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Fundamental questions about neutrinos

Why neutrino masses are so tiny?
Why neutrino mixing is so strong?
What the ordering of three neutrino masses is?

Whether the three-neutrino mixing violates the matter-
antimatter (CP) symmetry?

Whether empirical relationships between neutrino-mixing
parameters (or between neutrino- and quark-mixing
parameters) can be established?

Whether the three-neutrino mixing picture is the whole story?

Neutrino experiments aim to answer these questions.



Neutrino experiments :

Oscillation studies
Atmospheric v

Accelerator v
Solar v

Reactor v

Exotics searches
Sterile v

Lorentz invariance violation

Neutrino properties

kinematic v mass

Ov double B decay

Broad physics programs

Neutrino-nucleus
interaction measurements

Neutrino astronomy

Supernovae burst v
Relic v (DSNB)
Very high-E cosmic v

Indirect search for DM
(WIMP annihilation)

Solar flare v
Cosmological v

Neutrino geophysics
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Kamioka Observatory (ICRR, University of Tokyo)

We are here now o _ _
| M Located in Hida-City, Gifu prefecture

Ky g f?’o”*" W Established in 1995 to conduct the

S e L Super-Kamiokande experiment

B Other experiments (XMASS, etc.) also
in the Kamioka Underground Lab.

~ Mt. Ikeno-yama
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Entrance to the
underground lab.




Super-Kamiokande

1 50 kton Water Cherenkov detector
W 22.5 kton fiducial mass

11000 m (2700 m.w.e.) under the peak
of Mt. Ikeno-yama

©Scientific American

| Optically separated into
W Inner detector: 11,146 50cmd PMTs
W Outer detector : 1,885 20cmd¢ PMTs

[l Serves as the far detector for LBL experiments
W 250/295 km from KEK-Tsukuba/J-PARC (K2K/T2K)
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History of Super-K

>18 years of observation with continuous improvement
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Solar neutrino observation in Super-K
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8B solar v flux measurement : Latest SK results

SK-IV improvements

B BG reduction by better water quality control

- Achieved the 3.5 MeV (kin.) energy threshold !

B New multiple scattering “goodness” parameter

B Reduced systematic error (1.7% for flux, cf. SK-1: 3.2%, SK-11l: 2.1%)

4505 days data (SK-I ~ V)

~ 70000 signal extracted!

by far the largest sample of
solar v events in the world
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SK solar v measurements : Current targets

Direct verification of matter (MSW) effects in neutrino oscillations

Solar matter effect

a

Survival probability

Earth matter effect

- “Upturn” in energy spectrum => Day-Night flux asymmetry
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Test of some exotic models
(FCNC, sterile vs, MaVaNs, ...)
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Solar matter effect

Solar v, survival probability : Latest SK results
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W To see the spectrum upturn clearly,

W SK gives the strongest

constraints on the
shape of survival
probability P_(E,) in
the transition region
(MSW—->Vacuum)

Slightly disfavor the

MSW curves, but are
consistent with MSW
prediction w/ 1-1.70

B Trying to further reduce the BG and enlarge the FV
® Installing an intelligent trigger w/ 100% efficiency for E,, >2.5MeV
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Earth matter effect PRL 112, 091805 (2014)

Day-Night B v flux asymmetry : Latest SK results

Zenith angle distribution of 8B v flux (SK-I ~ IV combined)
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First direct indication (~30) of terrestrial matter effect



Atmospheric neutrino observation

Primary cosmic rays

P+A—>T|'++X
\‘\.F.’.roton, He I——) IJ+ + — e’ ++

B Cosmic rays strike air nuclei and the decay
of the out-going hadrons gives neutrinos

M vs travel 10-13,000 km before detection

B Flux spans many decades in energy :
~100 MeV - 10 TeV+

M Excellent tool for broad studies of v osc.

M Super-K : 4581 days of atm-v data
= 40,000 events
B Access to sub-leading effects
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Searching for three-flavor oscillation effects

detector

Sub-dominant oscillation effects sensitive to P O
B Mass hierarchy : Resonance in multi-GeV v, or v, Zd ¥
B 0,, octant : Magnitude of the resonance /
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Particle identification (PID) in Super-K

Super-Kamiokande IV Super-Kamiokande IV
sssssssssssssssssssss

Trigger: 0x07
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Super-K atmospheric v analysis samples

Fully Contained (FC) Zenith angle distribution of each sample
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M In total 19 analysis samples (classified by v flavors,
event topologies, energies, ...)
M Fit to the data in bins of cosO,,,,, and momentum
—_— ¥ Dominated by v,2v_ oscillations
W Interested in sub-dominant contributions
M Three-flavor effects, Sterile Neutrinos, LIV, ...
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Normal hierarchy is slightly preferred (x%, - X*yy = 0.9)
Best-fit sin°0,; is ~0.6, but both the octants still allowed
Best-fit &, is ~3m/2, but CP conservation (sin6=0) still allowed

With constraints by T2K, the preference of NH and 6.,~3m/2
is slightly strengthened, but not definitive.
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T2K (Tokai-to-Kamioka) experiment

T2K beam accumulation history

.J b PA R C ) F —~
I ntense v bea m g | — Total Accumulated POT for Physi 6 2
30GeV % 80[ *+ v-ModeBeam : 3250 %
: 9 k M 3 | n- Rl N g a i Ant1 -vMode Beam  RUN3 200 5
4 2 5 m D 60 . ‘ Hadron acciden g
[ [ 0 i RUN2 ¥4, ¢ Linac upgrade A
E i +* "Hom replacemefjt Talso £
- Near o 40r ‘ , b 3
S u p er- K Data SI0, NOAA, U.S. Navy, NGA, GEBCO o L RUN1 Recovery o v ¢ 100 @

Data Japan Hydrographic Association D ete Cto rS 3 | ; from ) ¢ '

Image Landsat o P E 20 - * earthquake h ) 0,"2 £ !50
Google earth 8 -l; g {" ; ; ..
20"'.\..“ R R
2010 2011 2012 2013 2014 2015

Primary goals

W Discovery of v, appearance (v,2V, oscillations via non-zero 0,;)
Opens the possibility to probe the leptonic CP violation

— Definitive observation at >70 (2013) =

Achieved w/ only 8% of
approved beam statistics

M Precision measurement of vV, disappearance

- 0,; measurement with the world-leading precision (2014)
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arXiv:1502.01550

Latest T2K results : Joint v + v, analysis
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T2K future prospects

v, appearance prob. Anti-v_ appearance prob.
> $in2265=0.1 | $in22045=0.1
|-~~~ N A as large as
+25%
(from 6=0)

Ey (GeV)
¥ Comparison btw v and anti-v modes viantv=1:1 T2K — -
e 6 VA — ]
enhances the sensitivity to 6. T2KsNOVA —

True NH (unknown)

W Plan: 50% v + 50% anti-v modes
- now running with anti-v mode

sz

90%

/AW

/ NI\

Main goals : 2
W Exploring leptonic CPV (aiming for >30) 1
W High precision v disapp. measurement

o

. . i ] -150 -100 -50 50 100 150
W Important contribution to MH determination True 5Cp( )
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Other experiments : Many important results

6,5 precision measurement by reactor experiments

Double Chooz

RENO P‘relin}inm v

RENO

Daya Bay

“ only compagsi
-

Far dctcctor = . *. ——e— Dala

E 20000 L

—— Data E - - - B oo Muster (t unc)
MC,.. = - e .

sin’20,, — 0.100 E % 15000 . Huber+Musler (reac. unc)
lamsi, |=232x 107 ev® o ;

= o =

E N

S aeceer=— MeesTired spectrum

e < s normalized to

E = = prediction for e

\
3%

0 100 200 300

Event time [usec]

400 500

E c 12
E S
| 8 =
- - .
E % 0.9
| | \ 3 = .
¥ 0.

6 7
Prompt Energy [Me

BN o — 10
Prompt Positron Energy (MeV)

Borexino: pp solar v

and more

IceCube: atm-v osc.

What is this ?

o o

350
Energy (keV)

sin® (0,,)

4
22/d.of. = 172.3/147 | -
— pp v: 144 + 13 (free) —— 210pg; 583 + 2 (free) an 2 ERE
— 7Bev:46.2 + 2.1 (constrained) —— 14C: 39.8 + 0.9 (constrained) Tl
== pep v: 2.8 (fixed) === Pile-up: 321 + 7 (constrained) : f | ;
—— CNO v: 5.36 (fixed) — 210Bj; 27 + 8 (free) 0 T T T T T T I T T T
= 214pp: 0.06 (fixed) — 8Kr: 1 + 9 (free) gl |— IceCube 2014 [NH] == T2K2014[NH]| | @ =
F [ =  MINOS w/atm [NH] SK IV [NH]
E 3.6 G -
E ppv — ; 90% CL contours """
E / a 34 : i bt
ENeC |/ %’ &
2 32
C ,’1 Synthetic #°Po CNOw» Io
E o5
E /; pile-up i Kr = 3.0
C / . 210Bj . SO
/ i Ng;;z.a[— [ VA
45 2.6 I
2.4 NG
2.2}
- ZM@ \M“
i ‘ 2.0 . ; ; ; ; ; ; ; ; e
| i | | | | \ 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0 1 2 3 4
200 250 300 400 450 500 550 —2AInL

21



(Letter of Intent) arXiv:1109.3262
(LBL study) arXiv:1412.4673

Hyper'KamiOkande http://www.hyper-k.org/

Next generation Mega-ton water Cherenkov detector

Total Mass : 0.99 Mton

Fiducial Mass : 0.56 Mton
(X 25 of Super-K)

Aiming to start observation in 2025
(3yrs for full survey & final designing
+ 7yrs for construction)

Wide physics program

W Proton decay search

M Full picture of neutrino oscillation (leptonic CP violation, ...)

B Astrophysical neutrinos (solar v, supernova v, WIMP, ...)
W Neutrino geophysics

Great potential to discover new physics !
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Hyper-K project status

5t open meeting in Vancouver

6 open meetings held semiannually

5 year grant for R&D and prototype
detector from 2013 (Japan)

Selected as one of top 27 large-scale
projects in “Master Plan 2014” of the Science Council of Japan

Funding requests in Canada, EU, Switzerland, and UK

M Some already awarded
Symposium of the Hyper-Kamiokande P

R&D |n progress by HK |nternat|ona| WG ::15318 1) MORHN T 7 LY RESI—  ERNAAN—HSAANS
W ~240 people from 13 countries

Hyper-K proto-collaboration just formed
MoU between KEK-IPNS and ICRR
CDR to be prepared in a year
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Summary

B Super-K solar neutrino observation

W No clear signature of the spectrum “upturn” yet
W 30 day-night flux asymmetry

—> First direct indication of terrestrial matter effect

B Super-K atmospheric neutrino observation
W Slightly favors normal hierarchy, 2" octant 6,; , and §,,~-1/2

B T2K oscillation analysis

H  Slightly favors NH and 6,~-1t/2. 90%CL exclude regions on 6,
B Taking data with anti-v mode to enhance the sensitivity to 6,

W Hyper-K international proto-collaboration is formed
M Baseline design exists. CDR to be prepared in a year.
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