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Single-Spin Asymmetries in Inclusive Charged Pion Production by Transversely
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The analyzing powerAN in inclusivep2 andp1 production has been measured with a 200 GeVyc
transversely polarized antiproton beam over a widexF range s0.2 # xF # 0.9d and at moderatepT

s0.2 # pT # 1.5 GeVycd. The asymmetryAN increases with increasingxF from zero to large positive
values forp2’s, and decreases from zero to large negative values forp1’s. A threshold for the onset of
the asymmetry is observed aboutpT , 0.5 GeVyc, below whichAN is essentially zero and above which
AN increases (decreases) withpT for p2’s (p1’s) in the coveredpT range. [S0031-9007(96)01209-4]

PACS numbers: 13.88.+e, 13.85.Ni, 14.40.Aq
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For the first time a high energy polarized antiprot
beam was obtained at Fermilab from the parity violat
decay of anti-L0 hyperons [1]. Inclusive reactions me
sured with this beam give insight into the spin depende
of the underlying partonic processes and add new in
regarding the debated question of the spin structure of
larized protons. The results from polarized lepton deep
elastic scattering [2] suggest that the overall contribut
of constituent quarks to the proton helicity is small, th
implying an appreciable contribution either of sea quar
or of gluons, or possibly of orbital angular momentum
the proton spin structure. Significant polarization effe
are known to exist at medium and high energies in me
and hyperon production with hadron beams [3]: Pions p
duced by polarized protons show large values of the a
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lyzing powerAN at highxF , and hyperons produced at hig
xF show large transverse polarization.AN in inclusive
pion production with polarized protons was also measu
at 200 GeVyc [4,5]: Thep6 asymmetry shows an almo
mirror symmetric dependence inxF , whereAN increases
with increasingxF to large positive values forp1 and de-
creases to large negative values forp2. More recently,
large negative values ofAN in inclusive L0 production
at 200 GeVyc and largexF have also been published [6
These effects appear already at relatively low values
the transverse momentumpT s pT , 1.0 GeVycd, where
perturbative QCD is not expected to be applicable. M
els were developed to explain and possibly correlate
spin observables in these processes using static SU(6)
functions and spin dependent asymmetries introduced
© 1996 The American Physical Society



VOLUME 77, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 23 SEPTEMBER1996

p
ib
n

o

qu

th

m
h

g
t

n

e

e
a

;
n
e

n
a
e
r
-
n

o
la
a
t
o
e
d
u
o
a

w
a
t
o
e
r

g
h
t
i
o

g
i-

t in
d

ble

th
ar-
he

le
t
e
am
he
ck
e

nd

le
ss

d
ng
:

rd
ed

)
t,

d
ts
in
l

to
s-
is
s,
tus
he
or
ge

ese
the quark and di-quark production and scattering am
tudes [7]. The features of the pion data are compat
with these models, based on the idea that leading vale
quarks remember their polarization in the parent prot
and consistent with the interpretation ofL0 polarization,
where quarks produced in fragmentation processes ac
a transverse polarization.

In this Letter we report on the measurement of
analyzing powerAN in inclusivep2 andp1 production,

p̄" 1p ! p2sp1d 1 X ,

using the 200 GeVyc Fermilab polarized antiproton bea
incident on a 1.0 meter long liquid hydrogen target. T
kinematic range covered is0.2 # xF # 0.9 and 0.2 #

pT # 1.5 GeVyc. AN measures the left-right scatterin
asymmetry with respect to the beam polarization direc
normal to the production plane, and positiveAN corre-
sponds to a larger cross section for particle productio
the beam left for beam polarization directed upward.

The polarized antiproton beam was obtained by sel
ing antiprotons from the weak decay of anti-L0 particles
produced in a primary target by the 800 GeVyc Tevatron
extracted proton beam. The design and performanc
the beam are described in Ref. [1]. Decay antiprotons
longitudinally polarized in the anti-L0 decay rest frame
those emitted near690± acquire a transverse polarizatio
of 764% when Lorentz boosted to the laboratory fram
The antiproton polarization, on average, was determi
by tagging the trajectory in the horizontal plane at
intermediate focus of the beam line, where the mom
tum was also measured. The tagged polarization inte
ranged from20.65 to 10.65, thus allowing the simulta
neous use of antiprotons of opposite polarization. Eve
with tagged polarization values from 0.35 to 0.65 (20.65
to 20.35) were used in theAN analysis and defined t
have positive (negative) polarization. The average po
ization was 0.45 for both signs with an estimated accur
of 60.03. A spin rotator consisting of 12 dipole magne
rotated the transverse beam polarization from the h
zontal to the vertical direction at the experimental targ
Typical beam intensities at the target were of the or
of 3 3 106 particles per 20 second Tevatron spill. Abo
17% were antiprotons, the rest were mainly pions fr
K0

S decays and muons, which were vetoed with two be
line Cherenkov threshold counters.

The pions produced at the target were measured
a large forward spectrometer described in Refs. [4]
[6]. The reconstruction of charged tracks produced at
target was done with two telescopes of multiwire prop
tional chamber modules, 5 upstream and 5 downstr
of a 3-Tm

R
Bdl dipole magnet, which was used fo

momentum measurement. Identification of the char
pions produced at the target was accomplished wit
25 meter long threshold Cherenkov counter, C1, loca
downstream of the analyzing magnet. C1 was filled w
helium gas, and its gas pressure was set so that it w
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count pions withPp $ 40 GeVyc sxF $ 0.2d but not
protons or kaons. Thep2 and p1 data were taken in
separate runs with inverted polarities of the analyzin
magnet. The trigger required antiproton beam defin
tion [1] and pion identification. A simple trigger using
three hodoscopes downstream of the analyzing magne
conjunction with fast programmable electronics selecte
events where the hodoscope hit patterns were compati
with at least one high momentumsP . 40 GeVycd tra-
jectory from the target. Charged pions were tagged wi
C1. Background events due to noninteracting beam p
ticles were reduced by using a beam veto located at t
downstream end of the spectrometer.

The reconstruction efficiency of the offline tracking
program was found to be better than 85% for a sing
track. The position resolution on the production poin
of a track in the target was better than 1 mm in th
transverse plane and a few centimeters along the be
axis. It was required that selected tracks matched t
beam track in the target volume within the measured tra
resolution and that they traversed the C1 fiducial volum
determined by its mirrors. These selections were fou
to be independent of the kinematical variablesxF andpT .
The background due to misidentified particles and partic
production other than at the target was found to be le
than 5% in the selected sample.

The analyzing powerAN was determined from the
measured yields of pions produced in a well define
azimuthal angular interval around the beam axis usi
vertically polarized antiprotons of both polarization signs

AN ­
1

PBkcosfl
N" 2N#

N" 1N#
.

PB is the beam polarization, andf is the azimuthal
angle between the beam polarization axis directed upwa
and the normal to the production plane. The select
azimuthal angular interval was645± from the horizontal
plane to the beam right, givingkcosfl ø 20.90. N" sN#d
is the number of pions produced for positive (negative
spin orientation of the beam antiprotons at the targe
normalized to the corresponding beam flux.N" was
obtained by combining events having positive tagge
polarization and negative spin rotator polarity with even
having negative tagged polarization and positive sp
rotator polarity. N# was obtained from events with equa
tagged polarization sign and spin rotator polarity.

A number of consistency checks were performed
establish that the asymmetry results were free of sy
tematic effects. This asymmetry, to a good accuracy,
independent of detection and reconstruction efficiencie
since pion yields were measured with the same appara
and both polarizations simultaneously. We evaluated t
falseasymmetries by averaging over opposite spin rotat
states or over both tagged polarization signs. The avera
beam polarization was zero for these sets of events. Th
asymmetries were found to be consistent with zero (false
2627
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TABLE I. AN data for p̄" 1p ! p2 1 X and p̄" 1p !
p1 1 X as a function ofxF . The reported errors are statistic
(first error) and systematic (second error).

xF AN % kpT sGeVycdl No. of events

p̄" 1p ! p2 1 X
0.2 0.3 1.1 6 2.6 6 0.1 0.38 9386
0.3 0.4 1.4 6 2.0 6 0.1 0.48 14 707
0.4 0.5 5.3 6 2.2 6 0.4 0.51 11 688
0.5 0.7 11.9 6 2.5 6 1.0 0.61 9466
0.7 0.9 21.8 6 6.7 6 1.8 0.81 1267

p̄" 1p ! p1 1 X
0.2 0.3 2.0 6 2.6 6 0.2 0.38 8851
0.3 0.4 1.1 6 2.2 6 0.1 0.46 12 167
0.4 0.5 26.1 6 2.7 6 0.5 0.55 8339
0.5 0.7 214.8 6 3.3 6 1.2 0.66 5264
0.7 0.9 234 6 11 6 3 0.82 439

AN ­ 20.009 6 0.012 for p2 data and10.003 6 0.014
for p1 data), thus indicating no bias in the determin
tion of AN . A systematic uncertainty is introduced in th
asymmetry results by the precision on the beam po
ization sDPByPB ­ 0.067d, the antiproton beam contam
nation s,2%d, and the background in the data samp
s,5%d. We estimated the upper limit of this error t
be dA

sys
N # 0.085AN for eachxF and/or pT data point,

which is considerably smaller compared to the statisti
uncertainties.

The analyzing powerAN is given in Table I and shown
in Fig. 1 as a function ofxF for thep2 andp1 data over
a pT range of 0.2–1.5 GeVyc. The data exhibit an almos
mirror symmetric dependence inxF in which the magni-
tude ofAN increases for bothp2 andp1 mesons with in-
creasingxF , but the sign ofAN is positive for thep2 data
and negative forp1 data. Figure 2 and Table II show
the same asymmetry as a function ofpT averaged over
the xF interval of 0.2–0.9. These data show a thres
old effect aboutpT , 0.5 GeVyc, above whichAN in-
creases in magnitude for bothp2’s andp1’s (see Fig. 3,
pT $ 0.5 GeVyc), and below thispT value,AN is signif-
icantly smaller and compatible with zero.

FIG. 1. AN data as a function ofxF for p2 (full circles) and
p1 (open squares) integrated overpT . For clarity the first two
p2 sp1d data points are offset by20.01 s10.01d units in xF .
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FIG. 2. AN data as a function ofpT for p2 (full circles)
and p1 (open squares) in thexF range of 0.2–0.9. For
clarity, the first twop2 sp1d data points are offset by20.02
s10.02d GeVyc.

Large values ofAN have been observed in inclusiv
pion production experiments with polarized proton bea
by E704 [4] and previous experiments at lower energ
[8]. The AN results for charged pions presented in th
work are compared in Fig. 3 withp0 data obtained
with the same polarized antiproton beam [5] over t
overlappingpT range. Forp0 data, AN has the same
sign as for p2 data and is about half as large. I
p̄" 1p ! p1 1 X, AN appears to be similar to that in
p" 1p ! p2 1 X, while, for p̄" 1p ! p2 1 X, AN

is slightly smaller compared top" 1p ! p1 1 X data
in the same kinematical region.

In summary, the analyzing power forp2 production
increases from 0 to about10.25 with increasingxF above
pT , 0.5 GeVyc while, for p1 production,AN decreases
from 0 to about20.35 with increasingxF above the
samepT . It appears thatAN depends primarily onxF ,
and reaches large values above apT threshold of about
0.5 GeVyc.

These results could be explained qualitatively as an
fect similar to that proposed to explain the hyperon pol
ization [7], in whichqq̄ pairs produced in fragmentatio

TABLE II. AN data for p̄" 1p ! p2 1 X and p̄" 1p !
p1 1 X as a function ofpT . The reported errors are statist
cal (first error) and systematic (second error).

pT sGeVycd AN (%) kxFl No. of events

p̄" 1p ! p2 1 X
0.2 0.35 0.2 6 2.0 6 0.1 0.35 14 279
0.35 0.5 0.4 6 2.0 6 0.1 0.39 14 047
0.5 0.7 8.4 6 2.3 6 0.7 0.44 11 630
0.7 1.0 18.5 6 3.1 6 1.5 0.50 6123
1.0 1.5 23.5 6 7.1 6 2.0 0.59 1203

p̄" 1p ! p1 1 X
0.2 0.35 3.4 6 2.3 6 0.3 0.32 10 465
0.35 0.5 1.0 6 2.3 6 0.1 0.36 10 676
0.5 0.7 26.3 6 2.6 6 0.5 0.41 9101
0.7 1.0 218.8 6 3.6 6 1.5 0.47 4672
1.0 1.5 227.2 6 8.0 6 2.3 0.55 953
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FIG. 3. AN data as a function ofxF for p2 and p1 for
pT $ 0.5 GeVyc. AN data for p0 in a similar pT range are
also shown [5]. The firstp2 andp1 data points are offset b
20.01 and10.01 xF units, respectively.

processes become transversally polarized, and, at largxF ,
the transverse spin of the (anti)protons is correlated to
(anti)quark constituents. To produce a spin-zero me
the polarizedsqdq̄ will couple with the spectator (anti)up
or (anti)downquark from the polarized (anti)proton bea
only in an antiparallel configuration. The reflected sign
p2’s with respect top1’s (and between̄p andp beams)
might originate from the fact that the up (anti)quark sp
is almost fully aligned with that of the (anti)proton forxF

approaching one, whereas that of the down (anti)quar
oppositely aligned. Recent models based on nonpe
bative approaches, such as asoft p exchange mechanism
[9], or resonance-decay interference between real and
tual channels [10], or rotating constituents in the polariz
(anti)proton [11], appear to be in good qualitative agr
ment with the features of the data on the pion prod
tion asymmetry measured with both polarized protons
antiprotons.
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