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We used a torsion pendulum containing �9� 1022 polarized electrons to search for CP-violating
interactions between the pendulum’s electrons and unpolarized matter in the laboratory’s surroundings or
the Sun, and to test for preferred-frame effects that would precess the electrons about a direction fixed in
inertial space. We find jgePg

N
S j=�@c�< 1:7� 10�36 and jgeAg

N
Vj=�@c�< 4:8� 10�56 for � > 1 AU. Our

preferred-frame constraints, interpreted in the Kostelecký framework, set an upper limit on the parameter
j~bej � 5:0� 10�21 eV that should be compared to the benchmark value m2

e=MPlanck � 2� 10�17 eV.
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This Letter reports constraints on proposed new spin-
coupled interactions using a torsion pendulum containing
�9� 1022 polarized electrons. Several lines of speculation
motivated our work. We were motivated to consider
preferred-frame effects because the cosmic microwave
background does establish a such a frame. Kostelecký
and co-workers [1] have discussed an unusual cosmic
preferred-frame effect where vector and axial-vector fields
could have been spontaneously generated in the early
Universe and then been inflated to enormous extents.
They emphasize that these fields would provide a mecha-
nism for CPT and Lorentz violation. Because the fields
invalidate the Pauli-Luders theorem, one can construct a
field theory with CPT- and Lorentz-violating effects (the
standard-model extension) and quantify the sensitivity of
various CPT and preferred-frame tests. One manifestation
of such fields would be an anomalous torque on a spinning
electron [2] arising from a potential

 Ve � �e � ~be; (1)

where ~be is the product of the presumed cosmic axial-
vector field and its coupling to electrons.

Spin-dependent forces are also generically produced by
the exchange of pseudoscalar particles. Moody and
Wilczek [3] discussed the forces produced by the exchange
of low-mass, spin-0 particles and pointed out that
particles containing CP-violating J� � 0	 and J� � 0�

admixtures would produce a macroscopic, CP-violating
‘‘monopole-dipole’’ interaction between a polarized elec-
tron and an unpolarized atom with mass and charge num-
bers A and Z
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where m� � @=��c� is the mass of the hypothetical spin-0
particle, gP and gS are its pseudoscalar and scalar cou-
plings, and gAS � Z�geS 	 g

p
S� 	 �A� Z�g

n
S. For simplicity,

we assume below that gpS � gnS � gNs and geS � 0 so that

gAS � AgNS ; constraints for other choices of the scalar cou-
plings can be readily obtained by scaling our limits.

Recently Dobrescu and Mocioiu [4] classified the kinds
of potentials that might arise from exchange of low-mass
bosons, constrained only by rotational and translational
invariance. We are sensitive to 3 of their potentials; in
addition to a potential equivalent to Eq. (2), we probe
two potentials that we write as
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where ~v is the relative velocity in units of c. Both terms
may be generated by one-boson exchange in Lorentz-
invariant theories. The parity-conserving A? term can arise
from scalar or vector boson exchange, while the parity-
violating Av term can be induced by vector bosons that
have both vector and axial couplings to electrons or nucle-
ons with Av � geAg

N
V=�4��.

Our work substantially improves upon the upper limits
on �e � ~be interactions presented in Ref. [5], on �e � r
interactions in Refs. [6–8], and we obtain new constraints
on the terms in Eq. (3).

The heart of our apparatus is a spin pendulum, shown in
Fig. 1, that contains a substantial number of polarized
electrons while having a negligible external magnetic mo-
ment and high gravitational symmetry. The spin pendulum
is constructed from 4 octagonal ‘‘pucks.’’ One side of each
puck is AlNiCo (a conventional ‘‘soft’’ ferromagnet in
which the magnetic field is created almost entirely by
electron spins) and the other side from Sm Co5 [a
‘‘hard’’ rare-earth magnet in which the orbital magnetic
moment of the electrons in the Sm3	 ion [9–11] nearly
cancels their spin moment]. After each puck was as-
sembled, we magnetized the AlNiCo to the same degree
as the Sm Co5 by sending appropriate current pulses
through coils temporarily wound around the pucks. By
stacking 4 such pucks as shown in Fig. 1, we placed the
effective center of the spin dipole in the middle of the
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pendulum, reduced systematic magnetic-flux leakage,
averaged out the small density differences between
AlNiCo and Sm Co5, and canceled any composition dipole
that would have made us sensitive to violation of the weak
equivalence principle.

We estimated the net spin of the pendulum using results
from circularly-polarized x-ray Compton scattering [9] and
polarized-neutron scattering [10,11] studies of Sm Co5.
The x-ray study found that at room temperature the ratio
of Sm to Co spin moments is R � �0:23
 0:04, while the
neutron work showed that the Sm magnetic moment is very
small, 0:04�B versus 7:8�B per formula unit for the Co.
Therefore, the magnetization of Sm Co5 is due almost
entirely to the Co, so that the Co and AlNiCo contributions
to the net spin moment of our pendulum cancel. The net
moment arises essentially entirely from the Sm spins. Then
the number of polarized spins in our pendulum is

 Np �
B0R
�0�B

V� � 6� 1022; (4)

where B0 is the magnetic field inside a puck, � � 0:65
accounts for its octagonal shape, and V � 9:81 cm3 is the
total volume of the pucks. We measured B0, the field inside
identical Sm Co5 elements arranged in a straight line, using
an induction coil and found B0 � 9:5 kG which agreed
with the supplier’s specification. The Sm ion wave func-
tions deduced from neutron scattering [11] predict a room-
temperature Sm spin moment for Sm in Sm Co5 of

�3:59�B. This is equivalent to R � �0:44 and implies
Np � 11� 1022. We assume, in deriving our constraints
below, that Np is equally likely to have any value between
6� 1022 and 11� 1022.

Our pendulum was suspended by a 28 �m diameter,
75 cm long tungsten fiber inside a uniformly rotating
torsion balance that is an upgraded version of the instru-
ment described previously [12]. The pendulum’s free-
oscillation frequency, f0 � 2:570 mHz, together with its
calculated rotational inertia, determined the fiber’s tor-
sional constant � � 0:118 dyne cm=radian. The main im-
provement in our turntable was a ‘‘feet-back’’ system that
kept its rotation axis vertical to better than 10 nradians,
continuously correcting for the varying tilt of the labora-
tory floor and imperfections in the turntable bearing by
controlling the temperature (and thereby the length) of feet
that support the turntable. In addition, we improved the
corotating mu-metal magnetic shielding.

We recorded the pendulum twist angle as a function of
the angle of the turntable, and converted it to torque, as
described in Ref. [13]. Data were accumulated over a span
of 13 months and divided into ‘‘cuts,’’ each of which
spanned no more than 3800 s. From each cut, we extracted
the component of the twist signal that varied harmonically
at the turntable rotation frequency f; over the course of this
experiment f was set at values between 3f0=29 and
3f0=20. Data were taken with 4 equally spaced angles
�p of the pendulum within the rotating apparatus.
Averaging these 4 results canceled the effects of any steady
irregularities in the turntable rotation rate. We did not know
the orientation ’ of the spin dipole inside the pendulum
until our extraction of the torque signals was complete.
Only then did we remove the shield and find ’ so we could
learn the orientations of the spin dipole with respect to the
turntable, �d � �p 	 ’. With that information, we could
convert the twist signals for each cut into the North and
West components of �, where the energy E of spin dipole
�s was E � �Np�̂s � �.

We first analyzed our data for signals modulated at solar
or sidereal periods, using astronomical formulae given by
Meeus [14]. We constrained ~be in Eq. (1) by fitting for
signals corresponding to a � fixed in inertial space using
methods similar to those described in Ref. [13]. Figure 2
shows typical data set. In this case we employed a recti-
linear coordinate system where z is parallel to the Earth’s
rotation axis, x lies along the vernal equinox, and y � z�
x. Both ~bex and ~bey generate �N and �W signals that are
modulated at the sidereal rate, while ~bez produces a steady
�N signal. The sidereal modulation eliminates many sys-
tematic effects that are fixed in the lab; as a consequence,
our bounds on ~bex and ~bey, shown in Table I, are tighter than
those on ~bez which are based on the lab-fixed limits dis-
cussed below.

We constrained the terms in Eq. (3) and the long-range
limit of Eq. (2) by considering interactions between our

FIG. 1 (color online). Scale drawing of the spin pendulum. The
light green and darker blue volumes are AlNiCo and Sm Co5,
respectively. Upper left: top view of a single ‘‘puck’’; the spin
moment points to the right. Lower right: the assembled pendu-
lum with the magnetic shield shown cut away to reveal the 4
pucks inside. Two of the 4 mirrors (light gold) used to monitor
the pendulum twist are prominent. Arrows with filled heads
show the relative densities and directions of the electron spins;
open-headed arrows show the directions of B. The 8 tabs on the
shield held small screws that we used to tune out the pendulum’s
residual Q21 and Q22 moments.
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spin pendulum and the sun. Because of the 23.45� inclina-
tion of the Earth’s rotation axis, these torques have com-
ponents modulated with a 24 h period as well as annual
modulations. Our constraints, shown in Table II, are based
on the modulated signals, with the individual runs
weighted by the inverse squares of their errors.

The dominant sources of systematic errors are possible
daily variations of the tilt, temperature, or vibration of the
apparatus, and of external gravity gradients or magnetic
fields. We measured the sensitivity of our apparatus to each
source by applying a known, magnified change in that
source. We deduced a systematic error by multiplying the
sensitivity by the daily signal recorded by sensors that
monitored each source. No significant systematic error
was found. The experimental errors in Tables I and II are
the quadrature sum of statistical uncertainties and upper
limits on systematic errors that never exceeded the statis-
tical uncertainty.

Finally, we analyzed our �N and �W signals for torques
fixed in the lab frame by comparing the signals observed
for 4 equally spaced angles, �d, of �s within the rotating
apparatus (see Fig. 3 and Table III). In Fig. 3, signals from
a steady anomaly in the turntable rotation rate are sinusoi-
dal functions of �d, while a torque that coupled to �s

would show up as nonzero averages of the 4 �N and �W

values. We combine 11 such measurements in Table III.
The individual entries in Table III are corrected for the
dominant systematic errors: small, residual couplings to
lab-fixed gravity gradients, and magnetic fields. Sensi-
tivities to these couplings were found by applying known,
large gravity gradients and by reversing the current in the
Helmholtz coils that surround the apparatus. Corrections
were obtained by multiplying the sensitivities by the mea-
sured gravity gradients and magnetic fields present during
normal data collection. The error quoted in Table III is
based on the scatter of the 11 measurements and includes
the uncertainty in Np. This scatter is larger than our statis-
tical uncertainties and is still under investigation.

Because the pendulum’s magnetic flux was confined
entirely within the pucks, the total intrinsic angular mo-
mentum of the pendulum was J3 � �S3, where S3 �

Np@=2 is the pendulum’s net spin. Earth’s rotation �

TABLE I. 1� constraints on the Kostelecký ~be parameters
from our work and from Hou et al. [5]. Units are 10�22 eV.

Parameter This work Hou et al.

~bex 	0:1
 2:4 �108
 112
~bey �1:7
 2:5 �5
 156
~bez �29
 39 107
 2610

TABLE II. 1� constraints from interactions with the Sun.
These values assume � > 1 AU.

Parameter Constraint

gePg
N
S =�@c� ��0:4
 1:6� � 10�36

A?=�@c� ��2:4
 6:4� � 10�34

Av=�@c� � geAg
N
V=�4�@c� �	3:0
 1:7� � 10�57

FIG. 2 (color online). Data from a set of runs at �d �
22:5 deg. The turntable offset (determined from data at all 4
�d values shown in Fig. 3) is subtracted from the vertical axes.
The dashed curves show the signal from a hypothetical ~be �
�5� 10�20 eV�x̂ which gives out-of-phase sine waves in �N

and �W. The solid curves show the best sidereal fit, which
yields ~bx � ��0:2
 1:9� � 10�21 eV, ~by � ��0:1
 1:9� �
10�21 eV. The data set spanned a duration of 118 h.

FIG. 3 (color online). Extraction of lab-fixed signals from one
of the complete sets of 4 �d values. The sine and cosine waves
result from turntable-fixed effects while solid horizontal lines are
the lab-fixed signals; the gyrocompass effect is shown by the
dashed line. The data in Fig. 2 yielded the �d � 22:5� points.
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acting on J of the electrons produced a steady torque along
the suspension fiber j� � J � n̂j (n̂ is the local vertical)
equivalent to a small negative (because J � �S) value
�N � �1:61� 10�20 eV. Table III shows that this gyro-
compass effect was detected; it was subtracted from the
measured �N to constrain ~bez in Eq. (1) and gePg

A
S in Eq. (2).

The latter constraints depend on the horizontal component
of the term in square brackets in Eq. (2). We integrated this
term over the local mass distribution consisting of the
significant masses in the laboratory and its surrounding
topography as described in Ref. [15]. This integral is,
within a constant, identical to the integral J?��� defined
and evaluated in Ref. [15]. Figure 4 shows our constraints
on the product gePgS in Eq. (2).

In summary, we have shown that a torsion balance fitted
with a spin pendulum can achieve a constraint of
�10�21 eV on the energy required to flip an electron
spin about directions fixed in inertial space. This is com-
parable to the electrostatic energy of two electrons sepa-
rated by 10 AU. We then use these and related constraints
to set sensitive limits on preferred-frame, CP-violating,
and velocity-dependent P-violating interactions of elec-
trons. Constraints on preferred-frame effects involving
protons and neutrons are given in Refs. [16,17], and on
CP-violating electron-neutron interactions in Ref. [6].
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experiment. We thank Alan Kostelecký and Bogdan
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DOE Office of Science.

*Current address: Physicalisches Institute, Universität
Heidelberg, Philosophenweg 12, D-69120, Germany.

[1] D. Colladay and V. A. Kostelecký, Phys. Rev. D 55, 6760
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FIG. 4 (color online). Upper limits on jgePg
N
S j=�@c� as a func-

tion of interaction range �; the shaded region is excluded at 2�.
Our results and previous work by Youdin et al. [7], Ni et al. [8],
and Wineland et al. [6] are indicated by solid, dash-dotted,
dotted, and dashed lines, respectively. Our work does not provide
constraints for 10 km< �< 103 km because integration over
the terrestrial surrounding is not reliable in this regime [see
Ref. [15] ].

TABLE III. Lab-fixed signals, �N and �W, extracted from 11
complete data sets, each containing measurements at all 4 values
of �d. Signals from each data set are corrected for measured
gravity-gradient and magnetic couplings that were less than
�0:15
 0:02� � 10�20 eV and �0:47
 0:09� � 10�20 eV, re-
spectively. Errors in the net result are the larger of the uncer-
tainties in the two averages.

Set Dates mo=day=yr �N � 1020 (eV) �W � 1020 (eV)

1 08=19=04 to 09=10=04 �2:59 �0:61
2 11=18=04 to 12=09=04 �2:18 �0:19
3 12=21=04 to 01=06=05 �1:89 �0:74
4 01=13=05 to 02=03=05 �1:84 �0:28
5 05=27=05 to 06=11=05 �0:73 �0:51
6 06=20=05 to 06=24=05 �0:93 	0:11
7 06=26=05 to 06=30=05 �0:52 �0:31
8 08=06=05 to 08=14=05 �0:37 �0:49
9 12=25=05 to 12=29=05 �0:59 	0:44
10 12=29=05 to 01=04=06 �0:70 	0:23
11 01=08=06 to 01=12=06 �0:68 �0:05

average
 uncertainty �1:19
 0:34 �0:23
 0:13

gyro effect �1:61 0

net result 	0:42
 0:34 �0:23
 0:34
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