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The Super-Kamiokande Experiment
and Its Result
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37

1998

K2K

(Super-Kamiokande)

Super-Kamiokande is a 50,000 ton water
Cherenkov detector, which began observation in
April, 1996 after 5 years of construction. The
detector is wused in cooperation with 37
collaborating institutes in Japan, the United
States, Korea, and China.

Super-Kamiokande primarily observes the
elementary particle known as the neutrino.
Super-Kamiokande can observe neutrinos which
are made in the center of the sun, in the Earth’s
atmosphere or during a supernova. Through the
observation of neutrinos, we can directly
examine what happens at the center of the sun.

There are three types of neutrinos.
Theoretically, if neutrinos were to have mass,
they would oscillate among the different type of
neutrinos. In 1998 it was shown for the first
time experimentally that neutrinos have mass
by the observation of neutrino oscillation in the
atmospheric neutrino data from Super-
Kamiokande. We need to modify the Standard
Model of particle physics which assumes zero
neutrino mass. Moreover, since Super-
Kamiokande contains 50,000 tons of pure water
as a neutrino target, a large number of neutrino
events can be observed. This makes it possible
to study neutrino oscillations precisely. In
addition, Super-Kamiokande can observe a wide
range of neutrino energies and path lengths.
This makes it possible to study many aspects of
neutrino properties.

Neutrino oscillations were confirmed by an
experiment using a manmade neutrino beam
from KEK and the Super-Kamiokande detector.

We have also measured neutrinos from the
sun precisely. Based on this measurement, we
found evidence that a second mode of neutrino
oscillation also exists among three possible
modes of neutrino oscillations. It is an important
task to observe this third mode of neutrino
oscillations in the next phase of Super-
Kamiokande. Another purpose of the experiment
is to search for proton decay. While the proton is
considered stable in the Standard Model of
particle physics, its decay is necessary in Grand
Unified Theories.



(Study of atmospheric neutrinos)

(Am?2) sin220: 60 2
2

Atmospheric neutrinos are generated by the
interaction of cosmic rays in the atmosphere.
Two types of neutrinos are produced; muon type
and electron type. The number of upward-going
and downward-going neutrinos is predicted to be
the same.

However, Super-Kamiokande found that the
number of muon type neutrinos which are
detected going upward, thus originating on the
other side of the Earth, is about half of the
number detected going downward. Figure 1
shows the zenith angle distribution observed in
Super-Kamiokande. This difference can only be
explained by some of the muon type neutrinos
changing into another type of neutrino which
isn't observed. This is known as neutrino
oscillation. For this oscillation to occur,
neutrinos must have mass. From this data it is
possible to estimate the neutrino mass squared
difference (Am2) and the parameter related to
the mixing angle among the two neutrinos
(sin220). Figure 2 shows the allowed region of
the parameters. This discovery of finite neutrino
mass was the first breakthrough in elementary
particle physics beyond the standard model.

Furthermore, recent detailed analysis of
atmospheric neutrinos shows a sinusoidal
dependence of the event rate as a function of
"Length/Energy"”, which further confirms that
neutrinos oscillate. According to the theory of
neutrino oscillations, muon neutrinos oscillate to
tau neutrinos, then oscillate back to muon
neutrinos forever and therefore the muon
neutrino survival probability is expressed by a
sinusoidal function. Figure 3 shows the observed
muon neutrino survival probability as a function
of "Length/Energy". A clear dip that corresponds
to the first maximum v,~>v. oscillation point is
seen. Only neutrino oscillations can explain
this data.

Finally, the neutrino oscillation parameters
are also estimated using this plot. The result is
also shown in Figure 2.
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(Study of solar neutrinos)
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Electron-type neutrinos are produced at the
core of the sun. Solar neutrinos have been
observed by various experiments beginning with
the Homestake experiment in the 1970,
Kamiokande around 1989 and the SAGE and
the GALLEX experiments in the 1990's. All
these experiments claimed a deficit of solar
neutrinos, a phenomenon that came to be called
“The Solar Neutrino Problem”. It was suggested
that the solution of the solar neutrino problem is
neutrino oscillations. Super-Kamiokande (SK)
measured the solar neutrino flux, energy
spectrum (Fig.4) and day/night variation with
unprecedented Those
measurements constrained neutrino oscillation

precision. precise
parameters. In March 2001, we wrote a paper
using 1258 days of data leading us to conclude
that “neutrino mixing is large”.

The evidence for solar neutrino oscillations
was obtained by SK and SNO in 2001. The B
solar neutrino flux obtained by SK was (2.35 *
0.02(stat.) + 0.08(sys.) ) x10% /cm?/sec. In June
2001, the SNO experiment presented the
electron-neutrino flux measurement using
charged current interactions of neutrinos with
deuteron. The flux obtained by SNO was (1.75 +
0.07(stat.) +0.12/-0.11 (sys.) = 0.05(theor.)) x1086
/lcm?/sec. SK observes solar neutrinos by
neutrino-electron scattering. In this interaction,
not only do electron- neutrinos contribute, but
also muon- neutrinos and tau-neutrinos. The
significant
measurements by SK and SNO is direct

difference  between the flux
evidence for neutrino oscillations as shown in
Fig.5.

In May 2002, by combining the precise
measurements from SK with the results from
other solar neutrino experiments, a single
solution called “The Large Mixing Angle
Solution” was determined with a 99% confidence
level as shown in Fig.6.

After reconstruction, we can resume high
sensitivity solar neutrino measurements. We
will determine oscillation parameters more
precisely by lowering the energy threshold.
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(Study of supernova neutrinos)

10%3erg
45
10
99%

A supernova explosion happens when a star at
least 8 times more massive than our sun
collapses. An enormous amount of energy, about
1058 erg, is released (equivalent to 1000 times
the energy released over the lifetime of the sun
(4.5Gyears)) in about 10 seconds. 99% of this

energy is transferred to neutrinos.

A supernova explosion is expected to occur
inside our galaxy once every 10 to 50 years. If
Super-
Kamiokande expects to detect about 8,000
neutrinos. From the energy and arrival time of

10 50

such an explosion were occur,

8000
these neutrinos, we will be able to determine the
mechanism of supernova explosions.

We also plan to detect supernova relic
neutrinos, which are the neutrinos from all past
core-collapse supernovae. Using from the first
five years of Super-Kamiokande data, an upper
limit of <1.2/cm?/sec was obtained on the relic
neutrino flux. This is very close to theoretical
predictions. We hope to see real signals after

reconstruction with improved sensitivity.
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(Study of proton decay)
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The proton is one of the elementary particles
that compose all matter in the universe; stars,
humans, water, and so on. In the Standard
Model of particle physics, the proton, for no
concrete reason, is assumed to be stable.
However, Grand Unified Theories (GUTS), which
handle some of the
shortcomings of the Standard Model and to
unify the fundamental forces of nature, predict
that the proton can, and in most cases must,
decay. This decay would produce lighter,
energetic, charged particles such as electrons,

are necessary to

muons, pions or others which can be observed.
Some of the simplest GUTs have already been
by the IMB and
Kamiokande experiments. The newest models
predict that the proton will decay after even
longer lifetimes and experimental tests of these

completely ruled out

models are necessary.

In order to measure such long lifetimes, many
protons must be observed. Super-Kamiokande is
the largest detector for the observation of proton
decay in the world. It watches about 7.5x1033
protons. One of the first proton decay modes
examined was a proton that decays into a
positron (anti-particle of electron) and neutral
pion (Figure 8). In Super-Kamiokande, the mass
of the decay particle can be
reconstructed from the observed energy of two or
three observed secondary particles.
of a proton decay signal, the reconstructed mass
should be close to the proton mass of 938MeV/c2.
The reconstructed mass of events observed in

original

In the case

Super-Kamiokande is shown in Figure 9.
There are no candidate events in the signal
region. After about 5 years of observation,
Super-Kamiokande has found that the lifetime
of the proton is more than 5x1032 years.
Super-Kamiokande has looked for other decay
modes such as proton that decay into a Kaon
and an anti-neutrino but no proton decay
evidence has been found so far. From these
studies, it has set the world's highest lower
limits of proton lifetimes for many proton decay

modes as is shown in Figure 10.



For the mode in which a proton decays into a
positron and a neutral pion, Super-Kamiokande
reach 103
sensitivity by combining data taken in 2006~
2008 with existing data.
also look for untested decay modes.

is expected to years lifetime
In addition, it will
Analysis
improvements will also be necessary in the

future.

Fig.8: Schematic view of proton decay into positron
and neutral pion. Because the pion immediately
decays into two gammas, three particles (Cherenkov
rinas) at most will be observed.
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(Long baseline neutrino oscillation experiment)
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The evidence of neutrino oscillation was
obtained by the study of atmospheric neutrinos
in 1998. K2K (KEK to Kamioka long baseline
neutrino oscillation experiment) started in 1999
to confirm this observation. The artificial
neutrino beams
accelerator at KEK, National Laboratory in
Japan, are detected by Super-Kamiokande,
250km away. This type of experiment is called a
long baseline neutrino oscillation experiment.
The K2K experiment is an independent
experiment including collaborators from Europe

produced at the proton

and many Super-Kamiokande collaborators also
take participate in it.

Until 2004 the experiment has detected 112
events, whereas the expected number of events
without neutrino oscillation is 158.4+9.4 8.7.
This deficit is consistent with the expectation
from the atmospheric neutrino oscillation. The
reconstructed neutrino energy spectrum agrees
with  expected neutrino
oscillation (Figure 11). From the deficit in the
number of neutrino events and energy spectrum,
we obtained the allowed region for the neutrino
(Figure 12). This
confirms the neutrino oscillation results which
was obtained by the atmospheric neutrino
analysis.

An artificial beam is suitable for the study of
neutrino oscillations since we can chose baseline
and neutrino energy.

From 2009, the T2K (Tokai to Kamioka)
experiment will start. The beam intensity of
T2K is 50 times more than that of K2K. We will
search the unknown oscillation parameter and

spectrum  with

oscillation parameters

determine the oscillation parameter precisely.
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Fig.11: reconstructed neutrino energy distribution.
2y Closed circle is observed data, blue and red
10 | histograms are expected spectra without and with
neutrino oscillation, respectively.
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1994 8
Aug. 1994 After excavation

1995 9

Sep. 1995 Photo multiplier tubes
are being mounted on wall

1996 1
Jan. 1996 Filling by water

1996 2
Feb. 1996 Almost filled by water



1996 4
Apr. 1996 Run Start

[ —— LT

Observed neutrino interaction

2002 9 Il
Sep. 2002 Mounting of Super-Kamiokande Il PMT finished

Mt. Ikenoyama







2006 4
Apr. 2006 All PMTs are mounted
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