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Hyper-Kamiokande

Hyper-Kamiokande (Hyper-K) is the next-generation water-Cherenkov neutrino experiment,
building on the success of Super-Kamiokande and T2K to extend sensitivity through much
larger detector mass and improved reconstruction performance.

* Operations are expected to begin in 2028.

 The detector features a 260 kton water tank (fiducial
volume ~190 kton)

o 8 times larger than Super-Kamiokande.

e |t will be instrumented with about 20,000 20-inch
PMTs,

o a factor 2 of improvement in detection efficiency
and charge/time resolution.

* Hyper-K is part of the long-baseline neutrino program
with J-PARC (295Km), supported by near (280m) and
intermediate detectors (850m)




Physics program

Hyper-K enables a broad and ambitious physics
program spanning neutrino physics, astro-particle
physics, and searches for rare processes.

e Accelerator and atmospheric neutrinos
O mass ordering
o CP violation
eSolar and supernova neutrinos.
*Proton decay searches
eDark matter searches

Dark matter
X-e" scattering

Proton decay




H y p er- K SC h e d U | e Master Schedule for the Hyper-Kamiokande FD

Calendar Year 2024 2025 i 2026 2027 2028

Month 718l9(10(11)12|1|2|3]|4|5|6|7|8|0[10{11]12|1]2|3|4|5|6|7|8|9|10{11|12/1|2|3|4|5|6|7|8]|9|10{11|12]1|2|3|4|5|6]|7|8]|9
Cavern
. Barrel part
excavation

Support Procurement

Structure L
Detector Photosensorslelec.ltyvek needs

Installation to be supplied to the HK tank.

Water &
Operation

construction of PMT support structure

2026 To-Dos:

e Excavation of world’s largest man-made cavern is completed

e Construction: Tank lining, water system, PMT delivery and
testing, electronics

» Far detector construction shifted to the end of the year

e Software: Finalize reconstruction algorithms, selection,
calibration simulations




Hyper-K Far Detector

New monolithic detector for unprecedented neutrino interaction detection rate

600 m below Mt. Nijyugo-yama near Kamioka
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71 m tall x 68 m diameter tank

e 8 x increase in fiducial mass over Super-K

New photo-detector technology

¢ 20,000 50cm (20-inch) PMTs

e 2x improved detection efficiency and timing resolution T
* 20% photo-coverage Y . S N\
e 1.5 ns timing res. (half SK) PET RN
Additional coverage from multi-PMT modules |8 ~\ [

® 19 x 8cm PMTs inside 50cm sealed vessel

e Improved directional resolution, dark rate, calibration
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HK Electronics

Frontend electronics is placed under water inside the HK tank (It was outside the tank in SK)
 The cable length and weight, together with the additional cost of the support structure, led us to
place the electronics underwater inside the tank GPS
* Inside a 1MPa tolerant watertight case (~1000 cases) }
. . . . >
» digitize the signals (Q and T) from 24 PMTs and send data to DAQ via opt. fiber &
 FE are synchronized with a master clock delivered from timing system DAQ
e Everything is synchronized with neutrino beam line at J-PARC via GPS

/

©
e Auto-triggered data streaming system HK tank g

Waterproof case
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HK Elec. Requirements

* Rich physics programs require wide range in energy and event rate

* High performance HK PMT requires both an high dynamic range in charge and high resolution in charge and timing
* Underwater environment sets additional constraints (watertight, heat control, failure rate, etc)

 HK Elec. is requested to have equal or better performance than SK Elec. to exploit the new, higher-performance

PMTs
Test items Signal type  Requirements
_Discriminator theshold FG & PMT _Settable to [/6pe. (ImV)
SCheeledt oo PMT  <#1%(Ipe-l00pe) .
<0.19 ]JC (<19 pC: 10 p.e.. 200 ns) dlgltlzer Discrete ICs ASIC
EG < 1% (}]9 pC:] 0 p.c.. 200 IlS) deadtime 500ns 1us
Charge resolution < 0.19 pC (<19 pC=10 p.e.. 400 ns) ) .
_________ < 1% (>19pC=10p.e. 400ns) time digit 0.25ns 0.5ns
___________________________ PMT  <40% (pe) buffer 8GB ~100MB
<300 ps (1.9 pC=1 p.e.)
Timing resolution o _FE}_ ~ <200ps(95pC=5pe) fEacout 1Gbps 100MBps
___________________________ PMT "< 15ns(L9pC=ipe)
Crosstalk FG & PMT < 1/1.000 for 2.375 pC




Underwater electronics vessel

Clock Low-Voltage
gadistribution +] PS

DAQ system
S

Above water

Under water
Vessel Low-Voltage
3 Regulator
Data Processing | | _ Clock _'
— Bo‘la\rd il Sylnc’ j:
. . e
* Short distance between PMT and electronics (<20m) A oo
: S Digitizer |- ps |
e All signals brought inside the vessel s %2 g
e 2 digitizer boards (12 channels each), a Data

Processing Board (DPB), HV and LV inside the vessel
e Data are sent from the DPB to the DAQ (outside water)

Infrastructure and calibration [*] ;e;




Frontend boards

e Digitizer board (12ch) x 2

e digitize PMT waveform measuring Charge and Time
e made by discrete analog component >
e integrator & ADC

e FPGA TDC

smme Data Processing Board

links
¢ slow control
e timing distribution

e process digitizer hits and send them to DAQ with 1Gbps >

e HV/LV board

e 48V input (2A) <100W
e HV ~2.5kV for 24 PMTs




HK Digitizer

Discrete design (Xilinx Kintex-7) with 2 separated paths:

 Qpath:
o output of an analog integrator sampled by a SPI-ADC (3MHz)
o 2 ranges to cover 2350pC (1x and 8x gain) Ptot = 200mW
o 1% linearity

o 500 ns dead time Input receiver
T path:
Analog discriminator
Per-channel thresholds set via DAQ

FPGA multi phase TDC (clk 500MHz x 8 phases)
250 ps LSB
ToT measured even during the dead time

O O O O O

G=36 ..
Fast Discriminator Path ‘
Fast
Amplifier 1005 ‘ FPGA TDC
P=28mwW P=9mwW
/ ADC Full Scale 150pe (0.036pe/LSB) ™.
Integrator Path BT

LPF Del Integrator
ol I,e ay and BLR with
£ e reset

T2=16ns  Delay 25ns

SPI

P=2 x 6mwW

SPI

Baseline Restore (BLR) Enable

ADC Full Scale 1250pe (0.300pe/LSB)

A

7

—
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Tests

Test of the entire read-out chain Test of the integration in the stand and in the watertight vessel

Test using SK experiment

e

(C) Kamioka Obs., ICRR, The Univ. of Tokyo
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Charge linearity (Function Generator)

Low Gain Charge (400ns) High Gain Charge (400ns)
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Charge Resolution (Function Generator)

Charge resolution EG < 0.19 pC (<19 pC=10 p.e., 200 ns)
. <1% (>19pC=10pe,200ns)
%D.ES: -%
o2 -requirement <0.19pC(10%) at <.10.p.e.....
2 | | 10
0.15:4&--&:- . R
0'1? | 102
Di|||||| 107

pC

Effect of the function
generator

Yousuke Kataoka
T —
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Time Resolution (Function Generator)

Timing resolution EG <300 ps (1.9 pC=1 p.e.)
< 200 ps (9.5 pC=5p.e.)
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Test with Super-Kamiokande

electronics Hut

Realistic environment

e real Cherenkov detector with 20”” PMTs (~11,000 PMTs)
e small number of HK PMTs are also installed for tests

e calibration sources are available in tank

e easy to compare SK Elec.

Setup

e FE is in electronics hut outside of SK tank

e tested a single HK digitizer board

e replaced 1 SK board with HK board

® The board was connected to 10 SK PMTs and 1 HK PMT
e Used the SK master clock for synchronization

a - \ % 3
(C) Kamioka Obs., ICRR, The Univ. of Tokyo

SKMCLK HKPMT 10 SK PMTs
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SK Events recorded

e Cosmic event e Neutrino event
/ @\ *ﬁ]&ﬁ&m Kamiokande 7*61 . 2 *‘gfléjl famiokand *8
o 22 hits/22PMT | 13 hits/22PMT
é g g 22 r T Jf:(? T ] dtﬁac:cho
e /A :
1p3 - ]
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T T
tia i
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19 T [ R R ENOYe: R.unv ODE:LXSE{R 400 3300 3200 3100 _ -3000 _ 2900  -2800
19 No. TRG, ID 300000111
' «—> 0.25ns FEUSE - ied0ldsgs «—> 0.25ns
30ns /count Bcve:11,10 o) 30ns /count
Dcy T: 0.00 u
Comnt ; Comnt ;
* pdecay e event
HK Elec. SK Elec.
cosmic 2nd Hit timing cosmic 2" Hit timing
prompt . . . prompt T
hits ~Ons\ Yem) hits ~0ns\l
L _ n ,
- e 1=23+-04us T=R0K-0.20s
] N
|
0.5.418 I:\LI\..r'J_ll_l_ llus :Iﬁ
- deadtime § I 102 deadtime
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Ons 5}'1 s Ons 5.“ s Yousuke Kataoka

26/05/2026




Charge and noise

HK Elec. SK Elec.
Charge Charge
>-‘103'-'|-" T L L L L L L L LN L LB LB L L BRI
: 160F HK PMT(80m)3 : i HK PMT(60m) 3
Charge measurement (by dark hits) raof- Jfﬁi 3 fj HH ]
120F . 20005— _E
e good resolution for single photon detection 1oo fol o4y ] o ]
of HK PMT ~32% at 1pe (SK PMT ~50%) " L;,f 1111 Thr=05mV 3 z z
) ) ) ) 2 Thr=0.7mV J 1000 3
¢ no difference with SK electronics (resolution i 111.H hr=1.0mV : ool Jr lﬁ\ Thr=0.7mV = ]
of electronics ~10% at 1pe) ] L o :
0320 0 as0 st 320 ADC counts S60" 57068090 o0 1070 1020 1030 1040 1050 ADC counts
-0.5pe -3.0pe (0.075pC/count) -0.5pe -3.0pe  (0.09pC/count)
Noise hit rate
¥ T
8 10 SK PMITS
3 1THKPM m
2102 Sh
= Noise level
o = Noise level confirmed to be 0.5mV ~ 1/12pe
0.5mV 2 (<requirement 1/6pe)
~1/12pe €
= O
1 =2
R T R 1
Thr (mV)

Yousuke Kataoka
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Time resolutions with PMTs

_Timing resolution . ___ PMT __ <lons9pC=lpe)
'E' ~  YoheiNoguchi ! o =
p 4 ;— Timing resolution, v4.0 no1,2, 200ns —; Cho
2 3 g Lab-B, all PMTs 3+ Ch11
= " E underwater elec, HKHV JeCh5
U . @ 3 2024-12-07T17:28:08.088330 —-»Ch20
e Used laser diode source 5 - o time-walk corr ]
* pulses at the lowest available rate (3 kHz) £ 29 Wi time-walk corr. =
e A time-walk profile is then used to correct the = oy =
timing of hits = =
* The time-walk corrected resolution respect the 1.5F ]
requirement (<1.5 ns) 1E- =
0.5 —
ot | . Ll n
1 10 10°

Average input charge [pC]

Yohei Noguchi
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SK Events recorded

SK tank

0.04Hz
~10pe /PMT

7

timing measurement

TQ nger

A~

e Used the calibration laser source in SK tank

e resolution ~1.3ns at 1-5pe HK Elec o
. . . . Timing
* no difference with SK electronics (resolution of [ S
ics ~ =HKIPMT Q-1-5pe S
electronics ~0.25ns) o hr pe 2
. [f | 0=1.30r|54_§ -0.05ns
1.
10E 3
QEBHZD”IL‘;GHHLZJOH“ I—ﬂ;”l(linumlnZBHIHIS‘IO"IHIAWHIEO
- TDC counts
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SK Elec.
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50 _[ =
40 3
30 -
20 —
10 d
0;...‘....-.-...h-.|J. T EETTE A TS T Ty
%520 -5 -0 5 0 5 10 15 20 25
— TDC count
5ns (0.5ns/count)

Yousuke Kataoka
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Channels efficiency
aﬁ -‘|SilIllI_I_lllIllIIIHI'HI'IH'IH'IHIIHHllli
o "~ Efficiency, v4.0 no1,2, 200ns 4 Cho
£ 1L Lab-B,allPMTs 1+ Chs
* We measured the efficiency as a function of the - - underwater elec, HKHV 1+ Ch 11
average input charge 1.4 2024-12-07T17:28:08.088330 ] e Ch20
e Used laser diode source at 3 KHz 1_2:_ -
 The denominator is defined as the number of o ]
trigger hits coming from the laser diode. 1F *—eo—o ® . ——
* 100% efficiency is found for the average charge 08 B
greater than 10 pC (~5 pe) ) ]
* low efficiency for the small charge due to the 0.6 —
guantum and collection efficiency - ]
04— w —

=TI I A v b b b P by n by
0 20 40 60 80 100120140160180200220240
Average input charge [pC]

Yohei Noguchi
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Super Nova rate test

* emulating SN burst time profile (~ 10s) with a laser diode

e ~60M hitin 10s > of a possible nearby supernova (Betelgeuse)

» digitizer hit rate increased up to 1.3MHz per channel without error.
e SK electronic limit is 500 KHz

* total recorded hits/ch reach 3.6M hits in 10s

SK tank

~60M events in 10s
| (~100 PMT hits/event)

7 R

SNL_D

kHz Hit rate /ch hits Recorded hits /ch

1400_ T T L L . 4000 X1|03| T —T—TT T T T T
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Ssummary

* We presented the developed HK frontend electronics

e the mass production will start in few months.

e We did tests in lab and using the Super Kamiokande experiment for
a realistic environment

* HK Elec. worked as expected and observed neutrino events for the
first time.

* The performance comply with the requirements
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