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Single-spin asymmetries and invariant cross sections of the high transverse-momentum inclusive
= production in 200 GeV/c pp and pp interactions
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The ¥ inclusive and semi-inclusive, single-spin asymmetries have been measured using transversely po-
larized, 200-GeW proton and antiproton beams colliding with an unpolarized hydrogen target. The measured
asymmetries are consistent with zero within the experimental uncertainties for the kinematic region
—0.15<x<+0.15 and Kpr<4.5 GeVk. Improvements in the data analysis showed that our earlier large
asymmetries ap;>3 GeV/c were not correct. These data indicate that PQCD expectations seem confirmed
and the higher-twist contribution to the single-spin asymmetryrirproduction atx.=0 is not large. Addi-
tional evidence for such a conclusion comes from the measurement of a semi-inefisiggmmetry, where
associated charged particles are detected opposite te’theimuthal direction. This experiment also provides
high-statistics data on the inclusive’ cross sections fopp andpp collisions at\/§~ 19.4 GeV.
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I. INTRODUCTION tagging system was designed and installed at the intermedi-
ate focus of the beam channel to tag electronically the polar-

There has been a recent growing interest in the measurézation for each proton in the 200-Gevbeam by using a
ment of single transverse spin asymmetries in inclusive recorrelation between the position of a proton relative to the
actions, due to the discovery of a large left-right asymmetryheam axis and the proton polarization. The particle tagging
in the inclusive production of pions at 13 and 18 GeM/1]  measures only the horizontal component of the transverse
24 GeVk, [2] and 40 GeVE, [3] and the measurement of a proton polarization. The beam-transport system had been de-
large polarization in the production of hyperddd. Since in  signed to minimize beam depolarization effects. The 200-
perturbative QCD any single transverse spin effect is proporgeyv/c polarized protons then struck a hydrogen target after
tional to small parameter5], such as the strong coupling theijr spins were rotated from horizontal to vertical by spin-
constanixs, quark massn,, and inverse energy {8, then,  rotation magnets. The total number of protons that reached
at sufficiently high energy, the expected spin effects becomghe experimental target with & 9% momentum bite was
less than 1%. However, the data indicate spin effects on thghout 3< 107, when 3x 10'2 primary protons per 20 s spill
order of 10%. Methods of reconciling such an apparent congere incident on the production target. A polarized-
tradiction were proposed in several theoretical papers, fogntiproton beam was made in a completely analogous man-
example, quark-gluon correlatiori] and the color string ner to the polarized-proton beam. The only change to the
model[?] Some theoretical models differ in their predictions beam line when producing po|arized antiprotons was to re-
for the single transverse spin asymmetry by an order of magyerse the polarities of both dipole and quadrupole magnets.
nitude; for example, compare Ref8] and [9] for direct  Fuyrther details on the polarized beam line are described in
photon production. The above model-dependent approachegef. [11].
give different predictions, and new experimental data at The beam_tagging system, Composed of several scintilla-
higher pr in a widexg range are needed for input to these tor hodoscopes, determined the momentum and polarization
models. of individual beam particles, and allowed a selection of beam

The single transverse spin asymmetries for inclusive an@articles within definite intervals of these quantities. A total
semi-inclusiver® production were measured in the E-704 of 13 bins covered the- 65% to +65% polarization range in
experiment at Fermilab using 200-GeMfolarized beams of  10% intervals. Beam protor(@ntiproton$ with polarization
protons or antiprotons and an unpolarized liquid hydrogenalues betweer35% and+65% were designated as “posi-
target. The transverse momenta of the scattered particlege,” those between-35% and—65% as “negative,” and
were between 1 and 4.5 Ged//The QCD predictions may those between-35% and-+35% as “zero.” The average
be applicable at the highest measupgdralues. The reliabil-  polarization values for these regions weta6%, —46%,
ity of the data that were used to calculate the asymmetry hagnd zero, respectively. The flux of beam particles incident on
been checked by several methods described hereafter. All thRe target was measured by a similar hodoscope system. The
systematics in the experiment were checked and as a resi@eam-tagging system assigned a polarization value for each
the cross sections were derived. Preliminary results wergeam particle relative to a known trajectory. An absolute
published [10] indicating large pp asymmetries for measurement of the beam polarization was necessary to con-
pr>3 GeV/c. After some improvements in the data analysisfirm those values. Two independent measurements with two
described in detail in the text, the present results in this redifferent polarimeters agreed with the expected polarization
gion are now consistent with zero. value of 46%[12,13.

The setup of the experiment and the data analysis are A spin rotator, loosely called a “snake,” consisted of a
described in Sec. Il. Section Ill presents the invariant crosset of 12 dipole magnets that changed the beam-particle po-
sections for bottpp andpp interactions, and the single-spin |arization state from one direction to another. In fact, only
asymmetries are presented in Sec. IV. Section V is devotegdight magnets were used for the single-spin asymmetry mea-

to the discussion of the results. surements. The design had no overall perturbation of the
beam-patrticle trajectory; the bends and displacements of the
Il. EXPERIMENTAL SETUP AND DATA ANALYSIS particle trajectory canceled during passage through the

snakes. A spin rotator was used in the beam line for two
The Fermilab polarized protoKantiproton beam with  reasons(1) to periodically reverse the polarization direction

200 GeVt momentum_was produced using the parity-to decrease experimental systematic errors(@htb change
violating decays ofA (A) hyperons. The incoming 800- the spin direction from the transverse horizontal direction, in
GeV/lc primary-proton beam from the Fermilab Tevatron which the beam particle spin component was actually tagged,
struck a beryllium target and created unpolarized. The to the transverse vertical direction for the experimental mea-
intensity of A hyperons was maximized by centering the surements of interest. The net spin rotation was in the same
beam-line acceptance at zero production angle. In the unpalirection for both protons and antiprotons.
larized A rest frame, the decax — p+ 7~ occurs isotropi- The experimental layout is shown in Fig. 1. Trajectories
cally and the decay-proton polarization is about 65% withof each beam particle impinging on a 100-cm liquid hydro-
the spin direction along the proton momentum. In the labo-gen target were defined by beam hodoscopes and multiwire
ratory reference frame, the trajectories of the protons fronproportional chambers, located upstream and downstream of
the A decays can be traced back to the plane of the produdhe snake magnets. Photons from the decays of neutral me-
tion target. Protons with components of their momentumsons produced in the target were detected in two central elec-
transverse to th@ direction appear to come from a virtual tromagnetic calorimeters CEMC1 and CEMC2 located sym-
source displaced from the actudl source. The beam- metrically to the left and to the right of the beam axis at
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Beam Beam beam by comparing the value of the center of gravity of an
Hodoscope MWPC Hodoscope electromagnetic shower with a coordinate in the MWPC lo-
cated in front of the CEMC.

/ \ / MWPC In addition to the method described above, further analy-

/ %cmm sis has provided an improved calibration method usirfg

-l L] '. 1 and  events. The previous result$0] used only the cali-

Polarized | TG & :gcmcz bration coefficients obtained frorfl) and (2). In the new
Beam SP':;‘;“:“::E" o analysis, photon pairs in the effective mass regions of the
g l(-;eaTgr-g‘ﬁ:r ° and 7 were required to have the meson mass value for all

pr. 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 each
) calorimeter array went to the front-end electronics. A small
FIG. 1. Layout of the experlmental apparatus. Note that thepart of each signal5%) went to trigger electronics consist-
scales on the two axes are different. ing of two levels. First, all the trigger signals were summed

. ) and then amplified for each CEMC column separately. Sec-

10 m from the target. Each calorimeter is an array of 504nd, the resulting signals for the 21 columns of each CEMC
lead-glass counters, stacked in 21 columns by 24 rowsyere summed again with appropriate weights proportional to
The dimensions of each lead-glass block were 3.81 cnghe distance of a column from the beam axis to form a signal
X'3.81 cmx 45 cm(18 radiation lengths Each array cov-  that was proportional to the sum of the transverse momenta
ered a polar angle of (552.2)° in the laboratory frame, of photons hitting the CEMC. Two of these signals, the high
where the 5.5° angle corresponds to 90° ¢.m., and aZimUth@T_trigger signals, were formed independently for each
angles of+ 25° with respect to the horizontal plane contain- CEMC. If at least one of these two signals exceeded some
ing the beam axis. given threshold, the event was recorded. Thus, the high

Three sets of proportional wire chamb€MWPC in Fig.  p -trigger signal allowed a selection of tipe for each event
1), located between the target and each CEMC, were used f@‘nd Suppressed recording of |0V\mr_events_ The h|ghest
charged particle detection and track reconstruction. The ﬁrSﬁ)T—trigger threshold used was slightly greater than
set, 1 m downstream from the center of the target, consistesl gev/c.
of four planes(two X and twoY) with 256 wires in each Some events in the CEMC contained overlapping electro-
plane, and whose area covered both CEMC's. The secongagnetic showers from the two photons4f decay. The
set, 3.3 m downstream of the target, consisted of three planghergies and positions of the photons were determined using
with 256 wires in the first two planesX(andY) and 320 5 special reconstruction program, which included an experi-
wires in the third plane\(, tilted at—28°). The third set, 6.7 mentally measured electromagnetic shower shape. The
m downstream of the target, consisted of four planes with &hower shape was presented as a two-dimensional table of
total of 2052 wires. Planes andV were tilted at 28° and energy deposition from an electromagnetic shower as a func-
—28°, respectively. The second and the third multiwire pro-tion of the x andy positions relative to the center of the
portional chambe(MWPC) sets were divided to left and |ead-glass counter. This table was defined by averaging the
right parts for CEMC1 and CEMC2, accordingly. All wire energy fluctuations of X 10° positron events at spatial lo-
planes had 2 mm spacing. During normal operation of all the:ations measured by a proportional wire chamber in front of
chambers, up to 60% of the events had a reconstructed vertgie CEMC. The special reconstruction algorithm for the
located in the hydrogen target. separation of overlapping showers was developed to de-

The calibration of the CEMC was carried out with an crease drastically the computer processing time compared to
EO:30 GeV positron beam. The COGﬁICIenS, which standard minimization procedures_

Veto-counters Target

\ IR N
20 -10 0 10m

transform the signal amplitudes, into energiesE;; by Overlapping showers were separated using the following
method. A region of X 3 lead-glass counters was defined,
Eii=ci-Ai, (D) where up to 98% of the energy for a single electromagnetic

. i shower was deposited, which was well described by the av-
wherei is a counter number aridis an event number, were grage shower shape from the shower-shape table. Three val-
defined as a result of this calibration. Thewere defined by s were defined that described the shower: the energy, from
minimizing the quantity the zero moment of the energy distribution, and ¥@nd

) Y coordinates, from the center of gravity or first moments of

2 (E E, - E0> _ 2) the distribution. If the energy shower was not well described
[ i by the average shower shape, it was considered to be pro-

duced by two overlapping showers. In this case, five values

The details of the solution of these equations are describedere defined for each shower. In addition to the three de-

elsewherd 14]. An energy resolution of 7%full width at  scribed for a single shower, the widths in tieandY direc-

half maximum(FWHM)] at 30 GeV was achieved with this tions or second moments were calculated from the energy
method. This resolution was expected for this type of calodistribution. These five measured values remained fixed
rimeter. The lead-glass spatial resolutiar.5 mm was de- while an iteration procedure was used to determine the val-
termined in special measurements with a 30-GeV positromies of the energies and pairs of coordinates for the two over-
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related photons, described by a third-order polynomial. A cut
according to the value g that compared the shower shape
measured in a given event with an average electromagnetic
shower shape suppressed hadron-induced showers by ap-
proximately a factor of 10. A background of about 7% was
measured at loypt and increased to about 26% at the high-
estpy values measured in the experiment.
0 The mass resolution was found to be 21 Med//
300 400 500;‘31‘"7/‘;02) (FWHM) at pr~1.5 GeVk, and contained contributions
Myy (MeVie from the lead-glass spatial resolution #fL.5 mm, the en-
ergy resolution ofA(E)/E=0.03+0.25//E (FWHM), and
the target length. The mass resolution deteriorated with in-
creasingpy, for example, becoming 33 Meb? (FWHM) at
pt~3.5 GeVk, due to an increase in the number of events
that had shower overlap. Identical mass distributions were
found for both CEMC1 and CEMC2, indicating that the ab-
solute calibration and energy resolutions were the same in
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My, (MeV/c) IIl. INVARIANT CROSS SECTIONS

In this section, the results from the measurements of the
FIG. 2. The two-photon invariant-mass distributions férand  nclusive #° production cross sections averaged over the
7 production by protons for they region from 2.5 10 2.7 Ge¥l 5096 0.15<x. < +0.15 are presented. The invariant cross
sectionEd3a/dp?® was determined as
lapping photon showerésix parameteps One of these six

unknown values did not have any constraints, and it was the Ed3<r E N:o Nio 1 1

energy of one of the photons. It was an arbitrary choice. a0® 2700 I NF T NE lew &

Once that was fixed, the other five variables were defined P PmasPTl Ntot - ot € geom Erec

using the five measured moments. A paramgtea type of 1 1 A

x%, was defined to compare the iterative values with the X Kpackn— "o N T ()
ApT AXF NApl

shower shape table, and was minimized in the iteration pro-

cedure. This procedure then produced the energies and coQinhere E is the energy of ther® in the c.m. systemp?
dinates for the two overlapping photons. Further details ofg the maximum® c.m longitudinal momentum o?altxhe
the ¥ reconstruction program are given in REE4]. —.\ Lz -
. o . interaction ~\s/2, wheres is the c.m. squared
The following criteria were used to selesf candidates Er?éfp;- is the %nl[?gng/\;erse momentuni” anc?NE
from all combinations of photon pairél) The showers must 9y: Pr Tr o X 0 a0
be contained within a distance of at least one counter widtd'€ the numbers ofr”s that survived the selection criteria

away from the edge so that energy did not leak out of th&lescribed in the.previgus sectiEon for the hydrogen and empty
calorimeter;(2) the asymmetry in the energies for the two targets, respectivelyil;, and Ny, are the numbers of beam

photon showersAg= |E; — E,|/(E;+E,), was less than 0.8 particles for_ the hydrogen and the empty target§, respec-
to reduce the combinatorial backgrour@) the two-photon  tIVElY: £geomis the geometrical acceptance foP; & e is the
invariant mass was selected between 110 and 155 beyv/ efficiency of thew reconstruction algorithmkya is the
for pr<2.4 GeVk, and between 110 and 170 Ma for ra_tio_ of “pure” wc_"s to the total number of two p_hoton pairs
pr>2.4 GeVk to account for the change in the width of the Within the mass intervalApr and Ax are the bins for the
mass distribution; an¢4) —0.15<xg< +0.15. transverse momentum and the Feynmarvariable, respec-

A total of 2x 107 events was recorded with incident pro- tVely; and Napl/A is the number of hydrogen nuclei per
tons and a total of 2 1(P events with incident antiprotons. €N in the target. Thepr bin width wasApr=0.2 GeVk
The analysis identified about 48° events satisfying the @nd thexg bin width wasAxg=0.3. The number of hydro-
above criteria that were produced by protons tagged as pos§en nuclei in the target was 4230 nl_JC|e|/C_fT?_-
tively or negatively polarized. An approximately equal num- ~ The acceptance and the reconstruction efficiency were
ber of 7° events was produced by protons tagged with avercalculated using a Mon_te Carlo s_lmulauon program. This
age polarization of zero. A total of 1710°z° events Program generateds with appropriatexg andpr distribu-
produced by polarized antiprotons was identified by thelions and then simulated the pattern of energy deposited in
analysis. The measurement of the asymmetryr®jproduc- _the detector using the shower profiles obtained from the pos-
tion associated with charged particles was made during thi&on beam calibration. The Monte Carlo—generated events
last 20% of the entire data-taking period. were analyzed with the same shower reconstruction program

Mass distributions constructed from pairs of photons areédS that used for actual events. |
shown in Fig. 2. For eacp; bin mass distribution, ther° The ratio of the quantitN-o/Ng; to N'o/N{i;, the nor-
signal was described by a Gaussian curve and extracted fromalized number of empty target to hydrogen target
the combinatorial background, due mostly to pairs of uncorevents, was 10% and did not dependmnin the region of
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W& combinatorial background decreased slower thanithgro-

duction rate. The cross sections were multiplied by a factor
20T of 1.07, which takes into account the proton beam absorption
0 & .

2 in a 1-m-long hydrogen target, and by another factor of
1.012, which takes into account the branching rationdf
decay into two photon£98.8%).

The invariant unpolarized cross sections for inclusixe
production inpp interactions are shown in Fig. 3, where the
¢ errors shown are statistical only, and the results for both
. pp and pp interactions are presented in Table |. Uncertain-

LS ties in the number of events from the hydrogen target domi-
nated the statistical errors on the cross section. A statistical
*° error of the background subtraction was also included, but
was small. Systematic uncertainties in the geometrical accep-
* This Experiment ° tance, reconstruction efficiency, trigger efficiency, and the
L NA24 dummy target event count subtraction contribu_ted to the

£ ° point-to-point systematic errors of the cross sections. These
errors were significantly highefone order of magnitude
than the statistical ones at lopq (see Table )l and then
became comparable at highgf. An additional overall sys-
tematic uncertainty, associated with the beam and target, was
estimated to be- 15%, and gt-scale uncertainty was esti-

FIG. 3. The invariant cross sections for the reactionmated to be+r 3%.
p+p—7°+X at 200GeVt at xg=0 (solid circles, and at No significant differences were observed in a comparison
300 GeVe atxg=0 (open circles from Ref.[18]. of the % production inpp andpp interactions. This agree-
ment ofpp and pp is consistent with the results obtained at
Js=24.3 GeVL [15]. The ratios of the spin-averaged invari-
ant cross sections for® production inpp and pp interac-
tions were measured previoudl¥6] with the same electro-
the energy asymmetry c#{g = 0.8, changed slowly from magnetic calorimeter but in a different kinematic region.
72% atpr~1.5 GeVk, to 66% atp;~3.5 GeVk, andthen These ratios were close to 1 whex—0 and
to 56% atpr~4.5 GeVLt because the distance between two1.4<p;<2.0 GeVk, which is consistent with the current
photons fromn%'s decreased whep; increased. Thé,  results.
ratio changed from 93% ap;~1.5GeVkt to 74% at The results from the current experiment on the invariant
pr~ 4.5 GeVk. This means that whep increased, the cross sections for the reactign+ p— 7%+ X are in qualita-

-30[ 'O
0= S

T
[ ]

Edoldp(cntGeVvic?)

-32
10

T

-33
10

-34
10

.36
10 o b s b b by |
1 2 3 4 5 6

Pr(GeVi/c)

interest. The geometrical acceptanegqn, increased from
8% at py~1.5 GeVk to 26% atpr~4.5 GeVk for both
calorimeters. The reconstruction efficieney., including

TABLE . Invariant cross sectionsd3a/dp® (in cn? GeV~2/c®) for inclusive 7° production averaged
over thexg range from—0.15 to 0.15, with statistical and systematic errors given, respectively. There are
additional systematic uncertainties nf3% in thep; scale and+15% in the normalization. When calcu-
lating the ratioR of the two invariant cross sections, both statistical and systematic errors were taken into

account.

pr (GeVic) p+p—a’+X p +p—ml+X R,o(pp/pp)
1.48 (3.12-0.008+ 0.36)x 10™2° (2.88+0.02+0.24)x 10" 2° 0.92+0.13
1.67 (1.10-0.003+0.12)x 10" 2° (1.19+0.01+0.12)x 10" 2° 1.08+0.16
1.86 (4.89-0.014+0.35)x 10720 (5.72£0.08+0.47)x 10" 1.17+0.13
2.05 (2.15:0.007+0.12)x 10~ 30 (2.52+0.05+0.24)x 10~ 1.17+0.13
2.24 (9.37-0.04+0.73)x 10" 3! (1.11+0.03 £ 0.09)x 10~ % 1.18+0.13
2.42 (4.16-0.02+0.35)x 10~ 3! (5.34+0.20 = 0.35)x 10~ 3 1.28+0.14
2.60 (1.96:0.015¢0.12)x 10~ 3¢ (2.51+0.14+0.12)x 10" 3L 1.32+0.13
2.78 (8.92£0.10+0.59)x 10" *2 (1.17 £0.10 =0.12)x 10" 31 1.31+0.16
2.97 (4.02-0.06+0.23)x 10" %2 (3.90 £0.47 +0.23)x 10" 32 0.97+0.14
3.16 (1.89-0.04+0.12)x 10" %2 (2.12+0.35+0.12)x 10" %2 1.12+0.21
3.35 (8.85-0.27+0.59)x 10~ (8.38 +2.36 = 0.59)x 10~ 3 0.95+0.28
3.55 (4.04+0.18 +0.35)x 10"
3.74 (1.90+0.12 +0.12)x 103
3.93 (9.86+0.88 +1.08)x 103
4.12 (4.96+0.49 +0.59)x 103
4.31 (2.62+0.36 +0.36)x 10" 34
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TABLE Il. Combination of CEMC, beam, and snake states cor-
responding to the normalized sum$ andn™.

TABLE Ill. Asymmetries (1) in the pure inclusive reaction
pt+p—=°+X and (2) in the semi-inclusive reaction
pl+p—=°+X when at least one associated charged particle is

CEMC Part of Snake status, produced at (188 30)° relative to ther’. The details of an esti-
the beam corresponding to mate of statistical and systematic errors are in the text.
n’ n pr (GeVie) &Y @

1 Right 1 2 An (%) An (%)
1 Left 2 1 1.09 ~0.8+0.4+0.4 ~1.7+1.6+1.4
2 Right 2 1 1.29 ~0.7+0.5x0.4 ~0.3+1.6+1.4
2 Left 1 2 1.48 0.7:0.5:0.5 2.1:1.5+1.3

1.67 1.0:0.6£0.5 0.8-1.5+1.3
tive agreement with the results of other experim¢h®-19. 1.86 0.1-0.6=0.5 —12516=14
For comparison with our data in Fig. 3 the invariant cross20° —1.0+0.70.6 —20x17+15
section data from the NA24 experiment at CEIRN] are 0.6-0.9+0.8 —05+2.1+1.9
also shown. The NA24 data cover a gregierrange, up to 16-1.2+11 2.4£2.8+2.4
6 GeV/c, and from that a clear change in the experimental-60 1.0-1.7+1.5 —2.9+3.8+33
slope from 4 to about 8GeVlc) ! near p;=3.6 GeVk  2:82 —3.8£2.1*19 —9.8£4.7£4.2
can be observed. The proton data from the current experf-07 3.2:4.1+3.6 4.5-9.2+8.2
ment also indicate this behavior. Fitting the cross sectiors-26 —4.2£5.8x5.0 —16x13*11
values by a single exponential curee°PT over the range 3.49 1.1+7.2+6.3 —1x15+13
1.4<p;<4.4 GeVk, the slope parametdris (4.19-0.08) 3.78 —6x12+10
(GeVlc) ! with x?>=2.14 per degree of freedom. If two 4.12 4+14+13

separate exponential curves are fit to the data, then
=(4.3+0.1) (GeVl) ! in the region 1.4 p;<3.6 GeVE,
and (3.5:1.2) (GeVic) ! for 3.6<pr<4.4 GeVk, with  of inclusive #° production inpp interactions near 90°c.m.
x?=0.85 per degree of freedom for both parts of #e  are presented in Table Ill and Fig. 4. Those asymmetries
region. Both statistical and systematic errors added irproduced irpp interactions are given in Table IV and Fig. 5.
quadrature were taken into account. An updated analysis of the data was perfomed that
reconstructed the vertex for a fraction of the eve(ftsreca-
librated the energy scale of the CEMC using th& and

7n° masses(3) corrected the beam polarization decoding,
which previously influenced the selection of good events and

IV. SINGLE-SPIN ASYMMETRIES

The left-right asymmetnAy(py) for a given CEMC is
given by the expression

spin rotation states such that the final beam spin direction is
aligned vertically up or down, respectively. Th&(n™) val- -30
ues are normalized to the flux of particles passing through

~ 50 ¢
[n"(pr.@)—n"(pr.0)] i w0 E 0
= =A P 0Sp, 4 3 F ppoTX -
[n*(pr,@)+n"(pr,¢)] N(PT)Poearf0Sp @ < 20 & o
10 F ) -
wheren™ andn™ are the events with polarization and snake 0 ?"*""1'*4-!--5--{'--;--4'———+———+—————

[ ] I SR E N B AR R AT R R R

the target. The beam polarizatiéh,e,,,was about 0.46. 1 L5 2 25 3 35 4 45
A six-dimensional vector was accumulated for each event p(GeV/e)
to determine the single transverse spin asymmetries. This§ 50 ¢
matrix contained the transverse momentom the Feynman = ‘;2 c pp— ' charged X
variablexg; the azimuthal anglep; the snake state, which = 2 2 - )
describes the rotation of the spin; the CEMC that triggered 0 _ o = _ o . * _______________
the event; and the polarization state. Values were assigned _, £ AL R .
within this matrix according to a given snake state, polariza- 20 f - +
tion state, and the triggered CEMC. jg 3 L
Four sets of asymmetries were calculated with four inde- 55 Eoo oo vl
pendent combinations of calorimeter and beam polarization, ! 13 2 25 3 33 p;’(GeV/C‘;ﬁ

namely, CEMC1, CEMC2, and the positive and negative po-

larization parts of the beam. For each of these four methods,

two snake states were used to calcutateandn™ in Eq. (4), FIG. 4. The asymmetry paramet&f as a function ofp; at

and presented in Table II. The final results were obtained by_=0 (a) for the inclusive reactiop? + p— m°+ X and (b) for the
taking a weighted average of the four asymmetries with theisame reaction, but when at least one charged particle is also de-
errors. All four asymmetries are in good agreement with eaclected at an azimuthal angle within (18030)° relative to the
other, within the statistical errors. Single-spin asymmetriest®.
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_TABLE IV. Asymmetries (1) in the pure inclusive reaction errors. Over the whol@; region, the previous asymmetry
p T+p—7°+X and (2) in the semi-inclusive reaction [10] was consistent with zero with g of 3.0 per degree of
p T+p—m"+X when at least one associated charged particle ifreedom, and for the final asymmetry it has become 1.5.

detected at (186 30)° relative to ther®. The details of an esti- In the previous analysifl10], there was an error in the
mate of statistical and systematic errors are in the text. polarization decoding as noted above. For the “positive”
polarization part of the beai-0.35 to+0.65), the decoding
pr (GeVlc) ) 2 was performed correctly. For the “negative” polarization
Ay (%) Ay (%) part of the beam, polarization values betwee®.15 and
109 Lor15:14 40 24522 —0.45 were u:?‘ed instead of 0.35 to —0.65, and for
: S U “zero” polarization, —0.45 to —0.65 and—0.15 to +0.35
1.29 0.9-1.6-1.4 2.982.4+2.2 were used instead of 0.35 to +0.35. In addition, about
1.48 —26+x18+16 —3.1£2.8%25 30% of the runs were excluded based on a criterion that the
1.67 2.0:2.2+2.0 —4.7+3.6£3.3 zero-polarization daté‘false asymmetry’) for all pt bins in
1.86 —5.9+3.0+2.7 —3.1x5.0=45 the run should differ from zero by less than about three stan-
2.05 2.2:4.2+3.8 12-7+6 dard deviations. In the revised analysis a different philoso-
2.24 —7.9+6.3+55 2+9+8 phy was adopted and such a criterion was not used. Instead,
2.42 2.6-8.2+7.4 —2+14+13 the “false asymmetry” results were used to estimate the sys-
260 8+12+11 2+ 18+ 16 tematic error for eacp+ bin as described below. The “false
2.78 —50+17+15 — 50+ 28+ 25 asymmetries” were also gen.erally smaller after th_e correc-
310 33119417 —1+33+929 tion of the polarization decoding and the other two improve-

ments to the analysis. None of the improvements or changes
was found to be predominantly responsible for the difference

between 10] and the present results for the valueAgffor
reduced the overall final sample by 30%, dAtremoved a o fiver[‘;T gins abovg 3 Ge/ -

cut on Ay for the zero-polarization part of the beam, which The single transverse spin asymmetry could be suffi-
restored the 30% of the data, but then used these results ently determined by only one CEMC, one of the two po-
estimate systematic errors. In the<pr<3 GeVic region, |5 izeq portions of the beam, and the polarization reversal by
the current results_, agree_well with those given previously,q spin-rotation magnets. Two levels of redundancy were
[10], and are consistent with a zero value of the asymmetrygiyen by the parts of the beam polarized with opposite values
The statistics are large in this region, and the difference inhg the |eft-right symmetry in the detector. Consistency
the amount of data analyzed did not significantly mfluenceamong the four methods to calculate the asymmetry gave a
the asymmetry values. However, in thepr<4.6 GeVL  check of the instrumental errors specific to each method. The
region, where the number of events is much smaller and thgaistical errors from the “false” asymmetries, calculated
earlier asymmetry values deviated from zero by 2-3 stangom the consistency checks, were used as an estimate of the
dard deviations, all the analysis improvements mef‘t"?”e@ystematic errors of the single-spin asymmetry for each
above have changed the asymmetry values to zero within tr\goim_ The relative systematic error proportional to the

value was estimated to be 10% and was mainly due to the

100 - uncertainty in the beam polarization. No asymmetry was
E\; 80 F 0 found using events with an average beam polarization of
60 pPoOTX
< o E zero.
20 E I Semi-inclusive reactions with hard back-to-back produc-
0 :_"“'"’T"'"—!“"";'"f"‘f"""”: """"" tion of two hadrons are interesting since they represent the
f,z E - - + underlying parton kinematics in a more transparent way. In
60 E _ addition to the inclusive reactionpl+p— 7°+X, the
_1'33 T R T events were also selected that contained at least one charged
1125 15 175 2 225 25 275 3 325 35 particle having an azimuthal angle ¢f=(180=* 30)° rela-
p((Gevie) tive to the producedr° direction. The single-spin asymme-
~ 100 [ tries for inclusiverr® production with an associated charged
§2 ig 3 pp — ° charged X _ particle inpp interactions are given in Table Il and Fig. 4.
~ o E _ Those asymmetries producedpp interactions are given in
22 e w ,,;f__‘_____+__,-, __________ Table IV and Fig. 5. _
20 E TROw T + Several tests were performed to check the quality of the
40 E - data. One test investigated the possible appearance of bad
60 E + - events due to beam motion at the beginning of the spill. By
_1'33 ST T T T T TR TR P eliminating the first 50 events of the spill, corresponding to
$o1» 15 175 2 225 25 275 3 » ,(iGZeSV/c3)'5 removing 25% of all data events, asymmetries were again

calculated. Removing these events did not significantly alter
the asymmetry.

FIG. 5. The asymmetry parametd, as a function ofp; at In the analysis, the pseudorapiditywas used instead of
xz=0 (a) for the inclusive reactiop! +p— #°+X and(b) for the ~ the Feynman variable:, and a|»|<0.4 region was inte-
same reaction, but when at least one charged particle is also dgrated rather than jxg|<0.15 region. These differences did
tected at an azimuthal angle (18030)° relative to ther®. not affect the result.
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V. DISCUSSION No significant difference in the asymmetry was observed
when selected events were chosen with at least one addi-
tional charged particle, produced at (18030)° relative to

the 0 direction. By investigating this reaction with the cri-
sive pion production with initial energies from 13 to teri_a chosen above, the fraction of_ hard parton-parton inter-
40 GeV atxg=0 andp;<3 GeVi/c, using transversely po- actions could be en_hanced. For this reaction, the asymmetry
larized proton beams or targets. The Brookhaven experimeftould not be as diluted by soft processes. The observed
[1] had studiedr* production at 13.3 and 18.5 GeV. The @Symmetry was also consistent with zero.

CERN-PS[2] and Serpukhoy3] experiments had measured ~ The amount of data for studyingp interactions was an

m° production by 24-GeV protons and 40-GeV negativeorder of magnitude less than that fpp interactions. The
pions, respectively. In all these experiments the asymmetriedsymmetry is equal to zero within the statistical accuracy for
were small at lowp; and then rose to relatively large posi- the 1<p;<3 GeV/c region.

tive values. A positive sign oAy corresponds to a larger The observations of a small or zero asymmetry at large
production cross section to the beam Ilgfeam right when  p; agree with the recent calculation of a twist-3 effg@t.

the beam(targe} proton spin is aligned vertically upward. The higher-twist contribution to the single-spin effectzifi

The similarity betweens™ and ° production asymmetries production atx-=0 is not large. It also agrees with the
may be expected considering that both involve valencenodel of an orbiting valence quark around a polarization
U.'quark Scattering. Observatiofﬁ,Z(ﬂ showed that at en?r- axis that produces a zero asymmetry Va|ue(’ﬁt: 0, but a
gies from 13.3 to 40 Gey, the rise &fy(pt) to large posi- _large asymmetry at large- values[25).

tive values occurred at fixed values of the transverse scaling Tnere is a QCD-based hard-scattering md@é] which

varlable,foO.4o. This particulay value was interpreted ¢4 jead to single-spin asymmetries if one takes into account
[3] as a pointx; where the relative phase of two helicity {he transverse momenta of the constituents in a polarized
amplitudes goes to zero, and perhaps changes sign. Thioton | In contrast with PQCD, an asymmetry in this model
seems to be clearly supported by the experimental data in th,es not depend on the small parameters like the quark mass
beam momentum range from 13 to 40 Gev/ and the strong coupling constant, but is proportional to the

haénbzgwibpsoelm{z;iu—)g qmbz?\?\,lg:?:r;tﬁéna gt;?r:g( C:r:[aeriﬁgfﬁverage value of the transverse momentum of the constitu-
9 P ents. In thep region greater than 3 Gebur experimental

slope in the cross sect|on.data and some change in the asyiita on asymmetry are qualitively consistent with the predic-
metry. For example, previous measurements of the polarlzah-Ons of the model

tion parameter in an exclusive charge-exchange reaction . .
P 9 9 ' In the model for inclusive processes based onlhma-

7 +pl—a’+n, or in the production of 7(550), o : : -
S . X trix, it is predicted that the single-spin asymmetry decreases
g)r(e7:k3)ﬁ ?g;(227g%£52?2|56 eé(rgf{thg"j-f?g:;ilﬁgfn;o%'ngfo?,whi'e the energy increasg27]. The expected value of the
: xp : P ' al product asymmetry in this model is at the level of a few percent at

Cross sections ne_zprT=3.6 GeVE, initially observed by the 200 GeV, which does not contradict the current data results.
NA24 group[18], is also suggested by the present measure-

ments, the asymmetmy(pt) may show a change around
this p; value. Such a change in the asymmetry is not pre-
cluded by the large error bars in Table Ill. By extrapolating
the x scaling observed at low energies to 200 GeVéne
would expect that the asymmetry should start to rise to posi-
tive values from zero somewhere ngar=4 GeV/c. We would like to acknowledge useful discussions of theo-
The asymmetry is observed to be zero for single-spin inretical issues with colleagues at our respective institutions.
clusive 7° production in pp interactions in the Xpr  We gratefully acknowledge the assistance of the staff of Fer-
<3 GeV/c region within a statistical accuracy up to 0.02. As milab and all the participating institutions. This work was
mentioned previously, in perturbative QCD single-spin transperformed at the Fermi National Accelerator Laboratory,
verse asymmetries are expected to be practically zero. Thighich is operated by University Research Associates, Inc.,
expectation in the £ p;<3 GeV/c region is confirmed by under Contract No. DE-AC02-76CH03000 with the U.S. De-
the data from this experiment, if perturbative Q@BQCD partment of Energy. This work was supported in part by the
is applicable to thesp; values at 200 GeV. At larggp, U.S. Department of Energy, Division of High Energy Phys-
the statistical errors grow from 0.05 pt~3.3 GeVt up to  ics, Contracts Nos. W-31-109-ENG-38, W-7405-ENG-36,
0.15 atpr~4.1 GeVk. After the more thorough data analy- and DE-AC02-76ER02289, DE-AS05-76ER05096. This re-
sis, including the correction of the error in the polarizationsearch was also supported by the Ministry of Russian Fed-
decoding, the present results are also consistent with zereration on Atomic Energy, the Ministry of Education, Sci-
The new data supercede the preliminary measurements givemce and Culture in Japan, the CommissaridtEaérgie
in [10], where several points differed from zero by 2—3 stan-Atomique and the Institut de Physigque Nucleaire et de Phy-
dard deviations abovp;=3 GeV/c. More precise data are sique des Particules in France, and the Istituto di Fisica
needed in the higlp region. Nucleare in Italy.

The present results for the one-spin asymmaggypr) in
70 production by polarized protons at 200 GeWan be
compared to the previous measurementé,efpr) in inclu-
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