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Inclusive A polarization in proton-nucleus collisions at 12 GeV
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The polarization of A hyperons in inclusive production by 12-GeV protons on nuclei has been

measured for beryllium, copper, and tungsten targets. Data are obtained at five production angles,
3.5', 5.0', 6.5', 8.0', and 9.5', covering the kinematic range 0.26&xF &0.77 and 0.4&pT & 1.5 GeV/e.
The dependence of the polarization on target nuclei is investigated by statistical analyses of the data.
The polarization at fixed pr increases roughly linearly with xF. The present results are compared
with other work at higher energies in terms of the A dependence and the (xF,pT }dependence.

I. INTRODUCTION

Recent studies of the polarization of A hyperons in in-
clusive production by protons on nuclei have revealed that
important spin effects exist in high-energy particle pro-
duction. ' Since the unexpected discovery of substantial
Ao polarization at Fermilab, several experiments have
been performed at various laboratories, aiming at deeper
understanding of the phenomena. The main results from
these experiments can be summarized as follows. (1) The
A polarization is along the negative direction of the nor-
mal vector of the production plane. (2) The magnitude of
the polarization increases monotonically with the trans-
verse momentum pz of the A, reaching to about 209o at

pT ——1.5 GeV/c. (3) The polarization increases with the
Feynman scaling variable xF as well as with pT. (4) The
polarization seems to depend weakly on the atomic mass
of the target nucleus. (5) The polarization does not de-

pend strongly on the energy of incident protons from 12
to 2000 GeV.

Information on the kinematic dependence of the polari-
zation is essential to an understanding of the mechanism
of inclusive A polarization. In most of the early experi-
ments the polarization was measured at one or a few fixed
production angles. Since the xF and pT are mutually re-
lated at a fixed production angle, they were not able to
separate the kinematic dependence of the polarization into
the x~ dependence and the pT dependence. To our
knowledge, the data on the (x~,pT) dependence of the A

polarization come solely from the Fermilab experi-
ments' ' at 400 GeV. In this paper we present the data
on the (xF,pT) dependence at 12 GeV, which allow the
comparison of the kinematic dependence of the A polari-
zation at different incident energies.

In the SU(6} quark model the spin of A is identical to
that of the s quark. The polarization of A 's produced by
the fragmentation of incident protons implies that the s

quark produced in the reaction is polarized. Along with a
growing body of experimental evidence, several theoretical
models' "have been proposed to explain the inclusive A

polarization by underlying constituent subprocesses. De-
Grand and Miettinen" proposed a model based on the
quark-recombination model. In their model, the polariza-
tion of quarks is due to the Thomas precession effect by a
spin-orbit force in the recombination process of quarks,
and the (xt,pr) dependence is predicted. The present
data on the (xF,pT ) dependence are compared with their
model prediction.

Most of the early measurements on inclusive A polari-
zation were made on metal targets, such as Be, Ir, Pt, W,
etc. The question of the A dependence (the dependence of
the polarization on the atomic mass A of the target nu-

cleus} was naturally raised. This was also stiinulated by
the results from the CERN ISR experiment, ' which
showed a larger polarization than the results from previ-
ous fixed-target experiments. The A dependence of A
polarization has been reported by Raychaudhuri et aI.
for the incident energy of 28 GeV and by Heller et al.
for 400 GeV. Their results indicate that the magnitude of
the polarization decreases with increasing A. As for the
A dependence of hadron-production cross sections, exten-
sive studies have been made' both experimentally and
theoretically. The A dependence of A polarization pro-
vides new information on hadron production off nuclei,
independent of cross-section measurements.

In previous papers we reported a measurement of A
polarization in inclusive production by 12-GeV protons on
tungsten; the A 's were observed to be polarized in rough-
ly the same magnitude as observed at higher energies. In
order to explore the A dependence and the kinematic
dependence of the polarization in the 12-GeV energy re-

gion, we extended the measurement to beryllium and

copper targets, and to five production angles: 3.5', 5.0',
6.5', 8.0', and 9.5. The experimental setup was slightly
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II. EXPERIMENTAL APPARATUS
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FIG. 1. The (xF,p&) plane. The hatched areas correspond to
the kinematic regions covered by the present experiment. The
solid line represents the kinematic region of data points in Ref.
4 for 400-GeV protons on Be at 7.2 mrad. The kinematic vari-
ables for pA ~A X are calculated on the assumption that the
target is a proton at rest.

modified from the previous one so as to be able to collect
high-statistics data. The kinematic range covered is
0.26&xF &0.77 and 0.4&pz &1.5 GeV/c, as shown in
Fig. 1. It should be noted that in the (xF,pz) plane our
data points at 9.5' correspond to those of Heller et al. for
400-GeV protons on Be at 7.2 mrad.

In this paper we present all the polarization data by
12-GeV protons on Be, Cu, and W at the five production
angles, including the W data already published. We
describe the experimental apparatus in Sec. II and the
data analysis in Sec. III. The polarization data are
presented and discussed in Sec. IV. The A dependence is
evaluated by statistical analyses of the data. The Cu and
W data, after being corrected for small effects of the A

dependence, are combined to the Be data. The (xF,pr)
dependence of the combined data is compared with other
data at higher energies.

The experiment was performed in the EP2-A slow-
extracted proton beam line of the KEK 12-GeV proton
synchrotron. The beam line and the detectors were
described previously. ' The A 's were produced by the
primary proton beam on a metal target (30 mm wide X 10
mm high X40 mm thick). They were extracted through a
collimator with a solid angle of 100 @sr (10 mradX10
mrad). The A production angle was defined by the colli-
mator axis and the dirix:tion of the incident proton beam.
It was varied in the range from 3.5' to 9.5' by steering the
proton beam horizontally with two bending magnets
placed upstream of the production target. The collimator
was immersed in the vertical magnetic field of a sweeping
magnet. The field integral of the sweeping magnet was
1.8 Tm. The proton beam was focused on the target with
a spot size of 6 mm in diameter (full width at half max-
imum). Typical beam intensities were 5 X 10
protons/pulse for 3.5' and 1.5)&10' protons/pulse for
9.5', the beam pulse width was 0.5 s with a repetition
period of 2.6 s.

The Ao's were identified by detecting the daughter pro-
tons and pions from the A ~pm. decays. A schematic
diagram of the apparatus is shown in Fig. 2. The ap-
paratus consisted of two multiwire proportional chambers
(PC1 and PC2), four multiwire drift chambers (DC1 to
DC4), two spectrometer magnets (Dl and D2), scintilla-
tion counters (Sl to S5), scintillation hodoscope counters
(HD1 and HD2), and a threshold gas Cherenkov counter.

Each of the tracking chambers consisted of four signal
planes, X, F, U, and V; the U, Vwires were rotated by 45'
with respect to the X, I" wires. The effective area of the
proportional chamber PC1 was 40 cmX40 cm, and that
of PC2 was 92 cm&(92 cm. The wire spacing was 2 mm
for both chambers. The effective area of the drift
chambers DC1 and DC2 was 190 cm wide and 150 cm
high, and they consisted of drift cells with a drift space of
2 cin. DC3 and DC4 had an effective area of 80 cm X 80
cm, and the drift space was 4 cm. The position resolu-
tions (0) were 250 IMm for DC1 and DC2 and 350 pm for
DC3 and DC4.

The pions were momentum analyzed by the first spec-
trometer magnet D1 and the protons by the second spec-
trometer magnet D2. D1 had an aperture 100 cm wide
X 80 cm high with an iron length of 80 cm, and D2 was
60 cm wide, 40 cm high, and 100 cm long. The field dis-
tributions of Dl and D2 were measured with Hall probes
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FIG. 2. Top view of the A detection system. A typical event of the A ~pm decay is illustrated.
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prior to the data-taking run. The three components of the
magnetic field were measured at mesh points spaced at in-

tervals of 5 cm. The field distribution was obtained by
smoothing the measured values with use of the Laplace
equation. The bending power of Dl averaged over the
aperture was 0.521 T m and that of D2 was 1.266 Tm.

The scintillation counter S1, placed at the exit of the
collimator, was used to veto charged particles entering the
decay region; the downstream end of the decay region was
determined by the proportional chamber PC 1. The
counters S2 to S5 were placed along the path of the pro-
tons from the A decays. Each of the hodoscope counters
HDl and HD2 was segmented horizontally into 16 ele-
ments. They were used to detect the pions as well as the
protons. The threshold gas Cherenkov counter was used
to distinguish between protons from the A decays and
pions from the E, decays. Freon 13 at atmospheric pres-
sures was used as a radiator; the threshold momenta of
Cherenkov radiation were 3.7 GeV/c for pions and 25
GeV/c for protons, respectively. Since the event rate of
the E, decays turned out to be small, the Cherenkov
counter was not incorporated into the event trigger, but
used in the off-line analysis.

The event trigger was given by

T=S1 S2 S3 S4 S5 (PC1 fast oR) Hodo,

where the "PC1 fast oR" was formed from fast oR signals
from the four planes of the proportional chamber PC1,
each signal indicating the presence of wire hits in a plane.
Two or more planes of PC1 were required to have wire
hits. The "Hodo" was formed from a combination of sig-
nals from the hodoscope counters HD1 and HD2. Two-
hit patterns characteristic of the A ~pm decays were
required for either of HD1 and HD2. The hit require-
ments of PC1 and the hodoscope counters were chosen to
be loose in order to avoid possible biases in the trigger.
This loose choice allowed the operating efficiencies of
PC1, HD1, and HD2 to be monitored by the data from
track reconstruction.

The experimental setup described above was modified
from the previous one in two major points. First, the po-
larity of the second spectrometer magnet D2 was reversed,
and consequently the downstream drift chambers DC3
and DC4 were displaced from the collimator axis. Thus
the neutral-particle background from the collimator did
not bombard them in the present run. This allowed the
operation of the apparatus at beam intensities 3 times
higher than in the previous run. Second, with the addi-
tion of the hodoscope counter HD1 at the exit of the mag-
net Dl, two-particle hits were required for the hodoscope
counters as described above. The event trigger, which was
a single-particle trigger in the previous run„was a two-
particle trigger in the present run. This increased the rate
of A ~pm events contained in the triggers by 50%.
These modifications altogether made it possible to collect
data 4 times more efficiently than in the previous run.

The multiwire proportional chambers were read out by
a serial data-transfer system, ' and the multiwire drift
chambers by the LeCroy DC201 amplifiers and 2770A
digitizers. The data-acquisition system consisted of a

mini-data processor Eclipse S/230 and a CAMAC
branch-highway system.

III. DATA ANALYSIS

A. Track reconstruction

The raw data were first processed by a hit-multiplicity
selection routine in which the hit multiplicities of the
tracking chambers were examined as to whether there
were enough hits for two tracks to be reconstructai. The
24 planes of the tracking chambers were divided into
three groups: zone 1 (PC1 and PC2), zone 2 (DC1 and
DC2), and zone 3 (DC3 and DC4), each zone consisting of
eight planes. A A ~pm event has two tracks in zone 1

and zone 2, and one track in zone 3. In the hit-
multiplicity selection routine we demanded that four or
more planes out of the eight should have at least two hits
in zone 1 and zone 2, and at least one hit in zone 3.
About 55% of the triggers were rejected by this criterion.
The left-right ambiguity of the drift chambers doubled
the hit multiplicities in zone 2 and zone 3. The drift
chambers also had a tendency to pick up accidental hits
because of their long gate width; the gate widths were 0.6
JMs for DC1 and DC2 and 1.0 ps for DC3 and DC4.
Average hit multiplicities per event in zone 1, zone 2, and
zone 3 were 2.2, 2g 3.5, and 2 g 1.5, respectively.

In the track finding we first searched for a proton
track, since it was localized in small areas of the chamber
planes in zone 1 and zone 2 and was easier to find. Then
the hits used for the proton track were removed, and a
pion track was searched from the rest of the hits in the
whole area of each chamber plane. An exception was
A ~per events with small laboratory opening angles. In
order to save these A 's, events which had either the hor-
izontal or the vertical projection of the proton track point-
ing back to the production target were retained as candi-
dates for A 's. They were reanalyzed in a separate track-
finding routine.

A square-field approximation was used in the momen-
tum reconstruction of tracks. The vertical deflection of
tracks by the spectrometer magnets was small enough to
allow the vertical projections of a track before and after
the magnet to be fitted to a straight line. After the verti-
cal projections of tracks were found, the horizontal pro-
jections were searched in each zone. A combination of
tracks which had a minimum distance of separation at the
middle of the spectrometer magnet was finally selected.
The momentum was assigned based on a map of the bend-
ing powers f Bdl of the spectrometer magnets. The
bending power of Dl (D2) varied by 8% (1%) peak to
peak over the entire aperture. In assigning momenta to
the reconstructed pion and proton tracks, we used the
average of three bending powers for incident positions of
the particle at the entrance, middle, and exit of the mag-
net.

The proton track and the pion track in zone I were re-
quired to originate from a decay point in the decay region;
the decay point was defined by a vertex point having the
closest distance between the two tracks.

By using the reconstructed tracks, the chamber efficien-
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FIG. 3. Typical position dependence of the chamber efficien-
cies for the X plane of the drift chamber DCl. The arrows
marked S and P indicate the positions of the sense wires and po-
tential wires, respectively. The arrow marked C indicates the
position on the axis of the collimator.
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cies were calculated as a function of positions. ' The
chamber efficiencies decreased slightly around the sup-
porting wires of PC2, and around the sense wires and the
potential wires of the drift chambers. The drift cells of
the drift chambers in the neutral-beam path had efficien-
cies a few percent lower compared with other cells be-
cause of the intense neutral-particle background. A typi-
cal position dependence of the drift-chamber efficiencies
is shown in Fig. 3. These position dependences of the
chamber efficiencies were taken into account in the polari-
zation analysis (see subsection C). The position-averaged
efficiencies of the chambers were 90—95%, depending on
the chamber.

The efficiency of the track-finding program to recon-
struct Ao~pm events was evaluated as a function of the
chamber efficiencies by a Monte Carlo simulation. In
Fig. 4 we plot the dependence of the reconstruction effi-

ciency on the chamber efficiencies, where all the chambers
are assumed to have a common efficiency. Figure 4
shows that the reconstruction efficiency of the track-
finding program is more than 90% for the operating
chamber efficiencies.

B. Cuts

Several cuts were applied to the events which were
selected by the track-reconstruction program. The
momentum vector of the parent neutral particle recon-
structed from the proton and pion tracks was traced back
to the target, where a geometrical cut was applied. Events
were rejected if the production point and the production
angle were not within twice the boundary of the geometri-
cal acceptance of the collimator. About 9% of the
triggers were removed by this cut.

Conversions of photons y~e+e in the decay region
showed a similar configuration of tracks as the A ~pir
events with small opening angles, when the positrons were
emitted with high momenta. In order to remove the y
contamination, the invariant mass was formed from the
positive- and negative-charged particles for two hy-
potheses: A ~pm and y~e+e . The y's were well
isolated from the A 's in a scatter plot of the e+e in-
variant mass versus the pn invariant mass. About 5%
of the triggers were identified as y's and removed. The
E, ~n. m backgrounds were investigated by using sig-
nals from the gas Cherenkov counter. The number of
E, 's was less than 0.1% of the triggers.

Figure 5 shows a typical distribution of the resulting
pm invariant mass. The A mass peak is formed with a
resolution of cr=3 4MeV/c . . Events within +3cr devia-
tions from the mass peak were retained as the A sample.
About 30% of the triggers were identified as A 's. The
A yields in empty-target runs were less than 2% of the
target-in yields, and their contribution to the polarization
values was negligible.

C. Polarization analysis

The A polarization was determined from asymmetries
in angular distributions of the decay products in the
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Ao —+Pm decay. The following coordinate system was
used in the polarization analysis: The y axis was normal
to the production plane, and was defined by

ny =pp &&pa/ I pp xph I ~

where pp was the momentum vector of the bemn proton,
and p~ was that of the reconstructed A . The z axis was
along the direction of motion of the A, n, =p~/I p~ I.
The x axis was defined by n, =n„Xn, . In the rest frame
of the A, the angular distribution of the daughter proton
from the A ~pm decay is given by

=—,A (cos8;)(1+aP; cos8;), i =x,y,z, (1)
d cos8;

where P (P„,Pp, P, ) is the polarization vector of the Ao, a
is the analyzing power for the A ~P m decay
(a=0.642+0.013 from Ref. 16), cos8; is the direction
cosine of the proton, i.e., cos8; =k n; with k denoting the
direction vector of the proton, and A (cos8;) is an accep-
tance of the detection system. The polarization com-
ponent P corresponds to a left-right decay asymmetry,
the Pp an up-down asymmetry, and the P, a forward-
backward asymmetry. The acceptance A(cos8;) depends
on other variables as well, e.g., the momentum of the A,
the decay point of the A, and detection efficiencies for
the daughter particles.

The acceptance was calculated by a hybrid Monte Carlo
technique. ' The basic idea in the hybrid Monte Carlo
technique is to simulate variables in an experiment vrhich
are important to the physical result of interest, and to use
real data for other variables which are spectators in the re-
sult. In our case, Monte Carlo events were generated for
each of the real events to calculate the acceptance
A (cos8; ), in which we used the decay point and the labo-
ratory momentum of the A as determined from the mea-
surements, vnth the polarization I'; set equal to zero. The
event generation was repeated until ten Monte Carlo
events were accepted for each real event. The angular dis-
tribution of the daughter protons corrected for the accep-
tance was fitted to a straight line, and the slope aP; was
determined (see Fig. 6).

The position-dependent efficiencies of the tracking

chambers were taken into account in the Monte Carlo
simulation in the following way. (1) The daughter pro-
tons and pions were traced through the experimental set-
up, and hit positions on the chambers were calculated.
Effects due to multiple scattering, energy loss, and pion
decay in fiight were included in the tracing. (2) Chamber
hits were generated according to the chamber efficiencies
at incident positions of the particles. (3) An event was re-
garded as being detected if the generated hit multiplicities
satisfied the criterion imposed on real data in the hit-
multiplicity selection routine of the track-finding pro-
gram. This correction was essential to reproduce various
distributions of the daughter protons and pions, such as
the laboratory-momentum distributions and the hit-
position distributions. As an example, Fig. 7 shows mea-
sured and calculated hit-position distributions of the pro-
tons on the X plane of the drift chamber DC2. The
Monte Carlo simulation reproduces the real data well.

According to parity conservation in strong interactions,
the polarization vector should be normal to the produc-
tion plane. ' In our experimental setup, the normal of the
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FIG. 7. Typical distribution of the daughter protons on the X
plane of the drift chamber DC2. The distribution of measured
events is shown by solid lines and that of the Monte Carlo simu-
lation by solid circles.
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production plane n~ was essentially vertical, and the mag-
netic field of the sweeping magnet was also vertical. Ef-
fects of spin precession in the sweeping magnet were

negligibly small. Hence the A 's in the decay region
should have P, =P, =O. Measurements of the P, were
used to estimate systematic biases in the present results of
the polarization of the A, P». The P, was not used be-

cause it was sensitive to small variations in the acceptance
correction and the momentum determination of the
daughter particles. The P, and P» were insensitive to
those variations. This P, difficulty originated from a
strong forward-backward asymmetry of the acceptance
A (cos8, ) at lower momenta of the A . Figure 8 shows
the geometrical acceptances as a function of cos8;
(i =x,y,z) for three typical momenta of the A, 6, 8, and
10 GeV/c. The A(cos8, ) was a rapidly varying function
of cos8, at lower momenta of A 's, while the A (cos8„)
and A (cos8„)varied more slowly than the A (cos8, ).

The average values of P„were —0.017+0.005 for Be,
—0.008+0.004 for Cu, and —0.021+0.004 for W.
Nonzero values of P, could be ascribed to small errors in
the Monte Carlo correction for the chamber efficiencies.
As described in Sec. IIIA, the drift chambers had lower
efficiencies in those areas which were exposed to the in-
tense neutral-beam background. Protons striking these
areas corresponded to positive values of cos8, in the an-
gular distribution in the A rest frame. Small errors in
the chamber-efficiency correction could therefore give
asymmetries in the cos8, distribution and spurious polari-
zation values of P, . On the other hand, the experimental
setup was designed to be up-down symmetric. In the
cos8„distribution the protons striking the chamber areas
with lower efficiencies were distributed symmetrically
around cos8»=0. Hence the effects of errors in the
chamber-efficiency correction on P» were smaller than
those on P„.From the measured values of P» and the
above considerations, we estimated the systematic bias in
the polarization values of P» to be less than 2%.

IV. RESULTS AND DISCUSSION

Data were collected at five production angles, 3.5', 5.0',
6.5', 8.0', and 9.5', for three target nuclei, Be (A =9.0),
Cu ( A =63.5), and W ( A = 183.9). The numbers of A~s
accumulated for Be, Cu, and W targets were 6.0X10',

8.7X 105, and 1.2& 10, respectively. Table I lists the nu-
merical values of the polarization P», P». T—he quoted
errors are statistical only. The W data at 3.5' and the
Be,Cu data at 3.5',6.5' were taken by the old setup
described previously. ' One-half of the W data at 6.5' and
9.5' were taken by the old setup, and the other half by the
new setup described in this paper. Comparison between
the two sets of the data showed a good agreement within
statistical accuracies. They were therefore combined, and
the combined values are listed in Table I. Other data in
Table I were taken by the new setup.

A. A dependence

The polarizations PA for Be, Cu, and W targets are
plotted in Fig. 9 as a function of pT at fixed production
angles. As shown in the figure, the polarizations are
roughly equal for the three targets. We made a X test to
examine whether these polarizations had any significant
A dependence. To that end, the W data at each produc-
tion angle were divided into pT bins at intervals of
hpT ——0. 1 GeV/c, and were fitted to a straight line. The
obtained straight lines are also shown in Fig. 9. The total
gx value in the fitting, summed over five production an-

gles, was 17.0 for 12 degrees of freedom. We then calcu-
lated g2's for the hypothesis that the pT dependences of
the Be and Cu data at each production angle were
described by the same function as determined for W. The
obtained g values were 37.5 for 22 data points for Be and
22.7 for 22 data points for Cu. Hence the polarization
data for Cu have essentially the same pT dependence as
for W. On the other hand, the Be data seem to have a dif-
ferent p~ dependence as compared with the W data.

In order to investigate the differences or similarities be-
tween the Be, Cu, and % data in more detail, we plot in
Fig. 10 distributions of the residuals of the polarization
data, (Pz; —f )/cr;, where P»,; are the polarization data
for Be, Cu, and W at a given production angle and pT, f
is the corresponding value of the linear function fitted to
the % data, and o; are the statistical errors of P~;. Fig-
ure 10 shows that the distribution of the residuals of the
Cu data is roughly similar to that of the W data, while the
Be data points are distributed more frequently in negative
residuals than in positive ones. This suggests that, on the
average, the polarization for Cu is essentially the same as
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TABLE I. A polarization on %, Cu, and Be targets at production angles 3.5', 5.0, 6.5', 8.0', and
9.5'. The combined polarization is also shown. x~ denotes the mean value of x~ corresponding to the

pT bin at each production angle.

Angle
(deg)

3.5

5.0

PT
(Ge&l'c)

0.4—0.S

0.5—0.6
0.5—0.6
0.6—0.7
0.7—0.8
0.8—0.9

O.S7
0.71

0.40
0.51
0.62
0.72

—8.2+2.2
—5.1+2.2
—9.122.7
—9.7+2.0

—12.7+2.0
—14.0%2.5

—7.4+1.4
—6.2+1.3
—2.7+2.4
—9.0+1.8

—11.5%1.8
—14.0+2.4

Be

—6.2+1.6
—9.1+1.7
—1.922.9

—12.0+2. 1

—13.6+2. 1

—21.0+2.7

Combined

—7.7+1.1

—7.7+ 1.0
—4.9+ 1.7

—11.2+1.3
—13.8+1.3
—17.9+1.6

6.S 0.6—0.7
0.7—0.8
0.8—0.9
0.9—1.0
1.0—1.1

0.35
0.43
0.51
0.59
0.66

—7.9+2. 1

—15.8+1.4
—12.8+ 1.2
—15.3+1.3
—16.7+1.7

—9.9%2.9
—9.7%1.9

—11.8+1.7
—15.2+ 1.8
—16.4+2.4

—7.8+2.9
—11.4+1.9
—15.7+ I.7
—18.6+1.8
—25.0+3.0

—9.1J1.6
—13.9+1.1

—14,721.0
—17.8+1.1
—20.4+1.5

8.0 0.8—0.9
0.9—1.0
1.0—1.1

1.1—1.2
1.2—1.3

0.34
0.40
0.47
0.53
0.59

—4.2+3.2
—10.7%2.8
—13.1+2.7
—15.4%3.1
—24.4%3.9

—10.8%3.6
—8.6+3.1

—14.0%3. 1

—18.323.4
—22.3+4.4

—8.923.9
—12.9+3.3
—13.7+3.3
—23.4+3.7
—21.6+4.8

—8.3 %2.2
—11.8+1.9
—14.8+1.9
—20.6+2.2
—25.0+2.8

9.5 0.9—1.0
1.0—1 ~ 1

1.1—1.2
1.2—1.3
1.3—1.4
1.4—1.5

0.29
0.34
0.39
0.44
0.49
0.54

—10.1+2.3
—11.4+1.9
—14.5+1.9
—18.8+ 1.9
—14.5+2.2
—19.3%2.6

—10.1+2.2
—14.5+1.9
—16.5+1.8
—17.0+1.9
—17.1+2.2
—13.7+2.9

—7.7+3,5
—14.8+3.0
—16.3+2.9
—15.1+3.1

—18.0+3.7
—17.2%4.8

—10.7%1.7
—14.7+1.4
—17.4+1.4
—19.3+ I.5
—18.0+1.7
—18.8+2. 1

E =1.12+0.05 with X /DF=24. 8/21 for Be,
E =0.96+0.05 with X /DF=17. 2/21 for Cu .

(3a)

The X values in Eqs. (3) support the initial assumption
that the A dependence of our data can be parametrized by

for W, and the polarization for Be is slightly larger in
magnitude than that for W.

A quantitative estimation of the difference between the
Be, Cu, and W data was made in the follawing way. We
assumed that the pr dependence of the polarizations at a
fixed production angle was given by a single functional
farm, independent of target nuclei, and that the A depen-
dence consisted of the difference in an overall multiplica-
tive coefficient. To be more specific, on the assumption
that the polarization for Be or Cu was different from the
polarization for W by a constant factor JC, we investigated
if the differences Pz; @PA; were con—sistent with zero
statistically, where i runs over the data points, Pz; is the
polarization data for W at the ith data point, and Pz; is
the corresponding data for Be or Cu. The constant factor
E was determined by minimizing the X:

X (2)
(cr;) +(Ka; )

where o'; (cr; ) are the statistical errors of the data Ps;
(P~;). The obtained E factors and X divided by the
number of degrees of freedom, X /DF, are

a single constant factor E. The obtained values of K
seem to indicate that the A polarization on Be is about
10% higher than that on Cu and W, although the statisti-
cal significance is marginal. The previous data at 28
GeV and the data' at 400 GeV indicate a trend that the
A polarization decreases with increasing A. The present
results at 12 GeV are compatible with the trend observed
at higher energies.

B. Kinematic dependence

In order to investigate the kinematic dependence of the
polarization with better statistics, we combined the Cu
and W data with the Be data, taking into account the K
factors given in Eqs. (3). The combined polarization is
normalized to that on Be. The numerical values of the
combined polarization are listed in Table I. Figure 11
shows the combined polarization as a function of pT at
fixed production angles. Also shown are the data of Hell-
er et a/. for 400-GeV protons on Be at 7.2 mrad. Our
data at 9.5' agree with their data well. As mentioned in
Sec. I, our data points at 9.5 overlap with their data
points in the (xF,pT) plane. The agreement between the
two data demonstrates that the A polarization, when
compared at the same xz and pT, does not depend on the
energy of incident protons from 12 to 400 GeV.

Figure 12 shows the combined polarization as a func-
tion of x~ at fixed pT. Our data indicate that the magni-
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FIG. 10. Distributions of the residuals {PA; f~)/cr;—for (a)
Be, (b) Cu, and (c) %, where PA; are the polarization data for
Be, Cu, and W at a given production angle and pT, o; are the er-
rors of PA;, and f is the linear fit to the W data.
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FIG. 9. A polarization by 12-GeV protons on Be, Cu, and W
as a function of pT at fixed production angles: (a) 3.5', (b) 5.0',
(c) 6.5', (d) 8.0', and (e) 9.5'. The W data (solid circles) are plot-
ted at correct pr values; the Be data (open circles) and Cu data
(open triangles) are plotted at slightly displaced pr values. The
solid lines are linear fits to the %' data points.

One of the successful pictures of hadron production off
nuclei is the projectile straggling model. ' The basic idea
of the model is that the momenta of the valence and sea
quarks of the projectile proton are degraded as they go
through the nucleus. At high energies the degraded
quarks recombine into the A outside the nucleus. Since
the A polarization increases monotonically with increas-

tude of the A polarization increases with xF in the range
0.3&xF &0.7. Earlier experiments presumably were not
able to separate the xF dependence from the pT depen-
dence, either because of limited statistics or because the
kinematic range covered was small. Recent experi-
ments' ' at Fermilab report the x~ dependence at 400
GeV. As demonstrated in Fig. 11, the present results on
the (x~,pT) dependence are consistent with the data at
400 GeV, indicating that the A polarization as a function
of xz and pr scales from 12 to 400 GeV.

Solid curves in Fig. 12 are calculated by the model of
DeGrand and Miettinen, "which ascribes the polarization
to Thomas precession effects in the quark-recombination
process. At pr ( 1.0 GeV/c, the model prediction agrees
fairly well with the present data. At pr) 1.0 GeV/c,
however, the data are larger than the model prediction by
about 5% in magnitude of the polarization.

We know of no theory which can predict both of the
(xz,pT) dependence and the A dependence of the A po-
larization. A qualitative argument is given by Pondrom.

o~ -)0-

5.5'
5.0'
6.5 I2 GeV

8.0'
9.5'
7.2 mrod 400 GeV

Ct:

~ -20-
CL

-50'
0

I

0.8
I

1,2

p f GeV/c)

I

2,0

FIG. 11. Combined polarization as a function of pT at fixed
production angles. The error bars of the 12-GeV data are sta-
tistical only; the systematic uncertainty is estimated to be less
than 2%. The data at 400 GeV (Ref. 4) are shown for compar-
ison.
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recombination process, which occurs outside the nucleus,
the A polarization at a given xF value would not depend
on A. Thus the A dependence is related to a basic prob-
lem as to when the s quark gets polarized in space-time
development of A production off nuclei. In view of the
limited statistical significance of our results on the A

dependence, more experimental study is needed to help
deeper understanding of the phenomena.

V. CONCLUSIONS

We have measured the A polarization in inclusive pro-
duction by 12-GeV protons on Be, Cu, and % targets.
The kinematic range was 0.26&xF &0.77 and 0.4&pT
& 1.5 GeV/c. The main conclusions are as follows.

(1) The polarization on Be seems to be slightly larger in
magnitude than that on Cu and %, although the statisti-
cal significance is marginal.

(2) The magnitude of the polarization at fixed pr in-
creases roughly linearly with xz.

(3) The (xF,pr) dependence of the polarization is in
qualitative agreement with the Thomas precession
model" at lower pT ( &1 GeV/c). At higher pT (&1
GeV/c), the data show larger polarizations than the
model predicts.

(4) The (xF,pr) dependence of the polarization is con-
sistent with the data' ' at 400 GeV, indicating the scal-
ing of the A polarization from 400 GeV down to 12 GeV.

FIG. 12. Combined polarization as a function of x~ at fixed

pr. (a) for 0.4&pT &1.0 GeV/e and (1) for 1.0&pal(1. 5

GeV/c. The error bars are statistical only; the systematic un-

certainty is estimated to be 1ess than 2'. The curves are the
predictions of the Thomas precession model (Ref. 11).

ing xF, and since straggling in a heavy nucleus shifts high
x~ to lower x~, the A polarization at a given x~ value
would increase in a heavy nucleus, unless the straggling is
accompanied by some depolarization mechanism which
overcompensates for the shift in xF. The observed trend
that the magnitude of the polarization is smaller in
heavier nuclei imphes the presence of some depolarization
mechanism in the straggling. We note that the above ar-
gument tacitly assumes that the s quark is polarized when
created If the. s quark gets polarized in the quark-
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