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Concept of Cherenkov radiation & neutrinos

Use Water Cherenkov detectors for
A Cherenkov radiation : Electromagnetic radiation produced when a particle indirect neutrino measurements

travels through a medium at a speed > speed of light e herankoulioht

A Charged particles disturb the atoms in the medium they entere.gwater and _
release photons produce a shockwave of visible light Neutrino
_—
Charged q
A Water is cheaprt easily available in large volumes particle [

Particle information reconstruction
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High energy astrophysics

Supernova neutrino Under water/Embedded detectors
Utilize the sea, ice
Vast detector areas with multi -PMT modules

Great for high energy astrophysics, supernova
neutrinos T GeV to TeV scale
\ Multi -messenger astronomy

Future detectors include P -ONE (Canada)
and TRIDENT (China)

Baikal Deep
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Atm neutrino Solar neutrinos

oscillation Atmospheric neutrinos Supernova neutrinos Solar neutrino

discovery in oscillation discovery

1998 - SuperK in 20011 SNO and
SuperK

Proton decay Reactor neutrinos

Neutrino oscillation —

SN neutrino

observation in

198771 B A

ramiokanded 8 e

IMB : ol
Brookhaven sl SuperK

SNO/SNO+

Embedded detectors with shielding
MeV to GeV scale
Wide range of applications including
supernova, solar, reactor neutrinos and BSM
physics!
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Past:KamiokandgJapan)

A Originally built as detectors of proton decay
A The technology became popular for neutrino detection
A Simple detector design
A Nobel prize for neutrino detection from supernova 1987a

Kamiokande /Kamiokande -1

Cylindrical detector
0.7 kt fiducial mass
Water tank 1000 PMTs

Diameter 16 m

A How to improve?

g " » 3 = % S

|| F—— A More statistics?-> Bigger detector

e 5 . ® =

Water
purification

A Better resolution?-> Higher PMT coverage

A Incoming particles?-> Outer detector

1000 20 inch
Photomultiplier Tubes
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Operating: Supdkamiokande

Operation 1996 12018

Cosmic Ray
Muon

A 22.5 kt fiducial mass

Zenith angle _dependence
(Multi-GeV)

A Ultra pure water gy Dy
10 (a) FC e-like M 2
A ~11000 PMTs @i el
=2.8/4
A 1000m overburden o o T
Neutrino™; = 20 Douwn 042
. 5 : b : _ 2= % gz(’:; (b)FCp-Ilk‘eoPc ’Xz(s;mpe)
Operation 2018 - present Super-Kamiokande! s @EL = | -30/qu
s y ;WOEM \—\L"EEL +0.06
2 E =T 256 [Doum =054 150
I AL (6.20°#7)

A SuperKamiokande-Gd

i os
X UP/D"WH syst. error jor - like

Tkm rock above Sk --- L&

A New equipment installed, PMT measurements ol clstin 3
A Addition of gadollnlum sulphate

Energy aalib. for 2} - a7/)21
Non v Background -- <2 Z

‘\ Discovery of atmospheric

neutrino oscillation

Dota (

A Excellent performance
A 99%p/e separation
A 2% momentum resolution
A 1Adirection resolution
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Gd doping: Measuring neutron multiplicities 7| BeforeFsi °
A TTRUDWNET ViRUReGWaqYWadal ¢Gel JWs ¢ qldl WRUY bl
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Al el YaRURe & WILNOG AT Aol 2 o @IRE W13 & 10 dRcEdpe] 110 | :
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Jeql RUYW7 ¢#Ht NI NgWH@GRYE ql RUY L pp— !
After FSI/SI E
n ]
\T @)
Common NC*,, e » .~ \@Gd i
background looks &37; . | PhD Thesis ]
exactly like’ osignal P %ﬂ XW R. Akutsu ]
when onef interacts N 8 MeV : -
. ~ 0123456789

Vertices within 50cm

producing light
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EGADS (Evaluating Gadoliniums Actions on Detector Systems )

A EGADS IS |nS|de the same mine as Sup#t- funding approved in 2009
: %~ 0.1% Gd 3
100% giée/s ~O0%

efficiency for
80%  n capture

’ Membrane

flishing A Demonstrated water purification with

constant Gd concentration

60%
S48 A Confirmed no potential negative impact on

filtration | J “ : r Super_K

Captures on Gd

40%

b .
Selective

systemt_
= 20%

A Tested new Water transparency device 0% [_.— = T e
; 5./ 0.0001% 0.001% 0.01% 0.1% 1%
Gd in Water

AN

oy, /

Beam splitter

Final run with 0.2% Gd sulphate and

>

26 0 . ..
lasers A - 90+% neutron tagging efficiency
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https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
https://www-sk.icrr.u-tokyo.ac.jp/egadsSNalarm/
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ANNIE (Accelerator Neutrino Neutron Interactlon Experimentyis Mo
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vessel in 2023
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The BUTTON experiment

(BoulbyUnderground Technology Testbed Observing Neutrinos)

A Measure (anti)neutrinos from fission sources

AozwymwWA-~Nt WsRa6ROWEHI 1 afif
A Vessel ensures no PMT damage due WbLS

~6 antineutrinos per fission
O(10%") per second per GW,, isotropic emission

Inverse beta

decay (IBD)

17;+p—>e*+n

o~
D

UgqRUWDez q! ROUYWIOWI
n | K GGYILE IV L) é

APS/Alan Stonebraker

L. Anthony

@ EOS design

| 1-ft (30-ton) steel
outer vessel (OV)

12-" PMTs for light
collection

200x 8-” fast PMTs
+ B shielding

4-ton acrylic inner
vessel (IV)

Water buffer region

BNL test bed }

Muon veto system
surrounding detector

Edge ports for
additional calibration,
sensors, access

Central-axis
calibration source
deployment

Dichroicon
deployment
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See Veera Mikolas talk!

Next generation: Hypétamiokande

o _ Growing number of collaborators.
PMT test facility, 15000 PMTs delivered! Detector construction to begin in 2026!

< e e = | 5:',_ - NUMBER OF COLLABORATORS
4 1 —Total -=-Japan -+Oversea
600
500
400
300
200
100 ._’_.____,,/.—./'-""—-'-
0 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
20,000 PMTs + 3600 OD PMTs more on this later. PO
SMwW7 Ok WeWwUs Wie GqRWA~NWGYT 200t r e

,A;;Broach Tunnel

Water system room

complete in February
+

2025 Circular Tunnel\,
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. (o) 7 77 ——e— Statistics only
~ IJ C -I- 8 I IJ u IJ U G‘I Illa U m IJ ------ Suanan Improved syst. (v /v, xsec. error 2.7%)
. g T2K syst. Ref.[4] (vo/V, xsec. error 4.9%)
O — 1 T T T T ]
x )
Detector model uncertainties %10 ................ &
S et
AParticle interactions on water X 5
S gh TOPTTY et »
"n_ N
. ) o | gor O et .
A Cherenkov |ight producti on E A g =
APropaga.tlotnhrocfughgvlmatter vol un of f& .
scattering) /. | T
0 2 4 6 8 10
x 21 . =
A Photosensor res p ons e HK years (2.7x10°' POT/year 1:3 v¥)
Neutrino Events
. > 0.08 R A m
A Reconstruction of complex and g - 4
. . . = - ——— Statistical Uncertainty 1
topol aqi éosot h si gnal and backg 3 - o _ ]
3] 0.06— — Detector Calibration Uncertainty —
- : — Interaction Cross Section Uncertainty :
Il nteraction model wuncertainties yu- §
I — ]
A’ &' . productto ounnd € rbsetaanm dfot a Rt a mi 000k - e ]
anidvr ongobsaicgkngr ound I l— 1
0_ 1 | ! | L 1 | | 1 1 | I I_
A’interactiscernctdromsss foomr wWaC@E si ¢ 2 e 1 HypefKYemifopcratlign
CC signal channels and wide ar.: ay uvi wvuauvuny! vuiuo
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HyperKamiokande detectors: IWCD

Detector Lid

Intermediate Water Ckerenkov Detector designed to directly measure ' flux & cross -

section of un-oscillated beam with high event rate across range of energy spectra

Alntermediate water Cherenkoyv _at
~lkm from the beam
Acovedi-#gegr eaxiod f

neutrino fl ux:
neutrino energy

x10"
30 —(4.0°)

— (2. 5°; ~
\

—(1.7°

Neutrino Flux

1 15 2 25 3
E, (GeV)

L. Anthony

05 1 15 2 25
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Outer barrier

Neutrino Energy (GeV)
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The Water Cherenkov Test Experiment 3 axis calibration system

U L e
4 o

100 gq Tbo

WCTE is a 46ton water Cherenkov detector which operated at CERN h
A 93 IWCD stylenPMTs

A 4 HyperK stylemPMTs

A 8 cameras use to image the detector -

Proof of concept and demonstration of technologies being developed for
IWCD and HypetK and other future detectors

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

L Suite of beamline monitor detectors:

—
o
T

—
L

Time-of-flight

0.8 R
0.6/~ B .

0.4F ' -

Reconstructed Mass (GeV/c?)

0 02 04 06 038 1
Momentum (GeV/c)

Halbach array

Good mass separation

between particles species! Water CherenkoW

detector
20

ﬁ Adjustable height table
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19 x 8cm diameter PMTs(Hamamatsu

R14374) in each muliPMT modules
(MPMT)

A

A

Improved granularity and timing
compared to larger PMTs

<1 ns timing resolution

HV generated at each PMTbase
with Cockroft-Walton circuit

power cable and communication
over single PoE cable

Integrated LED calibration systems

A 1stSet used for photogrammetry
beacons (continous)

A 2nd set with sub-ns pulse width:

21 DUC | YakRHEAK 1
Ex-situ In-situ
. S P
Acrylic dome i
pw §

P> T e, -

P
3D Printed Matrix PU Foam Matrix

1 m R |Stainless Steel Pillars| |Stainless Steel Pillars|

IStaInIess Steel Backplate] IStainIess Steel Backplatel

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

A Collimated: for calibrating the reflections off mPMTsand black sheet.

A The LEDs used for monitoring changes in the detectors

L. Anthony 21
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~Yea UqlJl WHc 0 RHI ¢ q R Y. W2 |
A 8Photogrammet rmoCamed aisnsi de the det ect’d (6setsofoptics planned for
IWCD, 122 for HypeiK

A Testing in WCTE and using fo

A 3D detector geomet rfyr orme cad®@MshtErDusc tviiosn bl e tRAQ®SNgt i pl e
A 45 degree diffuse light cone

camer as ' CONE a8
A ENJUJWEcGWs WOt RY

A <lcm positionexpecktedi oo obser velPMiy def &°PW%t i on of

support structure after filling

@D SN
/ Photogrammetry
22253“ target LEDs 4 ;‘ P
= [ +0.
AC KDISIDN

/ L. Anthony 22



Custom Calibration Deployment System

fOql #6¢UNPIeHTOWW Ya I HIIt

A To deploy the calibration sources\WCTE has a mounted 3 ci1:as A Ro9nuwht Yel #IJWNnY! WA~ NLWhe¢ F
axis central deployment system (CDS) - (1:35) . ) ) _
A The CDS for WCTE is a prototype for IWCD A d7ywew7] W Yel AUWNY! WO _ :
HE¢ORHAI ¢ qRYU -
A?2Roet Ul WHc OGO WnY!l WNe¢RU gRUOT

mckgu

= AAL YqYa! GUWN Y| puf 19?2 We Ul

Encapsulated BGO crystals
5 " source (5 cm diameter, 2cm
o = + Tcm + 2cm height)
< o1
w a f
z o
a &=
= anN &
= o =
- = N
ge @
LIGHT TIGHT ENCLOSURE ~ 2 o
o
& 1
o<
(]
o
=
o
<1
(%)
[a)
O
DRA
i e
SUPPORT FRAME
8
20.0
6
17.5
4
15.0
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WATER LEVEL




WCTE physics run 2: 2025

A 11 ¢! WYnWGE! + REY WA ¢ tpell@E!NFIURA W YWRUNYI G Wc! GUI
A? RI DHqG! Wa K¢t 21 IW9 6131 100V LYFRAUE | 1X3dd ALYl | Ue] RA Gdivt U+ 1J LW

AAz | JWRYUq!l YaWt ¢d GOt WYnWHG ¢! NIAINUBEI R REIRIYWALD T WG
YnWRGGI Y20 WUqWYNnWaYT I

AAl DT YdGRUC¢ Uq fiGleWNIAUs 16 RyUOW AL ayIT dJ
Al T WaYel T NIOPIIIIW Win Y | LU

Reco. capabilities, pion 200-1200 MeV/c Charged Particle
scattering
Muon/electron scattering 800 MeV/c Charged Particle g e
.| Pion (two- '
Gamma ldentification 500-1000 MeV/c Tagged Gamma 2 ring) '
Neutron Production 200-1200 MeV/c Gd Charged Particle 2]
0 4
Photonuclear with n 500-1000 MeV/c Gd Tagged Gamma -2 ,
tagging A I 102
-6 4

0 2 - 6 8 10 12 14 16
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