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Detecting Neutrino Oscillation:
The Long Road to the Discovery of Neutrino Mass
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by Takaaki KAJITA, Director, Research Center for Cosmic Neutrinos, Institute for Cosmic Ray Research, University of Tokyo

In 1998 Professor Kajita, a member of the group of scientists
conducting the Super-Kamiokande Experiments and a long-time
neutrino observer, reported to the world the discovery of neutrino
oscillation in observations of atmospheric neutrinos. Neutrinos
are particles postulated by Wolfgang Pauli in 1930 to explain the
observation that energy conservation seems to be violated during
nuclear beta decay. Neutrinos were found to actually exist when in the
1950s, Fred Reines and Clyde Cowan detected signals of particles
that are produced by neutrino interactions. They used a nuclear
power reactor as a strong neutrino source. More recently, scientists
discovered that neutrinos have masses that are almost incomparably
tiny compared with those of other elementary particles.

Neutrinos appear in one of three types—electron neutrinos, muon
neutrinos, and tau neutrinos, and scientists predicted that if neutrinos
did indeed have mass, neutrino oscillation would occur. According to
quantum mechanics, none of these neutrino types has a fixed mass;
rather, their masses tend to appear as a superposition of two or three
different masses. The term mixing angle is used as the physical value
for expressing this superposition of masses. A large mixing angle
means a high probability that a given neutrino type will transform into a
different neutrino type—i.e., that it will oscillate.

Raymond Davis Jr. and his collaborators started the first experiment
to detect solar neutrinos in the late 1960s. This experiment discovered
that the number of electron neutrinos actually detected was only
about one-third of the theoretically predicted number based on the
standard model of the Sun. This discrepancy, which caused major
consternation at the time, became known as the “solar neutrino puzzle”
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(also called the “solar neutrino problem”). In 1989, observations using
the Kamiokande detector confirmed that the number of solar neutrinos
reaching the Earth was indeed lower than that the theory had predicted.

Kamiokande also detected a deficiency in muon neutrinos created
by cosmic ray interactions in the atmosphere, compared with predicted
levels. Observations were continued using Super-Kamiokande, and it
was shown that the number of muon neutrinos reaching the detector
from the other side of the Earth is about half of that which theory
predicted, proving that neutrinos oscillate and therefore have tiny
masses.

Furthermore, observations carried out at Super-Kamiokande, SNO
in Canada, and KamLAND in Japan (an observatory for detecting
neutrinos generated in commercial nuclear power reactors) have
yielded results that demonstrate that electron neutrinos change into
other types of neutrinos on their way from the neutrino source to the
detector, settling the long-standing solar neutrino problem.

Numerical values for neutrino masses have also been deduced
from the observational data, and it has been shown that they are over
ten orders of magnitude smaller than the masses of the corresponding
quarks or charged leptons.

Theoretically, the extremely small masses of neutrinos could
be regarded as a pointer to natural laws pertaining to the realm of
extremely high energy, or equivalently of extremely small scale, and
they may be providing us with clues to a grand unified theory(GUT) of
the forces in nature. Consequently, the study of neutrinos should bring
us closer to an understanding of the universe immediately after its
birth with the Big Bang.
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