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Proton polarization in pp elastic and inclusive processes at beam momenta from 20 to 400 GeV/c
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The polarization of the recoil proton has been measured in both high-energy elastic. and inclusive proton-proton

scattering at the internal-target area of Fermi National Accelerator Laboratory, The polarization in elastic
scattering was measured at a number of center-of-mass energies up to ~s = 19.7 GeV. Indications of negative

polarization were seen at the higher center-of-mass energies for t values of —0.6, —0.8, and —1,0 IGeV/c)'. In the
inclusive process p +p~p, +X the polarization was found to be independent of beam energy from 100 to 400 GeV
for xF values of —0.7, —0.8, —0.9. The polarization at P~ = 1.0 GeV/c, x~ = —0.7 and x~ = —0.8 was less

than 2.5%.This is significantly lower than the corresponding measurements reported for A inclusive polarization.

I. INTRODUCITON

This paper describes the results of two experi-
ments designed to investigate spin effects in high-
ene rgy proton-proton collisions. Using the internal-
target facility at Fermilab, we studied the polariza-
tion in both elastic and inelastic reactions as a
function of incident beam energy and the momen-
tum transfer to the outgoing proton. In both ex-
periments to be described in this article we mea-
sured the polarization of a relatively slow recoil
proton by rescattering it in a carbon block of known
analyzing power and observing the left-right asym-
metry. This conventional technique was refined
in two important ways: (l) we used a hardware
event processor to reject events where the re-
scattering of the protons in the carbon had little
or no analyzing power; (2) we reduced systematic
errors in the asymmetry measurements by taking
data, with the polarimeter in two orientations in
which left and right were interchanged by rotating
by 180 about the axis of the incomirig beam.

In the elastic scattering experiment we traced
the energy dependence of the polarization out to
200 GeV/c beam momentum from the previously
measured lower energies of ANL, ' CERN,"and
Serpukhov. ' In the inclusive experiment we were
able to span the beam momentum range 100 to
400 GeV/c. We concentrated on the transverse
momentum range 0.5- l. 5 GeV/c, since indica-
tions of A' polarization' at I'r = l. 0 GeV/c em-
phasized the importance of a measurement of a
related process such as pp- p, +X in. the same
kinematic region. The kinematic regions are
shown in Fig. 1.

These experimental results, along with the re-
cent high-P~ scattering experiment at ANL, ' and
the inclusive A polarizations found at Fermilab'
and CERN ISR' indicate that spin-dependent ef-

fects still persist at high energies. In fact it ap-
pears that spin-dependent forces may dominate
in certain high-energy processes.

Some of the results of these experiments have
appeared in previous publications. " In this ar-
ticle we will present the details of the experimen-
tal setup, a discussion of the analysis, compari-
sons with several theoretical models, and tables
of all measured polarizations.

The article is divided into five sections. In Sec.
II we describe the experimental setup for both the
elastic and inclusive measurement.

Section III contains the analysis procedure.
Track reconstruction and determination of asym-
metry were very similar for both elastic and
inclusive experiments; however, the backgrounct
and consistency checks are treated separately.

In Sec. IV we include a detailed discussion of

e elastic polarization measurement

inclusive polarization measurement
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FIG. 1. Kinematic points for elastic and inclusive ex-
periments. Data for inclusive experiments were taken
at xz =-0.9, -0.8, -0.7 at each indicated point.
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the data. Final tables of polarizations and kine-
matics are presented.

Section V contains the interpretations of results.
The polarization in elastic scattering is compared
to other experiments and to several theoretical
models. The inclusive polarizations are used to
estimate the relative sizes of spin-flip and non-
flip scattering amplitudes, and a comparison is
made to both a triple-Hegge model and a gluon
bremsstrahlung model for inclusive polarization.

In Sec, VI we present a brief summary of the
principal results of these experiments.
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FIG. 2. Elevation schematic of warm gas jet target.

II. DESCRIPTION OF EXPERIMENTAL SETUP

A. The target and the beam

The experiment was performed at the CO inter-
nal-target area at Fermilab. Targets of two types
were used. One was a hydrogen gas jet target
operating with the gas at ambient temperature';
the other was a rotating carbon target.

The general features of the jet target are shown
in Fig. 2. Hydrogen gas under pressures between
about 6 and 20 atmospheres was forced through a
75-p, m de Laval nozzle. The nozzle produced a
jet of hydrogen gas about 5 mm wide with a small
divergence. Because of the small divergence of
the jet, the nozzle was placed above the vertical
aperture of the beam and the jet was directed
through the conical interceptor below the vertical
aperture. The result was that most of the hydro-
gen (-85$) did not enter the beam pipe and the jet
had a high density and a well-defined profile when
it crossed the beam. Below the interceptor was
a large buffer volume which reduced the rise in
pressure and kept the pressure within the operat-
ing range of the vacuum pump. Large pumps
were also employed in the target box to pump the
fraction of gas which missed the interceptor.

This apparatus gave an effective target thickness
as large as 10 ' g/cm' during this experiment.
The normal mode of operation was to pulse the
jet on for 100 msec at each of four or five times
the accelerating cycle. The limitation on the
amount of hydrogen arose from the effect on the
beam of accumulated gas in the beam pipe during
the accelerating cycle. The extraction efficiency
is sensitive to the quality of the beam and the ex-
ternal experimental areas get reduced beam if the
gas pressure is high.

The rotating carbon target was assembled into
the same target box as the jet. Either one could
be used with only a small delay required to change
from one to the other. The carbon was in the
form of carbon fibers extending from the surface
of a wheel which rotated at 3600 rpm. The rotat-
ing target was set at a fixed position so that the
beam intercepted it throughout the accelerating
cycle.

The incident beam was- the primary accelerated
proton beam. It was injected at 8 GeV/c and by
the time it was accelerated to 20 GeV/c it was
well focused and the orbit was stable. The maxi-
mum energy was normally 400 GeV and any ener-
gy between 20 and 400 GeV was available at some
time in the accelerating cycle.

The intensity of the beam was as high as 2~10"
protons and the number of traversals was 4.8
X 10'/sec. This resulted in an effective intensity
of 1&&10"protons/sec during the cycle. The most
probable intensity was about half this number.
The duty cycle is the product of the frequency of
accelerating cycles (0. 10 to 0.16 Hz} times the
data collection time in each cycle. Usually the
data collection time was 0.1 sec at each of five
energies. The duty cycle was therefore typically
0 ~ 06 ~ These numbers give a luminosity of typi-
cally 1.5 & 10"/cm' pulse or 2 & 10"/cm' sec, but
it ranged as high as three times this number de-
pending on the operation of the accelerator, the
type of target, and the rate of collecting data.
These luminosities were comparable with what
can be obtained with liquid targets in an external
beam line.

B. Spectrometer

Particles produced in the target were focused by
a superconducting quadrupole doublet (Ql-Q2 in
Fig. 3}. The quadrupole doublet increased the
angular acceptance to +2. 88 degrees in the vertical
plane and +0. 57 degrees in the horizontal plane,
a factor of 40 increase in the solid angle accep-
tance over that without quadrupoles. The quad-
rupoles had a parallel to point focus at the first
spectrometer proportional chambers (SCS1-3);
therefore, a position measurement in the first
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FIG. 3. Plan view of internal-target spectrometer.

chamber corresponded to a measurement of the
production. angle at the target.

Multiple scattering was kept to a minimum by
enclosing all major paths in the spectrometer in
a helium atmosphere. The path of the proton from
the target to the first quadrupole was through
vacuum.

The momentum analysis was provided by a super-
conducting dipole (Fig. 3}. A map of the dipole
field was made using a Hall probe during the con-
struction of. the spectrometer. The field inside
the magnet was found to be uniform to within +Sf,
but large fringe fields were found outside the mag-
net proper. This necessitated the use of second-
and third-order matrix elements in the momentum
analysis. Initially the spectrometer had a bend
angle of 25 degrees, but midway through the in-
clusive experiment the bend angle was changed
to 1V degrees to permit the analysis of scattered
particles of higher momentum.

The location of the spectrometer chamber's
(SPC1-11)and hodoscopes (Hl-4} are shown sche-
matically in Fig. 3. All chambers had a wire
spacing of 1.3 millimeters and were filled with
the standard 'magic gas" mixture of 200/q isobu-
tane, 3.bout 0. 4~/0 freon, and the balance being
argon. This gas mixture was bubbled through a
methylal bath at O'C. The first spectrometer-
chamber set (SPC1-3) was used to determine the
production angle at the target. The seven cham-
bers before the dipole (SPC1-7}were used to de-
termine the position of a particle between SPC5
and SPC6 and the entry angle to the dipole, while
'tile four chambers behind tile dipole (SPCB-11)
were used to, determine the particle position be-
tween SPC10 and SPC11, and the particle exit angle
from the dipole. This information was used to
calculate the momentum of the particle. The
hodoscopes were used to resolve ambiguities in
the track reconstruction at a- bend angle of 25 de-
grees and were not used in the momentum analy-
sis at a bend angle of 17 degrees.

1 our trigger counters (81-4) were available for

use in defining a good spectrometer event. The
positions of the counters may be found in Fig. 3.
A second use of Sl was as part of a time of flight
system which was used for particle identification.
In the inclusive experiment a l. 27 cm thick scin-
tillator, which was twice the thickness of the scin-
tillator used in the other trigger counters, was
used in Sl for increased time resolution and great-
er pulse height. This pulse was fed to a constant
fraction discriminator whose output was then used
as the start pulse of a time-to-digital converter
(TDC). At low momenta in the elastic scattering
experiment a 0.32-cm-thick counter was used in
order to reduce multiple scattering.
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FIG. 4. Indiana carbon polarlmeter.

C. Polarimeter

The Indiana polarimeter (Fig. 4) was constructed
to utilize the known spin-analyzing power of car-
bon. To achieve this, the polarimeter was de-
signed to measure the left-right asymmetry in the
distribution of particles scattered by a 5-cm-thick
carbon block, whose analyzing power had been
measured using the polarized proton beam of the
Argonne National Laboratory Zero Gradient Syn-
chrotron (ZGS). Chamber telescopes before and
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after the carbon block (PC1-8) were used to define
particle trajectories. A set of X and Y hodoscopes
(HX and II1' in Fig. 4) were available to resolve
ambiguities in track reconstruction for the cham-
ber telescope behind the carbon block. A set of
range counters (Bl—8 in Fig. 4) were part of the
polarimeter but were not needed in this experi-
ment.

The polarimeter chamber telescopes were com-
posed of four multi-wire proportional chambers
with a wire spacing of 2 mm. The standard magic
gas described earlier was also used in these cham-
bers. One of the unique features of this experi-
ment was the ability of the polarimeter to rotate
180 degrees about the incoming beam direction.
By averaging the data at the two orientations in-
strumental asymmetries could be reduced or elim-
inated.

Two trigger counters (Tl- and T2 in Fig. 4) were
utilized to determine an event in the polarimeter.
T2 was also used in the time-of-flight measure-
ment. Like S1, T2 was made of 1.27-cm-thick
scintillator for the inclusive experiment. The
output of T2 was used as the input of a constant
fraction discriminator, whose output was used as
a stop pulse for a TDC. For the elastic experi-
ment both Tl and T2 were 0.63 cm thick.

D. Fast logic for experiment

The polarimeter fast logic is shown schematical-
ly in Fig. 5. TH was defined as the coincidence
between scintillators S1 and 82. TP was defined
as a coincidence between T1 and T2. Throughout
the experiment an EVENT was defined to be a coin-
cidence between TP and TH. Since for different

momenta, the transit time in the spectrometer
varied, an adjustable delay was used in the cable
between TR and EVENT to maintain the coincidence
timing between TB and Tp.

The strobes for the spectrometer and polarim-
eter chambers were produced by the outputs of
TH and TP, respectively. The chamber informa-
tion was then stored in a shift register awaiting
a decision on whether an acceptable event had
occurred.

E. Polarimeter computer

The polarimeter computer was a hardware pre-
processor designed to test each event and decide
if it was to be recorded. Since the analyzing power
of the carbon block'was measured between 6 and
22 degrees, " a useful event was one which fell in
this range. Three tests were made in both the X
and Y planes in the polarimeter to make this de-
cision; (1) an upstream" test, (2) a "straight-
through" test, and (8) a "scatter" test.

The upstream test was made in the front cham-
bers (PC1-4) to determine that there was at least
one "hit" wire in all four chambers and that a
track existed which was reasonably parallel to the
beam direction. The accepted angle of deviation
from parallel could be selected to be in the range
+13 mrad, +26 mrad, or a39 mrad. For a suc-
cessful upstream test a track must pass the above
tests in both the X and F planes. Upon a success-
ful result of the test, the tracks found in the up-
stream test were projected to the back polarimeter
chambers to determine which wires would have
been hit if the particle did not interact in the car-
bon block. These predicted hits in the back cham-
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bers were then used in the straight-through test.
The straight-through test was made to test for

events which did not scatter at large enough angles.
The predicted hit positions in the back chambers
were associated with a particular bit in a shift
register. The polarimeter computer would then
look for a straight-through track by shifting the
shift registers to determine if a hit had occurred
within a certain number of shifts of the predicted
wire hit. The number of shifts used to determine
if a track was a straight-through track was set
so that scatters of less than 4 degrees would be
rejected. The angle of 4 degrees was selected
so that most straight-through events would be
rejected but the chance of the polarimeter com-
puter interfering with the data in the desired an-
gular region would be small. If a straight-through
track was sensed in both planes the event was re-
jected unless the alignment check was being made.

The scatter test was made by continuing the
shifting in the shift registers and looking for a
track at large angles. The tolerances were set
to accept any track which scattered between 4 and

30 degrees. An event passed the scatter test if
a track which satisfied the scatter requirement
was found in either plane.

Any or all of the above tests could be included
in the definition of a good polarimeter computer
event. The tests were always used in sequence
because the straight-through test was useless
without the upstream test and the scatter test did
not make sense without the straight-through test.
All tests could be used in two different modes.
The polarimeter could tag each event as to which
tests it passed and always send a polarimeter
event signal, or it could send a reject signal if an
event failed any one or all of the tests and a good
signal if an event passed the tests. In the latter
mode the polarimeter computer would also take a
data buffer of tagged events every 16 beam ramps,
to be used as a check on how the system was run-
ning. When all of the tests were used, a decision
typically could be reached in 2 p, sec. A polari-
meter-event signal was used to activate the data-
acquisition system. A polarimeter-reject signal
was used to generate a BKsET signal which was
used to reset the fast logic and clear all units in
the CAMAC crate so that a new event could be ac-
cepted.

III. ANALYSIS OF DATA

A. Momentum calculation

The spectrometer hodoscopes were used to filter
out spuriously hit wires in the spectrometer pro-
portional chambers. If more than two hits oc-
curred in a chamber, then the filter would pass

only those hits for which a hodoscope element had
fired at approximately the same position. Once
the filtering was complete, only those events which
had at most one hit wire per chamber were mo-
mentum analyzed. The momentum was calculated
by a standard algorithm with a six-component vec-
tor q, where

q2= dx/dz,

q3= x~

q, = dy/dz,

q, =bunching parameter,

q. = (&p)/p, ...,

which satisfies the equation

X= Q A,.q,. + Q B, q,.q,

In the above relations, z is the coordinate along
the beam axis, x and y are the horizontal and ver-
tical coordinates of a particle track at a particular
value of z, p„„is the momentum of a particle
passing through the center of the dipole, &p= p
—p„„, where p is the momentum of the particle,
and X is the (x, y) coordinate of the particle. The
bunching parameter described the structure of the
beam, but was not important in this experiment as
we average over- 6000 beam transversals per jet.
A Monte Carlo program was used to generate vir-
tual particles which were tracked through the di-
pole using standard beam transport equations.
These events were then used to determine the
coefficients (A and &) of the above equation. After
the constants were determined, then q, could be
calculated whenever q„q„q„q4, and X were
known. q could be defined downstream (z= l578.8
cm) of the dipole and X upstream (z= 855.85

cm) of the dipole (backward-momentum calcula-
tion), or q could be defined upstream (z = 855.85

cm) of the dipole and X downstream (z = &5'f8.8

cm) of the dipole (forward-momentum calculation).
These two values were averaged to obtain a final
momentum value.

As described earlier, the quadrupoles have a
point to parallel focus on the first spectrometer
chambers (SPCl —8), thus the x and y position of
the track directly determined the production angle
to first order. In a similar manner to the mo-
mentum calculation, the momentum was incor-
porated as a correction to the calculation of the
production angles at the target. After the momen-
tum and production angles of a particle were
known, then the missing mass of the event was
calculated.
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B. Polarimeter track reconstruction
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The chamber hit positions were decoded from
the on-line measurement of the hit wires in each
of the multiwire proportional chambers (1)rfWPC).
Since it was known that this discrete position de-
termination could present problems in the asym-
metry determination when angular cuts were ap-
plied, we randomized the track position about the
individual wire coordinate. This reduced our sen-
sitivity to small shifts in the angular cuts that we
applied when calculating the left-right asymmetry.
The effect of this procedure can be seen in Fig. 6.
In this figure we shorn the incoming angular dis-
tribution in the X-Z plane (()„) using both discrete
track coordinates and the randomized coordinates.
All of the subsequent track analysis was done using
these randomized coordinates.

The track reconstruction in the polarimeter was
performed independently of the track reconstruc-
tion in the spectrometer. A coordinate system
fixed in space and defined with 2 along the beam
direction, X horizontal, and F vertical was used.
The front face of the mounting plate of the first
polarimeter chamber (PC1) corresponded to the
Z = 0 plane. Track reconstruction in the X-Z
and P-Z planes were made independently of each
other.

In order to follow a particle through the carbon
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block, trajectories were formed upstream and
downstream of the carbon block by taking the hits
in the X chambers and letting these points define
a line. A similar procedure mas followed for the
F chambers. Using the chamber positions cal-
culated earlier, all possible trajectories mere
formed upstream and downstream of the carbon
block. These trajectories were projected along
the z axis to the center of the carbon block. If
the difference between the X and F positions of
the upstream and downstream trajectories at
Z = 37. 1 cm (i.e. , the center of the carbon block)
fell within a certain tolerance, the two trajector-
ies were assumed to be one track. The tolerance
(D) was a function of the angle (A) between the up-
stream and downstream trajectories and the mire
spacing of the chambers. For a wire spacing of
0. 2 cm and a 5-cm carbon block,

D (cm) = 0.635+ 2. 54 tan(A) .
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FIG. 6. Incoming angle 8~ for polarimeter track (a) .

with track-position randomization and (b) without random-
ization.
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FIG. 7. (a) Scattering-angle distribution without fast
trigger processor. (b) X projection (vertical) with
trigger processor. (c) F projection (horizontal) with
trigger processor.
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FIG. 8. Projected scattering point in carbon block (Z).

If two downstream trajectories were found to link
to the same upstream trajectory, the track was
assumed to be a V and the downstream trajectory
making the smaller angle (A) with the upstream
trajectory was used in the asymmetry calcula-
tions. If more than two downstream trajectories
linked to the same upstream trajectory or two or
more upstream trajectories were found to link to
any downstream trajectory, then the event was
considered unreconstructable in the X-Z (Y-Z)
plane. These conditions on multiple track events
were consistent with those used in determining
the analyzing power of the carbon block.

Once the reconstruction was complete in the
X-Z (Y-Z) plane, the projected scattering angle
6„(8,) and the intersection point (vertex) of the
upstream and the downstream trajectories were
calculated (see Figs. 7 and 8). If, for an event,
reconstruction was possible in both the X-Z and
Y-Z planes, then the polar scattering angle (6)
and the azimuthal angle (Q) were calculated.
After a successful reconstruction was found in the
X-Z (Y'-Z) plane, the track was projected to the
appropriate hodoscope and a tag was set if the
corresponding hodoscope element had fired, but
the hodoscopes were not used to define a good
track.

C. Efficiencies

Since an inefficiency in one of the downstream
chambers could produce an asymmetry, the ef-
ficiencies of the downstream polarimeter cham-
bers and the polarimeter hodoscopes were cal-
culated for each run. It;vas not necessary to cal-
culate the efficiencies of the upstream chambers
as they would have no effect on the asymmetry.
This instrumental asymmetry would, in principle,
be removable by averaging the data from the 0
and 180 degree orientations. An exception to this
could occur if the chamber efficiencies at 0 degrees
would differ from those at 180 degrees. Each
downstream chamber was divided into a 12& 12

array and each hodoscope element was divided
into 12 sections, and then the efficiencies were
calculated for each section.

Only those events in which only one hit occurred
in each of the four upstream chambers and a
single X and Y hodoscope element fired were used
in the chamber efficiency calculation. A straight-
line trajectory was formed from the center of the
elements defined by I- Y hodoscope intersection
to the intercept of the upstream trajectory at
Z= 37.1 cm (the center of the carbon block). The
section of the rear chambers through which the
trajectory passed was assumed to be hit. The
efficiency was the ratio of the number of times a
hit was found in the predicted section of the cham-
ber to the number of projected hits. The chamber
efficiencies were greater than 98%%d for all 144 sec-
tions, and more importantly, no variations were
observed when the chambers were rotated.

D. Asymmetry and polarization

The asymmetry (e) is defined by

~=(I.—It)/(I. +z),
where I is the number of left scatters and R is
the number of right scatters. The polarization (P)
could then be calculated from

p= -PA,

where A is the analyzing power of carbon. The
sign convention is explained in Appendix I. In a
previous experiment, " the analyzing power of
carbon was measured using the polarized proton
beam at the ZGS. The analyzing power was cal-
culated by measuring the asymmetry for typical
beam polarizations of 70-80%. The polarization
of the beam was periodically reversed in order
that instrumental asymmetries could be reduced
by averaging the runs of different polarization.
Since in the ZGS experiment, the analyzing pow'er

was measured for I ~„l between 6 and 22 degrees,
the asymmetry in these experiments also was
determined for l6„j between 6 and 22 degrees.

The chamber efficiencies were incorporated into
the asymmetry calculation, by weighting each left
or right scatter by the inverse of the combined
chamber efficiencies. The corrected chamber
asymmetry (e ') was then

~' = (I, ' —ft')/(L, '+ R')

with

I.'=+1.0/W, . It'=+1.0/W, ,

where W,. is the weight for each left (right) scat-
ter. As a check, the asymmetries were also cal-
culated without the weighting procedure. %e found
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that the unweighted asymmetries were always with-
in one standard deviation of the weighted value.

E. Background

The largest category of background events in the
experiment was of the type where'a particle which
did not pass through the dipole wouM enter the
polarimeter. This could occur since the down-
stream chambers of the polarimeter could see"
the target region. This would cause an excess of
right scatters and occurred either when a particle
would stop in the carbon block and a down-
stream track was created by a background particle
or when the track of a background particle could'

be incorporated with a real track to form a V.
The background was reduced by two separate

techniques. For the inct, usive measurements con-
crete shielding blocks were placed on a movable
cart which was then attached to the spectrometer
in such a manner as to block the line of sight be-
tween the polarimeter and the target region.
Secondly, the background was reduced by restric-
tions in the analysis. A tight tolerance (D) was
imposed [see Sec. III 8] for a track link to occur
between an upstream trajectory and a downstream
trajectory. Also a requirement that an event have
one and only one hit in SPC7 was imposed in order
to demand that a particle had actually passed
through the dipole.

F. Effect of the polarimeter computer

As stated in the previous chapter, the polarimet-
er computer was a critical feature of the experi-
ment. If the polarimeter computer had not been
used, the 8„and 0, distributions would be sharp-
ly peaked at 0 degrees. In Fig. 7, a histogram
of 8„ is plotted for a run in which the polarimeter
computer was not used. When compared to the
plot of ~„ for data in which the polarimeter com-
puter was used, the contrast is quite striking.
The most dramatic way of demonstrating the ef-
fect of the polarimeter computer is to look at a
scatter plot of 61, versus 8,. Such a scatter plot
is shown in Fig. 9. The polarimeter computer
makes a virtually square cut in the data. The
edges of the square are well away from our asym-
metry cut of 6 degrees.

G. Event selection and correction

In the final data sample strict criteria were
used to determine which events would be used for
the asymmetry calculation. In the inclusive ex-
periment an event was required to have one and

only one hit in SPC7 in order to require that a
single particle had passed through the dipole.
Upon entering the polarimeter, only those events
in which all four upstream chambers had a single
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FIG. 9. X and Y projections of scattering distribution
in carbon block. Central area shows the effect of the
fast trigger processor.

hit were used. This further reduced the chance
of background events occurring. Also a success-
ful track reconstruction was required in both the
X-Z and F-Z planes. In order to guarantee that
the particle had scattered in the carbon block a cut
was made on the vertex reeonstruetion. A cut on
the time-of-flight spectrum was made to select
protons (see Fig. 10). In the elastic scattering
experiment the missing mass distribution was
used to select a clean sample of elastic events.
The data consisted of events taken for energy
ranges centered at beam momenta of 22, 45, 75,
110, and 175 GeV/c. Figures 11(a)-(c) show some
typical raw (missingmass)' -(proton mass)' distri-
butions. For the lowest beam energy, essentially
all.of the events were elastic. As the beam ener-
gy increased, the number of inelastics increased.
At high energies, and especially for the high it!
values, there was a considerable inelastic con-
tamination. The elastic events were determined
by fitting the missing mass distributions with an
empirically determined background shape and a
symmetric elastic peak. The contamination was
less than 10% in all cases for t ~ -0.6 (GeV/c)'.
For &

& -0.8 (GeV/c)' the contamination was 17-
18% for the three highest energies. The resulting
corrections including those for any background
asymmetries changed the observed asymmetry
of the elastic peak by less than one-fourth of a
standard deviation for all points except t=-1.0
(GeV/c)' and E,~= 110 GeV. For that point, the
result was changed by a little less than one-half
standard deviation. The estimated error was in-
creased by 50% to account for this effect.
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FIG. 10. (a) Time-of-flight spectra, P& =1.5 GeV/C.
(b) Time-of-flight spectra, Pr =1.0 GeV/c. (c) Time-of-
flight spectra, I'z =0.5 GeV/c .
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H. Consistency tests

Several independent tests of the experimental
apparatus were available for use in determining
the reliability of the system. These include the
results of previous experiments, the asymmetry
of the pion data, , the asymmetry in the 7-Z plane,
the consistency of the data between running per-
iods, and the agreement between the two orienta-
tions of the polarimeter. The polarization of the
elastic proton for a beam momentum of 22 GeV/c
agrees well with other experiments. '

Both pions and protons could be included in our
data sample. Changing only the time-of-flight
cut and repeating the analysis, the pion asym-
metry could be determined. Since the pion is a
spin-zero particle, the asymmetry must be zero.
For those data points which contained pions, we
found a zero asymmetry within statistical errors.
In the proton data, the Y-Z (vertical) asymmetry
was also calculated using the 8, distribution. Po-
larization in this direction is forbidden by parity
conservation. The F-Z asymmetry was found to
be consistent with zero. The magnitude of the

O
O

- 2.0 - 1.0 .0 1.0 2.0 3.0 4.0 5.0

(MISSING MASS) ( PROTON MASS)

(Gey )

FIG. 11. (a) (Missing mass) —(proton mass) for
—t= 0.3 (GeV/c) . (b) (Missing mass) —(proton mass)
for —t=0.6 (GeV/c) . (c) (Missing mass) —(proton
mass) ~ for -t =0.8 (GeV/c ) .

asymmetry was less than 0. 3$ in all cases.
Since the data at some momenta were taken at

different times, the time consistency of the data
was checked. When this comparison was made,
the asymmetries were found to be within statis-
tical errors from one run to the next. The 0 and
180 degree runs were summed separately and
their asymmetries calculated. The difference be-
tween the two orientations was less than one or
two standard deviations for all points.
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TABLE I. Elastic proton polarization.

t
I.(Ge V/c) 2]

-0.3

-0.6

-0.8

-1.0

Pbem
(Ge V/~)

20+ 6
45+ 8
77+10

110+10
176 + 12
205 + 15

22* 6
43 +10
75+12

110+10
176 + 12

21+ 6
45+ 8
76+10

110+ 10
176+ 8

22~ 6
44+ 8
75~10

110+ 10

S
(GeV')

39.4
86.3

146.5
208.6
332.6
387.2

43.2
82.6

142.8
208.6
332.6

41.3
86.3

144.7
208.6
332.6

43.2
84.5

142.8
208.6

P
(polar ization)

A

0.058 + 0.015
0.011+ 0.016
0.020 + 0.013
0.003 + 0.013
0.035 & 0.014
0.026 + 0.056

0.029 + 0.014
-0.029 + 0.017
-0.014 + 0.015
—0.035 + 0.017
-0.003 + 0.018

0.038 + 0.026
-0.042 + 0.018
-0.036+ 0.030
-0.014+0.030
-0.021 + 0.040

0.00 + 0.057
0.123 ~ 0.090

-0.075 ~ 0.103
-0.144 + 0.181

IV. DISCUSSION OF DATA

A. Elastic scattering

The measured asymmetries and calculated po-
larization for t values of =0.3, -0.6, -0.8, and
-1.0 (GeV/c)' as a function of s are given in Table

I. The data for all values of ] covered a range of
beam momenta from 20-175 GeV/c. The polariza-
tion for each of these t values as a function of s is
shown in Table I; the errors shown are statistical.

At &= -0.3 (GeV/c)' (Fig. 12), the polarization
falls from large positive values at low energies
to near zero by s-—210 GeV'. However, at higher
energies it appears that the polarization begins
to rise again. More data would be needed for
s&200 GeV' to confirm this. Our result at s
=40 GeV' agrees well with results of Borghini
et al there is also good agreement between our
result and that of Gaidot et al.' at s=86 GeV'
and Fidecaro et al.' at s=282 GeV'.

At $=-0.6 (GeV/c)' (Fig. 13) and I= —0.6
(GeV/c)' (Fig. 14) the shape of the P versus s
plot is very similar to that of ]= -0.3 (GeV/c)'.
The polarization starts out large and positive at
low energies and falls quickly with increasing ener-
gy. However, unlike the f= -0.3 (GeV/c)' result,
between s= 50 GeV' and s= 70 GeV' the polariza-
tion becomes slightly negative and remains a few
percent negative at least up to s= 210 GeV'. This
is confirmed by the Fidecaro et al, .' data at s=282
GeV'. By s= 330 GeV' polarization appears to be
rising again, but because of the statistical errors
it is not clear if P remains a few percent nega-
tive or approaches zero. Again our results are in
good agreement with other experimental results
between s=43 GeV' and s=83 GeV'.

0,30—
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FIG. 12. Elastic proton polarization as a function of

s for —I=0.3 (GeV/c) . Curve a, Pumplin and Esne
(Ref. 16); cur've b, Gerhold and Majerotto (Ref. 14);
curve c, Wu, Bourrely, and Soffer (Ref. ].7).
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FIG. 13. Elastic proton polarization as a function of

s for -t= 0.6 (Gev/c) . Curve a, Pumplin and Kane
(Ref. 16); curve b, Gerhold and Majerotto (Ref. 14);
curve c, Wu, Bourrely, and Soffer (Ref. 17).
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FIG. 14. Elastic proton polarization as a function of

a for t= 0.8 (G-ev/c) . Curve a, pumplin and Kane
(Ref. 16); curve b, Gerhold and Majerotto (Ref. 14);
curve c, %u, Bourrely, and Soffer (Ref. 17).

At t= -1.0 (GeV/c)' (Fig. 15), the pattern at
low energies is repeated: the polarization p is
positive and fairly large at low energy and falls
with inerea, sing energy. , The situation at @=86
GeV', however, is not clear. There is some dis-
crepancy between the result of this experiment,
which is about+0. 14 and the data of Gaidot et al. '
which is about -0.08. The experimental error es-
timates for both points a,re large; however, more
data would be needed to clear up the confusion.
At both g= 145 GeV~ and g= 210 GeV the polariza-
tion was measured to be large and negative, about

FIG. 15. Elastic proton polarization as a function of
s for -t = 1.0 {GeV/c)2. Curve a, Pumplin and Kane
(Ref. 16); curve b, Gerhold and Majerotto (Ref. 14);
curve c, %u, Bourrely, and Soffer (Ref. 17).

-0, 15. Unfortunately, our error estimates are
also large, but the data (especially that of Fide-
ca.ro et al.') certainly indicate that the polariza-
tion is negative at these energies and may be quite
large. We have no point at g= 330 GeV' for
t = -1.0 GeV' beca,use it was not possible to sep-
arate the elastic events from the inelastic back-
ground in this region.

I

B. Proton inclusive production

Table II contains the measured polarization for
protons produced inclusively. The data, are pre-
sented for each running configuration of trans-
verse momentum (Pr) and Feynman xs; for both
hydrogen and carbon targets. As was the case
in elastic scattering, the polarization was cal-

TABLE II. Inclusive proton polarization.

P 0 Pz
(Gev/c) (deg) b;z~ (Gev/c) Target

Analyz ing
power

Pb« =100 GeV/c
s=189.5 GeV

Polarization (~10 )
200 GeV/c 300 GeV/c 400 GeV/c
377.0 GeV 564.7 GeV 752.'3 GeV

0.56
0.63
0.73
1.21
1.21
1.33
1.43
2.07
2.27

64.11 0.9
53.3 0.8
43.6 0.7
55.8 0.9
55.8 0.9
49.1 0.8
42.6 0.7
46.7 0.9
41.7 0.8

0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.5
1.5

H

H

H

C
H

C
C

0.189+ 0.015
0.260 ~ 0.015
0.289 + 0.015
0.170+ 0.030
0.170+0.030
0.170+ 0.030
0.170+ 0.030
0.170+0.030
0.170+ 0.030

5.8 + 2.0
6.4 + 1.4
5.7 + 1.8
2.4 + 2.6

-7.1 + 1.9
-1.4+ 1.6

1.5 + 1.9
-4.9+2.9
-3.5 + 2.9

8.4+ 1.8
7.2+ 1.4
7.9+1.7
1.6 + 2.2

-7.1+ 2.3
2.4 + 1.6
2.1 ~ 1.6

-2.7+ 2.6
2.7+ 2.3

5.2 + 1.8
6.9 ~1.4
6.6 + 1.8
0.0 +2.2

-6.7 + 1.9
1.2 + 1.6
0.2 + 1.6

—3.7 +2.6
-0.5 + 2.3

0.3 ~ 2.1
7.4+ 1.5
7.0 R 1.9
3.8 + 2.2

-9.8 + 2.1
-1.8 + 1.7

1.3 + 1.7
2.6 + 2.9

-0.1+ 2.7
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FIG. 16. Inclusive proton polarization as a function of
s for Pz = 0.5 GeV/c, hydrogen target. (a) xz = -0.7,
(b) x~ =-0.8, (c) x~ = -0.9.
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culated using the measured, energy-dependent car-
bon analyzing power listed in the table. The polar-
ization data at each P~ and x~ value have been
plotted as a function of beam energy in Figs. 16-
18.

The data at Pr —0.5 GeV/c in Fig. 16 show a
distinct positive polarization for all values of
bea, m energy. The data at g~= -0.7 and -0.8

appear independent of bea.m energy. They have
an average polarization value of +6 /c. At xs
=-0.9 there is an indication of a polarization de-
crease with beam energy. The general dependence
is consistent with that expected from a, triple-
Regge model, as discussed in Sec. IV. This
triple-Begge shape is indicated in Fig. 16.

At Pr ——1.0 GeV/c the hydrogen data is shown
in Fig. 17. These data indicate no significant
polarization for any measured bea, m energy or
Feynman x~. This is in marked-contrast to the
results obtained for A inclusive production at the
same energies and x~ values. '

The carbon target data at Pr —1.0 GeV/c and Pr
= 1.5 GeV/c are shown in Fig. 18. The Pr = 1.0
GeV/c data indicate a surprisingly large negative po-
larization, independent of beam energy. In view of the
zero-polarization results from hydrogen we be-
lieve that this polarization is due to a low-energy

FIG. 17. Inclusive proton polarization as a function of
s for Pr = 1.0 GeV/c, hydrogen target. (a) xz = -0.7,
(b) x~= -0.8, (c) x~= —0.9.

secondary interaction in the carbon nucleus. This
effect is discussed in Sec. VC. The Pr =1.5 GeV/c
data again indicate this negative-polarization ef-
fect which appears to be suppressed at higher re-
coil momentum.

V. INTERPRETATION OF RESULTS

A. Elastic scattering

As is we11 known, the elastic scattering process
for two spin-& particles can be completely de-
scribed by five amplitudes. A commonly used
set 2' of five independent s-channel helicity am-
plitudes is

&f&, = (++ IP I++), nonflip

P, = (++ lg I--), double flip

P, = (+- lg I+-), nonf lip

Q, = (+- Ig I-+), double flip

P, = (++ If I+-) single flip.

Other amplitudes can, of course, be chosen —,for
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FIG. 19. Elastic amplitudes for proton-proton scatter-
ing from Hinotani et al (Ref. 13).
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instance t- channel helicity amplitudes.
Any observable quantity such as the cross sec-

tion (Io), the polarization (P) or spin-correlation
parameters can be easily expressed in terms of
these amplitudes, such as

Io = do'jd0
= 3(l@,l' + lp, l' + I@, l' + le)), l' + 4 I@, P)

s(GeV )

FIG. 18. Inclusive proton polarization as a function of
s for P&= 1.0 and 1.5 GeV/c, carbon target. (a) xz
= -0.8, (b) x = -0.9, (c) x = —0.9.

/

been made to extract the behavior of the spin-
flip amplitude from cross-section and polariza-
tion data. In this work it is assumed that at small
t, pp elastic scattering can be suitably described
by a spin-flip and nonf lip amplitude and that, in
this range, the nonf lip amplitude dominates in
magnitude and is orthogonal to the flip amplitude
in phase. The results of this study show that the
reduced spin-flip amplitude (i.e. , the spin flip
amplitude with the kinematic factor removed} is
exponential in t, . It is found that the slope of this
functional dependence is comparable for pp and
m'p elastic scattering. Furthermore, it is ob-
served that the slope is practically independent of
energy and that at t= 0 the reduced spin-flip am-
plitude is comparable to the spin-nonf lip ampli-
tude. It should be noted, however, that the ob-
served polarization is dominated by kinematical
terms which suppress these amplitudes. The re-
duced spin-flip amplitude f and the nonf lip a,mpli-
tude g are shown in Fig. 19.

Gerhold and Majerotto'4 use an eikonal model
for the Q„&f&, amplitudes, of the form

PI =21m[(P,*($,+ Q, + P, —Q, )] .
Notice that the polarization is particularly sensi-
tive to the value of the single flip amplitudes P,
while Io is not.

l. Amplitude analysis

One way to.proceed in the investigation of the
spin-dependent scattering amplitudes is to simply
make enough measurements to determine uniquely
all the amplitudes. At high energies there are as
yet too few scattering measurements to yield a
unique solution. However, several author (Ger-
hold and Majerotto" and Hinotani et al."}have
made model-dependent fits to this present data.

In a recent study Hinotani pt al."an attempt has

Q, (s, t}=is b db(1 —e'"o'"")J (boy' t), -
0

y, (s, t) = s b dbms. ,(s, b) e'""'"d,(bV=t ),
0

and assume both Pomeron and Reggeon contribu-
tions to yo and y, . Data at beam energies of 24
and 150 GeV were fit to determine a total of five
parameters. The resulting determination of the
polarization is shown in Figs. 12-15 (curve b).
The customary approximations Q, =g„p, = —$4 =0
were made.

2. Pumplin-Rane model

In a recent paper by Pumplin and Kane" con-
sequences were investigated of the Pomeron having
quantum numbers different from the vacuum. In
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P

FIG. 20. Contribution to Pomeron exchange according
to Pumplin and Kane (Ref. 16).

this paper they investigated the effects on nucleon-
nucleon polnrizations of the consequences of this
assumption.

The possible contributions of graphs such as
shown in Fig. 20 to both the flip (M, ) and nonf lip
(M„) amplitudes were evaluated. (Here the am-
plitude subscripts refer to the helicities of the up-
per vertex protons. ) Estimates of the polariza-
tion were then obtained by fitting the ISR o„, and
d'v/dt data to the following formula:

0

M++ ——isl1.5R'"'J,(Rl -t )/V' t-
+ is& 94de.""J,(rv'-t ),

R' = 8.47+ 0. 33(lns —iv/2'),

r = 2.92(lns —iv/2) .
The first term in M„ is central in the impact
parameter and the second term is peripheral in
the impact parameter and is presumably due to
the two-pion tail contribution. The contribution
to the flip amplitude by the two-pion graph would
then be expected to be of the form

M~ =isC1.94r e'"'J,(v' t ),'—
where C is the flip/nonf lip ratio calculated from
the above graph. Knowledge of M, + and M, per-
mits the calculetion of the polarization. Pre-
dictions typical of those in their paper are illus-
trated in Figs. 12-15 as dashed curves (a).

It is of obvious interest that the full implications
of this, model and its ability to project the general
features of high-energy polariz3tions be fully
explored.

3. Wu-Bourrely-Soffer model

In a recent paper by %'u, Bourrely, and Soffer,"
the effects of a rotating hadronic current distri-
bution on the polarization in p-p elastic scattering
has been investigated. The model is similar to the
Chou-Yang model where the structure of the elas-
tic p-p cross section over several orders of mag-
nitude has been satisfactorily predicted. The ro-
tating hadronic current can give rise to a finite
spin-flip amplitude due to the differentiation be-
tween left and right available to an incoming pro-
ton. They have also assumed that the nonf lip hel-

icity amplitudes receive contributions only from
the strong interaction and that the single-helicity
flip amplitude arises purely from coulomb effects.
In this way they were able to parametrize the po-
larization resulting from the interference between
the coulomb amplitude and the hadronic ampli-
tude. The predictions of this model with coulomb
effects included, are shown in Figs. 12-15 (curve
c). As can be seen from these figures it is pos-
sible to. obtain a fair fit to the data with this mod-
el. The growth in magnitude of the polarization
at large t is a feature of the model. Also, the
trend at energies above 100 GeV for the polariza-
tion to go from positive at small t to large nega-
tive values at larger t is accounted for in the
mode1. .

B. Inclusive proton polarization with hydrogen target

l. Amplitude analysis

As was the case in elastic scattering, the po-.

larization in an inclusive process can be related
to a spin dependent (f) and spin independent (g)
amplitude. This can be written as

P=-21 m[(f sin&, )~gj/[lfsin&~~. l'+ Igl').

Since for spin- &-spin-0 scattering a multiplica-
tive dependence on sine, .is found, we have chosen
to explicitly display it in this expression.

The ratio of the spin-dependent to spin-indepen-
dent amplitudes can, in general, be written

r 'e*' =fig

where y' is a real constant.
For all of our data points sin'0, is less than

0.04. So, by neglecting terms that are second
order in sin0, we obtain the expression

P = 2r' sing sins,

The term r= r' sing is the ratio of the ortho-
gonal component of the spin-dependent amplitude
to the orthogonal component of the spin-indepen-
dent amplitude.

Using the relation above, y has been calculated
for our data at Pr=1. 0 GeV/c and Pr=0. 5 GeV/
c. The results are shown in Fig. 21 and Fig. 22.
For Pr —1.0 GeV/c, the ratio r is consistent with
zero for all values of x~ and beam energy. In
contrast, the ratio at Pr 0. 5 GeV/c is qui—te large
and shows a distinct energy dependence. The value
of y has a maximum of about 0.8 for a beam ener-
gy of 400 GeV. Although. this is a crude calcula-
tion, the significance of spin-dependent amplitudes
is readily apparent. It should be noted that the
observed polarization is dominated by the kinema-
tical factor sin&, in this forward region.
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FIG. 22. r versus E»b for I'@=1.0 GeV/c. r is the
ratio of spin-flip to nonflip orthogonal amplitudes.
{a) xz = -0.7, {b) xz = -0.8, {c) x+ = -0.9.

FIG. 21. r versus E»b for I-'~ = 0.5 GeV/c. r is the
ratio of spin-flip to nonf lip orthogonal amplitudes.
{a) x&= -0.7, {b) x&= -0.8, {c) x&= -0.9.

2. Triple-Regge models

In the inclusive process predictions can be made
for the cross section in the extreme forward di-
rection when Ix~ l&0. 9. This is the regime of the
triple-Hegge formalism. The polarization can be
written"

P,o=(z/s)gr„„(s)M') ' '" ~"'(M') R'"

a is the invariant cross section for the process
p+ p- p+X, K is a constant containing spin fac-
tors. The amplitude is shown in Fig. 23.

The triple-H, egge couplings, P, ,„, have the prop-
erty that nonzero polarizations occur only when
the Reggeon i tj. Regge exchanges that are ex-
pected to give rise to pola. rization are PRR and
RRR, where P represents a Pomeron and R a,

Beggeon exchange.
The model has been developed further by in-

cluding more than three poles in the exchange and

by adding the cut contributions to the equations. " '
These calculations do not differ from the model
above in their predictions for the s dependence of
the polarization.

Using the conventional Reggeon trajectories,

ot R
——1+yt and o,'R =0.5+ Pt, we can rewrite the

expression for the polarization as

I'o= Zs "'fPRRR(1 —xR) ' ""'

+ PRRR(1 &P) ]
In our experiment at each spectrometer setting
x~, P~, and therefore t were held fixed and only
s was allowed to va, ry. Since the invariant cross
section in this kinematic region is dominated by
the triple-Pomeron contribution it will scale as
(1 —xR) '." We would therefore expect that the
polarization from the PRR and RRR exchanges

C, XC

FIG. 23. Triple-Regge diagram for proton inclusive
process.
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would exhibit an g ' ' dependence at fixed g~ and
A fit to the polarization data at x~=-0. 9, p~

=0.5 GeV/c is shown in Fig. 16(c). At Pr ——0.5
GeV/c the data is best fit by P=(0.9+0.2 GeV/
c)s '~'. A similar fit to the Pr = 1.0 GeV/c, xj;
=-0.9 data results in P=(0.4 +0.3 GeV/c)s '~ .
As can be seen, the data do not show an energy de-
pendence. However, the s '~' dependence is not
ruled out at the level indicated by the fit.

3. Quark-model calculations

There have been several attempts to relate spin
phenomena to a constituent model of protons.
To our knowledge all of these begin with a basic
unexplained spin dependent quark-quark force.
Using this elementary spin dependent amplitude,
spin dependence of the composite systems are
derived. In the case of elastic scattering at 90
degrees, Neal and Neilsen" have been able to
analyze the 90 degree cross section and polariza-
tion data at high energy. Also, their model has
been applied with some success to the new spin-
eorrelation results. "

Anisovich and Shekhter" and others" have studied
the application of the quark model to inclusive
processes. In particular they have calculated po-
larization transfer properties for incident po-
larized protons for a wide variety of inclusive
final states. However, these do not directly apply
to our results without further model-dependent
assumptions.

Heller" and Kane and Yao" have suggested a.

mechanism that would produce a predictable po-
larization in inclusive processes. In this picture
a gluon creates a quark-antiquark pair which re-
combines with the incoming particle to form a
specific inclusive channel, as in Fig. 24(a}. If
the spectator quark pair is in a relative g state,
the resultant baryon has the same polarization di-
rection as &he original gluon. The analogy be-
tween QED photon bremsstrahlung polarization
and quantum- chromodynamics gluon polarization
suggests that' there might be a net polarization
determined only by the original gluon scattering
direction. This picture appears to sueeessfully
explain the polarization as seen in A' production,
and can be extended to proton inclusive processes
as in Fig. 24(b). SU(6} calculations indicate that
the proton polarization should be 60% of the A po-
larization. '4 Further r efinements based on quark
mass effects could reduce this to ™40%.25 Of

course either process shown in Fig. 24(b) repre-
sents a specific process to produce a. given final
state and certainly does not exclude other pro-
cesses. However, one would conclude that if
Fig. 24(b) did represent a substantial channel for
proton inclusive production, then the proton yo-

FIG. 24. (a} Gluon bren)sstrahlung picture for inclu-
sive polarization, (b} Gluon bremsstrablung picture for
proton inclus Ivc polarization.

larization would, like the A case, increase with
increasing P~. ' Since the observed proton polar-
ization is very small and if anything decreasing
with I'~, we must conclude that this mechanism
is unimportant at these energies and P~ ranges.

C. Polarization in p+C~p+X

The indieaticns of a. very smaB polarization in

p-p inclusive processes lead us to believe that
the observed large polarizations from carbon must
be due to nuclear effects. %e have attempted to
estimate the size of this possible effect with a very
simply scattering model.

In this model we assume that there are only two
basic interactions. First, the high energy bean~

proton interacts in the carbon nucleus and pro-
duces a distribution of particles. %e assume that
the resulting proton inclusive spectra are those
measured for p-p interactions. Then we assume
that one of the slow protons scatters while still
in the carbon nucleus. This second interaction is
assumed to be simple p+ C-p, +C scattering,
%'e use the measured cross section and polariza-
tion for this process to calculate the proton po-
larization entering the spectrometer.

Since our measurement of the polarization of
the recoil proton in p+p- p, + X at a transverse
momentum of 1.21 GeV/c was consistent with

zero, the. polarization of the first intera, ction was
considered to be zero. The angular distribution
of particles from the second interaction was as-
sumed to be the differential cross section of p
+ C-p+X at an incoming beam momentum of
1.21 GeV/c (to match our measurements at Pr
=1.0 GeV/c). The scattered particles in p+C



2640 M. COB, CORAÃ et al. 22

$4-
I3 "

CO

I2 ~
X'

a)
X

9 w

8- IL7-
Ld X

5-
lal 4 „

EJ
I-

40 3
2- I/I

CPz
I I I I I I I I I I0

0 5 Io l5 20 25 30 35 40 45 50 5560

eLAS ( DEGREES)

$50-

th 750-

650- h)

g 550

450 "
z

35O-
CP

g 2SO-

y) I50-VI

O
K 50-

I I I I ' ~ I I I I

0 5 lo 5 20 25 3035404550 5560

BLAB {DEGREES)

0.30-

0.20
0
I-
N
IX

O.IO
O

x
I- 0.00O I ~

0 5 lo 15 20 25 30 3540 45 50 5$ 60

OLAI (DEGREES)

Cl
LLI

& -O. IO

cK

VI
Lal
K

-0.20

—p, + X are polarized. The polarization as a
function of scattering angle is the analyzing power
of carbon (A).

We used a fit to the proton inclusive spectra
shown in Fig. 25(a). A fit to the differential cross
section for p+ C —p+ X as measured by Aebischer"
is shown in Fig. 25(b). Data from Aebischer"
and Eandi" was used for the carbon analyzing pow-
er. A plot of this analyzing power is shown as
a function of the first interaction scattering angle
in Fig. 25(c). The polarization was then calculat-
ed by combining and integrating these cross sec-

tions. The calculated polarization was found to be

Z„„=-0.1+0.03,
which is in good agreement with our carbon data.

VI. SUMMARY

The polarization of the recoil proton in pp elas-
tic scattering has been measured at beam momen-
ta, from 20 to 200 GeV/c. For all t values between
-0.3 and -1.0 (GeV/c)' we observe a decrease
of the polarization with increasing beam momen-
tum. At low center-of-mass energies the polar-
izations are positive and agree well with existing
measurements. However, at t= —0.6, -0.8,
—1.0 (GeV/c)' the polarizations are negative for
q & 100 GeV'. Large negative polarizations of
-0.15$ to -20% are seen at these I values. Sev-
eral optical models have predicted this effect
near the first minimum in pp scattering.

The polarization in the inclusive process p+ p
—o, +X has been measured at Pr = 0. 5 GeV/c.
The polarization appears independent of x„, and

s with an average value of 0.07 +0.02. However,
at Pr ——1.0 GeV/c this value drops to less than

2%%d +2c/o. This observed decrease in the proton
polarization with I'~ is in contrast to that reported
for the process p+ p A +X. The. energy indepen-
dence is also not what one would predict from a
triple-Regge model of inclusive polarization.

In the reaction p+ C —p, +X we have measured
a polarization of about —0.07 + 0.02 at I'~ = 1.0
GeV/c, x~ = -0.9. We believe that this may be
explained by a rescattering effect in the carbon
nucleus.

ACKNOWLEDGMENTS

We wish to express our appreciation to all of
those at the Fermi National Accelerator Labora-
tory who contributed to this experiment. In par-
ticular, we wish to thank the staff of the Fermilab
Internal Target Area, led by Dr. T. Nash and Dr.
P. McIntyre, for their assistance during set up
and data taking. Also the cooperation of Argonne
National Laboratory in the loan of a helium liquifi-
ier contributed significantly to this experiment.
We are indebted to several staff members and stu-
dents for their assistance on this project, includ-
ing P. Smith, B. Martin, M. Daskovsky, and
F. Fredericksen, and to Prof. K. Hinotani and
Wakayama Medical School, Wakayama, Japan.
This work was supported by the U. S. Department
of Energy.

PIG. 25. {a) In.elusive proton spectrum at &00 GeV.
(b) Proton-carbon scattering cross-sections at P@b
= 1.21 GeV/c, (c) Polarization of inclusive protons.

APPENDIX: SIGN CONVENTION FOR THE POLARIZATION

The Basel Convention" states that the positive
polarization of particles with spin 1/2 is in the di-
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INCOMING BEAM

RECOIL TARGET

FIG. 26. Standard scattering convention for polariza-
tion direction".

rection N=k,.Ã%„where K,. and k, are the momen-
ta of the incoming and outgoing particles, respec-
tively. This same convention holds in the center
of mass system where k', =-k,' and k„'~k,'. Here
b, t-, s, and y refer to beam, target, scattered,
and recoil parti:cles, respectively, and the primes
indicate center of mass quantities. When identical
particles are involved it is conventional to assume
that the center of mass scattering angle is less
than or equal to 90 degrees. In this experiment
we always analyzed the slower particle in the lab-

oratory frame which is the recoil particle. In
Fig. 26 the beam is coming from the top and the
scattered particle is going away from the spectrom-
eter so that N, the direction of positive polariza-
tion is down.

The cross section for scattering in the carbon
analyzer is

o = oo(1+AP ' M),

where A is the analyzing power, M= (K,.x K,)/
lK,. & Ko l, P is the polarization of the particles in-
cident on the carbon, 00 is the unpolarized pC
cross section, and K,. and K, are the momenta
of the incoming and outgoing particles. A has
been measured to be positive in pC scattering at
the energies and angles of this experiment. If P
is pointing down as it is for positive proton po-
larization, the cross section will be larger for
M pointing down and this is the case for a scatter
to the right. Thus, a preponderance of scatters
to the right indicates a positive polarization in the
high-energy pp scattering.

For inclusive scattering we must preserve the
convention in the limit X 1 or equivalently Mx

Therefore the same conclusion is reached;
that is, for positive polarization right scatters
predominate.
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