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What Have We Learned About

Solar Neutrinos?

by JOHN N. BAHCALL

The apparent deficit of solar neutrinos may be caused by physical processes beyond the Stan-

dard Model.

THIRTY YEARS AGO Ray Davis—then working at Brookhaven and now at Pennsylvania—
suggested it was practical to build an experiment to detect solar neutrinos if the event rate [
calculated was correct. The proposal was based upon his experience at the Savannah River
reactor trying to detect antineutrinos using a tank filled with 3,000 gallons of perchloroethy-
lene (Cy Cly, a common cleaning fluid), and on calculations that I had done of the event rate

to be expected in a 100,000 gallon tank.
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experiments were discussed by Ken Lande in the Fall 1992 Beam Line; they are summarized
in the table below. The results of these experiments represent a triumph for the combined
physics, chemistry, and astronomy communities because they bring to a successful conclusion
the development (which spanned much of the twentieth century) of a theory of how ordinary
stars—those like the Sun—shine.

Most of the current interest in solar neutrinos is focused on an application of this research
that was not even discussed when the Homestake chlorine detector was proposed. Scientists
have realized that they can use solar neutrinos for studying aspects of the weak interactions
that are not accessible in laboratory experiments. Such searches for new physics are based
upon quantitative discrepancies between the predictions for and the observations of solar
neutrinos. As the experiments and the theoretical predictions have steadily improved over
the past three decades, these discrepancies have resolutely refused to go away, convincing
many of us who work in this field that we have been witnessing the discovery of new physics
in an unexpected context.

Although thirty years ago [ was a skeptic about the theory of stellar evolution and did not
believe in any explanation of astronomical phenomena that required changing conventional
physics, my preconceptions have since been shaken by the robustness of the theory and by
the combined results of the four solar neutrino experiments. I now think it is most likely
that we are witnessing evidence for new physics in these experiments.

Solar neutrino observations are often compared to a combined theoretical model, the
standard solar model plus the Standard Model of electroweak interactions. A solar model is
required to predict how many—and with what energies—neutrinos are produced in the Sun’s
interior. The observed luminosity of the Sun (due to the same nuclear processes that produce
solar neutrinos) and the other observational constraints on the solar model (including the
Sun’s known age, mass, chemical composition, and its many precisely measured seismological
frequencies) limit the calculated fluxes to fairly narrow regions, at least by astrophysical
standards (see box on next page).

Operating Solar Neutrino Experiments
Name Target Mass Threshold Detector Type Location
(tons) (MeV)

Homestake 371 615 0.86 radiochemical  Black Hills,
South Dakota

Kamiokande  H,0 680 7.5 electronic Japanese
Alps

GALLEX TGA 30 0.2 radiochemical  Gran Sasso,
Italy

SAGE 1Ga 57 0.2 radiochemical  Caucasus
Mtns., Russia
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Solar Neutrino Fluxes

The spectrum of solar neutrinos that is predicted by the standard
solar model is shown in the graph below. The basic low-energy neutrino
fluxes, from pp and pep neutrinos, are most closely related to the total
solar luminosity and are calculated to an estimated accuracy of about 1
percent. These reactions initiate the nuclear fusion chain in the Sun and
produce neutrinos with a maximum energy of 0.4 MeV (pp neutrinos)
or an energy of 1.4 MeV (pep neutrinos). Electron-capture by "Be
ions produces the next most abundant source of neutrinos, a 0.86 MeV
neutrino line, whose flux has an estimated theoretical error of 6 percent.
Neutrinos from the beta decay of ®B can have energies as high as 14
MeV; they are rare and their flux is calculated to an estimated accuracy
of only 15 percent.

pp: ptp—tH+et +u
pep: p+e +p—H+u,
"Be: "Be+e™ — "Li+ v,
8B: 8B - ®Be+ et + 1.

The standard electroweak model—or some modification of the Standard Model—is re-
quired to determine what happens to neutrinos as they pass through the Sun and inter-
planetary space on their way from the solar interior to earthbound detectors. The observed
discrepancies might occur if neutrinos decay in transit, or if they change from one species
to another before reaching the detectors. The three radiochemical detectors register only
electron neutrinos, while the only electronic detector (Kamiokande) registers both electron
neutrinos and (with much reduced sensitivity) muon or tau neutrinos.

Do electron neutrinos change their flavor, or “oscillate,” into hard-to-detect muon or tau
neutrinos during their journey from the interior of the Sun to the Earth? The simplest
version of the standard electroweak model answers “No.” Neutrinos have zero masses in the
Standard Model, and lepton flavor does not change. However, solar neutrinos can reveal
physical processes not yet discovered in the laboratory because, for certain processes, these
experiments are 10! times more sensitive than terrestrial neutrino experiments. Their in-
creased sensitivity is due largely to the fact that the elapsed time in the rest frame of a
(finite-mass) neutrino is proportional to the ratio of the target-detector separation to the
neutrino energy; this ratio is much larger for neutrinos originating in the Sun. Moreover,
solar neutrinos traverse a far greater amount of matter than their laboratory counterparts.

The first, and for two decades the only, solar neutrino experiment uses a chlorine de-
tector to observe electron-type neutrinos via the reaction v, + *Cl1 — e~ + 37Ar. The
3TAr atoms produced by this neutrino capture process are extracted chemically from the
615 tons of perchloroethylene in which they were created; they are then counted using their
characteristic radioactivity in small, gaseous proportional counters. The threshold energy is
0.8 MeV, which means (see figure on the next page) that this experiment is sensitive to
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chemical procedures to extract and count a small number of atoms from a large detector,
similar to what is done in the Homestake chlorine experiment.

All four solar neutrino experiments yield fluxes significantly less than predicted and well
outside the combined errors (see chart on page 6). One fact is immediately apparent: the
disagreement between theory and experiment seems to depend upon the threshold for neu-
trino detection, being a factor of about 3.1 for the Homestake chlorine experiment (0.8 MeV
threshold) and only 2.0 for the Kamiokande water experiment (7.5 MeV threshold). These
two experiments are primarily sensitive to the same neutrino source, the rare, high-energy ®B
solar neutrinos; their sensitivity to threshold energy suggests that some physical process, in
addition to the familiar nuclear beta-decay, changes the energy spectrum of these neutrinos
before they reach the detectors.

The marked discrepancies between predicted and measured neutrino fluxes is known as
the “solar neutrino problem.” It cannot be “solved” by making plausible changes in the
standard solar model or by postulating that only one or two solar neutrino experiments
are incorrect. As I argue in the boxes on pages 6 and 7, the least radical solutions are: at
least three of the four experiments are wrong, or something unexpected happens to neutrinos
after they are created in the solar interior. The latter solution requires a slight but important
generalization of the simplest version of the standard electroweak theory.

I use only the published results of the four ongoing solar neutrino experiments and the
most robustly predicted neutrino fluxes from published standard solar models. As a measure
of the uncertainty in the predictions, I use the total range of the calculated neutrino fluxes
from the 11 recently-published solar model calculations carried out by different research
groups using independent stellar evolution codes and employing a wide range of possible
input parameters and approximations to the stellar physics.

Some particle physicists have expressed skepticism about the solar neutrino problem
because the calculated flux of high-energy neutrinos from ®B beta-decay depends strongly
upon the central temperature of the Sun. A related concern is being discussed among nuclear
physicists, who are using recent experiments and new calculations to determine whether the
9 percent uncertainty estimated by CalTech physicists for the production cross section of *B
nuclei in the Sun is indeed valid. The calculated flux of ®B neutrinos is proportional to this
cross section.

I personally believe that the previously estimated nuclear physics uncertainties are rea-
sonable. But for the purposes of the present argument—and to allay skepticism—I will
assume that all of the published laboratory measurements and theoretical nuclear physics
calculations are wrong and that the cross section for ®B production in the Sun has somehow
been adjusted to yield the flux measured for these high-energy neutrinos in the Kamiokande
experiment. This implies that the laboratory nuclear physics measurements are in error by a
factor of 2, not by 9 percent. Since I adopt the ®B neutrino flux measured in the Kamiokande
experiment, the ®B flux used in the following discussion is independent of any solar-model
uncertainties (including the sensitive temperature dependence). This procedure removes
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a principal reason for skepticism. Even this extreme assumption does not avoid the necessity
for new physics, as we shall see.

The argument described here, most of which was developed in a slightly different form
by Hans Bethe and myself in 1990, avoids all uncertainties associated with the solar model
calculation of the ®B flux. We pointed out that taking the measured rate for ®*B neutrinos
from the Kamiokande experiment implies an ®B event rate in the Homestake experiment that
is slightly in excess of the total measured rate from all neutrino sources. In other words, a
partial rate exceeds the total rate, which makes no sense unless something happens to the
lower-energy part of the ®B electron neutrino flux—that part of the flux which is visible in the
Homestake chlorine experiment but not in the Kamiokande water experiment. This direct
comparison of two experiments—independent of any solar model considerations—suggests
that a new physical process causes the discrepancy between the experiments.

There are actually two solar neutrino problems: the chlorine-water problem and the
gallium problem. In the box on page 6, I show why the measured rates of the chlorine and
the water experiments are inconsistent with each other, unless some new physical process—
not included in the standard electroweak model—changes the shape of the energy spectrum
of ®B neutrinos in transit to the detector. In the box on page 7 I argue that the gallium
experiments are inconsistent with robust predictions of the standard solar model.

Let me assume for purpose of discussion that a correct solar neutrino experiment must
yield a rate for the “Be neutrino flux that is consistent (at the 95% confidence level) with
nothing happening to solar neutrinos after they are created (i.e., the standard electroweak
theory) and with the value of the "Be neutrino flux that is predicted by the standard solar
model. If these assumptions are both correct, then at least three of the four operating solar
neutrino experiments must be wrong. Either the Homestake or the Kamiokande experiment
must be wrong in order to avoid the chlorine-water problem (see box on page 6) and both
the GALLEX and SAGE experiments must be wrong in order to avoid the gallium problem
(see box on page 7).

The two most popular mechanisms for explaining the solar neutrino problem via new
physics are vacuum neutrino oscillations, first discussed in this connection by Vladimir Gri-
bov and Bruno Pontecorvo in an epochal paper, and matter-enhanced neutrino oscillations,
the MSW effect, a beautiful idea discovered by Lincoln Wolfenstein and also by Stanislav
Mikheyev and Alexei Smirnov. Other solutions have been proposed for the solar neutrino
problem that involve new weak interaction physics, such as neutrino decay, rotation of the
neutrino magnetic moment, and matter-enhanced magnetic moment transitions.

It new physics is required, then the MSW effect, which provides a natural extension of
the simplest version of standard electroweak theory, is in my view the most likely candidate.
According to this explanation, electron neutrinos are transformed into muon or tau neutrinos
as a result of their interaction with electrons in the Sun. The MSW effect only occurs if
neutrinos have an “identity crisis”—i. e., the neutrinos produced in nuclear beta decay are
mostly electron neutrinos but have a non-vanishing probability (described by a mixing angle
) of being either a muon or a tau neutrino. Non-zero neutrino masses are required for
this effect to occur in a plausible manner, but the masses and mixing angles indicated by
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have collaborated to perform extraordinarily sensitive experiments that measure accurately
the event rates produced by solar neutrinos. Astrophysicists have successively refined their
calculations of solar models until they are in agreement with a wealth of detailed (non-
neutrino) solar observations Their theoretical calculations of the neutrino interaction rates
have been steadily improved with the help of new experimental data. Finally, theoretical
physicists have invented new physical processes that extend the standard electroweak model
in plausible ways and which, in addition to explaining the operating experiments, make
testable predictions for the next round of solar neutrino experiments. Important limits on
the magnitudes of possible non-standard neutrino interactions have already been established
by the existing experiments. After the new experiments begin operating, we should finally
learn whether or not we have stumbled by accident upon new particle physics while trying
to test the theory of how the Sun shines.
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