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Concept of Cherenkov radiation & neutrinos 
Å Cherenkov radiation : Electromagnetic radiation produced when a particle 

travels through a medium at a speed > speed of light

Å Charged particles disturb the atoms in the medium they enter, e.g water and 
release photons produce a shockwave of visible light

ÅWater is cheap т easily available in large volumes
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Use Water Cherenkov detectors for 
indirect neutrino measurements

Particle information reconstruction
ÅxŸĦċƣŔŸŰШċŰĬШƣŔůĲШŸŉШÂ~ÑШőŔƣƚШċũũŸƽƚШŉŸƖШƣƖŔċŰŊƨũċƣŔŰŊШƓċƖƣŔĦũĲќƚШƓŸƚŔƣŔŸŰШċŰĬШ

direction

Å ůŸƨŰƣШŸŉШĦőċƖŊĲШĦŸũũĲĦƣĲĬШĤǃШÂ~ÑƚШŊŔƻĲƚШċŰШĲƚƣŔůċƣĲШŸŉШƓċƖƣŔĦũĲќƚШĲŰĲƖŊǃ
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Capabilities of water Cherenkov detectors 

Supernova neutrinoHigh energy astrophysics

Ice CUBE

KM3NeT

Under water/Embedded detectors
Utilize the sea, ice 

Vast detector areas with multi -PMT modules

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

Baikal Deep 
Underwater Neutrino 

Telescope

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

See Chiara F 
xċƚƣŸƖŔċќƚШƣċũť
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Capabilities of water Cherenkov detectors 

Neutrino oscillation

Proton decay

Solar neutrinos
Supernova neutrinos

Reactor neutrinos

Super-K

Hyper-K

SNO/SNO+
Kamiokande

Embedded detectors with shielding
MeV to GeV scale

Wide range of applications including 
supernova, solar, reactor neutrinos and BSM 

physics!

Atmospheric neutrinos Solar neutrino 
oscillation discovery 
in 2001 т SNO and 
Super-K

Atm neutrino 
oscillation 
discovery in 
1998 - Super-K

SN neutrino 
observation in 
1987 т 
Kamiokande & 
IMB

IMB
Irvine-Michigan-
Brookhaven



Water Cherenkov detectors for 
neutrino searches and nucleon 

decay
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Past: Kamiokande (Japan)
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Kamiokande /Kamiokande -II

Cylindrical detector
0.7 kt fiducial mass

1000 PMTs

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

Supernova neutrinos!

Å How to improve?

Å More statistics? -> Bigger detector

Å Better resolution? -> Higher PMT coverage

Å Incoming particles? -> Outer detector



Operating: Super-Kamiokande 
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Operation 1996 т 2018 

Å 22.5 kt fiducial mass
Å Ultra pure water
Å ~11000 PMTs
Å 1000m overburden

Operation 2018 - present

Å Super-Kamiokande-Gd
Å New equipment installed, PMT measurements
Å Addition of gadolinium sulphate

Me

Discovery of atmospheric 
neutrino oscillation 

Å Excellent performance
Å 99%µ/e separation
Å 2% momentum resolution
Å 1Á direction resolution



Towards SK-Gd: Enhancing 
neutron tagging with Gadolinium

Why Gadolinium?
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Gd doping: Measuring neutron multiplicities
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Å ĬĬŔŰŊШŊċĬŸũŔŰŔƨůШƣŸШƨũƣƖċƓƨƖĲШƽċƣĲƖШŔŰĦƖĲċƚĲШŰĲƨƣƖŸŰШĦċƓƣƨƖĲШĦƖŸƚƚШƚĲĦƣŔŸŰ

Å99ÄEШŰĲƨƣƖŔŰŸШŔŰƣĲƖċĦƣŔŸŰƚШƓƖŸĬƨĦĲШΝШƓƖŸƣŸŰЯШƽőŔũĲШċŰƣŔŰĲƨƣƖŔŰŸШŔŰƣĲƖċĦƣŔŸŰƚШ
ƓƖŸĬƨĦĲШΝШŰĲƨƣƖŸŰ

ÅÑċŊŊŔŰŊШŰĲƨƣƖŸŰƚШċũũŸƽƚШƚƣċƣŔƚƣŔĦċũШ’ШоШ’ШƚĲƓċƖċƣŔŸŰ

ÅxċƖŊĲШůŸĬĲũШƨŰĦĲƖƣċŔŰƣŔĲƚШŔŰШǯŰċũШƚƣċƣĲШŔŰƣĲƖċĦƣŔŸŰƚШы[ÉfьШċŰĬШƚĲĦŸŰĬċƖǃШ
ŔŰƣĲƖċĦƣŔŸŰƚШыÉfьШƣőċƣШůŸĬŔŉǃШŸĤƚĲƖƻĲĬШŰĲƨƣƖŸŰШĬŔƚƣƖŔĤƨƣŔŸŰ

Å]ċĬŸũŔŰŔƨůШĬŸƓĲĬШƽċƣĲƖШĲŰċĤũĲƚШŰĲƨƣƖŸŰШĬĲƣĲĦƣŔŸŰШƻŔċШŊċůůċƚШċŉƣĲƖШὲрĦċƓƣƨƖĲ

ÅfůƓƖŸƻĲĬШŰĲƨƣƖŸŰШĦċƓƣƨƖĲШŔƚШċũƚŸШŔůƓŸƖƣċŰƣШŉŸƖШƚƨƓĲƖŰŸƻċШċŰĬШ?ŔǭƨƚĲШÉƨƓĲƖŰŸƻċШ
 ĲƨƣƖŔŰŸШ7ċĦťŊƖŸƨŰĬШŰĲƨƣƖŔŰŸШĬĲƣĲĦƣŔŸŰ

Common NC“0 
background looks 
exactly like ’Ὡ signal 
when one ‎ interacts 
with water before 
producing light

L. Anthony



EGADS (Evaluating Gadoliniums Actions on Detector Systems )
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Å EGADS is inside the same mine as Super-K - funding approved in 2009

Å Demonstrated water purification with 
constant Gd concentration

Å Confirmed no potential negative impact on 
Super-K

Å Tested new water transparency device

[ŸƖШÉ ШĲŰƣőƨƚŔċƚƣƚ
őƣƣƓƚаооƽƽƽрƚťЮŔĦƖƖЮƨрƣŸťǃŸЮċĦЮŢƓоĲŊċĬƚÉ ċũċƖůо

ÅĲċũШƣŔůĲШƓƨĤũŔĦШċŰŰŸƨŰĦĲůĲŰƣƚ

Final run with 0.2% Gd sulphate and 
90+% neutron tagging efficiency

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/


Test beds: Combined water 
enhancement

Gd + WbLS
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ANNIE (Accelerator Neutrino Neutron Interaction Experiment)
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ÅΞΣрƣŸŰШƽċƣĲƖШ9őĲƖĲŰťŸƻШĬĲƣĲĦƣŸƖШыΟЮΥůШǂШΞЮΟůь
ÅfŰƚƣċũũĲĬШŔŰШ7ŸŸƚƣĲƖШ ĲƨƣƖŔŰŸШ7ĲċůШċƣШ[ĲƖůŔũċĤ
Å   fEШĦċŰШĲǂċůŔŰĲШŰĲƨƣƖŔŰŸШŔŰƣĲƖċĦƣŔŸŰƚШĬŔƖĲĦƣũǃг

ÅÂőċƚĲШΝШĦŸůƓũĲƣĲĬШŔŰШΞΜΝΤаШ~ċƓƓŔŰŊШŰĲƨƣƖŸŰШĤċĦťŊƖŸƨŰĬ
ÅÂőċƚĲШΞШĤĲŊċŰШŔŰШΞΜΞΜаШÂőǃƚŔĦƚШůĲċƚƨƖĲůĲŰƣƚ

ÅìĤxÉШƨƓŊƖċĬĲШŔŰШΞΜΞΟЯШƚĲĦŸŰĬШìĤxÉШĬĲƓũŸǃůĲŰƣШĬƨĲШƣŸШ
ƚƣċƖƣШƚŸŸŰг

Deployment of 
366L WbLS 
vessel in 2023

Program
Å Neutrino interactions
Å Test WbLS
Å Gd doped for neutron tagging
Å Prototype of LAPPDs
Å Large area Picosecond Photodetectors

Å LAPPDs: 50ps, conventional PMT: 250ps
Å Currently 5 deployed

See Luis Mora-
xĲƓŔŰќƚ talk 



The BUTTON experiment
 (Boulby Underground Technology Testbed Observing Neutrinos)

14L. Anthony

ÅMeasure (anti)neutrinos from fission sources

ÅΦΣШΥњШÂ~ÑƚШƽŔƣőŔŰШċĦƖǃũŔĦШƻĲƚƚĲũ
Å Vessel ensures no PMT damage due to WbLS

Å In conjunction with future EOS and BNL experiments

ŰƣŔŰĲƨƣƖŔŰŸШĲŰĲƖŊǃШƖċŰŊĲШ
ŉƖŸůШΝЮΥШ~ĲéШтШΝΜШ~Ĳé BNL test bed

Conceptual EOS design



Towards Hyper-Kamiokande and 
the future: 

How do we do we reach beyond 
our systematic uncertainty limits?

15L. Anthony



Next generation: Hyper-Kamiokande

16xЮШ ŰƣőŸŰǃ

188 kt fiducial mass
20,000 PMTs + 3600 OD PMTs
ΞΜњШ7ѼxШҼШŰĲƽШůƨũƣŔШÂ~ÑШůŸĬƨũĲƚг

Cavern excavation 
complete in July 2025

PMT test facility, 15000 PMTs delivered!

Water system room 
complete in February 

2025

Multi-PMTs tested at CERN т 
more on this later.

Growing number of collaborators. 
Detector construction to begin in 2026!

See Veera Mikolas talk!



~ĲċƚƨƖĲůĲŰƣШƨŰĦĲƖƣċŔŰƣŔĲƚаШcǃƓĲƖрu
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Detector model uncertainties

ÅParticle interactions on water

Å Cherenkov light production

ÅPropagation of light through water volume (absorption, 

scattering)

ÅPhotosensor response

ÅReconstruction of complex and challenging event 

topologies in both signal and background channels

Interaction model uncertainties

Å’‘ & ’‘ production to understand ’‘ beam flux, ’Ὡ contamination 
and ñwrong signò background

Å’ interaction cross-sections on water for CCQE signal, other 

CC signal channels and wide array of backgrounds
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Hyper-Kamiokande detectors: IWCD

ÅIntermediate water Cherenkov at 

~1km from the beam

Åcovering 1.7 - 4 degree off-axis 

neutrino flux: sampling different 

neutrino energy

Intermediate Water Ckerenkov  Detector designed to directly measure ’ flux & cross -
section  of un-oscillated beam with high event rate across range of energy spectra

fff



ìċƣĲƖШ9őĲƖĲŰťŸƻШĬĲƣĲĦƣŸƖƚаШ7ĲċůШ
ƣĲƚƣƚШċŰĬШƣĲĦőŰŸũŸŊǃШƣĲƚƣШĤĲĬƚ

ÑőĲШìċƣĲƖШ9őĲƖĲŰťŸƻШÑĲƚƣШ
EǂƓĲƖŔůĲŰƣ
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WCTE is a 40-ton water Cherenkov detector which operated at CERN
Å 93 IWCD style mPMTs 
Å 4  Hyper-K style mPMTs
Å 8 cameras use to image the detector

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 
particles

20

The Water Cherenkov Test Experiment 3 axis calibration system

~ƨŸŰШƣċŊŊĲƖ

Water Cherenkov 
detector

Good mass separation 
between particles species!

Suite of beamline monitor detectors:
Aerogel Cherenkov

Time-of-flight
Hole counters

Triggers
Lead glass calorimeter

Halbach array 
permanent magnet

cŸĬŸƚĦŸƓĲ
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ì9ÑEШ?ĲƣĲĦƣŸƖШfŰƚƣƖƨůĲŰƣċƣŔŸŰаШůÂ~Ñƚ
19 x 8cm diameter PMTs(Hamamatsu 
R14374) in each multi-PMT modules 
(mPMT)

Å Improved granularity and timing 
compared to larger PMTs

Å <1 ns timing resolution

Å HV generated at each PMT base 
with Cockroft-Walton circuit

Å In-module digitizer mainboar d with 
power cable and communication 
over single PoE cable

Much more information in Krzysztof 
?ǃŊŰċƖŸƽŔĦǍќƚ talk!

Å Integrated LED calibration systems  

Å 1st Set used for photogrammetry 
beacons (continous)

Å 2nd set with sub-ns pulse width:

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

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

Å The LEDs used for monitoring changes in the detectors



~ŸƨŰƣĲĬШĦċũŔĤƖċƣŔŸŰШƚŸƨƖĦĲƚ
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Å Hyper-K diffuser
Å Developed at Warwick
Å 16 sets of optics planned for 

IWCD, 122 for Hyper-K
Å Testing in WCTE and using for 

DAQ testing
Å 45 degree diffuse light cone
Å ÉĲĲШÉċůШsĲŰťŔŰƚќШƣċũťШ

tomorrow

Å 8 Photogrammetry Cameras mounted inside the detector

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

cameras

Å < 1cm position resolution expected to observe any deformation of mPMT 

support structure after filling

L. Anthony



Custom Calibration Deployment  System

23

Å To deploy the calibration sources, WCTE has a mounted 3 
axis central deployment system (CDS)
Å The CDS for WCTE is a prototype for IWCD

fŰƣĲƖĦőċŰŊĲċĤũĲШƚŸƨƖĦĲƚ
Å Ŕо9ŉШƚŸƨƖĦĲШŉŸƖШÂ~ÑШƕƨċŰƣƨůШĲǭŔĦŔĲŰĦǃШĦċũŔĤƖċƣŔŸŰ

Å ů7ĲШҼШ7]§ШƚŸƨƖĦĲШŉŸƖШŰĲƨƣƖŸŰШĬĲƣĲĦƣŔŸŰШĲǭŔĦŔĲŰĦǃШ
ĦċũŔĤƖċƣŔŸŰ

Å?ŔǭƨƚĲƖШĤċũũШŉŸƖШŊċŔŰШċŰĬШƣŔůŔŰŊШĦċũŔĤƖċƣŔŸŰ

ÅÂƖŸƣŸƣǃƓĲШŉŸƖШfì9?ШċŰĬШcǃƓĲƖрu

L. Anthony



WCTE physics run 2: 2025
Å ƖƖċǃШŸŉШƓőǃƚŔĦƚШůĲċƚƨƖĲůĲŰƣƚШƣŸШŔŰŉŸƖůШcǃƓĲƖрuШƓőǃƚŔĦƚ

Å?ŔƖĲĦƣũǃШůĲċƚƨƖĲШ9őĲƖĲŰťŸƻШĬĲƣĲĦƣŸƖШƖĲƚƓŸŰƚĲШƣŸШĦőċƖŊĲĬШƓċƖƣŔĦũĲƚ

ÅÂƨƖĲШĦŸŰƣƖŸũШƚċůƓũĲƚШŸŉШĦőċƖŊĲĬШƓċƖƣŔĦũĲШċŰĬШƓőŸƣŸŰШŔŰƣĲƖċĦƣŔŸŰƚаШƻċũŔĬċƣŔŸŰШ
ŸŉШŔůƓƖŸƻĲůĲŰƣШŸŉШůŸĬĲũƚ

ÅÂƖĲĬŸůŔŰċŰƣũǃШƖċŰШŔŰШƨũƣƖċрƓƨƖĲШƽċƣĲƖШůŸĬĲ

Å]ĬШũŸċĬĲĬШůŸĬĲШŉŸƖШΝЮΡШƽĲĲťƚ

24

Measurements Beam Momentum Water Mode Beam Mode

Reco. capabilities, pion 

scattering

200-1200 MeV/c Pure Charged Particle

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 

tagging

500-1000 MeV/c Gd Tagged Gamma

L. Anthony


