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Preface

e Discovery of Neutrino Oscillation has come
from the study of the Atmospheric and Solar
Neutrinos

e My talk includes a historical review and future
experiments

e | do not intend to update the data



Atmospheric Neutrino
Experiments




Atmospheric Neutrinos
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Atmospheric Neutrino Flux Calculation

Need knowledge of

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

— Modulation by Solar Activity
e 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)
e Effect: factor 2 for 1GeV; ~10% for 10GeV

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

=» Atmospheric neutrinos = ‘Position’ and time dependent
e Hadron Interactions (production of =, K)

e Decay of Secondary Particles (r, K, )
— 3D calculation (influence in low energy, horizontal direction)

Many Improvements for the last 10 years!



Comment on Primary Cosmic Ray

* <E > € ~1/10 x <E >

1 GeV v € ~ 10 GeV proton
10 GeV v € ~100 GeV proton

 Improvement in the last 10
years:

— Precise measurement by
BESS (<500 GeV) and
AMS (<200 GeV)

— Uncertainty was
significantly reduced

cosmic-ray proton flux
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solid circle (blue): AMS
solid square (purple): BESS
line: fit used for Honda flux



Flux uncertainty

Mixture of v, v, v, & v,
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* Uncertainty of absolute v-Flux
— 10% @ <10GeV € 25%
— ~30% @~100GeV

* Uncertainty in R (flux)
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Zenith angle distribution

10

VetVe

0.9-1.5 GeV

~20 km
Down-going

o/

/7

~13000 km
Up-going

] Key to the oscillation analysis
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Zenith angle distribution

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

e Uncer. of Hol./Ver. (up-p)

neutrino

=>~2% (from wt/K ratio) -

Angular Correlation (0,,,,.,) ZZJM¢ 1

» No good correlation below =
~500 MeV (>30 deg) il

 Good correlation in high
energy region (>500 MeV)




Oscillation Study

* Ratio
e Zenith Angle

 Improvements for the parameter
determination

= Need precise and absolute value of
neutrino flux




Experiments

Back to 1960




Experimental idea to detect
Atmospheric Neutrinos

e 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-

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
limit;M—<1.2x 10™¢ the critical momentum

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

One natural cut-off mechanism would be an inter-

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




Experimental idea to detect
Atmospheric Neutrinos

* First idea for water detectors

COSMIC RAY SHOWERS!

By KENNETH GREISEN

Ann‘ Rev‘ N uc" sc’.' Laboratory of Nuclear Studies, Cornell University, Ithaca, N. Y.
10, 63(1960) 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



Experimental measurements of the
Atmospheric Neutrinos

* First detection

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINOS
DEEP UNDERGROUND

C.V.ACHAR, M.G.K.MENON, V.S.NARASIMHAM, P.V.RAMANA MURTHY

Kolar gold mine in India and B. V, SREEKANTAN,

Tata Institute of Fundamental Reésearch, Colaba, Bombay

S. Mlyake et al. K. HINOTANI land S; MIYAKE,

JUI 1 2, 1 965 (Recelved) D.R.CREED, J.L.OSBORNE, J. B.I\;.?‘PATH;;_S_(SN and A.W. WOLFENDALE
Phys. Lett. ﬁ(1 965) 1 96 University of Durkam, Durham, U.K.

Received 12 July 1965

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

e 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- Rel nes et al- J. P. F. Sellschop and B. Meyer
J u I! [ 26, 1 965 (Re ce ived) University of the Wimateg;i,egzﬁf;bégi,) Republic of South Africa

PhysI Rev- Lett. 1 5, 429 (1 965) The flux of high-energy neutrinos from the each. Each detector element, Fig. 2, is a

ecay of K, 7, and i 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

fmabal o al i it ——— -



Detectors for those experiments

 Both detected horizontal and upgoing muons
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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
z;l:ilifimﬁ{ ;iﬁ::ﬁ:;:ﬁ:igﬁzmm Faculty of Science, University of Tokyo, Tokyo 113, Japan d e C a y i n I a r g e W a t e r

T. KIFUNE, T. SUDA

L]
s e R B Ay Tk T 10, Cherenkov Detectors in

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

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
ety vt iy e KRN interactions ha ppe d inside
of the detector

B.G. CORTEZ
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 >
is in good agreement with the predictions of a Monte Carlo calculation based on atmospheric neutrino interactions in the detector. e l rS p ro e l 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

PLB, 205, 416 (1988)

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 I O ka n d e
dantly, electrons and electron-neutrinos. The muons crepancy in the ratio of the observed number of at-

further decay into electron-neutrinos and muon-neu- mospheric electron-neutrino-induced events to the

teimnn Ann mmmecaniianan i6in avannénd dhnt thama nan S R—— B sl e e T M ) T i R




Kamiokande Data

In 1988, Kamiokande saw few u
R= (Obs./MC)w-like = 0.5947% (stat.)

e-like © u-like @
ézo# - -]
ot +M" el
S | 3 t t

|
o 500 1660 © 560 1000

Momentum (MeV/c)

* Problems:

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



R measurement in 90’s

Kam.(sub-GeV) - IH-;—Hl | '
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Breakthrough

Super-Kamiokande



Super-Kamiokande

50,000 tons of Imaging Water Cherenkov Detector
\

& 2l 1 —Inner: 32,000 tons
N T (Outer Vol: ~2.5 m thick)
— Fid. Vol: 22,500 tons
e 11,146 PMTs (ID)

— 50 cm in diameter
— 40% coverage

e 1,885 PMTs (OD)

— 20 cm in diameter

e 1,000 m underground

~130 Collaborators from 36 inst. (5 countries)




Super-K Collaboration

Institute for Cosmic Ray Research, University of Tokyo
S. Fukuda, Y. Fukuda, M. Ishitsuka, Y. Itow, T. Kajita, J. Kameda,
K. Kaneyuki, K. Kobayashi, Y. Koshio, M. Miura, 5. 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
M. Etoh, Y. Gando, T. Hasegawa, K. Inoue, K. Ishihara,
T. Maruyama, 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. Kajivama, 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
H. Fujiyasu, H. Ishino, M, Morii, Y. Watanabe

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. Gajewskd,
W.R. Kropp, 5. 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, [.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.L Kim, S.B. Kim, J. Yoo
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Kamioka Observatory
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Kam:oka Observatory

‘ “'&. New Lab.: pleted in Feb., 2008
1 XMASS 100~300kg f.v. detector
OvBB detector (“8Ca) (prototype)

R
l ~) = KamLAND
Univ. of Tohoku

( Dark Matter _
detector
R&D

' | Super-Kamiokande

K2K, T2K
Superconductive :
gravity detector XMASS (Dark Matter)
(Geo-physics)

using Liq. Xe (prototype)

100m gravitational wave antenna w/
cryogenic mirrors (CLIO)

‘—-ll A (Prototype)

\!’—'\ “ 100m Iaser dlsplacement detector

(Geo—physms)




Brief history of Super-K

96

97

98

99

00

01

02

03

04

05

SK-I

SK started on April, 1996 (SK-I)

— 12t Anniversary

SK-II

K2K

4 phases: SK-I, SK-1l, SK-Ill, SK-1V
— Accident (lost more than half of PMTs)

T2K: 2009 -

* Nov-12, 2001

— SK-I1 (5,182 PMTs (19% cov.))
* Dec-2002 - Nov-2005

— SK-IIl (11,129 PMTs (40% cov.))

e July-2006 >

— SK-IV w/new front end electronics
* Sept-6,2008 >

K2K: March-1999 = Nov-2004




Detection Principle -- Cherenkov light

Cherenkov Angle:

cos@= 1/n
n=1.33 for'evater L 227 Detector wall
> e o

@ = 42deg for =1

Cherenkov light
@ Zh Phto-multiplier tubes

/0
Charged particle

The Cherenkov Ring
on the detector wall
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Photo-multiplier tube

°o0cmPMT




log(E, ¢, [/ cm? s sr])

e Trigger: 100% eff. for E

Energy Range (data from sk-j

obs

(50% efficiency @ 3.7MeV)
e Trigger Rate: 1,700Hz > 15 Hz (recorded)

‘ Super_—K

i

upernova
relic

AStr

:)physicaR

N

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

1MeV 1GeV 1TeV 1PeV

log(E,

)

>4.5 MeV

6 p.e./ MeV

1 * Resolution

(solar/supernova v)
14.2% @10MeV

(atmospheric v)
1.7+O.7/jE(GeV) %
(single ring W)




Atmospheric Neutrino
Measurements in Super-K



Flight path-length (km)

Atmospheric Neutrino Events
in Super-K

Wide range of path-length
(3 orders)

L: ~10~13,000 km

Wide range of the energy
(5 orders)

E: ~0.1~10,000 GeV

-1 -0.8-06-04-0.2 0 02040608 1

zenith angle (cosb)




Neutrino Interaction @~1 GeV
and E, reconstruction

1 <> Charged Current Quasi-Elastic

v, th—pu
..... “AMu P <>~100% efficiency for SK

M <Ev<«(0,p,)

mNE”—mﬁ/Z

rec
EV -

my —E, +p, C0s6,

<> CCnon-QE
<>~100% efficiency for SK
<Bkg. for E, measurement
< NC
<>~40% efficiency for SK




(108 cm™2GeV™)

o/E

cross sections

Neutrino
1.4 | I I | | II| | | | | | | I III_
-CCQE CCsinglen Total ¢ (a) .
1.0 [ A ANL ¢ ANLS82 B CCFR90 ]
' O GGM77 * BNL 86 ¥ CDHSW 87
® GGM 79} % IHEP-JINR 96
- 3 Serpukho g IHEP-ITEP 79 ]
1 0 CCFRR 84
A BNL82
0.8 | ¢
s %
0.6
0.4
0.2 |
10" | 10
E, (GeV)
Parameters used in our simulation

program:

M,(QE) =1.11GeV/¢?
M,(1r) =1.21 GeV/c?
Ccfherent nt : Marteau et.al.
Multi-x: hep-ex/0203009

Anti-neutrino

06 O GGM77 M CCFR90 dh
@ GGM79 ¥ CDHsSws?7 O
- % Serpukhov X IHEP-JINR 96

| CCQE Total o (b) ]

IHEP-ITEP 79 ]
CCFRR84 |

Checked parameter dependence:
Very small effect on oscillation
analysis




Atmospheric Neutrino Events
in Super-K

 Event cateqgory

Fully Contained (FC) (| — Partially

(<E,> ~ 1GeV) ~—~==———"| Contained (PC)
subGeV: Evis<1.33GeV P (<E.,>~ 10GeV)
Multi-GeV:  >1.33GeV

J Upward

Upward -
I’flf'f)llfJ'H loing U 49Lg_p_u$to 1L
UdN=-going )
R . (<E.>~ 10GeV)

<E.,>~100GeV) Interaction
| ~in the rock



dN,/dlIn (Ey)
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Atmospheric Neutrino Events
in Super-K

 Fiducial volune: 22.5 kton

Parent neutrino Energy

na (%] B
- O =
1 LRI - R ] [

—_
o
T T 1

contained L e Effective area: ~1,200m?

stopping muons -

Effective Area

through-@oing
muons

rea (m’
&

———__-_-_-_--
-

1200 En T
1000 2

ffect
N

o

10Y

t

Super-Kamlokande
Throu? -going muons
. Track length >1.7m (1.6 Gev)
10° 107
y ( GeV ) 400




Analysis

1. Ring Count (1R, 2R,,,,)

2. Particle ID (e/y, 1, (7), (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



Ring Counts:

Fully Contained(FC) events

Super-Kamiokande
Run 215588 Event 5348354

103-01-20:14:53:35

Inner: 1906 hite, 6472 pE
Cuter: 1 hite, 0 pE [ln-time]

Triggar TD- (ee03
D wall: 16%0.0 om
Fully-Containad

Chargeipe)
. 326.7

oo MW
B =3 L3 B3 L

N I e e |

O S e B L oa
[SREREE IS RN ]

L} ]

-
gt L

500 1000 1900

Times (ns)

2000

104 ¢

103

102 |

1-ring events

|

multi-ring
events

3

Number of rings



1 / e separation

Likelihood for particle identification

700 MeV muon (Monte Carlo)

4023 photoelectrons, 1553 hits

500 MeV electron (Monte Carlo)

3917 photoelectrons, 208§ hits
L[]

400 [
- Sub-GeV Single Ring
350 |-
w AT H
250 MC
200
150
i e e
100 -
5
0_]:0 -8‘ | ‘-6‘ | ‘_4‘ | ‘_2‘ Y ‘2‘ | ‘4‘ | ‘6 8 10 MiS-identiﬁcatiOI‘I:
PID likelihood, Suly-GeV, 1-ring event Log(l-) 0.6 =+ 0.1%
e-like p-like ~2%

for sub-GeV
for multi-GeV

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




e-like and p-like events in

Super-Kamiokande

* Super Kamiokande %
NU&

* Sulgfer Kamiokande %
NU 1

RUN 9955
SUBRUN 443
EVENT 72736724
DATE 2001-Apr-12

TIME 2:57:57
TOT PE: 20406.7
MAX PE: 117.7
NMHIT : 3507
ANT-PE: 14.0
ANT-MX: 1.3
NMHITA: 25

1

RUN 8071
SUBRUN 41
EVENT 5487540
DATE 99-Nov- 6
TIME 15:17: 5
TOT PE 5647.
MAX PE 39.2
NMHIT 2116
ANT-PE 31.5
ANT-MX 9.8
NMHITA 29
o o 0 i

. 0w ey

Xel\el\elNelNel\0}
[ Clelololele]
iSRS N

5

Comnt ;

PHI ép -
66:-2.92:0. ngco

:  AMOM

A

RunMODE : NORMA

L 90/0
TRG,ID :00000111 90/0
T diff.: 644. gg;g
nOD YK/LW 2 3 **'/Q
%UB EV :O(Oé OO/ 4R7
ec-e: .
T {20 CANG
SKGPS: 131495094 vy=©
131474205
N: 21508P:
565 34 agnes
omnt ;
GPSDIF: 0.41 <

RunMODE : NORMAL

TRG ID :00000111
T diff.:0.487E+05u
FEVSK :81002803

noOD YK/LW: 1/ 1
BAD ch.: masked
SUB EV : 0/ 1
Dec-e: 1( 0/ 1/ 0
CT16Z**********812

RN: 55945P: 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 1ring 1436  1675.9
e-like 3266  3081.0 e-like 772 707.8
u-like 3181  4703.9 u-like 664 968.2
Multiring 2457  2985.6 Multi ring 1532 1903.5
Total 8906 10770.5 Total 2968  3579.4
Total PC 913  1230.0
il g3 +0.018 0 050 Wl oo +0.69 +0.076
(11 €) e ' (11 €)yc

Up stopping p 1657days

Observed 0.41 +/-0.02(stat.) +/-0.02(syst.) (x10cm?s?srt)
Expected (Honda) 0.68 +/-0.15(theo.)

Up through going p, 1678days

Observed 1.70 +/-0.04(stat.) +/-0.02(syst.) (x10cm2sisr?)
Expected (Honda) 1.84 +/-0.41(theo.)




Discovery of Atmospheric Neutrino Oscillation by
Super-Kamiokande

N -V
T

T

= N

[os] o

o o
\

=
2]
o

number of events

100

80 |- + 3
60 + ””””
40 |-

20

- multi-GeV p—like + PC

Super Kamiokande Preliminary

(1.0, 2.2x1073eV)

| | L1 ‘\\\‘\\\ L1
Q" .08 -06 -04 -02

cos 0,

Up-going

0 02 04 06

T
0.8 l
C

In 1998

(10 yrs after the KM
indication)

SK provided

— definitive evidence

— in zenith angle
distributions

— independent of the
flux calculations

Down-going



Zenith angle Distribution + date
(SK-1 + SK-II) = no oscillation

Number of events

— W/ oscillation
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SK-I + SK-ll combined analysis

Ve iV

I:)IepA I
FC FC {FC FC  pc pc
1ring M—ringg 1ring M-ring stop thru
e-like e-like : p-like p-like UP thru
% 5 showering
S UP thru
% non-showering
= : UP stop 38 event type and
......... momentum bins
> ' X
3 10 zenith bins
o
& > 380 bins

we did not combine the SK-1 and SK-11 data
€ Detector related systematic errors are different

380 bins for SK-1 + 380 bins for SK-II -> 760 bins in total



Oscillation Parameters (SK-1 + SK-Ii)

103

Assume 2 neutrino oscillation: VM - V.
# of bins

NP'-“'S) &\’
2 exp obs pbsl ] =]
X _Z(z(ﬁg NP™) + 2N In s +§(gj>
NP = NP - P(va = vp) - (L+ ) fi &)

j=1

Am?

Best fit (Physical Region)

sin220 =1.00
Am?=2.5x1073 eV?

2. =839.6/755dof
Ay?=555.8 (for no osc.)

— 99% C.L.
— 90% C.L.

68% C.L. 1.9x103eV2<Am?<3.1x1073 eV?
........... sin20 > 0.93 (@90%C.L.)




Vu_)vt or V;,t_)vsterile ?

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

e Neutrino oscillation in Matter
— v, — v, : No matter effect
— v, = v, : matter effect

sin220. — sin’20 v, _ [ cose, sing, Vi
"~ (£—c0820)%+sin220 Vs J 7 \- sind, coso, /J\ V2

t=+ 2 GnE, / Am?

1

G+l §in220 <1:
Suppression of the
oscillation effect

Forsin20~1: sin%20_ ~

And for E, = 30 ~ 100 GeV
2> (>1




v, © vs zenith angle distribution

Pure v “V gierile
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Am? (eV?)

0.010
0.009
0.008

Limit on sterile mixture

v, = C0SEV; + SihEv s‘

0.007 -

0.006
0.005

0.004

0.003

0.002

0.4 0.6
\/u—>(cos“';v,_c +singv,)

sinZ



v, appearance

e How we can test it?

* Do we have evidence for v_
appearance?

: 1

Yes

50



Search for T appearance in atmospheric v

T =7 e teventscannot be
identified by event-by-

Lepton or Hadrons event basis
vvi N - t+N +rn+n...

Hadrons uvy, evy,
Typical ) v+hadrons (n,x,....)
T MC event
Yy —>Many Hadrons
—>Rather Spherical
e R —>Complicated events

e Make statistical analysis
< using characteristics of ©
production




Search for T appearance in atmospheric v

e But not easy

- E4 >3.5 GeV
— Low rate

e ~1CCv_FCev /kt/yr

Expected T events

e BG: ~ 130 ev /kt/yr  in20 =
) Y . for Super—K y
& | (22.5kt) .
§4ol Al .
Neutrino CC Cross sections 3 | \ *  Up—going
38, o e cosp <-0. 2
x 10 " (cm*®) i
0 v, GG 20¢ o K 4
r'/ [ 'y [e}
- - o «=Down-going
! - o j0s0 >0. 2
/ v CC 0 & b_——o o L
/ Yo Y 10> 10° 10° 10° 10° 1
16} ,, AP (eV2)
| //
/
109 2 4 6 0




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)

Number of Evants
o B3 8588

Down-going data

0

(c)

., Example 1

10 20
Rina Candidates

30

80 |
60 |
40 [
20 |
0:

R

Selection of T enriched sample “

Down-going Vi Ve MC T MC

-2 -1.5 -1 -0.5
loafSphericitv)

Use 6 distributions to make likelihood

Number of events

5

8

g

e 8 & 8 8

downward

upward

TTTTTT

05 1 15 2

t—likelihood

2 -15 -1 0.5 0

&4 - - o
2 15 -1 05 0 05 1 15

t—likelihood

2

= Select t-like events
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Number of events

Zenith angle dist. and results

Likelihood analysis

' Likelihood Fit in zenith angle distribution
00 - — TAU+BKG . .
X 1.76 T MC + -sa | to evaluate t contribution:
3 ™ | +DATA _
Ntotal(cose) - OLNtau t ﬁkag

a=176and3=0.9

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

(corr. for 43% efficiency)

Expected # of 1
events 78.4%26(syst.)

c0S0,. 41, Tau appearance: 2.4 ¢
Observed. Expected
Neutral Network:  134+48(stat.

Both analysis:
consistent with expected excess of upgoing t's



L/E analysis

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

— strong constraint on Am?
(A/E=41t/Am?: Position of Dip)

Difficult to see the pattern 00 ‘ ~1 /5 of total data
for all the data

Select events : A(E/L) < 70%

¢“0

o
=
T
o
[N
T

=>» poor AL, AB determination

4

o
Y
T

1 102 103 10 1 102 103 10
L/E (km/GeV) L/E (km/GeV)

o

o

S I All data L4FGuide line: 100yr MC
= * ot Rejected events ]

O | 5
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Data/prediction



Data/Prediction (null oscillation)

Result of L/E analysis (SK-I + SK-I)

o O 0O O R G —y
cm-hmm-tm-hmmm

1489.2 days SK-I + e The first dip has been
300 Ciays SK-I| FC+PC observed at ~500km/GeV

e This provides a strong
Decoherence confirmation of neutrino
: oscillation
Decay . _
+ e The first dip observed
, 4ttt cannot be explained by
"“"' '"'..“' . other hypotheses
- t ;
A.‘ + L | 10-2: """"""
Dscnlatlon / o | |
10 10* ‘e
L/E (krnfGeV) g |
4.8 ¢ to decay o
5.3 ¢ to decoherence 108
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Quiz !?

1, 20, 400, °~




Vigesimal: base-20 numerical system

They have zero!

Mayas Calculus

858
ofle=]fs

e
e
IR
e

t={lfsi

e
e
e

e

e
e
e
e
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The size of Water Cherenkov Detector

° 1 Kt: Kamiokande
o= 20Kt Super-Kamiokande
o = = A00Kt: HK, UNO I\/Ieme)his

| (next genera{ion detectors)
o = = = 8000 Kt:

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

(30 years from now ??)

8 Mega ton detector !?



Sub-dominant effects
and
future atmospheric neutrino
experiments




Sub-dominant effects

e We will summarize SK results and sensitivity of
future experiments.

e We treat 0.5 Mton (fiducial mass) detectors
like HK, UNO, Memphis as next generation
experiments and a 5 Mton (fiducial mass)
detector like deep-TITAND as a next-next
generation experiment.

* For the evaluation of the future sensitivity, we
have used full SK simulation to scale to Mton
detectors.



3 flavor oscillation and v, -appearance

T(Ve)

P (ve) ~ ~ . .
Vel _r.§5,-C%-8in29,,(cOSS, - R, —SINGp - I,) | Re=Re(AuAL)

2
—_ 1 = P2 (I' ° C23 — 1) ~ : mixing angle in matter
P2=|Ac,l?: Ve 2 v, in matter

I, =Im(AccAey)
+_

/\ Matter Effect .J 15t term: solar term (612, Amlz)
' mostly in low energy

0.2 cancellation effect (c2,,=0.5,r=v,/v.=2@LE)
‘§ 1~2% effect
So.
q) . d . g 1.2
e .| 3% term: O 5 term L Multi-GeV
<0 > a few GeV 11!
< . . .
= in multi-GeV sl
g 10~15% effect 1.0+
1\ i Rt B
d . gl 2o bz
v Ev (GBV) 2n te rm . Inte rfe rence . 208060402 0 02 04 06
:23;024.825 CP-phase 1 COSOV 1
s2013=0.04

dcp=45°
AmZ212=8.3x10-5
AmZ223=2.5x10-3




0,; and Octant

multi—GeV e—like

. 1.2
.5 S|n2923=0-4 1.15_— sub—GeV e—like
] A 1.1
1 | :::1.05—
1_]::1:I:“:":[:“:":"."
0.5 [ [
10 1 10 | sl —
Ev(GeV)
0.9

TERLL LT
[ ITTITI ]

‘1 08060402 0 0.2 04 06 0.8 1

COSOv

1" 08060402 0 0.2 04 0.6 0.8 1

COSOv

s2013=0.04
ocp=45°
cos®v=-0.8

—— ho osc. with 20yrs stat.error
— §223=0.40

0.45
0.50
0.55
0.60

s2013=0.04
dcp=43°

Total

Solar term
0,5 term
Interference

Fixed

Am?23 = 2.5x10-3eV? (positive)
Am?12 = 8.3x10-°eV?
sin?2012 = 0.825




SK 3 flavor analysis (0,;; without solar term)

05

05

0.1

Normal SK: Allowed
s %
F *,10
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H th2
sin‘0,, sin‘“0,5

The effect of 0,5 was looked for
- could not find a positive signal
- set upper limit for both
- normal hierarchy and
- inverted hierarchy

For the normal hierarchy case,
szin/d0f= 37682/368
@(2.5x1073, 0.5, sin%6,,=0.0)
Parameter Range (90% C.L.)

sin%0,,<0.14
0.36 <sin’0,; < 0.65

For the inverted hierarchy case,
v %min/dof= 376.76/368
@(2.5x103, 0.525,
sin%0,,=0.000625)




Future sensitivity for non-zero 0,,

$22012=0.825
Am?212=8.3x10-°
Am?223=2.5x10-3
§4,=45°

Including solar term

=0)

Ay ?=x2(013)-%%(043

o N BN (op} oo
UL I AL

For 10 more years (20yrs) of data

20
18

16

sin20,,=0.6
@

14

12
10

| A W0 W NE W R W AT WA W NTE W N W AW W

| L1 M e i i

for Super-K, we can reach the
following sensitivity.

Non-zero 0,5 can be observed for sin?0,; >
0.50 and sin?0,; > 0.01~0.02

| PP 3o for 20 yrs SK

For 80yr of SK, ~2yrs of
3 for 80yrs SK 1 Mt detector
T s - =>sin20,, <Q.01 for most of

0 00l 002 003 004
)
SIN<0,5

~2yrs 1.0 Mega-ton
the value of sin?0,,
0.05




Discrimination of the 6,; octant for SK-20 yrs

0.18 018 0.48 018
- 5|n2013-0 o4 .. sm2913-0 02 » sm2913-0 006 .. sm2013-0
0.14 T SemmARel i T SKEm el 1 T PREmATeL | e b A2y, Sow L
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0.3 036 0.4 045 05 0.65 0.6 04507  © 037035 0.4 0.45 0.5 055 06 08507 © 03035 04 04505 065 08 08507  © 03035 04 045 05 0.55 0.8 055 07
sin0,, sin20,, sinZ0,, sin20,,

Reconstructed 90%CL contours
for the evens produced at the test points,
(sin?0,,= 0.4 and 0.6 (sin%20,,=0.96)
with various value of sin?0;)
See whether the separation is possible or not

Possible for larger sin20,, for SK 20 yrs



Discrimination of the 6,; octant for SK-20 yrs
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018
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— 3K 20yrs, S0P C.L
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sinZ0,,
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sin20,,

0B . NTT—
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sin20,,

For sin%0,,= 0.45 and 0.55
Difficult for SK 20 yrs
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80yrs SK ~ 3.6yrs of UNO or HK

522012=0.825
52023=0.40 ~ 0.60
52013=0.00~0.04

dcp=45° 0.18 | 0.18 |

Am?212=8.3x10° 0.16 |- 0.16 |
Am?223=2.5x103 014 ] —  SKB80yrs, 80P C.L. 014 _ — 8K 80yrs, 90¥ C.L.

042 | 042 |

® 01 0.1

%_3 0.08 0.08 |

‘» 0.06 | 0.06

0.04 | 0.04 -

0.02 | 002 |

T I A Pl B R B I B 0 EEENT AN S s SR

0l3 0-35 0-4 0-45 0l5 °l55 o-s 0-65 0-7 0'3 0'35 0'4 0'45 0'5 0'55 o's 0165 ol7
TaY N2

SIN“0,4 SIN“0,4

For UNO or HK, discrimination is possible for
sinZ023 = 0.40 or 0.60 (sin%2023=0.96)



800yrs SK ~ 4yrs of Deep-TITAND

522012=0.825
52023=0.40 ~ 0.60
52013=0.00~0.04

dcp=45° 018 | 018 |
Am?12=8.3x10-° 016 [ 0.16 |
AmZas=2. 5x10-3 014 _ —  SK 800yrs, 90%¥ C.L. 014 _ —  SK800yrs, S0F C.L.
Qt!mz 0.12
SICD 01 | {ME
= 0.08 g .08 y
0.06 |- 0.06
0.04 - & & 0.04 | O <&
0.02 | & @ 0.02 j— L <>
0 X X, 0 B SR
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
Sin20,, 5iN%0,

For Deep-TITAND, octant can be resolved for
sinZ023 > 0.45 or < 0.55 (sin?2023 > 0.99)



No strong CP phase dependence for
Octant search

0.18 | SK 20 yrs 90% C.L.
016 [ —  CP=45°
A CP=135°
014 [ —  CP=225°
- CP=315°
012 |
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- / \ .
%0.08 | =\
0.06 | \
0.04 [ | Y /
0.02 J\ :
0 b . Y=

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
sin2923




CP phase (80yrs SK = 3.6yrs of UNO or HK)

_ 45°
- sin?0,,=0.04

CP phasa
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522012=0.825
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- sin20,,=0.02
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For UNO or HK, CP phase may be seen
if 6,5 is close to the CHOOZ limit

sin20,,

CP phase

[
>




018 |

CP phase (800yrs S

K =4 yrs of Deep-TINTAND)

522012=0.825
52023=0.5
52013=0.006~0.04
8cp=0°~360°
Am?212=8.3x10-°
Am?223=2.5x10-3

sin20,,
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No
degeneracy

For Deep-TITAND, CP phase could be determined
if 0,5 is larger than sin?0,,~ 0.006




No strong 0,, dependence for
CP phase search
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Future Detectors
‘Standard’ Next Generation Experiments

» Typical =» Detector 0.5 Mton (fiducial Volume)

¥ Hyper K 540kt0n M*/}ﬁ UNO 440kt0n k "nﬁ%"' MEMPHYS

Present Laharafary

Future Laboratory
with Wialer Cerenkos Deleclors

3M

In Japan

 Underground detectors



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



TITAND

i3 CEEE

th o 1 > F
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t}ra_ : G AR s R s i Sl ). s 5 i R
TITAN D'I AR FRRAIE=EREE v <X — o=

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
) inlilzeunilcé, Feb, 2006 @100 m depth




Deep-TITAND

Tension Leg Platform (TLP)

Laboratory, Office, Café, Power station,

Water purification sys., Dormitory etc.

Autonomous Underwater
Vehicle (AOV)

85m

105m ﬂ

/

600 m

Distance P

[N
//35n%x85mx105m=0. 76 Mt

6x76x96m3=0.554Mt (fiducial)

Inner surface: 44800 m?

9 units & 5.0 Mt (fid.)

Placed at the depth of ~1000m




Pure-water
Template tank

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)
M Number of PMTs
44,800 PMTs for one unit
(for 1/2 SK density)

79



____________________________

SinfiggPhe installation site Sinking barge

ol Hiedfistallation site



____________________________

Bring a'UY?39 4%/ Cplide Vi Esrial{uiec)

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)



Water is poured into a tank



The water tank is rotated

84



The template and the water tank is joint together

Bring the template and the water tank to the bottom of the sea



£

Completion of the installation
86




Deep-TITAND

Distance
600 m




Pressure Head

Sea level $ 25m @m +25atm
T 1

Must compensate the pressure

difference due to the density
difference between the salt water and
_§’_ the pure water by 2.5%
Q
g
=)
S
S
~
v
)
Deep- § &= Pressure balance between
TITAND | « . .
| Inside and outside
A 4
30m

Bottom of
the sea



Structure

_ Double Shell
Single She"?:\ 85/;, ‘t WIL - Structure
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Semi-pressure vessel
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Tension Leg Platform

Power Generator
Desalination system
Water purification system

Research buildings
Electronics & computer
Dormitory
Restaurant & Cafe
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Where we can place the detector?

Tidal current < 3 knot
~ 5.6km/hour (1.
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Pressure from the tidal current on the wall:
2*p*v2 = 0.12tonf/m?

0.12x85x105 = 71071 ton per one wall




Construction periods

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

Total 3 years construction time:

very short

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




How do we realize the next-next
generation detectors

‘Maybe’ expensive
e 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 !




Supernova Rate

e G@Galactic SN rate ftoof galaxies excluding elliptic ones

. ~23 ~45]
— Every 30 ~50 years in our j |
Galaxy - By BEREEX
e & SN rate external Gal., ;

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

e Number of Galaxies
— 23 within 5 Mpc

012345617389 10

— 45 within 10 Mpc Npe
=>» 1 SN every 1~2 years (5~10Mpc) _
. - NGC6946 (5.9 Mpc) 10 in 90yr
* There are Galaxies beyond 1917A, 1939C, 1948B, 1968D, 1969P,
2 Mpc where SNe have 1980K, 2002hh, 2004et
frequently happened . M83 (4.3Mpc) 6 in 60yr

1923A, 1945B, 1950B, 1957D, 1968L,
=2 1 SN every year (within 1983N

5 Mpc) is not bad estimate ||° NGC2403  (3.3Mpc) 3 in S0yr
1954J, 2002kg, 2004dj




s it possible to detect SN neutrinos
from the distance of 5Mpc

* Yesl!

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

e Typical Simulation 5.2 events

Expect ~5 events for SMt and SMpc distance



Trigger sensitivity to distant SNe

N: required multiplicity Background:

: Of the ;evéen;ts ;m 10sec Most BG from single spallation ev.
A ---m% = accidental coincidence

N\ o N=3 25N Select Eth > 18 MeV to remove
spallation events
BG free measurement

a N=695MB¢W% < 7000 T —— _

i Time= 1-18 sec |
EGOOD : 122481 events
£5000 ;

signal loss:
| ~20% at most

10 12 14 16 18 20 0 10 20 mEﬁrgySPMovs)o

mm 1]0Mkm Distance:  No significance influence

Could detect SN almost every year

Galactic SN (10kpc) 1.3M events
Neutronization B 2500 events




SCX=e=IOmUO0N®mx»

Proton Decay

What Is the required sensitivity

J. Ellis, NNNO5, April 7t", 2005

Theorists do not give us

Theorists’ best bets 7?27
~ 1035 ~103% yr for en®

B R
B B
oo
B B any guarantee, but
B B
o
I B
B B
B B
oo
o < 10% yr for VK, uK

1 2 5 10 20 50
Tpl10*y]
Detector Size = The larger, the better
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Sensitivity for p »e*z°

10

Partial Lifetime (years)

37

p9e+n° sen3|t|V|ty

- 5 Deep-TITAND
— — 1 Oyrs ~~~~~~~~~~

- . HK, UNO
L SK-I I|m|t 10 years
" 92 ktyr

Interested region

LS. 4x1033yr (90%c L)y S

5 | ; { Deep-TITAND(5 Mt):10 yrs
L\ |5

f | | | ~7x103% yrs @90% C.L.

: — HK, UNO (0.5Mt): 10yrs

i | — %ht cut: O%CL 1 >

[ — 7% eﬁ) 30 CL :
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Partial Lifetime (years)
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Sensitivity for p=2vK?*
* Assume; 40% coverage:
Need more study for the 20% coverage

PrprrrrpEr R
P 9 vK+ sensitivity (90% CL) E
~ Deep- TITAND_ :

HK, UNO=—
10years |

L SK-I Ilmlt

[ 92 ktyr | f
2. 3x1033yr (902%C. L.y i Rt i

_ _ combined sensitivity
|||||i L |||||||i L |||||||i L |||||||i L L1 1111

10°  10°
Exposure (kton year)

| <= [nterested point

| Deep-TITAND (5 Mt): 10 yrs
1~8x10% yrs @90% C.L.

HK, UNO (0.5Mt): 10yrs
~2x103% yrs @90% C.L.

10



Summary

1 kt Kamiokande was built for proton decay,
but, found the neutrino burst from SN1987A

20kt Super-Kamiokande has extended
the study on neutrinos
and discovered neutrino oscillations

8000 kt detector will be built for neutrino studies,
but, may find proton decay
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To be continued
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