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Broad Science Program with Hyper-K M ic

Neutrino oscillation physics
comprehensive study with beam and atmospheric neutrinos
determination of neutrino mass hierarchy
determination of 6,, octant
measurement of CP Violation in leptonic sector
reveal exotic scenarios

Search for nucleon decay O
possible discovery with ~10 x SK sensitivity QC} N
all visible modes including p — e*n® and p —» v K* Q;\.Q \&\
reach 103° years sensitivity RS \{5\0

x O

Solar neutrino physics N\

precision measurement of Am?,,;
measurement of energy spectrum upturn
discovery & measurement of hep neutrinos

Neutrino Astrophysics
high statistics measurement of SN burst neutrinos
detection and study of relic SN neutrinos
indirect Dark Matter search from Galactic Core, Sun, Earth

Geophysics (“neutrinography” of Earth’s interior)



The Hyper-Kamiokande Detector Hic

Large Water Cherenkov Detector Phivto-Bansors

Larger mass for more statistics
Better sensitivity by more photons with improved sensors
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(Optimized for cost and quick start
Total volume:  260kton X 2
Fiducial volume: 190kton x 2

(~*10 of Super-K per tank)

Start with one tank, staging

40% coverage with new sensor
X2 photon sensitivity

40,000 50cm ID PMTs

3,700 20cm OD PMTs




3 Generations of Kamioka Detectors M

Kamiokande Super-Kamiokande Hyper-Kamiokande
(1983-1996) (1996-) (~2026 )

Electronics

_ GEEFEEITIEGEIE S IR

3 kton 50 kton 260 kton x 2

20% coverage 40% coverage 40% coverage with
with 50 cm PMT with 50 cm PMT high-QE 50 cm PMT
& ?
Observation of SN1987A Discovery of Prepare for the
v oscillations unknown '




The Hyper-K Timeline HK

FY 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
2015

Survey} detailed desigh Cavity excavation | Tank cbnstruction  [OPeration
Acces|s tunnels Sensor l
installation
Photo-sensor developiment Photo-sensor ptoductign ﬁ?ter
ijlling

Beam up to 1.3MW

Hyper-K is listed in the MEXT (funding agency) Large Projects Roadmap
2018 — 2025 Hyper-K construction

2026 onwards
CPV study, Atmospheric v, Solar v, Supernova v, Proton decay, ...

Staged approach: 2" identical tank starts operation 6 years after the first one 5



The Hyper-K Collaboration Hm

Formed in Jan. 2015

BN\ —NZ 7]'13/T@W#ﬂﬁﬁn?)b—7%§ﬁ£nﬂf//f/'blx

Inaugural Symposnum of the Hyper Kamnokande Proto- collaboratlon

15 countries

~300 members
(and gowing)
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The Kamioka Site i

The candidate site located in Tochibora, under Mt. Nijugo-yama
~8 km south from Super-K, 295 km from J-PARC, 2.5° off-axis
overburden ~650 m (~1755 m w.e.)

Cavern can be built with existing technologies

2nd water 1st water room
room

Approach and outer
incline tunnels

%




Relative single photoelectron hit efficiency

Upgraded Photo-Sensors

used in SK for 20 yrs
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high QE
photocathode

€ )

Super-K PMT

HQE SK PMT

dynode
improvement

under validation
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Box&Line PMT
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Enhanced performance

Photo Detection Efficiency 2 x bigger

Timing resolution 2 x as good

Increased Pressure tolerance x 2

- enhance p — v K* signal

- solar v lower threshold

- neutron capture signature
(n+p—o>d+y -2.2MeVYy)




Photo-Sensor Developments

Hybrid Photo Detectors (HPDs)

Avalanche Diode (AD)

Total gain

Bombardment gain AD gain
~3x10°

x ~1600 x 30~100

Typical values in 20-nch HPD prototype

50 cm HQE HPD

w/ 20mm ¢ AD R&D

development and validation

Multi-PMT 3
33 8c?m(3 DRUIES  directional sensitivity

usage for ID/OD

higher pressure tolerance

no compensation for
geomagnetism needed

Entries {a.u.)

Single Phntnelectrun (PE) Charge

S [0/ peak]

5 Supre-K 53%
. Box&Line 35%

{{]\i: HPD  10%

. [Limited by
% preamp noise)

J
1 ' '

Loss in baglcsa:z!tlterlng o}:a' Phﬂt§E|EEtan3
Single Photoelectron Time
FWHM
Super-K 7.3 ns
Box&Line 4.1 ns

HPD 3.8 ns

{2ch 20mmd AD)
(0.6 ns in simulation)
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YPER
Cavern and Tank Hic

Cavern geological survey and find analysis undertaken

Excavation steps 3D model for Plastic region depth  Cavern support
’ llﬂ)ﬁb (Wid“OUt Support) (PS-anchors) -

P Ear . .
258 89 .

- —————————————_— - -
. ’ e .

Water containment: 3 layers of lining
outer water-proof sheet; concrete; High Density Polyethylene (HDPE) sheet
(constructed simultaneouslv to reduce cost and time)

Backfill Waterproof sheet
Concrete Shotcrete
HDPE sheet "
(3
(5-10mm) ) g
Disassemble =@
Cnncrete form the form ué




The Tank Hic

omn
Orwer Water Tark)

Frang Structure for PMT

B Inner Detector

e Detecter
(T S0em)
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' . Tank constructipn [
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1 . %
§§ Outer Detector [EEENE

60 cm

Seismic response analysis: earthquakes do not damage
the detector (PMTs) even if no water in the tank




Electronics

Candidates for signal digitization:

1. Charge to Time converter with
FPGA-based TDC (similar to SK)

2. ~100MHz FADC + digital signal
processing

3. GHz digitizers based on capacitor arrays

Front-end electronics requirements:
- wide charge dynamic range
0.1to 1250 p.e.

Power Data + Control lines  Sync. Clock

_ good tlme I'eSO|UtI0n {48V1100V?] ‘{"Gh‘{se‘::] + Counter
AT - SUb_nseC1 ‘ DCJ'DCW“";”‘*’- Communication Block
- self triggering lec::voicintnot:ol (SiTCP? / Rapid 1/07 )
(channel by channel)
: Signal digitization
- low power consumption ( Charge + Timing)
< 1W/ch

Front-end electronics, HV, and network N 5
connections under water *i’;i‘%3



From J-PARC to Kamioka

260 kton Water Cherenkov Detector Upgraded J-PARC neutrino beam
New / upgraded near detectors
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Nominal design:
1st tank in Tochibora with the second tank following after 6 years



Number of events/50 MeV

Dillerenee of events'S0 MeV

_ YPER
Beam Events IN Hyper-K 10 years data taking H

v, appearance

Appearance V mode

v, disappearance

Appearance v mode

o Tl g3 } | No oscillation
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J-PARC Neutrino Beam Upgrade

Continuous upgrade plan of the neutrino beam

J-PARC Main Ring Fast Extraction Power Projection

T T T T T T T T L | LI | T T T T T T T T T T T T T T T T

~ 1600 — -
= - Rep. Rate (Hz): : P : —
= 1400 040 + 077 0.80: 083 ' 0.86 —
b5 - : v ‘ =
= - : =
oo_. 1200 - Main Ring —;
- Power:Supply 7

% 1000 Upgtade E
= 800 ' E
600 - E

400 — _i

2014 2016 2018 2020 2022 2024
0.75 MW in 2018 Fiscal Year
MR power supply upgrade

1.3 MW by ~2026
repetition cycle from 2.48 sto 1.3 s
# protons 2.4 x 104/ spill to 3.2 x 104/ spill

P I T T T N S R
2026 2028 2030

3.6
34
3.2

3
2.8
2.6
24
22
2
1.8
1.6

Protons per pulse (x10'%)

Given highest priority in KEK Project Implementation Plan (2016)




The Near Detectors @ J-PARC M

Upgraded ND280 Near Detector Designed to address v — Nucleus
Barrel ECal POD ECa interactions and modeling

Enlarge phase space (4n coverage)

|
Horizontal TPC l

Efficiency for short hadron tracks
with proton reconstruction

Improve electron neutrino selection

New: horizontal TPCs
scintillator target

Intermediate Water Cherenkov

located at ~1 km from v source

Off-axis angle spanning orientation
vary v peak energy

probe neutrino energy vs.
reconstructed energy

Gd loading to measure neutron production

......




Hyper-K Sensitivity to 5 M

Significance for sindcr=0 exclusion CPV significance for dcr=-90°, normal hierarchy
L r—p—— hierarchy i 10g
= [ _ HK 1 . £ Lessmattereffect
(single tank) ] .E. =
o 8E HK
2 = (single tank)
___________ 1865 DUNE
156 F
19 4E T2K-II
________ . ;_T?V‘
: 2E . Based on "Status of DUNE 2017”
P BT == Fermilab Users Meeting
“H] ]5{. g .NIO.RFA L 1 1 1 1 1 ] 1 ] 1 ] » 1 "
Ocp [degree] 02022 2026 2030 2034 2038
sin d.p = 0 exclusion:
~8-0 significance if §.p = +90° error LLSUC e
~6-0 significance if §.p = +45° 5=0° | 0=90° >30 >50
~80% coverage of 6.p 7.2° 230 76% 57%

parameter space

The comparison with DUNE is just for a reference
The real sensitivity depends on the assumption




Mass Hierarchy and Octant Sensitivities [ I¢

beam + atmospheric v
Mass Hierarchy

O cp Uncertainty

E/Gyears

- 1 year

Wrong hierarchy rejection
JAx?

O = N W pH o1 O N
| I

040 045 050 055 060
Sin2923
5(Am?2s;) ~ 1.4 x 105 eV?2

— mass hierarchy sensitivity
In combination with reactor

O(sin?023) ~ 0.015 (for sin?623 = 0.5)
~0.006 (for sin?023 = 0.45)
— octant determination input to models

Wrong octant rejection
JAx?
(o))

0,3 octant

(023=45° exclusion)
O cp uncertainty
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Proton p — e* i Decay Sensitivity i

Assume T/Br=1 ?xlﬂ"'r {SK ?D%CL Ilmlt}

| v, Protondecay p — e* n° 10
AR is a favoured model g § HK 10years ey
SNy of many GUTs 3 6 9
\‘ « 5 £ atm v BG o,
- o | o / ey
Similar analysis as in SK but with neutron & g
tagging (remove events with a tagged £ 1 . o
neutron) thanks to improved PMTs. Z %00 1000 1200

Total invariant mass (MeV/c?)

“Background free” measurement of proton decay p—e*mY 30
- 0.06 Bkg events / Mt x year O e > ===
- Bkg atm-v events are largely reduced [ o Wi, .
by “neutron tag” with H capture
- eff.~70% with new PMT
(n+p—->d+y (2.2MeV vy)

/2 [years)
g [years)

= w—— MK 372 kton HD staged ,

3-0 discovery sensitivity reaches
1,/BR = 10% years for p — e* n°

: HK lines stat+syst
g s —

Best discovery potential for GUT signal! Years



Proton p — v K* Decay Sensitivity I

p — v K* decays are one of the most o p-’VK*, 30
prominent features of Supersymmetric GUTS ™ | — mumn.s — HK staged

HK 186 kaon HD |, %

o e—— MK 3720200 MO S13000 , 33 e nn s

K* below Cherenkov threshold
— observe K* decay

K* - u*v, (BR65%) K*—n*n® (BR 21%)

Number of Events

'V V;
e+ 2L
}_l_'l' / TC+ //' ] j,,:'
236 MeVic 205 MeV/c ,Y
o b i i
16 1 ek :
1a gy - 3-0 discovery sensitivity
i 1800 = : 1, /BR=3x10%years for
10 1 o E E —
8 | — é ‘| ’ p—>v K*
6 | 12
4 + 1 2 ;
2 b ] 1 3
OM% S P S rx*ml\l: 0 S

200 250 300 35( 400 500 600 700
Pu (MeV/c) Invariant Kaon mass(MeWc?‘)




Bkg Suppression in Proton Decay HK

Neutron tagging with hydrogen capture (2.2 MeV vy)
Tag and suppress atmospheric v background
Already in use for p-decay search in SK-4 (~20% eff.)
Extrapolated to Hyper-K with 40% high-QE PMT
70% tagging efficiency possible
Gadolinium option also under consideration
# of hit for 2.2 MeV y (MC)

—
]
(=)
=]

g0, ] S SK w/ R3600
2 1000 —e— Data 1 3 F HK, new PMT
% 800 | 1 ETFE
S o0 [ Atm Vv MC (rec.) 7 2 ¢
@ - — GO0 —
] C . L
E 400 [ Atm v MC (true) J ool
Z F .
200 F E
0 L v e R S 200 ’
0 4 6 8 10 |=
Neutron multiplicity T

Number of hits 29



Nucleon Decay Searches

Robust estimate based on Super-K performance

Need broad searches including other possible modes

Hhﬁi

3-c potential exceeds current limits by an order of magnitude (or more)

Mode Sensitivity (90% CL) [years||Current limit [years]
p—rerm 1.2 10°° 1.4x10%
p— 7K 2.8 1034 0.7x10%
p—pta’ 0.0 107 1.1x10%
p— ety 5.0 107 0.42 107
p—p'n’ 3.0 107 0.13x 10
p—etp 1.0 10% 0.07 % 107
p— ptp 0.37x10% 0.025 10*
p— e w 0.84510% 0.03 % 10
p— prw 0.88:x10% 0.085 10*
n—yetm 3.8 107 0.20 % 1074
n—ptre 2.0 107 0.10: 10*




Solar Neutrino Physics

2-c tension between Solar and reactor

(KamLAND) neutrinos on Am?,,

measurement with v, possible
only with Solar neutrinos

sensitivity to address solar and
reactor neutrinos discrepancy

Definite observation (5-c) of
Day-Night asymmetry due to Earth
matter effects

sensitive to Am?,,

Am2 in eV2

Sensitivity (sigma)

X
1
1
1
1

H YPER

ami={7 5438 10%V° sn®(@,,)=0.0242:0.0026
sn'(e,. 0311:001 &m {48541 4) 10%V?
an’ (9._.):0 308:0013 am: ={750'3% 10%V*

O ~ND

]g Solar+KamLAND -~

]3 KamLAND 2
10

9

8 Pl
7 §

6

5 et

4 s
3 he
2 s
-

0.1 0.2 03 0.4 05
sin (6)

m_ .

1aF-from no Day-Night asymmetry

1s—from KamLAND best fit param

143— i

12 2 tanks staged

10—
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2
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Spectrum Upturn of Solar v H""KE“

3 — Spectrum upturn in low energy
b 0.9 vacuum-matter transition
5 not yet seen
3 " E Vacuum oscillation dominant _
§ o7 various non-standard
& D.6 . .
i —+ ] scenario possible
E o4 - A1l sol 3
~0.3F o 'Ba - Borexino + > 5-0 possible with BG/

] E:p - Borexino . . . .
. 0.2 o 'B - W0 LETA + Borexino calibration similar to SK
K e "B - ONO + SK Matter oscillation dominant
0.1 MSW-LMA Prediction .
: Y low E threshold w/ high
107t 1

10 = .
B, [MaV] h n ﬁ:l ien nti |
various non-standard models photon efficiency essentia

Sensitivity (sigma)

5 O nNoulre T e ee— M "
. “a - | vinvaN
— r—— :
. —= v :
. .
: ! »
: . >
i !
2 -3 4 »
: l i
‘- - » . -
| 3 : {
! —

5
[ S OUE—
'

M

Also solar physics: short time variation, hep neutrinos, ...



More Physics with Atmospheric v Hic

At her V Cross section Sterile limit
mospneric v. 10—
neutrinos with various energy,  f| J."
flight length, and flavor el I
w '*.x /
. =1 - |
v_ Cross section measurement o /
Sww | /
. . - .f
Sterile neutrinos T
o | |
Lorentz violation studies o Cex. ,,mma,,'z;m

Sensitivity to outer core chemical composition (10Mtyr)

Geophysics
chemical composition
of Earth’s outer core
using matter effect

1 all

sinf,,

Sin6 o I
1

Confidenc level in standard deviatio
i

1 1
0 0.8 1
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Supernova Burst Neutrinos i

Measurement of neutrino flavor, energy, time profile will provide detailed
Information on core-collapse supernova
v, from neutronization: 12 ~ 80 events

SN explosion mechanism ! SN directional info
oW o .
8103-—"P"""""'— s L . by v + e scattering
a i . 1[]"}53.{ ({EB 3 E g 700 ' ‘ 1 Sr200f ‘ ' i
£ - 1 £ i ! i 8 co0f Energy=5-10Mev 4 £ Energy = 10-20 MeV |
o i 1 o 10 of 1 gwoo F 1
é :Fu- 10 8L jzz B § “t:
<t g' 7 300 e 00 it Sttt
302 [ 210’} oy A w !
S - "\ Neutronizationv+e' ] & 10° 100 b 200
E : No osdillation ] 1: 1[] 5 0 0125 0'5 ot‘fs 1 %9 055 015 0}5 1
S . 5 0. } 5 0.
Lﬁ ] % 1u 4 i cos(6g,) cos(8g,)
........... - 3 £ TrrrTTTTTmTmTTT =
.................... = 1ﬂ N 2 700 F + 2 250
1 0 """"""""""""""""""""""""""""" g 10 2F E 600 [ Energy = 20-30 MeV Mg § 200 Energy = 30-40 MeV_I_
/ g 500 f; t ot
----------------------------------- Q 10 400 ft+++"-|-'++;-f-'*+. Fgtt E 150 h+++i-|;|=+++=+$‘|'+++ 1
:’: L .1: P IR R B TR IR ! 1 - :zz : ] 100
0.02 0.04 0.06 0.08 0.1 10 100} 50
Time (sec) distance(kpc) bs 06 07 08 :‘::(95,; %5 06 07 08 :;:[55 :
Galactic SN

Large statistics: 104,000 ~ 158,000 events (10 kpc)

Time spectrum of SNv: SN model separation, SN burst time
Energy spectrum measurement: AE/E ~ 20% at 10-20 MeV
Direction, time, fluctuations of v flux

Expect tens of events from Andromeda




Supernova Relic Neutrinos

Neutrinos from past SN fill our Universe S10 T T —— ——
0)10 b, Von‘stantSN‘rat‘e Totani et al., 1996
. L 210 5;-““ Reactor v (\D Hartmann, Woosley, 1997
Detectable with enough sensitivity S04 o
CE 1 o 3;_ “"' tﬂ:igr;?tigi'}f:v?/gsakl, 2003(dashed)
Measurement will probe: S
. 310 BN -~ 5l i
— star formation rate T \425? prec)jlctlons
i o ' 4f S Ve fluxes
— black hole generation 19 SN
— energy spectrum SN v Z 3 e TN
A HK target Wi
& 16-30 MeV -
...... ).
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Indirect Dark Matter Searches

WIMP annihilation in Sun
and/or Galaxy center

XYY —>VV

Unique sensitivity
especially for low mass region

Improve 3-10 x over SK limit

From Galactlc c:entel

107
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oo Hypor-H sensitivity 10yrs W
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New Idea: 2" Tank in Korea

Advantages of a second tank in Korea

Measure CP effect at 2"d oscillation maximum
(3 x larger)

v, flux

Enhanced mass hierarchy sensitivity
(longer baseline)

Reduced backgrounds due to the deeper site

DAB : N | = 0.10
st IHK g J-PARC| 1 0.06 "L ]
i & Tl - oo N P (v, = v,) at HK
= e = o002} (295 km baseline):
. . e
nd <
;: 0.08 2 0SC. peal%ormal :
| T 0.06 | inverted ——— |
2.50 Off-axis ~1100 km baseline = 0.04f P (v, —> vo)inKorea
Beam center E_'/ 0.02 [ (1000 km |
0.0‘ | 1.0l - 12.‘0l - A3.‘0‘ - ‘4.JOA - 15_0

Neutrino Energy (GeV)
N 1,-\/30
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Conclusions 4

A new adventure in v Physics to start

Proto-Collaboration established on January 15" 2015
Collaboration growing ~300 members from 15 countries

A rich physics program:
atmospheric, SN, solar, accelerator neutrinos
proton decay

Optimized detector configuration:
built on successful technology established with past/ongoing experiments
higher photo-coverage
iImproved PMTs (higher QE)

International R&D efforts underway
photo-sensors
electronics and DAQ
calibrations
geological surveys

Hyper-K is listed in the MEXT (funding agency) Large Projects Roadma
Construction to begin in 2018, start physics in 2026 31



Hyper-K Physics Potential

H HIEE

HK (2TankHD w/ staging)

O precision 7°-21°
LBL
(13.5MWyr) CPV coverage (3/50) 78%/162%
sin2023 error (for 0.5) +0.017
ATM+LBL MH determination >5.30
(10 years) Octant (sin26,3=0.45) 5.80
Sz By e*T1? 90%CL 1.2% 1035
(10 years) VK 90%CL 2.8x |03
Solar Day/Night (from 0/from KL) 60/120
(10 years) Upturn 490
Burst (10kpc) 104k- 158k
Superngva Nearby 2-20 events
Relic (10 yrs) 98evt/4.80




