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PROTON

We would not be
e [} here without her

positivity.

NEUTRON
He insists on

rema

ining neutra .

Standard model is just an
approximation of unified theory

(many of us believe)

In grand unified theory,

® Three forces are unified

® (Qe-:Qu:Qq =3:2:1

® Accommodate tiny v mass
® Prediction of proton decays
® Proton decay experiments

® Direct probe to GUT

e Explore new paradigm of particles

Does proton decay?

Direct evidence for particles unification
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Unification of
forces
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ELECTRON-
NEUTRINO
This minuscule
bandit is so light,
he is practically
massiess.

MUON-
NEUTRINO

Like the other 2

TAU- A
NEUTRINO
. He's a tau now,
B but what type of
newtrino will he
be next?

Messenger from nature
Neutrino does mix

from oscillation

Particle-antiparticle asymmetry?
(CP_violation?

- Key to understand universe’s matter dominance

Tiny (<106 of electron) neutrino masses

Neutrino mass ordering?

* Feasibility of Ov B B discovery experiments
 What is the origin of tiny v mass & large mixing?
What’s roles of neutrinos in nature?

» Driver of Supernova explosion?

* Probe to the interior of Sun, Earth, Universe



Present

20206-

Super-K, 22kton Fid. mass

J-PARC 470kW beam (T2K)

\ 4

SK-Gd(201X~)

v

v

J-PARC >750kW (T2K-I)

v

Hyper-Kamiokande
2026~, 190kton mass, >1.3MW beam

e Japan-based seamless program to get
timely results

e Rich physics, big chance of discoveries




Hyper-Kamlokande
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Supernova

~10 X Super-K fiducial mass
~2 x Super-K photon sensitivity

Hyper-Kamiokande

*Tank 60m(H) x 74m(D)
sTotal mass 260 kton

Ultra-sensitive
PMTs (2 x Super-K)

Fducial 190 kton
*~50,000 PMTs




Single Photon Detection

50cm® Hyper-K PMT
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e Efficiency x 2, Timing resolution x 1/2
* Pressure tolerance x 2 (>100m)
e Enhance detector performance
by better detection of faint signal, e.g. solar v, SN v,
proton decay & background signature



Hyper-Kamiokande tank design

HK Design Report : KEK Preprint 2016-21, ICRR-Report-701-2016-1

- Fid. mass 190 kton, an order of mag. larger than Super-K
- Light yield: ~2 x Super-K

Access Tunnel :

(Single tank parameters) |

e Cylindrical tank :
HE60mMmxD74m
e Total Mass 260 kiloton
Fiducial Mass 190 kiloton
e Photo-sensors (inner
detector) : 40,000 pieces
giving 40% photo-cathode
coverage

* New PMT enables the water tanks to be smaller, thereby
reducing construction costs, without sacrificing its physics
e 2-tanks in stage: priority to realize the 1st tank ASAP



Hyper-K proto-collaboration

Inaugural Symposium@Kashiwanoha,
January 2015
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Inaugu ISymp mflh Hyp r-Kamiokande Proto-collaboratio
FRE27% L= 4 (iR F7);

Hyper-K meeting@London, July 2016

 Hyper-K proto-collaboration has been established and
iIs growing
e 15 countries, 73 institutes, ~300 members, ~75% from abroad

* MoU between 2 host institutes: UTokyo/ICRR and KEK/IPNS
 Int. Hyper-K Advisory Committee to develop the program



Notional Timeline (1st Tank)

FY 120162017 | 20182019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026

2015
Syrvey, D¢tailed design Cavity |excavaton |[ Operatlon j

>
Access|tunnels Tank construction
ﬁ [ G
Photo-serjsor f
development

hoto-sgnsor prpductiop

senspr insta

DUNE non-beam

DUNE beam

o 2018~2025 HK construction
o 2026~ CPV study
Atm -+ Solar * Supernova v study, Proton decay searches
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Toward approval

e Science Council of Japan has
selected Hyper-K as one of
Important Large Scale Project
iIn Materplan2017

*MEXT (Japanese funding agency) will revise
the list of important large-scale projects
(Roadmap) in this summer

UTokyo/ICRR are preparing for the MEXT
review and construction budget request



Contents

e Overview of Hyper-Kamiokande Done!

e Proton decay search

* Accelerator v study
* Atmospheric v study

* v astrophysics and astronomy
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Motivation of Nucleon Decay Searches
® Only way to directly prove GUT

® Two major modes predicted by many models

Mediated by gauge bosons SUSY mediated
4 — — )
y < U— H —V
o; = W
2qe | PR
g y 9 u u y
p—e*Trd p—VK*
g4m5 tan” /3><m5
r(pee+n0)~4p L(p—=VK¥)~
MX M%xM§
q

® We need to pursue both decay modes for discovery,
given the variety of predictions

%Searches for other modes are also important



Other modes are also important

* First discovery might happen in exotic decay modes.

- Many models predicts branching ratio of p—e™n,e*p,e*w
are 10~20%
- Flipped SU(5) (Ellis) predicts Br(p—e*11%)~Br(p— p*11°)

g 103 mod;el .[ e SU(5) model ]
S . .-pointS e SO(]O) — L

Fg eS8 ens 10* model ‘[
55‘&.-}:‘ points o Eg model 1

* We expect to identify
details of unification picture,
e.g. gauge group and other
symmetries
- [(n—=vTr)/T (p—e*TT0)
depends on SU(5),SO(10),
E¢ (Y. Muramatsu)
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[(p—= WK/ (p—er1T?)



Super Kamiokande IV 177548 days : Monitoring
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VVater Ch. detector for p-decays
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* High mass is possible (I Mton ~ 20xSuper-K) =~ = = @ *-7-
e p—e*m? vK*, and more can be searched
with unprecedented sensitivities

o Excellent & well-proven performance
* Good ring-imaging capability at ~1 GeV
* Excellent particle ID (e or M) capability > 99%
* Energy resolution for e and Y ~3%

¢ Free protons are available
* No nuclear effect, Fermi motion
* High efficiency & good S/N separation 5




Experimental limits and models

Frejus IMB Super-K (2013)
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» Super-K provides world stringent limits
» Many models predict T=O(103%3>) years

» Discovery could be around corner!
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P—’e++Tl'0 Super-K cut

® 2 or 3 Cherenkov rings

® All rings are showering

SearCheS ® 85 < Mo < 185MeV/c? (3-ring)
® No decay electron

® 800 <M, 1,n < 1050 MeV/c?
Piota < 250 MeV/c

SK-II (half PMT) forward-backward display for p>e*+a® 17



Recent improvement (1)

Beacom and Vagins PRL93:171101(2004)

Neutron tagging to reduce background events

*BG: often accompanied with neutrons by neutrino primary interactions
and secondary int. in water
» proton decay: neutron emission from residual nucleus is small.

Since SK-IV we have started recording faint signature of neutrons;
ntp—d+y(2.2MeV, T~200psec), BG reduction by ~2

SK-IV 1297days atmv Data p—e*T1° BG Monte Carlo
400F- Entries 4546

§+ T 210.4 + 7.0 16 [
3505 + True lifetime 14 | Black:Taggedy

T = 204ps

: -+~ average~0.9
250 ;

200

Number of events (/Mt*yr)
N
T

0.8 -
‘5°? 0.6 | Red: True neutrons
100 0.4 —I | average~4
50— 0.2 — 1
5.,11.1.111;111111111‘1111 O:H‘lu‘lﬂk“\”‘\‘ \I‘\‘ll
0 100 200 300 400 500 0 2 4 6 8 10 12 14 16

Tagged Y’s Timing (Hsec) Number of neutrons or Y’s '8



Recent improvement (2)

Shiozawa, talk@NNNOO-Fermilab

Tight momentum cut to make BG-free box

1000
* Ptot < 250 MeV/c (SK cut) 900 free proton > e*7
BG=2.2 ev/Mtonyrs, eff.=44% % 800
BG reduction by ~15 = 700
« Ptot < 100 MeV/c (tighter cut) E ggg
BG=0.15ev/Mtonyrs, eff.=17.4% % 400
£ 300
1000 | E 200 D
20 Mtenyrs atmyv:BG MO P oo b :
900 F atmv-MC 7 [
§ 800 - 0 6200 400 '(560' "800 1000 1200
2 700 main target is free proton decays
S C 1000
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T 500 | Se0 %0 >N e’
g s =700 F ... :
g 400 3 E 600 | R
€ 300 & 500 F . . R
© LR T K e e e o 2 E 400 |
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Proton decays into leptont+meson

PRD 95, 012004 (2017)
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Proton decays into leptont+meson

PRD 95, 012004 (2017)

op—e*tl

0 candidates (40% eff. & 0.61BG) p»u*n°

*To/Br > 1.6 x 1034 yrs
Pyt

2 candidates (40% eff. & 0.87BG),” "
one is rejected after energy re-

calibration
oTo/Br > 7.7 x 1033 yrs

p—etn’

p—e*n

p—ep’

p—utp°
p—oeo

p—ut®

n—-u*mw

paper under preparation
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p—V+K* searches

(/2]
c
(]
PRD90, 072005 (2014) E?
() K¥ = p*v, py*—=evv 5
— Oo -Q
o K* is below Cherenkov threshold§
v 3 H — 236MeV/c P and muon decay

Tag de-excitation Y from °"N* to reduce BG

160%VK+15NY, K"'%M"'V \

Many efforts to improve analyses

|y tagging efficiency algorithm has been improved.
2.high muon decay electrons efficiency in SK-IV
electronics.

3.better momentum reconstruction is employed.
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o
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I Dot: Data 1
Box: ATM MC
Hist: PDK MC

Number of y hits
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p—V+K* searches
(Il) K*—=11*7170

p—V+K*
- 260 ktonxyears exposure (SK-I+11+111+1V)
- Tproton/Br > 5.9 x 1033 years @ 90%CL

PRD90, 072005 (2014)

Summary of prompt Y and TTTT searches

» TT0 efficiency was improved by dedicated
W 110 finding algorithm

ERY > Shape information of TT* hits for BG
reduction

~ \
PRD72,052007
SK-I paper in 2005 91.7 kty
data p— VKT atmos. v atmos. v
livetime | signal efficiency | estimated bkg. | bkg. rate (evts/Mt/y)
SK-T | 91.7kty |( 15.7x)P.2% 0.3 evts. 2.8 +0.4
SK-II | 49.2 kt y 13.0 £ 0.2% 0.3 evts. 6.2 +0.8
SK-IIT | 31.9kt y 15.6 +0.2% 0.1 evts. 3.1+0.5
. SK-IV | 873kt y |( 19.14+).2% 0.3 evts. 3.5+04 23




Summary of Super-K

* p—e*+T1?  reached to 10%* yrs
* (p,n) = (e*,U*)*+(T,N,p,0) 10°2~10% yrs
e SUSY favored p—VK* > 5.9%1033 yrs
* No excess in K%, K, v11° v1T*
* test many decay modes

* di-nucleon decays (|AB|=2)

* pp—=K*K* > 1.7%1032 years

* pp—e*et > 1033 years

*np—= (e%U5T)HV

* neutron-antineutron oscillations

o P> (€5 U)WV, (e% ) +X

* radiative decays p—(e*,U¥)+y

Still single event discovery is possible.
Discovery could be around corner.
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* Hyper-K is only realistic approach to proton lifetime

p—e*1? search in Hyper-K

beyond 103° years

Number of Events

—h

O—-NNWHLOIOONOOOO

Hyper-K 10 years

years):

~90 discovery p—¢*T1? signal
0< < 100 MeV/ ry (TP—I 7X |03§
/ AN
Atmospheric vV :
background
/ |
e S u==|===|_|—|+ ! | —
600 800 1000

1200
Invariant Proton Mass (MeV/c?)
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Proton decay (p—VK*) search

U momentum (MeV/c)

Experimental test on Supersymmetry

200 210 220 230 240 250 260 270 280

p—VK* » Discovery reach (30)
»T(p— VK*)~1x103*years (HK 10yrs)
» Limit (90%CL)
»T(p— VK*)>3x103%years (HK [0yrs)
-‘2 12 — Tpr‘oton=4xIO33"E|E 6 [ TProton=4xI033'/'5|E ]
= (SK 90% CL limit) * \ (SK 90% CL limit)
5 10 al
g | /)70/) | 7 /(’X/ :
£ (@) 12 | / u%: 11.5%
2 8| e /7~O &, f ¢ &
T / /77/(, 0/)7 10 | /)70/) /)7@
6 - . - * y QZ‘/- B Oc/s
—— Q! C 8 | )
Py, 47> o
4 7
4 + ’l, 6 Qeg.
—o— —— /
' ¢ 4~
2 | + T E N J
_ — 1 .
N . [
gl e i
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K" decay time (nsec)

20 30 40 50

26



Hyper-K’s sensitivities

Improvements in many modes by a factor ~10
Good chance for discovery!

Super-K
— etq0 IR 73 4]
i—>e+n' C e— el >p—'e++7t0
2:&:2? — ﬁ }Tproton/Br > 1 X1 035 yearS @9OO/OCI_
p—var |y » 5Mtonxyears (9 Hyper-K years)
n—va0 ] =
p—ety T ee— .
b — un e—g ey Pp,n—’(e+,u+)+(7t,0,w,l’])
- orpo — 1 » O(10%4-3%)years
n—etp 90 |
— u* 0 ey | 1~
e = »SUSY favored p—=v+K*
P »3x103* years
p—>etw | j
P y »KO modes, va, vt possible
p—e*KO E— ]
::Z}fa{  — » Others
::K:E? C om—y »(B-L) violated modes
p—vK* — pradiative decays p—ety, gty
RS » neutron-antineutron oscillations (|AB|=2)
P Vi »di-nucleon decays (|AB|=2)
. e L »pp— XX..., nn—=>XX...
10 10

1/B (years)



Neutrino Oscillations

MNS

(V,,V,,V,) = (v,,v,,v,)"  UMNS: Maki-Nakagawa-Sakata matrix
, cos},, sind, O costt, 0 sind,e™ |[ 1
. |=| —sin?®, cosd, O 0 1 0 0
v, 0 0 1 || -sin?e® 0 cosd, 0
5 ) , (m? —mjz.)L
Plve —vi) =3, s =4 Y Re(U,U,U, Uy )sin’ =

i>]

ER YU ULU, Uy )sin

i>j

v

2F

v

0 0 Vi
costt,; sintl, v,
-sin},; cost, Vv,

(m} -m7)L  Matter-effect is omitted

here

Neutrino Oscillation Parameters: 6 = 4 matrix elements and 2 mass-squared differences

0,3~45+5°
AmZ;3=2.4x1073eV?

Atmospheric,
Accelerator
Neutrinos

01,~34+3°
Am?Z,=7.6x107eV?

Solar, Reactor
Neutrinos

0,3~9°

Accelerator, Reactor
Neutrinos

O=unknown

Accelerator,
Atmospheric Neutrinos

Mass Hierarchy (Am?32=m?3-m?2>0 or Am?32<0) is unknown
Octant of 623 or 623=11/2 Is also interesting question
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CP violation

Only known CPV source=KM phase
Other CPV necessary for the matter-dominated universe

— Search for CPV in lepton sector

| eptogenesis scenario only with v's Dirac CP phase
S. Pascoli et al., PRD 75, 083511 (2007) PDG review 2014

Sind| >~0.6

eFlavor symmetry prediction on dcp
e.g. Petcov 1504.02402v | (right plot)

We need not only CPV
discovery, but also precision |
measurement 4.0 -05 00 05 1.0

COSO 29

Likelihood




Hint of Ielptonic CP Violation

T2K : J-PARC v beam + Super-K

excluded (90%CL

14
= T2K2016 w/ reactor
' 1pE  T2K Runl-7c prelimi sin%613=0.085+£0.005
Ocp=[-3.13,-0.39]
— Normal Hierarchy

----Inverted Hierarch

10

— 2InL, (90% CL

6,  -2InL, (20CL)

4

2

073 2 10 1 2 3

Ocp (radians)
T2K may start indicating maximal CP violation of |sindcp| ~ 1 (Ocp ~ —T1/2)
e Urgent topic (world consensus)
e Technology established, need more intense beam
and larger detector!
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T2K :NBB + water Cherenkov.

—¢— Data ]
Best fit

777773 Background component:

Fit region < 1250 MeV

6

candidate event
(@)

1\1\\\KN” |-

(9]

® ®
Q77772 E
1000 1500 >2000

i

500
Reconstructed neutrino energy (MeV)

Number of v,
)

“Clean Vy— Ve appearance measurement’ has
been established! & make CPV test possible

* S/IN~10 or so, clean Ve appearance signal can be observed.
* Key elements are

(i) narrow-band sub-GeV clean v, beam,
(i) 300km baseline, and

(iii) high performance large water Cherenkov detector )



* For ve appearance in T2K (J-PARC beam)
* Ve signal efficiency ~60%
e BG vutantivyCC<0.1%, NCT1T%~1%
(0.1<E"c,<1.25GeV, can be optimized in
future)

* Excellent particle ID capability > 99%

* Energy resolution for e and Y ~3%
* Energy threshold ~5MeV
* Supernova V, solar V...
e Stable operation
* energy scale stability ~1%
* livetime for physics analyses > 90%

Excellent detector performance
&

Scalablity

32




Long baseline exp. w/ J-PARC

Sensitivity study

e ° New Hyper-K tank design with
“ﬁ provision of 1.3MW J-PARCv
e | beam

e Systematic uncertainties based
on T2K are taken into account

*Operation of the magnetized ND280 off-axis detector should
continue for HK with potential upgrades

*Two possibilities of a generic intermediate WC detector W|th
the following potential features:

Off-axis angle spanning orientation,

Gd loading, Magnetized py range detector

©
N
AN
2

eOngoing study on locating 2nd detector in Korea
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Upgrade of J-PARC Neutrino Beam

Continuous upgrade plan of the neutrino beam intensity
0.48 MW stable operation at present
0.75 MW by MR upgrade starting in ~2019
1.326 MW by 2026 by increasing rep. rate to 0.86 Hz

J-PARC Main Ring Fast Extraction Power Projection
LA L L L L L EL N BN L L L B L B
Rep. Rate (Hz): ! P ]
0.40 077 0800 083 0.86

o8}
@)}

34
3.2

T

= D
o O
o O

I|l|||||l[||||l|||||lll||

Main ;Ring : 3
1000 Power:Supply 78

2.6

Beam Power (kW)
o
S
S

Upgtade

Protons per pulse (x10'%)

|III|III|IIIIlllllllllllllllllll IIIIIIIll

800 24
2

400 18
: =16

NI SR BT SR RS R
18 2020 2022 2024 2026 2028 2030
Fiscal Year

KEK Project Implementation Plan (KEK-PIP) put first
priority to “J-PARC upgrade for Hyper-Kamiokande”

PR T S A T T
2014 2016 20
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Expected events

|0 years (13MWx

107s)

Neutrino mode: appearanc'\) e appe arance eutrino mode: appearance

Vu disappearance

Disappearance v mode

> 500 N L N B B I R 2000
s f — - ] 4008 — — - 3 > . . ]
Z .V beam —iw 1 25 Vbeam B 2 VN beam No-oseilfation
% C e % 300 1 I 3 % 6000/~ A" . §in26,5=0.5 .
s 0oF R 1 2 2s0p B E £ : : _ ]
% 200i '__I_I 7: % 200; ';:;lj—LI_ E % 4000; S|n2623_0-5 i
5 2 ;‘:.ﬂl_q:' ] 5 1800 _ == E g™ ]
= 100F ,_I:'EI —= ] g 100; _EE :|—|_| 3 oy r n
= - = S 1 = 3 = = 2oook
§ E = 1 P T R I ‘_77 s “ 50% P Ll - - | L E -§ [
% "oz 04 06 08 1 12 O 0z 04 06 08 1 12 Z bk L]
Reconstructed Energy E* (GeV) E™ (GeV) o 0z 04 06 08 1 12 14 16 18 2
¥ Reconstructed Energy E ™
Difference from 6CP=O \ Disappearance V mode
> ooer
E 1505 T _5;9\0/‘6;0‘ ] E 15‘\}: T T T ‘_‘6;9;/‘6_‘0‘ T § \! beam N-ooscillation ]
g 100; , + ‘} { ‘}  se9u520 ] ~ 100? _6;'90/6;0 % 6000{— $in20,,=0.5 .
£ Ssop (41 } 5=180/6=0 ] Z sb L <l>l | sotsrsco | 2 Ly
S oo oiti +++++Hg¢ee¢5 % ok ,,\.-.és.é;“ IHHH.*H ] 3 - -
S - .°7{’+1 ”i?"_,.._,, ] = s V'.‘-_—‘,‘ff+' ”,,;,«V”'“ ! ks]
g AEEEERN I RERLEN ; g o ]
) - C
g -100;* = :5 _100; 3 § L T e e e )
a [ S R N R S B R E :“E ] 05 ‘0.‘2 YT lo.lsl = £ B R R W R
BT A 0s os 1 1.2 T2 04 s 08 1 12 Reconstructed Energy E™*°
Reconstructed Energy E\'/ec (GeV) Reconstructed Energy Eiec (GeV) v
for 5=0 Signal Wrong sign | Vu/Vu |  beam vel/ve NC (\:’E’V‘E V“CCE Others
(Vu—ve CC) | appearance | CC | contamination QE [ nonQ
v beam| 8,947 ( 4444 | 721
vbeam| 2,300 21 |0 362 |88
V beam 1,656 289 6 444 274 |t |vbeam|12317( 6040 | 859
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CPV sensitivity

J-PARC v beam + Hyper-K

e Exclusion of sindcp=0
e 380 for ©6=-90°
® 830% coverage of 0

parameter space for CPV
discovery w/ >30

® Ocp precision measurement
e 20° for 5=-90°
® /° for 0=0°

b 12_"'I""I""I""I""I""IIII

(o))
(@]

sindcp=0 exclusion

101~ — sin’0,,=0.50

0 : 11 I 11 I 111 1 I 111 11 1 1 I 11 1 1 I 1 11

o)
o

20

100

L III
-150 -100 -50 0 50 100 150
6CP
Ocp | O error
I B ] L B
- 1.3MW beam 1tank =
H1year = 107s - Baselme(stagmg)
....; ...... Stank

80p=90°

68% error of d (degree)

Running time (year)



Precision measurements

NEW x 9 years (I 1.25MWx[0’s)

® Atmospheric parameters B
5(Am23)~1.4% 1 0-5eV? £

— Mass hierarchy sensitivity
in combination with reactor

0(s5in%023)~0.015 (for sin26,3=0.5)
~0.006 (for sin?023=0.45) .,
=

<]
® Near detector measurements

® Cross sections
® Exotic physics searches

30x10°
? ----- T2K 2014
3 = Hyper-K
28 é: - Hyper-K + reactor
s 90%CL
2.6F
24 : ...... L —— —
200 L ‘
04 0.45 0.5 0.55 0.6 0.65
o 2
sin“0
3 23
e
2.55F =
5 5; — Hyper-K+reactor
2455 =
24F O -
235F 3
23F =
225F =
2 . vy e by ey by
02.35 04 045 0.5 0.55 0.6 0.65
s1n2623



2nd Hyper-K detector in Korea?

About 10 years ago, this possibility was discussed.

: ‘kili : .- Phys.Rev.D72:033003,2005
Now this possibility is revisited... Phye.L ot B637-266.273, 2006
v,—>V, at 1100 km v,—¥, at 1100 km Pyys. Rev. D81, 093001, 2010
o 0317 T o 03717 1 T
e []1.5°v flux e ]1.5° v flux
Q-: — 5cp=O°l’L NH - Q-‘ 0.25 T 6CP=O°’MNH
9 — 86,=90° NH 2 — 84,=90°, NH
O — 8,,=180°, NH 1 O — 8,,=180°, NH
— 8,,=270°, NH = 025 — 86,=270°, NH
-~ 865=0° H ] -:E e
e 6cp=90°: H _: 015 N

-~ 8,,=180° IH

OAB 2.5 at SK
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Atmospheric neutrinos

ary cosmic' rayg / 7'\ \

e \Wide range of v energy
(0.1 GeV ~ 10% GeV and
beyond)

* \Wide range of v baseline
(10km downward ~
13,000km upward)

* V,:Ve ~ 2.1 at production
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3-flavor oscillation study

detector

Through the matter effect in the Earth, we study on
* Mass hierarchy : resonance in multi-GeV ve or Ve
- Crust *CPO :interference btw two Am? driven oscill.
Core * 013 octant : magnitude of the resonance

“Fractional change of upward Ve flux (cosOzenitn=-0.8)"

1 c0s0,=-0.8  NH, sin’0,,=0.4, sin0,,=0.025, 5=40° c0s0,=-0.8  NH, sin’0,,=0.6, sin’,,=0.025, 5=40°

T8 @ ororance tom 0.8 = (b p—

06 - T 012 resonance te 0.6 [sin2023=0.4 or 0.6

= 04 | 3 —>

2 0.2 A 0.2

’;u 0 Y 0

< -0.2 ; " Ol | b -0.2 R .

= .04 ;_1 A ] .04 B 2| Hierarchy is
10° 1 10 10° 1 10 NHor IH

c0s0 =-0.8  NH, sin’0,,=0.6, sin’0,,=0.025, 5=220° c0s0,=-0.8  IH, sin’0,,=0.6, sin’0,,=0.025, 5=4(

esonance in Ve
L S | (not shown) in the
10 1 10  case of IH.

Ev(GeV) 40

W(v Wy (v )1




Ve-like and anti-ve-like sample

Vet+tN—e ™+ X
VetN—et+X

sin220,3=0.1

1.2 . .
Upward Ve "% . Normal | 5 s
a P e a ra n C e —— s;,=0.5, inverted hierarchy|

—— s2,=0.6, inverted hierarchy

s2,=0.4, norma | hierarc hy

115 Jf

§2,=0.5, normal hierarchy

....... : ------. 82,=0.6, normal hierarchy

. Multi-GeV Ve-like
“Inverted

» Ve CC produce more positive TT* than Ve-bar
» because of negative lepton (e’)
» more muon decays
» More energy transfer to hadronic system
» more pions and muon decays
»lower charged lepton energy

1.1}

0.95[

Lo b by g |
4-02 0 02 0.

k\ 11 ‘ 111 ‘ 111 111 ‘ 111 ‘ 11|
0.91"0.8-06 -0 06 0.8 1

Oscillated e-like events
Non-oscillated

@ - cos 6

Define likelihood to make enhanced samples 1_15;____5

» Multi-GeV (1-ring) Ve » Multi-GeV Multi-ring Ve — e

» Multi-GeV (l-ring) ve-bar » Multi-GeV Multi-ring ve-bar ”? ______ B Multi-;e’\/ Ve-like
ve CC anti-ve CC others Total E:"Os? ___________

IR ve-like 62% 9% 29% | 100% tedbod b EEL b

IR Ve-like 55% 37% 8% 100% ok

MR ve-like 56% 10% 34% 100%

MR Ve-like 539 27% 20% 100% 095550604 95042 0470608




Matter effect fit in Super-K

% 02 0 |
Hmatter - 0 % 0 -+ U?
0 0 52

2

a

o O
oo O

8 ,  O:scale factor
0 a=sqrt(2) GrNe

3

Normal Hierarchy

99%

<] 4:_ 95%
90%
68%

0IIl|l|||Il|l|[||Illllllllllllllllllll
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

X

*Best fit a=1 for NH, consistent w/ standard matter effect
*Ax?=5.2 for a=0, Data disfavors zero matter-effect by >20
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0.4

0.2

0

(Up-Down)/(Up + Down)

-0.4

Multi-GeV Mulri-ring ve-like

-0.2

electron’s Up/Down ratio

Up(cos©®<-0.4) to Down(cos®>0.4) event ratio for multi-GeV electrons
Multi-GeV ve-like

L Normal I S
- Inverted
2 10 GeV
Il Il Il Il Il Il Il Il ‘
2x10° 10* 2x10*

L Normal

Multi-GeV Ve-like

0.4

. + Normal Hierarchy
AL N |

*Some data points
w2196V fayors matter-effect

Multi-GeV Mulri-ring Ve-like

0.4

+ Inverted : :c\a/;n:;ld .IndicatiOn Of
;o o2 excess at ~5GeV
SN e esa— + 5 + where resonance is
. P 1| expected to occur
T 28 w0e 25 r0cev
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A x?

Atmv data fit w/ fixed 613

20— 20— —— . 20—
1 [ Normal Hieranghy | | :
15| 1 [ Inverted Hierarchy] «s| -
10| 1 10 1 1o} —
99% 99% : |’_9,° :
5 —_ 5 __ __ 5 _u/\/
- 95% E - 95% | 5% =
- 90% \/ | - 90% _] 0 //_‘
68% _ i % % . _
0 IR N PRI N R S N N N R R 0 ] 68/, ) 0 > ! | |\J\\‘h‘_| J«"I/./J |
0.001  0.002  0.003  0.004  0.005 02 08 0 2 4 6
|AmZ, |, | AmZ,| eV? Ocp
Fit (517 dof) v sin%0,, sin0,; | |Am?,,|eV?
SK (IH) 576.08 | 0.0219 (fix) 4.189 0.575 2.5x10°3
SK (NH) 571.74 | 0.0219 (fix) 4.189 0.587 2.5x10°3

eMass hierarchy: Ax? = ¥2nH - X2H = -4.3 (-3.1 expected)

eUnder IH hypothesis, the probability to obtain -4.3 or less is 3.1%
(sin2023=0.6) and 0.7%(sin%623=0.4).

eUnder NH hypothesis, it is as large as 45% (sin?623=0.6)
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Atmv data fit w/ T2K

Publicly available T2K data is used as an external constraints
T2K s constramts on 023 and Am232 help senS|t|V|ty to mass hlerarchy

f 1 | Normal Hlera/( hy f o

15 -1 15

- 99% 7 - 99% :
of \U 1 o .
95% - _ 95% -
- 90% - - 90% \ -
isa% \ / 7 7 68% /
b AL A R N R
0001 0002 0003 0004 0005 02 0.4 0.6 0.8
lAm, 1, 1AM, eV? sin’ 0,,
Fit (585 dof) i sin%0,, dcp sin%0,; | |[AmZ,,|eV?
SK+T2K (IH) 644.82 | 0.0219 (fix) 4.538 0.55 2.5x103
SK+T2K (NH) | 639.61 | 0.0219 (fix) 4.887 0.55 2.4x103

oSK+T2K: Ax? = ¥2nH - X241 = -5.2 (-3.8 exp’d for SK best point, -3.1 for
combined best)

eUnder |H hypothesis, the probability to obtain -5.2 or less is 2.4%
(sin?623=0.6) and 0.1%(sin%023=0.4).

eUnder NH hypothesis, it is 43% (sin“023=0.6)  Paper in preparation .



Hyper-K sensitivity

Atmosphericv + J-PARC beam

Determination possible by 2~3 years
(sin%023=0.5)

d., Uncertainty

ai
5 TF
8 o
o B
z st Resonance
g 4 oscillation (MSW) for
E ® Vu—Ve
E 2 Band for CP values if Normal Hierarchy
. 12— .VUHVe
o if Inverted Hierarchy

Year
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Search for V’s induced

by dark matters

" * provide complemental information w/
direct detection experiments
e Sensitive to low mass (GeV/c?) WIMPs

Expected sensitivity for Solar WIMPs
WIMP proton cross sectlon[pb] WIMP-nucleon cross sectlon[pb]

— - = T T T
.8_ : IceCube bb -8_ 10 2 —@DAMA ..................... -
= 102 | mm BAKSAN, Tttt nun = ZJCOGENT | !
o 5 SIMPLE2 o . ZJCRESTH : |
= = PicassO s 3 Ecowsnsi ]
% 10 Bi ey 0 b P 10 XENON‘10b§ 3
o N\ ==Super-Kar o “Lox:
@ 1 N @ 4 e T SUPEICDMS
o VWERALINSSO N © 10 —Super Kamlokande
O 10'1 e T O P S-S SUPRING. SUPTRE U P SN St ST SRS O E '7 """" 3\§§
Q —_— i i ——\
(d)p) ) n SN e TR NN SR —
10 .............................................................. c 10 @ﬁ%@&\\q\"' ___________ é
C \\&Zx\\&ix’&ll\:\\\ I
(®) O F RS\ et S SRR P
46 10-3 --------------- Q B
A e o 6 =e :
a ___________ 5 10 .......................................................
DI_ 4 (R T T . TR O R AR AL T P
10 Y
S T NN\ TS e
§ 10_5 n : 2 107 it N b N T
—HK 10yrs senS|t|V|ty T OWRWS = —HK 10yrs senSItIVIty, T senph WRW
10'6 . | b3nds showing astrophysical uncertainties | | 1 8 [ i ¢ i | ibands showing: astroph:ysmal uncertainties | |

—_
o

2 2

10 WIMP ma GeV/ 10 10
mass[GeV/c] WIMP mass[GeV/c] 47



VvV astophysics, Vv telescope




Why Supernova neutrinos!?

Only neutrinos, with their extremely small interaction cross sections, can

enable us to see into the interior of a star...
John N. Bahcall, Phys. Rev. Lett. 12,303 (1964)

Neutrinos hold the keys to solve many outstanding questions:
* What is the supernova explosion mechanism?
* What is the physics at high temperature and density?
* Do black holes form? How and when?
* What is the interior environment like?
* Was there a jet? An accretion disk?
* What nucleosynthesis products are made?
* What is the nature of physics at very high neutrino density?
* What are the properties of neutrinos?
* Which explosions are indeed core collapse?
°...etc...

Slide adopted from Horiuchi@HK meeting
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Distance scale and exp’d rate

Milky way = Nearby galaxies distant galaxies
N >>1: Burst N ~1: Mini-Burst N <<1:DSNB

a4 - S §
L O 6 @ .0 &
‘ - AN Al

Rate ~0.01/yr Rate ~1/yr

high statistics, object identity, cosmic rate,
all flavors burst variety average emission
Beacom@NU2012
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Supernova Burst Neutrinos

100,000~160,000 ev  ve from neutronization: NC: 3,000~5,000 ev
(2Tanks 440Kkt, 10kpc (GC)) 12~80 ev v+160—v+160% —. y

‘ | T T |
10001 Energy 5- 10MeV

(8
2103
% 800 5 2 / Y ]
2 40 . g E
P 1° pointing P B e
5 : 4 | 0]
accuracy ,,9910 ] :\_Neutronization v+e =1r d T=8MeV(v,) 7|
400/ § n No oscillation 3 T= 5Meaﬁ(7
WL /i o -e 0 | u= =0 |
200 s 10 L i T S
o | 1 :83,2 i
' ' . 0.02 004 006 008 0.1 G Case b)
] Time (seC) ,] | T=6. 26MeV(V )_
SASI (standlng accretlon shock mstablllty) T= 4MeV(%))
1200 T
Hyper-K u . u=3
o ,w"”W”f 10 kpc| o 5 1 1 20 25
§ 800F ¥, ot . E (MeV)
g oo / T SN explosion Temperature of
8 a0t | ] Mechanism t £ SN
2001 | %""-W\\M“Bw Interior o
% 100 260 : 400 500

Time [ms]

e Many information will be extracted: pointing, explosion mechanism
(SASI etc), neutronization burst, interior temperature by NC events,
instance of NS/BH formation
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- T "o
S K G d i ,1:, <_R; o : Ve_'po ? \. @Gd
Discovery of relic SN / 7 s %7
neutrinos is expected by O(1) ... ¢ e
Phys. Rev. Lett. 93(2014)171101 Hs

sensitivity improvement

*0.1% Gd loading to tag 2 anergy b

ve+p_)e+n, Gd+n—>Gd+YS 8 MeV 11.3 19.9 31.2 5.30

6 MeV 11.3 13.5 24.8 4.30

_ aMev 77 4.8 12.5 2.50

*R&D in test tank and water w54 e o o

system construction goingon = 10 24 34 —
oStart SK Gd in a few yrs Model: Phys. Rev. D 79 (2009) 083013.

New water system under |

200-ton test tank i
construction iJ4

‘ (240 50-cm PMTs)

Pl L A L i :
X N ] 4 i
15-ton Gadollmum _ == Selective Water+Gd {fis .
Pre-treatment . Filtration System [§
Mudng Tank .. TR A
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SRN measurement in Hyper-K

* Guaranteed signal to investigate the averaged SN
explosion, and the fraction of dim-SN and BH formation

3

8 8 8

§ 0

Events/2MeV/.37Mton/10years

—
o &
:'.:'(l'lﬁlll »

10 15 20 25 80 35 40 45 50
Energy (MeV)

e ~|00 SRN / 10 years (>17.5MeV) is expected
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Solar neutrino physics

<15 Expected * Precision measurement of solar ve to
14 (day-night)/((day+night)/2) .
1 : study ~20 tension between Ve and reactor
S ... Ve (CPT violation or ?)
o Tl . . .
3 - * Test various exotic scenarios by spectrum
NE g ) — =, ®V astronomy
5 - "  *Time variation test w/ ~200vs/day
E— .
: » * First measurement of hepv
1
0.1 0.2 03 04 0.5
in2
sin%(8,,) 1Tank 10‘yea I'S
Assuming the solar best fit parameters § 105E 8B +hep (BP2004 ss,\,,)§
Day/Night significance | Upturn of | £ wi e
for spectrum | £ 1o}
3w R
0 asym* |KamLAND Tt SB+hep
"ol ST
2Tank] 10 years 120 60 4.90 102 S drere oo T Ars. ﬂ
1;“‘14‘ ‘16”“H H““24

18

20 22

Energy threshold (MeV) 54



Final remark

e Japan-based neutrino program will have
rich physics with world-leading science
outputs

e Direct test of GUT

* Full picture of neutrino oscillations (CPV, mass
ordering, and others)

* Variety of v astrophysics, telescope
Hyper-Kamiokande is the flagship
experiment in the program

 Ready-to-go design

 Budget request is being issued in Japan
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