g% Fermi National Accelerator Laboratory

FERMILAB-Pub-91/14-E
[E-581/E-704]

High-x, Single-Spin Asymmetry in n° and n Production
at xr = 0 by 200-GeV Polarized Antiprotons and Protons *

The E-581/E-704 Collaboration

Fermi National Accelerator Laboratory
P.O. Box 500
Batavia, Illinois 60510

January 7, 1991

* Submitted to Phys. Rev. Lett.

# Operated by Universities Research Association Inc. under contract with the United States Department of Energy



High-x; Single-Spin Asymmetry in #®° and M Production
at xp = 0 by 200-GeV Polarized Antiprotons and Protons¥*

D.L.Adams!8, N.Akchurinf, N.1.Belikov?, 1.Bystricky?2, M.D.Corcoranl8,
1.D.Cossairt3,).Cranshaw18 A A Derevschikov3, H.En'yo8, H.Funahashi8, Y.Goto3,
0.A.GrachovS, D.P.Grosnick!, D.A.Hilll, K.Imai8, Y.liow8, K.Iwatani?,
K.W.Krueger!4, K.Kuroda!!,M.Laghail, F.Lchar?, A.de Lesquen?, D.Lopiano!,
F.C.Luehringl5(a), T.Maki?, S.Makino8, A.Masaike®, Yu.A.Matulenko3,
A.P.Meschanin3, A Michalowicz!l, D.H.Millerl5, K.Miyake8, T.Nagamine8(b),
F.Nessi-Tedaldil8(¢), M.Nessil8(¢), C.Nguyenl8, S§.B.Nurushev3, Y.Ohashil,
Y.Onel®, D.LPatalakha®, G.Pauletta20, A.Penzo!?, A.L.Read3, J1.B.Robers!$,
L.van Rossum!.3, V.L.Rykov3, N.Saito8, G.Salvato!3, P.Schiavon!9, J.Skeens!$,
V.L.Solovyanov3, H.Spinkal, R.Takashima%, F.Takeutchil®, N.Tamural$,
N.Tanakal2,D.G.Underwood!,A.N.Vasiliev3,A.Villari!3,J.L.White18,5 Yamashita$,
A.Yokosawal, T.Yoshidal?, A.Zaneuil9.

{ The FNAL ES581/704 Collaboration )

1 Argonne National Laboratory, Argonne, Illinois 60439, USA;
2 CEN-Saclay, F-91191 Gif-sur-Yvette, France;
3 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA;
4 Hiroshima University, Higashi-Hiroshima 724, Japan;
3 Institute of High Energy Physics, Serpukhov, USSR;
6 Department of Physics, University of Iowa, Towa City, lowa 52242, USA;
7 University of Occupational and Environmental Health, Kita-Kyushu 807, Japan;
8 Department of Physics, Kyoto University, Kyoto 606, Japan;
9Kyo{o University of Education, Kyoto 612, Japan;
10 Kyoto-Sangyo University, Kyoto 612, Japan;
11 Laboratoire de Physique des Particules, BP 909, F-74017 Annecy-le-Vieux, France;
12 1os Alamos National Laboratory, Los Alamos, New Mexico 87545, USA;
13 Dipartimento di Fisica, University of Messina, 1-98100, Messina, lialy;
14 Northeastern State University, Talequah, Oklahoma 74464, USA:
15 Physics Department, Northwestern University, Evanston, Illinois 60201,USA:
16 Okayama University, Okayama 700, Japan;
17 Osaka City University, Osaka 558, Japan;
18 T.W.Bonner Nuclear Laboratory, Rice University, Houston, Texas 77251, USA;
19 Dipartimento di Fisica, University of Trieste, 1-34100,Trieste, Italy;
20University of Udine, 1-33100 Udine, UD, Haly,

(a) Present address: Indiana University, Bloomington, IN 47405, USA.
(b) Stanford Linear Accelerator Center, Stanford, CA 94305, USA.
(c) CERN, CH-1211 Geneva 23, Switzerland.



Abstract

The single-spin asymmetry AN in inclusive =@ production at xg = 0 by
200-GeV transversely-polarized protons on a liquid hydrogen target shows the
transition of the production process from a "low-xi" regime with AN = 0 to a
"high-x¢" regime with AN > 0.3. The transition, with an intermediate region of
negative asymmetry, occurs at xt = 0.4 and is consistent with x¢-scaling of Ay
in pion production with polarized beams or targets from s1/2 = 52 10 19.4 GeV.
We also present results for AN in m production and in 0 production by

antiprotons.

We have measured the single-spin asymmetry Ay, the left-right
asymmetry of the production cross sections, in inclusive n© and n production at
‘XF = 0 by 200-GeV vertically-polarized protons and antiprotons incident on a
liquid hydrogen target. The measurements were carried out in the Fermilab
polarized proton (antiproton) beam! arising from lambda (antilambda) decays.
The incident beam and the 100-cm liquid hydrogen target were the same as
used for the measurements of Refs. 2 and 3.

Photons from the decay of ncutral mesons produced in the target are
detected in the "Central Electromagnetic Calorimeters” CEMC-1 and CEMC-2,
shown in Fig.1, located symmetrically to the left and to the right of the beam
axis at 10 m from the target. Each calorimeter is comprised of 3504 lead-glass
counters in an array of 21 columns by 24 rows. The dimensions of each lead-
glass block are 3.81 cm x 3.81 cm x 18 radiation lengths. Each array ‘covers
polar angles of (5.5 *+ 2.2)® in the laboratory frame, where 5.5° corresponds to
909 in the CM., and azimuthal angles of +25° with respect to the horizontal
plane containing the beam axis. Details on the CEMC detectors and on the
"high-p(" =@ event triggers are given in Ref. 4.

A total of 2 x 107 events was recorded with incident protons. The
fraction of empty target background triggers was close to 10 %. A total of 2 x
106 events was recorded with incident antiprotons.

All combinations of photon pairs satisfying the following conditions

were selected as n© orn candidates:



(1) The energy asymmetry IE] - El / (E] + E2) between the iwo shower was
less than 0.8 for w9 and less than 0.6 for Ms;

(2) Both photons were contained within a distance of more than one counter
width from the edge of the calorimeter;

(3) The two-photon invariant mass was between 80 and 200 MeV/c2 for zOs

and between 500 and 700 MeV/c? for ns;

(4) The transverse momentum p; of the n® or n was 0.3 GeV/c above the
trigger threshold (to avoid trigger bias);
(3) The xg value was between -0.1 and 0.1.

The analysis yielded 930,000 = events and 10,600 n events satisfying
these conditions, produced by beam protons tagged with average polari-
zations®6 of +45 % or -45 %, and an approximately equal number produced by
protons tagged with average poiarization of zero. The analysis of the events
produced by polarized antiprotons yielded 170,000 =Os.

The two-photon invariant-mass distributions for 7m9s produced by
protons, given in Fig.2(a), and by antiprotons, in Fig.2(b), show that the mass
resolution is £5% as expected from the calibration with 30 GeV positrons. The
background under the m® peaks decreases from 15 % at low Pt 10 5 % at higher
pt- The n peaks in the two-photon invariant-mass distributions are shown .in
Fig.2(c). The mass distributions from CEMC1 and CEMC2 are identical,
demonstrating that the absolute calibrations and the energy resolutions were
the same for the two detectors.

In principle, one of the CEMC detectors, one of the two polarized parts of
the beam, and polarization reversal by the spin-rotating magnets in the beam
line are sufficient to determine the asymmetries. The two parts of the beam
with opposite polarizations and the left-right symmetric detector apparatus
represent  two levels of redundancy. Consistency among the four possible
methods to calculate the asymmetry provides a check of instrumental errors
specific to each method. Furthermore, we calculate the false asymmetry for.
the events tagged with average beam polarization of zero as described in Ref.
2. Possible false asymmetries are estimated to be less than AAN = 003 at the
largest p¢ values and less than AApN = 0.0] at pp < 3 GeV/c. The relative
systematic error proportional to AN is estimated to be 10 % and is due
principally to the uncertainty in the beam polarization. A small contribution

comes from possible errors in subtracting the background in the two-photon



invariant-mass distributions, duc to uncorrelated photon pairs and neutral
mesons produced outside the target volume.

The results for AN as a function of py in #¢ production by protons are
presented in Table I and Fig.3(a). Only the statistical errors are shown. The
"false asymmetry” shown in Fig.3(b) is representative of the systematic errors.

The results for AN are consistent with zero up to p; = 3.1 GeV/e. In the Pt
interval from 3.1 to 3.8 GeV/c, the values are negative, with Ay = -0.13 + 0.03.
At py > 3.8 GeV/c, we observe a large positive asymmetry of Any = 0.37 £ 0.09. At
the highest p; values attained in this experiment, protons polarized vertically-
upward produce more than twice as many n©s to the left as to the right. The
transition from the low-p; regime with zero asymmetry to a different regime
with large positive asymmetry involves an intermediate region with a
negative asymmetry.

The possible origin of single-spin asymmetries in pion production has
been discussed in a variety of theoretical approaches and a recent review is
given in Ref. 7. In Ref. 8, the effect has been interpreted as a manifestation of
the gluon polarization. In Ref. 9, a prediction using a Lund-type model states
that the asymmetry at large p¢ should be proportional to the slope of the
inclusive differential cross section as a function of py. According to Ref. 10, an
asymmetry in the transverse-momentum distributions, due -to orbital angular
momentum of the constituents in a polarized proton, is the possible origin of
the single-spin asymmetries AN. An alternate suggestion in Ref. 11 invokes
transverse forces that are generated when rotating color charges in the
spinning proton interact with the gluon field of the target. As yet, no
cxplanation has been formulated for the pi-dependence of Ap at pt > 3 GeV/c
observed in the present experiment.

The data for AN in n® production by polarized antiprotons are given in
Table II and Fig.4(a). Small asymmetries are found in the "low p¢" region, with
an indication for a possible negative asymmetry in.the transition region.

The results for AN inmn production by protons are given in Table III and
Fig.4(b). At the lower transverse momenta, we observe again small values for
AN. In the region 3.5 < py < 5 GeV/e, the data do not exclude a possible change
from negative to positive asymmetries, as found for n© production.

The data for n© production by antiprotons at py > 3.2 GeV/c and for n
production at py > 3.5 GeV/c have large statistical errors. These three data

points do not cxclude identical asymmetries for nCs produced by antiprotons



and by protons (charge conjugation of beam and produced particle), and also
identical asymmetries for m and n®s (U-U) states), as had been observed in
production by 40-GeV negative pions on a polarized proton target!2.

We now compare the present results for the py dependence of Ap in n©
production by 200-GeV polarized protons with the results from four previous
measurements of inclusive pion production at xg = 0 and p; < 3 GeV/c, with
transversely-polarized proton targets or beams at energies from 13 to 40 GeV.
The Brookhaven experiment!® had studied =+ production at 13.3 GeV and 18.5
GeV with the AGS polarized proton beam incident on an unpolarized target. The
CERN-PS'* and Serpukhov!S experiments had measured =n® production on
polarized proton targets by 24-GeV protons and 40-GeV negative pions,
respectively. In all of these experiments the asymmetry was small at low Pt
and then rose to relatively large positive values, A positive sign of Ap
corresponds to a larger production cross-section to the beam-left (beam-right)
when the beam (target) proton spin is vertically-upward. The similarity
between =t and =© production asymmetries may be expected considering that
both involve valence wu-quark scattering!?. [t had been noticed!5.16 that, at
encrgies from 13.3 to 40 GeV, the rise of AN to large positive values ocurred at a
fixed value of the transverse scaling variable x; = 0.4. The present experiment
establishes that this x,-scaling behavior of AN is a high energy phenomenon.
Also, the magnitude of ApN at large x¢ is of the same order as that at the lower
energies. The onset of the rise shown in Fig.5 is defined by the p; value where
a linear fit to the data with positive asymmetry extrapolates back to Ay = 0. At
200 GeV, this corresponds to a change from negative asymmetries at about 0.32
< x, < 0.4 to positive values at higher x;. At 13.3, 18.5 and 24 GeV, the data below
xy = 0.35 are consistent with Ay = O within the statistical errors. The data at 40
GeV show some indication!? that the onset of the rise corresponds to a change
of sign, as at 200 GeV.

The cross sections for inclusive n© and n* production at xp = 0 in
different reactions and in a wide range of energics depend in a similar way on
the transverse spin state of the beam or 1target proton when the pion is
produced at sufficiently large pt. The kinematical region where this effect
appears is characterized at all energies by the transverse scaling variable xi,

as would be expected for parton scattering. On the other hand, the existence of
a nonzero single-spin asymmetry Ay by itsclf had been presented as evidence

against parton scattering, since AN = O for parton 2 => 2 interactions in lowest-



order perturbative QCD. This argument assumes that the only possible origin of
hadronic asymmetries is the spin dependence of the parton scatiering
amplitudes, but alternate origins such as transverse momentum asymmetry!?
would invalidate this argument. Because of the xi-scaling behavior of AN, one
may ask if other data, in particular the spin-averaged cross sections for
inclusive =? and n* production, also show evidence for parton scattering
processes at xp > 0.4,

In summary, the p; dependence of AN for inclusive n9 production at xg =
0 presented here shows a transition at x; = 0.4 from a "low x{" regime with zero
or small asymmetries to a new regime with large asymmetries. The compiled
data for 5.2 < s1/2 < 19.4 Gev suggest a mechanism that depends neither on s nor
on pt, but on x; since the onset of a rise to large positive values of AN occurs at
xt = 0.4 for all energies. The results reported here show that for the "hardest”
interaction at the highest energy atiained to date in a spin experiment, the
invariant =9 production cross sections for opposite beam transverse-spin
states differ by a factor of two or more. This large single-spin effect is
observed at s1/2 = 194 GeV and at pt= 4.5 GeV/c. The lowest-order PQCD-
amplitudes for parton scattering do not generate single-spin asymmetries.
Several theoretical approaches have been proposed to reconcile the
experimental situation with QCD. The literature on this subject demonstrates
the general difficulty for the parton picture to describe transverse spin, as
compared to helicity.
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FIGURE CAPTIONS

Fig.1

Fig.2

Fig.3(a)

Fig.3(b)

Fig.4

Fig.5

Layout of the cxperimental apparatus.

The two-photon invariant-mass distributions for n? production
by (a) protons and (b) antiprotons, and (c¢) for m production by
protons, for different regions of pj.

The asymmetry parameter Ay in the reaction P + P => 0 + X

at 200 GeV as a function of py at xg = 0. The dotted line is added 1o
guide the cye. 6T /ol s the ratio of the 1© production cross
sections for opposite beam spins.

The "false asymmetry” calculated for events with average beam
polarization of zero, as a function of p; at xp = 0.

The asymmetry parameter AN as a function of p; at xp = 0
for the reactions () P+ P =>7°+ X and b) P + P =>n + X at 200

GeV. 6T /ol s the ratio of the x© production cross sections for
opposite beam spins.

Plot of the onset of the rise of AN to large positive values (closed
circles) for different C.M. energies, showing data from this
experiment and from the previous experiments (see Refs. 13, 14,
and 15) at lower energies.



TABLE I. The asymmetry parameter Ay for inclusive 7° production by 200-GeV polar-

ized protons measured in the reaction, pf +p — 7% + X, as a function of py for xp 2 0.

PT {pT) An No. #°
(GeV/c) (GeV/c) (%) Events
1.0-1.2 1.05 0.3 £ 0.5
1.2-14 1.25 0.3 £ 06
14-1.6 1.45 0.4 £ 086 750000
1.6-1.8 1.65 0.7 + 0.7
1.8-2.0 1.85 0.6 & 0.8
2.0-2.2 2.05 —1.6 £ 0.9
2.2-24 2.25 -0.7 £ 1.3
24-26 2.45 25 £ 1.8 175000
26-23 2.65 —-1.2+£ 25
2.8-3.1 2.88 -1 +3
3.1-3.3 3.15 —-10 + 4
3.3-3.5 3.35 —-17L£ 6 4 500
3.5-3.8 3.58 -5 £ 7
3.8-4.1 3.88 34 £ 11
4.1-4.6 4.23 44 £ I8 500
3.1-3.8 3.28 —-13 £ 3

3.8-4.6 4.00 37+ 9




TABLE II. The asymmetry parameter Ay for inciusive #° production by 200-GeV po-
larized antiprotons measured in the reaction, 7 4+p — 7° + X, as a function of pr for

sz{].

Pt An No, =°
(GeV/c) (%) Events
1.0-1.2 0.0 £ 1.0
1.2-14 1.0 £ 1.2
1.4-1.6 -0.7 £ 1.3 158 000
1.6-1.8 ~1.2 £ 1.6
1.8-2.0 —0.6 £ 2.2
2.0-2.2 -5.2 £ 3.2
2.2-2.6 -~6.5 + 3.6 11000
2.6-3.2 —24 £ 58

3.2-3.8 -32 £ 18 150




TABLE III. The asymmetry parameter Ay for inclusive % production by 200-GeV polar-

ized protons measured in the reaction, pT + p — n + X, as a function of pt flor xp = 0.

pT An No. 5
(GeV/c) (%) Events
23-2.6 -2 45 6350
2.6-3.0 -3 x7 2950
3.0-3.5 -3 +9 950
3.5-4.0 -30 &+ 14 260

1.0-5.0 56 £ 22 90
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