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The possibility that multiple v, -e scattering within the sun can account for the low solar-neutrino

counting rates is considered. In the absence of v, -e scattering data, bounds are imposed from v, -e

data, introducing a requirement for strong forward peaking. Generalized four-fermion interactions
calculated to first order are found to be inadequate, Electromagnetic v, -e interactions with a finite
neutrino magnetic moment are found to be satisfactory, but require a seemingly unphysical neutrino
form factor corresponding to a mean neutrino radius of r & 7 g 10 ' cm.

Considerable interest has been generated by the
unexpectedly low counting rates for solar neutri-
nos. ' Searches' ' for possible explanations have
been conducted in many areas of astrophysics,
chemistry, and physics. In this paper we report
an investigation of the possibility that the anomaly
can be explained by the multiple near-forward
scattering of neutrinos from solar electrons.

Since the neutrino absorption cross section of
"Cl rises rapidly with increasing neutrino energy'
above the threshold at 0.814 MeV, the counting rate
is very sensitive to the energy spectrum of the
neutrinos. Consequently, a significant downward
shift in the neutrino energy spectrum resulting
from energy loss in multiple scattering would cause
a substantial decrease in the counting rate. The
preference for considering scattering on electrons
rather than nucleons or other more massive par-
ticles is based on the familiar enhanced energy
loss for lighter targets at corresponding momen-
tum transfers. Although this possibility has been
considered by Bahcall" no quantitative analysis
has been reported.

The importance of multiple scattering is usually
disregarded on the basis of V-A predictions' for
the v, -e cross section and the apparent success of
the model for 7, -e scattering. " The predicted
v, -e cross section suggests a solar mean-free
path on the ord r of 10' solar radii. Indeed, the
expectation of a negligible neutrino interaction
within the sun has provided the primary impetus
for solar-neutrino experiments, since it has been
hoped that this property would make available
otherwise unobtainable information about the solar
interior.

The chance that forward-peaked p, -e scattering
might account for the small observed counting
rates is left open by the absence of experimental
data for the v, -e interaction" and the possibility
of non- V- A. neutrino-electron interactions.

If, however, we insist that the v, -e cross sec-
tion must behave at least qualitatively as the v, -e
interaction (e.g. , total cross sections of the same
order of magnitude), then we should recognize the
limited sensitivity of previous v, -e experiments to
near-forward scattering. This experimental fact
is a consequence of the minimum observable ener-
gy for recoil electrons s,g, ii The relationship be-
tween the recoil electron-kinetic energy T and the
neutrino-scattering angle 8 (in the lab. system) is
given by

2(E'/m) sin'(-,' 8)
l+ 2(E/m)sin'(-, '0) '

where E (E') is the initial (final) neutrino energy
and ns is the electron mass, The squared momen-
tum transfer t is related to T by t = -2' T.

As an example from results of the most recent
p, -e experiment, ' T;„=3.6 MeV, which the authors
use for comparison with theory, corresponds to a
minimum scattering angle I9mjn = 14 for antineutr i-
nos of a maximum energy of 10 MeV. The most-
forward data are reported in the 1957 paper of
Cowan and Beines" for which T„„.„=0.1 MeV and
T =0.5 MeV.

Our approach is to investigate the energy loss
for multiple scattering in the sun for particular
forms of the v, -e interaction which are constrained
to satisfy the experimental bound for the p, -e
cross section over the region T;„+T& T,„. The
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constraint is applied through the expression

S=N, q
max

S(T)dT ~a,„pt,
min

(2)

where S(T) = fdE'f(E')do/dT. . The expression do/

dT is the theoretical differential cross section for
a particular form of the v, -e interaction. The
other quantities are determined by the experimen-
tal conditions. '" The di fferentia]. spectrum of
reactor antineutrinos is given by f(E'), the detec-
tor efficiency by q, and the number of electrons in
the detector by N, .

An estimate for the neutrino energy loss to the
sun can be obtained from the expected energy loss
per collision:

+tot

= 1.2&10"electrons/cm',

then the total energy loss for a neutrino which
travels from the center to the surface of the sun
is given by

~=-ApP, T—dQ.
AG

The solar radius Fi'p is taken to be 7x10'
As mentioned previously, the predicted counting

rate for the Davis experiment is very sensitive to
the incident neutrino spectrum. The relationship
between the counting rate Z in solar neutrino units
(SNU) and the energy spectrum of the incident neu-
trinos (t((E) is given by Z= fdE (P(E)o„„(E), where

o~„(E) is the neutrino-absorption cross section for
the detector. ' The predicted emission spectrum'
(t,(E) corresponds to a counting rate Zo. The shift
of the spectrum toward lower energies causes a
reduction in the counting rate as a consequence of
both the energy dependence of od„(E) and the de-
crease in the number of neutrinos w'ith energies
above the detection threshold.

An additional simplification occurs at this stage
of the analysis if dE/dr is weakly dependent on
neutrino energy above the threshold. In this case
the energy loss is almost constant and the spec-
trum is shifted uniformly by the energy loss AE to
give tp(E) = (p, (E+ ttE) for E above threshold. Our
calculations, using the predicted solar-neutrino
spectrum (t(,(E), indicate that the counting reduc-

The energy loss per cm is then dE/dr
p, (r)-cr„t (E)(T), where p, (r) is the solar-elec-

tron density. If dE/dr is only weakly dependent on
E in the region of interest and if we take

Rp

p, (r)dr =- p,
p 0

tions Z = 5Z, and Z =»Z, correspond to energy
losses of 2.8 and 3.8 MeV, respectively. For each
of these shifts, only neutrinos associated with 'B
have energies above the detection threshold.

In order for a particular v, -e interaction to
prove suitable we require that it satisfy Eq. (2) and

provide an energy loss ~E sufficient to substantial-
ly reduce the expected solar-neutrino counting
rate. Investigation of Eqs. (2) and (3) reveals that
a very large contribution must result from scat-
tering in the region 0 & 8;, hence a dramatic
forward peak is required. Generalized four-fer-
mion couplings such as those considered by
Bardin, Bilenky, and Pontecorvo" and Chen" pro-
vide cross sections to first order which are poly-
nomials in t. Such behavior is easily shown to be
too gentle to give the necessary results. The same
is true of the Weinberg form' '" of the p, -e inter-
action involving massive neutral vector bosons.

Electromagnetic interactions are more suitable
since the exchange of a massless photon results in
the familiar infinite forward peak. From charge
conservation and measurements of the electron,
proton, and neutron charge, the neutrino charge is
known" to be less than 10 "e and we will assume
that it is neutral. We therefore turn our attention
to the p, -e interaction with a finite-neutrino mag-
netic-dipole moment. This interaction was first
considered by Bethe" in 1935 and has been dis-
cussed more recently by several authors. "' '"
The contribution of neutrino-antineutrino preces-
sion induced by a solar magnetic field on neutrinos
has also been considered and discussed by
Cisneros. " The general matrix element for the

v, -e interaction to lowest order is given by

u(p,')io "~q~ u(p. ) u(p,')y—„u (p,)F(t),
(4)

where g is the neutrino-magnetic moment, m, is
the neutrino mass, p„p, (p,', p,') are the initial
(final) neutrino and electron four-momenta, and

q=p, —p,'. F(t) is a possible neutrino form factor,
and the spinors and matrices follow the conventions
of Bjorken and Drell. '

Although a finite magnetic moment requires a
neutrino of nonzero rest mass, "'"the kinematic
dependence of Eq. (1) and the cross section orms„
is negligible for m, «m and m, «E. The resulting
differential cross section has the form

where e is the fine-structure constant.
The assumption of an electromagnetic v, -e cou-

pling also implies the validity of the experimental
v, -e cross section bound (to first order) for the
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v, -e cross section. This is a consequence of the

CPT theorem.
Performing the energy-loss calculation for Eq.

(5) indicates that a constant form factor F(t) is not
sufficient to account for the necessary energy loss.
For simplicity we assume a Gaussian form factor
F(t) = e'~A, where A is related to F„, the mean
radius of the magnetic-moment distribution of the
neutrino, by F,=2h c/A.

We have calculated the limiting values of the
parameters ~/2m, and A which are necessary to
reduce the current best prediction of the counting
rate' (Z, =5.5 SNU) to 1.0, 0.5, and 0.1, respec-
tively, which may be compared with the experi-
mental value' g ~ I SNU. The most stringent re-
sults are obtained for the 1957 v, -e data" and are
presented in Table I. For the appropriate values
of the parameters, dE/dr is found to be virtually
independent of neutrino energy down to the detec-
tion threshold. The validity of the simplified forms
for the energy loss and spectrum-shift calculations
is thereby justified for this interaction.

The requirement for a diffuse neutrino of excep-
tionally large dimensions (F„&7X10 "cm) for this
model provides evidence for the dramatic forward

TABLE I. Reduced solar-neutrino counting rates and
v~-e electromagnetic scattering parameters.

ga
(sNU) (Mev)

(-".)...
(Bohr magnetons)

A max

(MeV)

1.0
0.5
0.1

3.0
3.8
5.6

2.2x 10 '
2.5x 10 4

3.0x10 '
0.067
0.067
0.066

~ Based on predicted4 solar-neutrino emission spec-
trum yielding Zo =5,5 SNU.

peaking necessary to obtain the required energy
losses. This seemingly unphysical radius for the
neutrino may be considered as evidence for the
improbability that p, -e scattering can account for
the solar-neutrino problem. On the other hand, it
is important to note that this suggestion has the
virtue that it may be tested directly in future v, -e
scattering experiments.

The authors would like to express their apprecia-
tion to E. C. G. Sudarshan and T. A. Griffy for
numerous helpful discussions.

*Work supported in part by U. S. Atomic Energy Com-
mission under Contract No. AT(40-1) 3992.

)Present address: Department of Physics, Texas
Ak M University, College Station, Texas 77843.

«R. Davis, Phys. Rev. Lett. 12, 303 (1964); R. Davis,
Bull. Am. Phys. Soc. 17, 527 (1972).

2For a recent review of these investigations and bibliog-
raphy see V. Trimble and F. Reines, Rev. Mod. Phys.
45, 1 (1973).
J. N. Bahcall and R. L. Sears, Ann. Rev. Astron.
Astrophys. 10, 25 (1973); J. N. Bahcall in Proceedings
of the International Conference on Solar Neutrinos,
Iodine, 1972, edited by F. Reines and V. Trimble
(University of California, Irvine, Irvine, 1972).

4J. N. Bahcall, W. F.Huebner, N. H. Magee, Jr., A. L.
Merts, and Roger K. Ulrich, Astrophys. J. 184, 1
(1973).

5J. N. Bahcall, Phys. Rev. 135, B137 (1964) and Phys.
Rev. Lett. 17, 398 (1966).
J. N. Bahcall, private communication.

~R. E. Marshak and E. C. G. Sudarshan in Proceedings
of the Padua-Venice Conference on Mesons and Recently
Discovered Particles, 1957 (Societa Italiana di Fisica,
Padua, Italy, 1958), and Phys. Rev. 109, 1860 (1958);
R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193
(1957).

F. Reines and H. S. Gurr, Phys. Rev. Lett. 24, 1448
(1970).

SH. S. Gurr, F. Reines, and H. W. Sobel, Phys. Rev.

Lett. 28, 1406 (1972).
«0An upper limit for the v, -e V-A coupling constant has

been suggested by R. B. Strothers, Phys. Rev. Lett.
24, 538 (1970). His conclusions are based on astro-
physical models for white dwarf stars and V-A calcu-
lations for plasma production of neutrinos. It would
be of interest to perform a similar analysis for non-
U-A interactions.

««C. L. Cowan and F. Reines, Phys. Rev. 107, 528 (1957).
The authors are indebted to Professor Reines for the
suggestion that, in spite of its lower sensitivity, the
data from this earlier experiment might provide a
stronger limit for the parametrization.

«D. Yu. Bardin, S. M. Bilenky, and B. Pontecorvo,
Phys. Lett. 32B, 68 (1970).

«3H. H. Chen, Phys. Rev. Lett. 25, 768 (1970).
«4H. H. Chen and B. W. Lee, Phys. Rev. D 5, 1874 (1972).
«~S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).
«6J. C. Zorn, G. E. Chamberlain, and V. W. Hughes,

Phys. Rev. 129, 2566 (1963).
«~H. A. Bethe, Proc. Camb. Philos. Soc. 31, 108 (1935).
«8J. Bernstein, M. Ruderman, and G. Feinberg, Phys.

Rev. 132, 1227 (1963).
«BA. Cisneros, Astrophys. Space Sci. 10, 87 (1971).
20J. D. Bjorken and S. D. Drell, Relativistic Quantum

Mechanics (McGraw-Hill, New York, 1964).
«L. D. Landau, Zh. Eksp. Teor. Fiz. 32, 407 (1957)
[Sov. Phys. —JETP 5, 337 (1957)]; A.. Salam, Nuovo
Cimento 5, 299 (1957).


