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THE GRAVITATIONALPROPERTIES OF ANTIHATTER

T. Goldman, Richard J. Hughes and l’lichael Ilartin Nieto

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

In classical gravitational physics a pauticle couples to the local

gravitational potential with a streugth known as its “gravitational mass”
(1,2) In principle, the gravitational ❑ass is physically distinct from

the inertial mass, which is a kinematic property of the particle.

Together they determine the particle’s gravitational acceleration. There

would be no violation of CPT-s~etry if a particle and its antiparticle

should fall ~ith different accelerations in the same gravitational

potential. (By “gravity” we mean all forces other than the strong,

electromagnetic and weak ones of macroscopic range and gravitational

strength. ) Specifically, CPT-sywnetry ●quate9 the gravitational

acceleration of a particle towards a pt~rticular source with that of its

antiparticle towards an “anti-source”, That is, a proton falls tow~rds

the earth with the same acceleration thaL an antiproton has towards an

“anti-earth”. CPT does not tell us how an antiproton falls towards our

earth. However, a different behavior of an antiproton from a proton in

the earth’s gravitational field would violate the weak equivalence

principle(3) of classical physics. This principle may be expressed

mathematically using Newton’s inverse-square law,

ml g = G flomG/r2

for the acceleration, g, of an object of

(1)

nertial mass mI, gravitation

mass mc, in the gr?”(itational field of an object of mass ‘() ‘ The

principle states th~t,

=m
‘[G” (2)
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Although incorporated in:o general relativity, the weak equivalence

principle is not an a priori concept, but has been distilled from the
(4)

results cf experiments performed over a 2,000 year period . Indeed,

this principle has never been tested for antimatter, and so there is a

valid scientific question to be answered: what is the gravitational

(5) (By ~!antimatter” andacceleration of antimatter? “antiparticle” we

mean composite objects built out of antiquarks, and antileptons).

Furthermore, a generic feature of modern quantum gravity theories is that

matter and antimatter have different gravitational properties. In this

paper we will argue that a determination of the gravitational

acceleration of antimatter (towards the earth) is capable of imposing

powerful constraints on such theories.

Various principles of classical physics fail when quantum effects

are ~.aken into account. For instance, Newton’s first law, which might be

re-expressed as
,,(6)

“the universality of free-motion , implies that the

trajectories of freely-moving particles are determined cinematically in

classical physics. This camot be the case quantum-mechanically because

the Heisenberg uncertainty relations involve the momzntum, a dynamical

quantity.

The classical gravitational analog of Newton’s first law is the weak

equivalence principle, also known as “the universality of free-fall”.

It impliefi that the trajectories of freely-falling classical bodies in a

gravitational potential are determined cinematically. This also fails

quantum-mechanically (7) a9 verified by the C-O-W experiment(8)

Furthermore, Wigner
(9)’

has ●mphasized the lncompatibilit.y of general

relativity, which embodies weak equivalence, and quantum mechanics, It

is therefore not surprising that ❑odern quantum gravity theories,

motivated by renormalizability, include interactions of gravitational

strength which violate the weak equivalence principle, In order to

determine the status of the weak ●quivalence principle, one must

investigate whether these interactions persist in the classical limit,
(lo)and if so, with what strengths and ranges?

As first noted by Zachoa (11),
in quantum gravity theories based on

local supersyfmnetry, vector and scalar partners of the graviton appear

naturally, Furthermore, vectors and ecal~rs alao appear in the reduction
(12)to four-dimensions of higher-dimensional gravity theories , Although

originally identified with the photon lIL this last context, it is now

clear that the vector is more l~aturally associated with the graviton,

The vector and scalar fields both couple directly to Imtter, This is

quite different from metric theories of gravity, such as the llr;lns-
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Dicke( 13) or Hellings-Nordvedt theories
(14)

, in which the new fields do

not couple directly to matter. Indeed, the vector field of interest here
(15)

is reminiscent of the Lee-Yang vector, and will be presumed to couple
(16)

LO some linear combination of baryon and lepton numbers . The new
(17)

scalar WI1l be somewhat similar to that of Nordstrom’s second theory .

The conmnon phenomenology of these quantum gravity theories is the

existence of J = 1 and O partners of the graviton which couple with

gravitational strength. The vector is termed the “gravlphoton”, and the

scalar, the
(18)

“graviscalar . Additional scalar( ’g) or vector(20)

components of gravity have also been suggested in other contexts. The

new feature here is the occurrence of both.

New classical effects of gravitational strength, associated with the

graviphoton and graviscalar, will arise from the coherent sum over many

sources. However, in the static limlt of the unbroken theory, with

matched couplings, there would be no corrections to Newtonian grlvity for

ordinary ❑atter from the virtual ●xchange of the graviphoton and

graviscalaz(21). On the other hand, if only the vector were present its

coupling would have to be ●normously suppressed relative to the

graviton(22).

The usual theoretical expectation is that both the graviphoton and

graviscalar acquire ❑asses from symmetry breaking. Thus, at the

ph~nomenologlcal level, the observable classical effects of a broad class

of quantum gravity theories consist of additional, finite-range (Yukawa)

interaction potentials, with approximately gravitational strength. We

may expect the ranges to be comparable, and the coupling strength

difference to be smsll. In the !inear approximation, the form of the

total “gravitational” interaction enerl between two massive ferfnlonlc

objects, separated by a distanre r, with four-velocities

u, =
1 Yim Pi)

is then

‘1”2
I(r) = - G —

* yly2r

~ [2(U, “ U2) 2 - 1 $ a(u, . u2]~(r/v) + b ~(r/s),

(4)

where a and b are the products (in units of Cm f11f12) of the vertor ,l[ld

scalar charges, and v and s are the inverse masses (in units of lrngth)

of the graviphoton and graviscalar, rcspectivuly, G= is Newton’s

constant at infinite separation,
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The -(+) sign in front of a inEq. (4) is chosen for the interaction

between matter and matter (antimatter). This arises from the well-known

properties of vector boson exchange. The vector component is repulsive

between matter and matter (so-called “null”
(20)

gravity) and attractive

between matter and antimatter.

A general prediction

matter would experience a

Earth than matter. Note

of this type of theory is, then, that anti-

~ gravitational acceleration towards the

how different this is from older ideas about
(23)“antigravity” .

Indeed, there is a general rule of field theory that the exchange of

an even-spin particle leads to an attractive force, while the exchange of

an odd-spin one produces the rule: “like charges repel, opposites

“(24). It is clear that the notion of “antigravity”attract cannot be

accommodated in this framework.

The question immediately arises as to the ra,~ge of values to be

●xpected for a and b in quantum gravity theories, One would naively

expect a Q b * 1 for ●ach graviphoton and graviscalar in such theories,

and for a simple reduction from 5 to 4 dimenaious, there is just one

vector and one scalar (21) . However, Scherk has ●xplicitly observed that

there could be more than one of ●ach. In particular, we note that for

N=8 supergravity, 28 vector and 35 scalar helicity states are present

(for each of the two graviton helicity states), raising the possibility

that the ●ffective values of a and b are significantly larger than one.

(if the scalar does not exist, then b=O,)

Unfortunately, there are no theoretical constraints for the values

of v and s. In globally superaymetric theories, for instance, massive

superpartnera of masaless degrees of freedom may be very light for

virtually any value of the supersymetry breaking vacuum ●xpectation

value. Recently, Bars and Visaer(25) have argued that the synunetry

bwaking scale ❑ust be related to a vacuum expectation value, This

sug,gests that the weak synnetry breaking scale, A, or ●ven the lightest

fermion mass, m, may be relevant. Then

V-l, !3-1~~K x (m2, A2) (5)

where K is the gravitational coupling constant. From this we conclude that

10cm < v,8 < 106km (61
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The naive theoretical expectation, however, is that the graviphoton and

graviscalar should have masses -1019GeV, although masses of --lO-geV ❑ay

be possible in
(26)a geometric hierarchy scheme . fleanwhile, in the

absecce of such an argument, we will adopt a phenomenological approach

and turn to gravitational experiments to find bounds on the values of the

parameters in Eq. (4).

One classical test would be to search for variations in Newton’s

constant as a function of the length scale on which it is measured, In

fact, the Newtonian limit of gravity has only been tested to a high

accuracy at laboratory distance scales, and in the solar system at

distances of 106 to 1013 meters. Deviations from the inverse-square

force law are not excluded at intermediate distances (27).

The intermediate region could be tested by experiments such as the

Hills’ (28)Kepler-Orbit proposal . A pair of large spheres, of say 1

meter diameter of dense material, could be placed in high earth orbit to

❑inimize tidal forces, and gravitationally bound to each other, For a 10

meter separation, the period would be on the order of a few days, This

would allow a very precise measurement of Newton’s constant over a range

of distancern.
(29,30) have foundIn geophysical experiments, Stacey and co-workers

anomalies which are consistent with deviations from Newtonian gravity on

length scales between %1 and ~106 meters. They analyzed their data using

only one Yukawa term

‘= ‘1 ‘2I(r) =- -— [l + ~ ●(-r/A)l
r t

and found an effective repulsion with parameters (29,30)

lm$A$lo6m ,

(7)

(s3)

a= -0,010 t 0.G05 , (8b)

Despite the large uncertainties in Eqs, (8), observation of a definite

repulsive component is claimed, However, the measured data is not

sufficiently precise to reqtrict the repulsion to a single Yukawa term,
(30)Indeed, the data ig consistent with many functional forms ,

[n particular, if a form such as the static limit of Eq, (4) is

used,

‘J$ ‘2I(r) = - —— [1 + a ●(-riv) + ~ J-r/s)l ,
r



the small effective coupling, a, may be produced by an approximate

cancellation between the vector and scalar contributions. This can occur

in two ways: there can be a small difference between the values of v and

s or there can be quantum corrections which produce a small net

difference between the values of a and b.

One could also look for a material dependence of liewton’s constant,

as did Eotvos, and indeed, Galileo.

found anomalies in the data from the

(Although Dicke and Braginskii(33)

principle to a higher accuracy, their

Recently, Fischbach, et al. (31)

original Eotvos (32) experiment.

verified the weak equivalence

experiments were performed with

reference to the sun. Therefore, their experiments could well have been

unaffected by additional forces of limited range. On the other hand,

Eotvos performed his ●xperiment relative to the Earth.) The anomaly was

apparently viewed by Eotvos as a systematic effect which was not

understood, His quoted error is larger than

individual points, and in fact is determined

points. What Fischbach, ●t al. found was that

systematic with baryon number, a ccacept which

at the time of Eotvos’ experiment!

the uncertainties of the

by the spread between the

the trend of variations is

had not ●ven been invented

Although the interpretation of the results as ●violence of a (fifth)

hyperforce is now rlntroversial, it prompted speculation, A purely

theoretical problem with this hypothesis is that an extremely small

coupling (~10 -2 ~ the gravitational coupling) must be introduced ad hoc,

Such a small coupling is difficult to reconcile within the framework of

grand unification. While this certainly does not rule out the

hypothesis, a gravitational-strength interaction ia definitely more

natural, because it avoids the necessity

a and b,

Aside from the geophysical studies

●xperiments bear on the issue of a new

sun(34) does not provide any information,

of intrinsically small values of

referred to earlier, what other

force? Light deflection by the

since the interaction(s) do not

couple to photons, (35)A v~riant of an argument due to Good , using K
s

vacuum-regeneration, would apply if the new interaction col’,pl~d

differently to strange particles, as Fishbach ●t al, originally

speculated, A gravitational mass difference between K. and ~. would lead

to an anomaloua Ks-regeneration from a KL beam, However,

Riegert(21)

Ilacrae and

and Scherk(18) all argued that the new gravitational

interactions ❑ust be family independent, thereby avoiding this problem.

’36) show that colJpl-Finally, in a recent paper, Luaignoli and Pugliese
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ing to a non-conserved current (such as strangeness) produces a

large branching ratio for the decay, K+ + n+ plus nothing else observed,

in conflict with experimental results.

In an astrophysical context, it could be significant that the

graviphoton introduces a new velocity-dependent interaction as shown in

Eq. (4). Matter on the surface of a pulsar of radius 10 km, with a

period of a rnsec, has a speed which is a significant fraction of the

velocity of light. The graviphoton could yield a significant new

repulsive interaction for such high velocities. Since 10 Im may well be

within the range of the new interactions , they would have to be

considered in discussing rapidly rotating pulsars (37) or black holes.

An excitirg new possibility is to ❑ake a comparison between the

gravitational interactions of matter, and of antimatter, with the earth.

If the smallness of the observed effects in the matter interactions is

clue to a cancellation between the vector and scalar terms for matter,

then the anomalous effects would add, not cancel, between matter and

antimatter. Thus the attraction could be much larger for antimatter, as

much as three times the normal gravitational effect, if a ‘U b ~ 1. A

measurement of the gravitational interaction between antimatter and the

earth would then be a first-order test of quantum gravity theories,

whereas Eotvos-experirnents are second-order(’a). Indeed, such

second-order effects may be absent if the coefficients a and b in Eq. (4)

are composition-independent.

An experiment (PS-200) has been recently approved at LEAR(38) to

measure the gravitational interaction between ❑atter (the earth) and

antimatter(5’3g), It takes advantage of the unique availability, at LEAR,

of low energy antiprotons. These are to be ejected from LEAR and further

decelerated and cooled to ultra-low velocities, They may then be

directed up a drift tube for a precise (fO.3%) measurement, ~sing

(40)extensions of the techniques pioneered by Witteborn and Fairbank .

Eotvos-type experiments would be complementary to this experiment, hut by

no means a substitute for it.

Although we have phrased our discussion in the context of quantum

gravity, a measurement of the gravitational acceleration of antimatter is

a new, direct test of a fundamental principle (weak equivalence) which

has implications beyond any particular class of theories. This principle

has never before been tested with antimatter.

We would like to comment on an argument of Morrison (21) and one of

Schiff(4’) which severely constrained the “~nt.igravity” notion. Although
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the models discussed in this paper do not embody this concept, it is

worthwhile to see if these old arguments impose any constraints on them,

since they do involve different gravitational properties of antimatter.

Harrison constructed a gedanken experiment in which he proposed

adiabatically lifting a particle-antiparticle pair in a static

gravitational field, allowing them to annihilate, and transporting the

produced photons down to the initial height. The resulting photon energy

❑ust be equal to the rest-energy of the initial pair, plus the energy

●xpended in lifting them. With a conservative gravitational field the

“antigravity” idea ran into serious difficulty with this requirement,

because the weight of the pair was not equal to the weight of the

photons. However, the models discussed here are Lagrangian based, will

therefore embody energy-conservation, and so have no difficulty !.n

accommodating Morrison’s gedanken experiment.

Schiff(41) a rgued that virtual antimatter occurs in atoms, aud so if

“antigravity” ●xisted, it would have been noticeable from the results of

the Eotvos ●xperiment. In the models which we have discussed here, the

gravitational difference between matter aud antimatter arises from tfie

graviphoton, which couples to a conserved charge. Virtual effects cannot

change the vrlue of this charge for an atom, and so Schiff’s argument

imposes no additional constraint.

In sumary, there are theoretical reasons to expect, and

experimental suggestions of, non-Newtonian non-Einsteinian ●ffects of

gravitational strength, In modern quantum gravity theories, only the

classical ●ffects of these new interactions are observable at present

energies. Typical wantu effects would be expected to be apparent only

at the Planck mass scale, ~10 19 GeV, Thus, classical gravitational

experiments of the kind we have described here are now at the forefront

of modern particle phy:ics. We ●uphasize that ●mpirical knowledge of the

gravitational behavior Of antimatter is crucial for a complete

understanding.
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