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ABSTRACT 

We have measured parity violating asymmetries in the inelastic scat- 

tering of longitudinally polarized electrons from deuterium and hydrogen. 

For deuterium near Q2 = 1.6 (GeV/c)2 the asymmetry is (-9.5 x 10m5) Q2 

with statistical and,systematic uncertainties each about 10%. 
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We have observed a parity non-conserving asymmetry in the inelastic 

scattering of longitudinally polarized electrons from an unpolarized 

deuterrum target. In this experiment a polarized electron beam of energy 

between 16.2 and 22.2 GeV was incident upon a liquid deuterium target. 

Inelastically scattered electrons from the reaction 

e(polarized) + d + e' + X (1) 

were momentum analyzed in a magnetic spectrometer at 4' and detected in 

a counter system instrumented to measure the electron flux, rather than 

to count individual scattered electrons. The momentum transfer, Q2 , to 

the recoiling hadronic system varied between 1 and 1.9 (GeV/c)2. (See 

Table I.) 

Parity violating effects may arise from the interference between the 

weak and electromagnetic amplitudes. Calculations of the expected effects 

in deep inelastic experiments have been reported by several authors (l-7) , 

and asymmetries at the level of 10 -4 42 are predicted for the kinematics 

of our experiment. Previous experiments with muons (8) and electrons(9'10) 

'have not achieved sufficient accuracy to observe such small effects. This 

same interference of amplitudes may also give rise to measurable effects 

in atomic spectra; experiments on transitions in the spectrum of bismuth 

have already been reported (11-13) . 

Of crucial importance to this experiment was the development of an 

intense source of longitudinally polarized electrons. The source con- 

sisted of a gallium arsenide crystal mounted in a structure similar to a 

regular SLAC gun with the GaAs replacing the usual thermionic cathode. 

The polarized electrons were produced by optical pumping with circularly 

polarized photons between the valence and conduction bands in the GaAs, 

. 
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which had been treated to assure a surface with negative electron affin- 

ity(14, 15) . The light source was a dye laser operated at 710 nm and 

pulsed>0 match the linac (1.5 psec pulses at 120 pulses per second). 

Linearly polarized light from the laser was converted to circularly 

polarized light by a Pockels cell, a crystal-with birefringence pro- 

portional to the applied electric field. The plane of polarization of 

the light incident on the Pockels cell could be varied by rotating a 

calcite prism. Reversing the sign of the high voltage pulse driving the 

Pockels cell reversed the helicity of the photons which in turn reversed 

the helicity of the electrons. This reversal was done randomly on a pulse 

to pulse basis. The rapid reversals minimized the effects of drifts in 

the experiment, and the randomization avoided changing the helicity syn- 

chronously with periodic changes in experimental parameters. Pulsed beam 

currents of several hundred milliamperes were achieved, with intensity 

- 

fluctuations of a few percent. 

The longitudinally polarized electrons were accelerated with negli- 

gible depolarization as confirmed by earlier tests (16) . Both the sign 

and the magnitude of the polarization of the beam at the target were 

measured periodically by observing the asymmetry in Mdller (elastic elec- 

tron-electron) scattering from a magnetized iron foil (16) . The polari- 

zation, lP,l J averaged 0.37. Each measurement had a statistical error 

less than 0.01; we estimate an overall systematic uncertainty of 0.02. 

The beam intensity At the target varied between 1 and 4 X 1011 electrons 

per pulse. 

A schematic of the apparatus is shown in Fig. 1. The target was a 

30 cm cell of liquid deuterium. The spectrometer consisted of a dipole 
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magnet, followed by a single quadrupole and a second dipole. The scat- 

tering angle was 4' and the momentum setting was about 20% below the beam 

dnergF(see Table I for the kinematic settings). The acceptance was +7.4 

mrad in scattering angle, +16.6 mrad in azimuth and about 230% in momen- 

tum, as determined from a Monte Carlo model of the spectrometer; 

Two separate electron detectors intercepted electrons analyzed by 

the spectrometer. The first was a nitrogen-filled Cerenkov counter oper- 

ated at atmospheric pressure. The second was a lead glass shower counter 

with a thickness of nine radiation lengths (the TA counter). Approxi- 

mately 1000 scattered electrons per pulse entered the counters. 

The high rates were handled by integrating the outputs of each 

phototube rather than by counting individual particles. For each pulse, 

. I, the integrated output of each phototube, Ni, was divided by the inte- 

grated beam intensity (charge), Qi, to form the yield for that pulse, 
I - 

'i = Ni/Q.. 1 For the distributions of the Yi we verified experimentally 

that the (.charge weighted) means of the distributions, Y <> , were inde- 

pendent of Q, within errors of about +0.3%, and that the (charge weighted) 

standard deviations, AY, were consistent with the statistical fluctua- 

tions expected from the number of scattered electrons per pulse. For a 

run with n beam pulses the statistical uncertainty on <Y>was given by 

AY/fi . 

As a check on our procedures we measured the asymmetry-for a series 

of runs using the unpolarized beam from the regular SLAC gun for which 

the asymmetry should be zero. For a given run the experimental asymmetry 

was given by: 

A = (Y (+I> - <w> 
exp <Yo)+Y C.-j) 

(2) 
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where + and - were assigned by the same random number generator that 

determined the sign of the voltage applied to the Pockels cell. For the 

showewcounter we obtained a value of (-2.5 f 2.2) x lo-' for A divided 
exp 

by 0.37, the average value of /P,] for polarized beams from the GaAs source. 

The individual values were distributed about zero consistent with the 

calculated statistical errors. We conclude that asymmetries can be 

measured in this apparatus to a level of about 10 -5 . 

The same procedures were next applied to a similar series of runs 

using polarized beams. The helicity of the electrons coming from the 

source depended on the orientation of the linearly polarizing prism as 

well as on the sign of the voltage on the Pockels cell. Rotation of the 

plane of polarization by rotating the calcite prism through an angle c$~ 

caused the net electron helicity to vary as cos (21$~). We chose three 

operating conditions: 

(a) Prism orientation at O", producing + (-> helicity 

electrons for + (-) Pockels cell voltage; 

(b) Prism orientation at 45', producing unpolarized elec- 

trons for either sign of Pockels cell voltage; and 

(c) Prism orientation at 90°, producing - (+> helicity 

electrons for + (-) Pockels cell voltage. 

Positive helicity indicates that the spin is parallel to the direction 

of motion. As the prism is rotated by 90' A 
=P 

should change sign since 

it is defined only with respect to the sign of the voltage on the Pockels 

cell. We may define a physics asymmetry, A, whose sign depends on the 

helicity of the beam at the target 

A exp = IP, IA ~0s (.Qp) (3) 

where $ 
P 

is the angle of orientation of the calcite prism. 
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Figure 2 shows the results at 19.4 GeV for A exp/lPel. For the 

45' point we used a value of 0.37 for IP,/. These data are in satis- 

factory agreement with expectations, and serve to separate effects due 
c. 

. - 

to the helicity of the beam from possible systematic effects associated 

with the reversal of the Pockels cell voltage. Only statistical errors 

are shown. The results at 45' are consistent with zero and indicate 

that other sources of error in A 
exP 

must be small. Furthermore, the 

asymmetries measured at 0' and 90' are equal and opposite, within errors, 

as expected, Figure 2 shows data from both the Cerenkov counter and the 

shower counter. Although these two separate counters were not statistically 

independent, they were analyzed with independent electronics and re- 

sponded quite differently to potential backgrounds. The consistency 

between these counters serves as a check that such backgrounds are small. 

At 19.4 GeV with the prism at 0' the helicity at the target was 

positive for positive Pockels cell voltage. However, this helicity de- 

pended on beam energy, owing to the g-2 precession of the spin in the 

transport magnets which deflected the beam through 24.5' before reaching 

the target. Because of the anomalous magnetic moment of the electron, 

the electron spin direction precessed relative to the momentum direction 

by an angle 

E 
0 =--.2-g-2 

E. (GeV) 
prec mec2 2 'bend = 3.237 ' rad (4) 

where m e is the mass and g the gyromagnetic ratio of the electron. 

Thus we expect 

A exp = Ipel A 'OS (5) 
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where the signs of values of A wp for the prism at 90' have been reversed - 

before combining with values for the prism at 0'. Figure 3 shows the re- 

sults &or the kinematic points in Table I as a function of beam energy. 

At each point 42 is different. Since we expect A to be proportional to 

Q2, we divide A 
exp by Q 

#7) 
l 

Figure 3 also- shows the expected-curve 

normalized to the point at 19.4 GeV. The data clearly follow the g-2 

modulation of the helicity. At 17.8 GeV the spin is transverse; any 

effects from transverse components of the spin are expected to be negli- 

gible, in agreement with our data. 

We conclude from Figs. 2 and 3 that the observed asymmetries are 

due to electron helicity. Nevertheless, it is essential to search for an 

set limits on asymmetries due to effects other than helicity. Systematic 

effects due to slow drifts in phototube gains, magnet currents, etc. were 

minimized by the rapid, random reversals of polarization, and had negli- 
. - 

gible effects on A exp' Effects due to random fluctuations in the beam 

parameters were small compared to the 3% pulse to pulse fluctuations due 

to counting statistics in the detectors. This was verified experimentally 

by measuring A 
exp 

with unpolarized beams from the regular SLAC gun, and 

also by generating "fake" asymmetries using pulses of the same helicity 

from the polarized data runs themselves. 

A more serious source of potential error came from small systematic 

differences between the beam parameters for the two helicities. Small 

changes in position,'angle, current or energy of the beam can influence 

the measured yields. If these changes are correlated with reversals of the 

beam helicity, they may cause apparent parity violating asymmetries. Using 

an extensive beam monitoring system based on microwave cavities, measure- 

ments were made for each beam pulse of the average energy and position (18) . 
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Angles were determined from cavities 50 m apart. The beam charge was 

determined using the standard toroid monitors (19). The resolutions per 

pulse;ere about 10 urn in position, 0.3 urad in angle, 0.01% in energy, 

and 0.02% in beam intensity. A microcomputer driven feedback system used 

position and energy signals to stabilize the average beam position, angle, 

and energy. Using the measured pulse to pulse beam information together 

with the measured sensitivities of the yield to each of the beam param- 

eters, we made corrections to the asymmetries for helicity dependent 

differences in beam parameters. For these corrections, we have assigned 

a systematic error equal to the correction itself. The most significant 

imbalance was less than one part per million in E, which con-tributed 

-0.26 x 1O-5 to A/Q2. 

We combine the values of A/Q2 from the shower counter for the two 

highest energy points to obtain 

A/Q~ = (-9 5 f 1 6) x low5 CGeV/c)-2 . . (deuterium) (6) 

We do not include the point at 16.2 GeV because it contains fairly strong 

elastic and resonance contributions. The sign implies a greater yield 

from electrons with spin antiparallel to momentum. For this combined 

point the average value of y = 1 - E'/Eo is 0.21 and the average value of Q2 

is 1.6 (GeV/c)2. The quoted error, based on preliminary analysis, is 

derived from a statistical error of kO.86 X 10 -5 added linearly to esti- 

mated systematic uncertainties of 5% in the value of IP,~, and of 3.3% 

from asymmetries in beam parameters. We determined experimentally that 

the n- background contributed less than 0.1 X 10B5 to A/Q2. The result 

in Eq. 6 includes normalization corrections of 2% for the T- background, 

and 3% for radiative corrections. 
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Any observation of non-conservation of parity in interactions involving 

electrons adds new information on the nature of neutral currents and gauge ~- 

theortis. Certain classes of gauge theory models predict no observable 

parity violations in experiments such as ours. Among these are those 

left-right symmetric models in which the difference between neutral current 

neutrino and anti-neutrino scattering cross sections is explained as a 

consequence of the handedness of the neutrino and anti-neutrino, while 

the underlying dynamics are parity conserving. Such models are incompat- 

ible with the results presented here. 

The simplest gauge theories are based on the gauge group SU(2) x U(1). 

Within this framework the original Weinberg-Salam (W-S) model makes 

specific weak isospin assignments: the left-handed electron and quarks 

are in doublets, the right-handed electron and quarks are singles (20). 

Other assignments are possible, however. In particular, the "hybrid" 
. - 

or "mixed" model that assigns the right-handed electron to a doublet and 

the right-handed quarks to singlets has not been ruled out by neutrino 

experiments. 

To make specific predictions for parity violation in inelastic 

electron scattering, it is necessary to have a model for the nucleon, 

and the customary one is the simple quark-parton model. The predicted 

asymmetries depend on the kinematic variable y as well as on the weak 

isospin assignments and on sin28W, where ew is the Weinberg angle. 

Figure 4 compares our result for two SU(2) x U(l) models. The simplest 

model (.W-S) is in good agreement with our measurement for sin2eW = 0.20 + 0.03 

which is consistent with the values obtained in neutrino experiments. 

The hybrid model is consistent with our data only for values of 

sin2eW ~ < 0.1. 
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We took a limited amount of data at 19.4 GeV using a liquid hydrogen 

target with the result 

--h 
A/Q2 = (-9.7 t 2.7) x 10 -5 (GeV/c)-2 (hydrogen) (7) 

where the error contains both statistical and systematic uncertainties. 

A proton target provides a different mix of quarks and is expected to 

give a slightly smaller asymmetry than deuterium (7). Our results are 

not inconsistent with this expectation. 
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PTGURE CAPTTONS 

1. Schematic layout of the experiment. Electrons from the GaAs source 

oF'the regular gun are accelerated by the linac. After momentum 

analysis in the beam transport system the beam passes through a 

liquid deuterium target. Particles scattered at 4o. are analyzed 

in the spectrometer (bend-quad-bend) and detected in two separate 

counters (a gas Cerenkov counter, and a lead glass shower counter). 

A beam monitoring system and a polarization analyzer are only indi- 

cated, but they provide important information in the experiment. 

2. The experimental asymmetry shows the expected variation (dashed line) 

as the beam helicity changes due to the change in orientation of the 

calcite prism. The data are for 19.4 GeV and deuterium. Since the 

same scattered particles strike both counters, they are not statis- 

tically independent. No systematic errors are shown. No correc- 

tions have been made for helicity dependent differences in beam 

parameters. 

3. The experimental asymmetry shows the expected variation (dashed line) 

as the beam helicity changes as a function of beam energy due to the 

g-2 precession in the beam transport system. The data are for the 

shower counter and the deuterium target. No systematic errors are 

shown. No corrections have been made for helicity dependent differences 

in beam parameters. 

4. Comparison of our result for deuterium with two SU(2) x U(1) pre- 

dictions using the simple quark-parton model for nucleons. The 

outer error bars correspond to the error quoted in the text (Eq. 6). 

The inner error bars correspond to the statistical error. The 
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y-dependence of A/Q for various values of sin W is shown for two 

models: Weinberg-Salam (solid lines) and the hybrid -model (dashed 

l&es). 
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TABLE I 

Bea% 
Energy 

g-2 
Precession 

Angle 
Spectrometer 

Setting 

Kinematic Quantities 
Averaged over 
Spectrometer 

EO 

(GeV) (r-ad> (GeV 1 (GeV/c>2 

Y 

16.18 5.olT 12.5 1.05 .18 

17.80 5.57T 13.5 1.25 .19 

19.42 6.0s 14.5 1.46 .21 

22.20 6.9v 17.0 1.91 .21 

Kinematic conditions at which data were taken. The average Q2 

and y values were calculated for the shower counter using a Monte 

Carlo program. 
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