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“survival” of the cosine term is that the effective source dimension r must be smaller than the
oscillation length

r< L. (81)

Since r ~ 1073 R, the inequality (81) is comparable, in essence, with the inequality (80). Thus
we conclude that the condition of coherence (79) does not impose any conditions supplementary
to the condition (81).

5.8. Oscillations and cosmic neutrinos

The phenomena of neutrino oscillations, if it does take place, could be of importance in cosmic
ray neutrino* experiments. Let us give a few examples.

1) At the underground Neutrino Observatory of the Institute for Nuclear Research Academy
of Sciences of the USSR an experiment is being prepared [43], in which there will be detected
high energy muon neutrinos emitted by mesons, which are produced in collisions of cosmic ray
protons with nitrogen and oxygen nuclei in the atmosphere. The energy spectra and other proper-
ties of those neutrinos have been calculated and the results are given in ref. [44]. High energy
muons produced by v,’s interacting with nuclei in the Earth will be detected by 8 hodoscope
plane systems (every one of which has an area of 1500 m?) of organic scintillators. The scintillator
systems are in coincidence, the logic giving information on the muon trajectory and also establish-
ing whether the detected muon has come either from “above” or from “below” (in the last case
it is produced by a muon neutrino impinging upon the Earth opposite face and passing through
the Earth). The average neutrino momentum in such experiments is 5-10 GeV, and the distance
from the neutrino source to the detector is R ~ 10* km for neutrinos coming from the Earth
opposite face. Making use of formula (66) it is possible to test the neutrino mixing hypothesis by
comparing the measured and “expected” v, intensities. The sensitivity of those experiments for
testing neutrino mixing is, in principle, quite high [43], the value of M2, (see the definition (60))
being M2, =~ 1073 (V)% Thus, these experiments have a sensitivity intermediate between that
of the experiments wherein artificial (reactor, accelerator) neutrinos are used and that of the
investigations wherein solar neutrinos are used. However, the statistical accuracy which can
) T ' Y,Suzki@IV_IPNPS in Alushta ~ ’ o



Preface

* Discovery of Neutrino Oscillation has come
from the study of the Atmospheric Neutrinos
in 1998.




Atmospheric Neutrinos

p/He + N 2 s/K + X
/K 2u+v,
ue+v,+v,
For the low energy limit

— Ww's decay before reaching the
ground

-V, 1Ve=21:1

Primary cosmic ray%protons, He, , ,)

L=10~20 km
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Atmospheric Neutrino Flux Calculation

Need knowledge of

* Primary Cosmic Ray Flux (p, He,...)

— Modulation by Solar Activity
* Solar wind drives back the low energy cosmic ray entering into
the solar sphere

e Solar wind varies with solar activity (solar minimum and
maximum)

* Effect: factor 2 for 1GeV; ~10% for 10GeV

Solar wind

e Stream of charged
particles

* Mostly electrons and
protons

* 10~100keV



Atmospheric Neutrino Flux Calculation

Need knowledge of

— Geomagnetic cut-off
e Affect on low energy CR
* A function of the location on the earth and arriving direction

* Shielding effect of the
magnetic field of the
earth

 Lowest energy of
primary cosmic ray
particles which enter
the atmosphere.

=» Atmospheric neutrinos = ‘Position’ and time dependent
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Atmospheric Neutrino Flux Calculation

Need knowledge of

 Hadron Interactions (production of m, K)

* Decay of Secondary Particles (7, K, )
— Technical problem
— 3D calculation (influence in low energy, horizontal direction)

Many Improvements for the last 10 years!



Comment on Primary Cosmic Ray

* <E,> < ~1/10x<E>
1 GeV v € ~ 10 GeV proton cosmic-ray proton flux

10 GeV v € ~100 GeV proton| " [ @ ]
* Improvement e ty H‘*
— Precise measurement by % | ‘ i 2t
BESS (<500 GeV) and hﬁ‘ |
S Ll vl v e 168
AMS (<200 GeV) 10° 10* 102 10° 10* 10°
E (GeV)

— Uncertainty was

Slgnlﬁcantly reduced solid circle (blue): AMS
solid square (purple): BESS

line: fit used for Honda flux

10.9.29 Y,Suzki@IV_IPNPS in Alushta



Flux uncertainty

Mixture of Ve, Ve, Vv, & V,,
0 [ LU LLL B f_'l L

: .V, FV, flux
10°r 3D M

~ E
calculation

—

L

* Uncertainty of absolute v-Flux

— 10% @ <10GeV € 25%
— ~30% @~100GeV

E

—— Honda flux
----- Bartol flux

* Uncertainty in R (flux) = Fa
— 3% @ <5GeV 101 1 10 107

llIlIlTI T ||||I'I'I] T 17T

FluxxE,2( mZsec’'sr GeV)
—
. o
T

—
o

— 15% @~100GeV s E,(GeV)
— Use double ratio for the study of 3
neutrino oscillation
’; 10?
pE e
Ve +Ve data Ve +Ve MC =

L i Honda 1995(1D)g
Honda 2001(3D) ¥

hut
]

£1 ™) ryidence

for neutrino oscillation

10 1 10 10
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Zenith angle distribution

|
10 llllllllllllll LELELL N Vllll'lill'llll LN I/~20km
. vl S I ; Down-going
[ ] :
i_/ .' 1 0.3-05GeV | - 7 “

———

0305GeV | | N ~13000 km
0.9-1.5 GeV ™ Up-going

1* Key to the oscillation analysis

! 0.9-1.5 GeV ]* Up-Down Symmetry
: 1t 1 €= uniformity of Pr. CR

i 20-50GoV L=~ | forthe energyabove

3.0-5.0 GV the geomagnetic cut off
{1¢ Asymmetry

1111[111111111'111: 1111'1:11]1111]1111.9 ﬂux independent eVidence Of
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Zenith angle distribution

* Uncertainty in Up/Down
2>1-2%E, <1GeV e
~1% in a few GeV region

* Uncer. of Hol./Ver. (up-u)
=>~2% (from 1t/K ratio)

neutrino

60°|-

Angular Correlation (0,00, JFL# T

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

) o
0
> o

* No good correlation below

NSOO Mev (>3O deg) 2 ool v, CC elastic
* Good correlation in high ! jLWLJr
energy region (>500 MeV) p J“W |
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Oscillation Study

10.9.29

* Ratio
* Zenith Angle

* Improvements for the parameter
determination

=> Need precise and absolute value of
neutrino flux
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Experiments
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Back to 1960
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Experimental idea to detect
Atmospheric Neutrinos

* First indication of a possibility to detect

atmospheric neutrinos:

ON HIGH ENERGY NEUTRINO PHYSICS

M. A. Markov

Joint Institute for Nuclear Research, Dubna, USSR

Proc. 1960 Annual Int. Conf. on
High Energy Physics at Rochester

I will report on investigations in the field of high
and intermediate energy neutrino physics carried on
at the Joint Institute for Nuclear Research in 1958-60.
The full texts of the papers on which I will comment
can be found in the pamphlet entitled “ On High
Energy Neutrino Physics ” (Dubna 1960).

Various possibilities of neutrino experiments using
accelerators or cosmic rays are discussed in this report.
The analyses show that it is possible to carry on neutri-
no experiments with existing accelerators and under-
ground, with cosmic ray neutrinos. In fact, Ponte-

This (experimentally dictated) cut-off is at a mo-
mentum smaller than that at which non-applicability
of perturbation theory could be suspected. The decay
u—e-+y gives the more stringent restriction on the
cut-off. In accordance with the experimental upper
1imit;—M<l.2 x 1076 the critical momentum

W(e+v+v)
must be chosen, k_,, <50 BeV.

One natural cut-off mechanism would be an inter-
mediate vector boson. Another possibility is that the
neutrino associated with the u-meson is different from

In 1960, M.A.Markov suggested:
upward and horizontal muons are
signature of high energy neutrinos

Y,Suzki@IV_IPNPS in Alushta
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Experimental idea to detect
Atmospheric Neutrinos

* First idea for water detectors

COSMIC RAY SHOWERS!

Ann. Rev. Nucl. Sci.
10, 63(1960)

By KENNETH GREISEN
Laboratory of Nuclear Studies, Cornell University, Ithaca, N. Y.

I. SIGNIFICANCE OF EXTENSIVE AIR SHOWERS

1. EXPLORATION OF SPACE BY ANALYSIS OF RECEIVED RADIATION

Although bound to earth and its immediate vicinity, man has acquired
a wealth of knowledge about a volume of space 105 times that of the earth,
almost entirely by interpretation of incoming radiation. The richest and
clearest information has been conveyed by visible light. Recent years have
witnessed a rapid advance in the detection and interpretation of radio sig-
nals. Rockets and satellites have opened up the fields of ultraviolet and x-
ray astronomy. Gamma-ray astronomy is on the horizon. Each of these
bands of radiation has its own peculiar potentialities for telling the story of
special processes occurring in different parts of the universe, and about the
conditions of matter and fields that make these processes possible.

K. Greisen described:
water detector for atmospheric v detection

10.9.29
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Experimental measurements of the Atmospheric
Neutrinos

* First detection

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINOS
DEEP UNDERGROUND

H H H C.V.ACHAR, M.G.K.MENON, V.S.NARASIMHAM, P.V.RAMANA MURTHY
Kolar gold mine in India and B. v, SREEKANTAY,
Tata Institute of Fundamental Résearch, ba, Bombay

S. Miyake et al.

JUI 12’ 1965 (Received) D.R.CREED, J.L.OSBORNE, J.B.M.PATTISON and A.W. WOLFENDALE
Phys_ Lett. §(1965) 196 ; University of Durham, Durham, U.K.

Received 12 July 1965

K. HINOTANI 'and S. MIYAKE,
Osaka City Universi Os&z_, Japan

Following the early work [1] carried out at in South India, we have specifically designed an
great depths underground in the Kolar Gold Mines experiment for the detection of muons produced

» Second detection (2 weeks later)

EVIDENCE FOR HIGH-ENERGY COSMIC-RAY NEUTRINO INTERACTIONS*
F. Reines, M. F. Crouch, T. L. Jenkins, W. R. Kropp, H. S. Gurr, and G. R. Smith

South African gold mine Case Institute of Technology, Cleveland, Ohio
. and
F. Reines et al. J. P. F. Sellschop and B. Meyer

J u I} ! 26’ 1965 ( Rece ived) University of the Witwate&::(’;l;i,egozmia;lullggs,) Republic of South Africa
Phys Rev Lett 15 429 (1965) The flux of high-energy neutrinos from the each. Each detector element, Fig. 2, is a
L ] L ] L] '

decay of K, m, and 1 mesons produced in the rectangular box of Lucite of wall area 3.07 m?
earth’s atmosphere by the interaction of pri- containing 380 liters of a mineral-oil based
mary cosmic rays has been calculated by many liquid scintillator,* and is viewed at each end
authors.! In addition, there has been some con- by two 5-in. photomultiplier tubes. The array
L ISUPL USRI SUSISPRR/ W USSR S RCEON R TR MR SRS & ¥ WUl PIPEEE SISO ) T, L e - o
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Detectors for those experiments

* Both detected horizontal and upgoing muons

Type \\ . j
Type I \.! o 3
il Miyake’s
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First idea to use atmospheric neutrinos
to study neutrino oscillations

* S. M. Bilenky and B. Pontecorvo
Physics Report 42(1978)225-261
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“survival” of the cosine term is that the effective source dimension r must be smaller than the
oscillation length

r< L. (81)

Since r ~ 1073 R, the inequality (81) is comparable, in essence, with the inequality (80). Thus
we conclude that the condition of coherence (79) does not impose any conditions supplementary
to the condition (81).

5.8. Oscillations and cosmic neutrinos

The phenomena of neutrino oscillations, if it does take place, could be of importance in cosmic
ray neutrino* experiments. Let us give a few examples.

1) At the underground Neutrino Observatory of the Institute for Nuclear Research Academy
of Sciences of the USSR an experiment is being prepared [43], in which there will be detected
high energy muon neutrinos emitted by mesons, which are produced in collisions of cosmic ray
protons with nitrogen and oxygen nuclei in the atmosphere. The energy spectra and other proper-
ties of those neutrinos have been calculated and the results are given in ref. [44]. High energy
muons produced by v,’s interacting with nuclei in the Earth will be detected by 8 hodoscope
plane systems (every one of which has an area of 1500 m?) of organic scintillators. The scintillator
systems are in coincidence, the logic giving information on the muon trajectory and also establish-
ing whether the detected muon has come either from “above” or from “below” (in the last case
it is produced by a muon neutrino impinging upon the Earth opposite face and passing through
the Earth). The average neutrino momentum in such experiments is 5-10 GeV, and the distance
from the neutrino source to the detector is R ~ 10* km for neutrinos coming from the Earth
opposite face. Making use of formula (66) it is possible to test the neutrino mixing hypothesis by
comparing the measured and “expected” v, intensities. The sensitivity of those experiments for
testing neutrino mixing is, in principle, quite high [43], the value of M2, (see the definition (60))
being M2, =~ 1073 (V)% Thus, these experiments have a sensitivity intermediate between that
of the experiments wherein artificial (reactor, accelerator) neutrinos are used and that of the
investigations wherein solar neutrinos are used. However, the statistical accuracy which can
) T ' Y,Suzki@IV_IPNPS in Alushta ~ ’ o
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The First Problem

10.9.29

 1983~1996

Started as a proton
decay search
experiment

3000 ton total mass
1000 ton fidutial mass for atmospheric neutrino study

Y,Suzki@IV_IPNPS in Alushta 21




The First Problem

Volume 205, number 2,3 PHYSICS LETTERS B 28 April 1988

EXPERIMENTAL STUDY OF THE ATMOSPHERIC NEUTRINO FLUX

Atmospheric Neutrinos are
K.S. HIRATA, T. KAJITA, M. KOSHIBA, M. NAKAHATA, S. OHARA, Y. OYAMA, N. SATO, t h e b a C kg ro u n d S fo r p rOtO n
ol e i e BT O S S deca y in lar ge wa ter

T. KIFUNE, T. SUDA

Institute for Cosmic Ray Research, University of Tokyo, Tokyo 188, Japan C h e re n kov D ete Cto rS i n

K. NAKAMURA, K. TAKAHASHI, T. TANIMORI )
National Laboratory for High Energy Physics (KEK), Ibaraki 305, Japan 8 O S L
[

K. MIYANO, M. YAMADA
Department of Physics, University of Niigata, Niigata 950-21, Japan

E.W. BEIER, L.R. FELDSCHER, E.D. FRANK, W. FRATI, S.B. KIM, A.K. MANN,

Kamiokande: saw atm-v
s s it o e T interactions ha ppe d inside

and

of the detector

AT&T Bell Laboratories, Holmdel, NJ 07922, USA

Received 25 January 1988

We have observed 277 fully contained events in the KAMIOKANDE detector. The number of electron-like single-prong events

L]
is in good agreement with the predictions of a Monte Carlo calculation based on atmospheric neutrino interactions in the detector. I h e I l rst ro b I e I I I
On the other hand, the number of muon-like single-prong eventg ts 59 = 7% (statistical error) of the predicted number of the

Monte Carlo calculation. We are unable to explain the data as the result of systematic detector effects or uncertainties in the
atmospheric neutrino fluxes.

Primary cosmic rays striking the atmosphere pro- We have made a detailed study of the atmospheric
duce pions and kaons which subsequently decay into neutrino spectrum in the large underground detector .
muons and muon-neutrinos, and much less abun- KAMIOKANDE, in which we find an apparent dis- By Ka m l 0 ka n d e
dantly, electrons and electron-neutrinos. The muons crepancy in the ratio of the observed number of at-
é;r}éer ﬁcg into electron-neutrinos and muon-neu- mospheric electron-neutrino-induced events to the
- A Inmnanmiiaman 4 ia avamantad that thncn aaa PN AN B RSN PSR T DU U s S Sy S
10:9. Y,Suzki@IV_IPNPY in Alushta 22




“ Kamiokande Data

In 1988, Kamiokande saw few u
R= (Obs./MC)u-like = 0.59+7% (stat.)

e-like © ulike @
;20-— | 4 + l«
I A L S
) M +M

O B 5QO 10100 O B 51QO 10100
Momentum (MeV/c)
* Problems:

— Large uncertainty of the flux calculation
— Theorists did not believe large mixing

10.9.29
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R measurement in 90’s

Kam.(sub-GeV) ot 1
Kam.(multi-GeV) e 1988
IMB-3(sub-GeV) R 1992
IMB-3(multi-GeV) -
g In early 90’s, there are
Frejus (Fe-calor.) 700 ton H—t—H some confusion of the
Nusex (Fe-calor.) 130 ton ’ l[l e
Soudan-2(Fe-calor.) Wi 1997
Super-K(sub-GeV) "
Super-K(multi-GeV) : o :
0o 05 1.5

10.9.29

1
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Observed small u/e ratio in 1992
8000 ton Water Cherenkov Detector
3300 ton fiducial mass
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Breakthrough

Super-Kamiokande



Super-Kamiokande

50,000 tons of Imaging Water Cherenkov Detector

— |Inner: 32,000 tons
(Outer Vol: ~2.5 m thick)

— Fid. Vol: 22,500 tons
11,146 PMTs (ID)

— 50 cm in diameter
— 40% coverage

1,885 PMTs (OD)

— 20 cm in diameter

1,000 m underground

~130 Collaborators from 36 inst. (5 countries)

10.9.29 Y,Suzki@IV_IPNPS in Alushta
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Super-K Collaboration

Institute for Cosmic Ray Research, University of Tokyo
S. Fukuda, Y. Fukuda, M. Ishitsuka, Y. Ttow, T. Kajita, J. Kameda,
K. Kaneyuki, K. Kobayashi, Y. Koshio, M. Miura, S. Moriyama,
M. Nakahata, S. Nakayama, A. Okada, N. Sakurai, M. Shiozawa,
Y. Suzuki, H. Takeuchi, Y. Takeuchi, Y. Totsuka, S. Yamada

National Laboratory for High Energy Physics (KEK)
Y. Hayato, T. Ishii, T. Kobayashi, K. Nakamura, Y. Obayashi,
Y. Oyama, A. Sakai, M. Sakuda

Bubble Chamber Physics Laboratory,Tohoku University

101\'%t21g Gando, T. Hasegawa, K. Inoue, K. Ishihara,
T aruyama, J. Shirai, A. Suzuki

The University of Tokyo
M. Koshiba

Tokai University

Y. Hatakeyama, Y. Ichikawa, M. Koike, K. Nishijima
Department of Physics, Osaka University

Y. Kajiyama, Y. Nagashima, K. Nitta, M. Takita, M. Yoshida
Niigata University

C. Mitsuda, K. Miyano, C. Saji, T. Shibata

Department of Physics, Tokyo Institute of Technology

Boston University
S. Desai, M. Earl, E. Kearns,
M.D. Messier, K. Scholberg, ].L. Stone,
L.R. Sulak, C.W. Walter

Brookhaven National Laboratory
M. Goldhaber

University of California, Irvine
T. Barszczak, D. Casper, W. Gajewski,
W.R. Kropp, S. Mine, D.W. Liu,
M.B. Smy, H.W. Sobel, M.R. Vagins

California State Univ,, Dominguez Hills
K.S. Ganezer, W.E. Keig

George Mason University
R.W. Ellsworth

University of Hawaii
A. Kibayashi, J.G. Learned, S. Matsuno,
D. Takemori

Los Alamos National Laboratory
T.J. Haines

Louisiana State University
S. Dazeley, K.B. Lee, R. Svoboda

University of Maryland
E. Blaufuss, J.A. Goodman, G. Guillian,
G.W. Sullivan, D. Turcan

University of Minnesota
A. Habig

State University of New York, Stony Brook
J. Hill, CK. Jung, K. Martens, M. Malek,
C. Mauger, C. McGrew, E. Sharkey
B. Viren, C. Yanagisawa

University of Warsaw
U. Golebiewska, D. Kielczewska

University of Washington
S.C. Boyd, A.L. Stachyra, R.J. Wilkes,
K.K. Young

Gifu University
S. Tasaka

Department of Physics, Kobe University
M. Kohama, A.T. Suzuki

Department of Physics, Kyoto University
T. Inagaki, T. Nakaya, K. Nishikawa

Shizuoka Seika College, Shizuoka University
H. Okazawa, T. Ishizuka

Department of Physics, Seoul National University
H.I. Kim, S.B. Kim, J. Yoo
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Kamloka Underground Lab
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Kam:oka Observatory

‘ “I’ 5.‘ New Lab.: Compl | Fb 2008
11. XMASS 100~300kg f.v. detector (Lig. Xenon)
N about to start !

2. Ovfp detector (“Ca) (prototype)

NEWAGE
"—‘ (Dark Matter KamLAND
detector) Univ. of Tohoku
Super-Kamiokande
K2K, T2K

Superconductive
gravity detector
(Geo-physics)

s || R&D room for XMASS ||

100m gravitational wave antenna w/
cryogenic mirrors (CLIO) (Prototype)
=» 3km LCGT: funded this yr (5120M)

100m laser displacement detector
(Geo-physics)
YSuzki@I = i G 33




Brief history of Super-K

96 {97 |98 |99 |00 |01 |02 |03 |04 |05 06 07 08 09 10!‘

SK-I SK-11 SK-I1I SK-IV

K2K T2K

SK started on April, 1996 (SK-I)

— 12t Anniversary
4 phases: SK-1, SK-I, SK-1ll, SK-IV
— Accident (lost more than half of PMTs)
* Nov-12, 2001
— SK-1I (5,182 PMTs (19% cov.))
* Dec-2002 = Nov-2005
— SK-111 (11,129 PMTs (40% cov.))
* July-2006 >
— SK-IV w/new front end electronics
* Sept-6,2008 2>
K2K: March-1999 - Nov-2004

T2K: 2009 -

Protection.case
10.9.29 Y,Suzki@IV_IPNPS in Alushta 34



Detection Principle -- Cherenkov light

Cherenkov Angle:

cos@=1/np Detector wall
n=1.33 for water e

O = 42deg for p=1 ¢ ////

Cherenkov light

~ Phto-multiplier tubes

Charged particle

The Cherenkov Ring
on the detector wall

10.9.29 Y,Suzki@IV_IPNPS in Alushta 39
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Photo-multiplier tube

10.9.29

50cmPMT
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log(E, 9, [/ cm? s sr])

* Trigger: 100% eff. for E
(50% efficiency @ 3.7MeV)

‘ Energy Range (data from sk \

obs

>4.5 MeV

* Trigger Rate: 1,700Hz = 15 Hz (recorded)

10.9.29

‘ Super-K HHHH
Solar l o
PR-Vq - P N
i I FUSUPEHGVE (8 5KPE) ’
A Y
Gea” Solar 8B-v
- =T,
(0]
Supernova \0
relic b@f,i. -
AN .
Astrophysical k\\ .

1MeV 1GeV 1TeV  1PeV

log(E,)

Y,Suzki@IV_IPNPS in Alushta

e 6p.e./ MeV

e Resolution

(solar/supernova V)
14.2% @10MeV

(atmospheric v)

1.7+0.7//E(GeV) %
(single ring w)
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Atmospheric Neutrino
Measurements in Super-K



Atmospheric Neutrino Events

in Super-K
__10° Wide range of path-length
§_ (3 orders)
'§,1o3 L: ~10~13,000 km
3
53102 Wide range of the energy
:é, : (5 orders)
T B E: ~0.1~10,000 GeV

zenith angle (cos6)

10.9.29 41
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Neutrino Interaction @~1 GeV
and E, reconstruction

n <> Charged Current Quasi-
vetnSutp 0 Elastic
....................... ” el < ~100% efficiency for SK
A%

p < Ev<(0,,p,)
myE, - m? /2
g rec _ N*=u W
Y my -E, +p, cosd,
vV, +tN=>pu+N+a's <> CC non-QE
Single + X <> ~100% efficiency for
Multi-i, Deep Inelastic SK
< Bkg. forE,
V,TN>v+N+m’s measurement
Neutral C t v NC
eutral curren
<> ~40% efficiency for SK

10.9.29 42
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cross sections

Y Neutrino
e [ T 1 1 T lw 1 T T 1 ] 1 T LB IIL
- CCQE CCsingle Total o (a) 1
19 [ A ANL ¢ ANLS82 M CCFR90 i}
—_ O GGM77 * BNL86 V¥V CDHSW 87
Y ® GGM 79} X IHEP-JINR 96
> - ¥ Serpukho g |HEP-ITEP 79 -
o 17 O CCFRR84 |
Q) A BNL82
o o 6
£08 |
O
& 0.6
o -
¥>0.4 j
©
0.2
10
Parameters used in our simulation
program:
M A(QE) =1.11GeV/c?
M, (1) =1.21 GeV/¢?
Coherent t : Marteau et.al.
10‘9.29 Multi-ﬂ;: hep'eX/0203009

VCii2lei@l\/
T, o0& TV

—

Anti-neutrino

0.7 1 1 ‘ I
|~ CCQE Total o (b) ]
06 FO GeGM77 W CCFR90 & IHEP-ITEP79
@ GGM79 V¥ CDHSW87 [ CCFRR84 ]
- X Serpukhov X IHEP-JINR 96 :
0.5
0.4 |- =
0.3 |
0.2 |-
01 |- -
107" 1 10
E, (GeV)

Checked parameter dependence:
Very small effect on oscillation
analysis

! IPNPS in Alushta
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Atmospheric Neutrino Events
in Super-K

* Event cateqory

Fully Contained (FC) g — Partially
(<E\> ~ 1GeV) " Contained (PC)
subGeV: Evis<1.33GeV //. (<E\>~ 10GeV)
Multi-GeV: >1.33GeV

Upward ‘ gtm

Through-going u OEPTE -

[<E\> ~ 100GeV) Interaction (<Ev> ™ 10GeV)

| in the rock

10.9.29 Y,Suzki@IV_IPNPS in Alushta 44



Atmospheric Neutrino Events
in Super-K

Parent neutrino Energy

1000 (c5ntained - 7 * Fiducial volune: 22.5 kton
800 |- —— Fev, = .
g e 1 * Effective area: ~1,200m?
o 400 E Effective Area
S 200F = g o
§ 0E skl 11200 rEr '—,v‘”’ T —
<~ 160 Upward stopping u = g 4
; 140 Upward through-going 1000 e ¢
2 120 =
§ 100 NR = ** | Super-Kamiokande
w 80 \ - Through-going muons
60 \ = ** 1 Track length >1.7m (1.6 Gev)
40 _; 400
23 wsn%&\\; S ‘
10 10  10° 10*
EV (GeV) 0 1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1cos
-1 cos 0 0
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Upward going muons

10 ] IllllIlI I IIllIII| 1 lIIIllII LLLBLLLLL

e Sensitivity towards
high energy
neutrinos

@, (m 2g081sr1GeV' )

* Cross sections
— O(VN)~E,
* Muon Range
— ~Proportional to Ev

10_7 L1 lllllll L1 llllllI L1 llllllI L1111 i
107 10° 10" 102 10°
E, (GeV)
10.9.29 Y,Suzki@IV_IPNPS in Alushta
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Analysis

1. Ring Count (1R, 2R,,,,)
2. Particle ID (e/y, u, (), (p))
3. Energy Momentum Reconstruction

>

4. Fiducial Volume cut ( >2m from the wall;
22.5kton)

5. Minimum energy cut: > 30 MeV (FC),
>~ 350MeV (PC)

=» Final Sample:

© FC:8.2 ev./day and PC: 0.58 ev./day



Super-Kamiokande

Run 21588 Event 5348344
103-01-20:34:53:3%

Inner: 1906 hita, 8472 pE
Cutor: 1 hits. 0 pE [(in-timeo)
Trigger ID: Ox03

D wall: 1690.0 c=

Fully-Comtainad

Ring Counts:

Fully Contained(FC) events

e
440
L

2 -
24 .
178 -
83

0 ) o |

0 E 1000 1500 2000

Times (ns)

10% «

10°

1-ring events \

multi-ring
events

102

1o

1 2 3 4 5
Number of rings




u / e separation

Likelihood for particle identification

700 MeV muon (Monte Carlo)

4023 photoelectrons, 1553 hits

500 MeV electron (Monte Carlo)

3917 photoelectrons, 2086 hits
[ ]

400 —
- Sub-GeV Single Ring

350 [

“ _ 2gé|ike H% M'gigs M

20 | 7 ( pe(obs'd)-pe., ,(expected)|
O Y = Z ' N
- o 0').(.’.

o 0 <M )

150 e
: e

100 |

50

e N R T S S Mis-identification:
PID likelihood, Sul-GeV, 1-ring event LOG(L) 0.6 +0.1%
e-like u-like ~2%

for sub-GeV
for multi-GeV

Checked by cosmic ray u (decay electrons), e/u beam at KEK (E261A)

10.9.29 Y,Suzki@IV_IPNPS in Alushta
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e-like and u-like events in

Super-Kamiokande

*I%S%ﬁer Kamiokande #

Q@

o

~1
S

# Stujlﬁer Kamiockande #
N 1
RUN 9955
SUBRUN 443
EVENT 72736724
DATE 2001=Apr=12
TIME 2:57:57
TOT PE: 20406.7

PE: 117.7
NMHIT : 3507
ANT-PE: 14.0
ANT-MX: %.3

4
548754 )
DATE 99-Nov- 6
ME 15:17: 5
5647.. . .
39.2 ' T
2116 -
31.5
9.8
29I
1 T S T g
;! ‘a-_ .t
3Of.°$l -
u:o L g'
IR ‘e
- 'I‘ ; -. -:-..L
N ORI F
/ T Ao e i L
90/00 :NORMAL :
30700 100000711 907808700 Nover NSyt
90/00 : 644, 90/00/00:NoYet:NoYet
3300 ialogzegs  GHAYGRIEIE IS
99/11 LW: Z 3 *%/04/12::R= 1:NoYet
11.2 : 040 R 7 i PHI .
5. 0{204 0/ CcaNG’ 3 RGO T AfiOm : 1k
v=" 131495094 42.;:0 }lggSE(:) 81877
131474205 : TTEe
RNEpa 080186902
Comnt; H
! 92767476 .
GPSDIF': 0.41 Comnt;

T RS\
RunMODE : NORMAL
TRG ID :00000111
T diff.:0.487E+05u
FEVSK :81002803
noD YK/LW: 1/ 1
BAD ch.: masked
SUB EV : o/ 1
Dec-e: 1( 0/ 1/ 0
CTIG:**********elz
RN: 5594SP: 372
GPSDIF: 0.41400u
NHITAC: 1




Number of Events (SKI)

FC+PC Sub-GeV:(Evis<1.33GeV) Multi-GeV:(1.33GeV<Evis)
1489days
Data MC(Honda) Data MC(Honda)
1ring 6447  7784.9 Iring 1436 1675.9
e-like 3266  3081.0 e-like 772 707.8
u-like 3181 4703.9 u-like 664 968.2
Multi ring 2457  2985.6 Multi ring 1532 1903.5
Total 8906 10770.5 Total 2968 3579.4
Total PC 913 1230.0
(4/€)4ua = 0638 +0.016 +0.050 (4/€)4us = 0658 +0030 +0078
(ule),. —0.016 (ule),. —0.028

Up stopping W 1657days

Observed 0.41 +/-0.02(stat.) +/-0.02(syst.) (x103cm?s'sr)
Expected (Honda) 0.68 +/-0.15(theo.)

Up through going 1 1678days

Observed 1.70 +/-0.04(stat.) +/-0.02(syst.) (x10%cm™s'sr?)
Expected (Honda) 1.84 +/-0.41(theo.)
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Discovery of Atmospheric Neutrino Oscillation by

Super-Kamiokande
gZOO [ Super Kamiokande Preliminai);
30
3
5 In 1998
o | ] (10 yrs after the KM
N — —#=  indication)
100 | .
w - SK provided
U S L — definitive evidence
.,,? ‘ — in zenith angle
(1.0,2.2x10%V) distributions
| multi-GeV p-like + PC — independent of the
9i~ 08 06 -04 02 0 02 04 06 o.acol flux calculations
| cos 0, ,
Up-going Down-going

10.9.29 92

Y,Suzki@IV_IPNPS in Alushta



Experimental Results (Super-K)

Y
96 |97 (98 (99 (00 {01 (02 (03|04 05(06 |07 |08 09 10
12 11 6 G
K-lll SK-IV
(5, 182 PMTs) (11,129 PMTs) (11,129 PMTs)
e Latest SK results
_soo} — SK-LILIIl combined
: — 2806days (173ktyr)
| | o - for FC+PC
Multi-GeV e-like ulti -like PC Stop + 100:_ Showering 1 e 24841 events
503;‘7;&_& J — 3109days for up-u
LA ~ * 4238 events
e % | Up/Down ~ 1-(1/2)sin?26
- :j]ﬂ“‘;- r‘sf""ﬁ Transition region € Am?
-1 cosO ‘1 -1 co-se ‘1 0. cosH ‘1

Y,Suzki@IV_IPNPS in Alushta 53



Fitting for oscillation parameters
(SKI+SKIi+SKill)

lepton
momentum I
e-like : sh%fn&ler
| .
FC FC FC FC
1-ring multi-ring | 1-ring multi-ring PC~ PC~ UPu
e-like e-like | u-like u-like ~ stop  thru stoppin
I UPn
2 Non-
' shower
' —
' —
> I | | | |
N
- I
A : ] : 1 bin
: [ ] :10bin(-1<cosf<1)
Decay-e lring 2ring 'Decay-e L] :10bin(-1<cosB <0
=(¥ >0 nllike nClike | =0 1 >1 in )
Total Number of bins: 420 x 3 (SK1~3)

10.9.29
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10.9.29

Systematic
Errors

Neutrino flux
related

Neutrino interaction
related
Reconstruction
related

Others

# 33~59
parameters are
evaluated for each
SK period.

Total = 123 terms

© W N WM A WwNE

Pt
e

W WWNRNRNRNMRNMNMMNMRNRNMNE R -
WN HOWE NOWVAWNEHOWORNDD W SN =

absolute normalization (<1GeV) 34.
absolute normalization (> 1CeV) 35.

(v, +v) /(v +v) (E<1GeV) 36.
(v.u+vu)/(ve+ve) (1<E< IOGevgg

(v, v )/ v t+v,) (E,>10GeV)

v /v, (E,<1GeV) 39.
v./v, (1<E,<10CeV) 40.
v, /v, (E,>10CeV)

v /v, (E,<1GeV) z;
v /v, (1<E,<10GeV) 43:
v /v, (E,>10GeV) »
up/down ’
horizontal/vertical 45.
K 46.

L, (production height) 47
sample-by-sample FC Multi-GeV

sample-by-sample PC + UPstop g

M, in CCQE, single-x 49,
CCQE (model dependence) 50.
CCQE (anti-v/v) 51.
CCQE (u/e) 52.
single-xt (cross section) 53,

single-mx (anti-v/v)

single-x () fzte-) 54.

DIS(model dependence)

DIS (cross section) 5S.

coherent x {Cross section)

NC/CC 56.

nuclear effectin 0

nuclear effect (pion spectrum) 57.
CCv, interaction cross section 58.
hadron sim. (NC contami. in FCu) 59,
Solar activity 60.
61.
62.
63.
64.
65.

Y,Suzki@IV_IPNPS in Alushta

FC reduction

PC reduction

UPu reduction

FC/PC separation
Normalization of PC stop/thru
(top)

Normalization of PC stop/thru
(barrel)

Normalization of PC stop/thru
(bottom)

non-v BG {flasher)

non-v BG {cosmic-ray u)

BG subtraction of Upthru {shower)
n

BG subtraction of Upthru {non-
shower) u

BG subtraction of UPstop u

UPuw stop/thru separation

UPu non-shower/shower
separation

ring separation

PID for single-ring

PID for multi-ring

energy calibration

energy cut for UPstop u
up/down symmetry of energy
calib.

non-v, BG in Multi-GeV 1-ring
electron

non-v, BG in Multi-GeV m-ring
electron

Likelihood of Multi-GeV m-ring e-
like

Efficiency for 2-ring «®
number of event for 1-ring a°
Decay electron tagging
Fiducial volume

Up thru u length cut

Decay electron tagging from pi+
Matter effect

Low-q2 for DIS W<2GeV
Low-q2 for DIS W>2GCeV

99



Oscillation Parameters

4.0
3.9,
s 3.0
> -
T
- .
— 25
c\‘J— |
= -
J o0 ® MINOSbestfit § SKbestfits--..
| = MINOS 90% Super-K 90%
1.5 ——— MINOS68%  ===: Super-K 68%
| MINOS Collaboration
| (Preliminary, Nu2010) - K2K 90%
1 O_ | | | | | | | | | | | | | | | | | | | |
0.6 0.7 0.8 0.9
sin®(20)
10.9.29

9 LE
N Zenith
AR °

Am,;2=2.11%011 . x103 eV?
(Atm-v: Zenith)
Am,;2=2,19*014  x103 eV?
(Atm-v: L/E)

Am, 2= 2.35%011 . x1073 eV?
(IVIINOS@NeutrmoZOlO)

sin220>0.96 (90%) (Atm-v)
sin220>0.91 (90%) (MINOS)

Am?: LBL experiment getting
better sensitivity

sin220: atm-v is better
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v distribution

Consistent with maximal mixing

LI]II T 1 T 1T T 1 T 1 T T 1] IIIII|Illlll|l|l|l|l]llll,

70 - 100 —

60 - - .

¥ . 80— n

50r - I |

£ - £ eol ]
~ £ 40 — o £ Y
O | = |
N - — N -
20 = [
- . 20
N E :

E X — ]
NN A T T | I IS ST R T HTIT H - R  HTA ET  E
0(.)001 0.002 0.003 0.004 0.005 8.7 0.8 0.9 1 1.1 1.2
2 .
A mé, (eV?) sin’20,,
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L/E analysis

* Can observe oscillation pattern in L/E plot € A~ E
- direct oscillatory evidence
—> distinguish other exotic hypotheses

— strong constraint on Am?
(A/E=4:t/Am?: Position of Dip)

Difficult to see the pattern Il ‘

for all the data
Select events : A(E/L) < 70%

~1 /5 of total data |

S N All data c 14{Guide line: 100yr MC

=i + ft Rejected events 2 12

2 e T S e,

O s8f ++++ . . ' ».#H

o Iy ++HH+ horizontally going events: 8 08f +++ ‘

6 6F

Q Lty low energy events: 5_": A Ay

Bt < 04} e

S =>» poor AL, AB determination T o2}

S 102 108 o v 102 103
L/E (km/GeV) L/E (km/GeV)
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Result of L/E analysis (SK-I + SK-1i)

1489.2 days SK-I + * The first dip has been
800 davs SK-1l FEC+PC observed at ~500km/GeV

* This provides a strong
confirmation of neutrino
oscillation

* The first dip observed
cannot be explained by
other hypotheses

Decoherence

— ok -k
= O 00N

Data/Prediction (null oscillation)

) 102
0 2 3 4 ~ |
1 10 10 10 10 c | |
L/E (km/GeV) be -
4.8 0 to decay
5.3 0 to decoherence 103 - o

10.9.29 sin20 59
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Vv, appearance

e How we can test it?

* Do we have evidence for v,
appearance?

1

Yes

10.9.29 Y,Suzki@IV_IPNPS in Alushta
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Search for T appearance in atmospheric v

v. v .
e, T % e T events cannot be
identified by event-by-
Lepton or Hadrons event basis
v.+N—=1T+N +mx+m...
Hadrons uvy, evv,
Typical O v+hadrons(n,x,....)
T MC event

—>Many Hadrons
- Rather Spherical
- Complicated events
e Make statistical analysis

< using characteristics of T
production

10.9.29 Y,Suzki@IV_IPNPS in Alushta 61



Search for T appearance in atmospheric v

e But not easy

- E, >3.5GeV
— Low rate
- Expected T events
e ~1CCv,_FCev /kt/yr i e . .
o~ F Sin =
e BG: ~ 130 ev /kt/yr = tor Super-k ]
s | 1
Neutrino CC Cross sections %40: (22.5Kk1) All *
x 10°%(cm?) s | \ * Updgoing
L cog0 <-0.2
10 5 . / ;
v e 20} ; e K o
o s [ . o
e |
1 e e il : o «—HDown-going
/z S ~ . [ R * . o 0s0 >0.2
/ - i st 16° 10* 10® 10®° 10" 1
16’ / AmP(e\?)
[;"
[l
109 2 4 6 8 10
10.9.29 E,(GeV)

Y,Suzki@IV_IPNPS in Alushta
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| selectionof venriched sample |

Pre-selection
1) multi-GeV, multi-ring
=» High Energy
many particles

2) Fiducial volume:
2m from the ID PMTs
3) Most energetic ring:
e-like

Likelihood

Neural Network

2 independent analyses
10.9(.29 P Y )

Down-going v, v, MC T MC

) Down-going data _ \

= 80 | (c) |80

D 60 b1, %.. Example 1 60 [

% 40 40 E

E 20 20 E

= M T e T :

% 10 20 30 %3 15 -1 05
Rina Candidates loa(Sphericity)

Use 6 distributions to make likelihood

downward upward

I Downward-going

Number of events

Number of events

[ o1
%2 45 - -05 05 1 15 2 %2 45 -1 -05 0

t—likelihood t-likelihood

05 1 15 2

= Select t-like events

Y,Suzki@IV_IPNPS in Alushta
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Zenith angle dist. and results

Likelihood analysis

| Likelihood
x1.76 T MC

o
o

~J
(&)}
—

on
o

Number of events
N
(6)]

Fit in zenith angle distribution
— TAU+BKG . .
- BKG to evaluate T contribution:

« DATA Ntotal(cose) = OLNtau + Bkag

a=1.76and =0.9

Fitted # of T 138 +48(stat.)
events +14.8 /-31.6

(corr. for 43% efficiency)

Expected # of T
events 78.4x26(syst.)

cos0,. .+ Tau appearance : 2.4 O
Observed. Expected
Neutral Network:  134+48(stat.

Both analysis:
10.9.60nsistent with expected excess.of upgoing t's 64



Atmospheric Neutrinos

30-Sept-2010

* Small but important effect
e future

10.9.29 Y,Suzki@IV_IPNPS in Alushta
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Vu_’\’ orv _’V

sterlle

* Experimental Strategy
1) Use enriched NC sample and
2) matter effect

Matter potential for v, 2 v

VP Vo A=O A= 2V2G;E, (N(v,)-N(v))
VP Vs AS-V2GEn,  N(v) =n_-(1/2)n.

Ve P Vo i AS2V2GE,N,  N(v,.) =- (1/2)n,
N(v,) =0

‘ v, — Vv, : No matter effect
Vv, = Vg : matter effect



VM_’V orv _’V

sterlle

s|n226 Sin229 VM cosem
™= (A-c0s260)2+sin220 Vs - sind,

A=-\2 Gn E,/Am?

Forsin220~1: sin%20_~ 1
A?+1
And for E, = 30 ~ 100 GeV
2> A1

sinf,, V1
cosO, R V2

Sin%20_<1:
- Suppression of the

oscillation effect

10.9.29 Y,Suzki@IV_IPNPS in Alushta
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deficit of NC even

0
\ 1 cos®

10.9.29

v, © vs Zenith angle distribution

Pure v -v ..

-GeV V 1ti-GeV i-GeV p+pP
sub-GeV e sutl>-('3elpf 250 mtlm(}e e 250 ml[IlH'G'e ‘p.+ C
- 400 - 1200 | 200 | ‘
. ~ E Ras: i ; - 4
? -ﬂ§+, . r i r + + {

U ket {150 | 1150 | .
- -4 | i : - ]
200 100 |- s+ 100 | t :
: o A B <
ts 150 F * 50 [ ~
0Lt gl glnsy
: -1 cos® 1 cos® -1 cos® :
multi-ring p multi-ring NC upStop p upThru p
— j300 — . i 1 3 i
“ #0847 {:
. [ 1 1
L koo Bt A 1. F
*’_ o + ++; 0.6 : ] 2 ? -]
G lo4 [ &
3t 1100 | | 4R 1
f '\ : 102 ] 4\
0 ——— 0 0
cos® : N cos® l 1 cos® -1 cos® 0

Y,Suzki@IV_IPNPS in Alushta

Oscillation suppression
(matter effect)

pure v, 2 vy
is disfavored

at >99% C.L.




10.9.29

Limit on sterile mixture

0.010
0.009
0.008

0.007
0.006

0.005

0.004

0.003

Am’ (eV?)

0.002

0.001 I

/0

pure v, = v,

0.2

Vu = COSEV: + SINEV ¢

|
0.4 0.6 0.8 1\

vu—>(cos§vAI + sin&vs)

. ->

Y,Suzki@IV_IPNPS in Alushta
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CPT test by atmospheric v

T T T T T [

* Produce MC for v (Am,,?,
0,,) and v (Am,;?, 0,,)
separately, and look for
best parameter set

* Neutrino
Am,;2=2.2x103eV?
sin220,,=1.0

* Anti-neutrino
Am,;2=2.0x103eV?
sin220,,=1.0

* No evidence for CPT

violating oscillations (SK)
sin®279,, was found

10"

IIIIIIII

1072

—_2
A T, (eV?)
/| AN

IIIIIIII

909, == \||NOS Collaboration
Preliminary Nu 2010

10-3 0000 — Super'K

—IIII|

| I | | | | | | | I | | | I | | |

0.2 0.4 0.6 0.8

f[
1



3 flavor analysis and
future atmospheric neutrino
experiments




Remaining Problems

Ve _fUaUa Usy 1 0 0) ¢y O s.e®Vc, s,
mixing: { Ve )={ U,U, U, ) +i
U,U, U, U,i=10 ¢y 5y 0 1 0 =S Cp
fl -id
e%\g‘:\rstates gi‘g;;states 0 =83 Co3 )\ S5€ ° 0 Ci3 0 0 1
Atmospheric v Reactor, LongBL Solar v
Ve Vu Va Long bgseline (6,5: upper limit)  Reactor LBL

Vi V) e (023: maximal?) Not determined yet (912: large)

Vl_:'

or

. * 0,; > CPV
Vs e— * Mass hierarchy: sign of Am,,2
* Octant of 0,,: if 0,,%1/4

* Atmospheric neutrino oscillation is mainly due to

through 0,,, but small effects from 0,5 and 6, may be
seen: sub-dominant effects

* Mass hierarchy may also be untangled



3 flavor oscillation and v, -appearance

‘P(Ve)

-1 st(r-c223—1)
lI’()(Ve)

—r-S,; €5 -Sin29,(cosd,, - R, —sind, - 1,)
+28%(r-s2, -1)

~ : mixing angle in matter
P,= IAeulz t Ve > Vux in matter
RZ = Re(A*eeAep.)

I, = Im(A*eeAey.)

/\ Matter Effect

14 | mostlyin low energy

.{ 15t term: solar term (0,,, Am,,)

02 113 | cancellation effect (if c2,,=0.5,r=v /v.=2@LE)

% (1.2 1~2% effect (may determine ¢2,,<0.5,>0.5)

S0

%CJ" ¢ 3" term: 0,5term ’ Multi--GeV

<? ' > a few GeV 1.1 |

£ in multi-GeV | L

=2 in multi- o

C-o. 05

S| 10~15% effect 10 -+
-1

d .
ey Ev (GeV) 2"%term: Interference

$2023=0.4 CP-phase
$2013=0.04

dcp=45°
Am?12=8.3x10-3

Amzzfﬁ.%1 9}_’

Y,Suzki@IV_IPNPS in Alushta
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Comment on solar term

* Am,,%: 8x10™ eV?
* Am,,;%: 2.5x1073 eV?
e Crossing the diameter of the earth (up-going)
— L~ 13,000 km
—E~1GeV
=>E/L~ 8x 10> (GeV/km) =solar Am?
(ME=41/Am?)



1.2~ . 2
115+ 5
11+ 1+
'05:1.05 5 ‘H—I_ T
‘I]IIIIII%I 1 :11[,:—;1»—;_];“
095 - I l 1 —LI—FIT
08 08060402 0 02040608 1 1 080604020 02040608 1
cosOv cos®v
—5 0SC. With 20yrs stat.error
el 3=0,40
0.45
0.50 $2013=0.04
0.60
" Total Fixed
;c?:f;g;m Solar term Am?23 = 2.5x10-3eV? (positive)
Interference sin22012 = 0.825
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Oscillation Parameters (3 flavor)

Normal Mass Hierarchy

0.0035— 0.0035—

Am;, =211773 eV’
sin” 0,, = 0.525" o

sin” 6, < 0.066 (90%C.L.)

0.003 0.003\- A

- "N
el [ o«
NN L NN
£ o0.0025- £ o0.0025
< [ < LB
i " v /B
0.002}- 0.002v/ 7\

o

0.0015E  \  \t 0.0015E .\ NN ‘
0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 0 0.05 01 015 0.2 0.25 0.3 0.35 04 — 99% CL
sin? 26,, sin? 03 — Q0% C.L.
. 68%C.L.
Inverted Mass Hierarchy * best

0.0035 0.0035[~ N\

ar

w 0.0025{- < \\\\\§ \
§§§§\\\\\\\\\ sin? 0,, < 0.122 (90%C.L.)

<
L N\ \\' -
0.0015/- 0.0015- EF\\\\\\

--------------------------------- 0 0.05 01 015 0.2 0.25 0.3 0.35 0.4
0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 . 2
sin® 6,,

sin’ 20,,

0.002
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CP phase

Normal Mass Hierarchy
vt .. Sensitivity test
. Data A MC + Best fit (NMH)
S S f — CP phase: 220°
g o.15§~ g 0.1.55— - Sin2013: 0.006
ﬁ \/—\/J\\/\ < 0.066 (90% C.L.)
00:_ ! /:\. 00:_ T T — 00% C.L.
0 50 100 15(;3c 200 250 300 0 50 100 15(;S 200 250 300 — 90%C.L.
’ « —— 68%C.L.
Inverted Mass Hierarchy ol -
0.4F 0.4 () y
v Data s ensitivity Best fit (IMH)O
0.35— 0:,_I\/IC — CP phase: 220
: o o.zsi—\/ — Sin2613: 0.044
* No significance @90%

3

cp

10.9.29

............

50 100 150 200 250 300 ,
)

cp

Y,Suzki@IV_IPNPS in Alushta
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e Statistical fluctuation
or may be something
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« Why 220°

Multi-GeV
1-ring u-like sample
P>2.5GeV

......

CP phase

Effect of first 4 bins

350

300

250

CPod(degree)

S|

0.3 0.35 0.4 0.45 0.5

| | I I |
0.55 0.6 0.65 0.7

1 -0.8-0.6-0.4-0.2 0

10.9.29
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)
sin‘e,,

0.56

0.555

0.55

0.545

0.54

0.535

0.53

0.525

0.52

N ( 1~4)OSC/N ( 1~4)no-osc
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A2

I1\olormal Mass Hierarc{zy: ¥2 i = 469.94/416dof

10 10
o 2 , g :
N LG : sin20,, N sin0,; | CP-3
o)
,199% C.L 7 . ,
6 6 6F 6
sz 5F 5 5F 5]
ar af at 4
51 90% C.L. 3 sl .
2 2 F
21 68% C.L. \ / \ / / :
1 1 \/ 1 1
0329 28 27 25 24%3 035 0.4 045 05 055 0.6 065 0.7 °0 0.05 0.1 0.15 02 025 03 0.35 0.40 G35~ j45""155" 560" 350 300
Am? sin®0,, sin’0,, CPs
Inverted Mass Hierarchy: ?._. =468.34/416dof
10 10 10 10
ol . of ) of cin2 -
o Am2,, : sin“0,; ° sin“0y3 ol CP-§
-£99% C.L. 7 -t b
6 F 6 6F 6 F
sz 5F 5 5F 5F
*F90% C.L. : N 4
3F 3F 3r 3F
2 68%CL | | ; N/ | 2| \ /
1 1 1 1
0329 28 .é_H; 25 24 0.3 035 04 045 OM 0.65 0.7 00\0.5011 0.15 0.2 025 0.3 035 0.4 05530640 200 250 T

- 2 2
sin“0,, sin“6,, CPS

Am® ,,
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480

478
476

o~
X 474
472

470 -

10.9.29

Hierarchy

480

478 -

476

& |
x 474
472

470

0.3 0.35 0:4 0.45 0.5 0.55 0.6 0.65 0.7

) o2
sin“6,, Sin“0,,

Normal hierarchy (NH):x? .= 469.94/416dof
Inverted hierarchy (IH):x? .. = 468.34/416dof
> Ax?=1.6

No significant difference

Y,Suzki@IV_IPNPS in Alushta
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Future sensitivity for non-zero 0,,

s22012=0.825
Am?212=8.3x10°
Am?223=2.5x10"3
8, =45°

Including solarterm  For 10 more years (20yrs) of data

20¢ for Super-K, we can reach the
181 following sensitivity.
=) 16|
o 14} Non-zero 6,, can be observed for sin?0,, >
R 12} 0.50 and sin20,; > 0.01~0.02
? 10‘_ P 3()' for 20 yrs SK
:
< 8 For 80yr of SK, ~2yrs of
of
. 3o for 80yrs SK 1 M_t detector
2] ¥ oyrs 1.0 Mega-ton | 2sin®0;3 <Q.01 for most of
0 & A N R B the value of sin%0,,
002 0.03 0.04 0.05

SinZ0,,
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Discrimination of the 0,; octant for SK-20 yrs

0.18
0.16
014
012
2
& 01
£

“p.08
006 |
0.04 |

0.02

0.18 0.18 0.18
stG =0.04 | . stG =0.02 |.. sin%0,,=0.006 .. sinZ0,;=0
8K 20yrs, 30V CL 20yrs, 90V CL 8K 20yrs, 30V CL 8K 20yrs, 30V CL
0.14 014 | 014 |
' 012 | 012 | 012 |
(."’\\‘ ,{01 ~ 5?0.1 5?0.1
f \ wo.08 | "'/ S0.08 | S0.0e |
!|' | / 0.06 | "l "u.ll - 0.06 - ' /\‘ 0.06 -
! fke 0.04 f ¥ 0.04 | ."’ \ 0.04 | ™
| f \ I
04 06 3 LSS [T (N
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 03 o:s 04 048 os 0.55 0.6 0.65 0.7 03 0.35 0.4 045 05 055 0.6 065 0.7 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

Reconstructed 90%CL contours
for the evens produced at the test points,
(sin%0,5= 0.4 and 0.6 (sin20,,=0.96)
with various value of sin?0,;)
See whether the separation is possible or not

Possible for larger sin20,, for SK 20 yrs
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Discrimination of the 0,; octant for SK-20 yrs

0.18 2 0.18 2 018 F_» 2 _ 018 |_» 2 _
o1e sm 0,,=0.04 e sm 0,;=0.02 o1e SIN?0,,=0.006 oe SIN?0 =0
8K 20yrs, 207 C.L. 8K 20yes, 20V C.L. 8K 20yes, 0¥ C.L. &K 20yes, 207 C.L.
0.14 0.14 014 - 014 -
012 - 012 | 012 - 012 -
£01 - F04 £ 01 £01
€ / € € €
#0.08 | / %0.08 | - %0.08 | #0.08 |
008 | f 008 | / 008 | / 008 |
0.04 | 0.04 | | 0.04 | / 0.04 |
0.02 | h‘ 0.02 | lk 0.02 | L 0.02 | N
O T 0SS DA s 05 0 00 I 07 © 03036 00 048 0.5 0.55 0806507 0303504045 05055 0608507 03035 04 045 05 056 0.6 065 07
sin%0,, sin?0,, sin%0,, sin?0,,

For sin%0,,= 0.45 and 0.55

Difficult for SK 20 yrs
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No strong CP phase dependence for Octant

search
0.18 F SK 20 yrs 90% C.L.
0.16 | —  CP=45°
: CP=135°
0.14 —  CP=225°
; CP=315°
012 [
920.1 3
£ i
®0.08 |-
0.06 |
0.04 |
0.02 [ )\
0 B0 1 T e e e
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

10.9.29

2
sin“6,,
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Megaton class detectors
Next Generation

 Near future: Mega Watt Accelerator + Megaton class
detector (H,O, L.Ar, L.Scint)

— Standard and strong approach to study neutrino oscillations

* Megaton detectors themselves: important tool to study
atmospheric neutrinos, supernova neutrinos, proton decay and so
on

Pres

o, .(:!':“ “
\ .
o

- (/ X
ST e
Future X e G )
Safety Tunnel S, b o
- \,
s: - »
Large Cavities Present Laboratory b

Floor Level at S000L

Future Laboratory
with Water Cerenkow Delectors

| Water or L. Ar. : LENA
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50kton total

22kton fiducial
g ¥ ..
3 SECTION
FERE T = (el Access Drift Plat form
I —

10.9.29

Hyper-Kamiokande

1 Ring-imaging water Cherenkov detector

Quter Detector Plat form
Inner Detector Opaque Sheet

Water Purification System

Liner

Access Drift

~ Liner

Outer Detector

Inner Detector

Height 54m

Hyper-K

1Mton total vol.
540kton fiducial vol.
Inner Detector {D43m x L(5x50m)} x 2

o

’ | mwﬁn_.lJ

Width 48m

PMT ~100,000 (20inch)
(Photo-coverage 20%)
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Candidate site

o Al

1,156 m =p

LREEY

(¥§#k1,156m)

Beam bend: 3.45°
Beam axis: 2.3° off-axis

180M

n

MMN-HA T
(Eflesoy T

Z Or.

PN
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Site Study

\Y
)
————————— — T A N
Legend . _______-— Borehole > /
. o . RS2\

- Ore deposits (horizontal Direction:N79 E, W&@/ AN

_ P Length:250m) /'/ i \\ /
|| ditto Borehole TV for Survey of Joint ’@;\\ /| X%g
[ ] Gneiss & Migmatite Orientation v X 0

i Borehole Loading Tests for /.= ), /C | [
" Fault Estimation of the N/ 74
Mechanical Properties of In-situ
. 100m Rock Mass
=1l Proposed Site
| = |
27
N ©. g/ |Borehole Loading §
N — @ | Tests at 6 Points
v B
85°

4 ﬁ —
« Existing Tunnel L/
‘, " (Direction:N17°W, Surveyed length:271.9m) pZ i —

« Joint Orientation survey
 Rock samples (Measurement of Mechanical Properties)
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FEM analyses

Crack-tensor analysis

54

Rock properties
* In-situ stress; isotropic (overburden=500m)
» cavern direction; North-South

Maximum shear strain (central section)
(Yellow=0.3%)
Anisotropic Elastic Analysis

Displacement of cavern wall
(Red~100mm)

<Al

Direction:N-S o

H5omm 20,

(mm) o

* Anisotropic Young’'s Modulus considering joint distributions and

N-S cavern direction is better (due to E-W joint directions)
1beasibility of the cavern with.our-best.knowledge of the site

89




10.9.29

HPD vs PMT

. 13inch PMT | 20inch PMT

13inch HPD - 2 8055) (for SK)
Single Photon Time
Resolution 190ps 1400ps 2300ps
Single Photon Energy
Resolution 24% 70% 150%
Quantum efficiency 20% 20% 20%
Collection efficiency 97% 70% 70%
Power consumption <<700mW | ~700mW | ~700mW
Gain 10° 107 107

20

90



Digital HPD

Compact detector with Network + Power supply

—

Data transfer via Network

¢mm) o

Readout electronics (DSP)

ﬁ;l.-,.,_": R

Power in (12V)
(V + bias power supply)

<y

21
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Time table of R&D and construction

NONO

NONTS

NONO

NONLW

Data takin

NON T

NOMNMmM

NOMNGN

Excavatipn & conktrugtion

7~10 years

NOMN

NONO

NO = O

NO ~ O

NO ™~

NO~ O

N O v~ LD

o 1 |

NO v~ F

> Complete R&D

NO~-MmM

NO =~ NN

—> R&D) optjon selection

]

NO v~ v~

~
[

NO~O

NOOO

00O

92
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$22012=0.825
$2023=0.40 ~ 0.60
$2013=0.00~0.04
dcp=45°
Am?12=8.3x10"
Am?23=2.5x103

10.9.29

80yrs SK ~ 3.6yrs of HK

0.18

0.16 |
014

0 L @

‘2
sin”0,,

0.18

SK 80yrs, 50 C.L.

03 035 0.4 045 05 055 06 065 07
sin’0,,

0.16 |
014
012
01
0.08 |

0.06

0.04

0.02
0 &

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

T

1

SK 80yrs, 50 C.L.

1

in2
sin“0,,

For HK, discrimination is possible for sin?023 = 0.40 or
0.60 (sin22023=0.96)
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CP phase (80yrs SK = 3.6yrs of 0.5 Mt detector (HK, Memphys, DUSEL...)

018
0.16

0.14
0.12

o
e

® 01

=
®0.08 [ oo

0.06
0.04
0.02

0

018 -
016
014
012 -

o
S 041

©0.08
0.08
0.04
0.02

018
0.16
014
012

o
o 01
£

©0.08

0.08 -
0.04 -
0.02 -

$22012=0.825
$2023=0.5
$2013=0.006~0.04
dcp=0°~360°
Am?12=8.3x10"°
Am?23=2.5x103

018 | 0483k 018 [
450 018 | 1350 g8k 016 [ 3150
2 014 | 0d4ak 014 [
Sinze =0.04 012 0g922F 042 |
13 e ° 2
F S0 2 04.1F 01
£ £ £
| 008 | ) “0988F %0.08
3 0.08 | .. 0906 008 | " T AN
- i 0.04 [ 0@04F 0.04 | >® X
2 0.02 | 0@02f 002 |
B oo s e s 0 Boveoomsopnee cromnmer e 00 b b o Lo T [ P e
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
CP phase CP phase CP phase CP phase
0.18 | 0.18 | 0.18
0.16 0.16 [ 0.16
014 | 0.14 0.14
012 012 0.12
0.1 £0.1 £0.1
[ e 2 — '9:, ,s: 3 $=> A
sin 613_0'02 ®0.08 %0.08 %0.08
E ssgammie, s 0.06 I 006 - e 0.06 -
i 0.04 | \/\/\ 0.04 [ 004 |
P D e 002 | X 002 | - “| 002 X
s e A R S B L 0 BT . 0 B b A 0 B
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
CP phase CP phase CP phase CP phase
0.18 [ 0.18 0.18
0.16 | 0.16 | 0.16 |
0.14 | 0.14 | 0.14
012 012 0.12
o o o
F S04 S04 & 04
) = £ £
sin 613=0.006 %0.08 | 0,08 0.08
0.08 [ 0.06 0.06 -
004 | e 0.04 | 004 | e
0.02 _/\/—\ 002 [ <o 002 Bt
X X WO ¢
[l T T i T 1 T T 0 &I T T T 1 1 T T 0 ki I T T T T i i 0 kb T T T 1 T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
CP phase CP phase CP phase CP phase

10.9.

For HK...., CP phase may be seen
if 0,5 is close to the CHOOZ limit

in2
sin%0,;

CP phase

v
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Quiz !I?

1, 20, 400, °?
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)
g

Mayas Calculus

it

I
s kke
e

i< Hi=]

ga\

e
e
e

e
e
e
e

Vigesimal: base-20 numerical system

1Fheyhave zero!
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The size of Water Cherenkov Detector

1 Kt: Kamiokande
= 20 Kt: Super-Kamiokande
ei= = 400 Kt: HK, DUSEL, Memphis

(next generatlon detectors)

o = = = 8000 Kt: %

Mayas Prediction for the size of
next-next generation Water Cherenkov Detectors

(30 years from now ??)

8 Mega ton detector !?
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Next-next generation detector
(Multi-Megaton Detector)

1) Follow Maya’s prediction ?

2) Precise atmospheric neutrino
measurement

But not only that
3) Supernova burst detection : every year
4) Proton Decay up to 103° yrs



800yrs SK ~ 4yrs of 5 Mt detector

$22012=0.825
$2023=0.40 ~ 0.60
$2013=0.00~0.04

dcp=45° 0.18 | 0.18 |
2= -5 [
Am-*12=8.3x10 0.16 046 |
Am223=2.5x10-3 » —  SK800yrs, 90'¥ C.L. —  SK800yrs, 90 C.L.
014 | 0.14
g 3.12 " 012
(? =01 11 Fk
S ]
‘@ #0.08 | 1 .08
0.06 0.06
o M ,
0.04 | O O 0.04 Q <>
0.02 | O <> 0.02 O <
- | g Il Il Il Sz 1 1 0 & 1 19\1 S 1E 1 1
03 035 04 n45 n5 055 0.6 0.65 0.7 03 035 04 C#= ~= 0,55 0.6 0.65 0.7
. 2 3 2
sin 623 sin 0.23

For 5 Megaton, octant can be resolved for

sin2023 > 0.45 or < 0.55 (sin%2023 > 0.99)
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018
0.16

0.14
0.12

0.02 -

018 -
0.16 -
014 -
012 -

©
2

@ 01
©0.08

0.04 -

0.02

018 -
016 -
014 -
012 -

o
e

® 01
©0.08

0.06

004 -
002

CP phase (800yrs SK = 4 yrs of 5Mton detector)

$22012=0.825
$2023=0.5
$2013=0.006~0.04
dcp=0°~360°
Am?12=8.3x10"°
Am?23=2.5x103

0418 | assfh 018 [
450 016 | 1350 et 016 [ 3150
2 014 | amf 014 |
n2 - b i 3
sin%0,,;=0.04 | o= o
F $01 © Qi S 01 -
t N t
#0.08 |- *0.08 %0.08 [
0.08 [ 008t 0.06 [
) Z | o0 f O 004t 0.04 | &
....... 002 | o02fF 002 |
et | L L L L | | 0 ko I L L ! | | L 0-—IHIHHIHHL‘”I”” 0 Eu | ! | L I n |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 %0 1900 180 208% 256°%00° S50 0 50 100 150 200 250 300 350
CP phase CP phase CP phase CP phase
0418 | 0.18 018 |
046 | 0.16 016 |
014 | 014 014 |
042 | 0412 012 |
- o &4 go1 |
kin20..= E E E
sin 613-0-02 #0.08 #0.08 %0.08 -
2 0.06 0.06 0.06 |
004 | 0.04 0.04 |
et 1 1 | 1 L L L 0 b L 1 1 L | | L 0 kB L | 1 L L 1 1 0 kb 1 L L 1 L 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 360 050 100 150 200 250 300 350
CP phase CP phase CP phase CP phase
0.18 0.18 018 |
0.16 0.16 016 |
0.14 0.14 014 |
012 0412 042 |
L " "
a go go go1t
sin2613=0.006 "#0.08 %0.08 %0.08 -
a 0.06 0.06 0.06 |
004 | 0.04 004 |
| 002 0.02 002 |
e e | b L e 0 bovoor o o LTS e X%
0 50 100 150 200 250 300 350 050 100 150 200 250 300 350 050 100 150 200 250 300 350 050 100 150 200 250 300 350
CP phase CP phase CP phase CP phase

10.9.29

in2
sin%0,;

CP phase

v

No
degeneracy

For 5 Mton detector, CP phase could be determined
if 0,5 is larger than sin%0,,~ 0.006

100




No strong 0, dependence for
CP phase search

0.18 |
; SK 800 yrs 90 C.L.
0.16 | — smze ,=0.40, SK 800yrs, 90 C.L.
- sin 9 -0 45, SK 800yrs, 90¥ C.L.
014 — sin e -o 55, SK 800yrs, 90 C.L.
; sm2923-0 60, SK 800yrs, 90%¥ C.L.
012 [
& 0.1 :
= i
»0.08
0.06 |
004 F — ”
0.02 -
) I =P T I T I I BT B

0 50 100 150 200 250 300 350
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Other science for 5 Mt detector



Supernova Rate

e @Galactic SN rate foof galaxies exclufzi:f; elliptic ones
— Every 30 ~50 years in our :

Galaxy | By BRIER
* < SN rate external Gal., :

Galactic 2°Al abundance,
Historical Gal. SN, ........ ,

* Number of Galaxies

— 23 within 5 Mpc 0123456 7 8 9 10
— 45 within 10 Mpc Npc
=>» 1 SN every 1~2 years (5~10Mpc) :
. . * NGC6946 (5.9 Mpc) 10in 90yr
There are Galaxies beyond 1917A, 1939C, 1948B, 1968D, 1969P, 1980K,
2 Mpc where SNe have » 2002hh, 2004et
frequently happened . M83 (4.3Mpc) 6 in 60yr
1923A, 19458, 19508, 1957D, 1968L, 1983N
=» 1 SN every year (within e NGC2403  (3.3Mpc) 3in 50yr

5 Mpc) is not bad estimate | 1954}, 2002kg, 2004d]
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s it possible to detect SN neutrinos
from the distance of 5Mpc

* Yes!

 SN1987A(50kpc): Extrapolation to 5Mpc & 5Mt
=» Kamiokande: 2.7 events
=> IMB: 6.0 events

e Typical Simulation 5.2 events

Expect ~5 events for 5Mt and 5Mpc distance
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,_of the events in 10sec

e e e - - bt bt
w » o o ~ [ o

e
»N

Detection Efficiency

Trigger sensitivity to distant SNe

N: required multiplicity

_____ WA 90%
| N=3 25Mpc
| N=5 =24Mpc
|

201) 327M
= C
______ i _N=635Mpc_50%
I
| l
| l
\' :
\ h
k :
0 8 10 12 14 18 18 20

5Mpc 10Mpc Distance

Background:

Most BG from single spallation ev.

=» accidental coincidence

Select Eth > 18 MeV to remove spallation
events

BG free measurement
>7000 -

- Tlme- 1-18 sec |
96000 122491 events

o
25000 |
4000 |
3000 |
2000 |
1000 |
0

| signal loss:
|~20% at most

0 10 20 30 40 50 60
Energy (MeV)

No significance influence

Could detect SN almost every year

10.9.29

Galactic SN (10kpc)

Neutronization B 2500 events

1.3M events
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Proton Decay

J. Ellis, NNNO5, April 7th, 2005

Prediction ?
* VK, uK : strong model dependence

e Prediction from Dimension 6 in
SUSY GUT

 Liftime in benchmark scenarios ripped susputy_|
A -
: = — Less model dependent
2 = — Reasonable range: 1035 ~10%¢ yr for
G B B en’
F:' __ € From coupling unification
}{' = = Search up to ~10°°yr is quite
\k: __ important and

1 2 5 10 20 50 add significant value to the multi-

fc 35
pl107y] megaton detector

 Sensitivity for ea® will guide the

size of the experiment
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Sensitivity for p—>e*a°

p~>e'n’ sensitivity
26 Deep-TITAND

10 10 yrs
_ HK, UNO
% SK-I limit 10 years
S .25/ 92 ktyr3
b 10 ™| 5.4x10%3yr (90%C.L.)
E SK
K 2020
-4, 34
s 10
£
a

33 Normal cut: 90%CL
10 (41% eff) 35 CL
mess Tight cut: 90%CL
— ( 7% Eff) 30 CL
10 % ‘ ‘
10> 100 10*  10° 10
Exposure (ktortyear) t
10.9.29

10 Mtvy'st]g(?@MjM\l PS in Alushta

Interested region

Deep-TITAND(5 Mt):10 yrs
=
~7 x 10% yrs @90% C.L.

HK, UNO (0.5Mt): 10yrs

>4
~ 1035 yrs @90% C.L.
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Sensitivity for p2vK?*
* Assume; 40% coverage:
Need more study for the 20% coverage

107
p =2 VK* sensitivity (90% CL)
36 Deep-TITAND ==

10 10 yrs
? HK, UNO ™
§ s 10 years
e s v <= |nterested point
3 SK- limit
3 10%] 2.3x10%yr (90%C.L) X Deep-TITAND (5 Mt): 10 yrs
E nspectrumy ~ 8 X 1034 yrs @90% C.L.

103 prompt y

A-\z"‘combined sensitivity HK’ UNO (O'SMt): 10yrs
10 %2 ~ 2 x 1034 yrs @90% C.L.
10° 10° 10" 10°  10°

Exposure (kton year)
10.9.29 Y,Suzki@IV_IPNPS in Alushta 108



Next-next generation detector
(Multi-Megaton Detector)

What kind?

Requirements for the detector
1) Scalability: may start with 1 Mt

but can be expandable to 8 Mt and
beyond

2) Inexpensive
3) Short construction time
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. FA—Fav o

- R ..
TITAND-I . ;

85m x 85m x 105m x 4 units = 3.03 Mt
(2.22 Mt fiducial : ~ SK x 100)

TITAND-II

4 module = 8.8 Mt f.v. (SK x 400)

Ref:1) Y. Suzuki, hep-ex/0110005 (in 2001) But this is shallow
2) Y. Suzuki, in Proc. of Neutrino Oscillation

9.29 in Venice, Feb, 2006 @ 100 m depth

Y.Suzki@lV _IPNPS in Alusiita




Deep-TITAND

Tension Leg Platform (TLP) & Eﬂ L 'ﬂ

Laboratory, Office, Café, Power station,

Water purification sys., Dormitory etc. &@ l Ii]Q

Autonomous Underwater
Vehicle (AOV)

U /
85m g l:j/ Depth

17 1000 m
J=—

N

105m |

N
7 | 85mx85mx105m=0.76Mt

d

Distance /446x96m3=0.554Mt (fiducial)
600 m Inner surface: 44800 m?

9 units = 5.0 Mt (fid.)
Y,Suzki@IV_IPPN!ancA?ugtaat the depth Of ~1000m 111
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Pure-water
Template tank

tugboat

Tug to eﬁw ’Wﬂﬁng them to the barge

How to construct

.. Construct steel container (unit) at the DOCK
85m x 85m x 105m
Maximum size of DOCK in the world
=>» width:108m x length: 480m
| Install PMTs(or equivalent)
| Number of PMTs
44,800 PMTs for one unit
(for 1/2 SK density)

10.9.29 Y,Suzki@IV_IPNPS in Alushta 1 1 2



/_\/_\'z\/_\/_\

"'(sl""klgqg\/%“fﬂfhe installation site Sinking barge
oadi

20, aagg 'ﬁoggt;%&tﬁ llation site




Brind YU L SrGPEFGSLOIPE S¥Prer [l

which containes pure water




Bring a Ultra Large Crude Oil Carrier (ULCC)
which contains pure water

ULCC: 300ktons x 3 = 760ktons for one unit
Transfer speed 10ktons /hour (30 hours /ship)

10.9.29 Y,Suzki@IV_IPNPS in Alushta 1 1 5



Water is poured into a tank



The water tank is rotated

10.9.29 Y,Suzki@IV_IPNPS in Alushta 1 1 7



The template and the water tank is joint together

Bring the template and the water tank to the bottom of the sea
10.9.29 Y,Suzki@IV_IPNPS in Alushta 1 1 8



10.9.29

P

Completion of the installation

IIIIIII
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10'5=E

Deep-TITAND

U
l Depth

J 1000 m_
N

Distance
600 m

J)"
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Pressure Head

Sea level

Bottom of
the sea

10.9.29

Aizsm am  +2.5atm

A

Must compensate the pressure
difference due to the density difference
between the salt water and the pure
.QEJ_ water by 2.5%
Q
€
=)
<)
S
y
1
Deep- § = Ppressure balance between
TITAND — . s
| Inside and outside
\ 4
30m

Y,Suzki@IV_IPNPS in Alushta
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Structure

3m \\
: A —

Single Shell

S
$"7

105m
X

Semi-pressure vessel

nuEn M

upto->:0.3.atm (in/out)

Y,Suzki@IV_IPNPS in Alushta

Double Shell
Structure

Outside




Tension Leg Platform

Y,Suzki@IV_IPNPS in Alushta

Power Generator
SKIDDABLE WORKOVER PLATFORM EMERGENCY VENT BOOM D I‘ t’. t
. esaiination system
_ Water purification system
, \ DECK CRANE o e
N Research buildings
: Electronics & computer
i HELICOPTER DECK 2, Dormitory
L +180'
= CrmaliEiny | /é Restaurant & Cafe
ACCOMMODATION T I
I .
UBPER DECK : e EL+ 150 (+ 45.72m) Upper Deck
(40mx30m) 7 : T
LOWER DECK i l ,“’f LD 1 il EL + 125' (+38.1m) ~20m
CELLAR DECK ] EL+105'(+32.0m)
MSL e ik ot Eu ik Pt o B EL +90' (+27.43m) Sea level
o 030 h__ EL + 82' (+24.99 m)
RISER GUIDE STRUCTURE '//— 10'(3.05 m)
| | |
TENDON SUPPORT BEAM [~ ) - TENDON RECEPTACLES
A A —J‘n\ l j ‘_‘1 4 Pﬁ--auas-(no.g?m)
7
RISER RECEPTACLES | E
=)
EL+0' "KEEL PLATE b=
,/TENDONS (TYP) Q‘
L)
IWELLHEAD/ FOUNDATION ——— PRODUCTION RISER (TYP) /\
TEMPLATE [\ o
PIN PILE FRAME - \ \
L 715\"\? 2 11 .~ FOUNDATION PILES
w.D. = ] ' Bottom of

The sea 123



Where we can place the detector?

Tidal current < 3 knot

- Pz sl 2 gD 1“!%
- » ;ﬂ‘ PO \
é- 975 “apy ¥

) C? 4kn
wkid O

=
1

)

=
2/

Kamioka

>

- 30"~ FPRATR \77/4 =
R 1.5~ 3k
j/? i’..’ Pressure from the tidal current on the wall:

¥%*p*v? = 0.12tonf/m?
0.12x85x105 = 1071 ton per one wall

4 1 ]‘
[ A '.‘125'1 L L
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Construction periods

10.9.29

1styr |2Mdyr |3 yr
Design -
Preparation —
Construction
Installation "

Total 3 years construction time:

very short

But the manufacturing time for the
light sensors is not included.

Y,Suzki@IV_IPNPS in Alushta
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How do we realize the next-next
generation detectors

‘Maybe’ expensive
* Need Good bread-and-butter science

— Atmospheric Neutrinos

— Serve as a movable far detector for LBLE at any
distance, and can be added magnetic detector for
neutrino factory

— Supernova burst !

* Must have a Big Chance for a Discovery
— Proton decay !
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A multi-megaton detector

Multi-Megaton

10 Mt

I / . Dﬁ%%rL_K' vempnys If we scale the
100 kt - 7/

10 Kt ”Vflel jllne Super-K development of the

1 kt /'/Kamiokarde size of the past Water
100 ¢ / iokande line Cherenkov d.etectors, |
0+ // we may realize a multi-

/ megaton detector

10:tkg .%‘lenes's detector around 2040.

1950 60 70 80 902000 10 20 30 40 50

Year

10.9.29 Y,Suzki@IV_IPNPS in Alushta 1 27



