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Takaaki Kajita from Japan and Arthur B. McDonald from
Canada shared the 2015 Nobel Prize in Physics, “for the
discovery of neutrino oscillations, which shows that neu-
trinos have mass”. Neutrinos are elementary particles with
zero mass in the Standard Model of particle physics. In
1998, Takaaki Kajita, on behalf of the Super-Kamiokande
collaboration, showed a smoking gun evidence of neutrino
oscillation with atmospheric neutrinos [1]. In 2001 and
2002, the Sudbury Neutrino Observatory (SNO) collabo-
ration led by Arthur B. McDonald published results
showing the solar neutrino oscillation [2, 3]. These two
discoveries revealed that neutrinos have mass, which is
beyond our understanding of the universe, and thus opened
a door to the new physics.

The existence of neutrinos was hypothesized by Pauli in
1930 to explain the continuous energy spectrum in f decay.
Neutrinos should be neutral, inert, and have vanishing
mass, to be consistent with the f decay phenomena.
Although extremely difficult to detect, neutrino was dis-
covered by Reines and Cowan by observing electron
antineutrinos released from a nuclear reactor in South
Carolina, 26 years after Pauli’s hypothesis. Reines won
Nobel Prize in 1995 while Cowan passed away in 1974.
The second kind of neutrino, muon neutrino, was discov-
ered by Lederman, Schwartz and Steinberger in 1962 with
the first accelerator neutrino beam at Brookhaven National
Laboratory. They were awarded the Nobel Prize in 1988.
Three kinds (or called “flavors™) of neutrinos were pre-
dicted in the Standard Model developed in 1970s and
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confirmed by the Z ( decay experiments in 1989. The last
kind, tau neutrino, was only observed very recently in 2000
at Fermi National Laboratory.

Although neutrinos were believed to be massless,
inferred from the experimental facts that the Parity sym-
metry is violated maximumly in weak interaction, Pon-
tecorvo, Maki, Nakagawa and Sakata speculated in 1950s
and 1960s that neutrino could change flavor while in flight,
called “neutrino oscillation”, if neutrinos have mass and
mixing exists between flavor and mass eigenstates. Hints
were found in early 1970s when Raymond Davis observed
a deficit in the solar neutrinos. Another deficit in the
atmospheric neutrinos found in 1980s added to the odds.
However, both theoretical and experimental difficulties
appeared at the beginning when explaining these deficits
with neutrino oscillation, until unarguable evidences were
presented by the experiments led by the 2015 Nobel Prize
Laureates.

Solar neutrinos are electron neutrinos generated in the
nuclear fusion in the Sun. The standard solar model (SSM)
developed since the middle of the twentieth century pre-
dicts the solar neutrino flux to high precision [4]. Detection
of the solar neutrino is a certain justification of the fusion
mechanism in the Sun and a test of the SSM. Raymond
Davis won the Nobel Prize in 2002 for the observation of
solar neutrinos in late 1960s. However, the observed solar
neutrino fluxes by him and several followed experiments
were between 30 % to 50 % of the SSM prediction. This
deficit was known as the “solar neutrino anomaly”. Neu-
trino oscillation is a possible explanation that some of solar
neutrinos change to other flavors, which cannot be seen by
the detector. This explanation was not widely accepted for
several reasons. First, various experiments showed differ-
ent deficits, which cannot be simply explained by oscilla-
tion. Second, the deficit should not surpass 50 % since
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what we observed should be an average effect of the
oscillation, unless the oscillation circle is larger than the
dimension of the fusion area in the sun, which is about
300,000 km. And last, one may suspect the detection effi-
ciency of these experiments since the techniques are very
challenging. The solar neutrino problem troubled neutrino
physicists for 30 years.

A new detection method using heavy water was pro-
posed by Herbert Chen in 1985 to measure all of the three
flavor neutrinos at the same time [5]. The detection is
sensitive to solar neutrinos of relatively high energies,
called ®B neutrinos, via three reactions:

Ve+d —p+pte (CC),
Ve t+d—p+n+vy (NO),
Vwote = v+e (ES),

where v, denotes the electron neutrino, v, denotes any of
the three flavors of neutrinos, and d, p, n and e~ denote
deuteron, proton, neutron and electron, respectively. CC,
NC and ES stand for three interaction processes, charge
current, neutral current and elastic scattering, respectively.
Only electron neutrinos participate the CC process; thus,
the measured flux ¢oc = ¢,. All flavors participate the NC
process with the same cross section; thus,
dne = ¢ + ¢, + ¢, All flavors participate the ES pro-
cess but electron neutrinos have six times larger cross
section than the other two; thus, ¢gg = ¢, + (¢, + ¢,)/6.
Here, ¢,, ¢, and ¢, stand for the flux of electron, u and t
neutrinos, respectively.

Adopting this method, SNO experiment was constructed
and started operation in 1999, which used 1,000 ton
(1 ton = 1,000 kg) heavy water contained in an acrylic
vessel of 12 m in diameter and viewed by 9,456 photo-
multipliers. When a neutrino is captured in the heavy
water, a flash of Cherenkov light will be produced and seen
by the photomultipliers. The three processes can be dis-
tinguished by different photon numbers corresponding to
the particle energies and different hit patterns. In 2001,
SNO measured the electron neutrino flux via CC and found
a similar deficit as past experiments. In 2002, total neutrino
flux was measured via all three processes,

SN0 = 176109 (stat.) F009 (syst.) x 10°ecm 257!

SNO = 239702 (stat.) 012 (syst.) x 10°em 257!,

SNO = 5.097043(stat.) "0 4S (syst.) x 10°cm %5~

While solar neutrino is pure electron neutrino at produc-
tion, the comparison of the CC and NC measurements
showed the appearance of new neutrinos, y and/or T neu-
trinos, at a significance of 5.3 standard deviations. The total
neutrino flux measured via NC is consistent with the SSM
prediction ¢ggy = 5. 05*3 g} The SNO measurements
provide strong evidence for neutrino flavor transformation.
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On the other hand, theoretical progresses provided a
surprising answer to the inconsistence of different experi-
ments. Wolfenstein [6] suggested in 1978 that electrons in
matter will change the energy levels of the mass eigenstates
of neutrinos. Mikheyev and Smirnov [7] applied this idea
to the solar neutrino problem in 1985 and realized that the
solar neutrino deficit is not due to oscillation during the
flight from the Sun to the Earth. Instead, the flavor con-
version mostly happens in the Sun. This matter effect,
called “MSW effect”, depends on neutrino energy. Dif-
ferent types of solar neutrino experiments, such as chloride
capture, gallium capture and elastic scattering, have sen-
sitivity to different energy regions, thus see different def-
icits. The puzzle of the solar neutrino disappearance was
thus solved.

Actually, atmospheric neutrinos provided a “smoking
gun” evidence of neutrino oscillation before the solar
neutrinos, although the problem was found later. In 1980s,
Kamiokande experiment and IMB experiment were built to
search for proton decay. Atmospheric neutrinos are
important background for the anticipated proton decay
signal and were carefully studied. They are produced by
high-energy cosmic rays interacting with the atmosphere of
the Earth. Electron and muon (anti)neutrinos are generated
through the cascade decay of mesons:

7 i (5
uE = e Tu(v) + ve(e)

In 1988, 29-year-old Takaaki Kajita and his two supervi-
sors, Masatoshi Koshiba and Yoji Totsuka, found a deficit
of muon neutrinos comparing to the expectation in the
Kamiokande experiment. This deficit was confirmed by
IMB and known as the “atmospheric neutrino anomaly”.

Kamiokande and IMB observed supernova neutrinos for
the first time in 1987, which provided strong evidence to
the theory that supernova explosion could be driven by
neutrinos. Masatoshi Koshiba, the leader of the Kamio-
kande experiment, was awarded the 2012 Noble Prize for
this discovery. With this big achievement, the Super-
Kamiokande experiment, a 50 kton pure water detector,
was approved as an upgrade of the 3 kton Kamiokande. It
started operation in 1996. Two years later, Kajita reported
the discovery of neutrino oscillation with high-precision
measurement of the atmospheric neutrinos.

In Super-Kamiokande, muon neutrinos and electron
neutrinos produce muons and electrons, respectively, via
the CC reaction. They can be distinguished by the different
patterns of the Cherenkov light. The energy and direction
of neutrinos are determined by the arrival time and the
intensity of Cherenkov light. Super-Kamiokande found an
asymmetry of the number of down-going and up-going
muon neutrinos, while the electron neutrinos were almost
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