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We have measured parity violating asymmetries in the inelastic scattering of longitudinally polarized electrons from deu-
terium and hydrogen. For deuterium near 02 = 1.6 (GeV/c)? the asymmetry is (—9.5 X 1075)0? with statistical and sys-

tematic uncertainties each about 10%.

We have observed a parity non-conserving asymme-
try in the inelastic scattering of longitudinally polar-
ized electrons from an unpolarized deuterium target.
In this experiment a polarized electron beam of energy
between 16.2 and 22.2 GeV was incident upon a lig-
uid deuterium target. Inelastically scattered electrons
from the reaction

e(polarized) + d > ¢’ + X, €))
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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 in-

dividual scattered electrons. The momentum transfer,
Q2, to the recoiling hadronic system varied between 1
and 1.9 (GeV/c)? (see table 1).

Parity violating effects may arise from the interfer-
ence between the weak and electromagnetic amplitudes.
Calculations of the expected effects in deep inelastic
experiments have been reported by several authors
[1—7], and asymmetries at the level of 10~% Q2 are
predicted for the kinematics of our experiment. Pre-
vious experiments with muons [8] and electrons
{9,10] have not achieved sufficient accuracy to ob-
serve such small effects. This same interference of am-
plitudes may also give rise to measurable effects in
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Table 1

Kinematic conditions at which data were taken. The average
02 and y values were calculated for the shower counter using
a Monte Carlo program.

Beam g-2 Spectrom- Kinematic
energy precession eter quantities
Ey angle setting averaged over
(GeV) fprec £’ spectrometer
(rad) (GeV)
0? y
(GeV/c)?
16.18 5.0m 12.5 1.05 0.18
17.80 5.5% 13.5 1.25 0.19
19.42 6.0m 14.5 1.46 0.21
22.20 6.97 17.0 1.91 0.21

atomic spectra; experiments on transitions in the spec-
trum of bismuth have already been reported [11-13].

Of crucial importance to this experiment was the
development of an intense source of longitudinally po-
larized electrons. The source consisted of a gallium
arsenide crystal mounted in a structure similar to a reg-
ular SLAC gun with the GaAs replacing the usual ther-
mionic cathode. The polarized electrons were pro-
duced by optical pumping with circularly polarized
photons between the valence and conduction bands
in the GaAs, which had been treated to assure a sur-
face with negative electron affinity [14,15]. The light
source was a dye laser operated at 710 nm and pulsed
to match the linac (1.5 us pulses at 120 pulses per sec-
ond). Linearly polarized light from the laser was con-
verted to circularly polarized light by a Pockels cell, a
crystal with birefringence proportional to the applied
electric field. The plane of polarization of the light in-
cident 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 synchronously with peri-
odic 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 accele-
rated with negligible depolarization as confirmed by
earlier tests [16] *!. Both the sign and the magnitude
of the polarization of the beam at the target were mea-
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sured periodically by observing the asymmetry in
Méller (elastic electron—electron) scattering from a
magnetized iron foil [16] . The polarization, [P/,
averaged 0.37. Each measurement had a statistical er-
ror 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 spec-
trometer consisted of a dipole magnet, followed by a
single quadrupole and a second dipole. The scattering
angle was 4° and the momentum setting was about
20% below the beam energy (see table 1 for the kine-
matic settings). The acceptance was +7.4 mrad in scat-
tering angle, £16.6 mrad in azimuth and about £30%
in momentum, as determined from a Monte Carlo
model of the spectrometer.

Two separate electron detectors intercepted elec-
trons analyzed by the spectrometer. The first was a
nitrogen-filled Cerenkov counter operated at atmo-
spheric pressure. The second was a lead-glass shower
counter with a thickness of nine radiation lengths (the
TA counter). Approximately 1000 scattered electrons
per pulse entered the counters.

The high rates were handled by integrating the out-
puts of each phototube rather than by counting indi-
vidual particles. For each pulse, 7, the integrated out-
put of each phototube, V;, was divided by the inte-
grated beam intensity (charge), Q;, to form the yield
for that pulse, Y; = NV;/Q;. For the distributions of the
Y; we verified experimentally that the (charge
weighted) means of the distributions, (Y), were inde-
pendent of 0, within errors of about £0.3%, and that
the (charge weighted) standard deviations, AY, were
consistent with the statistical fluctuations expected
from the number of scattered electrons per pulse. For
a run with ©# beam pulses the statistical uncertainty on
|Y | was given by AY/A/n.

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 asym-
metry should be zero. For a given run the experimen-
tal asymmetry was given by:

Aexp = [X(H)Y = YN LY (1)) + X (N, 2

*1 The present experiment used the same target as ref. [16],
but used a different spectrometer and detectors.
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Fig. 1. Schematic layout of the experiment. Electrons from the GaAs source or 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 4° 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 indicated, but they provide important informa-

tion in the experiment.

where +and — were assigned by the same random num-
ber generator that determined the sign of the voltage ap-
plied to the Pockels cell. For the shower counter we
obtained a value of (—2.5 £2.2) X 1075 for A,
vided 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 calcu-
lated 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 o, caused the net electron hel-
icity to vary as cos(2¢p). We chose three operating
conditions:

(a) prism orientation at 0°, producing + (=) helicity
electrons for + (—) Pockels cell voltage;

(b) prism orientation at 45°, producing unpolarized
electrons for either sign of Pockels cell voltage; and

(¢) prism orientation at 90°, producing — (+) heli-
city 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, 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
= |P| 4 cos(2¢,,), (3)

where ¢p is the angle of orientation of the calcite prism.
Fig. 2 shows the results at 19.4 GeV for 4, /1Pl

For the 45° point we used a value of 0.37 for IPel

These data are in satisfactory agreement with expecta-

e\ip

©
©
x
20 T | \ 7
0 Cerenkov Counter
® Shower Counter PAELAN
’
10 — / —
E Prism
— Onen'fohon
3 O—“f—*— -
> degrees
<
/
=10 / —
)é/ /
N //
-20 | ] |

Fig. 2. The experimental asymmetry shows the expected varia-
tion (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 statistically independent.
No systematic errors are shown. No corrections have been
made for helicity dependent differences in beam parameters.
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tions, and serve to separate effects due to the helicity
of the beam from possible systematic effects associated
with the reversal of the Pockels cell voltage. Only sta-
tistical errors are shown. The results at 45° are consis-
tent with zero and indicate that other sources of error
in Aexp must be small. Furthermore, the asymmetries
measured at 0° and 90° are equal and opposite, within
errors, as expected. Fig. 2 shows data from both the
Cerenkov counter and the shower counter. Although
these two separate counters were not statistically inde-
pendent, they were analyzed with independent elec-
tronics and responded 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 depended on beam energy, ow-
ing to the g — 2 precession of the spin in the transport
magnets which deflected the beam through 24.5° be-
fore reaching the target. Because of the anomalous
magnetic moment of the electron, the electron spin
direction precessed relative to the momentum direc-
tion by an angle
o o Lo g—2

prec mec2 2
where m, is the mass and g the gyromagnetic ratio of
the electron. Thus we expect

Aexp = |Pel A cos[(E (GeV)/3.237) 7], (5)

where the signs of values of A, for the prism at 90°
have been reversed before combining with values for
the prism at 0°. Fig. 3 shows the results for the kine-
matic points in table 1 as a function of beam energy.
At each point Q2 is different. Since we expect A to be
proportional to Q2, we divide Agyp by Q2 *2 Fig. 3
also shows the expected curve normalized to the point
at 19.4 GeV. The data clearly follow the g — 2 modu-
lation of the helicity. At 17.8 GeV the spin is trans-
verse; any effects from transverse components of the
spin are expected to be negligible, in agreement with
our data.

We conclude from figs. 2 and 3 that the observed
asymmetries are due to electron helicity. Nevertheless,

Eq (GeV)

337 7 rad, )

bend =

*2 This fact is true in all models. It arises because the electro-
magnetic amplitude has a 1/0? dependence, giving an asym-
metry proportional to Q2.
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Fig. 3. The experimental asymmetry shows the expected varia-
tion (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 param-
eters.

it is essential to search for and set limits on asymme-
tries due to effects other than helicity. Systematic ef-
fects due to slow drifts in phototube gains, magnet cur-
rents, etc., were minimized by the rapid, random re-
versals of polarization, and had negligible effects on
Apexp- 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 de-
tectors. This was verified experimentally by measuring
Aexp 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 param-
eters 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 appar-
ent parity violating asymmetries. Using an extensive
beam monitoring system based on microwave cavities,
measurements were made for each beam pulse of the
average energy and position [17]. Angles were deter-
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mined from cavities 50 m apart. The beam charge was
determined using the standard toroid monitors [18].
The resolutions per pulse were about 10 um in posi-
tion, 0.3 urad in angle, 0.01% in energy, and 0.02% in
beam intensity. A microcomputer driven feedback sys-
tem 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 parameters, we made corrections to the asym-
metries for helicity dependent differences in beam pa-
rameters. For these corrections, we have assigned a sys-
tematic error equal to the correction itself. The most
significant imbalance was less than one part per mil-
lion in £y which contributed —0.26 X 10~3 to 4/Q2.
We combine the values of 4/Q2 from the shower
counter for the two highest energy points to obtain

A[Q? =(—9.5 £1.6) X 1075 (GeV/c)~2 (deuterium).
(6)

We do not include the point at 16.2 GeV because it
contains fairly strong elastic and resonance contribu-
tions. The sign implies a greater yield from electrons
with spin antiparallel to momentum. For this com-
bined point the average value of y = 1 — E'[Ey 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 £0.86 X 105 added linearly
to estimated systematic uncertainties of 5% in the val-
ue of |P,|, and of 3.3% from asymmetries in beam pa-
rameters. We determined experimentally that the 7~
background contributed less than 0.1 X 1075 to 4/Q2.
The result in eq. (6) includes normalization corrections
of 2% for the 7~ background, and 3% for radiative cor-
rections.

Any observation of non-conservation of parity in
interactions involving electrons adds new information
on the nature of neutral currents and gauge theories.
Certain classes of gauge theory models predict no ob-
servable parity violations in experiments such as ours.
Among these are those left—right symmetric models
in which the difference between neutral current neu-
trino and anti-neutrino scattering cross sections is ex-
plained as a consequence of the handedness of the neu-
trino and anti-neutrino, while the underlying dynamics
are parity conserving. Such models are incompatible
with the results presented here.

The simplest gauge theories are based on the gauge
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Fig. 4. Comparison of our result for deuterium with two SU(2)
X U(1) predictions 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 y-dependence of A/ 0? for various values
of sin26W is shown for two models: Weinberg—Salam (solid
lines) and the hybrid model (dashed line).

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 singlets [19] . Other assignments are possible, how-
ever. 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 asymme-
tries depend on the kinematic variable y as well as on
the weak isospin assignments and on sinzew, where
8y is the Weinberg angle. Fig. 4 compares our result
for two SU(2) X U(1) models. The simplest model
(W—S) is in good agreement with our measurement for
sin26y, = 0.20 * 0.03 which is consistent with the val-
ues obtained in neutrino experiments. The hybrid mod-
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el is consistent with our data only for values of sin20W
So.l.

We took a limited amount of data at 19.4 GeV us-
ing a liquid hydrogen target with the result

A/Q?=(=9.7 £2.7) X 1073 (GeV/c)_2 (hydrogen),
(7

where the error contains both statistical and systemat-
ic 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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