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The highest-energy measurementiaf, (pp) and the first ever measurementoé, (pp), the differences
between proton-proton and antiproton-proton total cross sections for pure longitudinal spin states, are de-
scribed. Data were taken using 200-Ge¥blarized beams incident on a polarized-proton target. The results
are measured to beAo (pp)=—42+ 48(staty: 53(syst) ub and Ao (pp)=—256+ 124(stat)

+ 109(syst)ub. Many tests of systematic effects were investigated and are described, and a comparison to
theoretical predictions is also given. Measurements of parity nonconservation at 200 iG@vdton scatter-

ing and the first ever of antiproton scattering have also been derived from these data. The values are consistent
with zero at the 10° level. [S0556-282(97)06903-9

PACS numbeps): 13.88+e, 11.30.Er, 13.85.Lg

[. INTRODUCTION ton beams and a polarized-proton target. The quantity,

Ao =o0(2)—-a(=), is the difference of the total cross sec-
New measurements of hadron-hadron scattering in puraions between spin states of the beam and target particles
longitudinal spin states\o (pp) andAo | (pp), have been aligned antiparallel and parallel. In these measurements, the
performed at 200 Ge¢/using polarized proton and antipro- particle masses are small compared with the beam-particle

energy.

Some previous experiments have indicated significant
%Present address: Institute of Physical and Chemical Researchpin effects at high energies. Inclusive production of pions at

Wako, Saitama 351-01, Japan. 200 GeVEt has shown large asymmetries as a function of the
bPresent address: Kyoto Academy of International Culture,Feynman variablexg [1]. Hyperons produced inclusively at
Katashirakawa, Sakyo-ku, Kyoto, Japan. 800 GeVt have been observed to have large polarization

®Present address: Indiana University, Bloomington, IN 47405. values[2]. Elastic scattering of polarized protons have also
dpresent address: Fermi National Accelerator Laboratory, Batashown significant spin effects3]. Considering these mea-

via, IL 60510. surements, and since the spin-dependent cross sections are
®Present address: National Laboratory for High Energy Physicsalmost completely unknown at high energies, it is possible
Tsukuba, Ibaraki 305, Japan. that a difference in the total cross sections for longitudinal

fPresent address: Institute for Cosmic Ray Research, Universitgpin states may also be sizable. The unpolarized, total cross
of Tokyo, Higashi-Mozumi, Kamioka-cho, Yoshiki-gun, Gifu 506- Section inp-p scattering increases by about a millibarn near

12, Japan. 200 GeVt [4] from the minimum in the cross section curve.
*Present address: Wakayama Medical College, Hironishi 651This experiment investigates to what extent the helicity-
Wakayama 649-63, Japan. changing amplitudes participate. Significant polarization ef-
"Present address: Department of Physics, Tohoku Universityfects may be expected jo-p interactions at 200 Ge¥/ In
Aobaku, Sendai 980, Japan. the annihilation of two spin-1/2 particles into vector interme-
'Present address: Radiation Laboratory, RIKEN, Wako, Saitamaliate states, such as a quark and an antiquark annihilating
351-01, Japan. into vector gluons at energies where their masses can be

IPresent address: International Center for Elementary Particlaeglected, the reaction rate for particles with the same helici-
Physics(ICEPP, University of Tokyo, Hongo, Bunkyo-ku, Tokyo ties is suppressed relative to that with opposite helicftigs

113, Japan. Therefore, the longitudinal spin dependence of a process
kDeceased. dominated by this annihilation could be large.
'Present address: Department of Physics, Niigata University, Nii- Nucleon-nucleon, or antinucleon-nucleon, elastic scatter-
gata 950-21, Japan. ing can be described by a total of 16 possible amplitudes,
MPresent address: CERN, CH-1211 Geneva 23, Switzerland.  five of which are independent by using the generalized Pauli
"Present address: University of Texas, Austin, TX 78712, principle and parity conservation in the strong interactions.

°Present address: American University, Washington, D.C. 200160ne common representation of these nucleon-nucleon elastic
PPresent address: University of Mainz, D-55099, Mainz, Ger-amplitudes is the set af-channel helicity amplitudes of Ja-
many. cob and Wick[6]:
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where+ and — refer to the nucleon or antinucleon helicities —30 i o SATURNE
in the c.m. frame. As a consequence of helicity conservation
at 0°, ¢4(0)=0=s(0). N e
Another representatiof¥] is thet-channel exchange am- 05 1 2 5 10 20

plitudes,Ng, N4, N,, Uy, andU,, which have definite quan-
tum numbers exchanged at asymptotic energies. These am- Py (GeV/0)
plitudes are related to the previous representation by
FIG. 1. Previous measurements &ftr (pp). Data are taken
1 from Refs.[9-14].
No=§(¢1+ ®3),

There have been many previous measurements of

N;i= ¢s, Ao (pp) that ranged from 200 MeV to 12 GeV, and they
are shown in Fig. 1. The first measuremd®swere made at

1 the Argonne ZGS with the proton beam momentum in the
No=5(da—¢2), (2)  range, 1.0-3.6 Ge¥! The results indicated unexpected
structure as a function of energy. Later measurements at the
1 ZGS extended the beam momentum range to about 12 GeV/
U0=§(¢1—¢>3), ¢ [10]. Other Ao (pp) values were measured in experi-

ments at energies between 300—800 MeV at LAMBH],
1 500-2800 MeV at SATURNE 1[12], 200-500 MeV at
Uo== (ot ba) TRIUMF [13], and 200—600 MeV at SINI14]; all experi-
2 2 2 4)- .
ments used polarized-proton beams and targets. The concen-

) ) tration of data in the intermediate-energy range was to assist
TheN amplitudes represent natural-parity exchange, and thg, he definition of the nucleon-nucleon amplitudes, and to
U amplitudes unnatural-parity exchange. The subscripts cotjnderstand the observed structure.

respond to the totad-channel helicity flip. One explanation of the observed structure has been the

The general_lzed optical theorem allows the three nucleonzasonancelike behavior in thep system and the possible
nucleon or antmucleon-r_luclepn total cross sections to be eXsyistence of 6-quark states or dibaryons. A variety of QCD-
pressed in terms of the imaginary parts of the three nonzerg,qtivated model§15—21] have predicted many such states
forward amplitude$8]: in the intermediate-energy range. An alternate explanation

1 1 has bgen the opening of ine_lastic channels, suchrcasind
Utotzz[a(z)+a(j)]: E[U(Tl)‘FU(TT)] IespemaIIyNA [22,23, but this explanation ha_ls _been chal-
enged for several reasof4—29. However, similar struc-
2 ture has also been observed in isospin-0 nucleon-nucleon
T 4 . . . .
= T|m[¢1(0)+ $3(0)]= TImNO’ reactions, derived fronmp scattering experlment[§9—34{_.

The wd and NA channels do not couple to isospin-0
nucleon-nucleon reactions, and thé, NN*, etc. channels
occur at energies somewhat above the observed structure. If
mechanisms other than 6-quark states are responsible for the
(3 energy-dependent structure in ther, (andA o) data, then
some important ingredient must be missing or incorrect in
the present models predicting these states.

At energies above a few GeV, there are fewer measure-
ments and the evidence of structure is lacking. The trend of
where k is the c.m. momentumg(=) is the total cross the data can be described by a power law at energies greater
section for parallel longitudinal spin states in the laboratorythan about 4 GeV.
frame,o(7]) is the cross section for antiparallel transverse No previous measurements have been made of
spin states, etc. Measurements of these three total cross seée (pp) at energies higher than 12 GeV, and no measure-
tions for nucleon-nucleon interactions have been quite imments have ever been made®é (pp) at any energy. At
portant for the determination of the elastic amplitudes at enhigh energies, the role of spin involving the hadron’s con-
ergies below about 3 GeV. stituents can be explored. Only two theoretical models exist

8

4
Ao =0(=)=0(=)= 1 Im[¢1(0) — ¢3(0)]=

ImUyg,

8

41
AUT:U(TU—U(TT)Z—T|m[¢2(0)]= i ImUs,
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to explainAo (pp) at high energies, and no published theo-Two Cerenkov counters were located in the beam to differ-
retical prediction exists to descrieo (pp). Values of the  entiate between protons and background pions. A set of spin-
parity nonconservation parametek, , were derived from rotation magnets precessed the spins of the beam particles so
the data in this experiment by averaging over the target pothat these spins were aligned longitudinally to the beam mo-
larization. These data are compared to high-energy predignentum before the particles struck the experimental polar-
tions. ized target, located at the final focus.

A summary of the experimental setup, which describes aAn average polarization direction of many protons can be
the polarized beam, polarized target, detectors, and electronjfeasured by particle detectors, even though an individual
logic, is presented in Sec. Il. Section Ill describes the Calcu'proton’s spin is not well defined. This average polarization

lation of Ao . Thg data analys?s and results are presented iirection in a given element of phase space is called the
Sec. IV, along with a description of tests performed to un-

. . ! _proton polarization direction.
derstand the systematic errors. Section V includes a descrlg— P
tion and calculation of the parity-nonconserving quantity,

A, . A summary of the experiment and of the results is given . )
in Sec. VI. Unpolarized protons were accelerated to 800 @dl'the

Fermilab Tevatron and were extracted over a 20 s spill in a

Il. EXPERIMENTAL METHOD total acceleration cycle of about 1 min. During this measure-
ment, typically 5x 102 protons per spill were incident on a
beryllium production target, which had a width of 1.5 mm,

The 200-GeW¢ polarized proton and antiproton beams height of 5.0 mm, and length of 30.0 cm. Among the many
were produced by the parity-nonconserving decays of thearticles produced in these collisions were unpolarized
A andA, respectively. No polarized source or polarized par-and A hyperons.
ticle acceleration was used. In the polarized particle beam The A particle then produced a proton in the parity-
line, the protons and antiprotons were pl’OdUCGd within &]onconserving deca)A_>p+ 7. Likewise, an antiproton

small phase space by the beam optics, and their spin direg; < 1roduced in the decak—bp+ 7. In the unpolarized
tions measured and controlled by the beam-tagging and th P hophm . P

spin-rotation magnet systems. Complete descriptions of th§ rest frame, thel decays isotropically with the Spin direc-
beam line and its properties are presented in (), on of the proton aligned preferentially along the proton’s

The polarized proton and antiproton beams were pro_rnomentum direction. The proton polarization fratndecay

duced when an 800-Ge¥unpolarized proton beam struck a had been measured previously as 6i36]. The pion from

; - +a” i
Be target and producefl and A particles. As shown in Fig. the A—p+m d_eca_ly was not tagged or used to determine
2, dipole sweeping magnets, located downstream of the pr&he proton polarization. . .
' i In the laboratory reference frame, the trajectories of the

duction target, bent the unwanted charged-particle beam into ; he\ d d b d back to the bl
a beam dump, while the neutral particles proceeded to a rdrotons from t ecays could be traced back to the plane

gion where theA particles decayed. Remaining neutral par-Of the production target. Proto_ns With components of_ t_heir
ticles continued to a neutral beam dump, as the charged paflomentum transverse to the direction appeared to origi-
ticles from A and K° decays were bent around this dump Nate from a virtual source displaced from the actual
region. The second bend in the beam line was located arourPurce. The transverse position at the virtual-source plane
the intermediate focus and was used in the momentum analglepended on the distance from the production target where
sis of the beam particles. An adjustable vertical collimatorthe A decayed and on the angle at which the proton was
which was placed upstream of the intermediate focus, wagmitted. The virtual source extended to about 1 cm on each
used to vary the beam momentum bite, typicaity9%, side of the production target and was then imaged by the
around the nominal beam momentum value of 200 ®eV/ beam optics. Only thos& (A) decays that occurred between
The electronic beam-tagging system, which used six plane8 and 30 m from the production target were accepted so that
of scintillators, was situated at the intermediate focus to dea more precise determination of the prot@mtiproton po-
termine the momentum and polarization of a beam particlelarization could be made.

1. Polarized beam production

A. Polarized beam
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The beam-particle polarization was determined from ausing polarized antiprotons was to reverse the polarities of
correlation between the position of the virtual source and théoth dipole and quadrupole magnets.
proton momentum direction, which was related to the proton The polarized beam spot at the experimental target was
polarization direction. At an intermediate focal point in the measured to be 1.3 cifFWHM). This spot was the same
beam, each beam particle was tagged to determine its mé&ize for both protons and antiprotons. The beam line was
mentum and polarization. Only the horizontal component ofc@pable of providing an average beam intensity per spill of
the transverse proton or antiproton polarization was mea@Pout 2.5 10" polarized protons, with an average beam po-
sured by the beam-tagging system. Using this method, potlgrization of 0.45. The production rate at 200 GeVdr po-

signs of the beam polarization could be used within the sam"1z€d antiprotons is down by a factor of 18 from polarized
beam spill. protons, due to the decrease in production ofAh&he pion

contamination measured in the polarized-antiproton beam
was about 83%. _

Two threshold @renkov counters were used to separate

The primary purposes of the beam optics were to maintaifProtons and antiprotons from the pion contamination due to
the correlation between the polarization state and the hori® decays. These detectors were adjusted to reject the pions
zontal position, and to introduce no net spin precessionwith maximum efficiency and veto only a few protons or
These were accomplished using a beam design that co@ntiprotons. Each detector measured a 13% pion contamina-
tained three focal points: the virtual source, the intermediatéion in the polarized-proton beam.
focus, and the final focus. The beam-tagging system was
located at the intermediate focus, 160 m downstream of the
primary production target, and the polarized experimental A set of 12 spin-rotation magnets, called the “snake”
target at the final focus, 320 m downstream. Bends in thénagnetg37], were used to rotate the beam-particle polariza-
beam line were vertical only and were made by sets of foution state from theS direction(normal and horizontal to the
dipole magnets that produced no net momentum dispersiopeam-particle momentumwhich is the direction in which
and no particle spin precession. the spin component was actually tagged, to lthdirection

The requirements for a polarized beam were most easilyalong the particle momentunor N direction (normal and
satisfied by using the mirror-symmetric design of two sets ofvertical to the beam-particle momentunThe design[38]
guadrupole-magnet doublets. The focal conditions were thewas such that no change in the particle trajectory was al-
applied to each half of this symmetrical system. Two condi-lowed through the snake magnets.
tions were imposed to satisfy the requirement of no net spin When rotating the beam-particle spin direction from
precession, and consequently, preserved the correlation b8— L (horizontal to longituding| all 12 snake magnets were
tween the polarization state and the virtual-source positionused. All 12 magnetic fields in the snake magnets must be
(1) point-to-point focusing an€R) parallel-to-parallel focus- reversed for th&s— —L configuration to rotate the particle
ing. Two quadrupole doublets brought the beam to a focus apin by 180°. For some tests, ti&e~N spin rotation was
an intermediate focus, downstream of the production targeysed. In this case, only eight of the 12 snake magnets were
and two more doublets were used for the final focus, at theised, with only four magnetic fields reversed to change to a
experimental target. In Ref35], the positions of the quad- S— —N spin rotation. The net spin rotation through the
rupole doublets were given for a beam momentum of 18%nake magnets from th®—L states was opposite for pro-
GeVic. In this experiment, the nominal beam momentumtons and antiprotons. Fd8—N, the net spin rotation for
was 200 GeW, and consequently the distances between th@rotons and antiprotons was the same.
quadrupole magnets in the doublets were increased by 0.61 The beam-polarization direction was periodically reversed
m or 0.87 m, depending on the position of the doublet. to minimize experimental systematic errors. The snake mag-

The bending and focusing operations of the beam wer@etic field directions were reversed every 12 spills, with two
kept as completely separate as possible from each other. Tloé these spills necessary to carry out the reversal process.
bending dipole magnets came in sets of four, entirely conHall probes were installed within each magnet to monitor the
tained between two quadrupole doublets. Any displacemennhagnitude of the field.
or angular deflection due to a single bend in the beam is
restored by three subsequent bends. Each set of four dipoles
produced no net momentum dispersion or particle spin pre- At the intermediate beam focal point, each beam particle
cession. was tagged electronically to determine its momentum and

A global cancellation of the proton spin precession by thepolarization. A total of six planes of scintillators detected the
quadrupoles was required for maintaining the spin directiorparticle trajectory; three of these measured hits in the vertical
through the entire beam line, and this ensured that no depalirection to determine the momentum, and three measured
larization of the beam occurred. A local cancellation of thehits in the horizontal to specify the polarization. Two of the
spin precession within the set of four dipole magnets washree planes of scintillators measuring momentum were lo-
also necessary to ensure no net spin precession. cated before a bending magnet and the third after so that the

The polarized-antiproton beam was made in a completelyangle of deflection, and the momentum, could be determined.
analogous manner as the polarized-proton beampilt'am  Once the momentum of the particle was known, the location
polarization was found from the relation of themomentum  of the intermediate focus along the beam axis could be de-
direction and the position at the virtual source in the productermined. The three planes of scintillators measuring trajec-
tion target plane. The only change to the beam line whertories in the horizontal direction were located at the nominal

2. Polarized beam transport

3. Spin-rotation magnets

4. Polarized beam-tagging system
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8 — — beam-tagging system was used extensively to properly tune
the polarized beam.

] + poL
B o roL 5. Beam-polarization measurements

& N - poL N The beam-tagging system assigned a polarization value
§ % for each beam particle relative to a known trajectory. The
validity of this system was verified by absolute measure-
. L ments of the beam polarization using two polarimeters de-
N W veloped for high-energy polarized beams: the Primakoff-

effect polarimeter and the Coulomb-nuclear interference
(CNI) polarimeter. The two polarimeters used completely
different reactions that result in an asymmetry in the scatter-
ing process to obtain the beam polarization.

The Primakoff-effect polarimetef39] determined the

proton-beam polarization by measuring the asymmetry in co-

7 . herent Coulomb dissociatidd0], in which an incident pro-
08 04 00 04 08 ton is converted to @-7° system in the Coulomb field of a
high-Z, nuclear target. This reaction, when produced at high
energy, is related to the low-energy photoproduction of a
w0 from a proton. The beam polarization can then be deter-
mined from the low-energy datpdl] and the measured
asymmetry. The polarimeter consisted of a lead target to pro-
duce thep-7° system, a segmented lead-glass calorimeter
that detected the 2 photons from th® decay, and a mag-
netic spectrometer that detected the proton. The average
. ) ) beam polarization was measured to be
|nterme_d|ate chus of the b_eam I|ne,. and 9.3 m beforel an@ 40+ 0.09(stat)- 0.15(syst), compared to 0.45 given by
after this location. The particle polarization was determinedhe beam-tagging system.
by interpolating the horizontal displacement at the The CNI polarimetef42] determined the beam polariza-
momentum-dependent focal position, found by the scintillation by measuring the asymmetry in the interference region
tor planes, with respect to the given 200-GeWilomentum with a range of momentum transfer squared,
trajectory. 1<—t< 30x10 2 (GeV/c)? for polarized proton-proton

Three beam scintillation counters formed the fast triggerelastic scattering. The analyzing power for this process
for the beam-tagging system. A coincidence of all threecomes from the interference term between the nuclear non-
counters indicated a particle passed through the intermediafp amplitude and the electromagnetic spin-flip amplitude
focus, and then this signal enabled the rest of the beani43]. It can be calculated exactly assuming a zero hadronic
tagging electronics. Once a coincidence was made, no oth&Pin-flip amplitude, and this process is almost independent of
coincidence was allowed for around 60 ns afterwards so thdh€ beam energy. The polarimeter itself consisted of several
the scintillator-plane signals could be processed. Signal€cintillating targets that detected the recoil protons, and a
were encoded and processed in a manner similar to that dgjcaa?tr;ergg Sgi?érﬁm%ir Lh:;ge:)eorlrgrligz(tjiézevryasz?)ztr?(;ntgf tt?ee
scribed later in this section for th&o experimental trig- '
ger. The momentum and polarization for a valid beam par-o'46i 0.09(staty- 0.07(syst), compared to the tagged-beam

ticle was measured within 250 ns. The electronic logic Waspolarization of 0.45, within the region of beam-polarization
slightly modified from Ref.[35]. The encoded momentum magnitude of 0.35-0.55. Measurementsiaf, and of the

beam polarization with the CNI polarimeter could not be
values ranged from 8.7% less thar_1 th_e 200-Gevdlue to erformed simultaneously, but instead alternated data taking
8.7% greater. The encoded polarization values went fron;

. ) . several time periods.

—0.75 10 +0.75 in steps of 0.1. Particles were assigned a poth polarimeters have demonstrated the polarization of
negative (-) polarization when their tagged values were be-the proton beam and verified the beam-tagging measure-
tween—0.35 and—0.55, a positive {) polarization when ments. Polarimeter data using the polarized-antiproton beam
the tagged values were betweer®.35 and+0.55, and zero  were limited, and considering this, the results were similar to

polarization when the tagged values were betweel25  those of a polarized-proton beam. The relative systematic
and+0.25. The distribution of tagged polarization values forerror on the absolute beam polarization was estimated to be
the entire data sample with protons is shown in Fig. 3. The+ 69%. The nominal beam momentum was 200 Geshd

beam-tagging system worked in precisely the same mannefie relative systematic error was estimated tatb8%.
for both proton and antiproton beams.

The beam-tagging system operated reliably and efficiently
during the data-taking periods. Its operation was monitored
in the same manner that will be described later using the The polarized-proton targé#4] used in this experiment
sampling trigger. The use of many planes of scintillators prowas a frozen-spin typlet5] that used the method of dynamic
vided beam diagnostics on-line, and information from thenuclear polarizatiof46] to align the target protons preferen-

Protons Tagged (x109)

Beam Particle Polarization

FIG. 3. Distribution of the number of tagged polarized protons.
Those particles tagged with polarization values betweé&n35 and
—0.55 are assigned negative-) polarization,+0.35 and+0.55
positive (+) polarization, and-0.25 and+0.25 zero(0) polariza-
tion.

B. Polarized target
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- ‘ L FIG. 4. Diagram of the
‘ polarized-proton target. Shown in

BEAM REFRI (%#;Igg TARGET POLARIZING this side view are the dilution re-
/ SOLE"/'O’D frigerator, target, and polarizing
! / Q

/ / solenoid, which is displayed here
‘ ‘ in the polarizing position. Par-
ticles from the polarized beam en-
tered from the left, were scattered
in the target, and exited to the
right in this diagram. The solenoid
was moved to the left by 16 cm in
the frozen spin mode of operation.

tially in a longitudinal direction along the beam axis. The container was attached to the end of a quick-load insertion
target assembly, displayed in Fig. 4, consisted primarily of dor installing the target material while all parts of the refrig-
SHe-*He dilution refrigerator, a superconducting solenoid,erator were cold and under a helium atmosphere. The circu-
and a nuclear magnetic resonarBi#R) detection system. lating pumps had a displacement of 5506/m The tem-
All target controls and monitors were remotely located fromperature achieved in the frozen-spin mode was about 60 mK
the target. with a 4 mmol/s flow of*He. Temperatures were measured
The polarized-target volume was cylindrical, with a 3-cmby carbon resistors, calibrated against standard germanium
diameter and 20-cm length. It was filled with approximatelyresistors. In the polarizing mode, thi#le flow was around
2-mm diameter beads of frozen 1-pentaf©@kH ,0), con- 24 mmol/s. The entire target apparatus stood on a table that
taining 6 wt. % water, doped with the paramagnetic materiabould be moved perpendicular to the beam direction and ne-
[47], EHBA-Cr(V). Pentanol contains one polarizable, freecessitated an articulatetHe pump line. The liquid*He was
proton for about six, unpolarizable, bound nucleons. The efsupplied through a flexible transfer line by a remote liquifier.
fective polarization dilution factor, including the liquid he- A leak in the 3He pump caused some difficulty during the
lium and target windows was 8.4. The beads were estimatedata-taking period, and consequently the target-polarization
to fill at least 98% of the entire target volume with a packingdirection was changed less frequently than desired. At
fraction of 0.63, and have a density of 0.62 gfcifihe target frozen-spin temperatures of less than 80 mK, the proton spin
constant,A, for free protons was 104 38 mb, where relaxation time was greater than 50 days.
A=(NppL) ! andN, is Avogadro’s numberyp is the free Microwave frequencies near 70 GHz were supplied by a
proton density, andl is the target length. carcinotron and provided the appropriate change in energy
The superconducting solenoid had an overall length of 8éevels for enhancing the number of target protons in a par-
cm and a warm bore diameter of 9.4 cm. It used 1.5 I/h oticular spin state. Reversal of the target polarization was ac-
liquid helium, including transfers. The solenoid had a maxi-complished by a small change of microwave frequency.
mum field strength capacity of 6.5 T when powered at 185 The target polarization was measured using an NMR sys-
A. For this experiment, the solenoid was operated at 2.5 Ttem [48] operating at 107 MHz. Signals were detected in
The field uniformity in the target volume was better thanthree NMR coils and were processed using signal averaging.
AB/B=+ 5x107°. In the frozen-spin mode, the center of Each detector coil measured the target polarization at a dif-
the solenoid could be moved upstream 16 cm from the centderent location of the target. One of the three NMR coils was
of the target, with a magnetic field greater than 1.9 T remainiocated at the upstream end of the target, another at the
ing in the target volume. A portion of the target volume downstream end, and the third in the middle. Because of an
remains within the homogeneous magnetic field region whilénternal open circuit, the middle coil was inoperative during
in the frozen-spin position. An unobstructed solid angle ofdata accumulation. The NMR system was reasonably stable,
130 mrad with respect to the beam axis was formed at theneasured to be better than 5%, throughout the entire data-
exit of the target in this solenoid position. taking period. No significant difference was seen in the
The *He-*He dilution refrigerator was a separate unit NMR coils between the upstream and downstream target
from the polarizing solenoid, and laid horizontally with a ends, and also in the target polarization values between po-
coaxial geometry that had a center channel so that the unokarizing and frozen-spin magnet configurations. The
structed beam could be incident on the target. The targgiolarized-target data were transferred through CAMAC to
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FIG. 5. Diagram of the experi-
mental setup. Shown are each of
two scintillator planes for SNA1,
SNA2, and TRA hodoscopes, the
snake-magnet apertures, polarized
target, and the two veto counters.
Also shown is a sample scattering
angle, #, measured by the trans-

20 . .
e COUNTER mission hodoscope. Not shown in

this diagram is the second trans-
mission counter located 46 m
downstream of the polarized tar-
get. Note the difference in scale
between the horizontal and verti-
cal axes.
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the experimental computer. During frozen-spin mode, meapoints that defined an incoming beam-particle trajectory. A
surements of the target polarization were made once evetyird set of X and Y hodoscope planes, designated TRAX
several hours, with no movement of the polarizing solenoidand TRAY and called the “transmission counter,” was the
The absolute target polarization was found by comparindirst of two that were used to measure the amount of deflec-
the enhanced spin state signal with that of a signal produceidon in the beam-particle trajectory. This transmission
when the target material was at thermal equilibrium near icounter was located 13.00 m downstream from the polarized
K. The free protons were typically polarized to either target. The second transmission counter and associated elec-
P;= 0.77 orP;=—0.80, in approximately 3—4 hours. The tronics were of a different design than the first, and are de-

d te of th larizati 150, 16% scribed in Sec. Il C 4. .
(rjnfg/a\r/]vhiﬁacﬁlyfrrgzinospirsrggdaenza lon was o per All 6 hodoscope planes were designed such that each

. ; ; R intillator overlapped its two neighbors by one-thiigke
An off-line analysig49] established the target calibration scintifiat i .
for the entire data-taking period. The estimated uncertaintF'g' 14 in Ref[35]). Each third inX andY was designated

. . : ¥s a segment. Beam particles then interacted with either one

.(2‘7 estimatg on PT was established at 6.5%. This Va"_Je_ r two s%intillators as t%ey proceeded through the hodoscope.
included contributions from the temperature and statisticayyg qyerlapping scintillator design allowed for more spatial
uncertainties of the thermal equilibrium NMR measurement,segmentS and less encoding electronic logic, as well as leav-
the NMR background, nonlinearity and residual drift, theing no gaps between scintillators.
Spatial uniformity Of the polarization, and errors due to il’l- The SNA1X and SNA1lY hodoscope p|anes Consisted Of
terpolation and extrapolation. Most of these error contribu-16 instrumented scintillators, which were 6-mm wide,
tions were symmetrical and uncorrelated. 115-mm long, and 3-mm thick. The SNA1X plane had the

A positive sign for Pt corresponded to a predominant 115-mm dimension in the vertical direction, so that the over-
occupation of the lower Zeeman state, or an enhancement ¢dpping scintillator pattern was in the horizontal direction.
the spins of the target protons aligned parallel to the magThe SNA1Y plane was rotated 90° with respect to SNA1X.
netic field of the target solenoid. Since this field pointedEach segment was 2-mm wide, with an overall span of 6.6
upstream in this experiment, positive valuedgfreferredto  cm. Each scintillator was attached to a 1.27-cm-diameter,
the target spins aligned antiparallel to the incoming beamten-stage photomultiplier tube that produced a fast output
particle momentum. The sign of the target polarization wassignal. The SNA1X and SNALY scintillators were changed
reversed about once per day to reduce possible systemaife @ smaller 6-mm width from that given in Ref35] to

effects related to the beam polarization reversal. improve the angular resolution of the incoming beam. The
SNA2X and SNA2Y hodoscope planes also consisted of 16

scintillators of the same dimensions as the upstream snake
hodoscopes, and with a 2-mm segment size. A total of 31
segments defined the beam-particle position in each plane of

. he snake hodoscopes.
A total of three scintillator hodoscope detectors were useé The first transmission counter consisted of 28 scintillators

to_define the incoming beam-_particle trajectory, gnd to deterper plane, again with an overlapping design with a 2-mm

mine the amount of interaction the beam particle encoungegment size. A total of 55 segments per plane measured the

tered in the polarized target. Each hodoscope consisted ofyticle position, giving a total active area of 211 cnf-

two planes of scintillators that measured the particle positioryhjs area was much larger than the 25.7-iifoil width at

in the horizontal X) and vertical {) directions. These de- half maximum(FWHM)] size of the beam at this point. Each

tectors are shown in Fig. 5. scintillator was viewed by a single, 1.27-cm-diameter photo-
The first detector had two of these hodoscope planes ahultiplier. The accuracy with which each of the scintillators

scintillators, designated SNA1X and SNALY, located justwas aligned with respect to each other within a hodoscope

upstream of the spin-rotatiofsnake magnets and 23.79 m plane was less than 0.5 mm.

upstream of the experimental polarized target. Another two

scintillator hodoscope planes, designated SNA2X and

SNAZ2Y, were located 2.46 m upstream from the polarized Two scintillator veto counters were added to the experi-

target. These four hodoscopes measured the two spatiaient so that the number of triggers from muon beam halo

C. Detectors

1. Scintillator hodoscopes

2. Veto counters
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and from particles that would miss the polarized-target macode the hodoscope segment number from the overlapping
terial would be reduced. The first veto counter, or muon vetacintillators within a snake hodoscope plane. In the first
counter, was located just downstream of the last snake magransmission counter, the odd- and even-numbered scintilla-
net, and 4.80 m upstream of the polarized target. The muotbrs for eachX and Y plane were encoded separately in
veto counter was constructed from a large, single piece opLu’s, which in turn were combined into an overxland
scintillator, with a 40.6&40.6 cnf area, 1.3-cm thick, y segment hit. The purpose of the odd and even arrangement
viewed on the left and right sides of the beam by two phoyyas to provide a better estimate of the hodoscope efficiency.
tomultiplier tubes. A single hole, 5.1 cm in diameter, allowed  The encoded hit segments from all of the sn&&&lA)
passage of beam particles, while beam halo particles werig,joscopes defined a straight-line trajectory for each incom-

detected within the_\ scmtﬂlgtor. These de_tected halo part|cleﬁ1g beam particle. In order to unambiguously define this tra-
were then vetoed in the trigger electronics. :

The second veto counter, or target veto counter, was IO{:?ctory, a single-segment hit was required in each of the four
cated 1.85 m upstream of the polarized target. It consisted odoscope planes. The trajectory could then be projected

four scintillators, in two sets of two scintillators, each onto the plane of the transmission counter for each beam

) . . .. particle. This point defined an undeflected trajectory by an
6.35-mm thick and each viewed by a single photomultlpllerp ' .
tube. Two scintillators with a 2.7-cm-diameter semicircularunscattered particle. A memory look-up uffLU) took the

hole in each, abutted each other to cover a ¥38.2 o hit segment inX from the upstream and downstream snake

area perpendicular to the beam direction, and formed a le PLU’s and output the undeflected-trajectory segment posi-

right veto. Likewise, the other two scintillators formed an lon. An identical arrangement was used for a segment posi-

un-down veto with an identical hole arrangement Thesé[ion in the vertical direction. Using both the segment position
P 9 : of the undeflected trajectory and the encoded hit segment

scintillators detected stray particles that would not interact iq‘rom the transmission counter. a difference in Meand Y

;tglsicpolarlzed target, and were again vetoed in the eIeCtronIE):ositions could be calculated that is proportional to the

amount of scattering the beam particle has undergone. The
output of the undeflected- MLU is combined with the
transmission-counteX hit segment in a separate MLU to
A schematic diagram of th& o, experimental electronic determine aAX value. An identical arrangement is used to
logic is given in Fig. 6. The output of each scintillator in all calculate theAY value.
the hodoscopes first went into an amplifier, after which the The amount of scattering, given in terms of the momen-
signal was split into an analogue-to-digital conve®bDC)  tum transfer squared for elastic scatteritgyas determined
for pulse-height information and into a discriminator for trig- by another MLU that used thAX andAY outputs, as well
ger logic signals. An output from the discriminator went into as the nominal beam-particle momentum. The outputs of this
a coincidence register and into programmable logic unitViLU were then put into a series of scalers, divided into the
(PLU’s). A combination of two PLU’s was sufficient to en- seven different polarization values and one for the sum of the

3. Experimental electronic logic
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outputs. The assigned beam-polarization value for each pawas an invaluable diagnostic tool of the experiment perfor-
ticle, provided by the beam-tagging system, strobed the apnance for both on- and off-line analyses.
propriate scaler for the givervalue signal. The scaler quan-  Data acquired from the sampling triggers were sent

tities produced the number of particles per beam-polarizatiof'fough a high-speed link to a VAX workstation, where stan-
state for a given scatterdcbin, as well as the total number dard software was used to view the data. Histograms were

of particle triggers. filled to observe the polarized beam positions and trajecto-

Accidental tri | led i imil ries, using the numerous planes of beam-line scintillator ho-
cciaental triggers were also scaled in a similar marmerdoscopes. Beam tuning was accomplished by adjusting the

but the strobe signal to the scalers was delayed by aboyfagnet currents to optimize the beam position after viewing
115 ns. The delay corresponded to approximately six pulsegye sampling trigger histograms. Crude performance checks
of the accelerator microstructure. of the scintillator hodoscopes were also monitored with the
The trigger signal that enabled all of the hodoscope segsampling trigger. Several times per day a complete check of
ment encoding logic was defined by several beam and targéite experimental trigger and encoding electronics was made
veto detector requirements, the proper beam-particle tagginy analyzing events in detail so that any abnormalities could
and the computer and beam enabled signals. The beam rae found and corre_cte(_j on-line. Other monitor_s includeq sev-
quirement consisted of aar of all the scintillator signals ©ra! segmented-wire ion chambers located in the primary
from a snake hodoscope plane that was formed at the gigroton beam.
Criminator. The Output |eVe| Of th|GR was set so that thel’e 4. Second transmission counter and electronics
was at least one, but no greater than two, scintillator hits

within a given hodoscope plane. This requirement for eadﬁoL measurements to provide important cross checks for
snal_<e hod_oscope plane enhanced the frac_t|on of beangq experiment. This detector was also an essential triggering
particle trajec_torles that were uniquely dgtermmed. The vetQayice for the CNI polarimetef42] that was performed in
detector requirement was such that ng signal came from ane same beam line. This transmission counter consisted of
one of the following: the two beam-linee€enkov counters,  gcintillators that used a different design from those in the
the muon veto counter, and the four target veto counters. Aeam-tagging and snake-magnet regions. Specialized elec-
value for the beam—particle momentum and polarization MUSfronics [50] tested if more than one incoming partide was
be provided by the beam-tagging system. present and if a unique segment was hit in theand Y

In addition to these requirements, tiher, trigger was directions.
generated whenever there was a single hit in each of the The second transmission counter was situated in the beam
planes of the snake scintillator hodoscopes, given by the enine a distance of 46 m downstream of the polarized target.
coding PLU's. A unique beam-particle trajectory with Five pairs of scintillation counters were used to define the
known momentum and polarization could be determined aX position of a particle track, and another five pairs the
the target for events with Ao trigger. This trigger was position. Two additional scintillators, each with an area of
also used to strobe thevalue scalers. Most of the trigger 16x16 cn?, were located in front of and behind theand
logic gates had outputs read by scalers for diagnostic pur¥ counters, and were used to trigger the transmission
poses. counter. The thickness of all scintillators was 3 mm.

Several other quantities were scaled in the This transmission counter consisted of two sets of five
Ao measurement. Some of these include: the number gbairs of plastic scintillation counters, with each counter con-
particles tagged for positive, negative, and zero beam polasisting of strips of scintillating material. Figure 7 depicts the
ization, the beam-tagging system hits and diagnostics, tharray of scintillators in the second transmission counter.
transmission counter performance, and the numbers of paEach pair of counters subtended the samex186 cn? total
ticles assigned with undeflected and scattered distances area, but the total active area for each counter was one-half
both X andY directions. of this amount. The other counter within the pair, or the

All of the scalers were read by the computer and written“inverse counter,” subtended the half not covered by the
to magnetic tape every two seconds during the 20-s beaffirst. The active regions of the five pairs of counters were
spill, as well as a final read at the end of the spill, making adistributed to define 2= 32 segments in a Gray Code pat-
total of 11 reads during the course of an accelerator cycleern[50]. A position was then determined from the 32 hori-
The scalers were cleared after the final read at the end d@ontal and 32 vertical segments; each segment had a width of
every spill. A total of 728 scalers were read via a serial5.0 mm.

CAMAC connection of four crates, which included one The Gray Code design for this transmission counter was
where the beam particles were tagged, located approximatethosen becausd) the number of photomultiplier tubes re-
130 m upstream of the experimental target. A PDP-11/45uired to instrument it was relatively sm&R0 tubes for
was used to acquire the data from CAMAC through a gen2x 32 segmenis (2) the boundaries between the active and
eral purpose interface. inverse regions of a counter pair never lined up with the

A trigger was installed that ran at approximately 10 Hz toboundaries of another paif3) any error due to “edge ef-
sample the outputs of the encoding electronics and to filfects” in the counters with the narrowest strips never gener-
on-line histograms so that the entire detector system could beted a segment assignment that was more than one segment
checked to see if it was functioning properly. Data that wereoffset from the true segmen#) internal consistency checks
gathered during these sampling triggers included the ADC’sallowed the rejection of certain events, such as multiple-track
segment hit patterns from each hodoscope, and the PLU ar@ents, and5) every particle was detected by the same num-
MLU outputs from each hodoscope. This sampling triggerber of counters. The comparison of scintillator hits from ac-

A second transmission counter was used in the
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FIG. 7. Diagram showing the top view of the second “Gray :_Nr
Code” transmission counter. The “direct” counters are shown un- R _F' ©
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shaded and the “inverse” counters are shaded. The second through
sixth planes measured thé direction, and the seventh through The target constant for free protonsAs(see Sec. Il B Pg
eleventh measurg. and Py are the beam and target polarizations, respectively;

tive and inverse patterns allowed cases to be recognizedi IS the ratio of the number of noninteracting beam par-
where the resulting pattern was not consistent with a singlécles, N; transmitted through the target in théh solid
track, but due to oblique or multiple tracks, edge effectsangle normalized to the number of incident particlis,,
random coincidences with background particles, photomultifor (+) antiparallel and ) parallel spin states. The total
plier tube noise, or counter and electronics inefficienciescross section for all of the nuclei in the beam line from the
Patterns of hits from active and inverse hits, and the differenarget to the transmission counterdgg, .

types of inconsistent patterns were all monitored throughout The statistical accuracy of Ao, experiment is propor-

thest_axplerimelnt. . 4 for both ___tional to the inverse of the square root of the total number of
imilar_electronics were used for both transmission,qiqent particles. Therefore, for about 2@otal particles
measured, a statistical accuracy-efl0™° is obtained. This

value corresponds to a~50ub sensitivity in the

counters. The undeflected andY segments at the second
transmission counter were calculated in MLU’s from hits in
the SNA1 and SNA2 hodoscopes. The quantitieX, AY,
andt, were generated in the same manner as described pré—‘r'- yalue. - .
viously. Many signals were scaled to monitor this system This meas_urementq!aL was a transmission experiment
performancedevents scattered up, down, left, and right; goodv_vhere the dlfferenc_e in the n_umber of noninteracting par-
and bad encoding of signals from the scintillation counterslicles was counted in each spin state, parallel and antiparal-
etc) and to also calculate values foho (pp) and lel. This number was determined from a calgulauon of the
Ao (pp). Accidental coincidences, obtained by delaying thesquare of the momentum transtefor each particle,
transmission counter signals relative to the trigger sig-
nal, were found to be negligibly small.

For the second transmission counter, the signal that
strobed thet-value scalers included a requirement on the

beam in addition to thé o trigger signal described above. when the scattering is forward and the scattering angles are

A small, 3-mm-thick scintillation counter centered on the %l“a”- In the above equatiop,is the beam-particle momen-
nominal beam line upstream of the polarized target was use

with the specialized electronics described in R&0]. The tum'anda iS. the scattering angle. By proj'ecting the incoming
goal was to eliminate events with two or more particlespartICIe trajectory onto t_he plane of a f|_nely segmented de-
within + 150 ns of the beam particle in order to reduce!€Ctor 9rid, and comparing this value with the detector ele-
rate-dependent effects. This was accomplished with delaye@€nt that actually registers a “hit,” a transverse distance can
coincidences and anticoincidences, along with a special ci?€ calculated that is proportional to the scattering angle,
cuit (SBF = Signal Bon Faisceguwith a threshold set on the

t=—4|5|2sin2§~—(p0>2, (7)

integrated analog signal from the counter. Approximately 0~£— VAX?+Ay? 8
15% of theA o triggers were rejected with this additional T d d ' ®)
requirement, including some single particle events with large

energy loss. where Ax and Ay are the distances between the projected

segment that would be hit if there was no scattering, and the
lll. CALCULATION OF = Ao, actual segment that was hit in the horizontal and vertical
The difference in total cross sections for a given soliddirections, respectively, ardlis the distance from the target
anglei can be calculated from the relations to the final detector. The value is then calculated from
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FIG. 8. Diagram showing the face of the first transmission . .
counter hodoscope and the algorithm for assigningkan for a _ FIG. 9. Plot of the n_umber of detec_ted counts in the transmis-
particle scatter. The grid indicates the segments of the hodoscopséOn counter as a function oft. The pom_ts represent value_s cor-
and the arcs indicate thebins calculated for an undeflected trajec- rected for g?ome‘fy’ and the dashed line represents a fit to the
tory (O) projected to a hodoscope segment. The actual hit (*) incorrected points.
the hodoscope and the calculatd® and AY positions to assign

the appropriate value are shown. the othert bins indicated particles that were scattered from

the target. Also shown in Fig. 9 are dots representing the
corrected numbers of hits pérbin. Since the transmission
—p?(Ax%+Ay?) : -
_ . 9) counter segments formed a 2-mm grid, and theins de-
d? scribed annuli, there was a mismatch in the assignment of
particles detected in a given transmission counter segment to

In this experiment, the value op was nominally 200 the propert bin. A Monte Carlo simulation was written to
GeVic, the distanced was 13.00 m, and the ranges Ak make this geom_etncal correction. The dashed line in Fig. 9 is
andAy were 0—5 cm. The process of assigninglain to a & fit of the function.aexp(Bt+ 73+, which was used by
particie scatter is depicted in Fig. 8. This calculation wasPr€vious experiments ip-p andp-p scattering[51], to the
performed on-line electronically in about 275 ns, when thecorrected data. o _ _
signal originated from the snake hodoscope discriminator to  Th€ second transmission counter electronics uzsed eight
the calculated value df. Since large numbers of particles Pins. The firstt bin extended to-t= O-ng(GeV/C) , and
were needed to measure very small asymmetries, an offlirf€ Next six had a width of 0.008eV/c)”, so thatt-bin 7
reconstruction of each scattering event would have requireBad events with-t=< 0.032(GeVic). The eightht bin in-
enormous amounts of beam and computer time. Thus, theluded those events in the transmission counter that were
scaler experiment devised here can reach the desired sengHtside the first sevenbins.

tivity in a reasonable amount of time, with the disadvantage Since the total number of transmission counter hits in
of having no second chance at reconstructing individuaf-Pin 1 was a combination of both transmitted and scattered

events in the data. (backgroundl events, the transmission asymmetry could be

A total of 12 “t bins” were defined in the electronic Written,
trigger for the first transmission counter. The first fodnins

t

o , 2 s Ny —B*—N;+B~

ad a width of 0.0052 (Ge\¢)~ each, whilet-bins 5-11 had e~

a width of 0.0104 (GeW)? each. Eactt bin described an Ny —B*+N; —B~

annulus on the face of the transmission counter. The twelfth + - b oo v oo

t bin scaled the number of particles detected in the transmis- ~ Ny =Ny _ B"-B B"+B }

sion counter, but were outside the range of the first ihs. Ny +N;/ |B"+B7JINy+N;

All those triggers that registered no or multiple hits in the P

transmission counter were also recorded. A log plot of the w| 1+ B"+B (10)
number of particles that were detected by the transmission Ny +N; /|

counter as a function of the square of the four-momentum .

transfer,—t, is shown in Fig. 9 for all of the proton data. As WhereN; is the total number of hits it+bin 1 for spin states
indicated by this plot, most of the particle hits were locatedthat are(+) antiparallel and {-) parallel,B* is the number

in the firstt bin, corresponding to a large number of trans-of background hits within-bin 1 for antiparallel and parallel
mitted particles and to only a small fraction of those thatstates, andN; =T~ +B~, whereT~ is the number of non-
were scattered at small angles. Most of the rest of the hits imteracting particles detected by the transmission counter.
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using this method is that the individuabin acceptances do
not need to be known, and nonuniformities cancel when cal-
culating the asymmetry.

Two other methods were investigated that could have de-
300 - termined the value foreg. The first used the function,
aexp(Bt+ yt?) + 8, to fit the corrected data points, as shown
in Fig. 9. From this fit, the number of background hits was
200 _ subtracted from the total number of hits withiin 1 so that
the number of transmitted particles could be determined. An
' asymmetry was then calculated from the transmitted num-
L - bers for parallel and antiparallel spin states. The cumulative
100 = I U O B error on the asymmetry was very large due to the sensitivity
- of the background fit to the data. This method was also very
dependent on the individu&lbin acceptances.

0 % - The second method again calculated individual asymme-
tries for eacht bin, but did not fit & dependence to the data.

1 It instead took a weighted average of the asymmetry values
for t-bins 3—11, and used this as the value &gr. The val-

400 , .

Asymmetry (x 107°)

~100 : ' : : . iy - B
00 02 04 06 08 10 ues obtained with this method were very similar to the cho-
) sen method.
-t (GeV/c) A completely different analysis, described in Sec. IV B,

was used for a variety of tests and another calculation of
FIG. 10. Plot of the calculated asymmetry per experimental binA o- . This “global-fit” method considered all single hits

as a function of-t. The dashed line is a fit through the data using within the transmission counters as originating from nonin-
t-bins 3-11. teracting, transmitted beam particles. It assumed that back-

grounds from elastic scattering and inelastic reactions were
The background is assumed to be small for this approximanegligible 8/N~ 0), and that asymmetries were constant as
tion. The term in Eq(10) involving only N, is simply the  a function oft (see Fig. 1D Different cuts on the scaler data
asymmetry in the number of particles detected withbin 1 were also applied using this method compared to the final
and namedk,;. Likewise, the term containing onl values  analysis. Yet again, the results from this analysis were very
is the asymmetry in the number of background particles andimilar to the final method adopted.
namedeg. The quantity,B™+B~, is the total amount of Three different quantities were reversed in this experi-
background particles3, andN; + N is the total number of ment to reduce and cancel systematic errors. They Vgre
particles detected within-bin 1, N. Equation(10) can be the direction of rotation of the beam-particle spin-+toand

rewritten to calculate the transmission asymmetry as — longitudinal spin state$snake statg (2) the + and —
target polarization directior{$arget statg and(3) the tagged
B B + and — beam-polarization directioripol statd. A total of
e~|1+ N NeB: (11 8 unique sums of scalefd,” from the runs are then defined

according to the state of each of the three conditions above,
and 4 of these 8 sums correspond to the parallel spin state,
The valueB/N is small, so the contribution of the back- R, , and 4 correspond to the antiparallel spin stﬁé,_
ground withint-bin 1 is small, as indicated in Fig. 9. This These 8 unique sums correspond to the spin states of the
background consists mostly of small-angle scatters that arneeam and target particles, shown in Fig. 11, by varying the
found in t-bin 1. The background contributes about 3% tothree states described above. The vaIueNif'Jf, Ng, and

the total number of particles withitrbin 1, and the number R* correspond to the parallel and antiparallel spin sums dis-

of tra_nsmitted particles is then _ab(_)ut 97%. In Iﬂq_l), the played in Fig. 11. ForAo, , the statega)—(d) in Fig. 11
contribution byeg to the transmission asymmeteyis also correspond to the parallel spin sum.

small, so the major contribution te comes from the asym-

metry in the total number of particles detectedtibin 1,

€1. IV. DATA ANALYSIS AND RESULTS
The method chosen to find the background asymmetry,
€g, calculated the individual asymmetries for eaehin i,

€ . A straight-line fit was made through thg data as a In order for a beam spill to be included in the data sample,
function of —t, excludingt-bins 1 and 2 because they con- it had to pass several hardware requirements for the
tained some fraction of the number of transmitted particlesAo, trigger, as well as some additional software require-
An extrapolation of the data along this line was made toments. The hardware requirements have been presented in a
t=0, where the value of the asymmetry at this point wasprevious section. A beam particle had to have both a valid
assigned to the value ef; . A plot of the asymmetries; as  momentum and polarization value from the beam-tagging
a function of—t is shown in Fig. 10 for the entire sample of system. A single hit in each of the planes of the snake scin-
protons with beam polarization values of 0.35-0.55. Atillator hodoscopes was also required to define a unigue par-
straight-line fit to the data is also shown. An advantage irticle trajectory before the polarized target. In addition, no

A. Data from the first transmission counter
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particles should have been detected by the veto counters. An The average magnitudes of the beam and target polariza-
event passing these requirements was considered to haveians taken during the experiment were also determined. The
valid Ao trigger. average beam-polarization magnitude for values between
The software data requirements were implemented fo0.35-0.55 was found to be 0.4573 for protons and 0.4575 for
each spill of data. The scaler values were not allowed tantiprotons. The average tagged zero beam polarizations
decrease during the several reads of the spill, unless thgere 0.0013 for protons and 0.0007 for antiprotons. The av-
scaler limit had been exceeded and rolled over to a muckrage magnitudes of the target polarizations were 0.73 for the
lower value. The scalers recording events on the electronigroton beam data and 0.78 for the antiproton beam data.
logic gates in the trigger were required to show the proper The number of accidental hits in the transmission counter
decreasing progression of values as more hardware requirgras monitored during the experiment. The rate of accidentals
ments were implemented. The spill was rejected and rewas about 1% of the total number of hits detected. There
moved from further analysis if this requirement did not holdwere some hardware problems in obtaining these numbers
for the beam-tagging logic and thio trigger logic. The during the entire data sample, and also some difficulty in
other software requirements examined tHgin values:(1)  properly normalizing the measured accidentals. Because of
the number of particles within eathbin had to be less than this, the accidental subtraction was not used in the analysis.
the total number of triggers,2) the sum of all thet-bin A check of the results using a portion of the data corrected
counts had to be equal to the total numbefaf, triggersto  and uncorrected for accidentals showed no difference in the
within 1%, and(3) the transmission ratio of countstirbin 1~ asymmetry within statistics.
to total triggers had to be greater than 0.6. The first two A large effort was made to calculate the efficiencies of the
t-bin requirements simply verified that tiin scaler num- detector elements within the transmission counter. Because
bers were reasonable, and the third checked that the transf the overlapping scintillator design, the efficiency calcula-
mission had not changed drastically. tion was complex. However, not all of the information to
Data were collected in alternating periods -6f and — perform this calculation was available at all times during the
target polarizations, with interspersed use of polarized protoexperiment, and so the absolute efficiencies could not be
and antiproton beams. The total number of polarized protondetermined. This correction to the number of hits was not
tagged during the experiment was 1280, which aver- included in the analysis. The relative efficiencies could be
aged to 6.X 10° polarized protons per spill. The total num- monitored from the distributions of hits within the detectors,
ber of Ao triggers was 3.% 10° with an average live time and no large variations were observed during the data-taking
of 88%. Almost all of the dead time was due to the samplingperiod.
trigger. The fraction of tagged-beam protons that satisfied the The values of the asymmetries,, ez, ande, defined in
hardware requirement was 29.3%. The number of protorfEg. (11), are displayed in Table | for the entire sample of
beam spills that survived the software requirements wagroton and antiproton data using beam-polarization absolute
98%. values between 0.35-0.55. Also shown are the uncorrected,
The total number of polarized antiprotons tagged for thecalculated values oA o (pp) andAa, (pp), using Eq.(4)
experiment was 9.2910'°, with an average of 4:210° per  and the values of calculated from Eq(11), and the average
spill. The total number ofAo, triggers was 6.810°, with  magnitudes of the beam and target polarizations. The errors
the same amount of live time as that for protons. The fractiorshown are statistical only, and all statistical errors were cal-
of tagged-beam antiprotons that satisfied the hardware triggulated using a binomial distribution. All the data values in
ger was 6.8%. This difference in the number of triggers beTable | are consistent with zero. An asymmetry was calcu-
tween protons and antiprotons was due to the factor of aboudiated using data with no or multiple hits in the transmission
5 in the ratio of background pions to antiprotons in the beamcounter, and was also found to be consistent with zero for
The number of spills that survived the software requirementboth protons and antiprotons. Additional corrections to the
was also about 98%. data listed in Table I are described in Sec. IV E.
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TABLE I. Table of asymmetries fot bin 1, €;; background, TABLE 1l. Comparison of results using the two transmission
eg; and transmissiong; and the uncorrectedlo; value for protons  counters and a separate analysis program,(l) is calculated us-
and antiprotons with tagged beam polarization between 0.35-0.551g data from the first transmission counter, but the global fit

Errors are statistical only. method. Ao (Il) is calculated using data from the second transmis-
sion counter and the global fit method. These results are not used
Beam Quantity Value elsewhere in the paper. The first error shown is statistical and the
second is systematic.
p €1 +0.00000%- 0.000006
€ +0.000042-0.000084 Beam A () Aa (1)
€ +0.00000@G: 0.000007 (ub) (ub)
Ao (pp) 2+42 ub p — 66+ 28+ 36 —51+52+38
P —68+87+82 —68+103+91
P €1 —0.000021-0.000015
+0. 1 . 202 . .
“a _8 888;;8 888027 tor was operational. Hence, the two values in Table Il are not
€ ' ' independent. Since the exact degree of correlation between
_ the data from the two transmission counters was not deter-
Ao (pp) —150+98 ub

mined, these measurements have not been combined and the
data from the first transmission counter, after correction, are
guoted as the final results. Also, the data analyzed for the
first transmission counter in the two tables had both slightly
An alternate analysis, the global-fit method, was usedjifferent data samples and requirements on the data.
with data from both transmission counters. This method used The systematic errors in Table Il were estimated by using
20 measured transmission rates expressed in terms of linearyariety of different weights for the 20 transmission rate
combinations of two or three parameterd) the spin-  terms in the y? minimization procedure. These included
averaged total cross sectiof},, (2) the Ao value, and3)  weights corresponding to the measured integrated beam in-
the parity-nonconserving asymmety between+ helicity  tensity, so that the integrated beam intensity would be equal
and — helicity beam or target particles, for the two target states or for the two beam polarization and
b P two snake states, and the weights used for the data in Table
1 B"T, Il, as given above. The data fits were also performed for
InR;=— K‘Tt’oti sa Aot([* P =P ]AL), different sums oft-bin counts as well as the different
(120  weights. The estimated systematic errors were found from
the variation of the parameters. The errors oy, are
wheref is the dilution factor for polarized protons compared comparable to the statistical uncertainties.
to the total nucleons in the target. The 20 transmission rates Some tests of the data were performed with the global-fit
(R;) consisted of the eight from the conditions shown in Fig.method. During one test, the ratio of the positive and nega-
11 with tagged-beam polarization magnitudes between 0.38ve target polarizations was varied from the nominal value
— 0.55, another eight with the same conditions but for polarby up to 15%. The effect on theo value from this varia-
ization magnitudes 0.25 — 0.35, and the four rates corretion was less than one-half of a standard deviation. Varia-
sponding to combinations of the two target states and the twtions in the target polarization ratio were not expected to be
snake states with beam-polarization magnitudes between Othis large, so the actual effect ano will also be smaller.
— 0.25. Each rate corresponded to the sum of counts from th&nother test artificially varied the amount of beam absorp-
first two or moret bins, and there were no terms representingtion in the target by up to 8% during one snhake state; the
background from scattering events, since the results werabsorption was assumed to be the same for both target states
statistically consistent for the different number bfbins  and both beam polarization states. The resultAery was
summed. A fit was then made of the two or three parametertess than one-half of a standard deviation. This difference in
to the logarithm of the 20 transmission rates using anini-  transmission during a given snake state was expected to be
mization procedure. The weights of the 20 terms were advery small compared to 8%. Finally, the valuedd; derived
justed to correspond to equal integrated beam intensity-for from the global-fit analysis was close to the anticipated re-
and — target polarizations, for beam polarizations tagged sult, taking into account all the material in the target and the
and —, and for the two snake states. This procedure cancelseam between the SNA2 hodoscope and the transmission
one class of possible systematic errors as described below. dunters. This value was usually very stable with time.
comparison of theAo| values using data from the two However, significant differences in the calculated param-
transmission counters and calculated with the two-parametasters, especiallyh, , were observed for subsets of the data
(oii,Acy), global-fit method was made with the results when the transmission rate was different for the two target
shown in Table Il. It can be seen that the results in Tables polarization states. Such differences occurred for the results
and Il, using different detectors, electronics, and analysifrom the second transmission counter when a helium gas
methods, agree within 1.5 standard deviations. Most of thdéag, located between the two transmission counters, became
data were collected simultaneously with the two transmissionleflated on several occasions. In principle, such experimental
counters, although there were periods when only one deteéacidents should not affect the calculatadr, value if (1)

B. Data from the second transmission counter



1174 D. P. GROSNICKet al. 55

the fractional change in the transmission rate was the same TABLE lll. Table of transmission asymmetriesandA o val-

for the two snake and the two beam polarization stai@s, ues with a tagged beam polarization of 0.35-0.55 for both protons
the magnitude of the beam polarization for the two p0|ariza.and antiprotons. The andA o values were analyzed from data for
tion states was the sam@) the two target polarizations had the special conditions listed. The numbers from the special condi-
the same size, an@) the integrated beam intensity was the tions are not used elsewhere in the analysis. Errors are statistical
same for all 8 conditions shown in Fig. 11. The adjustmenf’”'y-

of the weights in they? minimization procedure compen-

sated for the last condition, and the beam-polarization mag2¢a™ Quantity € Aoy
nitudes for particles taggetl and— were very nearly equal. (ub)
However, the two target polarizations often differed by, All data  +0.00000G 0.000007 2+ 42
~4%, and it could not be guaranteed that the gas bags de-

flated in such a manner as to cause equal fractional changes +PPT —0.000045-0.000009  — 280+ 62
to beam transmission for the two beam polarization states. _PPT +0.0000380.000009  + 241+ 62

Thus the data from the second transmission counter were not
used for the determination &, .

. Snaker +0.000018-0.000009 +112+59
Furthermore, there was a class of systematic effects that

affected the beam transmission from one condition in Fig. 11 Snake- —0.000018-0.000009  —112=60
differently from the other 7 conditions; this situation could
produce errors in botlo, and A_. Extensions to the Pol+ —0.0000750.000009 46968
global-fit method with Eq(12) would have required modifi- Pol-  +0.000044-0.000009  +273*62
cations in order to search for such systematic effects. Instead,
the background subtraction method presented in Secs. Il and_
IV A was chosen to search and correct for additional system? Alldata ~ —0.000026-0.000017 ~ —150+98
atic effects, as described in the following sections. This also
has the advantage of minimizing certain types of systematic +PPT —0.000001-0.000024 ~ —7+146
errors that could influence the determinationfef, but not —PPT —0.000059-0.000023  —336+134
Ao .

) Snaker +0.000121-0.000024  +708+148

CF . Snake- —0.000176:0.000024  —997+157
. False asymmetrles

As described previously in Sec. lll, eight unique sums are Pol+ +0.000069-0.000024 -+ 405+ 148

defined corresponding to the parallé®;() and antiparallel Pol— —0.00008G-0.000023 —469+138

(R") spin states of the beam and target partici&pecifi-

cally, theR;” are ratios of the sum of the four unique sums
N; for parallel spins to the corresponding sum of four  There are three other combinations of these 35 that war-
N, .) By rearranging the eight sums into different combina-rant further scrutiny. Each of these three combinations con-
tions of “parallel” and “antiparallel” states, a total of 35 tains only one state of the snake, target, and pol states in the
independent combinations can be made. Each comblnatlorbara"eyv and “antiparallel” sums. Thus an asymmetry is

contains four parallel and four antiparallel spin sums, anGormed that indicates how well the two reversible states can-

combinations that are only transpositions in the sign are €Xze| The combination that contains four sums of one of the

cluded. It is interesting to note that of these 35 combmauonsSnake states gives a “fake snake” asymmetry, the one com-

only four are well-balanced in each of the three quantitiesoination that contains four sums of one of the beam-

(snake state, target state, and pol gtdtaving two of each polarization states gives a “fake beam pol” asymmetry, and

type of the three quantities in both the antiparallel and par; L .
allel states. Included in these four special combinations, ar}-:the one combination that contains four sums of one of the

Ao, and a sum over the polarized target states to give aRoIarized target states gives a “fake target” asymmetry. The

effective measurement of parity. The other two special compther 28 independent combinations do not correspond to a

binations should give an asymmetry value of zero, since addNysical meaning related to the experiment.
ing together pairs of variables produces an effective unpolar- Of the total eight possible sums in the asymmetry calcu-
ized beam and an unpolarized target. lation as shown in Fig. 11, only four sums would be used if
One of these other two special combinations sums ovePne of the three statesnake, target, or ppwas held con-
the two beam-polarization states to give an effective zer$tant. For example, if only one of the target polarization
beam polarization, or unpolarized beam, and an effectivétates was used, such as thetarget state, contributions to
zero target polarization, or unpolarized target, and forms &he asymmetry would come from stai@$ and(d) in Fig. 11
“fake zero” asymmetry,er. In Fig. 11, the stateg), (b),  for the parallel sum, and from staté$ and(g) for the anti-
(g), and (h) correspond to the “parallel” spin sum ofg. parallel sum. By holding each one of the three states con-
The other one of these special combinations sums over th&ant, an estimate of how well the other two states cancel
two snake rotations to give an effective unpolarized beantould be made, as well as the contribution from each state.
and target, and forms a “fake rotation” asymmeteg,. The  The results of this analysis, giving the appropriate values for
states(b), (d), (e), and(g) in Fig. 11 correspond to the “par- the transmission asymmeteyand Ao, are given in Table
allel” sum of the eg asymmetry. Il for protons and antiprotons. The results show how well
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TABLE IV. List of tagged zero beam polarizatioey; fake zeroer ; and pairwise spillgy,, asymmetries
for protons and antiprotons. Errors are statistical only.

Beam €p €p Ew
p —0.000064-0.000007 —0.00006G-0.000007 —0.00000% 0.000006
P +0.00003@-0.000017 +0.000073-0.000017 —0.000021-0.000015

the quantities cancel, even though there are nonzero valussich as the beam transmission, beam motion, and target den-

when one of the states is fixed. sity, on the three reversible states. Others included detector
Several other false asymmetries were calculated to undegiignment, intensity, and left-right and up-down asymmetry

stand systematic effects and provide information on the meggnajyses. These studies were mostly performed with data

surement. The beam particles that were tagged with zergom the first transmission counter, and similar results were
(—0.25 to +0.25) polarization could also be use_d to calcu- ypserved with the second transmission counter.
late a “pol zero” asymmetrye,. Of the three possible quan-

tities that could change state, only the target and the snake
states could be reversed to reduce systematic results for the ) ) )
pol zero asymmetry. The calculated value of the pol zero One such study investigated the effects of changing the
asymmetries are given in Table IV for protons and antipro-Shake state, that is, by changing the direction of rotation of
tons. the beam-particle spin by the snake magnets to the longitu-
Another quantity that was found to measure an effectivedinal spin states. By forming left/right and up/down ratios
zero beam polarization is a “fake zero” asymmetey,, as  from the number of particles measured in several detectors,
described previously. The number of beam particles taggethe amount of beam motion correlated with the snake state
as “+" were added to those tagged as-" to produce the could be observed. The veto scintillation counters and the
number of particles with a fake zero polarization. An asym-scintillator hodoscopes, when viewed in this manner, all
metry was then calculated using these numbers and is alsthowed a periodic structure of 24 spills in the left/right ratio
shown in Table IV for protons and antiprotons. An advan-for both proton and antiproton data. This periodic structure
tage of using the fake zero asymmetries is that it uses allorresponded directly to the reversal of snake states. Less
eight combinations of the three states shown in Fig. 1lgtrycture was observed in the up/down ratio. The horizontal
while the pol zero asymmetry uses only four combinationspeam motion originated upstream of the snake magnets and
and with a completely different set of tagged beam particlesyqynstream of the beam-tagging area. Even though the
The calculatedt, ande asymmetries are the same sign andcp;se was never verified, the motion was probably due to a

magnitude, within statistics, of each other. The nonzerq -\ vernier magnet, located between the twerekov
value may be due to a small misalignment of the transmis- !

; oS counters and not shown in Fig. 2, whose power supply was
sion counter from the actual origin iX and Y from the located near those of the snake magnets. The large currents

assumed origin. Other evidence for a misalignment COMES_4'in the snake magnets influenced the power supply of the

from the values calculated when holding one of the three'>€d . . )
states constant. The pol zero and fake zero asymmetries haVg™MI€r magnet, as found by a linear relationship between the
ize of the effect and the snake magnet current. A check of

the same magnitude and sign for the two polarized target'“ ¢ : . )
states and the two beam polarization states. This indicatestdis wWas performed to see if the difference in the vernier
constant offset explainable by a detector misalignment. Thi§'agnet current between the two snake states affected the
misalignment could also cause the wrong assignmenttof a@symmetry and the beam position. An approximately linear
value for the scattered event in a given beam polarizatiofielationship was found between ther, asymmetry and the
state. difference in vernier magnet current. A linear relationship
Two other asymmetries were formed and studied for poswas also observed with the pol zero asymmetry and the dif-
sible effects: the “pairwise spill” asymmetry and the “snake ference in current. This correlation caused no difficulties
off” asymmetry. By adding the number of particles in eachwith the data as long as the snake magnet current remained
t bin for every other spill, and calculating the asymmetry,constant.
ey, a measure of the change in experimental conditions on The magnitude of this beam motion could be found from
the time scale of a spill could be studied. The pairwise spillthe centroids of the distribution of particles detected in the
asymmetry is given in Table IV for protons and antiprotons;transmission counter. The difference in centroids between
both values are consistent with no effect. The “snake off” one snake state and the other showed a horizontal shift of
asymmetry used particles and conditions during the one spiﬂo_56i 0.07) mm for protons and-0.51+ 0.16) mm for
of 12 in the snake magnet reversal cycle when there was Ngntiprotons. Note that the shifts in the peak positions are
current in the snake magnets, as indicated by the Hall probg,,site for protons and antiprotons, which also indicated
Vﬁlues. This asymmetry was found toh be unreliable duekt‘{’hat a bending magnet could be involved. The beam motion
ﬁ];nrglrt'lg t;eim—motlon conditions when reversing sna €hat was observed in this experiment was measured using
gnet potartties. data from thel-type snake configuration instead of the
N-type configuration reported in Rd35]. The overall effect
that this beam motion had on the transmission asymmetry
Many different studies were made of effects that couldwas minimized because there were approximately equal
influence the data. Some of these studies included effectsumbers of spills with the snake magnets in each state, and

1. Beam motion effects correlated with the snake state

D. Studies for the systematic error estimate
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70— ———— ticles pert bin then changed the calculated asymmetry per

i} t bin. For example, after the translation in position,

A + po €,=0.00187 0.00065, compared to the value of given

E o poL ] in Table | for antiprotons. This would then affect the fit of

S - roL the asymmetry as a function ofbin, and finally the back-

78 - . . ground asymmetry calculation. The transmission asymmetry

was affected by a differeritbin 1 asymmetry and much less

] by the background asymmetry. Even though the effect of the

— two polarization states was cumulative, the resulting asym-

metry for each was dependent on how well the other two

guantities cancedlsnake and target stajeas shown in Table

lll. A computer simulation showed that a displacement up to

] + 2 mm changed the transmission less than 1.5%.

The observed difference in the beam-particle transmission

. i could then be partly explained by a translation of the trans-

-08 -0.4 0.0 0.4 08 mission counter. Small density differences in the target could

also explain this difference in transmission between beam-

polarization states and the change of transmission between
FIG. 12. Plot of the ratio of the number of valid hits in the the differentt bins, as described below.

transmission counter with a proton beam divided by the total num-

ber of triggers as a function of the beam polarization.

Transmission

77

T N/N,

Beam Particle Polarization

3. Polarized target studies

o Another study was made of effects related to the polarized
also because the spin direction of the protons in the polarizegyrget that may influence the data. Proton data taken with the
target was reversed several times. target solenoid located in the polarizing position, centered at
the target, were compared with data when the solenoid was
in the large-aperture position of the frozen-spin mode,

Another study showed that there was a difference in thenoved 16 cm upstream of the target center. No difference in
beam-particle transmission as a function of the tagged-beathe Ao asymmetry was observed. However, the pol zero
polarization state for both protons and antiprotons. Theasymmetry and the fake zero asymmetry both showed differ-
tagged + beam-polarization state always had a slightlyences between the two solenoid positions that may be due to
larger transmission than for the beam-polarization state. a difference in the position of the beam. A test to determine
For example, int-bin 1 the difference in transmission was if the solenoid caused a small amount of beam steering was
0.25% for protons and 0.29% for antiprotons. A plot of theinconclusive.
beam-particle transmission as a function of beam polariza- Another study involving the target was made on the rela-
tion is shown in Fig. 12. Since the- and — beam- tive amounts offHe and“He in the target volume and how
polarization states are physically located on different sides ofnuch this difference contributed to the beam transmission. A
the beam spot, it was conceivable that one part of the beatarget density difference could explain the difference in the
traversed a different part of the target or other material contransmission between the and — beam polarization states.
taining a different density than the other part. Such a differ-At a period when the’He level within the target was low
ent density in the target could be caused by the finite sizes afompared to normal conditions, an overall drop in the beam
the beads or the nonparallel ends of the target volume. Artransmission ratio for the number of particlestibin 1 was
other possible explanation was that a translation in the transbserved to be 0.3%. The explanation was that since the
mission counter caused a wrong assignment oftthim for ~ 3He level was low, there was mortHe in the target, and
the scattered particle. The number of particles assigned toconsequently, more scattering and less transmission oc-
t-bin 1 for one beam-polarization state could then becurred. Thus it was possible to observe a difference in the
changed and cause a difference in the amount of beam transrget density. No difference was seen in the transmission
mission. However, an 0.19% difference in transmission forrates between- and — polarization states of the beam dur-
protons int bins 1 and 2 was also observed with the secondng this test. There was also no difference observed in any of
transmission counter, where the translation would be exthe asymmetries due to the transmission difference related to
pected to be different. the target density. It is interesting to note that the drop in the

The effect of a translation in the position of the transmis-number of particles in-bin 1 corresponded to an increase in
sion counter on the data was investigated during a periothe number of zero and multiple hits and large-angle scatters
when the transmission counter was shifted 6.35 mm to thét-bin 12) detected by the transmission counter. This pattern
left of the beam axis. The computation of theX andAY  occurred for both thet and — beam polarization states. A
values that were used to assigrt &alue was now altered small difference in the transmission was also observed when
such that the projected position from an undeflected trajecdetectors and other material were removed from the beam
tory was not correct. Consequently, the noninteracting beartine.
particles were now assigned values mostly-isins 2 and 3,
instead oft-bin 1. A small difference was observed in the
t-bin assignment and the transmission for the two beam- An analysis was performed to determine asymmetries us-
polarization states. A shift in the numbers of scattered paring the beam polarized in tHe direction, which is vertically

2. Beam transmission correlated with position

4. N- and S-type scattering asymmetries
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perpendicular to the beam axis. A left-right asymmetry wasament, beam motion, and the wrong assignmentt-bin val-

calculated from the following relation, ues. If the effect ine_ g was due entirely to al-type com-
ponent, an angle showing the maximum amount of rotation
(Ly+Ro)—=(L-+Ry) of the polarization vector from purely-type beam could be

LR +R )+ (L_+R,)’ (13

calculated. These were found to be (#.0.8)° for protons,
and (—6.4+ 2.9)° for antiprotons. Calculations from a
whereL andR are the normalized number of particles de- Monte Carlo program using the observed beam motion and
tected in the transmission counter to the left and right, remisalignment give approximately the same value €as.
spectively, of the undeflected beam-particle trajectory, as de-

fined by theAX value, and+ and— correspond to the up or 5. Other tests

down spin orientation of the particle. The ters , R_, Another test of the beam had the primary production tar-
etc. contain contributions from both the snake and pol stateget, which produced thd hyperons for the polarized pro-
Due to the method in which the scattered particles were aspns, removed from the primary 800-GeVproton beam.
signed, the quantity,  is sensitive to a+N spin in that | ess than 2% of the amount of the original beam remained as
portion of the beam tagged with positive polarization, and tog hackground. This indicated that there were no significant
a —N spin for the negative polarizatiojr vice versq The secondary sources in the beam line.
asymmetrye, g is not sensitive t@&-type orL-type spin com- An observation was made that the beam made a slight
ponents in the nomindli-type beam, or to equal amounts of horizontal angle relative to the center line of the beam-
a +N (—N) spin component in both the¢ and — parts of  tagging hodoscopes that provide the measurement of the
the beam. The up-down asymmety, was formed in an peam polarization. This angle caused slightly more beam
analogous manner to E(L3) by substitutingy andD for  particles to be tagged with a positive polarization at higher
L and R. The value ofe r gives a “type” of Coulomb-  momenta, and slightly more with negative polarization at
nuclear interference measurement of elastic scattering, whidawer momenta. If the transmission asymmetry was corre-
should produce a nonzero left-right asymmetry and a zergated with the momentum, then a false asymmetry could re-
up-down asymmetry. The data are presented in Table V fogult. This effect, however, cancels when the snake magnets
protons and antiprotons. Thegg value for protons showed a are reversed.
significant asymmetry, a b3effect, and for antiprotons, a  Some on-line studies were made of the quality of the data
smaller & effect. The results foe,p for both protons and related to beam intensity. A high beam intensity caused un-
antiprotons were consistent with zero. These results clearlgtable conditions with the electronic trigger and hardware. It
show that there was a large asymmetry from a polarizegvas also found that the data exhibited variations outside of
beam in the expected manner. statistics. Due to these problems, the intensity of the polar-
Values of e g and e,p were also calculated using the ized beam was set at an average of>*6 2 particles per
tagged zero polarization beam particles. A large left-rightspill for protons, and 4.2 1P particles per spill for antipro-
asymmetry was found, and that was again consistent with ons, even though the beam line was capable of a much
translation of the transmission counter and beam motion. Aigher intensity. From the data taken within this intensity
similar effect was also observed in the up-down asymmetrpoundary, no correlation was observed between intensity and
for the tagged zero polarization particles. the calculated asymmetries. Tests were also made by adjust-
A further investigation of this analysis compared theseing a collimator, located upstream of the beam-tagging re-
results with the actual CNI measurement performed in thigjion. Opening the collimator increased the intensity of the
beam line. In Ref[42], the analyzing power decreased by beam, but most of this increase was due to background as
several percent as a function oft, in the region indicated by the increase in particles vetoed in the trigger by
—t= 3x10 3 (GeVl)?. The data accumulated in the CNI- the beam @renkov counter. The second transmission
like measurement are displayed in Table VI, where e counter and th&BFlogic were less sensitive to rate effects.
value is the average of a range of sevérhins, ande g is Events taken during the 10-Hz sampling rate included
the left-right asymmetry calculated in this range. The datanuch information that was not available from the data accu-
indicate a decreasing asymmetry, which is related to the ananulated with the scalers. These data included momentum,
lyzing power, as a function of increasingt. These data polarization, and particle hit distributions, all as a function of
followed the general trend of thiedependence given in the the snake and pol states. The particle hit distributions
CNI results as shown in Fig. 13, but the magnitudes areshowed the expected pattern of thieand — beam polariza-
smaller due to various unmeasured backgrounds. The santiens being on opposite sides of the beam spot horizontally,
t dependence was found for the antiproton beam data, but theith the zero polarization state between the two. The hori-
measured asymmetries were not as large. The up-dowrontal spatial difference between theand — beam polar-
asymmetries as a function eft were consistent with zero. ization centroids was about 5 mm at the transmission
This sameN-type spin analysis using the left-right and counter. It also showed that the beam size was decreasing
up-down asymmetry calculations was performed on all thelue to focusing at the target. The momentum distribution
longitudinally-aligned spin data. The results are shown inshowed fewer particles at the higher momentum values, and
Table V, and indicate a nonzero left-right asymmetry fora vertical spatial difference of about 4 mm from low to high
both the proton and the antiproton data. A similar effect carmomenta at the transmission counter. There were also less
be observed for the up-down asymmetries. These nonzethan 2% differences in the average momentum values be-
values could be due td- andS-type spin components in the tween the two snake states and the two beam polarization
beam, but could also be due entirely to detector misalignstates. In most of the distributions, there was little or no
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TABLE V. Calculated left-righte, g, and up-downep , asymmetries, using tHé-type andL-type spin
orientation of the proton and antiproton beams. Errors are statistical only.

Orientation Beam €R €up

N p +0.002486-0.000181 —0.000203-0.000186
P +0.001738-0.000350 —0.000011-0.000360

L p +0.0001790.000036 —0.00018(-0.000037
P —0.000194-0.000088 +0.00021@-0.000090

difference between the proton and antiproton beam data. THeseam and target when averaging over the entire data sample.
data sampled on-line were also a productive diagnostic toolhe asymmetries for these two quantities should therefore be
for understanding experimental effects in the off-line analy-zero since there is no spin enhancement in any state. How-
sis. ever, for the groups in Table VII there is no average over the

As discussed previously, the data were read by the contarget states. In this case; corresponds to an average over
puter a total of 11 times during a beam spill. Asymmetriesthe pol states, but a single snake and target state,eand
were calculated for several different reads of the data t@orresponds to an average over the snake states, but a single
check for any variations that may occur during the spill. Nopol and target state. Thus; is sensitive to effects caused by
significant variations from the average spill asymmetry weresnake state differences, such as the beam motion described
observed during these reads. The first data read was observedrlier, andeg is sensitive to pol state differences, such
to contain about one-third the number of particles in it com-as the varying transmission across the beam spot. In an ideal
pared to the other reads. experiment, bother and egx would be zero. If either or

Most of the tests for systematic errors indicate that theboth e and eg are nonzero, the data can be corrected
observed results will have no significant effect on the meausing the correlation of these asymmetries with the
sured data. This is primarily due to the cancellation of asymA ¢, transmission asymmetry, The differences i before
metries by reversing the spin state. Most of the observednd after the corrections then give an estimate of the system-
effects on the false asymmetries could be explained by thesstic error.

many tests.
E. Calculation of Ao and the systematic error L I f I I I

The data were accumulated in several groups, each group - { Ref. [42] -
containing approximately 30 hours of data during one polar- ‘
ized target state. The data fell naturally into these groups; i This expt.
each spill contained particles with both and — beam- B
polarization states, and the snake state reversal occurred ev- 0 - 7
ery 12 spills. Asymmetries were calculated for each group of I |
data, and thé o transmission, fake zero, fake rotation, and z
parity asymmetries are given per group for protons and an- < {
tiprotons in Table VII. The effect of changing the target state ]
can be observed in Table VII. For example, #iegasymme- 1072 B
tries for each group of data are very large, yet when all the g
group data are taken into account, they cancel fairly well. - 8 .

As discussed previously, the two quantities, fake zero and J
fake rotation asymmetries, give an effectively unpolarized %

TABLE VI. Table showing thet dependence of the left-right 10° . ' ' ' '
transmission asymmetryg, g, using anN-type polarized proton 00 01 02 03 04 05 .06
beam. Three ranges ofvalues are displayed, with the average 2

) - -t (GeV/c)
value per range also given. Errors are statistical only.
t range —t €LR FIG. 13. Comparison of th@p elastic scattering polarization
(GeVl) 2 parameteAy obtained with the CNI polarimeter from R¢#2] and
the values from the CNI-like measurements in this experiment.

Small 0.009 +0.003875-0.000335 These latter values are the ratio @f from Table VI to the beam
Mid 0.019 +0.002616=0.000300 polarization, and they are smaller in magnitude than the actual CNI
Large 0.046 +0.0011070.000317 data because of various backgrounds. The errors shown do not in-

clude the systematic error on the absolute beam polarization.
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TABLE VII. List of Ao transmissiong; fake zero,eg ; fake rotation,eg; and parity,ep, asymmetries
from target groups for both protons and antiprotons with a tagged beam polarization of 0.35-0.55. Errors are

statistical only.

Beam Group € € €R €p
(x10°9) (x10°%) (X 10°9) (x10°9)
p 1 146+ 56 135+56 —2164+56 146+ 56
2 —56+20 —107+20 1407+ 20 56+ 20
3 32+17 80+ 17 —1577+17 32+17
4 -3+17 —123+17 147317 3+17
5 —154+56 182+ 56 169756 154+56
6 88+ 20 — 6620 — 1409+ 20 88+20
7 —65+25 65+ 25 1384+ 25 65+ 25
8 91+34 —163*34 —1273+34 91+34
9 —61+18 83r18 127818 61+18
10 —13+16 —19+16 — 1355+ 16 —13+16
wt. av —4+7 —15+7 —34+7 41+7
P 1 —69+40 129+ 40 1823+ 40 69+ 40
2 —137+44 22+ 44 —1928+ 44 —137+44
3 120+ 51 95+ 51 135751 —120+51
4 —1+43 —26+43 —1574+43 —1+43
5 68+ 70 103+ 70 1569+ 71 —68+70
6 —94+54 —180+54 —1483+54 —94+54
7 13+47 166+-47 — 1563+ 47 13+47
8 —61+45 —34+45 1506+ 45 61+ 45
wt. av. —32+17 3717 —98+17 —24+17

Table VIII shows the uncorrected\o transmission correlation and finding the values efwhen the other two
asymmetries per group for protons and the tgfafrom each  asymmetries were set to zero. Table VIII also shows the
of the group data points. Correlations were made betweeoorrected values and the®. Using these corrected asymme-
the transmission asymmetries per group and the fake zetoies, the target constant, and the average beam and target
and fake rotation asymmetries per group. The transmissiopolarizations per group, the values Afo (pp) could be
asymmetries were corrected using a straight-line fit of thecalculated, along with a weighted average of these values.

TABLE VIII. List of corrected and uncorrected asymmetries and the tgfalthe corrections to the
asymmetries, and th& o value per group for protons with a tagged beam polarization of 0.35-0.55. The
total x¥2/Npg for uncorrectede is 8.0 and for corrected is 2.2. Errors are statistical only except for the
weighted average, where the first error given is statistical and the second is systematic.

2

Group Uncorrected¢ € correction eg correction  Corrected 2 Ao (pp)
(X109 (xX10°9) (X109 (x10°9) (ub)
1 146+ 56 7.2 33:17 —-62*+10 116+ 59 4.3 674345
2 —56+20 6.8 —26x10 41+7 —41+23 2.3 —276+154
3 32+17 4.5 197 —45+7 6+20 0.5 3r114
4 -3+17 0.0 -30+10 42+7 10+21 0.7 61127
5 —154+56 7.2 44+ 20 49+8 —-61+60 09 —369+350
6 88+ 20 21.1 —-16+7 —41+7 31+22 3.1 194+ 135
7 —65*+25 6.0 16-8 407 —-9+27 0.0 —58+157
8 91+ 34 7.8 —40*=15 —37+6 15+ 38 0.4 95215
9 —61+18 10.1 20-8 37t6 —4+21 0.1 —32+121
10 —13*16 0.3 —-5+4 —39+6 —57+£18 8.1 —414+131
wt. av. —4+7 —9+8 —42+48+53
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TABLE IX. List of corrected and uncorrected asymmetries and the jetatorrections to the asymme-
tries, and thel o value per group for antiprotons with a tagged beam polarization of 0.35—-0.55. The total
X?/Np for uncorrecteck is 3.0 and for corrected is 1.8. Errors are statistical only except for the weighted
average, where the first error given is statistical and the second is systematic.

Group Uncorrecte¢ x? e correction eg correction  Corrected 2 Ao (pp)
(X109 (xX10°9) (x10°9) (X10°9) (ub)

1 —69+40 0.9 — 66+ 33 —24+19 —159+55 4.5 —983+344
2 —137+44 5.8 —11+23 26+ 20 —123+53 2.0 — 688+ 302
3 120+51 8.8 —49+ 32 —18+14 53+ 62 2.4 307361
4 —1+43 0.5 1323 21+16 33+51 2.3 198& 297
5 68=70 2.0 —53%x41 —21*16 —6+83 0.2 —38+504
6 —94+54 1.4 92+ 45 20+ 15 18+72 0.8 111419
7 13+47 0.9 —85+41 21+16 —-51+64 0.0 —295+361
8 —61+45 0.4 1724 —20x15 —64+53 0.2 —388+327
wt. av. —32+17 —45+21 —256+124+109

An estimate of the systematic error was then made by cofized to theAo (pp) values withp,,, between 4 and 11.75
recting the statistical error by x“/Npr to obtain a total er-  Gevjc. Extending this to a laboratory momentum of 200
ror, and from this total error derive the systematic error.geyy, the estimate becomess, (pp)~ — 20 ub.

The experimental result isAo (pp)=—42=* 48(stat) The other mode[54] includes contributions from hard,

= 53(syst) ub. The systematic and statistical errors are appointiike scattering mechanisms and soft, coherent dynamics
proximately equal, and the value did not change by morg, form Ao (pp), and by measuring the hard-scattering con-
than 1o aftgr the corrections. An additional systematlc_ eITONtrihution, information on the spin-dependent quark and gluon
corresponding to the absolute beam and target polarizationgigyihtions within the polarized proton can be obtained.

© ?’h(selss,(?n?é in?;r;gi.s can be performed using the antiprotoThe quantity Aoy can be decomposed into two parts:
gu(pps) = Aat™(ppipo.s) + Act(pp;po,s), where

beam data. The uncorrected and corrected data are presented. - M .
in Table IX for each group data point, along with the Ao is the contribution from coherent hadron dynamics,
total y?2 and Ao, values. The result isAo (pp) Aclis due to the pointlike contribution from the scattering
= —256+ 124(staty- 109(syst) ub. Again, the statistical of quarks and gluongy, is the momentum cutoff parameter
and systematic errors are comparable, and the value afistinguishing the two parts, arglis the square of the c.m.
Ao, hardly changed after the corrections. The additionaknergy. A measure of the energy dependenca@f* for a
systematic error corresponding to the absolute beam and tafixed cutoff parameter can provide new information concern-
get polarizations ist 17 ub. ing the energy regime where the hard-scattering approxima-
No correctiond52] were made to the data for Coulomb- tjon is valid. The value of\ ¢l can be sensitive to the spin-
nuclear interference, known to be significant at lower energependent gluon distribution in a polarized protaiG, and

gies. For this measurement, the corrections were calculatedy, gifferentiate between no, small, or laly& values.

to be a few microbarns, which is small compared to the other 1,5 estimates of o€t are given here, one with a large
uncertainties. v ’

AG value and the other witAG= 0. Using pg =5
(GeVk)? and Js = 20 GeV for both estimatesAajL'st
~ 26 ub for (AG) = 6, andA¢l® ~ 2 ub for (AG) = 0.
Two theoretical models offer predictions faro (pp).  Note that the predicted values afo!® are positive in this
One model is based on conventional Regge phenomenologyiodel, while the prediction using Regge phenomenology is
and the other comes from phenomenology of jet physicspegative at 200 Ge?/ An estimate ofAoi®(pp) will be
There are no published theoretical predictions forapproximately the same as that f@vjft(pp), regardless of
Ao (pp)- _ which gluon model is used. For largeG, the contributions
The model[S3] based on conventional Regge phenom-g¢ e gifferent scattering processesAe® are dominated

enology ha_s thes, pole as the leading singularity with un- by gluons, which contribute the same amount to both of the
natural parity that can couple to thechannel, unnatural- p-p and p-p cross sections. FoAG= 0, the difference in

parity exchange amplitudel)o, at t=0. Unitarity relates o o155 sections is dominated by the valence quark contri-
Aoy (pp) to the imaginary part of this scattering amplitude y, ions byt this difference is on the order of a fraction of a
by Aoy (pp)=(8 m/k)ImUy, andUo= 3 (¢1— ¢#3), as de- b, depending orp,, which is likely to be much smaller
scribed in Eqs(1) and(2). If Uy has coherent Regge behav- than either total cross sectigB5].

ior in this region, themA o (pp)~cpZ,t, wherea is the Figure 14 shows the experimental values of
intercept of theA; trajectory and has the value ef0.15, Ao (pp) andAo (pp) at 200 GeVé, including the statis-

Piap IS the laboratory momentum, ards a constant normal- tical and systematic errors, and the theoretical predictions for

F. Comparison of Ao to theoretical models
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100 antiparallel ) to the beam momentum. Experimental
knowledge of the strangeness-conserving hadronic weak in-
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o teraction can be gained through parity-nonconservation ex-
} g, (pp) Ao Jo Ag periments. . . . . .
~100 - o m Rogge  (no'aG) (large AG) Previous experiments ok, at five kinetic energies be-
Theory tween 13.6 MeV and 5.1 GeV have been performed using
beams of polarized protons incident on unpolarized targets.
The first[56] of these used 15-MeV polarized protons on a
_300 - - liquid-hydrogen target and found, = —(1.7+0.8)x 10 ’.
200 GeV/c Ag, The secondl57] was at 5.1 GeV and used a water target. The
y Summary ] value measured wa#, = +(26.5+6.0+ 3.6)x10 ’. The
a0, Bp) third measurement at 800 MeV used both a water target and
-500 a liquid-hydrogen target. The valig8] of A, for polarized
protons on the water target wasA =+(1.7
FIG. 14. Summary of\o data from this experiment and cor- +3.3+1.4)x10 /, and the value[59] using the liquid-
responding theoretical predictions from ReffS3] and [54]. The hydrogen targetA, = +(2.4=1.1+0.1)X 10~7. The high-
error bars indicate statistical errors only and the extended error bajsrecision measuremeii60] at 45 MeV used a polarized-
include both statistical and systematic errors. proton beam and a liquid-hydrogen target to obtain
A =—(1.50+0.22)x 10 ’. The most recent measurement

Ao, and Ac®. The experimental data for both [61] was at 13.6 MeV and found = —(1.5+0.5)x 10 ".
Ao, (pp) andAo, (pp) are consistent with zero within the All of these measurements were dedicated experiments that

errors. From this summary, the experimental data points fopcquired data for several years and had expended much ef-
Ao, at 200 GeVé are not able to differentiate between the fort to reduce systematic errors. The valuefpfat 5.1 GeV

two theoretical models, or between no or lafgé contribu- 1S noted to be much larger than the others.

tions to the proton spin ima_jft_ A more precise measure- The experimental data at the lower energies can be de-

; ; ibed reasonably well with the theoretical predictions
ment of Ag|_ at a higher energy may be able to do this. TheS¢" .
sign and the magnitude &o | (pp) are consistent with the based on a meson-exchange mofil-71 and a hybrid-

. . uark model[72]. The meson-exchange model has one to
asymptotic energy dependence of the Regge amplitudes pr?v_vo meson e[xcLan es between a agrit -conserving, stron
posed to explain the values at 6 and 11.75 GeV. 9 parity 9 9

One motivation for this measurement, described in Sec. Ilnteractlon vertex and a parity-nonconserving, weak interac-

was to investigate to what extent the helicity-changing am:Elon vertex. At energies below a few hundred MeVprp

plitudes participated in the rise of the unpolarized, total cros§la.st;"C 4 sgattermg, the rﬁ)arlty-contser;{lr:g mts_rlacttlﬁn IS (.jte'
sections. Since the value dfo is consistent with zero for scribed by meson-exchange potentials, whiie e parity-

both p-p and p-p scattering at 200 GeV/ it appears that nonconserving interaction is described by several meson-

this rise in the cross section is not due to spin effects. An_nucleon coupling constants. The predictions give

- — : - U A_~10"7. Other theoretical calculations are based on the
other motivation was that-p interactions may result in sig- ~L — |
nificant polarization effects due to the dependency on thénulnperlpheral modef73], and heavy-boson exchantjd].

helicities of the annihilation of two spin-1/2 particles into At higher energies, a.quark-mod'el qalculat[de,?d of
vector intermediate states. Again, becaiss (pp) ~ O, this A shows that the dominant contribution comes from the
dependence does not seem strong. Finally, sinege is re- parity-nonconserving interaction of two quarks _fr_om the
lated to the helicity amplitudes, as given in Ed), and the same beam proton that may be described as a mixing of the

) - ~ beam protons into intermediate states of negative parity. This
value isAo ~ 0, then Imp,(0)~Imd3(0) at 200 GeVe. higher-twist subprocess dominating the high-energy asym-

metry can be approximated in the parton model as quark-
V. PARITY NONCONSERVATION vector diquark scattering. A vector diquark from the polar-
A. Introduction ized proton (unpolarized targetinteracts strongly with a
uark from the unpolarized targgtolarized beamwith the
arity-nonconserving weak interaction occurring only be-
S . - L ween the quarks of the vector diquark. The asymmetry con-
incident on an unpolarized target. That is, if parity is CON-4-ins soft processes with poorly-known individual param-

gerved, 'th'e cross sgcﬂon canno.t depend on whether the Pters, so the normalization needs to be fixed by experimental
ticle helicity is positive or negative. A measurement of thedata. Once this is fixed, all of the uncertainty in the asym-

longitudinal-polarization asymmetrys,, can detect parity .1 is due to a parameter, which effectively represents
nonconservatl_on sincé, involves terlms. that .change S9N the rate of scale variation of the strength of the QCD cou-
under the parity operator. The quantiy is defined as pling. By fixing the normalization to the 5.1-GeV data point,
the theoretical prediction at 800 MeV matches the experi-

Ao, (ub)

Parity conservation requires that no asymmetry should b
observed in the scattering of a longitudinally-polarized bea

1 o"—0~

A,_=P— e (14  mental value fairly well. This calculation predicts a value of

Pg| 0"+ o A, ~10"* at a laboratory momentum of 200 GeVfor
b= 1.4.

where Py is the longitudinal beam polarization amd™ are The energy dependence Af from this model had been

the cross sections when the spin direction is paréfelor  criticized [77] for not using the proper normalizing cross
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section in the calculation. Thé, values would then be TABLE X. Parity data for protons with a tagged beam polariza-
< 2x10° 7 for energies up to 500 GeV. However, this criti- tion of 0.35-0.55. Listed are the uncorrected and corrected asym-
cism was refuted76] by the original authors of the model metrieSrSPv the totaly?, and theA, value per group. The uncor-
stating that the calculations used in the criticism did not uséected x”/Npr is 8.0 and the corrected value is 2.4. Errors are
a running coupling constant nor a complete set of graphsstatlstlcal only except for the weighted average, where the first error
and did not properly implement gauge invariance. is statistical and the second is systematic.

Another theoretical predictiofi78] at high energies uses G U ed.  C red 2 A
the parity-nonconserving, nucleon wave function effect to~"°UP ncorrecte@p,  Lorrectedep  x L

calculate an asymmetry. This is accomplished by adding a (x10°°) (x10°°) (x10°°)
weak-interaction amplitude from the interaction\Wf~ and 4 146+56 116+ 59 3.7 254129
Z° bosons to the strong interaction amplitude. These vectos 56+ 20 41+ 23 29 89 49
bosons are exchanged between the three quarks of a singje 32+ 17 6+ 20 0.0 14+ 43
nucleon. The high-energy limit of the asymmetry due to, 3+17 —10+21 0.4  —22+45
wave  function renormalization is  given by 5 154+ 56 61+ 60 1.0 138 131
A= (Piab/Ejan)Cni» Where Cy= 2.16x107° for protons 88+ 20 31+ 22 18  70-48
and takes into account contributions from different diagrams., 65+ 25 o+ 27 0.1 29+ 59
This formula[79] is also valid for thep-p process because 91+ 34 15+ 38 01 36-81
the elasticp-p amplitudes can be described in terms of the 6118 4421 0.0 12+ 44
same Regge exchanges up to a sign. The predicted value f% _13+16 75;+ 18 11' 5 _123+38
both A (p) and A (p) at 200 GeV¢ is then 2.16<10 . - - ' .
This model has also been criticiz¢d7,80—82 because the 417 948 5+ 17+ 20

energy dependence is too weak, so that at lower energies"?’tt‘ av.
has much largeA, values than the experimental data.
None of the theoretical approaches can accurately portr
the energy dependence Af over the entire range of mea-
surements. The meson-exchange model reasonably descri ; . .
the experimental results up to 800 MeV, but underestimates Figure 15 compares th (p) result from this experiment

the 5.1-GeV result. The higher-energy quark model predict¥"ith the previous measurementsAjf at lower energies. The

the data at 800 MeV and 5.1 GeV, but is not applicable afurves represent the theoretical predictionsApffrom the
low energies ' guark model 75,76 with different values of the parameter

b. The theoretical prediction from the wave function renor-
malization mode[79] would appear in Fig. 15 as a horizon-
B. Derivation of the parity-nonconserving asymmetry,A_ tal straight line close to the value of zero. The predictions
ased on meson-exchange modd2-71 would also be

B A ()= +[22 = 46(staty= 55(syst]x 10°°. This result
l5']35;;“50 consistent with zero.

In this experiment at high energy, the same method using

corrections to theAo, transmission asymmetry from the Jisplayed as a line very close to zero.
first transmission counter could also be used to obtain a |he target material used in this experiment was pentanol,

value for the parity-nonconserving parameter, The sums, 25 described in Sec. Il B. The hydrogen fraction of pentanpl
as shown in Fig. 11, are arranged in the asymmetry calculdS 13:6%. compared to 11.1% for the water target used in
tion to give an effective unpolarized target. The statss Ref.[57]. Since the hydrogen fraction is nearly the same for
(©), (), and(g) in Fig. 11 were used in the “parallel” sum. both, the present results &f at 200 GeV¢ can be com-

The asymmetriegp per group that measure the parity are TABLE XL. Parity data f . ith db
given in Table X. The magnitudes of the asymmetries arga . Parity data for antiprotons with a tagged beam po-

identical to those for\, because the same sums are use rization pf 0.35-0.55. Listeci are the uncorrected and corrected
in both calculations, but the signs are sometimes different i5>yMMerieser, and the totaj ', and the, value per group. The

’ . . uncorrectedy®/ Np is 3.0 and the corrected value is 2.4. Errors are
the case oo, to account for the pOk.inzed tar_get S’_pm' The statistical only except for the weighted average, where the first error
uncorrected and corrected asymmetries are given in Table X ¢ victical and the second is systematic.

for each group, along with the tota? and A, values. The

corrections were mad_e to thes  data, but the appropriate Group Uncorrectedp  Correctedep  x2 AL
signs were changed in the corrected asymmetrjof to (x10°9) (x10°°) (X107
form the corrected parity asymmetry. The average magnitude
of the beam polarization per group was used with the corl 69+40 159+ 55 75  35F120
rectedep to calculate the individuah, values. The system- 2 —137x44 —123+53 6.3 —269+116
atic error was calculated in the same fashion as described H —120+51 —53+62 1.0 —115+135
theAo analysis. The experimental result for parity noncon-4 —1+43 3351 0.2 745112
servation in  proton scattering is A (p)=+[5 5 —68+70 6+83 0.0 14187
+ 17(stat)+ 20(syst)x 10 8, which is consistent with 6 —94+54 18+72 0.0 42-158
Zero. 7 13+47 —51+64 1.0 —114+139
Using the same analysis féy, with the antiproton beam g 61+ 45 64+53 1.0  13%117
data as that for protons, the uncorrected and corrected data,
total ¥, andA, values per group are presented in Table Xl.yt. av. —24+17 10+21 22+ 46+ 55

The result for parity nonconservation in antiproton scattering
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150 S in the transmission hodoscope. These events would appear in
; the analysis as a contribution to the background asymmetry,
D BONN , eg, and would be subtracted from the transmitted-beam
N IL:ZIS/:;AMOS e events, as described in Sec. lll. Hence, these decays should
'g A LAMPF s not affect the value oA in this experiment.
~ ol i iz:mm /,’ e 3 The ;econd example of transvgrse residual pollarlzanon
e S effects is not e_xpected to cause S|zeabl_e systematic effects.
o Tt } Transverse residual polarization is described in (8] and
0 F@ o oo . occurs when there is a scattering of particles with opposite
transverse spin components in the tails of opposing sides of
. l l the beam profile, coupled with a finite detector acceptance.
-50 P R R P

o1 . o 100 ‘ In particular, a transverse spin component near the edge of
' b (GeV/c) the beam spot is not expected to cause a large systematic
b error. The detector geometry of the SNA1, SNA2, and TRA

FIG. 15. Summary of parity data from previous experiments an?OdOSCOpeS and the target and muon veto counters provides

this experiment. The three curves indicate theoretical prediction
from Ref.[75]

ull acceptance for all scattered particles witht<0.024
GeV/lc)?, and a slowly-decreasing acceptance beyond that
to the largest—t measured. The background subtraction
should nearly cancel these effects.

The third example of parity-nonconserving decays of sec-
ondary particles, such as° and A° hyperons, again would
N : produce a broad range of scattering angles. Any effect would
e el o Sancion 9 1 b conttuton to tne backpround asymmety and sub

v 3 i tracted from that of the transmitted beam. Again, this should
dependenceaasL(pA)~A " and a suppression for a water ot affect the value oA, .
target asA, (pN)=~ 1.7A, (pH,0O) for incident proton ener- The final example of beam-matter interactions is dis-
gies below 5-10 GeV. For higher energies, inelastic shadeussed in Ref[57], and in this experiment would be the
owing corrections become important and the dependence beeattering of beam particles upstream of the snake magnets,
comesA,_(|5A)~A‘°-°9. It should also be noted that the Where the beam-polarization direction is horizontally trans-
extra, nonhydrogen nucleons do not influence the measur&erse G-type spin directionand would affect the number of
ment of Ao_ because they are unpolarized, and any effecparticles accepted by the trigger. Since the trajectory of each
will cancel when the target spin is reversed. However, in thdoeéam particle was followed before and after the target, only
parity measurement, the nucleons would be included in an{hose particles that pass ther, trigger requirements were
effect since there is no target spin reversal. selected for further analysis. Therefore, this type of event is

A measurement of parity nonconservation could also béot expected to change the measurement of the transmission
made using an unpolarized proton or antiproton beam on ther A, . _ . .
polarized target, giving values fdk,_(pf)) or AL(HF;), re- Some systematic errors, which canpelgd during the mea-
spectively. Averaging over the beam polarization to producéurement oA o when the target polarization was reversed,
an effectively unpolarized beam on a polarized target wouldn@y affect the asymmetr, , when data from the two target
give similar results. However, any effect would be greatlyPolarization states are added together. These systematic er-
diluted because the fraction of polarized protons is only©rS forA_, but not forAo, , can be made from the com-
13.6% of the total target material. Therefore, a much longePined effects of two or more of the following conditior{s)
data-taking period would be necessary to achieve the sanf¢am motion correlated with the snake std®, a spatial
statistical error as that oA, (pp) or A, (pp). Furthermore, g_f;‘fset of the PhOngCODi centers from .?hStra'%][ht I|¢®,a|
such a measurement would have required very good lon inerence in the beam Iransmission with position or poar-

term stability of the beam and detectors, since the targggaﬂon state, and4) a transverse spin component in the
polarization was changed once per day. eam polarization direction. An example of these combined

effects could be arN-type spin component of the beam,
which would produce a left-right asymmetry due to the
parity-conserving elastic scattering in the CNI region, and

The experimental method used in this experiment, whicthodoscope offsetéor beam motioh perpendicular to the
differed from previousA; measurements, was less sensitivetransverse spin component of the beam. The result could
to certain systematic effects that could cause a fake, nonzetben be a spurious asymmetry. These combined effects might
value of the asymmetry. Several examples of these effectsot be completely subtracted with the background, since the
include (1) inelastic reactions from polarized-beam particlesCNI analyzing power changes rapidisee Table VI, Fig. 13,
with transverse spin componentg) transverse residual po- and Ref. [42]) at small —t, especially for —t<0.02
larization,(3) parity-nonconserving decays of secondary par{GeV/c)2. Such combinations of effects have not been well-
ticles, and(4) beam-matter interactions. studied experimentally, and their influence on #eresults,

The first example of inelastic reactions from polarized-if any, is not known. Very crude estimates suggest that such
beam particles would produce slowly-varying asymmetriescombined systematic effects are no greater than the quoted
over a wide range of scattering angles that would be detectesystematic error.

pared more directly with those presented in Hé&f7] at 6
GeVlc (5.1 GeV.
It has been showi83] that nuclear shadowing effects

C. Systematic effects on the\ results
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Detailed knowledge of the transverse spin components iafter the snake magnet spin rotation, and this component
the nominalL-type beam is unfortunately limited. The main would be in the same direction for both the and — polar-
reason for this lack of information is that there are no knownization states of the beam. This direction does not change
high-rate reactions with large analyzing powers at these ersign with snake reversals. The left-right asymmetiyy
ergies that would allow a determination of the small spinwould not be sensitive to this transverse spin component.
components in reasonable data-taking periods. As a compafjyhen the snake magnets rotated the beam-spin direction to
son, the CNI-like measurements described in Sec. IV D anq-type, this smalN-type component would be rotated to an

Table V give estimates of the magnitudes of the transversE_type one, and this component cannot be observed with the
spin components at theosSlevel based on many weeks of CNI-like measurements

data collection.

Several possible mechanisms for producing transvers
spin components in ab-type polarized beam have been con-
sidered. These mechanisms inclydgwrong electrical cur-
rents in the snake magnet&€) momentum-dependence of
the acceptance and production cross sections for the proto
(antiproton$, (3) asymmetric up-down protogantiprotor)
acceptance in the beam line, a fringe fields from the fac_':_c;]r Ofxllgzirﬁf H;el tr)r?atrk?. q d would mostl ncel i
beam-line magnets. Other effects were considered to cause € experimental method used wou ostly cancel sys
transverse spin components, but most of these would be e gmatic effects inA, from the sources of transverse spin
pected to give a negligible value for the asymmetry. Combi—po?;'dered aotl?ovet._ W?e: the dtr_ar;)sverse s|p|r_1 cgmpotn(ints are
nations of two or more of these effects are also expected t € same direction fotr an eam-polarization states,
be very small. then the effect mostly cancels when the difference in trans-

The first mechanism for producing a transverse spin Com|_”nission for the two beam-polarization states is taken for a

iven snake state. If the transverse spin components do not

ponent is due to the wrong electrical current in the snaké ;
magnets. This condition would cause an improper rotatiorﬁ:hange with the snake state, then the effect largely cancels

from S-type toL-type beam spin direction. The error in the when the difference in the transmission between the two

snake magnet current was estimated to be a maximum of 1(%nake states s taken. In summary, all of the mechanisms

for all magnets or 0.5% from magnet to magnet. A 1% errorconSidered Fo produce am-typg or Stype transverse spin
in the magnet current could produce S#type spin compo- component in the beam polarization would not be measur-

nent with a magnitude of approximately 4% of the nominal2P!e using the asymmetriegg ande,p in Table V, and also
L-type spin, and a much smalléi-type spin component. would not make a contribution i&, . The nonzero values
The direction of theS-type beam component would be op- for these asymmetries in Table V are then most likely due to
posite for the positively and negatively polarized parts of thethe combined effects of the beam motion with snake state

he directi | : h ﬁnd hodoscope misalignment. .
beam spot, and the direction would remain unchanged upo The fake zero asymmetrse and the fake rotation asym-

reversal of the snake. Thus, the asymmetty , whose val- 1 )
metry eg may also be sensitive to transverse spin compo-

ues are listed in Table V would not be sensitive to this tsinthe b ¥ the first and third hani
S-type spin component because the opposite state does 1S 1N the beam. However, the Tirst and third mechanisms
or producing these components do not reverse the spin di-

contribute.

The second mechanism combines the effects from the md&ction with snake state, and thus should cancel in the asym-
mentum acceptance for decay protdastiprotons and the {“ettrr]y €R- L|kevx_/|sz,_ thet_ sec;on?hind tg'ﬁj mtlecr:atmsms I((jead
nonuniform, momentum-dependent cross sections for pro> \N€ Same spin direction for an po’ states, an

. thus cancel inec. As a result,eg may be sensitive to trans-
ducingA (A) hyperons. These effects could produce asmall\/erse spin components caused by incorrect snake magnet

netL-type spin component to the selected beam particles acturrents, whileeg may be sensitive to transverse spin com-
the production target. An estimate was made of the magni-

. e ponents caused by a small, riettype spin of the selected
t_uc_ie.of thisL-type .component, taking into account thg re]a— beam particles at the production target.
tivistic transformation of the phase space and the spin direc-
tion of the proton, and was determined to be about 2%. This
L-type spin component results in a sm&itype component
after the spin rotation by the snake magnets, and the direc- The experimental results of the parity-nonconserving
tion of the S-type component is the same for both of the asymmetry A, presented here are the first ones in the
polarized+ and — parts of the beam. As before, the asym- hundred-GeV range and the first ever involving antiprotons.
metry eyp would not be sensitive to this component. The Both of theA, (p) andA_(p) results are consistent with zero
small L-type spin component at the production target wouldand, compared to the previods measurements, have rela-
have remained as dnrtype component when the snake mag-tively large errors assigned to them. Taking into account
nets were used to produce hAhtype beam. these conditions, it is interesting to observe that the values of

The third mechanism is due to an asymmetric up-dowrA, (p) andA_(p) at 200 GeV¢ both are positive, along with

acceptance for protorfantiproton$ due to the vertical bends the measurements & at 800 MeV and at 5.1 GeV. These
in the beam line and a possible “scraping” of the beam onare all of the higher-energy measurements. Since the target
vertical apertures. Such an acceptance would have given material used here is pentanol, the contribution of nuclear
small N-type component to transmitted beam particles at theeffects is expected to dilute the measured asymmetry by ap-
production target. A smalN-type component would remain proximately a factor of 1.5 at high energies.

The last mechanism considered to produce a transverse
Spin component is the effect of fringe fields from the beam-
line magnets on the spin direction of the beam particles.
These effects are calculated to be small due to the details of
ﬁ e magnet design, and in addition, the effect of the longitu-
inal field integral on the spin precession is small due to a

D. Parity-nonconserving asymmetry results
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The experimental results of (p) and A (p) can be affect the data. Two transmission counters using different
compared to the two theoretical predictions at high energyelectronics and different data analysis methods were used to
described previously. The quark model calculat[@®,76  verify the experimental results.

predicts a value forA ~ 35x10°° for the parameter The measurements &fo using the two different trans-
b= 4.0, 95<10 © for b= 1.4, and 17% 10 ®forb= 0.4 at Mission counters have not been combined because this
200 GeVE. The experimental value of Wwould require a more precise understanding of the statistical

A (p)=+[5+ 17+ 20]x10°® is about 1.4, 3.7, and correlation betweer_1 the two sets of data. The correlation is
strong and the statistical error of the combined result would
not be much less than the value from the single measurement
ith the smaller error. The results presented are from the
ethod that has the lower statistical error and that has cor-
rections for the systematic errors.

The value ofAo| has been shown in E3) to be related

the forward amplitudes. Compared to lower energies, the
experimental values of the imaginary parts of the forward
p-p elastic amplitudes, I#,(0) and Imp5(0), areconverg-

— . ing. These quantities are equal to within about 0.5% and
A.(p) andA (p). Both of the measured experimental valuesl_4% for p-p and p-p interactions, respectively, at 200

are consistent with the predictions of this model. GeVic.

The experimental detectors and method used in this ex- .
periment has differed from that of the previous measure- The result forAe, (pp) suggests f[hat spin effects corre-
ments of the parity-nonconserving asymmetry. Some o pond to less than 15% of the rise in the total cross section
' rom its minimum value. It is consistent with an extrapola-

these differences include the tracking of individual pamcleé%On of lower-energy data based on Regge predictions, in-

70 below the predictions fob values of 4.0, 1.4, and 0.4,
respectively. The predictions using the smaller valueb of
tend to be farther from the experimental value, and values of
b< 1.4 seem to be excluded. The entire set of predictions i
this model is normalized to the data point at 5.1 Ge\éb if

this normalization was incorrect, the predicted energy depeg—0
dence could become proportionally smaller. The second pre-
diction at 200 GeW used wave function renormalization
[78,79 to predict a value ofA = 2.16x10°° for both

scatters to determine the transmission, an extrapolated back="" . jet . .
ground subtraction in the data analysis, and the use of oth&uding or excludingd oy effects. On the basis of extensive
asymmetries to correct for possible systematic effects. ThileSts of systematic effects, smaller combined statistical and
experimental arrangement and method provides some advapyStématic uncertainties are achievable with the present ex-
tages for the measurement, and also contains a different segfimental technique. However, uncertainties f5 ub

of systematic errors. Not all of these systematic effects werd/ould be desirable to distinguish between these possibilities,
able to be measured in this experiment, such as the tran&nd this would require prohibitive amounts of time for data
verse spin components in the beam, but an attempt was mad&auisition with the present beam intensity.

to identify those that had caused problems with past mea- 1h€ SPin effects that might occur pip annihilation seem
surements and to estimate the magnitude of the effects di correspond to at most 0.29 mb in the total cross section, or
this present measurementAf . Past experiments also used @PProximately 12% of the annihilation cross section at 200
a liquid-hydrogen target, whereas this experiment had no OpGeV/c. Presumably the quark-antiquark annihilation process

portunity to acquire data with both a liquid-Harget and the int(_) massless vector gluons is not dominant at these energie_s,
detector system in place. or its effects are largely canceled by other processes. Addi-

Typically, a measurement of the parity-nonconservingtional time for data acquisition would provide a significantly
asymmetry takes data for several years and many improvér_nproved estimate on this fraction. Furthermore, since this is
ments are made to the experiment during this time to enth® only measured value dfo (pp), additional measure-
hance the data quality and eliminate systematic errors. Th@ents at different energies would be quite valuable in under-
present measurement Af in this experiment had a limited Standing the results.

time of approximately two months to acquire data with no ~ Values of the parity-nonconserving paramefer were
opportunity to improve the data quality. derived from theAo, data by averaging over the target

polarization. The results areA (p)=+[5=* 17(stat)
+ 20(syst]x 10 and A (p)=+[22 = 46(stat)
+ 55(syst)] x 10" ¢, where the target has approximately the
Results are presented for the differences betweprand  same fraction of free protons as water; both are consistent
also p-p total cross sections in longitudinal spin stateswith zero. The traditional method for measuriAg involves
Ao, and the parity-nonconserving parametéys, in total  integrating over large numbers of particles and taking data
cross sections for longitudinally-polarized beams of protondor many years to study and minimize systematic effects,
and antiprotons at 200 Ged// These data are at a signifi- rather than the method used here, which counted individual
cantly higher energy than other polarized-proton beam rebeam particles and took data for only a few months. As a
sults for these quantities, and they are the first such measurgesult, these data have larger uncertainties than measured
ments with polarized-antiproton beams at any energyvalues at lower energies. However, very large 10°%)
Because the measurements were at a higher energy comparkd p) values at 200 Ge\¢/are excluded by these measure-
to earlier experiments, some new experimental techniquesients to a high probability. The results are consistent with
were required. predictions for proton-nucleon interactions using the quark
The Ao results are both consistent with zero: model of Refs.[75,76, for the larger values of parameter
Ao (pp)=—42 + 48(staty- 53(systub and Ao (pp) “b,” and with the prediction using the wave function renor-
= —256* 124(staty- 109(systlb. Many tests were per- malization model of Refd.78,79. An additional amount of
formed to investigate how possible systematic errors couldlata would be expected to reduce the uncertainties, and

VI. SUMMARY
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could perhaps distinguish between the two predictions. Théarget, and snake magnet construction; E. Vaandering for
present value of\ (p) was limited by beam intensity and computer analysis; M. Beddo for analysis consultation; R.
the amount of available time for data acquisition. Mischke, J. D. Bowman, R. Talaga, and S. Vigdor for infor-
Very interesting results on total cross sections in purgnative discussions on measurements of parity nonconserva-
helicity states have been found from this experiment. Thdion; and G. Ramsey, D. Sivers, T. Goldman, E. Berger, and
full physics potential for polarized beams of this design had)- Soffe_r for helpful discussions on theoretical issues. Much
not yet been achieved. In particular, higher-precision meathanks is also expressed for the numerous contributions by
surements of parity nonconservation with liquid targets ovethe technical staff at the many collaborating institutions. The

techniques described here. Accelerator Laboratory for their assistance and support, and

especially to L. Lederman for his foresight. The experiment
benefited from the efforts of our colleagues, M. M. Gazzaly,
R. Rzaev, N. Tanaka, and A. Villari, who have passed away;

The authors wish to especially thank the following indi- we will miss them all greatly. Work for this project was
viduals for their many contributions to the success of thissupported by the U.S. Department of Energy, Division of
experiment: D. Carey, R. Coleman, A. Melensek, and RHigh Energy Physics, Contract Nos. W-31-109-ENG-38,
Schailley for their expertise in the beam design and developpE-AC02-76CH03000, DE-AC02-76ER02289, W-7405-
ment; D. Allspach, A. Buehring, D. Gacek, R. Jaskoviac, A.ENG-36, DE-AS05-76ER05096, and DE-FG02-91ER40664;
Passi, E. Petereit, R. Sanders, and N. Hill for engineeringhe Istituto Nationale di Fisica Nucleaf¢NFN), Italy; the
development; K. Schwindlein, T. Prosapio, M. Shoun, E.USSR State Committee on Utilization of Atomic Energy
Weiler, J. Wilson, and J. Hoover for facility support; R. (SCUAE); the Commisariat &Energie Atomique, France;
Stanek for cryogenic support; R. Allen, K. Bailey, B. H. the Ministry of Science, Culture, and Education in Japan;
Blair, T. Capelli, L. Crawford, J. Dyke, O. Fletcher, K. and LAPP-IN2P3, Annecy-le-Vieux, France. One of us
Fukuda, K. Kephart, M. Laghai, M. Modesitt, T. Morkved, (K.W.K.) acknowledges partial support from the Division of
A. Rask, S. Strecker, R. Taylor, and C. Woods for detectorEducational Programs at Argonne National Laboratory.
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