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Single-Spin Asymmetry in Inclusive Reactions p 1+p = x + +X, x +X,
and p+X at 13.3 and 18.5 GeV/c
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Data are presented for the left-right asymmetry in inclusive production of x, x, and p with proton
beams (polarized normal to the scattering plane) of 13.3 and 18.5 GeV/c incident on a liquid-H2 target.
At both energies the asymmetry in n+ production grows steadily to about 25% near the kinematic limit,
whereas the x and p asymmetries are consistent with zero over the measured range of p&, 1.1-2.2
GeV/c.

PACS numbers: 13.85.Ni, 13.88.+e

Large spin effects increasing with transverse momenta

(p, ) are common, albeit unexpected and unexplained,
phenomena. A large asymmetry was observed for in-

clusive tr production at CERN (Ref. 1) and Serpukov
using an unpolarized beam on a polarized proton target
for p, up to 3.0 GeV/c. Large hyperon polarization at
high energy is the basis of new precise measurements of
hyperon and magnetic moments. The availability
of the Brookhaven Alternating Gradient Synchrotron
(AGS) polarized proton beam made possible a search for
other inclusive spin effects without the requirement of a
large polarized-target correction to the data. Inclusive
studies are particularly interesting as they relate to the
parton model, where high-p& pion production in proton-
proton interactions may come about through collisions of
hard valence partons. The asymmetry of inclusives may
reflect the spin dependence of the parton subprocesses as
well as the spin content of the protons.

The measurement of the left-right asymmetry in in-

clusively produced hadrons has been carried out since the
first appearance of transversed polarized proton beams at
the Argonne 12 Gev Zero Gradient Synchrotron (ZGS)
in 1975, and more recently with polarized beams at the
AGS and Fermilab. Most of the measurements to
date have been done at transverse momenta below 1.0
GeV/c. The exceptions have been the two n asym-
metry experiments ' and an AGS experiment which
Probed asymmetries for Ksq, A, and Z (Ref. 9) Pro-
duction for p, ( 1.6 GeV/c.

The experiment which is presented here extends the
charged-pion and proton data to higher p, with sufticient
statistics to map the behavior of the asymmetry over a
large range of p, and xf at two energies.

The data were taken during a run of the polarized pro-
ton beam at the Brookhaven AGS, using an apparatus
located in the C1 beam line. The beam intensity and po-
larization were stable at both energies, yielding approxi-
mately 10 protons per pulse on target and polarization
in the range Pg 0.45-0.60. Beam polarization moni-
toring involved a combination of devices. A "Ash-line"
polarimeter' internal to the synchrotron periodically
measured the polarization of the beam prior to extrac-
tion. Our experiment included a pair of two-arm non-
magnetic polarimeters measuring the analyzing power
A„ in pp elastic scattering near t = —0.3 (GeV/c),
where it is locally maximum. It accumulated events giv-
ing hPq = + 0.15 each hour. The experiment running
concurrently in the D line, ' operated a two-arm mag-
netic polarimeter which accumulated statistics more rap-
idly. After a 5% correction for differences in depolariz-
ing effects in the C1 and D beamlines, ' ' these polarime-
ters give consistent measurements of polarization. We
have chosen to use the higher-statistics D-line measure-
ments to determine analyzing power throughout this
analysis.

The experimental apparatus differed little from that
used in other unpolarized two-body exclusive scattering
experiments near 90 c.m. done by our group. ' A verti-
cal bend magnetic spectrometer measured the product
particle of the inclusive reaction in the horizontal plane.
The spectrometer consisted of a 48D48 magnet preceded
and followed by proportional and drift chambers for
tracking and scintillation hodoscopes for triggering. Two
Cherenkov counters following the magnet were both set
for pion identification (y,h„,h, ~d =21.0). The trigger in-
cluded logic matrices on scintillator and drift-chamber
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elements in the bend direction to select particles above a
minimum momentum. The acceptance in azimuth (vert-
ical) was ~ 3.5, the horizontal ~ 2.5, and the target
was a meter of liquid hydrogen.

Data for positive and negative particles were collected
separately by reversing the polarity of the analyzing
magnet. The asymmetry parameter measured in this ex-
periment is defined as follows:

A„(1 /Pa ) (N„—Nd )/(N„+ Nd ),

20-

(P jr)c 1 3 30 GeY/c)

pfp —n' X

(Pine = 1 8.50 GeY/c)

pf p —71+x

where N„and Nd are the normalized number of particles
that scatter to the left looking downstream, with the
beam polarized up and down, respectively, and P~ repre-
sents the average beam polarization. Acceptance and
beam-flux factors cancel in the ratio if the beam polar-
ization remains stable. The AGS polarization was re-
versed from up to down alternately on successive spills,
so that "left" and "right" data are acquired in the same
apparatus, which is stationary to one side of the beam.
Since there are intensity variations, the beam monitors
summed the relative up and down fluxes on a spill-by-

spill basis and were used to normalize the up and down

counts.
Our primary beam-flux monitors included (1) a gas

ionization chamber upstream of the target and (2) the
rate of primary event triggers, a fourfold coincidence of
the spectrometer hodoscope planes with no trigger ma-
trix (momentum) requirement. The latter was experi-
ment-dead-time gated, and was not prone to saturate. It
operated on the assumption that the bulk of event

triggers are low-p, inclusive at low xf of various particle
types, and have no net asymmetry. This assumption, and
the consistency of the monitors, was checked by compar-
ing (1) and (2), which showed agreement in the up-to-
down ratio of 0.3%. An absolute calibration of the moni-

tors and acceptance, necessary to obtain cross sections,
was uncertain to a factor of 2.

The data for all reactions and both energies are
displayed in Fig. 1 as a function of p, . Errors sho~n are
statistical, including the small errors from the measure-
ment of beam polarization. Absolute errors on the polar-
imeter calibration, not shown in the figure, are + 0.056
at 13.3 GeV/c and +'0.077 at 18.5 GeV/c. ' The z+
asymmetry at 13.3 GeV/c is sizable, with a linear growth
from zero near p, of 1.0 to approximately 25% at the
highest transverse momentum. The behavior at 18.5
GeV/c is similar. The ~ and p inclusives show little or
no asymmetry at similar kinematic settings. It should be
noted that since no Cherenkov identification of kaons
was performed, the p inclusive data are likely to contain
a 3% to 8% kaon contamination. The removal of this
contamination would probably not change the conclusion
that the asymmetry is zero.

The dependence of the x+ asymmetry on xf, the longi-
tudinal momentum fraction, and on x, p, /(s/4) ' are
explored in Fig. 2. In Fig. 2(a) the data were divided
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FIG. 1. The asymmetry, or analyzing power, A, (1/Pe)
x (N„Nd )/(N„+ —Nd ), for three inclusive reactions (x+,

,p), at two incident momenta (p;„, 13.3 and 18.5 GeV/c)
as a function of transverse momentum (pr). N, (Na) are the
number of x+, x, or p scattering to the left looking down-

stream, with the incident proton polarized up (down).

into narrow strips in xf and plotted in overlay as a func-
tion of p, . The asymmetry appears to be independent of
xf in this kinematic region. Figure 2(b) shows that the
asymmetry is primarily a function of x& for the combined
13.3- and 18.5-GeV/c data.

Figure 3 displays our z+ asymmetry data at 13.3
GeV/c in the context of previous measurements. Includ-
ed are results from an earlier ZGS experiment, and an

AGS experiment which ran concurrently with ours. '

This diplot in xf and x, suggests differences in the the-
oretical explanations for low- and high-p, behavior. For
example, Dragoset et al. explain the data in the region
below p, =1.0 (x, =0.3) in terms of u channel baryon
exchange, which can account for the change of sign
about x, =0.2. Above x, 0.3, the data have a tendency
to reach a maximum value at high xf or high

x„ in the vicinity of the elastic limit. The kinematic
boundary, x, = (x, +xj) '/ =1, is indicated in the figure.
The data suggest that the relevant kinematic variable for
large-angle inclusive asymmetry (empirically, for
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FIG. 2. The asymmetry A„, as defined in Fig. I, for the inclusive production of r . The left-hand plot divides the 13.3-GeV/c
data into regions of xf to illustrate that in this data set A is independent of xf. The right-hand plot shows that, for the two incident
momenta measured, x, acts as a scaling variable for 8„.
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~n as defined in Fig. 1, is shown as a function of x,
and xf, along with data from previous measurements. The
curve x, 1 is indicated. Columns with solid tops are the
current data set, x tops are from Ref. 13, and blank tops are
from Ref. 5. Statistical errors in all data sets are similar, and
no error brackets have been indicated. (Figure 2 displays these
errors for the current experiment. ) This plot shows that the
behavior of A, is quite regular, and approaches the largest
values as x, approaches the elastic limit, excluding x& & 0.3.

x, & 0.3) may be x„although more data would be need-
ed to establish this dependence.

Large-xf hyperon data for p, in the range 1-2 GeV/c
have been interpreted in the context of a parton frag-
mentation and recombination model. ' Within this mod-

el asymmetry for meson production derives from the
recombination of a polarized valence quark from the po-
larized proton with a polarized sea antiquark. The anti-
quark polarization is presumed to result from the same
mechanism that polarizes hyperons in production. This
parton recombination model predicts analyzing power
(A„), polarization, and spin transfer for many processes,
based on two parameters which represent spin-orbit cou-
plings for slow sea partons and fast valence partons.
Values for these parameters are obtained from
data. They lead to a prediction of A„(x+) 0.38 and
A„(z ) —0.13 at large xf. It is assumed in the mod-
el that the spin of the proton is carried by the valence
quarks according to the proton SU(6) wave function.
The model has been generally successful.

The apparent x, dependence of the x+ data, the large
eff'ect for z at small xf, and the small z result lead us
to speculate whether the parton recombination model
might be generalized. If the pion is produced from the
hadronization of a single leading quark scattered from
the beam proton, then large x, corresponds to a quark
with a large fraction of the beam momentum or the
large-x part of the proton structure function. The
difference, then, between n+ and z asymmetries may
derive from a difference in the spin information carried
by the u and d quarks in the polarized proton. Deep-
inelastic scattering experiments show that the longitudi-
nal component of proton spins is, at large x, carried
predominantly by the u quark. ' Sum rules link this
large-x longitudinal spin dependence to large transverse
u quark asymmetry at large X. '

To produce an asymmetry in production, the reaction
dynamics must be sensitive to the spin direction of the
valence quark in the produced meson. In the parton
recombination model the mechanism for this is related to
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the observed large hyperon polarization in inclusive pro-
duction. Here, we rely on semiclassical models of in-

clusive hyperon polarization. ' ' ' Both the Lund flux-

tube model' and the Thomas precession model' pro-
duce polarized A hyperons through the acceleration of s
quarks from the sea. With either model, u or d quarks
accelerated from the sea would also be polarized, in the
same direction as s quarks. This direction is —j, where

y bx A (b denotes the direction of the beam). To pro-
duce a x+ meson, then, the valence u quark from the po-
larized proton combines with a d quark from the sea.
The d spin must be opposite to the u-quark spin to pro-
duce the z+, resulting in a positive z+ asymmetry for a
negative d polarization.

It may be possible, then, to relate three phenomena:
the inclusive left-right asymmetry of hadrons produced

by polarized protons, deep-inelastic scattering from po-
larized protons at high x, and inclusive hyperon polariza-
tion. Clearly, more data to establish x, scaling are re-

quired, as well as asymmetry measurements for other
mesons. Observed x asymmetry is large and the same
sign as the n+ result. ' Although EC

—asymmetries have

only been measured at low p„Kp asymmetry is nega-
tive as expected by the model. Our inclusive proton
asymmetry was small, as were measurements at lower p,
at Fermilab. A asymmetry (A„) is small as expected,
and the model was extended by allowing a spin-flip term
to fit Z data.

Our results may be summarized as follows. The x
and p asymmetries are small or zero. The n+ asyrn-

metry is large. Its energy dependence scales with x, and

grows from zero at low x, to about 25%-30% as x, ap-
proaches 1. The asymmetries in this kinematic region
show no xf dependence, and, in light of inclusive data
from various experiments, we suggest that the relevant
kinematic variable may be x, and that the asymmetry
grows with x, . We believe that the regularities of these
data, and those from other spin experiments, suggest
that simple descriptions involving valence-quark scatter-
ing and recombination processes may be successful, and
could lead eventually to an improved understanding of
the large spin effects observed in hard scattering. In par-
ticular, the difference between x+ and n asymmetries

may derive from a diA'erence in the spin information car-
ried by the u and d quarks in the proton at large x.
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