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Introduction



Solar neutrino problem
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The pioneering Homestake solar neutrino experiment observed only about 1/3 of the
predicted solar neutrinos (1960’s).
Subsequent experiments in the 80’s and 90’s confirmed the solar neutrino deficit.




Atmospheric v, deficit

v’ It was necessary for “proton decay experiments” to understand atmospheric neutrino
interactions as they were the most serious backgtound.
v’ During these studies, a significant deficit of atmospheric v, events was observed.
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(In the 1990’s, Soudan-2 also observed the v, deficit.)
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Evidence for neutrino oscillations (Super-Kamiokande @Neutrino ’98)
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Super-Kamiokande concluded that the
observed zenith angle dependent

deficit (and the other supporting data)
gave evidence for neutrino oscillations.




Studlies of v ,=2v, oscillations
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Evidence for solar neutrino oscillations
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Really neutrino oscillations !

KamLAND observed neutrinos from nuclear power
stations.

KamLAND

KamLAND, PRD 83, 052002 (2011)
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Discovery of the third neutrino oscillations (2011-20127)

Reactor based (short baseline) neutrino oscillation exps
Daya Bay RENO Double CHOOz Status (before Neutrino 2016)
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Review of Particle Physics (2015)
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Basic structure for 3 flavor oscillations has been understood!




Present status of neutrino oscillations
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NOVA

K. Bays, TAUP2017
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Some highlights (v, appearance)

OPERA Super-Kamiokande
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resent solar neutrino experiments

Borexino Super-Kamiokande
(300 ton lig. Sci. detector) (22500 ton water detector)




To what extent do we understand solar neutrino osci. (1)

Borexino, PRL 101, 091302 (2008), PRD 82 (2010)
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The data are consistent with the MSW prediction!



To what extent do we understand solar neutrino osci. (1)

Borexino new results Borexino, TAUP2017
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To what extent do we understand solar neutrino osci. (2)
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To what extent do we understand solar neutrino osci. (2)

(Super-K, June 2017)
Solar+KamLAND best fit
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Interesting. But we need more data.




Future oscillation studies



Agenda for the future neutrino measurements

Neutrino mass hierarchy? CP violation?

. normal inverted — —

I S — A — [P(Va _>Vﬂ)¢P(V“ _)Vﬂ) ?J

z v, ,

E} Baryon asymmetry of the Universe?
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double beta

decay
Absolute neutrino mass?

Beyond the 3 flavor framework?

(Sterile neutrinos?)

http://wwwkm.phys.sci.osaka-
u.ac.jp/en/research/r01.html




Mass hierarchy and CP violation measurements

Super-K atmospheric (Neutirno2016) T2K (TAUP2017) NOVA (TAUP2017)
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Future experiments that will tell us the neutrino masses hierarchy

KM3NeT/ORCA Preliminary




CP violation measurements

v"We would like to observe if CP is violated in neutrino sector.
v These are difficult experiments. We need the next generation long base line
experiments with much higher performance neutrino detectors.
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CP violation measurements.: sensitivity

L. W. Koerner, TAUP 2017
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Both experiments have similar, good sensitivity for CP violation!



CP violation measurements: timeline
DUNE/LBNF

L. W. Koerner, TAUP 2017
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Appendlix: proton decay

W.Wang, S. Parakash PoS (ICHEP2016) 968

Lig. Ar (DUNE) Water Ch. (Hyper-K) Lig. Sci (JUNO)

Numbers for DUNE has been generated based on numbers in
the literature (efficiency: 45/97%, bkg: 1/<1 event/Mton year ).

' |DUNE(90%CL) |Hyper-K(90%CL) |JUNO (90%CL)

P> en® (after 10 years) ~2.2X 1034 ~7 X 1034
(after 20 years) ~4 X 103 ~1.3X10%

P> v K*' (after 10 years) ~ 3.5X 1034 ~3 X103 ~1.9X 103
(after 20 years) ~7 X 1034 ~5X 103



* There were “problems” in the neutrino data in the 1970’s and 1980’s.
These problems were found to be due to neutrino oscillations by the
Super-Kamiokande and SNO experiments.

 Since then, various experiments have studied neutrino oscillations.
We understand the basic structure of neutrino masses and mixings.

 The small neutrino masses are a window to study physics beyond the
Standard Model of particle physics. Neutrinos might also be the key
to understand the baryon asymmetry of the Universe.

We should learn more from neutrinos!
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