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We have conducted an experiment to detect a composition-dependent force with range A between 10
m and | km, and find a statistically significant effect. If interpreted as arising from a new force, this re-
sult and other recent measurements would be consistent in strength only if the coupling were predom-

inantly to nuclear isospin.
PACS numbers: 04.90.+e¢, 14.80.Pb

Possible departures from Newtonian gravity have been
the subject of a number of studies. ! Recently, consider-
able controversy and experimental activity have been
stimulated by the conjecture of Fischbach et al.? that an
intermediate-range vector interaction weaker than gravi-
ty may explain both the recently recognized failure of
the classical Eotvos experiment to confirm the equiv-
alence of gravitational and inertial mass, and the
anomalies in current geophysical measurements of the
Newtonian gravitation constant G.3

For simple, vector-coupling models, this conjecture
naturally implies a repulsive, composition-dependent
force.* Including gravity, the corresponding two-body
potential may be expressed as

V(r)=—(GM My/r)[1 —EC,Cye ~"*, (1)

where the “charge” C; is some linear combination of lep-
ton and baryon number per unit mass of body i, £C,C; is
the strength of the interaction relative to gravity, and A
is the interaction range.

Four experiments motivated by these ideas have re-
ported conflicting evidence regarding the magnitude of &
under the assumption that the interaction couples solely
to baryon number.’"® We report here the results of a
similar attempt specifically to detect a composition-
dependent “fifth force” Fs. Thieberger and others have
discussed the advantage of carrying out such an experi-
ment adjacent to a cliff or similar topographical feature.’
We selected two such sites. One is at the base of a 130-
m, near-vertical wall on the southeast face of a 330-m-
high granite intrusion in the North Cascades near Index,
Washington. The second site is at the base of a 10-m-
high retaining wall in the subbasement of our physics
building. These locations exhibit similar gravity gra-
dients and magnetic environments, but the horizontal
component of a fifth force of range greater than 10 m
would be smaller by more than a factor of 3 at the
second site.

Our instrument is similar to that of Eo6tvds in that it
consists of a composition dipole suspended by a torsion
fiber. But instead of attempting to measure the small,
static angular displacement of the dipole axis when

oriented parallel to the cliff face (perpendicular to the
composition-dependent force), we look for this same
force by orienting the dipole axis initially perpendicular
to the cliff face and observing the period of finite ampli-
tude (=30°) torsional oscillations.'® We then compare
this period to that determined with the axis ‘““antiperpen-
dicular” to the cliff face by rotating the entire instru-
ment through 180°. The fractional difference between
these two periods [7(8) — T(8+ n)1/T is simply the ra-
tio of the torque on the dipole due to Fs to the torque
from the suspension fiber. Working from Eq. (1), we
may write

AT(8)/T =EAC,Csyascos(8— 6). 2)

Here, AC; and C; are the differential charges of the
composition dipole and the charge of the source material
(cliff), y is an instrument sensitivity parameter, and the
acceleration as depends on the source mass distribution,
density, and the interaction range A. Because the depen-
dence of as on A is approximately linear for I0 m <A <1
km, this experiment effectively determines the product
Er. The angle 6 is measured between the dipole axis at
torsional equilibrium and the normal to the cliff. For the
experiment described here 6y = 0.

Our composition dipole is constructed in the form of
an 11.4-g ring suspended by a 0.4-mil-diam tungsten
wire, as shown in Fig. 1. The beryllium and aluminum
halves of the ring have identical outer dimensions (8.9-
cm o.d. and 0.48x0.48-cm? cross section). To equalize
the masses of the two halves, 24 equally spaced holes
were drilled vertically through the aluminum half on an
8.52-cm-diam semicircle. In the case of pure baryon
coupling with £=0.01 and A=100 m, a ‘“signal”
AT(8)/T=1.9%10 "*cos6 would be recorded by this in-
strument at the Index site. This expected result was cal-
culated from the actual distribution of rock mass and the
measured rock density of 2.7 g/cm>. A similar calcula-
tion yielded gravity gradients which agreed with mea-
sured values within 10%.!! For comparison with this sig-
nal, the rms noise in the amplitude of the cosf term best
fitting our data is 1.1x 10 ~°. The instrument orientation
6=0 corresponds to the aluminum half ring being adja-
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FIG. 1. Equilibrium orientation of torsional pendulum (fqr
6=45°) and timing optics shown in relation to cliff coordi-
nates. The dipole axis is labeled D.

cent to the cliff, and would be the longest-oscillation-
.period configuration for a vector interaction coupling
solely to baryon number; that is, AT(0) > 0. For our in-
strument y=1.82x10%s?2m ~! and T=975s.

A low-mass, low-quadrupole-moment optical prism as-
sembly was mounted on the ring support harness. All
nonconducting pendulum components were overcoated
with evaporated gold-palladium, and the ring and
tungsten support wires were electroplated with gold. The
pendulum was mounted in a heavy-wall (4 -in.) copper
housing, and an external optical system illuminated and
viewed the prism to detect nominal zero crossings of the
torsional oscillations. The copper housing and optical
system were insulated with fiberglass wool, enclosed in
an aluminum can, and mounted on a turntable inside a
still larger aluminum container that was also insulated
with fiberglass wool. For a fixed instrument orientation
angle 0, crossings were timed electronically with 1-ms
resolution and recorded for 3.5 oscillation cycles. This
time series was fitted with a damped-harmonic-oscillator
model to determine the oscillation period. These period
observations were made in triplets separated by 180° in-
strument rotations (always clockwise) beginning at some
multiple of #8=45°. The second value in the triplet was
subtracted from the average of the first and last to form
a measure of the period shift which is unaffected by
linear time trends.

At Index the instrument was located 4 m inside the
cliff face in a blind tunnel whose entrance could be
sealed. The temperature drift of the copper housing was
less than 0.01°C/h, and the nominal temperature
coefficient of AT(6)/T was roughly 10 “#/°C. A pair of
Helmbholtz coils canceled the horizontal component of
the Earth’s field to within 1 mG with a measured inho-
mogeneity <0.1 mG/cm.
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Several known systematic effects can contribute to
AT(8) and obscure or mimic the cos@ signature of a
composition-dependent force. Both permanent-magnet
and magnetic-susceptibility properties of the pendulum
were measured and found to be negligible with the
Helmbholtz coils operating.!? The effect of thermal gra-
dients on the instrument was also negligible, and we find
that AT(0) is insensitive to departures of our turntable
from level.!* Singly, each of these effects can be ig-
nored; taken together, the quadrature sum of the upper
limits that we have measured amounts to 5%10~7 in
AT(9)/T.

The largest systematic contribution to AT (8) is from a
well-understood coupling between gravity gradients and
an effective tilt of the pendulum mass distribution out of
the horizontal plane.® We made this effect small
through tight fabrication tolerances (<0.025 mm on all
ring dimensions, and ring tilt <0.5 mrad), and through
reduction of the appropriate derivatives of the gravita-
tional potential by placing a pair of stationary lead
masses in the y-z plane on opposite sides of the ring
housing. The mass adjacent to the cliff face was placed
at —19° elevation and the opposite mass at +34°. 14

We first measured the ambient gravity gradient in the
Index tunnel using a solid aluminum pendulum ring pur-
posely tilted by 2°.'5 Then, after judiciously interposing
272 kg of lead, AT(8)/T was remeasured. The gravity
gradient was thereby found to be reduced by a factor of
0.15%+0.05 and its direction rotated by 89° +27°.
Second, we observed AT(60)/T for the Al-Be pendulum
both with and without the lead. By symmetry, AT(6)
= —AT(6+r). Even so, period differences (with one
exception) were measured every 45° around the full cir-
cle and these statistically independent observations of
the Al-Be pendulum are shown in Fig. 2(a). The four
sets of measurements of AT(0)/T (.e., from the two
different pendula, with and without the lead masses),
each expressed as a best-fit sum of sin6 and cos6 terms,
may be related by a system of equations whose solution
provides a unique decomposition of the measured Al-Be
pendulum behavior into two components. One com-
ponent is proportional to the gravity gradient in magni-
tude and orientation. The other component, independent
of the gradient, represents any additional interaction. 6
For our Index data, this second, “signal” component is
significantly nonzero,

[AT(0)/TLigna=(—4.6 £ 1.1) x 10 ~®cos8
+(4+0.1%£1.2)x10 %sing, (3)

and is shown in Fig. 2(b) along with the corresponding
solutions for the gravity-gradient effect in the presence
and absence of the lead masses.!” The uncertainty in
both signal terms increases to 1.3x10 ~¢ after combina-
tion of systematic error bounds with the statistical errors
derived from the data and displayed in Eq. (3). For cou-
pling to baryon number, this signal corresponds to
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FIG. 2. (a) Observations of Al-Be pendulum at 45° incre-
ments in 6. (b) Decomposition into gravity-gradient and “‘sig-
nal” components.

Er=—2.3%10 "2 m for A=100 m, and is not in conflict
with existing upper limits. %%

We observe the following: (i) It is unlikely that this
signal is only a statistical fluctuation (formal probability
< 1073). (i) The signal is large compared to the larg-
est identified systematic effect, the residual gravity-
gradient effect shown in Fig. 2(b), and is almost as large
as the uncompensated effect. (iii) The phase of the sig-
nal maximum (181° = 17°) is appropriate (modulo x)
to a static interaction of the cliff mass with some kind of
asymmetry between the Be and Al halves of the pendu-
lum ring.

In addition to the measured upper limits on various
candidate contaminations, further checks on these obser-
vations have been carried out.

(1) The composition dipole axis was occasionally ro-
tated 180° relative to the housing and optics so that very
nearly half of each major data set was acquired in this
“reversed” mode. Any effect depending on the instru-

ment-pendulum orientation (magnetic, electrostatic,
etc.) then changes sign when forming the difference
AT(6). No significant effect was observed upon these
reversals, but even a marginal change would contribute
to the statistical uncertainty of AT(8) calculated from
the data.

(2) We have looked for correlations between the mea-
sured A7 (8)/T values and various other observables:
time of day, copper housing temperature, change in
housing temperature from beginning to end of triplet,
mean oscillation frequency for each triplet, change in
frequency between first and last member of triplet, the
rank order of a measurement in a given day, etc. No
significant correlations are present in the data.

(3) An analogous experiment with the same Al-Be
ring carried out in the physics building subbasement
showed no significant composition-dependent effect.
Without compensating lead masses, we observed

[AT(8)/T 14 =(0.8 £ 1.5)x10 "%cos®
—(2.5+1.8)x10 ~%siné.

On the basis of tilted-pendulum measurements in the
subbasement and the measured response of the Al-Be
pendulum to gravity gradients, we expected

[AT(8)/T) g0y =1(0.9 £ 0.5) x 10 ~6cos@
—(5.5+0.5)% 10 ~Ssin6.

These two results are statistically consistent. On the oth-
er hand, consistency of the observation with the sum of
this expected gravity effect and a signal as great as or
greater than that in Eq. (3) is rejected by a two-
dimensional ¢ test with 99.9% confidence.

We have not yet accounted for the presence of the sig-
nal observed in the Index experiment in terms of known
physics. It may be easier to demonstrate what the signal
is not than to discover its true cause. For this purpose
only, we have explored the possibility that the signal re-
ported here is due to a fifth force, and considered wheth-
er this view might be consistent with the observations of
Thieberger.> A primary difference between these two
experiments is the choice of composition dipole materi-
als. For ordinary matter, the charge giving rise to a
fifth-force vector field may be naturally chosen as a
linear combination of neutron and proton number per
unit  mass,* CB)=BIN+Z)/u+U—B)(N—2Z)/u,
suitably averaged over element abundance, where u is
atomic mass in atomic mass units. For Thieberger (com-
paring Cu and H,0), AC;(B) has the same sign for =1
(coupling to baryon number, N+Z) as for =0 (cou-
pling to isospin, N—Z). For the Index experiment,
however, these signs are opposite, as can be determined
from the contents of Table I. As a consequence, our ob-
servation that AT(0) <O is inconsistent with a dominant
coupling to N+ Z under the rather general condition
that £> 0 as required by any simple vector theory of the
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TABLE I. C(B) for coupling to baryon number (3=1) and
to nuclear isospin (8=0) for selected materials.

Composition (N+2)/u (N—=2)/u
Al 1.00068 0.03706
Be 0.99865 0.11096
Cu 1.00112 0.088 39
H,O 0.99941 —0.11075

interaction.'® On the other hand, dominant N — Z cou-
pling (—0.01 <8 <0.97 for Al-Be) is consistent with
the sign of our observations and of Thieberger’s.'® Adel-
berger er al.® have argued that consistency between Al-
Be measurements and Thiebergers detection, which
might exist for $=0.97, is ruled out by the work of
Stubbs ez al.® In this framework, no further opportuni-
ties for consistency arise for 0.1 < g < 1.0, but the situa-
tion for B near zero is shown in Fig. 3. Here, the three
most restrictive experiments are represented by their 2o
constraints on &(B) for A =100 m.?® Except for the in-
tersection near B=0, our result is in significant disagree-
ment with Thieberger’s, although consistent with the
other experiments. 682!

From Eq. (2), £(B) is seen to be inversely proportional
to the product AC,Cy; consequently, the character of
Fig. 3 depends sensitively on C;(B) which vanishes near
B =0 for many materials. C; can be evaluated fairly pre-
cisely for N —Z coupling to solid-rock sources with
knowledge of the mineral composition of the geological
formations used in these experiments. The composition
of the Palisades sill has been well studied?’ and yields
C,(0) =(1.2+0.1)x10 2 Analysis of the quartz dio-
rite at Index?® gives (0.7 £0.1)x10 "2

The upper limits reported in Refs. 6 and 8 are difficult
to evaluate near B=0 because of the crucial role of
ground water in determining C; for a soil rather than a
solid-rock source. For coupling to VN —Z, special care
must be taken with water content, since H,O couples an
order of magnitude more strongly (per unit mass) than
any other geologically abundant substance, and with op-
posite sign.?* It is likely that the H,O content (by mass)
lies between 5% and 10%.%° Since C; vanishes at §=0
for about 8% H,O, the upper limits posed by these two
experiments may be quite large for small 8. The compo-
sition uncertainties for both rock and soil sources are in-
cluded in Fig. 3.

In Fig. 3, it is seen that the tentative hypothesis that a
composition-dependent force has been detected in two
experiments may be made consistent with recent experi-
mental constraints, but only if one assumes that the
candidate interaction couples almost exclusively to
N —Z. Moreover, the null result in our subbasement ex-
periment is consistent with the magnitude of the Index
result for 10 m <A <1 km and for the H,O content of
the fill material. Evidence for new physics is not estab-
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FIG. 3. Experimental 2o constraints on &(B) showing an
“allowed” region that favors coupling primarily to isospin
(N —2Z). This diagram is constructed for A =100 m, but such
an allowed region exists for 20 m <X <1 km. The abscissa is
log10(f+0.015).

lished, but this outcome does suggest very specific tests
of the hypothesis. We are currently installing a copper-
polyethylene pendulum ring to conduct a new experiment
at Index (same C;). If the hypothesis were correct, the
resulting signal would be 3 times larger than for the Al-
Be experiment, and the longest oscillation period would
be observed with the Cu half adjacent to the cliff.
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good-humored encouragement.
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