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e Overview of the Hyper-K experiment

e The physics of Hyper-K

e Systematic errors and near/intermediate detectors
e Technical developments of the Hyper-K experiment
e Option for a Hyper-K tank in Korea

e Timeline of the Hyper-K experiment

e Summary
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PHYSICS GOALS FOR HYPER-K

Hyper-Kamlokande 4
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Probing/searching for physics beyond the
standard model:

Search for CPV in the lepton sector

S mmp2 Hadron Exp.
Facility

Determination of the neutrino mass hierarchy
Precision oscillation parameter measurement [
Search for nucleon decay

Astrophysics Observatory:

Precision measurement with solar v
High statistic supernova burst v

Detection of supernova relic v




THE HYPER-K COLLABORATION S :

Hyper-Kamiokande
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Inaugural Symposium of the Hyper-Kamiokande Proto-collaboration

L. T B

Collaboration formed in January 2015
~250 member and growing from 12 countries

MOU between Tokyo University, ICRR and KEK IPNS signed for cooperation on the
Hyper-K project

Hyper-K given the highest priority from the KEK Project Implementation Plan (PIP) review



THE HYPER-K DETECTOR S :

Hyper-Kamiokande

Hyper-K Tank:

60 m tall x 74 m diameter

40,000 50cm ¢ PMTs —
40% photo-coverage

260 kton mass (187 kton
fiducial volume is ~10x
larger than Super-K)

2 Tanks with staging:

Design was updated from original design of 2 horizontal egg-shaped tanks

Goal of design update: maintain the physics while minimizing cost = Fiducial
volume is 2/3 of original while cost is significantly reduced

Staged construction of the tanks with the second tank 6 years after first tank



THE NEUTRINO BEAM

J-PARC Main Ring Fast Extraction Power Projection
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Increase of the J-PARC beam power to 1.3 MW by 2026
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Protons per pulse (x10'%)

ol %

750 kW will be achieved after 2018 Main Ring power supply magnet upgrade

Power improvement largely achieved through rep. rate increase from 0.4 to 0.86 Hz

Increase of protons per pulse from current 2.1e14 to 3.2e14

See WG3 parallel talks:

Horns: T. Sekiguchi in Parallel Session #1

Neutrino beam line: K. Sakashita in Parallel Session #2
Accelerator: Y. Sato in Parallel Session #2
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HYPER-K PHYSICS



LONG BASELINE PHYSICS

“yper-Kamiokande d

Primary Goal: Detection of CP violation in the ve = v,, VeV, channels
neutrino

anti-neutrino
0.1 a7 0.1 g
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Ey (GeV)

Normal Hierachy

Leading (913)

T Matter —— At 295 km baseline, the CPV effect
= L=295km dominates over the matter effect
sin22043=0.1
-0.05 Séin22%2(;)30=1 .0
o 1

Ey (GeV)
Precision measurement of the 8,3, Am?3;, 8., and 813 parameters

10 years operation with 1.3 MW beam from J-PARC, 3:1 v to v ratio
See talk by Y. Obayashi in WG1, Parallel Session #4



DISAPPEARANCE MODE EVENT RATES S 0
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APPEARANCE MODE EVENT RATES
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Sensitivity to sin(0) through normalization change, cos(8) through spectral change



APPEARANCE MODE EVENT RATES O3 .
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CP VIOLATION SENSITIVITY
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ATMOSPHERIC PARAMETER DETERMINATION
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Hyper-K has sensitivity to the mass hierarchy through the atmospheric
neutrinos (parametric resonance in the multi-GeV region)

Sensitivity is further improved in combination of accelerator and atmospheric
neutrinos

Can determine the hierarchy at >3c after 5 years, >5c after 10 years

See talk by J. Kameda in WG1, Parallel Session #10



NUCLEON DECAY
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Detection of neutron capture on H to
reject atmospheric backgrounds

Possible due to PMT efficiency
Improvements



SUMMARY OF PHYSICS POTENTIAL

16

2Tanks (10 yrs)

Beam dcp precision (0°,90°) 7°-21°
(1.3 MW) CPV coverage (3/50) 78%1/62%
SiN%023 error (for 0.5) +0.015
Atmospherics+Beam | MH determination >5.30
(sin2023=0.40)
Octant (sin2625=0.45) 5.80

Proton Decay

p—et 1’ 90%CL

1.2x10%° yrs

p — VK* 90%CL

2.8x10%* yrs

Solar Day/Night (from o/from 120/60
KamLAND)
Upturn ~50
Supernova Burst 104k-158k
Nearby galaxies 2~20 events
Relic 98evt/4.80
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SYSTEMATIC ERRORS AND NEAR/INTERMEDIATE DETECTORS



SYSTEMATIC ERRORS

Current T2K systematic errors

8

Systematic Error Type 1Re Neutrino Mode 1Re Antineutrino Mode

Far Detector Model
Final State/Secondary
Interactions

Extrapolation from Near
Detector

ve(bar)/v,(bar)

NC1y

Other

Total

Uncertainty at the 6-7% level. Need reduction to ~3% for Hyper-K.

Dominant errors: electron (anti)neutrino cross section, near-to-far extrapolation of
event rates, far detector modeling



NEAR DETECTOR UPGRADE

Near and intermediate detectors for Hyper-K are being developed to control flux
and cross-section systematic errors

9

Will continue using the INGRID on -axis and magnetized ND280 detectors

Work within T2K to upgrade ND280 detector

Current ND280 Detectors Concept for Upgrade

TPC reconfiguration
for high angle track

Extended
Tracker ECal Al reconstruction

Detectors

UA1 Magnet Yoke UA1 Magnet Yoke

Fine-Grain
Detectors

Potential upgrade for tracking target is
WAGASCI tracker

Each cell is filled with
water or hydrocarbon.
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INTERMEDIATE WATER CHERENKQV DETECTORS  si% 0

Jok yper-Kamiokande i

Two intermediate water Cherenkov detectors proposed (NuPRISM and TITUS)
Now converging on a single detector design:

- off-axis spanning to probe neutrino energy vs. final state kinematics relationship
(reduced extrapolation error)

- Gd loading to measure neutron production

‘o

0.‘
*
0..
‘0
*

Probe the neutrino energy
vs. reconstructed energy
relationship

See talk by M. Rayner in
WG1+2, Parallel Session #5
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INTERMEDIATE WATER CHERENKOV DETECTORS 3%, . ..

Two intermediate water Cherenkov detectors proposed (NuPRISM and TITUS)

Now converging on a single detector design:
- off-axis spanning to probe neutrino energy vs. final state kinematics relationship

x 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4.0° Off-axis Flux 1

(reduced extrapolation error)

Arb. Norm.

- Gd loading to measure neutron production

‘o

Q
')
<

E, (GeV)

Probe the neutrino energy
vs. reconstructed energy

relationship

See talk by M. Rayner in
WG1+2, Parallel Session #5




INTERMEDIATE WATER CHERENKQV DETECTORS &% o
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Two intermediate water Cherenkov detectors proposed (NuPRISM and TITUS)
Now converging on a single detector design:
- off-axis spanning to probe neutrino energy vs. final state kinematics relationship
(reduced extrapolation error)
- Gd loading to measure neutron production e E
S _ 4.0° Off-axis Flux _
¢ £
S
)
o |
- 5 1 15 2 25 Eva(Ge‘:s/.)s
§ o T s G
Probe the neutrino energy
vs. reconstructed energy
relationship T

See talk by M. Rayner in
WG1+2, Parallel Session #5




INTERMEDIATE WATER CHERENKQV DETECTORS  si%

)
Hyper-Kamiokande 0
Two intermediate water Cherenkov detectors proposed (NuPRISM and TITUS)
Now converging on a single detector design:
- off-axis spanning to probe neutrino energy vs. final state kinematics relationship
(reduced extrapolation error)
- Gd loading to measure neutron production e E
S _ 4.0° Off-axis Flux _
¢ £
2
<
o |
R 5 1 15 2 25 Eva(Geé.)s
T G

Arb. Norm

Probe the neutrino energy
vs. reconstructed energy
relationship

0 05 1 15 2 25 3 35

See talk by M. Rayner in
WG1+2, Parallel Session #5
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The v, fraction in the beam

ELECTRON NEUTRINO CROSS SECTION

Off-axis angle (°)

Ve Flux
0.3-0.9 GeV

Vu Flux
0.3-5.0 GeV

1

Ratio ve/vy,

increases with off-axis angle 2.5 1.24E+15 2.46E+17 0.507%
3.0 1.14E+15 1.90E+17 0.600%
1-Ring e Candidates 3.5 1.00E+15 1.47E+17 0.679%
300l - 4.0 8.65E+14 1.14E+17 0.760%
= B -CC
§ B NCr® -
2 NC - : : 0
g0 . | Reconstructed candidates in 2.5-4.0
sool span of NuPRISM for 1.5e21 POT
e (N ve Signal for E;.c<1.2 GeV = 3501
5 0.251
i |
g 0.2 T TolEl e . . .
e | A 5% systematic error on the ve/v, cross section
S 015 —— Background Systematics ... . . . .
= ratio is feasible
[0 Jy | E— e FUX (V) . . .
: : Working on improvements
e — - . . .
: E - Higher purity selection
o500 1000 1500 2000 - :
Y ew Prospects for reducing flux errors



FAR DETECTOR CALIBRATION = 2

Baseline calibration system based on Super-K

R&D projections are in progress to develop more sophisticated calibration
sources and methods for Hyper-K

Automated Integrated Compact
Photosensor calibration light injection neutron
Test Facility system system generator

- =
-
L ‘s
»

IEEE TRANSACTIONS ON PLASMA SCIENCE,
VOL. 40, NO. 9, SEPTEMBER 2012
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DETECTOR R&D



NEW PHOTODETECTORS

'50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)

4
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—> Photo-detector
in Hyper-K
baseline design

Under development
[ Possible further
improvement of

Hyper-K y

Super-K PMT
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'50 cm Box&Line PMT
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Super-K PMT
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+2kV, 107gain

HQE Box&Line

4

50 cm Hybrid Photo-Detector (HPD)"
R12850-HQE (Avalanche diode)

Under development
[ Possible further
improvement of

Hyper-K y
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"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)
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High Quantum Efficiency
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Super-K PMT HQE Box&Line



NEW PHOTODETECTORS

"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)

A

Developed Under development
- Photo-detector i —> Possible further
in Hyper-K | improvement of

baseline design

Hyper-K y

High Quantum Efficiency
~ Photo-cathode

'1o7gain | kV, O’gain '\

" Cha ed node structure | . |
= 7 N |

Super-K PMT HQE Box&Line




NEW PHOTODETECTORS

"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)‘l
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)
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Developed . Under development
L, -> Photo-detector i - Possible further
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baseline design Hyper-K y

High Quantum Efficiency
~ Photo-cathode
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\ el Modified tube shape \1 g

for pressure tolerance

Super-K PMT HQE Box&Line



NEW PHOTODETECTORS
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"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)"
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)

Developed

—> Photo-detector
in Hyper-K
baseline design

High Quantum Efficiency
~ Photo-cathode

L h C ure 1 |
\ el Modified tube shape \1 g

for pressure tolerance

Super-K PMT HQE Box&Line

Under development
; —» Possible further
| improvement of

Hyper-K y

HQE HPD



NEW PHOTODETECTORS

"50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD)‘l
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode)

e fgf‘ ) >
Jo yper-Kamiokande 4

Developed . Under development
L, -> Photo-detector i - Possible further
| in Hyper-K improvement of

baseline design Hyper-K y

High Quantum Efficiency
~ Photo-cathode

L h C ture L |
\ ] Modified tube shape \1 8

for pressure tolerance

Super-K PMT HQE Box&Line WEE P



PERFORMANCE COMPARISONS

’5

\)
T | T

High quantum efficiency photo-cathode
{  +improved collection efficiency with
Box&Line dynode

" High-QE box-and-line PMT

(Hamamatsu R12860) o Ll Plg.
QE = 31% sample \ . /,-'

7 Tememee R SR <E) x2 improvement in photo
i . ' detection efficiency!

o

Relative single photoelectron hit efficiency
—h
|
|

| | | | | | | | | | | | | | | | | | |
-90-80 -70 -60-50-40-30-20-10 O 10 20 30 40 50 60 70 80 90
Position angle [degree]

Single Photgelectron (PE) Charge Single Photoelectron Time
3 [o / peak] E) FWHM
o Supre-K 53%| <
2 P C , Super-K 7.3 ns
£ : Box&Lme 35% & : :
i | W o 100, © z  Box&Line 4.1 ns
: () s
i n HPD 3.8 ns
(Limited by : 1L i, (2ch20mmOAD)
%~ Preamp noise) o} Lt =% (0.6 nsinsimulation)
4\ 2 PE ile 7 AN
-10 -5 0 5 10 15 20

1 2 3
Loss in backscattering ofe-  Photoelectron Time [ns]
Charge and time resolution improved relative to Super-K PMT
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After pulse

7 N Yo | A AR R R A SRR AR AR R E
= . Super—K PMT ;
3 250 |[|Primary i Box&Line PMT -
= 20||signal "g<————-ln|t|altype -
= 155 : i —— Latestdesign 1
o |
©
o
O
. -
a

O 5 1015202530354045
Time [us]

e Initially, a high after-pulse rate observed in the Box&Line PMT

e Hamamatsu optimized the dynode shape, adding a hood to prevent
feedback of ionized gas or light inside the dynode

e Afterpulsing rate reduced to an acceptable level



PMT TESTING S :

)
..... yper-Kamiokande i

-
(&)}

Long term testing in EGADS tanks for 21.4[ High-QE 50 cm J ZB8259 RMS 1.53%
3 1af : ZB8246 RMS 2.40%
1.5 years so far =P Box&lLine PMT J 7 58248 RS 1.99%
- 3 Box&Line HQE PMT J 1aE
e 1= o
- 5 Venetian Blind HQE PMTs % o0oF- »
£ "E  Smooth transition, 2
- 620cm HPD C;; >®E RMS in a few percentages. =2
0.7—
g =%
2 OO About 1.5 years
—— . R T £ o T o I e T T g
(S
' | \'\_. I . . .
! \ 1 Two step approach to protect against chain reaction
| \ ]

Implosion:

1. Pressure tolerance of PMTs with x1.9 safety factor

2. PMT cover to prevent shockwave

Redesign of tube at neck region to increase pressure tolerance

50 tubes tested a 1.25 MPa with no failure




PMT COVER

Prototype acrylic + stainless steel cover has

8

been developed

Limit the flow of water into evacuated area if
PMT implodes = avoid shockwave

Optimization and reduction of cost are under
consideration

Implosion test carried out at
60 m and 80 m water depths

Sunk down to . .
60m/80m No chain implosion observed

Test in Furano, Hokkaido




MULTI-PMT OPTION Al 9

- ; )
Hyper-Kamiokande i

A KM3NeT inspired multi-PMT modaule is also being investigated
Less strict pressure requirement: glass = acrylic

Advantages:
-~ Pressure tolerance
- Directional information from PMTs, finer granularity

- Natural housing for in-water electronics

One Concept: 33 inner detector facing 3in PMTs

R&D including testing and
optimization of 3in PMTs
has begun




FRONT END ELECTRONICS A

Hyper-Kamiokande 30
Front-end electronics requirements
. . LV Power(48V ?) Communicationlines Clock

* Wide charge dynamicrange | I I I I(Gb/sx4> + Counter

01 ~ 1250 pe l Network Interfaces
e Good timing resolution DC/0C converters e o C°”"°%e”

~sub ns t —

i . Slow control /monitor transmitter

e Selftriggering

~ channel by channel HV(LV?) PS “harge + Timing
* Low power consumption TS

< 1W/ch
 Place modulesinthewater OO0 ~ - {525 (Il SCeelis /el &)

Possible use of
Charge to Time conver

——
o

S

ter or FADC( ~ 100MHz ) are being studied.




N\
Jo Hyper-Kamiokande 31

KOREAN DETECTOR OPTION



KOREAN OPTION FOR SECOND TANK S

Given the two tank design with staging, may benefit from building the
second tank at a different baseline.

The concept for a second tank in Korea has been studied for >10 years

It is now being considered by the HK collaboration

New HK members are very welcome !

Phys.Rev.D72:033003,2005 |

I Phys.Lett.B637:266-273,2006




ADVANTAGES FOR SECOND TANK IN KOREA

v,—>V, at 1100 km v,—V, at 1100 km
'_O 0.3_ I I I I I I I I I I I [ I I I I I | I I I I ‘_Q 0.3_ I I l I I I I | I I I I | I I I I I I I I I I I I I I
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: -~ 8,,=0° IH - u -~ 8,,=0° IH -
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. --- §,,=180°, IH : i --- §,,=180° IH ]
0.1 “' == 6Cp=2700’ IH 0.1 -- 60p=2700’ IH
0.05§ : 0.05} S Erer
O | ————————— O " I
3 0.5 1 1.5 2 2.5 3
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Advantages of second detector in Korea:
Measure CP effect at second oscillation maximum: 3 times larger

Mass hierarchy sensitivity to complement the measurement with
atmospheric neutrinos



JO Hyper-Kamiokande

Announcement of

The 15 T2HKK International Workshop

SN
o . _ /
When : Nov. 21 - 22 7 \\\

) 4
e Where: Seoul National Univ., Korea

»

We invite all of you !

“Anyone” is very welcome to join this workshop !

More details of workshop coming soon



TIMELINE

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

35

Suvey detailer! desigr.i Operatjon

i i Tank construdtion
— -
Accesstunnels nsor

installation
ater
filling

Beamup to 1.3MW

2018-2025: Photo-sensor production and Hyper-K construction
Physics starts from 2026 with 1.3 MW neutrino beam

Second tank starts operation 6 years after the first tank



SUMMARY

e Hyper-K builds on the success of Kamiokande, Super-K and T2K to achieve
great potential for CP violation discovery

® Broad physics program includes mass hierarchy determination, precision
oscillation parameter measurements, nucleon decay searches, solar and
supernova neutrino physics

* The tank design has been re-optimized for cost savings while maintaining
physics

* Taller tank possible thanks to improved pressure tolerance of PMTs

* Nucleon decay sensitivity maintained thanks to improved photo-detection
efficiency of PMTs

* Near and intermediate detector program to address dominant systematic
errors

e Option for second tank in Korea is now being considered

e Look forward to a ground-breaking and exciting physics program!

36
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THANK YOU



PHOTOSENSORS Al 8

Hyper-Kamiokande

S -K R3600 : :
— * Venetian blind dynode

* 11,000 employed in Super-K

g | k{ e Up to 40 m depth

e Neutrino oscillation discovery

® Goals for Hyper-K photosensors:
e 2x increased pressure tolerance for 60 m deep tank
e 2x increased photon detection efficiency

* Improved time and charge resolution



CPV DISCOVERY )

<> Hyper-Kamiokande
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ATMOSPHERIC NEUTRINO EVENT RATES

2000

500 } | 2000y

1000

7))
el i
c 1000 | 4
O Multi-GeV e-like | | | |
T 9898 ; | %nsu7I§|-GeV e-like | ’ 5!!7&2%|6R|ng u-like
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Blue = normal hierarchy, red = inverted hierarchy



OCTANT REJECTION WITH ATMOSPHERIC S\

o Hyper-Kamiokande +

d., Uncertainty

30
20

\IA v? Wrong Octant Rejection
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DATA ACQUISITION A

..... < Hyper-Kamiokande

Capable in taking
events from low energy solar neutrino
to high energy atmospheric neutrinos
Capable in handling
extremely high trigger rates from Supernova bursts.
System has to be Stable and fault-tolerant not to lose rare events.

( ( Trigger processor data recorder
( Combine front-end Data Store all the data

IL and apply simple trigger ) \Qhe supernova burst
Event building unit

o s e e e s Data flow manager = === == = === == —— 1
Front End || Readout :
FrontEnd || Units For lower energy solar v I
Fr:)nt tnd || Readout — ( Apply reconstruction :
Front End |- Unlt to dEflne events. ) :

| H -

Fr:)nt End Readout SWItCh TT - :
FrontEnd | | Uit — ( (TTrigger processor !

: ( Intelligent trigger :

L ~ with reconstruction ) [l
rontend || Readout :
Front End |- Un|t |

[
= Supernova burst :
[
I
[
[
[




CAVERN STABILITY Sy 3

Hyper-Kamiokande

Cavern stability analysis "™

Excavation steps 3D model for Plastic region depth  Cavern support
I stability analysis (without support) (PS-anchors) -

I

..... T SR—

(45° slice)' PP T (45° slice)

+ v
— - . b . e - . — - e
T % % F %% % ) . 0

(ex.at an excavation step)

® Cavern stability analyses based on geol. survey results

® 3D finite element analysis adopting Hoek-Brown model
e Adopt a model to treat the elastic and inelastic behaviors of rock

® Excavation steps taken into account in stability analysis
® Evaluate plastic region depth and design cavern support

® Confirmed the Hyper-K cavern can be constructed
with the existing technologies




WATER CONTAINMENT A
Water containment system "™

® Water containment system consists of three

layers of lining system:

® QOuter water-proof sheet, Concrete lining, High
Density Polyethylene (HDPE) lining

Backfill Outer water-proof
concrete lining sheet
: Shotcrete 35~ 60cm
HDPE liner - :
o . g -5 HDPE liner
. | o - e automatically
E f fastened on
mold 1 the concrete

Studded HPDE lining sheet
- Three layers of liners are

constructed simultaneously
— Minimize the const. time

12




HYPER-K DETECTOR

Hyper-K detector oem %3 *

@70400
(Inner Water Tank)

Fitting Structure for PMT__ | | —"

i Inner Detector |

Inner Detector

® Hyper-K detector consists of '%

inner detector (ID) and outer
detector (OD)

® and ‘insensitive region’ in between
® |D & OD are optically separated

DN

(PMT 50em)
E - o
O : . - -
L Insensitive Region
X_ Tank constructi
Outer De or /S N\
2.0m 3 'mtpmtz?:ctnﬂ " <

. 85
2
74m .. ¥

F

L s " "N
NS SN AN

1 ID-PMT/0.5m? (40% coverage)

- ~40,000 ID-PMTs/tank
~6,700 OD-PMTs/tank
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PMT SUPPORT T

Hit% 4
J < Hyper-Kamiokande 6

PMT support structure e

® PMT support structure adopts a truss
structure made of SUS members (angles)
+ ® Seismic response analysis confirmed
earth quake do not make damage to

ID

~J
§ the detector
| @ even if no water in the tank

B Top/Barrel = Hung from the ceiling
B Bottom -2 Set on the ground
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