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3-flavor oscillation scheme
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Mass eigenstate
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3-m%>0 or Am?3,<0) is also unknown:

Accelerator v, Atmospheric v, reactor Vv

Solar&Atmospheric V’s played pioneering roles in the past v
oscillation studies and would also play important roles in future.




'Cosmic rays (proton etc)

Atmospheric V’s

Proton, He
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Earth’s atmosphere

= ® Wide range of v baseline (10km downward ~ |3,000km upward)
= Vu:Ve ~ 2:| at production
5 ¢ V oscillation study by high statistical data (>40,000 events in Super-K) and all
~three flavors (Ve, Vy, V1)
* Unique tests of V’s exotic property (4th Vv, Lorentz violation, etc)
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Early history of atmV’s oscillations
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* Dominant effect is v, disappearance (discovered in 1998)
* Oscillatory signature (evidence in 2004)



Dominant effect: vy disappearance
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Though consistent with accelerator vV experiments atmv
allows more parameter space.

sin2023 =0.5 (maximal mixing) or <0.5 or >0.5 is still a
open question (023 octant problem).



PRL 107,241801 (2011)
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Good constraints on anti-neutrino parameters.

Data is consistent with CPT conservation.



Evidence for T neutrino appearance

& PRL 110, 181802 (2013)
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® ’ Zenith Distribution of T-like events
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Vu—Vr channel has been established.
Atmospheric V anomaly (problem) is finally concluded. 8
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Atmospheric V. oscillation
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Through the matter effect in the Earth, we study on

* Mass hierarchy : resonance in multi-GeV Ve or ve
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MH and &cp study
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* Preference of normal hierarchy:
X2H-X2NnH=0.9 (SK only)
.2 (T2K combined).
* Preference of Ocp near 3TT/2 is also strengthened by T2K

* CP conservation (sindcp=0) is still allowed at 90% CL
* Need more data



Sterile neutrino oscillations

4th v(Sterile V) is indicated by LSND,
MiniBooNE, reactor, solar vV exp’s
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* independent on the number of
sterile Vs and AmZgerile
* constraints for 3+1 framework
can be extended to 3+N
* constant constraints as long as
AmZgierile>0.0 1 eV?
* Ups—uniform J deficit in angle/
energy
® Urs—shape distortion in angular
distributions of high energy U
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Limits on sterile V contribution

arXiv:1410.2008, submitted to PRD
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Atmospheric V data is consistent with 3-active V framework
(no sterilev contribution), and provides limits on mixings.



Lorentz invariance violating oscillations

arXiv:1410.4267, submitted to PRD

Ratio to 3v Oscillations
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Provided 3~7 orders of magnitude better constraints than past
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Future prospect of atmv studies:
mass hierarchy determination

Super-K Hyper-K
|996-present 2025-
50,000 ton 1,000,000 ton

v

* Proton decay searches extends to
discovery region

* Studies toward understanding full
picture of neutrino oscillations

* CPV

® MH determination for any 0
0,3 octant determination
* Astrophysical neutrino observatory
* Supernova Vv
* Solar neutrino (~200v ev/day)

Mass hierarchy sensitivity
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Whole allowed parameter space is
covered by atmV only study
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More for hierarchy study
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Solar neutrino studies

® Pure Ve source from pp-chain reactions and CNO cycle

* High statistical data available (>70,000 events in Super-K)
* Study on neutrino properties

* Search for new physics beyond the standard model

* Unique probe of solar structure & solar system formation




Latest oscillation results (global fit)

Combined solar fit w/ KamLAND

Without reactor 0,3 constraint
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Day/night asymmetry

PRL112,091805(2014) == direct test of MSVV effect --

SK-I - IV combined (Eth=4.5 MeV for SK-LIILIV 6.5 MeV for SK-II)
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First indication (at 2.8~3.0 O) of terrestrial matter effects

could be important achievement for future LBL and
atmospheric V studies in which the matter effect is relevant 8
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Gabriel D. Orebi Gann @Neutrino2014

Probing the Unknown

Non-standard physics effects can alter the shape / position of the “MSW rise”

Non-standard interactions

(flavour changing NC)
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Lower threshold in Super-K
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Trigger efficiency is More data at the transition

100%@2.5MeV from 2014 region is coming soon.

21



SNO+

Deck with DAQ SNO+ operator
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pep rate ¢cpd/100 t

More on future prospect

Achi? profile for fixed pep and CNO rates
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* Borexino (phase-ll) continues the
hunt for CNO cycle v aiming to
solve metallicity problem of the Sun.
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e Clean (liquid Neon), XMASS (liquid
Xenon) to measure pp-neutrino with
| %-level precision

e LENA for CNO and low energy B
* JUNO, RENO precision measurements of parameters
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Summary of atm & solar Vv studies

¢ Oscillation studies toward full understanding of v
properties
e Solar B2, Am?%;| measurements consistent with reactor results
* Indication of terrestrial matter effect
e Atmospheric V provides complemental measurements of 0,3, Am?s;
* V. disappearance consistent with Vv, (CPT conservation)
* Need more data for mass hierarchy determination, 023
octant, and dcp

® v,—Vy channel as a solution of “atmospheric v anomaly”

* No indication of exotic effects such as neutrino decays, sterile V,
Lorentz invariance violation, etc.

e More solar neutrino experiments and data for oscillation
studies, tests of exotic scenarios, and astrophysical studies
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