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The Hyper-Kamiokande experiment
Atmospheric ν Supernova ν

Solar ν

Accelerator ν

Near detectors

Intermediate 
detector (IWCD)

Far detector
72 m h. x 68 m dia. = 258 kt

10 m dia.
8 m h.

Hyper-K builds on huge success of Super-K

Next generation neutrino experiment with 
two new water Cherenkov (WC) detectors

● 258 kt far detector @ 295 km
● 0.5 kt intermediate detector @ ~ 1 km

Broad & ambitious physics programme 
through comprehensive upgrades

● 8 x increase in fiducial mass
● Improved photo-detector technology
● Reduced systematics with new near & 

intermediate detector measurements

Improved analysis techniques required to 
realise Hyper-K’s precision measurements

See physics sensitivities talks:
M. Scott, Wed 29 July, 18:45
T. Yano, Thu 30 July, 10:30

Proton 
decay
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295 km

~ 1 km
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50cm MCP PMT

Hyper-K far detector
3rd generation of WC detectors at Kamioka

72 m tall x 68 m diameter = 258 kt total mass
                                            188 kt fiducial mass
Baseline design: 40,000 B&L 50 cm PMTs

= 40% photo-coverage

New photo-detector technology could
provide increased sensitivity

Hyper-K’s WC detectors

Hyper-Kamiokande

Super-
Kamiokande

Kamiokande

See photo-detector talk:
T. Tashiro, Fri July 31, 10:45

50cm B&L PMT
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Hyper-K’s WC detectors

New detector designs need improved 
simulation and reconstruction

See HK near detectors talk:
M. Hartz, Wed July 29, 19:00
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Multi-PMT modules
Intermediate detector (IWCD)

Located ~ 1 km from beam source
8 m tall x 10 m diameter tank
~ 500 multi-PMT modules

Measure flux + cross-section to 
reduce systematics at far detector

Measurements with high event rate, 
same technology and target 
nuclei as far detector

Moves vertically in ~50 m tall pit
measuring different off-axis 
angles gives different ν energy 
spectra

See multi-PMT talk:
G. De Rosa, Fri July 31, 11:00

Also under investigation:
Combining 50 cm PMTs + multi-PMT modules in far detector

Necessary for small tank

8 cm PMTs: Better position resolution
                    < 1 ns timing resolution
Additional directionality information

Expect improvements in e.g. particle ID
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Simulation & reconstruction overview

Detector 
simulation:

WCSim

Detector design

Event to 
simulate

Low-energy 
reconstruction:

BONSAI / LEAF

High-energy 
reconstruction:

fiTQun

Machine-learning 
reconstruction:

WatChMaL

Trigger & DAQ

Analysis

Data
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Simulation & reconstruction overview

Detector 
simulation:

WCSim

Detector design

Event to 
simulate

Low-energy 
reconstruction:

BONSAI / LEAF

High-energy 
reconstruction:

fiTQun

Machine-learning 
reconstruction:

WatChMaL

Trigger & DAQData

New trigger & DAQ framework to use same 
code for real and simulated data

ToolDAQ: https://github.com/ToolDAQ

Analysis
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https://github.com/ToolDAQ
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Simulation software
WCSim: Geant4-based WC detector simulation package
● Flexible simulation of water tank, PMTs and electronics
● Inputs:

○ Choice of detector geometry
■ Consistent simulation framework across detectors (HK & IWCD)
■ Well suited to detector optimisation studies

○ PMT & electronics specifications
○ Particles to simulate

■ Single particles / neutrino interaction products / background sources
● Output:

○ Digitized PMT hit times and charges
■ To feed in to reconstruction software

○ True particle track and PMT hit information
■ For debugging, investigating analysis, tuning reconstruction software

https://github.com/WCSim
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https://github.com/WCSim
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Simulation software
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Simulated 1 GeV muon event in inner detector
Simulated muon in outer detector

Outer detector
(PMTs facing outwards)

Inner detector
(PMTs facing inwards)

See HK OD talk:
S. Zsoldos, Fri July 31, 11:45

HK far detector (baseline design) simulation

WCSim can easily simulate different detector setups
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Simulation software
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IWCD simulation (6 m tall inner detector)

WCSim can easily simulate different detector setups

IWCD simulation (10 m tall inner detector)

Full multi-PMT 
module geometry
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Low-energy reconstruction software
BONSAI: Reconstruction for events with few MeV to 10s of MeV
● Position (vertex) reconstruction minimises goodness based on hit 

timing:

● Direction reconstruction uses circular KS test of hit pattern around 
the Cherenkov cone

● Energy reconstruction scales on number of hits observed around 
expected timing at each PMT

LEAF: More modern, flexible framework using same BONSAI algorithms
● New minimizer for vertex fitter
● Simpler to tune to different detector geometries
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Gaussian hit 
weights

PMT hit 
times

PMT 
locations

Candidate 
vertex

Timing 
resolution

Goodness to 
maximise
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Low-energy reconstruction software

● Different detector designs can be tested to optimise for physics sensitivities

● Good resolutions as low as 3 - 5 MeV

● At low energies, total effective photo-coverage is most important factor
○ Low PMT dark rate also important to increase signal-to-noise ratio
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Testing different coverage and dark rate setups Testing combinations of 50 cm PMTs and mPMTs
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High-energy reconstruction software
fiTQun: Advanced likelihood-based reconstruction for higher energies
● Originally developed for Super-K detector

○ Based on algorithm of MiniBooNE: https://arxiv.org/abs/0902.2222

● Uses full information of unhit PMTs + time & charge of hit PMTs: 

● Probabilities calculated based on direct + scattered + reflected light

● Likelihood ratios used to distinguish particle types and single-ring / 
multi-ring event topology hypotheses
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Probability of 
no hit at PMT

Probability of 
hit at PMT

Hit charge 
probability density

Hit time probability 
density

Likelihood to 
maximise

Candidate event 
hypothesis

https://arxiv.org/abs/0902.2222
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High-energy reconstruction software
● π0: significant background for 𝜈e signal

○ Decays to two gammas
■ Produces EM showers

○ When opening angle is small, 
looks like single electron ring

● fiTQun maximises likelihoods
○ Single-ring electron
○ 2-ring π0

● Reconstruct mass for π0 hypothesis
● 2D cut to reject background

○ Likelihood ratio
○ Reconstructed π0 mass
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High-energy reconstruction software

● Good reconstruction resolutions & PID, down 
to ~ 50 MeV above energy threshold

● Improved timing & spatial resolution of mPMTs 
being utilised
○ Better performance even with lower 

photo-coverage
14

Electron vertex resolution

Muon vertex resolution

fiTQun performance comparing different IWCD setups

Electron efficiency with 
muon mis-ID at 0.5%
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Limit of traditional reconstruction methods is being reached
● Computation time is becoming a limiting factor

○ Larger detector with more PMTs
○ Improving resolutions requires more complex algorithms

Machine learning algorithms have potential to push further
● Potential to use all available information without detector model 

assumptions / approximations
● Very fast to run once neural networks have been trained
● Now becoming common throughout HEP applications
● But many new challenges...

Machine learning reconstruction

15
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WatChMaL: cross-collaboration group formed to explore ML for WC

Common challenges for ML with WC detectors
● Cylindrical geometry
● High-resolution, sparse data

Many physics goals
● Maximise precision of new detectors
● Reconstruct complex event topologies
● Discriminate electron and gamma rings
● Improving detector calibration & systematics

Machine learning reconstruction

16

WatChMaL.org
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Initial studies of particle type classification in IWCD with ResNet CNN
Machine learning reconstruction
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Significant 
improvement seen in 
muon vs electron 
discrimination

ResNet-18 CNN architecture 
● Cylinder unwrapped onto 

40x40 pixel image
○ 1 mPMT per pixel
○ 38 channels: time, charge 

of the 19 PMTs per mPMT
● 3M of each of muons, 

electrons, gammas
○ Uniform positions 

throughout tank
○ Isotropic directions
○ Energies from 0 to 1 GeV 

above Cherenkov threshold

work in progress

Muon rejection factor with 
80% electron efficiency

Electron efficiency with 
80% gamma rejection

Neutral current gamma 
production is significant 
systematic uncertainty in 
oscillation analysis

While no electron/gamma 
separation with fiTQun 
has been successfully 
used, ML looks promising

work in progress
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Many other possibilities under investigation
Machine learning reconstruction
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● Reconstruction of physical quantities

● PointNet (point cloud NN) & Graph 
NNs for flexibility of detector 
geometries

● New methods for mapping cylinder to 
CNN images

● Generative networks to calculate 
fiTQun likelihoods

● Generative networks for improving 
simulation and detector systematics

work in 
progress

position reconstruction

energy 
reconstruction

work in progress
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Simulation and reconstruction framework has been developed for 
Hyper-Kamiokande’s Water Cherenkov detectors
● Consistent simulation & reconstruction across detectors
● Simulation and reconstruction can adapt to different detector setups
● Enables detector design optimisation studies

Reconstruction packages give good reconstruction & PID performance
● Exploit improved photosensors of Hyper-K
● Smaller intermediate detector can use precision of mPMTs

Machine learning can provide improved resolutions and new capabilities
● Electron vs muon PID suggests improvement from fiTQun
● Electron vs gamma statistical separation is possible
● Work underway on many new initiatives

Summary
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Appendix
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IWCD
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WCSim: mPMT implementation
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WCSim: Implemented mPMT properties

New 
measurements 
of PMT 
properties are 
underway
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fiTQun direct light charge prediction C. Vilela, SBU
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fiTQun direct light charge prediction C. Vilela, SBU



ICHEP, 29 July 2020N. Prouse

fiTQun direct light charge prediction C. Vilela, SBU
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fiTQun indirect light charge prediction C. Vilela, SBU
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fiTQun PMT response C. Vilela, SBU
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fiTQun multi-ring fitter C. Vilela, SBU
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fiTQun momentum resolution

• Good resolution down to ~50 MeV above threshold

• Improved timing & spatial resolution of mPMTs being utilised
• Better resolutions even with lower photo-coverage

33

fiTQun resolutions for IWCD
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ML Physics goals
A

ppearance P
robability

Complex event topologies: multi-GeV events
Super-K atmospheric 

neutrinos

e- / γ discrimination & improved π0 identification

High uncertainty on NCγ background

[MiniBooNE arXiv:1805.12028]

1X0 = 
40cm

36
cm

1 track
3 tracks

e
4 tracks

2 tracks

γ
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Machine learning dataset
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CNN architecture
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Exploring PointNet (point cloud neural network) for greater flexibility 
with detector geometries

PointNet uses less ‘local’ features
• May work better at low-E (hits distributed more sparsely)
• May work better at regression tasks (position, energy, direction)

41

work in progress work in progress

Similar performance at 
muon / electron 
classification

ResNet working better at 
electron / gamma 
separation
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Position and energy reconstruction using ResNet

• First tests are learning physical quantities successfully
• Further work underway for consistent comparisons to fiTQun

Machine learning reconstruction
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work in progress work in progress

Near-wall and 
low-E events

Mostly tracks 
exiting small 
IWCD tank
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Generative networks


