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I. INTRODUCTION

There has been a recent growing interest in the meas
ment of single transverse spin asymmetries in inclusive
actions, due to the discovery of a large left-right asymme
in the inclusive production of pions at 13 and 18 GeV/c, @1#
24 GeV/c, @2# and 40 GeV/c, @3# and the measurement of a
large polarization in the production of hyperons@4#. Since in
perturbative QCD any single transverse spin effect is prop
tional to small parameters@5#, such as the strong coupling
constantaS , quark massmq , and inverse energy 1/As, then,
at sufficiently high energy, the expected spin effects beco
less than 1%. However, the data indicate spin effects on
order of 10%. Methods of reconciling such an apparent co
tradiction were proposed in several theoretical papers,
example, quark-gluon correlations@6# and the color string
model@7#. Some theoretical models differ in their prediction
for the single transverse spin asymmetry by an order of m
nitude; for example, compare Refs.@8# and @9# for direct
photon production. The above model-dependent approac
give different predictions, and new experimental data
higher pT in a widexF range are needed for input to thes
models.

The single transverse spin asymmetries for inclusive a
semi-inclusivep0 production were measured in the E-70
experiment at Fermilab using 200-GeV/c polarized beams of
protons or antiprotons and an unpolarized liquid hydrog
target. The transverse momenta of the scattered parti
were between 1 and 4.5 GeV/c. The QCD predictions may
be applicable at the highest measuredpT values. The reliabil-
ity of the data that were used to calculate the asymmetry
been checked by several methods described hereafter. All
systematics in the experiment were checked and as a re
the cross sections were derived. Preliminary results w
published @10# indicating large pp asymmetries for
pT.3 GeV/c. After some improvements in the data analys
described in detail in the text, the present results in this
gion are now consistent with zero.

The setup of the experiment and the data analysis
described in Sec. II. Section III presents the invariant cro
sections for bothpp and p̄p interactions, and the single-spin
asymmetries are presented in Sec. IV. Section V is devo
to the discussion of the results.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The Fermilab polarized proton~antiproton! beam with
200 GeV/c momentum was produced using the parity
violating decays ofL (L̄) hyperons. The incoming 800-
GeV/c primary-proton beam from the Fermilab Tevatro
struck a beryllium target and created unpolarizedL ’s. The
intensity of L hyperons was maximized by centering th
beam-line acceptance at zero production angle. In the un
larizedL rest frame, the decayL→p1p2 occurs isotropi-
cally and the decay-proton polarization is about 65% wi
the spin direction along the proton momentum. In the lab
ratory reference frame, the trajectories of the protons fro
theL decays can be traced back to the plane of the prod
tion target. Protons with components of their momentu
transverse to theL direction appear to come from a virtua
source displaced from the actualL source. The beam-
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tagging system was designed and installed at the interme
ate focus of the beam channel to tag electronically the pol
ization for each proton in the 200-GeV/c beam by using a
correlation between the position of a proton relative to th
beam axis and the proton polarization. The particle taggi
measures only the horizontal component of the transve
proton polarization. The beam-transport system had been
signed to minimize beam depolarization effects. The 20
GeV/c polarized protons then struck a hydrogen target aft
their spins were rotated from horizontal to vertical by spin
rotation magnets. The total number of protons that reach
the experimental target with a6 9% momentum bite was
about 33107, when 331012 primary protons per 20 s spill
were incident on the production target. A polarized
antiproton beam was made in a completely analogous m
ner to the polarized-proton beam. The only change to t
beam line when producing polarized antiprotons was to r
verse the polarities of both dipole and quadrupole magne
Further details on the polarized beam line are described
Ref. @11#.

The beam-tagging system, composed of several scintil
tor hodoscopes, determined the momentum and polarizat
of individual beam particles, and allowed a selection of bea
particles within definite intervals of these quantities. A tota
of 13 bins covered the265% to165% polarization range in
10% intervals. Beam protons~antiprotons! with polarization
values between135% and165% were designated as ‘‘posi-
tive,’’ those between235% and265% as ‘‘negative,’’ and
those between235% and135% as ‘‘zero.’’ The average
polarization values for these regions were146%, 246%,
and zero, respectively. The flux of beam particles incident
the target was measured by a similar hodoscope system.
beam-tagging system assigned a polarization value for e
beam particle relative to a known trajectory. An absolu
measurement of the beam polarization was necessary to c
firm those values. Two independent measurements with t
different polarimeters agreed with the expected polarizati
value of 46%@12,13#.

A spin rotator, loosely called a ‘‘snake,’’ consisted of
set of 12 dipole magnets that changed the beam-particle
larization state from one direction to another. In fact, on
eight magnets were used for the single-spin asymmetry m
surements. The design had no overall perturbation of t
beam-particle trajectory; the bends and displacements of
particle trajectory canceled during passage through t
snakes. A spin rotator was used in the beam line for tw
reasons:~1! to periodically reverse the polarization direction
to decrease experimental systematic errors and~2! to change
the spin direction from the transverse horizontal direction,
which the beam particle spin component was actually tagg
to the transverse vertical direction for the experimental me
surements of interest. The net spin rotation was in the sa
direction for both protons and antiprotons.

The experimental layout is shown in Fig. 1. Trajectorie
of each beam particle impinging on a 100-cm liquid hydro
gen target were defined by beam hodoscopes and multiw
proportional chambers, located upstream and downstream
the snake magnets. Photons from the decays of neutral m
sons produced in the target were detected in two central el
tromagnetic calorimeters CEMC1 and CEMC2 located sym
metrically to the left and to the right of the beam axis a
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53 4749SINGLE-SPIN ASYMMETRIES AND INVARIANT CROSS . . .
10 m from the target. Each calorimeter is an array of 5
lead-glass counters, stacked in 21 columns by 24 row
The dimensions of each lead-glass block were 3.81
3 3.81 cm3 45 cm ~18 radiation lengths!. Each array cov-
ered a polar angle of (5.56 2.2)° in the laboratory frame,
where the 5.5° angle corresponds to 90° c.m., and azimu
angles of6 25° with respect to the horizontal plane contain
ing the beam axis.

Three sets of proportional wire chambers~MWPC in Fig.
1!, located between the target and each CEMC, were used
charged particle detection and track reconstruction. The fi
set, 1 m downstream from the center of the target, consis
of four planes~two X and twoY) with 256 wires in each
plane, and whose area covered both CEMC’s. The sec
set, 3.3 m downstream of the target, consisted of three pla
with 256 wires in the first two planes (X andY) and 320
wires in the third plane (V, tilted at228°). The third set, 6.7
m downstream of the target, consisted of four planes with
total of 2052 wires. PlanesU andV were tilted at 28° and
228°, respectively. The second and the third multiwire pr
portional chamber~MWPC! sets were divided to left and
right parts for CEMC1 and CEMC2, accordingly. All wire
planes had 2 mm spacing. During normal operation of all t
chambers, up to 60% of the events had a reconstructed ve
located in the hydrogen target.

The calibration of the CEMC was carried out with a
E0530 GeV positron beam. The coefficientsci , which
transform the signal amplitudesAil into energiesEil by

Eil5ci•Ail , ~1!

wherei is a counter number andl is an event number, were
defined as a result of this calibration. Theci were defined by
minimizing the quantity

(
l

S (
i
Eil2E0D 2. ~2!

The details of the solution of these equations are describ
elsewhere@14#. An energy resolution of 7%@full width at
half maximum~FWHM!# at 30 GeV was achieved with this
method. This resolution was expected for this type of ca
rimeter. The lead-glass spatial resolution61.5 mm was de-
termined in special measurements with a 30-GeV positr

FIG. 1. Layout of the experimental apparatus. Note that t
scales on the two axes are different.
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beam by comparing the value of the center of gravity of an
electromagnetic shower with a coordinate in the MWPC lo
cated in front of the CEMC.

In addition to the method described above, further analy
sis has provided an improved calibration method usingp0

andh events. The previous results@10# used only the cali-
bration coefficients obtained from~1! and ~2!. In the new
analysis, photon pairs in the effective mass regions of th
p0 andh were required to have the meson mass value for a
pT . Corrections to the calibration coefficients obtained with
the positron beam varied from 1% to 5% for the different
data-taking periods.

Signals from all phototubes of lead-glass counters in eac
calorimeter array went to the front-end electronics. A smal
part of each signal~5%! went to trigger electronics consist-
ing of two levels. First, all the trigger signals were summed
and then amplified for each CEMC column separately. Sec
ond, the resulting signals for the 21 columns of each CEMC
were summed again with appropriate weights proportional t
the distance of a column from the beam axis to form a signa
that was proportional to the sum of the transverse momen
of photons hitting the CEMC. Two of these signals, the high
pT-trigger signals, were formed independently for each
CEMC. If at least one of these two signals exceeded som
given threshold, the event was recorded. Thus, the hig
pT-trigger signal allowed a selection of thepT for each event
and suppressed recording of lower-pT events. The highest
pT-trigger threshold used was slightly greater than
2 GeV/c.

Some events in the CEMC contained overlapping electro
magnetic showers from the two photons inp0 decay. The
energies and positions of the photons were determined usi
a special reconstruction program, which included an exper
mentally measured electromagnetic shower shape. Th
shower shape was presented as a two-dimensional table
energy deposition from an electromagnetic shower as a fun
tion of the x and y positions relative to the center of the
lead-glass counter. This table was defined by averaging th
energy fluctuations of 23 105 positron events at spatial lo-
cations measured by a proportional wire chamber in front o
the CEMC. The special reconstruction algorithm for the
separation of overlapping showers was developed to d
crease drastically the computer processing time compared
standard minimization procedures.

Overlapping showers were separated using the followin
method. A region of 333 lead-glass counters was defined,
where up to 98% of the energy for a single electromagneti
shower was deposited, which was well described by the av
erage shower shape from the shower-shape table. Three v
ues were defined that described the shower: the energy, fro
the zero moment of the energy distribution, and theX and
Y coordinates, from the center of gravity or first moments o
the distribution. If the energy shower was not well described
by the average shower shape, it was considered to be pr
duced by two overlapping showers. In this case, five value
were defined for each shower. In addition to the three de
scribed for a single shower, the widths in theX andY direc-
tions or second moments were calculated from the energ
distribution. These five measured values remained fixe
while an iteration procedure was used to determine the va
ues of the energies and pairs of coordinates for the two ove

he
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4750 53D. L. ADAMS et al.
lapping photon showers~six parameters!. One of these six
unknown values did not have any constraints, and it was
energy of one of the photons. It was an arbitrary choic
Once that was fixed, the other five variables were defin
using the five measured moments. A parameterr, a type of
x2, was defined to compare the iterative values with t
shower shape table, and was minimized in the iteration p
cedure. This procedure then produced the energies and c
dinates for the two overlapping photons. Further details
thep0 reconstruction program are given in Ref.@14#.

The following criteria were used to selectp0 candidates
from all combinations of photon pairs:~1! The showers must
be contained within a distance of at least one counter wid
away from the edge so that energy did not leak out of t
calorimeter;~2! the asymmetry in the energies for the tw
photon showers,AE5uE12E2u/(E11E2), was less than 0.8
to reduce the combinatorial background;~3! the two-photon
invariant mass was selected between 110 and 155 MeVc2

for pT,2.4 GeV/c, and between 110 and 170 MeV/c2 for
pT.2.4 GeV/c to account for the change in the width of th
mass distribution; and~4! 20.15<xF<10.15.

A total of 23107 events was recorded with incident pro
tons and a total of 23106 events with incident antiprotons
The analysis identified about 106p0 events satisfying the
above criteria that were produced by protons tagged as p
tively or negatively polarized. An approximately equal num
ber ofp0 events was produced by protons tagged with av
age polarization of zero. A total of 1.73105p0 events
produced by polarized antiprotons was identified by t
analysis. The measurement of the asymmetry ofp0 produc-
tion associated with charged particles was made during
last 20% of the entire data-taking period.

Mass distributions constructed from pairs of photons a
shown in Fig. 2. For eachpT bin mass distribution, thep0

signal was described by a Gaussian curve and extracted f
the combinatorial background, due mostly to pairs of unco

FIG. 2. The two-photon invariant-mass distributions forp0 and
h production by protons for thepT region from 2.5 to 2.7 GeV/c.
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related photons, described by a third-order polynomial. A c
according to the value ofr that compared the shower shape
measured in a given event with an average electromagne
shower shape suppressed hadron-induced showers by
proximately a factor of 10. A background of about 7% wa
measured at lowpT and increased to about 26% at the high
estpT values measured in the experiment.

The mass resolution was found to be 21 MeV/c2

~FWHM! at pT'1.5 GeV/c, and contained contributions
from the lead-glass spatial resolution of61.5 mm, the en-
ergy resolution ofD(E)/E50.0310.25/AE ~FWHM!, and
the target length. The mass resolution deteriorated with i
creasingpT , for example, becoming 33 MeV/c

2 ~FWHM! at
pT'3.5 GeV/c, due to an increase in the number of event
that had shower overlap. Identical mass distributions we
found for both CEMC1 and CEMC2, indicating that the ab
solute calibration and energy resolutions were the same
both detectors.

III. INVARIANT CROSS SECTIONS

In this section, the results from the measurements of th
inclusive p0 production cross sections averaged over th
range20.15,xF,10.15 are presented. The invariant cros
sectionEd3s/dp3 was determined as

E
d3s

dp3
5

E

2ppmax
z pT

FNp0
H

Ntot
H 2

Np0
E

Ntot
E G 1

«geom

1

« rec

3kback
1

DpT

1

DxF

A

NAr l
, ~3!

whereE is the energy of thep0 in the c.m. system;p max
z

is the maximump0 c.m. longitudinal momentum of the
pp( p̄p) interaction (pmax

z 'As/2, wheres is the c.m. squared
energy!; pT is thep0 transverse momentum;Np0

H andNp0
E

are the numbers ofp0’s that survived the selection criteria
described in the previous section for the hydrogen and emp
targets, respectively;Ntot

H andNtot
E are the numbers of beam

particles for the hydrogen and the empty targets, respe
tively; «geomis the geometrical acceptance forp0; « rec is the
efficiency of thep0 reconstruction algorithm;kback is the
ratio of ‘‘pure’’ p0’s to the total number of two photon pairs
within the mass interval;DpT andDxF are the bins for the
transverse momentum and the FeynmanxF variable, respec-
tively; and NAr l /A is the number of hydrogen nuclei per
cm2 in the target. ThepT bin width wasDpT50.2 GeV/c
and thexF bin width wasDxF50.3. The number of hydro-
gen nuclei in the target was 4.2331024 nuclei/cm2.

The acceptance and thep0 reconstruction efficiency were
calculated using a Monte Carlo simulation program. Thi
program generatedp0’s with appropriatexF andpT distribu-
tions and then simulated the pattern of energy deposited
the detector using the shower profiles obtained from the po
itron beam calibration. The Monte Carlo–generated even
were analyzed with the same shower reconstruction progra
as that used for actual events.

The ratio of the quantityNp0
E /Ntot

E to Np0
H /Ntot

H , the nor-
malized number of empty target to hydrogen targetp0

events, was 10% and did not depend onpT in the region of
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interest. The geometrical acceptance«geom increased from
8% at pT'1.5 GeV/c to 26% atpT'4.5 GeV/c for both
calorimeters. The reconstruction efficiency« rec, including
the energy asymmetry cutAE 5 0.8, changed slowly from
72% atpT'1.5 GeV/c, to 66% atpT'3.5 GeV/c, and then
to 56% atpT'4.5 GeV/c because the distance between tw
photons fromp0’s decreased whenpT increased. Thekback
ratio changed from 93% atpT'1.5 GeV/c to 74% at
pT' 4.5 GeV/c. This means that whenpT increased, the

FIG. 3. The invariant cross sections for the reactio
p1p→p01X at 200 GeV/c at xF50 ~solid circles!, and at
300 GeV/c at xF50 ~open circles! from Ref. @18#.
o

combinatorial background decreased slower than thep0 pro-
duction rate. The cross sections were multiplied by a fact
of 1.07, which takes into account the proton beam absorpt
in a 1-m-long hydrogen target, and by another factor
1.012, which takes into account the branching ratio ofp0

decay into two photons~98.8%!.
The invariant unpolarized cross sections for inclusivep0

production inpp interactions are shown in Fig. 3, where th
errors shown are statistical only, and the results for bo
pp and p̄p interactions are presented in Table I. Uncertain
ties in the number of events from the hydrogen target dom
nated the statistical errors on the cross section. A statisti
error of the background subtraction was also included, b
was small. Systematic uncertainties in the geometrical acc
tance, reconstruction efficiency, trigger efficiency, and th
dummy target event count subtraction contributed to t
point-to-point systematic errors of the cross sections. The
errors were significantly higher~one order of magnitude!
than the statistical ones at lowpT ~see Table I! and then
became comparable at higherpT . An additional overall sys-
tematic uncertainty, associated with the beam and target, w
estimated to be615%, and apT-scale uncertainty was esti-
mated to be63%.

No significant differences were observed in a comparis
of thep0 production inpp and p̄p interactions. This agree-
ment ofpp and p̄p is consistent with the results obtained a
As524.3 GeV/c @15#. The ratios of the spin-averaged invari
ant cross sections forp0 production inpp and p̄p interac-
tions were measured previously@16# with the same electro-
magnetic calorimeter but in a different kinematic region
These ratios were close to 1 whenxF→0 and
1.4,pT,2.0 GeV/c, which is consistent with the current
results.

The results from the current experiment on the invaria
cross sections for the reactionp1p→p01X are in qualita-

n

re

into
TABLE I. Invariant cross sectionsEd3s/dp3 ~in cm2 GeV22/c3) for inclusivep0 production averaged
over thexF range from20.15 to 0.15, with statistical and systematic errors given, respectively. There a
additional systematic uncertainties of63% in thepT scale and615% in the normalization. When calcu-
lating the ratioR of the two invariant cross sections, both statistical and systematic errors were taken
account.

pT (GeV/c) p1p→p01X p 1̄p→p01X Rp0( p̄p/pp)

1.48 (3.1260.00860.36)310229 (2.8860.0260.24)310229 0.9260.13
1.67 (1.1060.00360.12)310229 (1.1960.0160.12)310229 1.0860.16
1.86 (4.8960.01460.35)310230 (5.7260.0860.47)310230 1.1760.13
2.05 (2.1560.00760.12)310230 (2.5260.0560.24)310230 1.1760.13
2.24 (9.3760.0460.73)310231 (1.1160.0360.09)310230 1.1860.13
2.42 (4.1660.0260.35)310231 (5.3460.2060.35)310231 1.2860.14
2.60 (1.9060.01560.12)310231 (2.5160.1460.12)310231 1.3260.13
2.78 (8.9260.1060.59)310232 (1.1760.1060.12)310231 1.3160.16
2.97 (4.0260.0660.23)310232 (3.9060.4760.23)310232 0.9760.14
3.16 (1.8960.0460.12)310232 (2.1260.3560.12)310232 1.1260.21
3.35 (8.8560.2760.59)310233 (8.3862.3660.59)310233 0.9560.28
3.55 (4.0460.1860.35)310233

3.74 (1.9060.1260.12)310233

3.93 (9.8660.8861.08)310234

4.12 (4.9660.4960.59)310234

4.31 (2.6260.3660.36)310234
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tive agreement with the results of other experiments@17–19#.
For comparison with our data in Fig. 3 the invariant cro
section data from the NA24 experiment at CERN@18# are
also shown. The NA24 data cover a greaterpT range, up to
6 GeV/c, and from that a clear change in the experimen
slope from 4 to about 3~GeV/c)21 near pT53.6 GeV/c
can be observed. The proton data from the current exp
ment also indicate this behavior. Fitting the cross secti
values by a single exponential curvee2bpT over the range
1.4,pT,4.4 GeV/c, the slope parameterb is (4.1960.08)
~GeV/c)21 with x252.14 per degree of freedom. If two
separate exponential curves are fit to the data, thenb
5(4.360.1) ~GeV/c)21 in the region 1.4,pT,3.6 GeV/c,
and (3.561.2) ~GeV/c)21 for 3.6,pT,4.4 GeV/c, with
x250.85 per degree of freedom for both parts of thepT
region. Both statistical and systematic errors added
quadrature were taken into account.

IV. SINGLE-SPIN ASYMMETRIES

The left-right asymmetryAN(pT) for a given CEMC is
given by the expression

@n1~pT ,w!2n2~pT ,w!#

@n1~pT ,w!1n2~pT ,w!#
5AN~pT!Pbeamcosw, ~4!

wheren1 andn2 are the events with polarization and snak
spin rotation states such that the final beam spin direction
aligned vertically up or down, respectively. Then1(n2) val-
ues are normalized to the flux of particles passing throu
the target. The beam polarizationP beamwas about 0.46.

A six-dimensional vector was accumulated for each eve
to determine the single transverse spin asymmetries. T
matrix contained the transverse momentumpT ; the Feynman
variablexF ; the azimuthal anglew; the snake state, which
describes the rotation of the spin; the CEMC that trigger
the event; and the polarization state. Values were assig
within this matrix according to a given snake state, polariz
tion state, and the triggered CEMC.

Four sets of asymmetries were calculated with four ind
pendent combinations of calorimeter and beam polarizati
namely, CEMC1, CEMC2, and the positive and negative p
larization parts of the beam. For each of these four metho
two snake states were used to calculaten1 andn2 in Eq. ~4!,
and presented in Table II. The final results were obtained
taking a weighted average of the four asymmetries with th
errors. All four asymmetries are in good agreement with ea
other, within the statistical errors. Single-spin asymmetri

TABLE II. Combination of CEMC, beam, and snake states co
responding to the normalized sumsn1 andn2.

CEMC Part of
the beam

Snake status,
corresponding to

n1 n2

1 Right 1 2
1 Left 2 1
2 Right 2 1
2 Left 1 2
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of inclusivep0 production inpp interactions near 90°c.m.
are presented in Table III and Fig. 4. Those asymmetrie
produced inp̄p interactions are given in Table IV and Fig. 5.

An updated analysis of the data was perfomed that~1!
reconstructed the vertex for a fraction of the events,~2! reca-
librated the energy scale of the CEMC using thep0 and
h0 masses,~3! corrected the beam polarization decoding,
which previously influenced the selection of good events an

r- TABLE III. Asymmetries ~1! in the pure inclusive reaction
p↑1p→p01X and ~2! in the semi-inclusive reaction
p↑1p→p01X when at least one associated charged particle i
produced at (180630)° relative to thep0. The details of an esti-
mate of statistical and systematic errors are in the text.

pT ~GeV/c! ~1! ~2!

AN ~%! AN ~%!

1.09 20.860.460.4 21.761.661.4
1.29 20.760.560.4 20.361.661.4
1.48 0.760.560.5 2.161.561.3
1.67 1.060.660.5 0.861.561.3
1.86 0.160.660.5 21.261.661.4
2.05 21.060.760.6 22.061.761.5
2.24 0.660.960.8 20.562.161.9
2.42 1.661.261.1 2.462.862.4
2.60 1.061.761.5 22.963.863.3
2.82 23.862.161.9 29.864.764.2
3.07 3.264.163.6 4.569.268.2
3.26 24.265.865.0 216613611
3.49 1.167.266.3 21615613
3.78 26612610
4.12 4614613

FIG. 4. The asymmetry parameterAN as a function ofpT at
xF50 ~a! for the inclusive reactionp↑1p→p01X and~b! for the
same reaction, but when at least one charged particle is also d
tected at an azimuthal angle within (1806 30)° relative to the
p0.
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reduced the overall final sample by 30%, and~4! removed a
cut onAN for the zero-polarization part of the beam, whic
restored the 30% of the data, but then used these result
estimate systematic errors. In the 1,pT,3 GeV/c region,
the current results agree well with those given previous
@10#, and are consistent with a zero value of the asymmet
The statistics are large in this region, and the difference
the amount of data analyzed did not significantly influen
the asymmetry values. However, in the 3,pT,4.6 GeV/c
region, where the number of events is much smaller and
earlier asymmetry values deviated from zero by 2–3 sta
dard deviations, all the analysis improvements mention
above have changed the asymmetry values to zero within

TABLE IV. Asymmetries ~1! in the pure inclusive reaction
p ↑̄1p→p01X and ~2! in the semi-inclusive reaction
p ↑̄1p→p01X when at least one associated charged particle
detected at (1806 30)° relative to thep0. The details of an esti-
mate of statistical and systematic errors are in the text.

pT ~GeV/c) ~1! ~2!

AN ~%! AN ~%!

1.09 1.261.561.4 4.062.462.2
1.29 0.961.661.4 2.962.462.2
1.48 22.661.861.6 23.162.862.5
1.67 2.062.262.0 24.763.663.3
1.86 25.963.062.7 23.165.064.5
2.05 2.264.263.8 126766
2.24 27.966.365.5 26968
2.42 2.668.267.4 22614613
2.60 8612611 2618616
2.78 250617615 250628625
3.10 233619617 21633629

FIG. 5. The asymmetry parameterAN as a function ofpT at
xF50 ~a! for the inclusive reactionp̄↑1p→p01X and~b! for the
same reaction, but when at least one charged particle is also
tected at an azimuthal angle (1806 30)° relative to thep0.
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errors. Over the wholepT region, the previous asymmetry
@10# was consistent with zero with ax2 of 3.0 per degree of
freedom, and for the final asymmetry it has become 1.5.

In the previous analysis@10#, there was an error in the
polarization decoding as noted above. For the ‘‘positive
polarization part of the beam~10.35 to10.65!, the decoding
was performed correctly. For the ‘‘negative’’ polarization
part of the beam, polarization values between20.15 and
20.45 were used instead of20.35 to 20.65, and for
‘‘zero’’ polarization, 20.45 to20.65 and20.15 to10.35
were used instead of20.35 to10.35. In addition, about
30% of the runs were excluded based on a criterion that t
zero-polarization data~‘‘false asymmetry’’! for all pT bins in
the run should differ from zero by less than about three sta
dard deviations. In the revised analysis a different philos
phy was adopted and such a criterion was not used. Inste
the ‘‘false asymmetry’’ results were used to estimate the sy
tematic error for eachpT bin as described below. The ‘‘false
asymmetries’’ were also generally smaller after the corre
tion of the polarization decoding and the other two improve
ments to the analysis. None of the improvements or chang
was found to be predominantly responsible for the differenc
between@10# and the present results for the values ofAN for
the fivepT bins above 3 GeV/c.

The single transverse spin asymmetry could be suf
ciently determined by only one CEMC, one of the two po
larized portions of the beam, and the polarization reversal b
the spin-rotation magnets. Two levels of redundancy we
given by the parts of the beam polarized with opposite valu
and the left-right symmetry in the detector. Consistenc
among the four methods to calculate the asymmetry gave
check of the instrumental errors specific to each method. T
statistical errors from the ‘‘false’’ asymmetries, calculated
from the consistency checks, were used as an estimate of
systematic errors of the single-spin asymmetry for eac
point. The relative systematic error proportional to theAN
value was estimated to be 10% and was mainly due to t
uncertainty in the beam polarization. No asymmetry wa
found using events with an average beam polarization
zero.

Semi-inclusive reactions with hard back-to-back produc
tion of two hadrons are interesting since they represent t
underlying parton kinematics in a more transparent way.
addition to the inclusive reaction,p↑1p→p01X, the
events were also selected that contained at least one char
particle having an azimuthal angle ofw5(1806 30)° rela-
tive to the producedp0 direction. The single-spin asymme-
tries for inclusivep0 production with an associated charged
particle inpp interactions are given in Table III and Fig. 4.
Those asymmetries produced inp̄p interactions are given in
Table IV and Fig. 5.

Several tests were performed to check the quality of th
data. One test investigated the possible appearance of b
events due to beam motion at the beginning of the spill. B
eliminating the first 50 events of the spill, corresponding t
removing 25% of all data events, asymmetries were aga
calculated. Removing these events did not significantly alt
the asymmetry.

In the analysis, the pseudorapidityh was used instead of
the Feynman variablexF , and auhu,0.4 region was inte-
grated rather than auxFu,0.15 region. These differences did
not affect the result.
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V. DISCUSSION

The present results for the one-spin asymmetryAN(pT) in
p0 production by polarized protons at 200 GeV/c can be
compared to the previous measurements ofAN(pT) in inclu-
sive pion production with initial energies from 13 t
40 GeV atxF50 andpT,3 GeV/c, using transversely po-
larized proton beams or targets. The Brookhaven experim
@1# had studiedp1 production at 13.3 and 18.5 GeV. Th
CERN-PS@2# and Serpukhov@3# experiments had measure
p0 production by 24-GeV protons and 40-GeV negati
pions, respectively. In all these experiments the asymmet
were small at lowpT and then rose to relatively large pos
tive values. A positive sign ofAN corresponds to a large
production cross section to the beam left~beam right! when
the beam~target! proton spin is aligned vertically upward
The similarity betweenp1 andp0 production asymmetries
may be expected considering that both involve valen
u-quark scattering. Observations@3,20# showed that at ener
gies from 13.3 to 40 GeV, the rise ofAN(pT) to large posi-
tive values occurred at fixed values of the transverse sca
variable,xT50.4. This particularxT value was interpreted
@3# as a pointxT

0 where the relative phase of two helicit
amplitudes goes to zero, and perhaps changes sign.
seems to be clearly supported by the experimental data in
beam momentum range from 13 to 40 GeV/c.

In some polarization measurements, a strong correla
has been observed@21–24# between a change of exponenti
slope in the cross section data and some change in the a
metry. For example, previous measurements of the polar
tion parameter in an exclusive charge-exchange react
p21p↑→p01n, or in the production of h(550),
v(783), or f (1270) mesons, exhibit this correlation. Since
break in the exponential slope of the differential producti
cross sections nearpT53.6 GeV/c, initially observed by the
NA24 group@18#, is also suggested by the present measu
ments, the asymmetryAN(pT) may show a change aroun
this pT value. Such a change in the asymmetry is not p
cluded by the large error bars in Table III. By extrapolati
the xT

0 scaling observed at low energies to 200 GeV/c, one
would expect that the asymmetry should start to rise to po
tive values from zero somewhere nearpT54 GeV/c.

The asymmetry is observed to be zero for single-spin
clusive p0 production in pp interactions in the 1,pT
,3 GeV/c region within a statistical accuracy up to 0.02. A
mentioned previously, in perturbative QCD single-spin tra
verse asymmetries are expected to be practically zero.
expectation in the 1,pT,3 GeV/c region is confirmed by
the data from this experiment, if perturbative QCD~PQCD!
is applicable to thesepT values at 200 GeV. At largerpT ,
the statistical errors grow from 0.05 atpT'3.3 GeV/c up to
0.15 atpT'4.1 GeV/c. After the more thorough data analy
sis, including the correction of the error in the polarizatio
decoding, the present results are also consistent with z
The new data supercede the preliminary measurements g
in @10#, where several points differed from zero by 2–3 sta
dard deviations abovepT53 GeV/c. More precise data are
needed in the high-pT region.
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No significant difference in the asymmetry was observe
when selected events were chosen with at least one ad
tional charged particle, produced at (1806 30)° relative to
thep0 direction. By investigating this reaction with the cri-
teria chosen above, the fraction of hard parton-parton int
actions could be enhanced. For this reaction, the asymme
would not be as diluted by soft processes. The observ
asymmetry was also consistent with zero.

The amount of data for studyingp̄p interactions was an
order of magnitude less than that forpp interactions. The
asymmetry is equal to zero within the statistical accuracy f
the 1,pT,3 GeV/c region.

The observations of a small or zero asymmetry at lar
pT agree with the recent calculation of a twist-3 effect@9#.
The higher-twist contribution to the single-spin effect inp0

production atxF50 is not large. It also agrees with the
model of an orbiting valence quark around a polarizatio
axis that produces a zero asymmetry value atxF50, but a
large asymmetry at largexF values@25#.

There is a QCD-based hard-scattering model@26# which
can lead to single-spin asymmetries if one takes into acco
the transverse momenta of the constituents in a polariz
proton . In contrast with PQCD, an asymmetry in this mod
does not depend on the small parameters like the quark m
and the strong coupling constant, but is proportional to t
average value of the transverse momentum of the const
ents. In thepT region greater than 3 GeV/c our experimental
data on asymmetry are qualitively consistent with the pred
tions of the model.

In the model for inclusive processes based on theU ma-
trix, it is predicted that the single-spin asymmetry decreas
while the energy increases@27#. The expected value of the
asymmetry in this model is at the level of a few percent
200 GeV, which does not contradict the current data resu
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