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We use a current-current model for weak interactions to show that the weak-interaction
contribution to the ground state energies of typical nuclei is about a part in 108 of their
rest masses. By comparing this contribution with the results of the recent versions of
the Eotvos experiments, we conclude that weak-interaction energies obey the principle of
equivalence to better than a part in 100, thus refuting claims that those experiments did
not test weak-interaction effects.

In recent years, substantial theoretical and experimental effort has been directed toward the princi-
ple of equivalence and the Eotvos experiment. Improved versions of Baron von Eotvos s original exper-
iment have verified the equality of acceleration in a gravitational field of aluminum and gold to one part
in 10" (Princeton University experiment) and of aluminum and platinum to one part in 10" (Moscow
State University experiment), ' and further refinements are planned. ' The experiment has been inter-
preted as a test of the universality of free fall (UFF) for different forms of matter and energy, ' and as
a test of nonmetric theories of gravity. '

One of the motivations for making improvements in the experiment beyond the part-in-10" level has
been to test the effects of weak interactions on UFF. If weak-interaction energies violate UFF, then
the ratio of passive gravitational mass to inertial mass for a body should have the form

m, /m, = I+gZ, /m, ,

where E~ is the contribution to the mass of the body due to weak interactions in the nuclei and g is a
dimensionless parameter that depends on the theory of gravity being used. The value g =0 implies
agreement with UFF. Eotvos experiments set an upper limit on the difference in m&/mz for different
materials (say A. and B) and so would set a limit on the quantity

nl Iw/mr) ~ +w/ml) s—l

Most published estimates give E~/m~ ~ 10 "for typical nuclei" and so claim that the most recent
Eotvos experiments are not sufficiently accurate to test UFF for weak interactions; rather, a decent
test would require Eotvos experiments accurate to better than a part in 10' . However, these estimates
take into account only the parity-nonconserving parts of the weak interactions, which make no contri-
bution to the energy of a nucleus in its ground state, to first order in the weak-interaction coupling
constant, t"~. Nordtvedt' has suggested that the parity-conserving parts of the weak interactions will
contribute at first order in Gn and so may yield a much larger estimate for E~/mz. In this paper, we
show that in fact Zn/mz- 10 '.

We use a general form for the weak-interaction Hamiltonian valid for low energies that includes both
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charged and neutral current contributions. Using first-order perturbation theory we evaluate the ex-
pectation value of the Hamiltonian for a nuclear ground state consisting of Z protons and N neutrons.
Our result is

E~/mI =2.2x 10 '(NZ/A') f (N, Z)[1+g(N, Z)], (2)

where A =N+Z The function f (N, Z) describes the effects of nuclear structure on E~. For a free
Fermi gas, f (N, Z) = 1; for realistic nuclear models ranging from aluminum to gold f (N, Z) probably
varies by less than a, 1/O.

7 The function g(N, Z) depends only on the theory of neutral-current weak in-
teractions being used. For the Weinberg-Salam theory, ' for example, g(N, Z) has the form

g(N, Z) = 0.295[—,'(N-Z)'/NZ +4 sin'8w+ (Z/N) sin'8 /2 sin'8~- 1)], (3)

(Ew/mI)A1 (Ew/MI)vc(A„) -2x 10

Comparing this estimate with the results of the Princeton and Moscow versions of the Eotvos experi-
ment we obtain the limits

(4)

where 8w is the "Weinberg angle. " Because the coefficient NZ/A' varies by only a few percent be-
tween aluminum (Z = 13,N = 14) and platinum (Z = 78, N = 117) or gold (Z = 79,N = 118), the difference in
E~/mI between these elements will be rather sensitive to the functions f and g. However, barring an
unlucky cancellation of effects, we feel that a reliable estimate of this difference may be made by tak-
ing f (N, Z) = 1 and g(N, Z) =0 (no neutral-current effects) in Ec(. (2). Then we obtain (for either plati-
num or gold),

(I)( &5x 10 ' [Princeton experiment], ()7( &5x10 ' [Moscow experiment]. (5)

Hence we conclude that Iveak interactions obey tlute universality of free fall to zoiNin one part in 100.
The remainder of this paper sketches details of the derivation of E(I. (2).
We begin with an independent-particle model for nuclear matter characterized by distinct proton and

neutron Fermi energies, and describe the nucleon-nucleon weak interaction by the Hamiltonian, valid
for low momentum transfer,

2- g2Q& [J (c)tJ(c)P yJ (n)gJ(n))'] J (c)

J&(")=A, @y&(1—a y5)B(+Ac@'y&(1 —acys)Tnt,

where, in the standard isospin representation,

(o, l (i o) (o i) (i o)B=, r+=
0 1 0 0 0 —1

(7)

and g& and p„are proton and neutron field operators. The dimensionless parameters A„A„, a„and
a„depend on the theory of neutral-current weak interactions being used, and the parameter n has the
value 1.21+ 0.03 imposed by P-decay measurements. " Ignoring the creation of nucleon-antinucleon
pairs, we write, in the language of second quantization,

(t~ (x) = V "' b(p, s)u(p, s)e')'",
po

P„(x)=V "'
Q c(p, s)v (p, s)e'&'",
peS

(8)

where 5 and c are proton and neutron annihilation operators, u and v are Dirac spinors, and p and s
denote three-momentum and spin, respectively. We choose as nuclear wave functions plane waves
e'P" confined to a box of volume V.

In first-order perturbation theory the contribution of the weak Hamiltonian II~ to the total energy is

E,=-,' fd'x(0)a, (x)(0), (9)

where (0) represents the unperturbed nuclear ground state. We substitute E(ls. (6), (7), and (8) into E(l.
(9) and expand in powers of p/m, where m is the mass of a nucleon. Our result is

E~ =G~ 2 n 2V '(NZ[(3n' —1) + 4AA&]+ ~N A„'(1+3a„') + —,'Z A~2(1+ 3a& ) +O(p/m)'$,
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where

A„=A, -A„, a„= (A, a, -A„a„)/(A, -A„), A~ =A, +A„, as = (",a, +A„a„)/(A, +A„). (11)

Those terms in the expansion of H~ that are linear in p are of odd parity and so make no contribution
to E~. The terms of O(p/m)' represent relativistic corrections to Eq. (10) that are of order (p/m)'
-(Ev/m)- 10 '. Using numerical values V = 5.13x 10 "A cm' (corresponding to nuclear density p =1.95
x 10"cm '), mt = 0.931x10sA MeV, and G~ = 0.896x 10 4' MeV cm', we obtain

E~/mt =2.2x 10 '(NZ/A)'(1+0. 295[4A„A~+s(N/Z jA„'(1+3a„')+ s(Z/N)A s'(1+3a~')]). (12)

In Eq. (10), it is our use of a point-interaction Hamiltonian that is responsible for the simple depen-
dence of E~/m, on the products of densities of the interacting particles: NZ/A', N'/A', and Z'/A'. "
Furthermore, the use of realistic nuclear wave functions (as opposed to plane waves) in the computa-
tion will not alter the result significantly"; the function f (N, Z) that we have used in Eq. (2) should be
unity to better than 1%.

The detailed nucleon-nucleon weak interaction is probably more complex than the model we have
used, yet simple arguments from a current-current Hamiltonian do agree with the magnitude of ob-
served parity-nonconserving decays in nuclei, in contrast with calculations involving exchanges of vec-
tor mesons. " We also note the work of Adams" which suggests that correlations due to the strong in-
teractions do not alter this picture by more than a factor of 2 or so for final decay-rate or energy-
shift results. Hence we feel that Eq. (12) is a realistic estimate for the magnitude and functional de-
pendence of E~/m'

In obtaining Eq. (4), we ignored neutral-current effects. To estimate such effects, we use the Wein-
berg-Salam model extended to hadrons"; using the neutral-current parameters

A„=—,'(1 —2 sin'8"), A, = —sin'8&, a„= (1 —2 sin'8~) ',

appropriate to the model, we find for aluminum and platinum

a~ =0, (13)

N~/ml) AI
—(E~/ml)~ = 2.2x 10 "(0.40 —0.98 sinsg ~+ 4.24 sin~g ~).

For gold, the result differs from Eq. (14) by a few percent.
Allowed values for sin'0~ fall in a broad range. Weinberg" estimated sin'0& =0.45+ 0.15 in 1974.

More recent results indicate a somewhat smaller value. Morfin" estimates sin'0~&0. 4 from results
of v&e - v, e using only the Weinberg-Salam model in interpretation; other, theory-dependent results
indicate a lower limit sin'0 ~ & 0.3.

No choice of 8" leads to a zero result for the E'/mi difference but a minimum of 7.5x 10 "occurs
when sin'9&~ 0.12. For sin 0& =0.3 we find 1.1x 10 "and for sin'0&= 0.4 we have 1.5x 10 ' . These
are somewhat reduced from our pure charged-current estimate [Eq. (4)] but do not significantly alter
our final conclusion that weak-interaction energies obey UFF to a part in 100.

We are grateful to J. D. Walecka and R. V. Wagoner for helpful comments.
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Results on the nucleon structure function, vW2, are presented for 0.2 q ~ 50 (GeV/c}
and 5 & v & 130 GeV. They were obtained by scattering 147-GeV positiive muons inelasti-
cally from a liquid deuterium target.

In this Letter, we report the results on the nucleon structure function, v R'„measured at Fermilab
by scattering 2.1~10"positive muons of energy 147 GeV from a liquid deuterium target. Preliminary
results for v W, and some results for the distributions of muoproduced hadrons from hydrogen have al-
ready been reported. '

In the first Born approximation, the differential cross section for the scattering of muons of energy
E to a final energy E through an angle 8 is related to the two inelastic structure functions TV, and 8",
by

d,d =, -4 — 2''- —8', q, v + q'-2m& W, q', v

where v =E -E' and q'= 2(EE' PP'cos8-rn&2). —
The ratio of the inelastic structure functions can
be expressed as W/W, =(1+v'/q')/(1+8), where
R —= ~~/o~ is the ratio of the photoabsorption cross
sections for the longitudinal and transverse pho-
tons. ' The values of the nucleon structure func-
tion vW2(u, q') are obtained by assuming R = 0.18,4

where &u = 2Mv/q' is the Bjorken scaling variable. '
We propose to measure the value of R in subse-

i
quent experiments.

Figure 1 is a schematic drawing of the appara-
tus. Positive muons of 147 GeV/c strike a 122-
cm-long, 17.8-cm-diam, liquid deuterium target.
The apparatus is triggered when the counter log-
ic condition B N ~ 6 M is satisfied. B signals the
incident muon with no accompanying halo muon
(vetoed by hodoscope V). N is the downstream


