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1 Preface Twenty years have passed since we started the Super-Kamiokande (SK) experiment on April 1st, 1996. There have been several
: phases of the experiment and many discoveries over those 20 years. At the time SK started, the solar neutrino puzzle as seen by
Homestake and Kamiokande and the atmospheric neutrino anomaly as seen by Kamiokande and IMB were important unresolved
problems in particle physics. In 1998, SK discovered that the atmospheric neutrino anomaly was due to muon-neutrino oscillations.
Then, in 2001, by comparing SK solar neutrino data with that of the SNO experiment in Canada, it was shown that the solar neutrino
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3' Pubhcatlon hSt problem was due to electron-neutrino oscillations. Around the same time the world’s first long-baseline accelerator neutrino experiment,
. which centered on Super-Kamiokande, was started. The K2K (KEK to Kamioka) experiment began in 1999 and in 2004 confirmed the
4- OVCI‘VICW existence of atmospheric neutrino oscillations using manmade neutrinos. Later, the T2K (Tokai to Kamioka) experiment, which began in
2009, discovered the electron-neutrino appearance phenomenon in 2011, thereby establishing the third type of neutrino oscillation,
5- RCSUIt using a manmade muon-neutrino beam. Recently, the oscillation-induced appearance of tau-neutrinos has been observed in Super-Ka-
moikande using atmospheric neutrino events collected over many years. In addition, extended observation of solar neutrinos has estab-
: Atmospheric neutrinos lished a difference in the daytime and nighttime solar neutrino fluxes due to the effects of the Earth’s matter. For these reasons it would
be no exaggeration to say that these 20 years were a period in which Super-Kamiokande spearheaded the elucidation of neutrino
- Solar neutrinos oscillations.
Up until this point, research at SK has been mainly focused on the investigation of the nature of the neutrino as an elementary
. Proton decay particle. However, SK is also sensitive to astrophysical neutrinos and though there has not been a supernova explosion within our galaxy
in the last 20 years, if one were to occur, SK would detect many thousands of neutrino events and would be able to reveal the details
. K2K/T2K long—baseline neutrino oscillation experiments of the star’s explosion mechanism. Through future improvements to the detector we also plan to observe neutrinos created by superno-
vae explosions that have occurred throughout the history of the universe. Further, the T2K experiment plans to investigate the difference
. SU.pCI'IlOVﬂ I’lCU.tI'iI'lOS between neutrino and anti-neutrino oscillations, which may provide insight into the evolution of the universe. Thus essential research at

SK continues.

We are greatly indebted to the Ministry of Education, Culture, Sports, Science and Technology (MEXT), the University of Tokyo, the
U.S. Department of Energy (DOE), the U.S. National Science Foundation (NSF), Gifu-prefecture, Hida city, the residents of Mozumi,
and SK collaborating institutes for their support and understanding. In addition, we owe a debt of gratitude to the Kamioka Mining and
Smelting Company as well as several other companies. Super-Kamiokande was constructed and operated under the strong leadership
of Professor Yoji Totsuka and it successfully recovered from an accident in 2001 because of his self-sacrificing efforts. Further research

- Gadolinium loading : Super-Kamiokande’s future
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at SK will continue. We would appreciate your continued support and cooperation.
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The international collaboration of the Super-Kamiokande experiment was started when the Kamiokande and IMB groups united in 1992.

In the 20 years since then a total of 51 institutes and approximately 400 researchers have participated in the experiment.

At present the collaboration is composed of about 120 people and 36 institutes from Japan, the United States, Poland, South Korea,

China, Spain, Canada and the United Kingdom.
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Overview / EERHE

Following a five year constructions period the 50
kiloton Super-Kamiokande water Cherenkov detector
began observations in April 1996. The experiment is led
by the University of Tokyo, Institute of Cosmic Ray
Research and its research is conducted in cooperation
with 36 collaborating institutes from Japan, the United
States, Poland, South Korea, China, Spain, Canada, and
the United Kingdom.

One focus of Super-Kamiokande's research is the
study of the neutrino, an elementary particle produced at
the center of the sun, in the atmosphere, and during super-
nova explosions. If neutrinos are massive we can expect
them to oscillate, or change, from one type to another. In
1998 observations of atmospheric neutrinos in
Super-Kamokande showed for the first time that neutrinos
do indeed oscillate and therefore have mass. Later, in
2001, the oscillations of solar neutrinos were discovered.
These discoveries indicate that the Standard Model of
particle physics, which assumes neutrinos are massless,
is imperfect and thereby point to the existence of new,
more complete theories. Super-Kamiokande observes
about 3,500 atmospheric neutrino events and about
7.000 solar neutrino events per year. As a result, the
detector has accumulated large atmospheric and solar
neutrino data sets over the history of its operation and
these have enabled precision studies of neutrino oscilla-
tions.

While neutrino oscillations were discovered using
neutrinos produced in nature, research using neutrinos
produced in particle accelerators has been essential to
their study. The first long-baseline neutrino experiment in
the world, the K2K experiment, was conducted from 1999
to 2004 and it sent a beam of neutrinos produced at the
KEK proton accelerator to Super-Kamiokande, located
250 km away. In 2004, K2K confirmed the existence of
neutrino oscillations using these manmade neutrinos.
Similarly, the T2K experiment, which uses neutrinos
produced with the high intensity proton beam at J-PARC,
has been sending a neutrino beam over a distance of 295
km to Kamioka since 2009. During its operation T2K has
not only discovered a third neutrino oscillation mode but
has made precise measurements of neutrino oscillation
parameters.

Super-Kamiokande is also searching for evidence of
proton decay, a phenomenon in which a proton sponta-
neously converts into a set of lighter particles. Though the
proton is considered to be stable in the Standard Model,
its decay is both possible and necessary in Grand Unified
Theories. In the same manner as the discovery of the
neutrino’s finite mass, an observation of proton decay
would lead to dramatic advances in our understanding of
the fundamental particles.
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Atmospheric neutrinos
K —1—kU/

Atmospheric neutrinos are produced from the colli-
sions of cosmic rays with nuclei in the atmosphere and
come predominantly in two flavors, electron neutrinos
and muon neutrinos. Since neutrinos only rarely interact
with matter, they pass easily through the Earth, making
it possible for Super-Kamiokande to detect atmospheric
neutrinos created on the opposite side of the planet.
After two years of observation it became clear in 1998
that while the number of such electron neutrinos agreed
well with model predictions, the number of muon neutri-
nos was much smaller than expected.

After careful analysis of the observed data,
Super-Kamiokande collaborators concluded that the defi-
cit could be best explained by “neutrino oscillations,” a
phenomenon in which neutrinos change their type during
flight (Figure 1). In this scenario nearly half of the atmo-
spheric muon neutrinos created on the opposite side of
the Earth change (oscillate) into another type of neutri-
no not observed in the detector. This discovery of neutri-
no oscillations established that neutrinos have mass,
thereby providing definitive evidence for physics beyond
the Standard Model, which assumes neutrinos are mass-
less.

While it was clear that the observed atmospheric
neutrino disappearance favored the oscillation interpre-
tation, further analysis was needed to fully describe the
phenomenon. In the year 2000 Super-Kamiokande deter-
mined that the oscillations were most likely from muon
to tau neutrinos and four years later demonstrated that
the data follow the oscillatory behavior expected from
neutrino oscillations (Figure 2). In 2013, Super-Kamio-
kande made the first observation of oscillation-induced
tau neutrinos (Figure 3), providing final confirmation of
the oscillation discovery. Ultimately this work culminated
in the 2015 Nobel Prize in Physics.

Super-Kamiokande's atmospheric neutrino data have
also been used to search for dark matter annihilation in
the center of celestial objects, to measure the atmo-
spheric neutrino flux itself, and to test a variety exotic
physics models. In addition, atmospheric neutrinos are
now being used to study particle-antiparticle symme-
tries in nature, a topic central to the formation of the
universe, and to determine the ordering of the neutrino
masses. Finally, as the dominant background to search-
es for proton decay, precision atmospheric neutrino
research at Super-Kamiokande will be essential to the
discovery of new phenomenon in the future.
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Figure 1: Zenith angle distribution of atmospheric
neutrino data (black points), the expectation without
oscillations (blue), and the expectation with oscilla-
tions (red). Primarily electron neutrino data appears in
the left two plots, while muon neutrino data appears
in the right two. Upward-going (downward-going)
events are shown in the left (right) side of each plot.
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Figure 2 : Muon neutrino survival probability as a
function of the oscillation phase, defined by the ratio
of the neutrino path length divided by its energy, L/E.
Black dots show atmospheric muon neutrino events
observed in Super-Kamiokande, while the red lines
shows the expectation from neutrino oscillations. The
data agree well with the oscillation hypothesis in the
“dip” region around L/E = 500 km/GeV, excluding
alternative models shown in green and blue.

M2 : Ia—Za—hJ/DEEERZ. Z1— K /IREIDME
(BEEE (L) THRILF— (B) TRUER. HRgE=1—rJ /K
BDIZEDMFET, KREUSNDERTTIVIIEPHEDRRT
RENTU\D BRIT—5 13 (81500 km/GeV (A TZ1—
MIRBOFHTHS [Fhl E—HL. MOERZHRLT
[A%=N

Figure 3: Zenith angle distribution of events consis-
tent with the interaction of a tau neutrino inside of
Super-Kamiokande. The data (circles) agree well with
the model expectation (open histogram) only when a
contribution from muon neutrino oscillation-induced
tau neutrinos (shaded) is added. Note that the tau
neutrinos appear in the same upward-going region as
the muon neutrino data is seen disappearing (c.f.
Figure 1).
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Solar neutrinos
NE—a1—hK1)/

The Sun is the most powerful neutrino source in our
vicinity; the fusion processes in the solar core produce vast
numbers of electron-type neutrinos. Several experiments
have measured solar neutrinos, but have consistently seen
less than predicted. In 2001, solar neutrino data from
Super-Kamiokande (SK) and the Sudbury Neutrino Observa-
tory (SNO) clearly showed that the reason for the solar
neutrino deficit is the change of electron-type neutrinos
into neutrinos of a different type. Today, the theory of
neutrino oscillation is widely accepted.

SK continues to study solar neutrinos and by now has
observed more than 77,000 solar neutrinos over 4869 live
days. Figure 1 shows the measured solar neutrino flux in
each year since 1996. The SK solar rate measurements
are fully consistent with a constant solar neutrino flux
emitted by the Sun. Since the 8B flux to which SK is primari-
ly sensitive strongly depends on the temperature of the
solar core, the absence of rate variation implies that the
solar core temperature is stable within £0.5%. To infer the
value of that temperature it is necessary to determine the
8B flux from all neutrino types, not just electron-neutrinos.
SK and SNO data measure the solar 8B flux to be
(5.29£0.15)X108 neutrinos/cm?/s  which includes all
uncertainties introduced by neutrino oscillations. This flux
implies a solar core temperature of (15.60+0.15)X108K.
Optical measurements can only measure the surface
temperature of the Sun, which is about 6,000 K.

SK' measures the energy of neutrino interactions:
Figure 2 shows a comparison of this measured energy and
theoretical expectations, which depend on neutrino oscilla-
tions. SK also studies possible solar neutrino flux differenc-
es between day-time and night-time due to the matter
effect of the Earth. In 2014, we reported the first indication
of this terrestrial matter effect on solar neutrino oscilla-
tions. Based on energy and day/night flux variation, SK
precisely measures the neutrino oscillation parameters.
Figure 3 shows our current global neutrino oscillation analy-
sis on solar neutrinos. The oscillation of neutrinos and
anti-neutrinos ought to be described by the same oscilla-
tion parameters, but at present, there is a slight tension
between solar neutrino and reactor anti-neutrino measure-
ments by KamLAND. Therefore more precise solar neutrino
data are needed.

In May 2015, we lowered our energy threshold to 3.5
MeV (kinetic). We will continue to reveal solar neutrino
physics with precise measurements.
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Figure 1: Measured solar neutrino flux in each
year compared with number of sun spots. The
vertical axis is normalized by the expected flux
from the standard solar model without neutrino
oscillation.
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Figure 2: The energy spectrum of solar neutrinos
obtained by SK (red) and expectations at best-fit
points (green: SK only, blue: solar+KamLAND). In
this plot, no oscillation would appear as a flat
line.
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Figure 3: Allowed contours of Am?z1 vs. sin®@12
from solar neutrino data (green filled: all solar
data, green line: SK only) and KamLAND reactor
data (blue). Also shown is the combined result in
red. The best-fit points are indicated as stars.
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Proton decay
f5F BR1E

Protons are one of the fundamental constituents of
matter and are found in all nuclei throughout the universe.
Though it seems possible for protons decay into other
particles such an event has never been observed. As a
result, they are stable in the Standard Model. However,
processes like proton decay are thought to have played an
essential role in the formation of the universe. Grand Unified
Theories (GUTs) not only address deficiencies in the
Standard Model, but they also predict the unification of the
fundamental forces of nature as well as proton decay. For
these reasons they may provide insight into the early
universe and accordingly, the search for proton decay is a
main line of research at Super-Kamiokande.

Among the proton decay modes predicted by GUT
models, decay into a positron, the antiparticle of the
electron, and a neutral pion is often the most probable.
Super-Kamiokande has an exceptional ability to detect
such proton decay events among atmospheric neutrino
backgrounds as shown in Figure 1. In 1998, after only two
years of running, Super-Kamiokande released results from
its first search for proton decay in this channel. Though no
evidence for a signal was found, the resulting lower limit on
the proton’s lifetime, 1.6 X 1033 years, was a factor of three
times stronger than previous limits. In the intervening 18
years there has been no indication of a signal and
Super-Kamiokande’s current limit, 1.7 X 1034 years, is
the world's most constraining.

In 1999 Super-Kamiokande published its second
proton decay result, finding no evidence for decays into a
neutrino and a charged kaon, thereby establishing the
world’'s most stringent lifetime limit for this mode. Since
then the search for proton decay has expanded to include
analysis of more than 20 modes, all of which resulted in
world-leading limits (Figure 2). These limits have ruled out
GUT models and are constraining several others.

A few analyses have even yielded candidate events, but
as they cannot currently be distinguished from atmospheric
neutrino interactions they do not yet constitute evidence
for proton decay. As a result, though Super-Kamiokande
has already provided stringent limits on the proton’s
lifetime, work is ongoing to further remove backgrounds and

extract a signal that may be waiting just around the corner.
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Fig.1: The search for proton decay into a positron a neutral pion at Super-Kamiokande. Black boxes
in each panel indicate the search region, which contains much of the expected signal (left panel),
a small amount of expected background events (middle panel), and no data events.
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Fig.2: Super-Kamiokande's proton lifetime lower limits compared to other experiments for a variety
of decay modes. After 20 years of operation Super-Kamiokande provides the most stringent limits
by an order of magnitude or more in many channels.
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K2K/T2K long-baseline neutrino oscillation experiments

K2K/T2K REMfF Z1— M) /IREERR

Accelerator-based long-baseline neutrino experiments
are well suited to detailed neutrino oscillation studies
because in these experiments not only can the neutrino
energy and flight distance be optimized to observe a partic-
ular effect, but the neutrino beam can also be measured
precisely before any oscillations occur.

K2K (KEK-to-Kamioka), the world’s first long-baseline
neutrino oscillation experiment, collected beam neutrino
data from 1999 to 2004. The beam neutrinos were
produced by the proton accelerator at KEK in Tsukuba and
were observed 250 km away in Super-Kamiokande. Using
these neutrinos K2K definitively confirmed (>99.99%) the
existence of neutrino oscillations.

Following the success of K2K, the T2K (Tokai-to-Ka-
mioka) experiment started taking physics data in 2010
with an intent to further understand neutrino oscillations
using a more powerful neutrino beam. T2K is the world’s
first off-axis long-baseline neutrino experiment; an intense
neutrino beam is produced using a series of world-class
proton accelerators at J-PARC in Tokai and its axis directed
2.5 degrees away from Super-Kamiokande, located 295 km
away. This configuration produces a neutrino beam at
Super-K which is enhanced in a narrow range of energies
where the neutrino oscillation effect is maximal.

The primary aim of T2K was the discovery of the
appearance of electron neutrinos in @ muon neutrino beam,
a phenomenon which is driven by the then unknown mixing
between the first and third generations of neutrinos. T2K
first observed a clear indication of electron neutrino appear-
ance in 2011 and later fully established it in 2013 (Figure
1). This was an unprecedented achievement as it was the
first time a transition between neutrino flavors had been
confirmed where both the initial and final flavors were
observed in the experiment.

T2K's discovery of electron neutrino appearance has
opened the door to searches for possible differences in the
oscillations of neutrinos and antineutrinos, an effect called
‘neutrino CP violation,” which could be the key to explain
why our present universe is made of only matter and no
antimatter. Currently, when combined with the results from
other experiments, T2K’s data show a faint hint of this CP
violation (Figure 2). To further study CP violation in neutrino
oscillations, T2K started to take data with an antineutri-
no-enhanced beam in 2014. So far the experiment has
measured the disappearance of muon-antineutrinos with
world-class precision (Figure 3), but whether there are
differences between neutrino and antineutrino oscillations
remains to be seen.

MRBEANTAINICERLEZ21— N/ E—LZFERTDE
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ka) 3B (3. 1999FEMN D 2004 FICMITTF—FZINELF L= D
IIHICHDEHIRILF—IMEBAZHEEOZFINEE TEUHL
21—~ J/E=L%250kmBENc A—/N\—HIA VT TED R
DIDRBICKI. 22—~ /IREIAES DT DEEIFI9.99%
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Figure 1: Energy spectrum of electron neutrino
events observed by T2K. The red and blue
histograms show the expectation with and
without electron neutrino appearance.
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Figure 2: Posterior probability for Ocp (a parameter
indicating the violation of CP symmetry) obtained
by T2K in combination with results from other
experiments. The hatched ranges show 68% and
90% credible intervals. The most preferred value
of ocp is -t/2, where CP symmetry is maximally
violated.

H2: thRBOBEREANLT2KERO T —Y@BITTES
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Figure 3: Allowed antineutrino oscillation parame-
ter regions from T2K's muon-antineutrino
disappearance measurement. The black dashed
(solid) line shows the 68% (90%) confidence
level. Colored regions show results from other
experiments. The purple dashed line shows the
allowed oscillation parameter region obtained from
T2K’'s muon neutrino disappearance measure-
ment.
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Supernova neutrinos
BFE_1—~)J/

Stars with at least eight times more mass than our Sun
will eventually collapse under their own weight. When that
happens, most of the gravitational energy of the star is
shed in the form of neutrinos, and the star explodes. Even
though the resulting light from such a supernova explosion
is brighter than an entire galaxy, the neutrinos carry more
than 99% of the total energy, about 104J, more than a
billion times a billion times the energy output of the Sun. If
a supernova was to occur at the center of our galaxy,
Super-Kamiokande would record about 10,000 neutrinos
over the course of just ten seconds. Not only would these
neutrinos offer new insights into the dynamics of the explo-
sion, but the high intensity of neutrinos inside the exploding
star will test our understanding of neutrino interactions
with other neutrinos.

Such supernovae in our own galaxy are rare, about a
few per century, but they are frequent in the entire universe
(one per second). Due to the large distances to other galax-
ies, Super-Kamiokande expects to see neutrinos from
these far supernovae only a few times per year. From about
ten years of Super-Kamiokande data, the supernova neutri-
no flux above 17.3 MeV of neutrino energy must be less
than about three neutrinos /cm?/s.

AEDBEULENEENE . RERNICBEABEDESTDAN
FI.COBF. EDIFEAERTDEAIRIF—ITZa—FNI/ICE
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ITTI.INODZa1— M)/ DSBS BERODENRIETDEEDIE
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ERRIIBICIARBEENVOSNVEETREELTNEIMDIRA
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17.3MeVEAEDB#HEZ21—K ) /DREIL. B 1cm2Hh/=UH3
ERSLUDBNZENDAUE LT,

Rev. D 85, 052007 (2012)).

An exclusion contour from SK data in Supernova (SN) neutrino luminosity vs neutrino temperature parameter space (red). The
Irvine-Michigan-Brookhaven (IMB) and Kamiokande allowed areas for supernova 1987A are also shown (ariginally from Phys.

HBFE(SN) Z1—hJ/DBESE EIRED/ S A— S FHE T, SKOBIZ KBRS N8R (7)o 7— /N1 > - 224 Ty ONT 2 (IMB) B
ENIANVTRBDBIHE198TADBRR T — D SR SNDEF BRIz, (Gt :Phys. Rev. D 85, 052007 (2012)).
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Gadolinium loading : Super-Kamiokande’'s future

RA—IN=AIANTORKETE : SK-Gd

Super-Kamiokande (SK) has enjoyed a remarkably
successful two decades of operation. But what does the
future hold, and with twenty years of data already collect-
ed, how can our famous detector continue to produce new
and interesting results well into the future?  First
proposed in an article in Physical Review Letters
(83:171101 [2004]), the answer comes in the form of
loading 100 tons of a soluble gadolinium (Gd) salt into the
water of SK. By adding gadolinium sulfate to the SK water,
the dissolved gadolinium, which has a tremendous affinity
for absorbing thermal neutrons and emits a large flash of
light when it does so, will allow us to efficiently see and
positively identify these previously hard-to-detect neutral
particles.

Gadolinium will greatly reduce limiting backgrounds to
many of our existing studies, such as proton decay
searches and solar neutrino measurements. It will improve
neutrino-antineutrino discrimination for atmospheric and
long-baseline oscillation studies. It will enable SK to
measure antineutrinos from nuclear reactors located both
inside and outside Japan. In the case of a galactic super-
nova explosion it will allow the flavors of the SN neutrinos
to be separated, doubling SK’s pointing accuracy back to
the exploding star. Perhaps most significantly, within a
few years of enriching the SK water, Gd’s efficient neutron
detection will allow us to make the world’'s first observa-
tion of the diffuse supernova neutrino background flux, the
neutrinos emitted by all historical supernova explosions
since the onset of stellar formation in the early universe.

Since 2009 Gd loading has been demonstrated in a
dedicated underground laboratory near SK called EGADS -
Evaluating Gadolinium’s Action on Detector Systems. It
contains a 200-ton scale model of SK, as well as
custom-built water filtration and measuring equipment,
and can be seenin Figures 1 and 2. The extremely promis-
ing results obtained in EGADS led to the SK and T2K
Collaborations formally endorsing the plan to add Gd to
SK, officially known as SK-Gd. Preparatory work is already
underway; a large new experiment hall ("Hall G") has been
excavated near SK to contain the required new water
handling equipment. It can be seen in Figure 3.

Adding gadolinium to SK will rapidly produce many new
and improved kinds of data. As a result, following twenty
years of great success, Super-Kamiokande's future looks
bright indeed.
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Figure 1: The EGADS facility. The 200-ton scale
model of SK is in the back of the image, with the
water filtration system in the foreground.
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Figure 2: Inside the EGADS 200-ton tank during
its construction. It is now operating as the
world's first Gd-loaded water Cherenkov superno-
va neutrino detector.
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Figure 3: The new Hall G in the Kamioka mine.
About 12 kilotons of rock were removed to make
room for the new Gd-capable water systems.
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Recent awards / BEFEDSE

The Nobel Prize in Physics 2015
Professor Takaaki Kajita, ICRR, The University of Tokyo

2015/ —NINEBFETE
ICRR iR HES#HE

Professor Kajita was awarded the 2015 Nobel Prize in Physics for the discovery of
neutrino oscillations. The observation of atmospheric neutrino oscillation was published
in 1998 by the Super-Kamiokande collaboration.

In 1998 at the Neutrino International Conference held in Takayama, Gifu,
Professor Kajita showed the analysis results that compared the number of atmo-
spheric neutrinos coming downward from about 30 km in the sky above the
detector to the number of neutrinos coming upward through the earth from
about 10,000 km away. The number of atmospheric neutrinos coming
upward was reduced by about one half, which provided strong evidence for
atmospheric neutrino oscillations. When finished, Professor Kajita
received a standing ovation from the international researchers gathered

in the hall.
Neutrino oscillations can only occur if neutrinos have mass. For this The slides used to present the analysis results
reason the observation of neutrino oscillations became conclusive at the Neutrino International Conference in 1998

. . ) : 1998 - 1— K /EERSE
evidence that the neutrino's mass is non-zero. The discovery of atmo- Foam b/ ERSE

spheric neutrino oscillations revolutionized the theory of elementary
particles and opened the door to new physics.The atmospheric neutri-
no oscillation analysis was published after 2 years of data taking,
since Super-Kamiokande started operation in 1996. Professor Kajita,
as one of the leaders of analysis group, led the Super-Kamiokande
collaboration to reach the scientific conclusion about neutrino oscilla-
tion.
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Prof. Kajita giving a talk at the Neutrino International Conference
held in Takayama, 1998
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2016 Breakthrough Prize in Fundamental Physics

Prof. Yoichiro Suzuki, Kavli Institute for the Physics and Mathematics of the Universe

Prof. Takaaki Kajita, ICRR, The University of Tokyo and the Super-Kamiokande Collaboration

Prof. Koichiro Nishikawa, High Energy Accelerator Research Organization and the K2K and T2K Collaboration

The result of solar nerutino oscillation
analysis published in 2001

2001 FEARBBZ21— K1)/

IRENERIT DGR

The result of K2K
experiment published

in 2006

2006 FK2K=EER

Za— K/ IREBITDRER

The result of T2K experiment
published in 2013
2013FT2KEE

Za—h~ JIREBRITORSR

2016 FERYPBF T —I X —EFE

Kavli IPMU $sARF—ER45EZU. ICRR IRHAE S 2%
BROR—N=DIAHTHERRETIL—T

KEK B I A—EBZEHIR S LU K2K - T2K HEHRFTE I —T

The 2016 Breakthrough Prize in Fundamental Physics was awarded “for the
fundamental discovery of neutrino oscillations, revealing a new frontier beyond,
and possibly far beyond, the standard model of particle physics”™ The prize is
shared among five international experimental collaborations studying neutrino
oscillations: Super-Kamiokande, K2K/T2K, SNO, KamLAND and Daya Bay.

Professor Suzuki led the solar neutrino studies in Super-Kamiokande
and in 2001 published detailed studies of electron neutrinos produced in
the Sun, which indicated the solar neutrino oscillations. Professor Suzuki
was the spokesperson of Super-Kamiokande for 12 years from 2002 to
2014. Professor Nishikawa promoted the K2K and T2K experiments,
which are neutrino oscillation experiments shooting the neutrino beam
generated by the accelerators toward Super-Kamiokande. Professor
Nishikawa and K2K collaborators performed the first long base line
neutrino oscillation experiment in the world and established the atmo-
spheric neutrino oscillation. Professor Nishikawa and the T2K collabo-
ration then discovered electron neutrino appearance from muon neutri-
no. The Breakthrough Prize was awarded to each collaborator to recog-

nize the achievements as a team.
2—=IN=HIFANVTFICBEETDIDDARERFERITIFL. 201 6 FERYIERE T
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U RN FIREZOREERZENBIDMLW IO T4 7 ZRALIEEEI THY.
Za—MNJ/IRENCEBH D=5 DMEER (Super-Kamiokande, K2K/T2K,SNO,KamLAND,
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20th Anniversary of Super-Kamiokande

®1991.12

Start of excavation of the cavity
ZRiREIRESA

®1904.0

Completion of excavation of the cavity
and start of detector construction
ZREEIR T R EROEEMSA

® 19961

Filling the SK detector with pure water
iaKFEA

®10900.4

The first operation of Super-Kamiokande
detector at 0:00AM, which was started

by the first spokesperson, Prof. Yoji Totsuka.
Fgi0:00 SRR, FRSKKKRETHD
FIE IR EERRRDOR S VAR LE L

Excavating hard rock, Hida gneiss, using a
blasting method

REEF RS DR\ EBZE) ETEHIFR

Completion of excavation a large cavity with
40m in diameter and 58m in hight
Construction of a stainless tank by attaching
stainless plates on the wall of the cavity
B#40m &258m MEXZRENTT/K
CDRZZEDREICZAT VL ZMA RIS Shiz

Taking two months to fill up SK detector with
50,000 ton of pure water

SHN DI OEBIZIDIC2rBANIET

Collaborators surrounding Prof. Totsuka in
the control room in the Kamioka mine

AROIY NO—VIL—LTRESBEROCHRE

Collaboration agreement signed connecting
the Kamiokande and IMB groups to collabo-
rate on Super-K (1992.10)
NEIANYFEIMBIN—THR—/I\=HIAHVT
HEMR I —T &R

Installation of PMTs in module units on the
inner detector wall

EDaA-) SN EFIBEEDREADERI T
1R

Inside the detector during filling water
FEIK AR DR H 2R IR

The logbook of the first official run.

"Run1000 Started by Totsuka-san! It works!"
BRAFEBIEOOJ/—h
[FIREENT—IREEZY— LBV

®1998.0

Discovery of atmospheric neutrino
oscillation
RRZ1— M) /IREIDER

®1999.1

Asahi Prize to Super-K collaborators

i 7 it

SHREEH Zenith angle distributions of atmospheric
neutrinos appeared in the paper for the
discovery of neutrino oscillation
ARJZ1—bMI/RBERDOBXICBHENLKRR
Za1—hKJ/DXRIEBHH

®1999.6

Start of the K2K experiment
K2K =EE&F %A

¢ 001.0

Discovery of solar neutrino oscillation
KBEZ1—hJ /IREIDER

Neutrino beam line at KEK
KEK Za—hJ/E—LZM1>

® 001.7

Work to replace malfunctioning PMTs
PMT 2Z3253%4

® 001,11

An accident damages half of the Super-K
PMTs. Professor Totsuka: “We will rebuild
the detector. There is no guestion.”

PMT D¥¥ERIBEYT 2EMNFHLE

FiREE [H~IIEHBZERT 2,
DRI, |

Super-K favors result favor the LMA solution
to the solar neutrino puzzle.

AB 21— /IR N DX =5 — D BRI
Za1—hJREDEIENKRENEERLE

¢ 002.4

Restoration work from the accident
EMLODEE (BB BREEERR)

¢ 002,12

The 2002 Nobel Prize in Physics awarded to
Prof. Masatoshi Koshiba.
INESRE ) N BZETE

Allowed region of oscillation parameters for
the neutrino oscillation in the same paper
RR_RZa—MI/RBERDRBHE N
ARZIA—KI/INSA=5—DF BRI

1kton front detector at KEK
Tkt AIBI&H2R

Super-K solar neutrino flux, used in conjunc-
tion with direct evidence from SNO, provides
evidence that neutrino oscillation is the
cause of the solar neutrino deficit.
HFHDSNO EBRDHEREEHETARB-1—~)/
DREHZ1—N)/RBICERTDZEERLE

Inner detector after removing all PMTs after
the accident
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20th Anniversary of Super-Kamiokande | |

002,12 ®2008.9

Replacement of front-end electronics and
FEEDAETFIEMBE CSK-Il ELTESRER

data aquisition system (DAQ)
F—HUE L T LD—F

®009.4

Start of the T2K (Tokai to Kamioka) experiment,

Working members when PMT mounting were

Inside the inner detector with a half density the first off-axis neutrino oscillation experiment Installation work of new front-end electronics New electronics connected to new DAQ
almost done ‘ of PMTs T2K EE&E5%4 T—HWELZATLDANE ZIEE
HEFEBEDRI AR T LIcEEDMEEX YDA E IR ES HEN (T S = 18 2SR
®004.0 i

system
LT —SUES 2T

Confirmation of atmospheric neutrino oscillation

by the K2K experiment using beam neutrinos

¢ 010.0
K2K RBR—/N\—AIAHWVTTRR=N

Launching a test facility for the SK-Gd project
RRZa—hM)/IRE =R

SK-Gd FtElC[@ 3 T ERIERERE

¢ 011.0

Discovery of electron neutrino appearance Japan Proton Acceerator Research Complex
in the T2K experiment in Tokai-mura, Ibaraki, 295km away from

Kamioka
T2K EBTCEF_1—MNJ)/HBEEROER RIFEIFEEGIC 5DABERS FRSHER
® 004, /7

Direct observation of an oscillatory signature

Inside the 200ton tank of the test facility for
SK-Gd project

SK-GdstBEDRIERBRDI=HD200~ T2 M52

Allowed region of neutrino oscillation parame- Evidence of a dip structure (black dot) 2 : /‘ 2 ‘ 7
in the atmospheric neutirno samples ters observed by K2K experiment expected for the neutrino oscillation Proton decay p—e*r© lifetime limit published
— o N N K2K RBCHES 21—~ /IRE/NSA—=5— Za—NU/IRBEEEIF I ND M A (Bh) DIELA
RRZ1— K /BOIREN/ N — DEZE A ey

B/on by SK exceeds 1034 years.

R=IN=AIAN VT TERASNIIBFRIEDFSHL
103 F&#BA T

‘ 2@ /‘ 8 ‘ 7 One of the T2K electron neutrino events Energy spectrum of electron neutrino events

. 2013FEICHAMSNBF - /HRER observed by T2K (2013)
Measurement of electron neutrino appearance
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2016 Beakthrough Prize in Fundamental
Physics awarded to Prof. Yoichiro Suzuki,
Prof. Takaaki Kajita and SK Collaborators,
and Prof. Koichiro Nishikawa

and K2K/T2K Collaborators
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Shift members just after the installation of Water surface close to the topmost PMTs
the last PMTs

The 2015 Nobel Prize in Physics awarded

Constraints on the Earth's matter effect and

Constraints on the charge-parity (CP) viola-
to Prof. Takaaki Kaijita the neutrino mass hierarchy from atmospher- tion parameter in neutrino oscillations
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武長祐美子

武長祐美子
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