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The Hyper-Kamiokande Project

= A Larger Water Cherenkov Detector + High- mtensnty Accelerator and near detectors

Hosted by Umve-m.;,tysf Tokyo, Japan . Hosted by KEK, Japan

()KEK / ::

Large Cavern Construction W A T e

X 8.4 of Super-Kamiokande
target water

High=sensitivity | e
PhOtosensorS' R . 1.3MW beam.intensity
X2 performance = |

X~216of current intensity

+ Detector system =

With international contributions =2 = : + SVStemlatiC suppressibn
= Far detector at %:: e By improved and.
long-baseline v experiment ¢~ i : | new near detectors
: : For Leptonic CP Violation
Major Physics Targets: 2 .
Search for 3+ ™ @ Neutrino Neutrino

Oscillations ol

Proton Decay oo e Astronomy




Ramiokande dSeries

Kamioka Nucleon Decay Expenment N Kamloka Neutrino Detection Experiment

1~°'t Kamlokande - . ."Z"d super-K, 3rd Hyper-K HK

Kamiokande Super-Kamiokande Hyper-Kamiokande

(1983-1996) (1996 - ongoing) (start operation in 2027)
. Atmospheric and « Proton decay: world best-limit * Extended search for
solar neutrino « Neutrino oscillation proton decay
“anomaly” (atm/solar/LBL) * Precision measurement
« Supernova 1987A > All mixing angles and Am?s of neutrino oscillations

(v CPV, mass ordering, etc.)
« Neutrino astrophysics

Birth of neutrino Discovery of neutrino
astrophysics oscillations
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Explore new physics



Hyper-Kamiokande Detector

Water Cherenkov detector  Far detector (FD) from J-PARC neutrino source

Consisted of 3 faces ' Overburden of 650meters ofa
et -5 . _ |(=.1,750 meters-watpe-#quivalent)

Oqter\Deteét\\}r\%;

‘*‘3”

With 2 detection laye
Inner Detector (ID)

Observe faint Cherenkov ring
from neutrino or proton decay

—

P l Detector components - Needed

* Ultra pure water - Transparent and known optical characteristics
 ID/OD photosensors - High performance
* Electronics in the water - Stable operation with shorter signal cables

Broad international contribution is required to realize the detector.
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Hyper-Kamiokande Collaboration

Collaborating Institutes Number of Collaborators

—Total -=Japan
500 493

Europe

Armenia

2015 2016 2017 2018 2019 2020 2021 2022
Czech

20 countries, 99 institutes,
TR i f B8 ~500 people as of Jan 2022,
Americas 52 members ~: ¢ E : 1 and grOW|ng

France
Germany
11)%

Poland Brazil

Canada

Mexico £ Lk . - WY ETH Zurich and Universite de Geneve
UsA £ g (% e lel ~ from Switzerland

Airica
Morocco 11 —
)
UK
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Russia

Spain

Sweden

Switzerland

Ukraine

Still looking for more collaborations!



ID / OD at Hyper-Kamiokande

Super-Kamiokande
(Super-K, SK)
20-inch (50 cm)

ID: 11k

photosensors
+

OD 2k

8-inch (20 cm)

photosnsors

1) PMT
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Hyper-Kamiokande
(Hyper-K, HK) 20k 50 cm
High-QE

Box&Line PMTREEEEEEEEE

ID : 40k max
£ 20-inch (50 cm) from Japan
< photosensors
o 260 kton 71 m
Fiducial mass O(1k) 50 cm
39_3\'\'\6? multi-PMT i,
22.5 kton 188 kton module

@ Scalable to larger mass = rare process (neutrinos, proton decay) W
® Based on well established technology from Super-Kamiokande

4an Acceptance Wlth Tagging inward / outward going particles

Cosmlc uVeto, ‘ ' i { H \
NE K ! o
\i ™ Outer detector
\\ Inner
o degector with ~10k
3 ;i% v 3-h|n:h (8 cm)
e, - photosensors
Partially ’L | y | ;
ContaineP;- “:00' oy i B N i !IQ ?#i.il o D an . wave engt
8T L shifting plate

O
.
.
3
3
A\
.
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cvent vbservation

e Time and charge of each photosensor at single-photoelectron hit threshold@@are
always taken for all photosensors as hits. o %% o

\
/s N

e Event Trigger by sum of hits in some set of time window /H@;fim \\\\‘\QPARC

O Accelerator neutrinos at beam spill timing synchronized with GPS time between HK and J-PARC

® Cherenkov ring gives vertex position, direction, momentum of particles and type.

Ring Imaging Cherenkov Detector Particle Identification with Ring Pattern

Cherenkov light Simulation (600 MeV)

Ve - €°

Vu > W
Neutrino
—GE
Charged
particle
in water e
Photosensors | § | BampleinSKAm
ELECTRON N 2002_
:\J.E:JI.R:'\:? @eleclron 1502 ."fl;'IF:IIN-O_ e
Vertex position by hit timing, e-like u-like
Momentum reconstruction
(energy and direction) szl e

Particle identification (>99% é?ﬁuciency for u/e separation)
® Event selection with OD veto, fiducial volume cut by a distance from the wall
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Wide Physics | argets

Astro neutrinos,

dark matter

f >
MeV GeV TeV Energy
® Hyper-Kamiokande is a multi-purpose detector with the capabilities
O Real time measurement of vertex, direction, energy and particles types
» Alert of supernova to astronomical observatories

O Large fiducial mass with low radioactive background
O Wide dynamic range to observe neutrinos from MeV to TeV energy scale
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Motivation of Nucleon Decay Searches

Large underground detector

® Test of Grand Unified Theories ( Accelerator @

E
" Grand

® Look for direct transition of quarks to Ieptons

— Direct prove of GUT soj Unification}?
® Unique (Unreachable by high-energy colliders) 4(,;
® Ambitious physics goals 0
® Determination of GUT scale 20

Proton deca

HHIIH‘ HHHH' \IHIIH‘ IHIHH' \IHHI\‘ I\IIH\J \HHII\‘ IHIHH‘ \HHIII‘ IHIHH‘ \IHHlﬂ IHII\H‘ \IHHM IHII\H‘ HHHI‘
102 10° 10* 10° 10° 107 10® 10° 10‘°10“10‘210"10‘410‘5(1'3‘3)10‘7
u (Ge'

® Gauge symmetry group, test of SUSY models f0-

® Two major modes predicted by many models

- PR s
<
Piu” T gl
\ Y, N
g4m5 tan‘?ﬁxm5
[(p—>etal)~" P C(p—=VK")~ P
M M~xM§2
g
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Strong BSM Cases by Models

- ldentify details of unification picture with both modes

6\ " 10% model .[ e SU(5) model
= os g IS o SO(10) model 1
'|'qJ "o ;g‘:nrtnsodel { o Eg model 1
T - (Y. Muramatsu)
& 0.4 Sy K E6
— ,
6\\ DO U (5
! 0.2 s
+:_ I0 1 -
1 ' #:.50(10)
\9; 0.5 1.0 1.5 2.0 2.5
= [(N—vTO/T (p—e*mV)
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Soudan Frejus IMB Super-K
p—etn ¢ 0 L Tee——
. minimal SU(S) minimal SUSY SU(5) o
{) e:m’lonz Sopsd 508
SUSY S0(10)
non-SUSY SO(10) Gzzeo 0 SO10)
p— et KO 0 eee—— o
p— pt KO ¢  eeee—
n—eK°| ¢ <. AND
p—oK*| # 4 ————— ]
minimal SUSY SU(5) o
p— oK* non=minimal SUSY SU(5)
predictions .
SUSY SO(10)
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| My, =106 GeV m% = mj(1+65)

my =100 TeV tanf =5

| SK Limit
1 1 11 l 1 1 1 1 1 1 11 I
0.01 0.1

sfermon mixing
— Extract flavor structure of SUSY particles

(N.Nagata and S.Shirai,
JHEP 1403, 049 (2014))

Many models predict proton
decays around current limits.
Need various modes to test
GUT models.

Hyper-K can search more
decay modes.
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3 coincident rings

in signal

Inv
»n 10
T 9
O 8
>
o 7
- 6
O 5
=g
S 3
e 2
S5 1
Z 0

ariant Proton Mass (MeV/cZ)
Tproton—l 7 X 1034years (SK ||m|t) SI U n aI
0 < p,,; < 100 MeV/c
10 years
backg rou ncq»
600 o 1006 71200

* Invariant proton mass
would be a compelling evidence

* Reach to 103 yrs
* BG free search possible:
0.06 BG/Mton - year
ptot<100MeV/c  |100<ptt<250MeV/c
Sig. Bkg Sig. Bkg
&%) |Mtyr) |e%)  |(Mtyr)
HK 187 |oo6 [194 |o.62
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Proton lifetime [years]
o

— e’ discovery in Hyper-K

gy

o O OON S

Number of Events

1000 1200
Total mass (MeV/c?)

D—>e 179 30 dlscoverv

JUNO: J. Phys. 643" (2016)0

{ ‘arXiv: [519705613)

2030
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P—VAT discovery In Hyper "N

arXiv:1805.04163 Hyper-K DR

e K*is invisible. *“E’
O 236 MeV/c muon o
y 6.3MeV 2N D
160> 15N | " Y
O-_ >V, b4 3 @)
y <= = @)— —/—),O e _o___, GL)
L/v“ K K+ _g
O ' 5
. |[Br=207%] y Z

¢ % \\V“ % ‘ ATAY ‘:

.\ (~ e T

N )V )+ i
205 MeVi/e 4 t E
! -
e Discovery reach to 3 X 1034 years %
prompt-y & K* -1 ©
K+_)|J+V GL)
Sig. |Bkg Sig. |Bkg -g
&%) [Mtyr)  |e(%) |(IMtyr) 5
Z
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Neutrino Astrophysics

® Observation of ~10 MeV neutrinos

£ w00 _SEGd
with the time, energy and direction §§ 350| — JUNO e
> Unique role in multi-messenger observation ;8 K (BH 305
i 250 o (B D)
> Sensitivities depend on the energy thresholds % 2 5 ::f&%"(f:;ij/‘;)
Supernova Relic Neutrino (~10/yr) o cc>>‘ 1501
stellar collapse, nucleosynthesis é.g 100E- Gd NO - =
. : = 50 = -

and history of the universe 35 05‘26%; "2 vee AU IOV

Solar neutrinos (~130/day) Year

M. Maltoni et al., Phys. Eur. Phys. J. A52, 87 (2016)

Supernova burst (~*50k/burst)

Survival probability of v,—>v, oscillation
0.3:|||||||||1|’L|||||| LA B B I Bl !I(BIB)IZ E 600,_ I | | @
E § i orexino . - E =1 _
0-75— z Up-turn | S = 150 % 500 | nergy = 10-20 MeV !
06 ~30 at 4.5MeV threshold £ > 400 ]
- ~50 at 3.5MeV thresholdi z 100 E
s 8 11 8 300} , 1 LTI
04f = = 3 i T
a 35 ! § 50 200 |- SN di . r
3 = : o . . i rection ]
o ——— ; Modulation induced by SASI 00l ection
P28 — stere NS-dw R statistical fluctuation in HK - ~70k v's at 10kpc
T R A A 0 100 200 300 400 500 % 025 05 o075 1
E, [MeV] Time [ms] cos(6gy)

Up-turn at vacuum-MSW

(Mikheyev—Smirnov—Wolfenstein
or matter effect) transition region,

Day/Night, hep v

28/Nov/2022

Ea

Some 2D and 3D simulations indicate
SASI (Standing Accretion Shock Instability) is important
process for the supernova explosion

Explosion mechanism, BlackHole/NeutronStar formation,
$* Night alert with 1° pointing
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Neutrino Oscillations

(Ve’vy’vr Y =U ;’fNS (Vl,‘VZ,V3)T UMNS: Maki-Nakagawa-Sakata matrix

v, cos}, sind, O cos, O sind.,e™® |[ 1 0 0 2
. |=| —sind, cosd, O 0 1 0 0 cos®,, sind, v,
v 0 0 1 || -sind,e® 0 cosd, 0 -sind, cosd, )| v,

T

P(Ve = V5)=8,, -4 Re(U,U,U, U, )sin
i>] v

(m] -m?)L Matter-effect is omitted here

, (m” - mf)L

ai” pi aj= Bij
i>] v

ER Y ImU,U U, U, )sin

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

023~45+5¢° 012~34+3° 913~9° Leptonic CP phase
Am223=2.4 X [03eV2 || Am221=7.6 X [0-5eV?2 6=unknown
Accelerator,
Atmospheric, SOIar, 4p > He + 2e* + 2ve TP+ vu

Accelerator, Atmospheric
Neutrinos

MRtV D etvutveinairn | Ragctor Neutrinos Reactor Neutrinos

Accelerator Neutrinos N=>p+e-+ve

Mass Hierarchy or Mass Ordering (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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J-PARC v, (V.) beam (~O. 6GeV)

Ve appearance S|gnal = single e event VuCC
vl

VH"_" Ve ___.>/'CCQE ‘Ve+N—>€+p 7_0 J)/

(dominant process at J-PARC beam energy)

Measures CP violation by precision comparison of P(v,—»v,)and P(v ,>Vv,)
neutrino anti-neutrino After 295 km travelling

0.1 0.1 gy
1 L=286km, 8in?26;y=0.1 Hi L=295km, §in?20,5=0.1 from J-PARC at Hyper-K

o 06 1 2
Ey (GeV)
e High background rejection

O >99.9% vuCC, 99% NC rt° rejection
O keeping 60% ve signal efficiency
® Unique CPV measurement
O High statistical, clean (S/N~10)
O Simple Ev reconstruction
by charged lepton kinematics (for CCQE) —

O Less matter effect (fake CPV effect, 295 km) 0 0z 04 05 o3 12
Reconstructed Energy E ™ (GeV)

e A few % statistical uncertainties after 10 years operation with >1000 v, and v, signals
28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura) 15
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2501

2000
150
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Strategy of Oscillation Measurement

Combination of long-baseline and atmospheric neutrino observations
= Resolve parameters degeneracy
CPYV discovery potential

13 HK 10 years (2.70E22 POT 1:3 v:V)

10 years with 1.3MW, normal mass ordering is assumed  |“x | 65— Beam (Known MO) Beam = .
< R TTTTPPRpS Beam (Unknown MO)
) Atmospher Atm ~— 14 Atmospherics (Unknown MO)  Atm-v ...
sin“ 6 23 . . = - Combined (Known MO) A B
ic neutrino | +Beam 2 1n2fF ..., Combined (Unknown MO)  Atm-v+Beam ..
= =
Mass 0.40 220 —» 380 S 10
[0}
. 8
ordering | 0.60 490 —»620 5 |
6, 0.45 220 —»620 B
=
octant 0.55 1.60 —»3.60 'z 2
0

Hyper-K preliminary
True normal ordering, improved syst. (v./V, xsec. error 2.7%)
sin%(0,,)=0.0218 sin’(0,,)=0.528 IAm3, = 2.509 x 10° eV?/c*

Atmospheric neutrino: sensitive to mass ordering by Earth’s matter effects
—> Constraints on mass ordering enhance sensitivity to CP violation by long-baseline
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Precision Measurement of
Neutrino Oscillations

1.3MW, 10 years

be
\
) ¢ p Projected sen51t1V1ty to CPV Fraction of .p to exclude sin§.p = 0 Precision of §¢p measurement |
I — F i L L I I [ I B IR S T 1 L B B 1 7 30 25 i T
M 8 F e i g T e e 5gp=0° 1 |
I E IO;E ,ﬁ Tmna(‘t of S YED:e E 5;@2@,_090
= 0 70 g I
- O E ~ C
| g o syst £ OF D S 20F . ,
A afte AUy T 2 sof e 5 F y 1
Pt 6: _______________________ B 3 40 'g 15: 11
............................................... [3) - L e - i
: /I-I.i 4: e T — 1 :3 30;* " g 10; : I
3} Y n 3 E = - -
< r g —— Statistics on n 2 20; ‘.':"‘ — Statistics onl. = I, atistics onl I
I E Al Is[:l:)rotved Sylsyt (ve/¥, xsec. error 2.7%) § 10: o e Improved sysyt (Ve/V, xsec. error27‘7L 5; ....... f‘;;mtvm Syls); (V/V, xsec. error 2.7%) B I
& e T2K 2018 syst (V /V Xsec. err0r49‘7) ] 6 LT e T2K 2013 5}’5t (V /V, xsec. 5170"49‘7) [ v T2K 2018 syst (v /v xsec error49‘7) .
| ol L il = o) = PN R S . I L 0 L I RTINS BRI B I
0 limin 2 3 4 5 6 7 8 9 O H rKOr limina 5 6 7 8 9 10 Hyper-K Orelimir} 2 3 4 5 6 ! 8 ’ 10
| myper K ,ﬁfﬁgﬁé nown) HK Years (2.7E21 POT 133 V¥) Toue nommal orderine (known) HK Years (2.7E21 POT 1:3 viv) 00 0 e (enown) HK Years (2.7E21 POT 1:3 v) |
sin’(0,,) = 0.0218 sin’(0,,) = 0.528 |Am?,| = 2.509E-3 sin%(0,5) = 0.0218 sin*(0,3) = 0.528 1Am3,l = 2.509E-3 sin%(0,) = 0.0218 sin’(0,;) =0.528 |Am3,| = 2.509E-3 /
N oo o o o o e e o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s -
e Good opportunity to make discovery of CP violation at >5 o {’ T oK Oy G0 porTa vy — T T T T ‘/‘L\\
N i ,,,,,,,,,, — Statistics only : E
e Measurement of .p R Timproved syst. yavER
8 T2K 2018 syst. / N I
~2N° — —_QQO° / ~7° — ° I § 7 ]
» ~20°for by 90°/ ~7°for b, =0 . 270
| S : 1|
. . . . . |2 7 |
® Reduction of systematic uncertainty has sizable impact ;1o =l
& 2F =
N E = I
> Upgrade of ND280 + 1kton scale water Cherenkov (IWCD) £ Y :
| ‘A 0E— P B N R R R 13
. 0 46 0.48 0.5 0.52 0.54 0.56 0 58
> Aim to suppress detector error below 1% | HyperK preliminary True i@, |
True normal ordering (known) X |
\ in 20,5 =0.0218 IAm2,| = 2.509E-3 8, =-1.601 P

Expect to determine all neutrino oscillation parameters (except for absolute mass).
28/Nov/2022
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Requirements for the Detector

Trigger ok E% S 2
mn< So
O Peak event rate reaches 50kHz for supernova at galactic center s 102\ AR
O Detection of delayed signals :'} :gf_\\
» Michel electrons ~2us after muons  Vee -~ = 1o:; .
. ; A 1 L o%
» Neutron tagging: 2.2.Me_V y-ray PY - S 124 \Q<
~200us after neutrino interactions ® € 103 N
. S 102 0
i 10 »
Energy scale N

O Wide dynamic range from single p.e. (a few MeV) to >1000 p.e. (>100 GeV) 17 1 10 10" 10°

O GeV-scale (atmospheric/accelerator/proton decay): distance(knc)
» ~2% uncertainty in SK = Aim for < 1% uncertainty at HK to realize precision measurement

O MeV-scale (solar/supernova) Day Sensitivity to D/N asymmetr

» High detection efficiency of Cherenkov photons 5 No asymmetry o+
» Low background in the water and photosensors Fa r b o ///’/
» ~0.5% uncertainty in SK with LINAC calibration 2% Night L
» Major source due to pqsition dependence (uniformity in detector) £/ //, Ex};;;;#
— Important for Day/Night asymmetry measurement o+ by reactor
Timing
O ~1ns resolution required for vertex position reconstruction (~20 cm) PR

— BG rejection (spallation, external y from rock/PMT),
control of fiducial volume by vertex position

Long term stability
O Stable for >10 years without repair (Less dead channel, stable detector response)
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Improvements from Super-R

High QE Box&Line PMT Precision
XZ phOtOIl deteCtiOIl measurement

M\ X2 timing resolution |:>

* Lower dark rate
(similar level to SK, better S/N)
e Lower radioactive contamination

X2 pressure tolerance ~ Cavern and Tank

14737

13042

G ——— A
I . Super-K
. S
New detector design ’?\\ SliE High statistics
. e * P N en . Systematic
(cost reduction) g g2 T T ~ neutrino data Y
3| Ié/ ){7 i \\_\3\\ \\j". .m. ContrOI
33em | W | oo — h\}“:
1IBE slip=N 5 : .
oA PR h‘%, = b High-resolution sensor module, mPMT
,iy‘ymwﬂ!m)ﬁ‘_ AN e /‘.— N/ f s 1 1
L 1 an S | | New intermediate detector, etc.
R&D for large caver 2 s \4 . o

— «...l' .
T = 5
o =

1=
S
el

| i

Water depth: 71 m d: 69m Grossmunster

Fiducial volume: 188 kt

New detector design by synergy of different technologies
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Hyper-K Detector Components

Start the detector installation in 3 years

View from inner barrel detector side
3 photosensor types - = ——
attached to detector layer /e

in 0.6 m width

Inner Detector (ID)
50 cm Photosensor in Cover

Outer Detector (OD)

8 cm Photosensor with
Wavelength Shifting Plate

White reflection sheet

Black sheet wall B made of Tyvek

made of PET ]
(Polyethyleneterephthalate)

Electronics £ pd 4
4

!
I

Ml PMT Watertight cases
ulti 2 ‘ ‘ for 50 cm and 8 cm
High granularity, L )4 ~ photosensors
directionality / - and for Multi-PMT
and precise timing S J \ Concentrator Cards 4

and looking for more photosensors

+ Calibration system, electronics, DAQ on top of the tank

28/Nov/2022 Hyper-Kamiokande Proiect (Y. Nishimura) | 20



50cm (20-inch) Photosensors

The largest photomultiplier tube was developed for Hyper-Kamiokande.

For Kamiokande For Super-K For KamLAND
Hamamatsu R1449 Design improved |:> R3600 42 cm (177) aperture Box&Line PMT
(Venetian blind dynode) ) (Venetian blind dynode, improved) R7250 W

R&D1979~ O Focusmg mesh (Box&Line dynode)
- O To half dynode space ;
“ O Wide aperture
N i \ O Insulator added at dynode /. with 50 cm bulb :
. . = of R3600 o
IS (1056) 443.440 O Waterproofing, etc. NIM A329 (1993) 299-313 50 cm MCP PMT
. . . NNVT N6201
. L -50¢9 0 For JUNO
Performance improved Collection efficiency 40-50% - 70%

(Micro
/ ') Channel

Plate)

R1449 > R3600 @ Transit Time Spread (o) 4.4 ns - 2.2 ns
® Rise time 20—>10ns, FWHM of signal 30 - 18ns

<d_L- 3 types of photosensors developed for Hyper-K

50 cm Box&Line PMT 50 cm Hybrid Photo-Detector (HPD) 50 cm MCP PMT
R12860-HQE (Box&Line dynode) R12850-HQE (Avalanche diode X amp) N6203 by NNVT and IHEP

w/ better timing performance
+ eIectrodes
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Amplification of 50 cm Photosensors

Hyper-K PMT

Box&Line PMT
Hamamatsu R12860

Super-K PMT
Hamamatsu R3600

QE ~22%
+2kV,|107gain

Venetian blind dynode

L

|4

ANNN \\\\\\\\\\\\\

VAV VAR A AR N R A A AV AV A

Varied path ®  Uniform path ©

\ Line

high QE 34%
+2kV) 107gain

—ingle PE charge

‘:% Pedestal 1 Super[? p5e3aol/§]
s 2 R Box&Llne 35%
(1ch
1 2ch 2 m AD)
..... 2 PE

28/Nov/2022

Photoelectrons . ' —
Hyper-Kamiokande Project (Y.Nishimura)

fBox
[

Efficient
collection ©

Developed for Hyper-K

HPD (Hybrid PhotoDetector)
Hamamatsu R12850

high QE 36%
+8kV, 105gain
“Highbiasvolt® —

Simple
inside
structure ©

High bombardment gain ©

20mmd ¥ x 1600
$ (D )

X100
Short
path ©

Single PE timing EWHM
| Super-K PMT 7.3 ns

Box&Line PMT 4.1 n

HPD (1ch) 3.6 1

(HPD w/ time walk correction 3.2

+ preamp ( X 100)

20
Time [ns]

MCP PMT
NNVT N6201
Developed
high QE 30-35% for Hyper-K
. Micro Channel Plat MCP PMT
‘ e +18KY,
NNVT N6203

”hl Q

backward
photon ©

E%

Uniform transit time

Efficienc
i / in wide acceptance ©

recovered ©
Worse timing ® |
\

®

+EIectrode

Ch2 PC1709-2 1798.8V Run6007 %2 / ndf

2 8 8 8 3 3 7
T 5

02053 = 00055
Slngle PE RESULT
Relative Peak 2.79 [ns]
0.92[ns]
5.49 [ns]

Upper Sigma
FWHM

| - 4.3 ns FWHM
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50cm Photosensors for Hyper-K

_Hamamatsu R12860 The largest photomultiplier tube for single-photon counting
X 2 high pressure tolerance
X 2 high detection efficiency

X 1/2 time&charge resolutions

X 1/2 Radioactive contamination for U, Th
. X 1/10 for Rn and K activities

improved from Super-K PMTs

Efficient collection

Transit Time Spread at Single photo Iectson Slngle p.e. charge
. b Tiekpmr | P B SKP™mT
= - _ 2 B, [WBox&Lline
I ] E‘I\)/’I‘fune g & pvT
. 73ns|> S:; /9
_110 WAttt O Ha i 11{0,4-..,4- 5.20 __}_.fliﬂ__l_ R e i I ? 3
Time [nsec] Photoelectrons
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50 cm Box&Line (BL) dynode PMT

R12860 Box&Line (BL) dynode PMT Waterproof cable complex
Improved glass curvature Signal coaxial
107 gain for high pressure tolerance s wruraer % + High volt. coaxial cables

DETAIL OF B

R75 MIN.

1 PHOTOCATHODE
at 2000 V typical  orooatone %,
EAT SHRINKABLE TUBE

ress J
—1/8 stres M
BN ﬁ“ S

J'Kb\f}*@ i 14\ N DETALL OF A

A t\erproor case
SEALING PART Round Shape

N
192.5 3 (207.5) (65) |
. | R

69 cm height (Better material for ultra pure water)

082 +5
(@115)

Super-K PMT
R3600

Signal coaxial

508 =+
460 MIN.
$254 +3

%%%m
192.5:3 | (207.5)

- INPUT WINDOW STEM

For safety operation more than 20 years
® Achieved 1.25 MPa pressure tolerance confirmed with many pressure tests.

e All PMTs will be tested in high pressure water before installation.
® PMT cover to avoid chain implosion was developed for Hyper-K.
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Improved Detection Efficiency and Gain stability

Single Photoelectron (PE)
detection efficiency
= QE x CE x HE

Photons

Quantum Efficiency (QE)

Peak QE 21-22% in Super-K - 30.1%

Improved photocathode deposition
to decrease loss by reflection, etc.

- 33.7%x1.2% in Hyper-K (2021)

Improved in short wavelength

with reducing iron contamination in glass.

) PE hit is taken
by setting
threshold.

L “Imﬂjmljrﬁ\

Hit Efficiency (HE)
Threshold

180

160

140

Number of events

120

100

80

60

ao

20

0 LAl ) LAY ALY LLRY AR LLL LU L

Voltage [rnV]

Single PE pulse height
28/Nov/2022

Gain linearity in wide range

¥ 11624V (14X 107 gain)
O 10°F
g - ,—;;;’?+
% M**N
= ﬁjf’
" -10% deviation
10%H i
e at 650 PEs
" No saturation at 10

DO PE

102 10°

Expcted Charge [PE]
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Quantum efficiency [%]
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Average of Hyper-K PMTs
in early 2021

Average of 147 PMTs

in 2017-2018

------------ Normal-QE Super-K PMT

/AR T T P .
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Wavelength [nm]

Collection Efficiency (CE)
68% in Super-K (Calculation in 46 cm &)
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Total Detection Efficiency of Single PE

. . Gain-Uniformity cf) R3600 (Super-K)
Improvements of response uniformity by L] Me&wﬁﬁ\ ,_Gain-Uniformity
1. Tuning of photocathode i MDIB“M
curvature 490 | f |
: 05 mm 490mm | ¥ |
2. Add focusing accelerator ' 05
electrode (sirhulation]
simulation :
! By diameter o (simulatjon)
® Double improvement and flat response in wide acceptance
I I I I I I I I I I I I I I I I I I I
I , . \ 1 PMT Face
2 o O T ST N —  relative to Dynode
> F S T -
- Box&Line PMT ]
o g _ (Hamamatsu R12860) i
%JD E QE 31% at peak
o L .
» S 1
Q ..C:> - o ‘\& | Venet|an Bllnd
> o e \
S 9 4.4 Super-K PMT &
£ 5| .
v A - (Hamamatsu R3600) > —A A+
oo QE 22% at peak
( 25 cm) | | (Center) (+25 cm)

0—90 80-70-60— 5|O 40— 30 2|0 ‘iO 0 10 20 30 4IO 5|0 6|0 70 80 90 50 cm g|aSS bu|b
Position angle [degree]
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installation ot ~ 140 boxaLine PMI s
TO duper-rnamiokande In Z0 |1 &
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Performance of BL PMT In Super-K

Evaluated performance in Super-Kin 2018.  Gain was calibrated to 1.7 X 107 for all PMTs.

@ 60, I o - —{1200 &
Detection efficiency of single PE was =, Time resolution [Sigma] Trono
measured relatively by Cherenkov photons g 40;1,510,07 NS 3.0x0 %800 g
5 b BL PMT oo 3
o 30 600 5
1£0.08 1.97+0.10 3 cuouri E
w BLPMT w 2 201 UPEr-Kiwo 5
S s Syper-K PMT 5 ok PMT 1,
% 25001 s ¥ OV\HH\‘...‘\H L ‘
2 2 1 i5 2 25 3 35 4°
@ 2000 oo £ Transit Time Spread [nsec]
S 5 0 0
é 1500~ B é = 70} 1 PE resolution (Sigma/Mean)—:moo%
2 1000 —0 2 g 60 imoog_
Al | £ 927 +4% 54£9% jomg
5 40— —800 g
LoroL ol g L rBLPMT Super-K PMT [, £
0.5 1 1.5 2.5 = sl Taoo =
Relative Detection Efficiency i i
10— —200

20 30 40 50 60 70 80 90 100
o / Mean [%]

Double detection efficiency and half resolutions were confirmed in Super-K.
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Noise Reduction of bL PM 1|

Noise reduced by R&D (Initial BL PMT - by 2020)
® Noise from PMT

O Glass : U, Th, 4°K Radioactivity (5.5, 1.8, 18.2) - (2.9, 0.95, 2.0) mBg/kg
» Improved glass raw material and production
O Cable : Radioactive radon emanation 1.4 - < 0.1 mBg/m

» Changed material inside cable complex from PVC to PE. After pulse of 147 BL PMTs

for SK in 40us window

After pulse rate

e Noise in PMT * 20
O After pulse : 30% -> 5% / single PE i Doy 05148
» Improved dynode structures, bulb cleaning and voltage ratios | 3.1+0.6%

10F

O Dark count rate : >20 kHz > 4 kHz at 1/6 PE
» Optimized photocathode deposition with maximizing QE

5

Y12 3 4 5 6 7 8 9 10
After pulse [%]

Reached 4 kHz goal of the noise rate in 2020 - satisfied all requirements for Hyper-K.

Production of 20k BL PMTs from Japan as half of Hyper-K photosensors
started in late 2020.
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Multi PMT R&D

. at CERN (2024-)
I*I h I Il@l_ Water Cherenkozilliz’fﬁf):g::lment Wa‘%;f;:;g,“‘“’v

Detectors Threshold

Shielding

2 vessel designs il
testedin ST
high pressure water ™, P, W, € e

(300-1200 MeV/c)  permanent o
Magnet (0.1 TM) "Y Be,

Time resolution
$  Negalive 20181206 BC0035
il Y Positive 20181206 BC0035 3'4 m
¥ Negative 20190123 BC0038
7 4 Positive 20181219 BCO038.

Test started
2 PMTs with at Memphyno water tank
in France

different HV polarities

L AL LA R L L N L LN L

........

I IR B PR
1050 1100 1150 1200 1250 1300

T Main board

Single Board Computer-Linux:
Slow control (HV and Threshold
set, I/V)

Data acquisition and transmission
FPGA:

TDC/ADC control

Time stamp By G. De Rosa at ICHEP2020 1000 ton

500 ‘
mPMTs &

»é“ff
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Photosensors for Outer Detector

In Supe[-K

Similar structure with compact size

T S S o

some different {8
WLS plates

WLS Plates (Kuraray [

= 30x30x1.6cmand |

LabLogic 20 x 20 x
0.5cm)

Eljen wis

Characterlzatlon to select PMT type

Voltage vs Gain

1.00E+08
°
1.00E+07 ° e ® a
= s o ¢ OF
3] o 3
O s ¢ ¢ 5
1.00E+06 e -
Hamamatsu 3
HZC
1.00E+05
900 1000 1100 1200 1300

Supply Voltage [V]
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S

Electronics

Atomic clock

Front-end readout
Software trigger

Clock, counter and
control signal

GPS/GNSS receiver

| l

system distributor Master clock generator il
e _ (0)
1
i Shared H Low Voltage Powwpply
i components i | ® |
Optical fibers i >
+ power (copper) i . — LV power
cables il || | Data processing Synchronization [~ distributor
and A+ il Il |+ Slow monitor == (Clock + Counter)/
1
Underwater il il |+ System control|_—~{Firmware /
connector il || |+ Network I/F + Optical I/F
(+ feedthrough) |} — @D HV PS :l
| MsEle i Digitizer ‘Sz
: il | Underwater vessel —
: PMT cable I S
1
: Feed through | ! ~1,000 underwater electronicy
T Te gz | Water
PMT underwater | PMTs )
connector Wy 1

Preparing for test with signal, mechanical test, integration/installation planning and test, etc.

28/Nov/2022

Hyper-Kamiokande Project (Y.Nishimura)

33



Electronics R&D

Digitizer block diagram

. Input
Receiver

Integrator

(Shaper)

. Fast discriminator + Integrator
Evaluation has been done

with 24 channel prototype.
B (close to complete)

Data processing board
(I/F + evaluation board)

!

—m Discriminator

(High gain for small charge)

(Low gain for large charge)

oc B

FPGA

Designing 12 channel ID board HV Power supply

28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura)
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DAQ Concept

Hyper-K Reference Design w&@TOOI D AO

In Water I UK DAQ

Front End Electronics I
X ~2300 |

sy Trigger Processing Unit

X~25

Broker
X ~120
X ~80

_rey/

Switch |
1Gbps

X ~4 40 Gb/s

1 Gb/s 400

’ Switch |Gb/s | Switch -
| p, 40/100 100Gbps
Switch Switch 800 Gb/s |
1Gbps 40/100 y 40 Gb/s X2

(For SuperNova burst)

Offsite
backup/

Processiyv

Switch Switch
40/100 100Gbps
_RBy floGbs DR
Gb
16bPs J 50 Gb/s /s

Readout Buffer Unit x4

[ |
2 x CLK
6 X 1Gb/s 2 x Counter Event Builder Unit i
optical fibres 2 x Data & Slow control u
B 1*C°"F°;";;21‘;’TC"‘“’ C . .
128X Charge and timing information from photosensors

!

Q 1 are collected to issue event triggers
f R, X~4 )
, N oo
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Construction Schedule

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Cavern l Tank PMT

survey : excavation

installa
tion

PMT production

PMT cases, mirrors, electronics etc.

Operation

A Water system
Firstidelivered 6 PMTb
on ’)5/@Dec72020 A

<
e —

£1S m

Upgrade of J-PARC accelerator and neutrino beamline
I Y P —— [

Near detector facility, R&D, production ND construction

28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura) 36



Site Construon

e o

g v | NN e N N—=HZF AT BIRSRAR o

\ Ry \r‘l” ALY axr  Hyper-Kamiokande Groundbreaking Ceremony  ums

— <Institute for Cosmic Ray Research, The University of Tokyo

el COmpleted

2nd approach tunnel

1%t approach tunnel

Access tunnel

J— i

Cavern excavation by 2024
Detector construction in 2025

h AN
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PMT Inspection during Production

Mass production has started in 2020 and will end in 2026.
Evaluation of performance and quality check during mass production

Delivery - Signal check - Visual inspection (Sampling)

Detailed evaluation and characterlzatlon

Long-term measurement Mass measurement setup of 100 PMTs Measurement room
8 PMTs x 2 cold rooms (from Dec 2022) in SK mine with 7-16 PMTs
from Dec.2021 %

7,170

i —————! With SK electronics
And pre-calibration for reference PMTs is planned in addition.
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Prototypes of Components in the water

PMT Cover g PMT frame structure

Super-K FRP cover

for 40 m water depth

= Feedthroughs
¥ for ID and OD

Prototyping of vessel,
PMT cable w/ feedthrough, |
H ‘ optical/power cable and connector
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Long baseline v Trom J-PARC to HRyper-"A

Japan Proton Accelerator Research Complex

f—uﬁ'u'., l, m 47 l—_”._.lgl \

Linac 3
: ¢ H- 400MeV §{
Off-axis angle | A !

~2.5 degree

Kamioka

i Neutrino beam-line
& Near detector

)

Center of
J-PARC beam

S| " el \NJ 30GeV Main Ring [
' . I Material/Life \ SynChrOtrOn(MR) -

' Science Facmty =i

) ~2.5 degree
‘Google
: SK
HK @ : (6x,8y)=(0.795,
(6x,0y)=(-0.71, 1.26deg)
1.22deg) H
’ Hadron Experimental
, beam Facility §
! (6x,8y)=(0,3.637deq) R 1 !
0.1 S N
-~ i — NH,8.,=0 —-1H,8,=0 »uper—K/Hyper—K ; : 0 J-PARC
? i I (New] Off-axis ND Small v, contamination < 1% COER
B + Intermediate Detector vV decay volume proton beam
i — . Tl T T el T T T e e e e e —————- 2-1:
50 ] Off-axisangle2.5deg. [\ &4 __--= - - target & 3horns
< [ 7 . -—mw
£ o5l | beamaxis _---- beamdump v/ can be switched
& Tt 1 (==*" o muon monitor by flipping horn polarity
S 1 On-axis ND (INGRID) |
i | I | 1
0 3 295km ~1km 280m 118m om

E, (GeV)
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Fast extraction
g Hadron
- pg raqae /2 I N
.‘/ Il
W}

Beam Power upgrade from ~0.5 to 1.3 MW N

BT / I Circumference 1567.5 m
J-PARC MR & neutrino beam-line upgrade towards s\ | Threerfold symmety

3 GeV injection and Hadron beamline
30 GeV extraction

1.3MW are parts of HK project.

J-PARC-MR:

To Super-Kamiokande

® MR magnet power supply upgrade iR
< Commissioning has been started in 2022. Emof W /
* MR RF upgrade e
® MR Fast Extraction Kicker upgrade, ... L N @132511850p0ke
Neutrino beam-line: g T A
® Upgrade of target, horn (250kA->320kA), N 5 L.
beam monitors, ... ' | | ] ]

QLlaiadl ool ».i...i...i...
2016 2018 20200 2022 202#‘*»202_6“_”2028 2030

® Facility upgrade (cooling, radiation protection, ...)

Upgraded horns for | i) WA . | MR-RF cavities
neutrino beamline =N | B R e #5284

o § !%;
&

.|
|
|
o -
B
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Near/Intermediate Detectors

Critical components to precisely understand J-PARC beam and
neutrino interactions for lepton CPV search.

On-axis Detector Off-axis Magnetized Tracker Off-axis spanning
(INGRID) g intermediate water

Cherenkov detector
(IWCD)

*On-axis detector: Measure beam direction and event rate New for HK

*Off-axis magnetized tracker: Measure primary (anti)neutrino interaction rates, spectrum and
properties. Charge separation to measure wrong-sign background
- Upgrade by T2K experiment and Intensive discussion for further upgrade in HK-era is on-going.

*Intermediate WC detector: H20 target with off-axis angle spanning orientation.
—> Detector site investigation and conceptual facility design is on-going.

+ Beam test of prototype detectors, Hadron production measurements for precision
determination of J-PARC neutrino flux, etc.
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Summary

® Super-K observation has started in 1996.

O Supernova v burst by Kamiokande, discovery of neutrino oscillation
by Super-Kamiokande, and next evolution is desired.

® High sensitivity in various particle and astronomical physics

O X 8.4 of Super-K, X 20 of accelerator neutrinos
» With high-performance ID PMT, etc.

O Aiming at proton decay search, discovery of v CP violation, etc.

e Hyper-K plans the operation in 2027.

O Construction started in 2020 with Japanese budget approval.
» Cavern excavation, PMT production, detector under preparation

O Detector installation coming in 2026.
» Still open for more contributions and new collaborators
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