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In this work a universal magnetic-dipole interaction between massive fermions is considered, with the

coupling mediated by the local spacetime curvature. The strong principle of equivalence is not valid for

fermions because of their intrinsic spin. Hence, the associated principle of "minimal gravitational coupling"

for the Dirac equation coupled to electromagnetic fields in the presence of gravity is an assumption which is

unsupported by either theory or experiment. We show that relaxing the arbitrary minimal-coupling constraint

leads to a simple kind of nonminimal gravitational coupling (NMGC) which can generate curvature-dependent

. magnetic-moment effects, in background gravitational fields, for fermions coupled electromagnetically.

Application of this model to the case of solar neutrinos yields a simple explanation of the low terrestrial

neutrino flux in terms of sufficient neutrino energy loss (via multiple neutrino-electron magnetic elastic

scattering in the solar plasma) to account for the very low detection rate on earth, Terrestrial tests of this

type of NMGC effect for neutrinos would appear in high-energy neutrino-nucleon scattering, in terms of
anomalous (charge-dependent) neutrino-deuteron interactions, 'which could not be explained by charge-

independent neutral-current models alone.

I. INTRODUCTION

1

In this work a universal magnetic-dipole inter-
action between massive fermions is considered,
with the coupling mediated by the local spacetime
curvature. There are two motivations for consid-
ering such an interaction. It is well known that
massive spinning particles do not move along geo-
desics since their spins couple directly to the lo-
cal spacetime curvature. The precise form of the
gravitational coupling is unknown since experi-
ments have not yet achieved the necessary sensi-
tivity. Theory invokes minimal coupling only be-
cause of its validity for particles without intrinsic
spin. Nonminimal coupling is considered here as
a logical possibility which should be ruled upon by
experiment. A second motivation is the possibility
of augmenting the standard four-fermion inter-
actions in the light of the continuing solar neutrino
puzzle. Clark and Pedigo' have examined an en-
ergy-loss mechanism for solar neutrinos via mul-
tiple v, —e scattering with a finite neutrino mag-
netic moment. Their purely electromagnetic inter-
action requires an unphysically large neutrino
magnetic form factor to provide scattering to ac-
count for Davis's. low capture rate. With the mod-
el considered here, the necessarily large mag-
netic form factor is automatically accounted for
by local curvature effects within the solar plasma,
and suggests that the Clark-Pedigo model is viable
within the nonminjmal-gravitational- coupling
(NMGC) framework.

In Sec. II, the associated Dirac-Einstein-Max-

well field equations are derived from an action
principle. The magnetic-dipole interaction with
nonminimal gravitational coupling is written as
the simplest term which mixes all three fields
and satisfies gauge invariance of the first and
second kinds. It is our expectation that currently
existing scattering data for charged lepton-hadron
processes will not significantly constrain this par-
ticular NMGC term, because any electromagnetic
or hadronic interaction will always mask the much
smaller NMGC effect. Hence, effects of NMGC
can be observed only when electromagnetic and
strong interactions are absent, that is, for neutral
leptons' (i.e. , neutrinos).

In Sec. III, NMGC is applied to the solar neutrino
problem. The gravitational coupling, together
with electron mass density (spread over a region
determined by average charge neutrality), will
act to multiply the size of the neutrino magnetic
form factor and make it large enough to allow di-
rect use of Clark and Pedigo's calculation. The
NMGC constant is given an upper limit from the
terrestrial scattering data of Cowan and Heines. '

Since the NMGC coupling is assumed to be uni-
versal, terrestrial tests are considered in Sec.
IV. High-energy v, —p scattering is discussed
wherein the neutrino energy is large enough to
sample the proton density (over its wave packet)
via NMGC. Neutral-current effects are thought to
also occur within this scattering domain;, hence to
distinguish between an NMGC and neutral-current
process, it, is suggested that neutrino-deuteron
processes might yield an anomalous charge de-
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pendence (considered as due to NMGC effects as-
sociated with this model), which neutral-current
theories alone could not account for.

d'x(-g)'i'[R+ &((g,

+~ +"+%i(oo)]
where the NMGC term has a strength determined
by the value of g~, and is added directly into the
original minimally coupled action principle. Then
variation 5f =0 with respect to 5g„„, 5A„, and 54
gives' respectively a modified energy-momentum
tensor in the Einstein equation

~ vv . ( ) ) f vv(D(rac& f vv(Maxwell)
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where S =
& p,,+o „„+I""", and the Einstein gravita-

tional constant is z = 8w Gc; a modified current in
the Maxwell equa, tion

F,„'"=Z, (q) = tery„@- (-,'qR(lpo„p)'"], (4)

and finally a modified Dirac e(luation with a curva-
ture-dependent anomalous magnetic moment

(-iycV„+m+eg+ ~xRp,,o„g"")4=0. (5)

Note that the NMGC terms do not vanish in a local
geodesic frame, as expected.

III. APPLICATION TO THE SOLAR NEUTRINO PROBLEM

From Sec. II, we see that the effect of the NMGC
term (1) on the action (2) is to give the fermion an
anomalous magnetic moment p, = gR p,„depending
on the sea].ar curvature R.' Let us suppose that
we choose the value of p subject to the constraint

II. A SIMPLE FORM OF NONMINIMAL GRAVITATIONAL
COUPLING IN THE DIRAC-EINSTEIN-MAXWELL SYSTEM

If we eliminate the arbitrary assumption of mini-
mal gravitational coupling in the Dirac- Einstein-
Maanvell equations, consistent with the fact that
the strong principle of equivalence' (SPE) is not
valid for fermions, the simplest gauge-invariant
nonminimal gravitational interaction which mixes
all three fields (and has dimensions of an energy
density) is a magnetic-moment interaction which
is curvature dependent in the form

Z„=&)R(-'p, )O' „„O'F ", (1)

where &) has dimensions of (length)' and p., =—e/2m, .
Units of magnetic moment are used and 5= c =1.
Inserting (1) into the standard Dirac-Einstein-Max-
well action yields

( i(&+m(„-&+ ~~Rp, o„,F ")4'(„&=0, ,

(-ig+m, -eg)4, =0,

"=-e4',y„+,—,'(qR p,,@(„)o @—(„))",

(6a)

(6b)

(6c)

R =&((T, + T~)

=&(c'(S,+S ), (6(l)

where p,,—=e'/2m, and S„S~are the electron and
proton mass densities. From (6a) we see that for
the solar neutrinos specifically, the scalar cur-
vature in (6d) generates an anomalous magnetic

that this effect is dwarfed by the presence of the
- much stronger electromagnetic and strong inter-

actions (which would account for our lack of any
experimental evidence of this term for charged
leptons and hadrons). Then it still might be ob-
servable for neutrinos, since they have zero
charge, and only a very weak interaction with mat-
ter. To test this hypothesis we will apply it to
the case of the solar neutrinos. The possibility of
the neutrinos undergoing multiple magnetic elastic
scattering on the electrons in the solar plasma has
been previously investigated' as a possible solu-
tion to the "solar neutrino problem. " Since there
exists some evidence that neutrinos may have a
small nonzero mass' we will assume in our cal-
culations that the neutrino is described by (5) with
e = 0 and m„& 60 eV. We take the general point of
view that pa, ri.ty nonconservation is a property of
the weak-interaction matrix element itself Ihence
if 4' is a solution to (5) with e =0 and m„40, then
only QI-iy') I& contributes to the weak-interaction
matrix element (even if m„40)]. In the sun, the
metric is slowly varying over mi:croscopic dimen-
sions so we can calculate effectively in a local
freely falling geodesic frame where the first de-
rivatives of g„„vanish. If we also assume that
gravity is treated as an external field, then the
equations for solar neutrinos inside the solar elec-
tron-proton plasma can be specialized from (5) to
the simpler form (6) below under the following
assumptions: First, for solar neutrinos E„&10
MeV, so this means that &(,-Sc/E„& 10 "cm; thus
the protons are seen by the neutrinos as if they
are massive charged pointlike structures sur-.

rounded by unbound negative-char ged electron dis-
tributions', hence the proton dynamics can be ne-
glected at this energy, and only neutrino-electron
scattering will be important. Second, the univer-
sal NMGC is assumed to be masked, in the elec-
tron e(luation, by the electromagnetic term -eP,
hence it is neglected in this approximation. Under
these assumptions the local equations for NMGC
solar neutrinos in the solar plasma are approxi-
mated to first order in pi& as
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[- i/+ m&„) + —,
'

p&„)(x)a „„E""]4&„)= 0, (8)

where p, &„&(x) is the effective NMGC-induced neu-
trino magnetic moment inside the solar pla. sma
which participates in neutrino-electron magnetic
elastic scattering

Now iS, i

= [10 "/(10~)'] =10 g/cm' in the solar
plasma, , so that the NMGC-induced p&„&(x) is
spread out over 10 ' cm with an average density of
10 ~ g/cm'. Hence we can write p&„&(x) in the form

p&„&(x) =())&&c'p,,) x 10 'E(x),

(x)dx' = 1,
(10)

and where the density structure E(x) acts like a
"magnetic form factor. " Applying (8) through (10)
to-the work of Clark and Pedigo, ' we see that the
NMGC effect gives the neutrino a very large spread
for its effective magnetic form factor -10 ' cm.
This is precisely the kind of effect which enables
the neutrino-electron multiple magnetic-elastic
scattering models to account for sufficient neu-
trino energy loss to fall below the detection thresh-
old of the Davis experiment. " To see this in more
detail, we note that the NMGC neutrino equations
(8), (9), and (10) can be written as

[- i/+ m. + &i«c'(p, )S,&r„„e"A']+&„)= 0 .

moment term so that the neutrino equation of mo-
tion is

[-i)l'+ m, „,+ ,'&l —&&c'p, (S,+S )&r„g""]@&„&
= o. (7)

However, in the neutral solar plasma, since
&,) 1o ' cm, Sq is seen by the neutrino to be a
superposition of pointlike proton mass densities
surrounded by spread out S,(x) electron-wave mass
densities. Since the average density of the solar
plasma -1 g/cm', this implies that there are 10"
protons/cm', hence there is one proton every. lo '
cm along the neutrino path. The average neutra, l-
ity of the plasma then implies that there is also
one electron wave spread out over the 10 ' cm in
between each pointlike proton, as seen by the solar
neutrinos moving through the plasma. Thus, in

(7) only the spread out structure of the electron
clouds will be sensed most sensitively by neutrinos
with &„)10 )2 cm (while the more ma, ssive point-
like protons will exert a much smaller effect).
For elastic scattering, most of the recoil from
neutrino scattering will be taken up by the elec-
trons, ' and for this case (7) can be written in the
more revealing form

To lowest order the magnetic-elastic scattering
matrix element for the neutrinos and electrons
is of the same form as that used by Clark and

Pedigo, except for the fact that our magnetic form
factor E(x) is related to the local electron mass
density in the solar plasma as

S,(x) =1O 'E(x) . (12)

Hence we may directly use their approach to offer
a possible solution to the solar neutrino problem.
Since they use the results of Cowan and Reines, '
that experimentally for terrestrial v, —e scatter-
ing p&„&(10 p„ this means that from (10) we can
determine an upper limit on (&l&&) as

which yields an upper limit of

())&&)(10". (13)

This is the terrestrial upper limit on the coupling
())&&) of the NMGC-induced magnetic moment of the
neutrino. Since our model predi. cts.a spread out
"solar plasma" form factor (x)„-10' cm, then the
results of Clark and Pedigo' will satisfactorily
hold and indicate that choices of E(x) which imply

(r)&„)»7 x 10"cm are explainable by the NMGC

hypothesis.

IV. TERRESTRIAL TESTS OF THE NMGC HYPOTHESIS
FOR NEUTRINOS

To study the possibility of terrestrial tests we
recall that we have assumed universality of the
NMGC. This means we assume that anomalous-
magnetic-moment terms p, , (x) )),.&&c'S(x)po appear
in all fermion eq'uations, for various leptons
and hadrons. For the case of neutrinos, the
largest value that the NMGC effect can have is
when the density is (neutrino-nucleon scattering)
S(x)

i

-10"g/cm', implying in this extreme that

,
p, (» I

(10"x10"' x l.o" x p,,) -10"p,, for hadronic
interactions. However, since the Bohr magneton
[chosen as the unit in which (q&&) (10 "was found]
is p, -10 ", then

i p(x) i
(10", which is compar-

able to a "weak interaction. " However, we assume
NMGC would still be, masked by the stronger electro-
magnetic and hadronic forces associated with elec-
trons and nucleons (as we expected it would be
earlier). However, for high-energy terrestrial
neutrinos, because of the absence of neutrino elec-
tric charge, an effect of the new NMGC coupling
might actually be seen in terrestrial neutrino-nu-
cleon scattering. To see this we note that for neu-
trino energies E&„&)1 GeV, ~&„&& 10 ". cm and the
neutrino will. begin to detect the nuclear density
(over its wave packet) if it collides. with a nucleon.
The strength of this neutrino-nucleon magnetic
elastic scattering effect for the case of protons is
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determined from the above estimate as comparable
to the weak interaction since (q~) ~ 10 "when the
neutrino interacts with the proton. Recent data"
on high-energy neutrino-proton scattering indicate
that such an effect occurs. This is currently inter-
preted as due to neutral-current mechanisms, and
if an NMGC effect were also present, its compar-
able strength to weak interactions would make it
difficult to distinguish from neutral-current effects,
since the exact symmetry of the neutral current is
noi yet clearly known. " However, since the spe-
cific NMGC we chose is sensitive to the charge of
the target nucleon, upon which the neutrino scat-
ters, we would expect that if boih neutral currents
and the NMGC effect were present in neutrino-nu-
cleon scattering then we would see it occur as a
dhfference in the specific nature of neutrino-pro-
ton and neutrino-neutron scattering. A practical
way of testing this is to study the neutrino-deu-

teron scattering process. If only neutral currents
are present (and @~=0) then no charge dependence
in the scattering occurs. On the other hand, if
0& (ge) ~ 10 ", then, the NMGC would given an anom-
alous charge dependence to the process (due to the
neutrino magnetic moment interacting differently
with the proton and the neutron, respectively),
which, if not explainable on the basis of neutral'
currents, could be terrestrial evidence of NMGC
for neutrinos.

. In conclusion, we are suggesting that the solar
neutrino problem is an indication of the possibility
that very weak SPE-violating NMGC exists in na-
ture, and ultimately terrestrial neutrino-deuteron
scattering experiments will determine the validity
of this hypothesis, much in the way that the "7- 6
puzzle" led physicists to postulate parity-violating
weak interactions, which were ultimately tested
by Co" decay measurements.
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