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Abstract

A parity-nonconservation experiment in the scattering of longitudinally-polarized protons at an
incident proton momentum of 6 GeV/c is examined. This experiment indicates a sharp rise with
energy of the total cross section correlated with proton helicity that was unexpected. This energy
dependence is due to the strong part of the interaction and may indicate the role of a diquark
component in the nucleon. Nevw expe.iments at higher energies are needed to confirmn such a model.
Future experiments can benefit from an analysis of sources of systemnatic error that have been
encountcred in the experiment discussed here.

1 Introduction

The first experiments [1] to search for parity nonconservation in proton scattering at higher energies
used double-scattering or triple-scattering geometries. This technique was limited to a precision of
~ 107%. A new generation of experiments hegan in 1972 with a proposal to menasure the helicity
dependence of the transmistion of 1.5-GeV /¢ longitudinally-polarized protons through an unpolarized
target [2]. An interference between the strong amplitude and the parity-nonconserving weak amplitude
is expected to produce a longitudinal asymmetry Ay, = (7, ~a_)/(0, +0_) at the level of 10”7, where
o, () is the total cross section for positive (negative) helicity protons.

Fach experiment in the current generation has taken several years to reach the required level of
precision. When a 6-GeV/c polarized beam became available at the Argonne ZGS, an experiment
was started in 1974 and ended when the 7ZGS was closed in 1979, This experiment, together with
experiments at 13.6 MeV [3], 15 MeV (4], 45 MeV [5], and 800 MeV (6] sample the energy dependence
of A;. A common theme of all these experiments is the identification and supprassion of sources of
systematic error. This paper will discuss the 7ZGS experiment in detail. ‘The lessons learned fram
previous experiments can be applied to future sxperiments at comparable or higher energies.

2 ‘Theoretical and Experimental Background

When comparing experimental values of A;, with theoretical predictions, there is a contrast hetwean the
situation at low energies and at high energies. Measurements [J 5] of Ay at 13.6, 16, and 45 MeV on
hydrogen yield results in reasonable agreement with theoretical predictions based on A meson-axchange
model (7] and a hybrid quark model {8]. (See Fig 1)

On the other hand, the experiment {9] with 6 GeV /e protons on a HyO target has reported a value
of Ay, = (26.6 + 6.0) x 10 7, which is much Iarger than expected from caleulations made prior to the
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Figure 1: Measured values of Ay versus energy. The solid curve is a generic me..on-exchange calculation
and the dashed curve is the model of Ref. [14].

experiment [10]. Later calculations using meson exchange (11}, the multi-peripheral model 12!, or
heavy boson exchange [13] have confirmed the prediction of Ay ~ 1.0 x 10~7.

Later a calculation was reported that considers the effects of parity nonconservation at the quark
level. This calculation included both the scattering contribution and the wave-function part [1 1
The interaction takes place in the nucleon hetween one quark and a vector digquark. The results are
dominated by the wave function part with Ay = +(0.7 - 2.7) x 10~%. Although this model is expacted
to be valid only at high energy and the uncertainty is large, the result is very encouraging.

This and most other calculations have been for proton proton scattering and have not conadaredd
nuclear effects and the role of the neutrons. A Glanber model calculation [15] predicts that the effect
for p-p scattering should be a factor of 1.7 larger than that measured on water.

The experiments at 1.5 GeV/c (00 MeV) are at an energy intermediate to that of the previons
measurements. The result for polarized protons on an LH; target [6] is A7 = (24 £ 1.1) x 10 7 This
result can be compared with a surprisingly large range of values among published predictions for the
asymmetry at 1.5 GeV/c. [16] The variation is mainly due to the use of different parametrizations f
the strong nucleon-nucleon interaction.

No theoretical approach describes the energy dependence of p-nucleon scattering at all energie
The meson-exchange approach can explain experimental results at energies up to 1.5 GeV bt
undereatimates the 6-GeV/c result. The QCD approach is consistent with the 1.5 and # ;e\
teaitlis, but is not applicable at low encrgies. These experiments were originally envisioned as a sty
of the woak interaction between nucleons, but the most difficult parts of the problem for theoriste ara
the strong-interaction aspects. The indication that the diquark component of the nuclecn isimportant
is very intriguing. An experiment at higher er.ecgy can confirm the energy dependence of A; pradicts |
by this model.

3 Experimental Method

The usual technique to determine Ay at higher energies 19 to tueasure the beam intennity hetora and
nfter the target in a transmission geometry. An alternative is to monitor the incident or transittad
hemm and detect scattered protons. At high energy the fractional asymmetry could be large enongh o
cornpensate for the reduced atatistics in this geometry



The ZGS experiment utilized the transmission technique. Two independent detector syetems mea-
sured the number of protons upstream and downstream of the target for each beam pulse. The (qetectir
currents were integrated, as the required beamn intensities prohibited counting individual protons. For
the scintillation counter system, the transiission for one pulse of protons from the Z(:§ was measnured
as Zy = T'/I where T and [ are the sigrals from the downstream and upstream counters, respectivaly.
The second system used three identical ionization chainbers. For each pulse, the signal from the down-
stream chamber D was subtracted from the upstreamn chamber, ', and normalized to the monitor
chamber, M (locited upstream). Thus, 1 - Z5 = (U - D)/M.

Because each successive beam pulse had opposite helicity, the fractional change in transmission for
each pair of pulses is

(=AZ/22 =2, -Z)(Z2,+2.) oy

where Z,{Z_) is the transmission (from either detector system) for the positive (negative) helicity
pulse. ’

Fluctuations in AZ resulted from statistical uncertainties in the measurements of Z and from
changes in Z due, for example, to random fluctuations in beam propertias. The dependence of 7 o
beam motion and intensity fluctuations was removed by defining a corrected transinission, 7', for each
pulse given by

Z'=Z-ayz -0 - asly - yo)? ~ as((iD) /) (2

Here (2 - r4) and (y — yo) are horizontal and vertical deviations of the beam from the symmetry axis
of the experiment (given hy rqg, yo). A measure of the time structure of the beam within a heain pulse
is given by the square of the instantaneous beam intensity, (i), normalized to the heam intensity for
the whole pulse, [. The coefficients a; were deterimined from a linear regression analysis to minimize
fluctuations in 2’

An average ((') was calculated for each run. The uncertainty in (') was determined from rius
fluctuations in ¢’ and is designated §((’). Corrections were applied to the (¢') from each run for known
background processes such as residual transverse polarization that could give a change of tiansmission
correlated with helicity, yielding

@Y N nddan) )
‘
where y (cm ') is the sensitivity constant for the tertn: d (cm) is the displacement of the heam from
the symmetry axis; and (AH) is the average change of a polarization-correlated quantity The values of
the I and d quantities were monitored each beam pulte and the y values wers measured in calinration
runs.

An unanticipated source of asymmetry in the ZGS sxperiment was doe to heam acatie s by the
auall amount of material in those parts of the beain channei where the polarization was inlly vertical
The scattered beam produced a signal in the [ counter and {7 chamber that was correlated with heam
helicity (to the extent that the heam was displaced from the affective canter of the upatream detectors
In the runs measuring this so-called beam-matter interaction, the interaction probability was increnced
by adding a known amount of material in the channel and measuring the asynunetry.

After all runa were combined, A correction for the correlation hetween transvarse painrization and
position within the baam wna appliad to the weighted average. Thin [ast corraction is gives, ny ye whare
v it the sengitivity to transverse polarization and ¢ s the spatial Hest moment of the bea 3 polarization
disteibution. A transverse component of polarization that averages to zero enn produce noaprrions
parity signal {4, 17].

A erall corrections have heen applied, the value of /(") s converted to the corresponding value of

Ar.
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Figure 2: Schematic diagram of the beam line and apparatius. Detectors and beam line components
are described in the text.

4 ZGS Experiment

4.1 Polarized proton beam and target

The 6 GeV/c beam from the ZGS had an average intensity of 3.2 x 10* protons/pulse, a spill width of
roughly 700 s, and a repetition rate of 0.3 Hz. The polarization direction was reversed at the sonrce
each Z.GS pulse. The polarization was vertical during acceleration in the synchrotron and remained «o
in the external proton beam.

A plan view of the beam line and apparatus is shown in Fig. 2. Most of the haam line was avacuated
hut the beam encountered the vacuum windows and air in some regions  The magnet B2 deflected
the beamn upward through 7.75° to rotate the transverse polarization into the longitudinal direction
Solenoids in the beam line were used to control the transverse polarization of the heam at the target A
quadrupole triplet focused the heam on the aperture of a heass collimator, (' located after the target
The target was distillad water; the transmission coefficient of the target was 2 - (.18 + ().01

4.2 Detector systems

Most of the detectors were mounted on two rigid rails. Three scintillation counters wers nsed tor the
tranamission measurement. Counter [ was located upstremm of the target, T was just downatrenmn
of the target and T was placed after the spectromieter. The heam position and polarization wer e
measured every heam pulse by several seta of scintillation counters. The horizontal and vertical benm
positions were maasured by three sets of detactors with wedge shaped scintillators, I 10 andd 0%
The iy and Rj polarimeters measured the scattering nayinmetries at the entrance to the sxperimiental
area due to material in the beam line. The Ky detector monitored residual transverse polarization
by measuring the left-right and up-down scattering asymmetey of the heain acatterad from the water
target. The Ry detector monitorsd seattering in the magnetic spectrometer. The henm centrond a
position detector I} waa atabilized pulse to pulse with the aid of a feadback loop

4.3 Experrimeni | procedure

The heam-line magnet currents were adjnsted (o mnxinuze the tronsmission ot the hemn throngh the
apparatus. Information fromw the ealibeation runs allowed the beam to be positioned on the null



symmetry axis of the experiment where contributions from beam-matter effects were minimized. The
heam was focused at the collimnator, the smallest aperture in the beam line, to minimize the noice due
to beam motion. There were a total of ~ 9 x 10!3 protons on target.

The polarimeters monitored scattering asyminetries throughout the experiment and the reaults are
incorporated into the correction terms in Eq. (3). Three types of calibration runs were taken to measure
the sensitivity coefficients vy, for the correction terms in Eq. (3). Added-absorber runs to measure the
heam-mat*er interaction effects were taken with 1, 2, and 5 cm of Lucite placed about 2 1 upstream
from the center of B2, which increased AR, by a factor of ten to ~ 3.5 x 1072 Beam-partially.
hlocked runs to measure the polarization distribution in the beam were taken with either the top,
hottorn, left, or right half of the beam removed with a col'imator.

4.4 Analysis and results

The signal rom each phototube for each pulse was obtained by subtracting electronic offsets and dark
current as measured in the appropriate gating intervals. The data seiection procedure eliminated about
10% of the data from beam pulses with poor heam quality.

A regression analysis was employad to reduce the effects of heam properties on the measured
transmission. The evaluation of the coefficients in Fq. (2) was hased on an analysis using polarization
independent combinations of the variables. The next stage of the analysis corrected for known helicity
correlated qitantities based on Eq. (3). For each run, including calibration runs, the values of (',
(AR!), and (P,AR!) were found. The coefficients were determined with a y? minimization procedure
applied to these values. The 10% of the runs that contribute 8 y? ~ 5 to the fit were rejacted. The
result is (() = (-2.92 + 0.80) x 10 "® for the scintillators and (') = (  4.96 +0.99) « 10" ® for the ion
chambers. A weighted average gives

(Y = (372 062) %10 ° (1)

For the final correction, the average helicity correlated components of polarization, (AR, and
(AR,), were measured with the beam partially blocked. Theu ¢ = a((AR,) - (AR,)), whare the
coetlicient a depends on the bewn shape and the distribution of polarization across the heam. The
value of v is that determined (or transverse polarization, leading to a correctionof (0 60 +0 37)~ 10 ¢
to ((')'

The parity-nonconservation asymmetry A, is related to the net ('), in the linut of small A7, by
the expression Ay, - L/(|PlInZ)(¢'). The result is

Ay - (265 + 0680 +¢38) « 10 ® ()

The first error is statistical; it is Jominated by the uncertainties in the individual meamrements
of the tranmmission that have heen propagated through the annlysia but also includes conferintions
from the siatistical uncertainties in the corrections  'The ascond srror is an satimate of avatemntie
uncertainties. Hecause the largest correcting to (/) comes from heam-matter interaction, several
poasible sources ot error in the assumptions were studied earefully. From these considerations a planable
systematic unceertainty in 20% of the correction, or 03 < 10 % Another poasible sy iematic error coniea
from uncertaintien in the correction for the effect of polarization correluated with position within the
heatn. ‘The total mstitated uncertainty in the corr ction 13 J0%, leading to ar sstimated syatenns,
uncertainty in the result of 0.2 < 10 % Other sources of svatematic srror, suci A~ the treatpent of
remidual tranaverse polarization and the effect of hyperon decay products, aee negligible.



5 Discussion

Each version of the experiment benefited from the earlier ones. The experience gained from these ex-
periments may also be applied to future experiments. Most inunediately this applies tr the experiment
underway at 230 MeV at TRIUMF. Other possibilities for future experiments include Saclay at 3 GeV',
BNL or KAON at energies up to 30 GeV, and Fermilab or RHIC at 200 GeV or higher.

The first measurement [18] at the ZGS found A7 = (5.0 £ 9.0) x 107® using a Be target. It
was found that the dominant contribution to the fluctuations in the measurements of 7 was due to
nonuniforinities in the target coupled with random motion of the beam. This lead to the use of a water
target with flat and parallel end windows in subsequent runs. in the second version of this experiment
[19], Ay was found to be (-15.0 + 2.4) x 10~%. This value of Ay was attributed to the production of
polarized hyperons in the target. The result of the final experiment [20] using the T’ detactor which
reproduces the geometry of the detectors without the spectrometer, does not confirm the large negative
asymumetry for the value of Ay but finds Az (1) = (3.9 % 0.72) x 1079 after all corrections. The third
experiment [21] included a collimator and spectrometer to eliminate hyperon decay products. A large
transverse scattering asymietry due to the beam-matter interaction was discovered (six timnes greater
than the present experiment). The result was (~26.3 + 7.5) x 107%. [t is probable that beam-mattsr
interaction was responsible for the large negative result in the second and third versions.

In the final version the contribution from beam-matter interaction was reduced hy evacuating the
beamn line where possible, adding helium elsewhere, and enlarging the aperture at the entrance tn
the experimental area just upstream of B2. Even so, the largest systamatic correction to Ay in this
experiment comes from the heam-mattar interaction. The correction to Ap, with the beam carefully
positioned on the symmetry axis, is - 1.2 x 10" Transporting a longitudinally polarized l:aam to the
experimental area would eliminate this contribution to A;. Otherwise beam halo can be a very subitle
and time-dependent source of systematic error.

An attractive featiire of the ZGS experiment was the ability to make two sirmultaneous indepenant
measurements of Ar. Two detector systemns with different properties increase the confidenc in the
final result by aiding in the understanding of systematic and randotn backgrounds. This experiinent
measured A; with auw accuracy of better than 6 « 10 "7 in about a six week period of data taking
The error is roughly three times greater than expected from the statistical fluctuations of the hean:
ahsorption in the target.

With beam intensities above 5 x 10* protons/pulse, the noise {actor increased tapidly, precluding
a more precise measurement of 4y in a reasouable amonnt of time with these detectors. The extra
Huctuations in the transmission measurement in each detector system are uncorrelated and therefore
Jid not originate from a common source. The dominant source of noise for the ion chambers was (dne
to spaliation in the plates {22j. Beam motion during the spill, 60 Hz and greater, contributed to the
noise for the scintillation counters. To unprove the noise factor, » regression analysis removing heam
mation from the transmission and a data-selection procedure, during the spill, could be acconiplished
by electronically dividing the beam apill into small time segiments. The gain drifts of both detector
aystems were randoin and negligible.

lon chambers perform well in intense beams but scintillation connters do not hecanas of radiation
damage to the plastic scintillator. The use of liquid scintillator instead of plastic scintillator is n possibla
solution to this problem. Alternatively, an experituent that measures only the scattered hemn from
the target with scintillation counters and the transmitted heam with ion chambers could utilize high
beam intensities,

The cradibility of sucli experiments depeunds on the identification and study of all sources ol aystem
atic error greater than approximately half of the desired atatistical aceurncy. Thin is no enay task as
there in no global test to determine the presence of A svstematic contribution to Ay Therefore careful



consideration should e given to detector systenis that monitor beam properties and the modele nsed
to make corrections should b experimentally tested. Also, classes of svstematics may he stndied with
unpolarized beam. The ZGS experiment had only 2 simple reversal of spin between pulses. A reversal
pattern of + — —+ can remove linear drifts. In addition, there should be a method of reversing tha
proton spin external to the source. This helps to separate spin related systematics from those dne to
other beam properties.

The method used in these experiments to measure residual transverse polarization contributions to
A, could be repeated in a more sensitive measurement of A7. A position feedback loop concrolling the
current in an upstreain bending magnet is necessary to minimize beam motion and maintain the beam
position on the symmetry axis to minimize effects of residual transverse polarization. The correlation
of polarization with phase space should be measured at apertures that intercept scattered beam and
can be determined by passing a thin scatterer through the beamn and measuring the resuiting transverse
scattering asymuetry {23).

('alibration runs should be repeated frequently during the experiment to compensate for changing
conditions. In spite of the similarities of the sources of systematic error in the existing experiments,
each accelerator is different and has its own potential for surprise.

6 Conclusions

The existing measurements of 4y indicate a strong energy dependence of the amplitude for the inter.
ference between the strong and non-leptonic weak interactions. New measureinents at higher energie«
are needed to confirm tlus energy dependence and validate the quark-model predictions. These ax-
periments are very difficult, but with adequate beam intensity and quality, the iessons of previons
experiments should guide new efforts to a successful conclusion.
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