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Hyper-Kamiokande ST

< Hyper-Kamiokande

280m

Tokai

1km

1.3MW upgraded
beam power

Near Detectors
J- PARC v beam ND280 (Off axis)

_______————u

______
ans

HHELA LA |
N | (AN TANT | (TAN

SgieSliEs

INGRID(on axis)
Intermediate Water Cherenkov Detector
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Intermediate Water Cherenkov Detector Capabilities (IWCD)

Intermediate Water Cherenkov Detector designed to directly measure v
flux & cross-section of un-oscillated beam with high event rate across
range of energy spectra, 1km from JPARC site

V Hyper-Kamiokande

Pit spans 1.7 - 4 degree off-axis
neutrino flux: sampling different
neutrino energy

b0

N

Neutrino Flux

Key oscillation
probabilities for HK

IWCD will measure
neutrino-nucleus
cross section ratios

off-axis angle (°)
[ o 4+

—_—

6 05 1 15 2 25
Neutrino Energy (GeV)

* Measurements with PRISM method at
different off axis angles
» Predict spectra after oscillations at HK

T 25 3
E, (GeV)

Pv#—we (Ev)r PV#—ﬁe (EV)

—r enuHist

Entries 2497
Mean 0.9152
RMS 0.1841
Prob 2.154e-07
po 3541+ 88.7
p1 0.8996 + 0.0031
0.1094 + 0.0028

#3000 L e e e L e T
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IWCD design

Water system

10m

A

R )
)
=N
-
-
-
-
-»
-

\ 4

Electronics

Calibration
deployment system

Floatation device

Guide rail
Outer barrier
Lightinjector (16 total)

Multi-PMT (360 total)

Multi-PMT super
module (2x3)

Camera (8 total)

L. Anthony
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) Hyper-Kamiokande

Water monitor
purification

AC Tent

DAQ Rack

Chiller
Water System Water Monitor Pipe

. Mock-up of super
" moduleinJapan
|\  earlier this year



IWCD Detector Instrumentation: mPMTs

19 x8cm diameter PMTs (Hamamatsu
R14374) in each multi-PMT modules
(mPMT)

mPMTs being installed in WCTE Ex-situ In-situ

N PN

Acrylic dome

- N
|

P78

P
a 3D Printed Matrix

1 m R |Stainless Steel Pillars|

——

* Improved granularity and timing
compared to larger PMTs

* <1 nstiming resolution

* HVgenerated at each PMT base
with Cockroft-Walton circuit

* In-module digitizer mainboard with |y
power cable and communication
over single PoE cable

IStaInIess Steel Backplate]

* Integrated LED calibration systems

* 1stSet used for photogrammetry
beacons (continous)

 2nd get with sub-ns pulse width: The LEDs used for monitoring changes in the detectors

L. Anthony

Hyper- Kamiokande

PVC Cylinder

PU Foam Matrix

|Stalnless Steel Plllarsl

|Stainless Steel Backplatel

Diffuse: used to characterize the PMT charge response and HV tuning.

Collimated: for calibrating the reflections off mPMTs and black sheet.



Hyper- Kamiokande

IWCD Detector Instrumentation: mPMTs

19 x8cm diameter PMTs (Hamamatsu

. . mPMTs being installed in WCTE Ex-situ In-situ
R14374) in each multi-PMT modules | E

( m PMT) //"\ /3 Clamp ring
* Improved granularity and timing (Actyc doce| PN ARt
compared to larger PMTs R eccine Optca Ge

= Much more information in Krzysztof Dygnarowicz, and
Monika Marek’s poster!

PVC Cylinder

* <1 nstiming resolution

* HVgenerated at each PMT base
with Cockroft-Walton circuit

PMT

InClUding ShOW mPMT! PU Foam Matrix
-—lA A F
- fl R |Stainless Steel Pillars| ° [ Stainless Steel Pillars|

|Stainless Steel Backplate | 1 I [Stainless Steel Backplate |

power cable and communication
over single PoE cable

* Integrated LED calibration systems

* Diffuse: used to characterize the PMT charge response and HV tuning.
* 1stSet used for photogrammetry
beacons (continous) * Collimated: for calibrating the reflections off mPMTs and black sheet.

 2nd get with sub-ns pulse width: * The LEDs used for monitoring changes in the detectors

L. Anthony 7



IWCD Calibl’ation PMT response

Absolute energy scale PMT gain & charge distribution
PMT relative timing

e Cosmic muons

Embedded mPMT LEDs
Neutron tagging efficiency
- Acrylic lid ] ‘ T|m|ng VS. Charge w
L ', Charge linearity . Tralflsparency .
| aser diffuser Light scattering and attenuation

crystals
diameter, 2cm
+ 2cm height)

AmBe + BGO source

NER

Diffuser

Angular response
Detect tr Relative QE

A

i
G

Collimated and diffuse light sources

A

Photogrammetry cameras NiCf source

L. Anthony 8
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The Water Cherenkov Test Experiment

P
e i e
9GS

WCTE is a 40-ton water Cherenkov detector which operated at CERN
October 91" 2024 > 8 weeks, March 14t 2025 > 12 weeks

Proof of concept and demonstration of technologies being developed for
IWCD and Hyper-K and other future detectors

Access to a well understood and characterized beam of sub-GeV

93 IWCD style mPMTs

4 Hyper-K style mPMTs

8 cameras use to image the detector

particles

Reconstructed Mass (GeV/c?)

Goo

between particles species!

I
0.8 1
0.6i— , — —
0.43 _
0.2f

0 02 04 06 08 1

on
[ Kaon

[{H Electron
1.2 e Eon
- i P

Momentum (GeV/c)

d mass separation

Suite of beamline monitor detectors:

Halbach array

Time-of-flight

3 axis calibration system

-
e

Water Cherenko N

detector
10



Demonstrating calibration techniques

8 Photogrammetry Cameras mounted inside the detector - Demonstrated timing calibration with mPMT LEDs
+ Example of LED 26 flashing

« 3D detector geometry reconstruction from each mPMT
LEDs visible to multiple cameras

runcalc_hv_nom_check 20250316215904_flashing_26.parquet

« < 1cm position resolution expected to observe any

deformation of mMPMT support structure after filling
|

Uncalibrated Hit Times for Beam Event Calibrated Hit Times

2.745 —— Gaussian fit
~ 120 100

100 4 Each entry is a single 80 Gaussian std: 1.196ns
PMT hit time

Photogrammetry
target LEDs

0- o
1000 2000 3000 4000 5000 1680 1685 1690 1695 1700 1705 1710 1715 1720
Hit Time (ns) Hit Time (ns)

L. Anthony 11




Calibration Deployment System

Interchangeable sources

» To deploy the calibration sources, WCTE has a mounted 3 ecTizss] * Ni/Cf source for PMT quantum efficiency calibration
axis central deployment system (CDS) A
« The CDSfor WCTE is a prototype for IWCD « AmBe + BGO source for neutron detection efficiency .
calibration >
* Diffuser ball for gain and timing calibration
O e == » Prototype for IWCD and Hyper-K
5 E -,‘::4 f' : . 2 ié ” ., iﬂ?m}. l»q " “;L fgﬁ;’::u’ated {E;Gcivcc:l",ast:zjer, ?cm
céA o e + = i | [ + 1cm + 2cm height)
¥ & 3 )[( a2 T
LIGHT TIGHT ENCLOSURE 35 E' i O i
§ NN\ | O %< —
gl & S _If' >

SUPPORT FRAME

15.0
WATER LEVEL 25
10.0
7.5

5.0

2.5

Wl
A |
. o4 T T T T T T T
r" o 2 4 6 8 10 12 14 16

—— - [M+0.% 190'600 12




WCTE physics run 2: 14/03 - 06/06/2025

* Array of physics measurements to inform Hyper-K physics
* Directly measure Cherenkov detector response to charged particles

* Pure control samples of charged particle and photon interactions: validation
of improvement of models

* Predominantly ran in ultra-pure water mode

e Gd loaded mode for 1.5 weeks

Measurements Beam Momentum Water Mode Beam Mode

Reco. capabilities, pion 200-1200 MeV/c Pure Charged Particle
scattering
Muon/electron scattering 800 MeV/c Pure Charged Particle
Gamma Identification 500-1000 MeV/c Pure Tagged Gamma
Neutron Production 200-1200 MeV/c Gd Charged Particle
Photonuclear with n 500-1000 MeV/c Gd Tagged Gamma
tagging

L. Anthony

250 MeV electron

250 MeV muon

Pion (two-
ring)

0 2 - 6 8 10 12 14

13

I )

16



Detector response to charged particles

WCTE will help reduce detector uncertainties by directly
measuring the detector response to charged particles

(MC-Data)/Data(%)

WCTE measures e / u observed PMT charge ratio at fixed beam

momenta

Super-K shows 1.9% discrepancy in energy scale

Reduction to < 0.5% uncertainty is necessary for v measurements at

Hyper-Kamiokande (including 6CP measurements)

4
- —e— Decay Electron

3 —®— Neutral current °
¥— Sub-GeV stopping n
#— Multi-GeV stopping n

N SN S X PO

0 Momentum [MeV]

— WCSImGun :
—— SKDETSIM !
WCSifnPhoPro
20 - i i “ww : —/ i \
o | WCSIM
T |' SKDetSim e s e S
oYX C
o5\ 66-n-ioni i

cosO

PMT angular response modelling and water property

uncertainties

Discrepancies in Cherenkov production models limit
ability to use backward-going Cherenkov light to

enhance reconstruction

WCTE measures emission profile

from e and u of known momenta

L. Anthony
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ACT3-5QDC

Charged particle configuration

Triggers identify particles in beamline while hole counters veto particles that shower

Aerogel Cherenkov Threshold detectors use aerogel produced at Chiba university

Higher index aerogels are matched to beam momentum for

before reaching WCTE
with n =1.006t0 1.15
 Low index aerogel used to
| u separation
Run 1538
18000 — Enlrie:iSl_dor]:Zl 308
16000; L st s
140003— .'I'll T I. B g:: 0:;21213
12000?— o rod Jazones | 275 |
100002— ' ’
8000 200
6000/ - 150
4000; #e: 209319 10
sooo i 6643 , 50
O #n: 2577 ek ! 1 sl .
e s e | AN
T1-T0 (ns)
T9 beam
e’ M’ 71—’ p

¥ [~ Muon tagger

Suite of beamline monitor
detectors:

Time-of-flight

Halbach array =Y Ao

Water Cherenkov
detector

Adjustable height table 15



Charged particle detection

Run 1890 VME Selection: electron Event Number 274

TOF (TO minus T1) distribution

WCTE successfully observed Cherenkov rings from charged particles!

With the mPMTs, we achieved great charge and timing resolution

We can match beam monitor data to water Cherenkov data and tag
events

2000

/.‘

/ \

\_/ .

— —

—

eeeeee

0
130

Example 280 MeV charged particle events

Electron Event Muon Event

- 103

102

l | I )

102

s 15.0 155
T1-TO (ns)

Pion Eyent

102




Summary

 The IWCD will measure the neutrino beam from JPARC at a range of off-axis angles
* Better understanding of beam at production with same technology as far
detector
* Measure neutrino-nucleus cross section ratios

* Predict neutrino spectra after oscillations at HK

* Many components tested at WCTE: Operated at CERN from 09/10/2024 -
06/06/2025
* mPMT operation and readout
* DAQ using toolDAQ
* Calibration sources & techniques
* Machine learning and fiTQun reconstruction for small detectors

*  Water system & Water monitoring system

* Charged particle beam data for particle interactions

17






Measurement uncertainties: Hyper-K

Detector model uncertainties

* Precision understanding required of

* Interactions of particles propagating through water volume
« Cherenkov light production of charged particles in water
* Propagation of light through water volume (absorption,

scattering)

 Photosensor response to light including timing, charge and

angular response

* Reconstruction of complex and challenging event

topologies in both signal and background channels

Interaction model uncertainties

 Critical to CP violation measurement

- v, &7V, production to understand v, beam flux, v,
contamination and “wrong sign” background

v interaction cross-sections on water for CCQE signal, other 0021
CC signal channels and wide array of backgrounds

——e— Statistics only
...... e-..... Improved syst. (v /v, xsec. error 2.7%)
wnannn T 2K syst. Ref.[4] (v /v, xsec. error 4.9%)
t\‘]-\12 T T I T T T l T T T I T T T ] T T
=
<
—10
c
ie]
38
O
X
)
o 6
,
S Ot ® b
c 4 g —
I e i
2 S :
P AV T I S S TR R RS ST
0 2 4 6 8 10
HK years (2.7x10%' POT/year 1:3 v¥)
Neutrino Events
> 0.08 M .
!c i )
g - — Statistical Uncertainty 1
§ 0.06 — Detector Calibration Uncertainty —
- : — Interaction Cross Section Uncertainty :
0.04— -1
I - |
0_ I | I 1 | 1 1 1 | 1 I 1 | I 1 | ]
0 2 4 6 8 10

L. Anthony

Hyper-K Years of Operation
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. . — Statistics only B

Measurement uncertainties: Hyper-K R R s o a5
L
< B 1

Detector model uncertainties %10_— —
« Precision understanding required of g g om0
* Interactions of particles propagating through water volume 3 A T Ocp=45" el
. . . . o
° water Wk

) tion, g af ;
* Ph arge and VA
angular response 0 2 4 6 8 10

. . HK years (2.7x10%' POT/year 1:3 v¥)
* Reconstruction of complex and challenging event

topologies in both signal and background channels

Neutrino Events

p 00— 7
g - —— Statistical Uncertainty 1

Interaction model uncertainties S 0.061 —— Detector Calibration Uncertainty |
L4 Crlt i . = : — Interaction Cross Section Uncertainty :
* 0.041- .
i e |

. ignal, other 0021 o -
CC signal channels and wide array of backgrounds i ]

i i | I | ; i 1 | i L | | L | L | j i I | i

% 2 4 6 8 10

Hyper-K Years of Operation
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The WCTE detector WCTE is instrumented with

93 IWCD style mPMTs
* 4 Hyper-K style mPMTs
* 8 cameras use toimage the detector

3D map of mounted detector components

3 axis calibration
deployment system
(CDS)

Water piping
—1000 g 05 )2 104
e, 02 105
o SALEI G TS et
18090 _Zo = S :’ ~ {000
1000 0 2 Inner mPMT support
) e  Structure
60 6 (
) Deployable calibration
v ¢ kel eal sources
32 1’ : {-@ :
\\?“ : %5 ] ; AR
. e ) y & 3’/ . ",\,
~1000 = 18 BS A Black sheet
1600 -
e e T\, S = 2l h
0 Photogrammetry cameras & | e |
. |
—1000 —1000 . . ’
0 Stainless skin —6mm )
= L. Anthony 3.76m 21
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Subterraneo”
Canfranc

L. Anthony
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Beam window

* Beam pipe extends into detector to reduce path length of beam in water
* 150mm beyond mPMT cylinder level (effectively from black sheet)

e 1.2mm thick stainless steel window

* TOF detector installed inside beam pipe

R 1 o e ' . - ~orates o
g B L‘, ﬂ “'! Fieew i SUBPIC 8 : SC“bterrgao ‘
el e Cocl B B o o | trang® 2! Mg

&
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Water monitoring system

* Important for water transparency and long Cherenkov |
light attenuation length

AN
* For WCTE - horizontal water pipe and measure water 7
quality relative to filtered water by filtering system

* 8 mlength pipe with UV-sensitive PMTs and 245 -
470nm LEDs with < 1ns pulse width

*  Waterfiltration system to selectively filter out
contaminants

% To cut costs, SiPMs will take the place of PMTs. The WMS is also being developed with drinking water

Semi-Transparent quality in mind
Parabolic Mirror Mirror Air-Vent Parabolic Mirror

Water Chambe\

Water Injection

* Gadolinium absorbance detector also installed (GAD)

. Light Sensor (SiPM)

Sy * Demonstrated a 1% measurement precision in
detecting a change in the water quality, which
translates to PPB level of detection sensitivity to

Gd.
L. Anthony 24
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Gadolinium loading WC detectors

» Super-Kis currently operating with 0.1% Gd concentration

* Gd has large neutron capture cross section and produces delayed energetic
gammas of a total ~8 MeV

» Without Gd, capture on Hydrogen produces 2.2 MeV y

* Neutron tagging can be beneficial for supernova and low energy events

* Loading of with ~0.1% Gd in detector gives 90% neutron capture efficiency

WCTE water system can accommodate Gd loading: we loaded to 0.03%

100%~ 0.1% Gd J Waste
J— n 8 | gives ~90% ~— ' » water
v (0] - efficiency for effluent
80%  n capture
e p / \l Gd 3 ¢ P
—oT. @ :
e 15 60% —
%}’ 2 ' YT Y Y Y
© )
e ﬂ O 40% ?
- ~ ~ 8 MeV _ 2Pure water
AT~20us 20%| M
. _ . 9
Vertices within 50cm ool —1 ] deesieee
0.0001% 0.001% 0.01% 0.1% 1%

Gd in Water
L. Anthony 25



Monte-Carlo simulation with WCSIim

« WCSIim (Water Cherenkov Simulation) is an open-source simulation
package used for event simulation in Hyper-K, IWCD and WCTE

* Build and place objects like mPMTs using GEANT4

* Implement complex objects like CDS using CAD models

Construct basic
Implement CDS CAD model shape for beam pipe

NN W

i ' v"
Ll S
)@ 4
7
L

r;:. .-.;‘1;,;;:],:_;;

-
Construct detector Construct detailed Construct basic shape for Remove mPMTs
volume and mPMT mPMT photogrammetry camera from unused or dead
slots

housing slots

L. Anthony 26



Machine learning in WC detectors (WatChMal)

oy . . . . . . . c — | e ™ ' '
* Traditional likelihood reconstruction methods are reaching limits s g30 Iraditionall Likelinoed
. T I =9 —— ResNet Deep Learning
* Computational timeis a limiting factor — 1M events in fiTQun = 10,000s CPU o
h a S 20
ours c o
e . o3 Machine learning performs where
* ML and deep neural networks can perform significantly better 5 210 l likelihood approximations fail
@ - . .
* Veryfastonce network is trained: 1M events with CNN <100 CPU hours w 2
0

WCTE aiding development of a new calibration and reconstruction . 200 400 600 800
Distance to wall in e~ direction [cm]

Essential data driven validation of ML based methods

=
o
o

I machine
E\./‘er-m't:;#s | Electron event #0 Iea rn i n g

110! R - l

=
~d
un

Event #8

+ 10!

Charge
Charge

10°

y efficiency
o
oun
o

-
N
Ul

traditional
reconstruction

I 0.00 | |
0.0 0.5 1.0
e mis-ID rate

100

107!

Networks on 2D Networks on 3D point- Networks for WCTE

image like data clouds orgraphs
(|WCD) (|WCD) L. Anthony 27



WCTE & IWCD CDS

Comparing the WCTE CDS to the IWCD design

IWCD Detector Lid

WCTE Detector Lid

SUPPORT FRAME

it -

i -

‘“::‘ /// \

s Water Level

///
//

Mounted on TEC
———
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