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Measurement of analyzing powers ofs™ and =~ produced on a hydrogen and a carbon target
with a 22-GeV/c incident polarized proton beam
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The analyzing powers ofr* and 7~ were measured using an incident 22-GeWWansversely polarized
proton beam at the Brookhaven Alternating Gradient Synchrotron. A magnetic spectrometer measured
inclusive asymmetries on a hydrogen and a carbon target. An elastic polarimeter withtarGét measured
pp elastic-scattering asymmetries to determine the beam polarization using published datapipelastic
analyzing power. Using the beam polarization determined from the elastic polarimeter and asymmetries from
the inclusive spectrometer, analyzing powagsfor 7= were determined in the: andp; ranges (0.45—0.8)
and (0.3-1.2 Ge\W), respectively. The analyzing power results are similar in both sign and character to other
measurements at 200 and 11.7 GeWonfirming the expectation that high-energy pion inclusive analyzing
powers remain large and relatively energy independent. This suggests that pion inclusive polarimetry may be
a suitable method for measuring future beam polarizations at BNL RHIC or DESY HERA. Analyzing powers
of #* and 7~ produced on hydrogen and carbon targets are the same. Various models to explain inclusive
analyzing powers are also discussed.
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I. INTRODUCTION

In the past, high-energy single transverse spin asymme-
*Present address: Indiana University Cyclotron Facility, Indianalries were expected to be sméll]. However, the Fermilab

University, Bloomington, IN 47405. E704 experiment found large spin effects in the reactions
"Present address: Fermi National Accelerator Laboratory, Batavid:p— 7 X and p;p—7 X at 200 GeVt or Js

IL 60510. =19.4 GeV in the beam fragmentation reg[@j. As shown
*Present address: Toshiba Corporation, Tokyo, Japan. in Fig. 1, a striking dependence in Feynman(xg) was
Spresent address: Research Center for Nuclear Physics, Osak@iserved in which the analyzing poway increased from 0

University, Ibaraki, Osaka 567-0047, Japan. to about 0.3 with increasingg for the #* data and de-
IAlso associated with PNPI, St. Petersburg, Russia. creased from O to about 0.3 with increasing for the 7~
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data. Analyzing powers forr™ production by a polarized 0.50 w ' . '
antiproton beam have the same magnitude, but opposite sign it
[3]. Sizable values of\y for inclusive =+ production by 0251 4 .- , # t } 1
polarized protons were also observed at 11.75 @eW]. . Lt *
Measurements of the inclusive productionmdfand ° were < 0.00 ———
also made at 200 GeV/as functions okg [5—7], and these -
are shown in Fig. 1 as well. -0.25 r 5 g
In addition to pion asymmetries, large effects were ob- %

served for the transverse polarizatiBg of several hyperons —-0.50 ‘ . . '

00 02 04 06 08 10

from unpolarized beams and targé®. In hyperon produc-
tion, the magnitude o seems to be independent of energy
over fixed-targetequivalent energies from 12 GeV to 2000
GeV. It is only slightly smaller for nuclear targets compared 0.25 m { |
to hydrogen, which has been explained as a rescattering ef- ‘ i % Lo

i

0.50 T T T T

fect[8]. There is some reason to believe that the asymmetries < 500 .
in meson production and the polarization in hyperon produc- ' f I
tion are related(i.e. they are both significant only in the
beam fragmentation region and they depend on the flavor -0.25 r i
qguantum numbers of the produced partid®,10. There- ‘ . . .
fore, based on the E704 results, it is reasonable to expect -0 5000 02 04 06 08 1.0
sizable asymmetries in pion inclusive production over a wide X
energy range.
The Relativisitic Heavy lon Collider (RHIC) at FIG. 1. Analyzing powerd\ vs Xg from the E704 experiment

Brookhaven National Laboratory will offer an exciting op- at Fermilab. The incident momentum of the polarized proton beam
portunity to collide polarized proton beams at energies up tdor E704 was 200 Ge\. Thepr— acceptance ranges far, m°
Js=500 GeV and luminosities up to>210% /cn? sec. and 7° Were 0.2to0 2.0, 0.5 to 2 0, and 0.7 to 2.0 GeWespec-
The accessible physics will include the study of the spintively. (@ 7" and7~ data.(b) ° and ° results.

content of the proton, particularly gluon and antiquark polar-

ization, the study of large perturbative QCD-predicted asym#measure Ay for inclusive charged pion production at
metries for parton-parton subprocesses, and searches for p@2 GeVk at similar kinematics to the 200 GeW¥fesults. A

ity violation [11]. An achievable goal for beam polarization secondary goal was to provide a comparison of the pion
at RHIC is expected to be about 70%, and it will have to beasymmetries from production on hydrogen and carbon tar-
measured in a range spanning from the injection momenturgets. The final goal was to determine the feasibility of using
of about 24 GeWe¢ up to 250 GeVe. pion inclusive polarimetry for RHIC or the DES¥p col-

The analyzing poweAy of inclusive pion production by lider HERA polarized beams. Carbon was used in addition to
polarized protons is a prime candidate for use in high energliquid hydrogen(as in E704 because a thin carbon target
proton polarimetry, wherd is defined as was planned to be used for the RHIC polarimeter. This ex-
periment tested both the energy and target dependence of
inclusive pion production. The results are also compared
with data from other experiments performed at higher and
lower energie$2,4].
and P, is the beam polarization. The. are event rates for The polarized beam and the AGS polarimeter are de-
the positive and negative beam spin states, respectivelgcribed in Sec. Il and the Appendix. The experiment con-
when the pion or proton is produced to the left of the beam ifsisted of two parts, a local absolute polarimégec. Ill) and
+ beam spin is upward. If there are symmetric left and rightthe magnetic spectrometer to detect the inclusively produced
detectors, a different expression can be used that is less segharged particlesSec. IV). The inclusive data-analysis de-
sitive to systematic effects; see Sec. Ill. tails and results are given in Sec. V, the interpretation in Sec.

In this paper results are presented of measurements M, and conclusions in Sec. VII. Results with the carbon
analyzing powers for the inclusive reactiopsfp—m-rix, target were published in Ref12].
p;,C—m"X, and p;C—pX. Data were also collected with
polarized proton beams on a ghharget, providing a check
of the results on carbon and hydrogen. Measurements of
scattering off a carbon target were made in November 1997, An earlier, comprehensive description of the AGS polar-
and off a liquid hydrogen target in March 1999, using aized proton beam acceleration and polarimetry is given in
transversely polarized 22-Ge/proton beam extracted from Ref. [13]. Significant improvements since then involve the
the Brookhaven Alternating Gradient SynchrotrohGS).  addition of a booster ring and new techniques to handle spin
The kinematic range covered by the experiment was trangesonances. The latter include a partial Siberian Snake
verse momentunpy from 0.3 to 1.2 GeW¢, andxg from  [14,15 to overcome imperfection resonances, and a radio
0.45 to 0.8. The main purpose of the experiment was tdrequency (rf) dipole [16—18 to overcome intrinsic reso-
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Il. THE POLARIZED PROTON BEAM
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nances. The rate capability and performance of the AGS in- Horiz. and Vert. Beam Envelopes and Dispersion of B1-line
ternal polarimeter were also improved. 6
The polarized beam originated with an atomic beam type
H™ ion source which produced typically a current of 267
over a 250 i sec long pulse at 20 keV. The beam was then
accelerated to 760 keV using a radio frequency quadrupole /
(RFQ), and then to 200-MeV kinetic energy using the linear i
accelerator(LINAC). At this point, the beam polarization /
could be measured in a separate branch of the beam lin§ , !
using the reactiop+C—p+ X at the two laboratory scat- © /
tering angles of 12° and 16°. Polarization was typically
77%, with a 1% statistical accuracy attained in a few min-
utes. The booster accelerated the beam to 1.5 GeV with little
to no polarization loss and delivered the beam to the AGS.
The circulating AGS polarized proton beam, which had an
intensity of a few 18 protons in one rf bunch, was then

Horizontal N
——- Vertical Il

()]
T

N
~
o o
o —

accelerated to a momentum of 22 GeVAcceleration and o0
preservation of the beam polarization is described in Refs. 20
[15,17,18. Both for polarization measurement and extraction =
to the experiment, the beam was debunched with approxi- _4_0§
mately a 1 sec “flat top” (of the AGS magnet currents &
Measurement of beam polarization with the internal AGS 60
polarimeter used pp elastic scattering at t=

—0.15 Ge\f/c? by observing the recoil proton. These mea- ‘ : : ‘ ‘ 5B
surements were performed, as required, for polarization op-  © <0 40 60 &0 190 120
timization and monitoring. A 1.5% statistical accuracy was Stm]

obtained in 15 min at top energyThis polarimeter is de- FIG. 2. Plot of the computed beam envelope and dispersion as a
scribed in the Appendix. function of position along the B1 beam.

Resonant extraction to wire and Lambertson septa deliv-
ered the beam to the switchyaf#i9] and into the external signal corresponding to the beginning of the AGS spill. The
B-B1 beam line. Calculations of the external beam opticdlip-flop outputs were latched and read out for every event,
were done usingRANSPORTcode to optimize the beam size and they also gated some of the scalers, which were read out
and divergence at the Bixed hole and B1(vertica) colli- every spill. These two methods for recording the polarization
mators where the beam intensity was reduced froni@® to  direction(latched information for each event and gated scal-
approximately I 10°. The beam emittance was then calcu- €rs for every spill allowed a cross check—events and scalers
lated after collimation and theRANSPORT code was again that disagreed within a spill were discarded from further
used to set the magnetic elements to define the beam spafalysis.
oy,0y (1.5 mm, 2.5 mmand divergencer, ,o, (2.5 mrad,
1.4 mrad at the experimental target. The beam momentum  1ll. PROTON-PROTON ELASTIC POLARIMETER:
dispersion at the target was set to zero. The intensity and MEASUREMENT OF THE BEAM POLARIZATION
momentum acceptance were further reduced and controlled The absolute beam polarization was determined locally

; i i Y
byra v?rlagl[etﬁ orliontﬁrlnczltllnjritor tol e?4t)>;1§ 1 %rot(r)rr:s v using thepp elastic-scattering reaction at Mandelstarof
per puise € experiment. 1nhe calcuiate eam € e—(O.l5i0.05) (GeVic)?. The analyzing power has been

Iopg .and disper.sion are shown i.n Fig. 2. The bee_lm intens.itymeasurec[21] to an accuracy oft12%. A top view of the
position, and size at the experiment were monitored using, '

! L yout of all the counters in the horizontal plane is sketched
Itﬁ?ecehlirg;t?csisand segmented wire ion chambBWYICS at in Fig. 3. The asymmetry opp elastic scattering and the

The spin transporf20] from the AGS through the B-B1 asymmetries of inclusive processes were measured simulta-

lines to the experiment was also calculated. The directiona?r ﬁﬁlijcsjslyabnydt\clivaota:n:ceqpueigiﬂigtsiise r?1fs counters, targets, elec-

cosine of the stable spin direction at the target was deter-
mined to be 0.99 from vertical. The beam intensity reduction . .
by the collimators could lead to a different polarization of the A. Elastic experimental setup
selected beam versus that measured in the AGS. However, an The kinematic region forpp elastic scattering of-t
external polarimeter, using thmp elastic-scattering reaction, =0.15+0.05 (GeVt)? was chosen because it gave a large
at the experiment continuously monitored the beam polarizaeross section and asymmetry according to a previous mea-
tion and was used to normalize the data. suremenf21]. In order to detect both the forward and back-
The sign of the beam polarization for each AGS spillward (recoil) protons, a forward acceptance of 0.80° to 1.2°
originated at the polarized proton source controls, and it waand a backward acceptance of 7680° was required in
latched into a flip-flop in the experimental logic using the laboratory scattering angles.
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FIG. 3. Schematic of the experimental laygnot to scale The elastic scattering detectors included BL1-BL4, BR1-BR4, FLA, FLB,
FRA, and FRB. The magnetic spectrometer for the inclusively produced particles included trigger scintillators S1-S3 and hodoscopes
H1-H4. The position of the carbon target is shown; the liquid hydrogen target center was located about 17 cm downstream of this position
when it was installed. The luminosity counter telescopes viewing the inclusive target above and below the beam are not shown for clarity.

The two arms of the elastic polarimeter, which each contering angle. Thus, wedge-shaped aluminum absorbers were
sisted of four backwardB1, B2, B3, B4—designated BR1, placed between the B2 and B3 counters on both arms in
BR2,...,BL3, BL4) and two forward or F counters, are order to equalize the proton kinetic energies arriving at the
shown in Fig. 3. All of these counters were made of plasticB3 counters. The thickness of the B3 counters was chosen to
scintillator with either one or twgon the B2 counters only— stop recoiling elastic protons, whereas other particles passed
denoted BR2U, BR2D, BL2U, BL2D Hamamatsu through and were detected by the B4 counters. The B4
H1161-50 photomultiplier tubes. Dimensions and positionsounters thus served as veto counters for elastic events. For-
of the counters are given in Table |. Start signals from the Bly4rq elastic protons were detected by the F counters in co-
counters and stop signals from B2, B3, and F counters wenfigence with the B counters. For each arm, two sets of
to individual time-to-digital converter(TDC) channels, forward counterSFRA, FLA and FRB, FLB were needed

therebfy givling time oflflight information. Jhe Blto B21light 0 14 the fact that the beam and the forward elastic protons
times for elastic recoil protons were in the range 7.0-8.0 ns : o .
whereas the flight time of a particle with=1 was 3.1 ns. were bent by the analyzing magnet of the pion inclusive

e . . spectrometer. The bend was either to the left or to the right of
Consequently, 1-ns timing resolution was required to mak he nominal beamline. depending on whether the maanet po-
the time of flight measurement useful. The kinetic energy o » dep 9 gnetp

H H wpY — “wpn + H
the recoil protons varied considerably as a function of scatl—a”ty setting was “A’ (for =) or “B” (for =", p) in the

Disc.
BL1
TABLE I. Positions and dimensions of elastic polarimeter and

inclusive counters. The hodoscope thicknesses correspond to BL2 BL

—
U
single counter for H1 and H2, and to a pair of counters for H3 and BLZD:E':% ]
H4 (which had bothx andy planes. However, half the area of each
hodoscope plane had double the recorded thickness due to overla§l3 —_
of neighboring counters. The dimensions of the S1 and S2 counters,, ,
are approximate. e
FLA — ] A
Name Size xwxd) (mn) Position from the target LB —] =
B1 20X 15x 1 8 cm, 78° B Master
B2 70X 80X 2 102 cm, 78° Disc. Rig Trigger
B3 70X 80X 45 114 cm, 78° FRA — ] A
B4 80X 100x 10 116 cm, 78° FRB —{ ]
F 10X 60X 10 ~11 m, ~0.96°
BR4
S1 60x 60X 6 137 cm
H1 66X 66X 3 152 cm BR3 —f F—
H2 66X 66X 3 315 cm BR2D
H3 98X 98x% 6 662 cm %
S2 105< 105X 6 810 cm BR2U
H4 114x 114X 6 825 cm BRI —
S3 203< 203X 6 ~11 m

FIG. 4. Trigger logic diagram of thpp elastic polarimeter.
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FIG. 5. Effects of cuts on ADC and TDC distributions. For each quantity, regigray) gives the raw distribution, region (white)
shows events remaining after ADC cuts on all counters, and regibfack corresponds to the selected elastic candidate events after the
final TDC cut on the forward counter. The timing resolution was 0.1 ns per TDC channel. FLT is the corrected value for the FLA TDC data.

magnet control systertsee Fig. 3. The magnet delivered a Figure 4 shows the trigger logic diagram for the elastic po-
momentum kick of approximately 1 GeW/ larimeter. Signals from the forward counters were included
A CH, target of (widthx height<length dimensions 5 in the coincidences at times. However, data were usually
X 30X 15 mn? was oriented edge-on to the beam. For doingcollected with the trigger on the backward arms alone, so
systematics studies of the carbon background, a graphitiat the recoil asymmetries could be measured. Thus, the
block of dimensions X30x 15 mn? was used in place of forward counters were not normally in the trigger. The final
the CH,. beam polarization results required a forward-backward arm
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coincidence, either in hardware or software. The trigger sigthe inclusive pion production measurements were being car-
nal caused the logic to latch until the data were read by th&ied out, only those data were used when both the elastic and
computer. A CAMAC (computer automated measurementinclusive parts of the experiment were running simulta-
and control output register was used to provide a “computer neously. Individual CH elastic target runs were grouped into
done” signal to unlatch the logic. The interrupt latency var-three time periods, denoted P1, P2, and P3 during the runs
ied from 20 us to a few hundregls. with the carbon inclusive targél997, and periods P4—P7
The data-acquisitiofDAQ) system for thepp elastic po- ~ during the hydrogen inclusive target rufi999. A series of
larimeter was entirely separate from that of the pion inclu-carbon target and empty target systematics runs were per-
sive setup, but was quite similar to it. A personal computeformed between P1 and P2, again after P3, and during P7. It
with a 120-MHz Cyrix processor, a proprietary CAMAC Was realized at the end of period P2 that the beam had not
crate controller made by DSP, a DSP computer interfac®een properly centered horizontally on the elastic polarime-
card, and an interconnecting cable formed each DAQ systent€r target, which affected the trigger rate, but the beam was
Only one CAMAC crate could be read per personal com-correctly positioned from P3 onward. The inclusive spec-
puter, but this was sufficient for the experiment. For ex-trometer was not affected by the change in beam position
ample, analog-to-digital convert/ADC) and TDC data because the dimensions of the inclusive carbon tafiget
were recorded for all elastic counters. Three kinds of intercated downstream of the elastic tajgeere larger than the
rupts to the DAQ computers were employed, one for théP€am spot both horizontally and vertically. Within the time
beginning of the AGS spill, one for events, and one for theberiods there were changes in the polarity of the inclusive
end of the spill. spectrometer’s analyzing magnet. Accordingly, the seven

The DAQ software ran in theos 6.20 operating system, main periods were further subdivided into 12 periods, de-
and was largely written in the Microsoffuickeasic lan- ~ noted P1A, P1B, P2B, P3A, P3B and P4A, P4B, P5A, P5B,
guage, which included some built-in functions for accessing®6A. P6B, P7A, where A and B refer to the magnet polarity.
the computer input/output ports. Included in the DAQ pro-However, a few runs were taken with the magnet at B polar-
gram was a processor of lists of CAMAC functions andity during period P7A.
asymmetry calculations; user-modifiable routines for setup,
begin spill, event processing, end spill, and end run; and 2. Elastic event selection
linked libraries for CAMAC commands and for hiStOgram Prior to app|y|ng cuts designed to iso'atm e|astic_
display graphics. Simple analysis tasks, such as accumulagcattering events, a correction was made to the TDC infor-
ing polarization-tagged scaler sums or filling of histogramsmation of the forward counters. This slewing effect occured
were done between spills. For the elastic scattering part gfecause the raw signal pulses were fed into constant-
this experiment, pulse heights and flight times for thethreshold discriminators before the TDCs. To correct for this,

counters were histogrammed. At the end of the run, scalehe strong correlation of ADC and TDC data was fit with a
ratios and spin asymmetries were calculated to monitor hardynction of the form

ware performance.
During a spill, all the events were stored in memory2

ms/event and were then written to disk between spills. As a (TDC)tiy=(TDC)gqtaC1+ Sz (3.2
result, dead time was greatly reduced. For the November VADC

1997 runs, the events were storedrimvbISK. It was found

that the DAQ system rate at high beam intensity was limitedThe quantity ()2=[(TDC)gata— (TDC)s;¢]> was minimized

by the time to transfer the data froramDISK to disk be-  with respect to parametefs;, and C,. The resulting distri-
tween spills. If the event rate was too high, the time to copybution of A had a symmetric Gaussian shape.

the data became too long and entire spills were lost. Thus, The cuts applied to the raw data to isolate fipeelastic
the elastic DAQ rate was limited to less than 140 and theignal were threefold.

inclusive rate to less than 400 events per spill. Such a prob- (1) Events were selected for which all counters of one arm
lem only occurred during one run perigei3—see beloWfor  had non-overflowing TDC information. The uppermost
the elastic part of the experiment. For the March 1999 runs(gray) traces in the first four panels in Fig. 5 show the result-
the events were written to an array in RAM during each spill.ing raw ADC and TDC spectra for the “left” arm(Note the
Because of the array sizes allowed withios and the early peak in the BL2U TDC spectrum, was produced by
QUICKBASIC language, the elastic and inclusive rates weregelativistic particles, which either scattered in BL3 or failed
then limited to 400 and 700 events per spill, respectivelyto penetrate to veto counter BL)4.

These were more than the trigger rates, and the dead times (2) Threshold cuts were applied to the ADC spectra of all
were generally less than 20% at a beam intensity of Zcounters in the arm. The ADC and TDC spectra of the

X 107 per spill. middle traceqwhite) in Fig. 5 are shown for events which
passed the ADC threshold cut in all counters of the “left”
B. Elastic polarimeter data analysis and results arm. The cut on BL3, in particular, also eliminated some

elastic scattering events. Such losses may have been different

for the left and right arms. However, no difference in the
Because the goal of the elastic polarimeter was to meaasymmetry(within a fraction of a standard deviatipmvas

sure the beam polarization during the same time period wheabserved with or without such a tight cut.

1. Run period selection
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(3) In the forward counters only, the peaks in the TDC

. . . 1 LR 1 1 1 1
spectra of the survivingslewing-correctedevents were fit c=——|—— —+—+—4+—, (3.3
with a Gaussian, and events outside of 2 standard deviations L+RIL+R N[ Ni NL Ni

(o) from the mean were rejected. The spectra for events
which passed this restriction for all counters of the “left” where L= N X N and RE.\/N.._IXNR. In these expres-
arm are the lowegblack of the three traces in Fig. 5. Stud- sions, the mean beam polarization and analyzing power and
ies of varying the TDC cuts from & to 30 showed no their respective asymmetries are
significant difference in the resulting asymmetries.
P,=(P,+P})/2
3. Background estimation

. An=(AnLTANR)2

Comparisons of rates from carbon target and empty target

runs with normal CH target runs yielded the following _ PL—P%,
background estimates. €p— PE)JF P}J
Carbon contribution to events in the backward arms: 40— AnL—AnR
60 %. Ep™ W
Carbon contribution to forward/backward coincidences: NLT7INR
2-4% in 1997 and (7:60.3)% in 1999. Equation(3.2) holds provided the acceptances and effi-

Ngn—target contribution to events in the backward armsiiencies of the left and right arms remained constant during
1-5%. _— _ . the measurement of both beam states. Flipping the beam po-
Non-.targe'g contribution to forward/backward coinCi- |arization with every spill ensures that any slow changes in
dences:<0.3%. counter efficiencies tend to cancel out. However, an intensity
The total contribution to events which survive the cuts pre_dependence in counter efficiency can affect the spin asym-

viously described, including contributions from processesm(atry if the intensities of pulses arriving at the target are

other thanpp elastic scattering, is estimated to be 3-5 %_systematically different for the two beam states. A cross-

Corrections to the raw asymmetry due to the presence qﬁggkﬂ%fr;hti:?gmqrﬂg%]m beam intenséy can be calcu-
background are discussed below.

T 1T [ |
4. Raw asymmetries VN[ X NE— N XN,

. A T NL T NL
Raw asymmetries were calculated from the measured VN X NE+ NE XN
counts: %EB—F PbAN6A+ hOt
N/ =1,B7dQ (1+PAyD)
T_pgl!
NL=16B1dQ, (1- PiAy) S 3.4
B'+B
Nk=1oB'dQgr(1—PiANR)
N§= 1,BldQR(1+ PéANR) A nonzeroe, can come about through misalignment of left

and right arms and a strongly angle-dependent analyzing
whereN, is the number of events detected by the left for-POWerAy . As long as the magnitude ef was less than 0.1,
ward and right recoil arms, and similarly fok,. The super- there v_vould be a negI|g|bIe effgct on the polarization asym-
scripts] and| indicate polarization states up and down. TheMetry in Eq.(3.2) for this experiment. ,
integrated beam intensities a8 and B!, and the average The asymmetry in the unpolarized differential cross sec-
beam polarizations ar‘ég and P%, for these two polarization tion integrated over the acceptances and efficiencies of the

states. Similarly, the effective solid angles times e]‘ficiencie%eft and right armseq , can be calculated from the formula

ared(), anddQpg, and the analyzing powers afg, and 22].
Apnr for the two sets of counters. A normalizatioly, in-
cludes target thickness and other constant factors. Then, the

NI XN{ = NEX N

raw asymmetrieg were computed using the formula a0 VYN[ XN+ YNEX NG

YN[ XNg— N XNk ~e€q+ PpAyept+h.o.t.

NI XNE+ UNEXNE 60, 0,

~PyAy+ P2A2(2+€2)+hot, (3.2 ~ €= G0, Td0g 39
which is accurate up to higher order terrfiso.t) in the The assumption thatp is small is generally made univer-

small quantitiesP Ay, €p, andep (eg and e below are  sally. In any case, it cannot easily be checked without com-
also presumed to be smillThe statistical error is given by paring rates directly to a beam polarization state which is
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TABLE Il. Various asymmetries by the running period from elastic polarimeter events with forward/recoil

coincidences.

PHYSICAL REVIEW D 65 092008

Period € a11=€g a=€q

P1A 0.0152:£0.0119 0.01520.0119 0.179%0.0115
P1B 0.0224-0.0063 0.007%0.0063 0.2246:0.0060
P2B 0.0112-0.0052 —0.0092+0.0052 0.1826:0.0051
P3B 0.0116:-0.0129 0.019%0.0129 0.050%0.0128
P3A 0.0076£0.0029 —0.0001-0.0029 0.02380.0029
P4B 0.0146-0.0029 —0.0046+0.0029 —0.0473£0.0029
P4A 0.02010.0028 0.0048 0.0028 —0.0765-0.0028
P5B 0.0065-0.0066 0.0015% 0.0066 —0.0775-0.0066
P5A 0.0194-0.0034 0.00330.0034 —0.0115-0.0034
P6B 0.008%-0.0047 —0.0083+0.0047 0.017%0.0047
P6A 0.0154-0.0031 —0.0010+0.0031 0.00630.0031
P7A 0.0184r0.0025 —0.0023+0.0025 0.013%0.0025

P1-P3

Total 0.01070.0023 0.000€ 0.0023 0.08780.0022

Carbon 0.08410.0449 0.0643 0.0450 0.019%0.0452

P4-P7

Total 0.0165-0.0012 —0.00070.0012 —0.0218+0.0012

Carbon —0.0099+0.0333 0.0802:0.0333 0.040%0.0333

known to be zero, as was done in one instance recently at The statistical significance was small. The measured car-
Saclay{23]. A nonzero value ok, is not catastrophic, and in bon asymmetry €c) did not differ by more than @ from
practice a value of 0.1 or less indicates reasonably goodero during periods P1-P3 or P7. Thus, the statistics of the
alignment of the left and right arms for a symmetric polar-carbon results were not good enough to correct the @dta.
imeter. No carbon data were taken for the B polarity of the inclu-
The observed values fat, 19, and @4, are given for sive analyzing magnet during either the carbon or hydrogen
forward-backward coincidences in Table II, and for the back-inclusive measurements.
ward arms only in Table Ill. Note that the left/right labeling  Thep-carbon analyzing power is known to be smalley
of the actual counter namésee Fig. 3 was in the opposite about a factor of twpthan thepp analyzing power from
sense from the usual convention. Ordinarily the “right” arm asymmetry measurements done with the E880 polarimeter
has its forward arm to beam right. The quoted asymmetriegiternal to the AGS ring. Experiment E880 was running at
adhere to the standard left/right conventions rather than thihe same beam energy concurrently with the experiment de-
one corresponding to the labeling of the counters. No eviscribed here, in order to monitor the time stability of the
dence for a nonzereg was observed, and the effect of cen- beam polarizatio14,1€ in the AGS; see the Appendix.
tering the beam on the elastic targahd thereby improving The carbon-target asymmetry data indicatedh limited
the alignmentbetween running period3, andP; is clearly  statistic$ that the carbon analyzing power is small. Further-
reflected in the already-small values &f . The final raw  more, although there are no data points available at this en-
asymmetry for the CH target observed from forward/ ergy, the carbon analyzing power is smaller than thafpfor
backward coincidences was atp.p,=3.5 GeVk [24,25, and atp,,,=185 GeVk [26].

Two cases were therefore considered:

(1) Ac=Ach,

(2) Ac=0.

In the presence of carbon background, the asymmetry for

. . the pp elastic part is given b
These values were obtained from the event totals integrated PP P g y

over the respective running periods.

€cn,=0.0107£0.0023 (P1-P3

=0.0165:£0.0012 (P4-P73.

ECHZ_ nCX €c

o €pp=————» (3.6
5. Effect of carbon contamination Np
Ordinarily carbon contributions frorecy, should be sub-  wheren,, is the fraction of the total number of GHarget
tracted in order to extract the elastip asymmetry,e,,. events contributed byp elastic scattering, andc is the
However, the carbon data were not used because of the fdlraction frompC. By definition,n,+nc=1. The uncertainty
lowing. in €, is given by
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TABLE Ill. Same as Table I, but using data from the backward arm only.

Period € a1~ €p a™=€q

P1A 0.01210.0050 —0.0035-0.0050 0.10430.0049

P1B 0.0111#0.0025 0.00440.0025 0.1094:0.0025

P2B 0.00810.0020 —0.0019-0.0020 0.094%0.0020

P3B 0.0095:0.0051 0.006%0.0051 0.03920.0051

P3A 0.009(-0.0012 —0.0008:0.0012 0.046Z%0.0012

P4B 0.01210.0013 —0.0038:0.0013 —0.0529+0.0013

P4A 0.01303-0.0011 0.0038 0.0011 —0.0635-0.0011

P5B 0.0098:0.0027 0.01030.0027 —0.1660+0.0027

P5A 0.0136-0.0015 0.003%0.0015 —0.0239-0.0015

P6B 0.00650.0021 —0.0017#0.0021 —0.0275-0.0021

P6A 0.01070.0013 —0.0033£0.0013 —0.0305-0.0013

P7A 0.0111-0.0010 —0.002G+0.0010 —0.0283-0.0010

P1-P3

Total 0.0092-0.0009 —0.0002+0.0009 0.066Z 0.0009
Carbon 0.003&:0.0052 0.0086: 0.0052 0.020%0.0052

P4—-P7

Total 0.0116-0.0005 —0.0001=0.0005 —0.0445-0.0005
Carbon 0.001%0.0037 —0.0044+0.0037 —0.0281+0.0037

A ech, 2 An.\? determined from a phenomenological analysis of existing
(Aepp)?= ( +(€ec— ECHZ)Z( _2p) data, especially measurements from 10-45 GeV/
P ny [21,27,28. The quoted uncertainty was estimated from the
2 24 GeVCk results of Ref[21], including both statistical and
+1— _) (Aec)?. (3.77  systematic errors. The phenomenological analysis was in-
Np spired by the fit given in Refl.22]. The beam polarization

. . was thus found to be
Using n,=0.97+0.01 and 0.93&0.003 during the carbon

and hydrogen target inclusive data, respectively, the results P,=0.271+0.059(stad

for the two cases abougiven for periods P1-P3 and P4—

P7) are +0.033(sysh (P1-P3
Ac=Ach,: €pp=0.0107:0.0023, 0.01650.0012

Ac=0: €,,=0.0110-0.0026, 0.017Z 0.0013. =0427£0.032(stay

For the final results, the mean values were taken: +0.053(sysy  (P4-P7.

The systematic error above includes the total uncertainty

€pp=0.0108-0.0024(sta from the pp elastic-scattering analyzing power.

+0.0003(sysh (P1—P3
IV. PION INCLUSIVE SPECTROMETER SETUP
=0.01710.0013(stay

+0.0006(sysy  (P4—P7.

A. Apparatus

An entirely separate scattering target and set of detectors
were used to measure the inclusive pion and proton produc-
tion (see Fig. 3. Two primary targets were used in different

g ) years. In 1997 a carbon target was located 21 cm down-
dratic sum of the second and the third term of equat®) stream of the elastic-polarimeter target. It was a graphite

or represents half the difference between the results of th lock of dimensions 5.0 cm wide by 6.0 cm high by 4.0 cm
two cases, whichever is larger. The systematic error depen Rick. In 1999 a liquid hydrogen target replaced the carbon
on the value ofAc. block and was centered 38 cm downstream of the elastic-
polarimeter target. Its dimensions were 25 cm long with a
diameter of 6.3 cm. We also parasitically looked at inclusive
The value of the analyzing power used to determine thesvents coming from the elastic GHarget.
beam polarization (at p;,,=22 GeVt and t= The spectrometer itself consisted of three scintillators S1,
—0.15 (GeVkt)?) wasAy=0.040+0.0048. This value was S2, and S3, four hodoscopes H1, H2, H3, and H4, a bending

The statistical errofstaj) comes from the first term of Eq.
(3.7), and the systematic errgsysh comes from the qua-

6. Beam polarization
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TABLE V. Positions of the beam luminosity counters. All measurements less sensitive to polarization effects. In 1999

counters were 1.5 cm square and 0.64 cm thick. we were forced to change the angle to 8° because of inter-
ference from the support for the hydrogen targ8ee Table
Counter LUl LUz LU3 LDl LDZ LD3 |V for dimensions and positions of the counters. The lumi-

nosity counters are not shown in Fig) & logical OR of
signals from three fold coincidences of the up and down
arms (LOR) was scaled separately for the two beam spin
states to provide the luminosity counts used for beam nor-
malization when calculating inclusive asymmetrisse Fig.

. 6). The accidental coincidence rate was found to<i®5%.
magnet located between H2 and H3, andeseDkov detector In principle, the beam counter could also have been used
for particle identification. Dimensions and positions of thesefor beam intensity monitoring; however, in practice it tended
counters and hodoscopes are given in Table I. The hodae be overwhelmed by the high rate from the beam (3
scopes consisted of 6-mm-wide scintillators with 1/3 overlapx 10’ protons per 1.0 sec spillln addition, the setup in-
between adjacent counters, thus forming arrays with 2-mngluded an ion chamber located in the beam downstream of
space segmentatioj29,30. Hodoscopes H1 and H2 con- the analyzing magnet. Being in this position, the beam tra-
sisted of 16 parallel counters each, oriented so as to measwersed the ion chamber at different angles depending on the
horizontal(x) coordinates of charged tracks in 31 cells of 2 magnet polarity. For this and other reasons the ion chamber
mm widths(the end cells were 4 mm wigleHodoscope H3 was less stable as a beam monitor, and was therefore not
had 24 counters ix and 24 more iry, and H4 consisted of used for asymmetry calculations.

28 counters in botlx andy. The analyzing magnet provided

a pt kick of about 1 GeV¢ and could be reversed to select B. Electronics and trigger logic

the charge of inclusive particles. In 1997 a soft iron plate of
8 mm thickness was placed on H3 between the photomulti-
pliers and the analysis magnet to protect the tubes from th
magnetic field. In 1999 the 8-mm-thick iron was replaced
with 13-mm-thick iron, and 13-mm-thick iron shielding was
added to H2 between the tubes and the magnet.

The Cerenkov counter was filled with CQat a pressure
of ~2 atm absolute pressure in 1997, corresponding to
pion threshold of 3 GeW as measured with a beam. The
absolute pressure was3 atm in 1999.

Upstream of the center of the elastic target by 7.6 c

there was a group of four halo vetélV) counters(HVU, . . .
HVD, HVL, HVR) consisting of overlapping scintillator . The data-acquisition system for the inclusive _setup u;ed
slats arranged pairwise horizontally and vertically. Semicir.SIMilar hardware and software to that of the elastic polarim-

cular notches cut in the sides of each counter formed a cir(—ater' Runs were usually started and stopped nearly simulta-

cular aperture of diameter 2.5 cm, through which the beanqleously for both parts of the experiment in order to have data

passed en route to the scattering targets. Upstream of tﬁgat closely corresponded to the same beam conditions. The

halo veto counters there was a thin beam coufB@) scin- inclusive-event rates varied from about 20 per spill for
tillator, and a beam profile monitdSWIC) used for beam running to over 200 per spill with the opposite beam polarity

tuning. Finally, two additional large beam veto, or BV, and the @renkov counter out of the trigger. Again, deadtime
counters(BVU, BVD) with semicircular notches forming a was [nlnlmal (thlog) n 1997 andgz.% |?h1999'"becacljjse
12.7 cm diameter aperture were located 64.4 cm upstream 8?’?? S tvve(;e ksborte n mglrlnory uring the spill, and were
the elastic target to veto the outer portions of the beam halgV!"ten 1o disk between Spris.

Angle 1997 +16° +16° +16° —16° -—16° —16°
Angle 1999 +8° +8° +8° —-8° —8° —-8°
Distance from

Target(cm)  53.3 66.0 78.7 53.3 66.0 78.7

Figure 6 shows the inclusive trigger logic. Hits were re-
uired in S1, S2, and S3, and at least one counter in any
three of thex planes of the four hodoscopes. In addition,
Cerenkov counter signals were switched into the trigger for
“a™” running (B magnet polarity and switched out for
“proton” running (same magnet polarity The Gerenkov

ounter was also out of the trigger form " running with

e opposite(A) magnet polarity. At all times the master
trigger was vetoed by separate OR’s of the HV and BV
counters. TDC and ADC information was recorded for S1,
mSZ, S3, and the €&enkov counter.

. . . RESULTS
Whereas the spin asymmetries from symmetric double-

armed polarimeters can be extracted from raw counts in the Inclusive data were collected at~22 GeVk
arms using Eq(3.2), single-armed experiments require the (21.6 GeVt during 1997 and 21.92 GeW/in 1999 inci-

raw counts to be normalized by some spin-independentient proton momentum in the three different running modes
quantity which is proportional to the time-integrated beamshown in Table V. During the first ruin 1997 we used
flux seen by the target for each of the separate spin statesnly a carbon target and during the second (inn1999 we
Two telescopes consisting of three colinear scintillators eaclised only a liquid hydrogen target.

were mounted in the vertical plane above and below the The first step in data reduction was to look at the ratio of
beam at a 16° laboratory angle in 1997 to serve this purposeounts in the LOR luminosity scaler for the two beam spin
Having the telescopes in the plane of the polarization vectostates for each run. Out of a total of about 70 runs, two runs
and at an angle corresponding to approximately 90° in théor which the LOR ratio differed by more than 0.02 from
c.m. frame, where the analyzing power is zero, made thesenity were discarded. Line 2 of Table VI shows the number
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Disc. TABLE V. Running modes for inclusive measurements.
Disc LUl >

HVU tllﬁ Magnet Cerenkov Initial offline
HVD Mode polarity infout of trigger ADC cut
HVR LD1
HVL LD2 T A Out (none

S1 LD3 wt B In >70

§2 . Proton B Out <70

. ADC
Cerenkov TDC .
) A. Track reconstruction method A
Splitter N
to scaler

Disc. Master Trigger

After decoding information from the hodoscopes, hit clus-
ters in the hodoscopes were obtained. Each combination of
hits in all four hodoscopes was fit by minimizing the quantity
SX with respect to three parametefs, B,, and a track

H3X momentump. The definition ofSX was given by

H4X $ 4

(1..28) 2 2 (5 5)
SX= 2, [xi—fi(z;ABx,p)I%, :

BVU ; i (A X1 2X

wherex; were thex positions of clusters in the four hodo-

FIG. 6. Trigger logic diagram of the inclusive spectrometer andscopeszi were thez positions of the four hodoscopeS, and
the beam flux monitor LOR. The individual counters of hodoscopeshe f, were functions of the form

H1-H4 measuring the positions are designated H1X, H2X, etc.
The H3 and H4 counters measuring thposition were not used in X(z;)
the trigger. fi=B,+Az+ rE (5.9

of events which survived this step.

Events which passed all the cuts were binnedgdnand
transverse momentumy; . Feynmanxg is given for the in-
clusive reactiorm+b—c+X by

Using a model described if82], the expression foiX(z)
valid for purposes of fitting tracks through the inclusive
spectrometer was

Ke (v=z (u=v
X(z)=— By(u)dudv, (5.7
(5'1) c v=29Ju=z4

o= PL
F pmax,
whereK is a constant, is they (vertical) component of the
wherep, is the longitudinal momentum component of par- field map of the analyzing magnet field as a function of
ticle ¢ in the center of mass frame apg., is the maximum d|stancg along a particle track, ar;j; is thez g:oordmate of
attainable center of mass momentum for any conceivable réh€ starting point of the track. This expression assumes that
action which produces a particle of typsn the final state, the particle sees only a vertical field, and that the limited
given the known masses and momenta of partielesid b. acceptances of the hodoscopes ensured that the path length

The values o, Were calculated using the formulai] thr(_)ugh th_e analyzing ‘magnet was essentially the same for
all integration trajectories. The value of the consténivas
found to be 1.013 from a Monte Carlo simulation of the

:ﬂ (5.2 experiment based o@EANT 3.21[33]. Note thatB,(u) was
Pmax 2’ ' nonzero only foru in the regionz,<u<z;. Taking z,=0

andz=z, the expressions fdf; reduce to

where the Mandelstamand\ are given by

fl: BX+AXZl (58)
s=m2+mz+2myE, (5.3 f,=B+AZ (5.9
A=s2—25(mZ—S,) +(m2+S,)2. (5.4) X23
c c f3=BX+AX23+? (5.10
In the abovem, is the mass of the inclusive particle aSgd
is the square of the minimal invariant mass of the syskem f—BAA 7 4+ X_23 (5.11
for a particular reaction. For 22-Ge¥Incident protons, de- 4TI IXE T g '

tails about the calculation gf.,,,, for inclusivew~, =", and
protons are given in Table VII. where

092008-11



C. E. ALLGOWERet al. PHYSICAL REVIEW D 65 092008

TABLE VI. The numbers of events surviving after applying miscellaneous analysis cuts for method A.
This is for the carbon target. Details are in the text.

Criterion A polarity B polarity
Total number of triggers 2010° 3.5x10°
m ot Proton
(1) Separation of B polarity intor ", p by trigger 2. 1¢° 2.5x10° 0.4x 10°
type and initial @renkov ADC cut at channel 70
(2) After discarding runs with bad LOR ratio 1.86.0° 2.48<10° 0.4x 10°
(3) Number of “reconstructed” eventsX,i,<0.32) 399634 1179679 269634
(4) SurviveB, cut (—1.0<B,<0.6) 271009 889666 237980
(5) Survive S1/S3 ToF cut (620TDC2=840) 257082 836895 231405
(6) Survive S1/@renkov ToF cut £ : no cut; 257082 836895 214502
ot 640<TDC1=2840; protons: TDCZ 2000)
(7) Survive Gerenkov ADC cut(for 7= only, require 257082 448232 214502
ADC>200 forx<0.6, ADC>300 for xg>0.6)
(8) Survive hard cut or8 Xin (SXnin<0.05). 225939 404469 199757
(9) Survivexg, pt cuts (0.45<xg<0.8,0.3<pr<1.2) 218868 399024 192359

Ke (v=2z3 fu=v After reconstruction, a histogram of tligs parameter for
Xzaz?f B f ~ By(u)dudv. (5.12  the tracks of runs from all three running modes is shown in
v siTE Fig. 7. TheB, parameter was the intercept of the track at
the nominal target position af=0. Owing to the geometry
Tests using the Monte Carlo simulation showed that the rela0f the setup, increasingly negati& corresponds to the
tive momentum uncertaint§p/p due to the tracking method Scattering vertex being further upstreamznThe distribu-
was 2x 10~3, which was small compared to the momentumtions in Fig. 7 therefore show a large peak near zero coming
resolution of the experimental setuiFor example, the inci- from the carbon target, and a smaller one at more negative
dent beam had Ap/p of about 4x 10~ 3.) B, coming from the CH target of the elastic polarimeter
Tracks for whichSX,,,<0.32 cn? were considered “re- further upstream. The fact that the center of the carbon-target
constructed.” The requirement was deliberately left loose sg@@k is at about-0.5 cm rather than at zero indicates that
that the background underneath the signal could be studicét® beam was hitting the carbon target slightly to the right of
later in the analysis. center in the nominal coordinate system. A cut ofL.0
The trigger efficiency, defined as the ratio of the numbers=Bx=0.6 selected tracks which had originated in the carbon
in lines 3 and 2 of Table VI, was 20.4% for# " mode,  target(see line 4 of Table Vil
47.5% for “m*" mode, and 67.4% for “proton” mode. Be- ~ Figure 8 shows a sampling &Xy, distributions from
cause the trigger only required hits in three of the four ho-the tracking fits of events in three different bins of thew™
doscopes, most of the events lost at this stage were ones féata. Some background which increased witiremained in
which there was no hit in one of the hodoscopes. The subthe sample at this stage. A hard cut rejecting events with
stantial differences in trigger efficiency were largely due to aSXmin>0.05 cnf was applied to alkg bins of the data from
combination of different physics processes contributing tcall three running modes.
the presence of a™, 7, or proton being in the final state, ~ TheXg vs pr distribution of all events, which passed the
differences in background levels, differences in trigger conthe hard cut orSXy;, and additional ADC and TDC cuts
ditions, and the effects of pions decaying in flight. described in Sec. VB, is shown in Fig. 9. A final cut outside
They-plane information from the hodoscopes was used t¢ghe box 0.45xg<0.8 and 0.3<p;<1.2 GeVt was ap-
reduce background by requiring only one hit in each of H3plied to all data to reject events with unphysica! or py
and H4. A projection was also made back to the target and ¥alues and events which appeared to have been outside the
y cut was made. limits of the acceptance of the inclusive spectrometer. This
cut concluded the raw-event selection phase of the data
analysis. The total numbers of surviving events are given in

TABLE VII. Values of for the three running modes. .
Pmax g line 9 of Table VI.

Inclusive Prmax
particle Reaction s(GeV’) S m (GeVrk) Background estimation
T p+n—p+p+m 4239 (my)®> m, 2974 The plots of theS X,,;,, distributions shown in Fig. 8 were

at p+n—n+n+axt 4239 (2n)? m, 2.982 produced from events which had passed all of the cuts in the
p p+p—p+p 42.33 mg m, 3.115 event selection phase of the analysis. The background, which
increased withxg, is clearly visible. The remaining step in
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the analysis was to estimate the number of background x 102
counts present in the regi®X.,;,<0.05 cnf in each bin of 1aan f
Xg andp. i
A study of theS X,,;, distributions in thexg regions above 1200 L
that of the xg/p; box cut was undertaken to ascertain i
whether the shape of the background distributions varied 1000 L
with xg. The ratios of counts in th&X,;, region 0.16 i
<SX,,<0.32 cnf to counts in the regionSX,in 800 L
<0.05 cnt from = data in several highy bins (see Table [
VIII') show no evidence for arz dependence in the back- 600 -
ground or a difference between" and 7. (The ratio did i
differ for proton data, however. 400 [
Numerical estimates show a clear growth in background I
with increasingxg for all three particle types. The back- 200 L
ground fractions were largest far~ (ranging from 4% at I
smallxg to 70% at largexg) and smallest for protongang- 0 b~
ing from 1.5% to 4.5% over the region of interesThe =
estimated systematic error in the background calculation
method was 9% forr™ and 32% for protons. FIG. 7. Distributions of the paramet&, from the tracking al-
gorithm (x intercept of track at=0) in method A. The top trace is
B. Track reconstruction method B from 7 data, the hatched region is from™ data, and the gray

. . region is from proton data. The indicated cuts selected events from
A different analysis method was used that employed 8ne carbon target, which produced the large peak. The peBk at
S|mp|e algonthm fOI’ tl'aCk reconstruction Wh'Ch was mUCh: — 2.2 is from tracks Originating in the q-target of the elastic

faster than method A. Two types of events were analyzed. polarimeter farther upstream.
The first one was as follows. It was demanded that each

plane of thex hodoscopes have only one Hhits in two . 0 i
adjacent cells were regarded as a single ibis gave only ootk il TG TRRS IF B B S 0 do
two possible tracks, one before the analysis magnet and on ; '

background subtraction for method B.

after. If these hodoscope hits came from a good event the?

would have intersected near theoordinate of the center of

the magnet. A typical distribution of the track separatiox in C. ADC and TDC cuts on the data

(xqiff) at the center of the analysis magnet is shown in Fig. . L v

10. Fitting a Gaussian form to this curve gives a mean value 1© Saveé computing time, an initial crude cut on therC

of zero and ar of 4 mm. This and similar distributions were €Nkov ADC spectra of the data for B magnet polarity was

used to estimate backgrounds. applied (see Tablg V. Figure 11 shows a &@enkov ADC
The second type of event used had only one hit in any ofPECtrum for a %" run, where the @renkov counter was

threex planes and two non-adjacent hits in the fourth planein the trlgger: The cut at.channel 70 eliminated events.m the

This type of event was found about 30—40 % as often as thBedestal regiottsharp spike at leftwhere zero pulse height

first type of event. To reconstruct this event the followingWas recorded by the ADC. For “proton” mode with thee

procedure was performed. Under this criteria there was aRnkov counter out of the trigger, the ADC spectrum was

unambiguous track either before or after the analysis magnefiominated by events in the pedestal coming from protons.

On the other side of the magnet there were two possibl&ine 1 of Table VI shows the number of events which sur-

tracks. We chose the one that gave the smalggt at the  Vived the initial Gerenkov ADC cuts.

center of the magnet.

Cuts on the following parameters were applied to select 0.4<x<0.5 0.7<x<0.8 1.0<%< 1.1
good tracks for the asymmetry calculatiqid) x difference 20000 k 4000 | 150 1
of the crossing of two straight tracks at the center of the {7500 3500 e |
magnet, and?2) z coordinate of the track at the targd,j. 15000 [ gggg i eo b

12500 [
Background estimate 10000 -, 2000 & 200 g
7500 | | 1500 | 150

To estimate the background, the tails of tg distribu- 5000 £ | 1000 f | 100 H.
tion (out of the region—12 mm<xgi;1<<12 mm) were fit- 2500 —H\L 500 £ 50 F
ted by a constant. This fitting parameter was used to subtract O(; ‘ ‘ojz‘ ‘ 06 o 0o 0"
the background under the peak. There was no hint that the ’ SX N om?

background increased in our region of interdsinlike

method A. Crude estimates gave the following: for” the FIG. 8. Distributions ofS Xy, in three differentx bins for 7~
background is less than 1.5% in alf bins; for 7~ the  data from method A. The hard cut below 0.05 is indicated by
background is less than 1.5% %t<0.7, equal to 2.1% at dashed lines.
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FIG. 9. Scatter plot okg vs py. The box indicates the cuts on FIG. 10. Distribution of the difference in thecoordinates of the
Xg andpy. This was the final cut before background subtraction intwo tracks at the magnet center in method B. Vertical lines indicate
method A. cuts applied in the analysis.

Figure 12 shows the S1/S3 time of fligfkDC2) for the ground varied withxg, so the @renkov ADC cuts for kaon

remaining events. The tails of this distribution were cut outSUPPression also varied. Belog of 0.55 no cuts were ap-
at channels 620 and 84@me per channek0.05 ns). The plied, for 0.55<x<0.6 events below channel 200 were re-

S1/Gerenkov time of fligh TDC1) is shown in Fig. 13. Pro- J€ctéd, and forxg>0.6 the cut was placed at channel 300
t i by thee@nk i th i (see Fig. 11 No cuts for kaon rejection were applied in the
ons Were not seen by eetenkov counter, so, e proton .- o, proton data sets. The estimated remainihg con-

e M & et Ainalon n th o sample fter e ADC s s lss
For 7™, a cut between cﬁannelngO and 840 was ap%lie%' npon 2%. While in proton modg, theef'En.kov counter ve-
' X o . ' "ed the trigger which automatically eliminated most of the

cut was applied forr~ in method B. Although the flight path pions and kaons.
from S1 to S3 was 9.10 m, the differences in time of flight
for various particle types were still too small to distinguish
particles in the experiment because the tracks had momenta
of the order of 10 GeW. The primary function of the S1/ The formula used to calculate inclusive analyzing powers
Cerenkov cut was to eliminate background in thé signal. Ay was
Numbers of counts which passed the time of flight cuts are in
lines 5 and 6 of Table VI. . A :i

Cuts were next applied to thee@nkov ADC spectra of NTP,
particularxg bins of thewr™ data to removeK* contamina-
tion. Figure 14 shows the result of subtractingra ADC  wheren. was given by the ratio of the raw counts in a given
spectrum from ar* ADC spectrum after normalizing the Xg/pt bin to counts in the LOR luminosity scaler:
7~ data to that of ther™ in the region above channel 400.
The excess below channel 300 in the figure is duéto N

contamination in the 4 *” signal. The size of the&K* back- == LOR. "’

D. Calculation of analyzing powers

n_—n,
n_+n,

n_+n,
N_+N;—2Npack

. (513

(5.19

TABLE VIII. Ratios of the numbers of events in the region 1he method assumed that the background rates were the
SX,in<0.05 cn? to the numbers of the events in the tail region Same for both beam states. The apparent sign change in Eq.
0.16<SX,,,<0.32 cn? using method Acarbon target (5.13 compared to Eq(1.1) occurred because the inclusive
particle was detected to beam-right instead of beam-left.

Counts for LOR were taken from a scaler module which

Kinematically forbidden

Reaction region Ratio was gated off whenever the data-acquisition computer was
~ busy reading out event information from the hodoscopes.
T 0.85<x¢<0.92 241013 Note that the correction factor in E¢6.13 could affect the
™ 0.92<x<1.00 2.4%0.16 magnitude ofAy, but not its sign.
T 1.00<xg<1.10 2.56:0.18
+
:Jr 223?22128 ;:g 8;; E. Comparison of the results of the two methods
Average ratio 2.4%0.08 We did a comparison of the two methods by using each

method to analyze the carbon data from 1997. A comparison
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FIG. 11. Raw ADC spectrum from thee@enkov counter for the ) . .
7+ running mode, where theeZenkov counter was in the trigger. /G- 13. Time of flight from+ S1 to the &enkov counter. The
For 7+, events above the pedestal were selected by an initial cut 4fPPer and lower traces are far” andz— running modes, respec-

channel 70. For protons, only events below channel 70 were usedivVely- Vertical lines indicate cuts applied in the analysis.

icity we are in the realm of the “semi-inclusive” processes.
owever, our comparison of the results from method A
flows that the high multiplicity events are mostly back-
ground (=7% good events for botr*and 7).

Since the two methods gave close results for hethand
7, method B was chosen as the primary method for ana-
lyzing the data due to its speed, simplicity, and low back-
ground. Method A provided a useful check showing that the
multiplicity restrictions of method B do not change the re-
“sults.

of the results is shown in Table 1X. There is good agreemenE'I
between the methods, but method B reconstructs more event
(about 30% form ™, since no cuts on the &enkov counter
ADC or TDC were made, and the backgrounds are)le3s
the errors forr™ are noticeably less at large .

A peculiarity of method B is that it only reconstructs
events with small multiplicity(1 or 2. The portion of such
events was about 48% fer* and 25% form~. It should be
understood that by excluding the events with higher multi

X 102: F. Analysis of the hydrogen data

1200 - ; : There were no changes to the apparatus or electronics for

’ ’ this run. The momentum was slightly different at
21.92 GeVt and thep+ kick of the magnet was different,
being 0.86 GeW instead of 0.95 Ge\d. The integrated
luminosity monitor numbers LOR and LOR_ used in the
asymmetry calculations are given in Table X.

There were two types of triggers used. First we used a
trigger requiring that three out of fowr planes(3/4) of the
hodoscopes had hits and second, we had a trigger requiring
that all fourx planes had hit¢4/4). The number of triggers of
each type are shown in Table XI.

The portion of the events which could be analyzed by
method B(either only one hit in each plane or two hits in one
plane and only one hit in each of the other three planese
as follows: 3/4 trigger: 46% forr™ and 20% form—; 4/4
trigger: 82% formr* and 75% form~. These values are simi-
lar to the corresponding ones for the carbon data treated by
method A, where only the 3/4 trigger was used.

We were also able to detect inclusive events from the CH

FIG. 12. Time of flight from S1 to S3. The top trace is frami target used to monitor the polarization. Figure 15 shows the
data, the hatched region is from™ data, and the gray region is distribution of thez coordinate of our reconstructed track
from proton data. Vertical lines indicate cuts applied in the analysiswhen projected back to the target=€0). (Note, Fig. 7 gives

1000 f
800 —
600 f
400 —

200

I L L =%

300 400 500 600

7R
700 800 900 10001100
TDC2 channel number
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2500 F TABLE IX. Analyzing powerAy, (in percentfor 7+ andz~ on
the carbon target at 21.6 Ged//
2000
" ot T T

(Xg) Method A Method B Method A Method B
1500

0.48 3.2:1.6 2.1*+17 3.2£2.2 4.8-2.0
1000 0.53 5.8£0.9 6.1+0.9 2.1x1.4 2.1*+1.3

0.57 12211 125-1.1 —1.6+1.6 —0.4+1.4

0.62 21.0:1.6 22.8-1.5 —-9.0+2.3 —-11.3+2.0
0.67 30.4:2.4 30.2:2.4 —24.2+42 —26.1-3.4

0.72 43.6-:4.3 44.004.0 —28.8+9.2 —43.6-6.5
Nty

0 WHU—H—\JM‘\JU 0.77 30.2-86 31.0-:8.1 —47.3t279 -30.5+134

0 200

500

L L | L L L L - | - |
400 600 800 1000
ADC channel number

Becausexg and pt are correlated variables, it was of in-
. terest to see Ay depended more on the one variable or the

FIG. 14. Difference of @renkov ADC spectra ofr” andm~  other within the limits of the inclusive spectrometer accep-
data in the regiomxg>0.6 normalized in. the range abqve ADC tance. For ther™ and 7" data, Figs. 16 and 17 shofy, vs
_channel+400. The excess at the low end is dué Tocontamination 1, \vhile holdingx, fixed and vice versa. With the exception
|n+the77 sample. The vertical line indicates the cut applied to theof the largesip; bin at 0.88, it is difficult to see much de-
™ data to reject kaons. pendence iy while holding one variable fixed and varying

the other. Similarly, no strong dependenceAR was ob-

the projectedk position atz=0 rather than the projecter  served for the carbon target results. However, integrating
position atx=0.) The peak near zero is from the hydrogen over py, the values in Table XV and the plot in Fig. 18 are
target and the other peak comes from the,@4iget. We had obtained. Clear trends are thereby revealed showing large
similar numbers of events from each target, but due to acanalyzing powers, opposite in sign far~ and 7", and in-
ceptance differences the hydrogen target had more xigh creasing in magnitude at large . The data for protons were
and fewer smalkg events than the Citarget. consistent with zero in all cases.

For this run only method B was used to analyze the data. The analyzing powers from hydrogen, carbon, and @8
The following cuts were applied to select pions for the asym- function ofxg are plotted in Fig. 19. The data appear to be
metry calculation: independent of the target, just as for inclusive hyperon po-

(1) 620< TDC2<840 for the S1/S3 time of flightiden- larization results. These are the first measurement&jdor
tical to the carbon target cuts inclusive pion production versus target material, and suggest

(2) —12 mm<xg;;<12 mm for the track matching at that the pion asymmetries are independent of target. .
the magnet centgialso the same as for carbon target puns One reason that t_he carbon target was g_sed in this experi-
(3) z coordinate at the target should bel0 cm<B ment was to investigate whether a significant asymmetry

z

<20 cm for the hvdrogen target and-30 cm<B.< would pe produced. Acarbon internal target would also be
—10 cm for the CH %/argeg'][ d z convenient for polarimetry at RHIC or HERA. However,

For 7+ the additional cuts wer@l) 720< TDC1< 880 for prior to the results of this experiment, it was possible that
the S1/@renkov time of flight, and(s) Cerenkov ADC pions produced from a nuclear target at a gipsncould be
=200 for 0.55<x-<0.6 and A|5C>300 for x.>0.6. This the result of two scatters at smallpy within the nucleus

latter cut was identical to that used for carbon target datag]?fdi' ’3ﬁﬂ P:ogucth[?] of iplrc:ns br)rlmr:llilrtilpleer(;ﬁtte;s CIO UIEtS'rg_t
and was employed to rejelt” contamination. The result of corzaargd E,EO L;Cre] dres)pe% t:fyet beecaﬁze t%e aionug:amn?e%r?es
applying these cuts is shown in Table XI. P yarog 9 P Y

from hydrogen for smallep; are small or zero. The fact that
the asymmetries are the same for the two targets, carbon and
hydrogen, may provide new information on the dynamics of
The results for the analyzing poweks, for 7~ and 7" particle production from a nucleus at moderpte
produced on hydrogen and for protons produced on carbon Comparisons of the data from this experiment with those
binned in bothxg and pt are presented in Tables XII, XlIl, from other experiments are hampered somewhat by differ-
and XIV, respectively. The uncertainties include statisticalences in thexg /pt acceptances and differences in the target
errors and do not include a 25% relative error for the carbommaterials used. Only three references in the literature
run and 14.5% for the hydrogen run coming from the uncer{2,4,36 were found which can be compared with this experi-
tainty in the absolute beam polarization obtained fromghe ment’s carbon results. Other polarized beam or target inclu-
elastic polarimeter. Studies of systematic errors in the inclusive measurements in different kinematic regions include
sive setup indicated that they were small compared to th&efs.[37,38, as well as other E704 data.
statistical errors of the asymmetries alone. Details of cross- Bonneret al.[36] measured\y on a Be target at 13.3 and
checks are presented in Sec. V H. 18.5 GeVEt for inclusive 7~ and 7+ production in the

G. Analyzing power results
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TABLE X. Monitor numbers for the 1999 hydrogen run. TABLE XI. Number of events forr* and 7~ before and after
the cuts were applied for the hydrogen target using method B.
LOR, , LOR_,
Particle and trigger 108 108 LOR, /LOR_ Full number Number of events
A Particle and trigger of events after cuts
7 (414) 1.6778 1.6767 1.001
wt (3/4) 0.1179 0.1179 1.000 " (414) 1020478 163492
7 (414) 3.0080 2.9933 1.005 7" (3/4) 191736 11543
m (3/4) 1.8887 1.8812 1.004 m (414) 543361 123936
7 (3/4) 1262825 70256

small xg region below 0.6. They observed no differences
between incident momenta of 13.3 and 18.5 GeVlhe the beam polarization. The luminosity telescopes were in the
new data at 22 Ge\¢/ from the present experiment are in vertical plane at the lab angle corresponding to 90° in 1997
good agreement, showirfy, values consistent with zero for for pp elastic scattering—a position deliberately chosen to
m~ and rising to around 10% at-=0.6 for 7. minimize sensitivity to beam spin effects. The up/down
Dragosetet al. [4] measured\y on hydrogen and deute- asymmetries of counts in the luminosity arms, for scattering
rium targets for inclusiver™ and 7" at 11.75 GeV¢.  off the carbon target, calculated using the square root for-
There is, however, only a small overlap ¥ and pr be-  mula of Eq. (3.2 were (7.5:5.2)x10 °, (5.2+5.9)
tween the Dragoset™ data and those from the present ex- x 107°, and (1.4-3.7)x 10 * for the #~, =, and proton
periment at 22 Ge\W. (The data form do not overlap.  gata, respectivelyThe numbers for scattering off hydrogen
The Dragosetr ™ data at 11.75 GeV, replotted i andpr,  \ere consistent with zeroThere was thus no evidence for
are compared to the present 22-Ge\ata in Figs. 20 and 5y gpin dependence in the luminosity monitors at a level
21. Both data sets show a similag dependence, with the 51,6t four orders of magnitude below the level of the asym-
data at 11.75 GeW/being smaller in magnitude. metries observed in the inclusive spectrometer. The stability
Finally, Ad_amsgt al. [2]+measureg:AN on a hydrogen tar- ¢ luminosity monitorgand of the vertical direction of
get for inclusiver and - production at 200 Ge\d. The o hoam spin axiss illustrated in Fig. 23, which shows the

comparison of the 200-Ge¥/ data with the present u ; - -
i A p/down asymmetry as a function of increasing run number
22-GeVk data in Fig. 22 shows that the general shapéef (i.e. timg during the run with the carbon target. There were

as a function okg looks similar over the RHIC beam energy iqnificant deviati ¢

range, withr* being positive andr~ being negative. The no significant deviations from z€ro.
200-GeVE data were integrated over an acceptance of 0.2
=py<2.0 GeVk, which is larger than the O08p+

<1.2 GeVk range of the present experiment at 22 GeV/ The value of the beam polarization obtained from the
elastic polarimeter was produced by integrating the counts

H. Systematics studies of inclusive data over all of the running periods to maximize the elastic sta-
tistics. To check for time fluctuations in the beam polariza-
tion, the inclusive data forr™ and =" were divided into

In Sec. IV A it was pointed out that luminosity monitors roughly equal time intervals of several hours each. Figure 24
should be stable and as free as possible from the influence ghows the analyzing power results for two differaptbins
as a function of time(Note: These data points include the

2. Time stability of inclusive asymmetries

1. Luminosity monitor systematics

50000 factor of 1Py in the values, but the uncertainties do not
I B include the contribution from the uncertainty in the beam
I polarization) No significant fluctuations were observed, and
40000 - the observed fluctuations are not correlated between the two
Xg bins shown. There was thus no evidence for time-
30000 1 dependent fluctuations in the beam polarization on the scale
of a few hours to days.
20000 L 3. Relative differential cross sections
I 1 As a check to make sure the distributions of the ob-
] served scattering had the right shape and that they were not
10000 | . 2
— being skewed by kaon contamination or other factors, unpo-
larized differential cross sections were calculated from the
0 w w w L inclusive data. Because the experiment was not designed to
~1 ~0.8-06-04-02 0 0.2 0.4

measure absolute cross sections, relative cross sections were
calculated. The overall normalization was adjusted to match

FIG. 15. Distribution of the track coordinate at the targets from the 7~ data point atg=0.53 to the corresponding point in
method B. Dotted lines indicate the cuts applied. The small peak ithe 24-GeVt Be target data of Eichteet al.[39]. The same
produced by the hydrogen target. The large peak is produced by th@ormalization constant was then used for all other data points
elastic target. Note this is a different variable than shown in Fig. 7for 7=—, =", and protons.

B, m
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TABLE XII. Asymmetry Ay (in percent in 7~ inclusive production on the hydrogen target at
21.92 GeVEt. The systematic uncertainty af 14.5%, coming from the uncertainty @, is not included.

XF

p 0.48 0.53 0.57 0.62 0.67 0.72
0.53 —4.7%x4.8

0.58 39+2.7 —57x74

0.63 —1.9%3.6 —2.8x25

0.68 0.6+2.0 89+34

0.73 1.9+3.5 —-09=x25 —12.3+8.3

0.78 0426 —8.5x4.1

0.83 —11.7%x43 —124+39 —-19.0+7.0

0.88 —13.1x4.1 —-21.7x7.0 —34.0x19.6
0.93 —232+6.4 —31.6x6.3 —18.8+12.9
0.98 —29.8+7.6 —235+11.2

The relative cross sections were calculated using a foref the xg bin. The terms in the curly brackets gog, ., from
mula which is proportional to the invariant cross section forthe definition ofxg in Sec. V, andlye,m the number of
particle production: counts in the upstream ion chamber scaler multiplied by the

RE 1 computer live time and summed over both beam spin states
E——x0e(Xg) =Chorm| ———— for beam normalization. The beam telescopes could not be

dp® Pmax!b ) _
p maxtbeam used because they were not calibrated to give the absolute
number of beam particles. The upstream ion chamber was

<E>Nevents
|- (5.15  not sensitive to the spectrometer magnet polarity. Because of
(Pr)eAprAXe

the narrowness of the acceptance of the inclusive spectrom-
Sfeter, the efficiency was assumed to have been independent of

in the square brackets. All such terms were averagedmpyer *F @nd an inclusive particle type, and it is therefore part of
and/orxg within a givenxg bin. The terms which are inde- Chorm, together with the target thickness and density and
pendent ofx., but dependent on an inclusive particle type, Other constant factors. , ,

are grouped in the curly brackets, and all factors which de- NO correction was applied for events which might have
pend neither ok nor on inclusive particle type are com- ©figinated from sources other than the primary target. During
bined into the relative normalization constaBt,,,. The the running, “empty-target” runs with the carbon block re-

xe-dependent terms aK&), the average total energy of the moved were performed to estimate the rate for non-carbon
inclusive particle in the c.m. frame within theg bin, events. The ratio of event rates for “empty-target” vs carbon

Nesentss the sum(after background subtractipof inclusive ~ runs was found to be about 0.02, so the non-carbon back-
counts of both beam spin statég;), the averag@; within ~ ground was considered to have been negligible for the pur-
the Xz bin, &, the geometric acceptance as a fraction of 4 Poses of the relative cross-section calculation. The empty to
obtained from the Monte Carlo simulatioapy, the width ~ full target ratio for hydrogen was-0.10. Based on the in-
of the py distribution within thexg bin, andAxg, the width  clusive cross sections fdK~ and p production, the non-

In EqQ. (5.15), all thexg-dependent terms have been groupe

TABLE XIll. Asymmetry Ay (in percent in 7t inclusive production on the hydrogen target at
21.92 GeVt. The uncertainty given does not include the systematic uncertaintyldf5% coming from
the uncertainty oPy,.

XF

p 0.48 0.53 0.57 0.62 0.67 0.72
0.53 7754

0.58 4.3+3.0 —6.5*8.0

0.63 1.3x3.7 29+25

0.68 84=*2.0 16.7£3.5

0.73 12.8+3.2 11.8x24 13.6=84

0.78 15525 20.8*3.9

0.83 26.9+4.3 26.3x3.7 29.2+6.1

0.88 17.1x11.7 27.6x3.8 32.8+5.8 60.5+16.4
0.93 19.4%59 24.0x52 38.4x9.1
0.98 32.1x6.1 39.5x7.6
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TABLE XIV. Analyzing powerAy (in percent for proton inclusive production at 21.6 Ged/Errors are
statistical only, and do not include the25% relative error coming from the uncertaintyRy . This is for
a carbon target using method A.

F
g\ 048 0.53 0.57 0.62 0.67 0.72
048 29=x8.1
0.53 —12*46 —7.0=50
0.58 —12.0x11.8 2.1%26 3.8%£6.0
0.63 0.1+x4.0 2.8+3.0 —5.0=10.0
0.68 1.9+11.9 —0.2x2.38 —22=x34
0.73 6.3%£4.9 —13x32 —4.8*+4.6
0.78 —6.1+3.8 3.3x41 6.5£9.6
0.83 1.6x6.0 —0.8x42 6.1x6.1
0.88 —7.1x54 4.6*+54
0.93 9.2+93 —04*62

pionic contributions to ther~ event sample were estimated mon belief that the large analyzing power,) in meson
to have been less than 3%. Consequently, corrections fgroduction and the polarization®() in hyperon production
non-pionic contributions were also not included in the calcu-are related. The long-range part of the strong interaction may
lation. Figure 25 shows the good agreement of the deriged be playing an important role in these experiments. Theories
dependences of the relative cross sections with those of thef the mechanism which produces the observed large analyz-

Eichten data. ing powers in meson production are expected to provide im-
portant information about spin-dependent quark dynamics,
VI. THEORETICAL DISCUSSION the momentum distributions of constituents, hadronization,

and quark confinement. Currently, however, there is no rig-

From recent experiments it is known that mesons proorous model which enables one to systematically interpret
duced by colliding polarized protons on nuclear targets athe properties of these spin effects. Various theoretical ideas
medium and high energies exhibit large analyzing powers atave been proposed to explain the analyzing powers ob-
large xg and small pr, as do the present results at served in pion production: higher twist effe¢#&0—43, cor-
22 GeVCk. Large polarizations have also been observed irrelation ofk, and spin in structurg44,45 and fragmentation
hyperon production(See, e.g[10] for an extensive list of [46—49 functions, orbital angular momentum of valence
hyperon and meson production referenc@iere is a com- quarks inside a polarized hadr¢s0-53, and a quark re-

x¢=0.53 x¢=0.57 =0.73 =0.83
‘ 4 50 ¢ F re 50 Pr 50,
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FIG. 16. Thep; dependences of the analyzing powky for FIG. 17. Thexg dependences of the analyzing powsy for
inclusive 7~ and 7" production at 22 Ge\d within four bins of  inclusiver™ and#" production at 22 Ge\W within three bins of
fixed xg off of a hydrogen target. fixed pt off of a hydrogen target.
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TABLE XV. Analyzing powersAy, for 7~, «*, and protons. Errors are statistical only, and do not include the relative error coming from
the uncertainty irPy,.

T ot Protons
Xg (pr)(GeVic) Target An (%) A (%) Ay (%)

0.45-0.50 ~0.5 carbon 4820 3721 —-1.6+3.8
hydrogen 0.22.0 3.3:25
CH, 29+1.1 0.8£1.3

0.50-0.55 ~0.6 carbon 213 59+1.1 0.5£2.0
hydrogen -05t14 7.0:1.6
CH, 2.1+1.3 4.7%+1.3

0.55-0.60 ~0.7 carbon —-0.4x14 12.5:1.1 2518
hydrogen 0.&15 15.4-1.5
CH, -0.1+x1.7 9.8:1.6

0.60-0.65 ~0.7 carbon —-11.3t2.0 22.8:15 —-2.6+1.8
hydrogen —-12.9+2.1 23.6-2.0
CH, —-10.7£2.8 16.9-2.7

0.65-0.70 ~0.8 carbon —26.1£34 30.2£24 -1.1+21
hydrogen —25.0£3.3 30.3:2.7
CH, —25.1+4.9 27.6:4.1

0.70-0.75 ~0.9 carbon —43.6+6.5 44.0:4.0 2429
hydrogen —29.6+6.1 42.1+4.3
CH, —24.7+9.0 42.8-6.7

0.75-0.80 ~1.0 carbon —30.5+13.4 31.6-8.2 5.9+3.8
hydrogen —-51.2+11.2 38.7:6.6

CH, —29.6+17.3 26.9-10.9

combination model with a relativistic description for the momentum is generally considered too low for the models
parton-parton interactioflL0]. In addition, there is a sugges- described above to apply. On the other hand, the similarity of
tion that the contribution of instantons to the fragmentationthese data to the E704 results suggests that a similar mecha-
of quarks could lead to single spin asymmetiiéd], and  nism generateé, for inclusive pion production at both mo-
there are phenomenological models based on different asaenta.
sumptions for the quark dynami¢s5-5§.

No theoretical predictions exist for the present results at VIl. CONCLUSIONS
22 GeVk, although a phenomenological model at
13 GeVk including intermediate particleX) production
reproduces some observed features of the (&% This

Large analyzing powers were observed fgr>0.5 and
0.6<p1<1.2 GeVk in 7~ andx* inclusive production on

e 60 "
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A p ‘ sol AA | |
A ¥
20+ = s
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T 0.4 0.450.50.550.6 0.65 0.7 0.75 0.8 0.85

60
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X
' FIG. 19. Analyzing power forr* and«~ as a function okg on
FIG. 18. Analyzing poweAy for 7=, «*, and proton produc- carbon, CH, and hydrogen. Note some points are slightly offset

tion on carbon as a function of at 21.6 GeVt. from the true value ok to make it easier to distinguish the points.
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FIG. 20. Comparison of the 21.6-Ge¥/m" Ay data on the
carbon target with 11.75-GeW/n* data[4] at some fixedkg val-

ues.

hydrogen, carbon, and GHvith a 22-GeVt polarized pro-

ton beam.

The signs of the inclusive pion production analyzing pow-
ers are found to be the same at 22 Ge¥s at 200 GeW.
The data at both energies exhibit an approximate mirror sym=
metry as a function okr. Data at lower momenta fotr*
mesons are consistent in sign and show a similar rise wit
Xg . Direct comparisons ofr ~ inclusive analyzing powers at
lower energy were not possible, however, because the kine-
matic acceptances of thexd,ps) regions covered by the

experiments did not overlap.

The 22-GeVt 7" inclusive analyzing powers approach
zero at highexg than at 200 GeW, and the 22-Ge\W data
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FIG. 21. Comparison ofr dependences of 21.6-Ge¥/Ay data
on the carbon target with 11.75 Ge)J4] in the regions of over-

lapping pr .
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FIG. 22. Comparison of inclusive analyzing powekg from
carbon at 21.6 Ge\¢/ and hydrogen at 200 Ge¥/[2].

rise more steeply(Note that unlike the slopes of th&y
points, the zero points are independent of the relative error in
the beam polarization.A direct comparison of results at
22 GeVik and 200 GeW is, however, somewhat problem-
atic because of differences in tipg acceptances of the two
experiments. Interestingly, the analyzing powersrdf and
7~ are the same for both hydrogen and carbon tar(gete
Fig. 19. This agreement may provide information on the
dynamics of particle production from a nucleus at moderate
pt. It appears that one can probably expect to see similar-
appearing dependences Af; vs Xg in the largexg region
ﬁhroughout the entire RHIC energy range up to 250 GeV/
Moreover, the analyzing powers are expected to be large.
Inclusive proton production exhibits no measurable asym-
metry at 22 GeWe¢. Some proton data at lower energy show
small analyzing power&up to 5%) on hydrogen and deute-
rium targetq21,27,28.

Although the experiment at 22 GeWivas not set up for

e T
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FIG. 23. Up/down asymmetries in the vertical luminosity moni-
tors as a function of an increasing run number during the carbon
running.
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FIG. 24. Analyzing powerdAy in two selectedxg bins as a
function of time during the running. The plots at left and at right areused previously for tests of the AGS partial snake and RF
for #* and 7w, respectively. The upper and lower plots are for dipoles[14—18, for polarized beam tuning studies, and for
0.55<x=<0.60 and 0.6& x=<0.65, respectively. monitoring the polarization for periods when polarized

beams were injected into RHIC. This polarimeter was situ-

measuring absolute cross sections, the relative ratexand ated in the C20 straight section of the AGS, and it has been
distributions of unpolarizedr= and proton production on operated at beam momenta fronB—24 GeVE, or slightly
carbon at 22 Ge\W appear to match analogous data on Beabove injection to the extraction energy. It was capable of
at 24 GeVE. withstanding reasonably high beam intensities, from

The data in this paper complement extensive hyperon=-10°—10" protons per pulse, and was neither very compli-
polarization results, and will help efforts to understand thecated nor expensive. Absolute calibrations have been per-
mechanisms that lead to large spin effects at high energyormed at two low laboratory momenta, as well as at
The new data at 22 GeV¥/represent the first strong evi- 22 GeVic from this experiment. The polarimeter design is
dence for large and nearly energy-independent analyzingimilar in some ways to a previous internal polarimeter de-
powers atxg>0.6 in inclusive charged pion production in scribed in Ref[13]. It is also similar to the recoil arms in the
the vicinity of the RHIC injection energy. This confirms the elastic polarimeter for this experiment, and inspired the de-
attractiveness of these reactions for use in high energy protosign for that apparatus.
beam polarimetry at machines such as RHIC and HERA. The AGS internalE880 polarimeter was designed to de-
tect events with angles and energies consistent pptblas-
tic scattering. The polarized beam struck an internal nylon or
carbon target. Left and right symmetric arms centered at

We are grateful to the AGS staff for their assistance with6,,,~77.25° were constructed as illustrated in Fig. 26. The
setting up the experiment and operating the accelerator, arrécoil particles in each arm traversed a pair of plastic scin-
to J. Tojo for help with the analysis of the E880 polarimetertillation counters [, L, or Ry, R, at 27.3 and 40.0 cm
data. This project was supported in part by the U.S. Departfrom the nominal target positiona seven-element scintilla-
ment of Energy, Divisions of High Energy and Nuclear Phys-tion counter hodoscope, an aluminum wedge-shaped de-
ics, Contracts W-31-109-ENG-38, DE-FG02-92ER40747 grader, and a thick plastic scintillato { or R; located 114.0
and DE-AC02-98CH10886, and the Russian Ministry of Sci-cm from the target The polarimeter was to be operated so
ence and Technology. A portion of this research was perthat protons fronpp elastic scattering would stop Lty or R3
formed in the framework of the RIKEN-BNL Collaboration over the full laboratory angular acceptance®ot.3°. Many
for the RHIC-Spin project. The work of M. Bai was partially charged pions would pass through these counters and strike
supported by Argonne National Laboratory, 9700 S. Casshe veto scintillation countery, or Vg. The aluminum

ACKNOWLEDGMENTS

Avenue, Argonne, IL 60439. wedges could be moved remotely in order to place them at
optimal locations as a function of beam momentum to match
APPENDIX: AGS INTERNAL POLARIMETER pp elastic scattering kinematics.

The polarimeter targets were located in the accelerator
A relative polarimeter was used to monitor the beam powvacuum. They were swung into the beam every AGS cycle,
larization in the AGS during this experiment. It was alsoat the beginning of the flat-top or front porch energy, when

092008-22



MEASUREMENT OF ANALYZING POWERS @ . .. PHYSICAL REVIEW D 65 092008

the beam momentum was essentially constant for at least Orfumber and the pulse height iy or R; (also encoded by a
sec. Measurements began soon after the target was in titemmercial flash analog-to-digital convejteFhese correla-
beam, and they ended before the accelerator energy waisns were computed if a trigger condition was satisfied, in-

changed. The nylon target {8,,NO) was spooled with two volving the coincidencé ;- L,-Ls-H, -V, and similarly for

de motors at~30 cm/sec to minimize heat and radiation e right polarimeter arm. The signidl designates one, and
damage; the nylon would break when sufficient damage 0Csp|y one, hodoscope counter having triggered its discrimina-
curred. Nylon in the form of monofilament sting (o " The asymmetry with the least background from non-

(~0.1 mm diameter fishlinewas used. The targets were g|aqtic processes was,, and the one with the largest back-
inhibited from swinging into the beam when the spooling ,.ond Waseo, p -

direction was being reversed, or when a sensor indicated thgt The DAQ system for the AGS internal polarimeter was
the beam intensity was too high. A carbon target was formedy simijar to those used to record the inclusive and elastic

of four (ong individual 30um diameter fibers during the oyents in this experiment, and actually predated them. The
inclusive measurements from the carbdiquid hydrogen  geajeq quantities, included singles and coincidence rates and
target.(Three strands were used in runs during July 1997. A, ccigentals, were read at the end of each AGS cycle, summed
smaller diameter fiber, «m, was used at other times; 35 \ iy counts from previous spills, stored, and asymmetries
strands in April and December 1994, 10 strands in July 1996,5|cyjated. Typically one event per spill was read in to moni-
and 2 strands in September 2000he carbon fibes) were o the hardware performance, which introduced a small
glued onto the same target holde2.5 cm away from the  yeadtime. Histograms of the correlations g5 andRg; and
nylon target. The target position could be adjusted remotelyys other quantities were also made. Typical runs lasted
rates in the polarimeter arms were recorded as the target Was{s min and resulted in statistical uncertainties &, p
scanned across the beam in different beam pulses. This a|~'i0.0003 andse;~ *0.0005.

lowed the locations to be determined to center either the |4 polarimeter was calibrated at beam momenta of 5.4
nylon or carbon target on the beam. Such scans were reqy 7 5 Gev by using measured target thicknesses and
quired after changes in the accelerator energy or after majQlsymmetries observed with the nylon and carbon targets
chil/nggs n t'he IAGS %peramn% conditions. led f Ref.[14]). The asymmetries with low backgrouneks, and
th ?r:‘?us glng Ets an comgl ence rates Wetre. scale r? apz, were important to measure the trpp elastic-scattering

€ eth and rig artrr;s, anl Some Zasy(/)mmefrltﬁs conrp(;n € symmetry, but they relied on a careful tuning of the corre-
using the square root formuia in E@.2). ne of the scaled ation cuts. The beam polarization was then found using the
guantities was similar to that from the previous AGS polar—analyzing powers from the fit in Ref22]. Then the effective

imeter [13]. For_ the left arm, it was designatetlo p analyzing powers fokg p with the nylon target could be
=L,-L,-Ls. A similar quantity,Ry, p, was formed for the determined, and were found to be
right arm, and the calculated asymmetry was denetgg, .

Two other types of quantities, denotég;, Re; andLg,, AoLp=0.0439-0.0013, Pj,,=5.4 GeVk (A1)
Rr> were also generated electronically and scaled. These had
requirements on the correlation of the encoded hodoscope =0.03740.0052, P5p=7.5 GeVk. (A2)

Assuming no difference in the average beam polarization
between the beam sampled by the AGS internal polarimeter
and that sampled in the elastic-scattering measurement in
this experiment, then

Ao p=0.0172:0.0027, P,,=21.9 GeVt. (A3)

With higher beam intensities from a new optically
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FIG. 27. Ratio of asymmetries for the nylon and carbon targets
observed with the AGS internal polarimeter. Recent data suggest
that the ratios at the lowest one or two momenta may be artificially
FIG. 26. Schematic layout of the AGS internal polarimeter.  small.
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pumped polarized ion source for the AGS and RHIC, theand are plotted in Fig. 27. The ratios at the lowest one or two
existing nylon target will be damaged very rapidly. The car-momenta may be artificially low due to large beam sizes in
bon fibers will withstand these conditions, and thus will bethe AGS at these energies, and the proximity of the carbon
used in the future with the AGS internal polarimeter. Mea-and fishline targets. This information was employed in the
surements of the ratio of asymmetries for nylon and carbomstimation of carbon contamination to the elastic scattering

targets were made during these experiments and in the pasheasurements; see Sec. Il B5.
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