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Plan for Today's Talk

Focus on the role of atmospheric neutrinos in
revealing neutrino oscillations.

Tell the story of large water Cherenkov detectors
and why we built them.

Give details of the initial discovery of neutrino
oscillations and the current data.

Present additional checks and confirmations.

Preview the future for precision measurements in
neutrino physics.
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Discovery of the Free
Neutrino, 1956

“Project Poltergeist”
Hanford and Savannah River Reactors

i
Fred Reines

|

Clyde Cowan

,2 Liquid Scintillator
with Cadmium

Phys. Rev. Lett. 92:330 (1953)
Science 124(3201):103 (1956)
Phys. Rev. 117(1) :159 (1960)
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Oscillations and Neutrino Elavor

Bruno Pontecorvo first suggested the possibility of neutrino
oscillations if they had a small mass. Since only one neutrino was
known, he was thinking that analogous to < _ | " mixing:

J.Exp.Theor.Phys. 33 549 (1957)
J.Exp.Theor.Phys. 34 247 (1957)

In 1962, Lederman, Schwartz,

Steinberger, et al. published evidence
for the the their BNL/AGS
experiment.

Neutrinos from pion decays make muons but not electrons. This
could not be the same neutrino of nuclear beta decay that Reines

and Cowan had seen. 7T—>,U+(V/‘7) vV £V

Z. Maki, M. Nakagawa, S. Sakata, "Remarks on the unified model
of elementary particles”, Prog. Theor.Phys., 28, 870 (1962).
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Late 19605 Neutrinos From the Sun

e — ZAK £ el

= ‘& ’ ‘ Davis and Bahcall in
y B Homestake Mine
F‘ \J g

1970 1974 1978 1982 1986 19920 1994
Year

100 000 gals C,Cl,

builds the Chlorine detector
in Homestake Mine.

First evidence for neutrinos

generates the Standard coming from the Sun.

Solar Model with solar v flux predictions.

V. Gribov and B. Pontecorvo, Phys.Lett. First evidence for a deficit
28B 463 (1969). Suggested that Davis in the solar neutrino flux.
measurement could be explained by

neutrino flavor oscillations.

James Stone McDonald/Totsuka Symposium 7



Atmospheric Neutrinos

20 km Gaisser and Honda,
— Ann.Rev.Nuc.Part.Sci.52(2002)

Isotropic Flux Primary
. ‘1« CosmicRays
. ot a

Flux Ratio

Bartol 1D

Battistoni ot al,
Henda st al. ('95) 1D
Henda st al. {2001) 3D

Neutrino Energy (GeV)

Flux Ratio of v, to ve

* O(vy)/D(ve) ~ 2 below a few GeV
e predicted to ~ 5% over wide range

13,000 km

The absolute flux is uncertain by 10 — 20 %, but

: : e
2:1 Flavor Ratio the . of V, to Ve is pre_dlcted to ~5%
over a wide range of neutrino energy.

McDonald/Totsuka Symposium
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Atmospheric Neutrinos

Characteristics Pathlength
Characteristics

o oo da g g ta g o Lo g g 1o g g b s b 1y gl gy
-1 -08-06-04-02 0 02040608 1
Zenith angle (cos®)

horizontal down

Up - Down Asymmetry D J
A _ (U e D) Measured

j If symmetric
Calculated
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Neutrinos From Earth’s Atmosphere

. o \J
CASE WiTs wim
E.R.P. M. N

DETECTION OF THE FIRST NEUTRINO IN NATURE
ON
23" FEBRUARY 1965
IN
EAST RAND PROPRIETARY MINE

THIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED
TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
BY A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S |
AND THI: UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC.

THE PROJECT WAS SPONSORED BY :-
UNITED STATES ATOMIC ENFRCY COMMISSION
E.R.P.M. AND RAND MINES CROUP
CASE INSTITUTE OF TECHNOLOCY
UNIVERSITY OF THE WITWATERSRAND
TVL. & O.FE.S. CHAMBER OF MINES
AND CONVERTED FROM PROPOSAL TO REALITY
WIITH THE HELP OF THE OFFICIAIS AND MEN
OF THE HERCULES SHAFI OF E.R.P.M.

6" DECEMBIR 1967

The first atmospheric neutrinos were detected In Bill Kropp
the mid-1960’s. This is the Reines experiment in has detected more
the East Rand Proprietary Mine in South Africa. atmospheric neutrinos

Another Japan-India experiment at the Kolar than any other person?

Gold Fields Mine also claims to have been first.
SA+IMB+SK

James Stone McDonald/Totsuka Symposium 11(0)



TheRlZRR Grand Unified THEGHES -
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A group of theorists H. Georgi, S. Glashow, J. Pati, A. Salam and Others ...

Grand Unification Theory called SU(5) p— efr
Proton Lifetime predicted to be ~10%° £ 1.7 years

Large H,O Cherenkov detectors are born:

Several groups around the world knew that this lifetime could be measured by
watching a few thousand tons of matter for a few years. They started building various
kinds of detectors in underground mines and tunnels.

James Stone McDonald/Totsuka Symposium 11
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Begins era of Iarge water Cherenkov detectors in deep underground caverns.
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Water CherenkoV: Detecton Fact SHEets

IMB Kamiokanade
+ 8 kton total mass

¢ 3 kton total mass
3.3 kton fiducial mass ¢ 1 kton fiducial mass
¢ 2018 5" PMTs (IMB-I), 8° PMiIs ¢« 1000 50 cm diameter PMiis
+ WLS plates (IMB-III) » 20% photocathode coverage
» 2% then ~8% photocathode 4 Electronics records @ (Kam-I),
Electronics records Q and T then Q and T (Kam-IT)
Data taking 1982 - 1991 ¢+ Data taking 1983 — 1994

ST L
3;'4.33' ”
B
e =

Takaaki Kajita Kamiokande-II
James Stone McDonald/Totsuka Symposium 13



Large Water Cherenkov Detectors required good
light collection: Large PMTs with good timing,
good QE at 480 nm, strong glass housings.

The nitialilarge hemispherncal PVIE S0
cm diameter, was developed by ICRR; U.
of Tekyo and Hamamatsu PRetenics KEKS

Kamiokande
IMB PMTs PMT

Masatoshi Koeshiba

IMB - Kamiokande-I difference
boils down to small light collection
with T + Q electronics and large
light collection and with Q
electronics only.

James Stone McDonald/Totsuka Symposium 14



IMB\V/ersion

~

et

Our PMTs =", Their PMTs

Michigan graduate students
Eric Shumard and Hye-Sook Park

James Stone McDonald/Totsuka Symposium 15
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Proton Lifetime Exceeds 10>t Years

Vorose 51, Nusneg 1 PHYSICAL REVIEW LETTERS d Jury 1983

Search for Proton Decay into e* o?
R. M. Bionta, G, Blewitt, C. B. Bralton, B. G. Corth.,fa" 8. Errede, G. W. Forster ,““ W. Gajewski,
M. Goldhaber, J. Greenberg, T. J. Haines, T. W. .Jones, D. Kielczewska,m W. R. Kropp,
J. G, Learned, E. Lehmann, J. M. LoSecco, P. V. Ramana Murthy,” H. 8. Park,
F. Reines, J. Schultz, E, Shumard, D, Sinclair, D, W, Smith,”" H, W, Sobel,
J. L. Stone, L. R. Sulak, R. Svobeoda, J. C. van der Velde, and C. Wuest
The [niversity of Californie af Frvine, Trvine, California 92717, and The Univeysilv of Michigan,
Anw Avbor, Mickigan 48109, and Brpobhoven Nalional Labovalory, UThton, New YVowrk 11377,
and Califprnia Inatitute of Technology, Pasadena, Califprnia 81125, and Cleveland Siate
Univewvgity, Cleveland, Qhip 44115, and The Univevsity of Hawaid, Honolulu, Hawaii
86822, and Universily College, London WCIE 88T, Mnited Kingdom
[Received 13 April 1983

Obgervations were made 1570 med
metrie-ton water Cherenkov detectc  Journal of the Physical Society of Japan
with the deeay p—e*x® were found it Vol, 54, No. 9, September, 1985, pp. 3213-3216
that the lmit on the lifetime for bou
ratio is 7/B >6.5 % 10°! yr: for free
dence), Obzerved cosmic-ray muot

Search for Nucleon Decay into Charged Lepton-+-Mesons

PACS numbers: 13,30, Egp, 11,30, Ly

Katsushi ARISAKA, Takaaki KAJITA, Masatoshi KOSHIBA,
Masayuki NAKAHATA, Yuichi OYAMA, Atsuto SUZUKI,
Masato TAKITA, Yoji ToTsukA, Tadashi KiFUNE,!
Teruhiro SupA,t Kasuke TAKAHASHITT and Kazumasa Mivanottt

Department of Physics and ICEPP, University of Tokyo, Tokyo 113
tInstitute for Cosmic Ray Research, University of Tokyo, Tokyo 188
11KEK, National Laboratory for High Energy Physics, Ibaraki 305
11t Department of Physics, University of Niigata, Niigata 950-21

(Received July 19, 1985)

g With a 3000 ton water Cerenkov detector operated 2700 m.w.e. underground,

K a m I O ka n d e 103 fully contained events were observed during a live time of 343 days. Most
of the events are well interpreted as due to v interactions. Four multi-ring events

survive after applying criteria for nucleon decay. The lower limits on 7/B ob-

tained from these data exceed 103! yr (90% C.L.) for most of the possible decay
modes.

James Stone McDonald/Totsuka Symposium



Kamiokander ReECOonfigures

An Innovation for Water Cherenkov. Detectors

Kamiokande-Il detector U. Penn. group joins Kam-I1
Timing added to Inner PMis
. Igrllnéerzcoo;lnnctﬁrﬁiﬂﬁso tons LOWGI’S enel’gy th reShO|d
' | Outer PMTs for anti-counter

= Anti-counter
Y 123 PMTs
|4 Bruce Cortez Al Mann

T I IS S

Feb. 1984 KamiokaNDE-II started.

James Stone McDonald/Totsuka Symposium 18
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Atmospheric Neutrinos Energy Characteristics

5 decades of neutrino energy Event Type Termi nology

FUllya@oRtained (E,~1 GeV)
Raktialiya@ontained

/ (Ey~0 GeV)

g

I Upward stopping
"] Upward through-going nt

E, (GeV)

2
]
o
8
o 0
=
—
a
3
4
LU

d through-going |
(E,~100 GeV)

Upward stopping L
(E,~10 GeV

Subdivide the data into bins of Sub-GeV or Multi-GeV FC; e-like or
mu-like, partially contained, upgoing muons, upgoing-stopping ...

James Stone McDonald/Totsuka Symposium 240)



Mid-1980s
AR Atmoespheric NettrinerPuzzle

Comparison of Kamiokande The < used to
and IMB Sub-GeV Data et
cancel uncertainties in the
atmospheric neutrino flux and
cross-sections. If measured and
P 100 Mevle expected agree, then R = 1.

PM‘Qbo MeVic
Eag CL32 GeN
“SUR GEV"

Konlokande(6,18ktyr)

Double Ratio
R = (u/e)oaa /(12/€)uc

3
3
g
~
i

Mg

P> to0 Ve

Water Cherenkov — Muon Deficit
Iron Trackers — No Deficit

Momentam (MeV/c}

James Stone McDonald/Totsuka Symposium 21



KamiokanderAllowed ReGIoNS

Using multi=GEV events V, —> Ve oscillations are ruled out by

including partially contained, the Chooz Experiment. (Not Shown)
Kamiokande-II finds: a 5

of the /e , -
double ratiorat high=eneray: “\‘!!

sub-GeV i

i
N\ 4
AN

L )
sub+multi-GeV =0aw
/

Multi-GeV

10
10

sub+multi-GeV \\

multi-GeV
multi-GeV

107

1 0 0.5
sin®26 sin®26

Best Fit for v, — v,

Am? = 1.6 x 1072 eV?
Outer-detector region of Kam-II allows PC events. sin226 = 1.0

James Stone McDonald/Totsuka Symposium 22



Iwer Majer Puzziesswithr INEUERHIRGeS
~HO00

Solar neutrino flux measured by multiple experiments is in
disagreement with expectations of the Standard Solar Model.

Atmospheric muon neutrino flux measured by multiple
experiments is in disagreement with calculations AND
Kamiokande sees strong evidence for an up—down asymmetry
in the double ratio of muon/electron neutrines.

Low energy threshold and active anti-counter have become
important to study these effects. IMB’s small PMTs were not
competitive. What to do?

Spring 1991, IMB tank developed a leak that caused much

damage to the detector. IMB had to be stopped. The 2000
PMTs were recovered.

James Stone McDonald/Totsuka Symposium 23



INSTITUTE FOR COSMIC RAY RESEARCH

%&3 |CRR

UNIVERSITY OF TOKYO

; .-’ri.‘-#'-‘-v"

ICRR-Report-227-90-20

SUPER-KAMIOKANDE

(Dec. 1990)

Invited talk presented at t he International Symposium
on Underground Physics Experiments, at Science
Council of Japan, April, 1990

3-2-1 Midori-cho Tanashi, Tokyo 188 Japan

Telephone (0424)-61-4131, Telefax (0424)-68-1438

IMB group had >2000 PMTs and
WLS plates ready for water

deployment, HV, electronics, etc.

James Stone

“Super-Kamiokande project has
changed greatly since neutrinos
from the Large Magellanic
Clouds were successfully
detected.”

“Reliable data on solar
neutrinos has emerged ...
posed a serious problem called
the

“It is now widely believed that
it could be solved by

“The anti-counter layers that
surround the sensitive velume of the
detector were found essential to
eliminate backgrounds (y's and
neutrons) for low-energy neutrinos.”

Y. Totsuka

McDonald/Totsuka Symposium 24



IVIBr Greup Jeins SUperEKamiekande

At ICRR 1n spring of 1992, our agreement to Work together on Super-
Kamiokande is celebrated. The IMB group would build the euter detector.

SuperKamiokande Collaboration
Agreement Between the Collaborating Groups

agree to work together in building and operating a 50,000 ton water
Cherenkov detector at the Kamioka m ne. The experiment shall be known
as SuperKamiokande. The goals of the experiment include a search for
nucleon decay, atmospheric neutrino studies, solar neutrinos, and studies
of/searches for other astrophysical and particle physics phenomena. [t is
agreed that all collaborating groups are free to participate in all aspects of
the experiment.

Signatures

/ P ) ' s
/ Im Sogs /
“ //te‘? /d 1/ P

* Yoji Totsuka Date
Institute for Cosmic Ray Research - University of Tokyo
Spokesman for the SuperKamiokande Collaboration

/ / ‘ / v
A £ ( & A",/‘ 4 ! _, » S VAV & L5 Ao S
4 FL A 220 [ AL i
Atswto Suzuki ate Kenzo Nakamura Date

Collaberation Agreement | = o

. . Members of the Executive Committee
Signed October 18, 1992 1n o |
Takayama iz -

Boston University
Members of the Executive Committee_ -~

//‘,, ' / 7. "
,'7/~ Koldih OX18.52 et al.
Masaioshi Koshiba Date
Tokai University

James Stone McDonald/Totsuka Symposium ' 25




TTRE ISt pPreject PEHeIMEUIGFEINERasia
Collaperatienwas ther KEKSBeamnlest

1993 - 95 \

Using KEK PS charged particle
beams, these test runs checked the
particle identification algorithms of

the 50 cm PMTs used in
Kamiokande and 8 inch PMTs used
in IMB.

PID likelihood

Particle ID methods for separating
e-like and p-like events verified.

James Stone McDonald/Totsuka Symposium 26



LINAC Tower

Electronics Hut

Outer Detector
PMTs + WLS

Inner Detector
PMTs

41 m height x 39 m diameter
50,000 ton total mass
22,000 ton fiducial volume
11,146 50 cm PMTs Inner
1,885 20 cm PMTs Outer

2 ns timing resolution

409% photocathode coverage
1000 m minimum depth

4.5 MeV Trigger threshold

E Res. 16%/EY2 @ 10 MeV
Position ~50 cm @ 10 MeV.
Angular ~30° @10 MeV
Muon decay ~95%

Electron — Muon ID ~9S99%

James Stone McDonald/Totsuka Symposium 27
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Hank Sobel

Super-K Inner Detector Construction Current Spokesman Yoichiro Suzuki
greeting the Emperor and Empress

James Stone McDonald/Totsuka Symposium of Japan. 28
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Physics Objectives of Super-Kamiokande

Search for Nucleon Decay.
t/BR > 1033 — 10°% years

Study Atmospheric Neutrino Interactions
> 3000 events/year

Measurement of the 8B Solar Neutrino Flux
~15 events/day for E, > 5 MeV

Watch for Supernovae Neutrinos
> 7000 events for Type IT SN @ 10 Kpc

Study Upward-going Muons
WIMP dark matter, Atmospheric v's

Studies of Long Baseline Neutrinos from KEK
~200 CC events w/102° pot

Detector built, calibrated, operated, analyzed, many meetings etc. ...

James Stone McDonald/Totsuka Symposium ]0)



Zenith angle def’e";"’[':_e& ) From Talk by T. Kajita
D( “'“" - Neutrino 98
"o Takayama, Japan

’Xz(shape) )
=28 /4. aof Electron Neutrinos are as
U Expected

=093 1013
Up/Down Event Ratio

®

Dovn =012
x* (shape)

Muon Neutrinos Show
Up o covank Deficit from Other Side of

Doum =" —0.05 Earth!
L - 1 (6.20‘.",
O s® Strong Evidence that Neutrinos

‘f(‘ U _l-k

P own. S divtor i Jolie change from one flavor to another.
Hux calealation ---- £ {4 ) ;
Tkm vock above SK--- A% J 18X

Prediction (

Neutrinos Have Mass

Data (
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EVvidence for Vi Oscillatiens

Summary From Talk by T. Kajita

Evidence for L. oscillations Neutrino 98
for Takayama, Japan

V2l o). CL.

Super-K Up-muon zenith
angle data confirms evidence.

Super-K Up-muon stopping to
through going double ratio
confirms evidence.

Kamiokande Up-muon zenith
angle data consistent with
evidence.

James Stone McDonald/Totsuka Symposium 32



“Evidence for Oscillation of Atmospheric Neutrinos™

VOLUME 81, NUMBER 8 PHYSICAL REVIEW LETTERS

Evidence for Oscillation of Atmospheric Neutrinos

Y. Fukuda,' T. Hayakawa,' E. Ichihara.! K. Inouve
S. Kasuga,' K. Kobayashi," Y. Kobayash
K. Okumura.' N. Sakurai,' M. Shioz
E. Keans.> M. D. Messier.2 K. Scholberg
D. Casper.” W. Gajewski,” P.G. Halverso

MRV * K. S. Ganezer,” W. I

J.G. Learned.” S. Matsuno.” V.J. Ste

K Nakamura,” K. Nishikawa.” Y
A.T. Suzuki,™ T

J. A. Goodmar

K. Ishihara
Y. Koshio," M. Miur

Kobayashi
Oyama,” A Sakai® M. Saku asak “chigo,'” M
J. Haines,''* E. Blaufuss,”” B. K. Kim,"” R. Sanford," voboda.'* M. L. Chen
G. W. Sullivan,™” J. Hill.™ C.K. Jung,"* K. Martens ger,” C. McGrew
B. Viren," C. Yanagisawa,'* W, Doki."> K. Miyano,'> H. Okazawa." C. Suji,'* M. Takahata,"
M. Takita,'" T. Yamaguchi,'® M. Yoshida,'® S.B. Kim."” M. Etoh,'® K. Fujita,'® A. Hasegawa,'* T. |
S. Hatakevama.'® T. Iwamoto,'® M. Koga.'* T. Maruyama.'$ H. Ogawa.'® J. Shira,'® A, Suzuki,'® F
M. Koshiba,'* M. Nemoto,?” K. Nishijima,® T. Futagami.” Y. Hayato.’
Y. Watanabe,”' D. Kielezewska, ?># R. A. Doyle* 1.S. George.”* A1
R.J. Wilkes.?? and K. K. Young™
(Super-Kamiokande Collaboration)
Instinge for Cosmic Ray Research, University of Tokyo, Tar
Department of Physics, Boston University, B

Physics Department. Brookhaven National
Depariment of Physies and Astronomy, Us

niversity of Calif
“Department of Physics, Californ

University, Don
"Department of Physics, G ge Mason Univer

{ntive rsery, Cifl

Y. Kanaya,”' K, Kaneyuki
Stachyra,™ L. L., Wai,

, J88-8502, Japan
sents 02215
ton, New York 11973
Imvine, California 9
Carson, Call
Department of Physics, G
*Department of Phy
Institute of Particle and Nuclear

WDepar

vstes dvist
Department of Pk

B Dopartme
‘Department of Physic

*Dey

We present an apalysis of atmos
Super-Kamiokande de I

eric neutrino data fro 0 vr -day) exposure of the
it exhibit a zenith ang neutrinos which
i x. Expernimental
unable to explair
lations with sin 26
131-9007(98)06975-0]

nsistent with ox § on calculations «
in the pre on
The dats are o«
082and 5 x 107°° Am

biases and uncertainties f neutrino fluxes and ¢
tent, however, with two-flav
107 eV?

i
observation

it 90% confidence leve

James Stone

Tsushima,'®

El)c New Hork btmcs

HaAY JUME ) 19 v

» Particle; 0
Mass Found in Ehmw el
Univer: scMamej::Ee the : ml O ne Of e ny

front page
articles in the

“About All Matter

oy WALCULS § P

the world
following Kajita’'s
talk in Takayama
in 1998.

This PRL is the most cited paper in

experimental high energy physics
as tracked by the SPIRES database.

McDonald/Totsuka Symposium
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More evidence that It Is oscillations:

The 1998 values of the from
Super-Kamiokande are given:

Sub-GeV Data: R =0.61+0.03(stat) +0.05(sys)

Multi-GeV Data: R =0.66 + 0.06(stat) + 0.08(sys
Phys.Lett.B433, 9-18 (1998)

“oudan 2o R=0.6810.12(total)

No Oscillations
b

® ¢ 5 Yes

Sub-GeV

Multi-GeV 2 No

James Stone McDonald/Totsuka Symposium 34



Another way of looking:

The parameter, A, as a function of
momentum is presented in the “evidence” paper:
Phys.Rev.Lett.81, 1562-1567 (1998)

Due to the isotropic nature of
cosmic rays,

o
Yy
E =
=
@)
=

Electron-like events agree
with expectation (shaded)
for no oscillations. o
Partiall
The strong suppression of Contained
upgoing muon-like events is '
consistent with oscillations

(dotted line). Deviation from zero > 66

James Stone McDonald/Totsuka Symposium 35



MACRO and Soudan 2 Experiments

Confirmation

Very soon after the 1998
announcement, MACRO
and Soudan groups
reported results
MACRO Experiment consistent with the
Up-going muons Super-K oscillation

parameters.

Soudan 2 Experiment
High resolution events

= Am’= 0.0025 eV, sin®29 & Internal

Upgeing
| MACRO all data

e  Bartol flux

2007l

0" cm ™5 51

08 06 04 02
-cos Zenith angle

Upward Stopping +
rnal Downgeing

Throughgoing
Upward Muons

unoscillated
Monte Carlo

James Stone McDonald/Totsuka Symposium log (L/E)

0.9 0.8 0.7 0.6 -0.5 04 03 0.2 01 0 08 06 04 02 0

B . -|cos zenith angle|
cosine zenith angle |eos zenith angle]




Super-Kamiekande ' RUARING PERGAS

SK-I 1996 - 2001
« 22.5 kton fiducial mass, 2 m from PMT plane
K2K - 11,134 50-cm photomultiplier tubes inner detector
Run * 40% photocathode coverage of detector wall
- 1885 20-cm PMTs + WLS plates in outer detector

SK-II December 2002 — September 2005
« Recovered from November 12, 2001 PMT accident
KK « Inner detector PMTs reduced to half, now with
RURN FRP+Lucite shields
- 20% photocathode coverage of detector wall
« Outer detector fully restored

SK-IIT June 2006 - Now Running
 Full restoration of inner detector PMTs - Ay
* 40% photocathode coverage of detector wall ‘
Z

2009
 Start running with T2K long baseline beam from Tokai

James Stone McDonald/Totsuka Symposium 37



RECENT SUREFKTATMGSPRENRE Neutrlno [Delicl

Energy
CCV, i cc v, Up-p

For a two flavor oscillation analysis, :
) T _ FC FC iFC FC
the SUFVIVal prObablllty |S glven by. 1ring mringi 1ring mring PC PC

2
P(v, - v,)=sin" 20sin" (127%)

e-like e-like i u-like p-like stop thru

=
w
Q
S
=
=

We study Am?2 and sin?26 by binning
the real and simulated data in cos &
and p, then minimizing 2 to find
the best fit values.

Each box has 10
zenith angle bins.

380 (p,) bins and 70
systematic terms used in fit.

The Fit number of
number of sys. effects
p, © bins (some norms.

. are free)

Nm(1+z f € )j ,,,A,{gj )

Sub-GeV

3

G}- y

=1 o 2 =1

7

39 _ fractional change in
N =N} PV, »>vg)-(1+> fl-2) /" predicted event rate
NN due to variation in
N systematic parameter €
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Zenith Angle Spectra

- o -
Sub-GeV e-like Sub-GeV p-like L multi-ring p-like Upward stopping p
P < 400 MeV/c P < 400 MeV/c X

Sub-GeV e-like = Sub-GeV p-like L - Upward through-going
P =400 MeV/c - P > 400 MeV/c - [ non-showering p

Mulii-GeV e-like Mulii-GeV p-like - - Upward through-going
r showering n

8
c
@
=
L
—
o
]
o
£
=
=

50
50 :

0 oLieatesstoentonat,,,
mUMt-ring o-1ke -1 -05 CC?S@ 05 1 -0.5 COC'JS@ 05 1 -1 -0.8 -Oégs-%il- -02 0

380 bins (SK-1) v, < v, fit
=839.7/755 DOF
sin®20 > 0.95, Am* = 2,502 x10~° eV?* (68% CL)

Data

Osc. Fit

The multiple event types and the statistics for fine binning provide
powerful constraints on the allowed range of oscillation parameters.
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Contours for SK-I and SK-II

10

1.5x10%eV2 < Am2 < 3.4 x 103 eV2
sin226 > 0.92 at90% CL

Best Fit:

Upward muons
provide strong
. constraint on

© . minimum Am2,

sin226 = 1.02

Am2= 2.1 x 10-3eV2

x2 =174.9/177 dof

x2 = 465/179 dof for no osc /
90% CL contours

= Combihed

1 Sub-GeV low

1 Sub-GeV high _
1 Multi-GeV iy
—1PC

1 Multi-ring

1 Upward-going muon

04 05 06 07 08 09 1 11 12 1.3 14
sin®20

s ) s Each sub-sample looks at
LIgH AT < Al < S llay different ranges of energy, so
sin®26,, >0.92 90% C.L. individually they give different
allowed regions. All are
EI IS consistent with the global fit.
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Has Super-K seen other effects that are

expected with oscillations?

V.. Appearance

- goal of the CERN to Gran Sasso program
- CNGS - OPERA, ICARUS

horizontal projection

Ve Appearance
- goal of the JPARC and NuMI off-axis programs
- T2K, Tokai to Kamioka (Super-K) 250 km
- NOVA, Fermilab to Minnesota, 795 km
- Difficult for Super-K with atmospheric neutrinoes

Oscillation Pattern
- goal of nearly all long baseline experiments
- find the characteristic dip in the L/E distribution
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Have v. interactions been seen?

MC Tau Event

Super-Kamiokande
Run 999999 203 ev 41
3-

Use a neural network
weighting function to assign
a probability to each event

as being t-like or non-t-like.

Generate expected
distributions in ~6
variables using the
T MC and the v MC.

eof por hadrons

. p 500 1000 1500 2000
Hadrons : Times (ns)

There should
be no tau
events in the
down-going
data. atmospheric
neutrino M.C.

45 5 0 400
at3 x 103 eV2

log(E ;) log([MeV]) Distance [em]

60
40
20

0

10 20 30 -2 15 1 -05
Ring Candidates log(Sphericity)

80 Variables used:

60 * Visible Energy
40 + Decay electron distance from vertex
Number of ring fragment candidates
20 * Sphericity in lab frame
0 * Clustered sphericity in COM frame

0 025 05 075 1
Clustered Sphericity

0
1 08 06 -04 -02 0 02 04 06 08 1
Zenith Angle

8
6
4
2

cos 0

w
2
c
[
>
w
-
]
ut
@
Qo
E
=]
=

(=]
(=]

134 +48" excess events
78+ 27 excess events expected
~2.4 o effect
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What about the oscillation pattern?

Look for oscillation minimum
before averaging.

4 S EmEanii

Decoherence ” |
VO |
10°

L/E (km/GeV)

10*

OE
9
8
7
6
5
4
3
2
]
0

-1 -05 0 05 1
cos(Zenith Angle)
Eliminate:
- low energy events
- events near horizon

Green line is oscillation minimum
with band to half maximum.
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Super-Kamiokande-I
L/E Results

best fit

AmZ2 =2.4x103 eV2
sin226 = 1
37.8/40dof

—_—
c
o

]

S
Q
[72]
o
=
L=

S
c
o

=

2

©
@
B

o

®

ot
1]
(]

2 3 4
10 10 10
L/E (km/GeV)

Oscillation dip seen
at ~500 km/GeV

2]
et
=
(9]
>
(4
L
(=]
B
]
£
£
=}
=

1l'.:)2 103
L/E (km/GeV)

Best Fit for v, — v,
Am? = 2.4 x 102 eV?

High L/E resolution p-like sin226 = 1.02
data sample. L/E Contours
. . Full SK-I
The ratio (Data/Predicted) o Data Set
equals one for no oscillations. T Gl Shaded

=— BEACL.

The is the best
fit to v, — v, oscillations.
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Long Baseline Experiment

KEK to Kamioka

A Driefstep)

Neutrino mass measurements and study of its backiin

origin by neutrino oscillation

Submitted 1:

Nov.3, 1994 (a ro

The neutrinos run th
by the SuperK detec
a precise measureme

and its origin.

James Stone

time:

Feb.14,1995
Revised Feb.18,1995

Proposal for
a Long Baseline Neutrino Oscillation Experiment,
using KEK-PS and Super-Kamiokande

Abstract

We propose an experiment to draw a definte conclusion on the
possibilities of neutrino oscillations with squared mass differences Am2
around 10-2 eV2 which has been indicated by the Kamiokande group
and by other undeground experiments (IMB, SOUDAN-II) analyzing
atmospheric neutrinos. The experiment uses a well-defined muon
neutrino (vy) beam produced at the KEK-PS and three detectors,
including the existing Super-Kamiokande detector. The experiment will
be sensitive to the vy->ve and vy ->vq oscillations, Am2>3x10-3 eV2 and
sin220>0.1, at more than the 3o confidence level. The experimental
methods, accelerator modification, schedule and cost estimates are
described.




Py ’
Fronﬁietegt\:‘v
:—'-"’.'?n u-momtor

, .ﬁ‘? th &
‘5 e Lol nter v

=

250 km to SK

SCIFI/Water
target
Lead g

Muon Chamber 5255
X

Detector

|i Neutrino Beam
1 mEEE
o =

K2K

p+ Al >zt > put+ v,
<E,>=1.3 GeV Near Detector Layout
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K2K Results

-
Qo

L V,, = V. Allowed Regions :

-
(o))

events/0.25GeV
RS

K2K 68%
K2K 90%
K2K 99%
SK L/E 90%

04

> 40 confirmation of atmospheric
neutrino mixing
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""".‘""w: ),‘
N \Fallr Dete&tor

rm]lst

(L

-
r
—
L
B
o
=)

Beam Matrix Unoscillated
NDFit Unoscillated

Beam Matrix Best Fit

NC Background

—— MINOS Data

10 15
Reconstructed E (GeV)

Am?,|=2.74705 (stat + syst) x10%eV/

—0.26

sin°26,, =1.00_,,, (stat + syst)
Normalization = 0.98

Fermilab
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Super-K Summary

SK-1 Full Data Set Analvsis

SK preliminary:
Three flavor

L/E Analysis anal}_,lsis
(published) (at sin2045=0)

1.5x107°eV* < AmZ, <3.4x107%eV?
sin®26,, >0.92 90% C.L.

James Stone McDonald/Totsuka Symposium

Global Summary

90% CL

SK L/E analysis Kam.

K2K

MACRO -

SK Zenith
angle analysis
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> Number of Neutrinos is Three

W
=]

Three neutrinos

The solar neutrino problem (next
speaker) and the atmospheric
neutrino puzzle are soundly
—— resolved by neutrino oscillations.

atmospheric
~3x10-%V2

3
S
c
S
8]
S 20
)]
2]
3
o
G

-
=]

atmospheric

88 90 92 94

But what about the other terms
e+e- C.M. Energy (GeV)

of the MNSP mixing matrix?

results from LEP experiments
at CERN (1990's)

u, U, U, _ ?
U, =lU U U Maki-Nakagawa-Sakata- Appearance Expt
i — ul

we e Pontecorvo Matrix :
U, U, U, Mass Hierarchy?

C, Sy 0 0)/10 O C, 0 s5)(1 O 0

o1 _ Value of 073?
c, 01/0 ¢, s.10 1 0 || 0 1 0|0 e=* 0
1)1\0

0

AN S A G A AV el  \/iolate CP?

Atmospheric CP Phase Majorana Phases

Majorana or Dirac?

where ¢; =cosd;, and s; =sind; Three Component Flavor Mixing BEANeleJ[¥jeN IS
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The Road Ahead

Bigger detectors, more intense beams and longer baselines

James Stone McDonald/Totsuka Symposium Double CHOOZ 51



The road ahead in neutrino physics will utilize nuclear reactors
and particle accelerators, but remember the first hints of neutrino
mixing and the first convincing evidence of Neutrino Mass came
from natural sources.

Atmospheric Neutrinos Solar Neutrines

_
'
5l
£
u
")
=]
-
X
i
=4

2'41 (x lOgcm'l sj)j
O(v,) < O(v,+v,+v.) = O(SSM)
6200 700 40 15km \Q bty +v.) (

Confirmed by MACRO, Soudan 2 Also important: Super-K,
Started by Kamiokande and IMB Kamiokande, SAGE, Gallex/GNO,
Homestake Fg\
"_‘;‘-" “ -
A\" W
«'. = 4 \
( ‘*)‘
T\ /
52
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