
data well. This fit is shown in Fig. 5.
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FIG. 6. The ratio of the momentum-averaged copper and
lead polarization to the polarization from beryllium is shown.
Note that the copper and lead data are combined to improve the
statistical power in measuring the nuclear effect.
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Alternate functions of pT were considered while main-

taining the xF dependence of Eq. (9). A constant, while it
represents the data of this experiment well, is clearly in-
consistent with the other experiments and with the re-
quirement that the polarization be zero at pT=O. A fac-
tor linear in pT is the simplest function which satisfies
this latter requirement: i.e.,

O
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FIG. 5. Inclusive A polarization as a function of pT with xF
restricted to each of the four ranges indicated in (a)—(d). The
data plotted are from this experiment and Refs. 3, 23, and 24.
All four experiments used the same spectrometer and measure-
ment techniques. Errors when not shown are smaller than the
points. The lines are a fit to the p+Be data using Eq. (9). Note
that some of the scatter in the points is due to differences in the
values of xF at which they were measured.

P~ =(C,xF +C2xF )pT . (10)

It was tried and y /ND„ increased to 682/38 for the data
of this experiment, and to 982/69 for the combined data
of the three experiments.

Some additional evidence for the flattening of the po-
larization above pT=1 GeV/c can be obtained from the
data of Ref. 24 in which A's were produced by 400-GeV
protons on a hydrogen target. A fit to Eq. (9) yields

y /NDF =42. 6/48, while that for Eq. (10) yields

y /NDF =60.7/49. While both are reasonable fits in ab-
salute "goodness of fit, " the change suggests that the
linear function is significantly poorer.

The dependence of the A polarization on production
target material has been measured by several experi-
ments. ' All experiments agree that the magnitude of
the polarization decreases with increasing atomic num-
ber. For the present experiment the ratio of the polariza-
tion of Cu and Pb (combined data) to Be averaged over
the momentum range 85—200 GeV/c is 0.76+0.06. The
data are shown as a function of pT in Fig. 6. There is no
evidence that the ratio varies with pT at the present level
of statistical accuracy.

VI. POLARIZATION RESULTS: A

Previous measurements have shown a null result to a
precision of 0.02 in P~ up to a transverse momentum of
0.95 GeV/c (Ref. 3). The present experiment, with a
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FIG. 7. The polarization results for the A samples are shown
at 10, 12, and 20 mrad. The polarization is consistent with zero
up to a transverse momentum of 2.3 GeV/c.

tion (the physics goal of the experiment). The frequent
reversal of production angle (and, thus, polarization)
yields two data sets which are symmetric in the bias and
antisymmetric in the polarization. Because of the oppo-
site symmetry, precise measurements of polarization can
be achieved even in the presence of the significant biases
shown in Fig. 8.

A small contribution to the bias in each measurement
arises from lack of exact equality ( ~0.5 mrad) in the
"matched" positive and negative values of the nominal
production angles. This arises from alignment and sta-
tistical Auctuations in the way the events populate beam
phase space. Similar Auctuations occur in the momenta
in a given momentum bin. In general the magnitudes of
the matched positive and negative polarization values
will differ because of these differences in kinematic quan-
titiies, and the difference appears as part of the bias. The
magnitude of the polarization obtained from our analysis
is the weighted average of the polarization magnitudes of
the two samples. The angle and momentum reported for
each bin are similarly weighted. Systematic errors arising
from this procedure are small compared to the statistical
uncertainties.

The main contributions to the biases are apparatus

sample of 788 327 events, extends the measurement up to
pT =2.3 GeV/c, as shown in Fig. 7 and in Table IV (Ref.
31). The global average over momentum and production
angle ((pT) =1.2 GeV/c, (xF) =0.16) is PA =+0.006
+0.005. For comparison, at the same xF and pT, Eq. (9)
gives P~ = —0.026+0.002.
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I I I
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VII. BIASES AND SYSTEMATIC ERRORS

The calculation described in Sec. IV is directed toward
a simultaneous measurement of two things: the biases (a
property of the experimental apparatus) and the polariza-
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TABLE IV. A polarization in p +Be~A+X.
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FIG. 8. The measured biases along each of the coordinate
axes are shown as functions of momentum: (a) B„, (b) B~, and
(c) B,. Except for the 20-mrad data, the biases show no
significant dependence on production angle.
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effects not well reproduced by the hybrid Monte Carlo
programs. They represent our lack of complete under-
standing of the apparatus, and must be measured. The
reliability of our techniques for measuring biases and po-
larizations has been verified by a set of highly redundant
tests and cross-checks performed in an earlier experi-
ment. These are reported briefly in Ref. 17 and in great
detail in Ref. 32. Some of these checks were repeated in
the present experiment and are described in the following
paragraphs.

The biases are insensitive to production angle as ex-
pected, and they tend to be small for the x and y direc-
tions where the apparatus is reasonably symmetric.

Under the assumption that parity is conserved in the
interaction, the x component of the polarization must be
zero. The deviation of P„z from zero is an indication of a
bias originating in the apparatus or analysis which is not
corrected by our procedures. In this experiment
I'„z (0.003+0.001 for all production angles less than 20
mrad, and at 20 mrad P„~=+0.009+0.002. These re-
sults are momentum averaged and momentum indepen-
dent within statistical uncertainties.

A second check on systematics was done by measuring
the asymmetries in the decay K& —+m. +m . This was done
for data at 6 and 20 mrad. At 6 mrad, all components of
the measured asymmetry were ~ 0.006+0.010 in magni-
tude. At 20 mrad they were ~0.011+0.014.

The conclusion to be drawn from the study of sys-
tematic effects is that at angles below 20 mrad the sys-
tematic errors are negligible. At 20 and 24 mrad we as-
sign a systematic uncertainty of +0.01 to the polarization
results based on the measurements described in the
preceding paragraphs. Additional justification for larger
systematic uncertainties at the highest angles comes from
the behavior of the biases shown in Fig. 8. We have been
able to think of only one mechanism to explain the be-
havior at higher angles which fits the properties of the
apparatus and running conditions. At the beam intensi-
ties used for 20 and 24 mrad, the large Aux of charged
particles in our apparatus from decays and neutral parti-
cle interactions may have caused dead-time inefficiencies
and acceptance losses in the proportional chambers
which deviated from the Monte Carlo programs. This
may be responsible for the large-angle behavior of the
biases which differ from those at small angle by up to
several percent. It is not unlikely that the effect differed
for positive and negative production angles by a
significant fraction of its value. This is consistent with
the observed 1% deviations from expected zero asym-
metries, and supports our assignment of a larger sys-
tematic uncertainty at these angles.

A sample of unpolarized Monte Carlo events generated
with known appratus inefBciencies were analyzed by the
same techniques as the data. The asymmetries, which
arise wholly from reconstruction biases, yield
B„=—0.003+0.012, B =0.009+0.012, and B,=0.019
+0.013, in reasonable agreement with the biases mea-
sured from data.

A final item to consider in the discussion of systematic
effects is the dilution of the A polarization resulting from
contamination of the sample by the daughter A's from

X ~Ay and X*—+A~. There are no data in our energy
range on these processes to unfold the effects of the
daughter-A polarization from our measured polarization.
However, a crude estimate of the size of the effect can be
made on the basis of related measurements. For simplici-
ty we discuss this mainly in terms of the X as the single
source of the daughter A' s. Three ingredients enter the
discussion.

(1) We assume that the parent-X" polarization is
Pz= —P~. This assumption is supported by polarization
measurements of X+(Ref. 9) and X (Ref. 11) at Fermi-
lab, and X (Ref. 33) at Brookhaven. (2) The daughter-A
polarization can be represented as pd =fpz, where
—1(f(+1. For X ~Ay averaged over all decay an-
gles relative to the polar axis, Pz, P& = —

—,
' Pz, i.e.,

f= —
—,
' (Ref. 34). For a subsample of the daughters in

the equatorial plane, f=0. Since the polarization direc-
tion is perpendicular to the beam direction, the
daughter-A polarization must lie between these two ex-
tremes. The half angle of the beam channel collimator is
0.8 mrad. For most of our data, this is larger than the
angle between the daughter A momentum and the parent
X momentum. There is full acceptance for A's from X 's

aimed directly along the collirnator axis. For off-axis X's
our collimator tend to sample all decay angles approxi-
mately uniformly. Thus, the first case, P&= —

—,'Pz is
favored for X —+Ay. (For X* decays, the decay angle is
triple or more that of X, and the daughter-A average po-
larization is closer to zero. ) (3) The fraction of the
daughter A's in the beam is represented by P. References
35 and 36 have determined the fraction of the daughter .

A's from X at Brookhaven energies to be
0.278+0.011+0.05 for 28.5-GeV protons on Beryllium.
No other data exist from which to estimate P at Fermilab
energies.

This allows us to write down the measured polarization
in terms of the polarization for directly produced A' s:

p ( 1 p)pdirect+pyp

pdirect( 1 p yp)
pdirect( 1 p) (y —0)

pdirect(1 2p) (f— 1
)3 3

The measured polarization is diluted from that of directly
produced A's by a factor depending on the relative pro-
duction cross sections and on xF since the mean momen-
tum of the daughters will be lower than the mean
momentum of the directly produced A' s. If we neglect
this kinematic effect, and assume P=0.3 then the dilution
is between 20% and 30%.

VIII. CONCI. USIONS

It is apparent that one can associate polarization with
the production mechanism of the hyperon. The A, with
no constituents in common with the incident particle, has
no measurable polarization. All of its quarks have to be
created in the interaction; hence, the dynamics of form-
ing the final state is symmetric with regard to any of its



3566 B. LUNDBERG et al.

valence quarks. The A, however, exhibits a leading parti-
cle behavior in proton-nucleon interactions: do/dxF
—(1—xF )", where n = 1 for forward production. 3 '3

This arises from the fact that the A shares two quarks
with the incident proton.

For the kinematic limits x~~0 and xF~1 one can
make simple assertions about the behavior of PA. In the
former case the fact that the A differential cross section
extrapolated to xF=O differs little from the correspond-
ing A cross section is suggestive that their production
mechanisms are not different for central production (di-
quark states are unlikely). Then PA(xF=O)=PA(x~=0)
=0.

The above conclusion is somewhat supported by anoth-
er argument. The condition P~(x~=0)=0 is an absolute
requirement, based on rotational invariance, for the A' s
produced in pp~AX on protons in the target nucleus.
Isotopic spin invariance then imposes a similar condition
on the I=1 production of A's from target neutrons.
Since this argument cannot be extended to the I=0 part
of the production, it is not absolute. Nevertheless, unless
there is some compensating enhancement of the polariza-
tion in I=0 production, it suggests that the polarization
is suppressed at x~=0. The choice of odd powers of x„
in the function used in Eq. (9) is guided by this.

For the case x = 1 the A production must be dominat-
ed by the recombination of a ud system, intact from the
proton, and an s quark from the interaction with the tar-
get. Since polarization implies a degree of coherence in
forming the final state from the possible amplitudes, it is
natural to assume that P is largest in the case where there
are few significant ways to form the A. Equation (9) can
be extrapolated to near the forward limit, P~(x~
= 1, pT ~ 1)= —0.5. Estimates ' of the cross-section
ratio of inclusive X to direct A production suggest that
PA""= —0.6. If dilution due to higher mass strange res-
onances is important, the magnitude of the direct polar-
ization could be even greater than this.

A description of hyperon polarization was proposed
soon after the initial observation of A polarization. It
involved the interference of two triple-Regge diagrams,
but lacked any way of generating the nonzero relative
phase required for polarization. Recently, it has been
suggested that interference of different final-state reso-
nances might provide this phase difference.

Several other phenomenological models '"' have
been proposed to account for the dynamical origin of in-
clusive polarization. They describe the process in terms
of constituent quarks and have certain features in com-
mon. They all rely on a picture of baryon structure in
which the s quark carries all the spin information for the
A. All involve a strong infIuence of valence quarks or di-

quarks common to the incident and outgoing baryons.
This appears to be demanded by the observed relative
signs of the polarization of various final-state hyperons
and the lack of significant polarization in antihyperons
produced by protons. All the constituent models focus
on a picture in which the polarization arises not from
hard scattering of partons, but from the process in which
constituents, particularly spectator quarks or diquarks
from the incident proton, sort out their color fields to be-
corne color-neutral final-state hadrons, i.e., the fragmen-
tation.

The persistence of a large polarization at large pT can-
not be explained in terms of a naive, low-order QCD cal-
culation. It has been argued using basic assumptions
from perturbative theory that P~ must be small or zero
in the "large"-PT limit. ' Polarization requires an in-
terference of complex spin-Aip and nonAip amplitudes
which have a significant phase difference. In lowest-order
perturbative QCD, all amplitudes are relatively real.
This tends to rule out polarization in the hard scattering
of partons which seems to be well described in low-order
QCD. The observation of undiminished polarization
near 4 GeV/c implies that either perturbative QCD does
not apply or that another mechanism is responsible, such
as interference of excited states ' or the fragmentation
process.

Recently, higher-order QCD calculations of s-s pair
production by gluon fusion has been studied as a mecha-
nism for polarizing the s quark. The computed s-quark
polarization shows an xz dependence similar to that re-
ported here, and it peaks at pz in the range 1.0—1.5
GeV/c, dropping slowly thereafter. However, the peak
s-quark polarization of 5% is smaller than the A polar-
ization we observe. These authors discuss a preliminary
study of mechanisms, such as those proposed in earlier
models, ' by which the polarization is enhanced when the
s-quark combines with a spinless, valence ud-diquark
from the incident proton to produce the observed A.
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