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We use the formalism of spin-1 (graviphoton) and spin-0 (graviscalar) partners of the graviton

developed in this series to analyze four terrestrial experiments. This analysis is aided by the results

of Stacey, Tuck, and Moore of Australian mine data, which allow interaction ranges up to 450 km.

We find that an anomalous result of order 10k could occur for the gravitational acceleration of an-

timatter. Such ranges could also explain the apparently contradictory results of the Brookhaven
and Washington Eotvos experiments in terms of the local geology. In the appendixes we rule out
two other possibilities. The first would perform a gravity measurement inside a spherical shell: a
"Gauss's law" test. The second would be a new rotating-disk Cavendish experiment.

I. INTRODUCTION

Modern theories of quantum gravity generally predict
that there will be spin-1 (graviphoton) and spin-0 (gravi-
scalar) partners of the graviton. ' These new partners
are expected to couple with gravitational strength to
some conserved charge (such as baryon-quark and/or lep-
ton number}, and to be massive (produce Yukawa poten-
tials). Phenomenologically, this means that the gravita-
tional potential between two particles, in linear approxi-
mation, can be parametrized as

velocity-dependent effects which could reasonably ac-
count for the correlation observed in the Eotvos data.
Others, too, have been obtaining interesting results.

In this concluding paper, we will analyze four types of
terrestrial experiments. The first (Sec. II) concerns exper-
iments to measure the gravitational acceleration of an-
timatter. From the reanalysis' of the Australian mine
data in terms of Eq. (1.2), Stacey, Tuck, and Moore found
one could have ranges v =s up to 450 km, for a =b. Us-
ing this, we find that a significant, measurable matter-
antimatter acceleration difference may be seen of order

—Gm &m2I(r)= 1[2(u, u2) —1]+a(u, u2)e
"T&72

g =ra (0.14),
g 450 km

(1.3)

—r /s
I

In (1.1) u; are four-velocities and y; are relativistic fac-
tors. a (b) and v (s) are the coupling constant and range
of the graviphoton (graviscalar), respectively. The cou-
pling constants represent the products of the charges nor-
malized to ordinary gravity. The signs in front of a
represent matter-matter ( —) and antimatter-matter (+)
interactions. Note that we have included only one
partner of each spin, although, in general, there could be
many, and, in principle, even a tensor partner. In the
static limit Eq. (1.1) becomes

In this series we have investigated the physical implica-
tions of this phenomenology. In paper I, we studied rap-
idly rotating compact objects. From the millisecond pul-
sar we found that if the coupling constants a and b were
~100, then a completely new analysis of such objects
would be necessary, as the macroscopic stability solutions
would need to be recalculated.

In paper II we did both a rnultipole and also a spheri-
cally symmetric analysis of static Yukawa potentials. In
paper III we studied the potential due to slowly rotating
astronomical objects. In particular, we found that
Earth's slow rotation was not large enough to produce

where A,
—= v =s.

The recent Eotvos experiments by the Adelberger
group" have constrained a single new vector potential to
have a coupling of

~

a
~

S 10 for ranges —100—1000 m.
Contrariwise, the Thieberger' experiment at the edge of
the Palisades Cliff in New Jersey found a positive result
(

~

a
~

—10, for such ranges). In Sec. III we elucidate
the observation' that these experiments could be con-
sistent if Thieberger is observing the effects of a much
larger-sized geologic object than Adelberger's group.

Note that the recently announced Air Force Geophy-
sics Laboratory tower experiment' bears on this matter.
They find evidence for a new, finite-range, attractive
force. Thus, evidence now exists for both graviphoton
(repulsive) and graviscalar (attractive) forces, indepen-
dent of whether or not the ranges of these partners are
long.

In the appendixes we discuss two experiments which
appear not to be feasible. The first is a static experiment
discussed by McCullen. ' This consists of a gravimeter
(in the form of a suspended torsion-balance pendulum} in
the middle of a hollow spherical shell of a few meters ra-
dius. Because of Gauss's law there wi11 be no force inside
the shell from Newtonian gravity. This statement does
not hold for the Yukawa potentials.

The second is an experimental test of the velocity
dependence of the potentials, by studying the gravitation-
al effect which results from placing two rotating disks
next to the masses of a Cavendish balance.
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II. THE GRAVITATIONAL ACCELERATION
OF ANTIMA I IKR

E„=[(t'+6t)cosht —(3t'+6)sinht]
~
s'i~, (2.7)

Recently, Stacey, Tuck, and Moore have reanalyzed'
their mine data in terms of the phenomenology we have
been discussing: a new repulsive force from graviphoton
exchange and a new attractive force from graviscalar ex-
change, both with relatively long ranges. Using their
mine data, Lunar ranging data, Laser Geodynamics Sa-
tellite (LAGEOS) data, Earth measurements of g, and
their lake experiment, they found that, for a =b and
v=s, ranges of v up to 450 km are allowed, with the re-
strictions that'

a b=—d, (s/v —1)=5/a, (d, 5)=0.01 . (2.1)

For the gravitational acceleration of antimatter, the
sign of the a term changes, although the magnitude is the
same. Therefore, the new gravitational effects could be
significant for the acceleration of antimatter even though
small for matter. To calculate what size effect might be
seen, we used the preliminary reference Earth model
(PREM). This model' is the standard spherically sym-
metric geophysical model of the Earth, obtained from
seismic, gravity, satellite and other data. It consists of a
series of 10 shells, and within the ith shell the density is
given as a polynomial up to order 3 in radius

3

p(r)= g p„,(r/R)", 8. , &r & A, , (2.2)
n=0

where the p„;are determined constants and the 8; and A;
are the inner and outer radii of the ith shell. The values
of the p„;and graphs of p(r) are given in Ref. 16. The ra-
dius of Earth is taken as 6371 km and the mass as
5.974X10 kg. [We have checked that the integration
over the volume of the Earth of the density of Eq. (2.2)
gives the correct total mass. ]

Since for antimatter there are no significant cancella-
tions, we can take a =b and v =s =A, . Then the
difference between the local gravitational acceleration of
antimatter (say antiprotons) g and of matter g, normal-
ized to that for matter, can be calculated from the formu-
las in Sec. IV of paper II. In particular,

E3; =[(t +12t +24)cosht —(4t +24t)sinht]
~

s'zz .

(2.8)

=a (0. 14} . (2.9)

From our analysis of rotating pulsars, Eq. (2.9) is valid
for a ~ 100. Before going on, we make a brief comment

20

O. l

Combining all these equations and evaluating (2.3) with
vector coupling a =1, we obtain the solid curve in Fig. 1.
For comparison, the dashed curve shows the effect that
would result from a uniform Earth of the same total
mass.

For small ranges, the idealized uniform spherical Earth
differs by a factor of 2, essentially because the density
near the surface of the Earth is a factor of 2 smaller than
the average density of 5.5 g/cm . The real Earth's curve
is wavy, corresponding to the contribution of different
shells becoming significant as the range is changed. The
important point is that for a range of 40 km there would
a 1% effect in the antiproton experiment, which should
be measureable. This is for a =b =1, and the effect
scales with a =b.

If one combines this with the analysis of Stacey, Tuck,
and Moore, ' then one can say that the expected ac-
celeration difference hg for the antiproton can be
parametrized as

g —g 2aR 2

M
e

—8 ik(4 g3)
R

10 3xg gp„, —E„,,
i=1 n=0

where for n ) —1, E„is defined by

E„=
k=0

I'(n +2)
X'(n +2—2k)

I (n +2)
I (n +1—2k)
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So, for each of the 10 shells,
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FIG. 1. The size of the new effect due to the graviphoton and
graviscalar interactions for antimatter as a function of the
length scale v =s =A.. This result is for new coupling constants
a =b =1, and scales with their values. The lower solid line is
for Earth's real mass distribution, whereas the dashed line is for
a uniform mass distribution of the same total mass.



38 PHENOMENOLOGICAL ASPECTS OF NEW'. . . . IV. 2939

on whether a —l%%uo gravitational effect for a range A. on
the order of 1% of the Earth's radius makes sense. This
effect is similar to the Newtonian force from an adjacent
radius-)(, half-sphere of matter. For an order-of-
magnitude estimate, suppose one asks what is the relative
Newtonian force from two spheres with the same density,
of radii d and D, on a tangent point w (see Fig. 2):

Fd Md D d D d

FD d MD d D D
(2.10)

The forces scale with the radii of the effective objects.
Therefore, it is not surprising that A, -10 R gives an ap-
proximately 1%-sized effect in the change of gravity.

III. THE BROOKHAVEN
AND WASHINGTON EOTVOS EXPERIMENTS

FIG. 2. Two spheres of the same uniform density with radii d
and D, tangent to the point w. In the text we calculate the rela-
tive force exerted on a test mass at point w.

over distance scales larger than 1 km (Ref. 18).
In particular, the cliff used by Thieberger is very spe-

cial. It is part of the Palisades, on the western shore of
the Hudson River near the New Jersey —New York bor-
der (see Fig. 3). The critical point about the geology is
that this cliff is the eastern terminus of a diabase sill, with
density -2.9 g/cm, that has been extruded to form the
Palisades outcrop. ' In comparison, the rocks to the East
consist of Precambrian granites and gneisses having a
density of about 2.7 g/cm . The Palisades site may be
sensitive to possible new long-range forces because it sits
at the eastern terminus of the diabase sill which extends
to the west into Pennsylvania. The excess of this sill over
the "average" surrounding material can be represented as
a 275-m-thick semi-infinite horizontal slab, extending to
the west, of density p+ ——0.2 g/cm .

As emphasized by Milgrom' an Eotvos experiment
testing for finite-range forces is sensitive to the lack of
horizontal symmetry in the local hemisphere of mass
whose radius is of order the range of the force. There-
fore, if there exists a distinct and obvious long-range den-
sity contrast, this would produce a known effect. The

:':::::;:::::PALISADES""""'DIABASE

y& CRETACEOUS
AND YOUNGER

TRIASSIC

CRYSTALLINE
P RECAMBRIAN

~ SITE

Two new Eotvos experiments have been reported by
Thieberger' and by Adelberger's group" at the Universi-
ty of Washington. They obtained seemingly contradicto-
ry results. Thieberger has found that a copper sphere
neutrally buoyant in water on top of a cliff is repelled in
the outward direction normal to the cliff. ' The strength
of repulsion is found to be consistent with the proposed
violation of the inverse-square law when pararnetrized
with a single new Yukawa potential
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Adelberger's group compared the differential gravita-
tional effect of a hill on two materials. " However, they
saw no horizontal non-Newtonian differential accelera-
tion. We proposed with Ander' that there may be no
unrecognized systematic errors in either experiment and
that both experiments may be correct. Of course, for us
this possibility was motivated by our proposal that the
most likely origin for new gravitational-strength forces
may be found in quantum theories of gravity, which
could be longer ranged. The difference between the
Thieberger and Adelberger et al. results would then be
due to differences in the local topography and geology
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FIG 3 Geologic and cross sectional maps of the Palisades
site [(a) and (b)]. The line (A-A') labels the trace of the cross
section in the geologic maps for the Palisades site. Note the ex-

aggerated vertical scale of the cross section relative to the hor-
izontal scale. Taken from Ref. 13; see footnote 13 therein.
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Palisades diabase sill is just such an obvious feature. At
the Washington sites, "' as of now, one does not have
sufficient knowledge of the geology to long-range depths
to discuss such an effect. What we are saying is only that
there exists a known density contrast at the Palisades site
which could produce the size of effect seen. Not enough
is known about the Washington sites to make a similar
comment. (See Ref. 13 for further geophysical details. )

In this section we will give more details on the calcula-

V=F/(aGm p+ ) .

From graviphoton exchange this is

(3.3)

tion of the force from the Palisades diabase sill. Consider
the Thieberger experiment to be at the midpoint of the
flat edge of a half-disk with radius R and thickness t.
This half-disk represents the diabase sill. For conveni-
ence divide the force F by (aGmp+) to yield the "force
function"

d y3n/2 R, , t/2, exp( r/v)—
p dp dz

dx n/2 0 —f /2 x=0

r =(p' +x —2xp'cosP+z' )'/

(3.4)

(3.5}

Evaluating the derivative with respect to x at x =0, do-
ing the P integration, and noting the symmetry about
zero for z' yields

p exp[ (I 2+p2)1/2]

(k'+p')'"

P exp[ —(k +P )' ]
(k'+P')'" (3.8)

V=4)'"d. J'p'dp —', + ', .-',
0 0 T vr

(3.6)

( i2+ i2)1/2 (3.7)

Now we perform an integration by parts with the p' vari-
able, and take u = —[exp( r/u)]/r an—d u=p'. Then,
letting z'/u =k, p'/v =p, and R /v =P, we obtain

As we let R become large with respect to v, the quanti-
ty in the parentheses becomes K11(k), where Eu is the
modified Bessel function. Thus, the horizontal force per
unit mass due to graviphoton exchange is

f l(20)f„=aGp+4v dk Ko(k) =aGp+4vI(t/2v) . (3.9)
0

As t goes to infinity, the integral I (t /2v) becomes m /2, as
it should. The integral can be evaluated by using Eq.
(9.6.13) of Abramowitz and Stegun for Eo and integrat-
ing. One finds

( E /2 )
2n + 1 n

I(e)= g +ln2 —y —In@+( I —5„&)g—„,[I (tt +1)]'(tt +-,') 2tt +1 "'=J (3.10)

where y is Euler's constant. Equation (3.10) gives us an
analytic result for our model. The numerically dominant
terms for e small are given by

& = (& /p)c„—(8 /1u)„„,„=0.001 71 (3.14}

I(e)=e(1+ln2 —y —in') .

Now adding graviscalar exchange, one has

f, , =4Gp+ [vaI(t /2u) sbI(t /2s)) . —

(3.11)

(3.12}

Taking the Stacey, Tuck, and Moore analysis' of Eq.
(2.1), this yields the difFerential force per unit mass

bf„,=b2p+Gt [d [I+1n2—y —ln(t/2u)] —fiI, (3.13)

where we have used Eq. (3.11) for small (t/2u). In Eq.
(3.13), b. is the diff'erence of baryon number per unit
atomic mass, which is

between copper and water.
As an example, take t =250 m and the conservative

value v =50 km. (Indeed, Ref. 10 prefers a larger value
of v in this situation. ) Then, Eq. (3.13) yields 7)&10
cm/sec for b,f„„comparedto Thieberger's experimen-
tal value, ' (8.5+1.3)X10 cm/sec . For u =200 km,
one obtains the best agreement with the Thieberger re-
sult.

The validity of this resolution depends on the detailed
large-scale geology of the two sites. Ultimately, of
course, it depends on the experiments. It is to be hoped
that in the future both these and other experiments can
be performed at more than one identical site. See Ref. 13
for further comments on this proposal.
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where

U=A, e —+1 —e —+1Byg B a /'g A

and we have used Eq. (5.9) of paper II.
To obtain the radial force one takes

F„=—r.VV

(A6)

APPENDIX A: TEST OF GAUSS'S LAW

G I

V(r)= (1+ac "~
)

T
(Al)

Then, the potential as a function r from the center of a
spherical shell of density po and with outer and inner ra-
dii A andBis

2n e
—D/k

V= —Gm poa r' r' sin, A2
B 0 o D

D = r —r'
l

=(r' +r —2rr'cos8)'~2 (A3)

(see Fig. 4).
To evaluate (A3), we first integrate over P to obtain 2m,

and then perform two changes of variable. First let
cos8=p, or dp= —sin8d8. Then let y =D, so that
dy = dIJ, (rr')/D. On—e then has

I

V= —2mmpoGa y e
B T r'+r

(A4}

= —4am poGa
sinh(r /A, )

T
(A5)

One of the features of an inverse-square force law is

that it obeys Gauss's law. As a consequence of Gauss's

law there is no force inside a spherically symmetric
charge distribution due to that distribution. However, if
there were a non-Newtonian Yukawa component to grav-

ity then there would be a nonzero force inside and away
from the center of the distribution. McCullen' has
raised the question if such a force would be measurable.

To answer this question, let us use the single-Yukawa
form. For a single new Yukawa, the standard notation
is"

= —4m Gm poa
sinh(r/A, ) cosh(r/A, )

p A, T
(A7}

(A8)

This result agrees with a theorem obtained for Yukawa
potentials while studying massive-photon electrodynam-
ics. ' The force due to a photon of mass (fi/cA, ) scales as
(D/A. ), where D is the dimension of the apparatus or the
size over which measurements are made. In that case,
the result made clear that it is very difficult to perform a
precise measurement of the photon mass with a small ap-
paratus. In this case, Eq. (4.8) similarly implies that it is
difficult to measure a large-scale non-Newtonian gravita-
tional effect with an apparatus on the size of meters. This
holds even if the range is only hundreds of meters, as dis-
cussed by the single- Yukawa "fifth-force" advocates.

To be precise, McCullen considered' measuring the
deflection 5r of a torsion pendulum with characteristic
oscillation frequency Q. Then the distance measured
would be (taking B = A /2)

2
F ~Gpoa A

m f12 2flz Y (A9)

For 0=2m. sec ', A =1.5 m, A, =200 m, a=0.01, and

po ——1 g/cm, this number is 1.5X 10 ' . Therefore, such
an experiment appears to be too difficult to perform with
present technology.

Now performing a power-series expansion in 2/A, and
B /1, , one obtains

( A B)r —( A B)r—F= —4m 6m poa — +
6A, 9A,

)Z2t

I D

MIDPOINT

FIG. 4. The geometry of a spherical shell of uniform density
with outer and inner radii A and 8. The coordinate vectors are
as in Eqs. (4.2) and (4.3).

FIG. 5. The geometry of the rotating-disk Cavendish experi-
ment. The spheres have radii R. Each disk has cylindrical ra-
dius d, thickness 2t, and midpoint a distance D away from the
center of the sphere. The axial coordinate of the disk is z.
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APPENDIX B: ROTATING DISK
CAVENDISH EXPERIMENT

Finally, we wish to investigate whether a Cavendish ex-
periment, using rotating disks instead of spheres for the
test masses, could detect anomalous velocity-dependent
forces. (The difficulty of measuring even normal
velocity-dependent forces is well known. } Consider the
geometry of Fig. 5, with pc =2nvd the velocity of the
edge of the rotating disk. We consider the force between
one sphere and one disk.

F= IF + ,'p F—tt af—(R/v)F (v)

where

+bf (R /s)[F (s) ——,'p2Ftt (s)]I, (Bl)

For the interaction of Eq. (1.1), we first state the force
between the two objects, and then wi11 show how the re-
sults are obtained. %ith Ms and Mz being the masses of
the sphere and disk, the force between the two objects to
orderP is

Dy —[(D+t)2+d ]'

D2
(D D+ +—2t)

d t

(82)

(83)

=1+ , +D2 D4 D6 (84)

FI3 ——N
2

I 32(D+ D) d—(D+ —D)———,'[(D+t) (D ——t) ]]'t (85)

1 t d45—d —160d t +48d=—+ +
2 2D2 96D

f (x)= (x coshx —sinhx)
3

X

~1 as x~0
~3e"/(2x ) as x~~,

A,DF"(A, ) = 2e D~ sinh —+exp( D /A, ) —ex—p( D /A. )—+

(86)

(87)

(88)

(89)

~F~ as X~~,
A. D

F&(A, )= texp( D+ /A, )[(2D—+ /A, )+2+(d IA, ) ] exp( D—/A, )[(2—D /A, )+2+(d/A, ) ]d4t

—2 exp[ (D + t) IA ][(D—+ t) /k+1]+2 exp,[ —(D —t) IA ][(D t) /A+ I—]
Fg as'

(810)

(811)

(812)

F"=f dVd kf(RIA) e "~ —+ r
p I"A.

GMsMD

td227r

(813)

In (81) the p terms come from the expansion of the y
factors. Note that u

& u2 will only have one gamma fac-
tor because only one of the pair of objects is moving.
Since the two F" terins go to the F terms as A,~~, it
suffices to calculate only the F terms.

For F"(A,), first recall that the radial force from the
sphere to any point in the disk goes as f (R /A, ), and so
the integrated force is

where

[(D +z)2+p2]1I2 (815)
However, in integrating over the disk, the symmetry of
the problem eliminates all components not parallel to z.
Therefore, r can be replaced by z(D+z)/r, and the in-
tegration simplifies. After doing the P integration, one
has for the force in the z direction

F"(A,)= f dz f d e
td —t 0 p pg 7'

(816}

or

GMsMDF'.r=— ', 'f(Ru)F'(X),
D2 (814)

Changing variables from p to r and then y =r/1, allows
the first integration to be done, and then the second is
straightforward, if tedious. The result is Eq. (89).

The Fti(A, ) integration is of the same form as Eq. (816),
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except that there is an added factor (pld) in the in-

tegr and:
G~s~aF=

2 [F (1—a+b)+ ,'p—F&(3—b)] . (818)

Fr(~) D
y d y 3d, qg 1 1 D+z„2+„g

(817)

This is because we are integrating over P (p). The in-
tegration is performed the same way as in Eq. (816), ex-
cept that this time it is more complicated. Use can be
made of the relations obtained in paper II. The end re-
sult is Eq. (811).

Since experiment tells us that, if there are new gravita-
tional forces, the ranges are much greater than the many
tens of c.m. scale of this apparatus, Eq. (Bl) can be ap-
proximated to

Therefore, this experiment will be sensitive to a gravisca-
lar force, if b is not almost unity and P can be made large
enough.

It appears hard to obtain materials which can with-
stand centripetal forces to rotate fast enough. Further, in
such an experiment it would be necessary to maintain (or
know) the distances between the spinning disks and the
test masses on the balance to a very high accuracy, even
during spin up. Thus, although new materials may aid in
this, and there are possibilities of doing interference
detection this experiment appears to be extremely un-
likely to be done.
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