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* Introduction
e Super-Kamiokande

* Discovery of atmospheric neutrino oscillations
* Further confirmation of v, = v, oscillations
* Summary

I will discuss only v, 2 v_oscillations and related studies.
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Key features of the atmospheric neutrino beam

M. Honda et al., PRD 83, 123001 (2011) @Kamioka (Japan)
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v, /v, ratio is calculated to an accuracy
of about 2% below ~5GeV.

Up/down flux ratio is very close to 1.0 and accurately

calculated (1% or better) above a few GeV.




Atmospheric v, /v, flux ratio (1980’ to 90°)

K. Hirata et al, Phys. Lett. B 205 (1988) 416-420.
K. S. Hirata, et al., Phys. Lett. B 280 (1992) 146-152.
Y. Fukuda, et al., Phys. Lett. B 335 (1994) 237-245.

D. Casper, et al., Phys. Rev. Lett. 66 (1991) 2561-2564.
R. Becker-Szendy, et al., Phys. Rev. D 46 (1992) 3720-3724.
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Zenith angle distribution from Kamiokande (1994)

Kamiokande Phys. Lett. B 335, 237 (1994)
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The data suggested something interesting. But the statistics of the data are

not large enough. Much larger detector needed. = Super-Kamiokande




Super-Kamiokande



Super-Kamiokande detector

JM;HSO,OOO ton water Cherenkov detector
7 Y (22,500 ton fiducial volume)

~20 times
larger mass
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Initial idea of Super-Kamiokande

32 Kton Water Cerenkov Detector(JACK)

KEK Report 84-12
ﬁeptember 1984

A proposal for detailed studies of nucleon decays

and for low energy neutrino detection

KAMIOKANDE collaboration
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In the fall of 1983, Prof.
Koshiba proposed Super-
Kamiokande to study solar
neutrinos in detail (and to
search for p-decays).

KEK, Tsukuba, Japan
December, 7-10. 1983
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Beginning of the Super-kamiokande collaboration between Japan and

USA / 1992} Y. Totsuka ey
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Starting the Super-Kamiokande experiment

The experiment began at
0:00 on April 1, 1996




Event type and neutrino energy
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From the beginning, all these events were analyzed.
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Fully automated analysis

* One of the limitation of the Kamiokande’s analysis was the necessity of the event scanning
for all data and Monte Carlo events, due to no satisfactory ring identification software.
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Discovery of atmospheric neutrino oscillations
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Neutrino ‘98 (lakayama,

June 5

* Session 6: Atmospheric nentrinos I

¢ Contained events and Soudan-2

o E Peterson(Minesota)

 Upward-comne muons and MACRO

o F Ronga(Frascati)

e Eesults from Super-Kamiokande & Kamiokande

o TXKajita(ICRR)

* Session 7: Atmospheric neutrinos I1
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Evidence for | Zenith angle dependence
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Evidence for neutrino oscillations

(Super-Kamiokande @Neutrino 98)

Super-K, Neutrino 98,
Super-K, PRL, 82, 2644 (1999)
Super-K, PLB 467, 185-193 (1999)
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Evidence for Svmmd_ry_ .
neutrino oscillations [EEEICE dl7R:2 UL

(Super-Kamiokande
@Neutrino ‘98)

Super-K, Neutrino 98,
Super-K., PRL 81 (1998) 1562
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Super-Kamiokande
concluded that the
observed zenith angle
dependent deficit and
the other supporting cn220 > 0.9

data gave evidence for ’ { am* ~ 107~ 107
neutrino oscillations.
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Results from the other atmospheric neutrino experiments

MACRO, Neutrino 98 Soudan-2, Neutrino 98
MACRO ~__MACRO, PLB 434, 451-457 (1998) SO dan-2 -

Soudan-2 PLB 449, 137-144 (1999)
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Up-stop, In-down and In-up also mentioned.

Data from these experiments were also consistent with neutrinos oscillations.




Updates from MACRO and Soudan-2

MACRO  MACRO, PLB 566, 35-44 (2003) Soudan-2 Soudan-2 PRD 68, 113004 (2003)

MACRO, Eur Phys J C36, 323-339 (2004)
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Super-K oscillation parameter fit with various data samples (2005)
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Further confirmation of v,, 2 v, oscillations



Oscillation to v,.or v, ?

Summary

Evidence for b cscilations u-like data show zenith-angle and energy dependent deficit
i | of events, while e-like data show no such effect.

Difference in
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Testmg Vﬂ9V7 VS. Vyévster//e Super-K PRL85,3999 (2000)
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Rea//y oscillations Super-K, PRL 93, 101801 (2004)
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We wanted to observe this dip to Paper title: Evidence for an Oscillatory
confirm neutrino “oscillations”. Signature in Atmospheric Neutrino Oscillations




tau neutrino appearance?

If the oscillations are between v, and
v, one should be able to observe v_
interactions.

()

A simulated
v event.

particles
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It is not possible for Super-K to identify v_events
by an event by event bases. =» Statistical analysis
knowing that v_'s are upward-going only.




v, appearance history in Super-K

Super-K, PRL 97, 171801 (2006)
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* In 1998, neutrino oscillations were discovered by
atmospheric neutrino experiments.

» After the discovery, atmospheric neutrino experiments
have been studying oscillations, and contributed
substantially to establish the v, —> v_oscillations generated
by neutrino masses and mixing angles.
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