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Measurement of Parity
Nonconservation and an Anapole
Moment in Cesium

C. S. Wood, S. C. Bennett, D. Cho,” B. P. Masterson,t
J. L. Roberts, C. E. Tanner,f C. E. Wieman$§

The amplitude of the parity-nonconserving transition between the 6S and 7S states of
cesium was precisely measured with the use of a spin-polarized atomic beam. This
measurement gives Im(E1 pnc)/B = —1.5935(56) millivolts per centimeter and provides an
improved test of the standard model at low energy, including a value for the S parameter

of —1.3(3)

exp

(1M)iheory- The nuclear spin—dependent contribution was 0.077(11) millivolts

per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and
is a measurement of the long-sought anapole moment.

It has been recognized for more than 20
years that electroweak unification leads to
parity nonconservation (PNC) in atoms
(1). This phenomenon is the lack of mirror-
reflection symmetry and is displayed by any
object with a left or right handedness. Per-
haps the most well-known example of a
PNC effect is the asymmetry in nuclear beta
decay first observed in 1957 by Wu and
collaborators (2). Precise measurements of
PNC in a number of different atoms have
provided important tests of the standard
model of elementary particle physics at low
energy (3). Atomic PNC is uniquely sensi-
tive to a variety of “new physics” (beyond
the standard model) because it measures a
set of model-independent electron-quark
electroweak coupling constants that are dif-
ferent from those that are probed by high-
energy experiments. Specifically, the stan-
dard model is tested by comparing a mea-
sured value of atomic PNC with the corre-
sponding theoretical value predicted by the
standard model. This prediction requires, as
input, the mass of the Z boson and the
electronic structure of the atom in question.
The Z mass is now known to 77 parts per
million (4), but the uncertainties in the
atomic structure are 1 to 10%, depending
on the atom. In recent years, PNC measure-
ments in several atoms have achieved un-
certainties of a few percent (5, 6). Of these
atoms, the structure of cesium is the most
accurately known (1%) because it is an
alkali atom with a single valence electron
outside of a tightly bound inner core. Thus,
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higher precision measurements of PNC in
cesium provide a sensitive probe of physics
beyond the standard model.

In addition to exploring the physics of
the standard model, high-precision atomic
PNC experiments also offer a different ap-
proach for studying the effects of parity
violation in atomic nuclei. In 1957, it was
predicted that the combination of parity
violation and electric charges would lead to
the existence of a so-called anapole mo-
ment (7), but up until now, such a moment
has not been measured. Fifteen years ago, it
was pointed out that an anapole moment in
the nucleus would lead to small nuclear-
spin—dependent contributions to atomic
PNC that could be observed as a difference
in the values of PNC measured on different
atomic transitions (8). With the determi-
nation of the anapole moment, the mea-
surement of this difference thus provides a
valuable probe of the relatively poorly un-
derstood PNC in nuclei.

Here, we report a factor of 7 improve-
ment in the measurement of PNC in atomic
cesium. This work provides an improved
test of the standard model and a definitive
observation and measurement of an anapole
moment.

This experiment is our third-generation
measurement of PNC in atomic cesium.
Conceptually, the experiment is similar to
our previous two (6, 9). As a beam of
atomic cesium passes through a region of
perpendicular electric, magnetic, and laser
fields, we excite the highly forbidden 6S to
7S transition. The handedness of this region
is reversed by reversing each of the field
directions. The parity violation is apparent
as a small modulation in the 6S-7S excita-
tion rate that is synchronous with all of
these reversals. There are numerous exper-
imental differences from our earlier work,
however, including the use of a spin-polar-

s
ized atomic beam and a more efficient de-
tection method. This paper describes the
basic concept of the experiment, the appa-
ratus, the data analysis, the extensive stud-
ies that have been done on possible system-
atic errors, and finally, the results and some
of their implications. Because this experi-
ment has involved 7 years of apparatus de-
velopment and 5 years studying potential
systematic errors, we provide only a rela-
tively brief summary of the work here. Fur-
ther details on both the technology and the
systematic errors will be presented in subse-
quent, longer publications.

Experimental concept. In the absence of
electric fields and weak neutral currents, an
electric dipole (E1) transition between the
6S and 7S states of the cesium atom (Fig. 1)
is forbidden by the parity selection rule. The
weak neutral current interaction violates
parity and mixes a small amount (~107!!)
of the P state into the 6S and 7S states,
characterized by the quantity Im(El ) (Im
selects the imaginary portion of a complex
number). This mixing results in a parity-
violating E1 transition amplitude Apyc be-
tween these two states. To obtain an observ-
able that is first order in this amplitude, we
apply a dc electric field E that also mixes S
and P states. This field gives rise to a “Stark-
induced” El transition amplitude Ag that is
typically 10° times larger than Apy and can
interfere with it.

A complete analysis of the relevant tran-
sition rates is given in (9). To get a nonzero
interference between A and Apyc, we ex-
cite the 6S to 7S transition with an ellipti-
cally polarized laser field of the form ez +

Fig. 1. Partial cesium energy-level diagram includ-
ing the splitting of S states by the magnetic field.
The case of 540-nm light exciting the F = 3, m =
3 level is shown. Diode lasers 1 and 2 optically
pump all of the atoms into the (3, 3) level, and laser
3 drives the 6S._, (Fye) to 6P-_g transition to
detect the 7S excitation. PNC is also measured for
excitation from the (3, —3), (4, 4), and (4, —4) 6S
levels. The diode lasers excite different transitions
for the latter two cases.
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pilm(e,)x, where the handedness of the po-
larization p = *1, €, is the component of
the oscillating electric field that is parallel
to E, and e_ is the oscillating field perpen-
dicular to E. We measure Apyo/Ag for the
6Sg_3 to 7Sz_, and 6S_, to 7Sz_; transi-
tions (F, total angular momentum). In both
cases, we only populate and excite out of
the states with extreme values of the mag-
netic quantum number m: *3 and *+4,
respectively. For these cases and the config-
uration of electric and magnetic fields
shown in Fig. 2, the transition rate is

R=|Ag+ Apyc|?=PB%E%€,C\(FmF' m')] +

ZBExsx. Zplm(sx)lm(EIPNC) [CZ(FrmyFlrml )]
(1)

where B is the tensor transition polarizabil-
ity, E, = E is the dc electric field, and C,
and C, are combinations of Clebsch-Gor-
dan coefficients [they depend on the initial
and final values of F and m; C;(m) =
C,(—m), whereas C,(m) = —C,(—m)].
Here we have neglected the tiny (Apyc)?
term and the small 6S-7S magnetic dipole
transition amplitude A, (as discussed lat-
er, Ay can be a source of many systematic
errors). We find the contribution of the
parity-violating interference term relative
to the total transition rate by determin-
ing the fraction of the rate AR/R =
2Im(e, )Im(Elpyc)/(€,BE) that modulates
with the reversals of E, m, and p. In the
experiment, there are actually five “parity”
reversals ‘because we reverse m in three
different ways: reversing the polarization of
the optical pumping light of laser 2, revers-
ing the optical pumping magnetic field rel-
ative to the pumping light, and reversing
the magnetic field in the 6S-7S excitation
region. These five reversals provide a great
deal of redundancy for the PNC signal as
well as additional information about the
experimental conditions, both of which are
essential for the detection and elimination
of potential systematic errors. The redun-

Fig. 2. Schematic of the ap-
paratus. In the interaction
region, B is along the z axis,
E is along the x axis, and the
540-nm dye laser beam de-
fines the y axis.

Dye
laser
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dancy means that although no single rever-
sal is perfect, the product of all the imper-
fections is far smaller than the PNC signal.

Apparatus. A simplified schematic of
the apparatus is shown in Fig. 2. An effusive
beam of atomic cesium is produced by a
heated oven with a multichannel capillary
array nozzle. The beam is optically pumped
into the desired (F, m) state by light from
diode lasers 1 and 2 (9, 10). The 2-cm-wide
beam of polarized atoms intersects the 540-
nm standing wave (Gaussian diameter, 0.8
mm) that is inside a high-finesse (100,000)
Fabry-Perot power buildup cavity (PBC).
The PBC not only enhances the transition
rate, but the standing wave geometry also
greatly suppresses the troublesome modula-
tion arising from Ag-A,, interference (9).
The 540-nm light originates from a dye
laser whose frequency is tightly locked to
the resonant frequency of the PBC by a
high-speed servosystem (11). Before enter-
ing the PBC, the dye laser light passes
through an intensity stabilizer, an optical
isolator, and a polarization control system
made up of a half-wave plate, Pockels cell,
and adjustable birefringence compensator
plate. We control the ellipticity of the light
by rotating the half-wave plate and reverse
the handedness of the ellipse by reversing
the N/4 (quarter wavelength) voltage ap-
plied to the Pockels cell. The intensity sta-
bilizer holds the amount of light transmit-
ted through the cavity constant and hence
stabilizes the field inside of the cavity. This
field corresponds to about 2.5 kW of circu-
lating power. The PBC resonant frequency
is held at the frequency of the desired atom-
ic transition by a servosystem that translates
the input mirror.

The dc electric field in the interaction
region is produced by applying a voltage
between two parallel 5 cm by 9 cm con-
ducting plates 0.98577(25) cm apart (the
numbers in parentheses are the error in
the last digits). The plates are made of flat
pieces of Pyrex glass coated with 100 nm

Optical
pumping
region

Mirror

Interaction
region

PBC Detector

mirror

Diode 4
laser 3

PR

of molybdenum. Both field plates were
divided into five electrically separate seg-
ments by removing the molybdenum in
thin parallel lines. This division allows us
to apply small uniform and gradient elec-
tric fields along the y axis for auxiliary
diagnostic experiments. For the PNC mea-
surement, a uniform electric field in the x
direction is created by the application of
typically 500 V between the two plates.
The entire buildup cavity and field plate
mounting system is rather elaborate to
ensure precise alignment and extreme me-
chanical stability.

After being excited out of the populated
6S F level up to the 7S state, an atom will -
decay by way of the 6P states to the previ-
ously empty 6S F level (F,.) more than
60% of the time. We detect this repopula-
tion of F,., 10 cm downstream of the inter-
action region. Light from diode laser 3 ex-
cites each atom in Fy, to the 6P, state
many times. The resulting scattered pho-
tons are detected by a 5-cm? silicon photo-
diode that sits just below the atomic beam.
When the 6S;_; to 7S¢_, line is measured,
the detection laser drives the 6S;_, to
6P;, 5 cycling transition (Fig. 1). About
240 photons per F,_, atom are detected. For
the 6S;_,-7Sp_; line, the detection transi-
tion is the 6S;_; to 6P;, r_, cycling tran-
sition. This cycle gives about 100 detected
photons per F, atom. The signal-to-noise
ratio for this transition is about 20% lower.
During each half cycle of the most rapid
field reversal (E) and after the switching
transient has passed, the detector photocur-
rent is integrated, digitized, and stored. For
each stored value, the computer also records
the field and spin orientations.

The signal-to-noise ratio needed for this
experiment puts extreme requirements on
laser stability. A fluctuation in the intensi-
ty, frequency, or direction of the light from
any of the four lasers will introduce noise in
the detected atomic fluorescence. The most
extensive control is needed for the dye laser
(11), but the requirements on the three
diode lasers used for optical pumping and
detection are also severe. These require-
ments have motivated substantial develop-
ment of diode-laser stabilization technology
(12). To summarize, both optical and elec-
tronic feedback are used to lock the fre-
quency of each diode laser to the desired
atomic transition using saturated absorption
spectrometers.

Extensive and precise control of magnet-
ic fields are required in this experiment. In
the optical pumping region, there is a uni-
form 2.5-G field that must point in the *vy
direction (parallel to the pumping laser
beams). In the interaction region, a 6.4-G
field must point precisely in either the +z
or the —z direction. Between the two re-
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gions, the magnetic field must rotate gently
enough that the atomic spins follow it adi-
abatically. Finally, the field must be near
zero in the detection region, and it is nec-
essary to precisely reverse the fields in the
optical pumping and interaction regions in-
dependently without significantly perturb-
ing the fields in the other two regions. This
setup has required the use of 23 magnetic
field coils of various shapes to provide the
necessary fields and gradients. Most of these
coils are driven with both reversing and
nonreversing components of current.

Many additional elements are required
to achieve sufficiently precise alignment
and control of all aspects of the apparatus.
These include 31 different servosystems to
ensure optical, mechanical, and thermal
stability.

Data and results. About 350 hours of
PNC data were acquired in five runs dis-
tributed over an 8-month period. Each of
the five runs followed the same basic pro-
cedure. First, a set of auxiliary experiments
was carried out. These experiments were
used to measure and set numerous quanti-
ties: (i) all three components of the average
E and B fields and their y gradients in the
interaction region, (ii) the magnitude and
orientation of the birefringence of the PBC
output-mirror coating, (iii) the polariza-
tion-dependent power modulation of the
green laser light, and (iv) the populations of
the m levels of the atomic beam as it en-
tered the interaction region. After these
measurements were completed, we locked
the four laser frequencies to the desired
hyperfine transitions and proceeded to take
data. The data were acquired in blocks of
about 1.5 hours each. During this time, the
electric field was reversed at 27 Hz; the
magnetic field in the optical pumping re-
gion, at 0.29 Hz; the laser polarization, at
0.07 Hz; the magnetic field in the interac-
tion region, at 0.018 Hz; and the circular
polarization of the optical pumping light, at
0.004 Hz. The relative phases of the various
reversals were regularly shifted by one half
cycle. Before and after each of these 1.5-
hour blocks, the polarization of the 540-nm
standing-wave field was measured and set.
At regular intervals, the PBC output mirror
was rotated by 90.0(5)°, and at irregular
intervals, the four lasers were reset to mea-
sure PNC on the other 6S-7S hyperfine
line. At the end of the data run (20 to 30
blocks of data), the initial auxiliary experi-
ments were repeated to check that the
quantities listed above had not changed
significantly.

The typical size of the 6S-78S signal from
the photodiode was 200 nA on the 3-4 line
and 85 nA on the 4-3 line. These measure-
ments corresponded to about 0.5% of the
atomic beam undergoing a 6S-7S transition.

These signals were on top of background
signals, ~25% as large, arising from un-
pumped atoms and laser light scattered off
various surfaces. The signal-to-noise ratio
for measuring the 6S-7S transition rate was
typically 55,000/Hz!/2. Because the techni-
cal noise was small and we detected many
photons from each atom that had under-
gone a 6S-78 excitation, the noise was dom-
inated by the shot-noise fluctuations in the
number of atoms making the 6S-7S transi-
tion. We took data with polarization ellip-
ticities |& JE, | of both 1 and 2 and over a
range of electric fields from 400 to 900
V/em, with 500 V/cm being the most com-
mon. The size of the PNC modulation de-
pended on both field and polarization, but
= 1, it was about
six parts in 10 The s1gnal in this experi-
ment was about 50 times larger than that of
our previous experiment (5), which gave a
factor of 7 improvement in the PNC signal-
to-noise ratio.

Data analysis and uncertainties. The
data analysis used to find the PNC modu-
lation for each block of data was relatively
simple. We took the appropriate combina-
tion of fractional differences in the signal
sizes for each of the 32 different field con-
figurations to find the fraction of the rate
that modulated with all five reversals. From
the known values of E and €,/e,, this frac-
tional modulation was then converted into
Im(Elpgc)/B. To express this value in
terms of a transition from a single m state, a
correction is required because the optical
pumping is not perfect and the transitions
from adjacent m levels are not completely
resolved. We determine this correction
from the measurement of the populations of
the m levels and the transition line shape.
The populations were determined by selec-
tively exciting transitions between (F, m)
and (F’, m) states of the 6S level and com-
paring the signals on the respective lines.
This work was similar to (10), except that
here, the AF transitions were not excited by
microwave magnetic fields, but rather as
two-photon optical Raman transitions (13).
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Typically, 97% of the atoms were pumped
into the desired m level, and there was less
than 0.1% of the population in any but the
adjacent m level. This population distribu-
tion leads to a +6.0(1)% correction on the
PNC value for the 3-4 line and no correc-
tion on the 4-3. The applied electric field
was determined from the measurement of
the spacing of the electric field plates and
the applied voltage. The value of € /e, was
obtained from the measurements of the po-
larization of the light transmitted by the
PBC output mirror (14).

Our major concern in this experiment
was systematic errors (Table 1) arising from
spurious signals that modulate under all five
parity reversals, thus mimicking PNC.
Roughly 20 times more data were taken in
the investigation and elimination of such
errors than in the actual PNC measure-
ment. Several small errors associated with
stray and misaligned fields were encoun-
tered as in previous PNC measurements
(15); we dealt with these as before. We
carried out an exhaustive analysis of all
possible combinations of static and oscillat-
ing electric and magnetic fields that could
mimic a PNC signal. All of the stray (de-
fined as nonreversing) and misaligned dc
electric and magnetic fields and their gra-
dients, and many of the laser field compo-
nents, can be determined by looking at
appropriate modulations in the 6S-7S rate
under various conditions. Many of these
quantities were extracted from the 31 dif-
ferent modulation combinations we ob-
served in real time while taking PNC data,
and the remaining components were deter-
mined by the auxiliary experiments that
were interspersed with the PNC runs. These
auxiliary experiments involved looking at
modulations on AF = 0 as well as the AF =
+1 6S-7S transitions with a variety of ap-
plied fields, field gradients, and green laser
polarizations, and many are similar to those
used in previous work (6, 9). Many tests
were also performed to ensure the necessary
stability of the relevant fields. Typical mis-
aligned and stray field components were

Table 1. Major contributions and uncertainties of signals that mimic PNC. D,, D,, and D, are line-shape
distortion factors, and Apower/Apol is the laser power modulation synchronous with the polarization

reversal.

Typical size per

Final average size

0 0
Source block (% of PNC) (% of PNC)
3-4 4-3 3-4 4-3
1. Misaligned fields, stray fields 0.1(1) 0.1(1) 0.00(4) 0.00(4)
(imperfect reversals)

2. AgAyy X gradient of stray B, X D, 0.3(1) 0 0.0(1) 0
. AgAyy X mirror blrefrlngence 0.5(3) 0.3(3) 0. 00(5) 0.00(5)
4. AzAyy X Apower/Apol X D, 0.1(2) 0.1(2) 0.00(5) 0.00(5)
5. Re(e,)/e, X Dy 0 2.0(3) 0 0.00(4)
http://www.sciencemag.org * SCIENCE ¢ VOL. 275 * 21 MARCH 1997 1761



1 X 107 to 7 X 107 of the main fields.
The fractional shift in the PNC signal re-
sulting from combinations of such stray and
misaligned fields was <4 X 1074
Although this procedure was similar in
concept to our previous work, here it was
more difficult and time consuming because
of the higher accuracy required. This re-
quirement made it necessary to consider not
only the average fields, but also their gradi-
ents across the interaction region. The
study of gradient effects led to the discovery
of another error, which arises from the gra-
dient in the stray By (Table 1, number 2).
This field gradient combines with the ve-
locity gradient across the atomic beam to
break the symmetry of the standing wave
field in a polarization-sensitive manner and
thereby gives an error proportional to
ApAyq- This error can be eliminated by
carefully minimizing the stray B, gradient.
The birefringence of the PBC output-
mirror coating (2 X 107° radians per reflec-
tion) will also convert the AgA,,, interfer-
ence into a PNC error (9, 16). We have
reduced this error to a negligible level
(<0.05% of PNC) through a combination
of steps. We obtained low-birefringence
mirror coatings (17) and carefully mounted
and temperature stabilized the mirrors to
minimize additional birefringence. Also, by
rotating the output mirror we could mea-
sure and orient the birefringence before and
during the data runs. By orienting the bire-

Occurrences

Occurrences

1.40

1.55 1.70
—IM(E1 pyyc)/B (MVicm)

1.85

Fig. 3. Histograms of 1.5 hour blocks of PNC
results for the 6Sg_5 to 7Se_, and the 8S,_, to
7Sg_g transitions. The solid bars are the data, and
the open bars are the theoretical distributions ex-
pected for random samples with standard devia-
tions matching the independently measured
short-term noise in the data.
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fringence axis to within 5° of the z or x
direction, we reduced the fractional error to
0.5% of the PNC signal in each block. The
periodic 90.0(5)° rotations of the mirror
during the data runs reduced the average
fractional error to <0.05%.

A third error proportional to ApAy
comes from the distortion in the 6S-7S line
shape due to ac Stark shifts produced by the
green laser field (6, 18). Because of this
distortion, a modulation in the laser power
inside the PBC that is synchronous with the
polarization reversal results in a PNC error.
To eliminate this error, we measured the
polarization—synchronous power modula-
tions to 1 part in 10> of the total power.
This measurement was done in an auxiliary
experiment that detected power changes in
a polarization-insensitive manner by ob-
serving the resulting ac Stark shifts on the
6S-17S transition frequency.

We also tested for any unanticipated
errors that might arise from the ApA,
interference by taking PNC data with po-
larization ratios |£x/£Z| 1 and 2. The ratio
Apnc/Ayy differs by a factor of 2 for these
two cases; the fact that we obtain the same
value of Im(E1pyc)/B for both polarizations
indicates that there are no significant sys-
tematic errors proportional to Ay;.

In addition to the tests above, we ap-
plied large electric and magnetic fields and
gradients in the x, y, and z directions and
real and imaginary optical fields in the x
and z directions. We confirmed that certain
applied fields produced the false PNC sig-
nals we expected, and others produced the
correct changes in the 44 other modulation
combinations that we observed during the
PNC data runs and the auxiliary measure-
ments. These studies revealed another po-
tential systematic error (Table 1, number
5), which arises from imperfections in the
polarization of the green light. This error is

175 e
JILA '86 (9)
g 1.65
S
E_ t
@
=185
g
L
E 145 ...................................................
T JILA'88 (6)
1.35

Fig. 4. Historical comparison of cesium PNC re-
sults. The squares are values for the 4-3 transition,
the open circles are the 3-4 transition, and the
solid circles are averages over the hyperfine tran-
sitions. The band is the standard-model predic-
tion for the average, including radiative correc-
tions. The =1 width shown is dominated by the
uncertainty of the atomic structure.

related to the distortion in the 6S-7S line
shape combined with a nonzero Re(e,)/e,,
just as a previously discussed error (Table 1,
number 4) was related to the line-shape
distortion combined with an intracavity
power modulation. To keep this error small,
we measured and minimized Re(e)/e, be-
fore each block. It was adjusted so that the
error was typically less than one-half of the
PNC statistical uncertainty; we then ap-
plied a correction to the results. We inten-
tionally acquired nearly equal numbers of
blocks with positive and negative values of
Re(g,)/e, in each run, so the average cor-
rection was very small.

In such a complex and precise experi-
ment, there is always the worry that there
could be some undiscovered systematic er-
ror still lurking in the darkness. We have
made numerous checks to reduce that pos-
sibility. We have repeatedly changed many
aspects of the experiment (for example,
alignments, field plates, PBC mirrors, laser
power, atomic beam, laser control systems,
optics, and parity-reversal electronics and
timing) to ensure these did not cause any
unexplained changes in the PNC signal or
the many other modulation signals. We
reduced all sources of technical noise until
every observed fluctuation in the PNC data
was consistent with the independently mea-
sured short-term statistical noise on the 6S-
7S rate, and this noise was dominated by
the shot-noise fluctuations. Finally, it can-
not be overstated how important it is to
have the 31 other modulation signals that
are obtained from the PNC data. These
signals provide a wealth of real-time infor-
mation about operating conditions in the
experiment, including the accuracy of all
individual reversals.

Results. The data, after inclusion of the
appropriate calibration factors and correc-
tions listed above, match well to a Gaussian
distribution (Fig. 3). This agreement is con-
firmed by the x? probabilities, which are
25% for the 4-3 line and 76% for the 3-4

line. Our final result is

1.6349(80) mV/cm
—Im(Elpnc)/B = {1_5576(77) mV/cm

for the 6Sg_, to 7Sp_s3, and 6Sp_; to 7Sp_,
transitions, respectively. The difference was
0.077(11) mV/cm, and the nuclear spin—
independent average was 1.5935(56) mV/
cm. The statistical uncertainties for the two
transitions, 0.0078 and 0.0073 mV/cm, re-
spectively, dominate the error. The system-
atic uncertainties are based on statistical
uncertainties in the determination of vari-
ous calibration factors and systematic shifts,
and therefore, it is appropriate to add them
in quadrature. The final results are in good
agreement with previous measurements in
cesium (Fig. 4) and are much more precise.
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The difference between the two lines
has important implications for the under-
standing of PNC in nuclei. A small fraction
of the difference (about 15%) is predicted
to result from the combination of the had-
ronic axial-vector neutral-current interac-
tion and the perturbation of the hadronic
vector neutral-current interaction by the
hyperfine interaction (8). The remainder is
due to the nuclear anapole moment. Clas-
sically, an anapole moment can be visual-
ized as the magnetic moment produced by a
toroidal current distribution. Because this
moment does not give rise to any long-
range magnetic field, there is only a contact
interaction between the electron and the
nuclear anapole moment.

Theoretical predictions for the size of
the nuclear anapole moment differ by a
factor of ~2.5 (8). Given the approxima-
tions in the nuclear theory, our measured
value is in reasonable agreement (25% larg-
er) with the largest predicted value, but not
the smallest. The theoretical differences
primarily arise from how the strength of the
parity-violating force in nuclei is derived
from other experimental data and nuclear
models. This example illustrates that the
measurement of the nuclear anapole mo-
ment provides a valuable probe of parity-
violating forces in atomic nuclei.

The weighted average, 0.465[—Im-
(Elpno)/Blis + 0.535[—Im(Elpy)/Bls,
(19, 21), contains no nuclear spin—depen-
dent contribution and is solely due to the
electron axial-vector weak neutral-current
interaction between the quarks and elec-
trons. We obtained a corresponding theoret-
ical value using the standard model (3) and
the calculated values of the relevant atomic
matrix elements (20, 21). This value agrees
with our measured value (Fig. 4), and the 1%
uncertainty in the comparison is dominated
by the atomic theory calculation. In order to
obtain this agreement, the theoretical value

must include radiative corrections, which are
about 5%. We find the weak charge (3) Q,,
to be —72.11(27),,, (89) peoryy and the S
parameter (22) that is used to characterize
certain types of physics beyond the standard
model is —1‘3(3)exp (1 l)theorw Assuming
that the standard model is correct, this value
of Q, is equivalent to sin’0, =
0.2261(12) ., (41)peor,r These results also
set tighter constraints on most models that
contain more than one neutral vector boson
(3, 23). The exact constraints are model-
dependent but usually mean that the second
boson must be higher in mass or couple more
weakly. Time-consuming but straightforward
extensions of the atomic theory calculations
are expected to reduce their uncertainties
substantially (24), which will either reveal
new physics or tighten all of the constraints
discussed.
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