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Does Antimatter Fall with the Same Acceleration as Ordinary Matter?
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Equivalence-principle experiments with ordinary matter probe the gravivector acceleration of anti-
matter in the same way as do direct measurements of antimatter in free fall and set stringent upper lim-
its on the gravivector acceleration of antimatter predicted by certain “quantum-gravity” models.

PACS numbers: 04.80.4+z, 04.60.+n, 04.90.+¢

There has been much speculation about the response
of antimatter to gravitational fields. According to gen-
eral relativity a particle and its antiparticle should have
identical accelerations in a given gravitational field.
However, it has been argued"3 that attempts to build
quantum theories of gravity naturally lead to additional
gravitational forces, mediated by spin-0 and spin-1
partners of the conventional spin-2 graviton that pro-
duces the familiar gravitational effects. If these partners
have sufficiently low masses, the forces they generate will
have ranges long enough to produce interesting effects in
the macroscopic world. In any* field theory the ex-
change of even-spin bosons (such as the ordinary gravi-
ton or its proposed spin-0 partner) between unpolarized
particles of the same kind generates attractive forces,
while the exchange of odd-spin bosons (such as the pho-
ton or the proposed spin-1 graviton) leads to forces that
are repulsive. Consequently, it has been noted® that in
the everyday world consisting of ordinary matter, the at-
tractive graviscalar and repulsive gravivector interactions
could essentially cancel and thus may have escaped
detection. For antimatter the situation would be strik-
ingly different. As the particle-antiparticle forces gen-
erated by both scalar and vector interactions are attrac-
tive, an antiparticle in the gravitational field of the Earth
would experience graviscalar and gravivector interactions
that were both attractive, and thus could fall with an ac-
celeration greater than g.

It is not easy to test this idea directly. Some twenty
years ago Witteborn and Fairbank,> intending ultimately
to measure the force of gravity on positrons, attempted
to measure the gravitational acceleration of electrons.
They encountered severe problems, discovering that it is
virtually impossible to reduce electric fields to a negligi-
ble level (an electric field of only 6x10 ~!! V/m gives an
electron an acceleration equal to that of gravity). The
antiproton, with a mass of = 2000m,, feels a corre-
spondingly greater gravitational force and is thus less
affected by small electric fields. An experiment? to mea-
sure the gravitational acceleration of antiprotons to a
precision of 0.01g is being prepared for the Low Energy
Antiproton Ring (LEAR) at CERN. The electric-field
problem would be bypassed in a proposed® measurement
of the gravitational acceleration of antihydrogen atoms.

Because it has proved very difficult to obtain a precise
result using direct means, it is worth asking if one can

test for the proposed effects indirectly. It might be
thought that the tight constraints™® on gravitational
splitting of the K° and K° mesons rule out scalar or vec-
tor gravitons. This is not the case as a spin-1 graviton
coupled to baryon number or lepton number would cause
an antiproton or positron to fall with an acceleration
different from g without producing any effect in the
neutral-kaon system. On the other hand, we argue that
equivalence-principle (EP) experiments®~'? rule out gra-
vivector interactions at roughly the 10 ~®g level. Our ar-
gument differs from ones given previously by Morrison'?
and Schiff,'* who focused on the virtual antiparticle con-
tent of ordinary matter, and has the advantage that the
relevant quantities can be more easily calculated in our
approach.

Our reasoning, in a nutshell, is this. If antimatter falls
with an acceleration different from that of matter, it
must be due to a vector interaction because the scalar
and tensor interactions of a particle are identical to those
of its antiparticle. (We limit discussion to gravitons with
spins < 2.) The acceleration of a test particle due to a
macroscopic vector force is proportional to gqy/m, the
“vector-charge”’-to-mass ratio of the particle. The most
general vector charge of matter composed of the first-
generation fermions contains terms proportional to the
numbers of protons, neutrons, and electrons,

qV=qp(Np—Nﬁ)+qn(Nn—N;;)+qe(Ne—_Ne+), (1)

where, for example, g, is the gravivector charge of the
proton and N, refers to the number of protons in a test
body.

The Earth’s gravivector field V will give a test particle
an acceleration

ay=Fy/m=(qy/m)V. )

(We assume throughout that the range of the gravivector
interaction is much greater than the size of the ap-
paratus so that V can be treated as a uniform field.)
Now consider measurements of the gravitational ac-
celeration of antiprotons, positrons, antihydrogen, and
antineutrons. The first two experiments involve charged
particles and require electromagnetic shielding to avoid
spurious electrical or magnetic effects. However, as
pointed out by Schiff and Barnhill’> and observed by
Witteborn and Fairbank,? the shields affect the accelera-
tion of the test particle. The free electrons in the shield
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respond to the gravitational fields by arranging them-
selves to produce an electric field E that just cancels the
gravitational force on the electrons in the conductor:
mg+q.V

F.=mg+qV—eE=0, E="t "1~ ©)
where m and —e are the electron’s mass and electrical
charge. An antiproton placed inside a conducting shield
will experience an acceleration

Mg—q,V—¢eE - +
~ F= g 49 e =gM m_v‘Ip qe’(4)
P M M M M
where M is the proton mass. On the other hand, a posi-
tron will receive an acceleration
mg—q.V+eE
a,+= mg—gevrer =2g (5)
m

that is not sensitive to the gravivector interaction. The
electrically neutral antihydrogen and antineutron will ac-
celerate respectively with

qaptqe
q=g— v ©6)
an~8 M+m
and
a;=g—Vgq,/M,. @)

It is easy to verify that the corresponding experiments
with particles instead of antiparticles have precisely the
same sensitivities to the gravivector interaction. Such
experiments, therefore, are sensitive to only two quanti-
ties: g,+q. and g,. Although we have considered the
case of electrostatically shielded particles, the results are
quite general. In the absence of shielding the above ex-
periments are sensitive to three quantities, ¢,V +eE,
g.V —eE, and ¢,V, which reduce to the shielded case
upon eliminating the dependence on the unknown am-
bient field E.

Now consider the effect of the gravivector interaction
on a Galileo-type EP experiment. The differential ac-
celeration of the electrically neutral test bodies will be

t-iforonfiwl] o

M M,
where Z and N are the proton and neutron numbers of
the test bodies, and u=M/M, is the test-body mass in
atomic mass units. Because the number of protons, neu-
trons, or baryons per atomic mass unit varies signif-
icantly from one material to another, EP experiments are
sensitive to the same two quantities as the hypothetical
set of antimatter experiments mentioned above. Of
course, the gravivector signal in EP experiments is typi-
cally smaller than in, say, an antiproton experiment.
The least favorable case occurs if g, =g, and g, =0 so
that gy =B, where B is the baryon number. Then the
antiproton has |qy/u|=|B/ul =1 while the pair of ma-
terials in an EP experiment has |A(B/u)|~10 ~3. How-
ever, the EP experiments can be done with very high pre-

Aa=A Z

(gp+g.)A +qgnA

cision. For example, it has recently been found® that Be
and Cu (AB/u==2.47x1073) have “gravitational” ac-
celerations in the Earth’s field which are identical to =1
part in 10'".

Could the EP experiments have failed to detect a gra-
vivector force because it was canceled by a graviscalar
interaction?'® This might have occurred (although it
would be a very improbable accident that the cancella-
tion was so precise) if the experiments had compared the
accelerations in the Earth’s field of a single pair of ma-
terials. However, exact cancellation cannot occur for a
range of test materials because of the inherently different
nature of scalar and vector charges. The accelerations in
the Earth’s field of numerous pairs of materials have
been compared with high precision: among them are
Be/Al,° Be/Cu,’ Cu/U,'° C/AL!'" and Al/Cu.'! For in-
teractions with ranges = 10'' m, we obtain a sixth con-
straint from the comparison of Al/Pt in the field of the
Sun.'? As no anomalous accelerations were seen in any
of these tests and no confirmed violations of the gravita-
tional 1/r2 law have been detected, we can essentially ex-
clude the possibility that a significant gravivector in-
teraction was canceled by a graviscalar force.

Let us review this argument. Graviscalar and gravi-
vector forces would produce a potential between a pair of
test bodies of the form

2 —
Via(r) = _g_S(QS)l(QS)ZM
4r r

2 —_
+—jl(qy).<qy)zM : ©)
/4 r

where gs and gy are graviscalar and gravivector coupling
constants presumed® to be of roughly gravitational
strength, As and Ay are the ranges of the graviscalar and
gravivector forces, and gs and gy are the scalar and vec-
tor changes of the test bodies. These charges differ in
fundamental ways. A vector charge has no contribution
from binding energy, while a scalar charge, in general,
does (this follows from the properties of the charges un-
der the particle-antiparticle transformation). A vector
charge of a composite system is unaffected by the motion
of its constituents, while a scalar charge, in general, is.
(A vector charge is Lorentz invariant, but a scalar
charge contains a factor of 1/y=I[1—(v/c)?1"2) Be-
cause binding energy and 1/y are not linear functions of
Z and N, gs cannot be exactly proportional to gy.

The general form of gy was discussed above. It is
more difficult to specify gs. Although the scalar cou-
plings may be simple in terms of the fundamental fields
(for example, the expectation value of the total number
of quarks plus antiquarks), gs of a neutral atom reflects
its complex structure and may depend in a complicated
fashion on the atomic and nuclear binding energies. We
therefore characterize gs of stable, electrically neutral
matter with the expression

gs=qs,|B|/u,|L|/1) , (10)
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FIG. 1. Constraints on the gravivector acceleration of an-

tineutrons, antihydrogen, and electrically shielded antiprotons
(in units of g=980 cm/s?) for the case where gs=u. The
three constraints are not identical, but differences cannot be
resolved on this plot. The gravivector acceleration of electri-
cally shielded positrons is not shown as it must vanish. The
unshaded region is excluded by equivalence-principle data on
at least two pairs of materials. This eliminates the possibility
that a null effect was due to an accidental vanishing of
A(gy/u) for a particular pair of materials. Vertical accelera-
tions in free-fall experiments were analyzed using the Earth
model given in Ref. 18 (assuming that experiments were con-
ducted 1.5 m above the Earth’s surface). Horizontal accelera-
tions in the E6t-Wash experiment were computed as described
in Ref. 9. The horizontal arrow shows the anticipated precision
of a proposed direct measurement of the antiproton accelera-
tion.

where B and L are the baryon and lepton numbers. Now
consider various possibilities for gs.

(1) gs does not depend on |B|/u or |L|/y, ie., gs =pu.
In this case the graviscalar couples to T, the trace of
the energy-momentum tensor, as in the Brans-Dicke
theory.!” Because the scalar interaction couples identi-
cally to mass it will not contribute to the differential ac-
celeration of test bodies. Then EP experiments “feel”
the entire gravivector interaction and are completely
unaffected by the graviscalar force. Using constraints on
gé/4x as a function of A, obtained from the results of
Ref. 9, we infer that any observable gravivector accelera-
tion of antimatter is less than 2x10 ~%g. These con-
straints are shown in Fig. 1.

(2) gs depends weakly on |B|/u and/or |L|/u, ie.,
gs=ull+e(|B|/u,|L|/u)] with e< 1. This scenario, in
which the scalar couples primarily to mass with small
corrections due to atomic and nuclear structure, has been
discussed by Peccei, Sola, and Wetterich.!® In this case,
approximate cancellation of the scalar and vector forces
in EP experiments can occur only if e |qy/u| and g21,
= egéls, where the I’s are integrals of V¥ ,(r) over the
source (which, except for Ref. 12, is the Earth). For
small ¢, the main effect of the graviscalar interaction is
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FIG. 2. Constraints on the gravivector acceleration of elec-
tricity shielded antiprotons (in units of g) for the case where
gs=u+0.01|B| and gy =B. For simplicity, we assume that
As =MAy. These constraints were obtained by combining equiv-
alence-principle data with results of astronomical, laboratory,
and geophysical tests of the 1/r% law. Gravivector and gravis-
calar interactions can be separated because the inverse-square
experiments are sensitive to the leading term () in gs and the
equivalence-principle results are not. The unshaded region is
excluded.

composition independent and detectable (assuming that
As is not greater than planetary distance scales) in tests
of the gravitational 1/r% law. Suppose, for example, that
€=0.01|gy/u| and gy =B. The laboratory and astro-
nomical 1/r? tests summarized in Ref. 20 supplemented
by recent geophysical results?!*?? set bounds on g that
lead to the constraints on the gravivector acceleration of
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FIG. 3. Constraints on the gravivector acceleration of an-
tineutrons, antihydrogen, and electrically shielded antiprotons
for the case where gy =B and gqs =|B|+ 8| B|* with §=10"°.
Each constraint was obtained from two equivalence-principle
results, by solving for g#ly the two equations relating Aa to
géIs and gély.
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FIG. 4. Constraints from the results of Ref. 9 on the frac-
tional difference of the ranges As and Ay of the graviscalar and
gravivector interactions. We assume that the scalar interaction
has gravitational strength, i.c., gé/An=Gm}?, where G is the
Newtonian gravitational constant. Two solutions (denoted by
A4 and A%) are consistent with the observed null effect. The lo
regions consistent with the experimental results are shaded; the
allowed region for solution 2 is much smaller than the width of
the line.

antiprotons shown in Fig. 2.

(3) gs is a strong function of |B|/u and/or |L|/u. In
this regime the graviscalar interaction is highly composi-
tion dependent, and gs cannot be approximated as a
linear function of |B| and |L|. Suppose, for example,
that gy =B and gs= |B|+65|BP. Even a very small
value of § will prevent cancellation of the graviscalar and
gravivector accelerations for a range of materials. If
8=10"°, the EP results’"'?> (where B ranges from 9 to
238) yield the stringent constraints on the gravivector
acceleration of antimatter shown in Fig. 3.

Additional strong constraints on opposing graviscalar
and gravivector forces arise from an independent ap-
proach. We have pointed out?3 that at the E5t-Wash ex-
perimental site the direction of a Yukawa force is a
strong function of its range. Thus two opposing forces
with ranges A K rganh can cancel only if they have essen-
tially identical ranges as well as identical strengths. As
shown in Fig. 4, our recent data?® are consistent with sca-
lar and vector interactions of gravitational strength only
if Ag and Ay coincide to a fractional accuracy that is typ-
ically better than 1 part in 10° and if the ratio g&/g# has
a special value (determined by the scalar and vector
charges of the materials involved) that is typically con-
strained to 1 part in 106,

In summary, we have shown that equivalence-principle
and inverse-square-law experiments using ordinary mat-
ter probe the gravivector acceleration of antimatter in
the same way as do direct measurements of antimatter in

free fall, and that these ordinary-matter experiments set
upper limits on the predicted gravivector acceleration of
antimatter that lie well below those expected from the
present generation of direct antimatter experiments.
There is no evidence for unusual gravitational behavior
of antimatter, or for “quantum-gravity-inspired” models
which postulate the existence of low-mass spin-0 and
spin-1 partners of the graviton.
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