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We use a continuously rotating torsion balance to make new tests of the universality of free
fall (UFF). We study differential accelerations of Be-Cu and Be-Al test-body pairs in the fields of
Earth, the Sun, our Galaxy, and in the direction of the cosmic microwave dipole. We also compare
the acceleration towards the Sun and our galactic center of Cu and single-crystal Si in an Al shell
(this pair of bodies approximates the elemental compositions of Earth’s core and the Moon or
Earth’s crust, respectively). In terms of the classic UFF parameter 7, our Earth-source results are
n(Be,Cu)= (—1.9£2.5) x 10~'? and 7(Be,Al)= (—0.242.8) x 10™*? where all errors are 1. Thus our
limit on UFF violation for Be and a composite Al/Cu body is 7 = (~1.1 £ 1.9) x 10™*2. Our solar-
source results are Aa(Be,Cu)= (—3.0%3.6) x 107'? cm/s?, Aa(Be,Al)= (+2.4+5.8) x 107*% cm/s?,
and Aa(Si/AlL,Cu)= (+3.0 &+ 4.0) x 10™'? cm/s®. This latter result, when added to the lunar
laser-ranging result that senses both composition-dependent forces and gravitational binding-energy
anomalies, yields a nearly model-independent test of the UFF for gravitational binding energy at
the 1% level. A fivefold tighter limit follows if composition-dependent interactions are restricted
to vector forces. Our galactic-source results test the UFF for ordinary matter attracted toward
dark matter, yielding n°M(Be,Cu)= (-1.3 £ 0.9) x 1073, s°M(Be,Al)= (+1.8 £+ 1.4) x 107* and
7nPM(Si/AL,Cu)= (4-0.7+1.0) x 10~2. This provides laboratory confirmation of the usual assumption
that gravity is the dominant long-range interaction between dark and luminous matter. We also test
Weber’s claim that solar neutrinos scatter coherently from single crystals with cross sections ~ 10%*
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times larger than the generally accepted value and rule out the existence of such cross sections.

PACS number(s): 04.80.—y, 14.80.—j, 95.35.+d

I. INTRODUCTION

The universality of free fall (UFF) asserts that a point
test body, shielded from all known interactions except
gravity, has an acceleration that depends only on its lo-
cation. The UFF is closely related to the gravitational
equivalence principle, which requires an exact equality
between gravitational mass my and inertial mass m; and
therefore the universality of gravitational acceleration.
Experimental tests of the UFF have two aspects-they
can be viewed as tests of the equivalence principle or as
probes for new interactions that violate the UFF.

The classic modern tests [1,2] of the UFF placed upper
limits on the parameter

_Aa __(mg/mi)a — (mg/mi)B
n(A,B) = o 2(mg/m,-)A iy e (1)

by using torsion balances to measure the differential ac-
celerations, Aa = a4 — ap, of laboratory test bodies A
and B toward the Sun. There were strong experimental
reasons for using the Sun rather than Farth as the at-
tracting body, even though the UFF-violating signal for
a given 7 is about 3 times weaker in experiments where
the Sun is the attracting body [3]. The disadvantage of
the weaker solar signal is outweighed by the systematic
advantages of the solar source. The great distance to
the Sun effectively eliminates problems from gravity gra-
dients and magnetism, and the Sun’s motion modulates
the signal from a laboratory-fixed apparatus, avoiding
the rotation of a delicate instrument required in torsion-
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balance experiments that use Earth as the attracting
body.

However, one pays a price for these experimental ad-
vantages: A UFF-violating interaction with a range sig-
nificantly less than 1.5x10'! m would be essentially unde-
tectable in solar experiments. We expect a UFF-violating
interaction to arise from the exchange of scalar or vector
bosons of mass m,, leading to a potential energy between
two point objects of the form

gZ e—r/)
VAB(T)=¢4—7;(45)A(45)B — (2)

where g is a coupling constant, g5 denotes the “charge” of
the body, A = A/mpc is the interaction range which could,
in principle, have any value ranging from the Planck
length to infinity, and the minus and plus signs refer to
interactions mediated by scalar or vector bosons, respec-
tively.

The interaction specified in Eq. (2) would produce a
differential acceleration of closely spaced point test bod-
ies A and B toward a point source S which may be writ-
ten as

& = _asA(q_s) (g_S_) (1 + r_) e-‘T//\ 7 , (3)
ag u H/)s A

where Ad = d4 — dB, as = Fg?/(4mu%G), u denotes
the atomic mass unit, u represents mass in amu, and ag
is the gravitational acceleration toward the source. As
expected the differential acceleration is proportional to
the difference in “charge”-to-mass ratios of the test bod-
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ies, A(gs/n) = (g5/m)a — (gs/1) B, times the “charge”-
to-mass ratio of the source, (¢s/u)s. For an extended
source, the differential acceleration becomes

where the term in the anglular brackets is the aver-
age “charge”-to-mass ratio of the source, and the source
strength

= |/

JO) =GV, /p( Nt |~ 7 d3r’ (5)

is integrated over the density p of the source.

We have no bias as to what might constitute the
“charge” of a UFF-violating interaction and designed
our experiment accordingly. However, vector interactions
coupled to charges of gs = B, ¢gs = L, gs = B — L, and
gs = 3B + L, where B and L are the baryon and lepton
numbers, respectively, may have some special interest be-
cause B and L are conserved within the accuracy of ex-
isting experiments, B — L is conserved in grand unified
theories that do not conserve B and L individually, and
3B+ L simply counts the number of elementary fermions.
As a result we typically discuss our results in terms of the
most general vector charge of electrically neutral, stable
matter

= Bcosfs + Lsinfs , (6)

where 65 is a parameter that may have any value from
—m/2 to 7/2.

Theories containing scalar interactions are probably
the most natural extensions of general relativity, the
“standard model” of gravitation. For example, all string
theories predict a scalar partner of the tensor graviton
(the dilaton), both of which arise as products of left-
moving and right-moving excitations of the string. A
massless dilaton is usually rejected because it would pro-
duce large violations of the UFF. However, Damour and
Polyakov [4] discuss a string theory scenario containing a
massless dilaton that nevertheless generates a very small
violation of the UFF. They argue that string-loop mod-
ifications of the dilaton-matter couplings may provide
a mechanism whereby cosmological evolution drives the
dilaton to couple to matter so weakly that it could not
have been detected in existing UFF experiments. From
our standpoint of interpreting experimental constraints,
scalar interactions couple to charges that cannot be spec-
ified as simply as is possible for vector interactions, but
a tree-level approximation for the scalar charge leads to
an expression for g5 that is similar to Eq. (6). We em-
phasize that scalar “charges” (three-space integrals over
the Lorentz scalar charge density), unlike vector charges,
are neither conserved nor Lorentz invariants; it is only at
the tree level that the scalar charge of a complex body is
the sum of the scalar charges of its constituents.

In this paper, we present new results that complement
in several ways the classic work of Refs. [1] and [2]. First,
we studied differential accelerations in the field of Earth
so that we could probe UFF-violating interactions with
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A’s ranging from 1 m to infinity. Second, the elemen-
tal compositions of our test-body pairs (Be-Al, Be-Cu)
were quite different from those used previously, Al-Au
[1] and Al-Pt [2], to preclude the possibility that a UFF-
violating interaction was not detected because A(gs/u)
happened to be very small for the similar test body pairs
used in the two solar experiments. Third, we analyzed
our data to extract limits on differential acceleration to-
ward the center of our Galaxy as well as in the frame
in which the cosmic microwave background is isotropic.
These latter two measurements were undertaken to test
the UFF for ordinary matter falling toward dark mat-
ter that is believed to account for most of the observed
large-scale astronomical accelerations [5,6].

In addition we compared the accelerations toward the
sun of Cu and composite Si/Al test bodies. We were
motivated by Nordtvedt’s observation [7] that the highly
precise lunar laser-ranging test of the UFF for Earth and
the Moon falling toward the Sun [8] is actually two tests
in one: a test of the UFF for gravitational binding en-
ergy (gravitational binding energy reduces Earth’s mass
by about 5 parts in 10!° but is much less important in
the Moon) and a probe for composition-dependent non-
gravitational interactions (Earth has a sizable Fe/Ni core
while the Moon does not). One can separate these two
tests, and eliminate the possibility that a composition-
dependent interaction masks a gravitational binding en-
ergy anomaly, by comparing the accelerations toward the
Sun of “scale-models” of Earth and the Moon that have
the same or similar compositions as the real Earth and
Moon but negligible gravitational self-energies. We ap-
proximated this test: Our Si/Al bodies simulated the
elemental compositions of Earth’s crust and the Moon,
while Earth’s core was simulated by the Cu bodies.

Finally, because our composite Si/Al bodies contained
dynamically perfect single crystals of Si, it was possi-
ble, as a by-product of our work, to test Weber’s claim
[9] that solar neutrinos scatter coherently from a single
crystal with cross sections over ~ 1023 times larger than
the generally accepted value [10]. No evidence for such
enhanced cross sections was observed.

The basic principles and many aspects of our instru-
ment and analysis methods have already been presented
in some detail [11]. In this paper we concentrate on those
features of our instrument and analysis methods that
have been upgraded since the publication of Ref. [11].

II. THE EOT-WASH ROTATING TORSION
BALANCE

A. General description

The Eo6t-Wash continuously rotating torsion balance
operates in a laboratory excavated from a hillside on
the University of Washington campus with the balance
=~ 1.7 m from an exterior wall facing the hill. This site
provides a reasonably strong source for Yukawa interac-
tions with ranges down to about 1 m. Figure 1 shows a
side view of the instrument. A highly symmetric torsion
pendulum is freely suspended in vacuum from a 20 um
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FIG. 1. Cross section of Eot-Wash apparatus. 1, torsion
fiber; 2, autocollimator; 3, rotateable gravity-gradient com-
pensators; 4, magnetic shields; 5, turntable; 6, stationary
gravity-gradient compensators; 7, vacuum vessel; 8, pendu-
lum; 9, outer heat shield; 10, Helmholtz coils; 11, concrete
block; 12, damper; 13, corotating cable clamp; 14, upper fiber
attachment mechanism. The concrete block abuts the hillside
wall of the laboratory and is 1.23 m high.

diameter 0.8 m long Au-coated W fiber. Torques on the
pendulum are monitored by an optical autocollimator
system with high sensitivity to torsional excursions, but
essentially no sensitivity to the “swing” and “wobble”
modes of the pendulum. The pendulum and its associ-
ated apparatus are mounted on a turntable that rotates
continuously around a vertical axis with a period 7can,
long compared to the free torsional oscillation period of
the pendulum, 79 =~ 695 s. The rotating pendulum is lo-
cated at the center of a set of stationary masses that “flat-
ten” the local gravitational field and a set of three-axis
Helmholtz coils that cancel the ambient magnetic field.
In addition the pendulum is surrounded by three nested
corotating magnetic shields that attenuate the residual
laboratory-fixed magnetic field by a large factor. The ro-
tating apparatus is enclosed in a hermetic thermal shield
that is maintained at a constant temperature and the en-
tire apparatus is contained in a small, heavily insulated
room that is itself kept at a constant temperature by a
separate controller system.

Figure 2 shows the pendulum in more detail. The pen-
dulum employs symmetry to make it as difficult as pos-
sible for spurious effects to favor one test body over an-
other. The pendulum contains four cylindrical test bod-
ies, two each of two different materials. The test bodies
are normally configured as a composition dipole, but can
be arranged as a quadrupole to test for systematic errors.
All test bodies have the same outside dimensions, iden-
tical masses, and vanishing mass quadrupole moments.
The test bodies are precisely positioned in a “tray” that
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FIG. 2. Details of the two torsion pendulums used in this
work. The pendulums have extensive symmetry to minimize
spurious effects, and the test bodies themselves can be inter-
changed on the pendulum tray to further discriminate against
false effects. Left: the pendulum (described in Ref. [11]) used
in the Al-Be experiment and part of the Cu-Be experiment.
Right: the pendulum used for part of the Cu-Be experiment
and the Si/Al-Cu experiment. The masses on the upper and
lower ends of the central axle minimize the pendulum’s gy,
and g3, moments. These two masses contain trim screws that
are used to null the g,;, moment arising from small machining
imperfections.

also contains two passive masses (discussed below) and
four mirrors, any one of which can be used by the au-
tocollimator. Thus the tray and fiber suspension system
may have any of four equally spaced angles with respect
to the rest of the rotating apparatus, and the composition
dipole itself can have any of four configurations on the
tray. This freedom to break any correlation between the
orientation of the composition dipole and the angle of the
turntable, or of the tray and suspension fiber, has proven
to be very useful in suppressing systematic errors. The
entire pendulum, including the mirrors, test bodies, and
suspension fiber, is coated with Au as is the innermost
magnetic shield that surrounds the pendulum.

B. Test bodies

Our test bodies are shown in cross section in Fig. 3
and their properties are listed in Table I. The Be, Al,

MLl

—2em-—-
Si/Al

FIG. 3. Cross-sectional views of the test bodies. The sym-
metry axes of the cylindrical bodies lie vertically in the plane
of the page.
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TABLE 1. Some properties of the test bodies.

Property Be body Al body Cu body® Cu’ body® Si/Al body
Mass® (g) 10.0414(5) 10.0414(5) 10.0414(5) 10.0438(5) 10.0432(5)
G20 (gcm?) —1.6 x 10~* -1.1x 1073 1.4x 1072 1.4 x 1072 1.6 x 1072
G40 (gcm?) -1.2 -1.6 -2.4 -2.4 -1.2
B/u 0.998648 1.000684 1.001117 1.001117 1.000772
L/u 0.443844 0.481811 0.456365 0.456365 0.492162

2Used with the Be body.

bUsed with the Si/Al body.

°‘Buoyancy corrected.

dConsists of 6.2967 g of Si and 3.7465 g of Al

and Cu bodies were those used in Ref. [11]. Before be-
ginning the Si/Al-Cu measurements the Cu bodies were
given new Au coatings so that their weights more closely
matched those of the Si/Al bodies; these recoated bodies
are called Cu’. The Si/Al test bodies consisted of dynam-
ically perfect single-crystal Si cylinders contained inside
Au-coated Al shells whose outside dimensions were the
same as those of our other test bodies. The 111 axes of
the Si crystals were parallel to the synimetry axes of the
cylinders.

C. UFF-violating signal

As the turntable rotates, a laboratory-fixed differential
acceleration Ad of the test bodies will produce a small
angular deflection of the pendulum, 6, that varies har-
monically as a function of turntable angle ¢:

8(¢) = AaL%g sin(¢o — ¢ — 6) (7)
= c§"(8) sin ¢ + ¢$°(6) cos ¢ , (8)

where Aa is the horizontal component of the differential
acceleration vector, m is the mass of an individual test
body, s is the separation of two adjacent test bodies, § the
laboratory angle of the composition dipole when ¢ = 0,
& is the torsional spring constant of the fiber, and ¢o de-
notes the laboratory azimuthal angle of A@ when § = 0.
[In Eq. (7) we have, for simplicity, neglected the attenua-
tion and phase shift arising from the inertia of the pendu-
lum. Our results given below are always corrected for this
effect.] Because essentially all of our systematic effects
depend on either the angle of the turntable or the orien-
tation of the pendulum tray rather than on the direction
of the test-body composition dipole, we formed our UFF-
violating signal by taking equal amounts of data with var-
ious values of § and combining the resulting c§i* and c§°®
coefficients in such a way that systematic effects not ex-
plicitly associated with the test bodies themselves (such
as irregularities in the turntable drive, gravity-gradient
torques arising from small distortions of the pendulum
tray, etc.) tended to cancel, while a true UFF-violating
signal would add coherently.

In Secs. IID-IIF below we discuss the major improve-
ments made to our instrument since the publication of

Ref. [11].

D. Control of the rotation rate

It was essential that the turntable rotation rate be as
constant as possible because variations in this rate would
twist the suspension fiber and produce an autocollima-
tor signal. Prior to taking the new data reported in this
paper, we installed an improved rotation-rate controller.
This system compared the pulse train from a computer-
controlled crystal oscillator to the pulse stream from a
900000 pulse/revolution optical shaft encoder mounted
on the turntable, and drove the turntable motor in such
a way as to phase lock the two pulse trains. The effec-
tiveness of this device is shown in Fig. 4. After the rate
controller was installed our torsional noise dropped close
to the thermal limit (see Fig. 5): The mean torsional am-
plitude of the rotating pendulum is now about 1.6 urad,
only 50% larger than the thermal value of 1.1 urad.
As shown in Fig. 5, the torsional amplitude when the
turntable is rotating is very close to that observed when
the apparatus is stationary.

E. Gravity gradient measurement and compensation

Gravitational gradients coupled to pendulum imper-
fections are one of the dominant systematic effects in our
instrument, and so we discuss these in some detail.

-40 .
]
—~ ]
'U 4
E -80 -
i 4
N -
= ]
-100 —
]
—1201 ]

240 320 400 480

¢(degrees)

FIG. 4. Effectiveness of the turntable rotation rate con-
troller. The feedback was switched off and then on again, to
demonstrate the effect of phase locking the shaft-encoder out-
put to a crystal oscillator. Each high-frequency oscillation is
due to one rotation of the worm gear in the turntable drive.
Note that the torsional oscillation was “pumped up” during
the time when the feedback was off.
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FIG. 5. Spectral power densities of the angular deflection
signal. Top panel: turntable rotating; the arrow shows the
frequency of our signal. Center panel: turntable stationary.
Bottom panel: electronic noise observed when the autocol-
limator viewed a corner reflector instead of the pendulum.
Note that the noise while rotating is very close to the noise
when the turntable is stationary. The smooth curves in the
upper two plots show the predicted thermal noise levels plus
the noise “floor” from the electronics.

1. Formalism

The gravitational potential energy of our pendulum
can be written as

oo +1
1
W = —41FGZ ZT-H Zlqllem s (9)
=0 m=—

where the multipole moments

Gim = / op ()P Y (F) P (10)
and the multipole fields
Qum = [ pul )i ()% (1)

are integrated over the source and the pendulum, respec-
tively. We assume that the Z axis of our coordinate sys-
tem coincides with the turntable rotation axis. If the

qLm = Z

l,m,l',;m'

47 2L + 1 ! . N —im
V (211 +(1)|(21 _Z_ 1)| (r’)l Yl’m’(rl) dim€ ‘bC(l’,m',l,m, L, M)61+l',L s
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pendulum is rotated about Z at a frequency w so that
¢ = wt, then

—imwt

qim = qlm(t) = ?zme ) (12)

where @, is calculated in a body-fixed frame [for the
moment we assume the pendulum center of mass (c.m.)
lies on the Z axis so that g, is computed about the
pendulum c.m.].

The gravitational torque on the pendulum is then

oW +
Ty=—%—-= -—47riGZ —_— Z MG Qim
8¢ =0 2l + 1 m=-—1
xe~imet (13)

so that gravity will produce an mw signal if §;,,,Qim # 0.
In particular, if the g;; Qi1 product does not vanish, grav-
ity will produce a spurious 1w signal that could mimic a
UFF violation.

Equation (13) converges as (r/R)' where r is a typical
dimension of the pendulum and R is a characteristic dis-
tance from the pendulum to the closest source. Because
r/R < 1/10, gravitational torques arise predominantly
from low ! terms. However, the §;; moment vanishes
for a pendulum suspended from a perfectly flexible fiber,
and so the most troublesome effects come from the m = 1
terms with [ > 2. Although our pendulum was designed
so that the first m = 1 moment nominally occurred in
l = 5 order (because the gs0 moments of the individual
test bodies were not identical), small imperfections gen-
erated lower-order moments that caused the dominant
systematic errors.

We must also allow for misalignments of the torsion
pendulum and consider two such misalignments: an off-
center attachment of the torsion fiber to the pendulum
and a displacement between the fiber and the rotation
axis of the turntable. If the fiber is not attached exactly
on the pendulum symmetry axis, the pendulum will hang
“tipped” and acquire effective moments

1
‘jlm = Z qlm'Din’,m(a,ﬁif)’) ’ (14)

m!=—1

where D is a rotation function [12] and a, G, and v are
Euler angles that describe the “tip” of the pendulum.
The leading order effect of pendulum tip is to generate a
g1 moment from g;, and §;, moments. For this reason,
the pendulum was designed to have very small @59, @5,
G3g, and g3, moments.

If the turntable axis Z does not pass through the pen-
dulum c.m., additional torques arise because, as the
turntable rotates, the pendulum travels in a small cir-
cle in the laboratory frame (the frame in which the Qi
are computed). This leads to an effective moment
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where 7/ is the vector from the pendulum c.m. to the origin of the coordinate system and C is a Clebsch-Gordan
coefficient. In this case the gravitational potential energy is

4m(2L + 1)!

(21’ + 1)'(21 + 1)' (rl)" Yl"m’ (7:’) qlme_imd’ C(l’1 m’) l,m,L, M)61+l',L . (16)

QLm
W = —4xG Z
i3 2L +1

lml'

The torque on the pendulum is found by differentiating W with respect to the pendulum angle ¢, keeping 7' fixed.
(Although 7', the coordinate of the pendulum c.m., varies as the turntable rotates, variations of W due to changes

in 7/ do not produce any torque about the fiber.) Then we allow 7’ to vary as
Y (M) () = Eomre™™9, (17)
where €.,/ is the displacement term when ¢ = 0. Therefore
_ . QLM 41I'(2L + 1) ’ ' — — —i(m+m')wt
Tg = 4WZG§2L+1 o (21,+1)' 2l+ 1)' C(l ,ym )lym7L1M)€l'mlq1me 6,+11’L . (18)

For an ideal but off-centered pendulum, whose lowest
m # 0 moment is nominally g,,, the leading order ef-
fect couples to Qs3 and Q55 fields producing 3w and 5w
signals, but without affecting the lw signal that is our
UFF-violating signature. Because the actual pendulum
has a stray g,, moment which can couple to a Qs; field
and produce a lw signal, it is important to center the
pendulum with reasonable accuracy. We centered the
fiber to within 0.13 mm of the turntable rotation axis.

A program MULTI was developed to assist us in design-
ing the pendulums and gravity-gradient compensators.
MULTI computes the gravitational and Yukawa multipole
moments and fields (the Yukawa moments and fields are
defined in Ref. [11]) of mass distributions assembled from
a menu of basic shapes such as cylinders, cones, and
plates of various shapes. A second program MOVE then
was used to translate and rotate the multipole moments
calculated by MULTI.

2. Measuring the gravity gradients

We reduced gravitational systematic errors by measur-
ing and then minimizing both the stray g;; moments of
the pendulum and the Q;; field gradients. The Q,, fields
were measured by replacing the normal test bodies with
special gradiometer test bodies that gave the pendulum
large, known g;,,, moments, and observing the resulting
muw signals. An ideal gradiometer pendulum has a large
7;,» moment, negligible values for all other moments, and
a vanishing composition dipole moment. Figure 6 shows
gradiometers that were used to measure the Q2;, Q31,
and Q4 fields. The Q2; field was measured simply by
removing two diagonally opposite test bodies from the
normal pendulum. The gravitational properties of our
gradiometers are listed in Table II and the measured lab-
oratory gradients are shown in Table III .

FIG. 6. Gravity gradiome-
ters used in this work. Left:
gradiometer with a large, cal-
culable g,; moment that mea-
sures the laboratory Q2; gra-
dient. Center: gradiometer
with a large, calculable g5, mo-
ment that measures the lab-
oratory Qs; gradient. Right:
gradiometer with a large, cal-
culable g,; moment that mea-
sures the laboratory Q4. gradi-
ent. The shaded areas in the
cross-sectional views are Cu;
the unshaded areas are Al.




3620

TABLE II. Calculated gravity moments of the gradiome-
ters.

Moment g,, gradiometer g3, gradiometer g,,; gradiometer
|@51 /(g cm?) 24.0 0 0
|§a:1](g cm?) 0 22.9 0
@41 |(gcm?) 338 0 646
|gs:1/(g cm®) 0 519 0

3. Compensating the gravity gradients

The gravitational field at the pendulum c.m. was “flat-
tened” using a systematic approach based on the multi-
pole formalism given above. The leading order gradi-
ent was found to be Q2; = (—0.046 + 1.151i) g/cm?
(see Fig. 7 and Table III) with uncertainties at the
+0.002 g/cm? level. This agreed reasonably with calcua-
tions based on the local mass distribution that predicted
Q21 = (—0.10 + 1.17%) g/cm® . We compensated this
gradient by installing the @2; compensators as shown in
Fig. 8; these reduced the @2, gradient (just after compen-
sation) to less than 0.004 g/cm3. Next the Q2 gradient,
which also has a strong contribution from the hillside,
was compensated using the mass distribution also shown
in Fig. 8. Then the Q3; and finally the Q4; gradients
were compensated in similar ways. The results of this
procedure are summarized in Table III.

4. Measuring the q;,, moments of the pendulum

The g;; moments of our pendulums were determined
by introducing machined masses to produce large, known
Qu fields and observing the change in the lw signal as
the applied @, field was reversed in the laboratory (see
below). The calculated and measured gravitational mo-
ments of our pendulums are listed in Table IV.

5. Zeroing the q3; moment of the pendulum

Recently, we discovered that the Q2; gradient has sea-
sonal variations. Figure 9 shows the Q;; gradient mea-
sured during a week when the annual rainy season began
after a long dry spell. We found that the Q2; field in-
creased with time as the rain soaked into the ground, and
that the size of the effect was consistent with the mea-
sured depth of the rain-soaked layer of soil. Because it
was not practical to monitor continuously the Q; field,
it could not be compensated to an accuracy better than
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FIG. 7. Cancellation of the Q2; gradient. Top: the Q2:
compensator was inverted so that it doubled the ambient gra-
dient. The g,, gradiometer saw a large lw signal because
gravity pointed in different directions at two points 8 mm
apart. Bottom: the g,, gradiometer signal with the Q2 com-
pensator in its normal position. The lw signal was reduced
by a factor of ~900, but a small 3w signal was observed. This
3w signal arose from the g,; moment of the gradiometer cou-
pling to the small Q43 field of the compensator. The observed
3w amplitude of 3.17 £ 0.08 urad agrees reasonably with the
3.33 prad value calculated from the known geometries of the
gradiometer and compensator. (Linear drift has been sub-
tracted from these data.)

the amount by which it fluctuates, about 0.02 g/cm3. To
limit the systematic error from g,; Q21 coupling, we had
to reduce the stray g,, moment of the pendulum. This
was done by installing two orthogonal pairs of 0.041 g Al
set screws in both the top and bottom counterweights of
the pendulum (see Fig. 2) and adjusting these screws to
tune out the g,; moment of the pendulum. One turn of
one pair of screws changed g,; by about 0.0115 gcm?.
These screws were adjusted until the 1w signal from the
tuned pendulum was below 200 nrad in the large (about
200 times normal) gradient produced by inverting the
Q21 compensator. Therefore, in normal runs, the 1w sig-
nal from g,,Q21 coupling is less than 1 nrad. Further-
more, most of this 1 nrad signal was independent of the
direction of the composition dipole on the pendulum tray
and thus further canceled in our UFF-violating signature.

TABLE III. Measured values of the gravity gradients.

Gradient Uncompensated value Compensated value
Q21 (gcm™) (—0.046 + 1.1514)(£0.002) (—=0.22 + 1.537) x 10~ 3(£0.2 x 10~ 7)®
Q22 (gecm™3) (0.94 — 0.22i)(+0.01) < 0.01
Q31 (gem™) (0.14 — 1.724) x 1073(£0.16 x 107?) (0.15 — 0.11¢) x 1073(£0.12 x 1073)
Qs1 (gcm™%) (0.8 + 7.54) x 107%(£1.5 x 107°) (2.0 4+ 0.84) x 107°(£1.6 x 107%)

2Varies by £0.02 gcm™? according to the water content of the soil.
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FIG. 8. Gravity-gradient compensators used to “flatten”
the local gravitational field: a: Q21 compensator, b: Q22 com-
pensator, ¢c: Q31 compensator.

F. Additional improvements

Even though the torsional frequency of our pendulum
is at least 300 times lower than the frequencies of the
“swing” (0.5 Hz), “wobble” (2 Hz), “bounce” (7 Hz),
and “guitar string” (~200 Hz) modes, it is desirable to
damp these modes in a time short compared to a torsional
period so that nonlinear effects do not transfer energy
from these modes into the torsional oscillation. This was
done by mounting a passive eddy-current damper on the
piece joining the thicker “pre-hanger” fiber (see Ref. [11])
to the main fiber. This gave a swing mode damping time
of 400 but had a negligible effect on the torsional mode,

TABLE IV. Gravity moments of the Cu-Be pendulum
shown in the right half of Fig. 2. Values for the pendulum
with Al-Be test bodies differ slightly.

Moment Calculated value Measured value®
g0/ (g cm®) -1.46
|32:| (gcm?®) 0.0054 + 0.0031
22| (gcm?) 0.041 + 0.021
|Z30] (gcm®) 33.8
g cm® 0.48 +0.29
Zaa] (gem")
G40/ (gcm 2837
41| (g cm:) 7.7+43
|g44| (gcm?) ~-1016

®The quoted uncertainty indicates the spread in values over
all configurations. The errors of the individual measurements
are smaller.
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FIG. 9. Variation of the Q2; gradient as rain water soaked
into the ground. The vertical axis shows the lw gradiometer
signal.

whose damping time of about 5500 s (see Fig. 10) was
limited by the residual gas pressure.

Thermal shielding was improved by adding an air-
tight Al shell that enclosed the fiber column, upper fiber
attachment, and the autocollimator; this shell reduced
the lw variations of the internal temperature sensors by
a factor of about 10. The turntable bearing used in
Ref. [11] was rebuilt before taking the data reported here;
this largely eliminated the 3w variation in the orienta-
tion of the rotation axis (compare Fig. 11 to Fig. 20 of
Ref. [11]). After taking the Be-Al and Be-Cu data and
before starting the experiment with the Si/Al test bod-
ies, the autocollimator was improved by replacing the
light-emitting diode (LED) and/or optical-fiber source
discussed in Ref. [11] with a direct diode laser.

III. SIGNAL EXTRACTION

Signals from the autocollimator, 2 orthogonal elec-
tronic tilt sensors mounted on the rotating apparatus,

||v||||||I||||'||||I|r|||ll

1000 — —

6(urads)
o

—1000

o b b b b e e b

) 500 1000 1500 2000 2500
Time (seconds)

FIG. 10. Dynamic calibration based on an abrupt change
of the turntable rotation rate by 8.72 urad/s at t = —70.5 s.
The pendulum response to this change calibrated the angle
and torque scales. The data are shown as small diamonds.
The curve is the best damped oscillation fit.
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FIG. 11. Readings from two orthogonal tilt sensors

mounted on the rotating instrument. Fourier analysis of these
data reveal 1w, 2w, and 3w signals of 2.56, 4.55, and 0.35 urad,
respectively. The results differ from those shown in Fig. 20 of
Ref. [11] because the bearing was rebuilt after publication of
that paper.

2 orthogonal optical sensors that monitored the position
of the suspension fiber in the can frame, and 12 tempera-
ture sensors were digitized in a 16-bit analogue-to-digital
converter (ADC) and recorded, together with the shaft
encoder digital output, every =~ 19.3 s by a small com-
puter. The sampling time was selected so that 36 data
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FIG. 12. Top panel: raw autocollimator readings. Upper
middle panel: after applying the filter that suppressed free
torsional oscillations. Lower middle panel: after applying the
filter that suppresses fiber drift. Bottom panel: expected sig-
nal from a UFF-violating interaction with = 2 x 107'°.
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FIG. 13. Readings from a temperature sensor mounted on
the autocollimator.

points were recorded for each torsional period (about
695 s). This period changed by about 0.4% when dif-
ferent test-body pairs (with differing moments of inertia)
were installed. The turntable rotation rate was adjusted
so that an integral number of torsion periods (8 or 9) oc-
curred during one revolution of the apparatus. Typical
data from the tilt sensors, autocollimator, and a temper-
ature monitor as functions of time are shown in Figs. 11,
12, and 13, respectively.

The most prominent features of the raw autocollimator
data are the steady drift in the readings (due to a slow,
thermally activated drift in the fiber) and the damped
torsional oscillations driven by turntable imperfections,
thermal effects, and seismic disturbances. By comparing
the upper panel of Fig. 12 to Fig. 7 of Ref. [11], one
can see the improvement arising from the turntable rate-
control feedback.

As our data analysis procedures now differ from those
used in Ref. [11], we discuss our current methods in some
detail.

A. Analysis of differential accelerations in Earth’s
fleld

The raw data, a sample of which is shown in the top
panel of Fig. 12, consisted of series of measurements of
the torsional deflection 8 as a function of turntable an-
gle ¢. To extract the lw signal from 6(¢) data, we first
suppressed the torsional oscillation by averaging pairs of
data points that are 180° apart in torsional phase. The
effect of this filter is shown in the center panel of Fig. 12.
Then we suppressed fiber drift and all even harmonics of
the turntable rotation frequency by subtracting pairs of
data points that are 180° apart in the turntable phase:
The results of this are shown in the bottom panel of
Fig. 12. These simple operations produced filtered data
0¢(¢). The filtered data were then corrected for the in-
stantaneous value of the tilt as measured by the two or-
thogonal level sensors to yield the filtered, tilt-corrected
deflections:

6(¢) = 04(¢) — 71 Racn, (¢) — r2 Racrz,(¢) ,  (19)

where Ragn, and Ragiz, are the filtered readings of
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the two orthogonal tilt sensors, and the tilt-correction
coefficents r; and r; were computed by analyzing data
taken with deliberately imposed tilts of about 45 urad
(see Sec. IVF 3 below).

The filtered data were then cut into segments contain-
ing exactly 3 complete rotation cycles (typically 972 data
points) always starting at the same torsional and rota-
tional phase, and 6 successive data points were averaged
together to simplify the subsequent analysis. The aver-
aged, filtered data (f(¢)) were fitted to a function

2
B(¢) = > (ci™sinng + cz*cosng) +Y_ bmPm(9) ,
n=odd m=0

(20)

where the c5i® and c£°* coefficients account for harmonic
angular deflections of the pendulum and P, is a poly-
nomial that accounts for residual fiber drift. The first
sum runs over n=1, 3, 5, and 7 because our filter sup-
presses all even harmonics; the n = 1 terms are our signal
and the remaining odd n terms provide information on
gravity gradients, on turntable irregularities, and on pen-
dulum misalignment as discussed in Sec. IIE1. Fewer
than 1% of the data points were rejected in the fitting
process on the basis of excess noise. The c&® and c£°* co-
efficients were then corrected for attenuation and phase
shift introduced by the pendulum inertia, electronic time
constants, the digital filters, and the averaging process.
Each experimental state (a given configuration of the
composition dipole on the tray and of the pendulum tray
and fiber with respect to the turntable) contained about
30 three-cycle segments. The cumulative 1w signal for
a given state (denoted as ¢} and ¢§°® coefficients) was
obtained as follows. We combmed the csi® and c$°® co-

N ~ .
Stte = ZDE"‘,
1 < (Dg= -
N

i=1

smF)z

assin — ,
UFF N—2

In one case the § Sypr error was slightly smaller than the
uncertainty one would obtain by propagating the errors
in the 5" and ¢§°* coefficients; for that one case we used
the propa.gated (larger) error.

For diagnostic purposes we repeated the procedure
given in Eqgs. (21)—(24) and extracted the corresponding
offsets O%™ and O and “signals” S%® and S associ-
ated with the ¢® and c°* coefficients with n = 3, 5, and
7.

B. Analysis of differential accelerations toward
astronomical sources

We extracted differential acceleration signals toward
astronomical sources by taking advantage of the fact that
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efficients of individual segments in two different ways:
weighting all points equally and weighting the points by
the inverse square of the fit errors. These two analyses
always gave consistent results. The central values of ¢5:®
and ¢§°® were taken as the average of the two means and
the uncertainties as the larger of the two errors (which
was usually the error from the unweighted analysis).

The central values from the various states were com-
bined to extract the UFF-violating signal as follows. We
first calculated the instrumental offset O by averaging
the lw signals observed in the N individual data sets,
where each data set was characterized by a definite ex-
perimental state:

N

Z —sm

Osm _ N z —sm)J’ 0°°8 — (21)

The offset contained no contribution from a UFF-
violating interaction because its effects canceled when
summed over a complete set of states. We then found
the deviations D; of the 1w signals in each state from the
offset O,

Dﬂln —_ (—sxn)] — Osin’ D;Ol - (E(I:OS)J — OCOB . (22)
Next we rotated these derivations so they would add co-
herently if they arose from an external torque on the
composition dipole,

D = + D" cos § + D> sin 4

D$* = —D%8sin§ + DS cosé (23)

where § is defined in Eq. (7). Our UFF-violating signal
Surr was then the average of the Dj;’s and the error
6Syrr was determined by the scatter of the points,

cos 1 al ~cos
SUFF = 3 Z D3 (24)
j=1
N
cos (Dcos _ cos )2
dSUFF = Z =

Iessentia.lly all of our systematic effects were fixed in the
laboratory frame. We therefore chose to look for the
sidereal (or solar) daily modulation of the ci® and c{**
coefficients caused by the movement of the astronomcal
sources in Earth’s frame. A UFF-violating signal from
any astronomical source that is not in Earth’s equatorial
plane also has a constant component lying in the north-
south direction, but we ignored this constant component
as it may be contaminated by systematic effects fixed in
the laboratory frame.

We began our analysis by dividing the 8(¢) data for
each test-body pair into segments containing precisely
two complete rotations of the turntable, during which
time the sources had typically moved by only 52°. We
extracted the ci® and c§°® coefficients for each segment
as described above, and computed the altitude ¥ and az-
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imuth ¢ of the source at the effective midpoint of each
data segment, approximating the Sun and Galaxy as
sources that remained stationary during a segment. Our
results were later corrected for the ~5% attenuation in-
troduced by this approximation. A set of c§® and c§°*
coefficients from about 1 week of continuous data accu-
mulation in a given state was then fitted by

¢4 (i) = k cos(9)[ cos(p: — go)Aa — sin(i; — po)Aa’]

+dsin ,
c$°%(2) = kcos(9;)[+ sin(p; — ¢o)Aa — cos(p; — ¢o)Aa”]
o (25)

where i refers to a particular data segment, £ = 1.19 x
103 rad s?/cm is a property of our torsion pendulum, Aa
is the differential acceleration toward the astronomical
source, Aa* is a quadrature acceleration that is expected
to vanish within the errors of the measurement, ¢q speci-
fies the orientation of the composition dipole when ¢ = 0,
and the constants d®*® and d°°® account for effects fixed
in the laboratory frame. The various c§i®(i) and c§°(3)
coefficients were weighted equally in the fitting process.
Our quoted values of Aa and Aa* for a given test-body
pair were found by combining the individual fit values
weighted by the inverse square of their errors.

IV. EXPERIMENTAL RESULTS
A. Data aquisition protocol

We followed a standard procedure each time the test-
body configurations were changed. After installing the
test bodies and evacuating the chamber to 2 x 102 Torr,
we measured the pendulum g,, by taking data with the
Q21 compensator reversed. If the observed signal ex-
ceeded 200 nrad, we opened the apparatus, adjusted the
trim screws to reduce @,,, and began again. One itera-
tion usually sufficed. (This tuning procedure, of course,
was only used after the trim screws were installed early
in 1993.) The apparatus was then heated to 50°C for
24 h and cooled back to the normal operating temper-
ature of 23.5°C. This procedure reduced the fiber drift
rate to < 4 prad/h. The Q21 compensator was then
returned to its normal position, and a dynamic calibra-
tion (see Sec. IVE below) was made. Next a series of
tilt-calibration runs were taken to determine the tilt ma-
trix (see Sec. IVF 3). Then UFF data were taken over
a period of 7-9 days. At the midpoint of the UFF data
accumulation, we made magnetic systematic tests and
measured the g3, and §,; moments of the pendulum. Af-
ter the UFF data were obtained, we modulated the tem-
perature of the thermal shields by +1.1°C. Finally, we
repeated the dynamic calibration to test the stability of
the instrument.

We used a simpler procedure in the Si/Al-Cu experi-
ment as we were not studying differential acceleration in
Earth’s field and therefore did not need to control grav-
ity gradients so carefully. We kept the test bodies in a
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single configuration and simply rotated the top fiber at-
tachment to take data with each of the four mirrors in the
autocollimator beam; this obviated the need to open the
apparatus after it was initially heated and cooled down.
Before beginning an UFF data run we made a dynamic
calibration and completed a series of tilt-calibration runs.
After taking UFF data for a period of about 7 days we
rotated the fiber to a new mirror and began with a new
dynamic calibration.

B. Data with a Be-Al dipole

These data were taken between December 1991 and
April 1992 with the pendulum shown in the left of Fig. 2.
The turntable rotation period 7. was set to 7. = 979 =
6231.2 s. A total of 205 three-cycle data segments were
acquired in 4 different states. Data taken in each state
were divided into three sets: one containing data taken
before the systematic error tests performed at the mid-
point of the data taking sequence, one containing data
taken after the tests, and one containing the average of
the g3; measurements (because the applied Q3; was re-
versed during these tests, there was no net contribution
from the applied Q3; fields). The data were divided in
this way so that a meaningful error could be extracted
from the scatter of a significant number (VN = 12) of data
sets.

C. Data with a Be-Cu dipole

These data were taken between April 1992 and July
1992 with the pendulum shown in the left of Fig. 2
and the turntable rotating in the reverse direction with
Te = 979 or 7. = 87 (labeled Be-Cu I), and between Jan-
uary 1993 and May 1993 with the pendulum shown in the
right of Fig. 2 and the turntable rotating normally with
a period 7, = 979 (Be-Cu II). A total of 479 three-cycle
data segments were acquired in 8 different states. Equa-
tions (21)—(23) were used 3 times for these data: once for
Be-Cu I data with 7. = 979 (N = 6), once for the Be-Cu
I data with 7. = 879 (IV = 6), and once for the Be-Cu II
data (N = 12). The 24 D;i“’s and 24 D;$°%’s were com-
bined using Eq. (24) with the factor N — 2 replaced by
N —4.

D. Data with a Si/Al-Cu dipole

These data were taken between May 1993 and Septem-
ber 1993 with the pendulum shown in the right of Fig. 2.
The turntable rotation period 7. was set to 7. = 97¢. In
this case we were interested in obtaining the acceleration
toward astronomical sources (especially the Sun), and
so the experimental states were selected to give optimum
sensitivity for a signal modulated in the laboratory frame.
Therefore, we did not interchange the test bodies on the
pendulum tray to cancel the effects of laboratory-fixed
gravity gradients coupling to distortions of the pendu-
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lum tray. Instead, we took data on all four mirrors of the
pendulum, because rotating the pendulum to a different
mirror could be done rapidly and with little disturbance
to the rest of the apparatus.

E. Calibrations

As our methods for calibrating « and 6, the torsional
constant of the fiber and the angular deflection, are de-
scribed in Ref. [11] we present here only the results.

During the course of this work we regularly made dy-
namic calibrations by observing the pendulum response
to an abrupt, well-known change in the turntable speed.
These could be done rapidly and with good precision.
A typical result is shown in Fig. 10. These data de-
termined the angular deflection scale, the free-oscillation
period 79, and damping time 74. Because the pendu-
lum moment of inertia could be calculated reliably, the
measurement of 7y also determined the fiber constant .
The values of k were found to be very stable and yielded
k = (0.0330 £ 0.0005) erg/rad, where the error is domi-
nated by uncertainties in the calculated moment of iner-
tia.

We also made two gravitational calibrations of our in-
strument by installing Q44 sources and observing the 4w
signals induced by their coupling to the known (see Ta-
ble IV) g,, moment of the pendulum. The first test,
shown in Fig. 14, used four 486 g masses placed at 90° in-
tervals 35.5+0.1 cm from the torsion pendulum to create
a hexadecapole field of Q44 = (1.91£0.02) x 10~ 5g/cm®.
The resulting 4w amplitude 428 + 16 nrad and phase
44.0+0.6° agreed with the 439+ 6 nrad and 45.0° values
predicted from the calculated g, and Q44 moments, and
the measured «.

The second test used a much weaker Q44 source to
check that we could correctly detect a very small signal.
This source consisted of four 32.5 g masses placed sym-
metrically around the balance at a distance of 32.2 cm
to give Qqq = (1.66 £ 0.02) x 10~% g/cm®. The results
of this test are shown in Fig. 15. The observed 4w am-
plitude and phase, 44 + 8 nrad and (45 + 3)°, agreed well
with the expected values of 38.0 0.4 nrad and 45°. The
induced torque in this case was equivalent to a UFF vi-
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FIG. 14. Direct gravitational calibration using a known
Qa4 source. The source was installed and removed four times
to discriminate against the small background Q44 gradient.
The observed 4w signal of 428 + 16 nrad agreed well with the
439 + 6 nrad value predicted from the dynamic calibration.
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FIG. 15. Demonstration of our experimental sensitivity us-
ing a Qa4 source that generated a 4w signal of the same am-
plitude as the 1w signal produced by a UFF-violating interac-
tion with n = 2.1 x 10™!!. This plot was made by subtracting
source-out data from source-in data and binning the results
in ¢. Fiber drift has been subtracted. The best-fit 4w sig-
nal (shown as a solid curve) has an amplitude and phase,
(44 + 8) nrad and (45 + 3)°, in excellent agreement with the
expected values of 38 nrad and 45°, respectively.

olation of = 2.1 x 10~!! (a value consistent with the
null results of Ref. [1]) in our normal mode of operation.

F. Systematic effects

Our strategy for treating systematic effects was de-
scribed in Ref. [11]. We identified the various “driv-
ing terms” that could induce systematic errors, mea-
sured these driving terms during the course of the nor-
mal data-taking, and then in subsidiary measurements
deliberately induced such “driving terms” with ampli-
tudes large enough to produce detectable signals. These
subsidiary measurements yielded the sensitivity to the
“driving terms” and allowed us either to make corrections
(with associated uncertainties) or to place upper limits
on their contribution to the systematic errors. Such sys-
tematic tests occupied a significant fraction of our total
effort.

The results of the systematic tests are summarized in
Table V. The most important systematic effects were

TABLE V. Systematic error budget for the angular deflec-
tion signal (in nrad).

Effect Be-Al Be-Cu
Q2: gradient 1.1 0.7
Q31 gradient 1.3 0.8
Q41 gradient 0.5 0.4
1 > 4 gradients 0.2 0.2
Linear tilt 0.1 0.2
Magnetism 0.05 0.1
Thermal lw 0.4 0.4
Thermal gradient 0.07 0.07
Calibration drifts 0.4 0.4
Total 1.9 1.3
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gravity gradients, tilt of the rotation axis, and irregular-
ities in the turntable rotation rate.

1. Gravity gradients

The systematic uncertainties from gravity gradients
were derived from Eq. (13) using the measured values or
limits of g;; and Q;;. Because the largest local gradient
field Q2; was found to change with time (see Sec. IIE5),
the Q2; gradient was measured before and after each set
of UFF measurements in a given state. If the gradient
was found to have changed, lead bricks were added or
removed from the floor to maintain Q2; to below 0.015
g/cm3, the value used to assign the associated system-
atic error. The component of g,, correlated with the
composition dipole of the pendulum was used to assign
the systematic error. No corrections to the data were
made for the ¢2;Q2; coupling.

The Q3 field at the pendulum was measured using the
G5, gradiometer shown in Fig. 6. Small lead bricks were
then mounted on the thermal shield to reduce this field
by a factor of 8 (see Table III). The residual Q3; field
did not vary with time; the variation expected from the
rain water was much smaller than our errors. A fraction
of the data in each state was taken with a large applied
Q3; field that pointed first to one side and then to the
opposite side of the apparatus. The difference between
the signals in these two cases measured the g;; moment
of the pendulum. For the Be-Al and Be-Cu I data, we
observed a nonzero g3; moment that was largely inde-
pendent of the orientation of the composition dipole (we
attributed this moment to the known g, moment of the
pendulum accompanied by a permanent pendulum “tip”
of ~ 1 mrad) and applied ¢3;Q3; corrections of around 5
nrad to each state of the Be-Al and Be-Cu I data. When
the compensating screws were added to the pendulum
countermasses, we reduced the g3, moment by a factor
of 7. After this change was made, the §;; moment was
no longer resolved and ¢3;@Q3; corrections to the Be-Cu II
and Si/Al-Cu data were not required. The uncertainties
in our measurements of the g3;Q3; coupling lead to the
systematic error in Table V.

Although the Q2; compensator masses were designed
to minimize the accompanying Q4; field, g,, gradiome-
ter measurements revealed a small Q4; field that rotated
with the Q2; compensator masses, and a negligible Q4;
field fixed in the laboratory frame. After the Be-Cu I
data were taken, the Q2; compensators were modified
to reduce their residual Q4; field as indicated in Table
III. Test-body imperfections or a pendulum “tip” that
changed as the test bodies were moved between states
could give the pendulum a g4; moment that tracked the
composition dipole. By measuring the ¢22Q22 and ¢21 Q21
couplings and comparing the torsional periods (and hence
moments of inertia) in different states, we demonstrated
that the test bodies were located on the pendulum tray
with a reproduceability of better than 2 x 1073 cm. A
test body displaced by this amount would change the
pendulum “tip” by less than 0.1 mrad; if this “tip” fol-
lowed the composition dipole, it would give a systematic
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error of 0.1 nrad. Test-body imperfections gave a larger
q41Q41 error. The measured state-to-state variation of
g21 indicated that the test-body centers of mass were not
exactly coplanar. The inferred displacement of the cen-
ters of mass corresponded to a q4; moment of less than
1.0 gcm®, leading to the systematic error given in Ta-
ble V.

We calculated the Qs; and Qg; fields produced by our
local Q3; and Q2; compensator masses. (Because these
higher multipole fields were not made small by design, the
calculations are reliable at the few percent level.) The
pendulum had a small, calculable g;; moment because
the individual test bodies did not have identical gq49 mo-
ments, and could acquire g5, and gg; moments through
test body imperfections or “tip.” Considerations similar
to those given above for g,; led to systematic errors from
these higher multipole orders at or below the 0.2 nrad
level.

2. Turntable irregularities

Reproducible turntable imperfections create deviations
from a constant rotation rate that are essentially periodic
at a harmonic of the rotation frequency [13], w. = 27/T,
where T, is the turntable rotation period. If the de-
parture from a constant rotation rate is expanded in a
Fourier series,

N
w(t) = we + Z wpe et (26)
n=1

then the response of the torsion balance will be

N .
— W, —inw
0(t) = Z R avLLL <t (27)

where pendulum damping has been neglected, and wy is
the torsional frequency (typically, wo = 9w.). The n =1
term will generate an offset O, but will not be mistaken
for a UFF-violating signal because it is independent of
the orientation of the composition dipole. It is interesting
to note from Table VI that the 3w, 5w, and 7w offsets are
nonzero and comparable in magnitude to the lw offset,
while the components that track the composition dipole
vanish. Because we know of no other mechanism that
would produce 3w, 5w, and 7w offsets, we attribute these
to a periodic kick in the turntable rotation rate (a square
wave kick would give roughly equal amplitudes for the
lw, 3w, 5w, and 7w offsets). The presence of these higher
harmonic offsets leads us to conclude that the 1w offset
arose from a turntable irregularity.

If w; fluctuates in time, it will produce excess noise in
our lw coefficients. The effects of such nonreproducible or
slowly drifting irregularities are included in the statistical
errors defined in Eq. (24).
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TABLE VI. Signals and offsets (in nrad) in our measurements of differential accelerations in the
field of Earth. The Be-Cu I data are not shown because they were taken at two different speeds

which could have had different offsets.

Test-body pair n Sgin Sgos osn o

Be-Al 1 —1.1£5.2 —25%5.0 —146+£5.3 —56.4 £5.7

3 —4.5+8.0 9.5+ 7.4 —30.8+5.8 43.2+9.2

5 5.7+17.3 5.0 + 8.2 38.3+9.5 41.3+5.1

7 11470 22472 —22.3+8.4 10.5 + 4.7
Be-Cu II 1 —-1.6£6.9 —10.7+7.4 —10.7 £ 8.6 —76.5+£5.4

3 —0.9+6.5 3.5+ 7.0 —36.8+7.4 —0.8+5.0

5 —3.1+7.7 0.4 +8.7 17.5+8.1 46.4+73

7 —6.3+4.4 —0.3+4.2 -2.3+3.9 21.1+4.7

3. Tilt

Tilt was continuously monitored by two orthogonal
electronic level sensors mounted near the autocollima-
tor. The lw signals from these two sensors AGI1 and
AGI2 were analyzed to yield the base plate tilt, i.e., the
deviation between the turntable axis and local vertical as
defined by the freely hanging torsion fiber, and showed
that the tilt of our laboratory floor changes by as much
as several prad per day. During normal data acquisition,
the apparatus was releveled once each day so that the
tilt was less than 1 pyrad. The rotating level sensors also
showed a 5 urad amplitude 2w signal, very constant in
time, that corresponded to a wobble of the rotation axis
at the turntable rotation frequency.

We determined the sensitivity of the autocollimator
signal to tilt by deliberately tilting the turntable base-
plate by +45 urad about two orthogonal axes and mea-
suring the induced lw signal from the autocollimator.
A set of such “tilt calibration” runs overdetermined the
“tilt matrix” M defined by

Aci®\ [ Mcosyy Msiny te (28)
Ac§®® | — \ —Msiny M cosvy t, |’
where Acji® and Ac{®® are the induced 1w signals from
the autocollimator, M and v are two parameters that de-
termine M, and ¢, and t, are the orthogonal components
of the base plate tilt.
We found that M was about 0.05. By comparing the
tilt matrices for runs in which the autocollimator viewed
each of the four mirrors on the pendulum, we discovered

that the tilt sensitivity arose in the upper fiber attach-
ment. Table VII shows that as the upper fiber attach-

TABLE VII. Tilt matrix measured on four different mir-
rors. As the upper fiber attachment was rotated to the dif-
ferent values of ¢iop, the angle 1 of the tilt matrix rotated
correspondingly while the magnitude of the tilt matrix, M,
was approximately constant. This demonstrated that the sen-
sitivity to tilt arose in the upper fiber attachment.

ment is rotated inside the apparatus by angles of 90°,
180°, and 270°, the phase of M rotates correspondingly,
while the magnitude of M is nearly constant. (We as-
cribe the small variation in M to a slight misalignment
of the upper fiber attachment mechanism.) Auxiliary
measurements showed that the tilt systematic was lin-
ear, i.e., that M was independent of the magnitude of
the deliberately induced baseplate tilt.

Our data were then corrected for the instantaneous tilt
using Eq. (19), where the coefficients r; and r; were com-
puted from the measured value of M. This procedure had
the advantage that it corrected properly (to the extent
that the tilt effects are frequency independent) for all
kinds of level variations including wobble, and not just
base plate tilt. We verified that this tilt-correction pro-
cedure was valid by analyzing correlations of the 1w 8,
AGI1, and AGI2 signals for all the nominally level runs
of a given state. Before the tilt correction was applied,
0 and AGI1 and AGI2 were highly correlated with cor-
relation coefficients of ~ 0.60 (for 36 runs). After the
tilt correction, the correlation coefficients were reduced
to = 0.18, consistent with uncorrelated populations.

The error from the tilt correction procedure, shown in
Table V, was derived by multiplying the uncertainties in
r1 and 72 by the average tilt of the runs in each state.

4. Magnetic effects

We determined the magnetic moments of our pen-
dulums by removing the three-layer magnetic shielding,
turning off the three-axis Helmholtz coils, and measuring
the 1w autocollimator signal in the ambient (= 300 mG)
field of the laboratory for two mirror-image configura-
tions (A and B) of the test bodies on the pendulum tray.
The difference between the 1w signals, (A¥ — BM)/2,
measured the test-body magnetic dipole moment, while

TABLE VIII. Tests for magnetic effects, showing the 1w
signals (in prad) measured with the magnetic shields removed
and the Helmholtz coils off.

rop M ¥ Srop — ¥ Pendulum [a¥ + B)/2 [a¥ — B¥)/2
0° (5.10£0.06) x 10 2 (—105.8£0.7)° (105.8%+0.7)° Be-Al 255.12 £ 0.17 459 £0.17
90° (4.43+0.04) x 10~2 (—18.0+0.6)° (108.0 +0.6)° Be-Cul 254.52 4+ 0.15 4.94+0.15
180° (5.21+0.07) x 10~2  (73.5+0.8)° (106.5 +0.8)° Be-Cu II 9.51 4+ 0.05 5.38 + 0.05
270° (5.75+0.06) x 102  (173.7+£0.6)°  (96.7 % 0.6)° Si/Al-Cn 11.37 £ 0.05 0.64 % 0.05
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(AM + BM)/2 measured the dipole moment of the pen-
dulum tray. The results of these measurements are shown
in Table VIII.

The sensitivity of our balance to a pendulum mag-
netic moment depends on two factors—the cancellation
factor fgy of the Helmholtz coils and the attenuation
factor frag of the three-layer magnetic shields. These
were deduced from the Be-Al and Be-Cu I measurements
for which the tray had a dipole moment 50 times larger
than the test bodies. We found that fgy = 28 by re-
moving the two innermost magnetic shields and com-
paring the lw signals with the coils on and off. We
obtained fmage > 3600 by turning off the Helmholtz
coils and comparing the lw signals with all shields re-
moved (255 prad) to that with the shields in place
(< 70 nrad). The magnetic systematic error listed in
Table V is (AM — BM)/(2fu b fmag)-

After the pendulum compensator masses were replaced
to provide adjustment screws, the pendulum’s dipole mo-
ment diminished by a factor of 25; apparently one of the
original compensator masses contained a ferromagnetic
impurity.

5. Thermal effects

Temperature modulation at the turntable rotation fre-
quency could create a spurious lw autocollimator sig-
nal because the fiber drift rate was a strong function of
temperature. We measured the sensitivity of the tor-
sion balance to temperature fluctuations by modulating
at lw the constant-temperature baths by +1.1 K; this in-
duced a 2.4 yrad 1w signal on the torsion balance. During
normal data acquisition, the largest 1w variation of any
of the eight temperature sensors on the apparatus was
0.15 mK. Because the most likely sources of temperature
variations were fluctuations in the power dissipated in
the turntable drive and fluctations of the temperature of
the thermal shield, we based our thermal-variation sys-
tematic error on the temperature sensor mounted on the
outer thermal shield close to the turntable motor; this
sensor showed 1w variations of < 0.12 mK in normal runs
and 900 mK in the temperature-modulated runs. We as-
J

Be-Al: Sgin. = —1.1%+5.1nrad,
Be-Cu: S§i, = +1.0+4.7nrad,
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signed an error of 0.15 mK /900 mK x 2.4 yrad = 0.4 nrad,
where, to be conservative, we used the largest observed
lw variation rather than the < 0.12 mK value from the
sensor closest to the motor.

We were also concerned that temperature gradients
across the apparatus could cause a torsion balance re-
sponse and monitored these gradients by regularly inter-
changing temperature sensors on opposite sides of the
apparatus to provide cross calibrations. In normal oper-
ation, the largest temperature difference across the heat
shield was less than 20 mK, and this difference was sta-
ble to better than 3 mK in the different states. We found
the sensitivity to temperature gradients by isolating one
upper and lower heat panel of the outer thermal shield
and raising their temperatures by 4.5 K relative to the
rest of the thermal shield. This induced a lw torsional
signal of less than 100 nrad. The thermal gradient sys-
tematic error was obtained from 3 mK/4.5 K x 100 nrad
= 0.07 nrad.

6. Calibration drifts

The dynamic calibrations made several times in each
experimental state were in very good agreement. The
measured amplitudes varied by 0.3% because the torsion
balance had a small random amplitude at the start of
the calibration runs. The torsional period fluctuated
by 0.2%, either because imperfect test-body reversals
changed the moment of inertia or because x changed as
the pendulum was parked and unparked for test-body
reversals. We added these two uncertainties in quadra-
ture and multiplied by the autocollimator offset signal to
obtain the calibration drift systematic error.

G. Results
1. Differential acceleration in Earth’s field

The results of our analysis are summarized in Table VI.
The UFF-violating signals and associated 1o statistical
€rrors are

Surr = —2.5 £ 5.1nrad ;
SUFr = —5.6 £ 4.7nrad , (29)

where the Be-Al and Be-Cu results come from combining 12 and 24 data sets, respectively. (The Be-Cu results have
relatively larger errors because those data were taken at three different turntable speeds with three different offsets.
This was not an optimum use of our running time, but was done to investigate the origin of the offset.) We obtained
our final values

Be-Al: Sg§ia. = -1.1+55nrad, S{hp = —2.5%5.5nrad ;
Be-Cu: S{s. =+1.0+49nrad, Sipr = —5.6+4.9nrad, (30)

by adding in quadrature the systematic errors listed in Table V. The corresponding horizontal differential accelerations
are

aBe —afl = [(—2.3+4.6)é + (—0.3 +4.6)n)] x 1072 cm/s?;

aBe —af' =[(-36+4.1)é+ (-3.2+4.1)7)] x 1072 cm/s?, (31)
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where é and # are unit vectors pointing east and north,
respectively.

2. Differential accelerations toward the Sun, the
Galazy, and the cosmic microwave dipole

We searched for accelerations toward astronomical
sources using the results reported in this paper together
with the data of Ref. [11]. We first discuss our 1o re-
sults for accelerations toward the Sun. By combining
470 two-cycle segments of Be-Al data spanning a total of
19 months, we find

Aa®(Be-Al) = (+2.4 £ 5.8) x 1072 cm/s? |

Aa*(Be-Al) = (4+2.6 £ 5.8) x 1072 cm/s? | (32)

where Aa® and Aa* point toward the Sun and 90° away
from the Sun, respectively, and a positive Aa® indicates
that the first test body (Be in this case) has the greater
acceleration toward the source. From 829 two-cycle seg-

ments of Be-Cu data spanning a total of 47 months, we
find

Aa®(Be-Cu) = (—3.0 £ 3.6) x 107*? cm/s? |

Aa*(Be-Cu) = (—3.4+£3.6) x 1072 cm/s* .  (33)

From 274 two-cycle segments of Si/Al-Cu data spanning
a total of 2 months, we obtain

Aa®(Si/Al-Cu) = (4+3.0 £ 4.0) x 1072 cm/s?

Aa*(Si/Al-Cu) = (—3.0 £4.0) x 1072 cm/s® .  (34)

The corresponding differential accelerations toward the
galactic center are

Aat®(Be-Al) = (+9.1 £7.0) x 107'% cm/s? ,
Aa*(Be-Al) = (—3.8+7.0) x 1072 cm/s?,  (35)

Aaf* (Be-Cu) = (—6.7 £ 4.5) x 1072 cm/s? ,

Aa*(Be-Cu) = (+4.4+4.5) x 1072 cm/s? ,  (36)
and
Aat(Si/Al-Cu) = (+3.4 £ 5.0) x 107 cm/s? ,
Aa*(Si/Al-Cu) = (+2.8 £5.0) x 1072 cm/s® .  (37)

Our differential accelerations in the direction of the
cosmic microwave background (CMB) dipole are

Aa®MB(Be-Al) = (—10.9 + 8.8) x 107*% cm/s? |

Aa*(Be-Al) = (+2.0 £ 8.8) x 10712 cm/s? ,  (38)
Aa®B (Be-Cu) = (+9.5+5.7) x 10712 cm/s? ,
Aa‘(Be_Cu) = (——18 + 57) X 10—12 Cm/sz ’ (39)
and
Aa®MB(Si/Al-Cu) = (~2.2 £ 6.4) x 107% cm/s?
Aa*(Si/Al-Cu) = (-6.3 £ 6.4) x 1072 cm/s? . (40)
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The errors on the accelerations toward the Galaxy, and
in the frame where the CMB is isotropic, are larger than
those toward the Sun because the larger altitudes of these
extra-solar sources attenuate their signals. We ascribe no
significance to the “positive” result in Eq. (39) because
one expects 1/3 of our results to lie outside the 1o errors
even if there were no UFF violation.

V. SOME IMPLICATIONS OF OUR RESULTS
A. Constraints on new Yukawa interactions

1. Results from accelerations in Earth’s field

To set upper limits on the hypothetical Yukawa inter-
action specified in Egs. (2) and (3), our limits on differen-
tial acceleration given in Eq. (31) must be combined with
a calculation of the source strength defined in Eq. (5). We

adopt the J) () for our site described in Refs. [11] and
[14]. Table IX lists, for each test-body pair, our values for
the product asA(gs/u)(gs/1)s as a function of the range
A of the interaction. The asA(gs/u)(gs/p)s values were
obtained by projecting the error circle in the Aa., Aa,
plane onto the J) (A) axis. The “gap” in our results be-
tween A = 10 km and A = 1000 km occurs because it
is difficult to model Earth’s mass distribution with suf-
ficient accuracy on length scales for which Earth cannot
be approximated as a fluid in equilibrium under grav-
itational and centrifugal forces; nor can it be modeled
simply in terms of the surface topography and bedrock
profiles.

We estimated the uncertainties in J, 1(A) as follows.
The calculated source strength for 1 m < A < 100 m
was tested by using our source database to compute the
Q21 gradient which is dominated by the distribution of
nearby matter. The predicted value agreed with our
measurements to within 2%; this agreement is probably
fortuitous and we estimate the uncertainty in J to be
7%. We recomputed f_,_(/\) for 100 m< A < 10% m us-
ing the topography from digitized U.S. Geological Survey
data, plus a model of the subsurface density distribution
derived from measured surface gravity and seismic ve-
locities. By comparing this calculation to that given in
Ref. [11], we estimate uncertainties of 7%, 25%, and 30%
for A =100 m, A = 1 km, and A = 10 km, respectively.
For A > 10® m, we estimate the uncertainty in J. 1 (A) by
considering the effects on our layered ellipsoidal Earth
model [11,14] of ignoring the local topography. We esti-
mate uncertainties of 20%, 2%, and < 1% for A = 106 m,
A =6 x10% m, and A => 107 m, respectively.

To restrict as (or equivalently g2/4w) one needs to
specify the “charge” to which the hypothetical interac-
tion couples. We first discuss vector interactions because
the vector “charge” of electrically neutral, stable matter
is easily parametrized [see Eq. (6)]. Figure 16 shows the
constraints on Fg2/4n as a function of A for the vector
charges ¢gs = B and ¢5 o B — L. This figure includes our
results based on the data in Table IX, as well as those
from other sensitive composition dependence [1,2,15-17]
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TABLE IX. 1o constraints® on macroscopic-ranged scalar or vector interactions.

A (m)
1

2
5
10
20
50
100
200
500
1000
2000
5000
10000
2 x 10%*-5 x 10°
1 x 108
2 x 108
5 x 108
1x 107
2 x 107
5 % 107
1 x 10%-0c0

asA(gs/p1)Be-a1(gs/1) s

(-1.6+3.6) x 1077
(-0.5+£1.2) x 1077
(-1.4+3.7) x 1078
(—-0.8+1.9) x 10~°
(-0.5+1.1) x 1078
(—2.6 £5.4) x 107°
(—1.6 £3.2) x107°
(-1.0+£2.1)x107°
(—0.7+1.4) x 107°
(-0.5+1.1) x 107°
(—3.2+8.2) x1071°
(—2.0+6.9) x 107*°
(-1.3£7.3) x 1071
not computed®
(—0.6 £9.4) x 107!
(-0.1+1.7) x 107!
(—0.3 £ 4.9) x 10712
(—0.2 +3.4) x 10712
(—0.2 £ 3.0) x 10712
(—0.2 £2.9) x 10712
(—0.2+2.8) x 10712

asA(gs/p)Be-cu (gs/1) s
(-3.7+£3.2) x1077
(-1.2+1.0) x 107"
(—-3.8+£3.7) x 1078
(-2.0+1.7) x 1078
(-11+9.8) x 107°
(-5.3+4.8) x107°
(-3.0+2.9) x107°
(-1.8+1.9) x10°°
(-1.0+1.2) x 107°
(—5.9+£9.5) x 1071°
(—2.8+7.3)x 1071
(0.3 +£6.1) x 1071°
(1.7 £ 6.5) x 1071°

not computed®
(—6.5+8.5) x 10~ 11
(-1.1+£1.5) x 10712
(—-3.4+4.4) x 10712
(—2.3+£3.0) x 10712
(-2.1+£2.7) x 10712
(—2.0 £2.5) x 1072
(-1.9+£2.5) x 10712

®The quoted errors reflect the precision of the differential acceleration measurement. The scale-
factor uncertainties from the source strength calculations are discussed in the text.
®The Earth model discussed in Ref. [11] is not accurate enough to give a reliable source strength

for these ranges.

and 1/r2 [18,19] tests. Figure 17 shows,

of ), constraints on F¢2/4w as a function of the param-
eter 05 [defined in Eq. (6)] that specifies a general vector

“charge.” The A = oo plot incorporates

straints from the solar experiments of Refs. [1] and [2],
while the A = 100 m plot uses the Pb-source results of
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Nelson, Graham, and Newman [17] to constrain Fg¢2/4n
at the 05 value where g5 of Earth vanishes.

Scalar “charges” of test bodies cannot be parametrized
in as simply as vector charges. Even if the elementary in-
teraction of the scalar field with the pointlike constituents
of matter is specified, the scalar “charge” of a complex

FIG. 16. 20 upper limits on the coupling strength of a new Yukawa interaction as a function of the interaction range .
Results are shown for possible charges of gs = B and ¢s = (B — L)/+/2. Heavy solid curves labeled EW are from this work.
Light solid curves labeled by reference numbers are from other composition dependence and 1/r? tests. Dashed curves are from

tests of the 1/r? law summarized in Ref. [19]. The experimentally allowed region is shaded in this and subsequent figures.
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body can be found only after a detailed field-theory cal-
culation. Although we do not here discuss any specific
models of scalar fields, we have, in Table IX, given our
results in a form that allows any particular scalar inter-
action to be tested against our data.

It is interesting to note that in string theories a scalar
dilaton field arises naturally as the partner of the ten-
sor graviton field. If this dilaton field were massless (like
the graviton field), it would seem to lead to unaccept-
ably large violations of the UFF. These effects are usually
avoided by endowing the scalar field with a large mass
so that it has no influence over macroscopic distances.
Damour and Polyakov [4] have recently proposed a sce-
nario containing a massless UFF-violating string-theory
dilaton that tends to relax during cosmological expansion
toward a state where it decouples from matter. Damour
[20] estimates that at the present epoch such a scalar field
would cause an UFF violation that could be as large as
Aajag ~ 6 x 10711, Although a UFF violation of this
magnitude is ruled out by our results, as can be seen from
the last row of Table IX, the Damour-Polyakov model is
consistent with much smaller effects as well and should
be viewed as a motivation for improved tests of the UFF.

2. Results for acceleration toward galactic dark
matter

There is now a large body of evidence that the acceler-
ations of the luminous matter in our Universe are much
greater than can be accounted for by the gravitational
attraction of visible material. In particular, studies of
the tangential accelerations of luminous matter in galax-
ies reveal centripetal accelerations that remain constant
out to very large distances, well past the entire visible
Galaxy [21,22]. These and other studies are taken as ev-
idence that most (typically 90%) of the mass of a typical
galaxy is nonluminous dark matter that is distributed in
a large “halo” surrounding the visible Galaxy and ex-
tending far beyond the apparent galaxy. Dark matter is
also invoked to explain the large-scale flows of clusters of
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-30
05(degrees)
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FIG. 17. 20 upper limits on
the coupling strength of a new
Yukawa interaction as a func-
tion of s (a parameter that
determines the vector charge
of stable matter). Results are
shown for two values of the
range A = 100 m and A = oo.
The solid lines are from this
work. The dashed lines in
A 100 m plot show lim-
its from the Pb-source experi-
ment of Ref. [17]. The dashed
and dash-dotted lines in the
A = oo plot are the results of
the Princeton [1] and Moscow
[2] experiments, respectively.

0 30 80 20

galaxies which again substantially exceed those expected
from the gravitational attractions of the luminous ma-
terial. Many candidates for this dark matter have been
proposed, ranging from the ordinary (normal baryonic
matter in the form of nonluminous “Jupiters” [23,24]) to
the exotic [25] (axions, weakly interacting massive parti-
cles, massive neutrinos, supersymmetric partners of the
known particles, massive black holes, etc.).

Because of the profound nature of this observation, and
because very little is known about the nature of the dark
matter, it is worth performing a laboratory experiment to
probe the long-range fields generated by the dark matter
and make a direct test of the usual (and very reason-
able) assumption that gravitation is the only significant
long-range interaction between dark matter and ordinary
matter [5,6]. In this section we discuss the bounds that
can be placed on possible extragravitational interactions
by testing the UFF for ordinary matter falling toward the
dark matter in the center of our Galaxy. Upper bounds
on possible nongravitational interactions between dark
matter and dark matter have recently been inferred from
astrophysical and cosmological considerations [26].

The acceleration of the Solar System toward the galac-
tic center is

agal = W2re = 1.9 x 107% cm/s” , (41)
where w = (8.4 £+ 1.0) x 1076 rad/s is the rotation fre-
quency of our Galaxy and rg = 8.5 £ 1.0 kpc is the
distance from the Sun to the galactic center. As there is
ample evidence that the UFF is satisfied to high precision
for ordinary matter falling toward ordinary matter [our
own results in Eq. (50) indicate that |n| < 3.0 x 10712]
we can use our galactic results to probe the UFF for
ordinary matter falling toward the dark matter in our
Galaxy. To do this we need to know the fraction of aga
that is ascribed to dark matter. Although rotation curve
data suggest that about 90% of the total galactic mass is
dark, the dark matter is believed to be distributed in a
huge spherical halo that extends well beyond rg. Stubbs

[5] estimates that als)ah{[, the acceleration due to the dark
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matter in our Galaxy, is (25-30)% of aga1. Assuming that
aby ~5x107° cm/s? | (42)

the results in Eqgs. (35), (36), and (37) yield the following
UFF tests for Be, Al, Si, and Cu falling toward dark
matter:

n°M(Be-Al) = (+1.8 £ 1.4) x 1073
7°M(Be-Cu) = (-1.3+£0.9) x 1073,

nPM(Si/Al-Cu) = (+0.7£1.0) x 1073, (43)
where nPM = Aq#®!/aD}!, and the uncertainty in aD)! is

not included because we do not know how to evaluate it.
For cosmological purposes we need the total nongravi-
tational acceleration due to dark matter. But the results
in Egs. (43) set limits on the differential contribution of
nongravitational interactions. If we separate the accel-
eration of ordinary matter due to dark matter into its
gravitational and nongravitational (i.e., UFF-violating)
components, ag{” = aEM + a,?:’l, then for an infinite-
ranged nongravitational interaction of the form specified
in Eq. (3), we have
@ng = pPM (gs/m) (44)
agt A(gs/m) ’

where (g5/m) is the average of the two test-body gs-
to-mass ratios and A(gs/m) is their difference. Equa-
tion (44), when combined with the values in Eq. (43),
is our basic ezperimental constraint. To proceed farther,
one must evaluate the quantity

 {as/m)
B= Algs/m) (45)

for our three detector test-body pairs.

A UFF-violating interaction could arise from the ex-
change of scalar or vector bosons. However, as dis-
cussed in Ref. [6], a significant vector interaction between
dark and ordinary matter is already excluded by conven-
tional E6tvos experiments plus the requirement that the
dark matter halos be stable against the repulsive vec-
tor dark-matter—dark-matter interaction. Scalar interac-
tions, which would produce an attractive dark-matter—
dark-matter force, are not ruled out by this argument,
but can be constrained by our results in Eq. (43) and the
relations given in Egs. (44) and (45). There is no simple
way to evaluate R for a general scalar interaction as it
would require a detailed calculation using specific mod-
els. So we estimate R using a tree-level approximation
for the scalar charge of an atom with mass number A and
atomic number Z,

95(4,2) ~ (5 + )2 + 95 (A - 2) , (46)

where ¢g, gf, and g7 are the scalar charges of free elec-
trons, protons, and neutrons, respectively. Then
_ siny(Z/m) + cosp(A/m)
"~ siny[A(Z/m)] cos Y[A(A/m)]’

(47)
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where 9 = arctan([gg + ¢ — ¢q7']/¢Z) can range, depend-
ing on the nature of the scalar interaction, from —90°
to +90°. Our constraints on the nongravitational accel-
eration of neutral hydrogen toward the dark matter in
our Galaxy, assuming the expression for R given above,
are shown as a function of ¢ in Fig. 18. The experi-
mental constraint is naturally weakest near ¥ = —0.05°,
where the charges ¢¢, ¢f, and g7 are simply proportional
to the masses of free electrons, protons, and neutrons,
respectively. But even in this “worst case,” our experi-
mental sensitivity is good enough that we reject by 2.5¢0
the hypothesis that our acceleration ascribed to galactic
dark matter has a nongravitational origin. We take this
opportunity to note that Fig. 2 of Ref. [6], which is su-
perceded by this work, contains an error that was traced
to an incorrect sign in Ref. [31] of AB/u for a Be-Cu
dipole.

Nordtvedt [27] has recently pointed out that lunar
laser-ranging results provide a strong constraint on the
differential acceleration of Earth and the Moon toward
the galactic center. He estimates that the accumulated
ranging results yield |Aa| < 10713 cm/s? for this partic-
ular pair of “test bodies.” Referring to Fig. 18, we note
that this individual datum does not greatly improve the
“worst case” upper limit on the nongravitational accel-
eration of neutral hydrogen toward dark matter because
the “pole” for the Earth-Moon test-body pair falls near
1 = 0 where our own results are least sensitive.

We obtain a different and potentially interesting con-
straint by considering larger structures where dark mat-
ter appears to account for a greater fraction of our accel-
eration than in the case of our motion toward the galactic
center. Our local group of galaxies is moving at about
600 km/s with respect to the frame in which the cos-
mic microwave background (CMB) is isotropic [28,29].
We estimate the corresponding accleration by dividing
this peculiar velocity by the Hubble time tg = 1/H,,
where Hy ~ 85 km s~! Mpc~?! [30], to obtain acmp =

¥(degrees)

FIG. 18. 10 constraints on the nongravitational acceler-
ation of neutral hydrogen due to a hypothetical long-range
scalar interaction with dark matter. These results are based
on our data with Be, Al, Cu, and Si/Al test bodies and as-
sume that R has the form given in Eq. (45). The vertical axis
shows the ratio of the anomalous acceleration |aDy| to the
total ag}‘{[. The variable on the horizontal axis specifies the

scalar charge of ordinary matter.
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1.7 x 1071° cm/s?. This permits a crude UFF test for
laboratory objects falling in the direction of the CMB
dipole,

7°MB(Be-Al) = (6.4 £5.2) x 1072,

n°MB(Be-Cu) = (+5.6 £ 3.4) x 1072,
n°MB(Si/Al-Cu) = (—1.3+ 3.8) x 1072, (48)
where 7°MB = Aa®MB /qcyp. Although the precision of
this test is not good enough to be very significant (one
expects that exotic forces would lead to n’s on the order
of the test-body binding-energy differences which are at
the part per thousand level), a hundredfold more sensi-
tive measurement would probe the dark matter that is
dominant on very large length scales—dark matter that
may be different from that which is believed to dominate
the mass of galaxies.

B. Equivalence principle

The differential acceleration limits given in Eq. (31)
imply 1o limits on violation of the equivalence principle

(EP) in Earth’s field of

Ag .5
n(Be,Al) = gasiln 6" = (—0.2+2.8) x 10712,

AGy -7
n(Be,Cu) = 2" = (_1.90425)x 10712,  (49)

Here we used ¢ = 981cm/s? and § = 1.67 x 1073 is
the angle between local vertical and a line pointing to
the center of Earth. The errors in our Be-Al and Be-Cu
values are predominantly independent. We can combine
these two results to conclude that any violation of the EP
for Be and a composite body consisting of equal masses
of Al and Cu is

n(Be,Al/Cu) = (-1.1 £ 1.9) x 10712 . (50)

1. Strong and electromagnetic energy

Here we adopt a classical (i.e., pre-QCD) point of
view and consider the nucleons as elementary objects, so
that the strong and electromagnetic (EM) energies are
dominated by those involved in the internucleon forces.
The fractional contributions of strong binding energy to
the inertial masses of our Cu and Be test bodies are
fS* = —9.158 x 1073 and f5°¢ = —6.685 x 1073, re-
spectively. So the result in Eq. (49) implies

ns = n(Be,Cu)/(f§° — fS*) = (-7.7+10.1) x 1071° .

(51)

The fractional contributions of EM energy to the inertial
masses of our Cu and Be test bodies are fSy = +4.95 X
10~* and fB5 = +2.48 x 1073, respectively. So the result
in Eq. (49) implies
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nem = 1(Be,Cu) /(B8 — fory) = (+9.6 £12.6) x 10719 .
(52)

2. Weak-interaction energy

Haugan and Will [32] and Lobov [33] have calculated
the weak-interaction component of the nuclear energy,
based on the standard electroweak model. These two
works considered only the N-N interactions and did not
include the weak component of the masses of the nucleons
themselves which we suspect will also make a significant
contribution. We use the recent calculation of Lobov as it
employs more realistic values of the nuclear and electro-
weak parameters. Lobov found that the fractional weak-
interaction contribution to the inertial mass of a nucleus
with mass A was

_..-sNZ N-1 Z-1

fw =1078=3 (1 +0.125——— +0.16 =~ ) , (53)
where N and Z are the neutron and proton numbers.
Using this expression we found that the weak interaction
alters the inertial masses of our Be and Cu bodies by
3.015 parts in 10° and 3.161 parts in 10°, respectively.
The results in Eq. (49) therefore verify that the weak
interaction obeys the EP to about 3.5 parts in 100. We
note that had we used the earlier weak energy calculation
of Ref. [32] our limit would have been improved by a
factor of 4.

3. Gravitational binding energy

The gravitational binding energy of laboratory objects
is much too small to permit laboratory tests of the EP
for gravitational binding energy. Nordtvedt [34] pointed
out that it can be tested using the Earth-Moon system.
Gravitational binding energy reduces Earth’s mass by
about 5 parts in 101° but has a much smaller effect, about
2 parts in 10!, on the Moon’s mass, so that an anomaly
in the gravitational properties of gravitational binding
energy would produce a difference in the accelerations
of Earth and the Moon toward the Sun that could be
detected by lunar laser ranging.

Nordtvedt [7] also pointed out that the lunar ranging
test is, by itself, ambiguous; Earth and the Moon dif-
fer in their composition as well as in their masses, so
that the Earth-Moon acceleration difference tests two
things at once. These two tests can be separated by
studying the differential accelerations toward the Sun of
laboratory-sized “scale models” of Earth and the Moon,
which would have negligible gravitational binding energy
but the same composition-dependent accelerations as the
real Earth and Moon.

We approximated this test as follows. The compo-
sitions of Earth and the Moon differ primarily because
Earth has a Fe/Ni core and a Si/Al crust, while the Moon
consists mainly of Si/Al material. Our Si/Al test bod-
ies approximated the material of Earth’s crust and the
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Moon, while our Cu test bodies simulated the Fe/Ni core
(it was obviously not practical to use Fe or Ni). There-
fore any composition-dependent differential acceleration
of Earth and the Moon toward the Sun is constrained by
the results in Eq. (34) to be

Aafcomp ~ —AGO(Si/Al—Cu) M o:e
MEartn

GSun ASun

=(-1.6+2.2) x 10712 | (54)

where Adcomp is the differential Earth-Moon accelera-
tion arising from a composition-dependent interaction,
asun = 0.593 cm/s? is Earth’s acceleration toward the
Sun, and M,;e and Mg, ¢y, denote the masses of Earth’s
core and the entire Earth, respectively. We assume that
Mecore/MEarsn = 0.32 [35]. Lunar laser ranging [8] has
established that

Aacomp + Aag

o = (4+2.7+6.2) x 10713 | (55)
un

where Aag is the differential acceleration ascribed to
gravitational binding energy differences. Combining our
results with the lunar ranging data, we conclude that
Aag/asun = (+1.9 £2.3) x 10712 which tests the EP for
gravitational binding energy at the level of

Tlll[ll!lll

1 1 1 1 ] 1 1 L . l L 1 1 1 ! 1 1 1 N

-2 -1 0 1 2
65 (degrees)

FIG. 19. 1o limits on differential Earth-Moon acceler-
ation toward the Sun. Lunar laser-ranging limits [8] on
(Aacomp + Aay)/asun are shown as heavy dashed lines. The
curved lines are upper bounds on Adcomp from a vector in-
teraction as a function of 05, the parameter specifying the
vector “charge.” The heavy solid curves show the constraint
obtained from our Be-Cu, Be-Al, and Si/Al-Cu data; the light
dashed and dash-dotted curves show constraints inferred from
the data of Refs. [1] and [2], respectively. (The data of Ref. [2]
require —1.1 x 107" < Adcomp/@sun < +2.1 x 107!3 for
0s values lying outside the range of this plot.) For an arbi-
trary vector interaction, our work plus that of Ref. [2] imply
Adcomp/asun = (4+0.4 £ 1.7) x 1073, This constraint is suf-
ficiently tight that the uncertainty in Aagy/asun is dominated
by the lunar laser-ranging result.
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1 Aay
NG = Ze  Fm
fG - .fG QASun

where f& = —5.0 x 107!% and f& = —2 x 10~!! are the
fractions of Earth’s and the Moon’s masses that reside in
gravitational binding energy.

We obtain a tighter constraint if composition-
dependent forces are restricted to vector interactions (see
Sec. V A above). Then, following the reasoning outlined
in Ref. [11], our Be-Al, Be-Cu, and Si/Al-Cu results given
in Eqgs. (49) and (34), together with the classical results
of Refs. [1,2], restrict the parameter as(65) defined in
Eq. (3) and require any composition-dependent Earth-
Moon acceleration difference (see Fig. 19) to lie within
the 1o limits Adcomp/@sun = (+0.4 £1.7) x 10713; when
our constraint is combined with the result in Eq. (55), we
find Aag/asun = (+2.4£6.4) x 10~13 which corresponds
to an EP test for gravitational binding energy at the level
of

=(-4.0+4.8) x1073,  (56)

ne = (—0.5+1.3) x 1073 . (57)

C. Anomalously large neutrino scattering cross
sections?

Weber [9] claims to have detected the pp neutrinos
from the Sun using a torsion balance that compared the
accelerations of single-crystal sapphire and amorphous
Pb test bodies toward the Sun. He argued that the solar
neutrinos transferred detectable momentum to his sap-
phire test bodies because the neutrinos scattered coher-
ently from the entire crystal giving a cross section that
was ~ 1023 times larger than the standard expectation.
His theoretical arguments [36] that neutrinos with wave-
lengths much larger than the crystal lattice spacing scat-
ter with cross sections proportional to the square of the
total number of scatterers have been refuted elsewhere
(see, for example, Refs. [10,37]). Here we address We-
ber’s claim that he has verified his theory ezperimentally
by using neutrinos from the Sun. Even though our test
bodies were far from optimized for testing Weber’s result
(compared to the bodies used by Weber, the square of
the number of scatterers was smaller by a factor of 17
and the Debye temperature was lower by a factor 1.6),
we had sufficient sensitivity to make a decisive test of
Weber’s claim that solar neutrinos apply an appreciable
force to single-crystal test bodies.

Our Si/Al test bodies contained 6.3 g dislocation-free,
zone-refined, single crystals of Si prepared according to
current practice for assuring long-range lattice coherence
[38]. Although Si has a lower Debye temperature than
sapphire (640 K vs ~1000 K) our Si crystals are expected
to be more nearly dynamically perfect; even the best
available sapphire material does not maintain lattice co-
herence over distances of 1 cm [38]. Thus our Si/Al-Cu
experiment formed a test that was conceptually equiv-
alent to Weber’s measurement. If Weber’s result and
proposed mechanism were correct, we should have, using
Eq. (8) of Ref. [9], observed a force on our Si crystal,
Fweber = 2.7 x 1078 dyn, that pointed away from the
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Sun. The corresponding solar signal would be equivalent
to Aa®(Si/Al-Cu) = —3.0 x 10~° cm/s%. Instead we saw
a signal [see Eq. (34)] of less than —5.0 x 10~!2 cm/s? (20
limit on Si being repelled by the Sun). So we establish
a 20 upper limit on the force exerted by solar neutrinos,
Fexpt, that is smaller than that predicted by Weber by a
factor

F expt < 1

— . 58
FWeber — 530 ( )

Our test of Weber’s ideas has somewhat better sensi-
tivity than recent work by Franson and Jacobs [39], and
is complimentary because we used a different crystalline
material (Si instead of sapphire). We conclude that We-
ber’s claim of enhanced scattering of solar neutrinos has
been ruled out by direct ezperimental tests.

VI. FUTURE PROSPECTS

The history of some modern tests of the equivalence
principle is shown in Fig. 20; a comprehensive review
of searches for composition-dependent forces up through
1990 may be found in Ref. [31]. With the publication
of these results we have reached the practical sensitivity
limit of our present apparatus. We are now designing a
new rotating balance that should give substantially im-
proved statistical and systematic errors.

In addition we have developed a stationary balance
surrounded by a rotating 3-ton uraniumi source. This
instrument allows us to probe Yukawa interactions with
ranges down to 1 cm and gives sensitivity to interaction
“charges” for which Earth (having essentially equal num-
bers of neutrons and protons) is neutral. Results from
this experiment will be reported in a separate publica-
tion.

There remains a large, essentially unexplored, region
corresponding to interactions with ranges less than 1
mni. In this regime the usual techniques of experimental
gravity are not applicable and new ideas will probably
be required before substantial progress can occur. The
new techniques of laser-cooled atomic fountains [40] and
trampolines [41], microfabrication [42], and atoniic force
microscopy [43] may provide access to this short-range
regime.
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FIG. 1. Cross section of E6t-Wash apparatus. 1, torsion
fiber; 2, autocollimator; 3, rotateable gravity-gradient com-
pensators; 4, magnetic shields; 5, turntable; 6, stationary
gravity-gradient compensators; 7, vacuum vessel; 8, pendu-
lum; 9, outer heat shield; 10, Helmholtz coils; 11, concrete
block; 12, damper; 13, corotating cable clamp; 14, upper fiber
attachment mechanism. The concrete block abuts the hillside
wall of the laboratory and is 1.23 m high.
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FIG. 16. 20 upper limits on the coupling strength of a new Yukawa interaction as a function of the interaction range A.

Results are shown for possible charges of gs = B and ¢s = (B — L)/+/2. Heavy solid curves labeled EW are from this work.
Light solid curves labeled by reference numbers are from other composition dependence and 1/r?* tests. Dashed curves are from

tests of the 1/r* law summarized in Ref. [19]. The experimentally allowed region is shaded in this and subsequent figures.
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FIG. 18. lo constraints on the nongravitational acceler-
ation of neutral hydrogen due to a hypothetical long-range
scalar interaction with dark matter. These results are based
on our data with Be, Al, Cu, and Si/Al test bodies and as-
sume that R has the form given in Eq. (45). The vertical axis
shows the ratio of the anomalous acceleration |apy"| to the
total a.?,“]'{. The variable on the horizontal axis specifies the
scalar charge of ordinary matter.
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FIG. 19. lo limits on differential Earth-Moon acceler-
ation toward the Sun. Lunar laser-ranging limits [8] on
(Abcomp + Aag)/asun are shown as heavy dashed lines. The
curved lines are upper bounds on Agdcomp from a vector in-
teraction as a function of #s, the parameter specifying the
vector “charge.” The heavy solid curves show the constraint
obtained from our Be-Cu, Be-Al, and Si/Al-Cu data; the light
dashed and dash-dotted curves show constraints inferred from
the data of Refs. [1] and [2], respectively. (The data of Ref. [2]
require —1.1 X 107** < Agcomp/@sun < +2.1 x 107'* for
05 values lying outside the range of this plot.) For an arbi-
trary vector interaction, our work plus that of Ref. [2] imply
Abdcomp/asun = (+0.4 £1.7) x 10~ '3, This constraint is suf-
ficiently tight that the uncertainty in Aa,/a@sun is dominated
by the lunar laser-ranging result.
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FIG. 3. Cross-sectional views of the test bodies. The sym-
metry axes of the cylindrical bodies lie vertically in the plane
of the page.

Si/Al



FIG. 6. Gravity gradiome-
ters used in this work. Left:
gradiometer with a large, cal-
culable g,, moment that mea-
sures the laboratory Q21 gra-
dient. Center: gradiometer
with a large, calculable g3, mo-
- = ment that measures the lab-
“ ’ H “-Ti FT] I:::] ] n oratory Qa1 gradient. Right:
o (I I L gradiometer with a large, cal-
culable g,; moment that mea-

i E j _E sures the laboratory Q4 gradi-

|
B

ent. The shaded areas in the
cross-sectional views are Cu;
the unshaded areas are Al.




FIG. 8. Gravity-gradient compensators used to “flatten”
the local gravitational field: a: Q2; compensator, b: Q22 com-

pensator, ¢: Q31 compensator.



