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We have carefully reexamined the results of the experiment of Eotvos, Pekar, and Fekete, which
compared the accelerations of various materials to the Earth. We find that the Eotvos-Pekar-
Fekete data are sensitive to the composition of the materials used, and that their results support the
existence of an intermediate-range coupling to baryon number or hypercharge.

PACS numbers: 04.90.+e

Recent geophysical determinations of the Newtonian
constant of gravitation G have reported values which
are consistently higher than the laboratory value Gz. '

Kith the assumption that the discrepancy between
these two sets of values is a real effect, one interpreta-
tion of these results is that they are the manifestation
of a non-Newtonian coupling of the form

V (r) = —G„(I+ e o'I")m)pl2

= VN(r)+A V(r).

o = —(7.2+ 3.6) x10, g= 200+ 50 m. (2)

If 5 V(r) actually describes the effects of a new force,
and is not just a parametrization of some other sys-
tematic effects, then its presence would be expected to
manifest itself elsewhere as well. Recently, we have

Here VN(r) is the usual Newtonian potential energy
for two masses m

~ 2 separated by a distance r, and 6
is the Newtonian constant of gravitation for r
The geophysical data can then be accounted for quanti-
tatively if o. and A. have the values

undertaken an exhaustive search for the presence of
such a force in other systems. Our analysis, to be
presented elsewhere, 3 leads to the conclusion that if
such a force existed it would show up at present sensi-
tivity levels in only three additional places: (i) the
K -K system at high laboratory energies, where in

fact anomalous effects have previously been reported;
(ii) a comparison of satellite and terrestrial determina-
tionss of the local gravitational acceleration g; and (iii)
the original Eotvos experiment which compared the
acceleration of various materials to the Earth. We
note that the subsequent repetitions of the Eotvos ex-
periment by Roll, Krotkov, and Dicke and by Bragin-
skii and Panov compared the gravitational accelera-
tions of a pair of test materials to the Sun, and hence
would not have been sensitive to the intermediate-
range force described by Eqs. (1) and (2). Motivated
by our general analysis, we returned to the Eotvos ex-
periment and asked whether there is evidence in their
data of the presence of 5 V(r) in Eq. (I). Although
the Eotvos experiment has been universally interpret-
ed as having given null results, we find in fact that this
is not the case. Furthermore, we will demonstrate ex-
plicitly that the published data of Eotvos, Pekar and
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f2/Gom~2 = —a/(I + u), (3)

where m~ is the proton mass. Consider the relative ac-
celerations of two objects I and 2 with masses m t 2 and
hypercharges (or baryon numbers) 8t 2. Because of
the presence of 5 V (r) the accelerations at 2 of these
objects to the Earth will no longer be the universal
Newtonian value g, but will differ by an amount
4a = a ~

—a2 given by

Fekete6 (EPF) not only suggest the presence of a
non-Newtonian coupling 5 V (r), but also strongly sup-
port the specific values of the parameters o. and A. in

Eq. (2), which emerge from an analysis of the geo-
physical data.

Guided by the observations that (a) n ( 0, which
indicates a repulsive force, and (b) anomalous effects
have been reported in the E -K system as well, we
consider the effects of a massive hypercharge field
whose quanta (hyperphotons) have a mass mz

' = I x 10 9 eV. The exchange of a hyperphoton
then gives rise to a potential having the same form as
5 V(r) in Eq. (1), with u being related to the unit of
hypercharge f by

Equation (4) can now be compared directly to the
results of EPF, where in their notation Aa/g=Kt
—K2= AK. Table I gives AK for each of the nine pairs
of materials measured by EPF, exactly as their result is

quoted on the indicated page of Ref. 6. For each of
the pairs in which the composition of both samples can
be established (see discussion below), we also tabulate
b (8/p, ) = 8t/p, , —82/p2u, sing the data of Ref. 10. In
the computation of 8/p, for each material, care has

been taken to average over all the isotopes of each ele-
ment, and to weight the contribution of each element
in a compound according to the appropriate chemical
formula. Among the substances appearing in Table I,
Cu, Pt, and water require no further description, crys-
talline copper sulfate has the formula CuSO4 5H20,
and the CuSO4 solution consisted of 20.61 g of crystal-
line copper sulfate in 49.07 g of water. By contrast,
magnalium is an aluminum-magnesium alloy of vary-

ing composition, with typical Al:Mg ratios being in the
range 95:5-70:30. Although the exact composition of
the magnalium alloy used by EPF is not given, 8/p,
for Al and Mg are very nearly equal so that 8/p, for
any magnalium alloy would fall in the narrow range

T 1

4a f'e(R/)t) 8 e
GomH2 p y pt P2

(4)
1.00845 (pure Mg) & 8/p, (magnalium)

& 1.00851 (pure Al). (6)

Here p, ; denotes the mass m; in units of atomic hydro-
gen, with mH= m(tH') =1.00782519(8) u, and we
can take 8@/p, = I for present purposes. e(R/h. )
arises from integration of the intermediate-range hy-

percharge distribution over the Earth, assumed to be a
uniform sphere of radius R, and is given by (x = R/h. )

e(x) = 3(1+x) e "(xcoshx —sinhx).
X

(5)

For X oo, e(0) 1, and (4) reduces to the result of
Lee and Yang. However, the limit of interest to us
here is x && 1 in which case e(x) = 3/2x.

The results in Table I assume a composition Al:Mg =
90:10, which is one of the more common alloys. The
remaining material whose composition can be estab-
lished with some certainty is asbestos, since 95'/o of as-
bestos production is a fibrous form of the mineral ser-
pentine called chrysotile, " whose chemical formula is
Mg3Si20s(OH)4. In addition to measuring the relative
acceleration of various pairs of materials, EPF also
compared the accelerations of the reactants before and
after the chemical reaction

Ag2SO4+ 2FeSO4 2Ag+ Fez(SO4) 3.

TABLE I. Summary of EPF results for AK, and page quoted from Ref. 6, along with the
computed values of d (B/p, ). Ag-Fe-SO4 refers to the reactants before and after the chem-
ical reaction described by Eq. (7).

Materials compared Page quoted 10 AK 10 d, (B/p, )

Cu-Pt
Magnalium-Pt
Ag-Fe-S04
Asbestos-Cu
CuSo4. 5H20-Cu
CuSO4(solution)-Cu
Water-Cu
Snakewood-Pt
Tallow-Cu

37
34
39
47

45
42
35
48

+0.4+0.2
+ 0.4+ 0.1

0.0 + 0.2
—0.3 + 0.2
—0.5 + 0.2
—0.7 + 0.2
—1.0 + 0.2
—0.1 + 0.2
—0.6 + 0.2

+0.94
+0.50

0.00
—0.74
—0.86
—1.42
—1.71
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= (4.6+ 0.6) x10 e, (9)
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FIG. l. Plot of A~ vs ~(8/'p. ) using the data in Table I.
Ag-Fe-S04 refers to the reactants before and after the chem-
ical reaction described by Eq. (7). The solid line represents
the results of a least-squares fit to the data.

Since 8/pi, s the same before and after the reaction,
AK should be zero in this case, which is indeed what
EPF found. The remaining materials used by EPF are
~chiangenhoiz (snakewood) and talg (tallow, grease,
suet, etc.) whose exact compositions cannot be estab-
lished. In particular, the amount of ~ater in each of
these is unknown, and since water has a relatively low

value of 8/p, , the effective value of 8/p, for the sam-

pel could vary over a wide range depending on its wa-

ter content.
In Fig. 1 we plot the measured value of AK versus

the computed values of 4(8/p, ) using the data given
in Table I. %e see immediately that the EPF data
clearly exhibit the linear relationship between 4K and

&(8/p) expected from Eq. (4). Furthermore, the
solid line resulting from a least-squares fit to the data
passes through the origin, as it should if Eq. (4) holds.
Finally, the slope of the line is in remarkably good
agreement with the value expected from the parame-
ters in Eq. (2) which arise from the geophysical data.
Specifically, we find from the least-squares fit that the
equation of the line is

b, K =a b ( 8/p, ) +b,

a = (5.65 + 0.71) x 10

i =(4.S3+6.44)»o-to,
X'= 2. l (5 degrees of freedom).

Combining (4) and (8), we can solve for f e(R/h. ),
[f'e(R/)t) ]E,-,„,-, ——GomH2a

~here e is the electric charge in Gaussian units. This
should be compared to the value derived from the geo-
physical data in Eq. (2),

[f'e(R/z) ]„,„t,„,;,,„=(2.8 + 1.5) x 10 'e'. (10)

The agreement between these two results is surprising-

ly good, particularly in view of the simple model of the
Earth that has been used in deriving (4) and (9). If X

is in fact on the order of 200 m, then the details of the
local matter distribution will clearly modify the func-
tional form of e(R/X), and could lead to improved
agreement between (9) and (10). If the potential in

Eqs. (I) and (2) describes a coupling to hypercharge,
as we have assumed, then it should also give rise to an
anomalous energy dependence of the fundamental
Ko-K parameters such as the KL Ks mass -difference
b, m, the Ks lifetime rs, and the CP nonconserving
parameter q+ . Here the intermediate-range nature
of the coupling is crucial in understanding the effects
that arise. As we discuss in Ref. 3, the specific values
of n and h. in (2), which account for both the geophys-
ical data and the Eotvos results, may also explain the
kaon data as well, both qualitatively and quantitatively.

The possibility that the three effects that we have
discussed do in fact have a common origin can be
directly tested in several ways. To start with, the
Eotvos experiment itself should be repeated with

greater sensitivity, and with a variety of materials
whose precise composition is known. As has been
noted elsewhere, '2 the composition dependence of the
Eotvos anomaly' b, a/g can be used to rule out vari-
ous possible explanations of this effect. In particular,
we show in Ref. 3 that neither a coupling to lepton
number nor a recently proposed model of Lorentz
noninvariance can account for the data of Ref. 6.
While a repeat of the Eotvds experiment with better
sensitivity may be possible with modern techniques, it
may be more practical simply to compare the times of
fiight of different test masses dropped from the same
height, in an updated version of the Galileo experi-
ment. ' To achieve a sensitivity sufficient for our pur-
poses, say Aa/g =10 ', would require measurement
of the time of flight to within 0.1 ns over a distance of
10 m which is within the realm of feasibility. In addi-
tion, one can attempt to improve the measurement of
4g, the difference between the locally measured value
of g and that implied by satellite data. Evidently satel-
lite measurements would not be sensitive to b, V(r) in

(I) and (2), whereas local measurements would, and it
follows from (1) and (2) that b, g/g should be approxi-
mately 2 & l 0 . An analysis of the available data by
Rapp' gives a value b,g/g = (6 + 10) x 10, but the
prospects for improving on this result are somewhat
uncertain. Finally, if we take seriously the existence
of a hypercharge field, then one can search directly for
hyperphotons yz via their cosmological effects, and in
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decays such as Eo 2m+yz. Following %einberg, '

we note that the branching ratio for this mode is

~here E,„&&mz is the maximum hyperphoton en-

ergy detected. For f and my as given in (2) and (3),
and E,„ 100 MeV, the branching ratio is 6X10
This is safely below the level where hyperphotons
could have been detected in the course of other exper-
iments, but at the same time is large enough so that a
direct search for this mode may prove possible. From
a cosmological point of view, hyperphotons would act
as a massive but very weakly interacting constituent of
interstellar space, and could thus help account for the
missing mass of the Universe.

We are indebted to Frank Stacey for communicating
the results in Eq. (2) prior to publication, and to Peter
Buck for translating parts of Ref. 6. We also wish to
thank Mark Haugan, %ick Haxton, Ernest Henley,
Fred Raab, and Richard Rapp for helpful conversa-
tions. One of us (E.F.) wishes to thank the Institute
for Nuclear Theory at the University of Washington
for its hospitality during the course of the research.
This work was supported in part by the U. S. Depart-
ment of Energy.

Note added. —R. H. Dicke (private communication)
has raised with us the question of whether some sys-

tematic effect in the EPF experiment could simulate
the observed correlation between Etc and I (B/p, ). He

proposed an interesting model in which thermal gra-
dients could lead to a correlation between AK and the
quantity (a + b/p& —c/p2), where pt 2 are the densi-
ties of the samples and a, b, and c free parameters.
%e have investigated this model, and others involving

pt 2, and have found that none of these show a corre-
lation with d, K. These results will be presented in de-
tail in Ref. 3, where we will also show that they are a
consequence of two special properties of B/p, . (I) it

has an anomalously low value for hydrogen, and (2) it

has a maximum near Fe and is lower toward either end
of the Periodic Table. %e wish to thank Professor
Dicke for stimulating us to investigate this question.
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